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Oxidative Homolysis of a Nitrosylchromium Complex
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Introduction

Nitric oxide is recognized as an essential agent in a number
of physiological processes that play a role in blood pressure
regulation, neurotransmission, and immune response.[1–6]

Understanding the mechanism of action of NO in vivo, and
the design of NO delivery compounds[7–9] as drugs for the
treatment of NO-imbalance diseases requires detailed
knowledge of mechanistic chemistry of NO and NO-con-
taining compounds. As a result, a large number of insightful
mechanistic studies of the binding and release of NO by
transition-metal complexes and other substances have been
carried out.[3,10–12] Among metal complexes, iron–porphyrins
have received most attention,[11,13,14] but non-porphyrin com-
plexes of a number of metal ions have also provided impor-
tant mechanistic data on the formation and chemistry of
metal nitrosyls.[10,12,15–17]

Thermal and photochemical cleavage of a metal�NO
bond, and the low pH-induced dissociation of NO from

NONOates are among the most common ways of generating
NO for chemical and biological purposes. Several other
mechanisms for NO release exist, and it is quite likely that
some of them may be advantageous under some circumstan-
ces. One possibility is oxidative homolysis, that is, oxidation
induced release of NO from a metal nitrosyl. Recently,
Herold and co-workers discovered that the oxidation of ni-
trosyl hemes with peroxynitrite[18] and with nitrogen diox-
ide[19] at a neutral pH generates FeIII hemes and NO. This
chemistry is consistent with the greater lability of FeIII�NO
than of FeII�NO, a pattern that has been established in earli-
er studies.

To the best of our knowledge, only non-metallic oxidants
have been observed so far to induce oxidative homolysis of
nitrosyl complexes. In search of metal-induced oxidative ho-
molysis, and some insight into the relevance of such a mech-
anism in chemical and biological environments, we have
now examined the reaction between metal–polypyridine oxi-
dants and a chromium nitrosyl ion, [CraqNO]2+ .

The metal nitrosyl that we chose for this study has been
known for several decades, although its precise electronic
structure has never been completely established. Arguments
for both CrI ACHTUNGTRENNUNG(NO+) and CrIII ACHTUNGTRENNUNG(NO�) forms have been ad-
vanced. The NO stretch of 1747 cm�1, magnetic moment of
2.2 mB, and the EPR spectrum[20] appear consistent with the
CrI ACHTUNGTRENNUNG(NO+) form.[21] The crystal structure,[22] low substitution
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rates, a pKa of 4.8,
[23] pronounced trans-labilization by coor-

dinated NO,[21] and, most convincingly, the XAS spectrum[24]

are, on the other hand, diagnostic of the CrIII ACHTUNGTRENNUNG(NO�) form.
Ab initio calculations[25] support a 2+ charge on the chromi-
um. Clearly, all the limiting forms are only approximations,
and none represents a completely accurate picture. We rea-
soned that electron-transfer reactions should provide an ad-
ditional angle that would shed more light on the issue of
electronic structure.

In particular, a comparison between superoxo and nitrosyl
complexes should be informative in both kinetic and mecha-
nistic sense. The complex [CraqOO]2+ has been character-
ized spectroscopically and chemically.[26–28] All the data
strongly support the CrIII–superoxide description, as op-
posed to CrII–O2 or Cr

IV–peroxide. We have previously stud-
ied the oxidation of [CraqOO]2+ by metal polypyridine com-
plexes of ruthenium and iron,[29] and will now use these data
as a baseline against which the redox behavior of
[CraqNO]2+ will be gauged. It is advantageous for our pur-
pose that the ligand system is identical in the nitrosyl and
superoxo complexes.

