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An electrochemical study of several N,N-diethyldithiocarbamato (Etldtc) complexes of Ru(II), Ru(III), and Ru(IV) was 
carried out. [ ( C O ) R ~ ( d t c ) ~ l ~ ,  R ~ ( d t c ) ~ ,  and CIRu(dtc), were studied by dc, ac, and cyclic voltammetric techniques in 
the solvents acetonitrile, propylene carbonate, and methylene chloride. The results indicate that the bimetallic complexes 
a- and P - [ R ~ ~ ( d t c ) ~ ] +  are not formed as primary electrochemical oxidation products of Ru(dtc), or reduction products 
of C l R ~ ( d t c ) ~ .  The electrochemical oxidation product of R ~ ( d t c ) ~  in CH3CN is [ (CH3CN)Ru(dtc)3] ', and the metal-containing 
reduction product of C l R ~ ( d t c ) ~ ,  which exists as [(CH3CN)Ru(dtc)3]+Cl- in CH3CN, is R ~ ( d t c ) ~ .  In propylene carbonate, 
CIRu(dtc)3 is undissociated and exhibits a one-electron oxidation ( E l l 2  = 0.97 V) and a two-electron reduction (E l l2  = 
-0.77 V) to Ru(dtc)<. [(CO)Ru(dtc)2]2 shows an irreversible one-electron oxidation with E , p  = 0.86 V vs. SCE in CH2CI2. 
The electrolysis products of these complexes are compared to chemical redox products and redox mechanisms are discussed. 
Various redox reactions of the mixed-valence complexes RuZ(dtc)5, Ru(dtc)jt, C1Ru(dtc)3, and R ~ ( d t c ) ~  have been examined. 
Oxidation and isomerization reactions of Ru(dtc)3 and a- [Ru2(dtc)51C using BF3 gas have been studied in detail, and reaction 
mechanisms are proposed. The 'H N M R  spectra of a- and P - [ R ~ ~ ( M e ~ d t c ) ~ ] '  have been assigned by variable-temperature 
and ligand-exchange studies. 

Introduction 
A number of ruthenium(II), ruthenium(III), and ruthe- 

nium(1V) dithiocarbamate complexes have recently been well 
characterized by x-ray Interesting redox and 
photoredox reactions have been used in the synthesis of many 
of these complexes. For example, the reaction of tris(N,N- 
diethyldithiocarbamato)ruthenium(III), R ~ ( E t ~ d t c ) ~ ,  with BF3 
gas under aerobic conditions in benzene gives the novel bi- 
metallic compound p- [Ru2(Et2dtc)J BF4 (1) and oxidized 

1, p - [ R ~ , ( R , d t c ) , ] ~ ,  R = Et4 2, a - [ R ~ , ( R , d t c ) , ] ~ ,  R = Me 

CI 

3, CIRu(Et,dtc),g 4, [(CO)Ru(Et,dtc), I z 3  
ligand p r o d ~ c t s , ~  whereas electrochemical oxidation of Ru- 
(Me2dtc)3 in acetone with EtdNBF4 gives a-[Ru2- 
(Me2dtc)JBF4 (2, R = Me),7 after chromatographic workup.7B 
Compound 2 is more conveniently prepared as a chloride salt 
by reaction of RuC13.XH20 with NaR2dtc in aqueous solution 
and separation from R ~ ( R ~ d t c ) ~  by column chr~matography.~ 
Compounds 1 and 2 have been chemically reduced using 
NaBH4 on mixed-valence Ru(I1)-Ru(II1) c ~ m p l e x e s . ~ , ~  
Reaction of R ~ ( E t ~ d t c ) ~  with anhydrous HC1 in benzene yields 
a novel seven-coordinate complex of Ru(IV), C1Ru(Et2dtc), 
(3), in addition to 2 (R = Et).9 Compounds 2 and 3 can also 
be synthesized by photolysis of R ~ ( R ~ d t c ) ~  in chlorine- 
containing solvents.1° Stable mixed R2dtc-carbonyl complexes 
of Ru(II1) have been prepared by the photolysis of Ru(Et2dt~)~  
in the presence of CO in various solvents." This reaction gives 
a mixture of [ ( C O ) R ~ ( E t ~ d t c ) ~ l ~  (4) and ~ i s - ( C 0 ) ~ R u -  
(Et2dtc)2, in addition to oxidized ligand products." Compound 
4 is dimeric in the solid phase.3 

Although many electrochemical studies have been reported 
on dithiocarbamato c ~ m p l e x e s , ~ ~ ~ ~ ' ~ - ' ~  only three have involved 
compounds of ruthenium in oxidation state III.2,4,'4 No studies 

have been reported using R2dtc complexes of Ru(I1) or -(IV), 
Since the mechanisms of the redox reactions described above 
involve complexes or intermediates in all three oxidation states, 
an electrochemical study of the above and related complexes 
has been undertaken. Solvents with different solvating abilities 
have been used since the stabilities of intermediates are ex- 
pected to have a significant solvent dependence. In addition 
to the electrochemical study, the chemical and spectroscopic 
properties of the above complexes have been examined in detail 
and are reported in this paper. The results of this study give 
insight into the photochemical redox reaction mechanisms of 
ruthenium dithiocarbamate complexes. 
Experimental Section 

The complexes R ~ ( E t ~ d t c ) ~ , '  C lR~(E t ,d t c )~ , '  a- [ R ~ ~ ( R ~ d t c ) ~ ]  C1 
(R = Me and @ - [ R . U ~ ( R ~ ~ ~ C ) ~ ] B F ~  (R = Me and Et),4 and 
[ (CO)Ru(Et2dt~)2]2'~ were prepared by published procedures. 

Electrochemical Measurements. All measurements were made with 
a three-electrode Princeton Applied Research Model 170 instrument 
with platinum working and auxiliary electrodes. All potentials were 
determined at 0 or 25 OC vs. a saturated calomel reference electrode 
(SCE). The working electrode consisted of a 7-mm length of 24 gauge 
platinum wire sealed in an 8-mm Hg-filled glass tube. The wire was 
bent into a loop, and the electrode was rotated at 600 rpm. A glassy 
carbon electrode was also used for several experiments in order to 
check for Pt electrode poisoning. The platinum electrode was cleaned 
in concentrated nitric acid prior to use and prepolarized at the anodic 
and cathodic limits before each experiment. The SCE reference 
electrode was separated from the sample compartment by three 
nonaqueous salt bridges connected by glass frits. Solutions were ca. 
1-2 mM in complex and 0.10 M in tetraethylammonium perchlorate 
as supporting electrolyte. All experiments were done under a nitrogen 
atmosphere. Cyclic voltammetric current--potential curves obtained 
at scan rates up to 200 mV/s were recorded on an X-Y recorder, while 
those obtained at faster scans were displayed on an oscilloscope. The 
phase-sensitive ac voltammograms were measured in phase with the 
input alternating potential. An ac potential (200 Hz) of 5 mV peak 
to peak and a scan rate of 10 mV/s were used unless stated otherwise. 
Burdick and Jackson "distilled in glass" acetonitrile, propylene 
carbonate (C3H603), and methylene chloride solvents were dried over 
molecular sieves and used without further purification. Eastman 
reagent grade tetraethylammonium perchlorate was recrystallized six 
times from water and dried in vacuo. Eastman ultrapure tetra- 
butylammonium perchlorate was dried in vacuo and used without 
further purification for experiments using CH2C12 solvent. 

Synthesis of [ ( C H , C N ) R U ( E ~ ~ ~ ~ C ) ~ ] B F ~ .  Electrochemical. 
Controlled-potential oxidative electrolysis a t  +0.50 V vs. SCE was 
carried out on a M acetonitrile solution of Ru(Et2dtc)3. Tet- 
raethylammonium tetrafluoroborate (0.1 M)  was used as supporting 
electrolyte. The oxidation was continued until ca. 85% of the Ru- 
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Table I. 
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H NMR and Conductivity Data for Dithiocarbamato Complexes of' Ruthenium 

'H NMR data 

b (mult, J)=  Equivalent conductance 

Complex Solvent CH 3 CH, Solvent A, cmz equiv-' 

ClRu(Et,dtc), CDCI, 

IRu(Et,dtc), 
[(PPh,)Ru(Et,dtc), IC1 

[(PPh,)Ru(Et,dtc),]BF, 

[(PPh,)Ru(Me,dtc),]BF, CD,CN 
[ ( C D , C N ) R U ( E ~ , ~ ~ C ) , ] B F , ~  CD,CN 
[(CD,CN)RU(E~,~~C),]BF,~ CD,CN 
[(M~,SO)RU(E~,~~~),]BF,~ (CD,),SO 
a-[Ru,(Me,dtc), CD,CN 
p-[Ru,(Me,dtc), CD,CN 

1.31 (3, 7.2) 
1.30 
1.31 
1.25 
1.25 
1.38 (3, 7.2) 
1.17 (3, 7.2) 
1.14 
1.18 
1.09 
1.06 
1.09 (3, 7.2) 

2.34 
1.25 (3, 7.2) 
1.26 

3.74 (4, 7.2) 
3.73 
3.78 
3;71 
3.77 
3.80 (4, 7.2) 
3.56 (4, 7.2) 
3.52 
3.65 
3.52 
3.54 
3.52 (4, 7.2) 

3.71 (4, 7.2) 
3.73 

1.24 3.78 
2.85, 3.11, 3.39, 3.45, 3.48 
3.00, 3.11, 3.38, 3.44, 3.46 

c, H4c4; 
C,H,O, 
(CH,),CO 
CH,NOzg 
CH,CN 
CH , NO, 
C,H,ClZe 
CH,CN 

C,H,ClZe 
CH,CN 

CH,CN 
CH,NOZg 

<0.125 
0.952 
2.56 

22.2 
70.5 
69 
5 1  

127 

33 
125 

109 
74 

'Chemical shifts relative to Me,% (6 0) at 30 'C; mult = multiplicity of multip1et;Jin Hz. Prepared by electrochemical oxidation of 
Ru(Et,dtc), in CH,CN. The spectra are independent of 
anion; R = Et analogues have complex spectra. e 1,2-Dichloroethane, PPropylene carbonate. gCompare with A =  87 for [Fe(Et,dtc),]BF, 
in CH, NO,. 

Prepared from CIRu(Et,dtc), by reaction with AgBF, in CH,CN or (CD,),SO. 

