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Ferrocene-bridged dithiolate complexes [Fe,(CO)s(u-ECsH4FeCsH4E)] (E = S, Se) (1-2) have been stud-
ied as biomimics of [FeFe]-hydrogenases, ferrocene taking the role of an Fe,S; surrogate. Both show a
quasi-reversible electron reduction at E;; = -1.81 V and -1.56 V respectively with IR SEC showing that
it is Fe,-based (ca. 50 cm~! hypsochromic shift) and leads to a significant structural rearrangement with
formation of a bridging carbonyl being at ca. 1715 cm~'. They also show reversible one-electron oxida-
tion with a small (ca. 15 cm~!) hypsochromic v(CO) shift, showing it is ferrocene-based, while oxidation
of the Fe, centre occurs outside of the potential window. DFT calculations on 1 show that the HOMO
is ferrocene-based, and the LUMO Fe;,-based, both in accord with the IR SEC results. However, the rad-
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[FeFe]-hydrogenase
Ferrocene-bridge

D@FhiOIE‘te ical anion [1]~ is calculated to have an elongated metal-metal vector rather than a bridging carbonyl,
Diiron although a complex with an open structure [1(%-CO)]~ in which one thiolate group moves from a bridg-
gf:rz’;;iitwe ing to a terminal position is energetically similar. For 2, DFT shows the HOMO is Fe,-based, which is not
DFT supported experimentally. Complexes 1-2 are proton-reduction catalysts at their first reduction potential

in the presence of trifluoroacetic acid. DFT suggests two competing pathways for H, generation catal-
ysed by 1, occurring upon protonation of either [1]~ or [1(#-CO)]~ to give bridging and terminal hydride
complexes respectively. For 2, DFT suggests that [2(x-CO)]~ is only slightly higher in energy than [2],
probably a result of the weaker Fe-Se vs Fe-S bond, and thus proton-reduction likely proceeds (primarily)
through the open-structure isomer.
© 2022 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The so-called H-cluster site of [FeFe]-hydrogenases (Fig. 1a)
contains two redox sites, the diiron dithiolate centre and a ferre-
doxin linked to the former through a cysteine group [1], and
strong coupling between the two is essential for its catalytic
operation [2]. Over the past two decades, [FeFe]-ase biomim-
ics have been extensively studied [3], but in the vast majority
the focus has been on the redox and chemical properties of the
Fe, centre, and models incorporating a second redox-active lig-
and remain relatively rare [4]. The first [FeFe]-ase biomimic to
contain a second redox site was reported by Pickett and co-
workers (L = 1,3,5-tris(4,6-dimethyl-3-mercaptophenylthio)-2,4,6-
tris(p-tolyl-thio)benzene)) (Fig. 1b) [5] and subsequently a number

* Corresponding author.
E-mail address: graeme.hogarth@kcl.ac.uk (G. Hogarth).
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of different approaches have been explored for the incorporation of
a second redox site [4]. Ferrocene-containing Fe4S, surrogates are
attractive due to their accessibility and well-studied Fe(II)/Fe(III)
redox couple, the latter being tunable via judicious choice of sub-
stituents. Examples include Rauchfuss’s complex (Fig. 1c) [6] and
the 1,1’-bis(diphenylphosphino)ferrocene (dppf) complex (Fig. 1d)
[7]. In these and related complexes [8], the second redox group is
connected via a phosphine moiety, the donor ability of which nec-
essarily affects the redox potential of the Fe, centre. Alternative
approaches have been explored, including attaching ferrocene onto
the dithiolate bridge [9-11], for example, in this way one (Fig. 1e)
[10] or more (Fig. 1f) [11] ferrocene sub-units can be incorporated
and the reduction potential of the Fe, centre is barely altered [10].
A limitation of all these approaches is, however, the relatively long
distance between the two redox centres and consequently their di-
rect interaction, and likely impact on catalytic behavior, may be
limited.

