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Abstract  The hydrolytic degradation kinetics of a new 
promising anticancer agent – donor of NO, namely, 
water-soluble nitrosyl iron complex, 
[Fe2(S(CH)2NH3)2(NO)4]SO4⋅2.5H2O (1), has been studied 
by electrochemical and microcalorimetric methods in 
water-dimethylsulfoxide (DMSO) (1:1) solution. Henry's 
constant for NO dissolved in water-dimethylsulfoxide 
(DMSO) (1:1) solution has been measured. The temperature 
dependence of hydrolytic degradation rate constant of 
complex 1 has been determined. High enough rates of the 
hydrolytic degradation of these complexes at high negative 
entropy of activation can be explained by the low value of 
activation energy. 
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1. Introduction 
The latest numerous investigations show strong evidence 

of that NO is a key agent in many cellular functions, such as 
regulation of blood pressure, inhibition of the thrombocytes 
aggregation, immune cellular response, antimicrobial and 
antitumor activity, and others [1]. These discoveries gave 
rise to studying biologically active cellular intermediates, in 
particular, nitrosyl non-heme proteins, which are known to 
prolong the lifetime of the endogenous nitric oxide and 
keep its biological activity [2]. As it follows from EPR 
studies, these non-heme iron nitrosyl complexes with 
aliphatic thiols are paramagnetic complexes containing 
“Fe(NO)2” moiety and having a typical isotropic g-factor 
equal to 2.03 [3,4]. Recently synthetic models of the active 
sites of nitrosyl [2Fe-2S] ferredoxin have been isolated and 
characterized by X-ray method and they are of particular 
interest due to possible use as new NO-donor anticancer 
agents in monotherapy of tumors [5]. In particular, a 

water-soluble cationic binuclear tetranitrosyl iron complex 
with cysteamine [Fe2(S(CH)2NH3)2(NO)4]SO4⋅2.5H2O (1) 
exhibits high cytotoxic activity to tumor cells of breast 
cancer (SKBR-3 and MCF-7 lines) and to myelogenous 
leukemia cells (K562 line) as an inducer of apoptosis. It also 
shows a high antitumor effect on breast adenocarcinoma 
(Ca-755 line) for 9 days after treatment (the tumor growth 
inhibition in mice under study is equal to 71% and the animal 
life duration is equal to 66%) and on Lewis lung epidermoid 
carcinoma (LLC) for 10 days after treatment (the tumor 
growth inhibition in mice under study is equal to 86% and 
the animal life duration is equal to 7% [6]). To determine 
reactivity and the mechanism of antitumor activity of the 
complex the study of its NO-donor activity and mechanisms 
of hydrolysis in conditions close to physiological, namely, in 
reactions with heme proteins was performed [7, 8]. 

The purpose of this work is to study the kinetics of 
hydrolytic degradation of complex 1 in media without targets 
with a high affinity to NO and nitrosyl intermediates formed 
during its decomposition in solution. 

2. Experimental 

2.1. Materials 

Complex 1 was obtained according to the method 
described in [6, 9]. Nitrogen oxide NO was obtained by the 
method [10]. DMSO was purified by the method [11]. 
Removal of oxygen from the distilled water and DMSO was 
performed by triple freezing-out and evacuating using a 
vacuum line and Shlenk's technology. 

2.2. Methods 

2.2.1. Electrochemical Method 
The kinetics of accumulation of NO in solution formed 

during the hydrolytic degradation of 1 was found using an 
amiNO-2000 sensor electrode of in NO Nitric Oxide 
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Measuring System (Innovative Instruments, Inc., Tampa, FL, 
USA) [12,13] at 28oC. 2 ml of DMSO solution of complex 1 
and 2 ml of water were placed in the reaction vessel in such a 
way that there was no mixing of solvents. Then the sensor 
electrode was immersed in the mixture. The reaction vessel 
was closed with a stopper, and the latter was heat sealed with 
paraffin. The volume of the vessel was equal to 7.4 ml. The 
volume of the water-DMSO solution of complex 1 was equal 
to 4 ml. The sensor signal was recorded from the very 
moment of pouring the DMSO solution of complex 1 to the 
reaction vessel. When degassed distilled water was added to 
the vessel without mixing the layers of DMSO and water, a 
temperature jump of about 5 degrees was observed due to 
positive heat of mixing DMSO with water. Approximately 
8.5 min was needed to return to initial temperature. During 
this time the accumulation of about 30 nmol of NO in 
solution was recorded. This quantity is insignificant in 
comparison with the amount of NO to be formed at 100% 
conversion degree of the complex (about 1.1⋅105nmol). The 
second temperature peak corresponding to heat of solution at 
3 degrees was observed when DMSO and water layers were 
stirred. Concentration of NO in solution was measured for 
2.2 hours with an increment of 0.2 s. At the end of the record 
the amount of NO in solution was equal to 3.8·103nmol. To 
calibrate the electrochemical sensor a 100 µM standard 
aqueous solution of NaNO2 was used, which was added to 
the mixture containing 20 mg of KJ (Aldrich), 2 ml of 1M 
H2SO4 (reagent grade, Russian national standard, GOST 
4204-77) and 18 ml of water. 

