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Abstract 

Ruthenium(li) dimethyl complexes. [Ru(Me)z('06-C6Me6)(PR 3)] (R m Ph la, R~ ,= MePh~ lb, R 3 == Me2Ph It ,  R =, Me ld, R - Et 
le), react with C-H bonds of benzene or toluene under severn conditions (85-105 °C depending on the phosphine ligand) to give methane 
and the new methyl aryl derivatives [Ru(Me){Ar)(v/C'-C6Me6)(PR~)]. The methyl tolyl complexes arc formed as a 2/1 mixture of meta 
and pard isomers. In contrast the reaction of l a - l e  with arenes, in the presence of [FeCpz ]PF 6, proceeds rapidly at room temperature: the 
c ~ n g  methyl aryl derivatives [Ru(Me)(Ar)(~6-CoMec, XPR3)] (Ar~ Ph, Tol) and/or the intramolecular reaction prtxlucts 
[ ~ R 2 ) ( M e ) (  ~ -C6Me6)] arc fom~ed depending on the steric hindrance of the phosphine. The fact that electrochemistry and ESR 
spectroscopy show that on oxidation the ruthenium(lI) complexes give sfable ruthenium(Ill) congeners suggests that the catalytic reaction 
triggered by ferrocenium ions proceeds through a different redox pathway. 

Keywords: Ruihenium~hexamethylbenzene complexes; C~H activation: Electron transfer behavioor 

I. Introduction 

We have recently found that the iridium dimethyl 
complexes [lr(Me)2Cp" (PR.0] (Cp ° ~ C~Me~, R ~ Ph, 
Me), which are able to activate C-H bonds of arenes 
only under rather drastic conditions or not at all, be. 
come strongly reactive in the presence of catalytic 
amounts ot" one-electron oxidants [I-3]. These C-H 
activation reactions have features which make them 
analogous to the 'o'-bond metathesis' [4] of M-R bonds 
and hydrocarbons C-H bonds (Eq. (I)). 

M-R + R'-H ...* M-R' + R -H  ( I ) 

This reaction had been previously observed for early 
transition or f- lock [4], and for a few late transition 
metals [5,6] under conditions of thermal activation. We 
decided to study the reactivity of the half-sandwich d s 
ruthenium sys'em [Ru(Me)2(~6-C6Me6)(L)] (L = 
phosphine) with arenes, both under thermal and oxida- 
tive conditions, in order to test the generality of the 
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e~ ctron transfer catalysis already observed for the irid- 
ium dimethyl derivatives. The results of this study are 
reported here. 

2. Results and discussion 

2,1. Synthesis of the ruthenium dimethyl complexes 
l . - l e  

The ruthenium(lI)  dimethyl  complexes,  
[Ru(Me)2(v/6-C6Me6)(PR~)] (R ~ Ph la, R.~ ~ MePh 2 
Ib, R3 ,= Me,Ph 1¢, R ,~ Me ld, R = Et le) have been 
synthesized with some modification of the literature 
method reported for la, lb and ld [7], by reacting the 
conesponding dichloro derivatives with methyllithium. 
As far as we know, lc and le were not previously 
reported. In all cases the reaction mixture was hydrol- 
ysed at 0°C in order to eliminate the excess of the 
alkylating agent: attempted crystallization of the 
dimethyl derivatives without prior elimination of the 
excess of LiMe from the reaction mixture was unsuc- 
cessful. Purification by column chromatography on alu- 
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mina was found to be a suitable mute, although with 
some inconveniences. While la and lb were success- 
fully purified, l e - l e  were found to decompose exten- 
sively by using a 7cm long column. In particular, by 
chromatography of ld on alumina an orange-yellow 
band was eluted by chloroform, which was identified as 
[Ru(MeXCIX~6-C~Me6XPMe0]. This compound is 
most probably originated by protonolysis of one of the 
Ru-M¢ bonds by the OH groups on tic alumina sur- 
face, followed by metathesis with chloride ion impuri- 
ties. A similar observation had been made previously in 
o u ~  during attempted purification of 
[ ~ H ~ X ~ I ~ - C ~ M e ~ X P R ~ ) ]  (R : Me, Ph) 
by column chromatography on alumina, which gave on 
chloroform elution the orthometailated derivative 
[Ru(C~H~PRPhXCIXvI~-CsMe~XPR~)] [8]. However, 
l e - l e  were satisfactorily purified by fast chromatogra- 
phy through a short alumina column. 

2.2. Thermolysis of la-Ie in the presence of arches 

The reactivity of l a - l e  towards arenes has been 
studied under conditions of thermal activation. All these 
compounds are able to activate benzene C-H bonds 
giving methane and the methyl phenyl complexes 2a-2e 
(Scheme I) at temperatures higher than 85 °C, although 
some dissociation of bexamethylbenzene followed by 
decomposition is observed. Structural assignments were 
made by ~H NMR spectroscopy and by comparison 
with authentic samples prepared by a different route 
(~e Section 4 and Table I). The temperatures of thero 
molysis, which result from a compromise between a 
convenient rate of the C=H activation and reasonably 
low decomposition of th~ complexes, depend upon the 
nature of the phosphine: 2a and 2b, 8~°C; 2e, 100°C: 
~d,, I I0~; ~ ,  90°C, 

A,Ar-H ~ ' ~  

l s  Ft~Ph h Ar ~ ¢,Hs 
At,, m- ard p-.C6H4Me 

lira I%,~ OlePh ~ Ib At,, eQHe 
~b Ar ~ m - ~  p - C e ~ l ~  

:la /~ ' -  m - mad p ~C;IH,~I 

~1 Are m -  ard p.-Gi l t ,  l ~  

l e  R~b't ;kt ~ 

Scheme I, 

Reactions with benzene-d 6 have been followed by 
~H NMR spectroscopy and, in the case of la, a reason- 
ably good pseudo first-order kinetic law for over four 
half-lives ( k = 4 . 3 3 ×  10 -2 h -I ,  t~/2= i6h, 85 + 
0.5°C) is observed. In all other cases decomposition 
becomes so important that a simple kinetic law can 
hardly be evaluated. Since there is no experimental 
evidence for intramolecular activation steps (no MeH 
and no orthometallated product have been detected), we 
suggest the formation of a reaction intermediate deriv- 
ing from the temporary loss of the phosphine. This is 
consistent with the complete inhibition of the reaction 
by an excess of free phosphine in the case of la 
(PPh3/la--3) ,  and with the increasing thermolysis 
temperature in the order la < lb < le < 1c < ld, which 
agrees nicely with the cone angle decreasing [9]. Analo- 
gously, Maitlis and coworkers [5] have proposed that 
for the arene thermal activation reactions by the related 
complex [Ir(Me)2Cp*(DMSO)] (DMSO = dimethyl- 
sulphoxide), the loss of the DMSO ligand is a pre- 
requisite for the oxidative addition of the arene C-H 
bond. 

