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Abstract

To date, only a few examples of phatatalysed oxygeatom transfer (OAT) whi molybdenum
andtungstencontaining complexekave been reported, and these suffer from poor performance
or require extensive synthesis. This work investigates new simple molybdenum and tungsten
complexes that overcome these shortomgs.

Sixteen molybdnum (VI)dioxo and two tungsterfVl)dioxo complexes with substituted Schiff

base SAP ligands (SAP = salicylidene amino phenol) were synthesised and characterised by NMR
ATRIR and UWVis spectroscdps, mass spectrometry and elantal analysis. Substient

position and stereeelectronic properties were varied to study their influencetbe metal

complex properties and catalytic activity\-Vis and emissiorpgctroscopic measurements

revealed little difference between complexescept when additionathromophores were

present. Excited state lifetimes of selected complexes were in the range of 2 to 6 ns.

The ability of the complexes to catalyse OAT between DMSO andifdr irradiation was
screenedConversionaup to 78 %after 3 hwere observed, withsome complexes being inactive.

The most active compleip-2) was used to study the substrate scope. Several different
phosphines and sulfoxides were tested. While conversion changed with the substrate a clear
trend was not observed.

Further informationon the mechanism was obtained from the stoichiometric reaction between
Mo-2 and PPk Analysis of the reaction mixture after irradiation suggekthe formation of
molybdenum (IV), likely in the triplet state.

Readtion kinetics were found to depend strolygon the solvent used and, particularly, on the
concentration ofMo-2. Below 1 mMhe reaction rate increased linearly with catalyst
concentration while above 1mM it decreased exponentially.

Three mechanisns for photoactivated OAT ha beendiscusseddxpanding on the mechanism
found in thermal OAToneinvolvingthe formation of radicamolybdenum and triphenyl
phosphinespeciesNone of the mechanisms can fully explain the results obtained and further
work is neeed.
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Chapter 1introduction

1.1 The environmental imma of chemistry

There is a clear need to reduce theman impact on the environment in terms of energy
consumption leading to emission of climate affecting @well as production of harmful waste
and by-produds.

Many industrial processes producing iorant chemicals are operated under high temperature
or pressure which requires large amounts of energy thus leading ioelase! Among these are
oxidations, with the oxidation of alcohols playing an important part in production of
pharmaceuticals and finehemicds? Another important reaction is the epoxidation of olefins
both for production of fine chemicals as well as large scalepourds like polymers.

The sun provides free, renewable energy sufficient to nfiettre energy need$.There arenany
potentialways of using this energgcludingthe production of electricity by photovoltaic solar
cells,solar thermal heating, photocatalgtand ghotoelectrochemicaproduction ofchemicalfuels
as a means of storage (so called sélets like hydrogen or methanaind theproductionof
usefulchemicas. Howeverthere remain many challenges to realising economically viable
processes baseah manyof these technologies.

While clean electricity or solar fuels could be used to heateggtion mixtures and activate
thermal reactions, @otentially moreefficient way is to directly use sun light to activate reactions
viaa photocatalystThe wse of smlight could suffer from too low and fluctuating irradiance
compared to light sourcessually used in laboratories during the development of photocatalysts.
The combination of a photocatalyst and an artificial light source could still be lessyéntrgse

than a high temperature thermal process and avoid the use of fossil fuels.

Oxidationreactionson the industrial or laboratory scale, stiflly mostlyon oxidants such as

organic peroxides, DMSO, permanganate, chromate or iodosyl benzene ¢émasetvesare toxic

and producewvaste?® Theyalso need to be made in the first place and transported, again requiring
energy.

H.O:; might seem like a good alternativevgh it s an effective oxidant, as its use only produces
water as byproduct and it is efficielfrom the perspective of active oxygen species to overall
weight ratio. On the down side water is always present in the reaction and more importady H
production requires an energy intensive process.

A better soltion would be to produce kD, via a less energy consuming routetouuse a process
that does not rely on such oxidants but instead uses oxygen gas/air or udsaly under
ambient conditions.

Another alternative would be to use a speciesaa®xygensource Were reductionof this species
is beneficial, eithebecausahe reduced speciesan be usedh subsequent reactions or because
it is less harmful.



1.2 Oxygen Atom Transfer

The type of reaction this work fecussed ons oxygen atom transfer (OATAT is redox
process withvery specific characteristics in which a species A is oxidised while formally gaining an
oxygen atom, while specidsis reduced and loses an oxygen atom.

A+D¥0* == A?*0%+D

Schemel-1: OAT between two species A and.D

In this process the oxygen being transferrethins the formal oxidation state in both reactant
and product.The formal oxidation state of species A and D changes by +2 arebpectively.

Oxygen aton transfer is a common type of reaction but usually not recognised as such. An
example of an industrially relevant OAT process is the production of syngas shBafreimel-2.’

CH4+C02 S 2CO+2H2

Schemé-2: Production of syngas, an exampfeQAT

In most applications of OAT, the aim is to oxidise / reduce a substrate hence the oxyger don
aceptor is considered a byroduct. Examples of oxygen donors include PhlO, peroxides (
chloro-perberroic acidt-BuOOH, kD»), N-oxides (pyridineN-oxide), Soxides (DMSO, biotis
oxide) while phosphines (PBhsulfides and protons can accept gey. Aghe donor or acceptor,
respectivelyjs required in stoichiometric quantitiesignificant amounts of waste can result
unless the byproduct is water.

Examples of OAT in biology will be presented in sections 1.3.1 and 1.3.2.

Reactivity in OAT

In order topredict whether reaction occurs between an oxygen donor and an acceptor, a
thermodynamic scale has been devisesimilar to standard redegotentials, the enthalpy of

NBI OGA2Y F2NJ I ydzYoSNI 2F LI ANB - k-h xkbdS 06SS
Nhkye aadzYAy3a pep{py ff pnl pyo

A few selected examples are shownTizblel-1.
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Tablel-1: Thermodynamic reactivity scale for OAT. Data taken from Holm and Doahue.

X+ % = X0
X XO N kaxol keal
mol?
H,O H.O, +34.1
tBUOH tBUOOH +15.9
Me>S Me>SO -27.1 Gas phase
©) @) -59.6
PhP PhPO -73.8
PhCGH PhCGH +4.3
NaClQ NaClQ -4.9 :
PhyP PrPO 69.9 Solid phase
Mg MgO -144

FromTablel-1 it would, for example, be predicted that PHk oxidised by @which does in fact
happen. The reaction is, however, slbaspecially between solid PP4and air emphasising the
importanceof reaction kinetics.

1.2.1Metal centred Oxygen Atom Trdes

OAT is mostly encountered involving metals and mbgtaled OAT is the focus of this work. One of
the first examples of such a reaction is the reaction between,@s@ chlorate yielding OsO
reported by Hofmann in 191% It was not until the work of Halperin and Taube in 1950
employing*®O-labeling that OAT became populas the labelling now allowed identification of

the oxygen acceptor / donor in a reaction systémy

In general, OAT involving metals can be divided into primary and secondarhemel-3. 2

primary OAT

M?*20, 4L, + X =——= M?O,L,+ XO (1)
secondary OAT

M0 L, + L' =——= MO, L' L'+ L"*?0 (2)

MZ+1(L|Oa)n +X MZ(LIOa)n-1(LI-1Oa-1) +XO (3)

Schemé-3: Primary and secondary oxygen atom transfer.

Primay OAT corresponds to the general cas8shemel-1 where one species is the metal oxo
complex [MQL,] which transfers one of its oxo ligands tg@ecies X. The reactants X/XO are
oxygen atom acceptor/donor, the @ation state of M changes by £2 as a consequence of atom
transfer only and the oxygen transferred is directly bound to M as a terminal or bridging group.
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An example of primary OATtlse reaction of an iron porphyrin complex with BPh

FeO(TMP) + PPh, Fe(TMP) + OPPh;,

Schemd-4: Reaction of an iron porphyrin oxo complex with4”FWP=mesoctetramesitylporphyrinaté3

In secondary OAT, there are two differentcages! NB I OG A2y HI O0AYRAYy3 2
internal redox reaction and formation of ligand oxide OL which magodiate as depicted or stay
02dzyR® LYy O2y(iNI ad (2 NBFOGAZ2Y wmIlnmgdt®n3d yO2 YA
both the netal and a ligand L are reduced when oxygen is transferred.

The following reaction between two titanium porphyrin comyds is an example of secondary
OAT as the reaction proceeds ligand reduction of the peroxide:

[(OEP)Ti(O5)] + (TTP)Ti)PhC=CPh)] — [(OEP)Ti=0] + PhC=CPh

Schemél-5: OATbetween two titanium porphyrin complexes. OEP = octaethgipsinato, TTP = meso
tertaphenylporphyrinatd4

The remainder of this work will focus on primary OAT.

1.3 Properties and occurrence of Molybdenum and Tungsten

Molybdenum and tungsten have found use due to their high melting points and hardness
Tungsten and tungsten alloys are used in high temperature applicagon&lectrodes for
welding and as tungsten carbide in tools like dHiislolybdenum is an additive in steel and
increases strengtand hardness and corrosieand wear resistanc& Molybdenum sulfide is
used to remove sulfur from petrol and molybdenwxide in the oxidation of alcohots.

The dundances of molybdenum and tungsten in different environments are list@alimel-2,
together with those of iron for comparison. Despitelow abundince molybdenum is essential

to most organisms, from single cell species to humans. Currently, more than 50 molybdenum
enzymes are known, most which are found in prokaryotes (single celled organisms). Tungsten is
used much less and mostly fouirdarchaea, which are mostihermophilic anaerobe&

Tablel-2: Abundance of molybdenum, tungsten and it#én.

Abundance / ppb by atoms

Mo W Fe
Universe 0.1 0.003 20 000
Crustal rock 230 120 23 000 000
Ocean 0.64 0.004 0.33
Human body 7 / 6 700
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Molybdenum and tungsten are primarily irlved in catalysing redox reactions, mostly oxygen

atom transfer to and from carbon, nitrogen and sulfur. Their chemical properties make
molybdenum and tungsten suitable for their role in organisms. Oxidation states6+, 5+ and

4+ (molybdenum can everafie 3+ irthe nitrogenases) are accessible under physiological
conditions thereby allowing catalysis of both eelectron and tweelectrons redox reaction®.
Although molybdenum has a strong affinity for oxygen it can relatively easily lose a single oxygen
which makes molybdenum complexes excelleatialystsor oxygen atom transfeiSchemel-1).

In organisms, watefprotons aretypically involved as the donor / acceptor in oxygen atom

transfer with molybdenum and tungsten enzymes.

1.3.1The active centre of molybdand tungsteenzymes

After firstpurification of xanthine oxidase by Dixon and Thuffow 1924 the first crystal
structure of an Mo azyme the aldehyde oxidaeductas isolatedfrom Desulfovibrio gigasvas
recorded by Romao and aworkers in 19952

Formate dehydrogenase frof@lostridium thermoaceticunthe first tungsten enzymewas only
purified in 1983 by Yamamoto and-emrkers® and the first crystal structure reported in 1995
even before that of molybdenum by Chan andveorkersof the aldehyde ferredoxin
oxidoreductase fronPyrococcus furiosifé From these as well as structures of other enzymes
(e.g.dimethylsulfoxide reductase fromK 2 R2 0 I O S Nahdsulfite lox@8ds@froR Ghiken
liver)?>2¢the active centres of the molybdand tungsteenzymes were identified.

Apart from a few exceptions, molybdenum and tungsten are coethiwithin the enzymes as
mononuclear centres coordinateda sulfur to one or two pyranopterin cofactorkigurel-1), the
remaining coordination sites are filled by oxygen, sulfur, nitrogen or selenium.

O i $M
N S
PN L Ao T or
HoN N N+ O/ P
H ! I
pterin 'pyran
M = Mo, W

R = H, cytidine, guanosine, adenosine

Figurel-1: Structure of the pyranopterin cofactof molybdenum and tungsten enzymes.

The cofactor consists of a ptemmoleculefused to a substituted pyran. The pyran bears the

thiolate ligands which coordinate to the metal as well as a phospho ester. In eukaryotes this ester
is a simple mono ester (R=H) whereas in prokaryotes it is usually a diester bound tcidesleo
(cytidire, guanosine or adenosin®).

Figure 11 depicts the cofactor in the closed pyriomm which has been found in the crystal
structures of most molybdenum enzymé&The existence of the open form has viever,
brought about the hypothesis that closinganopening could be involved in the catalytic
process?®

24



The exact role of the cofactor is still unclear but could include serving as an anchor point for and
modulating the redox potential of the metal and allowing for efficient electron traniséween
the metal and other redox active centrefthe enzyme?*2’

In nitrogenases which are of great importance for the fixation of atmospheric nitrogen,
molybdenum is part of a [MoF®&C] cluster, where & Ay GKS NBOSyi(ife Aazf
isfound in the linear [MoSCuSMoS] cluster whose function is not yet completely

understood?°

In the following sections the enzymes capable of OAT will be presented. The separation of the
molybdo and tungsteenzymes into (sub)classes is based on their active centre and the type of
reactions they catalyse, and different classifioati based on these criteria have been made®bo.

1.3.1.1The subclasses and active tren of pyranopterircontaining molybdenzymes

Based on the structure of their active centre and the reactions catalysed, molybdo enzymes have
been categorised into three main classes: Xanthine oxide®, (Sulfite oxidase (SO) and DMSO
reductase (DMSQRwith several subclassé$

Xanthine oxidase

The active centre dhe xanthine oxidase (XO) classhown irFigurel-2 consistirg of the
pyranopterin bound molybdenum with an oxo and a hydroxo ligand. The fifth coordination site is
filled depending on the enzyme subclass with sulfur being the most commone®ig/fpund in

the inactive form of carbon monoxide dehydrogenase, XOthadctive form of aldehyde

oxidase, selenium in nicotinate dehydrogendsm CO dehydrogenases, the active centre is
binuclear, containing an additional sulfide bridged coppo;SCuS(Cysj: XO class enzymes
generally possess additional redagtive sies such as iron sulfur clusters and FA&vifi adenine
dinucleotidg, where electrons from the molybdenum centre are transferred t@CNAD
(nicotinamide adenine dinucleotide?

S, 0 x
| Mo
4 v
s OH
X=3S, Se, O, S-Cu-S(Cys)

Figurel-2: Coordination sphere of Mo in the active centre of Xanthine oxidase class eRzyimeslitholene represents
the pyranopterin unitigurel-1).

Members of this class catalyse the oxidative hydroxylation of various substrates. @agarxdf
xanthine, and its precursor, after which this class of enzymaamed, is shown iBchemel-6.
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XOis part of the purine metabolism in humaaad animals and is one of the most studied
enzymes, particulaihe XO obtained from cows milk and discovered in 1862.

O
H
HN N\ H,O, -2H*, -2e~ N N\ H,0, -2H*, 2" HN N
| N> Py |N> Py IN/EO
NTH N H N H
hypoxanthine xanthine uric acid

Schemd-6: Stepwise oxidation of hypoxanthiteeuric acid®®

Other examples of this class include aldehyde oxidase and oxidoreductase, converting aldehydes
to acids or CO dehydrogenase converting CO t9?€0

Sulfite oxidase

The active centre of sulfite oxidases is similar to that of xanthine oxidase but contains two oxo
ligands. The fifth coalination site is occupied by a cysteine sulfur giving a square pyramidal
geometry Figurel-3).

S, Q S(Cys)
Mo

\\

s’ o

Figurel-3: Coordination sphere of &/in the active ceng of sulfite oxidase class enzyrdg$he dithiolene represeat
the pyranopterin unitigurel-1).

The reaction that gave its name to thiass is the oxidation of sulfite to sulfate, 3@ HO-->
SQ* + 26+ 2H

Another similar reaction catalysed by members of thimily is the oxidation of nitrite to nitrate.
In general, all members of the SO class catalyse reactions on substatesnaagsulfur or
nitrogen3®

Sulfite oxidase is part of the catabolism of sutfantainingproteins Disruption in the function of
this enzyme leads to accumulation of toxic sulffte.

26



DMSO reductase

DMSO reductase differs from the two previous classes inrttedybdenum is bound to two
pyranopterin units in a trigonal prismatieometry Figue 1-4). One oxdigand and one
hydroxide alkoxide, thiolate or selelate complete the coordination spheré.

O X
13/ \\/ \Sj;i

X =0H, O(Ser), O(Asp), S(Cys), Se(Cys)

Figue 1-4: Coordination sphere of Mo in the active centre of DMSO reductase class er2{imeslithiolenes
represent the pyranopterin unit&igurel-1).

The reaction that gave its name to this class is the reduction of DMB®I& DMSO + 2¢ 2H -
> DMS + b0, as DMSO reductase was the firsthis iclass to be characterised Yoyay
crystalography®’

The DMSO reductase class is the most diverse of the three, catalysing various reactions including
reactions other than OAT, for example sulfur atom transfetheraddition of water to ethyné¢o
give acetaldehydé’ A few selected examplesegiven inTablel-3.

Tablel-3: Examples of subclasses of the DMSO reductase family and reactions catalysed. Adapd from

Subclass Reaction

Biotin sulfoxide reductse BiotinrSoxide +2H+ 2e -> Biotin + KO
TrimethylamineN-oxide ONEt + H + NADH> NEt + HO+ NAD

reductase

Nitrate reductasddissimilatory) | NOy + 2e + 2H -> NQ + HO

Formyl-methanofuran Formytmethanofuran + kO -> methanofuan + C@+ 2e + H
dehydrogenase

Arsenite oxidase / Arsenate AsQ¥* + HO <> As@Q* + 2e + 2H

reductase

Members of this class aexclusively found in prokaryotes.
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1.3.1.2The active centre gdfyranopterircontaining tungsteenzymes

The active siteof tungstoenzymesare similar to troseof the DMSO reductases. Tungsten is
bound to two pyranopterin units in a trigonal prismatic odiatorted octahedral geometry. The
remaining coordination sits are filled by oxygen, sulfur or seleniugiglrel-5).%°

is/x\/ S :g

X,Y =S, Se, O, O(Asp), S(Cys),

Se(Cys)
Figurel-5: Coordination sphere of W in the active centre of tungstoymes? The dithiolenes represent the
pyranopterin unitsFigurel-1).

The members of this class catalyse diverse reasti8elected examgé are shown ifablel-4.

Tablel-4: Reactions catalysed by tungstazymess

Enzyme Reaction

Aldehyde oxidoreductase RCHO + 0 <> RCOOH + 2H 2¢e
N-Formylmethanofuran dehydrogenase] RNHCHO +,B <> RNH"+ CQ+ H + 2¢
Formate dehydrogenase HCQ <> CQ+H + 2¢e

Acetylene hydratase I /| 1,04 CHCHO

Molybdenum analogues are known for many of these enzymeforAlse structurally similar
DMSO reductases, tungsemzymes are only found in prokaryotes.

1.4 Selectednodels for active centresf OATFperformingenzymes

In order tounderstandthe molybdenum and tungsteenzymes and potentially apply the
principles thatgovern their catalytic activity to perform OAT on substrates relevant to chemical
synthesis, models of the active centres loése enzymes have been designed. Evdareehe

first crystal structure of molybde and tungsteenzymeswvere obtained models hae been
synthesised based on thepectroscopic and chemical studigisthe enzymes®

The degree to which the active centre was accurately modelled varied, but conmibese
complexes is their ability to talyse thermal OAT. Models of these enzymes have usually focussed
on a particular aspedie it the thiolene ligandthe metal core or the reactivity.

A complete model not only needs the appropriate atoms in the io®rdination sphere, directly
coordinged to the metal, but also in the second coordination sphere including the pyranopterin.

Synthesis of the pyranopterin has been attempted but dugganstability outside the enzyme
without coordinated metal, itould only be synthesised in a highly fcted form, shown in
Figurel-6.4°
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Figurel-6: Structure oprotected pyranopterin as synthesised by Brasislet al4°

In regard to the metal core, sexad issues were encountereflFeatures found in the active
centre had not been for known molybedum complexes until their discovery in the crystal
structure. The uncommon MoOS core of the XO class contains the highly reactivelgafido
but has been obtained in the corfgx [MoOS(OSiRh)phen)}*! Stabilising the five coordinate
MoGO:; centre of the SO class in the presence of three reducingateidigands provedhallenging.
Lastlythe pair Mo(VI)@/ Mo(IV)O had been the natural choice for the metal core due to its
frequent occurrence in conventional molybdenum chemistry. Crystal structures of the active
centres of the xanthine oxidase and tlEMSO reductase classd®owever, revead that using
Mo(VI)Q Mo(1V) would be more accurate, bubmplexes containing this pair webarely known
or studied® Similar arguments apply to the tungsten enzymes.

The number of models is vast since any complex containing the Jffg@up models the active
site. Many examples of complexes with thisgp have been reported, although oftehdse
complexedake inspiation frommolybdoenzymegather than claiming to model their active
centres 334244

A selection of models will be presented in the following sections. Further examples are discussed
with regard to the mechanism of OAT in chapter 3.1.

1.4.1Enzymenodels cotaining sulfido ligands

A close model of the active site of XO enzymes requires the {Si@hiolene)] or
[MoO(OH/HO)S(dithiolene)] unit, however, no such complex has been reportet? yetomplex

with the [MoQ:S] core, but no dithiolene ligand has been reported by Zledrad*® The 1,4,7
trimethyl-1,4, “triazacyclononae (Mestacn) ligand was used to obtailrl (shown inFigurel-7)

from the trioxo analogue. The authors were not investigating models for enzymes, however, and
no OAT oother reactions withl-1 were performed.
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Figurel-7: A Model foithe active site of XO enzymés.

Another modelof the XO class of enzymesontaining the [M@: core, was synthesised by

Thapper and cavorkers? 1-2 (Figurel-8) was obtained from [Mogs]with CISiPhand Mephen

and the presence of the [MoO'S¢ore was confirmed by elemental analysts,NMR, mass
spectrometry x-ray crystalographystructure and EXFAS measuremeitsnd lengths of 1.71 and
2.18A of Mo=0 and Mo=S, respectively, agreed well with values for xanthine oxidase. Reactivity,
however, did not replicate the enzyme. Reaction with the oxygen acceptanffitled SPPh
guantitatively, due to the lower bond engy ofMo=S In addition, sulfide transfer resulted in the
reduced [Mo(IV)] which quickly abstracted chloride from the solventOBkb give the Mo(V)
complex1-3.

[ [
N,,,’?/S'PhS _N, 7' 0siPh,
Mo,
B! N( N
I OSiPh; N OsiPh,
N NS
1-2 1-3

Figurel-8: Structure of a model of the active centre of XO enzymes #eét)lthe product of the reaction Gf2 with
PPRh, (right).

The active centres of enzymes of the DMSO reductase and tuaggtone classes are very
similar, both contain tw@yranopterins This close similarity is reflected in isoenzymes, two
enzymes that catalyse the same reaction within a species, but diffaeinproperties, one uses
molybdenum, the other tungsten. An example is tMethanobacterium wolfeivhichpossesses
both a tungten and a molybdenum formylmethanofuran dehydrogen&<g.

The first model of tungsten formate dehydrogenased(Figurel-9) was synthesised by
Groysman and Holm but neithés crystal structure noits reaction with formate has been
reported*® The related complexek5 and1-6 were the first structurally characterised models
that showed the relevant substrate bindirig®°
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Figurel-9: A Model of the active site of tungsten formate dehydrogenase containing a selenothiolate ligaffthfieift)
two models showing substrate bindirfright) 45.50

The complexes iRigurel-10form another interesting system of models, synthesised byddas.
to model the activeige of aldehyde oxidoreductasg.In contrast to earlier mode)4-7 showed
reactivity relevant to the enzyme as it reacted with crotondigéde (3butene aldehyde) to yield
crotonic acid in low yields. Catalytic aldehyde oxidation,yaasvever,not achieved. In addition,
reaction of1-7 with aldehyde yielded-8 with the dssociated $ presumed to have reacted with
remaining aldehyde to yid thio aldehyde1-8 could also be obtained frori+7 via double sulfur
atom transfer to PPfwhereas the back reaction can be achieved with elemental sulfdcould
be prepared frontl-9 with H.Swhich could also be reduced 168 via OAT to PRhThe tree
complexes displayed an interesting oxygen / sulfur atom transfer dynamic.

2- 2- 2-
.S N | CN | CN
S\\\I/\}O/S | c S\\(}){//SI O\\\}o{//SI[
PN NC— /s > s
CN NC CN
1-7 1-8 1-9

Figurel-10: Structures of complexes related to active site of aldehyde oxidoredi#étase.

1.4.2Enzyme models containing the Mre

Models containing the M&core (M= Mo, W) have usually easier synthesis and higher stability
than models containing sulfido ligands.

The active centre of theulfite oxidaseslass contains the Ma&ore. An example for a model of
this class ard-10and1-11, shown inFigurel-11, whicharerelatedto the tungsten complexesf
the previots sectionFigurel-9 andFigurel-10). 1-10and1-11 were synthesised before
crystallograpic information on the active centre was available aodtained two dithiolene
ligands.1-10was found to be a functional enzyme moaékulfite oxidasecatalysing the
oxidation of sulfite to sulfate whereds11 was found to model the structure of thew pH form
of the enzymewith an EPR signal similar to that of sulfite oxid&se.
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Figurel-11: Structure of a model for the active site of the sulfite oxidase class.

Molybdenum and tungsten dioxo complexes are numerous and contain various types of ligands.
Still, at their (M@-)core theycan be regarded as enzyme models. Often in the study of these
complexes substitution at the ligand is done to changesiectroscopic ostericproperties of

the complexesndin particular their OAT reactivity.

A few more examples of molybdenum and tutegsdioxo complexes are shownhigurel-12.
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Figurel-12: Structures of various molybdenum and tungsten dioxo complexes.

Figurel-13 shows two unusual molybdenum complexes, a mono oxo complex employing a tris
pyrazolyl borate ligand that is connected to an iron porphyrin via a catechol, and a dioxo complex
bearing two ferroceniunsubstituted imino pyridine ligand3he connected redox activeoin

centres model the iron centres found in sulfite oxidases and were found to stabilise Mo(V) over
Mo(IV) after OATPO6?

33



R4 = 4-Me-Ph
R, = N-Me-imidazole

Basu®3
O
N No T~
—_— |
'ﬁf\{"vfo\‘o "= P
o, =
Hanauer®

Figurel-13: Two molybdenum complexbsaring redox active iron centres.

As oxygen atom transfer is common for many metals, artificial enzymes and cofactor with metals
other than molybdenum and tungsten in the a& centre have been envisaged as potential drugs
against molybdenum cofactalisease? Figurel-14 shows two oxo biglithiolene complexes with
molybdenum and rheniurse Both complexes showed extremely low reaction rates during OAT
from DMSO to PRh40 mol% catigst), [Mo] reached completion afte67 days whereagRe]only
reached 45 % after 73 days. The reaction rates sugdélst existence ofery different
mechanismscontrary to initial assumptiorbut these were not further investigate®espite the

poor catalytic performancgRe] is the first rhenium complex closely similar first coordination
sphere to that of the molybehum cofactor to show OAT reactivity at all.

2- -
O O
/N SN II/S N\ /N S. II/S N\
~ | /Mo\ | Pz x> | /Re\ | —
N S S N N S S N

Figurel-14: Structures of two oxo bidithiolene complexes with molybdenum and rhenk#m.
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1.4.3Examples of photoactivated OAT

The model complexes presented thus far only performed thermal Qfhey were tested and
showed activity to begin wittExamples of photoactivated OAT are ragyatticularlywhere a
molybdenumor tungstencomplex performs OAT as described in the dual role as @#&Tphoto
catalyst. Four related examples are shown below.

o)
\o X N %
=/ _n_Nos o S 4\ g 0%
\ 7 7\ o Q \ 7 R
N, N= TiOg /Mci\\o %(ia_o N O N= o-e;rd
N AN
SCN—Mo—NCS | N Nes oMo
O/ \\O 10 7 0]
112 O 143 1-14
2+

Figurel-15: Structures of four Moomplexes used in photoactivated OAT: a simple molybdenum cénpleshored to
a semiconducté®, anchored in a metal organic framewétkas part of a dyad®

Complexl-12was used to oxidise arylalkanes (tetraline, ethyl benzene) to the corresponding
ketones catalytically with DMSO under irradiation, but the underlyiieghanism is not clear,
possibly mvolvingalkaneradicals. In addition, yields and turnover numbers were very low which
could suggest decomposition / deactivation of the catafyst.

The Mo complex anchored to TiD-13 has been used in photactivated OAT from molecular
oxygen to terpees % Here, absorbance & photon by the titania leads to formation of an
electronthole-pair and electron flow away from the Mo centfEhe use of titania made it

necessary to perform the reaction in a cyclic manner do avoid formation of superoxide anion and
hydroxyl radical spees from photoactivated titania and oxygen. Oxidation of the substrates was
done under nitrogen during irradiation, while regeneration of the catalyst was done under oxygen
and in the absence of light.
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Complexi-14 consists of a galliumetal organic frameork (MOF) where molybdenum is
coordinated to a bipyridine linkéf. This system performed OAT from oxygen to terpenes.
Although the presence of molybdenum gave rise to an additional absorbance band in-is UV
spectrum and the light souragsed matched this igion, contribution from the semiconducting
MOF cannot be excluded as no mechanistic studies were perforiatkauing of the reaction at
60 % conversion after 10 hours in a 18 h long experiment as well as a drop in activity to 40 %
when the catalyst is reycled suggest deactivation.

The dyadl-15is conceptually similar to the TiGystem, the ruthenium moiety functions as the
photoactive part with a molybdenum centre that performs OAT covalently linked to allow for
electron flow®® With the help of the redox mediator methyl viologela15transferred oxygen

from DMSO to PRhThe disadvantage of this system is the multistep synthesis, partially under
inert atmosphere, and the use of the precious metal ruthenium. The system also requires a redox
mediator.

An example of a tungsten dioxo complex tpatforms photeactivated OAT ishown irFigure
1-6.

1-16 @

Figurel-16: Structure of a photo active tungsten dioxo comsfex.

Complexl-16 has been used to catalyse the phatotivated dehydrogenation of secondary
alcoholsand dienesn air (Schemel-7). The «idation of alcohols only yielde®%6 and 16 %
conversion after 12 hours whereasnversion of the dienes was quantitatively, benefitting from

the additional driving force of generating an aromatic compound. The OAT in these reactions is
more of a by-product as no oxygen is transferreddo from compounds under investigationh@&
readionsin Schemel-7 are thought to proceed via hydrogen atom abstraction by the tungsten
complex resulting in formation of water and the reduced mono oxo complex which is regenerated
by Q. A mechanism where theomplex acts as a photosensitizer generating reactive oxygen
species is also possible. Similar to the d{«d, synthesisof 1-16, particularly of the ligand, is

more elaborate®’
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1 mol % 3-8, O,

e ~ H0 + <
MeCN,

365 nm LED
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H H
H_ _H
EtO,C CO,Et 1 mol % 3-8, O, EtO,C._ -~ CO2Et
| | > HZO + | _
N MeCN, N
H 410 nm LED

Schemd-7: Dehydrogenations catalysed 1 6.

1.5Project aims

Taking inspiration from the molylod andtungstoenzymes, this project aims to develop
molybdenum and tungsten dioxo complexes that can perform oxygen atom transfer. The vast
majority of the model systems reported in the literature thus far perform OAT under thermal
conditions, in some cas requring temperatures > 100 °C. It is therefore desirable to employ a
different mechanism to activate OAT, the use of light. While plastiivated OAT systems are
known, these are limited to a few examples and require more elaborate syntheses antsage
metals, their practical use is more complex, or they have poor performance.

Molybdenum and tungsten on the other hand are abundant metals, and th§<saAdylidene
amino phenol, 2-[(E}(2-Hydroxybenzylidene)amino]phenaystem allows for easy syrahis
making the complexes developed in this work more attractive.

Individual objectives of the project were:

1 To investigate the potential of newly made complexes to act as photocatalysts in OAT
using the model reaction between PRind DMSO

1 To modify theSAPbased ligand to improve activity

To study the substrate scope

1 To investigate the underlying mechanism and differences between thermal and
photoactivated OAT

=
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Chapter 2Synthesis and Characterisation

2.1 Introduction

2.1.1Schiff bases

A class of compounds often wsasligands are Schiff bases. They are obtained thrabgh
reaction of an aldehyde and an amine (Sxheme2-1) and have been named after one of the
first to study this type of reaction, Hugo SchifBased on the choice of constituents, ligands of
varying size and coordination number can be obtainedirBiand tetradentate ligands are
commonly found where in adtion to the imine nitrogen, furtheN-, O- or Scontaining groups
act asdonors to the metal some examples are shown belokigure2-1). Ligand denticity up to
seven is rare but has been employed with various méfals.

R4
O“\ + H2N"'R2 —_— \’lll or \ll + Hzo
=3 R, RS

R4, Ry = H, alkyl, aryl

Scheme-1: General scheme of the synthesis of a Schiff base through condensation between an amine and an aldehyde.

/tBU Br
—N / \
Cl —N N= Cl
tBu OH I
N OH OH HO
e X

SH

241 2-2 2-3

Figure2-1: Examples of Schiff baseih different denticity and cadlinating groups.%72

Schiff lases have been studied extensivelgjsolatedor as ligandin metal complegs

In biological systems, Schiff bases are found as intermediates in transamifatitight
perception in human$ and have shown antibacterial, antifungal and antimalaria activifihey
are also used as chemical sensors to detect aramalsmetalcations!®"®

Complexation of various metals with Schidfses has increased thatérest in these ligands and
the field of potential applications. Among the long list of reactions catalysed by Schiff base
complexes are polymerisations, oxidations and coupling reactitfiseir biological properties
include antibacterial, ariumour and antiinflammatory actvity.8%82 The use of Schiff base
complexes in light emitting diod&sor photovoltaic material®* has also been investigated.

38



Of importance for this thesiis the use of Schifblses as easily made and modified ligands
particularly as models for the active centre of enzymsseChapter J

2.1.2Choice of ligand backbomneed in this work

In this work a Schiff base made from hydroxy benzaldehyde and hydndineavas chosen as
the core structure for a tridentate O,N;{lyand (shown ifFigure2-2 alongside the molybdenum
complex employing this ligand). Theasoning behind this choice of ligand is outlined below.
Substituents were introducetb this structure, which is commonly referred to AR from its
trivial namesalicylideneaminophenol, to modify the properties of the ligands and subsequently
the complexes made thereof.

(o)

OH RS
MeOH
L-1 Mo-1

Figure2-2: Structure of the SAP ligahd (left) and the molybdenum dioxo compldo-1 based on this ligand (right).

Initial studies had used disubstitutddpyridines adbidentateligandsand attempted to synthesise
complexes of thedrm [MoOx(SCNL] (L = Z-bipyriding substituted inthe 4§ R n Q LJ2 & A G A
with COOH or COONEThese complexes were however foundomunstabldan solution yielding

the free bipyridine liganafter a few hours

The use of a ligand that provides a third binding site wasebed to provide a stableomplex A
tetradentate ligand clearly would have provided even more stability but would have meant that
all six coordination sites were filled (four by the ligand and two for both oxo groups). With a
tridentate ligand, the sixtlcoordination site is usub filled by a labile solvent molecule that could
provide a binding site for the substrate during the OAT. Alternatively, introduction of a specific
molecule in this site could provide a means to study the complex with a specificique
(spectroscopic andle) or allow to tune the properties of the complex further

The central part of the ligand was chosen to be an imine group which would serve as one of the
coordinating groups. In addition, having this imine group allows terabte the ligand from two
separately synthesised parts (the amine and the aldehyde). This separation simplifies modification
of the ligand as reactions on one part can be carried out without affecting the other. Separation
also introduces a modularity tde ligand meaning that , f@xample, one amine can be

combined easily with different aldehydes to produce various ligands when screening for optimal
properties.
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The two remaining coordinating groups were chosen to be oxygen donors. Nitrogen, oxygen and
sufur are all common donortams used to bind to molybdenum and all combinations of the

three are employed®®® Sulfur is predominant in enzym&dut studies would start with oxygen

to facilitate synthesis, witlthe option to exchange one or two of them for sulfur on an optimised
system later on.

The last point to be considered in the design of the ligand was the way the two ogggers

would be connected to the imine group. The lengfttthe linker between thehree donorswas
chosen so that for 6-membered rings would form in the complex for their greater stabffity.
These requirerants can be fulfilled by hang the amine and aldehyde (that form the imine) in the
ortho position to two phenolgroups Two aromatic benzene rings connected by the imine group
form a conjugated system where modification of electronic propentiaybe transferred across
the ligandand onto the molybdenum centr®.