Results

[Ru ACHTUNGTRENNUNG(bpy)3]
3+ as oxidant : Freshly prepared photogenerated

[Ru ACHTUNGTRENNUNG(bpy)3]
3+ reacted rapidly with [CraqNO]2+ in acidic

aqueous solution. The high acid concentration (typically
1.0m) was necessary to slow the spontaneous reduction of
[Ru ACHTUNGTRENNUNG(bpy)3]

3+ . From the absorbance increase at 452 nm, at
which the product [Ru ACHTUNGTRENNUNG(bpy)3]

2+ exhibits a maximum (e=

1.45?104m
�1 cm�1), the stoichiometric ratio D[[Ru ACHTUNGTRENNUNG(bpy)3]

3+]/
D ACHTUNGTRENNUNG[[CraqNO]2+] was determined to be 3.8, close to the ex-
pected ratio of 4.0, Figure S1 in the Supporting Information
and Equation (1).

4½RuðbpyÞ3�3þþ½CraqNO�2þ þ 2H2O! 4 ½RuðbpyÞ3�2þþ
½Craq�3þ þNO3

� þ 4Hþ
ð1Þ

Kinetic traces obtained at 452 nm with [CraqNO]2+ in
large excess were fitted to a single-exponential rate law, and
yielded pseudo-first-order rate constants kobs. A plot of kobs
against the concentration of [CraqNO]2+ is linear with a
slope kCrNO= (283�2)m

�1 s�1 in 1.0m HClO4. A series of ki-
netic runs in 0.24m HClO4 behaved similarly, and yielded
kCrNO= (405�18)m

�1 s�1 (see Figure S2 in the Supporting In-
formation) showing that the reaction exhibits only a mild
dependence on acid concentration and/or ionic strength. Ex-
periments with excess [Ru ACHTUNGTRENNUNG(bpy)3]

3+ were attempted, but the
results proved unreliable because the loss of the oxidant to
background decomposition became quite serious under such
conditions.

A number of considerations, but most notably the 4:1
stoi ACHTUNGTRENNUNGchiometry of Equation (1), suggest that a series of steps
and intermediates, such as NO and HNO2/NO2

�, are in-
volved in the [CraqNO]2+/[Ru ACHTUNGTRENNUNG(bpy)3]

3+ reaction. We decided

to examine directly the potential individual steps to get a
better insight and understanding of the overall mechanism,
as described in the following sections.

The reaction between NO and excess [Ru ACHTUNGTRENNUNG(bpy)3]
3+ was

found to be too fast to measure by conventional spectropho-
tometric methods at several micromolar concentrations of
each reagent. Only a jump in absorbance at 452 nm could
be observed upon mixing of the two reactants. The size of
the absorbance jump was linearly related to the concentra-
tion of added NO, and yielded a 1:1 [Ru ACHTUNGTRENNUNG(bpy)3]

3+/NO stoi-
chiometry. This step was followed by a slower absorbance
increase, Figure 1.

The kinetics of the first, fast step in the [Ru ACHTUNGTRENNUNG(bpy)3]
3+/NO

reaction (jump in Figure 1) were determined with a stop-
ped-flow apparatus with NO in large excess over [Ru-
ACHTUNGTRENNUNG(bpy)3]

3+ . The kinetic traces were exponential, and a plot of
kobs against [NO] was linear (Figure S3 in the Supporting In-
formation), yielding kNO= (1.04�0.02)?106m

�1 s�1.
The rate constant for the slower step in Figure 1 was cal-

culated from the initial rates by assuming first-order de-
pendence on [Ru ACHTUNGTRENNUNG(bpy)3]

3+ and on the product of NO oxida-
tion in the first step, believed to be nitrite ion. The value ob-
tained, (1200�50)m

�1 s�1, is similar to, although somewhat
smaller than that determined independently for the [Ru-
ACHTUNGTRENNUNG(bpy)3]

3+/nitrite reaction in 1.0m HClO4, k=1740m
�1 s�1; see

later. The rather large deviation can be explained by the un-
certainty in concentrations at the zero time for the second
step in Figure 1. The results suggest the sequence of events
described by Equations (2)–(4).

