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TABLE I 
SPECTRAL DATA FOR REDUCED 2 : 18 ANIONS IN 

THE VISIBLE AND NEAR-INFRARED SPECTRA 
Anion ----Positiona (intensityb) of maxima- 

13.2 (11,000), 9.0 shC (4600) 
14.8 (19,400), 11.2 sh (12,000) 
16.7 (27,600), 14.5 sh (23,800) 

HzPzMoi80626- 
H4PzMo1806z6- 
HePzMois06z6- 
A-PZW18062’- 13.3 (6000), 11.2 (5400) 
A-PzW180628- 14.1 (13,100), 11.3 sh (6200) 
A-HzP2Wis0ez8- 15.4 (25,800), 9.5 (13,000) 
A-Hd?2Wi80ez8- 28.0 (13,000), 16.5 (23,000), 11.2 (13,000) 
B - P z W ~ S O ~ ~ ~ -  14.0 sh (3600), 11.0 (4400) 
B-PzW18062~- 
B-HzPzWisOez8- 
B-H4PzW180ez~- 

14.4 (10,600), 10.7 sh (6600) 
16.0 (23,300), 10.2 sh (12,200) 
29.0 (9500), 17.1 (23,800), 10.8 sh (9100) 

a kK; uncertainty zt0.2 kK. Molar absorptivity, il00 1. 
mol-’ cm-1. c Shoulder. 

isostructural polytungstate. In  support of such an 
argument applied to the bronzes, it  may be noted that 
the molybdenum bronzes M,Mo03 become metallic 
only when x exceeds ca. 0.5. Thus Rbo.27Mo03 and 
Rb0.41--o.uMo03 are both semiconductors while K-0.6- 

MOOS is metallic. l6 
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six-electron blues of the tungstophosphates is not 
paralleled in the spectrum of the corresponding molybdo- 
phosphate. We suggest that this change reflects a 
transition to a more delocalized (class 111-A) structure 
for the former species.8 An analogous transition (semi- 
conductor to metal) has been noted with the tungsten 
bronzes M,W03 and seems to occur a t  x = ca. 0.25 
for both these  material^^,'^ and the related species 
W03-,F, and W1--zRez03.11 For the bronzes, where 
the transition metal cations are quite widely separated 
(ca. 5.4 A), the evidence seems to be in favor of a 
conduction band formed through overlap of the tzs 
orbitals of the tungsten (rhenium) atoms with the 
appropriate p orbitals of the oxygens.12 According to 
this model, distortions of the WO6 octahedra occur a t  
low x values leading to a permanent electric moment 
and the quenching of metallic conduction. In the 
heteropolytungstates the tungsten atoms are closer 
together (ca. 3.4 A) than in the bronzes and it would 
seem that “delocalization” of the electrons could occur 
through direct metal-metal orbital overlap, when the 
concentration of added electrons is sufficiently great. 
An analogous model had once been favored for the 
bronzes. la 

According to its spectrum no analogous transition 
has occurred in the six-electron blue of P2Mols0626-, 
which is isostructural with the B isomer of the tung- 
state.14 It is to be expected, in view of the smaller size 
of the 4d compared with the 5d orbitals, that transition 
to  a class 111-A species would require a higher concentra- 
tion of added electrons in a polymolybdate than in an 

(8) An atomic structural rearrangement is unlikely in view of the fact 
tha t  the blue solutions can be rapidly reoxidized without isomerization oc- 
curring, thus demonstrating the inertness of the polytungstate networks. 
(9) M. J. Sienko and T. B. N. Truong, J. Am. Chem. Soc., 83, 3939 

(1961). 
(10) In this connection we may note tha t  the reflectance spectra of 

tungsten bronzes are formally similar to those reported here in tha t  the 
former show a broad absorption band which undergoes a hypsochromic 
shift as x increases: B. W. Brown and E. Banks, ibid. ,  76, 963 (1954). 
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(13) M. J. Sienko in “Nonstoichiometric Compounds,” Advances in 

