
207 

$ournal of Organometall~c Chemistry, 81 (1974) 207-216 

0 Elsevier Sequoia S.A.. Laumnne - Printed in The Netherlands 

. ! CHEMICAL AND ELECTROCHEMICAL OXIDATION OF METALLOCENES. 
REACTIONS OF METALLOCENES WITH MERCURY SAJ_,TS 

Lt. DENISOVICH, N.V. ZAKURIN, A.A. BEZRUKOVA and S.P. CUBIN* 

Instrtute of Organo.Element Compounds, Academy of Sciences. Moscow (USSR) 

(Received May 31st. 1974) 

Summary 

The products of chemical and electrochemical osidation of metallocenes, 
(CjHj),h,I (M = Fe, Ru, OS), were investigated. (CjH,),Fe on Pt and Hg anodes 
was osidized to the ferricenium cation while the electrolysis of osmocene on 
F’t electrode led to the previously unknown (CSI-i5)~Os’BF~ salt and oxidation 
of ruthenocene yielded the unstable (CgHj)?Ru’+ catIon. On a mercury electrode 
Ru and OS metallocenes gave the adducts [ (CSHs)2M ],Hg( BF?)?. The stability 
constants of mercury-containing complexes were calculated using the polaro- 
graphic data. The chemical interaction of metallocenes with HgX, also gave mer- 
cury-containing adducts. Chemical osidation of ruthenocene resulted in salts 
with the metal in the +4 formal oxidation state. 

Among the oxidation products of the iron group metallocenes only ferri- 
cenium salts have been thoroughly investigated. Synthetic methods have been 
proposed [ 11. The physical and chemical properties and the structures of such 
compounds have been studied by means of ESR 121, NMR. 131, IR [4], UV [5] 
and X-ray spectroscopy [ 61. Unlike ferricenium salts the respective osmicenium 
and ruthenicenium salts are practically unknown. Soft oxidizing agents such as 
AgN03 and p-quinone which ox:dize ferrocene to (CSH5)?Fe’ do not, act on OS 
mocene, while stronger oxidizing agents (KMnOJ, Cl?) decompose the osmocene 
molecule. Only oxidation of osmocene with iodine in acid is known to give 
(C,Hj),OsI’E’F, with some impurity, and oxidation with acidic aqueous Fe3’ 
afforded a diamagnetic salt, (C,H,),OsOH+PF, [7]. The formal osmium osida- 
tion state in these compounds is +4. Analogously to ferrocene, ruthenocene has 
been oxidized with bromine water and Ag$O, [S], but the products were not 
specified. Only ruthenicemium triiodide has been reported; it precipitated as a 
red solid on mixing the iodine and ruthenocene solutions in Ccl4 or benzene [9]. 
As with osmocene, stronger oxidizing agents decompose the ruthenocene mole- 
cule into Ru”’ and Ru’” s&s. 

l Author to whom correspondence should be addresed. 
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Electrochemical oxidation of the iron subgroup metailocenes has been 
studied in a number of works IlO-131. It has been shown [l&13] that on a 
Pt eIectTode ruthenocene WZLS oxidized to (CjHj)2RU~+ and osmocene was oxi- 
dized stepwise via two electrochemically irreversible one-electron steps, but the 
products were not isolated. The electrolysis of ferrocene on Hg and Pt anodes at 
a controlled potential led to blue ferricenium salt solutions [14,15]. Electrolysis 
of ruthenocene on an Hg anode afforded a yellow substance with a salt-like 
structure, (CjH~)~RU’CIOj [8]. However a later careful analysis of the product 
of the electrolysis of ruthenocene in 90% C2HSOH with 0.1 N NaCIOJ showed 
[16] that it was a diamagnetic comples, [(C!,H,),RU]~H~~‘(CIO,),. Moreover, 
ruthenocene and ferrocene reacted chemically with the mercury salts HgC& and 
HgBr,, giving the adducts (C~H~)~RU.H~X~, (C;Hj)?R,U.3HgCIz, (CjHj)2RU.1.8- 
HgBr, and (C5Hj),Fe-7HgC12, depending on the ratio of reagents. Thus we 
thought it worthwhile to study the possibility of electrochemical synthesis of 
ruthenocene and osmocene salts and to analyze their chemical and electro- 
chemical o_tidation and the ability of metallocenes to produce complexes \wth 
mercury salts. Electrochemical investigations were carried out on Hg and Pt 
electrodes in anhydrous CH&N in the presence of R,NBF, (R = Et, Bu). 

