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The reaction between N2O?- and RU(NH~)~NO'+ has been studied over the pH range 6-14. In the region around pH 10, reaction 
results in rapid formation of N O  followed by much slower formation of N 2 0  and N,, in relative proportions that vary with pH. 
The use of '5N-labeled trioxodinitrate (-ON1=N20C) shows that N O  derives predominantly from the N-1 atom and N 2 0  derives 
substantially from N-1 but with some admixture of either N-2 or NO+ nitrogen. The minor product N2 appears to be formed 
entirely by self-decomposition of the nitrosyl complex. There is a rapid initial reaction in which free NO is produced, which reflects 
one-electron oxidation of Nz03,- by the NO+ group of R U ( N H ~ ) ~ N O ~ +  and is interpreted as resulting in a complex of Ru(I1) 
containing radical N O  and NO' from trioxodinitrate. This species then rearranges in a relatively slow process to form a yellow 
complex (A,,, = 350 nm), accompanied by release of N 2 0 .  This reaction is first order in complex but independent of trioxodinitrate 
concentration. It is postulated that it proceeds via an intermediate Ru"'(NO-)(NO') species, formed via internal electron transfer, 
and that the final yellow species is a Ru(II1) complex. The plot of k ,  vs. pH is be!l-shaped, corresponding to rate-controlling 
protonation equilibria involving species with pK, values of 7.2 and 12.2. 

The decomposition of t r ioxodini t ra te  in aqueous solution is 
affected by nitrite in a pH-dependent manner.2 At pH 1 3 ,  added 
nitrite causes a reduction in the  decomposition rate, showing tha t  
the initial cleavage of HN203- into HNO a n d  NO2- (eq 1 and 
2) is reversible, a s  has  been confirmed by 15N studies.) S ince  

0- H '0 

HNO + HNO - N,O + H20 ( 2 )  

this eliminates the possibility of direct N=N bond cleavage, it 
was  proposed2 and recently shown4 t h a t  tautomerizat ion (eq 1 )  
is a rate-controlling precursor to N-N single bond cleavage in 
which HNO a n d  NO,- are formed. Further evidence has been 
reported in studies of t h e  reaction between trioxodinitrate a n d  
hemoglobin, in which case an interpretation5 suggesting tha t  NO 
and HNO, are primary cleavage products has been d i s p r o ~ e n . ~ , ~ ~  
At pH 5 3 ,  nitrite is responsible for a free-radical chain reaction 
t h a t  yields NO as t h e  exclusive gas product. Distinct ra te  laws 
have been found to hold at different temperatures  for this  
H N 0 2 - c a t a l y z e d  process, t h e  change  occurring at 17 "C a t  pH 
3.90 a n d  a t  7 O C  a t  pH 3.05.2 The low-temperature  process 
exhibits nearly zero activation energy. 

This study was undertaken because the cation R u ( N H ~ ) ~ -  
(NO)3+ acts as an agent  of nitrosation toward a range  of nu-  
cleophile~~ and appeared to offer opportunity to study the NO- 
producing nitrosation process a t  relatively high pH, i.e. under  
conditions a t  which trioxodinitrate chemistry is less complex than  
at low pH. The ruthenium nitrosyl cation is converted into a nitro 
complex under alkaline conditions, in an equilibrium process tha t  
has been characterized.'O 

Experimental Section 
Na2N2O3, prepared from C 3 H 7 0 N 0 2  and NH20H,  displayed a value 

e = 8300 cm-' M-I, identical with the literature value." The complex 
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Table I. Gas Products of the N2092--Ru(NH?)5N03+ Reaction" 
pH buffer I / M  % N 2  % N O  ?k N 2 0  nN20:nN0 

I .  [N20,*-] = [RuNO-''] = 1.0 X M . . . .  . 
5.53 acetate 2.8 7.5 90.0 12.0 
9.75 borate 5.3 40.2 54.5 1.4 

11.1 NaOH 18.9 45.6 35.5 0.8 
14.0 NaOH 1.0 20.4 22.0 57.6 2.6 

2. [N2032-] = 2.0 X lo-' M; [RuNO"] = 1.0 X lo-' M 
5.53 acetate 0.25 3.2 9.1 87.7 9.6 
9.75 borate 0.25 5.6 45.0 49.4 1.1 

10.85 borate 0.25 7.8 32.0 60.2 1.9 
12.00 NaOH 0.25 9.8 56.4 33.8 0.6 
13.00 NaOH 0.25 14.2 46.0 39.8 0.9 
14.00 NaOH 1.0 21.7 25.i 53.1 2.1 

M 
6.21 acetate 9.3 
7.48 acetate 2.8 
9.02 borate 1.3 
9.80 borate 1.3 

10.9 borate 1.5 

3 .  [N20S2-] = 1.0 X lo-' M; [RuN03+] = 1.0 X 

"Conditions: T = 25.0 OC; reaction time 180 min. 

