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Abstract: The kinetics and mechanism of the reduction of trans-[Ru¥(TMC)(0),]** to trans-[Ru!Y(TMC)O(H,0)]** (TMC
= 1,4,8,11-tetramethyl-1,4,8.11-tetraazacyclotetradecane) in aqueous solution by outer-sphere one-electron reductants (R),
trans-[Ru"’(TMC)(O)z]2+ + 2R + 2H* — trans-[Ru!Y(TMC)O(H,0)]?* + 2R*, have been studied. The first step of the
reduction is a simple outer-sphere electron-transfer process, trans-[RuV’(TMC)(O)2]2+ + R — trans-[Ru¥(TMC)(0),]* +
R* with rate = k,JRu(VI)] [R]. The rate constants (k,) with cis-[Ru'{(NH,),bpy]** (bpy = 2,2’-bipyridine), [Ru"(NH;)sisn]**
(isn = isonicotinamide), and [Ru'(NH;)spy]?* (py = pyridine) have been measured and can be correlated with the Marcus
cross relation. The estimated self-exchange rate constant of the trans-[RuY(TMC)(0),)%*/trans-[Ru¥(TMC)(0),]* couple
is 1.5 X 10% mol"! dm? 5! (/ = 0.1 M) at 298 K. When trans-[RuYY(TMC)(0O),]?** is in excess, the trans-[RuY(TMC)(O),]*
species formed will undergo rapid disproportionation, 2trans-[RuY(TMC)(0),]* + 2H* ~ trans-[Ru¥(TMC)(0),]** +
trans-[Ru’V(TMC)O(HZO)]Z"' The disproportionation follows the rate law: rate = kg [Ru(V)]? with ks = 2k K[ [H*)/(1
K [H*])%. The K, and k, are referred to the equilibrium constant and rate constant for the respective reacnons trans-
[Rua(TMC)(O) ]z+ + H* = trans-[Ru¥(TMC)O(OH)]** and trans-[Ru¥(TMC)O(OH)]** + trans-[RuY(TMC)(0),]* ~
trans-[RuV’(TMC)(O)z]z"' + trans-[Ru!Y(TMC)O(OH)}*. At 299 K and / = 0.1 M, K, and k, have been determined to
be 615 £ 50 mol™! dm?® and (2.72 £ 0.34) X 106 mol™! dm?® s, respectively. The self—exchange rate constant of the

trans-[RuY(TMC)O(OH)]?* /trans-[Rul¥(TMC)O(OH)]* has been estimated to be 5 X 10°

=01 M.

Oxo complexes of ruthenium(VI), ruthenium(V), and ruthe-
nium(VI) have received much attention in recent years because
of their remarkable abilities as stoichiometric and catalytic ox-
idants.>”7 Among the various oxoruthenium species, the Ru-
(IV)-oxo complex [Ru'V(bpy),(py)O]?* (bpy = 2,2’-bipyridine;
py = pyridine) has been extensively studied by Meyer and co-
workers.> Oxidation by this complex can proceed through a variety
of pathways including oxygen-atom transfer, hydrogen-atom, and
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hydride transfer. In contrast, although a number of trans-di-
oxoruthenium(VI) species have been synthesized and shown to
be good oxidants for quite some time, 237 relatively few
mechanistic details are known.* We have thus initiated a program
to study the reactions of trans-dioxoruthenium(VI) complexes with
various inorganic and organic substrates in order to find out the
various mechanistic pathways and the factors determining which
pathway would be preferred in a given reaction. Our interest in
the redox chemistry of trans-dioxoruthenium(VI) also arises as
a result of previous electrochemical studies,®® indicating that this
class of compounds are potent electrooxidative catalysts and exhibit
reversible dioxoruthenium(VI)/oxoaquoruthenium(IV) couple in
aqueous solution. The reversible M==0/M—OH, redox couple,
which has not been encountered with the classical metal-oxo
oxidants such as MnO," and CrO,?", is commonly observed in the
electrochemistry of ruthenium and osmium oxo complexes. 3810

We report here the results of a rate and mechanistic study on
the reaction of trans-[RuV(TMC)(0),]*, % (TMC = 1,4,8,11-
tetramethyl-1,4,8,1 I-tetraazacyclotetradecane) with some simple
outer-sphere reductants:  cis-[Ru(NH;),bpy]?*, [Rull-
(NH;)sisn]?* (isn = isonicotinamide), and [Ru!(NH;)py]?*. The
goal of this work is to obtain detailed kinetic, thermodynamic,
and mechanistic information about the reduction of Ru(VI) to
Ru(IV). The TMC system is particularly attractive for use in
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this study for the following reasons: (1) trans-[Ru’{(TMC)(0),]**
is stable to decomposition and (2) possible intermediates and
products such as trans-[RuY(TMC)(0),]* and trans-[RulV-
(TMC)O(OH,)]?* have been well-characterized,” thus making
mechanistic study relatively easy.