Results 

Electroclzemical oxidation of ferrorene 
One anodic Leave corresponding to a reversible one-electron process (Table 

2) was observed in the ferrocene polarogram on a DME (dropping mercury elec- 
trode) and a rotating disc Pt electrode. The half-wave potential E,,, is indepen- 
dent of ferrocene concentration. The close Elll values of the waves on DRIE and 
Pt electrodes (Table 1) show that ferrocene oxidation is not due to an electrode 
material and 3 possibility of formation of Jnercury-containing ferrocene product: 
on the Hg electrode is escluded. Actually ttie electrolysis on the Pt electrode at 
a controlled potential or a stirring mercury anode gives blue ferricenium salt 
solutions. In the course of electrolysis the anodic wave of ferrocene slowly trans- 
forms to an anode-cathodic one and then to a cathodic wave of ferricenium 
ions. The half-wave potentials of these waves coincide within the accuracy of 
potentia! measurements. Thus ferrocene oxidation on either Hg or Pt electrodes 
affords the same product, the ferricenium cation. 

Anodic behaoiour of ruthenocene and osmocene on a DIVE 
The number of waves in polarograms of ruthenocene and osmocene on Pt 

and DME and wave characteristics are different [ 133, which may mean that there 
is participation of electrode material in the electrochemical reaction. The polaro- 
grams of (CSHS)IM (M = Ru, OS) on a DIME show one anodic wave. The measure- 
ments on ffilousek switch 1131 manifested the electrochemical reversibility of 
the process. Electrolysis at the limiting current potential of this wave on rotating 
mercury anode converted primarily colourless solutions into yellow ones. The 
anodic waves became gradually anode-cathodic and then cathodic. However, 
the compounds isolated from the solutions were not metailicenium salts, 
(CjHs)ZILY’ (h¶ = Ru, OS), but th eir TR and UV spectra and polarographic data 
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FABLE 1 

TOLAROGRAPHIC CHARACTERISTICS OF FERROCENE. RUTHENOCENE. OShlOCENE AND 
IWEIR DERIVATIVES 

:C = 1 X 10m3 mol 1-I. CH3CN. 0.1 N Bu~NBF~.~crsusAg/AgCIO~. 0.01NinO.l N EtJNC:04) 

Zompound 

I 

D%l E 

EI,Z 
(V) 

PL electrods 

El,? 
(V) LA) 

Triangular 
kollammeLry 

$2. Q.C. Ep a. Ep.c. 

(CsHs)2Fe 0.12 3.40 0.15b 0.08 0.13d 11 0.18 0.11 

(CjH512Ru 0.06 3.30 o.osb 0.03 0.60d ‘20 064 

(CjHj),Os -0.15 3.1-o -0.16b -0.11 0.~8~ 11 0 55 
1.5*+ 5.0 

l(C5Hj)?Ru12H~(BFq)? 0.05 4.20 0.08C 0.02 -0.12” 13 -0.27 

I(C~Hj)~0s12HgtBF4)~ -0.18 4.60 -0.17c -0 12 -o.%Ja 1-l -0.38 

(CjHs)zFeBFd 0.14= 5.6 

I(C5Hj)RuCIIFeCI4 -0.03~ 10 
-0.39= 10 

a Cathodic wave. b Anodlc polanzalion. c Cathodic polarization. d Anodlc wave. 

