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same as found in R 2 P S  complexes, in which the ligand forms 
a MP(R2)SM bridge between two metal  atom^.^^^ The co- 
ordination around the molybdenum atom can be regarded as 
a pentagonal bipyramid with both C O  groups on the axial 
positions and the three P atoms and the two S atoms in the 
equatorial plane. The deviations from the least-squares plane 
through Mo, P(1), P(2), P(3), S(1), and S(2) are as follows: 
(in A): 0.003 for Mo, 0.07 for P( l), 0.007 for P(2), -0.06 for 
P(3), -0.06 for S(1), and 0.04 for S(2). 

In this compound the oxidation state of Mo is 11, when both 
SPPh2- ligands are considered to be uninegative 4-electron 
donors. The complex obeys the 18-electron rule. It is inter- 
esting to note the structural similarity between IX and the 
18-electron compounds like IrC1(PPh3)2(q2-C2H4)z and 
IrCl(PPh3)2(q2-02)(q2-C2H4).26*27 To stress this point, an 
alternative description of this complex as having a Mo(-11) 
center (d8 as with Ir(1)) with two unipositive 2-electron-donor 
SPPh2 ligands is possible. Although this alternative description 
is illustrative, we prefer Mo(I1) rather than a Mo(-11), because 

(26) Onderdelinden, A. L.; van der Ent, A. Inorg. Chim. Acta 1973,7,203. 
(27) Mingos, D. M. P. Adu. Organomet. Chem. 1977, 15, 1. 

we think that I1 is a more realistic indication of the electron 
density distribution. 
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The preparation of a series of (diazabutadiene)ruthenium complexes, (dad)2RuC12 (dad = RN=CR’-CR’=NR (R’ = 
H, CH,; R = CsH5, substituted phenyl group)), is described. In a thermal reaction starting from tetrakis(benz0- 
nitrile)dichlororuthenium, blue or green trans-(dad),RuClZ are formed first, which isomerize above 130 OC to the violet 
cis complexes. Electron spectroscopic, ‘H NMR, and electrochemical data are discussed with respect to symmetry and 
conformation of the complexes formed. Cis complexes with ligands derived from biacetyl (R’ = CHJ show unusual chemical 
shifts for aromatic ortho protons, indicating a rigid N-phenyl conformation. Two rotational bamers for symmetry-independent 
aromatic substituents are detected. While the Ru(I1)-Ru(II1) redox process is fully reversible for both stereochemistries, 
the reduction is irreversible. The trans - cis isomerization can be achieved catalytically by electron transfer. The otherwise 
very inert chloro ligands can easily be substituted at potentials below the irreversible reduction step to give, for example, 
in the presence of free dad and after reoxidation complexes [Ru(dad),I2+. 

Introduction 
The coordination chemistry of 2,2’-bipyridine (bpy) has 

been, by far, more extensively investigated than the coordi- 
nation chemistry of the related diazabutadiene (dad) ligand 
system; this is especially true for ruthenium, since research 
interests focused on the potential applications of tris(bi- 
pyridine)ruthenium ions in the photochemical water-splitting 
reactiona2 It  has only recently become clear that the di- 
azadienes show a much wider range of coordination modes and 
reaction  type^^.^ than bpy. Other advantages that can be 
ascribed to the diazadiene system are (i) simple synthesis from 
inexpensive starting  material^,^^,^ (ii) broad variability of 

(1) Part 2: tom Dieck, H.; Kollvitz, W. Transition Met. Chem. (Weinheim, 
Ger.) 1982, 7, 154. 

(2) Drcssick, W. J.; Meyer, T. J.; Durham, B.; Rillema, D. P. Inorg. Chem. 
1982, 22, 3451. Gritzel, M. Acc. Chem. Res. 1981, 14, 376 and lit- 
erature cited therein. 

(3) van Koten, G.; Vrieze, K. Recl. Trav. Chim. Pays-Bas 1981,100, 129. 
Vrieze, K.; van Koten, G.; Staal, L. H. Inorg. Chim. Acta 1982,62,23. 

(4) tom Dieck, H.; Klaus, J.; Kopf, J. J.  Chem. Soc., Chem. Commun. 1982, 
574. tom Dieck, H.; Klaus, J. J.  Organomet. Chem. 1983, 246, 301. 
Svoboda, M.; tom Dieck, H.; Kriiger, C.; Tsay, Y. H. Z. Naturforsch., 
B: Anorg. Chem., Org. Chem. 1981, 368, 814. 

substituents including chiral groups,6 (iii) simple theoretical 
description of the small -N=C-C=N- ~ y s t e m , ~  and (iv) 
enhanced solubilities as compared to many analogous bpy 
complexes. 

The stereochemistry of the important starting materials 
bis(bipyridine)(L)2ruthenium(II) was reinvestigated recently, 
and the trans isomer (bpy),RuCl, is still a poorly characterized 
material because of its extreme insolubility.* Despite the fact 
that there is no literature evidence for octahedral complexes 
with two trans dad ligands, we knew, from our stereochemical 
studies with other coordination geometries, that these should 
be accessible with relatively small N  substituent^.^^ We report 
here on the synthesis of bis(diazabutadiene)dichlororuthenium 
complexes with N aromatic substituents, on their trans-cis 

(5)  (a) Kliegmann, J. M.; Barnes, R. K. Tetrahedron 1970, 26, 2555. (b), 
tom Dieck, H.; Svoboda, M.; Greiser, Th. Z. Naturforsch., B: Anorg. 
Chem., Org. Chem. 1981, 368, 823. 

(6) tom Dieck, H.; Dietrich, J. Chem. Ber. 1984, 117, 694. 
(7) Benedix, R.; Birner, P.; Birnstock, F.; Hennig, H.; Hofmann, H. J. J .  

Mol. Strucr. 1979,51,99. Renk, I. W.; tom Dieck, H. Chem. Ber. 1972, 
105, 1403. 