l a - l e  are also able to activate toluene, which reacts 
more slowly than benzene: 90% conversion has been 
attained at 850C after 50h in the case of the reaction of 
la with benzene, while more than 600 h are necessary at 
! 10°C in order to reach the same conversion in the case 
of the reaction of la with toluene (k ~ 1.15 X 10-" h- I, 
tl/: i 60h for the reaction with toluone-ds). In all cases 
the reaction products are a 2 / !  mixture of the m- and 
p-tolyl derivatives (Scheme I). The two isomers were 
identified by analysis of the ~H NMR spectrt) of the 
reaction mixtures, and by analogy with the iridium(Ill) 
systems [1=3]. There is no evidence for activation of 
ortho, and benzylic C~H bonds. 

2.3. Oxidatively promoted arene C-H activation by 
la- ld  

Treatment of la with benzene in the presence of 
small amounts (30%) of [FeCp= ]PFe produces, after an 
induction period of a few seconds, a rapid evolution of 
gas at the solid=oxidant surface. Monitoring the reac- 
tion by Z H NMR, we have observed the formation of 
ferrocone, CH~ and, after 24h, the total conversion of 
la into two organometallic comi~,unds, as shown by the 
new signals of coordinated C~Me~. The major com- 
pound (65%) has been isolated and identified as the 
orthometallated complex [ R " ~ I - I  j )Ph 2)(Me)(1,/6- 
C6Me6)] (4a) (Scheme 2). in fact the aromatic region of 
the ~H NMR spectrum shows the typical pattern of the 
orthometallated triphenylphosphine, the high field reso- 
nance in the ,~lp NMR spectrum (8=, -10.79 in ben- 
zene-d 6) being consistent [10] with the presence of a 
phosphorus atom in a four-membered ring (Table !). 
We were not abh: to isolate the minor organometallic 



Table 1 
i H NMR data a 

Compound 

,... Ru.... 
OI 

R u.,. 
a "" 1 PMeePh 
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a""" ~u~. PEh 
Cl 

,..Ru 
I~"' I ~PMa=Ph 

1¢ 
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le 

.. Ru 

\Pt P  

Ph " ' 7  u 
CI ~ P B ~  

, .... Flu.= 
I~"  I "PMe3 

CI 
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IH NMR 

1.74 (18H. d, J ,p=0 .7Hz ,  C6MeoL 
1.89 (3H, d, Jup = 10.8Hz, PMe), 7.35- 
7.45 (6H, m, Hm, Ht,), 7.7-7.8 (4H, m, 
H,,). b 

1.69 (6H, d, JHP = 10.8Hz, PMe), 1.77 
(18H, d, Jae=0.7Hz,  C6Me6), 7.35- 
7.45 (3H, m, H,,,, Hp), 7.7-7.8 (2H, m, 
H,,). t' 

0.92 (9H, dr, JHp= 14.3Hz, Jmi = 
7.6 Hz, PCH z Me), 1.67 (18H, s, C6M%), 
1.81 (6H, dq, Jne=9.6Hz, JInl = 
7.6Hz, PCHzMe). b 

Table I (continued) 

Compound I H NMR 

Md ....... R j u ~  PPth 

Ph 

2a 

0.39 (3H, d, Jup = 7.5Hz. RuMe), 1.53 
(18H, s, C6Me6), 6.9-7.5 ~20Jl. ~l. Ph). 

, . .Ru 

2b 

0.31 (3H, d, JHP----" 6.0Hz, RuMe), 1.45 
(3H, d, Jnp = 8.0Hz, PMe), i.54 (18H, 
s, " M%),  7.0-7.6 (15H, m, Ph). 

0,08 (6H, d, J i l l ,"  6.5 Hz, RuMe), 1.24 
(6H, d, JnP = 8.2Hz, PM¢), 1.55 (18H, 
s, CoM%), 7.0-7.4 (5 H, m, PPh.0. Md ....... ? u ~ .  PMo=Ph 

Ph 

2 o  

0.35 (3H, d, Jim = 7.1 Hz. RuMe), 0.99 
(3H, JlIP = 8.1Hz, PMe), 1.29 (3H, d, 
Jne = 8.1Hz, PMe), 1.51 (18H, s, 
C{,M%), 7.0-7.6 (10H. m, Ph). 

=O,6 (611, d, ,I m, - 5,4 Hz, RuMe), (I,82 
(9H, dr, ,Itu I ,~ 7,61.1z, ,lup = 13.4Hz. 
IK?H, Me.), 1.47 (6H, m, PCit~ Me), 1,73 
(1811~ s, C~ M%), 

1,02 (3H. d. Jn l , '9 .0Hz,  PMc), 1.53 
(18H. s, C¢,Me{,). 6,9=7.6 (15H, m, Ph). 

0,81 (9H, m, PCFI 2 Me), 1,5--1.9 (6H, Ill, 
PCII, M¢), 1.63 (18H, s, CoM%), 7.0= 
7.3 (SH. m. Ph). 

0.70 (3H. d. Jnp ~ 8.0Hz, RLIMe), 1.08 
(gH. d. Jtw ~ 10.0Hz, PMe). 1.68 (18tl, 
s, C~, Me(, ). 

