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The tridentate ligand tacn (1,4,7-triazacyclononane) reacted at room temperature with the Ru(DMF):+ (DMF = N,N'-di- 
methylformamide) complex to form the complex Ru(tacn)?', from which Ru(tacn)2'+ was obtained by chemical or electrochemical 
oxidation. The couple exhibited a reversible formal potential of 0.37 V (vs NHE) and a large electron-self-exchange rate constant 
(kex = 5 X lo4 M-l s-l, = 0.1 M, T = 23 "C) as measured directly by the broadening, in the presence of R u ( t a ~ n ) ~ ~ + ,  of (a) 
the single I3C NMR signal and (b) the 'H multiplet of Ru(tacn)?. The large rate constant fits well into the series of Ru amine 
complexes and, allowing for the effect of strain in the ligand on electron exchange reactions, also compares well with those for 
the corresponding cobalt and nickel couples, supportive of adiabatic behavior in all cases. Due to their high stability and inertness, 
both Ru(tacn);+ and Ru(tacn),'+ are useful outer-sphere electron-transfer agents. Interestingly, Ru(tacn)," is rather unreactive 
toward dehydrogenation of the coordinated amine ligand, in contrast to other Ru(II1) complexes. The UV-vis spectra of both 
complexes are dominated by charge-transfer bands. For the Ru(1I) complex a weak band at 355 nm (60 M-' cm-I) is assigned 
to the spin-allowed transition of 'Alg-'TIg parentage, confirming the observation made in other tacn complexes that the ligand 
exerts a substantially stronger ligand field on the metal than ammonia and ethylenediamine. Assignments for the absorption 
spectrum of Ru(tacn);+, which exhibits a surprising low-energy band at 375 nm (300 M-' cm-I), are discussed. 

Introduction 
Ruthenium(I1) and  - (HI)  complexes are among the most ex- 

tensively studied redox couples owing to t h e  pioneering work of 
Taube  and collaborators.' Complexes with N-donor ligands 
exhibit substantial electron-self-exchange rate constants ranging 
from lo3 M-' s-l for the R u ( N H ~ ) ~ ~ + / ~ + ~  t o  the nearly diffu- 
sion-controlled ra te  constant of IO9 M-I s-I for the Ru(2,2'-bi- 
pyridine)?+i2+ couple.3 Owing to their inertness these complexes 
a r e  ideally suited for outer-sphere electron-transfer studies, and  
rates have been successfully interpreted in terms of t h e  current 
electron-transfer theories4 In spite of this, some aspects con- 
cerning basic thermodynamic properties of the complexes are less 
well understood. Examples are the  stability of Ru(NH&~+ in 
acidic and neutral solution versus the instability of h(sar)!+ (sar 
= t h e  encapsulating ligand 3,6,10,13,16,19-hexaazabicyclo- 
[6.6.6]eicosane) toward disproportionation to Ru(I1) and Ru(IV) 
even in acidic solution5 and  the evidence for protonation of the  
Ru(I1) metal center at low pH.Sb,6 

In t h e  light of these disparate properties, the R ~ ( t a c n ) , ~ + / ~ +  
couple was of particular interest to us. The complexes possess 
(as do R ~ ( s a r ) ~ + / ~ + )  only secondary nitrogen atoms. I t  could be 
anticipated tha t  the  cyclic amine ligand would form inert com- 
plexes with ruthenium, a s  it does with many other transition and  
main-group elements,' but  the properties of the Rtl(1II) complex 
with respect t o  disproportionation could not  be predicted. 

In this paper we wish to report the  syntheses and  properties 
of this redox couple a n d  t h e  results of a n  NMR study on t h e  
electron-self-exchange rate  and t o  discuss kinetic and  thermo- 
dynamic implications of N M R ,  electrochemical, and spectral data. 
Some electron-transfer reactions of the couple have already been 
reported* a s  well a s  a different synthetic route t o  R ~ ( t a c n ) ~ ~ + . ~  

Experimental Section 
A. Materials and Physical Measurements. Deionized (for syntheses) 

and doubly distilled water (for electrochemical measurements) was used. 
Trifluoromethanesulfonic (triflic) acid was distilled at reduced pressure 
before use. AgCF3SO3I0 and the ligand 1,4,7-triazacyclononane (tacn)" 
were synthesized as reported. Acetonitrile was distilled from CaH2 before 
use. Tetrabutylammonium triflate (TBAT) was synthesized by neu- 
tralizing triflic acid with tetrabutylammonium hydroxide and was re- 
crystallized from dichloromethane/ether (1: 10). All other reagents were 
of analytical grade and were used without further purification. D 2 0  was 
obtained from the AAEC (Lucas Heights, Australia). UV-vis spectra 
were recorded oh a H P  8450 rapid-scan spectrophotometer, and elec- 
trochemical tneasurements were performed on a BAS-100 or a PAR 
173/174 system with the usual three-electrode configuration. Formal 
potentials &ere measured vs calomel or Ag/AgCl but are quoted vs NHE 
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with the couples (NH&,RuL'+I2+ (L = NH3, pyridine, isonicotinamide) 
as references.I2 Controlled-potential coulometry (CPC), using an 
AMEL 551 Coulostat and an AMEL 731 digital integrator, was per- 
formed in a small cell (3-10-mL capacity) at a Pt-gauze working elec- 
trode. 

All the NMR measurements were performed with a Varian XL2OOE 
spectrometer operating at 200 MHz ('H) and 50 MHz ("C); one spec- 
trum of Ru(tacn)z2+ was recorded with a Bruker 500-MHz instrument 
at the California Institute of Technology. All measurements were done 
at 23 OC, measured by the chemical shift difference of the signals of pure 
MeOH.13 Samples for the kinetic experiments were prepared as follows: 
Crystallized [ R ~ ( t a c n ) ~ ] ( C F ~ S 0 ~ ) ,  was added portionwise, under argon, 
to 0.4 mL of 0.01 M CF3S03D until the solution was saturated (20.035 
M). (This was achieved by bubbling the solution in the NMR tube with 
argon with the use of very fine PE tubing). Consecutive spectra of this 
solution allowed the measurement of the slow rate of the H/D exchange 
for the amine protons. Afterward, 0.05-mL aliquots of solutions (0.01 
M CF,S03D) of appropriate concentration in AgCF3S03 were added 
successively, and the spectra were recorded after each addition. In one 
experiment a few large crystals of R ~ ( t a c n ) ~ ( C F ~ S 0 ~ ) ~  were added in 
excess to keep the Ru(I1) concentration constant. Concentrations of 
Ru(tacn),'' and Ru( tacn)F  are given in Table 11. The ionic strength 
was thus p 2 0.1 M, largely determined by the Ru(I1) concentration. 
The Ag metal formed was centrifuged to the bottom of the 5-mm NMR 
tube although no effect on the spectrum could be seen when the solutions 
were not centrifuged. This technique of generating Ru(tacn)," in the 
presence of an excess of Ru(tacn),,+ was used because the reactivity of 
R ~ ( t a c n ) , ~ *  toward disproportionation was unknown at the time. No 
time dependence of the spectra was observed on the time scale of the 
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experiments. Solutions of Ru(tacn)$+ slowly turned red-orange after 2-3 
days (at pH 2). 

