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Abstract 

Ruthenium arenecyclopentadienyl complexes [Ru(@-CsRs)(@-arene)] + (1, R = H, arene = C6H6;  2, R = Me, arene = C6H6;  3, 
R = H ;  arene=C6H3Me3;  4, R = M e ,  a rene=C6H3M%; 5, R = H ,  arene=C6Me6;  6, R = M e ,  arene=C6Me6;  7, R = M e ,  
arene = C IoH s) and [Ru('05-C9HT)(B6-C6H6)] + (8) have been studied by cyclic voltammetry; the complexes are capable of both 
reduction and oxidation. The reduction peak potential values for 1 -6  become more negative by about 31 mV for each Me-group at the 
arene ring and 61 mV for each Me-group at the cyclopentadienyl ring. Reduction of naphthalene complex 7 proceeds by two one-electron 
processes; the first one is reversible and the second one is irreversible. Two reversible reduction peaks were observed for indenyl complex 
8. The following reactions occur on reduction of benzene complexes 1, 2 and 8 with sodium amalgam in tetrahydrofuran (THF): hydrogen 
atom addition to and decoordination of benzene ligand as well as dimerization of ligand-to-ligand type. Mesitylene compounds 3 and 4 
form dimers [('qS-CsRs)Ru(/x-r/s:rlS-Me3H3C6C6H3Me3)Ru(rlS-CsRs)] (14, R = H; 15, R = Me) in both chemical and electrochemical 
reduction processes. Reaction of [Ru(r/5-CsHs)(rl6-C~M%)] + (5) with sodium amalgam in THF leads to the dimer [(@-CsHs)Ru(/x- 
r/5:r/5-Me6C6C6Me6)Ru(rtS-CsHs)] (16) as the major product; products of H-atom addition to both hexamethylbenzene and cyclopenta- 
dienyl ligands, [Ru(@-CsHs)(@-C6MesH)] (17) and [Ru(@-CsH6)(@-C6Me6)I (18), are also formed in low yields. In the case of 
permethylated 6 only H-atom addition to hexamethylbenzene was observed and the mixture of endo-H and exo-H isomers [Ru(-q 5- 
CsHsXr/5-C6Me6H)] (19a,b) was isolated. Reduction of 7 gives [Ru(r/5-CsMes)(r/5-C loH~,)] (20). The modes of reaction of 19-electron 
radicals formed by reduction of 1-8  depend on electronic and steric properties of ligands. 

Keywords: Ruthenium; Cyclopentadienyl; Arene" Cyclic voltammetry 

1. Introduction 

The methods of generation of platinum metal 19- 
electron sandwich complexes and their reactivity were 
recently investigated in our laboratory [1-3]. In contrast 
to relatively stable and well-known first row transition 
metals 19-electron complexes [4-6] the analogous sec- 
ond- and third-row transition metals complexes are 
highly reactive [1-3,7,8]. The electronic and steric na- 
ture of cyclopentadienyl ligands was shown to exert 
essential influence on the reactivity of 19-electron met- 
allocenes for rhodocenes [1]. We report here on the 
chemical and electrochemical reduction of cationic 

* Corresponding author. Tel.: (+7)  095 1359337; fax: (+7)  095 
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ruthenium arenecyclopentadienyl complexes and on the 
influence of arene and cyclopentadienyl ligands on the 
stability and reactivity of neutral 19-electron radicals 
formed in these processes. 

Ruthenium neutral arenecyclopentadienyl complexes 
are poorly studied unlike their iron analogues [Fe(@- 
Cp)(r/6-arene)] [4]. Ruthenium cationic arene complexes 
[Ru(@-Cp)(@-arene)]- were believed to be irreducible 
up to high negative potentials [9,10]. The reduction 
potential was determined only for one complex, [Ru(@- 
CsH5)(r/6-C6H6)] + [11]. The reduction of the latter 
was carried out by sodium amalgam and gave the 
cyclohexadienyl compound [ R u ( ~ 5 - C s H s ) ( ~ 5 - C 6 H 7  )] 
[l 2]. More recently, reduction of mono- and binuclear 
complexes bearing polyaromatic ligands as well as com- 
plexes with polyfluorenated arenes have been studied by 
cyclic voltammetry (CV) [ 13,14]. 

0022-328X/97/$17.00 Copyright © 1997 Elsevier Science S.A. All rights reserved. 
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2.  R e s u l t s  a n d  d i s c u s s i o n  

2.1. CV stud3' of cationic complexes 1 -8  

A series of ruthenium arenecyclopentadienyl com- 
plexes was studied by CV. Acetonitrile was used as a 
solvent which provided solubility of all complexes in a 
concentration 2 × 10 .3 mol 1-1 . Although acetonitrile is 
known to be able to replace arenes in ruthenium com- 
plexes [15] this process did not take place in CV 
experiments as a decrease in the concentrations of com- 
plexes under study and formation of well-known 
[Ru(@-CsRs)(NCCH3)3] + were not observed. The 
measurements were carried out in the potential range 
- 2 . 9  to + 2.5 V on a carbonglass electrode. Peak po- 
tentials are listed in Table 1. 

