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The electrochemistry of osmium in the oxidation states III, IV, and VI in hydrochloric acid media is examined by using
a variety of electrochemical techniques and a rank-matrix treatment of the spectrophotometric data. The electrochemical
reduction of oxoosmate(VI) species forms is irreversible and is preceded by a rate-limiting chemical reaction and followed
by a post associated chemical redox reaction to give Os(IV) species. The electron-transfer proceeds by a single three-electron
step concerted with proton transfers through the [Os¥'0,Cl,]? species to give transient [OsCl,(H,0),]". At high [CI"]
values the Os(IIT) species reacts with Os(VI) species to give monomeric [Os!VCl,(H,0),], which is more easily reducible
than the starting material. At low [HCI] values, another redox reaction competes with the latter reaction and gives the
dimeric u-oxo [[Os!YCl,(H,0)],0]%, which is more difficult to reduce than the starting material. The inertness of the
chloro complexes at the Os(IV) state permits generation in solution of [Os'YCl,(H,0),], [[0s™VCl,(H,0)],0]%, [Os!¥-
Cls(H,0)]", and [Os!YClg]* by electrochemical means. The more labile Os(I1I) complexes, [Os'Cl,(H,0)¢_,*" (n =
4-6), are generated as a mixture which depends on chloride concentration exclusively.

The chloro complexes of the platinum metals are of con-
siderable importance in the preparative and analytical chem-
istry of these elements.! Moreover, they are used as starting
materials in the preparation of many new types of compounds
used as catalysts or catalytic precursors of industrial reac-
tions.>> While the chloro complex chemistry of iridium,
rhodium, ruthenium,!? etc. has been widely investigated, the
development of the aqueous chemistry of osmium has been
limited by a scarcity of tractable starting materials.!3"!5
Electrochemistry may therefore be considered as a valuable
source of data for the aqueous chemistry of osmium. The
electrochemical behavior of osmium has received attention for
more than 30 years.!®® Most of the studies were polaro-
graphic studies of osmium tetraoxide at a dropping-mercury
electrode in various media. In some instances the available
data are inadequate and contradictory. It is only in recent
years that some information has been obtained on the behavior
of oxoosmate(VI) at a platinum-rotating-disk electrode.?!
Among the oxoosmate(VI), the chloroosmate(VI) have been
prepared by Wintrebert?? and studied by several authors,2*-2¢
A recent work?” demonstrates in solution the existence of two
chlorooxoosmate(VI) species in the [Cl7] range 1.0-8.25 M.
Below 1.0 M CI-, supplementary species appear,® and beyond
8.25 M HC], spontaneous reduction of [0sO,Cl,]* occurs by
chloride ion at room temperature.”’ The present work attempts
to provide a detailed analysis of the reduction mechanism of
chlorooxoosmates(VI). In this connection the effect of re-
spective chloride and proton concentrations has been system-
atically investigated. Controlled-potential electrolysis and
coulometry have also been used to prepare and characterize
in solution the reduced states of chlorooxoosmate(VI). Until
now, for the Os(IV) state two products have been separated
from the hydrolysis mixture of [Os'YCl¢]* by anion exchange
or ionophoresis. The hydrolysis products are reported?-¥ to
be [Os'VCls(H,0)]" and [[OsCl,(H,0)],0]%; this latter
complex was the apparent end product. Nevertheless recently™!
new chloroaquohydroxooxoosmate(IV) species have been re-
ported in the hydrolysis of [Os'VCl¢]?~ and in chemical re-
duction of osmium tetraoxide by iron(II) sulfate. The Os(III)
state has been less investigated; only [Os!ICls]?>~ and
[Os"ICls(H,0)]* have been previously cited.32-34

Experimental Section
Instrumentation. UV and visible absorption spectra were recorded
with a Jobin Yvon DUOSPAC 203 spectrophotometer or a Jouan
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R 185 spectrophotometer. Cyclic voltammetric data (CV) were
obtained with a Tacussel PRT 20-10 potentiostat in combination with
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a Tacussel UAP4 universal programmer. Slow-scan (0.05-0.20 V
s71) CV were reported on a Sefram TGM 164 X-Y recorder. Fast-scan
CV were obtained from photographs of the trace from a Tektronix
R 5111 storage oscilloscope.

Rotating-disk-electrode voltammetric data (RDEV) were performed
with a Tacussel PRG 2 instrument. Controlled-potential electrolysis
(CPE) were carried out with a Tacussel PRT 100-1 potentiostat in
combination with a Tacussel ING 5 coulometer; the potential was
controlled with a Tacussel ISIS 4000 instrument.

Cell and Electrodes. All experiments were carried out in a ther-
mostated flask in an argon atmosphere at 25 = 0.1 °C. A conventional
three-electrode three-compartment cell was used; additionally the
working electrode chamber held a large-area electrode to allow
coulometric experiments as desired. The RDEV was achieved with
a platinum or vitreous carbon electrode. A platinum wire was used
as an auxiliary electrode, and all potentials were referred to the
saturated calomel electrode (SCE), whose potential is +0.24 V vs,
the normal hydrogen electrode.

Chemicals. Potassium osmate(VI), K,[Os¥10,(OH),] was prepared
by ethanol reduction of OsO4in | M KOH. The Os(VI) solutions
in chloride media are obtained by additions of aliquots of K,[Os"1-
0,(OH),] to an aqueous medium containing HCI and LiCl with
various proportions. All the solutions were prepared from twice distilled
water.

The electrochemical experiments on osmate(IIT) and -(IV) species
were performed on solutions obtained by introducing the requisite
volumes of stock solutions in the desired medium. The stock solutions
were prepared by electroreduction of Os(VI).

pK, Determination. The pK, values for the deprotonation equilibria
of Os(IV) species were determined spectrophotometrically at 10 £
0.2 °C in water with 4.0 M NaClO,.

An aqueous solution containing the supporting electrolyte with the
requisite [H*] value was equilibrated at 10 °C. (The Hammett acidity
function H,® is used instead of pH at high [H*] value.) The stock
solution of Os(IV), obtained as described below in this work, was
equilibrated in the same bath. The reaction was initiated by rapidly
mixing the requisite volume of the Os(IV) stock solution with 50 mL
of the supporting solution. The spectrophotometric measurements
were performed as soon as possible to prevent secondary reactions
(vide infra). The data for pK, calculations were selected in the Hj
range where the deprotonations were reversible.

The simultaneous determination of the pK, value and the molar
extinction coefficient ¢; of absorbing species Ci were obtained from
the spectrophotometric data by using a least-squares refinement
program that minimizes the 3" ,"(¢gpeq — €caled) function (¥ = number
of data points) (see supplementary material).

6[H*])? + K, [H*] + &KX,
[H*]? + K,[H*] + K|k,

Ealed =

[OsCl,(H,0),) == H*+ [OsCly(H,0)(OH)] =
G 2
H* + [0sCl(OH),]*

G

The average molar extinction coefficient is defined as &g = 4/Coul
in which A4 is the absorbance, Cp, the analytical concentration of
osmium(IV), and L the spectrophotometer cell length in centimeters.
The procedure computed also the standard deviation. The final
repartition of the residuals 2,y — Zaia indicated the absence of
systematic errors; with the best values of K|, K,, and ¢, we find
3 1M (Zobed = Zcatod) / BeatetlV < 5%.

