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Modifying the structure of dinuclear ruthenium
complexes with antitumor activity

Maria G. Mendoza-Ferri®, Christian G. Hartinger®*, Alexey A. Nazarov®**,
Wolfgang Kandioller?, Kay Severin® and Bernhard K. Keppler?

In order to modulate the structure of a recently developed series of antitumor-active, dinuclear Ru(ll)-arene compounds,
complexes 1c-4c were synthesized. The complexes were modified with respect to their pyridinone moieties and the spacer
linking the two metal centers. More particularly, the series of dinuclear ruthenium(ll) complexes was extended to compounds
with longer spacers, i.e. tetradecane and 3,7,10-trioxotridecane, and the pyridinone ring was modified by replacing the methyl
group by an ethyl group and by shifting the position of the methyl group. The organometallic ruthenium compounds were
obtained from the reaction between [RuCl,(5®-p-isopropyltoluene)l, and ligands 1b-4b with yields ranging from 41 to 67%.
All compounds were characterized by standard methods: MS, 'H and '3C NMR spectroscopy and elemental analysis. Copyright

(© 2008 John Wiley & Sons, Ltd.
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Introduction

Ruthenium complexes, such as KP1019 and NAMI-A (Fig. 1), are
among the most interesting next-generation anticancer drugs
in clinical trials and most importantly, in addition to their
tumor-inhibiting properties, the treatment is not accompanied
by major drug-related side effects.l'~# Therefore, there is plenty of
space in the therapeutic window and — compared with platinum
drugs - compounds with higher cytotoxicity should be still well
tolerated. With their mode of action involving probably the
concepts of transport via the transferrin cycle®~% and activation
by reduction to Ru(ll) compounds in the cell,’ low levels of toxic
side effects were observed in the chemotherapy of patients.!"
Recently, organometallic Ru(ll) complexes, like RAPTA-C (Fig. 1),
have gained interest due to their different mode of action,
yielding compounds with antimetastatic properties (as also found
for NAMI-A).['" =14 With variation of the ligand sphere of Ru(ll)
species, both low-cytotoxic but antimetastatic compounds,!'
and invitro antineoplastic complexes were obtained.!'#10-18]
Ruthenium-arene cluster compounds have also been shown
to exhibit interesting invitro effects.'>2% Recently, dinuclear
Ru(ll) complexes were introduced and the two Ru centers were
found to act synergistically with the dinuclear compound being
more active against human tumor cells than the respective
mononuclear species. PyrRu,'? (Fig.1) was found to be the
most active compound in this series of dinuclear complexes
based on pyridinone ligands.2"! The class of hydroxypyrones and
N-substituted pyridinones, derived from maltol and its analogs,
have been widely investigated for the preparation of complexes
designed for medicinal applications including treatment of
B-thalassemia and diabetes,?>?3 and for radiodiagnostic{?%24
and chemotherapeutic purposes.[?>29 |t is well known that these
bidentate ligands exhibit high affinity for divalent and trivalent
metals ionsi?? and are able to form very stable complexes, due
to the possible electron delocalization leading to the formation
of ‘aromatic’ zwitterions.?”! Therefore they have been extensively
used as chelating moieties in inorganic synthesis.?>?8) The most

important examples comprise a VO(maltolato) complex, which is
going to enter clinical trials for treatment of diabetes type Il, and
tris(maltolato)gallium(lll), undergoing clinical investigation as an
anticancer agent.?)

One precious advantage of this compound class is the possibility
to modulate easily the chemical structure of the pyridinone moiety
in order to influence important drug-like parameters such as
solubility and hydrophobicity.

Recently, we have reported the preparation of a series of
dinuclear ruthenium(ll)-arene complexes, including PyrRu,'?
(Fig. 1), based on 3-hydroxy-2-methyl-pyridinone with the alkyl
spacers propane, hexane and dodecane. These complexes exhibit
for Ru compounds unusual high anticancer activity in the high
nanomolar range against a series of human tumor cell lines.
In particular, similar activity to oxaliplatin was found in a
colorectal carcinoma cell line, while the mononuclear complexes
are inactive.?"! Furthermore, studies into the mode of action
of these compounds were performed which revealed low level of
covalentbinding to DNA or small proteins but affinity to transferrin.
A similar approach, i.e. linking more than one metal center, was
recently applied for platinum complexes and these compounds
even entered clinical trials.>” Herein, structural analogs of the
dinuclear Ru complexes are reported, which were obtained by
modification of either the pyridone units (2¢, 3c) or the spacer
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Figure 1. Structural formulae of Ru anticancer drug candidates (from left to right KP1019, NAMI-A, RAPTA-C and PyrRuzn).

(1¢, 4c), with the intention of modulating the lipophilicity of the
complexes.

