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The Reaction of Cysteine with the Pentacyanonitrosyiferrate(2-) ion 

By Pedro J. Morando, Elena B. Borghi, Lydia M. de Schteingart, and Miguel A. Blesa,' Departamento 
Quimica de Reactores, ComisiCn Nacional de Energia Atdmica and Facultad de Farmacia y Bioqulmica, 
Universidad de Buenos Aires, Buenos Aires, Argentina 

The title reaction has been studied and it has been found that in the presence of oxygen a catalytic path for the 
oxidation of cysteine to  cystine is established. The rate law is presented, and the mechanism is discussed on the 
basis of  observed effects of the reagent concentrations on the extrapolated initial absorbance of the solution at 
522 nm, and on the experimental pseudo-first-order rate of disappearance of colour. Cyanide ion has a remarkable 
influence on the course of the reaction. 

'rHE: ion pentacyanonitrosylferrate(2 - ) (nitroprusside) is 
known to react with a wide variety of b a ~ e s . l - ~  Several 
types of interaction have been described, involving either 
direct reaction of the NO group with the incomiEg base 
or previous reaction with hydroxide ion to generate a 
reactive intermediate. In a number of cases, penta- 
c3.."x~onitritoferrate(R - is first generated by reaction 
wit 1-1 hydroxide and subsequently aquated .4 

Tlic reaction of cysteine with pentacyanonitrosyl- 
ferrate(2-1 was first described over 40 years ago,5 and 
lias b t ~ : ~  proposed as a test for this amino-acid. Re- 
actions with other sulphur-containing bases have also 
beeu described, namely HS-,6 thioglycolic acid,7 other 
t h i o l ~ , ~  and the reactions of ' photolyzed ' pentacyanoni- 
trosylferratc (2 - ) with thiourea and thiocyanate .s* 

The reports of the reactions with thiourea and thiols 
are to a certain extent contradictory. We have pursued 
analysis of the reaction products and kinetics of the 
reaction of cysteine in an effort to elucidate the mechan- 
ism of generation of different coloured species. The 
reaction itself has relevance in the field of iron-sulphur 
proteins, since i t  provides a model for iron redox re- 
act ions with disulphide format ion.1° 

E X  P E R I hl  E K T AL 

All redgelits were analytical grade. Water was doubly 
distilled before use. The oxygen content was controlled by 
boiling antilor bubbling purified nitrogen through the solu- 
tions. 

Visible spectra were obtained on a Cary 14 spectrophoto- 
meter. Infrarcd spectra were measured as KBr discs, 
using a I'erkin-Elmer 427 spectrometer. The pH was 
nieasured with a Radiometer &I52 pH meter. Potentio- 
inetr ic titrations were performed with a Metrohni piston 
burette. Electron spin resonance measurements were 
obtsined on a Varian E M  500 spectrometer. 

Kinetic experiments were performed spectrophoto- 
metrically a t  522 nm, by following changes in absorbance 
with the disappearance of the intermediate, on a Hitachi- 
Perkin-Elrtier 139 spectrophotometer. The working tem- 
perature mns 25.0 f 0 1 OC, the ionic strength was kept 
a t  1.5 mol (NaCl), and the pH was varied between 
7.5 and 11 0 by using suitable buffers, which were first shown 
not to react with nitroprusside (except for the formation of 
the nitrite-complex at higher pH values) * Cysteirie in 
solution i-, very prone to oxidation, especially in alkaline 
medium, evt'n when deaerated solutions are stored in well 

stoppered flasks ; therefore, fresh solutions were used in each 
run. Experiments were performed with various ratios of 
riitroprusside to cysteine, at various pH values and cyanide- 
ion concentrations. The resulting data were treated as usual 
to  find the kinetic order. In every case pseudo-first-order 
behaviour was shown by the rate of disappearance of colour, 
i.e. d(ln A ) / d t  was constant during a t  least 70% reaction 
(and usually up to 90% bleaching). Experiments were 
done in duplicate or triplicate, and reported values are the 
average of a t  least two measurements which did not differ 
by more than loyo, usually less than 5",. The error bracket 
for individual k values was always found to be less than 30,; 
for 9596 confidence limits, so i t  is estimated that reported 
values are correct to within 57". 

The characterization of the main species participating in 
the reaction was achieved by observing the spectral changes 
on changing pH, i.r. characterization of the solid separating 
from solutions containing large amounts of reacted cysteine, 
and other experiments to be described in the Results section. 