0022-328X/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Fig. 1. Line drawings of (a) the active H-cluster site of [FeFe]-ases, (b)-
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Scheme 1. Synthesis of ferrocene-containing 1-2

An approach that ensures relatively close contact of the two re-
dox centres is to incorporate ferrocene into the dithiolate back-
bone, as in [Fey(CO)g(n-ECsH4FeCsH4E)] (E = S, 1; E = Se, 2)
(Scheme 1) [12-14]. Thus, in 1 the ferrocene centre sits only ca.
4.2 A from the Fe, bond, and a low energy transition is observed
at 590 nm in the UV-vis spectrum, being assigned to charge trans-
fer from Fe(Cs5H4S), to the diiron moiety [13]. One of us recently
communicated the electrochemical properties and electrocatalytic
proton-reduction behavior of 1 [13]. Herein, we develop this work,
to include the selenium-analogue 2 and also investigate the oxida-
tion chemistry of both.

2. Results and discussion
2.1. Synthesis and characterisation

Using a modified procedure, 1 was synthesised (Scheme 1a) by
thermolysis of 1,2,3-trithia-[3]-ferrocene and [Fe3(CO);;] for 18 h
[13], with accompanying formation of [Fe3(u3-S),(CO)q]. Selenium
analogue 2 was prepared in a similar manner from 1,2,3-triselena-
[3]-ferrocene, giving higher yields (48 %) than the previously docu-
mented photochemical synthesis (21%) [14]. Synthesis of 1-2 could
also be carried out over shorter timeframes (ca. 4 h) in a mi-
crowave oven, albeit in lower yields.

IR spectra of 1-2 are characteristic of the Fe,;(CO)g(14-S), frame-
work, the highest v(CO) band for 2 at 2075 cm™! being red shifted
by ca. 6 cm~! as compared to 1, consistent with a small increase
in electron density at the Fe, centre for the more electroposi-
tive chalcogen. '"H NMR spectra of 1-2 are simple showing the
symmetry of the ferrocene centre. Reaction times for the forma-
tion of 1-2 are significantly longer than for related closed bridge-
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(f) [FeFe]-ase biomimics containing at least two redox centres

head systems such as [Fe,(CO)g(p-bdt)] (bdt = 1,2-SCgH4S) [15,16].
Oxidative-addition of a thiol to [Fe3(CO);,] initially results in for-
mation of a thiolate-capped triiron cluster, the stability of which
increases with increasing steric bulk and electron-donor properties
of the thiolate [17,18]. Although no evidence for a persisting thio-
late capped triiron cluster intermediate was observed by IR spec-
troscopy, it seems reasonable to suggest that increased stability of
such a species with a bulky dichalocogeno-ferrocene may result in
slow formation of the diiron dichalogenide species. Crystal struc-
tures of 1-2 have been previously been reported [13,14], the ferro-
cenyl moiety lying perpendicular to the Fe, bond, giving an overall
C,, symmetry. The presence of the larger chalcogen results in a
slight elongation of the distance between the ferrocenyl iron and
one Fe atom of the diiron bond from 4.2335 (5) A in 1 to 4.4401
(6) A in 2 [13,14]. In contrast, the diiron bond remains relatively
unaffected at 2.5056 (4) in 1 and 2.5507 (5) in 2.

2.2. Cyclic voltammetry (CV) and IR spectroelectrochemistry (IR SEC)

We studied the redox behaviour of 1-2 by cyclic voltamme-
try (CV) and IR spectroelectrochemistry (IR SEC), aspects of which
were previously communicated for 1 [13]. A CV of 2 in CH,Cl; is
shown in Figure 2 and as might be expected, 1-2 show very similar
redox behaviour. Each has a reversible oxidation at E;, = + 0.14
V (AE = Epa - Epc = 110 mV) for 1 and E;, = +0.37 V (AE 180
mV) for 2 (vs [Fe(CsHs),]+/0 as internal reference) being largely in-
dependent of scan rate which, alongside its accessibility, suggests
that it is ferrocene-based [19]. Both also have a quasi-reversible re-
duction at E;j, = -1.81 V (AE 220 mV) for 1 and E;j, = -1.56 V (AE
200 mV) for 2, and for the latter a further reduction at Epc = -1.92
is also observed, in addition to a small oxidation wave at Ep; = -
0.68 V associated with the reduction events. Oxidation of the Fe,
centre likely occurs outside of the potential window provided by
the solvent/electrolyte for both 1 and 2 [20].