Experimental Section

All reactions were carried out in dry solvents and under argon
atmosphere. 3-Benzyloxy-2-methyl-4-pyrone,3"’ 5-benzyloxy-2-
methyl-4-pyrone,’3? bis[dichloro(n®-p-isopropyltoluene)
ruthenium(I)]®3 and 1,14-diaminotetradecaneB®¥ were pre-
pared according to the literature procedures. Purchased
chemicals were used without further purification. Melting
points were determined with a Blchi B-540 apparatus and
are uncorrected. Elemental analyses were carried out with a
Perkin EImer 2400 CHN Elemental Analyzer at the Microanalytical
Laboratory of the University of Vienna. NMR spectra were recorded
at 25°C on a Bruker Avance DPX400 spectrometer (Ultrashield™
Magnet) at 400.13 MHz ('H) and 100.63 MHz ('3C) in d4-MeOH or
D,0/CF3COOH (9:1). Electrospray ionization mass spectrometry
(ESI-MS) was performed on a Bruker esquiresgoo instrument (Bruker
Daltonics, Bremen, Germany) and theoretical and experimental
isotope distributions were compared.

Syntheses

1,14-Bis[3-benzyloxy-2-methyl-4(1H)-pyridinon-1-yl]tetradecane
(1a)

Sodium hydroxide (1.40 g, 35.0 mmol) was added to a solution
of 3-benzyloxy-2-methyl-4-pyrone (4.26 g, 19.7 mmol) and 1,14-
diaminotetradecane (1.51g, 6.6 mmol) in a methanol-water
mixture (2:1, 210 ml). The reaction mixture was refluxed for 48 h
and then allowed to cool to room temperature. The product was
extracted with dichloromethane (3 x 50 ml), and the solvents were
removed in vacuum to give a brown oil. The pure product (yellow
oil) was obtained by silica gel chromatography with methanol as
eluent.

Yield: 0.82 g (20%). Elemental analysis, found: C, 74.75; H, 8.06;
N, 4.33. Calculated for C49Hs5oN,04 - HyO: C, 74.73; H, 8.47; N,
4.36. MS (ESI") m/z 626 [M + HI*. "H NMR in d4-MeOH: § = 1.31
[brs, 20H, CH,], 1.61-1.68 [m, 4H, CH,CH,-N], 2.16 [s, 6H, CHs],
3.96 [t, 4H, CHy-N, 3J = 7.5Hz], 5.10 [s, 4H, CH,-Ph], 6.48 [d,
2H, CH-C=0, 3J = 7.6 Hz], 7.33-7.41 [m, 10H, CHarom], 7.69 [d,
2H, N-CH, 3J = 7.3 Hz]. "3C NMR in d;-MeOH: § = 11.8 [CH3],
26.2 [CH2(CHa)6=NI], 29.2 [CH2(CH3)5-N], 29.5 [CHa(CH3)4-N],

29.6 [CH,(CH3)3-N], 29.7 [CH,(CH3)2—NI], 30.6 [CH,CH, -N], 54.3
[CH,-N], 73.4 [CH,-Ph], 116.2 [CH-C=0], 128.4 [Cyom], 128.4
[Carom]; 129.4 [Carom], 137.4 [Carom], 140.2 [N-CH], 144.1 [C-CH3],
145.9[C-0], 173.7 [C=0l.

1,14-Bis[3-hydroxy-2-methyl-4(1H)-pyridinon-1-yljtetradecane (1b)

Hydrogen was passed through a mixture of 1a (0.80 g, 1.28 mmol)
and palladium on activated carbon (10% Pd, 120 mg) in 100%
acetic acid (40 ml). The conversion was monitored by means of
TLC and the reaction was finished when the spot of the starting
compound had disappeared. The catalyst was filtered off, the
solvent was removed and the product was dried in vacuum.

Yield: 0.37 g (65%), m.p. 170-175 °C. Elemental analysis, found:
C,66.72; H, 844, N, 5.67. Calculated for C25H40N204 . CH3COOHZ
C, 66.64, H, 879, N, 555. MS (ESIT) m/z 446 [M + HI*. H
NMR in D,O/CF;COOH: § = 0.28 [brs, 10H, CH,], 0.78 [m, 4H,
CH,CHy-N], 1.55 [s, 6H, CHs], 3.21 [t, 4H, CH,-N, 3) = 7.8Hz],
6.13 [d, 2H, CH-C=0, 3J = 7.1 Hz], 6.84 [d, 2H, CH, 3J = 7.1 Hz].
13C-NMR in D,0/CF3COOH: § = 10.8 [CH3], 24.9 [CH,(CH,)s-N],
27.7 [CHy(CH,)5-N], 28.0 [CH»(CH,)4-N], 28.2 [CH,(CHy)3-N],
28.3 [CH,CH,CH,-N], 29.2 [CH,CH,-N], 56.3 [CH,-N], 110.3
[CH-C=0], 136.9 [N-CH], 141.1 [C-CH3], 142.5 [C-0], 157.3
[C=0].

