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The synthesis, characterization and  cytotoxic  evaluation of  new
cyclopentadienylruthenium(l1) complexes of general formula [(;7°-CsHs)Ru(PP)L][PFs],
(PP = two triphenylphosphine, 1,2-diphenylphosphinoethane), L being galactose and
fructose carbohydrate derivative ligands, N-coordinated to the metal centre by nitrile,

tetrazole and 1,3,4-oxadiazole moieties, is described.
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Abstract

We here report the synthesis of new cyclopentadienyl ruthenium (lI) complexes of
general formula [-CsHs)Ru(PP)L)]"(PP = two triphenylphosphine, 1,2-
diphenylphosphinoethane), isolated as BEIts, withL being galactose and fructose
carbohydrate derivative ligandS-coordinated to the metal centre by nitrile, tetrazole
and 1,3,4-oxadiazole moieties. The ten new organometallic compounds were fully
characterized by FT-IRH, *C, and®P NMR spectroscopies, and by elemental
analysis. The cytotoxicity of the ruthenium(ll) compounds was testedeta cancer

cells (cervical carcinoma), unveilingd4@values in the low micromolar range.
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1. Introduction

Organometallic complexes containing monosaccharide ligands represent a small but
challenging field in modern chemistry. Carbohydrates are the largest class of natural
compounds and thereby readily available and renewable. They provide a large number
of functional groups and several stereogenic cergegsmolecule, and each of the
hydroxyl groups offers the opportunity of selective modification and coordination [1, 2].
They can act as monodentate as well as polydentate chelating ligands with pronounced
three-dimensional characteristics [3] and their coordination capability is not limited to
oxophilic metal centers: the change of donor atoms from oxygen to others, e.g.,
nitrogen, enables the coordination to almost every metal atom [4]. They allow also some
control over the lipophilicity/agueous solubility of the complexes, by selective
modification of the carbohydrate moiety.

Since the accidental discovery of the anticancer drug cisplatin by Rosenberg and co-
workers in 1965 [5], metal complexes have attracted much interest as
metallopharmaceuticals. Although cisplatin is still nowadays successfully used in the
treatment of many cancer types, problems such as toxicity, side effects and drug
resistance lead to investigation of alternative anticancer drugs.

Among the metal atoms used in anticancer metal complexes, ruthenium is most unique.
Despite being a rare noble metal, unknown to living systems, ruthenium compounds
show remarkable features, such as low general toxicity, the ability to mimic iron
binding to biomolecules (transferrin, albumin) and stronger affinity for cancer tissues
over normal tissues [6,7]. In particular, the families of half-sandwich organometallic
complexes [if®-CsHe)Ru(L)s] [8-17] and [f°-CsHs)Ru(L)s] [18-23] in which three
coordination sites are occupied by the aromatic rings, have been studied for their

anticancer properties, evidencing cytotoxic properties in cisplatin resistant cancer cell



lines, with 1G, values in nanomolar range. Apart from applications as anticancer drugs,
other medical applications of ruthenium compounds have been explored. Uses include
immunosupressants [24], nitric oxide scavengers [25], antimicrobial agents [26, 27],
malaria [28] and Chaga'’s disease treatment [29].

The synthesis of ruthenium compounds bearing carbohydrate derived ligands is a
relatively unexplored area: our bibliographic search revealed some examples of
ruthenium carbonyl clusters containing carbohydrate moieties [30-34], ruthenium-arene
complexes containing a carbohydrate phosphite derivative with anticancer properties
[35-37], and a report of ruthenium cyclopentadienyl complexes with coordinated
thiomonosaccharides concerning their promising anti-inflammatory effects [38].

As part of our endeavour to produce a library of carbohydrate-containing
organometallic compounds, we here report the synthesis and cytotoxic evaluation
against humanHelLa cells (cervical carcinoma) of ten new’-cyclopentadienyl
ruthenium(ll) complexes of general formula;HCsHs)Ru(PP)L)]*, isolated as RF

salts, in whichL are galactose and fructose carbohydrate derivative ligands,
functionalized with nitrile, tetrazole and 1,3,4-oxadiazéleoordinating moieties. The
electronic density and the stereochemichal environment of the metal centre are played
by using two different phosphanes were used as co-ligands,aPBhDppe. All new
compounds were characterized by 1B, *°C, *P-NMR spectroscopies and by

elemental analysis.

2. Results and Discussion
2.1.Synthesis of the carbohydrate derivative ligands
The aldehyde precursof® and P* (Scheme 1) were obtained by oxidation of the

commercially available 1,2:3,4-00-isopropylidenes-D-galactopyranose P{) and



2,3:4,5-DiO-isopropylidene3-D-fructopyranose R°), prepared as described in the
literature [39], respectively. The corresponding nitrile derivatikésand L* were
obtained in good yields by reaction with hydroxylamine hydrochloride and subsequent
dehydration of the oximes with dicyclohexylcarbodiimide (DCC).

The tetrazole derivativels®> andL® were obtained quantitatively by 1,3-dipolar cyclo-
addition of the corresponding nitriles with sodium azide, in DMF. Finally, acylation in
boiling acetic anhydride df? andL" afforded the 1,3,4-oxadiazole derivatitesand

L®, respectively, in excellent yields.

Compounds ® L%, LZ%nd L® were fully characterizedH-, **C-NMR and FTIR
spectroscopies, and by elemental analysis. Compdehds, L° andL® were obtained

and its'H-, *C-NMR spectra compared with the data described in the literature [40].



Scheme 1- Synthesis of the carbohydrate-derived ligands.l) PCLILH) 1- H,NOH-HCI,

Pyridine; 2- CuS@5H,0, E&N, DCC, CHCly; iii) NaNs, NH,Cl, DMF, 100 °C; iv) AgO, A.

L2 andL® are derivatives of topiramate, an anticonvulsant used in epilepsy treatment,
and were in this case proposed as less toxic, more efficient alternative anticonvulsant

drugs.