(8) Walsh, J .  L.; Durham, B. Inorg. Chem. 1982, 21, 329. 
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isomerization, and on their conformational and spectroscopic 
behavior. 
Experimental Section 

Ruthenium trichloride hydrate, RuCl3-xH2O (35.7% Ru) from 
Degussa (Hanau, Germany) was used without further purification. 
Solvents were purified and dried according to standard procedures. 
All reactions were carried out under dry N2 to prevent eventual 
oxidation or hydrolysis. All diazadiene ligands were prepared as 
described previously from the appropriate aniline, biacetyl, or aqueous 
g l y o ~ a l . ~ ~ ~ ~  

Ru(Cd-I&N),C12. The synthesis reported by Newton and Searles9 
was modified: 2 g of RuC13.3H20 (containing 7 mmol of Ru), 
dissolved in 50 mL of methanol, was refluxed for 3 h after the addition 
of 10 mL of benzonitrile. The cooled solution was then agitated, 
together with 20 mg of PtO,, under a hydrogen atmosphere. After 
the uptake of the calculated amount of H2, the solvents were evaporated 
in vacuo and the residue was washed with ether. The raw material 
was then dissolved in 80 mL of warm dichloromethane, and the 
resultant mixture was filtered. Careful addition of ether precipitates 
the benzonitrile complex in good yield (3.7 g, 90% average over several 
runs). 

The yields and the isomeric composition, in cases where the cis 
isomers are sterically accessible, of the complexes described below 
depend strongly on the reaction time. Typical results are given. 

~~-RU[C6H5N=C(CH3)-C(C3)=Ncd-15]2C12 (2a) and cis - 
RU(fi)2(32 (313). RU(C6H&N)4C12 (0.5 g, 0.9 "01) was heated 
to the boiling point of the solvent diglyme (50 mL), in the presence 
of a slight ex- of biacetyl bis(pheny1imine) (la) (0.5 g, 1.9 mmol), 
within a period of 30 min. After boiling for further 5 min, the solution 
was cooled. Fine crystals of 2a, with a brasslike luster, separated from 
the deep blue solution within 3 days at -20 OC. The collected crystals 
were washed with acetone to remove traces of violet 3a and dried in 
vacuo (yield 33%). Anal. Calcd for R u C ~ ~ H ~ ~ N ~ C ~ ~ :  C, 59.6; H, 
5.0; N, 8. Found C, 58.4; H, 4.7; N, 7.9. The diglyme mother liquid 
was again heated under reflux for 3 h, and the color changed from 
blue to violet. Diglyme was then removed under vacuum, the excess 
ligand was extracted from the residue with petroleum ether (2 X 20 
mL), and the product was then dissolved in dichloromethane. Addition 
of petroleum ether (30-50 "C) gave a precipitate of small black-violet 
crystals of 3a in 38% yield. Found: C, 59.5; H, 5.1; N, 8.5. 

(2b) and c i ~ - R u ( f i ) ~ C l ~  (3b). Similar to the procedure described 
for 2a/3a, was heated with a slight excess of biacetyl 
bis(4-methylphenylimine) (lb), this time for 1 h in boiling diglyme. 
The trans complex 2b crystallized overnight at ambient temperature 
(yield 28%) from the blueviolet solution. Further heating of the filtrate 
gave 32% of 3b. Anal. Calcd for RUC, ,H~N~CI~:  c ,  61.7; H, 5.8; 
N, 7.8. Found for 2b: C, 61.2; H, 5.8; N, 7.8. Found for 3b: C, 
61.1; H, 5.8; N, 7.8. 

( C H 3 ) 2 ] 2 C l 2  (2c) and c i s - R ~ ( f i ) ~ C l ~  (3c) were prepared as 2b/3b 
with yields of 35% for the blue 2c and 45% for violet 3c. Anal. Calcd 
for RuCaHaN4C12: C, 63.5; H, 6.4; N, 7.4. Found for ZC: C, 62.9; 
H, 6.4; N, 7.3. Found for 3c: C, 62.5; H, 6.5; N, 7.3. 

trans -Ru[2,6-(CH3)2-C6H3N=C(CH3)--C( CH3)=NC6H3-2,6- 
(CH3)z]2C12 (2d). Even after prolonged heating of the benzonitrile 
complex with ligand Id, the blue color of 2d persists (yield 63%). Anal. 
Calcd for R U C ~ H ~ ~ N ~ C I ~ :  C, 63.5; H, 6.4; N, 7.4. Found: C, 63.8; 
H, 6.6; N, 7.2. 

(2e). This glyoxalderived complex again showed no tendency to form 
the corresponding cis complex after several hours of boiling in diglyme; 
yield of 2e 73%. 

cis-Ru(lrflY),CI, (3f). Refluxing R U ( C ~ H ~ C N ) ~ C ~ ~  with glyoxal 
bis(4methylphenylimine) (If) in a 1:2.2 molar ratio for 5 h in THF 
gave 2f (green crystals) in 76% yield after washing off traces of If 
with petroleum ether (30-50 "C) and drying. Heating 2f for 3 h in 
refluxing diglyme gave the corresponding cis complex 3f in almost 
quantitative yield. 

and ci~-Ru(lrflY)~Cl~ (3g). As in the case of 2f, the trans complex 

traos-Ru[4-CH3-CbH4N=C(CH3)-C(CH3)=NC6H4-4-CH3]2Cl2 

trans -Ru13,5-(CH3)2-CsHgN~(CH3)--C(CHg)=NCd-I3-3,5- 

6.anr-R@2,6- ( C H ~ ) Z - C ~ H ~ N ~ - C H = N C ~ H ~ - ~ ~ -  (CH3)dzCl~ 

~ ~ ~ ~ - R @ ~ - C H ~ - C ~ H ~ N = C H ~ = N ~ ~ ~ - ~ - C H ~ ~ C ~ Z  (21) and 

h.rurs-Ru[4-CH30-C6H4N=CH-CH=Nc6H4-4-OCH3]z~2 (2g) 

tom Dieck, Kollvitz, and Kleinwachter 

was prepared first by thermal reaction with ligand lg  in boiling THF. 
The isomerization was then performed in boiling diglyme to yield 
quantitatively the cis complex 3g. Good analytical results were 
obtained for the glyoxal-derived complexes. 