Additionally, aryl groups greatly improve stability of the Schiff base as purely aliphatic ones
decompose or polymerise easify.

2.1.3Design of substituted ligands

With the backbone of the ligand established, further modifications were made. Substituents were
introduced to modify certain propgies of the ligand and their effect on OAT was then studied.
Figure2-3 shows the positions where substituents were introduced.

Figure2-3: Structure of the SAP ligand backbone with siteRRhere substituents will be introduced.

The main property to be modified is the electrdansityof the ligand which would influence the
electron density of the metal centre. Electrdonating or withdrawing groups were therefore
introduced.

The imine group introduces a small asymmetry into the SAP ligand which makefRhari

R./Rs positions inguivalent. A second distinction is made on each aromatic ring. Substituents
Ri/R; arein the para position to the imine group and theeta position to the oxygen ovice

versa These positional aspects are interesting with regards to how the electropictetire
transferred onto the metal centre and the oxo ligands. Substituents R could have different
effects depending on whether the electron flow is primarily conveyed through one of the phenol
oxygens or the imine nitrogen.

An acidic proton was troduced to the ligandn the form ofa carboxylic acid group to study its
effect on QAT.Schiff bases containing acid groups lmewnbut presence of an acidic proton
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could lead to increased hydrolysis of the imine bomdler OAT conditioner interferewith OAT
by binding to the (transferred) oxo ligand.

The gtical properties of the §and were modified in two ways. A substituent was introduced to
shift absorption more into the visible region and increase the potential to use suriligét.
emissivity of the ligand was tuned through an amine substituent or the simultaneous substitution
of an electron withdrawing and an electron donating group.

2.2 Synthesis and characterisation of 8/Bed ligands

The ligands were obtained through condensatieactiors between suitable hydroxy
benzaldehydes andmino phenols. Most of these precursors warommercially available, with
the exception of the hydroxformyl benzoic acid methyl este2)f°*and the hydroxyamine
benzoic acid methyl ester8,(4)which were synthesised following reported procedufés.

Schiff base formation from amine and aldehyde precursors wasdaotit as shown fok-1in
Scheme2-2, adapting a reported procedur& TheSchiff base ligands were obtained in good
yields (70 to 90 %)rhe structures of hligands made in this work are shownTiable 21.

OH

x HoN
O D — g e
OH HO N

2-4 2-5 L-1

Scheme-2: Synthesis df-1from the aldehyde (black) and amine (red) components. Conditions: EtOH , reflux, 6 h. The
origin of the two phenol rings in the liganffom the aldehyde or amine componeris evident and will be used to
reference substituent position: aldehyde rifidack) and amine ring (red).
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Table2-1: Structure of the SAFased ligands studd in this work.

R>
Rs
| | |
R N  OH N  OH N  OH
X 0
OH - OH OH
0]
L-11 COOMe,H L-1 6naph
R, R, Rs # Ry R, Ry #
H H H L-1HH H COOH H L-gH.cood
COOMe COOMe H |-2C00Me,COOMe COOMe H H L-gcoonte s
COOH COOH H |-3C00H,CO0H H COOMe H L-10QH.coone
COOMe H NEt; L-4co0MeH NO, H H L-12mezH
COOMe COOH H L-5t00Me COaH CF; H H L-13CF2H
COOH COOMe H L-GCoOH,CoaMe SO;NH; H H L-14502NH2H
COOH H H L-7C00RH H H NEt, | L-15#&2N

Theidentity and purityof the ligandsvere confirmed by*H and**C NMR spectroscopy, FTIR spectroscopy
elemental analysiand mass spectrometrharacteristic bands in the IR speatfdhe ligandsare the

imine group stretching bands around 1590 to 1620%mall ligands and carbonyl group stretching bands
around1670 to 1720 criin ligandd-2 to L-11.

A typical'H NMRspectrum, ofL.-1, recoided in DMS@ils, is shown belowHRigure2-5). The main
characteristic resonance in the NMR spectrum is the resonance of the imine prGi&rI\) appearing as a
singlet at 8.96 ppm (betweedl63 and 9.24ppm for the different ligands)lhe spectrum also shows two
resonances at 136 and 9.71 ppm attributed to the OH groups. Due to hydrogen bonding as depicted in
Figure2-4 the phenol proton of the alehyde ring is shifted further downfield; involvement of the second
OH group in hydrogen bonding is not obssd >*

The characterisation data &f1 is consistent with reported dat#:°¢ Characgrisation data of all ligands can

be found in the experimentalsection
/
N, :
H-O
OH

Figure2-4: Structure ot-1 with H-bonding.
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Figure2-5: 1H NMR spectrurof L-1in DMSGds.



2.3 Synthesis of dioxo complexes and characterisation

2.3.1Synthesis of molybdenuand tungstercomplexes

The SAasedmolybdenumcomplexes were synthesised through ligana@hange on the
complex [MoQa@c)], 5, (acac = acetylacetonate) which was obtained ftbesodium
molybdate salt (NaMoO,) and acetylacetone adapting a reported proced@rEormation of the
precursa and SARbasedcomplexesisdepictedin Scheme2-3.

A
o o %90\\0
Na,MoO, + 2 )J\/”\ +2HCI ———> o ‘]’\\o +2 H,0 + 2 NaCl
7 O
Hacac 5
O O\
|
g 00
0.0.0 .
AL y
O(MT\\O + O —_— \O N/M(PI-\\O + 2 Hacac
— H
OH ) MeOH
5 L-2 Mo-2

Scheme-3: Synthesis dd and Mo-2 as a model for the general procedure. Reaction conditions: a) 1 h in the dark, b)
MeOH, 4 IRT.

Synthesis of tungsten complexes was attempted following the protocol established for
molybdenum by using sodium tungstate instead adism molybdate. [We&{acac)], however,
could not be isolated and an alternative route was chosen instead, in whicligdnd was
directly reacted with the sodium tungstat&¢heme2-4).

OH
AcOH R,
N32WO4 *9 HZO + R1 | _— UN/(I)I o + 2 NaOAc + 4 HZO
R N AN
2\©[ /W\\
0) (e}
OH

Scheme-4: Synthesis of the tungsten complexes. Conditions: in boiling M&OH,

Formation of themolybdenum and tungstenomplexes was confirmed B and**C NMR
spectroscopy, mass spectrometry, elemental analysis and FTIR spectraShapcterisation
data can be found in the experimentals section. A more detailed discusEtbhNMR and FTIR
spectroscopic data and crgdtstructures can be found in sections 2.3.2, 2.3.2 and 2.3.4
respectively

Allmolybdenumcomplexes are shown figure2-6 with their structures depicted as suggestey
analyticaldata and discussed Bection2.35, and the two tungsten complexes are shown in
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Figure2-7. (Note: An overview of the structures of all synthesised clexgs and the substrates

used later in this project can be found in the appeq).
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Figure2-6: Structure of the complexes synthesised in this project. Structurg®{8r Mo-8, Mo-12, Mo-13, Mo-14
have been simplified for clarity.

o)
O\
AN
o)
/o O N/ o)
W .
O/ \\O O/ \O
W-1 W-2

Figure2-7: Structure of the tungen complexe¥V-1 and W-2.

Complexes are mostly yellow/orange in colour excepMor3, Mo-8, Mo-12, Mo-13, Mo-14, W-

1 andW-2 which are brown. Solubilityfanolybdenum complexes is high in DMSO and DMF,
moderate in MeOH and acetone (up to 8 mM) and lowleCN (up to 0.8 mM). Solubility \bf-1
andW-2is low, only in strongly coordinating solvents like DMSO and DMF are they appreciably
soluble. Dissolutiorsialso slower compared tdo-1 andMo-2.

The molybdenum complexes are stable in air in teelid form although loss of bound solvent
over time has been observédThey can be drieth vacug but equally lose the bound solvent

above 140 °C and decompose ab®@® °CW-1 andW-2 are stable in air, and no change was
observed upon heating up to 350 °C.

Figure2-6 depicts the structures that include MeOH for most of thelybdenumcomplexes. In
these cases, the structures shown are evicked by characterisation datin contrast to their Mo
counterparts, theW-1 andW-2 do not contain MeOH as evidenced by its absencdeliNMR
spectra and in the crystal structure Wf-1. For complexes that do not contain MeOH, the solid
state structure $ more complex (consisting ofdWlimers or oligomers, as discussed latgtion
2.3.5.

Mass spectra (LIFDI) of all compleghewed the presence of molybdenuwn tungsten,
respectivelypy their isotope patterrs as shown irFigure2-8 for Mo-1 andW-1. The most intense
peaks m/z in all complexesatchedthe formula®®MoQ,L and ¥4WO,L, respectively Any solvent
incorporated into the complex would have been lost under analysis conditions. Higher masses
were not detected.
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TOF MS FD+
100 340.98 285

33898
337.98

33489
33087

338.07 342,08

34198
335.95

MS: 0.8129 / akdk86832td / FD+(eiFi) (1260)

42700254
429.00605

42500108

426.00479

428.00937

43001196

415.0 4175 4200 4225 4250 4215 4300 4325 4350 4375 4400
m/z

Figure2-8: LIFDMS spectrum ofo-1, (top) andW-1(bottom) showing M@and Wisotope patterrs.

2.3.2Crystal structure dflo-2C00Me,COOMq\fo-7CO0H gnd W-1H-Hand comparison
to literature data

Single crystals dflo-2 (yellow needles) suitable for structural analysis were obtained from
recrystalisation from a hot, concentratedolution of the compound in MeOH. The compound
crystallised in the monaoclinic system, space group.PRinglecrystals oMo-7 (yellow needles)
suitable for structural analysis were obtained through slow evaporationcohaentrated
solution of the compound in THMo-7 crystallised in the triclinic system, space group. Single
crystals oflW-1 were obtained fom recrystallisation from a hot, concentrated solution of the
compound in DMSO. The compound crystallised énttonoclinic system, space group, P2
Crystal datarelisted inTable2-2, selected bond lengths arahgles irTable2-3; ORTEP plots of
Mo-2, Mo-7 andW-1 together with literature examples are shown Figure 29, Figure2-10,
Figure2-11, Figure2-13 andFigure2-14.

The ligand itMo-2 was disordered and therefore modelled with refined occupancies in two
positions (0.857 : 0.143). Bond lengths and angles are listed for the major species. bmadditi
constraints and restraits on pairs of atoms were employed (see appendix).

In Mo-7, highly disordered THF was modelled using a solvent mask and the carboxylic acid proton
located by difference map (see appendix).

W-1was disordered, and tungsten, thmine bridge, the phenoxy oxygens and DMSO were
modelled with refined occupancies in two positions (0.581459; see appendix).
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Table2-2: Crystal data foMo-2 , Mo-7andW-1 .

MO_ZCOOMe,COOMe MO_7COOH,H W-lH'H
Empirical formula CigHi7MONGy GoH1MoONG, GHANOSW
Formula weight 487.27 491.32 583.32
Temperature / K 110.00(10) 110.00 (14) 109.9 (4)
Crystal system Monoclinic Triclinic Monoclinic
Space group P2/c P-1 P2/c
a/lA 6.8609(2) 6.7460 (4) 12.48131 (15)
b/A 31.9207(9) 12.9235 (11) 6.72402 (8)
c/A 8.6525(3) 13.1613 (11) 23.5573(3)
h Kc 90 61.601 (9) 90
il K¢ 97.813(3) 87.263 (6) 94.1359(11)
'K C 90 80.349 (6) 90
Volume/R 1877.36(11) 994.39 (15) 1971.89 (4)
Z 4 2 4
il glcm® 1.724 1.641 1.965
> K YY 6.208 5.806 13.141
F(000) 984.0 500 1136.0
Crystal size/mrh 0.31 x 0.088 x 0.047 | O-173x0.03x0.01 8?;‘ x0.16
o . [ dzyh 6< T [/ dzYh o<
h
Radiation / dz Y 6< T 1.54184)
H _NJ-Oy s F¥2N 10,686 t0 134.16 7.642 to 134.156 7.1t0 134.156
collection/
-mn K 8
YK R NXOKY -y K HapIKOKT )
Index ranges M K £ K Ni1dmn K £ QH ;[1 HX, T
Reflections collected 12024 6214 12136
_ 3537 [Re = 0.0423, | 3503 [R:=
Independent reflections ?549_[% 6 428]4 89, Rsigma= 0.0597] 0.0233, Rigma=
omaT = 0.0219]
Data/restraints/parameters 3349/5/298 3537/0/245 2502/24/285
Goodnesf-fit on P 1.092 1.019 1.105
_ - o Ri=0.0339, wR= R = 0.0345, wR= Ry = 0.0246,
CAyht w AYyRS 0.0850 0.0834 wR = 0.0529
R = 0.0394, wR= Ry = 0.0265,
. . R =0.0398, wRk= 0.0870 wR. = 0.0538
Final R indexes fadata] 0.0888
Largest diff. peak/hole / e 0.61/-0.81 0.89/-0.87

A3

0.52/-0.82
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H16A

Figure2-9: ORTEP plots (50 % probity)i of the crystal structures dflo-2 (OC6-24-C, left) andio-7-THROC6-24-C,

right).
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Figure2-10: ORTEP plots (50 % probability) of the literature crystal struatfiMe-1 (OG6-24-C, top)*® and Mo-15-

DMSO(0G6-43-A, bottom). 100
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Figure2-11: ORTEP plot (50 % probability) of the crystal structus-afDMSQOCG6-43-A).

Table2-3: Selected bond angles addstance inMo-2, Mo-7 andW-1 (this work) andMo-1 and
Mo-15 (taken from literaturg.®1%°

M0-2C00Me,COOMe | \]o-7COOH Mo-1HH(99) Mo-1HH (100) Mo-15HNER2(100) | \\/- 1HH
Formula [MoOy(L-2) [MoOy(L-7 [MoOy(L- [MoOy(L- [MoOy(L- [WOs(L-

(MeOH)] )(THF)] 1)(MeOH)] | 1)(DMSO)] 15)(DMSO0)] 1)(DMSO)

]

Bond distance / A
M-O1 1.966(2) 1.982 (2) 1.995 (2) 1.943 (4) 1.973 (3) 1.938(8)
M-O2 1.938(3) 1.942 (2) 1.924 (3) 1.929 (4) 1.927 (3) 1.987 (14)
M=03 1.695(2) 1.691 (2) 1.699 (2) 1.686 (3) 1.688 (4) 1.69 (4)
(axial)
M=04 (eq) 1.705(2) 1.702 (2) 1.712 (2) 1.697 (4) 1.698 (3) 1.711 (4)
M-O5 2.309(2) 2.344 (3) 2.322 (3) 2.267 (7) 2.234 (3) 2.228 (6)
(solvent)
M-N 2.322(4) 2.266 (3) 2.280 (2) 2.2813 (8) 2.265 (3) 2.288 (7)
Bond angle / °
03=M=04 105.67 (12) 104.65 (12) | 105.24 (8) 104.84 (18) 105.20(17) 105.9 (3)
O1-M-N 73.07 (10) 74.77 (9) 74.06 (7) 70.4 (2) 74.7 (4) 75.2 (3)
O2M-N 81.06 (12) 81.88 (10) 81.95 (7) 86.7 (2) 82.22 (11) 79.9 (4)
01-M-02 147.54 (12) 152.61 (10)| 150.34 (8) 152.0 (2) 152.78 (16) | 151.2 (4)
N-M-O5 78.4 (5) 77.30 (10) | 82.95 (6) 78.5 (3) 74.51 (12) 78.1(2)
03=M02 97.66 (12) 97.11 (10) 99.99(8) 98.08 (18) 101.86 (13) 96.9 (4)
01-M-0O5 77.68 (10) 82.24 (9) 80.23 (7) 71.1(2) 71.8 (4) 78.1 (2)
03=MO5 165.59 (11) 170.75 (10)| 173,19 (7) 165.8 (2) 169.1(5) 167.3 (2)
03=M-N 89.07 (12) 94.01 (11) 90.27 (7) 89.7 (3) 92.86 (15) 89.3 (2)
0O4=MN 163.66 (11) 160.67 (11) | 162.55 (8) 163.8 (3) 160.63 (15) 164.8 (2)

Standard deviation in parenthesd3ata given for the enantiomer shown in figures above.

The crystal structuresfdvo-2 and Mo-7 shows the ligand coordinating meridionally as a dianion.
The two dioxo groups and a solvent molecule complete the remaining coordination sites resulting
in a distorted octahedral geometry with the metal outside the plane formed by the-iN@d

and the euatorial oxo group. Bond angles around the metal deviaienfthe octahedral angle of

90 ° for atoms mutuallgis e.g.the angle between the two oxo ligands is aroutr@b°, or 180 °

for atoms mutuallytrans, e.g.the angle between phenalioxygens ibetween 147 and 153.The
Schiff base ligand itself is nofplar, the aromatic rings form an angle of 8(®10-2) and 14.4
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(Mo-7) which is common in these complexesy.6.7 ° inMo-1) 1°%1%The ligand alone e.¢-1

when not restricted through binding to a metal centre is also not planar, the aromatic rings form
an angle of 10.8®° TheSAPligand system was initialljhosen with the idea that a conjugated
system (the two aromtic rings together with the imine group) would be beneficial for stability
and mediating redox chemistry. The difference in nonplanarity of the ligand betiesh and
Mo-7is likely a result of the different packing in the solid state. In solution trengement of the
aromatic rings is less restrained and there may be no difference betiMee andMo-7 and the
aromatic rings could be planar.

In Mo-2 andMo-7 the two oxoligands arenutuallycis , forming an angle of around 105 ° which is
in line with reports in the literature foMo-1andMo-15as well as similar complexes with tB&P
backbone. The lengtiof the metatoxo bond are also similar between ait1%

The crysal unit cell contains a racemic mixture of the complex, one molecule per asymmsitic
which generates the second enantiomer through an inversion ceMmeZ, Mo-7) or glide plane
(Mo-2).

Intermolecular hydrogen bonds are observed between the estengion the former aldehyde
ring and MeOH iMo-2, and between acid groups Mo-7 (Figure2-12). Formation of these
pseudo dimers may contribute to the observed behaviour upon heating: complexes lose the
bound solvent above 140 °C and start to decompose above 300 °C, but do not melt. In the
absence of suitable fstituents, hydrogen bonds can sfitbrm between bound solvent and a
phenol oxygen as iNo-1.%°

Figure2-12: ORTEP plots (50 % probability) of the crystal structutde<f (top) andMo-7-THRbottom) showing
intermolecular hydrgen bonding
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In addition to hydrog¢ 0 2 y Rmeyadians dre also observed. The crystal structuri#of7
AK2gAa AYUSNIOGA2yaA 6A0GK ( KSlisthnbEo3I348 A WheMAsyn3 a
Mo-2 the aromatic rings involved are offset and also angled at avith’a GC disance of

3.248 A,

The crystal structure oiV-1is practically identical to the molybdenum complexes, a distorted
octahedral geometry with a meridionally coordinated SAP ligand, twdici® groups and one
solvent molecule around the nt& centre. Bondengths and angles are within the range seen for
SAP based molybdenum complexes, the only difference being the ph&nmysten distances

with tungsten closer to the oxygen on the aldehyde ring (02) than molybdenum. Hydrogen

0 2 Y RA yirfleragtidids arenot observed.

Only three more crystal structures of tungsten complexes based on the SAP ligand aré’known
shown in

Figure2-13andFigure2-14. In[WO(Q)L-1-HMPA]the equatorial dioxo ligand is replaced Gy
leading to the two pheaxy and other oxo ligands moving away from the méd@tances of
1.972(79), 1.9825(8) and 1.688%) A, respectively, fWO(Q)L-1-HMPA]compared to
1.929(65), 1.9308(73) and 1.7033(67) AMri-HMPA while the nitrogen and solvent oxygen
move close(distances of 2.2114(115) and 2.1386(67) AWO(Q,)L-1-HMPA]compared to
2.2627(88) and 2.1748(108) AWr1-HMPA). The bond lengths and borahgles of-1 (Table
2-3) fit within the range observed in these literature examples while being closest to thaske of
1-HMPAwhich only differs in the bond solvent.

H14C

e
H168 07 Cig )
H16C

Figure2-13: Ball and stick representation of the crystal structurp/@fl-HMPA (left, a thermal ellipsoid model was not
availablg 198 ORTEP plot (50 % probability) of the crystal structuré/@f({3)L-1-HMPA](right).109 Data taken from the
literature.
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Figure2-14: Ball and stick representation of the crystal structurp/®,L-MeOH]119, L representing a SAP ligand
bearing the tBu group in the para position ondlaldehyde ringA thermal ellipsoid model was not available. Data
taken from the literature.

Crystal structureobtained forMo-2, Mo-7 and W-1 confirm the octahedral structure and the
binding of the SABased ligand and two oxo ligands. The sixth cawiibn site is occupied by a
solvent molecule. The characteristic bond lengths and angles around the metal centre are within
the range of previasly reported values. A clear distinction has to be made though between the
structures of complexes in the sobthte discussed in this stdhapter and their structure in

solution during oxygen atom transfer experimenggalysis of the dissolved complexay*H

NMR spectroscopy is discussed in the following section.
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2.3.3'H NMR spectroscopic analysis af tholybdenum and tungsten complexes
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Figure2-16: *"NMR spectra df-2 (bottom) andMo-2 (top) in DMS@i6.

Figure2-16 shows the!H NMR spectra df2 andMo-2in DMS®ds. The changes upon
complexation are evidentirst, the two resonances at 11 and 14.8 ppm attributed to the OH
groups of the ligand, disappeapon complexation as expected. Secondly, the resonance at 9.23
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ppm of the imine proton shifts to 9.66 ppm. Agtnitrogen coordinates, electron density of the
imine group is transferred to the molybdenum resulting in deshielding of the proton. Thirdly,
similar to the imine proton, the aromatic protons shift downfield to varying degrees; the most
pronounced shifts observed for H1 and H5 (from 8.03 and 8.38 ppm to 8.51 and 8.62 ppm)
probably due to the closer proximity of these atoms to the imine grobjcivafter complexation
pulls electron density from neighbouring atoms. The resonancetaind H&hift to a lesser
extent(from 7.78 and 7.94 to 7.87 and 8.08 ppriat of H7 only by a small amount and that of
H3 similar to H6 and H2 but upfigliilom 7.00and 7.06to 7.05and 6.97ppm). Interestingly, the
difference in chemical shift between two resonances ofilsir protons (e.g. H1 and H5) also
decreases upon complexation suggesting that the aromatic rings are affected unequally by the
complexation vinich, as well as the upfield shift of H3, could be a consequence of the
intramolecular hydrogen bonds presentthre ligand (cfFigure2-4)

The two resonances at 3.16 and 4.13 ppm result from MeOH. Signals of MeOH (solvent during
synthesis) were also observed in some of tHANMR spectra of other complexes; all compounds
were dried undereduced pressure prior to characterisatidntegrationof the resonances at

3.16 and 4.13 ppm from MeOH and of the imine proton at 9.6 ppiguie2-15) givesvalues of 3,

4 and 1, respectively, showing that equal amouwitigand and MeOH are preserit.can

therefore be assumed that MeOH was incorporated into these complexes, occupyingtkhe six
coordination site (besides the two oxo groups and the tridentate ligand). The incorporation of
MeOH or other donor molecules simiar complexes has been reportét!?

When an additional drop of MeOH was added to a sampMa® the signals of MeOH increased

in intensity but no additional peaks were observed suggesting that the MeOHporetedinto

the complex exchanges with the solvent upon dissolution (here DMB&s the latter is in vast

excess and stronger binding. This exchange ensures that NMR characterisation and experiments ir
solution are not affected by the variation in Me@bhtent
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Figure2-15: I1H NMR spectrum dflo-2 in DMSQds.
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Figure2-16: 1H NMR spectra df2 (bottom) andMo-2 (top) in DMS@s.
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Binding of [W@?*to the SAP ligands resulted in the same changes tdthEMR spectrum as
observed for [Mo@?". Figure2-17 shows the'H NMR spectra dflo-2 andW-2in DSMGds. Boh
spectra are practically identical, except for the resonances at 3.2l dnppm which result from
MeOH bound to molybdenum that are absent on the spectrum of the tungsten analogue. In
addition, there is a small but noticeable difference in chemical bbifiveen the two complexes:
all signals of the tungsten complex are shfislightly downfield by up to 0.05 ppm. The ester
protons, being further away and essentially separated by oxygen, are unaffected by the metal
centres. The imine proton, however,uaexpectedly insensitive to the change in metal.
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0
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s 070
B N (B _ ,
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Figure2-17: Comparison ofH NMR spectra dflo-2 (bottom) andwW-2 (top) in DMSQi6.

2.3.3.1Trendsin 'H NMR spectra

A central part of the ligands is the imine groi@H=Nwhich appears as a singlet in thé NMR
spectra(seeFigure2-17). As discussed previously the imine protondraes deshielded upon
binding of the nitrogen to the metal. As it is in conjugation to the two aromatic rings, substitution
on these rings should affect the chemical shift of thénienproton which allows to study the
influence of different substituent¥%112

Table2-4 list the chemical shift of the imine proton of all ligands and complexes and the
difference between complex and corresponding ligaindorderof increasing chemicahift of the
complexes
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It can be seen that the coordination shift of the imine proton lies between 0.3 and 0.5 ppm.
Chemical shifts of the imine proton range from 8.91 to 9.67 ppntHfecomplexes and 8.63 to
9.24 ppm forthe ligands. Using the unsubstted complexMo-1as a baeline, a trend can be

seen: the presence of an amine group lowers the chemical shift whereas all other substituents
increase it and the highest increase is seen when two substituents are present.

An increase in chemical shiftdeen upon replacing an acsubstituent for an ester one (e.g.
betweenMo-3 andMo-2) although it is only between 0.01 and 0.03 ppm and, assuming some
imprecision in the values obtained from NMR spectra, is not considered significant.

Table2-4: The chemical shift of the imine protorH&IN) of the complexes and liganéslote that the benzene ring is
replaced by a naphthalene ringJnless stated otherwise the substituent is in the ortho position to thegifggoup on
the al (aldehyde) or am (amine) ring (§Eheme-2).

Compound Position® Chenical shift of | Chemical shift
(GH=N) / ppm difference / ppm
Comple | Ligand
Mo-1HH / 9.28 8.97 0.31
Mo-2C00Me.COOMe al; am 9.67 9.23 0.44
Mo-3COOH.COoH al; am 9.63 9.21 0.42
Mo-4COOMe EN meta, al; am | 9.10 8.68 0.41
Mo-5C00OMe,CO0H am; al 9.64 9.20 0.44
Mo-6COOH.COOMe al; am 9.65 9.24 0.42
Mo-7CO0kH am 9.47 8.98 0.49
Mo-8HCooH al 9.40 9.12 0.28
Mo-9COOMeH am 9.48 9.03 0.45
Mo-10CooMe al 9.43 9.14 0.29
Mo-11C00MeH meta, am 9.41 9.00 0.41
Mo-12V02H am 9.59 9.10 0.49
Mo-13¢cF3H am 9.48 9.05 0.43
Mo-14502NH2.H am 9.41 9.01 0.40
Mo-15"ET2N meta, al 8.91 8.63 0.29
Mo-16\aph.H / 9.54 9.08 0.47
W-1HH / 9.28 8.97 0.31
\W\/-2C00Me,COOMe al; am 9.67 9.23 0.44
Averageof Mo-7-10 9.45 9.09 0.36
Averageof Mo-2,3,5,6 9.64 9.22 0.42

In order to establish further trends in the chemical shift a way to characterise the substituents
and their effect on the ligand is needetihe substituents differ in their electronic properties,
some being electron withdrawing others electrdanating. They also differ in size, but their steric
effect is considered negligible as they are sufficiently distanced from the coordinating imine
group. A way to quantify the degree of electron donation / acceptance is the Hammett
parameterts,

Values of the Hammett parameter of the different groups can be fouriabie2-5. FromFigure
2-6it can be seen that the substituents are in tmeta position with regards to the imine group,
except for-NEtin Mo-15andMo-4 and-COOMe irMo-11which are in theparaposition.
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Table2-5: Hammett parameter of the substituents used in this wé?k.

Substituent ) para " meta
NEb -0.72 -0.23
COOH 0.45 0.37
COOMe 0.45 0.37
Ck 0.54 0.43
NG 0.78 0.71
SONH 0.60 0.53

Two properties of th&SARbased ligands, however, are not accounted for in the Hammett
parameter: both ester and acid groups have the same value and whiblk o&o phenyl rings the
substituent is placed on &so not reflected. Therefore, an average chemical shift was also
calculated for moneand disubstituted acid and ester compounds: 9.44 ppm (mono) and 9.66
ppm (di) {/Mo-11, having a different struct@, was excluded).

To determine the electronic effeof the substituents on the complethe chemical shift of the

imine proton was plotted against thdammett parametershown inFigure2-18. Here, an overall
linear trend is observed. However, this iddrgedue to the three paits, that represent the
unsubstituted complexes and those with electron donating substituents. The remaining
complexes, which bear electravithdrawing substituents, form two clusters and no trend within
these is present. Between the monand disubstituted complexes containing acid and ester
groups the aforementioned shortcoming of the Hammett parameter is still present, although the
average in each group line up well. OMo-11 andMo-14 deviatestrongly.
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Figure2-18: Plot of chemical shift of the imine proton of the molybdenum and tungsten complgaiest the Hammett
parameter. Values from linear regression: slope =8($.8.8) ppm, intercept = (9&+ 0.02) ppm, R= 096.

The same plot ofhemical shift of the imine proton against the Hammett parameter for the
ligands is shown iRigure2-19. It is similar to that of the complexes but shows a greater spread
and worse correlation f only 0.8 compared to 0.96)Substituents have a stronger effect on
the imine groups resonance in the complexes (slope of 0.48 compared to 0.38iffeuences

between ligands and corresponding complexes are mostly due to the complexation leading to a
similar downfield shift between all pairs
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Figure2-19: Plot of chemical shift of the imine proton of the ligands against the Hammett parameter. Values from linear
regression: slope = (0.39D#3) ppm, intercept = (8.91 102) ppm, R= 0.89.
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In conclusion, the complexation of molybdenum and tungsten has been seen in the changes of
the resonances of the SAfased ligands in thtH NMR spectra. The substituents on these ligands
led to a slift of the resonance of the imine group, the central fe of the Schiff base. lkear
correlation between the shift of the imine group and the Hammett parameter as a measure of the
electronic properties of the substituents was found. Tature of the metal centre on the other

hand had practically no effeon the'H NMR spectraA better way of probing the metal centre is

IR spectroscopy which analyses the metal oxygen bonds and is discussed below.

2.3.4FTIR spectroscopic analysis of the molybdenum argbten complexes

FTIRATR spectra of the ligands and complexes were recorded to study the changes upon
complexation and confirm the presence of thisMoO,-moeityin the complexThe spectra of-
2, Mo-2 andW-2 are shown and discussed below, whilgble2-6 gives an overview of the most
important bandgor all complexes.

The spectra of-2 andMo-2 in the ranges of 400 to 1000 and 1000 to 3600'@re shown in
Figure2-20andFigure2-21. Differences in vibration and stretching between ligand and complex
would be expected for groups that are involved in the complex formation (the imine and the two
phenol groups), as well asdke that have been newly introduceé.§.Mo=0, MaN).

Additionally, the bound ligand is restricted in its movemang(the rotation around the €CHN

and CHNC axes), and inteand intramolecular hydrogen bonding involving the imine and phenol
groups imo longer possible

The most important bands are fourlow 1000 crt originating from the cis Mof£moiety. The
presence of the two oxide ligands gives rise to two bands, the symmetric and asymmetric
stretching of the Mo=0 bond at 936 and 909trimMo-1 these are found at 931 and 907 &m
which is in aggement with previous report&>114115

The imine group gives rise to a band around 1650, dhe stretching of the C=N bond. Ib-2it is
found at 1621 cm but shifts to 1609 cnhin Mo-1 upon complexation.

The C=0 moieties of the two ester groups are found as two separate bands at 1677 and 1719 cm
in L-2 but form a single broad band Mo-2 at 1688 cnt.

Deprotonation and binding of the phenol groups leads to the appearance of intense bands in the
range of 550 to 650 ci(541, 547 and 665 ci) due tostretching of the metalynenorbond 195114
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Figure2-20: ATR infared spectra of-2 (black)and Mo-2 (red)in the range of 400 to 1000 cin
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Figure2-21: ATR infrared spectra &2 (black)and Mo-2 (red)in the range 0fL000 to 1800 cm.

Figure2-22 shows the IR spectra dfo-2 andW-2in the range of 1000 to 1800 cinThe band
caused by the stretching of the C=0 moieties is shifted by 33mrthV-2 comparedto Mo-2 (1721
cm?vs.1688cm?, possibly due to a diffrence in structure and hydrogen bonding in the
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molybdenum complex. See chap@B.5, whereas stretching of the imine group has onlytehi
by 3 cm', 1610cm™ in W-2 compared to 160Zm*in Mo-2.
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Figure2-22: ATR infrared spectra 9¥-2 (black)and Mo-2 (red)in the range ofL000 to 1800 cm?.

The differences in the metalxygen bands betweeW-2 andMo-2 can been seen frorRigure

2-23. The spectrum dflo-2 shows two intense bands resulting from the symmeici

asymmetric stretching of the Ma@ore (936 and 910 cf), the spectrum ofNV-2, however, only

has one at 964 crh Two more bands with much lower intensity are pnessia the spectrum of

W-2 at 907 and 935 crh In addition, there is also a broad band (or grouparids) at 737 crh

The bands iW-2 are indicative of a structural difference comparedvie-2 involvingbridging W

O-W groups. These differences will bisaissed in more details section2.3.5

In both compounds, phenol oxygelonorsbound to the metal give rise to additional bands. Two

bands are seen in the spectrumMb-2 at 541 and 556 crh but only onebroader and more

intense band i'W-2 at 555 cm', one more band in each complex is found at 6@8-@) and 669

cmi(W-2). These differences can be explained by switching the metal centre from molybdenum

to tungsten, but also by a difference in structuretlveen the two compexes (cfsection2.3.5.

The higher atomic mass of tungsten should lead to a lower wavenumber of the M=O stretching

compared to molybdenum follotvy 3 FNRY | &AYLX S Eqidtion2IaAa dza A

. p |

W
C

Equation2-1

GAGK A T FdzyRFYSY(dFf OOAONYEARYY 6 F RSN dAdSFOANE >
constant, ¢ = speed of light. However, an increase in baragth (force constant) would result

in a higlker wavenumberlt has to be noted, though, that equation2is based on two atom

vibrating, whereashe M=0O bandsunder investigatiorare due to three atomsAs the bands ilV-

2 (andW-1) are found at higher avenumbers, the increase in bond strength mastweigh the
increase in atomic mass.
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Figure2-23: ATR infrared spectra 9¥-2 (black)and Mo-2 (red) in the range of 400 to 1000 ém

Common to all 18 complexes are thands between 1550 and 1630 &nThe stretching bands of
the C=N group lie above 1600 ¢mnd often split into two bands with the second band in some
compounds shifted to just below 1600 @rfe.g.Mo-3).1* One or two stretching bands of the C
Ophenogroup arefound between 1550 and 1590 ¢!

While the bands from ©phenoigroupsare found above 1550 ctthe M-Ggnenoigroups give rise to
several intense bands in the ranges of 520 to 550 and 620 to 673%At*

The ester and acid substituted complexes show intestsstchingbandsof the C=0 group with
bands from esters in the range of 1700 to 1720 andthose of acids between 1660 andQ¥
cnt. Disubstituted complexes do not always show two barMs-2 only shows one broad band
at 1688cnm with a small shoulder at 1703n* andW-2 a broad band at 1728m* with a
shoulder at 1702 crh

All complexeslisplay an intense bangetween 920and 965 crit due to stretching of the M=O
group. A second such band is found in most complexes between 875 and 9@vitbrboth
bands resulting from the symmetric and asymmetric stretch of the btiPe. In some comples
this second band ishsent, insted a broad band is found around 800-t(vo) or 735 crrt (W)
which has been assigned to a®M group,i.e.two molecules of complex connected by a
bridging oxygeR?1#
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Table2-6: Position (in crf) of characteristic IR bands of the molybdenum and tungsten compt&gametric and
asymmetric labels do not apply as only one M=O group is préd@ands of equal tensity.

