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Motto- and bis-2,2'-bipyridine-ruthenium(III) complexes have been identified as intermediates in the stepwise formation

of the tris-2,2’-bipyridine-ruthenium(II) complex ion.

made.

Tlie accumulation of considerable information on
the Fe(II) complexes with 2,2’-bipyridine made the
investigation of the corresponding ruthenium sys-
tem seem desirable, especially in view of the similar-
ity of the codrdination chemistry of the two metals.*
Since the common spectrophotometric techniques
for studying complexes involve their formation un-
der a variety of conditions in solution, an attempt
was made to find suitable means of preparing the
well-established complex? % [Ru(bipy);] *+, by solu-
tion techniques. The standard procedure for its
preparation involves heating RuCl; and 2,2’-bipy-
ridine at 250° for three hours and subsequently
isolating the complex as a salt such as [Ru(bipy)s]-
Cl;-6H,0.> In the process of finding a suitable
preparative scheme, new complexes of Ru(III) and
2,2’-bipyridine were obtained.

When commercial ruthenium chloride (about
409, RuCl; and 609% RuCly) and 2,2’-bipyridine
are refluxed together in dilute H,SO, (pH 2), the
first species noted is [Ru(bipy)]*++.? This first
complex is converted quite rapidly to a green
[Ru(bipy):(H:0).] T+ which is slowly converted on
continued heating to [Ru(bipy);]**, the final

product. The reactions are given by the equa-
tions
e
R le = [Rulbipy)] =+ ==
[Ru(bipy)(H.0)] 7+ 2 [Ru(bipy ] =" -

[Ru(bipy)s] =+ ¢

The green complex, [Ru(bipy):(H:0):]**+, may
be oxidized by Ce(IV) to a purple product and re-
duced by NaHSO; or H.SnCl, to a rose species.

If commercial ruthenium chloride is refluxed in
dilute HC! until the characteristic yellow chloro
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Evidence is
Coniparisous to the corresponding irou systeni are

complexes!® 't are obtained, aud then is refluxed
with 2,2"-bipyridine, the observed sequence of re-
actions is

Ru**+* (chlo —_— . 1 —
RE**** (comgl)exes) <= [Ru(bipy).CL] "=

[Ru(bipy)eCla] *+ = [Ru(bipy )] *+*

This investigation was concerned with the char-
acterization of [Ru(bipy)]+*+, [Ru(bipy):-
(H,O),] *++ and [Ru(bipy),Cl:]* and the elucida-
tion of the reactions outlined.

Experimental

Standardization of Ruthenium Solutions.—The Ru(I\")
content was obtained by using Crowell and Yost’s titrimet-
ric method.'? The procedure was altered by extracting
the iodine into chloroform and titrating to the disappear-
ance of the red color in a nitrogen atmosphere. The total
ruthenium concentration was determined colorimetrically
with thiourea.!?

Spectrophotometric Study.—When solutions of pure Ru-
(ITI) or Ru(IV) chloride are heated with excess 2,2'-bipyri-
dine, the only detectable product is the tris-2,2'-bipyridine-
ruthenium(II) ion. However, when commercial ruthenium
chloride (about 409, RuCl; and 609 RuCl,) is used, a green
species which exhibits maximum absorbance at 630 mpu is
noted. On continued heating, this green complex, [Ru-
(bipy)e(H:0)] =+, is slowly converted to [Ru(bipy)s] *+.
Since Ru(IV) reduces very slowly to Ru(III),' it was as-
sumed the Ru(III) was reacting preferentially—an assump-
tion that was borne out by the results obtained. In all of
the studies conducted, therefore, the concentration was cal-
culated for Ru(III) only.

The course of the reaction between 2,2’-bipyridine and
commercial ruthenium chloride in HSO; (pH 2) at reflux was
followed spectrophotometrically. At zero time the spectrum
is that of the commercial ruthenium chloride. As the re-
fluxing continues the spectrum of [Ru(bipy)] *** increases
in intensity for a short period and then begins to decrease.
As this decline occurs the characteristic absorption due to
[Ru(bipy )o( Ho0)o] *** rises slowly to a maximum and then
decreases. Following the decline of the [Ru(bipy )s(H:-
0);] **++ spectrum, the absorption due to [Ru(bipy): ="
slowly increases until complete formation is reached.
Figure 1 shows the spectrophotometric curve for each of the
three species at its maximum value.

Identification of [Ru(bipy)]**".—A continuous varia-
tion study of the first species formed upon heating commer-
cial ruthenium chloride and 2,2'-bipyridine (curve A, Fig.
1) was conducted at 70°. The maximum absorbance ob-
tained at 705 my for solutions containing 15.4 X 107 total
moles of reactants in 100 ml. at pH 2.0 was plotted against
the mole fraction of Ru(III). The fact that the plot attains
a maximum at 0.50 indicates the presence of a 1:1 complex.
It is assumed to be a complex of Ru(III) since both the in-
itial reactant and the subsequent 2:1 complex formed were
tervalent. The molar absorptivity was determined to be
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11,500 by measuring a series of solutions containing increas-
ing excesses of 2,2’-bipyridine,
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Fig. 1.—Transitions of the absorption spectrum upon

with 2,2'-bipyridine: A, first
B, second product [Ru(bipy).-
[Ru] +++ =

heating ruthenium(III)
product [Ru(bipy)]**+;
(H20)q] **++; C, final product [Ru(bipy)s] *+.

