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Ferrocenylalkyl nitro-imidazolesA@-h, 5a-h) were preparedia the regiospecific reaction of the
(hydroxy)alkyl ferrocenes, FCCHR(OHld—h Fc=ferrocenyl; R=H, Me, Et, Pi;Pr, Ph,ortho-CI-Ph,
ortho-I-Ph), with nitro-imidazoles in aqueous organicdien (H,O-CH,Cl,) at room temperature in the
presence of HBE within several minutes in good yields. X-ray stural data for racemicdR(S)-1-N-
(benzyl ferrocenyl)-2-methyl-4-nitroimidazoléf] were determined. The resulting enantiomers were
resolved into enantiomers by analytical HPLC on ifiedi amylose or cellulose chiral stationary phases
The viabilities of 4b, 4d, 5b, 5c in vitro, and in experiment$n vivo antitumor effects of N-
ferrocenylethyl-4-nitroimidazole 4p) against murine solid tumor system Ca755 carcinonere
evaluated.

Keywords: ferrocene compounds; nitro-imidazoles; enantiéeneesolution; X-ray crystal structure;
toxicity in vitro; bioactivityin vivo

1. Introduction

The conjugation of nitrogen-containing hetero cgckdth ferrocene represents perspective
directions for design and synthesis of bioactivengounds with different types of activities
including antianemic, tuberculostatic, antimalariahtimicrobic and antiproliferative {10].

The antiproliferative activity has been especiallyestigated by numerous research groups
[10-15].

Among heterocycles, azoles and especially imidazalese a high interest because represent

essential components of DNA, RNA, histidine amicalar drugs [1614,16-20]. On the other
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hand, such nitrogen- heterocyelerrocene ensembles possess positive enthalpitsroftion

to give highly energetic structures [21]. Well krmgvihat both ferrocenes and nitro-compounds
were applied for solid rocket propellant in thelgdi970s [10]. Moreover, nitro groups being in
the structures of nitro-glycerin and trinitro-tohee make these compounds high explosive. To
our knowledge, there are no systematic studiegoimnasis of compounds combining both nitro-
imidazole and ferrocene fragments excluding tha dathe review article of Tverdoxlebov with
co-authors [21].

Ferrocene-modification of organic compounds waselyidepresented in reviews [17,22,23]
and special recent issue [24] The ferrocenylalkytatmethod for the introduction of
ferrocenylalkyl groups into various nucleophilic bstrates was based on the substitution
reactions of ferrocenylalkyl amines af(hydroxy)alkyl ferrocenes with nucleophiles [2dhe
later one is extensively explored approach to teme-based compounds [23,25,26]. Recently,
for example, Moiseev and co-workers elaborated syawthetic route to ferrocenes of such type
through unstable-ferrocenylalkyl carbonates under neutral condgi{2i7]. Some more original
pathway for modificated ferrocenes through thedif@-H functionalization of aromatics by the
C-C coupling of halogen-free (hetero)arenes withidm ferrocenes allows the preparing of
planar chiral ferrocenes [28].

Other well-known pathway to ferrocene heterocyaticlecules is consists in formation of
carbonyl-connected ferrocene-C(O)-heterocycle ftiinoua dehydrohalogenation reaction
between ferrocenoyl chloride and NH-heterocyclg.[F&dox amination of ferrocenyl ketones
and formylferrocene with pyrroline allows prepariiegrocene-substituted pyrroles [30].

In this paper, the development of our ferroceneatixV works is reported [11-13,31-34].
Early we proposed a simple route to ferrocene-basedpounds [35]. Moreover, using this
protocol, enantiomeric-enriched ferrocene-based poumds were prepared recently [36].
Herein, according to this synthetic approach aeseaf unknown ferrocene-containing nitro-
imidazoles was prepared in good vyields. All synitexs compounds were characterizedHy
%C NMR, EI-MS and microanalytical data. For compoubid X-ray structural data were
obtained. A series of racemi&,R-ferrocene nitro-imidazoles (14 pairs of ferrocérased
compounds) was separated into enantiomers by &w#lyiLPC on chiral modified amylose.
The antitumor effects were evaluated for compodibdigainst Ca755 carcinoma experimental
tumor model. The index of tumor growth inhibitioRGl) amounting to 22% (in comparison
with controls) was determined for compoudtalin daily dose equal to 10 mgKgAt the dose
of 20 mg kg* the tested compoundb was not effective against Ca755 carcinoma. On the

contrary, a stimulation effect equal to 46% waseobsd in this case. Cytotoxicities were



evaluated by MTT test for compoundb, 4d, 5b, 5¢, and for compoundb maximal tolerated

dose was found im vivo experiments.

2. Experimental
2.1. Starting Materials and Analytical Instrumentations

The starting ferrocenyl methanolld) was obtained from trimethylferrocenyl
methylammonium iodide according to a well-knowngaure [37]. Others ferrocenyl alcohols
(1b-h) were synthesized from ferrocene by acylation wib corresponding acid chlorides
according to the Friedel-Crafts procedure and gpubm® reduction either by sodium
borohydride in water [38] or by lithium aluminumdnde in diethyl ether or THF [39,12]. 4(5)-
Nitroimidazole ga) and 2-methyl-4(5)-nitroimidazole2lp) were prepared according to patents
[40,41]. Syntheses were carried out in @ 1AL flask with fluoroplastic propeller mixer and
thermometer. Sulfuric acid 92 % (66.3 g) at@l4 g(0.15 mol) imidazole or 2-methyl-4(5)-
nitroimidzole @b) were added into the flask with stirring. The tergiure was raised to 145,
then, 29.8 g (0.35 mol) sodium nitrate was addegadrtions to the mixture. After stirring at
145°C during 6 hours cold water (100 mL) was addedéoflask and the mixture was cooled to
the room temperature. The crud products were swlaly 25 % ammonia solution to pH 10,
filtered and dried by lyoplilization at52°C and 0.27 mbar for 16 h. Both imidazoles represent
white powders, yiel@a 75%, m.p. 306-31C; yield 2b 95%, m.p. 253-25€.

All solvents were purified and dried by standamishhiques’H and**C NMR spectra were
obtained on a Bruker Avance instrument at 400 Mbiz grotons and 100 MHz for carbon
respectively. Chemical shifts are given in ppm treéato solvent residual protons. EI mass
spectra were taken on a Finnigan Polaris Q speetemat 70 eV and the temperature of the ion
chamber 25%C. IR spectra were recorded on a UR-20 (Karl Zespgttrophotometer.

