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Chapter 6

Catalytic Proton Reduction using a Series of

Hexacarbonyl Diiron Hydrogenase Analogues

Hydrogen fuels cells offer one possible alternattee fuel sources used today.
Considering the shrinking quantities of fossil fualailable, and the need to prevent
further climate change, an efficient and clean igalesired. Mimicking the activity of

the [FeFe] hydrogenase enzyme in terms of hydrggeduction may offer a solution

to the problems currently associated with harnggdigdrogen as a fuel. In a bid to

achieve similar turnover rates with synthetic medidle mechanism of the catalytic
proton reduction must be investigated. As a cootrdn to this ongoing quest, a

series of models for the hydrogenase enzyme haveilreestigated electrochemically
and their catalytic activity has been studied i fhresence of a weak acid, acetic
acid.

The structures of the complexiés- 5 are based on the well-known organometallic
model with the formula, [FECO)(SCHCHRCHS)] with the sila-substituted
complexes — 10 revealing a silicon atom in the place of the cahtrarbon of the
dithiolate bridge. All ten compounds exhibit prajes in acidic solution indicative of
an electrocatalytic process. The sila-substitutedivétives differ from the carbon
analogues in that the first step involves the pmatmn of a basic sulphur atom
followed by reduction of the complex. A CECE merdmans proposed for the sila-
substituted complexes with the exception of tha-tein hydrogenase mod&lwhere
the different coordination modes and the envirorineénthe bridging silicon atom

lead to the tentative proposal of an ECEC mechanism
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6.1 Introduction

6.1.1 Hydrogen as an Energy Source

The face of energy technology is changing and $isisnare striving to find viable
alternatives to the current energy sources usedytodhich rely heavily on the
consumption of fossil fuels. This desire to provideovative, safer and cleaner fuels
for producing energy has led to increased intarestolecular hydrogen which may
now be considered as an important fuel in futurergy technology. Hydrogen is a
renewable energy source. Notable advantages obggdrfuel cells encompass zero
carbon emissions, which in turn will lead to cleaar and a reduction in the amount

of greenhouse gases emitfed.

A large amount of catalyst is required for hydrod@esl cells to operate efficiently. At
present elemental platinum is used as the cataljisére are, however certain
disadvantages to using Pt in hydrogen fuel celiss Rn expensive metal, the supply
of Pt in the earth’s crust is quite low and it eographically limited with most of the
metal found in South Africa and Russia. If the dathéor hydrogen fuel cells that
rely on Pt as a catalyst increases, the curremilgig@mand ratio will not suffice. A
greater demand for this catalyst leads to increasathg and processing of the metal.
The implications of this on the environment mustoabe considered especially in
terms of water and air pollutioh.

The quest for more economic and environmentallgnfily electrocatalysts for the
production of molecular hydrogen has led scienbsisk to nature and to the naturally
occurring metal hydrogenase enzymes which catélydegen evolutiof.

6.1.2 Hydrogenase Enzymes

When producing molecular hydrogen, microorganisns® uwnaturally occurring
hydrogenase enzymes to catalyse the reversibldioea@H + 2€ < H,. These
enzymes are found in bacteria suchCdsstridium pasteurianunand Desulfovibrio
desulfuricans These enzymes catalyse the reductive generatidrogdative uptake

of molecular hydrogen at remarkable rates which prasoked substantial interest
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into the study of the catalytic behaviour and molaec mechanisms by which
hydrogenase enzymes operate. By understandingtthetuse of the hydrogenase
active sites and the importance of each cofactdrinfunction, it has been possible

to synthesise analogues of the active site andsiigaee their catalytic activity.> °

H.in itself is relatively inert and as a moleculedither exhibits redox nor acid base
properties. The interesting thing however, is thiaén coordinated to metals forming
metal hydride complexes both redox and acid baseitgas observed. This can be
seen with the naturally occurring hydrogenase emsymvhere the active sites
incorporate transition metals such as Fe and WMhe hydrogenases constitute a
diverse group of enzymes and over the last 10 yelss the structural cofactors
essential in their enzymatic activity have beerrdbghly investigated.* > Two of
the most prominent of the hydrogenase enzymes laeheterodimeric [NiFe]-
hydrogenase and the homodimeric [FeFe]-hydrogewdiseh catalyse the oxidation
of hydrogen, with the latter involved in the redantof protons back to hydrogen,
Figure 6.1.
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Figure 6.1: Molecular structure of the [FeFe] and [NiFe] hydregases, where R =

the amino acid, cysteine.

Both classes of hydrogenase enzymes contain babiorogd (CO) and cyanide (CN
ligands in their active sites. These diatomiacceptor ligands are used to stabilise
metals when in low oxidation states. The [NiFe] foggbnase can be seen to bind to

the protein through four cysteinyl ligands (twovdfich are used to bridge the Ni and

253



Chapter 6: Catalytic Proton Reduction using a SenéHexacarbonyl Diiron Hydrogenase Analogues.

Fe centres) with its Fe-only counterpart bindingotigh one cysteinyl ligand lying
close to the [F54] cluster’® In the case of the former, the Fe centre cooreihaty
the CO and CNligands is diamagnetic and has been detectedeifr&ll) oxidation
state, whereas the Ni centre exhibits variable atiod states. During the catalytic
process involved in the oxidation of hydrogen bg f{NiFe] hydrogenase a hydride
ligand bridges the two metal centres resulting ichange in the geometry of each
metal centré.Even though the structure of the [NiFe] hydrogeniaseell known,
analogues of the active site of the enzyme pro\eetsynthetically challenging due to

the heteronuclear nature of the active site anditiusual structure of the Ni cote.

The diiron hydrogenase contains six Fe atoms (U$telr’) with four of these linked
to the active site through a cysteinyl sulphur atomordinated to the proximal Fe
atom, Figure 6.1. Each of the other two octahegitalanded Fe atoms is coordinated
to CO and CNligands with the two Fe centres bridged or sendgad by another
CO ligand. This CO ligand may interchange betwée of a bridging and terminal
ligand depending on the state in the enzymatidytatgpathway’® This diiron active
site is also bridged by a dithiolate cofactor whitye central atom is thought to be the
nitrogen of an amine moiety although this was originally thought to be a —CH
group? The presence of an oxygen atom in this centrahaiosition cannot be ruled
out either'® These three different atoms will each have diffeienplications on the
electronic nature of the active site as well asnieehanism for evolution of molecular
hydrogen. An amine in the central atom positiothef dithiolate bridge was proposed
based on its ability to act as a base during thalyt& process. Conformational
analysis however, disagrees with this idea: a sgsgnamine group in this position
on the dithiolate bridge would be prohibited froakibg part in the catalytic process
as its preferred conformation would see it invohedhydrogen bonding to the
sulphur of the bridging cysteinyl moiety preventialgctron delocalisation between
the 2Fe active site and the [4Fe4S] subclustefaetar that is critical in the catalytic

process (Figure 6.19.

There is an open site for coordination on the tisgacentre which may be occupied
by a water molecule prior to the proton reductioataolic process. Whether the
water molecule is present or not depends on whétledfeFe hydrogenase is from the

Clostridium pasteurianunor Desulfovibrio desulfuricandacteriat® The active site
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for proton reduction in this hydrogenase appeaisetéocated at the Fe centre distal

from the [FeS4] cubane of the H-clustér.

Hydrogen — proton interconversion requires thatatteve site of the hydrogenase has
both a base and a hydride acceptor. The [FeFebgdiase has proven to be more
effective than the [NiFe] enzyme in terms of catalyg the reduction of protons te.H
Several mechanisms for the reduction of protonghieyFe-only hydrogenase have
been proposed.’* One suggestion proposes that the metabolic reap@hway is
activated by reducing the complex and releasinggand. It is suggested that the
bridging CO ligand moves to a terminal position mipg a coordination site between
the two Fe centre$.A second mechanism suggests that it is the distalcentre that
provides the coordination site for the proton faliog reduction. The latter
mechanism is shown in Figure 6.2, where the ‘xhatdf the dithiolate bridge (Figure

6.1) is the carbon of a —GHroup.

The electronic properties of the coordinated ligapthy an important role in the
catalytic mechanism. Depending on the electron tlogatrength of the ligands, the
basicity of the Fe centres of the active site malbered which in turn will determine
whether the first step in the catalytic pathwayhiat of a reduction or a protonation.
This initial process can therefore be switched fromotonation to reduction, orice
versg by tuning the electronic properties of the ligamdordinated to the Fe centres
in the active site and therefore altering the l@fdbasicity. Introducing a basic site in
this manner can lead to the first step of the progmluction mechanism being that of a
protonation of the active site, provided the sttengf the acid is sufficient*'?
Protonation, as the first step in the mechanisnmeasgnised by a positive shift in the
reduction potential of the active site whereashim ¢ase of the first step being that of
electron transfer into the active site, no chamgeeduction potential is observed. As
pKa's and reduction potentials are interdependentitiaddof an electron to a metal
hydride will change the iy, of the system:* the reduced anion is now open to

protonation in the presence of an acid, Figure 6.2.
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Figure 6.2: A proposed mechanism for the catalysed reductigprations using the
[FeFe] hydrogenase enzyme.

