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Mixed-ligand platinum complexes cis- PUH{RONH,)(NH )X, and cis-PU (RINH(NH3)X;
(R? is 2.2.6,6-tetramethyi-4-piperidyl-1-oxyl and R is 2,2,5.5-tetramethyl-3-pyrrolidinyl-1-
oxyl) were synthesized by either the reaction of aminonitroxides RNH- with Na[Pt”(NH;)Clzll
generated in siru (for X; = ClI) or by replacement of the iodo-chloro ligands in
cis-PUH(RNH)(NH;)CH by dichloro and oxalato ligands. The complexes obtained
were characterized by elemental analysis and by IR, UV, and ESR spectra. For
cis- PUI(RINH,)(NH;)Cla. crystal and molecular structures were determined by X-ray diffrac-
tion analysis. Cisplatin accelerates autooxidation of methy! linoleate and the platinum nitroxide
complexes synthesized exhibit antioxidant properties. The rate of isolated DNA binding with
the new complexes is almost as high as that for cisplatin. cis-P{RONH;;}(NH;3)Cl, exhibits the
highest antitumor activity. The high antitumor activity of platinum nitroxide complexes shows
that the possible “radical component” is not a crucial factor in the cytotoxic action of cisplatin.
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The antitumor activity of complexes of divalent plati-
num such as cis-diamminodichloroplatinum(ir) (cisplatin)
is attributed first of all to their ability to bind with DNA
and thus deteriorate its structure and the replication
process.) There exist indications that both cytotoxic
action of cisplatin®-3 and the main side effects of its
action such as nephro-4 and ototoxicityS and nausca$
can be related to the oxidative damage of the tumor and
normal tissues, respectively. due to intracellular induc-
tion by cisplatin of the formation of oxygen radicals such
as O, and "OH. The toxic effect of cisplatin on some
animal organs is markedly attenuated by simuitaneous
administration of antioxidants.4—~% However, virtually no
complexes with ligands possessing antioxidant properties
have been described. Meanwhile, for example, nitroxides
R,;N—~O" based on piperidine or pyrrolidine are able to
catalyze disproportionation of O,"~ and its protonated
form (the HO;" radical); Ry,N—O" is oxidized by HO,"
to give oxoammonium cations RoN=0%, while the latter
readily oxidize superoxide radicals (Scheme .7
ie.,, RyN—O" radicals can act as superoxide dis-
mutase mimetics The reaction of "OH radicals with
nitroxides has a diffusion-controlled rate constant
k= 10" 1 mol~! s!38

Thus, if radical processes play an essential role in the
cytotoxic action of platinum complexes, the introduc-
tion of nitroxides as higands in these complexes should
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influence the chemotherapeutic properties of the new
compounds. One successful example of nitroxide modi-
fication of an antitumor preparation is known to date.
The nitroxide-containing analog of daunomycin, ruboxyl.
showed encouraging results in clinical testing 9
Recently. we prepared dinitroxide complexes 1, which
poorly platinate DNA due to steric reasons. Apparently,
this accounts for the low toxicity and antitumor activity
of these compounds.’® In the present communication,
we describe synthesis, structure, antioxidant properties,
interaction with DNA, and cytotoxic and antitumor
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activity for new mononitroxide analogs of cisplatin,
complexes 2 and 3.

Experimental

Analysis for platinum was performed by atomic-absorption
spectroscopy using an AAS-3 specirometer: the accuracy of
determination was 3 rel.%. HPLC was carried out using a
Milichrom chromatograph (a 2x64 mm column, Separon C18
(3 um). detection at 240. nm). In the analysis of complexes 2
and 3, a MeOH—0.02 M aqueous KCI (1 : 3) mixturc was used
as the eluent. IR spectra were measured in the 400—4000 cm™!
range on a Specord 75-fR spectrometer (mineral oil). Elec-

tronic spectra were recorded in the 200—800 nm range using a
Specord UV—Vis spectrophotometer. ESR spectra were run at
room temperature on an SE/X 2344 instrument at a microwave
radiation power of 2 mW and modulation of .32 mT.

