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The edta complex of RuIII reacts very rapidly with NO in aqueous solution at pH = 5 to form a stable nitrosyl
complex. The results from FT-IR (ATR) and 15N-NMR studies clearly support the NO� character of coordinated
NO, such that the nitrosyl product can be formulated as [RuII(edta)NO]�. A combination of UV-Vis spectroscopy
and electrochemical detection of NO was used to determine the overall equilibrium constant KNO as (9.1 ± 1.2) ×
107 M�1 at 25 �C and pH = 5.0. Stopped-flow kinetic studies on the reaction of acetate-buffered solutions of
[RuIII(edta)H2O]� with NO gave kon values two orders of magnitude lower than that reported in the literature as
a result of buffer effects. The values of kon determined at low and high pH, viz. 3.8 × 104 and 1.2 × 105 M�1 s�1,
respectively, are significantly smaller than that found at pH = 5.0, and in agreement with that observed for the
substitution reactions of RuIII(edta) with other entering nucleophiles. Attempts to determine kon for the binding
of NO to [RuIII(edta)H2O]� using laser flash photolysis failed due to the occurrence of side reactions. Under specific
conditions (NO in excess and NO2

� as impurity), the formation of the disubstituted [RuII(edta)(NO�)(NO2
�)]2�

species was detected using 15N-NMR spectroscopy. Laser flash photolysis of this complex leads to multiple chemical
reaction steps as a result of the formation of two primary photoproducts, which decay with different rate constants to
the starting complex. Possible mechanisms for these photoinduced reactions are proposed and compared to related
systems reported in the literature.

Introduction
The potential application of ruthenium nitrosyl complexes
as metallopharmaceuticals (e.g. as antitumor and antisepsis
agents),1 has generated new interest in the reactions of ruth-
enium() polyaminocarboxylate complexes with nitric oxide.
Studies during the past decade have shown that the family of
ruthenium() polyaminocarboxylate complexes satisfies most
of the requirements for effective scavengers of NO in biological
systems.2–5 One of the most promising complexes appears to
be [RuIII(edta)H2O]�. This ethylenediaminetetraacetate (edta4�)
complex has been shown to be pentadentate in aqueous sol-
ution with the sixth coordination site being occupied by either
a water molecule or a hydroxide ion.6 In aqueous solution, the
complex exists in three forms, viz. [RuIII(Hedta)H2O], [RuIII-
(edta)H2O]� and [RuIII(edta)OH]2�, depending on the pH,
according to eqn. 1 and 2.

The pK1 value corresponds to the deprotonation of the
uncoordinated carboxylic acid group of the Hedta3� ligand,
and the more basic pK2 corresponds to the deprotonation of
coordinated water.

Kinetic studies on the substitution behaviour of this complex
revealed its extreme lability in comparison to other nonchelated
complexes of RuIII, with the maximum reactivity reached at 4 <

(1)

(2)

pH < 6.6–10 This is ascribed to the participation of the very
labile [RuIII(edta)H2O]� complex. Since displacement of H2O
by L (L = nucleophile) is kinetically more favourable than dis-
placement of OH� by L, the lower reactivity of [RuIII-
(edta)OH]2� (at pH > 8) compared to [RuIII(edta)H2O]� is not
surprising. However, there is no rationalisation for the low
reactivity of [RuIII(Hedta)H2O] compared to that of [RuIII-
(edta)H2O]�. Matsubara and Creutz demonstrated that both a
coordinated water molecule and a pendant free carboxylate arm
are required for the extreme lability of [RuIII(edta)H2O]�.6

There is evidence that suggests that the maximum reactivity in
this case can be ascribed to steric activation of an associative
process (hydrogen bonding between coordinated water and an
oxygen of the free carboxylate arm has the net effect of distort-
ing all the metal–ligand bonds slightly, creating an accessible
site for attack by the entering ligand). In order to understand
this high lability, systematic kinetic studies of the substitution
behaviour of this complex with a series of nucleophiles were
undertaken, and the results support the operation of an
associative ligand substitution mechanism.11–13

The thermodynamics and kinetics of the interaction of
RuIII(edta) with NO appears to be especially interesting from
a medical, catalytic and kinetic point of view. In this respect,
Davies et al. have studied the kinetics of NO binding to
[RuIII(edta)H2O]� using stopped-flow techniques.5 They
showed that [RuIII(edta)H2O]� scavenges NO rapidly (k = 2.6 ×
107 M�1 s�1 at 7 �C) to form [RuIII(edta)NO]�. On the other
hand, Meyer et al. have used [RuIII(edta)H2O]� to catalyse the
electrochemical reduction of NO2

� to NH4
�, NH2OH, and

N2O.14 [RuIII(edta)NO] has been characterised using different
physicochemical methods.15–17 Recently, an X-ray structural
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characterisation of [RuIII(edta)NO], prepared through the
reaction of [RuIII(edta)H2O]� with NOCl, revealed that the
edta ligand is pentadentate, with the free carboxylate arm
deprotonated to balance the charge due to NO�, which binds
at the sixth position of the distorted octahedron of RuIII in a
linear manner.18

Our interest in the binding of NO to [RuIII(edta)H2O]� arises
from recent studies dealing with the reversible binding of NO to
metmyoglobin and selected iron() aminocarboxylate com-
plexes in aqueous solution.19,20 In these studies, RuIII(edta) was
used as a trap for NO in order to measure the dissociation rate
constant of NO in a direct manner. We found that [RuIII(edta)-
H2O]�, due to its high affinity for NO and suitable chemical
properties (such as a relatively high stability and oxygen
insensitivity), is a promising candidate for practical application
as a very efficient NO scavenger in a wide variety of trapping
experiments.

The present study was undertaken to determine the stability
constant and rate constants for the binding and release of
NO, in order to throw more light on the intimate nature
of the underlying reaction mechanism for the formation and
dissociation of the [RuIII(edta)NO]� complex. We wanted to
achieve this goal by using two different fast kinetics techniques,
viz. stopped-flow and laser flash photolysis. Despite all our
efforts to resolve the kinetics of this reaction, of which a
detailed account is given, unanswered mechanistic questions
still remain.

