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The products of the oxidation reaction of tris(N,N-disubstituted-dithiocarbamato)ruthenium(III), Ru(Rzdtc)3, with BF3 
gas open to the air have been characterized by standard analytical and spectroscopic means. The novel metal-containing 
product has the formula [Ruz(Rzdtc)s]BFs and the crystal structure has been determined for R = ethyl by three-dimensional 
single-crystal x-ray analysis. The space group is Pna21 with lattice constants a = 18.303 (6) A, b = 20.713 (9) A, and 
c = 12.416 (5) A. The structure was solved by conventional heavy-atom techniques and refined by least-squares methods 
to weighted and unweighted R factors of 0.089 and 0.095, respectively, for 2100 independent reflections. The density of 
1.54 g/cm3 computed from the unit cell volume of 4707 A3 on the basis of four [ R u ~ ( E ~ ~ ~ ~ c ) ~ ] B F . & H ~ O  molecules per 
unit cell agrees well with the 1.55 g/cm3 determined by flotation methods. The structure of the cation consists of a triply 
bridged diruthenium compound (see Figures 1-3) with a Ru-Ru distance of 2.743 (3) A. This distance and the diamagnetism 
of the compound are consistent with a bond order equal to - 1. The structure is novel because it is the first example where 
dithiocarbamate ligands connect two metals in both bridging fashions simultaneously. The mechanism of the oxidation 
reaction is discussed and compared to the analogous reaction of Fe(Rzdtc)3 which gives a monomeric tris-chelate complex 
of iron(1V). A thorough electrochemical study has also been carried out on Ru(Rzdtc)3 and [Ruz(Rzdtc)s] BFs complexes. 

Introduction 
Recently it has been shown that the N,N-disubstituted- 

dithiocarbamato ligand, Rzdtc-, can stabilize metals in un- 
usually high oxidation states including Cu(III),1 Ni(IV),1-4 
Fe( IV) ,5-10 Mn( IV), 1 1-13 Co( IV) ,5)13 Pd( IV),4J4 and Pt( I- 
V).4,14 For example, the reaction of Fe(Rzdtc)3 complexes, 
where R = alkyl or aryl, with oxidizing agents such as 
Fe(C104)3.6H20 or BF3 gas open to the air gives stable 
paramagnetic tris-chelate complexes of Fe(IV),5-10 [Fe- 
(Rzdtc)3]X, where X- = c104- or BF4-, respectively. One 
of these Fe(1V) complexes, R2 = (CH2)4, has been shown by 
x-ray crystallography8 to be monomeric with no evidence for 
intra- or interligand oxidation to a disulfide linkage. Similar 
results have been obtained for (Mn[(CHz)sdtc]3)C10411J2 and 
{Ni[(n-C4H9)2dtc] 4Br2 by x-ray analysis. 

The oxidation reaction using BF3 gas under aerobic con- 
ditions has very recently been carried out on M(Radtc)3 
complexes of Co(III), Rh(III), and Ru(II1) to give dia- 
magnetic products. 15 Monomeric tris-chelate complexes of 
Co(1V) and Rh(1V) (d5), and Ru(1V) (d4) are expected to 
be paramagnetic. Indeed, a recent report13 claims evidence 
for [Co(R2dtc)3]BF4 where R = cyclohexyl which has a 

magnetic moment of 3.48 BM.16 It is now firmly established 
that the diamagnetic cobalt oxidation product has the stoi- 
chiometry [C02(R2dtc)5] BF4 and that the diamagnetism 
results from the low-spin d6 Co(II1) ion.17 The rhodium and 
ruthenium complexes presumably have the same stoichiometry. 
It is interesting that with these metals the ligand and not the 
metal is oxidized. A recent polarographic study18 showed that 
the one-electron oxidation half-wave potentials for M- 
(Etzdtc)319 in DMF where M = Fe(II1) and Ru(II1) are 
+0.423 and +0.382 V vs. sce, respectively. In view of the 
similarity of these potentials and the apparent difference in 
the structures of oxidation product, [Fe(Et2dtc)3]BF4 vs. 
[ R w ( E t ~ d t c ) ~ ]  BF4, a complete characterization and x-ray 
investigation of the ruthenium oxidation product,have been 
carried out. A preliminary account of this work has been 
published.20 
Experimental Section 

Synthesis of [Ruz(Rzdtc)s]BFs Complexes. The complexes with 
R = methyl, ethyl, or benzyl and Rz = pyrrolidyl were synthesized 
by oxidation of the respective tris chelates, Ru(Rzdtc)3, according 
to the method of Pasek and Straub.5 For example, boron trifluoride 
gas was slowly bubbled through a benzene solution of Ru(Et2dtc)321 
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Table I. Characterization Data for [Ru,(R,dtc),]BF, Complexes 
Equiv 

U ( C ~ N )  ance? 
Mol wt (KBr mhos 

disk) cmz 

20.24 20.20 3.40 3.49 7.87 7.89 890 b 1544 74 
29.15 29.21 4.82 4.91 6.80 5.95 1030 1090 1513 90 
54.56 52.30 4.27 4.70 1580 1353 1496 68 

(CH2)4 29.43 29.61 3.95 4.55 6.87 5.51 1020 1076 1502 98 

Ir,C conduct- 
Elemental analysip 

% C  % H  % N  (CHCl, soh) 

R Calcd Found Calcd Found Calcd Found Calcd Found cm-' equiv-' 

CH, 
'ZH5 

CHZ c6 5 

a These compounds were difficult to  analyze which accounts for the rather large disagreement in several cases. Insoluble. The C-N 
stretching region is broad and the number reported corresponds to  the point of maximum absorption. 
Comparison data for Fe(R,dtc),BF, complexess where R = CH,, C,H,, (CH,),: 95, 87,95 mhos cm2/equiv, respectively. 

Nitromethane solution at 25°C. 

Table 11. Crystal Data for Ru, [S,CN(C,H,),],BF,.C,H,Oa 
Fw 1088 Orthorhombic 
a = 18.303 (6) A 
b = 20.71 3 (9) A 
c = 12.416 (5) A 
Q = p = y = 90" 
V = 4101 A3 

Space group Pna2 I 

&Io KQ radiation 
p =  11.0 cm-' 
dcalcd = 1.54 g cm-' (Z = 4) 
d,bd = 1.55 g cm-, 

a The numbers in parentheses in this and succeeding tables 
represent the estimated standard deviation of the last significant 
figure(s). Determined by flotation from iodomethane-petro- 
leum ether solvent mixtures. 