The starting 4-amino-2.2,6.6-tetramethyltpiperidin-1-oxy!
(RGNHz) and 3-amino-2.2,5,5-tetramethylpyrrolidin-1-oxyl
(RSNH,) were prepared and purified as described above. !

cis-Ammine{4-amino-2,2,6,6-tetramethylpiperidin- 1-oxyl)-
iodochloroplatinum(i1) (2a). A solution of Nal (1.62 g, 8.7 mmol}
in 1 mL of H,0 and a solution of RENH, (1.37 g, 8 mmol) in
I mL of H,0 were added successively at ~20 °C to a stirred
solution of Na[PyNH;)Cl5) in 25 mL of H,O, prepared from
cisplatin (2.3¢ g, 7.8 mmol).1? The resulting suspension was
stirred for 2 h and the precipitate was filtered off, thoroughly
washed with cold water (4x4 ml), and dried in air to give
2.77 g (65%) of compiex 2a (Table 1), which was used in the
synthesis of 2b. In order to prepare analvtically pure samples of
2a, the synthesis was carried out with K{Pt(NH;)Cl3}-0.5H,0
isolated by a known procedure.!2 Compound 2a consists of
small yellow crystals, which get dark at temperatures of 2200 °C
and melt with decomposition at 261—263 °C. Recrystallization
of 2a from acetone gave a solvate (a band at 1708 cm™' in the
IR spectrum), which did not decompose during drying in vacuo
(3-107% Torr, 56 *C, 4 h). Recently,!3 complex 2a was pre-
pared by a different method; its siructure was established relying
only on NMR data.

cis-Ammine(4-amino-2,2,6,6-tetramethylpiperidin- 1 -oxy{)-
dichloroplatinum(i1) (2b). Silver nitrate (830 mg, 4.88 mmol)
was added to a suspension of 2a (1.402 g, 2.57 mmot) in 25 mL
ot water and the mixture was stirred for 12 h with a magnetic
stirrer away from light. The precipitated silver halides
were thoroughly separated by centrifugation and filtration
through a dense glass fiter to give an orange solution of
cis- PRONH,)(NH;XNO;), (2d). The completeness of the con-
sumption of AgNO, was confirmed by the absence of immediate
turbidity following the addition of one drop of 0.5 M KC! to
three drops of the reaction solution. A solution of KCI (1.15 g)
in 3 mL of water was added with stirring to the solution of 2d
and the mixture was allowed to stand for 12 h at ~20 °>C. Then
the reaction solution was concentrated to ~5 mL and the orange

Table 1. Data of elemental analysis and electronic and IR spectra of complexes 2 and 3

Com- Found %) Molecular IR spectrum Electronic spectrum
pound Calculated formula (in mineral oil) (in H,0)
C H N Pt viem™! Assignment Ama/mm g/L mol™! cm™!
2a 201 420 760 330 CyHx»CUNLOPy 1382, 1390, 3106, NH;, NH; — -
198 406 7.70 357 3158, 3203, 3247
2b 240 476 934 434 CgH,CLNOPt 1583, 1648, 3180, NH;, NH, 425 sh? 23
238 488 9.25 429 3196, 3269, 3315 357 41
240 sh 2310
2c 280 460 915 407 € H;NGsPt 1576, 1594, 3135, NH., NHy 420 sh 31
280 470 891 414 3214, 3270
1670, 1690 C=0 32t sh 320
246 3660
3a 181 377 796 357 CgHyupClIN;OPt 1582, 1393, 3112, NH,, NH; — -
8.1 379 7980 367 3164, 3245
3b* 220 469 954 430 CygHyChLN;OP 1580, 1642, 3124, NH>. NH; 363 40
218 458 954 443 3188, 32358 304 sh 153
234 sh 2930
216 sh 5400

4 Sh stands for shoulder.

5 Found (%): CI. 16.3. Calculated (%): Cl, 16.1.
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crystals formed were filtered off, washed with cold water and
ethanol, and dried in vacuo 10 give 830 mg (71%) of complex
2b. Crystallization from sthanol gave analytically pure 2b, which
decomposed (got dark) without melting at a temperature
af=205 °C.