We used IR SEC to further understand changes to 1-2 follow-
ing oxidation and/or reduction. For both 1-2, oxidation results in
a hypsochromic shift of the v(CO) bands, with the highest en-
ergy band shifting by ca. 15 cm~! (Fig. 3a). This relatively small
change confirms that oxidation localised at the ferrocene bridge-
head. In contrast, reduction of 1-2 is localized at the diiron site,
as evidenced by a ca. 50 cm~! bathochromic shift of the v(CO)
bands due to increased back-bonding (Fig. 3b). The pattern changes
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Fig. 2. CV of 2 (1 mM in 0.1 M BuyNPFg/CH,Cl, vs. Fct/® at 0.1 Vs1)

slightly upon reduction, indicative of a geometric rearrangement,
and a band at ca. 1715 cm~! assigned to a bridging carbonyl con-
firms this [13].

2.3. DFT calculations

To better understand the nature of the one-electron oxidation
and reduction events occurring in 1-2, DFT calculations were car-
ried out on both. The geometry-optimised model for 1 is in ac-
cord with the solid-state structure and shows that the HOMO is lo-
calised on the ferrocene and the LUMO on the diiron centre, being
metal-metal anti-bonding in nature [13]. The former corroborates
the SEC results, with the one-electron oxidation occurring at the
ferrocene bridgehead. In contrast, despite the near identical spec-
troscopic behavior of the two, DFT calculations on 2 show that the
HOMO is located at the Fe, centre (Fig. 4), although this conflicts
with spectroscopic observations. This discrepancy is highlighted by
the small observed hypsochromic shift of the v(CO) shown in the
IR SEC spectrum, which clearly shows that over the experimental
timeframe oxidation is ferrocene-based, likely due to the ferrocene
moiety being the kinetic site of oxidation.

Energies for the ferrocene HOMO and HOMO-1 located at 1 are
-5.7356 eV and -5.7653 eV, respectively, while the HOMO-2 for the
Fe,S, core is -6.2393 eV. The increased electron density offered by

Journal of Organometallic Chemistry 978 (2022) 122472

Fig. 4. Spin density of 2+, isovalues = 0.002, spin up (teal), spin down (red).

the selenium to both the ferrocene bridgehead and the Fe,(CO)g
core inverts the location of the HOMO to be Fe,(CO)g at -4.8823
eV, while the HOMO-1 and HOMO-2 are -5.3170 eV and -5.3453
eV. This energy inversion is not unexpected based on the increased
electron density offered by the selenium donors, however, it is not
evidently clear why the spectroscopic observations are nearly iden-
tical for 1 and 2. The open-shell calculations helped to reveal a
plausible explanation to the spectroscopic observations, finding a
significant energy barrier between an electron hole located at the
Fe,(CO)g core and that located on ferrocene, such that the spin
density is found across all three Fe sites. Open-shell calculations
often overestimate the degree of electron delocalisation; however,
the spectroscopic observations clearly point to ferrocene oxidation.

Unrestricted DFT calculations were carried out on the open-
shell structure of [1]~ and show the added electron to be lo-
calised in the Fe, anti-bonding orbital, resulting in an elonga-
tion of the Fe-Fe vector [13], however, this structure does not
have a bridging carbonyl (from IR SEC). Both [Fe,(CO)g(p-bdt)] [21]
and [Fe,(CO)g(un-edt)] (edt = SCH,CH,S) [22], with rigid dithiolate
bridges, undergo potential inversion and show a two-electron re-
duction with cleavage of an Fe-S bond and concomitant formation
of a bridging carbonyl. On the basis of this, further DFT calculations

2150 2100 2050 2000 1950 1900
Wavenumber /cm-!