½RuðbpyÞ3�3þ þNO k2
�!½RuðbpyÞ3�2þ þNOþ ð2Þ

NOþ þH2O
k3

k�3

�! �HNO2 þHþ fast ð3Þ

½RuðbpyÞ3�3þ þHNO2=NO2
� k4
�! �½RuðbpyÞ3�2þ þNO2 ð4Þ

The [Ru ACHTUNGTRENNUNG(bpy)3]
3+/nitrite reaction was studied with nitrite

in pseudo-first-order excess. At a constant acid concentra-
tion, the reaction obeyed a mixed second-order rate law, as
illustrated by excellent fits to the exponential rate equation

Figure 1. Kinetic traces obtained upon mixing of 10 mm [Ru ACHTUNGTRENNUNG(bpy)3]
3+ with

NO (4.2 mm, top, 2.6 mm, bottom) in 1.0m HClO4.
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and linear dependence of kobs so obtained against [NO2
�]

(Figure S4 in the Supporting Information). The [H+] de-
pendence of the second-order rate constant is depicted in
Figure 2 as a plot of k versus [H+]�1. The plot is linear with

a slope k�1= (1.02�0.03)?103 s�1 and an intercept k0=

(0.86�0.15)?103m
�1 s�1. The complete rate law is thus given

by Equation (5), in which [NO2
�]tot= {[NO2

�]+ [HNO2]}.
The two forms are related by an acidity constant Ka=6.3?
10�4 [Eq. (6)].[30]

�d½½RuðbpyÞ3�3þ�
dt

¼ ðk0 þ k�1½Hþ��1Þ½½RuðbpyÞ3�3þ�½NO2
��tot
ð5Þ

HNO2 Ð Hþ þNO2
� Ka ð6Þ

The straightforward interpretation of the two-term rate
law associates the k�1 term with the reaction of NO2

�, and
the k0 term with HNO2. The complete rate law for such a
case is given in Equation (7), which reduces to the observed
form in the limit Ka ! [H+]. The parameter k�1 in Equa-
tion (5) is now identified as the product Kak

0
�1, in which

k0�1=1.62?106m
�1 s�1 represents the specific rate constant

for the reaction of the anion NO2
� with [Ru ACHTUNGTRENNUNG(bpy)3]

3+ .

Rate ¼ k0½H
þ� þ k0�1Ka

Ka þ ½Hþ�
½½RuðbpyÞ3�3þ�½NO2

��tot ð7Þ

The rate law in Equation (7) identifies k0 as a bimolecular
rate constant for the HNO2/[Ru ACHTUNGTRENNUNG(bpy)3]

3+ reaction, although
we cannot rule out the possibility that HNO2 reduces [Ru-
ACHTUNGTRENNUNG(bpy)3]

3+ by disproportionation,[31] Equation (8), followed by
the [Ru ACHTUNGTRENNUNG(bpy)3]

3+/NO reaction of Equation (2). From the
available rate constants for the reactions given in Equa-
tions (2) and (8),[31] we estimate that Equation (8), which is
catalyzed by H+ ,[31] contributes only about 25% of the acid-
independent term at 1.0m H+ , and significantly less at lower
[H+] in Figure 2. The direct [Ru ACHTUNGTRENNUNG(bpy)3]

3+/HNO2 reaction

thus appears responsible for the major portion of the k0
term. The observed first-order dependence on [HNO2] and
good fits to exponential rate law when [HNO2]@ [Ru-
ACHTUNGTRENNUNG(bpy)3

3+] also require that the contribution from a second-
order term of Equation (8) be minor.

2HNO2 Ð NOþNO2 þH2O ð8Þ

[Fe ACHTUNGTRENNUNG(phen)3]
3+ as oxidant: The reaction with [CraqNO]2+ was

much slower than the [Ru ACHTUNGTRENNUNG(bpy)3]
3+/ ACHTUNGTRENNUNG[CraqNO]2+ reaction.