cis-Ammine(4-amineo-2,2,6,6-tetramethylpiperidin-1-oxyl)-
oxalatoplatinum(11) (2Ze). A solution of K;C;0, - H,O (370 mg,
2 mmol) in 3 mL of water was added 1o a solution of complex
2d (1 mmol). prepared as described above. in S mL of water and
the mixture was allowed to stand for 12 h at 10 °C. The pale-
pink crystals that precipitated were filtered off, washed with
water and ethanol, and dried in vacuo to give 244 mg of 2¢
(52%). Crystallization from water gave analytically pure com-
pound 2e¢, which decomposed (got dark) without melung at a
temperature of 2220 °C.

cis-Ammine(3-amino-2.2,5,5-tetramethyipyrrolidin- 1-oxyl)-
iodochioroplatinum(it) (3a) was prepared in 63% yield similarly
to 2a from Na[P:(NH;)Ci;] and R®NH,. Compound 3a con-
sisted of yellow crystals, which decomposed (got dark) without
melting at a temperature of 2185 °C.

cis-Ammine(3-amino-2,2,5,5-tetramethylpyrrolidin- 1-oxy!)-
dichloroplatinum(nt) (3b) was prepared in 79% vield similarly to
2b. Crystallization from an ethanol—0.05 M KCI (1 : 9) mixture
gave analytically pure compound 3b, which got dark at 2215 °C
and melted at 223225 °C (with decomposition). The crystals
of 3b suitable for X-ray diffraction analysis were prepared by
slow evaporation of iIs agueous solution.

The main characteristics of complexes 2a—¢ and 3a.b are
hsted in Table 1.

X-ray diffraction analysis of complex 3b. An experimental
set of 5715 independent reflections with /> 3a(/) was collected
from a single crystal with dimensions 0.14x0.12%0.24 mm; a
KM-4 diffractometer with kappa-geometry (Kuma—Diffrac-
tion, Poland), Mo-Ka-radiation. The main crystallographic
data: CyH,pCl,N;OPt; space group P2,/n, a = 6.676(1), b =
10.980(3). ¢ = 18.351(3) A. v = 97.50(2)°, ¥ = 1333.7(6) A%,
Z =4 M = 44025, d.. = 2.13 g cm™}. The structure was
solved by the direct method and refined by the least-squares
method in the anisotropic approximation. The calculations were

Fig. 1. Crystal structure of complex 3b.

Table 2. Bond lengths (¢ ) and bond angles () for complex 3b

Bond EN Bond di A
Pt—N(1) 2.075(9) Ceh)—C(2) 1.30(2)
Pt—N(2) 2.03¢H) C(hH—-C(8) 151D
Pt—CI(1) 2,307 C(2)-~-C(3) 1.61(2)
Pt—Cl(2) 2.302(3) C(H—CH) 1.55(2)
N(H—C(8) 1.50(2) C(5)—-C(M 1.55(2)
N(3)—0O 1.26(1) C(6)—Ci(7) 1.32(2)
NH—C(2) L312) C(7)—C(8) 1.53¢2)
NEO-—-C(N 1.48(2)

Angle w/deg Angle w/deg
N(1)—Pt—N(2) 92.5(4) C(H—=C(H—C(3y 111.8¢13)
N{1)—Pt—Cli(1) 178.0(3) N(3)--C(2)--C(3) 107.4¢11)
N(H—Pt—Cl(2) 87.9(3) N3)—C(2)—C(4) 107.8(14)
N(2y—Pt—CW 1) 88.1(3) N{(3)—C(7)—-C(3) 108.4(IM
N(2)—P1—CH2) 176.9(4) N(3)--C(NH—C(6) 109.1(D
CUD—P1--Cl(1)  91.37(12)  NH—-C(NH-C(8) 98.7(10)
C{&)—N(1)—Pt 113.8(7) C($H—C(2)—-C(3 HH1(2)
O—N(3)—-C(2) 124.3(11)  C(H—=C(M)—C(6) 112.6(i})
O—N3—C(N) [122.4¢11) CHOH-C(NH—-C(8)y 112.3(10)
CDH—NG)—-C(7y 1133010y Ce—-C(7)—C(8) 114.4(10)
CH—C(H—N(3) 102.8(10)  C(H—=C(H—C(7) 106.0(11)
C(H—-C()—C(4) 158(1H  N(H—C)—C(1)y 113.6(i1)

C()-—-C(H—=C(8) 103.5(11)y  N(OH=C)-—~C(7) 114.7(10)

performed using the SHELX program package to R = 3.6%.
Figure [ shows the structure of molecule 3b (hydrogen atoms
are omitted). The main geometric parameters of complex 3b are
listed in Table 2.