6.1.3 Key Cofactors of the [FeFe] Hydrogenases

The cyanide ligands, coordinated to the metal esnivithin the active site, prove to
be one of the most distinguishing characteristichhe hydrogenase enzymes. In the
[FeFe] hydrogenase there are two Qiyands, one on each of the Fe atoms of the
active site whereas in the [NiFe] hydrogenase bbthe CN ligands are coordinated
to the Fe centre only with the Ni metal coordinai@dour sulphur atoms, Figure 6.1.
The cyanide ligands have a greater tendency to foyarogen bonds than the
carbonyl ligands (which sit in hydrophobic pockeasid this difference between the
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two types of hydrogenases may be important in deténg the pathway for the
metabolic reaction and whether it will involve hgden oxidation or productidfi.To
investigate this, diiron dithiolate cyanide salts/éd been synthesised from derivatives
of the [FeFe] hydrogenase of the type,[BRH(COM(CN),]*. The dicyanide salts
formed in this way have a flexible stereochemisling to a rapid turnstile rotation that
is found in complexes of the type,{l-X),Les. Reactions involving these synthesised
dicyanide [FeFe] hydrogenase analogues are nagtsti@ward. However, in the
protein this complicated reactivity associated with cyanide ligand is not observed
as a result of hydrogen bonding to amino acids ssckerine, lysine and glutamine

which protect the active site preventing bimolecataupling reactions.

The production of molecular hydrogen from protamgaicilitated by the redox active
2Fe centre within the H-cluster part of the enzymkis is assumed to be a two
electron process which involves the coupling of tprotons accompanied by the
reduction of the active site. Within the [FeFe] togenase enzyme the first redox
equivalent is given by the 2Fe subcluster with4Re4S cluster providing the second
allowing for electrons to be channelled betweemant the 2Fe active site. In the
enzyme these two subclusters are linked togethergua cysteinyl bridge. An
analogue of the [FeFe] hydrogenase has been sigetiashere the 4Fe4S subcluster
is attached to the diiron active site through ol bridges allowing for electron
communication between the diiron centre and thel8reustef’. Following reduction
of the complex this —SR linkage is ruptured whelieathe hydrogenase enzyme this

connection between the two subclusters is protduoydtie protein.

Intermediates of the metabolic reactions produdihgare presumed to consist of
hydride derivatives of the enzyme. The hydride nayerminal or bridgingutH) and

in the case of the enzyme it is thought to be dfiahe former with the distal iron
centre being the coordination site. The presendbeobridging carbonyl in the [FeFe]
hydrogenase allows for a vacant site at the disaocluster that can house the proton
forming a terminal hydride intermediate. Wilseh al have demonstrated that the
terminal hydrides exhibit greater reactivity to Bsted acids than the corresponding
u-H complexes which would suggest that the former @ore electron rich and
therefore more susceptible to protonatidhe terminal hydrides can undergo rapid

proceeding reactions forming @H complex. However, this type of follow-up
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reaction can be avoided depending on the basicity asymmetry of the diiron
centre'® An electron rich diiron centre with bulky ligand#lows for a more stable
terminal hydride by preventing turnstile rotatiomdahindering transformation to the
u-H complex. It was initially assumed that the preseof asymmetric Fe centres in
the active site of hydrogenase analogues was iapiofor increasing basicity of the
centres thereby allowing formation of terminal hgdrintermediates in the production
of hydrogen. Talamiet al.*® investigated this by synthesising the asymmekerg]
hydrogenase model, [Ha-pdt)(CO)(dppe)] (where pdt = propanedithiolate and dppe
= diphenyl-P-CH-CH,-P-diphenyl), where NMR experiments were used teadhe
presence of terminal hydride intermediates in thetgmation of the asymmetric
hydrogenase model. Barton and Rauchftiskave reported a symmetrical system
mimicking the active site of the [FeFe] hydrogen#&sgure 6.3

4 Ph,
E/X\/

Fe
\ \
th co co Ph
Figure 6.3: Molecular structure of [Fgu-pdt)(COX(dppe)], a symmetrical diiron

hydrogenase analogdé.

Following protonation, a CO ligand from one of the atoms, moves to a bridging
position, between the two iron atoms, resultingaiterminal hydride intermediate.
Both the terminal hydride andH derivatives of this hydrogenase analogue catalys
proton reduction releasing,Hhowever, the reduction of the terminal hydridenisre
thermodynamically accessible than that of the lmnigldnydride. As a result of this the
terminal hydride is reduced at potentials approx@lya200 mV less negative than the
bridging hydride. This proves to be quite an imanttobservation in the development
of catalysts for the production of hydrogen in fueklls as the more
thermodynamically accessible the reaction, the éeesgy required and therefore the

more cost effective the catalyst.
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6.1.4 Diiron Dithiolato Hexacarbonyl Hydrogenase Analogues

The production of molecular hydrogen using synthdiydrogenase models is
monitored using cyclic voltammetry. The presencenydrogen evolution from the
active site is recognised by the presence of dytiataurrent following addition of a
proton source — an acid. The criterion for a cai@lgurrent is that the height of the
reduction peak increases with increasing acid aanagon in the cell. In cases where
the first step of the catalytic pathway is a chehrocess, i.e. the protonation of the
diiron active site, a positive shift in the potahtof the cathodic peak is observed
following addition of the proton source.

A series of hexacarbonyl diiron hydrogenase anasdguave been reported in the
literature where the differences, for the most ,piggtin the nature of the dithiolate
bridge, in terms of the central ufiit! % *For most of the complexes it is noted that
the catalytic hydrogenesis proceeds via electransfter as the first step of the
reaction pathway and an ECEC (electrochemical-ctarelectrochemical-chemical)

mechanism is often observed.

In 2003, Darensbouret al. reported the electrocatalytic proton reductiomfrdiiron

hexacarbonyl hydrogenase analogues in the preséacereak acid’®

T )
4 X

(OC)Fe Fe(CO) (OC)Fe Fe(CO) (OC)Fe Fe(CO),

Figure 6.4: Molecular structures of the hexacarbonyl diiron hygkenase analogues
as reported by Darensbourg et al’® with [Fex(u-pdt)(CO) (left), [Fea(u-
SEt)(CO)] (middle) and [Fe(SCHx-CsH4-CH,S )(CO}].

Two quasi-reversible reduction processes are obdeiwr each of the hexacarbonyl
derivatives, Figure 6.4, within the range of -1.t6-1.34 V {s. NHE). These
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reduction potentials are in agreement with simidamplexes reported by Pickedt
al.*® Initially the complex is in the low valent e state. Addition of an electron
results in the diiron core becoming a mixed valestae with the first reduction
corresponding to the one-electroriffeé+ € — FEFe’ process. The second reduction
process is therefore proposed to correspond toFdiee® + € — FEFE process.
[Fex(SCH-CgH4-CHLS )(CO)] is reduced at the least negative potential as the
strongern-acceptor properties of the benzene ring draw reeatlensity away from
the diiron core and is therefore the more energiyicfavourable of the three
complexe<® The presence of a linked thiolato bridge is aksensto enhance stability
of the reduced specié$.The production of hydrogen by these complexes was
investigated using the weak acid, acetic acid aptbton source. This is in contrast to

previous work carried out by Rauchfiessal. ¢ 2°

where H production from related
complexes was observed using strong acids suchCisHiASO, and toluenesulfonic
acid with the proposed catalytic mechanism initdatg addition of a proton to the Fe-
Fe bond followed by reduction of the complex forgieé(u-H)Fée' intermediate and
finally releasing H. The differing strengths of the different acidedisn both cases
have an effect on the catalytic pathway with thiéiahstep differing between the

strong and weak acids.

Darensbourget al. '’ observed that the reduction peak potentials doshift in the
positive direction upon addition of acid which wdwduggest that the initial steps in
the catalytic mechanism are electrochemical in neafavolving reduction of the
complex prior to protonation. A catalytic curremst abserved originating from the
more negative reduction peak representative ofllafed complex with formation of
the terminal hydride Fecomplex eventually leading to evolution of fiom this site.
An EECC (electrochemical-electrochemical-chemided+nical) mechanism is
proposed for these hexacarbonyl diiron hydrogeaas¢éogues. This type of catalytic
pathway was also observed by Pickettal. ® following investigation of [F&p-
pdt)(CO}] in the presence of the strong acid, toluenesudfacid. Interestingly, the
catalytic H evolution process is somewhat inhibited in thespnee of excess CO
even though the reversibility of the reaction ipmwved. This behaviour arises as a
result of impedance of the catalytically active @pe due to side reactions forming

species where the CO reacts with the diiron catalys
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The reduction of protons using [ffe-pdt)(CO}] as a catalyst involves intermediates
of the complex due to side reactions occurringofeihg reduction. The mechanism
for hydrogen evolution is less complicated whenZeae is used in the dithiolate

6d, 17c

bridge (Figure 6.5) due to the lack of side reactionshwie catalyst as
confirmed by the chemical reversibility of the cdeyp The rate of KHevolution with
this benzene bridged system is however slower ti@nobserved with the pdt bridge

complext’®

S S
BN
(OC),Fe Fe (CO),

Figure 6.5: Molecular structure of the diiron hydrogenase ample, [Fe(uS-GHs-
S)(CO}].

The first reduction associated with the benzendgad [Fe(uS-GH4-S)(CO)]
complex corresponds to the addition of two eledrdorming [Fe(uS-CeHs-
S)(CO)]?. The systems exhibit a property known as poteittiarsion, i.e. where the
reduction potential of [F€uS-GH4-S)(CO)] is less negative that the neutral complex
and this results in a two-electron reduction. TR (:S-CsHa-S)(CO))* species is
reactive to protons and hence the catalytic cydgirts at this step. An ECEC

mechanism is proposed with release of lBlading directly back to the catalyst,
[Fex(uS-CoHa-S)(CO)].*

Sunet al. *"® investigated the effect of addition of amino- amitto- functionalised
benzene groups to the azadithiolate bridged (aetad¢arbonyl diiron complexes,
Figure 6.6, on the catalytic proton reduction patpsv The reduction processes
observed are akin to those reported for the Damngbanalogue¥® The amino-

functionalised derivative is reduced at potentiad) mV more negative than the
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corresponding nitro- complex showing that the twbsdituents have different effects

on the electron density around the diiron core.

