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A complete kinetic and thermodynamic analysis of the linkage isomerizations of [Ru(NH3)s(acetone)]3+/2+ is 
presented. Each oxidation state exists as two linkage isomers in which acetone is bound via 0 in an 91 fashion 
(favored by Ru(II1)) and via C and 0 of the carbonyl group in an 92 fashion (favored by Ru(I1)). The [Ru- 
(NH3)5(q2-OC(CH3)2)] 2+ and [ RU(NHS)S(~~I-OC(CH~)~)]  3+ complexes were characterized by spectroscopic methods 
(IR, UV/vis, and NMR), and the kinetic and thermodynamic data for these isomerizations were obtained by 
electrochemical methods. In acetone, the [ R U ( N H ~ ) ~ ( . ~ ~ ~ - O C ( C H ~ ) ~ ) ] ~ + / ~ +  couple is observed at E112 = -337 mV 
as ferrocenium/ferrocene (Fc+/Fc) at 25 OC, while the [R~(NHs)s(~~'-OC(CH~)~)]~+/~+ couple is observed at Ell2 
= -478 mV (vs Fc+/Fc at 25 "C). For the - T~ linkage isomerization of [Ru(NH3)s(acetone)I2+, the rate and 
equilibrium constants at 25 OC in acetone and the enthalpy and entropy of activation are 18 f 1 s-I, 16 f 1, 63 
f 1 kJ mol-I, and -10 f 2 J K-' mol-I, respectively. Similarly, for the 92 - 9l linkage isomerization of [Ru- 
(NH3)5(acetone)13+, they are 0.46 f 0.03 s-I, 14 * 1,48 f 2 kJ mol-I, and -91 f 7 J K-I mol-', respectively. The 
rate constant for the exchange of coordinated acetone with free acetone in the Ru(II1) complex is (6.9 f 0.5) x 
10-6 s-I, at 0 OC. This is much slower than the Ru(II1) 7' - 92 isomerization rate, (4.3 * 0.4) X lC3 s-I, at the 
same temperature, indicating an intramolecular isomerization. In a 50% v/v acetone/acetonitrile mixture, at 3 OC, 
the Ru(I1) q1 - v2 isomerization rate is 0.3 s-l, while the rate constant for the substitution of the coordinated acetone 
is 0.4 s-I, Therefore, it was not possible todistinguish between an intra- and an intermolecular process. IRspectroscopy 
and other evidence indicate that the q2 complex is stabilized by both a-back-bonding and u-bonding via the ketone 
double bond, with the latter being more important. At -23 'C, a second ECE process is observed involving the 
[Ru(NH3)5(OS02CF3)12+/+ couple (Ell2 = -494 mV vs Fc+/Fc) and the +acetone complex; the rate constant for 
the substitution of the triflate ligand, in the Ru(I1) complex, by acetone was found to be 1.2 f 0.2 s-I, compared 
to 0.109 s-l for the Ru(I1) linkage isomerization under the same conditions. The analogous hexafluoroacetone 
complexes exist entirely in the 92 form and have redox characteristics similar to those of the +acetone complexes. 

Introduction of [R~(NH~)~(ace tone) ]~+ /~+  complexes. These indicate that 

The [ Ru(NH3)s(acetone)] 3+/2+ complexes are useful synthetic 
intermediates for the preparation of a variety of pentaammineru- 
thenium and decaamminediruthenium complexes.lV2 However, 
it has been observed qualitatively that [Ru(NH3)5(acetone)12+, 
in acetone solutions, undergoes substitution reactions at rates 
that are comparable to those observed for [Ru(NH3)5(0H2)l2+ 
in water.3 This is a surprising result, since the acetone ligand is 
normally a much better leaving group than the aqua ligand.4 At 
the same time, it was noticed that the reduction of [Ru(NH3)5- 
(acetone)13+ appeared to follow an ECEC mechani~m.~ As a 
consequence of these anomalous behaviors, the known affinity of 
the pentaammineruthenium(I1) moiety for a-ba~k-bonding,~ and 
the recent isolation of the q2-acetone complex [Os(NH3)5(v2- 
(OC(CH3)2)]2+,6,7 the nature of Ru(III)/Ru(II) acetone com- 
plexes has been investigated in detail by both electrochemical 
and spectroscopic techniques. A preliminary account of this 
chemistry has been reported elsewhere.8 Here we report details 
of the substitution chemistry and linkage isomerization reactions 
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the contributions of u-bonding via the double bond and a-back- 
bonding to the stabilization of the q2-C,0 acetone complexes in 
the Ru and Os systems are quite different. This is also the first 
complete characterization of the thermodynamics and kinetics of 
such isomerization reactions involving aldehyde or ketone ligands. 

Experimental 

Reagents. [RU(NH~)~(OSO~CF~)](CF~SO~)~ was synthesized from 
[Ru(NH3)6]C13 (Aldrich, 98%) as described in the l i t e r a t ~ r c . ~ * ~  Acetone 
(Aldrich, HPLC grade), acetonitrile (Aldrich, HPLCgrade), and hexaflu- 
oroacetone trihydrate (Aldrich, 98%) were used as supplied, diethyl ether 
(Ajax Chemicals, AR grade) was dried over Nao,Io and 4-hydroxy-4- 
methylpentan-2-one (diacetone alcohol or daa; BDH Chemicals, 98%) 
was driedover K2CO3 (Merck, GRgrade) and then distilled under reduced 
pressure." Acetone (Aldrich, AR) that was distilled from KMnO4/ 
Cas04 or that had been dried with activated alumina or silica gel powder 
gave essentially the same results as those obtained with the HPLC grade 
solvent. However, when AR or HPLC grade acetone was dried over 4-A 
molecular sieves, K2CO3 or B2O3, these promoted the formation of di- 
acetonealcohol and mesityl oxide (for B203), whichcompeted with acetone 
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for coordination. Tetra- 1-butylammonium tetrafluoroborate (TBATFB) 
(Aldrich) was repeatedly recrystallized from ethyl acetate/Et20 until 
there was no observable residual current from impurities in the elec- 
trochemitry.12 Tetra-1-butylammonium hexafluorophosphate (TBAH- 
FP) was prepared from the reaction of BudNOH (40% solution in water, 
Aldrich) and KPF6 (EGA Chemicals, 98%) and recrystallized as for 
TBATFB.,, Zn(CF3SOp)2.nHzO was prepared from the reaction of 
ZnCOp and CFpSO3H (Aldrich) and then dehydrated over P4010.~~ 
Acetone-2-IpC(Aldrich, 99 atom % 13C) was used as supplied. Acetone- 
180 was synthesized as described in the literature from '*OH2 (MSD 
Isotopes, 97 atom% I8O).6.7 All solvents were thoroughly deoxygenated 
prior to use by purging with argon. Reactions were performed under an 
argon atmosphere using Schlenk apparatus and argon/vacuum-line 
techniques. The argon used was high-purity grade (CIG) and was further 
purified to remove traces of water and oxygen by passing through a 
column of sodium dispersed on glass wool.'4 

h ~ t a t i o n .  Infrared spectra (CsI plates/Nujol mulls, polyeth- 
ylene disks, or KBr disks) were obtained from a Digilab FT'S80 FTIR 
spectrometer. IH NMR spectra were recorded on either a 400-MHz 
Bruker WM400ora4WMHz Bruker AMX NMRspcctrometer (relative 
to tetramethylsilane, in ppm). The electronic absorption spectra were 
recorded on a Cary 17D spectrophotometer. Molar conductivity 
measurements (in acetone) were obtained using a Philips PW 9506 
conductivity meter and calibrated against (1-B~)dNBr.l~ 

Bulk electrolysis and coulometry experiments were performed using 
a PAR Model 173 potentiostat/galvanostat in conjunction with a PAR 
Model 179 digital coulometer. A platinum-mesh counter electrode, a 
platinum-basket working electrode, and a saturated calomel reference 
electrode were used in these experiments. All other electrochemical 
experiments were performed on a BAS 100 electrochemical analyzer 
interfaced with a Houston Instruments DMP-40 digital plotter. A three- 
electrode system was used with a platinum (1.6-mm diameter) or glassy- 
carbon (3.2-"diameter) diskworking electrode, a platinum-wirecounter 
electrode, and an Ag/AgCI/KCl(satd) reference electrode. Under the 
reaction conditions used in acetone, -8&100% internal resistance (iR) 
compensation was attained with cyclic voltammetry. All reduction 
potentials were referenced to the Fc+/Fc redox couple using the same cell 
configuration.16 

Variable-temperature electrochemistry was performed in a noniso- 
thermal cell;,' the reference compartment was maintained at a constant 
temperature of 25.0 f 0.1 OC with a B. Braun Thermomix 1419 water 
bath and the working compartment thermostated (+ 0.1 "C) with a 
Haake D8 Immersion Circulator/Haake EKS 1 cooler. Four independent 
runs were performed for each redox couple. The temperature range used 
for the q2 isomer was 3-25 OC, while for the 7' isomer the range used 
was -23 to +25 OC. 