Complex 2f (220 mg, 0.34 "01) was stirred with 90 mg (0.38 "01) 
of l f  and 18 mg of sodium (0.76 mmol) for 2 days at 50 OC in 30 
mL of THF. Iodine (100 mg, 0.78 mmol) was added to the brown 
solution and the red-brown precipitate of Ru(dad)J2 collected on a 
filter. For purification, the iodide was dissolved in hot ethanol and 
a slight excess of NH4PF6 added. The hexafluorophosphate 4 sep- 
arated in the form of very dark crystals after the solution was cooled 
(350 mg, 94%). 'H NMR (CD,CN): 8.47 (6 H, s), 7.19 (12 H, d), 
6.10 (12 H, d, J = 8 Hz), 2.40 ppm (18 H, s). UV (CH3CN): A,, 
544, 510 nm. 

Physical Measurements. Electronic spectra were recorded with 
a Perkin-Elmer spectrometer 554. NMR spectra were recorded on 
a Bruker WP 80 SY FT spectrometer (80 MHz) using different 
techniques for assignments of correlated protons including DID 
methods.'0 Cyclic voltammetry was performed by using a PAR 
electrochemistry system Model 170; measurements were done in 
dichloromethane or acetonitrile with use of a Pt electrode and an 
Ag(s)/AgN03 (0.1 M) CH3CN reference, which is +0.30 V against 
SCE for CH3CN solutions and +0.19 V for CH2C12 solutions (fer- 
rocene pilot ion method). Acetonitrile was purified according to 
literature procedures" and freshly distilled under nitrogen in a 
brown-glass system. Several of the trans complexes have such a poor 
solubility in CH3CN that, in order to obtain good voltammograms, 
they were first oxidized in a very slow coulometric experiment to the 
soluble [(dad)2RuC12]+ cation and then the cyclic voltammetry was 
performed. 

The reduction of Ru(I1) complexes 2 and 3 is completely irreversible 
in CH2C12. In CH3CN a small anodic wave is observed at a scan 
rate of 200 mV/s. After the addition of ligand If to solutions of 2f 
or 3f and the scan is extended to about -1.8 V, the anodic waves of 
Ru(0) - Ru(1) at -1.07 V, of Ru(1) - Ru(I1) at -0.68 V, and of 
Ru(I1) - Ru(II1) at +1.30 V are detected, which are identical with 
the Ep,a positions of the chemically prepared complex 4. 
Results 

A series of ruthenium(I1) complexes of the type trans-di- 
chlorobis(diazabutadiene)ruthenium (2a-g) and cis-di- 
chlorobis(diazabutadiene)ruthenium (3a-c,f,g) are obtained 
by thermal reaction of ~ ~ U ~ S - R U ( C ~ H , C N ) ~ C ~ ~  with the cor- 
responding 1,Cdiaza-1 ,Zdiene (la-g, dad). Some dads (lf,g) 
react in boiling tetrahydrofuran to give, in a kinetically con- 
trolled reaction, the trans complexes (2f,g) exclusively. In 
other cases the reactions have to be performed in hot or boiling 
diglyme (130-160 "C) in order to drive the reaction beyond 
the red intermediate (probably R U ( ~ ~ ~ ) ( C ~ H ~ C N ) ~ C ~ ~ ) .  
Under these more severe conditions, a mixture of trans and 
cis complexes is obtained from la-c; 2f,g isomerize to the cis 
complexes 3f,g. Compounds 2d,e do not isomerize to the 
corresponding cis complexes, even after very long heating a t  
162 O C .  The blue (2a-e) or green (2f,g) trans compounds are 
less soluble than their cis analogues, which makes separation 
quite simple (Scheme I). 

Although the N substituents in la-g seem to be quite bulky, 
it is evident that they can (or must) be turned out of the dad 
plane and thus make interligand repulsion in trans 2a-g rel- 
atively small. Under rather special conformational conditions 
(see below), the same is true for the cis stereochemistry, which 
is impossible with ligands carrying ortho substituents on the 
aromatic rings (ld,e). 

The stereochemistry of the complexes is unequivocally es- 
tablished by N M R  spectroscopy (see below). In all cases the 
trans complexes are formed first. The thermal isomerization 
irreversibly leads to cis complexes (3a-c,f,g). Thermal reaction 
or irradiation of such cis complexes did not show measurable 