Compound CH=N /GO |C=0 M=QOym | M=Qisym | M-O-M | M-O

Mo-1HH 1611, 1600, 931 907 634, 551 , 536
1584, 1552

W-1HH 1615, 1602, 9422 734 660, 640, 554,
1587, 1556 534

Mo- 1609, 1593, | 1707, 1688| 936 906 542,558, 664

2COOMe,COOMe 1551

W- 1616, 1611, | 1722, 1702| 9642 737 669, 554

ZCOOMB,COOMe 1597

Mo-3CCCH.CO0H | 1607, 1595, | 1721, 1668 | 9452 804 555, 539, 641,
1572 664

Mo-4COOMeE2N | 1614, 1585, | 1716 928 882 673, 535
1561

Mo- 1596, 1608, | 1682 930 909 659, 557

5COOMe,COOH 1617

Mo- 1609, 1592 | 1721, 1670| 931 908 658, 554, 527

6COOH,COKDe

Mo-7C00H 1608, 1592 | 1666 932 909 672, 652,

636°, 526

Mo-8HcooH 1610, 1584 | 1698, 1684 | 923° 802 663, 651, 561

Mo-QcOOMe.H 1619, 1602, | 1713 928 891 675, 553
1595

Mo-10CoOMe | 1609, 1582, | 1687 928 904 643, 559, 541
1588

Mo-11CC°MeH | 1617, 1599 | 1719 9202 814 648, 637, 592

Mo-12N02H 1611, 1600, 9412 796 682, 656, 639,
1577 549

Mo-13°F# 1601 9222 801 665, 658, 639,

557

Mo-14592NH2H | 1604, 1584 951 910 638, 587, 550

Mo-15HET2N 1614,1593, 920 887 636, 619, 527
1567

Mo-16NapPh-H 1623, 1604, 927 888, 640,630,564
1594 875"

With regard to OAT, differences in the oxo ligands are of interasthéband position is linked to

the strength of the M=0O bon¢t.f. Equation2-1), a trend in the bad position could allow

rationalisation of OAT discussed in Chapter 3. Due to the difference in structure the complexes

with two M=0O band and those with M=O and{@M bands are treated separately. The

Hammett parameteis used again to quantify the diffences in substituents, which are mostly in

the para position from the point of view of the phenolate oxygens.

65




Plots of the wavenumber dflo=CQymand Mo=Qsymand of M=O and M&®-Mo, respectively,
against the Hammett pameter” are shown irFigure2-24 and Figure2-25. W-1 andW-2 are not
included because of the different metal centre.

Neither the symmetric nor the asymmetric stretching frequencies shewongtrend, dthough

an increase of the symmetricequency with the Hammett parameter seems possible. Linear
regression yielded poor correlation as evidenced by theaRies of 0.23 for the symmetric and

0.36 for the asymmetric stretching frequencies elr@stingy, a higher Rvalue was obtained fo

the asymmetric stretching frequencies despite those appearing more scattered. Correlation in the
symmetric frequencies could be slightly improved by treattwy14 as an outlier, yielding ar’R

value of 0.54blue linein Figure2-24).
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Figure2-24: Plot of the symmetric and asymmetric Mo=0 stretclfiaguencies of monomerio-1, Mo-2, Mo-4, Mo-
5, Mo-6, Mo-7, Mo-9, Mo-10, Mo-15against Hammett parameteialues of the linear regression: symmetrad line
slope = (10 + 6) ctnintercept = (927 + 4) ciR2 =0.23;symmetric Mo-14treated as outlier, blue line slope = (8 £ 3)
cml, intercept = (926 £ 2) cR2 =0.54;asymmetric: slope = (1674 cm?, intercept = (894 + 5) clmR2 =0.36.

The sretching frequencies athe singleMo=0group in the dior oligomeric complexello-3,

Mo-8, Mo-11,Mo-12,andMo-13 shownin Figure2-25inONS I &S gAGK ~ F2tf2gAy3 | f
dependence, reflected in the much better linear @i value of 0.94)(Note that there are no two
FNBIjdzSYyOASa gAlK GKS al YiStoshowd defitStheRd inthidBE (22 FSg RI
frequencies of the Mé&O-Mo strel OKSa ® ¢ KS& O2dzZ R RSONBI asS aft Aakidte ¢
between 0.6 and 0.8 could also exist.
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Figure2-25: Plot d the Mo=0 and MdD-O stretching frequencies of-dir oligomeridMo-3, Mo-8, Mo-11, Mo-12, Mo-
13 against Hammett parameter. Values of linear regression: slope (52 +7)raercept (899 + 5) ci R = 0.94

Formonomericanddor2 f A 32 YSNA O O2YLX SES&a |y AyONBLIas
expected. Elec8#Yy ¢AGKRNI gAy3d adzoadldGAGdsSyia o0KAIKSNI
the Mo centre which reduces repulsions with the filled oxygen orbitals allowing for inatease
Mo=0 overlap and hence bond strength. An increased bond strength is reflea@ddgher
stretching frequency?®

Following from the discussion bfo-2andW-2A y @2 f @ A MvBEquadichZ1Xitould be
predicted that those compounds with the highest stretching frequen@esl, following from
Figure2-24andFigure2-255 K A 3 K S NJwdalild bedte eastipyone ‘toltransferring an oxo
ligand because of their higher bond strengfiine highest frequency is found in the gisien
complexW-2, but the true bondstrength is also hidden by the increase in atomic mass. From an
earlier discussion it could follow that the bond strength in tungsten is even higher than what the
frequencysuggests.geediscussion arounéquation2-1). Theonly other tungsten compleXy-1,

has a lower stretching frequency, and should therefore have a weaker bond. Within the
molybdenum complexe®lo-14 andMo-3 have the highest frequency, the lowessisen inMo-

11, Mo-13andMo-15.
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2.3.5Structure of complexes and formation of and oligomers

Molybdenum dioxo complexes are usually found to have octahedral geortétrythis

geometry, two of the six coordination sites are occupied by the two oxo ligands while the
remaining four can be filled by two bidentate ligands, as ihésdase in [Mogjacac)]. With a
tridentate ligand like SAP, there are three options regagdhe sixth site: it can be filled by a

solvent or donor molecule, as found in most complexes reported, it could be left &oamit

could be filled by the oxo ligand of a second complex moéeddutual sharing of oxagands

between two molecules would result in a dimeric or even oligomeric structure as simdvwgure
2-26.%8 Note that these dimers are different from the dimers that have been observed during OAT.
Here, the dimer contains molybdenum and two bridging oxygenBuring OAT a dimer can

form that has molybdenum(V) and only one bridging oxygen.

SO
o)
7/
-3
Q

®]
<O:
Z\
®]
=,
°[
z 0

Figure2-26: Schematic representation of the geometry ofnomeric, dimeric and oligomeric Mo(VI) complexes. S
representing a solvent molecule (adapted fréfn
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Scheme-5: Interconversion between the monomeric and dimeric structure of a Mo Schiff base complex.

As mentioned previoushséction2.3.3, the'H NMR spectraf the synthesised complexes

showed the presence of an equimolar quantity of MeOH (with regards to the ligand) and hence
incorporation of MeOH intd/o-1, Mo-2, Mo4, Mo-5, Mo-6, Mo-7, Mo-9, Mo-10, Mo11, Mo-15,
Mo-16. However, the methanol is exchanged for DMSO and therefore is fausmdhemical shift
that corresponds to free MeOH. Only complexg®{3, Mo-8, Mo-12, Mo-13,Mo-14, W1 and

W-2) contain no MeOH. Interestingligpth tungsten complexes are among these MeOH free
complexes whereas their molybdenum counter parts contain MelDis unclear why no solvent

is found in these complexes as there seems to be no common feature that would explain this
behaviour.

As the sixt coordination site is not occupied by a solvent molecule it must remain empty or be
occupied by an oxygen frommsecond molecule of complex resulting in a dimeric or oligomeric
structure. The IR data of the complexes in question presentdalihe2-6 clearly points to the

later possibility.

The interconversion between the monomeric arichéric forms of complexelslo-1 andMo-1-b
(shown inScheme2-5), and of related Mo complexes has been reportéd#:°Loss of solvent from
the monomeric form occurred slowly under ambient condisawer time or rapily under
reduced pressure and elevated temperatifé=ollowing from these reports, complexio-1 and
Mo-2 were heated at 200 °C for 1 h.

The IR spectra dflo-1 before and after heating are shown kigure2-27 in the range of 500 to
1000 cmt. After heating, a new peak at 810 2ns seeras well as one at 8cm. The former
corresponds to MéD-Mo while the later corresponds to M=O where now that only one oxide
group remains, no distinction between asymmetriddaymmetric stretching is present and only
one single band is observed. Theotariginal bands above 900 crare still present and due to
terminal Mo units of linear chains that still have two oxo ligarilgre2-26; The twooriginal
bands could alssetem from compound still in its original form, although rather unlikely, MeOH
may not have escaped from the bulklafgeragglomerates of compound and molecules still
containing the solvent were only revealed in tcess of recording the IR spectrum).
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Figure2-27: ATRIR spectra ofMo-1 (top) and after heatingbottom).
— W-2
. —— Mo-2 heated
100 A — Mo-2
90 A
S l
o 80
(@]
e |
g 704
E 4
2 60
S | /
= 1608 T~
50 - / L1721
| 1610 1690 1722
40
T T T T T T T 1
1000 1200 1400 1600 1800

Wavenumber / cm™

Figure2-28: ATRIR spectra o¥-2, Mo-2 and Mo-2-heatedin the range of 1000 to 1800 ¢m

IR spectra ofW-2 and Mo-2 after the later has been heated to 200 °C for 1 h are shoviigare
2-28 and Figure2-29, together with untreatedvio-2 for comparison(No changes to the IR
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spectrum were seen win W-2 was heated). In the range from 1000 ¢no 1800 cmt, where
characteristic bands of the ligand are foup@€=0, C=N,-O¢ (Figure2-28) the spectra of the two
are now practically identical. Interestingly, the C=0 band has shifted to a higher wavenumber
after heating, whereas the C=N band remained unaffected. Thus, the change to the Mo
coordination sphere has not affectedghimine group, whereas the structuraarrangement has
led to a change in the ester group. (The crystal structutd@f2 revealed hydrogen bonding
involving solvent and one of the ester groups. 3622).

Only between 400 crhand 1000 cr are differences visibleF{gure2-29) related to bands
involving the metaligand bond The M=0 band &iV-2 is found at a slightly higher wavenumber
compared toMo-2-heated (964 cmtvs. 948 cm) both of which aréigher than the symmetric
stretch ofMo-2. The broad band resulting from-&M stretchingof W-2 is found at a lower
wavenumber (73Em?vs. 798&m?). The MGyhenorbands now coincide, botW-2 andMo-2-
heated showing one broad and intense band at 556 evhere Mo-2 originally had two lower
intensity bandsW-2 andMo-2-heated have additional low intensity bands in the 900 to 950'cm
region at 907and 936 crtt for tungsten and at 924 and 936 (shoulder)tfor molybdenum.
These bands are possibly duethe presence of M@moieties. Fronfigure2-26it can be seen
that the linear, oligomeric structure contains terminal Mafits. These units are present in
much lower number compared to the-K00O-O units in the linear and othestructures,

therefore, the corresponding ¥Bands show a much lower intensity. The same argument applies
to W-2.

Giventhat the two compounds show similar spectra, including the same types of metal bands
(M=0 and MO-M, although their positions are shift@ it maybe suggested that botkv-2 and
Mo-2-heatednow have the same dimeric or oligomeric structure.

—_— W-2
120 + —— Mo-2 heated
— Mo-2
100 -
P
& 80-
§ 936
é 60 -
n
T
= 40 90/9 |\ 936
' 964
556 94896
20 — ~-801
. | . | 789 . |
400 600 800 1000

Wavenumber / cm™?

Figure2-29: ATRIR spectra o¥-2, Mo-2 and Mo-2-heatedin the range of 40 to 1000 cri.
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The dimeric or oligomeric structure bfo-3, Mo-8, Mo-11, Mo-12, Mo-13andW-1 andW-2 is

only observed in solid form. In solution they are broken up into monomers and the coordination
site occupied by a solvent moleculgs a consequena# this process, these complexes were
found to dissolve more slowly and showed lower solubility compardgtg¢eanonomeric
complexes. This behaviour was especially pronounc&d-inandW-2 which required strongly
coordinating solvents sin as DMSO and DM#-obtain concentrated solutions up to 4 mM. Once
in solution all complexes are present in monomeric form; therefore, analyses of the dissolved
complexes and especially OAT are not affected by this structural difference in the said stat
Interestingly, Mondalet al.found thatMo-1 did not react with catechol to give the reduced
[MoO(SAP)(catechol)] complex but the dimevio-1-heated did.*?° They attribued this

difference in reactivity to a weakening of the oxo ligand in the dimeric complex.

2.4 Summary

Several substituted ligands based on SAP were synthesisetharatterised byH and**C NMR
spectroscopy, FTIR spectroscopy, elerakahalysis and masspectrometryMolybdenum dioxo
complexes of the form [MofL)(MeOH)] and [Mof0L)] were then made using these ligands. Two
dioxo tungsten complexes of the form [WO)] were made with ligandsl1 andL-2. All complexes
were characteried by*H and3C NMR spectroscopy, mass spectrometry, elemental analysis and
FTIR spectroscopy.

Crystal structures df10-2, Mo-7 and W-1 were obtained. Comparison to known structures of
Mo-1, Mo-15and similar molybdenum and tungsten dioxo complexes revealed no unusual
charmacteristics.

H NMR spectroscopy of showed a weak linear correlation between the chemical shift of the
imine proton of the molybdenum complexes and the Hammett parameter of thetguent.

A similar correlation between the symmetrical stretching frequesicthe M=0O bond and the
Hammett parameter was also observed.

Differences in the structure of the as synthesised complexes were studitdl IR

spectroscopy and ATIR spectrosapy. Complexebo-1, Mo-2, Mo-4, Mo-5, Mo-6, Mo-7, Mo-9,
Mo-10, Mo-14, Mo-15andMo-16 are of the form of [Mo@(L)(MeOH)] and are monomeric in the
solid state whereaMo-3, Mo-8, Mo-11, Mo-12, Mo-13, W-1 andW-2 are of the form of [MQ(L)]

(M = Mo, W) andorm di- or oligomers. The later form could be obtained from the monomeric
one by heating, the diand oligomers can be broken by a sufficiently strong coordinating solvent
like DMSO or DMF.
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Chapter atalytic oxygen atom transfer

3.1 Introduction

3.1.1Simplified mehanism of thermal OAT between sulfoxide and phosphine

The generally acceptiemechanism for molybdenum catalysed OAT from sulfoxides to phosphines
as shown irBchemes-1 starts with the nucleophilic attack by the phosphorus electron pair on an
empty antibondingMo=0 orbital which weakens the molybdenum g&y bond. The double bond

is eventually broken, and el&ons transferred to the metal while a new bond between oxygen

and phosphorus is formed. Mo(IV) and phosphine oridgormed *2**2*The phosphine oxide
dissociates from the metand a sulfoxide binds. The S=0 double bond is broken as the new
Mo=0 bond forms resulting in the oxidation of Mo and reduction of sulfur. Finally, the newly
formed sulfide dissociates closing the ley

PR, OPR;
0]
[Mo(VI)]=0 [Mo(IV)[=0
RZS sto
i O

0]
VI 7 9 N\ I\
Mo=O0 ‘PR3 ——| Mo=0=PR;| — Mo--O=PRj

N~

ks
o) o)
1N\ 9 N V]
Mo--0O=SR; —> Mo==O=SR, | — > Mo=0 + SR,

Schemes-1: Generic scheme of OAT from a phosphine to a sulfoxide catalysed by a molybdenum dioxo complex (top)
and mechanism of the half cycle reactions (bottom).

3.1.2Investigation of thermal OAT betweerifeMide and phosphine catalysby
molybdenum dioxo complexes

Almostall OAT reaction with molybdenum or tungsten reported in the literature are performed
thermally, at ambient or elevated temperatures (>100 °C). Both stoichiometric and catalytic
conditions are employed. Various parameters of the OAT reatiawe beerinvestigated in order
to establish and improve the mechanistic understanding. Complexes closebllimgdhe active
centres of molybdenum enzymes as well as more synthetic complexes henestuelied both
experimentally and through calculations. Some of the studies will be briefly presbated.
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3.1.2.1Influence of the ligand on thermal OAT between sudfogind phosphineatalysed
by molybdenum dioxo complexes

Topich and Lyon followed the rediion of molybdenum complexes based on the SSP Schiff base
ligand shown irFigure3-1 with PEtPh in DMF at 30 °C by W5 spectroscopd?® The appearance
of a band at 465 nm over several hours indicated the formation of the reduced Mo(lV) species.

NZ R X =0: SAP R = H, CI, Br, OMe, NO,
X 5 /D/ X =8: SSP R =H, CI, Br, OMe
. I‘/M\Q/-wo Sol = H,0 DMSO, none
o0

ﬁN/ R X=0:8SAE R =H,CIl, Br, OMe, NO,
Xa )/O X=8:SSE R =H,CIl,Br, OMe
Mo 1O

/W Sol = Hzo DMSO, none
Sol o)

Figure3-1: Structures of four setof molybdenum dioxo complexes based on salicylidene amino phenol (SAP) and
amino ethanol (SAE) ligands studied by Topich and L3¢/

Topicch and Lyon also looked at the related complexes with the SAP, SSE and SARlgmnds

shown inFigure3-1. While the sulfurcontaining complexes (SSP and Bf#ds) all performed
OATwithPPhEX (G KS {!t yR {!9 aeadsSvya RAR y2i NBI Oi
DMF1? For those complexes that reacte@actionrate constants werebtainedwhich linearly

correlated to the Hammett parameteF{gure3-2).

35 - Br
Cl
30 4
m SSP
H e SSE
—
‘v 25
A
=
5 20 OMe B
—
= cl
154
H
104 u
aOM
5 T T T T T T 1
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Hammett parameter

Figure3-2: Plot of rate constant against Hammett parameter for the oxidatibRBhEtby [MoO,(L-X)], L = SSP or SSE,
X according to labels. Conditions: ¢([Mo]) = 1 mM, c(BPhES mM, DMF, N 30 °C (SSP) , 60 °C (SSE). Data taken from
Topich and Lyo#®
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FromtheN} 6§ S 02y a il y (rnalbie wakcscutad udingRydation3-1, whereky is the
rate constant for substituent X is the Hammett parameter.

i I_@ ” .,
Equation3-1

Values of 0.42 and 0.74r” were obtained for SSE and SSP complexes, respectively. Both values
being positive is consistent with an increase in reaction rate and a mechanism where the energy
differencebetween reactants and transan state is reduced by electron withdrawingpgps. The
higher values of the SSP complexes shows the better transmission of the substituents effects to
0KS YSiGlIt OSyiNSstem® (KS SEGSYRSR -

An improvement in reactivity of Mo conlgxes by introducing electron withdrawing suibsénts

has been seen in other systems as well. The complexes shdviguire3-3 displayed correlation
between the reaction rate and Hammett parameter similar to the above exaripkepositive

effect of electron withdrawing substients on reactivity irthe systemsshown inFigure3-1 and
Figure3-3 suggest this is a general feature of molybdenum complex catalysed OAT.

R
<\ O W
[N\Nior,o | \/N//,,N’lﬂ\\\\S\@\
- 10 ‘Mos
N0 oo R
R
R=H,F, Cl, Br, I, OMe, Me, NO, R = OMe, Me, H, CI, CF;

Figure3-3: Structures of Mo dioxo complexes used to study the effect of substituents da’@AT.

Two conclusioawere drawn from the study of complexes employing the SSP, SAP, SSE and SAE
ligands Figure3-1). First, use of sulfdnasedligands improves the activity of a coreglcompared

to oxygen. Complexes with the sulftontaining SSP and SSE ligands were capable of oxidising
PPhEtwhile compexes with SAP and SAE, where the sulfur is replaced by oxygen, were
practically inactive. Electrochemical studies showed that suaffade these complexes more easily
reducible!?® Based on kinetic data and activation parameters, activity of molybdenum complexes
with different donorligands was proposedsdollows!?® S, > NS > ONS> ONO

Secondas already mentioned in regard Figure3-2, | y S E (i Sygté&®ritheligand

increases activity of a complex. In the SSE complexes, sulfur and nitrogen are connected by alkyl
chain whereas in SSP complexes the two atoms are bountéozene ring. The SSP complexes
gAlK KS -sgsterr Shywel Griincreased activity by about a factor afafnpared to the

SSE complexé®
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¢CKS&S LI NI YSGSNRBZI & dzesysteh codelajfaady sdm of heNdhalin (i 2 Y
aspects of ligand dé&m. The following section will look into thetnae of the phosphine
substrate.

3.1.2.2Influence of the phosphine dhermal OAT between sulfoxide andysphine
catalysed by molybdenum dioxo complexes

The influence of the phosphine substrate was studied biperat al.**° Reaction of the complex
[MoOx(mnt);]? (mnt? = 2,3disulfanylméeonitrile dianion (1,2licyanoethylenedithiola)) with
different phosphines of the form PR{EL (X= 13) in MeCN at 25 °C was followed by-\4¥
spectroscopy. Kinetic data was obtained and analysed using equatasd3-3

Q N Qz 0Y

Equation3-2

Equation3-3

whereky are the rate constantd, is the phosphin@ cone angle? is the relativeA donor
capacity,a the intrinsic reactivity of the complexnd collectivelyc* [ the steric anddA  ghe ?
electronic contribution to the reactivity. Although variation invkas small a difference between
the phosphines s still seen. Deconvolution of electronic and steric effects Usiqtion3-3
NEGSItSR I tAySI NRRBIBERR $RYGEE2) grber ahd camdrkeys 2
concluded that the reactivity gfhosphines in the reduction gMoO,(mnt),]> depends on the
basicity of the phospihe in theorder PEt > PEfPh > PEtRI» PPhand that steric properties of

the phosphines seem to be of minor importanéé.

-0.50 4

0% upE 055

-1.00 0.60 4

-1.05+ = -0.65
= n PPh
2110+ PhEt, 5 -0.70 1 =PEY =PPhEt; T
2 = =PPh,Et
— 1154 © .0.75

-1.20 P Et -0.80

-1.25 4 =PPh, -0.85 4

-1.30 r T T r T T r T 0 -0.90 —T T+ T T T Tt T ‘T T T T T T T T
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y/em? ere

Figure3-4: Reaction ofMoO;(mnt),]# with different phosphines. Lefto@elation between the reaction rate and the
St SOGNRYAO LI NIYSGSNI . @ wAIKAGY {GSNRO LINRPPRfSs y2
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3.1.2.3 Extending the understanding of the thermal mechanism

Dissociation of the phosphine oxide

Scheme3-1 shows thatafter the phosphine oxide is formethas to dissociate from the complex
and the available coordination side filled by the sulfoxide or a solveecule.

Kail and cewvorkers have investigated the exchange of the phosphine oxide for a solvent molecule
(Schemes-2) after reaction of [MoQL(OPh)] (L kydrotris(3isopropylpyrazel-yl)borate with

PE$ or PMePh.'?! Based on calculations a dissociative or dissociate interchange path are both
possible. The rate limiting step was found to be the disston of the phosphine oxide. Their
calculations also suggested a nucleophilic attack by the Mo=0 oxygen onte@hkdnd.

Importantly, the actual reaction path depends on the solvent and substrate.

Q . I
LMo=0 PRq LM(:)':O:PR3 LMo---O=PRg
OPh OPh OPh
0

i
MeCN | Mo---0=PR,

| OPR;
/ OPh Y
. MeCN

9 i
I
LM?---O:PR3 OPR, I\I/IoL
PhO NcMe OPh
Q ‘/<MeCN
OPR, LM(I)—NCMe
OPh
associative interchange dissociative path

Schemes-2: Pathways for the OAT from [MelOPh)] (L kydrotris(3isopropylpyrazell-yl)borate) to PR(R = &
PhMe) in MeCN?21

Potential catalyst deactivation: dimerisation

At the stage where thehosphineoxide dissociates instead of the binding of solvent or the
sulfoxide a third possibility has been observed.

OAT from a molybdenum(VI) complex onto a phosphine formally yeetglduced Mo(1V) species
that is then reoxidised bthe sulfoxide Butalready inthe work of Barrakt al., the first
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recognised OAT reaction with molybdendfit was proposed that Mo(IV) reacts with Mo(VI)
following Schemes-3 to yield a binuclear Mo(V) speci€$.In their work with Mo dithiocarbamate
complexes, the Mo(V) species was detechy U\Wis spectroscopy both during reduction of the
Mo(VI) complex with PB@and in the oxidation of the Mo(IV) with,CEventually, in each case
only the Mo(lV) or Mo(VBpeciesvere obtained showing that the formation of Mo(V) is
reversible Note thatthese dimers are different from those mentioned in section 2.3.5 which
contain molybdenum(VI) and two bridging oxygens.

comproportionation I v v
disproportionation Mo=0— Mo

Mo(IV)O + Mo(VI)O, <

Schemes-3: Formation of dimeric Mo(V) from monomeMo(1V) and Mo(VI)

The formation of Mo(V) has been seen with many different complexes and is not always
reversible, nor is a Mo(V) species necessarily catalytically in&étivhis process has not been
seen in molybdenum enzymes as the molybdenumtres are embedded within the protein and
preventing associatianAttempts to supress the formation of Mo(V) have been made. Sterically
demanding ligands have been showrptevent dimeisation. For example, the introduction of
iso-propyl groups or8-1 shown inFigure3-5 prevented formation of the Mo(V) dimer. In the
reaction with excess PMéoth 3-1 and 3-2 eventually yielded the reduced Mo(IV) cphax, but
formation of the Mo(V) dimer intermediate was only observed v@th.*33 Another option is to
sepaate the molybdenum centres by attaching themto a solidsupport e.g. a polymes,

silicd®, or activated carborn®®

Figure3-5:Structure of two nolybdenum complexes used to study the influence of bulky substituents on dimerZation.

Determining whether Mo(V) is formed or not has peoavchallengig. It was thought for long time
that the sterically demanding phenyl groups as well as the use of sulfur ligands prevents the
formation of Mo(V) upon reduction &-3. 13%138_ater studies by Doonan and-amrker showed
however that the proposed reduced molybdenum(1V) species was misidentified and was in fact
the Mo(V) dimer:* The initial identification reliedn IR spectroscopy, elemental analysis and UV
Vis spectrecopy.Analysis of this data by Doonan and-smrkers revealed inconsistency with the
assignment of a Mo(IV) complex, and a newly obtained crystal structure confirmed the reduced
form of 3-3 to be the dimer 3-4.
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3-3 3-4

Figure3-6: 3-3, a model for the active site of sulfite oxidase designed by Holm and®erg.

Molybdenum asa Lewis acid: alternative reaction path

Congdering molypdenum(V1) as a Lewis acid makes different reaction pathways possible as the
first step of the OAT process involvée tcoordination of one of the Lewis bases present in the
reaction (phosphine, sulfoxide, solvent). Castifieira Bteig. *° explored this mechanism
computationally based on the work of Satzal ** on [MoQ:ChL(DMF)] reacting with DMSO and
PMe:. In the most favourable mechanisi@ghemes-2), DMSO first coordinates to [MaOb]

(DMF was considered ldb under the experimental conditions, 80 °C, and to have dissociated
from molybdenum; only [Mo&Ch] wasstudied to simplify caldations) followed by the

nucleophilic attack of the phosphorous on the Mo=0 bond. DMS then eliminates, leaving its
oxygen aton as the new oxo ligand of molybdenum. Finally, OPdisociates, yielding the initial
molybdenum complex.

OPMe3
0 DMSO
Mo ¢!
/' ClI
cl 9',,0
O-Mo. LOMo.
F{/ él‘o —S ¢l
A \
PM
0. (Ij| /_\ e
DMS d Fl> MoOsg~
O’ cl |

Schemes-4: Proposed mechanism for the OAT from DMSO to;eMelysed by [Mo@Ch].140
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Although these calculations are basea a simpler modekhey are relevant to the SAP based
complexes in this work.

In this thesis, OAT has been performed in DMSO (catalyst screening) or acetone (substrate scope
and reaction kinetics)The complexes.g.Mo-2, have weakly bond MeOH in thesixth

coordinationsite which can be replaced by the solvent of the OAT reaction, DMSO or acetone.

The binding of DMSO could result in the reaction following a path similar to the one proposed
above. In acetone, the reaction could follow a mechanism witlsotfoxide bindingalthough

sulfoxide is present iBOO-fold excess. Both processes could also be taking place in parallel or

there could be a transition depending on sulfoxide concentration.

3.1.3Conclusion and chapter aims

At the start of this project mny examples of thenal OAT were known, some requiring high
temperatures to activate the reaction. Examples of photoactivated OAT, that could use milder
conditions were rare and all have disadvantages ranging from preparation of the complex to its
performance.

While some peameters like the influence of the ligand have been studied extensively and
generalised for molybdenum catalysed OAT, uncertainty in the reaction mechanism as well as
high dependence of reaction outcome, like dimerisation, on the comlelvent and other
parameters remains.

The aim of this chapter is to determine thatalyticactivity of the synthesised complexigsOAT
reactions study the influence of the different substituents and correlate the electronic, structural
and spectroscpic properties to he activity. Further studies on the substrate scope as well as
mechanistic investigation will then be performed with the aim to understand the underlying
mechanism of photoactivated OAT and differences to the-imedwn thermal OAT.
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3.2 Screening of complexes and experimental conditions for OAT between
DMSO and PBh

3.2.1Screening of complexes

Initial screening of the complexes/nthesised in this works an OAT catalyst was undertaken on
an NMR scale reacting PRh DMSGds using 1 mMcatalyst and 300 mM PRh

Irradiation was performed using light at three different wavelengths, 3&0,ahd 465 nm. Tik
choice was based dhe U\tvis spectra oMo-1 andMo-2 andthe availability of LED$/0-1 and
Mo-2 show absorption maxima at 421 ad08 nm and 353 and 347 nm, respectivdl§5 nmwas
chosento excite only one transition as there is significant overlap between the two baing8ts0
and 410 nm(seesection4.2)

'H NMR spectra were recorded before irradiation and after 3 h. Integrafidhe signals from the
aromatic protons in PRland OPPHallowed the conversion to be calculated. The results are
shown inTable3-8 below.

Table3-1 Conversion of PRto OPPhatfter 3h, catalysed by [Mand JW}

Complex I 2Y@SNARAZ2Y O P gl @St Sy3
365 nm | 410 nm | 460 nm

Mo-1"H 0

MO_ZCOOMe,COOMe 69 78 77

Mo-3C00H.CO0H [ 32 35 32

I\/Io_4COOMe,Et2N 0

I\/IO_SCOOMe,COOH 52 65 57

I\/IO_GCOOH,COOM-:-: 32 39 31

Mo-7°°°H 7 12 12

Mo-8H®°H 4 2 2

Mo-9CO0Me 30 28 19

Mo-10CooM 5 2 2

Mo-11¢00Me 23

MO-12N02 32b

Mo-13""° 25

MO-14SOZNH2 11

Mo-151NE2 0

Mo-16Nan 0

W-1HH 8 12 10

W_ZCOOMe,COOMe 62 79 45

In DMS@dg, under N, ¢([Mo])= 1 mM, c(FR) = 300 mM, irradiation wh a light source of the
stated wavelength2 An uncertainty in the measurement of 3 % is estimat€atalyst
deactivation observed, lower conversion obtained from a repeat of the experiment.

The conversion obtained with molybdenum complexes ranged fidmto 78 %. The highest
conversion was latained withMo-2. Complexe#lo-1, Mo-4, Mo-15andMo-16 were inactive.
Conversion obtained with the tungsten complexes ranged from 8/%) (o 79 % \V-2).
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Theunsubstituted compleo-1is known totransfer oxyge to PEtPh, but notto PPR.14? This
inactivity could not be overcome under LED irradiation.

Conversion varied with wavelength for individual catalysts although not all liex@p were tested
at 365 and 460 nm.

A detiled analysis of the results with regard to the aims set out at the beginning of this chapter
can be found irsection3.3. In order to faciliate this analysis several control experinewere
performed. Reaction between DMS@maPPhin the absence of catalyst, both thermal and under
irradiation, as well as the thermal reaction in the presence of catalyst; the ligand acting as catalyst
or photosensitizer; the effect of reaction tempertae due to thermal heating from the LE&s

well as the effect of air and water on the reaction.

To allow meaningful comparison between close results obtained with two complexes a simple
statistical analysis wagerformed.

3.2.2Reproducibility of OAT experints

The differences in catalyst activitgted inTable3-8 only accounts to a few percent in some cases
(e.g. betweerMo-11andMo-13). It is therefore important to know the error in those
measurements and how much the resulhczaary.Table3-2 and Table3-3 list the conversions
measured in several repeat experiments at various points during this project under the same
conditions for the reaction df1o-2 with PPhin DMSQds and of Mo-2 with PPR and SQ2 (di-p-

tolyl sufoxide)in acetoneds.

Table3-2: Conversion of PRto OPPhin DMSG@ds after 3 h catalysed biylo-2.

Experiment Conversion / %
1 75

2 77

3 81

4 77

5 76

Mean Xyg 77

Range R 6

Uncertainty in measurentd o @ 3

Conditions: d{lo-2) = 1 mM, c(PRh= 300 mM, in DMS@% N., irradiation at 410 nm.

Table3-3: Conversion of PRib OPPhin acetoneds after 3 h catalysed biyo-2.

46
46
45
a7
43
44
45
Mean g 45
Range R 4

Uncertainty in measuremenb @ 2
Conditions: c(Me2) = 1 mM, c(PRh= 300 mM, &O2) = 300 mM, in acetonds N, irradiation at 410 nm.

N[OOI WIN|F
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As can be seen the results are fagbnsistent, spanning a range of 6 % and, 4e¥pectively.

These experiments were performed with different batched/oi-2 and solvents showing that

synthesis of the complex as well as degassing and drying of the solvents was reproducible (see the
subsequat sections.

Given the sample sizes oB&d 7, statistical analysis was done as follows:

Y o @
Equation3-4
W Y
Equation3-5
gAGK w ' N}y3aSs pE ' dzyOSNIFAydeé Ay | YSI adN

This gives a range of 6 % and an uncertainty in a measurement of 3 % (reaction irdg N&idde
3-2) and a range of 4 % and an uncertainty of 2 % (reaction in acekpi@able3-3), respectively.

Results fran the analysis of the data obtained from OAT with-2 is applied to all other
experiments where usually only a single data point was obtained. Particularly, thersan
obtained in all other experiments is assumed to have an uncertainty based ondle ab
calculations.

It follows that the mean conversion obtained in two experiments under similar conditighss X
Xemean €.9.between two different complexes, artaken as significantly different if the range of
conversion for the two experiments doest overlap,or if the difference of the means is greater
than twice the uncertainty, respectively, that is

W W CZ W
Equation3-6

However, except for the twexampledisted above, conversions obtained in this work are based

on only one experiment and so an individual resldés not equal theaverage. This complicates

the use ofEquation3-6d ! & dzyYAy 3 G KS dzy OSNI I A yandersiang | Y S|
O2dzt R 0S8 3IANBF G§SNI 2N &Y, 6.6 x6ME NEK DX 158K Thé NHzS | O
same applies tozx

Thele are two extreme cases to be considered when comparing the conversioa abserved in
two experiments:

a) x isatthe lower end of the range, and at the higher end:
Ximean=X b ANH ¥mean=% GN E 2 Koo QuGeanEX-N BXACN E 2Ba-HE F pE
which according t&Equation3-64 K2 dzf R 0SS 3INBIF GSNJ GKIFYy H F pE®
xBh n pnE FT2N) GKS O2y@SNEA2Yya (2 06S aA3yAs

b) x isat the higher end of the rangena » at the lower end.
leean= )@_ '_n %nd )Qmeanz )@b _n E CD
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It follows that

X2 -X1 > O for the conversions to be significantly different

Between these two extreme cases, replacing the mean conversion with the measured conversion
in Equation3-6 provides a middle ground for estimating significant diffeses. The possibility of
outliers towards either of the extreme cases should still be considered.

Twice the uncertainty of a measurement amounts to 6 in the case of reactmmsid DMSQs
(conditions inTable3-2) and to 4 in the case of reactions done in acetoaéonditions inTable
3-3).