Spthesis. [ R ~ ( N D ~ ) S ( O S ~ ~ C F ~ ) ~ ( ~ $ ~ O ~ ) Z .  [Ru(NHd5ClI C1z (687 
mg) was refluxed in D20 (15 mL) for 30 min; after the mixture was 
cooled to 25 OC, 5 M HCI (30 mL) was addedand the resulting precipitate 
was filtered off and washed with cold D2O ( 5  mL), 5 M HCI (2 X 10 
mL), and acetone (20 mL). The solid was then used to prepare [Ru- 
(ND3)s(OS02CF3)] (CF3SOp)z using the method described in the 
literature for the nondeuterated comple~.~ .~  A white product was obtained 
with a yield of 574 mg (94%). 

[R~(NH3)s(acetoae)](~$3O3)3. [RU(NH,)~(OSO~CF~)I(CSSO~)Z 
(247 mg) was dissolved in acetone ( 5  mL), and the solution was allowed 
to stand for 15 min under argon. Diethyl ether (30 mL) was then added 
to precipitate a white product. This was filtered off, washed with EtZO, 
and dried under vacuum. Yield: 226 mg (84%). 
[R~(NH~)~(PC~~~~-Z~~C)~(CF$~O~)~ This was prepared from [Ru- 

(NH&,(OSOZCF~)](CF$~O~)Z (90 mg) as for [Ru(NHp)s(acetone)](CF3- 
SO& using acetone-2-13C (1 mL). Yield: 90 mg (90%). 

[R~(NH3)s(ncetoae)l(~$3O3)2. [RU(NH~)S(OSO~CF~)I(CSSO~)Z 
(41 1 mg) was dissolved in acetone ( 5  mL) under argon, and the solution 
of [Ru(NH3)5(acetone)l3+ formed was then reduced with Zn(Hg) for 1 
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h. A pale yellow solid was obtained upon the addition of deaerated Et20 
(30mL). This was filter edoff, washedwithEtz0,anddriedundervacuum 
and stored over Ar. Yield: 240 mg (69%). 

[Ru(~~)~(acetoae-~~o)](PFs)2.  This wasprepared from [Ru(NHp)s- 
(OC(CHp)2)](PF6)2 (95 mg) usinga modification of thereported methodla 
with 1 mL of acetone-I8O as the solvent. Yield: 50 mg (52%). 

[Ru(ND3)s(acetow)](PF&. This was prepared as above using [Ru- 
(ND3)5(0S02CF3)] (CFpSOp)2 and isolated by the successive addition 
of KPF6 and Et2O. Yield: 90 mg ( 5 5 % ) .  

The acetone complexes were too reactive to obtain satisfactory mi- 
croanalytical data, but IR and NMR spectroscopies and electrochemistry 
all indicated that the complexes were relatively pure (see Results). 

[ R ~ ( N H ~ ) S ( O H Z ) I ( C ) S  [Ru(NH~)s(OS~ZCS)I  (CF603)z (282 
mg) was dissolved in a 0.1 M aqueous solution of CFpSOpH (1 mL). 
After the solution was cooled to <5  OC, neat CF3SO3H (1 mL) was 
slowly added, with stirring. The mixture was kept at <5 OC overnight, 
and the resulting white product was filtered off, air-dried, washed with 
diethyl ether, and stored over P4010. Yield: 168 mg (58%). 

was dissolved in a mixture of acetone (1 2 mL) and hexafluoroacctone 
trihydrate (3 mL) under argon. The solution of [Ru(NHp)5(~olvent)]~+ 
was reduced with Zn(Hg) for 30 min, whereupon diethyl ether (50 mL) 
was added to precipitate out the pale yellow product, which was then 
isolated as for the analogous complex. Yield: 207 mg (76%). 

[Ru(NHj)~(acetow)P+ and [Ru(NH3)~(acetow)p+. For electro- 
chemical and solution spectroscopy measurements, these were prepared 
in situ under argon. [Ru(NHp)s(acetone)I3+ was formed by the sol- 
volysis of [RU(NH~)~(OSO~CF~)](CF~SO~)~ in acetonee2 [Ru(NH+ 
(acetone)]2+ was formed by the Zn(Hg) reduction of [Ru(NHp)5- 
(acetone)] 3+.2 

[Ru( NH3)5(OC(CF3)2)p and [Ru(NH&( OC(CF3)2)?+. These were 
prepared in a 50% v/v acetone/hexafluoroacetone trihydrate mixture in 
the same manner as for the acetone complexes. 

[ R u ( N H 3 ) 5 ( h ) ~  and [Ru(NH3)~(dna)p+. These were prepared in 
diacetone alcohol in a manner similar to that for the acetone complexes. 

Kinetic d Themdynamic Experiments. The two methods of Nichol- 
son and Shainlg for EC systems were used to calculate the rate constants 
for the isomerization reactions and the substitution reactions of the Ru- 
(111) complexes. In the first method, the rate constants were derived 
from the ratio of forward to reverse peak currents in cyclic voltammo- 
grams when the voltammograms were in the near-reversible regimes. 
Peak currents were estimated by approximating the charging current as 
a curve. The second method involved determining the rate constants 
from the shift of the forward peak potential relative to E1p.19 

Equilibrium constants were also determined using two different 
techniques. In the first, they were obtained from the first derivatives of 
normal-pulse voltammograms, where the sampling was faster than the 
isomerization process, hence yielding the equilibrium concentrations of 
the two isomers in each oxidation state.20 The second method used was 
based upon that of Laviron.21 At slow scan rates a single pseudorevers- 
ible system was observed at a potential of E,, which is a function of the 
two equilibrium constants. The two equilibrium constants were then 
calculated using the equations 

[RU(NH,)a(oC(CF3)2)1(PFs)2. [Ru(NHs)s(OHZ)I(PFS)~ (271 mg) 

(12) Moulton, R.; Wiedman, T. W.; Vollhardt, P. C.; Bard, A. J. Inorg. 
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1982, 35, 1561-1580. 
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E ,  = E, - (RT/F)  In (1 + K,) (1) 

E ,  = E, + (RT/F)  In (1 + K 2 )  (2) 

Rate constants (kl, k2) at 21 and 25 OC were averaged from at least 
lomeasurements, all other kineticand thermodynamicdata wereaveraged 
from at least four measurements using a thermostated nonisothermal 
cell. Standard deviations in all cases were less than 5%. 
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methods (Christie, J. H.; Lingane, P. J. J .  Elecrroanal. Chem. Interfacial 
Electrochem. 1965, 10, 176-182). 
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Table I. Infrared Spectral Data (cm-I) 

Powell and Lay 

nm are within the range expected for a charge-transfer transition,25 
in this case the d - ?r* transition. With time, two peaks at  386 
and 503 nm appeared; the appearance and position of these peaks 
are consistent with the formation of [(NH3)5RuORu(NH3)51n+ 
complexes due to the rapid reaction with traces of 0 2 . 1 8  The 
UV-visible spectrum of [Ru(NH&(OC(CH~)Z)](CF~SO~)~, in 
acetone, exhibits a single peak at 327 nm (emax = 3.2 X lo2 M-l 
cm-I). 