Information about the electron self-exchange was obtained from the 
13C spectra by determining the line width of the single signal of Ru- 

a t  -10 ppm vs 1,4-dioxane and from the 'H spectra by meas- 
uring the width of the multiplet at 2.8 ppm vs DSS. The widths of both 
signals were found to depend linearly on the concentration of Ru(tacn)?' 

Avl12 = + k'[R~(tacn)~~']  (1) 

but no change in chemical shift was observed, indicating that the system 
was in the slow-exchange domain.14 To asess this and thus the validity 
of eq 1, an excess of Ag+ was added to one of the solutions after the 
kinetic measurements in order to record the spectra of the paramagnetic 
Ru(tacn)$' complex. Whereas no signal was detected in the I3C spec- 
trum, a broad feature occurred at -5 ppm in the 'H spectrum, overlap- 
ping with the solvent peak at 4.8 ppm. In a separate experiment, the 
concentrations of the two complexes were kept equal (0.012 M): the 
broad 'H signal ( ~ 2 5 0  Hz) was at the same chemical shift as the signal 
in the absence of Ru(tacn)2)+. These observations indicate that the 
observed electron-exchange rate in the kinetic experiments is slow com- 
pared to the relaxation rates of the paramagnetic Ru(tacn)$+ complex 
and/or the differences in the chemical shifts between the two species and, 
therefore, that the system is in the slow-exchange domain:I4 

1/T20bsd = 1/T: + kll[Ru(tacn)$+] (2) 

where 1/T2 and k l l  are the transverse relaxation rate (obsd: in the 
presence of Ru(tacn),'+) and the electron-self-exchange rate, respectively. 
Since14 l / T z  = r ( A u l j 2 )  and if comparison is made with eq 1 

k l l  = rk' (3) 

B. Syntheses. [Ru(ta~n)~](CF,S0~)~ .  A 0.3-mmol amount of [Ru- 
(DMF)6](X)2b was added under argon to 3 mL of dry ethanol (X = 
triflate) or propan-2-01 (X = tosylate) containing 0.8 mmol of 1,4,7- 
triazacyclononane." The dark red solution was stirred at room tem- 
perature until all of the DMF salt had dissolved and was then kept at 
room temperature under argon for 2-3 days, during which time the color 
changed to yellow and a yellow crystalline material deposited. The 
solution was cooled to -10 OC to complete crystallization, and the pre- 
cipitate was collected, washed with a small amount of ethanol or pro- 
pan-2-01 and ether, and air-dried. The tosylate salt was recrystallized 
by dissolving it in oxygen-free water (-0.1 M) and adding 4 M triflic 
acid (final [H'] - 0.5 M). It was isolated as described above. Yield: 
70%. Anal. Calcd (found) for [RU(C~H~~N~)~](CF~SO~)~: C, 25.57 
(25.8); H, 4.60 (4.6); N, 12.78 (12.7); S ,  9.75 (9.1); F, 17.33 (16.7). The 
pale yellow compound was stable in air over weeks. Large crystals can 
be obtained by slowly cooling a saturated ethanolic solution under argon. 

[ R ~ ( t a c n ) ~ ] ( C F ~ S 0 ~ ) ~ .  [ R u ( t a ~ n ) ~ ] ( C F , S 0 ~ ) ~  (0.2 mmol) was dis- 
solved in 4 mL of 0.2 M TBAT in acetonitrile and oxidized by CPC at 
a constant potential of 0.8 V vs Ag/AgCl until the current had dropped 
to <OS'% of its initial value. Integration of the current indicated a clean 
one-electron oxidation. An equal amount of dichloromethane was added 
to the solution to precipitate the compound, which was collected, washed 
with a small amount of ether, air-dried, and then recrystallized from 
acetonitrile/ether. Yield: 80%. Anal. Calcd (found) for [Ru- 

S, 11.92 (11.6); F, 21.19 (20.6). A faster method of preparing the 
(CIO;) salt involved the oxidation of the Ru(I1) complex in 0.1-1 M 
triflic acid by Fe3+ and precipitation by NaC104. Caution! The per- 
chlorate salt is a potential hazard (explosive). 

Results 
Synthesis and Properties of the Complexes. Both Ru(tacn)?+/*+ 

ions have been synthesized from the  remarkably labile Ru- 
(DMF):' ion and the pure ligand in alcohol solution. This method 
has now been employed successfully with various strongly basic 
 ligand^^-'^^^* and is clearly a general synthetic route. T h e  DMF 
complex should be freshly prepared: "Aged" material (brown 
color) gives drastically reduced yields. 

T h e  absorption spectra of the two complexes are shown in 
Figure 1, and for comparative purposes, spectral and electro- 
chemical properties of various Ru(I1) and Ru(II1) amine com- 
plexes a r e  summarized in Table  I. T h e  spectrum of the  Ru-  

( C ~ H I J N ~ ) Z ] ( C F ~ S O ~ ) ~ :  C, 22.33 (22.0); H, 3.75 (3.8); N, 10.42 (10.0); 

(14) (a) Swift, T. J.; Connick, R. E. J .  Chem. Phys. 1962, 37, 307. (b) 
Martin, M. L.; Martin, G. J.; Delpuech, J.-J. Practical NMR Spec- 
rroscopy; Heyden & Sons: London, 1980; p 300. 

