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Synthesis, structure, and antitumor properties
of platinum(1v) complexes with aminonitroxyl radicals
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The platinum(1v) complexes cis,trans,cis-Pt"Y(RNH,)(NH;)(OH),Cl,, where R is
2,2,6,6-tetramethyl-1-oxyl-4-piperidinyl (1) or 2,2,5,5-tetramethyl-1-oxyl-3-pyrrolidinyl (2),
were prepared by oxidation of the corresponding cis-Pt'"(RNH,)(NH;)Cl, complexes with
hydrogen peroxide. The reactions are catalyzed by tungstate salts, which makes it possible to
carry out oxidation under mild conditions. The resulting complexes were characterized by
elemental analysis, HPLC, and IR, UV, and ESR spectroscopy. The structure of complex 1
was established by X-ray diffraction analysis. Complex 1 exhibits the highest antitumor activity
in an experimental tumor, viz., in P388 leukemia. The resistance of the tumor to this complex

developed much slower than that to Cisplatin.
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Cisplatin.

In recent years, platinum(iv) compounds have at-
tracted attention as potential antitumor drugs along with
cis-diamineplatinum(i1) complexes, including Cisplatin
as the parent compound. These complexes are powerful
inhibitors of growth of tumor cells (including those resis-
tant to Cisplatin) and possess moderate toxicity.! As part
of continuing studies of platinum complexes with amino-
nitroxyl ligands,2—4 we synthesized new platinum(iv)
aminonitroxyl complexes 1 and 2, established their struc-
tures, and studied their overall toxicity and antitumor
activity, both in individual form and in combination with
Cisplatin.
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The efficiency of an antitumor drug depends not only
on the level of tumor cell damage but also on the rate at
which a tumor cell population is adapted to the damaging

action and acquires resistance to this action. In this con-
nection, we performed a comparative determination of
the rates of development of resistance to Cisplatin and
complex 1.

Experimental

The platinum content was determined by atomic absorption
spectroscopy on an AAS-3 spectrometer, the accuracy of the
determination was 13 rel.%. The HPLC analysis was carried out
on a Milikhrom chromatograph (2x64-mm column, Separon
C18 (5 um), detection at 220 or 240 nm) with the use of 12%
aqueous MeOH containing KH,PO, (0.05 mol) as the eluent.
Under this conditions, the retention volumes (V) were 750 uL
for 1, 540 uL for 2, 970 and 510 uL for 3:DMA (DMA is
dimethylacetamide), 650 for 4, and 220 pL for 5. The IR spectra
were recorded in the range of 400—4000 cm~! on a Specord
75-1R spectrometer in Nujol. The electronic spectra were mea-
sured in the range of 200—800 nm on a Specord UV-VIS spec-
trophotometer. The ESR spectra were obtained at room
temperature on a SE/X 2544 instrument at the microwave power
of 2 mW and modulation amplitude of 0.32 mT.

The starting cis-ammine(4-amino-2,2,6,6-tetramethyl-
piperidine-1-oxyl)dichloroplatinum(i1) (3) and cis-ammi-
ne(3-amino-2,2,5,5-tetramethylpyrrolidine-1-oxyl)dichloro-
platinum(i1) (4) were prepared according to a known proce-
dure.4 Complex 3 was used as the monosolvate with dimethyl-
acetamide (3-DMA), which was obtained upon purification
of 3 by precipitation from a solution in DMA with dry ether.