S/S(“ONOZ é/(“@““z

S

(OC),Fe Fe (CO), (OC),Fe Fe (CO),

Figure 6.6: Molecular structures of the amino- and nitro- fuonoglised hydrogenase
analogues, [Fg(u-SCH)oN(4-NOQCeH)HCO)g (left) and [Fe{(u-SCH).N(4-
NH,CeH4)}CO)g] (right).

The catalytic proton reduction of these two compexvas investigated using the
weak acid, acetic acid as the proton source. Itrasnhto the EECC mechanism
reported for the carbon bridged hydrogenase anaetogfian alternative mechanism
for the catalytic production of His proposed for these adt-bridged complexes. The
presence of the nitrogen atom on the dithiolateda&iopens up a basic site in the
complex that is susceptible to protonation prioretectrochemical reduction of the
diiron active site. This is evident in the shiftthre positive direction observed for the
first reduction peak following addition of acid. &H(FEFE)(NH)] intermediate is
then protonated at the lower-valent Fe atom fornartgrminal hydride intermediate,
[(HFE"FE)(NH)]*. It is at this point where Hevolution is observed and a CECE

mechanism is proposéd’

6.1.5 Substituted Diiron Dithiolates

The naturally occurring [FeFe] hydrogenase enzynae® Fe atoms in the active site
that are chemically different due to the differegénds coordinated to each of the two
iron centres. By replacing one or more CO ligantisha active site in diiron

hydrogenase analogues these differentiated enventsncan be achieved leading to
asymmetric complexes that are closely related te tiydrogenase enzyme.
Substitution of a CO ligand at the diiron core cafect both the reduction and

catalytic properties of hydrogenase analogues.hjdeogenase enzyme contains both

262



Chapter 6: Catalytic Proton Reduction using a SenéHexacarbonyl Diiron Hydrogenase Analogues.

ligands that exhibitz-acceptor properties as well as stroaglonating ligands.
Examples of ligands witle-donating character are cyanides, substituted pluosp
ligands and N-heterocyclic carbenes. Analogueshef hydrogenase enzyme using

these ligands have been reported, Figuré%:7 "

U)\
/U)\

oc
oo \/\ FX\;@;%
N -

Me,P PMe, oc Seo
\F/e \Fe/ OC>F/9><\ Fe/ l\iMe
/

ocC / \\ ocC /Me\ /k\N( Q

ocC N
Me,P CN \\\//N\/

Figure 6.7: Molecular structures of diiron hydrogenase analagudere one or more
CO ligand has been substituted with {EeO)(u-edt)(PMe);] (top left), [Fex(uS-
CeHs-S)(CO}(P(OMe})] (top right), [Fex(COu(u-pdt)(PMe)(CN)] (bottom left) and
[Fe2(COu(u-pdt)(NHCY] (bottom right). NHC = 1-methylimidazol-2-ylidert&H,-1-

methylimidazol-2-ylidene.

The replacement of a CO ligand by the more electtonating P(OMe) ligand,
Figure 6.7, leads to more negative reduction pa@isnof the diiron core as a result of
increased electron density around the metal cerdse®bserved in the complex
[Fex(uS-GsHa-S) (CO}P(OMe)s}]. ® Following the investigation of proton reduction
using strong acids a CE mechanism is proposed Wwhetige complex is first
protonated, as noted by the appearance of a nekvgpenore positive potentials than
the reduction of the complex in acid free solutiand this protonated species is then
reduced. However, the proton catalysis for this glemis rather slow with only a few

turnovers per hour.
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Darensbourget al observed that the PMesubstituted complex, [HECOu(u-
edt)(PMe),], exhibits a better response to protons in sofuiiiocomparison to the all-
CO derivativet’® A greater sensitivity to acid concentration wasestied as a result
of the more stable intermediate of the JE&O)(u-edt)(PMe);] hydrogenase
analogue with 17 turnovers per hour recorded coetptr 6 for the all-CO complex.
In contrast to the all-CO analogue an ECCE mechaiias been proposed for this
complex where initiation occurs at the'f/e® oxidation state which is similar to the
naturally occurring [FeFe] hydrogenase enzyme.gresence of decent donor ligands
stabilise the H-Feintermediate allowing for this enhanced catalgitivity from the
FEFe state.

In 1999 Rauchfuset al. reported the mixed ligand diiron hydrogenase anso
[Fex(pdt)(COX(CN),]> which exhibited reactivity to protori. This electron rich
complex is structurally similar to the diiron hydenase enzyme, however, the
presence of strong acids in the catalytic reactignesitly affects the stability of the
intermediate forming insoluble derivatives of th@mmplex that are catalytically inert.
In order to form compounds with less reducing potian [Fe(u-pdt)(COW(CN),]*
and hence greater stability of the protonated inégliate, one of the CN ligands were
replaced with a PMgligand to form [Fg(pdt)(COXCN)(PMe)], Figure 6.7° The
addition of PMeg enhances the basicity of the diiron active sité ianthe presence of
strong acids the complex accepts a proton at orleeoFe atoms of the diiron active
site forming the terminal hydride complex, [HEEt)(COX(CN)(PMe&)]. The
cyanide ligand provides a second protonation sitethis complex is an example of
how subtle changes in the electronic propertiesheke types of complexes can
significantly alter the catalytic process. Protamaiof the Fe-Fe bond as the first step
in the catalytic pathway is also observed in theecaf the heterocyclic carbene
substituted derivative, [RECO)(u-pdt)(NHC)] (Figure 6.7)%* Following addition of
acid the first reduction peak is shifted by appnoxiely 100 mV in the positive
direction compared to the same peak in the acel érevironment. The height of the
reduction peak increases linearly with increasingd aconcentration which is

indicative of a catalytic proton reduction process.

This chapter focuses on a series of diiron hexacgithydrogenase analogues where

the affect of structural changes at the site of dhbiolate bridge on the catalytic
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properties of the complexes is investigated. Thectedchemical properties and
catalytic ability of a series of tetranuclear irtwydrogenase analogues are also

examined.
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6.2 Results and Discussion

There have been several reports in the literatiseudsing the nature of the central
atom of the dithiolate bridge in the [FeFe] hydnogee enzyme. Ambiguity still
surrounds the identity of this atom and conflictmggports suggest that the two iron
atoms in the active site may be bridged by eitheralkyl [(SCH),CH,] ° (pdt: 1,3-
propanedithiolate), the amino [(SE@ENR] ® (adt: azadithiolate) or the ether group
[(SCH,),0] *° (odt: oxadithiolate), Figure 6.8. The effect ofnlges in the electronic
properties of the dithiolate bridge on the catalyathways of hydrogen production

has been receiving increasing interest over regeais™> 23 24 2526

v o
= FeFe hydrogenase
active site (Figure 6.1)

alkyl [(SCH2)2CHZ2]
(pdt: 1,3-propanedithiolate)

S S

amino [(SCH2)2NR] ether [(SCH2)20]
(adt: azadithiolate) (odt: oxadithiolate)

Figure 6.8: lllustration of the proposed central atoms of ththidlate bridge within
the FeFe hydrogenase enzyfme®

Within the hexacarbonyl diiron complexes each Femabbeys the 18-electron rule
with closed shell configurations observed in bdthis is achieved by the presence of

an electron-pair coupling interaction between the té atoms. These types of

266



Chapter 6: Catalytic Proton Reduction using a SenéHexacarbonyl Diiron Hydrogenase Analogues.

complexes are diamagnetic as a result. The Fe-Ré lemgth is relatively short and
within the range of a single metal — metal bonds proposed that this bond is quite
distinct in that it takes on a “bent” conformationThe energy level patterns for the
diiron complex, [F§{CO%S;], described by Dahét al.?” show that the higher filled
molecular orbitals (MO) are comprised of three etiéint sets. The upper set (highest
in energy of the filled MO’s) is made up of 7 flleviO levels that exhibit mostly 3d
orbital character. The second and third set of M&ls are of lower energy than this
first set with the second set having substantiaddiong ligand character with the
splitting between the levels of this set being ipaftar sensitive to the nature of the
bridging ligand. And finally the third set is pragex to consist of MO’s with bridging
ligand character ordbcharacter arising from the carbonyl ligands.

4p 21X
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[ UMO
4b,
4s
HOMO
5a, 11,
3d
A
\
F
A=4a,
B=2a,
C= 2b1 1a2
D =3b, 1b,
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F=2b, — 50%
2a, 20y
1a, / 1,
1b,
Metal Orbitals Molecular Orbitals Ligand Orbitals

Figure 6.9: Molecular orbital energy level diagram for a diirocomplex with an
unsubstituted dithiolate bridge, [HE€OX%S] as proposed by Dahl et &f.
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The HOMO and LUMO levels within the complex corresd to the bonding and
antibonding MO’s associated with the “bent” Fe-femdb. Carbonyl ligands facilitate
the stabilisation of the three electron lone pamseach iron atom (the bonding and
antibonding counterparts of which make up the s Mvels below the HOMO) by
allowing for back-bonding of charge from the meialo the antibonding 2 CO
orbitals. The HOMO is comprised of mostly iron a@abicharacter however; it does
contain a small amount of Fe-C®Ilike orbital character which leads to a slight
destabilisation of the HOMO with respect to theirda orbitals, Figure 6.9.