(15) Bernhard, P.; Robinson, W. T.; Sargeson, A,, to be submitted for pub- 
lication. 
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3 0 0  400  nm 
Figure 1. Optical spectra of R ~ ( t a c n ) ~ ~ '  (11) and Ru(tacn)$+ (111) in 
0.1 M CF,S03H (e  in lo3 M-' cm-' ). 

Table I. Spectral and Electrochemical Properties of Ruthenium 
Amine Complexes 

10-3um,,, cm-' (emax, M-' cm-I) 
2 = 2  z = 3  E', V" 

R u ( N H ~ ) ~ ~ + ~  25.64 (35) 31.25 (100) 0.07 

R ~ ( e n ) ~ l +  27.03 (120) 32.25 (360) 0.15 

Ru(sar)z+d 25.97 (40) 0.29 

Ru(tacn)2z+' 28.17 (60) 26.59 (330) 0.371 

36.36 (640) 36.36 (480) 

33.11 (1020) 

25.46 (2000) 

37.45 (980) 37.45 (550) 

'Versus NHE. bO.l M NaC10,; ref 2a. cO.O1 M CF3COOH; ref 
2a. dO.l M CF,SO,H; ref 5a. eO.l M CF,S03H; this work. /In 
agreement with ref 9. 

(tacn)?+ complex (11) exhibits a shoulder a t  355 n m  (28.17 X 
lo3 cm-I), which is assigned to the lowest spin-allowed transition 
of IAlg-lTlg parentage. This assignment implies a significantly 
stronger ligand field for tacn than for the other amines (A (in lo3 
cm-I): tacn, 29.2; en, 28.1;16 NH,, 26.8"). A similar observation 
has been made  for Fe,I8 Co,l9 and Ni20 complexes as well. T h e  
intensity of the band a t  267 nm implies charge-transfer character. 
Good evidence has been presented in the case of R u ( N H & ~ '  and 
R ~ ( e n ) ~ ~ + ~ l  that  this is a charge transfer to the solvent (CTTS)  
according to  

hu 
Ru2+ - Ru3+ + e a i  (4) 

As can be seen from Table  I, this band is particularly strong in 
the cage complex Ru(sar)2+ and is responsible for the great UV 
light sensitivity of this complex, since the photooxidized product, 
R ~ ( s a r ) ~ + ,  disproportionates rapidly forming a Ru(I1)-imine 
species.5 Further support for this spectral assignment was obtained 
from the spectrum of the Ru(tacn)?+ complex in acetonitrile. The 
intense band shifted to  -250 nm (shoulder), consistent with the 
decreased stability of the charge-separated state in the less polar 
solvent,21 whereas the ligand field transition, now well separated 
from the CTTS band, was practically unchanged in position. 

In view of the stronger ligand field of the  tacn ligands, the  
spectrum of R ~ ( t a c n ) * ~ +  (I11 in Figure 1) exhibits a surprising 
feature. Besides a band a t  267 nm (37.45 X lo3 cm-'), which 
is seen a t  roughly the  same spectral position for R u ( N H ~ ) ~ ~ + ,  a 
relatively strong band is also seen a t  375 nm (26.59 X lo3 cm-I). 

(16) Schmidtke, H.-H.; Garthoff, D. Helu. Chim. Acto 1966, 49, 2039. 
(17) Lever, A. B. P. Inorganic Spectroscopy; Elsevier: New York, 1968; p 

e,,* IUL. 
(18) Boyens, J. C. A,; Forbes, A. G .  S.; Hancock, R. D.; Wieghardt, K. 

Inorg. Chem. 1985, 24, 2926. 
(19) Koyama, H.; Yoshino, T. Bull. Chem. SOC. Jpn. 1972, 45, 481. 
(20) (a) Yang, R.; Zompa, L. J. Inorg. Chem. 1976, 25, 1499. (b) Zompa, 

L.  J. Inorg. Chem. 1978, 17, 2531. (c) Hart, S. M.; Boeyens, J. C. A.; 
Hancock, R. D. Inorg. Chem. 1983, 22, 982. 

(21) Matsubara, T.; Efrima, S.; Metiu, H. I . ;  Ford, P. C. J .  Chem. SOC., 
Faraday Trans. 2 1979, 75, 390. 
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Figure 2. 200-MHz 'H and 50-MHz 13C NMR spectra of Ru(tacn)l+ 
in 0.01 M CF3S03D in the presence of Ru(tacn)?+. 104[Ru(III)], M: 
(A) 1.3; (B) 3.9; (C) 35. 

R u ( N H ~ ) ~ ~ +  and R ~ ( e n ) ~ ~ +  do not exhibit such bands; those at 
310 and 322 nm in these complexes, respectively, are commonly 
assigned to the lowest spin-allowed ligand field transitions (2T2, - 2Tl,, 2A2g).z2 The origin of the band at 375 nm, therefore, 
has to be a charge transfer. In order to make sure that this band 
was not due to a Ru(I1) imine impurity, which could exhibit a 
band in this region, the complex was prepared by various methods. 
The spectrum was reproducible in all cases. For instance, the 
complex was generated in strong acid (1 M CF3S03H) from the 
Ru(I1) complex by oxidation with Fea;+, the Ru(I1) complex 
being kept in excess a t  first. The intensity of the band increased 
proportionally to the amount of Fe,? added. After 1 equiv (of 
Feq3+) had been added, the intensity of the band stayed constant 
upon further addition of Feaq3+, which is inconsistent with for- 
mation of a Ru(I1) imine complex (2-e oxidation). Furthermore, 
the stability of the R u ( t a ~ n ) ~ ~ +  complex (in acidic media) had 
already been demonstrated by electrochemical techniques, and 
solutions of the complex had been used in electron-transfer studies! 
The band at  375 nm is thus clearly a feature of the R u ( t a ~ n ) ~ ~ +  
complex, and possible assignments in the spectrum will be dis- 
cussed later. 