(ca. 0.5 g in ca. 50 ml) open to the air, for ca. 20 s with stirring. A 
dark red oil separated which was initially purified by decanting off 
the clear benzene solution and washing thoroughly with benzene and 
petroleum ether. A pure product is obtained by column chroma- 
tography from silica gel using a CH2C12-acetone solvent mixture 
(70:30 v/v) as eluent. The first band was collected and concentrated 
and a crystalline product was obtained by slow evaporation from 
methylene chloride-heptane or diethyl ether-acetone solvent mixtures. 
All four complexes were synthesized in an identical manner. The 
complexes were found to be pure by elemental analysis, thin-layer 
chromatography, and proton magnetic resonance spectroscopy (see 
Table I). Characteristic infrared data (KBr disk) in the range 
2000-700 cm-1 are for R = Et 1526 sh, s, 1513 s, 1460 m, 1440 m, 
1420 w, 1381 w, 1356 m, 1279 s, 1207 m, 1449 m, 1053 br, s, 995 
sh, m, 910 w, 849 w, 771 cm-1 w. 

Single crystals of [Rw(Etzdtc)s]- 
BFpC3H60 were grown by slow evaporation from a diethyl ether- 
acetone solvent mixture (ca. 5050 v/v). The crystals were very fragile 
and contained acetone of solvation as determined by 1H N M R  and 
chemical ionization mass spectroscopy. The crystal which was used 
for data collection was a rectangular needle and had dimensions 0.17 
X 0.17 X 0.63 mm3, elongated parallel to c. The c axis was parallel 
to the spindle axis. The mounted crystal was coated with 5-min epoxy 
resin to minimize solvent loss. 

The systematic absences were obtained from precession film data 
(Cu K a  radiation) and are Okl ( k  + 1 = 2n), hOl ( h  = 2n), hOO ( h  
= 2n), OkO ( k  = 2n), and 001 (1 = 2n) which indicate the space group 
to be Pna21. This space group was used for solution and refinement 
of the structure. The unit cell dimensions were determined by 
least-squares refinement using the 6' angle values for 12 Mo K a  (A 
0.7107 A) peaks scanned with a diffractometer at room temperature. 
The crystal data are reported in Table 11. 

Intensity data were collected at  r m m  temperature on a four-circle 
Hilger and Watts automatic diffractometer. The incident beam was 
Zr-filtered Mo K a  radiation. The scan was eighty 0.01' steps in 0 
and w from -0.40 to +0.40° with respect to the calculated setting. 
The step time was 1 s and the background was counted for 20 s at  
each limit of the scan while crystal and counter were stationary. The 
counting times were tripled for 6' > 18'. A total of 2941 independent 
reflections were collected over one octant for 0 between 0 and 21O. 
The number of nonzero reflections (Le., with FOz > 2.5ff(Fo2)) used 
in the structure determination was 2100. Two standard reflection 
intensities were checked at  intervals of 25 sequential reflections. A 
30% decay of the initial intensities of both standard reflections was 
observed during data collection and attributed to decomposition. Scale 
factors were adjusted on the assumption that all reflections decreased 
a t  the same rate. 

The data were processed in the manner described by Corfield, 
Doedens, and Ibers;22 the value of 0.03 was used for p in the ~ ( l )  

Structure Determination. 

equation. The intensity data were corrected for Lorentz and po- 
larization effects and for absorption ( p  = 10.98 cm-l) using the 
program D A T A P ~ . ~ ~  A grid size of 4 X 4 X 4 was used for the 
absorption correction. 

The two ruthenium and several sulfur atoms were located from 
a three-dimensional Patterson map.24 Subsequent three-dimensional 
Fourier maps, phased by the ruthenium atoms and observed sulfur 
atoms, eventually showed most of the carbon and nitrogen atoms. 
Several cycles of full-matrix least-squares refinement with 35 of the 
42 atoms of the cation included yielded R i  = 0.16.25 The remaining 
carbon atoms and two large areas of electron density presumed to 
be the BF4 anion and the acetone of solvation were located in a 
difference Fourier map. At this point in the refinement the two 
ruthenium and ten sulfur atoms were allowed to be thermally an- 
isotropic, the four fluorine atoms were included at  the regions of 
maximum electron density approximating a tetrahedron, and two 
carbon atoms called X ( l )  and X(2) were included at  points of 
maximum electron density in the acetone region. Three cycles of 
full-matrix least-squares refinement yielded RI  = 0.1 1. A difference 
Fourier and the large thermal parameters observed for the fluorine 
and acetone carbon atoms showed significant disorder in these atoms. 
Several attempts to improve the fit were unsuccessful. Finally, it was 
decided to allow the four fluorine atoms, the two acetone carbon 
positions, and all ten methyl carbon atoms to be thermally anisotropic. 
The boron atom was placed in the center of the four fluorine positions 
and not refined. Three more cycles of full-matrix least-squares 
refinement yielded Ri = 0.098; however, several of the terminal methyl 
carbons, the four fluorine atoms, and the two acetone positions had 
large thermal parameters. A difference Fourier showed some residual 
electron density near the BF4 and acetone regions. Three final cycles 
of full-matrix least-squares refinement with the two ruthenium, ten 
sulfur, ten terminal methyl carbon, four fluorine, and two acetone 
carbon atoms thermally anisotropic were performed with the boron, 
four fluorine, and two acetone carbon atoms not refined. The final 
agreement factors are R i  = 0.095 and R2 = 0.089.26 Further re- 
finement was not attempted for the following reasons: (i) all of the 
full shifts in the thermal and positional parameters for the refined 
atoms in the last cycle of least-squares refinement were much less 
than the standard deviations; (ii) the chemically sought information, 
Le., the distances and angles within the R u S i o  core and the overall 
structure of the cation was obtainable and not significantly affected 
by the disorder. Conductivity, 1H NMR,  chemical ionization mass 
spectroscopy, molecular weight determination, and elemental analysis 
confirmed the stoichiometry as Rw(Et2dtc)sBFpC3H60 which 
eliminated the possibility of incorrect formulation or an impurity as 
a cause of the disorder. 

