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The majority of oxygen-containing rhenium(VII)
compounds can be considered to be perturbations of the
perrhenate ion, ReO,7, e¢.g., ReO;N?7, Re03;S—, ReO3X
(X = F, Cl, Br), and Re;O;.  Seven-coordinate ReF;,%3
six-coordinate ReOF; ¢ and five-coordinate ReQ.F3t
have been described, but no compound of stoichiometry
Re0;X;*~ has been described, although Peacock,® when
reporting the ReO,F.~ ion, considered that ReQ;F;>~
should be capable of existence; both of the isoelectronic
ions WO;F3®~ and OsO;F;~ are known %7

The dissolution of perrhenic acid in concentrated hy-
drochloric acid saturated with hydrogen chloride pro-
duces a yellow solution from which cesium chloride pre-
cipitates a pale yellow solid of stoichiometry Cs;[ReO;-
Cl;]. The formation of the ion can be written

ReOs~ + 2H* + 3C17 === Re03Cl2~ + H.O (1)

The salt dissolves in water or base to give a clear solu-
tion without formation of black ReO, suggesting that a
rhenium(VII) species is present. The salt turns white
on exposure to the atmosphere.

The octahedral ion may have two possible geometri-
calisomers: cis (C;,) and trans (Coy). Simplified group
theory (omitting site symmetry considerations) predicts
that the c¢is ion should have 15 normal vibrations of
specics 4 A1 + Az + 5 E, the 5 E vibrations being
doubly degenerate, and that there should be two infra-
red- and Raman-active metal-oxygen and metal-chlo-
rine stretching modes. Similarly, the #rans ion should
have 15 normal vibrations of species 6 A; + A, + 4 B,
-+ 4 B, with three infrared- and Raman-active metal-
oxygen and metal-chlorine stretches.

The infrared spectrum consists of an extremely broad
absorption centered around 890 cm~* with a band width
of about 100 em™. In the 400-250-cm ™~ region bands
were found at 314 (sh), 320 (vs), 334 (m), 360 (sh), and
370 (s) cm ™1, but it was not possible to distinguish be-
tween Re-Cl stretching bands and O-Re-O deforma-
tion modes.

The Raman spectrum of the solid has two sharp bands
at 925 (vs) and 895 (s) em~! in the metal-oxygen
stretching region and a series of bands below 400 cm™!
at 387 (s), 366 (vs), 297 (s), 220 (vs), 187 (vs), and 154
(s) cm~!. The two sharp bands in the metal-oxygen
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stretching region is good evidence for a cis (Cs,) con-
figuration of the ReO;CL*~ ion.

The preparation of the analogous fluoro anion was
attempted but without success even when liquid hydro-
gen fluoride was used as the solvent. (The Raman
spectrum of a solution of sodium perrhenate in 15%,
hydrogen fluoride was that of the unperturbed ReO,™
ion.) Addition of a solution of cesium fluoride to a
solution of perrhenic acid both in concentrated hydro-
fluoric acid with some additional liquid hydrogen
fluoride present did not give an immediate precipitate.
If the mixture was kept cool, large white crystals
separated out after about 1 week. Analytical, infrared,
and X-ray data confirmed that these crystals were
cesium perrhenate, Using other cations, (C¢Hs)sAs™
gave an immediate precipitate of the perrhenate, but
RN+ and RbT gave no precipitate at all. The two
most likely explanations as to why the fluoride cannot
be obtained are: (i) the ion is too susceptible to hy-
drolysis so that an equilibrium such as that of eq 1 is
over to the left; (ii) the salts are too soluble relative to
the corresponding perrhenate to be obtained in the solid
state.

No attempt was made to obtain the bromide oriodide
since perrhenic acid partially oxidizes these hydrogen
halides and 1is itself reduced.

Experimental Section

Infrared spectra of Nujol mulls were recorded using Perkin-
Elmer 457 and Grubb-Parsons ‘‘Spectromaster’” instruments;
Raman spectra were obtained using a Cary Model 81 spectromi-
eter with an He-Ne laser source,