Experimental Section

Materials. trans-[Ru"(TMC)(0),](PF),,® cis-[Rull(NH,) bpy]-
(PFg),!! [Rul'(NH;)spy](PFg),.'? and [Rull(NH;)sisn](PF),!2 were
prepared by literature methods. Water used for kinetic experiments was
distilled twice from potassium permanganate.

Trifluoromerhanesulfonic acid (Aldrich), monochloroacetic acid,
acetic acid, and sodium hydroxide were used to maintain pH. Sodium
trifluoromethanesulfonate (made by neutralizing trifluoromethane-
sulfonic acid with sodium hydroxide) was used to maintain ionic strength.
D,0 (99.9 % D, Aldrich), CD,COOD (99.9 % D, Merck), and DCIO,
(99.8% D, Merck) were used as received.

Kinetic Measurements. Routine UV-vis spectra were obtained with
a Shimadzu UV-240 spectrophotometer. Kinetic measurements were
made with a Hi-Tech SF-51 stopped-flow module coupled with a Hi-Tech
SU-40 spectrophotometric unit. The data collection process was con-
trolled by an Apple Ile microcomputer via an ADS-1 interface unit, also
from Hi-Tech.

The reaction between Ru(VI) and Ru(Il) was found to occur in two
stages: a rapid reduction of Ru(VI) to Ru(V) followed by a slower
disproportionation of Ru(V) (see results). Under the condition that the
concentration of Ru(VI) is in 10-fold excess of the Ru(Il) reductant
([Ru(vD)] = 5§ X 1075 X 10* M, [Ru(I)] = § X 107%-5 x 107 M),
the kinetics of the first step was followed by monitoring the MLCT band
of the Ru(ll) complex (cis-[Ru(NH;)bpy]?*, 522 nm; [Rull-
(NH;)spy]?*, 475 nm; [Rul'(NH;)sisn]2*, 478 nm). Pseudo-first-order
rate constants, K, were obtained by nonlinear least-squares fits!314 of
A, to time t according to the equation 4, = A, + (4y — A.) exp(—kqpt),
where A4, and A, are the initial and final absorbances, respectively.
Second-order rate constants, k,, were obtained from linear least-square
fits of kg to [Ru(VI)].

The second stage of the reaction, i.e., disproportionation of Ru(V), was
followed at 300 nm (near Ap,y of Ru(V) in CH;CN).2 In most runs
concentrations of reactants were higher ([Ru(VI)] = 3 X 101 x 107
M, [Ru(ID)] = § X 1075-2 X 10 M) than that used in studying the first
stage of the reaction in order to obtain a large enough absorbance change
and to ensure that the first stage is fast enough as not to interfere with
the second stage. In other words, separate experiments were performed,
in most cases, to follow the two stages of the reaction. The order of the
disproportionation was determined by using Wilkinson’s equation'*

t _nt 1

— = -4 —

P 2 K M
where p = | = C,/C,, the fraction reacted, n = order of the reaction, and

K = kg Cy"". kg is the disproportionation rate constant. Cj is the initial
concentration of Ru(V) ([Ru(V)]p) and is proportional to (4, - 4.). C,
is the concentration of Ru(V) at time ¢ [(Ru(V)],) and is proportional
to (4, - A.). Equation | can thus be written as

t HAg-A.) |

P (Ao A4) ) * kg [Ru(V)]g™! @

Equation 2 was used to verify that the reaction is second order and
to obtain an approximate value of k4. Equation 2 can be rearranged to
€q 3, by using n =2

A=a/(l+)+8 3)
where
o= Ay - A
B=A.
7= [Ru(V)loky,

The value of k4, was refined by a nonlinear least-squares fit!* of
absorbance A, to time ¢ according to eq 3, taking the concentration of
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Figure 1. (a) UV-vis spectral changes for the reaction between trans-
[Ru"Y(TMC)(0),]2* (0.8 X 10™* M) and cis-[Rul}(NH,;),bpy]?* (1.6 X
104 M) in 0.1 M CF;SO;H: Ru(VI), (—); Ru(Il), (---); and final
spectrum, (—-). (b) UV-vis spectral changes for the reaction between
trans-[Ru¥(TMC)(0),]* (~1 X 10 M) and 5 equiv of CF;COOH in
acetonitrile. The final spectrum (—) is identical with that of an aceto-
nitrile solution containing equal concentrations of trans-[Ru¥{(TMC)-
(0),)* and trans-[RulY(TMC)O(CH;CN)]2*.

Ru(II) used as [Ru(V)], and using «, 8, and 7 as adjustable parameters.