Determination of antioxidant activity. The influence of
cisplatin and complexes 2b and 3b on the autooxidation of
methyl linoleate was studied at 60 °C. The rate of oxidation of
methy! linoleate was monitored based on the absorption of
oxygen using a high-sensitivity differential manometric setup. !4
The complexes are insoluble in pure methyl linoleate; therefore,
they were introduced into the pre-heated substrate being oxi-
dized as solutions in dimethyviacetamide (DMAA) in such a way
that the content of DMAA was 10% (v/v) in all cases. This gave
transparent solutions, the rate of whose oxidation depended on
the concentration of the complexes. It was established in a
separate experiment that DMAA is inert in methyl linoleate
autooxidation; the introduction of 10% (v/v) DMAA decreased
the rate of O, absorption by ~10% with respect to that observed
for pure methy! tinoleate. The results are presented in Fig. 2.

Platination of DNA. The DNA of calf thymus (Serva)
(0.1 mg mL~! in a 6.3 mM potassium phosphate buffer contain-
ing 0.15 mM NaCl, pH 7.2) was incubated at 50 °C with
cisplatin or with 3b for periods of time shown in Fig. 3. The
preparations were taken in equitoxic doses, 0.35 m¥M for cisplatin
and 0.875 mM for 3b. The cross-links in the DNA were deter-
mined by spectrofluorometry with ethidium bromide.13 DNA
(20 pg) dissolved prefiminarily in 200 ul of the potassium
phosphate buffer with pH 7.2 was added to 3 mL of a solution
containing 3 pg mL~! of ethidium bromide and 26 m#M of
K;HPO,. The solution was alkalified by KOH to pH [2.0.
Fluorescence was measured in a 1-cm cell using an Elumin
spectrophotometer designed and manufactured at the "central
design department of the Russian Academy of Medical Sciences.

Assay of cytotoxic activity in vitro. The activity of the
complexes in vitro was assayed using the human breast cancer
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Fig. 2. Effect of platinum complexes (2.3 - 1074 mol L™!) on the
kinetics of autooxidation of a methyl linoleate--DMAA mixture
(9 : 1) at 60 °C: without a complex (/), with cisplatin (2).
complex 2b (3). and complex 3b (4).

cell culture MCF-7 (Fig. 4). The cells were spread over 24-well
plates (10° cells in each); after 24 h, the preparations in various
concentrations were added 1o the wells (at least three wells for
each concentration were used) and the material was incubated
for 1 h. Then the cells were washed with fresh medium.
cultivated in the conditioned medium for 24 h, and plated in
Perri dishes, 100—300 cells in each, to form colonies. Appropri-
ate amounts of a solvent were added to the control wells. After
10 days. the cell colonies were fixed by methanol, colored by
azur-eosin, and counted. Colonies containing more than 50 cells
were regarded as viable. The survival fraction was determined as

Number of DNA cross-links (%)

70

i A i

1

0 50 100 150 200 f/min

Fig. 3. Kinetics of cross-linking of calf thymus DNA during
incubation with 3.5-107% mol L~' of cisplatin (/) and
8.75-107% mol L™ of complex 3b (2.
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Fig. 4. Viability of the MCF-7 cell culture vs. concentration of

complexes: cisplatin (/), 2b (2), 3b ().

the plating efficiency in the experiment corrected for the plating
efficiency in the control; the cytotoxicity /Csq was measured as
the concentration of the complex corresponding to a 350%
survival fraction.