1,14-Bis{chloro[3-(oxo-k 0)-2-methyl-4-(1H)-pyridinonato-x O4](n°-
p-isopropyltoluene)ruthenium(ll)}tetradecane (1c)

A solution of bis[dichloro(n®-p-isopropyltoluene)ruthenium(ll)]
(79.1 mg, 0.13mmol) in methanol (20 ml) was added to a
suspension of 1b (82.0 mg, 0.18 mmol) and sodium methoxide
(21.9 mg, 0.41 mmol) in methanol (20 ml). The reaction mixture
was stirred for 2 days at room temperature, then the unconverted
compounds were removed by filtration and the solvent was
removed in vacuum. The complex was purified by extraction
with a dichloromethane-diethylether mixture (2:1, 2 x 45 ml),
the solvent was evaporated and the product was dried in vacuum.

Yield: 52.0mg (41%), m.p. 118-120°C (decomp.). Elemen-
tal analysis, found: C, 55.25; H, 6.75, N, 2.69. Calculated for
C46H66N204RU2C|2 . 1/4CH2C|2Z C, 55.26, H, 6.67, N, 2.79. MS (ES|+)
m/z 457 [M=CII*. "H NMR in ds-MeOH: § = 1.31 [m, 32H, CH,,
(CH;)2CH], 1.72 [brs, 4H, CH,CH,-N], 2.27 [s, 6H, CH3], 2.49
[s, 6H, CHs], 2.84-2.88 [m, 2H, CH(CHs),], 4.07 [t, 4H, CH,-N,
3) = 7.6Hz], 5.44 [d, 4H, CH, 3J = 5.8Hz], 5.66 [d, 4H, CH,
3J = 5.8Hz], 6.50 [d, 2H, CH-C=O0, 3J = 6.6 Hz], 7.41 [d, 2H,

Appl. Organometal. Chem. 2008, 22, 326-332

Copyright (© 2008 John Wiley & Sons, Ltd.

www.interscience.wiley.com/journal/aoc




Applied
Organometallic
Chemistry

M. G. Mendoza-Ferri et al.

CH, 3J = 6.8Hz]. 3C NMR in d4-MeOH: § = 10.8 [CH3], 17.5
[CH3], 21.6 [(CH3),CH], 26.3 [CH(CH2)6—N], 29.2 [CH>(CH,)s5-N],
29.6 [CH»(CH2)4—-N, CH»(CHy)3—NI], 29.7 [CH,(CH,)>-N], 30.8
[CH>CH, N1, 31.4 [CH(CHs),], 55.0 [CH2-N], 77.9 [Carom], 79.6
[Carom], 96.0 [Carom], 98.9 [Carom], 109.3 [CH-C=0], 133.6 [N-CH],
134.3 [C-CH3], 159.5 [C-0], 173.9 [C=0].

1,6-Bis[3-benzyloxy-2-ethyl-4(1H)-pyridinon-1-ylJhexane (2a)

Sodium hydroxide (1.40 g, 35.0 mmol) was added to a solution
of 3-benzyloxy-2-ethyl-4-pyrone (10.00g, 43.4 mmol) and 1,6-
diaminohexane (1.68 g, 14.5 mmol) in a methanol-water mixture
(2:1,210 ml). The reaction mixture was refluxed for 48 h and then
allowed to cool to room temperature. The product was extracted
with dichloromethane (3 x 80 ml) and the solvents were removed
in vacuum to give a brown oil. The pure product (yellow oil) was
obtained by silica gel chromatography with methanol as eluent.

Yield: 2.35g (30%). Elemental analysis, found: C, 72.88; H, 7.70;
N, 5.34. Calculated for C34H40N204 . HzOZ C,73.09;H,7.58; N, 5.01.
MS (ESIt) m/z 541 [M + H]T. "TH NMR in d4-MeOH: § = 1.08 [t, 6H,
CHs, 3J = 7.5Hz], 1.32-1.36 [m, 4H, CH,(CH;)2-N], 1.68-1.70
[m, 4H, CH,CH,-N], 2.66 [q, 4H, CH,CHs, 3J = 7.5Hz], 3.98
[t, 4H, CH,-N, 3J = 7.5Hz], 5.17 [s, 4H, CH,-Ph], 6.49 [d,
2H,CH-C=0, 3J = 7.3 Hz], 7.30-7.41 [m, 10H, CHarom], 7.69 [d,
2H, CH, 3J = 7.6 Hz]. 3*C NMR in d4-MeOH: § = 12.4 [CH;], 19.7
[CH,CH3], 25.89 [CH,(CH,),-N], 31.3 [CH,CH,-N], 53.6 [CH,-N],
73.3[CH;-Ph],116.6 [CH-C=0], 128.3 [Carom], 128.4 [C4rom], 129.0
[Carom], 140.2 [N-CH]J, 141.2 [C4roml], 145.8 [C-CH3s], 156.0 [C-0],
166.3 [C=CQ].