[(~-CH~-C~H,N=CH-CH=NC~H~-~-CH~)~RU](PF~)~ (4). 

~~~~~ 

(9) Newton, W. E.; Searles, J. E. Inorg. Chim. Acta 1973, 7, 349. 

(10) Kessler, H.; Krack, G.; Zimmermann, G. J .  Magn. Reson. 1981, 44, 
208. 

(11) Walter, M.; Ramaley, L. Anal. Chem. 1973, 45, 165. 
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Table I. Electron Spectroscopic Data of cis- and 
frans-Ru(dad),Cl, in CH,Cl, 
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A, nm (E,M- '  cm-') 
compd 

2a 

2b 

2c 

2d 

2e 

2f 

2g 

3a 

3b 

3c 

3f 

3g 

755 
(1700) 
765 
(1400) 
765 
(1500) 
783d 
(1700) 
765 
(1800) 
810 
(2000) 
820 
(0.07) 
. . .  

. . .  

. . .  

. . .  

. . .  

661 
(11 100) 
66 2 
(1 1 000) 
65 8 
(12000) 
615 
(12 000) 
645 
(8400) 
702 
(9400) 
705 
(0.5) 
554 
(1 2 200) 
556 
( 1  2 000) 
556 
(12300) 
572 
(8900) 
5 85 
(0.33) 

520 
(1100) 
5 28 
(1600) 
525 
(1200) 
. . .  
. . .  
546 
(700) 
630 
(0.05) 
464 
(3000) 
462 
(3100) 
464 
(2900) 
478 
(2700) 
. . .  

340 
(1800) 
375 
(2200) 
360 
(1800) 
370 
(1200) 
385a 
(1100) 
430b 
(11 300) 
470 
(0.8) 
310 
(7000) 
320 
(7500) 
310 
(7 100) 
370 
(15 000) 
407 
(0.85Y 

265 
(10 700) 

265 
(11 800) 

25 0 
(4600) 
265c 
(13 700) 
340 
(0.7)e 
280 
(8800) 
280 
(9400) 
280 
(8900) 
305 
(7400) 

E 

5 m i n  

I 
I I I I I 

4 00 500 600 700 800 
(nm) 

Figure 1. Trans - cis isomerization 2b - 3b in boiling chlorobenzene 
(132 "C) as followed by electron spectroscopy. 

Scheme I 

r3 1 CI I 

a Shoulder a t  320 (1500). Shoulder a t  308 (9500). + Ru(C6H5CN14C12 
Further shoulders a t  404 (9300) and 385 (7000). Further 

shoulder a t  710 (1850). e Relative intensities. I 
R 

quantities of trans compounds. Even at temperatures as high 
as 135 "C, no enantiomeric exchange could be detected by 
spinsaturation transfer experiments, which of course does not 
exclude racemization type processes on a preparative time scale 
at  this temperature. 

The isomerization of trans complexes of type 2 to the 
thermodynamically more stable cis complexes of type 3 can 
easily be followed by electron spectroscopy and shown to be 
a first-order reaction. The decrease of the main CT component 
at 680 nm of 2b is accompanied by the increase of the 560-nm 
band of 3b in boiling chlorobenzene (132 "C), with T , / ~  - 
50 min (Figure 1). 

All trans complexes show a main CT band with A,,, in 
CH2C12 between 615 and 702 nm (c - lo4 M-km-' ) and less 
intense shoulders on each side; cis complexes show their main 
transition shifted to shorter wavelengths (554-572 nm, c - 
(9-12) X lo3 M-km-') with one accompanying band on the 
short-wavelength side (Table I).  The bands are slightly 
solvatochromic. 

The stereochemistry of complexes 2 is reflected in their 
simple 'H NMR spectra, which show equivalence for all 
substituents on nitrogen or carbon in agreement with D2d 

l a -  g 2a- g 

symmetry. Stereo models do require the noncoplanarity of 
the aromatic N substituents to accommodate two dads in this 
geometry. Substituents in the ortho positions of the aromatic 
rings still show some influence in the visible spectra of the 
complexes but no special influence on the NMR spectra (see 
Table 11). 

The 'H NMR spectra of the corresponding cis complexes 
3 are quite different. This is due not only to the lower sym- 
metry of these compounds (C,) but also to the unusual 

Table 11. ' H  Chemical Shift Data (6, Relative to  Internal Me,Si) of the N Substituent Protons of (dad),RuCl, (Assignment of Primed 
and Unprimed Set according to Figure 5) 

positions ring 
compd substituents 2 6 3 5 4 2' 6' 3' 5' 4 '  R'R'a temp, K solvent 

2a . . .  6.6-7.0 . . .  . . .  . . .  . . . . . .  2.05 305 CDC1, 

2 b  4 6.62 6.69 2.32 . . .  . . . . . .  . . . . . .  2.06 305 CDCI, 

3a . . .  7.73 4.90 7.3 7.0 7.15 6.75 6.45 7.65-7.43 2.30 2.16 240 DMF 
6.62 7.2 6.77 7.5 2.22 400 DMF 

3 b  4,4' 7.62 4.93 6.82 7.05 2.11 6.64 6.27 7.27 7.36 2.23 2.47 2.23 270 DMF 
4,4' 6.5 3 7.00 2.16 6.62 7.34 2.26 2.54 2.36 410 DMF 

2c 3,5 6.40 2.18 6.64 2.18 305 CD2C12 
3c 3,5, 3',5' 7.35 4.78 2.33 2.38 6.76 6.46 5.92 2.19 7.16 2.11 2.29 305 DMF 

3,5, 3',5' 5.9-6.5 2.37 6.77 5.9-6.5 2.22 7.13 2.11 2.27 393 DMF 
2d 2,6 1.44 6.65 6.98 1.99 305 CD,Cl, 

3f 4,4' 6.63 7.0b 2.34 7.0b 7.11b' 2.39 8.34 8.49 305 CDC1, 

a R/R'  = H or CH, from glyoxal or biacetyl part. 

. . .  . . . . . .  . . . . . .  

. . .  . . . . . .  . . . . . .  
2e 2,6 2.02 6.70 6.99 . . .  . . .  . . .  . . . . . .  8.39 305 CDC1, 
2f 4 6.67 7.08 2.25 . . .  . . .  . . .  . . . .  8.61 305 CDC1, 

Assignment to primed or unprimed set i s a rb i t r ay .  
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I 6 5 4 

Figure 2. 'H NMR spectrum (a) of and spin-saturation transfer 
experiments (b-g) on 3c (CDCl,, 80 MHz, 305 K). Arrows show 
position of irradiation, a cross-marks responding signal. 

216' 
3'15' 315 h 

I 

3 1 0  K 

c 

S 
- 1 '  I 

chemical shift values of aromatic protons and their temperature 
dependence. In Figure 2 the 'H N M R  spectrum of 3c is 
shown. Because of the two meta methyl substituents, no large 
coupling constants of aromatic protons could be expected. The 
spectrum at room temperature shows six well-separated signals 