RESULTS 

The reaction of [Fe(CN),(N0)]2- with zysteine in the 
pH range 7.5-11.0 gives rise to  an intense red colour which 
develops ' instantaneously ' and then fades gradually. 
The spectrum of the coloured intermediate shows a maxi- 
mum a t  522 nm (see Figure 1). 

The red colour is due to the formation of the adduct 
[Fe(CN),(NO) (SR)I3- [equation (l)] .5-7 The formation 
reaction (1)  is fast, and no kinetic information can be 

[Fe(CN),(NO)l2- + SR- [Fe(CN)5(NO)(SR)]3- (1) 

obtained by our techniques. On the other hand, reaction 
{ 1) behaves as a fast pre-equilibrium and the equilibrium 
constant can be evaluated. 

The primary products of the fading reaction are' [Fe(CN),- 
(NO)]3- and cysteine, as evidenced from the following 
observations. (a) Acid addition to the faded reaction 
mixture gives rise to changes in the colour, following the 
sequence brown - green - blue. The spectral changes 
are shown in Figure 2. These changes correspond to the 
reported behaviour of [Fe(CN)5(NCl)]3- and its protonated 
form [Fe(CN)5(NOH)]2- l1~l2 and are also consistent with 
the observations described below. ( b )  Several cycles of the 

form red __t blue + red can be achieved. (c) By 
repeatedly adding cysteine to  slightly alkaline [Fe(CN),- 
(N0)]2- solution, repeated development of colour is 
observed, as shown in Figure 3. In this way, taking due 
precaution to maintain adequate aeration, up to 10 mol 

H+ OH- 
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of cysteine can he made t c  react per mol of nitroprusside. 
These colour changes are not observed in the reaction of 
[Fe(CN)5(OHa)]3- with cysteine.13 Thus, Scheme 1 can be 
postulated for the reaction. ( d )  ' Brown ' {[Fe(CN),(N0)I3-} 

On the other hand, the rate of disappearance of colour is 
only slightly sensitive to pH;  see Table 2 .  There seenis to 
be a decrease in the rate a t  pH values between 8.6 and 8.9, 
the origin of which is not clear. 

SCHEME 1 

species suffer an ageing process causing changes in the time 
scale of formation of the blue species. Further exyerimentd 
work on this process is in progress, and will be reyortccl in- 
dependently. ( e )  The i.r. spectrum of the solid phase 
appearing when large amounts of cysteine have reacted was 
identical to the spectrum of pure cystine. 

PH Dependence.-Below pH 7.5 the colour i s  barely 
observable. Tn the range 7.5--1 1 . 0 ,  the estrapo1;ttetl initi;il 
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FIGURE 1 Spectral changes with time in the reaction mixture of 

[Fe(CN),(NO)la- and cysteine : (a)  unbuffered solution, initial 
pH ca. 8.9; (b)  buffered solution, pH 8.9. Spectra are num- 
bered in sequential order ; time interval between consecutive 
spectra was of the order of some minutes 

value of the absorbance of identical solutions varies as 
shown in Figure 4. The sigmoicl curve shows its inflection 

Jn Table 1, first-orcler experimental rate constants I Z , , ~ ,  7 

~'eritac3ranonitrc~s_Illfpvvatp( 2 - ) Jo?t ilepenclence .-\C'hen 
--tl(ln[A - A c o ) / ( A , ,  -- A , ) ] ) / &  are presented. 
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FIGURE 2 Spectral changes with addition of acid to reaction 
mixtures of [Fe(CN),(N0)]2- and cysteine. Curves 1 to 5 
represent increasing amounts of acid added to the mixture 

the concentration of [Fe(CN) 5(N0)] 2- is increased a t  constant 
cysteine concentration, the extrapolated initial absorbance 
value increases, until a ' saturation ' value is obtained when 
the ratio of complex ion to cysteine reaches a value of ca. 300 
(at pH 8.9).  On the other hand, 
the first-order heq. for the fading reaction does not show 
any dependence on the complex-ion concentration, as 
shown in Table 2. No second-order path is substantiated 
by our data (cf. ref. 7) .  

