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Organometallic Chemistry 
Investigation of the electrochemical behavior of some R--Fe(CO)2Cp 

metaUocomplexes containing a  -bonded q S-cyclopentadienylirondicarbonyl 
fragment attached to an sp2-hybridized carbon atom 
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Electrochemical oxidation and reduction of a large number of Cp(CO)2Fe--R com- 
pounds (R = at3'l, vinyl, aroyl) with a Fe--C(sp ?) ~-bond have been studied at a platinum 
electrode using cyclic voltammetry and rotating disk-ring electrode techniques, The mecha- 
nisms of both oxidation and reduction cannot be rationalized in terms of unified schemes 
and depend on the nature of the organic fragment R 
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Organometal l ic  complexes conta in ing a meta l - -  
carbon(sp 2) c~-bond are of  great interest since the chemi- 
cal proper t ies  that de te rmine  their  practical  im- 
plementation are versatile Important practical informa- 
tion can be obtained when studying the electrochemical 
properties of metallocomplexes. These data can be used 
to predict the properties and reactivity of  organometallic 
compounds  not only in heterogeneous electrode reac- 
tions but also in various types of homogeneous reactions 

The little literature data on the electrochemical prop- 
erties o f  C p ( C O ) 2 F e R  complexes  con ta in ing  the 
Fe--C(sp 2) c~-bond are incomplete and, ms a rule, ret~r to 
only one of the electrode processes, oxidation or reduc- 
tion~ Thus, fi:~r instance, reduction of cr-a~'l derivatives of  
qS-cyclopentadienylirondicarbonyl ArFe(CO)?Cp (Ar = 
p-CH3C6H4, p-C1C6H4, C6H5, C6F5) at a dropping mer- 
cury electrode has been described previously L2 

Recently, the electrochemical oxidation of  mono-  
and di- r lS-cyclopentadienyl i rondicarbonyl-subst i tu ted 

arches and azines ArFe(CO)2C p (At = C6 Hs -n F  n 
(n = 0+5), CsH3FN, CsF4N, CsF3CIN, CsF2CI?N, 
C4CI(SMe)2N ?, C4CIH?N2) and A r ' ( F e ( C O ) 2 C p )  2 
(Ar" = C6H4, C6F4, C4H(SMe)2N 2, C4CI2N2) at a plati- 
num anode has been s tudied)  

Electrochemical reduction of  or-vinyl derivatives of  
qS-cyclopentadienyl i rondicarbonyl  has not yet been 
studied However, inibrmation on the oxidation of  E- 
and Z-isomers of the P h M e C = C P h F e ( C O ) ( P ( O P h ) 3 ) C P  
complex at a gold anode is available. 4 

Data on the electrochemical oxidation of  some acyl 
derivatives of  qS -cyc lopen t ad i eny l i r ond i c a rb o n y l  
RCOFe(CO)2Cp and, in particular, PhCOFe(CO)2Cp 
are known. 5.6 However, electrochemical reduction of  
acyl complexes containing the Fe--C(sp 2) or-bond has 
not been described. 

Recently, using cyclic voltammetry (CVA) and rotat- 
ing disk-ring electrode (RDRE)  techniques, we studied 
the oxidation and reduction of  a number  of  cr-aryl 
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derivatives of  r lS-cyclopentadienylirondicarbonyl at a 
platinum electrode and proposed a mechanism for these 
processes. 7 In the present work we cont inued the sys- 
tematic  investigation of  the e lect rochemical  behavior of  
meta l locomplexes  containing the Fe- -C(sp  2) ~-bond,  
increasing the number  of  cr-arTI complexes of  qS-cyclo- 
pentadienylirondicarbonyl ,  and investigating the cr-vinyl 
as well as a-aroyl  derivatives of  rlS-cyclopentadienyl - 
irondicarbonyl.  

Experimental 

Measurements of electrochemical oxidation and reduction 
potentials were carried out using a SVA-IB-M voltammetric 
system at a stationary Pt-electrode and at a rotating platinum 
disk-ring electrode (platinum ring) with Bu4"NBF 4 as the 
supporting electrolyte in anhydrous organic solvents (DMSO, 
CH3CN, CH2CI2) at 20 °C The geometric parameters of the 
disk--ring system were: disk radius r I = 257 ram, inner ring 
radius r 2 = 265 ram, external ring radius r 3 = 368 mm 

Determination ol the coefficient of the efficiency of the 
disk--ring system was carried out according to the previously 
described procedure. 8 In all experiments, platinum served as 
the auxiliary electrode, and a saturated silver chloride elec- 
trode was used as the reference electrode. The electrochemical 
measurements were carried out in a cell 10 mL in volume. The 
concentrations of solutions of the compounds under study 
were 5" 10 -4 mol g -I.  

The polarization curves were registered by C-VA at a- 
stationary Pt-electrode at potential scan rates of 50, 100, 200, 
and 500 mV s -I ,  and also at a rotating Pt-electrode with a ring 
at 20 mV s -I in the following modes: a) i r = fled), Er = 
const; b) i t = tiEr), E o = const. The rotation speed of the 
disk electrode was varied from 480 to 3450 rev rain -I 

Acetonitrile of"iSure" grade was stirred for 24 h over Call 2 
and fiPered, then KNO 3 (5 g) and conc. H2SO 4 (10 mL) were 
added. The mixture was boiled for 3 h, distilled, boiled again 
for 2 h over P205, and distilled; b.p. 81--82 °C. 

