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Abstract 

A study has been made of the possibility of increasing the stability of the 1,1'-bis(diphenylphosphino)ferrocenium monocation by 
introduction of appropriate substituents into the cyclopentadienyl ligands. The electrochemical behaviour of a series of 1, l'-bis(diphenyl- 
phosphino)fen'ocenes bearing substituents with a range of electronic properties has been examined. The results reveal that, the higher the 
electron-donating ability of the substituents, the longer is the lifetime of the corresponding l,l'-bis(diphenylphosphino)ferrocenium 
monocation. However, no stable ferrocenium cation has been obtained; mass spectrometry shows that mixtures of mono- and 
di-bis(diphenylphosphine)oxides are ultimately formed as products resulting from decomposition of the initially electrogenerated 
1, l'-bis(diphenylphosphino)ferrocenium species. 
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1. Introduction 

The recently described ability of 1,1'-bis(diphenyl- 
phosphino)ferrocene to coordinate to metal centres in- 
creases the interest in this redox-active ligand [2]. Its 
crystal structure [3] and its electrochemical behaviour 
[4-8] are known. In non-aqueous solutions it undergoes 
a one-electron oxidation complicated by fast chemical 
reactions. It has been postulated that the initially elec- 
trogenerated bis(phosphine)ferrocenium species is 
rapidly converted into the bis(phosphinium)ferrocene 
monocation, which in turn dimerizes to the correspond- 
ing dication radical; this dication finally reacts with 
traces of water to afford bis(diphenylphosphino)ferro- 
cene-protonated a nd /o r  bis(diphenylphosphino)ferro- 
cene-oxygenated species [8]. This complicated oxidation 
path is in sharp contrast with the redox behaviour of the 
monosubstituted (diphenylphosphino)ferrocene, which 
undergoes reversible one-electron oxidation [7,9]. 

* For Part VII, see Ref. [1]. 
* Corresponding author. 

0022-328x/96/$15.00 © 1996 Elsevier Science S.A. All rights reserved 
SSDI 0022-328X(95)05720-X 

In continuation of our interest in the characterization 
of ferrocenium species [1], we decided to find out 
whether 1,1'-bis(diphenylphosphino)ferrocenium cations 
could be stabilized by the introduction of suitable sub- 
stituents into the cyclopentadienyl rings of 1,1'-bis(di- 
phenylphosphino)ferrocene (Scheme 1). 

In view of the well-established applicability of mass 
spectrometry ionization techniques [ 10-14] in the study 
of ferrocene species, we employed the desorption elec- 
tron ionization (DEI) technique to identify the oxidation 
products resulting from exhaustive anodic electrolysis 
processes. 

2. Results and discussion 

2.1.  E lec t rochemis t ry  

Fig. 1 compares the cyclic voltammetric response of 
1,1'-bis(diphenylphosphino)ferrocene (1) in dichloro- 
methane solution with those of the substituted com- 
plexes 2-4. 
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Controlled potential coulometry confirmed that in all 
cases the anodic step involves the consumption of one- 
electron per molecule. It can be readily seen that, at a 
fixed scan rate, the cathodic-to-anodic peak current ratio 
varies somewhat for the four species; for instance, at the 
value of 1.00 V s-1 illustrated in Fig. 1, the cathodic- 
to-anodic peak-current ratios are 0.7, 0.8, 0.3 and 0.0 
for 1, 2, 3 and 4 respectively. This suggests that, as in 
the case for the redox change 1-[1] + [7], for the 
substituted species 2 -4  the oxidation process is fol- 
lowed by chemical complications [15]. It is evident, 
however, that [2] + is kinetically more stable and [3] + 
more labile than [1] +. Quite unexpected was the com- 
plete instability of [4]+; we were unable to detect the 
backward response directly associated with the oxida- 
tion of 4 even at a scan rate of 51.2 V s -~. This 
observation is surprising in that vinylferrocene (8) un- 
dergoes a one-electron oxidation, which is chemically 
reversible on the cyclic voltammetric time scale [16]. 
(Macroelectrolysis experiments at room temperature 
show that about 30% of the green monocation [8] + is 
decomposed.) 