2.2.Synthesis of the Ru(ll) complexes

The novel cationic complexes of general formulg-{tsHs)Ru(PP)()]*((PP) = 2PPh

or Dppe), isolated as FFsalts, were prepared by halide abstraction with JfRifn the

parent neutral complexes;f{CsHs)Ru(PP)CI] in the presence of a slight excess of the
corresponding carbohydrate-derived ligand, in dichloromethane at room temperature
(Scheme 2). The compounds were recrystallized by slow diffusianpehtane omn-

hexane in dichloromethane or acetone solutions.

The synthesis of  compounds  #HCsHs)Ru(PPh)(L*)][PFe] and
[(7°-CsHs)Ru(PPR)A(LO)][PFg] was unsuccessfully attempted, resulting in product
mixtures. Stereochemical hindrance, due to the methyl groupposition relatively to

the coordinated nitrogen and the larger cone angle o B®r Dppe, may be the
reason for the unsuccessful attempts. The same reactions were attempted in refluxing
toluene, with similar results.

The ten new organometallic compounds were fully characterized by FFEC, and

3P NMR spectroscopies, and by elemental analysis, corroborating the proposed
formulations and structures. The solid state FT-IR spectra of the complexes present the
characteristic band of the cyclopentadienyl ring (3055-3059cm the
hexafluorophosphate anion (~840 and 560%crand the coordinated carbohydrate

moieties.



Scheme 2- Synthesis of the Ru(ll) organometallic complexes.

2.2.1.NMR Spectrocopies

Scheme 3 presents the numbering models and Tables 1 and 2 present $¢ st

data for the galactose and fructose series compounds.

Scheme 3- Numbering models for NMR purposes.



Table 1- Selecteti NMR data for the galactose series compounds, in €DCI

Compound H1 H2 H3 H4 H5 Cp
LT 5.53,d 4.36,dd 4.64-467 4.33,dd 4.64-467 _
J=54 1=48,28 m J=76,24 m
L% 567,d 4.53,dd 4.83,dd 4.63,dd 5.38,d )|
J=48 J=48,243=78,26J3=8.0,20 J=2.0
L 565,d 4.36,dd 4.80,dd 4.58,dd 5.14,d B
J=52 J=48,28J=7.0,24J3=76,20 J=24
[1][PFg] 5.16,d 4.11,dd 4.32,dd  3.27,d 4.37,br 472, s
J=48 J=48,27J3=78,27 J=175
[2][PFs] 5.51d 4.24,dd 4.48,dd  3.60,d 4.34,s 4.71,s
J=48 J=48,27J3=78,24 J=75
[3[PFs] 5.44,d 4.25-428 4.36,dd 3.36,d 4.26,s 4.66,s
J=438 m J=76,20 J=80
[7]IPFs] 5.44,d, 4.28,dd 4.62,dd 4.45-4.46 5.18 br 4.48,s
J=48 J=48,27J=78,24 m
[8][PFs] 5.65,d 4.37.,dd 4.64,dd, 4.15,dd 4.81,d 4.38, s

J=48 J=51,21J3=78,27J3=78,21 J=138

“In acetone R

Table 2- SelectetH NMR data for the fructose series compounds, in GDCI

Compound

H2 H3 H4 H5a H5b

Cp

L4

L5

4.61,d 4.64,dd 4.26, dd, 3.82, dd 3.78, dd

J=20 J=7423 J=7913 J=13.0,12 J=13.0,1.8

4.98, d 4.67dd, 4.34, dd 4.05, dd

3.94,d




J=22 J=7922 J=79/10 J=13.0,10 J=13.0
L® 5.03,d 4.69,dd 4.31, ddd 4.02, dd 3.91, dd

J=24 J=8.0,24 J=8.0,16,09 J=13.0,16 J=13.0,0.9

[4[PFJ  3.32,d 4.33,dd 4.05, d 3.43, d 3.50,d  4.71,s
J=21 J=81,27 J=78 J=12.9 J=12.9
[5][PF]  3.66,d  4.40, dd 4.11, d 3.72, s 472, s

J=24 J1=78,24 J=78
[6][PFs]” 3.42,d  4.48,dd 4.20, dd 3.81, dd 3.67,d 4.89 s

J=24 J=8.0,24 J=80,16 J=132,16 J=13.2

[9[PF]  4.36,d  4.66, dd 4.25,d 3.78,d 3.76,dd  4.44,s
J=18 J=81,27 J=78 J=126 J=132,15
[10][PF]  4.19,d  4.60, dd 4.26, d 3.92,s 4.37,s

J=24 J=78,24 J=7.8

“In acetone B

The resonances of the cyclopentadienyl ring are within the characteristic range of
monocationic ruthenium (Il) complexes [18/42]. The carbohydrate-derived ligands
display a general up-field shift of its protons upon coordination, with special relevance
for the ones contiguous to the coordinating moiety=GN tetrazole or 1,3,4-
oxadiazole), and in compounds with Dppe as co-ligand. Up-field shifts up to 1.2 ppm
for H4 in compound 3][PFs] and up to 1.4 for H2 ing][PFs] upon coordination (see
Scheme 3 for numbering), are probably due to the anisotropic effect of the neighbour
phosphine aromatic rings, since the its aliphatic nature of the ligands excludes the
possibility of r-backdonation throughout the carbohydrate backbone, this considered as

the major contribute to this phenomenon in other-Hs)Ru(PP)(L)] derivative



complexes [18,442]. Also, the effect of the-donation upon coordination should lead

to the opposite effect.

SelectedC NMR data for the organometallic complexes is presented in Table 3. The
cyclopentadienyl ring chemical shifts are in the range usually observed for Ru(ll)
cationic derivatives. Chemical shifts of the carbohydrate-derived ligands carbon atoms
remained almost unchanged upon coordination, exception made for the ones of the
coordinated nitriles, with low-field shifts from 9.1 to 13.6 ppm, this further confirming

the stereochemical nature of the shielding effect verified for the corresponding protons.

