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The redox behavior in acetone solution of [Ru(NH3)5(~ulfoxide)]~+’~+ and cis-[Ru(NH3)4(dms0)2]~+~~+, where 
linkage isomerizations, Rums+ and RunO-S, are brought about by electrochemical oxidation or reduction has 
been characterized, and the first-order rate constants for them have been obtained. In the isomerization of Rums+, 
a bulky substituent group on the S atom accelerates the reaction over 1000 s-l for [Ru(NH3)5(sec-butyl sulfoxide)13+ 
from 0.4 s-l for [Ru(NH3)5(dmso)13+. In cis-[Ru(NH3)4(dmso)2I3+, the rate of the RumSS-SO is much faster 
than 1000 s-l at room temperature. Substitution on the S atom barely changes the isomerization rates (-10 s-l) 
for the RunO-S of the [R~(NH3)5(sulfoxide)]~+ complexes. However, the replacement of a cis-ammine by pyridine 
reduces the rate to 0.7 s-l. We obtained the related thermodynamic parameters in the dmso, the n-butyl sulfoxide, 
and the (1,5-dithiacyclooctane I-0xide)ruthenium complexes and also determined the reaction scheme. The 
thermodynamics is also presented in for cis-[Ru(NH3)4(dms0)2]~+~~+, 

Introduction 

Our special interest in isomerizations brought about by redox 
processes derives from the fact that they are selectively 
triggerable by the application of suitable potentials. Each system 
remains in a state Z1 until addressed by trigger signal whereupon 
it assumes the state Z2+. Systems of this kind are the key 
building block of all digital electronic devices.’ Scheme 1 
outlines the succession of events in completing a redox cycle 
for such a system. It is characterized by two redox potentials 
El and E2, two chemical reactions for each case with the rate 
constants kl and k2. 

The redox couples Z1/Z1+ and Z2/Z2+ are in principle 
reversible; however, if the isomerization following electron 
transfer is sufficiently rapid, the electron transfer becomes 
irreversible. Since Z1 and Z2 differ in chemical constitution, 
E1 and E2 can differ. In electroanalytical terminology this is 
designated an ECEC system,2 which is switched by the 
comparatively trivial recharging. As an unexplored application, 
we speculate that the triggerable linkage isomerizations can 
direct molecular motions and can be the engine of a molecular 
machine. 

We previously reported a (su1foxide)ruthenium dinuclear 
complex whose redox behavior shows “molecular hys te res i~” ,~~.~  
a phenomenon implying memory in a molecule and, in principle, 
applicable to a high density memory storage. It is based on 
rapid isomerization in the oxidation state and slow intramo- 
lecular electron transfer between two ruthenium complexes. 

Linkage isomerization of sulfoxidepentaammineruthenium 
complexes was first reported by Yeh et aL4 In the stable forms, 
sulfoxide is bound via S to Ru(II)~ and via 0 to Ru(III).~ When 

*Abstract published in Advance ACS Abstracts, Seutember 15, 1994. 
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the S-bond isomer is oxidized at 1.0 V, linkage isomerization 
occurs to the more stable 0-bond form. When the resulting 
species is reduced at 0.0 V, it remanges to the more stable 
original state. The rates at 25 “C and aqueous solution are 0.07 
and 0.24 s-l for the S-0 isomerization and 30 s-l and 90 s-’ 
for the 0-S in dimethyl sulfoxide (dmso) and methionine 
sulfoxide complexes in aqueous solutions, re~pectively.~ 

In order to apply linkage isomerization to the broader fields 
referred to above, variable rates of linkage isomerization are 
needed. In line with this, we have undertaken to learn the effect 
on these rates of changing the substituents on the sulfur and of 
changing the coligands and to determine the energy differences 
between the isomeric forms. 

To this end, we have prepared a series of (sulfoxide)- 
amminerutheniums and measured the rates and free energies 
for the isomerizations of the complexes. 

Experimental Section 
Materials. [Ru(NH3)5(acetone)](PFs)2 and cis-[Ru(NH3)4(acetone)~]- 

(PF6)Z were synthesized from [Ru(NH3)&l]C12 and cis-[Ru(NH3).+Clz]- 
C1 as described in the literature? sb respectively. [Ru(N&)5(sos)](PF& 
(sos; 1,5-dithiacyclooctane 1-0xide.1,~~ [Ru(NH3)s(p-fluorobenzonitrile)]- 
( P F ~ ) z , ~  and [Ru(NH~)~(2,6-difluorobenzonitrile)](PF~)~* were synthe- 
sized as described in the literature. Diphenyl sulfoxide (dpso), dibenzyl 
sulfoxide (benzylso), bis(4-chlorophenyl) sulfoxide (Cl-pso), and di- 
n-butyl sulfoxide (n-buso) were recrystallized from proper solvents. 

Bis(chloromethy1) sulfoxide (Cl-mso)? di-tert-butyl sulfoxide (t- 
buso),gb di-sec-butyl sulfoxide (s-buso),gb and sosgc were synthesized 

(7) (a) Callahan, R. W.; Brown, G. M.; Meyer, T. J. Znorg. Chem. 1975, 
14, 1443. (b) Sugaya, T.; Sano, M. Inorg. Chem. 1993, 32, 5878. 

(8) Takemoto, M.; Sugaya, T.; Tomita, A.; Sano, M. To be submitted for 
publication. 