Evaluation of the kinetic stability of [5] + and [6] + 
was prevented by the presence of an irreversible pre- 
wave close to the main oxidation potential for 5 and 6. 
However, [7] + also seems to be slightly more stable 
than [1] + in that, at the reference scan rate of 1.00 V 
s -1, the ipJipa ratio is 0.8. As in the case of vinylfer- 
rocene, the precursor 9 exhibits an uncomplicated one- 
electron oxidation in cyclic voltammetry even if, after 

macroelectrolysis experiments at room temperature, 
about 40% of the green monocation [9] + was found to 
be decomposed. This further confirms the unfavourable 
effect on the stabilization of ferrocenium species ex- 
erted by the concomitant presence of two diphenylphos- 
phino groups. 

Table 1 summarizes the redox potentials for the 
one-electron oxidation of the 1,1'-bis(diphenylphos- 
phino)ferrocene species studied here. 

All the complexes oxidize at potentials only slightly 
different from one another, but significantly higher than 
that for unsubstituted ferrocene or monosubstituted (di- 
phenylphosphino)ferrocene. This suggests that thermo- 
dynamic access to the oxidized species is essentially 
governed by the electron-withdrawing effect of the two 
diphenylphoshino substituents. Nevertheless, as indi- 
cated by the computed lifetimes of the primarily electro- 
generated monocations [15], the peripheral substituents 
may play some role in the kinetic stabilization of the 
corresponding ferrocenium species. The observed result 
is that, the higher the electron-donating ability of the 
substituents, the longer is the lifetime of the correspond- 
ing bis(diphenylphosphino)ferrocenium complexes. This 
seems to support the view that in bis(diphenylphos- 
phino)ferrocene the highest occupied molecular orbital 
(HOMO) is no longer the non-bonding iron-based a' 1 
orbital of ferrocene but is transformed by the strong 
contribution from the two 1,1'-PPh 2 groups into an 
antibonding phosphino-based orbital. In this light, the 
presence of the additional unsaturated vinyl group in 4 

R1 

Fe 

1. R = H Rl=PPh 2 6. R = CH(CH3)N(CH3XCH2)2N(CH3) 2 R1=PPh 2 

2. K = CH(CH3)OH Kl=PPh 2 7. g = CH(CH3)N(CH3h KI=PPh 2 

3. K = CH(CH3)SH R1=PPh 2 8. K = CH=CH2 KI=H 

4. g = CH=CH 2 g l = P P h  2 9. K = CH(CH3)N(CH3)- 2 RI=H 

5. R = CH(CH3)SCH(Ph)CH(CH3)N(CH3) 2 g l=PPh 2 

Scheme  1 
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is constant with the complete instability of the [4] + 
cation. However, account must be taken of the fact that 
in some cases coordination of the two diphenylphos- 
phino groups to metal fragments, which also removes 
electron density from the bis(diphenylphosphino)ferro- 
cene fragment, leads to stable ferrocenium complexes 
[18]. This shows how various effects can change the 
nature of the HOMO level. 

2.2. Mass spectrometry 

Mass spectrometry investigations were carded out on 
the 1,1'-bis(diphenylphosphino)ferrocene species 2 -4  as 
well as on their exhaustively electroxidized solutions. In 
all cases the mass spectra of the oxidized species reveal 
the presence of diphenylphosphinoxide derivatives not 
present in the spectra of their corresponding neutral 
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Fig. 1. Cyclic voltammograms recorded at a platinum electrode on 
CH2C12 solutions containing [NBu4ICIO4] (0.2 mol dm -3 )  and (a) 
1 ( 1 . 1 X l 0  -3 mol dm -3 )  (b) 2 ( 1 . 0×10  -3 tool dm - 3 )  (c) 3 
( l . 0 X  10 -3 mol dm -3 )  and (4) (0 .7x  10 -3 mol dm -3 )  (scan rate, 
1.00 V s - l ) .  