3.2.30AT betweedDMSO or dp-tolyl sulfoxideand PPhin the absence of catalyst

As anegative control, OAT between sulfoxide and HPRlthe absence of catalyst was studied
under thermal coditionsas well as under irradiation with light of 365, 410 and 460 nm
wavelength.

In the first experiment, similar to catalyst screening, solution308f mM PPhin DMSGds were
irradiated at three different wavelengths afll NMR spectra recorded aft8rh. A fourth sample
was stored in the dark for the same time and analysed; the spectra are shown below.
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Figure3-7: 1H NMR spectra in the aromatic region of samples containing 300 mpirPBMSQ@ds. a)as prepared; b)
after 3 h, no irradiation; c) after 3 h at 365 nm; d) after 3 h at 410 nafte) 3 h at 460 nm.

While the spectra ifrigure3-7 showa noticeable change in the samples that were irradiated for 3
h, especially the sample at 365 nm (spectrum c), the amount of £iBiRined is negligible,
conversion only amounted to-2 %. No change occurred without irradiation.

In the second experimenQAT was studied on a longer timescale. A sample containing 300 mM
di-p-tolyl sulfoxide $G2) and 300 mM PPRYin acetoneds was irradiated for a total of 48 h at 410
nm. A second sample was stored in the dark. The reaction wadoernehiover a total of 7t by

H NMR spectroscopy, shownRigure3-8.
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Figure3-8: 1H NMR spectra of samples containing 300 8GR and 300 mM PPRY}in acetoneds a) sample 1 as
prepared, b) sample 1 after 701cluding 48 h of irradiation at 410 nm, c) sample 2 as prepared, d) sample 2 after 70 h
without irradiation.

The nonirradiated sample remains practically unchanged even after a substantial reaction time of
70 h. The samplieradiated for 48 h on the othénand clearly shows a change but the amount of
OPPRhformed (1 %) is still negligible.

The two experiments presented confirm that the uncatalysed reaction between sulfoxides and
PPhis negligible and does not affect the diuof catalysts.

3.2.4Thermal molybednum catalysed OAT betwepitolyl sulfoxideand PPh

As presented in the introduction to his chapter, thermal OAT between sulfoxides and phosphines
catalysed by molybdenum complexes is well known. It is therefore impoidebest to what

extert the complexes studied in this work are able to catalyse thermal OAT, so that this activity
can be separated from photo catalytic activity. Even if the photocatalysed reastiominant

there could be a significant contributiorofin the thermal reactiomluring periods without

irradiation, for example between irradiation intervals or during recording of NMR spectra.

A sample containing 1 mM &do-2, 300 mM of PPyand 300 mM o502 in acetonedsunder N
was prepared and monitoteby*H NMR spectroscopy over 70'HL NMR spectra recorded at the
start and after 70 h are shown Kigure3-9. No changes were observed, paularly, no

formation of phosphine oxide and sulfide or decompositiohai-2.



Similarcontrol experiments were also performed wiiho-2, W-1 andW-2 in DMSGds over 3 h.

No changes were observedus, hermal OAT at room temperature catalysed by molybdenum or
tungsten complexedoes not appear to take plac®AT observed in this wodonsejuently

results from photoactivation.
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Figure3-9: 'H NMR spectrafa sample containing 300 mM P800 mMSQ2and 1 mMMo-2 in acetoneds as
prepared (bottom) and after 70 h, without irradiation (top).

3.2.5Ligand catalysed OAT between DMSO and PPh

To confirm that the OAT activity is due to the molybdenum complexnanglist due to the
ligand, experiments analogous to those describeskiation3.2.1were performed withigandsL-
1, .2 andL-3 instead of thecorresponding molybdenum complexes. Conversion ot RPOGPPh
after 3 h is reported and discussed below.
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Table3-4: Conversion of PRto OPPhafter 3 h of irradiaion in the presence of ligandsl, L-2 andL-3 and complexes
Mo-1, Mo-2 and Mo-3.

Compound Conversiotl & I ¢l @St Sy3aidK < A
365 nm 410 nm 465 nm

L-1HH 0 0 0

L_ZCOOMe,COOMe o 6 7

L_3COOH,COOH o 2 3

Mo-17H 0 0 0
MO_ZCOOMe,COOMe 69 78 77
Mo-30CH.COoH 32 35 32

c(-X/Mo-X) = 1. mM, c(PRh= 300 mM, DSM@s, Nz. 2 An uncertainty in the measurement of 3 % can be
assumed.

No conversion was observed in the samples Withadded. Only the sample at 365 nm had
changed, its colour had gone from pajellow to orange anih the'H NMR spectrum, the
resonances due to the two phenolic protoasd the imine proton had disappeared, and some
signals in the aromatic region had disappeafaid6.95 andr.00 ppm)while new ones had
appeared(three groups okignals at 7.75/.8 and 7.95 ppm

All three samples with-2 added changed colour from yellow to orange with the sample at 365
nm having the darkest colour. Again, no phosphine oxide was detected at 3@4oticeable
amounts, however, vere detectedat 410 and 460 nm, &nd 7 % respectively. TR spectra of

all three samples showed shifting of the signals, the resonances due to the imine group proton
moved downfield, whilst the aromatic signals moved upfield; the shift is highest in the 365 nm
sample.

Only small amouts of oxidised phosphine were detected at 410 and 460 nm in the samples with
L-3added. No phosphine oxide was detected at 365 nm, instead shifting and broadening of the
ligand signals suggest degradation of the ligand. The samples edtdourhanged fromgellow to

dark orange.

When theSAPbased ligand&-1, -2 andL-3 were used instead of the metal complexesraall

amount of OPPfformed in some cases. Similarly, to the complexekwas inactiveandL-2

showed higher conversion &émL-3. In all caes there were signs of side reactions (changes in

colour, changes in the NMR spectra). Hydrolysis of the imine bond, as well as isomerisation of the
double bond are possible reactions but no evidence for their occurremssfound. Hydrglsis of

the ligards producesinaldehyde, whose characteristic signal was not seen ifkhRMR

spectrum. The complete absence of resonances above 8 ppm in the sample contdirang L
irradiated at 365 nm is surprising as it suggests the absence @ldelyyde, imine pphenol

groups and degradation further than hydrolysis of the imine bond.

Only 3 % conversianf phosphinewas observedn the samples containinig2 which is
comparable to the amount observed in the uncatalyzed reaction betweeg &felsulfoxide
(section3.2.3 and thereforecannot account for the complex catalysed ddtmsamples
containingL-3 conversiorof phosphineamountedto 7 %correspading to 11 % of the amount
obtained with the corresponding molyledum complex under the same conditions, which is
significant However, this activity of the ligands occurred at the cost of their degradation and
should not be relevant in the reaction ofroplexes, where no degradation was observed.
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3.2.6 Temperaturedependencef molybdenuracatalysed OAT between DMSO and
PPh

On the irradiation it was noticed that the NMR tubes became warm due to the heat being
produced by the circuitry within theeactor.

The temperature inside an NMR tube was monitored by an immersed prathegdirradiation
over 1 h which stabilised at 45°C.

In a control experiment the effect of the heating was studied. 1 mMof2, 300 mM of PPhin
DMSQds was heated in avater bath at 45 °C for 1 h. No change was observed. The activity of
complexess therefore due to the irradiation not the increased temperature although the latter
could have an additional benefit compared to irradiation at room temperature.

3.2.7Influence ofwater on molybdenurtatalysed OAT betwegmrtolyl sulfoxide
and PPh

Performing reactions in waterather than an organic solveig advantageou¢rom a green
chemistry perspective. However, not all catalytic systems tolerate water (if solubility &not
issue already). To study tis¢ability of the molybdenum complexdéa water OATfrom para-tolyl
sulfoxide §02) to PPhwas performed with ddedwater. The conversion measured in this
experiment is listed ifTable3-5 together with results from experiments witlut added water.

Table3-5: Conversion of PRto OPPRafter intervals of irradiation for three OAT experiments.

Experiment 1 2 3
with added water | no water added| no water added
Total duration of irradiation / h Conversiort/ %
3 41 43 46
5 48 55
9 56 71

Conditions: d¢lo-2) = 1 mM, c(PRh= 300 mM, &0G2) = 300 mM, c(kD) = 50 mM (concentration of additional®lin
experiment 1), acetonels, N, irradiation at 410 nn? An uncertainty in the measurement of 3 % can be assumed.

After the first3 h interval of irradiation the conversion in the presence of wat@oissignificantly
different fromthat in the water free experiments. Aftertotal of5 h, but especially aftea total

of 9 h of irradiation, the addition of watdrasled to a decreasd conversiorby 7 and 15 %
respectively The decrease in conversion shows that the reaction is affected by a 50 mM
concentration water, either through inhibition or decompositiofthe catalyst. ThéH NMR
spectra in the region of 6 to 10 pprhRigure3-10) show changes to the catalyst after irradiation, a
new resonance appears at 9.15 ppm wisignals in the aromatic region shift and become
weaker. The signals in the topmost spectrum, after a total irradiation time of 9 h)sverauch
weaker almost disappearing in the background.

One conceivable way of catalyst decomposition is through Hysi®of the imine bond (the back
reaction of the Schiff base synthesse scheme-2, chapter 2)The resulting aldehyde should
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have aresonance at around 10 ppm which was not observed. It is not clear however, where this
resonance would be expectedtlife aldehyde is still bound to the metal. Additional reactions
underthe experimentl conditions are possible, water could bind to the quex (replacing

solvent) yielding the aqua or, after further deprotonation, the hydroxide complex.

Although its exactole is not known, the presence of (large) volumes of water negatively effects
OATusing the complexes studied

W‘ |
1

100 98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 6
f1 (ppm)

Figure3-10: IH NMR spectra in acetortlg of OAT between PRAnd SQ2 catalysed byMo-2 in the presence of water
before irradiation (bottom), after 5 h of irradiation (middle) and after 9 h of irradiation (top). Conditidns:2)(= 1
mM, c(PP§ = 300 mM, &G2) = 300 mM, c(¥D) = 50 mM, acetonds, N, irradiation at 4D nm.

3.2.8Influence of air on molybdenum catalysed OAT between DMSO and PPh

Although Q (air) would be a readily available oxygen source for,@#€Tpresence boxygen
presents an issue for thgork in this projectas explained below

Thereduction of sulfoxides, or other substrates, constitutes a main application of OAT. The
reduction of oxygen through direct reaction with the phosphine or via the catalystcasnpeting
reaction is therefore undesirable in these studies. In mechanistitiest the potential formation

of peroxacomplexes would introduce another mechanism of oxidation. Having a second
mechanistic path in parallel complicates the mechanisticissidnd could also lead to formation
of undesired side product©xygen also needto be excluded from the sample when half cycle
experiments are performed, different sulfoxides are studied, or the concentration of the oxygen
source needs to be varied.
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Sanples were prepared under air and OAT performed to determine the effect of #msepce of
oxygen. The first experiment used excess DM§®hile the second one employed 300 n8dh2
in acetoneds.

Table3-6 lists the conversionaiculated for theexperiment withSO2 in acetoneds. Conversion
was calculated for the reduction &32 and the oxidation of PRhlIt should be noted that the
statistical analysis performed earlieonsideredat repetitions of an experiment, and not the
agreement betweerhe conversion of PRito OPPhand sulfoxide to sulfide within the same
sample. In the absence of any experimental esuch asn oxygen leak, conversion of phosphine
and conversion of sulfoxide generally differed by 0.5 %, in sones cgsto 2 %.

A difference of 9 % between reduction and oxidation was seen in the sample contdMoirzand
considered to be significant, meaning that some of the QeBhtains oxygen not originating
from the sulfoxide but from molecular oxygen (and igng the 1 mM OPPRlwhere the oxygen
stems from the catalyst). Whether the OAT from molecular oxygen to @ri2catalysed bilo-
2 or not has not been determined. Therorersion of 4 % in the catalyst free sample might
suggest thaiMo-2 is not required, It this amount ishot significantin comparison to the metal
complex catalysed reaction

Table3-6: Conversion 802 and PPRafter 3 h for samples prepared under air, one containing no catalyst and on
containing 1 mMMo-2.

Catalyst No catalyst
CG4H1.SOto PPhto OPPR | C4HisSO to @H.4S | PPhto OPPh
Ci4H1sS

Conversiort/ | 41 50 0 4

%

Conditions: ¢§G2) = 300mM, c(PPB = 300 mM, aceton€s 2An uncertainty in the measurement of 3 % can be
assuned

Conversions calculated in the experiment with excess Dilk&@e shown inTable3-7. Two sets

of samples, one with and one without complex, were irradiated twice, at 365 or 460 nm, and also
one sample each which was not irradidtat all. The samples that were not irradiated showed

only negligible conversion.

The sample containiniglo-2 gave conversions of 92 % (365 nm) and 87 % (460 nm) after 3 hours.
The sample only contained 150 mM of BRiomparison to results imable3-8 where samples
were under N, are therefore difficult to make.

The effect of oxygen is evident in the samples without catalyst. Conversions of 16 and 20 %,
respectively, were recorded after atal of 45 h including 3 h of irradiatiomhich is a significant
amount, much higher than in the relevant control experiments undefcNapter3.2.3 and could
easily complicate data analysis

In the sample irradiated at 460 nm conversion only occurred during thensexyrle of irradiation
and the subsequent storage time. In the second sample conversion occurred almost exclusively
when the sample was natradiated which would suggest that oxidation is independent of
irradiation and slowand therefore was only notiable after the longer storage times. The two
samples containiniylo-2 did not show this inconsistent behaviour, oxidation of Pétly

occurrad while the sample was being irradiated.
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Table3-7: Conversion of /g to OPPhat different points in time for samples prepared under air, one containing no
catalyst and one containing 1 mMo-2.

Time /h Time of Conversiort/ %
irradiation / h

Catalyst No catalyst

365 nm 460 nm | dark 365 nm | 460 nm | dark
2 1 50 43 0 2 2 0
21 1 51 44 0 10 2 1
24 3 92 87 1 12 10 1
45 3 92 87 1 16 20 2

Conditionsc(PPh) = 150 mM, DMS@, irradiationwith light sources of the wavelength given or no irradiation ataall.
An uncertainty in the measurement of 3 % can be assumed

Interestingly, the solubility of oxygen in DMSO and acetone is quite different: 0.33 mM in DMSO
and 2.37 mM in aceton&?3In both cases, the concentration of dissolved @tygs much lower

than the concentration of substrates used in OAT, so that oxygen has to be constantly supplied
from the reaction headsace. Given that the liquidas surface is small compared to the volume of
liquid the availability of oxygeis limited which could explain why high conversion was only
observed after 21 h in the two samples no containihg-2.

While the exact processeseaunclear, the experiments under oxygen certainly show that the
exclusion of oxygen is necessary to achieve OAT exaljufiiom sulfoxides and to provide
controlled conditions that allow for reproducible results. Use of molecular oxygen for OAT is still
feasible, but more work is needed to account for the issues discussed.

3.2.9Summary

The molybdenum and tungsten complexgsathesised were screened. To allow for meaningful
analysis, several control experiments and a simple statistical analysigpesdoemed. For all the
conversions obtained throughout this work an uncertainty of 2 % (acetighand 3 % (DMSO
ds), respectivéy, will be estimated depending on the solvent used.

Control experiments revealed that OAT in the absence of catalyst, aassbirmal OAT in the
presence of catalyst is not significant for the study of photoactivated catalysed OAT using the
complexes dscribed in this thesis. Residual oxygen and water have been shown to be
competitive for OAT under controlled conditions.

With these parameters considered the data from the catalyst screening can be analysed.
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3.3 Molybdenum and tungsten catalysed OAT betw®MSO and PPh

The results from the screening of complexes are listed again in the table below and will be

discussed in merdetail with regard to the design choices presented in chapter 2.

Table3-8 Conersion of PPto OPPhafter 3h, catalysed by [M&nd JW}

Complex Conversiont & I g @St SyaiaK <
365 nm | 410 nm | 460nm

Mo-1HH 0

MO_ZCOOMe,COOMe 69 78 77
Mo-3COOH.COOoH 32 35 32
I\/IO_4COOMe,Et2N 0

I\/I(_)_SCOOMe,COOH 52 65 57
I\/IO_GCOOH,COOMe 32 39 31
Mo-7°°°H 7 12 12
Mo-8CcOoH 4 2 2
Mo-9COoMe 30 28 19
Mo-1Q*CcooMe 5 2 2
Mo-11C00Me 23

Mo-12"** 32

Mo-13°" 25

M0-14SOZNH2 11

MO_15H,NEt2 0

Mo-16Naph 0

W-1"H 8 12 10
W_ZCOOMe,COOMe 62 79 45

In DMS@dg, under N, c([Mo])= 1 mM, c(AR) = 300 mM, irradiation with a light source of the
stated wavelengthaCatalyst deactivation observed, lower conversion obtained from a repeal
the experiment? An uncertainty in the measurement of 3 Yesimated

3.3.1The influence oélectron withdawing and electron donating substituents on

photoactivated OAT catalysed by molybdenum and tungsten complexes

A positive correlation between electron withdrawing groups and catalyst activity is well
established fothermal OATd.f. introduction to this hapter).12%128 Substituents with different
degrees of electromwithdrawingor donatng ability were therefore added to th&ARbased
complex to test if similar correlation also applies to photoactivated OAT.
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substituent is in thaneta- or para-position. The acid gup inMo-7 is in the para position with
regard to the phenol group and in the meta position with regard to the imine group. As both
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imine andphenol convey the electronic properties onto the metal centre, both positional
considerations are valid. Two pfobdf the conversion against the Hammett parameter where
therefore drawn accounting for the two optionBigure3-11).

In both plots, a linear correlation between Hammett parameter and conversion is not observed, in
contrast to reported thermal OAThere is howeverraapproximatenont-linear correlation, the

O2y @SNEAZ2Y Ay ONEIthe3ndre élattron withdyawingBhe suBsttents

become. In addition, there needs to be a net electron withdrawing effect acting on the metal
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Figure3-11: Plot of conversion after 3 h (OBPRPh) against Hammett parametdtop) and structures of complexes
(bottom). Topleft: substituent positioparato phenolgroups,top right: substituent position meta to imine group. In

DMSGQGds, underNy, ¢([Mo])= 1 mM, c(Pi) = 300 mM, irradiation at 410 nrivlo-16has not been considered due to its
different structure.

Despite having the same Hammett parameter, the estdrssituent led to higher activity than the
acid as seen betweddo-9 andMo-7. SimilarlyMo-7 and Mo-8 both containthe carboxylic acid

substituent, but in the former the substituent is on the aminegrivhereas in the later it is on the
aldehyde ring.

The lack of a clear linear correlation between the conversion and the Hammett parameter, as well

as the shortcomings mentioned above, could mean that the latter is not suited to describe the
electronic popertiesof the complexes. Indeed, one shortcomioighe Hammett parameters

GKIFO NBaz2ylryoS STFSOGa INB y20 | QOy@®hear& R T2 NI
developed that take into account the ability of substituents to delocalise negatipesitive

charge!?
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The plot inFigure3-11included all complexes excepto-16 due to its differat structure which
does not follow the pattern of substitution of the other complexEl@wever, excluding
additionally Mo-4, Mo-8, Mo-10andMo-15, an interesting trend appears. FroRigure3-12a
linear correlation is much more evident. Althoulgto-2, Mo-5 andMo-9 do not fit in, it appears
that their catalytic activity is much higher than whabuld be expected from their Hammett
parameter. Interestingly these three contain the ester substituent on the amine ring.

ComplexedMo-4, Mo-8, Mo-10and Mo-15 couldbe excluded for the following reasons:
Conversion obtained witMo-8 andMo-10was only2 % at 410 nm which is not significantl
different fromMo-1. In addition, they contain their substituent on the aldehyde ring whésh
discussed earliehas much less effect on the catalytic activiyg. conversion cannot be lower
than zerg, inclusion é complexedMo-4 andMo-15is less helful. Their true data pointsvould
need a negative conversion to match their negative Hammett parameter to align with a linear
trend.

80 - .
Mo-2
LA
60 Mo-5
X
5
% 40 =
o Mo-9 Mo-12\. .§M0-6
S ~m Mo-3
@) [ .\
20 Mo-11- Mo-13
v~
Mo-7 Mo-14
0 .
Mo-1
T T T T T T T T 1

T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Hammett parameter s p

Figure3-12: Modified plot ofconversion after 3 h (OPPHPPh) against Hammett parameter, substituent positipara
to phenol groups. In DM&d, underN,, c([Mo])= 1 mM, c(P) = 300 mM, irradiation at 410 nm. Complekés-4,
Mo-8, Mo-10, Mo-15and Mo-16 have been omitted.

An addtional comment has to be made in regard to the amidbstituents invio-3, Mo-5, Mo-6
Mo-7 andMo-8. So far it has been assumed that the acid groups are protonated in solution,
which is not necessarily the cagéne degree of deprotmation in DMSO is not known and the
acidity of these groups, their pialues, on the relevant complexes has not been measured
get an estimate for the degree of deprotonation, benzoic acid will be asetireferencéor
which thepKa values is 4.2 iwater and 11.1 in DMS&?
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concentration of the acid. [#@"] is obtainedrom the equilibrium constant Kwhere [HA] = gis
assumed.

‘00
@
Equaton 3-7
. oL 2z 0
Y —
(@])
Equation3-8

Atan initial concentration ol mM, h <1 %n DMSQwhich confirms the above assumptiom bbe
correct).In contrast 22 % of benzoic acid would be deprotonated in water. Benzoic acid is a very
simple model. The conjugation on the liganased in this worlvould stabilize the negative

charge of a deprotonated acid group as would additional ebectvithdrawing groups like acid

or estessin the case of the disubstituted ligantds3, L-5 andL-6. Complexation to molybdenum
decreases the electron density on thgand, as shown by thdownfield shift of resonances in the

H NMR spectrum (section33), and therefore also stabilises the negative charge. Whether
these effects are strong enough to lead to significant deprotonation of complexes is not clear, a
substantial increase in acidity to a pK 4 would be needed.

The above discussion considdrine complexes (and the benzoic acid reference) to be the only
compound dissolved in DMSDuringOAThowever,phosphines are also present (and as OAT
progresses, increasing amounts of phosphine oxide and DW8)pKvalue of HPPJ, the
conjugated aciaf PPh,is8.8 in MeCN wheredsr benzoic acidt is 21.5 which clearly shows that
benzoic acid would not be deprotonated by RP¥HValues in DMSO were not available but the
trend is assumed to be the same given the large differenpdinalues.

The complexes themselves alsantain the imine and oxo groups that could deprotonate the
acids. Given that signals of protonated oxo or imine groups were not observediH tBR
spectra of tle complexe®r ligandst seems unlikely that these sites are basic enough.

Based on the afive analysis carboxylic acid substituents pirebablyprotonated. However, the
effect of excitation and subsequent processes that could lead to depatiton have not been
considered.

The electronic properties of the deprotonated acid are different fitvm protonated one, the
negative charge makes this group more electron donating. This change is reflected in the
Hammett parameter which talea value of 0.0 for COdrom 0.45 for COOHmaking this
substituent essentially the same as not having a stisti at all. Clearly, that is not reflective of
the reactivity.

The values of the improved Hammett parameter were obtained using substipitedol and

aniline , instead of benzoic acid like in the original Hammett parameter. Upon deprotonation the
negaive charge on the oxygen or nitrogen can be delocalised on the aromatic ring and the
substituent resulting in an increased stabilisation bigstituents with mesomeric effects that was
not seen in the original work with benzoic aétd.
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" p values otthe improved Hammett parameter for acid and ester substituents are list@clnte
3-9. This new value is higher than the previously used value for the kgbtéd substituensin all
cases Mo-2, Mo-3, Mo-5, Mo-6, Mo-7 andMo-9 contain acid or ester groups and so their

corresponding Hammett parameters change.

Table3-9: Modifiedand normalHammett parametersf acidand ester group&!3

Substituent a2RATASR I FYYS({IIYYSGd Lk N
COOH 0.77 0.45
CO0 0.31 0.0
COOMe 0.64 0.45

Two plots of conversion against the modified Hamrhparameterare shown inFigure3-13, for
protonated and deprotonated acid groups, respectivélinear increase of conversiwvith the
modified Hammett parameter is now more clearly séetoth casesin line with findings on
thermal OAT mentioned previouskbetter correlation is obtained when the acid groups are
assumed to be deprotonatedhich is in contrast to the abowtiscussion on the degree of
deprotonation but could be a result of photo excitation which was not actealifor in the

discussion

Regarding the plot including deprotonated acid groude;14is an outlier and the issue of
distinguishing ring positions Btremains as seen betwedéo-5 and Mo-6.
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Figure3-13: Modified version oFigure3-12dza A y3 G KS A YLINE @ S Rforithke astér&uidiacidL NI YS G St
substituents Acid groups deprotonatedeft, intercept set to O, slope = (52 + 4) %, R2 = 0.94) and protonigiey (
intercep set to O, slope = (38 +5) %, R2=0.87)

Modified Hammett mrameters have been calculated forsCRQ and S@GNH; substituentsand
the corresponding plots are shown in

Figure3-14. Correlation has not improved comparedimure3-13whichsuggests that the
conjgation which the modified Hammett parameter accounts fatisngerwith acid or ester
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substituents. The better correlation between conversion and the improved Hammett parameter
when the ability of the ester and acid substituents to delselectron censity is accounted for
suggests that during catalysis substahtiagative charge buildgp on the comfexand is

stabilised by these substituent leading to higher conversidris could occur in a transition state

(e.g. aftemucleophilicattack by thephosphine) but could also include the reduced, electron
richer Mo(IV)seeScheme3-1 and Scheme3-2)
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Figure3-14: Modified version ofigure3-12dza A y 3 G KS A YLINE @S R forall substBuéniisAdidigraidpsy S G SNJ

deprotonated left, intercept set to 0, slope 33+ 5) %, R? = 83) and protonatedr{ght, intercept set to 0, espe = 43+
6) %, R2=84).

Althoughuse ofthe modified Hammett parameter allows to quantify the effect of substituents,
additional effects on OAT activity are still be presdthis is especially important, as the OAT
process is light activated anble excited state species are not the sansel@e complexes in their
ground state for which the Hammett parameters were determined. The weak activity of, and lack
of difference betweerMo-8 andMo-10 as well as the difference in activity betwekto-5 and

Mo-6 show that effects not account for by the Hammett parameter are still present,

particularly a greater importance of the amine ring compared to the aldehyde.
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3.3.2The influence of substituent position on photoactivated OAT catalysed by
molybdenum andungsten complexes

Regarding the effect of sutitsient position, two cases have to be distinguished: the same
substituent in theparaor metaposition on the same phenol ring, or the same substituent in the
para position on different phenol ringBigure3-15).

Q /
N// 9 O N/'MIOI\\‘O
(I\/Io‘\\ 7 0\\0
o |0 o |

R MeOH MeOH

Figure3-15: Two cases of different substituent positions: para or metétipaon the same phenol ring (left) and para
position on different phenol ring (right)o§itions are assignedith regard to the phenol oxygen

Mo-11andMo-9 fall into the first category. Fdvlo-11the conversion was 23 % and fdo-9 28
%. Given the uncertainty in these results a difference of 5&anisideredo be irsignificant and
the position of the subgiuent, in this case the ester group, has no influence on the activity.

Comparing substitents on different phenol rings a more pronounced effect can be seen.
BetweenMo-9 andMo-10for example, the complex where the substituent is found on the amine
ring (Mo-9) showed a much higher conversion than thdtese it is on the aldehyde ring/p-10):

30 %, compared to 5 %he same applies to the two aesdibstituted complexo-7 andMo-8

and the mixed acid/estesubstituted complexeMo-5 andMo-6.

From the stucture ofMo-1it can be seen that this complex is symmetrical, if the C=N group is
ignored, meaning the positions in which substituents are introduced are equivalent: both are in
the para position to phenol oxygens, which are mutually trans. This pseonosiry is evident
from the crystal structures where complexi@®-2 andW-2 whichhave symretrical substitution,
show significantlisorderdue to theexistence oenantiomers only occurring because the imine
groupintroduces a small asymmetrylo-7 does notshow suchdisorderdue to its substitution
pattern.

It follows that the imine group distguishes the two aromatic rings. Out of the abawentioned
pairs of complexes the more active complexg.Mo-9, the substituentwas introduced on the
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amine ring ad iscloser to the imine nitrogen which in turn conveys the electron withdrawing
effect onto the metal.

To what extent the electronic effects are conveyed through the nitrogen or the phenolic oxygens
is unclear. Also, the crystal structureshd-1, Mo-2, Mo-7 andMo-15 showed that the SAP

ligand is not planar with dihedral angles of 4 to°lgetween the aromatic rings. This non

planarity could reduce the orbital alignment and the conjugation between the imine group and
the two aromatic rings which coulésult in reduce transfer of electronic effects from the

aldehyde ring to the nitrogen.olwhat extend the crystal structure reflects the situation in

solution is unclear.

3.3.3The influence of wavelength on photoactivated OAT catalysed by
molybdenum andungsten complexes

OAT was carried out under excitation sources of differeaelength (365, 410 and 460 nm) with
the acid and ester substituted complexes and the tungsten complexes.

Conversion

365 410 460
10000 A ——— Mo-2C00Me,COOMe 69 78 77
M0-3COOH.COOH 32 35 32
Mo-5C00Me,COOH 52 65 57
P - . — Mo-GCO0H.cooMe 32 39 31
p RN Mo-7C00H 712 1
g \ —_— MO_8H,COOH 4 2 2
3 L - - — Mo-9C00NMe 30 28 19
g 1 - 7 _Mo_loH,COOMe 5 2 2
* — — W-1HH 8 12 12

= - - COOMe,COOMe
S W-2 62 79 45

o N
T T T T T N T
365 410 460 500

Wavelength / nm

Figure3-16: UMVis spectra of the complexesntaining acid and ester gunpsat 0.05 mM in DMS@nd conversion of
PPh to OPPBafter 3 h In DMS@de, under N, c([Mo])= 1 mM, c(AB) = 300 mM, irradiation with a light source of the
stated wavelengthAn uncertainty in theonversionsf 3 % iestimated

Changing the wavelengtof the light source between 365, 410 and 460 nm barely affected the
activity of the complexes. In fact, a clear effect was only observed Wi@nvas used. The
highest activity(79 %) was observed using the 410 nm light source. Activity dropped to 62 % a
365 nm and dropped even more to 45 % at 460 nm.

Otherwise, the change in conversion with wavelength might only be seen as significant based on
the analysis i13.2.2in three cases with molybdenum complexes: a difference of 13 % between
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Mo-5at 410 nm and 365 nm, a difference of 11 % betwhbtnR9 at 365 nm and 460 nm and a
difference of 9 % betweello-2 at 410 nm and 365 nm.

Allmolybdenumcomplexeshowed an increase in absorbance from 460 nm to 410 nm to 365 nm.
This, however, only has an effect if the reaction is not limitethkyintensity of theexcitation

source The insensitivity to the exciting walength could indicate that the same or a yeaimilar
chemicallyrelevant excited state or reactive intermediate is being accessed using the
wavelengths studied. Alternatively, the reaction could be limited by a thermally activated process
subsequent ta photolytic step. These possibilities are sigiered later in this and the following
chapter.

Based on initial studies a wavelength of 410 nm was used for further experiments as it yielded the
highest activity overall.

3.3.4The influence of acidic protons photoactivated OAT catalysed by
molybdenum ad tungsten complexes

The estefcontaining complexes were made in order to investigate the role of the acidic proton,
for example whether interor intramolecular protonation of the substrates or complexes is
relevant. It was found however, that the acigimton is not needed for the OAT to occur. The
activity seen witiMo-12andMo-13 (32 and 25 %) which both do not contain an acidic proton but
yielded much higher conversion than their acid analodde-{, 12%) also confirms this

An acidic proton may @n be hindering the reaction as complexes where the acid groups were
esterified showed increased activity (eMo-7: 12 % Mo-9: 25 %). The electronic properties of
the two substituents the ester and the acjcare the same based on the Hammett paramé'ter
which excludes a purely electronic effect

3.3.5The influence of the electronic absorption and emission on photoactivated
OAT catalysed by nybpdenum and tungsten complexes

Mo-16with the extended system was intended to provide a catalyst with increased absorbance
in the visible region. While this increase in absorbance was confirmed by spectroscopic data
(Figure3-17) the complete inactivity oMo-16 showed that simply icreasingabsorbance isot
beneficial.
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Figure3-17: U\vis spectra oMo-1andMo-16at 0.05 mMin DMSO.

The amine grougNEt was used to modify the emissive properties of anpbex to test if complex
activity was linked to emissivitileerajet al. showedthat the introduction of the NEtgroup
increased emissivity 15 compared tolL-1.14* The combination of an acceptor group with the
amine donor was also found to increase emissivity iategl salertype Schiff baseshown in
Figure3-19.16 Mo-4 contains both an electron acceptor (COOMe) and an electron donos)(NEt
Spectroscopic properties ®o-4, which is the most emissive complendMo-15, which only
showed very weak emissivjtgre shown irFigure3-18together withMo-1 and Mo-2. Further
spectroscopic analystan be found irsections4.2 and 4.3.
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Figure3-18: Emission spectra do-1, Mo-2, Mo-4 and Mo-15at 0.05 mM in acetone undenrN ¢ =410 nm.

BothMo-4 and Mo-15were inactive which suggests that emissivity is not the key property in
determining the activity of a complex.
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Figure3-19: Structures of salen type ligands used to stildyeffect of electron donef acceptorgroups on
emissivityl4é

3.3.6The influence of the metal centre on photoactivated O&talgsed by
molybdenum and tungsten complexes

Molybdenum and tungstehave similar properties and can bderchangedn some cases in
enzymes-*"**° Differences between the two metals in OAT have been studied. Holm and Yu did
not observe any reaction between the tungsten complewéd and [WQ(tBu-L1)] (Figure3-20)

and various phosphines (including BRRkvenat temperatures > 100 °C and over 24 h whereas
the molybdenum analogues reacted?

In contrast, Arumuganathaet al. observed a significantly faster reaction with the tungsten
complex WQ.CI(LONN)] Figure3-20).2*° The reaction with 1@g. of PMe was completed after
only 30 min using the tungsten complex compared to 16 h with the molybdenum analogue.

g

NG
NAYRS) ’,?,l N
M o—%o
O )Ne) Cl
[MO(tBu-L1)] [MO,CI(L-ONN)]
M= Mo, W

Figure3-20: Structures of two molybdenum aihghgsten complexes studied by Holm andl¥ft) 110, and
Arumuganathan et al. (right). 1°°

The two pairs of Mo/W complexes studied in this wdvlof1 and W-1; Mo-2 andW-2) only differ
in the metal centre but are dierwise structurally identical. The structural differences in the solid
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state of these four complexes (the molybdenum complexes are monomeric whereas the tungsten
complexes are dor oligomeric, seasection 2.31 and 2.3.5) are nullified once in solution.

Figure3-21 shows the conversion obtained with the four molybdenum and tungsten complexes
and their UWis absorbance at different wavelengths.

— W-lH'H
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Figure3-21: A plot of the UWisextinctioncoefficientand conversion, respectively, against wavelengthivforl, Mo-2,
W-1andW-2. UMVis data recorded from 0.1 mM solutions in DMSO. Conversion gfioR®RPB after 3 h,c([catalyst])
=1 mM, c(PPj) = 300 mM, DMS@s, Nb. Note that no conversion was observed vitb-1.

The unsubstituted molybdenum compl®&to-1 was inactive whereas the tungstemaloguew-1
gave a conversioaf around 10 %.

W-2 andMo-2 showed similar atvity except when irradiated at 460 nm where the tungsten

complex was much less actiyissiblydue tolower 6 8 2 NB | y OS o %*chitfomMoan [ f§F Y2 f
2and300 L * mot * cm? for W-2). At 365 nm botiVio-2 andW-2 showed similar activity

despite hgher absorption byvo-2. Insection3.3.3it was hypothesised that reactivity could be

limited by the amount of light available the complexes. The amount of light available could be

higher than absorption fow-2 at 460 nm reulting in lower activity compared fdo-2. W-1

which showed no wavelength dependence has an absorptivity simildot@ at 460 nm.

In addition, thenature of the transition that is excited could have an effect. There is substantial
overlap between the tw bands at 365 and 410 nm, so that light sources with those wavelengths
excite two transitions at once, to varying degrees. @my460 nm light soure excites specifically
one transition (seesection4.2for further discussion of the electronic absoqmi of the

complexes).

