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Synthesis, Structure, Reactivity and Electrochemistry of 
cis- D i oxorut hen i u m- (vi) and - (v) Corn plexes containing 
N,N,N',N',3,6- Hexamet hyl-3,6-d iazaoctane-I ,8-d iami ne t 
Chi-Keung Li, Chi-Ming Che,' Wai-Fong Tong, Wai-Tong Tang, Kwok-Yin Wong and 
Ting-Fong Lai 
Department of Chemistry, University of Hong Kong, Pokfulam Road, Hong Kong 

The complexes cis- [RU~'LO,]~+, cis- [RuVLO,] + and cis- [Ru"L(M~CN),]~+ (L  = N,N,Nt,N',3,6-hexa- 
methyl-3,6-diazaoctane- 1,8-diamine) have been prepared and their structures determined. The two Ru=O 
bonds in c i s - [ R ~ ~ ~ L 0 , ] ~ ~  are equivalent [1.795(9) A] and the 0-Ru-0 angle is 112.0(4)". In cis- 
[RuVLO,] + the two  Ru=O distances are 1.751 (3) & 1.756(4) & and the 0-Ru-0 angle is 11 5.1 (2)". 
The N (MeCN)-Ru-N( MeCN) angle in cis- [ Ru"L( MeCN),I2+ is 86.1 (2)". The cyclic voltammogram of 
cis- [ R U ~ ~ L O , ] ~ ~  in acetonitrile exhibits a reversible one-electron RuV1-RuV couple at 0.53 V vs. 
Ag-Ag NO, (0.1 rnol dm"). In aqueous solutions, proton-coupled electron-transfer redox couples are 
observed. This complex is capable of oxidising a wide variety of organic substrates including 2,3- 
dimethylbutane and adamantane. Oxidation of saturated alkanes occurred preferentially at the tertiary C-H 
bond. 

The design of oxoruthenium compounds for selective oxidation 
of organic substrates is of current interest.' There are ample 
examples in the literature illustrating that monooxoruthenium- 
(VI) and -(v) and trans-dioxoruthenium(v1) complexes having 
different redox potentials can readily be prepared, some of 
which have been characterised by X-ray crystallography.' 
However, the oxidation chemistry of cis-dioxoruthenium-(vI) 
and -(v) remains unexplored. Although several reports have 
described the chemical and electrochemical generation of cis- 
dioxoruthenium-(v) and -(vI) complexes of aromatic diimines in 
aqueous  solution^,^-^ difficulty has been encountered in the 
isolation of these classes of compounds because of their extreme 
reactivities. 

For several years we have been working on the synthesis of 
high-valent oxoruthenium complexes of chelating tertiary 
amine l i g a n d ~ . ~  We envisaged that the tetradentate tertiary 
amine L (N,N,N',N',3,6-hexamethyl-3,6-diazaoctane- 1,8- 
diamine), because of its small cavity size upon co-ordination to 
a metal ion, would be a good ligand for the fabrication of 
ruthenium complexes having a cis-dioxo unit. In a previous 
report the synthesis of an oxoruthenium complex of L through 
oxidation with H 2 0 2  was de~cribed.~' This complex was 
unstable in aqueous solutions. We have modified the synthesis 
by using Gel" as the oxidant. Herein is described the structure, 
electrochemistry and reactivities of cis-dioxoruthenium-(vr) and 
-(v) complexes of L. Since the completion of this work an 
unusual cis-diox oru t henium( VI) complex, cis-[R u 0  ,(MeCO,)- 
Cl,] -, has been structurally characterised by Griffith et aL6 

Experimental 
Materials.-K2[RuC1,(H2O)] (Johnson and Matthey) was 

used as received. Trifluoroacetic acid (99%, Aldrich) was 
purified by distillation under a nitrogen atmosphere. Acetonitrile 
(Mallinkrodt, Chrom AR) was purified by treatment with 
KMnO, and then distilled over CaH,. Water was distilled twice 
from alkaline KMnO,. Tetrabutylammonium fluoroborate 
(Southwestern Analytical Chemicals, Electrometric Grade) for 
electrochemical studies was dried in a vacuum oven at  100 "C 

t Supplementary data auailable: see Instructions for Authors, J. Chern. 
SOL., Dalton Trans., 1992, Issue 1, pp. xx-xxv. 

for 24 h. The organic substrates were purified by literature 
methods and the purity was checked by gas chromatography 
and 'H NMR spectroscopy. The ligand L and the metal 
complex ~is-[Ru"~LCl,]C10, were prepared according to 
published  procedure^.^^ 

cis-[R uv1L02] [ ClO,] , . A mixture of cis- [ R u"'LCl,]ClO, 
(0.3 g) and silver toluene-p-sulfonate (0.6 g) in distilled water (25 
cm3) was heated to about 80 "C for 0.5 h. The resulting solution 
was filtered to remove the insoluble AgCl and was oxidised by 
an aqueous solution of [NH4]2[Ce(N03)6] (2 g in 5 cm3) at 
room temperature. Green crystalline cis-[RuLO,][ClO,], was 
slowly deposited upon addition of NaClO,. The product could 
be recrystallised from 0.1 mol dm-3 HClO, (yield =70%) 
(Found: C, 29.0; H, 6.2; CI, 14.2; N, 11.3. Calc.: C, 28.9; H, 6.0; C1, 
14.3; N, 11.2%). UV/VIS [h,,,/nm (&/dm3 mol-' cm-*) in 0.1 
mol dm-3 CF3C0,H]: 661 (42), 325 (1400) and 227 (5200). 