The rate constant was evaluated from initial rates using 3–
5 mM [Fe ACHTUNGTRENNUNG(phen)3]

3+ and 0.10–0.40 mm [CraqNO]2+ in 0.10m

HClO4, as illustrated in Figure S5 in the Supporting Infor-
mation. It was necessary to use lower ionic strength (and,
thus, lower acid concentration) to prevent the FeII product
from precipitating. We presume that the [H+] effect on the
kinetics is minor, similar to that established in the [Ru-
ACHTUNGTRENNUNG(bpy)3]

3+ reaction. The data at 0.10m H+ yielded the rate
constant k= (5.8�0.4)m

�1 s�1.
The kinetics of the reaction of [FeACHTUNGTRENNUNG(phen)3]

3+ with NO
(0.050–0.30 mm) were determined by stopped flow measure-
ments, k= (1.12�0.05)?104m

�1 s�1 in 0.10m HClO4, Fig-
ure S6 in the Supporting Information.

The oxidation of nitrite with [FeACHTUNGTRENNUNG(phen)3]
3+ in 0.10m

HClO4 generated kinetic traces that could be fitted to a
single exponential only when the concentration of nitrite
(0.2–1.2 mm) was in excess and much larger than required to
satisfy pseudo-first-order conditions at the typical concentra-
tions of [Fe ACHTUNGTRENNUNG(phen)3]

3+ of 
10 mm. A plot of pseudo-first-
order rate constants obtained under such conditions against
the concentration of nitrite was linear and yielded a second-
order rate constant of (3.24�0.05)?103m

�1 s�1 in 0.10m

HClO4. Assuming that nitrite anion is the exclusive reactive
form at this [H+], then the specific rate constant for the
NO2

�/[Fe ACHTUNGTRENNUNG(phen)3]
3+ reaction is calculated to be 5.14?

105m
�1 s�1. At smaller excesses of nitrite, the apparent rate

constant decreased with time during the course of the reac-
tion in a manner that suggested inhibition by reaction prod-
ucts, as shown in Figure S7 in the Supporting Information.
Indeed, adding external [FeACHTUNGTRENNUNG(phen)3]

2+ to reaction solutions
had a strong retarding effect. A series of experiments was
carried out with 5–10 mm [Fe ACHTUNGTRENNUNG(phen)3]

3+ , 37 mm NO2
�, and 0–

80 mm added [Fe ACHTUNGTRENNUNG(phen)3]
2+ in 0.10m CF3SO3H. (In these ex-

periments, CF3SO3H replaced HClO4 because the latter
caused the iron(II) complex to precipitate at these high con-
centrations.) The first 50 s of each trace was fitted to the
first-order rate law. The approximate pseudo-first-order rate
constants so obtained were divided by the total nitrite con-
centration and plotted against the average [[FeACHTUNGTRENNUNG(phen)3]

2+] in
Figure 3, which clearly illustrates the inhibiting effect of [Fe-
ACHTUNGTRENNUNG(phen)3]

2+ .
The effect of [Fe ACHTUNGTRENNUNG(phen)3]

2+ is easily understood in light of
the reduction potentials of the two couples, NO2

·/NO2
�

(1.04 V versus NHE)[32] and [Fe ACHTUNGTRENNUNG(phen)3]
3+ /2+ (1.06 V).[33] At

0.10m H+ used in this work, and taking Ka for HNO2 as
6.3?10�4m,[30] the equilibrium constant for the reaction
given in Equation (9) is 0.014. The accumulation of [Fe-

Figure 2. Plot of second-order-rate constant for the [Ru ACHTUNGTRENNUNG(bpy)3]
3+/nitrite

reaction against reciprocal acid concentration at 1.0m ionic strength.
[NO2

�]=40–500 mm, [[Ru ACHTUNGTRENNUNG(bpy)3]
3+]=2–10 mm.
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ACHTUNGTRENNUNG(phen)3]
2+ and its inhibiting effect increase with the progress

of the reaction, but the effect reveals itself only in the kinet-
ics. The final product yields are always quantitative because
one of the products, NO2

