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Synthesis of dinitroxyl cis-diaminoplatinumOI) complexes 
and their interaction with DNA 
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Dinitroxyl complexes of platinum, cis-ptll(APO)2X2, where APO is 4-amino-  
2,2,6,6-tetramethylpiperidine-l-oxyl, were obtained by either a direct reaction of APO with 
K2PtX 4 (X = CI or I) or a replacement of iodide ligands in c/s-Ptll(APO)212 by nitrate and 
oxalate ligands. The interaction of water-soluble c/s-ptII(APO)2(NO.~)2 with ox spleen DNA 
resulted in platinated DNA with a degree of modification (r) -7 times lower than that 
obtained with cis-PtH(NHj)2CI2 (cisplatin). Melting point T m, melting range AT, and the 
degree of hyperchromicity AH for platinated DNA showed that for equal r values, the 
cis-ptlI(APO)2--DNA adducts increase heterogeneity in the DNA structure much more 
effectively than the cis-Pt~I(NH3)2--DNA adducts. Poor platinating activity, substantial 
disturbance of the DNA structure, as well as low toxicity and moderate antitumor activity of 
cis-Ptll(APO)2X2 complexes are probably explained by steric hindrances caused by two bulky 
APO ligands. 

Key words: platinum(n) complexes, nitroxyt radicals, DNA, platination, cis-diammine- 
dichloroplatinum. 

P l a t i n u m ( t 0  complexes  such as cis-diammine- 
dich lo rop la t inum( , )  (cisplatin) can add to DNA,  thus 
disturbing its structure and the replication process in vivo. 
There is strong evidence I that the platination of  D N A  is 
the key reaction that determines the cytostatic proper- 
ties o f  the amino complexes of  platinum. Recently, we 
have synthesized new complexes of  the general formula 
I, which contain the nitroxyl radical (trans-3,4-diamino- 
2 ,2 ,6 ,6 - t e t r ame thy lp ipe r id ine - l -oxy l  (DAPO)  z) as a 
diaminol igand,  and studied their interaction with D N A  
in compar ison with cispiatin. 3 

Ear l ier ,  4,s the synthesis  o f  p l a t inum d i a m i n o -  
complexes 2a- -c  has been reported, but detailed proce-  

dures and elemental  analysis data  have not been given, 
which precludes rationalization o f  some discrepancies in 
the properties of  complexes 2b ,e  described 4,5 and ob-  
tained in the present work. The biological  properties o f  
complexes 2 and their reactivity with respect to D N A  
have not been reported. 

In cont inuat ion of  the study o f  aminoni t roxyl  com-  
plexes o f  platinum, we synthesized complexes 2a--d ,  
studied their  structures, in teract ion with DNA,  the prop- 
erties of  adducts that formed,  and toxicity and an t i tumor  
activity. 

Experimental 
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The platinum content in complexes was determined by 
atomic-absorption spectroscopy on an AAS-3 spectrometer 
and by elemental analysis of the complexes from the residue 
weight (PRO2) following combustion. The results of both deter- 
minations coincide within the measurement error (+3 tel. %). 
IR spectra (Vaseline oil) were recorded on Specord 75-IR 
(400--4000 cm -I)  and Specord M-82 (200--600 cm -1) spec- 
trometers. ESR spectra were obtained on an SE/X 2544 instru- 
ment at room temperature and 77 K (UHF power, 2 roW; 
modulation, 0.32 roT). 