1,6-Bis[3-hydroxy-2-ethyl-4(1H)-pyridinon-1-ylJhexane (2b)

Hydrogen was passed through a mixture of 2a (1.51 g, 0.28 mmol)
and palladium on activated carbon (10% Pd, 225 mg) in 100%
acetic acid (40 ml). The conversion was monitored by means of
TLC and the reaction was finished when the spot of the starting
compound had disappeared. The catalyst was filtered off, the
solvent was removed and the product was dried in vacuum.

Yield: 280.0 mg (28%), m.p. 270-272°C. Elemental analysis,
found:C,65.66;H,7.55;N,7.61.Calculated for C;oHgN,04 - 1/3H,0:
C, 65.55; H, 7.88; N, 7.64. MS (ESIT) m/z 561 [M + HI*. "H NMR
in D,0/CF3COOH: § = 0.15 [t, 6H, CHs, 3J = 7.5Hz], 0.33
[brs, 4H, CH,(CH,),-N], 0.76 [brs, 4H, CH,CH,-N], 1.89 [q, 4H,
CH,CH;s, 3) = 7.7Hz), 3.16 [t, 4H, CH,-N, 3J = 7.6 Hz], 6.05 [d,
2H,CH-C=0,3J = 7.0 Hz],6.73[d, 2H,CH,3J = 7.1 Hz]. *CNMRin
D,0/CF3COOH: § = 9.7 [CH3], 18.9 [CH,CH3], 24.5 [CH,(CH,), N,
29.8 [CH,CH,—-N], 53.3 [CH,—-N], 110.4 [CH-C=0], 136.7 [N-CH],
142.2 [C-CH3], 145.9 [C-0], 157.5 [C=0].

1,6-Bis{chloro[3-(oxo-k O)-2-ethyl-4-(1H)-pyridinonato-x O4](n%-p-
isopropyltoluene)ruthenium(ll)}hexane (2c)

A solution of bis[dichloro(n®-p-isopropyltoluene)ruthenium(ll)]
(142.7 mg, 0.23 mmol) in methanol (20 ml) was added to a
suspension of 2b (120.0 mg, 0.33 mmol) and sodium methoxide
(39.6 mg, 0.73 mmol) in methanol (20 ml). The reaction mixture
was stirred at room temperature and under argon atmosphere
for 2days. The unconverted compounds were removed by
filtration and the solvent was evaporated in vacuum. The complex
was purified by extraction with a dichloromethane/diethylether
mixture (2: 1,45 ml). Afterwards the solvent was removed and the
purification was performed by precipitation from dichloromethane
with n-hexane.

Yield: 100.2 mg (48%), m.p. 258-260°C. Elemental analysis,
found: C, 52.88; H, 6.06, N, 3.46. Calculated for C49Hs54N,04Ru,Cl; -
1/7CH,Cl»: C, 52.86,H, 6.00, N, 3.07. MS (ESIT) m/z 415 [M — 2CI?+.
"TH NMR in d43-MeOH: § = 1.23 [t, 6H, CH3, 3J = 7.4 Hz], 1.31-1.33
[m, 16H, CH,(CH,),-N, (CH;),CH1, 1.72[brs, 4H, CH,CH, -N],2.28 s,
6H, CH3],2.81-2.88 [m, 2H, CH3], 2.93 [q, 4H, CH,CH3,3J = 7.4 Hz],
4.04 [t, 4H, CH,-N, 3J = 7.4 Hz], 544 [d, 4H, CH, 3J = 5.8 Hz],
5.66 [d, 4H, CH, 3J = 6.0 Hz], 6.49 [d, 2H, CH-C=O0, 3J = 6.8 Hz],
7.37 [d, 2H,CH, 3J = 6.8 Hz]. "3 C NMR in d4-MeOH: § = 11.9 [CH3],
17.6 [CH3], 19.0 [CH,CHsl, 21.6 [(CH3),CHI, 25.9 [CH(CH5);-N],
31.4 [CHCH,-N], 31.4 [CH(CH3),], 54.3 [CH, -N], 77.8 [Carom], 79.7
[Carom]s 96.2 [Carom]s 98.7 [Carom], 109.4 [CH-C=0], 133.4 [N-CH],
139.4 [C-CH3], 159.4 [C-0], 174.5 [C=0].