Dimethylsulfoxide of "pure" grade was successively stirred 
for 12 h over anhydrous NaOH and for 12 h over Cal l>  and 
then distilled under reduced pressure (2--4 Torr, b p  5 0 -  
61 °C) under an argon flow. Distilled DMSO was kept under 
an argon atmosphere over naolecular sieves (4 A). Methylene 
chloride was distilled over lithium aluminuna hydride. 

Results and Discussion 

o-Arvl  derivatives o f  
rl 5-cyciopentadienylirondicarbonyi 

The redox properties of  a large number  of  cr-aryl 
derivatives of  qS-cyclopentadienyl i rondicarbonyl  ( ! - -  19) 
containing various substituents in the aromatic  ring have 
been studied. The data obtained for e lect rochemical  
reduction and oxidation of  these compounds  at a Pt-elec- 
trode in differe,tt solvents are presented in Table I. 

As can be seen from Table 1, reduction of  o-aryl 
de r iva t ives  o f  q S - c y c l o p e n t a d i e n y l i r o n d i c a r b o n y l  
X-C6H4Fe(CO)2C p is hampered ~ a whole when the 
substituent in the aromatic  ring changes from being an 
acceptor  to being a donor. In this case 1,4-bis-(rlS-cyclo - 

pentadienyl i rondicarbonyl)benzene (9) has the most 
negative reduction potential. 

Using the data obtained for the redox properties of  
a-aryl derivatives of  qS-cyclopentadienylirondicarbonyl,  
one can construct dependences of  the reduction poten- 
tials/:~ed and oxidation potentials ~ x  on the H a m m e t t ' s  
Crpara constants of  substituents. As can be seen in Fig. I, 
a correlation is found between those parameters (p = 
0.13 V and P2 = 0.50 V for the redtlction and oxidation 
processes, respectively). Extrapolation of both straight 
lines to the values of the reduction potential ~ e d  and 
the oxidation potential E °x of  the disubstituted complex 
9 gives in both cases similar values of  the H a m m e t t ' s  
%,~,a constant for the group - -Fe(CO)2Cp:  ~para ~ 

- 0 . 7 0  This value is comparable to the 'apara constant for 
the - - N ( C H 3 )  2 group ( -0 .66) .  This means that the 
rlS-cyclopentadienylirondicarbonyl fragment is a strong 
electron donor. 

The ability of  metal-containing groups of  the ML,, 
type (ML,, = Cp(CO)2Fe,  Mn(CO) 5, et aL) to serve as 
both re- and a -donors  is well known 9-17' However,  the 
total quantitative evaluation of this effect as well as the 
determinat ion of  the relative contribution of  the induc- 
tive 0Jl) and resonance (c~°R) factors of  this effect differ 
significantly depending on the method used. Thus,  based 
on the values of  the inductive and resonance parameters 
of  the meta l -conta ining groups (which were obtained 
from the chemical  shifts in the 19F N M R  spectra) in 
m- and p -FC6H4ML" type compounds  (Ref. 10) the 
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Fig. I. Dependences of reduction potentials ~ed  (I) and 
oxidation potentials E 3x (11) for complexes XC6H4Fe(CO)2Cp 
on Hammett's ~ , ~  constants of substituents X. The numera- 
tion of points corresponds to that of compounds in Table 1. 
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Table I, Data on the electrochemical reduction and oxidation of compounds containing the rlS-cyclo - 
pen tad ieny l i rond ica rbonyl  f ragment  - -Fe(CO)2C p ( - -Fp)  bonded to an sp2-hybridized ca rbon  a tom 
(c = 5" 10 -4 tool L -I, Pt, 005  M Bu,lnNBF,I, Ag*/AgCI/KCI, 20 °C) 