.... Ru 

Ph 

3d 

.Ru ...... " eeh 
Ph 

3 e  

...... Ru.. .  M d ~  PPh~ 

v "Me 

m-3a  

0.13 (3H. d. Jt., ~ 8.1Hz, RuM¢), 0.84 
(9H, d, Jlu, ~8,11tz, PMe). 1,65 (IXH, 
s. C~Meo), 7,0~7.2 (3H, m, H,,,. ttl,). 
7,3-7.5 (2H, m, H,,), 

0.25 (3H, d, ,I,p ~. 6,SHz, RuM¢), 0.6= 
I.O (9H, m, PCH2Mc), 1,2=1.6 (6H, m, 
PCHzMe), 1.64 (tSH, s, C~,M%), 7.0= 
72 (5H. m, Ph). 

0,40 (3H. d. Jm, -- 7.4Hz, RuMeL 1.55 
(18H. s. Ct, Me(,). 2.29 t31t, s. C(,ll ~ M(.). 
6.8-7.6 (19H. m. Ph). 
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Table I (cominued) 
(2ompound + H NMR 

p-3a 

0.38 (3H, d, Jill' = 7.4Hz, RuMe), i,55 
(18H, s. C6Me6). 2.29 (3H, s. CoH4Me), 
6,8-7.6 (19H, m, Ph). 

° ... Ru.,~ 

v -"MI 

m-3b 

0,34 (3H, d. JItP = 7.3Hz. RuMe), 1.44 
(3H. d. JtlP = 5.SHz. PM¢), !.56 (18H, 
s. C6Me6), 2,38 {3H. s. C~H~ML,). 6.9- 
7.2 (7H, m. Ph). 7.3-7.5 (5H, m. Phi, 
7.6-7,7 (2H. m. Ph). 

M d ~  ~ PMoPI+~ 

p=3b 

0.32 (3H. d. JHP ++  7.3Hz. RuMe). 1.44 
(3Fl. Jm. ++ 5.SHz+ PMe). 1.56 (181t. s. 
C~Meo). 2.39 (3H. ,+. Coil+Me). 6.9-7.2 
(7H, m, Ph), 7.3~7.5 (SH, m. Ph), 7.6 ~7.7 
(2H, m. H,,), 

...... Rg,~ 

v ' , M e  

m'30 

0,3f+ (3H, d. J+IP ~+ 7.2Hz, RuMe), 1.02 
(3H, d. Jm, ~+ 8.6Hz, PMe), 1.31 (3H. d. 
Jup++8.tHz. PMe), 1.52 (18H, s. 
C~Me+,), 2,42 (3H, s. C+,H~M¢). 6.9-7.5 
(gH..',. Ph). 

Table I (continued) 

Compound I H NMR 

.. ,R  
f , ~ s l  "+" 

Me 

m - 3 d  

°..... Ru~ 
M ~ ' ~  PMes 

p.3d 

C V ' ~  PMePh 

4a 

M¢' ~PM©FI~ 

4 b  

0,12 (3H, d, JilP = 8.0HZ, RuMe), 0,86 
(9H, d, JUP =8.4Hz, PMe), 1.68 (18H, 
s, C~Me6), 2,39 (3H, s, C6H4Me), 6.9- 
7.5 (4H, m, Ph), 

0.13 (3H, d, J,p = 8.0Hz, RuMe), 0,86 
(9H. d, JuP ~ 8.4Hz, PMe), 1.68 (18H, 
s, Cc, Me~,), 2,36 (3H, s, C+H+Mc), 6,9- 
7,5 (4H. m, Ph). 

A: 1.67 (18H. d. "/lip .~ 0.9Hz. C+Me6) , 
1,87 (3H, d, "/.p ,+ I 1.3 Hz. PMe). 6.6+ 
7.8 (gH. m. Ph). 
!11:1.59 (18H. d../uP = 0.6Hz. C6M¢o). 
2.03 (31-t. d . . / ,p  ++ 10.1Hz. PMe). 6.6+ 
7.8 (911. m. Ph). 

0.19 (3H. d. Jm. ++ 7H.~. RuMe). 1.75 
( 1811. d. J ,e ~ 0.7 I1-t. C. Me+.). 6:)+7.45 
(12tl, m, Ph), 7,6:7,85 (211 ,̀ m, Ph), 

A: 0.04 (3H. d. din. ~ 8.0Hz. RaMe). 
1.69 (18H. d. Jm.-O.SHz. CoMe•). 
6.56~7.80 (9H. m, Ph), 
I1:-~0.19 (3H. d. d,p ++ 6.4Hz. RuMe). 
1.88 (18H. d. Jti.p++O.81`lz. C~M%). 
6.56-7.80 (9H. m. DID. 

...... Ru~, 
I~=Ph 

p -3¢  

0.35 (all. d. Jm. +~ 7.211~. RuMe). 1.01 
13tt. d. Sup ~ 8.51|~. PMe}. 1.31 (3H. d. 
J,p ~ 8.1H~. PMe). !.52 (181-1. s. 
CnM%), +.,39 (3H. ,~. C~Ha M~+), 6,9- 7,5 
(911. m. Ph), Md"" .Ru~. 

0.25 (311. d. d.p ++ 8Hz. Rt.Me). 1.08 
(3H. d. Jm. + 9.4H~. PMe). 1.20 (31L d. 
3 m, + 9.3 Hz. PMe). 1.85 (181t. d../up ~ 
0,7 1`lz. C+,Me~,), 6.6-7.4 (4H. m. Ph}. 