The IH NMR spectrum of paramagnetic [Ru(NH3)s(OC- 
( C H ~ ) Z ) ] ( C F ~ S O ~ ) ~  was examined in a number of solvents. A 
peak assignable to the cis NH3 was observed at 121 ppm. The 
trans NH3 resonance was not observed; however, the absence of 
this peak has been noted before in other pentaamminerutheniu- 
m(II1) c ~ m p l e x e s . ~ ~ * ~ '  Only one signal was observed for the me- 
thyls of the acetone ligand, indicating a rapid rotation around the 
Ru-0 bond.6 The 'H NMR spectra of [Ru(NH3)5(OC- 
(CH3)2)] (CFB03)3 dissolved in both acetoned6 (at 0 OC, to 
prevent ligand exchange) and undeuterated acetone (at 25 "C) 
exhibit two peaks in the ratioof [ - 5  (121.2 ppm)]:[2 (3.47 ppm)] 
which are assignable to the ammine and the methyl groups, 
respectively. At 25 'C, the coordinated acetone is displaced by 
the solvent within the time taken to run the experiment and the 
peaks due to free acetone in D20, acetone-d6, and N,N-dime- 
thylformamide-d7 exist in the ratio -25  relative to the ammine 
signal, indicating quantitative displacement of the acetone ligand 
at 25 'C. Attempts to obtain the I3C NMR spectrum of the 
2-I3C-labeled Ru(II1) acetone complex, in acetone-& at 0 OC, 
were unsuccessful, with the C=O resonance being shifted beyond 
the available range (+ 1200 - -600 ppm) or broadened too much 
to be observed. The growth, with time, of the solvent C = O  
resonance due to the releaseof the (CH3)2I3CO ligand confirmed, 
indirectly, the presence of the coordinated ligand. 

The IH NMR spectrum of [Ru(NH3)5(0C(CH3)2)I2+ in un- 
deuterated acetone at 0 OC exhibits two resonances at 3.18 and 
2.8 1 ppm in the ratio 1 :4, consistent with cis and trans ammines, 
but not a discernible methyl resonance due to uncoordinated 
acetone.25 At -60 OC, the ammine peaks were shifted to 3.76 
(trans) and 2.99/3.05 ppm (cis, split), and an additional peak 
also appeared at  1.78 ppm, which has been assigned to the 
coordinated acetone. The methyl resonance and the split cis am- 
mine signals first appeared at -20 OC. In other experiments, the 
presence of acetone has also been confirmed by the observation 
of a peak at -2.1 ppm at 25 'C due to acetone displaced from 
[Ru(NH3)5(acetone)12+ dissolved in DzO/DCl, acetone-&, and 
N,N-dimethylformamide-&. 

Conductivity. The molar conductivity of [Ru(NH3)5(OC- 
(CH&)](CF3SO,),, in acetone, was found to be 94 f 1 S cm2 
mol-', which is similar to that of [ R u ( N H ~ ) ~ ] ( C F ~ S O ~ ) ~  (99 f 
1 S cm2 mol-l in acetone), indicating the presence of a neutral 
ligand. 
Electrochemistry. Coulometry experiments on the reduction 

of [Ru(NH~)~(OC(CH~)~)](CF~SO~)~, in acetone at -140 mV 
(relative to SCE), resulted in a one-electron reduction ( n  = 0.97 
f 0.02). 

The sensitivity of both oxidation states to reactions with 
impurities in the acetone required careful attention to solvent 
purity. Common impurities such as water and alcohols were 
found to readily displace the acetone ligand in both complexes. 
These were overcome by the use of HPLC grade acetone (Al- 
drich). 

At slow scan rates (<2 V s-l) and at 25 'C, the cyclic vol- 
tammetry of [R~(NH~)s(OC(CH~)Z)]  3+ exhibits reduction and 
oxidation processes with Up - 200 mV (Figure 1B). A similar 
response is obtained from the cyclic voltammetry of 

(26) Clarkson, S.; Hush, N.  S.; Lay, P. A. Unpublished results, University 
of Svdnev. 

complex R = D  R = H  

[Ru(NR~)~(OC(CH~)~)](CF,SOI),' YNR 2469,2366 3304 
YCO 1703 1692 (1630)b 
~ ( R N R ) ,  1198 1627 
~ ( R N R ) ,  1363 
PNR 649 813 

~ R N R ) "  1193 1627 
YCO 1617 (VI) 

1285 1277 (72) 

[R~(NRI)S(OC(CH~)Z)I(PF~)Z YNR 2360" 325od 

(1230)' 
~ ( R N R ) ,  991 1265 sh 
PNR 638 780 sh 
PRuN 505,478,472 
YRu-If 396 
~ N R ~ N  255 

~ R N R ) ,  1645 
YCO 1363 

PNR 780 sh 
YRvN 509,475 

~ N R " N  255 

[RU(NR?)S(OC(CFI)Z)I(PF~)Z~ YNR 3340,3280 

~ R N R ) ,  1222 

YRu-l! 399 

Recorded as Nujol mulls, with CsI plates. 2J3C-labeled acetone 
complex. Obscured by CF,SO3-. Recorded as KBr disk. e 180-labeled 
acetone complex. f 11 = M. 

The rate constants for the substitution of triflate by acetone and the 
substitution of acetone in [R~(NH3)s(+acetone)]~+ by acetonitrile, in 
a 50% v/v acetone/acetonitrile solution, were obtained from cyclic vol- 
tammetry, using the method of Nicholson and Shain.Ig 

The substitution of acetone in [Ru(NH3)s(~~-acetone)]~+ by acetone- 
d6 at 0 and 5 OC, was followed by the loss of the methyl signal of the 
coordinated acetone in the 'H  N M R  spectrum, calibrated using a trace 
of ethanol. 

Results 

Spectroscopy. The infrared spectrum of [ Ru(NH3)5(0C- 
(CH3)2)] (CF3S03)) (Table I) exhibits a peak at 1690 cm-I, which 
is characteristic of the carbonyl stretch of +coordinated acetone.22 
Upon 13C labeling of the carbonyl group, this stretch shifts to 
-1631 cm-I. The infrared spectrum of [Ru(NH3)s(OC- 
(CH&)](PF& (Table I) contains a very weak peak at 1677 
cm-I, which is consistent with ql-coordinated acetone,22 and an 
additional medium-intensity peak that is observed at 1277 cm-I. 
The latter shifts to 1230 cm-I upon 180 labeling of the acetone 
ligand and is characteristic of +coordinated acetone.6 This 
assignment is supported by the observation of a similar value for 
the C=O stretch of sideways-bound acetone on a Ru(O0 1) surface 
(1 290 ~ m - l ) . ~ ~  The peak due to the C=O stretch of free acetone 
(1725 cm-1)24 was either absent or extremely weak, indicating 
that there was little, if any, free acetone present in the complexes. 
The infrared spectrum of the hexafluoroacetone complex, 
[Ru(NH3)5(0C(CF3)2)](PF6)2,exhibits an intense peakat 1363 
cm-I and peaks also at 509,475, 399, and 255 cm-I, in the far- 
infrared region. The far-infrared region of [Ru(NH3)5(0C- 
(C&)z)](PF6)2 contains peaks at  505, 478, 472, 396, and 255 
cm-I, with intensities similar to those of the peaks of the hexaflu- 
oroacetone complex. 

The UV-visible spectrum of [ R U ( N H ~ ) ~ ( O C ( C H ~ ) ~ ) ] -  
(CFpS03)2, in acetone, exhibits a peak at 361.5 nm (emax = 3.9 
X lo3 M-I cm-I) and a shoulder at 413 nm (emax - 4.7 X 102M-I 
cm-I); the latter is characteristic of a [Ru(NH&LI2+ d-d 
t r a n ~ i t i o n . ~ ~  The intensity and wavelength of the peak at 361.5 

(22) Bennett, M. A.; Matheson, T. W.; Robertson, G. B.; Steffan, W. L.; 
Turney, T. W. J .  Chem. Soc., Chem. Commun. 1979, 32-33. 

(23) Avery, N. R.; Wienberg, W .  H.; Anton, A. B.; Toby, B. H. Phys. Reu. 
Lett. 1983, 51, 682-687. 

(24) Dellepiane, G.;  Overend, J .  Spectrochim. Acta 1966, 22, 593-614. 
(25) Lehmann, H.; Schenk, K.  J.; Chapuis, G.; Ludi, A. J .  Am. Chem. SOC. 

1979, 101, 6197-6202. 
(27) Toi,'H.; La Mar, G. N.; Margalit, R.; Che, C.-M.; Gray, H. B. J .  Am. 

Chem. Sor. 1984, 106,6213-6217. 
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Scheme I. Square Reaction Scheme for the Linkage Isomer- 
ization Reactions of Acetone Complexes 

-02 4.1 -01 

E (V, vs. F: /Fc) 
Figure 1. Cyclic voltammograms, in acetone at 25 "C, vs Fc+/Fc (2 mM 
electroactive species, 0.1 M (l-Bu)dNBF4): A, [Ru(NHds(OC(CH3)2)]'+ 
at 51.2 V s-I; B, [Ru(NH~)s(OC(CH~)~)]~+ at 100 mV s-l; C, 
[Ru(NH3)5(OC(CH3)2)l2+at2.53 VS-~;D,[RU(NHJ)~(OC(CH~)~)]~+ 
at 100 mV s-I. 