Rank-Matrix Analysis of Spectrophotometric Data. During the
CPE, UV-vis spectra were recorded after various stages of reduction.
It became desirable to know the number of species present in the
solution in order to fit the spectrophotometric data to a detailed
analysis. Consequently we felt that a method of matrix analysis could
be used.’” For the application of this method one measures a set
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Table I. Cyclic Voltammetric Data for [0sV10,Cl,]* in
HCLE-LiCl Aqueous Solution (9 X 10™* M) at 0.05 V5™
on a Pt Electrode

(Cry, [H'], ipe,3 ipe?/
M M Epd WA Ep  Epe®  ioe
617 6.17 0.00 60 014 022 1
5.8 5.8 0.00 55 014 022 1
4.5 4.5¢  -0.01 48 014 022 1
3.35  3.35 ill defined 0.14 024 1
2.2 2.2 ill defined 0.15 0.2 1
1.1 1.1 ill defined 0.15 027 1
1.1 L1¢ ill defined 016 026 1
5.0 0.4 -0.08%2 30 015 0.2 1
7.4 0.4 -0.08% 30 015 0.2 1
7.4 1.0 -0.05 40 014 025 1
7.4 34 -0.03 51 013 024 1
7.4 6.0 0.00 72 014 022 1

9 First scan in Vvs SCE. After consecutive sweeps.
¢ Vitreous carbon electrode. ¢ Shoulder.

of absorbance at different wavelengths i at several stages of reduction
J. They are then arranged in a rectangular matrix Ay, and the number
of independent variables is determined from the rank (#) of the matrix,
with a statistical criterion of the experimental errors (¢). If the
concentrations of one or more species can be expressed as a linear
combination of those of other species in all experiments, the rank »
of the matrix will be less than the species number. This feature can
be suppressed by choosing different concentration levels in some
experiments.

Results

The electrochemical reduction of Os(VI) in chloride media
at platinum and vitreous-carbon electrodes was studied by
means of rotating-disk-electrode voltammetry, cyclic voltam-
metry, and coulometry. Potential values are given with respect
to the saturated aqueous calomel electrode SCE.

1. RDE Voltammetry. The RDEV experiments were
performed on solutions of Os(VI) in various chloride media.
No oxidation wave is obtained, and the single reduction wave
is poorly developed, extending over several hundred millivolts.
The ill-defined limiting current between +0.1 and -0.2 V
corresponds to about 40% at most of that expected for a
diffusion-controlled one-electron reduction reaction. The
variations of the ill-defined limiting current with [CI"] and
[H*] are not striking, even taking into account viscosities of
the supporting electrolytes. This phenomenon may be in ac-
cordance with a reaction sequence involving chemical reactions
preceding the electron transfer.

2. Cyclic Voltammetry, The CV experiments were carried
out on a platinum or vitreous carbon electrodes at several [H*]
and [CI7] ranging respectively from 0.4 to 7.4 M. [H*] and
[CI7] abbreviations are used for the respective concentration
values of proton and chloride; the respective counterions are
ClO4 and Li*. When [H*] and [CI7] vary simultaneously,
the symbol [HCI] is used. The voltammograms obtained on
platinum and on vitreous-carbon electrodes at the same [H*]
and [CI7] values exhibit little difference. This leads to the
conclusion that the charge transfer reflects the intrinsic
properties of the reduction of Os(VI) with negligible influence
of the electrode material on the nature of the reduced species.

The important features of the i~F patterns (Figure 1) after
the first cathodic scan are as follows: (i) a single reduction
peak which is considerably drawn out and rounded particularly
at low [H*] and [C17] values and at high scan rates (in this
case, the reduction occurs only as a shoulder on the background
current rise); (ii) the peak intensities increase with [H*] and
[CI7] increases; (iii) a peak potential shift in the cathodic
direction with increased sweep rate. The general aspect of the
CV curves and their variations with [H*], [Cl7], and the sweep
rate (Table I) is typical of a reduction process involving an
homogeneous chemical reaction that precedes the irreversible
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Figure 1. Cyclic voltammetry of the Os(VI) system on a platinum
electrode in chloride media: (a) 6 M H* and 7.4 M CI7; (b) 3.4 M
H*and 7.4 M CI"; (¢) 0.4 M H* and 7.4 M CI; (d) 1.09 M H*
and 1.09 M CI~. Sweeprate = 0.05 Vs™., [Os(V)] =9 X 104 M.
The single arrow represents after the first scan and the triple arrow
after multiple scans.

electron-transfer step. A previous work?” has determined by
spectrophotometry the equilibrium constant corresponding to
reaction 1.

[0sVI0,Cly(H,0)] + CI == [0sV0,CL]* + H,0 ()
K =0.77 a1 25 °C

This equilibrium occurs in the [CI7] experimental range of
the present work. At the same [H*] value the magnitude of
the reduction peak increases with a [Cl7] increase and con-
comitantly with a [0sV10,Cl,]?" increase (Table I). This
suggests that in the experimental [Cl] range the reduction
occurs through the [OsY'0,Cl,]% species exclusively although
the less reducible [OsY'0,Cl;(H,0)]" species predominates
still at equilibrium in 1 M HCL, for example. This latter form
reduces probably in the background current, but the reduction
can occur at less cathodic potential through its prior conversion
into the [OsY'0,Cl,]* form. The peak potential corresponding
to the [0sY0,Cl,)? reduction occurs at less cathodic potential
with high [H*] values. The shift of £ due to the change in
[H*] is in good agreement with the general electrode reaction
Ox + ne” + mH* — Red.?® The height of the peak in-
creases also with [H*] increase. It is not possible to propose
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Figure 2. i/ig vs. t during the controlled-potential electrolysis at E
= -0.1 V vs. SCE in 3.3 M HCI; [Os] = 1072 M.

an extensive interpretation. However, the [H*] dependence
can be attributed to the proton-coupled electron-transfer re-
actions and also perhaps to the proton catalysis of the chloride
anation of reaction 1 to give the more easily reducible species.
Theoretically the height of the peak reflects the kinetics and
thermodynamics of the chemical reactions.**** Unfortunately,
it is not possible to obtain the kinetic parameters from the CV
data. Indeed a fast post associated chemical reaction (vide
infra) occurs on the time scale of the CV, after the electron
transfer, and greatly complicates the analysis of the CV curves.

On the reverse (anodic-going) sweep a single peak appears
(Figure 1 and Table I). The current, ija/v'/?, of the anodic
peak decreases when the sweep rate v decreases. At slow scan
rates (v < 0.1 V s7!), no anodic peak is detected ips/v'/? —
0.

On the second (cathodic-going) sweep a new cathodic peak
develops at 0.14 V with the concomitant disappearance of the
peak at 0.00 V (6.17 M HCl), which suggests that a new
electroactive species is formed following the first reduction
peak. After a few consecutive sweeps, the magnitude of the
new cathodic and anodic peaks increases to yield about a 1:1
peak current ratio (Figure 1). The separation (AE;) between
cathodic and anodic peaks lies in the range 120-80 mV (Table
I). This clearly establishes the presence at the electrode of
an almost reversible electron-transfer process at least in very
acidic media. It is tempting to assign these peaks to the
Os(IV)/Os(I11) couple.