cis-[Ru"L(MeCN),] [ClO,] ,. The complex cis-[RuV1L02]- 
[CIO,], (0.1 g) was stirred with benzyl alcohol (1 cm3) or 
norbornene ( I  g) in acetonitrile (20 cm3) for 5 h. Yellow solid cis- 
[Ru~~L(M~CN),][CIO,], was precipitated upon addition of 
diethyl ether. The crude product was recrystallised by vapour 
diffusion of diethyl ether into an acetonitrile solution. Yield 
nearly quantitative (Found: C, 31.5; H, 6.1; C1, 11.5; N, 13.8. 
Calc.: C, 31.4; H, 5.9; C1, 11.6; N, 13.7%). UV/VIS [h,,,/nm 
(&/dm3 mol-' cm-') in MeCN]: 379 (200) and 300 (250). 

cis-[RuVL02]C10,. This complex was generated by constant- 
potential reduction of c i s - [ R ~ ~ ' L 0 ~ ] ~  + at 0.4 V us. Ag-AgNO, 
(0.1 mol dm-3) in acetonitrile or by standing an acetonitrile 
solution of c i s - [R~~ 'LO~][Cl0 , ]~  at room temperature for 
24 h. pe,,(Evans method): 1.9. UV/VIS [hmax/nm (&/dm3 mol-' 
cm-') in MeCN]: 325 (1300). 

c~~-[Ru'"L(O)(H,O)]~'. This complex was generated by 
constant-potential reduction of ~ i s - [ R u ~ ' L 0 , ] ~  + at 0.70 V 0s. 

saturated calomel electrode (SCE) in 0.1 mol dm-3 CF3C02H. 
The complex was too soluble to be isolated. UV/VIS [h,,,/nm 
(&/dm3 mol-' cm-') in 0.1 mol dm-3 CF,CO,H]: 320 (850) and 
510 (70). 

X-Ray Structure Analysis.-X-Ray diffraction data for the 
ruthenium complexes were measured on an Enraf-Nonius 
CAD4 diffractometer with graphite-monochromated Mo-KX 
radiation by using the 0-28 scanning technique in the bisecting 
mode. The unit-cell dimensions were obtained from a least- 
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squares fit of 25 well centred reflections. Intensity data were 
corrected for Lorentz, polarisation and absorption effects; the 
empirical absorption was based on azimuthal (w) scans of nine 
reflections with 80 < w < 90". For ~is-[Ru~'LO~][C10~]~,  the 
check reflections showed a drop in intensity of 12% at the end of 
data collection; correction for linear decay was also applied. 
Crystal and structure determination data are summarised in 
Table 1. Atomic scattering factors were taken from ref. 8. 
Calculations were carried out on a MicroVax I1 computer using 
the Enraf-Nonius SDP program.' 

The structures were solved by Patterson and Fourier 
techniques and refined by full-matrix least squares. The 
refinement of cis-[RuVL02]C104 and cis-[Ru"L(MeCN),]- 
[C104]2 was straightforward. All the non-hydrogen atoms were 
refined anisotropically and the hydrogen atoms obtained either 
from Fourier difference maps (for those in the methyl groups) or 
by calculation at idealised positions (for those in the methylene 
groups) were allowed to ride on their attached carbon atoms 
with assigned isotropic thermal parameters. The oxygen atoms 
in the perchlorate ion of C~~-[RU~~L(M~CN)~][C~O,]~, however, 
showed abnormally large thermal motion; each of these atoms 
was subsequently refined isotropically over two sites with 
occupancy factors of 0.5. Final agreement factors are given in 
Table 1. 

The refinement of ~is-[Ru~~LO~][C10,]~ was somewhat 
complicated. From the systematic absences the space group 
could be either Pn2,a or Pnma. Since there are only four 
formula units per unit cell and the cation does not possess a 
centre or mirror plane of symmetry the space group Pn2,a was 
first assumed. The refinement showed however some unreason- 
able bond lengths and angles in the macrocycle and furthermore 
the coordinates of both the cation and anions gave strong 
indication of mirror symmetry with the mirror planes perpen- 
dicular to the c axis. The space group was then switched to 
Pnma with the assumption that the macrocycle was disordered. 
In the proposed model for the cation two enantiomorphs were 
superimposed so that the atoms Ru, N(l), N(3), C(l) and C(7) 

which lie on a crystallographic mirror plane and atoms O( I), 
C(2), C(4), C(6) and C(8) together with their mirror images were 
common to both, whereas the disordered atoms N(2A), N(2B), 
C(3) and C(5) belonged to one and their mirror images N(2A'), 
N(2B'), C(3') and C(5') belonged to the other enantiomorph 
[See Fig. l(a)]. During the final least-squares cycles the 
disordered atoms were refined isotropically and all other non- 
hydrogen atoms anisotropically; hydrogen atoms were omitted. 
The final agreement factors are given in Table 1. 

Selected bond distances and angles and atomic coordinates of 
~ i s - [Ru~ 'L0 , ]~  +, cis-[RuVL02] + and C~~-[RU"L(M~CN),]~ + 

are listed in Tables 2 and 3. 
Additional material available from the Cambridge Crystallo- 

graphic Data Centre comprises H-atom coordinates, thermal 
parameters and remaining bond lengths and angles. 

Physical Measurements.-Elemental analyses of the 
complexes were performed by Butterworth Laboratories. 
Infrared spectra were measured in Nujol mull on a Nicolet 
2OSXC FTIR spectrophotometer, electronic absorption spectra 
with a Shimadzu UV240 spectrophotometer. The magnetic 
susceptibilities of solid samples were measured at room 
temperature by the Guoy method using Hg[Co(SCN),], as 
calibrant. For samples in solution the Evans method was 
employed. 

Cyclic voltammetry was performed with a Princeton Applied 
Research (PAR) model 175 universal programmer and model 
173 potentiostat. The working electrode was pyrolytic graphite 
or glassy carbon. Controlled-potential coulometry was 
performed using a PAR model 377A coulometric cell and a 
model 179 digital coulometer. 