The initial 4-amino-2,2,6,6-tetramethylpiperidine-l-oxyl 
(APO) was obtained as described earlie~ and purified by 
distillation in vacuo with a Vigreux distilling column 30 cm 
long; b.p. 90--93 ~ (3 Torr). 

e/s-Dichlorobis(4-amino-2,2,6,6-tetramethylpiperidine- 
I-oxyl)platinum(n) (2a). A solution o f  4-amino-2,2,6,6-tetra- 
methylpiperidin-l-oxyl (342 rag, 2 retool) in 2 mL of water 
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was added with stirring to a solution of K2PtCI, I (415 mg, 
1 retool) in 4 mL of water. The minor suspension that formed 
was removed by fast filtration through a dense glass filter. The 
solution was stirred for 2 h and then left at 10 *C for 12 h. 
The precipitate that form.-.d was filtered off, washed succes- 
sively with water, ethanol, and ether, and dried in vacua 
(1.5" 10 -2 Torr) over P205. Complex 7at was obtained (473 rng, 
78,%) as brick-yellow planar prisms, which decompose (dark- 
ening) without melting at >240 *C (cf Pet'. 4: m.p. 257-- 
260 ~ (decamp.)). 

cis-Diiodobis(4-amiaa-  2,2,6,6-tetramethyipiperidiae- 
l-oxyt)platiaum(lt) (2b). Solutions of KI (730 nag, 4.4 mmol) 
in 5 mL of water and 4-amino-2,2,6,6-tetramethylpiperidin- 
l-oxyl (342 mg, 2 mmol) in 2 mL of water was successively 
added dropwise with stirring to a solution of K2PtCL I (415 nag, 
I mmol) in 10 mL of water. Stirring was continued for 4 h. 
The yellow precipitate that formed was filtered off, washed 
successively with water, ethanol, and ether, and dried in vacua 
(1.5,10 -2 Tort). Complex 2b was obtained (738 mg, 93%) as 
small yellow crystals. Crystallization from acetone gave orange 
prisms, which become turbid at _>160 *C, then gradually darken, 
and melt at 252--254 *C (decamp.) (cf  Pet'. 5: m.p. 244 *C). 
According to the IR spectrum, solvate acetone is present in 
crystals obtained (acetone could not be removed on drying 
in vacua (i.5" t0 -2 Torr) at 56 ~ for I h), and their elemen- 
tal composition is best represented by the formula 
2b" 0.5Me2CO. 

cis-Dinitratobis(4-amino-2,2,6,6-tetramethylpiperidine- 
l-oxyl)platiaum(n) (2c). A solution of AgNO 3 (680 rag, 
4 mmol) in 10 mL of water was added to a suspension of 
complex 2b (1.582 g, 2 mmol) in 40 mL of EtOH and stirred 
for 12 h on a magnetic stirrer in darkness. The precipitate of 
Agl that formed was thoroughly separated by eentrifugation 
and filtration through a dense glass filter to give an orange 
solution of 2c. The course of reaction was monitored by TLC 
on Silufol plates by following the consumption of the initial 2b 
(Rf = 0.75) and accumulation of 2e (Rf = 0.21, acetone-- 
chloroform, 3 : 2). The completion of the reaction was also 
determined from the absence of immediate turbidity upon 
addition of a drop of 0.5 MKCI to three drops of the solution. 
The solution of 2c obtained was concentrated in vacua to 
-5 mL, acetone (10 mL) added with stirring, and the reaction 
mixture left for 4 h to complete crystallization. The crystals 
were filtered off, washed with acetone (3• mL), and dried 
in vacua to yield complex 2r (802 rag, 59%). The product was 
crystallized from acetone and dried in vacua at 56 *C for I h 
to give orange prismatic crystals, whose IR spectrum and 
elemental composition correlate well with the structure of 
monohydrate 2e- H20. The crystals of 2c �9 H20 become turbid 
at _>170 *C, darken at -195 *C (decompose), and do not melt 
below 250 *C (cf Res 5: m.p. 135 ~ 

eis-Oxalatobis(4-amino-2,2,6,6-tetramethylpiperidine- 
l-oxyi)plafinum(n) (2d). A solution of K2C204 �9 H20 (550 rag) 
in 20 mL of water was added with stirring to a solution of 
complex 2r (2 mmol), which was obtained as described above, 
in 50 mL of EtOH. The reaction mixture was stirred for 2 h 
and then left at 10 ~ for 12 h. The pale rose crystals that 
formed were filtered off, washed with" water and acetone, and 
dried in vacua to give complex 2d (887 rag, 71,%). The crystals 
of 2d darken without melting at ~250 *C. 