5.0 X 1078 M, [Bipy] = 1.6 X 107¢ M; General Electric
Recording Spectrophotometer; 10 mu band width; 1.00-cm.
cells; 25°.

It is known that interpretation of continuous variation
data can be misleading, particularly in systems where more
than one species may be present. However, in this case,
the stepwise formation is quite definite and little interfer-
ence of the various spectra is encountered.

Identification of [Ru(bipy)s(H;0):] ***.—Although [Ru-
(bipy)s] *** is green? or bluet (Fig. 2), it is shown by the
absorption spectrum to be different from the green [Ru-
(bipy )i(H0):] *** (Fig. 1)

Job’s method of contmuous variations!® was used to study
the green intermediate, [Ru(bipy)o(H:0):]**, at pH 2 at
70 and 100°. Stock solutions of the commercial ruthenium
chloride and 2,2’-bipyridine were mixed in varying ratios,
always keeping a total of 15.4 X 1078 mole of reactants in
100 ml. The maximum absorbance at 630 mu attained by
each mixture was plotted against the mole fraction of Ru-
(1II). The fact that each plot (70 and 100°) reaches a
maximum at 0.33 demoustrates that the complex absorbing
at 630 mu is [Ru(bipy):]|*~. The molar absorptivity was
determined to be 14,300.
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Fig. 2.—Absorption spectrum of ruthenium-bipyridine
complexes: A, [Ru(bipy);]**++ 9.5 X 107% M; B, [Ru-
(bipy)s] ¥+ 5.2 X 1078 M, General Electric Recording
Spectrophotometer; 10 mu band width; 1.00-cm. cells;
25°.

The green [Ru(bipy):]*»* was precipitated with perchlo-
rate ion. Analysis shows the empirical composition to be
[Ru(bipy).](Cl04);-3H,0. Found: C, 29.77; H, 3.12;
N, 6.95; Caled.: C, 29.44; H, 3.43; N, 6.85. Assuminga

(15) P. Job, Ann, chim., 9, 113 (1928).
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codrdination number of six for Ru(III) permits the formu-
lation [Ru(bipy)s(Hz0):](Cl04);-H,O.

Oxidation of [Ru(blpy 2(H90 o) *+ with Ce(1V) yields
a purple product (Fig. 3), and reduction with NaHSO; or
H;SnCl, yields a rose species (Fig. 3). The demonstration
that both products yield the starting material when the
reactions are reversed, indicates the existence of the bis-
2,2'-bipyridine complexes of Ru(IV) and Ru(1I).
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Fig. 3.—Absorption spectra for the oxidized and reduced
products of [Ru(bipy):(H:0):] *++ (2.5 X 1074 M): A,
oxidized; B, reduced. General Electric Recording Spec-
trophotometer; 10 mg band width; 1.00-cm. cells, 25°.

Effect of a Reducing Agent upon Complex Formation.—A
solution of 2.54 X 10=¢ M Ru(IIl) containing an excess of
2,2'-bipyridine at pH 1.9 was analyzed spectrophotometri-
cally during refluxing. In the presence of Na;SO; the time
required for [Ru(bipy);] ** to begin to form is reduced from
10 hours to 1mmediate1y, and no intermediate [Ru(bipyv).
(Hy0):] *** is observed. The increase in rate, which is
much greater than can be explained by the excess bipvridine,
indicates that the reduction of [Ru(bipy)s(H:0)] *** is
slow compared to the successive addition of a 2,2’-bipyridine
molecule to the [Ru(bipy)s] *+

Effect of Chloride Jon.—Refluxing commercial ruthenium
chloride in 1 3/ HCl causes the formation of a purple solution
which rapidly changes to yellow. Both colors are due to
chloro complexes of Ru(III) and/or Ru(IV).1011  Refluxing
the yellow solution of the chloro complexes with an equi-
molar amount of 2,2'-bipyridine at pH 2 results in the for-
mation of a red complex, [Ru(bipyv).Cly]*, while excess
2,2'-bipyridine causes the formation of [Ru(bipy);]*+*
These data demonstrate the difference in the path of the
formation of [Ru(bipy),] ** caused by having chloro com-
plexes of the Ru(IIl) present initially. This difference
explains the lack of intermediates when solutions of pure
Ru(III) and Ru(IV) are refluxed with 2,2’-bipyridine, since
their preparation requires heating in the presence of Cl—.
The absence of any red [Ru(bipy):Cl] * in the presence of
excess 2,2'-bipyridine is readily explained by the observa-
tion that refluxing [Ru(bipy).Cls] * with excess 2,2'-bipyri-
dine causes its rapid conversion to [Ru(bipy);]**. The
composition of [Ru(bipy).Cly]* is inferred from its rapid
formation when [Ru(bipy):(H:0).]**+ is warmed with
dilute HCI.