Stoichiometric oxidation of organic substrates was performed 
by dissolving the complex ~ i s - [Ru~ 'LO~] [C10~]~  (0.05 mmol) 
and the organic substrate (0.5 mmol) in acetonitrile (1 cm3). The 
reaction mixture was stirred with a magnetic stirrer under 
nitrogen at room temperature. A control experiment in the 
absence of the ruthenium complex was performed for each 

Table 1 Crystal parameters and experimental data * 

Molecular formula 
M 
Space group 
Crystal system 
alA 
b /A  
CIA 
PI" 
u i ~ 3  

2' 
F(!w 
D,/g ~ r n - ~  
p(Mo-Ka)/cm-' 
T / K  
Crystal dimensions/mm 
Scan speed/" min-' 
Collection range 
Scan width/" 
Background time 

Reflections measured 
Independent reflections 
Reflections used in calculations 
[I > lSo(I)], m 
Parameters refined, p 
R 
R 
S 
Residual electron density in AF map/ 
e A-3 

cis-[ RuV'LO,][CIO,] , 
562.37 
Pnma (no. 62) 
Orthorhombic 
13.272(2) 
9.386(2) 
17.372( 2) 

2164 
4 
1152 
1.726 
10.1 
293 & 1 
0.10 x 0.22 x 0.38 

28,,, = 50"; & h, k, I 
0.80 & 0.34tanO 
25% of full scan width 
on both sides 
4185 
2195 
1219 

0.8-5.5 

124 
0.074 
0.101 
2.75 
+ 1.34, -0.97 

cis-[ RuVLO,]CIO, 
462.92 
P2Jc (no. 14) 
Monoclinic 
12.858(3) 
9.563(2) 
15.694(4) 
105.43(2) 
1860.0 
4 
956 
1.653 
10.0 
294 & 1 
0.46 x 0.25 x 0.18 
0.66-5.49 
28,,, = 55"; k h, k ,  f l  
0.60 + 0.34tan8 
0.5 x scan time 

5703 
4533 
3456 

217 
0.058 
0.072 
1.62 
2.15, -1.58 

cis-[ Ru"L( MeCN),] [ClO,] , 
61 2.48 
I2/a (non-standard form of no. 15) 
Monoclinic 
15.499(2) 
10.358( 1) 
15.671(2) 
93.99( 1) 
2509.5 
4 
1264 
1.62 1 
8.8 
294 1 
0.06 x 0.10 x 0.26 
1.&5.5 
28,,, = 50"; f h, f k ,  I 
1.00 + 0.34tan0 
25% of full scan width 
on both sides 
4790 
2332 
1555 

146 
0.059 
0.075 
1.96 
0.86, -0.63 

* Weighting scheme: MJ = 4F,2/[02(F,2)2 + @F,2)2] 
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(c 1 

ORTEP plots of the two enantiomorphs of cis- 
thermal ellipsoids are drawn at the 35% probability level 

.[RU~'LO,]~ ' (a )  

reaction. The products were analysed by gas chromatography, 
'H  NMR, mass and UV/VIS spectroscopy. Gas chromato- 
graphic analyses were conducted using a Varian model 940 gas 
chromatograph equipped with a flame ionisation detector and a 
6 ft column containing 10% (w/w) Carbowax 20 M on 
Chromosorb W. Individual gas chromatographic components 
were quantitated by the internal standard method employing a 
Shimadzu C-R3A electronic integrator. 

Results and Discussion 
In a previous report the synthesis and X-ray structure of cis- 
[Ru"'LCI,] + were des~ribed.~' Treatment of cis-[Ru"'LCI,] + 

with Ag' followed by oxidation with H , 0 2  at 60 "C gave an 
oxoruthenium complex which was assigned as trans-[RuV'- 
LO, J' + based on IR spectroscopy. However, this complex was 
unstable in aqueous solution at pH >3; the mechanism of 
degradation is not yet known. However, recent studies indi- 
cated that under certain conditions the complex cis-[Osv'- 
LO,]' + would undergo intra-ligand rearrangement to give cis- 
[OsV'L'(NMe,)O,] , + (L' = 1,4,7-trimethyl- 1,4,7-triazacyclo- 
nonane) ' whose structure has been characterised by X-ray 
crystallography. 

In the present study, the oxidant H 2 0 2  was replaced by CeiV 
and the oxidation was carried out at room temperature. The 
green complex c i s - [ R ~ ~ ' L O ~ ] [ C 1 0 ~ ] ~  prepared in this way is 
stable in the solid state for several days and in aqueous solution 

2111 

(d ) 

and (b), of cis-[RuVLO,]+ ( c )  and of C~~- [RU"L(M~CN) , ]~+(~) ,  The 

for about 3 h. In highly purified acetonitrile it is stable for about 
2 h at room temperature, but is slowly reduced by the solvent to 
cis-[RuVL02] + and finally to c~s-[Ru~'L(M~CN),]~ + upon 
prolonged standing. As expected for d2  cis-dioxometal com- 
plexes,6*1 '-I3 cis-[RuV'LO, ][ClO4l2 is diamagnetic and shows 
two intense IR bands at 874 and 859 cm-' with different 
intensity, tentatively assigned to the symmetric and asymmetric 
Ru=O stretches. Attempts have been made to prepare cis- 
[ R U ~ ' L ( ' ~ O ) ~  J2' through exchange with H2I80 .  However, no 
l80 was incorporated into the metal complex at room 
temperature. The extreme reactivity of cis-[RuV'LO2 J 2 +  

precludes any labelling study at temperatures higher than 50 "C. 
The existence of two Ru=O stretches is in accord with a cis 
geometry, which has also been confirmed by X-ray crystallo- 
graphy. Previous work showed that trans-dioxoruthenium(v1) 
complexes of neutral amines show a characteristic (d,,), --+ 
(dXy)'(dn*)' (d,* = dxy, dyz) absorption band with v(Ru=O) 
vibrational progression at 380400 nm.5n,14 The present cis- 
dioxoruthenium(v1) complex does not show such a band at 
room temperature. Instead an intense band with E,,, of 1400 
dm3 mol-' cm-' appears at 325 nm, which is likely due to a 
ligand (N or 0)-to-metal (Ru) charge-transfer transition. There 
is a low-energy absorption band at 662 nm, which is absent for 
the trans-dioxoruthenium(v1) system. The low cmax of this band 
suggests that it is due to the transition(s) within the d orbitals. 