for the 12 aromatic ortho and para protons, which are spread 
out over a 3 ppm range. This must mean that the two ortho 
protons of each ring are nonidentical because of hindered 
rotation. 

Even at  393 K, no limiting spectrum of a complex with 
freely rotating rings could be obtained. Therefore, a series 
of spin-saturation transfer experiments were performed, the 
results of which are also shown in Figure 2b-g. Thus, the 
highest field signal a t  4.4 ppm is correlated to the signal a t  
7.2 ppm (Figure 2b). The same result is obtained from the 
reverse irradiation experiment, so that these two signals con- 
stitute a pair of ortho protons (6,2) on one ring. A second pair 
of ortho protons is revealed by the spectra shown in Figure 
2d,e (ortho protons 6',2/), although the response of these ortho 
protons in the experiment is much less pronounced, indicating 
a higher rotational barrier. As expected, the signals attributed 
to para protons 4,4' show no pairwise correlation. Rough 
calculations from the temperature-dependent spectra indicate 
a barrier of 68 f 5 kJ/mol for the umprimed set and 81 f 
5 kJ/mol for the primed set of signals. 

A more detailed assignment is possible for 3b, for which 
decoupling experiments at 270 K allow the assignment of ortho 
and meta protons of one set. Spin-saturation transfer and 
temperaturedependent spectra finally allow for the assignment 
of a complete primed and unprimed set. Figure 3a-f reveals 
more clearly than do the spin-saturation transfer experiments 
depicted in Figure 2 the different rotational barriers for the 
two nonequivalent aromatic substituents in C2 symmetry. 
Starting from the limiting spectrum shown in Figure 3a, which 
is consistent with a rigid conformation at  270 K, the signals 
for the magnetically very different protons 6,2 as well as the 
signals for the rather similar meta protons 3 3  begin to broaden 

I 
8 I 6 5 PPm 

Figure 3. Temperature-dependent 'H NMR spectrum of 3b in di- 
methylformamide-d, at 80 MHz (aromatic protons only). 

around 290 K, while all signals of the primed set are still sharp. 
At 330 K, 2',6' are still different, while both the 3 3  and 

the 3'3' pairs already show the new limiting spectrum because 
of their smaller chemical shift differences. At about 410 K 
the normal N M R  spectrum of two AA'BB' spin systems is 
observed. The estimated rotational barriers for both rings 
differ by about 5 kJ/mol. The 'H N M R  data for complexes 
2 and 3 are given in Table 11. 

The rigid conformation of aromatic N substituents is ob- 
viously due to the presence of methyl groups on the dad 
fragment (biacetyl-derived ligands in 3a-c). In the glyoxal- 
derived complexes 3f,g normal N M R  behavior is seen down 
to 220 K. 

The cis and trans complexes 2 and 3 undergo reversible 
one-electron oxidations. The trans compounds are more easily 
oxidized than the cis compounds. The latter ones, however, 
show their oxidation wave in cyclic voltammograms in di- 
chloromethane at  more positive potentials than cis- 
(bpy),RuCl,. In Table I11 half-wave potentials are given for 
the reversible oxidation, while cathodic peak potentials are 
listed for the irreversible first reduction. 

For the ruthenium(I1) complexes 2 and 3, the chloro ligands 
are substitution inert even in the presence of silver tetra- 
fluoroborate, but chloride is lost during the reduction. This 
opens a simple way into tris chelate complexes. Reduction 
of 2 or 3 with an alkali metal in the presence of dad, followed 
by subsequent reoxidation by iodine, gives [(dad)3Ru]2+, which 
is precipitated as the hexafluorophosphate salt 412 (eq 1).  



Ruthenium Complexes with Diazabutadienes 

Table 111. Electrochemical Data of Ru(dad),Cl, Complexes 
(V) vs. Ag/AgNO, (0.1 M CH,CN)’ 

2a CH,ClZb -0.06 (66) -1.67 
3a CH,Cl, +0.22 (78) -1.75 
2b CH,Cl, -0.10 (76) -1.71 

3b CH,Cl, t0.13 (62) -1.81 

2c CH,Cl, -0.15 (62) -1.77 

3c CH,Cl, t0.16 (86) -1.88 

2d CH,Cl, -0.06 (98) -1.69 
2e CH,Cl, +0.19 (78) -1.29 
2f CH,C1, +0.20 (66) -1.11 
3f CH,Cl, t0.41 (64) -1.20 

CH3CN t0.33 (63) -1.28 

CH,CNb -0.19 (63) -1.64, -1.80 

CH3CN +0.09 (77) -1.71, -1.75 

CH3CN -0.19 (60) -1.65, -1.86 

CH,CN tO.10 (87) -1.75, -1.80 

bipyd CH,C1, t0.05 (67) -2.11 
a Reference electrode potentia1 is t0 .3  V against SCE for 

0.1 M (n-Bu)4NCC104- as supporting 
CH,CN solutions and +0.19 V for CH,Cl, solutions (ferrocene 
pilot ion method). 
electrolyte. ‘ Values in parentheses AE, =Ei,,, -Ep,red for 
the Ru(II)-Ru(III) couple; E,,,(ox) calculate as the mean values 
of anodic and cathodic peak potentials from CV waves. Peak 
current ratios ipya/ip,c were between 1.0 and 0.96;EP values did 
not change for scan rates tested between 50 and 200 mV/s; 
coulometry at constant potential gave n values of 1 f 0.04; 
under the same conditions [Ru(bpy),]’+ gave n = 1. 
cis-(bpy), RuC1,. 

bipy = 

The formation of the cation [(dad),RuI2+ can also be de- 
tected, after the addition of dad, by cyclic voltammetry on the 
anodic scan. To achieve this, the reduction scan range has 
to be extended down to about -1.8 V, where a second irre- 
versible reduction occurs. 

We have not attempted to isolate the postulated rutheni- 
