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(Trichlorostannato)rhodate(III) complexes, [(CH3){N]s[RhCl,(SnCl;)s_.] (=2, 3, and 4), reacted with
tin(II) in hydrochloric acid solutions to form a purple species. This purple species is assumed to be [Rh'-
(SnCl;)5]*". The formation reaction of the purple species involved two independent paths, fast and slow paths.
The main path was the fast one, in which the reactant mixture was in equilibria among [RhCI;-
(SnCls);313~, [RhCly(SnCl3)4]3", [RhC1(SnCls)5]3~, and probably [Rh(SnCls)s]*~. The reaction orders in the
formation of the purple species were 1, 2, and —2 with respect to the concentrations of the total rhodium(III)
complexes, SnCl;~, and CI~ respectively. The absorpton spectra of the reactant mixture showed an interac-

tion absorption between [RhCly(SnCl3)4]*~ and SnCl;~.

A series of six-coordinated (trichlorostannato)rhodate-
(IITI) complexes, [(CH3z)sN]s[RhCl.(SnCls)e-n], where
n=2, 3, and 4, have been prepared by Kimura.? The
presence of [RhCI(SnCls)s]3~ (the pentakis complex)
was confirmed in tin(II)~hydrochloric acid solutions by
the use of Sn-119 NMR.? The complexes react with an
excess of tin(II) in a hydrochloric acid solution to form
a purple solution. In this paper, tentatively assuming
the purple species in the solution to be [Rh'(SnCla)s]*-,
we will report an equilibrium mixture of the (tri-
chlorostannato)rhodates(III) in tin(II)-hydrochloric
acid solutions and the formation of the purple species
from the equilibrium mixture.

Experimental

Materials. The rhodium(III)-trichlorostannato com-
plexes (the rhodium(III) complexes), [(CH3)4NJs[RhCl.-
(SnCls)e—r], where n=2 and 3, were prepared by the methods
of Kimura.? Reagents of a special grade were used.

Reaction Solution. The reaction solution was pre-
pared by dissolving [(CHs3)4N]s[RhCls(SnCls)s] (the tris com-
plex) or [(CHs)4N]3s[RhCl2(SnCls)4] (the tetrakis complex)
in a freshly prepared tin(II)-hydrochloric acid solution
to give 2X107* mol dm=3. The concentrations in the
tin(II)-hydrochloric acid solution were adjusted to [H*]iota+
[Li+]loul=3~0 mol dm-3, [Cl_]total+[C104_]total=3.4 mol dm3,
and [Sn"]zom-l-[Zn"]m,a.=O.2 mol dm3 by using zinc chloride,
lithium chloride, and perchloric acid solutions respectively.
In order to avoid the air oxidation of Sn" in the reaction
solution, a quartz cell was filled with the reaction solution
and stoppered without any empty space, the stopper was
then wrapped two-fold with polyethylene sheets. The
concentration of Sn" in the cell did not decrease more than a

few per cent within 2 or 3 d. The total concentrations of Sn"

and Rh™ were determined in each run.

Measurements. The spectral change in the reaction
solution was measured with a HITACHI 340 spectrophotom-
eter equipped with a thermospacer cell compartment.
The temperature of the reaction solution in the cell
was thermostated at 25.04-0.3, 40.040.1, and 55.040.3°C.
A micro-computer was connected to the spectrophotom-
eter to memorize the absorption curves at predetermined
times and to calculate the rate constants by the method of least
squares.

Kinetic Measurements. Figure 1 shows a typical
example of the spectral change in the reaction solution. The
absorptions at 402 and 560 nm were used independently for
the kinetic analyses. Since Sn", Cl-, and H* were in a large
excess of the rhodium(IIl) complex, the pseudo-first-order

method was used for the analyses. Because the absorption at
560 nm originated only from the product, the purple species,
the change in the absorption at 560 nm(A4se) was used to
determine the pseudo-first-order rate constant (kobsa(560))
according to Eq. 1:

d(A45e0)/dt = E4psa(560) - (4560, — Aseo)- (1)

When absorption curves during the reaction were corrected
for the contribution of the purple species, the absorption
curves showed a maximum around 402 nm. The corrected
absorption at 402 nm(4402) was assumed to be proportional to
the total concentration of the rhodium(III) complexes, which
were in rapid equilibria with each other; A402 was also used to
determine the pseudo-first-order rate constant, kobsa(402),
according to Eq. 2:

_d(Aaoz)/d‘ = kobsd(402)'(A4oz)~ (2)

The spectral change at 402 nm was much greater than that at
any other wavelength.