3. Controlled-Potential Electrolysis (CPE). The following
coulometric experiments were performed to establish two im-
portant aspects of the reduction mechanism: the total number
of electrons consumed by the trans-dioxotetrachloroosmate(2-)
in the overall reduction process and the identity of the elec-
trochemical reduction products. In addition current-time
behavior during exhaustive electrolysis was used as corrobo-
rative evidence for the reduction mechanism. Figure 2 shows
a plot of I/I; vs. t for the constant-potential reduction at 0.1
V at a platinum-grid electrode of Os(VI) solution in chloride
media. The controlled-potential electrolysis proceeded ab-
normally but after several hours 3 faradays/mol of Os(VI)
were consumed at high [CI7] values. In Figure 2 there are
clearly at least two portions in the current—-time curve obtained
in concentrated chloride media. The electrolysis current ex-
hibits an unusual behavior: after a short time the current
increases. The current-time data obtained after the maximum
are in good accordance with the logarithmic law log (/1) vs.
t plot, which gives a straight line. It should be noted that the

(40) R. S. Nicholson and I. Shain, Anal. Chem., 36, 706 (1964).
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(43) L. Nadjo and J. M. Saveant, J. Electroanal. Chem. Interfacial Elec-
trochem., 48, 113 (1973).
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Figure 3. Rotating-disk-electrode voltammetric changes resulting from
the exhaustive electrolysis at £ = 0.1 V vs. SCE of Os(VI) in 4.45
M HCI; [Os] = 107* M. The curves numbered 0-11 correspond
respectively to 0,0.4,0.9, 1.4,1.9, 2.1, 2.4, 2.5,2.7, 2.8, 2.9, and 3.0
faradays/mol.
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Figure 4. Rotating-disk-electrode voltammetric changes resulting from
the exhaustive electrolysis at £ = 0.1 V vs. SCE of Os(VI) in 1.09
M HCI; [Os] = 103 M. The curves numbered 0—6 correspond
respectively to 0, 0.2, 0.6, 1.1, 1.6, 1.8, and 2.05 faradays/mol.

shape of the curve I(¢) depends on the [H*] and [CI7] re-
spective values, and the current maximum at £ = -0.1 V
corresponds to less than 2 faradays/mol and at most to 2
faradays/mol.

At lower [HCI] values the controlled-potential electrolysis
proceeded more and more slowly and the unusual current
maximum disappears progressively and the reduction con-
sumed less than 3 faradays. In 1 M HCI 2 faradays/mol of
Os(VI) were consumed. To obtain more information about
this abnormal behavior it was therefore desirable to undertake
RDEV, CV, and spectrophotometric experiments during the
course of the reduction of Os(VI).

Two different RDEV behaviors are observed according to
the [CI7] value. Two typical examples selected in a series of
experiments at [Cl7] ranging from 1.09 to 8.25 M are given
on Figures 3 and 4, which show the curves obtained at 4.45

Inorganic Chemistry, Vol. 21, No. 5, 1982 1813

T T T

L 1 I n L4 1 LA

250 300 400 A-llm —

Figure 5. Spectral changes resulting from the exhaustive electrolysis
at £ = ~0.1 V vs, SCE of Os(VI) in 4.45 m HCI; [Os] = 103 M.
The spectra numbered 0-11 correspond respectively to 0, 0.4, 0.9,
1.4,19,21,24,2.5,27, 28, 2.9, and 3.0 faradays/mol.

and 1.09 M HCI for various stages of reduction of Os(VI).
At a high [CI7] value after an electrolysis time corresponding
to less than 2 faradays/mol, no anodic wave portion is ob-
served. The ill-defined limiting current of Os(VI) evolves to
a well-defined wave with concomitant anodic shift of E, , from
-0.10 to +0.19 V in 4.45 M HCl. The limiting current cor-
responds to the expected diffusion-controlled one-electron
reduction reaction. This new electroactive species is attributed
to an Os(IV) species (vide infra). It should be noted that the
maximum of the amperometric intensity of +0.1 V corresponds
strictly to 2 faradays/mol in concentrated chloride media.
However, the maximum of the amperometric intensity at —0.1
V corresponds generally to less than 2 faradays/mol. After
an electrolysis time corresponding to more than 2 faradays/
mol, the expected RDEV behavior of a reversible one-electron
transfer is observed. The E}/; and the overall height of the
wave are approximately constant. Nevertheless during the
second part of the electrolysis small changes occur progressively
on the anodic portion of the voltammograms particularly at
high [CI"] values and new minor waves appear at more re-
ducing potential (Figure 3).

The transient species obtained during the exhaustive elec-
trolysis is attributed to the monomeric Os(IV) species Os!V-
Cl,(H,0),. The reoxidation of the resulting solution at +0.40
V consumes 1 faraday/mol (0.97), and E, , of the major wave
remains constant.

At lower [CI7] values the rate of the electrolysis at —0.1 V
decreases. The height of the Os(IV)/Os(III) wave E,, = 0.19
V becomes less and less important with a [CI”] decrease; this
wave disappears at low [CI7] values as shown in Figure 5. In
1.09 M HCI the exhaustive electrolysis proceeds smoothly at
—0.1 V with the consumption of 2 faradays/mol of Os(VI)
(2.07) to yield a solution of Os(IV). Indeed the UV-visible
absorption spectrum of the reduced solution is identical with
that reported for [[Os!VCl,(H,0)],0]?" by Miano and Gar-
ner.? This species, which is supposed to be dimeric, is not
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reducible at the platinum electrode at -0.1 V.

The essential features displayed by the RDE voltammo-
grams represented in Figures 3 and 4 and those obtained in
the same [Cl] range are the following: (i) At high [CI"] values
the monomeric Os(IV) intermediate is produced by the
chemical oxidation of the monomeric Os(I1I) species generated
at the electrode by the Os(VI) species (eq 2).

2[OSI"C14(H20)2]- + [OSVIOZC14]2_+ 4H+ —
30s'VCl4(H,0), (2)

The comproportionation reaction 2 seems rapid and quan-
titative under the conditions of the controlled-potential elec-
trolysis; Os'VCl,(H,0), is more easily reducible than the
starting material. In the [H*] interval 0.4-8.25 M, Os(IV)
is stable with respect to disproportionation. (ii) At low [HCI]
values the oxo-bridge binuclear [[Os™VCl,(H,0)],0]?" seems
produced by a redox-coupled olation reaction. As it is shown
below, the conversion of the monomeric form of Os(IV) to the
dimeric one does not occur rapidly in these media by an olation
reaction. Reaction 3 is relatively rapid on the time scale of

4[OsMCl,(H,0),] + 2[0sY'0,Cl,]* + 2H* —
3[[0s!VCl4(H,0)],0]* + 3H,0 (3)

the CPE but not on the time scale of the CV (Figure 1).
Moreover, reaction 3 seems quantitative in 1 M HCI but
competes with reaction 2 at higher HCI values. The oxo-
bridged dimer [[Os"ICl,(H,0)1,]0% is less easily reducible
than the starting material.

The cyclic voltammograms run during the electroreduction
of Os(VI) were studied at a platinum electrode in the same
experimental conditions.

The CV results obtained after various stages of reduction
corroborate with the RDEV data: (i) At high [Cl”] values
a new reversible one-electron system appears with E;, = 0.14
Vand E, = 0.22 V for [HCI] greater than 4.45 M; the peak
to peak potential separation is close to the theoretical value
of 60 mV which is representative of a Nernstian diffusion-
controlled system.2%® (ii) Below 3 M HCI the magnitudes
of the anodic and cathodic peaks become smaller, and both
peaks have disappeared below 1 M HCI. (iii) The CV curves
performed on the reduced solutions are very analogous to the
i—E patterns obtained after several consecutive sweeps with
Os(VI) as starting material in the corresponding supporting
electrolyte and the same scan rate.