Assay of toxicity and antitumor activity. The complexes
were injected 1o animals intraperitoneaily as agueous solutions.
The total toxicity (LDsg) of compounds was determined in
BDF, mice after single administration. The antitumor activity
was studied in relation to leukemia P388. The BDF, mice were
inoculated for leukemia intraperitoneally using an inocufum
containing 10% cells. Response to therapy was evaluated using
generaily accepted index {LS (the increase in median life span
of treated mice as compared with control mice), LS (%) =
100(7/C — 1), where Tand C are the median fife span (in days)
of the treated and control animals, respectively. The animais
that survived throughout the whole experiment (60 days) were
counted separately (Table 3). The adenocarcinoma-735 was
mtroduced subcutaneously using tumor cells in 1 : 2 dilution
(0.3 mL): the average tumor diameters in the control and test
groups were measured at rvegular intervals and kinetic curves
were constructed (Fig. 5).

Table 3. Toxicity and antileukemic (P388) activity of complexes
2b and 3b“

Complex LDsp®/mg kg™!  Single dose  ILS¢
{mmol kg™ /mg kg™! (%)
2b 15 (0.033) 3.75 292 (2/6)
3b 27 (0.061) 6.75 237 (1/63
Cisplatin 12 (0.04%) 3.0 245 (1/6)

2The compounds were administered in animals intraperito-
neally on the lIst. 4-, 7-, 10-. and 13th day after inoculation
with the tumor.

» The dose inducing the death of 50% of healthy mice.

¢ The median life span of animals in the control group was
11.2 days. In parentheses: the number of cured mice (surviving
for more than 60 days)/the total number of animals in the
group.
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Fig. 5. Kinetic curves for the growth of adenocarcinoma-735 in
the control (/), after introduction of cisplatin in a dose of
2.4 mg kg™' (2), complex 2b in a dose of 2.5 mg kg~! (3), and
compiex 3b in a dose of 5.4 mg kg™! (4).

Resuits and Discussion

We found that reactions of Na[Pt{NH3)Cl;} 1 treated
successively with Nal and RNH, (R = 2.2,6,6-
tetramethyl-4-piperidvl-1-oxyl (R® or 2,2.3.5-tetra-
methyl-3-pyrrolidinyl-1-oxyl (R%)) gives the com-
plexes cis-PRNH,)NH)CH (R = R® (2a), R3 (3an
(Scheme 2). Treatment of 2a and 3a with AgNO; in water
afforded c¢is-PUHRNH,}(NH;)(NOy)>. The completion
of the reaction was checked by. TLC based on the
consumption of the starting 2a and 3a and on the
negative result of testing the reaction solution for re-
sidual AgNO;. After thorough separation of the precipi-
tated Agl and AgC!, complexes 2d and 3d were con-
verted without isolation into 2b or 2¢ and 3b by reactions
with KCl or K,C;0,4 - H,0, respectively. The prepara-
tion of 2a and 3a from isolated K[PY(NH;)Cl3]-0.5H,0
gives purer samples; however, perfoming the reaction in
situ vig the intermediate Na{Pt(NH,)Cls] is simpler and
provides higher yields of target Zb,¢ and 3b in relation to
the starting cisplatin.

Complexes 2a—c and 3a,b are vyellow crystalline
materials. The solubilities of complexes 2a and 3a in
water at ~20 °C are -0.1 mg mL™!, those of complexes
2b and 3b are ~1 mg mL™!, and the solubility of
compound 2¢ is ~0.4 mg mL™!. The chromatogram of
each water-soluble complex has one peak; the retention
volumes are 330, 300, and 270 uL for 2b, 2c, and 3b,
respectively. The results of elemental analysis (see
Table 1) show good agreement between the found and
calculated values. The ¢is-structure of the complexes was
suggested in view of the stronger rrans-effect of halo
ligands compared to N-ligands!? and confirmed by X-ray