Platination of DNA with complex 2c. Ox spleen DNA 
(Rcakhim, Russia) was disintegrated by squeezing its sohuion 
(~ 1 mg mL- I) through the needle of a medical syringe 0.1 mm 
in diameter. The average molecular weight of fragmented DNA 
~vas estimated by measuring the characteristic viscosity 7 and 

amounted to ~1.65- 106, or ~2500 nucleotide pairs. The DNA 
concentration was determined from the optical density of a 
sample at 260 rim, using the extinction coefficient ~ = 
6.6" l03 k mol -I cm - t .  Fragmented DNA was modified with 
platinum complexes as follows. A reaction mixture containing 
DNA (the initial eoncentratioa, 0.5 g L -I)  and 2r or cisplatin, 
was incubated in 0.01 M NaHCO 3 at 37 ~ for 24 h. The 
initial ratio tin = [eomplex]/[nucleotidel in the mixture was 
0.04--0.3. The co/staR of 2c are poorly soluble in water 
(-0.l nag mL -!  at 25 ~ However, an aqueous solution of 2e 
with a concentration required for platination of DNA (~1-- 
2 mg mL -I) can be prepared by diluting its solution in EtOH 
(see procedure above) with water with subsequent removal of 
ethanol in vacua. Modified DNA was separated from an excess 
of 2c by dialysis against 0.01 M NaHCO 3 at 4 ~ for 12 h with 
subsequent gel filtration on Sephadex G-50. The degree of 
modification r = [bound ptll(APO)2]/[nucleotide] was deter- 
mined following separation of the unconsumed complex. The 
amount of bound ptlI(APO)2 was found by ESR from the 
content of the >N--O'groups or by atomic-absorption spec- 
troscopy from the platinum content. The number of the bound 
PtII(APO)2 groups obtained by different methods coincided 
within the experimental errors (5--20,%; a greater error corre- 
sponds to lower concentrations that are determined). 

Melting point Tin, melting range AT, and the degree of 
hyperchromicity AH of platinated DNA were determined as 
described earlier. 3 

Determination of toxicity aad antitumor activity. Com- 
plexes 2a--d were introduced intraperitoneally into animals in 
the form of a suspension in a Tween-80--H20 (1 : 9) mixture. 
Cisplatin was dissolved in water for injections. The overall 
toxicity (LDso) of the compounds was determined for a single 
injection into BDF 1 mice. Antitumor activity was studied with 
respect to leukemia P 388. Leukemia was transinoculated intra- 
peritoneally into BDF I mice with an inoculum containing 
106 cells. The criterion of antileukemia activity of the com- 
plexes is the percentage of lifetime extension (LTE) of  treated 
animals compared to nontreated ones: LTE = [ IO0(T /N-  1)1, 
where Tand Nare the average lifetimes (in days) of treated and 
nontreated animals, respectively. Animals that remained alive at 
the end of experiment (60 days) were taken into account 
separately (Table l). 

Table 1. Toxicity and antileukemia (P 388) activity of com- 
plexes 2a--d a 

Complex LD~b/mg kg -l  Dose/rag kg -I LTE c (%) 

2a 570 190 106 
2b" 0.5Me2CO 140 46 0 
2c- H20 500 166 79 (i/6) 
2d 380 127 76 
Cisplatin 12 4.0 t40 (1/10) 

a Compounds were introduced intraperitoneaily into animals 
daily for 6 days. 
b Dose causing the death of 50,% of healthy mice. 
c The average lifetime of animals in the untreated group was 
l l.2 days. The number of recovered animals (the lJfedme 
>60 d~ys) and the total number of animals in the group are 
given in parentheses as the mtmerator and the denominator, 
respectively. 
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Results and Discussion 

