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Abstract

The kinetics of the reduction of trans-[Ru(TMC)(O),J** (TMC
=1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) has
been studied in aqueous acidic solution. The reaction has
the following stoichiometry: trans-[Ru¥(TMC)(O),]**
+2Fe** +2H" - trans-[Ru™(TMC)O(OH,)** +2Fe**. The
rate law is —d[Ru(VI))/dt =k,[Ru(VI)][Fe?*] with k,=27.4
M~ !'s~!at25.0°C and 1.0 M ionic strength, and AH*=1.3+0.3
kJ mol™!, AS*=—(210420) J mol~! K™'. A mechamsm that
1s consistent with the rate data is [RuY(TMC)(O),]**
+Fe?* = [RuY(TMC)0,)]* +Fe?*, followed by [Ru¥(TMC)-
(02)]* +Fe?* +2H* - [RuY(TMC)O(OH,)J** + Fe** (fast).
Using the Marcus cross relation the rate constant for the
outer-sphere electron transfer between Ru(VI) and Fe®* is
calculated to be 10 M~! s™!, which compares favorably with
the experimental value. However the low AH* and the large
negative AS* is more consistent with an inner sphere
mechanism

Introduction

Ruthenium oxo complexes have received much at-
tention in recent years because of their remarkable
abilities to act as stoichiometric and catalytic oxidants
[1]. So far, most studies were concerned with the
oxidation of organic molecules, with little emphasis on
simple inorganic substrates [2-4]. As part of a program
to study the reduction of ruthenium oxo complexes by
simple inorganic species, we report here the kinetics
of the reduction of trans-[Ru¥(TMC)(O),J**
(TMC=1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclote-
tradecane, structure is shown in Fig. 1) by Fe**(aq).
This complex is chosen for study because it is particularly
stable compared to other trans-dioxoruthenium(VI)
complexes; the presence of the macrocyclic ligand TMC
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Fig. 1. Structure of TMC.

eliminates side reactions due to ligand loss or decom-
position. The reduction of this complex with various
Ru(II) complexes has recently been reported [3]. In
the presence of excess Ru(VI), the complex is first
reduced to Ru(V), which then undergoes acid-catalysed
disproportionation. Because the Ru(II) reductants used
(as well as the Ru(VI) oxidant) are substitutionally
inert, the mechanism for the reduction of Ru(VI) to
Ru(V) is restricted to the outer-sphere. In the present
case the Fe?* reductant is substitutionally labile, hence
both outer-sphere and inner-sphere pathways are pos-
sible. It would be of interest to see which pathway
would be preferred under this situation.

Experimental

Materials

trans-[Ru"(TMC)(0),](PF,), was prepared by a lit-
erature method [5]. Solutions of Fe?* were freshly
prepared before each set of kinetic runs by dissolving
either iron wire (with warming) or ammonium iron(II)
sulfate in perchloric acid or trifluoromethanesulfonic
acid. The solutions were standardised with potassium
permanganate [6]. No difference in rates was observed
between the use of iron wire and ammonium iron(II)
sulfate. Also there was no difference in rates between
the use of perchloric acid and triflic acid. Most kinetic
runs were done in perchloric acid using ammonijum
iron(II) sulfate. Ionic strength was maintained with
either sodium perchlorate or sodium trifluorometha-
nesulfonate. All chemicals were of reagent grade. Water
for kinetic experiments was distilled twice from alkaline
permanganate.

Kinetic measurements

The kinetics of the reaction were determined using
a Hewlett-Packard 8452A diode array spectrophotom-
eter. The concentrations of Fe(Il) were at least in 10-
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fold excess of Ru(VI). The rate of the reaction was
measured by monitoring the disappearance of Ru(VI)
at either 222 or 256 nm (Ap.. of Ru(VI)). Both wave-
lengths gave identical results and most runs were mon-
itored at 256 nm. Pseudo-first-order rate constants, k.,
were obtained by non-linear least-squares fits of 4, to
time ¢ according to the equation 4,=A4.+(4,—A4.)
exp( —kopst), Where A, and 4., are the initial and final
absorbances, respectively. Second-order rate constants,
k,, were obtained from linear least-squares fits of kg
to [Fe(II)]. There was no difference in rate constants
between reactions carried out in air or under argon,
and most runs were done in air.