Results and discussion

Spectroscopic studies

The UV-Vis spectrum of [RuIII(edta)H2O]� measured in 0.2 M
acetate buffer solution at pH = 5.0 exhibits a band maximum at
280 nm (ε = 2800 M�1 cm�1) and a shoulder at 350 nm
(ε = 680 M�1 cm�1). Exposure of a degassed solution of [RuIII-
(edta)H2O]� to excess NO led to a significant decrease in
absorbance in the range 270–410 nm and an increase in absorb-
ance below 270 nm. Difference spectra recorded during titra-
tion of [RuIII(edta)H2O]� in aqueous solution at pH = 5.0
against a buffered NO solution (Fig. 1) indicated an isosbestic

point at 271 nm. The uptake of NO appears to be irreversible as
judged from experiments in which a stream of Ar was used to
remove NO from solution, consistent with eqn. 3.

Fig. 1 Difference spectra recorded during titration of 1 × 10�3 M
[RuIII(edta)H2O]� in aqueous solution, at pH = 5.0 with an acetate-
buffered NO solution. Inset: example of a stopped-flow kinetic trace
recorded for the reaction of 2.5 × 10�5 M [RuIII(edta)H2O]� with 1.87 ×
10�4 M NO at 290 nm and 8 �C.

[RuIII(edta)H2O]� � NO 
[RuIII(edta)NO]� ↔ [RuII(edta)NO�]� (3)

It is suggested that the formation of the nitrosyl complex is
accompanied by charge transfer from NO to RuIII, and the elec-
tronic configuration of the RuIII–NO center may be described
as RuII–NO�. All these findings are consistent with the high
value of the equilibrium constant KNO determined from the
spectral changes coupled to the detection of free NO using a
potentiometric technique. The value of KNO was found to be
(9.1 ± 1.2) × 107 M�1 at 25 �C and pH = 5.0, which is 2 to 3
orders of magnitude larger than that reported in the literature
for related systems.6

IR spectroscopy is considered to be a useful tool for the
determination of the binding mode and oxidation state of NO
in metal-based complexes. A vibration for coordinated NO was
found at 1900 cm�1 for an aqueous solution of [RuIII(edta)NO]�

using an ATR cell. This value is in good agreement with liter-
ature values 21–23 and suggests that NO is coordinated in a linear
fashion as RuII–NO�. Further information on the nature of this
complex comes from the 15N-NMR measurements reported
below.

Kinetic studies: stopped-flow experiments, determination of kon

Recently, kinetic studies revealed that NO binds very rapidly to
[RuIII(edta)H2O]� with a second-order rate constant of ca. 1 ×
107 M�1 s�1 in phosphate buffer at pH = 7.4 and 7.3 �C.5 This
value was determined using stopped-flow techniques, working
under second-order conditions at low concentrations of both
reactants and at a low temperature.

Similar kinetic measurements on the [RuIII(edta)H2O]�/NO
system were performed in 0.2 M acetate buffer at pH = 5.0 and
8 �C under pseudo-first-order conditions (i.e. at least a seven-
fold excess of NO). As can be seen from the absorbance–time
plot shown in Fig. 1 (inset), complete NO binding to [RuIII-
(edta)H2O]� occurs within 0.5 s with kobs = 21 s�1 under the
selected conditions. Reaction (4) is expected to follow (pseudo)
first-order kinetics in the presence of a large excess of NO, to
give a rate constant kobs expressed as shown in eqn. (5).

The plot of kobs vs. [NO] was found to be linear with a very
small intercept (Fig. 2). The slope of the line resulted in kon = 1 ×

105 M�1 s�1 at 8 �C, which is 100 times slower than that reported
by Davies et al.5 Different experiments were performed in an
effort to resolve this apparent discrepancy.

(4)

kobs = kon[NO] � koff (5)

Fig. 2 Concentration dependence of kobs for the binding of NO to
[RuIII(edta)H2O]�. Experimental conditions: [RuIII(edta)H2O

�] = 2.5 ×
10�5 M, 0.2 M acetate buffer, pH = 5.0, 8 �C, λ = 290 nm.
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Since it is practically impossible to prepare aqueous solutions
of NO totally free of nitrite,24,25 it is possible that nitrite impur-
ities can interfere with the studied reaction and affect the value
of kon. For that reason, the rate constant for the reaction
between [RuIII(edta)H2O]� and nitrite was determined under
the same experimental conditions. As can be seen from the
spectral changes recorded for the binding of nitrite to [RuIII-
(edta)H2O]� in 0.2 M acetate buffer solution (Fig. 3), the form-

ation of [RuIII(edta)(NO2)]
2� is accompanied by a significant

absorbance increase in the range 250–400 nm. The kinetics of
this reaction were studied by stopped-flow spectroscopy with
nitrite in at least a 10-fold excess by following the absorbance
changes at 290 nm. As can be seen from Fig. 3 (inset), nitrite
binding to [RuIII(edta)H2O]� is significantly slower as compared
to the reaction with NO and occurs with kobs = 8.39 × 10�2 s�1 at
5 × 10�4 M nitrite and 8 �C. The plot of kobs vs. [NO2

�] gives a
straight line with no meaningful intercept (Fig. 4). The second-

order rate constant was calculated to be k(NO2
�) = 169 M�1

s�1 at 8 �C. This rate constant is 500 times slower than that
determined for the reaction with nitric oxide, such that trace
impurities of nitrite will not affect the NO binding kinetics.

The apparent discrepancy in the kon values for the reaction
with NO could be resolved in terms of buffer effects. It turned

Fig. 3 Absorption spectral changes recorded for the reaction of 1 ×
10�3 M [RuIII(edta)H2O]� with 1 × 10�3 M NO2

�: (1) separate solutions,
(2) after mixing. Experimental conditions: 0.2 M acetate buffer, pH =
5.0, 25 �C. Inset: example of a stopped-flow kinetic trace recorded for
the reaction of 2.5 × 10�5 M [RuIII(edta)H2O]� with 5 × 10�4 M NO2

� at
290 nm and 8 �C.