·, undergoes irreversible dimeriza-
tion/disproportionation and pulls the overall reaction to
completion, Equation (10). Similar retarding effect of the
iron(II) product was observed in the reduction of
[Fe(3,4,7,8-Me4-phen)3]

3+ by nitrite.[34]

½FeðphenÞ3�3þ þNO2
� Ð ½FeðphenÞ3�2þ þNO2 ð9Þ

2NO2

k10

k�10

��! ��N2O4
H2O, k10a
�����!NO3

� þHNO2 þHþ ð10Þ

The behavior of the complex [RuACHTUNGTRENNUNG(Me2-phen)3]
3+ in its re-

actions with [CraqNO]2+ , NO, and nitrite under the condi-
tions of limited [Ru ACHTUNGTRENNUNG(Me2-phen)3]

3+ was similar to that of the
other two oxidants. From the initial rates, Table S1 in the
Supporting Information, the overall rate constant k= (7.4�
0.9)m

�1 s�1 was obtained for the reaction with [CraqNO]2+ .
The plots of the pseudo-first-order rate constants for the re-
actions with NO and with nitrite are shown in Figure S8 and
S9, respectively, in the Supporting Information. All the rate
constants obtained in this work are summarized in Table 1.
Data for the NO reactions with [FeACHTUNGTRENNUNG(phen)3]

3+ and [Ru ACHTUNGTRENNUNG(Me2-
phen)3]

3+ in Table 1 were corrected for the contribution
from the nitrite reaction with the same oxidants. Nitrite is
present at about 0.2 mm level in our stock solutions of NO.
In no case was the correction greater than 4% of the experi-
mentally measured value.

Discussion

ACHTUNGTRENNUNG[CraqNO]2+ is inert toward ordinary oxidants such as molec-
ular oxygen or hydrogen peroxide, but it can be oxidized by
the powerful two-electron oxidants[23] BrO3

� and IO4
�. An

inner-sphere mechanism was proposed in both cases.[23]

The present study shows that [CraqNO]2+ also reacts with
metallic outer-sphere oxidants. All the data obtained in this
work point to a reaction sequence beginning with the rate-
determining one-electron oxidation of [CraqNO]2+ followed
by a series of steps that ultimately generate [Craq]

3+ and ni-
trate, as shown for the [Ru ACHTUNGTRENNUNG(bpy)3]

3+ [Eqs. (2)–(4) and (10)
and (11)].

½RuðbpyÞ3�3þ þ ½CraqNO�2þ k11�!½RuðbpyÞ3�2þ þ ½Craq�3þ þNO

ð11Þ

The support for this mechanism comes from the observed
4:1 stoichiometry and independent, direct observation of all
the individual steps given in Equations (2)–(4) and (10) and
(11). Reactions (11), (2), and (4) were studied in this work,
and detailed information for the remaining steps (3)[35,36]

and (10)[36] exists in the literature. With all the necessary
data at hand, we utilized the program Kinsim to simulate ki-
netic traces under our experimental conditions. The agree-
ment with observed traces is excellent for experiments using
excess [CraqNO]2+ . Only minor deviations, believed to be
caused by less than perfect correction for the slow back-
ground decay of [Ru ACHTUNGTRENNUNG(bpy)3]

3+ , are seen in the trace obtained
with excess [RuACHTUNGTRENNUNG(bpy)3]

3+ , Figure 4. The good agreement be-
tween the experiment and simulation provides additional
credibility for the proposed mechanism.