Products and stoichiometry

The amount of Fe** produced was determined by
adding KNCS to the solution after reaction and meas-
uring the absorbances of the resulting red [Fe(SCN),,]* ="
complex [6]. Typically, 4 ml of 5X10°* M of Fe**
(2x107°% mol) in 1 M HCIO, were mixed with 4 ml
of 1xX10~* M of Ru(VI) (4107 mol) in 1 M HCIO.,.
After 1 h, 1 ml of 2 M KNCS and 0.6 ml 4 M HCI
were added, the solution was diluted to 10 ml and the
absorbance at 480 nm was measured. By reading from
a calibration curve, the concentration of Fe(IlI) pro-
duced was found to be 8.1x107° M (8.1x 1077 mol,
average of two determinations). Control experiments
showed that the excess Fe** and the Ru(IV) product
did not interfere with the measurements. Thus 2 mol
of Fe** were produced per mole of Ru(VI).

The product resulting from the reduction of Ru(VI)
was determined as follows. Typically 1xX107¢ mol of
Ru(VI) was mixed with 2.2X10~® mol of Fe(II) in 10
ml of 0.1 M HCIOQ,. After 1 h the solution was loaded
onto a Sephadex-SP C-25 cation-exchange resin. By
eluting with 0.2 M HCIO, and examining the UV-Vis
spectrum of the solution 1.0xX107% mol of trans-
[Ru™(TMC)O(OH,)* (Amax/nm (¢/M™! cm™"): 420
(150), 280 (1600), 210 (9800)) [7] was found to be
present.

Results and discussion

Spectral change and stoichiometry

Rapid spectral changes were observed when a solution
of Ru(VI) was mixed with an excess of Fe(Il) in acidic
solution. Well-defined isosbestic points at 216, 285 and
345 nm were maintained throughout the course of the
reaction (Fig. 2). The final solution was found to contain
1 mol of Ru(IV) and 2 mol of Fe(IIl) per mole of
Ru(VI) used (see ‘Experimental’). Thus the overall
reaction can be represented by eqn. (1).
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Fig. 2. Spectral changes during the reaction of [RuY(TMC)(O),]**
(5%107° M) with Fe?* (3.5%107* M) in 1 M CF,SO,H at 25
°C a, Imtial spectrum taken ¢ 5 s after mixing. Spectra were
recorded at 40 s intervals.

[RuV(TMC)(O),]>* +2Fe* +2H* —>
[Ru'V(TMC)O(OH,)2* +2Fe** (1)

Kinetics

The kinetics of the reaction were followed at either
256 or 222 nm (A, of Ru(VI)). In the presence of
at least 10-fold excess Fe®*, clean pseudo-first-order
kinetics were observed for over three half-lives. The
pseudo-first-order rate constants, k., were obtaincd
by non-linear least-squares fits of absorbance A, to time
t according to the equation A4,=A4.+(4;—A.)
exp( —k.us!). Representative data are collected in Table
1. The pseudo-first-order rate constants were inde-
pendent of [Ru(VI)] from 2.5X107° M to 1X107* M,
and this confirms that the decay of Ru(VI) is strictly
first order. The rate constants were also independent
of [H*] from 0.01 M to 1 M; the type of acid used
(HCIO, or CF,SO;H) and the presence or absence of
air. A few studies were also made on the effect of
added Fe**. Experiments were performed with 5 103
M Ru(VI),5x10"*MFe**,and 1 X107 *Mto 7x10~*
M Fe**. There was inhibition by Fe**; k. decreased
by about 14% on adding 7X10~* M Fe?**. Unfortu-
nately, higher concentrations of Fe>* could not be used
due to its strong absorption at around 260 nm.