This is shown in Figure 5.  

point at pH GU. 9.1. Cysteine Dependence.-The cysteine concentration affects 
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TABLE 1 
Rate constants (he,.) at various pH values. [HSR] = 

5 x rnol dm-3, [Fe(CN),(NO)2-] =z 2.5 x mol 
tlm-3, I = 1.5 in01 dmd3 (NaCl), T = 298 K 
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FIGURE 3 Absorbance changes with time at 522 nm and pH 8.9; 
[Fe(CN),(N0)2-] = 2.5 x mol d ~ n - ~ ;  5 mg cysteinc was 
added at the times with sharp absorbance changes 

the formation of [Fe(CN),(NO) (SR)I3- in a similar fashion. 
However, i t  effects the fading reaction in a more complex 
way. At low cysteine to complex-ion concentration ratios 
the pseudo-first-order rate constant obtained is independent 
of cysteine concentration, but at high values (10 : 1-50 ; 1) 
the pseudo-first-order rate constant increases linearly 
with cysteine concentration, as shown in Table 2. Con- 
sequently, the fading is very fast and the colour barely 
detectable. 

Cyanide Ion Dependence.-The influence of cyanide-ion 
concentration on is shown in Figure 6. The changes 

I 

8 10 12 

PH 
FIGURE 4 pH dependence of the extrapolated initial absorbance 

at 522 nm; [Fe(CN),(N0)2-] = 2.5 x rnol clm-3; original 
[cysteine] = 5.0 x 10-4 mol dn-3 

PH 
8.00 
8.39 
8.64 
8.89 
9.39 
9.67 

10.32 
11.02 

1O3keW./s-' 
3.61 
4.07 
4.17 
2.50 
2.22 
2.05 
2.85 
2.55 

brought about by cyanide are not purely kinetic; the 
spectrum of the reaction mixtures shows, upon cyanide 
addition, increased absorbance in the short-wavelength 
region [probably diie to iiexacyanoferrate(4-)]. Also the 

10Z[Fe(CN)5(NO)2-l I mol d ~ n - ~  

FIGURE 5 Change of extrapolated initial absorbance at 522 nm 
with [Fe(CN),(N0)2-]; original [cysteine] 1 5.0 x lo-' mol 
dm-3; pH = 8.9 

capacity to process a large excess of cysteine is largely 
diminished, pointing to the formation of different iron- 
containing products. 

The Role of Oxygen.-When the ratio of cysteine to nitro- 
prusside is sufficiently low (<0.01 : l) ,  the influence of 

TABLE 2 
Rate constants (Jzexp.) a t  various cysteine and complex-ion 

concentrations; I = 1.5 mol dm-3 (NaCl), pH = 
8.0, T = 298 K 

[HSRII 
mol dm-3 

1 03ke,p./ 
s-' 

5 x 10-4 2.5 x 10-3 4.22 
5 x 10-4 7.5 x 10-3 2.64 
5 x 10-4 1.3 x 2.80 

5 x 10-4 3.8 x 3.05 

5 x 10-4 6.3 x 3.05 

2 x 10-3 2.5 x 10-3 3.92 
4.06 

3 x 10-3 2.5 x 10-3 4.50 
3.30 * 2.5 x 

3.5 x 10-3 2.5 x 10-3 3.26 
3.75 x 10-3 2.5 x 10-3 3.78 

[Fe(CN),(NO) 2-1/ 
mol dm-3 

5 x 10-4 2.5 x 2.82 

5 x 10-4 5.0 x 3.47 

5 x 10-4 7.5 x 10-2 3.34 

2.5 x 10-3 2.5 x 10-3 

3 x 10-3 

5 x 10-3 2.5 x 10-3 10.0 
1 x 10-2 2.5 x 10-3 19.6 

1.5 x 2.5 x 10-3 26.7 
2.5 x 2 0 - 2  2.5 x 10-3 50.0 

* Air was not excluded. 
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TABLE 3 
Rate constants (kexp.) in aerated and anaerobic conditions 

1 = 1.5 a t  various cysteine to nitroprusside ratios; 
niol dm-3 (XaCl), pH = 8.9, T = 298 K 

103ke,,/s-1 

Aerated Anaerobic 
solutions conditions 

[HSRI/ 
[Fe (CN) (NO) '-1 

8 x 10-3 3.32 3.34 
2 x 10-2 3.47 4.22 

1.2 3.30 4.50 
10 48.3 50.0 

oxygen is kinetically not noticeable ; the same situation 
arises when the ratio is sufficiently high (> 10 : 1). In the 
intermediate range, however, oxygen quenches the rate 
of colour disappearance, as shown in the comparative studies 
included in Table 3. 