Unlike previous work where cis-dioxoruthenium(v) was only 
observed as a transient intermediate during cyclic voltammetric 
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scans in aqueous  solution^,^ cis-[RuVL02] + has been generated 
by electrochemical and chemical reduction of ~ i s - [ R u ~ ' L 0 , ] ~  + 

in acetonitrile. The measured peff of 1.9 for cis-[RuVL02]C104 
is in accordance with a low-spin d3 electronic configuration for 
oxoruthenium(v). It is stable in acetonitrile for several hours 
and could be reoxidised back to the starting Ru". Its UV/VIS 
spectrum is featureless, being dominated by the high-energy 
p,(O+d,(Ru) charge-transfer transition at 325 nm. Only one 
of the two v(Ru=O) stretches in cis-[RuVL02]C104 could be 
located at 850 cm-'; the remaining one probably overlaps with 
the ligand stretching modes. 

Structures of~is - [Ru~ 'LO~][ClO~]~,  cis-[RuVL02]C104 and 
cis-[Ru"L(MeCN),][CIO,],.-Fig. l(a)-(c) shows ORTEP 

Table 2 Selected bond distances 

(a) ~is-[Ru"'L0,]~' 
Ru-O( 1) 1.795(9) 
Ru-N( 1) 2.17( 1) 
R U-N( 2A) 2.22(2) 
Ru-N(2B) 2.25(3) 
Ru-N( 3) 2.20( 1) 
N(1)-C(1) 1.42(3) 
N(1 )-C(2) 1.48(2) 
N(2A)-C(3) 1.54(3) 
N( 2A)-C(4) 1.45(2) 

O(l)-Ru-O( 1)" 112.0(4) 
O( l)-Ru-N(2A) 86.8(6) 
O(l)-Ru-N(2B) 157.3(7) 
O(l)-Ru-N(3) 84.9(3) 
N( l)-Ru-N(2B) 104.7(6) 
N(2A)-Ru-N(2B) 77.4(7) 
N(2B)-Ru-N(3) 83.0(6) 

(b) cis-[RuVLO,]+ 
Ru-O( 1) 
Ru-0(2) 
Ru-N( 1) 
Ru-N(2) 
Ru-N(3) 
R U-N( 4) 
N( 1 )-C( 1) 
N(l)-C(2) 
N(l)-C(3) 
N(2)-C(4) 
N(2)-C(5) 
O( I)-Ru-0(2) 
O(l)-Ru-N(l) 
O( l)-Ru-N(2) 
O( 1 )-Ru-N( 3) 
O( 1 )-Ru-N(4) 
0(2)-Ru-N( 1) 
0(2)-R~-N(2) 
O( 2)-Ru-N( 3) 

1.75 l(3) 
1.756(4) 
2.155(4) 
2.296(4) 
2.3 16(4) 
2.163(4) 
1.477(6) 
1.491(8) 
1.490( 7) 
1.498(7) 
1.483(7) 

115.1(2) 
86.7(2) 
86.1( 1) 

155.3(2) 
88.5(2) 
88.6(2) 

155.7( 1) 
86.6(2) 

(c) cis-[ Ru"L( MeCN),] + 

Ru-N( 1) 2.2 12(6) 
Ru-N(2) 2.148(8) 
Ru-N(3) 2.038(8) 
N(1 )-CU ) 1.49(1) 
N(1)-C(4) 1.51(1) 
N(l)-C(5) 1.45( 1) 
N(2)-C(2) 1.56( 1) 

N(l)-Ru-N( 1) 174.3(3) 
N(t)-Ru-N(2) 84.0(3) 
N(l)-Ru-N(3) 88.1(3) 
N(2)-Ru-N(3) 17 1.6(3) 
N( 2)-Ru-N( 2) 82.2( 3) 

(A) and angles (") 

N( 2A)-C( 8) 
N(2B)-C(4) a 

N(2B)-C(5) 
N(2B)-C(8)' 
N(3FC(6) 
N( 3 )-C( 7 1 
C(2)-C(3) 
C(4)-C(4) ' 
C(5)-C(6) 
O( 1 )-Ru-N( 1) 
O( 1) "-Ru-N(2A) 
O( l)"-Ru-N(2B) 
N( 1 )-Ru-N(2A) 
N( l)-Ru-N(3) 
N( 2A)-Ru-N( 3) 

N(2)-C(6) 
N(3)-C(7) 
N(3)-C(8) 
N(3t-C(9) 
N(4)-C( 10) 
N(4)-C( 11) 
N(4)-C( 12) 
C(3)-C(4) 
C(6t-C(7) 
C(9)-C( 10) 

0(2)-Ru-N(4) 
N( l)-Ru-N(2) 
N( l)-Ru-N(3) 
N( l)-Ru-N(4) 
N(2)-Ru-N(3) 
N(2)-Ru-N(4) 
N(3)-Ru-N(4) 

1.49( 2) 
1.44( 2) 
1.56(4) 
1.49( 3) 
1.45(3) 
1.49(2) 
1.69( 3) 
1.5 l(3) 
1.67(4) 

89.7(3) 
160.4(6) 
85.9(7) 
84.9( 5) 

170.3( 5) 
102.8(5) 

1.474(7) 
1.487(6) 
1.475( 7) 
1.490(7) 
1.471(8) 
1.465(7) 
1.502(6) 
1.493(8) 
1.498(8) 
1.508(8) 

8 7.3(2) 
80.8( 1) 

106.6( 1) 
171.6(1) 
75.q 1) 

105.8(1) 
80.4( 1) 

1.45( 1) 
1.47( 1) 
1.14(1) 
2.78( 1)' 
1.47(2) 
1.60(1) 
1.45( 1) 

96.4(3) 
86.1(2) 

169.2(8) 
177( 1) 

' Symmetry code: x, $ - y ,  z. Symmetry code: 2 - x, y ,  -2. Non- 
bonding distance. 

plots of the c i s - [ R ~ ~ ' L 0 , ] ~  + and cis-[Ru"LO,] + cations with 
the atom numbering. The structures feature the first examples of 
six-co-ordinated cis-dioxoruthenium-(vr) and -(v) complexes. 
In both complexes, the co-ordination geometry about the 
ruthenium atom is distorted octahedral with two Ru=O 
moieties cis to each other and the conformation adopted by 
ligand L is similar to that found in cis-[R~"'LCl,]+.~' The 
Ru-N(tertiary amine) distances are in the normal range 
expected for oxoruthenium complexes of tertiary amines." 