(a)

2000 1900 1800 1700

Wavenumber /cm™!

2100

(b)

Fig. 3. IR spectra showing electrochemical conversion of 2 in CH,Cl;, to (a) oxidation product (red trace), (b) reduction product (red trace)
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were run on a selection of open structures, and a second energy
minimum identified, which is consistent with the spectroscopic in-
formation. From these calculations it was concluded that reduction
of 1 induces isomerisation to an open structure [1]~* in which one
thiolate group moves from a bridging to a terminal position. The
spin density of this structure is localised at one iron centre and
one CO ligand from the Fe(0) centre moves into a semi-bridging
position, pointing towards the Fe(I) centre. The open structure is
further stabilised by a sulfur-based s -bond.

Based on calculations for the open structure of 1 [13], DFT anal-
ysis of 2 revealed a similar second energy minimum correspond-
ing to a species, [2~]*,with an open structure, a semi-bridging car-
bonyl and a Se-based m-bond (Fig. 5). This was expected since
the spectrscopic data points towards the reduction of 1-2 result-
ing in formation of structurally similar complexes, anions [1(u-
CO)]~ and [2(m-CO)]~ being structurally similar to [Fe,(CO)g(p-
bdt)]2~[21], despite the latter being a two-electron reduction prod-
uct. As previously mentioned, potential inversion upon reduction
of [Fe,(CO)g(u-bdt)] results as the aromatic bdt ligand can stabilise
the negative charge [21]. In contrast, reduction of 1-2 is a one-
electron event, which may be attributed (in part) to the poor m
-acceptor ability of cyclopentadienyl rings. For both [1-2]~, whilst
DFT predicts that formation of [1(x-CO)]~ and [2(@-CO)]~ is en-
dothermic, experimentally we only observe open structures. The
discrepancy may be due to limitations in the DFT model which
gives gas-phase structures, and ignores the roles of solvent, counter
ions and the electrode surface.

3.3. Electrocatalytic proton-reduction

We previously reported [13] that (in MeCN) and with trifluo-
roacetic acid (TFA) as a proton source, 1 is an electrocatalyst for
the hydrogen evolution reaction (HER). We have now tested 2

Journal of Organometallic Chemistry 978 (2022) 122472

Fig. 5. Intrinsic bond orbital generated from open shell DFT calcualtions of [1(u-
CO)]~ (top) and [2(u-CO)]~ (bottom) showing bridging CO bonding orbitals (left)
and a m-orbital from the terminal chalcogenide (right)

as an electrocatalyst for HER under analogous conditions (Fig. 6).
Upon addition of TFA a new reduction wave appears at ca. -1.7 V
corresponding to H, production [13]. The catalytic current grows

0 -
-100 - . o=,
"
<§- -200 —
-300
-400 l o 20 40 60 80 100
Equivalents of TFA
T T T T T v T K 1
-2.5 -2.0 -1.5 -1.0 -0.5 0.0
——0O0equiv. ——20equiv. ——50equiv. —— 80 equiv.
——5equiv. ——30equiv. ——60equiv. —— 90 equiv.
—— 10 equiv. —— 40 equiv. —— 70 equiv. —— 100 equiv.

Fig. 6. CVs of 2 (1 mM in 0.1 M TBAFP/MeCN) in the presence of 0-100 equiv. of TFA; insert: plot of ic,/ica (catalytic current / cathodic current) taken at -2 V.