(Et2dtc), had reacted as determined by the decrease in the limiting 
current. The CH,CN solvent was distilled off and the remaining 
residue extracted with CH2CI2. The small amount of R ~ ( E t 2 d t c ) ~  
which was extracted was removed by column chromatography (silica 
gel) using CH2CI2 eluent. The oxidation product which remained 
at the top of the column was then eluted using CH3CN. The 'H N M R  
and UV-vis spectra of the resulting complex reeorded in CD3CN and 
CH&N solvents, respectively, are identical with spectra of CIRu- 
(Et2dtc)3 recorded in the same solvents (see Tables I and 11). Since 
this latter complex is actually [(CH3CN)Ru(Et2dtc),]C1 in CH3CN 
solution (vide infra), the oxidation product is assigned as 
[ (CH,CN)RU(E~~~~C)~]BF~ .  This complex is not stable for very long 
in the solid state or in solvents other than CH3CN. 

Chemical. Reaction of CIRu(Et2dtc), with an equimolar amount 
of AgBF4 in CD3CN yielded an immediate precipitate of AgCl. 'H  
N M R  and UV-vis analysis of the solution after filtration gave spectra 
which were identical with those of CIRu(Et2dtc), in CD,CN (Tables 
I and 11). Satisfactory elemental analysis of this complex has not 
been obtained due to its instability when removed from CH3CN solvent 
for extended periods of time. 

Synthesis of [(PPh3)Ru(R2dtc)3]X (X = CI or BF4, R = Me or Et). 
Slow quantitative addition of triphenylphosphine, PPh,, to a CD,CN 
solution of C1Ru(Et2dtc), produced a second set of ethyl resonances 
in the 'H N M R  spectrum. The resonances due to [(CD3CN)Ru- 
(Et2dtc)3]C1 vanished when exactly an equimolar amount of PPh3 
had been added. ' H  N M R ,  conductivity, and UV-vis data (Tables 
I and 11) suggest that the complex is [(PPh3)Ru(Et2dtc)3]C1. Crystals 
of this complex have not been obtained. The tetrafluoroborate salt 
of this complex has also been prepared. C1Ru(R2dtc), (R  = Et and 
Me) (0.014 mmol) was mixed with PPh3 (0.015 mmol) in CH3CN 
solution. To  this solution was added 0.84 mmol of NaBF4 (dissolved 
in 20 mL of CH3CN), and the white precipitate of NaCl which formed 
was removed by filtration. The CH3CN solvent was pumped off, and 
the remaining residue was thoroughly washed with heptane and then 
extracted with CH2CI2. Pure samples of [ ( P P ~ , ) R U ( R ~ ~ ~ C ) ~ ] B F ~  were 
isolated upon CH2C12 evaporation and dried in vacuo. The spec- 
troscopic properties of these compounds are identical with their chloride 
analogues (Tables I and 11). Anal. Calcd for [(PPh3)Ru- 
(Me2dtc),]BF4: C, 40.00; H, 4.10; N,  5.18. Found: C, 40.19; H, 
4.28; N, 5.1 1. Calcd for [(PPh,)Ru(Et2dtc),]BF4: C, 44.29; H, 5.07; 
N,  4.70. Found: C,  44.88; H, 5.32; N,  4.62. Infrared (KBr disk) 
for R = CH,: 1625 (w, br), 1519 (s, br), 1465 (w, sh), 1436 (s), 1382 
(w), 1354 (m), 1277 (s), 1206 (s), 1151 (m), 1060 (s, br), 848 (m), 
777 (w), 747 (m), 692 cm-' (s). 

Synthesis of a- and @ - [ R ~ ~ ( R ~ d t c ) ~ ]  (R = Me and Et). Electro- 
chemical reduction of a- or & [ R ~ ~ ( E t ~ d t c ) ~ ] +  in CH,CN leads to 

air-sensitive solutions of the neutral mixed-valence bimetallic 
complexes. Due to the difficulty of purification in the presence of 
supporting electrolyte, however, the neutral complexes were synthesized 
by chemical reduction of 1 or 2 using NaBH4! To a filtered degassed 
ethanol solution (50 mL) of a- or p - [ R ~ ~ ( R ~ d t c ) ~ ] X  (X = C1 or BF4) 
(0.1 mmol) was added 100 mL of a NaBH4 solution (5 mmol) under 
nitrogen. The resulting solution quickly became deep purple ( p  isomer) 
or olive green (a  isomer) and a precipitate formed. The purple or 
green solid was removed by filtration under nitrogen and thoroughly 
washed with degassed ethanol. The vacuum-dried slightly air-sensitive 
solids gave satisfactory elemental analyses without further purification. 
UV-vis data are reported in Table 11. The 'H N M R  spectra of these 
paramagnetic complexes consisted of very broad resonances. Anal. 
Calcd (R  = Et) for Ru2SloCz5H50N5: C, 31.83; H ,  5.34; N ,  7.42. 
Found (a) :  C, 30.83; H ,  5.24; N, 6.61. Found ( p ) :  C,  31.62; H ,  
5.14; N ,  7.03. Magnetic susceptibility a t  25 OC for solid: (R = Et, 
a)  xmUnrn* = 997 X lo4 cgsu mol-', peff = 1.91 pB; (R = Et, p ) ,  xm""* 
= 1078 X cgsu mol-', perf = 1.96 pB. Diamagnetic correction 
= 520 X cgsu mol-'. 

Oxidation of a- and /?- [R~~(Me~dtc)~]  with 12. A degassed benzene 
solution containing iodine was slowly added to a degassed benzene 
solution of pure a- or P-[Ru2(Me2dtc),] a t  20 "C until the purple 
(or green) color just changed to a red-brown. The benzene solvent 
was immediately pumped off while the temperature was maintained 
below 20 "C. IH N M R  analysis in CD3CN solution indicated that 
the a isomer was converted into ca. 70% a- and 30% P-[Ru2- 
(Me2dtc)s]+I-, while the p isomer was converted into 100% 6- 
[ R ~ ~ ( M e ~ d t c ) ~ ] + I - .  

Reaction of ,~9-[Ru~(Et~dtc)~] with CO. C O  was bubbled through 
a degassed toluene solution of p - [ R ~ ~ ( E t ~ d t c ) ~ ] ,  and upon UV ir- 
radiation through a quartz vessel (450-W Hg vapor lamp) the color 
changed from purple to yellow. Evaporation of the solvent yielded 
a residue which was analyzed by IR to consist of c i ~ - ( C O ) ~ R u ( E t ~ d t c ) ~  
(v(C0) 2030 and 1963 cm-l) and [ ( c O ) R ~ ( E t ~ d t c ) ~ ] ~  (v(C0) 1920 
ern-').'' The reaction did not occur in the dark. 

Reaction of a - [ R ~ ~ ( M e ~ d t c ) ~ ] C I  with BF3 Gas. A 9O:lO (v/v) 
C6H6/CH2C12 solution of a - [ R ~ , ( M e ~ d t c ) ~ ] C l  was reacted with BF, 
gas (slow bubbling) for 15 s at 20 OC in the presence of oxygen and 
under essentially oxygen-free conditions (N2 atmosphere).16 In the 
presence of oxygen the a isomer was quickly and quantitatively 
converted into the f l  isomer, whereas with trace oxygen present ca. 
60% a and 40% resulted. The product distribution was determined 
by 'H N M R  analysis in CD3CN of the residue remaining after solvent 
removal. The identity of the anion was not determined. 

Reaction of a - [R~~(Me~dtc )~ ]CI  with 12. A 100-fold molar excess 
of iodine (in CD$N solution) was added to a CD3CN solution of 
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Table 111 
Reaction Endpoint Mol % 
condition time, s [Ru,(Me,dtc),l+ 

Dry nitrogen16 30 85 CY,  15 0 
Air 15 16 CY, 84 0 
Pure oxygen 5 20 a, 80 0 

G .+ 

3 0 c c m c v l c c c c c 0 0 N v l  m m w c v r m m m c m c m r n b w w  - 4 h l m b m m m m b m b m m r n m m  

a - [ R ~ ~ ( M e ~ d t c ) ~ ] C l  at 20 OC. After 5 min ca. 50% of the a isomer 
had reacted, producing the p isomer and some R ~ ( M e ~ d t c ) ~ I . ~  After 
ca. 1.5 hr the conversion was 90% complete. The final product 
distribution was 74 mol % p isomer and 26 mol % Ru(Mezdtc),I, as 
determined by 'H N M R  signal integration. 

Reaction of Ru(Me2dtc), with BF3 Gas. BF3 gas (unpurified, 
Matheson) was slowly bubbled through a benzene solution of Ru- 
(Me2dtc)3 (ca. lo-' M) at 23 OC until the green color just disappeared 
and a fine suspension of product (red-brown) formed (qualitative 
endpoint). For the given reaction conditions the endpoint times and 
Ru-containing product distributions are given in Table 111. The 
benzene solvent was freshly distilled from benzophenone ketyl radical 
anion under nitrogen which was purified by passage through a hot 
BASF catalyst column. 'H N M R  analysis in CD3CN of the Ru- 
containing products was carried out on the residues which remained 
after benzene and excess BF3 removal (see Table I for 'H N M R  data). 
The spectra were recorded in the presence of air. In addition to the 
products tabulated above, two organic compounds were identified but 
not separated by 'H N M R  in CD3CN. These compounds are 
tentatively assigned as the ones shown in structures 6 and 8 (R = Me) 
(vide infra) and have 'H N M R  shifts of 6 2.56 and 2.70 ppm and 
2.63 ppm, respectively. The 'H N M R  spectra of these compounds 
formed by another reaction are shown in the top trace of Figure 7. 
These compounds may also be identified by their S2C;-;N IR stretching 
frequencies which occur in the 1580-1590 cm-' region for a,mixture 
of both compounds. 

Reaction of R ~ ( E t ~ d t c ) ~  with Et2@BF,. Freshly distilled Et,O.BF, 
was thoroughly deoxygenated by vigorous bubbling with purified N2. 
Enough Et20.BF3 was added via a cannular tube to a benzene solution 
of R ~ ( E t * d t c ) ~  (- M )  under nitrogen at 25 OC in order to keep 
all reaction products in solution. The color lightened immediately 
upon addition, and UV-vis examination of the solution under nitrogen 
showed complete conversion into a- [ R ~ ~ ( E t ~ d t c ) ~ ] + .  The spectrum 
did not change upon standing for at  least 24 h. The same experiment 
was repeated in the presence of oxygen, and complete conversion into 
the p isomer occurred. The UV-vis spectral properties of these 
complexes are reported in Table 11. 