2.2.2. Dynamic Microcalorimetry 
Hydrolytic degradation rates were determined from 

measuring the heat release rates in the process using an 
automated differential microcalorimeter (DAC-1-2) [14] 
developed and manufactured at the Institute of Problems of 
Chemical Physics RAS. The microcalorimeter can operate in 
isothermal conditions in a wide temperature range from 
room temperature up to 400°C and the heat release rate can 
be measured in the range from 10-5 W to 1 W. Hydrolytic 
degradation kinetics was studied in the 29.4-66.1°C 
temperature range. The solutions of 1 were prepared for 
kinetic experiments as follows: a sample of 1 was placed in 
the glass tube into which the required amount of degassed 
DMSO was poured. Then tube contents the reaction mixture 
was stirred for 30-45 minutes with a magnetic stirrer until 
1completely dissolved in DMSO. The solution was placed 
into the calorimeter glass ampoule, and an equal volume of 
degassed H2O was added. The layers of an organic solution 
and water were not mixed. The ampoule was cooled down to 
liquid nitrogen temperature, evacuated and sealed. Then the 
ampoule was thawed, the water and organic layers were 
mixed, and the ampoule was placed in the calorimeter for 
kinetic experiments. In the described mode of preparation for 
experiments, heat released during mixing DMSO with water 
is consumed to heat the solution in the ampoule to room 
temperature. The time to warm up the ampoule to the 
temperature of the calorimeter is approximately 10-15 min. 

After warm-up the heat release rate was recorded. 

2.2.3. Measurement of the Solubility of NO in the 
Water-Dimethyl Sulfoxide Solution 

Henry's law constant Kh for NO dissolved in a mixed 
water-DMSO solvent was determined using a thermostated 
Bourdon's vessel with a total volume (VL + VG) of 56 ml, 
which allows pressure to be measured in the range of 0÷760 
mm Hg. In the experiment the Bourdon's vessel was filled 
with 32 ml VL of the mixed solvent and evacuated until 
bubbling from the liquid stopped. After the liquid-vapor 
equilibrium was attained, the partial equilibrium vapor 
pressure pvap at several temperatures was measured by a 
mercury manometer. Then the Bourdon's vessel was placed 
in liquid nitrogen and a certain amount of NO was frozen out 
from the vessel of the dimensional volume V= 29 ml. Initial 
pressure of NO pintin the dimensional volume V was 510 mm 
Hg. Then the contents of the Bourdon's vessel was thawed 
and stirred with a magnetic stirrer for about a day up to attain 
the gas-liquid equilibrium. Then the Bourdon's vessel was 
placed in a thermostat and the sum of equilibrium partial 
pressures of NO and the solvent vapor peq was measured at 
several temperatures. Henry's law constant was calculated 
using the formula 

Kh = RTVLnG,NO/VGnL,NO/atm·l·mol-1 
where nG,NO is a number of moles of NO in the gas phase, 
which was calculated by the formula 

(peq-pvap)VG/RT 
nL,NO is a number of moles of NO in the liquid phase, which 
was calculated using the formula  

[pintV-(peq-pvap)VG]/RT 

3. Results and Discussion 

3.1. Dynamic Microcalorimetry 

According to X-ray analysis [9], complex 1 is a salt with 
the binuclear nitrosyl cation, in which the iron atoms 
coordinated in pairs by NO groups are bonded to each other 
through the bridging sulfur atoms (structural type "μ2-S"). 
Solution of 1 in mixed of water-DMSO (1:1) solvent was 
used to study the hydrolysis process and to determine the rate 
constants of this process by means of the calorimetric 
method. The solvent was chosen using the requirements of 
the experiment, namely, relatively high concentration of 
complex 1 (∼10 mM) obtained by dissolving 1 in DMSO 
(water solubility of 1 is about 2 mM) and the availability of 
water as a reagent for the hydrolysis reaction. The 
concentration of complex 1 in the mixed water-DMSO 
solvent was 7-8⋅mM. 