Chemistiy Series, No. 39, American Chemical Society, Washington, D. C., 
1963, p 224. 
(14) Early optical crystallography indicates tha t  the following salts 

[modern formulation] are isomorphous: B- (NH4)e [PzWisOsz] ‘14Hz0, 
B-Ks [PzW~eOezl~ 14H10, Ks[PzMoi80ez]~ 14Hz0, and (“4)s [AszWleOezl* 
14H~0: L. Duparc and F. Pearce, Bull. Soc. Franc. Mineral., 18, 31 (1895); 
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The reaction of ruthenium(II1) with thiourea to form 
complex ions is of analytical importance, and much 
work has been done toward developing a reliable, albeit 
empirical, method of ana1ysis.l This empirical nature 
inspired a theoretical study of the reaction by Yaffe and 
Voigt,2 who concluded that only two complexes were 
present in a perchloric acid solution containing Ku(II1) 
and thiourea. These were RuTu2+ and RuTuB. To 
satisfy secondary and primary valency requirements 
four-membered chelate rings were postulated. The 
thiourea was assumed to react as an acid, and evidence 
was presented that hydrogen ion concentration enters 
directly into the reaction equilibrium. 

Yamaguchi and coworkers3 studied the infrared spec- 
tra of thiourea and thiourea complexes of Pt(1I) and 
Pd(I1). They concluded that sulfur to metal bonds 
are found in the compounds PtTuzClz and PdTuzClz. 
Valency considerations require the thiourea ligands 
to be neutral in these compounds. 

Lebedenskii and coworkers4n5 prepared a series of 
iridium and rhodium compounds in which three, four, 
five, or six thiourea molecules replaced a like number of 
chloride ions in the metal hexachlorides. Compounds 
containing one or two thiourea ligands could not be pre- 
cipitated. The experiments indicated, however, that 
the reaction of thiourea with rhodium and iridium oc- 
curs in steps and any reaction solution would contain a 
mixture of compounds. 
(1) G. H. Ayres and F. Young, Anal. Chem., 22, 1277 (1950). 
(2) R. P. Yaffe and A. F. Voigt, J .  Am.  Chem. Soc., 74, 2803 (1952). 
(3) A. Yamagnchi, R. B. Penland, S. Mizushima, T. J. Lane, C. Curran, 

(4) V. V. Lebedenskii and V. S.  Voldor, Ann. Insl. Plaline (U.S.S.R.), 12, 

(5) V. V. Lebedenskii, E. S. Shipiro, and N. P. Kasatkins, ib id . ,  12, 93 

and J. V. Quagliano, ibid., 80,527 (1968). 

79 (1935). 

(1935). 
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Osmium(II1) is known to form OsTus3+. No crystal- 
lization of a ruthenium-thiourea complex has been re- 
ported, but one would expect thiourea to displace chlo- 
ride in R ~ c 1 6 ~ -  in a manner analogous to the OSC&~-, 
RhC&-,  and IrCls3- displacements. This paper re- 
ports the preparation of RuTus3+ by such a displace- 
ment. 

Results and Discussion 
Lebedenskii and cowrorkers4t5 described the reaction 

of thiourea with iridium as capricious and warned of the 
difficulty in repeating their syntheses. The compound 
IrTU&& was readily prepared, although yields were 
low, 15yo on the average. 

Several attempts to prepare ruthenium complexes 
in a way analogous to the rhodium and iridium methods 
failed.G For instance, the green ruthenium complex 
would not precipitate under conditions used for the 
precipitation of IrTusCl3. By adding isopropyl alcohol 
to aqueous solutions it was possible to separate the 
complex from most of the solvent; efforts a t  further 
purification, however, resulted in decomposition of the 
product. Thus the stratagem of adding the heavy 
anion Hg142- was adopted as a means of obtaining a 
crystalline complex of ruthenium and thiourea. The 
anion does not absorb in the infrared spectrum between 
2 and 15 p and hence is useful for studying frequency 
shifts of the complexed thiourea molecule and for deter- 
mining the maximum number of ligands in the ruthe- 
nium complex cation. 