Spectral Measurements. Electronic absorption spectra were recorded 
with a Cary 14 spectrophotometer using 1-cm quartz cells. Infrared 
spectra were recorded on a Perkin-Elmer Model 237 grating in- 
strument. 'H N M R  spectra were obtained on a Varian XL-100 
instrument operated in the FT mode or on a Varian C F T  20 in- 
strument. A Yellow Springs Instrument Co. Model 31 conductivity 
bridge was used for conductivity measurements. Complex concen- 
trations used in the conductivity experiments were ca. 1 X M .  
Magnetic measurements were made a t  23 OC using the Faraday 
technique, and H ~ [ C O ( S C N ) ~ ]  was used as a calibrant. 

Results and Discussion 
The experiments reported in this paper have been designed 

to give results which should assist in an understanding of the 
redox mechanisms between dithiocarbamate complexes of 
Ru(II) ,  Ru(III), and Ru(1V). The experiments are divided 
into electrochemical and chemical ones and are discussed in 
the following sections. 

Electrochemical Study. Ru(Et2dtc),. Several electro- 
chemical studies have been reported which deal at  least in part 
with the tris(dithiocarbamat0) complexes of ruthenium- 
(III).4s13J4 In all of these studies, however, the existence of 
the recently discovered seven-coordinate complexes of ru- 
t h e n i ~ m ( I V ) , ~ , ~  Ru(Et2dtc)3X, where X = C1 or I ,  was un- 
known. Since the interpretation of the electrochemical results 
depends markedly on a knowledge of the Ru(1V) complexes 
and since the results of cyclic voltammetry have never been 
completely reported or interpreted, we report here the details 
of our electrochemical study. 



Ruthenium Dithiocarbamato Complexes 

Table IV. Electrochemical Data for N,N-Diethyldithiocarbamato Complexes of Ruthenium" 
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Dc voltammetry Cyclic 
Ac voltammetry voltammetry 

Complexb Process Product 

Ru( dtc) , 

Ru(dtc), 

[(CH,CN)Ru(dtc), ] * e 
ClRu(dtc), 

ClRu(dtc), 

P- [Ru, (dtc), I' 
OL- [ Ru, (dtc) ]' 

[ (CO)Ru(dtc),l, 

Redn 

Oxidn 

Redn 
Redn 

Oxidn 

Redn 

Redn 

Oxidn 

[ Ru(dtc),S+Ic 

CH,CN 

CH,Cl, 
CH,CN 
C4H603h 
CH,Cl, 
C H , C N ~  
CH,CN 
CH,CN 
C4H60, 
CH,CN 
C&O 
C H , C N ~  
C H , C N ~  
C H , C N ~  
C H , C N ~  

C A O ,  

CH,Cl, 

-0.73 54 
-0.73 58 
-0.74 60 
t 0 . 3 3  64 
+0.38 59 
+0.46 65 
-0 .55f  f 
-0.50 52 
-0.72 59 
-0.77 130 
+0.97 62 
+0.97 5 1  
-0.56 60 
-1.18 125 
-0.54 55 
-1.01 90 
+0.86 76 

-0.74 
-0.73 
-0.74 
+0.33 
t0 .40  
+0.47 
g 
g 

-0.7 1 
-0.72 
t1 .01  
t o . 9 9  
-0.54 
-1.12 
-0.56 
-0.98 
+0.84j 

93 70 1.1 
67 1.2 98 

105 84 1.0 
130 d d  
110 d d  
110 d d  
g e e 
g 
95 73 
78 120 1.5 

84 
84 59 1.1 

96 

100 d d  
d d  

1351 102 O.9Si 

a All potentials were determined at 0 "C vs. SCE using a rotating platinum electrode. Ac voltammetry: 200 Hz. Cyclic voltammetry scan 
rate 200 mV s-'. 
complex is neutral. 
The cathodic Ep,c values for this process are -0.60, -0.19, and -0.20 V, respectively, for CH,CN, C,H,O,, and CH,Cl, solvents (see Figures 
1 and 2). 'Complex generated by controlled-potential oxidation of Ru(dtc), at +0.50 V in CH,CN. Ep,c  is-0.60 V (see.Figure 1). fWave 
not well formed due to overlapping with the wave from the process: Ru(dtc), + Ru(dtc);. g Ac peak absent. 25 "C. Two new peaks 
appeared during the cathodic scan of the cyclic voltammetry at Ep,c  of t 0 . 5 6  and -0.15 V but only for scans started at potentials 20.80 V. 
J 10 Hz using a glassy carbon electrode. 

Parent complex in solution. S is a solvent molecule or an anion from the supporting electrolyte, in which case the 
The cathodic peak appeared far removed from the anodic peak and results from the process: Ru(dtc),S+ -+ Ru(dtc),. 

0 

C 

Rukitc), in CH3CN 

OXIDATION 

I I I I I I I I ~  
3 06 0 4  02 0 -02 -04  -06 -08 -10 

POTENTIAL (VOLTS vs SCE) 
Figure 1. (a) Cyclic voltammogram of R ~ ( E t ~ d t c ) ~  in CH,CN (-0.1 
M [NEt4] [Clod]). (b) Cyclic voltammogram of the above solution 
in (a) (but with [NEt4][BF4] as supporting electrolyte) after con- 
trolled-potential electrolysis a t  0.50 V. Approximately 85% of the 
R ~ ( E t * d t c ) ~  has been oxidized. The zero-current-zero-potential 
position is marked by a cross (scan rate 200 mV s-'). 

The electrochemical behavior of Ru(Et2dtc)3 was examined 
by conventional dc, ac, and cyclic voltammetry using the 
solvents acetonitrile, propylene carbonate (C4H603), and 
dichloromethane. The numerical results are given in Table 

OXIDATION 
PRODUCT OF 

+- 

0% 0 6  04 0 2  0 -02 -04 -06 -08 -10 -12 
POTENTIAL (VOLTS vs SCE) 

Figure 2. Cyclic voltammogram of Ru(Et2dtc)3 in propylene carbonate 
(-0.25 M [NEt4] [Clod]). The linear scan voltammograms (200 mV 
s-') show the effect of the starting potential on the appearance of the 
peak a t  ca. -0.2 V. 

IV. A one-electron cathodic wave (reduction) at E l l 2  or E, 
of -0.74 V vs. SCE is observed in all three solvents and 
corresponds to process I. This process is reversible as evi- 

Ru(Et,dtc), + e- ' [Ru(Et,dtc),] - (1) 

denced by the data in Table IV and by the cyclic voltam- 
mograms shown in Figures l a  and 2 .  The anionic complex, 
[ R ~ ( E t ~ d t c ) ~ ] - ,  is analogous to the known iron species [Fe- 
(Et2dtc)J- but has not been isolated. Hendrickson et al.' 
reported the electronic spectrum of [ R ~ ( M e ~ d t c ) ~ ] - ,  which was 
electrochemically synthesized but not isolated. 

A one-electron anodic wave (oxidation) is also observed at 
ca. +0.40 V. This wave has been assigned to process I1 in 

Ru(Et,dtc), Z [Ru(Et,dtc),l+ t e- (11) 

. 

E l , ,  =-0.74V 
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previous s t ~ d i e s . ~ , ~ , ' ~  However, the wave is not reversible by 
cyclic voltammetry (Figures l a  and 2 and Table IV), and the 
cationic complex [ R ~ ( E t ~ d t c ) ~ ] +  is not observed or isolated 
after controlled potential oxidation. Hendrickson et aL7 have 
found some degree of reversibility for this process in acetone 
by cyclic voltammetry (100 mV s-l) with certain N,N sub- 
stituents (e.g., Me  and Ph); however, in the diethyl analogue 
the process is irreversible up to scan rates of 200 mV s-I in 
all solvents examined including acetone. Representative cyclic 
voltammograms are shown in Figures l a  and 2. Hendrickson 
et al.' claimed that after exhaustive oxidative electrolysis of 
R ~ ( M e ~ d t c ) ~  in acetone o c - [ R ~ ~ ( M e ~ d t c ) ~ ] +  was not present,18 
but after chromatographic workup a mixture of cu-[Ru2- 
( M e * d t ~ ) ~ ] +  and R ~ ( M e ~ d t c ) ~  was isolated. We have not 
verified this result with the diethyl derivative using CH3CN 
solvent; however, we find that the immediate oxidation product 
of R ~ ( E t ~ d t c ) ~  is a reasonably stable complex of Ru(IV), 
[ (CH3CN)Ru(Et2dtc)3]+. This diamagnetic seven-coordinate 
complex was isolated after exhaustive electrolysis at  f0.50 V 
by column chromatography and identified by 'H N M R  and 
UV-vis spectroscopy in CH3CN (see Experimental Section, 
Tables I and 11, and the section on the electrochemistry of 

A careful examination of the cyclic voltammograms of 
Ru(Etldtc), in CHJN solvent (see Figure la)  reveals a new 
cathodic wave at  ca. -0.60 V, which appears only after oxi- 
dation of R u ( E t * d t ~ ) ~ .  After controlled-potential electrolysis 
of R ~ ( E t ~ d t c ) ~  at  +0.50 V such that ca. 85% of the Ru- 
(Et2dtc)3 was oxidized, the cyclic voltammogram shown in 
Figure l b  was recorded. The new wave at  -0.60 V is now 
initially present and remains on standing for at  least 12 h. 
Since the complex [(CH3CN)Ru(Et2dtc),]' is isolated from 
this solution in good yield, the new cathodic wave must result 
from process 111. The entire cyclic process in CH3CN solvent 

ClRu(Etzdtc)3). 

Wheeler, Mattson, Miessler, and Pignolet 

+ L' 

[(CH,CN)Ru(Et,dtc),y --- Ru(Et,dtC), t CH3CN 
Ep,c = -0.60 V 

(111) 

is shown in Figure 1 and represented by IV. The chemical 

-e + e -  
[Ru(Et,dtc),]' Ru(Et,dtc), [Ru(Et,dtc),] 

+ e -  -e 
E112 = 3 4  ; -0.74 V 

4 -CH,CN 
[(CH,CN)Ru(Et,dtc),]' E P , ~  = -0.60 V 

step which converts the presumably paramagnetic [Ru- 
(Et2dt~)3]+ (d4 low spin) into the diamagnetic CH3CIV adduct 
must be fast. The lifetime of [Ru(Et2dtc)J+ is less than 
s since the reverse cathodic wave expected at  ca. +0.29 V, 
assuming a reversible process, is completely absent even for 
scan speeds of 200 V s-l. The cationic complex of Ru(IV), 
[ ( C H , C N ) R U ( E ~ ~ ~ ~ C ) ~ ] + ,  is somewhat stable in the solid state 
as a BF4- salt but is not stable in solvents other than CH3CN, 
and its decomposition products have not been identified. 