It is interesting to note thator Mo-1 andW-1, W-1 showshigheractivity, whereasMo-2 andW-2
showsimilar activity at 365 and 410 nm bMo-2 showsmore activty at 465 nm Arumuganathan
et al. hypothesised a change in mechanisaing from Mo to WA*® The reaction of the
molybdenum complex proceeds via the reduced Mo(lV) intermediate whiemigdised by
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DMSO. Because of larger relativistic effects in tungsten compared to molybdenum the tungsten
5d orbital is more destalised than the molybdenum 4d orbital which leads to a preference of the
M(VI) over the M(IYstate. Hence, the tungsten caatex is more difficult to reduc®? This affects
the reaction mechanism of OAT which then occurs iarecerted manner$chemes-5). This
hypothesis is corroborated by the inactivity of the tungsten complexk¥pld in the absence of
DMSO and the tendency of tungsten to form seven coordinate complexes; dissociationashone
of the ONN ligand would allow for the intermediate to retain hexardination.

_PPhg ,PPhs
2.0 e
W] + PPhy + DMSO ——= (W — (g = [W] + OPPh; + DMS
N" |, O=SMe; N” | "O--SMe;

Scheme-5: Hypothesised mechanism for the reaction of [MOIQ-ONN)] with PPfiand DMSO showing the
coordination of both substrates in tfigtermediates.

Based on the absorption spectra the reasons for the observed differemtesén Mo and W
analogues are not clear. Chapter 4 describes further studies, in particular excited stateelifetim
measurements to possibly understand the observed reactivity differences.

3.3.7Correlation between M=Wibrational frequencgnd activity in
photoactivated OAT catalysed by molybdenum and tungsten complexes

As discussedséction2.3.5), astrongerM=0 bondis reflected by a higher wavenumber of the
symmetric and asymmetric stretching basaf the MG-moiety.

Topich and Bachert, after studying seal Mo complexes based on substituted SAP and SAE
ligands and their mono substituted thiol analogues [(M@NDMF)], L shown Figure3-22)

found a correlation between the frequency of the asymmetric stretch vibration of theodigand

and the reactivity of the complexwards OAT onto PEtRERwW S | O A S O2 YLESES A
(Mo=0) between 899 and 902 drim DMF whereas the corresponding frequencies for unreactive
complexes were observed tveeen 906 and 916 crh

B
C
= A 7 A
o
X HO X HO
X =0: SAP X
X =8: SSP X

O: SAE
S: SSE

A,B,C =H, Br, Cl, NO,, OMe

Figure3-22: Structures of the substituted SAP, SSP, SSE and SAE ligands
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A plot of the conversion at 410 nm frofiable3-8F A Ay adid A o6 aPRdued23Aad aKz2gy
together with the structure®f the complexe$n DMSQat the stat of OAT ComplexedMo-3, Mo-

8, Mo-11,Mo-12 and Mo-13were not included due to their different solid state structures and
hence Mo=0 bands (see sectio3.5)
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Figure3-23: Plot of conversion after 3 h (ORPRPRO | 3 lxsyh f1G=D) (topeft) and agaid (kym(M0=0) {op

right);in DMS@ds, under N, c([Mo] )= 1 mM, c(PBh= 300 mM, irradiation at 410 nrtructures of complexes in DMSO
as prepared for OAT.

There is poor correlation between conversion dalh symmetric and asymmetratretching
frequercy. However, there appears to be a cut off frequeincihe frequencyof the asymmetric
stretch: below 890 cnt complexes are inactivéMo-1, having a band at 907, would be an outlier.
Except foMo-9, all active complexes are found between 905 and @hd which is in contrast to
the aforementioned findings of Topich anddBart (although the difference in IR measurement,

ATRvs solution, could play a roleln the frequencyof the symmetric stretch a cut off frequency
appears to exist around 928 crwith Mo-1 andMo-4 being outliers.

106

%



Insection2.34 the band position othe Mo=0 stretch of the complexes was discussed. It was
hypothesised that those complexes with the highest stretching frequency should show less
activity as their stronger Mo=0 bonds make them less prone to OAT. HoweVaguas3-23

shows, the highest activity is in fact seen in those complexes with higher stretching frequency
This suggests that the correlation between ground state strength of the Mo=0 bond, and photo
induced activity is more complex and that the Mo=0 bond gjtkirs not a defining feature for
photo-induced OAT as is observed in thermally activated OAT.

3.3.8Summary

Screening othe complexes showeto-2 andW-2 to be the most active catalystjo-1, Mo-4,
Mo-15andMo-16 wereinactive. Activity othe complexesvaslinearly correlated with the
Hammettparameter, taking into account conjugation effects in acid and ester substguent
Electron withdrawing substituents favour OAT. A strong dependence on the aromatic ring the
substituent is attached to was also obged. OAT with light sources of different wavelength
revealed no strong wavelength dependence and suggested limitation of the reactions by the
amount of light available to the catalysts.

3.4 Exploring the substrate scope of OAlilfoxides

Catalyst regenerain requires the transfer of oxygen from an oxygen source. So far in this project
DMSO has been used for this purpose which resulted in the formation of dimethylsulfide as a by
product. However, the synthesis of sulfides from sulfoxides is a potentiafylusaction. Sulfide
groups are found in pharmaceuticals, for example, and OAT could in the future provide an
alternative tool in the synthesis of these compouriidsm sulfoxides or more usefully sulfoné%

To explore the substrate scope atwdgain further insight ito the mechanisma selection of
other sulfoxides was tested under OAT conditions. In addition |eyimy sulfoxides that are more
easily reduced could also accelerate the OAT reaction, in cases where this is the rate limiting step.

In order to allow OAT witHifferent sulfoxides to be comparable, a known quantity must be used.
Instead of being in vast excess, sulfoxides were used in equimolar ratio compared to the
phosphine (306old excess compared to the catalyst).

The selection of sulfoxides contained afigic and aomatic sulfoxides and heterocycles. Electron
withdrawing and electron donating groups as well as hydrogen bond donors and acceptor
containing aromatic sulfoxides were also selected. The structures of the selected sulfoxides are
shown below:
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Figure3-24: Structure of sulfoxides used in this work.

OAT was performed using sulfoxid@®1 to SO-10under the following conditions: catalyd¥o-2
(1 mM), PPH(300 mM) sulfoxide(300 mM in acetoneds, irradiation at 410 nm.

The conversion observed after three hours is listedlable3-10.

Table3-10: OAT with various sulfoxides, conversion after 3 h.

Sulbxide Conversiort of sulfoxide to Conversiortof PPhto
sulfide / % OPPh/ %

SO1 14 20

SQ2 46 46

SG3 28 29

S04 21 b

SG5 47 54

SO6 35 (36°) b

SQ7 44 (46°) 41 (42)

SG8 36 39

SQ9 4 2

SG10 46 45

Condition: cilo-2) = 1 mM, ¢(PRh=300 mM, cEGX) = 300 mM, aceton€s Ny,irradiation at
410 nm.2An uncertainty in the measurement 8% is assumed.Determination not possible due
to signal overlap® Results from a repeat of the experiment

There is generally good agreement betwaka amount of sulfoxide reduction and the amount of
PPhoxidationconfirming OATConversions for both processes devigtéhe reactions witt6GQ1
andSQ5, by 6 and 7 %, respectively. The statistical discussisedtion3.2.2only looked at the
reproducibility and uncertainty of garate experiments, not the agreement between the

observed reduction and oxidation within a single sample. Based on the overall good agreement, it
seems reasonable to conclude that the differenceonversion in the reactions withQ1 and

SQO5is not jus due to uncertainty in the measurement.
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Reduction oSG1 yields dimethyl sulfide which isvalatile liquid (boiling point of 37 °€jand

can escape into the head space of the NMR tube where it will not be detected by the NMR
spectrometer. Hence, the amount of sulfide measured is lower than the amount produced.
Similarly, reduction o8G5 yields the volatil&**tetrahydrothiophene and gassing out of solution
of the product could also occur.

The conversion obtained witlsO1 (20 %) was lower than the conversion obtained previously,
where it was in excess (78 %able3-8 ). Conversion could be increased by egihg one or both
methyl groups of DMSO and introducing ardioaystems.

The aromatic system needs to be directly bound to sulfus@g, which contains two distal

aromatic ringsshowed the same conversi@sSO1 (Since the conversion of PR OPPhcould

notbe determined in this case, it is assumnthdt this conversiortorresponds to the measured
conversion oBO4t0S4)d ¢ KA A &adzaA3Saita GKI G A-y-DiedBcticaSR &
with the metal complex ligand do not significantly affect the reaction.

However, when the aromatic ring is bound difgdo sulfur twofold higher conversionompared
to SO1 were obtaned as shown b$02, SO6, SG7, SG8andSCG10. SG3 containing an
aromatic heterocycle gave a slightly higher conversion @i and SO4. The effect of this
heterocycle is weaker thathat of a tolyl group ir8G7. However, going from one to two araatic
rings had no cumulative effect as shown by the identical conversion observe®@&land SG7.

Interestingly,SO5 showed the highest conversion despite containing no aromaticribgt as a
cyclic sulfoxide is unique in this series suggestimg strain could support OAT from the sulfoxide
to the Mo(1V) complex.

The result withSGQ9 was also intriguing. The presence of the OH group must be interfering with
the sulfoxide reductio as activity is restored when the oxygen is methyla®@10). Futher
investigation of the OH group has beendertakenand results can be found section3.4.1

S02 had yielded the highest conversion of the sulfoxidesddsaly on SO1, SG2, SG3) and
was used for further studies discussed in chap&Bsand 3.6 It was also easiest to handle and
available in sufficient quantity.

OAT fromSQ2 was also continued ®7 % Reaction time and conversion are listed in thble
below (Table3-11).

Table3-11: Conversion of PRPto OPPhand time of irradiation for OAT fro®Q2.

Time of irradiation / h Conversion/ %
3 46
9 71
24 90
48 97

c(Mo-2) = 1 mM, c(PRh= 300 mM, &02) = 300 mM, aceton€s, Nyirradiation at 410
nm. 2An uncertainty in the measurement of 3 %egimated

The reaction slows down significandly it progressesspecially during the last 24 h interval only
a 7 % iorease in conversion was obtained. It is worth to note that the reaction was unstirsed (a
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are all OATeactionsin this work) and hence theeactionrate may belimited by diffusion;
Although mixing occurred from handling the sample during NMR recordidglee heating of the
sample from the bottom in the photoreactor could have resultedanwectional mixing.

3.4.1Influence of phenol on OAT betweerpdratolyl sulfoxide and PRh

Following from the low conversion 809 it seemed that the presence of Qjfloups interferes
with OAT. To further test this hypothesis, OAT was performi¢id added phenot 1 mM ofMo-2,
300 mM of PP 300 mM ofSG2 and 100 mM of phenol.

e eeeereenmeeerp vl

9.0 8.8 8.6 8.4

100 9.8 9.6 9.4

| u »

10.0 9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4
J - J LJJlL M
3 7.2 7

87 86 85 84 83 82 81 80 79 78 77 76 75 74 7.
f1 (ppm)

.1 70 69 68 6.7

Figure3-25: 1H NMR spectra of the OAdaction in the presence of phenol after 3 h (top) and as prepared (bottom).
Conditions: d{lo-2) = 1 mM, c(PRh= 300 mM, &Q2) = 300 mM, c(phenol) = 100 mM, acetaleN,, irradiation at
410 nm.

After 3 hours of irradiation at 410 nm a conversioroofy 12 % was seen (compared to 45 % in
experiments without phenol) confirmintpe hypothesis that phenolic hydroxyl groups retard the
OAT reaction. From th#d NMR spectra shown iRigure3-25 before and after irradiation, the

only noticeable dferences are a shift of the resonance of the OH proton of phenol by 0.15 ppm
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(from 8.35 to 8.5 ppm)and the disappearance of the resonances from the com@ekand 8.5
ppm). In the'H NMR ophenol (Figure3-26), the OH proton resonates at 8.22 ppm, whereas in
the reaction sample it is found at 8.35 ppm before and at 8.5 ppm after irradiation. Similarly, a
small shift is seen in the resonances of the aromatic protons.

Figure3-26: IH NMRspectraof Mo-2 (top) and phenol(bottom)in acetoneds in the range of 6.5 to 10 ppm.

A mixture ofMo-2 and phenol, without the OAT substrates RBhd SO2, was irradiated for 3 h.
H NMR spectra before and after irradiation ateown inFigure3-27. In contrast to theDAT
experiment Figure3-25), a shift in the resonance form the phenolic proton was not observed,
some weak new resonances around 8.3, 7.3 and 6.9 ppm are did gpyseever. These new
resonances were not seen in theespira of the OAT reaction due to strong signals of phosphine
and sulfoxide species.

From OAT witlsO9 and SG10it is clear that the phenol group interferes with OAT. The shift of
the resonances ahe phenolic proton in the OAT experimeRigure3-25) but lack thereof in the
experiment without substratedHgure3-27) suggest an teraction between phenol an802, S

2, PPBor OPPR The loss in activity when phenol was added requires some form of interaction
with the catalyst. Interaction with molybdenum is evidenced by the disappearance of resonances
of Mo-2 in the NMR spectrurof the reaction with added phenol and by the appearance of new
resorances in the spectrum of the reaction betwekto-2 and phenol Figure3-25andFigure

3-27).
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Figure3-27: IHNMR spectra of a mixture dMo-2 and phenol iracetoneds before (bottom) and after 24 h irradiation
(top). Resonances dfo-2 are marked with red triangles, those of phenol with blue circles. Condif{dn:2) = 3 mM,
c(phenol) = 15 mM, acetort, N, irradiation at 410 nm.

3.4.2Summary

Exploring he scope obulfoxides revealethat direct attachment of an aromatic ring to sulfur is
beneficial however high conversion was also achieved with the aliphatic sulfe&d8eMore
important, it was found the presence of an OH group on the substraésan additive to the
reaction is detrimental. The mechanism by which the OH group interferes remains unclear.
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3.5 Exploring the substrate scope of OAvhosphines

Triphenylphosphine, PRhis commonly used as a substrate in OAT. Although other iciree
phosphines like PMghave found use as well. To explore the substrate seokto find possible
links to the mechanism, a selection of other phosphines was tested unti€rconditions.

Replacement of one or two phenyl groups of RBlr methyl grops reduces steric demand and
increases electron density on the phogphs atom Alkyl phosphines were generally found to be
more active than PRl{seesection 3.). The electronic properties of BPvere modified with
electron donating and electron withdwang substituents on the phenyl rings.

Their structures are shown Figure3-28.
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Figure3-28: Structure of phosphines studied in this work.

OAT was performed using phosphined to P-7 under the following conditions: catalys¥]o-2, 1
mM; phosphine , 300 mMsulfoxideDMSO 0i5G2, 300 mM; in acetongls; irradiation at 410 nm.

The conversion observed after three hours is liste@iable3-12 and Table3-14.

Around two times higher conversion was observed Wi andP-3 compared to PPfand almost
no conversion withP-4.

Alkyl andalkoxyphosphines are more Isic and more active in thermal OA’f BetweenP-2 and
P-3only 9 % difference was observed which can probablyegarded as significarfe-2 with two
methyl groups is more basic and should be more active B3@but this is not the case. The
almost complete loss in activity froft1 to P-4 was also unexpected

Steric demand decreases in the ordet >P-3 > P-2 > P-4 whereas the electronic parameter
(Table3-13) follows a similar order, except thet4 > P-1 > P-3 >P-2. The observed conversion is,
however, not reflected by either of the two parameters
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Table3-12: Conversion of RRo OPRafter 3 h for different combinations of phosphine and sulfoxide.

Phosphine Sulfoxide Conversiort/ %
P-1 SO1 18

pP-2 SO1 35

P-3 SO1 44

P-1 SQ2 45

P-4 SQ2 3

c(Mo-2) = 1 mM, ¢(PR=300mM, c(sulfoxide) = 300 mM, acetoms, Ny,irradiation at 410 nm2 An
uncertainty in the measurement of 2 % is estimated.

Table3-13: Steric and electronic parameters for phosphines used in this #ork.

Phosphine { GSNRAO LJ NI YS§|Electro/ A O LI NI Y'S
P-1 PPh 145 2068.9

P-2 PMePh 122 2065.3

P-3 PMePh 136 2067.0

P-4 P(OEY 109 2076.3

P-5 P(pGsHaF) 145 (assumed) 2071.3

P-6 P(pGHsOMe); 145 (assumed) 2058.3

P-7 P(pGH.CR)s 145 (assumed) /

Use ofsubstituted PPiderivativeP-5, P-6 and P-7 did not increase conversion. Introduction of
the Ck-group P-7) had no significant effect, whereas the fluoro and methoxy group led to a
decrease in conversion. Steric effects are most likely novagleas thesubstituents are
introduced in theparaposition on the phenyl ring, away from the phosphorus atom. Both the
electronic parameter according to Tolman and the Hammett param@taile3-13and Table
3-14) show theP-6 as more electron donating thaP1 and P-7 andP-5 as more electron
withdrawing, although to different degrees. This trend is, however, not reflected in the
conversion.

Table3-14: Conersion of PRto OPRafter 3 hfor substituted triphenyl phosphines arldmmett parameter for these
substituents in para positioH3

Phosphine Sulfoxide Conversiort/ % b
P-1PPh -2 45 0
P-5 P(4Fluorophenyh SO2 14 0.06
P-7 P(4Trifluoromethyl pheny} SO2 41 0.54
P-6 P(4Methoxyphenyl} SQ2 32 -0.27

Conditions: d{lo-2) = 1 mM, c¢(Pf =300 mM, &O2) = 300 mM, acetoneds, Ny,irradiation at 410 nm2An uncertainty
in the measurement of 3 % éstimated
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Although convesion could be improved usirig3 instead ofP-1 the underlying reason could not
be determined.In contrast to literature presented isection 3.k correlation between conversion
and electronigropertieswas not observed. An influence of steric propertiess also not
observed, in agreement with the literature.

Similar to observations relating to the metal complexes described above, these data also indicate
that there is no clear correlation between grousthte effects and the rate of the reaction.

3.6 Kinetic analysis of molybdenuratalysed OAT between sulfoxides and
PPh

An analysis of reaction kinetics can allow determination of a rate limiting step and provide
information on the underlying mechanist.Photochemical reactions are, however, more
difficult to analyse than their thermal counterparts due to add@mplexity from the absorbance
of a photon bythe photo active species and subsequent excitation and relaxation processes

Several experiments employing different conditions were carried out where the initial
concentration of sulfoxide, phosphine or chtst were varied while keeping the other two
constant. Table3-15gives an overview on the relevant parameters. The data from these
experiments is analysed separately but interpretation is more useful with the cadbasults
(see3.6.9

Table3-15: Summary of kinetic experiments: parameter under investigation (varied), naturbsifates, concentration
of species not investigated and solvents used.

Expennent c(Mo-2) c(PPB) / mM | Sulfoxide | c(sulfoxide) solvent
/mM /mM

1 1 varied DMSGds excess DMSQGds
2 1 varied SG2 150 acetoneds
3 1 300 SGO1 varied acetoneds
4 1 300 SG2 varied acetoneds
5 varied 300 DMSGds excess DMSQGds
6 varied 300 SG2 300 acetoneds

The data obtained in these experiments in the form of conversion of phosphine over time was
then analysed usingariable Time Normalisation Analysis (VTNAYVTNA provides a simpler

way of determining the reaction order of rearits. Conventionally, reaction rates are obtained

by having all but one reactant in excess so that their concentration stays essentially constant
(pseudo first order condition). This has the disadvantage that all experiments have to be repeated
for each spcies under study. The condition of having all other reactants in excess is not only
different from the typical reaction conditions it is also not always possible due to, for example,
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limited solubility. VTNA only needs a minimum of one data set per paemtieat is changed
from the default conditions.

Instead of the common conversion vs. time plot, VTNA uses a different quantity on the x axis:

For substrates:

0 0 . o
() 0 Qo 0O O 0 Yo
G
Equation3-9
For the catalyst:

‘ s OROO OO L . o

W WwoQo c 0O O W 0 0Y0
Equation3-10

which can be simplified if the coantration of catalyst remains constant during the reaction to
give

Equation3-11

t = time, [A] = concentrationf substrate and [cat] = concentration of the catalyst h | y R 4
orderin substrate and catalyst, respectively

If the order is 0, x simply equals t for both substrates and catalyst and the usual concentration vs.
time plot is obtained.

3.6.10AT at vaed phosphine concentration

To study the effect of the phosphine two setseafperiments were carried out, one in DME8©
the other one in acetonals with SO2.

In the first set of experiments the concentration of RRas varied from 50 to 100 to 200 mM

while catalyst concentration was kept at 1 mM. DMSO being the solvent was in excess. A plot of
concentration of OPRlvs. time that includes several datapoints between 0 and 3 h is shown in
Figure3-29.
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Figure3-29: Plot of concentration of OPE¥s. time for the oxidation PRéat various concentrations of PRConditions:
1 mMMo-1, in DMS@Js, N; atmosphere, irradiation at 410 nm.

It can be seen that atrgy time point inFigure3-29 that the relative concentrations of the BFRO
product reflect the relative concentration of PR4t t = 0. It follows that the reaction rate
depends linearly on the concentration of RPh

In the secondet of experiments acetone was used instead of DMSO and the sulfoxid&@aw
was no longeim excess. Concentrations of RBh150 and 300 mM were used whilee catalyst
concentration was kept at 1 mM. A plot of concentration of ORRBhtime thatincludes several
datapoints between 0 and 4 h is showrFigure3-30.
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Figure3-30: Plot of concentration of OPP¥s. time for the oxidation PRat various concentrations of PRConditions:
1 mMMo-1, 300 mMSQ2 in acetoneds, N> atmosphere, irradiation at 410 nm.
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From the plot inFigure3-30a correlation between the concentrations of the product Ofdtid
the initial concentation is not obvious which is where VTNA can provide additional information.

VTNA, as presented in thetioduction to this section, is a less commonly used method to
calculate the reaction order in a reactant using visual determination of data pointagvérhe

data fromFigure3-29 provides a good opportunity to compare the result obtained via VTNA with
the result obtained conventionally in this simple case.

Figure3-31 shows the VTNAIlots based on thelata fromFigure3-29 employingEquation3-9. To
show how theoverlap of the datapoints depends on the order in phosphine, three plots with
different reactant order (0, 1 and 2) are compared. With a reectirder of 1 good overlap is
obtained confirming that 1 is the order that the reaction rate depends on the amination of
phosphine which agrees with what was already seen from the concentration vs. time plot. An
order of 1 in phosphine concentration@gests that under these conditions the rate equation
contains one molecule of phosphine.
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Figure3-31: VTNA plots for the oxidation of RR¥ith different orders in PPh 0, 1 and 2. Alignment of all data points is
only observed when the reactant order is set tmid(lle. Reaction conditions: c(PPk 50 , 100 and 300 mM M¢-2)
=1 mM, in DMS@e, under N, irradiation at 410 nm.

For the second saif experimentsVTNA of the data frorRigure3-30 gave the best overlap of
data points for a reaction order of 0.6igure3-32).
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Figure3-32: VTNA plot for different amounts of RPh

The reaction order of phosphine determined by the two sdtexperiments was calculated to be
1 in DMS@ls, and 0.5 in acetones.

This difference could suggest a difference in the mechari§imen thereaction is performed in
DMSO, the sulphide needed for regeneration is already part of the complex at the bepainin

the reaction as it is present in vast excess (being the solvent) and occupies the sixth coordination
site on the complex. In contrast,ast of these sites will be occupied by acetone when it is the
solvent. In DMSO, a more concerted reaction coulgdesible where oxidation of the phosphine

and regeneration of the complex take place simultaneously (seeSalsemes-4).

3.6.20AT at varied sulfoxid®ncentration

To study the effect of the sulfoxide two sets of experiments were performed in acetoriche
first set used concentrations of 50, 100 and 200 mM of DMSO, the second one used
concentrations of 150 and 80mM ofSG2. The plots of concerdition of OPPhvs. time that
include several datapoints between 0 and 4 h for the two sets of experiments are sh&iguie
3-33andFigure3-34.
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Figure3-33: Plot of concentration of OPEVs. time for the oxidation PRat various concentrations of DMSO.
Conditions: 1 mMMo-1, 300 mMPPHR in acetoneds, N; atmosphere, irradiation at 410 nm.
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Figure3-34: Plot of concentration of OPPWs. time for the oxidation PRt various concentrations &02. Conditions:
1 mMMo-1, 300 mMPPHh in acetoneds, N, atmosphere, irradidon at 410 nm.

In both cases a higher concentration of product OFfbbtained when the initial concentrations
of DMSO o602 are increased. The exact correlation is determined by VTNA, the plot for DMSO
shown inFigure3-35and the plots foISO2 in Figure3-36.
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Figure3-35: VTNA plot for different amounts of DMSO.

The best alignment for DMBis found for an order d@.5, although some deviations are still
present.
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Figure3-36: VTNA plots for different amounts 802, reactant order of 0.9€ft) and 1 (ight).

The best overlap of data pomivas obtained for a reachn order of 0.9, although the difference
to an order of 1.0 is minimal.

A reaction order of 0.5 was obtained for DMSO and an order of 09@&. Reaction conditions
were identical for both sulfoxides. This difference is agaiggestive of a differee in the
mechanism similar to the previous section.
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3.6.30AT at varied catalyst concentration

Catalyst concentration was varied to study its influence on the conversion of phosphine and to
find the optimal catalyst concentratiofwo sets oexperiments were performed, in DMSip
and in acetonels.

In the first set of experiments the catalyst concentration was varied between 0.01 and JneM.
exact concentrations tested and conversions obtained are summaristahie3-16.

Table3-16: Concentration of OPRAt different catalyst concentrations.

Time 9f Corcentraion® of OPPBin mM at c(Mo-2])
Irradiation

/h 3mM | 1mM 0.5mM | 0.1 mM | 0.01 mM
3 228 225 219

2 207 189 105

4 273 240 111

6 291 246 117

3 243 129 30

6 288 132 42
10 288 132 48

Conditions: 300 mM PBhDMS@ds, under N, irradiation at 410 nm2 An uncertainty in the measurement 6fmMis
estimated

First, catalyst corentrations of 3, 1 and 0.5 mM were tested. Surprisingly, no significant
difference in the concentration of the product ORRas observed.

The socalled inner filter effect, wherenolecules at the centre of the sample are effectively
shielded from the ligt by moleculesround them, could play a role here. There is only a certain
number of catalyst moleculdgbat can absorb light at a time. Above this threshold concentration
additional molecules do not contribute to the reaction as the limit of catalysketes that can

be exited at a moment has been reached.

Catalyst concentrations of 1, 0.5, 0.1 and 0.01 mM were employed next to test for thefieer
effect and potentially determine a threshold concentratidm.all cases, a lower conversion was
obtained when catalyst concentration was reduced.

A more imprtant observation can be made when conversion rates are compared before and
after the first measurement (at Boursand 3hoursrespectively). Taking, for exampthe second
entry at 1 mM concentation, a comentration d 207 mMis achieved in the firdtvo hours with a
further increase t®73and 291 mM, respectivelyin the following two intervals of 2 hours each.
As the reaction proceeds, substrates are being used up which decreases theirtcat@emnd
thereby lowers reaction rate. However, at lon@atalystconcentration, especially at 0.1 mM and
less, cocentrationincreases by a mer®@ mMin the hours following the recording of the first data
point. Given that the reaction had not even cdeed50 % conversion, thidrop in conversion rate
indicatescatalystdeactivation.

Catalyst deactivation could be due to hydrolysis of the imine bond by residual water, which is
present in all samples, but this process might be slow and at higher coatiens there is
enough complex left to continuously catag/the reactionAlternatively,dissociatiorof the
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ligand, rearrangement or aggregation of catalyst could be occurring. Evidence for either of those
pathways has not be found

H NMR spectra of theamples showed disappearance and shifting of the sigrfale complex,
but no signal of an aldehyde which would be the product of hydrolysis or other species.

VTNA was not performed as there was not enough good quality data. At catalyst concentrations
below 1 mM, deactivation / decomposition of catalyst iswting that would require the
concentration of active catalyst to be known in order to perform this analysis. Above a
concentration of 1 mM the only available data point indicates no change tdysatctivity with
increased concentration. Because thessults were very unclear no further experiments under
these conditions were performed. Instead OAT was studied in acetoné&S@thand PPhwhere

a slower reaction rate was expected (sdctior) allowing b observe the effects of substrates and
catalyst on the reaction rate

In the second set of experiments acetedgwas used as the solvent and the catalyst
concentration was varied between 0.3 and 8 mM. Each concentration was tested twice. Exac
concentrations oMo-2 tested, and conversions tdined are summarised ihable3-17, the
concentration of the phosphine oxide over time is showFigure3-37.

Table3-17: Concentration of OPRAfter 3 hat different concentrations df1o-2.

Concentration oMo-2/ mM | Concentratior of OPPl/ mM
Experiment 1 | Experiment 2
0.3 110 111
0.5 115 118
0.8 120 136
1 128 135
3 95 92
5 79 83
8 72 71

Conditions:300 mM PP§300 mMSQ2, acetoneds, N, irradiation for3 hat 410 nm.2 An uncertainty in the
measurement ob mMis estimated
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Figure3-37: Plot of comentration of OPPJvs. time at different concentrations bfo-2. In acetoneds,under N,
excitation wavelength of 410 nm, concentration of RRB00 mM, concentration 302 = 300 mM. An uncertainty in
the measurement of 6 mM estimated

Interestingl, the concentration versus time plot shows that the highest conversion of phosphine
to phosphine oxide is obtained at catalyst concentrations of 0.8 and 1 mM. These are also the
concentrations at which there is more variability between experiments 1 aid all other
concentrations the difference in the results from the two repeats igjmificant.

The correlation between catalyst concentration and reaction rate becomes clearer when the
concentration of product OPRFs viewed as a function of catalygincentration. Concentration
of OPPhafter 2, 3 and 4 rs.initial concentration of ctalyst is plotted inFigure3-38.
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Figure3-38: Plotof the concentration of BPh against initial catalyst concentration after 2, 3 and 4wlith linear fitting
2F GKS RIFGF
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concentration o502 =300 mM. Rvalues: 0.73 (linear fit) and 0.99 (exponential).
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From this plot, a correlation between initial concentration of catalyst and emion & evident.
Maximum conversion appears to be reached with a catalyst concentration of 1 mM. Whilst the
approximately linear increase of conversion with concentration up to 1 mM is intuitively
expected, the exponential decrease above 1 mM is ratimexpectal. Concentration dependent
dimerisation and innefilter effect could contribute to these observations. Experiments in DMSO
suggest catalyst deactivation, but the difference between solvents is more pronounced than for

the substrates.
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3.6.4Sunmary aml discussion of the kinetic analyses

Table3-18 summarises the experimental conditions and calculated reaction orders.

Table3-18: Overview on kinetic experimenfmrameterunder investigation (varied), nature of substrates,

concentration of species not investigated and solvents used.

c(Mo-2) c(PPB)/ | Sulfoxide | c(sulfoxide)| solvent Reactant
/mM mM /mM order

1 varied DMSQGds | excess DMSGds 1

1 varied SO2 150 acetoneds 0.5
1 300 DMSO varied acetoneds 0.5
1 300 SO2 varied acetoneds 0.91.0
varied 300 DMSQGds | excess DMSGOds /2
varied 300 SQ2 300 acetoneds /P

aCatalyst deactivation at lower concentratiof&inear increase of rate with catalyst concentratio 1 mM,
exponential decrease at concentrations > 1 mM.

Reaction order in substrates changed depending on the sol¥dtmough there is no clear rate

law under the conditions studied, it seems clear that both the phosphine and sulfoxide are
present and hat neither phosphine oxidation nor DMSO reduction dominate the rate of reaction.
A strong dependence was also seen in the correlation between catalystrtoatben and
conversion.

The insensitivity of the reaction in DM$I®to changes in catalyst conaation, apart from
catalyst deactivation, suggests the reaction to be limited by a different paramegittie
amount of light that can be absorbed.

In the literature of thermal OAT the reaction order in substrates is reported as being 1 for
phosphinesand alsdor sulfoxides although focus has been on the first half of the catalytic cycle.
For example, Whiteoa#t al.reported an order of In PPhin the reaction with Mo salan
complexes encountered earligrigure3-5) in DMSOTopich and Lyon also reported an order of 1
in PEtPhin DMF using SSP and SSE based sydtaguse3-3). Exampds including tungsten
complex reported the same ordép?161.162

The question whether the reaction order in a photochemical reaction has any meaning, has been
raised. Logan heargued that only quantum yield is a meaningful parameter to describe
photochemical reaction&>®Hippler on the other hand argued that theeghentary steps that
compose a photochemical reaction do have defined molecularity and reaction tfdereply

from Toby criticised Hippler analysmspmpting the latter to a followup commentt®®

Photochemical reactions clearly pose some issues regarding their traaitme

Despite this dispute, reaction order (determination) continues to be applied to photochemical
systems. Kaphan and-eeorkers used VTNA tdetermine reaction orders in the reduction of
cyclohexanone with formate, photocatalysed by an iridium complextamdentify a change in
active catalyst speciatiott®
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3.7 Stoichiometric reaction betweendv2, W-2 and PPh

The difference ifDATactivity between complexestudied in this worlcannot be fully rationalised
based on the dataresented so far. Based on the kinetic analysis there also seems to be a strong
dependence on the solvent and sulfoxideed. Stoichiometric reactigibetween complexes and
PPHh could provide additional insights by focussing on the first half of the datalycle, the

reduction of the complex by PRMAnalysis of the reduced intermediate could show if

dimerisation or othe reactions take place which could affect activity.

3.7.1Analysis by ATIR spectroscopy of the stoichiometric reaction betweldio-,
2,W-2 andPPh

The eaction mixtures containeio-2 and 1 equivalent of PRIn acetoneds or W-2 and 5
equivalents of PRin a 1:1 mixture of acetoneds and DMFd7, asW-2 is not sufficiently soluble

in acetone After irradiation at 410 nm for 18, the solventwvas removed under reduced pressure
and the solids analysed by ATRspectroscopy. Analysis of the results wilufoon the
wavenumber range of 400 to 1000 ciwhere the characteristic bands involving the metal oxo
centre are found. AHR spectra of PRland OPPhare shown irFigure 3-39.
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Figure 3-39: ATRIR spectra of PRland OPP#in the range of 400 to 1000 cin
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The spectrum of the reactioniiture containing equal amounts &flo-2 and PPhis shown in
Figure3-40. In the region 5900 to 950 cm where the Mo=0 stretching bands are found a single
intense and broad band is seen in the reaction mixture at 939 dire unreacted (as
synthesisedMo-2K 2 6 SOSNJ a KD a2 (hd 2 I' a,mMosO) = YOR ciipr The

presence of oly one band signifies that only one oxo ligand is present. The loss of one of the oxo

ligands is expected during OAT, however, both MabWell as Mo(V) species could have
formed.

From the bands around 700 chit can be seen that the phosphine has besxidised. The intense
band at 724 cmis characteristic of OPR{¥18 cm'in OPP}). Bands found in PRbut not OPPh
overlap with banlsof Mo-2 (743 cmt, 490 cmY), but from their intensities and from the bands in
the region between 480 and 500 cdrthe amount of PPhpresent seems to be small.

Mo-2C00Me.COOMe 4 pppy_ after irradiation
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Figure3-40: ATRIR spectra of theolid obtained from theeaction mixture oMo-2 and PPhafter irradiation and of
pure Mo-2 in the range of 400 to 1000 cin

The IR spectrum of the solid obtained in the analogous reaction\Wth together with the

spectrum ofas synhesisedW-2 are shown irFigure3-41. Note thatW-2 is in its di or oligameric
form (see chapter 23.6).
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Figure3-41: ATRIR spectra othe reaction mixture o¥V-2 with PPR after irradiation in the range of 400 to 1000 ém
and ofW-2.

The sampleshows characteristic bands of PRind OPPHsome of them shifted by up to 5 ¢cm
(c.f. Figure 3-39). The absence afrong bands above 900 chsuggest that no W=0 groups are
present. However, a band 815 cm! could be due to a@composition product containing
tungsten.

From IR spectroscopy it appears thav-2 has transferred one of its oxo ligands amd2 has
performed OATbut decompaition occurred afterwards, possibly due to DMF which was added
to the tungsten samples to inease solubility

3.7.2Analysis byH and3P NMRspectroscopy of the stoichiometric reaction
between Me2, W-2 and PPh

Reaction mixtures coatningMo-2 or W-2 and5 equivalents (1 in the case lo-2) of PPhin
acetoneds (Mo-2), or a 1:1mixture of acéone-ds and DMFd;, asW-2 is not sufficiently soluble
in acetone were irradiated at 410 nm for i8andanalysed byH and*'PNMR spectrosopy.