The electrochemical data have pointed out evidence for
several Os(IV) and Os(I1I) species in chloride media. It is
therefore desirable to determine the number of species and the
[CI7] or [H*] ranges where a single species makes a major
contribution to solution composition. We employed for this
purpose a treatment of the spectrophotometric data by a
method of rank-matrix analysis.’” The UV-visible spectra
were performed after various stages of reduction with con-
ditions identical with those of the electrochemical experiments.
As reduction proceeds, spectral changes occur which are typical
of the reduction of Os(VI) to Os(IV) and finally to Os(III):
the MLCT absorption bands in the vicinity of 350 nm are
characteristic of the Os(IV) state*** and are the best indi-
cation of detecting Os(IV).

Two typical examples selected in a series of spectrophoto-
metric experiments at [Cl7] ranging from 1.09 to 11.7 M are
given in Figures 5 and 6.

Matrices of absorbance at different wavelengths, at several
stages of reduction performed in various chloride media, are

(44) C. K. Jorgensen, “Absorption Spectra and Chemical Bonding in
Complexes”, Pergamon Press, Oxford, England, 1962,
(45) C. K. Jorgensen, Mol. Phys., 2, 309 (1959).
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Figure 6. Spectral changes resulting from the exhaustive electrolysis
at E = —0.1 V vs. SCE of Os(VI) in 1.09 M HCI; [Os] = 107 M.
The spectra numbered 0-6 correspond respectively to 0, 0.2, 0.6, 1.1,
1.6, and 2.05 faradays/mol.

Table II. Number of Chloroosmate(IV) Species Produced during
the Electrochemical Reduction of Chlorodioxoosmates(VI)

[CI',M  [H',M  r%@ P rb@ P°
8.25 8.25 3(0.01) 2 3(0.01) 3
6.17 6.17 2(0.005) 1 2(0.01) 2
4.45 4.45 2(0.01) 1 2(0.01) 2
3.30 3.30 3(0.01) 2 2(0.01) 2
2.22 2.22 3(0.01) 2 2(0.01) 2
1.09 1.09 2(0.005) 1 1(0.01) 1
1.4 0.4 3(0.01) 2 3(0.01) 3
7.4 3.0 2(0.01) 1 2(0.01) 2
1.09-8.25 0.4-8.25 6 (0.01) 4 4 (0.01) 4

4(0.02) 2 3(0.02) 3

@ r is the rank of the matrix A;;: A, absorbance;/, wavelength;
J, solution. r, is the first stage of reduction with A; 240-440 nm.
P is the number of absorbing Os(IV) species and o the statistical
criterion. ° r, is the second stage of reduction with A; 350-440
nm.

constructed. The treatment of these rectangular matrices by
rank analysis®? (see Experimental Section) gives the data listed
in Table II.

As it is pointed out by the electrochemical experiments, two
different behaviors are observed according to the appearance
or not of Os(III) species. The number P of absorbing Os(IV)
species at the first step of the CPE at ~0.1 V are listed in Table
IL.

It is noticeable that the two Os(VI) species are numbered
as one species when the measurements are achieved at the
same [C]7] values and as two species when the measurements
are performed at various [CI] values. If the wavelengths are
limited to 350—440 nm, the absorbing Os(IV) species are only
taken into account. Indeed the absorbances of Os(VI) and
Os(I1I) species are negligible in this range. During the second
step of the CPE of Os(VI), supplementary Os(IV) species
appear (Table II). These results are consistent with the
electrochemical experiments. The overall number of the major
Os(IV) species, involved in the experimental media, is 3 in the
first step of the reduction (from Os(VI) to Os(IV)) and 4 in
the second step (from Os(IV) to Os(III)). The spectropho-
tometric results point out the media where a single species
makes major contribution to solution composition with a
sufficient kinetic stability.

The exhaustive CPE at -0.1 V of Os(VI) in 1.09 M HCI
generates a single species with a UV-visible spectrum identical
with those reported previously for the dimer [[Os!VCl,-
(H,0)],0]*. The electrochemical stoichiometry is » = 2 by
coulometry. At the platinum electrode no reduction wave is
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observed; moreover, in the same medium the dimeric species
exhibits a single reduction wave at a dropping-mercury elec-
trode (E,/; = -0.42V) (vide infra). The solution is stable over
several days at room temperature. The purity of the chloride
solution of the dimer (at least 90%) is estimated by spectro-
photometric data and RDEV behavior.

The CPE at -0.1 V of Os(VI) in 6.17 M HCI generates a
single species when the reduction is stopped at the Os(IV) state
(Table II and Figure 6). The electrochemical stoichiometry
is n = 2 by coulometry. This novel species is attributed to
0Os'VCl,(H,0), (vide infra).

The purity of the resulting solution (at least 90%) is esti-
mated by spectrophotometric data and by the CV and RDEV
behaviors of a seemingly reversible one-electron transfer. The
solution is stable over several hours at 5 °C,

The CPE at —0.1 V of Os(VI) in0.4 M H* and 7.4 M CI”
(n = 2) generates at room temperature a mixture of two species
which evolves to a single species attributed to [Os™Cl(H,0)]".
Indeed the UV-visible spectrum of the resulting solution is
identical with the spectra reported for this species.?®3 The
purity of the resulting solution (at least 90%) is estimated by
spectrophotometric data and by the CV and RDEV behaviors
of a reversible one-electron transfer. The solution is stable
over several days at room temperature.

It is striking that this latter species can be also generated
rapidly in 11.7 M HCI solution by spontaneous chloride
chemical reduction of [0sY10,Cl,]>~.27 After electrolysis at
+0.3 V (the oxidized species of chloride are reduced off), the
spectral and electrochemical properties of the solutions are
characteristic of the single species [Os!VCls(H,0)]~. The
inertness to the substitution reaction of osmate(IV) species
allows the obtention of aquochloroosmate(IV) species*47 even
at high [CI7] values with notable kinetic stabilities. These
kinetic stabilities permit the investigation of the acid-base and
redox properties of the Os(IV)—Os(III) system by using
spectral and electrochemical techniques.

4, Acid-Base Behavior of Aquoosmates(IV). A fast spec-
trophotometric titration (Figure 7) shows that OsIYCl,(H,0),
is a strong diacid having pK; = 0.3 £ 0.2 and pX, = 0.8 £
0.2 at 10 °C (see Experimental Section) in 4 M NaClO,. The
pK, values are derived by a least-square evaluation of the
spectrophotometric data; the fitting procedure also gives the
calculated spectra of the three species: Os'YCl,(H,0),,
[0s™YCl,(H,0)(OH)], and [OsVCl,(OH),]*". During de-
protonation, spectral changes occur A,,, 360 nm (¢ 7300) —
Amax 324 nm (e = 7600) — A, 290 nm (e ~3000).

The deprotonation of the bound water of [Os'YCl5(H,0)]"
occurs in a less acidic range than for the the new species
0s'VCl,(H,0),. The pkK, value of [Os'VCl(H,0)]" is analo-
gous to those reported previously by Preetz and Schitzel®! with
a product obtained by electrophoresis from an hydrolysis
mixture of [OsIVCl¢]* with pK, = 2.3.3!