2.2. General Procedure

To a mixture of 1.0 mmol of ferrocene alcohol and Inmol of the corresponding
nitroimidazole in 1.0 ml of methylene dichloride,18 ml of 45 % aqueous solution of
fluoroboric acid was added under vigorous stirrifige agitation was continued for 5 min then
diethyl ether (15 ml), the same amount of cold wadad 5-10 mg of ascorbic acid were added
to the reaction flask. After vigorous shaking oé tmixture, the organic solution was separated,
washed with cold water (3x15 ml), the solvents wemovedin vacuq and the residue was
dried over CaGlin a desiccator.
4-Nitro-1-(ferrocenylmethyl)-1H-imidazol@a). Yield 64%. Orange crystals, m.p. 206. °El-
MS, m/z (RI, %) 311 [M] (67). 'H NMR (CDCk, 8, ppm): 4.21 (s, 5H, Fc); 4.25 (sH2Fc);
4.28 (s, M, Fc); 4.95 (s, H, CHy); 7.41 (s, H, Im(C-2)); 7.70 (s, H, Im(C-5)). **C NMR
(CDCls, 9, ppm): 48.28 (Ch); 68.89 (GH,); 68.99 (GHs); 69.64 (GH4); 79.80 (GH4 -ipso);
118.76 (Im(C-5)); 135.22 (Im(C-2)); 148.37 (Im(C-BOAnal.: C 53.99; H 4.17; N 13.48%.
Calc. for G4H13FeNsOs: C, 54.05; H, 4.21; N, 13.51%.



4-Nitro-1-(1-ferrocenylethyl)-1H-imidazol@hb). Yield 65 %. Yellow crystals, m.p. 10&€° El-
MS, m/z(RI, %) 325 [M] (25). 'H NMR (CDCk, 8, ppm): 1.89 (dJ = 6.9 Hz, 3H, Ch); 4.14
(s, 1H, Fc); 4.19 (s, 5H, Fc); 4.26 (s, 1H, FcR84(s, 2H, Fc); 5.25 (gl = 6.9 Hz, 1H, CH); 7.42
(s, H, Im(C-2)); 7.69 (s, H, Im(C-5)).**C NMR (CDCk, 5, ppm): 21.95 (Ck); 54.82 (CH);
65.79 (GHa4); 67.95 (GH4); 68.78 (GH4); 69.12 (GHs); 69.40 (GHa.); 86.35 (GH4-ipso);
117.76 (Im(C-5)); 134.50 (Im(C-2)); 147.45 (Im(C-BD Anal.: C 55.43; H 4.54; N 12.94.
Calc. for GsHisFeNsOy: C, 55.41; H, 4.65; N, 12.92%.
4-Nitro-1-(1-ferrocenylpropyl)-1H-imidazolg&ic). Yield 50%. Red-brown crystals, m.p. 8.°
EI-MS, m/z (RI, %) 339 [M] (34). 'H NMR (CDCk, 3, ppm): 0.95 (tJ = 7.4 Hz, 3H, CH);
2.04 (m, 1H, CH); 2.36 (m, 1H, CH); 4.07 (s, 1H, Fc); 4.15 (s, 5H, Fc); 4.23 (s, Bd); 4.26
(s, 2H, Fc); 4.88 (dd] = 10.8 Hz, 3.81H, CH); 7.47 (s, H, Im(C-2)); 7.72 (s, H, Im(C-5)).**C
NMR (CDCl, &, ppm): 11.19 (Ch); 29.04 (CH); 61.61 (CH); 66.30 (§H,); 67.14 (GHJ);
68.53 (GH,); 69.07 (GHs); 69.15 (GH,); 86.96 (GH4-ips0); 117.73 (Im (C-5)); 135.10 (Im (C-
2)); 147.98 (Im (C- N@). Anal.: C 56.68; H 5.05; N 12.41. Calc. fogeB17FeNsOs: C, 56.66;
H, 5.05; N, 12.39%.

4-Nitro-1-(1-ferrocenylbutyl)-1H-imidazol@ld). Yield 48 %. Red-brown crystals, m.p. 111 °
EI-MS, m/z (RI, %) 353 [M] (29). *H NMR (CDCk, 3, ppm): 0.98 (tJ = 7.2 Hz, 3H, CH);
1.28 (m, H, CH,); 2.03 (m, H, CH,); 2.21 (m, H, CH,); 4.05 (s, H, Fc); 4.13 (s, H, Fc);
4.20 (s, H, Fc); 4.24 (s, H, Fc); 4.99 (ddJ = 10.8 Hz, 3.51H, CH); 7.47 (s, H, Im(C-2));
7.73 (s, H, Im(C-5)).2*C NMR (CDCk, &, ppm): 13.55 (Ch); 19.58 (CH.); 37.74 (CH); 59.53
(CH); 66.25 (GH,); 67.14 (GH,); 68.50 (GH,); 69.07 (GHs); 69.14 (GH,); 87.14 (GH4-ipso);
117.83 (Im(C-2)); 135.20 (Im (C-5)); 147.93 (Im {€3;). Anal.: C 58.86; H 5.73; N 11.45.
Calc. for G/H1gFeNsOs: C, 58.87; H, 5.76; N, 11.44%.
4-Nitro-1-(1-ferrocenyl-2-methylpropyl)-1H-imidaeol4e). Yield 51%. Red-brown crystals,
m.p. 138°C. EI-MS, m/z(RI, %) 353 [M] (36). 'H NMR (CDCk, 3, ppm): 0.80 (dJ = 6.7 Hz,
3H, CH); 0.90 (d,J = 6.7 Hz, 31, CHg); 2.15 ¢, 1H, CH); 3.94 (s, H, Fc); 4.03 (s, H, Fc);
4.22 (s, H, Fc); 4.25 (s, H, Fc); 4.53(dJ = 8.4 Hz, 1H, CH); 7.59 (s,H Im(C-2)); 7.89 (s,
1H, Im(C-5)). *C NMR (CDCk, &, ppm): 19.63 (Ch); 20.51 (CH); 35.35 (CH); 65.65 (CH);
66.60 (GH4); 67.67 (GH4); 68.88 (GHs); 69.19 (GH4); 69.50 (GH4); 86.88 (GH4-ipso);
118.58 (Im(C-2)); 135.91 (Im (C-5)); 147.78 (Im ME3,). Anal.: C 58.84; H 5.74; N 11.46.
Calc. for G/H1gFeNsOs: C, 58.87; H, 5.76; N, 11.44%.
4-Nitro-1-(ferrocenyl(phenyl)methyl)-1H-imidazol@f). Yield 47%. Yellow-brown crystals,
m.p. 68 €. EI-MS, m/z(RI, %) 387 [M] (50). *H NMR (CDCk, 3, ppm): 4.04 (s, 1H, Fc); 4.06
(s, H, Fc); 4.21 (s, H, Fc); 4.32 (s, H, Fc); 4.36 (s, H, Fc); 6.22 (s, H, CH); 7.25 (m, H,