I . ,  . . I ,  ' I  
-0.075 -0.5 -0.775 

E (V, vs. F; /Fc) 
Figure 2. Multiscan cyclic voltammograms, in acetone at 21 O C ,  vs Fct/ 
Fc (2 mM electroactive species, 0.1 M (l-Bu)4NBF4, five scans): A, 
[Ru(NH~)s(OC(CH~)~)]~+ at 5.12 V s-I; B, [Ru(NH,)s(OC(CH,)~)]~+ 
at 100 mV s-I. 

[Ru(NH3)5(OC(CH3)z)l2+, at slow scan rates (<500 mV s-l) 
(Figure 1D). However, at faster scan rates, both complexes 
display reversible cyclic voltammograms; for [Ru(NHs)s- 
(OC(CH3)2)]3+ at 51.2 V s-I, a couple is observed at -479 mV 
(Fc+/Fc), while, for [RU(NH,)~(OC(CH~)Z)]~+ at 1003 mV s-l, 
a couple is observed at -337 mV (Fc+/Fc, Figure lA,C). The 
reversibility of the conversions between the two chemical forms 
of the system was shown by the use of multiscan cyclic volta- 
mmetry (Figure 2). With time, in Ru(II1) solutions, a third 
couple is observed at -614 mV which is consistent with the OH- 
bound complex of diacetone alcohol, since cyclic voltammetry of 
[Ru(NH3)5(OSO~CF3)](CF$303)~dissolved in diacetonealcohol 

k-, i t  k, k, i t  k-, 

gives rise to reversible couples at -613 f 5 and -303 f 5 mV.28 
The cyclic voltammograms of the hexafluoroacetone complexes 
[Ru(NH,)s(OC(CF,)~)I~+ and [R~(NH,),(OC(CF,)Z)I~+, in 
50% acetone/hexafluoroacetone trihydrate, exhibit a single, 
reversible couple at -283 mV (Fc+/Fc). The [Ru(NH3)5- 
(OH2)]3+/z+ couple is found at -400 mV (Fc+/Fc) in acetone. 

Kinetics and Thermodynamics. The scan-rate-dependent re- 
versibility noted above is characteristic of an ECEC mechanism 
or square reaction schemeaZ9 Oxidation-state-dependent linkage 
isomerizations in which there is a rapid isomerization of the 
acetone ligand to $-coordination upon reduction and a corre- 
sponding isomerization to +coordination upon oxidation are 
apparent (see Discussion and Scheme I). Rate constants were 
determined using the two independent methods of Nicholson and 
Shain for EC systems.19 Both methods yielded identical results 
(Table 11): for the - q2 linkage isomerization of [Ru- 
( N H ~ ) ~ ( O C ( C H ~ ) Z ) ] ~ +  following the reduction of [Ru- 
(NH~)s(OC(CH~)Z)]~+,  the rate constant, kz, was found to be 16 
f 1 s-I, while, for the q2 - 7' linkage isomerization of 
[ R u ( N H ~ ) ~ ( O C ( C H ~ ) ~ ) ] ~ + ,  following the oxidation of [Ru- 
(NH~)S(OC(CH~)~) ]~+ ,  the rate constant, kl, was determined to 
be 0.46 f 0.03 s-l (both at 25 "C). Equilibrium constants for 
the two isomerizations were also calculated by two independent 
methods. In the first, they wereobtained from the first derivatives 
of normal-pulsevoltammograms,20 while the second method used 
was that of Laviron.21 In both cases the results were identical 
(Table 111): for the q1 - vZ isomerization of [Ru(NH3)5- 
(OC(CH~)Z)]~+,  the equilibrium constant, Kz, was found to be 
16 f 1 ( A G O  = -6.9 f 0.2 kJ mol-I), and for the $ - 7' isomer- 
ization of [RU(NH~)S(OC(CH~)~)]~+,  K1 was calculated tobe 14 
f 1 (AGO = -6.5 f 0.2 kJ mol-I) (both at 25 "C). The rate 
constants were measured at two different concentrations of 
ruthenium, 2.0and 0.52 mM, both concentrations yieldingsimilar 
values (Table 11). The equilibrium and kinetic data enabled the 
rate constants for the isomerizations in the reverse directions to 
be obtained from the principle of microscopic reversibility. At 
25 OC, k-1 and k-2 were calculated to be 0.034 f 0.003 s-l and 
1.10 f 0.07 s-l, respectively. 

The equilibrium constant, K3, for the cross-reaction (Scheme 
I) was also measured. K3 was calculated both from the product 
of the equilibrium constants for the two isomerizations, K1 and 
K2, and from the difference in the redox potentials of the q1 and 
9 2  isomers. Both methods yielded a value of 230 f 20 (at 25 "C). 

The possibility that the observed reactions are oxidation-state- 
dependent substitution reactions involving triflate and acetone 
ligands was ruled out by the fact that the rate constants for the 
isomerizations were independent of both the CF3SO3- and 
electrolyte concentrations (Table 11). This was supported by the 
infrared spectra, which did not show any sign of coordinated 

(28) Powell, D. W. Ph.D. Thesis, University of Sydney, 1990. 
(29) Jacq, J. J. Electroanal. Chem. Interfacial Electrochem. 1971,29, 149- 

180. 
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Table 11. Rate Constants for the Linkage Isomerizations of [RU(NH~)~(OC(CH~)~)]~+/~+ in Acetone at 21 OC 

[Ru], mM [electrolyte], M electrolyte counter ion [added Zn(CF3S03)2], M kl,' SSI ki.' S-' 

0.52 0.100 BF4- 0.000 0.34 f 0.04 ( l l )*  15 (I)* 
2.0 0.0100 B F4- 0.000 0.35 f 0.03 ( l l )b  12 f 1 (7)b 
2.0 0.100 PFb- 0.000 0.37 f 0.03 (3)b 12.0 f 0.5 (4)* 
2.0 0.100 BF4- 0.000 0.35 f 0.06 (6)b 11.8 f 0.9 (15)b 

2.0 0.100 B F4- 0.010 0.35 f 0.03 13 f 1 (12)* 
2.0 0.100 BF4- -0.05d 0.5 f 0.1 (lo)* 

2.0 0.100 BF4- 0.000 0.33 f 0.03 (2)' 12 f 1 (7)' 

a Number of measurements in parentheses. * Determined by Nicholson and Shain, method 1. Determined by Nicholson and Shain, method 2. 
Effective triflate concentration - 0.1 M (saturated). 

Table 111. Thermodynamics of the [RII(NH~)~(OC(CH&)]~+/~+ Linkage Isomerizations at 25 O C  

isomerization K AGO AHo ' As0 b AGZ a A S b  

Ru(II1) q 2  - 7' 13.5 f 0.5 -6.5 f 0.2 
Ru(II1) q 1  - q2 0.0741 6.5 
Ru(I1) q1 --L q2 16.4 f 0.6 -6.9 f 0.3 
Ru(I1) q2 - q1 0.061 6.9 
electron-transfer cross-reaction 230 f 20 -13.6 f 0.5 

In kJ mol-]. In J K-I mol-I. 

Table IV. Temperature Dependence of the Rate and Equilibrium 
Constants for the Linkage Isomerizations of 
[Ru(NH~)~(OC(CH~)~)]'+/~+ ' 

temp, OC kl,b s-] k2,b KI K2 
-23.2 
-21.4 
-18.8 
-16.2 
-11.6 

-5.3 
2.1 0.09 (2) 
3.8 0.11 (2) 
5.8 0.12 (2) 

0.112 (6) 
0.150 (7) 
0.198 (7) 
0.269 (4) 
0.457 (10) 
0.93 (3) 
2.18 (8) 17 (2)' 22 (2)' 
2.46 (16) 
2.66 (6) 

7.8 0.13 (2) 3.70 (5) 
10.0 0.16 (2) 4.50 (10) 15.8 (3)c 19.0 (2)' 
11.8 0.19 (2) 5.7 (3) 
14.2 0.22 (2) 

18.7 0.30(2) 
21.0 0.35 (2) 12.0 (6) 13 (2)b 18 (2)b 
23.3 13.6 (5) 16.4 (5) 
25.0 16.4 (7) 13.5 (5) 16.4 (5) 
25.8 0.49 (2) 

In 0.1 M (l-Bu)pNBF4/acetone solution with 2 mM electroactive 
species. Averaged over four runs. Averaged over three runs. 

triflate9 in either the Ru(II1) or Ru(I1) complexes. Similar 
reactions involving the aqua ligand were also ruled out by 
examining the electrochemistry of [Ru(NH3)5(OHz)] (CF3SO& 
in acetone. The resulting redox couple (-410 mV vs Fc+/Fc) is 
clearly distinguishable from those assigned to the two redox 
couples of the acetonecomplexes. In fact, under the experimental 
conditions used, the conversion of the aqua complex to the acetone 
complex can be monitored electrochemically and is complete 
within 10 min at 21 O C .  The addition of Zn(CF3S03)2 also 
indicates that the Zn2+ produced during the in situ reduction of 
Ru(II1) by Zn(Hg) does not interfere with the redox chemistry. 