To determine the dependences of kobsa ON [Sn"] and [H+],
[Snn]total was changed over the range of 0.02—0.06 mol dm—3
and [H*)iwow, over that of 0.25—3.0 mol dm=3. The total
concentration of Cl~ was changed over the range of 1.8—4.5
mol dm=3. However, since the formation of the purple species
was inhibited somewhat by the presence of perchloric acid,
and since the reaction proceeded in a different way for
[HClO4]> 1.8 mol dm™3, lithium chloride was added to the
reaction solution, ignoring the increase in ionic strength in
the cases of [Cl~]iota>>3.4 mol dm—3,
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Fig. 1. An example of the spectral change of the
reaction solution at 40.0°C. [Rh]ya=7.45X10-5
mol dm=3, [Sn"],1=0.0568 mol dm~3
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Results and Discussion

Reaction Product. The spectrum of the purple
solution has been well established. The purple species
can be assumed to be [Rh(SnCls)s]3~ (the rhodium(I)
complex) on the basis of the complex salt obtained from
the purple solution, [Rh™(NH3)s)s[Rh'(SnCls)4(SnCls)]-
[SnClg)-4H20,® and on the basis of Sn-119 NMR
studies of the Rh™-Sn" system in a hydrochloric acid
solution.?

Reactants. Figure 2 shows an example of the
conventional plots of the change in the absorptions at
402 and 560 nm. Two independent reaction paths, fast
and slow ones, were generally observed under the
conditions of [Sn"]m.,|>0.02 mol dm™3. The formation
of the rhodium(I) complex through the slow path was
only a few per cent, and its rate constant could not be
determined accurately. Therefore, data on the slow
path were used mainly for determining accurately the
pseudo-first-order rate constant of the fast path.

Some of the kinetic results at 40.0°C are listed in
Table 1. In each run, kobsa(560) agrees with kobsa(402)
within the limits of experimental error. This supports
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Fig. 2. The change in the absorptions at 402 and
560 nm.
log Aoz vs. time(Q), and log (Ase0,00—As60)/ As60,00 V.
time(@®). [(CHa)sN]3[RhCl3(SnCls)s] was dissolved at
55.0°C. [Rhliota=1.96%10% mol dm=3, [Sn"}iota1=
0.0574 mol dm™3.
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the assumption on the absorption at 402 nm in the
Experimental section. When the absorption curves
during the reaction were corrected for the contributions
of the rhodium(I) complex and of the reaction mixture
involved in the slow path and were expressed as the
molar absorption curves with respect to the total
rhodium(III) complexes involved in the fast path, all
the absorption curves gave almost the same curve in a
kinetic run except during the last period of the reaction.
However, the curve did not agree with the absorption
curves of the tris complex nor with that of the tetrakis
complex, and it varied with such reaction conditions as
[Snn]total-

It is reasonable to consider that equilibria among the
rhodium(III) complexes are present in relation to
[Snn]wm, that one of the rhodium(III) complexes is
the true reactant, and also that the equilibria are
established rapidly enough for the rate of the reaction.
The total rhodium(III) complexes in equilibria will
hereafter be called “the yellow species” (Y); especially,
the yellow species involved in the fast reaction path will
be abbreviated as Y. The mean molar-absorption
coefficients of Yi, &Yi) were much greater than the
molar-absorption coefficients of [(CH3)aN 3l RhCla(SnClz)s]
(the tris complex) or [(CH3)sN]s[RhCl2(SnCls)4] (the
tetrakis complex), as is shown in Fig. 3. Furthermore,
the absorptions of the pentakis and the hexakis
complex are not expected to be large enough to ex-
plain the absorptions of Y. The molar-absorption
coefficients of Y1 can be explained on the basis of the
interaction absorption between SnCls~ and the tetrakis
complex, Ys. The interaction absorption, IA, per mole
of Y4 can be defined as Eq. 3:

IA = e(Y;) — e(Y,), (3)

where ¢(Y1) is the mean molar-absorption coefficient of
Y1, and &(Y4) is the molar-absorption coefficient of the
tetrakis complex. Plots of IA at 402 nm vs. [SnCls~] are
shown in Fig. 4. The values of [SnCls~] were calculated
as will be described below. In Fig. 4, there is a linear
relationship by which the straight line passes through
the point of origin, the molar-absorption coefficient of
Ys. The relationship held at the other wavelengths as
well. Itis certain that these relationships are caused by
the interaction absorption. It is also indicated that the
tetrakis complex is the predominant species among the

TABLE 1. THE PSEUDO-FIRST-ORDER RATE CONSTANTS at 40.01+0.1 °C
Complex® [Sn"eotan Eobsa(560) Robsa(402)
(M=[(CHa)sN]) mol dm-3 104 st 10—4 -1

Mj3[RhCl3(SnCls)s] 0.0197 0.44210.001 0.401£0.006

0.0280 1.4240.00 1.4140.00

0.0288 1.38+0.16 1.2710.01

0.0449 3.08+0.01 3.0310.01

0.0568 5.231+0.09 5.1910.04
Mj3[RhClz(SnCls)4] 0.0173 0.4241+0.003 0.42510.002
0.0256 0.968+0.004 0.97410.005

0.0378 2.3710.01 2.5010.03

0.0587 6.1310.61 5.8210.35

a) The complex used to prepare the reaction solution. Reaction solution: [HC1]=3.0 moldm™3. [Sn“]+[Zn“]=0.2 mol

dm™3,
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Fig. 3. The mean molar absorption coefficient of Y.
[(CH324N]3[RhCla(SnCls)a] was dissolved at 40.0°C
in Sn" solutions of various concentration of Sn":
[Sn}eta’mol dm=3; (1) 0.0568, (2) 0.0449, (3) 0.0280,
(4) 0.0197. Spectrum of [RhCl(SnCls)4]3~ (A), and
that of [RhCl3(SnCl3)3]*~ (B) were taken from Ref. 1.
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Fig. 4. The interaction absorption between the
tetrakis complex and SnCls~. Ka(HSnCl3)=2. The
absorptions at 402 nm were used.

rhodium(III) complexes in these reacuon solutions.

The interaction absorption in Sn™-Sn" in a hydro-
chloric acid solution? has been assumed to occur
through a CI- bridge between Sn" and Sn'V.® The
Moéssbauer spectra of the rhodium(III) complexes sug-
gested that the coorldnaung Sn atoms were rather
more similar to Sn'" than to Sn™. Accordmgly, the interac-
tion absorption between [RhClz(SnCls)4}3~ and SnCls~
in the reaction solution can be considered to occur
with an associated species such as [(SnCls)s-
CI3RhSnCl3--SnCls}¢-.

Rate Law.  InFig. 5, the logarithm of the means
of kobsa(560) and kobsa(402), namely, kobsa, are plotted
against the total concentration of Sn I In the figure, the
kobsa’s for the reaction solutions prepared by dissolving
the tris complex or the tetrakis complex are distributed
on the same line. This also confirms the idea regarding
the yellow species in the equilibria. The slopes of the
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Fig. 5. The effect of [Sn"}uw on kobsd.
O: 25.0°C, the starting materials (s.m.)=the tris
complex, ®@: 40.0°C, s.m.=the tris complex, ©:
40.0°C, s.m.=the tetrakis complex, @®: 55.0°C,
s.m.=the tris complex.

lines were 1.8240.02 at 25.0°C, 2.034-0.06 at 40.0 °C,
and 2.314-0.02 at 55.0°C. The slopes increased with an
increase in the temperature.

