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Introduction to Metal-Metal Quadruple Bonds and Electrd®eltExchange
Reactions

1.1 MetalMetal Bonding
The recognition of the first metahetal bonded species 1957originated alongside the development
of Xray crystallograpin’2 The study presented the first real evidence of a metatal bond between
transition metals these bonds were founish the complexes MfCO)oand Rg(COjo. In 1964Cotton
et al. recognised the first metainetal quadruple bond in the complex[ReCE]-2H:0, this complex
had previously been reported but the structun@sincorrectly rationalised® It was found that upon
the reduction of Re®in aqueous hydrochloric acid or hydrobromic acid, a very sheR&bond that
did not incorporate any halogen bridges was formed. The eclipeatbrmation Figurel.l), andthe
very short and strong bond waxplainedto be due tothe formation of awbond which unlike thee
bond imposes a restriction on the rotation about theRe axisdZ <« }v « & 0¢} * ve]S]A &
rotation about the ReZ  /A]e pP3 8Z & Je v} v 3 0}ee }( }JE ]S 0 }A €0 % H%o}
bond. It was surmised that a quadruple bond must exist begw the two rheniuntentresand it was
0O Ho § 3Z 8 8Z +35 Jo]e* 3]}v }(( @ the @©gidZzobBwcalmot mbout 10 % of

the overall bond strength

Figurel.1:The crystal structure of [Rek]*, Reported by Cotton et al. in 1984From F. A. Cotton, N. F. Curtis, C. B. Harris,
B. F. G. Johnson, S. J. Lippard, J. T. Mague, W. R. Robinson and J.S8iaNoed] 964, 145, 136807. Reprinted with

permission from AAAS.
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Following the formal recognition of the quadruple bosdyeralpreviously reportedcomplexesvhich
were incorrectlyformulatedwere subsequenthfound to contain a quadruple borfdn one such case
the yellow product resulting from theeflux of molybdenum hexacarbonyl and benzoic acid at
temperatures exceeding 150 °C, wasginally believedto be a polymeric chain consisting of
Mo(OCGH), units.® Although the report is fromi959,the complex washought to be a structure
where the arene is bound to the molybdenum by a sandwich type bond anddbec&rbonyl would
then coordinate to a second molybdenum creating a polymeric chain. athgal complex was
determined to beMoz(OCGHs)4, the four benzoate ligands bridge the dimetal core in a paddlewheel

arrangementt

A metatmetal paddlewheel complex consists of a dinuclear core typically surrounded by four

<u S}E] o E&ligdhpeRs shown irFigurel.2, dimetal complexes with monodentate ligands
can form the square parallel pipped structure, found in@E¥, and related complexe such as
TeCk*.” The dimetal corecan have formabond orders ranging from 0.5 to 4 depending on the metal
and its oxidation staté.At the same time Cottoreported a quadruple bond betweeechnetiumin

the complex [T£Ck]* which had an analogous structure as showfigurel.2.

R
R

= 2.
O/ N

o Cl CI
ME;EMO\O T|ET| Cl
< < CE C
O‘L:O,J) c’lc’|
R¥ Cl CI

R

Figurel.2: The structure ofhe species reported by both Cotton and Mason in 7965.



1.1.1 Electronic Structure of the Quadruple Bond

Carboncarbonbondshave a maximum bond order of thr€alkyne) firstly a s-bond generated by the
constructive overlap of thep mixedorbitals. A < bond is generated by the iphase overlap of both
lobes of the porbitals. A second bond can be generated by the-phase overlap of a secondary p
orbital perpendicular to the first. A triple bond in an organic compound therefore contaias and

two <molecular orbitals with an electron configuration ef<.

Transition metals have access to higher bond orders as-thrbitals Figurel.3) are involved in the
metalmetal bonding. When two metals come together, bermhn bdormed from the corresponding

orbitals overlapping

Figurel.3: Thefived orbitals

A guadruple bond is formed between twd mhetal fragmentsof similar energyFigurel.4 shows the
molecular orbital diagram of a quadruple bond; each metal fragment isso6¥nmetry and the
atomic orbitals are those of a square planar complex. As the two complexes come together the

is formed as a result of the direct oveplaf thedralongthe z axisAs there is a high degree of orbital
overlap,this will form the strongestomponentX dZ &Arhponentsare formed due to the overlap
of the d.and d.orbitals &]v 0 o0 Ccanponentisformed due to the facen overlap of the g, as
the overlap ipoor § Z camponentdstypicallythe weakest of the four bonds, it is predicted to only
contribute 10 % of the overall bond strengtiThe ¢, orbital is typicallytoo high in energy to be

involved in metalmetal bonding and arg@rimarily involved in metaligand bonding although the



energy of the orbital can be decreas by removing ligands and careful ligand choice so that a

quintuple bond can be synthesiséd

Figurel.4: The Molecular orbital diagram for a quadruply bonded complex

The quadruple bond has two main characteristics, firstly a shidit bond length and secondlyan

eclipsed ligand conformationTakng [ReCE]* as an example, the ligands are in an eclipsed



conformation and the bond length is 2.27which is shortethan the ReRe bond length in its metallic

form which is 2.7R1

The propensity for the eclipsed conformation to be taken by quadruple bonds can be inferred
qualitatively from the molecular orbital diagram. The quadruple bond can exist as two extremes,
edipsed or staggered, the eclipsed conformation would result in the maximum orbital owafrthp
d orbitals, while the staggered conformation would lead to the minimum orbital overlap. Therefore,
any rotation away from being eclipsed would resultina@ c « ]Jv $Z w }v v EGPCX dZ ]
stabilisation %0 E } A ] C $3Z w }v }A E }u-e 8Z <5 E] ,butth@ can]}v }( 5Z
account for rotations of up to 10*The quadruply bonded compleMo.Br(arphos) (where arphos
= Idiphenylphosphine2-dipehnylarsinoethane) has been reported witha rotation of 30 °This
resulted in §Z w  ktrength halving due to the decreased orbital overlapsulting in the
lengthening of the MeMo bond length by ca. 0.03. Any rotation past30 °resultsin a much greater

E -« JondstrengthA]3$Z &BEondastrength becoming 0 when the torsiongi@ becomes
45°0dzZ « v < u}o po iEthe@Guddruple bondemain unaffected by the rotation about

the zaxis, as there is no net loss in the orbital overlap.



1.2 Paddlewheel complexes as redox centres

Quadruple bonds have been observed for(IlDr W (I1), Re(lll), Tc(lll) and Mo (I1).! Themajority of
known quadruple bondseing homobimetalic, although heterobimetallic quadruple bonds are
known, for instance M-W.! These complexegenerally take the paddlewheel architecture as seen in
Figurel.5. Variation of the metal core or the bridging and axial ligands makes these complexes highly
versatile and tuneableedox centreswith unique spectroscopic propertiedlthough typically the

bridging ligands (E Z+ &donors, the R group can be varied resulting in a great deal of structural

diversity.
R
R
R. . .R

AR N Of)A\\o

e Al e
Eax—'l\l/l\\ (|\|/|‘—Eax MM= Moy, W, Cry, MoW

ELE

<_-E o o /;
RT S N=— N N

R —

Figurel.5: Examples of the versatility as a result of stamat modifications of paddlewheel complexes

The versatility of these paddlewheel complexes is complimented by whedl-defined geometry, the
structurally rigid motif can be used in synthesising larger systems with repeating paddlewheel units,
such as dimer¥ squarest®triangles*and metal organic framework$ Dimolybdenum paddlewheel
compexesalso have redox active coresvith the electron configuration of « <*\dwhich becomes

< 4\upon oxidation The oxidative processes dimolybdenum paddlewheelasre often reversible

and can produce stable products following a one electron oxidatibne reversibility of the redox
processes in electrochemical techniques coupled with the high tunabilitheoklectronics of the
quadruple bond, make these complexes prime redox centres for studying electron trarsédr will

be discussed hereafter



1.3 Mixed Valency

Electron transfer (ET) and the important role it plays in chemistry and biology canmvebstated.

ET is a fundamental aspa&quired for life for instance photosystem Il employs an active site with
mixed valent states to catalyse the light drivexidation of waterto evolve oxygen®!’ Photosystem

Il employs the use of MaQ cluster to evolve oxygeii is believed that the Mn ions go through five
valence state during this process bdbr much of the process the valence state of the Mn in the
Mn,CaQ cluster remains unknowt Understanding ET process at a fundamental level could allow for
the production of bimnimetrics®?* molecula electronic$*?” and electrochromic device$.To study

ET incomplicated systems such as photosysténsinaller simpler mixed valence compounds (MV)
are usedas modelsin its simplest form, 8V compound can be described aavingtwo or more
identicalredox centreghat are in different oxidation stateepending on the species ET can occur
between these active sitetn a selfexchange reactiornThe redox centres are generally bonded by
conjugated systemsvhich are referred to as bridgeshese systems can then be simplified and

represented as an eléon donor-bridge-acceptoras shown irFigurel.6.

ET

TN

Figurel.6: Schematic of a general mixed valence compound. DEemtron donor and A is an Electron acceptor

MV compounds can be used experimentally to calculate aspects of ET that would otherwise be
extremely difficult to calculate, such as, energy barriers and rate constdrith would otherwise be

hard to elucidée for complex system&° Assimple MV compounds can be used to model larger
systems, research into MV compounds is noemmon place in literaturé! These smallreadily

synthesisedmodels for probing ET allow rféarge variatios in bridging ligandssteric effects and

7



electronic effectavhichhave all been shown teffect ET, allowing for us to understand the processes

involved at a fundamental level.

\ \
N ) ) +N= —
/

/

Figurel.7: The resonance structures of thentamethinium ion

Resonance is a wealbcumented phenomenonin chemistry. Compounds that are stabilised by
resonance structures have markedly different properties expected fcompoundsthat show no
stabilisation Takethe pentamethinium iorfor example,Thisspecies requiremultiple structures to
describe its ground statdwo of whichare shown inFigurel.7. If this compound only existed as a
statistical mixture of both structures with no resonance occurring, it would be assumdze
colourlesslike 1,3,5hexatriene®? Due to the resonance the nitrogen atoms assume two equivalent
valences which results in the deep green cololesonance is a well understoptienomenon for
organic compound$ut for complexeghis phenomenon is less well understood and obserteel
notable exception is MV complexes. This leads to an interesting obseniitiesonance structures

have such a pronounced effect on organic molecules, it can be expected that unusual properties will

be observed in inorganic MV complexes.

Inorganic MVcomplexes have existed since at least thd" T@ntury, with arguably the first MV
complex being Prussian blteecomplex containingion in two different oxidation statesPrussian blue
is of note because it was the first stable and lightfast blue pigrteebe synthesised. The complex has
aformula of Fe[FeCN}]s - xHO (x = 14-16), four ofiron atomsare Fé'and the remaining three are
Fé'. The complex assumes a calstructure with alternating Fe(ll) and Fe(lll) ianghe solid state
The deep blue colour is a result of the ET from thétd-&€" as a result ohbsorbing orange to red

light in the range of 680 nr##



In 1967 Alan and Hush prepared multiple examples of MV systems and showed that in every case the
absorption spectra were a mixture of the futbduced and fully oxidised species, with a new transition

in the visible to the IR region. This new transition was termed the intervalence charge transfer band
(IVCT¥# The following year Hush proped a model founderstanding innesphere electron transfer

by building on Marcus theors.

1.3.1 Robin Dayclassdfication

Robin and Day published a method adéissfication of MV species in 1968 The method reported
three distinctclas®s of MV species, by relating the degree of electron delocalisation to the similarity
of the crystallographic sites and the spectroscopic properties. A plot of the pakemergysurfaces
(PESagainst the reaction coordinate can be used to explain the differences betweeatades. The

two-state model will be employed to describe the differences in the RBlaiyclassfication.

1.3.1.1 Clasd: Valence trapped

n n+1

Figurel.8: M-B-M model forclassl MV compounds.

RobinDayclassl compounds havéttle to no communication between the redox centres and upon
oxidation/reduction the charge becomes isolated on a single redox cantites referred to as valence
trapped Figurel.8). Due tothe redox centres occupying different oxidation states they consequently
occupy inequivalent ligand fields and can be distinguigitgstallographicayl through changes ithe

associatedond lengths and angles.



energy

ET coordinate

Figurel.9: The potential energy diagram for a Roldayclassl system. The left PES can be attributed toBa and the
right PES can be attributed to-BIM+. The PES are described as diabBkigures adapted from reference with permission
of the RSE%%"

The potential energy diagram of the reactants-BiM and MB-M*hastwo diabatic PES, as they are
non-interacting there can be no interconversion between the two redox centrégurel.9). As a
result, both the electrochemical and spé&oscopic properties are those of the constituent redox
centres.An example of &lassl compound would be lead tetroxide (2 Pb®bQ) as it contains a

mixture of both Pband P38

1.3.1.2 Clasdl: Moderately coupled

n+ (1-n)+

®— Bridge I\D

Figurel.10: M-B-M model forclassll MV compounds.

Clasdl compounds have weakly coupled redox centres such that there is partial delocalisation of the
electron As a result of the weak coupling tteeis an energy barrier to ET which results in the electron

localisation being greater on one redox centre as showhiguirel.10 (where 0.5<n < 1). The two

10



redox centresare crystallographicallgimilar butpotentially distinguishabledue to minorchanges in

bond lengths and angte

energy

Go

ET coordinate

Figurel.11: The potential energy diagram for a Rolidayclassll system.The solid hlelines represent thadiabatic
energyo A ois the reorganisatioal energy and kb is the electronic coupling matrikigures adapted from reference
with permission of the RSE?”

The potential energy diagram folasdl compounds is a doubleell minimapotential energy diagram
(Figurel.11). TheETcoordinates correspond to threactants M-B-M and MB-M". Unlike classl
compounds we now see mixing of the wavefunctiewsich results in two adiabaticPES. The two
minima on the ground statePESepresens where theelectron can reside in the compoundhe
energy barrier to ET came overcome by thermadxcitation(4 ™) in the ground statefollowing the
PES of the ground state)mmediate thermal ET is forbidden as the Fr@uakdon principle states that
nuclear motion (18°s) is orders of magnitude slower than electron transfer’ts)*° For the electron

to thermally transfer there has to be both innsphere (;) and outersphere( ,,) reorganisation which
gives rise to the energy barrier to ETThe second PES is a optically accessible excited state between
which interconversion between the reactants can ocdbrough photoexcitation The energy
difference between the ground state and excited state at the minima of the excitedistatece the
electronic couplingparameter(Hap) which is a direct measure of donor and acceptor wavefunction

overlap.Forclassll compound the sum of the reorganisation energies is greater theg,. DOptical

11



excitation results in a broad, loimtensity Gaussiarshapedtransition in the near infrared (NIR),
termed an intervalence charge transfer band (IV@§)a result of the net dipole induced dlassl|

compounds)VCT transitiosshows solvent dependence and are solvatochromic in nafture

1.3.1.3 Clasdll: Fully delocalised

0.5+ 0.5+

Figurel.12: M-B-M model forclasslll MV compounds.

Clasdll compounds havstrongelectronic couplingbetween the two redox centresvhich results in
the electron being equally delocalised across both redox cenfigsifel.12). As the electron is now
fully delocalised, the redox centres are symmeaticl are indistinguishable crystallographicallhis
delocalisation gives rise diabaticPES surfacghat have a merged singlevell ground state and an
optically accessible excited staféigurel.13). As the two sites are crystallographically identical there

is no energy barrier to thermal EB ( = 0.

12



energy

ET coordinate

Figurel.13: The potential energy diagram for a Rofayclasslll systemthe solid blieline represergthe adiabatic PES
for MOS*-B-MO5*X | 1e §Z @& }EP v]e §]3the gle@en coupling matrikigures adapteftom reference
with permission of the RS®&37

The tansition from the ground to excited stalESan be observed in the NIR, the transition is now
an intense band thatoften shows low energy cut offThistransition is referred to as a charge
resonance ban@s opposed to an IVCT transitioAs classlll compounds have npet dipole, the
charge resonance band shows no solvent dependefigciket al.reported thecomplex tans mer-
[(PPR)2(COMo(u-pz)Mo(COYPPR).]* (pz = pyrazine) which was determihto be delocalisedc{ass

1) by using EPR spectroscopy and vibrational absorption spectratcopy.

1.3.1.4 Beyond the RobiDayclasgfication

As more examples of MV compounds were reported, exceptions to the fRahiclas#ficationbegan

to arise.In 1969 the first deliberately degied MV complex was synthesised by Creutz during her PhD
under the guidance of Taube. This model complex tsesRu(NH)s fragments as the redox centse

and a pyazineas the bridging ligand as shownRigurel.14. The complex has a formal charge of 5+

with one Rl and one RUl. The CreutZTaube ion has become the most studied MV compound within

13



the field due to the difficulty in assigningckassusing the RobifDay method!?4*Numerousphysical
and computationatechniques have been employed in an attempt to categorise the MV complex.

HsN NHy | °F

HsN  NHj
HaN—RU—N  N—RU—NH;

HsN  NHs HsN  NHs

Figurel.14:The Creutdaube ion.

The CreutZlaube ion has now bearlased asClasdl-Ill borderling a clasdl-III borderline compound
has electronic localisatioas discussed abougut solvent delocalisatiomeaning there is no outer
sphere energy of reorganisatipthe CreutZTaube on was the first compound to be assigned as this
classbut many more complexes followed The analysis of the Creulaube ion wilbe discussed in

sectionl.4.

Lear and Chisholm while exploriogalate bridged complexesSBUCQ)sMM]( .2=0,CCQ) (where MM
= Mo, MoW, and W) proposed a nevelassof MV compound a subsection ofasdll calledclassv 4
They stated thaif a clasdll compound showed no solvent dependencéofh the charge resonance
bandand the metal to ligand charge transition (MLCanNd did notexhibit any vibronic progression

that they wereclasslV.

1.3.2 Techniques for studying mixed valency

Robin and Day based thailas&s by looking at both the spectroscopic properties and tredetular
structureand,as such, everal technigues can be used to study mixed vale@og of the original and
most important methods was -Ky crystallographyX-ray crystallography can easily distinguish
betweenclasd andclasdll bycomparing the bond lengths and angles between the two redox centres.
Although, this technique has limitationgjassl|l compounds can be very difficult to assign by
crystallograjny alone and it also requires single crystals whighpotentiallyvery difficult to grow or

isolateas well as the long time frame required to acquire the structuRsbin and Day also based

14



their clas#fication on electronic absorption spectroscopythe W-Vis-NIR region wheranalysis of
the shape and intensity of the IVCT transition can be used to determine botbldk#ication and
strength of electronicoupling(Hap). Severabther techniques have been used to probe ET such-as, X
ray photoelecton spectroscopy, Mossuer spectroscopy, dnan spectroscopynd Stark effect
spectroscopy’?#5*’ This section will focus on the techniques employed in this thesis; electronic

absaption spectroscopy, IR spectroscopy, efenic paramagnetic spectroscopy and voltammetry.

1.3.2.1 Electronic absorption spectroscopy
Electronic asorption spectroscopy is a well understood and powerful technique for characterising
MV compounds. Each of the threas®s has a distinct action in thetb NIR region of the absorption
spectra.TypicallyClasg systems displathe transitions associated with their constituent ions with no
new transitionsas theHapis Oand there are no adiabatic PE&Clasd| spectra differ ashey include
an intervalence charge transfé?VCT)band in theNIR regionAs previously discussed fofassl|
systems thdVCT band iapproximatelyequal in energy to theeorgarisational v & P Qetwgen
the ground state and excited statéhe electronic coupling parametéHa,) can be calculated from
the IVCT transition using Hush theory, as showiEguation1.1, where vmax (cni?) is the is the
JE%S]IV M @PGQDex]e $Z  AS]v S1}v vip (6 ]s thepedk width at half
height and ,(A) is electron transfedistance®?*°IVCT bands are typitaweak (Ghax GLO0O0 M crm?)

and Gaussian in shape. The transition is also solvent depeftient.

_0026x(R 1Y -1 ¢Re)'®
===
N

Equationl.1: Equation for calculating ddfor aclassll compound.
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Asthe electronic coupling parameter increases, the reorganisatienergy tends towards zero. When
the two redox centres are strongly couplédasslil) 2H.,is equal to that of the transition such that

the electronic coupling parameteran be calculated usingquationl.2.

_ 1
*->= 3R 7

Equationl.2: Equation for calculatingdsifor aclassllil compound.

Where vmax (cnl) is the peak maximum of the chargesonanceband. Thecharge resonance band
typically observed in the NIR expected to be more intense@fax HO000 M! cmit) with a sharper

profile (41, @000 cmt) and nosolvent dependancé’

1
¢Ry2°= (2310 x R 7)2

Equationl.3: Calculation of theoretical band width at half height.

The shapes of the IVCT and charge resonance bands can be used to determatessiod the
compound. Withclassll transitiors being Gaussianbroad and have a low intensitand classll|
transitionsbeing considerably sharpand often displayingpw enegy cut off UsingEquationl.3 the

theoretical band widthat half height( 4 #°) for the ETtransition can be calculated
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Figurel.15: Potential energy surfaces and banegications. Top: energy Vs. Reaction coordinate bott@uws.v. The
values ofHy, are a: 80 cm b: 800 cmtc: 3000 crit and d: 5000 cr. Figure reproduced from reference with permission
from the RSC.

The calculated band shapes fymmetrical dinuclear compoundas theHsincreasesre shown in
Figurel.15, with the assumption that there is a Boltzmann distribution over the epéggels of the
ground state’® Going from A to D ifigurel.15shows a steady increasehfy,. The IVCT transition in

A is Gaussian in nature, as tHg,increases the band begins to exhibit an increasing degree of low
energy cut off until only the high energy side of the transition remdinshould be noted that low
energy cut off is temperaturdependent and that the bandxhibiting low energy cut offvill once
again become Gaussian at lower temperaturgs® As the couplingncreases so does the intsity

and energy of the transition.

1.3.2.2 Infrared Spectroscopy

The time scale folR spectroscopy ielatively fast at~101! s, and can be used to determine the
electron transfer rate Ke) if it has a similar valu€® If an IR handle such as a carbonyl, nitrile or
alkyne are presentwhen there is no coupling the MV speswill be a combination of the neutral and
doubly oxidised specieblowever, forClasdl systems, the associated peaks in the IR begin to coalesce
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due to the partial charge on each redox centdsing a method developed by Kubiak and Ito the rate

of ETcan be estimatedf it is between10'*-10'3s?, which they termed IR spectroelectrochemistry
coalescencglRSECY Kubiak employedxo centredtriruthenium clusters with a carbonyl IR handle
bridged by a pyazineligand Figurel.16 A). Thev(CO) is stronglgependenton the oxidation state of

the metal, and is therefore a good i@ndleas its sensitive to charge distributié?r° Thev(CO) of the
neutral and doubly reduced species shows a shift in wavenumber, due the change in oxidation state
of both redox centres. Interestingly, the MV compouthét is generated following a one electron
reduction, shows coalescence of the fR{ and[RwOJ*v(CO), this single peak is a hybrid of both the
neutral and doubly oxidised species. The coalescence of the peaks indicate that ET o¢astsron
time scale than IR spectroscogyroom temperatureandcan be used to calculate tHerl rate consint

in the MV state®®

oo 1
o\ O /50 0.06 4
/Rlu_ 5u\
SNT A P N/\ ) = 4
| P 0o Q,,O/ok/ 060 | o 005
NG 2] NS :
~ 1% € 0.04 4
w:RU Ut g .
P & 0.03 4
'O”""Ru""lQ ﬁ
/\ rl |\O/\ 0.02 -
© 0.01 4

Figurel.16: (A) The structure of Kubiaks Trxoruthenium cluster bridged by a pyineligand the carbonyl IR handle is
highlighted in red(B) The IR spectra focusing on the CO stretch ofahgal, reduced () and doubly reduced {2

ReproducedFromreferenceReprinted with permission from AAXS,

1.3.2.3 Electron paramagnetic smnance spectroscopy
Electron paramagnetic resonance (EPR) spectroscopy also known as electron spin resonance (ESR)
spectroscopy is a technique used to study unpaired electrons in molecules. The technique works in a

similar fashion to nuclear magnetic resmnce (NMR) spectroscoplyut instead of measuring nuclear
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transitions EPR measures the transitions of unpaired electByplacing the compound in an applied
magnetic field, theelectron(s) align themselves to be either paralld/Z) or antiparallel (+1/2).
These two orientations have their own energy levels and excitation from the lower energy level to the
higher energy level can be achieved using microwave radiglionl00 GHy( 4), as the magnetic

field increases so does the splitting betweee tharallel and antiparallel energy levelsgurel.17).

A
>
>
o mg= +1/2
w
AE
mg=-1/2
Magnetic field

Figurel.17: The influence of theppliedu Pv §] (] o <SCE vPS$SZ }v 4 X

The stregth of the magnetic field can also be altered by the surrounding nuclei of the cordpthis

results in a change infgctor and therefore a change i¥E. The surrounding nuclei can also split the
observed signals, these are referred to as hyperfine splitlihghyperfine splittingcan be calculated

using the 2NI+1 rule, often employed in NMR spectroscopy. N is the number of equivalent nuclei, and
| isthe nuclear spin. The magnitude of the isotropic hyperfine splitting can be used to determine
localisation of the electrof! Variable temperature EPR has been employed to determine ET barriers
in organic MV systems, although this has proven to be more difficult for transition metal complexes

due to the difficulties ircalculatingthe hyperfine constants?®3
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Figurel.18: Top:X-band EPR spectemd simulation®f [Mo2(PiV)s]2(e-oxalate) and [Mo(PiV)s]2(-PFT) in 2:1
THF/ChRCh at 210 K, the bridges are shown below (left); oxalate (right); perfluoroterephth&l@pereReproduced by

permission of The Royal Society of Chemfétry.

Molybdenum has two spin active isotopes of | = §Mo and *Mo) with a combined natural
abundance of 25 %he remaining 75 % of isotopes are .3 @erefore, the spectraf a molybdenum
species wouléghowa single symmetric peak (I =@)da sextet of lower intensity peaks (I = 5/2). For

a dimolybdenum paddleteel complex of formula [M@O.CR)]* the peaks are centred at afgctor

of around~1.93 asthe unpairedelectron ispredominantlyin the Mo,- worbital.>® The magnitude of

the hyperfine couplingfor a dimolybdenum paddlewheel is around 2.8 na§ the electron is
delocalised over two molybdenum atont§ For a strongly coupled bridged species of formula
[Mo4(O:CRY(u2-bridge) a similarly shaped spectra is expected, but the magnitude of the hyperfine
coupling constanhalves ands now around 1.4 mTreflecting the delocalisation of the odd electron
over four molybdenum atom® This is demonstrated iRigurel.18, where[Moz(PiV)s]z(H.-0xalate)*

(left) isclasslll and shows a hyperfine coupling of 1.48 mT as the electron is delocalised lzaftoss
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Mo centres Whereas, when the bridge is changedperfluoroterephthalate (right) the hyperfine
coupling is 2.72 mT indicating the electronlégalised onone Ma centre® As a result EPR

spectroscopy is a powerful tool in determining thlectrondelocalisatiorwithin a complex.

1.3.2.4 Electrochemistry

Electrochental techniques can be used to generate the MV compound following a one electron
oxidation/reduction.Typicallycyclic voltammetry (CV) and differential pulse voltammebpY) are
used to study the redox behaviour of the analyse measuring the currenesponseas thepotential

is swept cyclically between two potentialtn an ideal situation these redox events should be
symmetrical and fully reversibfé These techniques are very useful in screening potential MV

compounds®

1+/2+

0/1+

Current / pA

AE,

Potential / V

Figurel.19: An Idealised cyclic voltammogram aoflassll or above mixed valence compound, with two reversible redox

events separated C 4.

For a complex of formulaM-B-M] the voltammogram will be dependent upon the electronic
communication between the two redox centrds the absence of electronic coupling the oxidation
of both redox centres will happen at the sampetential and will be indistinguishable from each other
(Clasg), resulting in a single two electron redox procdéthere is couplingclass Il and class Jihen

two one electron redox processes will be observasl when the first redox centre isidisedthere is
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a change in charge density which is communicated across the bridge making the second redox centre
more difficult to oxidiseKigurel.19).>°°The potential of each redox event is term#éw half wave
potential (E2), and the difference between the two redox events is #&,. The magnitude ok,

is proporional to thethermodynamicstability of the MV state [MB-M] in comparison to the doubly
oxidised species [MB-M*] and the neutral species [B-M]. This can be expressed as the

comproportionation constanti) as shown ifEquationl.4.1 andEquationl.4.2.

KC
[M024+ _ M024+] + [M025+ _ M025+] _— 2[M024+ _ M025+] (1)
(N d [T
= AT 26 ) = ATL(Z569 (2)
¢)2= F46H-, (3)
&)2= ot é)at et N 4)

Equationl.4: Equations to calculate the thermodynamic stability of the MV state.

TheK: can be calculated electrochemically from td&,, as shown irequationl.4.2where 45> is the
difference between the two redox processes\(), F is thd-aradayconstant, R is the gas constant, T
is the absolute temperaturek] and nn;are the number of electrongiwolved in each redox event.
This can be simplified if the number of electrons involved in each redox process is 1 and the
temperature is 29& 4% TheK; can be used to determine the free energy of comproportionation
(4%) which is a diret measure of the thermodynamic stability of the MV complesing Equation
1.4.38 Thethermodynamic stability of the mixed valence state is the culmination of several different
factors as shown irEquation 1.4.4.52% Four terms contribute to the magnitude o# ', the

0 SE}S §] d) (which~réflects the repulsion between the charged redox centres, the
electronicr «}v v (( 9 which accounts for the energy change of the resonance exchange,

§Z +5 §]+5] o }vSgEWhjch]ikvthe- 4tatistical distribution of the comproportionation
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equilibrium and an inductive factor which deals with the stabilisatbbrihe MV state by electron

%}0 EJ]e S]}v C u ve epu Z -« B Tho jhofe teri's have been proposettie

magnetic stabilisation of the doubly oxidised specidss(* v S$Z ]}v % ]JE&]vifpwhich S« ~4'
takes into account the medium and electroly#® The value oK. and 4G have often been used to

assess the magnitude of electronic couplingMVV complexes, however, &&and 4. are a measure

of the thermodynamic stability of the MV state they cannot be used determine the Hudpn

Class?4,36,56,59,66,67

1.4 MixedValencythroughcovalent bridges

1.4.1 Mononuclear redox centres

The CreutZTaubeion, [(NH)sRupy-Ru(NH)s]**was the first deliberately designed MV compound
which has been studied more than any other MV compoufdgure 1.14). There has been
considerable controversy in assigning the Crétdambe ion andome of the contradictory studies are
discussed belowThe MV spectra of [(NRupy-Ru(NH)s]*in DO have a narrow and solvent
indepencent absorption band at 6410 cht? A number of further techniques also suggesgdectron
delocalisationthe EPR data showeltlocalisation of the electron along tfiRU->*-py-Ri#°1] axis®® IR
spectroscopy showed that the vibrations of the MV compound are an average of those frépyfRu
RuU and [RU"-py-RU'"] once again indicating the electron is delocali§&Bensity functional theory
(DFT) has also suggested that the complestaisslil.”® But, the crystal structure of [Rpy-Ru]50Ts
showed the two Ru centres have differences in their coordination geometries, which could only
happen if there was a degree of localisation of glectron The difficulty in assigning the complex
was because] s } ee¢sdform to the conventional RobiDay classificatiorbeing a class 1/l

borderline complex, where the electrdalocalised but the solveris delocalised?

ET is a diverse and difficult field with numesaunansweredjuestions,and this is exemplified by the
difficulty in assigning a RobiDay class to the Creufaube ion.The effect of changing the redox

centre,the ancillary ligands, the bridge and solvent have been some of the many avenues of research
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being exploredAs the Creutdaube ion serves as a template, the complexes that followfieh
retainedthe general structure while one aspect was variedr instance the osmium analogue of the
CreutzTaube lon(NHs)sOspz-0s(NH)s]]°** has a comproportionation constant that is a factor of 10
greater than the Ru analoguélt has beerclas#fied asclasslll due to absence of the expected spin
orbit couplings for G%in the electronic absorption spectr@hesymmetric stretches of the pyrazine
ligandin the IR are indicative of delocalised systerand the charge resonance barttiat is visible

upon a one &ctron oxidation of the compleis very intense and characteristic foclasdll compound

E ; X
5+
H3N Ru— /\:/>7R4<\DN—Ru—NH3

HaN NH3 HsN  NH;
(@) S
U~ ~r

Figurel.20: Variations of the bridge in the Credufaube ion{where n=14 andx=1-2).

Equationl.1tells us that as the internuclear separation between the two redox centggdricreases

the smaller the elecbnic coupling constanty). Using a series or related bringing ligands such as
polyphenylene or polyene dipyridyls this has been demonstrated and in each case as the value of n
increased the coupling decreaséfigure1.20).”3"® Furthermore, it was demonstrated that when
there was a lack on conjugation in the bridge there was no electronic couplibgen the bridge was
dipyridylthiophene and dipyridylfuram greater degree focoupling wasobservedcompared to the

%0} 0 C v -bipyididg andl,4-bis(4pyridyl)benzene® The authors suggested that thecrease in
electronic coupling wheR wasa heterocyclevasbecausehe linker was more rigigvhich kept the
bridgecoplanar increasing the orbital overlaplthough 6 Uldgyridine andl,4-bis(4pyridyl)benzene

also form rigid bridges but the dipyridylthiophene and dipyridylfuran linkezse suggested to have
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greater coupling as the phenylene is strongly aromatic @ordconjugative interactions with the
pyridine to occur it would have to lose its aromatiadigcreasing the couplingThe dipyridylthiophene

and dipyridylfuran linkers are less aromatic and can more readily facilitate electron transfer

When considerig thebridge, itcan facilitate electron transfer or preventantirely by controlling the
distance, orientation as well as the intercomponent electron transfer procBss.ET process can
occur indirectly through space which is mediated by the bridgea dhrough bond mechanism,
although, typically a mix of both mechanisms can oé&8uperexchange theory provides approach
which takes the bridge into account in the ET process. By considering the overlap fobritier
orbitals between the metals and those of the bridmad their relative energies, two through bond ET

mechanisms can be envisagd.

A T*BL T*BL

S — — —

g 4+ — 4+ — &

wi M M* M* M
T+ T+ ++
TR TBL

Figurel.21: A stepwise diagram depicting the electron hopping mechanism.

The first mechanism uses the Highest Occupied Molecular Orbital (H@MCthe Singly Oxidised
Molecular Orbial (SOMOYf the metals and thé.owest Unoccupied Molecular Orbital (LUMO) of the
bridge this is termed electron hopping mechanigfigure1.21). The ekctron from HOMOtravels
through the < orbital of the ligand and into th&OMQ the ligand < orbital is uninvolved due to the
greater difference in energyeT in he CreutZlaube lon proceeds through an electron hopping

mechanisnt®
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Figurel.22: A stepwise diagram depicting the hole hopping mechanism.

When the ligand« orbital is closer to the HOMO of the metal then the ET proceeds through a hole
hopping mechanismAn electron from the ligand hopsinto the SOMQ and an electron from the
donor metalthen hops into the hole in the ligand orbital (Figurel.22). When the bridge in the
CreutzTaube ion is changed fig4-dicyanamidobenzene dianidhe ET transfer occurs through a hole
hopping mechanisrf? The ET process typically incorporates both mechanisitisoumh me

dominates.

Meyer et al. looked at the effect of changing the ancillary ligand in the Crdatzbe ion, they
synthesised the analogous compound [(BHRupz-RuCl(bpy)** (bpy A 1 tbidyridine)!” The result

of substituting the aminegesulted in the coupling decreasing and becomaigssll. The IVCT
transition was broad an@Gaussiarin nature and showedolvent dependence consistent withckass

Il compound. The absorption spectd the MV compoundshowed an aralgamation of the
monomeric ruthenium complexes [(bp@IRupz]t* and [(bpy:CIRupzF*. The explanation for this
decrease in coupling was pue $§Z -bipyridine ligands competitively back bonded to the
ruthenium decreasing the available electron density for delocalisation of the electron across the

bridge.
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Figurel.23: Example®f MV complexesontaining a monometallic redox centre reported@pdysz et al. and Meyer et al.

Since the report of the Creuffaubeion, manyother redox fragments both organic and inorganic that
can form MV compounds haveén reported.Ruthenium andron based redox centres are by far the
most studied although othes have been reportedexamplesare shown inFigurel.23 but a further

discussion is outside of the scope of this th&%i§7°

1.4.2 Polynuclear redox sites

The redox fragments in the previous sectipnmarily employed the use omonometallic redox
centres althoughseveralcompounds thatemploy redoxcentres consisting faowo or more metals
have been reported. Kubiak al. employed oxecentred triruthenium clusters as seenhigurel.16.
These clusters consist of RO redox centre, with the oxidation state of @' "in the neutral
complex. When two R redox centresre linkedby an appropriate bridge the MV state can be
generated following a one electron reductiom generate MB-M". The effect of the acillary ligands

and bridges on the extent of delocalisationedeen extensively probetf.
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Figurel.24: [RBO(OAQJs(CO)(dmap)]~ ¢ A % CE 1]v ~P%Kpe~ YSDWA[S}P 3Z E A]JSZ $Z |E }EE *%
(left) and the spectroelectrochemical IR spectra (rigRBprinted with permission fromneference Copyright2013
American Chemical Sociéfy

By comparing the complex¢RuO(OAcYCO)(dmap)B) AZ & ] % CE 1]vbipyridine }E dU|
~ 0 Bdy) the effect of distance on the MV state was explofgdgurel.24). When probing these

complexes using CV it was found that both complexes exhibited two sequential one electron reductive
processesWhenthe bridging ligand was pyrazine tE,was 435mVv AZ v §Z @E] P A « 8UJ]
bipyridine the 41> decreased substantially to 120 mWhedecrease in theds; indicates that when

the bridge isextended the stability of the MV state drops sharplyhen IRSEC is used to compare

v(CO)for the pyrazine bridged complex coalescence ofufteO) bandis observed indicating la: of
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~1.5 x 1&st. Whereas, no coalescence of théCO) band is observed when the bridge is changed to

4- o-pipyridine indicating electron localisation on the IRdiscale.