e-Ammine-d-(4-amino-2,2,6,6-tetramethylpiperidine-1-
oxyl)-a,f-dihydroxo-b,c-dichloroplatinum(1v) (1). Potassium tung-
state K,WO, (3 mg) and H,0, (0.5 mL, 12.4 mol kg~!) were
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added with stirring and cooling with ice to a thoroughly ground
suspension of 3: DMA (1.31 g, 2.42 mmol) in 10% EtOH (6 mL).
After ~15 min, the color of the suspension changed from pink-
orange to orange. The course of reaction was monitored by TLC
(Silufol plates, MeCN—MeOH (2 : 1) as the eluent, Ry was 0.80
and 0.37 for 3 and 1, respectively). Then the reaction mixture
was stirred for 0.5 h, and the product was filtered off, washed
with cold water (2x1 mL) and EtOH (2x2 mL), and dried in air.
Complex 1 was obtained as orange crystals in a yield of 1.02 g
(2.09 mmol, 86%). Crystallization from 10% EtOH afforded
analytically pure complex 1. According to the data from X-ray
diffraction analysis (see below), complex 1 was obtained as a
dihydrate. Crystals of 1 decomposed (turned dark) without melt-
ing at =190 °C. Vacuum drying (3-1073 Torr, 56 °C, 1 h) was
accompanied by crystal erosion. After vacuum drying, the el-
emental composition of complex 1 was most close to that of the
monohydrate. Found (%): C, 21.78; H, 5.12; Cl, 14.06; N, 8.42;
Pt, 38.2. CyH,4Cl,N305Pt-H,0. Calculated (%): C, 21.35;
H, 5.18; Cl, 14.00; N, 8.30; Pt, 38.53. UV (H,0), A,/nm
(e/L mol~' ¢cm~'): 309 sh (550), 396 sh (60). IR of 1-2H,0
(Nujol), v/em~!: 1598, 1614, 1630, 3330, 3410, 3490, 3607
(N—H, O—H, H,0). ESR (H,0): three lines, g factor was
2.0056, ay = 1.697.
e-Ammine-d-(3-amino-2,2,5,5-tetramethylpyrrolidine-1-
oxyl)-a,f-dihydroxo-b,c-dichloroplatinum(iv) (2) was prepared
analogously to complex 1 from compound 4 in 79% yield. The
reaction time in the synthesis of 2 was longer (2.5 h) than that in
the synthesis of 1 because of the lower rate of dissolution of
complex 4 (see below). M.p. 185—187 °C (10% EtOH). For
dried (3-1073 Torr, 56 °C, 1 h) complex 2, found (%): C, 19.90;
H, 4.77; Cl, 15.12; N, 9.07; Pt, 41.15. CgH,,CI,N5;0;Pt. Calcu-
lated (%): C, 20.26; H, 4.68; Cl, 14.95; N, 8.86; Pt, 41.13.
UV (H,0), Aga/nm (e/L mol~! cm=!): 307 sh (550), 397 sh
(73). IR (Nujol), v/ecm~!: 1588, 3234, 3312, 3568 (N—H, O—
H). ESR (H,0): three lines, g factor was 2.0053, ay = 1.581.
cis-Ammine(4-amino-2,2,6,6-tetramethylpiperidine)dichloro-
platinum(1r) (5). A solution of Nal (0.8 g, 5.3 mmol) in H,O

Fig. 1. Molecular structure of the dihydrate of complex 1.

(1 mL) and a solution of 4-amino-2,2,6,6-tetramethylpiperidine
(0.67 g, 3.9 mmol) in H,O (1 mL) were successively added with
stirring to a solution of Na[Pt(NH3)Cl;] in H,O (15 mL), which
was prepared from Cisplatin® (1.17 g, 3.9 mmol), at ~20 °C. The
resulting suspension was stirred for 0.5 h and then kept in a
refrigerator for 2 h. The precipitate was filtered off, washed with
cold water (3x2 mL), and dried in air. cis-Ammine(4-amino-
2,2,6,6-tetramethylpiperidine)iodochloroplatinum(ir) was pre-
pared in a yield of 1.27 g (61%). To transform the reaction
product into the dichloro complex, it was suspended in water
(15 mL) and dissolved by adding 2.4 N HNO; (1 mL). Then a
solution of AgNO; (0.74 g, 4.4 mmol) in H,0 (1 mL) was added
and the reaction mixture was stirred under conditions preclud-
ing exposure to light for 2 h. The precipitates of AgCl and Agl
were separated by centrifugation and filtration through a dense
filter. A 4 M KCI solution (2.7 mL) was added to the resulting
yellow solution of cis-ammine(4-amino-2,2,6,6-tetramethyl-
piperidine)dinitratoplatinum(ir). The reaction mixture was kept
for 2 h, concentrated in vacuo to ~7 mL, and treated with a 30%
aqueous NHj solution (1 mL) to isolate complex 5. To brought
crystallization of the product to completion, the reaction mix-
ture was kept in a refrigerator for ~16 h. The resulting yellow
crystals were filtered off and washed with cold water (2x2 mL)
and EtOH. After drying, complex 5 was obtained in a yield of
0.48 g (28% with respect to the starting Cisplatin). Hydro-
chloride of complex 5 was crystallized from 10% EtOH
as monohydrate 5-HCl-H,0, m.p. 240—243 °C (decomp.).
Found (%): C, 21.37; H, 5.22; Cl, 20.96; N, 8.52; Pt, 38.3.
CoH,»4CI3N3Pt- H,0. Calculated (%): C, 21.89; H, 5.31;
Cl, 21.54; N, 8.51; Pt, 39.51. IR of 5+ HCI- H,O (Nujol), v/em~!:
1582, 1622, 2460, 3070, 3165, 3260, 3400, 3453, 3510 (N—H,
N+—H, H,0).