The slope for the plot of log kobsa vs. log [Cl™]iotal at
40.0°C was —2.0. Since the total concentration of Sn"
could not be kept absolutely constant in the series of
experiments, the rate constants, kobsa’s, obtained were
corrected according to the dependence on the
concentration of Sn' described above. As perchlorate
ions inhibited the progress of the formation of the
rhodium(I) complex, the concentration of Cl~ was not
changed over a wide range; the ionic strengths of the
reaction solutions used ranges from 3.60 to 4.68 mol

dm=3. In order to examine the effect of the ionic
strength, the solutions with the following com-
positions were compared: Soln A; [LiCl]=2.75

mol dm‘3 [HCI]—O 25 mol dm™3, [Cl Jtota=3.4 mol
dm=3, [Sn"ew= 0.038 mol dm=3, [Zn"):c=0.16 mol
dm-3, I(ionic strength)=3.6 mol dm=3. Soln B; [CaCl]=
1.375moldm—3, [HCl] 0.25moldm™3, [Cl ]wm—
3.4moldm=3, [Sn"];6:a=0.038 mol dm 3, [Zn ]wzal—
0.16 moldm=3, I=4.98 moldm~3. The A and B solu-
tions had the same concentrations of Cl- and Sn",
but different ionic strengths. The kopa was 6.7 X104
s~! for the A solution and 7.0X10~4s~! for the B.
Consequently, the variation in the ionic strength to
such an extent had little effect on kobss. The dependence
was —1.954-0.04 for [Cl7 )i in the range from 2.55 to
4.47 mol dm™3.

The slope for the plot of log kobsa vs. log [H* Jioral at
40.0 °C was —0.404-0.03. The corrections for slight
variations in [Sn"]iw were made similarly to the case of
the [Cl~] dependency.

A kinetic run was carried out in the presence of
1600 times as much [Sn''] as [Rh™" complex)iou. The
observed rate constant for the fast reaction path Kobsd,
was not influenced by the presence of [Sn ] thls
suggested that the redox equilibrium, RhI +
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Sn"=Rh'4+Sn',was not involved in the processes
before the rate-determining step.

These results for the fast reaction path at 40.0 °C can
be summarized as in Eq. 4:

kobsd o [sn"]total [Cl ]toul [H+]t,-o%a‘l [Sn"]?oul M (4)

We attemped to express the rate law in terms of the
concentrations of definite species instead of the total
concentrations. Since SnCls~ behaved as a ligand, the
concentraion of SnCla was used in place of the total
concentraion of Sn™. In the calculation, the formation
constants of ZnCl+, ZnCls, and ZnCls~,® and of SnCl+,
SnClz and SnCl3~,” and the acid-dissociation constants
of HZnCl3 and HSnCl3s were taken into account. The
present experiments were carried out at temperatures
different from those in the literature; the differences
were corrected by using the thermodynamic data in the
literature to estimate the formation constants of the
zinc-chloro and tin-chloro complexes. Although hydrogen
trichlorostannate(II), HSnCls, has been reported to be
a weak acid, 9 the dissociation constant, K,(HSnCls),
has not been measured. Therefore, K. (HSnCls) was
assumed to be 0.1, 1, 2, 5, 10, and . On the other
hand, since the value of K, (HZnCls) previously
reported® was considered to be too small, K,(HZnCl3)
was measured at [Cl~Jita=3 mol dm~2 and found to
be 4.9 £ 1.5at 40.0°C (I=3.0 mol dm~3) by the potentio-
metric-titration method. By the use of these values,
the dependencies were expressed at 40.0°C as follows:

K(HSnCL) = 0.1 kgy,q oc [SnCly~]2-0[Cl-]-1-$[H*]t-2

[SnCl,~]2-0[C1-]-1-8[H*]o-3

2 [SnCl,~]2-°[Cl-]~2-°[H[+]0-1
5 [SnCl,~]2-0[Cl-]-2-1[H+] -0
10 [SnCl,~]2-°[CI-]-2-1[H*]-°-2
© [SnCl,~]%-°[Cl-]-2-2[H*] 03,
©)

In the range of K.(HSnCls) values described above, the
rate of the fast reaction path was always second-order
with respect to the concentration of SnCls~. When
K.(HSnCl3) was set at 2, the rate constant, kobsa was
almost independent of the hydrogen concentration. It
was possible that H* participated only in the acid-
dissociation equilibrium of HSnCls. The kinetic order
of the concentration of Cl- was in the range from —1.8
to —2.2. In the experiments concerning the effect of the
CI~ concentration on the fast reaction path, the
concentration of Cl~ was somewhat changed. In the
case of K, (HSnCl3)=2, the reaction order of [Cl~] was
an integer, —2.0. It is probable that K,(HSnCls)=2.