Apparently the remarkably enhanced acidity from [Os!-
Cls(H,0)]" to Os!VCl,(H,0), comes from the stabilization of
the Os(IV) site electron deficient by p(OH) — dx(Os(IV))
electron donation.

The deprotonations of the coordinated water of the dimer
[[Os'YCl,(H,0)1,01% have been reported previously*® and
occur in the pH range 2-3. If the deprotonations of the
complexes [Os™VCls(H,0)] and [[Os™Cl,(H,0)],0]* do not
occur in the [H*] range of the electrochemical studies (vide
infra) on the other hand, Os!YCl,(H,0), is partially depro-
tonated at Hy = 0 (H, = Hammett function).

(46) W, Preetz and H. J. Walter, Z. Anorg. Allg. Chem., 402, 169 (1973).

(47) R. Dreyer and I. Dreyer, Z. Chem., 4, 106 (1964).

(48) G. M. Brown, R. W. Callahan and T. J. Meyer, Inorg. Chem., 14, 1915
(1975).

(49) B. A. Moyer and T. J. Meyer, J. Am. Chem. Soc., 100, 360 (1978).
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Figure 7. Spectral changes accompanying changes of the acidity H,
(Hammett acidity function) of Os™VCl,(H,0), in 4.0 M NaClO,; [Os}
= 10"* M.

Olation Reaction. At room temperature, a solution of
Os'YCI,(H,0), introduced in 1 M HCIO, gives slowly an
absorption near 370 nm over several days. The limiting
cathodic current of the RDEV wave (E,/; = +0.19 V) of this
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Figure 8. Spectral changes during the course of the anation reaction
Os'VCl,(H,0), + CI" — [OsIVCl4(H,0)]" in 6.17 M HCI at room
temperature: 0, time the electrolysis is stopped at 2.0 faradays/mol;
4, after 24 h. The Os(IV) is generated by electrolysis of Os(VI). [Os]
=103 M.

solution decreases as the reaction proceeds. These features
are in good agreement with a slow olation reaction to give the
w-oxo-bridged binuclear [[Os!VCl,(H,0)],0]*

Os!VCl,(H,0), = [0sCl,(H,0)(OH)]" + H*  (4)

2[0sC1,(H,0)(OH)]" > [[0sC1,(H,0)],0]* + H,0
5)

This latter reaction is not reversible. Indeed an addition of
HCIQ, in excess does not generate the reverse reaction.

Chloride Anation of Os'VCl,(H,0),. Acid-Base Catalytic
Pathway. At room temperature the solution of Os“’Cl4(H20)2
in 6 M HCI (A, 360 nm, E;, = +0.19 V) upon aging gives
finally [Os“'Cls(HZO)] ()\mx 350 nm, E;;; = +0.10 V).

The reaction is quantitative in 24 h at room temperature
(Figure 8). However, in 0.4 M H* and 7.4 M CI-, the re-
action is quantitative in 2 h.

Although kinetic data are not sufficiently precise for detailed
mechanistic analysis, the following conclusions and limits can
be put forward. At the same [CI7] values, the chloride anation
proceeds more rapidly in weak acidic solutions than in strong
acidic solutions. The notable amounts of hydroxo species in
weak acidic solutions are invoked to explain this result. A
previous work!! has pointed out the strong trans effect of the
hydroxide ligand to labilize the water ligand replaced by CI-.

Reactions 4 and 6 provide an acid-base catalytic pathway

[0sYCl,(H,0)(OH)]" + CI — [0s!VCI,(OH)]> + H,0
(6)

0s!VCl,(H,0), + CI- — [0s!VCI,(H,0)]" + H,0 (7)

for substitution in the Os!VCi,(H,0), complex as in reaction
7.

5. Redox Behavior of Aquochloroosmate(IV), [[Os'VCl,-
(H,0)LOF~. The u-oxo-bridged dimer [[OsYCl,(H,0)],0]*
is not reducible in aqueous chloride media at a platinum
electrode but is reducible at a standard dropping-mercury
electrode. The electronic transfer is likely associated with
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chemical reactions. A plot of log [(ig = {}/i] vs. E from the
current—potential curve does not give a straight line. The
mechanism by which the dimer is reduced has not yet been
investigated. However, it seems analogous to those reported
previously®® for the w-oxo-bridged ruthenium dimer
[[RulYCl,],01*. The exhaustive electrolysis of the dimer can
be achieved very slowly at a platinum grid at a very cathodic
potential (E = —0.28 V) (near the background discharge).
Indeed when the Hg electrode is used, interference with
mercury oxidation occurs. During the electrolysis, an anodic
wave develops on the RDE voltammograms (Figure 9) and
is concomitant with the decrease of the absorption at 370 nm
(Figure 10). The E,/, and the limiting current of the volt-
ammogram obtained on the resulting solution are analogous
with those obtained at higher [C17] values.

The following conclusions can be put forward: the reduction
of [[Os!VCl,(H;0)],0]* occurs with simultaneous cleavage
of the oxo bridge in the time scale of the CPE.

[[Os"YC1,(H,0)],01* 2[05mC14(H20)2]_ (3)
Besides, some deformations on the RDE voltammograms oc-
curs in the anodic current with the appearance of a new minor
wave at more anodic potential E,,, = +0.6 V (1 M HCI), the
major species being [OsmCL,(Hz(S)z] with respect to the E ),
value.
0s™V(1,(H,0),. The new species Os™VCl,(H,0), is reducible
at a platinum electrode. The CV and RDEYV data are in good
accordance with a quasi-reversible one-electron transfer with
= 0.08 Vand E,;; = 0.19 V (6.17 M HCI). Besides,
i /vP/ 2 gives a constant value consistent with a diffusion-con-
trolled system. For [H*] greater than 6 M, the peak to peak
separation is close to the theoretical value 0.06 V, repre-
sentative of a Nernstian diffusion-controlled system. Departure
from reversibility appears progressively on raising H,>® above
-0.7. Above —0.5 the hydroxo species is present in solution
at equilibrium. However, the conversion of the hydroxo form
to the aquo form is likely fast at a low Hj value on the time
scale of the CV, and the specific CV peak of the hydroxo form
is not clearly observed, the aquo form being generally easier
to reduce than the hydroxo form.! Exhaustive electrolysis
past the wave consumes 1 faraday/mol. Moreover on the time
scale of the CPE, some deformations appear on the CV and
RDE voltammograms particularly at a high [C17] value. The
interpretation of the phenomenon is given below.

0s1VC1,(H,0), — [Os""C1,(H,0),]" ©)

The E; ), value can be regarded as a good estimate?? for the
formal reductlon potentlal E, = +0.19 V (6 M HCI).

[0s!YCL(H,0)T is reducible at a platinum electrode but is
more difficult to reduce than Os'VCl,(H,0),. The CV and
RDEY data are in good accordance with a diffusion-controlled
reversible one-electron transfer with AE, = 0.07 V and E, ;,
= 4+0.06 V (11.7 M HCI).

The Os(IV)—Os(1II) system is reversible in the expenmental
HCl range. However, a shift of the E, , value is observed in
less acidic media with E, , = +0.10 V (6 M HCI). Exhaustive
electrolysis past the wave consumes 1 faraday/mol. Moreover
on the time scale of the CPE, some deformations on the CV
and RDE voltammograms appear particularly at high CI-
values. The interpretation of the phenomenon is given below.

[OsVCl(H,0)]” = [OsICL(H,0)]>  (10)

(50) L. W. Potts and H. S, Swofford, Anal. Chem., 47, 131 (1975).