[ R U ( N H ~ ) ~ N O ] C ~ ~  was prepared by a literature method', and charac- 
terized by elemental analysis. Other reagents were of the best available 
grade. 

Kinetic runs, carried out under Nz, were initiated by addition of a 
solution of [ R u ( N H ~ ) ~ N O ] C I ,  to a solution containing all other com- 
ponents, at 25 OC and with Na2N203 usually in excess. Samples with- 
drawn at measured times were run into known volumes of 4 M NaOH, 
and optical densities were measured at  365 nm (Unicam SP6-550 spec- 
trophotometer). A few runs were initiated by injection of Ru complex 
solution through a rubber cap and followed directly in 1-cm quartz cells 
a t  350 nm to monitor formation of a reaction product in the range pH 
8.05-9.05. Ionic strength control was maintained by using NaC104. 

Gas products were analyzed by employing a vacuum-line-interfaced 
GC system,I3 using CF4 as internal reference, and with mechanical vi- 
bration in time dependence studies.I4 N a 2 0 I 5 N N O 2  and 
Na20N15N0215J6 were employed in tracer experiments, with mass 
spectrometry carried out on an AEI MS-30 instrument (Stony Brook 
Mass Spectrometry Facility). 
Results 

A t  equimolar  concentrations (0.02 M) reaction between tri- 
oxodinitrate and RU(NH,)~(NO)~+ exhibits vigorous gas evolution 
that  is most pronounced a t  p H  - 10, and  development of a yellow 
color in t h e  solution, character ized by A,,, = 350 nm.  A t  p H  
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Table 11. Time Course of Gas Evolution for the N,O,*--RU(NH,)~(NO)~~ Reaction" 
I .  1o5nO(Ru) = 2.10; ~ o ~ ~ , ( N ~ o ~ ~ - )  = 6.50 

t lmin 3 10 17 35 45 60 90 120 4320 
1 0 5 4 ~ 0 )  1.98 1.98 2.01 1.69 1.65 1.67 1.71 1.68 1.72 
i o 5 n ( ~ , 0 )  0.51 0.79 0.94 0.96 1.17 1.15 1.87 2.16 3.29 
1 Osn,(total) 3.00 3.56 3.89 3.61 3.99 3.97 5.45 6.00 8.30 

2. 1 o 5 n O ( ~ u )  = 2.54; ~ O ~ ~ ~ ( N ~ O , ~ - )  = 15.79 
t/min 10 17 
1 0 5 n ( ~ 0 )  2.69 2.69 
1oSn(~ ,O)  1.75 2.15 
1 o5nN( total) 6.19 6.99 

"Conditions: T = 25 OC; pH 9.7, borate buffer. 
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Figure 1. Maximum values of optical density for production of the yellow 
ruthenium complex (A,,, = 350 nm) at 25 OC and various pH levels. 

<9.8 the yellow color is stable, although the extent of its formation 
(Figure 1) decreases with decreasing pH. At pH >9.8 the color 
decays with time, and it is not observed at  all at pH >11 .  This 
behavior was found to be independent of buffer type and con- 
centration. 

Gas products were identified to be NO, N 2 0 ,  and N2. Details 
of their formation are shown in Table I and Figure 2, where it 
is seen that the percentage of N O  passes through a maximum and 
that of NzO a minimum, at about pH 10. The ratio nN20:nN0 is 
110 at  pH 5.5 and displays a minimum value <1 in the range 
pH 11-12 under equimolar and 2:l stoichiometries. Dinitrogen 
is a relatively minor product, whose appearance can be attributed 
to the known self-decomposition of R u ( N H , ) , N O ~ + . ' ~  

Data on the time course of gas evolution (Table 11) show that 
formation of N O  is complete within the first 3 min, while NzO 
is produced more slowly; a subsequent small decline in nNO 
probably results from reaction with the Ru complex. In these 
experiments, with N2032- in excess, N O  is produced in approx- 
imately 1:l ratio with the consumption of R u ( N H ~ ) ~ ( N O ) ~ + .  For 
an overall 1:l stoichiometry, assuming that all N atoms of N2O3'- 
and NO+ appear among the gas products, the maximum pro- 
duction of gas-phase N should be 3no(Ru). In the observed gas 
production this value is exceeded, showing that some of the NzO 
is produced by self-decomposition of N2032-, an effect that is 
enhanced by increased excess of N2O3'- (experiment 2, Table 11). 

