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Abstract

A dithiolate diiron subsite is an essentiadngponent of the Hluster of [FeFe]
hydrogenase, it provides the centre at which protons and electrons are reversibly
combined to produce dihydrogen and is fed electrons from the other component, a
4Fe4S cluster to which it is attached by a cysteinyldaidvuch research has focused

on developing synthetic analogues of the subsite, both to inform an understanding of the
chemistry and spectroscopy of the natural system and to explore their technological
potential as electrocatalysts for fuel or producdr applications. This thesis reports

new approaches for building modifications into subsite analogues which have the
potential to alter their structure and function. Synthetic methods are described for: (i)
introducing Lewis base or Lewis acid groups ittte second coordination sphere of a
diiron unit (ii) exploiting the Nbasicity of coordinated cyanide to buildkdénding or
bridging cyanide systems (iii) incorporating carborane structural units as part of a

dithiolate diphosphine framework.

Key resultsinclude the Xray crystallographic characterisation of a zwitterionic
complex in which a Ru photosensitiser group is linked via bridging cyanide to a diiron
hydrogenase subsite analogue, the characterisation of hydrogen bonding adducts of
activated bisureas with dicyanide dithiolato diiron complexes by mass and FTIR
spectroscopy, and the first example in which a borane Lewis acid is attached to a diiron
unit, an approach which may presage cleavage of molecular hydrogen by a novel

frustrated Lewis acid Lewibase system.



Acknowledgements

I would first like to thank my primary supervisor Prof Chris Pickett for giving me the
opportunity to study for this Ph.D. His guidance and enthusiasm have been invaluable

and | wish him and Mish all the very bést the future.

| would also like to thank Prof Simon Lancaster for being supportive and
knowledgeable, and for always making time if | needed to chat about my chemistry and

bounce ideas around.

My sincere gratitude goes to my colleague and good frientbBeph Wright for Xay
crystallography, good advice, and without whom I'd still be lost somewhere in

Barcelona.

I would also like to thank Prof Manfred Bochmann and his group for granting me bench
space in their laboratory, and for making my time in i 40 enjoyable. | would also

like to thank Dr John Fielden for his help and advice.

| have also been lucky to have two very hardworking undergraduate students, Lewis
Wilkins and Lee Biggs, whose results have contributed to the work in chapters 2 and 3

of this thesis.

| would also like to thank Prof Gu¥in Jin for hosting me at Fudan University,
Shanghai for three months, and a special thank you goes to my very good friend Long
Zhang who taught me how to be amazing at table tennis and swear in Mandarin.

Many thanks to my other friends and colleagues in the Chemistry department at UEA
both past and present for making the duration of my Ph.D. a great experience; special
mention goes to Dragos, Angel, Julio, Luca, Alex, Anna, Amamiak, Farhana,

Lucy, Ben ad Moz.

I would like to thank my parents for always encouraging me and for being there when |

need them, and to my sisters Helen and Katherine for their blunt advice and support.

Finally | would to thank my wife Rhiannon for her love and support, and alway
knowing if I need a hug or a kick up the backside, and dadimering it. You're the best

and I'm lucky to have you.



Table of Contents

Y 0] 1 = Lo APPSR PP PPPPPPPPP I..
Yot [0 V] =T [o =T 0 =T o | P i
ADDIEVIATIONS. ... e vii
N 111 £ To 18 ox (o o TP PPPTRTT 1
1.1 Scope Of thISVOIK.......coveiiiiiiicie e eeeer e e e e e 1
1.2  Background t0 the WOrK............ooiiiiiiiiieeee e 1
ARG TN \V/ 11 o To (0] (o o |/ R 7

2  Secondcoordination sphere functionalisation of a diiron subsite analogue with

DASIC PYFIAING UNITS ....coiiiiiieieiee et r e e e eeen e 9
2.1 INEOTUCTION. ....eeiiiiiiiiiice et 9
2.1.1  BaCKQIrOUNG.........ouuiieiiiiie e s e e e e e e eeees e e s e e e e e e e e e e e eeeeaenennes 9
2.1.2 Hydroxyl-functionalised diiron subsite analogues........................... 11
2.1.3 Functionalisation by ester bond formation................c.oovvvieeeeeeeeee. 13
2.1.4  Scope Of thiS WOIK.........cooiiiiiiieeee e 13
2.2  Results and diSCUSSIQN.........ccouiiiiiiiiiiicme e e e 15
2.2.1 Synthesis of diiron subsite analogue...............oooooiiiiee e 15
2.2.2 Attachment of aromatic groups by Steglich Esterification............... 15
2.2.3 Attachment of pyridine groups by esterification.................cccccoveeee... 21
2.2.4 Protonation of the pyridinderived efersS.........cccccevveieiiiiiiicccieeeee 26
2.2.5  EleCtrOCheMISIIY. . ... i 31
2.2.6  Concluding remarks..........ccooeiiiiiiiiiiiieeee e 38
2.3 EXPEIMENTAL....coo e 40

3 Hydrogen bonding of a diiron dicyanide subsite analogue with fluorinated bis

TS L 51
IC 2% N 101 1 (Yo [ U1 (o] o FEUR R UUR TR UR RPN 51
3.1.1  GENErAl GBECES......coiiiieeeeeiiii e enr e e e e e 51



3.1.2 Hydrogen bonding in the natural system.............cccooovvviimemriiiinnnnnn. 51

3.1.3 Interestin the cyanide groUPS........ccooeviiiiieieiiiieee e e 52
3.1.4  Hydrogen bonding.........coooiiiiiiiiiiceee e 57
3.1.5 Fluorinated bisureas to hydrogen bond cyanides................ccoeveeeen. 59
3.2  Results and diSCUSSIQN........ceeeeiiiiiiiiiiimee e e e 63
3.2.1 Synthesis of diiron subsite analogues.............cccoovvviiiccciiiiie e eeeinnnn, 63
3.2.2 Synthesis of fluorinated BISreas...............ovvvveviiiiiccceeee 65
3.2.3 The binding of fluorinated bigreas to [F&pdt)(COX(CN)]>.............. 67

3.2.4 The nature of the interactions of a diiron dicyanide subsite analogue with

fluorinated DISUIEAS. ..........ouiriiiie e 92
3.2.5 Protonation of [F&pdt)(COXCN),: (bis-ureal]® .......ccococeeevrvevevrrrnnns 94
3.2.6 Concluding remarks and future Work...........cccooovvviiiieeeeeiieeecciiiiies 97
3.3 EXperimental...........oooiiiiiiiiiiee e 100

4  Intimate linking of a photoactive Ru(ll) centre to a diiron subsite analogue via

(o] Lo [ [T o TR o3 V7= Un o [ U RSS: 105
4.1 INETOTUCTION. ...ttt mnne e eneas 105
4.1.1  General QSPECIS . ...t i iiiiiiie et rece e ernr e 105
4.1.2 Phobsensitised [FeFdjydrogenase mimic systems....................... 105

4.1.3 The advantages of Ru(ibipyridine systems as photosensitisers...112
4.1.4 Further interest in ligated cyanide groups................eeveeeiieeeeeeennns 113

4.1.5 Mechanistic advantages of a pfadt)(CO)(CN)(U-CN)Ru(tpy)(bpy)]

YY1 (=] 1 P OO 116.......
4.1.6 A photoactive unsensitised [FeH®jdrogenase subsite system......119

4.2  Results and diSCUSSIQN........cuiiiiiiiiiiiiiiie e 121
4.21  Synthesis of the Ru(I)(tpy)(bpy).GHystem............uvvvviiiiiiirieeennes 121
4.2.2 Formation of the [F€pdt)(CO)(CN)(-CN)Ru(tpy)(bpy)] dyad....... 123

4.2.3 Structure and properties of [fpdt)(COX(CN)(u-CN)Ru(tpy)(bpy)]..124

4.2.4 Concluding remarks and future Work...............cccvviereeeevinnnnnnnn. 136

iv



4.3 EXPerimental.........cccoooiiiiiiiiii e 138

5 Incorporation of ortho-carboranes into the backbone structure of Fd-e

SUDSItE @NAIOQUES ... .ot eerene 143
5.1 INErOAUCTION.....ciiiiiiiiiieiee et eneas 143
5.1.1 General @SPECLS........ccivvvveiiiiiiiiiimmmreeeeeeeeeaianase e emre s 143
5.1.2 Interest iNOrtho-CarbOran@s.........ccoeeveeeieeeiiiiiieeeice e 143

5.1.3 Existing ortho-carborane [FeFdjydrogenase subsite analogue systems

.............................................................................................................. 145

5.1.4 Bidentateortho-carborane ligands............cccovveiiiiiiieee i 146
5.2  ResuUlts and diSCUSSION..........coiiurriiiiiiiaae e eeee e 149
5.2.1 Synthesis of the bidentatetho-carborane ligand.............cccccceeeee. 149

5.2.2 Reaction of the bidentatetho-carborane ligand to generate diiron species

...................................................................................................... 150.....
5.2.3 Spectroscopic properties [ffe{ o-carbP(Ph)S}(COMW)] .oooeeeeeeeee 155
5.2.4 Concluding remarks and future Work..............cccooiiieeeiin i, 159
5.3  EXperimental...........oooiiiiiiiiiiiii e 161

6 Towards heterolytic hydrogen splitting: attachment of electrondeficient

DOTANES ...t mmmrnea e a e 165
6.1 INErOTUCTION. .. ..uiiiiieiiiiiei et rcee ettt 165
6.1.1 GeneraliSPECTS......ccoiiiiiiiiiiiiie e s 165
6.1.2 Interestin a diiron system capable of hydrogen cleavage............ 165
6.1.3 Borane groups for hydrogen splitting...........cccccveviiiiieemniininnnnennnn. 168

6.2 Results and diSCUSSIQN.........cceeiiiiiiiiiiie e 172
6.2.1 Synthesis of perfluoroaryl boranes............ccccvvvviiee i, 172
6.2.2 Synthesis of a hydroxyfluinctionalised diiron subsite analogue....... 173

6.2.3 Combination of [FE§CH3C(CHOH)(CH,S),}(CO)g] with
HB(C6F5)2: SME ...ttt ettt emmne et e e e e e e e ean 174

6.2.4 Combination of [Fgdmp)(CO}] with HB(CsFs)2: SM6y.......evvveennnnnn.. 176



6.2.5 Synthesis of a diiron subsite analogue with alkene functionality...178

6.2.6 Attempted hydroboration of [BECH/CH(S)CHSHCO)] with

HB(C6F5)2- SV .o 180
6.2.7 Concluding remarks and future Work..............ccoovvvvieeen e, 183
6.3 EXPEeriMeNntal.........cccooiiiiiiiiiiiiieeee e 184
T REIEIENCES......iiiiiiiieieiiie e 192

vi



Abbreviations

adt

CV
DCC
DCM
DFT
DHU
DMAP
DME
DMF
dmp
DMSO
dppv
El
EPR
Et

Fc
FTIR
HOMO
HYSCORE
IR

LUMO

2-Azapropanl,3-dithiolate

Cyclic voltammetry
N,N'-dicyclohexylcarbodiimide
Dichloromethane

Density functional theory
Dicyclohexylurea
N,N-dimethyl4-aminopyridine
1,2-dimethoxyethane
N,N-dimethylformamide
2,3-Dimercaptel-propanol
Dimethyl sulfoxide
cis-1,2-Bis(diphenylphosphino)ethylene
Electron ionisation
Electronparamagneticesonance
Ethyl

Ferrocene

Fourier transform infrared
Highest occupied moledar orbital
Hyperfine suHevel correlation
Infrared

Lowest unoccupied molecular orbital

Vii



MeCN
mes
MLCT
MS
NMR
o-carbP(Ph)S
Ph
pdt
RT
SCE
THF

UV-vis

Acetontitrile

Mesityl

Metal to ligand charge transfer
Mass spectnmetry

Nuclear magnetic resonance
1-SH-2-PPh-1,2-closo-C;B10H10
Phenyl

Propanl,3-dithiolate
Roomtemperature

Saturated calomel electrode
Tetrahydrofuran

Ultravioletvisible

viii



1 Introduction

1.1 Scope of this work

This thesis is primarily concerned withpproacks to the modification of the structure
and function ofFeFe]-hydrogenase subsite analoguggnthetic methods are described
for: (i) introducing Lewis base or Lewigi@ groups into the second coordination sphere
of a diiron uni (ii) exploiting the Nbasicity of coordinated cyanide to builddénding

or bridging cyanide systeméii) incorporating carborane structural units as part of a
dithiolate diphosphine framewk.

The thesisstarts with this introductoryfChapter 1 which includes an overview of
chemistry related to the biological [FeHAgjdrogenase system together watiummary
of the methodologies employed, and is followedilsg discreteexperimentathaptes;
each of thesefocussing on a separate topidth a selfcontained introduction, results
and discussion, conclusion and experimental sectOnapter 2 is concerned with the
attachment of pendant pgine groups by esterification of a diiron subsiteckizone
together with an investigation of protonation and electron transfer prop€tiagter 3
explores the potential for cyanide ligands present on diiron units to engage in hydrogen
bonding with fluorinated bisireasusing FTIR and ESIMS spectroscopyChapter 4
reportsthe attachment of a Lewis acidisthenium photosensitising moietty a diiron
unit via formation of a bridging cyanide link. Thelectronic and photophysical
properties of this novel dyad species explored.Chapter 5 outlinesthe synhesis of a
diiron unit with o-carborane moieties incorporated into the backbavith the key
physical properties of this nespecies being investigateBinally, Chapter 6 details
steps taken towardstachment of a pendant borane group, with the ulérgatl being

a diiron system capable of heterolytically cleaving dihydrogen.

1.2 Background to the work
Whilst mankind has only been concerned with the productiot atilisation of
hydrogen as a cleaanergy source for the last few decades, nature has lang s

developed its own set of catalysts thae relatively abundant and inexpensive ficst/



transition metals such as nickel and iron to metabolise hydrogem,hydrogenase

enzymes.

Characterisation of certain living organisms, such as archaea, baciganobacteria

and algae, has led to the exciting discovery that hydrogen can either be produced or
utilised as a source of lepotential electrons within living cells participating in a global

H. cycle"2 This chemical activity is made possible through expression of a class of
metalloenzymes known as 'hydrogendSeso named after Stickland and Stephefson
observed bacteria consuming dihydrogen for the reduction of physiological artificial
substratesas well as demonstrating the ability to ewobihydrogen during growth.

There are three identified classes of hydrogenase enzyme: {Iiakepenase, [NiFe]
hydrogenase, and [Féldrogenase, referretb as such in reference to the metals
located on their active sitesThe [Fe}hydrogenasealso known as Hmd, catalyses the
heterojtic cleavage of dihydrogéi® and the action of which is explained in
Chapter 6. The [FeFe] and [NiFe} analoguedgliffer in that their primary function is to
catalyse the interconversion of dihydrogen into protons &airens They are capable

of catalysing these reactions at very high rates, with one molecule of hydrogenase
producing between 1,500 and 20,000 molecules,qidil second at the mild conditions

of pH 7 and 37°C in watet'*2 The [FeFe] and [NiFe} hydrogenases are both
bi-metallic redox active systems, with the active sites being constructed of bridged
thiolate groups and the metals being ligated with CO andigGahds. Such ligands are
rare in naturallyocurring biological systems, and are understood to serveaeseptors

that stabilise the low redox states of the metal'fblisThe structures of these active

sites are shown iRigure 1.1.
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Figure 1.1 Left: active site of the [FeFdjydrogenase (the-Eluster). Right: active site
of the [NiFelhydrogenase (X = HOSHO or H depending on the statédapted from

reference¥ .

The two systems differ in their activitynd their sensitivity to inhibition by £and CO.
The [NiFe}lhydrogenases are less sensitive to inhibition by CO andar@ their
biological function involves the uptake rather than generation,df fhe activity of
the [FeFe]hydrogenase can be 10 to 1lfd@es greater than [NiFdjydrogenases for
both the oxidation of KHand the reduction of protofisand as such have been

extensively studied.

EPR spectroscopy of the [FeHgJdrogenase in the 1980s showed the presence of two
{4Fe4S}clusters often found ithin this enzym&, along with an unidentified 6Fe
cluster. The Xray crystal structure of this enzyme was solved independently by two
groups (Petef$andFontecillaCamp$?) in 19981999and demonstrated the 6Fe unit to
be that which is now commonly referred to as thell$ter',Figure 1.2.



Figure 1.2 Schematic representation of therdy structure of the luster of [FeFe]
hydrogenasérom Clostridium pasteurianurfPDBcode: 3C8YY. The bridgehead atom
presented here is given as a nitrogen based on current consensus, though in the original
report it was modelled as an oxygen. The vacant site was occupied by a water molecule.

Image reproduced from referefite

The Hcluster consists of a cubane {4Fe4S} electronic transfer unit connected via a
single bridging cysteinyl residu® a binuclear {2Fe2S} subsite, with both Fe atoms
bridged by a dithiolate ligand.he Fe atom distal to the cubane unit possesses a rotated
state geometry and in Peters' structliie coordinated by a labile water ligand in the
resting state of the molecule. In the structure obtained by Font€eittap® from
Desulfovibrio desulfricang water molecule is not bound in this position, suggesting
that this is the metal centre at which a hydride or dihydrogen may bind during catalysis.
The identity of the atom in the bridgehead moieBCH,-X-CH,S- (Xdt), has long been

a point of contention. The electron density from thea) structure indicatedtom X to
either be C, N or O, with the potential of an amine function to participate in a catalytic
cycle by proton trafficking making N seemingly the most lik&lfFurther support of

this hypothesis was provided by analysis'df nuclear quadrupole andyperfine
interactions of the luster determined by advanced EPR spectro$¢épyHowever,

this mystery was seemingly finally solved in 2013 when Berggren and cowdrkers
demonstrated that maturation of an &baA with complexes of the three variamtsly



showed activity comparable to the natural system when employing-eontsining
azadithiolate (adt) bridgehead.

The current consensus of the catalytic cycle of [freFelhydrogenase is given in
Figure 1.3. The species Ky and Hy have been isolatedrystallographically and
spectroscopically. Whilst there is EPR and FTIR evidence supporting the assignment of

Hsregmany of the other intermediates proposed in the cycle are subject to speculation.
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Figure 1.3Postulatectatalytic cycle for [FeFehydrogenasé.

The proposed oxidation of;Hy [FeFe}lhydrogenas®ccurs by H first binding to the

vacant site of the distal Fe in.H followed by heterolytic cleavage of the-HH bond

assisted by the amine on the bridgehead and finally the transfer of two electrons



individually from the Fe bound hydride to the {4Fe4S} cluster and the distal Fe on the
FeFe subsite. The release of protand electrons from $4regenerates the starting,H
state completing catalytic cycle. Each step in the cycle is reversible and thus the

reduction of protons to Hollows the same steps but in the opposite direction.

The first aystal structures of thdFeFelhydrogenases prompted much chemical
research on synthetic structures. This was both to aid in the understanding of the natural
system and to expl or-do whtéicialpsgsermsiobhydrogeny o f
production or uptake in reversébfuel cell§®. It was quickly recognised that synthetic
species with some structural analdgythe diiron subsite uniwere known long before

the structure of the {dluster was determined. In 1929 a study of the synthesis of
bridged hexacarbonyl specibg Reihlen and coworketSincluded thesynthesis of the

diiron species [F£SEt)(CO)], (a) in Figure 1.4, which exhibited the characteristic
butterfly conformation observed in theF®, coreof the natural subsite. Moreovehe
structurs of the Hecluster in 1998/1999 bore striking resemblance to the
propanedithiolate species Hgedt)(CO)] (b) first reported bywinter and coworkers

in 1982 This undoubtedly prompted the synthesis of the subsequent-seéiébte
dicyanide complex [F&pdt)(COXCN),]* (c), which was first reported independently

by three groups in 1989*.
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Figure 1.4 Synthesis of earljFeFelhydrogenaséiiron subsite analogues. (i) Fe(GQ)
2 EtSH,qq (ii) Fe(CO), pdtHy, @; (i i 4][ON]. Rdaptetifiom referencé®™.

In the last few years major adwaas in the chemistry of [FeFa}drogenaseubsite
analogues have been achievededé include;understanding factors which control
protonation eiter on the FeFe bond or at a terminal e role of the azdthiolate
group in catalysis and electrocatalysisow structural effects infience rates of

protonation,how the oxidation of dihydrogen at a synthetic diiron structtae be
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achievedand how lydrogen production at diiron sites might be driven phaip
photoeletrochemically. All these aspects have been recently reviéwedMore
recently, a research emphasis h&gen understanding how interactions of cyanide
groups with Lewis acids effesubsite properties and how teemight relate to the role
of FeCN-Fe bridges in the biosynthesis of thecidstef**°. As outlined abovét is in
the area of second coordination sphere and inter andnittiecular interactions of

subsites on which the woof this thesiss focused.

1.3 Methodology

Unless otherwise stated chemicals were handled under an inert atmosphere of dinitrogen
or argon using standard Schlenk line technifue€hemicals (starting materials,
electrode materials, solvents) were generally purchased from Silginiah, Alfa

Aesar, Fluorochem or specialist suppliers without further purificatBwoivents were
freshly distilled under an inert atmosphere of dinitrofg@m an appropriate dry agent

using standard laboratory proceddfes

IR spectra were recorded usiagsolution Harrick cell wittCak, windows and spacers
of 50um on a Bruker OPTIK GmbH XSA/B spectrometer. Signals are reportedin cm

NMR samples werg@repared using degassed deuterated solvents dried over activated
4A molecular sieves. NMR spectra were obtained using a Bruker Avance DPX300
spectrometer at 25 °C; J values are reported in Hz. Chemical shifts are reported in ppm.
'H signals are referenced residual solvent resonancé® is relative to BPO, 85% in

D,O; °F is relative to CFGJ 1B is relative to BEE®LO.

Regardinghe mass spectrometry exppgents undertaken i€@hapter 3; electron spray
ionization mass spectmetry (ESIMS) for the smalmolecule complexes were carried
out using a Bruker MicroTOF @l. Anaerobic and anhydrous MeCN was used as
thesolvent and samples were injected using gas tight syringes. Mass sypsetra
measured in negative ade. All other massspectrometry characterisation was
performed by the EPSRC UK National Mass Spectrometry Facility at Swansea

University, using MAT95 spectrometers and measuring in the positive mode.



Cyclic voltammetry experiments wereortducted using an Autolab PGSTAT30
potentiostat controlled by GPES software and were carried out in three compartment
glass cells separated by glass frits, using a three electrode system. Specific experimental

details are reported with the relevant experiments.

Individual X-ray parametersand specific experimental details are reported in the

relevant Experimental sections.

Elemental analysis was carried otitandon Metroplitan University using a Thermo

Scientific Flash 2000 Elemental Analyser configured for %CHN.

UVivisi bl e a#&weerregudrdedusingsa pPedimer Lambda 35 UV/vis
spectrometer. Excitation and emission spectra were measured using a (TCSPC)

FluoroLog Horiba Jobin Yvon spectrofluorometer.



2 Second coordination sphere functionalisation of a

diiron subsite analogue with basic pyridine units

2.1 Introduction

2.1.1 Background

It is now wellestablished that the naturatbgcurring [FeFehydrogenase possesses an
azadithiolate (adt) bridgeheddandthat this secondary amine is intimately involved in
the catalytic cycle, acting as a proton acceptor in the heterolytic cleavage of dihydrogen
and its reverse, and facilitating the shuttling of protons to and from the active site. The
key reversible cleage step in the enzyme is shownSoheme 21 and the general

enzyme cycle has been outlineddhapter 1.

’
le g
Fessaf [ M Fessif
! | | s s
oo [Xl o == o\ IX|
SNYANPANGZSY ocw" o\ TeN
NC 8 co NC O co

Scheme 2.1Putative mechanistic step for reversible formation of dihydrogen in the

catalytic cycle of the [FeFdjydrogenase. Adapted from refereriééys

The presence of an integral base in the natural syktsried to recent work on the
construction of synthetic subsites with appended bases proximal to the diirSi{unit

Some examples of these are givefrigure 2.1.
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Figure 2.1. Examples of diiron systems with pendant amine groups. Adapted from

reference€*®

Compound(a) in Figure 2.1 is a particularly interesting example. Synthesised by
Talarmin and coworkef8in 2009, protonation with excess HBBE® in acetone leads

to initial protonation of the NMe group ihe axial position. However, upon dissolving

the protonated species

in dichloromethane,

the compound isomerises which

concomitantly forms the bridging hydride specigsheme 2.2.
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Scheme 2.2.Talarmin's pendant amine system acting as a proton shuttle to form

bridging hydride species at the-Fe bond. Adapted from referefite
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The pyridinederived systemg) and(c) in Figure 2.1 protonate on the heterocyclic N
atom on the addition of acid. The shifts in the CO region in the IR spectra as a

consequence of this aca 5 cm* 4"

and must arise by perturbation of electron density

of the diiron core by transmission through the mpiose ligands. Not unexpectedly
larger effects on the diiron core result from protonation of a bridging azadithiolate unit
in synthetic complexes and this leads to a deactivation of the system with respect to

subsequent protonation on the diiron thit

The approach taken in the work described in this chapter was to introduce a basic
pyridine function into the second coordination sphere of a subsite unit via
functionalisation of the backbone of the bridging dithiolate. A possible advantage of
this is thata proximal base linked through two or more saturated carbon groups would
be sufficiently insulated from the diiron unit so that on protonation inductive
deactivation of the diiron unit would be restrictéahat is drift of electron density to

the pyridinum centre would not be significant.

It was considered that an appropriate way of introducing pyridine units would be to
esterify a hydroxyl group on the dithiolate backbone with a pyridine carboxylic acid.
The type of hydroxyl functionalised dithiolategdinds deployed at a subsite unit and
related esterification chemistry that has been reported in the literature, is now briefly

described in the following two sections.