(51) N.R. De Tacconi, D. Lexa, and J. M. Saveant, J. Am. Chem. Soc., 101,
467 (1979).

(52) H. E. Toma and C. Creutz, Inorg. Chem., 16, 545 (1977).
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Figure 9. Rotating-disk-electrode voltammetric changes resulting from the exhaustive electrolysis at £ = -0.28 V vs. SCE of the dimer

[[Os!VC1,(H,0)],0]% in | M HCI; [Os] = 107 M.
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Figure 10. Spectral changes resulting from the exhaustive electrolysis
at E = -0.28 V vs. SCE of the dimer [[Os'Cl,(H,0)],0]* in I M
HCJ; [Os] = 1073 M.

The E,/, value can be regarded as an estimate for the formal
reduction potential®? (E, = +0.10 V) (6 M HCI).

For comparison purposes, the redox behavior of [Os!VClg]*
is investigated on a known sample in the experimental chloride
media. [Os!VClg]*" is more difficult to reduce than both
[Os!VCl5(H,0)] and Os'VCl,(H,0),. The CV and RDEV
data are consistent with a diffusion-controlled reversible
one-electron transfer with AE, = 0.07 V and E,, =-0.02V
(11.7 M HCI). The Os(I1V)—Os(III) system is reversible in
the experimental HCI range. Nevertheless as it is observed
for other Os(IV) species, the E;, value shifts with changes
of the supporting media (E,,; = +0.01 V) (6 M HCI).

Exhaustive electrolysis past the wave consumes 1 fara-
day/mol. During the CPE, the E,/; and the limiting current
values of the RDEV are approximately constant and char-
acteristic of a reversible redox Os(1V)—Os(III) system without
post associated chemical reaction. However, at low [Cl7]
values some deformations are observed on the CV and RDEV
of the reduced solutions. The interpretation of the phenomenon
is given below.

6. Chloride Anation of [0s™Cl;(H,;0)] and Os™Cl,(H,0),.
Redox Catalytic Pathways. [Os'VCI(H,0)]" is stable in 11.7

M HCI at room temperature over several hours. The CPE
past the reversible wave initiates spectral and electrochemical
changes even at the Os(IV) rate. After the consumption of
0.04 faraday/mol, the transformation goes to completion over
some minutes. The resulting solution is shown to be
[OsCl4]* by its spectral characteristics.

After the consumption of 0.01 faraday/mol, the chloride
anation is slower and the course of the reaction can be followed
by spectrophotometry, CV and/or RDEV. Spectral scans gave
good isosbestic points in good agreement with those reported
previously? for the chloride anation of [Os!YCls(H,0)]™ at
80 °C. The E,, values shifts from +0.06 to —-0.02 V. These
results are in accordance with a redox catalysis**® of reaction
11. Reaction 11 is catalyzed by the Os(III) state. There are

[0sVCI4(H,0)]" + CI- — [0sIVCl¢]*- + H,0 (11)

several examples of such a redox catalysis in the literature,>>
It involves both substitution on the catalyst species and electron
transfer between the two oxidation degrees of the metal (eq
12 and 13).

[OsMICI5(H,0)]* + CI" = [Os!ICI]*~ + H,0 (12)
[OsHICI] + [OsIVCly(H,0)] —
[0sVCIJ>- + [OsMCl,(H,0)]> (13)

Reactions 12 and 13 provide a catalytic pathway for reaction
10. The lability of reaction 11 is easily verified: [Os"Cl,]3-
in 11.7 M HCI (£, , = +0.01 V) was introduced in 4 M HCI;
over several minutes of aging a supplementary wave appears
(Ey/2 = +0.11 V) corresponding to [Os™Cls(H,0)]>. Ad-
dition of concentrated HCI gives the single wave (E,;; = +0.01
V) over several minutes. These qualitative results point out
the lability of the Os(III) state compared to the Os(IV) state
and state the validity of reaction 11. The rapidity of the
electron transfer for the outer-sphere redox reaction (13) is

(53) S.F. Chan and G. M. Harris, Inorg. Chem., 18, 717 (1979).

(54) D. E. Richarson and H. Taube, Inorg. Chem., 18, 549 (1979).

(55) T. Matsubara and C. Creutz, J. Am. Chem. Soc., 100, 6255 (1978).
(56) J. A. Stritar and H. Taube, Inorg. Chem., 8, 2281 (1969).

(57) T. Kallen and J. E. Earley, Inorg. Chem., 10, 1149 (1971).

(58) H. Ogino, T. Watanabe, and N. Tanaka, Inorg. Chem., 14, 2093 (1975).
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Figure 11. Cyclic voltammetric changes during the anation in 6 M HCI of Os!Cl,(H,0), + Cl- — [Os!YCl¢]* after addition of [Os™Cl¢]*
(5%): a, CV of Os!VCl,(H,0), generated by electrolysis of Os(VI); d, CV of [Os'VCl¢]*.

checked qualitatively in 4 M HCI by rapidly mixing
[Os™Clg]* (E,/, = 0.01 V) and [Os'VCls(H,0)]" (E,/, = 0.11
v

At the experimental [Cl7] value, the catalytic pathway and
the aquation of [Os''Cl;]*" are supposed to be negligible on
the time scale of the fast chemical redox reaction (13). The
outer-sphere reaction (13) is thermodynamically favorable:
log K;; = E°s~ E°%/0.06 and K;; = (5£ 1) X 10in 6.0 M
HCI at 25 °C.

Os!VCl1,(H,0), is stable in 6.0 M HCl at room temperature
for over 1 h; then chloride anation occurs to give [Os'VCls-
(H,0)]" (Figure 8). The CPE past the wave initiates sup-
plementary spectral and electrochemical changes (Figure 11)
at the Os(IV) state. After the consumption of 0.05 fara-
day/mol, the transformation goes to completion in 6.0 M HCI
at room temperature. The resulting solution is shown to be
[0s!Clg]*. E,, shifts from +0.19 to +0.01 V. These results
are in accordance with a redox catalysis of the substitution
reactions 6 and 10. These are catalyzed by the Os(III) state.

The rapidity of the electron transfer for the outer-sphere
redox reaction of (14) is checked qualitatively in 4 M HCI
by rapidly mixing [Os"!Cl¢]*> (E,/, = 0.01 V) and Os'VCl-
(H,0), (E,;, = 0.19 V).