1,8-Bis[5-benzyloxy-2-methyl-4(1H)-pyridinon-1-ylloctane (3a)

Sodium hydroxide (0.30g, 7.5 mmol) was added to a solution
of 5-benzyloxy-2-methyl-4-pyrone (2.16 g, 9.99 mmol) and 1,8-
diaminooctane (0.48 g, 3.33 mmol) in a methanol-water mixture
(2:1,210 ml). The reaction mixture was refluxed for 48 h and then
allowed to cool to room temperature. The pure product was slowly
crystallized (usually within 3-4 days) from the oil, washed with
ethyl acetate (3 x 30 ml) and dried in vacuum.

Yield: 1.03 g (57%). m.p. 190-195 °C. Elemental analysis, found:
C, 74.63; H, 7.40; N, 5.06. Calculated for C34H4oN,04 - 154H,0: C,
74.28; H, 7.52; N, 5.10. MS (ESI") m/z 542 [M + H]*. TH NMR in
d4-MeOH: § = 1.27 [brs, 8H, CH,], 1.62-1.69 [m, 4H, CH,CH,-N],
237 [s, 6H, CHsl, 3.94 [t, 4H, CH,-N, 3J = 7.6 Hz], 5.11 [s, 4H,
CH,-Ph], 6.38 [s, 2H, CH-C=0], 7.29-7.47 [m, 10H, CHarom], 7.50
[s, 2H, CH]. 3C NMR in d4-MeOH: § = 17.9 [CH3], 26.1 [CH;], 29.1
[CH,CH,-N], 30.4 [CH,-(CH3)2—N], 53.7 [CH,-N], 71.2 [CH,-Ph],
116.7 [CH-C=0], 127.8 [Carom], 128.1-128.5 [N-CH, Cyrom], 136.9
[Carom], 147.2 [C-CH3], 147.7 [C-0], 172.7 [C=0].

1,8-Bis[5-hydroxy-2-methyl-4(1H)-pyridinon-1-ylJoctane (3b)

Hydrogen was passed through a mixture of 3a (1.25 g, 2.31 mmol)
and palladium on activated carbon (10% Pd, 200 mg) in 100%
acetic acid (40 ml). The conversion was monitored by means of
TLC and the reaction was finished when the spot of the starting
compound had disappeared. The catalyst was filtered off, the
solvent was removed and the product was dried in vacuum.

Yield: 0.61g (72%), m.p. 250-252°C (decomp.). Elemental
analysis, found: C,64.47;H,7.68,N,7.03. Calculated for C;oH2gN2 04
1,CH3COOH: C, 64.59, H, 7.74,N, 7.17. MS (ESIT) m/z 462 [M + HI ™.
"H NMR in D,0/CF3COOH: § = 0.16 [brs, 8H, CH,], 0.61 [brs, 4H,
CH,CHy-N], 1.33 [s, 6H, CHs], 2.96 [t, 4H, CH,-N, 3) = 7.7Hz,
5.89 [s, 2H, CH-C=0], 6.74 [s, 2H, CH]. "*C NMR in D,0/CF3COOH:
8 = 16.9 [CH3l, 24.6 [CH,(CH3)3—N], 27.3 [CH,(CH;),-N], 28.8
[CH,CH,-N],55.4[CH,-N], 113.6 [CH-C=0], 129.8 [N-CH], 142.8
[C-CHz], 147.2[C-0], 158.9 [C=0].

1,8-Bis{chloro[5-(oxo-k O)-2-methyl-4-(1H)-pyridinonato-k O4](n%-p-
isopropyltoluene)ruthenium(ll)}octane (3c)

A solution of bis[dichloro(n®-p-isopropyltoluene)ruthenium(ll)]
(1784 mg, 0.29 mmol) in methanol (20ml) was added to a
suspension of 3b (150.0 mg, 0.42 mmol) and sodium methoxide
(49.2 mg, 0.91T mmol) in methanol (20 ml). The reaction mixture
was stirred at room temperature and under argon atmosphere
for 3days. The unconverted compounds were removed by
filtration and the solvent was evaporated in vacuum. The complex
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was purified by extraction with a dichloromethane-diethylether
mixture (2: 1,45 ml). The solvent was removed and the purification
was performed by precipitation from dichloromethane with n-
hexane.

Yield: 176.0 mg (67%), m.p. 256-260°C (decomp.). Elemen-
tal analysis, found: C, 52.00; H, 5.70, N, 3.23. Calculated for
C40H54N204RU,Cl, - 1/3CH,Cly: C, 52,19, H, 5.94, N, 3.02. MS (ESIT)
m/z 462 [M + HIT. "H NMR in d4-MeOH: § = 1.32-1.34 [m, 20H,
CH,(CH,)3-N, CH,(CH,),-N, (CH5)>CH]J, 1.71 [brs, 4H, CH,CH, -N],
2.26 [s, 6H, CHs], 2.36 [s, 6H, CHs], 2.82-2.89 [m, 2H, CH(CH3),],
3.97 [t, 4H, CH,-N, 3J = 7.6 Hz], 5.44 [d, 4H, CH, 3J = 3.8 Hz], 5.66
[d, 4H, CH, 3J = 5.3 Hz], 6.45 [s, 2H, CH-C=0], 7.24 [s, 2H, CH].
BCNMR in d3-MeOH: 8 = 17.5 [CH3], 17.8 [CH3], 21.6 [(CH3),CH],
26.2 [CH,(CH3)3-N], 29.0 [CH»(CH,),-N], 30.4 [CH,CH,N], 31.4
[CH(CH3),], 54.4 [CHy=-NI, 77.7 [Carom]s 79.7 [Carom], 84.9 [Carom],
95.2 [Carom], 112.0 [CH-C=0], 125.1 [N-CH], 142.4 [C-CH3], 160.0
[C-0],167.4 [C=O0].