The first step, reaction 11, is written as a single stage pro-
cess that generates Craq

3+ and NO as separate species. It is
quite likely that an unstable CraqNO3+ intermediate is
formed first, followed by dissociation of NO, similar to the
oxidation of MbFeIINO with NO2 and HOONO/OONO�

which yielded the intact MbFeIIINO prior to NO release. We
have no evidence for the involvement of CraqNO3+ in reac-
tion 11. If formed, this intermediate must be short-lived,
given that the step following reaction 11 is fast, see below.
Intermediates generated by oxidation of other CraqX

2+ com-
plexes (X=O2 or alkyl)[29,37] and of CpCrII(NO)Cl2

�[38] are
also too short-lived to be observed.

The 4:1 [Ru ACHTUNGTRENNUNG(bpy)3]
+/ ACHTUNGTRENNUNG[CraqNO]2+ stoichiometry was deter-

mined under conditions of excess [Ru ACHTUNGTRENNUNG(bpy)3]
3+ . Most of the

kinetic experiments with all three oxidants, on the other
hand, used excess [CraqNO]2+ , a condition that will, under
some circumstances, reduce the overall stoichiometry and
affect the kinetics as well. The rate constants listed in the
second column in Table 1 represent the product nk11, in
which n is the stoichiometric factor applicable under the
conditions of the experiment [Eq. (12)].

�d½½MðNNÞ3�3þ�
dt

¼ nk11½½CraqNO�2þ�½½MðNNÞ3�3þ� ð12Þ

Figure 3. Plot of second-order-rate constants for the [Fe ACHTUNGTRENNUNG(phen)3]
3+/nitrite

reaction at different concentrations of added [Fe ACHTUNGTRENNUNG(phen)3]
2+ in 0.10m

CF3SO3H. [[Fe ACHTUNGTRENNUNG(phen)3]
3+]=5–10 mm, [NO2

�]tot=37 mm.

Table 1. Kinetic data for oxidation of [CraqNO]2+, NO and NO2
� by

[M(NN)3]
3+ .

nk
ACHTUNGTRENNUNG[m�1 s�1][a]

ACHTUNGTRENNUNG[CraqNO]2+

k
[106m

�1 s�1]
NO

k
[106m

�1 s�1]
NO2

�

[H+]
[m]

[Ru ACHTUNGTRENNUNG(bpy)3]
3+ 283 1.04 1.62[b] 1.00

[Ru ACHTUNGTRENNUNG(Me2-phen)3]
3+ 7.4 0.0617 1.63 0.10

[Fe ACHTUNGTRENNUNG(phen)3]
3+ 5.8 0.0112 0.514 0.10

[a] Experimental value, not corrected for stoichiometric factor n, see
text. [b] The reaction also exhibits an acid independent term correspond-
ing to HNO2 reaction, k=860m

�1 s�1.
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The data in Table 1 show that the oxidant/NO reaction is
always fast relative to the initial step [Eq. (11) and ana-
logues] under our experimental conditions, that is, with con-
centrations of [CraqNO]2+
0.4 mm and [Ru ACHTUNGTRENNUNG(bpy)3]

3+

�0.01 mm, but that the next step, oxidation of nitrite, may
not be “fast” at the high H+ concentrations used in this
work. Similarly, reagent concentrations and individual rate
constants for various steps in Equations (2)–(4) and (10)
and (11) will determine the steady-state concentrations of
NO2 and thus the rate of reaction (10) relative to reaction
(11) and the reverse of reaction (4). The values of n were es-
timated by calculating the pseudo rate constants for each
step from the known rate constants and experimental con-
centrations, and determining whether these rates are “slow”
or “fast” relative to the experimental value for the overall
reaction. The major reason for the variation in n among the
three complexes are the different ratios k11/k4, and the use
of higher [H+] (1.0m) in the [CraqNO]2+/[Ru ACHTUNGTRENNUNG(bpy)3]

3+ reac-
tion than in the reactions of the other two oxidants (0.10m).