2.1.1. [Ru(~JS-CsHs)(rlr-CrHr_,,Me,,)l + (1, n =0; 3, 
n = 3; 5, n = 6) and [Ru(r jS -CsMes) ( r l  6- 
C 6H 6 ,,Me n)]+ (2, n = O ; 4 ,  n = 3 ; 6 ,  n = 6 )  

Reduction processes are one-electron and irreversible 
for 1-6, indicating the high reactivity of reduction 
products formed. The fact that these processes are one- 
electron is confirmed by the similarity of the heights of 
the cathodic peaks to those for ferricenium used as the 
internal reference at the same concentration. A typical 
example of a cyclic voltammogram is given in Fig. 1. 
Except lbr 1, cyclic voltammograms of all complexes 
have the same pattern and differ only by quantitative 
characteristics. Values of reduction potentials are shifted 
to a more negative area with increasing number of 
methyl groups at either cyclopentadienyl or arene rings. 
Each methyl group at arenes induces a potential shift by 
31 mV. This shift is close to that (28 mV) found for a 
representative set of arene transition metals complexes 
[16]. The comparison of three couples of cyclopentadi- 
enyl and pentamethylcyclopentadienyl complexes with 
the same arene ring (1 and 2, 3 and 4, 5 and 6) gives the 
potential shift of 61mV with respect to one methyl 

Table 1 
Cyclic voltammetry data for complexes 1 -8  (c = 2 × 10 -3 m o l l - I :  
CH3CN, 0.1 M Bu4NBF4; z, = 200mV s - l  ; reference electrode SCE) 

Complex 

[Ru(~TS-C5 H 5 X'qr-C6 H 6)] + 
[Ru(r/5-C 5 M%)(r/6-C 6 H 6)] + 
[Ru('oS-C 5 H 5)(r/6-C6 H 3 Me3)] - 
[Ru(@-C5 M%)(@-C6 H 3 M e 0 ]  + 
[Ru(~'/5-C 5 H 5)(7/6-C 6 Mer)]+ 
[Ru(r/5-C 5 Mes){~ 6-C6 Me6)]-  
[Ru(r/5-C 5 Me5)('q6-C ill H 8)] + 

[Ru(r/5-C 9 H 7)('0~-C 6 H 6)] - 

Ep~ (v) Eva (V) 
(1) - 2 . 0 2  - -  
(2) - 2 . 3 2  +2.11 
(3) - 2 . 1 3  +2 .25  
(4) -2 .41  +2 .12  
(5) -2.18 +2.00 
(6) -2.51 +2.13 
(7) - 1.71 + 1.71 

-2.78 
(8) - 1.68 + 1.75 

- 1.93 

group. The similar values for other transition metal 
complexes are from 45 to 95 mV [1,6,17]. 

The oxidation peak was not found up to + 2.5 V for 
[Ru(I/5-C5H5)(r/6-C6H6)] + (1), which is consistent with 
literature data [9,10]. Values of irreversible oxidation 
peak potentials for all other complexes (2-8) were 
determined. Oxidation peaks for 2 -6  observed at + 1.9 
to + 2 . 2 V  (Table 1) slightly depend on the number of 
methyl groups in the rr-ligands. 

2.1.2. [Ru(rlS-CsMes)(rlr-CloHs)l + (7) 
The complex 7 is reduced in dichloromethane or 

propylene carbonate in a one-electron reversible process 
[13,14]. An additional one-electron irreversible reduc- 
tion peak was found at - 2.78 V along with a reversible 
peak at -1 .71  V (Fig. 2) in acetonitrile as a solvent 
allowing expansion of the range of measurements. The 
second reduction peak corresponds to the second elec- 
tron transition; the resulting 20-electron anion is unsta- 
ble. It is noteworthy that the first reduction peak was 
observed at less negative potential values than reduction 
peaks for 1-6. The 0.31 V anodic displacement of the 
[Ru(r/5-CsMes)(r/6-C 10Hs)] + (7) reduction potential vs. 
that of the [Ru('r/5-CsMes)(~6-C6H6)] + (2) is compara- 
ble with the same shift for iron analogues [18]. The 
difference between the first and the second reduction 
peak potentials of 7 is quite characteristic (1.07 V) for 
Group VIII metal sandwiches [1,3,4,8]. 

An irreversible oxidation peak of 7 was observed at 
+ 1.71V (Table 1, Fig. 2), i.e. at the less positive 
potential compared to that for 2. The analogous changes 
of oxidation peak potential on passing from naphthalene 
to benzene complexes were also found for chromium 
complexes [19]. 

2.1.3. [Ru( 'o5-C9H7)(TI6-CrHr)] + (8) 
Cyclic voltammetry of complex 8 showed two one- 

electron reduction peaks at - 1 .68  and -1 .93  V (Fig. 
3). The first cathodic peak of 7 is shifted to less 
negative values (A E = 0.34 V) vs. that for cyclopenta- 
dienyl complex 1. The reduction potentials of rhodium 
[1] and cobalt [20] indenyl complexes exhibit the same 
tendency to change. 

