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Abstract 

Ferrocene–dichalcogenolate-bridged complexes, [Fe2(CO)6{-E(5-C5H4)Fe(5-C5H4)E)}] (E = 

S, Se), are [FeFe]-hydrogenase biomimics, in which the two redox-active centres lie in close 

proximity. Here we report the syntheses and electrochemical studies of phosphine-substituted 

derivatives, which allows tuning of the oxidation chemistry of the Fe2 centre, while (effectively) 

leaving that of the ferrocene centre unchanged. Mono-substituted [Fe2(CO)5{-Se(5-

C5H4)Fe(5-C5H4)Se)}(Ph2P-p-tolyl)], chelated [Fe2(CO)4{-E(5-C5H4)Fe(5-C5H4)E)}(2-

dppv)] and bridged [Fe2(CO)4{-E(5-C5H4)Fe(5-C5H4)E)}(-dppf)] complexes have been 

prepared under carefully controlled reaction conditions, the selenium derivative giving higher 

yields. Crystal structures of [Fe2(CO)4{-Se(5-C5H4)Fe(5-C5H4)Se)}(2-dppv)] and 

[Fe2(CO)4{-Se(5-C5H4)Fe(5-C5H4)Se)}(-dppf)] have been determined, which contain three 

closely located iron redox centres. Cyclic voltammetry (CV) and IR spectroelectrochemistry (IR 

SEC) have been used to understand changes occurring upon oxidation. Upon successive 

replacement of carbonyl(s), the oxidation potential of the Fe2 centre is lowered and in the dppv 

and dppf complexes it occurs prior to oxidation of the remote Fe(II) centre in the ferrocene–

dithiolate bridge, as confirmed by IR SEC experiments. Dppf complexes contain three different 

iron oxidation centres, and three separate oxidation waves are identified in the CV of 
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[Fe2(CO)4{-Se(5-C5H4)Fe(5-C5H4)Se)}(-dppf)]. DFT calculations have been used to better 

understand the likely structures of the oxidised species. They suggest that oxidation of the Fe2 

centre results in a structural rearrangement to give a semi-bridging carbonyl, but no such species 

are observed by IR SEC, possibly due to the high rearrangement energies. IR SEC studies also 

suggest that for the dppf complexes, oxidation may be delocalised over several sites.  

Keywords: hydrogenase; biomimetic; phosphines; redox tuning; oxidation; 

spectroelectrochemistry; ferrocene

1 Introduction 

The H-cluster site of [FeFe]-hydrogenases contains two redox centres, viz. the Fe2S2 core 

and a pendant Fe4S4 cluster1-5 and their strong electronic coupling is a key feature of the 

enzymatic catalytic functionality.6-8 Over the past two decades, biomimics of [FeFe]-H2ases have 

been extensively studied9-20; however, in the vast majority of these studies the focus has centred 

exclusively on the chemistry and redox properties of the Fe2 centre and, in comparison, systems 

containing a second redox active site that can act as a surrogate for the Fe4S4 cluster, are 

(relatively) rare.21-30 Another feature of [FeFe]-H2ase biomimics is a focus on their reduction 

chemistry and ability to catalyse proton reduction, while in contrast their oxidation chemistry, 

crucial for hydrogen oxidation catalysis, has largely been neglected.31-38 A current theme of our 

work in this area39-46 is the introduction of redox-active co-ligands to prepare biomimics 

containing two or more oxidizable redox centres, with the aim of preparing functional H2 

oxidation catalysts. 

In this context, we recently detailed studies of ferrocene–dichalcogenolate-bridged 

complexes, [Fe2(CO)6{-E(5-C5H4)Fe(5-C5H4)E)}] (E = S (1), Se (2))47,48 using cyclic 

voltammetry (CV), IR spectroelectrochemistry (IR SEC) and density functional theory (DFT) 

calculations to probe changes occurring upon oxidation and reduction.45,46 While the ferrocene 

centre is fully reversibly oxidised at relatively low potentials, oxidation of the Fe2S2 core is outside 

of the CH2Cl2 electrolyte potential window, preventing the generation of  the doubly oxidised 

species envisaged to be necessary to oxidize H2. An established way of lowering the oxidation 

potential of the Fe2S2 centre is the sequential replacement of one or more carbonyls with strongly 

electron-donating ligands such as phosphines or carbenes.49 In this way, the oxidation potential of 
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the Fe2S2 sub-unit can be tuned and brought closer to that of the ferrocenyl centre, potentially 

allowing strong electronic coupling between the two sites. Carbonyl substitution in [Fe2(CO)6(-

dithiolate)] complexes containing a flexible dithiolate bridge is (usually) relatively 

straightforward, requiring only mild reaction conditions and giving high product yields, as 

exemplified by the substitution chemistry of [Fe2(CO)6(-pdt)] (pdt = 1,3-propane-

dithiolate).50-60 In contrast, for those with rigid dithiolate bridges, substitution often requires 

more forcing conditions and can lead to low product yields. This is exemplified by 

[Fe2(CO)6(-bdt)] (bdt = 1,2-benzene-dithiolate) and related derivatives, which are also 

susceptible to fragmentation of the diiron centre and consequent formation of mononuclear 

products.61-67 Reasons for this behaviour are (likely) linked to the associative nature of ligand 

substitution at non-bridged and flexible-bridge diiron dithiolate complexes,68-70 which requires 

formation of an expanded non-Fe–Fe bonded intermediate. Sluggish carbonyl substitution can 

be circumvented by promoting a dissociative pathway, either via addition of a decarbonylating 

reagent such as Me3NO or under photolysis.70 Herein we describe the successful syntheses of 

some mono and di-phosphine-substituted derivatives of 1 and 2. Reaction conditions must be 

carefully chosen and controlled, and even then, yields are low, especially for derivatives of 

dithiolate-containing 1, while (in general) the diselenolate-based chemistry gives higher yields. 

Nevertheless, this approach gives access to [FeFe]-H2ase biomimics containing two or three 

redox-active metallic sites, allowing an investigation of their oxidation behaviour by CV and IR 

SEC, the results of which are supported by DFT studies.