Product and Stoichiometry. The stoichiometry for the cis-[Ru'-
(NH;)bpy]?* reduction of trans-[RuY(TMC)(0),]?* in 0.1 M was
determined by adding various amounts of Ru(Il) to Ru(VI) (initially
present in excess) and monitoring absorbance changes at 522 nm (Apax
of Ru(Il)). A stoichiometry of 2Ru(II):1Ru(VI) was obtained from the
plot of absorbance vs [Ru(II)]/[Ru(VI)] (Figure S1, Supplementary
Material). Determination of the reaction stoichiometry under the con-
dition that [Ru(VI)] is in 5-fold excess of [Ru(Il)] has also been at-
tempted. The amount of trans-[RulY(TMC)(O)(H,0)]?* formed was
estimated by measuring the absorbance change at 420 nm where the
Ru(VI) species does not have any absorption. The result obtained is
similar to that described above but is less accurate because of the low €,
(150 mol"! dm? cm™) of Ru(IV) at this wavelength. The product re-
sulting from the reduction of Ru(VI) was determined as follows. Typ-
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Figure 2. Absorbance vs time output of the nonlinear least-squares

program for the reduction of trans-[RuY(TMC)(0),]** (2 X 10™* M)

by cis-[Ru(NH;)bpy]?* (2 X 10> M) at 522 nm, T =2927 K, I =

0.01 M: dotted line, experimental data; solid line, theoretical curve.

ically 1.07 X 107 mol of Ru(VI) was mixed with 2.17 X 10~ mol of
Ru(Il) in 10 mL of 0.05 M CF;SO;H. The resulting solution was loaded
onto a Sephadex Spc-25 cation-exchange resin. By eluting with 0.2 M
CF;SO;H and examining the UV-vis spectra of the solution 1.1 X 107
mol of trans-[RulY(TMC)O(H,0)]** was found to be present.

Results

In the presence of excess trans-[RuY(TMC)(0),}** in aqueous
acidic medium, cis-[Ru(NH,),bpy]?* is oxidized rapidly, as
evidenced by the disappearance of its intense MLCT band at 522
nm (Figure la). Spectrophotometric titration indicated that 2
mol of Ru(II) were oxtdized for each mol of Ru(VI) reduced (see
Experimental Section). The reduction of Ru(VI) was accom-
panied by the corresponding stoichiometric appearance of
trans-[RulV(TMC)O(OH,)]?*. The formulation of the Ru(IV)
product as oxo-Ru(IV) rather than dihydroxyruthenium(IV) is
also supported by our recent work, in which the structure of
trans-[RuV(L)O(H,0)]** (L = 1,12-dimethyl-3,4:9,]10-di-
benzo-1,12-diaza-5,8-dioxacyclopentadecane) has been determined
by X-ray crystallography.?® Thus the overall reaction can be
represented by the equation

trans-[Ru¥(TMC)(0),]?* + 2cis-[Ru"(NH;)bpy]** +
2H* — trans-[RulY(TMC)O(OH,)}** +
2cis-[Ru™(NH;)bpy]** (4)

Preliminary mixing of the reactants in the stopped-flow ap-
paratus ([Ru(VI)] = 5 x 10* M, [Ru(I)] = 5 X 10 M, pH
= |, T = 298 K) indicated that the reaction occurs in two stages.
At 300 nm, near the A, of trans-[RuY(TMC)(0),}* (Figure 1b)
and cis-[Ru''(NH;),bpy]** a rapid first-order rise in absorbance
was observed, which is followed by a slower second-order decay.
At 522 nm, the A, of cis-[Rut'(NH,),(bpy)]** a clean rapid
first-order decay was observed which is in the same time scale
as the rise in absorbance at 300 nm. On the basis of these and
other evidences presented later, the two stages of the reaction can
be represented by eqs 5 and 6 in Scheme I.

Scheme I

trans-[RuY{(TMC)(0),]** + cis-[Ru¥(NH;) bpy]?* —
trans-[Ru¥(TMC)(0),]* + cis-[Ru"(NH;),bpy]** (5)

2trans-[RuY(TMC)(0),]* + 2H* —
trans-[Ru¥YY(TMC)(0),]** + trans-[Ru!¥(TMC)O(OH,)]**
(6)

According to this scheme, the first stage of the reaction is the
one-electron reduction of dtoxoruthenium(VI) to dioxo-
ruthenium(V), while the second stage involves the dispropor-
tionation of dioxoruthenium(V) to give dioxoruthenium(VI) and
oxoruthenium(IV). The kinetics of these two steps are described
separately below.

Kinetics of the Reduction of Dioxeruthenium(VI) to Dioxo-
ruthenium(V). The kinetics were followed by measuring the
disappearance of cis-[Ru'(NH;),bpy]?* at 522 nm. In the
presence of at least a 10-fold excess of trans-[RuV(TMC)(0),]?*,
clean pseudo-first-order kinetics were observed. The pseudo-
first-order rate constants, ko, were obtained by nonlinear
least-square fits of A4, to time ¢ according to the equation A4, =

Che et al.
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Figure 3. Plot of log k; vs v/I/(v/I + 1) for the reduction of trans-
[RuY(TMC)(0),]1** by cis-[Rul(NH;),bpy]?* at 292.7 K.