The difference between the first and the second 
reduction peak potentials is too small (0.25 V) in com- 
parison with that for other complexes (for example, 
1.07 V for 7). The closely spaced reduction peaks could 
indicate that the reduction process is followed by struc- 
tural changes [16,21-27]. It could be proposed that the 
indenyl ligand is responsible for the structural changes 
because an analogous situation was not observed for 
1-7. A decrease of indenyl ligand hapticity (@ ~ r/3) 
is the most probable process in this case (Scheme 1), as 
it was shown for manganese complexes [21,23]. The 
data obtained do not allow one to conclude whether the 
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Fig. 1. Cyclic voltammogram of [Ru(rlS-CsM%)(rl6-C6Mee)]+PFff (6) in H3CCN (5 = 200mV s 1); (1) oxidation, (2) reduction. 
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Fig. 2. Cyclic voltammogram of [Ru(~5-CsMesX~/6-C n0Hs)] * PF 6 (7) in H 3CCN (v = 200 mV s- 1 ). 

I 

I i i ~ d 0 -2.0 E(V) 
5 6 + Fig. 3. Cyclic voltammogram of [Ru(~7 -CgHTXrl -C6H6)] PF 6 (8) in H3CCN (v = 200mV s- J ). 
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Scheme 3. Scheme I. 

first or the second electron transfer process induces 
structural changes; both opportunities have been is- 
cussed in the literature [16,21-27]. 

Another possibility is the haptotropic shift of the 
[Ru(T/6-C6H6 )] moiety from a five- to a six-membered 
ring of the indenyl ligand and formation of 18-electron 
r/4:~6-bis(arene) complexes bearing unpaired electron 
density at the uncoordinated ring (Scheme 1). Hap- 
totropic rearrangements are low barrier processes for 
19-electron indenyl and fluorenyl complexes [28]. 

The oxidation peak potential of [Ru(@-CgHT)(rI % 
C6H6)] + (8) w a s  found at less positive values than that 
for [Ru(r/5-CsMes)(r/6-C6H6)] + (2), as was observed 
for the couple [Ru(r/5-C9H7)(r/5-CsHs)]/[Ru(r/5- 
CsMes)(@-CsHs)] earlier [29]. The similar influence 
of the indenyl ligand on the oxidation potentials was 
discussed [29,30]. 

2.2. Reduction of  ruthenium arenecyclopentadienyl 
complexes 

2.2.1. Reduction of  [Ru(~5-CsRs)(~6-C6H6)] + (1, R = 
H; 2, R = Me) and [Ru('rl5-CgHy)(2qO-C6H6)] + (8) 

Reduction of 1 with sodium amalgam in THF or 
pentane-water was reported to afford cyclohexadienyl 
complex 9 in low yield [12]. Our attempts to repeat such 
a reduction of 1 (sodium amalgam, THF) have led to 
the mixture of 9 and ruthenocene 10 in ratio 2:1 (~H 
NMR data) (Scheme 2). 

Presumably a 19-electron radical initially tbrmed in 
the reaction is unstable similarly to an iron analogue 
[Fe(r/5-CsHs)(~/6-C6H6)] [31,32]. Partial decomposition 
of these radicals generates a cyclopentadienyl anion 
which reacts further with [Ru(T/5-CsHs)(r/6-C6H6)] rad- 
ical to give 10 via benzene ligand substitution by anal- 
ogy with the same process for an iron complex [33]. 

Reduction of 2 under the same conditions led to 
formation of cyclohexadienyl complex 11 as a sole 

H 

C 
R u  + ~ R u  + Ru 

1 9 tO 

Scheme 2. 

product in 58% yield. The formation of [Ru(r/5- 
CsMes) 2] and products of decomposition was not ob- 
served in this case probably due to the higher stability 
of the pentamethylcyclopentadienylruthenium-benzene 
bond in comparison with the cyclopentadienylruthe- 
nium-benzene bond as was found for iron analogues 
[31,32] (Scheme 3). 

Electrochemical reduction o f  [Ru(TI5-C9HT)(7] 6- 
C6Ho)] + (8) was carried out at - 2 . 4 V ,  which is more 
negative than the second reduction peak potential of 8 
(Table 1, Fig. 3). After one electron was passed through 
the solution a current decreased from 18 to 2 mA, cyclic 
voltammetry showed the absence of peaks of 8 and the 
electrolysis was stopped. The resulting solution was 
evaporated and the residue was crystallized from ben- 
zene-hexane. The crystalline product isolated is a dimer 
12; the mother liquor contains a mixture of 12 and 
mononuclear cyclohexadienyl complex 13. Both 12 and 
13 result from the initially formed one-electron reduc- 
tion product in accordance with coulometry data. Ap- 
parently, the r ad ica l  [Ru(715-C9H7)(~6-C6H6 )] is stable 
on the CV time scale but it undergoes chemical trans- 
formation rather than accepting the second electron 
during electrolysis. 

The same products 12 and 13 were obtained when 8 
was reduced by sodium amalgam in THF (Scheme 4). 

Increased stability o f  [Ru('r/5-C9H7)('06-C6H6 )] radi- 
cal in comparison with [Ru(r/5-CsRs)(rl6-C6H6)] (R = 
H, Me) radicals is probably caused by the ability of 
indenyl ligand to delocalize electron density. This could 
be the reason why the dimerization is more preferable in 
this case than H-atom abstraction from solvent. 

The complexes obtained 9, 11, 12 and 13 were 
characterized by NMR spectroscopy. The resonances of 
exo-H and endo-H atoms bonded to the spLhybridized 

R u  + © 
c¢ 

R u  

+ c  ~ n + Ru 

13 
R u  

Scheme 4. 