2.1.2 Hydroxyl-functionalised diiron subsite analogues

Despite the wide versatility of the tisoxyl group®®? there are surprisingly few
hydroxyl-functionalised diiron subsite analogues. Some examples of such systems are

given inFigure 2.2.
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Figure 2.2. Examples of hgroxyl-functionalised diiron subsite analogues. Adapted

from reference¥™®,

The few established hydroxflinctionalised diiron dithiolate systems such as those
shown inFigure 2.2 involve multistep processé¥®. However, in 2001 Pickett and
coworkers’ were able to synthesise a diiron system with a pendant OH group in a one
step reaction by refluxing commercially availal®e3-dimercaptel-propanol (dmp)

with Fe(CO)2 in toluene.

’—)/\OH

OH

Fe3(CO),, \ ’/\F
HS SH Toluene, 110 °C oc\W" e "ico
ocC coO
1

Scheme 2.3.0nestep synthesis of [REMpP)(CO}] 1 from 2,3-dimercaptel-

propanot’.

The synthesis is straightforward, with a column chromatography purification step
allowing the product to be obtained in yields >80% as a red crystalline 3bhsl.
synthesis of [F€dmp)(CO}] provides a convenient method of introducing a hydroxyl
group into the outer coordination sphere of a diiron subsite. However, exploiting the
reactivity of the hydroxyl group in this molecule to add other functionalitynba®een
explored. However, esterification routes have been utilised in other hydroxyl
functionalised diiron systems as noted below. In this chapter we show that
esterification allows introduction of basic pyridine groups proximal to the diiron unit.

12



2.1.3 Functionalisation by ester bond formation

Earlier work has shown that hydroxyl groups attached to dithiolate ligands bound to
diiron subsites can be readily esterified to introduce new functio®afity In

Figure 2.3 some example systems are given, intigdthat of Sun and coworkéfs

This latter work was directed towards the synthesis of a photosensitised diiron subsite
system(d) and will be discussed in more detail@hapter 4. Another example is the
attachment of a ferrocenyl derivative by Liu armivorkers® in order for the ferrocene
group to act as an internal standard when probing the reduction of the diiron(egntre
The third example by Pickett and cowork8nwas the attachment of a pyrrole moiety

for enabling diiron subsite incorporatiortarpolymer films(f).

S_ S co Fe
OC\ ’X\/ é
Oc\\“"Fe_Fi"'/lco Q

oC cO

S S co S S S /<
oo X1/ oo X1 S~
OC\“‘"Fe_F‘i"'//CO OC\““‘Fe_Fe""’/CO

ocC co oC CcoO
(d ®

Figure 2.3. Examples of ester moieties being utilised to incorporate new functional

groups. Adapted from referenc&®.

2.1.4 Scope of this work

As outlined above, this work sought to evaluate systems in which a base was deployed
in the second coordination sphere of a diiron unit but with its electronic influence
essentially insulated from the catalytic centre; ie the effect of protonation aica bas
group being largely uncoupled from the diiron core. This would minimise the effect of

13



deactivation of the FeFe core to subsequent protonation, but retain the advantage of

vicinal protons for catalysis and proton shuttling.

To this end it was decided ttake advantage of the ease of synthesis of
[Fex(dmp)(CO}] 1 and to explore esterification reactions of the hydroxyl group. Firstly
the synthesis of simple benzoate and naphthoate were explored and then the synthesis of

pyridine systems of the type shownHigure 2.4.

The successful synthesis of such molecules should allow exploration of (i) the
protonation of the anchored base group and the level of electronic influence this exerts
on the diiron core (ii) electretransfer and electrocatalytic propertiesnd (iii) provide
precursors for monoor di-substituted derivatives with CO replaced by donating

phosphine or cyanide ligands.

(0] | \
S_ .S
%
oc\ ’/\\/co N
OC\“"'Fe_Fe""//CO
ocC co

Figure 2.4. Example target diiron pyridine system.
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2.2 Results and discussion

2.2.1 Synthesis of diiron subsite analogue

The hydroxylfunctionalised diiron unit [F€dmp)(CO)}] 1 was synthesised using a
modified literature procedute The synthesis follows a standard methodology for the
assembly of these systems; namely heating the appropriate thiol, in thi2,8ase
dimercaptel-propanol (dmp), with a slight excess of trirondodecacar5anyl

’—‘/\OH

S S
. 7/
#» OC\ ’/\\ /CO
OC\\\\\-Fe—Fe,,,,//CO

OH
HS SH

ocC CcO

1

Scheme 2.4Synthesis of [F€dmp)(CO})] 1. (i) 1.2 Fg(CO)y, toluene, 110C, 1 h,
84%. Procedure modified from that outlined by Pickett and cowadrkers

The work up is straightforward, with a column chromatograpiwyfication step using
toluene eluent followed by recrystallisation from acetonitrile allowing the product to be

obtained in 84% yield as a red crystalline solid.

2.2.2 Attachment of aromatic groups by Steglich Esterification

In order to appreciate anghderstand the effects of the incorporation of the pyridine

moieties it is important to obtain control compounds without the pyridine functionality;
namely the benzoic andraphthoic acid ester derivatives. These were achieved by
employing a Steglich Estiéication.

The Steglich Esterification is a mild reaction which allows the conversion of sterically
demanding and acid labile substr&fe®icyclohexylcarbodiimide (DCC) is employed

in this reaction and form®-acylisourea intermediates with carboxyliicdasubstrate in
solution. This 'activated' carboxylic acid species can then be attacked by the alcohol to
form the stable dicyclohexylurea (DHU) and the ester product. Conducting the reaction

in dichloromethane helps drive towards completion as the Dhildrgéed is insoluble.
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The Steglich reaction can also be accelerated by the addition of
4-dimethylaminopyridine (DMAPY, which helps the reaction progress in two ways:
firstly deprotonation of the carboxylic acid to aid formation of tBeacylisourea
intermediate, and secondly reacting with the gener@edylisourea itself to produce a
reactive amide species which is readily attacked by the alcohol to form the esterified
product. The mechanism for the DMAP enhanced Steglich Esterification is shown in
Scheme 2.5.

Oy o S ﬁj
@/\ u

Ty b i

Acid

O-acylisourea

(z—
/®

/\‘/

Al ) )
D S A N: A
h DT

A
@o ' \NH oc | \\/co
oc\\““Fe_Fe('//co
s S
oc_ /\/\\ _-co @ oc co

ocw e ey

N N
H H
% \

@*mj
e

ocW ST Tico

ocC Cco
Ester product

Scheme 2.5Mechanism of DMAPaccelerated Steglich Esterification. Adapted from

reference®%,
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This method was employed for the synthesis of the new compounds
[Fe(dmp-OCOGHs)(CO)] 2 and [Fe(dmp-OCOGH;)(CO)] 3, as shown in
Scheme2.6.

O

o ,_\/\OJ\O
S_ .S
OH oc [ X -co
wFe—Fe.,,
oc\W / \ lico
. oc co
0] 2
o)

ocC Cco i O
(ii)
\ S,_\/\

S
oc\ IX\ /co

OC\““'Fe_Fe"”’/CO
on {i )
ocC [efe}
3

Scheme . Synthesis of ester produ@sand3. (i) 1.2 DCC, 5 mol% DMAP, DCM,
RT, 48 h, 84%; (ii) 1.2 DCC, 5 mol% DMAP, DCM, RT2 h, 69%.

O

Both esters were obtained in respectable yields, 84% and 69% respectively, after
purification by column chromatography. Crystals suitable ferayx diffraction of

complexe and3 were obtained from hexane solutions.
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Fe

Figure 2.5 CAMERON representations of the structures of
[Fe(dmp-OCOGHs)(CO)] 2 (left) and [Fe(dmp-OCOGH,)(CO)] 3 (right) with

spheres of arbitrary size.

The FTIR spectra of these species show that there is minimal effect of the esterified
group on the FeFeore as there is no significant change in the CO stretching region.
The only obvious change is the addition of new ester C€ickies whichg to be

expected.
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[F&(dmp-OCOGH)(CO)] 3

2077, 2039, 2004, 199¢

1720

Figure 2.6 Solution FTIRdatain DCM showing the effects of esterification. Top:
comparison spectra betweernFe](dmpYCO)] 1 and its benzoic acid ester
[Fex(dmp-OCOGHs)(CO)] 2. Bottom: table of comparable data for the CO region.

The effects of esterification are more apparent in'#é&IMR spectra. The hydroxyl
complex[Fex(dmp)(CO}] 1 has been shown to exhibit strong intramolecular hydrogen
bonding of the hydroxyl groups, with such intramoleculandtding being structurally

characterised in the soltaté’. Esterification would break up that arrangement, as is

shown inFigure 2.7.
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Figure 2.7. 'H-NMR spectra (CBCl,) showing the effects of esterification. Top:

comparison spectra between Jfmp)(CO}] 1 and its benzoic acid ester
[Fe(dmp-OCOGHSs)(CO)] 2. Bottom: comparison spectra betwdEa,(dmp)(CO}] 1
and its 2naphthoic acid est¢Fe(dmp-OCOGH;)(CO)] 3.
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2.2.3 Attachment of pyridine groups by esterification

Due to the poor solubility of the pyridine carboxylic acids in dichloromethane, the
Steglich Esterification route was noweble option for ester coupling these acids. The
use of alternative solvents (ie DMF) was attempted, but due to the pyridine carboxylic
acids inherent reduced activity and the absence of dichloromethane driving the reaction
by the insolubility of DHU, reetions were unsuccessful. To this end, the pyridine
carboxylic acids were converted into their acyl chloride derivatives. The acyl chlorides
were prepared according to the procedure outlined by Wei and cowdrkensre the
carboxylic acids are reactedttvithionyl chloride in the presence of a catalytic amount

of DMF.

o o
| X OH | X cl
N N . HCI
o o
| X OH 0 | A cl "
N7 Nid 5
o o
| X OH | \ cl
Ne Ne . HCl

Scheme 2.7Synthesis of the acyl chloride derivatives of the pyridine carboxylic acids.
Isolated as their HCI salts. (i)a) 9.5 S@@at.DMF, RT, 24 h, bB0 'C, 1.5 h. Yields:
4. 70%, 5: 94%, 6: 96%. Prepared according to the procedure outlined by Wei and

coworkeré”,

The acyl chloride derivatives afforded were then stirred viaga(imp)(CO)] 1in THF
in the presence of triethylamine to attempt to form the subsequent esters.
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Scheme 2.8 Attempted esterification by employing the appropriate acyl chlorides.
() THF, 4.0 NE%, RT, 24 h, no discernibleeaction; (i) THF, 4 NE}, RT, 24 h, 92%;
(iii) THF, 4.0 NEg, RT, 24 h, 17%.

The reaction with the acyl chlorides afforded theta andpara- pyridine derivatives,
[Fex(dmp-OCOGH4N-metg(CO)] 7 and [Fe(dmp-OCOGH4N-para)(CO)] 8, after
purification by column chromatographyCrystals suitable for Xay diffraction of
complexes8 and9 were obtained from hexane solutioffowever, in the case of the
ortho-pyridine derivative, the acyl chloride was insufficiently reactive to allow

esterification.
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Figure 2.8 CAMERON representations of  the structures of
[Fex(dmp-OCOGH4N-metg(CO)] 7 (left) and Fe(dmpOCOGHN-para)(CO)] 8

(right) with spheres of arbitrary size.

In order to improve the reactivity of thertho-pyridine derivative the activated
pentafluorophenolate est®& was prepared. This was conducted using the method
described by Yagupolskii and cowork&swith the subsequent activated ester
undergoing reaction witfFe,(dmp)(CO}] 1 in THF in the presereof triethylamine to
attempt to form the esterified product, {fnmp-OCOGH4N-ortho)(CO)] 10 as shown

in Scheme 2.9.
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Scheme 2.9.Synthesis of ester product pPeempOCOGH,N-ortho)(CO)] 10 by
employing thepentafluorophenolate activated eser ()°°1.1 GFsOH, 1.1 DCC,
dioxane, RT, 1 h, 75%; (ii) 0.7 [felmp)(CO}] 1, THF, 2 NE§, 40 C, 24 h, 93%.

This scheme proved successful, with the activated pentafluorophenolate esteg provin
sufficiently reactive to allow the ester prodyéie,(dmp-OCOGH,N-ortho)(CO)] 10

to be afforded in 93% after purification by column chromatografiystals suitable

for X-ray diffraction of complex10 were obtainedrom a hexane solution cooled to

2°C.

Figure 2.9 CAMERON representation of the structure of
[Fe(dmp-OCOGH4N-ortho)(CO)] 10 with spheres of arbitrary size.
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The FTIR spectra of the esterified pyridine species were recorded in dichloromethane

and are shown iRigure 2.10.

ocC co
e e

o
o e
oc:C/ \Co"co

e
o
yOa®
OC\FIX\/CO
oW e e 0
2150 2050 1950 1850 1750 1650
Wavenumber / cm?

Compound &(CO) / ecm™* G(esterCO) / cm*
[Fe(dmp)CO)] 1 2077, 2037, 2002, 199¢
[Fe(dmp-OCOGHS;:)(CO)] 2 2077, 2039, 2004, 199¢ 1722
[Fe(dmp-OCOGH,)(CO)] 3 2077, 2039, 2004, 199¢ 1720
[Fe(dmp-OCOGH,N-metg(CO)] 7 2077, 2039, 2006, 199 1732
[Fe(dmp-OCOGH N-para)(CO)] 8 2077, 2039, 2006, 199¢ 1736
[Fe(dmp-OCOGH4N-ortho)(CO)] 10 | 2077, 2039, 2006, 199 1743, 1730

Figure 2.1Q Solution FTIR datain DCM of the esterified pyridine specieslop:
comparison ofhe spectra of the pyridine derivatives. Bottom: table of comparable data

for the CO region from all new species.
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The presence of electron withdrawing groups on an ester increase the vibrational energy
for the ester C=0 stretch. For example, pentafluoroplage esters typically show C=0
stretches around 1780 &mwhereas a typical alkyl ester is around 173550 cn.
Electronrwithdrawing groups €onded rather than -Bonded to the carbonyl group
would also be expected to similarly enhance C=0, assergéd in this example where

the pyridinederived esters have C=0 stretchescafl0 cmi® higher than the simple

arenes.

The orthepyridine species is interesting in that it exhibits two C=0 stretches which
might be attributed to cis and trans conformagiddotably on the longer timescale of

H-NMR resolution of the isomers is not observed.

2.2.4 Protonation of the pyridine-derived esters

As has been described previod&lyhe pyridine moieties should be readily protonated
upon the addition of HBFOEL, thoughprotonation of the hexacarbonyl diiron centre
should not occumith this acid®, as the carbonyl electramithdrawing groups are

known to weaken the basicity of the metattal bond.

Stock solutions (6 mM) of the pyridireontaining systems werggpared in DCM, to
which 1 equivalent oHBF,.OEt was added. The benzoic acid derivat®gvas also

subjected to the same conditions to serve as a control.
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Scheme 2.10Treatment of complexe 7, 8 and10with 1.0 equivalent HBEOE,.

As expected, the benzoate esfée,(dmp-OCOGH;s)(CO)] 2 was unaffected by
addition of HBR.OE®. This was demonstrated by noticeableshifts in the'H-NMR

spectrum and no obvious perturbation of the CO bant®iRTIR.
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Figure 2.11 Unchanged 1HNMR (CD.Cl,) and solution FTIR (DCM) spectra after
treatment of benzoic acid esféie,(dmp-OCOGHs)(CO)] 2 with 1 equiv. HBR.OEtL.

A set of FTIR data for the three pyridine complexes before and after protonation is
given inFigure 2.12 Consistent with the proposal that the effects of protonation on the
appended pyridine group would lead to minimal perturbation of the diiron urfts shi

the carbonyl frequencies are essentially negligible.
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Figure 2.12 Solution FTIR data (DCM) of the treatment of the three pyridine

derivatives7, 8 and10 with 1 equiv. HBR.OE®. Blue: CO bands of untreated complex.

Red CO bands of protonated complex.

The effect of protonation of the pyridine group on tHeNMR spectra is shown by the

set of spectra irFigure 2.13. As expected the ethane dithiolate protons experience

negligible shifts in their resonances but those on the pyridine ring are dramatically

shifted.
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Figure 2.13 'H-NMR (CD.Cly) of the treatment of the three pyridine derivative$
and10with 1 equiv. HBER.OEtb.
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It is quite clear that protonation occurs at the pyridinatdin(s) but this has a minimal

electronic effect on the diiron core. In summary:

(i) The ester CO stretches afgiftedsubstantially to higher valuesg 10 cni®)

(ii) The’H-NMR data shows the expected shifts in the pyridine ring protons

(iii) The corresponding FTIR antH-NMR spectra of the benzoic acid ester are
unperturbed upon addition of acid under the same conditions

(iv) The ortho-pyridine ester shows two ester stretcheghea unprotonated state

attributed to geometric isomers but only shows a single band upon protonation

2.2.5 Electrochemistry

The electrochemical reduction of the diiron dithiolate bridged complexes
[Fex(pdt)CO)] and [Fe(edt)CO}] involve a primary single eléon-transfer followed

by structural rearrangement(s) and a second elettaosfer. The principal reaction
pathway for the propane dithiolate complex has been shown to involve decoordination
of a thiolate ligand which attacks the parent complex to givdingeric specie¥.
Chemical reduction has allowed isolation and structural characterisation of this species
which can be reoxidised to the starting material in high §ield the presence of a
proton source electrocatalytic hydrogen production takesepiaith high turnover

numbers but at high overpotentials.

A set of cyclic voltammograms fgFe,(dmp)(CO)¢] 1 are given inFigure 2.14which
wererecorded at vitreous carbon electrode in MeCN containing 0.1M [NRF,] at

room temperature.
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Figure 2.14 Cyclic voltammogram ofFe,(dmp)(CO)g] 1. Conditions:2 mM of the
complex in MeCN containing 0M [BusN][BF4 at a vitreous carbon working
electrodearea 0.7 cff at 21°C.

The plot of the peak reduction current versus the square root of theaseas linear

which is consistent with a diffusion controlled reduction prodesgire 2.15

30
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Figure 2.15 Peak currentssq. rt. of scamate plot for[Fe;(dmp)(CO)¢] 1. Conditions
as forFigure 2.14
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The primary process is however essentially irreversible with fast chemistry following
the initial electontransfer. This suggests the proximal hydroxyl group might assist in
cleavage of an F8 bond. In support of this it is found that the naphthoate ester
functionalised complex shows a diffusion controlled partially reversible single electron
transfer at raderate scamates and quaseversible behaviour at the faster scates,
Figures 2.16 and 2.17.
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Figure 2.16 Cyclic voltammogram of[Fe(dmp-OCOGH;)(CO)] 3. Conditions:
1 mM of the complex in MeCN containing OM [BuyN][BF4] at a vitreous carbon
working electrode, area 0.7 énat 21°C.
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Figure 2.17 Peak currenvssg. rt. of scamate plot for[Fe(dmp-OCOGH7)(CO)] 3.
Conditions as foFigure 2.16

Clearly in this case there is not the possibility of intramolecHldronding assisting
de-coordination of a thiolate. The set of pyridine functionalised voltammograms show
essentially similar behaviour to the naphthoate species as is illustrated for the
metapyridine derivative7 shown in Figure 2.18 Again the process is diffusion

controlled for this and the other pyridine speckggure 2.19
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Figure 2.18 Cyclic voltammogram of HFe(dmpOCOGHsN-metgd(CO)] 7.
Conditions:1 mM of the complex in MeCN containing OM [BusN][BF,4] at a vitreous
carbon working electrode, area 0.7°cat 21°C.
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Figure 219 Peak current vs sq. rt. of scamate plot for
[Fex(dmp-OCOGH4N-metg(CO)] 7. Conditions as foFigure 2.18
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An interesting aspect of the electrochemistry is that the peak reduction potedffhls E
show a significant dependence of the nature of the pyridine W'kfﬁd reeta> ortho

~ para, that is the meta species is the easiest to redrugate 2.20. This is perhaps
surprising as it suggests ththe LUMO of the meta species is the more stabilised (lower

in energy) and that there is electronic communication betvieisnorbital and the
pyridine groups.

Compound E,*"/V vsAg'/AgCl
o
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ocw e e ()
\
oc co

Figure 2.20 Comparison of Eed values for pyridine complexés 8 and10.

A preliminary investigation of the capability of the pyridine systems to electrocatalyse
proton reduction was undertakdfigure 2.21shows the effect of increasimgtidinium

acid addition on the cyclic voltammetry of the ortho pyridine complex.
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Figure 2.21 Electrocatalytic reduction of protons by
[Fex(dmp-OCOGH4N-para)(CO)] 10. Conditions:1 mM of the complex in MeCN
containing 0.1M [Bu4N][BF,4] at a vitreous carbon workinglectrode, area 0.7 ém
scanrate 50 mVg at 21°C.

A pre-wave develops neafl.1 V which is probably associated withgkotonation of

the pyridine and this is the species which is most likely engaged in electrocatalysis.
Thus at higher acid concentiatis the peak current increases reaching a maximge at

22 equivalentsFFigure 2.21 and 2.22 At this concentration diffusion of protsiis no

longer the rate limiting step; the kinetics are limited by the turnover of the complex.
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Figure  2.22  Catalytic response for reduction of protons by
[Fex(dmp-OCOGH4N-para)(CO)] 10. Conditions as foFigure 2.21.

The turnover frequency .k can be estimad usingEquation 1 where | is the
magnitude of the peak current in the absence of the acid agpds the maximum
limiting current. The other symbols have their standard medatlings

icat= Peak current with acid

i, = Peak current without acid
n = Number oklectrons involved in the process (2)

; .1 n RTk R = Gas constant (8.314 J'nol™)
Equation 1. (.:;at = obs T = Absolute temperature (K)
1 0.4463 Fu F = Faraday constant (9.65X10 mol*)
P &= Scanrate (Vsh)

kons= Rate constant (turnover frequency})(s

This gives a value for the turnover frequengyf 2.50 §' which is decidedly low and

compares poorly with that of the propane dithiolate conipleRere ksis ca 10* s™.

2.2.6 Concluding remarks

A convenient synthetic route for the introduction of pyridine groups in the second
coordination sphere of a din dithiolate complex has been established. This uses
straightforward coupling procedures to anchor the pyridine units by ester linkages. The
basic methodology can be undoubtedly extended for the introduction of diverse

38



functional groups by esterificatiorof the readily accessible diiron complex
[Fex(dmp)(CO)¢] 1.

The pyridine units in the isolated complexes can be protonated but this has little effect
on the IR frequencies of the metal carbonyl groups; that-pgotbnation appears to
have minimal electnaic influence on the diiron core as reported by changes in the
infrared pattern. The nature of the pyridine isomatho-, meta or para-, has a
negligible influence on the metal carbonyl stretches, with the frequencies and intensities
appearing essentlglidentical. Nevertheless, there is surprisingly an influence of the
nature of the pyridine isomer on the peak reduction potential of the complemélae
isomer is the easiest to reduce day100 mV, whereas thertho- and para- isomers

have comparableduction potentials. This suggests that the pyridine can have a role in
moderating the energy of the LUMO by stabilising or destabilising the rexhaced
species.

Preliminary evidence suggests that the second coordination sphere incorporation of a

pyridine group as in the complexés8and10is unlikely to enhance electrocatalysis.

39



2.3 Experimental

2.3.1 Synthesis of [Fe(dmp)(CO)¢] (1)*

’_h
\

oc\\“ "co
oc co

Triiron dodecacarbonyl (6.00 g, 12 mmol) was dissolved in dry degassed toluene
(200mL) to give a green/black solutio,3-dimercaptel-propanol(1.0 mL, 10 mmol)

was then added before the mixture was heatedG¥C for 1 h, forming a red solution.

The mixture was then purified by column chromatography using toluene eluent before
the mixture was evaporated to dryness to give a red solid. Subsequent recrystallisation
from MeCN gave théitle compound3.37 g, 8 rmol, 84%) as red crystal$H-NMR
(CDLCl,, 300. 13 MH257:(m, 8H, CHC1OM), 284 (m, 1H, CKHCH-

CH,), 2.68 (m, 1H, SCHH-CH), 1.96 (m, 2H, SCHH-CH and ®H). IR(DCM): &(CO)

= 2077, 2037, 2002, 1996.

2.3.2 Synthesis of Fex(dmp-OCOCgH5)(CO)e}] (2)

o

I
1/\

oc\' e "co
oc co

[Fe(dmp)CO)] 1 (0.50 g, 1.2 mmol), benzoic acid (0.16 g, 1.3 mmol), N,N'
dicyclohexylcarbodiimide (0.31 g, 1.5 mmol) angdmethylamingpyridine (0.01 g,

0.08 mmol) were combined in a flask and dry DCM (150 mL) added. The mixture was
stirred at room temperature for 48 h, with insoluble urea being precipitated. The
resulting orange solution was then filtered through celite before being washet Mith
HCI (3 x 100 mL), saturated sodium hydrogen carbonate solution (3 x 100 mL) and
finally brine (3 x 100 mL). The resulting solution was dried over Mg3Dd
evaporated to dryness to give a red sdlldlumn chromatograph{20:1 hexanedthyl
acetat¢ and subsequent drying in vacuo gave titte compound(0.53 g, 1.0 mmol,
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84%) as red powdelCrystals suitable for Xay diffraction were grown from slow
evaporation of a hexane solutidf-NMR (CD.Cl,, 300. 13 MH&03(m, a4 (p
2H, Ar-H), 7.61 (t *Juy = 7.2Hz, 1H, ArH), 7.47 (1 334u = 7.4 Hz, H, Ar-H), 4.21 (m,

2H, CHCH,-0), 3.10 (m, 1H, CHCH-CH,), 2.79 (m, 1H, SCHH-CH), 2.04 (m, 1H,
S-CHH-CH). IR(DCM): &(CO) = 2077, 2039, 2004, 199&(ester CO) = 1722Anal.