[OsUICI]* + OsICl,(H,0), —
[Os™MC1,(H,0),]" + [0s'VClg]> (14)

At the experimental [CI7] value, the catalytic pathway and
the aquation of [Os'Cl,])*" are negligible in time scale of the
fast chemical redox reaction of (14). The outer-sphere reaction
of (14) is thermodynamically favorable, with log K, = E°,
- E®¢/0.06 and K, = (10 £ 2) X 10% at 25 °C in 6.0 M HCI.
No experimental evidence for the [Os'YCI(H,0)]™ species is

Table III. Number of Chloroosmate(II) Species of the Resulting
Solutions of the Electrochemical Reduction of Os(IV) Species

[CI'], M [H], M r (o) P
1.09-11.07 0.4-11.7 4(0.01) 4
1.09-3.3 1.09-3.3 2(0.01) 2
4.45-11.7 4.45-11.7 2(0.01) 2
8.25-11.7 8.25-11.7 1(0.01) 1

observed in the chloride anation catalytic pathway. Reactions
12, 14, and 15 provide a catalytic pathway for reactions 7 and
11,

[0s!IC1,(H,0),]" + CI- = [Os"'Cl4(H,0)]* + H,0 (15)

7. The Os(III) Species. Number and Properties. The
rank-matrix analysis of spectrophotometric data of chloride
solutions obtained after exhaustive electrolysis detects four
Os(III) species (Table III) over the experimental [H*] and
[CI7] ranges. For aquo complexes a decrease of the oxidation
of the metal is associated with an higher value of pK,; con-
sequently deprotonation does not occur in the Os(III) state
in the experimental [H*] range. The Os(III) species number
is in good accordance with the electrochemical experiments.
The composition of the Os(III) species is given in keeping with
the corresponding Os(IV) species composition: [Os!'Cl]*,
[Os™MCl4(H,0)1%, [0s™'Cl,(H,0),]". It is not possible with
the present experimental data to formulate the supplementary
species generated by the CPE of the dimer [[Os'VCl,-
(H;0)],0]* in 1 M HCI (E,;, = +0.6 V).

The examination of the data listed on Table III reveals that
for [CI] greater than 4.45 M two species [Os"Cl¢]*~ and
[Os™C1(H,0)]* make major contributions to solution com-
position while below 3.3 M CI" the major species are [OsUL-
Cl4(H,0),]" and the unformulated Os(III) species.
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The CPE past the different anodic waves generates the
expected monomeric Os(IV) species. In the case of mixtures,
instead of oxidizing Os(III) in a single step at say +0.6 V it
is possible to oxidize in several stages the Os(III) species past
the respective oxidation waves: the inertness*“7 to substitution
reactions in the Os(IV) state does not allow post associated
chemical reactions. However, at low [HCI] values spectral
and electrochemical changes are observed in the Os(IV) state
after CPE. The limiting current of the RDEV decreases
progressively. This feature is in good accordance with the slow
olation reaction of (5) (vide supra).

The Os(III) species are also chemically oxidized by the
dioxoosmate(VI) species; these reactions are used as corrob-
orative evidence for the overall reduction mechanism of di-
oxoosmate(VI) species.

When chloride solutions of Os(III) and Os(VI) species are
mixed, Os(IV) solutions are generated. Indeed the spectral
and electrochemical characteristics of Os(IV) species are
detected. The stoichiometry?™ of reaction 2 is derived from
a spectrophotometric titration (20s™! + Os¥! — 30s!Y),

The chemical redox reaction is fast over the experimental
[H*] range, and the associated reactions such as anation or
olation are negligible on the time scale of the redox reaction.
In I M HCI, when the Os(III) species (the major species being
[0s™IC1,(H,0),]" are rapidly mixed with [0sY'0,Cl,]%,
0OsCl,(H,0), and its deprotonated form are predominantly
generated (see eq 2).

At higher HCI values, the resulting Os(IV) solution is a
mixture of three species: Os!VCl,(H,0),, [Os!VCls(H,0)]",
and [OsVClg]? as evidenced by the spectral and electro-
chemical experiments. 2’

Discussion

Scheme I gives a summary of the overall electrochemical
behavior of the various forms and oxidation states of chloro-
osmates examined in this study. From the results obtained
in chloride media in the experimental range 1-8.25 M, it is
now possible to give a good interpretation of the electrore-
duction of oxoosmate(VI) species in these media. Os(VI)
undergoes a very irreversible electronic transfer through
[0sV10,Cl,]*, which proceeds by a single three-electron step
to give directly [Os!ICl,(H,0),]~. The electron transfer is
coupled with proton transfers. The rate of reduction is limited
by the chemical conversion shown in eq 1. A fast post asso-
ciated chemical redox reaction occurs between [OsMCl (H,-
0),]" and [Os¥10,CL]* to give Os'VC1,(H,0),. This latter
species is more easily reducible than the starting material and
provides an autocatalytic pathway for the overall reduction
of oxoosmate(VI) species. The electrode phenomena are in
good accordance with the results observed during exhaustive
electrolysis. However, on the time scale of the CPE, the
dimeric species [[OsVCl,(H,0)],0]* is generated at low

o 2~
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[HCI] values. This species is less easily reducible than the
starting material. Nevertheless no structural evidence have
been obtained for the oxo bridge in previous and present works.
The reduction mechanism of the dimer have not been inves-
tigated yet but is presumably analogous to those reported for
[[RuCls],0]* with cleavage of the oxo bridge. It should be
noted that the known**% [[QsCl,],0]* is not detected in the
experimental conditions.

The inertness to substitution reactions of chloroosmates in
the Os(IV) state allows to obtain several species in solution
by electrochemical means: Os'VCl,(H,0),, [Os!YCls(H,0)T,
and [OsYCl]*. Unfortunately, attempts to isolate the
aquochloro complexes are unsuccessful as of yet. The kinetic
stability of the complexes increases with the chloride number.
However, several catalytic pathways accelerate the chloride
anation reactions: acid-base catalysis through hydroxo Os(IV)
species and redox catalysis through Os(III) species.

The charge-transfer absorptions observed for the Os(III)
and Os(IV) chloro complexes are described as arising through
electron transfer from a ligand orbital to a metal d orbital 512
Upon reduction of the control metal-Os(IV), the receptor
orbital becomes less stable and the CT absorptions are shifted
to higher energy (Os(III)).

The electrochemical data presented in Scheme I reveal
several trends in the stabilization of osmium(IV) centers by
chloride ligands. The number of halides present figures in the
reduction of Os(IV)/Os(III) couples. Each coordinated water
replaced by a chloride lowers the reduction potential by ap-
proximately 90 mV. Comparable behaviors are observed for
Os(IV)-ammines®® and are expected on the basis that the
chloride ligands are negatively charged and act as r-electron
donors.

The highly acidic nature of the aquochloroosmate(IV)
species is not unexpected. The low pK, values may be at-
tributed to the high oxidation state of the central metal and
to high electron affinity of the d* t,, orbitals which stabilizes
the hydroxo ligand formed on deprotonation. An increase in
the number of chlorides is expected to decrease the coordinated
water first acidity because of the decreased overall charge of
the complex. Theoretically, configurational differences also
control stabilization provided by the chloride ligands. Without
structural experiments, it is not possible to assign the trans
or cis geometry to Os!VCl,(H,0),. However, the electro-
chemical properties are characteristic of a single species; be-

(59) W. P. Griffith, J. Chem. Soc., 211 (1969).

(60) K. F.von Tebbe and H. G. von Schnering, Z. Anorg. Allg. Chem., 396,
66 (1973).

(61) A. D. Allen and J. D. Stevens, Can. J. Chem., 51, 92 (1973).

(62) E. Verdonck and L. G. van Quickenbourne, Inorg. Chem., 13, 762
(1974).

(63) J. D. Buhr, J. R. Winkler, and H. Taube, /norg. Chem., 19, 2416
(1980).
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sides, the Os(IV) species derives from [QsY10,Cl,]*~ with the
trans dioxo moiety O=Qs==0. It is probable that the re-
duction occurs with retention of trans configuration in the
Os(IV) state, which is inert. Nevertheless it is possible that
isomerization occurs in the Os(III) state.