O. V. Gusev et al. / Journal of Organometallic Chemisto' 534 (1997) 57-66 61 

carbon atom appear as multiplets at 1.6-3.0ppm for 
complexes 9, 11, and 13 while the endo-H atom in 
dimer 12 gives a singlet at 3.0ppm. The 13C NMR 
spectra for complexes 9 and 11 show signals of sp 3- 
carbon atom at 22.6 ppm and 29.8 ppm respectively and 
at 50.4 ppm for complex 12. Signals of the other atoms 
of cyclohexadienyl fragments are similar for all four 
complexes 9, 11-13 and observed at 2.5-2.7 and 30-  
33 ppm, 4.0-4.5 and 70-80ppm, and 5.0-5.8 and 78-  
88 ppm in 1H and J3C NMR spectra respectively (Tables 
2 and 3). The signals of @-ligands (C5H5, CsM % and 
C9H 7) in compounds 9 and 11-13 have expected shifts 
and spin-spin coupling constants. 

2.2.2. Reduction of  [Ru(~75_ C5 R 5 )(76_ C6143 Me 3 )1 + (3, 
R =H;  4, R =me)  

Chemical  reduction of  [Ru('qS-CsH5)(~36- 
C6H3Me3)] + (3) (sodium amalgam, THF) and prepara- 
tive electrochemical reduction of [Ru(@-CsMes)(rl 6- 
C6H3Me3)] + (4) ( - 2 . 5 V ,  THF) gave a mixture of 
dimers in each case. The predominant isomers 14a and 
15a contain mesitylenes linked through unsubstituted 
carbon atoms. An additional asymmetric isomer 14b 
was also found in the mother liquor on reduction of 3; 
the yield of 14b is approximately 5%. The asymmetric 
isomer 15b as well as dimers containing mesitylene 
ligands linked through two methyl-substituted carbon 
atoms were not observed (Scheme 5). 

The 1H and 13C NMR spectra of symmetric dimers 
14a, 15a are quite similar except for the signals of the 
CsH s- and CsMes-rings and negligible differences of 
the resonances of/x-@:@-C6Me3H3C6Me3H 3 ligands 

Ru + 

R 

3, R=H 
4, R=Me 

+ e  

R R R R 

Ru  Ru 

R R 

14a ~ R=H 14b, R=H 
15a , R=Me 

Scheme 5. 

(Tables 2 and 3). The bis-cyclohexadienyl ligands are 
observed as four singlets at 1.78; 1.98; 2.31 and 
4.24ppm (14a); 1.63; 1.86; 2.10 and 3.60ppm (15a) in 
the ratio 6:1:3:1 respectively in 1H NMR spectra. The 
13C NMR spectra of 14a and 15a exhibit resonances of 
sp3-carbon atoms of /x-@:r/LC6Me3H3C6Me3H 3 lig- 
and at 59.0 (14a) and 58.4 ppm (15a); the CMe-groups 
show signals at 21.3, 27.1, 40.9 and 90.5 ppm (14a) and 
19.2, 24.2, 41.4 and 86.7ppm (15a). The two signals of 
the CsHs-rings at 4.52 and 4.59 ppm with a 1:1 ratio are 
observed in the 1H NMR spectrum of 14b. The /x- 
r/5:'oS-C6Me3H3C6Me3H3 ligand is represented by 
eight singlets 1.29, 1.47, 1.81, 1.83, 2.27, 2.37, 4.33 
and 5.72 in the ratio of 3:1:6:6:3:2:2:1, indicating the 
non-symmetric structure of the ligand. 

Reduction-induced dimerization of 19-electron man- 
ganese ~7 6_mesi ty lene  r a d i c a l  [Mn(~ 6_C 6 H 3 M e  3)(CO)3 ] 
was reported to proceed as coupling of two mesitylene 
ligands so that either two methyl-substituted ring car- 

I 1 Complex R . . . .  Rendo 

Table 2 
I H NMR data for reduction products of 1-6 ,8  (C6D6, ~ (Hz), reference to TMS) 

3 R2RL_ l e x °  

~ . _ _ ~  R 1 endo 

R R 3 ~ R 2  

Ru(r~ 5.L) 

R: R 3 R 4 

9 2.55-2.75 m IH, 2 .55-2.75 m 2H 4.45 dd 2H (6; 5) 
2 .85-3 .00 m 1H 

11 1.60-1.95 m 2H 2.53 m 2H 4.08 dd 2H (6; 5) 
12 3.00 s 1H 2.72 t 2H (6) 4.08 dd 2H (6; 5) 

13 2.33 dd 1H~ndo (12; 6); 2.59 dd 2H (6; 6) 4.24 dd 2H (6; 5) 
2.50 d 1Hex o (12) 

14a 1.98 s 2H 1.78 s 2Me 4.24 s 2H 
14b 1.29 s Me; 1.47 s IH 1.81 s 2Me; 1.83 s 2Me; 