1,13-Bis[3-benzyloxy-2-methyl-4(1H)-pyridinon-1-yl]-4,7,10-
trioxatridecane (4a)

Sodium hydroxide (1.40g, 35.0 mmol) was added to a so-
lution of 3-benzyloxy-2-methyl-4-pyrone (10.00g, 46.2 mmol)
and 4,7,10-trioxa-1,13-tridecanediamine (3.43 g, 15.4 mmol) in a
methanol-water mixture (2:1, 210 ml). The reaction mixture was
refluxed for 48 h and then allowed to cool to room temperature.
The product was extracted with dichloromethane (3 x 50 ml), the
solvents were removed in vacuum to give a brown oil. The pure
product (yellow oil) was obtained by silica gel chromatography in
pure methanol.

Yield: 4.75 g (50%). Elemental analysis, found: C, 65.64;H,7.20; N,
4.16. Calculated for C3gH44N,07 - 5/2H,0: C, 65.34; H, 7.46; N, 4.23.
MS (ESI™) m/z 618 [M + HI*. "H NMR in d4-MeOH: § = 1.87-1.93
[m, 4H, CH,CH,-N], 2.18 [s, 6H, CH3], 3.37-3.40 [m, 4H,
CH,(CH3)2-N], 3.55-3.58 [m, 4H, CH,0CH,(CH,),-N], 3.62-3.64
[m, 4H,CH,CH,OCH,(CH;), -N], 4.08 [t, 4H, CH,-N, 3) = 6.8 Hz],
5.10 [s, 4H, CH,-Ph], 6.47 [d, 2H, CH-C=O0, 3J = 7.3Hz,
7.33-7.41 [m, 10H, CHaoml, 7.72 [d, 2H, CH, 3J = 7.3 Hz]. 13C
NMR in d4-MeOH: § = 11.78 [CH3], 30.18 [CH,CH,-N], 51.19
[CH;-N], 66.7 [CH,(CH,),-N], 70.3 [CH,OCH,(CH,),-N], 70.5
[CH,CH,0CH,(CH,),-N]1, 73.4 [CH,-Ph], 116.2 [CH-C=0], 128.4
[Carom], 129.4 [Carom], 137.5 [Carom], 140.7 [N-CH], 144.2 [C-CH3],
146.0 [C-0], 173.8 [C=0].

1,13-Bis[3-hydroxy-2-methyl-4(1H)-pyridinon-1-yl]-4,7,10-
trioxatridecane (4b)

Hydrogen was passed through a mixture of 4a (1.45 g, 2.35 mmol)
and palladium on activated carbon (10% Pd, 145 mg) in 100%
acetic acid (40 ml). The conversion was monitored by means of
TLC and the reaction was finished when the spot of the starting
compound had disappeared. The catalyst was filtered off, the
solvent was removed and the product was dried in vacuum.
Yield: 0.73 g (69%), m.p. 142-146 °C. Elemental analysis, found:
C, 59.66; H, 7.24, N, 6.15. Calculated for C5,H3,N,0O7 - 1/3H,0:
C, 59.71, H, 7.44, N, 6.33. MS (ESIT) m/z 438 [M + H]*. H
NMR in ds-MeOH: § = 2.01 [m, 4H, CH,CH,-N], 2.45 [s, 6H,
CHs], 3.47 [t, 4H, CH,(CH,)2-N, 3) = 5.7 Hz], 3.60-3.62 [m, 4H,
CH,OCH,(CH,),-N], 3.65-3.67 [m, 4H, CH,CH,OCH;(CH,),-N],
4.18[t,4H,CH,-N,3J = 6.9 Hz],6.41[d,2H,CH-C=0,3J = 7.4 Hz],
7.66 [d, 2H, N-CH, 3J = 7.1 Hz]. "*C NMR in d4-MeOH: § = 10.9
[CH3], 30.4 [CH,CH,-N], 51.2 [CH;-N], 66.8 [CH,(CH,),-N],

70.3 [CH;OCH,(CH);-N], 70.6 [CHyCH,OCH,(CH)2-N], 111.5
[CH-C=0], 132.1 [C-CHs], 138.3 [N-CH], 146.2 [C-Q], 169.4
[C=0l.