Compound  Solvent L~ed/~: a n ~ Nr- c G ° V v  n b Nr+ 

CH 3C~,H4 Fp-p ( I )  DMSO - 1 9 8  
CH3CN -2.15 

C6HsF p (2) DMSO - 1 9 5  
CH3CN -2 08 

CIC~H4Fp- p (3) DMSO - 1 9 2  

BrC6ttaFp- p ( 4 )  DMSO - 1 8 3  
CH3CN - 2 0 3  

IC6H4FP- p (5) DMSO - 1 8 0  
CH3CN -20 

CH3COC~J~4Fp- p (6) DMSO -1 90 

NCC~,HaFp- p (7) DMSO -18~; 
CH3CN 

O2NC6H4Fp- p (8) DMSO - 1 1 5  
CH3CN 

FpC6H4 Fp- p (9) DMSO - 2 0 5  

C H 3 C N  224 

C6FsFO (10) DMSO - 1 6 2  
CH3CN - 1 8 l  
CH2Cl:/ 

NCsF4F p (11) DMSO - 1 6 8  
CH3CN - 1 8 8  
CH2CI ~ 

Fp(C6F4)2Fp- p (12) a CH3CN - 1 8 0  

C6FsCOFp- p (13) CH3CN - 1 7 6  

FpCOC~,F4 Fp- p (14) CI t3CN - 1 8 5  

E - P h C | I = C H F p  (15) CH3CN - 2 0 3  

Z-PhCH=C(Ph)Fp (16) CH3CN -~2 l 

Z-lert-C4FoCF=CFFp (17) CH~CN - / 9 9  
CH?CI/ 

Z- PhFC=CFFp (18) CH~CN -203 

E-PhFC=CFFp (19) CH3CN -201 

21 043  
9 9  0 2 0  

90  0 4 0  
95  0 25 

73 046  

3 0 1 0  
26  005  

27  0085  
125 0 02 

I ~0 0 4 6  

I 9 0 4 0  

099  Or 

1~70 0 4 0  

175 0 2 0  

1.30 008  
121 0 0 0  

090 000 
1 00  0.00 

I 4 0.00 

1,3 0 3 0  

/ 0 0  025  

I63  0 2 4  

19 022 

093  0 10 

087  0 0 9  

0,90 O, I 0 

101 2 2  
04  0.83 
25  1.45 

15 Z0 
12  088  
.37 15 

18  20 
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3 140 

2 175 
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,Vote~ a Scan rate v = 200 mV s -z b n is the h u m o r  of electrons c N f  and N~ + arc the current yields of oxidation 
of [ C p F e ( C O ) 2 l  and reduction of [CpFe(CO)?]* at the ring, resl~:ctively, v = 20 mV s l, c0 = 2530 rev rain -I 
'~ The current yield for oxidation of the radical anion (OxNCt, II4F:p)- at the ring e Strong passivation of the disk 
electrode ~ c u r s  in oxidation of this coml~und;  therefore, one fails to register the pr~×lucts of its oxidation at the 
r ing  f Potentials for 01 M Bu4NBF 4 as the suplx)rting electrolyte are given, g The values given corres~)nd to 
/:~) = (E  ~: - Ea)/Z '~The concentration of complex 12 was ~ 10 5 tool L I due to its low solubility~ 

o - b o n d i n g  b e t w e e n  the  l igand a n d  the  m e t a l  is be l ieved  
to  be o f  g rea t  i m p o r t a n c e .  H o w e v e r ,  da t a  o f  o t h e r  

inves t iga to rs ,  9 in pa r t i cu la r ,  the  resu l t s  o f  a ~3C N M R  

s tudy  on  t he  s u b s t i t u e n t  effect  in C 6 H s M L  n t ype  co rn -  
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pounds showed that tile Fe(CO)2C p and Mn(CO) 5 groups 
are strong rt-donors,  s imilar  to fluorine. 

The e lec t ron-re leas ing  ability of  meta l -conta in ing  
- -CH2M(CO),~C p type groups (M = Fe, n = 2; M = 
Mo, W, n = 3) was studied in Refs  13--15. The con- 
struction of  the dependences  of  pKj of tile conjugated 
acids of  the corresponding pyridine bases on Hammet t  "s 
~para constants  for 3- and 4-subst i tuted pyridinium ions 
al lowed one to de te rmine  the values ot" Hammet t  "s qparn 
constants  for - - C H 2 M ( C O ) C  p groups (M = Fe, n = 2 
M = Mo, W, n = 3). ~3 Thus, for the - C H 2 F e ( C O ) 2 C  p 
group, ~par~ = - 0 . 4 9  or - 0 2 6  depending on the posi- 
tion of  the pyridine ring (4 or 3) occupied by this 
substi tuent.  13 Hence,  tile value of  H a m m e t t ' s  Gpara 
constant  for the Fe(CO)2C p group ( -0 .70 )  indicates 
that the e lec t ron-re leas ing  character  of  a meta l -conta in-  
ing group is higher if it is not separated from the 
aromat ic  ring by a methylene u n i t  This is in good 
agreement  with the data ira Ref. 9. 

As can be seen in Fig I, the redtiction potentials of 
~-aryl  derivatives of r lS-cyclopentadienyl i rondicarbonyl  
4, 5, and 8 are not described by a linear ERed(f~para) 
dependence .  This means that reduction of  these con]- 
pou, ,Js  and of  complexes  1 3, 6, 7, and 9 have differ- 
ent mechanisms.  Let us consider  in detail  the possible 
mechanisms  of  the reduction and oxidat ion of  the com-  
pounds  under  study. 

R e d u c t i o n ,  R e d u c t i o n  of  a - a r y l  de r iva t ives  of- 
r lS-cyclopentadienyl i rondicarbonyl  at a dropping  met-  
cur3,' e lec t rode  proceeds irreversibly with the consump-  
tion of  two elect rons  to yield the iron carbonylate  anion 
[ C p F e ( C O ) 2 ] -  and a hydrocarbon ArH. l,z The reduc- 
t ion  o f  all s t ud i ed  c o m p l e x e s  C p F e ( C O ) 2 C 6 H 4 X  
(X = CH 3, H, CI, Br, I, C O C H  3, CN,  CpFe(CO)2) ,  
CpFe(CO)2C6F  5 and CpFe(CO)2CsF4N,  at a p la t inum 
elec t rode  (except  for ni trogen derivative 8) is chemical ly  
and e lec t rochemica l ly  irreversible, since no peak of tile 
reoxidat ion of the radical anion of  the starling com-  
pound is observed on the cyclic vo l tammogram of the 
reverse scan. 

can be seen from Table 1, the exper imenta l  val- 
ties of  ttle number  of  electrons consumed in the reduc- 
t ion of  c~-aryl der iva t ives  of  n S - c y c l o p e n t a d i e n y l  - 
i rondicarbonyl  varies from I to 2. The nature of  the 
part icles resulting from reduction was studied by RDRE 
techniques.  The vol tamrnetry curve recorded at the ring 
i r = fiE'r) was recorded at the potential  of  the disk 
e lec t rode  cor responding  to the l imit ing current  plateau. 
The particles recorded on this curve are oxidized at a 
potent ial  of  - 0 . 7 9  V (in DMSO) ,  which coincides  with 
the reoxidat ion potent ial  of iron carbonylate  arfions 8 

Previously s we found that iron carbonylate  anions 
are fairly stable in the t ime scale of  the ntethods used. 
Hence,  assuming that all radical anions formed in the 
reduct ion of  o - a w l  derivatives of  nS-cyclopentadienyl  - 
i rondicarbonyl  decompose  to form iron carbonylate  an- 
ions, the current  yield of  the oxidat ion of  the latter at 
the ring N r must cor respond to the calcula ted value of  

0.42,* which is tile maximum for the system tinder 
study. However,  as carl be seen from Table I, the values 
of  N r vary' between values close to the theoret ical  value 
and zero. The closer the experimental  value o f  the 
number  of  electrons consumed in the reduction of  com-  
pounds is to I, the smaller,  as a rule, the value of  N r. 