Calcd. forCigH100sSFe: C, 3798; H, 1.99. Found: C, 38.08; H, 1.99SFMS: m/z

523.89 M+NH,] .

2.3.3 Synthesis off Fe,(dmp-OCOC10H7)(CO)g] (3)

(e}

0

S. S
oc | X _-co
OC\\\\\-Fe—Feu,,//CO

oC CcoO

[Fex(dmp)(CO)] 1 (0.52 g, 1.3 mmol), 2naphthoic acid (0.25 g, 1.4 mmol), N;N'
dicyclohexylcarbodiimide (0.32 g, 1.6 mmol) anddimethylamingpyridine (0.01 g,

0.08 mmol) were combined in a flask and dry DCM (150 mL) added. The mixture was
stirred at room temperature for 72 h, with insoluble urea being precipitated. The
resulting orange solution was then filtered through celite before being washed Mith
HCI (3 x 100 mL), saturated sodium hydrogen carbonate solution (3 x 100 mL) and
finally brine (3 x 100 mL). The resulting solution was dried over Mg3nd
evaporated to dryness to give a red oily sol@blumn chromatography(12:1
hexanegthyl acetateand subsequent drying in vacuo gavetttie compound0.50 g,

0.9 mmol, 69%) as red powdeZrystals suitable for Xay diffraction were grown by
cooling of a hexane solution 80°C. '"H-NMR (CD,Cl,, 3 00. 13 MH&6R : a
(s, 1H, ArH), 7.96(m, 4H, ArH), 7.61 (m, 2H, AH), 4.27 (m, 2H, CHCH,-O), 3.16

(m, 1H, CH-CH-CH,), 2.83 (m, 1H, SCHH-CH), 2.08 (m, 1H, SCHH-CH).
IR(DCM): &(CO) = 2077, 2039, 2004, 1996(ester CO) = 1720Anal. Calcd. for
CooH120sSFe: C, 43.19; H, 2.18. Found: C349; H, 2.11 ESFMS: m/z 556.88
[M+H] ™.
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2.3.4 Synthesis of 2pyridinecarbonyl chloride hydrochloride (4)%*

O
Z Cl

| ‘HCI
N

Pyridine-2-carboxylic acid(2.02 g, 16mmol) was stirred in dry DMF (0.2 mL) for 1 h.
Thionyl chloride (10 mL, 140 mmol) was then added slowly via dropping funnel. The
resulting dark brown solution was stirred abm temperature for 24 h. The solution
was then heated at 80 for 1.5 h before volatiles were removed in vacuo to give a dark
brown oil. Ethyl acetate (20 mL) was then added to achieve a beige precipitate. The
precipitate was washed with more ethyl ate{@0 mL) before being dried in vacuo to
give the titte compound(2.01 g, 11 mmol, 70%) as beige sofftl-NMR (DMSO-d,
300.13 MHz)0  ( p B.84)(m,4H), 8.40 (m, 1H), 8.27 (m, 1H), 7.97 (m, 1H).

2.3.5 Synthesis of 3pyridinecarbonyl chloride hydrochloride (5)**

(0]

Z cl
| "HCI

4

N

Pyridine-3-carboxylic acid(2.02 g, 16mmol) was stirred in dry DMF (0.2 mL) for 1 h.
Thionyl chloride (10 mL, 140 mmol) was then added slowly via dropping funnel. The
resultig orange solution was stirred at room temperature for 24 h. The solution was
then heated at 8@ for 1.5 h before volatiles were removed in vacuo to give a pale
orange oil.Ethyl acetate (20 mL) was then added to achieve a beige precipitate. The
precipitde was washed with more ethyl acetate (20 mL) before being dried in vacuo to
give thetitle compound2.21g, 16 mmol, 94%as beige solid*H-NMR (D,O, 300.13
MHz): U ( p A2 (m,4H), 9.13 (m, 2H), 8.28 (m, 1H).
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2.3.6 Synthesis of 4pyridinecarbonyl chloride hydrochloride (6)**

O
Z Cl

| -HCl
N

Pyridine-4-carboxylic acid(2.07 g, 17mmol) was stirred in dry DMF (0.2 mL) for 1 h.
Thionyl chloride (10 mL, 140 mmol) was then added slowly via dropping funnel. The
resulting dark green solution was stirred at room temperature for 24 h. The solution was
then heated at 80C for 1.5 h before voldes were removed in vacuo to give a
green/yellow oil. Ethyl acetate (20 mL) was then added to achieve a pale yellow
precipitate. The precipitate was washed with more ethyl acetate (20 mL) before being
dried in vacuo to givéhetitle compound2.87 g, 16mmol, 96%) as pale yellow solid.
'H-NMR (D,0, 300.13 MHz)ii  ( p [8.88 (m,2H), 8.40 (m, 2H).

2.3.7 Synthesis of Fe;(dmp-OCOCsH4N-metgd(CO)¢] (7)

o

S_ S
{ N
OC\ ’/\\ /CO
OC\“‘"Fe_Fe""’/CO
ocC co

3-pyridinecarbonyl chloride hydrochloride (0.32 g, 1.8 mmol) was suspended in dry
THF (40 mL) to give a cloudy white suspension. Triethylamine (0.3 mL, 2.2 mmol) was
then added and the mixture left to stir for 30 min. A solutionFe&(Amp)CO)] 1
(0.509, 1.2 mmol) in dry THF (40 mL) was thexdded, followed by more triethylamine
(0.4 mL, 2.9 mmol). The resulting orange solution was then stirred at room temperature
for 24 h. The volatiles were then removed in vacuo to give an orange oil before the
residue was dissolved in DCM (100 mL). The tasg solution was themvashed with

1M HCI (3 x 100 mL), saturated sodium hydrogen carbonate solution (3 x 100 mL) and
finally brine (3 x 100 mL) before being dried over MgS&hd evaporated to dryness to
give an orange oily solidColumn chromatography3:1 hexanefthyl acetate and
subsequent drying in vacuo gave thke compound0.58 g, 1.1 mmol, 92%) as orange
powder. Crystals suitable for Xay diffraction were grown by cooling of a hexane
solution t0-20°C. '"H-NMR (CD.Cl,, 300. 13 MHZ2R (s, Hj Ar-Hp §8h) =
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(d, 33 = 3.9Hz, 1H, ArH), 8.29 (d *Jun = 7.9 Hz, H, Ar-H), 7.43 (m, 1HAr-H),
4.24 (m, 2H, CHCH,-0), 3.10 (m, 1H, CRHCH-CH,), 2.79 (m, 1H, SCHH-CH), 2.03
(m, 1H, SCHH-CH). IR(DCM): &(CO) = 2077, 2039, 2006, 199(esterCO) = 1732.
Anal. Calcd. forC;sHgNOgS,Fe,: C, 35.53; H, 1.79; N, 2.76. Found: C, 35.66; H, 1.69;
N, 2.87

2.3.8 Synthesis of Fex(dmp-OCOCsH 4N-para)(CO)¢] (8)

o}

Fﬁ
\I/\

ooy =R "

\ l'co

oC CcO

4-pyridinecarbonyl chloride hydrochlorid& (0.37 g, 2.1 mmol) was suspended in dry
THF (40 mL) to give a cloudy white suspension. Triethylamine (0.3 mL, 2.2 mmol) was
then added and the mixture left to stir for 30 min. A solutionFeb(fimp)(CO)] 1
(0.519g, 1.3 mmol) in dry THF (40 mL) was thexdded, followed by more triethylamine

(0.4 mL, 2.9 mmol). The resulting orange solution was then stirred at room temperature
for 24 h. The volatiles were then removed in vacuo to give an orange oil before the
residue was dissolved in DCM (100 mL). The tesg solution was themvashed with

1M HCI (3 x 100 mL), saturated sodium hydrogen carbonate solution (3 x 100 mL) and
finally brine (3 x 100 mL) before being dried over MgSdhd evaporated to dryness to
give an orange oily solidColumn chromatography3:1 hexanedthyl acetate and
subsequent drying in vacuo gave thke compound0.11 g, 0.2 mmol, 17%) as orange
powder. Crystals suitable for Xay diffraction were grown from a hexane solution
cooled to2 °C. '"H-NMR (CD,Cl,, 300. 13 MH&93(s, Hj Ar{Hp h3d s,
2H, Ar-H), 4.24 (m, 2H, CHCH,-O), 3.09 (m, 1H, CHCH-CH,), 2.79 (m, 1H, S
CHH-CH), 2.02 (m, 1H, SCHH-CH). IR(DCM): &(CO) = 2077, 2039, 2006, 1998;
d(ester CO) = 1736Anal. Calcd. forCisHeNOsS,Fex: C, 35.53; H, 1.79; N, 2.76.
Found: C, 35.67; H, 1.69; N, 2.83
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2.3.9 Synthesis of pyridine2-carboxylic acid pentafluorophenyl ester (9%

Pyridine2-carboxylic acid(1.25 g, 10mmol), pentafluorophenol (2.10 g, 11 mmol) and
N,N'-dicyclohexylcarbodiimide (2.27 g, 11 mmol) were combined in a flask and dry
dioxane (30 mL) was added to give a slightdllgw solution. The solution was stirred

at room temperature for 1 hour to give a bright yellow viscous solution, which was then
filtered through celite and dried in vacuo to give a dark green solid. Subsequent
recrystallisation from hexane gave the titlempound (2.19 g, 8 mmol, 75%) as green
crystals."H-NMR (CDCl;, 300.13 MHz):ti  ( p p8r@J (m,=1H), 8.34 (m, 1H), 8.01

(m, 1H), 7.68 (m, 1H)®F-NMR (CDCl;, 282.37 MHz):ti  ( p p 1192.61=(m,
2F),-157.89 (m, 1F);162.00 (m, 2F).

2.3.10 Synthesis of Fex(dmp-OCOCsH 4N-ortho)(CO)g] (10)

o}

)

S
oc\ ’X\/CO
OC\“‘" e—Fe:,,,,/CO

oC CcO

[Fe(dmp)CO)] 1 (051 g, 1.3 mmol) and pyridir2carboxylic acid
pentafluorophenyl ested (0.53 g, 1.8 mmol) were dissolved in dry THF (80 mL) to
give an orange solution. Triethylamine (0.4 mL, 2.9 mmol) was then added, with the
subsequent mixture being heated4at'C for 24 h. Volatiles were then removed in
vacuo to give a reail before the residue was dissolved in DCM (100 mL). The
resulting solution was thewashed with M HCI (3 x 100 mL), saturated sodium
hydrogen carbonate solution (3 x 1®Q) and finally brine (3 x 100 mL) before being
dried over MgSQ®@ and evaporated tadryness to give a red solidColumn
chromatography(3:1 hexanedthyl acetate and subsequent drying in vacuo gave the

titte compound(0.60 g, 1.2 mmol, 93%) as red powd@rystals suitable for Xay
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diffraction were grown from a hexane solution cooled2t8C. 'H-NMR (CD.Cly,

300. 13 MHZz)9.72 (8 H,(ApH),r8.11 (&I = 7.5Hz, 1H, ArH), 7.86 (t

334n = 7.5 Hz, H, Ar-H), 7.50 (m, 1HAr-H), 4.27 (m, 2H, CHCH»-O), 3.15 (m, 1H,
CH,-CH-CH,), 2.80 (m, 1H, SCHH-CH), 2.04 (m, 1H, SCHH-CH). IR(DCM): &(CO)

= 2077, 2039, 2006, 1998(ester CO) = 1743, 1730.

2.3.11 General procedure for protonation of the[Fe,(dmp)(CO)¢]-pyridine esters

A solution of[Fe(dmp)CO)]-pyridine estef7, 8, or 10(15.0 mg, 0.03nmoal) in dry
DCM (5 mL) was preparedo which 1 equivalent odfiBF,.OEt via DCM (1:99) stock
solution (0.41 mL, 0.03 mmol) was added. Samples for analysis were then removed by

syringe as necessary. Characterisation of individual species outlined below.

2.3.12 Characterisation of the caiion [Fe,(dmp-OCOCsH4N-metg(CO)s-H]*
0 e
S /S N/
OC\Fi/\\ 0 |

ocw e—Fe., H

\ ele)

oC CcOo
The title cationis formed in situ whernFe(dmp)CO)]-pyridine ester7 is combined
with 1 equivalentof HBF,.OE% in dry DCM at room temperaturéH-NMR (CD.Cly,
300.13 MHz)1  ( p ©.25 (s, H, Ar-H), 8.86 (m, H, Ar-H), 8.54 (d °Jy = 7.5 Hz,
1H, Ar-H), 7.66 (m, 1HAr-H), 4.28 (m, 2H, CHCH,-0), 3.11 (m, 1H, CHCH-CH,),
2.80 (m, 1H, SCHH-CH), 2.02 (m, 1H, SCHH-CH, overlapped with ;D). IR(DCM):
4(CO) = 2079, 2039, 2006, 199%ester CO) = 1747.
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2.3.13 Characterisation of the caion [Fe,(dmp-OCOCsH4N-para)(CO)e-H]*
o e

Nepgot

Fe,

\ lico

oC CcO

H

OC\

The title cationis formed in situ wherfFe,(dmp)CO)]-pyridine ester8 is combined
with 1 equivalentof HBF,.OEb in dry DCM at room temperaturéH-NMR (CD,Cls,

300.13 MHz):  ( p 899 (d °3 = 5.6 Hz, H, Ar-H), 8.33 (d *Jun = 5.6 Hz, H,

Ar-H), 4.32 (m, 2H, CHCH,-0), 3.10 (m, 1H, CHCH-CH,), 2.81 (m, 1H, SCHH-

CH), 2.00 (m, 1H, SCHH-CH). IR(DCM): (CO) = 2079, 2039, 2007, 199&ester
CO) = 1747.

2.3.14 Characterisation of the caion [Fe,(dmp-OCOCsH4N-para)(CO)e-H]"
o _\ :

F

Fﬁ
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oc\“‘ Fe "co
oc co

Thetitle cationis formed in situ whefFe;(dmp)(CO)]-pyridine esterl0is combined
with 1 equivalentf HBF,.OEb in dry DCM at room temperaturéH-NMR (CD,Cls,

300.13 MHz):ti  ( p B®Y (d *3y = 4.2 Hz, H, Ar-H), 8.31 (d *Juy = 7.8 Hz, H,

Ar-H), 8.20 (t *Juy = 7.6 Hz, H, Ar-H), 7.81 (m, 1HAr-H), 4.32 (d,*Jun = 7.4 Hz,
2H, CHCH,-0), 3.15 (m, 1H, CHCH-CH,), 2.83 (m, 1H, SCHH-CH), 2.03 (m, 1H,
S-CHH-CH). IR(DCM): &(CO) = 2079, 2041, 2006, 200fi(ester CO) = 1759.

2.3.15 X-ray crystallography

Crystals were suspended in oil, and one was mounted on a glass fibre and fixed in the
cold nitrogen stream of the diffractometer. Data were coliecte a Rigaku AFC12
goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted
at the window of an FfE+ SuperBright molybdenum rotating anode genenatth HF
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Varimax optics 2, 3, 7, 10, or a Crystal Logic €ircle kappa geometrgoniometer
with a Rigaku Saturn 724 CCD detector on beamline 119 of the Diamond Light Source
(8). Data were process using the CrystalG®BEr Expert prograrff. Structures were
determined by charge flipping routines in the SUPERFLIP programd refined b
full-matrix leastsquares methods & in SHELXL-2012 @, 3)"? or SHELXL-2014 (7,

8, 10).” Nonhydrogen atoms were refined with anisotropic thermal parameters.
Hydrogen atoms were included in idealized positions and thgivalues were set to
ride on theU, values of the parent carbon atoms. Com@exas a normerohedral
twin (a 180 rotation about [1 0 0]) with final occupancy for the minor component of
0.362. Rigid bond restrains were applied to all atoms in comple& 10 with e.s.d.
values of 0.004 both 1,2 and 1,3distances. The benzoate ester idain of this
complex was disordered over two positions and was models with a fixeequnagers
occupancy in the major position. Complexeand 8 were subject to tim refinement
using two reflection files (HKLF5) with twin component values of 0.403 and 0.411,
respectively. In compleX the CHO group of the ester was modelled in two positions,
with occupancy of 0.56(4) for the major position at the end of the reéinenBond
distances and thermal parameters for the disordered parts were restrained to the same
values with e.s.d. values of 0.82and 0.04A, respectively. The pf£O(O) groups in

the two independent molecules of comp&e the asymmetric unit were reained to

lie in a common plane with an e.s.d. of 8;1an extinction coefficient of 0.044(17) was
also refined for this structure.

A summary of the data collection parameters is givefigares 2.23 and 2.24
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2 3 7 8
Formula CiH1oF&0sS, | CooH1Fe0sS, | CisHoFENGS, | CisHoFe&NOsS,
Molecular 506.06 556.12 507.05 507.05
weight
TIK 100(2) 100(2) 100(2) 100(2)
A 0.71075 0.71075 0.71075 0.6889
Crystal system Triclinic Triclinic Monoclinic Triclinic
Space group Op Op 0¢ 1o Op
JA 6.5304(5) 7.4608(8) 20.2126(16) 7.642(12)
b/A 7.5754(5) 9.3160(11) 7.4871(7) 13.21(2)
oy 19.6740(14) 15.696(2) 12.5040(7) 20.65(4)
e 82.873(7) 94.355(7) 90 82.23(3)
B/° 86.209(7) 98.176(7) 97.788(6) 85.01(4)
9° 76.366(6) 94.470(7) 90 75.21(5)
VA3 937.86(12) 1072.4(2) 1874.8(3) 1994(6)
Z 2 2 4 4
Reflections 12294 5847 5651 6027
collected
Independent 4288 4901 5651 6027
reflections
Rint 0.040 T T T
R, [F2 > 25(FY)] 0.042 0.137 0.121 0.192
WR, (all data) 0.125 0.358 0.302 0.520

Figure 2.23 Summary of Xray parameters for complex2s3, 7 and8.
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10
CisHoFeNOgS;
Formula
Molecular 507.05
weight
T/IK 100(2)
alA 0.71075
Crystal system Triclinic
Space group 0p
/A 7.632(3)
b/A 9.536(3)
c/A 14.524(5)
ue 92.270(6)
br° 102.425(6)
a° 91.371(6)°
VIA® 1030.9(6)
z 2
Reflections 18529
collected
Independent 4755
reflections
Rint 0.080
R; [F* > 25(F?)] 0.054
WR; (all data) 0.153

Figure 2.24 Summary of Xray parameters for compléx.
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3 Hydrogen bonding of a diiron dicyanide subsite

analogue with fluorinated bisureas

3.1 Introduction

3.1.1 General aspects

This chapter is concerned with the second coordination sphere interactions of cyanide
ligands with fluorinated bisireas in order to demonstrate the potental Hydrogen
bonding. Hydrogen bonding plays several key roles in the structure, reactivity and
function of the [FeFehydrogenase, so developing subsite analogue systems exhibiting
significant hydrogen bonding is important for understanding the behaviotineo

natural systenand for directing the synthesis of future hydrogeriaspired systems.

In the next sectionthe main reasons for interest in hydrodmmmded cyanides will be
outlined, along with the reasons why fluorinated-umsas are ideal candi@s to
facilitate such bonding. The combination of theseupesas with a cyanideontaining
subsite analogue, () [Fex(pdt)(COW(CN),], will then be described, with the
subsequent binding of the hiseas being demonstrated through spectroscopy and the

chemical properties of the bound system being explored.

3.1.2 Hydrogen bonding in the natural system

The active site of the [FeFalydrogenase as obtained by Peters and cowdfkenn a
high-resolution structure isolated fronClostridium pasteurianumis shown in

Figure 3.1 The surrounding amino acid residues have been included in the structure,
and they are shown to be hydrogen bonding to the cyanide ligands. The cyanide ligand
at the Fe atom proximal to the 4Fe4S cluster is hydrogen bonded toepi@fim 231)

and serine (Ser 232), and the cyanide on the Fe atom distal to the cluster is hydrogen
bonded to proline (Pro 324), glutamine (GIn 325). A structure showing the key
hydrogen bonding interactions of the protein backbone with the cyanide ligaald®

included in this figure.
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Figure 3.1. Active site of [FeFehydrogenase demonstrating hydrogen bonding
obtained fromClostridium pasteurianumX-ray crystal structureeproduced from

referencé,

The hydrogen bonding interactions around the active site are believed to serve several
important function®; the most basic of which is that they contribute to the binding of
the subsite to the protein, which is otherwiseydmtld by a single cysteine bridging
sulfur to the 4Fe4S cluster. Secondly, they must enforce the subsite to adopt the
trans-(basal,basal)orientation in order to favour a substrate€ /i) binding site in the
turnover states. Thirdly, they help drain dafrom the diiron core, allowing reduction

of the {F€'-Fe}/{Fe'-F€} couple to occur at a potential close to that of the'/Phi
couple at neutral pH; and fourthly the hydrogen bonding plays an important role in
transporting protons to and from the aetigite via the bridging adt ligafd As
hydrogen bonding is so important to the structure and function of the active site of the
[FeFelhydrogenase, and particularly through the cyanide ligands, it is clear that this is

an area worthy of investigation.

3.1.3 Interest in the cyanide groups

There is much interest in the ligated cyanide groups present in [Rgé&lgenase
subsite analogues as they readily allow functionalisation that directly impacts on the
FeFe core. The general ability of the coordinated cyatadengage its lone pair in
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bonding via acting as a Lewis base will be explaine@hapter 4. However, recently,

a significant amount of attention regarding cyanide ligands on hydrogenase subsite
mimics has been put towards a more biological cont@xtero, Fontecave and
collaborator§® have recently suggested that bridging cyanide is involved in the
biosynthetic pathway of the active site of [Fehglirogenase. In this pathway, a
maturase enzyme, HydF, fronthermotoga maritimais believed to accept diiron unit
Figure 3.2 (a)to form the complexFigure 3.2 (b) which then gives the active
H-cluster of HydA Figure 3.2 (c) It is proposed that HydF possessdisking cyanide,

but curiously, when the diiron subsite unit is bound the cyaniddergoedinkage

isomerisation.

a b
( & 7
0C_ suS, CO ' 0C_ ,SaS, CO
NC"'}:f : Fe/----uCN : o —N""'>:§ \Fe/
i
OC/ \CO / N
CO
1 X=CH, )
2 X=NH x-HydF (x = 1-3) HydA
3 X=0 (native [FeFe]-hydrogenase)

Figure 3.2. Diiron subsite analogue&), their binding to the maturase with linkage
isomerisation of the CN bridg#), and(c) the reflipped CN in an active hydrogenase.

Image reproduced from refererite

This linkage isorarisation is still yet to be fully substantiated, though HYSCORE
experiments in combination with DFT calculations have suggested that the diiron
subsite analogue incorporated into HydF is bound through a CN that has its carbon
bound to the 4Fe4S clustér

Another key area of research in regards to cyaoargaining [FeFehydrogenase
subsite analogues is their instability when combined with acid. As the typical use of
such a hydrogenase mimic is to convert' 2hto Hp, this instability presents quite a
significant problem. Wright and cowork&?shave suggested that this is caused by

protonation of the cyanide ligand, forming@NH" species.
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Scheme 3.1Generalised protonation mechanisnt énd 1 = CN or PMg, n=1 or 2).
Adapted from referené®

With the lone pairs on the nitrogen atoms of the cyanide ligands able to readily bind
protons present in solution, 'protonation on ligand' is a comparatiastystep in the
proposed protonation mechanism. In order to prevent decomposition by protonation of
the cyanide ligands, it would be favourable totige and protectively bind the cyanides
prior to exposing the subsite analogue system to acid. To deahisl involve striking

a delicate balance; binding the cyanide so that it is suitably protected, but not so
strongly so that the subsite system is drastically affected in its reactivity or chemical
properties.

One attempt at such a protected system mgpsrted by Rauchfuss and coworkéfs

They attachedluorinatedaryl boranes (BAJ to the ligated cyanides via formation of
Lewis adducts. The Lewis acidity of such boranes will be explained in more detail in
Chapter 6, though it should be noted that Bamre relatively potent Lewis acids. The
fluorinatedaryl borane employed by Rauchfuss was the -wesdwn
tris(pentafluorophenyl)borane, BAg, and the diirorcontaining adduct formed was
shown to undergo a wetlefined reversible one electron oxidatiom &ddition,
protonation of the adduct species was also shown to give stable bridging hydrides, as
opposed to the decomposition observed by the 'unprotected’ cyamtdening parent

compound.
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Scheme 3.2Reaction of [Fgpdt)(COX(CN),]* with BArFis to give the 'protected’
adduct [Fe(pdt)(COWCNB(CsFs)s),]>. The reversible one electron oxidation and

protonation chemistry of this adduct are also shown. Adaptedriferencé.