X-ray diffraction study of complex 1. The X-ray diffraction
data (8088 independent reflections) were collected in the inde-
pendent region of the reciprocal space (26 < 80°) by the ®/26
scan technique from an isometric single crystal of poor quality
and of an arbitrary shape ~0.03 mm in radius. After exclusion of
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systematic absences, the X-ray data set contained 4498 mea-
sured reflections with 7 > 2¢6(/); a KM-4 kappa-geometry
diffractometer (Kuma-Diffraction, Poland), Mo-Kao radia-
tion. The principal crystallographic data are as follows:
CgH»,C1LN;05Pt-2H,0; a = 11.710(3) A, b=9.797(3) A, ¢ =
7.913(3) A, o = 77.08(4)°, B = 92.29(4)°, y = 100.81(3)°, V' =
869.1(5) A3, M = 524.39, d_,. = 2.26 g cm3, space group PI,
Z=2. The structure was solved by direct methods and refined by
the full-matrix least-square method based on F2 with anisotro-
pic thermal parameters for nonhydrogen atoms using the
SHELXL97 program package. The positions of all H atoms were
calculated geometrically and were not refined taking into ac-
count the poor quality of the single crystal used. The final R
factor was 6.7%, the good-of-fitness was 1.080. The molecular
structure of 1is shown in Fig. 1. The principal geometric param-
eters of 1 are given in Tables 1 and 2.

Determination of toxicity and antitumor activity. The com-
plexes were injected into animals intraperitoneally as aqueous
solutions. The total toxicity (LD5,) of the compounds was tested
in BDF; mice upon a single injection. The antitumor activity
was examined in an experimental tumor, viz., in P388 leukemia.
The transplantation of tumors was carried out according to a
standard procedure.® The activity of the complexes was evalu-

Table 1. Bond lengths (d) in molecule 1

Bond d/A Bond d/A

Pt—O(1) 1.997(7) N(3)—C(6) 1.501(12)
Pt—0(2) 2.005(6) C(1)—C(9) 1.511(11)
Pt—N(1) 2.055(6) C(1)—C(2) 1.518(11)
Pt—N(2) 2.021(8) C(2)—C(3) 1.510(11)
Pt—CI(1) 2.306(2) C(3)—C(4) 1.522(15)
Pt—CI(2) 2.315(3) C(3)—C(5) 1.538(14)
0(3)—N@3)  1.281(9) C(6)—C(7) 1.508(14)
N()—C(1)  1.489(9) C(6)—C(9) 1.534(12)
N(3)—C(3) 1.473(11) C(6)—C(8) 1.535(14)