(9) (a) Mann, F. G.; Pope, W. J. J.  Chem. Soc., Trans. 1923, 123, 1172. 
(b) Drabowicz, J.; Lyzwa, P.; Popielarczyk, M.; Mikolajczyk, M. 
Synthesis 1990, 937. (c) Roush, 0. B.; Musker, W. K. J. Org. Chem. 
1978, 43, 4295. 
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as described in the literature. Dimethyl sulfoxide (dmso) and tetrameth- 
ylene sulfoxide (tmso) were purchased from Wako Chemical and Tokyo 
Kasei, respectively, and were used without further purification. Acetone 
was purified by vacuum distillation over B ~ 0 3 . l ~  Anhydrous Et20 and 
CH2ClZ were purchased from Aldrich (SurelSeal bottle) and were used 
without further purification. Tetra-1 -butylammonium hexafluorophos- 
phate (n-Bu4NPF6) (Tokyo Kasei) was twice recrystallized from ethanol 
and dried at 105 "C under vacuum. All solvents were thoroughly 
deoxygenated by purging with argon in a VacuudAtmospheres Co. 
inert atmosphere dry glovebox. 

Instrumentation. Proton and carbon-13 NMR spectra were re- 
corded on a JEOL EX-270 spectrometer and are reported as ppm shifts 
from acetone-& (2.04 ppm for 'H and 29.8 ppm for l3C). The electronic 
absorption spectra were recorded on a Hitachi 330 spectrophotometer. 

Bulk electrolysis and coulometry experiments were performed on a 
PAR Model 173 potentiostat with a PAR Model 276A interface, which 
was driven by a PAR Model 175 universal programmer. Cyclic 
voltammetry with a thin layer cell and differential pulse voltammetry 
were carried out by BAS-100B on acetone solutions of complexes (10 
mM). Electrochemical experiments were performed by a three- 
electrode system with a platinum working electrode, a platinum-wire 
counter electrode, and a gold-wire reference electrode with ferrocene/ 
ferrocenium hexafluorophosphate (Fc/Fcf) dissolved in acetone. In 
thin layer cyclic voltammograms, a platinum mesh (150 mesh) was 
used. In all acetone solutions, concentrations of n-Bu4NPF6 are 0.2 
M. Cyclic voltammograms at fast scan rates (1.0-1000 V s-') and 
double potential step experiments were recorded on a Riken Denshi 
transient recorder TCFL,-8000E. All potentials are reported vs the 
normal hydrogen electrode. The reference electrode was calibrated with 
the ferrocene-ferrocenium couple ( E  = 0.55 V (NHE)) as measured 
in situ. Variable temperature electrochemical experiments in the drybox 
employed a thermostat system with EYELA MPF-40, which controlled 
the temperature to hO.1 K. 

All reactions and measurements were carried out under argon 
atmosphere in a Vacuum/Atmospheres Co. inert atmosphere dry 
glovebox. 

General Preparation of [R~(NH~)~(sulfoxide)](PF6)z. In a typical 
preparation, 100 mg of [Ru(NH3)5(acetone)](PF6)2 was dissolved in 3 
mL of acetone. The desired sulfoxide was added at four times the 
concentration of the complex, and the solution was stirred for 20 min. 
The solution was treated with about 2 mL of CH2C12, and the resulting 
precipitate was filtered off. The filtrate was treated with CH2C12, and 
the solid was filtered off. The solid was redissolved with acetone, and 
then the solution was again treated with CHZC12. The precipitate was 
filtered off and washed with CH2C12 and ether. 

The compounds were characterized by 'H NMR, cyclic voltammetry, 
and elemental analysis. 

[Ru(NH3)s(dmso)](PFs)z. 'H NMR (acetone-&,): 6 3.70 (br, 3H, 
trans-NH3). 3.33 (s, 6H), 2.55 (br, 12H, cis-NH3). Cyclic voltammetry 
(acetone, 0.2 M n-BuaPF6, 100 mVls): Epa = 1.01 V, Epc = 0.06 V. 
UV/vis (H20): 312, 234 (sh), 211 nm. 

Anal. Calcd for C2H21N5SORuP2F12: C, 4.32; H, 3.81; N, 12.61. 
Found: C, 4.70; H, 3.77; N, 12.61. 

[Ru(NH3)5(tmso)](PFs)~. 'H NMR (acetone-&): 6 3.74 (br, 3H, 
truns-NH3), 3.5-3.4 (m, 2H), 3.3-3.2 (m, 2H), 2.58 (br, 12H, cis- 
NH3), 2.4 (m, 2H), 2.2 (m, 2H). Cyclic voltammetry (acetone, 0.2 M 

315, 215 nm. 
Anal. Calcd for C4H23N5SORuP2F12: C, 8.26; H, 3.99; N, 12.05. 

Found: C, 8.41; H, 3.89; N, 12.26. 
[Ru(NH~)~(dpso)](pF&. 'H NMR (acetone-&): 6 7.9-7.8 (m, 4H), 

7.6-7.5 (m, 6H), 3.95 (br, 3H, truns-NHs), 2.68 (br, 12H, cis-NH3). 
Cyclic voltammetry (acetone, 0.2 M n-BUaPF6, 100 mV/s): Epa = 
1.11 V, Epc = 0.16 V. UV/vis (H20): 332, 272 (sh), 264 (sh), 256 
nm. 

Anal. Calcd for ClzHz5N5SORuPzFlz: C, 21.21; H, 3.71; N, 10.31. 
Found: C, 21.90; H, 3.65; N, 10.46. 