um(0) intermediates (dad)3Ru, but their existence has une- 
quivocally been established by Poilblanc et al.13 

We have shown that the barrier for trans-cis isomerization 
is quite high for ruthenium(I1). The oxidized complexes are 
also stereochemically quite stable. N o  cis complexes can be 
detected after several redox cycles of trans Ru(I1) + trans 
Ru(1II). Addition of sodium naphthalene, on the other hand, 
gives a very fast, catalyzed, trans - cis isomerization. Less 
than 5% molar quantities of Na+Naphth-, added to the trans 
complex solutions at  room temperature in THF,  induce the 
characteristic trans - cis color change (eq 2). 

+e- (cat.) 

-e- 
trans-(dad),RuCl, -’ cis-(dad),RuC12 (2) 

According to the CV results, the reaction (2) probably 
involves the initial loss of chloride with the subsequent uptake 
of the chloride after rearrangement and reoxidation. 
Discussion 

The substitution reaction of R u ( C ~ H $ ) ~ C ~ ~  with dad favors 
the formation of trans complexes 2a-g in a kinetically con- 
trolled reaction. Stereo models show that dad ligands, with 
aromatic N substituents tilted out of the dad coordination 
plane, are sterically less demanding than is 2,2’-bipyridine, 
because of the bpy hydrogen in the 6-position (Figure 4). 

Steric bulk, on the other hand, is to be expected for the cis 
stereochemistry. Biacetyl-derived ligands la-d, and the gly- 
oxal-derived le, cannot adopt an overall planar conformation. 
In Figure 5 a cis compound with C2.symmetry is depicted 
viewed along the C, axis. From this picture of a special 

(12) Kollwitz, W., unpublished results. 
(13) Chaudret, B.; Kbter, H.; Poilblanc, R. J.  Chem. Soc., Chem. Commun. 

1981, 266. Chaudret, B.; Kbter, H.; Cayret, C.; Poilblanc, R. J.  Chem. 
Soc., Dalton Trans. 1983, 941. 
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Figure 4. Comparison of a bpy-Ru and a dad-Ru fragment, with 
the N-phenyl substituent perpendicular to the chelate plane. For 
structure a, refer to ref 19, and for the dad-Ru chelate in b, refer 
to ref 17. 

3’ 
Figure 5. Stereo model of a cis bis chelate with aryl substituents 
perpendicular to the chelate plane (type 3 complex), viewed down 
the C, axis and showing the numbering scheme used in the text. 

conformation, it is evident that one ortho proton (H6) is quite 
near to the center of another aromatic ring, which explains 
the shielding of this proton by aromatic-ring currents. There 
is no such influence for the corresponding ortho proton H2. 
The primed set of ortho protons is slightly shielded: H6’ by 
the dad double-bond anisotropy and H2’, considering con- 
formations with dihedral (phenyl tilt) angles smaller than 90°, 
by the unprimed phenyl-ring current. It is also evident that 
ortho substituents larger than hydrogen cannot be accom- 
modated in the 6 or 6’ position. 

The anomalous ‘H N M R  behavior of aromatic ortho pro- 
tons has also been observed for complexes such as [Fe(dad)J2+, 
for which an X-ray structural in~est igat ion’~ has confirmed 
the conformation deduced from the N M R  results15 (eav - 
750). 

We have shown above that the N M R  results prove the 
overall stereochemistry of the two complex types 2 and 3. Also, 
the electron spectroscopic and electrochemical results for 
complexes 2 and 3 can easily be understood in terms of their 
different symmetry. As in all other cases of closed-shell dad 
metal complexes,16 the electronic spectra in the visible region 
are dominated by an intense metal-to-ligand charge-transfer 
band. The three filled metal d orbitals (t2g in 0,) transform 
as a,a,b in C2 and as blg,b2g,b3g in D2,. The lowest antibonding 
dad orbitals correspond to irreducible representations a,b in 
C2 and b2g,blu in DZh. Thus, all three d orbitals are stabilized 
by interactions of the back-bonding type in the cis complexes, 
with a parallel destabilization of dad LUM0s.l’ In the trans 

(14) Klaus, J.; Kopf, J.; Bruder, H.; Hellfeldt, K.; tom Dieck, H., to be 
submitted for publication in Transition Met. Chem. (Weinheim, Ger.). 

(1 5) tom Dieck, H.; Hellfeldt, K.; Leibfritz, D.; Feigel, M. Angew. Chem. 
1980, 92, 395; Angew. Chem., Int. Ed. Engl. 1980, 19, 396. 

(16) tom Dieck, H.; Renk, I. W. Chem. Ber. 1971, 104, 110. 
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complexes, however, the d orbitals blg,b3, do not participate 
in back-bonding, nor is the a orbital bl, affected. 

We thus expect an easier oxidation and an easier reduction 
of trans complexes and, in the one-electron description of MO 
theory, a CT transition at  lower energies as compared to cis 
complexes 3. This is in good agreement with the experimental 
results. The reduction is indeed irreversible; these data should 
therefore be considered with caution. 

The trans-cis isomerization barrier is not a direct function 
of steric hindrance. The conformational barriers of the N 
substituents are quite different for biacetyl- and glyoxal-derived 
complexes and lower than the configurational barriers in the 
case of N aromatic substituents. For N-aliphatic dad com- 
plexes, no trans isomers could be isolated so far; in boiling 
tetrahydrofuran only cis complexes are obtained from Ru- 