Complexes 2a,b were synthesized in an aqueous 
solution by a direct reaction of 4-amino-2,2,6,6-tetra- 
methyipiperidin-l-oxyi with K2PtC! 4 or K~Ptl 4, respec- 
tively, the latter being generated in situ from K2PtCI 4 
and KI. Synthesis of 2e involved treatment of complex 
2b with a stoichiometric amount of AgNO 3. The course 
of the reaction was monitored by TLC by following the 
consumption of the initial 2b and its completion evi- 
denced from a negative test for the presence of residual 
AgNO 3 in the reaction mixture (see Experimental). 
After Agl that precipitated was thoroughly separated, 2c 
was either isolated from its concentrated solution or 
treated with potassium oxalate to give 2d. 

Complexes 7a--d are yellow or orange crystalline 
substances. The crystals of the complexes became opaque 
at 160--200 ~ and darken (decompose) as temperature 
increases to 240--260 ~ All complexes are very poorly 
soluble in water (<0.1 mg mL-l) .  However, an aqueous 
solution of nitrate complex with the concentration of 
~5 mg mL -1 can be obtained by partial evaporation of 
an aqueous--ethanol reaction solution in vacuo in the 
synthesis of 2e. This feature of 2c is probably explained 
by its tendency to form hydrate (see below). An over- 
saturated solution of 2c thus obtained was used for the 
platination of DNA. 

Data from elemental analysis (Table 2) show good 
agreement between the calculated and experimental val- 
ues. It is known 8 that when K2PtX 4 reacts with amines, 
the stronger trans-influence of halide ligands compared 
to N-ligands determines the cis-structure of the com- 
plexes formed. The high yield of 2d (which cannot have 
the tram-structure because one of the angles in the five- 
membered chelate ring of the oxalate ligand cannot be 
equal to 180 ~ is an argument in favor of the c/s-structure 
of the complexes obtained by us. The IR spectrum of 
complex 2a exhibits a doublet of Pt--CI absorption 
bands at 332 and 325 cm - t  characteristic of eis-com- 
plexes. These frequencies virtually coincide with those 
of a similar doublet in the spectrum ofcis-PtIl(NH~)2CI2 
(330 and 323 cm-I).  9 Taking into account the conclu- 

sion that the Pt--CI stretching vibrations in c/s-com- 
plexes do not depend on the structure of aminoligands, 9 
the coincidence in v(PtCi) frequencies is strong evi- 
dence of the c/s-structure of 2a. 

In the IR spectra of 2a--d,  the bands at 3118--3245 
and 1587--1607 cm -I correspond to the stretching and 
deformation vibrations of the NH2 groups, respectively. 
Recrystallization of 2b from acetone leads to the appear- 
ance of a band of the carbonyl group in the IR spectrum 
of the product (1700 cm-l) .  Such a result is explained 
by formation of a stable solvate. Based on the elemental 
analysis data, the structure 2b,0.SMe2CO was attrib- 
uted to this complex. Independent of the way in which 
nitrate 2e was isolated and purified, its IR spectrum 
exhibited bands of water of crystallization (3370 and 
3490 era-I). The structure of monohydrate 2c" H~O for 
this complex corresponds best to data from elemental 
analysis. These features of the structures of complexes 
2b,e have not been noted earlier, s In addition, com- 
pared to the published data, s 2c-  H20 obtained by us 
decomposes without melting at a higher temperature 
and stays at the origin on TLC on silica gel in a 
CHCI3--benzene system. The expected bands of the 
stretching vibrations of the carbonyl group of the oxalate 
ligand are present at 1674 and 1692 cm -I in the IR 
spectrum of complex 2d. 