Table 2. Bond angles (o) in molecule 1

Angle w/deg Angle w/deg
0(2)—Pt—0(1) 174.2(3) C(3)—N(@3)—C(6) 123.0(7)
0(2)—Pt—N(2) 86.4(4) N(I)—C(1)—C(@O) 107.4(6)
O(1)—Pt—N(2) 88.7(4) N(1)—C(1)—C(2) 110.6(6)
0(2)—Pt—N(1) 93.3(3) CH—C()—C(2) 108.4(7)
O(1)—Pt—N(1) 83.5(3) C@B)—C(Q)—C() 113.3(7)
N(1)—Pt—N(2) 91.2(3) N@B)—CB3)—C(2) 110.1(7)
0(2)—Pt—CI(1) 94.03) N@B)—C3)—C4) 109.5(8)
O(1)—Pt—CI(1) 90.9(2) C(2)—C3)—C@4) 111.9(8)
NQ2)—Pt—CI(1) 179.2(3) N(3)—C(3)—C(5) 105.7(8)
N(1)—Pt—ClI(1) 89.5(2) C(Q2)—C(3)—C(5) 108.8(8)
0(2)—Pt—Cl1(2) 90.2(3) C#4)—C@3)—C(5) 110.6(9)
O(1)—Pt—Cl(2) 92.8(2) N(3)—C(6)—C(7) 108.1(8)
N(@2)—Pt—CI(2) 87.3(3) N(3)—C(6)—C(9) 107.6(6)
N(1)—Pt—CI(2) 176.02) C(7)—C(6)—C(9) 110.1(8)
Cl1(1)—Pt—Cl1(2) 92.0(1) N(3)—C(6)—C(8) 109.2(8)
C(1)—N(1)—Pt 120.2(5) C(7)—C(6)—C(8) 110.2(9)
O(3)—N(3)—C(3) 117.5(7) C(9)—C(6)—C(8) 111.5(8)
O3)—N(3)—C(6) 115.7(7) C(1)—C(9)—C(6) 113.9(7)

ated from an increase in the median life span (ILS) of treated
animals compared to control animals: ILS (%) = 100(T/C — 1),
where T and C are the median life span (days) of treated and
control animals, respectively. The cured animals (remained alive
for =60 days) were considered separately.

Development of drug resistance. The development of P388
leukemia resistance to complex 1 and Cisplatin was studied in
mice (six—ten animals per group). The resistance was induced
by the successive transplantation of tumor cells from animals
treated with complex 1 (strain P388/1) or Cisplatin (P388/CP),
which were used in equitoxic doses. In the series of successive
transplantation generations, the doses of the drugs were gradu-
ally increased from 1.5 to 15 mg kg~! for complex 1 and from 0.4
to 4 mg kg~! for Cisplatin. Both drugs were injected 1, 5, and
9 days after the tumor transplantation. At each generation, the
sensitivity of each strain to the drug-inductor used in the opti-
mum dose (15 mg kg~! for 1 and 4 mg kg~! for Cisplatin) was
tested. The activities of the complexes were evaluated from ILS,
T = 60 days being assumed for animals, whose life span was
>60 days.

Results and Discussion

Synthesis and structures of the complexes. The Ptll
complexes were oxidized with an excess of H,O, under
relatively drastic conditions (70 °C, 22 h) according to a
known procedure.> We found that the reactions were sub-
stantially accelerated in the presence of catalytic amounts
of tungstate salts, for example, of K,WO, (Scheme 1).
When complexes 3 and 4 were taken at the initial concen-
tration of (3—5)+ 10~3 mol L~! ([K,WO,] = 10~3 mol L~!
and [H,0,] = 0.5 mol L~!), only peaks of products 1
and 2 were detected by HPLC already within 5 min after
the beginning of the reaction even on cooling in an ice
bath. Under analogous conditions but in the absence of
the catalyst at ~20 °C, the time of half-transformation was
~1 h. Hence, preparative oxidation in the presence of
K,WO, (~10-3 mol L") under mild conditions (0—20 °C)
is limited only by the rate of dissolution of a suspension of
the starting Pt!! complex, complex 4 being dissolved sev-
eral times more slowly than complex 3.

Scheme 1
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Taking into account the data on tungstate-catalyzed
oxidation of piperidines to piperidineoxyls,’ it was of in-



424 Russ.Chem.Bull., Int.Ed., Vol. 52, No. 2, February, 2003

Sen” et al.

terest to study the possibility of the preparation of com-
plex 1 by one-step oxidation of aminopiperidine com-
plex 5 (Scheme 2).