As far as protecting the cyanide groups by capping them, RauchfusSisBAr
experiments were a success. The parent compoungp@E¢CO)(CN),]%, is known to

have an irreversible oxidation proc¥ssand with the borareapped version thissi

shown to become both stable and reversible. The protonation of the capped species, as
previously stated, also givesstable bridging hydde, being stable enough to allow

structure determination by-Kay crystallography, as shownkigure 3.3.
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Figure 3.3.Displacement ellipsoid plot of [F@dt)(COXCNB(CsFs)3)2]* at 50%
probability and H atoms omitted for clarity. Pentafluorophenyl groups are deemphasised

for clarity. Image reproduced from referefice

The structure of the diiron component in taduct structure is very similar to that of

the parent compound, with the CN, CO, and FeFe bond lengths being similar and the
apicalbasal geometry being retained. The FTIR spectrum, showrFigure 3.4,
exhibits significant differences, however. Thare substantial shifts in the CO and CN
stretching frequencies, both to higher frequencies. XB®) stretches shift to higher
values due to a reduction in the extent of back bonding int6*thatibonding orbitals

of CO, which is caused by the BAgroups withdrawing electron density from the FeFe
core. The®(CN) shift to higher frequencies would also be consistent with diminished

back donation into the* orbitals of CN.
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Compound a(CN) / cm* &(CO) / cm™
K[Fex(pdt)(COMCN)] 2077 1967, 1928, 1890
K,[Fex(pdt)(CO)(CNB(CsFs)3)2] 2119 1989, 1951, 1916

Figure 3.4.Solution FTIR spectra comparing[ke,(pdt)(COX(CNB(CsFs)3)2] with the
parent compound KFe(pdt)(COX(CN),]. Adapted from referené&

Although some shift in the CO and CN stretches was to be expected, as frgg@sus

are attached by Lewis acid acceptance of electron density, the potency of the Lewis acid
usal has had a significant impact on the electron density residing at the FeFe core. The
shifts of >20 crit by the CO stretches to higher wavenumbers is substantial, and shows
that the electronic properties of the FeFe centre have been altered considenathlid |
therefore be more desirable to employ a less severe method of egapplag; either

by use of a softer Lewis acid, or another method of bonding; namely hydrogen bonding.

3.1.4 Hydrogen bonding

Hydrogen bonding is the electrostatic attraction betweem polar groups when a
hydrogen atom covalently bound to a highly electronegative atom, such as nitrogen or
oxygen, experiences the electrostatic field of another highly electronegative atom
nearby. Hydrogen bonds can occur as both intermolecular andmateeular

interaction&.

Hydrogen bonding occurs due to the electronegative atom covalently attached to the
hydrogen atom sharing the bonding electrons unequally; resulting in the hydrogen atom
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taking on a slight positive charge. The slightly positivettyarged hydrogen atom can

then interact with a lone pair of electrons on a neighbouring second electronegative

atom, which becomes the hydrogen bond acceptor. Mainly through electrostatic

attracton, the original electronegative atom effectively shares its hydrogen with the

acceptor atom, forming a bond.

Hyvdrogen bond

Figure 3.5. Hydrogen bonding between two water molecules.

Hydrogen bonds are weaker than ionic or covalent bonds, but are stronger tln van
Waals forces. Typically hydrogen bonding strength ranges fro@0lkImol*, though
they can be much strgar when fluorine is involved (up 61 kJmot'), due to fluorine

being very electronegative. Some example hydrogen bond strengths are given in

Figure 3.6.

Interaction Bond strength / kJmol*
O-H---N 29 kJmot*
O-H---:0 21 kJmot*
N-H---:N 13 kJmof'
N-H---:0 8 kJmol*

HO-H---:OH;" 18 kJmof'
F-H--:F 161.5 kmat

Figure 3.6.Example hydrogen bond strength¥.

Hydrogen bonds arprevalent in nature, with the hydrogen bonding lattice present in

watef’ being one of the more wethown examples, along with the basairing

present in DNAZ. Hydrogen bonding is present in many proteins, contributing to the
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folding of secondary and rgary structures, and, as explainedSection 31.2, play

several key roles in the hydrogenase enzymes.

3.1.5 Fluorinated bis-ureas to hydrogen bond cyanides

Hydrogen bonding to iron cyanides is not a new area of researfdr, @sampleWhite
and coworkerswere able to coordinate the simple[Re(CN)] to polyammonium
macrocycle¥. The complex formed was sufficiently stable to be characterisedray X
crystallography, as shown iRigure 3.7, and demonstrates the capacity of cyanide

ligands to engage inydrogen bonding.

Figure 3.7. X-ray structure demonstrating hydrogen bonding interactions to cyanide
ligands. Image adapted from refereficévhite spheres H; blue spheres N; black

spheres C; yellow sphere Fe).

In this work we explore the hydrogenording interactions between a cyanide
functionalised diiron subsite analogue with fluorinatedisas. Gale and coworkers
have recently developed a series of laind tris ureas and thioureas to act as anion

transporters across cell membrafié€s
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Figure 3.8. Urea and thiourea systems transporting anions across cell membranes.

Image reproduced from refererite

The transport of ions, and in particular chloride and bicarbonate anions, is important to
numerous biological processes, and is ofteediated by proteins embedded within
cellular lipid bilayers. Malfunction of these proteins can lead to diseases, such as cystic
fibrosis’™. Due to this, there is much synthetic research being conducted to produce
small molecules capable of mimicking thaler of such proteins. Although there are
several examples of nonprotein natural products that can function as cation transporters,

such as valinomycifi, only few examples of anion transporters can be found.

Gale and coworkers have discovered that &gl tris- ureas and thioureas are capable

of tightly binding small anions such as chloride, nitrate, and sulfate and transporting
them across Hipid cell membranes. The systems function by facilitating the formation
of multiple hydrogen bonds, which is alled by the geometry of the bignd tris ureas

and thioureas. An Xay structure showing a bigea binding a chloride anion is given

in Figure 3.9.
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Figure 3.9.X-ray crystal structure showing binding of a chloride anion by a fluorinated
bis-urea functionalised with nitro groups. Reproduced from refeférfadite spheres

H; blue spheres N; black spheres C; red spheres O; light green sphere CI; darker green
sphees F).

The formation of multiple hydrogen bonds of the-bisa inFigure 3.9. allows the
partial encapsulation of the anion. This wrapping up would be ideal in combination with
the cyanide groups ligated to [FeHsjdrogenase subsite analogues, as thaidga
behaving as a '‘pseudalide’ could be capped in protection against the problems
associated with exposed cyanides outline8ention 31.3.

Gale's bisureas are synthesised from a one step reaction involving the combination of
an ortho-phenylenediamine with the appropriate phenyl isocyanate. The chemical
properties and aniebinding potential of the bigreas are tuneable by functionalisation

by different groups, and the fluorinated -bi®as employed in this work are shown in
Figure 3.10.
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Figure 3.1Q Fluorinated bisureas employed in this work.
Due to being highly electronegative, the fluorine atoms on theserdss should draw

electron density away from the urea hydrogens by indei@ffects, making the protons

more amenable to hydrogen bonding. Ut@avas chosen in addition tbl to examine

the effect of additional trifluoromethyl groups on the binding strength to the cyanide

group. In regard to the use of multiple fluorine atorasd in the inherent risk of

withdrawing considerable amounts of electron density away from the FeFe core, as was

in the case of Rauchfuss' BAexperiments outlined iSection 31.3, it was deemed

appropriate to ensure that the-biea was sufficientlylectronwithdrawing to ensure

binding to the cyanide ligand, with tuneability of properties to be considered later, if

necessary.
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3.2 Results anddiscussion

3.2.1 Synthesis of diiron subsite analogues

It is well-established that the bridgehead of tiaurally-occurring [FeFehydrogenase

is an azadithiolate (adt) derivatieand that the secondary amine involved participates
in the catalytic cycle. However, in this work the propanedithiolate (pdt) derivatiass
employed. The reasons for this are twofold. Firstly, the pdt derivatives have been
extensively studied and are straightforward to synthesise and handle using standard
Schlenk techniques. The adt derivatives, on the other hand, are more difficult to
synthesise and handle, and have the additional property that the bridging amine is
capable of hydrogen bonding, as showrigure 3.1. As the focus of this work is to
monitor hydrogen bonding interactions between fluorinateeutaas and the cyanide
groups @ the subsite derivatives, the presence of a further hydrogen bonding site would

present additional complications.

S S CN S S CN
oc X/ oo X\
ocw FeT Ry o ocW e PR e
NC co NC co

Figure 3.11. Structures of [FeFeflydrogenase subsite mimicBej(adt)(COM(CN),]*
(left) and Fe(pdt)(CO)(CN)]* (right)

The standard method of preparation of the dicyanide diiron units is firstly the
preparation of the hexacarbonyl derivative, followed by ligand substitution by the
nucleophile CN The hexacarbonyl starting matdr employed in this work
[Fexpdt)(CO)] 13, was synthesised from reaction of -pf®panedithiol with triiron
dodecacarbonyl, and was then combined with tetraethylammonium cyanide to give the
dicyanide derivative, (BN),[ Fex(pdt)(CO)(CN),] 14, shown inScheme 3.
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Scheme 3.3.Synthesis of (BN);[Fex(pdt)(COWCN),] 14. (i) 1.2 Fg(CO), THF,
70°C, 3 h, 79%; (ii) 2.1 [EN][CN], MeCN, RT, 16 h, 95%. Procedures modified from

thoseoutlined by Rauchfuss and coworl&rs

The dicyanide compleg4 is water soluble and agensitive red crystalline solid, and

was reported independently by three groups in ¥89 From the solution FTIR
spectra of the dicyanide complex compared to #weabarbonyl starting material it is
clear to see the effects of the coordination of the cyanide groups on the electron density

of the FeFe core, as shownFfigure 3.12.
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Figure 3.12 Solution FTIR spectra in MeCN comparing (MWgfFex(pdt)(COX(CN),]
with theparentcompound [Fgpdt)(CO)].

From the IR spectra it is clear that the carbonyl stretches are shifted to much lower
wavenumbers on coordination of the cyanide ligands (>100).cithis is due to the
cyanide ligation greatly increasing theaten density on the FeFe core, which in turn
increases the back bonding into teantibonding orbitals of CO. This has the effect of
decreasing the CO bond order, shifting t he CcO

frequencies.

3.2.2 Synthesis of fluorinatedbis-ureas

The fluorinated bisireas11 and 12 were synthesised by reaction of 4 uoro-
ortho-phenylenediamine with the appropriate fluorinated phenyl isocyanate, in a one pot
reaction using DCM as a solvent with pyridine acting as a l&deeMe 34.).
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Scheme 3.4Synthesis of fluorinated bisreasl1 and12. (i) DCM, 5% pyridine, 53%;
(ii) DCM, 5% pyridine, 59%. Procedures modified from those outlined by Gae’™.

Dichloromethanevas the solvent useid the bisurea synthesiwith the poor solubility
of urea speciefelping drive the reaction towards completiténThe crude bisireas
were then purified by passing through an S€Xolumn to remove starting material

amine and pyridine, before recrystsilfig from ethyl acetate to give white powders.
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3.2.3 The binding of fluorinated bis-ureas to [Fe(pdt)(CO)4(CN),]*
3.2.3.1 FTIR spectroscopy
Fluorinated bisureall was combined with (NE)[Fe(pdt)(CO)(CN);] 14 in MeCN,

and examined by FTIR spectroscogsigure 3.13. shows theevolution of the IR

spectrum upon successive addition of aliquots.

F F 2-
r/r il [NE4]
R 3 0 ISXS\ /™
F. c—< %NyN\ /N%N—< )—oF OCNYFe*Fi””'CO
3 \H H H H/ 3 N A
0 equiv
0.5 equiv.
1.0equiv,

T~ L5equiv
T~ 20equiv

2.5equiv.
T—_-30equiv
S~ 3.5equiv,

4.0 equiv

2125 2075 2025 1975 1925 1875 1825
Wavenumber / cmt

Figure 3.13. Solution FTIR spectra in MeCN showing the effect of 0.5 to 4.0
equivalents of fluorinated bisreall on the CO and CN stretches of the dicyanide
compound 14. The concentration of the diiron species was consistent across all

measurements (1r@M).
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After the addition of 1 equivalent a spectrum corresponding to the evolution of a single

new species evolves. Upon further addition this species is consumed, and is replaced by

a clean spectrum after addition of 4 equivalents; indicative of the formation of a

successor species. The final spectrum shows two distinct cyanide bands.

Comparing the intitial spectrum of the unreacted dicyanide spéddlewith that

obtained from the addition of 4 equivalents of the fluorinateeul@a 11, there is a
substantial shiftn the three major CO absorption bandsg@re 3.14). After the

addition of a single equivalent the shifts in these bands are intermediate between that of

the starting material and the final product.

Urea equiv. | G(CN)/cm™* a(Co) / cm*
0 2075 1963,1921, 1884
0.5 2075 1963, 1923, 1884
1.0 2075 1965, 1931, 1892
15 2075 1967, 1931, 1894
2.0 2075, 2048 | 1967, 1933, 1894
2.5 2073, 2048 | 1969, 1934, 1896
3.0 2073, 2048 | 1971, 1938, 1900
3.5 2071, 2048 | 1971, 1938, 1900
4.0 2071, 2046 | 1971, 1938, 1900

ﬂ [NEt,]
S_,S cN
7
oo X1/
oc\“"'FeiFi”’“co

Figure 3.14. CO and CNstretch maximaf dicyanide compound4 when subjected to

increasing aliquots of fluorinated biseall.

Whereas the magnitude of the shifts inflBquency are considerable, they are lassit

those observed when usittie powerful Lewis acid BAF groupsto bond to cyanide as

reported by Rauhfuss as shown ifFigure 3.15.
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Compound a(CN) / cm* &(CO) / cm™
[Fex(pdt)(COXCN)]> 2077 1967,1928, 1890
[Fex(pdt)(COX(CNB(CsFs)s)2]* 2119 1989, 1951, 1916
[Fe,(pdt)COM(CN),-(ureall),]* | 2071,2046 | 1971, 1938, 1900

Figure 3.15. Solution FTIR spectra comparing the shiftsG® and CNstretch maxima
of the dicyanide when subjected to fluorinated hisea 11 and Lewis acid BATs

group$™.

Similar results were observed with the fluorinatedsal2 which has stronger Lewis
acid properties. In this case the fisglectrum was essentially fully developed after the
addtion of 2 equivalents of the bisrea. The magnitude of the carbonyl shifts for
bissureal2 were marginally larger than that of hiseall Again two cyanide bands
were observedrigures 3.16clearly shows progression of the spectrum for the addition

of bisureal2.
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Figure 3.16. Solution FTIR spectra in MeCN showing the effect of 0.5 to 4.0
equivalents of fluorinated bisreal12 on the CO and CN stretches of the dicyanide
compound 14. The concentration of the diiron speciems consistent across all

measurements (1r@M). The band appearirag ~2020 cni arises from decomposition.
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Urea equiv. | &(CN)/cm* a(CO) / cm*
0 2075 1963, 1921, 1884
0.5 2075 1965, 1921, 1884 — i
1.0 2075 1967, 1932, 1896 oo P
15 2075 1969, 1934, 1896 N AN
2.0 2075, 2042 | 1969, 1934, 1898 "< 5 4
2.5 2073, 2042 | 1971, 1936, 1898 yorr
3.0 2073, 2042 | 1971,1937,1900
35 2071, 2044 | 1971, 1938, 1902
4.0 2071, 2044 | 1971, 1938, 1904

Figure 3.17. CO and CNstretch maximaf dicyanide compound4 when subjected to

increasing aliquots of fluorinated biseal?.

In summary, in MeCN both fluorinated biseas interact strongly with the dicyanide
speciesl4. 1:1 adducts are essentially formed at a 1:1 stoichiometry of complex and
bis-urea. Bis adducts are readily formed upon furthadition of bisurea; thatonly 2
equivalents of bisireal2 are required for formation of the bis adduct is indicative of
successive tight equilibrium binding.

The observations of Rauchfuss of Lewis acid binding to cy&halearly suggests that
hydrogenbonding to the basic nitrogenoat of the ligated cyanide is what is being
observed. Importantly, this has been corroborated with additional studies in our
laboratory’ which have shown thahe complexFe(pdt)(CO)] andits electronrich
phosphinecounterpart [Fe(pdt)(COu(PMes),] do not ineract with the fluorinated

bis-ureas

To further probe the interactions of the fluorinatedisas with the dicyanide complex

NMR, massspectrometry and DFT studievere undertaken.
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3.2.3.2NMR spectroscopy

In addition to the FTIR experiments, it was hoped that NMR spectroscopy could

provide additional evidence towards the successful binding of the fluorinatedebis

11and12to the dicyanide diiron subsite analogue (NEFe(pdt)(CO)(CN),] 14.

One eqgwalent of bisureall was combined with (NEL[Fe(pdt)(CO}(CN),] 14 in

MeCN, and stirred for 30 min before removal of the solvientvacuqg and then

sampling for NMR in DMS@ds. One equivalent of bisrea was chosen due to the

findings of the FTIR experiments outlined 8ection 3.2.3.1lwhere itwas siggested

that the first bisurea binds to the cyanide groups strongly, and should therefore provide
a 'cleaner' spectrum with less of a mixture of products.

Figure 3.18. 'H-NMR of bisureall compared to its hydrogen bonded product with

(NEL,)2[ Fex(pdt)(CO)(CN),] 14in DMSO-ds.
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The *H-NMR of the starting material, bisreallis consistent with the reported d4ta
'H-NMR (DMSOds, 300. 13 MHz): U (ppm) = 9.54
7.69 (m, 4H), 7.64 (m, 4H). The coordination to the diiron comgkbrought about

the appearance of the pdt protons on the bridaglas a broad multiplet at 1.81 ppm,
along with a severe broadening of the aromatic and amine protonswehikl to give

one large multiplet at 7.93 ppm. This severe broadening would be consistent with
coordination of the bisirea to a transition metabmplex, as the protons are now in the
environment of a large metal centre.
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Figure 3.19. "*F-NMR of bisureall compared to its hydrogen bonded product with
(NEL,)2[ Fex(pdt)(CO)(CN),] 14in DMSO-ds.
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The *®F-NMR of the starting material, bisreallis consistent with the reported ddta
YFINMR (DMSO-ds, 282. 37 MH=z60.18 (4] 6F):1#h4é Xm, 2F). The
coordination to the diiron complebd once again brought about signal broadening, with
both fluorine sigals becoming significantlproacer. The six fluorine atoms on the
trifluoromethyl groups underwent a tiny shift 460.12 ppm, whereas the two fluorine
atoms present on the 4dfluoro-orthophenylenediamine ring were shifted by a
slightly larger amount tel43.05 ppm. This is interesti, as it suggests that the fluorine
atoms present on the phenylenediamine ring are more greatly affected by the hydrogen
bonding to the cyanide than the fluorine atoms present in the trifluoromethyl groups.
This is consistent with the-Kay structure of is-urea binding shown ifigure 3.9, as

the nitropara-phenyl groups in that example are shown to be pointing away from the
coordinated chloride ion. In this case it is then not unreasonable to assume that the
trifluoromethyl groups present on bisea 11 would adopt a similar position upon
coordination to CN, so that the fluorines present on the phenylenediamine ring are more
greatly affected by the coordination than the outwading trifluoromethyl groups. A
structure showing this postulated bindingeetry is shown ifrigure 3.20.
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Figure 3.20. Suggested binding geometry of fnireall to a cyanide ligand, showing
that the fluorines present on the phenylenediamine ring are more greatly affected by the

coordination thathe outwarefacing trifluoromethyl groups.

That such binding effects can be inferred from the NMR data further suggests that
successful hydrogen bonding between the fluorinateeureia 11 and the cyanide
containing diiron species has taken place:Bea 12 was subjected to the same NMR

experiments are bigreall
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Figure 3.21. 'H-NMR of bisureal2 compared to its hydrogen bonded product with
(NEt) [Fe(pdt)(CO)(CN);] 14in DMSO-ds.

The 'H-NMR of the starting material, bisreal2is consistent with the reported ddta
'H-NMR (DMSOds, 300. 13 MHz): U ( p p3H))7.73(mB5H3 8
7.62 (s, 2H). As was in the case of-breall, the coordination of the diiron complex

(s

14to bisureal2 brought about the appearance of the pdt protons on the bridgehead as a

broad multiplet at 1.81 ppm, broadening of the aromatic and amine protonsuoé®is

12to give one large multiplet at 7.7@m.

75



T T T T T T T
-60 -80 -100 -120 -140 [ppm]

FsC CFs
\\ o L1
| OFs NPt ”
A o)
. —_— FsC N/H\;N/ \o

f HOO\

I 0PN H ;4

I

I !

| N

. N
/\ F g" CF3
N N :

CF3

Figure 3.22. **F-NMR of bisureal2 compared to its hydrogen bonded product with
(NEL,)[ Fex(pdt)(CO)(CN),] 14in DMSO-ds.

The®F-NMR of the starting material, bisreal2 is consistent with the reported d¥ta

" NMR (DMSO-ds, 282 . 37 MHz6)1.83 (3] 12F)141.89 (s, 2F). The
coordination to the diiron compledd once again brought about signal broadening, with
both fluorine signals becoming significantly more broad. The twélwerine atoms on

the trifluoromethyl groups underwent a small shift@8.48 ppm, and the two fluorine
atoms present on 4dfluoro-ortho-phenylenediamine ring were shifted

to -144.29ppm. Ohce again the shift of the fluorines present on the phenylenediamine

ring suggested that they were being affected to a greater extent than the trifluoromethyl
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group fluorines by coordination to CN, which is consistent with the effects seen with
bissureall. However, the shifts for both fluorine signals for-bieal2 are larger than
those observed for bisreall. This suggests that the fluorine atoms inuwisal2 are
more affected by coordination to CN than the fluorine atoms huitgig11. This is a
consistentresult as this would be in agreememith the results observed by the FTIR
experiments that bigrea 12, with its additional trifluoromethyl groups, binds to the

cyanide ligands stronger than {piseall.

3.2.3.3Massspectrometry

Electronsprayionisation mass spectromet(gSFMS) was employed to demonstrate

that the fluroinated bisreasll and 12 were securely bound via hydrogen bonding to

the ligated cyanides of (NBi[Fex(pdt)CONU(CN),] 14. For all of these experiments, a
Bruker MicroTOFQ-IIl was employed, with the mass spectra recorded in the negative
mode. Anaerobic and anhydrous MeCN was used as solvent, with the samples being

injected using gas tight syringes, and of consistent 0.1 mM concentration.

In order toaccurately interprethe mass spectra obtained of the hydrelgended
complexes, it was a priority to first analyse the mass spectra of theedaisstarting
material. To this end, the E®MS spectrum of fluorinated bigrea 1l is given in
Figure 3.23.
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observed Charge Proposed fragment Formula ion m/z
517.0893 1- Bis-urea- [H] CyoH13N4F05 (1-) 517.0916
356.0451 1- Bis-urea- [(C;H4F3)N-H3] CisH7N5Fs0, (1-) 356.0464
330.0661 1- Bis-urea- [(C;H4F3)NCO-H] C1HgNsFsO (1-) 330.0671
169.0211 1- Bis-urea- [(C7H4F3N)2COH3] C7H3N2F20 (1') 169.0219

Figure 3.23. ESFMS of bisurea 11 at 13.9 eV collision energy, with identified

fragments shown.

With the fragmentation pattern of biseall obtained, it was then possible to conduct
ESIMS on mixtures on the hydrogdronded complexes. (NBi[Fex(pdt)(CO)(CN),]
14was combined with 1.5 equivalents of-bi®eall, and then analysed. 1.5 equivaient
was chosen to ensure that the majority of complex existed in solution as the diiron
system with one bisrea attached, based on the results of the FTIR experiments in
Section3.2.3.1.
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observed Charge Proposed fragment Formula ion m/z
517.0911 1- Bis-urea- [H] C,H13N4F0, (1-) 517.0916
449.9753 2- [Fe(pdt)(COL(CN),]-bissurea | CiiHoNgFsOsFS, | (2-) 449.9734
382.8562 1- [Fex(pdt)(COL(CN),]-H CoH;N,0.FeS, (1-) 382.8552
356.0466 1- Bis-urea- [(C;H4F3)N-H3] C1sH7N3F0, (1-) 356.0464
330.0679 1- Bis-urea- [(C;H4F3;)NCO-H] C1aHgNsFsO (1-) 330.0671
169.0226 1- Bis-urea- [(C;H4F3N),-CO-Hs] C;H;N,F,0 (1-) 169.0219

Figure 324 ESKMS of 1.5 equivalents of fluorinated hisea 11 with

(NEt) [Fe(pdt)(COu(CN),] 14 at 1.0 eV collision energy, and tuned for 449.

Identified fragments shown.

These rsultsgive the strongest indication yet that the fluorinatedulnéa is hydrogen

bonded to the cyanide ligand of the diiron complex.-Aok at 449.98 would be the ion

expected if bisureall was attached to the diiron complex, ahd present. Another
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point of interest is that the diiron uniEd,(pdt)(CO)(CN),] is shown to traveWith a

proton as a -lion at 382.86; this suggests that the fragmentationréamvedthe
coordinated bisirea, though one of the urea's protons has been left behind due to its
binding to the cyanide group. It is possible to argue that the proton magdenpas a
bridging hydride species between the two Fe atoms, though as the cyanide group is the
most basic group present on the diiron molecule it is not an unreasonable assumption to
infer that the proton remains attached to the cyanide ligand. Batle stiggested diiron
species exhibit excellent isotope agreement between the calculated an experimental

values, and are shown kigure 3.25.
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Figure 3.25. Isotope agreement between the obtained fragmerdsttan calculated
values for Fex(pdt)(COM(CN),-ureall]® and Fex(pdt)(COM(CN),-H]*.