1,13-Bis{chloro[3-(oxo-k 0)-2-methyl-4-(1H)-pyridinonato-x O4](n°-
p-isopropyltoluene)ruthenium(ll)}-4,7,10-trioxatridecane (4c)

A solution of bis[dichloro(;®-p-isopropyltoluene)ruthenium]
(162.0 mg, 0.26 mmol) in methanol (20 ml) was added to a suspen-
sion of 4b (154.0 mg, 0.35 mmol) and sodium methoxide (41.9 mg,
0.78 mmol) in methanol (20 ml). The reaction mixture was stirred
at room temperature and under argon atmosphere for 2 days.
The unconverted compounds were removed by filtration and the
solvent was evaporated in vacuum. The complex was purified
by extraction with a dichloromethane-diethylether mixture (2: 1,
45 ml). Afterwards the solvent was removed and the purifica-
tion was performed by precipitation from dichloromethane with
n-hexane.

Yield: 91.1 mg (36%), m.p. 88-90 °C. Elemental analysis, found:
C, 4942; H, 578, N, 2.46. Calculated for C45H55N,07Ru,Cly -
2/3CH,Cl,: C,49.63,H,5.79,N, 2.71. MS (ESIT) m/z 453 [M — 2CI]>*.
"H NMR in ds-MeOH: § = 1.34 [d, 12H, (CH;)2CH, 3J = 7.1 Hz],
1.94-1.97 [m, 4H, CH,CH,-N], 2.28 [s, 6H, CH3], 2.49 [s, 6H,
CHs), 2.81-2.89 [m, 2H, CH(CH3),], 3.40-3.43 [t, 4H, CH,(CH,)2 -N,
3J = 5.6 Hz], 3.57-3.60 [m, 4H, CH,0CH,(CH;),-N], 3.63-3.66
[m, 4H, CH,CH,OCH,(CH,),-N1, 4.18 [t, 4H, CH,-N, 3J = 7.1 Hz],
5.44 [d, 4H, CH, 3J = 6.0Hz], 5.66 [d, 4H, CH, 3J = 6.1 Hz], 6.51
[d, 2H, CH-C=O0, 3J = 6.8 Hz], 7.44 [d, 2H, CH, 3J = 6.8 Hz]. 13C
NMR in d4-MeOH: § = 10.8 [CH3], 17.6 [CH3], 21.6 [(CH3),CH], 30.4
[CH,CH,N], 31.4 [CH(CH3),], 51.9 [CHy—-N], 66.7 [CH,(CH5),-NI,
70.3 [CH,OCH;,(CH,);-N], 70.5 [CH,CH,OCH;,(CH,),-N], 78.0
[Carom]: 79.6 [Carom]: 95.9 [Carom]: 99.0 [Carom]: 109.3 [CH-C=Q],
134.1 [N-CH], 134.2 [C-CH3], 159.6 [C-0], 174.1 [C=O0].

Results and Discussion

With the intention to make the reported dinuclear anticancer
complexes!?! more lipophilic and thereby increasing the cellular
uptake of the Ru species, complex 1c with a tetradecane spacer
was synthesized. 1,14-Diaminotetradecane was prepared from
commercially available 1,16-hexadecanedioic acid by converting
itin a one step reaction into 1,14-diaminotetradecane following a
literature procedure (Fig. 2).54

In a second step 1,14-diaminotetradecane was refluxed with
benzyl-protected maltol in methanol-water solution in the
presence of NaOH for 48 h (Fig.3), yielding the ligand 1b
containing linked pyridinone moieties which is a HCl-free
compound (in contrast to the method described by Harris3").
Similar procedures were applied for the synthesis of 2b-4b.
The derivatives 2b and 3b were chosen for synthesis in order
to obtain information on the influence of structural changes in
the pyridinone moiety, i.e. maltol?" vs ethylmaltol vs allomaltol
(with hexane or octane alkyl chains as linkers, respectively), on
the anticancer activity of the compound class, whereas another
modification of the bridge between the two coordinating moieties

H,SO,

HOOC(CH,);,COOH NHy(CHy)14NH;

NaNj

Figure 2. Synthesis of 1,14-diaminotetradecane from 1,16-
hexadecanedioic acid.
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Figure 3. Synthetic pathway from benzyl-protected maltol to ligands with varying spacers and modifications in the pyridinone moiety.
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Figure 4. Following the conversion of 4a to 4b and 4c by 'H NMR spectroscopy.

ended in the synthesis of a complex based on the polyether
4,7,10-trioxa-1,13-tridecanediamine (4b), which was also thought
to overcome solubility problems in aqueous solutions of 1c (or
PyrRu,'*, Fig. 5), but still maintaining the distance between the
metal centers.