Scheme 2
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The course of oxidation of complex 5 was monitored
by HPLC (Fig. 2). Within 5 min after the beginning of the
reaction, the peak of the starting complex 5 with V., =
220 puL was not detected in the reaction mixture; instead,
an HPLC peak with V.., = 250 uL appeared, which, ap-
parently, corresponded to complex 6. Both peaks can be
observed in the absence of K,WO, in the reaction mix-
ture. Then the intensity of the peak with V,,, = 250 uL
decreased and two new peaks with V., = 570 and 750 pL
appeared. Based on the retention volumes, these peaks
were identified as intermediate complex 7 and target com-
plex 1, respectively. For the purpose of identification,
complex 7 was prepared independently by reduction of
complex 1 with alcohol in an acidic medium? (20 mg of 1
in 0.1 mL of 2 N HCI in alcohol, ~20 °C, 1 h). The
concentration of complex 7 increased during ~2 h, reached
~10% of the concentration of the starting complex, and
then decreased. It appeared that the concentration of
product 1 also went through a maximum after 4—5 h
(~35% of the concentration of the starting complex 5). In
this process, the pH of the reaction mixture was changed
from ~10 to ~8 during 4 h resulting in the termination of
oxidation of the N—H group of piperidine due to its pro-
tonation.” After a subsequent increase in pH of the reac-
tion mixture by adding a solution of K,COj; (see Fig. 2,
curves 2, 4, and 6), intermediate 7 appeared again in a
substantial concentration, and the concentration of prod-
uct 1 reached ~45% with respect to the concentration of

C-10%/mol L~!

T pH 8.0—9.5

Fig. 2. Changes in the concentrations of complexes 6 (7, 2) and
7 (3, 4) and the final product 1 (5, 6) in oxidation of complex 5
at ~20 °C. The initial concentrations: [5], = 2.5+ 10~2 mol L™,
[H,05]p = 0.5 mol L~!, [K,WO,], = 1.7-1073 mol L, and
[Trilon B],=2-10=3 mol L~!. In the parallel experiment, pH of
the reaction mixture was increased from 8§ to ~9.5 within 4 h
after the beginning of the reaction by adding a concentrated
solution of K,CO5 to [K,CO5] = 5-10=2 mol L~! (curves 2,
4, and 6).

the starting complex and then decreased again. The total
concentration of complexes 6, 7, and 1 rapidly decreased
compared to the starting concentration of complex 5,
which indicates that side reactions proceeded. Apparently,
hydrolysis of the Cl ligands took place as such a side
reaction at high pH. Hydrolysis afforded hydroxo and
aqua complexes.8 Due to acid-base equilibria and forma-
tion of labile complexes with the components of the buffer,
these complexes did not show peaks in HPLC at pH of
the eluent of ~5 and were detected only from an increase
in the background absorption.

It is known’ that the catalytic action of the WO,2~
anions consists in their ability to form the pertungstate
anions WO, >~ (n = 5—8), which are more efficient oxi-
dants than H,0,. One would expect that the yield of
complex 1 would be increased in the presence of higher
concentrations of the catalyst. However, it appeared that
a fivefold increase in [K,WO,] led to only a slight increase
(by 5—10%) in the maximum concentration of product 1
in the reaction mixture. This may be associated with the
involvement of WO,?~ in undesirable hydrolysis of the
complexes. The results of our study provide evidence that
direct oxidation of complex 5 to complex 1 cannot be
used as an efficient alternative of oxidation of complex 3
in the preparative synthesis of complex 1.
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Complexes 1 and 2 were obtained as yellow crystalline
compounds, whose solubilities in water were ~10 and
~7 mg mL~!, respectively. The structures of these com-
plexes were confirmed by elemental analysis and spectro-
scopic data (see the Experimental section). The structure
of complex 1 was established by X-ray diffraction analysis
(see Fig. 1). In the octahedral environment about the PtV
atom, the pairs of the nitrogen and chlorine atoms are
located in a single plane in the cis positions, and the O(1)
and O(2) atoms are located in the trans positions. The
bond lengths and bond angles (see Tables 1 and 2) in the
coordination sphere of the Pt atom are close to the corre-
sponding parameters for e-ammine-d-cyclohexylamine-
a,f-bis(acetoxy)-b,c-dichloroplatinum(iv).® The piperi-
dine ring of the nitroxyl ligand adopts a chair configura-
tion. The angle between the C(2)C(3)C(6)C(9) and
C(1)C(2)C(9) planes is 52.1°. The angle between the
C(2)C(3)C(6)C(9) and C(3)C(6)N(3) planes is 39.5°. Two
water molecules, which are not involved in the coordina-
tion sphere about the platinum atom, form hydrogen bonds
with the O(1), O(2), and N(2) atoms, thus linking the
molecules into a three-dimensional framework.