Mass spectrometric data on the gas products of reaction between 
RU(NH,),(NO)~' and N2032- labeled in each of the two non- 
equivalent nitrogen positions (Table 111) show that at pH 9.8 the 
N O  product derives predominantly from the N-1 position of 
trioxodinitrate, with a small admixture from N-2, and that N 2 0  
derives largely from N-1, but with a small contribution from N-2 

(17) Bottomley, F.; Clarkson, S .  G . ;  Kiremire, E. M. R. J .  Chem. SOC., 
Dalton Trans. 1975, 1909. 
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Figure 2. Dependence of gas products of the N2032--Ru(NH3)5(NO)3+ 
reaction upon pH. 

Table 111. Mass Spectrometry of Gas Products of Reaction with 
I5N-Labeled Trioxodinitrate" 

m l e  % % 
PH ~ I ~ , , : ~ I ~ ~ ~ ~ z -  46 45 44 '~N(N,o) ' ~N(NO)  

1. RuN03* + -015NN02- 
9.8b 1:l 0.431 0.503 0.066 68.3 91.6 
9.8 1:2 0.488 0.467 0.045 72.1 86.0 
7.1' 3:1 0.646 0.346 0.008 81.9 
7.1 1:l 0.768 0.227 0.005 88.1 
7.1 1:3 0.788 0.207 0.005 89.1 

2 .  RuN03+ + -ONI5NO2- 
9.8 1.2 0.003 0.115 0.882 6.1 4.0 

"Conditions: T = 25.0 OC; reaction time -8 h; 95.0% I5N. bBorate 
buffer. 'Phosphate buffer. 

that is not large enough to account for the remaining nitrogen. 
Accordingly, N 2 0  must also derive in part from the NO+ group 
of the Ru complex. The results at pH 7.1 show a higher proportion 
of N-1 nitrogen in the N 2 0  product and an increasing 15N content 
with increasing N2032- concentration, reflecting the expected effect 
of self-decomposition. The near-randomness of isotopic distri- 
bution in N20 supports an assumption that this product is formed 
predominantly by dimerization of a monomeric species, i.e. H N O  
or NO-. Reliable measurements of the I5N content of N O  pro- 
duced at  the lower pH 7.1 were not available because of small 
sample size and difficulty of separation. Similarly, although 
measurements indicated an apparent minor content of N-1 ni- 
trogen in N2, it is entirely attributable to a small inclusion of 
unseparated NO, and we are confident that self-decomposition 
of R u ( N H ~ ) ~ ( N O ) ~ +  is the essential sole source of this product. 

Kinetic studies were carried out a t  25 OC, usually at ionic 
strength 0.25 M and with N2032- in stoichiometric excess. The 
rate of reaction was found independent of buffer type and con- 
centration and only slightly affected by variation of ionic strength. 
Measurements were made by running reaction samples into 4 M 
NaOH, with the objective of converting the unreacted nitrosyl 
complex into the nitro form and measuring its concentration by 
using the known absorption at 365 nm. However, it was subse- 
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Table IV. Measured First-Order Rate Constants for the 
N2032--R~(NH3)5(N0)3t Reaction" 
DH 1O2[Nz0,*-] /M 104[RuN03'] /M 1O3kl/s-l 

10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
5.6 
6.37 
6.80 
7.38 
8.21 
8.91 
9.74 
10.9 
11.2 

7.31 
7.98 
9.01 
10.1 
11.1 
12.5 
14.0 

a T = 25.0 "C 
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Figure 3. Dependence of k ,  upon pH: circles, I = 0.25 M; squares, I = 
1.0 M. 

quently realized that the initial, NO-producing reaction occurs 
rapidly and that the kinetic measurements as carried out must 
relate to a subsequent, slower reaction of a second Ru complex 
(which we designate species A) that forms along with NO. This 
species must still contain an NO+ group, because it is converted 
reversibly in alkali to a species showing the absorption charac- 
teristic of a nitro complex. Species A then rearranges to give the 
yellow compound absorbing at 350 nm (which we designate species 
B) and NzO. Species B does not rearrange in alkali to give a nitro 
complex. 