The final atomic coordinates with their standard deviations and 
the final anisotropic and isotropic thermal parameters with their 
standard deviations are given in Tables 111 and IV. A table of observed 
and calculated structure factors is available.27 

Polarographic Measurements. Voltammograms were obtained using 
a three-electrode multipurpose electrochemical instrument constructed 
from operational amplifiers?* The usual polarographic measurements 
were carried out using a rotating platinum electrode. All potentials 
were determined at 25 'C vs. a saturated calomel reference electrode. 
The working electrode consisted of a 0.13-mm diameter platinum wire 
sealed in a 5-mm 0.d. glass tube. The 6-mm wire extended 3 mm 
downward from the bottom of the tube before making a 90' bend. 
Cyclic voltammetric current-potential curves obtained at scan rates 
of 0.054.1 V/s were recorded on an X-Y recorder, and those obtained 
a t  faster scans up to 225 V/s were displayed on a Tektronix oscil- 
loscope. Solutions were ca. 1-2 mM in complex and 0.10 M in 
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Table 111. Final Atomic Fractional Coordinates and Isotropic 
Thermal Parameters with Standard Deviations 

Atom X V 2 B. A' 

Mattson, Heiman, and Pignolet 

Ru(1) 0.0478 (1) 0.0467 (1) 0.2560a b 
Ru(2) 0.0290 (1) 0.1778 (1) 0.2410 (3) b 
S(A1) 0.1764 (4) 0.0503 (4) 0.2088 (7) b 
S(A2) 0.0576 (5) 0.1084 (5) 0.1002 (8) b 
S(B1) 0.1505 (5) 0.2061 (4) 0.2995 (8) b 
S(B2) 0.0497 (5) 0.1191 (5) 0.3954 (9) b 
S(C1) 0.4228 (5) 0.4652 (4) 0.3014 (9) b 
S(C2) 0.4048 (5) 0.3380 (4) 0.1875 (9) b 
S(D1) 0.4850 (6) 0.2362 (5) 0.3526 (9) b 
S(D2) 0.0280 (5) 0.2749 (4) 0.1326 (10) b 
S(E1) 0.4647 (5) 0.4529 (5) -0.3603 (9) b 
S(E2) 0.4348 (5) 0.4518 (5) -0.1341 (8) b 
C(A) 0.1552 (17) 0.1008 (14) 0.0974 (26) 4.8 (7) 
N(A) 0.1963 (19) 0.1358 (16) 0.0379 (23) 6.1 (8) 
C(A1) 0.2788 (18) 0.1268 (15) 0.0484 (25) 5.6 (8) 
C(A2) 0.3102 (19) 0.1803 (18) 0.1258 (30) b 
C(A3) 0.1670 (17) 0.1783 (15) -0.0445 (26) 5.9 (8) 
C(A4) 0.1558 (21) 0.1437 (17) -0.1464 (32) b 
C(B) 0.1406 (22) 0.1484 (19) 0.4041 (34) 8.3 (10) 
N(B) 0.1902 (17) 0.1348 (14) 0.4771 (22) 5.1 (7) 
C(B1) 0.1743 (18) 0.0899 (15) -0.4385 (27) 5.8 (8) 
C(B2) 0.2158 (18) 0.0243 (15) -0.4738 (25) b 
C(B3) 0.2607 (23) 0.1658 (19) 0.4721 (32) 8.8 (11) 
C(B4) 0.2539 (30) 0.2236 (33) 0.5151 (47) b 
C(C) 0.3658 (15) 0.4044 (12) 0.2484 (35) 5.1 (6) 
N(C) 0.2939 (12) 0.4040 (10) 0.2686 (22) 5.2 (6) 
C(C1) 0.2613 (18) 0.4647 (16) 0.3223 (28) 7.2 (9) 
C(C2) 0.2514 (26) 0.4520 (22) 0.4443 (34) b 
C(C3) 0.2485 (16) 0.3506 (14) 0.2437 (34) 6.3 (7) 
C(C4) 0.2252 (18) 0.3586 (14) 0.1313 (38) b 
C(D) 0.0025 (17) 0.3167 (17) 0.2504 (41) 7.9 (9) 
N(D) 0.0022 (16) 0.3838 (16) 0.2474 (45) 10.2 (8) 

C(D2) 0.4265 (61) 0.0795 (46) 0.3519 (71) b 
C(D3) 0.0265 (27) 0.4203 (25) 0.1511 (50) 12.4 (17) 
C(D4) 0.4657 (28) 0.0621 (26) 0.0871 (39) b 

C(D1) -0.0065 (31) 0.4088 (26) 0.3641 (52) 13.9 (18) 

C(E) 0.4461 (14) 0.4082 (11) -0.2381 (32) 4.4 (6) 
N(E) 0.4421 (13) 0.3416 (11) -0.2568 (30) 6.7 (6) 
C(E1) 0.4399 (24) 0.3008 (22) -0.1448 (39) 9.5 (13) 
C(E2)C 0.3622 (22) 0.3059 (14) -0.1333 (18) b 
C(E3) 0.4518 (21) 0.3068 (20) -0.3470 (36) 7.1 (12) 
C(E4) 0.0340 (26) 0.2259 (21) -0.3666 (33) b 

F(1)' 0.4268 (33) 0.1388 (17) -0.2724 (77) b 
F(2)' 0.3241 (21) 0.1242 (25) -0.2527 (51) b 
F(3)' 0.4080 (28) 0.0685 (13) -0.1946 (26) b 
F(4)' 0.3796 (29) 0.0683 (26) -0.3608 (38) b 
X(1)' 0.1212 (48) 0.3775 (33) -0.1641 (63) b 
X(2)' 0.1733 (34) 0.3378 (47) -0.1903 (67) b 

B 0.3780 ( - )d  0.0960 ( - I d  -0.3000 ( - )d  15d 

Fractional coordinate fixed in order to define the origin in the 
Atoms refined anisotropically; see c crystallographic direction. 

Table 111. Disordered atom; see text. Atom positional and 
isotropic thermal parameters not refined (see text). 

tetraethylammonium perchlorate as supporting electrolyte. Reagent 
grade DMF and acetonitrile were vacuum distilled from P205 and 
stored under a dry nitrogen atmosphere before use. Polarographic 
results are given in Table V. 

Infrared spectra were recorded on a Perkin-Elmer Model 237 
grating instrument. Electronic absorption spectra were obtained at  
25 OC using a Cary Model 14 spectrophotometer. Nuclear magnetic 
resonance spectra were obtained on a Varian XL-100 instrument. A 
Yellow Springs Instrument Co. Model 31 conductivity bridge was 
used for the conductivity measurements. Molecular weight mea- 
surements were made using a Hewlett-Packard Model 302 vapor 
pressure osmometer. Chloroform solutions ca. 5 X 10-3 M in complex 
were used and measurements were made at 37 "C.  
Results and Discussion 

Synthesis and Characterization Data. The oxidation reaction 
of M(R2dtc)3 complexes which employs BF3 gas under aerobic 
conditions has now been used by several research 
groups.5,13,15117 The reaction requires oxygen which pre- 
sumably functions as the oxidizing agent. In the case where 
M = Ru(II1) reaction 1 occurs. Other products of this reaction 

Ib 
have not been characterized. Product Ia is firmly established 
for R = Me, Et, Bz, and pyrr and will be thoroughly discussed 
below. The presence of Ib was confirmed for R = Me and 
Et by infrared and 1H NMR spectra29 which match those of 
authentic samples synthesized according to Willemse.30 An 
x-ray analysis31 of the 3,5-bis(N,N-diethylimininium)- 1,2,4- 
trithiolane dication, [EtdbittIZf, showed the structure to be 
that represented by Ib. The tetraalkylthiuram disulfide, 
(R2dtc)2 (11), which is perhaps a more likely product of re- 

I1 
action 1, is rapidly oxidized to Ib by treatment with BF3 gas 
in a stirred benzene solution open to the air. Hence it is likely 
that I1 is the initial product of  reaction 1 and is oxidized to 
Ib by the oxidizing conditions employed. 