were similar to thoseof [(CjHj)zhl]~Hg(BF,)? prepard by chemic‘al reaction of 

(CjHS),M with Hg(CN)? in the presence of HBF,. The polarogram oi [ (C5H5)l_M]z- 
Hg( BF,):, contains one cathodic wave Lvhose investigarion sheds light on the na- 
ture of processes occurring in anodic depolarization of (CjHj)?hl. Thus measure- 
ments on KalDUSek surltch and a comparison of wBve heights for [(C,H,),M],- 
Hg(BF,), and (CjHS)zhl demonstrates reversible two-electron reduction of 
[(CjHj),hl],Hg(BFJ)z. Wave pattern analysis for [(C,Hj)~M]~Hg(BF:)~ employing 
eqn.1 dertved for the reversible reduction of mercury complexes on DhlE [ 181 
showed that the plot of log i’/(id -i) vs E is linear with a slope of 32 mv, close 
to the theoretical value. The data obtained and the virtual coincidence of E,,,‘s 
of the reversible two-electron reduction of [ (CjHg)? hl],Hg( BFJ), and anodic 
wave of (CjHj),hl, and a coincidence of I!&, and II&,,_, on oscillopokarograms 
(Table 1) indicate that the reduction of [ (CsH5)zh1],Hg(BFJ), follows eqn.2, 
which demonstrates that the waves observed on polarograms of (CjH5),M on 
DME correspond to the dissolution of anodic mercury and formation of mercu- 
ry-containing complexes, not (CjHj),M’ cations, as previously suggested [ 8,131. 

E = EO,,,,,z+ In S - Ink, 1 
X6 

(where ED Hg,HB~+ is the normal Hg/Hg” potential; k2 = [ [(C5H5)2M]~Hg~+ ] / 
[Hg”] [(CjHj),.hI]” is the total stability constant of reduced complex; x2 and 
~0 are the coefficients of tl’kovich equation for [(CSHj)lM]2Hg’+ and (CjHj)2M 
respectively) 

[(CSH5)zM]2Hg’+ + 2e- * Hg” + 2 (CjHS)2bl (2) 
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E = E~,,,,,z- 

Hence process 2 is reversible electrochemically and the form of anodic wa\l 
of (CjHS)zhI obeys eqn.3 [l&19] : The plot of log i/(id --i)’ vs E is linear for 
(C5H5)2hl (hl = Ru, OS), with slopes equal to 37 and 39 mV, and at a lo-fold 
increase of concentration the half-wave potentials are shifted by 30 and 33 mV 
respectively to negative. These values are close to the theoreticai ones which COB 
firms validity of eqn.2. Computat,lon of I:, values using eqn.1 and eqn.3 gave 
IO”.’ for [ (CjHj)zRU]:Hg( BF,): and 10’“’ (mol-‘) for [(CjHj)20s]?Hg(BFa)2. 
The stability constant of mercury-contamIng cornpIes of osmocene is higher 
than that of the ruthenocene complex, in good agreement with ow chemical 
data on metallocene ability to produce adduct with HgX? (details will be discus: 
sed below). 

O_uidation of ruthenocene and osmocetze on a Pt electrode 
Osidation of ruthenocene on a Pt electrode involves the remowl of two 

electrons [ 131. Chronopotentiometry [ 121 and trlang&r voltammetry data 
(Table 1) manifest the electrochemical irreversibdlty of the process. However, 
OLK attempts to isolate (CSHj)?RU’+ by electrolysis of ruthenocene on the Pt 
electrode in CHJZN in the presence of Et4NBF4 were unsuccessful. Probably 
(CjHj)zRU’+l generated at first as an osidation product, decomposes into luthe- 
nium salts. On the other hand. chemical osidation of ruthenocene with FeCI, 
in ether and with Br? in benzene yielded the salts [ (CjHj)zRUCI J FeCI, and 
[(CSHS)2RuBr]Br;. The presence of FeCI; rrnion in the first salt was confirmed 
by hlijssbauer spectra and polarography (Table 1). Apparently the presence of 
amens Cl- and Br- in the inner coordinatio.1 sphere stablllzes the formally +4 
ruthenium osidatlon state in this molecule. It is quite probable that the absence 
of an anion acting in such manner in the elwArolyzed solution results in decom- 
position of the primarily-generated (CjHj):RU”. 

