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The kinetics of Ru(H;0)s? *-catalyzed substitution of Cl1—, Br—, and I~ onto Ru(H,0)3* have been investigated spectropho-
tometrically. The reactions followed zéro-order kinetics in Rud* for up to 60% of the absorbance change and pseudo-

zero-order rate constants obeyed the rate law d[RuX?*]/di = Ex[Ru?*][X~][Ru?*]?, where kx =
1073 M~1sec™?, (10.2 = 0.2) X 1073 M~tsec™, and 9.8 = 0.4 M~!sec™!for X~ =

M in HBF4 media.

Normally slow substitution reactions of Cr(III),!
Ru(III),%? and other cations are known to be catalyzed
by lower oxidation states of the same metals. This
“redox catalysis”’ may involve both substitution on the
catalyst species and electron transfer between the two
oxidation states of the mietal. When the reduced form
is labile, information about the electron-transfer step
can be obtained. However, if the electron-transfer
process is rapid, the same sort of reaction could give
information about the lability of the reduced form of the
metal ion. ‘We now report a study of the kinetics of
the reactions

Ru(H0)¢t + Ru(H0)t + X~ ==
Ru(H:0):X2* + Ru(H:0)e** 4+ H.0

where X~ is Cl—, Br—, or I=. The kinetics of these
catalyzed Ru(III) substitution reactions provide de-
tailed information abotit substitution reactions of
Ru(II).4

Experimental Section

Materials.—Stock solutions of Ru(H,0)*+ and of Ru(H,0)*
were prepared by chromatographic separation of the products of
reduction of RuOQs. (Hereafter, coordinated waters will be
omitted.) These preparations represent adaptations of the
methods of Cady and Comnnick® and Mercer and Buckley,®
respectively. i

Millimole quantities of KoRuCls(H;0) or Rul; were digested in
6 ml of concentrated sulfuric acid until their solution was sub-
stantially free of halide ion and oxalic acid was added until the
solution had changed to a pale yellow color. The resulting
solution was diluted with 20 ml of 1 M H,SO, and oxidized with
a mixture of 5 g of K35:05and 0.1 g of AgsCO; at 60-70°. Nitro-
gen was used to sweep volatile RuQy from the reaction mixture
into a Dry Ice—ethanol cold trap. RuO, obtained from the milli-
mole samples of starting material was dissolved in 50 ml of 2 F
HBF, and reduced by stirring the solution with 5 g of 30 mesh
granular tin for 4 hr under nitrogen or argon.

When Ru?** was desired, the reduced solution was used to charge
a cation-exchange column after dilittion to 500 ml with oxygen-
free 0.5% HF. The column was then washed with 100 ml of
0.1 F HBF, which contained 5 ml of 509, HF, and the red Ru?*
band was eluted with 1.0 F HBF, at a flow rate of 1 ml/min.
CO; or argon blankets were used to exclude oxygen during all
operations and the ruthenium(II) fraction was collected in a
serum-capped flask of CO,. This fraction, 40 ml of a (10-15) X
108 M solution, was stored frozen under argon.

When the Rud*t ion was the desired product, the reduced solu-
tion was filtered and bubbled with oxygen for 30 min prior to
dilution and ion exchange. The charged column was washed
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Cl=, Br—,and I~ at 25° and 4 = 0.30

The rdtes of reaction were independent of [H*] from 0.112 to 0.2902 M. The experimental rate law
requires a catalytic mechanism where substitution on Ru(H;O)e?™ is rate determining.
reactions were within the range 19.8 = 0.4 kcal mol~2.

Activation enthalpies for all three

This suggests that substitution occurs by a dissociative process.

with 50 ml of 0.25 M HCI and rinsed with 50 ml of 0.1 F HBF,,
and the pale yellow Ru®t band was eluted with 1.0 F HBF, at a
flow rate of 1.0 ml/min. This fraction, 200 ml of a (3—4) X 103
M solution, was stored in polyethylene bottles in the frozen
state.

A 2-cm diameter, 15 cm long column of Dowex 50W-X2, 100~
200 mesh, hydrogen ion form, cation-exchange resin was used in
both separations.

RuCl?+, RuBr?+t, and Rul?* were prepared by treating 11.0 ml
of a4.6 X 10~® M Ru®* solution which was 0.055 M in X~ with
1.0 ml of 1072 M Ru?t solution for 1.5 hr under argon. The
reaction mixtures were quenched with 50 ml of water and were
used to charge a 2-cm diameter, 5 cm long cation-exchahge
column. The complexes were eluted as discrete bands with 0.5 F
HBF; and 25-30 ml of a 5 X 10~* M solution of each was ob-
tained. The same species could also be isolated from the solu-
tions of the rate determinations.