Analysis of  the data obtained for complexes 1--3,  6, 
7, and 9 ( two-elect ron reduction and current  yields of  
the oxidat ion of  the iron carbonylate anions at the ring 
close to theoret ical)  allows one to propose the tbllowing 
ECE type mechanism for reduction (Scheme I). 

Scheme I 

Cp(CO~FeCsH4X + e ~ [Cp(CO),2FeCeH4XI: 

[Cp(CO~Fe] + "C6H4X 

SHAs~ \Q: H' 

C~HsX C6HsX 

In the case of  complex 8, which contains  a NO 2 
group in the aromat ic  ring, the radical anion formed is 
relatively stable, and its turther decomposi t ion  is not 
observed. 7 

In the case of  iodine- and b romine-con ta in ing  com-  
plexes 4 and 5, the exper imental  values of  the number  of  
electrons consumed during reduction are close to I 
while the current  yields at the ring N r, cor responding to 
oxidat ion of  iron carbonylate  anions, are much less than 
the theoret ical  values N r (see Table 1). This means  that 
not all radical anions formed in tile redtict ion of  the 
c o m p o u n d s  u n d e r  s tudy d e c o m p o s e  to give i ron 
carbonylate  attions. Hence,  the reduction mechanism of  
a - p - i o d o -  and ¢~-p-bromophenyl derivatives of  qS-cyclo-  
pentadienyl i rondicarbonyl  must differ from the ECE 
type mechanism proposed above for complexes  I - - 3 ,  6, 
7, and 9. 

It is likely that in tire case of  CpFe(CO)2C(,HnHal  
compounds  (Hal  = Br, I) two processes proceed in 
parallel (Scheme 2). 

Judging by tile amount  of the iron carbonyla te  art- 
ions formed,  the contr ibut ion of  process b is insignifi- 
cant. However,  if only process a occurs, abs t ract ion ot  
the halogen must proceed close to the surface of  tile 
e lectrode (since iodine- and b romine-con ta in ing  radical 
anions have, as a rule, a very short l ifetime). Theretk/re, 
fu r ther  r e d u c t i o n  of  the n S - c y c l o p e n t a d i e n y l i r o n  
dicarbonyl  radical at the e lectrode should domina te  over 

" It should be noted that the stability of [CpFe(CO)2]- and 
[CpFe(CO)2] + in MeCN is lower than that in DMSO, and the 
experimental values of the current yield of oxidation of 
[CpF¢(CO)2 ]- and reduction of [CpF¢(CO)2] + in MeCN 
(Nr), generated from dimer [CpFe(CO)2] 2, are 0.3 and 0.25 V, 
respectively. 
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other  pathways of  its s tabil izat ion.  The total number  of  
e lectrons consumed ira the reduct ion of  complexes 4 and 
5 in this case should be close to 2; however, it was found 
to be somewhat  smal ler  (see Table I). Stabil izat ion of  
the p - iodo-  and p-bromophenyl-r lS-cyclopentadienyl i ron - 
dicarbonyl  radical anions can follow a third parallel 
pathway. This assumption is supported by the formation 
of  a new reversible redox couple  in the less cathodic 
region of  potentials  observed in the reduction of  com-  
piexes 4 and 5. The potent ials  ~ of  the given couple 
for the compounds  investigated are presented in Table 2._ 

The same situation was also observed for a -per t ]uoro-  
aryl derivatives of  qS-cyclopentadienylirondicarbonyl.  The 
number  of  e lect rons  consumed in the reduction of  these 
compounds  is close to 1, while the current  yield of  the 
oxidat ion o f  iron carbonylate  anions at the ring is virtu- 
ally equal to zero, Le., [ C p F e ( C O ) 2 ] -  is not formed. In 
this case. as in the reduct ion of  complexes  4 and 5, the 
format ion of  a new reversible couple  was observed (see 
Fig. 2, a and Table 2), which was even more pro- 
nounced than in the preceding case. 

Reduc t ion  of  r lS -cyc lopen tad i eny l i rond ica rbony l  - 
pen ta f luorobenzene  at the dropping mercury, electrode 
also involves one electron and is irreversible. I The au- 
thors of  Ref. 1 assume that the carbonyla te  anion 
[CpFe(CO)21-  (is contradictory '  to the above ment ioned 
R D R E  data)  and C6F 5 (whose further t ransformations 
were not considered in Ref. 1) can be the reaction 
products .  

Since the format ion of  radical anions in the reduc-  
tion of  complexes  4, 5, 10, and 11 is irreversible, and, at 
the same t ime,  no iron carbonyla te  anions were found 
among their  decompos i t ion  products ,  it is natural to 
assume a chemica l  t ransformat ion of  these radical an- 
ions, for instance,  d imer iza t ion .  