The rate of ET was found to be heavily influenced by electronic structural effects, which was achieved
by varying the ancillary ligar{@)in the complefRuO(OAcy CO)(L}pz) whereLis changed from4
dimethylaminopyridine (DMAR9 pyridine (pyXo 4-cyanopyridingcpy)(Figurel.25). As L was varied

for progressivelystrongerelectron donors, thev(CO) stretch of the MV compound shows greater
coalescence, indicatingtronger coupling with an increased rate of. Hhe ET occurs through an
electron hopping mechanism and by looking at the relative energies of the<Ruv §Z o]P v <«
orbitals the change in delocalisation can be rationali§ééds L was substituted for stronger donor
ligands,the R4 < u v](}o @& ] ¢ ]v v E& Gfithe bridgitg li§dndeading to a greater
delocalisation of the electron. This model also accounts for the decrease in delocalisation seen when
§Z @&] P]JvP o]P v ]e Z vP (<EgywidiegsEnelllgands FisclidH higher energy

]v §Z -@gyridine then compared to the pyrazine.
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Figurel.25: Left:[RBO(OA(CO)D](pz) complexes where L = 1. DMAP 2. Py 3. And complex 4.
[RiBO(OA(CO)(DMAP)bpy) Cetre: Frontier molecular orbital energies fort 8. Right: The observedCO) bands of the
MV complexReprinted with permission froneference Copyright 2013 American Chemical Sociéfy

1.4.3 Mixed valency irfmolybdenum and tungsterPaddlewheel complexes

Dimolybdenum andlitungsten @mddlewheel complexes have also been extensively studietthen
literature as a result of their tunabilitandelectrochemical reversibilit}?8 Paddlewheel complexes
are well suited for studying mixed valerdye to the simplicity of the MV spectr@hen compared to
monometallic redox centresn MV paddlewheel complexes single IVCTansition is observed as the
Mo.- worbital is higher in energyWWhereas, multiplecharge resonancer IVCTtransitions can be
observed in monanetallic species as a resultifamers doubleté’ Further to this EPR spectroscopy
is a powerful tool in examining the degree of delocalisation observeihiolybdenum paddlewheel
complexes. The magnitude of the isotropic hyperfine splitting,)(8an be used to unambiguously

determine whetherthe electron is localised or delocalised on the EPR timescale®s)10

30



The use of dimolybdenum paddlewheel complexes as redox centres to study various aspects of mixed
valency is the focus of our research group. These complexes exhibiakeneresting transitions that

are exploitable spectroscopically and informative on the MV statgethoraof complexes with the
formula Mx-B-M2 have beerreported but a small number of these have beselected to exemplify

the unique spectroscopic prapties**°581Complexes that conform to the general formula of-Bt

M, E SC%] ooC & (EE® S} « ~Ju E }( Ju E-_X

The most common bridge for dimolybdenum paddlewhmmhplexesre dicarboxylates, the simplest
of which is oxalate@C@@,%). Chisholmet al. reported the compleXq(PiV)sMo2-O,CCG-Moz(PiV)3]
(where Piv is 2,2dimethylpropanoatg, that, following a one electron oxidation forms MV
complex®283The electrochemistry indicated a stable mixed valent state withaf 84 x 16, and the
spectroelectrochemistry showed a strongly coupled speadts$lil) with aHa, of 2000 cmt. The
strong electron coupling is a result of extensive mixing betweerMhenorbital andthe ligand < Z

(Figurel.26 andFigurel.27).

Figurel.26: Theorbital interactionsbetweenthe M w v 0]P v < FigurexZproduced with permission from the

cJie!
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As the oxalatec }@E ]33 0 ]J» up Z o}A E Jv .wWEBQESZ]v§ES®D u]E£]vP SA v
and the resulting orbital (HOMQ hearlynonbonding]v. Z E § EX dZ <«Z }( $Z }£E o § ]
energytothe M-wU $Z  } wn]of tBdse generates the HOMOwhich is predominantly Mw ]v

ZE §& v §Z >hDK AZ] Z ]*0o]P Vv <Z]Jv Z & & EX dn) }JU% o0 A (
due to the M-w | }v JvP ]Jv3} §ZwhidPstabilises the complex by 16rkdl relative
to the twisted (Rg) conformer In Figurel.27 the excitation of the electron from the HOMDto the
SOMGQdepicted in red is the charge resonance band corresponding to the electron transfer from donor

to acceptorin the MV complex
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Figurel.27: frontier molecular orbitatliagram for[(PiviM»>-O,CCQMy(Piv}]*. Allimportant electronic transitions are

labelled®4
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Tungsten paddlewheel complexes allow for an ingirlgy comparison to theirmolybdenum
counterparts,astungsten is of a similar size to molybdenum due to the lanthanide contraction, and
therefore will have similasame solvatioreffects and reorganizational energiesThey differ in the

energy of the valece orbitals which as a resudtrongly dfects the electronic couplingzigurel.28

shows the charge resonance bands ffi@iV)sM>-O.CCMz(Piv)s] (where Mz = Mo, MoW and W),
asmorem}oC Vpu[e E eph *5]8us (}E& SuvPes vU §Z o SE}v] }U %0 0]
3Z } « EA o *Z](8 1v 8Z Z EGP & *}v Vv v eX dZ]e |- He §Z
are closer in energy toth@]P v <Z o0 o }ieitermikingof the orbitals.The origins of other

commonly observed electronic transitions are shownFigurel.27.

O T T T T T T 1
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Figurel.28: The change in the charge resonance bands as molybdenum is substituted for tuRgptémted with

permission fronthe American Chemical Sociéfy

Cotton et al. reported an analogousoxalatebridged species where the ancillary carboxylates were
substituted for E U-d@i(p-anisyl} formamidinate(DAnNiF)The electronic absorption spectshowboth

an IVCT and two transitions resultiigm o]P v < S} u S o w Z EP .B&EVo(cis ~>D d-
through a hole hopping mechanism as indicated by the appearance of an WWM&Easwhen the

ancillary ligand ishanged topivlate the ET occurs through tieéectron hopping mechanismvhich is
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indicated by the absence of an LMCT transitibhe complex has a reportéty, of 2376 cm and is

clasgfied asclasdll/Ill borderlinedue to being solvent dependerts®

Building on the work of Cottonjuet al. explored the effect of thecoordinatingatom of the bridge

on the [Ma(DAnNIFRj] redox centreby changing the oxalate bridg@O-OO]to 1,2-dithioxalate[OSOS]

then to tetrathiooxalate[SSSSE® The use of short bridge prevents issues such as bridge localisation
and the effect of the plane on ET. The extentefocalisation of the electron in the mixed valence
state increases with thincreasing number of sulphur atoms in the bridge, as it shows the transition

from clasdll/lll to clasdlil.

[00-00] [0S-0S] [SS-SS]

E !a LUMO
= e 0019% w‘ B

Energy (eV)

34 ’%"" 330780/) Ws 8, 9&”*’ s 7655 HOMO

(Mo 78%)

Mo 74%) w
) HOMO-1

D2h CZh DZ

Figurel.29: MO diggram showing the energy of the LUMO, HOMO and HQNI® the complexes [GOO0], [0SOS] and

[SSSS]Reprinted with permission frothe American Chemical Sociéfy

The substitution from O to S coordinating atoms results in a decrease in eoktgg o]P v «<Z
resulting in a decrease in energgtween the HOMQ/o.. wand >h DK o] P (Figur&l.29). This is
consistent with papers fronkiuet al. and Patmore et al. where the substitution of thecoordinating

atom from N to O to S shows a similar tréfid@’ The change in substituenbordinatingatoms results
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in an increase in electronic coupling as evidenced by an incredgeTihe change in the energy gap
between the HOMO and LUMO can be observed in the absorption spectra as a redshifted MLCT
transition as more S coordinating atoms are addé&tie absorptiorspectraof [OSOSTand [SSSS]

show no change in the MLCT transitias previously stated [GOQO] shows the appearance of an

LMCT consistent with@asdll/Ill system.

The charge resonancéransitions of the mixed valent state are shown Rigure1.30, the bands
increase In energy from 4077 dm4149 cm to 4926 cmt for [OGOO], [OSOS] and [SSSS]
respectively TheHa, was shown to increasedm 2376¢cm* to 2726cm to 2950cm™ for [OGOOT,
[OSOST and [SSSS]respectively. Theharge resonancéransitions were recorded in more polar
solvents in order to determine the solvent dependence of the transitions. For the comple®{@yO
the transition shows solvent dependence with tikbarge resonance banadnly being present in
dichloromethane and ashe polarity of the solvent increased the band became broad and weak
showing typicatlasdl behaviour. In contrast the [@8S} and [SSSS]show solvent independence in
the IVCT transition with no change in the transition energy and bandwidth, althdbghntensity is
reduced in polar solvents. The solvent dependence shows that)OPexhibits is indicative of a large
solvent reorganisation energy, thus the solvent can control the charge localisationclasstl/Ill in
less polar solvent to weakblassll in polar solventsThe [SSS]complex has been proposed to be

clasdV and is reaching the extremes of electronic coupling.
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Figurel.30: NIR spectra dOOOO]+, [OS]+ and [SSS]+n increasingly polar solventeprinted with permission from

the American Chemical Sociéty

A plethora of dimotbdenum bridged systems have been reported with huge variations intatejc

althoughmost commonly théridging ligand is changed. Some examples have been discussed in detail

above, other examples have been reported where the dimolyle redox centres have been

bridged by halide® hydrides®® cyclic polyamidato anion®, terephthalae,®® carborane

dicarboxylaté* and even metals such as ferrocenedicarbate/t and M(OMe) groups (M=Zn or

Co)*t

1.5 Proton coupled electron transfer

Proton coupled electron transfer (PCET) digss a reaction in which both an electron and a proton

are transferred. The term was originally coined in 1981 to describe the comproportionation reaction

between [RIY(bpy)(py)(O})**and [Ru(bpyk(py)(OH)]?*to form [RU'(bpyk(py)(OHY?*.%? Figurel.31

shows the potential mechanisms of PCET, stepwise PT followed by ET or ET followed lay PT or

concerted mechanism.
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PT
XH+Y ——— X-H"+Y

PCET
ET ET

X-H*+Y- —— X+ Y-H
PT

Figurel.31: The potential mechanisms for PCET.

The rate of PCET is typically slower than ET, Metyalr demonstrated that the comproportionation
reaction betweer[Fée'(H:bim)(Hbim)f* and [Fe'"(H:bim)s]?* (H:bim = 22 fbiimidazolinehad akece=

(5.8 + 0.6X10* M st at 298 K The addition of the two complexes resulted in the broadening of the
'HNMR resonances which was used to calculate the rate of PCET. It was found that the rate of PCET
was around three times slower than the ET between td(fdim)s]?* and [Fd'(Hbim)s]**which was

found to beke= 1.7+ 0.2 x 10M* stat 298 K.

The crystallisation of the [R(Hbim})] produces a hydrogen bonded coordination polymer which has
been shown to act as a semiconduct®he complex forms a MV polymer stabilised by preton
coupled electron transfer following a one electron oxidation, this was the first reported case of PCET
in the solid state. Tadokoret al.reported that the complex acts as a semiconductor in the séite.

The polymeric structure adopts a honeycomb sheet which following a one electron oxidation adopts

alternating Rtiand RU' units as shown ifrigurel.32.

37



| [\Y [xg}@ i

din @ |udtn @
”." Q’ Q'Q ‘! ‘Q &5
""‘ "d’n’ '@lgn,

’“«l-’ ‘b‘c‘ ’u‘«‘d’

(RLI'"RU"I},., {Ru“Ru"'}" {Ru“Ru"},,

Figurel.32: The honeycomb lattice adopted in the solid state of the ponr[mdiH(Hbim);]'reported by Tadokoro et al.
Reprinted with prmission fronthe American Chemical Sociéfy

1.6 Mixed valency across hydrogen bonded complexes

The vast majority of MV complexes studied to dameploy redoxactive moieties linked by conjugated

<« Ce3 ueU s o Je pe- } Aexchangg Ghjougk lydrogen bonds has also been
extensivelystudied in the form of PCEY% Although recently research has reported the mixed
valence compounds that employ setbmpkementary hydrogen bonds as bridges there is no proton

hole the MV state is stabilised by a different mechanism. The mechanism of stabilisation is not well
understood but there are potentially three mechanisms of stabilisaiéigurel1.33). ET can occur
between the donor and acceptor if there is strong overlap between the donor, bridge and acceptor
orbitals. If this were the case thg/drogen bonded complexes would be similar to a covalently bridged
dimerand exhibit an IVCT in the NiRternatively, a proton could transfer from the donor to acceptor.
Finally, both proton transfer and electron transfer can occur, where ET is depemgentthe proton

coordinate, this is called proton coupled mixed valency (PCMV).

38



/
Electron tran}sfy O H---O PCMV
O---H- o

0O---H-O
Q_</ />_@ Proton Q_</ >_@
O—H--- transfer O-H---G
/E(Iectron transfer

Figurel.33: Potential mechanisms for the stabilisation of the MV state in hydrogen bonded dimer, electron transfer, proton

O---H-
© @
O---H-

T
7

O\

transfer and proton coupled mixed valency (PCMV).

Kaiferet al. reported the firstMV compound stabilised over a setfmplimentary hydrogen bud,
employing a ureidopyrimidine based bridging ligand bonded to a ferrocene redox cefiigure
1.34).%* IH NMR spectroscopy was usdéd show he complex dimerise in chloroform at

concentrations as low as 10 pM indicating a high equilibrium constapt(KC® M™1).
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Figurel.34: Theferrocence ureidopyrimidine complex reported by Kaifer et al.
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The electrochemistrgfthe dimerinCHCh *Z}Ae A} ep  e¢]A }v 0 SE}Vv }4]
of 390 mV k: 3.9 x16). When run in acetonitrile only onexidation with twice the current response
is observed indicatingnly a monomer was observead coordinating solvents. This reinforces the
importance of the seftompkementary hydrogen bond in the stabilisation of the MV st&#errocene

Z + 14 0f 350 mV in the same medium but [EcEZ - PE & deésp#ethe internuclear
separation beingnuch greater atlose to 1 nnf> The observed IVCT transition for fFejas obseved

in the NIR at 8368 cfy with a halfheight peakwidth of 560 crmt which is much smaller than the
calculated bandwidth of 4397 cinThe overestimation of the half height bandwidth is consistent with
the large Kand therefore a strongly couplesy/stan. The observation of an IVCT transitiodicates

that there is sufficient orbital overlap over the hydrogen bond for ET transfer to occur.

F|’BU3/=\ /\ PBu3
Clu, | WNN---H— WCl
R .
C|/|\I—--/I"C|

PBus \=/ \=/ PBu,

Figurel.35: The structure of thfRe''CL(PBu)2(Hbim}], complex reported by Tadokoed. al.

Tadokoro et al. reported a rhenium dimer that employed biimidazole as its bridge,
[RE'"CL(PBUY)2(Hbim}]. [Re](Figurel.35).% Dimerization was confirmed usirtgl NMR which showed
the complex had an association constant of k=1%Vin CDC} at -80 °C.The crystal structure
shows that the complex dimerises in the solid staléhe cyclic voltammogram of [Rein
dichloromethane shows two successive oxidative redox events corresponding to tHé regox
couple and two suassive redox events corresponding to the"Reedox couple. Cyclic voltammetry
of [Re] shows only a single oxidation and reduction. ddraplex was found to form two separate MV
states that correspond to R and R&" A13Z 1,4f 0.28 V ad 0.24 V respectively. Although no
IVCT band was observed for either MV stat¢hase is insufficient orbital overlapetween the redox

centres.The authors proposed the proton transfer stabilised the MV state
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Figurel.36: The structure of thgRBO(OA(CO)(py)B](where B is isonicitinic acid) complex reported by Kubiak et al.

Kubiaket al. reported a variation of theiroxo-centred triruthenium clusters [Rliwhere Bonicotinic
acidwas employed as the bridging ligarfeigure1.36).%" In its neutral state the complex is reported

to be a monomer but following one electron reduction the complex dimerises to generate a MV
state. The reduction waves have a smaller splitting than the correspondioxgjdation waves due to

the formation of the dimer, when the CV was run in DM8®@y a single redox procesgas observed
TheK:in dichloromethanavasreported to @0’ when calculated from the rexidation half waves.

The use of diffusion ordered spectroscopy (DOSY) NMR confirms the presence of neutral monomer

[Rus] and the reduced dimer [R]x.

Like in the previous examples of th&o-centred triruthenium clusters the use GRSEGhows that
the MV v(CO) stretchs a combination of [R®] and [ReOL? indicating a localised MV state and an
electrontransfer rate of ca. 1§ st. The W-Vis NIR SEC [0} is not a combination of the neutral
and doubly reduced speciéike in the IRSEC. Two NIR transitions are observed at 11008nch8500
cmt and are both attributed to being IVCT transiticas predicted by the threstate model where
the bridge is considered. The transition at 8500'cima metal to metal chargdransfer and the
absorption at 11000 crhattributed to metal to bridge charge transfer from the metal donor to
acceptor bridge®°® When the bridging ligand was chamjfom isonicotinic to pyrimidinone the
coupling increased resulting in a change from localistb€ll) to delocalisedolasdil) *° An increase

in the rate of electron transfer was also observed with a calculateof 8.8 x 18* s*. The IR spectra
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of the MV stateshowed anincrease in intensity of the(NH) band. This band wassamnt in the neutral
and doubly reduced species indicating strong vibrionic coupling between the ruthenium oxo clusters
and bridge wavefunctions which is attributed to promoting B$.an IVCT is observed for these

complexes the stabilisation method is tleéore due to electron transfer

Patmoreet al.reported a series of dimolybdenum paddlewheel complexes bearing pendant lactam
bridges; [Ma(TiPBYHDON)] and [MgTiPBYHDOP)] as shown ifigure 1.37 (where TiPB is
triisopropyl  benzoate, H,DON is 2,7-dihdroxy1,8naphthyridine and HDOP = 3,6
dihydroxypyridazing'®®1°! These complexes have been shown to generate-csetfplimentary
hydrogen bonds in solution usitgl NMR and DOSY where the hydrodynamic volume halves when

DMSO isdded to a dichloromethane solution of the dimers.

72 X
Mo Mo] |
IeS il =0y
z \N )\j/ lMOéMO] 'T' |%| [l\l/loél\lﬂo]
[Mo Mo O _N Ns.-O
N | 4

[MoéMo] Moy (TiPB)s

Figurel.37: The structures of the [Mo(TiRBjidge} (where TiPB i8,4,6triisopropyl benzoate, (Right),DONis 2,7-

dihydroxy-1,8-naphthyridine and(Left)H,Dop = 3,6dihydroxypyridazine

Cyclic voltammetry indicates stabilisation of the MV state over the hydrogen bond, as in solutions of
dichloromethane two successive one electron oxidations were observed. The addition of DMSO
results in the disruption of the hydrogen bond and only a silgidative event being observed. When

the bridge is HDON th& was found to be 233 but when the bridge was HDORtveas found to be

487. Although both complexes stabilise the MV state HDOP has a gteatespite the having a

greater internuclear segration between the redox centres (HDOP: 8.38 A, HDON: 7.29 A). The
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stabilisation of the MV state must occur over the hydrogen bond, analysis of TNRBJHDOPJ in

the UMVIS NIR and IR shows the absence of an IVCT transition and no presence ofPShdR&&

no spectral coalescence of theCO) and/(NH)stretches indicating the ET rate was slower that10

s!. As PCET salkchange reactions are between the EPR and electrochemical timescales EPR
spectroscopy was conducted. EPR analysis showed mtpesak at ~1.94 with two hyperfine splitting

of 25.3 G and 32.8 G indicating localisation of the electron on onguiiib. Two sets of hyperfine
splitting are observed due to the polarisation of the molybderomlybdenum bond as one Mo is-co

ordinated toN and the other O on the HDOP ligand indicating that ET is slower tAah 10

oy N
SwMogg N, N-N MY SMogg H N-N. MY
\'o= ==0 o—{ o
VR SPT1 s/  N-N'©
/MO\\ d & U ﬁﬁo\\\ — A o/ N H 4/'0\\\\,\,,
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Figurel.38: The proposed stabalisation mechanisms foe(Wi®®ByHDop reported by Patmore et al. Where the proton
transfer podcuts from a concerted double proton transfer (DPT) and single proton transfer (STP 1 and STP 2) are shown.

FigureReproduced by permission of The Royal Society of Chefffistry.

To determine how the MV state is stabilised DFT calculations were employed to model asymmetric PT
(SPT1/SPT2) and double prototransfer (DPT) Higure 1.38).1°2 Using the complex
[(HCQ)sMo(HDOPY to decrease calculation time, geometry optimisation shows the electron is
localised on one Mounit and that the HDOP ligand is the NH tautomer. Calculations were done by

constraining the NH proton at certaintervals. It was found that the energy barrier to DPT was 10
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kcal mott and that the product was 4 kcal midiigher in energy. STP1 has a lower energy barrier but
the product is 6.8 kcal mdhigher in energy than the ground state indicating tistééandard PT is
unlikely. In STP2 as the proton moves from the donor to acceptor a dipole builds up that induces
electron transfer and it is unlikely the proton fully transfers indicating a concerted process. This
stabilisation mechanism is dependent oretiposition of the proton and as the proton does not
transferand there is no proton holi is distinctly different from PCET, this new mechanism has been

termed proton coupled mixed valency (PCMV).

| | | |
N—Mo—Q O—Ho—N
Il Dferigge-t<C Il D
N—Mo—0O O—Mo—N

R R

e — e — |
3 3

R = N(CH3)2, CH(CH3)2,0CH3, CH3

Bridge

Figurel.39: The structure of the [Mg@L3Oxamid, (where L is DarF E U-Hiarylformamidinate where the para substituent
is N(Ch)2, CH(CkJ,, OCHor CH) reported by Liu et al.

Liu et al. report several qudruply bonded dimagtbdenum species bridged ksither oxamic acid

terephthalate or 1,4-cyclohexanedicarbadate (Figure 1.39).1°° Cyclic voltammetry in

dichloromethane « Z} A 14 valuesof between 108140 mV depending on the ancillary ligand

08Z}uPZ Jv A EC + 3Z }/A& u]u PolloviidgchemEdneZldctron oxidation
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the complex [Ma(DArFj(oxamide)}" exhibits a GaussiarlVCT in the NIRhich was shown to be

dependent upon the ancillary ligar{gligurel1.40).
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Figurel.40: A spectra of the MV complexes showing the vibronic charge transfer bands for the hydrogen bridged complexes

reported by Liu teal.103

The electronic coupling parameteatif) was410 cmt when R isN(CH), but decreases td 90 to 130

cmtas R becomes less electron donating. These complexes have all been assuaesl &s nature.

Whilst the presence of an IVCT demonstrates electronic coupling through overlap of theltaigs
acceftor orbitals, termed proton uncoupled electron (PUET) by the authors, additional stabilisation of
the MV state was proposed to arise from a PCMV mechanism. By changing the electronic nature of
the ligand, the ratio of PCMV and PUET changed, resultinges o electron transfer ¢ ranging

from 6 X 16° st when R = N(Ght which has the most contribution from PUET to 2 ¥ 80 when R

= CH(Chk which has more PCMV. Remarkably, the authors demonstrated that ET transfer across the
hydrogen bonded oxaide bridge was as efficient as it was across the covalently bound terephthalate

bridge.
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1.7 Conclusiosand statement of purpose

Although MV complexes have been studied since the 1960s, the field is still flourishing 60 years later
due to the insight M\tomplexes provide into nature, functional materials, solar energy conversion
and molecular electronics. It is clear that ET is a complicated subject which requires multiple
techniques to study. This is further complicated as trends in one series of MVie@spare not
necessarily observed or obeyed in other MV series. These complexes are then subjected to a number
of external factors which require consideration prior to the analysis of the IVCT transition such as the
solvent, electrolyte and temperature.n@ major avenue of research is probing the transition between

the localised and delocalised regimes to develop theoretical models because th&tatgomodel is

only accurate for fully localised or delocalised systems.

In comparison to covalent MV complexéhere are comparatively few MV complexes employing a
hydrogen bonded bridges and there is a plethora of unanswered questions. These include electron
transfer distance, the effect of the ancillary ligand, solvation effects and how to dictate the mechanism
of stabilisation.There are still many questions surroungelectron transfer across both covalent and
hydrogen bonded interfaceghe following chapters employ the use of dimolybdenum paddlewheel
complexes in an attempt to provide an answer to sometase questionsThe complexes were
studied using electrochemical, spectroscopic and theoretical techniques to understand ET in these
systems.

Chapter Zxplores the effect of bridge asymmetry on the degree of electronic coupling in the strongly
coupled conplex [Mo2(PiV)s]2(12-4,5 Z UZdp) the asymmetry is induced by the introductia
electrondonating and withdrawing substituent® the on the 4,5positions of the bridging Ddp
ligand.

Chapter 3axamines electron localisation in both tleealised and delocalised regimesingstructures
analogous tdMo2(PiV)s]2(12-Dop) By using ligarsianalogous tdDop’ the through space Mg:-Mo,
separation and therefore the degree of through space communication can be modukselting in
localisation of an electron within the redox active unit as well as between the redox units.
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Chapter 4 employs complexes with tgeneralstructure [Moz(PiV)s]2(42-L), wherelL utilises &,3
dihydroxy or 2,&dithiopyridazine core. Thbridgingligands employed in this chapter are structural
isomers of the bridges employed in chapter 3. The bridges employed in these compllexes$or
electron transfer tooccur across a linear bridge and are unexpected to facilitate through space

electron transfer as a result of the increased Mad/o, separation.

In chapter 5 the effeathanginghe ancillary liganthason MV complexes stabilised Ipyoton coupled
mixed \alency is discussedihis is the second systematic study on the effect of the ancillary ligand on
MV complexes containing a selbmplementary hydrogen bondhis will beachievedby substituting

the ligandtransto the HDop ligand in the compléMox(TiPBHDOP}]

Six new complexes are reported in chapter six; the complexes employ the use of functionalised
imidazole bridging ligands to increase the degree of electronic coupling over a hydrogen bond by
decreasilg the effective electron transfer distance&his chapter also provides the first systematic

study of dimolybdenum complexes employing functionalised imidazole ligands.
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Electron localisation ifully delocalisedhisymmetridMV complexes

2.1 Abstract

A series of symmetric and asymmetric dimolybdenum dimers bridged by substituted 3,6
dihydroxypyridazines, [M¢Piv}]2(U2-4,5 Z UZdp) (PivA SE]Ju $3ZCo & § «U AZ],@&, ZU Z[ A
H [2], H, H 8], Me, H #], Me, Me pb] have been synthesised. The complexes were characteriséd by
NMR spectroscopy and the crystal structurebad$ reported.The stability of the mixed valent (MV)
state generated following a one electron oxidation has been probed by cyclic voltammetry, with the
*Cuu SE] Ju%e}uv o LeGbo@ALAV(B) ahd 0.412 \[5), and the asymmetric systems

Z A]v Rvalues of 035 (1), 0.415 \(2) and 0.461 \(4). The UWis-NIR spectra of the MV species
exhibit a relatively intense, neGaussiancharge resonance band in the NIR region with a low energy
cut off, consistent with full delocalisation of the electrbetween the dimetal units (Class Ill). The
symmetric complexes have a cross coupling matrix parametgy ¢f 1390 crrt for 3* and 1360 cri

for 5%. The introduction of asymmetry into the complexes results in a decreddg to 927, 971 and

1242 cmt for 1%, 2" and 4" respectively. Electron paramagnetic resonance spectroscopy of the MV
species indicate the electron predominantly resides in a-Mo }E |3 o AdcsaZ of 1F31.94.
Complexes3"and 5" have two hyperfine couplings of between 1.09 id 1.45 mT indicating the
electron is fully delocalised over all four Mo atoms despite polarisation of the dimolybdenum bond.
The asymmetric complexes have four hyperfine couplings that could not be resolved, but the
magnitude of the hyperfine splittingsmdicate that the electron is delocalised to different extents
across the systenThe EPR spectra have allowed localisation within fully delocalised symmetric and

asymmetric MV complexes to be probed for the first time.
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2.2 AsymmetridMixed valence systems

Mixed valence compounds typically consist of two identical redox active fragments (M), bridged by a
conjugated organic ligand (Bjollowing a one electroredox processof asymmetricM-B-M system

one redox centre becomesa&lectrondonor (D)and the oher the accepte(A) When these sites are
identical EToccurswith no change in the free energy&°=0) of the system Chapter 1 focussed on
previous reports associated with symmetric mixed valence compounds, as these encompass the
majority of the repored MV compounds in literatur€? In this chapter asymmetric mixed valence

compounds will be examined.

2H,,

AG’

X X

Figure2.1: The potential energy surfaces of asymmetric (left) class Il and (right) class Il mixed valence systems.
left: Figureseproducedrom reference with permission of the R3Gght Figureadaptedfrom reference with
permission from John Wiley & Séns.

Asymmetry can betructurallyinduced into a MV system in twmain ways: by altering one redox
centre, by either changing the metabr the ancillary ligangl®® or by employing an asymmetric
bridge?® By introducing asymmetry into the MV compouraddifference in energy is observed in the
diabatic PES of the reactants such tH@&£ B. Tihe adiabatic PES of a strongly coumegmmetric
(class llIsystem is shown ifigure2.1, one energy minimum is formed on the lower R the
minima skewed towards one reactamats a result of the change 4G°. Bycomparisorto symmetric

MV compounds, only a few examples of asymmetric MV complexes have been reported. This is in part
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becausdf 43 is too largethe systembecomes valence trappedThe PES of a class Il system is also
shown inFigure2.1, which contains two minima with differing ground state eries@s a result othe

change in4z°.

The use of asymmetric redox centres has a direct effect on the electrochemistry of the camnpie
the change in the coordination environmeif the two redox centresresults indifferent redox
potentials. As a result otthis, 41> Jv }JE%}E § ¢« §Z ]JvSE]ve] ]JvS EV @) %}S vS] «

between the two redox centreas well aghe electonic interaction between both redox centré$.

The electronic coupling matrida, for a strongly coupled system cannot be calculatethe same way
as for a symmetric system, &tyis no longer equivalent t@nax Typically,the charge resonance
bandsfor strongly coupled asymmetric systeia® symmetrical, unlike symmetric systewlsere the
charge resonance barekhibits low energycut off. The symmetric charge resonance baisda result
of the thermal Boltzmann distribution of the ground stat&!! For a strongly coupledsymmetric
system(class ll}he values of43° and , are experimentally inaccessibleut for weakly coupgd (Class
[1) asymmetricsystemthese can be calculated from the equatidfax= 45° + ,,*2° As the number of
systems that have strongly coupled asymmetric redox cenamreslimited, challenges remain in

understarding the chemistrySomeprominentexamples from literature are discussed herein.

Kubiaket al. have reported three ox@entred triruthenium clusters where the ancillary ligand was
varied to induce asymmetras seen irFigure2.2. Hectrochemistry showed that the magnitude of
the splitting between the first and second reductisras dependent on the nature of the ancillary
ligand, with the 45, of 410mV, 310 mV and 350 mV for complexAs Band C respectively.The
separation was greater than the intrinsic reduction potentials indicagtabdilisation of anixed valent
state, desite the significant 4 i, values of 100 my130 mV and 230 m\bf complexesA, Band C
respectively When the MV state were examined spectroscopically it was found that all three
complexesdisplayedintense intervalence charge transfer bandsnploying IREC and isotopically

labelling one redox centre with '8 the overlappingv(CO) bands for each species could be
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deconvolutedFigure2.3). The top and bottom spectra represent the doubly reduced and the neutral
species, with the bands at lower wavenumber corresponding(@°0'). Thev(CO) bands othe
mixed valent species stv two broad bands, all of which have a distinct shoulitelicating the
presence of two charge transfer isomers. Z EP S& ve( CE ]J*}u E ]- e (E]
Z u] o v38]8] «8Z 8§ AAE]*S8]v Cv u] <«plo] EJpu BTHE brpadeniy o

of the band indicates that the ET@gs on the IR timescale resulting in interconversion of the isomers.

Py cpy dmap
A= R =dmap R' = py I — — /
B=R =py R" =cpy N N CN N N
C=R:dmapR':pr \ / \ / \ /
Figure2.2: Asymmetric [[RuO-py-RuBO-Z[* }ju%0 A ¢ E %} ES C<ul]l 8§

. /\]

SE}v

oX

IRSEC analysis of the IR bands found the equilibrium constant for the conversion between the isomers,

the free energy difference between the diabatic redox centres and the rate of electron transfer from

the loweg energy species to the higher energy species. Interestingly the equilibrium constant showed

little temperature dependence-40 °C- 7 °C).ThelRSEC found that large magnitudedigf that are
sufficient to nearly equalise the population of both the higiergy and low energy isomeare not

sufficient to delocalise the systems to a state with a single energy minima.
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Figure2.3: IRSEC analysis of Kubiatkl. oxo-centredtriruthenium clusters peaks with + a@*0*impurities
Figure reproduced from reference with permission from John Wiley & Sons.

Liuet al. report three asymmetrical dimolybdenum dimefdjo(DANiF)2( Zbridge) (DAniF =E U-E [
di(p-anisy)-formamidinate)where the bridges wer&,CCOf00-0S] SCCR[SSOO] and E£COS [SS
OS] Figure2.4).> The electrochemistry ahe complexes showed significant redox asymmethen
compared to the symmetric analogous complexes{0Q), [OS0S] and [SSS].The subgitution of
oxygen forsulphurin bridges betweeimolybdenumunitstypically increasgthe electronic coupling
However,in the case ofOO-0S] the introduction of the sulphur results in diminished coupling when
compared to the [OE@DO] derivative as a selt of the redox asymmetnthis result was also observed

by the addition of a single oxygen to the {SS] species.
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Figure2.4: EEGGEO bridged [M@(DANiR)] complexes reported by Liu

When the oxidised species were analysed spectroscopi¢hlyasymmetric complexes exhibited
more complicate spectra than their symmetric counterpart8ll complexes exhibited a symmetric
IVCT transitioras well as MpwWL-<Z ~D> de -<«WWMo,wZ ~>D de+ $EThe [ 8GV X
transitions were not present in the symmetric species, which indicates that one redox centre primarily
acts as a donor and one as the acceptor and that the thermal eletriasfer process is energetically
unfavourable. The electronic coupling matrik.f) was found to bemuch smaller than the
corresponding symmetric complexes with [@3] and [SSSO7 showing the largest decrease in
coupling. It should be noted théor each of the asymmetric systemihe calculatedHa, was less than

tax/ 2 due to the unbalanced PES.

The introduction of electron withdrawing and donating groups to the bridge have been shown to have
a pronounced effect on the stabilisation of the MV stafrough the modulation of the bridge <*
energy levels, the extent of electronic coupling can be directly affe€@&dholm et al.reported two

symmetric and one asymmetriditungsten dimers, [Wa(PiV)s]2(U2-O.GAr-CQ] (Where Ar = 14
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terephthalic acid 2,3,5,6tetrafluoro-1,4-terephthalic acidor 2-fluoro-1,4-terepthalic acig. The
addition of the electron withdrawing groups to the bridge resulted in an increase iHifeom 1610
cmtin terephthalic acido 1785 cm'in tetrafluoroterepthalic acid® When the bridge was changed
to 2-fluoro-1,4-terepthalic acid the reported Hap, was 1726cm?, indicating theincrease in electronic
couplingwhich resulted from the addition of an electron withdrawing growps retained despite

inducing asymmetryn the complex
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2.3 Aims

The number of studies on strongly coupled asymmetric systems is limited, as are the number of studies
that induce asymmetry through the addition of electron donating/withdrawing groups to the bridge

Il }v X « 8§8Z u} 1(] S8]}v }( §$Z -9¥sierh hadbeehRBhowndo have a large impact
on the extent of electronic communication, a series of stronglyptedi complexes, employing
asymmetric ligands of forniMoz(Piv}]2(u2-4,5 Z UZdp) will be synthesised. The asymmetry is
induced by the introduction of electron donating and withdrawing groups on thepdditions of the

bridging Dop ligand.

Electronic coupling between the dimetal units will be evaluated through electrochemical and
spectroelectrochemical studies. Based on previous studies, diffesgncéhe electronic coupling
would be evidenced by changes in thE,; values obtained by cyclic voltammetand the IVCT
transition expected in the NIR regiohhis series of compounds will also provide a rare opportunity to

compare electronic coupling symmetric and asymmetric MV complexes.
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2.4 Results andidcussion

2.4.1 Synthesis
Synthesis of the bridged species first requires the synthesis of homoleptic start matetigdiio

(HPiv=2,2-dimethylpropanoicacid) shownin Scheme.1.

cO B 1,2-dichlorobenzene o 1o
oC,, | .\CO ' THF 10T 0
2 Mo+ 4 > Mo=Mo
oc” | Yco 19) OH 36 hours, A awa
co Q 50
Q_ O =Piv

Scheme.1: Synthesis of M@PiV)4

Mo(PiV)a was synthesised by refluxing Mo(G@nd 2,2-dimethylpropanoic acidPiv) in a 4:1 mixture
of 1,2dichlorobenzeneand THF(Scheme2.1). The reactionproceeds throughthe thermolysis of
Mo(COgy, elevatedtemperatures argequiredto break thestrongMo-CO bondwhichare aresultof
the strong back bonding from the Md.-orbitals into the CO < -orbitals. The high reaction
temperature therefore requires the use of a solvent with a high boiling poimmt this case 1;2
dichlorobenzene. Constant sublimation of the Mo(£®)problematicand can potentially result in a
blocked conénser, hence the addition of a small amount @HFinto the reaction to wash any
sublimed material back into the reaction vess€he synthetic route reported in literature uses
diglyme as thesolvent which meets the high temperature requirements of theaction but does not
prevent or minimise the sublimation of Mo(G®) To prevent excessive sublimatidine sublimed
Mo(COgi* u ViU 00C "%ole*Z | ]v$} § pote@ially®kpusiAg the @actianixture
to the atmosphere resulting in a decreased yigidb5 %) The producin our modified preparatioris

isolated in excellent yield (> 85 #)d offers superior yields tdhose reported in thditerature.*>°
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Scheme.2: The synthetic route ttMoz(Piv)s]2(-ClDop (1), [Mo2(PiV)s]2(2-BDop) (2), [Mo2(Piv)s]2(u2-Dop)
(3), [Mo2(PiV3)2(-MeDop @) and[Mo2(PiVs]2(t2-MezDop) (5).

Initial attempts to generate @amplexesl t 5 were made byreaction of the homoleptic complex
Mo(Pi\)s and thesubstituted3,6-dihydroxypyridazing(R,Z-H.Dop AZ E Z U Z [1]ABr,&iR], HE

H [3], H, Me i], Me, Me B]) in the presence of b&s(SeeScheme2.2). Howeverdespite varying the
solvent(DCM, THF, toluenglemperature(reflux), base(eg. NE, KBuO and NaMeJand reaction
time (17 hourst 2 week3, the reactions did not go to completio The dimetal complexes isolated
from the reaction were examineoly *H NMRspectroscopy anderefound to bethe starting material
Mo2(PiV)4, and the monesubstituted compleoz(Piv)s(HL).'” The coordination of the secordtimetal
unit to the bridging ligand walskely sterically hindered preventing the formation and isolation of the
desired complex despitasingelevated temperaturesie attempted hedirect synthesis of thearget
complexesfrom the homoleptic starting materials to minimise the number of reaction steps and
maximise yields. However, tlsynthesis of comple3 hasbeenpreviously been reported by Chisholm

et al. from a multistep reaction, via a cationic inteediate.®

The dicationicomplex [Mo(PiV)(MeCNy][BR]. can be synthesised following a literature preparation
by treating Mo(Pi\)s with excess triethyloxonium tetrafluoroborate in acetonitrife. The

mononcationic complex{Moz(PiV)z(MeCNj}][BF] is then best prepared by a comproportionain
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reaction between MgPivs and [Mo(PiV)2(MeCN)][BFR]zin a refluxing mixture of MeCN and £CH
for 12 hours(Scheme2.2). The monocation undergoes disproportionation to the J#). and
[Moz(Piv)2(MeCN)][BFR]:if left to stand in solution, s@ was reacted immediately with the sodium

3,6-dioxypyridazines

Reaction of monocationic intermediate[Mo2(PiV)s3(MeCN)][BF] with Z UMgDop in methanol,
resultedin an immediate colour changé énd2 = purple,3 = red,4 and5 = orange)and the reaction
was stirred for ¥ hours to ensure completiofScheme2.2). The solvent was removed vacug and
the *H NMRspectraindicatedseveralimpurities such aslo,(PiV)s, Mox(PiV)s(HDop, cis and trans-
Moz(Piv)2( Z U Bip).as well as coordination isomers resulting from the use of asymmetric ligahds.
number of impurities necessitated the use of air sensitive column chromatography as a means of
purification. To the best of our knowledge, these of column chromatographyg purify airsensitive
dimolybdenum paddlewheel complexéss not been reportedThey are surprisingly stable dhe
silicacolumn butdecompose when dry loading the thin layer chromatogragiiC)plate. The
difficulty in running TLC on the complexesulted in the use ofradient elutionto isolatedifferent
fractions The product was the second bandeluted from the column in all casesusing

] Zo}E}u $Z v IZ £ v ~AiWAI ~AlAWTWF/ dichlorp@sthareZ2\98 (v/v)) for
complexesl t4and ] Zo}®E}u $Z v I1Z £ v ~ATWAI ~AlA fer ®empleBoTHE Ju $Z v
pure products were isolated with yields ranging from 164t¢ 50 % 1) when based on thamount
of Moz(PiV)s used The modesyieldsare a reflection of a multistep reaction that generates a number
of by-products and the needo isolate the relatively aisensitive product by column chromatography.
The complexes are readily soluble in coordinating solvents such as THF andT¥48@adily soluble
in CHCL whereas complexes t 4 are sparingly solublélhe compounds were founiw be pure by

elemental analysis.