The rithenium concentrations of the stock solutions were
determined using the method of Gortsema and Cobble.® These
results were checked using Woodheld and Fletcher’s method’
and results were found to agree within 0.59.

The purity of stock solutions of Ru?* and Ru** was verified
polarographically. No evidence was found to indicate tin(II) or
tin(IV) contamination and the extent of aquoruthenitum(III)
contamination of ruthenium(II) solutions was estimated to be
less than 19%. This estimate was verified by titrating fresh
solutions with standard trifodide solutions to a starch-I; end
point. An additional check of the reproduclblhty of the stock
solutions was provided by substituting granular lead for tin in
the reduction of RuO4. The visible and uv spectra and polaro-
graphic characteristics of the species obtained by the two methods
were identical.

Solutions used in rate determinations were prepared from re-
agenht grade HBF,, HCl, NaBr, and Nal. All solutions were
prepared using triply d1st111ed water and solutions containing the
iodide ion were stored uinder argon to prevent oxidation to I3~.
Sodium iodide solutions were standardized iodometrically after
oxidation to I, by NO.:~ in 0.1 N HCl. NBF, solitions were
standardized by diluting aliquots until their pH was the same as
that of standard 0.1 N HCIO,.

Polarographic mieasurements were made at the dme using a
Sargent XV polatograph or at a hanging mercury drop using a
Heath EUA-19-2 and associated apparatus. Voltammograms
were measured at 34 mV/sec.

Rate Determinations.—Rate determinations were performed
in 1.00-cm silica cells situated in the constant-temperature block
of a Cary 14 spectrophotometer. Rate measurements were
made at 315, 385, and 530 nm for the catalytic formation of
RuX?* where X = Cl, Br, and I, respectively. Prior toeach run
3.0 ml of a solution containing ligand and Ru?*t were deaerated
with argon in a serum-capped cell for 15 min. The cell was then
placed in the block for a 20-mih temperature equilibration
period. Agreement of the spectrum of the solution before and
after this period served as an indication of the absence of catalytic
impurities. To initiate the substitution reaction 0.20 ml of
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temperature-equilibrated Ru?* stock solution was introduced by
syringe and the cell was inverted several times.

Absorbarice at the wavelength of maximum absorption of
RuX?* increased linearly with time. This behavior, character-
istic of zero-order reactions, persisted for up to 609, of the total
absorbance change. Since halide concentrations and both Ru?*
and RuX* concentrations remain constant during the reaction

1d4 _ d 2 —
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where Ae is the difference between the molar absorptivities of
RuX?* and Rud*. Pseudo-zero-order rate constants were there-
fore evaluated using graphic values of d4/d¢ and predeter-
mined values of Ae at the various temperatures.

Results
Table I summarizes spectral and electrochemical data

TaBLE I

HaLr-WAVE POTENTIALS AND SPECTRAL CHARACTERISTICS
oF RuTHENTUM SPECIES IN HBF, AT 25°

Complex u, M Ei/2, V vs. nhe Amex, M € M~! cm!
Ru(H;0)s** 1.0 0.21 (A)ye? 392 10.8
535 9.0
Ru(H;0)e** 1.0 0.21¢ 225 2480
392 30.4
Ru(H.0);C1** 0.3 0.08¢ 317 661
Ru(H;0):Br2+ 0.3 0.10¢ 385 536
305 sh
Ru(H0)sI%+ 0.3 0.10¢ 290 1530
460 sh
530 534

@y = 0.1 M in p-toluenesulfonic acid, dme. * Anodic wave.
¢ Estimated cyclic voltammetrically as Ei/, = 1/o(Em, + E&5).
Peak separations were 64, 61, and 64 mV for X~ = Cl—, Br—, and
1-, respectively.

for the various species involved in this study. Ouf
Ru(II) solutions were more transparent in the uv region
than those studied by Mercer and Buckley.® They
observed an absorption minimum near 350 nm with e
21 while our solutions had a minimum at 310 with e
0.5. We obtained solutions of ruthenium(II) similar to
theirs by stirring aquoruthenium(IIT) solutions in.1.0 F
HBF, with tin under nitrogen rather than under argon
or CO,.°

The spectrum of RuCPE* is the same as that previ-
ously reported,* but we observed an additional peak for
Ru?t at 392 nm. This maximum is the same in 1.0 F
HBF, and 1.0 M p-toluenesulfonic acid and is a real
feature of the aquo ion. The magnitude of its molar
absorptivity suggests a d—d transition.