Dimeriza ' , ion react ions are character is t ic  of  radical 
anions conta in ing  at least one e lec t ron-wi thdrawing  
group,  C N ,  C H O ,  CO2CH 3, NO 2, as well as for radical 
anions of  he te roaromat ic  compounds  (see Ref. 16 and 
references ci ted therein) .  

Thus ,  to expla in  the presence of  the reversible 
couple  E°l in the case of  c~-perfluoroaryl complexes  

0 - 2 l£7~' 

Fig. 2. Cyclic voltammograms of a solution of 
Cp(CO)2FeCsF4N (9 .8-10  ~4 mol L- | ) :  a, in the absence of 
CO; b, in a solution saturated with CO (Pt, CHaCN, 005 M 
Bu4nNBF4, 200 mV s °1, Ag/AgCI/KCI, 20 °C). 

Table 2. Potentials of reversible redox couples observed in the 
cyclic voltammograms of certain cr-aryl derivatives of 
rlS-cyclopentadienylirondicarbonyl (Pt, CH3CN, Bu4nNBF4, 
Ag+/AgCI/KCI, 20 °C) 

Compound EI°/V E2°/V 

Cp(CO)2FeC6H4Br -0.275 
Cp(CO)2FeC6H41 -0,275 - 
Cp(CO)2FeC6F s -0.320 +0,735 
Cp(CO)2FeCsF4N -0.230 +0820 

C6FsFe(CO)2C p a n d  NCC6F4Fe(CO)2Cp,  one can as- 
sume "tai l - to- tai l"  type d imer iza t ion  with the format ion 
of  dianion A, which is capable of  reversible t ransforma-  
tion into biradical B (Scheme 3). 

However,  analogous " tai l - to- tai l"  type d imer iza t ion  
for compounds  CpFe(CO)2C6H4X (X = Br, I) to yield a 
dianionic  complex  similar to A without  " instantaneous" 
abstract ion of  iodine or bromine  a toms appears  to be 
highly improbable.  

Another  pathway of  d imer iza t ion  of  the radical an- 
iotas formed in reduction is d imer iza t ion  of  tile "head- 
to-tai l"  type. One can propose the following scheme for 
the reaction: 

It is likely that this pathway could occur  only for 
those o -a ry l  derivatives of  r lS -cyc lopen tad ieny l i ron  - 
dicarbonyl  that contain a good leaving group in the 
aromat ic  ring, i.e., X = Br, I. 

One more possible way the radical anions  could 
dimerize  is "head- to -head"  type d imer iza t ion ,  i.e., over 
the meta l -con ta in ing  centers  (Scheme 5). 
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In the case of  a-penquorophenyl  (10) and a-per-  
fluoro-4-pyridyl (11) complexes, formation of  an asym- 
metric dianion with a three-center  bond between one of 
the aryl (hetaryl) ligands and two iron atoms is also 
possible. 

Cp Ar CO ~ |2- 

Ar / \~/ \Cp 

Each of  the two dimerizing radical anions loses one 
of  its CO-ligands to yield a bridging dianion capable of 
transformation into a neutral complex, which explains 
the presence of  the reversible redox couple /+~)1. Plati- 
nt, m complexes with this structure containing perfluoro- 
aryl ligands are known to exist, t~J8 One can assume the 
formation of complexes of this type |k~r substrates con- 
taining strong electron-withdrawing substituents in the 
aromatic ring, which ttavors delocalization of  the nega- 
tive charges at Fe atoms. If the aromatic ring contains 
no acceptor substituents, the formation of a dimeric 
structure containing carbonyl bridges appeaB to be more 
probable (Scheme 5, route a)+ In order to prove the 
possibility of  such dimerization, we reduced complexes 
4, 5, 1O, and !1 in a CO atmosphere. It was found 
(Fig. 2, b) that saturation of  the solution with gaseous 
CO leads to reversibility of  the reduction wave for the 

Scheme 5 

a Ar = C 6H~I, C~H4Br 

+ 
O 2 

Cp ~ , ,  Ar 

Ar / "X~ / \Cp 

+ oll+o 
O 

Ar / 'x'~ / "Co 

2.° OC CO OC CO 
Ar ~--~e ....... \\4--Ar 

g & 

I 
--2 CO 

b Ar ~: C 6F,~, CsF~N 

-coj 
2olt 2° 

°cN _ ¢cP 
Cp/ \ / Ar "CO 

compounds  under study and to disappearance of  the 
peaks of the reversible redox couple E)l. 

Neither of  the effects observed contradict  in anyway 
the suggested scheme of  reductive dimerization: the 
presence of  dissolved CO suppresses the loss of  the CO 
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ligand by lhe radical anion,  which leads to its stability 
and,  hence,  to the reversibility of  its r educ t ion  No 
format ion of  a d imer ic  complex responsible for the 
reversible redox couple  E°I occurs. It should be noted 
that the picture of  reduct ion observed returned to the 
original picture immedia te ly  after removal of  the dis- 
solved CO from the solut ion by a flow of  argon. 