The!H NMR spectra of a mixture bfo-2 and PPkin equimolar amounts in acetords are
shown inFigure3-42 as prepared and after irradiation overnight.
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Figure3-42: IHNMR spectra of a solution containing equimolar amountglef2 and PPhin acetonedsunder Nas
prepared (bottompnd after iradiation for 16 h at 410 nm (top).

The difference upon irradiation is significant. The resonances of the aromatic protonkeand t

imine have disappeared. Instead several broad and low intensity signals appear between 6.5 and
9.5 ppm.Signalsat 7.3and 7.4ppm show the presence of free PPrhe later signals overlaps

with additional resonances which together with a distorted leipat 7.55 and a very broad signal

at 7.70 ppm are in the chemical shift range expected for QRRérestingly the resonances from

the two ester groups are stitlearly visible. Th&#P NMR spectrum of this sample in the range of
240 to 140 ppm onlghowed one signal ab.6 ppm assigned to free P£h

The resonancesor lack thereofn the'H NMR spectrum point®tthe presence of a paramagnetic
species. A paraagnetic molybdenum centre, having unpaired electrons, would strongly affect
the NMR signalfcatoms close to it while the ones further away are little affected. This may
explain the absence of resonancedlod aromatic protons which are fairly close to tylsdenum
02NJ 0KS GCegsied tra transteR effects on the metal) while the protamsthe ester
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groups are further away. Some of the signal belonging to @&Plistorted and broadened
which couldbe due to binding to the paramagnetic molybdenum

The'H NMR spectra of the mixture -2 with PPR (1:5) in acetoneds / DMFd; (1:1) as
prepared and after irradiation overnight are showrFiigure3-43. *PNMR showed the fanation
of OPPh

Many new signals appear afteradiation in the'H NMR spectrm. Those with high intensity
around 7.5 ppm belong to newly formed ORPdditional signals with lower intensity are
attributed to the tungsten complex ordgments and decoposition products thereof. The
singlets above 8.ppm are likely ligand detached from the metal centre (signal of the imine at 9
ppm) or hydrolysis products (signals of aldehyde and OH dretypeen10and 11ppm, Figure
3-43). Inaddition, the region around 3.8 ppm where the sas of the two methyl groups are
found becomes much more complex after irradiation suggesting formation of several
decomposiiton products.
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DMF-d

| A
e Tl

110 105 100 95 90 &5 80 75 70 65 60 55 50 45 40 35 3.0 25
f1 (ppm)

~

Figure3-43: THNMR spectra of a 1:5 mixture -2 and PPhin acetoneds / DMFdy (1:1) under Mbefore (bottom)
and after (top) irradiation at 410 nm for 20 h.
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Electronic configuration of reduced molybdenum

The molybdenum and tungsten complexes contain theMd@e (M = Mo, W) wherghe metal is
formally in the+6 oxidation stateM(VI), and is a cation. Upon OAThe metal formally gairs
two electronsand isreducedto M(IV) which is 8 Through comproportionation between M(IV)
and M(VI) two M(V) dcationscould form.

Hence during catalysed OAd reaction mkture wuld contain &, d* and & cations. d electrons
are relevant in UWis spectroscopy as they can give raise to wedkrdnsitionand makeMLCT
transitions possiblé®” In NMIR spectroscopy it is important whethaenpairedelectronsare
present as these electron®mplicate the analysis of NMR spextf®

In o Mo(IV) the two electrons can be paired occupying a single molecular orbital (singlet
configuration) or ungired occupying different molecularbitals (triplet configuration). The
configuraton that is lower in energy will be favoured. Pietsch and Hall have calculaeshéngy
differencebetween singlet and triplefor the model complex [Mo&NH)(SHJ]. The triplet
configuration was favourelly only 1 kcal/mol. The authors assuntbd calalated OATto PMe;

to yield the singlet configuration as the triplet configuration cannot be accessed due to different
symmetries of the singlet and triplet states surfa¢& Kailet al. also comluded that the triplet

state is not important in OAT of [Me(@)OPh] (E hydrotris(3isopropylpyrazell-yl)borate) to

PEt or PPhMe, based on calculations and theck of experimental evidence for theyilet
configuration!?!

Mo(V)only has oneunpairedelectron Howeverjn OATMo(V)is thought toalways form oxygen
bridged dimes (seeScheme3-3). In these dimers, orbitals from the two metals and the bridgin
oxygen fom three-centre delocalised molecularbitals. The bonding and nonbonding orbitals
are filled by the two unpaired electrons from each metatlawo electrons from the bridging
oxygen which gives rise to a diamagnetic moleétfi€*®Diamagnetism is found in virtually all
dimeric MV) species’®

Based on the above discussion, in this work a diamagnetic molybdenum spedikelsbe the

most likely result of OAT. However, tHe¢ NMR spectrum d¥lo-2 after reaction with PPy(Figure
3-42) suggest thgresence of a paramagnetic species which would suggest Mo(IV) in the triplet
configuration.Additional experimentse.g.EPR spectroscopic measurements, are needed to
confirm theformation of paramagnetic E(IV).

The®'P NMR spectrum aiV-2 shows formation of OPPhbut the *H NMR spectrum suggests
decomposition of the complex in line withe IR spectroscadp results Figure3-41).
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3.7.3Analysis by UVis spectroscopy of the stoichietric reaction betweeMo-2,
W-2 and PPh

Reation mixtures containinglo-2 and 1 equivalent oPPh in acetoneds or 5 equivalents in
MeCNdz; andW-2 and5 equivalents oPPhin a 1:1 mixture of acetoneds and DMFd7, asW-2 is
not sufficiently soluke in acetonewere irradiated at 410 nm for 18and analysed by UVis
spectroscopy. Note that PRand OPPhonly absorb light of a wavelength < 330 nm.

Figure 344 shows the UWis spectraof Mo-2 after irradiation in the presence of PHh acetone

ds and MeCNds. After irradiation, both samples labgone from yellow solutions to dark green
ones.In both solventshere is one main band at 431 nm in acetone and at 422 nm in MeCN in the
reaction mixture which is red shifted by 21 nm and 10 nm. The difitex in absorénce before

and after irradiations much higher in acetone than in MeCN. This could be due to the reaction
having progressed further in acetone or due to the different solvent and higher concentration of
PPh. It also has to be noted that hMeCN samplbad very fine particles suspendadit which

could have affected the measurement.

Absorbance of the main band continues in to the 700 to 750 nm region in both samples with a
clear but broad peak in MeCN a®nm. A new band is consistenttivithe presene of dd
transitions in reduced mgbdenum, but these are possible in Mo(IV) as well as Mo(V).

The perceived green colour of tireadiated sample would correspond to absorbance of red light
and a band around2® to 700 nm. Absorbance in #t region is relatively weak, in MeCN there is
aband centred at 620; the main band is around 450 nm in both solvents. A band in the range of
580to 620 nm would be perceived as blue, whereas around 450 nm it would be perceived as
orange (430 to 490 nmMHowever, this concept of complementary coloursléo absorbed <

colour perceived) is not suitable when two bands in the visietgonexist1®’

—— Mo-2 + PPhj after irradiation | 19900
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Figure3-44: U\-Vis spectra of the reaction mixturesMb-2 with PPhin acetoneds (0.3 mM,1 eq PP left) before and
after, and in MeCM; (0.3 mM, 5 eqPPAh, right) before andafter irradiation at 410hmfor 16 h.
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The UWis spectrum oW-2 after irradiation inthe presence of PRIs shown irFigure3-45. The
sample changed colour from a yellow solution to an orabhg®vn soluton after irradiation. One
absorption band is seeat 468 nm red shifted by 69 nm.

75007 —— W-2 + PPh, after irradiation
—— W-2 + PPh, before irradiation

T T I N N 1
400 500 600 700
Wavelength / nm

Figure3-45: U\tVis spectra of reaction mixture bf-2 with PPhin DMF/acetone at a concentraticof 0.4 mM before
and after irradiation at 410dr 16 h.

The spectra oMo-2 in acetone andN-2 after irradiation ae quite similar, both only showing one
broad band that continues up to 700 nm or 650 nm, respectivelyldi this band is much more
intense compared to the spectrum before irradiatimhereas inW-2it is less intense compared
to the spectrum before iadiation.

Reduction oMo-2 andW-2 with PPRh yield Mo (IV) or (Vand W (1V) or (V) which possess d
electrons. Additional bands due the presence of d electrons are possible, althopgfticularly

d-d transitions would be quite weak due to them beingnhally forbidden'®” An additbnal

transition is only seen iMo-2in MeCN, but they could be hidden under or overlapping with the
main band irMo-2 in acetone and iW-2. Whether the spectral features are due to the metal (1V)
or (V) sate could not be determined.

Differenes betweerMo-2 andW-2 are expected due to the d orbitals W-2 laying higher in
energy and the difference in solvents used, but IR and NMR spectroscopy had also shown
degradation of the tungsten sample.
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3.7.4Anaksis by LIFEMass spectrometry of thstoichiomeric reaction between
Mo-2, W2 and PPh

Reaction mixtures containingo-2 or W-2 and 1 and 5equivalents oPPh for Mo-2 andW-2,
respectivelyjn acetoneds (Mo-2), or a 1:1 mixture of acetoneds and DM~d7, asW-2 is not
sufficiently soluble in acetee, were irradiated at 410 nm for 1I6and analysed by LIFMS. LIFDI

or liquid injection field desorption ionisation is a soft ionisation technique by an electric field that
minimisesfragmentationof the analyte!’*

The LIFDBinass spectrum obtained in the experiment witto-2 is shown irFigure3-46, with

potential structures corresponding to the obsed m/z values ifrigure3-47. Several groups of
signals are seen. (Adidinal spectra zooming in on the individual group of signals as well as mass
accuracy calculations can be falim the appendix).

The peak at 278 was identifieas OPPfhthe expected product of OAT. All other signals contain
molybdenum based on their isgpe pattern (see appendix)he most intense one with an m/z of
456.9693 was identified as unreactbtb-2 having lost the bound MeOH. Close to it is a muck les
intense signal of an m/z of 440.9721, which corresponds to a reduced Mo(lV}oxormmmplex
[MoO(-2)].

The peak at 719.0598 corresponds to [®4L-2)(PPHh)] but two structures are conceivable. One
corresponding to unreactedlo-2 with PPh bound the oher one corresponding to reduced

mono oxoMo(IV)-2 with OPPBbound whereone oxo ligandhasbeentransferred to the

phosphine to form phosphine oxide. Binding of PRds not been observed in a contsamge
containing PPhandMo-2 that was not irradiagd. Binding of phosphine oxide after Oddrees

with the mechanism discussed in section 3.1.2.3 where the newly formed oxide stays bound to
molybdenum until replaced by solvent.

At an m/z of 735.0546 PPh bound toMo-2 was identified

Finally, the peakte893.9444 can be attributed to a species of the formula [M@RO. This is the
molybdenum(V) dimemote that this peak at 893.9444 is the most intense peafNtwOL-2],0
but the values calculated inFigure3-47 (obtained fromChem Draw) and Figure3A6 (obtained
from the mass spectrometer) hae a higher m/z due to this value being based on isotopes with
lower abundanceThe isotope patterns measured around 894 and the pattetoutated for
[MoO(L-2)].0 (Figure A3-6) match eactly.

It has to be noted that the dettion of the species discussed above does not necessarily prove
their existence in the reaction mixture during OAT. Their formation only under the conditions of
the mas spectrometecannot be excluded
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Figure3-46: LIFDmass spectrum of a mixture bfo-2 and PPRin acetoneds after irradiation at 410 nm forl6 h. Note
that peak at 894.94 does not have the highest istgnin that group, the peak at 893.94 has thghwest intensityA
zoomed in spectrum can be found in the appendix.
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Figure3-47: Structure and calculated ma$8\Mo, singlepositive charge) of species identified from thassispectrum in
Figure3-46.

The mass spectrum of the reaction witth2 (Figure3-48) only shoved one m/z signal with a
tungsten isotope pattern which matel W-2 as prepared. The additional signals in #pectrum
are considered impurities not related to the reactidhl. NMR and U¥is spectroscopy have
shown formation of new specie®ntaining tungsten or fragments of the ligand. Clearly, these
species coul not be detected by mass spectrometry, and aeeh@ps anionic tungstate species
that cannot be observed in these MS experiments.

As said earlier, the species detected by masstsp@etry have not necessarily formed during
OAT. Equally, species formedritig OAT may not be detected by mass spectrometry
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Figure3-48: LIFDmass spectrum of a mixture bf-2 (top) and PPhin acetore-ds under N after irradiation at 410 nm
for16 h

3.7.5Conclusion dthe stachiometric reaction between M8, W-2 and PPh

Reaction mixtures containingo-2or W-2 and5 equivalents (1 in the case lfo-2) in acetoneds
(Mo-2), or a 1:2 mixture ofacetoneds and DMFd; (W-2) were irradiated at 410 nm for l6and
analysed by ATRR spectroscopyH NMR spectroscopy, WNis spetroscopy, LIFEMass
spectrometry.

Both Mo-2 and W-2 reacted with PPto form OPPh

Mo-2 reacted similar to what would ha& been predicted based on observations in previous
reactions. IR spectroscofflyigure3-40) showed the tansfer of one oxo ligand but did not suggest
dimerisation.!H NMR spectroscopfFigure3-42) suggested formation of a paramagnetic species
consistent with formation of Mo(lV). Maspectrometry(Figure3-46) detected Mo(1V), Mo(V)

and Mo(VI) species although it is not clear that these species were also present in the reaction
mixture. Overall, the data suggesie formation of Mo(1V) in triplet electronicoafiguration.
Formation of a mixture of molybdemnu species, possibly dominated by Mo(lV) cannot be
excluded.

AlthoughW-2 did perform OAT no W=0 bands were observed in the expected region in the IR
spectrum(Figure3-41) and*H NMR data(Figure3-43) showed decomposition although no
decomposition products were identified.

In future experiments, the stoichiometric reaction could be performed in the same solvent for

both molybdenum and tungsten complexesthat results for both complexes are comparable.
Solution IR would allow immediater evenin sity, characterisation of samples and avoid removal

of solvent under reduced pressure which could have affected the samples. A shorter reaction time
to prevent deeomposition of\W-2 would also be beneficial.
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3.8 Stdchiometric reaction betweeNlo-2, W-2 and PPfollowed by
exposure to air

Following the work in the previowsectionwhichinvestigatedreduction of the dioxo complexes,
the second half of a catalytic dgdn the OAT reactiowas subsequentlgtudied.In these studies,
the complex was first reduced with phosphine in the absence of an oxygen sdheceeaction
mixture was then exposed to and subsequent catalyst regeneration was monitored.

The abiliy to use oxygen or air tiegenerate the catalysvas noted when a sample containing
reducedMo-2 catalyst was transferred into a cuvette for W& measurementection3.7.3
and within acouple of minutes had changed itsleur from dark greerback to yellow.

The effeciof exposure to air of reaction mixtures containing the reduced complbi@® andW-
2 will be discussed subsequently.

The UWis spectra oMo-2 (Figure3-49) shows a significanb@nge over time, the intense band

at 431 nm decrases and blue shift. Absorbance up to 800 nm decreases until no absorbance is
observed above 500 nm resultinga spectrum that takes the same form as that of unreacted
Mo-2.
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Figure 3-49: U\-Vis spectra of the reaction mixturesMb-2 with PPhin acetoneds (1 mM) after irradiation at 410 for
16 h (black) and 10 min (red) and 25 min (green) after the reaction mixture had beseeipair, and of purblo-2in
the same solventat a concentration of 0.1 mM (dashed line).
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Regeneration of reducello-2 by oxygen was also followed B4 NMR spectroscopyrigure

3-50). As seen beforésection 3.7)the resonaces of the complex broaden and partially

disappea after irradiatian of Mo-2 in the presence of PRland additional resonances of ORPh

can be seen. After the samples had been exposed to air the resonances of the complex sharpened
and reappeared overtiméelhere is, however, stdlome broadening presengspecially of the

imine proton resonance at 9.4 ppm, and the signals are shifted upfield compared sathgle as
prepared €.g.the imine proton by 0.3 ppm from 9.7 ppm).

22.5 h after exposure to air, including irradiation for1 h

[T —— ‘MWL el
ey ¥

21 h after exposure to air

Ll

AL

50 min after exposure to air

15 min after exposure to air

P o ke

Exposure to air

Irradiation for 19 h

A A A A A Ao A4
Sample as prepared f\. || “

"100 98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64
f1 (ppm)

Figure3-50: 1H NMR spectra ithe range of 6.4 to 10 ppm of a mixtureMb-2 and PPhin acetoneds over time
Conditions: 1 mM/o-2, 1 mM PP} acetoneds N, irradiation at 410 nm.

The difference between thtH NMR spectra of the gsepared sample and of the regerated
sample pints to the regenerated complex ado-2 being different. Addition of &o Mo(IV)
results in complexes with different electron distribution: [M@)], [MoY(Q.)] or [Mo"(Q,)], the
dioxygen, superoxo, orguoxo complex, respectively. The downfield shffthe 'H NMR
resonancesndicates stronger electron withdrawing effect of the molybdenum centre consistent
with its oxidation with the signal broadening possibly due to therfation of more than one
species. Dioxygen complexes of oxo molybdenum genetallg the form of the peroxo complex
where the @*f A 3| y R-0 A ¥ R-Hoyid that acts like an oxo ligand and is foundtually
cisto the oxo ligand’? The result is a pentagonal-pyramidal structure which is shown for the
re-oxidisedMo-2 in Figure3-51. The strong resemblance oféHJ\tvis and NMR spectra &fo-2
and the reoxidisedMo-2 follow fromthe similarity between thexo and peroxo ligands and
hence between the two complexeghe reoxidation of Mo(IV) complexes dipxygen and
formation of a Mo(VHperoxo complex has been reported.173174
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Figure3-51: Possible structure dflo-2 after reduction with PPyand re-oxidation with Q.

Figure3-52 shows the UWis absorption spectra 8/-2 after irradiation in the presence of PPh
and20 min after the sample had been exposeditband after 25 hThe spectrum changes little,

the band at 492 nm is still present but absorbance below 450 and above 550 nm decreases. The
lack of change in the WVis spectra supports the observationsiBand NMR in previous sections
that the tungsten omplex reacted differently frolMo-2 and had decomposed irreversibly.

10000

—— W-2 + PPh, after irradiation

—— W-2 + PPh; after irradiation, 20 min in air
A\ W-2 + PPh, after irradiation, 20 h in air

L \ |- = W-2 + PPh,as prepared

5000

e/L*molt*cm?

Wavelength / nm

Figure3-52: UMVis spectra of the reaction mixtures\Wwf2 with PPhin DMF/acetone at a concentration of GrM
after irradiation at 410 for 18 h, after 20 min under air and after overnight storage under air (solid lines), and\Wt pure
2in the same solvents at a concentration of 0.1 mM (dashed lines).

Exposurdo air ofMo-2 andW-2 after irradiation gave diffrent results. UWis data oMo-2
showed that the changes on irradiation are reversible UtNMR spectra showed that the initial
state of the complex was not completely restor&®-2, however, did notleange in air as it had
probably decomposed.
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3.9 Sumnary

All complexes, 16 containing Mo and two containing W, were screened for their ability to
photocatalyse OAT from P#io DMSO. The highest activity was observed Wth2 andW-2, 78
% after 3h, and o activity withMo-1, Mo-4, Mo-15and Mo-16. Activity of other complexes
ranged from 2 to 65 %.

A clear dependence on the wavelength of the ligbtirce used was not seen. Complexes with
modified spectral propertiedo-4, Mo-15andMo-16) were inactive.

Acorrelation between electronic properties of thelsstituents and activity of the complexes was
found. Activity increased linearly with the Harethparameter when the acid substituents is
assumed to be deprotonated and both acid and ester substituent tizaie Hammett parameter
modified to account foconjugation A strong dependence on the aromatic ring that bears the
substituent was observedubstituents on the amine ring had a much stronger effect on activity
than their counterparts on the aldehydeng.

It was found that presence of a larger volunfen@ater as well as aromatic OH groups, in the form
of phenol or as substituent on a sulfoxidehibit OAT.

Sulfoxides other than DMSO can be used as substrates. All tested sulfoxides were found to be
more active than DMSO, excef39 which contains the farementioned phenol substituent. An
aromatic system as a substituent to the sulfoxide appddoebe beneficial, but modification of
these aromatic groups had no effect. The highest conversion was oltaiite SG2, SO5, SG7

and SO10of whichSQO5, interestingly, is the only aliphatic sulfoxide. Wgi©2, OAT was
continued until completion, ® % conversion was achieved after a total of 48 h of irradiation.

Different phosphines were explored as welbn@ersion could be improved by replacing one or
two of the phenyl groups in PRtith a methyl substituent Substitution of the phenygroups on
the other hand did not affect conversion or decreased it. Using P{@&t)lted in almost no
conversion.

The knetics of OAT catalysed Mo-2 were studied betwen DMSO o6Q2 and PPhin DMSO or
acetone, respectively. The reaction order of thébstrates was found to be dependent on the
solvent and the sulfoxide.

In DMSO the reaction was unaffected by changdhé catalyst concentration. In acetone,
however,conversion was found to increase linearly with catalyst concentration < 1 mM and
deaeased exponentially for concentrations > 1 mM.

The stoichiometric reaction dflo-2 with PPh in the absence of sulfoxida any other oxygen
source yielded a reduced Moegies which had transferred one of its oxo groups. Although the
reduced species wamt identified it islikely to be Mo(lV). Small amounts of other reduced Mo
species, particularly the dimer could alsofresent. In the stoichiometric reaction @-2 with

PPh OAT alsmccurred, but the complex decomposed.

Exposure of the reducelo-2 species to air resulted in rexidation,likelyyielding theMo-2
peroxa-complex.

A more detailed analysis of the resulitem this chapter in regard of a potential mechanisan
be found in section 5,which includes the results from the spectroscopiagta in chapter 4.
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Chapter 4Spectroscopic investigations

4.1 Introduction

The photophysical properties of a potential photocgtdlare an important aspect of their study.

The eletronic structure of a catalyst determines what light source is suitable to initiate the

photoreaction. Many different sources are available, from ki@ with a broad spectral output

that varies withtime- Yy R £ 2 0F 1 A2y X ¢ KA OK diwaveldntBLED or YASERF ANB Sy £ 32
source with adjustable power output.

As the use of molybdenum and tungsten complexes for photocatalysed OAT is rare in the
literature, the spectroscopic characterisatiaf thesecomplexess usually limited to UWis
spectroscoy and rarely looks for correlations between complexes.

Spectroscopic studies on Schiff bases and their complexes with metals other than molybdenum
and tungsten are commomainlydue to the use of Schiffdses as chemo sensdrs®These
examples are difficultd compare to the complexes discussed in this work due to different ligand
features that affect the spectroscopic propertidhe se of metals othethan molybdenum and
tungsten even with ligands sitar to the SARystem can also yield complexes with hast

different characteristics, for example wherddor metatto-ligand charge transfer (MLCT)
transitions are present.

The examples of photoactivatezhtalysis shown in chapter 3 for which extensivarelterisation
has been done (e.g. the dy&dr) are mody too different from the complexes in this work to
allow for meaningful comparison. The tungsten com@eékand more so its unsubstituted
analogued-1 (Figure4-1) resembk the complexes in this work although o8 has been
reported to be a potential photo catalyftr OAT (see chapter 3.1.%).
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Figure4-1: Structure of related, spectroscopically characterised tungsten dioxo complexes.

1-16 and the related tungstemomplexes4-1 and 4-2 were characterised spectroscopicalljjable
4-1).

Table4-1:Spectroscopic data of the tungsten complex@s4-1 and 4-2. Taken from Yu et &

Absorption Emission

< K Y Y3molbdm?crl) | Character <mK Y'Y 0.
1-16 | 407 (34.6), 29743.7) ILCTLMCT 608 (4.6)
4-1 402 (5.5), 299 (18.2) IL; LMCT 582 (83.6)
4-2 420 (sh, 10.6), 365 (sB5.0), | IL; LMCT 553 (74.9)

341 (31.9), 327 (30.4), 292

(49.8)

Datarecorded in ChCh <ex= 355 nm

As mentioned, onlg-8 was used in OAT. The ligdturce used had a wavelength of 365 nm. On
moving to 450 nm the conversion dropped from 52 to 15 %héndxidation of indanol. Based on
the U\Vis data, at 450 nm only thatra ligand charge transfétLCy transition wasexcited into
whereas at 365 duto band overlap the LMCT band will be excited to some extent. In
decatungstates, the LMCT state inigathydrogen atom abstractions (HAT)!’®whereas in the
reaction with3-8 an ILCT is thought to be the reactive state that the LMCT convetfts to.

All three complexe 3-8, 4-1 and4-2 were tested in photo calgsed GB bond formation from aryl
chlorides and BRin (bis(pinacolato) diboron) with light of 410 nm wavelendit gave the

highest productield, 89 % compared to 30 % wi#H and 14 % withl-2, but these dfferences

were not explicitlydiscussed by¥'u and coworkersThe spectroscopic data implies the nature of

the excited state to be the main reason for the different activéyg having a ILCT transition
whereas4-1 and4-2 haveintra ligand (U transitions. Absorbance at 410 nm differs between
complexes but does not correlate with activity, neither do excited sate lifetimes. The borylation is
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thought to start with reductive quenching e exited tungsten complex by the bromide.
However,3-8 showed thelowest oxidation potential in the excitedate of the three complexes.

As the mechanisms of both reactions, the OAT and the borylation, are not fully understood, it is
possible that theobserved differences are due to steps in the catalytic cycle nateglto these
spectroscopicharacteristics.

4.1.1Chapter aims

Almost all ligands and complexes were synthesised as yellow to orange solids aed yadtaiv
solutions. In the followingsedionsthe electronic absorption spectra of the complexes will be
disaissed. The effect of subsaiiént on optical properties will bdescribedand these properties
linked to OAT activity. Emissivity and excited state lifetimeselactedcomplexeswvith and
without phosphine and sulfoxide substrate®re measured and diffeneces between these
complexes, particularly in regard to the OAT studies of chaptees;ribed

4.2 U\LVisspectra of the synthesised complexes

Prior to performing catalysis, W¥is absdbance spectra were recordddr all of the compexes.
Based on the dnd maxima observed the wavelength of the LEDs for the custauie
photochemistry seup used for OAT experiments in chapter 3 were chosen.

4.2.1U\*Visspectraof -1 and Mel and assignmentdf transitions

The UV-Vis absorptiorspectra of0.1 mM solutions of-1 andMo-1in DMSQare shown irFigure
4-2. The spectrum df-1is dominated by an intense band at 357 nm, a second band is found at
272 nm. A tird band at 443 wm is barely visiblat this concentrationA small amount (~1 %) bf

1 exists as the Keto isomer Schemet-1) and gives rise to this weak baid The spectrum of
Mo-1 shows one intense band at 309 nm and two less intense ones at 352 nm and 4Bbthm.
spectra agree witheported datal24178:179

OH H o on
OH (@]

E-enol Z-keto

Schemet-1: Keteenol isomerism af-1.

146



L-1 andMo-1 are known irthe literature and their spectral properties have been studied.
Assignments of the observed transitionenemade and are ligd inTable4-2. The charge
transfer (CT) transition at 357 nm (Al involves the imine grouf® Upon compexation, electron
densty from the imine nitrogen is transferred to thraetal herce the change observed in the UV
Vis spectrunfor Mo-1. A new band due to charge transfer frahe phenol oxygen into empty d
orbitals of the metal (ligand to metal chargatsfer, LMCT) is obseny at 422 nm upon
complexationt®! Thus, the bands at 443 nmlifl and at 422 nm iMo-1 result from different
transitions. This transition i1 (n-H  Tispai possible ifMMo-1 asthe free electron paiof the
nitrogenit originates fom is no longer availahle

20000 - — L-1HH
Mo-1HH

15000 300,

-1

L+ emt
Cl
N
(=)
o

-1

e/L*mol *cm

10000 +

[
o
o

e/ L *mol

420 440 460 480 500 520
5000 -

Wavelength / nm

T T T T T T T T I N 1
300 350 400 450 500 550
Wavelength / nm

Figure4-2: UMVis spectra of-1 andMo-1at 0.1 mM in DMSQnsert showing a very weak bandLi between 420
and 500 nm.

Table4-2: Bands in UWis spectraf L-1andMo-11 YR G KSA NI F G NARodziA2zy (2 St SOGNRYy

nonbonding orbital; 2 NB A (drbital, tespéttivély

<max/ M |8 K ¥ 2cn?® F | Transition

-1 272 9800 TG 2T
357 14900 - £T, amine rig and
imine group to aldehyde ring
180
443 260 ni 2 170 F
Mo-1 309 18400 G2 TF
352 7800 © (2C=NF
422 4500 LMCT!
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4.2.2Influence ofifferent substituens on the UWis spectrum of molybdenum
complexes

The influence of theubstituent on the electronic absorption spectra was studied in DMSgire
4-3 shows the UWis spectraecordedof the sixteenMo-complexesynthesised in this work.

—— Mo-1"H ~ Mo-9CoOoMe
50000 — —_— MO_zCOOMe,COOMe o Mo_loH,COOMe
— MO-3COO0H,COOH Mo-11C00Me
M 0-4CO0Me,NEt2 Mo-12NO02
40000 - MO_SCOOMe,COOH o |V|O-13CF3
. MO_6COOH,COOMe o MO_14SOZNH2
'g 20000 S MO_7COOH MO_15H,NEt2
* n . MO_8H,COOH M0_16Naph
—

I ! I ! ! I I
300 365 410 460 500 550 600

Wavelength / nm

Figure4-3: U\Vis spectra of molybdenum complexes in DMSO at a caatientof 0.6 mM.Wavelengths used in
photocatalysis, 365, 410 and 460 nm, are marikeldold Spectra oMo-1 and Mo-2, asreferenceand spectra that are
significantlydifferent are highlighted in bold.

The spectra of most complexes are similar esgigcabove 38 nm. Between the ester and acid
substituted complexes the nature and position of the substituent has little effect obainel
position and intensities. CorfgxesMo-4, Mo-11, Mo-12, Mo-15and Mo-16 strongly differ in
band position and intenty. The bandnaxima for the two lowest energy transitions of all
complexes are listed ihable4-3.
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Table4-3: U\AVis spectra of the molybdenum complexes: max wavelength of thiotvest energ bands and
extinction coefficients.

< K B K [**gm*] < k yl¥ Kk [**gm?
Mo-1HH 422 4500 352 7800
Mo-2C00Me.CO0Me 409 4500 347 10000
Mo-3C00H.COOH 406 4200 345 2500
Mo-4°COMe-E2N 466 22000 370 19500
Mo-5-O0Me.CooH 415 3500 348 1030
Mo-6C00RCo0Ve [ 412 5100 347 11200
Mo-7°°°H 414 4700 351 10300
Mo-8H-CooH 418 4300 352 9000
Mo-QCOOMe 415 4700 349 10200
Mo-10Co0Me 421 4400 351 9300
Mo-11C00OMe 431 7300 358° 1020
Mo-12"%2 430 to 365 13100

4502
Mo-13F 414 4200 348 7900
Mo-14>02NH2 419 4900 351 9700
Mo-15MNE2 465 18300 366 2020
Mo-16\aph 403 11700 339 28800

Due to broadnesand shapef bands, determination of the exact maxinsambiguous’
barely visible shouldeP.additional shoulder at 378 nm.

It can be seen that the band around 350 nm valiesveen 346 and 32 nm in most complexes.
OnlyMo-4, Mo-12, Mo-15andMo-16 lay outside this range at 370, 365, 366 and 339 nm,
respectively. Above 400 nm most maxima lay between 404 and 42®Momd, Mo-12andMo-15
show higher maxima of 46840 and 46%1m. Both bands dflo-11also lay outside of the usual
range, but not as far.

FromFigure4-3 and Table4-3 it appears thaMo-4, Mo-15andMo-16 are significantly different
from the other complexes. The twowest energy transitions iNo-4 andMo-15are substantially
red shifted and display a muttigher extinction coefficient. IMo-16 both transitions are blue
shifted but still show a higher extinction coefficient. The amine substituent and naphthateme ri

present additional chromophores with transitions overlapping with the LMCT andi 2 F
transitions.

Mo-4, Mo-15andMo-16 were synthesised to study the effect of spectroscopic properties on OAT
(see chapter 3.5). The extended system ofMo-16 has led to an increase in absorbance and at

the same time a blue shift of the two lowestergy trarsitions. In contrast, a red shift was

thought to be more beneficial as this would shift absorbance further into the visible region which
O2NNBalLRyRa G2 | t26SNI SySNHe FyR Fff2g¢ga F2N
red shiftof the twolowest energy transitions was indeed observed with-4 and Mo-15.

The nitro substituent itMo-12 appears to only produce an overlapping transition at 366 nm. The
bandat 440nmi s shiftedbut the low extinction coefficienduggests that the LMIT is still present

but weakened as a new transition overlapping with the LMCT band would show as a combined
band with higher absorbance.
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Mo-11displaysa small red shift with only the LMCT band having an extinction coefficient that is
higher compared tanost other complexesAs only the substituent position differs betwe#fo-
11andMo-9 no new transitions can be introduced. The ester group is irptra position inMo-

9 and themeta position inMo-11 and therefore both the LMCT transition that involvibe
phenolates as well as the (i #ransitipn that involves the imine group are affected from this
change in substituent position.

Excitation of comm@xes during OAT experiments was done at 365, 410 and 460 nrRi(gee

43.¢ KA&a O2NNB&aLRYyRa& (2 SEOAGI (LME@Tat4aOfanduB0Sm~ G2 ~f [/ ¢
for most complexes. All complexes showed some extent of overlap of the two bands resulting in

excitation of both bands to different degrees which might explain thke td@ clearcorrelation

between the activity of the complexes and the excitation wavelkerigee chapter 3.3)3The

existence of additional strongly absorbing bandMim4, Mo-15andMo-16 that overlap with the

LMCTand G2 ~fF [/ ¢ 0l ¢oRaibeddightprirRarilyNds évelatexclusiygikciting

these transitionsL-15for examplehas been reported to have a strong absorbance around-410

nHN YY RdzS (2 SAHESRINI yid2 " fF (N} y&Neitkedy 2F (KS AY.
the three complexes with modifiespectroscopic properties catalyd®AT from DMSO to PPh

which suggests thdhe transitions that are being excited are different from those in active

complexes and are not sufficient to active the molybdenum centre.

A trend in the band maxima of the comeges is not obvious fromable4-3. The band maxima of
the LMCT transitions were therefore plotted against the improved Hammett paraniétey
takinginto account the ability bsubstituents to delocalise negative charged alsd&ection
3.3.2), shown ifrigured-4. Mo-4, Mo-11, Mo-12, Mo-15 andMo-16 were not considered.

A weak correlation is foundhé wavelength of the LMCT band deases with the Hammett
parameter. This Correlation agrees with the work of Topich who reported a linear decrease of the
wavelength of the LMCffansition maxima with the Hammett parameter for bromo, nitro and
methoxy substuted [MoOx(SAP)] and [Mof)SAH)(c.f.FAgure 31, Section3.1.1)!?*However, the
unsubstituted [MoQ(SAP)] and [MofISAE)] did not fit in this trend.
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2415 " .
% | T | Mo-5
> Mo-13 Mo-7
g "

Mo-6
410 ~

Mo-2 Mo-3

Www+—7—7 T T T T T T
0.2 00 02 04 06 08 1.0 12 1.4 1.6

Hammett parameter s
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Figure4-4: Plot of max. wavelength againstY LIN2 @SR | I Y Y & forithe LIMQNravisttian®Nbe
molybdenum complexes. Acid groups are assumed to be protanated

A plot ofconversion of PRiio OPPhfrom Section3.3 against the wavelength of the LMCT band
(Figure4-5) also shows a weak correlation where the conversion increases vatartargy
difference between ground and excited state.