Perhaps the most interesting structural features are the Ru=O 
distances and 0-Ru-0 angles. The 0-Ru-0 angles, 1 12.0(4) 
and 115.1(2)" for RuV' and RuV respectively, are perhaps the 
smallest values reported for six-co-ordinated d2 cis-dioxometal 
complexes. They are lower than those of 120.2(6)" in cis- 
[Ru02(MeC02)Cl,]-," 127" in [RuO,Cl,]-,' ' 121.4(4)" in cis- 
[Re(bipy)(py),O,] + (bipy = 2,2'-bipyridine, py = pyridine),' , 
and 127" in cis-[O~O~(MeC0,),]- . '~ The two Ru=O bonds in 
either c i s - [ R ~ ~ ' L 0 , ] ~  + or cis-[RuVL02] + are equivalent. 
Except for trans-[Ru'"(py),O(CI)] +,' the measured Ru=O 
distance of 1.795(9) A in c i s - [ R ~ ~ ' L 0 ~ ] ~  + is perhaps the longest 
ever reported for Ru=O complexes. It is about 0.09 8, longer 
than that for its trans analogue trans-[RuV'( 16- tm~)O,]~  + 

(1 6-tmc = 1,5,9,13-tetramethyl-l,5,9,13-tetraazacyclohexa- 
decane) and cis-[RuO,(MeCO,)Cl,] - (average Ru=O 1.685 
A)." Interestingly, the Ru=O distances of 1.751-1.756 A in cis- 
[RuVL02] + are even shorter than that in c i s - [ R ~ ~ ' L 0 , ] ~ + .  
Presumably, the larger 0-Ru-0 angle in cis-[RuVLO,] + than 
in cis-[RuV1LO2]* + helps to reduce the coulombic repulsive 
interaction of the two cis-0x0 groups leading to a stronger 
metal-oxo bond. The Ru=O distances in ruthenium(v) 
complexes are greatly affected by the auxiliary ligands ranging 
from 1.687(6) A in [NP~,][RuO(O,COCE~~),~,'~ 1.733(6) A in 
[{RUO(CH,S~M~,),}~], '~ 1.725(3) 8, in [LoEt(0)Ru(p-O),- 

1.756 A in the present system. The present structural data 
clearly indicate that the Ru=O and Ru-N distances in cis- 
[RU~ 'LO, ]~+  and cis-[RuVL02]+ are similar, despite the 
change in the electronic configuration. This would mean a small 
inner-sphere reorganisation energy required for the reduction of 
cis-dioxoruthenium(v1) to cis-dioxoruthenium(v). Table 4 
compares the Ru=O distances for various oxoruthenium(v1) 
complexes. 

Fig. l ( d )  shows an ORTEP plot of the cis-[Ru"L(MeCN),l2+ 
cation with atom numbering. The co-ordination geometry and 
conformation of L is virtually identical to that found in cis- 
[RU~ 'LO, ]~  +. Interestingly, the measured N(MeCN)-Ru-N- 
(MeCN) angle of 86.1(2)" is significantly smaller than the 
Cl-Ru-Cl angle of 97.7" in the isostructural cis-[Ru"'LCl,] +." 
Whether this arises from the constraint of the ligand L or the 
interaction of the two cis-MeCN molecules is uncertain. 

RU(O)LOE,] (LOEt = ( I ~ - C ~ H ~ ) C O [ ( E ~ O ) ~ P = O ] ~ - )  l 9  to 1.751- 

Electrochemistr),.-The cyclic voltammogram of cis-[RuV'- 
LO2]' + in acetonitrile (Fig. 2) shows a reversible one-electron 

I I I I I 
0.0 0.2 0.4 0.6 0.8 

EN vs. Ag-AgNOs(0.1 mol dm3) 

Fig. 2 Cyclic voltammogram of cis-[Ru"'LO,]* + in acetonitrile. 
Working electrode: edge-plane pyrolytic graphite. Scan rate: 100 mV s-'. 
Supporting electrolyte: 0.1 mol dm-3 [NBu,]BF, 
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Table 3 Atomic coordinates for non-hydrogen atoms with estimated standard deviations in parentheses 

( a )  cis-[ RuV1L0,][C104], 
Y 

0.191 8(1) 
0.539 6(4) 
0.668 2(4) 
0.15 1 9(6) 
0.455(2) 
0.544(3) 
0.597(2) 
0.645( 1) 
0.588( 2) 
0.732( 1) 
0.329 6(9) 

(b )  cis-[RuVLO,]CIO, 
Ru 0.159 07(2) 
O(1) 0.107 2(2) 

N(1) 0.235 5(3) 
N(2) 0.315 3(3) 
N(3) 0.253 9(3) 
N(4) 0.060 8(3) 
C(1) 0.289 9(5) 

C(3) 0.313 7(4) 
C(4) 0.382 3(3) 
C(5) 0.300 O(4) 

00) 0.080 9(3) 

C(2) 0.153 9(5) 

Y 
0.250 
0.250 
0.250 
0.409( 1) 
0.250 
0.250 
0.365(2) 
0.250 
0.250 
0.133(2) 
0.250 

0.224 16(4) 
0.092 4(4) 
0.262 8(4) 
0.059 3(5) 
0.202 5(5) 
0.427 2(5) 
0.373 l(5) 
0.108 9(8) 
0.047 7(7) 
0.009 2(6) 
0.099 4(6) 
0.144 5(7) 