[Ru(NHJ)s(benzylso)](PFs)2. In this preparation, the volume of 
acetone was reduced to 1 mL, because the complex has high solubilty 
in acetone. 'H NMR (acetone-&): 6 7.47 (m, 4H), 7.40 (m, 4H), 4.72 

n-BUaPF6, 100 mvls): Epa = 1.00 V, Epc = 0.03 V. uv/vis (HzO): 
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(q, 4H, CH2) 3.61 (br, 3H, truns-NH3), 2.40 (br, 12H, cis-NH3). Cyclic 
voltammetry (acetone, 0.2 M n - B a P F 6 ,  100 mVls): Epa = 1.09 V, 
Epc = 0.16 V. UVlvis (H20): 322, 254 (sh), 219 nm. 

Anal. Calcd for C ~ ~ H ~ ~ N S S O R U P ~ F ~ ~ :  C, 23.76; H, 4.13; N, 9.90. 
Found: C, 23.81; H, 4.19; N, 9.74. 

[Ru(NH3)a(cl-pso)](PF6)~, Volume of acetone: 1 mL. 'H NMR 
(acetone-&): 6 7.9-7.8 (m. 4H), 7.6-7.5 (m, 4H), 4.00 (br, 3H, fruns- 
NH3), 2.72 (br, 12H, cis-NH3). Cyclic voltammetry (acetone, 0.2 M 
n-BudwF6, 100 mV/s): Epa = 1.17 V, Epc = 0.19 V. Wlv i s  (H20): 
331, 269 (sh), 235 nm. 

Anal. Calcd for C 1 ~ H ~ ~ N ~ C l ~ S O R ~ P 2 F l z :  C, 19.26; H, 3.10; N, 9.36. 
Found: C, 19.12; H, 3.09; N, 9.24. 

[Ru(NH3)s(Cl-mso)](PFs)2.'H NMR (acetone-&): 6 5.38 (q, 4H, 
CH?), 4.03 (br, 3H, fruns-NH3). 2.81 (br, 12H, cis-NH3). Cyclic 
voltammetry (acetone, 0.2 M n-Bu4NPF.5, 100 mV/s): Epa = 1.29 V, 
Epc = 0.23 V. UVlvis (H20): 312, 252 (sh), 225 nm.. Anal. Calcd 
for C~Hl9N~Cl2SORuP~Fl~: C, 3.85; H, 3.07; N, 11.22. Found: C, 
4.03; H, 2.87; N, 10.82. 

[Ru(NH3)s(n-buso)](PF&, Volume of acetone: 1 mL. The solution 
of the complex was treated with CHzClz because treatment with ether 
gave an oil. 'H NMR (acetone-&): 6 3.66 (br, 3H, truns-NHs), 3.44 
(m, 4H, CH2). 2.58 (br, 12H, cis-NH3), 1.84 (m, 4H, CHz), 1.47 (m, 
4H, CHz), 0.94 (t, 3H, CH3). Cyclic voltammetry (acetone, 0.2 M 
n-Bu4WF6, 100 mVls): Epa = 1.02 V, Epc = 0.07 V. W / v i s  (H20): 
320, 237 (sh), 212 nm. 

Anal. Calcd for CsH33N5SORuP2F12: C, 15.02; H, 5.20; N, 10.95. 
Found: C, 15.09; H, 4.95; N, 10.83. 
[Ru(NHJ)I(s-~uso)](PF~)~. The reaction time was 5 min. The first 

precipitation was with ether. 'H NMR (acetone-&): 6 3.65 (br, 3H, 
truns-NH,), 3.55 (m, 2H, CH), 2.65 (br, 12H, cis-NHr), 1.7-1.6 (m, 
4H, CH2), 1.39 (9. 6H, CH3), 1.05 (q, 6H, CH3). Cyclic voltammetry 
(acetone, 0.2 M n-BuNF6,  100 mV/s): Epa = 0.98 V, Epc = 0.10 V. 
UVlvis (H20): 331, 242 (sh), 219 nm. 

Anal. Calcd for C8H33N5SORuP2F12: C, 15.02; H, 5.20; N, 10.95. 
Found: C, 15.00; H, 4.75; N, 10.88. 

Preparation of cis-[Ru(NH3)4(dmso)~](PFa)~. One hundred mil- 
ligrams of cis-[Ru(NH3)4(a~etone)~](PF~)~ was dissolved in 1 mL of 
acetone. An excess of the dmso (1 15 mg) was added, and the solution 
was stirred for 30 min and then treated with CHzC12. The resulting 
precipitate was filtered off and was washed with CHZC12. The solid 
was redissolved with acetone, and then the solution was treated with 
CH2C12. The resulting precipitate was filtered off and washed with 
CH2Cl2. 'H NMR (acetone-&): 6 3.47 (br, 6H, NH3), 3.41 (m, 12H, 
CH3), 2.95 (br, 6H, NH3). Cyclic voltammetry (acetone, 0.2 M n - B u  
NPK, 100 mV/s): Epa = 1.70 V, EF = 0.98, 0.02 V: UV/vis (H20): 
320 (sh), 292, 226 (sh) nm. 

Anal. Calcd for C~HZ~N~SZOZRUPZFI~ :  C, 7.79; H, 3.92; N, 9.08. 
Found: C, 8.00; H, 3.77; N, 9.15. 