2 Results and Discussion

2.1. Synthesis of [Fe2(CO)5{-Se(5-C5H4)Fe(5-C5H4)Se)}(Ph2P-p-tolyl)] (3)

We initially targeted PAr3-substituted complexes and selected Ph2P-p-tolyl since the methyl 

group serves as a useful NMR reporter. After several unsuccessful attempts (see ESI) we 

prepared 3 using a low-temperature CO-dissociative route.71,72 Thus, decarbonylation of a THF 

solution of 2 by Me3NO at –25 °C in the presence of excess Ph2P-p-tolyl resulted in the 

formation of [Fe2(CO)5{-Se(5-C5H4)Fe(5-C5H4)Se)}(Ph2P-p-tolyl)] (3) in moderate (30–

40%) yields (Scheme 1). No evidence was obtained for a disubstituted complex, even after 

refluxing an MeCN solution of 3 with an excess Ph2P-p-tolyl for 12 h.  The IR spectrum of 3 

shows the characteristic ν(CO) band pattern with four maxima at 2037s, 1982vs, 1962br and 
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1920w cm–1. The reaction of 1 with Ph2P-p-tolyl under similar conditions resulted in trace 

formation of [Fe2(CO)5{-S(5-C5H4)Fe(5-C5H4)S)}(Ph2P-p-tolyl)] (see ESI) but all attempts 

to obtain a pure sample were unsuccessful.

Fe

SeSe

Fe(CO)3(OC)3Fe

Fe

SeSe

Fe(OC)3Fe

CO
CO

PPh2(p-tolyl)
xs PPh2(p-tolyl), Me3NO

2

–25 °C, THF

3

Scheme 1 Synthesis of [Fe2(CO)5{-Se(5-C5H4)Fe(5-C5H4)Se)}(Ph2P-p-tolyl)] (3).

In [Fe2(CO)5(PAr3)(-dithiolate)] complexes the phosphine invariably occupies an 

apical site, and this is the case for 3 as revealed by NMR spectroscopy. Thus, for an apically 

bound phosphine, four ferrocenyl proton environments would be expected, whereas for the 

basal isomer all eight ferrocenyl protons are inequivalent. In the 1H NMR spectrum of 3 (Fig. 

1), three ferrocenyl proton environments are observed (ratio 2:2:4), thereby confirming an 

apical phosphine. 

Fig. 1 1H NMR spectrum of 3 in CDCl3 with inserts of the alkyl and ferrocenyl regions.
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2.2. Synthesis of [Fe2(CO)4{-E(5-C5H4)Fe(5-C5H4)E)}(2-dppv)] (E = S (4) and Se 

(5))

Asymmetry at the diiron centre has been identified as a desirable feature of [FeFe]-H2ase 

biomimics73 and both steric and electronic asymmetry can be introduced through the 

coordination of chelating diphosphines. cis-1,2-Bis(diphenylphosphino)ethene (dppv) has been 

widely used in [FeFe]-H2ase biomimics as it invariably yields chelate complexes.74-78 Dppv-

substituted [Fe2(CO)4{-S(5-C5H4)Fe(5-C5H4)S)}(κ2-dppv)] (4) and [Fe2(CO)4{-Se(5-

C5H4)Fe(5-C5H4)Se)}(κ2-dppv)] (5) were prepared upon addition of dppv to THF solutions of 

1 and 2 at ca. –20 °C after the treatment with two equivalents of Me3NO·2H2O (Scheme 2). 

After 20 min the solution was warmed to 40 °C and stirred for ca. 1 h, when IR spectra showed 

consumption of 1–2. Chelate formation is apparent from the characteristic IR pattern associated 

with an [Fe2(CO)4(µ-dithiolate)(κ2-diphosphine)] complex [ν(CO) 4: 2025vs, 1956s, 1914w 

cm–1; ν(CO) 5: 2017vs, 1949s, 1911w cm–1]. The 31P{1H} NMR spectrum of 4 shows two 

broad singlets consistent with the axial-basal isomer, their broad nature being associated with 

a fluxional process (not explored due to the low yields). For 5, the 31P{1H} NMR spectrum 

contains a singlet at  84.3 and the 1H NMR spectrum features four cyclopentadienyl 

environments, both observations being consistent with the formation of a dibasal isomer. In a 

concentrated sample of 5, two small peaks (ca. 2%) at 93.6 and 80.5 ppm were also observed 

in the 31P{1H} NMR spectrum, likely due to a small amount of the axial-basal isomer. Reasons 

why the change in the dichalcogenolate results in the different isomers are not obvious but may 

originate from the larger selenium atoms and the more diffuse lone pairs, which favours the 

dibasal form.

Fe

EE

Fe(CO)3(OC)3Fe

1–2

–20 °C, THF

Fe

SeSe

Fe(OC)3Fe

Ph2P
PPh2

CO
dppv, 2 Me3NO

5 (60% yield)

Fe

SS

Fe(OC)3Fe
P
Ph2

Ph2
P

dppv, 2 Me3NO

–20 °C,THF

4 (3.6% yield)

CO

Scheme 2 Synthesis of [Fe2(CO)4{-E(5-C5H4)Fe(5-C5H4)E)}(2-dppv)] (E = S (4) and Se 

(5))
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Single crystals of 5 were grown by slow diffusion of hexanes into a concentrated 

CH2Cl2 solution. The structure confirms that diphosphine is dibasal, thus minimizing adverse 

interactions between bridgehead and diphosphine (Fig. 2). The Fe–Fe bond is slightly longer 

than that in 2 [2.5507(5) Å in 2 vs. 2.6857(7) Å in 5].48 The distance from the ferrocenyl Fe 

centre to the phosphine-substituted iron is 4.3664(7) Å, and to the distal Fe centre 4.3491 (7) 

Å, both being slightly shorter than those observed in 2 (4.401 (6) Å).48

Fig. 2 Two views of the molecular structure (capped stick with hydrogen atoms removed for 
clarity) of 5, looking down the diiron bond (right) and looking down ferrocene moiety (left). 
Selected bond distances (Å) and angles (o): Fe(1)–Fe(2) 2.6857(7), Fe(1)–P(1) 2.1989(9), 
Fe(1)–P(2) 2.1989(9), P(1)–Fe(1)–P(2) 86.55(3).