Scheme 2
H,No__ Cl 1) E1,NCI, A, Ar Ci_ ~CI”
PRt | N
H3N Cl 2) NaCio, H3N Ci
Cisplatin Na”
1) Nal HNG ] AgNO;4
. Pt —_—
2) RNH, RH,NT el
2a, 3a
KCi 2b, 3b
HyN NO, _——
RH,NT NO,
N K,C,0, 2c
2d, 3d B

diffraction data for 3b (see Fig. 1). In molecule 3b, the
Pt! has square-planar surroundings consisting of two Cl
atoms (Pt—CI 2.302(3). 2.307(3) A) and two N atoms
(Pt—N 2.075(9), 2.03(1) A) contained in the R’ and
NHj5 ligands (the deviation of atoms from the plane is
<0.05 A). Note that the complex geometry is close to
that found for other mixed-ligand platinum complexes!®
(see Table 2). The pyrrolidine ring has a distorted enve-
lope conformation (the C(1) atom deviates from the
C(2)—N(3)—C(7) plane by 0.07 A and the C{8) atom
deviates from it by 0.51 A: the angle betwcen the
C(2)—N{3)—C(7) plane and the N(3)—O line is 3°).

The ESR spectra of dilute solutions of complexes
consist of three lines, which is in agreement with the
monoradical structure. The hyperfine splitting constant
at the N atom (av) and the g-factor in aqueous solutions
for 2a—c are 1.69 mT and 2.00356, respectively; these
values for 3a,b arc 1.55 mT and 2.0054. The bands at
31063315 cm™!in the IR spectra of 2a—c and 3a,b are
due to stretching vibrations of the NH, groups and the
bands at 1576—1643 cm™! correspond to deformation
vibrations. The IR spectrum of 2¢ contains the expected
stretching bands for the carbonyl groups in the oxalate
ligand at 1670 and 1690 cm™!.

The electronic spectra of water-soluble complexes
(XX = Cly or XX* = Ox) in the range of 200—300 nm
exhibit bands for the nitroxide and Pt!! chromophores
(see Table 1). The n—=" band, which is usually observed
for piperidinoxyls in the visible region of the spectrum,
at ~440 nm, in the case of 2h,c, is shifted by ~20 nm to
shorter wavelengths and is manifested as a shoulder due
to the wing of the broad Pt!! band at 320—360 nm. In
the spectra of pymolidinoxyis, the n—a’ band has an
~2 times lower ¢ than that for piperidinoxyls; in the case
of 3b, it cannot be detected at the wing of the Pt' band.
In the UV region of the spectrum, the absorption due
to the m—x transition in the >N-—O° group (for
piperidin- and pyrrolidinoxyls, Ap, = 240 nm. ¢ =
2000 L mo!~! cm™!) is overlapped by the absorption of
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the Pt!' chromophore, which depends on the nature of
the X ligand in a complex manner.V?

The relationship between the structure and antitumor
activity of platinum diammino complexes is complicated
and depends on a large number of factors. '8 However, it
is clear that, in order to exhibit activity, a complex
having got into a cell should bind efficiently to DNA. 1t
is also interesting to evaluate the possible influence of
new complexes containing a redox-active nitroxide frag-
ment on the oxidative processes.

A comparative study of the reactions of 3b and
cisplatin with isolated DNA was carried out. It can be
seen in Fig. 3 that these compounds taken in equitoxic
doses induce the formation of nearly equal amounts of
cross-links in DNA. When the duration of incubation is
>2 h, the number of cross-links (~63%) stops increasing,
which can be explained by virtually complete platination
of reactive guanine and adenine in the DNA.'? Thus,
unlike the two bulky ligands in complex 1,1 one
pyrrolidinoxyl fragment creates no steric restrictions 1o
platination; complex 3b binds to DNA at a rate close 10
that of binding of cisplatin.

In order to compare the possible influence of normal
and nitroxide-containing ammino complexes of plati-
num on the oxidative processes in the living ceil, we
studied the action of these complexes in relation to 2
readily accessible and well studied test reaction, namely,
autooxidation of methyl linoleate. It can be seen in
Fig. 2 that cisplatin and platinum nitroxide complexes
present in equal concentrations have opposite effects on
the rate of methvl linoleate oxidation. Whereas cisplatin
accelerates the oxidation (curve 2), complexes 2b and 3b
in the concentrations studied here decelerate methyl
linoleate autooxidation almost 4-fold (curves 3 and 4).
This outcome confirms the published data?—® that
cisplatin can catalyze radical oxidation.