The dependence of heat release rates on current heat, 
which is proportional to the conversion degree in the 
hydrolytic degradation reaction in the range of experimental 
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temperatures is demonstrated in Fig. 1. 
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Figure 1.  Heat release rate dQ/dt versus current heat Q in the reaction of 
hydrolytic degradation of the complex 1.T (°C): 1 – 29.4; 2-32.2; 3-35.1; 
4-39.1; 5-42.9; 6 – 50.8; 7 –59.2; 8 –66.1 

It is seen that the process of hydrolytic decomposition of 1 
in water-DMSO solution is described by the equation of the 
pseudo- first-order reaction: 

dη/dt=(dQ/dt)/Q0=k(1-η) 

where
0 0

η (d / d )d / (d / d )d
t

Q t t Q t t
∞

= ∫ ∫ is the conversion 

degree; dη/dt=(dQ/dt)/Q0 is the process rate, dQ/dt is the 

heat release rate, ∫
∞

0

d)d/(d ttQ is the total heat of 

hydrolytic degradation reaction. 
The process of hydrolytic degradation of 1 proceeds to the 

considerable conversion degree with its complete destruction. 
Hydrolysis heat of per mole of the complex is about 290 kJ. 
There is a precipitate of hydroxide iron(III) at the end of the 
reaction as a product of the concentration of iron ions, which 
is likely to be equal to the initial concentration of the 
complex, and the concentration of hydroxide ions to the third 
power is about 12 orders higher than the SP[Fe(OH)3]. The 
dependence of reaction rate constant k/h-1 of hydrolytic 
degradation of 1 versus reciprocal temperature in the 
Arrhenius' equation coordinates is shown in Fig. 2. 
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Figure 2.  Dependence of logk (h-1) versus the reciprocal temperature in 
the reaction of hydrolytic degradation of complex 1. 

The dependence of rate constant is as follows: 

k=102.1 ± 0.8exp[-(4270± 570)/T)] /s-1 (r = 0.95) 

To calculate the rate constant of the second-order reaction 
of 1 with water from the obtained value of kI it is necessary to 
consider that concentration of water in a solution is equal to 
~27.8 103 mol·m-3. As a result, 

kII=10-2.3± 0.8exp[-(4270± 570)/T)]/m3⋅mol-1⋅s-1 

The value of entropy of activation ΔSc
0 ≠in standard 

conditions at с0=1⋅106mol m-3 was calculated using the value 
of pre-exponential factor of the constantkIIandthe 
Eyring-Wynne-Jones equation and assuming that a 
transmission factor is equal to unit. It was found that ΔSc

0 ≠is 
equal to -190 J⋅ mol-1 K-1 and the corresponding steric factor 
is equal to 1.2⋅10-10. The latter value is characteristic of 
bimolecular reactions between polyatomic molecules. The 
half-life of 1 at 25°C calculated using the reaction rate 
constant is 2.2 h. 

3.2. Measurement of the Solubility of NO in the 
Water-Dimethyl Sulfoxide Solution 

For the temperature dependence of Henry's law constant 
Kh (Fig. 3) an expression was obtained: 

Kh=105.9 ± 0.2exp[-(2480± 120)/T)] atm⋅l⋅mol-1 (r = 0.980) 

 
Figure 3.  Dependence of Henry's constant for NO dissolved in the mixed 
H 2 O - D M S O  s o l v e n t  v e r s u s  t h e  r e c i p r o c a l  t e m p e r a t u r e . 

At 25°C Kh in the mixed solvent is equal to 203 atm⋅l⋅mol-1. 
It is less than that for pure water 530 [15] and 333 [16, 17] for 
DMSO, respectively. The same kind of dependence of 
Henry's constants for the mixed solvent on composition with 
the extreme in the curve was observed when studying 
solutions of N2O and CO2 in diethanolamine dissolved in 
water-ethylene glycol composition [18-20]. 

3.3. Electrochemical Method 

The total amount of NO (nNO) generated during the 
hydrolytic degradation of the complex and distributed 
between the solution and the gas phase was calculated when 
used the measured amounts of NO in solution (nL,NO) 
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obtained in the electrochemical experiment from the 
formula: 

nNO= nL,NO(1+ KhVG/RTVL) 

where VG, VL is a volume of the gas phase and solution in the 
reaction vessel, respectively; R is gas constant, 0.082 
l⋅atm/mol⋅K; T is experimental temperature in Kelvin.  

Fig. 4 presents a comparison of the conversion degree of 
the hydrolytic degradation of 1 η calculated using 
microcalorimetric and electrochemical methods. In the latter 
case η is calculated from the formula 

η= nNO/4ncomp 

where ncomp is quantity of the complex in the initial solution. 
It is seen from Fig. 4 that there is a reasonable agreement in 
the conversion degree measured by two different 
physicochemical methods. 
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Figure 4.  Conversion degree η versus time t/h: 1 – microcalorimetric 
method, Т=29.4°С; 2 – electrochemical method, Т=28°С 

4. Conclusion 
The obtained temperature dependence of reaction rate 

constant of hydrolytic degradation of 1 allows one to 
estimate the duration of activity of this potential drug and the 
possibility of the targeted delivery of NO to cellular targets. 
It has been shown that the electrochemical method can be 
used additionally to the microcalorimetric one to estimate 
hydrolytic stability of the newly synthesized nitrosyl 
complexes. High enough rates of the hydrolytic degradation 
of these complexes at high negative entropy of activation can 
be explained by the low value of activation energy. 
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