2.3. Synthesis of [Fe2(CO)4{-E(5-C5H4)Fe(5-C5H4)E)}(-dppf)] (E = S (6) and Se (7))

Dppf is a flexible diphosphine79-81 and we have previously shown that dppf-bridged 

[Fe2(CO)4(µ-pdt)(µ-dppf)]2+ can catalytically oxidise H2.33 Our initial attempt to prepare 

[Fe2(CO)4{-Se(5-C5H4)Fe(5-C5H4)Se)}(µ-dppf)] (E = S (6) and Se (7)), using conditions 

akin to those adopted for 4 and 5, were unsuccessful. Dropwise addition of a THF solution of 

Me3NO to a solution of 1 or 2 and 2.5 equivalents dppf at 45 °C led initially to the formation 

of pentacarbonyl species believed to be [Fe2(CO)5{-Se(5-C5H4)Fe(5-C5H4)Se)}(κ1-dppf)] 

(for E = S, Fig. S1) and then the formation of the desired complexes 6 and 7 (for E = S, Fig. 

S2), which were isolated following workup (Scheme 3). 

Page 6 of 33Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 1
2:

12
:1

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6DT00946H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6dt00946h


7

dppf, Me3NO

Fe

EE

Fe(CO)2(OC)2Fe

Ph2P PPh2

Fe

Fe

EE

Fe(CO)3(OC)3Fe

6 E = S (24% yield)
7 E = Se (30% yield)THF, 45 oC

1–2

Scheme 3 Synthesis of [Fe2(CO)4{-E(5-C5H4)Fe(5-C5H4)E)}(-dppf)] (E = S (6) and Se 

(7)).

Both 6 and 7 exhibit an IR ν(CO) band pattern characteristic consistent with an 

[Fe2(CO)4(-dithiolate)(-diphosphine)] complex, the absorption maxima in 7 being positively 

shifted by ca. 10 cm–1 (e.g., 1991 vs 1981 cm-1) as compared to 6. Both complexes exhibit a 

singlet in the 31P{1H} NMR spectrum, consistent with the symmetrical binding of dppf and for 

7, 77Se satellites were observed. In the solid-state structure (see below) there are 16 non-

equivalent ferrocenyl protons. The 1H NMR spectrum of 7 is broad (Fig. S3), reflecting a 

fluxional process, and little information could be gleaned. The 1H NMR spectrum of 6 was 

more informative, the cyclopentadienyl region (Fig. 3) consisting of eight signals of equal 

intensities, each assigned to a pair of protons. This observation suggests a fluxional process 

resulting in the equivalent sulfur centres, akin to that established in related 

bis(diphenylphosphino)methane (dppm) complexes, whereby the diphosphine undergoes a 

concerted double trigonal twist.82 

Fig. 3 Part of the 1H NMR spectrum of 6 (CD2Cl2) revealing eight different ferrocenyl proton 
environments.
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Crystals of 7 were grown by slow diffusion of hexanes into a concentrated CH2Cl2 

solution, and the results of the X-ray crystallographic study (Fig. 4). The diiron separation in 

the core is ca. 0.1 Å longer than in 2 [2.5507 (5) in 2 vs. 2.6681 (12) Å in 7], but similar to that 

of the dppv analogue, 5. Unlike 5, where the distance from the ferrocenyl Fe centre to the diiron 

bond is shorter than in parent 2, for 7 it remains relatively unaffected [4.4401 (6) Å for 2, 

4.4538 (10) for 7]. The static structure of 7 is similar to that of [Fe2(CO)4(µ-pdt)(µ-dppf)],33 

the difference in their Fe–Fe bond lengths being ca. 0.05 Å. In 7 the distance between an iron 

centre from the Fe–Fe bond to the dppf iron atom is > 0.2 Å greater than the distance to the 

ferrocenyl bridgehead iron centre. 

Fig. 4 Two views of the molecular structure of 7 (capped sticks with hydrogen atoms removed 
for clarity) of 7, looking down the ferrocene moiety (left), and down the diiron bond (right). 
Selected bond distances (Å) and angles (o): Fe(1)–Fe(2) 2.6679(10), Fe(1)–P(1) 2.2520(12), 
Fe(2)–P(2) 2.2352(13), Fe(3)Fe(4) 8.069, Fe(3)–Fe(1) 4.424, Fe(3)–Fe(2) 4.454.

2.4. Probing oxidation chemistry by CV, IR SEC and preliminary DFT studies

We recently reported CV and IR SEC investigations of 1–2.45,46 Both show a quasi-reversible 

oxidation occurring at +0.14 (E 110 mV) for 1 and +0.37 (E 180 mV) for 2, being 

characterized by ca. 15 cm–1 blue shifts in the IR (CO) spectral region and thus associated 

with a ferrocenyl-based one-electron process.46 In such hexacarbonyl complexes, oxidation of 
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the carbonyl-bearing Fe2S2 centre is outside of the electrolyte potential window. Complexes 1 

and 2 also undergo a quasi-reversible reduction at –1.81 and –1.56 V, respectively, being 

associated with addition of an electron to the Fe2S2 core. The quasi-reversibility appears to 

result from a structural change which leads to the formation of a bridging carbonyl, as proven 

by a new IR (CO) band at ca. 1715 cm–1. 

The CV of mono-substituted 3 in CH2Cl2 (Fig. 5a) shows a chemically reversible one-

electron oxidation at E1/2 = 0.30 V, some 70 mV less positive than the oxidation of 2. The large 

value of ΔEp (260 mV), which increases with the scan rate, is indicative of slow electron 

transfer, likely caused by a geometric rearrangement upon the oxidation of the ferrocenyl 

centre. Scanning to more positive potentials results in a large oxidation wave (not shown) and 

passivation of the electrode and thus little further insight could be gained. Unfortunately, 

though not unexpectedly,49 oxidation of the Fe2S2 centre remains outside of the electrolyte 

potential window. Reduction of 3 occurs at –1.63 V and is irreversible over all scan rates, the 

large size of the reduction wave (as compared to the oxidation) suggesting that this 

multielectron processes likely corresponding to destruction of the parent structure. 