I 16 

I I! 

c 

'Ul 
\ 

Q X 

10-3[CN-l lmol  dm-3 

Changes of the first-order rate constant kexp.  with 
cyanide-ion concentration; [Fe(CN),(NO)Z-j = 1.5 x mol 
dmV3; [cysteine] 3 5.0 x mol dm-3; pH = 8.9. Broken 
curves represent the different ternis in the rate law, the solid 
curve the total calculated change (see text), and individual 
points are experimental values 

FIGURE 6 

DISCUSSION 

Formation of the Red Species.-Several experiments 
indicate that the red.species is formed through an equili- 
brium reaction between pentacyanonitrosylferrate(2 -) 
and cysteinate anion (see refs. 5-7). Thus, maximum 
values for the extrapolated initial absorbance are attained 
only at  pH values higher than 10.5, and with a large 
excess of one of the reagents. Due to the reaction of 
cysteine with the red species, this is best seen at  high iron 
concentrations, a 300-fold excess over cysteine being 
required to yield values which are independent of the 
concentration of reagents. The typical sigmoid curve 
(Figure 4) reflects the competition for cysteinate between 

the metallic moiety and H+; the equilibrium character- 
istic of reaction (1) is depicted in Figure 5. From the 
slope of the plot of the inverse iron concentration 
against the inverse absorbance (A- l )  at  constant cysteine 
concentration (Figure 7) ,  the equilibrium constant K = 

l$- I 
9 1  

-0 6 

0 5  10 15 20 

A -' (arbitrary units) 

Relationship between inverse iron concentration FIGURE 7 
and inverse absorbance. For further data, see Figure 5 

[Fe (CN ) (NO) (SR) 3-] / [ Fe (CN), (NO) -1 [ HSR] can be cal- 
culated to be 56 dm3 mol-l. Combining this with data 
from Figure 4, it is estimated that K' = [Fe(CN),- 
(NO)(SR)3-]/[Fe(CN)5(N0)2-][SR-] = 145 dm3 mol-l. 
In order to obtain this figure, an apparent pK, value of 
9.1 was used for cysteine (see Figure 4); the literature 
value for the second pK, is 8.33; l4 our attempts to 
demonstrate through potentiometric titrations that in 
our media this value was shifted to 9.1 did not succeed, 
but it was still felt that 9.1 was the best value to use in 
our (approximate) calculations. 

In a similar way, the molar absorption coefficient of 
the complex can be calculated to be ca. 1 x lo4 dm3 
mol-l cm-l. 

The bond between cysteine and the NO ligand pro- 
bably occurs via nitrogen, in view of previous data for the 
analogous reaction with SH-.6 

Fading of the Red S$ecies.-In the reaction of SH- with 
the NO group,6 it has been postulated that hydrogen- 
atom migration in the intermediate gives rise to the 
lie-N(S)O arrangement, which in turn may give rise 
to Fe-SNO. The absence of a hydrogen atom on the 
sulphur of cysteine precludes the occurrence of this 
pathway, and in its place a simple electron-transfer 
reaction seems to be operative, giving rise to [Fe(CN),- 
(NO)I3- and cystine. 

The reactions of photolyzed nitroprusside with thio- 
cyanate and thiourea give rise to analogous c01ours ,~~~ 
and a different reaction scheme (Scheme 2) has been 
postulated to explain these, involving equations (2)-(5). 

The experiments performed by adding successive small 
amounts of cysteine show that pentacyanonitrosyl- 
ferrate(2-) is consumed only slowly, and therefore, in 
our medium, Scheme 1 is a better representation of the 
course of the reaction. 
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In particular, the gross stoicheiometry of the fading 
In oxygen-free reaction seems to be as in reaction (6). 

Alkaline medium 

[Fe(CN),(N0)j2- + 2 0 H -  [Fe(CN),(NO,)]*- + H,O (2) 
[Fe(CN),(NO,)l4- $- H,O --+ [Fe(CN),(0H,)I3- + NO,- (3) 

[€;e(CN),(CjH,)]3-- -% [Fe(CN),(OH,)I2- 
[Fe(CN),(OH,)J2- + SC(NH,), 

[Fe(CN),(SC(NH,),)]2- --+ Iron(rr) products + sulphur 

Acidification 

[Fe(CN),{sC(NH,),>]”+ H2O (4) 

oxidation products (5) 
S C H E M E  2 

solutions, the kinetic behaviour indicates that many 
competing pathways are operative in the mechanism of 
this reaction. When the concentration of iron is in 