To investigate the effect of reduction on the M@fshese types of complexes Dl

al. %’ studied the complex [REO)(PH.),] in the neutral, monoanion and dianion
states. The low lying LUMO of this complex is qud®se in orbital character to the
neutral [Fe(CO)%S;] complex. Upon introduction of a single electranthe LUMO

creating the monoanion complex, an increase irdistance of the metal-metal bond
is observed which increases further when the compefurther reduced to the
dianion. Apart from the sharp decrease in the gnefghe LUMO (caused by the
increasing length of the Fe-Fe bond) the otherggnievels in the complex experience
little reordering relative to one another uponaditiction of additional electrons into

the complex.

The electrochemistry of ten novel complexes isudised within this chapter. There
are structural differences between each complereterms of the nature of the
dithiolate bridge (with the exception of a selenianalogueyide infra and therefore
any changes in the oxidation or reduction potesnfiam one complex to the next may
be attributed to such changes and their effecherehergy of the associated HOMO
and LUMO of the diiron bond.

6.2.1 Hexacarbonyl Diiron Hydrogenase Analogues with a
Substituted 1,3-Propanedithiolate (pdt) Bridge

A series of novel [FeFe] hydrogenase analogueq{®®).(u-SCHCHOHCH,S)]
(1), [(Fe(CO})(u-R)] where R = 1,3-disulfanyl-2-propyl-tet@-acetyl$-D-
glucopyranoside 2) with the selenium derivative 3), [(Fe(CO})x(u-
SCHCHRCH,S)] where R = -CHCH(COQ-Bu)(NHBoc) @) and [{(Fe(CO3)2(u-
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SCH,CHRCH,S)}3] where R =0O-acetyl-phenyl ) have been examined and their
electrochemical properties and catalytic behavisutiscussed herein. The molecular

structure of each complex is shown in Figure 6.10.
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Figure 6.10:Molecular structures of the diiron hydrogenase agalesl — 5.

6.2.1.1 Electrochemistry of Substituted pdt-Bridged Hydrogenase
Analogues

The electrochemical properties of each complex wexamined using cyclic

voltammetry and differential pulse voltammetry alassy carbon working electrode.
The CV of each complex exhibits one anodic waveasgnting the oxidation of the
diiron centre according to the reaction!fle— FéFé' + €. Two cathodic waves are
observed in the CV of each, the potentials of wrach detailed in Table 6.1. One

anodic and two cathodic waves are also observethé&u-pdt reference compound,
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[(Fe(COY)2(SCHCH,CH,S)], Figure 6.4/ The first of these negative peaks
corresponds to the e + € — FEF€ process with a further reductive reaction

FEFE + e > FEFE represented by the second cathodic wave.

Compound FEFe/Fe'Fe FeFe/FeFe Fe'Fe/Fe'Fe’
[V] [V] [V]

1 +0.85 Epa) "1.53 Epo), 2.15 B
11.42 Epo)

2 +1.09 Ey2) - 1.50 €y -1.89 €y
-1.39 )

3 +0.97 €pd) - 1.46 Epo) -2.02 Epo)
-1.36 (BJ)

4 +0.92 Ep9) 1.57 Epo) -2.15 €y
-1.47 Epa)

5 +0.92 Ey2) 1.47 €59 -2.18 Epo)
-1.37 o)

[(Fe(CO)a)o(u-pdt)] *'*°  +0.84 Epa) -1.57 €po) -2.11 Epo)
-1.47 Epa)

Table 6.1: Electrochemical data for complex#&s-5, and related compound, at a GC

working electrode in acetonitrile, vs. Ag/Agference electrode.

The first (least negative) cathodic peak of alefsomplexes is indicative of a quasi-
reversible reductive process that represents thiedFe € — FéFe process. The
peak-peak separationEy) is within the range of 100-110 mV which also sesfg
that the electron transfer is not fully reversibl&is quasi-reversible nature has been
observed in other complexes containing an all-aalbtker between the two sulphur
atoms of the dithiolate briddé® ?® It is noted that the chemical reversibility of this
first reduction is somewhat dependent on the natfrehe bridging ligand. By
generating a CO saturated solution of the complexnerease in the reversibility of
the redox process can be achietedl.second irreversible wave is observed when a
further electron is pumped into the active sitetttd complex, as indicated by the
absence of an anodic wave on the return sweepfifdteeduction of the complex

occurs by inserting an electron into the antibogdirbital of the Fe-Fe metal boAd.
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It is thought that this newly created SOMO (singcupied molecular orbital) can
accept a second electron and this further redutgiogthens the metal-metal bond and
possibly results in cleavage of the bond followgdabstructural reorganization of the
complex. The addition of the two electrons to thava site would allow for the 18
electron rule to be obeyed by each Fe atom wasbtmel to break® Also, the
existence of a large difference in potential betwéee first and second cathodic
waves suggests that the location of the sitesdoh @rocess are not isolated from one
another and there is a certain degree of electmmamunication within the complex

following the addition of the first electron.
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Figure 6.11: Cyclic voltammetry of complek[1mM], at a GC working electrode (3
mm geometrical diameter), in acetonitrile with 0.86 TBAPFK as the supporting

electrolyte. Scan rate: 100 mV/s.

Complex 1 reveals the lowest (least positive) oxidation pbog within the five
complexes. This potential compares favourably, witbxperimental error, to that

recorded for the diiroru-pdt complex'’® P

(Figure 6.4) which suggests that the
presence of the hydroxy group in the pdt bridgedhaegligible effect on the electron

density around the metal centre and consequerdlgriergy of the HOMO located on
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the diiron metal bond. The potential of the firstluction process it is 40 mV more
positive than the corresponding process in theowlii-pdt complex. Therefore the
presence of the hydroxyl group may have an effacthe LUMO level within the
diiron bond however a shift of 40 mV may be consdeto be within the range of

experimental error.

By comparing complexe$ and2, it can be seen that the presence of the acetylate
sugar on the pdt bridge has a large effect oniinendcentre within the complex. The
oxidation potential is shifted by 240 mV in the pioge direction suggesting that the
large sugar group exhibits strong electron withdingwcharacter compared to the —
OH group inl. Making another structural change within the cawptloser to the
metal centres, by substituting the sulphur atomhefdithiolate bridge with selenium
atoms, leads to a decrease in the oxidation pateby approximately 120 mV
suggesting that the stability of thg molecular orbitals is greatly effected by the less
electronegative selenium atoms. In comparison ® ¢hanges observed in the
oxidation potentials, minor fluctuations in the weton potentials o2 and 3 are
observed. What is also interesting is that everughoan increase in oxidation
potential is observed when comparing com@enith that of the more easily oxidised
3, the same trend is not observed when evaluatiegrélduction potentials. The
different effect of the less electronegative selemion the oxidation and reduction
potentials is not surprising considering Dahlal’s >’ proposal that the HOMO and
LUMO levels are located on the bonding and antilmgabrbitals of the bent Fe-Fe
bond respectively.

A single irreversible anodic wave has been obsefmedomplex4 (Eya= +0.92 V,vs.
Ag/Ag") representing the removal of an electron fromHI@MO of the complex. A
reduction potential similar to those of complexE,. = -1.53 V) and the diirop-pdt
complex, Figure 6.&,. = -1.57 V, is noted for the first cathodic procedsere theg,.

= -1.57 V,vs. Ag/Ag". 2, 3 and5 are all reduced at potentials less negative than
which may result from the presence of the oxygemabn the substituted dithiolate
bridge. Oxygen is more electronegative than carbod the decrease in electron
density around the diiron centre 203 and5 compared tal would result in a more

positive reduction potential.
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The cyclic voltammetry and differential pulse vottaetry of the hexanuclear
complex5, like 4 also reveals only one anodic process at a polaitie0.92 V (s
Ag/Ag’). The coordination environment of each metal ewithin the compound is
identical to the next with three CO ligands, twdpbur atoms and a neighbouring Fe
atom in its coordination environment. Complexesthweymmetrical metal centres,
and a negligible degree of electronic interactietween the centres across a bridging
ligand will often only exhibit one anodic wave repenting the simultaneous
oxidation of the metal centres. This can be seendmplex5 where the presence of a
single peak in the positive region indicates timat three diiron centres are oxidised
simultaneously without communication between theedghactive sites. The exact
concentration of this solution in the electrocheahicell was unknown as a result of
poor solubility in the organic solvents used in th@pporting electrolyte (either
dichloromethane or acetonitrile).
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Figure 6.12:Cyclic voltammetry of compléx[<1mM], at a GC working electrode (3
mm geometrical diameter), in acetonitrile/dichloretimane with 0.05 M TBARFas

the supporting electrolyte. Scan rate: 100 mV/s.
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When scanning toward positive potentials the oeidif-é F€] compound appeared
to pacify the electrode with each cycle, Figure26.This was evident by the fact that
the intensity of the peak current decreased witth ensecutive scan and the peak
potential was seen to shift to more positive paosdnt This process lead to
complications in calculating the number of elecsramvolved in the oxidation of the

complex.

6.2.1.2 Electrocatalytic Proton Reduction of Substituted pdt-Bridged

Hydrogenase Analogues

The diiron hydrogenase analogues are synthesigediva intention of applying these
types of systems to fuel cells to catalyse the ¢edn of protons to molecular
hydrogen. The catalytic potential of each of thes fcomplexes reported above was
investigated electrochemically using the weak aagdtic acid (HOAc), as the proton
source. Acetic acid is reduced in acetonitrile2a48 V (s.Ag/Ag”). The hydrogenase
analogues display the ability to act as these tgbpestalysts when in the low valent
reduced forms, with proton reduction observed eithem the [F8F€] or fully
reduced [F¥€] states. The catalytic process is examined by raddicid in
increments thereby increasing the concentraticacaf in the solution with each cycle
and monitoring the catalytic reaction electrocheaityc When catalysis successfully
occurs and protons are reduced to hydrogen thé/tataave increases in height. A
negative shift in the reduction potential of thegatgic wave is also observed on
occasion. The reason for this is that the reacpimteeds at such a rate that the
current is controlled by diffusion of the substratesolution into the double layer at
the electrode surfadd.Upon addition of acid an irreversible cathodic qass is
observed indicating the formation of catalyticalgtive species involved in the
mechanistic pathway. The electrocatalytic propsrtef the diiron complexes
discussed in this chapter were investigated byraddiweak acid and monitoring the

changes in the electrochemistry.