2.37 s 2H 4.33 s 2H 
15a 1.86 s IH 1.63 s 2Me 3.60 s 2H 
16 1.31 s Me 1.55 s 2Me 2.01 s 2Me 
17 0.46 d Me (6); 2.46 q 1H (6) 1.80 s 2Me 1.98 s 2Me 
19a 0.55 d Me (6); 2.22 q 1H (6) 1.53 s 2Me 1.95 s 2Me 
19b 0.82 d Me (6); 2.33 q 1H (6) 1.42 s 2Me 1.53 s 2Me 

5.76 t 1H (5) 

5.20 t 1H (5) 
5.00 t 1H (5) 

5.22 t 1H (5) 

2.31 s Me 
2.27 s Me; 
5.72 s IH 
2.10 s Me 
2.40 s Me 
2.39 s Me 
2.10 s Me 
2.10 s Me 

4.72 s C s H  5 

1.87 s C s M  % 
5.23 d 2H (2); 
5.28 t IH (2); 6.81 m 2H; 7.22 m 2H; C9H 7 
5.29 d 2H (2); 
5.44 t IH (2); 6.87 m 2H; 7.27 m 2H; CgH 7 
4.50 s; C s H  5 
4.52 s; C5H5; 
4.59 s; C s H  s 
1.76 s C s M e  5 
4.32 s C s H  5 
4.40 c C s H  5 
1.70 s C s M  % 
1.72 s C~M% 
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Table 3 
13C NMR data for reduction products of 1-6,8 (C~D~, 6 (Hz), reference to TMS) 

I I Complex CRexoRenao 

~Rlexo 

R 4 _ / , ~  ~ R 1 endo 

Ru(,754.) 
CR 2 CR 3 CR 4 L 

9 22.6 CH 2 30.2 CH 70.5 CH 
11 29.8 CH. 32.9 CH 80.2 CH 
12 50.5 CH 31.2 CH 69.8 CH 

14a 59.0 CH 27.1 C Me, 40.9 CMe 
15a 58.4 CH 24.2 CMe, 41.4 CMe 
16 30.2 C Me, 52.4 CMe 19.0 C Me, 46.6 CMe 
19a 13.8 CMeH, 49.6 CMeH 14.8 CMe, 39.2 CMe 

79.3 CH 
81.9 CH 
24.4 C Me 89.6 CMe 
19.7 CMe, 87.2 CMe 

78.8 CH 75.5 CsH 5 
88.5 CH 11.1 CsMe 5, 79.4 CsMe 5 
77.5 CH 79.0 CIH, 109.6 C2H, 117.6 C q, 

122.6 C4H, 124.5 CSH, C9H 7 
21.3 CMe, 90.5 CMe 77.7 CsH 5 
19.2 CMe, 86.7 CMe 10.2 CsMes, 87.2 CsMe 5 
18.0 CMe, 90.2 CMe 79.7 CsH 5 
20.1 CMe, 90.5 CMe 9.4 CsMe 5, 86.0 CsMe 5 

boris or C(H) and C(Me) couples were involved in the 
formation of the C-C-bond [34]. As the [Mn(CO) 3] 
group is a poor electron donor the inductive effect of 
electron-releasing methyl groups can enhance an elec- 
tron density at methyl-substituted ring-carbons making 
them preferable for coupling. But this difference be- 
tween substituted and unsubstituted carbons should be 
leveled in 19-electron mesitylene ruthenium radicals 
due to the strong electron donor ability of [Ru(@-CsRs)] 
(R = H, Me) moieties. Therefore the formation of 14a 
and 15a is stipulated by the fact that there is no 
additional steric hindrance exerted by methyl groups in 
these complexes. 

It should be outlined that unlike benzene compounds 
1 and 2, the reduction of 3 and 4 did not give mononu- 
clear cyclohexadienyl complexes. This could be ex- 
plained by the increasing kinetic stability of 19-electron 
radicals with the increase of the number of methyl 
groups at arenes [16]. Therefore radical dimerization 
becomes more preferable than interaction with the sol- 
vent. 

2.2.3. Reduction o f  [Ru(rlS-CsRs)(rl6-C6Me6)] + (5, R 
= H; 6, R = Me)  

The reduction of [Ru(rlS-CsHs)(o6-C6Me6)] + (5) 
with sodium amalgam in THF leads to dimer 16 in 58% 
yield. The reduction of analogous iron complex [Fe(@- 
CsHs)(rl6-C6Me6)] + is known to give a stable 19-elec- 
tron radical, which does not dimerize unlike the less 
methylated compounds [31,32]. Probably the 19-elec- 
tron ruthenium complexes are more inclined to hapticity 
change and to electron density redistribution that is 
characteristic for other odd-electron compounds of sec- 
ond- and third-row transition metals [6,16,24-27,32] 
compared to the first row metals analogues. 

Two minor products of H-atom addition to hexam- 
ethylbenzene and cyclopentadienyl ligands, 17 and 18, 

were found by ~H NMR spectroscopy in the reaction 
mixture along with 16. The content of 17 and 18 is 
approximately 10% and 5% respectively. The formation 
of 18 is a rare example of the reaction proceeding 
through the cyclopentadienyl ring in 19-electron 
arenecyclopentadienyl complexes (Scheme 6). 