The pseudo-first-order rate constants were found to
depend linearly on [Fe**]. Second-order rate constants,
k,, were obtained from linear least-squares fits of kg,
to [Fe?*]. Thus the experimentally determined rate
law is

—d[Ru(VI)]
dr
The temperature dependence of k, at u=1.0 and 0.1

is shown in Table 2. As can be seen, k, is rather
insensitive to temperature as well as ionic strength. At

=k;[Ru(VD)][Fe*" | =kg,[Ru(VD)]  (2)



TABLE 1. First-order rate constants for the reaction of Ru(VI)
with Fe(II)*

[H*] 10°[Fe(II)] 10% g
M) M) (Cal)
1.0 0.40 1.12
1.0 0.50 1.40
1.0 0.50 136
1.0 0.50 1.42°
1.0 0.50 1.38¢
1.0 0.50 1.30°
1.0 0.50 1.20°
1.0 1.50 4.18
1.0 2.60 7.23
1.0 3.50 9.65
0.10 0.40 1.20
0.01 0.40 1.22
0.01 0.40 1.248

*u=1.0 M (NaClQ,), [Ru(VI)]=5x10"% M, T=25.0 °C. Each
data is the average of at least two determinations. Results are
reproducible to within 5%. °[Ru(VI)]=25x10"° M.
“CF,SO,H was used instead of HCIO,. 9[Fe(IID)]=1x10* M
added. ‘[Fe(Ill)]=4x10"*Madded. f[Fe(IID]=7%10"*M
added. *Reaction carried out under argon.

TABLE 2. Temperature dependence of the second-order rate
constants for the reaction of Ru(VI) with Fe(II)*

e T (K) k;
(M1 s7Y)

1.0 291 26.4
1.0 298 274
1.0 305 283
1.0 311 29.2
0.10 291 26.4
0.10 298 270
0.10 305 217
0.10 311 28.0

2Error +3%.

u=1.0,AH*=134+0.3kJI mol~*and AS*= —(210+20)
Jmol ! K™% at u=0.1, AH*=0.5+0.5 kJ mol~?! and
AS*=—(210420) J mol~1.

Mechanism
A mechanism that is consistent with the simple rate
law is shown in Scheme 1.

O=Ru"'=0+Fe(Il) =
O=RuV=0+Fe(lll) kyk_; (3)
O=Ru'=0+H* = O=Ru'=OH K, @)
O=RuvY=0H+Fe(l) —
O=RuV-OH +Fe(Ill) k; (5)
O=RuV-OH+H* — O=RuV-OH, fast (6)

Scheme 1.
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The initial step involves one-electron reduction of
Ru(VI) to Ru(V). The dioxoruthenium(V) species then
undergoes protonation with K, =615 at 299 K [3]. The
protonated dioxoruthenium(V) species is a stronger
oxidant (E,,=08 V [3]) than dioxoruthenium(VI)
(E42=0.56 V). (All potentials measured in this paper
are versus NHE.) Using the steady-state approximation
for [0=Ru¥Y=0] and [O=Ru¥=O0H], the following
rate law is obtained:

d[Ru(IV)]  ksksK,[Ru(VD)][Fe(IDJ[H*] .
dt  ksK [H*|[Fe(Il)] +ks[Fe(III)] )

Under the conditions that k;K [H*][Fe(II)]>
k_s[Fe(1llI)], the rate law simplifies to that observed
with k, =k,.

The main point of interest in this mechanism is
whether the first step of the reaction, i.e. the electron
transfer between Ru(VI) and Fe?*, is outer-sphere or
inner-sphere. A calculation of k,,, the theoretical rate
constant for the outer-sphere reaction between Ru(VI)
and Fe?™*, can be made using the Marcus cross relation

[8]:

k12 = (kllkzzKlzflz)m (8)
where

log K,,)?
Inf12= ( 8 12) (9)

4 In(K, k2/2)

The value of K,,=2.81x10"*, the equilibrium constant
for the reaction, is calculated from the reduction po-
tentials for the Ru(VI)/Ru(V) (0.56 V) [9] and the
Fe3*2* (0.77 V) [10] couples. A value of 1.5X10° [3]
is used for k,;, the self-exchange rate for Ru(VI)/Ru(V).
k., the self exchange rate for Fe’*/Fe’**, is 4 M™!
s~! [11]. z, a collision frequency, is taken as 10" M~*
s~1, The value of k,, obtained in this manner is 10
M~1!s~1 This calculated value compares favorably with
the measurcd value of 27 M~ s~ ' at u=1.0, and this
is usually regarded as a good evidence for an outer-
sphere mechanism. However, an outer-sphere mech-
anism cannot explain the observed activation param-
eters. The outer-sphere reduction of Ru(VI) by
[Ru"(NH,),bpy]** (bpy =2,2’-bipyridine) has
k,=24x10° M™' s' (25 °C, n=0.1), with
AH*=(4.82+0.20) kJ mol™' and AS*= —(117+20)
J mol~! K~' [3]. In the present case, the reduction
of Ru(VI) by Fe** has a lower AH¥ even though k,
is smaller by a factor of 10°. This is due to a much
more negative AS*. As pointed out by Taube [12], this
observation can be rationalised by assuming a pre-
equilibrium step as shown in Scheme 2.
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[O=RuV'=0OJ]* +Fe?* =
[O=Ru¥'=O0Fe"]** ki, k_10 (10)
[O=RuY'=0Fe"]** — products &, (11)