Analytical data and other characterization data for la  are 
given in Tables I and VI. The molecular weight and con- 
ductivity results in CHC13 and CH3N02 solutions, respectively, 
and the analytical data confirm the formula as Ru2- 
(Rzdtc)sBF4. The complexes are not significantly dissociated 
in CHCh and behave as 1:l electrolytes in CH3NO2. The 
complexes are diamagnetic in solid and solution phases. 

Infrared spectra were measured in KBr disks. The data in 
the range 2000-700 cm-1 are given for R = Et in the Ex- 
perimental Section and for the S2C-N stretch in Table I. The 
spectra are similar to the analogous Ru(R2dtc)3 complexes 
except that v(C-N) is broadened and shifted to higher values 
in the oxidized products (Ia) (average shift for the four 
complexes 20 cm-1) and B F c  has strong bands in the 
1000-1100-cm-1 region. It is interesting to note that a similar 
increase in v(C-'N) has been observed on going from Fe- 
(Rzdtc)3 to its oxidized product Fe(Rzdtc)3BFii. In the latter 
case the increase results from the higher formal oxidation state 
of iron (+3 - +4) which causes an increased contribution of 
resonance structure IIIc. In the former case the formal 

IIIa IIIb IIIc 
oxidation state of Ru remains +3 but the positive charge on 
the Ru2(Rzdtc)s+ cation causes a similar but smaller increased 
contribution of IIIc compared to Ru(Etzdtc)3; Le., the positive 
charge is partially delocalized onto the ligands. 

Electronic spectra were measured in the range 30000-10000 
cm-1 using DMF solutions and the maxima are given in Table 
VI. The spectra are rather nondistinct in this region consisting 
of three shoulders and a broad weak band at 10700 cm-1. The 
corresponding Ru(R2dtc)3 complexes have much more intense 
bands in the same general regions (except for the one at 10700 
cm-1 which is missing). 

1H NMR spectra were recorded in a number of solvents and 
are complex for all but R = Me due to spinspin coupling and 
the low symmetry of the compounds. In the solid state the 
R = Et compound has no crystallographic symmetry (vide 
infra and Figure 1) but approximates C2 symmetry especially 
if the methyl carbons are ignored. It is possible that the 
compounds have C2 symmetry in solution which leaves three 
nonequivalent Rzdtc ligands. Since S2C\N bond rotation is 
likely to be slow on the 1H NMR time scale at 30 OC, there 
should be five nonequivalent R groups. The 1H NMR of the 
R = Me compound at 30 O C  in CD2C12 solution shows five 
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Table IV. Anisotropic Thermal Parameters (X 

35 (1) 
37 (1) 

46 (5) 
47 (4) 
33 (4) 
31 (3) 
36 (4) 
71 (6) 
40 (4) 
37 (4) 
49 (4) 
54 (16) 
61 (21) 
61 (17) 

105 (31) 
103 (24) 
45 (15) 

321 (88) 
79 (25) 

223 (28) 
127 (29) 
223 (46) 
119 (21) 
245 (37) 
265 (32) 
242 (71) 

33 (31) 

31 (3) 

24 (1) 
26 (1) 
31 (2) 
25 (3) 
28 (3) 
29 (3) 
26 (3) 
30 (3) 
41 (4) 
27 (3) 
25 (3) 
28 (3) 
44 (14) 
37 (12) 
38 (12) 
87 (39) 
71 (18) 
28 (8) 

228 (67) 
101 (26) 

82 (12) 
65 (18) 
65 (13) 

176 (27) 
81 (10) 

144 (26) 
39 (31) 

111 (67) 
a The form of the anisotropic thermal ellipsoid is exp[-@,,hZ + . 

is nonpositive definite; see text. 

Table V. Polarographic Data for Dithiocarbamato 
Complexes of Ruthenium 

E,,,? V; IE,,, - E 1 / 4 i ,  mV 

93 (2) 
94 (3) 
86 (9) 
61 (9) 

112 (10) 
70 (9) 

133 (11) 
132 (11) 
105 (10) 
154 (12) 
107 (9) 
61 (8) 

124 (40) 
159 (44) 

79 (3) 
262 (78) 
132 (41) 
299 (63) 
196 (119) 
200 (52) 

45 (19) 
93 (43) 

1186 (206) 
338 (55) 
243 (36) 
259 (63) 
579 (102) 
534 (132) 

0 (1) 
-1 (1) 

3 (2) 
2 (3) 

-11 (3) 
4 (3) 

-1 (2) 
-5 (3) 
-7 (4) 
-3 (3) 
5 (3) 

-2 (3) 

-3 (13) 
-2 (11) 

-22 (28) 
-33 (19) 
-16 (9) 
142 (63) 

39 (20) 
-15 (15) 

34 (19) 
-69 (21) 

4 2  (20) 
18 (16) 

40 (35) 
15 (37) 

2 (13) 

-8 (23) 

-1 (2) 
-5 (2) 
-6 (4) 
10 (5) 

-13 (5) 
6 (5) 
6 (5) 

-12 (5) 
12 (7) 
-8 (6) 

6 (5) 
9 (5) 

-23 (22) 
-27 (25) 
-54 (19) 
-91 (41) 
-26 (27) 

-8 (27) 
-79 (94) 
-17 (32) 

38 (19) 
-13 (32) 
140 (90) 
62 (45) 

-46 (29) 
-105 (38) 
-321 (78) 

-41 (51) 

7 (2) 
7 (2) 
1 ( 4 )  
9 (4) 
5 (4) 
2 (4) 

-10 (4) 
-12 (5) 

6 (5) 
21 (5) 
-2 (4) 
-1 (4) 

-14 (20) 
-23 (19) 

10 (14) 
108  (44) 
-56 (23) 
-20 (20) 

25 (71) 
-46 (32) 
102  (14) 
-9 (23) 
28 (54) 
33 (46) 

-11 (16) 
-55 (32) 
-30 (44) 

88 (78) 