Cyclic voltammetry of R u ( E t * d t ~ ) ~  using the weakly co- 
ordinating solvent propylene carbonate a t  25 "C shows a 
behavior which is qualitatively similar to that using CH3CN 
solvent. However, the new cathodic wave which appears after 
oxidation of R ~ ( E t ~ d t c ) ~  is anodically shifted to ca. -0.19 V 
from its value of -0.60 V observed using CH3CN. The results 
for propylene carbonate are shown in Figure 2. The peak at  
-0.19 V only appears after prepolarization at  potentials 20.40 
V. Controlled-potential oxidation at  +0.50 V shows a growth 
of the -0.19-V peak with a corresponding decrease in the 
+0.40-V oxidation wave of R ~ ( E t ~ d t c ) ~ .  Due to the low 

Figure 3. The electronic absorption spectrum of C l R ~ ( E t ~ d t c ) ~  
recorded in CH,CV, CHC13, and propylene carbonate solvents at 25 
"C. Complex concentrations are 1.79 X M in 
the 250-400 and 400-700 nm ranges, respectively. 

solubility of Ru(Etzdtc)3 in propylene carbonate, attempts were 
not made to isolate the oxidation products. The cathodic wave 
could be due to process V, where coordinated C4H603 stabilizes 
[(C,H60,)Ru(Et,dtc),1+ + e- - 

and 1.79 X 

Ep,c = -0.19 V ' 
Ru(Et,dtc), + C,H60,  (VI 

the Ru(1V) cation in a similar fashion to CH3CN. However, 
it is also possible that the seventh coordination site is occupied 
by Clod- or H 2 0 ,  especially since the corresponding cathodic 
wave in noncoordinating CH2C12 and acetone solvents occurs 
at  -0.20 and -0.17 V, respectively. In either case, these results 
indicate that the electrochemical oxidation of R ~ ( E t ~ d t c ) ~  in 
a variety of solvents yields a solvent- or "anion"-stabilized 
seven-coordinate complex of Ru(1V). This conclusion is 
supported by the results reported in the next section. 

CIRu(Et2dtc),. The electrochemistry of this pentagonal- 
bipyramidal complex of Ru(1V) has not previously been re- 
ported. Since the results are quite different for CH3ChT and 
propylene carbonate solvents, the form of the complex in these 
solvents will be established first. In CH3CN solution the Cl- 
ion is completely dissociated (1:l electrolyte) and a CH3CN 
molecule is coordinated in an axial site to give [(CH3CN)- 
Ru(Et2dtc),]+C1-, while in propylene carbonate and CHCI3 
the complex is undissociated. Evidence for this comes from 
conductivity, spectroscopic, chemical, and electrochemial data 
(see Experimental Section and Tables I, 11, and IV). The 
UV-vis spectrum of ClRu(Etzdtc)3 in CH3CN differs con- 
siderably in the 300-400 nm range from spectra recorded in 
propylene carbonate and CHC13 solvents (Figure 3 and Table 
11). The band shift of ca. 60 nm indicates a major change in 
coordination composition or geometry. Reaction of ClRu- 
(Et2dtc)3 with AgBF4 in CH3CN yields AgCl(s) and 
[(CH3CN)Ru(Et2dtc)3]+BF, immediately on mixing (Ex- 
perimental Section). The  complex [ (CH3CN)Ru-  
(Et2dtc)3]+BF4- has identical chemical, 'H KMR, and UV-vis 



Ruthenium Dithiocarbamato Complexes Inorganic Chemistry, Vol. 17, No. 2, 1978 345 

vs. SCE. The reduction wave ( E y z  = -0.77 V and E, = -0.72 
V) has exactly double the dif usion-limiting current (dc 
voltammetry) of the oxidation wave (Ell? = 0.97 V and E, 
= 0.99 V), and both waves are irreversible by cyclic vol- 
tammetry (Figure 5 ) .  The cathodic peak has a return anodic 
peak with ip,,fip,, -1.5, which suggests that the cathodic 
reaction is a more-than-one-electron process. A second anodic 
peak at ca. +0.4 V which only appears after cycling through 
the -0.80-V peak also occurs in the cyclic voltammogram and 
corresponds to the oxidation of Ru(Et,dtc),. The entire process 
is represented by VII, where S = C4H603, C104-, or H20 .  The 

ClRu(Et,dtc), > C1- + [Ru(Et,dtc),]- 
t 2e- 

Ep,c = -0.80 V 

[Ru(Et,dtc), 1- > Ru(Et,dtc), 
-e- -e- (VIU 

Ep,a = -0.68 V Ep,a = 0.40 V' 

[SRu(Et,dtc),]+ 

irreversible oxidation of ClRu(EtZdtc), which occurs at E,,, 
= 1.00 V has a "return" cathodic peak at -0.19 V, which 
corresponds exactly to the peak observed after oxidation of 
Ru(Etzdtc)j in propylene carbonate (see Figures 2 and 5). 
Therefore, the data are most reasonably explained by process 
VIII. The exact sequence of chemical and electrochemical 

CIRddtc), in CH3CN 

k z 
W 
LL 
CK 3 
0 

0.8 0.4 0 -0.4 -0.8 -1.2 

Figure 4. Cyclic voltammogram of C1Ru(Et2dtc), in CH3CN ( ~ 0 . 1  
M [NEt4][C104]); the scan rate is 500 mV s-'. 

POTENTIAL (VOLTS vs SCE) 

/ / I I I / I  

1 2  0 8  0 4  0 - 0 4  -08 - 1 2  
POTENTIAL (VOLTS vs SCE) 

Figure 5. Cyclic voltammogram of CIRu(Etzdtc)3 in propylene 
carbonate (-0.25 M [NEt,] [CIO,]); the scan rate is 200 mV s-'. 

properties in CH3CN solvent, as does C1Ru(Et2dtc),. 
C1Ru(Et2dtc), is diamagnetic in solution (CH3CN, propylene 
carbonate, acetone, CH2C12, and CHC13) and has essentially 
identical ethyl 'H N M R  spectra in these solvents (Table I), 
which suggests that the pentagonal-bipyramidal geometry is 
maintained.lg Finally, the electrochemical results (vide infra) 
are entirely consistent with the conclusion that a CH3CN- 
stabilized seven-cordinate Ru(1V) cation exists in CH3CN 
solution while C1Ru(Et2dtc), maintains its structural integrity 
in propylene carbonate and methylene chloride. 

In CH3CN the complex [(CH3CN)Ru(Et2dtc),]C1 shows 
two one-electron reduction waves with Ell2 values of -0.50 and 
-0.72 V. The less cathodic wave is irreversible while the other 
is reversible by ac and cyclic voltammetry. The cyclic volt- 
ammogram is shown in Figure 4 and is very similar in ap- 
pearance to the cyclic voltammogram of oxidized Ru(Et,dtc), 
shown in Figure lb. Since it is apparent that C l R ~ ( E t ~ d t c ) ~  
and oxidized Ru(Et2dtc), both exist as [(CH3CN)Ru- 
(Etzdtc)3]+ in CH3CN solution, the cyclic process of Figures 
1 b and 4 are represented by IV. Note that the anodic peak 
at ca. 0.4 V in Figure 4 only appears after the reduction of 
[(CH3CN)Ru(Et2dtc)3]+ to R ~ ( E t ~ d t c ) ~  and corresponds to 
the oxidation of Ru(Et2dtc),. An irreversible anodic wave at 
Ell2 = 0.97 V also occurs for [(CH&!N)RU(E~~~~C)~]'C~- in 
CH3CN and probably corresponds to process VI. Process VI 

[(CH,CN)Ru(Et,dtc), l+C1- L 

- e  

Epqa = 1.0 v 
[(CH,CN)Ru(Et,dtc),]+ + C1 (VI) 

actually corresponds to the oxidation of C1- to a chlorine 
radical. The oxidation of chloride from KCl in CH3CN occurs 
a t  the same potential. The products of reaction VI have not 
been isolated. 

The dc and ac voltammograms of C l R ~ ( E t ~ d t c ) ~  in pro- 
pylene carbonate show only two waves in the range f 1 . 5  V 

-e- 

Ep,a = 1.00 V 
S + ClRu(Et,dtc), pC1 + [SRu(Et,dtc),j+ 

, -  (VIII) 
+e 

Ru(Et,dtc),t S 
Ep,c = -0.19 V' 

[ SRu(Et,dtc), 1' 

steps in VI11 is not known. 
The electrochemical results for the a and P forms of 

[Ru(Et,dtc),]+ in CH3CN are also reported in Table IV. The 
results are essentially identical with those in acetone reported 
by Hendrickson et aL7 and will not be discussed here. The 
important point is that the potentials found in these bimetallic 
species are never observed in the above electrochemical studies 
on Ru(Etzdtc)3 and C1Ru(Et2dtc), using CH3CN and pro- 
pylene carbonate solvents. Therefore, electrochemical oxi- 
dation of Ru(EtZdtc), and oxidation or reduction of ClRu- 
(Et2dtc), do not yield known bimetallic species as primary 
products. It is possible, however, that the bimetallic complexes 
are formed during workup of the primary electrochemical 
products as reported by Hendrickson et aL7 

[(C0)Ru(Et2dtc),l2. An electrochemical study of this 
compound was undertaken because it was expected that 
oxidation would lead to R ~ ( E t ~ d t c ) ~ + ,  which should react with 
Ru(Et2dtc)3 to yield bimetallic complexes 1 or 2. In CH2C12 
the complex is dimeric as shown in 4 since the 'H N M R  
recorded in CD2C12 at 30 OC consists of complex overlapping 
multiplets in the CH2 region and four overlapping triplets in 
the CH3 region. Note that four nonequivalent C2HS groups 
are expected for structure 4 in the limit of slow SzC;-;N bond 
rotation. Dc voltammetry in CH2Cl2 solution at 0 OC in the 
range 1.6 to -1.4 V vs. SCE shows a poorly shaped one- 
electron oxidation wave with E l j 2  = 0.86 V (Table IV). The 
cyclic voltammogram showed both cathodic (Ep,c = +0.80 V) 
and anodic (Ep,a = +0.90 V) peaks. Upon repeated cycling, 
additional peaks grew in at Ell2  = -I-0.61 and -0.12 V where 
E l l Z  = (Ep,c + Ep,a)/2. Controlled-potential oxidative elec- 
trolysis at 1.3 V produced a dark green solution (the starting 
solution is light yellow) which had four distinct sets of cyclic 
voltammetric peaks with El l z  values of 0.83, 0.58, 0.37, and 
-0.12 V. Addition of NaEtzdtc to the oxidized solution gave 
R ~ ( E t ~ d t c ) ~  immediately = 0.46 and E l j 2  = -0.74 V), 
and the E112 = -0.12 V couple vanished. Addition of Ru- 
(Et2dtc)3 to another oxidized solution had no noticeable effect 
on the four waves except that a small wave appeared at 
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= -0.53 V: this could be due to formation of some bimetallic 
complex 1 or 2. 