4c 

* If not olherwi~ specified..~wctra were nm m CoD~,. 
I .  CDCI ~. 
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compound, which does not survive the column chro- 
matography on alumina and to which, on the basis of 
the IH NMR resonances at 8 1.61 (18H, s, C6Me 6) and 
-0.28 (3H, d, Jue = 5.5Hz, RuMe), the formula 
[Ru(MeXXXvl6-C6M%XPPh3)] can be tentatively as- 
signed, where the identity of X is uncertain. No benzene 
activation product has been detected, in contrast with 
the case of the triphenylphosphine-containing iridium 
system [!-3]. However, 4a is not stable in the presence 
of the oxidant, being transformed into [Ru(Me)(xXvl 6- 
C6Me6XPPh3)], which is in turn converted by the oxi- 
dant into a new compound (8 1.49) with concurrent 
formation of methane. The last complex was not iso- 
lated, but its ~H NMR spectrum is apparently consistent 
with an orthometallated structure. 

lb and lc react in benzene to give mixtures of both 
intra- and inter-molecular activation products of aro- 
matic C-H bonds, [Ru(C6H4PMePh)(Me)(~6-C6Me6)] 
(4b) (as a 2/1 mixture of two diastereoisomers) and 
[Ru(M e) (Ph) (~  6-C 6 M e6)(PM ePh 2)] (2b) ,  

[Ru(C6H4PMe2)(Me)(v/6-C6Me6)]  (4c) and 
[Ru(MeXPh)(n6-C6Me6XPMe2Ph)] (2(:) respectively. 
Attempted chromatographic separation of the diastere- 
omers 4b was unsuccessful, and the configurations of 
the major (A) and minor (B) isomers (Scheme 3) were 
only tentatively attributed on the basis of their i H NMR 
spectra  by analogy with the case of  
[[Ru(C 6 H 41bMePh)(CH 2 SiMe 3)(v/6-C6 Me6)], whose 
major isomer was fully characterized as having the 
(RR:SS) configuration [l 1]. Finally, ld  reacts with ben- 
zene to give (quantitatively, in 1 h) only 
[Ru(Me)(Ph)(~6-C6Me6)(PMe3)] (2d), which has been 
isolated by column chromatography purification fol- 
lowed by crystallization. 

These results indicate a strong steric control on the 
choice between inter- and intra-molecular C-H bond 
activation: the former prevails as the cone angle of the 
phosphine decreases, while the latter is favoured when 
the phosphine is bulky (Table 2), as already observed in 
the literature [3,12]. 

4a 

ox, 

Mo ~vE~ 
la-ld 

%.. 
2b 

+ ~ Me 

4b 

PhMeaP";~% Mo 

2c 40 

Scheme 2. 
2d 
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Pit 

'~..~P---Me 
I 
Ph 

A OtS.'S~ 

B 0¢e..SS) 

Scheme 3, 

The above reactions can be described as ETC-cata- 
iysed processes of the type already observed for related 
iridium dimethyl systems [1,2], in which the ferroce° 
nium cation plays the role of a catalytic oxidant: the 
resulting dimethyl cation activates the C~H bond to 
give a cationic product which must oxidize the starting 
complex to close the propagation cycle (see Section 3, 
Scheme 5), 

The data of Table 2 show clearly that th~ catalysis of 
the reaction is not very efficient. This cannot be simply 
due to the insolubility of both the retrace,lure and the 
intermediate cations (see the analogous reactions of the 
iridium dimethyl systems [I-3]). Moreover, when the 
reactions are carried out in arene~CH~Cl~ (or in CH~CI~ 
alone, in those cases where orthometallation of the 
phosphine may occur), an improvement is observed 
only for the la ~ 4a reaction, where 73% of 4a is 
obtained in l h. In all the other cases C-H activation 
was suppressed and only unidentified chlorine-contain- 
ing products were obtained, We then studied the reac- 
tion in neat arenes under heterogeneous conditions. 

The yields depend on the amount of [FeCp2] + (for 
instance in the ca~ of the la ,~, 4a reaction the yield, 
which after 24h is 65% by using 30% of catalyst, is 
reduced to 25% by using 10% of catalyst), but generally 
speaking the catalytic efficiency is rather low, Very 
probably, this is due to the relatively low stability of the 
oxidized complexes, as indicated by the easy release of 
the hexamethylhenzene ligand, which occurs during the 
reaction in variable amounts depending on the nature of 
the phosphine and the experimental conditions (see 
Table 2), Moreover, when [FeCp,]PF~ is added in 

amounts larger than stoichiometric, the I H NMR signals 
due to the starting ruthenium complexes gradually dis- 
appear and, in solution, only the free hexamethylben- 
zene remains after 12h. Another cause of the low 
efficiency may be due to the formation of side products 
like the one tentatively identified as [Ru(Me)(X)(r/6- 
CtMetXPPh3)] in the case of the reaction of la. 

In the presence of the ferrocenium salt, l a - l d  react 
also with toluene (Scheme 4): la  and lb give only the 
internal activation products, i.e. the orthometallated 
complexes 4a and 4b, le gives a mixture of the corre- 
sponding methyl tolyl and of the orthometallated deriva- 
tive, and ld  produces only the methyl tolyl complex. As 
already noted for the thermolysis of l a - l e  in toluene, 
the ortho positions do not react, and only the met, and 
para C-H bonds of toluene are activated. Once more, 
no evidence for benzyli¢ C-H activation has been 
acquired. 

In Table 2 reaction parameters and yields are given. 
The fact that from lb only a 2/1 mixture of di- 

astereisomeric orthometallated complexes has been iso- 
lated, without any product of toluene activation, con- 
firms the steric control of the reaction and reflects the 
growing steric restrictions when toluene is used in place 
of benzene. 

2.4. Electrochemistry of la. lc, ld, 2b. 2c and coupled 
EPR measurements 

Cyclic voltammetry of complexes In, Ic, Id, 2b, and 
under inert atmospl~ore exhibits two sequential an~ 

odic processes, of which only the first displays features 
of chemical reversibility, as illustrated in Fig. 1 for 
complex 2b, 

Controlled potential coulometry corresponding to the 

Table 2 
Experimental data of the axial.lively induced ~rene activation by 
[RuMe~(~-C~Me~XPR ~)] l a= ld  * 

Complex Arene Time C~H activation 
(h) products b (%) 

la benzene 24 4a (65) 
Ib benzene 24 4b (54), 2b (30) 
le benzene 24 4¢ (10). 2c (80) 
Id belw~ene I $ 2d (93) 
la toluene 3 4a (43) 
Ib toluene 24 4b (70) 
le toluene 3 3¢ (72). 4c (8) 
Id toluene 18 3d (85) 

'~ Reactions carried out by using 3ml of arene. 0.050g of 1, 
[~Ci~] /Ru 0.3, 

The difference to 100% includes the decomposition products, as 
shown by the amounts of free hexamethylbenzene, with the excep- 
tions of the reactions of la where two unidentified complexes (ca. 
30%) are also present. 
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"--• 
C#~Ie.~ L = ~  PhMe~,,~Ru 

lm -ld 

Me~ ..... Ru 
i :g' \ , .  4. P ~ g e  

m-. anti p-k~ 

k , ~  I 

Scheme 4. 