Toxicity and antitumor activity of the complexes. The
data on the total toxicity and antileukemic activity of the
complexes are given in Table 3. The toxicity of Pt!Y com-
plexes 1 and 2 is approximately half as large as that of Pt!!
complexes 3 and 4,4 the piperidine- 1 -oxyl derivatives be-
ing more toxic than their pyrrolidine-1-oxyl analogs in
both cases. Conceivably, the latter fact is associated with
the difference in the redox properties of piperidine- and
pyrrolidine-1-oxyls and, as a consequence, with the dif-
ferences in metabolism of these drugs.?

The most substantial antileukemic effect was observed
for complex 1, which cured four of six test animals (ani-
mals that remained alive for more than 60 days were con-
sidered as cured animals), and the life span of the remain-
ing two animals was increased, on the average, by 270%.

Table 3. Toxicity and antileukemic (P388) activity of complexes
1-2H,0 and 2¢

Complex LDs,’/mgkg=!  Single dose 1LS¢
(mmol kg=") /mg kg™! (%)
1-2H,0 27 (0.052) 9 270 (4/6)
2 45 (0.095) 15 133 (0/6)
Cisplatin 12 (0.040) 4 169 (1/6)

4 The compounds were injected into animals intraperitoneally 1,
5,9, 13, and 17 days after the tumor transplantation.

b5 The dose that caused the death of 50% of mice.

¢ The median life span of animals in the control group was
11.2 days. The number of cured animals (they remained alive for
more than 60 days) and the total number of animals in the group
are given in parentheses in the numerator and denominator,
respectively.

Table 4. Enhancement of the antitumor effect in the case of the
combined use of Cisplatin and complex 1 in the treatment of
P388 leukemia

Complex Single dose? ILS Animals
/mg kg~! (%) remained
alive (%)
Cisplatin 0.6 182 0
1-2H,0 1.4 118 0
Cisplatin + 1-2H,0 0.6+ 1.4 — 100

4 The compounds were injected into animals intraperitoneally
1—7 days after the tumor transplantation.

In this test, the activity of complex 1 was much higher
than the activities of complex 2 and Cisplatin (see Table 3).

Interesting results were obtained in the study of the
combined action of Cisplatin and complex 1 on P388
leukemia. In these assays, very low doses of the drugs
(1/20 of LDsg) were used. The separate use of the drugs in
these doses led to low ILS, whereas their combined appli-
cation resulted in the synergism and 100% cure of animals
(Table 4).

A very important point is that the rate of development
of P388 leukemia resistance to Cisplatin differed substan-
tially from that to complex 1 (Fig. 3). As can be seen from

ILS,/ILS, (%)

100
/3 cep
N 1
80
60
40
20

01 2 3 4 5 6 7 8 9 1011 12 n

Fig. 3. Decrease in the sensitivity of P388 leukemia to Cisplatin
(CP) and complex 1 in the series of successive transplantation
generations ». For the zeroth generation, the sensitivity of P388
leukemia to the drugs was taken as 100%.
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the data in Fig. 3, P388 leukemia cells rapidly developed
resistance to Cisplatin. The sensitivity of the tumor to the
drug was decreased by 40% even at the second transplan-
tation generation. At the third generation, the sensitivity
decreased further by 20%. Compared to the parent tumor,
the sensitivity to Cisplatin is decreased by a factor of five
at the fourth generation. Such a tumor is commonly con-
sidered as a resistant tumor. The sensitivity to complex 1
decreased much more slowly and was reduced by only
25% at the fourth generation. The full resistance of P388
leukemia to complex 1 was achieved only at the tenth
generation, i.e., 2.5 times more slowly than that to
Cisplatin.

To summarize, platinum(iv) complexes with the
aminonitroxyl radicals were prepared and characterized
for the first time. These complexes possess high activity
against the experimental tumor, viz., P388 leukemia. The
advantages of complex 1 over Cisplatin are its higher anti-
tumor activity and a much more slow rate of the develop-
ment of drug resistance. The combined use of low doses
of complex 1 and Cisplatin resulted in the mutual en-
hancement of the antitumor action of the drugs and led to
100% cure of animals.

This study was financially supported by the In-
ternational Science and Technology Center (ISTC,
Grant 1550).
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