Table 3- SelectédC NMR data, in CDGl

Compound C1 C2 C3 C4 C5 C6 (3-CsHs)

Lt 96.3 70.0 70.5 71.0 60.3 115.3 —
LZ 97.2 71.4 71.3 73.0 64.7 1544  —
L¥ 97.4 71.2 716 73.1 65.1 163.8 —
L? 93.8 74.4 69.3 69.4 61.4 116.6  —

LS 100.4 74.5 68.6 70.0 61.1 156.8  —
L® 97.8 73.0 69.8 70.0 61.6 1645  —
[1[PF] 95.7 69.569.9 70.5 61.4 1250 82.4
[2[PF] 96.0 70.3 70.3 715 62.7 1540 825
[3)[PFJ 96.2 70.2 70.3 70.5 62.5 161,0 80.6

*

[4][PFe] 94.4 73.3 68.7 69.2 61.6 125.7 825

*

[SIIPF]° 96.7 74.2 69.0 69.4 61.3 157.5 82.8
[6][PF° 97.8 74.0 70.2 70.6 62.7 1645 81.8
[7IPF] 96.3 70.3 70.0 70.9 62.5 1289 84.3

[8][PFJ 96.3 705 70.5 71.4 63.3 155.2 83.2




[O[PF® 95.2 73.6 68.9 69.3 625 129.2 845

[10][PFg! 97.8 70.6 70.2 75.4 62.5 159.5 84.3

“In acetone B

The intrinsic asymmetry of the chiral carbohydrate-derived ligands leads to the non-
equivalency of the coordinated phosphorus atoms (see below). This effect extends to the
phosphine aromatic rings, leading to an interesting multiplicity of signs HGREMR
spectra. Compounds with 2PPBhow the non-equivalency of the coordinated
phosphines, with two signs for each type of carbagd Cortho, Cmeta Cpara). In the case

of Dppe compounds, the non-equivalency is not only between the phenyl rings bonded
to different phosphorus atoms, but also between the ones bonded to the same one, this
being explained by the fact that the rotation around the Ru-P axles is not possible.

%P NMR spectra of the complexes showed two doublets, at ~40 ppm for compounds
with the PPR co-ligand and ~80 ppm for compounds with Dppe, attributed to the
phosphine co-ligands, revealing the non-equivalence of the coordinated phosphorus
atoms, as a result of the asymmetry induced by the chiral carbohydrate-derived ligands
on the metal centréJpp coupling constants of compound with two PRhe ~36 Hz,

while for compounds with Dppe as co-ligand it's within the range 22.5-25.5 Hz. This
difference may be explained by the different P-Ru-P angles; P&ha larger cone

angle, thus leading to a larger P-Ru-P angle and subsequently to &Ja{g8i.

Table 4- SelectettP NMR data, in CDGlI

Compound 3P (ppm)3Jpp(H2)
[1][PF¢] 78.4, 79.0 (2d:Jpp = 25.5)
[2][PFe] 83.3, 84.9 (2d%Jpp = 25.5)
[3][PFe] 84.3, 85.9 (2d%pp= 22.7)

10



[4][PFq] 77.3,77.8 (2diJpp = 25.4)

[5][PFe]” 83.3, 84.1 (2dJpp = 25.3)
[6][PFs]” 82.1, 84.3 (2dJpp = 22.5)
[7][PFe] 40.2, 40.9 (2d?Jpp= 35.5)
[8][PFe] 40.2, 41.2 (2d%Jpp = 36.3)
[9][PFe] 38.9, 40.6 (2d%Jpp= 35.4)
[10][PFe] 39.4, 40.8 (2d%Jpp = 36.3)

“In acetone

Furthermore, the’Jpp coupling constants for compound3][PFs] and [B][PFs] are
approximately 3 Hz lower than for other complexes with Dppe. This difference might
be explained by a larger stereochemical constraint of the coordinated 1,3,4-oxadiazole
ring, due to the methyl group i position to the coordinated nitrogen atom, which
leads to lower P-Ru-P angle afigpvalue. This further supports the hypothesis pointed
out to the unsuccessful synthesis of compoungdsdéHs)Ru(PPh)(L 3)][PF¢] and [(;°-
CsHs)Ru(PPR)(L )][PF].

All the compounds spectra showed also the characteristic septuplet signal of the

hexafluorophosphate anion, at approximately -144.1 ppm.

2.3. Cytotoxic studies

The effect of the ruthenium complexes on human cervical carcinomaldells)(was
assayed within the concentration range 5 to 500, using the MTT assay, a
colorimetric determination of cell viability during in vitro treatment with a drug,
developed as an initial stage drug screening. The effects of compaljfieBs]f
[10][PFs] on the growth of these cell lines were evaluated after 48 h of continuous

exposure to the compounds. Thegd®alues (final concentration0.5% DMSQO) were

11



calculated from dose—response curves obtained by nonlinear regression analysis and are

shown in Table 5

Table 5- IGy values (mearx SD of three replicates each) for ruthenium compounds

againstHeLacells.

Compound [Cso (UM)

[1][PFe] 3.58+ 0.39
[2][PFe] 3.92+0.51
[3][PFe] 6.81+ 0.11
[4][PFe] 6.07+ 0.30
[S][PFs]  10.61+0.06
[6][PFe] 4.64+0.22
[7][PFe] 2.63+0.14
[8][PFe] 6.39+ 0.04
[9][PFe] 9.26+ 0.05
[10][PFg] ~ 4.49+0.29

Cisplatif®  12.4+0.85

2 Ref. [44];"72 h incubation

All ruthenium complexes showed higher cytotoxic activity than cisplatin agaimgto

growth ofHeLacancer cells, after 48 h incubations, withd@alues ranging from 2.63

for [7][PFs] to 10.61uM for [3][PFg]), lower than cisplatin (12.4M), even though this
value concerns data obtained from longer cell incubations with the compound (72 h vs

48 h) [44].

12



The best 1G results were obtained for compoundd[RFs] (3.58M) and [7][PFg]
(2.63uM), both with L1 coordinated, the best result being obtained for the; PPh
complex. Other than this, no structure—activity relationship can be disclosed.

Direct comparison of the Kgvalues with other [-CsHs)Ru(PP)(L)][X] is not possible
since there are no reports concernithgla cells. AnlGy of 1.4+0.07 is reported for
[(n°-p-cymene)RuCK>-dppp)]Cl, slightly better than our best result, but obtained from

72 h incubation data.