Biological testing of the complexes included determi-
nation of the activity in virro in the cell culture MCF-7
of human breast cancer and primary screening in expen-
mental models of tumors, viz., leukemia P388 and ad-
enocarcinoma-753. Study of the cytotoxic activity of the
complexes in vitro using the MCF-7 cells showed that
the concentrations inducing 50% inhibition of the cell
viability (/Csg) for 2b and cisplatin are close (18 and
{3 pM, respectively). In the case of 3b, this value is
29 uM, which is ~2 times as high as that of cisplatin (see
Fig. 4). Auention is drawn by the fact that the concen-
trations of 2b and 3b that cause 90% inhibition of the
cell viability (/Cqq) are nearly cqual and are ~6 times as
high as /Cqyq for cisplatin.

Data on the overall toxicity and antitumor activity of
the compiexes in vivo are presented in Table 3 and in
Fig. 5. The characteristics of toxicity (see Table 3) for Zh
and cisplatin nearly coincide. Complex 3b exhibits a
markedly lower (by ~1.5—2 times) toxicity. Study of the
antileukemic activity of the complexes showed that,
when the complexes are administered five times in doses

corresponding to 0.25 - L D<p, their activity is equal 1o or
even somewhat higher than that of cisplatin (see Table 3).
Figure S shows the kinetic curves for the variation of the
average diameter of the adenocarcinoma-735 grown
hypodermically either in the control or under conditions
of the therapy with cisplatin or its nitroxide derivatives.
Complexes 2b and 3b. like cisplatin, moderately inhibit
the growth of adenocarcinoma-7535.

Thus, the results of our studies show that the formal
replacement of one NHj ligand in cisplatin by amino-
nitroxide gives rise to complexes, which are not inferior
to the starting cisplatin in efficiency ot binding to DNA.
Unlike cisplatin, platinum nitroxide complexes exhibit
antioxidant properties. The biological properties of 2Zb
and 3b not only differ from those of cisplatin but also
differ markedly from each other. In the experiments
with cell cujture MCF-7, the cvtotoxicity of the com-
plexes decreases in the sequence cisplatin > 2b > 3b.
which can be interpreted as being due to the inhibition
of the platinum-initiated radical reactions by the
nitroxide, resulting in a decrease in the radical compo-
nent of cytotoxicity. However, in the experiments with
mice, 2b and cisplatin exhibit virtually equal toxicities,
while 3b is less toxic. A decrease in the general toxicity
of antitumor cytostatics by introduction of nitroxides as
ligands in their structure or by simultaneous administra-
tion of these components has also been demonstrated
previously.28-22 The structural distinctions between 2b
and 3b are too minor for expecting that they would
influence significantly the platinum surroundings and
chemical activity in the complexes. The difference be-
tween 2b and 3b is more likely to be due to different
redox properties of the piperidin-1-oxyi and pyrrolidin-
1-oxyl. For example, it is known?3 that piperidin-1-oxyl
and pyrrolidin-1-oxyl are reduced in fresh blood to
hydroxylamines, the corresponding half-reduction times
being ~1 and ~10 h, respectively. Although both
nitroxides and hydroxylamines. resulting from their re-
duction in vive, are antioxidants, their antioxidation
properties are nonequivalent. In addition. the different
degrees of reduction of the complexes in vivo in combi-
nation with the differences in the basicity and, corre-
spondingly, the degree of protonation of the hydroxyl-
amines formed can appreciably differentiate the me-
tabolism routes of 2b and 3b and thus affect the biologi-
cal properties studied here.

The high antitumor activity of platinum nitroxide
complexes indicates that the possible "radical compo-
nent” does not piay a crucial role in the cytotoxic action
of cisplatin in in vivo experiments. It has been found?4
that the combined use of cisplatin and antioxidants that
do not bind 1o it provides the possibility of decreasing
the damage of healthy organs without substantial loss of
the antitumor activity. In this connection, the new
complexes 2b and 3b can be practically promising pro-
vided that they would display a considerable decrease in
the specific toxic cffects typical of cisplatin.



Platinum(11) complexes with aminonitroxides

Russ.Chem. Bull., Int. Ed., Vol. 49, No. 9, September, 2000

1619

This work was supported by the Ministry of Science

and Technology of the Russian Federation (Project
Nos. 637/99 and 10-8-3/SNT-99).