Using a nonisothermal cell, the rate and equilibrium constants 
were measured over a temperature range of -25 -, +25 O C  for 
the Ru(I1) q1 -, q2 isomerization and a range of 0 - 25 OC for 
the Ru(II1) q2 - isomerization (Table IV). The smaller tem- 
perature range available to these techniques for the Ru(II1) 
reactions was limited by the slowness of the reaction below 0 "C 
and by interference from the condensation reaction to form di- 
acetone alcohol complexes a t  temperatures higher than 25 O C .  

From the temperature dependencies of kl and kz, the enthalpies 
and entropies of activation were calculated for the -, q2 isomer- 
ization of [ R u ( N H ~ ) s ( O C ( C H , ) ~ ) ] ~ +  to be 63 f 1 kJ mol-' and 
-10 f 2 J K-I mol-], while for the qz .+ 9' isomerization of 
[ R u ( N H ~ ) ~ ( O C ( C H & ) ] ~ +  they were found to be48 f 2 kJ mol-] 
and -9 1 f 7 J K-1 mol-], respectively. Theenthalpies and entropies 

16.3 9.3 (2) 

~ 

-7.7 f 0.2 -4.0 f 0.2 75 f 1 4 8 f 2  -91 f 7  
83f  3 5 5 f 2  -9Of2  

-9.4 f 0.6 -8.4 f 0.6 66 f 7 63 h 1 -10 f 2 
7 3 f 3  6 7 f 2  - 1 9 1 2  

-14f 1 -1 & 2 

CH, CN q2-acetane n'-acetone 

+o. 100 +o.o -0.5 -0.700 
+ 

E (V ,  vs. Fc /Fc) 

Figure 3. Cyclicvoltammogram of [RU(NH~)~(OC(CH~)~)]~+/~+~~ 50% 
v/v acetonitrile/acetone at 3 OC and 250 mV s-I (2 mM electroactive 
species, 0.1 M (1-Bu)dNBFd). The small reduction wave for the 
[Ru(NH&(NCCHp)13+complexon the initial scan isdue to the relatively 
slow ligand exchange of the Ru(II1) complex at these temperatures. It 
is absent if the CV is run immediately upon dissolution. 

for the two isomerizations (Table 111) were calculated from the 
temperature dependencies of the equilibrium constants. 

Using IH NMR spectroscopy, the rate constant of exchange 
of coordinated acetone with the deuterated solvent in the Ru(II1) 
complex, a t  0 OC, was found to be (6.9 f 0.5) X 10-6 s-1, which 
is much smaller than the Ru(II1) q1 -, v2 isomerization rate 
constant a t  that temperature, (4.3 f 0.4) X s-I. At 5 OC, 
the two rates were found to be (1.3 f 0.3) X s-I and (6.7 
f 0.4) X 10-3 s-], respectively. 

From t h e  c y c l i c  v o l t a m m e t r y  of [ R u ( N H s ) s ( O C -  
( C H ~ ) Z ) ]  (CF3SO3)3 dissolved in 50% v/v acetone/acetonitriie a t  
3 O C  (Figure 3), the rate constants for the substitution of V I -  

coordinated acetone by acetonitrile and the $ - $ isomeriza- 
tion, both in the Ru(I1) oxidation state, were found to be 0.4 s-I 
and 0.3 s-I, respectively. When the acetone complex was first 
dissolved in this solvent mixture a t  3 OC, it exhibited a single 
reversible couple (at 10.2 V s-I), indicating the 290% purity of 
the Ru(II1) acetone complex. At  the slower scan rates, the 
oxidative scan resulted in peaks due to #-acetone, q2-acetone, 
and #-acetonitrile complexes (Figure 3). The peak current due 
to the oxidation of [Ru(NH3)5(NCCH3)I2+ was about 5 times 
larger than that due to [RU(NH~)S(V~-OC(CH&)]~+. 

Upon dissolution of [Ru(NH~)s(OSO~CF~)](CF~SO~)~ in 
acetone a t  -23 OC, the cyclic voltammetry (at  1003 mV s-l) 
revealed a reversible redox couple a t  -494  f 6 mV (Fc+/Fc),  
which was assigned to the [Ru(NH3)s(OS02CF3)l2+/+ couple. 
At slower scan rates, substitution of the triflato ligand by acetone 
was observed in the cyclic voltammetry (Figure 4) and the rate 
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that the resonance is due to coordinated acetone and not acetone 
ofcrystallization. Theweakintensityofthe Ru(II1) C-Ostretch 
is consistent with similar observations on [Os(NH3)s(acetone)]3+. 
For the osmium complex, the C=O stretch is so weak that it is 
not observed in the infrared spectrum, while it is quite strong for 
[Co(NH3)s(a~etone)]~+.~~ The intermediacy of the intensity of 
t h e c d s t r e t c h i n  the Ru(III)complex,asopposed totheCo(II1) 
and Os(1II) complexes, is alsoconsistent with similar observations 
made for coordinated nitriles in complexes with dinitrile ligands.30 
The intensities are explained, to a large degree, by the opposing 
effectsof r-back-bonding and u-bonding on the intensities.30The 
much larger shift observed for +coordination in [Ru- 
(NH~)s(~C(CH~)~)](PF~)~, 438 cm-I, is reminiscent of that for 
a range of (alkene)- and (alkyne)pentaammineruthenium(II) 
complexes, where A(vcc) - 200 ~ m - l . ~ '  Additionally, the shift 
is similar to that observed for the peak assigned to the C - 0  
stretch in [Ru(NH,)s(OC(CF3)2)] (PF6)2 (440 cm-l from that of 
the free hexafluoroacetone ligand). This ligand is only known 
to coordinate in an 9* fashion.32 The shift in the Ru(I1) C - 0  
stretch is due to the weakening of the carbonyl bond by the transfer 
of electron density from the C=O bond to the ruthenium ion 
(u-donation) and by r-back-bonding from the metal ion to the 
r* acetone orbitals and is consistent with the affinity of ruthe- 
nium(I1) for ba~k-bonding.~ The M1I-N stretches are expected 
to appear between 300 and 400 ~ m - ' ; ~ ~  however, in the case of 
[Ru(NH&]Cl2 it has been observed at 411 ~ m - I , 3 ~  and for 
[ R U ~ ~ ( N H ~ ) ~ ( N O + ) ] C ~ ~  it has been observed at 474 ~ m - l . ~ ~  It is 
thus likely that the peaks observed between 505 and 472 cm-l for 
the Ru(I1) complexes of acetone and hexafluoroacetone are due 
to the Ru-N stretches. The asymmetric peak at 255 cm-' is 
consistent with the NRuN de f~rma t ion .~~  The peak observed at 
396 cm-l in the far-IR region of [R~(NH~)s(OC(CH~)~)](PF~)~ 
is characteristic of the M-r-bond stretch and is similar to the 
value observed for the analogous hexafluoroacetone complex, 
the 9' M-O stretch is expected to occur at a lower frequency.33 
If the equilibrium between the 9' and r12 isomers of the Ru(I1)- 
acetone complex is similar to that in solution, the weak peak 
observed at 1677 cm-' can be assigned to the 9' isomer. Its shift, 
by 15 cm-1, to a lower wavenumber compared to the peak of the 
Ru(II1) complex, is consistent with the greater degree of *-back- 
bonding in the Ru(I1) complex.36 The assignments of vco for the 
Ru(II1) and Ru(I1) complexes are confirmed by the isotopic 
labeling experiments, where the calculated shifts were within 
error of the observed values. 