The reversible reduction potential of 0.37 V (vs NHE)  is the 
highest so far encountered for a saturated Ru hexaamine couple. 
The potential, as measured by cyclic and rotating-disk voltammetry 
is independent of pH up to =pH 7.5; thereafter, the potential starts 
to shift toward more negative values. As a consequence of the 
high potential in acidic media, Ru(tacn)22+ reacts only very slowly 
with oxygen ( k  = 0.14 f 0.01 M-I s-', T = 25 OC, 0.1 M 
CF3S03H), the rate constant being practically identical with those 
for R U ( N H ~ ) ~ ( ~ S ~ ) ~ +  and ci~-Ru(NH~)~(isn)(H~O)~+~~ which have 
also very similar reduction potentials (0.38 V and 0.36 V vs NHE, 
respectively) .23 

Electron Self-Exchange of R u ( t a ~ n ) ~ ~ + / ~ + :  'H NMR Spectrum 
of Ru(tacn)t+. The 'H spectrum in D 2 0  was of higher order and 
resembled strongly that for the cobalt complex, which has been 
publishedz4 but not analyzed. Also seen was some similarity to 
the well-resolved spectrum of Ru(en),*+, which has been analyzed 
as an AA'BB' pattern.25 A rigorous analysis of the 'H spectra 
was beyond the scope of this study, but a series of spectra were 
simulatedz6 by using the experimental chemical shift difference 
(0.21 ppm) and a similar geminal coupling constant as in the 
R ~ ( e n ) ~ ~ +  analysis.25 The parameters that best reproduced the 
spectra were J12  = 8 Hz, J13 = J 2 4  = -13.5 Hz, J14 = J23 = 6 Hz, 

= 6 Hz (with 1,4 and 2,3 identical in chemical shift and with 

(22) Hartmann, H.; Buschkk ,  W. Z. Phys. Chem. (Munich) 1957, I I ,  120. 
(23) Stanbury, D.; Haas, 0.; Taube, H. Inorg. Chem. 1980, 19, 518. 
(24) Kiippers, H.-J.: Neves, A.; Pomp. C.; Ventur, D.; Wieghardt, K.; Nuber, 

B.; Weiss, J. Inorg. Chem. 1986, 25, 2400. 
(25) Beattie, J. K.; Elsbernd, Sr. H. J .  Am. Chem. SOC. 1971, 92, 1946. 
(26) Program NMCSIM-1280, Nicolet Corp. (at Caltech). 

Table 11. Line Widths of the Ru(tacn)? 'H and 13C NMR Signals 
in the Presence of R ~ ( t a c n ) ~ ~ +  (0.01 M CF3S03D, 23 "C) 

1 02[ R~(tacn),~+], 1 04[Ru(tacn)2+], A Y ~ , ~ ( ~ ~ C ) ,  AY~,~(~H) , '  
M M Hz Hz 

~~ 

Experiment l6 
3.4 6 57 
3.0 1.1 65 
2.7 3.5 68 
2.4 12.0 82 
2.0 35.0 59 105 

3.4 1.3 8 59 
3.4 3.9 15 67 
3.4 14.0 28 84 
3.4 30.0 56 100 

(1.2 120.0 ~ 2 5 0 ) ~  

Experiment 2c 

"Total width of multiplet. * p  = 0.09-0.1 M. c p  = 0.1-0.13 M. 
dNot used in analysis. 

I ' , . , ' I ' I  

0 . 0 0 1  0 . 0 0 3  

[ R W ) l  1 M 
Figure 3. Widths of 200-MHz 'H and 50-MHz 13C signals of Ru- 
(tacn)?' as a function of [Ru(tacn)?+] (values in Table 11). 

a natural line width of 3 Hz). However the possibility that there 
is another set of coupling constants that reproduce the spectra 
equally well, given the low resolution, is not excluded. 

Electron Self-Exchange of Ru(tacn)2+/2+. The single 13C signal 
offered easy access to the measurement of the rate of the electron 
self-exchange although the total width of the 'H multiplet was 
used as well for this purpose (see Experimental Section). The 
natural line width of the I3C signal of Ru(tacn)22+ in 0.01 M 
CF3S03D was 6 Hz. Examples of 'H and 13C spectra in the 
presence of R u ( t a ~ n ) ~ ~ +  are shown in Figure 2. Plots of the 
experimental line widths (Table 11; for 'H: total width of mul- 
tiplet) versus [Ru(tacn);+] are shown in Figure 3, and from the 
regression analyses (eq 1-3) we obtain 

13C: Avollz = 6.9 f 1.2 Hz 

k , ,  = (4.8 f 0.3) X lo4 M-' S-I 

'H: Avo1/2 = 61 f 2 H Z  
(5) 

k l l  = (4.3 0.5) x 104 M-1 s-1 

The broadened IH spectra were simulatedz6 by using the param- 
eters for the multiplet mentioned above and the corresponding 
values for the exchange rate obtained from the 13C spectra and 
were visually compared to the experimental spectra. Examples 
are shown in Figure 2. The visual agreement between the spectra 
and between the two methods (I3C and 'H) gives us confidence 
in the extracted rate constant. As a representative value for the 
electron-self-exchange rate constant, k,,, for the R u ( t a ~ n ) ~ ~ + / ~ +  
couple we adopt 

k,, = 5 X lo4 M-I s-l ( T  = 23 O C ,  = 0.1 M) (6) 

H/D Exchange Rate for Ru(tacn)22+. A signal for the amine 
protons was observed at 5.35 ppm vs DSS after dissolution of the 
compound in 0.01 M CF3S03D, which disappeared with a rate 
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Table 111. N H  Proton Resonances and H/D Exchange Rates for 
Ruthenium Amine Complexes 

6' A ~ 1 / 7 ,  HZ kwm, S-' 
R U ( N H ~ ) , ~ +  2 . ib  23b 5 x 10-3c 
Ru(NH&)+ 1 .w 
Ru(en)32+ 3.1, 3.gd 23d 3 x 10-'c 
Ru(en),'+ 2.2c 
Ru(sar)2+ 4.45 25 3 x 10-3 
Ru(sar)'+f >io3 
Ru(tacn)?+ A- 5.3 5 16 4 x 10-4 

'Versus TMS or DSS. bReference 2c. T = 25 OC, p = 0.1 M; ref 
2a. dReference 2d. ' T  = 23 "C, [CF,SO,D] = 0 and 0.1 M; ref 5b. 
fReference 50. gT = 23 OC, [CF3SO,D] = 0.01 M; this work. 

constant of 4 X lo4 s-l, as obtained from a first-order fit of the 
intensities versus time. Table I11 summarizes available data for 
Ru amine complexes. The rate for R ~ ( t a c n ) ~ ~ +  is 1 order of 
magnitude slower than for the other Ru(I1) amine complexes, 
which may be taken as an indication of the rigidity of the ligand 