Ph): 7.34 (s, H, Im(C-2)); 7.43 (m, B, Ph): 7.59 (s, H, Im (C-5))."*C NMR (CDC}, 8, ppm):
63.51 (CH); 68.23 (€H,); 68.51 (GH4); 69.29 (GHs); 69.52 (GH,); 69.54 (GH4); 84.59
(CsHy-ips0); 119.16 (Im (C-5)); 127.41 @Els); 129.07 (GHs); 129.12 (GHs); 135.62 (GHs);
138.15 (Im(C-2)); 147.60 (Im (C-N). Anal.. C 62.05; H 4.44; N 10.89. Calc. for
CooH17FeNsO,: C, 62.04; H, 4.43; N, 10.85%.
4-Nitro-1-((2-chlorophenyl)ferrocenylmethyl)-1H-idaizole (4g). Yield 52%. Red-brown
crystals, m.p. 149C. EI-MS, m/z(RI, %) 421 [M] (36).’H NMR (CDCk, 5, ppm): 4.10 (s, 1H,
Fc); 4.14 (s, 5H, Fc); 4.19 (s, 1H, Fc); 4.38 (8, Ec); 6.77 (s, 1H, CH); 7.17(d,= 9.2 Hz, 1H,
Ph); 7.31 (m, 1H, Ph); 7.37 (m, 1H, Ph); 7,49 (4, In(C-2)); 7.52 (m, 1H, Ph); 7.65 (s, 1H,
Im(C-5)). **C NMR (CDCk, 5, ppm): 59.38 (CH); 67.53 (H.); 68.37 (GH.); 69.04 (GH,);
69.36 (GHs); 69.75 (GH,); 84.6 (GH4-ipso); 118.98 (Im(C-5)); 127.62 @El,); 129.49 (GHy);
130.29 (GH.); 130.63 (GH4); 133.46 (GH4(C-ips0)); 135.91 (GH4(C-CI)); 135.98 (Im(C-2));
147.60 (Im(C-NQ). Anal.: C 56.92; H 3.80; N 9.96. Calc. fopH;6CIFEN;O,: C, 56.97; H,
3.82; N, 9.97%.

4-Nitro-1-((2-iodophenyl)ferrocenylmethyl)-1H-imiige (4h). Yield 52%. Yellow crystals,
m.p. 85 €. EI-MS, m/z(RI, %) 513 [M] (45). '"H NMR (CDCk, &, ppm): 4.02 (s, 1H, Fc); 4.15
(s, 5H, Fc); 4.19 (s, 1H, Fc); 4.33 (s, 1H, FcB64A(s, 1H, Fc); 6.59 (s, 1H, CH); 7.11 (m, 2H,
Ph); 7.36 (m, 1H, Ph); 7.52 (s, 1H, Im(C-2)); 7(621H, Im(C-5)); 7.93 (m, 1H, PHJC NMR
(CDCls, &, ppm): 67.02 CH); 67.27 (GH,); 67.95 (GH,); 68.77 (GH,); 69.43 (GHs); 69.79
(CsHa); 85.47 (GHs-ipso); 100.37 (GH. (C-1)); 119.05 (Im(C-5)); 129.06 @El4); 129.45
(CsHa); 131.04 (GHg); 136.25 (Im(C-2)); 140.39 (Els); 140.51 (GH4); 147.62 (Im(C-NQ).
Anal.: C 46.76; H 3.20; N 8.19. Calc. fopdEl16FeINsO,: C, 46.82; H, 3.14; N, 8.19%.
2-Methyl-4-nitro-1-(ferrocenylmethyl)-1H-imidazo(&a). Yield 43%. Yellow-orange crystals,
m.p. 89 €. EI-MS, m/z (R, %) 325 [M] (71). 'H NMR (CDCk, &, ppm): 2.42 (s, B, CHy);
4.18 (s, B, Fc); 4.20 (s, H, Fc); 4.24 (s, H, Fc); 4.79 (s, H, CHy); 7.58 (s, H, Im(C-5)).
13NMR (CDCL, 8, ppm): 13.17 (Ch); 46.96 (CH); 68.31 (GH.); 68.77 (GH.); 68.84 (GHs);
69.33 (GH,); 69.35 (GH,); 79.88 (GHs-ipsg); 119.33 (Im(C-5)); 144.01 (Im(C-2)); 145.84
(Im(C-NGy). Anal.: C 54.80; H 4.72; N 12.78. Calc. fois8:5FeNsO2: C, 55.41; H, 4.65; N,
12.92%.

2-Methyl-4-nitro-1-(1-ferrocenylethyl)-1H-imidazo(&b). Yield 52%. Yellow-orange crystals,
m.p. 83 €. EI-MS, m/z(RI, %) 339 [M] (87). 'H NMR (CDCk, 8, ppm): 1,78 (dJ = 6.9 Hz,
3H, CHy); 2.47 (s, 81, CHg); 4.08 (s, H, Fc); 4.17 (s, H, Fc); 4.21 (s, H, Fc); 4.25 (s, H, Fc);
5.15 (q,J = 6.9 Hz, H, CH); 7.84 (s, H, Im(C-5)).®NMR (CDCl, &, ppm): 13.31 (Chi(Im));
21.18 (CH); 53.03 (CH); 65.84 (§H4); 67.77 (GH.); 68.53 (GH,); 69.01 (GHs); 69.35
(CsHa); 86.63 (GH4-ipso); 117.51 (Im(C-5)); 143.52 (Im(C-2)); 146.10 (Im{D,). IR (v,