Table I. Representative Second-Order Rate Constants for the
Reaction trans-[Ru¥{(TMC)(0),1** + cis-[Rul}(NH,;),bpy]** —
trans-[Ru¥(TMC)(0);]%* + cis-[Rul'(NH;)bpy]**?

T.K LM 1075 ky, M1 57!
279.6 0.010 5.1%03
286.4 0.010 5.6 % 0.3
292.7 0.010 5.8 0.3
0.025 9.1 0.5
0.050 139 + 038
0.080 18.5% 1.0
0.100 226 % 1.3
298.0 0.010 6.1 0.3
0.100 242+ 1.4
304.8 0.010 6.6+ 0.4
310.6 0.010 7.1 %04
320.7 0.010 77 +04

epH = 2.2, [Ru(VD] =5 x 1073-5 x 10* M, [Ru(ll)] = § x
10-5 % 10 M. I = ionic strength.

Ao + (A= A.) exp(—kqt). A typical fit is shown in Figure 2.
The pseudo-first-order rate constants were found to depend linearly
on [Ru(VI)]. Thus the experimentally determined rate law is

—d[Ru(Il)}
de

Second-order rate constants, k,, obtained from linear least-squares
fits of kg to [Ru(VI)], are independent of pH from 1.0 to 4.0.

The effect of ionic strength was investigated from 0.0] to 0.1
M at 292.7 K. Plot of log k, vs v/I/(1 + +/I) is linear as shown
in Figure 3. The observed slope of 3.98 is close to 4.08, the
theoretical value given by the Debye—Huckel equation for a bi-
molecular reaction between two dications.

The activation parameters AH* = (4.84 £ 0.20) kJ mol™! and
AS* = —(117 £ 20) J mol"! K! (/ = 0.0] M) were calculated
by a least-squares treatment of log k,/T vs 1/T.

Representative kinetic data are collected in Table I.  The
kinetics of the reduction of Ru(VI) were also studied by using
[Ru(NH;)sisn]?* and [Ru'l(NH;),py]** as reductants. Sec-
ond-order rate constants at 25.0 °C are 3.0 X 108 M-1s71 (J =
0.1 M) and 3.4 X 106 M~! 57! (J = 0.0]1 M),!5 respectively.

Kinetics of Disproportionation of Dioxoruthenium(V). The
kinetics were followed at 300 nm corresponding to the disap-
pearance of Ru(V) (which is produced in situ from Ru(VI) and
Ru(II)). Visual inspection suggested that the decay curve is a
hyperbola rather than an exponential function. A least-squares
treatment of ¢/p (p = fraction of unreacted Ru(V), ¢ = time)
against ¢ yielded a straight line with slope = 1, confirming a
second-order kinetics (see Experimental Section). Thus the ex-
perimentally determined rate law is

-d[Ru(V)]
de

Second-order rate constants, kg, were obtained by nonlinear
least-squares fits of absorbance A, to time ¢ according to eq 3.
A typical fit is shown in Figure 4. The pH dependence of the

= ky[Ru(VD][Ru(ID] = ku[Ru(ID]  (7)

= kgs[Ru(W)]? (8)
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Figure 4. Typical absorbance vs time output of the nonlinear least-
squares program for the disproportionation of trans-[Ru¥(TMC)(0),]*
(5% 10*M)at300nm, T=299K,pH =1.0,and / = 0.10 M: dotted
line, experimental data; solid line, theoretical curve.

Table II. pH Dependence of the Disproportionation of
trans-[RuY(TMC)(0),]* at T = 299 K and lonic Strength (/) =
0.10 M

[0*[Ru(NH,)bpy**], 103[Ru(TMC)0,2*], 103 kg
M M pH Y
2,07 1.02 5.50 6.2+0.3
1.10 0.61 500 12206
0.72 0.38 450 584
0.96 0.50 400 18810
0.77 0.41 340 529 £ 30
0.51 0.30 3.00 540 £ 30
0.35 0.30 250 720+ 40
0.60 0.33 2.00 341 18
0.55 0.30 1.50 966
0.57 0.35 1.00 39x2

rate constant was studied in the range of 1-5.5 at 299 K and at
an ionic strength of 0.1 M, and the results are summarized in Table
II. A plot of kg vs pH gives a bell-shaped curve, as shown in
Figure 5. These results are consistent with the following
mechanism (Scheme II).