(c.) [ Rul'L( MeCN),] [ClO,], * 
Ru 0.750 0.037 54(9) 
c1 0.406 4( 1) 0.458 O(2) 
N(1) 0.654 6(4) 0.026 9(7) 
N(2) 0.670 4(5) 0.193 8(7) 

C(1) 0.575 2(7) 0.086( 1) 
C(2) 0.596 l(7) 0.205(1) 
C(3) 0.717 4(7) 0.315 l(9) 
C(4) 0.631 O(7) -0.110( 1) 
C(5) 0.677 8(8) 0.090( 1) 
(26) 0.623 9(7) 0.180( 1) 

"3) 0.817 2(4) -0.106 3(7) 

i 

0.039 12(8) 
0.733 l(3) 
0.104 6(3) 

0.691( 1) 

0.713( 1) 
0.024( 1 ) 
0.145( I )  
0.122 8( 8) 

- 0.027 6(8) 

-0.009 9(5) 

- 0.194(2) 

0.430 79(2) 
0.353 7(2) 
0.504 l(3) 
0.519 O(2) 
0.387 4(2) 
0.481 l(3) 
0.340 7(3) 
0.609 O(3) 
0.526 2(4) 
0.477 3(3) 
0.450 6(3) 
0.297 3(3) 

O.OO0 
0.169 4(1) 

0.038 8(5)  
-0.111 5(4) 

-0.054 4(4) 
- 0.080 4( 8) 
-0.033 7(8) 

-0.137 3(7) 
-0.189 6(6) 

0.037 6(7) 

0.116 9(6) 

a Occupancy factor = 0.50. Occupancy factor for 0 atoms in perchlorate group = 0.5. 

X 

0.275( 1) 
0.224( 1) 
0.039( 1) 
0.306(2) 
0.389(1) 
0.3 8 1 (2) 
0.292( 1) 
0.123(2) 
0.01 9( 1) 

- 0.035( 1) 
0.244( 1) 

0.371 6(3) 
0.367 O(4) 
0.255 3(5) 
0.197 8(4) 
0.078 7(4) 
0.083 5(4) 

0.393 7( 1) 
0.289 5(5) 
0.453 7(7) 
0.428 3(9) 
0.417 7(8) 

-0.055 3(4) 

0.843 3(6) 
0.874 8(7) 
0.396( 1) 
0.430 5(9) 
0.455( 1) 
0.322( 1) 
0.333( 2) 
0.442 O(9) 
0.377( 1) 
0.472( 1) 

Y 
0.392(2) 
0.106(2) 
0.250 
0.250 
0.38 l(2) 
0.4 12( 3) 
0.331(2) 
0.098(4) 
0.122(2) 
0.250 
0.545(2) 

0.337 8(7) 
0.415 9(6) 

0.538 9(6) 
0.510 l(6) 
0.380 5(7) 
0.331 6(8) 
0.729 l(2) 
0.699( 2) 
0.610(1) 
0.804( 1) 
0.770( 1) 

0.467 6(8 j 

-0.197 7(9) 
-0.317 O(9) 

0.592(2) 
0.374(2) 
0.435(2) 
0.452(2) 
0.4 16(3) 
0.584( 1) 
0.428(2) 
0.3 82( 2) 

z 
0.1 19(1) 
0.140( 1) 
0.087 9(9) 

-0.107(1) 
- 0.01 2( 1) 

0.084( 1) 
0.194 2(7) 
0.185(2) 
0.133(1) 
0.023( 1) 
0.120 8(9) 

0.393 5(4) 
0.475 l(4) 
0.572 2(4) 
0.419 8(4) 
0.384 8(4) 
0.254 l(3) 
0.325 5(5) 
0.279 37(9) 
0.258 5(6) 
0.302 3(7) 
0.354 8(7) 
0.206 8(7) 

-0.083 5(5) 
-0.116 9(7) 

0.187( 1) 
0.233( 1) 
0.099( 1) 
0.137( 1) 

0.198 2(9) 
0.089( 1) 
0.189( 1) 

0.212(2) 

Table 4 The Ru=O bond distances of some oxoruthenium(v1) 
complexes 

Complex Ru=O/A Ref. 
truns-[Ru( 1 5-tmc)0,12+ 
rr~ns-[Ru(l6-tmc)O,]~+ 
trans-[Ru(bipy)O,( MeCO,),] 
trans-[R~(terpy)O,(H,O)]~ + 

f rafls- [ R U o  2 (HIO,),] - 

[Ru0,(0H)2I2 - 

trans-[ R u 0  Cl,]' - 

cis-[RuO,(MeCO,)Cl,] - 
cis- [ Ru LO 2] + 

[Ru206(py)41 

1.718(5) 
1.705(7) 
1.726( 1) 
1.66 1 
1.732(8) 
1.763( 2), 
1.760(2), 
1.74 1 (2) 
1.709(4) 
1.73( 1) 
1.64, 1.71 
1.795(9) 

16 
16 
20 
21 
22 
23 

11 
24 
6 

This work 
" 15-tmc = 1,4,9,12-Tetramethyl-1,5,9,12-tetraazacyclopentadecane. 
terpy = 2,2': 6', 2"-Terpyridine. 