With the binding of the of the first equivalent of tnisea 1l proving successful, the
binding of the second equivalent was attempted. {NE&,(pdt)(COX(CN),] 14 was
combined with 4.0 equivalents of hiseall, and then analysed. 4.0 equivalents was

chosen to ensure that the majority of complex existed in solution as the diiron system

with two bisureas attached, based on the results of the FTIR experiments in

Section 3.2.3.1.
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900.9560 1- [Fe(pdt)(CO)M(CN),]-H-bisurea| CszH2iNgFsOsF&S, | (1-) 900.9541
709.0284 2- [Fe(pdt)(CO}(CN),]-(bis-urea) | CssHzsNigF60sFeS, | (2-) 709.0230
517.0940 1- Bis-urea- [H] C,,H13N4F0, (1-) 517.0916
382.8580 1- [Fe(pdt)(CO)(CN),]-H CoH;N,O,FeS, (1-) 382.8552
356.0486 1- Bis-urea- [(C;H4F3)N-H3] C1sH7N3FsOs (1-) 356.0464
330.0704 1- Bis-urea- [(C7H4F3)NCOH] C14HoN3F0 (1-) 330.0671
169.0236 1- Bis-urea- [(C;H4F3N),-CO-Hj] C;H3N,F0 (1-) 169.0219

Figure 3.26. ESFMS of 4.0 equivalents of fluorinated hkisea 11 with

(NEt),[Fex(pdt)(CO)(CN),] 14 at 12.0 eV collision energy, and tuned for 709.

Identified fragments shown.
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These mass spectra show that twwlecules of bisurea 11 will bind to the
[Fex(pdt)(COL(CN),]* unit in stable fashion. A-don at 709.03 would be the expected

ion if two equivalents of bisireall were attached to the diiron complex, and it is
present. As seen with the one equivalent experiment, there are also traces present of
species that had $urea(s) coordinated and then subsequently had teemved by
fragmentation The * ion at 900.96 is consistent with a species that originally had two
bis-ureas coordinated, and then had one removed, leaving behind a complex with one
bis-urea still attabed and a proton remaining linked to the cyanide group having been
previously hydrogen bonded between the cyanide and the removekaisThe 1ion

at 382.86 caused by a diiron unit with one hydrogen still bound, as seen in the previous
experiment, is gesent once again, presumably having originated from a diiron species
with two bisureas attached only to have had them boththem removed by
fragmentation Both of these newhdentified diiron species exhibit excellent isotope
agreement between the calated an experimental values, and are showRiguire

3.27.
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Figure 3.27. Isotope agreement between the obtained fragments hendalculated
values for Fex(pdt)(COM(CN),-(ureal),]* and Fexpdt)(COM(CN),-H-ureall]®.

With the data suggesting that bisea molecules can bhemovedfrom a coordinated

systemby fragmentatiorto give the diiron subsite with proton residues, it should be

possible to systematicallemoveone and then two bigreas. This was attempted using

increasing collision energy and is showrigure 3.28. below.
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Figure 328 ESKMS of 4.0 equivalents of fluorinated hisea 11 with
(NE) [ Fex(pdt)(CON(CN),] 14tuned for 709 with increasing collision energies.

Increasing collision energies on the mass spesanaples had the desired effect: it was

possible to systematically remove each of the coordinatedirbes before then
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breaking up the fragments formed. This experiment also provided additional evidence to
support the hypothesis that the additional prgimsent on the molecular ions after-bis
urea removal is located as a hydrogmded proton to the cyanide ligand(s).
Increasing the collision energy from 5 eV to 12 eV is shown to remove one molecule of
coordinated bisirea, generating the protonateddn with one bisurea still attached at
900.96andthe 1 bis-urea fragment with one proton removed at 517.09. This would be
consistent of a cleavage of the wmraton bond, generating the diiron ion with a
protonated cyanide group, and a-brea ion wih a proton missing, which is essentially

the conjugate base of the system. This is showscheme &. It should still be noted

that it is still a distinct possibility for the additional proton to be present as a bridging

hydride between the two Fe atoms, though this is appearing to be increasingly unlikely.
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Scheme3.5. Suggested fragmentation dfey(pdt)(COL(CN),-(ureall),]* at 12.0 eV
to gve the protonated specig@gi(pdt)(COM(CN),-H-ureal1]®.

The mass spectnoetry experiments on bigreall appeareduccessful, demonstrating
significant interactionbetween the bisrea and the cyanidmntaining diiron subsite
analogue. The same series of experiments was then performed usimgabl®,

starting again with the mass spectrum of just thautea itséf as shown irFigure 3.29.
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observed Charge Proposed fragment Formula ion m/z
653.0655 1- Bis-urea- [H] C24H11N4F1402 (1') 653.0664
424.0347 1- Bis-urea- [(CgH3Fg)N-Hj] Ci6HsN3FO, (1-) 424.0338
398.0541 1- Bis-urea- [(C8H3F6)NCOH] C15H8N3Fgo (1') 398.0545
169.0216 1- Bis-urea- [(CgH3zFgN),-CO-H;] C;H:N,F,0 (1-) 169.0219

Figure 3.29. ESFMS of bisurea 12 at 12.0 eV collision energy, with identified

fragments shown.

The fragmentation pattern of khiseal2 gave very similar fragments to hiseall,

with the molecules breaking in the same places and the only change being the additional

mass of the extra trifluoromethyl groups. With the fragmentataitepn of bisureal2

obtained, it was again possible to conduct-EIS on mixtures on the hydrogdronded
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complexes. (NE),[Fe(pdt)(COu(CN),;] 14 was combined with 1.5 equivalents of-bis

ureal2, as was in the case for hiseall, and then analysed.

ar
Sk A O\ ok
oj/ e—Fe o]
7 A MQ
H / °

> L S A /Nﬁ@r

g 382.8587 O/N // \?% r

£

()]

=

T 1-

© 424.0369 1-

4 653.0706

Urea Urea
/ / Urea
1- 1 2
169.0233 307 8524 517.9655
T T 1 l lT T T T T
100 200 300 500 600 700 800
m/z

m/z Charge Proposed fragment Chemical Formula C_alculated
observed ion m/z
653.0706 1- Bis-urea- [H] CysH11N4F140;, (1-) 653.0664
424.0369 1- Bis-urea- [(CgHsFs)N-H3] C1gHgN3FO; (1-) 424.0338
382.8587 1- [Fe(pdt)(CONU(CN),]-H CoH;N,0O,Fe S, (1-) 382.8552
169.0233 1- Bis-urea- [(CgH3FgN),-CO-Hj] C;H;3N,F,0 (1-) 169.0219

Figure 3.30. ESFMS of 1.5 equivalents of fluorinated bisea 12 with

(NEty),[Fe(pdt)(COU(CN),] 14 at 10.0 eV collision energy, and tuned for 517.

Identified fragments shown.
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The desired 2ion at 517.96 is present which demonstrates the binding -ofré&l 2 to
the diiron complex. As was in the case of thewisall experiments, the ptonated
[Fex(pdt)(CO}(CN),]-H fragment is present as aitn at 382.86, presumably generated
by the removal of the attached fiea, leaving behind a hydrogeonded proton. The
2- 517.96 ion that demonstrates -bia attachment exhibits excellent correlation

between the calculated and observed isotope pattern, and is shbwguia 3.31.
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Figure 3.3l. Isotope agreement between the obtained fragmentsthendalculated
values for Fex(pdt)(COM(CN),-ureal?]”.

With the binding of the first equivalent of biseal2 proving successful, the binding of
the second equivalent was attempted. (NEEe(pdt)(CO),(CN),] 14 was combined
with 4.0 equivalents of bigreal2, and then analysed, as in the experiments conducted

on bisureall.
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Figure 3.32. ESFMS of 4.0 equivalents of fluorinated bisea 12 with
(NEt) [Fe(pdt)(CON(CN),] 14 at 15.0 eV collision energy, and tuned for 845.

Identified fragments shown.

The desired 2ion at 845.00 was present, indicating the presence of the diiron species

with two equivalents of bisreal2 attached. As was in the case of-bisall, the

species with one bigrea molecule removed, leaving behind a hydregemded proton
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IS present as a-1on at 1036.94, and the calculated and experimental isotope patterns

are in excellent agreement, as showhigure 3.33.
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Figure 3.33. Isotope agreement between the obtained fragmentsthendalculated

values for Fex(pdt)(COM(CN),-(ureal?),]* and Fe(pdt)(COU(CN),-H-ureal?]
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The mass spectrometexperiments have proven conclusive in that they have shown
that the Iis-ureas11 and 12 can securely bind to (NBs[Fexpdt)(CO}(CN),] 14 via
hydrogen bonding, and thatig possible to sequentially remove each of the attached
ureas to leave behind hydrogbanded proton residues.

3.2.4 The nature of the interactions of adiiron dicyanide subsite analogue with

fluorinated bis-ureas

All of the above spectroscopic studies by FTIR, NMR and mass spectrometry
unequivocally demonstrate that in the solution and gas phase 1:1 and 1:2
hydrogenbonding adducts are formed. This almostertainly involves
hydrogenbonding to cyanide ligand, as is observed in the crystal structures of the
enzyme systemi3 The postulated bindingf the bisureallto the diiron complex4is
shown inScheme 3.6
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Scheme 3.6Suggested binding of bisreallto dicyanide diiron complek4.

To explore the degree of possible hydrogpending in these systemseliminaryDFT
calculationsvere undertakewith Dr Joseph Wrighof the Unversity of East Anglia.

All calculations were performed using the Gaussiarf® @@mputational package
Geometry optimisationdiave been carried out using the TRerdew Staroverov
Scuserid (TPSS) density functionaBulfur andiron atoms are described liye Hay

and Wadt LANL2DZbasis set with effective core potential (ECP). In the case of iron,
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the two outermost p functions were replaced with reoptichdp functionsFor sulfur,
additional p and d polarisation functions wedded. All other atoms employ the all
electron 631+G** basis set. Structures were geometry ogeahiin the gas phase with
the default convergence criteria.

Figure 3.34 shows the a@lculated structure for the moneadduct
[Fex(pdt)(COX(CN),:Bis-urea1)]* and Figure 3.35shows the equivalent badduct.

The optimised structures which converge in each eabéit four hydrogerbonding
interactions to each cyanide provide stable structure¥he calculated hydrogemond
lengths forthe moneadduct [Fex(pdt)(COX(CN),-Bis-ureal1)]> are also shown in
Figure 3.34and are fully consistent with strong hydrogen bonding to the N atom of

cyanide, with the innermost amides having the shortest bond lengths.

Calculated

CIN--H-N length
interaction A

2.344
1.806
1.832
2.420

o o | C

¢

Figure 3.34. DFT optimised structure for [Fexpdt)(COM(CN),-Bis-urea1)]*
demonstrating the formation of folnydrogenbonding interactions, witlcalculated

bond lengths provided.
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Figure 3.35. DFT optimised structure for Fex(pdt)(COM(CN),-(Bis-urea1)),]*.
Again the formation of four hydrogdmonding interactions is demonstrated.

3.2.5 Protonation of [Fey(pdt)(CO)4(CN),-(bis-urea);]*

After analysing the combined results of the FTNMR and ESIMS experiments, it is
fairly conclusive that the fluorinated biseas have been successfully bound to the
diiron unit [Fex(pdt)(COU(CN),]*. The purpose of this work was to securely cap and
protect the cyanide ligands, without a dramatic actpon the activity of the original
system. The simplest way to examine the effectiveness of the fluorinatedehis
capping is by protonation; ideally the system will still be capable of protonation at the
metatmetal bond without the decomposition asatexl with protonation at the cyanide
ligands, as explained i8ection 31.3. The desired protonation of the hisea capped
[Fez(pdt)(CO)4(CN)2]2' species is shown i8cheme 3.7
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Scheme 37. Desired protonation ofFex(pdt)(CO)M(CN)x(bis-urea12),]* to give tre
bridging hydride specie$f(pdt)(u-H)(CO)(CN)y(bis-ureal?),]*.

For this protonation experiment a 1.0 mM solution of ()4HEe,(pdt)(CO),(CN),] 14

with two equivalets of bisureal2 was prepared in MeCN, to which a stock solution of
HBF,.OE% in MeCN was added. Two equivalents of the-inisa were used to ensure

that both the cyanide ligands were capped to hopefully protect from protonation. If the
protonation is successful and gives a bridging hydride species, a large shift in the CO
stretches in the IR spectrum should be apparent due to the large change of electron
density on the FeFe core. The FTIR spectra recorded from the protonation experiment

are given irFigure 3.36.
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Figure 3.36. Solution FTIR spectra (MeCN) monitoring the affects of equivalent
additions of HBE.OEb to [Fex(pdt)(COU(CN),(bis-urea12),]* in order to protonate
and gnerate théridging hydride speciesEé(pdt)(u-H)(CO)(CN)y(bis-ureal?),]*.

These IR spectra demonstrate that the diiron dicyanideespedih capping bisireas,
[Fex(pdt)(COL(CN),(bis-ureal?),]* undergoes stable protonation to give thridging
hydride speciesHex(pdt)(u-H)(COU(CN)(bisurea12),]*. This is shown by the CO
and CN stretches moving to significantly higher wavenumbers-{38@m™) as the

electron density on the FeFe core is severely decreased with the attachment of the
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bridging hydrogen atom, as there is much less back donation from the FeFe core into
the “* antibonding orbitals of CN and CO. These observed results are consistent with

reported examples of protonation at theFeesbond®®".

The fact that three equivalents of HBPEL arerequired to fully protonate the system
is in keeping with Rauchfuss' Baexperiments outlined iSection 31.3 which also
required an excess of [H The binding of the substituents to the cyanide ligands shifts

electron density away from th&-Fe bond, reducing its basicity.

3.2.6 Concluding remarks and future work

The FTIR and ESMS spectroscopic data obtained for the interactions between the
diiron dicyanide subsite analogue and the fluorinateduldas have provided
compelling evidence for 1:1 and 1:2 subsitelnisa adduct formation. The FTIR data is
consisten with hydrogen bonding involving the cyanide ligands of the subsite. The
suggested hydrogen bonding interactions are those shd@aheme 3 and elsewhere,
whereby the bisirea unit is capable of multiple interactions with the CN group(s),
which has some analogy with the bonding ofi@h to electron deficient bisand tris

ureas as demonstrated by Gale and cowotkaihereas it is clear #t four lone pairs
around a chloride anion can accommodate multiplohiding interactions from the bis
urea(s), the corresponding binding of ligated cyanide requires some consideration. The
basic lone pair of electrons on the nitrogen of the cyanidedigan clearly interact to

form a single hydrogen bond, furthermore theglectron density around the CN ligand
may also contribute to hydrogen bonding. It has been noted in calculations for free
cyanide that multiple hydrogen bonding to the pseudospiiesicion can occtf’,

which has been further corroborated with our own DFT calculations for these specific

examples, as shown above.

The fluorinated bigirea groups have protected the cyanide ligands whilst retaining the
activity of the parent system, @emonstrated by protonation. The hydrogen bonding
method of cyanideapping employed has proven a milder mode of protection than the
other reported systéth BAr-derived adduct formation, as demonstrated by the shifts
in the CO stretches of the BAsysten being ~24 cil and the hydrogen bonding
interactions resulting in shifts of ~15 cni', depending on the bisrea employed.
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A scheme depicting fluorinated bisea coordination to the cyanide ligands via
hydrogen bonding, and then the species' subséquetonation to form a bridging
hydride derivative, is shown iBcheme 3.
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Scheme 3. Fluorinated bisurea attachment via hydrogen bonding and then subsequent

protonatiornto form a bridging hydride species.

In regards to expanding this body of work, how such hydrogen bonding affects the
electron transfer chemistry of these dicyanide species remains to be explored.
Preliminary studies in our laboratSfyemploying tristhioureas confirm substantial
shifts in oxidation potentials to more positive values but with no additional stabilisation

of the mixedvalence state.

Another interesting avenue to pursue would be the synthesis of a molecule that
incorporates two of these hiseas joined together, so that they must coordinate to the
dicyanide species from the same face. This investigation, and tHe eBperiments

from the literature, repodpicalbasalgeometries around the FeFe centre, whereas the
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natural [FeFehydrogenase ystem is believed to employ #&ans(basal,basal)
orientation. A conjoined dbis-urea system may just be capable of achieving such an

arrangement.

A further area worth investigating would be to utilise the fluorinateeuigas for a
purpose similar to whh they were originally intended, and to help transport diiron
dicyanide subsite analogues across cell membranes and into cells. The group of
G. Berggren in Uppsala University, Sweden, has recently been able to activate apo
hydrogenases vivo with FeFesubsites, with the mutant cells displaying activity for
hydrogen productio]ﬁl. However, a limiting factor is uptake of the FeFe subsite into the
cell. It is thought that the diiron dicyanide subsite analogues hydrogen bonded to
fluorinated bisureas may & wellsuited for cell uptake, and a collaboration to explore

such chemistry is underway.
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3.3 Experimental

3.31 Sy nt he s i4s5Difluoro-1,2-pghénylene)bis(3(4-
(trifluoromethyl)phenyl)urea) (11)**

0 0
v

FiC N MoW N CFs
\ /
H H

4,5 Difluoro-ortho-phenylenediaming€0.88 g, 6 mmol) was dissolved in dry degassed
DCM (95 mL) and pyridine (5 mL}-(trifluoromethyl)phenyl isocyanatgl .80 mL, 13
mmol) was then added. The solution thickened immediately, forming a large amount of
tan solid. Mixture left to stir for 16 h, before light brown precipitate obtained by
filtration. Dissolved in MeOH with the aid of sonication before passhrgugh an
SCX-2 column. Drying in vacuo gave thiéle compound(1.67 g, 3 mmol, 53%) as
white solid.'H-NMR (DMSO-ds, 300.13 MHz):i ( p por84 (s, 2H), 8.26 (s, 2H),
7.72 (m, 2H), 7.69 (m, 4H), 7.64 (m, 4HJF-NMR (DMSO-ds, 282.37 MHz)Ti ( p p m)
=-60.18 (s, 6F);142.44 (m, 2F).

3.3.2 Sy nt h e s i4s5Difluoro-1,2-pghénylene)bis(3(3,5
bis(trifluoromethyl)phenyl)urea) (12)*

R F

F3C o) Q [e] CF3
>—N\ /N%
N N
\ H H /
H H
FsC CF,

4,5Difluoro-ortho-phenylenediaming€0.78 g, 5 mmol) was dissolved in dry degassed
DCM (190 mL) and pyridine (10 mLJ,5bis(trifluoromethyl)isocyanat€l.9 mL, 11
mmol) was then added, and the mixture left to stir for 16 h. A small amount of tan solid
was produced, so the mixture was emaped to dryness giving brown residues which
were then taken up in ethyl acetate (200 mL). The organic layer was washed,@ith H

(2 x 100 mL), before being dried over Mg&Sénd evaporated to dryness once again.
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The resultant residues were then dissolvedleOH with the aid of sonication before
being passed through an S@xolumn. The solvent was removed in vacuo before the
product was recrystallised from DCM/ethyl acetate (5:1) to givetitiee compound
(2.09 g, 3 mmol, 59%) as white fibrous solfti-NMR (DMSO-dg, 300.13 MHz):U
(ppm) =8.38 (s, 2H), 8.11 (s, 3H), 7.73 (m, BH.62 (s, 2H).F-NMR (DMSO-d,
282.37 MHz)U  ( p pohB3 (s512F)141.83 (s, 2F).

3.3.3 Synthesis of [Fe(pdt)(CO)q (13)%

°°. ISXS\ /%

OC\“"'Fe_Fe""//CO

oC CoO

Triiron dodecacarbonyl (7.80 g, 15 mmol) was dissolved in dry degassed THF (250 mL)
to give a green/black solution. ipBopanedithiol (1.30 mL, 13 mmol) was then added
before the mixture was heated at@for 3 h, forming a red solution. The mixture was
evaporated to dryness before the red/black residue was purified by column
chromatography using hexane eluent to givetittecompound4.72 g, 12 mmol, 79%)

as red crystalline solid. IR(MeCN}CO) = 2074, 2035, 1995.

3.3.4 Synthesis of (NEf)-[Fex(pdt)(CO)4(CN),] (14)%

ﬁ —| - [NEt,]",

oo I

oow e ey 0

NC CcO

[Fex(pdt)(CO)] 13 (1.28 g, 3 mmol) was dissolved in dry degassed MeCN (50 mL) to
give a red solution. Tetraethylammonium cyanide (1.09 g, 7 mmol) in MeCN (50 mL)
was then added over 15 mins to give a dark red solution. The solution wastitiexl

for 16 h, before beingvaporated to dryness to give a sticky red solid. Stirring with
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hexang50 mL) for 6 h before filtration gave th#le compound?2.02 g, 3 mmol, 95%)
as red powder. IR(IMeCN§CN) = 2075,0(CO) = 1963, 1921, 1884, 1870.

3.3.5 General procedure for generation 6 the [Fey(pdt)(CO)4(CN),-Bis-urea o)

adducts

A solution of (NEt),[Fex(pdt)(COM(CN),] 14 (12.85 mg, 0.02 mmol) in dry degassed
MeCN (10 mL) was prepared, to which a solution ofursall or 12 (1 equivalent:

10.37 mg or 13.09 mg, 0.02 mmol), (2 equents: 20.73 mg or 26.17 mg, 0.04 mmol)

in MeCN (10 mL) was added. Samples for analysis were then removed by syringe as

necessary. Characterisation of individual species outlined below.

3.3.6 Characterisation of the dianion[Fex(pdt)(CO)4(CN),-Bis-urea(11)]

The title anion is formed in situ when bigrea 11 is combined with
(NEt),[Fex(pdt)(COM(CN),] 14 in MeCN using a 1:1 ratio at room temperattite-
NMR (DMSO-ds, 300. 13 MHZz7)93 (mildH), d.BIm(m, 6HI’F-NMR
(DMSO-ds, 282. 37 MH50.12 (s,06F){148,051(3, 2Fr. IR(MeCNY(CN)
= 2075;4(CO) = 1965, 1931, 1892. E®MS (m/z): 449.98 [M.
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3.3.7 Characterisation of the dianion[Fe;(pdt)(CO)4(CN),-(Bis-urea(11))]

The title anion is formed in situ when bigrea 11 is combined with
(NEty),[Fex(pdt)(COU(CN);] 14 in MeCN using a 2:1 ratio. IR(MeCN§CN) = 2075,
2048;&(CO) =1967, 19331894. ESIMS (m/z): 709.03 [Mﬁ'.

3.3.8 Characterisation of the dianion[Fex(pdt)(CO)4(CN),-Bis-urea(12)]

The title anion is formed in situ when bigrea 12 is combined with
(NEty)-[Fex(pdt)(COM(CN),] 14 in MeCN using a 1:1 ratio’H-NMR (DMSO-d,
300.13 MHz): U (ppm) = YRNWB (DMBO-ds 282.37)
MHz) : U -63.88(sn)2F)&44.29 (s, 2F). IR(MeCNYX(CN) = 2075;4(CO) =
1967, 1932, 1895. ESNS (m/z): 57.97 [MF.
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3.3.9 Characterisation of the dianion[Fe;(pdt)(CO)4(CN),-(Bis-urea(12))]

The title anion is formed in situ when bigrea 12 is combined with
(NEty),[Fex(pdt)(COU(CN);] 14 in MeCN using a 2:1 ratio. IR(MeCN§CN) = 2075,
2042;&(CO) =1969, 1934, 1898. EMS (m/z): 845.01 [Mﬁ'.

3.3.10 Characterisation of the anion[Fey(pdt)(u-H)(CO)4(CN)2:(Bis-urea(12))]

The title anion is formed in situ when bigrea 12 is combined with
(NEt) [Fex(pdt)(CO}(CN),] 14 in MeCN using a 2:1 ratio, and then 3 equivalents of
HBF,.OEbL are added. IR(MeCNﬁ(CN) = 2189, 21296((CO) =2052, 2035, 1996.
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4 Intimate linking of a photoactive Ru(ll) centre to a

diiron subsite analogue via bridging cyanide

4.1 Introduction

4.1.1 General aspects

This chapter is concerned with the second coordination sphere interactions of cyanide
ligands with a ruthenium(lpased photosensitiser system, in order to construct a
cyanidebridged dyad system. The importance of the interactions of the cyanide groups
present in the natural system was explaineGhapter 3, though whereas previously in

the fluorinated bisirea work the Fbonding potential of the cyanide groups was
exploited, in this chapter the Lewis basicity of the cyanide group is utilised in order to

synthesise new compounds &yduct formation.

In the next sections the main reasons for interephotosensitised hydrogenase mimic
systems will be outlined, along with a brief summary of reported photosensitised
systems and the reasons why Rubipyridine derived systems are ideal candidates to
use as photosensitisers. Following on from that, the successful synthesis of the novel
[Fex(pdt)(COU(CN)(U-CN)Ru(tpy)(bpy)] dyadwill be described, with the physical and

electronic properties of this speciesry subsequently explored.

4.1.2 Photosensitised [FeFehydrogenase mimic systems

There has been much interest in the utilisation of sunlight to drive hydrogenase subsite
mimic systems, as this would truly allow a renewable alternative to fossitfudle
achieve photadriven hydrogen evolution, a typical approach is the linking of a
photosensitising group to the subsite analogue unit. Two different strategies have been
put forward to achieve this linking: functionalisation of the dithiolate bridgehead, and
anchoring the sensitiser to one of the Fe atoms in the diiron®tcFee first reported
attempt at a photosensitised [FeRgfirogenase subsite analogue system was by Sun
and coworker®® in 2003 where the bridgehead functionalisation method was
employed with a Ru(ll}bipyridine unit covalently linked via a bridging-aminc
benzoic acid group, as shownScheme 4.1.
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Scheme 4.1Synthesis of the first photosensitised [FeRgflrogenase subsite analogue
system, where a Ru(bipyridine unit is covalently linked via the dithiolate bridgehead.