In  evaluating their work with the spectra of thio- 
urea and its complexes with Pt and Pd, Yamaguchi, 
et al. , concluded that the most significant changes are 
observed in the 1100- and 700-cm-' regions. The 
strong absorption band a t  1083 cm-' is greatly reduced 
or eliminated vhen thiourea is complexed with Pt and 
Pd. This is explained as due to considerable change in 
the nature of the N-C bond and the C=S bond on 
coordination of thiourea through the sulfur atom; 
the N-C-N stretching frequency is increased and the 
C=S stretching frequency is decreased. However, 
since the symmetric N-C-N stretching vibration 
cannot contribute much to the band intensity, the re- 
sult is a decrease in intensity and a shift in frequency 
because of reduced double-bond character of C=S. 
The lowering of frequency in the 7 0 0 - ~ r n - ~  region is also 
attributed to reduced double-bond character of C=S. 
Bellamy? also assigned C=S bonds to these regions. 
Bands a t  about 1400 cm-l are assigned to NH2 rocking 
vibrations and N-C-N and C=S stretching vibra- 
tions; these are changed slightly by complexation. 
In the 1500-cm-1 region, increased frequency is at- 
tributed to increased carbon-to-nitrogen double-bond 
character, as N-C-N stretching vibration is assigned 
to this region. The bands a t  lGO0 cm-I are assigned 
to the NH2 bending vibrations; these are little changed 
by complexation. Lastly, the bands around 3300 cm-1 
are assigned to N-H stretching vibrations ; the increased 

(6) H. L .  Youmans, Ph.D. Dissertation, Louisiana State University, 1961. 
(7)  L ,  J .  Bellamy, "The Infra-Red Spectra of Complex IrIolecules," 2nd 

ed, John Wile). 8; Sons, Inc., Xew York, N. Y. ,  1958. 

sharpness of the bands in the complexes suggests that  
hydrogen bonding is not present. ,411 of the above 
spectral changes are similarly observed with the thio- 
urea complexes of rhodium, iridium, ruthenium, plat- 
inum, and palladium (Table I). Thus one may con- 
clude that bonding is from sulfur to metal in all of these 
complexes. 

TABLE I 
ABSORPTION MAXIMA ( c M - ~ )  OF THIOUREA AND 

HEXAKIS(THIOUREA)RUTHENIUY(III) TETRAIODOMERCURATE(II) 
Type of vibration based 

on calculations of 
Yamaguchi, et  al.3 

K--H str 

S H ?  bend 
N-C-S str, B1 type 
NH2 rock and S-C--N and C=S 

C=S str, Ai type 
str, A1 type 

-0bsd freq--- 
Thiourea [RuTuels [Hglr ls  

3390" 
3226 3226 
3077a 
1610 1610 
1470 1515 
141P 1417 
1076c 1101 
729 685 

a Present as shoulders in spectrum of complex. Peak band 
Intensity greatly reduced in com- width reduced in complex. 

plex. 

Cotton and Wilkinsons stated that octahedral Ru- 
(111) complexes have magnetic moments in the range 
1.8-2.1 BM at room temperature. Ru(I1) complexes 
are diamagnetic. Ruthenium in [RUTLI~]~ [HgI4I3 
showed magnetic moments of 2.0 f 0.1 BM. 

Adsorption on cationic resins, migration to the cath- 
ode in electrodialysis cells, and precipitation by Hg14* - 
reveal the cationic nature of the hexathiourea complex 
of Ru(II1). 

Table I1 gives the results of a commercial micro- 
analysis of [ R U T U G ] ~  [Hg14]3 compared with the theo- 
retical values for the compound and for [RuTuI- 
[HgId]. The latter compound would be expected 
from the complex cation of Yaffe and Voigt. 