Me=p~e~' Mo 

m.- i~1 p-~l 

first ~alodic step consumes one electron pet' molecule, 
and the cyclic voltammogram recorded oll the exhauso 
tively oxidized solutions shows,  voltammetric profile 
quite complementary to the original one, but for com- 
plexes ld and 2e, the monocations of which undergo 
slow decomposition reactions. As a typical example, 
analysis of the cyclic voltammograms of 2b with scan 
rates varying from 0.02 to 10.24Vs -j gives evidence 
for a simple, electrochemically reversible, one-electron 

I/2 transfer (ip,,/i,~ = I constantly: ipa X o -  constant; 
A Ep close to 60mV at low scan rate) [13]. Table 3 
compiles the redox potential of the Ru(II)/Ru(III) oxi- 
dation of the present complexes, also in comparison 
with a few related ruthenium derivatives [14,15]. 

Simple inductive effects of the different substituents 
account conceivably for the differences in redox poten- 
tials. 

The formal electrode potential lbr the neutral/mono- 
cation oxidation was not affected by temperature in the 
range from 258 to 293K. The fact that the reaction 
entropy of the Ru(ll)/Ru(lll) redox couple AS~c is 
negligible, if any, coupled to the observed electrochemi- 
cal reversibility, suggests that neither outer-shell nor 

inner-shell reorganizations occur as a consequence of 
the elect,'on removal [ 16,17]. 

Owing to the complete irrcversibility of the second 

l I I J I . . l J i , | I ,  i i i i i [ i i ~ ~ J  

- 0-.-5 - i. 0 - 1. BOX) 

E (VOLT) 

"°= 

Fig. I. Cyclic voltammetric responses recorded at a platinum elec~ 
trode on a CH2CI, solution containing 2b (I.I x l0 ~ M) and 
[Nl~u4][CIO 4] (0,2M). Scan rate 0.2Vs- i. 
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Table 3 
Formal electrode potentials for the Ru(ll)/Ru~lll) couple of some ruthenium complexes 

complex t? 
(AZ )sCE) 

Solvent Ref. 

~UMe2~~6-c6Me6~Pph3~~ (la) 
[RUMC~(g6-C6Me6WPMC2Ph)] (IC) 

~Uh’iQb&,hk,xPMe$] (ld) 
~~Me~~x~6c,Me6~PMeplr,)] (2b) 
fRu(hrkx~Mr16-C,McgxPMezPh)] (2e) 
[Rucp’(PPh,)~KN)l 
[RuCp’(PPb,XNOXCN)]+ 
[RuCI,($C.~MC~~I 

@ Measured rrO.1 Vs”‘. 
’ Followcxl by fast chemical complications. 

0.00 
-0.01 

-0.13 
+0.10 
+0.07 
4-0.57 
-0.30 
+0.56 b 

74 
72 
66 
68 
70 
70 
85 

CH,CI, 
CH,CI, 
CH,CI, 
CHIClz 
CH,CI, 
MeCN 
MeCN 
CH,CI, 

Present work 
Present work 
Present work 
Present work 
Present work 
1141 

anodic step, which could be assigned to the oxidation of 
the phosphine ligand as well as to the Ru(III)/Ru(IV) 
step, no further examination of this process was per- 
formed. 

. 2 shows (a) the first and (b) the second deriva- 
tives of the X-band EPR spectra recorded at IOQK on a 
sample of [2b]* obtained by controlled potential elec- 
trolysis at 253 K in dichloromethane solution. 

The line-shape analysis shows a broad and unre- 
solved anisotropic spectral pat , which can be suit- 
ably interpreted assuming an S 
in 8 d” low-spin confi 

/2 spin Hamiltonian 

0.204). The rrtlevant computed 
[l$] are collected in ‘Table 4, 

values test for the metal-in character of the monocation. 
The absence of hyperfine peaks of the *Ru and “‘Ru 
nuclei (I = 312 and 5/2 respectively) and of the 3’P 
nucleus likely arises from the actual glassy state line- 
width, and from the expected geometrical distortions 
experienced by the tetrahedral coordinating polyhedron. 
Then, the following upper limit for the direct magnetic 
interaction of the unpaired electron with the phosphorus 
nucleus of the phosphine can be proposed: 

‘I%e anisotropic spectrum d~ups out at the glussy-fluid 
transition phase, and the pat-am netic [2b]-’ species 
bcomes EPR silent in the overall uid solution temper- 

, likely as II consequence. of the dytl~t~tic~ll~ 
uramagnstic relaxation mechanisms. Upon o-c- 
e rhombic signul ~QVZ#% aguin. 
hibits quite similar BPK pammagnetic fea- 

tures with a more marked separation, Ag,._,, 
which could be assigned to an increased distortion of 
the tetrahedral geometry. Its fluid solution (T 

disappears at higher temperatures. due to the increasing 
spectral width, and it restates upon refreezing. 

[la]” and [Id]* display X-band pnramagnetic Pea- 
tures very simile to those previously discussed for 
[2b]+ and [2e]’ s even if in the presence of less pro- 
nounced rhombic features, likely eomlated to the higher 
symmetry of complexes [lra)* and [Ml CC, symmetry). 
hccordinply, the Quid solution (T= 215K) of [Id]* 
exhibits an unresolved absorption (A Ha,,r Is Kb 
lm” s*\ OMM8~ less broad than that of [SC]*. 