The above results show that several species are formed upon 
oxidation of [(CO)Ru(Et,dtc),], in CH2C12 and that the 
formation of bimetallic complexes 1 or 2 upon addition of 
Ru(Et2dtc), to the oxidation products is only a minor reaction. 
Further work is needed to elucidate the nature of the oxidation 
products. Attempts a t  isolation of these compounds are 
currently in progress; however, it can be assumed that Ru- 
( E t 2 d t ~ ) ~ '  is not produced as a major product. 

Chemical Redox Reactions. Boron Trifluoride Oxidations. 
Reactions of M ( R 2 d t ~ ) ~  complexes with boron trifluoride gas 
or Et20.BF3 under aerobic conditions have been reported for 
M = Fe,13s2' C O , ~ '  Mn,20,22 Rh,23 R u , ~  and Bi.24 The met- 
al-containing products of these reactions are well characterized, 
they are [Fe(R2dtc)JBFd, [Co2(R2dtc)JBFd (S), [Mn- 

Wheeler, Mattson, Miessler, and Pignolet 

trithiolane bis(tetrafluorob0rate). [Et4bitt] (BF4)2 (6).4 The 

5, [M,(R,dtc),]BF,, M = Co (R = Et)" or Rh (R = Me)23 

(R2dtc)3I BF4, [ R ~ ~ ( R & c ) s I B F ~  (51, P- [Ruz(Rzdtc),lBFd (11, 
and [Bi(R2dtc)2]BF4, respectively. Increase in the formal 
oxidation state of the metal occurs only with complexes of Fe 
and Mn, whereas ligand oxidation has been suggested in the 
case of Ru4 and presumably occurs also with complexes of Co, 
Rh, and Bi. The Co and Rh bimetallic complexes, 5 ,  do not 
have a M-M bond (M-M distance = 3.372 (s) and 3.556 (1) 
A, r e ~ p e c t i v e l y ~ ' , ~ ~ )  but are otherwise structurally similar to 
c ~ - [ R u ~ ( R ~ d t c ) ~ ] B F ~  (2) which has a Ru-Ru distance of 2.789 

The mechanism of these oxidation reactions has not pre- 
viously been discussed; however, several facts may be gleaned 
from careful reading of the above referenced papers: (1) the 
presence of oxygen or air (either stated or implied) along with 
gaseous BF3 or Et20.BF3 is necessary for oxidation; (2) a 
noncoordinating solvent such as benzene is always used; and 
(3) high yields usually much greater than 50% are common. 
Efforts to systematically vary the conditions of these reactions 
have not been made. Before discussing our attempts to 
elucidate the reaction mechanism for the Ru complexes, it is 
useful to briefly review several other procedures which have 
been used for preparing the oxidized complexes from M- 
( R 2 d t ~ ) ~ .  In the case of Fe and Mn, where simple one-electron 
oxidized cationic complexes M(R2dt~)3f  result, several oxi- 
dizing agents, including electrochemical oxidation, have been 
successfully employed. For example, Fe(C10J3.6H20 reacts 
with Fe(R2dtc)3 in acetone/benzene solution to give [Fe- 
(R2dtc)3]C104,2s and Mn(C104)2.6H20 has been used to 
oxidize Mn(R2dtc)3 to [Mn(R2dtc)3]C104 in benzene solu- 
tion.22 Pasek and Straub20 prepared [Fe(Et2dtc)3]PF6 by 
bubbling air through an acetone solution of Fe(Et2dtc), which 
was acidified with H2S04 and contained PF6-. [Fe- 
( E t 2 d t ~ ) ~ ] C 1 0 ~  has been prepared in ca. 50% yield by the 
reaction of Fe(Et2dtc)3 in acetone containing Et4NC104 with 
HC104 (with or without air present).13 The M ( R 2 d t ~ ) 3 +  
complexes react rapidly with R2dtc- in acetone, yielding 
M (  R 2 d t ~ ) ~  and ' / 2 (  R4-thiuram disulfide). 13*22 

The bimetallic complexes, [M2(R2dt~)5]+,  are generally 
synthesized via the BF3/air route; however, an electrochemical 
synthesis has been reported for 2 (R = Et)' (but 2 is not a 
primary electrochemcial product-see Electrochemistry 
Section). The non-metal-containing byproducts of these 
reactions are generally unknown; however, synthesis of 1 by 
reaction of R ~ ( E t ~ d t c ) ~  with BF3 in aerated benzene solution 
yielded a t  least some 3,5-bis(N,iY-diethyliminium)- 1,2,4- 

(4) A.2 

6 ,  R = Et 

boron-containing byproducts of these reactions other than BF4- 
have not been isolated or identified. The bimetallic complexes 
of Ru (1 and 2) do not react with R2dtc- even after refluxing 
in CH3CN, whereas the complexes of Co and Rh ( 5 )  are 
rapidly converted to the M ( R , ~ ~ c ) ~  complexes in the presence 

From the above observations it would appear that O2 is a 
necessary component of the BF3 oxidation reaction. Ex- 
periments carried out under air-free conditions, however, gave 
immediate products. For example, the reaction of Ru(Et2dtc)3 
with Et20.BF3 in benzene under rigorously oxygen-free 
conditions (purified N2 atmosphere) yielded complete and fast 
conversion into a-[Ru2(Et2dtc)S]+ (2, R = Et). The same 
reaction carried out in the presence of 0 2  yielded complete 
conversion into P- [Ru2(Et2dtc),]' (1). These reactions were 
monitored by UV-vis spectroscopy (see Experimental Section). 
The same results were obtained by 'H N M R  spectroscopy of 
the products of the reaction of R ~ ( M e ~ d t c ) ~  with BF3 gas in 
C6H6 solution. The formulas of the anions were not deter- 
mined in these reactions. An additional experiment showed 
that a - [ R ~ ~ ( I M e ~ d t c ) ~ ] +  was quickly converted into P-[Ru2- 
(Me2dtc),]+ by reaction with BF3 gas in aerated C6H,/CH2C12 
(v/v, 90: lo), whereas the isomerization only occurred partially 
with trace O2 present (see Table 111). Two conclusions can 
be drawn from these observations. Firstly, O2 is not necessary 
for the conversion of Ru(R2dtc), into bimetallic species in the 
presence of BF3. Secondly, O2 has an important effect on the 
stereochemistry of the product. These conclusions can be 
rationalized by reaction process IX There is good evidence 

Ru(R,dtc), + BF, - Ru(R,dtc),t + R,dtcBT; (IXa) 

Ru(R,dtc),i + Ru(R,dtc), - -, ~-[Ruz(R,d tc) , l t  (IXb) 

a- [ RU , (R , d tc) , ]' - 0- [ Ru, (R , dt C) 1' 

of R 2 d t ~ - . ~ ' l ~ ~  

NZ 

benzene 

N, 

benzene 

BF,IO, 
(1XC) 

for step IXa since it is exactly the observed reaction with 
Bi(R2dt~)3,24 and we have evidence that this is the first step 
in the reaction of Fe(R2dtc), with Et20.BF3 in the absence 
of 02.26 Step IXb is reasonable, but the complex R ~ ( R ~ d t c ) ~ +  
has not been isolated or studied. It is important to note that 
formation of the bimetallic complexes 1 and 2 does not require 
oxidation. The dissociation of R2dtc- which is promoted by 
formation of a BF3 adduct is a sufficient cause for reaction. 
It is well-known that BF3 forms Lewis adducts with sulfur 
 compound^,^' and the enhanced nucleophilicity of the R2dtc- 
ligand due to resonance structure 7 is expected to add stability 

-S R 
\ + /  
C=N 

/ \  
-S R 

7 

to a R,dtcBF3- adduct. The ultimate fate of the R2dtcBF3- 
anion in the presence of BF3 and O2 appears to be a redox 
reaction which gives a mixture of 6 and 8. A mixture of these 
dications (R = Me) has been observed by 'H N M R  and IR 
spectroscopy as a reaction product of the R ~ ( M e ~ d t c ) ~  + 
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R S-S R 
\ +  1 \ + I  
N=C C=N 

I \ / \  
R S-S R 

8 

BF3/02  reaction (Experimental Section). Evidence for the 
existence of 8 has recently been p ~ b l i s h e d . ~ ~ , ~ ~  Work in 
progress is directed at determining the mechanism of the redox 
decomposition of R2dtcBF3-; however, our data indicate that 
tetraalkylthiuram disulfides are converted into oxidized 
cationic species such as 6 and 8 by reaction with BF3 and O2 
so that the initial reaction of R2dtcBF3- could well involve 
formation of R2dtc. and B F p .  There is a precedent for radical 
anion formation with t r ia ry lb~ranes~~ but not with BF3. More 
work is needed to verify this and to determine that exact role 
of 0 2 .  