Preparation of cis-[Ru(~~)4(pyridine)(dmso)](PF~)~~so. One 
hundred-seventy-eight mil l igrams of cis-[Ru(NH3)4(acetone)~](PF6)~ was 
dissolved in 0.5 mL of acetone. Then dmso (26 mg) in 1.5 mL of 
acetone was added, and the solution was stirred for 5 min. The solution 
was treated with CHzClz. The solid was dissolved in 2 mL of acetone. 
Pyridine (750 mg) was added, and the solution was stirred for 60 min, 
and then treated with CH2C12. The resulting precipitate was filtered 
off and washed with CH2C12. The solid was redissolved with acetone, 
and the solution was treated with CH2C12. The resulting precipitate 
was filtered off and washed with CHzCl2. lH NMR (acetone-&): 6 
8.79 (d, 2H), 7.96 (t, lH), 7.51 (t, 2H), 3.74 (br, 3H, truns-NHs), 3.22 
(s, 6H, CH3), 2.95 (br, 3H, truns-NH3), 2.82 (br, 6H, cis-NH3). Cyclic 
voltammetry (acetone, 0.2 M n-BuaPF6, 100 mVls): Epa = 1.18 V, 
EF = 0.28 V. UVlvis (H20): 321, 238 nm. 

Anal. Calcd for Cl0H29N5S02RuP2FI2: C, 17.78; H, 4.32; N, 10.36. 
Found: C, 17.18; H, 3.93; N, 10.33. 

Kinetic and Thermodynamic Experiments. The double potential 
step chronoamperometry (DPSCA) method of Schwarz and Shain" for 
EC systems was used to calculate the rate constants for the isomerization 
reactions. We chose DPSCA as the best method to determine the 
isomerization rateszc A typical DPSCA is deserved in the following: 
1 mL of a 10 mM solution of a complex in 0.2 M (TBA)PFdacetone 

(10) Burfield, D. R.; Smithers, R. H. J.  Org. Chem. 1978, 43, 3966. (11) Schwarz, W. M.; Shain, I. J.  Phys. Chem. 1965, 69, 30. 
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a and b, [Ru(NH,),(dmso)]*+ n 

c, 100 m V  s.’ 

d, 20 V s.’ 

1 1 1 I 1 
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Figure 1. Cyclic voltammograms on acetone solutions containing 
[R~(NH~)~(dmso) ]~+’~+  (10 mM dm-3) and n -BuNF6  (0.1 M dm-9 
at 20 “C. 

was admitted to the working electrode compartment of the electro- 
chemical cell. A cyclic voltammogram was taken on the solution to 
determine whether the system was performing well and to determine 
the oxidizing and reducing potentials for the DPS experiments. The 
stepping potentials were chosen as 400 mV positive and negative of 
Epa and Epc, respectively. DPSCA experiments were then recorded 
for forward proper stepping times, t. The cell was then emptied and 
refilled with an identical solution and the experiment repeated. To 
obtain the background currents, the cell was emptied, rinsed, and refilled 
with only the electrolyte solution and the experiment repeated. Current 
ratios, ir(r + t)/if(t), for tlt values of 0.2 were obtained by measuring 
the currents and subtracting the corresponding background currents. 
To keep the current ratios 0.3-0.4, we set the stepping time, t, to range 
from 0.4 ms to 20 s. The proper working platinum electrode (r  = 0.2, 
0.5, 1.0 mm) was selected to roughly keep current constant during time 
t. Kinetic parameters were obtained from the theoretical working curve 
of Schwarz and Shain“ and were averaged from at least three 
measurements. Standard deviations in all cases were less than 3%. 
Digital Simulation for Cyclic Voltammetry. Digital simulations 

of proposed electrochemical mechanisms were done with a general 
purpose program1* designed to simulate voltammograms for any 
mechanism formulated as a combination of heterogeneous charge 
transfer and homogeneous reactions. We assumed Nemstian behavior 
in this simulation. The input for the simulations consisted of oxidation- 
reduction voltages and forward and reverse rate constants for each 
homogeneous reaction. 

Results and Discussion 

Overviews of Cyclic Voltammetry for [Ru(NH&- 
(d~nso)]~+’~+. Yeh et a1.4 reported the S to 0 and the 0 to S 
linkage isomerizations in [R~(NH3)5(sulfoxide)]~+’~+, but they 
did not publish any figures of cyclic voltammograms. We 
now introduce the cyclic voltammograms for [Ru(NH3)5- 
(s~lfoxide)]~+’~+. 

The cyclic voltammetry of [Ru(NH3)5(dmso)12+ exhibits an 
oxidation wave at 1.01 V (vs NHE) and a reduction wave at 
0.06 V (Figure 1A) at slow scan rates (‘100 mV s-l) and at 

1 .o 0.2 
E (V,vs. NHE) 

Figure 2. Thin layer cyclic voltammogram recorded at a platinum 
mesh electrode on an acetone solution containing [Ru(NH&(dmso)]- 
(PF& (10 mM dm-3) and n-BQ“F6 (0.1 M dm-3) at 5 mV SKI. 

20 “C. A similar response is obtained from the cyclic 
voltammetry of [Ru(NH3)s(dmso)l3+, at slow scan rates (< 100 
mV s-l) (Figure 1C). However, at higher scan rates, both 
complexes display reversible cyclic voltammograms; for [Ru- 
(NH3)5(dmso)l2+ at 1 V s-l, a couple is observed at 0.97 V, 
while for [Ru(NH3)5(dmso)l2+ at 20 V s-l, a couple is observed 
at 0.07 V (Figures lB, D). The scan-rate-dependent reversibility 
noted above is characteristic of an ECEC mechanism.2alb~c 
Oxidation-state-dependent linkage isomerizations in which there 
is an isomerization of the sulfoxide ligand to S-coordination 
upon oxidation and a corresponding isomerization to 0- 
coordination upon reduction are being o b ~ e r v e d . ~ , ~  