(C6H5CN)4C12 and N-aliphatic dads. The most extreme 
conditions tested for the attempted trans-cis isomerization of 
trans- [Ru(bpy),LL’] 2+ complexes are obviously much too mild 
for such a reaction.8 

There is an interesting difference in the (dad)2RuC12 cis- 
trans pairs compared to the cationic complexes 
[(bpy)2RuL2]2+.8 The latter ones show only small differences 
in their A,,, and El12(ox) values. For A,,, values, this can 
be explained by the fact that there are only two a* orbitals 
of appropriate energy associated with two dad ligands, which 
are destabilized by d-a* interactions. In the (bpy),Ru” case 
there is at least a manifold of six rather low a* levels, to which 
CT transitions can occur. Therefore, their relative destabi- 
lization in the cis compounds (and hence stabilization of d 
orbitals) is smaller. However, the general trend with smaller 
relative excitation energies for the trans relative to the cis 
complexes is also found for the (bpy),Ru complexes. The d - a* CT energies of the cis compounds 3a-c are practically 
the same as for (bpy),RuC12 (554 nm in CH2C12). The gly- 
oxal-derived complexes 3f,g have, in agreement with (dad)- 
M o ( C O ) ~  complexes,16 lower energy a* ligand orbitals and 
hence somewhat lower excitation energies, due to the re- 
placement of the methyl groups by hydrogen. These spectral 
changes are much smaller than the effect of exchanging chloro 
ligands for 0-, N- or P-containing ligands8 

From models, one can argue that the conformation of the 
aromatic substituents in biacetyl derivatives 2a-c or 3a-c is 
mainly determined by the biacetyl methyl groups. On the 
other hand, the conformation of the para-substituted glyoxal 
derivatives 2f,g and 3f,g is influenced by the coordination of 
the ligand to the metal, since the glyoxal ligands lf,g can adopt 
an overall planar geometry. The differences in the electronic 
spectral data for the complexes 2d vs. 2a-c (ca. 1100 cm-’) 
and 2e vs. 2f,g (ca. 1250 cm-’) indicate that these ortho 
substituents on the aromatic rings make the dihedral angle 
even greater than in complexes with meta- or para-substituted 
ligands. If the steric bulk in 2d,e would prevent the ligands 
from coming as close to the metal as in the other trans com- 
plexes, then one would expect a smaller ligand field, a smaller 
d-a* interaction, and thus a bathochromic shift. A hypso- 
chromic shift of about 1100-1200 cm-’ is observed instead. 
In these complexes the dihedral angle of the 2,2’-substituted 
phenyl ring might be near 90’. The a* orbitals relevant for 
the CT transition are thus localized in the small NCCN system 
instead of being delocalized, to some degree, in all the other 
complexes. The difference of about 250 mV observed in the 
oxidation potentials El12(ox) between the biacetyl complexes 
2a-d and the glyoxal complexes 2e,f reflects the stronger donor 

tom Dieck, Kollvitz, and Kleinwachter 

character of the methyl-carrying ligands. In (dad)Cr(CO), 
complexes with only one dad ligand, the complexes with the 
para-substituted ligands lb,f show an oxidation potential 
difference of about 120 mV, whereas the complexes with or- 
tho-substituted ligands like ld,e show a difference of about 
100 mV.20 On the other hand, the oxidation of (dad)Cr(CO), 
becomes much more difficult when going from (la)Cr(CO), 
or (lb)Cr(CO), to complexes like (ld)Cr(CO),. The less 
bulky ligands obviously can follow the contraction due to M-N 
bond shortening upon oxidation. This relaxation is not possible 
for very bulky ligands and obviously very difficult for all of 
the (dad)2RuX2 complexes. Figure 4 indicates the rather close 
proximity between the aromatic groups in the “perpendicular” 
conformation. 

Conclusions 
We have prepared a series of new ruthenium(I1) complexes 

with diazabutadienes (dad) ligands, which can be compared 
to complexes of 2,2’-bipyridine. Depending on the size of the 
N-substituents, the kinetically favored trans complexes can 
be isomerized to the more stable cis isomers. This allows one 
to study in detail the electronic and redox properties of ru- 
thenium complexes with -N=C-C-N- ligand systems and 
to compare them with the important [ R ~ ( b p y ) ~ ] ~ ’  l 8  and re- 
lated [ R ~ ( b p y ) ~ ( d a d ) ] ~ +  complexes.’ 

The binding of dad to ruthenium(I1) is sufficient to over- 
come the partial loss of conjugational energy (turning the 
phenyl rings out of the dad plane on going from planar glyoxal 
ligands lf,g to the trans complexes 2f,g or cis complexes 3f,g). 
In fact, there was only one prior, well-established, example 
of more than one, and hence noncoplanar, glyoxal bis(phe- 
nylimine) complexed to a metal in an octahedral c0mp1ex.l~ 

The electron spectroscopic data and the oxidation potentials 
show that the aromatic substituents in the trans complexes of 
type 2 face each other very closely and seem to adopt a cy- 
clophane-like conformation in complexes 2d,e. The desirable 
comparison of the complexes with N-aliphatic dad ligands of 
type 2 and 3 was, unfortunately, not possible because of the 
very fast isomerization of N-aliphatic trans complexes. 
Thermal reaction of R U ( C ~ H ~ C N ) ~ C ~ ,  in boiling tetrahydro- 