Finaily, we would like to underline that we have 
been unable to induce electrochemically the chemicdly 
induced catalytic conversion of la and lb to the or- 
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Table 4 
X-band EPR parameters for the Ru(lll) complexes 

Complex gl a gm a A g l _  h c 

l a  2,205 2.180 2.021 2,135 - -  
ld  2,199 2.177 2,005 2.127 2.133 
2b 2,215 2.185 2.010 2.136 e 
2C 2.222 2.186 2.001 2.136 2.130 

0.184 
0.194 
0.205 
0.221 

a + 0.1)03. b ( g )  = (gl + g.a + gh)/3, c + 0.008. d T-- 215K. e Silent. 

thometallated derivatives (4a and 4b respectively) via 
loss of methane. 

3. Conclusions 

The dimethyl complexes [Ru(Me)2(~6-C6 Me6)(PR 3)] 
l a - l d  have been found to react with benzene and 
toluene C-H bonds only under rather severe conditions, 
but, in the presence of ferrocenium, their reactivity 
increases greatly. This behaviour is analogous to that 
observed for the isoelectronic iridium systems 
[IrMe2Cp*(PR3)] [1-3], which have been found to 
react according to an electron transfer catalysis, and 
suggests the generality of such an approach to the 
"o-bond metathesis' reaction of M-C and arene C-H  
bonds. Following the electron transfer chain mechanis- 
tic scheme [19], the ruthenium species [Ru(Me)2(~ 6- 
C6Me~)(PR~)]*, deriving from the one-electron oxida- 
tion of l a= ld ,  reacts with arenes to yield a cationic 
ruthenium(Ill) derivative; this in turn oxidizes l a - l d  
giving rise to the final methyl aryl products 2a-2d  
(Scheme 5). 

Most of the examples m~eported in the literatm~ [19] 
have quite exergonic crossopropagation steps, and at~e 
fl~st and complete, in our case the potentials for the 
I / 1  + and 2 / 2 "  couples at~e probably not that different 
(as judged from the 80 mV difference in the case of lc 
and 2c, Table 3): therefore, most of the driving force of 
the reaction is likely to arise fl'om the formation of 
methane. 

OX 

[RuMe=(~ -CsMes)(L)] 

la =td 

[RuMe~,(~ -CoMee)(L)l • 

~.Ru(Me} (Ar) (~ -CaMe 0) (L)] 

2a -2d 

ArH I-MeH 

[Fiu(Me)(Ar)(~l ° -CRMe6](L,)] e 

Scheme 5. 

The increased reactivity of the ruthenium systems 
under electron transfer conditions could most probably 
be related to the formation of the "open sphere" 17-elec- 
tron ruthenium systems [ la]+-[ ld]  + [20], which are 
more prone towards arene coordination than the satu- 
rated l a - l d .  Accordingly, as already reported for the 
iridium systems [1-3], activation of aromatic phos- 
phines to the orthometallated derivatives has not been 
observed under thermal conditions which require the 
loss of a ligand (most probably the phosphine). 

Electrochemical investigation does confirm the easy 
oxidation of the dimethyl ruthenium complexes, but, as 
in the iridium case, different results are obtained by 
dectrochemical or chemical oxidation: for instance, 
voltammetric techniques in CH 2C!2 show that the elec- 
trochemically generated [la] + does not produce the 
orthometallated complex 4a; this is in contrast with the 
results of the reaction of la in the same solvent in the 
presence of [FeCp2 ]PF6. 

This is surprising, but is quite analogous to what has 
been observed for the reactions of the related iridium 
systems [2]. In those cases. ESR spectroscopy has shown 
that the oxidation of the dimethyl systems under electro° 
chemical and chemical oxidation produces two different 
types of cation, which have different fates. This be° 
h,lviour was interpreted as due to two different oxidao 
lion mechanisms: an inner-sphe~ mechanism for the 
chemical oxidation, and an outerosphere for the electro° 
chemical oxidation; this is what we suggest for the 
ruthenium complexes too. 

As for the intimate mechanism of these C=H activa- 
tion reactions, some evidence seems to indicate a simi- 
larity between the iridium, ruthenium and early transi- 
tion metal systems. Therefore. in the absence of detailed 
mechanistic studies, we ate inclined to embrace the 
hypothesis of a concerted mechanism based on the 
formation of a fourcentre transition state as proposed 
for the "tr-bond metathesis' of C -H  and M-C bonds by 
scandocene systems [4]. 

4. Experimental section 

The reactions and manipulation of organometallics 
were carried out under dinitrogen or argon, using stan- 
dard techniques. The solvents were dried and distilled 
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prior to use. The compounds [Ru(CI)2(~ 6- 
C 6 M%)(PPh 3)], [Ru(CI)z('r/¢'-C 6 Mee)(PMePh 2)], 
[Ru(CI)z(v/LC6M%XPMe.0] were prepared according 
to literature procedures [7]. [FeCp~]PF 6 and AgBFa, 
were Aldrich products. The t H NMR spectra were 
recorded using Varian Gemini 200 or VXR 300 spec- 
~ t e r s ,  opetrating r e s t i v e l y  at 200MHz and 
3 ~ M ~ .  The H NMR chemical shifts were referenced 
to residual protiated solvent as follows: benzene-d 6 

,-7.15, dichloromethane-d2 ~ = 5.32. The 3tp spectra 
were recorded on the VXR-300 instrument at 121 MHz 
and the chemical shifts were referred to H3PO,, (exter- 
nal standard). Materials and methods for electrochem- 
istry and EPR spectroscopy of the electrogenerated 
species have been described elsewhere [21]. All poten- 
tial values are referred to the saturated calomel dee- 
node (SCE). Under the presertt experimental conditions, 
the one-electron oxidation of ferrocene occurs at E ~ = 
+0.44V in CH2C! 2 and at E" = +0.54V in THF 
solutions. A non-isothermal cell assembly was used for 
cyclic voltammetry at variable temperatun; [22]. X-band 
EPR spectra were computed by the SIM14a computer 
simulation program [18]. Elemental analyses were per- 
formed by the Laboratorio di Microanalisi of the lstituto 
di Chimica Organica, Facolth di Farmacia, University of 
Pisa. 