Complexesl t 5 have all beercharacterisecby 'H NMR, MALBTOF masspectrometry, andhe

crystal structure for complexwas obtainedyide infra
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2.4.2 Massspectrometry

Figure2.5: The MALBTOF spectrum &

Camplexesl t5 were all analysed using MALDOF (matrix assisted laser desorption / ionisatton
time of flight)mass spectrometryThe complexes all generated a signal at the expected nhie var
M, with an isotropic distribution pattern consistent with four molybdenyras example speaim of
3is shown inFigure2.5. The peak at an m/z of 564ig prent in all spectra ands an unidentified
analyte.Dimolybdenum paddlewheel complexes require a soft ionisation technigusbserve the
molecular ion (M) andprevent fragmentationattempts to observe the complexes usiacharsher

ionisation technique such adectrospray ionisation were unsuccessful in all cases.
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Although more than fiftyfMo2(O.CRs]2(12-Bridge) complexes have beerepared only a handful of
crystal structures have been reported due to the difficulty in associated with generating large enough
crystals. Despite humerous attempts suitable crystals fomyXdiffraction of complexe$ t 4 could

not be obtained although the structures are all expected to be-mlanar. Howevercrystab of

5(DMSQs were grownby the slow diffusion of water inta DMSO solution db at room temperature

The structure wadeterminedby singleX-ray diffraction,and s shown ifFigure2.6jwith selectecbond

lengthsandangles given |iTable2.1| the cell parametes and refinement results are givendhapter

8. Theunit cellwas found to bericlinic andsolved in thespace group2 & Both Mo centresshowthe
expected paddlewheel arrangemeoift the ligandsaround the dimetal coreThe wo dimetalunitsare
bridged by the MeDop ligandwith three axially coordinatedMSOmolecules TheMoMo quadruple
bonds havesimilarrelatively short bond leng#(Mo1-Mo2 and Mo3Mo04=2.1096(13) and 2.1105(14)
A), and are comparable to relatedlimolybdenum specie®. The through spacseparationbetween
the quadruple bonds (Mo2Mo3)is 3.541(13)A. Thetwo Mo,** units are essentially coplanasjth

a Mo2N1-N2-Mo3 torsion angle of 8837) °; the coplanar nature of thejuadruple bonds and
bridgingligandwill give rise to goodverlap of the Me- G Me;Dop- Sorbitalsand maximiselectronic
communication The MeDop bond length$ndicate the species is aromatic and are consistent with

the H:Dop bond lengths found in the analogous compo{Md(PiV)s(PPh)]2(2-Dop)-toluene?!

2.4.4 HNMR spectroscopy
The'H NMRspect@a of Moy(Piv)s and [Mo(Pivi(MeCN}][BR]. are consistent withthe literature X617

The'H NMRspectraof complexed t5in d-DMSO are shown ‘ilﬁigureZ.? The'H NMR spectm of

3 exhibitsthe expected 2:1 Piv resonarsdetween 1.25t 1.35 ppmand a singlet at 7.19pm
indicative of a symmetrically substitutecbpligand.The experimental spectra @fis consistent with
literature.® The'H NMR spectrum 0% has the expected 2:Pv resonances that arise from the
carboxylates that are cis and trans to the briggligand. The methyl groups of the bridging ligand are
obscured by the protio impurities contained within the-@MSOsolvent The spectra of,, 2and 4
have inequivalentimolybdenumpaddlewheels as a result of the asymmetry of the bridging ligand
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resuliingin inequivalent carboxylate ligand$he spectrunof 1 exhibit1:1:1Piv resonances between
1.25-1.35 ppm and a singlet at 7.54 ppransistentwith two asymmetrically bound dimolybdenum
units. Complex has a similar spectrum tb, with 1:1:1 Piv resonances between 1:2535 ppm and

an aromatic singlet observed at 7.69 ppand shows signs décile ligand scramblingommonly
observed when using DMSO as the solyém MALDITOF.: electrochemistryand demental analysis
confirm the purity of the compleX Complex4 has a 2:2:1:1 integral pattern of the Piv resonances, a
doublet at 7.13 ppm which is coupled to the Me group and a Me group which is obscured by tle proti
impurities contained within the dDMSO All complexes havevo axially coordinated THF molecules
at 3.56 and 1.72 ppm these are shifted upfield from free ¥HRecoordinatedTHFcan be removed

by placing the compounds under high vacuum for 48 hours, thigpesisrmedprior to the submission

of the elemental analysis. TH&l NMR spectra egfand5 in de-THF shows the previously obscured Me

group resonances, confirming isolation of the desired complexes.

1 X 10 de- DMSO
THF THF
2 X 10 de- DMSO
THF THF
3 X 10 de- DMSO
THF THF
4 X 10 de- DMSO
THF THF
5 X 10 de- DMSO
THF THF

Figure2.7: *H NMRspectraof complexed t5in ds-DMSCOLeft A magnified portion of tharomatic region
showing bridging ligand resonances.
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2.4.5 Electrochemistry

Thecyclic voltammograms and differential pulse voltammogréongomplexed t5in 0.1 M NBuPk

/ THFsolutionsare shown i1Figure2.8 andthe data issummarised ifTable2.2| All complexeshow

two successive onelectronoxidationprocessesiue to removal of electrons from the Monorbitals.

The separation of the two redox processes is indicativih@thermodynamicstability of the mixed
valence stateThe first oxidation for amplexesl t 5 is reversible, although the second oxidation
process becomes more irreversible as electron withdrawing groups are added to the ligand backbone.
Cationic dimolybdenum comples are often unstable, and the electron withdragigroups on the
ligand reduce the electron density on the Mbunits making them more susceptible to attack by the

donor solvent*

¢Ye i@l a

oL A ET

Equation2.1: The determination of from electrochemical parameters.

The comproportionation constant, can be determined by measuring the separation between
successive oxidation processe& (). Due to the quasreversible second oxidationhé 4&, values

for complexesl t5 were estimated from the f&2) t E,(1) separation. The correspondikgvalues

have been determined usifgquation2.1{(where n and n are the number of electrons imved in

each redox couple, F is the Faraday constant, R is the gas constant and T is the temp@ichture)

included ifTable2.2ffor comparison. However, it is importata note that therigorous determination

of K: relies on reversible oxidation processes, so #g, will be compared in the discussion. A full

discussion of theory underpinning the electrochemical discussion can be foghdgter 1
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05 -0.3 -0.1 0.1 03 05 0.7 0.9 05 025 0 025 05
E/V (Vs. Fc/Fy E/V (Vs. Fc/Fp

Figure2.8: CV (left, 100 m\A$ and DPV (right, 10 mWsof complexeg (blue),2 (green)3 (black),4 (red) ands
(brown) in 0.1 M NBiPRs/ THF solution at a concentration of 5 mM, and referenced ag#iesEc/Ftcouple
(0.00 V).
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The first oxidation potentialE»> (1)) is anodically shifted as electron withdrawing groups are added
to the ligand backbone with (-0.078V) being the most difficult to oxidise arsl(-0.223V)being the
easiesf>?52" The Cl and Br groups decrease the electron density on the dimolybdenum cores making
them more difficult to oxidise, and dke Cl is a better electron withdrawing group than Br comglex
exhibits a greater anodic shift compared2d¢-0.115V). The Me groups id (-0.176V) and5 (-0.223

V) increase electron density on the dimolybdenum core resulting in them becoming more easily

oxidised.

Table2.2: Cyclic voltammetry data for complexes5in 0.1 M NByPF/ THF solution at aoncentration of 5
mM, and referenced against the Fc/Eouple (0.00 V).

Complex Br()/V Bd(1)/ V BE«(2)/V EdJV K (x 10)
1 -0.078 0.059 0.494 0436 22.2
2 -0.115 -0.0% 0.379 0.415 10.2
3 -0.165 -0.133 0.311 0.444 32.1
4 -0.176 -0.137 0.324 0.461 62.1
5 -0.223 -0.216 0.196 0.412 9.2

The 42 and therefore theK: are oftenpurportedlyrelated to the extent of electronic coupling in a
MV system, but as theE; and theK:are a thermodynamic propesdsthe absolute values need to
be discussed with caré?® For covalentbridged dimolybdenum systems & of ~10* is typically
indicative of strong electronic couplif@lass Il behaviour)hik is smaller than thk: of ~1¢ thought

to be indicative of potential Class Ill behaviounianometallic systemsndis because the charge is
delocalised ovetwo molybdenum atomsand is therefore more diffus€:3*3!Complexed t5 have

a 45cof between 0412V and 0.41V with no disernible trend based on the electronidonatingor
withdrawing nature of the liganfut in all cases the magnitude of th&,.potentially indicates strong

coupling The values ofg,care all comparable butomplexesl, 2 and4 are expected tshowredox
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asymmetrydue to the asymmetric nature of the bridging ligand, although the extent of redox
asymmetry cannot be determined for these systentstypically increases the observedg .33
[Moz(Piv}]2(U2-oxdate) shows a decrease in thermodynamic stability of the $tte with a 45, of

280 mViwhen compared to complexek t 5 despite having aignificantly larger electronic coupling
parameter!® This large increase in thdg; is a result of an increase in columbic interacti@msl

through space electron transféetween the two dimetal centres.

2.4.6 UW-Vis Absorption spectroscopy

The UWisabsorptionspectrafor complexesl t 5in THFare displayed ifFigure2.9]and thedata

summarised iE able2.3{ The assignments were aided by-DBTdue to the complexity of the spectra,

the calculated spectrand their transitiondor complexesi [t fi @redisplayedvideinfra.

Figure2.9: The UWis spectra of complexdgblue),2 (green)3 (black),4 (red) and5 (brown) in THF.

Complexed t5 havetwo absorbances between 290330 nmassociated with the pivalate W <*

transitions The two transitions are observed in a ~2:1 ratio which has been attributed to the cis and
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trans pivalate ligandim related compounds®1°The complexes all exhibit multiple transitions in the
visible region that become increasingly blue shifted with the addition of electron dangtoupsThe
lowest energyshoulderat ca. 530 nnfor complexesl t 4 is assigned athe Mo,- wWpyridazine <*
(HOMO WLUMO) metal to ligand charge transiMLCThs the transition is sufficiently removed in
the TDDFTvide infra As the HOMO/LUMO gap increases from complga & fhe MLCT transition
is blue shifteddue to the increase in the electron donating character of the ligartte Mo2- wW
pyridazine <* (HOMO WLUMO+2) MLCfbr complex5 (472 nm)shows a large blue shiftompared

to 4 (514 nm).The transition from the HOMO/HOMO to LUMO+1 for complexek t 4 and the
transitions from HOMO/HOMQ to LUMO/LUMO+1 fdb are attributed tothe Mo, - wWMo,-w Z
transitions, although these are often too weak to be observed alongside the intense MLCT absorptions.
Complexed t5 have several prominent transitions between 35650 nm which includeMoz- wW
Mo.- <* transitions and Me- < WMo - Wtransitions, as w# as transitions to or from hybridised

orbitals such aghe Mo,- WMo~ vipyridazine ¢ and Mo~ wipyridazine < WMo-wZ SE ve]3§]}veX

Table2.3: The UWis data for complexes t5in THF.

Complex  CisPive W W]AmZ dE ve W]A <« MmMW Mo, w ~,KDKe W

~x tam) ~x ream pyridazine<Zl vu ~x
M1cm?)
1 298 (30156) 326 (18732) 556 (9957)
2 296 (26500) 328 (16700) 554 (10880)
3 296 (34520) 326 (21800) 520 (10680)
4 296(28963) 326 (18350) 514 (8377)
5 292 (28308) 328 (17528) 472 (7728)
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2.4.7 Density functional theory

Theoretical calculations haveenemployed tohelp rationalise the observed spectroscopic behaviour
of conplexesl t5andwere carried out by Dr Nathan Patmore and Dr Anthony Meijer (University of
Sheffield) DFT calculations were performed on model complegesy), in which thepivalateligands

have been replaced by formate groups to reduce computational time. The calculated frontier

molecular orbital energy level diagrams foft A fre shown ifFigure2.10jand the Gaussview plots

of selected orbitals ofi [are shown ifFigure2.11| For complexed4 t5the HOMO and the HOM®O

aretheMe-w }E ]85 o+X dZ , KD Khéin-phasd eof@ration of the Mew } E ,|whiolr
mixeswith apyridazine < }@& ]38 oU AZ]o -1 isZbtaikdd Krom theut-of-phase combination

of the Mo w }E Whiahemixes with gyridazine <Z }E 3§ o X

if T [ of [
L-<*
Moo- W
HOMO / HOM@EL separation
0.2571 0.2588 0.2601 0.2430 0.2386
Moo w
Moo- w
L-<

Figure2.10: The calculated frontier orbital energy level diagrams of model compoUp&g

The delta orbitals are nedegenerate due to the interactions of the metal and ligamehd the
HOMO/HOMG@IL separation is therefore a measuof interaction between theMo.- w } E p#ido *

pyrazine< } E §,Sand hence the extent of couplingnlike previously reported asymmetric
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dimolybdenum complexes very little change is observed in the HOMO/HDBEparatior:32*The
introduction of asymmetry increases the degeneracy between the two metal centres and can
therefore effect the HOMO/HOMQ separationThe calculated HOMO/HOMODseparation varies by
0.022 eV betweeri [(0.2601 eV) andi (0.2386 eV), this indicates that changing the asymmetry of the
ligand has little to no effect on the HOMO/HOMGseparation in the reported exampleshich is in
agreemant with the electrochemical analysis where significant Z vP ]v 3$ds oserved. The
complexes containing electron withdrawing grougdand 1) have marginally larger HOMO/HOMO

1 splittings than the complexes containing electron donating grqupgnd fi)[which could indicate
better coupling but could also be indicative of a greater redox asymmétityen comparing the
calculatedHOMO/HOMG@L separations with the reported separations fddoz(DANIR); ~.-z00CCOS)

~ v]& A-digkBigyl)formamidinate) ((OQOS])(0.509 eV, [Moz(DANIF); ~»SCCQ) ([SIOO])
(0.749 eV)and [Ma(DANIR)]2 ~-SSCCOS) ([&55])(0.759 eV) complexels t 5 are expected to have

decreased orbital overlap in comparisdn

For complexesi [t d fhe LUMO is the pyridazine* orbitals and the LUMO+1 is one of the pay
orbitals. For complexi{he LUMO and LUMO+1 are both assigned as the Maonolecular orbitals

and is a reflection of having electron donating groups on the ligand whidles the energy of
pyridazine< } @& ]SThe*HOM® is the pyridazine< } E JtBatohasthe correct symmetry to
interact with thein-phaseMox-w } E. Jiekestingly, the Me-w ] ]S § A voC $A
pyridazine < v pyridazine < Zorbitalsallowing for the complexes tpotentiallyhave access to both

the electron hopping and hole hopping mechanisftle bridge orbitals are involved in couplinghe
energy of the HOMO and HOMDgroups increases in comparison tgas more electra donation
groups are addedd &nd f)[and decreases in comparison tdas better electron withdrawing groups
are added ( [and 7). As more electron donating groups are added to the ligand the energy of the
pyridazine $ orbital increases to a greatextnt than observed for the Ms Gorbitals. Therefore,

the Mo,- wt pyridazine < Zgap increases, matching the decrease in the absorption maxima Mahe

GW %o C ] ¢ trpwsitions observed by UVisspectroscopy.
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LUMO

HOMO HOMO1

Figure2.11: Gausview plots (0.03 isosurface value3alécted orbitals foB'.
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2.4.7.1 TDDFT calculations

The optical transitions foli [were calculated in THF, with the simulated spectra and the calculated

transition energies compared |Rigure2.12land summarised |fTable2.4

Figure2.12: The UWis spectra of complexégblack), the calculatedpectraof i [(blue) and the calculated
transitions with oscillatortsengths of f > 0.005

The experimental and calculated spectra are in good agreement in both energy and intensity. The
calculated spectra of [predicts the transitions at a slightly higher energy as a result of changing the
ancillary ligands from Piwtformate groups, which decreases the energy of the HOMO and increases

the energy of any transitions occurring from the Mo }E ]3 0*X dZ o0}A 3 v EPC 3¢
calculated fori [occur at 544 nm (0.0838 eV) and can be assigned as thevMdpyridazine<Z D> d

transition. The next peak observed experimentally at 450 nm is calculated to arise from a mixture of

Mox-w W DWZ U} W PIZ v Py W Dw dlyridazine «Z § @Eiom.JThe third feature

at 400 nmcorresponds to another Mew W DW Zyridazine<Z u]£ SE ve]3]}vX
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Table2.4: Calculated transitions fdr' (f > 0.005)n THF, transitions are assigned on timeast significant

character.
Energy/ eV amax/ NM f Assignment
2.276 544 0.0838 Mo,- wWpyridazine < Z
2.586 479 0.0419 Moz- WWMoz- w Z
2.627 471 0.0395 Moz- wWpyridazine<Z | B WWMoz-w Z
2.724 455 0.0176 Moz- WWMo,- < Z
2.751 450 0.0085 Moz- WWMo,- < Z
2.851 434 0.0583 Mo2- WWMo- w Zlyridazine < Z
3.106 399 0.0666 Moz WWMo- w Zlyridazine < Z

The calculated spectra fdr[t fi fire also in reasonable agreement with the experimental observations

and are summarised in Tab®e5- 2.8. The results demonstrate that the lowest energy transition is

likely to be due to the Mew W % C EJZ IJE ve]3]IvU A]3Z » w] ASPEEZ Un(DD }

W D3<Z v BV W DWZl % CEJZIFE ve]3]}ve E *%}ve] 0 (}E 3Z }3Z E |

visible region.
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2.4.8 Spectroelectrochemistry

In order to understand the electronic properties of compleXes 5 and their redox products,
spectroelectrochemical studies have been carried doe UVVis-NIRIR spectra ofcomplexeq1 t
5]" (n=0, 1, 2) were collected from 1 mWHFsolutionsin 0.1 M NBuPF for the UV-VisNIRregion,

and in the IR fronr10 mMTHFsolutions in0.1 M NBuPFk in THF.

Figure2.13: The UWis NIR SEC (solid line) and the IR SEC (Dashed line) of 8ampl&ldNBwPF/THF 3

(blue),3* (red) and3?* (green). Top Right: A magnified portion of the IR spectra*fsihowing the charge

resonance transition (redhe Gaussian curves useddeterminethe integral (Black dashed lineahd the

sum of the Gaussian curves (black solid line) ra@ienaround 3000 cri is not shown due to strong THH
vibrations

The UWis-NIRIR spectra 08, 3* and 32* are displayed iffrigure2.13| The sequential formation &"

and 32?* in the spectroelectrochemical studies is evidenced by the appearance of two separate
isosbestic points in th8 W3*and3* W3%* spectra at 17543 crh(570 nm) and 17301 ct(578 nm)
respectively. Following a one electron oxidation a band growseimNIR at 2780 c(3597 nm) which

has been attributed to charge resonance bgathss 1ll) due to the relatively intengen-Gaussian
transition that exhibits low energy cut offhisis confirmed as upon further oxidatioB*( W3?*) the

band disappearsDue to the intense THEH vibrationst 3000 crt, the IRSEC measurement far
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were repeated in §-THFto movethe vibrationsfrom the peak maxima and ensure the results were

concurrent. A comparison of the charge resonance band observe®f fioMHF andls-THFs shown

in|Figure2.14|The results from the spelRare in excellent agreemenfn indepth discussion of the

charge resonance band can be found in se¢figh9

Figure2.14: The IR spectra fa* showing the charge resonance transitionTHF (blue) andsHF (red).

The MLCT fdBis observed at9230cm? (520nm), following the3 W3*oxidation the MLCT decreases

in intensity and significantly broaderdue to the appearance of a ligand to metal charge transfer

(LMCT Pyridazine<« W B-w K Pas well as red shifting to 18868 ¢if630 nm) As theSOMOis
evenlysituated between theyridazine <« HOMO9)and < (LUMO)Jn3[U S§Z }u%o0 A ] A% §
undergo ET through both the electron hopping and hole hopping formalisms, resulting in both an
MLCT and LMCT. As these are of similar energy the spectra will show a superposition of both the LMCT
and MLCTThe peaks at 2066am™ (484 nm) and 22727 ctn(440 nm) show a larger decrease in

intensity following a one electron oxidatidsut no observable change in enerdyollowing the3® W

3% the MLCT is redshifted to 18181 @n550 nm) with a decrease in tansity and a further
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broadening of the peak. The peaks observed at 2@$61(484 nm) and 22727 ci(440 nm) show
a further decrease in intensitifthe spectra regained its original features following the reduction back

to the neutral species but at c80 % intensityas a result of the quaseversiblesecondoxidation

The UWis spectroelectrochemical spectra for complekeg, 4and5 are shown ifFigure2.15| as all

the spectra have similar features 3monly the trends will be discussedpon oxidation 4 WM, all
complexes exhibit a band resulting froET in the NHRR, the bands are relatively intense, non
Gaussian and exhibit a low energy cut off,adlivhich indicate the complexes are class lll.réleno
change in the energy of the charge resonance transitions, although the intensity varie¥ euitt5"
being the most intense4™ showing amarginaldecrease in intensitand 17 and 2* being the last

intense transitionsAn indepth discussion and comparison of the charge resondracels,and the

determination of the electronic coupling parameter can be found.fh9

The effect of the substituent on the ligand backbone directly affects the changes observed in the
spectra following the oxidation frolMs WM4". When compared to3" the addition of electron
donating groups4" and 5%) results in a decrease in intensity the transitions in the visible region

and an increased broadening of thdLCT transition as result of the LMPyridazine< W D-w
SOMQ occurring at lower energyWhereas the addition of electron withdrawing grougs &nd 2)

the transitions in the wgible region are more intense and the MLCT does not broaden to the same
degree as3*. Following theMs* WM4?*the transitions in the visible region continue to decrease in
intensity following the same trend as above, the MLCT transitions brofadrer and the peak moves

to lower energy as a result, with the species containing the electron donating grétipsd5°*) red

shifting to a larger degree.
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2.4.9 Calculation of the crossoupling matrix parameter (k)

Figure2.16: The overlayedharge resnancetransitions ofl* (blue),2* (green)3* (black),4* (red) ands*
(brown). Theregionaround 3000 crmis not shown due to strong TIH vibrations

The charge resonance bandslbf 5 are displayed 1rI>Figure2.16 dl complexes are classified as being

class lllas the charge resonance bands are relatively intense;@arssian with a significant low
energy cut offAll the faxvalues are between 2720m? (5%) and 2780 cm(3%), and band shapes are
similar for all complexes. The intensity does vary between the complexes, with the symmetric systems
(3* and 5) having greater intensity than the asymmetric systems. pteglicted peak with at half

height (4 #.°) predicts the peak width for@aussian transition centred at the.ax0f the experimental

transition and can be calculated us|Bgjuation2.2| The 41,° predicted a peak width of between

2506 cmt (5*) to 2534 crtt (3%), the observed4 #, was much greater in all cases. The observeith
from the high energy side was calculated to be between 5192 (@) and 4360 crm (2*) with no
observable trendThebroadeningwas a result oibronic progression as excitation occurs from a

single Me-w }voC }v Z EP € *}vv SE ve]3]}v]e} e EA pvo]l 8Z upo
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be observed in monmetallic specieglimolyb vpu *% ] ¢« } ¢ v}$S (E}lu <EW EJ-
Attempts were made to determine solvent dependence by changing the solvent to acetonitrile, but

the complexes quickly decomposagon oxidation.

Equation2.2: Calculation of the theoretical band mea at half heighof an IVCT transition

TheHa, of a strongly coupled (Class IIl) MV complex is normally calculated using the equdtien 2
Hax 032 although this equation does not hold true for asymmetric systeaBsHa, < Fax FOr

asymmetric systemdH,, needs to becalculated using the generalised Mulikelush equation

Equation 2.3[1), where |.ws| is the transition dipole moment of the IVCT transition, e is the

elementary charge of an electrandray is themeasure of distance between the donor aacceptor
This equation is a more rigorous quantum mechanical description otdhspling andmakes no

assumptions of the band shape and can be used for symmetric or asymsyatigensas well as class

Il and class Il systenis.as| can be calculatefom|Equation2.3{2 byintegrating a plot of@ )/ tvs.

of the absorption band this is termed the reduced specétta!? The effective ET distancis often
difficult to determine in strongly coupled systenas it is often a lot shorter than internuclear
separation due to delocalisation onto the bridging ligand. For compl&xes a crystallographic or
computaional estimate of the ET distance could be grossly inaccu¥efeStark absorption
spectroscopy can be used toprimentally determineaap, but this is a specialised technique and not

accessible in this study.

(1)

(2)

Equation2.3:Thegeneralised MulikefHush equation.
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Thera, value was determined from analysis of the symmetnmplexes3*and5*. The equation Hap
= haxcan be used to calculate the electronic coupling map@xameter Ha,) and found to bel1390

cn! for 3* and 1360 cmi for 5*. By taking the integral ofhe charge resonanc#&ansitions and using

Equation2.3[1 a value fora, was determined and found to be.706 A for 3 and 1.20A for5. The

experimentally determinedra, values for3 and 5 were in good agreementherefore the average
effectiverapusedis 1.713A. The crystal structure o6 has athrough spacevlo2--Mo3 separation of
3.754A, and the significantly shorter effective ET distance is a result of delocalisation onto the bridging
ligand. Although ligand asymmetry may altes slightly for complexed, 2 and 4, it is a good

approximationto use in the determination dflp.

Table2.9: Summary of the NIR absorptions observed fe5*.

Complex tax/ cM?  Yoax/ Mtcm?  lpanl/€V Ha/cm? 4 #/cm? 4 #,°/ cm?

1" 2730 947 0.5841 927 4644 2511
2" 2778 971 0.6009 971 4360 2533
3" 2780 2311 0.8531 1390 4114 2534
4* 2740 1633 0.7798 1242 5194 2515
5 2720 2162 0.8652 1360 4656 2506

The integrals of theeducedcharge resonance bandisr 1¥, 2 and4* were used to calculatél,, using

Equation2.3]2 and 2.3.1. Compoundd4*, 2" and 4*show a lower degree of coupling with electronic

couplings of 927, 971 and 1242 €epnsistent with the introduction ofisymmetry into the systeras

the calculatedH.p are less thawmad2 (Table2.9). The introduction of the electron withdrawing groups

(1 and 2) showsa greater effect on the coupling decreasing tig by more than halfWhereasthe

addition of the electron donating grou@) decreasedhe electronic coupling by a thirdhe reduction
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in the Hyp is consistent with the HOMO/HOM®Dsplitting which indicates that compléxand 2 have

a greater redox asymmetry thah Complexed t5 can be compared tf(Moz(Piv}):(Uz-0xalatg], a

similar complex with dda, of 2000 crt, which has been assigned unequivocally as class Tihe

absorption spectra of the MV compleshows a signficant degree of low energy cut ofike that

observed for complexe$ t5. The DFT shows that [(M®&iv}):(12-oxalate)] has a HOMO/HOMD

separation of 0.63 elndicating a greater degree of interaction betweentheiMe v §Z -&] P
v <Z }E ]5 o+ $Z v 3hndb which-have a HOMO/HOMO separation of 0.261 and

0.2386eVrespectively.

The calculation of thély, using the integral of the charge resance band makes the assumption that
the sample has been fully oxidised and the concentration of the MV state is equivalent to that of the
neutral complex. This may not be the case if sample degradhtisroccurrear the thermodynamic
stability of the MVion is low resulting in a statistical mix of the,, M, and Ms?*. Errors associated

with degradationhave been minimised in this study due to the extremely large thermodynamic
stability of the MV ion and by running the SEC in duplicate where concuesults were obtained

for all complexe#n both the UV and the IR

2.4.10 Electron Paramagnetic Resonance Spectroscopy

For the EPR experiments, the MV complekess*were prepared byhe in-situ chemical oxidation of

the neutral complexes by the addition of one equivalent of silver hexafluorophosphatesjAgHFHF

and the resulting solutions immediately characterised by electron paramagnetic resonance
spectroscopy at room temperature. Immediataeasuring of the MV ion is imperative due to

degradation which arises from facile ligand scrambling which was observed as new features appearing

in the spectra during prolonged experimertsThe pectra and their simulations are showrFigure

2.17jand the g factor and simulated hyperfine couplimgportedin[Table2.10
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1" 2

3+

4* 5"

Figure2.17: Experimental (solid) and simulated (dashed)eXd EPR spectdd - 5*in THF. The abnormality at
321 mT is a quartz impurity.
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Table2.10: Summary of the values determined from the simulated EPR spectra.

Complex g-factor Aso(1) / mT Aso(2) I mT
1* 1.932 - -
2* 1.936 - -
3 1.933 1.447 1.161
4* 1.931 - -
5 1.933 1.154 1.093

In each spectra the compleg exhibit one central peak which is attributed to t8o (=0, 75 %
abundance isotope, with hyperfine structures that arise from tfe°Mo (1=5/2, 25 % combined
abundancg isotope.Each complex exhibits one main signal wittactor in the range of 1.931.936,
indicating that the unpaired electron resides primarily in a;Mwrbital 2#394° The magnitude of the
isotropic hyperfine splitting (&) can be used to determine the localisation of theatron, if the
electron is localised on the EPR timescale (23) then the hyperfine coupling of the MV species
would be around 2.8 mT. For example, #w has a central peak at a g factor of 1.94 with ap2A7
mT24 For dimolybdenumzZ Ju & }( }he @adnitude of the hyperfine is expected to be
approximately half this value, 1.4 mif the electron isfully delocalised over four Mo atoms on the
EPR timescal¥.This is observed fd(Moz(Piv})(l-oxalate)f which has the reported hyperfine of

1.4 mT consistent witfull electron delocalisatiod*

TheEPR spectruraf 3*is shown ifFigure2.17|it displaysa central peak at a g factor of 1.98&th a

number of overlapping hypéne splittings.The hyperfine splitting patteroanbewell simulated using
two equally weightedAiso(1)= 2MQq Aso(2)= 2MQ independent hyperfine splittings of 1.447 mT and
1.161 mT indicating that the electron is delocalised acrdsar Mo redox centrestwo separate
hyperfines are observed due to the polarisation of the dimolybdenum b&RR analysis is a powerful
tool in examining the polarizatioof the dimolybdenum bongdas he dimolybdenum redox centre is

asymmetrically bounavith one Mocoordinatedto four O atomswhereas the other isoordinatedto

three O atomsand a N atom (Figure2.18). As a resultthe electron is drawn to one side of the

dimolybdenum bond such that it is affected by each Mo differently. iSlolsserved as a difference in
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hyperfine couplingsorrespondingto the different chemical environments of the Mdrhis can be
directly observed when comparing the one hyperfamiplingobserved fof(Moz(Piv}).-y2-oxalatef
where all four Mo are in the same environmeamd the two hyperfine couplings observed 8where

two Mo are in one environment and two airea second enviromerftThe ER spectrum 05*is shown

in|Figure2.17|it displaysa central peak at a g factor of 1.933 with a number of overlapping hyperfine

splittings. The hyperfine couplings amplex5* can be well simulated using two equally weighted
(Aiso(1)= 2Mo, AJ(2)= 2M9 independent hyperfinecouplingsof 1.154 mT and 093 mT. The
magnitude of the hyperfineouplingsindicate that the electron is delocalisexver four Moon the
EPR timescaléThe EPR analysiscnsistentwith the spectroelectrochemical measurements which
all indicate5*isa class lll compound he addion of electron donating groupesults in a decrease in
the polarisation of the dimolybdenum redaentre compared t@* as seen by the convergence of the

two hyperfine values

Figure2.18: Highlighting the different@ordination environmentsf (Left)3 and5 (Right)1, 2and5.

1%, 2"and5"havea central peak at a g factor of 1.932, 1.936 and 1.931 respectively, all the complexes
exhibit complicated hygrfine couplingsThese hyperfine couplingsuld not beconfidentlysimulated

using the continuous wave spectra obtained, due to the multiple overlapping hypesfilitings.
Complexesl’, 2" and 5" are expected to haveat leastfour hyperfinecouplingsas a result of the
asymmetry of the ligandas the addition of nofequivalentnucleicausinga multiplicative increase in

the number of hyperfines in the systethThe asymmetric ligandare inducing differing degrees of
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polarisation on each dimolybdenum redox centesulting in eachmolybdenum atombeing in a

different environmentand the localmagnetic field affects the electron differentil}igureZ.lS . This

can be seen in the symmetric liganaehere changing from R H, H to R= Me, Me results in a
observablechange in the hyperfineoupling It should be noted that aleast one of the hyperfine
couplingsin complexed®, 2" and5*must be in the magnitude of 2.4 nmid account for the increased
hyperfine splittingwith the final hyperfine being cered at 126.1 mT ant-0peakcentred at 133.3
mTsuch that A,~2.4 mT As the spectroelectrochemical results indicate the complexes are class Il at
least one hyperfine in the magnitude of 1.2 mT is also expected. As the asymmetric spectra all indicate
localisation and delocalisation of the electron, it is believed that one side dimolybdenum redox centre
primarily acts as the donor atom and the other dimolybdenum primarily acts as the acceptor despite
the electron being fully delocalised@he symmetric anpounds have equal charge distribution to both
dimolybdenum redox centres, whereas the asymmetric complexes exhibit unequal charge distribution
between the two dimolybdenum coressulting in the polarisation of the complsimilar to a strongly
coupled bu polarised [ReOs] complexreported by Winteret al*3 To determine whether this is the
case and elucidate the exact hyperfim®uplings electron nuclear double resonancENDOR)
spectroscopy could be used deconvolutethe spectraand determine the extent of delocalisation on

each Mo atonf?**

2.4.11 The nmechanism of ET

The ET process can occur indirectly through space which is mediated by the bridge, or a through bond
mechanism, although, typically a mix of both mechanisms can d¢Bath mechanisms are mediated

by the bridge but for differing reasons: the through bond mechanism relies on the overlap of the
frontier orbitals between the metals and those of the bridge and their relative energies. The ligand
controlsthe distance and relativerientation of the metal centres which can facilitate through space
electron transfer or prevent entirely.In the case of the 3;8ihydroxypyradazine ligand ET can occur

through both mechanisms, as the frontier orbitals aresofficient energy to allow fothrough bond
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electron transferand the ligand holds the redox centres in close proximity allowing for through space

coupling(Figure2.19).

Figure2.19: Highlighting the differece between through bond and through space electron transfer.

DFT calculations show substantial mixing of the metal and ligand orbitals, pro&idusitable bridge

for through bond electron transferThe vibronic progressionf the charge resonance barahd

appearance of an LMCT in the spectra of the MVisagvidence that through bond electron transfer

is occurringbut as little to no change in thé,axor spectral shapés observedlespite the asymmetry

of the complexes throgh space electron transfer must also be taking pfddée calculated through

space Me--- Mo, separation is given

mable2.11

the values are roughlg.6 Awhichis in agreement

with the Mo, Mo, separationin 5 asdetermined by XRDOhese distances might seem excessive for

efficient through space ETbut through pace ET between aromatic rings is knownattcur at

distances ofipto 3.79A.4546

Table2.11: The calculated through space MoMo separation

Complex
i
T
i
o[
A[

Moy:--- MOz/ A M020'5+ M020'5+/ A

3.628 3.609
3.626 3.593
3.635 3.613
3.639 3.602
3.628 3.591
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To determine if through space ET is occurring electrochemical analyses in differing mediums can be
conducted.Geigeret al. have shown that changing the medium used for the electrochemical analyses
can be used to determine if through space Efelping sabilise the MV stateBy using [BEEL(3,5

CR).)4 (Barf)a less coordinating electrolyte than pHlifferences in the ion pairing can affect the

4 14750 As in class Il complexes through bond Effirgely solventelectrolyte independent but
through space ET is n&o using a less coordinating electrolyte will ressl ] v E  hpif 72 4
through space ET is occurringhis cannot quantify the degree of through space coupling but can

determine if through space electronic coupling stabilises the MV state.
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2.5 Conclusions

Two symmetric and three asymmetric dimolybdenum dimers of the general formula of Pig]»
(ML-ZU Z[ Yave been synthesised by stirring [MBivi(MeCN)][BR] with NaeZUZ[ }% Vv
characterised by'H NMR spectroscops expected, the addition of electron donating and
withdrawing groups resultén significant changes to the UNs spectra, reflectinghang to MO
energies. The complicatedbsorption spectraare rationalised by DFT, which shaavmixture of
transitions in the visible regionJnexpectedlythe cyclic voltammetry an&EQJ\~visNIR spectra for

all compounds show similar feature$he cyclic voltamnmogram for each complex displayedo
successive one electron oxidations with little variation in the thermodynamic stability of the MV state
and surprisingly littleindication d redox asymmetry. T W-VisIR spectra of the MV complexes all
exhibited charge resonance transitions, wlitile change in the spectral shamd energy of the
transitions despitevariations in theelectron donor/acceptor groups on the bridging Dopahg
between complexesThese surprising resut may be a resulof through space electron transfer

dominating in these systems. However, it will be difficult to evaluate the exact mechanism.
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2.6 Experimental

See chapte8 for the methods and materials section.

2.6.1 Synthesis of MgPiv).

Mo(COg (20.000 g, 75.75 mmol) and pivalic acid (15.45854,.50 mmol) were added to a Schlenk
flask and suspended in a mixture of tizhlorobenzene (250 mL) and THF (100 mL). The suspension
was refuxed for 36 hours to yield a dark yellow solution. The solvent was removed under reduced
pressureand the resulting solid suspended in hexane (ca. 100 mL) resulting in a yellow solid and a
black solution. The solid was isolated by filtration and washékl méxane until the filtrate ran clear.