The results of  exper iments  on the effect of  CO on 
the vo l tammet ry  curve observed in reduction allow one 
to reject the d imer iza t ion  according to Scheme 3. The 
choice between Schemes  4 and 5 is less obvious, how- 
ever, the close values of  the E°t potentials  for com-  
pounds with such different kinds of  aromat ic  ligands 
could be evidence that Ibr compounds  4, 5, 10, arid I I  
d imer iza t ion  proceeds with the [iormation of an F e - - F e  
bond,  and in the case of  compounds  4 and 5 the iron 
a toms are bonded through carbonyl bridges (Scheme 5, 
route a) while in the case of  compounds  10 and I !  
per f luoroafy t  br idges  are also possible (Scheme  5~ 
route b )  Similar  d imer ic  bridge complexes  of iron with 
aryl ligands have not been reported in the literature as 
y e t  However,  based on the exper imental  data and a 
detai led theoret ical  considerat ion o f  the feasible trans- 
format; ,ms of  the radical aniol~s, the formation of  such 
complexes  in the t ime scale of  the methods  used seems 
to be plausible. 

Oxidation. As can be seen from the data of  Table 1, 
oxidat ion of  all o - a w l  derivatives of  qS-cyclopen{adienyl-" 
i rondicarbonyl  s tudied is irreversible, and the number  of  
e lectrons consumed  in oxidat ion is between 1 and 2 
depending  on the subst i tuent  in the aromat ic  ring. Two 
closely spaced irreversible waves with total height corre-  
sponding to the transfer  of  two electrons are present on 
the cyclic vo l t ammograms  of  complexes  1--7 and 9 in 
acetonitr i le .  One irreversible two-e lec t ron  wave is ob- 
served in DMSO.  

The products  of  the oxidat ion of  c~-aryl derivatives of  
qS-cyclopentadienyl i rondicarbonyl  were identified by the 
RDRE technique,  as in their  reduction.  The curve of the 
dependence  of  the ring current  on the ring potential ,  
i, = .tiEr), was recorded at a constant  potential  of  the 
disk e lec t rode  corresponding to the l imiting current  of  
the second oxida t ion  wave of  the complexes  under study 
ill CH3CN.  The pan ic les  located on this curve are 
reduced at the potent ial  corresponding to the reduction 
potent ial  of  the [CpFe(CO)21 + cation.  The current  yield 
at the ring N r is less than its calculated ( theoret ical)  
value (see Table I), However,  according to our study, 8 
the current  yield of  the reduction of  [CpFe(CO)2]  + at 
the ring in tire ox ida t ion  of  the d imer ic  complex  
[CpFe(CO)212 is also less than the theoret ical  value, 
which indicates that [CpFe(CO)2]  + cations are less stable 
than [ C p F e ( C O ) 2 ] -  anions.  

Thus,  both oxidat ion  and reduction of  tire most 
investigated cr-aryl derivatives of  qS-cyclopentadienyl -  
i rondicarbonyl  follow the ECE mechanism (Scheme 6). 

If the a romat ic  ring contains  a nitro group, oxidat ion 
involves one e lec t ron,  however,  no reversed peak of  

Scheme 6 

Cp(CO)2FeC6H4X - e ~ - -  [Cp(CO)2FeCeH4X] + 

= [Cp(CO)2Fe] + + -C6H4 x 

S ~ / / s  , "-, .~ 

C6H5X (C6H4X)' 

reoxidation of  a radical cat ion is observed on the cyclic 
vol tammogram.  At the same t ime,  R D R E  data indicate 
that the radical cation formed undergoes decompos i t ion  
into [Cpge(CO)2]  ~ and C6H4NO? ' ;  the latter of  which 
abstracts hydrogen from the solvent to give ni t roben-  
z e l r e ,  

The proposed scheme of  the oxidat ion of  cJ-aryl 
derivatives of  qS-cyc lopentad ienyl i rondicarbonyl  is ill 
agreement  with the data of  Ref. 3 The observat ion of 
the one-e lec t ron  irreversible oxidation wave t\~r com-  
plexes CpFe(CO)2C¢~H 5 and CpFe(CO)2C6HaFe(CO)2C p 
at a pla t inum anode in methylene chlor ide  al lowed the 
authors of  Ref, 3 to draw the conclusion that tire ini- 
tially formed radical cat ions [ C p F e ( C O ) 2 C 6 H 5 ] ' '  and 
[CpFe(CO)2C6H4Fe(CO)2Cp]  +" are unstable.  Fur ther  
t ransfommtions  of  these radical cat ions were not consid-  
ered. It was only noticed that o ther  peaks are also 
present on the cyclic vo l tammograms,  but they were not 
analyzed.  3 

AS follows from a considera t ion of  our  da ta  (see 
Table I), the proposed scheme of  the oxidat ion  ofo-ar~ ' l  
derivatives of  r lS-cyclopentadienyl i rondicarbonyl  gives 
no explanat ion for the behavior  of  the perfluoroarTI 
complexes  C p F e ( C O ) 2 C 6 F  5 and C p F e ( C O ) x C 6 F 4 N  
Oxidat ion of  these compounds  involves one e lect ron and 
is irreversible, however, no decompos i t ion  of  a radical 
cation s imilar  to that of  [CpFe(CO)2C6H4NO2] + is ob- 
served, since the reduction current  yield at the ring for 
[CpFe(CO)2]  + cat ions is equal to zero. At the same 
time, in the oxidat ion of  cy-perfluoroaryl complexes  10 
and 11 we observed the formation of a new reversible 
redox couple (see Fig. 3, a), whose potent ial  /:*~2 (see 
Table 2) is more negative than the oxidat ion  potentials  
of compounds  10 and 11. Notice  that the oxida t ion  ot  
compounds  10 and !1 in CH2CI 2 involves one electron 
and is reversible. 3 No ment ion  was made in this case 
about the format ion of  new reversible redox couples ,  just 
as in reduction in C H 3 C N  The results of  e l ec t rochemi -  
cal oxidat ion of  complexes  10 and I1 in CH2CI 2 we 
conducted  are in agreement  with the data in ReL 3 (see 
"Fable I ). 