     
(a)                                                                     (b)

Fig. 5 (a) CV of 1 mM 3 in CH2Cl2/TBAH at 0.1 V s–1 and (b) IR SEC of 1 mM 3 in 
CH2Cl2/0.1 M TBAH) showing (partial) oxidation to 3+ (in red).

The assignment of the observable oxidation of 3 as ferrocenyl-based has been 

confirmed by IR SEC (Fig. 5b).  which shows a ca. 15 cm–1 blue shift of the ν(CO) absorptions 

in agreement with the behaviour of oxidized 2.45 When the electrode potential was held 

Page 9 of 33 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 1
2:

12
:1

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6DT00946H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6dt00946h


10

constant at the oxidation potential of 3 to observe full conversion to 3+, CO) bands assigned 

to 3+ decreased in intensity and a new absorption appeared at 2090 cm-1 (Fig. S4), which 

possibly corresponds to adsorbed CO on the Pt-minigrid electrode.83,84 This suggests that 3+ is 

not stable and consequently further oxidation is accessible. Importantly, coordination of a 

single phosphine ligand does not move the oxidation of the Fe2S2 centre into the potential 

window of the dichloromethane electrolyte.

Disubstitution is expected to sufficiently lower the Fe2S2 oxidation potential to bring it 

within the potential window.49 In CH2Cl2 (Fig. 6a), the oxidation chemistry of 5 is complicated. 

An electrochemically irreversible oxidation at 0.03 V is seen, which is independent of the scan 

rate over the range investigated. Two further oxidation events at 0.28 V and 0.45 V are also 

observed, the former having some reversibility, and both being dependent on the scan rate, with 

faster scan rates favouring the third event and slower scan rates the second one. In MeCN (Fig. 

6b and Fig. S5) only two oxidation events are observed at 0.11 V and 0.30 V, although the 

position of these is dependent on scan rate. Changes to the oxidation chemistry in this solvent 

suggest that solvent coordination may be occurring. Complex 4 also exhibits varying redox 

chemistry in these solvents (Figs S6–S7). In MeCN (Fig. S6), two irreversible oxidation events 

are observed at Ep,a = 0.10 V and 0.44 V, whereas in CH2Cl2 several irreversible, scan-rate 

dependent processes occur which cannot easily be distinguished from one another.

  
(a)                                                                            (b)

Fig. 6 CVs of 1 mM 5 at varying scan rates (normalised for scan rate) in (a) CH2Cl2/TBAH 
and (b) MeCN/TBAFP. 
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To investigate the nature of the species formed upon their oxidation, we performed IR 

SEC of 4–5 in CH2Cl2, initially focusing on 4 due to its higher solubility (Fig. 7). Initial 

oxidation of 4 results in formation of a new species in which the highest frequency ν(CO) band 

is shifted by ca. 50 cm–1, indicative of oxidation at the Fe2S2 core (Fig. 7a). Holding the 

potential at the maxima of the first oxidation wave results in conversion to a species in which 

the largest ν(CO) wavenumber is shifted by a further 11 cm–1 (Fig. 7b), being consistent with 

oxidation of the ferrocenyl centre to give a dication. At higher potentials, this species undergoes 

further oxidation, being accompanied by an 18 cm–1 blue shift in the ν(CO) wavenumbers (Fig. 

7c). It is not clear where this third oxidation takes place, but we suggest that it is second 

oxidation of the Fe2S2 moiety to afford a diferrous diiron centre.85-88 Importantly, while the CV 

shows that these processes are electrochemically irreversible, they are chemically reversible.  

Thus, upon reversing the potential scan direction, 4 is reformed. For 5 (Fig. S8), individual 

processes could not be resolved; however, observations broadly similar to 4 were made. A 

mixture of species form following the first oxidation; an absorbance at 1995 cm–1 being like 

that observed for the initial product of oxidation of 4, whilst the overall Δν(CO) of 64 cm–1 and 

number of bands suggests that the dication may also be produced. Upon scanning to higher 

potentials, an additional oxidation event is reached, which shows a further 10 cm–1 ν(CO) 

hypsochromic shift. These results suggest that the first oxidation of 4–5 is Fe2S2 based, and the 

second oxidation is localised at the bridging ferrocene centre. The nature of the third oxidation 

is unresolved but, given the chemical reversibility, we suggest it occurs at the Fe2S2 centre to 

afford a diferrous complex. 

Fig. 7 IR SEC of 4 in 0.1 M TBAH/CH2Cl2 showing (i) black trace for 4 and dark blue for 
first oxidation product 4+, (ii) generation of dication 42+ (light blue trace), (iii) third, unassigned 
oxidation (green trace) 
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The more complex nature of the CVs of 4–5 may be a result of electron-transfer 

processes, i.e. interconverting the initially formed Fe2(I)/(II)-Fc(II) configuration in [4–5]+ with 

an Fe2(I)/(I)-Fc(III) i.e. electron-transfer from the ferrocene-dithiolate to the diiron centre. To 

better understand the oxidation of 4–5 and support the assignment of the products, we carried 

out DFT calculations on 5 and 5+. For 5 (Fig. 8) the HOMO is localised at the Fe2 centre, while 

HOMO–1 is localised at the ferrocenyl centre. 

Fig. 8 DFT-calculated HOMO and HOMO–1 of 5.