Also shown in Table 2 are the data for the oxidation of
[CraqOO]2+ by the same three oxidants. In that reaction, the
stoichiometric factor n is always 1.0.[29]

There is a strong correlation between the rate constants
k11 and the thermodynamic driving force for the reaction.
The plot of logk11 (denoted in Figure 5 as kNO) against the
reduction potential of the oxidant is linear with a slope of
9.5, reasonably close to the value of 8.4 expected on the
basis of Marcus theory. This result is consistent with an

outer-sphere mechanism, which is favored in view of the
substitutional inertness and lack of feasible coordination site
on the [M(NN)3]

3+ oxidants.
A correlation similar to that in Figure 5 is obtained for

the oxidation of [CraqOO]2+ by the same three oxidants,[29]

although the scatter of the data is somewhat greater for the
superoxo complex. As shown in Table 2, the kinetics of oxi-
dation of [CraqNO]2+ and [CraqOO]2+ are quite similar, with
the two series lying within two orders of magnitude from
each other.

The reduction potentials for the free couples are �0.16 V
(O2/O2

�, standard state 1m)[39] and � ACHTUNGTRENNUNG(0.8�0.2) V
(NO/3NO�).[40] The calculation of the reduction potentials
for dissociative oxidation of the chromium complexes, E0

dissoc,
of these (anionic) ligands also requires the knowledge of the
equilibrium binding constants KCr, as shown in Scheme 1.

Unfortunately, the value of KCr for [CraqNO]2+ is not
known, but it has to be much greater than KCr for
[CraqOO]2+ (3?108m

�1, calculated from the equilibrium con-
stant for [Craq]

2+�O2 bond homolysis and reduction poten-

Figure 4. Experimental (solid) and simulated (dashed) kinetic traces for
the reaction of 11 mm [Ru ACHTUNGTRENNUNG(bpy)3]

3+ with 100 mm [CraqNO]2+ (top) and
0.8 mM [CraqNO]2+ (bottom) in 1.0m HClO4. Simulations according to
the mechanism in depicted in Scheme 1 utilized the following rate con-
stants (obtained in this work and ref. [31]): k11=142m

�1 s�1, k2=1.0?
106m

�1 s�1, k4=1.88?103m
�1 s�1, k10=5?108m

�1 s�1, k�10=7?103 s�1, k10a=

1?103 s�1, Ka for HNO2=6.3?10�4m, and kdecay (for background decay of
[Ru ACHTUNGTRENNUNG(bpy)3]

3+)=1.6?10�5 s�1.

Table 2. Results of kinetic simulations for reactions of [CraqNO]2+ with
[M(NN)3]

3+ .

k11 [m
�1 s�1][a] n[b] kCrOO [m�1 s�1][c]

[Ru ACHTUNGTRENNUNG(bpy)3]
3+ 142 2 2630

[Ru ACHTUNGTRENNUNG(Me2-phen)3]
3+ 3.7 2 1060

[Fe ACHTUNGTRENNUNG(phen)3]
3+ 1.4 4 82

[a] Obtained from simulations according to the mechanism in Scheme 1,
see text. [b] Stoichiometric factor under the experimental conditions.
[c] Rate constant for the oxidation of [CraqOO]2+ . Data from refer-
ence [29].

Figure 5. Plot of log k11 (= log kNO) for the reaction between [Ru ACHTUNGTRENNUNG(bpy)3]
3+

and [CraqNO]2+ versus reduction potential of [Ru ACHTUNGTRENNUNG(bpy)3]
3+ , [Ru ACHTUNGTRENNUNG(Me2-

phen)3]
3+ , and [Fe ACHTUNGTRENNUNG(phen)3]

3+ .