cm ): 3150, 3094, 2984, 1537 (s, NO1498 (s, NQ), 1447, 1392 (s, N&), 1380 (s, NO),
1263, 1144, 1122, 1106, 829, 752, 508, 483. ARab8.69; H 5.79; Fe 15.32 N 11.37. Calc. for
CieH17FENsO,: C, 58.87; H, 5.76; N, 11.44%.
2-Methyl-4-nitro-1-(1-ferrocenylpropyl)-1H-imidazo(5¢). Yield 54%. Orange powder, m.p.
141 T. EI-MS, m/z(RI, %) 353 [M] (57). '"H NMR (CDCk, &, ppm): 0.92 (tJ = 7.6 Hz, 3H,
CHs); 2.05 (m, 1H, CH); 2.37 (m, 1H, CH); 2.49 (s, 3H, Ch); 4.05 (s, 1H, Fc); 4.16 (s, 5H,
Fc); 4.19 (s, 1H, Fc); 4.21 (s, 1H, Fc); 4.23 @, Ec); 4.86 (ddJ = 10.9 Hz, 3.6,1H, CH); 7.62
(s, H, Im(C-5)). **C NMR (CDCk, &, ppm): 11.09 (CH); 13.72, (CH (Im)); 28.91 (CH);
59.26 (CH); 66.23 (§H,); 67.07 (GH,4); 68.31 (GH,); 69.04 (GHs); 69.10 (GHy4); 87.46
(CsHs-ips0); 117.34 (Im (C-5)); 144.39 (Im (C-2)); 146.81 (If6- NO)). Anal.: C 58.85; 5
4.74; N 11.49. Calc. for H1sFeNsO2: C, 58.87; H, 5.76; N, 11.44%.
2-Methyl-4-nitro-1-(1-ferrocenylbutyl)-1H-imidazofgd). Yield 87%. Yellow crystals, m.p. 168
°C. EI-MS, m/z (RI, %) 367 [M (53). *H NMR (CDCk, &, ppm): 0.98 (t,J = 7.2 Hz, 3H,
CHy); 1.25 (m, M, CHy); 2.04 (m, H, CH,); 2.25 (m, 1H, CH); 4.05 (s, H, Fc); 4.15 (s, H,
Fc); 4.18 (s, H, Fc); 4.23 (s, 1H, Fc); 4.95 (dd= 10.7 Hz, 3.6,1H, CH); 7.64 (s, H, Im(C-
5)). *°C NMR (CDCE, &, ppm): 13.71 (CHi(Im)); 19.57 (CH); 37.75 (CH); 57.39 (CH); 66.25
(CH); 67.00 (GH4); 68.28 (GH4); 69.04 (GHs); 87.67 (GH4-ipso); 117.36 (Im (C-5)); 144.25
(Im(C-2)); 146.59 (Im (C-N@). Anal.: C 58.92; H 5.71; N 11.47. Calc. foigB,:FeNsO,: C,
58.87; H, 5.76; N, 11.44%.

2-Methyl-4-nitro-1-(1-ferrocenyl-2-methylpropyl)-likhidazole (5€). Yield 47%. Yellow
crystals, m.p. 124C. EI-MS, m/z(RI, %) 367 [M] (38).*H NMR (CDCk, &, ppm): 0.79 (d,) =
6.4 Hz, 3H, CH); 0.87 (d,J = 6.8 Hz, 31, CHg); 2.01 (m, H, CH); 2.59 (s, 81, CHg); 3.89 (s,
5H, Fc); 4.05 (s, H, Fc); 4.20 (s, H, Fc); 4.27(s, 1H, Fc); 4.38 (d=9.6 Hz, 1H, CH); 7.84 (s,
1H, Im(C-5)). *C NMR (CDCk, 5, ppm): 13.99 (Cki(Im)); 20.08 (CH); 20.42 (CH); 36.14
(CH); 64.13 (CH); 67.19 (§Ha); 68.69 (GHs); 69.25 (GH4); 69.91 (GH4); 87.84 (GH4-ipso);
117.36 (Im(C-5)); 144.60 (Im(C-2)); 153.14 (Im (G3p). Anal.: C 58.79; H 5.74; N 11.41.
Calc. for GgH21FeNsO,: C, 58.87; H, 5.76; N, 11.44%.
2-Methyl-4-nitro-1-(ferrocenyl(phenyl)methyl)-1H+ithazole (5f). Yield 55%. Yellow crystals,
m.p. 132 €. EI-MS, m/z(RI, %) 401 [M] (72). 'H NMR (CDCk, 3, ppm): 2.24 (s, 3H, Ch}
3.87 (s, H, Fc); 4.08 (s, H, Fc); 4.23 (s, H, Fc); 4.30 (s, H, Fc); 4.38 (s, H, Fc); 6.14 (s, H,
CH); 7.22 (m, 2H, Ph); 7.39 (m, 1H, Ph); 7.41 (i, Ph); 7.45 (s,1H, Im(C-5))*C NMR
(CDCls, 8, ppm): 13.63 (CH); 62.04 (CH); 68.49 (6H,); 68.56 (GH.); 69.10 (GH,4); 69.18
(CsHs); 69.93 (GH.); 84.84 (GH4-ipso); 119.15 (Im(C-5)); 127.07 Els); 128.59 (GHs);
128.78 (GHs); 137.17 (GHs); 144.45 (Im(C-2)); 145.47 (Im (C-N{ IR (v, cm'%): 3168, 3096,



3030, 2923, 1532 (s, N 1487 (s, NQ), 1455, 1380 (s, N§, 1263, 1151, 1107, 1003, 993,
820, 750, 730, 703, 506, 488, 479. Anal.: C 62t8%;70; N 10.52. Calc. for £H1sFeN;O,: C,
62.86; H, 4.77; N, 10.47%.
2-Methyl-4-nitro-1-((2-chlorophenyl)ferrocenylmekhgH-imidazole (5g). Yield 55 %. Orange
crystals, m.p. 92C. EI-MS, m/z(RI, %) 435 [M] (63). '"H NMR (CDCk, 8, ppm): 2.34 (s, 3H,
CHg); 4.03 (s, 1H, Fc); 4.12 (s, 5H, Fc); 4.19 (s, Hd); 4.36 (s, 1H, Fc); 4.37 (s, 1H, Fc); 6.61
(s, 1H, CH); 7.12 (m, 1H, Ph); 7.29-7,38 (m, 2H);Ph47 (s, 1H, Im(C-5)); 7.52 (m, 1H, Ph).
%C NMR (CDCk, 3, ppm): 13.81 (Chki(Im)); 57.46 (CH); 67.51 (€H4); 68.69 (GH.); 69.39
(CsHs); 69.88 (GH4); 84.19 (GHs-ipso); 119.18 (Im(C-5)); 127.73 @Es); 129.08 (GHa);
130.14 (GH.); 132.86 (GH4 (C-ps0); 135.41 (GH4 (C-Cl)); 144.60 (Im(C-2)); 145.63 (Im(C-
NO,). Anal.: C 57.79; H 4.14; N 9.69. Calc. fo;8:1sCIFeN;O,: C, 57.89; H, 4.16; N, 9.64%.
2-Methyl-4-nitro-1-((2-iodophenyl)ferrocenylmethylid-imidazole (5h). Yield 43%. Orange
crystals, m.p. 84C. EI-MS, m/z (RI, %) 527 [N (83).*H NMR (CDCk, 5, ppm): 2.40 (s, 3H,
CHy); 4.09 (s, 2H, Fc); 4.15 (s, 5H, Fc); 4.38 (s, BEd); 6.39 (s, 1H, CH); 7.08 (m, 1H, Ph);
7.37-7.44 (m, 2H, Ph); 7.56 (s, 1H, Im(C-5)); 7@8, 1H, Ph)."*C NMR (CDCk, &, ppm):
14.87 (CH); 65.55 CH); 67.12 (GH4); 68.95 (GH4); 69.29 (GH,); 69.52 (GH,); 69.59
(CsHs); 85.03 (GH4-ips0); 100.12 (GH4(C-1)); 119.39 (Im(C-5)); 128.79(El4); 129.13 (GHa);
130.64 (GHa); 140.02 (GH4 (C- ips0); 140.35 (GH4); 145.12 (Im(C-2)); 146.57 (Im(C-NQ
Anal.: C 47.81; H 3.45; N 7.99. Calc. fopE,sFelNsO;: C, 47.85; H, 3.44; N, 7.97%.
2.3. X-ray crystallography