3. Conclusions

A new family of Ru(ll) three-legged piano stool complexes wikcoordinated
galactose and fructose derivative ligands, was synthesized in good yields and
characterized by FTIR'H, **C and*'P-NMR spectroscopies. Cytotoxic studies on
HelLa cancer cell lines revealed very good activities, withg|alues in the low

micromolar range, better than cisplatin.

4. Experimental Section

4.1.General Procedures

All the experiments were carried out under inert atmosphepe sing standard
Schlenk techniques. Commercial reagents were used without further purification. All
solvents were dried using standard methods [45]. Starting materials were prepared
following the methods described in the literaturen®{CsHs)Ru(Dppe)Cl] and
[(n>-CsHs)Ru(PPR).CI] [46], 2,3:4,5-DiO-isopropylidenes-D-arabino-hexos-2-ulo-
2,6-pyranose [47], 2,3:4,5-[-isopropylidenes-D-arabino-hex-2-ulosonitrile, 1,2:3,4-
Di-O-isopropylidene-1-(tetrazol-yl)-5-D-arabinopyranose and 1,2:3,4-0Oi-

isopropylidene-1-(2methyl-1,3,4'-oxadiazol)-5yl--D-arabinopyranose [40]. Solid

13



state IR spectra were recorded on a Jasco FTIR-4100 spectrophotometer with KBr
pellets; only significant bands are cited in the t&4t.*C and®'P NMR spectra were
recorded on a Bruker Avance Il 400 spectrometer operating at 400, 100, 162 MHz,
respectively; or on a Bruker Avance Il 300 spectrometer operating at 300, 75, 121 MHz,
respectively, at probe temperature. ThHeand**C chemical shifts are reported in parts

per million (ppm) downfield from the residual solvent peak; e NMR spectra are
reported in ppm downfield from external standaifP@, 85%. Coupling constants are
reported in Hz. Spectral assignments of the carbohydrate derivative ligands follow the
numbering scheme shown in Scheme 3.Assignments oHtend*C NMR spectra

were confirmed with the aid of two dimensional technigtiés'*C (COSY, HSQC).
Microanalyses were performed using a Fisons Instruments EA1108 system; data
acquisition, integration and handling were performed using the software package Eager-

200 (Carlo Erba Instruments).

4.2.Synthesis of the carbohydrate derivatives

4.2.1.PrecursorP?

A solution of 1,2:3,4-D©-isopropylidenes-D-galactopyranose (1.30 g, 5.0mmol) in
CH.CI, (10 mL) was added to a suspension of PCC (2.50 g, 11.5 mmol) and powder
molecular sieves 4A (5.00 g) in GEl, (20 mL). After 16 h stirring, AcOEt (40 mL)

was added. The mixture was filtered through celite and the solvent removed under
reduced pressure. The crude was purified by column chromatography (eluent: hexane to
AcOEt:hexane 1:4), affording pure prodi? (0.72 g, 56%) as a colourless oil. FTIR
(KBr, cm™): 1742 ¢c -0). '"H NMR (CDCk, 400 MHz): 1.30, 1.33, 1.42, 1.49 (four s,

12H, -C(CH)y), 4.17 (d, 1H,J =2.0, H5), 4.36 (dd, 1H] =5.0, 2.6, H2), 4.58 (dd, 1H,

=7.6, 2.0, H4), 4.63 (dd, 1H, =7.6, 2.4, H3), 5.65 (d, 1H} =5.2, H1), 9.62 (s, 1H,

14



CHO).**C NMR (CDCE, 100 MHz): 24.3, 24.9, 25.9, 26.1 (-G4§),), 70.5 (C3), 70.6
(C2), 71.8 (C4), 73.3 (C5), 96.4 (C1), 109.1, 110.4@a),), 200.4 (CHO). Anal.
Calcd. for GoH1806: C, 55.81; H, 7.02. Found: C, 54.25; H, 7.13.

4.2.2.LigandL*

To a solution ofP? (517 mg, 2.00mmol) in pyridine (2 mL) was added a solution of
hydroxylamine hydrochloride (167 mg, 2.40mmol) in water (1 mL). After stirring for 1
h, copper sulphate pentahydrate (1.00 g, 4.00mmol), a solution of DCC (495 mg,
2.40mmol) and BN (0.56 mL, 4.0mmol) in CkCl, (10 mL) were added to the
mixture. After stirring for 2 h more, formic acid (0.40 mL) was added, the mixture was
filtered, the phases separated and the aqueous phase further extracted,@ithEH

20 mL). The organic phase was washed with HCl 10% (20 mL), dried with MgSO
filered and pumped to dryness. The crude obtained was purified by column
chromatography (eluent: AcOEt:hexane 1:9), affording the pure ligdn(888 mg,
76%) as a white crystalline solid. FTIR (KBr, ¢n2262 fc). *H NMR (CDCk, 400
MHz): 1.33, 1.38, 1.53, 1.54 (four s, 12H, -C(§Hl 4.33 (dd, 1HJ =7.6, 2.4, H4),

4.36 (dd, 1HJ =4.8, 2.8, H2), 4.64 - 4.67 (m, 2H, H3+H5), 5.53 (d, 1H5.4, H1).

13C NMR (CDCE, 100 MHz): 24.7, 24.8, 26.0, 26.2 (-G4€),), 60.3 (C5), 70.0 (C2),
70.5 (C3), 71.0 (C4), 96.3 (C1), 109.7, 111.2(GHs),), 115.3 (&N). Anal. Calcd. for
Ci12H170sN: C, 56.46; H, 6.71; N, 5.49. Found: C, 56.40; H, 6.68; N, 5.48.
4.2.3LigandL?