Fig. 4 Concentration dependence of kobs for the binding of NO2
� to

[RuIII(edta)H2O]�. Experimental conditions: [RuIII(edta)H2O
�] = 2.5 ×

10�5 M, 0.2 M acetate buffer, pH = 5.0, 8 �C, λ = 290 nm.

out that the buffer should not be present in the RuIII solution,
but only in the NO solution prior to mixing in the stopped-
flow instrument. It is suggested that the labile water molecule
in [RuIII(edta)H2O]� is substituted by an acetate ion when
the complex is dissolved in the acetate buffer, according to
equilibrium (6), to produce a less reactive complex.

Experiments performed in more concentrated acetate buffer
solutions (0.2, 0.4, and 1.0 M) gave practically the same value
of kobs. This means that under conditions where [Ac�] ≥ 0.2 M,
[RuIII(edta)H2O]� is converted to the less labile [RuIII(edta)-
(Ac)]2� complex, which undergoes a substitution reaction with
NO much slower than the very labile [RuIII(edta)H2O]� species.
As expected, the reaction of NO with [RuIII(edta)H2O]� carried
out under the same conditions, but in the absence of a buffer,
occurs extremely fast within the dead time of the stopped-flow
apparatus (Fig. 5). Similar results were obtained when the

buffer was added only to the NO solution, since on mixing with
[RuIII(edta)H2O]�, NO coordinates much faster to RuIII than
the acetate buffer, and prevents the interference of the latter. It
follows that the rate constant reported in the literature 5 must be
correct, and it is assumed that the authors followed a procedure
in which the RuIII complex was not in contact with the buffer
prior to the reaction with NO.

The pH dependence of the reaction of RuIII(edta) with NO
can reveal further information on the rate of this reaction. In
aqueous solution, RuIII(edta) exists in three different forms, as
shown in reactions (1) and (2). Each of these forms can undergo
a substitution reaction with NO at very different rates, as shown
in Scheme 1, based on our earlier experiences with such ligand
substitution reactions.11–13 For this reaction scheme, the overall
rate expression is given by eqn. 7.

Under limiting conditions, eqn. 7 reduces to kobs = k1[NO]
and kobs = k3[NO] at low and high pH, respectively. This means
that the pH dependence of kobs should enable the determination
of k1 and k3, since these rate constants are usually much lower
than k2 (k2 ∼ 1 × 108 M�1 s�1 at 25 �C) 5 due to the extreme
lability of [RuIII(edta)H2O]�. In order to determine k1 and k3,
kinetic measurements were performed at pH = 1.0 and 9.1,
respectively.

Fig. 6 shows the spectral changes recorded for the reaction of
the less labile [RuIII(edta)OH]2� complex with NO at pH = 9.1.
The RuIII(edta) solution was prepared in water in the absence of

[RuIII(edta)H2O]� � Ac�  [RuIII(edta)(Ac)]2� � H2O (6)

Fig. 5 Example of typical stopped-flow kinetic trace recorded for the
reaction of an aqueous solution of 2.5 × 10�5 M [RuIII(edta)H2O]� with
7.5 × 10�4 M NO in 0.05 M acetate buffer, pH = 5.0, 8 �C, 290 nm.

(7)
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Scheme 1

buffer (pH adjusted with NaOH), whereas the NO solution
contained 0.1 M Tris buffer. A typical stopped-flow trace
recorded for this reaction is shown in Fig. 6 (inset). The

observed rate constant was found to be 63 s�1 at 25 �C and 5 ×
10�4 M NO. According to the reaction sequence shown in
Scheme 1, kobs at pH = 9.1 (i.e. at approximately a 30-fold excess
of the hydroxo complex based on the quoted pKa values) can be
expressed as in eqn. (8).

In principle, it should be possible from the above equation to
calculate the k3 value, since kobs, k2 and K2 are known. However,
our attempt to determine the k3 value in this way failed because
the protonation/deprotonation rate was not taken into con-
sideration (eqn. 9).

At pH = 9.1, the protonation and deprotonation rate con-
stants were calculated to be ca. 8 s�1 (kprot[H

�] ≈ 1010 × 10�9.1)
and ca. 250 s�1 (kdeprot = K2kprot ≈ 10�7.6 × 1010), respectively.
Thus the protonation at pH = 9.1 is very slow, too slow to
favour the aqua complex pathway, and the observed rate con-
stant must be due to the k3 pathway only, i.e. k3 ≈ 1.2 × 105 M�1

s�1 at 25 �C.
At higher [H�] (pH < 5) it is reasonable to neglect contri-

butions from the hydroxo pathway and in this case eqn. 7
reduces to eqn. 10.

Fig. 6 Absorption spectral changes recorded for the reaction of 1 ×
10�3 M [RuIII(edta)H2O]� with 1 × 10�3 M NO: (1) separate solutions,
(2) after mixing. Experimental conditions: [RuIII(edta)H2O]� in
aqueous solution (pH = 9.1 adjusted with NaOH), NO in 0.1 M Tris
buffer, pH = 9.1, 25 �C. Inset: example of a typical stopped-flow kinetic
trace recorded for the reaction of 5.0 × 10�5 M [RuIII(edta)H2O]� with
5.0 × 10�4 M NO at 310 nm and 25 �C.