Scheme 2.

AH* overall would be low or even negative if the
enthalpy change for the pre-equilibrium step is negative.
This is possible if energy is released in the formation
of the new Fe?*—0 bond as well as from the interaction
of the d-electrons of the two metal centers. For a
reaction such as (8), AS* would have large negative
values. Hence, the observed activation parameters are
more consistent with an inner-sphere mechanism. The
lack of ionic strength dependence of k, is not surprising
according to this mechanism since k, = k;ok11/(k _10k11),
a product of several terms.

The self exchange rate of Ru(VI)/Ru(V) is rather
rapid (k=1.5x10° M~! s ™), so the outer-sphere path-
way should be particularly favored for reactions with
large driving force. In the present case, the reduction
of Ru(VI) to Ru(V) by Fe** is uphill by 0.21 V (the
overall reaction is, however, downhill by 0.23 V since
E,,, for Ru(VI)/Ru(IV)=0.90 V), and the inner-sphere
pathway seems to be more favored. However, since k,
is close to the rate constant for the theoretical outer-
sphere pathway, it is likely that both inner-sphere and
outer-sphere pathways are occurring simultaneously.
For more uphill reactions it is possible that inner-
sphere pathways will predominant.

Acknowledgements

This research is supported by an Indicated Grant
(Project No. 700082) from the City Polytechnic of Hong
Kong. We thank Dr Keung Lau for helpful discussions.

References

1 C. M. Che, W. T. Tang and T. F. La1, J Am. Chem. Soc.,
111 (1989) 9048; S. A. Adeyem:, A. Dovietoglou, A R.
Guadalupe and T. J. Meyer, Inorg. Chem., 31 (1992) 1376;
A. C. Dengel, W. P. Griffith, C. A. O’Mahoney and D. J.
Williams, J Chem. Soc., Chem Commun., (1989) 1720; J. T.
Groves and K. H Ahn, Inorg Chem., 26 (1987) 3831; S.
Perrier, T. C. Lau and J. K. Kochi, Inorg Chem, 29 (1990)
4190

2 R. A. Binstead and T. J. Meyer, J. Am Chem. Soc., 109
(1987) 3287; J. Gilbert, I. Roecker and T. J Meyer, Inorg
Chem, 26 (1987) 1126; B. A. Moyer, B. K. Sipe and T. I.
Meyer, Inorg Chem., 20 (1981) 1475.

3 C. M. Che, K. Lau and T. C. Lau, J Am Chem. Soc, 112
(1990) 5176

4 K. Y. Wong and C. M. Che, J. Chem. Soc, Dalton Trans.,
(1989) 2056.

5 C M. Che, K. Y. Wong and C. K Poon, Inorg Chem, 24
(1985) 1797.

6 A. Vogel, A Textbook of Quantitative Inorganic Analysis, Long-
man, 4th edn, 1978, p. 354.

7 C.M Che, T. F. Lat and K Y. Wong, Inorg Chem, 26
(1987) 2289.

8 R. A. Marcus, Ann. Rev Phys Chem, 15 (1964) 155.

9 C. M. Che, K. Y. Wong and F. C. Anson, J Electroanal.
Chem., 226 (1987) 211

10 K. E. Heusler and W J. Lorenz, in A. J. Bard, R. J. Parsons
and J. Jordan (eds.), Standard Potentials in Aqueous Solution,
Marcel Dekker, New York, 1985, p. 391.

11 J. Silverman and R. W. Dodson, J Phys. Chem, 56 (1952)
846.

12 H. Taube, Adv Inorg. Chem Radiochem., 1 (1959) 1.