Dicesium Trioxotrichlororhenate (VII).——Rhenium metal (John-
son, Matthey Ltd. 99.59,) (2 g) was dissolved in 100 vol of aque-
ous hydrogen peroxide and the solution of perrhenic acid was
evaporated to dryness on a hot plate. The residue was dissolved
in 10 M hydrochloric acid (10 ml) and the solution was saturated
with hydrogen chloride. To the resulting yellow solution was
added a solution of cesium chloride (4 g) in hydrogen chloride
saturated aqueous HCI (10 ml). The mixture was allowed to
stand overnight. The yellow crystalline product was collected
under an atmosphere of hydrogen chloride, washed with 10 M
HCIl, and dried # vacuo over PsOy (4.15 g, 589;). Amal. Caled
for Csx[Re0sCl5]: Cl, 17.5; Cs, 43.8; O, 7.9; Re, 30.7. Found:
Cl, 17.1; Cs, 43.8; O, 7.8; Re, 30.6.
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Previous workers? 3 have noted a doublet in the visi-

ble spectrum of Mn(III) in excess fluoride, which has
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been assigned to a splitting of the *Iy, < 5E, (in Oy)
transition in the MnF,** species.? However, the
proximity of F~, OH™, and H,O in the spectrochemical
series and the observation* that OH™~ does not produce
a splitting of the spectrum in MnOH,,** suggest the
absence of splitting in the spectrum of the species
MnF,?*. We have therefore reanalyzed the spectral
data at constant ionic strength in terms of equilibria
involving the Mn(OH)F,,* ion in addition to those pre-
viously postulated.?

Experimental Section

Reagents.—The preparation and standardization procedures
for perchloric acid, manganese(III) solutions, and the perchlo-
rates of manganese(II), iron(II), and barium were as previously
described.s Sodium fluoride (Fisher Certified reagent grade) was
used without further purification to make up stock solutions.
The manganese(III) solution to be used was always freshly pre-
pared by electrolysis of an acidic solution of a large excess of
Mn(II).4

Spectral Measurements.—All measurements were carried out
using matched 100-mm quartz cells in a Cary Model 14 spectro-
photometer in a temperature-controlled room at 23 = 1°. Spec-
tra were obtained in the range 300~600 nm using blank solutions
containing all the components except Mn(III). In most cases
the ionic strength of solutions was adjusted to 5.35 M by addition
of Mn(II). Replacing some of the Mn(II) by Na*™ or Ba?* had
no apparent effect on the spectra at constant acidity and ionic
strength; consequently, manganese(II)-fluoride complexes may
be neglected in the analysis of the data. The observed extinction
coefficients were a minimum at ca. 350 nm, and only the data in
the region 400-540 nm were deemed sufficiently accurate to justify
a detailed analysis. The concentration ranges used were: [Mn-
(II1)] = (0.83-2.00) X 10— M, [HF] = (2.00-21.2) X 102 M,
[HCI104] = 0.63-5.00 M, {(Mn(II)] = 0.03-1.53 M, [Nat] =
0-0.50 M, and [Ba(II)] = 0-0.20 M, with x = 5.35 M. There-
sults of Fackler and Chawla? were in good agreement with our
spectral measurements under the same conditions, the observed
molar extinction coefficient E varying between 10.8 and 52.5
M1 cm™!in the spectral range used for detailed analysis.

Results
If we assume that the equilibria
Mn*+ === MnOH?!* + H* (Kx) (1)
Mn®+ + HF == MnF** 4+ H+ (X)) (II)

MnOH?* 4+ HF ——= Mn(OH)F* 4+ H* (K,) (III)

exist under the experimental conditions, with Ky =
[MnOH?*][H*]/[Mn®+], K; = [MnF+][H*]/[Mn?*]-
[HF], and K, = [Mn(OH)F+][H+]/[MnOH?+][HF],
then it can be shown that
E([H*]? + Kr[H'] + Ki[H*][HF] + KnK:[HF]) =

a[H*]?2 + eKu[H*'] + K:i[HF][HY] + «XKuK:[HF] (1)
where ¢, €, €, and ¢ are the molar extinction coeffi-
clents of Mn3+, MnOH?+, MnF?2+, and Mn(OH)F+,
respectively. Equation 1 may be rearranged to give

[I-;F] = E(Zi[H*] + K3Kn) — («Ki[H*] + «KuKs:) (2)

where v = [H*](«[H*] + Ky — E[H*] — EKpy)
can be calculated.*® Linear plots of v/[HF] zs. E (as-
suming that [HF] is equal to the total added fluoride
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concentration) were obtained at each wavelength, and
each plot had a negative intercept as required by eq 2.
The slopes .Sy, and the intercepts I, of each plot at fixed
wavelength are functions of acidity (eq 3 and 4) and
Sy = Ki[H*| + K:Kn 3)

I = eKi[HT] + «KuK; (4)

examples of plots of these functions are shown in Figure
1. The values of K; and K, obtained in this way at
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Figure 1.—Plots of (a) 10725\ ws. [H*] and (b) 1072\ vs.

