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Complexes with the general formula of [Ruy,(RCOO),X], where R=H, X=Cl, or Br; R=Me, X=Cl, Br,
I, SCN, NO;, or MeCOO; R=ph, X=Cl, or Br, were prepared. The magnetic properties, conductivities,
polarographic behavior, and infrared spectra of these complexes were investigated. All the complexes show
magnetic moments of 2.84—2.96 B.M., and their susceptibilities, at from about 300 to 100°K, can be fitted to

the Curie-Weiss law with negative values of the Weiss constant (= —30——60°K).
Monochloroacetato-, and trichloroacetatoruthenium complexes ([Ru,(CH,CICOO),Cl]-2H,O

and [Ru(OH)(CCl;COO),(H,0)]) were also prepared.

be isostructural.

Carboxylatoruthenium complexes of the [Ru,-
(RCOO),Cl] (R=Me, Et, n-Pr) type have been
prepared by the reaction of hydrated ruthenium
trichloride with carboxylic acid-acid anhydride mix-
tures, and the complexes have been formulated as
containing Ru(II) and Ru(III).» [Ru,y(RCOO),Cl]
(R=H, Me) complexes have also been obtained by

1) T. A. Stephenson and G. Wilkinson, J. Inorg. Nucl, Chem.,
28, 2285 (1966).

These complexes seem to

the reaction of ruthenium(III and IV) chlorides with
acetic or formic acid in a sealed tube.? An X-ray
investigation of the analogue butyrato complex has
recently been accomplished.® In this study, formato-,
acetato-, and benzoatoruthenium complexes were

2) M. Mukaida, T. Nomura, and T. Ishimori, This Bulletin,
40, 2462 (1967).

3) M. J. Bennett, K, G, Caulton, and F. A. Cotton, Inorg.
Chem., 8, 1 (1969).



2144

prepared and their properties were investigated.
Monochloroacetato- and trichloroacetatoruthenium
complexes, [Ru,(CH,CICOO),CI]-2H,0 and [Ru-
(OH)(CCl;,CO0),(H,0)], were also prepared.

Experimental

Syntheses. [Ru,(MeCOO),Cl] (Complex [1]). A ruthe-
nium(III, IV)-hydrochloric acid solution (Ru, 250 mg) was
evaporated to dryness on a water bath. The residue was
dissolved in 12N acetic acid (30 m!) and then gently heated
for about 100 min at 110°C in a sealed, stainless-steel (SUS
32) tube. The solution thus obtained was concentrated on a
water bath to prepare crystals. The crude crystals were
recrystallized from a 3N acetic acid solution. Brown crystals
were thus obtained; they were filtered and washed several
times with ethanol and ether, and then dried in wvacuwo, to
yield about 300 mg. The complex is poorly soluble both in
water and in methanol.

Found: Ru, 42.23; C, 20.3; H, 2.40; Cl, 7.17%. Calcd
for Ru,(MeCOO),Cl: Ru, 42.66; C, 20.27; H, 2.53; Cl,
7.49%,.

[Ruy,(MeCOO),Br] (Complex [2]), [Ruy(MeCOO),I]
(Complex [3]), and [Ruy,(MeCOO),SCN] (Complex [4])
were prepared by adding large amounts of sodium bromide,
sodium iodide, and potassium thiocyanate respectively to an
acetic acid solution of Complex [1]. Complex [2] is poorly
soluble both in water and in methanol, and Complexes [3]
and [4] are insoluble in these solvents.

Complex [2]. Found: Ru, 38.54; C, 18.7; H, 2.44; Br,
15.089%. Calcd for Ru,(MeCOO),Br: Ru, 39.00; C, 18.54;
H, 2.32; Br, 15.43%,.

Complex [3]. Found: Ru, 35.34; C, 17.3; H, 2.05; I,
21.30%. Calcd for Ruy(MeCOO),I: Ru, 35.76; C, 16.99;
H, 2.12; 1, 22.459%,.

Complex [4]. Found: C, 21.86; H, 2.12; N, 2.829%.
Calcd for Ru,(MeCOO),SCN: C, 21.77; H, 2.44; N, 2.82%,.