Another remarkable feature is the large differences in the 
chemical shift of the NH proton(s) in the Ru(I1) complexes. The 
shift toward high frequency seems to correlate roughly with the 
energy separation between the electronic ground and the excited 
states (Table 11). However, a similar correlation is also observed 
with the energies of the CTTS transition (after correction for the 
different sizes of the complexes2'), which is probably more re- 
flective of pure ground-state properties being responsible for the 
large shift differences. The 'H N M R  shift may respond quite 
sensitively to changes in the electron distribution in the ground 
state due to the substantial radial extension of the 4d orbitals. 
These shifts could thus illustrate independently what has been 
suggested as an explanation for the protonation of the Ru(I1) metal 
center a t  low pH.5b36 
Discussion 

The value of the self-exchange rate constant hardly needs any 
comment in view of the large number of papers1*2*8~27~28 that have 
dealt with the electron-transfer properties of Ru amine complexes. 
We expected that the value would be close the those for the 
Ru(en)?+I2+ (2 X lcv' M-I s-', I.L = 0.75 M)% and the R ~ ( s a r ) ~ + / ~ +  
(1.2 X lo5  M-' s-I, I.L = 0.1 M) couples.* When one considers 
that the rate is probably even faster in H20,  it can be assumed 
close to that for the encapsulated couple. The latter has not been 
measured directly due to the instability of the R ~ ( s a r ) ~ +  ion in 
aqueous solution, but it has been derived from six rates of oxidation 
by applying the Marcus cross relation.29 The value of 5 X lo4 
M-' s-l for R ~ ( t a c n ) ~ ~ + / ~ +  thus fits into the series of Ru amine 
systems (both aliphatic and aromatic) of different size as illustrated 
in Figure 4.30 The correlation of the rate with the size of the 
complexes implies that the solvent reorganization is a dominant 
contribution to the differences in the energy of activation, which 
overall are rather small. Another implication is that all other 
factors influencing the self-exchange rates are similar for all of 
the complexes. In particular, we conclude that the reactions are 
adiabatic since identical degrees of nonadiabaticity for the satu- 
rated and aromatic complexes (which could lead to the same 
correlation) would be unlikely. 

Another comparison can be made to the C ~ ( t a c n ) ~ ~ + / ~ +  (0.18 
M-I s-', 1.1 = 0.1 M)24 and the N i ( t a ~ n ) ~ ~ + / ~ +  (1.6 X lo3  M-' s-l, 
corrected to I.L = 0.1 M),31 couples which are different from 
Ru(tacn)?+I2+ in both structure and spin state. In this comparison 
we assume that the differences in the self-exchange rates largely 

(27) Brown, G. M.; Sutin, N .  J .  Am. Chem. Soc. 1979, 101, 883. 
(28) Beattie, J. K.; Smolenaers, P. J.  J .  Phys. Chem. 1986, 90, 3684. 
(29) Marcus, R. A. Annu. Rev. Phys. Chem. 1964, 15, 155.  
(30) Estimations of r are subject to a substantial uncertainty because of 

possible interpenetration of the first coordination shells; Le., for Ru- 
(en)P+ values for r of 7.4-8.4 A have been ~ u g g e s t e d . ~ ~ , ~ ~  In Figure 4 
a value of 8 A was adopted, and for Ru(sar)'+ and Ru(tacn)2z+ values 
of 9 A (calculated for Co(~ep);+)~ and 8.6 8, (calculated for Co- 
( t a ~ n ) ~ ~ + ) * ~  were used, respectively. 

(31) McAuley, A.; Norman, P. R.; Olubuyide, 0. J .  Chem. SOC., Chem. 
Commun. 1984, 1501. 
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Figure 4. Plot of the logarithm of the observed exchange rate constant 
vs the reciprocal of the mean distance of closest approach of the ruthe- 
nium centers: 1 ,  Ru(NH~)~)+/ '+;  2, (NH3)5Ru(py)3+/2+; 3,  (NH3)4Ru- 
(bpy)3+/2+; 4, (NH3)2Ru(bpy)2)+/2+; 5, R ~ ( b p y ) , ~ + / ~ + ;  6, R ~ ( e n ) , ~ + / ~ + ;  
7,  R ~ ( s a r ) ~ + / ~ + ;  8, Ru(tacn)$+/'+ (see also ref 27, 30). 

arise from differences in the reorganization energy for the met- 
al-ligand framework (AGin*)4 

(7) 
wherefIl,fIll, and Ad are the force constants for the symmetric 
(Alg) metal-ligand atom stretching vibration and the difference 
in the metal-ligand bond length between the two oxidation states, 
respectively. Because force constants for the tacn complexes from 
a normal-coordinate analysis are not yet available, we use the 
corresponding values for the hexaamine complexes as the best 
approximation. ACin* for cobalt has recently been calculated24 
as 51.5 kJ mol-I. For the nickel complexes we calculate AGin* 
= 1 1  kJ mol-l using force constantshl andfI I  of 139 and 220 
N ,-I 32 and Ad = 0.09 No structural information is 
available for the ruthenium complexes at  present, but we adopt 
the calculated value for the R ~ ( e n ) ~ ~ + / ~ +  couple (3 kJ m01-1).27,28 
Calculated (experimental) ratios of the rates are thus kR,/kco = 
3 X 10' (3 X 10') and kRu/kNi i= 25 (30). Inclusion of a nuclear 
tunneling which is only significant for Co, reduces the 
corresponding ratio by less than 1 order of magnitude. The 
principal reason for the discrepancy between the calculated and 
observed rates for kRu/kG and thus kNi/kco is most likely the strain 
in the cyclic ligand. The presence of strain will affect complexes 
with large inner-sphere activation energies the most (Co), i.e. 
increase the self-exchange rate. In this situation eq 7 is no longer 
appropriate. This effect has been addressed elsewhere for en- 
capsulated cobalt complexes.34 It is also worth noting in this 
context that the self-exchange rates for the tacn and the sar 
complexes are virtually identical in the case of Ni and of Ru but 
that in the case of cobalt the rates differ by 1 order of magnitude 
(the self-exchange rate constant for C ~ ( s a r ) ~ + / ~ +  is 2.1 M-l s - I ) , ~ ~  
which indicates that the strain argument is more important for 
cobalt than it is for nickel and ruthenium, which exhibit small 
inner-sphere activation energies. In any case, these comparisons 
would not support any suggestions of nonadiabatic behavior: The 
data in Figure 4 support adiabatic behavior for the ruthenium 
complexes, and the good agreement between calculated and ob- 