Thus, while initial oxidation at the diiron centre is predicted, we sought to probe the 

lowest energy conformations of 5+ to understand if a significant structural and/or electronic 

rearrangement occurs. DFT calculations on 5+ identified two possible structures, which we 

label Cation_1 and Cation_2 (Fig. 9), with an energy difference of ca. 1.3 kcal in favour of 

Cation_2. In Cation_1, the spin density is delocalized across the Fe2 centre, and all carbonyls 

remain terminally bonded, while for Cation_2 oxidation is localised at the dppv-substituted 

iron centre and results in the formation of the semi-bridging carbonyl, the so-called rotated 

state. Formation of a semi-bridging carbonyl upon oxidation of Fe(I)Fe(I) dithiolate complexes 

is commonly observed, the unique carbonyl normally appearing below 1900 cm-1 in the IR 

spectrum.44,89–92 As seen by IR SEC, oxidation of 4 to 4+ does not generate a semi-bridging 

carbonyl (Fig. 7a); rather, the pattern of IR bands remains similar to that for the unoxidized 

species. Thus, it appears that (on the timeframe of the IR SEC experiment at least) oxidation 

of 4 (and 5) affords an all terminal-CO bound cation, consistent with Cation_1. An explanation 

for this is that the rigid nature of dithiolate group leads to a high activation barrier for the 

Fe(CO)(diphosphine) rotation required to give a semi-bridging carbonyl. We note that some 

related cations, including [Fe2(CO)4{2-(Ph2PCH2)2N(R)}(-pdt)]+, adopt a non-rotated 
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structure.41,42 Importantly, neither cation has a significant contribution of spin density on the 

ferrocene centre, thus discounting a facile electron-transfer from the latter to the diiron centre.

   
Fig. 9 DFT-predicted localisation of the spin density in isomers of 5+.

We next studied dppf-bridged 6–7 which contain three different (potentially) oxidisable 

iron centres. For comparison, we briefly review CVs of [Fe2(CO)4(-pdt)(-dppf)]33 and 

[Fe2(CO)6{-E(5-C5H4)Fe(5-C5H4)E)}].45,46 Dppf-bridged [Fe2(CO)4(-pdt)(-dppf)] shows 

two oxidative processes in MeCN, a reversible oxidation at 0.05 V (ΔE = 60 mV) and a quasi-

reversible oxidation at 0.68 V, associated with oxidation of the diiron core and the bridging 

ferrocenyl centre, respectively. The enhanced reversibility of the oxidations in MeCN vs 

CH2Cl2 likely represents solvent coordination at the generated cationic centres.42 We first 

studied the oxidative chemistry of 6 in CH2Cl2 due to its good solubility.  It shows a quasi-

reversible first oxidation at E1/2 = 0.05 (ΔE = 150 mV when ν = 0.1 Vs–1) (Fig. S9). At higher 

potentials, a second irreversible oxidation is seen at ca. 0.22 V, but the subsequent reduction 

of the species generated is complex and was not explored further. As for similar complexes, in 

MeCN the redox behaviour is simplified. Thus, 6 shows a quasi-reversible oxidation at E1/2 = 

0.09 V (ΔEp = 90 mV when ν = 0.5 Vs–1) and two further irreversible oxidations at Ep,a = 0.44 

V and 0.64 V (Fig. 10). The selenium-analogue 7 shows a similar behaviour in CH2H2, 

undergoing a quasi-reversible oxidation at E1/2 = 0.03 V (ΔE = 90 mV) (Fig. 11a) and two 

further electrochemically irreversible oxidations at Ep,a = 0.40 V and 0.53 V (Fig. 11b), 

occurring at slightly less positive potentials than those for 6. No reduction chemistry was 

accessible for either 6 or 7. Oxidation of the diiron centre in 6 occurs at a similar potential to 

that in [Fe2(CO)4(-pdt)(-dppf)],33 showing that the electronic properties of the two thiolate 

bridges are similar. Thus, we suggest the order of the oxidation of 6 and 7 is likely: (i) initial 
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oxidation of the diiron centre, (ii) second oxidation centred at the ferrocene of the dithiolate 

bridge, and (iii) third oxidation on the dppf-ligand.

(a)                                                                           (b)

Fig. 10  CVs of 1 mM 6 in 0.1 M TBAH/MeCN showing (a) the quasi-reversible first 
oxidation; ν = 0.5 Vs-1, and (b) all three observed oxidation events.

(a)                                                                           (b)
Fig. 11  CVs of 1 mM 7 in 0.1 M TBAH/CH2Cl2 showing (a) the quasi-reversible first 
oxidation; ν = 0.5 Vs-1, and (b) all three observed oxidation events.

These suppositions can (in theory at least) be explored by IR SEC. Unfortunately, the 

insolubility of oxidation products of 6 prevented its detailed study, but oxidation products of 7 

are more soluble in CH2Cl2 enabling IR monitoring of the process (Fig. 12). The species 7+ 

Page 14 of 33Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 1
2:

12
:1

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6DT00946H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6dt00946h


15

generated after the first oxidation event (marked Δ) shows a 48 cm–1 shift in the highest-

frequency ν(CO) band, consistent with oxidation occurring primarily at the Fe2S2 centre. By 

way of comparison, oxidation of [Fe2(CO)4(µ-pdt)(µ-dppf)]43 shows two events in MeCN, the 

first being associated with a large hypsochromic shift of ca. +60 cm−1.43 Unfortunately, we were 

unable to identify individual products from the second and third oxidation waves. A species 

exists in solution (marked ɸ) where the highest-frequency ν(CO) band is blue shifted by a 

further 107 cm-1. Assignment is not straightforward but based on the behaviour of 5 and 

[Fe2(CO)4(µ-pdt)(µ-dppf)].43 We expect both ferrocenyl groups to undergo oxidation. 

However, given that oxidation of a bridging ferrocenyl centre results in a ν(CO) shift of only 

ca. 15 cm-1,46 it seems that second oxidation of the Fe2 core may be involved to achieve the 

large ν(CO) band shift of 107 cm-1.

Fig. 12  IR SEC of 1 mM 7 (red trace) in 0.1 M TBAH/CH2Cl2. The product of the first 
oxidation is labelled as Δ, and further oxidations (green trace) as ɸ.