(8)

(9)

(10)

Spectral changes recorded for NO binding to RuIII(edta) at
pH = 1.0 (i.e. ca. 25-fold excess of complex in the protonated
form [RuIII(Hedta)H2O]) are shown in Fig. 7. The solutions of

[RuIII(Hedta)H2O] and NO were prepared in water and the
pH adjusted with HClO4. Kinetic measurements performed at
pH = 1.0 using stopped-flow techniques gave kobs = 18.5 s�1 at
25 �C and 4.5 × 10�4 M NO. At pH = 1.0, the protonation
and deprotonation rate constants (eqn. 11) were calculated to
be 109 s�1 (kprot[H

�] = 1010 × 10�1)

and 107.6 s�1 (kdeprot = K1kprot = 10�2.4 × 1010), respectively. Due
to the much slower rate of deprotonation in comparison to
protonation of RuIII(edta) at pH = 1.0, the contribution from
the k2 pathway (eqn. 10) can be neglected and the value of k1

calculated in this way is 3.8 × 104 M�1 s�1. It follows that the k1

and k3 values are significantly smaller than k2 (k2 ≈ 1 × 108 M�1

s�1). A similar trend was also observed for the substitution
reactions of RuIII(edta) with other entering nucleophiles; for
instance k1 = 130 M�1 s�1 and k3 = 75 M�1 s�1 compared to
k2 = 1.42 × 103 M�1 s�1 for substitution by dimethylthiourea.11

All of these results clearly demonstrate the much higher lability
of [RuIII(edta)H2O]� as compared to [RuIII(Hedta)H2O] and
[RuIII(edta)OH]2�.

Determination of koff by using the NO-trapping technique

The most suitable method for the direct measurement of koff is
to use the NO-trapping technique.19,20 In such a case the nitrosyl
complex is treated with another complex that binds NO more
rapidly than the system under investigation. When an excess of
the trapping complex is employed, NO release from the nitrosyl
complex becomes the rate-limiting step and the observed rate
constant equals koff.

In the present case, [FeII(edta)(H2O)]2� was used to trap
NO released from [RuIII(edta)NO]�, since it reacts rapidly with

Fig. 7 Absorption spectral changes recorded for the reaction of 1 ×
10�3 M [RuIII(edta)H2O]� with 1 × 10�3 M NO: (1) separate solutions,
(2) after mixing. Experimental conditions: 0.1 M HClO4

�, pH = 1.0,
25 �C. Inset: example of a typical stopped-flow kinetic trace recorded
for the reaction of 5.0 × 10�5 M [RuIII(edta)H2O]� with 4.5 × 10�4 M
NO at 290 nm and 25 �C.

(11)
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NO (kon = 2.4 × 108 M�1 s�1 at pH = 5.0 and 25 �C) 20 to form the
corresponding nitrosyl complex. However, under the selected
conditions, the treatment of [RuIII(edta)NO]� with a 20-fold
excess of [FeII(edta)(H2O)]2� resulted in no absorbance change
that would indicate the formation of [FeII(edta)(NO)]2� or the
aquation of [RuIII(edta)NO]�. Attempts to use much higher
concentrations (200-fold escess) of the trapping complex also
failed and, in all cases, no reaction was observed. This indicates
that [RuIII(edta)H2O]� binds NO very strongly, such that koff

must be very small. These findings are in good agreement with
the spectroscopic observations and the high value of the overall
binding constant KNO (> 9 × 107 M�1).

Laser flash photolysis studies

Laser flash photolysis can be employed to study the kinetics of
reactions on a significantly faster time scale than the stopped-
flow technique. It was, therefore, expected to be possible to
measure the value of kon for the binding of NO to the most
labile form of the RuIII(edta) complex, viz. [RuIII(edta)H2O]�,
directly using this technique. Irradiation at 355 nm should
induce the release of NO from the nitrosyl complex [RuIII-
(edta)NO]�, followed by relaxation to the original equilibrium
position (Scheme 2). The rate of the reaction approaching

equilibrium with one of the components (in our case NO) in
large excess, is expected to follow (pseudo) first-order kinetics
to give an observed rate constant (kobs) expressed by eqn. 5.

All flash photolysis experiments were performed at pH =
5.0 with at least a 7-fold excess of NO. An absorbance decrease
at 290 nm ascribed to relaxation to the original equilibrium
position (i.e. re-formation of [RuIII(edta)NO]�) was expected
following the laser flash at 355nm. However, flash photolysis
experiments performed under these conditions gave unexpected
results, as shown in Fig. 8. A typical kinetic trace clearly

Scheme 2

Fig. 8 Typical examples of flash photolysis kinetic traces recorded for
the reaction of 2.5 × 10�4 M [RuIII(edta)H2O]� with 6 × 10�4 M NO:
(a) fast reaction, (b) slow reaction. Experimental conditions:
[RuIII(edta)H2O]� in aqueous solution, pH = 5.0, NO in 0.2 M acetate
buffer, pH = 5.0, λirr = 355 nm, λdet = 290 nm, 25 �C.

indicated multiple processes, i.e. two reactions occurring on the
microsecond and one on the millisecond time scale [see Fig. 8(a)
and (b), respectively]. Furthermore, although the flash-induced
absorbance changes decayed to values close to zero (i.e. to the
original spectrum) within 1–2 ms, residual absorbance differ-
ences still remained. It was observed that the residual spectrum
decayed back to the baseline on a substantially longer time
scale (20 to 30 ms). The time-resolved optical (TRO) spectra
recorded during photolysis of [RuIII(edta)NO]� for the short
and long time scales [see Fig. 9(a) and (b)] also confirmed the

occurrence of multiple chemical reaction steps. Immediately
after the photolysis flash, the TRO spectra are characterized by
a prompt transient absorption centered at 285 nm. The spectra
collected after delays of 0.1–4.5 µs clearly show the disappear-
ance of much of the transient absorption, accompanied by
a slight shift in λmax to 290 nm. Subsequently, the transient
spectra decay almost back to the baseline within 1.8 ms (with
an isosbestic point at 265 nm), although a significant residual
spectrum remains, indicating the presence of much longer-lived
species.