Rigorously linear plots of log A365 vs. time were obtained, 
showing the reaction to be first order in R u  complex. Measured 
values of the rate constant kl  (Table IV) were found independent 
of both Ru complex concentration and [N2032-]. The latter 
observation confirms that the observed kinetics relate to rear- 
rangement of a Ru complex and not to reaction with trioxodi- 
nitrate. The pH dependence of kl (Figure 3) exhibits a maximum 
at  about pH 10, and the bell-shaped plot suggests rate-controlling 
protonation equilibria characterized by pK, values of about 7.2 
and 12.2. The reaction rate is only slightly increased by increasing 
ionic strength. 

The process characterized by kl  exhibits a pH-dependent lag 
phase (see Figure 4). At pH 5.6 the onset of reaction is delayed 
by 7 min, but the lag time decreases with increasing pH until a t  
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Figure 4. Dependence of lag time for onset of reaction upon pH ( T  = 
25 "C) .  

pH 8 the reaction begins immediately upon the mixing of reagents. 
At pH >10 the lag phase reappears and increases with pH. The 
pH-dependent lag phase may be accounted for by assuming an 
NO-producing reaction that is slower at pH values other than those 
around 10. Direct monitoring of the formation of the yellow Ru 
complex product species B at  350 nm also shows the presence of 
a lag phase at  certain pH values and a pH dependence of rate 
constant similar to that shown in Figure 3. 

Unsuccessful attempts were made to isolate species B as a solid. 
Although stable in acidic solution, the yellow color is lost when 
a solution at  pH 8 is made alkaline. The color reappears when 
the pH is restored to 8, but not quantitatively, in agreement with 
its known instability a t  high pH. 

The reaction sequence eq 3 and 4 is consistent with the evidence 
described above. Equation 4 includes the possibility that con- 

(3) 
fast 

R u ( N H ~ ) ~ ( N O ) ~ +  + NZO3'- - species A + N O  

(4) species A - X slo\u- species B + NzO 

version A - B may proceed via an intermediate species X. While 
trioxodinitrate consists of HN203- and N203'- in varying pro- 
portions over the pH range studied, the kinetics results give no 
information concerning which if not both of these species is the 
reactive participant. 
Discussion 

The reaction of N20?- with R u ( N H ~ ) ~ ( N O ) ~ +  probably occurs 
via ion-pair formation, followed by attack of the nitrosyl group 
on trioxodinitrate. The rapid production of N O  is consistent with 
a one-electron oxidation of trioxodinitrate accompanied by cleavage 
of its N=N bond. It is known that Ru(NH&(NO)~+ is sus- 
ceptible to one-electron reduction to form RU(NH,),(NO)~+, in 
which radical N O  is coordinated to RU(II ) . '* -~~ Similar ob- 
servations have been made in the case of Fe(CN)5(N0)3-.21 The 
compound RU(NH,)~(NO')~+ has a lifetime of seconds,1g but other 
N O  radical complexes of Ru(I1) are much more stable.20 Re- 
duction of the NO+ group in R U ( N H ~ ) ~ N O +  thus appears the 
most likely source of N20?- oxidation, and it is therefore ap- 
propriate to suggest that species A contains an N O  radical. It 
must also contain either an NO+ group or a group that can be 
readily converted to NO+, since species A is known to be reversibly 
converted to a nitro complex at  high pH. The most likely origin 
of this group is the nitrite fragment released upon one-electron 
oxidation of trioxodinitrate. The process characterized by k ,  is 

k i  

(18) Armor, J. N. Znorg. Chem. 1973, 12, 1959. 
(19) Armor, J. N.; Hoffman, M. Z .  Znorg. Chem. 1975, 14, 444. 
(20) Callahan, R. W.; Brown, G. M.; Meyer, T. J. J .  Am. Chem. SOC. 1975, 

97, 894. 
(21) Oosterhuis, W. T.; Lang, G. J .  Chem. Phys. 1969, 50, 4381. 