TABLE I1 
R u C H N  S Hg I 

( R u T L I ~ ) ~ ( H ~ I ~ ) ~  
yo calcd 6 . 3  4 .4  1 . 5  10 .3  11.8 18.6 47.0 
'%found 6 .0  4 . 9  1 . 5  9 .8  11.7 17.2 48.6 

yo calcd 11 .5  1 . 4  0 .5  3 . 2  3 . 6  22.5 57.2 
(RuTu)(HgIr) 

Experimental Section 
Preparation of Compounds.-Thiourea used in the synthesis 

of complexes was recrystallized from aqueous solution. Analyti- 
cal grade thiourea mas contaminated with thiocyanate. The 
impurity was more apparent in the complexes than in the thio- 
urea powder if the thiourea were not recrystallized. [Ru- 
Tus]~[HgI4]3 was prepared by dissolving 0.5 g of RuC13 in 30 ml 
of 0.3 N HC1 and adding 3 g of thiourea. The solution was 
mixed, heated for 10 min on a steam plate, and then cooled in 
an ice bath. 4 solution composed of 17 g of K I  and 4 g of HgClz 
in 30 ml of 0.3 N HC1 was added with stirring. The solution 
was immediately filtered, and the precipitate was washed three 
times with small portions of 0.3 N IICI. Washing was limited 
because of instability of the precipitate. Recrystallization was 

(8) F. A. Cotton and G. Wilkinson, "Advanced Inorganic Chemistry," 
Interscience Division, John Wile? & Sons, Inc., Xew York, S .  Y., 1962. 
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impossible. The air-dried precipitate was greenish black and 
weighed 1.8 g, a yield of 55%. 

Absorption Measurements.-The infrared spectra were re- 
corded with a Perkin-Elmer Model 9 spectrophotometer using 
sodium chloride prisms. 

Magnetic Moment Measurements.-Magnetic susceptibilities 
were measured a t  27 + 1' by the Gouy method. Solid Hg[Co- 
(NCS)d] was used to calibrate the instrument. [RuTuelz[HgI~]~ 
is paramagnetic and pelf (with diamagnetic correction of 1306 X 

Acknowledgment.-I thank Dr. Edwin G. Vassian 

KBr disks were used. 

cgsu applied to X M  of 296 X cgsu) is 2.0 f 0.1 BM. 

for making the magnetic moment measurements. 
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Ruthenium tetracarbonyl dihalides, Ru(CO)qX2, were 
isolated by Calderazzo and L'Eplattenier by the reac- 
tion of ruthenium pentacarbonyl with halogens. 
Corey, et al., prepared the diiodide.2 Cotton, et al., 
isolated the dibromide and diiodide from the reaction of 
H ~ R U ( C O ) ~  with the appropriate halogen. Johnson, 
et al., have described an alternative route which in- 
volves the action of halogens on R u ~ ( C 0 ) 1 2 . ~ > ~  

We have reconsidered the thermal decomposition of 
Ru(CO)dXz (X = Br, I) whereby the corresponding 
ruthenium tricarbonyl dihalides, [RU(CO)~XZ 1 2 ,  are 
obtained 

2Ru(CO)*Xz --f [R~(C0)3Xz]z + 2cO (1) 

I n  this paper we shall report a kinetic study of reac- 
tion 1 along with a detailed investigation of it under 
preparative conditions. We have now also found that 
under relatively mild conditions ruthenium tetracar- 
bony1 halides give monosubstituted products by reaction 
with pyridine or pyridine derivatives (L) 

Ru(C0)4Xz + L + Ru(C0)3XzL f CO (2 ) 

These novel tricarbonyl derivatives will also be de- 
scribed in this paper. 