These findings clearly indicate that flash photolysis of [Ru-
(edta)NO]� does not lead to the simple photoinduced release of
NO from the nitrosyl complex followed by the re-binding of
NO, as expected. In view of the fact that after the flash the
transient absorption decays to re-form the initial spectrum, the
possibility of a photoinduced degradation of the studied com-
plex can be excluded. Furthermore, it was observed that while
the parent RuIII(edta) complex undergoes photoinduced
decomposition during irradiation at 355 nm, accompanied by a
significant decrease in absorbance in the range 330–412 nm
(Fig. 10), flash photolysis of the nitrosyl complex (under excess
NO) does not lead to such irreversible spectral changes, demon-
strating the much higher photostability of the nitrosyl complex.

As can be seen from the data reported in Table 1, the rate
constants determined at 290 nm and 25 �C for the three photo-
induced reaction steps exhibit no meaningful NO concentration

Fig. 9 Transient absorption difference spectra recorded for the
Ru(edta)(H2O)�/NO system following laser flash photolysis at 355 nm.
Successive measurements after delays of (a) 0.1–4.5 µs and (b)
0.1–1.8 ms. Experimental conditions: [Ru(edta)H2O

�] = 2.5 × 10�4 M in
aqueous solution, pH = 5.0, [NO] = 1 × 10�3 M in 0.1 M acetate buffer,
pH = 5.0, 25 �C.
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Table 1 Rate constants determined by flash photolysis for the [RuIII(edta)H2O]�/NO system a

T /�C P/MPa 103[NO]/M kobs/s
�1 (first reaction) kobs/s

�1 (second reaction) kobs/s
�1 (third reaction)

5 0.1 0.6 4.65 × 105  1.30 × 103

  1.0 4.80 × 105  1.38 × 103

  1.8 4.07 × 105  1.52 × 103

15 0.1 0.6 7.80 × 105  1.66 × 103

  1.0 7.25 × 105  2.45 × 103

  1.8 7.05 × 105  2.00 × 103

25 0.1 0.4 1.34 × 106  1.23 × 103

  0.5 1.27 × 106  1.55 × 103

  0.76 1.96 × 106 6.66 × 104 4.93 × 102

  0.95 1.69 × 106 3.23 × 104 4.40 × 103

  1.14 1.58 × 106 8.12 × 104 2.74 × 103

  1.33 1.41 × 106 6.40 × 104 4.74 × 103

  1.52 1.60 × 106 8.00 × 104 3.03 × 103

35 0.1 0.6 2.50 × 106  1.65 × 103

  1.0 2.70 × 106  2.75 × 103

45 0.1 0.6 3.98 × 106  1.40 × 104

25 10 1.0 1.20 × 106  3.50 × 103

 40  1.18 × 106  3.26 × 103

 80  9.2 × 105  4.85 × 103

 120  6.01 × 105  4.45 × 103

 160  7.10 × 105  6.87 × 103

a Experimental conditions: [RuIII(edta)H2O]� solution prepared in water, pH = 5.0 adjusted with NaOH, NO solution prepared in 0.2 M acetate
buffer, λirr = 355 nm, λdet = 290 nm. 

dependence. This could be due to the fact that, because of the
low solubility of NO in water, only a small range of NO con-
centrations could be investigated. The temperature and pressure
dependence was evaluated only for the fastest and slowest steps,
since extraction of rate constants for the intermediate step from
the multi-exponential decay caused some difficulties and
resulted in large fitting errors. The Eyring plots were found to
be linear for both reactions (Fig. 11), from which the activation
parameters ∆H≠ and ∆S ≠ were determined. The values for the
first reaction are ∆H≠ = 36.7 ± 1.0 kJ mol�1 and ∆S ≠ = �4 ±
3 J K�1 mol�1, and for the third reaction are ∆H≠ = 17.1 ±
1.5 kJ mol�1 and ∆S ≠ = �76 ± 5 J K�1 mol�1. The effect of
pressure on these reactions results in a rather poor correlation
of plots of ln(kobs) vs. pressure (Fig. 12), but the activation
volumes can nevertheless be estimated to be �10 ± 3 cm3 mol�1

and �12.8 ± 1.0 cm3 mol�1 for the fastest and slowest steps,
respectively. The activation parameters found for the fast reac-
tion exhibit a rather high activation enthalpy and a significantly
positive activation volume, suggesting that this reaction most
probably occurs according to a dissociative ligand substitution

Fig. 10 Spectral changes recorded for [RuIII(edta)H2O]� following
laser irradiation at λ = 355 nm: (1) before irradiation, (2–4) after 15, 30
and 45 laser flashes, respectively. Experimental conditions: 2 × 10�3 M
[RuIII(edta)H2O]� in water, pH = 5.0, 25 �C. Inset: a typical kinetic trace
recorded using laser flash photolysis for the decay of [RuIII(edta)H2O]�

following irradiation at 355 nm.

mechanism. In contrast, the slowest reaction displays a rel-
atively low activation enthalpy, accompanied by significantly
large and negative values for the activation entropy and
activation volume, supporting the operation of an associative
ligand substitution mechanism.

It follows from this analysis that flash photolysis at 355 nm is
not a suitable technique to determine kinetic data for the bind-
ing of NO to [RuIII(edta)H2O]�, mainly due to the absence of
an expected dependence on the concentration of NO. Since UV

Fig. 11 Eyrings plots of ln(kobs/T ) vs. 1/T  for the reaction of
[RuIII(edta)H2O]� with NO: (a) first reaction, (b) third reaction.
Experimental conditions: 2.5 × 10�4 M [RuIII(edta)H2O]� in water, pH =
5.0, 6 × 10�4 M NO in 0.2 M acetate buffer, λirr = 355 nm, λdet = 290 nm.
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irradiation often leads to reduction of the metal centre, it is
possible that flash photolysis of [RuIII(edta)NO]� at 355 nm can
lead to the partial formation of RuII complexes, along with the
dissociation of NO. It was not possible to repeat the flash
photolysis experiments using a less reductive irradiation wave-
length (viz. 532 nm for the present system) due to the absence
of suitable spectral characteristics of [RuIII(edta)NO]� in this
range. The possible photo-reduction of [RuIII(edta)NO]� was
therefore investigated in more detail.