Three basic lines with a g-factor of 2.0056 and a 
splitting a N of 1.68 mT on the nitrogen nucleus are 
observed in the ESR spectra of  aqueous solutions of 
radicals 2a---d at room temperature (Fig. I). These 
values of g-factor and splitting are characteristic of 
aqueous solutions of six-membered nitroxyls. For all 
complexes, except 2b, two additional lines are observed 
between the three basic ones, which are due to exchange 
interaction between the nitroxyl groups in the bi- 
radical, t~ The shape of the ESR spectra of 2a and 2e is 
close to that cited in the literature. 4,5 In the case of 
biradical 2d, each of the additional spectral components 
is split, in turn, into two extra lines. This means t~ that 
the exchange interaction value J < a. In the case of 
biradical 2b, no additional component  is observed. 
Thus, the nature of ligands X substantially influences 

Table 2. Elemental analysis and IR spectroscopic data of complexes 2a---d 

Compound .F__.o u la O (%) Molecular formula 
Calculated 

C H N Pt 

IR (Vaseline oil) 
v/cm-L A.ssign- 

merit 

2a 3.L_. 2.~ 6.07 9,44 ~3.0 CIsH38CI2N402Pt 
35.53 6.29 9.21 e 32.1 

2b- 0.5Me2CO 28.65 535 ~ 2 2 . 9  Ct~H3aI2N402Pt'0.5(CH3)2CO 
28.55 5 . 9 3  6 . 8 3  23.8 

2c- }12(3 ~I~_Q0 596 1236 2 8 , 9  CtsH38NoOsPt" H20 
31.81 5.93 12.37 28.7 

2d 3~..L6 .5_9~ q.~lZ 2 9 ~ 2  C2oII3sN~O~Pt 
38.40 612 8 . 9 6  31.2 

1587, 1607, 3118, 3178, 3200 NH 2 
332, 325 PtCi 
1602, 3120, 3180, 3197, 3245 NH 2 
1700 Me2CO 
1600, 1633, 3128, 3210 NtI l 
973, 997, 1272, 1290, 14q2, 1513 NO 3 
3370, 3490 H20 
1604. 3146. 3225 NH 2 
1674, 1692 C=O 
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1 mT 

i I 
Fig. 1. ESR spectra of aqueous solutions of 2a--d at room 
temperature: (I) 2c, (2) 2d, (3) 2a, and (4) 2b. 

the parameters of exchange interaction between two 
nitroxyl groups. 

The ESR spectrum of an ethanolic solution of 
biradical 2e at 77 K (Fig. 2, curve 1) is strongly distorted 
compared to that of monoradical because of a dipole- 
dipole magnetic interaction between the nitroxyl groups. 
The parameter dt/d values (0.80), the second central 
moment (4.60 mT2), and line splitting (1.55 mT) give l~ 
close values for the distance between the nitroxyl groups 
(1.16, 1.18, and 1.22 nm, respectively). 

We studied platination of DNA with complex IX for 
which rather high concentration in water can be ob- 
tained (see Experimental). The platinating activity of 
the complexes was defined as the degree of modification 
r at the initial reagent ratio tin = [complex]/[nucle- 
otide] = 0.3. For 2e, r = 0.019, which is -7 times lower 
than that for cisplatin (r = 0.13). It is interesting that 

1 mT 

Fig. 2. ESR spectra of complex 2c in ethanol at 77 K (1) (for 
comparison, the ESR spectrum of monoradical 1 (X = NO~) 
is given in d~lshed line) and DNA modified with complex 2c at 
77 K (2) ~llltl -29,q K (3). 

T,,IoC aI 

70 J~ �9 

~  , /  
64 I-,,-" J ' "?..e / - 

60 -- ~ ~ ~ m , , 

0 0.02 0 .04  0 .06  0 . 0 8  0.I0 0.12 r 

/*C 

20 

18 

16 

14 

12 

Fig. 3. Dependences of melting point T m (1, 2) and the width 
of melting range AT (3, 4) on the degree of DNA modification 
(r) with complex 2c (1, 3) and cisplatin (2, 4). 