4.1, Preparation of IRu(CI):(~oC~ Me~ )(PMe, Ph)l 

A solution of [Ru(CI):(n~'-C~,Me~)], (0.948g, 
1.42mmol) and dimethylphenylphosphin¢ (O,8ml, 
$,68 retool) in 35 ml of chlorofoml was l~fluxed for 6 h, 
After concentration to half volume, addition of hexane 
(6Oral) caused the precipitation of redobrown crystals. 
The solid was washed with hexane and dried in vacuo, 
Yield: 1,206g (90%), Anal Found: C, 50,2:, H, 5,9. 
CzoH~Cl:PRu. Calc.: C, 50.8: H, 6.2%. 

band was dried under vacuum to give 0.173 gt(51%) of 
an orange-yellow solid, having the same H NMR 
spectrum reported in the literature for an authentic 
sample [7]. 

4.4. Preparation of [Ru(Me),(716-C6Me6)(PMePh 2 )] 
fib) 

Following the same procedure as above, 
[Ru(CI)2(vIb-C6M%XPMePh2)] (0.36g, 0.67mmol) in 
benzene (2Oral) was treated with LiMe (4,2ml of a 
!.6 M solution in diethyl ether, 6.72 mmol). After 14 h 
the mixture was hydrolysed at 0°(2 with water, and the 
organic phase dried under vacuum. By column chro- 
matography on alumina of the orange-yellow residue 
with benzene, and evaporation of the solvent, an or- 
ange-yellow solid was obtained (0,115 g, 35%), which 
was identified as Ib by comparison with the spectra 
reported in the literature [71. H NMR (benzene-d6): 
8 0.06 (6H, dd, JHP--6.1 Hz, RuMe), 1.56 (18H, s, 
C6Me6), !.65 (3H, d, Jup ~- 3.9Hz, PMe), 7-7.15 (6H, 
m, I1,,, + Hs,), 7.3-7.45 (4 H, m, He). 

4.5. Preparation of IRt,tMe)ff~16-Co Me6)tPMe z Ph)] 
(It) 

[Ru(CI)z( ~6-C 6 Me 6)(PMe, Ph)] (0.435 g, 0.92 mmol) 
in diethyl ether (2Oral) was reacted with LiMe (5.7 ml 
of a i.6 M solution in diethyl ether, 9.12 mmol). After 
14h the suspension was hydrolysed and the organic 
layer was dried over sodium sulphate, The crude prod- 
uct was transfen'ed to the top of an alumina chromatogo 
raphy column (h ~ 4 cm). Benzene elated a band from 
which the pure dimethyl derivative as orange-yellow 
mic~rystals was recovered (0.183g, 46%). Anal. 
Found: C, 60.9: H, 8.3; P, 7.0. C~H~sPRu. Cale,: C, 
61.2: H, 8.1: P, 7.2%, 

4,2. Preparation of IRutCl),(rl~.Co Me6 )tPEt~ Jl 4.6. Preparation of IRutMeh(~a-C~ Mca )(PMe.~ )l rid) 

Following the same procedure [Ru(CI)~(~%C~ M%)], 
(I.6 g, 2,39 retool) and triethylphosphine ( 1,38 ml, 
9,324mmol) were reacted in chloroform (70ml) to give 
2,133 g of a redobrown product (98%). Anal. Found: C, 
47.0: H, 7.8. C~sH~CI:PRu. Calc.: C, 47,5; H, 8,0%, 

4.3. Preparation of lRutMe~(~%CoMe~ )tPPh,, tl tin) 

[Ru(CIk,(r/~'oC~ Me~,XPPh 0] (0.367 g, 0.62 retool) in 
~ n z e ~  (2Oral) was reacted with LiMe (3,85 ml of a 
1.6M solution in diethyl ether, 6,16retool) for 14h at 
room temperature, The mixture was hydrolysed at O°C 
with water, the organic pha,~ was separated and dried 
uMer vacuum, The solid residue was dissolved in ben- 
t ¢ ~  (5 ml), and chromatographed on alumina column 
(h ~, 7cm) using benzene as the eluant, The yellow 

Following the above procedure [Ru(CI):(~ 6o 
C6MoeXPMe0] (0.269g, 0.66retool) in diethyl ether 
(20ml) was reacted ~,ith LiMe (4.1 ml of a 1.6M 
diethyl ether solution, 6.56mmol) for 14h. The usual 
work-up and column chromatography (h = 2 cm) purifi- 
cation gave 0,142g of ld as a yellow solid (59%). 
characterized by comparison with the literature data [7]. 
IH NMR (benzene-d~): 6 - 0 . 1 3  (6H, d, Jm,=7Hz, 
RuMe), 0.96 (9H, d, J,t, = 8.2, PMe), 1.73 (18H, s, 
C~, Me6), 

4,7, Preparation of IRufMeh(rf'-C~ Met, )IPE b )l fie) 

Reaction of [Ru(CI),(rf'-C6M%XPEt0] (0.365 g, 
0,87 retool) in diethyl ether (20 ml) with PhMgBr (5.4 ml 
of a !.6 M solution in diethyl ether, 8.64mmol) gave 



A. Ceccami et aL / Journal o f  Org¢mometallic Chemistry 526 f ! 996] 251-262 261 

yellow-green microcrystals of le (0.189g, 53% yield). 
Anal. Found: C, 58.0; H, 9.6; P, 7.1. Cz0H39PRu. Calc.: 
C, 58.4; H, 9.5; P, 7.5%. 

4.8. Preparation of IRa(Ci)fPh)(rl6-C6 Me 6 )(PMePh2 )] 

A suspension of [Ru(CI)2(r/6-C6Mes)(PMePh2)] 
(0.350g, 0.65mmol) in diethyl ether (10ml) was re- 
acted overnight with PhMgBr (2 ml of a 1.6 M solution 
in diethyl ether, 3.2 mmol). Hydrolysis gave an ethereal 
solution which was pumped to dryness to give a residue 
which was chromatographed on an alumina column 
(benzene as eluant) to give orange microcrystals 
(0,056g, 15% yield). Anal. Found: C, 64.2; H, 6.1. 
C~Ha6CIPRu. Calc.: C, 64.6; H, 6.3%. 