Mo-2
804 .~
] Mo-5
70—_ ./
60
O\O
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Figure4-5: Plot ofthe conversion of PRto OPPhad | A yh0fiLMET band.
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4.2.3Influence of solveston the UWis spectrum of M@

The influence of the solvent on the electronic absorption was studied with the most active OAT
catalystMo-2 in acetone, DMSO, MeCN and MeOH. TheVis\spectrare shown inFigure4-6

while Table4-4 shows the position and intensity of the band maxima. Due to the absorbance of
the solvents the spectral range recorded varied.

— DMSO

—— Acetone
MeCN

—— MeOH

40000

20000

e/L*mol?t*cm?

T T T T T = T 1
200 300 400 500 600
Wavelength / nm

Figure4-6: UMVis absorbance spectra fo-2 in different solvents at a concentration of 0.05 mM.

Overall, changing the solvent affects band intensity and position.

Only small differences are seen above ~330 nm antiquéarly between DMSO and acetone

these can be regarded as negligible. Thisiportant as these two solvents were used for the OAT
experiments discussed in chapter 3. Below 330 nm differences are mostly between MeCN and
MeOH where the spectrum in MeCNasvs more features but has a lower intensity.

Solvent polarity decreases frolieOH(0.762) to MeCN (0.460) and DMSO (0.444), which are
similar, to acetone (0.355) based on the empiric8idarameter, all solvents can act as hydrogen
bond acceptor but onliMeOH can also donate hydrogen bortéfSNeither the band position nor
the extinction coefficient correlates with the solvent polarity, but in MeOH for the tinste
bands< | YR s I fektte@evalugédbetween th& fBur solvents

Aneffect of solvent polarityon both the LMCT and ligadzhsed CT band would be expected as
the charge transfer leads hanges in polarity of thexcited state put the solvents used in this
work are too similar to yield marked differencé4eOH as the omlsolvent capable of hydrem

bond donation shows a more pronounced effect. In MeOH both CT bands are shifted more to
lower wavelength than in the other solvents. The higher energy corresponding to a destabilised
excited state or more stabilised ground a4
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Table4-4: U\tVis spectroscopy ®lo-2, band maxima and extinction coefficient in different solvents.

Solvent </ nm 8 Kk [**gm?! Y| Assignment
DMSO 409 4400 LMCT
Acetone 406 5300

MeOH 401 5900

MeCN 400-450° /

MeCN 349 6800 ~ 0 2C=N,
Acetone 344 8000 CT
DMSO 347 10500

MeOH 338 9700

MeCN 317 11400 L E:
DMSO 306 25200

MeCN 2982 17500

MeOH 291¢@ 28000

MeCN 269 27200

DMSO 269 35500

MeOH 259 42400

MeCN 253 25500

MeCN 2282 16300

c(Mo-2) = 0.05 mMashoulder b veryweak shoulder with undefined maximum
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4.2 .4Influenceof the metal on thdJ\:Vis spectraf complexwith ligands {1 and
L-2

The effect of the metal centre on electronic absorption was studied betviderl, andW-1 and
Mo-2 andW-2. U\-Vis spectra in DMSO are showrFigure4-7, band maxima and absorbances
in Table4-5.

40000

W_lH,H
W_ZCOOMG,COOME

—
' COOMe,COOMe
g Mo-2
* Mo-1"H
'S 20000 -
IS
x
|
©

0 T T T LI L T ! 1
300 365 410 460 500 550
Wavelength / nm

Figure4-7:U\-Vis spectra oMo-1, Mo-2, W-1 and W-2 at a concentration of 0.05 mM in DMSO.

Complexes of the same metal have very similar spettia.band lavest in energy, the LMCT

band around 400 nm, and the one highest in energy, around 300 nm are both substantially blue
shifted inW-1 andW-2 compared toMo-1 and Mo-2, whereas the band around 350 nm is red
shifted. The ester substituents Mo-2 andW-2 equally led to a blue shift of the band maxima
compared toMo-1 andW-1. The band maxima and extinction coefficients\iétl are consistent

with reported data in DME®

As the band around 350 nm is ligand centred tature ofthe metal has only a weak influence on
this transition. In the LMCT however, charge is transferred into the metal d orbitals. The 4d
orbitals of molybdenum are lower in energy than the 5d orbitals of tungsten which leads to the
LMCT bands shiftg to higker energy in the tungsten complexes compared to molybdenum.

Regarding the nature of the transitions in the tungsten complexes, so far it was assumed that the
lowest and second lowest transitions are still of LMCT and CT character. The resulser
fluorescence measurements suggest however, that the LMCT band in the tungsten complexes is
found at much lower wavelength (see chapter 3.3.4).
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Table4-5: UMVis spectroscopy dflo-1, Mo-2, W-1 and W-2, band maima and extinction coefficients of the two lowest
energy transitions.

Complex < K Y8 Kk [Yr*gn!) < k y¥ Kk [tr*gm?!
Mo-1HH 352 7808 422 4500
Mo-2C00Me.COOMe | 347 10000 409 4400
W-1HH 362 5600 407 7100
\W/-2C00Me,COOMe 359 6300 400 7000

The wavelengths of the light used in OAT (365, 410 nm) do not coinitldéhe band maxima of

the four complexes but the corresponding transitions are still being excited. The absorbance at
these wavelengths is similar for complexes of the same metaliwkhS | 6 a2 Nb | yOS 2 F
CT transition in the molybdenum complexXssing higher and the absorbance of the LMCT

transition lower compared to the bands in tungsten in the same region. The result of the OAT
experiments irSection3.3.6 suggestethat the effect of this difference in absorbance on catalytic
conversion is, haever, negligible. The much lower absorbanc&b2 only seemed to have had

an effect at 460 nm as activity was significantly lower comparaedde?. Both complexes were

similarly actve at 365 and 410 nm.

4.2.5Summary

U\-Vis spectra of all synthesised compds were recorded and analysed. Spectral properties
were similar with small shifts in band position and absorbance for most compleixed, Mo-15
andMo-16 show substantially shifteednd more intense bands due to the amine and naphthalene
chromophores. Ahiftin positionand change in intensity were also obsenadreplacing
molybdenum with tungsten. With regard to photoactivated OAT, these differences seem to be of
minor importance except forMo-4, Mo-15andMo-16. These complexes were inactive, pbssi
because light is absorbed by the additional transitions due to the chromoplioa¢sio not

activate the molybdenum centre.

In the following sectionthe properties of the excited state of some of the complexes in the form
of emissivity and lifetime nmesurements will be described.
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4.3 Fluorescence spectroscopf/ligands and complexes

As UW/is spectroscopy had shown no clear differences between complexes that could explain the
differences in OAT activity, further spectroscopic studies on thasimily of complexes were

done. In contrast to UWis spectroscopy which provides information the ground state,

fluorescence spectroscopy provides information on the excited states.

Theemissivity of complexes was recorded in DMSO or acetone. SpégitaeoDMSO and
acetone are shown iRigure4-8.
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Both spectra show a small and intensand and a weak but broagbd.

The intense band at 470 (acetone) and 472 nm (DMSO) is due to Raman scattering, whereas the
broad band is due to the use otat2 F ¥ T A f And dImidirisersignal drom scattering.

Raman scattering is a phenomenioerent to these types ofx@eriments where the incident

light is scattered inelastically by solvent molecules. Photons loose energy in this process resulting
in detection of light at a higher wavelength than that of the incident light. The loss inyison

the order of 3000 waenumbers The position of Raman bands shifts with the excitation

wavelength and can be calculated as follows:

Equatiord-1

where_ is the wavelength of excitatiom, is the wavenumber of the Raman shift. At an
excitation wavelength of 410 nm a Raman bapgears around 47 nm.

The Raman band is present in all spectra shown subsequently but can be hidden under very
intense emission énds.
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4.3.1Fluorescence spectroscopf/L-1, L2 and k4 and Mel, Mo-2 and Me4 in

acetone

Emissivity of three ligands was asured in acetoneEmission spectra @f1, L-2 andL-4 are
shown inFigure4-9 together with the corresponding molybdenum complexes.
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Figure4-9: Absorption (dashed lines) and ssion (solid lingsspectra ot-1, L-2, L-4 (left) and Mo-1, Mo-2, Mo-4

(right) in acetone. Absorption spectra were recorded at a concentration of 0.1 mM. Emission spectra were recorded

under N with samples having an absorbance of 0.1 at the excitatibn@s f Sq=3b Km. <

Compared td-1 0 & = 530 nm), the emission bandsli#2 (539 nm) and.-4 (546 nm)are red

shifted. Emission frortx2 is more intense whereas from4 it is less intense thakr1. All three
ligands show a higher intensity thametcorresponding complexes The low emissivity df4 was
unexpected as this ligand was designed to have a high emissivity through the combination of

electron donating and electron withdrawing subsitutefts.

In general, an imine group can provide a path for-nadiative deactivation of excited states

through rapid cigrans isomerisation* Molecules incorporating an imine group therefore

are

often non-fluorescent. Isomerisation involves the free electrairpf the nitrogen and can be

inhibited through hylrogen bonding*® This is the case BAPRbased ligands3chemet-2).
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Schemet-2: Light induced isomerisation of an imine group (top) and prevention of isomerisation by hydrogen bonding in
L-1 (bottom).

In complexes, the bonding of nitrogen to the metal via its free electron pair equally prevents
isomeristion 18

The bonding to the metal also prevents proton transfer that would lead to the formatiolmeof t
keto isomer Figure4-10). Klinhomet al. observed two emission bands at 420 and 547 nm after
excitation of a solution of-1in MeCN at 350 nn® They attributed the first band to emission
from the Sto the S state, while the second one results from the keto fofeiglre4-10) after
excited state intramolecular proton transfer (ESIPT).

ZT
\

L)1
OH

Figure4-10: Keto form ot-1.

Due to the possibility dsomerisation of the imine double bond, keémol tautomerism and
isomerisation of the double bond in the keto formtie ground and excited state, spectroscopic
properties of SAP Schiff bases are rather compleX°While some of these changes can lead to
non-radiative relaxation, the keto form is actually more emissive than the enol. After
complexation, these isomerisations are no longer possible and the rigid structure of the complex
should also pevent conformational changes. Some of the remissive relaxation pathwayre
inhibited, as is the emissive keto form. The weak fluorescence obséwéte complexescould

also be due to electron density being drawn from the ligaedtbinds to the netal as well avia
LMCT transfeapon excitation
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It follows that emission is mainly ligand based and weak emission after excitation at 410 nm is due
to ligandbased transitions which overlap with higher absorbance LMCT bands. Emission from free

ligand hat is present in low concentration in an equilibrium with the complex is also possible.

Kurapatiet al. have made similar observations with liga#t@ and complex-4 (Figure4-11).187
Both ligand and complex were similarly emissive when excit@®@inm, the lowest energy
ligand based transition. No emission was observed when the LMCT band was excited.

HO
B
= N/N\
H

4-3

I,
q\Mo\;jQ

OOMe
4-4

Figure4-11: Structure of the hydrazono ligand and molybdenum demhereof studied by Kurapati et &7

4.3.2Fluorescence spectroscopy of MlpMo-2, Mo4, Mo-9, Mo-12, Mo-13, Mo
15andMo-16 in acetone

The emissivity do-1, Mo-2, Mo-4, Mo-9, Mo-12, Mo-13, Mo-15andMo-16was recorded in
acetone at 0.05 mM. The spectra are showFkigure4-12.
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Figure4-12: Emission spectra do-1, Mo-2, Mo-4, Mo-9, Mo-12, Mo-13, Mo-15, Mo-16at 0.05 mM in acetone under
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Emission intensity varied drastically and there is also a shift in the position of the emission band.
Band positions are listed ifable4-6.
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Table4-6: Emission waelength of several complexes in acetone.

<em/ nm
Mo-1HH /
MO_ZCOOMe,COOMe 544
MO_4COOMe,NEt2 534
MO_7COOH /
Mo-9CooMe 509
Mo-12N02 525
Mo-13°F 507
Mo-15VER 537
Mo-16"ae" 523

593

<= 410 nm, acetone, N

Mo-1 andMo-7 appear to be noremissive or only weakly emissive. The highest intensity was
recorded forMo-4, which, similar to UWis spectroscopy, is due to the pugtll effect of the
combined ester and amine substituentdo-16is the only complex displaying two emission

bands, althoup both are very weak, with the band at 593 nm having the highest wavelength of all
complexes. This red shift of the emission wavelength is consistent with an extersyestem?46

The third complex designed to haveodified spectroscopicroperties isMo-15, which does show

a red shifted emission band comparedMim-1 but only similar intensity. From the WUWis spectra

in section 4.2.2 it seemed that all three complexds-4, Mo-15andMo-16, have strong ligand
basedbands at theexcitation wavelength and therefore a different excited state with different
relaxation paths is possible.

The fourth highest emission wavelength is observed With2. Interestingly, wheréo-7 is non
emissiveMo-9 shows the second highestnissivity. Th corresponding ligand7 has been
reported to be emissive with a band around 525 nm stemming from the zwitterionic spédies.
Mo-7, however, formation of a zwitterion is less likely due to the nitrogen as the most basic
centre keing involvedn binding to the metal.

The amine grougNEt was used to modify the emissive properties of a complex to testtilytic
activity was linked to emissivity. Neegdjal. showed that the introduction of the NEgroup
increased emissivityf L-15 compaed to L-1.14° The combination of an acceptor group with the
amine donor was also found to increase emissivity in related salen type Schiff‘ffadesrajet

al. also observed dual emissionrms fromL-15and L-15bound to A¥* at 471 and 498 nm in

water after excitation at 419 nm due to the NIgtoup. The band iMo-15is redshifted

compared to that of the reported free ligand, in part due to complexation and use of a different
solvent. A seond weak bad could be hidden under the Raman band.

From this and the previous section it seems that the observed emission is only due te ligand
based transitions. In most complexes this band overlaps with the more emissive LMCT band
leading to low excitdon of the emissive band. In strongly emissive complexes,Max4,

additional chromophores could give rise to an emissive ligand band with higher absorbance.
Additional transitions and emissive states could also be present, possibly overlapping with oth
bands. Codlusive results will require more measurements, at different excitation wavelength and
possibly in different solvents and of all ligands. Computational studies to identify transitions and
geometries would also be helpful.
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Mo-15was catalyticly inactivebut showed the strongest emissivity whereldl®-2, the most
active complex, only showed medium emissivity, bethtw4, Mo-9 andMo-13. In these
complexeghe electron withdrawing group on the amine ring could result in a difference in
electrondensity between the two rings that might be beneficial to emissivity, whereasl@2 no
such effect is found due to its symmetrical substitutibfo-12, with its NQ group on the amine
ring, however, showed lower emissivity thito-2. It appears that ensisivity and atalytical
activity are not linked, although the effect of the different substituents on emissivity, and
absorbance, is not understood yet.

4.3.3Fluorescence spectroscopf/l-2 and Mae2 in acetone in the presence of
PPh and DMSO

After the initial screening gperiments with ligands and complexes the effect of substrates on
emissivity was studied.

Figure4-13 shows the emission spectra b andMo-2 in acetone with successive addition of
PPh and DMSO.
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Figure4-13: Emission spectra in acetone of 0.02 m®with and without 6.5 mM PRlor 5 M DMSO added (left) and of
0.02 mMMo-2with and without 6.5 MM PRI2 NJ p a 5 a{ h ek KBh&Rspedtia BaVelbéedpoted for
absorbance at 410 nm, 0.07 (left) and 0.14 (right).

The msition and intensity of the emission bandle? are unaffected by the presence of R
DMSOwhich suggests that the exed state that ultimately emits light is unaffected by the
presence of PPjor DMSO. Whether any interaction at all takes place cannot be determined from
the data, but DMSO and acetone are too similar to see marked differences.
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The emission spectra d10-2 without and with PPkpresent are similar. In the former caae
small peak can be seen around 510 nm but could be due to noise. Both spectra are however
slightlydifferent from the solvent spectrum shown Figure4-8. Emissionif present is only very
weak but was observeat higherconcentration (Figure4-12). Only when DMSO is present in
addition to PPhis emission clearly observed. The overall intensitthe spectrumbelow 550 nm
is lower compared to the two other spectra, baiclear peak is seen at 520 nm.

As discussed in the previous sectipesnissivity is likely due to ligafmhsed transitions but
interaction of the complex with DMSO or RRbuld still effect heses transitions. Even if no
effect of PPhor DMSO on therée ligand was observed, interaction with the metal centre can
affect the electron density of the ligand. In addition, if one of the coordinating groups of the
ligand or the entire ligand (temparily) unbinds, these additives could instkeoordinate and
stabilise the metal. The less restricted or free ligand could then be emissive.

Some interaction of PRith Mo-2 would not be unexpectedc(f. thermal OAT between PPh

and Mo complexes iBection 3.1.2. The nature of interaction, whetheavould PPBoccupes the
sixthcoordination site of molybdenum or interacts with one of the oxo ligands, is not known. In
this work, DMSO has been found to be a better solvent for molybdenum complexes thaneaceton
and for PPk strong binding to molybdenumomplexes has ke reported!!* The eistence of
different species of the form [MogL-2)D] (D = DMSO, PRlacetone) in solution sams likely.

4.3.4Fluorescence spectroscopf/Mo-1, Mo-2, W-1 andW-2 in DMSO in the
presence or absence of RRImd OPPh

The effect of the metal centre on emissivity has been studied in DMSO by comparing the spectra
of Mo-1andW-1 as well adMo-2 andW-2. In addition, the effect of specigslevant to OAT has

been nvestigated by measuring emissivity of these complexes after addition afdPEiPPh

The emission spectra 8o-1 andMo-2 in the absence and presencePh or OPPhare shown

in Figure4-14, those ofW-1 andW-2 in Figure4-15.
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Figure4-14: Emission spectra do-1 (0.022 mM, left) andio-2 (0.015 mM, right) in DMSO witind without 300
equivalents of PRtor OPPhadded. Absorbare 2 ¥  ad41®nm: § <

The emission frorMo-1 andMo-2 is very weak. Compared to the solvent backgroufidfre4-8)

it seems that only the sample dfo-2 containingno additive shows significant emission with a
maximum at 522im. Whether the sample d¥lo-2 containing PPhis emissive or not is not clear.
Emission from these two sample would be consistent with results from the previous sections.
Concentrations are, hwever, lower, resulting in even weaker fluorescence.

The emision spectra ofV-1 andW-2 are shown irFigure4-15. In contrast to their molybdenum
analogues, both tungsten complexes are highly emissive and unaffected by the mreddieh
or OPPh The emission band W-2is found at 516im whereas inW-1it is redshifted to 547 nm

and has a lower intensity.
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Figure4-15: Emission spectra §%-1 (0.18 mM absorbance of 0.)4andW-2 (0.15 mM, absorbance of 0.13) iMBO
with or without 300 equivalents of PRtr OPPhI R R &R @10 rm.

In thetert-butyl substituted compleX-6 (Figure4-16) the emission band is found at 573 nifi.
Although, emission of-6 was recordedri MeOH and a solvent dependence of the band position
exists, it seems reasonable to conclude that elattdonating substituents lead to a redshift
while electron withdrawing substituents lead to a blue shift of the band position, similar to the
findings br Mo complexes (chapter 4.3.2).

N OH NO O
\n/
/W\‘

OH o ©

Figure4-16: Structure othe tert-butyl substituted SAP ligar5 (left) and tungsten comple#-6 (right).

Emissivity of the tungsten agplex4-6 was studied byVanget al.together with the
corresponding ligand-5.1% The ligandi-5 only showed a weak emission band at 550 nm upon
excitation at 425 nm whereas6 was hghly emissive with a band centred at 573 nm. Calculations
of the geometriet-5 and4-6in the ground and excited state showed that the ligand experiences
substantial twisting upon excitation, trethedralangle between the two aromatic rings increases
from 37 to 76 °. The coordination to tungsten restricts the movement of the ligand and the
geometry of4-6 changes less drastically upon excitation (14 ° to 20 °). The higher rigidity of
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results in less egrgy relaxation and hence a higher emissivity tivathe ligand. These findings
agree with those by Petkaat al.regarding excited state twisting leading to noadiative decay in
L-1.177

While the high emissivity &/-1 andW-2 in this work follows the findings of Warg al., the
argument based on geontry alone cannot explain differences between theot metals.

From the UWis spectrum ifrigure4-7 it can be seen that the assumed LMCT band (the band
lowest in energyinthe tungsten complexes shows higher absorbance thaheémolybdenum
complexesout this might in fact be g to the ligand based band around 350 nm which is much
broader compared to molybdenum complexes. Higher absorbance of this {pset] band at

the excitation wavelength of 410 nm would allow to excite more of the emissive bands and thus
lead to higher erission intensity. The difference betwe&to-2 andW-2is on the order of 100

fold and seems too high to be based purely on absorbance of ditfé@nds.However, ind-6 the
LMCT band was calculated to be at 230 nm which is substantially higher in emengg the
molybdenum complexe¥?

Similar differences between molybdenum and tungsten complexes were also observed in
different ligand systems. Ramesal.reported a substantial imease in emission upon
complexaton of a quinoline ligand to tungsten but only a slight increase upon complexation to
molybdenum. They attributed this difference to the position of LMCT excited states which
constitute path for norradiative relaxation. Ithe molybdenum complex, the LM®&nd

overlaps with the lowest energy ligand based transition, while in the tungsten complex it is
situated at higher energy, higher than the ligand based transition and thus does not provide a
non-radiative relaxation pathay 18°

If the LMCT band iw-1 andW-2 is similarly high in energy, the question rises what the nature of
the lower energy batisare, and more importantly, itvould follow that comparison of
spectroscopic properties between molybdenum and tungsten complexes in this projdesare
useful.

Both tungsten complexes catalyse OAT, Witf2 being as active adlo-2, andW-1 far less ative.
Mo-1is much less emissitkan the two tungsten complexes which suggests again that there is
not link between activity and emissivity. As emissivity seems to be due to Hugseall transitions,

it could be that catalytic activity on the other hargldue to the LMCT transition hesthe two do
not correlate. The overlap of bands in the W\ spectra hides this separation, a clear wavelength
dependence was not observed in OAT (chapter 3.3.3).

165



4.3.5Conclusions

Emission spectroscopy has shown thgandsL-1, L-2 andL-4 are much more emissive than the
corresponding molybdenum complexes. The emissivity of complexes in acetone also vastly
differed. Mo-1 andMo-7 were nonemissive whereablo-4 showed the highestmissivity, in line
with its designhaving an electron donating and an electron withdrawing substituent. Although,
emission wavelength increases with the Hammett parameter, this correlation is weak and more
importantly, no correlation with OAT activityseen.

Comparison oMo-1, Mo-2, W-1 andW-2 in DMSO showethe tungsten complexes to be much
more emissive than their molybdenum counterparts. They were also unaffected by additives, PPh
or OPPRh Mo-1 andMo-2 were practically noremissive except fdvo-2 in the presence of PRh

The comined results so far suggest that emissivity is actually due to lipasdd transitions
centred around 350 nm. Complexation to molybdenum hinders this ligpasgd emission,
whereas tungsten does not reduce or even enhances it (a direct comparison beligia@et and
tungsten complex under identical condition was not done).

4.4 Measurement of the excited state lifetimes of MdMo-2 and W1, W-22

Excited state lifetimes dflo-1, Mo-2, W-1 andW-2 were measured in DMSO in the presence or
absence oPPh or OPFh;. Excited state lifetimes dflo-2 and -2 were also recorded in acetone,
with successive addition &fPk and DMSO.

Excited state lifetimes were measured by thoarelatedsinglephoton countingon an Edinburgh
Instruments FLS98(pectrometerin DMSO. &nples were deaerated and put under nitrogen.
Excitation was done at 473 nm which should only excite the LMCT band accordingyis UV
characterisation. Although most OAT exipgents in this work were done with light of 410 nm
wavelength, catalytic actiwitwas also observed at 460 nm which sufficiently close to 473 nm.
Sample concentrations giving a Wié absorbance of 0.1 were chosen.

The obtained emission decay curves wiitted using one exponential using the software
provided with the instrumentThe process of data fitting is explained in more detail in section
4.4.1.
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4.4.1Timeresolved luminescenasf Mo-2 and E2 in acetone

The emission decay profilesdib-2 andL-2 in acetone are shown iRigure4-17 and the
calculated lifetimes ifTable 48.
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Figure4-17: Emission decay profiles obtained &15 Y &=473nm, under nitrogen for a 0.012 mM solutioh-&f
(left),and 0.020 mM solution dflo-2 (right), containing 10 equivalents of BP8.5 M DMSO or no additive.

The decay profiles were fitted with exponential curves of the form shovgumationd-2. The
linear portion of the profile was identifiehround D to 25 nsfor the profiles inFigure4-17) and
fitting performed on this interval. Single, double and triple exponential fitting was tested.

0Q0 6 6 zQwn %t 6 zQan %t o8
Equatiord-2
However, use of more than two exponentidlisl not provide meaningful results.

Single and double exponeatifitting of purel-2 and Mo-2 are shown irFigure4-18. Therelevant
results of the fitting are given ihable4-7.
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Figure4-18: Emission decay prtds ofL-2 and Mo-2 with single and double exponential fitting curves and residuals.

Table4-7: Results from single and double exponential fitting as showigimre4-18.

1/ standard | Relative 2l standard | Relative v?
ns deviation | contribution/ | ns deviation | contribution/ | (goodness
% % of fit)
L-2 3.2 |0.03 1.456
0.2 |0.01 2 3.23 | 0.05 98 0.879
Mo-2 3.2 |0.17 1.065
0.2 |0.05 11 3.4 |0.17 89 1.091

FromFigure4-18it can be seen that the addition of a second exponential did not improve the
fitting as both curves are practically identical in both cases. This is confirmed bgrtheponding
values given inTable4-7. ForL-2 the additional exponential results in an additional very short
lived component of only 0.2 ns, whichl@ver thanthe spectrometers operational range, and
only contributes2 %to the total decay profile.; is essentially unchangeth the case oMo-2 a
similar, short lived component is added but with a higher contribution. Nofédnre4-18 that

the interval had be slightly increased in order to obtain a meaningful fit.

20
18
16
14

H
o
Residuals

I{)ON&mm

Sinceusingmore than one exponential did not improve the fitting of the decay profiles only single
exponental fitting was performed in subsequent experiments.

The lifetimes obtained from the decay profilesLe andMo-2 with and without added PRtor
DMSO Figure4-17) are shown imable 48

168



Table4-8: Excited state lifetimes &f2 and Mo-2 in acetone.

Excited state lifetime / ns
I Qem <
550 nm

L-2 3.2+0.03(1.5)
+ PPb 3.3+£0.04 (1.3)
+DMSO 3.31£0.05(1.5)
Mo-2 3.2+0.17(1.1)
+ PPb 3.4+0.7 (0.95)
+ DMSO 3.4+0.17 (0.9)

<ex = 472 nm, in acetone, underii? values
(goodness Bfit) are given in brackets

The decay profiles af2 andMo-2 do not significantly change upon addition of either P&h
DMSO. The calculatdifietimes are identical within error within the sets of ligand or complex but
also betweer-2 andMo-2. The nsensitiviy of the ligand to additives is consistent with finds

in previous sections. From the WAlsspectra(Figure4-9 and section 4.2.1)t can be seen that
different transitions should be excited into, LMCMa-2and nii 2 L. Nd oferlap with

other bands occurs at the excitation wavelength of 4#8 n

From sectior.3it seemed that emission is due to ligabdsed transitions. As mentioned, time
resolved luminescence was measured after excitation at 473Atrthis wavelength, only the
band belonging to the-Keto isomer of the Schiff base shoulddsecited which, ir-1, was found

to be emissivé!” In the samples wittMo-2 the keto isomer can only occur in the free ligand that
could be present in equilibrium with the complex. Emission only resulting fronistiser would
explain the within error identical results obtained witt2 and Mo-2.
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4.4.2Timeresolved luminescenas Mo-1 and Ma2 in D

Emission decay profiles bfo-1 are shown irFigure4-19, thoseof Mo-2 in Figure4-20with the

lifetimes obtained from fitting shown imable4-9.

MSO

Mo-1"H

Mo-1 + PPh,
Mo-1 + OPPh,

A
A i
: - Mo-1"" 1
+ Mo-1+ PPhy 1000 4 Py
1000 j Mo-1 + OPPh, P
K : )
2 i 8
c " 3 0
3 . 3
i : 5} .
1004 * 1004
i !
4 .~
104 :
20
Time/ns
Figure4-19: Emission decay pitdls @ G F AY SR 4 puHp YY

Time / ns

6t STGO
0.056 mM solution of Md, containing 300 equients of PPY 300 equivalents of OPfdr no additive

YR ppn

yY

A
. MO_ZCOOMe,COOMe ; ‘i\
+ Mo-2 + PPh, ".‘\
10007 Mo-2 + OPPh, 10004 Pk
.: \:}5‘ . MO_zCOOMe,COOMe
g 2 : s, - Mo-2 +PPh,
& 3 i Mo-2 + OPPh,
o 3 )
o 3 : ‘
100 1004 ¢ 5 f?; ’:‘;v
o) -
i e
i i
] :
: | I
20 40

Time / ns

Figure4-20;: EnissionRSOF &8 LINPFAf Sa 20601 Ay SR

0.013 mM solution ofMo-2, containing 300 equivahes of PPk 300 equivalents of OPRdr no additive.

Time / ns

I eiF 478 mmp ungleinitrogerSar & 0

The emission decay profiles for both complexe§28 mm are very similar as are the profiles at
550 nm, notably they have a similar slope, i.e. decay rate is equal. The profile of the sample of
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Mo-1 with added OPPJand thoseof Mo-2 in the presence of PRkliffer from the two other cases
in each set. fie de@ying part of the profile oMo-1 + OPPhappears however, to be still parallel
to those ofMo-1 andMo-1 + PPBmeaning that decay rates asémilar.

The obtained lifetimes reflect these similarities. The addition ofsR¥Pklo-1 has no effect on th
lifetimes. The addition of OPRP&eemingly increases the lifetimes both at 525 and 550 nm but this
difference of 0.7 and 0.8 ns is likely insignaint.

In contrast,Mo-2in the presence of PRliffers from the two other cases. The calculated excited
state lifetimes ofMo-2 are identical at 525 and 550 nm and identical within error to the lifetimes
in the presence of PBRhwWhen PPhis added taVio-2, however, the excited state lifetimes
increase by around 2 ns.

All calculated lifetimes fall within thenge ¢ 2.7 to 6 ns with those d¥l0-2 being on average
shorter than those oMo-1. No reason that would explain whyo-1 was found to be inactive
whereasMo-2 was active in the OAT catalyst screening experimergedtion3.2 are apparent.

The lifetimesobtained forMo-2 in DMSO are comparable to those obtained in acetone in the
previous section excepted for when BRVas added. Even if emissiorisly ligand based,
differences were stibeen between complexes (see chapter 4.3.2), hence differenchs in t
exdted state lifetimes are plausible.

An argument could be made that these differences are insignificant. Lifetimes and differences are
on theorder of ns which is close to the lower end of the detection limit of the spectrometer. The
goodness of théitcodzf R | £ &2 & Galuds ¥redNdalg Sole td'r.

Table4-9: Excited state lifetimes ®flo-1 and Mo-2 in DMSO.

9EOAGSR adlid& ftAFSGAYS k ¥
525 nm 550 nm

Mo-1 5.3+ 0.02 (2.6) 4.8 +0.06 (1.4)

+ PPh 5.3+ 0.02 (2.3) 4.7 +0.06 (1.2)

+ OPPh 6.0 + 0.02 (1.7) 5.6 +0.04 (1.3)

Mo-2 3.1+0.01 (1.8) 3.1+0.01 (1.7)

PPh 5.2 +0.03 (1.7) 4.8 + 0.051.6)

OPPb 2.8 +0.01 (4.0) 2.7+0.02 (3.6)

<ex= 472 nm, in DMSO, undepd? values (goodness of fit) are given in brackets
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4.4.3Timeresolved luminescenasf W-1 andW-2

Emission decay profiles -1 andW-2 in DMSO with and without addd€@Ph or OPPhare
shown inFigure4-21 andFigure4-22 respectively, with the lifetimes obtained from fitting shown

in Table4-10.
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The lifetime calculated foWV-2 are within error identical and unaffected by additives. The
lifetimes ofW-1 are slightijlonger, by ~1.5 ns, with the exception of the sample containing ©PPh

which has lifetime 2 ns shorter similar to the samplegve2.

Table4-10: Excited state lifetimes a¥-1 and W-2in DMSO

OEOAGSR &l G& f
525 nm 545 nm

W-1 4.2 +0.05 (1.3)
+ PPh 4.8+0.06 (1.2)
+ OPPh 2.4 +0.05 (1.2)
W-2 2.7+0.01(1.2] 2.8+0.01(0.9)
+ PPh 2.7+0.06 (1.2] 3.2+0.04 (1.5)
+ OPPh 2.8+0.01(1.1] 2.8+0.01(1.9)

<ex =472 nm, in DMSO, undepd? values
(goodness of fit) are given in brackets

Similar to the previous section, these differencesild be insignificant, although the fitting of the
decay curves for the tungsten complexes is much battenpared to the molybdenum complexes
0 2values are close to 1).

4.4.4Conclusions

Excited state lifetimes obtained fdo-1, Mo-2, L-2, W-1 andW-2 were in the range of 2 to 6 ns.

Data on similar SAP based complexes is not available, but the values ealéotét2, Mo-1 and

Mo-2 are comparable to those for a dithiocarbazate ligand (3 ns) and corresponding molybdenum
complex(4 ns) reported by Pramanék al.*®* The excited states of thé-1, 4-2 and 2-8 discussed

in the introduction to this chapter are, however, much longer lived (10 to 100 ps) than those of
W-1andW-2.

Lifetimes ofMo-2 andL-2 in acetone were identical within error and not affected by addition of
PPhand DMSO (3.2 to 3.4 ns).

Overall, the lifetimes dio-1in DMSO were on the upper end of the range, followed\by,
whereasMo-2 andW-2 had shorter lifetimes. There could ba afluence of the substituent,
however, the differences are so small that their significance is questionable.

Importantly, no difference in the lifetimes between the four complexes, on themselves or with
added PPHior OPPh was seen that would correlateith OAT wheréMo-1 was inactive\W-1
showed low activity antlo-1 andW-2 showed similarly high activity.

Excited state lifetimes need to be sufficiently long to allow a reaction to occur. Diffusion occurs on
the nanosecond time scale in most solveti&The lifetimes calculated fdvlo-1, Mo-2, W-1 and
W-2 are on the lower end of this scale. There is no evidence for a significant ground state
interaction between any of the complexes studied and fRdticating that the photoreaction
proceeds through a transient encounter between a complex and.FARis may also partially
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account for reaction times on the hour timescale. A longer excited statenidedoes not

necessarily lead to an increase in overall rate or conversibe éxited $ate species is not

involved in the rate determining step as is the case for examgleeitrifluoromethylation of
quinoline catalysed by different polypyridyl iiidn(l11) complexe$® Furthermore, in the absence

of a clear longdived excited state the shotived emissive states studied using time resolved
spectroscopy may not be chemically relevant. It also has to be considered that the excited state
that is involved in catalysis is not necessarily emissive.

4.5 Summary

U\AVis chaacterisation has been carried out of the molybdenum and tungsten complexes
synthesised in this work. Emissivity of some compleikes, Mo-2, Mo-4, Mo-9, Mo-12, Mo-13,
Mo-15andMo-16) and ligandsl{l, L-2 and L-4) has been measured. For ligand and
complexedMo-1, Mo-2, W-1 andW-2 emissivity and excited state lifetimes were recorded and
the effect of substrates relevant to OAT, RRBhd OPP$) on these characteristics stuadl.

Differences in the U¥is spectra due to substituents were unexpectestiyall with the exception
of complexes bearing additional chromophoritg-4, Mol5andMo-16. These chromophores
give raise to new bands that overlap with the LMCT band. Havihghédpsorbance these bands
are preferentially excited into which could be theason for their catalytical inactivit@ shiftin
positionand change in intensity were also obsenadreplacing molybdenum with tungsten

The enissivity of complexegaries drastically. Molybdenum complexes are less emissive than
their correspondingifjands and tungsten complexes were much more emissive than their
molybdenum counterparts. A weak correlation witte Hammett parameter was observed, but
no correlation wih OAT activity. Analysis of the fluorescence experiments suggested that
emission iglue to ligand based transitions and that the nature of transitions in tungsten
complexes could be very different from the molybdenum ones.