Ru,(MeCOO),NO;] (Complex [5]). An IN acetic acid
solution containing 500 mg of Complex [1] was passed through
an anion exchange column of Dowex 1-X4 (30 m/ of the
NO,;~ form). To the effluent, a 200-mg portion of potassium
nitrate was then added, and the solution was concentrated
on a water bath. The brown crystals thus obtained were
filtered, washed with water, methanol, and ether, and dried
in vacuo, to yield about 350 mg. The complex is poorly
soluble both in water and in methanol.

Found: C, 18.90; H, 2.48; N, 2.91%,. Calcd for Ru,(Me-
COO),NO,: C, 19.21; H, 2.42; N, 2.809%.

[Ru,(MeCOO),OCOMe] (Complex [6]). An 1IN acetic
acid solution containing 400 mg of Complex [1] was passed
through an anion exchange column of Dowex 1-X4 (30 ml/
of the SO,2- form). The effluent was concentrated on a
water bath. The brown crystals thus obtained were filtered,
washed with water, methanol, and ether, and dried in vacuo,
to yield about 200 mg. The complex is poorly soluble both
in water and in methanol.

Found: C, 23.58; H, 3.629%,.
OCOMe: G, 24.15; H, 3.04%,.

[Ruy,(HCOO),Cl] (Complex [7]). This complex was pre-
pared by the same procedure as was Complex [1], but using
formic acid, as was reported previously.?

[Ru,(HCOO),Br] (Complex [8]). The bromo-formato
complex was prepared by adding a large amount of sodium
bromide to a solution of Complex [7]. The complex is
poorly soluble both in water and in methanol.

Found: Ru, 43.35; C, 10.5; Br, 16.829%,. Calcd for Ru,-
(HCOO),Br: Ru, 43.73; C, 10.39; Br, 17.309%,.

Caled for Ru,(MeCOO),-
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[Ru,(phCOO),Cl] (Complex [9]). The chloro-formato
complex [7] (100 mg) was dissolved in a mixture of methanol
and water (30 m/-+30 m/), and then a methanol solution of
benzoic acid (100 mg/10 m/) was added to that solution.
The mixture thus obtained was kept at room temperature
for a week. The brown, crystalline material thus obtained
was filtered, washed with water, methanol, and ether, and
dried in vacuo, to yield about 150 mg. The complex is insoluble
in most organic solvents and in water.

Found: Ru, 28.04; C, 46.4; H, 2.61; Cl, 4.90%. Calced
for Ru,(phCOO),Cl: Ru, 27.98; C, 46.54; H, 2.77; Cl,
4.91%.

[Ru;(phCOO),Br] (Complex [10]). The bromo-benzoato
complex was prepared in the same way as was the chloro-
benzoato complex, using the bromo-formato complex [8] as
the starting material. (Yield, about 150 mg). The complex
is insoluble in most organic solvents and in water.

Found: Ru, 26.51; C, 43.9; H, 2.60; Br, 9.64%,. Calcd
for Ru,(phCOO),Br: Ru, 26.36; C, 43.85; H, 2.61; Br,
10.439%,.

[Ru,(CH,CICOO0),Cl]-2H,0 (Complex [11]). To Com-
plex [1] (200 mg) in a mixture of methanol (50 m!) and
water (50 ml!), a monochloroacetic acid solution (500 mg/
10 m/ H,O) was added. The solution was then kept at
room temperature for one or two weeks. The brown crystals
thus obtained were filtered, washed with methanol, and
ether, and dried in vacuo, to give 200 mg. Recrystallization

was made from a 2M monochloroacetic acid solution. The
complex is slightly soluble in methanol.
Found: Ru, 31.14; C, 15.52; H, 2.40; H,0, 5.859%,. Calcd

for Ru,(CH,CICOO),Cl-2H,O: Ru, 31.20; C, 14.83; H,
1.85; H,O, 5.55%.

[Ru(OH) (CC1;COO0),(H,0)] (Complex [12]). To a solu-
tion of Complex [1] (500 mg) in a mixture of methanol
(100 m!) and water (100 ml), trichloroacetic acid (8 g) was
added. The solution was then heated about 10 min. A
flaky, brown crystalline material was thus obtained; and it
was filtered, washed with water, and dried in a vacuum
line (10-3 mmHg), to give 200 mg. The complex is soluble
in most organic solvents.