To a solution of ligand.* (383 mg, 1.50mmol) in DMF (5 mL) were added Ng\17

mg, 1.8 mmol) and NiCI (120 mg, 2.20mmol), and the mixture was heated to 100 °C.
After stirring for 3 h, the solvent was removed and the crude obtained was extracted
with AcOEt (3 x 20 mL), filtered and pumped to dryness. The crude was purified by

column chromatography (eluent: AcOEt:hexane 1:1), affording the pure liggag5

15



mg, 95%) as a white crystalline solid. FTIR (KBr, §m3434 ¢n.+); 1559 ¢y -n); 1388

(vn =0). *H NMR ((CD5),CO, 400 MHz): 1.31, 1.35, 1.38, 1.55 (four s, 12H, -C{GH

4.53 (dd, 1HJ =4.8, 2.4, H2), 4.63 (dd, 1H,=8.0, 2.0, H4), 4.83 (dd, 1H,=7.8, 2.6,

H3), 5.38 (d, 1H,) =2.0, H-5). 5.67 (d, 1H] =4.8, H1), 15.11 (br, 1H, N-H}*C NMR
((CD5),CO, 100 MHz): 24.2, 25.0, 26.0, 26.3 (-&{€),), 64.7 (C5), 71.3 (C3), 71.4
(C2), 73.0 (C4), 97.2 (C1), 109.8, 110.3 (GEl),), 154.4 (C6). Anal. Calcd. for
Ci12H180sNy: C, 48.32; H, 6.08; N, 18.78. Found: C, 48.52; H, 6.22; N, 18.52.
4.2.4.LigandL?®

A solution of ligandL? (298 mg, 1.00mmol) was dissolved in 28 and heated to
reflux. After 3 h, the reaction was stopped by addition of EtOH and the solvent removed
under reduced pressure. The remains of AcOH were removed by consecutive additions
of toluene and evaporation, affording the Iigdi.r?c(300 mg, 96%) as a white crystalline
solid. FTIR (KBr, cn): 1386n=c);."H NMR ((CDs),CO, 400 MHz): 1.31, 1.37, 1.39,
1.53 (four s, 12H, -C(Ckk), 2.50 (s, 3H, Ck) 4.52 (dd, 1H, =5.0, 2.6, H2), 4.58 (dd,
1H,J =7.6, 2.0, H4), 4.80 (dd, 1H,=7.0, 2.4, H3), 5.14 (d, 1H,=2.4, H-5). 5.65 (d,

1H, J =5.2, H1).2*C NMR ((CD;)-,CO, 100 MHz): 10.7 (Ch), 24.7, 25.0, 26.2, 26.3 (-
C(CH3)y), 65.1 (C5), 71.2 (C2), 71.6 (C3), 73.1 (C4), 97.4 (C1), 109.7, 110.5 (-
C(CHz3),), 163.8, 164.8 (C6, C8). Anal. Calcd. fors8,006N2: C, 53.84; H, 6.46; N,

8.97. Found: C, 53.52; H, 6.48; N, 8.67.

4.3.Synthesis of the complexes’}CsHs)Ru(P—P)L)][PF ¢

Complexes of general formulanf¢CsHs)Ru(P—P)()][PFs] were prepared by halide
abstraction from the parent neutral complexe3@Hs)Ru( P—P)CI] (0.20 mmol) with
TIPFs (0.20 mmol) in dichloromethane, in the presence of a slight excess of the ligands

L (0.22 mmol), at room temperature, under inert atmosphere for 48 h. The solutions
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were double filtered to remove the TICI formed and pumped to dryness. The
compounds were washed with n-pentane and recrystallized by slow diffusion of n-
pentane or n-hexane in acetone or dichloromethane solutions, affording crystalline
products.

4.3.1[1][PF4]

Light yellow; recrystallized from ChCly/pentaney; = 81 %. FTIR (KBr, crit): 3056
(ve>-CsHs), 2264 ¢cn), 840 ¢p.r PR). *H NMR (CDCh, 300 MHz): 1.00, 1.04,
1.23, 1.48 (four s, 12H, -C(Gh3), 2.54-2.71 (m, 4H, -C¥CH,-, Dppe), 3.27 (d, 1H]}=

7.5, H4), 4.11 (dd, 1H)= 4.8, 2.7, H2), 4.32 (dd, 1Hz 7.8, 2.7, H3), 4.37 (br, 1H,
H5), 4.72 (s, 5Hy>-CsHs), 5.16 (d, 1HJ= 4.8, H1), 7.13-7.84 (m, 20H,¢8s, Dppe).

3C NMR (CDC}, 100 MHz): 24.1, 24.7, 25.5, 25.8 (-G46),), 27.8 (m, -CHCH,-),

61.4 (C5), 69.5 (C2), 69.9 (C3), 70.5 (C4), 824%4qsHs), 95.7 (C1), 109.8, 110.0 (-
C(CHs),), 125.0 (&N) 128.9-129.1 (M, fetd, 129.3 (d, Geta “Jop = 9.8), 130.3, 130.5
(two S, Gara), 130.6 (d, Ginor 2Jcp = 10.5), 130.8, 131.0 (two Spf), 131.1 (d, Githo

2Jep = 10.3), 133.1 (d, Ginor Jcp = 10.8), 133.7 (d, &Gino, Jcp = 11.0), 137.7, 138.1
(two d, Gyso “Jep = 45.6).'P NMR (CDC}, 121 MHz): -144.2 (quintJer = 714, PE),

78.4 (d, Jpp = 25.4, Dppe), 79.0 (d%Jpp = 25.6, Dppe). Anal. Calcd. for
CusH460sNRURsF: C, 53.53; H, 4.81; N, 1.45. Found: C, 53.45; H, 4.41; N, 1.45.
4.3.2[2][PFg

Light yellow; recrystallized from ChCl/hexane;; = 86 %. FTIR (KBr, crif): 3056
(ve-ni>-CsHs), 839 ¢p.r, PR). 'H NMR (CDChk, 300 MHz): 1.18, 1.30, 1.31, 1.46
(four s, 12H, -C(CH),), 2.51-3.21 (m, 4H, -C¥CH,-, Dppe), 3.60 (d, 1H]J= 7.5, H4),

4.24 (dd, 1HJ= 4.8, 2.7, H2), 4.34 (s, 1H, H5), 4.48 (dd, 1H,7.8, 2.4, H3), 4.71 (s,