While only one ammine peak is observable in the 'H NMR 
spectrum of [Ru(NH3)s(OC(CH3)2)] (CF3S03)3, the area of that 
peak is consistent with 12-1 5 protons. Given the uncertainty of 
integrating peaks that are so widely separated, it is not possible 
to say whether the trans ammine signal is superimposed upon the 
cis ammine peak, is too weak and broad to observe, or does not 
lie in the frequency range of the experiments (-50 - +250 ppm). 
Another possibility is that the protons haveexchanged with traces 
of water in the solvent. It is expected that the rate of proton 
exchange of ammine ligands trans to a weak a-donor will be 2 
or more orders of magnitude faster than for the cis ammine 
ligands.37 Unfortunately, the additionof acid, such as CFjSO3H, 
to prevent such a reaction is not suitable in this situation because 

A 

V 

~ 

-0.lW -0.5 -0.wo 

E (V, vs. F; /Fc) 
Figure 4, Cyclic voltammograms of [RU(NH,)~(OS~~CFI)]~+/~+, in 
acetone at -23 O C ,  vs Fc+/Fc (2 mM electroactive species in 0.1 M 
(1-Bu)4NBF4): A, [Ru(NH3)5(0S02CF3)I2+ at 10.2 V s-I; B, [Ru- 
(NHs)5(OSO2CF3)l2+ at 1003 mV s-I; C, [Ru(NH~)~(OSO~CF~)]+ at 
5.12 V s-I. The larger peak-to-peak separations for curves A and C are 
due to heterogeneous electron transfer and/or residual uncompensated 
resistance at these low temperatures. 

constant was calculated, using both methods, to be 1.2 f 0.2 s-] 
at -23 OC. This compares with an isomerization rate (Ru(I1) - rlZ) of 0.109 f 0.002 s-l, at the same temperature. 

Using the nonisothermal cell results, the entropies of the 
reductions, ASo,,, were calculated. For the [Ru(NH3)5- 
(q*-oC(CH3)~)]~+/2+ couple, Mor, is 112 f 6 J K-I mol-', while, 
for the [RU(NH~)S(~~-OC(CH~)~)]~+/~+ couple, it is 107 f 7 J 
K-1 mol-1. Thermodynamic data for the cross-reaction (Scheme 
I) have been calculated from the dependence of (E1 - E2) upon 
temperature; the free energy, AGO, the enthalpy, AHo, and the 
entropy, ASo, were found to be -13.6 f 0.5 kJ mol-', -14 f 1 
kJ mol-1, and -5 f 7 J K-' mol-], respectively. 

Discussion 
Satisfactory microanalyses were not obtained for the Ru(II1) 

and Ru(I1) acetone complexes because of their sensitivity to 
moisture, 0 2 ,  and N2 (for Ru(I1)) and the thermal loss of acetone 
from the coordination sphere in the solid state. However, the 
spectroscopic and electrochemical results indicate purities of WO% 
for the isolated solids. This was determined from the comparison 
of the peak integration of the released acetone with the NH3 
resonances in the IH NMR spectra. In the case of Ru(III), it 
was also confirmed by the presence of only a single reversible 
Ru(III)/Ru(II) couple when the complex was dissolved in 
acetone/acetonitrile at temperatures sufficiently low that sub- 
stitution is slow within the time scale of the experiment. Since 
all other complexes which could be impurities exhibit distinctly 
different Ru(II)/Ru(III) couples, they would be observed in these 
experiments. 

Spectroscopy. The v'-coordination of acetone in [Ru- 
(NH3)5(0C(CH3)3)](CF$303)3 results in a shift of the C=O 
stretch to a lower wavenumber by 35 cm-1. This small value is 
consistent with the relatively undistorted C=O bond but shows 

~~ ~ ~ 

(30) Johnson, A.; Taube, H. J .  Indian Chem. SOC. 1989,66, 503-511. 
(31) Sullivan, B. P.; Baumann, J. A.; Meyer, T. J.; Salmon, D. J.; Lehmann, 

H.; Ludi, A. J .  Am. Chem. SOC. 1977,99, 7368-7370. 
(32) Witt, M. Adu. Inorg. Chem. Radiochem. 1986, 30, 223-312. 
(33) Nakamoto, K. Infrared and Ramon Spectro of Inorgonic and Coor- 

dinotion Compounds, 3rd ed.; Wiley-Interscience: New York, 1978; 
Chapter 3. 

(34) Clucas, W. A. Unpublished results, 1989. 
(35) Mercer, E. E.; McAllister, W. A,; Durig, J. R. Inorg. Chem. 1966, 5, 

(36) Clarke, R. E.; Ford, P. C. Inorg. Chem. 1970, 9, 227-235. 
(37) Buckingham, D. A.; Foxman, B. M.; Sargcson, A. M. Inorg. Chem. 

1970.9, 1709-1725. Bramley, R.; Creaser, I. I.; Mackey, D. J.; Sarge- 
son, A. M. Inorg. Chem. 1978, 17, 244-248. 

1881-1886. 
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it catalyzes other reactions of acetone. The position of the 
resonance assigned to the coordinated acetone is shifted down- 
field by 1.4 ppm relative to that of free acetone, which is consistent 
with that expected for a ligand attached toa paramagnetic center. 
Presuming that the R u - M  bond is angular, with inequiv- 
alent methyl groups, the presence of only one signal for the 
coordinated acetone indicates that there is rapid rotation around 
the R u - 0  bond, resulting in identical chemical environments 
for the two methyls down to at least 0 0C.6 

The position of the coordinated acetone resonance in the IH 
NMR spectrum of [RU(NH~)~(~~-OC(CH~)~)~(CF~SO~)~ is 
characteristic of +coordinated acetone.6 The upfield shift of 
the coordinated acetone in the Ru(I1) complex is smaller than 
that for the Os(I1) complex (6 = 1.63 ppm),6 suggesting a weaker 
interaction between the metal and the acetone ligand in the case 
of Ru(I1). At low temperatures, the cis ammine resonance was 
split, indicating that there is some steric interaction between the 
ligand methyl groups and the cis ammines; this is in contrast to 
the Os(I1) case, where splitting was not observeda6 Since the 
chemical shifts of the cis NH3 resonances are temperature de- 
pendent, wecannot distinguish between the possibilities of freezing 
out a rotation around the Ru-+acetone bond at lower temper- 
atures and simply separating peaks that are superimposed at room 
temperature. The latter possibility, i.e. that there is slow rotation 
about this bond at room temperature, seems unlikely; however, 
coalescence would occur anyway at room temperature because 
the coordinated acetone and solvent acetone are exchanging 
rapidlyontheNMRtimescale. Inorder tosortout thesedynamic 
processes, it would be necessary to perform selective saturation 
experimentsat low temperatures. What isclear is that the rotation 
of the acetone bound to Ru(I1) is much slower than that of the 
acetone bound to Os(II), since no splitting of the cis NH3 
resonances is observed for the latter complex, even at very low 
temperatures.6 This highlights some differences between Ru(I1) 
and Os(I1). It is likely that the rapid rotation about the Os- 
+acetone bond is facilitated by the cis ammine ligands' being 
bent back considerably (as shown from the crystal structure6). 
The different type of bonding envisaged for the Ru(I1) complex 
(see latter discussion) and the weaker Ru-q2-acetone bond are 
expected to cause smaller distortions in the coordination geometry 
and less sp3 character in the (CH3)2CO carbonyl carbon. Both 
factors will increase the steric clashes between the cis ammine 
groups and the CH3 groups, thus slowing down the rate of rotation 
of the ligand in the Ru complex as compared to the Os complex, 
consistent with the IH NMR results. 