Found: Ru, 22.02; C, 10.58; H, 0.61%. Calcd for Ru-
(OH)(CC1;CO00),(H,0): Ru, 21.87; C, 10.39; H, 0.87%.

Apparatus and Reagents. The molar conductivity was
measured with a Metrohm Konduktoskope E365, the IR
spectra, with Leitz 221, JASCO DS-301, and Hitachi EPI-L
IR spectrometers, and the molecular weight, with a Mecrolab
Osmometer 302. The magnetic susceptibility was measured
by the Gouy method.

Ruthenium (III, IV) in a hydrochloric acid solution was
prepared from a distillate of ruthenium (VIII) tetroxide
passed into an alcoholic acid solution. All the other reagents
used were of an analytical grade.

Results and Discussion

The complexes obtained are summarized in Table 1,
along with the magnetic data, the conductivity data,
the molecular weights, and the absorption maxima in
their visible spectra.

The chloro-acetato complex [1] and chloro-formato
complex [7] were prepared by the reaction of ruthenium-
(ITIT and IV) chloride with acetic and formic acid
respectively in a sealed tube. Complex [1] was con-
firmed by X-ray fluorometry to be free from contamina-
tion by the components of the sealed, stainless-steel
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TaBLE 1. THE CARBOXYLATORUTHENIUM COMPLEXES AND THEIR PROPERTIES
. o Visible absorption Molar
Co§plex Ct:hemul:al Xy 10 ’]13“1‘\/(1 C;)) spectraf‘)p conductivities® MOI‘echutlda;r
o ormuia (c.g:s.) (B.M.) my (e in parentheses) (mho cm-*) wets
1 Ru,(MeCOO),Cl 14.89 2.90 (20) 428 (793) 80 460°)
2 Ru,(MeCOO),Br 13.39 2.89 (23) 426—430 (787) 608°)
3 Ru,(MeCOO),I 12.11 2.85 (18)
4 Ru,(MeCOO),SCN 13.73 2.85 (19)
5 Ru,;(MeCOO),NO, 13.74 2.87 (19) 426—430 (798) 93
6 Ru,(MeCOO),0COMe 13.54 2.84 (20) 424—428 (830) 69
7 Ru,(HCOO),Cl 16.96 2.92 (24) 428—430 (774) 70 423
8 Ru,(HCOO) Br 15.77 2.94 (20) 428—430 (1160)
9 Ru,(phCOO0),Cl 10.08 2.96 (19)
10 Ru, (phCOO),Br 9.13 2.91 (20)
11 Ru,(CH,CICOO0),Cl1-2H,0" 11.28 2.99 (20) 435 (816) 79 648°)
12 Ru(OH) (CC1;CO0),(H,0) 3.54 2.10 (20) 460 (217) 3 461°)

a) Corrections for diamagnetism were made and effective magnetic moments in Bohr magnetons, gerr, were calculated
according to the formula, gert=8TXcors'/% where Xcorr is the molar susceptibility corrected for diamagnetism and

T is the absolute temperature.

b) The hydrated water was determined by the weight loss at 140°C.

¢) in MeOH (30°C), 10-3 mol/L.
d) in MeOH.

tube. The chloro-benzoato complex [9] was obtained
from a mixture of the chloro-formato complex [7] and
benzoic acid. The other acetato complexes [2]—[6]
were obtained from solutions of the chloro-acetato
complex [1] in acetic acid containing an excess of the
anions. A similar derivation can also be expected for
the chloro-formato complex [7]. The conversion from
the chloro-acetato complex [1] to the chloro-formato
complex [7], and vice versa, are possible. The mono-
chloroacetato and trichloro-acetato complexes, [11] and
[12], [Ruy(CH,CICOO),Cl]-2H,0 and [Ru(OH)-
(CC1,CO0),(H,0)], were obtained as reaction prod-

() (7)
Ru,(MeC00) ,Br —> Ru,(phC00) Br ¢— Ru, (HC00) 4Br

(1) I Ru, (phC00) ,C1 I (€)]
7 (7)
&) 2 ® N
Ru,(MeC00) ;T ¢— Ru,(MeC00) ,C1 (_7_9—)——> Ru, (HC00) ,C1
(3)
¥
Ru,(MeC00) ,SCN
(10 (4) (5 Ru, (MeC00) ,I
Ru,, (MeCO0) ,0COMe
u, (Me 4 ©
Ru,(MeC00) ;N0 ©