Scheme II

trans-[Ru¥(TMC)(0Q),]* + H* eTK—P‘*
trans-[RuY(TMC)O(OH)]?* (9)

trans-[RuY(TMC)O(OH)J?* + trans-[RuY(TMC)(0),]* -
trans-[Ru¥{(TMC)(0),]** + trans-[RulY(TMC)O(OH)]*
(10)

trans-[RutY(TMC)O(OH)]* + H* —%.
trans-[RulV(TMC)O(H,0)]2* (11)

On the basis of this reaction scheme, it can readily be shown that

2kK,[H*]

"+ K[H (12)

dis

A nonlinear least-squares analysis'® of the data in terms of eq
12 leads to k, = (2.72 £ 0.34) X 10° M~ 5" and K, = 615
50 M1 at 299 K.

The temperature dependences of k. and K, are summarized in
Table III. The activation parameters AH* = (’ 18.7 £ 2.9) kJ mol™!
and AS* = —(59.0 £ 10.0) J mol"! K"! were calculated from a
least squares treatment of In (k./T) vs 1/T.

Several runs were also made by using [Ru(NH;)sisn]?* as
reductant to generate [RuY(TMC)(0),]*. A 299 Kand /I =0.1
M, kg, was found to be (37.9 £ 1.8) X 10% and (6.1 £0.1) X
103 M~ 57! at pH 1.0 and 5.5, respectively. The values of k, =
(2.7£0.4) X 106 M™/s"l and K, = 711 £ 114 are in satisfactory
agreement with the values k, = (2.7 £ 0,5) X 105 M~! 57! and
K, = 615 £ 50 obtained by using cis-[Ru"(NH;),bpy]?* as re-
ductant.

Discussion

Reduction of Ru(VI) to Ru(V). The visible spectrum of
trans-[Ru¥(TMC)(0),]** remains unchanged in acid solutions
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Figure 5. Plot of kg4, vs pH for the disproportionation of trans-[Ru"-
(TMC)(0),]* at 299 K and / = 0.10 M.

up to 8 M, thus implying that the pK, of trans-[Ru¥Y(TMC)O-
(OH)]3* is <-1. This together with the pH independence of the
reaction rate suggests that a pathway involving protonated Ru(VI)
species is negligible in the pH range of 1-4 used in this study.
The activation parameters for the reduction of trans-[RuV!-
(TMC)(0),]** by cis-[Rut'(NH;),bpy]** are of interest. The
activation enthalpy for reaction 5 is quite small (4.84 kJ mol!
at / = 0.0]1 M). It is thus unlikely that the reaction involves atom
transfer where the activation enthalpy is usually much higher.?*
The data are consistent with an electron-transfer pathway.!6"1?
Given the substitution inertness and the structure of the reactants,
it is unlikely to have an inner-sphere pathway for reaction. Thus
the mechanism for the reduction of Ru(VI) to Ru(V) is likely to
be outer-sphere in nature. In fact, the activation entropy for
reaction 5 is also very close to the value of other known outer-
sphere systems of the same charge composition.!®!®

Self-Exchange Rate of Ru(VI)/Ru(V). Assuming a simple
outer-sphere mechanism, values for the self-exchange rate constant
of the Ru(VI)/Ru(V) couple can then be estimated by the
well-known Marcus—Cross relation.!6

kiy = (ky1kysKyafi2)'? (13)
where

log K;,)?
]nf’2 = ___(__g_’_Z)__ (]4)
4 In (kyyky2/2%)

(15) The reaction between Ru(VI) and [Rul'(NH;)spy]?* is too fast to be
followed at 7/ = 0.1 M.

(16) (a) Marcus, R. A. J. Chem. Phys. 1965, 43, 679, 2654. (b) Sutin,
N. Acc. Chem. Res. 1982, 15, 275,

(17) Poon, C. K.; Tang, T. W. Inorg. Chem. 1984, 23, 2130.

(18) Brown, G. B; Krentzien, H. Z.; Abe, M.; Taube, H. Inorg. Chem.
1979, 18, 3374.