Process Dimethyl- 
Complexb z - 1 + z formamide Acetonitrile 

Ru,(Et,dtc),' 2 +  --L 1+ c +0.98; 85 

Ru(Et , dtc) 32 1 + =+ 0 +0.38; 70 

Ru,(Me,dtc),Z 2+ =+ 1+ c +1.03; 74 

Ru(Me,dtc),' 1 +  + 0 t0 .48;  69 

Ru,(Bz,dtc),' 2 +  t 1 +  c +1.04; c 

Ru(Bz,dtc)," 1 + - 0  +0.51;86 

1+ t 0 -0.46; 57 -0.58; 58 
O t l -  -1.05;95 -1.11;74 

0 + 1- -0.75; 60 

1 + + 0 -0.45; 55 -0.52; 59 
0 + 1- -0.96; 65 -1.00; 73 

0 t 1- -0.72; 59 

1 + + 0  -0.31 -0.40; 58 
O + l -  c -0.93; 100 

0 t 1- -0.59; 65 

1++0  -0.44;61 -0.53;53 
O t l -  -1.02; 63 

0 t 1- -0.74; 66 

Ru,(pyrr(dtc)),' 2+ == 1+ c +0.99; c 

Ru(pyrr(dtc)),' 1 + =+ 0 +0.40; 69 

a All potentials were determined at 25 "C vs. SCE using a 
rotating platinum electrode. 
prepared from z = 1 +  and 0 species for Ru,(dtc),* and Ru(dtc),', 
respectively. 

Data obtained from solutions 

Polarographic waves not well developed. 

singlets of equal intensity at 3.046, 3.144, 3.430, 3.468, and 
3.500 ppm downfield from TMS. An alternate explanation 
exists in which case the complex has no symmetry and S2C N 
bond rotation is fast on the 1H NMR time scale. Lowering 
of the temperature to -90 "C does not result in further splitting 
of the Me resonances so the former explanation is the most 
reasonable. 1H NMR spectra of the R = Me complex were 
recorded at temperatures up to 70 OC using a variety of 
solvents with no signs of coalescence. This observation in- 
dicates that S2C--N bond rotation must still be slow on the 
1H NMR time scale at 70 OC. 

Polarographic Study. Polarographic data were obtained for 

t 2p,,hk + . . .)I. Disordered atom; see text. Temperature factor 

Table VI. Electronic Spectral Data for [Ru,(R,dtc), ]BF, 
Complexes in DMF Solution 

R 4" (ela 
C,Hsb 

CH, 

CH,C,H, 

(CH,), 

a cm-I (Mql em-'); apparent e values, uncorrected for under- 
lying absorption. Comparison data for Ru(Et,dtc),: 27 300 
(10300), 21200 (2920), 17700 (1780). 
Ru(Rzdtc)3 and IRu2(R2dtc)5] BF4 complexes and are given 
in Table V. The latter complexes are electroactive and 
voltametric results indicate the existence of a four-membered 
series (IV) in acetonitrile. The one-electron nature of these 

[Ru2(R,dtc),l2+ [Ru,(R,dtc),]+ * 
[ R ~ , ( R , d t c ) , ] ~  3 [Ru,(R,dtc),]- 

IV 

processes has been established for R = Et by comparison of 
diffusion currents with those of known one-electron processes 
of M(Et2dtc)s where R = Fe and Ru6J* and by isolation of 
[Ru2(Et2dtc)5]0.32 Judging from the reversibility criterion 
IE3/4 - E1141 = 59 mV, only the 1+ + 0 process is reversible. 
This is confirmed by cyclic voltammetry for 1+ + 0 where 
ip,a/ip,c = 1.00 and U p  = 53 mV for R = Et in DMF. The 
other processes are irreversible and no attempts have been 
made to isolate the 2+ or 1- species. The neutral species, 
however, is easily synthesized by reduction of the 1+ complex 
with NaBH4. This new purple complex presumably maintains 
the Ru2(R2dtc)5 stoichiometry in solution because it can be 
air oxidized back to the l+  complex and its polarographic 
half-wave potentials are identical with those of [Ruzdtcs]+. 
Attempts to synthesize the neutral complex by controlled- 
potential electrolysis in DMF and CH3CN have not been 
successful. Details of this work will be the subject of another 
paper.33 

The half-wave potentials for dithiocarbamatometal com- 

-25000 sh (4580), -21 100 sh (2180), -18000 sh 

-25 000 sh (4270), -21 600 sh (2090), -18200 sh 

-22200 sh (3740), -18200 sh (1250), -11800 sh 

-25000 sh (3470), -22400 sh (21801, -18200 sh 

(7781, 10700 (173) 

(644), 10700 (155) 

(174) 

(600), 10700 (150) 
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is not [Ruz(R2dtc)s]+ whereas in the case of iron the product 
contains paramagnetic [Fe(R~dtc)3]+.3* Electrochemical 
oxidation of Ru(Et~dtc)3 yields yet another diamagnetic 
complex. These various oxidation reactions are under current 

CE2 

4 

Figure 1. Drawing of the [Ru,(Et2dtc)5]+ ion viewed along the 
crystallographic c axis; definition of numbering system. 

plexes are known to display a consistent dependence upon the 
N substituent.6J4-36 In previous work6J6 the order for ease 
of oxidation is Bz CC pyrr C Me C Et with Bz being hardest 
to oxidize (i.e., more positive potential). This trend which is 
independent of metal is generally confirmed with Ru(Rzdtc)3 
and [Ru2(Rzdtc)s]+ complexes, except that the order of pyrr 
and Me is usually reversed. 

The polarographic results for Ru(R2dtc)3 complexes (Table 
V) reveal a three-membered series (V) which is in agreement 

[Ru(R,d~c),]'* [Ru(R,dtc),l0 * [Ru(R,dtc),]' 
V 

with a previous study.18 Only the central member of this series 
has been isolated to date. The 0 1- process is reversible 
by cyclic voltammetry (ip,a/ip,c = 0.97 and AEp = 59 mV) 
whereas the 0 1 + process is irreversible (ip,a/ip,c = 1.6 and 
AEp = 98 mV). Comparison of these results to those of the 
corresponding iron complexes is interesting. Voltammetry of 
Fe(Etzdtc)3 in DMF reveals a one-electron reduction at 4 .447 
V and a reversible one-electron oxidation at a potential (+0.423 
V) only slightly different from that of its ruthenium ana- 
logue.18 The similarity of these potentials for the 0 + l +  
process and the isolation of [Fe(Etzdtc)3] + 5-10 suggest that 
[Ru(Et~dtc)3]+ should be synthetically accessible. However, 
in the case of ruthenium the process is irreversible even for 
cyclic voltammetric scan speeds as fast as 225 V/s. All at- 
tempts to prepare [Ru(R2dtc)3]+ have failed including 
controlled-potential electrolysis. It is not clear why chemical 
oxidation of Ru(Rzdtc)3 with BF3-air yields [Ru2(R2dtc)s]+ 
whereas the analogous oxidation reaction with Fe(Rzdtc)3 
yields [Fe(R2dtc)3]+. Perhaps the increased tendency toward 
metal-metal bonding for ruthenium provides the driving force 
for this reaction.37 [R~2(Et2dt~)j]+ has a short Ru-Ru bond 
(vide infra). It is interesting to note that oxidation of Ru- 
(Rzdtc)3 with I2 yields a gold diamagnetic product32 which 