Ru,(CH,C1C00) ,C1+2H,0

Ru(0H) (CC14€00) , (H,0)

Fig. 1. Preparative conversion procedure of carboxylato-
ruthenium complexes.
1—3), 6): addition of the anions.
4,5): addition of the anions (after complex [1], chloro-
acetato complex, was passed through an anion exchanger
column).
7): crystallized from a mixture solution of complex [1],
[Ruy(MeCOO),Cl], or complex [7], [Ru,(HCOO),Cl],
and benzoic acid.
8,9): interconversion of acetato and formato complexes.
10): crystallized from a mixture solution of complex [1],
[Ruy(MeCOO),Cl], and monochloroacetic acid or tri-
chloroacetic acid.

4) The authors wish to thank Mr. Tadao Ooizumi of the
Rigaku Denki Co., Ltd., for this data.

e) The values in Table are twice the observed ones for 1:1 electrolytes.

ucts of Complex [1] and the corresponding mono-
carboxylic acid. In Fig. 1, these conversion pro-
cedures are shown schematically.

As has been described above, several monocar-
boxylatoruthenium complexes, [Ru,(RCOO),Cl] (R=
Me, Et, n-Pr), have been reported.) An X-ray dif-
fraction study of the analogous butyratoruthenium
complex has indicated that the complex contains
binuclear units consisting of two ruthenium atoms
bridged by four n-butyrato groups, and that these
binuclear units are linked by bridging chlorine atoms
into infinite zigzag chains.® The complexes of the
[Ru,(RCOO),X] type prepared in this study are
thought to be analogous to those reported in Refs. 1
and 3.

Conductivities and Molecular Weight. The molar
conductivities for Complexes [1], [5], [6], [7], and
[11] are within 70 to 90 mho cm~!, indicating that
these complexes are 1: 1-type electrolytes. The small
conductivity for Complex [12] suggests that the complex
is non-electrolyte. The chloride ion of Complex [1]
in an acetic acid solution was adsorbed quantitatively
by the NOj -form ion exchanger (Dowex 1-X4).
These facts suggest that the formato and acetato com-
plexes can dissociate into Ruy,(RCOO),(solvent)* and
X-, and that the cation formed is present without
decomposition.

The molecular weights measured for Complexes [1],
[2], [7], [11], and [12] support the formulae expected
for these complexes.

Polarographic ~ Measurement. The polarographic
behavior of the [Ru,(OAc),]* cation has very recently
been described.? The acetato complex [1] gave two
polarographic waves when acetic acid was used as the
supporting electrolyte (Fig. 2). One of them is the
oxidation wave of mercury in the presence of the
chloride ion; this supports the idea that the complex

5) F. A. Cotton, J. G. Norman, A. Spencer, and G. Wilkinson,
Chem. Commun., 1971, 967.
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TABLE 2. THE MAGNETIC SUSCEPTIBILITY AND EFFECTIVE MAGNETIC MOMENT PER RUTHENIUM ATOM OF THE
CARBOXYLATORUTHENIUM COMPLEXES AT VARIOUS TEMPERATURES

[Ru,(MeCOO),Cl] M.W: 473.5; Diamagnetic correction: 135X 1078;

Temp. (K):-+ 277.6 262.5 227.9 227.6 202.8 168.2 129.8 98.6
108X, «oeeeeees 3496.5 3666.9 4152.9 4147.0 4578.5 5440.2 6484.6 7991.3
Pogg +veneenens 2.79 2.77 2.75 2.75 2.73 2.71 2.59 2.51
[Ru,(HCOO),Cl] M.W.: 417.5; Diamagnetic correction: 88 x 107¢;
Temp. (K)--- 268.6 257.6 232.8 220.1 198.1 174.3 150.5 129.0 89.0
100X, «evvenes 3616.7 3705.5 4016.5 4187.3 4554 .4 5040.7 5583.3 6195.9 7683.2
Hogg serereeseees 2.79 2.76 2.74 2.72 2.69 2.65 2.59 2.53 2.34
[Ru,(CeH;COO0),Cl] M.W: 721.9; Diamagnetic correction: 244X 1075;
Temp. (K)--- 269.8 256.8 235.1 211.9 173.6 149.7 125.8 103.8
106X, +voveeees 3815.7 3996.9 4295.7 4669.1 5490.9 6044.6 6831.1 7714 .4
Pogg +ooereeeees 2.87 2.87 2.8¢ 2.8 2.76 2.69 2.62 2.53
wave as that of Complex [1] except for the oxidation
wave due to the chloride ion. The reversibilities of
the second step were confirmed by the measurement of
2 the A. C. polarogram. The log-plot analysis of the
reduction wave gave linear relations, with a reciprocal
slope following into 63 mV. These facts indicate that
G s the electrode reduction of the complex solutions pro-