Step IXc is interesting and provides clear evidence for the 
importance of 02. This step has been carried out by the 
reaction of a - [ R ~ ~ ( M e ~ d t c ) ~ ] C l  with BF3/02 in C&6/CH2C12 
solution at room temperature, in which case complete con- 
version to the /3 isomer is achieved, but in the absence of 0 2  
that a isomer does not isomerize. It is known that the a -+ 

p isomerization occurs thermally (60 OC in CHCI,, first-order 
rate constant k = 1 X lo4 s- ') ,~ but at room temperature the 
conversion is extremely slow. Since a bond rupture occurs 
during the a - p i s o m e r i z a t i ~ n , ~ ~  it is most reasonable to 
assume that the BF3/02 combination promotes bond rupture 
through partial ligand oxidation. To test this idea, excess I2 
was reacted with a - [ R ~ ~ ( M e ~ d t c ) ~ ] C l  in CH3CN at room 
temperature, and indeed the same CY -+ /3 conversion occurred 
but with some formation of I R ~ ( M e ~ d t c ) ~ ~  (Experimental 
Section). Metal-sulfur bond rupture upon ligand oxidation 
has been proposed to occur in photochemical reactions of 
M(R2dtc)3 complexes, where M = Fell or Ru.'O 

Reduction of a- and /3-[Ru(R2dtc),]+. The a and p isomers 
of the bimetallic complexes, 1 and 2, can be reduced to neutral 
mixed-valence Ru(I1)-Ru(II1) complexes by reaction with 
NaBH4 in ethan01.~ These complexes are paramagnetic ( S  
= 1/2) and mildly air-sensitive in toluene solution. Spec- 
troscopic and magnetic data are presented in Table I1 and the 
Experimental Section. The reduction product of a- [ R u ~ -  
(E2dt~)s ]C is green in toluene solution, while the reduced p 
isomer is purple (Table 11). The solution absorption spectrum 
of the green complex which is due to a - R ~ ~ ( E t ~ d t c ) ~  slowly 
converts into the spectrum of the purple complex, P-Ru2- 
(Et2dtc)5. The (Y - p isomerization is complete in toluene 
solution at 25 "C in ca. 15 min, which indicates that the 
isomerization is much faster than with the cationic complexes 
1 and 2.' The rate constant for the a - p isomerization was 
measured by spectroscopic monitoring of the interconversion 
and is 8 X lo4 s-l at 30 OC. These results show that the BH4- 
reduction occurs without isomerization. The fact that the 
neutral mixed-valence complexes isomerize faster than their 
cationic Ru(II1) counterparts suggests that bond rupture and 
rearrangement occur faster in the paramagnetic mixed-valence 
complexes. Martin7 has reported that the anionic complexes, 
[ R ~ ~ ( R ~ d t c ) ~ ] - ,  prepared electrochemically in acetone solution 
by one-electron reduction of R ~ ~ ( R ~ d t c ) ~  are only stable in 
the a form. This is consistent with there being no Ru-Ru 
bond, as expected for Ru(I1) which is d6 and low spin. In fact, 
this complex is isoelectronic with the dirhodium compound 
Rh2(R2dtc)S (52; which has the a stereochemistry but without 
a M-M bond. 

Reactions of a- and / 3 - R ~ ~ ( R ~ d t c ) ~ .  The reaction chemistry 
of a- or /3-Ru2(R2dtc)5 is consistent with the presence of a 
weakened Ru-Ru bond compared with the cationic complexes, 
as would be expected if the added electron occupies a c* orbital 
of the M-M bond. For example, N O  does not react with a- 
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or P - [ R ~ ~ ( E t ~ d t c ) ~ ] +  but reacts rapidly with a- or /3-Ru2- 
(Et,dtc), in toluene solution, giving some of the known complex 
( N O ) R ~ ( E t ~ d t c ) ~ . ~ l  Photolysis of the cationic complexes using 
unfiltered UV radiation from a 450-W Hg vapor lamp in 
CHC13 saturated with CO shows no reaction, whereas the 
neutral complexes give ( C 0 ) 2 R ~ ( E t 2 d t ~ ) 2  and [(CO)Ru- 
(Et2dt~)2]211~32 in good yield when irradiated in toluene sat- 
urated with C0.33  Surprisingly, the a- and @ - R ~ ~ ( R ~ d t c ) ~  
complexes slowly react with CHC13 and CH2C12 in the dark 
(rapidly in UV light), yielding their respective cationic 
complexes 1 and 2 with a C1- counterion. This oxidation 
reaction is similar to the dark reaction of Fe(Etzdtc), with 
CHC13 which gives C1Fe(Et2dtc)211 and the photochemical 
chlorine abstraction reactions of Fe(R2dtc)3" and Ru(R2dtc)3" 
which give C1Fe(R2dtc)2 and a mixture of a-[Ru2(R2dtc)5]C1 
and C1Ru(R2dtc),, respectively. This observation also makes 
the recently reported UV-vis spectra of a- and P - R ~ ~ ( M e ~ d t c ) ~  
in CH2C12 subject to some doubt. 

The complexes a- or P - R ~ ~ ( M e ~ d t c ) ~  can be oxidized to 
their respective cationic complexes by reaction with a stoi- 
chiometric amount of I2 (Experimental Section). 

Reactions of C l R ~ ( E t ~ d t c ) ~ .  Several redox reactions of this 
novel complex of Ru( IV) have previously been r e p ~ r t e d . ~  
Reaction with NaEt2dtc in acetone gave Ru(Et2dtc)3 and 
Et,tds (9), while reaction with excess AgBF4 in acetone in the 

Et S-S Et 
\ l \ l  
N-C C-N 

I \\ /I \ 
Et S S Et 

9 

presence of O2 gave the bimetallic complex [Ru2(Et2dtc)5] BF4 
and 9.5 Both reactions occurred immediately on mixing, and 
the stereochemistry of the diruthenium complex was not 
determined. Careful 'H N M R  analysis in CD3CN of the 
second reaction using Ru(Me3dtc),C1 showed that a mixture 
of CY- and / 3 - [ R ~ ~ ( M e ~ d t c ) ~ ] B F ~  and 8 was present upon re- 
moval of the acetone solvent. Compound 8 is presumed to have 
6 2.63 (vide supra).29 We believe this to be the correct product 
analysis for the Et complex as well, which indicates that our 
previous qualitative result was partly in error.5 A proposed 
mechanism of this reaction is shown in eq X. The species 

ClRu(R,dtc), + AgBF, + AgCl + SRu(R,dtc),* + BF,- 
S 
__ 

-S 
SRu(R,dtc): -+ Ru(R,dtc), + dtc+ ( ~ ' / z 8 )  (X) 

-S 
Ru(R,dtc), + SRu(R,dtc): - [Ru,(R,dtc), ]' 

s R ~ ( R ~ d t c ) ~ +  where S is acetone or water has been observed 
in electrochemical experiments of R ~ ( E t 2 d t c ) ~  and ClRu- 
( R Z d t ~ ) 3  (see Electrochemical Study). The formation of 8 
most simply results from R2dtc+ dissociation from SRu- 
(R2dt~)3f  as shown in eq X, but it could also involve R2dtc. 
dissociation to 9 and subsequent 2e- oxidation of 9 to 8 by the 
reduction 2[Ru(IV) - Ru(III)]. The latter reaction sequence 
is unlikely since 9 does not reduce C1Ru(R2dtc)3. In addition, 
W i l l e m ~ e ~ ~  has postulated the importance of R2dtc+ as an 
intermediate in redox reactions of Ni- and Cu(R2dtc) com- 
plexes. 

It has been established that ClRu(EtZdtc)3 is completely 
dissociated into S R ~ ( E t ~ d t c ) ~ +  and C1- in donor-type solvents, 
S, such as CH3CN and (CH3)$30 (Electrochemical Study and 
Tables I and 11). To further establish the nature of these 
Ru(IV) compounds, PPh3 was added to C1Ru(Et2dtc)3 and 
to [(CH3CN)Ru(Et2dtc)3]BF4 in CH3CN. In both cases, the 
ion [(PPh3)Ru(Et2dtc)3]C was immediately formed. Char- 
acterization data for this complex are presented in Tables I 
and I1 and in the Experimental Section. 
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Figure 6.  'H NMR traces of 8 - [ R ~ ~ ( M e ~ d t c ) ~ ] B F ~  recorded in (a, 
left) (CD3)2S0 as a function of temperature and (b, right) CD3CN 
at  30 OC as a function of added NaMe2dtc ( R  = mole ratio 
NaMe2dtc/P-[R~2(Me2dt~)5]BF4). The letters x, y, and z refer to 
ligand environments defined in structure 11, and I is due to the complex 
R ~ ( M e ~ d t c ) ~ ( M e ~ S 0 ) ~  (see text). 'The spectra were recorded at 100.1 
MHz. 

'H N M R  Properties. LRu(R2dtc)P (L = CH3CN, PPh3 or 
(CH3)2SQ, R = +; L = CI or I, R = 0). All of the seven- 
coordinate complexes of Ru(IV) are stereochemically nonrigid, 
even a t  temperatures approaching the freezing points of the 
solvents CD2CI2, CDC13, CD3CN, and (CD3)2S0 (Table I, 
ref 5 and 6). Complexes where L = CH3CN and (CH3)2S0 
can only be examined in CD3CN and (CD3)$0, respectively. 
The nonrigidity of these complexes is unexpected since another 
d4 complex, ( N o ) M ~ ( M e ~ d t c ) ~ ,  which has the same solid-state 
geometry as C l R ~ ( E t * d t c ) ~  and I R ~ ( M e ~ d t c ) ~ ,  is rigid up to 
-60 0C,35 In a previous paper we suggested that rapid halide 
dissociation and recombination was probably responsible for 
the nonrigid nature of the complexes where L = C1 and Is5  
This seems likely because of the substitutionally labile nature 
of the Ru-halide bond. Axial L exchange is also probably 
responsible for the nonrigidity in complexes where L = 
CH3CN and (CH3)2S0.  Additional support for this mech- 
anism derives from halide-exchange experiments. Equimolar 
CDC13 solutions of C l R ~ ( E t ~ d t c ) ~  and IRu(Etdtc), were mixed 
a t  25 "C and examined by 'H NMR.  The ethyl resonances 
were averaged even though the signals due to the two com- 
plexes should be well resolved if halide exchange was slow 
(Table I ) .  This experiment clearly demonstrates that rapid 
halide exchange is occurring and is the most probable cause 
for the nonrigid nature of the compounds. Previous experi- 
ments have shown that R2dtc- ligand exchange is slow on the 
'H N M R  time scale.5 

Although the above mechanism is most reasonable for the 
complexes where L = Ci, I, CH3CN, and (CH3)S0, the PPh3 
adduct has properties which suggest that a different rear- 
rangement mechanism is operative. Most importantly, L 
exchange is slow on the 'H N M R  time scale between com- 
plexes of L = C1 and PPh3 in CDC13 solution at  30 "C. 
Therefore, rapid PPh3 exchange cannot account for the 
nonrigidity for the L = PPh3 complex. Other mechanisms 

4 ~ ~ l J l ~ l \ J ; ~  R = O  

1 
3.5 &iPPM,3.0 2.5 

Figure 7. 'H NMR traces of oc-[R~~(;Me~dtc)~]Cl recorded in CD3CN 
at 30 "C as a function of added NaMe2dtc ( R  = mole ratio 
NaMe2dtc/a-[Ru2(Me2dtc)5]Cl). The letters a ,  b, c,  ox, py, and (I, 
refer to ligand environments defined in structures 10 and 11. I is due 
to the complex IRu(Mezdtc)3, and 6 and 8 are due to compounds 6 
and 8 shown in the text. The spectra were recorded at 79.54 MHz. 
The top trace resulted upon addition of excess iodine to the R = 2.0 
solution. 

including nondissociative polyhedral  rearrangement^^^ and 
partial R2dtc ligand dissociations have also been discussed for 
complexes of this type and of course could be operative here. 

cy- and P - [ R U ~ ( R ~ ~ ~ C ) ~ ] X  (X = Cl or BF4). 'H N M R  spectra 
of the a and /3 isomers with R = CH3 and C2H5 have been 
recorded in various  solvent^.^^^ Only the results with R = CH3 
using CD3CN and (CD3)2S0 solvents will be discussed here. 
The R = Et compounds have complex 'H N M R  spectra. Both 
isomers possess five well-resolved methyl singlets a t  30 "C 
which result from the C2 symmetry of the compounds in 
solution and slow S2C=N bond r o t a t i ~ n . ~ , ~ . ~ ~  Actual spectra 
are shown in Figures 6 and 7 ,  and chemical shifts are listed 
in Table I. The approximate C2 symmetry in the solid state 
must be exact on the time average in solution, and therefore 
the CY and B isomers can be represented by 10 and 11, re- 

I 2  
s 2  ' T S  

C b C 2  

10 1 1  

spectively. The letters refer to the nonequivalent Me2dtc 
ligands. Note that the ligands labeled a and x contain the C2 
symmetry axis in each isomer, respectively, and therefore 
possess only one CH3 environment, whereas the other ligands 
each possess two nonequivalent CH3 environments; hence, five 
signals result. 