investigation. 
Structural Study. General Description of the Structure. The 

crystal structure- was determined for [Ru2(Et2dtc)s]BF4. 
C3H60. The crystal data are given in Table 11. The structure 
of the cationic unit and the numbering system used throughout 
this paper are shown in Figure 1. The ORTEP stereoview shown 
in Figure 2 more clearly illustrates the spatial geometry of the 
ligands and Figure 3 shows the Ru2SioC5 core minus ligand 
C in a view which has been rotated -90' about the Ru-Ru 
bond such that ligand C points into the paper. The structural 
results are novel because this is the first example where di- 
thiocarbamate ligands connect two metals in both bridging 
fashions simultaneously. Each ruthenium atom is seven- 
coordinate if the metal-metal bond is counted. The dia- 
magnetism of the compound results from spin pairing via the 
Ru-Ru bond (2.743 A) of two low-spin Ru(II1) d5 ions. 
Distortions from idealized octahedral symmetry at each ru- 
thenium atom result in part from metal-metal bonding and 
partly from the geometrical constraints of the four-membered 
dithiocarbamate chelate rings. 

The ability of dithiocarbamate ligands to bridge two metal 
atoms as found for ligand C probably requires a short met- 
al-metal bond. This mode of bonding which is similar to that 
of simple carboxylate anions in a number of transition metal 
complexes39 is now well established for thioxanthate40 (Va) 

R 
c-x' -s, 

SH 
K = alkyl 
V a , X = S  

b , X = O  

and xanthate41 (Vb) ligands. In these cases short metal-metal 
bonds are found. In a copper tetramer the dithiocarbamate 
ligand is also known to bridge two metal atoms in this 
fashion.42 

The other bridging mode which is illustrated by ligands A 
and B has not previously been observed for dithiocarbamate 
ligands. Several examples43 of dimeric bis-chelate complexes 
of zinc and copper with monobridging dithiocarbamate ligands 
are known but in these cases the M-S-MI bridge is not 
symmetric whereas in the present ruthenium structure, the 
Ru-S and Ru'-S distances are the same within experimental 
error. 

RuzSio Core. Interatomic distances and angles within the 
R U Z S ~ O  core are given in Table VII. The Ru-Ru bond length 
is short (2.743 (3) A compared to 2.650 A found in elemental 
ruthenium44) but not nearly as short as 2.281 A found in 
Ru2(02CC3H7)&1 which consists of ruthenium ions in the 
+21/2 oxidation state.45 These distances may be compared 
with 2.848 A found in Ru3(C0)1246 and the range 2.70-2.95 
8, observed in a number of ruthenium carbonyl cluster 

Figure 2. ORTEP stereoview showing the thermal ellipsoids. Ellipsoids are 25% probability surfaces. 
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Table VIII. Weighted Least-Squares Planes and the Distances of 
the Atoms from Their Resuective Planesc“ 

Figure 3. Drawing of the Ru,S,,C, core in a view approximately 
,along the Q crystallographic axis. Ligand C has been omitted for 
clarity. 

Table VII. Interatomic Distances and Angles in the Ru,SI, Core‘“ 

Distances, A 
Ru(l)-Ru(2) 2.743 (3) 
RU(l)-S(Al) 2.428 (8) Ru(2)-S(B1) 2.412 (9) 
Ru(l)-S(A2) 2.325 (10) Ru(2)-S(B2) 2.300 (11) 
Ru(l)-S(B2) 2.290 (11) Ru(2)-S(A2) 2.324 (11) 
Ru(l)-S(Cl) 2.369 (9) Ru(2)-S(C2) 2.391 (9) 
Ru(l)-S(El) 2.433 (11) Ru(2)-S(Dl) 2.395 (11) 
Ru(l)-S(E2) 2.414 (11) Ru(2)-S(D2) 2.422 (11) 
S(Al)-S(A2) 2.828 (13) S(Bl)-S(B2) 2.839 (13) 
S(El)-S(E2) 2.861 (15) S(Dl)-S(D2) 2.852 (16) 
S(Cl)-S(C2) 3.009 (13) S(A2)-S(B2) 3.675 (15) 

S(El)-Ru(l)-S(E2) 72.4 (4) S(Dl)-Ru(2)-S(D2) 72.7 (4) 
Ru(l)-Ru(2)-S(C2) 90.2 (2) Ru(2)-Ru(l)-S(Cl) 89.9 (2) 
S(A2)-Ru(l)-S(B2) 105.6 (4) S ( A ~ ) - R U ( ~ ) - S ( B ~ )  105.3 (4) 
S(Cl)-Ru(l)-S(El) 88.1 (3) S ( C ~ ) - R U ( ~ ) - S ( D ~ )  86.7 (4) 
S(Al)-Ru(l)-S(E2) 91.9 (3) S(Bl)-Ru(2)S(D2) 88.4 (3) 
S(Al)-Ru(l )-S(C1) 175.8 (3) S(B l)-Ru(2)-S(C2) 17 3.6 (3) 
S(A2)-Ru(l)-S(E2) 155.1 (4) S(A2)-Ru(2)S(Dl) 166.1 (4) 
S(B2)-Ru(l)-S(E1) 166.8 (4) S ( B ~ ) - R U ( ~ ) - S ( D ~ )  154.6 (4) 
a For numbering system see Figure 1. 

compounds.47 A discussion of the bonding scheme will be 
presented in a later section. 