5H, #°-CsHs), 5.51 (d, 1H,J= 4.8, H1), 7.16-7.46 (m, 20H,¢8s, Dppe).*C NMR

(CDCls, 100 MHz): 24.5, 24.8, 25.6, 26.3 (-G{§)), 28.5 (t, -CHCH,-, "Jcp = 29.9),
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62.7 (C5), 70.3 (C2, C3), 71.5 (C4), 824-CsHs), 96.0 (C1), 108.9, 110.0 (-
C(CHy),), 128.5, 128.8 (two d, et “Jep = 9.5), 128.9 (d, et Jep = 9.9), 129.9,
130.0, 130.2, 130.3 (four sp&), 130.5, 130.7 (two d, e “Jep = 10.2), 132.2 (d,
Cortho, 2Jcp = 10.7), 132.7 (d, &inor 2Jcp = 10.9), 139.5 (d, o Jep = 45.1), 140.2 (d,
Cipsor “Jcp = 44.8), 154.0 (C6)'P NMR (CDCh, 121 MHz): -144.2 (quintJpr = 712,
PR), 83.3 (d,%Jpp = 25.4, Dppe), 84.9 (fJep = 25.6, Dppe). Anal. Calcd. for
C43H470sN4sRUPF6:0.5GH:14: C, 52.57; H, 5.12; N, 5.33. Found: C, 52.54; H, 4.88; N,
5.66.

4.3.3[3][PF4]

Yellow; recrystallized from CbCly/hexaney = 74 %. FTIR (KBr, crif): 3055 c.y,7°-
CsHs), 841 ¢p.r, PR). 'H NMR (CDCh, 300 MHz): 1.28, 1.30, 1.38, 1.47 (four s, 12H,
-C(CHy)y), 2.12 (s, 3H, -CK OxD), 2.51-2.71 (m, 2H, -C{&€H,-, Dppe), 2.85-2.96 (m,
1H, -CH,CH,-, Dppe), 3.05-3.12 (m, 1H, -GBH,-, Dppe), 3.36 (d, 1H}= 8.0, H4),
4.25 — 4.28(m, 2H, H2+H5), 4.46 (dd, 18 7.6, 2.0, H3), 4.66 (S, 5H>-CsHs), 5.44
(d, 1H,J= 4.8, H1), 7.11-7.71 (m, 20H,68s, Dppe).*C NMR (CDCk, 100 MHz):
12.5 (-CH, OxD), 24.3, 24.8, 25.9, 26.2 (-Offg)-), 28.4-28.5 (m, -CbCHy-), 29.6-
29.7 (m, -CHCH,-), 62.5 (C5), 70.3, 70.5, 70.6 (C2, C3, C4), 80:8QsHs), 96.2
(C1), 109.5, 109.9 ({CHs)z), 128.6-129.1 (M, ferd, 129.9, 130.3, 130.4 (three s,
Cpara), 130.7 (d, Githo, 2Jcp = 10.0), 130.4 (S, fara), 131.2 (d, Grhor Jcp = 10.0), 131.6
(d, Cortho, 2dcp = 10.7), 132.7 (d, &iho, Jcp = 10.5), 138.7 (d, o “Jcp = 45.4), 140.3
(d, Gpso “Jop = 45.9), 161.0, 169.5 (C6, C8'P NMR (CDCh, 121 MHz): -144.3
(sept.,Jpr = 713, PE), 84.3 (d,Jps= 22.2, Dppe), 85.9 (dJp= 23.2, Dppe). Anal.
Calcd. for GsHasOsNoRURsFs: C, 52.89; H, 4.83; N, 2.74. Found: C, 52.54; H, 4.68; N,
2.59.

4.3.4.[4][PFé¢]
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Light yellow; recrystallized from ChCl./hexane;; = 76 %. FTIR (KBr, crif): 3056
(ve-m°-CsHs), 2248 (c=n), 840 ¢p.r PR). '"H NMR (CDCk, 300 MHz): 0.72, 1.28,
1.30, 1.33 (four s, 12H, -C(G}), 2.48-2.72 (m, 4H, -CHCH,-, Dppe), 3.32 (d, 1H)
= 2.1, H2), 3.43 (d, 1H] = 12.9, H5b), 3.50 (d, 1H,= 12.9, H5a), 4.05 (d, 1H,= 7.8,
H4), 4.33 (dd, 1H, = 8.1, 2.7, H3), 4.71 (s, 5h>-CsHs), 7.15-7.77 (m, 20H, ¢Es,
Dppe). *C NMR ((CD;),CO, 100 MHz): 23.0, 23.7, 24.4, 25.7 (-&{§),), 27.4 (t, -
CHyCHs-, 1Jcp = 23.8), 61.6 (C5), 68.7 (C3), 69.2 (C4), 73.3 (C2), 82K LHs), 94.4
(C1), 109.1, 111.5 (CHs)), 125.7 (&N), 128.9 (d, Geta Jcp = 9.8), 129.0 (d, feta
3Jcp=10.1), 129.2 (d, feta >Jcp = 9.8), 129.5 (d, feta “Jcp = 9.9), 130.2, 130.5 (two d,
Coarar “Jcp = 2.7), 130.7 (d, Gino, “Jcp = 10.3), 130.8 (d, fGra “Jep = 2.2), 130.2 (d,
Coarar “Jep = 2.2), 131.0 (d, Gra “Jop = 2.3), 131.3 (d, Gho Jcp = 10.9), 133.0 (d,
Cortho, Jcp = 10.8), 133.5 (d, Ginor 2Jcp = 10.9), 136.8 (d, feo “Jcp = 45.0), 137.9 (d,
Cipso “Jcp = 45.5).3'P NMR (CDC}, 121 MHz): -144.2 (quintJes = 708, PE), 77.3
(d, 2Jpp = 25.4, Dppe), 77.8 (dJpp = 25.4, Dppe). Anal. Calcd. for,¢s60sNRUPF:
C, 53.53; H, 4.81; N, 1.45. Found: C, 53.35; H, 4.53; N, 1.46.