A%* = 3fIrf11(Ad)~/(fIr + hII) 

(32) for N i ( t a ~ n ) ~ ~ +  was estimated as follows: from the ratiosfill/fII for 
Ru (1.4?' no difference in e -orbital population between the oxidation 
states) and for C0(1.8;'~ difference of two e electrons), we adopt a 
corresponding value of 1.6 for Ni (difference of one e, electron between 
the two oxidation states); hence,fill = 1.6 X 139 N m-' 39 = 220 N m-', 

(33) N i ( t a c ~ i ) ~ ~ +  exhibited a strong tetragonal distortion with (dax)  = 2.1 1 
A and (d , )  = 1.97 A.40 The average bond length was calculated as 
in ref 47 for Ni(b y)?+: (dav)  = {[2(d,,)2 + 4 (d )*I 6)'12 
A. For Ni(tacn)j+ an average bond length of 2.135 1 has re::,',". 
ported.41 

(34) Creaser, I. I . ;  Harrowfield, J. W.; Herlt, A. J.; Sargeson, A. M.; 
Springborg, J.; Geue, R. J.; Snow, M. R. J .  Am. Chem. Soc. 1982, 104, 
6016. 

(35) Creaser, I. I.; Sargeson, A. M.; Zanella, A. W. Inorg. Chem. 1983, 22, 
4022. 
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in solution (DISP).37 In spite of this complication, we suspect 
that a much higher pKa for R ~ ( t a c n ) , ~ +  compared to that for 
R ~ ( s a r ) ~ +  (pKa = 5-7)5b is mainly responsible for its lower re- 
activity. It is evident that the tridentate tacn ligand has a con- 
strained stereochemistry;20 a deprotonated nitrogen atom is ap- 
parently not as easily accommodated as in the encapsulating ligand 
sar. The substantial difference in the H/D exchange rate (Table 
111) in the Ru(I1) complexes is in agreement with this interpre- 
tation, but the effect is expected to be much larger in the Ru(II1) 
complexes due to the stabilizing interaction between the nitrogen 
lone pair and the tzg orbital of the metal, given the right geometry. 

In the remaining text, a possible assignment of the absorption 
bands in the optical spectrum of Ru(tacn)?+, particularly for the 
surprising band at  26.67 X lo3 cm-' (375 nm), is discussed. As 
mentioned earlier, a spin-allowed ligand field transition is not 
expected in this spectral region, since that would imply a weaker 
ligand field for Ru(II1) than for Ru(I1). Assuming a similar 
increase in ligand field strength for Ru(II1) as for Ru(I1) com- 
plexes and using B = 460 cm-I (C/B = 4)$2 we calculate an energy 
of =34000 cm-' (295 nm) for the lowest spin-allowed (2Tzg -+ 

2T,g, 2Eg) ligand field transitions; no indication of a band is seen 
at  this position, but the relatively strong band at 267 nm may 
obscure the transitions. The conclusion from this calculation is 
that the bands at  both 267 and 375 nm are due to charge-transfer 
transitions, and since no empty ligand orbitals are accessible a t  
this energy, it has to be either a charge transfer from the ligand 
to the metal (LMCT) producing a ligand radical 

LMCT RU"'(N6) -+ Ru1'(N6')* ( 9 )  

SMCT Ru"'(N6), H 2 0  - {Ru"(N6)*,Hzo*+) (10) 

or a solvent to metal charge transfer (SMCT) 

The latter process has not been proposed often in the literature 
although it is conceptually not different from a charge transfer 
within an ion pair (e.g. with halides), which is well-known and 
has been ascribed to weak low-energy bands in solutions of Ru- 
(NH3)63+ containing I- or Br-.43 Since the only counterion present 
is triflate (or C104-), which did not even interfere in the study 
of the photoreduction of at 185 nm$4 neither the 
band at  267 nm nor that a t  375 nm can be due to an ion-pair 
charge transfer. A comparison with this would also lead 
to the conclusion that a SMCT is unlikely to be responsible for 
either of the bands. Such transitions have been d i s c u s ~ e d ~ ~ * ~ ~  for 
cobalt complexes and Ru("~)~~+;  generally, a lower limit (in 
energy) of =40 X lo3 cm-I (250 nm) was given, but because the 
nature of the generated species is unknown, energy calculations 
are subject to substantial errors. Overall, a low-energy shift for 
R ~ ( t a c n ) ~ ~ +  compared to R U ( N H ~ ) ~ ' +  for both the LMCT and 
the SMCT can be expected due to the lowering of the acceptor 
orbital (t2& and the larger size of R ~ ( t a c n ) ~ ~ + .  Because of this 
and due to the lack of any other explanation, we assign the low- 
energy transition at 375 nm to a LMCT and the band at  267 nm 
to a SMCT. Further insight into the problem could be gained 
from the medium dependence of the band positions and intensities. 
Conclusions 

Due to their great thermodynamic and kinetic stabilities, the 
Ru(tacn)z+ ( z  = 2,3)  complexes, prepared by a convenient route 
from Ru(DMF),'+, are useful outer-sphere electron-transfer 
agents. The electron self-exchange rate constant of 5 X lo4 M-' 
SKI, directly measured by 'H and 13C NMR spectroscopy in dilute 
solutions of known ionic strength, fits well into the series of rate 
constants for other saturated Ru amine redox couples. In spite 

Scheme I 

I I1 

served relative rates for Ru and Ni supports adiabatic behavior 
of the latter complex, but for Co a rate that, in terms of the 
classical model, is too fast has to be accounted for. 