(19) Brown, G. M_; Sutin, N. J. Am. Chem. Soc. 1979, 101, 883.
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In these equations &, is the observed rate constant of the redox
reaction, and k;, and k,, are the self-exchange rage constants for
the component couples [here subscript “1” will refer to Ru(II)
and subscript “2” to Ru(VI)]. K, is the equilibrium constant for
the reaction. z, a collision frequency, is taken as 10'! mol™ dm?3
s~1. The results of the Marcus calculations are summarized in
Table IV. The three estimated self-exchange rate constants lie
within an order of magnitude. The value obtained from cis-
[Ru''(NH,),bpy]?* is probably less reliable since the driving force
in this case is very small (AE =~ 0.04 V) and hence a slight
uncertainty in £ could result in a large error in the calculated
self-exchange rate. Hence we feel that the best estimate of the
trans-[Ru(TMC)0,]**/* self-exchange rate constant is around
1.5 X 105 M1 571 (at 298 K and 7 = 0.] M). To our knowledge,
there has been no prior self-exchange rate data for Ru(VI)/Ru(V)
couples. This rate constant is similar to those of Ru(III)/Ru(II)
couples: for example, trans-[Ru(]4aneN,)Cl,}*/% 3.0 X 107 (
= 0.5 M);"" [Ru(NH,)s(py)]3*/?*, 4.7 X 10° (/ = 1.0 M);!®
cis-[Ru(NH;),(bpy)]3*/2*, 7.7 X 105 M1 571 (1 = 0.1 M), where
electron transfer occurs within the d, orbitals. The large Ru(V-
D-Ru(V) self-exchange rate reveals a low inner-sphere reorg-
anization energy for the electron-transfer reaction, as in the cases
of [RuY(NH,)spy]?* and cis-[Rut'(NH;)py]**.!%19 This suggests
that reduction of Ru(VI) to Ru(V) should not cause a significant
distortion of the Ru=0 and Ru-N(TMC) bonds. Previous X-ray
structural works also established that the variations in the Ru-N
(equatorial amine) and Ru==O0 distances from ruthenium(VI)-oxo
to Ru(I'V)-oxo complexes of macrocyclic tertiary amines are very
small,2% in accordance with the kinetic results described here.

Disproportionation of Ru(V). Evidence for disproportionation
of Ru(V) first from cyclic voltammetric works.?»® In aqueous
solutions having pH values between | and 7, trans-[Ru¥-
(TMC)(0),]** exhibits a reversible two-proton two-electron
Ru(VI)/Ru(IV) couple (eq 15), suggesting that the intermediate
Ru(V) state is unstable with respect to disproportionation.

Ep=090V

alpH =10
trans-[Ru¥Y(TMC)(0),]* + 2H* + 2e

trans-[RuV(TMC)O(H,0)]** (15)

At pH > 7, the single two-electron wave begins to split into two
waves which are assigned to half reactions (16) and (17).

Ep =056V

trans-[RuYY(TMC)(0),]* + ¢
trans-[RuY(TMC)(0),]* (16)

E\ =043V
al pH = 10.0

trans-[Ru¥(TMC)(0),]* + H* + ¢
trans-[RuY(TMC)O(OH)}* (17)

The driving force for the disproportionation reaction (eq 6) can
be obtained from eqs 15 and 16; at 298 K, pH = 1.0 and / = 0.]
M, AG is equal to =15.7 kcal mol™! (Kygg, = 3.2 X 10"). This
driving force decreases with increasing pH until at pH ~ 7.3, AG
= 0.

In nonaqueous medium trans-[Ru¥(TMC)(0),]* is much more
stable and can be readily isolated by electrochemical reduction
of trans-[Ru¥(TMC)(0),]*.2¢ Study of its disproportionation®
establishes the stoichiometry shown in eq 6. Direct kinetics study
using the Ru(V) complex® proved to be difficult since the reaction
is rather rapid even at high pH. The use of 1-e outer-sphere Ru(II)
complexes, however, provides a convenient means of generating
Ru(V) in situ from Ru(VI). The validity of this method is sup-
ported by its clean bimolecular kinetics and the independence of
the subsequent disproportionation reaction rates to the reducing
agent used.

From the pH dependence of kg, the disproportionation is
shown to proceed via protonation of Ru(V) prior to electron
transfer. The pk, of trans-[RuY(TMC)O(OH)]* is found to be
2.8 (K, =615 at 26.6 °C); thus on going from dioxoruthenium(VI)
to dioxoruthenium(V), the pk, of the protonated species increases
by over 4 units.

Che et al.

Table I1I. Temperature Dependence for the Disproportionation
Reaction of trans-[Ru¥(TMC)(0);]* at I = 0.10 M

T,K 10%k,, M1 57! K, M
299.0 272 £ 0.34 615 = 50
304.7 341 £0.33 608 £ 60
3.20 £ 0.32¢ 1310 £ 130
310.6 375 £ 0.38 686 £ 60
3207 4.95 £ 0.50 770 £ 93
?In D,0O.

Table IV. Estimation of the trans-[Ru(TMC)Q,]**/!* (E, ; = 0.56
V9) Self-Exchange Rate Constant at 298 K and / = 0.1 M from the
Marcus—Cross Relation

0%, 107Ky, 10°ky,

reductant Epfv Mlist Mgt Mgl
cis-[Rul(NH,).bpy]?*  0.52 24 178 15.0
[Rull(NH,)sisn]?* 0.39 3.0 1.1¢ 1.5
[Rul(NH,)spy]>* 0.30 13.4 112 1.5

4Vs NHE. ?Reference 19. ©The exchange rate constant at 298 K
and 1.0 M CF;SO;H is 4.75 % 10° M1 57! (ref 18); it is empirically
corrected to / = 0.1 M by multiplying the rate constant at / = 1.0 M
by 0.23 (see ref 19).