Osidation of osmocene on the Pt electrode has two steps, the first being 
one-electron*. Chronopbtentiometry [ 1 2,201 and triangular voltammetry 
(I,.JI,,. = 1) data reveal the eiectrochemwal irreverslblllty of the process. Elec- 
trolysis at the limiting current potential of this wove leads to a dark green salt, 
(C5H5)20~BF4r msolub!e in CH$N, whose structure and composition were con- 
firmed by elemental analysis and IR spectra . At the present time it is the only 
osmicenlum salt with osmium U-I the formal +3 oxidation state. Reduction of 
its aqueous solution with acidified SnCl, solution leads to osmocene. Low solu- 
bility of this salt in organic solvents prevent Its investigation with other chemi- 
cal and physlco-chemical methods. 

Afetallocene complexes with HgX: (X = Cl, Br) 

It was shown that the reaction of HgCl? with excess ferrocene gives an un- 
stable red comples, (CjHg)~Fe_6HgC12**. The HgCll of the complex is reduced 
on standing for a while end the ferrocene is osidlzed to the ferricenium cation. 

g ElecLrolyns al the llmllmg currenl polenrul of the second oxzdallon of osmocene was not perform- 
ed III the present work 

a9 An EXCESS of HgClz gbe~ the complex (CjHj)zFe.liHgC12 [17]. 



211 

When alcohol solutions of ruthenocene and osmocene are mised with HgX,, 
‘instant precrprtation of yellow crystalline substances is observed. They crystal- 
lize from CH3CN* and are stable in air and poorly soluble in a majority of or- 
ganic solvents. Elemental analyses favour 1 f 1 composition. Substituted metallo- 
cenes z&o produce complexes with HgCl? [e.g. (C&,)Ru(CsH4HgCI), (C~l-i,)Ru- 
(CjH4COCH3), (CSHj)Ru(C,H,B(OH)z)]. Acetylruthenocene gives the comples 
(CSHi)Ru(Cjt-I~COCH3)-BHgCl?. The IR spectrum of this compound has an un- 
changed CO vibration band at 1660 cm-‘. 

The PhlR spectrum of complex (C,H~)2Ru.HgC12 in methanol shows a 
narrow signal at 4.57 ppm corresponding to 10 equivalent CSHS protons. The 
UV spectrum of this complex in Cii&N eshibits an intense hand at 280 nm 
which is absent from ruthenocene spectrum. 

The structure of (CjHj)zRu.HgBrz was established by S-ray analysis [21]. 
The molecules are associated mto dimers via bromine bridges. The length of 
Ru-Hg bond is 2.74 A. For comparing the reactrwties of metallocenes at the 
formation of the compleses with H&L the authors have studred the competiti\,e 
reactions of metallocene with HgCl? and exchange reactions of metallocenes in 
the HgCl, complexes. It was shown that an addition of HgClz to an equlmolar 
mixture of (C,H,),Fe and (CjHS)?Rtr !eads to 65% of onI> the ruthenocene- 
HgCl, complex. On addition of HgCll to a benzene-aicohol solution (3/l) of 
equimolar amounts of (CjHj)2R~ and (C.iHs)$J~, the comples of (C~H,)J3s 
with HgCl? IS formed m triple excess with respect to (C,H,),Ru- H&I,. investi- 
wt.ion of the eschange reactions of metallocenes in HgC12 compleses demonstrat- 
ed that heating of (CSHj),Ru. HgCl:, fw 10 min in CH3CN in the presence of 
equimolar osmocene quantity afforded the cornpIes (CjH,),Os. HgCL?. These 
results Indicate that among the three metallocenes investigated osmwene forms 
the most stable and least soluble complexes with HgCI,. 

Discussion 

The results obtained in the present study show that the change of redos 
properties of the iron subgroup metallocenes is abrupt on going from ferrocene 
to ruthenocene and osmocene, and the latter two compounds have simkr prop- 
&less, but which are considerably different from those of ferrocene. Thus ferro- 
cene is electrochemically osidlzed reversibly on DhlE to the ferricenium cation, 
while ruthenocene and osmocene produce complexes with Hg’* ions due to 
anodic dissolution of mercury. The oxidation on a Pt electrode of these metal- 
locenes is &so different. Ferrocene IS reversibly oxidized to ferrrcenium whereas 
ruthenocene and osmocene are osidized irreversibly with loss of two electrons. 
The reason for the irreversibility in the case of ruthenocene may be a hindered 
electrochemical reaction, since the structures of initi& depolarizator, rutheno- 
cene, and the primary product, [(C,Hj)2RU]“should be essentially different. In 
the case of osmocene one possible reason may be the very low solubrlity of the 
resultant salt, (C5H5)20~BF4. 