Adapted from referenc®,

This was appealing experimental work as it proved the conitett attaching a
photosensitising group was  synthetically achievable, though the system was
fundamentally flawed as the assembled complex was capable of minimal
communication between the Ru and FeFe centres. This lack of communication is best
illustratedusing the IR spectrum of the complex when compared to that of a reference
spectrum, the BOQrotected derivative of the-@minobenzoic acid bridgehead

functionalised starting material, as showrrigure 4.1.
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Figure 4.1.IR spectrum of the Ru(Hyoupled system compared to the reference BOC
protected analogue. Spectra reproduced from refef®nce

The IR spectrum of the Ru(joupled system shows the characteristic peaks from the
carbonyl ligands and is essentiaitientical to the non rutheniweontaining reference
spectrum. As the carbonyl ligands act as antennae sensitive to changes in electron
density on the FeFe core, if there was significant communication between the
photosensitive component and the FeFe mpigten the IR spectrum would be
noticeably affected. Enabling strong communication between the photosensitising group
and the diiron core has proven to be a major obstacle in the construction of
photosensitised [FeFélydrogenase subsite analogue systeamswithoutthis the only
significant benefit of such a namommunicating system is that the stoichiometry of
photosensitiser and diiron unit can be accurately controlled. To synthesise a dyad
system that exhibits good communication between the photasensnd the diiron
moiety has become a target in this area of [Félydlogenase subsite analogue
chemistry, and one of the simplest and most effective methods of assessing this
communication has been shown to be FTIR spectroscopy, due to the positierCad
stretches providing excellent indication of change (or lack of) in the electronic

properties of the FeFe core.
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The next attempt at a photosensitised [Fdielrogenase subsite@ogue system by
Sun and coworket® aimed to improve the internal communication by means of a

bridging acetylene group.

S S co
7/ 7/
SN l/\\/ [(PPh3),PdCl,] / Cul SN ’/\\/
oW e Feu, NEt; / Toluene oo\ Fe_Fi"’//CO
oc co oc co oc co

Scheme 4.2.Synthesis of the second photosensitised [Falydiogenase subsite
analogue system, where a Ru{#ypyridine unit is covalently linked via an acetylene
moiety to the dithiolate bridgehead. Adapted from refer€hce

Despite the attempt to improveommunication between the Ru(ll) photosensitiser
group and the FeFe centre by conjugation, the IR spectrum again showed no significant
communication between the two centres. The mosifi&ignt impact of this work was

to show novel functionalisation of idhn units incorporating the azadithiolate (adt)

bridgehead, which at this point in 2004 were known but not extensively ex{3ftfed

There have been many attempts to link a photosensitising group to a -[FeFe]
hydrogenase subsite analogue system by meaifgnctionalisation of the dithiolate
bridgehead, including porphyfifi, zinc'® and silicort**-based systems, examples of
which are shown ifrigure 4.2 though they all suffer from the fundamental flaw that

there is no significant communication betwelea photosensitiser and the FeFe core.
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Figure 4.2. Porphyrin, zinc and silicecbased photosensitised FeFe systems where
attachment of photosensitiser has been via bridgeheadidnalisation. Adapted from

reference¥®?,

Focusthenswitched to another approach; the anchoring of the sensitiser to one of the Fe
atoms in the diiron core. In 2006, Ott and coworkénsere able to synthesise a FeFe
subsite analogue with a Ru@bipyridine unit attached via a phosphine group

coordinated to one of the Fe atoms, as showrigare 4.3.

Figure 4.3. Ru(ll)-bipyridine unit attached via a phosphine group to an Fe atom on a

diiron subsite analogue. Apted from referencé.

Despite Ott's phosphideking approach allowing the attachment of the Ru(ll)
bipyridine unit to one of the Fe atoms directly, the IR spectra of the complex still
showed there was minimal communication between the diiron centre trend
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photosensitiser moiet}?. The problem in this case was not the same as in the bridge
functionalised examples where communication was essentiallyexistent via the
thiolate groups, it was thalectronic communication necessitated transmission through
10 atoms.This was a trend observed for many attempted systems that attached the
photosensitising group via coordination to one of the Fe atoms at the diiron core; in
order to incorporate the phaensitiser the required functionality was too complex
and/or bulky to allow significant communication between the FeFe centre and the
photosensitising group. Some reported examples of systems with the photosensitiser

attached to one of the Fe atoms aregiinFigure 4.4.

oc co OC>R/_ — }5 s s
SN NNUX)
oc To oc\““‘Fe_Fi"”/CO
"CF3S0; ocC co

Figure 4.4. Example systems with the photosensitiser attached via anchoring to one of

the Fe atoms in the diiron core. Adapted from referéhtEa

In orderto improveinternal communication, in 2010 Wu and cowork&rasedcyanide

as the linker ligand to the FeFe centre. They took their inspiration from nature, noticing
that the natural system employed cyanide bridges, and the interactions of which, to help
control the electron density on the diiron core (€bapter 3). They believed that the
cyanide group, with its linear, rigid and conjugated bridge would provide better
communication between photosensitiser and FeFe core ttwarphosphinglerived
systems However this required additional functionality to introduce the
photosensitising group (this time rhenium moiety) meaninghat communication

within the system, as demonstrated by the IR spectra, was minimal.
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Figure 4.5.Rhenium photosensitising group attached via bridging cyanide with IR data
demonstrating minimal communication between the Re and FeFe centres. Adapted from

referencé®.

However, despite Wu's system not exhibiting much communication between the
photosengiser and the FeFe centre, the use of a bridging cyanide ligand could prove
very interesting. InChapter 3 the coordination of fluorinated bigeas via hydrogen
bonding was shown to have significant effects on the diiron core, and so linking a
photosensising group via a bridging cyanide with its linear, rigid and conjugated
bridge may be a promising avenue to explore. However, instead of employing a
complex and bulky system to attach the photosensitidegct linkage of the
photosensitising group via londing arrangement Methll C-FeFe may provide an
extremely intimate linking mechanism capable of significant communication between
the photosensitising moiety and the FeFe core. At the time of writing no such systems
have been reported, and in this whlk creation of the first such system is attempted.
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4.1.3 The advantages of Ru(ll}bipyridine systems as photosensitisers

There has been much interest in Ru(ll) -bjpyridyl systems as it is one of the few
transition metal complexes that luminesces stromgBolution at room temperature and
exhibits powerful photosentitisation capacity for electromnd energytransfer
processes’. The advantages of [Ru(b|@},5+ systems and their derivatives are
numerous; they have good air and moisture stability, [Rugfp\gystems absorb in a
broad range of UV and visible light, and, most importantly, generated excited states
have comparatively long lifetim&8. These longlifetimes are brought about by
relatively fast intersystem crossing mechanisms, allowing further chemistry to take

place before the complex relaxes to the ground state, as sh@wheme 4.3.
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Scheme 4.3Diagram showing the photoexcitation and relaxation of a [RugHy)

system. Adapted from referertée

The relatively fast intersystem crossing pathway (ca 300 fs) allows the singlet excited
state formed on photoexcitation ¢generate a triplet excited state. This triplet state is
then comparatively lontived (ca 1us) as decay back to the singlet ground state is
formally spinforbidden, and is thus a slow procé$sTogether with the structure of the
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molecule allowing delaalisation of the excited electron across the bipyridine system,
the generation of the excited triplet state allows an excited molecule of relatively long

lifetimes; including 890 ns in acetonitrile and 650 ns in wWater

This comparatively long lifetimef the excited species allows further chemistry to take
place before relaxation. The excited species essentially behaves as*aroRplex
containing a (bpy) which is not unlike the photosynthetic assembly, which features the
separation of an electroméa holé®. This is particularly useful, as the (bpgan then

act as a strong r edB8%M (mSCEP, andlor thedRifycanb py A1
then act as a strong oxidant, as {RRu'} = +1.29 v (vs SCEF*. Depending on the
reactionenvironment, such as whether protons are present or not, these processes could
cause interesting chemistry to occur in an attached redpable unit, such as a [FeFe]

hydrogenase subsite analogue.

4.1.4 Further interest in ligated cyanide groups

In Chapter 3 the research interest in the cyanide ligands coordinated to [FeFe]
hydrogenase subsite analogues was discussed; namely the hydrogen bonding observed
in the natural enzyme, Rauchfuss' BAaxperiments, and the suggested CN linkage
isomerism observed when ayamidefunctionalised diiron subsite analogue was
incorporated into a HydF maturase. To further explore the effects of perturbing the
cyanide ligands, some recent research has been towards studying interactions of these
cyanide groups with Lewis acidic naétontaining moieties. During the undertaking of

this body of work, Darensbourg and coworR&seported the synthesis of a catalogue

of compounds where piarstool Fe moieties had been linked to [FeRgdlrogenase

subsite analogues via bridging cyanigg@ands.
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Figure 4.6.[FeFelhydrogenase subsite analogues joined to p&ool Fe moieties via

bridging cyanide. Adapted from referefice

The purpose of Darensbourg's work was to investigaéeproposed CN linkage
isomerism observed when a cyanfdactionalised diiron subsite analogue was
incorporated into a HydF maturase (describe€lvapter 3). As manoeuvres such as

CN flipping subsequent to adduct formation are uncontfidfi, a series otriiron
systems was prepared. The orientation of the CN bridges was shown to be determined
by the precursor agents, with no isomerisation observed. Furthermore, a series of DFT
calculations were performed to evaluate the energetics of such systems, add fou

excessively high energy barriers accanmfor the failure to observe any isomerisation.

The synthetic work reported by Darensbourg and coworkers was basgct\oous

work of Zhu and Vahrenkamf who reported the synthesis of many cyaridielged

metal complexes of the type Ml C-M' and MCI N-M'. Zhu and Vahrenkamp stated

that the simplest method of forming cyanioiedged species was by labile ligand
substitution, and that the electropositive character of the two metal centres should be in
a ‘judiciaus balance'. Regarding this information, firstly, a labile ligand substitution
approach would be employed in this work to attach the Ru(ll) photosensitising group to
the FeFe core. Secondly, the electropositive character of the proposed Ru and Fe metal
certres were already known to be in 'balance’ as the compoung)[RERkpy)(bpy) (-
NC)Fe(CN}] had been successfully synthesised and characterised -ogty X
crystallography in 2011 by Baraldo and cowork&rs
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Figure 4.7. Thermal ellipsoid plot of [Ru(tpy)(bpy¢NC)Fe(CN}]* at 30%
probability with H atoms, counter ions and solvent molecules omitted for clarity. Image

reproduced from referent@

In order to synthesise a successful photosensitised HrgEejgenase ssiie analogue
system there must be significant communication between the photosensitising unit and
the diiron subsé analogue. Abridging cyanide ligand, with its linear, rigid and
conjugated system if linked directly to the photosensitising group viaoralifg
arrangement Metalll C-FeFe may provide an extremely intimate linking mechanism
capable of such communication. The work of Darensd6uttas shown that Lewis
acidic metal moieties can be adducted to the cyanide ligands on FeFe analogues, and the
study of Ru(ll)-bipyridine systems has shown that these would be ideal candidates to
employ as the photosensitising moiety. Finally, the work of Bat&ltias demonstrated

that RuUNIl C-Fe complexes are synthetically achievable, thus making a dyad system
suchas[Fex(pdt)(COX(CN)(u-CN)Ru(tpy)(bpy)] an attractive prospect.
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4.1.5 Mechanistic advantages of aHex(pdt)(CO)4(CN)(u-CN)Ru(tpy)(bpy)]

system

The proposed dyad to be synthesised is giveRignire 4.8 Such a system, with its
bridging cyanide ligand could be capable of fast electron transfer between the FeFe core
and the Ru(ll) photosensitising group.

Figure 4.8 Proposed dyafFe;(pdt)(CO)(CN)(U-CN)Ru(tpy)(bpy)]

This possible fast electron transfer may allow the detection and isolation of a mixed
valence bmging CO state. ACO switching from a terminal to a bridging mode is
belived to be critical in opening a site fprotonatior*®*®, and so there have been
many attempts to achieve structures that contain such groups. In 2007, Pickett and
coworkers® were able to obtain a-Fay structure of two diiron units bridged by CO
ligands, shown ifrigure 4.9.

|_| O cO —l 2

Figure 4.9. Ortep view (ellipsoids at 50% probability level) of
[Fes(-S(CH)2S)hu-(COR(CO)]?. Image reproduced from referente
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Mixed-valence systems utilising phosphisebstituted diiron units are knowh**

though mixeevalence systems incorporating cyanide ligands are much less common.
Rauchfuss and coworkét&"**were able to detect a transient bridging CO moiety after
oxidising a cyaniddigated system with ferrocene, but as yet this is the only reported
example of this species. The propo$Ee(pdt)(CO)(CN)(U-CN)Ru(tpy)(bpy)] system

may be capable of generating a bridging CO species, as shown by a suggested reaction

pahway inScheme 4.4.
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Scheme 4.4Proposed excitation of [dex(pdt)(CO)(CN)(U-CN)Ru(tpy)(bpy)]system

to generate a bridging CO mixed valence state.
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The proposed mechanism given3cheme 4. is an idealised scheme that does not
take into account competing pathways and it should be noted that at any point the
system may relax from its excited state, via vibrational methods or otherwise. However,
in the interest of discussing the potential @nerating a mixestalence bridging CO

speciesScheme 4. will suffice.

The photoexcitation step (i) may generate the excited F?U(bpy)& 'system discussed

in Section 4.1.3.which has a relatively long lifetime. Providing this excited
Ru*3+/(bpyf 'system exists for long enough, it may be possible for an electron from the
FeFe moiety to quench the Riitentre in stefii). Such a quench would depend on the
cyanide bridge allowing electron transfer to take place very rapidly; though if the
guenching vas successful this would essentially 'lock' the excited electron in theA(bpy)
system. This quenching, if occurring, should be possible to monitor by emission
spectroscopy, and would provide some very interesting scenarios. Firstly, the excited
electron bcked in the (bpﬁisystem may be employed to reduce protons, if present in
solution; a process which will be discussed shortly. Secondly, one of the Fe centres has
been oxidised. As the Ru moiety is electsithdrawing in nature, it would not be
unreasaable to infer that the Fe atom distal to the Ru centre is the one oxidisell to Fe

It may be possible that this 'Feould rearrange its ligands in st¢iii) in order to
generate a mixed valence state with bridging CO. Such a species should be readily
detectable by IR and would be a rare example of a miséehce species incorporating
cyanide ligands. This is made possible by the combination of the components in the
[Fex(pdt)(COX(CN)(-CN)Ru(tpy)(bpy)] allowing the FE€E system to be oxidised by

RU" but not reduced by (bp¥)

In regards to the electron locked in the (t%ﬁys)/stem being able to reduce protons, a
continuation of the mechanism is given $theme 4.5In this scheme the k&'
system could be protonated at the vacant site to forrgalyya F&Fe" species with a
terminal hydride, which would then subsequently rearrange to give a bridging hydride
Fe'-Fe' system.
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Scheme 4.5Proposed action of the electron locked in the (’%bg)stem upon addition

of protons to the system.

4.1.6 A photoactive unsensitised [FeFehydrogenase subsite system

As a final note to conclude this introduction, in 2012 Rauchfuss and cow@dfkers
reported a diiron hydride species capable of generating hydrogen upon irradiation

without the use of a photosensitiser.

g N
\ ’/\Fe
Ph, P\“l \H/ ""hico
\ PPh,
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e wFe Fe myy e wFe Fe iy
Ph,P / \ co Ph,P l \ co
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Scheme4.6. Proposed scheme fiFe(pdt)(CO)(u-H)(dppv)](PF) generating BHlupon
irradiation without the use of a photosensitiser. Adapted from reféf@nce
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Rauchfuss' proposed mechanism is given ischeme 4.6. where
[Fex(pdt)(COX(u-H)(dppv)[" is shown to generate hydrogen when in the presence of
protons and octamethylferrocene reductant and irradiated by a light source of
wavelength >400 nm. Unsurprisingly such a proposed mechanism attracted a lot of
research interest, prompting further invgation. In 2014, Pickett and Huft after
conducting UVumgIRprobe €Xperiments, in conjunction with DFT calculations,
concluded that, instead of the generation of exciting photoproducts, irradiation of the
sample was causing CO ligand dissociation, #mat the hydrogen generation was
caused by chance encounters of the compound with protons and/or octamethylferrocene
in conjunction with utilising favourable redox potentials and the electronic environment
of the diiron centre. Therefore the most prondsmethod of photocatalytic hydrogen
generation utilising [FeFd}ydrogenase subsite analogues still remains to be the
intimate attachment of an appropriate photosensitiser.
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4.2 Resultsand discussion

4.2.1 Synthesis of the Ru(l)(tpy)(bpy).OH, system

The synthesis of the dicyanide subsite analogue systei¥)iHte(pdt)(CO)(CN),] 14
employed in this work was described in detaildhapter 3. As was in theprevious
chapter where fluorinated biseas were used to promote hydrogp@mding
interactions, the pdt bridgehead system was uswé instead of the adt system to

reduce unwanted side reactions.

A rutheniumcontaining system of the type [Ru(tpy)(b®H,)]** was employed in this
work in order to promote coordination of the CN ligand to the Ru atom. Although
[Ru(bpy)]®* systems have been extensively studied, use of a terpyridine group would
allow stepwise functionalisation of the Ru centre and a taligation site for the CN
ligand to occupy. The OHplaceholder' ligand was chosen in accordance with the work
of Zhu and Vahrenkanff who had previously stated the merits of utilising a labile
ligand substitution approach for cyanide coordination.

The synthesis of the rutheniugontaining moietyRuU" (tpy)(bpyXOH,)](PRs)» 17 was
performed stepwise fromRuCk.3H,O using procedures modified from the

literaturd*>4,

121



RUC|3.3H20

Scheme 4.7.Stepwise synthesis of [R(tpy)(bpyXOHo)](PRy). 17. () 1.02, 26, 20
terpyridine, EtOH, 9 ®Gipyddde, 1.BLCh 0.5¥%8NEPE1 (i i)
EtOH/H,0, 95 °C,4.5 h, 55%; (iii) 2.2 AgP& 3:1 Acetone/kD, 95 °C, 1.5 h, 92%.
Procedures modified from those outlined by Mé&$fef° and Janiak”.

The ethanol solvent helps drive step (i) to completion due to the insolubility of the
[Ru" (tpy)Cls] 15 product. In step (i) lithium chloride is added to ensure a chloride
ligand remains coordinated to the Ru centre, in order to prevent bipyhdaged
dimer species. In step (iii) silver hexafluorophosphate is employed to remove the
chloride ions, drivag the reaction to completion by formation of the insoluble silver
chloride, leaving the Ru(ll) centre to ligate a water molecule which will act as a labile

ligand in the subsequent reactions with diiron dicyanide species.
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4.2.2 Formation of the [Fey(pdt)(CO)4(CN)(u-CN)Ru(tpy)(bpy)] dyad

With  the  starting  materials  (BM)[Fe(pdt)(COu(CN),] 14  and

[Ru" (tpy)(bpyXOH,)](PFs)> 17 in hand it was possible to combine them to form a
cyanidebridged species. After much trial and error, it was discovered that combination
of the two materialsn dry degassed acetoaé room temperature allowed the reaction

to proceed as desired.

2+
_| [PFel

X
oc & N |
~ ’/\\ / + ~ | WA Acetone
oW e g AN TRt
\ N | NT
NC cO OH, o

Scheme4.8. Synthesis of ffex(pdt)(COu(CN)(U-CN)Ru(tpy)(bpy)]18.

Upon dropwise addition of an acetone solution of"[@&y)(bpyXOH,)](PF). 17 to a
vigorouslystirred acetone solution of (NgfFe(pdt)(COL(CN),] 14, the dyad

Ru-NI C-FeFe system precipitated out of the acetone solution as a purple powder. This
purple powder is insoluble in most known satts, except DMF and DMSO, and sva

shown to decompose upon dissolution in MeCN.

The initial reactions to producé¢Fe(pdt)(CO),(CN)(U-CN)Ru(tpy)(bpy)] 18 proved
successful, though further adjustment of the reaction conditions allowed the isolation of
the noRCN-bridged salt, Fex(pdt)(COU(CN)][RU" (tpy)(bpyXOH,)], also as a purple
precipitde. This species was characterised by IR, and is formed by conducting the
reaction at lower temperature-38 °C and using highly concentrated solutions of the
starting materials. This ne@N-bridged salt only remains in its ndmidged form as a

dry solid with subsequent stirring in DMF allowing the bridging to take place. The non
CN-bridged salt is easily recognisable by its IR spectrum, wisi@dimost identical to

the [Fex(pdt)(CO)(CN),]* starting material and differs from the bridged-RUC-FeFe
system by only have one CN stretch, whereas thd&lRtrFeFe has two. To counteract

the possible formation of small amounts of the -@bridged salt, therevised
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synthesis of Fe(pdt)(CON(CN)(U-CN)Ru(tpy)(bpy)] 18 (given in Section4.3.4)
incorporatesan additional step of stirring the obtainpdecipitate in DMF, prior to

re-isolation using dry acetone.

The synthesis ofHex(pdt)(CO)(CN)(-CN)Ru(tpy)(bpy)] 18 has good yields (85%)
and crystalsuitable for xray diffraction were growiy slow diffusion of E£O into a
DMF solution.

4.2.3 Structure and properties of [Fex(pdt)(CO)4(CN)(u-CN)Ru(tpy)(bpy)]

4.2.3.1X-ray crystallography

Figure 4.10 CAMERON representations of the structure &&[pdt)(CO)(CN)(u-
CN)Ru(tpy)(bpy)]18 with spheres oérbitrary size.

The solid state structure allows comparison of bond lengths betweentkie@QREeFe
dyad, the [Fgpdt)(COXCN)]* starting materidf°, the BAf compleX*
[Fex(pdt)(COX(CNB(CsFs)3)]> and the CMoridged compounds synthesised by

Darensbourg and coworkéfs Some bond lengths of note are giveifrigure 4.11.
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Figure 4.11 Selected bond lengthsd) of [Fex(pdt)(COX(CN)(u-CN)Ru(tpy)(bpy)]
compared to the [REdt)(COX(CN),]* starting materiaf°, Rauchfuss' BArEomplexX*
and a comparative compound synthesised by Darensbourg and coviarkers
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4.2.3.2 FTIR spe&troscopy

The solution FTIR spectrum ofFe(pdt)(COu(CN)H-CN)Ru(tpy)(bpy)] 18 was
recorded in DMF and is shown kigure 4.12 compared to the equalent IR spectrum
of the [Fex(pdt)(CO)(CN),]* starting material.
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Wavenumber / cmt

Compound G(CN) / cm* a(Co) / cm*
(NEt),[Fe,(pdt)(COMCN),] 2077 1961, 1917, 1882, 1865
[Fex(pdt)(COL(CN)(U-CN)Ru(tpy)(bpy)] | 2093, 2081 | 1968, 1927, 1892

Figure 4.12 Solution FTIR spectra in DMBf [Fex(pdt)(COR(CN)(U-CN)Ru(tpy)(bpy)]
18 compared to (NEj2[Fex(pdt)(COX(CN),] 14.

This IR data reveals several key pieces of information. Firstly, upon attachment of the
Lewis acidic Ru(ll) moiety the CO stretches have shifted to higher wavenumbers. This
is consistent with the Ru(ll) group binding to the cyanide ligand via adduct formation,
withdrawing electron density from the FeFe core and reducing back donation into the
antibonding orbitals of CO. This is an important result as it demonstrates treighe
direct and significant communication between the Ru centre and the FeFe core, a

property much desired in photosensitised [Fehalrogenase subsite analogue systems,
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as explained inSection 4.1.2. From the IR perspective, this implies that the
photonsitising group and the diiron centre are linked by a more intimate system than
those previously reported, and thus the potential of such a photosensitised system is

very promising.

Secondly, upon attachment of the Ru(ll) group there is an emergenceeamoad
cyanide stretch. This would also be in agreement with the attachment of the
photosensitiser, as the two cyanide groups ligated to the FeFe core are no longer
equivalent. The new CN stretch appearing at higher wavenumber (2093vcmld be
consistat with the kinematic effect of constraining the CN motion by double
attachmerif*, and the nomdducted CN stretch is shifted slightly q@i®) to higher

wavenumbers in accordance with diminished back donation into* thibitals of CN.

4.2.3.3UV-vis spectroscopy

The UV-vis spectrum of Fe(pdt)(CO),(CN)(u-CN)Ru(tpy)(bpy)] 18 was recorded in
degassed DMF and is shownkigure 4.13 compared to the equivalent W\s spectra

of the two starting materials, (NBfFe(pdt)(COu(CN),] 14 and
[Ru' (tpy) (bpy)(OH,)](PFe)2 17.
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Figure 4.13 UV-vis spectra of KFe(pdt)(CO}(CN)U-CN)Ru(tpy)(bpy)] 18,
(NEty)-[Fex(pdt)(COX(CN),] 14 and[Ru'" (tpy)(bpyXOH,)](PFs), 17 in degasse®MF.

The UV-vis spectrum of the dyad specig®;(pdt)(CO)(CN)(U-CN)Ru(tpy)(bpy)]18
exhibits characteristics of both the FeFe and Ru centres and is essentially an additive
spectrum. There are no new bands indicative of R&@I)CT, though this is not
unexpected as remote metal ligand charge ean(&MLCT) bands of RINC species

have been shown to have comparatively very low intensity and do noalsgeificant

impact on absorption profil&¥.
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4.2.3.4Emission spectroscopy

In Section 4.1.5. the potential mechanistic advantages of a([Fek)(COW(CN)(u-
CN)Ru(tpy)(bpy)] system were outlined, with a possible mechanism leading towards a
mixed-valence bridging CO species given $theme 4.4An important part of that
mechanism was the possibility of the-RlC-FeFe system, via its bridging\digand,

to allow fast electron transfer from the FeFe centre in order to quench tfienfaisty.