E (V vs. SCE)
Fig. 2. D.C. polarogram of [Ru,(MeCOO),Cl], [1].

concentration=1 mM complex [1]. supporting electrolyte=
0.5M acetato buffer+0.5M KNO;-+0.005%, gelatin.
pH=>5.0, 25°C.

Dotted line indicates the curve for the supporting electrolyte
only.

in an aqueous solution dissociates to give the chloride
ion. The other wave (E;/,=-0.06 V vs S.C.E.) results
from the reduction of the complex. The nitrato-
acetato complex [5] also gave the same polarographic

TABLE 3.

ceeds reversibly in the usual polarographic sense; the
reduction is thought to be a one-electron one on the
basis of the diffusion current.
Magnetic Property and Visible Absorption Spectra.

As is shown in Table 1, Complexes [1]—[10] have
effective magnetic moments of 2.84—2.96 B.M. at
room temperature. The values are significantly higher
than the spin-only moment for a binuclear ruthenium-
(IT, III) complex with a single unpaired electron.
The temperature variation in the experimental atomic
susceptibilities and effective magnetic moments of
Complexes [1]—[3] and [7]—[10] were also examined.
The data for Complexes [1], [7], and [9] are given
in Table 2. The reciprocal susceptibilities varied
linearly with the temperature and obeyed the Curie-
Weiss law with 0 over the range of —30——60°K.
These results are similar to those obtained by
Stephenson et al.V) Bennett, Caulton, and Cotton
have explained the effective magnetic moments of
[Ruy(RCOO),CI] complexes by saying that the para-
magnetism indicates three unpaired electrons per pair
of metal atoms. They also suggested that the two
ruthenium atoms in the complexes exist in the same
nonintegral oxidation state of 42.5.3)

INFRARED ABSORPTION BANDS (cm™) IN CARBOXYL STRETCHING FREQUENCY REGION OF [Ru,(HCOO),Cl],

[7], [Ruy(MeCOO),CI], [1], [Ruy(CH,CICOO0),Cl], [11],* Anp
[Ru(OH) (CCL,COO0),(H,0)1,[12]. (KBr disk).

Complex [1] Complex [117* Complex [7] Complex [12] ';zg;:;ZZts

1643 w 1618 m 1580 vw 1670 sh YansCOO (7))
1498 sh 1608 s } YaniiCOO
1480 s } 1598 sp

1470 sh 1488 sh

1444 s 1427 s {v,m“COO and

1420 sh 1397 sh Y5y GOO

1402 sp 1350 sh
1336 vs 1380 s VsymCOO

a) dehydrated complex.
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The monochloroacetato complex [11], [Ru,(CH,CI-
CO0),Cl}-2H,0, shows a magnetic moment close to
that of the acetato complex, suggesting a similar dimeric
structure. On the other hand, the magnetic moment
of the trichloroacetato complex [12], [Ru(OH)-
(CCL,CO0),(H,0)], is reasonable compared with the
values reported for Ru(IlI) complexes.®

The visible absorption spectra of the complexes of
the [Ruy(RCOO)X] type in a methanolic solution
were almost the same. Such data for analogous com-
plexes have also been reported.) The band has been
assigned to the by, —a;, and/or by, —a,, transitions using
a molecular orbital diagram for an M,X, species.?)
The absorption spectra of the trichloroacetato com-
plex [12], [Ru(OH)(CCL,COO0),(H,0)], was quite
different from those of other monocarboxylato com-
plexes, indicating that Complex [12] is different from
the other monocarboxylato complexes.