Four signals of methyl groups at 1.31, 1.55, 2.01 and 
2.40ppm in the ratio 1:2:2:1 and at 18.0, 19.0, 24.4 and 
30.2ppm are observed in IN  and ~3C NMR spectra of 
dimer 16 respectively. Four signals of quaternary car- 
bon atoms at 46.6, 52.4, 89.6 and 90.2 ppm belonging to 
the bridged cyclohexadienyl /*-rlS:r/5-C6Me6C6Me 6 
ligand are also observed in the 13C NMR spectrum. 

The signals of the CHMe-group of complex 17 ap- 
pear as a doublet at 0.46ppm (3H; J = 6 H z )  and 
corresponding quartet at 2.46 ppm (1H; J = 6 Hz) in the 
~H NMR spectrum. The signals of the other methyl 
groups of compound 17 are the singlets at 1.80, 1.98 
and 2.39 ppm in the ratio of 2:2:1. 

The intense singlet at 2.10 ppm of coordinated hex- 
amethylbenzene is observed in the I H NMR spectrum 
of 18. The CH2-grou p of the @-cyclopentadiene ligand 
gives an AB-spectrum (6(A) = 2.84ppm; 6(B) = 
3.76ppm; JAB = 10Hz); the signals of the hydrogen 
atoms in a- and /3-position to CH2-grou p are observed 
as multiplets at 2.31 and 4.69ppm. 

Complex [Ru(rI~-CsMes)(~6-C6Me6)] + (6) was re- 
duced electrochemically ( - 2 . 6 V ,  THF, Hg-electrode) 

R u  + 
+ e  

11 I1 

Ru 1 7  a 

~2> is 

Scheme 6. 
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Ru+ ~'- Ru + Ru 

1 9 a  1 9 b  

Scheme 7. 

29.9 (CH2), 34.3 (CH), 83.1 (CH), 84.6 (CH), 119.7 
(C), 120.1 ppm (C); signals of the tertiary carbon atoms 
of the non-coordinated ring of the 7/5-C10H9 ligand 
appear at 124.3, 125.0, 125.7 and 136.6ppm; the CsMe 5 
ligand gives two signals at 9.9 and 74.6 ppm. 

3. Conclusions 

affording the mixture of hexamethylcyclohexadienyl 
isomers 19a,b (Scheme 7). 

Unfortunately it is impossible to determine whether 
the exo-H or endo-H isomer is dominant on the basis of 
~H NMR data. The ratio of isomers is 1:6. 

The different behavior of the hexamethylbenzene 
complexes 5 and 6 can be explained by the very high 
electron density in permethylated 6 stipulating the fact 
that the H-atom abstraction process occurs more rapidly 
than dimerization. 

2.2.4. Reduction of [Ru(@-CsMes)(@-CloHs)] + (7) 
As mentioned above, one electron reversible reduc- 

tion peak was observed on the cyclic voltammogram of 
7 at a scan rate 200mVs -I. It was proposed on the 
basis of CV data [13] that the short living radical 
[Ru(r/5-CsMes)(r/6-C10Hs)] undergoes decomplexation 
rather than other reactions. Nevertheless, reduction of 7 
with sodium amalgam in THF gave [Ru(@-CsMes)( @- 
C10H9)] (20) as the product of H-atom addition to 
naphthalene ligand (Scheme 8). 

Compound 20 was characterized by microanalysis 
and spectroscopically. The only set of signals observed 
in 1H and ~3C NMR spectra of complex 20 indicates 
that the one isomer has been formed predominantly on 
the reduction of complex 7. The I H NMR spectrum of 
20 is similar to that reported for [Mn(T/5-C~0H9)(CO)3] 
[35]. The hydrogen atoms of the coordinated ring of 
r/5-CIoH9 ligand give five signals at 2.50, 3.07, 3.56, 
4.25 and 5.67 ppm. The analysis of coupling constants 
allows one to suppose the isomer formed to be a 
product of H-addition to the 1-C-atom of coordinated 
naphthalene. The signals of hydrogen atoms of the 
non-coordinated ring of r/5-C~0H9 ligand appear as 
multiplet in the region of 6.60-7.70ppm. The coordi- 
nated fragment of the 7-/5-C]0H9 ligand in the 13C NMR 
spectrum of complex 20 is represented by resonances at 

Ru + m, Ru 

7 20 

Scheme 8. 

Reduction of cationic ruthenium arenecyclopentadi- 
enyl complexes generates highly reactive 19-electron 
radicals. Further destiny of the latter is either dimeriza- 
tion or H-atom abstraction from a solvent. It is a 
delicate balance of steric and electronic properties of 
@- and r/6-coordinated aromatic ligands that deter- 
mines which reaction pathway predominates. Despite 
the fact that five-membered tings as a rule are formally 
not involved in the reactions under discussion, their 
electron donor effect and ability to delocalize unpaired 
electron density exert a strong influence on the stability 
and reactivity of 19-electron radicals (the stability in- 
creases in order of CsH 5 < CsM % < C9H7). With an 
increase of the number of methyl groups at the arene 
ligand the kinetic stability of the radical increases, 
making dimerization through arene ligands the predomi- 
nant process. In the case of permethylated complex 6 
the increase of electron density due to the influence of 
11 methyl groups is not counterbalanced by the ability 
of the other ligands to delocalize it so that the H-atom 
abstraction process becomes the only reaction observed. 