The solid was drieth vacuoto yield Moz(Piv)sas a bright yellow solid. Yie&0.594g (91 %}H NMR

(400 MHz, CD&lU+ w iX A1 ~*U 70,*X

2.6.2 Synthesis ofMo2(Piv)}]2(u2-CIDop (1)

Moz(Piv)s (0.728 g, 1.22 mmol) and [MdgPiv):(MeCNj][BFR]2 (1.000 g, 1.22 mmoljere added to a
Schlenk flask and dissolved in a mixture of dichloromethane (20 mL) and MeCN (10 mL), the red
solution was refluxed for 17 hours and cooled to room temperatukhloral,2-dihydro-3,6-
pyridazinediong0.170g, 1.22 mmol) and NaOMe (028, 2.45 mmol) were suspended in MeOH (20

mL) and stirred at room temperature for 17 hours to yield a colourless solwtioichwas then added
dropwise to the [Me(Piv)s]*. Thisresulted in an immediate colour change dark purple, and the
resulting solution was stirred for a further 20 hours. The solvents were removed under reduced
pressure and the products extracted into a mixture of hexane and dichloromethane (10 ml, 1:1) and
%o LW E ] (] C loupuv ZE}IU S}PE %ZC ~ oM VS ] Zo}E&}u S$Z v 1Z A
dichloromethane WTHF/ dichloromethane (2:98 (v/v)) collecting the first red bafigk solvent was
removed under reduced pressure and washed with hexane (3 x 10 mirasttto afford 1 as adark

purple solid. Yield.698g (0 %)*H NMR 400 MHz, DMS@gs w 0 XiAd ~eU i8H) 1iXli{s,~*U i

18H), 1.28 (s18H).MALDITOFMS calcd. monoisotopic MW for M@s4Hss014NLCl 1135.1, foundm/z
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1135.4(M"). Elemental Analysis @l. ForMo4G4Hss0:14N-Cl C,35.98 H,4.88 N,2.47, Found C36.26

H, 519; N,2.58

2.6.3 Synthesis ofMo2(Piv}]2(12-BrDop) (2)
Moz(Piv)s (0518 g, 0.87mmol) and[Moz(Piv):(MeCNj][BFR]- (0.710 g, 0.87 mmolvere added to a
Schlenk flask and dissolved in a mixture of dichloromethane (20 mL) and MeCN (10 mL), the red
solution was refluxed for 17 hours and cooled to room temperatutdromo1,2-dihydro-3,6-
pyridazinediong0.166 g,0.87mmol) and NaOMe (091g, 1.75mmol) were suspended in MeOH (20
mL) and stirred at room temperature for 17 hours to yield a colourless solwtioichwas then added
dropwise to the [Ma(PiV)s]*. Thisresulted in an immediate colour changedarkpurple, the resulting
solution was stirred for a further 20 hours. The solvents were removed under reduced pressure and
the products extracted into a mixture of hexane and dichloromethane (10 ml, 1:1) and purified by
Jopuv ZE}u S}PE %ZC ~ op v8 ] Zo}E}u 37Z ishlotd@methane WIFHFW fii ~AlA -
dichloromethane (2:98 (v/v)) collecting the first purple baifide solvent was removed under reduced
pressure and washed with hexane (3 x 10 ml) dneld to afford2 as adark purplesolid. Yield.477
g 46%)'H NMR 400 MHzZDMSGdss W 6 X038 ~U i8MY) 1i3R% 18H)UL.28 (s, 8H). MALD4
TOFMS calcd. monoisotopic MW for M@4Hss014N:Br, 1179.6 found m/z 1179.3(M"). Elemental

Analysis calcd=orMo4GaHss014N2Br, C,34.62 H,4.70, N,2.37, Found C34.74 H,4.81; N,2.45,

2.6.4 Synthesis ofMo2(Piv)s]2(H2-Dop) (3)

Moz(PiV)4 (0.728 g, 1.22 mmol) andMo2(Piv):(MeCNy][BFR]2(1.000 g, 1.22 mmol) weradded to a
Schlenk flask and dissolved in a mixture of dichloromethane (20 mL) and MeCN (10 mL), the red
solution was refluxed for 17 hours and cooled to room temperatif2Dihydro3,6-pyridazinedione

(0.136 g, 1.22 mmol) and NaOMe (®18 2.45 mmolere suspended in MeOH (20 mL) and stirred

at room temperature for 17 hours to yield a colourless solutishichwas then added dropwise to

the [Mox(PiV)3]*. Thisresulted in an immediate colour changedeep red the resulting solution was

stirred for a further 20 hours. The solvents were removed under reduced pressure and the products
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extracted into a mixture of hexane and dichloromethane (10 ml, 1:1) and purified by column
chromatography (eluent dichloromethandZz &£ v ~AiWAT ~AlAee W WZBFE}uU §Z v
dichloromethane (2:98 (v/v)) collecting the first red bafitle solvent was removed under reduced

pressure and washed with hexane (3 x 10 ml) diield to afford3 as a red solid. Yield 0.422 g (31 %)

'H NMR(400 MHz, DMS@;*s w 6 X711 ~eU T,eU iXii ~+U 70,*UTORNIS caledl i6,*X D
monoisotopic MW for M@GaHss014N2, 1100.6 foundm/z 11003 (M*). Elemental Analysis calcEor

M04CesHs6014N2, C,37.1Q H, 513; N,2.55 Found C36.95 H, 530; N,2.61

2.6.5 Synthesis ofMo2(PiV)3]2(12-MeDop) (4)
Moz(PiV)4 (0.728 g, 1.22 mmol) andMo2(Piv).(MeCN3j][BR]. (1.000 g, 1.22 mmoljere added to a
Schlenk flask and dissolved in a mixture of dichloromethane (20 mL) and MeCN (10 mL), the red
solution wasrefluxed for 17 hours and cooled to room temperatureMethyl-1,2-dihydro-3,6-
pyridazinediong0.154 g, 1.22 mmol) and NaOMe (028, 2.45 mmol) were suspended in MeOH (20
mL) and stirred at room temperature for 17 hours to yield a colourless solwtioichwas then added
dropwise to the [Ma(PiV)3]*. Thisresulted in an immediate colour changgedark orangethe resulting
solution was stirred for a further 20 hours. The solvents were removed under reduced pressure and
the products extracted into anixture of hexane and dichloromethane (10 ml, 1:1) and purified by
Jopuv ZE}u S}PE %ZC ~ op v8 ] Zo}E}Iu $Z v 1Z £ v WIHFWVAT ~AlA-.
dichloromethane (2:98 (v/v)) collecting the first orange bafte solvent was removed under reced
pressure and washed with hexane (3 x 10 ml) dmned to afford4 asared solid.Yield 0.210 g (16 %)
IH NMR (400 MHz, THEs w 6 Xii ~ U : A iXi ,3H), 1,33Us 6} 11.27 ($9H), 1.26 (s,
9H). MALDITOFMS calcd. monoisotopic MW fdM04GssHssO14N2, 1114.7 found m/z 1114.4(M”).
Elemental Analysis calcBor MaGsHsgOuNp, C,37.71; H, 524; N, 2.51; Found C37.83 H, 538; N,

2.56

98



2.6.6 Synthesis ofMo2(PiV)s]2(u2-Me2Dop) (5)

Mo2(PiV)4 (0.728 g, 1.22 mmol) andMo(Piv):(MeCNg][BFR]2(1.000 g, 1.22 mmolyere added to a
Schlenk flask and dissolved in a mixture of dichloromethane (20 mL) and MeCN (10 mL), the red
solution was refluxed for 17 hours and cooled to room temperatd;&:Dimethytl,2-dihydro-3,6-
pyridazinediong0.170g,1.22 mmol) and NaOMe (0.28}, 2.45 mmol) were suspended in MeOH (20

mL) and stirred at room temperature for 17 hours to yield a colourless solwtioichwas then added
dropwise to the [Me(PiV)3]*. Thisresulted in an immediate colour chantgedark orange, the resulting
solution was stirred for a further 20 hours. The solvents were removed under reduced pressure and
the products extracted into a mixture of hexane and dichloromethane (10 ml, 1:1) and purified by
column chromatography (eluent dichlorometr 1Z £ v ~AiIWAl ~AlAee We ] Zo}E}
collecting the first orange bandhe solvent was removed under reduced pressure and washed with
hexane (3 x 10 ml) ardtied to afford5 asadark orangesolid. Yield @649 (19%)*H NMR (400 MHz,
THFdge w TXAT ~eU 0,°U iXiT ~«U MALDTARMSD caled) miohosKtopic MW for
M04GseHs0014N2, 1128.7 found m/z 1128.4(M*). Elemental Analysis calcBor Mo4GsHso014N2, C,

38.81 H, 536; N,2.48 Found C38.65 H, 557;: N,2.58
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Electron localisation isymmetric localised arfdlly delocalisedMV
complexes

3.1 Abstract

A series of symmetric dimolybdenum dimergMoz(PiVs)2(i-Dop) @, H:.Dop = 3,6
dihydroxypyridazingPiv= trimethylacetat®, [Mox(PiV)s]2(12-Phtha) (6, H.Phthal= 2,3-Dihydro1,4-
phthalazinedione) anfMo2(Piv)s)2(-Pdt) 7, H.Pdt =3,6-Pyridazinedithiol) have been synthesised.
The complexes were characterised'byNMR spectroscopy and the crystal structur@ if reported.

The stability of the mixed valent (MV) state generated following a one electron oxidation has been
%o E } C C o] A}o3 uu SECU A]3Z 3Zyvauetmf}Qads (s %366\CHY P 4
and 0.517 \(7). The UWIisNIR spectra 083" and 7* exhibit a relatively intense, ne@aussian, charge
resonance band in the NIR region with a low energy cut off, consistent with full delocalisation of the
electron between the dimetal units (Class IIl). Complexhibits a low intensity Gaussian intervade
charge transfer band in the NIR consistent with localisation of the electron on one dimetal unit (class
I). The complexes have a cross coupling matrix paramigtgrdf 1390 crit (3*), 638 cmt(6*) and

1668 cmt for (7%). All complexes have a through space and through bond component attributed to the
electron transfer event, witlthe change in thed,, beingattributed to the degree of through space
electron transferoccurringwhich is dictated by the Me-Mo, separation EPRspectroscopy of the

MV species indicate the electron predominantly residesinaMo}E ]3 o -fa¢Hzof 1931.94.
Complex3* has two hyperfine couplings df.447 and 1.161 mT indicating the electron is fully
delocalised over all four Mo atom€omplex6*has two hyperfine couplings @641 and 2.489 mT
indicating the electron is localised one dimetal unitComplex/* has one hyperfine coupling of 2.588

mT meaning the electron delocalised between two molybdenums from different dimetal uriltss

is the first example of MV dimolybdenum species where localisation and delocalisation of the electron
in a strongly coupla systencan be observed and experimentally quantifeatt provides an example

of how coupling can be further tuned
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3.2 Modulation of electronic coupling mixed valenceomplexes

Chapter2 explored the effect of introducing asymmetinto stronglycoupled ystemsby the addition
of electron donating and withdrawing groups onto the bridging ligand backbdomes believed that
each Mo atom had an unequal charge distribution between all four molybdenum afmsschapter

is going to examine electron localigm in both the localised and delocalised regimes.

Figure3.1: The major factors affecting electron transfer in dimolybdenum paddlewheel complhese E = O, S, {NH}
described by Chisholm et al

Chisholmet al. proposed two major factorsvhich affect the electronic coupling isymmetric

dimolybdenummixed valent(MV) systens (Figure 3.1).! The first relates to the orbital overlap

between the coordinating atomsf the bridgeand the dimetakentre (highlighted in red)This term
can bemodified by changinthe bridging ligandtoordinating atomsvhere thesubstitution of N for O
for S increases the degree of electronic coupfimgdimolybdenum paddieheels?® The increased
coupling observeds a result ofthe more diffuse sulphur orbitalsvhich allow forgreater orbital
overlap when compared to that observed for oxygemitrogenderivatives Cottonet al. reported a

number of complexesof the form [Mox(DANiR)( ZZENCGNE) (DAniF =E U-#i(p-anisyl}

formamidinate) and E = O or $ as shown ifFigure 3.2[* Electrochemical measurements were

conductedto determine the stability of the MV staten both cases tw®uccessive one electron
oxidations were observed, the magnitude of the separation between the two half wave potentials
~ 4y,) is indicative of the thermodynamic stability of the MV stat®hen the bridge used wd®©N

NQ $Z # was0.204 V, this increased @407 Vwhen[NSNS] was used.
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Figure3.2: EE.CCERE bridged [Ma(DANiR)] complexes reported by Cotton et al and Liu ét al.

Liuet al. built on this work by reporting analogous complexes incorporating increasing numbers of

sulphur atoms[Mo2(DAniR)].( ZEE-CCEE) where the bridge was oxalate [GQO] or the thiolated

derivatives [O$DS] and [SSS](Figure3.2).2 Cyclicvoltammetry showed that all complexes could

stabilisethe MV state with reported4s» valuesof 0.260 V, 0.354 V and 0.393 V[ilo0-00], [0S0S]
and [SSSS] respectively. Electronic coupling in the radical cations was determined-bysNWR
spectroscopy, and analysis of the charge resonance band showed thatrdbscoupling matrix
parameter(Hap) increased from 2376 ci{OO-00] to 2726 crit [OSOS] and finally to 2950 chiSS
SS] as the sulphur content of the bridge was incredsedlphur atoms decrease the energy of the
ligand ¢ and increase the energy of the ligarxdllowing for greater degree of interactions between
the Mo-w } (E haddhe ligand< v *<worbitals compared to the oxygen and nitrogen containing

complexes.
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Figure3.3: The[Mo(PiV)s]2(12-bridge) complexes (where the bridgderephthalate (QCGH,CQ) or
perfluoroteré’hthabte (QCGRCQ) reported by Chisholm et al.

The secondactor that Cottonet al.identified consists of the interaction betweehe bridging atoms

and the aromatic ring, in the casd®igure3.1|this is the coupling between thée, <«-system and the

Ar <«system (highlighted in blue) The degree of coupling between the twesystens can be
modulated by both the energy of the Arsystemor by the dihedral angl¢}) between theCk and

the Ar ring.Chisholmet al. have reported the complexdMoa(Piv)s]2(u2-bridge) where the bridge was

either terephthalate (QCGH«CQ) or perfluoroterePhthahte (O, CGRCQ) (Figure 3.3). When

terephthalate was used as a bridge the complex showed no thermodynamic stabilisation of the MV
state, whereaswhen perfluoroterePhthahte was employed the complex showed weak stabiitsa
of the MV state with a5, of 0.065 \A6 Theincrease in coujilg is becaus€Q- <* orbitals are lower
in energyfor the GF system andare therefore closer in energy to the Maworbital resulting in

stronger coupling.

The orbital overlap between the bridging atoms and the aromatic ring is also dependent upwothe
dihedral angles between thég and the Ar ring. Wher} i= } 7= 0°the complex is coplanar and has
the maximum possible overlap between tE <«system and thé\r «systembut any deviation away
from }i= }7=0° results in a decrease in orbital overlap and therefore coupling. Through careful
ligand design Chishol@t al. synthesised the complepMoa(Piv)s]o(U2-GHe-2,5-(OHY), the complex

forms intramolecular hydrogen bonds, with the OH donating to the carbtxggygen resulting in a

high energy barrier to rotation and therefore a coplanar compleigyre3.4). The planarity of the
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complex has shown to be temperature and gépendent; Chisholret al. have shown that by using

these external stimuli the complexes can act as a molecular switch.

Figure3.4: The moleculaswitchsynthessed by Chisholm et alith the absorption spectra showing (a) temperature
dependence and (B) pH dependence of the dihedral aRgfeinted with permission from reference. Copyright (2013)
American Chemical Sociéty.

Electronic absorption spectroscopy can be used to determine whether the bridge and the redox
centres are coplanarf the complexes have an MLCT transition §Mo WridgeAr- <), there is
sufficient Me- w \Wridge-Ar- < conjugationas the complexes are piar, if the MLCT is unobserved

the complexesare nonplanarThe temperature dependence of the dihedral angle was probed using
the complexMo2(PiV)3]2(-O.CGH/CQ), at 4 K the MLCT was intense and low in energyupoh
increasing the temperatureo 298Kthe intensity of the MLCT decreased and blue shifted as a result
of the increased dihedral angle. The dihedral ang[iou(PiV)s]2(2- GHe-2,5-(OH)) is dependent on

the pH of the solution with the complexes remaining planar in acidic conditions allowing for the
observation of an MLCT and nonplanar in basic conditibims.deprotonation of the phenolic protons

resulted in electrostatic repulsion betwa the phenolate and the carboxylate increasing the dihedral
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angle such that the complex is no longer plaaad the MLCT transition disappedfagure3.4|B).

Electrotiemical analysis showed thdMoz(PiV)s]o(u2-GeH:-2,5(OH)) that the complexed had a
thermodynamically stable MV state with4x» 0of 0.079 V The UWisNIR spectra of the MV complex

showed alow intensity Gaussian transition in the NIR, analysis of the IVCT transition showed the
complex had &, of 446 cmt. Theloss of Ma-w  WH,-2,5(OH)-< }VipP S]}v u%}v % E}S}v 8]
would result in theHy, decreasing substantiallyhich is why the complex was referred to as a

molecularswitch.
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3.3 Aims

In the above examplasis shown that there are a number édictors affecting the degree of electronic
communication between the two redox centrasMV complexes. In terms of electronic couphng

tend to think of the electron as either localised or delocalised between two redox cehioegever,

there could befurther localisationof an electron within the redox active unit as well as between the
redox units.The studies on complexes whettee extent of electron localisation in both localised and
delocalised systems are limite@ompounds that show localisatiarf the electron in a delocalised
system could be used to probe intrinsic rectification. Research into intrinsic rectification is highly

desirable as thghave been challenging both theoretically and experimentallgiesign

Figure3.5: The structure 08,6-pyridazinedio(H.Dop),Phthahydrazide (KPhtha) and3,6-pyridazinedithio(HPdt)
bridging ligands.

In this chapter the kectronic coupling between the dliolybdenumredox centres bridged by the

ligands3,6-dihydroxypyridazinéH.Dop),Phthahydrazide (bHPhtha) and3,6-pyridazinedithiol H.Pdt)

Figure3.5) will be evaluated Hectrochemical and spectroelectrochemical studiedi be used to

probe the delocalisation between the dimetal uni®ased on previous studies, differesda the
electronic coupling would be evidenced by changes in &g values obtained by cyclic voltammetry
and the crosscoupling matrix,Hs,, obtained by the analysis of thB/CT transition in the NIR
region.The localisation of the electron will bprobed using EPRpgctroscopy and theoretical
calculationsThis series of compounds will provide a rare opportunity to compare eleldoatisation

in the localised and delocalised regimes.

110



3.4 Results andidcussion

3.4.1 Synthesis

Schemes.1: Synthetic route t@,6-Pyridazinedithio(H.Pdt).

3,6-Pyridazinedithiol (HPdt) was synthesised through a nucleophilic aromatic substitution reaction,

by refluxing 3,6-dichloropyradazine with sadm hydrogen sulphide in a 2:1 MeORM mixture

Schemes.1). This new synthetic route offers a single step reaction to the desired compound, whereas

the literature route synthesises the compound through a {step reaction iridenticalyield (48 %.

Scheme.2: Synthesis dMo(PiV)s]2(p2-Phtha) (6) and [Moz(Piv)s]2(H2-Pdt) 7).

[Moz(Piv)s]2(L2-Phtha) (6, Phthal = 2,3-Dihydra1,4-phthalazinediong and Mo2(PiV)s]2(-PdY) (7)

were synthesisetby the reaction of thered monocationic intermediate [MgPiV)3(MeCN)][BF] with
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NaPhthaland NaPdt in methanol respectively. The reattiresulted in an immediate colour change

(6 = orange and = green) and the reaction was stirred for 17 hours to ensure compl¢Bohgme

3.2). The solvent was removewvacuo,and thetH NMR spectra indicatesbveralimpuritiessuch as

Moz(Piv), Moy(Piv}(L)and Ma(Piv}(Ly. The products were purified using air sensitive column
chromatography to isolaté as an orange solid (16 %) ands a dark blue solid (14 %he modest
yields reflect the multistep reaction which generates numeroupinducts as well as the difficulty in
purifying the complexesComplex6 and7 are soluble in THF, DMSO andCl-and sparingly soluble

in MeCN.The compounds were found to lpeire by elemental analysis.

Complexes6 and 7 have been characterised byH NMR and IR spectroscopy, MAIDIF mass

spectrometry, and the crystal structure for compléwas obtainedyide infra
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X-ray crystallography

3.4.2
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A single crystal of7f(DMSQ. wasgrown by the slow diffusion of water into a DMSO solutiory at

room temperature. The structure was determined by singigstalX-ray diffraction, and is shown in

Figure3.6jwith bond lengths and angles giveT‘I‘labIe&l the cell parameters and refinement results

are summaried inchapter8. The unit cell was found to be triclinic and solved in the space gé&fip
The structure watounded to betwinnedbut could be solvedsingatwin law.Both Mo centres show

the expected paddlewheel arrangement of the ligands around fhesthl core and the wo dimetal
units are bridged by thé&dt ligand with two axially coordinated DMSO molecules, the central DMSO
is missing compared t6:3DMSQas coordination wassterically hinderedThe MoMo bond lengths
were (MoEMo2 = 2.1050(9) A and Mo3Mo4 = 2.1055(9)A) and show no variatiorwithin
experimental errorbetween7(DMSO) which has a sulfur coordinating atoms ab@@MSQs which

has oxygen coordinating atorigo1-Mo2 and Mo3Mo4 =2.1096(13) and 2.1105(14), 5(DMSQs) 2

For 7(DMSOy, the two dimetal unitsare not coplanar, and they have a significant torsion angle of

24.637(2)°, increasing from 3.583(7)in 5(DMSQ; as illustrated irEigureS.? The deviation away

from coplanarity is a result of increased steric interactibe$ween the dimetal units and theliutyl
groupsin 7(DMSO). The increased steric interactiomsise as a result ain increase in the-S bonds
and a decrease in the MW bonds The GS bondengthsin 7(DMSO) (C1S1 and C&2 =1.714(8A
and 1.713(8A respectivelyjare significantly longer than the-O bondsin 5(DMSQs (C1:0O1 and C4
02=1.29910) Aand 1.3079) A).* The MoN bond lengths if¥-2DMSO(Mo2-N1 = 2.1151(2) and
Mo3-N2 = 2.106(6)8) show a significant contraction when compared to the-Nidond lengths in
5(DMSQs (Mo2-N1 = 2.160(6) anklo3-N2= 2.151(6}). Thethrough space separation between the
guadruple bondsshows a significant decrease HDMSO) where the Mo2---Mo3 separation is
3.3403(3) Acompared to thévlo2---Mo3 separation is(DMSQs which is3.7541(%) A. The deviation
away from being coplanar will decrease the overlap of Me,- G/ Pdt- Sorbitals resulting in a
potential decrease in electronic communicatiddespite numerous attempts suitable crystals fer X
ray diffraction of comple® couldnot be obtained although the structure is expected to be analogous

to 5(DMSQs.

114



Figure3.7:The cystal structurs of (left) 7(DMSOyand (right) 5(DMSQ; as viewed along the pfe of the bridgeand
(bottom) a schematic indicating the changes in bond lengths resulting in the deviation away from being coplanar
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3.4.3 HNMR spectroscopy

3
X10 Ds-DMSO
THF THF
6 X 10 Ds-DMSO
THF THF
7 X 10 Ds-DMSO

Figure3.8: *H NMRspectraof complexe$, 6and7 in d-DMSCOLeft Amagnified portion of theromatic region showing
bridging ligand resonances.

The'H NMR spectra of JRdtwasconsistent withthe literature.” The'H NMRspectraof complexess,

6 and7in ds-DMSQare shown ifFigure3.8] The spectra 06 has the expected 2:Pivresonances at

1.29 ppm typical of a monosubstituted dimolybdenum ulitalsohas two doublet of doublet§] =

6.1, 3.3 Heat 8.39 and 7.8ppm corresponding to the aromatic backbone of tRéthalligand.The

H NMR spectrum of exhibits the expected 2:Rivresonances at 1.33 and 1.31 ppm and a singlet at
7.21 ppm corresponding to the Pdt backboidl. complexes have an impurity at 1.36 ppm which is
result offacile ligand scrambling in the presence of DM8Qomplex6 has two axially coordinated

THF molecules, exposure to high vacuum for 48 hours removed the THF, this was done prior to

submission for elemental analysis.
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3.4.4 Density functional theory

6[ 3 71
L-<*
Moo- W
L-<*
HOMO / HOMEL separation
0.0971 0.2601 0.3037
Moz- w
Mo,- w
L- <

Figure3.9: The calculated frontier orbital energy level diagrams of model compdipé$and 6.[

Theoretical calculations haweenemployed tohelp rationalise the observed spectroscopic behaviour
of conplexes3, 6 and7 andwere carried out by Dr Nathan Patmore and Dr Anthony Meijer (University
of Sheffield).DFT calculations were performed on model complex@ks6[and 6)] in which the

Pivalateligands have been replaced by formate groups to reduce computational timealtidated

frontier molecular orbital energy level diagrarfor 3[ 6 [and 6 hre comparedn|Figure3.9| Forall

complexesthe HOMO and HOMAQ orbitals are both Mg worbitals and are different in energy as
they mix with the pyridazink v -<Z}@E ]38 o+ € . %aerafgid, h€ HOMO/HOMA
separation i measure of interaction between tido- w } E hBdpyrazine< v «@rbitals, and
hence the extent of coumg®** Therefore, the larger the HOMO/HOMDgap and the smaller the

HOMOpyridazine< v *qgaps the greater the electronic couplitfy.
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For 6 fhe HOMO/HOMG@L are nearly degenerate with a splitting of 0.0971 eV indicating weaker
electronic coupling compared 8] ~i1X101.iThe LUMO and LUMO+1 are both M orbitals,

and the LUMO+2 is the pyridazin& orbital, this orbital has the correct symmetry to interact with
the out-of-phase Mae- wkhe HOM@LO is the pyridazine orbital and has the correct symmetry to
interact with thein-Mo2-w X dZ , Kybidkakine <* separation is3.68 eV and th&lOMOpyridazine-
<separation is 2.57 eV, due to the large variatiorough bondET is predominantly expected to occur
throughthe hole hopping formalismin the previous chapter it was reported that comptex 5 had

significant through space stabilisation as a restithe redox centres being in close proximity to each

other, as6 and7 employ a similar ligand architectutieeir Mo,---Mo, separationarereported inTable

3.2| Analysis of the orbitals shows that for throudpond coupling the electron transfer happens

through the Me-w v 3Z % GCE]v IkZ }E ]85 oeU AZ E + SZE}IUPZ *%o 0

believed to happen throughthe Me<x v ¢ }@E ]S 0¢X

The HOMO/HOI®-1 separation ofd s 0.3037 eV, larger than the calculated separatior8fod e« ey Z
complex7 is expected to have greater couplinthe decrease in the energy of the HOMO betwéé¢n

and 6 [s a result of the decreased }v S]ffem the sulphur 3p drital compared to that of the

oxygen 2p orbitat? The complex shows a lagdegree of mixing and the LUMO is assigned as
pyridazine <*/Mo »- W orbital and the LUMO+% assigned as the corresponding Mé/pyridazine-

< orbital. The HOMGB isthe pyridazine < orbital with the correct symmetry to interact with the Me

worbital. Changinghe chelating atom fronDto S results in a decrease in energy of the pyridazine

<4 Mo,- W and increase in theyridazine< }@E ]38 oeU »wWS5Ze DN voC <]3p 3 SA v §z
orbitalsthe ET is expected to occur through both the electron hopping and hole hopping formalisms

as well as through spac€ompex 7 has the same bridge architectuies 3, the complex takes a

buckled arrangement, but the crystal structure shows that tile,---Mo, separationdecreases

between5 and 3. This decrease iNo,---M0, separationis shown ifTable3.2] and is expected to

increase the througispace component in the ET mechanism.
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Table3.2: Calculated through space Mo:- Mo, separation

Complex Moy Moa/ A M025* .- Mo5*/ A
i[ 3.635 3.613
of 3.645 3.667
o 3.353 3.348

3.4.4.1 Calculated absorption spectra

The optical transitions fod fnd 06 fvere calculated in THF, with the calculated transition energies

summarised ifTable 3.3[for 0 [and|Table 3.4|for 6.[The experimental spectréide infrg and

calculated spectra are in good agreement in both energy and intefi$ity calculated spectra predict

the transitions at a slightly higher energy as a result of changing thélaag ligands fronPivto

formate groups, which decreases the energy of the HOMO and increases the energy of any transitions
occurring from the Mg worbitals. The spectra calculated fod has a prominent transition at 379
attributed to the Mo2w W % C EJZ Vs o 8} o]P v Z EP SE ve( EMLET ~D> d-U
transitions are observed at 380 nm and 405 nm. The calculated spectra have a nuntteyeng

transitions attributed toa mixture of transitiongonsisting oMo-w W DWZ U} W PJZ v

Mox-< W B-WZX

Table3.3: Calculated transitions fd@' (f > 0.005)n THF, transitions are assigned on their nsighificant character.

Energy/eV  max/ nm f Transition Assignment
2.403 5115 0.0091 HOMGi W >hDK Morw W PWZ
2.628 471 0.0141 ,KDK W >hDK= Morw W PW¥Z
2.662 465 0.0132 HOMOi W >hDK= Morw W PWZ
2.758 449 0.0164 ,KDK W >hDK= Morw W DJZ
3.060 405 0.0969 ,KDK W >hDK= Moxrw Wridazine <
3.199 387 0.0076 HOMGOA W >hDK Mor< W BWZ
3.262 380 0.0126 HOMG1 WLUMO+3 Mo w WWridazine <
3.264 379 0.2689 HOMG1 WLUMO+2 Mo w Wridazine <
3.271 378 0.0167 HOMG7 WLUMO Moz-< W DiwZ
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Complexd $hows agreaterdegree oforbital mixingcompared toi [- 0,[the most prominentransition

is the Mo w \Wyridazine ¢ / Mo>w Z D >atd87 nm Other transitions to hybridised orbitals
include the Me-w W Dw Z pyridazine < and the pyridazine< W DB-wZ pyridazine ¢
transitions. The O for S substitution results in the ligand to metal transitions (LMCT) red shifting with

the pyridazine< W D3wZ } uEE]vP § ifi6 vuX

Table3.4: Calculated transitions fof' (f > 0.005n THF, transitions are assigned on their most significant character.

Energy/ eV  max/ nNm f Transition Assignment
2.109 587 0.0775 HOMOWLUMO Mox-w WWridazine ¢ / Mo~ w Z
2.452 505 0.0159 HOMO1 WLUMO Mox-w VWWridazine ¢ / Moo-w Z
2.454 505 0.0111 HOMOWLUMO+3 Moxrw W DJZ
2.572 481 0.0299 HOMO1 WLUMO+1 Moxrw W PwZ
2.622 472 0.0054 HOMGi W >hDK=1 Moyw W D¢z
2.693 460 0.0123 ,KDK W >hDK=f Morw W D¢Z
2.763 448 0.0354 ,KDK W >hDK=1 Morw W Dy Zpyridazine <*
3.057 405 0.0137 HOMGi W >hDK=1Mo,w W Dy Zpyridazine ¢
3.346 370 0.0196 HOMO2 W >hDK pyridazine< W DB-W Zpyridazine ¢
3.459 358 0.0201 HOMG2 W >hDK=i pyridazine< W D3wZ

3.4.5 Electrochemistry

The cyclic voltammograms and differential pulse voltammogrands@®and7in 0.1 M NBuPk/ THF

are displayed ‘rPFigureS.lO and the data summarised/irable3.5| All complexes show two successive

one electron oxidations corregpding to the removal of electrons from tHdo,- worbitals. As the
complexes have a quasdversible second oxidation the,&2) could not be determined and instead
the potentials are reported as the cathodic peak potentiajg)(Evhich in turn were usgto estimate

the values of 4&,. As theK: can only be strictly determined for reversible redox processes, the

discussion will revolve around thdg,, although theK:is included ifirable3.5[for comparison.
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Figure3.10: CV (left, 100 mV3 and DPV (right, 10 mWsof complexe$§ (red),6 (green) and’ (blue)in 0.1 M NByPFR/
THF solution at aoncentration of 5 mM, and referenced against the FazBuaple (0.00 V).

Table3.5: Cyclic voltammetry data for complexg$ and7in 0.1 M NBwPF/ THF solution at a concentration of 5 mM,
andreferenced against the Fc/Fmuple (0.00 V).

Complex Ep(1)/V EJ1)/V Bxc(2)/V EJV Ke(x 1)

3 -0.165 -0.133 0.311 0.444 321
6 -0.114 -0.041 0.325 0.366 1.54
7 -0.011 0.021 0.538 0.517 550

Four terms contribute to the magnitude tie free energy of comproportionatior ' (Equation3.1

the o SE}v] €& ¢}v v ), §Z S0-48E}*S S]], the S 3B'S] o }vS@E) usS]}v ~4

andan inductive factor~ 4). The complexes are expecteditave both a through space and through
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bond component, where the though bond component is governed4byand the through space
component is governed byt '..1*"® As each compound has a varying contribution from each factor
only the overall thermodynamic stability of the MV state can be commented upon between these

complexes.

4. A 4'= 4'= 4+ 4,
Equation3.1: factors contributing to the( v EPC }( }u% E}%}IES]}v S]}v ~4'

The first oxidationpotentials Ei>(1) are -0.165 V, -0.114V and-0.011V for complexes3, 6 and 7
respectivelyThe oxidation potetials of6 and7 are anodically shifted in compared 3pthis is a result
of < back bonding into the extended system of the ligand in complék!’18 The large anodic shift
when changing the donor atom from @)(to S {) is consistent with literature due the increase in
basicity of the bridging ligantt*>1%21921 The oxidation potentials are consistent with the absolute
energy of the HOMO orbitals wheBais the highestn energyand the easiest to oxidise artds the

lowest in energy and therefore more difficult to oxidi€e.

The 4&,for 3,6 and7 are0.444 V, 0.325 V and 0.550 V respectively, the magnitude ofEheaues

for all complexes show considerable thermodynamic stabilisation of the MV Stag¢elarge4 pcin all
casesis indicative of a strongly coupled system, a&af ~10 is typical for strong coupling in
dimolybdenum dimers, although thek,: of 6 shows a decrease in thermodynamic stability when
compared t03.° The magnitude of the4 ,cobserved for7 indicatesan increase in coupling compared

to complex3, as S is more diffuse than Qaltows for better orbital overlap between the metal and
the bridge resulting in better couplingThe through space component must also increase
thermodynamic stability of the MV complex as a result of the decreased separation of the redox

centres.
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3.4.6 U\V-VisAbsorption spectroscopy
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Figure3.11: The UWis spectra of complex&gred),6 (green) and’ (blue) in THF.

The UW/is spectra of compleX 6 and7 in THF are displayedifigure3.11jand the majoitransitions

assigned ifFigure3.12| Dueto the numberof transitionsthe UV assignments were aided by-DBT

(section 3.4.4.1)Complexes3, 6and 7 have acisPiv < WPiv <* transitionat 296 nm, 294 nm and

292 nm respectively and a trafBv < W Piv ¢ transition at 326 nm.Complex7 has aLMCT

(pyridazine <« W Dy} w Zat 364 nmbut the LMCT for complexésand 6 is unobserved as a result of

the larger Mo,- wiyridazine < separation. The predominantMo2- w W pyridazine < ZMLCT for

complexes3, 6and7 occur at 520 nm, 426 nm and 630 mespectivelyThe MLCT @ is blue shifted

in comparison t@asthe pyridazine<Z }@& ]38 o ]J* up Z Z]JPZ E Jv v EPCU }u%o A]:
in the energy of the Mgw }E ]S oX dZ7isDed shiffdd in comparison t®as a result of the

lower pyridazine<Z }@E ]88 o AZ] Z €& +posde (E}u 3ZTh&Md} EWMow ]S us]}v X

complex3 and 6 is obscured by the intense MLQWp,- WWMo,- < AndMo,- <« W D3 w But occurs
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at 454 nm in7. TheMo.- WWMo,- w fansition can be observed i asthe transitions in the visible
region are red shifted in comparison &as a result of the decreased pyridazirg v EPC v 3§Z
slight decrease in Mew Xhetransitions in the visible regiofor 7 show a decrease in intensity as a
result of the deceased conjugation between the metal and the ligand caused by the deviation away
from being planar.

428nm 474nm 454nm 542nm 594nM 646nm

Figure3.12: The UWis assignments for complex@feft) and7 (right).

3.4.7 Spectroelectrochemistry
In order to understand the electronic properties of complexeand 7 and their redox products,
spectroelectrochemicagtudies have been carried out. The W&NIRIR spectra of complexe$]|

and[7]" (n=0, 1, 2) were collected from in 0.1 M NBE/ THF solutions.

The UWisNIRIR spectra 06, 6 and 6°* are displayed iEigure3.13 The sequential formation @&

and 6%* in the spectroelectrochemical studies is evidenced by the appearance of two separate
isosbestic points in thé W6"and 6" W6** spectra at 19531 cth(512 nm) and 19455 cin(514 nm)
respectively. Upon oxidation frof W6" several spectral changes occur in the-\4¥ NIR, the most
prominent of which is the growth of a low intensity Gaussian band in the NIR at 380@2625 nm).

The magnified portiof the spectra shows the intervalence charge transfer (IVCT) transition, which

can be well fitted using a single Gaussian curve which is typical for a class Il corfigthmdl/-Vis
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NIR spectrum o6*is inexcellent agreement with the IR spectrum. This is further confirmed as upon
oxidation to the doubly oxidised species the transition disappears. Alepth discussion of the

intervalence charge transfer band can be foundection 3.4.8 below

Figure3.13: The UWis NIR SEC (solid line) and the IR SEC (Dashed line) of 6ampl&dMNBwPF / THF 6 (blue),6*
(red) and6?* (green). Top Right: A magnified portion of the IR spectr&*fshowingthe charge resonance transition (red)

the Gaussian curves useddeterminethe integral (Black dashed lineanhd the sum of the Gaussian curves (black solid

line). Theregionaround 3000 cmis not shown due to strong T vibrations.

The MLCTMo-w \Mridazine <) for 6 is observed at 23364 ch(428 nm) Following the6 W6*
oxidation the MLCT decreasi intensity, red shifts to 23255 crh(430 nm) and begins to broaden.
The peak a21097cm (474 nm) decreassn intensity and broadens but shows no observable change
in energy, the broadening is expected to be due to the growth of a LiviDEition (pyridazine
< \WMo,- . Following the6* W6?* oxidationthe MLCT red shifts further to 22831 %38 nm) and
decreases in intensityLhe peak at 21097 ch{474 nm) red shifts to 20746 ch§484 nm), decreases

in energy and significantly broadens once again. The spectra regained its original features following

the reduction back to the neutral species but at ca. 60 % intensity as a result of theenesible
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second oxidationAs class Il compounds show solvent dependence the spectroelectrochemistry was

attempted inacetonitrilebut the complex decomposed upaxidation

Figure3.14: The UWis NIR SEC (solid line) and the IR SEC (Dashed line) of ZampléMNBwPF / THF7 (blue),7*
(red) and7?* (green). Top Right: A magnified portion of the IR spectré@‘fsinowing the charge resonance transition (red)
the Gaussian curves useddeterminethe integral (Black dashed lingaphd the sum of the Gaussian curves (black solid
line). Theregionaround 3000 crt is not shown due to strong TKIH vibrations.