Obtaining a thin layer cyclic voltammogram is one of the 
best ways to verify the reversibility of the conversions between 
the two chemical forms in the system because bulk electrolysis 
can be carried out in the thin layer cell. The behavior of the 
system is shown in Figure 2. On scanning to an oxidation 
potential high enough to oxidize the ruthenium(I1)-sulfoxide, 
we observe an oxidation wave at 0.97 V without any cor- 
responding reduction wave. When one scans to a reduction 
potential, there is a single irreversible reduction wave at 0.06 
V with the same amplitude as the oxidation wave, which shows 
that Ru(1II)-S has been completely converted to Ru(II1)-0 
forms. On the forward scan again, we find a small reversible 
oxidation wave at 0.3 V corresponding to the bis(acetone) 
complex and the irreversible oxidation wave at 0.97 V with a 
rather small amplitude as in the last scan. In multiscan thin 
layer cyclic voltammograms, amplitude of the reversible wave 
at 0.3 V increases and amplitude of the waves at 0.97 and 0.06 
V decreases. A small amount of impurity is generated after 
the reduction of Ru(II1)-0. 

We turn now to a consideration of the electronic structure of 
sulfoxides, taking dmso as a simplest example. DV-Xa Mol3 
calculation gives as the HOMO (21st orbital), which is roughly 
characterized as a lone pair on the S atom. The LUMO is also 
located on the S atom. A lone-pair orbital localized on the 0 
atom is the 19th-MO, and it is lower an energy than the HOMO 
by 5.7 eV. The moiety R u ( N H ~ ) ~ ~ +  is well-known to be 
electron-rich,14 which implies that the nd orbitals of ruthenium- 
(11) are high in energy. As a result, the HOMO and the LUMO 
of dmso can easily interact with the metal d-orbital through 
o-bonding and n-bonding, respectively. When the Ru(I1) is 
oxidized to the Ru(III), the metal d-orbital lowers and easily 
mixes with the lower oxygen lone-pair orbital. This is why 
the Ru(I1) favors the S atom and the Ru(II1) the 0 atom. 

(12) (a) Feldberg, S. W. Elecrroanal. Chem. 1969, 3, 199. (b) Magno, F.; 
Bontempelli, G.; Andreuzzi-Sedea, M. Anal. Chim. Acta 1982, 140, 
65. 

(13) Adaci, H.; Shiokawa, S.; Tsukada, M.; Satoko, C. J. Phys. SOC. Jpn. 

(14) Taube, H. Pure Appl. Chem. 1979, 51, 901. 
1979, 47, 1528. 
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a, c i s - [ R u ( N H , ) , ( d m s ~ ) , ] ~ +  

I 

D 
b, cis-[Ru(NH,),(dmso)J3* I 
c, d ig i ta l  s i m u l a t i o n  of ~ i s - [ R u ( N H , ) ~ ( d m s o ) , ] ~ '  

2 1.5 1 0 5  0 -0.5 

E / V (vs .  NHE) 

Figure 3. Cyclic voltammograms on acetone solutions containing cis- 
[Ru(NH3)4(dms0)2]~+/~+ (10 mM dm-3) and fl-BuaPF6 (0.1 M dm-3) 
at 100 mV s-' at 20 "C and a digital simulation for cis-[Ru(NH& 
(dmso)#+. 

Electrochemistry of c is-[Ru(NH~)~(~ulfo~de)~]*~'~+.  The 
cyclic voltammetry of cis-[Ru(NH3)4(dms0)2]~+ exhibits an 
oxidation wave at 1.7 V, one reduction wave at 0.78 V, and 
one more small reduction wave at 0.02 V (Figure 3A) at 100 
mV s-l and at 20 "C. A similar response is obtained from the 
cyclic voltammetry of cis-[Ru(NH3)4(dms0)2]~+, at 100 mV s-l 
(Figure 3B). 

The potentials at 0.0 and 0.8 V are close to those of the 
[RU(NH~)~(O)]~+/~+ and [Ru(NH~)~(S)]~+/~+ complexes, respec- 
tively for dmso as ligand. Since the reduction potentials of [Ru- 
(NH3)6I3+ and [Ru(NH3)5(0)l3+ are almost identical at 0.05 V, 
the reduction potential of ruthenium ammine complexes remains 
substantially unchanged by substitution of a O(su1foxide) for 
NH3, which suggests that the reduction potential of the 0- 
coordination of bis(sulfoxide)tetraa"ineruthenium, cis-[Ru- 
(NH3)4(0)2l3+, should be close to that of [Ru(NH3)5(0)l3+. The 
reduction wave at 0.0 V can be assigned to the reduction of 
cis-[Ru(NH3)4(0)2I3+. Continuing the agreement, the wave at 
0.8 V can be assigned to the redox of the 0-coordination and 
S-coordination of bis(sulfoxide)tetraa"ineruthenium, cis-[Ru- 
(NH3)&)(0)]3+'2+, and the oxidation wave at 1.7 V to the 
oxidation of the S-coordination of bis(su1foxide)tetraa"ineru- 
thenium, cis-[Ru(NH3)4(S)2I2+. 