The E,, value for the reduction of Ru(V) to Ru(IV) (eq 18)
is 1.24 V at pH = | (from eqs 15 and 16).

trans-[RuY(TMC)(0),]* + 2H* + ¢ —
trans-[Ru'V(TMC)O(H,0)]** (18)

Thus, in the presence of protons, Ru(V) is a more powerful oxidant
than Ru(VI), and this provides the driving force for the dispro-
portionation reaction,

The disproportionation rate constant, kg, exhibits apparently
interesting solvent isotope effects. At pH (pD) = 1.0, deisp <
k"disp, but at pH (pD) = 4.5, the reverse is true. By calculating
k. and K, from eq 12, it is found that k(H,0)/k(D,0) =~ |, while
K, (H,0)/K(D,0) = 0.46 (T = 304.7 K, I = 0.1 M) (Table III).
T;le lack of solvent isotope effect for k. together with the sub-
stitution inertness of both reactants ([RuY(TMC)(0),]* and
[RuY(TMC)O(OH)}?*)?! are consistent with a simple outer-sphere
electron-transfer mechanism.'®1%22  The observed solvent isotope
effect on the equilibrium constant X is similar to that found in
other oxo acid systems.?

Self-Exchange Rate of trans-[Ru(TMC)O(OH)J*/1*, As-
suming a simple outer-sphere mechanism, the self-exchange rate
of trans-[Ru(TMC)O(OH)]**/* can be estimated by using a value
of 1 X 10° M~ 57! discussed above for the self-exchange rate of
trans-[Ru(TMC)0,]2*/1*, The E,, for the trans-[Ru¥(TMC)-
O(OH)]?* /trans-[RulY(TMC)O(OH)]* couple is shown to be
+0.80 V (/ = 0.1 M) using eqs 9 and 17. By entering these data
into the Marcus—Cross relation, the self-exchange rate of
trans-[Ru(TMC)O(OH)]+/1* is estimated to be around 5 X 10°
M1 sl Like that of Ru(VI)/Ru(V), electron exchange between
Ru(V) [(d,,)%(d,s)! configuration] involves orbitals of n sym-
metry. The slower exchange rate of the Ru(V)/Ru(IV) couple
is probably due to a larger Frank—Condon barrier associated with
the conversion of a RuY=0H?! to Ru!Y-OH bond upon reduction,

Conclusion and Comments

[Ru¥Y(TMC)(0),]** is unique among metal-oxo systems in
two respects. First, electrochemically it exhibits a well-defined,

(20) The trans-[Ru¥(L)(0),](CIO)(L = 1,12-dimethyl-3,4:9,10-di-
benzo-1,12-diaza-$5,8-dioxacyclopentadecane) complex has recently been iso-
lated and characterized by elemental analyses, IR spectroscopy, and magnetic
susceptibility measurements. This Ru(V) complex is very stable in aqueous
solutions having pH > 8. Preliminary kinetic studies showed that the reaction
between trans-[Ru¥(L)(0),]* and H* is very similar to that of the dispro-
portionation of trans-[Ru¥(TMC)(0),]* described in this work. Tang, W.
T. Ph.D. Thesis, University of Hong Kong, 1989.

(21) The RuY-OH bond should have partial double bond character and
hence is expected to be inert to substitution.

(22) Weaver, M. J.; Nettles, S. M. Inorg. Chem. 1980, 19, 1641,

(23) Albery, W. J. In Proton Transfer Reactions; Caldin, E. F., Gold, V.,
Ed.; London: Chapman and Hall, 1975; p 263.
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reversible Ru(VI)/Ru(IV) couple in acidic solutions as well as
reverstble Ru(VI)/Ru(V) and Ru(V)/Ru(IV) couples in basic
solutions. Thus accurate redox potentials for these couples can
be obtained. Second, the stability and rigidity imposed by the
TMC ligand ensures that the complex and its reduced products
persist in solution, thus giving rise to clean behavior. These factors
together account for the detailed kinetics, thermodynamic, and
mechanistic information that can be obtained in this study. Such
information, apart from improving our understanding of high-
valent ruthenium—oxo chemistry, would also help in the designing
of efficient and selective ruthenium oxidants.