As mentioned in the Introduction, one of the factors that led 
us to investigate this system was the question of the stability of 
the R ~ ( t a c n ) ~ ~ +  complex toward disproportionation into Ru(I1) 
and Ru(1V). The rapidity of the ligand oxidation for R ~ ( s a r ) ~ +  
in aqueous solution is unique, so far, among saturated amine 
systems. Key reactions in the oxidative dehydrogenation of Ru- 
(111) amine complexes have been shown to beSb*36 

Ru"'(NH)~+ + Ru"'(N-)~+ _k_e, RU"(NH)~+ + Ru"(N-)~+ 
k.5 

R u * ~ ( N - ) ~ +  Ru"(imine)2+ + H+ (8) 
where Ru(N-) represents the complex that is deprotonated at a 
nitrogen atom. The observed rate at a given pH is dependent upon 
the forward (kd) and the backward (k4)  disproportionations, the 
intramolecular-electron-transfer rate (k , )  constants, and the pKa 
of the Ru3+ complex. For comparison, the half-life of R ~ ( s a r ) ~ +  

M Ru(sar)2+ is 
2 s . ~ ~  Under analogous conditions the half-life of R ~ ( t a c n ) ~ ~ +  
is > 1 day, in spite of the fact that the higher reduction potential 
for the R ~ ( t a c n ) ~ ~ + / ~ +  couple is favorable. This enormous dif- 
ference in reactivity can arise either from higher pKa for the 
R ~ ( t a c n ) ~ ~ +  complex or from an unfavorable disproportionation 
reaction induced by the instability of the Ru(1V) intermediate. 
Given the requirement that the deprotonated Ru(1V) ion donate 
the lone pair from the N site to the Ru(1V) center (I), the 
stereochemistry for the 

M) at  pH 2.3 in the presence of 5 X 

L 

fragment is clearly unfavorable (Scheme I). Considerable dis- 
tortion from a planar configuration (for N )  is required, and this 
must necessarily destabilize such an intermediate and thereby raise 
the Ru(IV)/Ru(III) potential. In short, the concentration of the 
Ru(1V) ion would be low and the oxidation rate therefore slow. 
An additional factor in this process is a strained nonplanar imine 
fragment in the Ru(I1) imine product (11), which would also inhibit 
the process. A combination of these effects, despite the more 
favorable R U ~ + / ~ +  reduction potential, could readily account for 
the slow rate, and this is reflected in the electrochemical behavior. 
Whereas the potential for the R ~ ( s a r ) ~ + / ~ +  couple becomes pH 
dependent at pH >2.3, the potential of the Ru(tacn)$+/2+ couple 
alters only at pH >7.5. The difference in reactivity of a t  least 
5 orders of magnitude is, as mentioned above, not straightforwardly 
related to the pK, of the Ru3+ complexes because of the inter- 
ference of the second electron-transfer step (Ru(II1) - Ru(1V)) 
a t  the electrode (ECE me~hanism)~ '  and/or disproportionation 

(36) Ridd, M. J.; Keene, F. R. J .  Am. Chem. SOC. 1 6 1 ,  103, 5733. Keeie,  
F. R.; Ridd, M. J.;  Snow, M. R. J .  Am. Chem. SOC. 1983, 105, 7075. 

(37) (a) Bard, A. J.; Faulkner, L. R. Electrochemical Methods; Wiley: New 
York, 1980; p 431. (b) Amatore, M.; Gareil, M.; Saveant, J.-M. J .  
Electroanal. Chem. Interfacial Electrochem. 1984, 176, 377. 

(38) (a) Griffith, W. P. J .  Chem. Soc. A 1966, 899. (b) Deak, A,; Tem- 
pleton, J .  L. Inorg. Chem. 1980, 19, 1075. 

(39) Schmidt, K. H.; Muller, A.  Inorg. Chem. 1975, 14, 2183. 
(40) Wieghardt, K.; Walz, W.; Nuber, B.; Weiss, J.  Ozarowski, A.; Stra- 

temeier, H.; Reinen, D. Inorg. Chem. 1986, 25, 1651 

(41) Zompa, L. J.; Margulis, T .  N. Inorg. Chim. Acta 1978, 28, L157. 
(42) Guenzburger, D.; Garnier, A,; Danon, J .  Inorg. Chim. Acta 1977, 21, 

119. 
(43) Endicott, J .  F.; Ferraudi, G. J.; Barber, J .  R. J .  Phys. Chem. 1975, 79, 

630. 
(44) Siegel, J . ;  Armor, J. N. J .  Am. Chem. Soc. 1974, 96, 4102. 
(45) Ferraudi, G. J.; Endicott, J. F.; Barber, J. R. J .  Am. Chem. SOC. 1975, 

97, 6406. 
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of the orderly electron-transfer properties, the conclusion can be 
drawn that intrinsic properties of the complexes, such as the pK, 
of the amine protons or the formal potential, are much more 
sensitive to changes in the ligand, leading to differences in re- 
activity of several orders of magnitude. In this respect, the 
comparison between the closely related R ~ ( s a r ) ~ + / ~ +  and Ru- 
( t a ~ n ) ~ j + / ~ +  couples provides an excellent example.46 Work  on 

(46) Great sensitivity of the rate to the nature of the macrocyclic ligand is 
well-known for base hydrolysis reactions of (Co): Tobe, M. L. Adv. 
Inorg. Bioinorg. Mech. 1983, 2, 1 and references therein. 

these questions is continuing.48 
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(47) Szalda, D. J.; Macartney, D. H.; Sutin, N. Inorg. Chem. 1984,23,3473. 
(48) Bernhard, P.; Bull, D.; Sargeson, A. M., work in progress. 
(49) Smolenaers, P. J.; Beattie, J. K.; Hutchinson, N. D. Inorg. Chem. 1981, 

20, 2022. 
(50) This is a lower limit based on the observation in the kinetic study in ref 

5b that the deprotonation of Ru(sar),+ was never rate determining. 
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Kinetics of the Base Hydrolysis of Chloro( diamine) (triamine) chromium( 111) Complexes: 
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Spectrophotometrically determined kinetic parameters for the rate of base hydrolysis ( p  = 0.1 M, NaC1) of sjuc-CrC1(AA)(dien)2+ 
[AA = en (I), tn (II)], ufuc-CrC1(NMetn)(dien)2+ (HI), mer-CrC1(AA)(dpt)2+ [AA = en (IV), pn (V), tn (VI), Me2tn (VII)], 
mer-CrCl(tn)(2,3-tri)z+ (VIII), sfuc-CrCI(dien)(DMSO)?+ (IX), and C ~ ~ - C ~ C ~ ( A A ) ~ ( D M S O ) ~ +  [AA = en (X), tn (XI)] are (in 
order I-XI) as follows: 1O2kOH(298.2) (M-l s-I) = 1.56, 1.85, 22.1, 10.5, 9.64, 60.6, 58.6, 73.5, 2.06, 0.500, 7.53; E, (kJ mol-I) 
= 104, 108, 109, 95.5, 98.1, 108, 84.7, 110, 102, 125, 105; ASzps* (J K-' mol-') = 61, 75, 101, 48, 56, 105,26, 113, 58, 12i, 84. 
Titrimetrically determined kinetic parameters for the rate of loss of chloride in acid (0.1 M HC104) for IX-XI are as follows: 
106kH(298.2) (d) = 110, 24.4, 5.50; E, (kJ mol-') = 68.0, 82.6, 96.2; AS298* (J K-I mol-') = -100, -64, -31. Similar data for 
the rate of Hg2+-assisted chloride release (p = 1.0 M, HClO.,, determined spectrophotometrically): 103kH,(298.2) (M-I s-l) = 
428, 43.0, 43.5; E, (kJ mol-') = 74.4, 67.3, 73.3; AS'298* (J K-I mol-I) = -7, -53, -33. Several of these complexes contain a 
meridional or "flat" sec-NH proton, but this gives only a small (e50  times) base hydrolysis rate increase with respect to related 
Cr(II1) systems where this feature is absent. The observation that there is an inverse relationship between koH and kH (aquation 
rate constant) is used to propose that a dissociative conjugate base mechanism is applicable to Cr(II1) complexes of this type. 