Monitoring the changes in the reduction potentialhe negative region of the CV of
complexe< - 5 leads to the observation that there is an absehaeositive shift in
the reduction potential of the first redox proced4s46 <Ep. < -1.57 V) following the
addition of acetic acid. This suggests that theainstep in the mechanistic pathway
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involves the reduction of the diiron hydrogenasealyat to [F8F€] and not the
protonation of the complex as has been observethtoazadithiolate (adt) bridged

complexes, Figure 6.6, which have a nitrogen atothe dithiolate bridge as the basic

site!™®
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Figure 6.13: Cyclic voltammetry o [1 mM] at a GC working electrode, with HOAc
(0-10 mmol) using 0.05M TBAR acetonitrile as the supporting electrolyte. Sca
rate: 100 mV/s.
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Upon addition of one equivalent of acetic acid (inoh) a small increase in the
current intensity of this first reduction wave isserved however, further equivalences
of acid added to the system result in minimal cleantp the height of this peak,
Figure 6.13.

Upon further reduction to the lower valent {F€’] oxidation state, catalytic
behaviour is observed: the height of the peak as®s with each increment of acid
added and it is also noted that the potential isf ¢athodic peak does not shift in the
positive direction. In fact, the reduction poteht&this peak is seen to move ever so
slightly further negative with each aliquot of acithis type of behaviour has been
observed for other hexacarbonyl diiron hydrogenasalogues: the formation of
molecular hydrogen from the pdt bridged catalyffte(CO}),(SCH,CH,CH,S)], is
thought to follow an electrochemical-electrochematgemical-chemical (EECC)

mechanisnt/?

This type of mechanism is observed when the sirefiyced F¥€ oxidation state is
catalytically inactive and addition of a secondcelen forming the lower valent
FEFE state is required in order to initiate the catalgtycle. This [F& €] state is
reactive to protons and an flFe'-H] complex results. Following on from the
formation of this hydride complex the oxidised iroantre is now in a position to
accept another proton generating thg¢-,)Fe'-F€’] complex according to Scheme
6.1. This type of EECC catalytic pathway is progbfe complexe —5.
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[FeO—Fe'] )
e/
[Fe'—Fe'] [FeO—FeO] &
H, \ + H*
H+
Fe!l—Fe?®
H-

Scheme 6.1:Proposed EECC mechanism for the electrocatalysorjporating
hexacarbonyl diiron dithiolate complex@s- 5 where the catalytic cycle is initiated
from the second reduction step.
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Figure 6.14: Cyclic voltammetry ofi [L mM], at a GC working electrode (3 mm
geometrical diameter), with HOAc (0-10 mmol) usih@5M TBAPF in acetonitrile
as the supporting electrolyte. Scan rate: 100 mV/s.

The mechanism of catalytic proton reduction for liyerogenase analogug, is not
as straightforward as complex2s 5. Following addition of the first aliquot of acid t
the system no positive shift in the reduction pt&rof the [FéFd] — [FEF€]
process is observed. In acid free solution thiscgse is quasi-reversible. In the
presence of acid this wave becomes irreversibleaanihcrease in the height of the
wave is observed, Figure 6.14. The current intgnsiintinues to increase slightly
with each increment of acid thereafter howeverdhgsanges in current intensity are
minimal. From these observations it is proposed tha first step in the reaction
pathway is that of an electrochemical reduction aotla protonation of the diiron
active site, Scheme
6.2
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|(FeoFen(OH)|"
v X
[(Fe'Fe')(OH)] [(FeOFe') (OHZ)] '
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Scheme 6.2.
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|(Fe'Fen(OH)| [(FeoFe) (OH,)]|
2

[(HFe”Fe') (OHZ)]'

Scheme 6.2:Proposed ECCE mechanism for the electrocatalysorjporating
hexacarbonyl diiron dithiolate compléx
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The second step of the catalytic pathway to hydrogeolution is thought to be
protonation of this singly reduced species creatimeghydride species as indicated by
the appearance of a new cathodic wave at approgiynst.8 V ¢/s.Ag/Ag’) which is
300 mV more positive than the reduction potentfalhe second cathodic process in
acid free solution. This process is not observethénabsence of acid. It may also be
possible that the —OH group bonded to the pdt bridgllowing the first reduction,
acts as a proton relay between this and the digctive site allowing the first
protonation to occur at this basic site. The heightthis wave increases with
increasing amounts of acid added which would sughes the electrocatalytic proton
reduction is mediated from this point; the-[)Fe'-F€] intermediate complex (or
alternatively the [(OR)FE'Fe] complex. The intermediate is again protonated and
upon further reduction of this protonated comples tompound finally releases.H
An electrochemical-chemical-chemical-electrochemic€ECCE, Scheme 6.2)
mechanism IS proposed for the catalytic activity of
1

|(FeoFen(OH)|"

+ e +H*

|(Fe'Fen(oH)] [(FeOFe') (OHZ)] '
TN HA
2

[(HFe”Fe') (OHZ)]'

Scheme 6.2.
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6.2.2 Sila-Substituted  Hexacarbonyl Diiron  Hydrogenase

Analogues

As mentioned above, the [FeFe] hydrogenase enzgnamn iefficient generator of
molecular hydrogen from the reduction of protonsimMking the kinetic and
thermodynamic properties of the enzyme is not gititforward. Problems such as
high reduction potentials, lack of basicity andvslturnover rates are some of the
problems arising to date with the hydrogenase guale that have been reportett?

A series of model compounds for the diiron hydragenhave been synthesised where
the carbon of the pdt bridge is replaced by a @ilickFigure 6.15. These include
hexacarbonyl [J-(2,2-dimethyl-2-sila-1,3-propandithiolato(25)S)] diiron (6),
hexacarbonyl ([-(2,2-tetramethylen-2-sila-1,3-propandithiolato{3;5)] diiron (7),
hexacarbonyl |f-(2,2-pentamethylen-2-sila-1,3-propandithiolato(3;$)] diiron (8),
dodecacarbonyl big] p-{2,2-bis(mercaptomethyl)-2-sila-1,3-propanditratd(4-)-
S,S',S",S™}] tetrairon @) and octacacarbonyl big[ p'-{2,-(mercaptomethyl)-2-
methyl-2-sila-1,3-propandithiolato(39;S’,S"] tetrairon (L0). The effect of the sila-
substitution on the electrochemical properties lué five complexes and related
analogues are discussed. The catalytic activityeath compound with respect to

hydrogen production is also examined in the preseha weak acid.
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Figure 6.15: Molecular structures of the sila-substituted hexacayl hydrogenase
analogues$ — 10, the carbon analogue Ed1eC(SCH)z] 2(CO), 11 7% 28¥%nd the
nitro- (12) and amino-functionalised18) adt derivatives'”™ Fey[(u-SCH),N(4-
NR.CeH4)](CO)s, where R = H or O.
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6.2.2.1 Electrochemistry of Sila-substituted Hydrogenase Analogues

The [FeFe] hydrogenase analogugs; 8 (Figure 6.15), all contain one diiron active
site with the only difference between each compgtaxnd to lie in the number of

methylene groups bonded to the sila-substitutddadite bridge.

Compound FeFe/FE'Fe  FeFe/FEFe Fe'Fe/FeFe°
[V] [V] [V]
6 +0.79 Epy) -1.48 €,0), -
-1.40 Epd)
7 +0.81 €y -1.49 Epo) -
- 1.40 €pa)
8 +0.81 Epa) - 1.49 Epo) -
-1.39 Epd)
9 +0.99 E,a) -1.57 €po) -2.15 Epo)
-1.89 Epd)
10 +0.91 €9  -1.39 €y, -1.31 -2.16 Epo)
+1.04 Epd) (Epd)
-1.57 Epo), -1.46
(Epd)
[(Fe(CO)g)a(u-pdt)] *'*"  +0.84 Epa) -1.57 €pd) -2.11 Epo)
-1.47 Epd)
Nitro-functionalized +0.78 -1.34 ) -1.71 Epo)
ADT Complex 1217 -1.28 €po) -1.63 Epo)
Amino-functionalized +0.80 -1.48 o) -
ADT Complex 13" -1.23 Epo)

Table 6.2: Electrochemical data for complexés- 10, and related compoundsl -

13, in acetonitrile on a GC working electrode, vs/Ag/ reference electrode.

Cyclic voltammetry of comple® reveals that there are two redox processes ongurri
within the complex, the oxidation and reductiongmials of which are recorded in
Table 6.2. An anodic wave is observed at positicdéemtials representing the
irreversible oxidation of the diiron active sitecarding to the reaction, e —

FeFe' + . This process is also observed in the cyclic voftetry of both7 and8
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and the potentials recorded for each of the thoeeptexes show minimal variation
from one to the other in the range of +0.79 to £0/8vs. Ag/Ag").