If possible, this quenching may then allow the FeFe centre to rearrange into a bridging
CO system and also 'lock' the excited electron in the %pr}stemfor subsequent
chemistry. If this quenching is able to occur then it should be possible to observe via

emission spectroscopy.

1 mM solutions of [F&pdt)(COX(CN)-CN)Ru(tpy)(bpy)] 18 and
[Ru"(tpy)(bpyXOH,)](PFs), 17 were prepared in dry degassed DMt asubjected to
emission spectroscopy. The Ru(ll) centres in both compounds absorb strongly at
609nm and 397 nm, wavelengths within the MLCT region, and so these wavelengths

were used for excitation.

129



14000 - Emission from excitation at 609 nn

12000 -
10000 -
8000 -

6000 -

Relative Intensity

4000 -

2000 -

600 650 700 750 800 850 900
</ nm

7000 - Emission from excitation at 37 nm
6000 -
5000 -
4000 -

3000 -

Relative Intensity

2000 -

1000 -

N/ % I ™ °% I ™
2 Z,

RN+ N=——"C ;—cl ril' eo R — jiuﬂ N=—c¢C /Fel_Fin"'/CO

hddd oc co oc co

Figure 4.14 Emission spectra of Fe(pdt)(CO}(CN)(U-CN)Ru(tpy)(bpy)] 18 and
[Ru" (tpy)(bpyXOH,)](PFs), 17 from excitation at 609 nm and 397 nm. Solutions were
1 mM concentration in dry degassed DMF. Possible quenching mechanism shown.
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In both cases, quenching of the emission of ~90% is observed. This is promising as it
suggested that the presence of the FeFe unit offers an alternativadrative decay
pathway. It is also of note that the emission in both cases is of approximateinz00

As the FeFecontaining species (both the dyad and the FeFe starting material) do not
absorb at 700 nm, as shown in the -\¥ spectra given irFigure 4.13, it is not
unreasonable to infer that the quenching is due to electron transfer rather émamngn

transfer pathway.

These are very interesting and promising optical properties which suggest that the
[Fex(pdt)(COL(CN)(U-CN)Ru(tpy)(bpy)] compound may be capable of generating a
mixedvalence bridging CO species upon excitation. As this would bera rare
example of a cyanidikgated species of this type, proof of generation of this species is
highly desirable. To this end a collaboration with Dr Neil Hunt of the University of
Strathclyde is underway in order to attempt to observe such a spgcexapioying

UV pump IR probe€XpEriments.

4.2.3.5Electrochemistry

Electrochemistry of HFe(pdt)(CO(CN)(U-CN)Ru(tpy)(bpy)] 18 was recorded in
degassed DMF utilising tetrabutylammonium tetrafluoroborate electrolyte with a
vitreous carbon working electrode. The diiron dicyanide starting material
(NEL) [Fex(pdt)(CO)(CN),] 14 was subjected to the same conditions and the oxidation
potentials of both systems compared, as shoviaigare 4.15.
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Figure 4.15 Electrochemistry of Fe(pdt)(CO)(CN)(u-CN)Ru(tpy)(bpy)] 18 and
(NEt) [Fex(pdt)(COX(CN),] 14. Conditions: 1 mM ofthe complexes in DMF
containing 0.1M [Bu4N][BF4] at a vitreous carbon working electrode, area 0.7 cm
scanrate 100mV s* at 21°C.

The one electron {FeFe}/{Fe'-F€} oxidation of (NE&),[Fex(pdt)(COXCN),] is an
irreversible procesd®. Upon formabn of the RuN[ &e bridge in the
[Fex(pdt)(COX(CN)(U-CN)Ru(tpy)(bpy)] species the {Eere}/{Fe'-Fe} oxidation is
shifted positive byca 200 mV. This is consistent with the other characterisations which
demonstrate the effects of the Lewis acidic Ru moiety, as the shift in electron density
towards the electrowithdrawing Ru unit lowers the energy of the HOMO making the

species harder toxalise.
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4.2.3.6Protonation and photocatalysed hydrogen evolution

A key property of a [FeFdjydrogenase system necessary to function as intended is the
ability to form a bridging hydride upon protonation. Cyaridectionalised diiron
systems are known to protonate readily, though as explain€thapter 3, a serious
problem is protonation on a cyanide ligand itself, as opposed to the FeFe centre, which
leads to decomposition of the system. This problem was addressed extensively in the
preceding chapter by use of fluorinated-lnisas to cap the cyanide ligands, though th

new RuN [ &eFe system, with its one bound cyanide, may potentially form a stable
bridging hydride species also. In addition to this, it is also important to investigate
whether a bridging hydride species will even form on this system, as it may bel@ossi
that attachment of the photosensitiser may have reduced the activity of the system. The

desired protonation of the RUI[ &eFe system is shown ihigure 4.18
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Figure 4.18. Desred protonation offFex(pdt)(CO)(CN)(u-CN)Ru(tpy)(bpy)]to give
the bridging hydride speci¢be(pdt)(u-H)(CO)(CN)(u-CN)Ru(tpy)(bpy)].

For this protonationexperiment a 1.0 mM solution ofF§(pdt)(CO)(CN)(u-
CN)Ru(tpy)(bpy)]18 was prepared in DMF, to which a stock solutiorH&F,.OEt in

DMF was addedf the protonation is successful and gives a bridging hydride species, a
large shift in the CO stretches in the IR spectrum should be apparent due to the large
change of electo density on the FeFe coréhe FTIR spectra recorded from the

protonation experiment are givenkigure 4.19
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Figure 4.19. Solution FTIR spectra (DMF) monitoring the affects of equivalent

additions of HBE.OEL to [Fexpdt)(CO),(CN)(u-CN)Ru(tpy)(bpy)] 18 in order to
protonate and generate th®idging hydride species,F&(pdt)@u-H)(CO)(CN)(u-
CN)Ru(tpy)(bpy)I.

These IR spdta demonstrate that the RuUl &eFe species,He(pdt)(CO)(CN)(u-

CN)Ru(tpy)(bpy)] undergoes stable protonation to give the bridging hydride species
[Fex(pdt)(-H)(COM(CN)(U-CN)Ru(tpy)(bpy)]. This is shown by the CO stretches

moving to significantly hjher wavenumbers (~70cm?), and he CN stretches are
also shifted to higher wavenumbers (~25minterestingly the two different CN

ligands are no longer distinguishable.
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The stability of the protonation is slightly surprising given that only one of the cyanide
ligands is bound to Ru, leaving the other cyanide ligand exposed to potential attack by
protons. Possibly the binding of one cyanide ligand has the additional effect
rendering the second cyanide less Lewis basic due to a decrease in the electron density
on the FeFe core. This would be in keeping with the fluorinateeurbs work
conducted inChapter 3, where the second equivalent of-biga is shown to be less
rapidly bound to the diiron dicyanide core than the first equivalent. At the time this was
explained by steric effects, though it could very well be possible that there is an

electronic contribution to this mechanism too.

The fact that four equivalents of HBOEL is required to fully protonate the system is

in keeping with the fluorinated bisrea work inChapter 3 and Rauchfuss' Bar
experiments also outlined in that chaptehich also required an excess of 'TH
Possibly, due to the inherent chemistryalved in binding protecting groups via the
cyanide ligand, it is inevitable that some electron density is withdrawn from the FeFe

system and thus some of the reactivity is lost.

However, it is evident that the IR data obtained for protonation of thl RitFeFe
species is consistent with other reported data for protonated diiron dicyanide units.
Figure 4.20 compares the values for the dyad system to the solution (Mel@td)
measured by Rauchfuss' grdtipand the polymebound system analysed by Pickett
ard coworkerS®,

Protonated species a(CN) / cm* &(CO) / cm*
[Fe(pdt)(u-H)(CO)(CN),] (solution) 2118, 2112 | 2045, 2024, 1985
[Fex(pdt)(u-H)(COW(CN),]" (polymer) 2114 2044, 2020, 1980
[Fe,(pdt)(-H)(COL(CN)(-CN)Ru(tpy)(bpy)] 2110 2043, 2020, 1979

Figure 4.20.Comparison of the CN and CO bands observed in FTIR upon treatment of
[Fex(pdt)(COX(CN)(U-CN)Ru(tpy)(bpy)] 18 with HBF,.OEt with reported values.

Adapted from referncé®>°,

There is undoubtedly a remarkable consistency in the IR stretches observed for
protonation of the parent dicyanide observed in solution and in polymer matrices and
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the set of frequencies observed for the rutheniated species. The protonation of the parent
dicyanide species has been interpreted as taking place at thermeeaalbond9*°.
However some caution is required because we cannot exclude the possibility that
protonation occurs both on the-Fe bond and a cyanide ligand under the conditions of
excess acid. The 'loss' of one CN stretching frequency would be consistent with
protonation at CN. It is possible that one of the bands observed in the CO region is

actually a CNH (isocyanide) stretch. Isotopic labelling experiments would resolve this.

Photocatalysed hydrogen evolution was attempted using the photosensitised diiron
system. A procedure similar to that employed by Sun and cowbtkems used, where

a 0.1 mM solution of the complex was irradiated by a pyiteered Xe lamp (500 W)

in the presnce of 100 equivalents of HBPEL and 500 equivalents of ascorbic acid.
After 30 minutes 0.1 mol equivalent,M/as detectedby gas chromatography, with no
additional H produced after 6 hours. It was decided that the reaction conditions were
far too seere and led to the immediate decomposition of the complex, as confirmed by
IR spectroscopy of the resulting reaction mixture which displayed no identifiable peaks.
To accurately assess the potential of this system for photocatalysed hydrogen
production, Iss severe reaction conditions need to be employebtaplyinvolving the

gradual addition of acid feedstock so as not to destroy the complex.

4.2.4 Concluding remarks and future work

The linkage of a Ru(ll)bipyridinelerived photosensitiser to a [Feffsjdrogease
subsite analogue has been achieved by using a bridging cyanide ligand, and the
resulting Fex(pdt)(CO)(CN)(u-CN)Ru(tpy)(bpy)] species has been characterised
crystallographically. The direct coordination of cyanide to the Ru centre by a bonding
motif of the fashion RN [ &eFe has proven to be a very intimate linking mechanism,
as demonstrated by IR spectroscopy. The dyad complex has been studied
electrochemically and with UWis spectroscopy, with features of both the Ru and FeFe
centres observed. Theomplex also has the potential to generate a miadehce
bridging CO species on photoexcitation due to its possible fast electron transfer
pathway via the linking CN, which would be a rare example of a cydigaleed species

of this type. The generamoof this bridging CO species has been initially supported by

emission spectroscopy, which has suggested that an electron transfer quenching
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pathway may be present. Finally, the system is stable to protonation and forms bridging
hydride species when expaséo HBF.OEbL, and has been shown to produce some
dihydrogen, although some refinement of the reaction conditions are required in order to

achieve an effective system.

In regards to expanding this body of work, a collaboration with Dr Neil Hunt of the
University of Strathclyde is already underway in order to attempt to detect
photogenerated species, in particular mixathnce bridging CO species. This will be
undertaken in October 2016 using the b IRprobe laser facilities at the Rutherford
Appleton Laboratory. The potential for the new photosensitised diiron system to
generate dihydrogen photocatalytically also requires much further investigation; with an
obvious first avenue being to adjust the reaction conditions. However the most
significant contibution of this work may well be the attachment of other metals via the
cyanide ligands. Taking the recent work of DarensbBuag an example, attachment of
various metaincorporating groups provides a means of modifying subsite structure and

reactivity.
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4.3 Experimental

4.3.1 Synthesis of [RY' (tpy)Cl 3] (15)**

2, 2-ferpyidine (0.81 g, 3 mmol) and Ru@H,O (0.90 g, 3 mmol) were dissolved

in ethanol (160 mL) and heated at 90 °C for 3 h with vigorous stirring. The reaction was
allowed to cool to room temperature before the fine brown precipitate produced was
obtained by filtration from the red solution. Thewder was washed with ethanol (3 x

50 mL) and diethyl ether (3 x 50 mL) until the washings were colourless. Air drying

gave thditle compound1.35 g, 3 mmol, 88%) as brown powder. m.p. >250 °C.

4.3.2 Synthesis of [RY (tpy)(bpy)CI](CI) (16)**

[Ru"(tpy)Cls] 15 (1. 34 g,  3bipyndine 1(0148 g, 3 ,menél) and lithium
chloride (0.13 g, 3.2amol) were added to a flask containing 3:1 ethanol/distilled water
(280 mL). Trighylamine (0.8nL) was added, and then the mixture heated at 95 °C for
4.5 h. The pot contents were filtered hot through celite before the resultant solution was
concentrated to ~50 mL. The solution was then set to crystallise at 2°C for 48 h. The
black cistals obtained were then collected on a frit and washed with chilled 3 M HCI
(2 x 8 mL), acetone (25 mL) and finally diethyl ether (200 mL).-dxying gave the
title compound0.95 g, 2 mmol, 55%) as black crystals-NMR (DMSO-ds, 300.13
MHz ) : U 16.09 fdid), = 5.2 Hz, 1H, ArH), 8.96 (d,3Jun = 8.2 Hz, 1H, ArH),
8.85 (d,3Jun = 8.1 Hz, 2H, AfH), 8.73 (d,*Juy = 8.1 Hz, 2H, ArH), 8.68 (d 33 = 8.1
Hz, 1H, ArH), 8.36 (t,Jw = 7.5 Hz, 1H, ArH), 8.21 (t,%3y = 8.0 Hz, 1H, ArH),
8.07 (t,33un = 6.6 Hz, 1H, ArH), 7.98 (t,%34n = 7.5 Hz, 2H, ArH), 7.77 (t,33u = 7.5
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Hz, 1H, ArH), 7.62 (d,%3uy = 5.2 Hz, 2H, ArH), 7.38 (t,%J = 6.3 Hz, 2H, ArH),
7.31 (d,*J4n = 5.4 Hz, 1H, ArH), 7.08 (t,334 = 6.4 Hz, 1H, AfH).

4.3.3 Synthesis of [RU (tpy)(bpy) (OH)](PFe), (17)**

[Ru" (tpy)(bpy)CI](Cl) 16 (0.24 g, 0.4 mmol) and silver hexafluorophosphate (0.22 g,

0.9 mmol) were added to a flask containing 3:1 acetone/distilled water (30 mL), and the
resultant mixture heated at 95 °C for 1.5 h. White AgCl had precipitated out, and this
was removed by filténg the brown solution through celite. The solution was then
concentrated te-10 mL, and was then set to crystallise at 2°C for 16 h. The brown
crystals obtained were then collected on a frit and washed with chilled 3:1
acetone/distilled water (2 mL). Adrying gave thditle compound0.32 g, 0.4 mmol,

92%) as brown crystaldH-NMR (DMSOds, 300. 13 MHz) : 3Ju=(ppm)
5.2 Hz, 1H, ArH), 8.96 (d, 34 = 8.1 Hz, 1H, ArH), 8.89 (d 23y = 8.1 Hz, 2H, ArH),

8.75 (d,’Jun = 8.0 Hz, 2H, AfH), 865 (d,3Juy = 8.1 Hz, 1H, ArH), 8.43 (331 = 7.8

Hz, 1H, ArH), 8.33 (t,%Juy = 8.1 Hz, 1H, ArH), 8.15 (t,%Jw = 6.4 Hz, 1H, ArH),

8.07 (t,%Juy = 7.8 Hz, 2H, ArH), 7.79 (t,°3un = 7.9 Hz, 1H, ArH), 7.70 (d,*Jun = 5.2

Hz, 2H, ArH), 7.45 (t,3 = 6.1 Hz, 2H, ArH), 7.33 (d,*Juy = 5.4 Hz, 1H, AsH),

7.09 (t,°34 = 6.2 Hz, 1H, ArH), 5.91 (s, 2H, RDH,). *F-NMR (DMSO-ds, 282.37

MHz) : U -700® (@h}Jkr =711 Hz).'>-NMR (DMSO-ds, 121. 48 MHz
(ppm) =-144.19 (sept'Jer= 711 Hz).
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4.3.4 Synthesis of [Fg(pdt)(CO)4(CN)(u-CN)Ru(tpy)(bpy)] (18)

°. stsi e

OC\““‘Fe_Fe"'”/CO

C CcO
Vi
N

N
\N—\Rlﬁw' N

A brown solution of [RU(tpy)(bpyXOH.)](PFs). 17 (137 mg, 0.17 mmol) in dry
degassed acetone (30 mL) was added dropwise to a red solution of
(NEt) [ Fex(pdt)(CON(CN),] 14 (110 mg, 0.17 mmol) in dry degassed acetone (40 mL)

with vigorous stirring. A dark purple precipitate was formed on addition. Theurai

was left to stir for 16 h at room temperature, and afterwards the prexipas obtained
via filtration. This isolated powder may contaithe nonCN-bridged salt,
[Fex(pdt) COM(CN)I[RU' (tpy)(bpy)OHJ. IR(DMF): &(CN) = 2077;&(CO) = 1964,
1921, B85.

To ensure the reaction progressed to completion, the precipitate was then dissolved in
dry degassed DMF (30 mL) and stirred vigorously for 24 h at room temperature, whilst
monitoring via IR. Upon completion of the reaction, the DMF solvent was eviapldia

give a dark purple oil which was then stirred vigorously for 24 h with dry degassed
acetone (60 mL). The resultant solid was obtained by filtration and drying in vacuo gave
the titte compound(128 mg, 0.15 mmol, 85%) as purple solgkystals suitable for

X-ray diffraction were grown from slow diffusion of &t into a DMF solutionH-

NMR (DMSOds, 300. 13 MHz) -7.06i(br mploHn pH),=1.18(s, 6H).
IR(DMF): &(CN) = 2093, 2081;4(CO) = 1968, 1927, 1892. Anal. Calcd.rfo
CssH2sN/O4SFeRuU: C, 46.80; H, 2.89; N, 11.24. Found: C, 46.76; H, 3.03; N, 11.12.
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4.3.5 Generation of the cation[Fey(pdt)(p-H)(CO)4(CN)(u-CN)Ru(tpy)(bpy)]*

-1 !
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A solution of [Fe(pdt)(CO)(CN)(u-CN)Ru(tpy)(bpy)]18 (17.5 mg, 0.02 mmol) in dry
degassed DMF (20 mL) was prepared, to which 4 equivalents of.@GB& via DMF
(1:99) stock solution (0.27 mL, 0.08 mmol) werddad. This gave thgtle cationin
solution. IR(DMF):§(CN) = 2110;a(CO) = 2043, 2020, 1979.

4.3.6 X-ray diffraction

Crystals were suspended in oil, and one was mounted on a glass fibre and fixed in the
cold nitrogen stream of the diffractometer. Data weslected on a Rigaku AFC12
goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted
at the window of an FFE+ SuperBright molybdenum rotating anode generator with HF
Varimax optics. Data were processed using the CrysAlisPro progratructures were
determined by dual space routines in the SHE{20L4/5 progrart® and refined by
full-matrix leastsquares methods dff in SHELXL-2014/7%. Nonhydrogen atoms

were refined with anisotropic thermal parameters. Hydrogen atoms were included in
idealized positions and thdifs, values were set to ride on thg, values of the parent

carbon atoms. The cyanide ligand bound to Fe(1) was locaté@dyefinement of a
nitrogen atom in the three possible sites which established that it was best modelled in
the two basal positions. For these two locations, the partial occupancy nitrogen atom
was refined with position and thermal parameters equdleéa®located oxygen. The

DMF solvent molecule was disordered around a special position. The distances in the
molecule were restrained to 1.21(2) [ C( 101 ) 1 O(jl0pE{l1om) 3M(2
14312)i ([ N101)TC(1Q2)IN(dm®d ) 1 C4Bo@Bgstianwas r i g

applied to this molecule, with anisotropic displacement parameters restrained for
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bonded atoms to an e.s.d. of 081n the direction of the bond. The thermal parameters
for all atoms in the molecule were also restrained to hiveormponents equal with an
e.s.d. of 0.0/ for N(101) and 0.08 for all other norhydrogen atoms. The
anisotropic thermal parameters for C(102) were restrained to approximate to isotropic
with an e.s.d. of 0.A.

Crystal data CzsH2sFe&:N704RUS, CpsHz.sNosO0.5, M = 909.0,T = 100(2)K, aMo-K U)
= 0.71075A, monoclinic, space group2/c, a = 12.8337(5) Ap = 11.5308(4) Ac =
26.7635(9) A,b = 102.183(4)°,V = 3871.3(2A% Z = 4, total reflections 47019,
independent reflections 681,y = 0.094,R, = 0.067 F? > 2s(F?)]], wR2 (all data)
0.221.
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5 Incorporation of ortho-carboranes into the

backbone structure of FeFe subsite analogues

5.1 Introduction

5.1.1 General aspects

O-carboranes (1;2losoC,B1gH12) are electrordeficient, redox active anblulky. This
chapterdescribesvork directed towards thecorporation of this type of moiety as an

integral structural element of a diiron subsite unit.

In the nextsectionsan overview of carboranes and background chemistry related to the
work describedn this chapter will be described. This will be followed by a description
of the synthesis and-Kay structure of a novel diiron dithiolate complex possessing
phosphine functionalised-carboranes together with a consideration of key physical

properties.

5.1.2 Interest in ortho-carboranes

Dicarbaclosododecaboranes, of the general formulaBfH:,, are a class of
compounds with high thermal and chemical stability that exhibit strong acceptor
behaviout™. Due to their unusual properties, since their discoverthe 1960s they
have been employed in a wide range of fields, including cat&f/sisomedicing,

materiald® and nuclear waste remediattdh to give some examples.

There are three isomers obE;oH;, carborane that differ in the relative positioofs
both the carbon atoms in the clusters; nanoetlyo-, meta andpara-'*°. The structures

of these isomers are shownRigure 5.1.
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ortho- meta- para-

@ =-cH O-=8BH

Figure 5.1. Three structural isomers of clo§hB;oH1» with vertex numbering. Image

reproduced from referentd

The relative positions of the carbon atoms have a significant impact on the properties of
the carborane. The three isomers have very different dipole moments as a consequence
of the carbon atoms' positions, with tbeho-, meta and para- derivatives hawig

values of 4.53 D, 2.85 D and 0 D respecti¥®lyThe presence of the ten boron atoms
creates a very electron deficient molecule, and as such the carbon atoms exert an
electronwithdrawing effect on attached substituents. The extent of electron
withdrawing behaviour decreases in the ordeho- > meta > para-; with the orthe

isomer demonstrating an electraithdrawing effect comparable to that of a fluorinated

aryl groug®. The electrorwithdrawing behaviour also has the effect of making the C

H bonds relatively acidic, with the acidity again folliogy the order obrtho- > meta >

para-. These acidic protons can be removed with strong bases, with the generated
carboranyl nucleophiles being capable of reacting with a wide range of electrfihiles

As the BH vertices have reactivity reminiscent akaes, most reactions that occur at

the carbon atoms do not affect the boron atnand as the € protons onortho-
carboranes are the most acidic of the thelesocarborane isomers, the reactions of

ortho-carboranes generally produce less side priscarad are therefore often preferred.

In addition,closacarborane derivatives, with their rigid thrdenensional icosahedron
structures, hold substituents in wd#fined spatial relationships, with most
transformations maintaining the underlying geowyi&tr Ortho-carboranes, and in
particular those functionalised with phosphine groups, exhibit especially attractive

geometries for incorporation into transition metal complexes due to their orientation
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allowing steric stabilisation of the compf€k To tHs end, transition metabrtho-

carborane complexes have attracted a lot of inf&Peét

5.1.3 Existing ortho-carborane [FeFe}lhydrogenase subsite analogue systems

Due to their interesting electramithdrawing and steric properties it was inevitable that
ortho-carborane moieties would be incorporated into [FéRelfogenase subsite
analogue systems. At the time of writing two such syst@ms the literature: the first
synthesised by Ott and coworkEfsin 2008 includes a dithiolatertho-carborane
bridgehead; anthe secondynthesised by Lubitz's and Ott's groups in collabordfion
in 2012 incorporates a bis(diphenylphosphimg)ho-carborane moiety coordinated to

one of the Fe atoms in the diiron coFeglre 5.2).

e = BH
s Ph_ss C¢
S. .S co S_ S =] \
oo X/ oo {7\
oo\ “Fe_Fe""’/CO OC\\““Fe_Fe"'”/P/C
\ / \ Ph; n=234
ocC CO oC CoO
A B

Figure 5.2. Existing subsite analogues incorporating oftlaoborane moieties;
dithiolate-ortho-carborane bridgehead speciés and bis(diphenylphosphineytho-

carborane coordinated specisAdapted from referenctd*’°,

The electrorwithdrawing character of thertho-carborane units should remove electron
density from the FeFe core of the subsite analogue. As the carbonyl groups present on
the diiron centre are highly sensitive to change in electron density, FTIR should provide
detailedinformation about the extent of electron withdrawal by the carborane groups.
This is shown irFigure 5.3where a table of the CO stretches is given relative to some

comparative FeFe systems.
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Compound &(CO) / em*

A [Fey(o-carbS,)(CO)]

2092, 2055, 2024

B [Fex(pdt)(COX((PPh).0-carb)]

2032, 1965, 1920

C [Fey(pdt)(CO}]

2074, 2035, 1995

D [Fe;(pdt)(CO)(dppv)]

2021, 1950, 1912

Figure 5.3. Solution FTIR comparison of the carboranectionalised subsite
system&**° compared to [F€pdt)(CO)] and [Fe(pdt)(COXdppv)[™.