Chemical osidation of these metallocenes is also different. We have men- 
tioned in the Introduction that the action of various oxidizing agents on ferro- 

l One may oblam olher complexes (e.g. ‘513) bv recrvslalliz~l~on of the 1 /l cornpIe\. due to the dll- 
fetmg solubJafles of tCjHc)2hI and HE..,. 
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cene leads to ferricenium salts, whereas the data of present work show that 
chemical oxidation of ruthenocene yields tuthenicenium salts with ruthenium 
in the formal +4 oxidation state (instead of +3 as in ref.8). It follows from these 
rem.lk that an estimation of the relative susceptibility towards oxidation of the 
metai!ocenes, either quantitatively (by comparison of half-wave potentials at 
DME and F% electrodes) or qualitatively (by comparing the action of the same 
reagents), is impossible because of different reaction mechanisms of the product 
generated*. Since 0x-d t’ I a Ion removes an electron from the highest occupied mol. 
ecuktr orbital of the complex, the different behaviour of the iron subgroup meta 
locenes in oxidation should be due to differences in their electronic structures. 

Quantum-chemical computations [22J and helium photoelectron spectral 
data [23,24] indicate that in fetrocene the highest occupred molecular orbital is 
a doubly-degenerate weakly bonding eZg orbital with nearly 75% contribution of 
3d iron orbit& (d,,, d,z_,z). Q uantum-chemical calculations on the ferricenium 
cation [25,26] and magnetic measurements [87] along with ESR spectra [%, 

291 show that on going from ferrocene to the ferricenium cation an electron is 
removed from the eZ9 orbital. and thus the ground state of fetricenium cation 
should be ‘E2,(ar,)‘(eZ,)3. 

At present no quantum-chemical computations have been performed for 
osmocene and ruthenocene. It has been assumed [30] that on formation of 
(CjHj)Zhl (M = Ru, OS) the vaJent states of metal atoms are the same as in 
(C5H5)?Fer but the relative h10 energes should differ from those of ferrocene 
due to the change of metal atomic orbital and valence electronjc levels in the 
complexes. ActwAy the data of helium photoelectronic spectra [ 231 concerning 

the upper occupied orbit& indicate that the ionization energies of e?, and aI9 
orbit&s increase appreciably on going from ferrocene [ 6.88 eV (eZs) and 7.23 eV 
(alE)] to ruthenocene [ 7.45 eV (eZg) and 7.63 eV (Q,~)]. However the average 
ionization energy of d-electrons in (CHJC5CfJ)ZOs (‘i-23 eV) is scarcely different 
from that of (CH3CSHJ):Ru (7.25 eV). Moreover it is important to note that the 
energy difference of e?, and a,, orbit,& of ruthenocene is essentially smaller 
(0.18 eV) than in ferrocene (0.35 eV), and in osmocene an upper occupied or- 
bital may bea,, instead of ezs. 

Thus different energies and location of the upper occupied orbit& in met- 
allocenes may cause ruthenocene and osmocene to behave in a different manner 
in oxidation to ferrocene. 

The difference m tuthenocene, osmocene and ferrocene behaviour IS pto- 
nounced also in the formation of donol--acceptor compleses with a weak Lewis 
acid such as HgX, 1311. Ruthenocene and osmocene produce stable complexes 
with HgX? which have definite composition, whiie ferrocene Wves unstable ad- 
ducts which readily undergo tedos reaction with formation of the ferticenium 
cation 1321. It should be pointed out that osmocene and ruthenocene complexes 
with HgX, are the only known adducts of these metallocenes, whrle ferrocene 
reacts with various acceptors: n-acids [33-371 and Lewis acids. It was found 
that depending on the properties of an acceptor one may produce adducts (CTC) 
1381 or perform a redox reaction on the ferricenium cation. Previous workers 