Introduction 
of octahedral 

Co(II1) polyamine complexes is a well-studied reaction, and 
considerable evidence for the conventionally accepted SNICB 
mechanism1g2 has been accumulated. 

A fairly general observation is that the presence of a meridional 
or "flat" see-NH proton, cis to the leaving group, leads to  high 
sensitivity toward base hydrolysis in Co(II1) c ~ m p l e x e s . ~ ~ ~  

In a consideration of base hydrolysis studies of complexes with 
other inert transition-metal centers, the SNICB mechanism is 
generally assumed, although by no means as well established as 
for CO(III).~ For Cr( I I I ) ,  in particular, the lower reactivity 
requires either less acidic NH protons or a less reactive conjugate 
b a ~ e . ~ . ~  

In a recent review of base hydrolysis,2 the significance of in- 
vestigating the "flat sec-NH proton effect" for Cr(II1) is com- 
mented on, as "the results should provide guidance about the 
importance of any trigonal-bipyramid intermediates." 

We are now in a position to discuss these effects as we have 
recently synthesized6 a series of m e ~ C r C l ( A A ) ( 3 , 3 - t r i ) ~ +  com- 
plexes7 (AA = diamine) that incorporate this structural feature, 

Base hydrolysis (or base-catalyzed 

(1) Tobe, M. L. In Comprehensive Coordination Chemistry; Wilkinson, G., 
Ed.; Pergamon: Oxfoffl, U.K., 1987; Vol. 1. 

(2) Tobe, M. L. Adv. Inorg. Bioinorg. Mech. 1983, 2, 1. 
(3) House, D. A. Coord. Chem. Rev. 1977, 23, 223. 
(4) Dawson, B. S.; House, D. A. Inorg. Chem. 1977, 16, 1354. 
(5) House, D. A,; Othman Nor. Inorg. Chlm. Acta 1983, 70, 13. 
(6) House, D. A,; Robinson, W. T. Inorg. Chim. Acta 1988, 141, 211. 
(7) Abbreviations used: en = NH2(CH2),NH2, pn = R,S-NH2CH- 

(CH3)CH2NH2, tn = NH2(CH2),NH2, NMetn = CH3NH(CH2),NH2, 
Meltn = NH,CH,C(CH,),CH,NH,, dien = 2,2-tri = NH2(CH2)2N- 
H(CH2),NHZ, dpt = 3,3-tri = NH,(CH,),NH(CH2),NH2, 2.3-tri = 
NH~(CH~)~"(CHZ),N~I, .  

and we report the results for their base hydrolysis kinetics, as well 
as base hydrolysis da ta  for several other CrCl(L5)2+ complexes 
(Figure 1). 

Experimental Section 
Analytically p ~ r e ~ , ~ - ~ ~  tetrachlorozincate(I1) salts of sfuc-CrCl(en)- 

(dien)2+ (I),8 sfuc-CrCl(tn)(dien)2+ (II),s ufuc-CrC1(NMetn)(dien)2+ 
(HI),% mer-CrCI(AA)(3,3-tri)2+,6 [AA = en (IV, pn (V), tn (VI), Me2tn 
(VII):{ n1er-CrCl(en)(2,3-tri)~+ (VIII),6 sfuc-CrCl(dien)(DhfSO)?+ 
(IX), and c ~ ~ - C ~ C ~ ( A A ) ~ ( D M S O ) ~ +  [AA = en (X), tn (XI)]9b were 
prepared according to the literature methods. These were converted to 
zinc(I1)-free salts [either Cl-CIO; (I, 11), NOpClOL (VII, VIII, X, 
XI), (I-)2 (111), or (C10;)2 (IX)] or else the directly prepared chloride 
salts6 (IV-VI) were used without further purification. (Caution! C10; 
salts are potentially explosive.) 

Base hydrolysis'kinetic data were obtained spectrophotometrically by 
using repeated continuous- (700-300 nm) or repeated fixed-wavelength 
scans (Table I) with a Varian DMS-100 recording spectrophotometer. 

NaOH solutions (p = 0.1 M, NaCI) were standardized by HC1 ti- 
tration and adjusted to the appropriate temperature. Small samples of 
the complex were added, and after dissolution (usually rapid), the solu- 
tion was transferred by syringe into a temperature-controlled 5.00-cm cell 
(approximately 6-mL capacity). The comp1ex:NaOH ratio was always 
less than 1:8, even at the most dilute NaOH concentration (0.01 M). 
Pseudo-first-order rate constants (k,,, S-I) were calculated from the 
fixed-*Navelength data over 3-4 half-lives by using 12-1 5 data points, and 
the average results are reported in Table I. These have been converted 
to koH (M-' s-') (Table I) by using the expression kobd = ko~[OH-] - l .  
Satisfactory linear Arrhenius plots of ln [koH] vs T' over a 10-fold 
[OH-] range confirm the relationship between kobd and koH. Activation 

(8) House, D. A. Inorg. Nucl. Chem. Lett. 1976, 12, 259. 
(9) (a) House, D. A. Inorg. Chim. Acta 1986,121, 223. (b) House, D. A. 

Inorg. Chim. Acta 1986, 119, L19. (c) Jackson, W. G. Inorg. Chim. 
Acta 1987, 131, 105. 
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