The UWis-NIRIR spectra o, 7" and 7?* are displayed iffrigure3.14| The sequential formation of*

and 7?* in the spectroelectrochemical studies is evidenced by the appearance of two separate
isosbestic points in th& W7*and 7" W7?* spectra at15385cm? (650nm) and14451cm? (691nm).

Upon oxidation fron¥ W7+ several spectral changes occur in the-\A¥ NIR, the most prominent of
which is the growtlof a charge resonance band in the IR at 3136 @189 nm) The band is assigned

as a charge resonance baassociated with a class Il systasiit is relatively intense, ne@aussian,
exhibits significant low energy cut pffind disappears when the complex is doubly oxidigdak UV

SEC and IR sec are in excelsgreement for the charge resonance band bsitlae charge resonance
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transition coincides with strong THFH vibrationst 3000 cr, the IRSEC was repeated ig-@HF to
red shift thesolventabsorptions. A comparison of the charge resonance band obsdéovedin THF

and &-THF is shown |iF\igure3.15 andthe spectra are similar to one anothehn indepth discussion

of the charge resonance band can be found in sex3i4.8

Figure3.15: The IR spectra fof* showing the charge resonance transitionTHF (blue) andseHF (red).

Upon oxidation T W7*) a minor decrease in intensity of the MLMI0- w W¥ridazine <*) transition

is observed, the MLCT also blue shifts from 15480 @46 nm) to 15923 crh(628 nm) TheMo2- w
WMo2- w Z | d@aRine < Aransitionat 22026 crit (454 nm)deaease in intensity but do not change in
energy The LMCTpgridazine < WMo,- w Zransition at 16835 cm(594 nm) increases in intensity
but does not change in energis the SOMO is evenly situated betwebe pyridazine< (HOMGS)
and < (LUMO) in7[ }SZ v [Moxdw \Wridazine <) and LMCTpyridazine < WMo.-we &
observed in the radical cation¥he transition at 18450 ch{542 nm) decreases in intensity with no

observable change in the energy of the transitiBollowing the7* W72*oxidation the MLCT decreases
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in intensity and blue shifts to 16025 ¢ni624 nm), whereas the LMCi& 16835 cmt (594 nm)
continues todecrease in intensityput shows no change in the energy of the transitidime transition
at 18450 crt (542 nm) shows a further decrease in intensitije spectra regained its original features

following the reduction back to the neutrapeciesput considerdle bleaching was observed.

3.4.8 Calculation of thecrosscouplingmatrix parameter (Hab)

Figure3.16: The overlayed charge resonance transition3*¢fed),6* (green) and’* (blue). Theregionaround3000 cmt is
not shown due to strong THFH vibrations.

The charge resonance bands 8y6* and 7" are comparedin|Figure3.16| Gmplex3*and 7*are both

classified as being classd# the charge resonance bands are relatively intense;@auassian with
significant low energy cut off. Compléxis classified as lieg class Jlas the bandas low intensity
and Gaussian in shape. Tpeak maximdvmay) for thetransitionsare 2780 crit 3809 cmt and 3136
cnmfor 3*, 6" and 7* respectively The predicted peak width at half heigh# #.°), predicts the peak

width for a Gaussian transitiooentred at thevmax of the experimental peaki-or complex6* the
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experimental peak width at half height4(if,) calculated from the high energy side wa866 cm'

which was greater thathe calculated 41,° of 2966¢cnTt. Complex7*has a experimental 4 #, of

1534 cmtand a calculated4 #,° of 2691 cm, the smaller observed band width is a result of the
increasedow energy cut offvith lesser degree ofibronicprogression than observed in complgx

this decrease in vibronic progression could indicate an increase in tbagh space ET component

for 7*. The bandwidth is also coupled to the extent of the electronic coupling, a decreased bandwidth

is consistehwith an increase of the electronic coupling parametel,).2%2*

Table3.6: Summary of the NIR absorptions observe®fp6* and 7°.

Complex  fad/cm? Yo/ Mtcem?  Hyp/cm? 4,/ cm? 4 1, °/ cm™

3" 2780 2311 1390 4114 2534
6" 3809 199 638 3866 2966
7 3136 2181 1568 1534 2691

TheHa, of a class 1l compound is calculated udtiggiation3.2|1 (see section 1.3.2. 2§24 TheVmax Ghax

and 41> can all be experimentally determined using the IVCT tramsiiid the effective ET distance
is difficult to determineexperimentallyas a result of delocalisation onto the bridging lig&hep.
Although the dimetal separation in compléXis ~0.® A greater than fo*, the actual electron
transfer distance can only be determined by Stark spectroscipsrefore the calculatedra, of 1.713
A for 3 will be used for the deermination of Hap, resulting in an upper estimate for the,. The
estimatedHa, for complex6* was 638 crt around half theHa, calculated for3 despite the complexes

employing nearly identical ligand architecturlé’sabIeB.G . The addition of the phenyl ring results in a

decrease in electronic couplinghis can be explained by looking at the through space-Mdo,
separation inthe neutral and the mixed valent states and comparing theni tb5. The calculated

internuclear separation fo6 is 3.645A which is marginally longer than the calculated separatic® of
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which is 3.635 AT@able3.2). Upon oxidation complexes t 5 show a decrease in théirough space

Mo.---Ma, separation which is expeetl to increase theHa, as well as the thermodynamic stability of
the mixed valence ate. Conversely upon oxidation 6fthe through spaceMo,---Mo, separation
increases to 3.667 khich is ~0.06 Morethan 3*, the addition of the phenyl ring is expected to have
added rigidity to the ligand backbone preventing the redox centres fooving closer togethef®
Thisresultsin a decrease in the through space ET componesgulting in a decrease in thdy, and

the complex being assigned as class Il.

(3.2.1)

(3.2.2)

Equation3.2: Calculation of thelectronic coupling parameter £k) for (1) a class Il compound and (2) a class Il compound.

As complex’*is class 1IEquation3.2 2 can be used to determine thd, which was found to be 1688

cm™. The increased,, of 7*when compared to compleX'is consistent with changing the chelating
atom from O to S commonly se throughout literature>!1?’Liuet al.have shown that in the complex
[Mo2(DANIR).( .2 ECCRE) where E is O or S, that changing the bridging ligand fromQODto [S®

SO] results in an increaseHig, from 2376 cmtto 2726 cmt although this study only takes into account

the throughbond ET component The O/S substitution results #ibeing more strongly coued than

3"and this a result of an increase in both the through bond and through space ET transfer components.
The DFT shows that the two redox centres are more strongly coupled 3haiith a larger
HOMO/HOMGL separation with the pyridazine and < being closer inenergy to the non
degenerateMo,- worbitals indicating better through bond couplingqually, the calculated through

spaceMoz---Mo, separationis 3.353A which decreases to 3.348upon oxidation and is ~0.2Xless
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than 3*. The large decrease in the thrgh space separation is expected to have increased the through

space ET component.

3.4.9 Electron Paramagnetic Resonance Spectroscopy
The MV complexe3'’, 6*and 7" were prepared byn-situ chemical oxidation of the neutral complexes
using one equivalent oflger hexafluorophosphate (AgRand immediately characterised using EPR

spectroscopy at room temperature. The resulting EPR spectra and their simulations are displayed in

Figure3.17| and the gfactor and simulated hyperfine couplings are showiable3.7| Molybdenum

has two spin actie isotopes®™Mo and °’Mo with I=5/2 with a combined natural abundance of 25 %,
the remaining 75 % consists of isotopes With. The experimental spectra all consist of a central peak
at ag-factor of 1.93t1.94 typical of an electron based in an Maorbital. The central peak arises as

a result of all the=0isotopesandthe satellite spectra arisfrom the *-°*Mo isotopeswith 1=5/2.28

The magnitude of the hyperfine couplings can indicate the extent of electron delocalisation, a
hyperfine of ~2.8 mT indicates that the electron is evenly shared between two Mo atoms such as that
observed for [Meg(PiV)4]*or in the class Il compound [M@iV)3]2( .2:1,4-tetrafluoroterePhthahte).?

The magnitude of the hyperfine halves to ~1.4 mT when electron is evenly shared between four Mo

atoms, like those observedr the class 11l compoun@Moz(PiV)s)2(H2-oxalate)}.*°
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3+

6" 7"

Figure3.17: Experimental (solid) and simulated (dash¥djand Epr spectra &, 6*and 7*in THF. The abnormality at 321
mTis a quartz impurity

Table3.7: Summary of the EPR spectra datdainedfrom thesimulated EPR spectra.

Compound  g-factor Aso(1) /' mT  Aso(2) / mT

3 1.933 1.447 1.161
6" 1.932 2.641 2.489
7 1.933 2.588 =
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The EPR spectm of complex6” is shown ifFigure3.17| it displays a central peak at dagtor of 1.932

with two sets of hyperfine couplings, which arise from the different coordination environments on the
Mo resulting in the polarisation of theondas discussed in chapter2 The hyperfine splitting can be
well simulated using two equally weightedst(1)= 1Mo, A«2)= 1MQ independent hyperfine

couplings of 2.641 mT and 2.489 mT, indicating the electron is localised on one dimolybeeimxm

centre which is in agreenme with the spectroelectrochensial assignment as clasgHigure3.18). The

hyperfine coupling®\so(1) andAso(2) are similar in magnitudendicating the dimolybdeam bond is

less polarised i6*than in3*.

Figure3.18: Highlighting the electron delocalisation (blueBgf6*and 7*.

The EPR spectrum @f is shown ifFigure3.17| it displays a central peak at dagtor of 1.933 with

one set of hyperfine coupling. The spectra can be well simulated using one hyperfine coupling of 2.588
mMT Aiso(1)= 2Mo) Complex3*and7* are both class Il but display distinctly different EPRspewith
complex7*exhibiting a spectrum more like compléx The spectroelectrochemistrghows thatthe
complex is class Ibut the magnitude of the hyperfine coupling indicates that the electron is
delocalised across two molybdenwuatomsanddespitethe differences ircoordination environments

only a single hyperfine is observethe electron is therefore delocalised between both Medox

units, but the quadruple bond must bully polarised this is further confirmed by the presence of

only a singlehyperfine coupling. The electron is transferred between the twoolybdenumatoms
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coordinated to thev ] $ & } RMe{N) in the pyridazinewith the molybdenun atomscoordinated to

the sulphur (MeS) remaining uninvolvedFigure 3.18). The Muliken spin density confirms

polarisation of the dimolybdenum quadruple bond with the spin densities calculated l¥eand

0.32 for MeS and MeN respectivelyThe Mulliken pin densitesindicate polarisation of the Mdo

bond but not to the degree observed experimentalyZ % }o E]e S]}v }uO E *p038 }( 3
nature of the ligandwhere a considerable contraction of the Nlbbond is observedhis is the first

example of a class Il complex containing dimetal redox centres where the bond is polarised to such

an extent that it results in only one half of the MM bond being involved in ET.
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3.5 Conclusions

Three dimolybdenum dimerfMoz(Piv)s]2(uz-Dop), [Ma(Piv)s]2(uz-Phtha) and [Mo2(Piv)s]2(u2-Pdt)
have been synthesised by stirring the deprotonated ligand wio2(Piv)s(MeCN)][BF] and
characterised byH NMRspectroscopy. All complexes displayed complicated sped¥¥is spectra

with mixture of transitiors in the visible regiariThe spectra weregationalised by DF&nd shown to
have transitions arising fromransitions such aso>w W BDJZMo,-w \Wyridazine ¢ andMox- <« W
Mo,-w.ZThe electrochemistry shows thgdMoz(PiVs]2(-Pdt) ~4c = 0.517 V)shows greater
thermodynamic stabilisation of the MV state thdnox(PiV)s]2(1-Dop) ~ 4. = 0.444 V) whereas,
[Moz(PiV)s]2(M2-Phtha)  ~ 4. = 0.366 V) shows a decrease in the thermodynamic stabilifyl
complexes are believed to have a significant degree of through space coupling, as the calculated
through space Mg--Mao, separation is the longest ifMo2(PiV)s]2(-Phtha) and the shortestin
[Mo2(Piv)s]2(M2-Pdt)which could significantly impact the degree of coupling between the redox centres.
The W-VisNIRIR spectra of the MV complexes shfiMoz(Piv)s]2(z-Dop) and [Moz(Piv)s]2(u2-Pdt)

are fully delocalised (Class lll) wheredbjo2(PiV)s]2(u2-Phtha) shows localisation of the electron
(Class INThe EPR spectra fiflo2(Piv)s]2(u2-Phtha)™ and [Moz(PiV)s]2(L2-Dop) show the complexes

are localised and delocalised respectivelyhereas, at first the EPR spectrum for the complex
[Mo2(Piv)s]2(L2-Pdt) appears to show localisation, it in fact shows that the electron is evenly shared
between two molybdenum atoms from different redox units. Thisrsmaarkableexample of electron
localisation in a fully delocalised system and is believed to be one dirieexamples Electron
transfer is typically described as either localised or delocalised between two redox centres, but this
chapter shows that there is unequal distribution of the electron between the redox cepitossding

an example ofhow electronc coupling can be further tunedThis fundamental study therefore
provides valuable insightinto ET, rectification and will be important in the design on functional

materials.
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3.6 Experimental

See chapte8 for the methods and materials section.

3.6.1 Synthesi®f 3,6-Pyridazinedithiol (H.Pdt).

3,6-dichloropyradazine (7.5Dg, 0.05 mol) and sodium hydrogen sulphide monohydrate (1B3

0.25 mol) were added ta Schlenk tube and suspendedar2:1 mixture of methanol and water (120

mL). The suspension wheated at reflux for 15 hours at which point the solution was acidified using
hydrochloric acid (1 M, ca. 80 mL) until no more yellow precipitate formed. The suspension was cooled
to room temperature followed by cooling te18 °C overnight. The yellow pipitate was isolated by
filtration and washed with cold methanol (3 x 30 mL) followed by diethyl ether (3 x 100 mL) to afford
the product as a bright yellow solid. Yield 3.67 g (48H4)YMR (400 MHz, DM&fgs w {8 X2H), ~+ U

7.54 (s2H).

3.6.2 Synthesis ofMo2(PiV)s]2(2-Phthal) (6)
Moz(PiV)4 (0.728 g, 1.22 mmol) and [MdgPiV)2(MeCNj][BF]2 (1.000 g, 1.22 mmoljere added to a
Schlenk flask and dissolved in a mixture of dichloromethane (20 mL) and MeCN (10 mL), the red
solution was refluxed for 17 hours drtooled to room temperature-hbPhthal(0.198g, 1.22 mmol)
and NaOMe (0.13g, 2.45 mmol) were suspended in MeOH (20 mL) and stirred at room temperature
for 17 hours to yield a colourless solutiomhich was then added dropwise to the [M@iV)s]*. This
resulted in an immediate colour change dark orangeand the resulting solution was stirred for a
further 20 hours. The solvents were removed under reduced pressure and the products extracted into
a mixture of hexane and dichloromethane (10 ml, &dd purified by column chromatography (eluent

] Zo}E}u $Z v 1Z £ v ~AITWAiT ~AlA «oll§dting tZeofr€E pran§& bandihe
solvent was removed under reduced pressure and washed with hexane (3 x 10 mifjeahth afford
6 as a orangesdid. Yield 0.210 g (16 %) NMR 400 MHz, DMS@s+ w 6 Xid ~ U : A2H)XiU iXi ,I

7.82 (dd, J = 6.0, 3.4 F2H), 1.29 (s36H), 1.29 (s, 8H). MALDITOFMS calcd. monoisotopic MW for

136



M04GssHss014N2, 1150.7 found m/z 1150.3 (M+). Elemental analysis €al. FOrMo4GssHssO14N2, C,

39.66; H, 5.08; N, 2.43; Found C, 39.68; H, 5.27; N, 2.31.

3.6.3 Synthesis ofMo2(Piv)s]2(u2-Pdt) (7)
Moz(Piv4 (0519 g, 0.87mmol) and[Moz(PiV)2(MeCNg][BF]2 (0.710 g, 0.87 mmolyere added to a
Schlenk flask and dissolved in a mixture of dichloromethane (20 mL) and MeCN (10 mL), the red
solution was refluxed for 17 hours and cooled to room temperattk®DT(0.166 g, 0.87mmol) and
NaOMe (00959, 1.75mmol) were suspended in MeOH (20 mL) and stirred at room temperature for
17 hours to yield a colourless solutiowhich was then added dropwise to the [M@iV)s]*. This
resulted in an immediate colour change dark greenand the resulting solution wastirred for a
further 20 hours. The solvents were removed under reduced pressure and the products extracted into
a mixture of hexane and dichloromethane (10 ml, 1:1) and purified by column chromatography (eluent
] Zo}E}u 3Z v 1Z £ v ~iiWdidmetAdnkmexiane §0:20 (v/v))collecting the first
blue band Thesolvent was removed under reduced pressure and washed with hexane (3 x 10 ml) and
dried to afford6 as an dark bluesolid. Yield.134g (14 %)*H NMR 400 MHzZDMSGOds» w 6 X2iH)~+ U
1.33 (s,18H), 1.31 (s36H). MALDITOFMS calcd. monoisotopic MW for M@G4Hse012NS, 1132.8
found m/z 1132.2(M+). Elemental analysi€alcd. FOM04G4Hs6012NS, C,36.05 H,4.98 N, 2.47,

Found C36.17 H,5.13 N,2.29
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The influence adbridgingligand topologyn electron delocalisation in mixed
valence complexes

4.1 Abstract
A series of dimolybdenum dimers of formuldd.(PiV)s]2(-bridge) (where Piv #rimethylacetate
bridge = pyrazine2,3-diol (8), 23-dihydroquinoxaline(9) and 23-Pyridazinedithiol(10)) have been
synthesised and characterised By NMR spectroscopifhe stability of the mixed valent (MV) state
generated following a one electron oxidation has been probed by cyclic voltammetry, vath th
Ju%uv o ] %0 Q@ DVAP7 Min8, 0429V in9and 0.50V in10. The UWIisNIR spectra of
8" and 9" exhibit a relatively intenseharge resonance band in the NIR region with low energy cut off,
consistent with full delocalisation of thelectron between the dimetal units (Class IGpmplex10*
exhibits a relatively intense symmetric charge resonance band in the NIRpthgound has been
assigned as class [Whe complexes have a cross coupling matrix parametg)y 6f 2043cn? for 8"
2036 cmi for 9* and 2223 cm* for 10°. Electron paramagnetic resonance spectroscopy of the MV
species indicate the electron predominantly resides in Mo } E ]5 o Aacsaf of 1F31.94.
Complexes8*, 9"and 10" have two hyperfine couplings of between 1.09 mT and 1.45 mT indicating

the electron is fully delocalised over all four Mo atoms
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4.2 Influence obridgingtopology on electron transfer

In chapter 2 the introduction of asymmetry to the bridge by the ifidd of electron donating and
withdrawing groups was discussethie complexes were expected to have substantial stabilisation
resulting from through space coupling. In chapter 3 the effect of internuclear sepaiatitbnough

space coupleddimolybdenum MV complexeswas explored. In both chapters the electronic
stabilisation observed for these complexes was expected to have a significant through space
contribution. Structural isomerism can lead to large changes in the internuclear separationhiand t

chapter explores the effecthis hason the stabilisation of the mixed valent state

The study of redox $]A u}] 8] « o]vl C }ViuP & <« eCeS ue Z « & A
many decades due in a large part to the mixedence (MV) complexes that cdie generated
following oneelectron redox processés. The majority of studies have explored linear systems,
largely of [WMMae> E] PsLd @rhitecture where the redox groups are often metallic in nattife.
Typically, these bridgescorporate asubstitutedp-phenylenemoietydue toits }vipP 8§ <« «CeS u
and its high functionalityThe substitution pattern of the phenylene moiehas been shown to
facilitate electron transfer (ET) in the caseantho and para substitutions or impede ET likeeta

substituted phenylené?

Lapinteet al. have reported two complexes with the formuld,{{-dppe)({>-GMes)FetCXCt]2(GHs)

Figure4.1), one complex employs para substituted phenylene bridge, while the other employs a

metasubstituted phenylene bridggt!

Figured.1: The [ {-dppe)({>-GMes)FetC Ct]2(GHs) complexes reported by Lapinte et al.
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The thermodynamic stability of the MV state was probed electrochemjdailyh complexes exhibited
two one electron oxidation events corresponding to geguential removal of electrons from the'Fe
centres. The larger the difference between the two half wave potentids) between thetwo
oxidative eventsthe greater the thermodynamic stability of the MV stathe magnitude ofwhich

can judiciously be used @mssesshe degree of electronic couplinglZ & %o } dz%alues are 0.26

V and 0.13 V for thparaand meta substituted derivatives respectively. Despite timeta derivative
having a Fe-Fe separation of 10.4, which is shorter than th@araderivative(11.6A), it showed a
considerable decrease in the thermodynamic stability of the MV state. Absorption spectra of the MV
complexes showed a charge resonance band (class lll) fqateederivative and an intervalence
charge transfer band (class Il) for timetaderivative. Analysis of the charge resonance bands showed
that the para and meta derivatives hadtrosscoupling matrixparameters(Has) of 1008 cmtand 161
cn! respectivelyt?® The complexes were analgd by scanning tunnelling microscopy (STM) to
determine whether themeta substituted complex exhibited through space coupling. Forpghmsa
substituted complexSTM analysis confirmed the class Il assignment, the analysis ahele
substituted complex confirmed the class Il assignment but showed no sigroofth space coupling.
The authors conclude that through bond electron transfer occurs in both casebdespite the
extended distance observed for tiparasubstituted complex it showed significantly greater coupling,

reinforcing that the topology of the ligand is essentiatuaing the degree of electronic coupling.
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Figue4d2W dZ C o] W}oC u] S} €] P -L¥cbrhplexes ieeitedby. Jotton et al. where the bridges
are2,3dioxy-1,4-pyrazinate (A) or 4;8ioxypyrimidinate (B).

Structural isomerism of the litge and how it effects dimolybdenum dimers is less well explored.

Cottonet al.reported two complexes with the structuréo(DANIR)> ~2-L) (Where DAR =N,Ngdi-

p-anisylformamidinate the bridging ligand was either 2,3-dioxy1,4-pyrazinate (A) or 4,6-

dioxypyrimidinate(B) (Figue 4.2).14 The stability of the MV state was probed by cyclic voltammetry,

complexA Z 42 0f 0.258 V and compleB Z # 0f 0.187 V. CompleRis expected to have

a considerable degree abulombicinteraction as a result of the decreased Mavio, separation,
which]e A% 3§ 3§} ]v (mobse®&d folB. The authors describe the bridge in comphex

as having anetasubstitution } ( §Z v ] 3§ @Grdxhe pridge iBas having parasubstitutionof the
nitrogen atomslt is believed that ameta * 4 «S]1Sus v]SE} P vBddoreajesithe ndmber

of possible resonance structures which affects the energetics and symmetry of the compound
resulting in a decreasdtiermodynamic stability of the MV state. As a result of the bulky DAnIF ligand,

the compound containing thmeta substituted bridge could not be synthesised.
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4.3 Aims

Theeffect of substituted phenylene bridgehas been well studied fanonometallicredox centres
but the effect of ligand topologyn dimolybdenum emplexes remains relatively unexplorediven
the dramatic effect that changing the ligand topology has on monometallic spaciexiety of

structural isomers of the bridges employed in chapter 3 will be employed as the bridging sigend

this chapter These ligads have a 2;8lihydroxy or 2,ithiopyridazine cordFigure4.3) which will

allow for electron transfer to occur across a linear bridgel are unexpected to facilita through

space electron transfer as a result of the increased-Mdo, separation.

Figure4.3:(Top) The bridging ligands employed in chaBt@Bottom) The bridging ligands targeted for chapter

Hectrochemical and spectroelectrochemical studigdl be used to probeslectron delocalisation
between the dimetal unitsn the MV state Based on pevious studies, differensan the electronic
coupling would be evidenced by changes in k&, values obtained by cyclic voltammetaynd the
crosscoupling matrix,Ha,, obtained by the analysis of th&/CT transition in the NIR regidrhe
delocalisation of the electron will be probed using EPR spectroscopy and theoretical calculdtisns.
series of compounds will provide a rare opporturtityprobethe effect of bridging ligand topology on
dimolybdenum dimers andwill also allow for comparisons to be drawn regarding the effect the

through space component has on the complexes reported in chapter 3.
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4.4 Results andidcussion

4.4.1 Synthesis

2,3-dihydroquinoxaline (H,Doq) was prepared according to a literature procedure by the

condensation reaction between oxalic acid arid2-diaminobenzene (Scheme 4.1).15 2,3-

Pyridazinedithiol(H:Pzt)was synthesised through a nucleophilic aromatic substitution reaction, by

refluxing 1,4dichloropyradazine with sodium hydrogen sulphide in a 2:1 MeO#D hhixture

following a literaturepreparation{Schemet.1).1°

Schemet.1: The syntheitc route t8,3-dihydroquinoxalindHDoq) and2,3-Pyridazinedithio(H,Pzt)

H.Pzt was deprotonated in a methanolic solution of sodium methoxide, prazine2,3-diol (H.Pdo)

and HDog could not be deprotonated in the same manner due to the insolubility of the acid and
sodium salt in methanol. Thereforeylbbq was deprotonated witln-butyllithium in THF and ##do

was deprotonated using tetrabutylammonium hydroxide in methaffiglo,(PiV)s]2(42-Pdo) 8), and
[Moz(PiV)s]2(L2-Pzt) @0) were synthesised by stirring the red monocationic intermediate
[Moz(Pivy(MeCN)][BF] with (NBu).Pdo and NgzPzt. [Mox(PiV)s]2(12-Doq) @) was prepared in a
similar fashion by stirring the monocationic intermediate [NRiv}(MeCN)][BR] with LiDoq as

reported in literature!’ The reaction resulted in an immediate colour charge (ed,9 = orange and

10 = green) and the reaction was stirréar a further 17 hours to ensure completigB¢heme4.2).

The solvent was removed vacuoand the'H NMR spectra indicated several impurities. The products
were purifed using air sensitive column chromatography to isoites an orange solid (22 %9)as
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an orange solid (18 %) ardd) as a dark green solid (41 %). The modest yields reflect the multistep
reaction which generates humerous-pyoducts as well as the difficulty in purifying the complexes.
Complexs8 - 10 are soluble in THF and DMSO and were found to be analyticallybgugkemental
analysis.The complexediave been characterised Y4 NMR spectroscopy and MALDDF mass
spectrometry. Despite numerous attempts to crystallise compleXes 10 for Xray diffraction,
suitable crystalgould not be obtained although the dim#al units are all expected to be quanar

with one another.

Schemet.2: Synthesis gMoa(Piv)s]2(z-Pdo) 8), [Mo2(Piv)s2 (-Dog) ©) and [Moa(Piv)s](kz-Pzt) 0).
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4.4.2 HNMR spectroscopy

8 de-DMSO
X 10
9 X 10 ds-DMSO
10 X 10 ds-DMSO
Acetone
THF

THF

Figure4.4: 'H NMR spectra of complex@g 10in ds-DMSO LeftA magnified portion of tharomatic region showing
bridging ligand resonances.

The!H NMR spectra of 4/2do and kDoq are consistent with literatur®:!®* The'H NMR spectra for

complexesB t10in ds-DMSO are shown |irigure4.4{ Complex8 has a 2:1Pivintegration pattern at

1.31and 1.28 ppnthat is expected for a monosubstituted dimolybdenum compl&ke Pdé ligand
has two protons on the backbone, which are oh&at as a singlet at 7.54 ppindicating that the
ligand is bound to twequivalentdimolybdenum redox centredhe spectum of 9 a known complex
matches literature withwo singlets at 1.43 and 1.30 ppm in a 1:2 rayipical for a monosubstituted
dimolybdenum complex.’ The bridge resonances are observedhas doublet of doubletyJ = 6.1,
3.4 Hzat 6.83 and 6.19 pprif TheH NMR spectrum df0 exhibits the expected 2:1 Piv resonances
at 1.32 and 40 ppm and a singlet at 7.02 ppoorresponding to the Pzt backbonall complexes
have an impurity at 1.36 pprand 1.11 ppnmwhich areassigned as M@Piv) and free pivalic acid

respectively. These impurities awe result of facile ligand scrambling in the presence of DMSO
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commonly obsered for dimolybdenum complexes containing carboxylate ligadhtsThe impurities
are not observed in the electrochemistmhich is performed in THRpr are they observed in the EA.
Complexl0 has acetone in the sample which originates from an improperly dried NMR Rulog.to

submission for elemental analysis all complexes were dried under high vacuum for 48 hours.

4.4.3 Theoretical calculations

Theoreti@l calculations have been employed to help rationalise the observed spectroscopic behaviour
of complexes8, 9 and 10 and were carried out by Dr Nathan Patmore and Dr Anthony Meijer
(University of SheffieldDFT calculations were performed on model compexd [Band i1}, in

which the pivalatdigands have been replaced by formate groups to reduce computational time. The

calculated frontier molecular orbital energy level diagram éof@and i1 [is shown ifFigure4.5

of of il
L-<Z
Moo- w Z
Mo2- w Z
HOMO / HOM@L separation
0.3910 0.4011 0.4441
Moo~ w
Moy,- w
L-<

Figure4.5: The calculated frontier orbital energy level diagrams of model compodrdgand i1 [

For all three complexes the HOMO and HOM@re both Mo,- worbitals, the orbitals are non
degenerate aghe HOMO results from thén-phase combination of the Mew }@E ][5 otheA]5Z

pyrazine < } (E |Mhereasthe HOMGQL is obtained from the@ut-of-phase combination of the Me
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wand the pyrazine ¢ orbital?® The HOMO/HOM@. separation is indicative of the extent of

electronic coupling between the two redox centres.

The HOMO/HOM@ separations for complexed [ Uari[i i [are 0.4011 eV,0.3910 eV and 0.4441 eV
respectively, in all cases the HOMO/HOM®Geparations are greater than the ndinear derivatives
(7[ Uand 6)[and are therefore expected to show an increase in coupliomplexi i jhas the greatest
HOMO/HOMG@GL sparation and is expected to shastronger coupling thand and & [Phe decrease

in the energy of the HOMO betweei@nd i [is a result of the decreased }v $ ]ffam the sulphur

3p orbital compared to that of the oxygen 2p orbitaFor complexes §nd 6 fhe LUMO and LUMO+1

are the Mo-wZ }E ]§ oWMO#2 i3 the pyrame- ¢ orbital. Whereas, Complex ii[shows

significant mixing between the pyrazing and Mo- W orbitalsas shown ifFigure4.6| resulting in

the LUMO being assigned astheMe Z 1% C & Zi]w 3Z >hDK=1 ]JvP se¢]PVv - ¢ §Z %C
<Z1D}w.dhepyrazinec }E ]85 o A]3Z §Z }EE § Cuu SHOMEPinopads & d ]
the HOMQ9 in 8 put remainedunidentified in complex i [ The mechanism of stabilisation of the MV

state for complexesd find i1 [is expected to be from both the electron hopping and hole hopping
mechanismsHowever,for & fhe mecharmsm of stabilisation is expected to only result from tee

hopping mechanism as thiglo,-w | %0 C E< 1§v% E 3]}v ~ i Xignificantly$maller than the

MOo-W %0 C E<Z]wi1XT8 se o % E $]}vX
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LUMO+2 LUMO+1

LUMO HOMO

HOMGO1

Figure4.6: Gausview plots (0.03 isosurface value$ealected orbitals fot0'.

4.4.3.1 Calculated absorption spectra

The optical transitions fol [ Uarid[ i i [were calculated in THEsIing time dependent DFT (TRFT)

with the calculated transition energies summarisef able4.1{Table4.2land Table4.3|respectively

The experimental spectravifie infrg and calculated spectra are in good agreement in both energy
and intensiy. The calculated spectra predict the transitions at a slightly higher energy as a result of
changing the ancillary ligands from Piv to formate groups, which decreases the energy of the HOMO

and increases the energy of any transiti@mtzurring from theMo,- worbitals. The spectra ford has
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three very intense transitions &41 nm, 414 nm and 432 nm which arise due to pyeazine < W

Mo.,-wZ >D diwD\WWrazine <Z D >addMo,-w W PdZransition respectively. The spectra

also have several lovntensty transitions consisting oMo>w W Pwahd Mo,-« W BwZ

transitions.

Table4.1: Calculated transitions foB' (f > 0.005n THF, transitions are assigned on their most significant character.

Energy / eV

2.381
2.864
2.865
2.994
3.18
3.417
3.630

,max] NM

520
432
432
414
388
362
341

f

0.0413
0.0231
0.1246
0.3019
0.0121
0.0116
0.3845

Transition
HOMO WLUMO+1
HOMGi W >hDK=
HOMGi W >hDK
,KDK W >hDK-=1
HOMOGG& W >hDK
HOMGi W >hDK="
HOMOT W >hDK

Assignment
Moxrw W PwZ
Moxrw W PwZ
Moxrw W PJZ
Morw W %o C-& I
Moxr< W BWwWZ
MorwW W %o C-& I
pyrazine< W BwZ

The most prominent transitions for comples pre the Moz-w \pyrazine < ZMLCTat 458 nm the

Mo.,-w W PdZat 443 nm and thepyrazine< W B WZ>D d394nm The complex has low

intensitytransitionsconsisting othe Mo.-w W PW Z \pyrazine < W B-w #ansitions

Table4.2: Calculated transitions f@' (f > 0.005)in THF, transitions are assigned on their most significant character.

Energy / eV

2.392
2.705
2.794
2.892
3.142
3.712
3.778

max/ NM

518
458
443
428
394
334
328

f
0.0122
0.2541
0.1533
0.0165
0.0374
0.2164
0.0453

Transition
,KDK W >hDK:
,KDK W >hDK:
,KDK W >hDK:
HOMGi W >hDK
HOMGi W >hDK
HOMGT W >hDK
HOMOT W >hDK

Assignment
Morw W PWwZ
Mo w VWWrazine < Z
Mo>-w W D¢Z
Morw W PWZ
Mor-w W W C-EZI
Pyrazine<c W B-Ww?Z
Pyrazinec W B-WwZ

Complexi i [shows a large degree ofbital mixing like that observed ford,[andthe most prominent

transition is thepyrazine < W DB-W EMCT at 356 nnT.ne complex containsther strong transitions

at 591 nm 458 nm and 457 niwhich corresponds tthe Mo,-w W Dw Hyrazine < ZandMo-w W

pyrazine < ZMo,- w #ansitions.
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Table4.3: Calculated transitions fot0' (f > 0.005n THF, transitions are assigned on their nsighificant character.

Energy/eV  max/ NM f Transition Assignment
2.098 591 01476 ,KDKW>hDK Moxrw W Dw Hyrazine<Z
2.654 467 00327 ,KDKW>hDK=" Morw W DJZ
2.703 458 01499 ,KDKW>hDK= Moxrw Wrazine<Z IR, Mor-w W DPJZ
2711 457 0.1823 ,KDKW>hDK=" Moxrw Wrazine<Z|D}w, Mo-w W DPJZ
3.228 384 0.0158 HOMOiW>hDK = Mo>w Wrazine<Z|D}w
3.372 367 0.0298 HOMOGTW>hDK pyrazine< W D-Ww pyrazine <Z
3.474 356 0.2560 HOMOTW>hDK = pyrazine< W RWwZ

4.4.4 Electrochemistry

fef

-06 -04-02 0 02 04 0.6 0.8 -04 -0.2 0 02 04 06
E/V (Vs. Fc/Fg E/V (Vs. Fc/Fy

Figure4.7: CV (left 100 mVs) and DPV (rightt0 mV<') of complexes (black),9 (red) and10 (blue) in0.1 M NBuPFR/
THFsolutionat a concentration of 5 mivand referenced against the Fcffeouple (0.00 V).
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The cyclic voltammograms and differential pulse voltammogran® 8fand 10in 0.1 M NBuPF /

THFare displayed ifFigure4.7| and the data summarised |ifable4.4] All complexes show two

successive one electron oxidations corresging to the removal of electrons from tiéo- worbitals.
As the complexes have a quasversible second oxidation the/H2) could not be determined and
instead the potentials are reported as the cathodic peak potentigld, ({hich in turn were uséto

estimate the values o ,. As thek: can only be strictly determined for reversible redox processes,

the discussion will revolve around th4&,, although thek: is included ifirable4.4{for comparisor??

Table4.4: Cyclic voltammetry data for complex@s9and10in 0.1 M NBwPFR/ THF solution at a concentration of 5 mM,
and referenced against the Fcfieouple (0.00 VICyclic voltammetry data for complex&<$ and7 is included for
comparison.

Complex Er(1)/V E(1)/ V Ec(2)/V &l V K:(x 10)

8 -0.268 -0.230 0.247 0.477 115
9 -0.141 -0.135 0.294 0.429 17.9
10 -0.249 -0.232 0.318 0.550 1990
3 -0.165 -0.133 0.311 0.444 321
6 -0.114 -0.041 0.325 0.366 1.54
7 -0.011 0.021 0.538 0.517 550

The calculatedVo,---Mo, separation for complexe8 t 10 are given ifiTable4.5( These values range

between 7.916 A and 6.871 A and are too great to facilitate through space electron coipling.
Therefore, wmlike the nonlineaderivatives 8, 6and7) the linear derivatives3( t 10) are expected to

havea negligible through space electron transf@mponent stabilising the MV state.
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Table4.5: The calculated through space MeMo, separationfor complexe$ t 10.