The results of variable-temperature and ligand-exchange 
experiments can be used to assign the 'H NMR resonances 
to the various ligands a-c and x-z, respectively. The high- 
temperature 'H N M R  traces for the @ complex recorded in 
(CDJ2S0 are shown in Figure 6a. The five CH3 environments 
are labeled by the letters x, y, and z, and their assignment to 
11 goes as follows. Increasing the temperatures should cause 
S2C-N bond rotation to become fast on the 'H N M R  time 
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scale, and coalescence of the signals due to the two non- 
equivalent CH3 groups of ligands y and z should occur sep- 
arately. Figure 6a clearly shows the coalescence of the z pair 
a t  -90° and the start of the y pair coalescence a t  130O. These 
spectral changes are reversible; however, a t  temperatures 
> 100° the complex slowly and irreversibly decomposes into 
the known compound R ~ ( M e ~ d t c ) ~ ( M e ~ S o ) ~ , ~ ~  which ac- 
counts for the 'H N M R  resonance labeled I in Figure 6a. 
From the high-temperature data, resonance which remains 
sharp is assigned to the unique bridging ligand which contains 
the C2 symmetry axis as shown in 11. The assignment of y 
and z as pairs is obvious from these data, but their corre- 
spondence to 11 requires the ligand-exchange results given 
below. Hendrickson et  ale7 have assigned the z doublet 
coalescence to an accidental degeneracy of the resonances; 
however, the reversible broadening of the y peaks a t  a higher 
temperature, exactly as expected if the rate of S2C=N bond 
rotation for the y and z ligands is the same, argues against 
their a ~ s i g n m e n t . ~ ~  They' apparently did not monitor the 'H 
N M R  at high enough temperatures to observe the broadening 
of the y resonances. 

Experiments with added NaMe2dtc in CD3CN confirm the 
above conclusions and provide good evidence for the ligand 
labeling shown in 11. The ligand-exchange 'H N M R  data 
are  shown in Figure 6b for the 0 isomer. In this figure, R 
denotes the mole ratio of added NaMe2dtc to 0- 
[Ru2Me2dtc]BF4. For small amounts of NaMe2dtc added ( R  
,5 O , l ) ,  the five-line pattern is unaffected and appears virtually 
identical with the 30 "C (CD3)2S0 spectrum of Figure 6a. 
As the amount of ligand is increased, the y resonances broaden 
and eventually average with free ligand. Finally, when R = 
0.22, the z resonances also coalesce, and for R = 1 .O only the 
average signal (composed of y, z, and free-ligand methyl 
groups) and the unique ligand x resonance remain. The 
bridging z ligands are  expected to be more inert to ligand 
exchange than the terminal y li ands because the average 

Ru-S(termina1) distances4 Therefore, the assignment of y and 
z in 11 is reasonable, and the assignment of x is certain. 

A similar ligand-exchange argument is used to assign the 
resonances in the CY isomer. The assignment is shown in 10 
and Figure 7. The five-line pattern ( R  = 0, Figure 7) is similar 
to but easily distinguishable from that of the /3 isomer. Upon 
additions of a small amount of NaMezdtc ( R  < 0.1) in 
CD3CN solution, the c resonances coalesce with free ligand. 
Eventually, when R = 0.8, the a resonance coalesces; however, 
the b peaks also broaden and begin averaging for about the 
same R value. For the a isomer, the b ligands should be most 
resistant to exchange because the average bridging Ru-S 
distance is 0.09 A shorter than the average nonbridging 
distance;2 however, the distinction between the a and b res- 
onances is not clear from this experiment, and the a and b 
ligand assignment in 10 depends on arguments in the next 
paragraph. 

Hendrickson et aL7 added lanthanide shift reagents to the 
a and /3 isomers in CD2C12 solution. Since the five-line CH3 
patterns of both isomers in CDzClz are very similar to those 
in CD3CN and (CD3)2S0, the shift reagent data can be used 
to confirm the above assignments. Figure 1 of ref 7 shows plots 
of the CH3 chemical shifts for the a and /3 isomers as a 
function of added shift reagent. It is obvious from these plots 
that the pairs of resonances due to ligands y and z of the b 
isomer and b and c of the a isomer give lines with similar 
slopes, whereas the x and a peaks, respectively, have quite 
different sloped lines, thus establishing them as belonging to 
the ligands which contain the C2 symmetry axes. The 
combination of all of these arguments places the assignments 
on rather firm ground. 

Ru-S(bridge) distance is 0.11 R shorter than the average 
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In Figure 7 a new resonance (0,) grows in as R increases. 
This resonance is due to the presence of the /3 isomer (recall 
that the x ligand is resistant to ligand exchange), which forms 
from the a isomer in the presence of excess ligand. The 
presence of free ligand must therefore increase the rate of 
effective bond rupture in the a isomer so that conversion to 

is significantly accelerated. Since thermal bond rupture 
occurs and results in slow a - /3 conversion (see above), the 
accelerated rate in the presence of free ligand probably involves 
a mechanism similar to the one shown in eq XI. In XI the 

13 d 

i sli 
a - /3 conversion can be achieved by initial rupture of a 
nonbridging Ru-S bond (dashed line) followed by attack of 
monodentate free ligand and subsequent chelation and dis- 
placement as shown in XI. The thermal mechanism has been 
proposed to involve rupture of the stronger Ru-S(bridge) bond 
followed by major rearrangement and r e a t t a ~ h m e n t . ~ ~  Finally, 
the top 'H N M R  trace in Figure 7 resulted upon addition of 
iodine to the R = 2.0 solution which reacts with excess ligand 
giving compounds 6, 8, and 928 ( R  = CH3). Resonances due 
to these compounds, the /3 isomer, and some I R ~ ( M e ~ d t c ) ~  (I) 
are evident in the 'H NMR PMR trace. No 01 isomer remains. 
Summary 

The chemical redox and electrochemical experiments re- 
ported here on dithiocarbamato complexes of ruthenium clearly 
show that the novel bimetallic complexes a- and /3-[Ru2- 
(R2dtc)J' are not formed by electrochemical oxidation of 
R ~ ( R ~ d t c ) ~  in a variety of solvents as previously thought, and 
that chemical oxidation using boron trifluoride gas does yield 
the bimetallic a isomer directly in the absence of oxygen. 
Oxidation of Ru(R2dtc)j using boron trifluoride gas in the 
presence of oxygen yields the /3 isomer. Electrochemical 
oxidation of R ~ ( R ~ d t c ) ~  in CH3CN irreversibly yields a stable 
seven-coordinate complex of Ru(IV), [ (CH3CN)R~(R2dt~)3]f .  
Similarly, oxidation using I2 or anhydrous HCl yields IRu- 
(R2dtc)3 and ClRu(Rzdtc)3, respectively. These pentago- 
nal-bipyramidal complexes are stereochemically nonrigid on 
the 'H N M R  time scale. 

The bimetallic complexes can be electrochemically or 
chemically (NaBH4) reduced to mixed-valence compounds 
which maintain the a and P stereochemistries at  low tem- 
perature. The neutral a isomer thermally converts into the 
neutral /3 isomer a t  30 O C  with a first-order rate constant of 
8 X s-'. The mixed-valence complexes are more reactive 
than their cationic counterparts. Reaction with CO under UV 
irradiation yields c i s - ( C O ) 2 R ~ ( R ~ d t c ) ~  and [(CO)Ru- 
(R2d t~ )~]2 ,  while photolysis in CHC13 yields the oxidized 
cations with chloride counterions and retained a and p ste- 
reochemistry. 

Acknowledgment. This research was supported by the 
National Science Foundation. 

Registry No. Ru(Et2dtc),, 31656-15-2; 3, 60490-51-9; a-[Ru*- 
(Me2dtc)s]C1, 61695-23-6; a-[Ruz(Et2dtc),]Cl, 63912-30-1, 0- 
[ R ~ ~ ( M e ~ d t c ) ~ l B F ~ ,  57774-53-5; P - [ R ~ ~ ( E t ~ d t c ) ~ ]  BF4, 55326-22-2; 

R ~ ( E t ~ d t c ) ~ ] C l ,  64784-38-9; [ ( P P h , ) R ~ ( M e ~ d t c ) ~ ]  BF4, 64784-37-8, 
[(PPh3)Ru(Et2dtc),] BF4, 64784-35-6; C1Ru(Me2dtc),, 63994-96-7; 
a- [ R ~ ~ ( M e ~ d t c ) ~ ] ,  64825-44- 1 ; a- [Ru2(EtZdtc),], 64825-4 1-8; P- 
[ R ~ ~ ( M e ~ d t c ) ~ ] ,  64825-45-2; P - [ R ~ ~ ( E t ~ d t c ) ~ ] ,  64825-42-9, I*, 
7553-56-2; c i ~ - ( C O ) ~ R u ( E t ~ d t c ) ~ ,  64784-39-0; Ru(Mezdtc),l,  
64784-40-3; BF,, 7637-07-2; 6 (R = Me), 64771-40-0; 8 (R = Me), 
6477 1-4 1 - 1 ; Etz0.BF3, 109-63-7; [ ( Me2SO) Ru( Etzdtc),] B F 4 ,  

4, 58320-56-2; [ ( C H ~ C N ) R U ( E ~ ~ ~ ~ C ) ~ ] B F ~ ,  64799-64-0; [(PPh,)- 

64825-50-9; IRu(Et*dtc),, 64784-44-7; [(CD3CN)Ru(Et,dtc)3] BF4, 



350 Inorganic Chemistry, Vol. 17, No. 2, 1978 Marvin H. Goodrow and Ross I. Wagner 

64784-46-9; [(CH3CN)Ru(Etzdt~)3]Cl, 64784-47-0 

References and Notes 
(1) (a) L. H. Pignolet, Inorg. Chem., 13, 2051 (1974); (b) A. Domenicano, 

A. Vaciago, L. Zambonelli, P. L. Loader, and L. M. Venanzi, Chem. 
Commun., 476 (1966); (c) C. L. Raston and A. H. White, J .  Chem. 
Soc., Dalton Trans., 2418 (1975). 