Four types of Ru-S bonds can be identified in the structure. 
The average Ru-S bond lengths for these types are 2.416 8, 
for terminal chelated ligands D and E, 2.420 8 to nonbrid ing 
sulfur atoms of monobridging ligands A and B, 2.310 1 to 
bridgin sulfur atoms of monobridging ligands A and B, and 

distances are within 2a of the mean. These distances can be 
compared to 2.376 8, which is the average value found in 
Ru(Et2dtc)3.48 The Ru-S distances to bridging sulfur atoms 
S(A2) and S(B2) are significantly shorter than the others while 
the terminal distances are longer than those found in Ru- 
(Etzdtc)3. Since the latter bonds are trans to the former, a 
trans effect may be operative. The distances to sulfur atoms 
of the dibridging ligand are -2% shorter than the terminal 
distances. This trend has been noted in other bidentatachelate 
complexes where both four- and five-membered chelate rings 
with one or more metal atoms are present.40949 

All of the four-membered chelate rings have essentially the 
same bite angle size (average 73.0’ with a standard deviation 
from the mean of 0.7 A) which is identical with that found 
in Ru(Etzdtc)3.48 The “bite” angles in ligand C, S(C1)- 
Ru(1)-Ru(2) and S(C2)-Ru(2)-Ru(l), are 90.2 (2) and 89.9 
(2)O, respectively. The average of the four S-S bite distances 
for the four-membered chelate rings is 2.845 8 with a standard 
deviation from the mean of 0.015 8, while the bite distance 
for the five-membered chelate ring is 3.009 (13) 8,. This trend 
is also found in bis(ethy1 thioxanthat0)-p-bis(ethy1 thio- 
xanthate)-p-bis(ethy1thio)-diiron(II1) (VI)40 and is expected 
for compounds which contain both four- and five-membered 

2.380 x for the dibridging ligand C. Within each type all 

Plane Atoms and distances from planes, A 

1 Ru(l), -0.08 (1); Ru(2), -0.08 (1); S(A2), 0.20 (1); 
S(B2), 0.21 (1) 

2 S(Al), 0.02 (3); S(A2), 0.01 (3); C(A), -0.08 (4); 
N(A), 0.02 (4); C(Al), 0.00 (5); C(A3), 0.01 (5); 
Ru(l), 0.28 (4)* 

3 Ru(2), -0.02 (3); S(Bl), 0.06 (4); S(B2), 0.05 (4); 
C(B), -0.02 (4); N(B), -0.02 (4); C(Bl), -0.00 
(5); C(B3), -0.02 ( 5 )  

S(Cl), -0.07 (3); S(C2), 0.03 (3); C(C), 0.07 (4); 
N(C), 0.02 (4); C(C1), 0.06 (5); C(C3), -0.01 (3); 

S(Dl), -0.01 (5); S(D2), 0.05 (5); C(D), -0.05 (5); 

4 

Ru(l), 0.03 (4);* Ru(2), -0.99 (4)* 

Ru(2), 0.46 (4$ 

5 
N(D), -0.10 (5)’ C(Dl), 0.10 (7); C(D3), 0.01 (7); 

6 Ru(l), 0.00 (3); S(E1), 0.07 (4); S(E2), -0.05 (4); 
C(E), -0.01 (5); N(E), -0.07 ( 5 ) ;  C(El), 0.12 (6);‘ 
C(E3), -0.05 (6) 

Parameters from Equation of Planes of the Form 
A X  + BY + CZ - D = 0 

Plane A B C D 
1 0.9873 0.1443 0.0218 -0.0636 
2 0.9770 0.0813 0.1798 -0.0811 
3 -0.3414 0.8260 0.3845 -0.2308 

5 0.9835 -0.0294 0.1741 -0.0395 
6 -0.9938 -0.0352 0.1034 0.0227 

4 -0.1536 -0.6236 -0.7325 0.2258 

a For numbering system see Figure 1. Atom not included in 
the calculation of the plane. Bonded to  a disordered atom. 

\S 
I 

Et 

4 , E p  

I 
‘,Et 

VI 
chelate rings.4030 Compound VI is interesting in that the 
FezSio core is very similar to the RuzSio core of [Ruz- 
(Etzdtc)s]+. The Fe(II1)-Fe(II1) distance in VI is 2.618 8. 

The four-membered ring formed by Ru( l ) ,  S(A2), Ru(2), 
and S(B2) is not planar as evidenced by plane 1 in Table VI11 
and has interior angles which are nearly identical with those 
found in the Fez(SEt)z ring of compound VI: Ru(1)-S- 

S(A2)-Ru(l)-S(B2) = 105.6 (4)O, and S(A2)-Ru(2)-S(B2) 
= 105.3 (4 )O ,  compared to Fe-S-Fe = 72.4 (1)O and S-Fe-S 
= 107.7 (1)’ in IV.40 

Geometry of the Ligands. The interatomic distances and 
angles for the five ligands A-E are given in Table IX. The 
average of the ten C-S bond lengths is 1.75 8, with a standard 
deviation from the mean of 0.06 A. This value is slightly larger 
but similar to the average C-S bond distance obtained in 
Ru(Et2dtc)3 (1.72 &48 and other related compounds.8 The 
average of the five SzC=N bond lengths is 1.34 A with a 
standard deviation from the mean of 0.05 A. This value is 
similar to distances observed in related compounds848 and 
indicates significant contribution from resonance structure 
(IIIc). The remaining ligand distances are similar to values 
observed in related compounds.448 The values of the angles 
in the four-membered chelating ligands are similar to values 
observed in Ru(Et2dtc)+ and values found within the 
five-membered chelate ring are similar to values observed in 

(A2)-Ru(2) = 72.3 (3)O, Ru(l)-S(B2)-Ru(2) = 73.4 (3)O, 
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Table IX. Interatomic Distances and Angles in the LigandP 
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Ligand Ligand Ligand Ligand Ligand 
A B C D E 

Distances, A 
S(l)-C 1.78 (3) 1.77 (4) 1.76 (2) 1.71 (5) 1.81 (4) 
S(2I-C 1.79 (3) 1.77 (4) 1.72 (2) 1.76 (5) 1.59 (3) 
C-N 1.28 (4) 1.31 (5) 1.34 (4) 1.39 (5) 1.40 (5) 
N - W )  1.53 (5) 1.43 (4) 1.54 (5) 1.55 (7) 1.63 (6) 
N-C(3) 1.45 (4) 1.44 (5) 1.42 (3) 1.48 (8) 1.34 ( 6 )  
C(l)-C(2) 1.58 (5) 1.62 (4) 1.55 (6) 1.26 (12) 1.43 (6) 
C(3)-C(4) 1.47 (5) 1.31 (8) 1.47 (6) 1.42 (7) 1.67 (6) 

Angles, Deg 
Ru(l)-S(l)-C 90 (1) 114 (1) 84 (1) 
Ru(l)-S(2)C 93 (1) 106 (1) 89 (1) 
Ru(2)-S( 1)-C 88 (1) 89 (1) 
Ru(2)-S(2)-C 107 (1) 91 (1) 112 (1) 87 (1) 
S(l)-C-S(2) 105 (2) 106 (2) 119 (1) 111 (2) 115 (1) 
S(l)-C-N 131 (3) 125 (3) 121 (2) 131 (4) 112 (3) 
S(2)-C-N 123 (3) 128 (3) 119 (2) 118 (4) 133 (3) 
C-N-C(l) 118 (3) 120 (3) 117 (3) 108 (4) 112 (4) 
C-N-C(3) 122 (3) 120 (3) 123 (3) 122 (5) 131 (4) 
N-C(1)-C(2) 109 (3) 105 (3) 109 (3) 93 (6) 94 (3) 
N-C(3)-C(4) 111 (3) 108 (4) 107 (3) 110 (4) 117 (3) 
a For numbering system, see Figure 1. 

the analogous rings of compound VI.40 The angles and 
distances associated with the methyl carbon atoms have large 
errors (especially ligand D) due to disorder in the BF4 
counterion and the acetone of solvation. 