Scheme 1.
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tials for [Craq]
3+ /2+ and O2/O2

�). The idea of the stronger
binding of NO� than of O2

� to the metal is also supported
by the much stronger binding of the proton to NO�, pKa=

11.4 for 1HNO/3NO�)[41] and 4.7 for HO2/O2
�.[42] On these

grounds we conclude that the gap between the potentials for
the two complexes should be much smaller than that for the
free anions, as is the case with the two conjugate acids (E0=

0.16 V for O2/HO2
[39] and �0.14 for 3NO/1HNO).[41] Thus the

lower reactivity of [CraqNO]2+ is most likely the result of
the changed thermodynamics of the coordinated versus free
anions.

To support our argument, we searched the literature for
other examples of oxidation of superoxo and nitrosyl com-
plexes with transition-metal oxidants. Unfortunately, the
data are quite limited, and the only related examples appear
to be the reactions of oxy[43] and nitrosyl[18] hemoglobins and
myoglobins with peroxynitrite. The oxidation of the nitrosyl
complexes is a one-electron reaction, but the oxy species are
oxidized to FeIV in a two-electron process. At a given pH,
the rate constants for the nitrosyl and oxy globins are quite
similar, but the meaning of this finding is dubious in view of
the mechanistic differences.

Based on our analysis, and in view of the observed simi-
larity with the superoxo complex in the reactions with oxi-
dants, we conclude that the CrIII�NO� form provides the
best description of the nitrosyl complex. Just as in the case
of [Craq

IIIOO]2+ and other superoxo complexes,[44–46] this lim-
iting form is clearly an oversimplification, but one that is
none the less quite useful in rationalizing the observed
chemistry.

Experimental Section

Solutions of [CraqNO]2+ were prepared from [Craq]
2+ and NO by a litera-

ture procedure,[47] and purified by ion exchange on Sephadex C-25. The
concentration of [CraqNO]2+ was determined spectrophotometrically
(lmax 449 nm, e =121m

�1 cm�1).[47] Gaseous NO (Matheson) was purified
by passage through Ascarite, sodium hydroxide and water.[48] Stock solu-
tions of NO were prepared by bubbling the purified gas through argon-
saturated 0.10m or 1.0m HClO4 for 30 min.[48] Such solution typically con-
tained 1.7 mm NO and 0.2 mm nitrite ions. Solutions of [Craq]

2+ were gen-
erated by zinc amalgam reduction of [Craq]

3+ . The complex salts [Fe-
ACHTUNGTRENNUNG(phen)3] ACHTUNGTRENNUNG[ClO4]3

[49] and [RuACHTUNGTRENNUNG(Me2-phen)3]Cl2·6H2O
[50] were prepared by lit-

erature procedures. [Ru ACHTUNGTRENNUNG(bpy)3]Cl2, Cr ACHTUNGTRENNUNG[ClO4]3·6H2O, and trifluorometh-
ACHTUNGTRENNUNGanesulfonic acid were purchased from Aldrich. HClO4 (70%) and
sodium nitrite (99.999%) were from Fisher Scientific.

Solutions of [Ru ACHTUNGTRENNUNG(bpy)3]
3+ and [Ru ACHTUNGTRENNUNG(Me2-phen)3]

3+ were generated photo-
chemically from the corresponding 2+ ions and an excess of [Co ACHTUNGTRENNUNG(NH3)5-
ACHTUNGTRENNUNG(H2O)]3+ (2mm) by exposing the sample to Pyrex-filtered sunlight.[51] The
kinetic experiments typically utilized small concentrations (1–10 mm) of
the metal–polypyridine complexes and a large excess of the reductant
(metal nitrosyl complexes, NO, or nitrite). Ionic strength was adjusted
with HClO4 and LiClO4.

Kinetic and UV/Vis spectral measurements were made with a Shimadzu
3101 PC spectrophotometer at 25.0�0.1 8C. For fast reactions, an Ap-
plied Photophysics stopped-flow spectrophotometer was used. Kinetic
analyses were performed with KaleidaGraph 3.6 PC software. Simula-
tions were performed with the Kinsim/Fitsim[52] software for PC.
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