Rate Constants for Isomerizations of [R~(MI3)~(dmso)]~+~+ 
as a Function of Concentration. The rate constants, kl ,  for 
the S-0 linkage isomerization of [Ru(NH3)5(dmso)13+ were 
measured at three different concentrations of the complexes, 
2.1, 10, and 98 mM and yielded the values 0.35,0.37, and 0.37 
s-', respectively. We also measured the rate constants, k2, for 

Table 1. Rate Constants and Thermodynamics for Linkage 
Isomerization of [Ru(NH~)~(s~lfoxide)]~+~~+ and 
cis-[R~(NH~)&(sulfoxide)]~~/~+ in Acetone (20 "C) 

Ru"S - 0 
~~ 

Ml/k.I APJJ AdlM 
ligand klls-l mol-' K-' mol-[ mol-' 

dmso 0.37 f 0.01 78.9 f 1.0 16 f 4 74.2 
tmso 1.57 f 0.02 81.0 f 0.5 35 f 2 70.7 
C1-mso 1.93 f 0.01 77.1 f 0.6 24 f 2 70.1 
n-buso 4.3 f 0 . 2  77.4 f 0 . 5  32 f 2 68.0 
benzylso 16.0 f 0.9 72.6 f 0.9 26 f 3 65.0 
dpso 37.8 f 1.7 72.1 f 1.0 31 f 4 63.0 
c1-pso 43.8 f 1.8 73.7 f 0.7 38 f 2 62.6 
sos 62.9 f 0.7 68.3 f 0.3 23 f 1 61.6 
s-buso (5000) 63.3 f 1.4 42 f 5  51.0 
(dmsoh 1150" 
(py)(dmso) 3.0 f 0.1 76.5 f 0.5 25 f 2 69.2 

RunO - S 
Mw A P ~ J  A G * ~  
mol-' K-' mol-l mol-' ligand kds-l 

dmso 14.3 f 1.4 
tmso 10.8 f 0.2 
n-buso 9.6 f 0.6 
benzylso 15.9 f 1.1 
sos 12.6 f 0.7 
$-bus0 (6.5 f 0.7) 
(dmso)2 16.0 f 1.9 
(py)(dmso) 0.71 f 0.04 

a At -13 "C. 

55.2 f 0.7 -35 f 3 65.5 
56.6 f 1.0 -32 f 4 66.0 
53.1 f 0.7 -44 f 3 66.0 
52.5 f 1.0 -42 f 4 64.8 
51.5 f 0 . 7  -48 f 3 65.6 - 
58.7% 1.0 - 2 2 f 4  65.1 
61.7 f0.9 -38 f 3 72.8 

the W S  linkage isomerization of [Ru(NH&(dmso)]*+ where 
the values 13 s-l for 4.3 mM, 14 s-l for 10 mh4, and 13 s-l 
for 150 mM were obtained. For any square reaction scheme, 
there exists the added complication of intermolecular electron 
transfer, where the minor isomer in the oxidized equilibrium 
oxidizes the minor isomer in the reduced equilibrium. If this 
electron transfer reaction occurs, it can interfere with the 
calculations of the kinetic results. However, the fact that the 
rate constants were observed to be independent of the concen- 
tration of the electroactive species indicates that the cross- 
reaction does not interfere with the analysis to any significant 
extent. 

Isomerization Rates for Various Complexes. The rate 
constants, kl and k2, were measured at -13, -5 ,  3, 10, 20, 30 
and "C for both the RumS4O and for the R u n W S  isomer- 
izations of the complexes. A series of [Ru(NH3)5(sulfoxide)]- 
(PF6)2 (the sulfoxides are listed in Table I) and cis-[Ru(NH&- 
(L)(dmSO)](PF& (L = py and dmso) were examined for the 
measurements of the Rums* reactions. For the measurements 
of the rates of R u n W S  isomerization, the corresponding 
compounds were electro-oxidized and used. But, we could not 
obtain accurate values for the complexes of C1-mso, C1-dpso, 
and s-bus0 because they were partially decomposed during the 
bulk electrolysis. The upper limit of the rates accessible by 
DPSCA is lo3 s-l 2c .  However we estimated a value of 5000 
s-' by extrapolation of the linear of UT vs ln(WT) plot in the 
case of Rums* for the s-bus0 complex. Table 1 summarizes 
the values of the linkage isomerization rate constants at 20 "C. 

The rate constants, kl ,  are 0.37 s-l (dmso) < 1.57 (tmso) < 
4.3 (n-buso) < 16 (benzylso) 38 (dpso) < 63 (sos) < 5000- 
(s-buso) for S-0 isomerization in the series of [Ru(NH3)5- 
(sulfoxide)13+. Substitution of the bulky sec-butyl group for 
the methyl group on the sulfur atom increases the rate 4 orders 
of magnitude for the RumS--O change. Substitution of chlorine 
for hydrogen on the methyl group and on the phenyl group 
increases the rate, 0.37 s-l (dmso) < 1.9 (Cl-mso) and 38 (dpso) 
< 44 (Cl-pso). The rate for the Ru1I1S-0 change increases 
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qualitative observation was confirmed by electrochemical 
experiments that showed the reduction of the [Ru(NH3)5(PhF2- 
CN)I3+ to be virtually complete within one hour as shown in 
eq 1. 

[Ru(NH,>,(S)l2+ -I- IRu(NH3),(PhF2-CN)I3+ - 
[Ru(NH~)~(O) ]~+  + [Ru(NH,),(PhF2-CN)I2+ (1) 

Harman and TaubelSaqb found the same redox reaction in 
osmium(I1) ammine complexes and devised the following 
method to calculate equilibrium constants for isomerizations. 
When the above experiment is performed with the p-fluoroben- 
zonitrile analogue (E112 = 0.585 V) in acetone, a measurable 
equilibrium is gradually established in which approximately 
three-fifths of the Ru(II) is in the form of the (p-fluorobenzoni- 
tri1e)pentaammine complex, [Ru(NH3)5(PhF-CN)I2+. When the 
relative concentrations of the four ruthenium species in solution 
are measured, a value of 0.43 is calculated for the equilibrium 
constant Keq where 