Discussion

In the proposed mechanism the reduction step is
indicated as taking place with the 2:1 complex
since the rate of formation of [Ru(bipy)s]*+ from
[Ru(bipy):(H,0): | +*+ was greatly accelerated by
the addition of a reducmg agent. In addition, at
no stage in the reaction was there any sign of the
presence of [Ru(bipy);]+++ which is known to have
absorption maxima at 418 and 680 mu.
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The possibility that Ru(IV) is reacting in appre-
ciable concentrations to form [Ru(bipy),H,0),]**+
seems unlikely due to its known slow rate of reduc-
tion and the lack of any evidence for additional
complexes which might be expected. In addition,
test calculations of the molar ratio and continuous
variation studies assuming that Ru(IV) is reacting
alone or in combination with Ru{III) give meaning-
less results. However, it would be expected that
quantitative studies of the formation of [Ru-
(bipy)s]*+ could not be justified in the same mau-
ner due to the reduction step involved and the much
longer periods of heating required.

Comparison to the Iron System.—The reaction
between Fe(III) and 2,2-bipyridine to give
(Fe(bipy);]*t+ differs from the analogous reaction
with Ru(IIT) in that the Fe(III) reaction gives no
indication of the formation of intermediates. Simon
and Haufe!® state that there is no reaction between
Fe(III) and 2,2’-bipyridine in aqueous media, but
rather that the reaction is

Fet++ ——> Fet+ > [Fe(bipy)g] + 4

However, there is the possibility that the Fe(III)
complexes do form, but that successive complexes
form at a rate such that their presence has not been
detected.

Considering the complexes individually, each
nietal, when in the bivalent state, forms a complex
of great stability. The tervalent 3:1 complexes of
both have been prepared by oxidation of the biva-
lent forms and are strong oxidizing agents. Al-
though Ru(II), Ru(I1I) and Ru(IV) all apparently
form bis complexes with 2,2’'-bipyridine, there is no
reliable evidence for the existence of analogous iron

(18) A, Simon and W. Haufe, Z. anorg. allgem. Chem., 230, 160
(1951).
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complexes in solution. Mono-2,2’-bipyridine com-
plexes of Fe(IT)" and Fe(III)® have beeu character-
ized. The present investigation is the first preseu-
tation of evidence for the [Ru(bipy)]*+* complex.
The ruthenium complexes demonstrate the neces-
sity of considering elevated temnperatures when
seeking evidence of complex formation.

Dwyer!® has recently prepared solid [Fe(bipy)s-
Cl,], [Fe(bipy)Cl] and [Fe(phen),Cl,] by removal
of the orgauic base fromn the corresponding tris
complexes at elevated temperatures in racuo. Dis-
solution of these solids gave only the tris complexes,
however.

The rates of reaction of Ru(II) and Fe(II) differ
quite markedly from those of the corresponding
tervalent ions. The Fe(II) reaction is essentially
instantaneous. Qualitative data indicate that the
Ru(II) reaction is considerably faster than the cor-
responding Ru(III) reaction, but still much slower
than that of Fe(II).

In summary, it can be said that these two Group
VIII metals are quite different in their reactions
with 2,2'-bipyridine. A study of the osmium sys-
tem would be of iunterest since osmium would be
expected to be qualitatively more similar to ruthe-
nium than to iromn.
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Values of stability constants of complexes of uranium(IV) with chloride, sulfate and thiocyanate have been determined

at ionic strength 2.0 at 10, 25 and 40°.
was emplayed.

A quantitative study of the extraction of tetra-
valent uranium into benzene by the action of the
organic chelating agent 2-thenoyltrifluoroacetone
(TTA) has been reported by Betts and Leigh.?
It was found that uranium (IV) was extracted into
benzene as a neutral molecule containing four che-
late groups per metal atom. Betts and Leigh also
studied the extraction from aqueous solutions
of sulfuric acid and found the existence of at least
two complex species, U(SO,) *+ and U(SO,).. They
reported values of the stability constants of these

(1) R.IT. Bettsand R. M. Leigh, Can. J. Research, B8, 514 (1950).

The salvent extraction method, using 2-thenoyltrifluoroacetoue as a clielating agent,
Values for the changes in free euergy, heat content aund entropy at 25° are reported.

complexes but their method of calculation was
questioned hy Sullivan and Hindman? who recalcu-
lated their results by several methods. Ahrland and
Larsson?® reported stability constants of uranium-
(IV) with chloride and thiocyanate at 20° and ionic
strength 1.00. They employed a potentiometric
method for their measurements.
The purpase of the present work was to study the
stability of some uranium(IV) complexes at dif-
(2) J. C. Sullivan and J. C. Hindman, THis JoUrNaL, T4, 609
(1952).
' (3))S. Ahrland and R, Larsson, Acig Chem, Scand., 8, 137 (1954).