Single crystals of gH;0FeNsO, (5f) were orange prisms crystallized from acetone. A
suitable crystal was selected from crud produdal, iatensities of reflections were measured on a
Bruker SMART CCD 1K diffractometer in Centre for lacularcompositionstudies of INEOS
RAS. The crystal was kept at room temperature dutletta collection. The structure was solved
with the XS structure solution program [42] usingedt Methods and refined with the ShelXL
[43] refinement package using Least Squares miaithois. Molecular graphics were drawn
using OLEX2 program [44] (Fig. 1). All crystallogrhic data were submitted to Cambridge
Crystallographic Data Centre (CCDC deposition numb#®16071). Selected crystallographic

parameters were summarized in Table 1.

Table 1 Crystallographic data fcaf.

Empirical formula GiH10FENO;
Formula weight 401.24
T,K 293

Space group, Z R, 4




a, A 12.6743(7)
b, A 10.2407(6)
c, A 14.6595(9)
a,’ 90

B,° 98.4280(10)
Y, ° 90

v, A3 1882.16(19)
Density.e g-cm® 1.416

W, cm® 8.22
F(000) 832
20max ° 57.99
Reflections collected 14116
Independent reflections 4972
Reflections with 1>&(1) 3690
Parameters 245

R1 [1>20(1)] 0.0387
wR2 [all reflections] 0.1062
GOF 1.028
Residual electron density, €80 min/Pmax) 0.544/-0.215

2.4.Racemic resolution by HPLC

The following chiral columns (250 x 4.6 mm, 5 pm@re used: 3-AmyCoat, Chiracel OD, Chiracel
0J. Chromatographic resolution was carried out on HPLC system (Advanced Separation
Thechnologies, Inc., Whippany, NJ, USA), with alBuLC 31 instrument equipped with a UV detector

(254 nm); the flow rate was 1.0 mL ritrat an ambient temperature.

2.5. Cytotoxicity

Rat hepatoma HTC cells were cultured in the DMEN/FRdedium with addition of 10% fetal calf
serum (HyClone, USA)L-glutamine (PanEco, Russia) and gentamicin as iatiitb(PanEco, Russia).
The cells were seated on 96-well plates in conatiatr of 210° per well and cultured in a GO
incubator at 37C for 24 h. Then the solutions oN{ferrocenylethyl)-4-nitro-imidazole4p), 1IN-
(ferrocenylbutyl)-4-nitro-imidazole 4d), 1N-(ferrocenylethyl)-2-methyl-4-nitroimidazoleblf) and IN-
(ferrocenylpropyl)-2-methyl-4-nitroimiazolé&¢) in increasing concentrations of 5.0, 10.0, 180, and
25.0uM were added to the cells. As a control was thatswi of 0.68 M DMSO in water. After 2, 24 and
48 hours the viability was assessed by the MTTyasat experiments were performed in triplicate at
each concentration level and repeated three tifites.data have been given in terms of percent growth

inhibition relative to untreated controls (see Sapgentary Materials).



2.6. Antitumor test

Carcinoma 755 (Ca755) was transplanted subcutalyeous the inbred mice BDF
/f1(C57BI6xDBAZ2)/ males, a hybrid line of C57BI6 females anBA2 males, with weight 18-20 g, in
accordance with the standard procedure. The agbraad N-FCCH(CH)-Im were administered on the
next day after tumor inoculation. The tested ddises were 10.0 and 20.0 mg k@fotal doses were
50.0 and 100.0 mg kb). Ethanol-water solutions (10% by volume) of commpds4b and FcCH(CH)-Im
were administered intraperitoneally in daily do§Esble 3) five times every day starting from thetne
day after tumor inoculation. Each group comprised fo seven animals, including the control grofip o
animals.

The kinetics of tumor growth was studied by measar@ of tumor size during the whole period of
tumor development. Two cross-coupling tumor sizesenmeasured and the volume of the tumor was
calculated as V = k2, where a is the length and b is the width ardhigight of the tumor. As estimated
previously, the density of tumor tissue is equal ®g cm®. So it is assumed that the weight of tumor in
grams is equal to the volume of tumor in*cifhe index of tumor growth inhibition (TGI) waslcalated
as (C - T)/C, %, where C and T are the mean tuneghw in groups of control and treated animals,
respectively.

3. Results and Discussion
3.1.Synthesis

Imidazoles and benzimidazoles, being the centgentients in many drugs, are often used
for chemical modifications by ferrocene for medatimvestigations [12,16,45,46].

R1 /N N02
e

OH
< /N]/ NO:  er, <= <
Fe R * R1_<N CH,Cl,/H,0,RT Fe R

> H >

1a-h 2,3 4 a-h, 5 a-h
a=H _ 4 R.=H a=H

c= C2H5 1 3 c= CZHS
d= C3H7 d= C3H7

e =i-C3H; e = -C3Hy
f = CgHs f=CeHs

g = 0-CgH,Cl g = 0-CgH,Cl
h= O-C6H4| h= O-CeH4|

Scheme 1Synthesis of ferrocenylalkyl-4-nitro-imidazolegat-h 5a—h) from ferrocenyl alcoholsl@—h)
and 4-nitro-imidazoles2( 3).