2 [Fe(CN),(NO)(SR)]3- - 
excess, pseudo-first-order behaviour is observed (see 
‘Table l ) ,  but cyanide ion produces a remarkable and 
noticeable effect. The data in Figure 6 can be repre- 
sented by equation (7) with k ,  = 8.0 x 

2 [Fe(CN)5(NO)]3- + RSSR (6) 

mol dm 

(7) 

s l, Fz, = 1.8 x s-1, and k ,  = 1.2 x dm3 mol-l 
s l .  In this rate law, k, represents a simple intra- 
molecular electron-transfer reaction, by which an elec- 
tron mainly located on cysteine is transferred to a metal- 
centred orbital. On the other hand, the path involving 
the inverse cyanide concentration probably represents a 
route by which two metal complexes are brought 
together in an activated complex through the prior loss of 
cyanide ion ; its occurrence is rather unexpected under 
our conditions of a large excess of [Fe(CN),(N0)l2-. 
The dimeric species must be formed from one inter- 
mediate and one unreacted [Fe(CN),(N0)j2- molecule ; 
this is in agreement with our observed first-order kinetic 
behaviour. Our data also imply that the dimer decom- 
poses by a simple intramolecular electron-transfer 
reaction, but with a much higher rate constant than that 
of the monomer, The influence of cyanide ion had been 
previously de~cr ibed ,~  but in our study no indication of 
second-order kinetics was found, ruling out the possi- 
bility of two RS- groups interacting in the activated 
complex. 

The occurrence of a cyanide-enhanced path is novel; 
for this term we postulate a secondary reaction involving 
the aquation of co-ordinated NO(SR) , assisted by cyanide 
through the well known dependence of the rate of release 
of ligands from [Fe(CN),L]n- on the concentration of 
incoming ligand.15 This path, if the hypothesis is 
correct, should give rise to [Fe(CN),I3- as the main 
reaction product, and no catalytic oxidation of cysteine 
should be observed. In good agreement, in high cyanide 
concentrations, the phenomenon described in Figure 3 
is quenched to a high extent. No direct unambiguous 
observation of hexacyanoferrate(4 --) could be made, 
however. 

In  excess of cysteine, direct attack [reaction ( S ) ]  is 
observed. Electron spin resonance spectra of the 

[Fe(CN),(NO) (SR)I3- + SR- -+ 

aerated solutions, in accord with previous e ~ i d e n c e , ~  did 
not show any signal. 

Collecting all the evidence described, the following 
reaction pathways (Scheme 3) seem feasible for the fading 
reaction (C represents the coloured species). 

[Fe(CN),(N0)l3- + other products (8) 

C k,_ [Fe(CN),(NO)j”- + 5RSSR 

C -& [Fe(CN),(NO)(SR)j3- -t CN- 
K I... 

[Fe(CN),(NO)I3- + +KSSR (K, = 1 ? ~ ’ 1 < ~ )  

C + CN- -% [Fe(CN),I3- + products 

C + SR- -& [Fe(CN),(N0)I3- + products 
SCHEME 3 

k 

In the presence of sufficient oxygen, nitroprusside is 
regenerated in a fast step, and the gross stoicheiometry of 
the overall process is shifted towards a catalyzed cysteine 
oxidation. When [cysteine] /[nitroprusside] is low, the 
rate constant is not noticeably affected (see Table 3) but 
when larger amounts of cysteine are present the rate is 
lowered, until even at  higher cysteine concentrations 
both the rate constants become equal again. 

In the low cysteine concentration range, effectively 
100% of the ligand is complexed, and the rapid re- 
oxidation of the metallic complex does not alter the 
kinetic behaviour ; at  higher cysteine concentrat ions, 
two opposing factors influence the value of keup.; the 
direct attack by cysteine becomes increasingly important, 
and the coloured species is regenerated through equili- 
brium (1) as the fading reaction proceeds. Experiment- 
ally, the rate constant remains roughly constant, until 
direct attack by cysteine predominates. In this inter- 
mediate range, regeneration of [Fe(CN),(NO)12- by 
oxygen will add to this complex picture unless rigorous 
air-free conditions are ensured; therefore, the values for 
kexp. should not be expected to give much information 
in this range. At very large cysteine concentrations, 
traces of oxygen which might have remained in solution 
are rapidly consumed by the system; and during actual 
kinetic measurements rigorous anaerobic conditions are 
established. 
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