* In rbe Gew of these results we have to admit rhat out prerious esrunations of ionizarlon polenrlti 
carried out for rurhenocene and osmocene [ 131 <but not for other metallocenes) are erroneous. 
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[36] have failed to prepare CTC by reaction of ruthenocene and osmocene with 
tetracyanoethylene, while HgX:, adducts were readily formed. The adducts of 
ruthenocene and osmocene with HgX, have donoracceptor M-Hg bonding [ 211 
which has been observed with other transition metal n-complexes [39-431. In 
the formation of such bonding the T;-compleses behave as donors with an elec- 
tron pair in a non-bonding orbital, generally metallic. The Lewis basicity of the 
metal in metallocenes could be estimated quantitatively by comparison of the 
total stability constants of generated adducts. A comparison of fc2 values deter- 
mined in the present work for ruthenocene (10’ ’ ‘) and osmocene (10”’ mot-‘) 
shows that Lewis basicity of OS is higher than that of Ru. Similar enhancement 
of the donor properties upon downward comparison In Groups in the Periodic 
Table has been reported for Rh and Lr and also for other Ru and OS complexes 
[+I]. 

On the basis of these ideas one may suggest that unlike ferrocene which re- 
leases an electron (but not the pair of electrons) upon oxidation and adduct 
formation with acceptors, ruthenocene and osmocene are osidized with loss of 
two electrons, and they prefer compounds which accept an electron pair for 
bond format ion. 

Esperimental 

Polarog-aphic measllremen ts 
The polarograms were registered on OH-102 polarographs and using a TsLA 

model 02.4 oscillopolarograph with a device providing triangular voltage. The 
measurements were performed using a trielectrode scheme. The working elec- 

trodes were a DME (nz = 2.5 mglsec, t = 0.15 set) and a rotating disc Pt electrode 
(rotational speed 650 min-‘, s = 0.8 mm’) and a Pt net was the aurilitiy elec- 
trode. The reference electrode (Ag/AgCIO, 0.01 IV in 0.1 N Et+NClO, in CH,CN) 
was connected with working solution by a bridge whose end was closely located 
at the working electrode. Its potential (with respect to SCE) was + 0.343V. The 
volume of polarographic solution was 10 ml. The dissolved osygen was removed 
by bubbling argon through the solution. 

Prepara t lolls 
The solvent CH,CN and phone electrolytes Bu,NBF, and EtNBF were pu- 

rified by methods described in refs.45 and 46 respectively. [(CjHS)zRU]zHg(BFA)2 
was prepared as in ref.16. 

Electrolysis at the controlled potential 
The working potential was maintained with P-582’i potentiostat at an ac- 

curacy of f. 0.003V. The electrolysis was carried out in a cylindrical cell with 
diaphragm (porous filter no.3 and ceramics). The volume of solution in the space 
of working (Hg, Pt) and au_yiliary electrodes (Pt net) was 50-60 and 5-10 ml 
respectively. The electrode of comparison was Ag/AgCIOJ, 0.01 N in 0.1 N 
Et,NCIOa solution in CH$N. In all cases CH$.ZN was used as solvent and 0.1 N 
E&NBF, or Bu,NE3FA served as phone electrolytes. The amount of electricity 
passed during the electrolysis was determined by means of a digital current int- 
grator. Basic parameters of the electrolysis of the compounds investigated are 
listed in Table 2. 
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TABLE 2 

BASlC PARAMETERS OFTHE ELECTROLYSIS OF FERROCENE.RUTHENOCENE AND OSAfOCENE 

AT CONTROLLED POTENTIAL (CH3CN. 0.1 A’ Et,$JBF~) . 

Compound Working Potent. Reacted In~Lial Current at ElecLrot- Amount of Number 

eleclrode of elcz~t.~ subr 

(a 

(CjHg)lFc Hg 0.20 0.035-l 

et 0.20 o.o-t1?3 

(C;Hs)zRu Hg 0.15 0 066 
et 0.85 0.1391 

(C5Hj)zOs Hg 0.306 

Pt 0.80 0.1 q-10 

current tbe end of YPLF tune elecmetrY 

electrolyss 

Eup. Calcd. 

On.41 (m.4) (ml@ (Bb w 

of elec- 

trons . 