Results and Discussion 
(A) Dimerization Reactions of Ru(C0)4XZ.-Re- 

action 1 proceeds under relatively mild conditions, in 
such solvents as chloroform. The halogen-bridged com- 
plexes have been isolated in only one of the possible 

(1) F. Calderazzo and F. L'Eplattenier, Inovg. Chem., 6, 1220 (1967). 
(2) E. R.  Corey, M. V. Evans, and t. F. Dahl, J .  Inorg.  Nucl. Chem., 24, 

(3) J. D. Cotton, M. I. Bruce, and F. G. A. Stone, J .  Chem. Soc., A ,  2162 

(4) B. F. G. Johnson, R. D. Johnston, P. L. Josty, J. Lewis, and I. G. 

( 5 )  B. F. G. Johnson, R. D. Johnston, and J. Lewis, J .  Chem. Soc., A ,  

926 (1962). 

(1968). 

Williams, Nature (London), 213, 901 (1967). 

792 (1969). 

isomeric forms as yellow crystals which are stable in 
solution even in the presence of air. They are dia- 
magnetic in the solid and nonconducting in nitro- 
benzene solution. These compounds are dimeric : 
their molecular weights were determined either by 
osmometric methods or by the appearance of the parent 
molecular ions in the mass spectra. These compounds 
have also been isolated by the reaction of RuB(C0)12 
and the  halogen^^^^ or C H X S . ~ . ~  The infrared spectra 
of our compounds in the carbonyl stretching region 
consist of two strong bands (Table I) ; the lower one is 

TABLE I 

CARBONYL DERIVATIVES IN CHC13 SOLUTIOX" 
Compound F- vco, cm-l----- 7 

Ru(C0)4Brzh 2177 m 2123 vs 2105 s 2073 s 
Ru(C0)4Izb 2160 m 2119 vw 2105 vs 2096 s 2066 s 
[Ru (CO ) ~ B r ~ l t  2131 vs 2065 vs 2089 sh 
[Ru(CO)aIzIz 2122 vs 2064 vs 2060 sh 
Ru(C0)3Brz(CsH~N) 2128 vs 2069 vs 2045 vs 
Ru(C0)3Br~(3-pic) 2138 vs 2078 vs 2052 vs 
Ru(CO)~Br~(3,4-lut) 2138 vs 2078 vs 2052 vs 
R~(CO)BIZ(CSHSN) 2119 vs 2063 vs 2043 s 

a All spectra recorded on a Perkin-Elmer Model 621 spectro- 
photometer. Abbreviations: vs, very strong; s, strong; m, 
medium; vw, very weak; sh, shoulder. From ref 1. 

CARBONYL STRETCHING FREQUENCIES OF RUTHEXIUM 

broader than the upper one and exhibits a shoulder. 
Such spectral features suggest a C2h symmetry. It 
should be noted that such shoulder cannot be attributed 
to the presence of other isomers of these compounds 
since i t  would then be accompanied by additional bands, 
and, more important, it  does not correspond to any of 
the bands observed by other authors and assigned to 
i ~ o m e r s . ~ - ~  We feel that  this shoulder is probably due 
to a better resolution resulting from the greater purity 
of our samples. The infrared evidence does not allow 
one to distinguish between the two possible isomers, 
I and I1 (Figure 1). 

1 11 

Figure 1. 

Thus, we are inclined to assume structure I for our 
halogen-bridged complexes, similar to that of the com- 
pound [Ru(CO)3Br2]2 recently investigated.8 

(B) Monosubstituted Derivatives of Ruthenium 
Tetracarbonyl Dihalides, Ru(C0)3XzL (X = Br, I).- 
Disubstituted derivatives of ruthenium tetracarbonyl 
dihalides, R U ( C O ) ~ X ~ L ~ ,  are well known and can be 

(6) G. Braca, S. Sbrana, P. Pino, and E. Benedetti, Chim. I d .  (hlilan), 
49, 1381 (1967). 
(7) P.  Pino, G. Braca, F. Piacenti, G. Sbrana, M. Bianchi, and E. Bene- 

detti, Inovg. Chim. A d a ,  First International Symposium, Venice, 1968, Ab- 
stracts, p. E2. 

(8) S. Merlin0 and G. Montagnoli, Acta Cryslallogu., B ,  24, 424 (1968). 