4.3.5.[5][PF¢]

Yellow; recrystallized from CbCly/hexaney = 82 %. FTIR (KBr, crit): 3056 §c.p,°-
CsHs), 842 ¢p.r, PR). 'H NMR (CDCh, 300 MHz): 1.16, 1.18, 1.26, 1.45 (four s, 12H,
-C(CHy),), 2.54-2.73 (m, 2H, -CkCH,-, Dppe), 2.94-3.05 (m, 2H, -GBH,-, Dppe),
3.66 (d, 1HJ = 2.4, H2), 3.72 (s, 2H, H5), 4.11 (d, 1H= 7.8, H4), 4.40 (dd, 1H] =
7.8, 2.4, H3), 4.72 (s, 5Hy>-CsHs), 7.16-7.51 (m, 20H, s, Dppe). *C NMR
((CD3),CO, 100 MHz): 23.1, 24.1, 25.0, 25.1 (-G{§),), 27.6-28.0 (m, -ChCH,-),
61.3 (C5), 69.0 (C3), 69.4 (C4), 74.2 (C2), 8%8TsHs), 96.7 (C1), 108.4, 110.6 (-
C(CHa)2), 128.4 (d, Geta 2Jcp = 9.5), 128.6 (d, feta “Jop = 9.4), 128.6, 128.7 (d,rfowa

3Jcp = 9.6), 129.6 (d, Gra, “Jcp = 2.6), 129.7, 130.1 (two d,pfa “Jcp = 2.2), 130.2 (d,
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Cparar “Jep = 2.5), 130.4 (d, Gino, “Jcp = 9.8), 130.6 (d, Gno, 2Jcp = 10.2), 132.4, 132.5
(two d, Gho JJcp = 10.8), 139.3 (d, o Jep = 44.8), 139.7 (d, o Jop = 45.2),
157.5 (C6).*'P NMR ((CDy),CO, 162 MHz): -144.2 (quintJpr = 706, PF), 83.3
(d2Jp = 25.1, Dppe), 84.1 (d,%Jep = 25.4, Dppe). Anal. Calcd. for
C43H470sN4RUPFs:0.2CHCl,: C, 50.62; H, 4.66; N, 5.46. Found: C, 50.59; H, 4.68; N,
5.04.

4.3.6.[6][PF¢]

Yellow; recrystallized from CbkCly/hexaney = 80 %. FTIR (KBr, crif): 3057 ¢,
CsHs), 842 ¢p.r PR). H NMR ((CDs3),CO, 400 MHz): 0.94, 1.35, 1.38, 1.42 (four s,
12H, -C(CH)2), 2.30 (s, 3H, Ch), 2.88-3.15 (m, 2H, -C¥CH,-, Dppe), 3.42 (d, 1H]

= 2.4, H2), 3.67 (d, 1H] = 13.2, H5b), 3.81 (d, 1H,= 13.2, 1.6, H5a), 4.20 (dd, 18I,

= 8.0, 1.6, H4), 4.48 (dd, 1H, = 8.0, 2.4, H3), 4.89 (s, 5H>-CsHs), 7.25-7.60 (m,
20H, GHs, Dppe).”*C NMR ((CDs).CO, 100 MHz): 13.1 (Ch), 24.4, 25.5, 26.0, 26.4
(-C(CHa),), 28.6 (t, -CHCH,-, 1Jcp = 23.8), 62.7 (C5), 70.2 (C3), 70.6 (C4), 74.0 (C2),
81.8 (°>-CsHs), 97.9 (C1), 109.7, 111.4 ((CHs),), 129.6 (d, Geta Jcp = 9.5), 129.7
(d, Creta 3Jcp = 9.9), 129.8-129.9 (M, fer), 130.9 (d, Gura, “Jcp = 2.2), 131.0 (d, rar
“Jep = 2.1), 131.2, 131.5 (two Spf), 132.2 (d, Gino, “Jep = 10.1), 132.4, 132.9 (two
d, Gorthor Jcp = 10.2), 133.5 (d, Gino, “Jcp = 10.7), 140.2 (d, o Jcp = 47.0), 140.5
(d, Gpso “Jcp = 46.0), 164.5, 170.9 (C6, C8fP NMR ((CD).CO, 162 MHz): -144.2
(sept.,Jpr = 708, PE), 82.1 (d,Jpp = 23.3, Dppe), 84.3 (dJpp = 21.7, Dppe). Anal.
Calcd. for GsH49OsNoRURFg: C, 52.89; H, 4.83; N, 2.74. Found: C, 52.59; H, 4.89; N,
2.22.

4.3.7.[7][PF¢]

Yellow; recrystallized from acetone/hexanes 77 %. FTIR (KBr, crit): 3058 fc.,;°-

CsHs), 2260 ¢cn), 841 fp.r, PRs). *H NMR (CDCh, 300 MHz): 0.99, 1.13, 1.31, 1.63
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(four s, 12H, -C(CH)y), 4.28 (dd, 1H,) = 4.8, 2.7, H2), 4.46 (m, 1H, H4), 4.48 (s, 5H,
n°>-CsHs), 4.62 (dd, 1H, =7.8, 2.4, H3), 5.18 (br, 1H, H5), 5.44 (d, 1Hs 4.8, H1),
7.04-7.30 (m, 30H, s, PPh). *C NMR (CDCE, 100 MHz): 22.8, 24.2, 24.9, 25.8 (-
C(CHz3)2), 62.2 (C5), 70.0 (C3), 70.3 (C2), 70.9 (C4), 843QsHs), 96.3 (C1), 109.9,
110.1 (-QCHa),), 128.3 (d, Geta Jcp = 9.5), 128.4 (d, feta Jcp = 9.4), 128.9 (EN),
129.9 (M, Gara), 133.2 (d, Gihor Jcp = 10.3), 133.5 (d, &Gino Jcp = 10.6), 135.9 (dd,
Cipso Jep = 41.03Jcp = 2.8), 136.2 (dd, 0 “Jcp = 40.7 3Jcp = 2.4).*'P NMR (CDC},
121 MHz): -144.1 (quint.Jpr = 711, PE), 40.2 (d,Jpp = 35.2, PPH, 40.9 (d,%Jpp =
35.7, PPE). Anal. Calcd. for GHs,OsNRuRsFes: C, 58.35; H, 4.80; N, 1.28. Found: C,
58.24; H, 4.55; N, 1.31.