Electrochemical studies on other trans-dioxoruthenium(VI)
species such as trans-[Ru"(bpy),0,]"% indicated that their
behavior is very similar to that of trans-[Ru¥i(TMC)O0,}?*. It
seems that the disproportionation mechanism that we established
in this study is a general one for the trans-dioxoruthenium(V)
spectes. Moreover, this work implies that other d3 metal-oxo
systems chould also be unstable, and disproportionation of an
oxo—manganese(IV) porphyrin system has been postulated re-
cently. 2

The observed large self-exchange rates of the Ru(VI)/(V) and
Ru(V)/(IV) couples and rate of disproportionation of Ru(V)
suggest that the redox interconversion between Ru(VI) and Ru-
(IV) is rapid. This explains the reversibility of the two-electron
Ru(VI)/(IV) couple observed in the electrochemistry of trans-
dioxoruthenium(VI).
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Abstract: The role of weak Au(I)-Au(l) interactions in determining the structure and reactivity of a set of new, ligand-bridged
complexes is described. Addition of 2 equivs of Me,SAuCl to dpma [dpma is bis((diphenylphosphino)methyl)phenylarsine)
yields Au,Cl,(u-dpma) which has its two gold ions widely separated (7.011 (1) A) but which packs about a center of symmetry
so that there are two close (3.141 (1) A) Au-Au contacts between molecules. *'P NMR spectra indicate that this molecule
self associates at Jow temperature in solution also. Treatment of Au,Cl,(u-dpma) with further Me,SAuCl produces Au;Cl;(u-dpma)
which has a bent Au; chain (Au—Au distances 3.131 (1), 3.138 (1) A:; Au-Au-Au angle, 110.9 (1)°). The reaction of
Au,Cl,(u-dpma) with ammonium hexafluorophosphate or thallium nitrate yields [Au,Cl,(u-dpma),}[PF¢], or [Au,Cly(u-
dpma),][NOjs],, respectively. These have bent Auy chains (Au—Au distances 2.965 (1), 3.096 (1); Au-Au-Au angle, 88.0
(1)° in the hexafluorophosphate salt) with terminal P-Au—Cl groups and the dpma ligands aligned so that phosphorus is trans
to arsenic on the central two gold ions. Comparisons of the solid state, associated form of Au,Cl,(u-dpma) and [Au,Cly(u-dpma),)**
suggest that the initial stage of formation of the Au, chain involves association of the Au,Cl,y(u-dpma) units through Au-Au
interactions, despite the presence of vacant coordination sites on the gold ions and lone pairs on the arsenic atoms. The role

of empty p acceptor orbitals on gold favoring the bent chains is developed.

Recent work on molecular recognition has focused attention
on bonding interactions between molecules which are generally
weaker than normal covalent bonds.! Among those are hydrogen
bonds, electron donor/acceptor interactons and van der Waal’s
forces, The attractive interaction between Au(l) centers is another
such tnteraction which, while weak, has important effects in de-
termining molecular conformations and packing within gold(I)
complexes.2 It has been suggested? that Au/Au contacts shorter
than 3.5 A are otherwise unexpected for such a large ion and it
has been known that short Au—Au contacts (as short as 2.776 A)4
are frequently seen in the solid state.> Only recently, however,

(1) Lehn, J.-M. Angew. Chem., Int. Ed. Engl. 1988, 27, 89. Cram, D. J.
Angew. Chem., Int. Ed. Engl. 1986, 25, 1039. Host Guest Chemistry; Parts
I-111, Vogtle, F., Weber, E., Eds.; Top Curr. 1984, 1982, 1981, /21, 101, 98.

(2) Schmidbaur, H. Angew. Chem., Int. Ed. Engl. 1976, 15, 728.
Schmidbaur, H.; Dash, K. C. Adv. Inorg. Chem. Radiochem. 1982, 25, 239.
Puddephatt, R. J. The Chemistry of Gold; Elsevier: Amsterdam, 1978.

(3) Jones, P. G. Gold Bull. 1981, 4, 102; 1981, 14, 159; 1983, /6, 114;
1986, /9, 46.

4) lngguchi, Y .; Milewski-Mahrla, B.; Schmidbaur, H. Chem. Ber. 1982,
115, 3085.
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has it been possible to estimate the energy associated with such
bonds. Schmidbaur and co-workers have estimated that a Au-Au
interaction (with a bond distance of 3.000 A) has a bond energy
of 7-8 kecal mol™'.3

Most of the observed Au—Au interactons in Au(I) compounds
involve pairs of gold ions,’ but a few examples of extended Au-Au
interactions involving three or more gold ions are known.* Here
we present new structural data that show the ability of Au-Au
interactions to orient molecules in the solid state in a configuration
which is suggestive of an intermediate that is suitable for a reaction
observed in solution. These interactions result in the formation
of bent groups of three or four gold(I) ions. For this we used a
flexible ligand, bis((diphenylphosphino)methyl)phenylarsine
(dpma), that places minimal constraints on the gold—-gold sepa-
rations. Previous work with this ligand has focused on the use

(5) Schmidbaur, H.; Graf, W.; Maller, G. Angew. Chem., Int. Ed. Engl.
1988, 27, 417.

(6) Throughout, our discussion is restricted to d'® Au(I) species, and we
specifically exclude more reduced gold clusters from consideration. For
emphasis, structural drawings use solid lines for the gold—-gold interactions.
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