(2) C. L. Raston and A. H. White, J .  Ckem. Sm., Dalton Tram., 2410 (1975). 
(3) C. L. Raston and A. H. White, J.  Ckem. Sm., Dalton Tram., 2418 (1975). 
(4) B. M. Mattson, J. R. Heiman, and L. H. Pignolet, Inorg. Ckem., 15, 

564 (1976); L. H. Pignolet and B. M. Mattson, J .  Ckem. Soc., Chem. 
Commun., 49 (1975). 

( 5 )  K. W. Given, B. M. Mattson, and L. H. Pignolet, Inorg. Chem., 15, 3152 
(1976). 

(6) B. M. Mattson and L. H. Pignolet, Inorg. Chem., 16, 488 (1977). 
(7) A. R. Hendrickson, J. M. Hope, and R. L. Martin, J .  Chem. Soc., Dalton 

Trans., 2032 (1976). 
(8) The designation of CY and /3 to the bimetallic complexes 2 and 1 is due 

to Martin (ref 7). 
(9) (a) K. W. Given, B. M. Mattson, and L. H. Pignolet, Inorg. Chem., 15, 

3152 (1976). (b) The bimetallic product of this reaction is the a isomer 
at room temperature (vide infra). 

(10) K. W. Given, B. M. Mattson, M. F. McGuiggan, G.  L. Miessler, and 
L. H. Pignolet, J .  Am. Chem. Soc., 99, 4855 (1977). 

(11) G. L. Miessler, G.  Stuk, T. P. Smith, K. W. Given, M. C. Palazzotto, 
and L. H. Pignolet, Inorg. Chem., 15, 1982 (1976). 

(1 2) For example, see the following papers and references cited therein: (a) 
T. H. Randle, T. J. Cardwell, and R. J .  Magee, Aust. J .  Ckem., 29, 1191 
(1976): (b) A. R. Hendrickson, R. L. Martin, and N. M. Rohde, Inora. 
Chem:, 14,’2980 (1975); (c) H. C. Brinkoff, Recl. Trau. Chim. Pays-Bas, 
90, 377 (1971); (d) J .  G .  M. van der Linden, J .  Inorg. Nucl. Chem., 
34, 1645 (1972); (e) G. Cauquis and D. Lachenal, Inorg. A’ucl. Chem. 
Lett., 9, 1095 (1973); (f) R. M. Golding and K. Lehtonen, Aust. J .  Chem., 
27, 2083 (1974); (8) A. M. Bond, A. T. Casey, and J. R. Thackeray, 
Inorg. Chem., 13, 84 (1974). 

(13) R. Chant, A. R. Hendrickson, R. L. Martin, and N. M. Rohde, Inorg. 
Chem., 14, 1894 (1975). 

(14) G. S. Patterson and R. H. Holm, Inorg. Chem., 11, 2285 (1972). 
(15) J. V. Kingston and G. Wilkenson, J .  Inorg. Nucl. Chem., 28,2709 (1966). 
(16) It is very difficult to completely remove all oxygen, especially since it 

is a likely impurity in the BF3 gas. Therefore, this experiment most 
certainly was done in the presence of trace amounts of oxygen. 

(17) J. L. K. F. de Vries, J. M. Trooster, and E. de Boer, Inorg. Chem., 12, 
2730 (1973). 

(18) Hendrickson et aL7 do not show actual cyclic voltammetric scans nor 
do they report what species or electrochemical waves or peaks were actually 
present after the electrolysis. 

(19) Coordinated CH3CN has not been directly observed by ‘H NMR or IR 
due to interference from free CH3CN; however, its presence is inferred 
by the data presented. In addition, triphenylphosphine can be added 
to [(CHgCN)Ru(Et2dtc)JX, where X = Cl or BF4, to give [(PPh3)- 

Ru(Et2dtc)JX, which also has very similar IH NMR properties. The 
stereochemically nonrigid nature of these corn lexes strongly suggests 
that they will have the same stereochemistry.P6 

(20) E. A. Pasek and D. K. Straub, Inorg. Chem., 11, 259 (1972). 
(21) A. R. Hendrickson, R. L. Martin, and D. Taylor, J .  Ckem. Soc., Dalton 

Trans., 2182 (1975). 
(22) A. R. Hendrickson, R. L. Martin, and N. M. Rohde, Inorg. Ckem., 13, 

1933 (1974). 
(23) A. R. Hendrickson, R. L. Martin, and D. Taylor, Aust. J .  Chem., 29, 

269 (1976). 
(24) G .  E. Manoussakis, M. Lalia-Kantouri, and R. B. Huff, J .  Inorg. Nucl. 

Chem.. 37. 2330 (1975). 
(25) R. M. Golding, C: M Harris, K. J .  Jessop, and W. C. Tennant, Aust. 

J .  Ckem.. 25. 2567 (1972). 
~I 

(26) L. H. Pignolet, observations to be published. 
(27) P. Labarbe and M. T. Forel, Spectrockim. Acta, Part A, 31a, 525 (1975). 
(28) E. W. Ainscough and A. M. Brodie, J .  Chem. Soc., Dalton Trans., 565 

(1977). 
(29) We have repeated the reaction of Me4-thiuram disulfide with I2 in CHC1, 

solution as reported in ref 28, and we find that a mixture of 6 and 8 is 
formed. See the Experimental Section for the ‘H NMR shifts of these 
compounds. The same ‘H NMR resonances result from reaction of 
Me4-thiuram disulfide with BF3/O2 in benzene and with HgJ2 and I2 
in CHCI,/EtOH. The last reaction is known to give compound 6 (J. 
Willemse and J. A. Cras, Recl. Trau. Ckim. Pays-Bas, 91, 1309 (1972), 
and apparently compound 8 is also formed. We have also obtained MS 
evidence for both 6 and 8 where R = Et. It should be mentioned that 
none of these reactions are clean (e.g., oxygen is able to replace sulfur), 
and further work is needed to unambiguously characterize these 
compounds. Results will be published in a further paper. 

(30) T. L. Chu and T. J. Weismann, J .  Am.  Chem. Soc., 78, 23 (1956). 
(31) (NO)Ru(Etldtc)3 (ref lb) is isolated in - 10% yield along with CY- or 

P-[Ruz(Etzdtc)$. The anion appears to be N 0 2 - b ~  IR analysis. The 
details of this reaction warrant further study. 

(32) J. V. Kingston and G. Wilkinson, J .  Inorg. Nucl. Chem., 28, 2709 (1966). 
(33) The details of these experiments will be published in a separate paper. 
(34) J. Willemse, Ph.D. Thesis, University of Nijmegen, 1974, pp 73-74. 
(35) R. Davis, M. N. S. Hill, C. E. Holloway, B. F. G. Johnson, and K. H. 

AI-Obaidi, J .  Chem. SOC. A ,  994 (1971). 
(36) The conclusion that SIC;-;N bond rotation in these complexes is slow 

is based on the fact that no further peak splittings occur at low tem- 
pe ra tu re~ .~ ,~  

(37) I. P. Evans, A. Spencer, and G. Wilkinson, J .  Chem. Soc., Dalton Trans., 
204 (1973), and B. Edgar, Ph.D. Thesis, University of Minnesota, 1974. 

(38) This follows because the closely spaced doublet z (peak separation = 
2.60 Hz) should coalesce at a lower temperature than the more widely 
spaced doublet y (peak separation = 38.4 Hz), as is well-known from 
KMR theory (see, e.g., L. H. Pignolet, in “Chemical Applications of 
NMR in Paramagnetic Molecules,” R. H. Holm, W. D. Horrocks, and 
G.  N. LaMar, Ed., Academic Press, New York, N.Y., 1973, Chapter 
8) and the y doublet coalescence occurs where predicted for a similar 
activation energy process. 

Contribution from the Whittier Research Laboratory, 
American Potash and Chemical Corporation,’ Whittier, California 

B-Alkyl and B-Aryl Derivatives of 
1,2,3,4,5,6-Hexahydro- 1, 1,3,3,5,5-hexamethylcyclotriboraphosphane*~3 
MARVIN H. GOODROW*4 and ROSS I. WAGNER 

Received September 20, 1976 

A new synthetic method for B-organo-substituted 1,2,3,4,5,6-hexahydrocyclotriboraphosphane derivatives has been developed 
based on the replacement of B-halogen substituents using organometallic reagents. Reported herein are  the limitations 
of the method, with regard to competing degradation, reduction, and halogenation reactions, which influence product yield, 
degree of alkylation, and isomerization. 

Introduction 
All reported syntheses of B-alkyl-substituted boraphosphane 

oligomers or polymers have utilized precursors already con- 
taining the B-alkyl group. The first examples were reported 
by Burg and Wagners who dehydrobrominated phosphine 
dimethylbromoborane with triethylamine to obtain an initially 
monomeric product which polymerized in solution giving rise 
to [H2PB(CHJ2],, considered to have a linear structure. The 
monomer H2PB(n-C4H9)2, similarly prepared,6 appeared to 

polymerize more slowly but like the B,B-dimethyl polymer was 
reactive with oxygen and probably had a linear structure. 
Attempted pyrolytic dehydrogenation of dimethylphos- 
phine-dimethylborane, (CH3)2PH.BH(CH3)2, was preceded 
by disproportionation so that the principal product was not 
a polymeric (CH3)2PB(CH3)2 species but an inhomogeneous 
material assumed to consist principally of (CH3)2PBHCH3 
units with lesser amounts of (CH3)2PBH2 and (CH3)2P- 
B(CH3)2 unitsaS The volatility of the mixture suggested that 
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