[ Ru( NH3),( PhF-CN)] 3+ [ Ru( NH3),( S )] 2+ 

[Ru(NH,),(PhF-CN)I 2f[R~(NH3)5( 011 3f 
Kq = 

This leads to a value of Eeq = 0.564 V (NHE) in acetone for 
the half-reaction 

[RU(NH~)~(O>I~+  + e- - [Ru(NH~)~(S)]~+ 

in which each member of the couple is in its stable state. 
Consideration of the redox potentials for the S-bound isomer 

along with the above result yields the isomerization energy for 
ruthenium(II1) in acetone as follows: 

[RU(NH~>~(S) ]~+  + e- = [RU(NH,)~(S>]~+ (0.94 V) (-F) 

(-) [Ru(NH3)&0)l3+ + e- = 

[Ru(NH3)5(S)I2+ (0.56 V> (-F) 

Figure 4. Temperature dependence of the rate constants for the Rums - 0 isomerization of [RU(NH~)~(C~-~SO)]*+'~+ in acetone. 

from 0.37 to 3.0 s-' by substituting pyridine for NH3 in the 
dmso complex. 

The specific rates for 0 - S  isomerization in the [Ru(NH&- 
(sulfoxide)12+ series remain near 10 s-', revealing no significant 
difference between the complexes. However, substitution of 
pyridine for NH3 in the dmso complex decreases the rate from 
14 to 0.71 s-l. 

In cis-[Ru(NH3)4(dms0)2]~+/~+, rate constants were determined 
for EC systems of Ru3+SS-S0 and Ru2+OO-S0 and the 
values obtained are also entered in Table 1. The isomerization 
rate for Ru3+SS-S0 is over 1000 s-' at -13 "C and is the 
fastest among the sulfoxide complexes measured, while the rate 
for Ru2+00-S0 is 16 s-l, similar to those for the isomerization 
of the pentaammine sulfoxide complexes. 

Activation Parameters for Isomerizations of Various 
Complexes. A typical example of temperature dependence of 
the rate for the [Ru(NH3)5(C1-mso)12+ is shown in Figure 4, 
which gives good linearity in a plot of 1/T vs ln(k1lT). We 
obtained values of activation parameters, A P  and A P ,  on the 
basis of the following equation: hWkT = exp(-@/RT + A p t  
R).  The results are tabulated in Table 1 for @ and AL? with 
k and A@ at 20 "C. 

The values of @ range from 81 (tmso) to 63 kJ mol-' (s- 
buso) for RumS-O and from 62 ((py)dmso) to 52 kJ mol-' 
(sos) for Ru"D-S. The A 9  values range from 16 (dmso) to 
42 J K-' mol-' (s-buso) for RumS-O and from -22 ((dmso)~) 
to -48 JK-' mol-' (sos) for R u W S .  The activation entropies 
are positive for RumS-O and negative for RuI10-S. 

A striking result is the reversal of the sign of A 9  for the 
isomerization on Os(II1) and Os(II),lSa which suggests that an 
important factor in determining A 9  is the difference in polarity 
at the two points of attachment. The 0 site being more negative 
will interact more strongly with the solvent, and solvent disorder 
will increase when S rather than 0 is exposed to the solvent. 
This effect will be reflected, at least in part in the transition 
state for Rums*, hence the positive value of A P .  In the 
process RunO-S, the reverse is true. 

Homogeneous Oxidation for [Ru(NH3)&~Ifoxide)]~+. In 
spite of what the electrochemical results might suggest, we found 
that any (sulfoxide)ruthenium(II) complexes are capable of 
acting as reasonably good homogeneous reducing agents. When 
an acetone solution of the sos complex is added to 1 equiv of 
[Ru(NH3)5(PhF2-CN)I3+ (PhF2-CN = 2,6-difluorobenzonitrile), 
the solution turns deep yellow, indicating the formation of [Ru- 
(NH3)5(PhF2-CN)I2+, even though the reduction potential of the 
2,6-difluorobenzonitrile complex (E112 = 0.68 V in acetone) is 
substantially negative in relation to that of the oxidation wave 
(0.97 V) of the sulfoxides, even at low scan rates. This 

(15) (a) Harman, W. D.; Taube, H. J. Am. Chem. SOC. 1988, 110, 5403. 
(bj Harman, W.D.; Sekine, M.; Taube, H. J. Am. Chem. SOC. 1988, 
110, 2439. 

[Ru(NH~)~(S) ]~+  = [Ru(NH~)~(O) ]~+  (0.38 V) (-F) 

A standard free energy of -37 M mol-' at 20 "C corresponds 
to an equilibrium constant of 3 x IO6 for 

[RU(NH3>&s)l3+ zr [Ru(NH3>5(o)13+ 

This value together with that of kl leads to a specific rate of 
k-1 = 2 x lop5 s-l for Ru3+0-S isomerization. The same 
treatment has been applied to 

[RU(NH3>5(o>I2+ [RU(NH3)5(s>I2+ 

which gives AG1 = -54 kJ mol-', K1 = 4 x lo9, and k-1 = 
3 x The same experiments were performed for the dmso 
and the n-bus0 complexes. These results are summarized in 
Table 2. 