couple at 0.53 V us. Ag-AgNO, (0.1 mol dm-3). Constant- 
potential coulometry established n = 1.0, suggesting a RuV1- 
RuV couple. In aqueous solutions, proton-coupled electron- 
transfer redox couples are observed. Fig. 3 shows the cyclic 
voltammograms at different pH. At pH 1.0 two reversible 
couples I and I11 at 0.80 and 0.26 V respectively and one ill 
defined couple I1 at 0.63 V (us. SCE) were found. Constant- 

potential coulometry established the respective n values to be 
1.9, 1.0 and 1.0, suggesting the electrode reactions (1)-(3). At 

c i s - [ R ~ ~ ' L 0 ~ ] ~ +  + 2e + 2Hf --- 
C ~ S - [ R U ~ ~ L ( O ) ( H ~ O ) ] ~  + (1) 

~~~- [RU'~L(O) (H,O) ]~ '  + e + H +  __t 

cis-[ Ru"'L( OH)( HZO) J + (2) 

C~~-[RU"'L(OH)(H~O)]~+ + e + H +  - 
cis- [ Ru"L( H 0) 2 ]  + (3) 

pH 2.0 couple I starts to split into two reversible one-electron 
couples IV and V, appearing at 0.77 and 0.71 V respectively. 
These are assigned as the RuV'-RuV and RuV-Ru" couples (4) 
and (5 ) .  At pH 4.5 couples I1 and V merge to form a new couple 

c i s - [R~" 'L0~]~+  + e - cis-[RuVL02]+ (4) 

cis-[RuVLO,]+ + e + 2H+ --+ 

cis-[ Ru''L(O)( HZO)] + (5) 

VI. The relative magnitudes of the peak currents for couples IV, 
VI and I11 are in the ratio 1 : 2: 1. Constant-potential coulometry 
established that couple VI corresponds to the two-electron 
reduction of RuV to Ru"', equation (6). 
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pH 1.0 

t I 
- 0.2 0.2 0.6 1 .o 

1 1 . 1  I J 

- 0.2 0.2 0.6 1 .o 

L I 1 I I I 1 I 1 

- 0.3 0.1 0.5 0.9 -0.3 0.1 0.5 0.9 

EN vs. SCE 

Fig. 3 Cyclic voltammograms of cis-[RuV'LOJ2+ at different pH. Working electrode and scan rate as in Fig. 2 

cis-[RuVLO,]+ + 2e + 3H+ - 
cis-[ Ru"'L(OH)( H,0)] + (6) 

When the pH of the medium is raised the E" of all redox 
couples, except that of IV, shift cathodically. The Pourbaix 
diagram over the range pH 1-1 1 is shown in Fig. 4. Linear plots 
of E" uersus pH with slopes close to - 60 and - 118 mV per pH 
unit are found for couples I and V respectively, in accordance 
with their formulations. For couple VI there are two straight- 
line fragments with slopes of -90 and -57 mV per pH unit at 
4.5 < pH < 6.5 and at pH > 6.5 respectively. On the basis of 
these findings, the corresponding electrode reactions are (6) and 
(7). For couple 111 the slope of the plot is - 60 mV per pH unit at 

cis-[RuVL02]+ + 2H+ + 2e ---- cis-[Ru"'L(OH),]+ (7) 

1 -c pH < 6.5 but becomes - 117 mV per pH unit at pH > 6.5. 
Thus the corresponding electrode reactions are (3) and (8). The 

cis-[Ru"'L(OH),]+ + e + 2H+ - 
cis-[ Ru"L( H ,O),] + (8) 

break point of the plot for couple 111 occurs at pH 6.5, which is 
logically the pK, value of C~S-[R~"'L(OH)(H,O)]~ +. 

Oxidation of Organic Substrates.-Table 5 summarises the 
result of stoichiometric oxidation of organic substrates by cis- 
[RU~ 'LO, ]~  + in acetonitrile at room temperature. Control 
experiments showed negligible oxidation in the absence of the 
ruthenium oxidant. However, even in acetonitrile only, some of 
the complex was converted into c~s-[Ru"L(M~CN),]~ + after 4 h. 
This may explain the low percentage yields (Table 5 )  found in 
some of the oxidation reactions investigated. For each of the 

stoichiometric oxidations studied after 4 h the ruthenium 
product isolated through precipitation with diethyl ether was 
cis-[Ru"L(MeCN)J2 +, suggesting that either two oxygen 
atoms were used in the oxidation or the intermediate cis- 
[RU'~L(O)(H,O)]~ + was unstable and disproportionated in 
acetonitrile. 

Alcohols were rapidly oxidised to the corresponding 
aldehydes/ketones in a two-step reaction. When the reaction 
was followed by UV/VIS spectroscopy a species having a 
similar optical spectrum to that of cis-[Ru'vL(0)(H20)]2 + was 
formed within 1 h and gradually transformed to cis-[Ru"L- 
(MeCN),], + after several hours. Attempts to isolate the 
intermediate species in pure form were unsuccessful since some 
cis-[Ru"L(MeCN),][C1O4], was always found. For the 
reactions with alkenes the spectral changes were similar. 
Product analyses revealed that both epoxides and carbonyl 
products were formed. Attempts to detect the diol product by 
' H NMR spectroscopy were unsuccessful. Oxidation of cyclo- 
hexene gave cyclohex-2-en- 1 -one and cyclohex-2-en- 1-01 with 
no cyclohexene oxide. This result is consistent with previous 
work which showed that Ru=O complexes have a high affinity 
towards oxidation of allylic C-H bonds. The reaction with cis- 
stilbene gave a mixture of cis- and trans-stilbene oxides together 
with benzaldehyde. The loss of stereospecificity in the cis- 
stilbene oxidation according to Castellino and Bruice2' is an 
indication of a charge-transfer mechanism. 

Aromatic hydrocarbons were oxidised to the corresponding 
aldehydes/ketones. Since the oxidation of ethylbenzene and 
cumene gave the respective acetophenone and phenylpropan- 
2-01, the relative reactivities of the C-H bonds follow the order: 
tertiary > secondary > primary. Interestingly, saturated al- 
kanes such as adamantane and 2,3-dimethylbutane could also 