The spectra of RuX?+ species resemble those of Ru-
(NH;);X2+ 10 species except that the lowest energy
bands (presumably ligand — metal charge trarsfer)
are higher in energy for RuX?+ and molar absorptivities
are about one-third those of the ammine complexes.

Solution nmr measurements using Evans’ method!!
demonstrated that Ru(H,0)e2+ is diamagnetic.

The equilibrium constant for the formation of RuCI2+
was estimated by catalytically equilibrating argon-
deaerated solutions of the Ru®+* jon and Cl~ with small
quantities of Ru?*. Solution compositions were com-
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A 220 nm),
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puted from absorbance readings at 315 nm after 75 hr,
assuming that only Ru®¥, RuCl?2+, Ru?+, and RuCl+
were present. The results for a series of such equilibra-
tions, at [C17] = 1-5 mM, led to

g = [RuCl™Y]

—[—W_‘]=148:&6M-1

The data of Connick and Fine'? may be used to compute
log K,1'T = 1.2 and log K3 = 04 at 4 = 0.3 M.
Therefore the concentration of RuCl,™* represents from
1 to 69 of the RuCI** concentration and RuCl; is
present in negligible quantities at equilibrium in the
range of chloride concentrations used in these deter-
minations,

The half-wave potentials of Table I may be used to
estimate log (K 111/K 1) = 2.2 = (.1 by assuming eqial
diffusion coefficients for the oxidized and reduced spe-

- cies. Therefore, K;'!, the formation constant of RuCl+,

is estimated to be 1.0 = 0.3 M1
Table II lists observed zero-order rate constants for

TaABLE II
KineTIC DATA FOR THE Ru?+-CATALYZED FORMATION OF RuX?++
104[Ru- 104[Ru-

X-], @anl, dinl, ([H+*], Temp, 107k, 103k,
M M M M °C M sec™? Mt sec—!
(A) X- = ClI-
0.020 6.69 13.0 0.292 25.0 1.13%0.01 8.41
0.020 6.69 8.68 0.202 250 1.16%x0.03 8.67
0.040 6.69 8.68 0,202 25.0 2.24:0.04 8.34
0.060 6.69 8.68 0.292 250 3.38=0.06 8.42
0.080 6.69 8.68 0.292 25.0 4.62=%x0.06 8.64
0.100 7.19 7.55 0.112 25.0 5.98=%x0.09 8.32
0.100 7.19 7.55 0.194 25.0 6.13 £0.04 8.52
0.100 7.19 7.55 0.292 25.0 6.170.02 8.58
0.100 6.69 8.68 0.292 25.0 5.63=0.11 8.42
0.100 4.45 8.68 0.292 250 3.66=%0.02 8.24
0.100 3.27 8.68 0.202 25.0 2.76=+=0.10 8.44
0.100 2.10 8.68 0.202 25.0 1.74=0.07 8.28
Av 8.5=x0.2
0.020 6.69 13.0 0.292 20.0 0.588 & 0.002 4.40
0.020 6.69 13.0 0.292 30.0 1.920.02 14.3
0.020 6.69 13.0 0.292 35.0 3.41=+=0.04 25.5
(B) X~ = Br—
0.025 4.36 7.55 0.194 25.0 1.10 = 0.07 10.1
0.025 6.28 7.55 0.194 25.0 1.67=0.06 10.6
0.050 6.28 7.55 0.194 25.0 3.24+£0.03 10.3
0.075  5.53 8.30 0.194 25.0 4.29=+0.09 10.3
0.075 6.28 7.55 0.194 25.0 4,84 ==0.02 10.2
0.100 5.53 8.30 0.194 250 5.49+0.18 9.9
0.100 6.28 7.55 0.194 25.0 6.22+0.26 9.9
Av 10.2+£ 0.2
0.025 3.84 8.07 0.194 20.0 0.517+0.005 5.4
0.025 4.36 7.55 0.194 30.0 1.91=+0.02 17.6
0.025 4.36 7.55 0.194 385.0 3.36=0.08 30.8
(C) X— =1~
0.025 5.53 8.30 0.194 25.0 1.42=0.01 10.2
0.050  5.58 8.30 0.194 25.0 2.77+0.03 10.0
0.075 5.53 8.30 0.194 25.0 4.26=0.04 10.3
0.100 5.53 830 0.194 25.0 5.22=+0.09 9.4
0.100 6.28 7.55 0.194 25,0 5.43+0.20 9.1
Av 9.8+0.4
0.025 6.83 7.55 0.194 20.0 0.98 == 0.05 5.8
0.025 6.83 7.55 0.194 30.0 3.06=*0.06 18.0
0.025 6.83 7.55 0.194 35.0 5.240.08 30.8

e u = 0.30 M, HBF~NaBF,; media.