Complex Moy - Mos/ A Mo25* - M0o25*/ A
o[ 6.912 6.836
ol 6.871 6.792
i 7.916 7.828
i[ 3.635 3613
o[ 3.645 3.667
o[ 3.353 3348

Thefirst oxidation potentials foB, 9 and10are E» (1) =-0.268V, -0.141V and-0.249V respectively.
Theseare cathodically shifted compared to tirenonlinearderivatives 3 (-0.165V),6 (-0.114 V) and7
(-0.011V). The oxidation potentials match theends shown irthe DFT where the absolute energy of
the HOMO ofinear bridges3 (-4.963 eV)9(-5.012 eVand 10 (-4.963 eVre higher in energy than
their nonlinear counterparts (-5.040 eV)6 (-5.050 eV)and 7 (-5.040 eV) and aréherefore more
easily oxidised? This is believed to be a result of increased mixing of the-Mand the pyrazine«
orbitals increasing the absolute energy of thi®.- w&omplexX has a decreased electron density on
the dimolybdenum core compared ®as a result of< back bonding into the extended system of
the ligandand is therefore more difficult to oxidis&2¢ Despite the increased basicity of the ligand
when changing the donor atom from O to S, the oxidation potentia&anfd 10 show little variation

unlike that ®mmonly observed in literaturé.#34

The 45,cfor 8,9and10are0.477 V, 0.429 V and 0.550 V respectivitle magnitude of thedg,cvalues
for all complexes show considerable thermodynamic stabilisation of the MV stiatkeareindicative
of class Il compoursd’2*3¢The 45,.for 3, 6 and7 are 0.444 V, 0.366 V and 0.517bdth the linear
and nonlinear derivativedollow the same trend with the sulfonated bridgegand 10) having the
greatest thermodynamic stability of thdV state and the bridge containing the phenyl group having
the weakeststabilisation (6 and 9). This is in agreement withthe HOMO/HOM@L separation

determined by DFT, where thEQ had the largest separation ar@lhad the smallesfor the linear
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bridges and7 had the largest separation an@ had the smallest for the nonlinear bridgeghe
decreased coupling observed foomplex6 is a result of the increased distances between the redox
centresas discussed in chapter @/hereas, the decreased thermodynamic stabilisation observed for
9is beleved to be a result of only the hole hopping mechanism being thermodynamically accessible
resulting in a decrease in stabilisatiovide infrg. The increased thermodynamic stability of the
sulfonated bridges is a result of the increased overlap provigetd sulphurs diffuse-prbitals which

is commonly observed in literatufé?’®* The linear derivatives show an increased thermodynamic
stability when compared to the nonlineaerivativeswhichis believed to be a result of increased
mixing of the Me-w v 3Z %-G EAE]}S o+ Jv E +]vP §Z clouswQettéB PC }( SZ
et al. have shown that the use of structural isomers for the bridge can have a pronounced effect on
the thermodynanic stabilisation of the MV statby using the compleXMoz(DANIR2( .2:Bridge)
(DANiF =E U-di(p-anisyl}formamidinate) wherethe bridgeis either 4,6dioxypyrimidinate or 2,3
dioxypyrazinaté When the bridge wag,6-dioxypyrimidinatethe 4 1,was0.187 V and when the
bridge waschanged to2,3-dioxypyrazinateghe 4 1, increased t00.258 V. The increase in thé 1,

was attributed to the ortho arrangement of the2,3-dioxypyrazinatecompared to themeta
arrangement o#4,6-dioxypyrimidinate It should benoted that they believe the electronic coupling of

the complex containing thd,6-dioxypyrimidinatebridge containedconsiderableelectrostatic and
through space coupling. The difference in the,, between[Moz(DANIR)( .2=2,3-dioxypyrazinate)
and8 arise as a result of changing the ancillary ligands which is well documented in litetattie.

both the linear and nonlinear derivatives havenata and paraarrangementrespectivelyit becomes
apparent hat the relative orientation of the donor atoms on the ring also play an important role in

facilitating through bond electron transfer.
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4.4.5 UV-Vis Absorption spectroscopy
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Figure4.8:The W-Vis spectra o8 (black),9 (red) and10 (blue) in THF

The UW/is spectra of complexeés- 10in THF are displayed|Figure4.8|and the major trangions

assigned ifFigure4.9] Due the number of transitions and the degree of orbital hybridisation the UV

assignments were aided by T0-TThe UV spectrum &is consistent with literaturé® All complexes

have a ci®Piv <« W WFVASE ve]3]}v 3300 nmjbut due to a strong pyrazine W RB-WwZ

transitions at ~330 nm, neither the pyrazine W DB-M Hor the transPiv < W WFASE ve]3]}ve v
be assignedThe predominantMgw W % C-& IDv> d (}E }8,%and@oecur at 430 nm,

438 nmand 461 nm respectivelyThe MLCT for complex8and 10 are blue shifted in comparison to

3and7as aresult of the increased pyrazind v EPCX tZ E U §Z DisredshiEd }u% o /E
in comparison to6, as a result of the increased orbital overlap between the metal and the ligand
raising the energy of the Mew v o0}A E]JvP §Z \PYERZME < Z ¥hé Zowest energy

transition observed for complek0 occurs at 632 nm and arises from thkw,-w W Dw Dlyrazine

<Z u]AFransiton. TheMo,-w W DW Fansitions are low in intensity and obscured more

intense transitions in comple&and9. TheMo,- WWMo,- < ZAransitions are observed at 494 nm and
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484 nm for complexe8 and 9, the Mo>- wWMo,- < Zfor complex10 is overlaid with the MLCT. &h
transitions for complexX0 are more intense than complek as complexiOis coplanar it therefore

hasincreased conjugation between the metal and the ligand.

Figure4.9: The UWis assighments for compks8 (top left),9 (top right) andlO (bottom).

4.4.6 Spectroelectrochemistry

In order toquantify thecrosscoupling matrix parameteiHa,) of complexes, 9and10and their redox
products, spectroelectrochemicatudies have been carried out. The V&ENIRIR spectra of
complexes§- 10]" (n= 0, 1, 2) were collected from 1 mM solutions in 0.1 M JRBYTHFfor the UV

Vis-NIR region, and in the IR from 10 mM solutions in 0.1 M:RBUTHF.
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Figure4.10: The UWis NIR SEC (solid line) and the IR SEC (Dashed line) of 8ampl&MNBwPF / THF8 (blue),8*
(red) and8?* (green). Top Right: A magnified portion of the IR spectr@*fshowing the chrge resonance transition (red)
the Gaussian curves useddeterminethe integral (Black dashed lineand the sum of the Gaussian curves (black solid
line). Theregionaround 3000 cm is not shown due to strong TKIH vibrations

The UWis-NIRIR spectra 08, 8" and 8* are displayed iffrigure4.10| The sequential formation &

and 8%" in the spectroelectrochemical studies is evidenced by the ampea of two separate
isosbestic points in th8 W8"and 8" W8%* spectra at 19455 crh(514 nm) and 18587 ct(538 nm)
respectively. Upon oxidation fro® W8* several spectral changes occur in the-\4%¥ NIRthe most
prominent of which is the growthharge resonance barid the NIRat 4086¢cnm (2447nm). The band

is assigned as a charge resonance band as it is relatively intens€aussian, exhibits sigiti&nt low
energy cut off and disappears when the complex is doubly oxidised. T#&EQVand {REGare in
excellent agreement for the charge resonance band. The MLGidabserved a23256cm? (430
nm) following the8 W8* oxidation the MLC@ecreasesn intensity but shows no change in energy.
The LMCTpyrazine < W DR-Ww At 2024Zm* (494nm)decreases in intensity and red shifts20000

cm? (500 nm) A new peak grows in at 18382 2if544 nm) and can be observed as a shoulder on the
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LMCT transitionthis has been assigned asexondLMCT transition (pyrazine W D-jw e
with the hole hopping mechanism. As the MLCT is still present the electron hopping mechanism also

occursindicating that the MV complex is stabilised by both formalisms and ET can occur through both

the pyrazine< v <«Z } E Fllowind theB* W8 oxidationthe two LMCTtransitions(pyrazine <

W Diwand pyrazine< W DB-Ww)?both decrease in intensitwith the peaks becoming a single

indistinguishable peak at 196&51* (508 nm). ThéMILCTurther decreases in intensity but shows no

change in energy. The spectra regained its original features following the reduction back to the neutral

species buhad bleached t@a.70 % of the original concentration.

Figure4.11: The UWis NIR SEC (solid line) and the IR SEC (Dashed line) of 8amplédMNBwPF / THF9 (blue),9*
(red) and9?* (green). Top Right: A magnified portion of the IR spectr@*fsihowing the charge resonance transitioad);
the Gaussian curves useddeterminethe integral (Black dashed lingaphd the sum of the Gaussian curves (black solid
line). Thaegionaround 3000 cm is not shown due to strong T vibrations

The UWisNIRIR spectra 09, 9* and9?* are displayed i

ffrigure4.11

The sequential formation &

and 9%* in the spectroelectrochemical studies is evidenced bg #ppearance of two separate

159

}ve]eS vS§



isosbestic points in th® W9"and 9" W9?* spectra at 18939crh(528 nm) and 15923 ci(628 nm)
respectively. Upon oxidation fro@ W9* several spectral changes occur in the-\4%¥ NIRthe most
prominent of which is the growth charge resonance band in the NdRZ2 cm' (2456 nm). The band
is assigned as a charge resonance band as it is relatively intens€aussian, exhibits sigiti&nt low
energy cut off and disappears when the complex is doubly oxidised. T¥&EQVand {REGare in
excellent agreement for the charge resonance bahae MLCT fo® is observed aP0661cn? (484
nm) following the9 W9* oxidation the MLCT decreasisintensitybut shows no change in energy.
The transitions at 2831cm? (438 nm) and 1885 cm* (508 nm) decrease in intensity and show no
change in the energy of the transitiodsnew peak grows in at 17123 (584 nmwhich is relatively
intense this new transitiorhas been provisionally assigned as a second charge resonancevb@Ad (
<« W DR-wa discussion of which can be found beldwsecond less intense peak grows in at 13888
cmt(720nm) which is assigned as an LMCT (pyrazin®/ d2- wwhich is consistent with the DFT as
the HOMO/pyrazine<Z « % & §]}v ]e iX0id s AZ E +-§3 %KEKIWBCIE (Kidd
Following thed* W9?*oxidationthe peaks in the visible regio@2831 cnt (438 nm), 2066t (484

nm) and 19685 m™ (508 nm) and the peak at 17123 ch{584 nm) disappeaentirely. The LMCT

S X

(pyrazine< W RWwe PE}As Jv Jv3 ve]S5C pud } e v} Z vVvP Jv v EPCX dz

original features following the reduction back to the neutral species, but the compound had bleached

to aroundca.80 % of the original concentration.

The transition at 17123 (584 nm) in the spectrum & is believed to arise from the Mo« WWo,-

wexcitation The transition could either ben interconfigurationa(lC) transition where the Me< W

Mo>-w SE ve]S]}v} pEe }v SZ «u E }A VvSE efi@nsition Wywerethe EP & «}

Moz < WMoy~ wexcitationoccursbetween redox centreg§Figure4.12).* If the transition were an IC

transition, a similar feature would be expected in the MV spectrum of(Rigx(HDoq)* As the
transition is unobserved in the MV spectrum of MBivk(HDoq), the transitions provisionally

assigned aa second charge resonance transitidine reason this transition arises in comp$and
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is unobservedn other complexes remains unawered.This is believed to be one of the only examples

of a covalent dimolybdenum complex containing two separate charge resonance transitions.

Figure4.12: A schematic highlighting the charge resonance transitions (CR) and the interconfigurtaional (IC) transition

The UWIisNIRIR spectra ol0, 10" and 10°* are displayed ifFigure4.13[ The sequential formation

of 10" and10?*in the spectroelectrochemical studies is evidenced by the appearance of two separate
isosbestic points in th&0 W10*and 10" W10?* spectra at 14205 crh(704 nm) and 13966 ch(716

nm) respectively. Upon oxidation frof® W10 several spectral changes occur in the-\4¥ NIRthe

most prominent of which is the growth ofralativelyintense symmetriband in the NIRta#446 cm*

(2249 nm). The band issigned as a charge resonance band as it is relatively intense and symmetric
akin to the class IV transitions reported by Learal. like a class Ill charge resonance band, the

transition disappears when the complex is doubly oxidi8etihe charge resonance band will be

discussed in detail isection)4.4.7] The UVSEC and BEGre in excellent agreement for the charge

resonance band. 110 the MLCT(Mo-w W %o C-@&2Nlpy- W) appears at 2692 cm* (461 nm)
following thel0 W10" oxidation the MLCT decreases in intensity but does not change in energy. The
peak at 16129 crh(620 nm, Me-w W DW/pyrazine<Ze+ & +Z] (5« 3§} (6BGdnibroadens

and shows a small decrease in intensity. The peak9dt2 cmt (340 nm,Pyrazine< W R Ww)Z

decreases in intensity. A new transition begins to grow in at ~26000ich is believed to be a new
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LMCT transitionRyrazine< W RWwe }ve]ed v3 A]S8Z Z}o Z}%FeddwiRg theld v]eu X
W10** oxidation the MLCT transition decreases in intensity and is no longer identifiabléddhev

W D} w | %0 C (E< Atansition at15873 cri (630 nm)decreases in intensity and redshifts to 15674

cm* (638 nm) but does not show any signs of further broaderiiiigePyrazine< W R-w #ansition

at 29412 crrt (340 nn) decreases in intensity and becomes indistinguishable from the spectrum. The
new LMCT transitionRyrazine< W D-Wwis centred at 25773 crand has decreased in intensity.

The spectra regained its original features following the reduction back to the neutral species, but the

compound had bleached to aroure® % of the original concentration.

Figure4.13: The UWis NIR SEC (solid line) and the IR SEC (Dashed line) of t6mplekxMNBWwPF / THF10 (blue),10*
(red) and1(?* (green). Top Right: A magnified portion of the IR spectra@oshowing the charge resonance transition
(red), the Gaussian curves useddeterminethe integral (Black dashed lineahd the sum of the Gaussian curves (black

solid line). Theegionaround 3000 cm is not shown due to strong T vibrations
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4.4.7 Calculation of the crossoupling matrix parameter (k)

Figure4.14: The overlayed charge resonance transition8"¢black),9* (red) and10* (blue).The spectrum around 3000 tm
Lis not shown due to strong TIEH vibrations

The charge resonance bands&f 10" are displayed iEigure4.14 the charge resonance bands for

complexes8"and 9*are classified as being classaBlthey are relatively intense, noaussian with
significant low energy cut offClass Ill complexes exjence low energy cut off of the charge

resonance band atHy,.*%4?

Whereas the charge resonance band for complEX becomessharper andnore symmetric, which

is in disagreement with thewvo-state model where more strongly coupled systems should experience
a progressively narrowemon-Gaussian band with an increased degree of low energy cut off. The
variation in band profile compared to the profile predicted by th®-state modelindicates that 10*

has gone past the description forckassicatlass Il compleX.0" hasbeen tentativelyassigned as a

class IV compound where the observed charge resonance band bsaowre symmetric with
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increased coupling due to change in character from vibronentoely electronic as described by Lear
et al** Imilarly, Liuet al.describe these complexes as molecular radicals where the electronic nature

of the complex should be determined on the entirety of the molecule as opposed from the coupling

of constituent diabatic states as shownkigure4.15 The relativelyflat potential energy surfaces

calculated for the twestate model forvery strongly coupled systems does not account for the
symmetric charge resonance band. etwal. predicted tha the symmetric band was a result of both
the ground state and excited stateeing equal in shape, unlike in a class Ill compound where the
excited statetypicallyhas a parabolic curv&Class IV compounds were first reported in 2009 and very
few examples have beeeported in the literaturesince providing a new example of a class IV system
is imperative to fully undersind the pronounced effect of very strongly coupled systems and how

they differ from strongly coupled systerfis.

Figure4.15: The potential energy surfaces for a class Il compaiii)anda class IV compoufdashed)Reprinted with
permission fronmeference Copyright2013 American Chemical Sety.?°
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The Hap of strongly coupled systems (Class lll and Class V) is caIcuIateIEqsmg)M.l (Section

1.3.1) The Ha were determined to be 2043 ctp 2036 cmt and 2223 cmt for 8%, 9" and 10°

respectively[Table4.6). This is in agreementith the findings of the DETwhere compleXd has the

smallest HOMO/HOMQ separation and.0 has the largestThe increasedh,, of 10*when compared

to complex8*is consistent with changing the chelating atérmm O to S commonly seen throughout
literature 293144Whereathe marginaldecreasen the Hy, of 9*'when compared t@*can be attributed

to the addition of the phenyl ring, resulting in the pyraziré becoming much higher in energy
compared to the HOMO preventing the hole hopping mechanism as seen by the loss of the MLCT in

the SEC.

Equatiord.1: Calculation of the electronic coupling parameteg)for a strongly coupled (class Ill and class IV) compound.

These complexes can be readily comparef{ho.(Piv})(2-0xalate)] an analogous complex with a
similarrap, a Hap of 2000 cm and aHOMO/HOMGQL separation of 0.63 e¥/Complex8 has a greater
Hap despite the similaritiebut a much smaller HOMO/HOMDseparation 0.4011 eV indicating that
[(Mo2z(Piv})2(u2-oxalate)] should be more strongly coupled th&riThe use of an aromatidgng with a
donor atom contained within the ringrevents the free rotation of the-C bond increasing the orbital
overlap as the redox centres and the ligand all remain capld(Mao(Piv})2(l2-0xalate)] can undergo
free rotation around the oxalate-C bond where the barrier to rotation is very lowlztween 3.0

and4.4kcalmol?, resulting in a decrease in orbital overlapd thereforedecreasinghe Hap.*+®
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Table4.6: Summary of the NIR absorptions observedfp®* and 10*with complexe8*, 6*and 7+ included for comparison

Complex Hax/cm™?  ax/ M1cm? Hp/cm?  4#%cm?  44,°/ cm?

8" 4086 2338 2043 3338 3072
9" 4072 4408 2036 2710 3066
10 4446 3007 2223 1884 1932
3" 2780 2311 1390 4114 2534
6" 3809 199 638 3866 2966
I 3136 2181 1668 1534 2691

aCalculated from the high energy side of the transition

Thelinear and nonlinear complexdsllow the same trend with the sulfonated bridges" énd 10Y)
being the most strongly coupled and the bridge containing the phenyl group havingdhkest
coupling 6* and9"). The linear complexes8{, 9" and 10%) have a substantially greatét, than their
nonlinear counterparts3’, 6" and 7*) despite having negligible through space couplibdnas been
commonly observed thadrtho and parasubstituted benzene rings have a substantially loemergy
barriers to through bond electron transfer than theireta substituted derivatives.As a result it is
believed thatthe nonlinear derivatives have a higher energy barrier to through bond electron transfer
than their linear counterpartdecreasing théa,. This is in agrement with the observations fd and

9, ashoth MV states are primarily governed by the through bond component, contisxveakly
coupled whereas compleXis strongly coupled as a result of the changes in the barrier to electron
transfer. It should be noted that despite the large decrease in Hyg observed for the nonlinear
derivatives they only show a marginal decrease in ttte@rmodynamic stability amdicated by the

4 155. This shows that there is substantial thermodynamic stabilisation of the MV stateutgmbic

interactionsin the nonlinear derivatives
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4.4.8 Electron Paramagnetic Resonance Spectroscopy

For the EPR experiments, the MV comple®es10*were prepared by thén-situ chemical oxidation

of the neutral complexes by the addition of one equivalent of silver hexafluorophosphatesjAgPF
THF and the resulting solutions immediately characterised by electron paramagnetic resonance
spectroscopyat room temperature. Immediate measuring of the MV ion is imperative due to
degradation which arises from facile ligand scrambling which was observed as new features appearing

in the spectra during prolonged experimeritsThe spectra and their simulations are showﬁigure

4.16[and the g factor and simulated hyperfine couplings showneible4.7

8+

9 10°

Figure4.16: Experimental (solid) and simulated (dashé&hand EPRspectra of8*, 9*and 10*in THFThe abnormality at
321 mT is a quartz impurity.
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The EPR spectra of dimolybdenum species hasengal peakIE0, 75% abundance) atgfactor of
between 1.93t 1.94, the hyperfine couplings®#lo and ®"Mo with 1=5/2, 25 % abundance) are
observed as a sextet surrounding the central p&akhe magnitude of the hyperfine couplings can
indicate the extent of electron delocalisation, a hyperfine of ~2.8 mT indicates that the electron is
localised, whereas vén the hyperfine coupling halves to ~1.4 mT the electron is delocalised between

redox centreg%4?

Table4.7: Summary of the EPR spectra data obtained fronsthrlated EPR spectfar complexe8*and6*- 10*.

Compound g-factor Aso(1) / mT Aso(2) I mT
8" 1.930 1.451 1.348
9* 1.932 1.436 1.297
10 1.932 1.550 1.122
3 1.933 1.447 1.161
6" 1.932 2.641 2.489
7 1.933 2.588 -

The EPR spectrum of comp&His shown ifFigure4.16 it displays a central peak at dagtor of 1.930

with two sets of hyperfine couplings, which arise from the different coordination environments of the
Mo resulting in the polarisation of thieond as discussed in chaptef”2The hyperfine couplings can

be well simulated using two equally weightedist(1)= 2Mo, A«2)= 2MQg independent hyperfine
couplings of 1.451 mT and 1.348 mT, indicating the electron is delocalised across the entire system on
the EPR timescale (~16) which is in agreement with the class Ill spectroelectrochemical assignment.
Compound3* has a less polarised bond than in its nonlinear derivaivit is believed that the large
polarisation observed for compleX is a result ofthe through spacecomponent of the electron

transfer drawing electron density to the central two} o C v pio [fRe nonlinear derivatives.
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The EPR spectrum of compfihis shown ifFigure4.16 it displays a central peak at dagtor of 1.932

with two sets of hyperfine couplings. The hyperfine couplings can be well simulated using two equally
weighted Qiso(1)= 2Mo, A(2)= 2M9 independent hyperfine couplings of 1.436 mT and 1.297 mT,
indicating the electron is delocalised across the entire system on the EPR timescdls)(whih is

in agreement with the class Il spectroelectrochemical assignn@mmpound9®is class Il antlas

two hyperfine couplings of ~1.2 mT which reflect this, butnibalinear derivatives®is class Il and has
hyperfine couplings of ~2.4 mT. There is no discernible difference in the polarisation of the
dimolybdenum bondbetween9" and6* asthe election transfer mechanism occurs primarily through

bond in both cases.

The EPR spectrum of compled is shown ifFigure4.16] it displays a central peak at &agtor of

1.930 with two sets of hyperfine couplingehe hyperfine couplings can be well simulated using two
equally weighted4iso(1)= 2Mo, AJ2)= 2MQg independent hyperfine couplings of 1.451 mT and 1.348

mT, indicating the electron is delocalised across the entire system on the EPR timesca. (0

has been assigned as being class IV as a result of the symmetric charge resonance band, but as the
electron isstill delocalised across four molybdenums no change in the EPR spectra between a class I
and class IV compound should be obseniespite both compounds0*and7* being fully delocalised

the spectradiffer substantially as a result of th@larisation of the dimolybdenum bond? has a fully
polarised bond where two of thai} o C v prefrain uninvolvedn ET despite being delocalised.
Whereas the molybdenum bond k0" shows greater polarisation tha8f as a result of changing the
chelating atom from O to S but not to the degree observedinlt is believed that the large
polarisation observed for compleX is a result of the through space component of the electron

transfer drawing electron density t§ Z VEE o 3A} u}oC vpu[e ]Jv §Z v}ivo]lv @&
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4.5 Conclusions

By the substitution of the labile acetonitrile ligands in [}Rivi(MeCN)][BF], three complexes were
synthesised [Mo2(PiV)s]2(H2-Pdo) (8), [Moz(PiVs]2(u2-Doq) (9) and [Moz(PiVs]2(u2-Pzt) (10). The
electrochemical data indates all complexes have strong thermodynamic stabilisation dfit¥istate.
Surprisingly, the complexe® t 10 exhibit greater thermodynamic stabilisation of the MV state
compared to thenonlinearderivativesdespite having negligible through space interactions. In all

cases the magnitude of thds» is indicative of strongly coupled systems.

The UV-Vis-NIR spectra fothe MV complexes 8 and 9 show a relatively intensaon-Gaussian
transition withvarying degrees of low energy cut off consistent with full delocalisation (class Ill) of the
electron. The W-Vis spectra 08" exhibits a transition in the visible region which has been assigned
as a second charge resonance transitjowhichis believed ® be one of the only examples of a
dimolybdenum dimelhaving two charge resonance transitiod$ie U\-Vis-NIR spectra fothe MV
complex10 exhibits a relatively intense symmetric band the NIRconsistent withextremely strong
coupling between the dimolybdenum redox centres (Class 1V) and is one of very few systems which
exhibit class IV behaviour. The EPR spectra are consistent with full delocalisation of the MV state and
in all cases théonds are less pola®d than their nonlinear counterpartsdicating substantial
through space electron transfer in the nonlinear derivativéhis studydemonstrates that ligand
topology has a pronounced effect on the stabilisation of dimolybdenum complexes. It has shawn tha
despite the increased Me-Mo, separation greater electronic coupling was observed in the linear
derivatives despite having negligible through space coupling. This reinforces that through bond

electron transfer is more efficient than through space eleottransfer.
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4.6 Experimental

See chapte8 for the methods and materials section.

4.6.1 Synthesis ofMo2(Piv)3]2(12-Pdo) (8)

Mo2(PiV)4 (0.728 g, 1.22 mmoBnd [Mo(PiV)2(MeCNg|[BR]2 (1.000 g, 1.22 mmoljere added to a
Schlenk flask and dissolved in a mixture of dichloromethane (20 mL) and MeCN (10 mL), the red
solution was refluxed for 17 hours and cooled to room temperat&éyeazine2,3-diol (0.136 g, 1.22

mmol) wassuspended in MeOH (20 mand tetreébutylammonium hydroxide (2.45 mL. 2.45 mmaol,

1.0 M) was added, the resulting suspension wstiged at room temperature for 17 hours to yield a
colourlesssolution, whichwas then added dropwise to the [M@iV)s]*. Thisresulted in an immediate

colour change to a dark redhe resulting solution was stirred for a further 20 hours. The solvents
were removed under reduced pressure and the products extracted into a mixture of hexane and
dichloromethane (10 ml, 1:1) and pfied by column chromatography (eluent dichloromethane

l1Z £ v ~AIWAi ~AlAse W ] Zo}E}u 3Z v W d,&l ] Zo}E}u 3Z v ~TWE
orange bandThe solvent was removed under reduced pressure and washed with hexane (3 x 10 ml)
and driedto afford 8 as a dark orange solid. Yield 0.295 g (22H8IMR(400 MHz, DMS@s+s w 0 X d
(s, 2H), 1.31 (s36H), 1.28 (s, 8H). MALDITOFMS calcd. monoisotopic MW for M@sHs6014N2,

1100.6 foundm/z 11004 (M+). Elemental analysi€alcd. For MaG4Hse014N2, C,37.1Q H, 513; N,

2.55 Found C37.15 H, 544; N,2.28

4.6.2 Synthesis ofMo2(Piv)s]2(12-Doq) (9)

Moz(PiV4 (0.728 g, 1.22 mmol) and [MgPiV)2(MeCNj][BFR]2 (1.000 g, 1.22 mmolkere added to a
Schlenk flask and dissolved in a mixture of dichloromethane (20 mL) and MeCN (10 mL), the red
solution was refluxed for 17 hours and cooled to room temperat@r&dihydroguinoxaling0.198g,

1.22 mmolwas suspended iMHR20 mL)and caled to-78 ( to this suspension-4Butyl lithium (1.53

mL, 2.44 mmol, 1.6 M) was added dropwise. The suspension was warmed to room temperature

stirred for 17 hourgo yield a colourless solution. The deprotonated ligand added dropwise to the

171



[Moz(Piv)s]* solutionwhich resulted in an immediate colour changea dark orange, theolution was
stirred for a further 20 hours. The solvents were removed under reduced pressure and the products
extracted into a mixture of hexane and dichloromethane (10 mil) &and purified by column
ZE}}U S}PE %ZC ~ op vsd ] Zo}E}u 8Z v IZ £ v ~AeWWITHFAIA«e W
dichloromethane (2:98 (v/v)) collecting the second orange bdhe solvent was removed under
reduced pressure and washed with hexane (3 x 10ami)dried to afford9 as adark orangesolid.
Yield 02649 (18 %)}H NMR 400 MHz, DMS@s+ w 0 X0i ~ U : AH) 6119 (X d s bu, 3.4
Hz,2H), 1.43 (s18H), 1.30 (s36H). MALDITOFMS calcd. monoisotopic MW for M@GsHssO14Ny,
1150.7 foundm/z 1150.5(M+).ElementalAnal. Calcd. FoM04GgHss014N2, C,39.66 H, 508; N,2.43

Found C39.91;, H, 544; N,2.50

4.6.3 Synthesis ofMo2(Piv)s]2(U2-Pzt) (10)
Mo2(Piv)s (0.728 g, 1.22 mmol) and [Me(PiV)2(MeCNg][BFR]2(1.000 g, 1.22 mmolyere added to a
Schlenk flask and dissolved in a mixture of dichloromethane (20 mL) and MeCN (10 mL), the red
solution was refluxed for 17 hours and cooled to room temperat@8-Pyridazinedithiol(0.176 g,
1.22mmol) and NaOMe (@32 g, 2.45mmol) were suspended in MeOH (20 mL) and stirred at room
temperature for 17 hours to yield a colourless solution, this solution was then added dropwise to the
[Moz(Piv)s]*. Thisresulted in an immediate colour changea dark greenthe resulting solution was
stirred for a further 20 hours. The solvents were removed under reduced pressure and the products
extracted into a mixture of hexane and dichloromethane (10 ml, 1:1) amifigui by column
ZE}uUu 3}PE %ZC ~ o v$ ] Zo}E}u $Z v 1Z AichloromdiiaNel iW ~AlAee
dichloromethane/THF (5:95 (v/v)) collecting the first green bafee solvent was removed under
reduced pressure and washed with hexane (3 x 10 ml)caisdi to afford 10 as adark greensolid.
Yield0.573g (41 %)*H NMR 400 MHz, DMS@s+ w 6 X PH)~®.4D (s, 8H), 1.32 (s36H). MALD}
TOFMS calcd. monoisotopic MW for M@4Hs6012N2S, 1132.8 foundm/z 1132.3(M+). Anal. Calcd.

ForMo4GesHse012N2S, C,36.05 H,4.98 N,2.47; Found C36.32 H,4.54 N,2.68
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Ancillary ligand effects on charge transport in hydrogen bonded dohers
dimers

5.1 Abstract

A series of paddlewheel complexes of the form XMBCR)(HDop) (where QCR 2,4,6
triisopropylbenzoate 11, TiPB) otrimethylacetate (14) and H,Dop = 3,6dihydroxypyridazingand
trans-Moz(TiPB(OCL)(HDbp) (where QCL = chloroacetic acid?) or phenylpropiolic acidl@)) have

been synthesised and characterised Hy NMR spectroscopy,UV-Vis spectroscop and DFT
calculations. They have been found to forself compémentary hydrogen bonded dimers in
noncoordinating solventsThe stability of the mixed valent (MV) state generated following a one
electron oxidation has v %o &} C C o] A}os3 uu SECU A]8Z 3Zpof}u%o}pv e
0.157V inl11, 0103V in13and 0119V in14. The pectroelectrochemical measurementi® not
display a intervalence charge resonance band anckbetron paramagnetic resonanceegroscopy

of the MV species indicate the electramlocalised on the EPR timescaidicating that the electron
transfer process in these complexes likely occurs via the underexplored mechanism ofqoafnad
mixed valency. We observe that varying treillary ligand has a pronounced effect on both the redox
potential of the complex and the stability of the mixed valence state, although these two factors do

not appear to be related
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5.2 Proton coupled mixed valency

Chapters 2, 3 and 4 have focusedwoined valence (MV) systems containing covalently bound bridging
ligands, but, in recent years MV compounds whstabilizationoccurs over a sefomplimentary
hydrogen bond havalsobeen reported Stabilisation of théMV state over a hydrogen bond can occur

by three main mechanisms: if there is sufficient overlap between the donor and acceptor orbitals
electron transfer (ET) can occt#The stabilisation mechanism can atszcurby proton transfef or

by a mechanism that is lated to the proton coordinate in the selfomplimentary hydrogen bond

called proton coupled mixed valency (PCM¥V).

The stability of the MV statéor all mechanismgan be probed electrochemicalby examininghe
magnitude of the separation between thwo-half wave redox potentials 45/.). When electronic
coupling (overlap of the dondsridge-acceptor orbitals}tabiisesthe MV state an intervalence charge
transfer (IVCT) bandould alsobe observed in the absorption spectod the MV speciesand the
electronic coupling matrixt&,) can be calculated in the same manner as for covalent systdine.
rate of electron transfer can be determined by IR coalescence if the rate of electron transfer exceeds
10'° s8 Proton transfer and PCM¥hechanisms wouldhot exhibit an IVCT transition in the MV
absorption spectra as tlyedo not involve direobrbital overlap between the donor and acceptor redox
centres The rate constant for proton transfand PCM\slikely to bemuch slowerbut perhaps could
be measured byNMR line broadenings achieved for proton coupled electron transfer (PCE’Bor
examplethe rate of PCETni [Fg(Hbim)]?* + [Fe(Hbim)(Hbim)F* (Hbim = 2,2 fbiimidazoling was

found to be 5.8 x M s, which is between the electrochemical and EPR timeséales.

Patmoreet al.have previouslyeported the complexegMoz(TiPBHDONYand [Mo(TiPBYHDop)]2
(where TiPB 2,4,6triisopropylbenzoate, HDON 2, 7-dihdroxy-1,8-napthyridine andHDop = 3,6

dihydroxypyridazing The complexes were shown to form sedimpementary hydrogen bonds in

solution{Figure5.1), andelectrochemical analysis indicated thermodynastabilisationof the mixed

valent state The absorption spectra tfie MV complexes did not exhibit a IVCT transition in the NIR
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and the stabilisation mechanism is believed to be PCKIThe rates of electron transfer in this system
are currently unknown but analysis has shown that it lays between the NMRs{18nd the EPR

timescales (16°s).

7 X
o. MOEMO] |

| |
ﬁ HaNap2O Q7N N0
N [ Mo=wo] 1} ; [Mog,\ﬂo]

Q7N THL A~
[MoéMo] o Os_N_ _Ns_20

A =

[MoéMo] Moy (TiPB)s

Figure5.1 The structures of the [Mo(TiRBJidge} (where TiPB is triisopropyl benzoate, (RithE)ONis 2,7-dihdroxy1,8
napthyridine andLeft)H, DOP = 3@lihydroxypyridzine

dZ W Ds u Z v]eu ] =« E] e N ]%}o-)E |Z VPouSEWwuolU A]SZ §Z
most insightful explanatiomeing provided by DFT modellinghe DFT showed thapartial proton

transfer from the donor complex to the acceptor comptacurs, which generates a dipole resulting

in electron transfelEigures.2).

Figure5.2: the DFT modelling of proton transfer from the donor towards the acceptor resulting in the generation of a dipole
which induceglectron transferFigureReproduced by permission of The Royal Society of Chefnistry.
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5.3 Aims

It is commonly observed in covalent MV systems that electronic matldit of the ancillary ligand

can have a large impact on the thermodynamic stability of the MV statdthough changing the
ancillary is known to affecboth the absolute energy of the Mewand therefore the oxidation
potential and degree of coupling between the two redox centfgsin the PCMV mechanism the ET
event is governed by the proton coordinate, therefore variation in the ancillary ligands should have a
negligible effect on the method atabilisation due to the remote nature of the ancillary ligaifdbe
PCMV mechanism is correct. Using the model compleXTWRBiHDop thetransancillary ligand will

be substituted and the effect of the ancillary ligand on the PCMV mechanism wilbbedpr

Electronic coupling between the dimetal units will be evaluated through electrochemical and
spectroelectrochemical studies. Based on previous studies, diffesgncéhe electronic coupling
would be evidenced by changes in tHg , values obtainedy cyclic voltammetrand an evaluation

of spectral coalescenar the spectrochemical studies
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5.4 Results andidcussion

5.4.1 Synthesis

Schemé.1: Synthesis of M@TiPBYHDop) (11), Mox(TiPBY(HDop)(CIOAE(12), Maox(TiPB)HDop)(PPA (13) and
Moy (Piv}(HDop) (14).

Moo(TiPBYHDop) (11, TiPB = 2,4:#&iisopropylbenzoate, bDop = 3,6-Dihydroxypyridazingwas

preparedaccording to literatureby reacting stoichiometric amounts o&Bbp with the homoleptic

precursor Me(TiPB) (Scheme5.1).* Mox(TiPBYHDop)(CIOAY (12, CIOAc =chloroacetat¢ and

Mo(TiPBYHDop)(PPA (13, PPA phenylpropiolatg were synthesisedy stirring 11 with HCIOAand
HPPAiIn CHC}. Over the course of 48 hours a red precipitate formadd wasisolated by
centrifugation andpurified bywashng the preipitate with CHCL to yield12 as a red solid (91 %hd

13 as red solid (74 %The synthesis 012 and 13 is highly regiospecific with only the trans isomer
being formed. This is believed to be a result of steric interactions as proposed for other

Mo2(O:CR2(O:CR). complexest* Mox(PiviHDop (14) is ananalogouscomplex to11 and can be
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prepared by stirring MgPiv), H.Dop and triethylamine in C#Cb. Thesolvent was removeah vacuo

and the red solid was washed witlexane to yieldl4 as a red solid80 %). The addition of base to
the synthesis ofl4 decreases reaction time but theaction proceedsvith or without base All the
complexes are soluble in DMSO and THF but only compléxelk3and 14 are soluble in CiCb. All
complexeswere found to be pure Y elemental analysid’he complexebave been characterised by
'H NMRspectroscopyand MALDITOF mass spectrometry. Despite numerous attempts crystals

suitablefor Xray diffraction of complexe$1 t 14 couldnot be obtained

5.4.2 H NMR spectroscopy

The'H NMR spectra for complexé&g and 14in CDGland the'H NMR spectra for complex&& and

13in de-DMSO are shown jRigure5.3| The spectra ofl2 and 13 are conductedin DMSO as the

complexes are insoluble in CRAlhe 'H NMR spectrum of1 is consistent withthe literature.*
Complex12 has a number of TiPB environments with tAeCH(CH) protons are observed as two
overlaid septets at 2.90 ppm, thir-CH(CHs) protons are observed as a series of overlaid doublets at
1.21 ppmand the AfH protons are observed as a singlet at 7.09 ppm. CIOAc has two protons which
are observed as a singlet at 4.94nppThe HDop ligand has three resonances; two doublets at 6.80
ppm and 7.59 ppm which correspond to the HDop backbone and a singlet at 10.61 ppm which
corresponds to the NHLhe!H NMR spectrum df3 has twoTiPB ligands with thar-CH(CH) protons
observed at 2.91 ppnthe Ar-CH(QHs) protons are observed at 1.22 ppm and theH\protons are
observed at 7.10 ppm. The PPA ligand resonances occur at 7.59 ppm and 7.76 ppm but the resonance
at 7.76 ppm is overlaid with a HDop backbone proton. Sd¢@nd HDop backbone is observed at 6.87
ppm and the NH is observed at 10.68 pphne'H NMR spectrum of4 has the expected 2:1 Piv
resonances at 1.38 ppm and 1.50 ppm, the HDop backbone is observed at 6.62 ppm and 7.38 ppm

with the NH observed at 11.38bm.
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13 de-DMSO
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cbd

Figure5.3: 'H NMR of Mg(TiPByHDop (11) andMoy(PiviHDop (14) in CDGland the'H NMR ofMoy(TiPB)(HDop)CIOAC
(12) and Me(TiPBy(HDop)PPA 13) in &-DMSO.

5.4.3 IRspectroscopy

The IR spectraf complexesll t 14 are shown inFigure5.4| The expectedC=0symmetric and

asymmetriclactamstretches occur at 1560 chrand 1650 crm for all complexes. All complexes also
have a weak absorption at 3200 2morresponding to thé\-H stretch. There is no evidence of the
OH tautomer in either théH NMR spectra or in the IR spectoa any of thecomplexes which is an
agreement with the findings of Patmoeg al* The asymmetric stretches of the ancillary carboxylates
for all complexesre observed al360 and 1480 crh The alkyne IR handle for compl&Xcan be

observed as a shampedium intensity band at 2215 cin
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Figure5.4: The IR spectra of complexes of complédgblack),12 (red),13 (blue) andl4 (green) in the solid state.

5.4.4 Diffusion ordered spectroscopy

The HDop ligand in omplex11 forms selfcompkementary hydrogen bondgenerating a hydrogen

bonded dimer of dimersvith a high association constant in neoordinating solvents such as £H

and CHG

Figure5.1

4 The addition of coordinating solvents such as THF and DMSO to solutions of

[11], results in the formation of the monomigr paddlewheel complexthe change in hydrodynamic

volume between the dimer and the monomer can be observed by diffusion ordered spectroscopy

(DOSY XComplexi1, 13and 14 were dissolved in CDQ0.5 mL)yand their DOSY spectra collected and

a diffusion coefficient obtainedTothe samesampleDMSO (50.L) wasthen added and the spectra

werereacquired,and the results are shown|ifable5.1
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Table5.1: DOSY data for complexEk, 13and 14.