The FTIR demonstrates that the carborane moieties are withdrawing electron density
from the diiron centre. Comparing [fe-carbS;)(CO)] A with [Fe(pdt)(CO)] C, the

coO shiftedto (~20 ©dmn For
[Fex(pdt)(COX((PPh).0-carb)] B, a suitable comparison is to pgedt)(CO)(dppv)] D,

where dppv =cis-1,2-bis(diphenylphosphino)ethylelé From [Fe(pdt)(CO)] C to
[Fex(pdt)(CO)(dppv)] D, theshift is ~5085 cni’. However, with the carborane moiety

in {{peit)(COM(PPh)0-carb)] B,
withdrawing character of the carborane means the donation from the phosphine ligand is

stretches have higher wavenumbers

attached to the phosphines the electron

reduced, meaning that the shift to lower wavenumblesis ~3675 cm™.

5.1.4 Bidentate ortho-carborane ligands

The two existingortho-carborane systems describedSection 5.1.3are functionalised

by incorporation into the bridgehead and by phosphine substitution onto the diiron
centre. An appealing alternative would be to synthesise a FeFe system where bidentate
carborane ligands are utilised to create a novel subsite analdgueby the carborane

is anchored to the bridgehead but can also interact with the diiron core by ligand
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coordination to Fe. In 2011, Jin and cowork&rseported a bidentatertho-carborane
ligand possibly capable of such an interaction. The phosjshifide-ortho-carborane
thiolate moiety in question was employed to make rhodium complexes for norbornene
polymerisation, but could also be used to synthesise an attracivegbdirane system,

as suggested iBcheme 5.1.

Ph, sé §% @2 E;
D P
s \s Ph, (AN Z=¢

{

e — P / \
/C\S/R’h—m NByLi /C \S 0.5 Fes(CO)1 thp\\ \s s/ //Pth
Qf/ [Cp*RhCLy] A 5 / ><\ s
SH — —
ocC \ -

Scheme 5.1.Coordination of [1S-2-SPPh-1,2-closoC,B10H;10] bidentate carborane
ligand to give a rhodiudbased polymerisation catalyst and suggested coordination to
iron to give the postulated-darborane [FeFdjydrogenase subsite analogue. Adapted

from referencé’.

There are several reasons as to why this postulatedridorane species would be
attractive. Primarily, it would be a novel species and the characterisation and properties
of which would prove very interesting; particularly in how the FTjiecrum, and thus

the relative amount of electron density on the FeFe core, relates to the other existing
carborandunctionalised subsite analogues. The other reasons are more concerned with
the structural properties of the species. Darensbourg and censdnkve shown that
bulky ligands are capable of stabilising a bridging CO on the FeFe T&Htiewhich is
believed to be mechanistic intermediates before protonation; and Pickett's research
group have demonstrated that large bridgehead groups intheasste of protonation,

also due to a stabilisation of bridging CO spelfe€. With two bidentate carboranes
present, essentially adding bulk to both the diiron core and the bridgehead, protonation

chemistry may be very interesting in this hypothatgpecies.

It is also possible that the phosphsdfide groups of the postulated-chrborane
species would be herabile, as they will be interacting with the Fe atoms via dative
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bonding of the sulfur lone pairs. Pickett and coworkers have synthesisgage of

subsite analogues with bridgeheatthored pendant groups capable of interacting with

the Fe atoms in labile fashion, and it was suggested that these were capable of acting as
'proton shuttles' to increase catalytic actiVity(Scheme 5.2 If the postulated di

carborane compound was capable of such a mechanism this would be highly desirable.

XH*

+CO /HBF, _

S. S X
/
oo X1~ ~_CO/NEt % ’/\
"Fé—F¢. - 3 FE—F
W e e "y W e "y
oc\ Ico oc\ \ Ico
X = CH,NH,, 2-
oc co oc co 2V <Y

Scheme 5.2Hemklabile groups potentially acting as proton shuttles. Adaptenh fr

referencé”.

The incorporation of bidentatertho-carboranes into a [FeFajdrogenase subsite
analogue offered the possibility of a species with potentially remarkable properties, and

thus the synthesis was attempted.
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5.2 Results and discussion

5.2.1 Synthesis of the bidentatertho-carborane ligand

The synthesis of the bidentate phospfsn#ide-ortho-carborane thiolate ligan2il was
performed stepwise from the parent carboray2eC,B;oH;2 using procedures modified

from the literaturé’®2,

Ph,
4 (1) /| (ii) 7 S
/C\H fC\H /C\H
19 20
(iii)
Ph,
\/C/P\S
-C
Ssh
21

Scheme 5.3Stepwise synthesis didentate phosphirsulfide-ortho-carborane thiolate
ligand21. (i) a) 1.0"BuLi, DME, -78 °C, b) 1.0 P{#PCl, DME, 85 °C, 16 h, 61%; (ii) 1.2
Ss, Toluene, 2% NEt 100 °C, 16h, 55%; (iii)) a) 1.0"BuLi, Et,O, -78 °C, b) 1.2 §
Et,O, RT, 16 h, 71%Procedures modified from those outlined by Vilfaand Jin".

Historically the synthesis of the moptosphine substituted ortloarboranel9 has not

proven trivial, with the reaion producing a significant amount of thesdibstituted
phosphine product. Various methods have been employed to ensure the reaction favours
the monephosphine product, including using protecting/deprotecting groups and
performing the reaction at veryw concentratiorf§’, though in 1995 Vifias and
coworkerd™ devised a simple and effective method usingdirethoxyethane (DME)
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as the solvent. DMEs believed to chelate to the Li atom @nbidentate fashion,
generating a bulky Li(DME) moiety. This bylkgroup then helps prevent lithiation of

the second carbon by steric constraints.

\O
./
/ "BuLi / N\
—_— | /o
/_C DME
\ -C
H \H

Scheme 5.4Favouring monegphosphine substitution by use of DME as the reaction

solvent. Adapted from refererié

Despite use of the monghosphine favouring DME solvent, reaction (i) still generated
some disubstituted (and consequently some-negicted starting material) which had to
be removed by column chromatography (15:1 hexane/DCM), govithg-carboranel9

in 61% vyield. Reactions (ii) and (iii) were both transformations employing sulfur
powder as the electrophile, with tbetho-carborane product®0 and21 being purified

by column chromatography (6:1 hexane/DCM) and recrystallisation (from hexane)

respectivey to give yields of 55% and 71%.

5.2.2 Reaction of the bidentateortho-carborane ligand to generate diiron species

The standard procedure for the synthesis of [Falydfogenase subsite analogues is the
reaction of trirondodecacarbonyl with the appropridiiel’®. To this end, thertho-
carborane ligand21 was reacted with BECO),» to hopefully generate the desired
speciegFe{ o-carbP(S)(PhB}(CO))], according tdScheme .
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Scheme 5. Suggested synthesis of the diiron speffies{ o-carbP(S)(PhB}2(CO),)].

However, this reaction did not proceed as expected. Instead of the desired product, the
reaction solution contained a mixture of a vast array of varying carborane species and
one pevalent purple solid. The purple solid was obtained from the reaction mixture
using column chromatography (hexane eluent) and was 'BbtiMR and **P-NMR

silent. In order to identify the purple solid, crystals were obtained from slow
evaporation of ehexane solution, and showed the purple solid to be a FeS cluster
molecule, $Fey(CO).

Figure 5.4 CAMERON representation of the structure gF&(CO) with spheres of

arbitrary size. Image generated from the data provided from reféfence

This S,Fes(CO) cluster molecule was crystallised in 1999 by Henkel and cowdfkers

and was clearly being generated in preference to the desired diiron carborane species. It
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was therefore important to deduce where the sulfur required to produceR&EC®)

molecule originated from.

It was deemed unlikely that the sulfur atoms used to genesbktg(SO)y originated

from excess sulfur powder residues present as impurities in the bidemtate
carborane ligan@1, as this was purified by recrystallisatios gart of the synthesis. It

was therefore deduced that the source of the sulfur atoms required was the carborane
ligand itself. The two possible sources of sulfur on the functionalised carborane are the
diphenylphosphine sulfide group and the thiol graupd of these two functionalities, it

was surmised that the sulfur atom on the diphenylphosphine sulfide group was the most
labile and therefore the source of the sulfur for thlee$$CO) cluster. This hypothesis

was tested experimentally by the reactidnacsuitable surrogate, triphenylphosphine
sulfide, with Fg(CO)..

THF
Fe3(CO)12 + 2 PhsP=S e S,Fes(CO)y  + 2 PPh;
55 °C,

Scheme %. Test reaction of P#=S with Fg(CO);»to generate Fe3(CO).

The test reaction of BR=S with Fe;(CO);, proved successful, witthe SFe;(CO)
cluster being the major product isolated by column chromatography and again being
characterised by Xay crystallography. This strongly suggested that in the presence of
Fe3(CO).2 the diphenylphosphine sulfide sulfur atom present in the carboraare B4

could be removed, and that the cluster prod8gte;(CO) would be formed
preferentially in any reaction attempting the coordination of the carborane Rddad

diiron centre when using HEO);,, as observed experimentallfhese results are
consistent with the literature, where similiar desulfurisation reactions of phosphorus
sulfides by iron carbonyls are knoii'®. To this end, it was accepted that formation

of a phosphineulfide complex, namely[Fey{o-carbP(S)(PhB}.(CO))], was
unfavouable, and instead the synthesis of the phosphine complexXofFe
carbP(PhS},(CO),)] should be attempted. To achieve this it was decided that an
excess of F£CO);, should be employed, in order to first remove all of the sulfur atoms

present on the phosiple-sulfide groups as$;Fe;(CO), and then the remainder of the
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Fe3(CO),2 reagent could react with the exposed phosphines to form the dgseseo-
carbP(Ph)S},(CO))] product.

Pha PR oc co N

\C/P\ ,,,/ S \
! S THF Ph— b 28 S

25Fe3(CO) 2 4 | — % ’
Ny 55°C, 16h $ \\\

SH N FollinmP——ph
c s/\\\\\
21 @c/ oc co  Ph
22
+ S,Fe3(CO)g

Scheme 5/. Synthesis of [Fg o-carbP(Phy)S}2(CO),)] 22 from o-carborane ligan@1
and excess BECO)o.

The reaction proved successful with the exces§C&a),, serving to first generate the
SFe;(CO) cluster and then the -darborane phosphirmordinated product
[Fex{ o-carbP(Ph)S},(CO))] 22. The diiron carborane speci@? is airsensitive and
was obtained via fractional crystallisation from hexane2@®C where the §e;(CO)
cluster was removed first, leaving dark red block crystalg2afo form in 39% vyield.

These crystals we suitable for Xray diffraction.
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Side view

Top-down view

Figure 5.5. CAMERON representations of the structure of
[Fex{ o-carbP(Ph)S},(CO))] 22 with spheres of arbitrary size.

[Fex{ o-carbP(Ph)S},(CO))] 22, with its incorporation of twartho-carborane units,
displays interesting chemical and physical properties, particularly when compared to the

two reported carborane systems.
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5.2.3 Spectroscopic properties ofFex{o-carbP(Ph),S},(CO)4)]

5.2.3.1 FTIR spectroscop

The solution FTIR spectrum @fFe,{ o-carbP(Ph)S},(CO),)] 22 was recorded in hexane
and is shown irFigure 5.6 along with a table comparing the CO stretches of the two

reportedortho-carborane [FeFejydrogenase subsite analogue systems.

§: \S\Bellmum--P\—Ph
& S
&7
2125 2075 2025 1975 1925 1875 1825
Wavenumber / cmt
N
Compound 4(CO) / cm™ \ : .
7
[Fex{ 0-carbP(PhyS}o(CO))] 2062, 2043, 2020 A
A [Fex(o-carbS,)(CO)] 2092, 2055, 2024 SN \co
B [Fe,(pdt)(COX((PPh),0-carb)] 2032, 1965, 1920

OC\FISX\ /

ocwFe ey p_—c

S

4 gryc\\/

Ph,
co
B

Figure 5.6. FTIR spectra comparing the CO stretches of{[tearbP(PhS}»(CO)]

22 to those of the two reporteattho-carborane [FeFdjydrogenase subsite analogue

system&®170.

155



The IR spectrum of[Fey{o-carbP(Ph)S},(CO))] 22 provided some interesting
information. The CO stretches @2 appear at relatively high wavenumbers, but not as
high as those of the dithiolate ortbarborane species, [ffe-carbS,)(CO)] A. This
suggest that although the carborane moieties 2% are providing an electren
withdrawing effect, reducing electron density on the FeFe core and decreasing back
donation into the * antibonding orbitals of CO, this is counteracted to some extent by
the coordinatin of the electroonating phosphine groups. This is significant, as the
fact that the CO stretches 22 are at lower wavenumbers than thoseAofdespite22
containing two carborane moieties as opposed tonly containing one carborane,
demonstrates #t the phosphine donating effects outweigh the elestitmdrawing

effects of the carborane groups.

Comparing the CO stretches of ffe-carbP(Ph)S},(CO),)] 22 to the diphosphine
carborane species [fpdt)(CO)((PPh).0-carb)] B, the wavenumbers of the CO
stretches are higher f@2 thanB. This is due to the structural effect of the carborane
moieties in22 being attached to the FeFe centre via thiolate groups in addition to the
electrondonating phosphine groups, so that mdeeteonrwithdrawing character of the
carborane species is exerted on the FeFe core, reducing the extent of back bonding into

the " * antibonding orbitals of CO, and increasing th® BGond order.

The overall effect of the presence of the bidentatieo-carlorane ligands incorporated
into [Fex{o-carbP(Ph)S},(CO))] 22, which contain both thiolatbridgehead groups
and electrordonating phosphine groups on the FeFe core, is an IR spectrum with CO
bands displaying both the character of the carborane dithisiatiem [Fg(o-carb
$)(CO)] A and the diphosphine carborane species(pee)(CO)((PPh).0-carb)] B.
Although this result was not unexpected, it is significant in that it has provided
validation to both the new system pFe-carbP(Ph)S},(CO),)] 22 and the previously
reportedortho-carborane systems.
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5.2.3.1Electrochemistry

The electrochemistry ofFex{ o-carbP(PhS},(CO),)] 22 was examined inMeCN
containing 0.1 M [BuN][BF4 at a vitreous carbon electrode. A typical response
obtained at roortemperature at a scaate of 50 mV3 is shown inFigure 5.7 over the
potential range 0 tel.5 V versusFc'/Fc.

-2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4
E/Vvs. F®

Figure 5.7.Electrochemistry of [Fg o-carbP(Ph)S},(CO),)] 22. Conditions: 1 mM of
the complex in MeCN containing OM [BuyN][BF4 at a vitreous carbon working

electrode, area 0.7 émscanrate 50mV st at 21°C.

An apparently partially reversible primary process with a peak separatith; &

of 74 mV, close to the theoretical value for a -@hectron process, is observed
at-0.96V. Near-1.1 V another peak is observed which probably arises fthemistry
associated with the partially reversible chemistry primary step. Ne@arV a major
process occurs which may involve quesiersible (slow) electroetransfer chemistry
and/or overlapping redox processes. The system is much simplified wbemnlee
at-40 °C as is shown blyigure 5.8 Firstly, the primary onelectron process appears
fully reversible with the reverse peak current of similar magnitude to the forward step.
Secondly, the minor redox process nearl V is substantially suppresses is
consistent with a slowing down of the chemistry following the primary electron

transfer.
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Finally, the more negative process at observed.&6 V has a shape consistent with a

quastireversible oneslectron step.

If we consider the major redox pr@ses as essentially two successive-@retron
steps then the separation i E values of 700 mV is typical of that involving

sequential addition to an orbital without major structural change.

-2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4
E/V vs. F®

Figure 5.9. Low temperature electrochemistry @Fe,{o-carbP(P)S},(CO))] 22
Conditions: 1 mM of the complex in MeCN containing MIBu4N][BF,] at a vitreous

carbon working electrode, area 0.7°cstanrate50mV s* at-40°C.

The observed relative ease of reduction is strongly indicative of the electron
withdrawing capacity of the carborane unit as is consistent with the high frequencies of
the CO stretches as discussed above. Moreover, the draining wbreldensity from
the diiron unit onto the carborane explains the inactivity 28f with respect to
protonation. Thus treatment §fex{ o-carbP(Ph)S},(CO),)] 22 with HBF,.OEt% does

not lead to reaction as is observed with otheiphissphine syster.
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Schene 5.8. [Fe{o-carbP(P)S},(CO))] 22 is not protonated on addition of
HBF,.OEb.

5.2.4 Concluding remarks and future work

In this chapter we have shown that it is possible to construetarldorane FeFe subsite
system where the bidentatetho-carborane ligands are anchored to the bridgehead via
thiolate groups but also interact with the diiron core throogtiary phosphne
moieties. The new systenjFe{o-carbP(Ph)S},(CO))] 22 was characterised
crystallographically.

The formation of22 must involve multistep chemistry, notably a desulfurisation
reaction step whereby the cluster molecyEeefCO), was produced as a-g@voduct in

the first step of the reaction process, together with the phosphino thiol. Subsequent
attack of this species ofRe;(CO), is likely to lead to the formation of a dithiolate
intermediate with subsequent substitution of COtliiy appended phosphine ligands
giving the final product[Fex{ o-carbP(Ph)S}2(CO),)] 22, Scheme . However, an
alternative pathway which proceeds via an CO substitution by phosphine and

subsequent formation of the #tsolate cannot be excluded.
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Scheme 3. Possible mechanism for the formation of ffeecarbP(Ph)S},(CO))] 22

The FTIR and electrochemical data show thataitteo-carborane moieties are strongly
electron withdrawing. The CO stretches are suttith higher than in related bis

phosphine systems and a primary reduction process can be accesasl At

The withdrawing carborane ligands are responsible for the lowering of the energy of the
metatmetal bond (the probable homo) and consequendyirthbility to protonate this

bond under conditions that other phosphine complexes readily protonate.

An exploration of the electretransfer chemistry in the presence of a proton source is a
clear avenue for further work. The primary electtansfer stp would be expected to

raise the basicity of the HOMO allowing protonation and possible electrocatalysis.
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5.3 Experimental

5.3.1 Synthesis of 1PPhy-1,2-closoC,B1oH 11 (19)°

\C/PPh2

—C

1,2-closoC;B;0H12 (0.86 g, 6 mmol) was dissolved in dry degassed DME (50 mL) and
cooled to-78 °C. nbutyllithium 1.6 M in hexane solution (3.73 mL, 6 mmol) wasithe
added, and the resultant mixture left to stiFZ&°C for 30 min. The solution was then
warmed to room temperature and left to stir for a further 2 h. The solution was then
cooled to 0°C and chorodiphenylphosphine (1.07 mL, 6 mmol) was added. The
soluion was then left to stir at®@ for a further 30 min before being heated t®@%or

16 h. The solvents were then removed in vacuo to give awtofé oil. Column
chromatography(15:1 hexane/DCM) and subsequent drying in vacuo gavditthe
compound(1.19 g, 4 mmol, 61%) asolourlesscrystals.*H-NMR (CDCl, 300.13
MHz): G (ppm) -H), 735 [B6H,(AH), 3.45 s, 1H,MBEH), 2.10 (m,

10H, BH).*'P-NMR (CDCl;, 121 48 MHz): U YXppm) = 25.08

5.3.2 Synthesis of 1SPPh-1,2-closoC,B1gH 11 (20)72

1-PPh-1,2-closoC;B1oH11 19 (1.19 g, 4 mmol) was dissolved in dry degassed toluene
(50 mL) and sulfur powder (0.14 g, 4 mmol) was added. Dry degassed triethylamine
(1 mL) was then added before the mixture was heated t¢@@6r 16 h.The solvents

were then removed in vacuo to giwe yellow oil. Column chromatograph{6:1
hexane/DCM) and subsequent drying in vacuo gavéttieeompound0.71 g, 2 mmol,

55%) as white crystalSH-NMR (CDClk, 300. 13 MHz) : U ¢H.pm)
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7.60(m, 6H, ArH), 4.65 (s, 1H, BEH), 2.0 (m, 10H, B-H). *'P-NMR (CDCl, 121.48
MHz) : O50QQ72@m) =

5.3.3 Synthesis of 1SH-2-SPPh-1,2-closo-CyB1gH 10 (21)M2

Ph,

D PR

1 S

A
ey

1-SPPh-1,2-closoC,B1oH11 20 (0.71 g, 2 mmol) was dissolved in dry degassed diethyl
ether (50 mL) and cooled t@8 °C. nbutyllithium 1.6 M in hexane solution (1.24 mL,

2 mmol) was then added, and the resultant mixture left to sfi8&C for 30 min. The
solution was then warmed to room temperature and left to stir for a further 2 h. Sulfur
powder (0.08 g, 2mmol) wabken added, and the resultant mixture left to stir for 16 h.
3 M HCI (40 mL) was then added, and after 10 min stirring the orgap@ Byer was
obtained. The aqueous layer was extracted with ma@ & x 50 mL) and then the
organic layers were combidewith the E3O solvent subsequently being removed in
vacuo to give a foamy ofivhite solid. With the aid of sonication, the solid was
dissolved in hexane (100 mL) and recrystallise@fC. Obtaining the crystals formed
by filtration gave thditle compound(0.55 g, 1 mmol, 71%) as slightly yellow crystals.

'H-NMR (CDClL, 300. 13 MHz): U (-B)pMbl (m=6HB8AHS, 8 ( m,
5.54 (s, 1H, $H), 2.26 (m, 10H, BH). *P.NMR (CDCL, 121. 48 MHz) : U
49.35 (s).
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5.3.4 Test synthesis of §-e3(CO)g

OC//,,,' A\%k “\\\\\CO

oc™ Fr‘sr F|e‘CO

Cco Cco

Triphenylphosphine sulfidé0.27 g, 1 mmol) and triirondodecacarbonyl (0.23 g, 0.5
mmol) were dissolved in dry degassed THF (40 mL). The mixture was then heated to
55°C for 16 h. Removal of the solvent in vacuo gave a red/purple oil and column
chromatography (hexane eluerdnd subsequent drying in vacuo gave itk
compound(0.10 g, 0.2 mmol, 44%) as purplevder. Crystals suitable for-May

diffraction were growrby slow evaporation of a hexane solution.

5.3.5 Synthesis offFex{o-carbP(Ph),S},(CO)4)] (22)
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1-SH-2-SPPh-1,2-closaC,B1oH10 21 (0.22 g, 0.6 mmol) and triirondodecacarbonyl
(0.71 g, 1.4 mmol) were dissolved in dry degassed THF (75 mL) and heate®dds5

16 h. Removal of the solvent in vacuo gave a red/black oil. Dry degassed hexane was
then added (100 mL) and the mixture sonicated for 1 h. The resultant dark red solution
was then filtered through celite into another flask, removing insoluble F aall the
solution was cooled aR0°C for 24 h. The resultant solution had precipitated the cluster
S,Fe3(CO), which was removed by another filtration through celite. The subsequent
solution was then cooled t@0 °C for 72 h, producing dark red blockystals suitable

for X-ray diffraction of thetitle compound0.11 g, 0.1 mmol, 39%)H-NMR (C¢Ds,
300. 13 MHz): 0 ( p-H)nVO01 @, 12H, At®), 275(m, 2BHHEH). Ar
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3Ip.NMR (CDCls, 121. 48 MH-12p.50 (41 1PK1p0p7en(s, 1P). IR(hexane):
&(CO) = 2062, 2043, 2020. Anal. Calcd. fog8400.S,P-BooFe: C, 40.78; H, 4.28.
Found: C, 40.60; H, 4.15.

5.3.6 X-ray diffraction

Crystals were suspended in oil, and one was mountedgtasa fibre and fixed in the

cold nitrogen stream of the diffractometer. Data were collected on a Bruker Apex DUO
diffractometer. Data were process using the SAINT pro§fanStructures were
determined by direct methods in the SHEL-8 program® and refned by fulkmatrix
leastsquares methods dff in SHELXL-2013%®. Nonhydrogen atoms were refined

with anisotropic thermal parameters. Hydrogen atoms were included in idealized
positions and theil;s, values were set to ride on thi, values of the parg carbon

atoms. Three carbon atoms of the solvent hexane molecule were disordered over two
positions: occupancy for the major position was 0.728(15) at the end of refinement. The

carbonicarbon distances in the fti52@dr der e

Crystal data CzHsoBooFe04P,S,, 0.5(GH1g), M = 985.7, T = 173(2)K, &Mo-K U) =
0.71073A, triclinic, space groupp, a = 10.8183(19), Ab = 14.130(3) A,c =
16.628(3) A,U= 90.494(3)°h = 95.619(3)°p = 106.934(2)°V = 2418.0(7)A3 z = 2,
total reflections 14988, independent reflections 9335,= 0.030,R, = 0.056 F? >
25(F?)]], wR2 (all data) 0.182.
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6 Towards heterolytic hydrogen splitting: attachment

of electron-deficient boranes

6.1 Introduction

6.1.1 General aspects

This chapter isoncerned wittsteps undertaken towards synthesising a system where a
[FeFelhydrogenase subsite analogue is linked to an eledeéoient borane
functionality with the view thahis might allow heterolytically cleavage of dihydrogen.

In the next seatins the interest in a hydrogen cleaving system will be explained, along
with a brief introduction into the use of borane groups for hydrogen splitting.

Subsequently, the steps taken towards the synthesis of such a system are outlined.

6.1.2 Interestin a diiron system capable of hydrogen cleavage

The heterolytic cleavage of dihydrogen by hydrogenase systems is fairiknogih;
except by utilising the [Fefjydrogenase as opposed to the [FdBelrogenase. The
[Fe]-hydrogenase, otherwise known as hydrefgeming methylene
tetrahydromethanopterin dehydrogenase (Hmd), is known to heterolytically spiitioH
a hydride and a proton, with the hydride transferred to the carbocatdaining
substrate, methenytrahydromethanopterin (methedyAMPT")#"° The active site
of the [Felhydrogenase is shown Figure 6.1, along with its heterolytic dihydrogen
splitting reaction to transfer hydride to methyldagVPT".
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