Laser flash photolysis of [RuII(edta)NO]2�

In order to investigate the role of the photo-induced reduction
of [RuIII(edta)NO]� to [RuII(edta)NO]2�, the reaction of RuII-
(edta) with NO was studied under the same experimental con-
ditions. As can be seen from Fig. 13, UV-Vis spectra recorded
during the reduction of [RuIII(edta)H2O]� to [RuII(edta)H2O]2�,
exhibit three isosbestic points at 270, 350 and 412 nm. In
aqueous solution at pH = 5.0, [RuII(edta)H2O]2� exhibits band
maxima at 282 (ε = 2900) and 427 nm (ε = 260 M�1 cm�1). In
contrast to the RuIII complex, [RuII(edta)H2O]2� is very stable
following flash irradiation at 355 nm and does not undergo
photoinduced decomposition (compare insets in Fig. 10 and
13). Exposure of a degassed solution to an excess of NO led to
significant loss in absorbance in the range 270–500 nm due to
the formation of [RuII(edta)NO]2� (Fig. 14). Typical kinetic
traces recorded during the flash photolysis of [RuII(edta)NO]2�

at pH = 5.0 clearly indicate that at least two reactions occur
under the selected conditions [Fig. 15(a) and (b)]. The first, very
fast reaction occurs within 5 µs and the second within 1 ms.
These results are similar to that observed for the RuIII(edta)
complex. These findings indicate that the occurrence of
multiple reaction steps following 355 nm laser flash photolysis
of [RuIII(edta)NO]� can in part be accounted for in terms of the
reduction of RuIII(edta)NO to RuII(edta)NO.

Fig. 12 Plots of ln(kobs) vs. pressure for the reaction of
[RuIII(edta)H2O]� with NO: (a) first reaction, (b) third reaction.
Experimental conditions: 2.5 × 10�4 M [RuIII(edta)H2O]� in water,
pH = 5.0, 6 × 10�4 M NO in 0.2 M acetate buffer, 25 �C, λirr = 355 nm,
λdet = 290 nm.

Binding constant for [RuII(edta)NO]2�

The stability constant for the binding of NO to [RuII(edta)-
H2O]2� (eqn. 12),

can, in principle, be determined in the same way as that for
the reaction of [RuIII(edta)H2O]� with NO, i.e. from a com-
bination of UV-Vis spectroscopy and electrochemical detection
of free NO in solution. However, for the equilibrium expressed
in eqn. (12), it was difficult to determine KNO accurately, since
the reaction product, [RuII(edta)NO]2�, appeared to be insuf-
ficiently stable. Accordingly, the value of the equilibrium
constant for the binding of NO to [RuII(edta)H2O]2� was
approximately estimated to be larger than 6 × 105 M�1. Accord-
ing to Meyer et al.,26 the instability of [RuII(edta)NO]2� can be
ascribed to disproportionation reactions such as

Fig. 13 Spectral changes recorded during the reduction of
[RuIII(edta)H2O]� to [RuII(edta)H2O]2� with zinc amalgam: (1) 1 × 10�3

M [RuIII(edta)H2O]�, (2) 1 × 10�3 M [RuII(edta)H2O]2�. Experimental
conditions: RuII/III(edta) solutions in water, pH = 5.0 adjusted with
NaOH, 25 �C. Inset: stability of [RuII(edta)H2O]2� following laser
irradiation at 355 nm.

Fig. 14 Absorption spectral changes recorded for the reaction of
6.25 × 10�4 M [RuII(edta)H2O]2� with 9 × 10�4 M NO: (1) separate sol-
utions, (2) after mixing. Experimental conditions: [RuII(edta)H2O]2� in
aqueous solution, pH = 5.0, NO in 0.2 M acetate buffer, pH = 5.0, 25 �C.

(12)

2[RuII(edta)(NO)]2� 
[RuII(edta)(NO�)]� � [RuII(edta)(NO�)]3� (13)

2[RuII(edta)(NO�)]3� � 2H� 
2[RuII(edta)H2O]2� � N2O (14)
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15N-NMR studies

The unexpected flash photolysis results reported above stim-
ulated the search for more direct information on the nature of
the nitrosyl complex formed during the reaction of [RuIII-
(edta)H2O]� with an excess of NO. 15N-NMR studies were per-
formed on aqueous solutions of [RuIII(edta)H2O]� (pH = 5.0)
saturated with 15NO (Na15NO2 reduced with ascorbic acid),
using nitromethane as an external standard. As can be seen
from Fig. 16, the 15N-NMR spectrum exhibits two almost

equally intense resonances at �17.6 and 52.4 ppm and one
minor resonance at 228.5 ppm. The positions of the two main
resonances are indicative of coordinated 15NO� and coord-
inated 15NO2

�, respectively, whereas the weak resonance at

Fig. 15 Typical examples of flash photolysis kinetic traces recorded
for the reaction of 2.5 × 10�4 M [RuII(edta)H2O]2� with 9.5 × 10�4 M
NO: (a) fast reaction, (b) slow reaction. Experimental conditions:
[RuII(edta)H2O]2� in aqeuous solution, pH = 5.0, NO in 0.2 M acetate
buffer, pH = 5.0, λirr = 355 nm, λdet = 290 nm, 25 �C.

Fig. 16 15N-NMR spectrum of [RuII(edta)(NO�)(NO2
�)]� prepared

by the saturation of a water solution of [RuIII(edta)H2O]� with 15NO
(Na15NO2 reduced with ascorbic acid) at pH = 5.0 and 25 �C. The
15NO� resonance is at �17.6 ppm, coordinated 15NO2

� at 52.4 ppm, free
NO2

� at 228.5 ppm, and that for the external reference (nitromethane)
is at 0 ppm.