Reaction Routes. Several reaction routes were
possible and so were considered. However, none of
them could be chosen as the most probable one, because
the reactant involved in the rate-determining step was
not identified. As examples, two possible reaction
routes are shown in Scheme 1.

In Route (1), the yellow species involved in the fast
reaction path, Y, are considered to be an equilibrium
mixture of the tris (Y3), the tetrakis (Y4), the pentakis
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Yellow Species: Y = Yy + Yy

Fast path
Route (1) K, K; K,
L- L- L- r.d.s.
YoYse= Y, = Y, = Y; Y, —
cr- cr- cr-
[RhIL]4- + Sn!VCl,*+
Route (2)
L- L- L-
Y Y, = Y, == Y, = [RhUL]*- =
cr- cr- cr-
[L,RhSnCl;- -SnCl,]*~; Y5-SnCl,
.d.s.
Y;-SnCl, —— [RhLgJ* + Sn'Cl,*
Slow path Yy -------—-- > [RhIL;}¢
Scheme 1. Possible reaction routes. . L = SnCl,, Y; =
[RhCLL,]*, = [RhCLL,}*", Y, = [RhCIL*",
Y, = [RhLg]®". r.d.s. represents rate-determining step.

K, = [YJICI)/[Y,][L],  K; = [Y5][CI)/[YIL7),

= [YJ[CI")/[Y,][L7].

(Ys), and the hexakis(Ys) complex. The rate-deter-
mining step is assumed to be the reaction of Ys; it
is assumed not to involve SnCls~. The construction
of a model of the hexakis complex shows that six
trichlorostannato(Il) ligands can coordinate to the
rhodium(III) atom when the Cl-Sn-Cl angles are small
enough.

On the basis of the reaction Route (1) (in Scheme 1),
konsa 18 expressed as follows:

hs = kKKK [SCly 12 . (6)

© [CI"P+ K,[SnCl,"] [CI"]* + K, K, [SnCly "] [C17] + K KoK, [SnCl, 7]

In Eq. 6, the first term of the denominator is attributed
to the tris complex(Ys); the second term, to the tetrakis
complex(Y4); the third term, to the pentakis complex
(Ys), and the fourth term, to the hexakis complex(Ys).
When the tetrakis complex is the predominant
species in the equilibrium mixture(Y1), the following
relationship is derived:

Rovsa = k1K Kg[SnCl,~]2[Cl7] 2 (7)
This is in agreement with the derived rate law when
K.(HSnCls) is assumed to be 2 in Eq. 5. In Fig. 5, the
kovsa’s obtained at low [SnCls~] values are found
somewhat below the line with a slope of 2, which
suggests that, in the reaction solution with a low
[SnClz~], small amounts of the tris complex are present
together with the major species, the tetrakis complex.

Route (2) (in Scheme 1) also satisfies the observed rate
law when the tetrakis complex is predominant in the
reactant mixture. The intermediate, Y5’-SnCls, can be
assumed because it is similar to the intermediate® in the
exchange reaction of Sn" and Sn" in hydrochloric acid
solutions.

As to the temperature effect on the reaction, the slope
of 10g kobsa vs. 10g [Sn™ o increased with the increase in
the temperature, as may be seen from Fig. 5. This is
explained by the shift of the equilibria among the
rhodium(III) complexes due to the temperature; that s,
at a higher temperature the tetrakis complex dissociates
to the tris complex, whereas at a lower temperature the
pentakis complex comes to be formed.1?

It was found that the formation of the purple species
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was generally accelerated by light irradiation. When
[(CH3)4N]Js[RhClg(SnClsz)2] was used as the starting
material, the reaction was complicated and was greatly
accelerated by light irradiation.

From this study, it was found clearly that the
equilibria concerning the rhodium(III)-trichlorostannato
complexes were rapidly established in the process of the
formation reaction of the rhodium(I) complex. The
reduction of the rhodium(III) complexes was not
involved in the equilibria. It has been stated that
anionic complexes of Rh™ are kinetically labile.1? Our
results were consistent with this view.

The present work was partially supported by a
Grant-in-Aid for Scientific Research, No. 56470042,
from the Ministry of Education, Science and Culture.
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