4.9. Preparation of [Ru(CI)(Ph)(~6-C6 M e  6 )(PEt s ) 

By the same procedure as above [RuCI2('r/6- 
C6Me6)(PEt0] (0.250g, 0.55mmol) was reacted with 
PhMgBr (1.8ml of a 1.6M diethyl ether solution, 
2.8 mmol) to give orange crystals (0.033 g, 12%). Anal. 
Found: C, 57.9; H, 7.7, C:4H38CIPRu. Calc.: C, 58.3; 
H, 7,8%. 

4.10. Preparation of IRu(Me)(Ph)(vl6-C6 Me n )(PPh s )] 
(2a) 

A suspension of [Ru(CI):(~'-CoMeo)(PPh3)] 
(0.318 g, 0.53 mmol) in diethyl ether (20 ml) was added 
with PhMgBr (0.89ml of a 3M solution in diethyl 
ether, 2.67mmol), and stirred at room temperature for 
20h. After hydrolysis at O°C with water, the organic 
phase w~ls dried and evaporated to give 0.112g of an 
orange°red solid, which was dissolved in diethyl ether 
(20ml) aud reacted wilh LiMe (I.2ml of a 1.6M di- 
ethyl ether solution, 1.92 retool), The mixture was stirred 
at room temperature for 20h and then hydrolysed at 
0°C gith water. The organic phase was evaporated to 
dryness, and the residue was chromatographed on a 
column of alumina. Pentane-benzene 1:! eluted a yel- 
low band which gave orange-yellow crystals of 
[RuMe(Ph)(rt6-C6Me6)(PPh.~)] (0.039g, 12% yield). 
Anal. Found: C, 72.3; H 6.4. C37H41PRu. Calc.: C, 
72.0; H, 6.6%. 31p NMR (benzene-d6): 8 54.78. 

4.11. Preparation of  IRu(Me)(Ph)(TI ~- 
CaMe 6 )(PMePh 2 )l (2b) 

By the same procedure as above, [Ru(C1),(~ t'- 
C6Me6)(PMePh .,)] (0.303 g, 0.57 mmol) in diethyl ether 
(20ml) was reacted with PhMgBr (0.95ml of a 3M 
solution in diethyl ether, 2.85mmol) and then with 
LiMe (3.5 ml of a 1.6 M diethyl ether solution, 5.7 retool) 
to give 0.025g of the orange-yellow compound 2b 
(8%). Anal. Found: C, 69.5; H, 7.1. C32H~gPRu. Calc.: 
C, 69.2; H, 7.0%. 3~p NMR (benzene-d6): 8 35.78. 

4.12. Preparat ion o f  [Ru(Me)(Ph)(rl  6 
C6Me~)(PMe, Ph)I (2e) 

By the same procedure as above, [Ru(Ci)2(-O 6- 
C6Me6XPMe2Ph)] (0.271 g, 0.58 mmol) in diethyl ether 
(20ml) was reacted with PhMgBr (0.96ml of a 3 M 
solution in diethyl ether, 2.9 mmol) and then with LiMe 
(3.6 ml of a 1.6 M diethyl ether solution, 5.7 rnrnol) to 
give 0.017g of orange-yellow product (6%). Anal. 
Found: C, 65.1; H, 7.3. C27H37PRu. Calc.: C, 65.7; H, 
7.5%. 

4.13. Preparation o f  IRu(Me)(Ph)(v  16- 
C6 Me6 )(PEts )/(2e) 

By the same procedure as above, [Ru(Cl)2(v/6- 
C6Me6)(PEt0] (0.330g, 0.73 mmol) was reacted with 
PhMgBr (I.22 ml of a 3 M solutton in diethyl ether, 
3.65mmol) and then with LiMe (4.5ml of a 1.6M 
diethyl ether solution, 7.2mmol) to give 0.023g of 
orauge-yellow product (7.2%). Anal. Found: C, 62.9; H, 
8.8. C~sH41PRu. Calc.: C, 63.4; H, 8.7%. 

4.14. Thermolysis of la- le  in benzene 

la (0.02g) and benzene (1 ml), or benzene-d 6 when 
monitoring the reaction by ~H NMR spectroscopy, were 
loaded into an NMR tube and the tube was sealed off 
under argon. The tube was immersed in a thermostatted 
oil bath. The progress of the reaction was evaluated by 
monitoring the signal of CH ~D (~S 0.13 (t, Juo ~ 2 Hz)), 
and the integrated intensities of the C6Me 6 resonances 
lbr 2a. After heating la in benzene tbr 75 h at 85 °C, the 
tube was cracked open, the solvent was removed, and 
benzene..d 0 was added and the resulting products exam- 
ined by ~It NMR analysis. The following yields have 
been obtained: 2aod~ (60%, 50h, 85°C), 2bod~ (37%, 
250h, 85"C), 2e-d.s (37%, 250h, 100°C), 2d-d~ (20%, 
220h, I10°C), 2e-d.s (53%, 300h, 85°C). 

4.15. General procedure for the reaction of la- ld with 
lFeCps ]PF6 in benzene 

The same procedure was used for the reactions of 
l a - ld .  The reaction of la is described as an example. 

la (0.054g, 0.098mmol) and [FeCp2]PFc, (1.1 rag, 
0.0032mmol) were reacted in benzene (3ml) or, when 
monitoring the reaction by t H NMR spectroscopy, in 
benzene-d 6 using hexamethylbenzene as internal stan- 
dard. CH,~ (8 0.14) was evolved and la was quantita- 
tively converted after 24h to a mixture of the orthomet- 
allated compound 4a (65% yield) and of an unidentified 
compound (18%). 4a was purified by column chro- 
matography on alumina: elution with pentane-benzene 
(!:!) gave a yellow solid. Anal. Found: C, 68.8; H, 6.6. 
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C~tH3~PRu. Calc.. C. 69.0; H. 6.5%. "~'P NMR (be- 
nzene.de): ~ - 10.8. 

4.16. Reaction of(la)-(ld) with {FeCpz IPF~ in tohwne: 
general procedure 

The reactions were carried out following the same 
~ u r e  described for the analogous reactions in ben- 
zone. 
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