[H*] for spectral data at the following wavelengths: @, 460
nm; @, 470nm; O, 480 nm; @, 500 nm.

wavelengths in the range 400-560 nm are shown in
Table I, and the spectra of MnF?*and Mn(OH)F * cal-
culated from eq 4 using the individual values of K and
K; at each wavelength are shown in Figure 2. The
average values over the wavelength range are K; =
(1.6 £ 0.1) X 102and K, = (1.9 £ 0.3) X 102 The
nature of the analysis makes the precision of the value
of K, much less than that of K since the former is cal-
culated from an intercept. Nevertheless, the appear-
ance of an intercept in plots of eq 3 at every wavelength
(see Figure la) strongly suggests that an equilibrium
involving the species Mn(OH)F+ must be taken into
account in the interpretation of the spectral data.

Discussion

Although few complexes of Mn(II1I) have been com-
pletely characterized in solution, it is worthwhile to
compare the present results with those obtained for
other systems.

Important information concerning the stabilities of
several Mn(III) complexes has been obtained from a
study of the Mn(I1I)-catalyzed oxidation of oxalic acid
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Figure 2.—Derived spectra of MnF,2* (0) and Mn(OH)F,,* (®).

by chlorine™ and bromine.” The rate-determining
step in this reaction is’ the first-order decomposition of
the monooxalato complex

k1
MnCyOst —> Mntt + C,04™ 8%

The observed rate of reaction at constant acidity varies
with the concentrations of added oxalic acid and chlo-
ride or fluoride ions, and the data of Taube” can now be
rationalized by combining reactions I-ITI with

Mnét 4+ HyCoOy === MnC;04" + 2H* (K,.) V)
MnGOsT + HpCo0y === Mn(C:04),~ + 2HT (Kp) (VI)
Mnd+ + Cl- == MnCI2t (Ku) (VII)

MnCyOi+ + HF === Mn(C:0)F + H¥ (K.) (VIII)

In the absence of added chloride or fluoride ion we have
obtained the values of %;, K., and Ky of 11.9 min~},
1.64 X 10° M, and 45 M, respectively. Comparison of
these estimates with those obtained by Taube™ in the
absence of reaction I shows that the principal effect of
its inclusion in the calculations is to increase the value
of K.. The kinetic data™ in the presence of up to a
10%-fold excess of chloride only require the additional
equilibrium VII, with K¢y = 135 &= 0.5 MLatu =
2 M and 25°. In the presence of added fluoride the
data is accounted for by the additional equilibria IT,
111, and VIII with (2K; + K:Kyx) = 1.1 X 103 M and

(7) (a) H. Taube, J, Am. Chem, Soc., 70, 1216 (1948); (b) H. Taube, 1bid.,
70, 3928 (1948).
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Ko = 118 at p = 2 M and 25°. Individual values of
K; and K; cannot be obtained from the original’ kinetic
data since the acidity was kept constant at 2.0 M.
However, the present results for 4 = 5.35 A suggest
that K; =~ K,, whereupon we calculate K; =~ K, =~ 370
atu = 2 Mand 25°. The stability constants for fluoride
complexation thus appear to increase with decreasing
total ionic strength. The value of the composite sta-
bility constant obtained from spectral measurements by
Fackler and Chawla? is consistent with these estimates,
since it was obtained at varyingionicstrengthandacidity.

The ratio K;/K; = Ky/Kpy, where Kpg = [Mn-
(OH)F*+][H*]/[MnF?*] = 1.1 M at u = 5.35 M and
23°, shows that the presence of F~ results in little
change in the acidity of the remaining water molecules
of the inner sphere. This conclusion is consistent with
the similarity of the spectra of Mn,,**, MnOH, 2,
MnCl,y?F, and MnF,.** in both the visible and the uv
regions.

The splitting of the visible spectrum of Mn(OH)F,,*
is presumably® due to splitting of the °E, (and possibly
%T»,) level by tetragonal distortion. It is not possible
to assess the importance of cis—frams isomerism in this
complex in the absence of data on other mixed-ligand
complexes of this type. However, it should be noted
that the high-spin® complex Mn(CYDTA)OH?~ has a
spectral maximum at 448 nm which moves to 510 nm
on protonation.’® Changes in the spectra of the aquo
species in the presence of very large excesses of chlo-
ride,® ! where higher order chloro complexes are
formed, suggest that cumulative effects of negative
charge can indeed cause measurable spectral changes in
mixed complexes of Mn(III).
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A High-Pressure Form of Palladium Disulfide
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An orthorhombic palladium disulfide (I) (¢ = 5.46,
b = 5.54, ¢ = 7.53 A) may be prepared by heating pal-
ladium dichloride and excess sulfur at 450° in an evacu-
ated quartz tube for 4 days.? The structure of the pal-
ladium disulfide so prepared?®* [space group Da' (Ph-
ca)] is derived from the pyrite structure, which places
the cation in a nearly perfect octahedral environment,
by elongation of one of the fourfold octahedral axes.®
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