The format ion of  the new reversible redox couple  in 
the oxidat ion of  complexes  10 arid I ! ,  ana logous ly  to 
their  reduct ion,  may be due to different processes of  the 
d imer iza t ion  of  the radical cat ions tbrmed (Scheme  7). 

However,  the formation of  dimeric  complexes  follow- 
ing both routes a and b does not explain the observed 
effect of  the solvent on the oxidat ion of  complexes  10 
and 1 I. The absence of  reversibility of  their  ox ida t ion  in 
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CH3CN and the appearance of a new reversible redox 
couple may be related to changes in the ligand environ- 
ment of Fe a toms For example, the migration of the 
CO group initiated in the course of the oxidation of 
these compounds and its further inclusion in an awl-- 
metal bond leaves a site free that can be occupied by any 
other ligand (for instance, by a solvent molecule). As a 
result, a new aroyl radical cation capable of reversible" 
reduction to a neutral aroyl complex can be formed 
(Scheme 8). 

Scheme 8 

Cp(CO)~FeAr ,-- _ .[CpFe(CO)~r] t SH ~- 
" fa st 

= Cp(CO)(SH)FeCArq + ~ Cp(CO)(SH)FeCAr 

The higher the coordinating ability of the solvent 
(SH) used, the more plausible such a process. 

A similar electrochemically initiated carbonylation 
of o-awl derivatives of qS-cyclopentadienylirondicarbonyl 
is unknown, while an analogous reaction of o-alkyl 
derivatives of rlS-cyclopentadienylirondicarbonyl has been 
studied irl much detail. 19-16 Based on the approaches 
used in those works, we attempted to confirm the as- 
sumption that carbonyl rearrangement proceeds in the 
course of the electrochemical oxidation of the e~-awI 
derivatives of  qS-cyclopentadienyl i rondicarbonyl  10 and 
!1, It is known 19-z3 that new reversible redox couples 
are formed in the electrochemical oxidation of cr-methyl- 
rlS-cyclopentadienyldicarbonyl complex of iron(II) 
CpFe(CO)2CH 3 in various solvents at a reduced tempera- 
tt, re (below - 78  °C). These couples correspond to 
mutual transitions of  the acyl radical cation 
[CH3COFe(CO)(L)Cpl +' into a neutral acyl complex 
CH3COFe(CO)(L)C p (L is the solvent moleculeL In 

addition to CH~CN, even s poorly coordinating solvents 
as acetone 19 and methanol zl can be used as ligands. The 
introduction of strong ligands (for example, pyridine or 
triphenylphosphine) into the reaction leads to the ap- 
pearance of additional redox courqes corresponding to 
electrochemical transflJrmations of acyl complexes con- 
taining pyridine or triphenylphosphine as one of the 
ligands, z3,z4 However, no changes in the electrochemi- 
cal behavior were observed in the oxidation of com- 
plexes 10 and 11 in CH3CN in the presence of 
triphenylphosphine. On tt~e other hand, the addition of 

I20 r~  a 

I2o .A / f ~ [  b 

Fig. 3. Cyclic voltammograms of 1 solution of 
Cp(CO)2FeCsF4N (l.0-10 ~3 tool L-I): a, in CH3CN with 
0~05 M Bu4nNF4 as the supporting electrolyte; b, in CH2CI 2 
with 0,1 M Bu4"NF 4 as the supporting electrolyte (Pt, 
200 rnV s -~, Ag/AgCI/KCI, 20 °C). 
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pyridine in the oxidation of nS-cyclopentadienyliron - 
dicarbonylperfluoropyridine ! I resulted in the formation 
of one additional reversible redox couple (E ° = 0.71 V), 
but had no effect on the general view of the cyclic 
voltammogram of ~-perfluorophenyl complex 10. 

Electrochemical oxidation of the r~-methyl derivative 
of qS-cyclopentadienylirondicarbonyl in CH2CI 2 tinder 
a CO atmosphere results in the formation of the o-acyl 
complex CH3COFe(CO)2Cp. z7~29 We studied the elec- 
trochemical oxidation of complexes 10 and I I in various 
solvents under a CO atmosphere To identi~' the prob- 
able product of carbonyl rearrangement of ~-perfluoro- 
phenyl complex 10 in the presence of CO, the ~-aroyl 
complex C6FsCOFe(CO)2C p (13) was synthesized 3° and 
its spectral and redox properties were studied in detail. 3° 

It was found that aroyl complex 13 is oxidized more 
readily than c~-perfluorophenyl complex 10. However, 
the aroyl radical cation R~rmed i. ~, unstable as demon- 
strated by the absence of the anodic peak of its redtic- 
lion. Neither tile appearance of additional redox couples 
in the region of potentials corresponding to oxidation of 
C6FsCOFe(CO)2C p, nor the disappearance of the in- 
itially formed redox couple was observed in the electro- 
chemical oxidation of complexes 10 and 11 in acetoni- 
trile in the presence of CO and with a simultaneous 
decrease in the temperature to -30  °C. 