4.3.8.[8][PF¢]

Yellow; recrystallized from ChCly/hexaney = 78 %. FTIR (KBr, crif): 3057 ¢c.,°-
CsHs), 841 ¢p.r, PR). 'H NMR (CDCk, 300 MHz): 1.25 (s, 3H, -C(Ct), 1.37(s, 6H,
-C(CHs)2), 1.50 (s, 3H, -C(CH)2), 4.15 (dd, 1H) = 7.8, 2.1, H4), 4.37 (dd, 1H,= 5.1,
2.1, H2), 4.38 (s, 5H;°-CsHs), 4.64 (dd, 1HJ = 7.8, 2.7, H3), 4.81 (d, 1H, = 1.8,
H5), 5.65 (d, 1H,) = 4.8, H1), 6.96-7.33 (m, 30H ¢85, PPh). *C NMR (CDCk, 100
MHz): 24.5, 24.9, 25.8, 26.2 (-CK3),), 63.3 (C5), 70.5 (C2, C3), 71.4 (C4), 8342-(
CsHs), 96.3 (C1), 109.3, 110.4_((CHs)2), 128.0 (d, Geta “Jcp = 9.4), 128.1 (d, feta
3Jcp = 9.3), 129.7, 129.8 (two S,pk), 133.5, 133.6 (two d, dano, 2Jcp = 10.2), 136.3,
136.8 (two d, Gso “Jep = 40.1), 155.2 (C6)*'P NMR (CDCh, 162 MHz): -144.3
(quint., Jpr = 712, PE), 40.2 (d,2Jpp = 35.6, PPY, 41.2 (d,?Jpp = 37.1, PP¥). Anal.
Calcd. for G3H5305N4RURFg: C, 56.14; H, 4.71; N, 4.94. Found: C, 56.24; H, 5.06; N,
4.51.

4.3.9.[9][PF¢]
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Yellow; recrystallized from ChCly/hexaney = 79 %. FTIR (KBr, crif): 3059 ¢c.1,7°-
CsHs), 2241 ¢con), 840 ¢p.5 PR). "H NMR (CDCk, 300 MHz): 0.94, 1.29, 1.40, 1.50
(four s, 12H, -C(CH)y), 3.76 (dd, 1H,J = 13.2, 1.5, H5b), 3.82 (d, 1H,= 12.6, H5a),
4.25 (d, 1HJ = 7.8, H4), 4.36 (d, 1H] = 1.8, H2), 4.44 (s, 5H;>-CsHs), 4.66 (dd, 1H,
J =8.1, 2.7, H3), 6.97-7.40 (m, 30HHG, PPh). **C NMR ((CDs),CO, 75 MHz):
23.2, 23.6, 24.6, 25.8 (-CKG),), 62.1 (C5), 68.9 (C3), 69.3 (C4), 73.6 (C2), 843 (
CsHs), 95.2 (C1), 109.3, 112.2 ((CHs)y), 128.5, 128.6 (two d, fera “Jep = 9.7), 129.2
(C=N), 130.2 (d, Gara, “Jcp = 2.3), 130.3 (d, Gra “Jcp = 2.4), 133.0 (d, G, Jcp =
10.4), 133.3 (d, Ginor “Jcp = 10.6), 135.4 (dd, o “Jcp = 42.2,%Jcp = 1.7), 136.1 (dd,
Cipso Jep = 42.2,%3cp = 1.6).%'P NMR (CDC}, 121 MHz): -144.3 (quintJpr = 708,
PR), 38.9 (d,%Jpp = 35.7, PP}, 40.6 (d,%Jpp = 35.1, PP¥. Anal. Calcd. for
Cs3Hs,0sNRURsFe: C, 58.35; H, 4.80; N, 1.28. Found: C, 58.35; H, 4.66; N, 1.34.
4.3.10.[10][PF¢]

Yellow; recrystallized from CbCly/hexaney = 71 %. FTIR (KBr, crit): 3057 ¢
CsHs), 842 ¢p.r, PR). *H NMR (CDCh, 300 MHz): 1.01, 1.32, 1.35, 1.50 (four s, 12H,
-C(CHs)y), 3.92 (s, 2H, H5), 4.19 (d, 1H,= 2.4, H2), 4.26 (d, 1H] = 7.8, H4), 4.37 (s,
5H, #°-CsHs), 4.60 (dd, 1HJ = 7.8, 2.4, H3), 6.94-7.36 (m, 30HgHG, PPh). °C
NMR ((CD3),CO, 75 MHz): 24.2, 25.3, 26.2 (-CKg),), 62.5 (C5), 70.2 (C3), 70.6
(C2), 75.4 (C4), 84.34f-CsHs), 97.8 (C1), 109.6, 111.8_((CHs),), 129.0 (d, Geta
%Jcp = 9.4), 130.6, 130.7 (two d,p&a “Jcp = 2.3), 134.2 (d, Ginor 2Jcp = 10.3), 134.3
(d, Cortho, “Jcp = 10.6), 136.9 (dd, &0 “Jcp = 40.4,%Jcp = 2.1), 137.7 (dd, o Jep =
40.0, *Jcp = 1.9), 159.5 (C6)3P NMR (CDCh, 162 MHz): -144.2 (quint.Jpr =
709,PR), 39.4 (d,%Jpp = 35.6, PP¥), 40.8 (d,%Jep = 36.9, PP¥). Anal. Calcd. for

CsaHs30sN4RUPsFs: C, 56.14; H, 4.71; N, 4.94. Found: C, 56.54; H, 4.81; N, 4.43.
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4.4 Cell viability assays in human HeLa tumor cells

HelLa cells were maintained in Roswell Park Memorial Institute medium (RPMI)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin and
1% L-glutamine, at 37 °C in a humid incubator with 5%,CI@ order to detach cells
from the bottle, trypsin solution was used.

The MTT assay was used to determine the cell viability as an indicator for the
sensitivity of the cells to the complexes Ru (ll). Exponentially growing cells were
seeded at a density of approximately ext@lls/mL, in a 96-well flat-bottomed
microplate, and 48 h later they were treated with the complexes. The complexes were
dissolved in DMSO and tested in concentrations ranging from 5 to (00
Cytotoxicity of test compounds was evaluated by the MTT method [48]. The optical
density was measured at 570 nm using a 96-well multi-scanner auto-reader.sghe IC

were calculated by nonlinear regression analysis using Origin.
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