32 0.65 3s 17 18.4 
15 2.5 20 18.1 12 0 

40 3.5 60 35 30 
80 a.2 120 118 116 2 

150 5 15 

50 1.3 200 43 13.-l 

a\Nttb respect to rlg/AgClO~: 0.01 N m CH 3CN. 0.1 M ELJ!:CIO~. b Wth respect lo SCE. 

The electrolysis of ferrocene. To remove the impurities the phone electro- 
lyte was eIectrolyzed at E = + 0.2OS for 20-25 min. On electrolysis on the ro- 
tating mercury anode the polarogram of the electrolyzed solution manifests the 
absence of mercury ions which might have been present because the etectrolusis 
potential was cfose to that of anodic dissolution of mercury. After addition of 
ferrocene a change of colour from orange to green and then blue was observed 
m the course of etectrolysis. After electrolysis the UV spectrum of the solution 
had the band at A,, = 616 nm, loge = 2.3 (lit. (471 h,,, = 617, iog~ = 2.53) 
specific of the feticinium cation. 

The electrolysis of rulhenocene and osmocelte on the rotari,7g mercrrry an- 
ode. The phone electrolyte solution was preliminary electrolyzed at f 0.15V m 
the case of ruthenocene and 0.15V (with respect to SCE) for osmocene. The 
polarogram of solution after electrolysis showed that no mercury ions transfer 

into the solution at such potentials. After addition of a metallocene sample the 
solution rapidly became yellow. After the ektrolysis the solvent wan evaporat- 
ed and phone electrolyte was removed by \viahing with alcohol (because of its 
good solubility*). The UV. IR and polarograms of the yellow residue were iden- 
tical to those of [(C5H,),MjZHg(BF,), chemically prepared. 

The eCectrolysls of rlrthenoeene on the Pt electrode. The solution of phone 
electrolyte and ruthenocene was electrolyzed at E = + 0.85V for 30 min. The 
solution had a brown colour after electrolysis. After the electrolysis the solvent 
v~as evaporated and the residue extracted with benzene to remove unreacted 
ruthenocene. Phone electrolyte was washed out with cold alcohol. After evapo- 
ration of the alcohol the residue was analyzed by polarography and IR spectra. 
The polarogram (DME or Pt electrode, CH,CN, 0.1 N ELNBF,) had no cathodic 
wave which could be assigned to (CjH5)Ru2+ reduction (in the region of higher 
positgve potentials than Elrz [(C,Hj)2RuCI]’ = -0.03V (Table l), and the IR 
spectrum showed no band specific of the n-bonded C5 H5 ring. The reduction 
of acidified aqueous reaction mixture with SnC& yielded no ruthenocene. 

The electrolysis of osmocene on the Pt electrode. The electrolysis of solu- 
tion of phone electrolyte and osmocene was carried out at + 0.8OV. The elec- 

* At the electrolysis of fC~Hs)zRu the residue was waned wltb etber to remove tfxe hsces of tutreact- 
ed ruthenocene. 
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:orlysis of (C5H5)?Os on the Pt e!ectrode resulted in precipitaiiqri of a dark 
geen solid which was removed in the course of formation. The solution gradual- 
ly turned light brown. The polarogram and UV spectrum of the electrolyzed so- 
lution confirm the absence of unreacted (CSHs),Os. The dark green substance 
[(CSHI)?OSBF;II fr om the electrode and solution ivas washed with alcohol and 
lether. (Anal. found: C, 29.19, 29.07; H, 2.57, 2.74. (CjHj)20sBF, calcd.: C, 
129.49; H, 2.47%) Yield 54% based on (CsH5)zOs. The substance is insoluble in 
‘CH,CN, DMF, pyridine, alcohol and ether, soluble in water (green solutions). 
IThe aqueous acidified solution became colourless upon reduction with acidic 
,(HCl) solution of SnCl?. The reaction mixture was extracted with benzene. The 
benzene estract was chromatographed (on alumina in petroleum ether) and po- 
larog-raphed (on the Pt electrode in CH,CN, 0.1 N Et,NBF,) to reveal osmocene. 
The IR spectrum of the solid salt had a band at 3100 cm-’ which could be as- 
signed to C-H modes in the C5H5 ring. The BF; vibrational frequencies at 550- 
1500 cm-’ are superimposed on those of (CjHj)ZOs’ and hinder their assignment. 