Ru?*-catalyzed formation of RuX?+ and second-order
rate constants calculated on the basis of the rate law

c%[RuX”] = hy[Ru?* [Ru*+]°[X "]

The hydrogen ion dependence of the catalytic reaction
was negligible in the interval 0.112 M = [H*] =

(12) R. E. Connick and D, A, Fine, J. Amer. Chem. Soc., 83, 3414 (1961).
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0.292 M. TFor reactions in which X~ = Cl— this rate

law fits the data within experimental error but for the

bromide and iodide cases there is some tendency for &

to decrease at higher halide concentrations. The data

taken at 25° were fitted to the alternative rate law
[Ruz*|/k = 1/k' + 1/B'K[X"]

giving the results shown in Table III.

TaBLE III
KINETIC PARAMETERS FOR THE HALIDE DEPENDENCE OF k AT 25°¢

X- 103%’, sec1! K, M-t 10%%’K, M1 sec™!

Cl- 12y (0.7 +£0.3)° 8.5+ 0.2

Br— 1245 0.9+0.4 10.9+ 0.2

I- 11+ 4 1.0+0.3 10.5:!:’0.2

ey = 030 M (HBF.~NaBF,); [H*¥] = 0292 M for Cl-,
0.194 M for Br— and I-; k/[Ru?*] = ¢'K[X-]/(1 + K[X-]).

b Assumed. ¢ Calculated from k; = k'K and assumed &'

Activation parameters, based on the simple second-
order rate law are tabulated in Table IV,

TaABLE IV

ACTIVATION PARAMETERS FOR THE Ri1?*t-CATALYZED
FORMATION OF RuX?+ @

X~ AH¥? keal mol -1 ASFD eu

Cl- 20.2+0.3 —0.4+£0.4
Br— 19.8+ 0.4 -~1.2+1.5
I- 19.5+0.7 —2.44+2.2

a Conditions as in Table III. * At20.0-35.0°,

Discussion
The observed rate laws require the mechanism

k1
Ru?t 4+ X~ == RuXt
k2

RuX+ + Rus+ ‘—:_a—s RuX?+ 4 Ru?t
4

where %; and %, are much larger than %2, and k;. During
the initial portion of the reaction, where %4 is unimpor-
tant and successive formation of higher order halo com-
plexes may be neglected, the observed rate is indepen-
detit of [Ru(III)] and d[RuX?®+]/dt = k[Ru?+][X-].
This analysis requires that the product 23[Ru®*] be at
least one order of magnitude greater than ks It is
therefore possible to place a conservative lower limit on
the rate of the electron-transfer reaction as k3 > 107
M~-lsec—118

(13) This estimate is consistent with the rate of self-exchange in the

Ru(NHs)e? *—R1u(NHs)e®* system reported by T. J. Meyer and H. Taube,
Inorg. Chem., T, 2369 (1968).
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The measured activation enthalpies for all three reac-
tions are consistent with this interpretation. In each
case AH¥ is similar to that reported for other Ru(II) ’
substitution reactions!®~18 and is much larger than
AH¥ values reported for Ru(II)-Ru(III) electron-
transfer reactions.!®16 Variational trends may be ob-
served in the activation parameters which parallel the
variation of the corresponding parameters for associa-
tion of the halides with Co(NHa)e“’ 17,18 gnd the trend
of —AS¥ parallels the increase in entropy of the sol-
vated anion in the series X = Cl, Br; I.1* However,
the lack of more significant VariatiOn of the kinetic
parameters with X implies a common rate-determining
process which is predominantly dissociative. ,

The alternative rate law described by the parameters
of Table III refers to a mechanism in which water is
initially lost from the Ru?+ coordination sphere. The
rate of water exchange of Ru?t may be identified as
6k’ of this mechanism and estimated as 10! sec—™
Sirice the diamagnetism of Ru?* indicates a tp® con-
figuration, this value may be best compared with 3 X
108 sec™* for water exchdnge of the tg;# Rh(III) aquo
ion under similar conditions.? A similar variation is
found with charge in the water-exchange rates of the
d3 V({II) and Cr(III) aquo ions.

Connick’s estimate of the rate constant for aquation
of RuCl*+ (& =~ 10-%sec~'at 25°)*' and our estimate of
K" may be used to compute the rate constant for the
uncatalyzed formation of RuCl*+ as 10—% M1 sec—L
Similar data???%lead to k£ = 5 X 10~® M ~!sec~! for the
rate of uncatalyzed formation of Ru(NH;);CI2*. Our
data indicate that Ru?* is more labile than these tj,°
Ru(III) species by a factor of 10%,
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