Calculations on 7 and 7+ are largely in agreement with conclusions drawn from 

experimental measurements. Closed-shell DFT calculations suggest that 7 has an Fe2-based 

HOMO and thus initial oxidation would be expected to be primarily localised there. Cation 7+ 

is predicted to have a semi-bridging CO ligand with spin density localised predominantly at 

the Fe(CO)3 centre (Fig. 13), but some dppf ferrocenyl character, which might account for the 

smaller than expected Δν(CO) upon oxidation of 7 to 7+. 
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Fig. 13 Calculated spin density distribution in 7+.

2.5. Summary of oxidation results

Table 1 gives a summary of the oxidation chemistry of 1–7 in CH2Cl2. Changes to the 

oxidation potential of the ferrocene centre of the dichalcogenolate bridge are relatively minor, 

but measurable, upon phosphine substitution of the diiron centre. Thus, oxidation of diseleno-

hexacarbonyl 2 is shifted to lower electrode potentials by ca. 0.07 V upon successive CO 

substitutions to afford 3 and 5 respectively, consistent with a small increase in electron density at 

the ferrocene centre. The IR SEC studies provide support for the oxidation of the dichalcogenolate 

bridge in 1-3. The hexacarbonyl-supported diiron centre is relatively electron-deficient and its 

oxidation is outside of the accessible range. As noted in related complexes,50 substitution of a 

single carbonyl does not bring the oxidation into the potential window. However, upon 

substitution of two carbonyls, not only does oxidation of the Fe2 centre shift to a significantly 

lower electrode potential, but it also becomes easier to oxidise than the ferrocene-dichalcogenolate 

centre. Oxidation of the diiron centre in chelate complexes 4–5 (in CH2Cl2) is irreversible, which 

is normally associated with a significant structural change resulting from formation of a semi-

bridging carbonyl upon oxidation.89-92 Frustratingly, we could not identify such a species via IR 

SEC studies, although we note that such bands are often of low intensity.44 We suggest that the 

rigidity of the dichalcogenolate bridge makes formation of such a species unfavourable, and 

another structural rearrangement occurs to afford a adopt a non-rotated cationic structure as has 
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previously been noted.41,42 DFT studies suggest that such a species may be akin to the 

calculated structure of Cation_1 (Fig. 9).  

Table 1. Oxidation potentials for 1–7 (in CH2Cl2
a
 or MeCNb).

Compound Ep,a
1st

 /V Ep,a
2nd

 /V Ep,a
3rd /V Ref

1a 0.14 (E 110mV) Fc 45

2a 0.37 (E 180mV) Fc 46

3a 0.30 (E 260mV) Fc

4a 0.02 (irrev) Fe2 0.22 (E 110mV) Fc 0.45 (irrev)

5a 0.03 (irrev) Fe2 0.23 (E 90mV) Fc 0.46 (irrev)

6b 0.09 (E 90mV) Fe2 0.44 (irrev) Fc 0.64 (irrev) PFcP

7a 0.03 (E 90mV) Fe2 0.40 (irrev) Fc 0.53 (irrev) PFcP

In dppf-bridged 6–7 there are three separate oxidisable centres and for both 6 (in 

MeCN) and 7 (in CH2Cl2) three oxidation events were noted. The first oxidation is quasi-

reversible. It likely occurs at the diiron centre, but for 7, the slightly smaller than expected (see 

below) Δν(CO) of 48 cm-1 accompanying this oxidation suggests it is (at least in part) 

delocalised at one of the ferrocene centres. DFT calculations show that a cation 7+ with a semi-

bridging carbonyl is thermodynamically favoured but no such species was clearly observed by 

IR SEC. DFT calculations also suggest that some of the positive charge in 7+ is localised on 

the dppf ligand. Thus, there appears to be some evidence for communication between redox 

centres in 6–7. This might also account for the higher-than-expected potential of the second 

oxidation event. Thus, from studies on 1–5 we might expect oxidation of the ferrocene-

dichalcogenolate bridge to occur around 0.3 V; however, for both 6 and 7 it is seen at ca. +0.1 V 

higher. This provides further evidence for the communication between redox centres and might 

suggest partial oxidation of the dichalcogenolate bridge at the first oxidation event. The 

irreversible nature of the second oxidation necessarily makes interpreting further redox events 

tentative, but for both a third oxidation event is seen, at 0.64 (for 6) and 0.53 V (for 7). The IR 

SEC studies of 7 do not allow us to separate the second and third oxidation events. However, the 

large hypsochromic shift (ca. 100 cm-1) upon further oxidation of 7+ suggests that there is a 

significant Fe2 contribution, providing further evidence of electronic communication between the 

three oxidation centres. 
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3 Conclusions

In this contribution, we have studied the phosphine-substitution chemistry of ferrocene-

dichalcogelate complexes, [Fe2(CO)6{-E(5-C5H4)Fe(5-C5H4)E)}] (E = S, Se) (1–2) with the 

aim of tuning the oxidation potential of the Fe2 centre, whilst (effectively) leaving that of the 

ferrocene centre unchanged. The first thing to highlight is the extreme difficulty in preparing and 

purifying such phosphine-substituted derivatives which contrasts greatly with the chemistry of 

[FeFe]-H2ase biomimics with flexible linking units, such as [Fe2(CO)6(-pdt)].50 This difference 

likely results from the different accessible mechanistic pathways with substitution of [Fe2(CO)6(-

pdt)]50,69,93 and non-bridged dithiolate complexes [Fe2(CO)6(-SR)2]68,94 occurring via an 

associative pathway,50,69 such a state being rendered inaccessible via the rigid ferrocene-dithiolate 

unit. Thus, a dissociative substitution pathway must be used, with Me3NO acting as the 

decarbonylation agent, and THF as the solvent, probably proceeding via lightly stabilised 

intermediates [Fe2(CO)5(THF){-E(5-C5H4)Fe(5-C5H4)E)}]. Replacement of the THF by 

phosphine requires a higher temperature and thus adding the phosphine at low temperatures and 

then warming is an effective strategy. For the diphosphine complexes, as we used only one 

equivalent of Me3NO, the second substitution must be thermally affected and the relatively good 

yield (60%) of [Fe2(CO)4{-Se(5-C5H4)Fe(5-C5H4)Se)}(κ2-dppv)] (5) suggests that the 

monodentate analogue has reasonable thermal stability. We have found in related chemistry43 

that the challenge in preparing -dppf complexes is in minimising the initial formation of the 

dppf-bridged tetra-iron complexes. This is relatively easy here as it can simply be controlled 

by the amount of Me3NO added since the associative (none Me3NO assisted) route is not 

accessible. Thus, while yields of dppf adducts 6–7 were not high, reactions were reproducible 

and relatively easy to carry out. 