References

.M. J. Bloemink and J. Reedijk. in Meial fons in Biological
Systems. Eds. H. Sigel and A. Sigel; M. Dekker, New York,
1996. 32. p. 641.

.D. L. Evans and C. Dive. Cancer Res.. 1993, 53, 2133.

A, Mivaiima, J. Nakashima, K Yoshioka. M. Tachibana,
H. Tazakt, and M. Murai. Br. J. Cancer, 1997. 76. 210.

. K. Sugihara, S. Nakano, and M. Gemba, Jpn. /. Pharmacol.,
1987, 44, 71.

.R. Ravi, S. M. Somani. and L. P. Rybak, Pharmacol.
Toxicol.. 1995, 76, 386.

-Y. Torii, M. Mutoh, H. Saito. and N. Matsuki, Fur. J.
Pharmacol., 1993, 248, 131.

Vo DL Sen’, VO AL Golubev. | V. Kuiyvk, and E. G. Rozantsev,
lzv. Akad. Nauk SSSR, Ser. Khim., 1976, 1743 {Bull. Acad.
Sci. USSR, Div. Chem. Sci.. 1976. 25 (Engl. Transi)}.

. S. 1. Skuratova, Yu. N. Kozlov, N. V. Zakatova, and V. A.
Sharpatvi, Zh. Fiz. Khim., 1971, 45, 1821 {J. Phys. Chem.
USSR, 1971, 45 (Engl. Transl)|.

. D B. Korman, A, M. Garin, M. L. Gershanovich, V. M.
Moiseenko, V. A. Snimchicov, S. A. Zharcov, P. Seminara.
L. Gargano. and F. Franchi, J. Exp. Clin. Cancer Res..
1995, 14, 65.

Vo Do Sen. A V. Kulikov, A, V. Shugalii, and N. P.
Konovalova. Izv. Akad. Nauk, Ser. Khim., 1998, 1640 [Russ.
Chem. Buil.. 1998, 47, 1598 (Engl. Transi.)].

1.

E. G. Rozanisev, Svobodnye iminoksil'nye radikaly | Iminoxy!
Free Radicals}. Khimiya, Mascow, 1970, p. 186; p. 200 (in
Russian).

. C. M. Giandomenico, M. J. Abrams, B. A, Murrer, J. F

Vollano, M. 1. Rheirheimer, S. B. Wyer, G. E. Bossard.
and §. D. Higgins. fnorg. Chem., 1995, 34, 1015.

.S U. Dunham and S. J. Lippard. J. Am. Chem. Soc.. 1995.

117, 10702,

. USSR Pat. 382481; Byull. [zobrer. {Invent Bull]. 1977, 44

(in Russian).

. T. R. Brent, Cancer Res., 1984, 44, 1887
.T. G. Talman, W. Bruning, J. Reeditk. A. L. Spek, and

N. Veldman, /norg. Chem., 1997, 36. 834.

. H. Ito, J. Fujita, and K. Saito, Bull. Chem. Soc. Jpn., 1967,

40, 2584.

.T. V. Hambley. Coord. Chem. Rev., 1997, 166, 181.
. AL V. Shugalii. AL V. Kulikov, M. V. Lichina, V. A. Golubey,

and V. D. Sen’, J. Inorg. Biochem., 1998, 69. 67.

. N. P. Konovalova, R. F. Diaichkovskaya. L. H. Ganieva,

L.. M. Volkova, and A. B. Shapiro, Neoplasma. 1991, 38, 275.

. G. Sosnovsky and S. W. Li, Drug Furure, 1985, 36, 1379,

N. P. Konovalova, R. F. Diatchkovskaya, L. M. Volkova.
and V. N. Varfolomeev, Anti- Cancer Drugs, 1991, 2, 591.

. K. Takechi. H. Tamura, K. Yamaoka. and H. Sakurai, free

Rad. Res., 1997, 26, 483.

24. H. Masuda, T. Tanaka, and S. Matsushima, Anticancer Res..

1998, 18, 1473,

Received December 9, 1999:
in revised form March 29, 2000