Registry No. [0sY10,Cl,]*, 39162-54-4; Os!VCl,(H,0),, 67378-
38-5; [[0s!VCl,(H,0)],0]%, 74355-72-9; [Os!VCl¢]*, 16871-52-6;

[OsIYCls(H,0)]7, 59683-36-2; [Os"'Cl,(H,0),]", 80642-48-4;
[Os™ICI(H,0)]%, 74009-23-7; [Os™MCl¢)*, 62792-05-6; [Os1YCl,-
(H,0)(OH)]", 80695-88-1; [Os!VCl,(OH),]*, 20617-39-4.

Supplementary Material Available: Calculations of pX, and pK,
values and of resolved UV-vis spectra and a listing of observed and
calculated absorbances obtained during the deprotonation of Os!V-
Cl4(H;0), (5 pages). Ordering information is given on any current
masthead page.
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Isotopic shifts of —=1.00, —0.81, and —0.63 ppm have been observed for the platinum-195 NMR signals from the complexes
Pt(H,0),2*, trans-PtCl,(H,0),, and trans-PtCl,(OH),*, respectively, when an O ligand is exchanged for '*O. The resolved
isotopic shifts indicate that there are four equivalent slow-exchanging aqua ligands in the hydrated platinum(II) ion,
corresponding to a coordination number of 4. Axial interaction of fast-exchanging water is probably not very significant.
The exchange frequency for Pt(H,0),2* at 25 °C is 2.3 X 10757, corresponding to a second-order rate constant for water
exchange of 4.5 X 10~ M™ s!. The activation parameters are AH* = 100 £ 10 kJ mol™ and AS* = 40 £ 30 J mol™!
K-1. 19%Pt spin—lattice relaxation in Pt(H,0),** is mainly due to chemical shift anisotropy. Solvolysis of Pt(H,0),2* in
dimethyl sulfoxide solvent has been studied with use of UV spectrophotometry. The rate constant at 25 °C for the substitution
of the first aqua ligand by Me,SO is 1.1 X 107 571, and the activation parameters are AH* = 90 £ 1.5 kJ mol™! and AS*
=2+ 5 Jmol? K™1. The kinetic parameters for the water exchange and the dimethyl sulfoxide solvolysis of Pt(H,0),2*
indicate that the mechanism for these two reactions is mainly dissociative. In combination with previous kinetic data for
the reaction of Pt(H,0),2* with various entering ligands X it is thus likely that there is a gradual change of mechanism
from mainly dissociative to mainly associative when the ligands X are changed in the order H,0, Me,SO, CI-, Br, I".

Introduction

No studies of water exchange of square-planar platinum(II)
aqua complexes have been reported so far. A number of
paramagnetic metal ions with labile water in the inner coor-
dination sphere have been investigated with use of the effect
of the paramagnetic metal jon on the line width of the 'O
NMR resonance.? For metal ions with a relatively inert
coordination sphere, on the other hand, there is no generally
applicable method to monitor the water exchange. For a few
systems of Co(I1I), Cr(11I), Rh(III), and Ir(III), precipitation
of sparingly soluble salts followed by mass spectrometric
analysis has been used to follow the exchange of inner-sphere
H,!%0 for bulk H,'®0.> This method has also been used to
monitor exchange between oxo anions and solvent water.* It
will probably not be possible to find a precipitating agent for
the platinum(II) aqua complexes that does not interfere with
the exchange.

Platinum-195 chemical shifts are very sensitive to the en-
vironment of the platinum.>® Oxygen isotope effects like

(1) J. Burgess, “Metal lons in Solutions”, Ellis Horwood Ltd., Chichester,
England, 1978, gives a general review of solvent exchange studies and
methods in Chapter 11.

(2) For instance: T.J. Swift and R. E. Connick, J. Chem. Phys., 37, 307
(1962); Y. Ducommun, W, L. Earl, and A. E. Merbach, /norg. Chem.,
18, 2754 (1979).

(3) For instance: H. R. Hunt and H. Taube, J. Am. Chem. Soc., 80, 2642
(1958); N. V. Duffy and J. E. Earley, ibid., 89, 272 (1967); F. Monacelli
and E. Viel, Inorg. Chim. Acta, 1, 467 (1967); T. W. Swaddle and D.
R. Stranks, J. Am. Chem. Soc., 94, 8357 (1972); S. B. Tong and T. W.
Swaddle, Inorg. Chem., 13, 1538 (1974).

(4) H. von Felten, B. Wernli, H. Gamsjéger, and P. Baertschi, J. Chem.
Soc., Daiton Trans., 496 (1978), and references therein.

(5) A.v. Zelewsky, Helv. Chim. Acta, 51, 803 (1968).

(6) A.Pidcock, R. E. Richards, and L. M. Venanzi, J. Chem. Soc. A4, 1970
(1968).

(7) W. Freeman, P. S. Pregosin, S. N. Sze, and L. M. Venanzi, J. Magn.
Reson., 22, 473 (1976).

(8) P.L.Goggin, R. J. Goodfellow, S. R. Haddock, B. F. Taylor, and I. R.
H. Marshall, J. Chem. Soc., Dalton Trans., 459 (1976).

(9) J.J. Pesek and W. R. Mason, J. Magn. Reson., 28, 519 (1976).

those reported!? for the 3*Mn and **Mo resonances from the
complexes MnO,~ and MoO,~ should therefore be expected
in the chemical shifts of platinum coordinated to oxygen. The
present study shows that such oxygen isotope effects exist and
can be utilized to determine both the coordination number of
Pt(aq)** and the rate and activation parameters for the water
exchange of platinum(II) aqua species. In this context, a
determination of the activation parameters for the solvolysis
of tetraaquaplatinum(II) in dimethyl sulfoxide will also be
reported.

Experimental Section

Chemicals and Solutions. A solution of tetraaquaplatinum(II)
perchlorate (15.1 mM) in perchloric acid (1.00 M; Baker p.a.) was
prepared from potassium tetrachloroplatinate(II) (Johnson and
Matthey) and anhydrous silver perchlorate (F. Smith) as described
previously.!! The solution was concentrated to Cp, = 44.2 mM and
Cucio, = 2.85 M by freezing out water at 18 °C. The UV spectrum
of the concentrated solution was identical with the spectrum of Pt-
(H,0),* reported previously,'! and its platinum concentration was
determined spectrophotometrically at 273 nm (e 56.5 cm™ M), The
molarity of H,!%0 was calculated from the concentrations and the
density of the solution (1.1787 g cm™) to be 87.5 £ 0.2% relative to
pure water. The original concentration of potassium from K,PtCl,
is reduced somewhat in the final solution because some solid potassium
perchlorate is also precipitated during the freezing out of water. This
is negligible for the determination of the water molarity.

A 44.2 mM solution of trans-PtCl(H,0), was prepared by adding
solid sodium chloride (to give 0.2 M) to the 44.2 mM tetraaqua-
platinum(II) solution and aging for 1 h at room temperature. Ac-
cording to the chloride anation rate constants for Pt(H,0),2*,
PtC1(H,0),%, and trans-PtCl,(H,0),,!? the trans complex is accu-
mulated to almost 100% within this time and remains unchanged for
several hours. This was confirmed by a constant intensity of the

(10) K. V. Buckler, A. R. Haase, O. Lutz, M. Miiller, and A. Nolle, Z.
Naturforsch., A, 324, 126 (1977).

(11) L. 1. Elding, Inorg. Chim. Acta, 20, 65 (1976).

(12) L. 1. Elding, Inorg. Chim. Acta, 28, 255 (1978).

0020-1669/82/1321-1820%01.25/0 © 1982 American Chemical Society