It has been previously observed that there exists a dependence 
of the IH chemical shifts of the ammines on thereduction potential 
of thecomplex. Both 6(NH) and E1/2 are indicators of the degree 
of r-back-bonding to the sixth ligand.25 The chemical shifts 
observed here are intermediate between those of non-r-back- 
bonding ligands such as NH3 and strongly r-back-bonding ligands 
such as alkenes,2s supporting the proposed q2 structure. 
Electrochemistry. The reduction potential observed for the 

[RU(NH~)S(~~-OC(CH~)~)]~+/~+ couple relative to [Ru- 
(NH3)s]3+/2+ is close to that of petaammineruthenium(III/II) 
complexes of poor *-acceptor or non-r-acceptor ligands such as 
i m i d a z ~ l e , ~ ~  NH3, and relative to the same standard. In 
the case of the [Ru(NH3)s(q2-0C(CH3)2)] 3+/2+ reduction couple, 
the observed reduction potential is similar to that of the pen- 
taammine(pyridine)ruthenium(III/II) couple,@ which is a mod- 
erate * back-acceptor. The positive shift in the reduction potential 
is in accord with the results of a number of electrochemical studies 
which have indicated a link between the reduction potential and 
the ability of the sixth ligand in pentaammineruthenium(III/II) 
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complexes to r - b a ~ k - b o n d . ~ ~ * ~ ~  The reduction potential observed 
for the q2 isomer is also similar to that of the q2-hexafluoroac- 
etone complex. The latter has a somewhat more positive redox 
potential, indicativeof a slightly greater degreeof r-back-bonding 
for this ligand, since the electron-withdrawing abilities of the 
CF3 substituents will stabilize *-back-bonding. These electro- 
chemical and spectroscopic results support the conclusion that 
r-back-bonding is involved in stabilizing the q2-acetone complex. 

The formation of the diacetone alcohol complexes in Ru(II1) 
solutions but not in Ru(I1) solutions is due to the stronger Lewis 
acidity of Ru(III), which causes the methyl protons to become 
acidic enough to self-catalyze the condensation with a solvent 
molecule. Similar observations have been made in Co(II1) and 
Os(II1) ~ h e m i s t r y . ~ , ~ ~  

Kktics and Thermodynamics. For the Ru(1II) +acetone 
and Ru(I1) v2-acetone complexes, the scan-rate dependence of 
thereversibility of the two redoxcouples in acetoneischaracteristic 
of an ECEC mechanism (Scheme I).29 For the Ru(II1) isomer- 
ization, the relative values of the rate constants kl and k-l 
compared with the rate constants of acetone exchange at the 
same temperature (from 'H NMR spectroscopy) indicate that 
this isomerization occurs by an intramolecular pathway. In the 
case of the Ru(I1) isomerization, the similarity between the value 
of k2 and the rate constant of solvent substitution rules out an 
exclusively intramolecular process and indicates an intermolec- 
ular pathway, or at least that an intermolecular pathway is the 
major route to the isomerization. It is clear from Figure 3 that 
acetonitrile substitution in [Ru(NH3)5(q1-OC(CH3)2)1 2+ occurs 
more rapidly than the isomerization to [Ru(NHs)s(q2-OC- 
(CH,)2)]*+, as judged from the oxidation currents of these two 
complexes on the anodic scan in 50% v/v acetonitrile/acetone. 
The larger peakcurrent for the acetonitrile complex is accentuated 
because it is further away from the reduction of the Ru(II1)- 
#-acetone complex and hence there is a longer time for substitution 
to occur before it is oxidized. 

Thechangein the rati osofthe [RU(NH~)~(I+OC(CH~)~)]~+/~+ 
and [RU(NH~)~(~~-OC(CH~)~)]~+/~+ couplesin the multiple scans 
(Figure 3A) results from the differing values for the isomeriza- 
tion rates in the two oxidation states. 

The very different values of AS* observed for the two forward 
isomerizations indicate that there is a different mechanism acting 
in each isomerization, supporting the conclusions of the substi- 
tution studies. The small and negative entropy of activation 
observed in the linkage isomerization reaction of the Ru(I1) 
complex is consistent with those observed for the substitution 
reactions of [M(NH3)sLI3+ in ~ a t e r . 4 ~ 9 ~ ~  Therefore, it is 
consistent with a solvent-exchange mechanism. By contrast, the 
large negative value of AS* for the Ru(II1) isomerization is 
reminiscent of those values found for the substitution reactions 
of [M*[1(NH3)5X]2+ complexes where X- is an anionic leaving 
group. These large negative values are a result of electrore- 
striction of solvent molecules as the charges separate.45 This 
suggests that the transition state for the intramolecular linkage 
isomerization for the Ru(II1) complexes has a structure that 
contains an appreciable percentage of the resonance structure 
shown in 11. Such a charge-separated transition state (or tight 
ion pair) will be considerably stabilized by solvation with respect 

(38) Johnson,C. R.;Henderson, W. W.;Shepherd, R. E. Inorg. Chem. 1984, 

(39) Matsubara, T.; Ford, P. C. Inorg. Chem. 1976, 15, 1107-1 1 IO. 
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23, 275k2763. 
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519. 

(42) Cordone, R.; Taube, H. Unpublished results, Stanford University. Lay, 
P. A. Unpublished results. Lay, P. A.; Magnuson, R. H.; Taube, H. 
Inorg. Chem. 1989, 28, 3001-3007. 
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added triflate. Additional evidence comes from the molar 
conductivity data, which indicate the presence of a sixth, neutral, 
ligand. Finally, the electrochemistry a t  low temperature shows 
that the [Ru(NH~)s(OSO~CF~)]~+/+  couple occurs at potentials 
significantly different from those of the V I -  and q2-acetone 
complexes. 

The possibility of disproportionation of [Ru(NH3)5(q1- 
acetone)13+ following reduction to form [Ru(NH3)6I2+ and other 
species, possibly a tetraammine, has been considered. This is 
precluded by the absence of a redox couple assignable to 
[ R u ( N H ~ ) ~ ] ~ + / ~ + ,  the presence of cis and trans ammine peaks in 
the lH NMR spectrum, and the stability of the electrochemistry 
over several cyclic voltammetric cycles. 

With the recent characterization of the IOs(NH3)s- 
(NH=C(CH3)2)I2+ complex,48 the possibility of a similar, but 
reversible, imine formation following the reduction of [Ru- 
( N H ~ ) s ( O C ( C H ~ ) ~ ) ] ~ +  must beconsidered. The absenceof peaks 
assignable to the imine in both the infrared and the IH NMR 
spectra, together with the reversibility of the reaction over many 
cycles, indicates that this is not the case. 

The possibility of oxidation-state-dependent reversible hydra- 
tion of the acetone ligand by water impurities was also considered. 
However this possibility can also be discounted for the following 
reasons: 

(i) Essentially the same rate constants were obtained when 
HPLC grade acetone was used and when AR grade acetone that 
had been distilled over KMnOd/CaS04 or dried with activated 
alumina or silica gel powder was used. Since the amount of 
water in theacetoneobtained from thesesources would bevariable, 
the reproducibility of the results is not consistent with a hydration 
mechanism. 

(ii) Reversible hydration of the acetone ligand would be more 
activated for the Ru(II1) than for the Ru(I1) complex. However, 
the IR spectroscopic properties of the Ru(II1) complex show 
clearly the presence of the acetone ligand, from the YC+J stretch 
at 1692 cm-I, while the IR spectrum of the Ru(I1) complex is 
inconsistent with an +acetone complex. 

(iii) Acetone is rapidly and quantitatively released from the 
Ru(II1) complex, which is inconsistent with the coordination of 
a gem-diol ligand, since alcohol ligands bound to Ru(II1) are 
substitutionally inert. 

Nature of the Bonding in the q2 Complex. An q2 bond can be 
described as a combination of two resonance forms, as illustrated 
in I1 and IV for the title complex. Resonance form I11 involves 

1 

I I1 

to I,46 which could explain the large negative value of AS* and 
the relatively small value of AH*. It is unfortunate that the 
values from which AH* and AS* were derived are limited to a 
25 O C  temperature range by the experimental difficulties alluded 
to before. Therefore, AS* for the Ru(II1) reaction is known with 
much less accuracy than the Ru(I1) value. Nonetheless, the 
quality of the data obtained from multiple runs suggests that a 
similar value of AS* will be found if the rate constants are 
measured over a larger temperature range by other techniques. 
The Electron-Transfer Cross-Reaction. For any square reaction 

scheme, there exists the added complication of the electron- 
transfer cross-reaction, where the minor isomer in the oxidized 
equilibrium oxidizes the minor isomer in the reduced equiiibri- 
um. For the system under study, the electron-transfer cross- 
reaction is shown in Scheme I. If this electron-transfer cross- 
reaction occurs, it can interfere with the calculations of the kinetic 
and thermodynamic results obtained from CV data for the square 
reaction scheme. However, the fact that the rate constants were 
observed to be independent of the concentration of the electro- 
active species indicates that the cross-reaction, which is a second- 
order reaction, cannot be interfering with the analysis to any 
significant extent. 