Weighted least-squares planes for the five ligands and the 
distances of the atoms from the planes are given in Table VIII. 
All of the SzCNCz groupings are planar within experimental 
error. For ligands B and E the planes include the ruthenium 
atom whereas the metal atoms are not in the plane for ligands 
A and D. In ligand C, the five-membered chelate ring ligand, 
only one of the two ruthenium atoms is not in the plane formed 
by S2CNC2. 

Intermolecular Distances. There are no abnormally short 
intermolecular contacts; however, one short intramolecular 
nonbonded carbon-carbon distance is observed. The meth- 
yl-methyl distance between C(D2) and C(D4) is 3.38 (10) 
%I which is less than 3.60 A, the sum of the van der Waals 
radii for carbon. This distance is not uncommonly short for 
methyl-methyl distances, however.51 The shortest distance 
between the BF4 anion and the cation is 3.38 (6) A for F- 
(2)-C(A4) and between the acetone molecule and the cation 
is 3.59 A for X(2)-C(E2). 

Metal-Metal Bonding. The observed ruthenium-ruthenium 
bond length of 2.743 A is within the range (2.28-2.95 A) of 
crystallographically determined values for which metal-metal 
bonding has been postulated.45-47 Two additional features 
suggest the presence of a ruthenium-ruthenium bond. In other 
complexes which contain M2X2 rings, where X is the donor 
atom of a bridging ligand, “sharply acute” M-X-M angles 
are characteristic of metal-metal bonding.52 In [Ru2- 
( E t ~ d t c ) ~ ]  +, the Ru( l)-S(A2)-Ru(2) and Ru( 1)-S(B2)- 
Ru(2) angles are 72.3 and 73.4’, respectively. Another fact 
which is taken as evidences’ for a ruthenium-ruthenium bond 
is that the ruthenium-ruthenium bond length is significantly 
shorter than the bite distance of ligand C, 3.009 (13) A. 

The diamagnetism of the compound can also be used as 
evidence for metal-metal bonding because each ruthenium(II1) 
atom is low-spin d5 and a single bond involving overlap of two 
T2g  metal orbitals (assuming idealized O h  geometry) will 
account for the diamagnetism. Of course spin pairing via the 
bridging sulfur atoms can also account for the diamagnetism. 
The ruthenium-ruthenium bonding can be described in terms 
of a qualitative molecular orbital scheme involving direct 
overlap of ruthenium d orbitals. This scheme has been 
thoroughly described elsewhere.40 
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The preparation and physical characteristics of bis(dimethyldithioarsinato)oxovanadium(IV) and the results of an ESR 
investigation of the interaction of this complex with Lewis bases in toluene solutions are described. Thermogravimetric, 
infrared, mass spectral, and magnetic susceptibility data for the complex are given, as well as thermogravimetric and infrared 
data for a green solid, OV[SzAs(CH3)2]~xpy with x E 4, obtained by solvent removal from a pyridine solution of the 
complex. The ESR results indicate that the behavior of the dithioarsinate complex with Lewis bases is similar to that of 
the corresponding dithiophosphinate complex in that the chelating ligands sequentially become monodentate with a Lewis 
base molecule occupying the coordination site from which the sulfur atom is displaced. The equilibrium constants and 
thermodynamic parameters for the ligand displacement equilibria are reported. 

Introduction 
In a previous electron spin resonance (ESR) study in this 

laboratory,l which was substantiated independently,zJ the 
coordination of Lewis bases to vanadyl dithiophosphinate 
complexes was illucidated. On the basis of ESR, optical, and 
infrared measurements on the complexes OV(S2PX2)2, X = 
CH3,l CsH5,l and OC2Hs,1-3 in solutions containing various 
concentrations of the Lewis bases pyridine,l-3 hexamethyl- 
phosphoramide,! or dimethylformamide,l it was concluded that 
the equilibria 1 and 2, where Y is phosphorus and L is a Lewis 

I 

I1 

s-y-x 
X 

I11 

base, are present in these solutions. It was concluded1 on the 
basis of infrared evidence that species I1 may exist in a form 
in which the sixth coordination site of the vanadium atom trans 
to the vanadyl oxygen is vacant or in a form where the sulfur 
atom of the dithiophosphinate, which is displaced by the ligand 
L, occupies this coordination site. Furthermore, the relative 
orientation of the monodentate ligands in species I11 was not 
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ascertained. At very high concentrations of Lewis base, the 
dithiophosphinate ligands are completely displaced from the 
first coordination sphere of the vanadyl ion.1 The enthalpy 
of reaction 1 was determined from the relative intensities of 
the ESRlJ and optical absorptions3 of species I and 11. 

The chelate displacement equilibria described above are in 
sharp contrast with the addition equilibria which have been 
suggested in the interaction of Lewis bases with vanadyl 
acetylacetonate,4 eq 3 and 4. Experimental measurements 

(4) 

of the interactions of other vanadyl complexes with Lewis bases 
have generally been interpreted in terms of reaction 3.5 

The transition metal complexes with dithioarsinate 
ligandss-9 form a series of complexes which parallels the series 
of dithiophosphinate complexes.1-3Jo-12 The existing body 
of published work indicates that substitution of an arsenic atom 
for a phosphorus atom in what is effectively the second co- 
ordination sphere of the metal ion does not produce significant 
changes in the electronic properties of the metal complexes. 
The preparation and electronic and ESR spectra of bis(di- 
methyldithioarsinato)oxovanadium(IV) were reported9JO while 
the present work was in progress. The ESR spectra of 
OV[S2As(CH3)2]2 are different from those of OV[S2P- 
(CH3)2]21-3JlJ2 since 75As has spin 3/2 while 31P has spin 1/2. 
However, the magnitude of the isotropic 75As hyperfine 
coupling indicates that the distribution of unpaired electron 
density in OV[S2As(CH3)2]2 is similar to that in OV[S2- 
P(CH3)2]2. The isolation of the bis(pyridine) adduct of 