Compound Solvent Average Diffusion Hydrodynamic Hydrodynamic
Coefficient(x 101°9)  Radius(Ap Volume (R)°
(m?s?)
[11], CDhd 5.70 9.27 3340
11 CDGl+ &-DMSO 7.60 6.95 1410
[13], Ccbd 4.38 9.29 3450
13 CDGE+ t-DMSO 5.42 7.50 1766
[14]2 cbd 4.77 8.51 2582
14 CDG+ &-DMSO 6.35 6.39 1096
2calculated using th&tokesEinstein equation (5.1.Pcalculated using the volume of a sphere
(5.1.2)

The hydrodynamic radiugas determined from average diffusion coefficient ugimg StokesEinstein

equation |Equation5.1]|1), where r is the hydrodynamic radiud)( k is the Boltzmann constant

(1.3806 x 16°m?Kgs’K?h), T is the absolute temperature (K)is the viscosityf the solvent (5.37 x
10* Kgm's'for CDG)®, D is the diffusion coefficient @s1) and V is the volume of a sphed) The
viscosity of the solution was assumed to remain Hzeme following the addition of DMSO as the

volume added would not be enough to significantly affect the viscositg. llydrodynamic volume

was then calculated usifigquation5.1|2 assuming the complexes are spherical.

(1)

(2)

Equation5.1: (1) The StokeBinstein equation and (2) the formula to calculate the volume of a sphere.

For complexL1 the volume of the dimer was found to be 3340 which decreases to 141&F upon

the addition of DMSO which is consistent with dimer being split into two monomeric units as reported
in literature? The hydrodynamic volume of compl&®and 14 both halve upon the addition of DMSO
consistent with the complexes dimerising in rRomordinating solvents like previously reportddue

to the insolubility of complet2in CDGIlthe DOSY spectra could not be obtained.
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5.4.5 Theoretical calculations

iff il il

L-<Z .
Moz-w Z
HOMO / LUMO+1 separation
3.36 3.38 3.17
HOMO / LUMO separation
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Moo- w
L-<

Figureb.5: The calculated frontier orbital energy level diagrams of model compouhdéi [and 17 [

Theoretical calculations have beeamarried out by Dr Nathan Patmore and Dr Anthony Meijer
(University of SheffieldDFT calculations were performed on modemplexes (i [Wi[and i1}, in

which the TiPBigands have been replaced by formate groups to reduce computational time. The

calculated frontier molecular orbital energy level diagram féf U1 [and i1 [is shown ifFigure5.5

For all three model complexes, the HOMO istheeMo v $Z >hDK pewdZX BZ 181} v }(
the electron withdrawing group iri 7 [lowers the energy of the HOMO relative id [ The LUMO+1

for iifand i1[isthe HDop<Z p3 $Zii[f(}EEUMO+1 extends to incorporate both the HDog

and the PPA« Zthe extended< *C+3 ue (E *po3e+ ]venergy@bothtHevHDop<Z v P}

wThe addition of the CI group decreases the energi@Mo,-wU :DRZ v ,-3}% p3 A EC o]33o
variation of the HOMO/LUMO and HOMO/LUMO+1 is observed betwiddand 12 [unlike that

observed betweeni i [and 13".
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5.4.6 Electrochemistry

-04 0 0.4 0.8 1.2 -04 -0.2 0 0.2 04 0.6
E/V (Vs. Fc/Fx E/V (Vs. Fc/Ex

Figure5.6: CV (left, 100 mA and DPV (right, 10 mV¥sof complexe1 (black),12 (red),13 (blue) andl4 (green)in 0.1 M
NBwPFR/ CHC) (solid) and CHCb + 0.5 mL of DMSO (dashed) solutions at a concentration of 5 mM, andrretd
against the Fc/Fcouple (0.00 V).
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The cyclic voltammograms and differential pulse voltammogram$lof 12, 13and 14 in 0.1 M

NBwPF / CHCE (solid) andCHCE + 0.5 mL of DMSO (dashed) solutiane displayed iEigureS.G

and the data summarised|ifable5.2] Complexe$11],, [13]. and[14], show tworeversiblesuccessive

one electron oxidations corresponding to the removal of electrons fromMbe- worbitalsin CHCE.
Upon the addition of @oordinatingsolvent, in this case DMSO only a single peak is observed as the
communication betveen the redox centres is disruptethe addition of DMSO solubilises complex

which is insoluble in GBb.

Table5.2: Cyclic voltammetry data for complexgs, 12, 13and14in 0.1 M NBwPFR/ CHCh and THF solutions at a
concentration of 5 mM, and referenced against the FazBuaple (0.00 V).

Compound Solvent BEr(1)/IV EBR2)/V &plV Ke
[11], Dichloromethane 0.209 0.369 0.157 451

11 THF 0.006 - - -

12 THF 0.057 - - -
[13]2 Dichloromethane 0.269 0.372 0.103 55

13 THF 0.049 - - -
[14]. Dichloromethane 0.139 0.257 0.119 103

14 THF -0.115 - - -

The first oxidation potentials fatl, 12 13and14in THFRare Ei2(1) = 0.006 V, 0.057 V, 0.049 V and
0.115 Vrespectively the redox potential ofLl1is consistent with literaturé.Complexi12 and 13 are

more difficult to oxidise tharl1 which is in agreement with the lower absolute energy of the;Mo
orbitals determined by DFas a result of the electron withdrawing nature of the CIOAc and PPA
ligands!® Complex14 is more easily oxidised #h 11 as Piv isa better donorthan TiPBThe first
oxidation potentialsof the dimericcomplexes[11], [13]2 and [14]; in CHCE follow the same trend

found in THFThe 45, for [11],, [13} and [14];are 0.157 V, 0.103 V and 0.119 V respectively, this
equates to values df: between 55 [13].) and 451[(L1],). The addition of the electron withdrawing
ancillary ligand PPA resulted in a decrease in the thermodynamic stability of the mixed valence state
compared to[11],. Changing the ancillary ligands from TiPB tod&weresults in a decrease in the

stability of the MV state In a previous study by Patmoe al. on the complexe$Moz(TiPBJHDON2
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and [Mo(TiPBYHDON(CIOAc) (where HDON =2,7-dihydroxy1,8-naphthyriding changing the
ancillary ligand was shown to have minimal effect on the stability of the $tAte with
[Mox(TiPByHDon}and [Max(TiPBYXHDon)(CIOAghaving 45,2 of 0.140 V and®.131 V respectively

In this study,the variation of a single ancillary ligand has been shown to change the electronic
properties of the dimetal core, and with the correct tuning it may begible to increase the stability

of the mixed valent state.

5.4.7 UW-Vis absorption spectroscopy

15000 -

10000 A

x/ M1cm?

5000 H

o T 1 1 1 1
280 380 480 580 680 780
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Figure5.7: The UWis spectra ot1 (black),12 (red),13 (blue) andl4 (green) in DMSO.

The UWis spectra of complexdd - 14in DMSO are displayedkigure5.7fand the major transitions

assigned ifTable5.3| Thespectra were conducted in DMSO to ensure complassalution of the

complexes.The most prominent transition in the spectra is th,. wW |, }9%% transition which
occurs at 511 nm, 500 nm, 500 nm and 517 nm for compleke$2, 13and 14 respectively. Th&lo,.

wW , }9%& transition of 12 and 13 is blue shifted compared td1 as a result of the electron
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withdrawing nature of the CHCCQand PPA ligands stabilising the M@ The intensity of théMo,. w
W , }9%s@ transition is consistent betweefl and 12 but the transition is more intense fdr3as a
result of the PPAZ u]ZE]vP A]§Z &ZThe M&wW , }% transition for 14is red shifted
in comparison toll as the Piv ligand is more electron donating than the TiPB ligahe. next

transition at ~450 nm is the HDopW , }%Zwhich showdittle variation between all complexes.

Table5.3: The UWis data forl1 (black),12 (red),13 (blue) andl4 (green) in DMSO.

Compound HDop-< WHDop-<* , Moz wWHDop-<* ,/

/ nm nm
(0 M1cend) (0 M1cend)
11 450 (4250) 511 (6100)
12 450 (4550) 500 (6250)
13 460 (7450) 500 (8800)
14 450 (2050) 517 (3800)

5.4.8 Spectroelectrochemistry

In covalent mixed valence systems the degree of coupling can be determined by evaluating the charge
resonance band in the NIRgion of the absorption spectrudi. Complex11 was shown to be
stabilised byproton coupled mixed valency (PCM\ds a result a charge resonance band is not
observed as there is insufficieoverlap between the donor and the acceptor orbitalse stabilisation

of the MV state is instead governed by the protorardinate.In order to determine if the complex
[13]. and [14], are stabilised by the PCMV mechanispectroelectrochemical studies have been
carried out.The UWIisNIR spectra of compled3]." (n= 0, 1, 2) wre collected in CkCE following
sequential additions of 0.5 equivalents of AgRIE insitu SEC measurementgsulted in the
precipitation of the complexThe UWisNIR spectra of complet4]." (n= 0, 1, 2) were collected from

1 mM CHCE solutions in 0.1 M NB#&F for the UMVVisNIR region, and in the IR from 10 mM.CH

solutions following sequential additis of 0.5 equivalents of AgPF
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Figure5.8: The UWis NIR SEC (solid linégompleX13]x(blue) [13].*PF (red)and [13],2* 2Pk (green) inCHCb.

The UWis-NIR spectra of13], [13]." and [13],?" are displayed iEigureS.S Following the[13]. W

[13]." oxidationthere is no sign of a transition in the NIR consistent with the criteria for PTRhg/.
MLCT fof13]. is observed al9531cm? (512 nm) following thg13], W[13]," oxidation the MLCT
decreases in intensity but shows no change in enéflggHDop <« W , } 9% at 22321 cmt (448 nm)
SE ve]S]}tv E e ]Jv v EPC pS rgy.Fullaving thef3],] W[AB]2?* both the

MLCT andiDop <« W , }%#& decrease in energy but show no change in the energy of the transition.

The groups of Kubiak and Lui have successfully used the coalescence of vibrational bands to estimate
ETrates in the MV species, althoudhis was only possible as ET was faster than the vibrational
timescale(10'°s?) in their systemg8%° The rate of ET for compl¢k1],*was too slow to be observed

on the IR timescale, consistent with the PCMV mechanigdm. SEAR of[13],was run by Dr Luke

Wilkinsonat -30°C in0.1 M NBuPF/ CHChEand the spectra displayed|Figure5.9] The C=0 lactam
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stretches |Figure 5.9) and the PPA alkyne stretclFigure 5.10) are good IR handles for

spectroelectrochemical measurements.

Figure5.9: IRSEGpecta of [13], taken at-30°C in with 0.1 M TBARPFCHCb. Spectroelectrochemical transition frdis].
(red)to [13],* (green) andpart way towards[3],%* (blue)

The IRC=Olactamstretch blueshifts from 1647 crhin [13]2to 1657 cmt in [13],%*, accompanied by

band broadening. The blue shift of the IR stretch has been attributed to reddcedwWiligandt <*

back bondindollowing the oxidatiorf. The C=0 lactam stretch [ib3]," is a superposition of thEL3],
and[13],?* transitions and shows no peak coalescence indicating tteaBET is slower than the IR
timescaleconsistent with the PCMV mechanism. The same trend is observed for the stretch at ~ 1570
cmt and the resonance at ~1610 dnis a ring breathing resonanéelhe IR alkyne stretch ¢£3]s,

[13]." and[13],**are displayed ifFigure5.10| The alkyne stretch of redshifts from 2217 ¢m [13],

to 2210 cmt in [13],%". Thealkyne stretchin [13],"is a superposition of both thEl3], and[13],%*and

once again shows no peakalescencelnterestingly, the alkyne stretch increases in intensity going

191



from [13]2to [13]."and finally[13],2*this is believed to arise as a result of the increasing dipole in the

complex following the sequential oxidations.

Figure5.10: IRSEGpecta of [13], taken at-30°C in with 0.1 M TBARPFCHCb. Spectroelectrochemical transition from
[13]2 (red)to [13]2* (green) andpart way towards[13],?* (blue)
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Figure5.11: The UWis NIR SEC and the IR SEC of cofdglein 0.LMNBwPF / THF[14]; (blue),[14];* (red) and[14]2*
(green).

The UWIis-NIRIR spectra of14], [14]." and [14].** are displayed ifFigure5.11] The sequential

formation of[14]," and[14],%* in the spectroelectrochemical studies is evidenced by the appearance
of two separate isosbestic points in thi4], W[14].*and[14],* W[14].?* spectra at 1899%cn? (565

nm) and 1241cm? (580 nm) respectively. Following tH&4], W[14].* oxidationthere is no sign of a
transition in the NIR. The MLCT {a#].is observed a9047 cm* (525 nm) following the[14]. W
[14]." oxidation the MLCT decreases in intenshiyoadensand redshifts to 1886¢m™ (530 nm) The
broadening is likely the result tdie appearance of &lDop < WMo,- WMCTTheHDop « W |, }9%&

at 22471 cm (445 nm)transition decreases iimtensity, broadens and blue shifts 22727 cm* (440

nm). Following the[14]," W[14].*"the MLCTransition further decreases in intensjtproadens and
redshifts to 18518 crh(540 nm). ThéiDop <« W, }%é transitioncontinues todecrease ifntensity,
broaden and further blue shifts to 22988n* (435 nm). The spectra regained its original features

following the reduction back to the neutral species but at ca. 90 % intensity.
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Figure5.12:ThelR speat of [14] (red)to [14]*PFs (green) and 14],*2Pk (blue)in CHChthe region around 1200 chhas
been removed as a result of strong solvent absorbances

The SEAR of[14],, [14]2* and [14]2%* in CHC} are displayed iTFigureS.lZ The MV and the doubly

oxidised species were generated by the sequential reaction with stoichiometric equivalents ef AgPF
The C=0 and-N stretches of the lactam bridging ligands are emptbys handles for the SEC
measurements. The-N stretch foff14].appears as a broad band at 3235 tfollowing the oxidation

to the MV species and the doubly oxidised species the band broadens making a comparison difficult.

A magnified portion of the spé@ containing the C=0 lactam stretch is shov»iﬁiigure5.13 The IR

C=0 lactam stretch redshifts from 1562-tim [14]. to 1546 cm' in [14].%*, accompanied by band
broadeningThe C=0 lactam stretch|ih4]," is a superposition of thEL4], and[14],* transitions and
shows no peak coalescence indicating the rate of ET is slower than the IR timescale consistent with

the PCMV mechanism.
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Figure5.13: ThelR speat of the carbonyl region of complexgis4]. (red)to [14],"PF (green) and12],%*2Pk (blue)in
CHC}.
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549 EPR

[11]2*-CHCb 11"-THF
11* 12*- THF
[13],"- CHCb [14],"- CHCb

Figure5.14: Experimental (solid) and simulated (dash¥djand Epr spectra dfl*, 12, 13"and 14*. The abnormality at
321 mT is a quartz impurity.
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For the EPR experiments, the MV complek¥s 14*were prepared by thén-situ chemical oxidation
of the neutral complexes by the addition of one equivalent of silver hexafluorophosphatesjAgPF
either CHCE or THFand the resulting solutions immediately characterised by electron paramagnetic

resonance spectroscopy at room temperatidt@he spectra and their simulations are shov\iﬁiiglure

5.14fand the g factor and simulated hyperfine couplimggortedin|Figure5.4

Table5.4: Summary of the EPR spectra data obtained fronsthreilated EPR spectra for complekés- 14"

Compound Solvent g-factor Aso(1) /I mT  Aso(2) / mT
[11],*2 CHCb 1.936 2.360 2.680
[11],*P CHCb 1.9 3.28 2.53

11° THF 1.939 2.470 3.037
12 THF 1.938 2.099 2.850
[13].° CHCb 1.937 2.399 2.648
[14]." CHCb 1.934 2.529 2.729

aThe hyperfine couplings determined in this stihehyperfine couplings reported by

Patmoreet al®

The EPR spectra of dimolybdenum species has one centrallp@akq% abundance) atgfactor of
between 1.93t 1.94, the hyperfine couplings®#lo and ®“Mo with 1=5/2, 25 % abundance) are
observed as a sextet surrounding the central p&akhe magnitude of the hyperfine couplings can
indicate the extent of electron delocalisation, a hyperfine of ~2.8 mT indicates that the electron is
localised, whereas when the hyperfineupling halves to ~1.4 mT the electron is delocalised between
redox centre$22® For a complex stabilised by the PCMV mechanism the hyperfine couplings are

expected to be ~2.8 mT as the rate of ET is believed to be slower than the EPR timescale.
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The EPRpectum of [11],"in CHCLdiffers from the spectum previously reported by Patmoret al.

The reason for the discrepancies is twofold, firstly, the signal to noise ratio was improved allowing for
the hyperfines to be more easily identified. Secondlg bHyperfine couplings reported by Patmore
were estimated from the spectrum, whereas in this study the use of simulation software allowed for
a more accurate determination of the hyperfine coupliigéhe Spectravere also recorded in THF
andindependent hyperfine couplings of 2.470 mT and 3.03Awafle found The axial coordination

of THF results in an increase in the observed hyperfine couplings when compdhedspectra run

in CHCL.

The EPR spectrum of compleX” has twoindependent hyperfine couplings of 2.099 mT and 2.850
mT. The bond is more polarised thalil* due to the addition of the electron withdrawing group

exacerbating the polarisation of thdimolybdenum bond which is discusseddepth in chapter 2.

The EPR spectra of compleX&sand 14"in CHCL displays a central peak at afactor of 1.937 and
1.934 each with two sets of hyperfine couplings respectively. The hyperfine couplib@sané 2.399

mT and 2.648 mT, and the hyperfine couplingd4fare 2.529mT and 2.729 mT. The magnitude of
the hyperfine couplings in both cases indicate the electron is localised on the EPR timesca® (~10
which is consistent with the PCMV mechami#s electron transfer rates for stabilisation mechanisms

that are dependent on the proton eordinate are typically slower than the EPR timeséale.
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5.5 Conclusions

A series of paddlewheel complexes of the form M@.CRj(HDop) (where QCR 24,6
triisopropylbenzoate 11, TiPB) otrimethylacetate (14)) and trans-Mox(TiPBx(OQL)(HDop) (where

OQL = chloroacetic acid2) or phenylpropiolic acidl@)) have beersynthesisedThe complexedl,

13 and 14 were shown to form sel€omplkementary hydrogen boneld dimersin CHCE whereas,
complex 12 was insoluble in noftoordinating solvents. Complexesl, 13 and 14 all showed
thermodynamic stabilisation of the MV statellowing a one electron oxidation in @Eb. Changing

the ancillary ligands resulted tomplexeq13]," and [14]," being less thermodynamically stakile
comparison tq11],*. The MV state is believed to be stabilisedabglipole induced electron transfer
mechanism and shou)therefore, be related tothe Mo,*">* redox potentialsHowever, as the redox
potential of[11]." lies in between that of13]," and[14],", it is apparent that the PCMV mechanism

has further nuances in the stabilisation of the MV stdteese nuances could revolve around the steric
interaction of the redox centres, theKa of the bridging ligand and the and the interaction between
the metal and bidge orbitals.There are hundreds of covalently bridged model MV complexes and
consequently ancillary ligand effects are well understood in covalent systems. Whereas, there are
comparablyfew examples of hydrogen bonded MV complex@sis work presents theecond
systematic study on the effect the ancillary ligand has in hydrogen bonded MV species. Clearly, further

work is needed to understand the effect of the ancillary ligand has on these species.
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5.6 Experimental

See chapter 8 for the methods and matds sectionComplex14 was synthesised in tandem with

Rachel Stocks, a final year project | was supervising.

5.6.1 Synthesis of MgTiPB)(HDop)(CIHCCQ) (12)

Moz(TiPBXHDop) (0.216 g, 0.20 mmol) and finely ground £18GH (0.028 g, 0.30 mmol) weaglded

to a Schlenk tube and dissolved in.CH(30 mL). The reaction was stirred at room temperature for
48 hours, over which time the colour of the solution changed from purple to red. The solvent was
reducedin vacuoto ca. 5 mL resulting in the formati of a bright red solid. The red precipitate was
isolated by centrifugation and the mother liquor was decanted off. The resulting solid was washed
with CHCE (5 mL) and isolated by centrifugation, before dryingracw to yield the product Yield
0.162g (91 %)as a red solidtH NMR (400 MHz, DMS@ » W 1@:63 (s, 1H), 7.59 (d, J = 9.8 Hz, 1H),
7.09 (s, 4H), 6.82 (d, J = 9.6 Hz, 1H), 4.94 (s, 2H), 2.91 (m, 6H),.126m, 36H):*C NMR (100 MHz,
DMSOids « W 182.7, 176.3, 163.4, 157.6, 153.1, 49144.6, 135.7, 128.9, 42.2, 34.2, 32.5, 24.4.
MALDITOFMS calcd. monoisotopic MW forsdEs:CIMoN-Os, 891.10, found m/z 891.4, (W
Elemental Analysis calcd. fossd:CIMaN:Gs, C, 51.21; H, 5.77; N, 3.14; Found C, 51.13; H, 5.71; N,

3.05.

5.6.2 Synthesis 6Moy(TiPB)(HDop)(PPA) (B)

Moz(TiPB)}HDop) (0.198 g, 0.18 mmol) and HPPA (0.027 g, 0.18 mmol) were added to a Schlenk tube
and dissolved in GBEL (30 mL). The reaction was stirred at room temperature for 48 hours, over which
time the colour of the solution changed from purple to red. The solvent was remioveaicug and
hexane (10 mL) added. A red precipitate was isolated by centrifugation andntitieer liquor
decanted. The resulting solid was washed with hexane (10 mL) and the product was isolated by
centrifugation, the mother liquor decanted and evacuated to dryness to yield the prodieiti0.126

g(74 %) as a red solitH NMR (400 MHz, DMS@ » W 173 (s, 1H), 7.817.68 (m, 2H), 7.667.51

(m, 4H), 6.87 (d, J = 10.1 Hz, 1H), 2.90 (M, 6H),tLAB (m, 36H):*C NMR (100 MHz, DMS$@ * W w
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181.1, 171.5, 162.9, 159.2, 157.2, 149.5, 145.1, 144.5, 143.9, 133.1, 131.3, 128.7, 120.82149.3
82.2, 34.2, 32.3, 24.4 MALDDFMS calcd. monoisotopic MW fordEl4M02N2Os, 946.20, found m/z
946.3, (M). Elemental Analysis calcd. faglgsMo2N.Os, C, 57.33; H, 5.77; N, 2.97; Found C, 57.45; H,

5.89; N, 2.64.

5.6.3 Synthesis of MgPivi(HDop) (14)

Mox(Piv), (0.208 g, 0.35 mmol) and:Bbp (0.039 mg, 0.35 mmol) were added to a Schlenk tube and
dissolved in toluene (15 mL), immediately followed by the addition of MEtuL, 0.35 mmol). The
resulting solution was stirred at room temperature for 2duins over which time the solution changed
from yellow to red. The solvent was removigdvacuoand replaced with hexane (10 mL) to afford a
colourless solution and a red precipitate. The precipitate was isolated by centrifugation and the
mother liquor decated. The resulting solid was washed with hexane (10 mL) and the product was
isolated bycentrifugation anddriedin vacucto yield 0.161 80 %) of a red solidH NMR (400 MHz,
CDGJs W1tu28 (d, J = 2.7 Hz, 1H), 7.35 (d, J = 9.8 Hz, 1H), 6.59(0 Hiz=1H), 1.48 (s, 9H), 1.35 (s,
18H).1*C NMR (100 MHz, CR€W 194.5, 190.5, 162.5, 159.4, 128.7, 128.1, 126.4, 40.8, 28.6, 26.9
MALDITOFMS calcd. monoisotopic MW fokdEkoM02N.Os, 606.96, found m/z 606.4, (Y Elemental

Analysis calcd. fori@0Mo2N.Cs, C, 37.63; H, 4.99; N, 4.62; Found C, 37.81; H, 5.04; N, 4.56.
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Attempts at decreasing the effective electron transfer distance in hydrogen
bonded dimolybdenum dimers

6.1 Abstract

With an aim to decrease the internuclear separation between hydrogen bonded dimetal units, and
therefore increase thstability of the MV radicals formed upon oxidation, a series of dimetal imidazole
complexes of the form Mao(TiIPB}HL (TiPB = 2,4,6triisopropylbenzoate) where HL =
mercaptoimidazole X5), mercaptobenzimidazolel§), hydroxybenzimidazolel{) and complexe of

the form Mao(Pivy(HD) (Piv = trimethylacetateé where HL = mercaptoimidazole1§),
mercaptobenzimidazolel @) and hydroxybenzimidazol2@) were synthesised’hese complexes have
been studied byH NMR spectroscopy, UMs spectroscopy, cycholtammetryand X-ray diffraction
Surprisingly, the UVis spectado not show evidence of strong coupling between the imidazosnd
Morw }E ]§ oeU AJWZW]JuD}-kfoD> d } « EA ]v §Z Aledtrachefic&]}v X
analyses of the compkes show a single oxidation in £ and the magnitude of the ik indicates

that 5Z Ju] 1}o 0]P v-donors.The oxidation potentials do not explain tiserprising air
sensitivityfound for these complexes. This is the first systematic stddyirmolybdenum imidazole

complexes.
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6.2 The effect of internuclear separation on the degree of electronic coupling

In chapter5 the effect the modulation of the highest occupied molecular orbital (HOMO) had on the
stabilisation of the mixed valent stataver a seHcomplimentary hydrogen bonaias exploredin this
chapter, ligands that could potentially decreaskee internuclear separation imydrogen bonded

mixed valege complexesvere investigated.

Figure6.1: A plot of Log(M) Vs. g, for Fe[CH=CHJFc (where n =-f) showing the exponential relationship of
electronic coupling with distancBeprinted with permission frothe American Chemical Sociéty

In covalentmixed valence (MV) systems the degree of electronic coupling has been shown to be
dependent on theeffectiveinternuclear separatioffra,) between the two redox centred® Sprangler

et al.used model diferrocenylpolyeneasith the general formuld¢[CH=CH}Fc(where n = 16) were
synthesisedo explore the effect increasing thrg, had on the thermodynamic stabilisation of the MV
state and the degree of electronic couplih@he thermodynamic stabilisation of the MV state was
probed using cyclic voltammetrif, the complexesave athermodynamically stableMV statethen

two sequential one electron oxidatisishould be observed. The magnitude of the separation between
the half wave potentials 4,,) is a measure of the thermodynamic stabilisation of the mixed valent
state. The reportedds,, were 0.170 V, 0.1294hnd 0.100 V where n was 1, 2 and 3 respectively. When

nwas 3 6 only a single two electron oxidation was observHEte W/-Vis NIR spectra of the cotepes
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all exhibit anintervalence charge transfer (IVCT) band in the, MBIl cases the complexes exhibit
localisation (class Il) of the electron on one redox centre. The measured electronic coupling parameter

(Vab = Hi) was determined to be 495 cm430 cm', 390 cm', 290 cm', 230 cmt, 195 cmt and 177

cmtwhen n =1, 23, 4, 5 and 6 respectivelA plot ofthe Ln(van) Vs.ra, (Figure6.1) gives dinear

relationship that shows theegree ofelectronic coupling decreases exponentialiigh distance. The
gradient of the slope ishe decay coefficient which in this case0i®87 Al corresponding to the

electronic coefficient decreasing by a factor of 2 for every*8 A,

Figure6.2: A plot of In(k) Vs. Ru (A) for Me(DAniF}-bridge- Mo(DAniF)showing the exponential relationship between
Ketand fnm.

Liuet al. have reported a number adimolybdenum dimers with the general formuloz(DANiF3-

BridgeMoz(DANiIF) (DAniF=N,Nqdi(p-anisyl)formamidinate where the bridges consistof either
terephthalate, 2,6-naphthalenedicarboxgate and tiphenyt4,4gdicarbakylate®” The stability of the

MV state was probeelectrochemicallyand the 45, decreasedwith the increasing bridge length as
expected. All complexes exhibiteah IVCT transition in the NIR with, values 0589 cmt, 390 cmt

and 245 crt when the bridges were terephthalat@,6-naphthalenedicarboxgte and liphenyt4,4go

dicarboylate respectively. The rate of electron transfies)(was determined by the coalescence of IR

vibrational bandf the MV state Whenin(ke)) was plotted againsthe electron transfer distanca
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linear relationships observed as expectdé&igure6.2). Liuet al. reports the complex Ma(DAniF3-

oxamatewhichwas shown to dimerisen non-coordinating solutions and to exhibit thermodynamic
stabilisationof the MV statewith a reported 45/, of 0.138 V. The MV complex exhibited an IVCT
transition in the NIR and hadHa, of 172 cmt. Theke: was determined by the coalescence of IR bands
and found to be8 x 13°s?, the plot of Inker) vs. by was found to be consistent with the trend observed

for the covalent complexes. As the complex followed the same trend ET over a hydrogen bond can

occur <g 00C +« A oo ¢ < }vipP & E] P X

In an attempt to synthesise the complex [(MBiv}]2 ~2-IMT) (IMT=2-imidazolinethiong Chisholmet

al. isolated the complex Mg(Pivi(HIMT) insteadFigure6.1).2 It was believedhat [(Moz(Piv}]z ~2-..

IMT) would have a very short internuclear separation and would therefore have strong electronic
coupling. Despite not achieving the desired godahe complex represents one of the first

dimolybdenum complex containing an imidazdigand.

Figure6.3: The Me(Piv}(HIMT) complex isolated by Chisholm et al
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6.3 Aims
In covalent mixed valent systems, thffect of the electron transfer distance is well documented and
understood but the effect of electron transfer distance on the stabilisation of the MV stater a

hydrogen bond has yet to be explored.

Figure6.4: The bridging ligands targeted in the chapteard a schematic showing the decrease in.Milo, separation
afforded by the imidazole ligands

The targeted bridges are shownhigure6.4] The ligands employ N and@ S atoms to coordinate to

the dimolybdenum ore. The imidizoles are calculated to have a MaVio, separation of 8.101 A
which is less than 8.573 A calculated for{®»CR)HDop. The decrease in separation is expected to
increase the degree of electronic coupling. The use of the mercapto derivatives is also expected to
increase the degree of electronic couplirgmilarly tothat observed in covalent dimolybdenum MV
complexesthis is also of interest as the use of sulphur in MV complexes stabilised over a hydrogen
bond remains unexploredTo determine whether the complexes dimerise in solution DOSY
spectroscopy will be performe@ectrochemical analysis withen be usedo determine whether the
complexes show thermodynamic stabilisation of the mixed valetete, which willbe evidencedy

two sequential one electron oxidations. If the complexes exhiéite a thermodynamically stable MV
state, spectroelectochemical measurentsrwill be taken to determine the method and degree of
stabilisation.This study will allow for theystematic study of dimolybdenuimidazolecomplexes
which remains relatively unexploreds well as probing for new ligands which can form suitable self

complimentary hydrogen bonds that can facilitate the formatioradflvV complex.
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6.4 Results and discussion

6.4.1 Synthesis

Schemes.1: Synthesis df10x(TiPBa(HMi2) (15), Mox(TiPBs(HMbj) (16), Mox(TiPBs(HBi3 (17) Mox(Piv)s(HMi2) (18),
Moz(Piv)a(HMbj) (19) and [Mo(Piv)s(HBi2(20).
The commercially available ligand@smercaptoimidazole(H:Miz) and 2-mercaptobenzimidazole
(H:Mbi) were deprotonated using triethylamine in g24. Whereas,2-hydroxybenzimidazolevas
deprotonated usingetrabutylammonium hydroxide in GBb, as the triethylammonium salt a®-
hydroxybenzimidazolewas insoluble in G&b. Mox(TiPByHMi2) (15), Mox(TiPB¥HMbi) (16),
Moz(TiPBYHBIi2 (17) Mox(Pivi(HMi2 (18), Mox(Pivk(HMbi) (19) and Mo(Pivy(HBIi3 (20), were

prepared by stirring thenomoleptic complexes M@§O.CR) (Where QCR is TiPB or Piv) with the

deprotonated ligand$chemes.1). The reactions went brown after 17 hours and fudventremoved

in vacuo The *H NMR spectra of the crugeoductindicated a mix ofrans-Mo2(OQCR)(imidazole),
unreacted Mo(O.CR), unidentified decomposition products and the desired producthese
complexeswnere extremelyair sensitiveand are suspected of being light sensitive in solution and the

solid state. Exposure to air in either the solid state or in solution resulted in an imtaagtiange in
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colour from yellow to brown. When the reactions were repeated in the absence of lighiethting
solution is bright yellow although contains the same impurities with less of the unidentified
decomposition product. The desired products were purified using air sensitive column
chromatography to isolatthe complexesas yellow solids with moderate to low yields ranging from
39 % forl6to 9 % forl8. The complexe§l5 t 20) all exhibit excellent solubility in common organic
solvents Prolonged dissolution results in ligand scrambling typafatimolybdenum carboxylate

complexes !

Schemeb.2:Attempted synthesis of MEOCR)(HImz)

Complexes containing-hydroxyimidazolecould rot be isolated,despite varying the solvent (DCM,
THF, toluene, DMSO, DMF), temperature (reflux), base (eg. KE1O and NaMeQJ)eaction time

(17 hourst 2 weeks) and the use of monocationic complex j®iv}(MeCN)][BR] as a starting

material in all caseshe 'H NMR of the resulting solids showed sign of a reactiofSchemes.2).

This was believed to be due to the insolubility of the proligangnewn polar solvents such as DMF
and DMSO. Although complexes containing -rercaptoimidazol&®®® and 2
mercaptobenzimidazolé"®are relatively well knowycomplexes containing-Bydroxybenzimidazole

and 2hydroxyimidazole ligands remain unreportedliterature to the best of the authors knowledge.

Complexed5 t20have all been characterised Byt NMRspectroscopyand the crystal structurgfor
complex15, 17 and 18 were obtained.Due to theextremeair sensitivity of the complexes, adequate
elemental analysis/as only obtained for complexd$and18.
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6.4.2 Xray crystallography

01
Mo2
Mol
02
N1 Cl s1
c2
C3 N2

Figure6.5: Solidstate structureMoy(TiPBs(HMi2(DMSQs (15) as determined by singlaystal XRDAnisotropic
displacement parameters are shown3it% probability All hydrogen atomswith the exception ofhe bridging hydrogen
are omitted for clarity Selected bond lengths (A) and anglesM®)1-Mo2 = 2.1172(9), Mo1-SL = 2.20(8), Mo2-N1=
2.21(3),CtSl = 169(4), CEN1= 1.3(5), M01-02 = 27586), M0o201 = 2.84(6), C2C3 =1.3(3), N1C2=1.3(3), N2-C3 =
1.37(3), M01:-StC1 99.88), Mo2N1-C1 =117(2) and N1C1S1 = 18.4(15).
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Figure6.6: Solidstate structureMo(TiPBs(HBi2(DMSO) (17) as determined by singlaystal XRDAnisotropic
displacement parameters are shown at 50 % probab#itytydrogen atomswith the exception of the bridging hydrogen
are omitted for claritySelected bond lengths (A) and anglesMt1-Mo2 =2.1090(3) Mo1-01= 2.135(2)Mo2-N1=
2.154(2),C101= 1.284(3)CEN1= 1.327(4)M01-O2 = 2.505(3), MoD3 = 2.586(3)02C3 =1.407(5)N1-C2= 1.411(4),
N2-C3 = 1.416(5M01-01-C1 =114.76(18), MeR1-C1 = 115.05(18) and MItO1 = 124.5(3).
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Figure6.7: Solidstate structureMo(Piys(HMi2(DMSO) (18) as determined by singleystal XRDAnisotropic
displacement parameters are shown at 50 % probab#itytydrogen atomswith the exception of the bridging hydrogen
are omitted for clarity Selected bond lengths (A) and anglesM®)1-Mo2 =2.113§3), Mo1-Sl = 2.4783(6)M02-N1=
2.150(2)C1Sl = 1.715(2)CENL= 1.347(2), ModD2 = 2.620(2), MoD1 = 2.587(3), 623 =1357(3), NEC2= 1384(2),
N2-C3 = 13782), M0o1-S1-C1 400.28(6), Mo2N1-C1 =120.8310) and N1C:Sl = 12441(12).
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Single crystals ol5(DMSOy, 17(DMSO) and 18(DMSO) were grown by the slow diffusion of

degassed water into DMSO solutions1d&, 17 and 18 at room temperature in an NMR tube. The

structures were determined by singlerXy diffraction, and are shown fiRigure6.5||Figure6.6|and

Figure6.7| slected bond lengths are given|Trable6.1] the cell parameters and refinement results

are given in the experimental chapter (8).

For complexed5and 17, the solventwas removed from the NMR tube and the crystals scraped out

in air and immediately coated in degassed water. A crystal was then chosem@amited onto the
goniometerhead as quickly as possible and data acquired. For a very brief portion of time the crystals
were exposed to air resulting in degradation of the crygtality, which is believed to be the reason
why the final Rfactor was0.1154and 0.0607for complexesl5 and 17. Following this method complex

18 had afinal Rfactor of 0.0886, but by changing the way these crystals were isolated resulted in a
new structure being determined with a finalf&ctor 0.0382 demonstrating the extreme air sensitivity

of these omplexes. This newly developed method involved using a syringe to remove the crystals in
the mother liguor from the NMR tubes, these were then placed in a receptacle under an inert

atmosphere to mount the desired crystal minimnigthe exposure to air.