A single reversible reduction is exhibited by eawhthe diiron complexes. By
comparison with the electrochemistry of the cometeinvestigated by Darensbourg
et al.}" Sunet al. '™ and complexeg — 5, this reduction is proposed to be a one-
electron process assigned to'f/é] + e — [Fe’F€]. Further reduction to the [Free”]
state was not observed for compleges8 within the potential window investigated (-
2.2to +1.1 Vys.Ag/Ag"), Figure 6.16. This CV details the redox process@sbut it

is also representative of the corresponding presegs7 and 8. The fact that the
oxidation and reduction potentials of all threerahi hydrogenase mimics are
approximately identical within experimental errouggests that the number of
methylene groups or likewise the addition of a reogthe dithiolate bridge has

minimal effect on the electrochemistry of the coexpl
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Figure 6.16: Cyclic voltammetry of compleék[1mM], at a GC working electrode (3
mm geometrical diameter), in acetonitrile with 0.86 TBAPK as the supporting
electrolyte. Scan rate: 100 mV/s.
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When comparing with the carbon based pdt bridgedogune4, Figure 6.10, it seems
that the silicon based compounds are easier tazexekhibiting oxidation potentials
approximately 100 mV less positive than thaddoSurprisingly the reduction waves
show that - 8 are also easier to reduce by a similar amountplgiconsidering these
observations in terms of electron density aroumdntietal centre alone, a less positive
oxidation potential would suggest that electronsitgrat the Fe centre has increased
arising from an increase in the electron donatinjtg of silicon compared to carbon.
However, if this is so then it would not explainyuine reduction is also a more facile
process with positive shifts observed in the reidacpotential. The resulting trend
appears to be that the addition of the more elealanating silicon atom to
complexes - 8 leads to more thermodynamically accessible oxada#ind reduction
processes — each complex is oxidised at a lowss p®sitive potential but the
reduction also occurs at less negative potentias the similar complexes containing
carbon §). Consideration of the location of the orbitals tie complex that are
involved in the oxidation and reduction processesgeals that the classically “bent”
Fe-Fe bond actually houses both of these orbiftpire 6.9. The HOMO of the
complex is thought to be located on this centraFEdond with the LUMO being its
antibonding counterpaff. The trend in oxidation and reduction potentialsesbed
above may be explained by the fact that an increaséectron density on the diiron
centre as a consequence of the silicon atom ordithelate bridge may cause an
increase in energy of the HOMO (making it easieoxalize) and a decrease in the

energy level of the LUMO resulting in a less negatieduction potential.

Where the hydrogenase moddls; 8 have one active site for the binding of protons
and production of b} complexe® and10 (Figure 6.15) have four Fe centres and are
therefore presumed to have two active sites fodibgn However, the distances
between the two diiron sites in each complex ar¢ the same and their
electrochemical properties are remarkably differaist a result. In the cyclic
voltammetry of compoun@ one irreversible anodic wave is observed represgiitie
oxidation of the Fecentre to F& Although there are two diiron active sites in the
complex only one anodic wave is observed suggestiay the oxidation of each
active site occurs simultaneously and therefore Wave represents two one-electron
processe$’® Figure 6.17 illustrates this by comparing the anamkidative waves

obtained for the tetra-iron compoufdvith the diiron single active site compou8d
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The area under the wave for the latter (6.61 X @) is approximately half that
observed fo® (1.21 x 10" C) suggesting that there are two electrons inwbinethis

oxidative process when two diiron active sitesgesent in the one complex.

When scanning to negative potentials with com@exne irreversible reduction is
observed representing two one-electron processessponding to the [Fed] + € —
[Fe°F€] process for each diiron centrEp = -1.05 V,vs. Ag/Ag"). Comparing this
reduction potential with that of the single actsige complexe$ — 8 (Figure 6.15) it
is noted that this process experiences a positing of approximately 440 mV
compared to the corresponding processes in thar.l&ttpossible explanation for this
lies in the fact that there is only one siliconmtm this complex which is bridged
between the two diiron centres. As a result of tisisaring” of the silicon atom
between the two active sites there is less additielectron density around the metal

centres of each and therefore it is easier to etiuthe [F&€] state.
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Figure 6.17:Cyclic voltammetry of compoun8gblack line) [1 mM] and® (red line)

[1 mM] and differential pulse analysis 6f(blue lines) at a glassy carbon electrode (3
mm geometrical diameter), in acetonitrile with 0.86 TBAPFK as the supporting
electrolyte. Scan rate: 100 mV/s.
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The analysis of the oxidation and reduction proegssm complex9 leads to a
conclusion that little or no interaction existsveén the two diiron active sites and
the silicon bridge acts as a poor mediator for cammigation between the two. Where
communication exists in the mixed valence state sejparate redox waves would be
expected for each proce8sThis is also observed in the tri-active site coewb
(Figure 6.10) where a single anodic wave is obskrepresenting the simultaneous

oxidation of the diiron active sites.

Marked differences are noted between the electroigtey of complex9 and that of
the second tetra-iron complek). In the latter a [4Fe6S] cluster exists compriséd
two [2Fe2S] clusters that are connected via twddong thiol groups. The length of
the bond between the inner two Fe atoms is shongen that of the bond length
between the two Fe atoms of each diiron active $he structure of0is very similar

. 28 with the most

to that of a tetra-iron hydrogenase mimic repotigdPickettet a
obvious difference being that the central atomhef dithiolate bridge is a carbon in
the Pickett complex as opposed to a silicon atorcomplex10. The molecule is
arranged around a centre of symmetry with the akmnimit being that of the planar
dithiolate bridged diiron unit. Pickeit al. proposed an [FE€'Fe'Fé] assembly for
the carbon analogue df0 where electrocatalytic proton reduction occursnirthe
unique all Fé state’’® However, electrochemical results obtained for #ik-
substitutedl0 suggest otherwise and therefore the assignmethieodxidation states

of each Fe atom within this structure differ fromat reported for the carbon analogue.

The cyclic voltammogram and the differential putis¢a recorded fat0O (Figure 6.18)
show reduction potentials in the region of the camiy discussed [FE€] + € —
[FE’F€] reduction step in [2Fe2S] complex€8.® * 32 The diiron hydrogenase
analoguess — 8 contain a single diiron active site. In these claxgs both iron
centres are thought to be in the' Beidation state. This is verified by Méssbauer
spectroscopyvide infra Given that the reduction potentialslfare within the range
of those recorded for the single active site comgdgTable 6.2) and also the fact that
the Pickett carbon complex (Figure 6.15) is reduaegdotentials approximately 140
mV more positive than this silicon analogweg infra Table 6.3) it is suggested that
the compound does not contain an'fiéd-Fe'Fe] assembly as described by Picket

al. 1% Instead the data indicates the presence of t&&¢f dinuclear units which are
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connected via two thiol-groups. The assignmenhis ¢harge to the iron centres and
the presence of thiol groups bridging the two diictive sites is confirmed with

further experimentsjide infra

The cathodic waves at —1.38 and —1.57 V are thexedesigned to quasi-reversible

reductions according to the following equations

[FéFe - FeFe + € . FeFeFeF€] -1.38V
and
[FEFEFeFe + € - FeFeFEFe] -1.57V

which is in contrast to the reported carbon denveatA third reversible reduction is
noted at more negative potential${E2.16 V). This may be assigned to the further
reduction of the diiron active sites to the §Fe] oxidation state.

The compound shows two closely spaced irrevergibsitive processes, Figure 6.18,
assigned as the oxidation of both diiron activeessiiccording to the following
scheme: [F&€ - FEF€' + €]. The presence of two separate anodic peaks may be
due to the different coordination environment @& thdox active sites: it is difficult to
say whether the first oxidation occurs on the inRefFe bond that bridges the two
active sites or whether it is located on the ouotetal-metal bond of one of the active
sites. The Fe atoms of the inner diiron bond aok €aordinated to a single carbonyl
ligand as well as two bridging sulphur atoms whare possibly protonatedide
infra, whereas the coordination environment of the obtelatoms is different given
that they are each coordinated to three carbogghtis as well as the bridging sulphur
atoms. The separation between the anodic wavesaisayindicate interaction across

the dithiol bridge between the two active sites.
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Figure 6.18: Cyclic voltammetry (top) and differential pulsetaohmetry (bottom) of
complex10 [1 mM] at a glassy carbon electrode (3 mm geornetrdiameter), in

acetonitrile with 0.05 M TBARFas the supporting electrolyte. Scan rate: 100 mV/s
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The reduction potentials reported by Picketttal. for the carbon derivativé® were
recorded using dichloromethane as the electroclansgolvent and a Ag/AgCl
electrode as the reference electrode. Two sepaadt®dic waves are observed for
this carbon compound, separated by approximately ®¥. The first wave is
assigned to the [Hed'Fe'Fe] + € — [FEFEFE'Fe] process with addition of the
second electron leading to the all' Beate. This large difference between the two
reduction potentials, while not conclusively, cas dn indication of communication
between the redox sites within the complex follagvihe initial reduction. Interaction
occurring suggests that the locations of the redeicites are not insulated within the
molecule thereby possessing the ability to inteweithh one another. Pickeét al. %2
propose that the first reduction results in theitamld of an electron to the central Fe-
Fe antibonding orbital. This anionic species iblstand fully reversible as verified by
spectroelectrochemistfy® Addition of the second electron to this orbitalaisjuasi-
reversible process; the dianion is relatively uplstaf the duration of this second
reduction step is longer than 10 seconds and aecmaccleavage of this central diiron
bond results leading to the formation of a mixtafelecomposition products? The
electrochemistry ofl0 was also recorded under these conditions to enauore
unambiguous comparison between the two compouratde®.3. The first reduction
wave of the carbon analogue occurs at a potehili$ approximately 140 mV more
positive than that of the corresponding processompoundl0. A difference of 50

mV is noted for the second reduction potential.