4. Experimental details 

4.1. General data 

Reactions were carried out under argon using stan- 
dard Schlenk-line techniques. Solvents and reagents 
were purified and dried by standard methods and were 
distilled under argon immediately prior to use. Micro- 
analyses were performed by the Laboratory of Micro- 
analysis of Institute of Organoelement Compounds. 
Cationic arenecyclopentadienyl complexes were pre- 
pared by literature methods [Ru('qS-CsHs)(r/6-C6H6)] + 
(1), [9]; [Ru(@-C5M%)('q6-C6H6)] + (2), [36]; [Ru(@- 
CsHs)(r/6-C6H3Me3)] + (3), [37]; [Ru(r/5-CsMe5)(r/6- 
C6H3Me3)] + (4), [36]; [Ru(r/5-CsHs)(~6-C6Me6)] + 
(5), [37]; [Ru(r/5-C5Mes)(r/6-C6Me6)]+(6), [36]; 
[Ru(@-C5Mes)(r/6-Cl0H8)] + (7), [13,14,38]; [Ru(r/5- 
C 9 H 7 ) ( - q 6 - C t H t ) ]  + (8), [39]. 

4.2. Electrochemistry 

CV data were obtained in acetonitrile solutions at 
room temperature under argon using a PI-50-1 potentio- 
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stat. A three-electrode cell was used with an SCE 
reference electrode, a carbonglass working electrode, 
and a platinum auxiliary electrode. Scan rate was 
200 mV s ~ in each case. The solutions of electroactive 
substance were 2 × 10 .3 moll -~ in 0.1M Bu4NPF 6 as 
the supporting electrolyte. Peak potentials were cali- 
brated against the ferrocene/ferricenium (0.40V) cou- 
ple by adding ferrocene directly to the solution contain- 
ing ruthenium complexes under investigation. Peak po- 
tentials are reported vs. SCE in Table 1. 

4.3. Bulk electrolyses 

4.5.2. [Ru(@-C 5 H 5)(r16-C6 H~ Me s)] + PF 6- (3) 
200mg, 0.46mmol gives 85mg (65%) 14a,b. Pure 

14a was obtained by recrystallization of mixture 14a,b 
from hexane; yield of 14a, 62 mg (48%). Anal. Found: 
C, 58.90; H, 6.10. C28H34Ru 2. Calc.: C, 58.72; H, 
5.98%. The evaporation of mother liquor results in 
23mg (17%) of 14a,b in the ratio 4:1. 

4.5.3. [Ru(r lS-CsMes)(r l6-C6H~Me3)]+ PF6 - (4) 
200 mg, 0.40 mmol gives 106 mg (74%) of 15a. Anal. 

Found: C, 65.28; H, 8.07. C38H54Ru 2. Calc.: C, 64.01; 
H, 7.63%. 

Electrolyses were carried out in THF solutions under 
argon using a P-5827M potentiostat. The working stirred 
mercury cathode of 11 cm 2 area was separated from the 
platinum counter-electrode by a G4 frit. An aqueous 
SCE served as reference electrode, which had the KC1 
phase separated from the solution by a G4 frit. A 
solution of supported electrolyte had been electrolyzed 
at the same potential, which was chosen for the com- 
pound studied, before the ruthenium complex was dis- 
solved. Coulometry measurements were made with an 
OH-404 'Radelkis'. 

4.4. 1H and 13C NMR spectra 

JH and 13C NMR spectra (Tables 2 and 3) were 
obtained with a Bruker WP-200SY and Bruker-AMX- 
400 spectrometers in C6D 6 solutions. All chemical shifts 
are reported in parts per million (6)  with reference to 
TMS. 

4.5. Reduction of  [Ru(TIS-CsHs)('o6-C6Ho)I+PF6 - (1) 
(general procedure) 

Suspension of 1 (200mg, 0.51mmol) in THF 
(30cm 3) was stirred with an excess of 1% sodium 
amalgam (2h, 25 °C). The solution was decanted, fil- 
tered and the solvent was removed in vacuo, to leave a 
residue which was extracted by benzene (3 × 10cm3). 
Combined benzene solutions were filtered, evaporated 
to dryness and the residue was crystallized from hexane. 
Yield of 9 and 10, 69rag (ratio 2:1). Mass-spectrum: 
m / z  245 (M +) (9), 232 (M +) [Ru(@-CsHs) 2] (10); 
IH NMR (C6D6): 6 2.55-2.75 (m, 3H); 2.85-3.00 (m, 
1H) 4.45 (dd, 2H, J = 6, J = 5 Hz); 4.72 (s, 5H, C5H5); 
5.76 (t, 1H, J = 5 Hz) (9) and 4.56 s (10) ppm. 

By the same procedure the following compounds 
were reduced. 

4.5.1. IRu(TIS-CsMes)(~6-C6Ho)I+ PF~ (2) 
200mg, 0.50mmol gives 92mg (58%) of 11. Anal. 

Found: C, 62.05; H, 6.42. C16H2eRu. Calc.: C, 60.93; 
H, 7.03%. 