G.R.E Orton, M.R. Ringenberg and G. Hogarth

Journal of Organometallic Chemistry 978 (2022) 122472

. @

+e,+H
- H2 |/\|
(OC)4Fe
S:ky =47 s v +H'
-Fe- @ Seik;=30s" ©

H <

Fe Fe(CO)3

Fe(CO);

-H,

o @

o @

co), ¢~ 1< DE— <
(OC)sFe<—Fe(CO)s (OC)sFe“—g—Fe(CO)s
A = -8 kcal mol™ H
Se = - 14 kcal mol™
S = + 44 kcal mol™!
Se = + 9.5 kcal mol™
-Fe- -Fe-
+H*
H/ -
(CO) Fe(CO)3 (CO>F<@>F9(CO)3
5

Fig. 7. DFT calculated proton-reduction pathways for 1-2

steadily upon addition of between 0-70 equivalents of acid, but
the catalytic wave is less clearly defined than that seen with 1.
This possibly indicates that several HER processes occur simulta-
neously. From a plot of cathodic catalytic current (icat) against the
cathodic current in the absence of acid (ic;) it is evident that icat
reaches a plateau after the addition of ca. 80 equivalents of acid,
the rate of reaction becoming independent of acid concentration
and steady state equilibrium has been achieved. It is likely, and
consistent with studies of similar catalysts for proton-reduction,
that the rate-limiting step is reductive elimination of H, [13]. Thus,
the observed rate constant upon addition of 80 - 100 equivalents
of acid corresponds to the rate of unimolecular H; elimination. A
rate constant kear of 30 s is calculated, representing the number
of molecules of H, produced by each catalytic site per second, be-
ing slightly lower than that of 47 s™! calculated for 1 under analo-
gous conditions [13].

Based on DFT calculations, we previously suggested that two
catalytic pathways operate for 1 [13]. The first pathway proceeds
via reduction of 1 to [1] which is followed by protonation to
give a bridging hydride, while the second involves pre-formation of
the open-complex [1(%-CO)]", containing a terminal thiolate ligand
and semi-bridging carbonyl. Protonation of the thiolate s -orbital
followed by oxidative addition of the thiol generates a terminal hy-
dride which are typically more active towards H, release [13].

In order to understand the difference in the rate constants
between 1-2, we returned to these DFT calculations. So-called,
chalcogen slippage (Fig. 7) from [2] to the open structure [2(p-
CO)[", which in turn permits access to a proton-reduction pathway
involving a terminal hydride, is calculated to be significantly less
endothermic than the same process for 1. This suggests that 2 is
more able to support an open structure upon reduction, thus facil-
itating access to a proton-reduction pathway involving a terminal
hydride and might therefore be expected to exhibit superior HER
activity. However, while protonation of [1(#-CO)]™ to give a termi-

nal hydride is favored over formation of a bridging hydride, the
two routes have similar energies for [2(x-C0)] . This would reduce
catalyst efficiency and may explain the lower activity of 2 over 1 in
the presence of TFA. In some cases, strong acids, such as HBF4 have
been shown to favor formation of terminal hydrides over bridging
hydrides [23]. Consequently, 2 was tested as an electrocatalyst (in
MeCN) using HBF4 as a proton source. Unfortunately, addition of
sequential equivalents of HBF, resulted in large negative currents
which did not appear to follow any trend. IR spectroscopy showed
that addition of HBF,4 to a degassed CH,Cl, solution of 2 (see Fig.
S1) results in oxidation of the ferrocene centre to give [2]*, likely
explaining the unusual currents observed by CV. The instability of
the reduced form of 3 precluded its testing as a proton reduction
catalyst. Its accessible oxidation chemistry prompted us to probe
H, oxidation activity by NMR spectroscopy, however no evidence
of any reaction with H, was found.

3. Summary and conclusions

In this contribution we have significantly developed the
biomimic chemistry of [Fe,(CO)g(u-ECsH4FeCsH4E)] (1-2) [13],
containing two redox centres held in closely proximity. For both,
reduction is Fe, based and oxidation if ferrocene-based as clearly
shown by IR SEC. This view is largely supported by DFT studies,
although for 2 it is not in full accord suggesting that oxidation
should be Fe,-based. Both 1-2 reduce protons (TFA in MeCN) at
their first reduction potential with 1 being marginally more ef-
ficient. DFT studies suggest that two competing pathways oper-
ate, differing in the structure of the reduced monoanions, which
can have all terminal or a single bridging carbonyl ligand. Unfortu-
nately, the inaccessible oxidation of the Fe, centre has negated at-
tempts to oxidise H, and we have recently sought to address this
by phosphine-substitution, studies which will be reported in due
course.
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4. Experimental
4.1. General