Epa[V] Ew.[V] Ew.[V] Epc[V]
FéFe/Fe'Fé  Fe'Fé/FeFe FeFe/FeFe FeFe/Fe’Fe°

10 (CHsCN) +0.91 - -1.35 -2.16
+1.04 -1.52

10 (CH,Cl,) +1.12 - -1.25 -1.54
-1.43

Carbon - -1.02 - -
Analogue -1.39

(C H2C|2) 17d, 28

Table 6.3: Electrochemical data for complexO and the carbon analogue, in
acetonitrile and dichloromethane. All values haeeib corrected against the Ag/Ag

reference electrode using the Fc/Fapuple as the internal standard.
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The redox processes of these iron hydrogenase madeiclearly solvent dependent,
with negative shifts of approximately 100 mV obsstvwhen changing from
dichloromethane to acetonitrile. An ill-defined dation is observed at a more
positive potential than the corresponding procasacetonitrile for complef0. This
wave is not associated with oxidation of the sai\gince in blank electrolyte no such
process is observed. The third reductive processergbd in acetonitrile is not

observed in dichloromethane due to solvent cut-off.

Table 6.3 clearly outlines the differences betwi®nelectrochemistry of compléex0
with that of the carbon analogue. The results aethifor 10 do not support the
existence of an [Fe€' Fe'Fé] arrangement suggesting differences in the coatitin
environments and oxidation states of the Fe atomsamplex 10. To further
investigate the possibility of an all 'Farrangement in the tetra-iron complé®

Raman, Mdssbauer and susceptibility experiments waried out.

Professor Coey, of Trinity College Dublin, investigd the redox states of the Fe
centres through Moéssbauer and susceptibility measemts. The results obtained for
10 were compared with the diiron compléxXFigure 6.15) which is taken as a well-
established example of a compound with atF&ecluster. The Mdssbauer spectra
were fitted by the standard least-squares mininozgtrocedure. The spectrum f@r
shows a quadrupole doublet with an isomer shifi ©f-0.04 +0.02 mm & relative to
aee and a quadrupole splittiny = 0.78 +0.02 mm & (Table 6.4, Figure 6.19). These
values are in agreement with those obtained by $oagco-worker$® of § = -0.02
mm s'andA = 0.81 mm ¥ for a similar dinuclear compound. The asymmetryhef
spectrum indicates the presence of some of the(#@b %) in a second site giving a
doublet with broadened lines add: 0.19 +0.02 mm & andA = 0.52 +0.02 mm &.
Susceptibility measurements on this compound iditfued helium temperature range
show that less than 1% of the iron in the sampke dra unpaired spin. Hence any
unpaired electrons in the low spin' Eentres are paired to form a covalent bond in the
dinuclear complex. Since the covalent bond lengfreeted for an FE€ bond is 233
pm the X-ray Fe-Fe distance of 252 pm is in agregmath this interpretation. The
iron in the minority site appears to be low-spiff ,Rehich is quite consistent with the

observed isomer shift.
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Figure 6.19: Room-temperature Méssbauer spectra for compo6raisd 10. The fit

parameters for the quadruple doublets are shownhaible 6.4 below.

Sample | somer shift Quadrupole Linewidth mm Relative Area
mms* splitting mm s™ st %
6 -0.04 (2) 0.78 (2) 0.11 (1) 63
0.19 (2) 0.52 (2) 0.34 37
10 -0.04 (2) 0.82 (2) 0.11 (1) 93
0.17 (4) 0.51 (4) 0.42 (4) 7

Table 6.4:Room temperature Méssbauer data for compo@raisd 10.

The Mossbauer spectrum for compoulfdlis similar (Figure 6.19, Table 6.4). The

main doublet has an isomer skift -0.04 +0.02 mm & and a quadruple splittinty =

0.82 +0.02 mm 8. The minority site (~ 7 % of the iron) gives a i with
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broadened lines andl= 0.17 +0.04 mm & andA = 0.51 +0.04 mm &. The Curie-
law susceptibility data in this case is consisteitth 8% of the Fe atoms possessing a
spin of ¥, or 1% of the Fe being present as high-Bg¢' (Figure 6.20). It is surprising
that the different coordination sphere of the oated inner Fe atoms does not lead to

any significant difference in the quadruple spii
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Figure 6.20: Scan of the magnetization of sample measured in an applied field of
800 KA rit. The data are fitted to a law of the fop= xo + C/(T-8) wherexgis a

small temperature-independent term. The Curie @ms€C is used to deduce the
presence of unpaired spins, using the result C57 1L.0° 4S(S+1) per mole of ions

with spin S.

If an all Fé arrangement is present in the tetra-iron comg@xhen, in order to
balance the charges within the compound, the twdraesulphur atoms must be
protonated. This was investigated using Raman sysactpy carried out by Professor
Tacke in the University of Wirzburg, Germany. Fgu.21 shows the Raman
spectrum ofL0, measured with an excitation wavelength of 633 mhe spectrum is
dominated by methyl and methylene group vibrati@ng. the strong C-H stretching
vibration at 2914 cf, the C-S and C-Si stretching vibrations at 701'cuifferent
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CH; and CH deformation modes at 1606 and 980'cend the Fe-S stretching
vibrations at 513 cfh The signal at 2593 chis assigned to an S-H-stretching mode.
In this spectral region, no other vibrational freqaies occur. The signal is therefore a
very strong indicator of the existence of SH mein10.

Raman intensity

3000 2500 2000 1500 1000 500

-1
wavenumber / cm

Figure 6.21:Raman spectrum of compoub@ showing the S-H vibration at 2593 tm
1

These results and in particular the similarityhod tlata observed for samp&and10
do not provide any evidence to suggest that halirtbn in compound O is present in
Fe' centres. Based on these results, together withethetrochemical data an
alternative structure is proposed where all fouttiess are in the Estate and the two

central sulphur atoms are present as thiol grogpiRgure 6.15.

6.2.2.2 Electrocatalytic Proton Reduction of Sila-substituted
Hydrogenase Analogues

The potential of each of the five sila-substitutegdrogenase models to act as
catalysts in the reduction of protons to hydrogess wivestigated by analysing their
cathodic electrochemistry in the presence of a waak, HOAc (1-10 mmol) in
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acetonitrile. The three diiron compoun@s; 8 all exhibit similar catalytic properties
again emphasizing that the number of methylenepgdonded to the silicon atom of
the bridge bears minimal effect on the activity tok complex. In contrast to
complexesl — 5a positive shift of approximately 60 mV (to -1.34 %&. Ag/Ag’) is
observed for the first (least negative) cathodiocpss upon addition of 1 mmol of
acid, Figure 6.22. A loss in the reversibility diig peak is also observed which is
common for hydrogenase models in acidic environsidoe to the rapid formation of
hydride intermediate¥.% " 1724 |n addition a second irreversible process is ofeskr
at the more negative potential of -1.82W¢, Ag/Ag”. This process is absent from the
CV in acid-free solution, Figure 6.16, and the eantrof this second process increases
with each increment of acid added thereafter. Hueiction potential of this cathodic
process also shifts to more negative potentiath@gsoncentration of acid increases —

a consequence of an electrochemical catalytic pesce
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Figure 6.22:Cyclic voltammetry 06 [1 mM] with HOAc (0-10 mmol) in acetonitrile.
Scan rate: 100 mV/s.

Upon addition of 1 mmol of acid, the reduction paia& of the first peak in the cyclic

voltammetry of complexesr and 8 was shifted in the positive direction by
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approximately 50 and 60 mV respectively, togeth@hwan increase in the current
intensity. This increase in current was only obsdrwhen the concentration of acid
was 1 mmol and no further increase was observdd eedth increment of acid added
thereafter. A second reduction wave was observeth@e negative potentials in
acidic solution, the current intensity of which éits an increase with each aliquot of

acid added to the solution indicating the occureenitthe catalytic process.

Following addition of acid to the tetra-iron comypk shifts are noted for each of the
reduction waves. The first of the cathodic pealsasenting [F&€] + € — [FE'F€]
exhibits a shift of approximately 160 mV in the mgge direction and the wave
appears to split into two wavegyf = -1.20 and -1.36 V) when the concentration of
acid in solution is 1 mmol. These two waves appwamerge again when the
concentration of acid is 4 mmol and above. This megur as a result of a change in
the coordination sphere of one of the diiron centa@nd in sufficient acid
concentration the coordination spheres of eaclordiactive site are again identical.
The second reduction wave corresponding to th&Fe+ € — [FE’F€’] process is
shifted initially by approximately 200 mV to a mopesitive potential. This shift is
decreasing with each increment of acid added. Bathes experience an increase in
current intensity upon addition of 1 mmol acid wilis rise continuing for the second
of these peaks as the concentration of acid inesg&sgure 6.23.