The unit cell of complexeds(DMSOjand17(DMSOwere found to be monoclinic and the structures
were solved in thé?2/candP2/n space groups respectively. The unit cell of compE&POMSOiwas
found to be triclinic and solved in the space groufp. Complexl5 was found to be disordered with
the isopropyl groups and the axial DMSO molecules disordered over two positions. In add#ion,
structure contaimed disorder inthe positionof the mercaptoimidazole which was disordered over two

positions with occupancies of 0.558(9) and a 0.442(9).
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Table6.1: bond lengths (A) for compl&8s(DMS0), 17(DMSO)and 18(DMSO)

Bond 15(DMSO) 17(DMSO) 18(DMSO)
Mo-Mo M01-M022.11779)  M01-M022.1090(3) Mo1-M022.113§3)
Mo-E Mo1-Sl 2.42Q8) M01-012.135(2) Mo1-SL 2.4783(6)
Mo-N Mo02-N12.21(3) M02-N12.154(2) M02-N12.150(2)
MO-Lax Mo01-02 2.7586) M01-022.505(3) M01-022.620(2)
M02-012.504(6) M02-032.586(3) M02-012.587(3)

The structures show the expected paddlewheel arrangement of the ligands around the dimetal core
andare bound to three carboxylate ligands and an imidazole ligand in the expected ECN (E = O or S)
coordination moe. All complexes have two axially coordinated DMSO which show preferential
coordination of one DMSO moleculEhe differences in axial coordination is less pronouncetBin

than that observed in complexek5 and 17 indicating steric hinderance has a role the axial
coordination of DMSO as TiPB is more sterically hindering thaA Biird DMSO molecule (omitted)

is hydrogen bonded to the NH of the bridging ligand. WMo bond lengths for complexeks, 17

and 18 are 2.1172(9) A2.1090(3)A and2.11383) A respectively. The observed bond lengths are
typical for dimolybdenum paddlewheel complexXas changing the ancillary ligand from TiFB)(to

Piv (L8) results in a significant decrease in the dimolybdenum bond lehtjtihe bond length fol7

is significantly shorter than both5and18, this decrease in MoMo bond lengthsults from the Gor

S substitution, as the @21 (1.284(3f)bond in17(DMSQ)is shorter than the G81 (1.69(4§) bond

in 15 DMSO)the MoMo bond contracts. To the authors knowledge there have been no structural
studies of transition metal complexes containing the hydroxybenzimidazole ligand despite the

mercaptobenzimidazole containing complexes being well studied.
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6.4.3 HNMR spectroscop

15 Ccba
THF THF
16 CDG
THF THF
17 cbd
THF
THF

Figure6.8: 'H NMR spectra afomplexed5- 17in CDGlI

The'H NMR spectraf complexesl5 - 17 in CDGlare shown ifFigure6.8| The NMR samples were

immediately run following their preparationComplexesl5, 16 and 17 have diagnosticTiPB
resonancesvith a 2:1 intensityratio, a resultof the complex containing two cisiPBligands and one
trans-TiPBigand.The chemical shifts of the TiPB protons sirailaracross the series and will only be
discussed brieflyThe TiPBAr-CH(E%), resonances are observed as doubletsaathemical shift of
0.751.5 ppm with an integration pattern of 24: 12: 12. Bhe TiPBAr-CH(CHs). peaks have an
integration pattern of 4; 2: 2: 1 and are observed as septets at a chemical shift of betvesn?
3.75 ppm. TheTiPBAr-H resonances ar@bserved as singlets with an integration pattern of12:

between7.0and 7.2 ppm
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The mercaptoimidazolelb and 16) N-H proton chemical shifts occur at 9.62 ppm and 9.36 ppm
respectively whereas the hydroxyimidazoleN-H proton in 17 is shifted upfield to 8.31 ppnilhe
bridging ligand backbone for complé® is observed as two doublets at 6.81 ppm and 6.68 ppm.
Complexed 6 and 17 have two doublets and two triplets between 7635 ppmwhichcorrespond to
the phenyl protons on the aromatic backbone of the mercaptobenzimidazoland

hydroxybenzimidazolégands respectively

THF
18 _— THF
19 cpal THF THF
cpal
20
THF THF

Figure6.9: 'H NMR spectra afomplexe<d8-20in CDGI

The'H NMR spectra of complexés - 20in CDGlare shown ifFigure6.9| All complexes exhibit two

singlets in a 2:1 ratio between 1.43 ppm and 1.37 ppm corresponding fath&ate ancillary ligands.
The mercaptoimidazolel and 19) N-H proton chemical shifts acur at 10.03 ppm and 10.05 ppm
respectively, whereas, the-N proton in 17 is shifted upfield to 8.64 ppm. The bridging ligand
backbone for compled8is observed as two doublets at 6.93 and 6.63 p@omplexesl9 and 20

have two doublets and two tripletsetween 7.32 6.55 ppm which correspond to the phenyl protons
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on the aromatic backbone of the mercaptobenzimidazole and hydroxybenzimidazole ligands
respectively. The coordinated THF can be removed by placing the compounds under high vacuum for
48 hours this was prformed prior to electrochemical analysis, diffusion ordesgbctroscopy and

the submission of the elemental analysis

Table6.2: 'H NMRN-H chemical shifts of complex&5-20in CDGland inDMSGds

Compound CDG/ppm  DMSQds/ ppm

15 9.62 12.65
16 9.36 12.89
17 8.39 11.19
18 10.03 12.07
19 10.05 12.66
20 8.64 11.56

The'H NMR spectrabove were conducted i€DGJ, a non-coordinating solventvhich canfacilitate
the formation of seHcomplimentary hydrogen bonds. If the complexes were forming- self
complimentary hydrogen boreti dimers,then the addition of DMSO would disrupt the hydrogen

bond and a shift in the NH peakould be observed in thtH NMRspectrum The NH chemical shifts

for complexesl5 t 20in both CDGland DMS@ls are reported ifTable6.2{ In all the cases the NH

pedk is shifted downfield in DMSOhe change in chemical shift is consistent with a change in
environment but it is not possible to conclude whether the complex forms a dimer in solution as the
crystal structure ofL7 shows that DMSO hydrogen bonds to the pibiton in the solid state and could
also account for the large chemical shift. To determine if the complexes form dimers in solution

diffusion ordered spectroscopy was conducted.
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6.4.4 Diffusion ordered spectroscopy
Complex15 t 20 were dissolved in CD0.5 mL)and their DOSY spectra collected and a diffusion

coefficient obtainedTo the same sampl®MSQds (50 .L) wascarefullyadded and the spectra were

reacquired,and the results are shown|ifable6.3

Table6.3: DOSY data for complexEs-20.

Complex Solvent Average Diffusion constant Hydrodynamic Hydrodynamic
(x 109 (mPs?) radius @) volume A3
15 cbd 5.49 7.39 1694
CDG+ &-DMSO 3.99 10.18 4427
16 CDhd 5.59 7.26 1603
CDG+ &-DMSO 3.10 13.09 9399
17 cbd 5.30 7.65 1879
CDG+ &-DMSO 3.28 12.35 7908
18 Cbhd 8.12 5.00 523
CDG+ &-DMSO 4.69 8.64 2710
19 Cbd 7.76 5.23 601
CDG+ &-DMSO 4.78 8.49 2565
20 Cbd 7.16 5.67 765
CDG+ &-DMSO 5.26 7.72 1932

The hydrodynamic radius was determiniedm average diffusion coefficienising the Stoke&instein
equation and the hydrodynamic volume was thealculated usingassuming the complexes are
spherical A discussion of the Stoké&snstein equation can be found in chapteiCGamplexed5 t 17
have a hydrodynamic volume of between B683(16) t 1879 A3(17) in CDGlwhich is equivalent to
the monomerof 11 (1410 A%),%° indicating these complexes are very likely monomeric in-oon
ordinating solventsFollowing the addition of DMSO the hydrodynamic volumeoofiplexesl5 t17
increasego between4427 A (15) and 9399 &(16). ComplexL8 t 20 have a hydrodynamic volume of
between 523 A¥(18) - 765 A® (20), the hydrodynamic volume is consistent with the monomer of

complex14 (1096A%) indicating these complexes are likely monomeric. Addition of DMSO resulted in
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an increase in the hydrodynamic volutoe2710A3, 2565A% and 193233 for 18, 19and20respectively.

All complexes have hydrodynamic volumes that are indicative of beingmeric in noncoordinating

solvents.

Upon the addition of DMS@s the hydrodynamic volumsurprisinglyincreases for all complexeBhe

crystal structures of complexd$, 17 and 18 show that each complex forms a DMSO adduct with two

axially coordinated DMSQand one DMSO hydrogen bonded to the NH of the imidabolethe

formation of the DMSO adduct does not explain gbstantialincrease in volum@bserved.One

possible explanation for this is thate addition of DMSQrould causeaggregaion of the complex in

solution resulting inthe larger than expected volume increa$eHowever, further work would be

needed in order tainderstand the observed increase in concentration. To explore this concentration

effects of the analyte can be probed and the volume of DMSO aduigd alsobe probed.

6.4.5 Electrochemistry

The cyclic voltammograms and differential pulse voltammograms forptexes15 t 20 in 0.1 M

NBuPF / CHCb solutions are shown ifrigure6.10[for the Moy(TiPBYimdazole) complexes and

Figure 6.11,

for the Moy(Piviimdazole complexes and the data summarised i

Table 6.4

All

complexes show a reversible one electron oxidation processes corresponding to the removal of an

electron from the Me- worbital. Kubiaket al. report a number of hydrogen bonded triruthenium oxo

clusters that are monomeric and only dimerise following a one electron reduction, it is therefore

possible that the complexes may dimerise following a one electron oxid&itin.
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Figure6.10: CV (left, 100 m¥4 and DPV (right, 10 mVWsof complexe45 (orange),16 (black) andL7 (blue) in 0.1 M
NBuPF/ CHC} at a concentration of 5 mM and referenced against the F@®aple (0.00 V).

The complexes show no signs of dimerising in solution and the electrochemistry definitively show the
complexes do not stabiliseMV state.The oxidation potentials of compleg15, 16 and17in CHCb

are -0.055 V, 0.058V aneD.060 V respectivelycomplex15 and 17 are cathodically shiftecand
complex16 is anodically shiftedvhen compared to the homoleptic start materislox(TiPB) (0.08

V)25 Mercaptoimidazole and mercaptobenzimidazole ligands decrease electron density on the
dimolybdenum core making them more difficult to oxidisesmercaptamidazole is a more donating
ligand than mercaptobenzimidazole, complékis more anodically shifted that.1317:2629 Complex

17is cathodically shiftedompared to complef6 which is consistent with the O for S substitution of

the donor atom commonly observed in literatute.
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Figure6.11: CV (left, 100 m\A and DPV (right, 10 mVWsof complexe48 (orange),19 (black) and?0 (blue) in 0.1 M
NBuwPFR/ CHC} at a concentration of 5 mMnd referenced against the Fcffeouple (0.00 V).

Table6.4: Cyclic voltammetry data for complex&s t 20in 0.1 M NBwPF/ CHCb at a concentration of 5 mM and
referenced against the Fc/feouple (0.00 V).

Comgex =YY% &IV & Fc/V
15 -0.055 0.140 0.080
16 0.058 0.130 0.095
17 -0.060 0.130 0.085
18 -0.165 0.165 0.130
19 -0.213 0.110 0.070
20 -0.167 0.100 0.080

The oxidation potentials of complexds8, 19 and 20 in CHC} are -0.165 V,-0.213V and0.167 V
respectively, all complexes are cathodically shifted when compared to the homoleptic start material
Moz(Piv), (-0.04 V)3° The Me(Piv)(imidazold oxidation potentials are cathodically shifted when
compared to Me(TiPBYimidazold. Complex18 and 20 follow the same trend foundiide supra.
Complexl9is cathodically shifted compared 0, this shiftis nottypical for the O for S substitution,

and the exact reason for the shift remaimsknown
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The oxidation potential reported for the complexes do not explain the observed air sensitivity,
complex19 has the mat negative oxidation potentiaand is the easiest to oxidisbut mmplex5 (-
0.213 V) has a comparalfiest oxidation potentialbut it does not exhibit the air sensitivity observed

in complexed5 t 20.

6.4.6 U\Vis Absorption spectroscopy

Figure6.12: U\-Vis absorption spectra for complexEs(orange),16 (black),17 (blue) and Mea(TiPB4 (green)in CHCb.

The UWis absorption spectra faomplexesl5 t 18 and Ma(TiPB4in CHCL are displayedn|Figure

6.12|with the data summarised 1ﬂ'able6.5 For each of the specighe high energy transitios

between 230t 250 nmare theTiPB < WIiPB « Zransition consistent with literature’3? The oad
transitions centredat ~360 nm arattributed to theMo,-w WIPB<Z D> d $E P BEEMO%
w Wo.- w #ansitions arelow in intensityand occur at 470 nm59 nm and 469 nm for complexes

15, 16 and17respectvely. Theelectrondonating nature of the imidazole ligands increases the energy
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of the Mo,- wand Ma- w @rbital energes but a overalldecrease in thilo,-wl DWZ ¢ % @& $]}v
observed'” Compared taVloy(TiPB)the imidazolecomplexes show decrease in the Mew | D-w Z
separatiorand aredshiftofthe Mo-w W DWwZ $E viheo¥w W P Z §E 2 irabked
by theintenseMLCT irMoz(TiPB).2>*3 As the HMbi ligand is the least electrdanating imidazole in

this study theMo,-w W PWZ 3 E e jh&e]lpast redshifted.

Figure6.13: U\-Vis absorption spectra for complexis(orange),19 (black),20 (blue) and Me(Piv)4 (green) inCHCB.

The U/-Vis absorption spectra from complex8 t 20 and Mo (PiV4 in CHCb are shown inFigure

6.13land summarised {Table6.5| The low energylow intensitytransitionscentred at460 nm, 448

nm and 461Inm for 18, 19and20 and at 435 nm for MgPiV); are theMo>-w Wo,-wZ $E V8]5]}v X
These transitions are redstefi when compared tdMoz(Piv), as the ligands are electron donating as

discussedide supraThe highest energy transitions at ~240 igthe Piv < WPiv <* transitions?®

Complexed5 t 20do not display a ligand to metal charge transfer band nor do thisglay a metal
to ligand charge transferinthe U¥]e *% SE& X ¢ §Z ¢ ( SUuE& ¢ €& Vv[SabdE  vS §Z
< are likely too high in energelative to the Ma- worbital to facilitate electron transfer.
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Table6.5: U\-Vis absorption data for complex&5 t 20, Moz(PivJsand Mo(TiPB4 in CHCb

Compound PiVTIPB<W<Z, |

Moa(TiPB.
15
16
17
MOz(PiV)4
18
19
20

nm
~x team?)
242 (19990)
242 (21130)
240 (20306)
240 (19680)
239 (9728)
246 (12470)
236 (12520)
236 (12862)

Mo- WNTiPB<Z, |

nm
~x Itam?)
354(13500)
364 (7280)
344 (6800)
352 (7930)
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Mo-wW BWwZ

/ nm
~x tam?)
470 (460)
459 (400)
469 (387)
435 (160)
460 (380)
448 (270)
461 (539)



6.5 Conclusions

This chapter presents the first systematic of dimolybdenum complexes employing pendant imidazole
ligands. These complexes take the form of M@ByHL) where HL = mercaptoimidazolEb)
mercaptobenzimidazole 16), hydroxybenzimidazole 1{) and Mo(Piv}HL where HL =
mercaptoimidazole 18), mercaptobenzimidazolel®) and hydroxybenzimidazol@®). The crystal
structures show the complexes bind in the expected ECN coordinaitiate. The crystal structure of

17 is the first reported coordinatin complex containing the hydroxybenzimidazole ligand which is
surprising as the ligand is relatively simple and the analogous mercaptobenzimidaaglexes are
comparatively well reportedSurprisingly the absorption spectra showo observableMo,-w W
imidazole<Z D> d ]Jv §Z A]+] o (& tRefvseiwlitle &jupkng between the imidazole
and Mo-w }E ]3K&gXe% SE}e* }%C Jv] S« 8§Z 38 SZ lu%o £ « } v}s (JE
in noncoordinating solvents. The complexes all exralmhe electron oxidation betwee.213 V and

0.058 V, the electrochemistry indicates the complexes do not stabilise the MV Attieugh these
complexes do not from seffomplimentary hydrogen bonds, they have been shown to hydrogen bond
to DMSO in bdt the solid and solution states and could be used to hydrogen bond to different bridging

ligands allowing for the study of asymmetric MV across hydrogen bonds.
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6.6 Experimental

See chapte8 for the methods and materials section.

6.6.1 Synthesis of M@TiPBs(HMi2 (15)
In the absence of light auspension of MgTiPB4 (1.000 g, 0.85 mmol) an2-Mercaptoimidazole
(0.085 g, 0.85 mmol) in dichloromethane (40 mL) was treated with triethylaminep(1,16.84 mmol)
and stirred at room temperature for 17 hours during which time the solution became darker in colour.
The solvent was removeith vacuoand the crude product extracted into mixturecd hexane and
dichloromethane (10 ml, 1:1) and purified bylwmn chromatographysing gradient elutiorfeluent
] Zo}E}u 82 v 1Z A v ~AIWAI ~AlAee W B0 @®)ucslecting tile £ v~
second of three close running yelld®a&nds. The solvent was removiedvacuao isolatel5as a yellow
solid. Yeld 0.262 g (30 %H NMR (400 MHz, CRE€lw 6 X017 ~+U i,U 6Xid ~«U B, dU O6Xii ~e
=7.7 Hz1H), 6.68 d,J=7.7 Hz, 1} 3.84 (m, 6.6 Hz, 2H), 3.04 (m, 6.5 Hz, 5H), 2.915(B19 Hz, 2H),
1.32 (d,J= 6.9 Hz6H), 1.26 (dJ= 6.9 Hz, 24H), 1.13 (@ 6.8 Hz, 12H), 1.07 (@ 6.8 Hz, 12H). (400
MHz, DMS@lss w {T1XTfi ~+U i,sU 6 Xt J=¥17 HziH), 0.00 @5, 4H), 6.7H,(J=7.7 Hz,
1H), 4.06t3.89 (M, 6.6 Hz, 2H), 3.11 (m, 6.6 Hz, 4198 gm7.6 Hz, 1H), 2.982.82 (m, 6.6 Hz, 2H),
1.28 (d, 6.8 Hz, 18H), 1.19 (d, 6.8 Hz, 12H), 1.D8:@.8 Hz, 12H), 0.98 (@& 6.8 Hz, 12HElemental

analysisCalcd. For &gH;sM02N.GsS, C59.29 H,7.02 N, 271; Found C59.06 H,7.24; N,2.56

6.6.2 Synthesis of M@TiPBs(HMbi) (16)
In the absence of lightsuspension of MgTiPB4 (1.000 g, 0.85 mmol) andMercaptobenzimidazole
(0.127 g, 0.85 mmol) in dichloromethane (40 mL) was treated with triethylaminep(1,16.84 mmol)
and stirred at oom temperature for 17 hours during which time the solution became darker in colour.
The solvent was removeith vacuoand the crude product extracted into mixture a of hexane and
dichloromethane (10 ml, 1:1) and purified by column chromatography usingegriaelution (eluent
] Zo}E}u $3Z v 1Z A v ~AIWAI ~AlAee W PEIO (EBE)N Dlecting lthe £ v ~

second of three close running yellow bands. The solvent was remoweducto isolatel6as a yellow
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solid. Yield 0.364 g (39 %) NMR (40 MHz, CD&t w 3 X160 ~eU {J=@.944%,i1H), AR1 (s, 2H),

7.17 (t,J= 7.7 Hz, 1H), 7.067.01 (m, 1H), 6.99 (s, 4H), 6.55Jd,8.1 Hz, 1H), 3.83 (3 7.0 Hz, 2H),

3.38 (mJ= 6.5 Hz, 1H), 3.00 (¥ 6.5 Hz, 4H), 2.87 (¥ 6.6 Hz, 2H), 1.23 (@ 6.8 Hz, 24H), 1.17

(d,J= 6.7 Hz, 6H), 1.11 (d= 6.8 Hz, 12H), 0.92 (@ 6.8 Hz, 12H). (400 MHz, DM&3 w iiX08 ~+U
1H), 7.36 (dJ= 7.8 Hz, 1H), 7.30 (s, 2H), 7.19 (s, 1H), 7.18 B&,1Hz, 1H), 7.06 (s, 4H), 6.91), 7.8

Hz, 1H), 3.93 ("= 6.5 Hz, 2H), 3.54 (35 6.7 Hz, 1H), 3.12 (¥ 6.6 Hz, 4H), 2.94 (¥ 6.6 Hz,

2H), 1.36 (t)= 6.4 Hz, 18H), 1.25 (@ 6.7 Hz, 12H), 1.12 @@ 6.8 Hz, 12H), 0.88 (¥ 6.7 Hz12H).).
Elemental analysi€alcd. For $&gHaM02N,OsS, C60.99 H,6.89 N, 2.9; Found C46.36 H,7.30; N,

1.77

6.6.3 Synthesis of M@TiPBs(HBi2 (17)

In the absence of light suspension of MgTiPB4 (1.000 g, 0.85 mmol) and#/droxybenzimidazole
(0.112 g, 0.85 mmol) in dichloromethane (40 mL) was treated with tetrabutylammonium hydroxide in
methanol (0.84mL, 1.0 M 0.84 mmol) and stirred at room temperature for 17 hours during which
time the soluton became darker in colour. The solvent was remawegacuoand the crude product
extracted into mixture a of hexane and dichloromethane (10 ml, 1:1) and purified by column
chromatography using gradient elution (eluent dichloromethane /hexane (50:50 «v/WV
dichloromethane /hexane (75:25 (v/v))) collecting the second of three close running yellow bands. The
solvent was removeth vacucto isolate17 as a yellow solid. Yield 0.152 g (17*FbNMR (400 MHz,
CDGle w 0Xi06 ~+U i,*U O0X11 ~+W11(3,UH) X107 ¢y LH),,7.0Q0 (m, 1H), 6.804d,.7

Hz, 1H), 3.76 ("= 6.5 Hz, 2H), 3.38 (J% 6.7 Hz, 2H), 3.01 (¥ 6.5 Hz, 1H), 2.86 (3% 6.9 Hz,

4H), 1.23 (dJ= 6.9 Hz, 6H), 1.17 (@ 6.7 Hz, 24H), 0.98 (@ 6.8 Hz, 12H),.98 (d,J= 6.7 Hz, 12H).

(400 MHz, DMS@s* w iiXid ~+U i,*U 6XAd ~uU i,*U 6XifAi ~uU i,*U 6Xii ~«U T,
6.81 (d,J= 7.0 Hz, 1H), 3.71 (m, 2H), 3.63 (s, 2H), 3.43418,2 Hz, 1H), 2.79 (3% 14.1, 7.0 Hz, 4H),

1.14 (d,J= 6.9 Hz, 18H), 1.09 (@ 6.6 Hz, 12H), 0.98 (d@iz 6.5 Hz, 12H), 0.86 (@z 5.9 Hz, 12H).
Elemental analysi€alcd. For £gH;sM02N0O;, C,61.9% H,6.99 N,2.63 Found C55.99 H,7.51; N,

2.21
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6.6.4 Synthesis dflox(Pv)s(HMi2) (18)

In the absence of lightlo,(Piv)4 (1.000 g, 1.68 mol) and 2Mercaptoimidazole (0.168 g, 1.68mol)

were suspended in dichloromethane (40 mL) to which triethylamine was then added (234 pL, 1.68
mmol). The resulting solution wasirred for 17 hourst room temperature The solvent was removed

under reduced pressure and the crude product extracted into a mixture of hexane and
dichloromethane (10 ml, 1:1) and purified by column chromatography using gradient elution (eluent
dichlorou $Z v 1Z £ v ~AiIWAI ~AlAse W ] Zo}E}u 8Z v W d,&l ] Zo}E
collecting the second yellow bantdhe solvent was removed under reduced pressure and dried to

afford 18 as a yellow solid. Yield 0.176 g (15'®¥6NMR (400 MHz, CRE€I w0.03 (s, 1H), 6.931(J=

7.7 Hz1H), 6.63 ¢, J=7.7 Hz1H), 1.40 (s, 18H), 1.39 (s, 9H). (400 MHz, DMISOwW {i1Xi6 ~<U {,U
6.97 @,J=7.7 Hz1H), 6.58 ¢,J=7.7 Hz1H), 1.35 (s, 9H), 1.32 (s, 18H)}emental analysi€alcd. For

Ci8H30M02N206S, C,36.37 H,5.09 N,4.71; Found C36.4Q H,5.15 N,4.49

6.6.5 Synthesis of M@Piys(HMbi) (19)
In the absence of lightlox(Piy4 (1.000 g, 1.68 mmol) andMercaptobenzimidazole (0.252 g, 1.68
mmol) were suspended in dichloromethane (40 mL) to whigthylamine was then added (234 L,
1.68 mmol). The resulting solution was stirred for 17 hours at room temperature. The solvent was
removed under reduced pressure and the crude product extracted into a mixture of hexane and
dichloromethane (10 ml, 1:1)nal purified by column chromatography using gradient elution (eluent

] Zo}E}u 3Z v 1Z £ v ~AIWAI ~AlAee W ] Zo}E}u 3$2:99 (VAW) d, &1 ] Z
collecting the second yellow ban@hesolvent was removed under reduced pressure and dried to
afford 19as a yellow solid. Yield 0.098996)*H NMR (400 MHz, CR€lw i Xifi ~«U {JeJ.HXiT ~ U
Hz, 1H), 7.20 (8= 7.4 Hz, 1H), 7.01 0 7.4 Hz, 1H), 6.55 (@ 8.2 Hz, 1H), 1.42 (s, 9H), 1.37 (s, 18H).
(400 MHz, DMS@s+ w {1X00 ~+U iJ=U.80H] fiH); 7W5 (di= 8.1, 3.1 Hz, 1H), 6.92 (t&
7.6 Hz, 1H), 6.88 6.80 (m, 1H), 1.38 (s, 9H), 1.31 (s, 18Hgmental analysisCalcd. For

G2HzoM02N-OsS, C41.0Q H,5.00; N,4.35 Found C41.35 H,5.28 N,4.19
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6.6.6 Synthesis dflox(Piy3(HBi2 (20)

In the absence of lightloz(Piv)4 (1.000 g, 1.68 mmol) andt®/droxybenimidazole (0.168 g, 1.68 mmol)
were suspended in dichloromethane (40 mL) to whietrabutylammonium hydroxidevas then
added @.68 mL, 1.0 M1.68 mmol). The resulting solution was stirred for 17 hours at room
temperaure. The solvent was removed under reduced pressure and the crude product extracted into
a mixture of hexane and dichloromethane (10 ml, 1:1) and purified by column chromatography using
PE ] vd ops]}v ~opvd ] Zo}E}u SZ v 1Z ANMEIUASHW I WAIA&I W
dichloromethane (2:98 (v/v)) collecting the second yellow band. The solvent was removed under
reduced pressure and dried to affoe@as a yellow solid. Yield 0.185 @ ¢4)'H NMR (400 MHz, CRCI

W 0X08 ~eU i JeF.®p iL)#7.09 (tJ= 7.6 Hz, 1H), 7.00 (= 7.6 Hz, 1H), 6.61 (@ 7.7 Hz,

1H), 1.43 (s, 9H), 1.41 (s, 18(4P0 MHz, DMS@s* W i X0 ~eU iJ= 074X, i1H)~6.086.85

(m, 3H), 1.39 (s, 9H), 1.30 (s, 18H).
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Thesis overview and conding remarks

The study of mixed valenaysing modelMV complexes is fundamental in understanding more
complex MV systems like those found in nature, as well as using the reseanohestigate and
developfuture technologies such asolecular electronics and biomimeticShapter one focused on
the study of M/ complexes and hodimoybdneum paddlewheel complexesddeal redox centres
to study electron transfer Electron transfer across covalent (chaptert 2) and hydrogen bonded

(chapter 5 and 6nterfaces has been rigorously examined.

This thesis reportthe synthesis of seventeen novel dimolybdenum complexes. The clean isolation of
these complexes relied heavily upon air sensitive column chromatography, a technique which was
refined by trial and error within the group. To the authors knowledge chromafdgrdnas not been
employed in the purification of dimolybdenum paddlewheel complexes previously. The use of column
chromatography to purify dimolybdenum complexes is of note as it can potentially facilitate the
isolation of previous wisolatable or difficit to isolate complexes. The complexes were all structurally
characterised byH NMR spectroscopy, IR spectroscopy and where possible XRD. The thermodynamic
stability of the MV state was determined electrochemically. tGlkgree ofelectronic coupling was
determined byusing UWIisNIR and IR spectroelectrochemistry and the electron delocalisation
probed using EPR and DFT. With the aid of DisCWedge the EPR spectra could be simulated
providing a further insight intdocalisation of an electron within the redox active unit as well as
between the redox units. The DFT conducted by Profeastinony Meijer and Dr Nathan Patmore
helped rationalise the complicated absorption spectra, as well as providing further insightén

mechanism of stabilisation.

In chapter 2 the synthesis ovb symmetric and three asymmetric dimolybdenum dimers of the
general formula of [MePiv}]2(u2- ZU Z [ Wé#s describedThe complexes have a significant degree
of through space electron tresfer, evidenced byninimalchangesin the spectral shape and energy of

the charge resonance transitions in the W&IR spectra of the MV complexes despite variations in
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the electron donor/acceptor groupd.he number of studies on strongly coupled asyrnnneystems

is limited and challenges remain in understanding these systems. The complexes rguoviddthe

first studies on asymmetric MV complexstabilised bythrough space electron transferhis study
has applications in thédundamental understanding of both through space electron transfer and
asymmetric MV, the knowledgaf whichcan be extended to the design of molecular electronics but

more specifically molecular rectifiers.

Electron transfer is typically described as eithocalised or delocalised between two redox centres,
but chapter 3 shows that therean unequal distribution of the electron between redox centres
providing an example of how electronic coupling can be further turfdek chapter described the
synthesis of three dimolybdenum dimers[Moz(PiVs]2(-Dop), [Ma(Piv)s]2(12-Pthal) and
[Moz(Piv)s]2(L2-Pdt). Structuralchangesto the bridgingligand changed the through space Mavio,
separation.The degree of electronicoupling and e degree of localisation of the systems has been
related to theMo.:--Mo, separation.EPR analysis §¥102(PiV)3]2(12-Pdt) shows that the electron is
evenly shared between two molybdenum atoms from different redox units. This is a remarkable
example of electron localisation in a fully delocalised system and is believed to be one of the first

examples.

This studyemployed stuctural isomers of the bridging ligands in chapter 3, the finddeyaonstrate

that ligand topology has a pronounced effect on the stabilisation of dimolybdenum complExes.
chapter reports the synthesis and analysis of the compl@Mes(Piv}].(u2-Pdo), [Ma(Piv}]2(u2-Doq)

and [Maox(Piv}]2(u2-Pzt).In all cases these complexes exhibit greater electronic coupling compared to
the complexes reported in chapter 3, despite the increasec-Mdo, separationand negligible
through space coupling in tHmear derivativesThis reinforces that through bond electron transfer is
more efficient than through space electron transf8urprisingly, [MgPiv}]2(U2-Pzt) was found to be
class 1V, this is one of very few complexes t@assigned as suclAs thereare very few examples of

class IV compoundByloz(PiV)s]2(M2-Pzt) provides an insighttmthe extremes of electronic coupling.
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The effect of changing the ancillary ligand in covalent systems has been well documentied et

only one systematic study on theffects ancillary ligands have dviV complexes stabilised over
hydrogen bonds has been reportddomplexes of the forivloz(TiPB.(O.QL) (HDop) were synthesised.

The UWisNIR spectroelectrochemistry confirmed these complexes were stabilised by PCMV
mechanisms, which is evidenced by the abseoten IVCT transitionChapter 5is the second
systematic study of the effect ohé ancillary ligand on the MV complexes stabilised over hydrogen

bonds

Chapter 6 presents the first systematitudy of dimolybdenum complexes employing pendant
imidazole ligands. These complexes take the form of(&R)(Imidazole) andvere used inan
attempt to study new systems that can stabilise the Mtate over a seHcomplimentary hydrogen
bond. Although these complexes do not from setfimplimentary hydrogen bonds or stabilise the MV
state, they have been shown to hydrogen bond to DMSO in Hathsolid and solution states and
could be used to hydrogen bond to different bridging ligands allowing for the study of asymmetric MV

across hydrogen bonds.

The examples reported above reinforce that dimolybdenum redox centres are incredibly versatile
both synthetically and spectroscopically with a number of techniques being employed to probe the
electronic coupling in the MV stat@verall, this work has produced some interesting reswsch

have an impact on a broad number of fields sucimagecularelectronics and biomimetics, as well as

providingan insight into electronic coupling.
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Experimentaléchniques andampleanalysis

8.1 Experimental techniques

8.1.1 Physical methods

All reactionsunless stated otherwise were carried out under an inert atmosphere using standard
Schlenk line andlovebox techniquesSpecial precautions were taken to exclude light from both the
reaction and purification of complexd$ t 20. Centrifugation was carrieaut using a Hettich Rotanta
460 centrifuge fitted with a 6 Schlenk rotaall centrifugations were carried out at 1500 RPM for

fifteen minutes.

8.1.2 Air sensitive column chromatography
Air sensitive column chromatography was conduatisihg a standard Schlkfiltration apparatusas

shown inFigure8.1| following adapted Schlenk line filtration techniqu&be silica used was supplied

by Sigma Aldrich with a particle size of /&8 UM anddried in the filter stickuinder vacuunior twelve
hours prior to running the columithe generatolumn procelure is as followsa 50:50 mix of C¥Ch
andhexane was usetb pack the column an8 mL t 10 mL of the solvent mixture was used to load
the column with 100 mg to 2 g of crude materiihe50:50 mix of CkCh and hexane was usetb
elute the first yellowband, whichis the starting materiaMox(Piv)or Mox(TiPB). The polarity of the
solventisincreased in 10 % GEL stepsuntil the next band beigs to separate on the columnThe
second band was eluted asaloured solution and was generally found to be the prodiitis band
was typically collected in three I8enk flasks (300 ml capacity), and the solvent immediatatyoved

in vacuo The composition of each band was determinedlyNMR spectroscopy, before combining
the clean fractions. On some occasion the product did not elute WlCEsdlvent, he polarity of the

eluent was once again increased by increments of 1 % THR@P @Mil the product was eluted
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Figure8.1: Air sensitive column chromatography apparatus.

8.1.3 Materials

Reaction solvents were dried over Gaifd distilledunderargon using a vertical still heagbparatus
and stored over molecular sievem a Youngs tap flaskMethanol was dried over magnesium
methoxide and distilled and stored as above. Dimé&thifoxide and dimethylsulfoxidds were stirred
over Cakland then distilled under reduced pressure and stored over molecular sieve€b @bd
CDGC were dried over Call and distilled under reduced pressure using short path distillation
apparatus. Tetrydrofurands was dried over a potassium mirror and distilled using a short path
apparatusunder reduced pressureTriethylamine water and tetrabutylammonium hydroxide in
methanol (1 Mwere spargedvith nitrogenfor ca. 45 mins prior to us@he compound: Mo(TiPBa,!
Mox(TiPBsHDop? [Moz(Piv)(MeCNg][BR]22 2,3-dihydroxyquinoxalingé and 2,3-pyrazinedithiot
were prepared according to literature procedureAll other compounds were purchased from

commercial sources and used without any further purification.
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8.2 Analyical techniques

8.2.1 NMR speaibscopy

Air sensitive NMR samples were prepared in the glovebox under an argon atmosphere. The samples
were prepared in agtandardNMR tube fitted with an NMR tube cap and further sealed using parafilm.
All spectra were recorded on one of the followingpectrometers a Bruker AVIIl) 400 MHz Bruker
Fourier 300MHz Bruker Avance Neo 60MIHz or a Bruker AV1 500MHz Chemicalshifts ae
referenced against the protio impurity solvent resonances (€BIC1.26'*C 77.0dimethylsulfoxide

ds *H 2.50}°C 39.52THFds'H 1.72 and 3.58'C 37.21 and 25.31DOSY experiments were performed

in non-coordinating solvent§0.5 mL)at ca. 5 mMconcentrationon a Bruker A/(l11l) 400 MHz
spectrometer using the DOSY automation process. The sample was then dop&d wittof DMSO

and the process repeatedhe diffusion coefficient (D) was determined by using Topspin to analyse
the data The hydrodynamic radii (r) were calculated using the Stdkiastein equation: £ (kT/6< {D)
where k is the Boltzmann constant, T is the temperature in Ke{juBthe solvent viscosity. The radii
were then used to approximate the hydrodynamic volumeuasing a spherical system using=V

413( ).

8.2.2 Absorption spectroscopy
U\-Vis spectravere obtained on &himadzu UV 3600+ spectromegtia concentration of 1 mhh a

Rotaflow modified quartz cuvett€0.1 cmpathlength.

8.2.3 IR spectroscopy
ATRIR spectra were recorded in the solid state usirithermo Scientific Nicolet 38pectrometer

equipped with a diamond press.

8.2.4 Cyclic Voltammetry
Electrochemical measuremer(syclic voltammetry (CV) and differential pulse voltammetry (DoY)
all canplexes were collected at a range of scan rates fofl0® t 500mVs?) and at10 mVstfor DPV,

using a Palm Instruments EmStat2 potentiostat employing a platinum disc working electrode, a
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platinum wire counter electrode, and a platinum wire pseudkference electrode. The
voltammograms were obtaineid 0.1 M NBuPFk/ THF or CkCh solutions at a concentration of 5 mM
After each experiment a small amount of ferrocemredecamethylferrocenel, vs. ferrocene0.47

VY was added as an internal reference.

8.2.5 EPR Spectroscopy

Electron paramagnetic resonance spectroscopy experiments were performed at 8.99-Gtz ) ¥n

a Jeol JES PA0 spectrometer using a cylindrical cavity (TE011) with quartz insert at room
temperature in both CKChL and THF (5 mM)The radical cations were generatedsitu by the
dissolving the complex in a solutioh AgPEin THFor CHCE (0.9 eqv. for covalent systems and 0.45
eqgv. forhydrogen bonded systems) the gloveboxthe spectra were thembtained immediately
following sample preparatian EPR spectra simulations were conducted usiegzasySpipackage

in MatLab’

8.2.6 UW-Vis-NIRspectroelectrochemistry

Spectroelectrochemical measurements weoenducted in acustommade quartz cell with a
pathlength of 0.05 cm Spectra were obtained fro.1 M NBuPFk/ THF or CKCb solutions at a
concentration of 1 mMThe cell contained standard three electrodsetup consistingof a flattened
platinumwire working electrode, a platinum wirpseudoreference electrode and a coiled platinum

wire as the counter electrodéd he spectal measurements were recordesh aShimadzu UV 3600+

8.2.7 IR spectroelectrochemistry

Spectroelectrochemical measurements were conducted iooenmercialliquid sample cell from
Specadproduct number GS2090@hich has gathlengthof 0.002 cm Spectra were otained from
0.1 M NBuPFk/ THF or CECh solutions at a concentration of 10 mMrhe cell contained a standard
three electrode setup consistirgf a rhodiumworking electrode, a@ilver pseudo referencelectrode

andrhodiumcounter electrode. The spectral measurements were recomed JASCO 4100 .
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8.2.8 Mass spectrometry

Matrix assisted laser desorption ionisation tiro&flight spectrometry (MALBTOF) data was
collected on a Bruker Reflex 1ll mass spectrometer operatdidear, positive ion mode with anzN

laser. The laser was used at the threshold required to produce a signal. The matrix used for each
experiment was dithranol and this was integrated into the analyte by dissolving a mixture of dithranol

and analyte intadried CHCE.

8.2.9 DFT

Molecular structure calculations were performed using density functional theory as implemented in
the Gaussian 09 software package. The B3LYP functional anéfl@*thasis set were used for H, C,

O, N, and S atonfsalong with the SDD energy consistent pseudopotentials for molybdenath.
geometry optimizations were performed without symmetry constraints in a THF solvent cavity using
the polarizable continuum model, as implemented in Gaussial! he geometries were confirmed

to be a minimum on the potential energy surface by frequency analysis.

8.2.10 XRD
Single crystal-ray dffraction data was collected at 150(2) K on a Bruker Apex Duo diffractometer
He]vP PE %Z]S u}v} ZE}u § M ~<re E ] S]}v2033 Gystalywerko <*SE

mounted onto a X um MiTeGen nylon loop using sparged watee cystallographiagefinementdata

for all complexes is given|gure8.1
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Table 8.1: Crystallographic data foMoa(Piv}]2(u-Me2Dop)(DMSQ) [Moz(Piv}]2(U-Pdt)(DMSQ) Moy(TiPBYHmMIz)(DMSQ) Moy(TiPBYHBIz)(DMS®@)and
Moz(Piv}(HMiz)(DMSQ)
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