Infrared Specira. The infrared spectra of the
complexes were measured over the range of 4000—
200 cm~. The general features of the spectra of the
chloro-monocarboxylato complexes were very similar
to those of the corresponding bromo- and iodo-mono-
carboxylato complexes. No absorption bands due to
OH and H,O groups were found in Complexes [1]—
[10]. The infrared absorption bands in the carboxyl
stretching frequency region are shown in Table 3,
along with their tentative assignments.

The chloro-formato complex [7] displays two strong
absorption bands at 1480 and 1336 cm™! in the car-
boxyl-stretching frequency region. These bands can
be assigned to the antisymmetric and the symmetric
COO-stretching vibrations respectively. The separa-
tion (4=144 cm~1) between the two absorption bands
may indicate the symmetrical coordination of the
carboxyl groups.”

The chloro-acetato complex [1], however, shows a
strong band with several shoulders near 1444 cm™! in
this region; the band is very different in shape from
that in the chloro-formato complex. This carboxyl
band has been explained by assuming an overlapping
of the antisymmetric and symmetric COO-stretching
vibrations of a bridged carboxyl group.! Since the
antisymmetric COO-stretching frequency is known to
be sensitive to the electronic environment of a car-
boxylato ion,® the observed different features in the

6) B.N. Figgis and J. Lewis, “Modern Coordination Chem-
istry,” ed. by J. Lewis, R. G. Wilkins, Interscience Publ., New
York (1960), p. 448.

7) N. F. Curtis, J. Chem. Soc., A, 1968, 1579.

8) R. E. Kagarise, J. Phys. Chem., 59, 271 (1955); K. Kuroda
and M. Kubo, ibid., 64, 759 (1960).
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carboxyl region between the formato and the acetato
complexes are probably due to the difference in the
character of the coordinating carboxyl bands.

The monochloroacetato complex [11], [Ruy(CH,CI-
COO0),Cl]-2H,0, showed a carboxyl band similar to
that of the acetato complex. On the other hand, the
trichloroacetato complex [12], [Ru(OH)(CCl;COO),-
(HyO)], exhibited two characteristic peaks in this
region. These bands are thought to be due to the
antisymmetric and symmetric stretching vibrations of
the bidentate carboxyl groups respectively. The sepa-
ration between the two absorption bands for the tri-
chloroacetato complex [12], [Ru(OH)(CCl,COO),-
(H;O)], is appreciably larger than those of known
binuclear acetato metal complexes.? The increase in
the separation may reflect the considerable influence
of the halogens on the carboxyl vibrations of trichloro-
acetato groups.1?

It is possible to distinguish the complex type between
[Ru,(MeCOO),X] and [Ruy(MeCOO),]X on the
basis of the infrared spectra of the nitrato-caetato
complex [5]. Complex [5] shows N-O stretching
bands of the nitrato group at 1388, 1288, and 809 cm—1.
The observation of three absorption bands indicates
that the nitrato group in Complex [5] is present as a
coordinate ligand, according to the Gatehouse et al.
interpretation.!l)

With respect to the properties observed, a series of
complexes of the [Ruy(RCOO),X] type were very
similar. No remarkable substitution effect of R groups
or X groups was observed. This might be understood
on the basis of the structure for the butyrato complex.?

The trichloroacetato complex [12], [Ru(OH)-
(CCL;CO0),(H,0)], was thought to be monomeric.
Since the ruthenium(III) complexes prefer a six-
coordinated structure, the octahedral arrangement
appears probable.

The authors wish to express their appreciation to
Professor Gen P. Sato and Mr. Kunio Shimizu of
Sophia University for their helpful discussions and
for the measurement of the polarogram, and to Dr.
Eiichi Miki of St. Paul’s (Rikkyo) University for the
measurement of the IR spectra. Thanks are also due
to Mr. Norihiko Iida, Mr. Tsuguo Takaku, Mr. Kenji
Ogisu, Mr. Masahiko Hayashi, Mr. Hiroshi Ogata, and
Mr. Yujiro Saito for their technical assistance.

9) K. Nakamoto, Y. Morimoto, and A. E. Martell, J. Amer.
Chem. Soc., 83, 4528 (1961).

10) C. A. Agambar and K. G. Orrell, J. Chem. Soc., A, 1969,
897.

11) B. M. Gatehouse, S. E. Livingston, and R. S. Nyholm,
J. Chem. Soc., 1957, 4222,