Inorg. Chem. 1987, 26, 2440-2444 2440 

Scheme I 

tl 1 

. -  

Species A 

I I  II 
I 

12 21 
(NNO + NNOl 

t d e c o m p o ~ e s i  l N N O  + INNO) 
1 1 

then one in which species A must rearrange to form yellow species 
B, with simultaneous production of N 2 0 .  While our evidence is 
not sufficient to determine the detailed nature of this process, we 
speculate that an intermediate Ru(II1) species containing NO- 

may form by internal electron transfer and that loss of NO- then 
leads to release of N 2 0 .  While we have not succeeded in iden- 
tifying species B, we note that it should be a Ru(II1) complex, 
that we know it to be unstable in alkali, and that while the com- 
position of its assumed precursor suggests that it may contain an 
NO' group, it does not analyze as a nitro complex. 

The pH dependences of product distribution and kl  may be 
explained in part by the conversion of pentaamminenitrosyl- 
ruthenium(I1) cation to the nitro species. This species would be 
unable to oxidize trioxodinitrate, so that as pH is increased, the 
rate of N O  production would be expected to fall and the rate of 
conversion A - B to decrease as the fraction of complex present 
in the active form decreases. The apparent pK value 12.2 obtained 
from the pH-k, plot is consistent with the known pH dependence 
of the formation of nitro complex. We have not succeeded in 
identifying a protonation equilibrium associated with the apparent 
pK value 7.2 obtained at the low-pH end of the kl-pH plot, which 
may indicate the presence of a competing reaction. 

The interpretations described above are summarized in Scheme 
I. It accommodates the evidence for production of N O  from 
trioxodinitrate atom N-1 and for formation of some N,O from 
N-1 (via NO- produced in self-decomposition) in combination with 
a second N atom, whose origin is partly N-2 and partly NO'. The 
N-2 and NO+ nitrogen atoms become equivalent in Scheme I .  

Finally, we call attention to the fact that the key step in this 
mechanism consists of an attack by the ruthenium-bound NO+ 
group upon trioxodinitrate that results in rapid cleavage of its 
N=N bond. This feature is consistent with previously presented 
evidence that the catalytic cleavage of trioxodinitric acid to yield 
N O  is initiated by H N 0 2  nitrosation., 
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ESCA spectra have been recorded for a series of Ru" and Ru"' ammine complexes of general formula [(NH3)SRuL]X, (X- = 
PF6-, Cl-). Binding energy regions of the CIS, R U ~ ~ , ~ ,  Ru3d5,2, and RujpV2 photopeaks were studied. Binding energies were 
determined by using nonlinear-least-squares curve fitting. A equal to the binding energy difference for (CIS - RuYJ has been 
used to assign a fractional increase in charge at the Ru" center when L = a series of *-acceptor ligands: N-methylpyrazinium 
(CH3pz+), CO, dimethyl acetylenedicarboxylate ester (dmad), CO, pyrazine (pz), pyridine (py), and CH3CN. Authentic Ru" 
and Ru"' oxidation states were assumed for [R~(en)~]ZnCl.,, A = 5.1 eV, and [Ru(NH,)~]C~,, A = 2.5 eV, respectively. The 
*-acceptor order and effective Ru oxidation state were determined to be as follows: CH3pz+, 3.01 > CO, 2.88 > dmad, 2.73 > 
pz, 2.51 > CH3CN, 2.31 > py, 2.20. A was also found to be linear in the value of E I j z  for the (NH3)SRuL3+/2+ couple. *-Donor 
ligands exhibit little influence on A for Ru'I' derivatives; A = 2.4 & 0.1 eV for 3,5-dimethylpyrazole, 4-(dimethylamino)pyridine, 
and 4-aminopyridine 

Introduction 
Electron spectroscopy for chemical analysis (ESCA) is a 

technique that is used to determine the binding energies of core 
electrons. The binding energy is dependent not only on the given 
core level and atom of interest but also on initial- and final-state 
effects. Changes in the initial-state charge of the atom give rise 
to a small but measurable chemical shift. In addition, the fi- 
nal-state relaxation energy contributions, caused by screening of 
the core hole created by photoemission, give rise to considerable 
absolute binding energy shifts. If one assumes that relaxation 
energy contributions are constant in a series of similar compounds, 
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then ESCA data can be approximately correlated with effective 
changes in oxidation state for the atom of interest and with the 
charge-transfer electron distributions. Previous work includes 
studies with platinum complexes,' ruthenium c o m p l e x e ~ , ~ * ~  
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