All reactions were carried out using standard Schlenk-line tech-
niques under N, using anhydrous solvents. Work-up was car-
ried out in air using standard bench reagents. NMR spectra were
recorded on a BrukerAvance 400 MHz Ultrashield NMR spectrom-
eter and referenced internally to residual solvent peaks or exter-
nally to P(OMe); (3'P{'H}). High resolution electron spray ionisa-
tion mass spectra were recorded on a Bruker Daltronics Esquire
3000 spectrometer at Imperial College, London. FTIR spectra were
recorded on a IRAffinity-1S Shimadzu spectrophotometer in a so-
lution cell fitted with calcium fluoride plates, subtraction of the
solvent absorptions being achieved by computation.

4.2. CV and IR SEC

Electrochemistry was carried out in anhydrous degassed MeCN
or CH,Cl, solutions using 0.1 M [BuyN][PFg] as the supporting
electrolyte. An Autolab Interface 6 potentiostat was used for elec-
trochemical measurements. 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 or Fc**+/9 redox couples.
Proton reduction studies were carried out by adding equivalents
of HBF4.Et,0 (Sigma-Aldrich) which was used as supplied. IR SEC
spectra were obtained using a Nicolet 6700 FT-IR instrument using
an OTTLE cell equipped with a CaF, window.

4.3. Computational methodology

DFT calculations [24] were carried out using the ORCA pro-
gram package [25]. Structures were calculated using the molecu-
lar structures of 1-2 as a base. The structures of the anions and
cations were calculated from the optimised structures of the neu-
tral species with additional electron(s). Geometry optimisations
were carried out at the B3LYP level of DFT [25,26].

4.4. Synthesis

4.4.1. [Fez(CO)G(H-SC5H4F€C5H4S)] (])

[Fe3(CO)q2] (2.07 g, 41 mmol) and 1,2,3-
trithia[3]ferrocenophane (1.00 g, 3.57 mmol) were combined
in dry, degassed THF and stirred under reflux for 18 h. The so-
lution was cooled to room temperature, filtered through celite
with CH,Cl, (20 ml), and the solvent was removed under reduced
pressure. The product was purified on a 30 cm long silica gel
column (hexanes). The first fraction was deep purple [Fes(u3-
S)2(CO)g]. The second brown band gave 1 (603 mg, 32 %) as a dark
brown solid after removal of solvents under reduced pressure.
TH NMR (CDCl3) § 4.33 (s, 4H Cp), 4.01 (s, 4H, Cp); IR (CH,Cl,)
V(CO): 2075s, 2039vs, 2004s, 1996w cm!. Characterisation was
consistent with previously published data [13].

44.2. [Fez(CO)G(u-SeC5H4FeC5H4Se)] (2)

[Fe3(CO)q2] (1.37 g, 2.73 mmol) and 1,2,3-
triselena[3]ferrocenophane (1.00 g, 2.38 mmol) were combined in
dry, degassed THF and stirred under reflux for 18 h. The solution
was cooled to room temperature, filtered through celite with
CH,Cl, (20 ml), and the solvent was removed under reduced pres-
sure. The product was purified on a 30 cm long silica gel column
(hexanes). The first fraction was deep purple [Fes(u3-Se),(CO)ql.
The second brown band gave 2 (710 mg, 48 %) as a dark brown
solid after removal of solvent under reduced pressure 'H NMR

Journal of Organometallic Chemistry 978 (2022) 122472

(CDCl3) 6 4.32 (t, ] = 1.8 Hz, 4H, Cp), 4.13 (t, ] = 1.8 Hz, 4H, Cp).
IR (CH,Cl,) v(CO): 2069s, 2032vs, 1992s cm!. Characterisation is
consistent with previously published data [14].
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