228.5 ppm indicates the presence of free 15NO2
� in solution.27

This means that under the selected experimental conditions
(i.e. in the presence of an excess of NO, and possibly NO2

�

impurities), the reaction of [RuIII(edta)H2O]� with NO does not
lead to the formation of only the monosubstituted [RuII-
(edta)(NO�)]� complex, but also to the disubstituted [RuII-
(edta)(NO�)(NO2

�)]2� complex. Labilization by coordinated
NO often leads to the subsequent formation of another substi-
tution product, that does not require the stabilization of
coordinated NO, through the reduction or oxidation of the
metal center, a requirement that is fulfilled with nitrite as the
entering ligand.28

This suggestion is supported by the results obtained recently
by Shepherd et al. on the related [RuII(hedta)(NO�)(NO2

�)]�

system, where hedta3� = N-(hydroxyethyl)ethylenediaminetri-
acetate.28 They showed, on the basis of 15N-NMR and IR
measurements, that the formation of the disubstituted [RuII-
( hedta)(NO�)(NO2

�)]� complex strongly depends on the ratio
of reactants used in the reaction. For a ratio of NO2

� : [RuII-
(hedta)]� = 0.81 : 1, the monosubstituted [RuII(hedta)(NO�)]
complex exists as the main species in solution, whereas an
excess of NO2

� (3 : 1) causes the amount of the disubstituted
complex to grow virtually to 100% of the species present in
solution. Comprehensive investigations (NMR, IR, and electro-
chemistry) 28 enabled the authors to characterise the nature of
coordinated NO in the disubstituted complexes of RuII(hedta)
in more detail. In view of the fact that the NO� ligand is a
strong π-acceptor, it is not surprising that its binding to the
metal center of aminocarboxylate complexes will promote the
labilization of one cis in-plane carboxylate moiety and lead to
the formation of the disubstituted complex. The attachment of
NO2

� to the RuII center probably occurs through N as the
donor atom, since the N-bound form can participate in both σ
and π bonding to the metal center. The IR studies clearly con-
firmed this assumption.28 The similarity between the [RuII-
(hedta)(NO�)(NO2

�)]� and [RuII(edta)(NO�)(NO2
�)]2� com-

plex ions leads to the suggestion that the nitrite ligand in the
latter complex is also attached through N and not through O
as the donor atom to the RuII centre.

Explanation offered for the multi-step reactions observed during
flash photolysis

The finding that the principal product of the reaction of
[RuIII(edta)H2O]� with an excess of NO is the disubstituted
complex [RuII(edta)(NO�)(NO2

�)]2�, enabled a clarification of
the results obtained from the flash photolysis studies. In this
respect, it should be noted that the flash photolysis of the
related nitrosyl nitrito complexes RuII(Por)(NO)(ONO) (Por =
model porphyrins) was recently studied by Ford et al.29 They
found that flash photolysis of ruthenium nitrosyl nitrito com-
plexes results in multiple reaction steps, which are ascribed to
the prompt formation of two primary photoproducts, viz. RuII-
(Por)(ONO) and RuII(Por)(NO), that decay at different rates to
regenerate the starting complex.

These results are consistent with our observations on the
[RuII(edta)(NO�)(NO2

�)]2� system. The TRO spectra recorded
on the short time scale (0.1–4.5 µs) clearly indicate the prompt
formation of more than one primary photoproduct. This is
confirmed by two parallel exponential decays of the transient
absorbance change recorded on the microsecond time scale at
290 nm. The formation of two photo-produced intermediates
may occur along two pathways (see Scheme 3). One of
these involves photodissociation of NO from [RuII(edta)-
(NO�)(NO2

�)]2� to give RuIII(edta)(NO2
�), which reacts rapidly

(kobs ∼ 106 s�1) with excess NO to regenerate the starting com-
plex. A second pathway involves photodissociation of NO2 to
give [RuII(edta)(NO)]2�, which is trapped by excess NO (kobs ∼
104 s�1) to form the longer-lived dinitrosyl complex, [RuII(edta)-
(NO)2]

2�. This complex subsequently reacts (kobs ∼ 103–102 s�1)
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with NO to regenerate [RuII(edta)(NO�)(NO2
�)]2�. The TRO

spectra recorded after delays of 0.1–1.8 ms [see Fig. 9(b)]
exhibit an isosbestic point at 265 nm ascribed to the conversion
of the dinitrosyl to the starting complex. The suggested reac-
tions are expected to exhibit a dependence on the concentration
of NO in solution, which was not observed (see Table 1). This
can only mean that either the limited concentration range that
could be selected in these experiments is not sufficient to show
this dependence, or that the re-binding of NO follows a limiting
D mechanism, i.e. an NO concentration independent pathway.
In fact, a number of cases are now known where binding of NO
to a metal center indeed follows a dissociative mechanism 19,30,31

and is, in some cases, controlled by the rate and mechanism
of water exchange on the metal center.31,32 In the present case,
this suggestion would mean that the photo-generated species
rapidly bind solvent water molecules prior to the displacement
by NO, that will then follow a dissociative mechanism. In
light of the activation parameters found in the present study
for the rapid photo-induced reaction, which support the oper-
ation of a dissociative mechanism, we presently prefer the latter
interpretation of the kinetic data.

The third reaction, representing the slow conversion of the
dinitrosyl complex to the starting nitrosyl nitro complex can be
best described by an associative mechanism based on the large
and negative values of ∆S ≠ and ∆V≠. This mechanism seems to
be in good agreement with that proposed previously by Ford
et al. to account for the formation of nitrosyl nitrito complexes
of the type Ru(Por)(NO)(ONO).33 According to this mechan-
ism, the metal center serves as a template for the assembly of
several NO equivalents that then can decompose to nitrous
oxide and coordinated NO2. Such a disproportionation path-
way also seems to be possible in the studied case. However, in
view of the fact that the slow reaction exhibits no NO con-
centration dependence, acceptance of this mechanism awaits
further evidence.

Conclusions
Nitric oxide binds rapidly to [RuIII(edta)H2O]� to form a very
stable nitrosyl complex, characterized by a high complex-
formation constant and a very small dissociation rate constant.
The complex-formation reaction (kon) is extremely fast and
occurs within the dead time of the stopped-flow instrument.
Acetate buffer can interfere with this reaction and cause much
slower complex formation with NO. The [RuIII(edta)H2O]�

complex is an ideal and versatile scavenger for NO. Attempts
to determine the complex-formation rate constant (kon) using
laser flash photolysis techniques were complicated due to the
occurrence of unwanted side reactions.