Table 1 
Formal electrode potentials (vs. a saturated calomel electrode (SCE)), 
peak-to-peak separation and monocation lifetimes for the one-elec- 
tron oxidation of  1,1'-bis(diphenylphosphino)ferrocene and related 
species in CH2C12 solution 

Complex E °' ( + / 0 )  a AEp b ipc/ip" c q/2 
(V) (mV) (monocation) 

(s) 
1 +0.61 92 0.7 0.3 
2 + 0.62 92 0.8 1.0 
3 + 0.65 104 0.3 0.05 
4 + 0.53 d -- 0.0 < 0.005 
5 +0.67 100 c _ 
6 + 0.66 84 c _ 
7 +0.57 123 0.8 4.0 
8 + 0.43 162 1.0 Stable 

+ 0.50 f - - - 
9 + 0.41 120 1.0 Stable 
Fe(CsHs)  2 + 0.44 98 1.0 Stable 
(C5H5)- +0.50 g - 1.0 Stable 
F e ( C s H 4 - P P h  2) +0.58 h _ _ 

" Measured at the scan rate in which the ip~/ ipc ratio approaches 
unity. 
b Measured at 0.5 V s-1 .  
c Measured at 1 V s - t  . 
d Peak potential value at 0.5 V s -1 .  
c Not computable because the peak-current ratio cannot be reliably 
measured. 
f From [17]. 
g From [9]. 
h From [7]. 

congeners. As an example, Fig. 2 presents a comparison 
of the mass spectrum of 4 (Fig. 2(a)) with that of the 
species resulting from its anodic oxidation (Fig. 2(b)). 

As a consequence of the electron removal process, 
new peaks at m/z = 596, 612 and 630 respectively 
appear, in addition to the molecular ion of the residual 4 
at m/z--580. Accurate mass measurements (Table 2) 
indicate that the first two peaks correspond to the 
addition of one and two oxygen atoms respectively to 
the primarily electrogenerated [4] + cation. This sequen- 
tial transformation of the diphenylphosphine moiety into 
diphenylphosphinoxides, which is probably promoted 
by traces of water either present in the nominally anhy- 
drous solvent or adsorbedduring the recovery of the 
sample from the macroelectrolysis process, is constant 
with previously reported oxidation mechanisms [8]. As 
illustrated in Scheme 2, one fragmentation path involves 
the loss of a phenyl group from both [4] + and [10] + 
with formation of the ions at re~z= 503 and 519 
respectively. The further loss of a PPh2-P(O)Ph 2 radi- 
cal from the monosubstituted cyclopentadienyl ring af- 
fords the ion at m/z = 318. The direct loss of the same 
PPh2-P(O)Ph 2 radical from the three ferrocenium 
species [4]% [10] + and [11] + yields the fragment ions 
at m/z = 395 and 411 respectively. In turn, the m/z = 
395 ion may lose either a phenyl radical yielding the ion 
at m/z = 318, o r  C 5 H 6 ,  giving the ion at m/z = 329. 
The C s H  6 fragment is also lost by the ion at m/z = 411. 
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It is evident that the species [4] +, [10] + and [11] + 
fragment directly by loss of the pendant group of the 
monosubstituted ciclopentadienyl ring; this probably in- 
dicates that the first diphenylphosphine group to un- 
dergo oxidation is that of the substituted diphenylphos- 
phinocyclopentadienyl ring. 

Other fragment ions present in the mass spectrum at 
m/z  = 347 and 321 are attributable to [FeCsH3(CH= 
CHz)P(O)Ph2] + and to [FeCsH4P(O)Ph2] + respec- 
tively. 

Finally, the peak at m/z  = 630, which differs by 18 
amu from the ion [11] +, can be plausibly attributed to 
addition of a water molecule to the vinyl group of [11] ÷. 
The corresponding fragment ion resulting from the loss 
of P(O)Ph 2 is present at m/z  -- 429. 