Oxidation of ruthenocerre with ferric chloride. The oxidation procedure 
was similar to that described for ferrocene [48,49]. 0.3 g of ruthenocene in 30 
ml of absolute ether and 1.27 g of anhydrous FeCl, in 50 ml of absolute ether 
gave 0.3 g of C,,H,.RuFeCI, crystallized from glacial acetic acid. (Anal. found: 
C, 25.95, 26.09; H, 2.19, 2.20; Cl, 38.10. C,,H,,CI,FeRu calcd.: C, 25.86; H, 
2.17; Cl, 38.1710.) 

The reaction of rrcthenocene witfl bromine. A solution of 0.096 g of Br, 
(0.0006 mol) in 10 ml of absolute Ccl, was gradually added to 0.15 g of ruthe- 
nocene (0.0006 mol) in 12 ml of abso!ute Ccl,. The green solid precipitated in 
the course of bromine addition was filtered off washed with CCL, petroleum 
ether and dried. 0.22 g of C,,H,,RuBr, was obtained. (Anal. found: C, 21.79, 
21.90; H, 1.97, 1.83. C,OH,oBrSRu calcd.: C, 21.80; H, 1.83%) 

Tile synthesis of [(C,H,),OS]~H~(BF~)~. The procedure was similar to the 
synthesis of [CjHj)2Ru],Hg(BFA)z [16]. 5 drops of ca. 40% HBFJ were added 
to a solution of 0.1 g (0.34 mmol) of (CjH,),Os and 0.04 g (0.16 mmol) of 
Hg(CN), in absolute C2HjOH. The yellow solid precipitated (0.13 g) was filtered 
off and washed with alcohol. The compound was identified by UV and IR spec- 
tra. The UV spectrum of compound in 0.01 N HCIOJ solution had the band at 
x max = 300 mn, loge = 4.3. 

Complexes of metallocenes with Hgx’, (X = Cl, Br) 
Ferrocene complex with HgCl,. 2.1 g (0.011 mol) of ferrocene triturated 

with 1 g (3.7 mmol) of HgCI? in the presence of 1 ml of absolute ethanol. The 
red complex generated was washed with benzene and petroleum ether on the 
filter to remove unreacted ferrocene. 1.5 g (22%) of CloHloFe - 6HgC12 was 
obtained. (Anal. found: C, 6.21, 6.30; H, 0.46,0.44; Cl, 23.60, 23.70; Fe, 3.11, 
3.42; Hg, 65.42,65.40. C,,HlaC12 FeHg c&d.: C, 6.61; H, 0.56; Cl, 23.46; Fe, 
3.08; Hg, 66.28%) 

Ruthenocene complex with HgCI,. A solution of 0.54 g (2 mmol) of HgCI? 
in 15 ml of alcohol was added to 0.5 g (2 mmol) of ruthenocene in the mixture 
of 80 ml of alcohol and 20 ml of benzene. The lemon yellow solid immediately 
precipitated was filtered off washed with benzene and alcohol. 0.71 g (65%) of 
the complex was obtained, m.p. (dec.) > ZOO0 (from CH,CN). (Anal.found: C, 
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23.35, 24.02; -H, 2.00, 2.05; Cl, 14.08, 14.07. C,oH,oClzHgRu calcd.: C, 23.89;. 
H, 2.00; CI, 14.12%. 

Osmocene complex with HgCI,. Analogously to the ruthenocene complex: 
with HgCl, this was obtained from 0.3 g (0.93 mmol) of osmocene and 0.25 g 
(0.93 mmol) of HgCl,. Y leld 0.51 g (90.2%). M-p. (dec.) > 250” (from CH&N). 
(Anal. found: C, 20.27, 20.45; H, 1.92, 1.74; Cl, 11.88, 11.55; Hg, 33.38, 33.91 
OS, 31.96, 32.30. C,OH,OOsHgC1, c&d.: C, 20.29; H, 1.70; Cl, 11.89; Hg, 33.89: 
OS, 32.13%) 
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