It is known zz that the stability and reduction poten- 
tials of acyl radical cations [CH3COFe(CO)(L)Cp] +" 
are strongly dependent on the nature of the ligand L 
Thus, the half-periods of the lifetimes xl/2 and reduction 
potentials E P'ed of radical cations [CH3COFe(CO)2Cpl + 
and [CH3COFe(CO)(CHgCN)Cpl  + at 20 °C in 
CH3CN are equal to 0.44 and 22 s, and 0.94 and 
0.18 V, respectively, z2 It is likely that the aroyl radical 
cation [C6FsCOFe(CO)(CH3CN)CpI+' ,  which contains 
an acetonitrile ligand, is also more stable than 
[C6F5COFe(CO)2)Cpl+'. In this case, the reversible 
couple observed would correspond to mutual transitions 
of this radical cation into the neutral complex 
C6FsCOFe(CO)(C H 3CN)Cp. 

~-l/7nyl derivatives of 
n S-o'clopentadienylirondicarbonyl 

As call be seen from the data in Table l, both 
reduction and oxidation of cs-vinyl derivatives of 
q5-cyclopentadienylirondicarbonyl 15 and 16 are two- 
electron and irreversible. The value of Nr at the ring 
electrode ill the oxidation of [CpFe(CO)2l- and in the 
reduction of [CpFe(CO)21 ~ are close to the correspond- 
ing theoretical values. 

A one-electron reduction peak is present on the 
cyclic voltammograms of fluorine-containing o-vinyl 
complexes 17--19. All inflection, which likely corre- 
sponds to oxidation of the radical anions of complexes 
17--19 that form, appears on the voltammetry curve 
during the reverse potential scan. The poorly pronounced 
peak of the oxidation of the radical anions of these 

compotmds indicates that, despite the fact that they are 
more stable than the radical anions of complexes 15 and 
16, some of them disintegrate, yielding a vinyl radical 
and [CpFe(CO)21-. This is confirmed by the values of 
the current yield of oxidation of [CpFe(CO)21- at the 
ring, which, however, in this case are appreciably smaller 
than the theoretical values. 

The same picture is observed in oxidation of fluo- 
rine-containing or-vinyl derivatives of @-cyclopenta- 
dienylirondicarbonyl except the complex 17. Thus, the 
mechanism of ECE type (analogous to discussed above 
for cf-aryl derivatives of rl5-cyclopentadienyliron - 
dicarbonyl) can be proposed for both reduction and 
oxidation of almost all studied rr-vinyl derivatives of 
rlS-Cyclopentadienylirondicarbonyl (Scheme 9)  

Scheme 9 

Reduction: 

CpFe(CO)2R + e ~ [CpFe(CO)2R]: 

[CpFe(CO).2]- + R" 

RH RH 

R = PhCH=CH, PhCH=CPh, PhCF=CF, C4F~CF=CF 

Oxidation: 

CpFe(CO)2R - e ~ [CpFe(CO)2R]t 

[CpFe(CO~] ~ ~ R" 

s.j/.s. 
RH R * 

R = PhCH=CH, PhCH=CPh, PhCF=CF 

The  results o b t a i n e d  are in a g r e e m e n t  w i t h  
the data o f  Ref. 4 in w h i c h  the o x i d a t i o n  o f  
E- and Z-isomers of the alkenyl complex 
CpFe(CO)(P(OPh)3C(Ph)=C(Ph)Me in methylene chlo- 
ride at a gold electrode was studied. 

The oxidation of c~-perfluorovinyl complex 17 is 
one-electron and irreversible; at the same time, tile 
appearance of a new reversible redox couple (E~)= 
0.825 V) is obser~,ed, as in the oxidation of peMluoroar3'l 
complexes 10 and I1. The oxidation of complex 17 
becomes reversible with methylene chloride in place of 
MeCN as the solvent, and no new reversible redox 
couples are observed in this case. It is obvious that the 
nature of the processes occurring in tile oxidation of 
alkenyl complex 17 is analogous to that considered 
previously for ao, I complexes 10 and 1 I. 

c~-Aroyl derivatives of 
q 5-cyclopentadienylirondicarbonyl 

Reduction of aroyl complexes 13 and 14 is irrevers- 
ible, and the number of electrons is close to I. The 
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current yield of the oxidation of [CpFe(CO)2]-  anions 
at the ring electrode is close to the theoretical value (see 
Table I). It is likely that the aroyl radical anions formed 
undergo decomposi t ion involving the release of CO and 
the forma~on of [CpFe(CO)2]-  and the corresponding 
radicals (Scheme 10). 

Scheme 10 

C6F5COFe(CO)2Cp + e ~ [C6FsCOFe(CO).2Cp]7-~,- 

= CeF s" + CO + [Fe(CO)2Cp I- 

The number of  electrons observed in the oxidation of  
complex 13, is equal to 1.45. These data are in agree- 
ment with Refs. 5,6, where oxidat ion of  the acyl com- 
plex PhCOFe(CO)2C p was shown to be one-electron, 
yielding [COFeCCO)2Cpl + and a phenyl radical. No 
formation of [CpFe(CO)21 + was observed ira the case of 
C6FsCOFe(CO)2C p (see Table 1), which allows one to 
propose the following scheme of oxidation. 

Scheme 11 

C6F5COFe(COI2CP - e ..,-.:- [C6F5COFe(CO)2Cp] + 

C6F5" + [COFe(CO)2CP]+ 

However, the cyclic vol tammograms have a number  
of peaks of low intensity, which is evidence for some 
additional processes resulting in larger experimental  val- 
ues of the number  of electrons. 

This work was carried out with the financial support 
of the Russian Foundat ion  for Basic Research (Project 
No. 94-03-08628a).  
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