be oxidised at room temperature, indicating that oxidation 
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0.60 - 

0.40- 

0.20- 

0.00- 

21 15 

-0.20- 

-0.40- 

-0.60- 

1 ' 4  

cis-[ R u 'I L ( H20) 212+ 

\\ 
cis-[ RU"L(OH)~]~' 

1 3 i i 9 1'1 

PH 
Fig. 4 Pourbaix plot for all redox couples of cis-[R~"'L0,]~+ 

Table 5 
~is-[Ru'"L0,]~+ in acetonitrile at 25 "C 

Results of stoichiometric oxidation of organic substrates by 

Substrate Product 
Yield 
(%I * 

Cyclohexanol 
C yclopentanol 
C yclo butanol 
Styrene 

cis-S t il bene 

trans-Stilbene 

C yclo hexene 

Norbornene 
Cyclooctene 
Toluene 
Ethylbenzene 

Cumene 
Adamantane 
2,3-Dimethylbutane 

Cyclohexanone 86 
C yclopen tanone 70 
Cyclobutanone 74 
Styrene oxide 5 
Benzaldeh yde 60 
cis-Stilbene oxide 30 
trans-Stilbene oxide 12 
Benzaldeh yde 30 
trans-S t ilbene oxide 15 
Benzaldeh yde 32 
Cyclohex-2-en- 1 -one 45 
Cyclohex-2-en-l -ol 20 
exo-2,3-Epoxynorbornane 30 
Cyclooctene oxide 55 
Benzaldeh yde 45 
Acetophenone 58 
sec-phenethyl alcohol 17 
2-Phen ylpropan-2-01 56 
Adamantan- 1-01 34 
2,3-Dimethylbutan-2-01 13 

* Based on amount of complex used. 

occurred preferentially at the tertiary C-H bond. No reaction 
with cyclohexane was observed. 

General Comments.-There have been few reports on d2 cis- 
dioxometal complexes.8 Reported examples of this class of 
complexes include the structurally characterised cis-[ReV(bipy)- 
(py),O,] + and ~ i s - [Os~ ' (MeC0~)~0 , ]  -,I3 neither of which 
is reactive towards organic oxidation. With the exception of cis- 

[ R ~ ~ ' ( d c b i p y ) O ~ ] ~  + (dcbipy = 6,6'-dichloro-2,2'-bipyridine) 
and cis-[R~~'(dmphen),O~]~ + (dmphen = 2,9-dimethyl-l,10- 
phenant hroline),2 most of the reported cis-dioxometal complexes 
are not capable of oxidising alkenes and alkanes under mild 
conditions." However, the extreme reactivities of cis-dioxo- 
ruthenium(v1) complexes of aromatic diimines render studies on 
their reactions in solution difficult. In a recent molecular orbital 
calculation by Cundari and Drago 26 cis-dioxoruthenium(vr) 
was suggested to be much more reactive than its trans 
counterpart. These workers also suggested that the monooxo- 
ruthenium-(rv) and -(v) and trans-dioxoruthenium(vr) can only 
participate in concerted [2 + 23 or non-concerted [1 + 21 
cycloaddition with alkenes, whereas cis-dioxoruthenium(v) 
could also react uia a concerted [3 + 21 cycloaddition 
pathway.26 The [3 + 21 pathway has also been suggested by 
Corey et aL2' to be responsible for alkene dihydroxylation. 

In the present work, ~ i s - [ R u ~ ' L 0 ~ ] ~  + and cis-[RuVL02] + 

have been generated and characterised. The lowering in the E" 
valueofabout400mVfrom ~is-[Ru~'(bipy),O,]~ + (E" = 1.23 V 
us. SCE at pH l)4b*' to c i s - [ R ~ ~ ' L 0 ~ ] ~ +  is in agreement with 
previous findings that chelating tertiary amines are useful 
ligands for the stabilisation of high-valent oxoruthenium com- 
plexes.' The characterisation of cis-[RuVL02] + , cis-[RuwL(0)- 
(H20)l2 + and c~~-[Ru"L(M~CN),]~ + from the redox reactions 
of cis-[RuV'L0212 + suggests that cis-dioxoruthenium(vr) can 
function as an overall one-, two- or four-electron oxidant. 

It is interesting to compare trans-[R~~'(l4-tmc)O~]~ + " (14- 
tmc = 1,4,8,11 -tetramethyl-1,4,8,11 -tetraazacyclotetradecane) 
and c i s - [ R ~ ~ ' L 0 ~ ] ~  + since both complexes contain a chelating 
tetradentate tertiary amine li and. The much longer Ru=O 

us. 0.80 V at pH 1.0) for the latter complex suggest that with the 
same auxiliary ligand cis-dioxoruthenium(vr) should be a better 
oxidant. This is also reflected in the results of stoichiometric 
oxidation. While ~is-[Ru"'L0,]~ + is capable of oxidising a 
wide variety of organic substrates, trans-[RuV'( 14-tm~)O,]~ + is 
not capable of oxidising alkenes and aromatic hydrocarbons 
under the same reaction conditions.'" 

One may expect cis-dioxoruthenium(v1) to behave differently 
from other known monooxo- and trans-dioxo-ruthenium com- 
plexes, especially in reactions with alkenes. In its reaction with 
styrene and cis- and trans-stilbene ~ i s - [Ru~ 'L0 , ]~  + behaves 
similarly to other monooxometal complexes such as those of 
CrV.28*29 Furthermore its reactions with a number of alkenes 
did not give the corresponding diol products; instead, as with 
other Ru=O species, the carbonyl products resulting from 
oxidative C=C bond cleavage and epoxides were 
obtained. 3a. 56.30-3 2 These findings favour a non-concerted 
[ 1 + 21 cycloaddition pathway, involving electrophilic attack 
of a Ru=O moiety on the olefinic double bond. However, 
Cundari and Drago26 also noted that a [3 + 2) cycloaddition 
of cis-dioxoruthenium(vr) with alkene would give the dioxo- 
metallacycle intermediate which easily rearranges leading 
to the C==C bond cleavage. In fact a large amount of carbonyl 
product was observed in the reaction of styrene with cis- 
[ R U ~ ' L O ~ ] ~ +  (Table 5). 

bond distances (1.71 us. 1.795 x ) and the higher E" value (0.67 
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