A high effective approach to ferrocenyalkylatedda®ole and benzimidazoles was realized
previously in neutral media usiniy,N'-carbonyldiimidazole orN,N'-thiobenzimidazoles as
nucleophilic agents [47,48]. Imidazole has the Bgibasicity among five-membered nitrogen-
containing heterocycles in living organisms withsicapK, 6.98. Nitro-imidazoles have
significantly lower basicity than imidazole duedlectron-withdrawing effect of the nitro-group.
So, we carried out the Fc-alkylation reaction dfaiimidazoles througln situ generation of
thermodynamically stable ferrocenylcarbenium ioe€T(R) by adding of strong fluoroboric



acid and equimolar ratio of reagents avoiding pratmn of heterocycles. An advantage of this
method is the simplicity, the accessibility of iaitreagents and the possibility to vary the
lipophility of final products by changing ferrocdmgicohols. Ferrocenylalkyl nitro-imidazoles
(4a—f, 5 a—f Scheme 1) were synthesizei the reaction of 4-nitro-benzimidazolg) (or 2-
methyl-4-nitro-benzimidazole3] with eight different ferrocenyl alcohols, FCCHR{D(1a-h,),

in methylene dichloride at room temperature in phesence of 45% aqueous fluoroboric acid
(with an equimolar ratio of ferrocenyl alcohol,rolimidazole and the acid). The products of the
reactions were isolated in satisfactory to goodbgi€43-87%) without column chromatography.
To prevent the oxidation of the final product dgrithe work-up, ascorbic acid was added. Fc-
Alkylation appeared to be a regiospecific procass BN-ferrocenylalkyl nitro-imidazoles were
the only products formed, which were proved basingNMR spectral data.
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Figure 1. Fragment of HMBC spectrum ofNi(ferrocenylbenzyl)-2-methyl-4-nitro-imidazol&ff.

The 'H NMR spectra of compoundéa—f and 5 a—f in CDCk shows several sets of signals
assigned, respectively, to the protons of the gubstl and unsubstituted cyclopentadienyl rings,
to the CH(R)-bridge protons, their substituentsuij to the protons of nitro-imidazoles and their
methyl substituent. The assignments of the sigoflhe **C NMR spectra of Fc-compounds
with 4-nitro-imidazole and 2-methyl-4-nitro-imiddeowere based on HSQC spectra. The
structures of compounds were assigned on the badid and **C NMR spectra andH/*°C
heteronuclear correlations. Particularly in the H&Bpectrum of M-(ferrocenylbenzyl)-2-



methyl-4-nitro-imidazole %f) (Fig. 1), there are essential correlations betngaglet at 6.14
ppm attributed to the CH linked to the ferrocendatyo(on Fig. 1 C-11), and unsubstituted C-
atom in imidazole (C-20, 119.15 ppm) and carboma#b Me-group (C-18, 144.45 ppm) of 2-
methyl-4-nitro-imidazole. There are no correlatidmedween CH-linked proton and carbon atom
bearing N@-group imidazole (C-19). Thus, ferrocenylalkylatiproceeded in N-position of
nitro-imidazole ring and appeared to be regiospepifocess. Regiospecifity of alkylation of the
others derivatives was proved in the same way.

3.2.Crystal Structure

According to single crystal X-ray diffraction studiie bond lengths in ferrocene and imidazole
moieties are very close to those in previously istlidierivatives ofa-(hydroxy)alkyl ferrocenes (see
caption to Fig. 2 and X-ray data for Fc-imidazo]&2]). Moreover, the nitro group in the heterocycle
does not cause any change in the bond length Nde@®ecting imidazole angtcarbon atom. Fdsf this
length is equaled 1.486(2) A, for Fc-CH(Ph)im1.487 A [12].The most noticeable intermolecular
interactions in the crystal packing &f are weak the C-H.mt interactions between ferrocene and
imidazole fragments. Nitro groups participated ek C-H...O bonds with ferrocene groups and methyl
groups.

Figure 2. Molecular structure obf presented in thermal ellipsoids at 50% probabi8glected lengths,
(A) and angles (°), C5-C17 1.508(3); N1-C5 1.486(5-C6 1.519(3); Fel-C17 2.0310(17); N1-C1



1.312(3); N1-C3 1.354(2); N3-C21.356(3); N1-C5-ADP.55(14); N1-C5-C6 111.04(15); C5-C17-C21
124.45(16); C6-C5-C17 113.46(15).
3.3.Chiral resolutions by HPLC

In this section, racemic ferrocenylalkyl nitro-imazbles were considered. Chiral centers in the
investigated compoundgi{—h and 5b—h) are represented by the carbon atom connectirgrackne
moiety with a heterocycle. These racemic mixturesansuccessfully separated into enantiomers arasili
packings modified by amylose as chiral selectangithe HPLC analytical method.

Earlier, this method of separation was initiallypkgd for racemic ferrocene compounds carrying
various simple substituents [49]. The chiral sotbdrased upofi- andy-cyclodextrins turned out to be
effective in this case, as well as for the sepamatif ferrocene pyrazoles [36]. To separate mistwoe
racemic ferrocene derivatives having bulky substita such as ferrocenylalkyl azoles [35,48] or
ferrocenylalkyl thiopyrimidines [32], modified calbse was used as the chiral stationary phasen@slu
with amylose derivatives were used to separateantmtiomers ferrocene derivatives of mercaptoazole
[50].

The enantiomeric resolution analytical data areraanzed in Table 2. We successfully separated all
14 pairs of investigated compounds. Some intergstonformities should be noted. First, retention
factors k'; and k', for compounds4b-4d and 5b-5d with aliphatic substituents R decrease with the
growing chain length of R. For example, #v and4d from k'; 10.47 and’, 13.52 to 6.16 and 10.31,
respectively; the same for derivatives with metimgdup in the imidazole ring from 4.90 and 6.34 for
5b, and 3.73 and 4.07 f&d. It should be marked that methyl group in the ifeetygcle makes retention
factors low. On the other hand, for phenyl containcompounds, vice versa, retention factors inereas
monotonously on introduction of chlorine and iodgudstituents into the phenyl ring. For examplesfo
k'; equals 3.33 andt', equals 4.93; fobh 5.04 and 9.52, correspondingly. The most efficidRi_C
separation was achieved in the case of compaobjnaisd5h, with halogen-containing phenyl linkers=
2.07 for5j anda = 1.89 for5h (Table 2).