Armed with a small selection of phosphine-substituted derivatives of 1–2 our aim was 

to investigate their oxidation chemistry by CV and IR SEC experiments. The strategy of tuning 

the oxidation potential of the Fe2 centre upon successive carbonyl-to-phosphine substitution is 

well-established,50 and our results in this regard were as expected (Table 1). Thus, upon 

replacement of one carbonyl, oxidation potential of the ferrocene-dichalcogenolate centre was 

slightly reduced, but oxidation of the Fe2 centre was still not within the CV window. Replacement 

of the second carbonyl, in either chelate (dppv) or bridged (dppf) complexes reduced the oxidation 

potential of the Fe2 centre to bring it below that of the ferrocene-dichalcogenolate. This is broadly 
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supported by IR SEC studies, although hypsochromic shifts are slightly lower than in related edt 

and pdt complexes suggesting some degree of electronic communication between the various 

redox centres. DFT studies on both dppv and dppf complexes suggest that oxidation of the diiron 

centre should result in formation of thermodynamically stable cation(s) with a semi-bridging 

carbonyl, but this is not observed by IR SEC. Reasons for this are not immediately apparent, but 

it may be that the rigidity of the ferrocene-dichalcogenolate backbone does not allow for a low 

energy pathway to such species. Dppf complexes, which contain three oxidisable centres, show 

three oxidation events by CV and IR SEC studies show that the first oxidation is primarily diiron 

centred. Based on a comparison of oxidation potentials of related dppf complexes it is suggested 

that the second oxidation is primarily at the ferrocene-dichalcogenolate centre, and the third at the 

dppf ligand, but their proximity makes this impossible to show by IR SEC. Indeed, the large 

hypsochromic shifts following oxidation of 7+ suggest that there may also be some further 

oxidation of the Fe2 centre during these events.

4 Experimental section

All reactions were carried out using standard Schlenk-line techniques under N2 using 

anhydrous solvents. Work-up was done in air using standard bench reagents. Phosphines were 

purchased from Santa Cruz Biotech (Texas, USA) or from Aldrich (Gillingham, UK) and were 

used without further purification. Complexes 1–2 were prepared as previously reported.46,47 

NMR spectra were recorded on a BrukerAvance 400 MHz Ultrashield NMR spectrometer 

(Coventry, UK) and referenced internally to residual solvent peaks or H3PO4. High resolution 

electron spray ionisation mass spectra were recorded on a Bruker Daltronics Esquire 3000 

spectrometer (Coventry, UK) by Dr Lisa Haigh (Imperial College). FTIR spectra were recorded 

with a IRAffinity-1S Shimadzu spectrophotometer (Milton Keynes, UK) in a solution cell fitted 

with calcium fluoride plates, subtraction of the solvent absorptions being achieved by 

computation. 

4.1 Syntheses and characterisation

[Fe2(CO)5{-Se(5-C5H4)Fe(5-C5H4)Se)}(Ph2P-p-tolyl)] (3) 
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A solution of 2 (200 mg, 0.32 mmol) in MeCN (7 mL) was cooled to ca. –20 °C in an 

ice/NaCl bath and Me3NO·2H2O (34 mg, 0.3 mmol, 0.95 equiv.) was added and the solution 

stirred for 20 min. Then, PPh2(p-tolyl) (89 mg, 0.32 mmol) was added, and the solution allowed 

to warm to room temperature and stirred for 3 h. Solvent was removed under reduced pressure 

and the product purified on a 10 cm long silica gel column (hexane/CH2Cl2, 4:1 v/v). Following 

elution of unreacted 2 a second brown fraction gave 3 as a black solid (103 mg, 37 %). 1H 

NMR (CD2Cl2) δ 7.68 – 7.21 (m, 14H, Ar), 4.43 (s, 2H, Cp), 4.34 (s, 2H, Cp), 4.09 (m, 4H, 

Cp), 2.39 (s, 3H, Me). 31P{1H} NMR (CD2Cl2) δ 63.9 (s) ppm. IR (CH2Cl2) ν(CO): 2037, 1982, 

1962, 1920 cm–1. ESI(+)MS: m/z calcd for (C34H25Fe3O5PSe2): 871.78; Found [M + H]+ = 

872.7929.

[Fe2(CO)4{-S(5-C5H4)Fe(5-C5H4)S)}(κ2-dppv)] (4)

Prepared as for 5 (see below for details). Yield (3.6 %). 1H NMR (CDCl3) δ 8.09 – 7.33 

(m, 22 H, Ar + CH), 4.74 (s, 2H, Cp), 4.52 (s, 2H, Cp), 4.06 (s, 4H, Cp). 31P{1H} NMR (CDCl3) 

δ 81.2, 80.1 ppm. IR (CH2Cl2) ν(CO): 2025, 1956, 1914 cm–1. 

[Fe2(CO)4{-Se(5-C5H4)Fe(5-C5H4)Se)}(κ2-dppv)] (5) 

Complex 2 (100 mg, 0.16 mmol) and dppv (64 mg, 0.16 mmol) were dissolved in dry, 

degassed THF (5 mL) under N2 and cooled to ca. –20 °C in an ice/NaCl bath. Me3NO·2H2O 

(17.8 mg, 0.16 mmol) was added under N2 and the solution stirred for 20 min. The solution 

was then heated to 40 °C and stirred for 1 h until the IR spectrum showed complete loss of 2. 

Following removal of the solvent the crude mixture was washed with hexanes (3 × 20 ml), 

dissolved in a minimum amount of CH2Cl2 and precipitated by addition of hexanes (100 ml). 