The Triflate - Acetone Substitution ECE Scheme. Upon 
dissolution of [ R u ( N H ~ ) s ( O S O ~ C F ~ ) ~ ) ]  (CF3S03)2 in acetone, 
a t  low temperatures, it is possible to observe the substitution of 
the triflate ligand by acetone. The substitution is observable due 
to the relatively inert nature of Ru(II1) a t  these temperatures. 
Due to the limited amount of triflate present compared to acetone, 
the square scheme is not applicable, and an ECE mechanism fits 
the observed electrochemistry. The value obtained for the rate 
constant of substitution of triflate by acetone (1.2 f 0.2 s-I, at 
-23 "C) is an order of magnitude larger than that of the Ru(I1) 
91 - q2 isomerization, at the same temperature (0.109 s-l) and, 
by implication, that of the substitution by acetone. These results 
are also important in understanding the mechanism of isomer- 
ization for Ru(I1). Since the +acetone complex is not observed 
upon reduction, this implies that direct coordination of acetone 
in an q2 fashion is possible on a time scale that is faster than the 
71 - 72 isomerization. This supports the previous results that 
suggest that this isomerization is intermolecular, whereas the 
Os(I1) isomerization is likely to be intramolecular. From crystal 
field considerations, an intermolecular process at Os(I1) would 
be slower thanone at Ru(II), which supports the above arguments. 
The observed substitution of the triflate ligand is an indication 
of the greater lability of the triflate ligand as compared to the 
+acetone ligand as a leaving group on Ru(I1). It appears to be 
the first direct comparison of the relative leaving group ability 
of these ligands under identical  condition^.^^ 

Alternative Explanations for an ECEC Mechanism. While the 
spectroscopy and electrochemistry strongly indicate the existence 
of 71 - ~2 linkage isomerizations, a number of other possibilities 
must be examined. It is possible that the square reaction scheme 
involves the reversible exchange of +acetone and some anion 
(CF3SO3-oran anion from the electrolyte). Such a scheme would 
involve second-order kinetics, which is precluded by the fact that 
the observed rates were independent of the concentrations of the 
ruthenium complex (and hence [CF$303-]), the electrolyte, and 

(46) Lay, P. A. Comments Inorg. Chem. 1991, 11, 235-284. Lay, P. A.; 

(47) An indirect comparison has been made in the case of pentaammine- 
Harman, W. D. Adv. Inorg. Chem. 1991, 37, 219-379. 
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the donation of the ketone u-bonding electron pair to the 
ruthenium, while IV involves the oxidative addition of the metal 
to the u bond of the ketone, yielding an oxametallacycle. The 
nature of the q2 bond in a given complex depends on the relative 
importance of the ketone - metal a-donation and the metal - 
ketone d?r-pu* back-bonding. If the former predominates, then 
the q2 bond approaches that of resonance form 111, while if back- 
bonding predominates, then IV is the appropriate representation. 

The $-acetone complexes of Ru(I1) and Os(I1) show some 
marked differences in their spectroscopy and electrochemistry. 
These differences can perhaps be best explained in terms of the 
bonding scheme discussed above. The decrease in YCO of the 
acetone ligand in the Ru(I1) complex is greater than that for the 
Os(I1) analogue, indicating that the natures of the q2 bonds are 
different in these two complexes, since Os(I1) has a greater u- 

(48) Harman, W. D.; Taube, H. Inorg. Chem. 1988, 27, 3261-3262. 
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back-bonding ability.& The X-ray structureof the Os(I1) complex 
indicates that it has a considerable contribution from the oxa- 
metallacycle resonance hybrid (resonance form IV),’ suggesting 
that the q2 bond in the Ru(I1) complex may involvea predominant 
contribution from resonance form 111. An v2 bond as in IV is 
expected to exhibit a M-O and a M-C stretch in the far-infrared 
region (separated by - 100-200 cm-I), while one of type shown 
in structure I11 would exhibit a single M-(v2-C=0) ~tretch.’~ 
In the case of the Os(I1) complex, the Os-0 stretch has been 
reported: while, for the Ru(I1) complex, only a single peak is 
observed, indicating the predominance of the type IV and I11 
resonance forms, respectively, in the structures of the Os(I1) and 
Ru(I1) complexes. 

The similarity of the reaction entropies for the two isomers of 
[RU(NH~)~(OC(CH~)~)]~+/~+ also supports the notion that the 
72 Ru(I1) complex is predominantly of resonance form 111, since 
the greater acidity of resonance hybrid IV would change the 
degree of solvent order and hence result in a very different value 
of ASo,, for an essentially Ru(V)/Ru(IV) couple compared to 
the Ru(III)/Ru(II) couple of the ql isomer. This preference of 
the Ru(I1) complex for resonance form I11 and the Os(I1) complex 
for IV also explains the quite different redox potentials observed 
for the two q2 couples. In the osmium complex, which is closer 
to resonance form IV, the metal center approaches an Os(V)/ 
Os(1V) couple and so would have a much more positive reduction 
potential than a structure in which resonance form I11 predom- 
inates. This would also explain the comparatively high reduction 
potentials of the ruthenium v2-alkene complexes compared to the 
acetone complex, because r-back-bonding is more important in 
the former.25 Finally, the IH NMR experiments discussedearlier, 
which indicate much faster rotation about the M-q2-acetone bond 
for Os(I1) in comparison to Ru(II), are also consistent with this 
analysis. The steric clashes between the planar acetone in 
resonance hybrid I11 are much larger than in structure IV, where 
the CH3 groups are bent away from the NH3 groups. Therefore, 
rotation about this bond is expected to be much slower in cases 
where resonance hybrid I11 predominates (Le. Ru(I1)) compared 
to cases where resonance hybrid IV is closer to the actual structure 

Powell and Lay 

(i.e. Os(I1)). The observed difference in chemical reactivity 
between the Ru(I1) and Os(I1) acetone complexes is similar to 
that of the v2-benzene complexes [os(NH,)s(v2-C6H6)]*+ and 
[ R U ( N H ~ ) S ( ~ ~ - C S H ~ ) ] ~ + ,  where the former is moderately stable, 
while the latter is too unstable to detect.49 

From the infrared and electrochemical results, it is evident 
that while the Os(1I) q2-acetone complex is stabilized to a large 
extent by r-back-bonding (IV), thecorresponding Ru(I1) complex 
is stabilized mainly by u-donation (111). These results contrast 
with the S .+ 0 linkage isomerization reactions of the 
[ M(NH3)5(dmso)]3+/2+ complexes, where the mechanisms for 
stabilization of the complexes by Ru and Os are expected to be 
similar and the observed kinetic and thermodynamic data do not 
differ greatly between the metal ions.5k52 

Implications for the Use of [RU(NH~)S(OC(CH~)~)P+ as a 
Synthetic Intermediate. The rate constant of intermolecular 
isomerization of [Ru(NH3)5(0C(CH&)I2+ found in this work 
is of the same order of magnitude as the estimated3 rate constant 
of aqua exchange in [Ru(NH~)s(OH~)]~+.  These results indicate 
that the similarity in rate of substitution of the acetone ligand 
in acetone compared to the aqua ligand of [Ru(NH&(HzO)]2+ 
in water is due to the predominance of the q2-bound acetone 
isomer, which is more inert than the q1 isomer. 

Acknowledgment. This work was supported by a grant from 
the Australian Research Council. We are also grateful for the 
assistance provided by Jacque Nemorin, Les Field, and Bruce 
Rowe in obtaining and interpreting the NMR experiments, to 
Henry Taube for providing information on the Os(I1) q2-acetone 
complex and ref 30, prior to publication, and to James Mayer for 
information on [W(q2-0C(CH3)2)2C12(PMePh2)2]. 

Supplemeatpry Material Available: A table illustrating the temper- 
a ture  dependence  o f  the  redox potent ia l s  o f  [ R u ( N H p ) s -  
(+OC(CHp)2)]3+/2+ and [RU(NH~)~(~~-OC(CH~)~)]~+/~+ (2 pages). 
Ordering information is given on any current masthead page. 

(49) Harman, W. D.; Taube, H. J .  Am. Chem. SOC. 1988,110,75S5-1551. 
(50) Yeh, A.; Scott, N.; Taube, H. Inorg. Chem. 1982, 21, 2542-2545. 
(51) Harman, W. D. Ph.D. Thesis, Stanford University, 1987. 
(52) Lay, P. A.; Taube, H. Unpublished results, 1982. 