The recognition mechanism on amylose is apparestdlynected, with the formation of specific
hydrogen bonds between the strongly basic nitragem of the corresponding heterocyclic fragments

or/and nitro-groups and carbamate units of the fimmdamylose.

Table 2.Enantiomeric resolution @fb-h and5b-h racemic mixtures on column 3-Amy Coat.

HPLC dat&’

Moleculé® and compound numbe

@)\N/\
&

Retention| Retention | Separation
factor,k'y | factor,k'’, factor,a

N
L<Noz 10.47 1352 1.29
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K{ 4.77 5.63 1.18

N
—( 3.73 4.07 1.09

N
e =( 5.59 10.46 1.87

L 3.33 4.93 1.48
Fe =

<

5f

S .

Ny 4.27 8.86 2.07
o=

<o e

5.04 9.52 1.89

@ Oin the structures means the stereogenic ceffteMobile phase, hexane—isopropanol viv) © For
compound4f, experimental data were obtained on the modifielfilose, column Chiralcel OD For
compound4h, experimental data were obtained on the modifididilose, column Chiralcel OJ.
3.4 .Biological tests. Cytotoxicity and antitumor actyvi

Since the end of the 1990s, increased intereshénhbiochemistry of ferrocenes has emerged,
especially in the therapeutic areas of oncolog®JL, At present, several significant review papers

devoted to antitumor activities of ferrocene compsl including ferrocene-modified nucldiases,



nitrogen heterocycles, aromatic substances, angsdmere published {%5,9,10,15]. This problem was
carefully treated including mechanistic aspectd(Q4.3]. According to recently published analysig t
most probable mechanism of the anticancer actiderabcene compounds is the initiation of tumoi cel
apoptosis by protecting a telomere from the eféé¢elomerase and/or decreasing the telomerasatgcti
[4]. Most likely, the development of therapeutichemes for potential ferrocene-based drugs will
continue in the near future.

Herein, in sequel of our works [12,35,50,52] femoe-modified nitro-imidazoles were investigated.
Nitro-imidazole-based drugs are widely used in iciih and medicinal practices as anaerobic
antimicrobial agents, namely, tinidazole, metronala, dimetridazole, ornidazole, nimorazole,
secnidazole, satranidazol [53-55].

The exceptional role of imidazole derivatives wifg systems is well known. They take part in the
essential biochemical processes, since the imidadaol is an indispensable structural fragment of
nucleic acids, histidine and its decarboxylatioodarct histamine.

At the same time, introduction of the ferroceneetpin a biomolecule may change the normal route
of their interactions with biological targets, pfmacokinetics and pharmacodynamics or the direaifon
binding [4,15]. Therefore, such approach in cortiom of new biologically active ferrocene-modified
molecules is in progress now [29,56-59]. Howevercaontrast to the rather well developed ferrocene-
based area, only limited representatives of femeamntaining nitro-imidazoles are known [46]. Thus

the synthesis of new ferrocene-based nitro-imidzzab potential drug candidates is of currentester

3.4.1. MTT assay. Viability of the tested compounds

The viability of four ferrocene compounds, namédly;(ferrocenylethyl)-4-nitro-imidazole4f), IN-
(ferrocenylbutyl)-4-nitro-imidazole 4d), 1N-(ferrocenylethyl)-2-methyl-4-nitroimidazoleslf) and IN-
(ferrocenylpropyl)-2-methyl-4-nitroimiazole5¢) was evaluated by the MTT assay in increasing
concentrations of 5.0, 10.0, 15.0, 20.0, and 2MO0Rat hepatoma cell line (HTC) was used to stumty t
sensitivity to ferrocene nitro-imidazoles with @ifént alkyl substituents R (Fig 1, from methyl 4rand
5b to ethyl for5c and propyl fod).

Cytotoxicity (%) = As/Amcx100%, where As- optical density of tested sample, Amanean optical
density of the control sample.

As shown in Table 4 (Supplementary materials), dirdit proliferative effect was observed for
compound4b during the incubation of the rat hepatoma cellsXdrours. However, this effect was not
observed for incubation times approaching 24 hddmseover, when the solution with a concentratidén o
25 uM was used, the cell viability decreased. Als® ihoteworthy that the viability of rat hepatomasel
decreased with the increasing of the incubatior tiwhen compoundb was used in concentrations of
20 uM and 25uM.

Compound4d in a concentration of pM leads to a decrease in the viability of cellsliFy6% in the

rat hepatoma cell line HTC after a 2-hour cultiwatilncreasing in the duration of culturing to Z3ufs is



accompanied by a decrease of the cell viabilityemvthis compoundd is added in an amount of 426
uM. A 48-hour incubation was not accompanied bytatoxic effect.

Compoundbb did not have any cytotoxic effect on the cellsinigithe HTC culture incubation for 2,
24 and 48 hours at the investigated concentrationsontrast, some stimulation of the cell prokfigon
was observed during incubation with the compouna @encentration of pM for 48 hours.

Incubation of the compourist with the rat hepatoma cells was not accompaniecytntoxic effects
at the concentrations and time periods investigdteshould be noted that the increasing of pradifien
activity of the cells during the incubating of tbempounds with the HTC cells for 2 and 48 hours and
concentration of 2aM.

As a result, no cytotoxic effects oN4ferrocenyl)nitro-imidazole$b and5c on the culture of rat
hepatoma were found with the exception of compoutidand4d at relatively high concentrations and
long incubation periods (a day or more). This opsarspectives for further detailed study of thecHje

pharmacological properties of the compounds obtaine

3.4.2. Antitumor activity

The antitumor effects of ferrocene-based thymirlg, [Benzimidazole [12], thiopyrimidine [32], and
thiobenzimidazole [50] against some solid tumor eleduch as Ca755 carcinoma (Ca755) and Lewis
lung carcinoma (LLC) transplanted in mice have bstudied earlier. The index of tumor growth
inhibition as high as 95%, in comparison with cohtvas achieved in some cases [32]. This effecégen
was comparable with that of cisplatin. It was mdrkeat solid tumor models, namely, Ca755 carcinoma
and Lewis lung carcinoma were considerably moresitiega to ferrocene compounds than ascite ones,
such as L1210 and P388 leukemia.