furan with N-alkyl dad gives no trace of trans-(N-alkyl- 
dad)2RuC12, but does give the cis complex. Reduction of 
RuC13.nH20 with zinc at ambient temperature in the presence 
of Cy-N=CH-CH=N-Cy sometimes shows the expected 
blue trans complex (A- = 679 nm in THF), which isomerizes 
to the cis isomer (Amx = 524 nm, isosbestic point at 601 nm) 
in a few minutes. 

The difference in configurational stability between N-aryl 
and N-alkyl complexes of the type t r ~ n s - ( d a d ) ~ R u X ~  is just 
opposite to the behavior of (dad)M(CO)4 (M = Cr, Mo, W),2l 
where the barriers of intramolecular cis-trans CO exchange 
for N-aryl dad is about 42-55 kJ/mol and >110 kJ/mol for 
N-alkyl dad. If the 2 - 3 isomerization goes via a trigo- 
nal-twist mechanism, then a strong steric interaction in the 
trigonal transition state could account for the high barrier. A 
bond-breaking mechanism is not taken into consideration 
because, even at temperatures as high as 160 OC, no exchange 
between free dad and coordinated dad or chloro ligands was 
observed. 

The irreversibility of the electrochemical reduction of 2 or 
3 does not independently allow for the confirmation of the 
conclusions drawn for the symmetry relationship and the 
conformational influence of the T* levels. It does provide, 
however, a new method for mild substitution reactions of 

(17) Pank, V.; Klaus, J.; von Deuten, K.; Feigel, M.; Bruder, H.; tom Dieck, 
H. Transition Met. Chem. (Weinheim, Ger.) 1981, 6, 185. 

(18) Kober, E. M.; Meyer, T. J. Inorg. Chem. 1982, 21, 3967. 
(1 9) Rillema, D. P.; Jones, D. S.; Levy, H. A. J .  Chem. SOC., Chem. Com- 

mun. 1979, 849. 

(20) tom Dieck, H.; Kiihl, E. 2. Naturforsch., B Anorg. Chem., Org. Chem. 
1982, 378, 324. 

(21) Majunke, W.; Leibfritz, D.; Mack, Th.; tom Dieck, H. Chem. Ber. 1975, 
108, 3025. 
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kinetically very inert ruthenium(I1) halo complexes. 
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The 3-membered heterocycles aziridine (HNCH2CHz) and oxirane (OCH2CHz) react with one CO group in each of the 
cationic carbonyl complexes CP(OC)~F~+, CP(OC)~RU+, Cp(OC)z(ON)Mn+, and Cp(OC)2(Ph3P)Fe+ in the presence of 
a halide ion at 25 OC or below to form the corresponding 5-membered cyclic amino oxy M=COCHzCH2NH+ and dioxy 
M=COCH2CH20+ carbene complexes (M = Cp(OC)zFe, CP(OC)~RU, Cp(OC)(ON)Mn, Cp(OC)(Ph,P)Fe). Aziridine 
and thiirane (SCHzCH2) also react with the CS ligand in the mixed carbonyl thiocarbonyl complex Cp(OC)z(CS)Fe+ to 
give the corresponding aminothiocarbene (M=CSCHzCH2NH) and dithiocarbene (M=CSCH2CHzS) products. In the 
reactions M-C=Z+ + YCH2CHz 2L M=CZCHzCHzY+ (Z = 0, Y = NH and 0; Z = S, Y = NH and S), the role 
of the halide ion X- as a catalyst has been demonstrated. Prolonged reactions of oxirane with CP(OC)~LM+ (M = Fe, 
L = CO; M = Mn, L = NO) in the presence of Br- ion generate bis(dioxycarbene) derivatives CpLM(COCH2CHz0)2+. 
Mechanisms for these reactions have been proposed. Reactions of CP(OC)~LM+ (M = Fe, L = CO; M = Mn, L = NO) 
with [BrCHzCHzCH2NH3]Br and the bases azetidine (HNCH2CHzCHz) or oxirane and Br- yield 6-membered amino- 
oxycarbene compounds Cp(OC)LM(COCHzCHzCH2NH)+. The basic behavior of oxiranes R-CHCHzO in the presence 
of a halide catalyst is demonstrated by the isolation of the 5-membered dioxycarbene compound Cp(C0)2Fe(COCH2CHz0)+ 
from the reaction of RCHCHzO with CP(OC)~F~+ in BrCHzCHzOH. IR and 'H and "C NMR spectra of the compounds 
are discussed. 
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Introduction 
There has been considerable interest in the reactions of the 

3-membered heterocycles YCHzCHz, where Y = N H  (azir- 
idine), 0 (oxirane), and S (thiirane), with transition-metal 
complexes. Simple coordination of aziridine through the N 
atom to metal ions has been ob~erved.~ One 0-bonded oxirane 
compound, namely [Cp(OC)3Mo(OCHzCH2)]+, was also 
r e p ~ r t e d . ~  Aziridine and oxirane are also known to react with 
metal hydrido carbonyls5v6 or with carbonyl anions5,' according 
to 
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1966, 5, 845. 
(4) Scholter, K.; Beck, W. Z .  Naturforsch., B Anorg. Chem., Org. Chem. 

1980, 358,985. 
(5) Heck, R. F. J .  Am. Chem. SOC. 1963, 85, 1460. 
(6) Beck, W.; Danzer, W.; HBfer, R. Angew. Chem., Int. Ed. Engl. 1973, 

12, 77. 
(7) Giering, W. P.; Rosenblum, M.; Tancrcde, J. J.  Am. Chem. SOC. 1972, 
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n 
LMH + YCHZCH2 - LM-CHzCH2YH 

LMH = 
CO(CO)~H,  Mn(CO)5H, CpMo(CO),H, C P W ( C O ) ~ H  

n 
LM- + YCHzCHz -+ LM-CHZCHZY- 

LM- = Co(CO),-, CpFe(CO),- 

Thiirane with hydrido 
sulfurization" 

LMH + SCHzCH2 - 
In these and other reactions of metal carbonyl comple~es,~ the 
heterocycles YCH2CH2 are observed to react at  the metal 
centers. Recently, studies of the reactivity of CO ligands in 
metal carbonyl complexes have been stimulated by the search 
for catalytic reactions that convert CO into hydrocarbons, 
alcohols, and other organic products. Taking advantage of 
the tendency of highly strained 3-membered rings YCH2CH2 

however, undergoes "de- 

n 

LM-SH + (LM)2S + LM(SCH2CH2S)ZML 

. 

. 
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