The lower limit of the stability constant for the [RuIII(edta)-
NO]� complex was experimentally found to be KNO(RuIII) ≥ 9 ×
107 M�1. This value is in good agreement with the KNO(RuIII)
value calculated on the basis of a Born–Haber-type cycle

Scheme 3

using the electrochemical 26 and thermodynamic data for the
[RuII/III(edta)H2O]2�/� and [RuII/III(edta)(NO)]2�/� couples (see
Scheme 4). Based on these data, the value of the equilibrium

constant for the binding of NO to [RuIII(edta)H2O]� can be
determined from the following expression:

Since KNO(RuII) was experimentally found to be larger
than 6 × 105 M�1, the KNO(RuIII) value can thus be calculated
to be ≥ 3 × 108 M�1, which is in good agreement with the
experimental value.

Experimental

Materials

K[Ru(Hedta)Cl]�2H2O was prepared from K2[RuCl5(H2O)] as
described in the literature.34 The complex was characterised by
using spectroscopic (UV-Vis) and analytical techniques. All
other chemicals were of analytical reagent grade, and deionized
water was used throughout this study. Acetate (Aldrich) and 2-
amino-2-(hydroxymethyl)-1,3-propanodiol (Tris, Sigma Chem-
icals) buffers were used to control the pH of the test solutions at
pH = 5.0 and 9.0, respectively. The pH was adjusted by addition
of hydrochloric acid (Titrisol, Merck) or sodium hydroxide.
[RuII(edta)H2O]2� was prepared in aqueous solution (pH = 5.0)
by the reduction of [RuIII(edta)H2O]� with zinc amalgam.

All experiments were performed under strict exclusion of
oxygen. Buffer solutions were deaerated for extended periods
(in general, 1 min per mL of solution) with pure N2 or Ar
before they were brought in contact with the RuIII and FeII

complexes or nitric oxide; in some cases, freeze–thaw cycles
were performed under vacuum in order to completely remove
the dissolved oxygen from the solution. A stock solution of
nitric oxide was prepared in a gas-tight syringe by degassing a
buffer solution, followed by saturation with nitric oxide to a
final NO concentration of 1.9 × 10�3 M at 23 �C. Dilutions of
known concentration were prepared from this saturated sol-
ution by the use of a syringe technique. Nitric oxide gas was
purchased as commercially available NO bottles (Linde 93 and
Riessner) and cleaned of traces of higher nitrogen oxides, such
as N2O3 and NO2, by passing the gas through an Ascarite II
column and then bubbling through a gas scrubbing bottle con-
taining 5 M NaOH. A second scrubbing bottle with water was
used to prevent aerosol contamination. The whole system was
purged with oxygen-free argon to remove residual oxygen.

Measurements

pH measurements were performed on a Metrohm 623 pH meter
with a Sigma glass electrode or on a Mettler Delta 340 pH
meter. The concentration of free NO in solution was deter-
mined with an ISO-NOP electrode connected to an ISO-NO
Mark II NO sensor from World Precision Instruments. The NO
electrode was calibrated daily with fresh solutions of sodium
nitrite and potassium iodide, according to the method sug-
gested by the manufacturers. The determination of the stability
constant KNO was performed as described elsewhere.35

Scheme 4

KNO(RuIII) = KNO(RuII)/exp(nF∆E/RT) (15)
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UV-Vis spectra were recorded on a Shimadzu UV-2100
spectrophotometer equipped with a thermostated cell compart-
ment CPS-260. IR spectra were recorded using a two-mirror
ATR cell on a ATI Mattson FTIR Infinity spectrophotometer.
The reflection instrument utilizes a Ge crystal as an internal
reflection plate with a size of 50 × 20 × 2 mm and 45� angle
of incidence. For the nitrosyl complex, four independent
measurements of 100 scans each were performed under inert
gas atmosphere.

15N-NMR spectra were recorded on a Bruker Avance
DRX400 WB spectrometer at 40.56 MHz. Neat nitromethane
was used as an external reference standard. 15N-enriched [RuIII-
(edta)15NO] was prepared by the reduction of Na15NO2 with
ascorbic acid to produce 15NO, which was brought in contact
with the edta complex of RuIII. The pH of the solution was
carefully adjusted to the desired value with deoxygenated
NaOH or HClO4 under nitrogen atmosphere. Formation of the
nitrosyl complex was confirmed by the UV-Vis spectrum of a
diluted sample.

Kinetic measurements were performed by rapidly mixing
solutions of RuIII/II complexes with solutions of NO (or
NaNO2) using a SX-18�MV (Applied Photophysic) stopped-
flow spectrometer. The changes in absorbance were monitored
at 290 nm. All stopped-flow experiments were performed under
pseudo-first-order conditions and the reported rate constants
are the mean values from at least five kinetic runs.

Laser flash photolysis kinetic studies were carried out using
a LKS�60 spectrometer from Applied Photophysics for detec-
tion and a Nd: YAG laser (SURLITE I-10 Continuum) pump
source operating in the third harmonic (λexc = 355 nm; 100 mJ
pulses with ca. 7 ns pulse widths). Spectral changes at 290 nm
were monitored using a 100 W Xenon arc lamp, a mono-
chromator, and a PMT-1P22 photomultiplier tube. The
absorbance reading was balanced to zero before the flash, and
data were recorded on a DSO HP 54522A digital storage
oscilloscope and then transferred to a computer for sub-
sequent analysis. Gas-tight quartz cuvettes and a pill-box cell
combined with high pressure equipment 36 were used at ambi-
ent and under high pressure (up to 170 MPa), respectively. At
least 30 kinetic runs were recorded under all conditions, and
the reported rate constants represent the mean values of
these.
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