For the assessment of antitumor activity Ca755imanta was used. The tested doses were 10.0 and
20.0 mg kg". The solutions were administered intraperitonedllymor sizes were measured during the
whole period of tumor growth. The index of tumopwgth inhibition was calculated at the time point
where the antitumor activity of the drug was maxirihis was after 16 days fdb and after 12 days for
its analog without nitro-group, FCCH(GHmM. The results of activity against the above-n@ered murine
tumor are summarized in Table 3. As seen from Ta@plarcinoma 755 is sensitive to both compounds.
An insignificant antitumor effect of compounrtb was shown on Ca755 at the dose of 10.0 mg. kg
Moreover,4b and FcCH(CH)Im, as was proved experimentally, stimulated theamth of solid tumor
Ca755. Such an activity reversal phenomenon hadeen observed before. This tumor model showed
that some imidazolbased organometallics can exhibit stimulation effec

To understand these unexpected facts we analyzed bmlogical results. Earlier, on solid tumor
models an inverse dose—effect response was fourfdrfocenylmethyl benzimidazoles [12] (Lewis lung
carcinoma, dose 5.0 mg Rgtumor growth inhibition 70%)prtho-carboxybenzoyl ferrocene sodium salt
[60] (Ca755, dose 2.5 mg Kg tumor growth inhibition 70%), N-ferrocenylmethyl thymine against
Ca755, dose 2.5 mg Ky tumor growth inhibition 70% [31], as well as feome other ferrocene

derivatives [11], that is, a decrease of the da@s@ @n increase of the effects. Then, it was steddlsat



the found dose—efficiency dependence — the achientrof the maximum antitumor effect after
application of the agent in a rather low doses typgcal for ferrocene compounds of this kind [34].
preliminary conclusion was being drawn: the anoesain dose—effect response may be connected to the
increased immunogenicity of the ferrocene derivivA large dose causes enhanced immune response
and, as a consequence, the earlier destructidreafdmpound [31].

Table 3. Antitumor activity of IN-(ferrocenylethyl)-4-nitroimidazole4p) against Ca755 carcinoma
vivo.

Adenocarcinoma 755
Daily
Compound dose,
mg
Kkat Mean Tumor growth
9 tumor inhibition, %©
weight, g
FCCH(CH)Im® 10.0 | 4.5+0.7 | +50 (stimulation)
FCCH(CH)Im 20.0 4.8+0.7 +60 (stimulation)
Control - 3.0+£0.6 =
4-NO,FcCH(CH)Im (4b) 10.0 3.2+0.4 22
4-NO,FcCH(CH)Im (4b) 20.0 6.0+0.7 | +46 (stimulation)
Control - 4.1+0.6 -

Initial solvent, physiological solution-ethanol 20; percentage by volume;

drug administration, intraperitoneal; during fiveys after tumor inoculation.

®Evaluation of the index of tumor growth inhibitiqf6), day 14 after tumor Ca755 inoculation for
FcCH(CH)Im; day 16 after tumor Ca755 inoculation .

®This compound was prepared according Reference [47]

Conclusion

A series of nontoxic ferrocene nitro-imidazoles édeen easily obtained in good yields by reaction
of commercially or synthetically available ferroeemcohols with nitro-imidazoles. X-ray structudalta
for racemic R,S-1-N-(benzyl ferrocenyl)-2-methyl-4-nitroimidazol&ff were determined. The resulting
enantiomers were resolved into enantiomers by sioalyHPLC method. Cytotoxicity studies dR,§)-
ferrocenyl(alkyl) nitro-imidazoles were realizednthumor activity tests were made for compouitd

DFT calculations and investigations into the unugeactivity and biological properties of these
novel ferrocene derivatives are in progress noauinlaboratories.

Supplementary data

Table 4. Cytotoxicity studies of ferrocenyl(alkyl) nitro-idazolesb, 4d, 5o, andsc.

Concentrationdb

Time 5 uM 10 uM 15 uM 20uM 25 uM

Rat hepatoma cells viability, %




2h 1135 109.7 116.3 118.2 113.4
(107.2; 117.8)* | (101.8; 117.9)*| (110.0; 125.3)*| (115.5; 122.7)* (101.6; 117.8)
24 h 116.0 99.5 85.7 85.7 79.2
(102.2; 127.5) (84.9; 116.6) (78.7; 96.5)# (78.7; 96.5)# (75.0; 96.8)*#
48 h 102.8 94.6 87.4 57,2 61,9
(89.9; 109.3) (90.9; 99.3) (71.4; 107.9) | (53.4; 72.0)*##| (53.5; 74.1)* ##
Concentration4d
Time 5uM 10 uM 15uM 20 uM 25uM
2h 82.4 99.9 100.1 108.9 106.0
(79.6; 101.1)* (90.7; 104.6) (90.8; 106.3) (100.1; 116.4) (86.0; 116.5)
24 h 94.8 72.2 83.5 92.1 71.1
(72.2;113.8) (65.8; 83.9)*# | (59.3;92.1)*# | (65.5;94.0)*# (67.8; 83.5)* #
48 h 94.6 100.9 94.9 105.6 76.7
(84.5; 103.0) (83.1;108.9) ##| (84.4;112.5)##| (80.1; 123.3)## (68.9; 109.6)
ConcentrationSb
Time 5uM 10 uM 15uM 20 uM 25 uM
2h 94.8 97.1 99.0 101.2 107.5
(86.0; 98.3) (87.5;100.4) (94.8;101.1) (95.5; 104.8) (99.3;113.1)
24 h 83.8 94.3 95.1 90.1 75.5
(65.3; 99.5) (91.7; 112.7) (92.6; 111.0) (71.5; 96.8)# (66.0; 99.1)#
48 h (iég'%_ 104.8 120.2 104.5 109.7
132.6)* ### (89.8; 112.6) (103.0; 127.5) | (96.9; 139.9)##| (102.3; 114.6)##
Concentration5c
Time 5uM 10 uM 15uM 20 uM 25uM
2h 103.8 102.0 103.9 102.2 118.6
(93.7; 111.9) (98.2;111.0) (89.6; 109.4) (98.7; 113.4) (116.4; 121.9)*
24 h 79.6 90.1 97.3 92.9 85.4
(56.6; 113.9) (79.1; 125.0) (84.2;117.2) (69.3; 111.8) (77.6; 93.1)#
48 h 119.7 95.7 118.0 110.3 121.9
(99.4; 133.7)## (80.0; 125.9) (105.2; 125.2) (99.7; 119.7) | (101.3; 131.1)*, ##

* statistically valid differences in comparison intact cells §<0.05)
# statistically valid differences in comparisontwitells cultured for 2 hourp<0.05)
## statistically valid differences in comparisortwiells cultured for 24 hourg<0.05)
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