Energy Relationship of ECEC for [R~OMIJ)ssulfoxide]~+"+. 
In the isomerization of Ru(III), the values of AG1 and A@l 
are different for the dmso, the n-buso, and the sos complexes. 
However, we find that the kinetic free energy barrier to S-0 
isomerization on Rum (this is given by (AG1 - A@')) is almost 
identical for the three complexes. While 0-S isomerization 
on Ru(III), involving as it does stable species changing to 
unstable, is not directly measurable, the same change for Ru- 
(11) takes an unstable form to a stable one. We find that the 
rates of the 0 - S  changes on both centers are almost indepen- 
dent of the steric bulk of the substituents on the S in both cases. 
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Table 2. Thermodynamic Parameters of [Ru(NH&(s~lfoxide)]~+'~+ 
Linkage Isomerizations at 20 "C 

Rul"S - 0 

Tomita and Sano 

ligand K I  klls-' k-l/s-l AGlM mol-' AGIM mol-' 
dmso 2 x lo4 0.37 2 x -24 74 
n-buso 4 x lo5 4.3 1 x -32 68 
sos 3 x io6 63 2 x 10-5 -31 62 

ligand K2 k2/s-' k-2ls-l AG&I mol-' AG*&I mol-' 
dmso 2 x 10" 14 1 x 1O-Io -63 66 
n-buso 4 x lo9 9.6 2 x -54 66 
sos 4 x 109 13 3 x 10-9 -54 66 

The relief of strain in the activated complex is measured to be 
the same as that measured for the overall change. A similar 
pattern has been observedlSa in studying the dynamics of linkage 
isomerization for Os(NH3)s3+"+ in changing between a position 
on the aromatic ring to the polar groups of NHz or N(CH3)z as 
substituents on the ring. But in these cases participation in the 
activated complex by the polar group when O S ( N H ~ ) ~ ~ +  is 
transfeming to it from a 2:3 position on the ring is unlikely. In 
the system we have studied, the two sites are adjacent, and even 
in this case, in the 0-S isomerization, the steric effects of the 
substituents on the ring are not sensed in the activated complex. 
The energetics for the three cases are shown schematically in 
Figure 5. 

Electrochemical Scheme of cis-[Ru(NH3)4(dmso)~32+"+. 
We now consider the electrochemical scheme for cis-[Ru(NH& 
(dms0)2]~+/~+. In order to determine thermodynamics in the 
scheme, we need some values for redox potentials, rates, and 
equilibrium constants. 

We obtained the redox potentials for 

and 

We also determined the value of Epa 0.82 V (100 mV s - I )  for 

[RU(NH~>~(S)(S>I~+ - [RU(NH~>~(S>(S)I~+ + e- 

The rates of linkage isomerizations for RunOD-OS and Rum- 
SS-SO are 16 s - l  and over 1000 s-l at 20 "C by the DPSCA 
experiments. In order to determine rates for RuIIOS-SS and 
Ru*'SO-SS isomerizations, we carried out a digital simulation. 
In the simulation, we need equilibrium constants for 

[RU(NH3>4(s>(s)13+ [RU(NH3>4(s>(o)13+ 

and 

[RU(NH3>4(o>(o)12+ [RU(NH3>4(o>(s)12+ 

We roughly estimated both equilibrium constants over 100 
on the basis of rotating electrode voltammograms of the cis- 
[R~(NH3)4(dmso)2]~+ and cis-[Ru(NH3)4(dms0)2]~+. Then the 
digital simulation was carried out for the isomerizations Ru"- 

Ru3+S - R u 3 + 0  Ru'+O - Ru'+S 
Figure 5. Energy relationships of the isomerizations for [Ru(NH3)5- 
( d m ~ o ) ] ~ + / ~ +  in acetone at 20 "C. The values in parentheses are for 
[Ru(NH&(sos)]*+/~+. 

stable m i e s  i RU y*-ss1 ____ 
........... ? 1.65 V 

Ru3*S S 
I 

R u Z ' S O ~  Ru"S0 
1 I 

k =  0.01 s" 1 k =  1 6 s '  

:-.---.----1 

stable species 
Ru2" iRuSIO 

Figure 6. Rate parameters for the "double square" reaction scheme 
for cis-[Ru(NH3)l(dm~o)*]~+/~+ at 20 "C. 

OS-SS and RulIISO-OO. The result of the best fit is shown 
in Figure 2C which is to be compared to the experimental trace 
in Figure 2A. We roughly estimate the rates 0.04 and 0.01 s - l  

for RuIIOS-SS and for Rumso--00 ,  respectively, which are 
significantly slower than those for the Ru~~OO-OS and Rul"- 
SS-SO, respectively. 

We summarize the electrochemical scheme of cis-[Ru(NH& 
(dm~o)#+/~+ in Figure 6. 

Summary 
We characterized the redox behaviors for the [Ru(NH3)5- 

(s~lfoxide)]~+/~+ and cis-[R~(NH3)4(dmso)~]~+~~+ and then 
obtained the first-order rate constants of the linkage isomeriza- 
tions. In the isomerization of R ~ ~ ~ ~ s - 0 ,  a bulky substituent 
group at the S atom accelerates the reaction over 1000 s-l in 
[Ru(NH3)5(~ulfoxide)]~+. The rate of the dmso complex, 0.3 
s-l, is the slowest. In the cis-[Ru(NH3)4(dmso)~]~+, the rate of 
the RumSS-SO is much faster than 1000 s-l at room 
temperature. 

Substitution of the S atom hardly changes the reaction rates 
for the RunO-S of the [Ru(NH~)5(~ulfoxide)]~+ complexes 
(-10 s-l). However, the rate of the cis-[Ru(NH3)4(py)- 
(dmso)]*+ gives 0.7 s-l. 

We obtained the thermodynamic parameters in the dmso, the 
n-buso, and the sos complexes and also determined the reac- 
tion scheme. The isomerization rates in the cis-[Ru(NH3)4- 
(dmso)~]~+'~+ are determined to be 0.04 and 0.01 s-l for Ru"- 
OS-SS and for RumSO--OO, respectively, with digital simu- 
lations. 
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