nitrate complex 1 (X = NO3) platinates DNA under 
similar conditions even more actively (r = 0.16) than 
cisplatin does. 3 Platination occurs as the result of the 
replacement of the ligands X mainly by N(7) atoms of 
guanine and adenine, which are located in the large 
groove of the B form of DNA. tl The width of this 
groove (2.3 rim) suggests that two bulky APO ligands in 
complex IX can exert steric hindrances to platination, 
whereas one DAPO ligand of complexes I does not 
hinder platination of DNA. 3 Quantum-chemical calcu- 
lations of substituted 1,2-diaminocyclohexanes as ex- 
amples demonstrated that the steric arrangement of the 
substituents in platinum diaminoligands also substan- 
tially influences the efficiency of platination of D N A )  z 

Because of strong exchange and dipole interactions 
between unpaired electrons, the ESR spectra of DNA 
modified with biradicai lx  are observed as broad lines 
without pronounced features at both 77 K and room 
temperature (see Fig. 2, curves 2 and 3). The intensity of 
ESR lines of modified DNA is low because of their 
considerable width and low degree of DNA modification. 

The melting (denaturation) point T m and melting 
range A Tof  DNA in solution characterize the stability of 
the duplex and the scatter in strength of hydrogen bonds 
that form the duplex, respectively. These characteristics 
are quite sensitive to disturbance of the secondary struc- 
ture of DNA due to the formation of platinum adducts. 
The profiles of dependences of T m and AT on the degree 
of platination r for IX and cisplatin are shown in Fig. 3. 

Unexpectedly, it turned out that 2e and cisplatin 
decrease T m in a similar way but influence ATin  a very 
different manner. While cisplatin decreases T m and al- 
most does not influence ATup to r ~  0.07, the ATvalue 
for 2e increases strongly with increase in r. This attests 
to a sharp increase in heterogeneity of the DNA struc- 
ture upon formation of ptlt(APO)2--DNA adducts. 
Strong disordering of the DNA structure with adducts IX 
is also evidenced by the degree of hyperchromicity of 
the duplex during melting. At r = 0.02--0.03, which 
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corresponds to two to three adducts per every 100 
nucleotides, the decrease ill the degree of hyperchromicity 
of DNA modified with cisplatin and 2c is equal to 3+1 
and 13+2%, respectively. 

Data on overall toxicity and antitumor activity of the 
complexes are given in Table 1. Data published 13 and 
obtained by us 3 indicate that for complexes in which the 
bulk of aminoligands does not exceed certain value a 
correlation is observed: the higher the rate of hydrolysis of 
the leaving X ligands the higher the toxicity of the com- 
plexes. Data from Table ! show that complexes 2a--d do 
not follow this tendency because the rate of hydrolysis 
usually increases in the series halide < oxalate < nitrate 
complex, 3 and in our case, toxicity increases in the series 
chloride < nitrate < oxalate < iodide complex. Two bulky 
APO tigands strongly hinder platination of DNA and 
other nucleophilic centers, which is likely the reason for 
the significant decrease in the toxicity of 2a--d compared 
to complexes 1 with the same X ligands, z Among com- 
plexes 2, the most lipophilic 2b has maximum toxicity 
and, when taken in nontoxic doses, does not inhibit the 
development of leukemia P 388. The moderate antitumor 
effects of other complexes are probably due to their poor 
platinating activity relative to DNA. In addition, data 14 
on reparation of platinated DNA suggest greater ease of 
reparation for adducts that cause greater disturbance of 
the DNA structure, which is characteristic of  biradical 
complexes 2. 

Thus, it is evident that  the bulk of  t ransport  
aminoligands in platinum complexes can substantially 
change their platinating activity with respect to DNA as 
well as the properties of the adducts formed. Higher 
activity in platination of  DNA and lesser destabilization 
of duplex in the formation of adducts should be ex- 
pected for complexes with less bulky ligands than those 
in 2. According to preliminary data, such properties are 
exhibited by mixed-ligand complexes of the general 

formula c/s-ptlI(APO)(NH3)X2 that we have synthe- 
sized recently. The results of their  study will be reported 
elsewhere. 

This work was financially supported by the Inter- 
nat ional  Scientific and Techn ica l  Center  (Project  
No. 123-94). 
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