The benzylidene protection groups of 1a-4a were removed
by hydrogenolysis, catalyzed by Pd on activated charcoal. The
progress of the reactions was monitored by means of TLC, "H NMR
and ESI-MS.

The condensations of the diamines with maltol were accom-
panied by the appearance of the signals of alkyl moieties in the
proton NMR spectra. The cleavage of the benzylidene group, i.e.
unprotection of the maltol hydroxy group, could be monitored by
decreasing resonances at approximately 7.4 and 5.1 ppm corre-
sponding to aromatic and CH, protons of the protection group,
respectively, and the heterocycle CH protons were shifted slightly
to higher field. Typical changes in the "H NMR spectra upon linking

the maltol moieties and unprotection of the pyridinone hydroxy
group can be seen in Fig. 4.

The complexation reaction between the RuCly(1®-p-cymene)-
dimer and the corresponding deprotonated ligand (activated
by sodium methoxide) in absolute methanol resulted in the
formation of compounds 1c-4c (Fig.5). The complexes were
purified by extraction with dichloromethane-diethylether and
were isolated as dark-red solids; 4c was found to decompose
within approximately 1-2 days to a black oil.

The complexes were characterized by 'H and '>*C NMR, ESI-MS
and elemental analysis. The coordination of the metal center
to the ligand resulted in the "H NMR spectra in an upfield
shift of approximately 0.2 ppm for the N-CH proton (at about
7.4 ppm; C2—H in the allomaltol derivative and C®—H in the maltol
complexes), whereas the CH signal at about 6.5 ppm, assigned
to the CO-CH proton, shifted slightly downfield. In general, high
purity compounds and good yields were obtained, which was

www.interscience.wiley.com/journal/aoc
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Figure 6. Mass spectrometric characterization of compounds 2a-c; the inset shows the measured (left) and calculated (right) isotope pattern of the

doubly charged complex ion.

also expressed by the clean NMR spectra of the complexes, which
contained exclusively one set of aromatic protons assigned to the
cymene ligand.

In 3C NMR spectra of the maltol-type compounds 1, 2 and
4 similar upfield shifts were observed when going from a to b
and ¢ from approximately 140 via 137 to 134 ppm and from 117
via 111 to 109 ppm for the N-CH and CH-CO carbon atoms,
respectively. In contrast, for 3 significantly different chemical
shifts were observed: unprotecting 3a to 3b resulted in a minor
downfield shift from 128 to 130 ppm whereas the coordination
gave an upfield shifted resonance at 125 ppm for the N-CH
carbons. However, for the CH-CO carbon, similar behavior as
for the maltol-derived compounds was seen. Elemental analyses
of both ligands and complexes were found to contain rests of
solvents, i.e. water, acetic acid or dichloromethane, which could
not be removed under vacuum (less than 1 x 10~2 mbar) for a few
days. However, drying at elevated temperature is not an option
due to decomposition of the compounds.

The soft ionization technique electrospray ionization mass
spectrometry was found particularly useful for characterizing labile
metal complexes, and studying interactions of metal complexes

with biomolecules.*>-38 |n the mass spectra of the neutral
molecules 1a-4a and 1b-4b the [M + Na]* pseudomolecular
ions were the most abundant signals in the mass spectra followed
by [M+H]* and [M+K]™" (Fig. 6 for 2). For the complexes 1c-4cthe
doubly charged [M — 2CI]?* peak was the only significant signal in
the mass spectrum. All the complexes were analyzed in methanol
and the observed isotope pattern was in good correlation to the
theoretical one (Fig. 6; inset).

Complex 1c shows generally poor solubility in water
(<0.1mgml™") and in organic solvents compatible for adminis-
tration into biological systems, and for this reason 1cwas excluded
from further studies. The less lipophilic analogue of 1¢, i.e. 4c, was
found to decompose rapidly after synthesis, although both the
ligands 4a and 4b were stable. However, attempts at characteriza-
tion of decomposition products were unsuccessful. Hence, further
investigations were abandoned. In contrast, compounds 2cand 3¢
were found to be stable upon exposure to air. In accordance with
the structural similarity to the maltol analog,’"? similar lipophilicity
was expected, though the position and size of the alkyl group on
the pyridinone moiety possibly had an influence on the potential
in vitro anticancer activity, which is currently under investigation.
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Conclusions

Herein, it was shown that the mode of synthesis applied for
obtaining dinuclear complexes with high anticancer activity is also
suitable for preparing compounds with even longer spacers be-
tween the metal centers, and also for replacing maltol with similar
derivatives, i.e. allomaltol and ethylmaltol. However, low stability
of 4c and high lipophilicity of 1c did not support further investi-
gation of these compounds’ biological activities. For compounds
2c and 3c in vitro anticancer activity is under investigation.
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