The mass spectrum from the species produced by 
oxidation of 3 (molecular ion at m / z  = 614) displays 
peaks at m/z  = 612, 614, 628, 630, 644 and 646 re- 
spectively, indicating the formation of a mixture of 
mono- and di-bis(diphenylphosphine)oxide derivatives 
differing from each other by 2 amu. It seems reasonable 
to suppose that during the electrochemical experiment 
the formation of oxide derivatives is accompanied by 

partial dehydrogenation processes, probably centred on 
the peripheral carbon chain. 

In the mass spectrum of the species obtained by 
exhaustive oxidation of 2 (m / z  = 598), the molecular 
ion of the residual 2 or its electrogenerated monocation 
[2] + is present only in very low intensity. On the 
contrary, peaks at m/z--580,  596, 612 and 628 are 
present with relative intensities higher than 50%. The 
first three peaks can perhaps be attributed to species 
produced by a dehydration process preceding the se- 
quential oxidation of the phosphine substituents; this 
hyposuggestion is supportive by the fact that the B / E  
spectra of the ion at m/z  -- 612 from [2] + and [4] + are 
superimposable, indicating that [11] + is formed in all 
cases. As previously observed for the oxidation of 3, the 
ion at m/z  = 628 may result from a dioxygenation-de- 
hydrogenation process. 

3. Experimental details 

Materials and apparatus for the electrochemical stud- 
ies have been described elsewhere [19]. Mass spectrom- 

C ~ C H 2  -]+. 

Fe 

[4]÷: R = R 1 = PPh2 m/z 580 

[10]÷: R = OPPh 2 R~= PPh2 m/z596 

[11]*:R=R I=OPPh 2 m/z612 

Ph = phenyt 

CH==CH2 q + 

-Ph" ~ PPh _ R1. 

for [4]* and [10]* 
Fe 

m/z 503 for [4]* 

m/z 519 for [10] ÷ 

CH==C½ 

Fe - C5t-16_~ 

© 
m/z 395 for [4]* 

rn/z 411 for [10] ÷ and [11] ÷ 

Scheme 2. 

CH==C½ 

~ P P h  

Fe 

-i+ 

m/z 318 

- Ph" for [4]+ 

C ~ C H  
q+ 

Fe 

m/z 329 for [4]* 

m/z 345 for [10]* and [11]* 
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Fig. 2. DEI mass spectra of (a) 4 and (b) the product resulting from 
its exhaustive anodic oxidation. 

etry experiments were carried out on a VG70-250S 
double-focusing instrument. Experimental conditions 
were as follows: acceleration voltage, 8 kV; source 
temperature, 150°C; electron energy, 70 eV; current 
emission, 100 mA; resolution, IO00M/AM (10% of 
valley). Accurate mass measurements were performed 
at a resolution of 5000M/AM (10% of valley) with 
perfluorokerosene (Fluka) as the internal standard. A 
drop of toluene containing the electrochemically oxi- 
dized ferrocene species was put on the platinum f'lla- 
ment of the desorption probe. The solvent was allowed 

Table 2 
Accurate mass data and elemental composition for the main ions 
present in the mass spectrum of the products resulting from electro- 
chemical oxidation of 4 

Composition Measured mass (ix) Error (p-3)  

[C36 H 30FeP202 ] *+ 612.1062 0.8 
[C 36 H 30FeP2 O] * + 596.1115 0.6 
[C36 H30FeP2 ]* + 580.1178 - 0.5 
[C 3o H 25 FeP2 ] + 503.0778 0.3 
[C 24 H 2o FeP] + 395.0653 - 0.1 

to evaporate, and the wire was introduced into the ion 
source. The wire heating current ramp was from 0 to 1 
A at a rate of 80 mA s-1. A scan time of 1 s decade-1 
in the range m/z = 800-50 gave good reproducibility 
of  the experiments. 

1,1'-bis(diphenylphosphino)ferrocene (1), (R)-N,N- 
Dimethyl- 1-[(S)- l',2-bis(diphenylphosphino)ferrocenyl]- 
ethylamine (7), vinylferrocene (8), (R)-(+)-N,N-di- 
methyl-l-ferrocenylethylamine (9) and ferrocene were 
Aldrich products; they were used without further purifi- 
cation. Complexes 2 - 6  were prepared by established 
procedures [20]. 
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