4.5.4. [Ru(rlS-CsHs)(r l6-C6Me6)]+ PF6 - (5) 
200 mg, 0.42 mmol gives after recrystallization from 

hexane 81mg (58%) 16. Anal. Found: C, 62.23; H, 
7.29. C34H46Ru 2. Calc.: C, 62.17; H, 7.06%. The 
evaporation of mother liquor results in 21 mg of the 
mixture of 16, 17 and 18 in the ratio 5:2:1. ~H NMR 
(C6D6): 6 2.10 (s, 18H, C6Me6); 2.31 (m, 2H, Ha); 
2.84 (ddd, 1H, Hendo, J =  10, J =  J =  2Hz); 3.78 (d, 
1H, H ....  J = 10Hz); 4.69 (m, 2H, H e) (18) ppm. 

4.5.5. [Ru(rlS-CsMes)(~76-CloHs)l+ PF6 - (7) 
100rag, 0.19mmol gives 43mg (62%) 20. Anal. 

Found: C, 64.02; H, 7.57. C20H24Ru. Calc.: C, 65.73; 
H, 6.62%. J H NMR (C606): 6 1.60 (S, 15H, CsMes); 
2.50 (dd, 1H, J = J = 6Hz); 3.07 (dd, 1H, J = 12Hz, 
J =  6Hz); 3.56 (d, 1H, J =  12Hz); 4.25 (dd, 1H, J =  
6Hz, J =  5Hz); 5.67 (d, 1H, J =  5Hz); 6.60-7.70 (m, 
4H) ppm. 13C NMR (C606): 6 9.9 (CsMes); 29.9 
(CH2); 34.3 (CH); 74.6 (CsMes); 83.1 (CH); 84.6 
(CH); 119.7 (C); 120.1 (C); 124.3 (CH); 125.0 (CH); 
125.7 (CH); 136.6 (CH) ppm. 

4.5.6. [Ru(TIS-CgH7 )(716-C6 H6)] + PF6 - (8) 
100 mg, 0.23 mmol gives after recrystallization from 

hexane 32mg (47%) 12. Anal. Found: C, 61.32; H, 
4.71. C30H26Ru2 . Calc.: C, 61.21; H, 4.45%. Evapora- 
tion of mother liquor gives 12 mg (18%) of a mixture of 
12 and 13 in the ratio 2:l. 

4.6. Electrochemical reduction of [Ru(~qS-CsMes)(rl 6- 
C 6 Hs Me~)] + PF 6- (4) 

The reduction of 4 (200 mg, 0.40 mmol) was carried 
out at a stirred Hg-electrode ( -  2.5 V) in THF (50 cm 3) 
(0.2 N Bu4NPF6); after consumption of 39.1Q (Qtheor = 
38.5, n = 1) the current decreased from 45 to 3mA. A 
cyclic voltammogram of the solution obtained showed 
the disappearance of reduction peak of 4 and the ap- 
pearance of a new oxidation peak at -0 .27  V; electrol- 
ysis was stopped. The solution was decanted and the 
THF was removed in vacuo, to leave a residue which 
was extracted by benzene (2 × 25 cm3). The combined 
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benzene solution was filtered and evaporated; then the 
residue was recrystallized from hexane; the precipitate 
was filtered off and dried in vacuo (yield of 15a, 97 mg 
(68%)). 

4.7. Electrochemical reduction of [Ru(~l 5_Cs Me s)(~l 6_ 
C O Me 6)] + PF 6- (6) 

The reduction of 6 (170rag, 0.32mmol) was carried 
out at a stirred Hg-electrode ( -  2.6 V) in THF (50cm 3) 
(0.2 N BuaNPF6); after consumption of 32.1Q (Qth~or = 
30.2, n -- 1) the current decreased from 20 to 3 mA. A 
cyclic voltammogram of the solution obtained showed 
the disappearance of the reduction peak of 6 and the 
appearance of two new oxidation peaks at -0 .08  and 
+0.45V; electrolysis was stopped. The solution was 
decanted and the THF was removed in vacuo, to leave a 
residue which was extracted by benzene (2 × 25cm3). 
The combined benzene solution was filtered and evapo- 
rated; then the residue was recrystallized from hexane; 
the precipitate was filtered off and dried in vacuo (yield 
of 19a and 19b, 75 mg (60%)). Anal. Found: C, 66.37; 
H, 8.53. C22H34Ru. Calc.: C, 66.13; H, 8.58%. 

4.8. E l e c t r o c h e m i c a l  reduc t ion  o f  [Ru(r~S-C9 H 7 )('rl 6- 

C 6 H 6)1 + B F  4- (8) 

The reduction of 8 (44rag, 0.10mmol) was carried 
out at a stirred Hg-electrode ( - 2 . 4 V )  in THF (50cm 3) 
(0.2 BuaNPF6); after consumption of 10.3Q (Qtheor = 
9.6, n = 1) the current decreased from 18 to 2mA. A 
cyclic voltammogram of the solution obtained showed 
the disappearance of the reduction peak of 8 and the 
appearance of a new oxidation peak at -0 .03  V; elec- 
trolysis was stopped. The solution was decanted and the 
THF was removed in vacuo, to leave a residue which 
was extracted by benzene (2 × 25 cm3). The combined 
benzene solution was filtered and evaporated; then the 
residue was recrystallized from hexane; the precipitate 
was filtered and dried in vacuo (yield of 12, 13mg 
(44%)). Evaporation of mother liquor resulted in a 
mixture of 12 and 13 (6 rag) in the ratio 2:1. 
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