The electrocatalytic properties of the second tetma compoundLO toward hydrogen
production were also investigated in the preserideeoweak acid. Upon addition of
acid the reduction potentials of the first two retiion peaks were shifted to more
positive potentials by 15 and 120 mV for the fiestd second reduction processes,
respectively. The thermodynamic effect on the sdcoeduction potential is far
greater than that of the first wave. Addition oé tlirst electron to one of the diiron
active sites leads to an increase in the distarbeden the two active sites and the
resulting change in electron density leads to aent@sic second site and a higher
susceptibility towards protonation prior to additiof the second electron is observed.
The current intensity of this second wave exhilatgradual increase with each
sequential increment of acid added. This may indichat the electrocatalytic

formation of hydrogen may begin from this’Fe redox state.
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Figure 6.23: Cyclic voltammetry 0® [1 mM] with HOAc (0-10 mmol) in acetonitrile
(top) with focus on the potential region of -1.6-@8 V (bottom). Scan rate: 100
mV/s.
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However, as observed fér- 8, large currents are found in the region of ~ AL\8ith
increasing intensity for growing acid concentrativvhen complexLO was analysed
in dichloromethane this new wave (approximége= -1.6 V,vs. Ag/AgCl, in acidic
solution) is not observed in acid free solutiontdalls outside the potential window
of this particular electrochemical solvent, Figu8e4. In acetonitrile this wave
experiences a positive shift of approximately 170.rhis shift in potential may
suggest further protonation to the complex wherthia [FéFEFEFE] state. The
electrocatalytic currents are much stronger thawsdhobserved for the second
reduction wave suggesting that hydrogen produdtiom an F8F€® diiron active site

may be a more efficient producer of hydrogen freahuction of protons.
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Figure 6.24: Cyclic voltammetry ofl10 [1 mM] with HOAc (0-10 mmol) in
dichloromethane.

Upon addition of acid to the diiron hydrogenasel@maes,6, 7 and8 and to the tetra-

iron model,10, a positive shift in the potential of the firstitestion wave is observed.
This would suggest that the first step in the etaettalytic mechanism is a chemical
process involving protonation at a basic site arhemmplex. Related functionalized

17b

diiron azadithiolate compounds reported in thediiere™ "~ (Figure 6.15) also show a
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shift in the positive direction upon addition oficac The nitrogen atom on the
dithiolate bridge is a basic site and readily ateepproton in acidic solution which
creates this shift. The protonated complex is treduced and following a second
protonation step, hydrogen is evolved, mediatednftbe [(HFEFE)(NH)]" redox

state with a CECE mechanism proposed.

At first glance of complexe8 —8 and10 there appears to be an absence of any basic
sites where this initial protonation step may octNo mechanism reported to date can
explain this positive shift in the first reductipotential®>® 3 A possible alternative
mechanism may be proposed where the initiation istéipe catalytic pathway can be
the protonation of one of the sulphur atoms ofditleiolate bridge. There is currently
little or no evidence of the protonation of coomtied sulphur being involved in the
electrocatalytic evolution of hydrogen from repdrtf-eFe] hydrogenase models.
However, Glasset al. ** have shown, using density functional theory (DFT)
calculations and photoelectron spectroscopy, tbatifi containing compounds the
o(Sn-C) orbital interacts with a 3p(S) orbital. Teesductive and hyper-conjugative
interactions increase the electron density on tifighsir atom. As a direct result of this
the basicity of the sulphur atom increases. Silicalso a group IV element may
induce the same effect on the sulphur atom asothedrved with tin. Considering this
inductive effect, and taking into account the elsdtemical results, a CECE
mechanism is proposed for the diiron comple&es8 and the tetra-iron compound
10, Scheme 6.3.

Upon addition of acid the initial [He€] species is protonated with the basic site being
a sulphur atom of the dithiolate bridge. Reductdrihis protonated species leads to
the formation of the [FE€'SH] intermediate with a bridging carbonyl ligaritf
creating a free coordination site. The second paiion step in the pathway may
occur here at this free coordination site resulimghe terminally bridged hydride
complex, j-HFE'FESH]". This intermediate then undergoes further redndiack to

the initial [FéF€] compound with evolution of hydrogen.

In the tetra-iron comple® there is only one silicon atom which is “share@tieen
the two diiron active sites. As a result of thig ithductive effect of the silico’ on

the sulphur atoms of the dithiolate bridges is aststrong as that observed for the
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other four complexes. Therefore the basicity of $hphur atoms is reduced and the

complex no longer possesses a basic site wherebynation can initiate the catalytic

cycle.
[ R R ] +
AN
&
S SH
(oc), Fe Fe(co),
| |
L [Fe Fe] ‘e
R R R\ / R
ANV4 sf
si (
( S SH
S S ><
>< (OC), Fe /e\‘co
(oc);Fe Fe(co), \co \
CO
[Fe'—Fe'] — ]

R + [Fe' —Feo]

R
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+ e Si

H, ( + H*

SH,

H

X
(0OC), Fe\ /e\\co
CO o

n

Fe' Fe'

H

Scheme 6.3Proposed CECE mechanism for the electrocatalysierporating sila-
substituted hexacarbonyl diiron dithiolate compke&e- 8 and 10 where the catalytic

cycle is initiated by protonation of a sulphur atofrthe dithiolate bridge.

This can be seen by the negative shift observedh®mffirst reduction process upon
addition of acid to the complex. The second redecivave does experience a positive
shift in potential in acidic solution thereby sugtieg the presence of a protonated
intermediate. An ECEC mechanism is tentatively psma for compleX® where H

evolution is mediated from the [#fe’] redox state.
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6.4 Conclusions

In the on-going quest to prevent further climatarade and develop novel alternatives
to replace the current energy sources used tod@ntsts have been exploring the
route of using cleaner and more efficient fuelsparticular the use of hydrogen in
fuel cells. Nature’s hydrogenase enzymes are iifdgedefficient biological
microorganisms possessing the ability to produogopis from the oxidative uptake of
molecular hydrogen and alternatively produce tltteddrom the reduction of protons
(a function carried out by the [FeFe] hydrogenaseyme). The structure of the active
site of the FeFe hydrogenase bears a striking tdsece to well-known
organometallic synthetic compounds of the formie(CO)(u-SR)]. This has led
to increasing interest into the further developmainsynthetic models of the diiron
hydrogenase active site and their properties imgeof the electrocatalytic reduction
of protons to molecular hydrogen.

The electrochemistry of a series of [FeFe] hydrageranalogues, and their ability to
catalytically produce hydrogen from a low valerdtstusing the weak acid, acetic
acid, as the proton source, have been discussddisichapter. Complexes — 5
(Figure 6.10) all contain the hexacarbonyl diirati\ge site with different substituents
on the central carbon of the propanedithiolato)(pdtige. The electrochemistry of all
five complexes reveals one irreversible oxidatiotinwwo cathodic waves observed at
negative potentials. The latter represent the gquagrsible reduction (least negative
wave) of the all Fecomplex to the [FE€] redox state followed by a second
reduction to the lower valent all ¥state. The evolution of hydrogen is mediated from
this doubly reduced state forming the-HIF€'-F€’]” intermediate with subsequent
protonation leading to the evolution of,.HAn electrochemical-electrochemical-
chemical-chemical (EECC) mechanism is proposeddonplexes2 — 5. Complex1
reveals the formation of a protonated intermediallewing the first reduction to the

[Fe'F€’] state and an ECEC mechanism is presented foconiplex.

In contrast to the pdt bridged type compleXes,5, the diiron hydrogenase modefs,

— 10 (Figure 6.15) all contain a silicon atom in regawf the central carbon on the
dithiolate bridge as a means of investigating tifaience of sila-substitution on the
electrochemical properties and catalytic activityleese compounds. It is noted that
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sila-substitution has a large influence on thelgatapathway. By introducing silicon,
the basicity of the sulphur atoms increase and dliavs direct protonation of the
bridgehead sulphur atoms as observed during cyoltammetry in the presence of
acetic acid. The presence of the silicon atom léadm increase in electron density
around the diiron active site with consequent iases and decreases observed for the
HOMO and LUMO levels of the diiron bond respectivelhis is evident in the
electrochemical date where compour@ls- 8 appear to be more easily oxidised
(increased energy of HOMO) and also more easilyiced (decreased energy of
LUMO) than some of the pdt-bridged type analogdé® number of carbons bonded
to the Si atom of the dithiolate bridge increagesnf complex6 to 8. It is noted that
the ring strain and therefore increasing spatiahated has no influence on the
catalytic cycle.

There are several similar features between thetstel of complexLO and that of the
carbon analogue as reported by Piclettall’® 22 The electrochemical, Mossbauer
and susceptibility features do, however, suggesalafé structure rather than the
presence of Feas proposed for the carbon species. This is fudbefirmed by the
Raman spectra which indicate the presence of —8hpgrgs. A CECE mechanism is
tentatively proposed for complexés-8 and10 whereby the complex is protonated at
the basic sulphur site of the dithiolate bridgeoptp the first reduction process. This
is evident in the positive shift of the first catliowave in acidic solution compared to
the same process in acid free solution. The ewwiuti hydrogen transpires from the
[n-HFE'FESH]" intermediate.

The tetra-iron hydrogenase analog@edoes not experience this protonation of a
sulphur atom upon addition of acid. Instead a negahift in the reduction potential
of the first cathodic wave is observed and as altresn ECEC mechanism is
proposed. This weakening of the protonation phemamehat is observed fd& — 8
and10 may be due to the different coordination modestard'sharing” of the silicon
atom between the two diiron active sites Dflt is also evident from the cyclic
voltammetry that little or no interaction existstween the two active sites in this

complex.
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The chemistry of the [FeFe] hydrogenase enzymept@asen to be quite complicated.
The quest to fully understand this fascinating eybccurring within nature a
thousand times every second) is not without itBadilties because of the short lived
intermediates within the cycle as a result of veigh turnover rates. The rates of H
production recorded for synthetic models of therbgénase enzyme reported to date
are a lot lower than those of the enzyme. Howdhesse systems offer the opportunity
to explore and investigate the mechanisms of @eatalysis, and by changing the
coordinated ligands at the diiron centre and maldagstitutions to the dithiolate
bridge the electrocatalytic properties can be tuli¢ith each novel synthetic analogue
explored we are one step closer to a more effiggemtluction of hydrogen and one

step closer to a cleaner and more efficient ensogyce for tomorrow’s world!
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