Filtration gave the pure product as a dark purple/brown powder (93 mg, 60 %). 1H NMR 

(CD2Cl2) 8.06 – 7.27 (m, 22H, Ar + CH), 4.65 (s, 2H, Cp), 4.47 (s, 2H, Cp), 4.12 (s, 4H, Cp); 
31P{1H} NMR (CD2Cl2) δ 84.3 (s) ppm; IR (CH2Cl2) ν(CO): 2017vs, 1949s, 1911 cm–1. 

ESI(+)MS: m/z calcd for (C40H30Fe3O4P2Se2): 963.80; Found [M]+ = 963.8024. 

[Fe2(CO)4{-S(5-C5H4)Fe(5-C5H4)S)}(µ-dppf)] (6) 

A THF solution of Me3NO·2H2O (17.8 mg, 0.16 mmol) was added to a pre-warmed 

solution of 1 (85 mg, 0.16 mmol) and dppf (222 mg, 0.4 mmol) at 45 °C. This was stirred at 45 

°C for 30 min until the IR spectrum showed complete loss of 1. The product was purified by 

prep TLC (hex: CH2Cl2, 55:45) and collected as the main brown band as soon as separation 
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from unreacted dppf (first band) and degraded material (baseline) had taken place. Removal of 

solvent under reduced pressure gave 6 as a brown powder (37 mg, 24%). 1H NMR (CDCl3) δ 

8.00 (s, 4H, Ar), 7.54 (s, 4H, Ar), 7.33 (s, 12H, Ar), 4.71 (s, 2H, Cp), 4.60 (s, 2H, Cp), 4.57 (s, 

2H, Cp), 4.55 (s, 2H, Cp), 4.34 (s, 2H, Cp), 4.03 (s, 2H, Cp), 3.98 (s, 2H, Cp), 3.94 (s, 2H, Cp); 
31P{1H} NMR (CD2Cl2) 49.3 (s) ppm; IR (CH2Cl2) ν(CO): 1991s, 1954vs, 1924s, 1903w cm–

1
. ESI(+)MS: m/z calcd for (C48H36Fe4O4P2S2): 1025.89; Found [M]+ = 1025.8972, [M + H]+ 

= 1026.9004.

[Fe2(CO)4{-Se(5-C5H4)Fe(5-C5H4)Se)}(µ-dppf)] (7) 

A THF solution of Me3NO·2H2O (17.8 mg, 0.16 mmol) was added to a pre-warmed 

solution of 2 (100 mg, 0.16 mmol) and dppf (222 mg, 0.4 mmol) at 45 °C. The solution was 

stirred at 45 °C for 30 min until the IR spectrum showed complete consumption of 2. The 

product was purified on a 10 cm silica gel column (hexane/CH2Cl2, 5:3 v/v) performed rapidly 

under positive pressure (N2) with the product being collected as the main brown fraction. The 

product is not stable on silica for more than a few minutes so this step must be performed 

rapidly. Removal of the solvent under reduced pressure gave 7 as a dark brown crystalline 

powder (51 mg, 30%). XRD quality crystals were grown from a CH2Cl2 solution layered with 

hexanes. 1H NMR (CD2Cl2) δ 8.41 (s, 4H, Ar), 7.60 (s, 4H, Ar), 7.45 (s, 12H, Ar), 4.98 (s, 2H, 

Cp), 4.61 (s, 8H, Cp), 4.36 (s, 2H, Cp), 4.21 (s, 2H, Cp), 4.14 (s, 2H, Cp). 31P{1H} NMR 

(CD2Cl2) δ 53.2-53.7 (br) ppm. IR (CH2Cl2) ν(CO): 1981s, 1948vs, 1916s, 1895w cm–1. 

ESI(+)MS: m/z calcd for (C48H36Fe4O4P2Se2): 1121.78; Found [M + H]+ = 1122.7788. 

4.2 CV and IR SEC

Electrochemistry was carried out in anhydrous degassed acetonitrile or dichloromethane 

solutions using 0.1 M TBAH (tetrabutylammonium hefafluorophosphate, recrystallized and 

carefully dried) as the supporting electrolyte. Unless otherwise stated, the working electrode 

was a 3 mm diameter glassy carbon electrode that was polished with diamond slurry. The 

counter electrode was a Pt wire and the quasi-reference electrode was a silver wire or Pt 

electrode. All CVs were referenced to the Fc+/0 redox couple. An Autolab Interface6 

potentiostat was used for electrochemical measurements. IR SEC was performed with a Bruker 

Vertex 70v FT-IR spectrometer (Coventry, UK) equipped with a DTLaGS detector. The SEC 

experiment was recorded using thin-layer cyclic voltammetry (TL-CV) with an OTTLE cell, 
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an EmStat3+ (PalmSens) potentiostat and the PSTrace 4.2 software. The OTTLE cell95 

(Reading, UK) was equipped with a Pt minigrid-working electrode, a platinum minigrid 

counter electrode, an Ag-wire pseudo-reference electrode and CaF2 windows. IR SEC samples 

contained 0.3 M supporting electrolyte and 1 mM analyte.

4.3 Computational Methodology

The DFT calculations reported in this chapter were done with the ORCA program package.96 

The structures were calculated using the molecular structure as a base. The structures of the 

cations were calculated from the optimized structures of the neutral species with additional 

electron(s). The geometry optimizations were carried out at the B3LYP level of DFT.97

4.4 Crystallography

Single-crystal X-ray diffraction data for 5 (CCDC 2548459) and 7.CH2Cl2 (CCDC 2548460) 

were collected at 150(1) K using an Agilent Oxford Diffraction SuperNova (Oxford, UK) 

equipped with a microfocus Cu Kα X-ray source, a Cryojet5®, and an Atlas CCD detector 

using the CrysAlisPro software at University College London. The structures were solved using 

SHELXT98 and refined using SHELXL99 both of which were operated from within either the 

Oscail100 or 4101 software packages. Crystallographic data were deposited with the Cambridge 

Data Centre with deposition numbers and important crystallographic data being given in Table 

S1.
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