Lastly, excited state lifetimasf L-2 and Mo-1, Mo-2, W-1 andW-2 were found to be in the range
of 2 to 6 ns. Somensall differences were observed between complexes and depending on
addition of PPhor OPPB, but these differences could be insignificant. Importantly, the lifetimes
do not correlate with the OAT activity of the complexes.
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Chapter 5Conclusions and future work

In this work several substituted ligands based on SAP were synthesisebamadterised byH
and®®*C NMR spectroscopy, FTIR spectroscopy, elemental analysis and ntassrsgtey. These
ligands were then coordinated to the molybdenum dioxo (MdJcoreyielding complexes of the
form [MoG,(L)(MeOH)] and [MofL)]. Two dioxo tungsten complexes of the form M{]] were
made with ligands-1 and L-2. All complexes were characterised ¥y and**C NMR spectroscopy,
mass spectrometry, elemental analysis afddREspectroscopy. Crystal structures were obtained of
Mo-2, Mo-7 andW-1. Characterisation data of the new complexes were similar to those of SAP
based complexes reported in literature.

The effects of substituents on the SAP backbone were studiéd B(MRand ATRR
spectroscopy. A weak linear correlation between the chemical shift of the imine proton of the
molybdenum complexes and the Hammett pareter of the substituent as well as between the
symmetrical stretching frequency of the M=0 bond and the Hattiparameter were found.

Differences between the complexes in the solid state were obseiMedl, Mo-2, Mo-4, Mo-5,
Mo-6, Mo-7, Mo-9, Mo-10, Mo-14, Mo-15andMo-16 are of the form of [MoQL)(MeOH)] and
are monomeric whereallo-3, Mo-8, Mo-11, Mo-12, Mo-13, W-1 andW-2 are of the form of
[MOx(L)] (M = Mo, W) and form dor oligomers. The later form could be obtained from the
monomeric one by heatg, while the diand oligomers could be broken up into monomers by
addition of a suitable solvent, MeOH drangly coordinating solvent, such as DMSO or DMF.

In addition to the abovanentioned characterisation, the synthesised complexes were also
characterised with regard to their intended role as photoactivated OAT catalystd/is)/$pectra

were recorded of bhcomplexes while emissivity and excited state lifetimes were only measured of
selected complexes.

U\AVis spectra were unexpectedly similar, eptfor complexe$io-4, Mo-15andMo-16 which
contain additional chromophores. Theses chromophores gave t@isew strong bands that
overlap with the LMCT band, the lowest energy transition found around 420 nm in molybdenum
complexes. The nature of traitisns in the tungsten complexes was assumed similar to those in
molybdenum, but emission spectroscopy andited state lifetime measurements suggest

marked differences, with an LMCT transition of higher energy in the tungsten complexes.

Emission bands we observed around 500 to 590 nm of selected complexes and ligands after
excitation at 410 nmThe nolybdenumcomplexes were found to be less emissive than the
corresponding ligands with some being remissive, while tungsten complexes were
substantiallymore emissive than their molybdenum analogues. Emission around 525 to 550 nm
occurred after excitation df-2, Mo-1, Mo-2, W-1 andW-2 at 473 nm and the lifetimes of the
corresponding excited states were found to be in the range of 2 to 6 ns. The presence of PPh
OPPhhad small effects on emissivity and lifetimes but differences between lifetimes were
consideed insignificant.

The ombined spectroscopic experimergsggested that emission occurred from intrgand
transitions and that there could be a marked difference between processes in the excited state
between tungsten and molybdenum complexes and betwdgferent molybdenum emplexes.
More work is needed to fully understand these processes including varying the reaction
conditions under which emissivity and lifetimes were recorded, use of different solvents and
excitation wavelength, as well as analgsother complexes and o@sponding ligands.
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Computational work to calculate differences in energy and geometry between states would
greatly help analysis.

The potential of the molybdenum and tungsten complexes to act as photoactivated OAT catalysts
was asessed using PRds the oxygen acceptor and DMSO as the donor and solvent of the
reaction. Solutions ahe respectivecomplex and phosphine in DMSO were irradiated for 3 h at

410 nm and conversion of the phosphine determinediyNMR spectroscopy. CotegesMo-1,

Mo-4, Mo-15andMo-16 were inactive while the highest activity was observedMo-2 and W-2.

A weak linear correlation between the Hammett parameter of the substituent and the conversion
were observedn line withthe trend observed in thermdAT that electron withdwing groups

are beneficial to catalytic activity. The Hammett parameter had to be modified for acid and ester
groups to account for electron delocalisation.

Catalytic activity was not only influenced by the electron withdrawirgaciy of substituents,

but also depended strongly on whether a substituent was located on the former amine aromatic
ring or the aldehyde ring but not on the position on a given aromatic ring. This could be due to the
electronic communication between thevb aromatic rings as wWehs between ligand and metal

during excitation.

The screening of catalytic activity of all complexes had revedte@ to be the most active
complex. Further catalytic studies were therefore carried out with this complex.

First, seeral other phosphine and sulfoxide substrates were tested. While faster conversion was
observed using PRMe and PPhMgnstead of PPhand anongst others, dp-tolyl sulfoxide

instead of DMSO in acetone, no clear trend was observed using substitutedriietween

different sulfoxides. Interestingly, it was found that aromatic OH groups hinder OAT, but the exact
reasonfor this behavioumwas rot determined.

Second, studies of the underlying mechanism in photoactivated OAT were carried out.

A goichiometric reaction ofMo-2 with PPRwas performed in order to analyse the reduced
molybdenum complex and identify whether comproportionation and diisegtion, as reported
for some molybdenum complexes in thermal OAT, occurred.

Analysis of a solution &flo-2 and PPh in acetone that was irradiated at 410 nm over night-Hy

NMR spectroscopy, WVis spectroscopy, LIFDI mass spectrometry and ATIR analysis of the
residue after removal of the solvent suggested the formation of (primarily) monomeric Mo(IV),
but the Mo{V) dimer was also detected by mass spectrometry. SimilaysisadfW-2 was

inconclusive as decomposition of the complex occurred after OAT. In the future, maodification of
the reaction conditions to allow tungsten complexes to be studied, as well as ctadlyer
molybdenum complexes could provide additional ihssg Further information on the reduced
species could be obtained from EPR spectroscopy, distinguishing between Mo(V) / Mo(1V) in the
singlet / triplet state. Ultimately, a crystal structure dietreduced complex could prove the
presence of the reduced spies in the +4 or +5 oxidation state.

Analysis of the kinetics of the reaction betwedin-2, PPh and sulfoxide in DMSO or acetone
using VTNA revealed a strong dependence on the solvent andexpected dependencef
reaction rateon catalyst concentratin: at concentrations below 1 mhe rate increased linearly
with catalyst concentration while above 1 mM it decreased exponentially.
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5.1 Possible mechanism of photo activated OAT

Large parts of tis project focused on investigating the mechanism behind phctivated OAT.
The following is a summary of the results relevant to the mechanism:

1 OAT requires light activation (section 3.2.4)

1 Mo-1, Mo-4, Mo-15andMo-16 are inactive(section 3.2.1)

1 No corelation between activity and wavelengflection 3.3.3)Exdtation at 365 and 410
nm excites both the ligand centred transition and the LMCT transition, at 460 nm only the
latter is excited.

1 Electron withdrawing substituent is requirethéar increasén activity with the Hammett
parameter, better correlation vifh improvedHammett parameter of acid and ester
substituents (section 3.3.1)

1 Reaction ordes(section 3.6.4):

o0 In acetone: 0.5 for PRJ0.5 for DMSO, but 1 f@02; Mo-2: linear increase
below 1mM, exponential decrease above 1 mM

o0 In DMSO1 for PPk Mo-2: no increased activitgbove 1 mM deactivation at
lower conentration

1 Stoichiometric reaction dflo-2 with PP most likely generates Mo(I\{3ection 3.7.5)

Ligand centredransitionat 365nm, LMCT at 418m (section 4.2.1)

1 Smilar U\Vis spectra fomostcomplexegMo-2, Mo-3, Mo-5, Mo-6, Mo-7, Mo-8, Mo-9,
Mo-13), but different activity(section 4.2.2)

=

Possible mechanissof photo activated OAT will be presented subsequeattgr some genera
considerationsind their agreement with the abovwesults discussed.

In all cases the reaction starts with absorption of light by the complex. The absence of a clear
effect of the excitation wavelength (365, 410 or 460 nm) suggests that the same esteiteds
ultimately generated from which the reactiqproceeds, or that due to band overlap the lowest
energy transition (LMCT) is excited in all cases and initiates the OAT. The difference in absorption
between the threewavelengthglid not affect the reation. The reaction could be limited by the
intensity of the excitation sourcer the rate limiting step could be different from this excitation
step.Complexes containing additional chromophoré&ség-4, Mo-14, Mo-16) were inactive

possibly due to transitios involving these chromophores having much strorageorbance but

leading to inactive excited states.

The correlation between the (improved) Hammett parameter and the catalytic activity suggests
anelectron density increasenhich is stabiled by the eletron withdrawing substituent. Electron
density ismcreasedn the metal centraipon reductionto Mo(lV)but stabilsation could also be
important at other points during reaction.

Regarding formation of dimerised Mo(V), the results from the stoichiomegectionbetween

Mo-2 and PPhsuggest this proceds only have a minor contribution ifis at all present. Its
occurrence may depend on the solvent and substrates used and even the complex. Dimerisation
could even contribute to the difference in adtivif it occurs different degrees between the
compkexes tested and lowers the concentration of active catalyst. Since the mechanistic work was
mostly done using onlylo-2 and no indication of dimerisation was seen during complex

screening, it will not beonsidered in the mechanism.
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In the simplest mechanism of photo activat®d\T the complex only functions as a sensitizer and
activates either PRjor the sulfoxide with the OAT only occurring between the two substrates.
Such a mechanism, where oxygenratdonor and acceptor directlyansfer oxygen without
involvement of a metal complex was proposed as a possible pathway in the dehydrogenation with
the tungsten comple-16 (see section 1.4.3Y.In the present work the stoichiometric reaction
betweenMo-2 and PPh(see section 3.7) yielded ORRImd the reduced Mo complex that had

lost one of its oxo ligands, showing that photo actehOAT proceeds via the met@mplex, as

is the case in thermal OAT.

Thesecond possible mechanigparallels the thermal reaction but starts with excitation of the
molybdenum complexSchemeb-1). Only the photaactivated complgisthen attacked by the
phosphineto yield phosphine oxide and the reduced molybdenum compAaiditional activation

of the reduced Mo(IV) before reoxidation by the sulfoxide is also possible but was not studied in
thiswork.

Excitation of the compleesults in a LMCT transition which increases the electron density on the
metal centre. This would weaken the Mo=0 bond through population of the Mo=0* antibonding
orbital.

PPh,
[Mo(V)O,] —>~——= [Mo(IV)O] + OPPh,

DMSO
hv

[Mo(V1)O,] DMS

Schemé-1: Potential, simple mechanism for photoactivated OAT from DMSO tp PPh

This mechanism is consistent with the results of the stoichiometric readtiaihe thermal
reaction the increase in activity due ébectron withdrawing substituents has beerplained as
these substituents lowering the electron density on the [Mpgare which facilitates the
nucleophilic attack of the phosphirt€ This explanation is contradictory to the electron density
increase due to the LMGIhd might not apply tothe photo activated reactionThe strong
dependence of the ring the substituent is attached to could also point tacthislusion. In
addition, gabilisation of the increased electron density on the [MoO] core inrdguced Mo(lV)
by electron withdrawing substituents could play a role.

A shortcoming of this mechanism is its simplicity in that it cannot explairethdtsof the kinetic
analysis whre a strong dependence of the solvent, sulfoxide and catalyst concentration was
observed andhe order in reactants wsalso different from those observed in thermal reactions.

A third possibility of a mechanism is based onkmy Clarkeet al. on the photoactivated OAT
from DMSO to PRftatalysed by iridium complexeS¢hemes-2).19In this reaction, where OAT
does not involve a metal compleXé excited iridium catalyst is reductively quenched bysPPh
producing a phosphine radical cation which then reacts with the sulfoxide to give the phosphine
oxide and a sulfide radical. This sulfidelical can either react with the reduced?f]rand the
catalytic cycle starts again, or it can react with freshs®#propagate the radical chain.
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PPh,

[r**7.
+e
PPh; R2S
R,SO
hv [Ir2*] ?
OPPh;
R,S
[1Ir3*] PPhg
R,S
_ . _
F Ir/ 3 PF6

3+ —
[lr ] - F3C% 2
X
F

Schemé-2: Suggested echanism for photoactivated OAT between P&itd RSO catalysed by an iridium complex.
Adapted from Clarke et a1®*

Based on the above examples, an alternative mechanism for the O#&msstsidied in this work
is proposed irschemes-3.

The first step is thexitation of the molybdenum compleéx2. This would then be followed by
reductive quenchig of the excited state by the phosphine yielding the phosphine radical cation
6 and the negatively charged compl&x4 where the electron could be located on the takgiving
Mo(V) or on the ligandRadichcation5-6 is then attackngthe oxo ligand othe electron richs-4
giving the phosphine oxide and transferring a second electron onto molybdenum to give the
reduced Mo(lIV)Regeneration 05-5with DMSO would filow the conventional thermal OAT
mechansm.
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o+
DMS + PPhj

5-6
PPh,
PPhs DMSO
[Mo(V)O,I ———= [Mo(VI)O,] + PPhs %» DMS"
5-3 5-4 5-6 OPPhy "
@ [Mo(VI)Oy]
hv l/ 5-4
Mo(V)Oz] [Mo(IV)Q]  + OPPhg [Mo(VI)O,] + DMS
DMS DMSO 52
5-2 5.5

Schemés-3: Potential mechanism for photoactivated OAT from DMSO teifRéhhding two pathwaywith and without
direct involverent of the molybdenum complex in the OAT.

The mechanism thus far (marked with 1Sohemeb-3) is very similar to the thermal mechanism
and the first possible mechanism present abo8ehemes-1). Howeve, additional paths are
possibleafter the reductivequenching stepAs shown 5-6 can also react with DMSO directly
which could be bond to the complex or a free solventiesalg giving the sulfur based radical
cation5-7 andphosphine oxide5-7 in turn could react with fresh PRpropagatinga radical
chain, or with5-4 closing the catalytic cycle.

In addition to the pathwayshownin Schemes-3 further branches of the mechanism are
possible 5-4 and5-6 reacting after quenchmig do not necessarily have to be the samelecules
between which quencinig occurred. Reaction &4 with PPh or 5-6 with 5-2 cannot be excluded
either. Whether all these possible pathways are followed, and which one is dominant will depend
on several fators, one being concentration of the spes involved which could exphaihe results

of the kinetic analysis in chapter 3.6.

Most complexesNlo-2, Mo-3, Mo-5, Mo-6, Mo-7, Mo-8, Mo-9, Mo-13) showed very similar UV

vis spectra around 410 nm (absorbance andition of the LMCT band) meaning thia¢y have a
similardifference in energy between ground and excited state. Higher activity of some complexes
could then be due to the ground state lower in energy which after excitation of one electron can
be more asily reductively quenched by the RREchemes-3).

This mechanism, in contrast to the previous possibility, is more complex due to the possible
pathways introduced by the presence of radicals. Due to this complexitethdtart rate laws

are likely too compxfor the kinetic analysis and obtained reaction orders which would rule out
this mechanism.

The two possible mechanisms presenteéthemeb-1 and Schemeb-3 would bepractically
identical without the additioal pathways in the latter with the reaction between RRhd 53
involving eleaton transfer (followed by transfer of YOBut neither of the two can explain the
results obtained in this work. Additional modifiaatis of the mechanism presented or a
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compktely new oneare needed.lt alsoseems likely that more than one mechanism or
mechanistic pathway could be involveddeperding on the reaction conditions. Based on the
kinetic analysis (section 3.6), a strong effef the solvent (DMS@s.acetone) andhe nature of
the sulfoxide (DMS@s.S02) was observedlhe changes in reactant order suggest a change in
the mechanismAdditionally, the catalyst seemed to affect the reaction rate in different ways
depending orits concentratiorwhich could be due tdifferent mechanisms or pathways
dominating depending on the concentration

In this regard, the chromium compléxl is aninteresting example. It catalyses the oxidation of
sulfides by PhiGschemeés-4), which, although differenfrom the examples in this work, still
constitutes OAT based on the overall reactiegBR QPhO->ROwWQ b t KL @

L i X
| |
5 . ©/ [CrO] \©\S//O N ©/

J

HOOC HOOC
X = OMe, OEt, Me, t-Bu, iPr, H, F, CI, Br, NO,

—N_ O N=
\CIZII'/

5-1

Schemé-4: Oxidation of sifide catalysed by a chroomin oxo comple><1.95

Subrananiam and ceworkers have studied this system and found that the mechanism depended
on the sulfide!®® Oxidation of electron poor sulfides (X is an electron withdrawing group) followed
a conventional OAT mechanism, where the sulfide attdbk oxo ligad yielding the sulfoxide

and Cr(lIl).

Oxidation of electron richer sulfides (X is an electron donating group) however proceeded by a
single electron transfer from the sulfide to chromium yielding Cr(IV) and a cationic sulfide radical
which then attacked he oxo ligand producing theulfoxide and Cr(lll) as well. In both cages,s
regenerated from the Cr(lll) species by PhIO.
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5.2 Future work

Itis clear that more work is needéd eventually find the mechanism(s) that govern photo
activaed OATin these compounds

In the stoidiiometric reaction betweemo-2 and PPhisolation of the reduced molybdenum
species would improve its analysis. A crystal structure would provide final prove of its nature.
Better conditions need to be found forétreacton of W-2 with PPR where decompaeition of the
tungsten complex occurs under current conditions

Measurements of emissivity and excited state lifetimes could be extended to include more
complexes and ligands, as well as conditi@ng,solvents, vith the aim to identify possible trends
between complexes and better understand the processes in the excited state. These
measurements would also benefit from computational work to determine energy levels,
structures and the nature of electronic transiti&n

OATIn the presence of radical traps BEPR analysis coudé used to determine the presence of
radical species as suggested in the previous sediBR spectroscopy could be used to determine
the presence of radical species. A phospHiased radicalvould be a strong indication for the
proposed mechanism while molybdenubased radicals could also stem from reduced
molybdenum as found in the conventional mechanism. A Disksd radical would also support
existence of the additional pathways without diténvdvement of the complex.

Involvemaent of radical species in the reaction could also be evidenced by addition of radical
guenchers such as TEMPO (2,2 Beframethytl-piperidinyloxy) that react with the radicals
generated during reaction thus stopgjrthe eaction. The product of this quehing can be
identified allowing determination of the radical species present during reaction.

Apart from investigations of the mechanisffiature work could focusnore on the substrate scope
and potential applicatins of fhotoactivated OAT with molybdenuand tungsten complexes. The
products do not necessarily have to be phosphine oxides and sulfides. Through choice of
substrate and experimental conditions, OAT could be performed in the reverse way to make
phosphinesand sufoxides from sulfides and phospta oxides. In addition, sulfones could be used
as the oxygen donor to selectively obtain sulfoxides.

OAT is not limited to phosphorus and sulfur as the donor and acceptor. OAT to olefins is well
known, although oftae the nmetal is not directly involved an@AT takes places between substrates
in the coordination spheré®®

Oxidation / reduction of carbon atoms & large and important field, veine any step in thehain
GH <> alcohol <> aldehyde / ketone < acid could potentially be achieved via OAT. The
additionally required oxygen acceptor / donor would ideally beQwater, as achieved by the
molybdenum ad tungsten enzymes, or any spexithat yields a useful or at least rtwkic by
product.
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Chapter Experimental

6.1 General remarks and Instrumentation

I KSYAOFfa yR &2t @0Syia &&NBX 266K A¢SRIRAR VKD &
Ct dz2 N2 OKSYWE NEf € &0 KC2NK EONCE vidi AURKRzHa R 6 A i K 2 dz
LIdZNA FAOI GA 2y dzyt S84 &Gl GSR 20KSNBA&SO

H ,*3C {H} decoupled and'P {H} decoupled NMR spectra were recorded on a E&$400D 400
MHz spectrometer’d NMR 400 MHZ3C NMR 10.6 MHZP NMR 161.9 MHz), a Bear AV500b
500 MHz spectrometeti NMR 500 MHZ3C NMR 125.75!P NMR 202.4 MHanda Bruker
AV600600 MHz spectrometeti NMR 600 MHZ3C NMR 150.9 MHZP NMR 242.9 MHZJhe
assignmenbf the spectravas aided bypEPT35 COSY, HMBC and HSQC rxaats.
MestReNovavasused for processingnd analysis of spectr&hemical shifts are quoted as ppm
referenced to residual solven€ouplingconstants are rounded to the nearest 0.5 Hz.
Abbreviations for multiplicity aras follows: s for singlet, d foloublet, t for triplet, g for quartet,
dd for doublet ofdoublet, td triplet of doublet, ddd for doublet of doublet of doublets, m for
multiplet, br for broad

le@e Lw aLISOGNF 6SNB NJsozNRS)Ryzquss mﬁmmmomf Y
9t SYSyidrt Ftyrteara o1 a O | INENS(SSRNJ 2! dylil 150831 ASEIDE DD
/£ OdA FGSR O2YLRANMNAYSRI & &S KHONIARIA e NEEA Rd
al da aLISO0NEYSaiNEANEsY @ 108 ININAER d ORED [A@uslﬁ@m
D/ ¢ t NBYASNI YIad &ALISOGNRBYSGSNI o[ LC5L0 FyR .
69¢pLal aaSa F2NJ Y2t @0RSydzY | yRadl diy¥Am ( R¥a LIAD G

] y

aSt RWI ia 6SNBE NBO2NBSRYy BNTFAO {{idtod NYSt (G Ay 3
Ay O2YLX SESa 61 a RSGUSNNYAYSR o0e2@¢®2dzNJ OKI y13

U)>|_— 6‘2

\BYAELJS@ﬁmlIISJ_JN‘BSD’ENR%MMynn Ay GKSYWI y3S
YySO0O 2N whrBdl G R SYAIKYMOBDYP

(/)> O(
N Z

Aaarzy a LIS OGN zémﬁnNSéEJiEéﬁﬂ&MSWYWM@'@SSG\
0 NRPES Yl S F2ft 28RYEI it N2 )ESINLBNIﬁl\XJQa/jﬁ)ﬁImeZ g AR
)\aa?gay-‘euﬁ(/ﬁ A)tﬁYZ cppn f+7\ S_MOQuJCEOYSszaJtAa_@UEH@m i ElSZ
K
u

<

AAAAA

b
halsi
&
%
2
£
Z
&
e
Z
2 &
b
» O
5 S
E
_H
> 19
2
> U
o
82
?
=
%

fATSGUAYSAE 6SNB NBO2NRSR 2y |y
h YR dzy RSNJ yA ORDAEY (b 0 KT i ®S
S LYR imypmpee5 y&2 @NIDEKs | SBOL BI5
£YATES o FGEK WSt aydYNES 235 ySi EaLIBNINSS 1 (B4
Yy nSplmdablyfiy2 IND & # NIS I v 8 558 YA Sy (- NNBUG
FyrfeaAira FyR FAOGGAYI 6SNB LISNF

LISNF2NXYSR |
LINE @A RIS i (|

{ Ay 3t SNOMBBAIGIEf £ 2INF LIKE oI LIS W 21 8801 8 S,

O2tft SOGBR2 W BIFWMR 5AFTFNI Ou)\2)/ { dzLi8 NBI2 A | (RA
0< I mopmnfiy{d /1/ 5 OF YSNI o

183



Table6-1: Overview on experimental conditions for fluorescence spectroscopy.

Chapter Compound Concentréion / | Additive | Concentration | solvent
mM [ mM
4.3.1 L-1 0.45 / acetone
L-2 0.07 / acetone
L-4 0.01 / acetone
Mo-1 0.02 / acetone
Mo-2 0.019 / acetone
Mo-4 0.009 / acetone
4.3.2 Mo-1, Mo-2, Mo-4, 0.05 aceone
Mo-9, Mo-12, Mo
13, Mo-15, Mo-16
4.3.3 L-2 0.02 / acetone
L-2 0.02 PPh 6.5 acetone
L-2 0.02 PPhand | 6.5 and acetone
DMSO | 5000,
respectively
Mo-2 0.02 / acetone
Mo-2 0.02 PPh 6.5 acetone
Mo-2 0.02 PPhand | 6.5 and acetone
DMSO | 5000,
respectively
4.3.4 Mo-1 0.022 / DMSO
Mo-1 0.022 PPh 6.6 DMSO
Mo-1 0.022 OPPh 6.6 DMSO
Mo-2 0.015 / DMSO
Mo-2 0.015 PPh 4.5 DMSO
Mo-2 0.015 OPPh 4.5 DMSO
W-1 0.18 / DMSO
W-1 0.18 PPh 54.0 DMSO
W-1 0.18 OPPh 54.0 DMSO
W-2 0.15 / DMSO
W-2 0.15 PPh 45.0 DMSO
W-2 0.15 OPPh 45.0 DMSO
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Table6-2: Overview on experimentabnditions for excited state lifetime measurements.

Chapter | Compound Concentration / mM | Additive | Concentration /| solvent
mM

4.4.1 Mo-1 0.056 / DMSO
Mo-1 0.056 PPh 16.8 DMSO
Mo-1 0.056 OPPB 16.8 DMSO

4.4.2 L-2 0.012 / acetone
-2 0.012 PPh 0.12 acetone
-2 0.012 DMSO 500 acetone
Mo-2 0.015 / acetone
Mo-2 0.020 PPh 0.20 acetone
Mo-2 0.020 DMSO 500 acetone

443 Mo-2 0.013 / DMSO
Mo-2 0.013 PPh 3.9 DMSO
Mo-2 0.013 OPPB 3.9 DMSO

4.4.4 W-1 0.32 / DMSO
W-1 0.32 PPh 96 DMSO
W-1 0.32 OPPB 96 DMSO
W-2 1.71 / DMSO
W-2 1.71 PPh 513 DMSO
W-2 1.71 OPPh 513 DMSO

6.2 Catalysis
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Figure6-1: Irradiation sé-up. Fully assemblddeft), plastic body (topight) and stand with electronics (bottoright)

LA

NMR tubes

NMR tubes

LED + additional electronic parts
LED L L4 1]
' !: reflective coating
combined heat sink / stand
top view side view
Figure6-2: Schematic top and side view of the irradiationget
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Table6-3: Summary of concentrations of complex and substrates and solvents usedifafitiaged types of catalysis
experiments.

QELISNAY/ KI LIi|Oo602YL[Oo6LK2alOoadzA F! RRA[{2f OSy[LNNI R
Y a K Ya K Ya K Ya K VY
O02YLX SEodH | |mm2miz2/onnz6tf 9EOSE & « 5a{1R nmn
A0NBSyodo a 2mc 3
M X THR
O2y (i NRf odH PoO|K onnz 06t 9EDSAE « 5 a {1 ocpx
F'yYR n
O2y G NRflodH Do K onnInotl on A 3Imdo K I OSER Y nmn
O2yiNRflodHdn|mMa@Eu O |[onnZ006t ondImol k I OSER Y nmn
O2YiNRfodHDP|K onnz Lot 9EOSaE m[mm| | OSGTR Y ocp X
HZ2 N0 ncahn
O2yiNRflodHPc|(madm 0 |onnZH0t9EOSAEE K 5a {1k y2yS
O2yiNRflodH DT | MadmO |[onnZ06tfonddmol el G§S|F OSGRY nmn
pn Y
O2yGNRflodHdy|MadmO |[onnZ.006t ondImool k I OSER Y nmn
O2yGNRflodH Dy onnInotl on A Imdo K I OS&R Y nmn
O2Yy &G NRflodHDPY|mMadm O |onnZH0t9EOSAEE K 5a{1R nmn
O2Y &G NRfodH Dy onnz Lot 9EDOSA & K 5a {1k nwmn
&ddzo &0 NJ odn Ma@HU |0oNnX0ot onAIm o K I OSGR Y nmn
a02 LS G2 mo
ddzoaliNJjodnodm Madu O |[onnZ06tonAdImo LIKSY | OSGRyY nwmn
a02LJ8 M AN
&ddz0 &l NJodp Ma@eU |onnmbe X onAIwo K I OSGR Y nmn
aoz2LlS t To0
ddzo &l NJodp Ma@aU |ontmbn X onAImoo K I OSGR Y| nmn
402 LIS tp Src Imot
1IAYySiAodcommadmy |G NASRIOIEOSAAE K 5a {1k nmwmn
1TAYSiAQodcdm Mmadm O | O NRASRY mp A Imdo| K I OSGR Y nmn
1AYySiA(odcdu|madm O |[onnzZot +lF NASIR K I OSGR Y nmn
HO
1TAYSiAQodcdu|mMadmO [onnZI006t +F NMIR K I OSGR Y nmn
HO
1AYSGAqodcdo|+l NmEGR onnz00t9EOSAAE K 5 a {1 nmn
HO
1TAYSiAQodcdo|£F NREGR onn006t ondImo K I OSGR Y nmn
HO
dG2A0KAodT M@ 2EH) M Htt KK K I OSGR Y| nmn
NB I OiA 7
d02A0KAodT M 2 TH) pI Htt Kk K I OSGR Y| nmn
NB I OiA 3 5a®MY N
"''d np cf
°Of YL Sa LINBLI NBR AYy AN

188



6.3 Synthesis

6.3.13-Formyi4-hydroxybenzoic acjd

o, 8
;
HO 7 3 0
4
6 OH

5

GeHsOs, 16613g/mol

I fAGSNYI GdzNB LINBSLI NF GA2Y 61 a4 dzaASRO®

la¢! osmpr ¥HY2f0 6l d RAA&2f OSR Ay UGNRTF d2NRI
RNRLIWAAS (2 | mAdRNBHE&EA2YW] 280 LR 60 IZ HMOT
dzy RSNJ YyAUNRISY OKSKESRAED dNB @&+ SRIND22 KA YEAD A
GKSy @&S8Sff2¢ YAEGdZNB 61+ & LRANBR Ayid2z n a |/ f

Aa2foled SFRRE N GA2Y YR ¢ &KS R Iag A200Ki oA yURSFEIT 1D @l

/ KI N} Ge§/NIRE GG O2yaAra®isyd sAGK £ AdSNI dNB @

'H NMR(400 MHz,DMS@> Hp c/ O0Y 4 T MHPYH OmI Z-8,8BI 0O |
(d, J = 2.5 Hz, 112 8.04 (dd, J= 8.8z 2.5 Hz, 1HH6), 7.08 (d, J = 8.5 Hz, 1HE) ppm.

13C NMR101MHz, DMS@s= Hp C/ 0 Y 5116401, 186 130.E, I22AM2 0O, @176
ppm.

ESIMS: negative iongalculated for (6HsO4): 165.0193found 165.0189error: 2.5 ppm.
Mp.: 230 °C

6.3.23-Formy#4-hydroxybenzoic acid methyl estér

(@) (@]
7
]
6 2
5 20
4 8
OH

GoHgO4, 180.16g/mol
! f AGSNY GdzZNB LINBLI NF GA2Y ¢l a dzaSR®
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MOM 3 ¢ YY2f0 61 a & deaLISARNRDEHDG AapdafaSdINA @ mMinOAYR 6 ndcc Y
gla FRRSR IyR G4KS YAEGdZNBE KSIGSR (2 NBFfdzE F2NJ ndp
G2 NR2Y GSYLISNI GdzNB (KS a2t @gSyid 61 a NBY2OSR dzy RSNJ I
RAGARY OORE ®UNBYF20ND | TGSNI 61 B2y Azi ARy KOMN YEDBI I ¥R RNE
ad{s6KS az2ft @Syl 61 & NBY2A3S R o & XKPZvaM2REzOG RNAX SR

] KI' N} OGSNR &L GA2y RI P O2yaradsSyd sAGK fAGSNI GdzNB O
IH NMR(600 MHz, CDER5°CY + ' MM®HH 00N a82m(dI=2BHAE, Py T 645 Ml
H2), 8.08 (ddj= 8.5Hz 2.5 Hz, 1H,H6), 6.93 @ 8.5 Hz, 1H, H5)8.85 (s, 3H, H9) ppm.

3C NMR151MHz, CDGE  H p 196.3) 65.4, 16A.9, 137.7, 136.0, 124.20.0, 117.8, 52.

ESIMS: negative ion, calculated for {8,04]: 179.035Q found 179.0347error: 1.4 ppm
Mp.: 76 °C

6.3.33-Aminc4-hydroxybenzoic acid methyl esté&

GHoNG;, 167.169/mol
L AGISON LOIdANIS G A 2% 61 & dzZASRO®
3-Amino4-hydroxybenzoic acid (500 mg, 3.3 mmol) was dissolved in dry M2l and
sulfuric acid (0.4 mL, 6.61 mmol) added whilst stirring. The mixture was heated to reflux for 22 h.
After cooling to room temperaturethe solvent was removed under reduced pressure and the
remaining oil was dissolved in ethyl acetate (20 mL) and saturated NedD@on (20 mL). The
phases were separated and the aqueous phase extracted with ethyl acetate aveotimes (10
mL each). The combined organic phases were washed with water (10 mL), dried oveakiySO
the solventremovedunder reduced pressurd he product was obtained as a light brown solid.
425 mg, 2.54 mmol, 78 %.

IH NMR(600 MHz, CD§&1  H p =7c46 (@,J=11.5 Hz, 1H, H2), 7.42 (dd; 8.0Hz 1.5 Hz, 1H,
H6), 6.75 (dJ= 8.0 Hz, 1H, H5), 3.86 (s, 3H, H8) ppm.

3C NMR(151 MHz, CD&l W p 167.30148.5, 131.5, 128.122.2, 118.4, 114.6, 32ppm.
ESIMS: positive iongcalculated for sH:o0NGs] " : 168.0661found 168.0655error 0.3 ppm
Mp.: 111-113 °C
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6.3.44-Amino-3-hydroxybenzoic acid methyl estdr

NH,

GeHoNG;, 167.16g/mol

The product was obtained from&mino-3-hydroxybenzoic acid (200 mg, 1.31 mnfoljowing the
method from3 as a brown solid. 111 mg,66 mmol,51%.

H NMR(600 MHz, CD&l W p ¢/ 0J=11.5 Hz, tHIHP)pH7.48 RIE 8.0Hz 1.5 Hz, 1H,
H6), 667 (d,J= 8.0 Hz, 1H, H5), 3.86 (s, 3H, H8) ppm.

BCNMR151MHz,CDghp ¢/ 0 + T McT @¢0.6,4164, RT4552.Mppm.dp = ™
ESIMS: positive ion, caldated for [GHidNG;]": 168.0661found 168.068, error 0.3 ppm
Mp.: 118119 °C

Characterisatiomlata consistent with literaturé?

6.3.5[Bis(acetylacetonato)dioxomolybdenumV3)

GigH14M0Gs, 326.18 g/mol

I-RILJ(]I[])\Q)/ 2F GKS Y®UK2R o0& | ®@ . NdzyyAy3 ¢
Y2f80RFGS RAKERNI GS 60Tn WHEECO MOYR YRS 03

G2 LI ™M 6AGK ca I /fd 2KAES AaG§ANNAY

dzNBE 1 SLI Ay O KaS2 R RNJTEKNMNSRSIMBF pin AR | (]

2y I'yR g & KOENRHzRBS (&S (AtOSg OZNIRR kald (IdBANGhyz2¢

PY IALPHH W2 2

VEERadAOFE REGE OAAAGSYG SAGK £ AGSNI G dzNB d
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IR(ATR)n (cm™): 2921 (M, ncH), 1582 §,nc=9, 932 §, Nmo=asym), 901 6, Nvo=qasym)-

HNMRA00OMHzZCDGE Hpc/ O 4T podTt oml I ,lketolfand, 283G F2NXYOI oD
CH, keto form), 2.1(6H, GdEnol form) ppm.

3C NMR101 MHz,DMSO,25 0 + I' Mpc dPpI MynodHI MANPTI HTPCI HpOD
Mp.: 179181 °C

DSYSNIK2 RYF 2 NJ Jmy ZnkES alARF BFSR FNPY GKS f AGSNF (dzNE

Ly | G8LAOFET NBIFOGAZ2YS NRdzy R mpn Y3 &S I LILINE LINR I (
FLILINRPLINRA I GS ' YAYS 6SNB adzaLISYRSR Ay aShyR2NJ 9dhl 0
KSIFGSR (2 aNBNNIZET s KANI PNERAY 1IBIIIENDG AHINBYE T (KBS LINE RdzO i
Aa2fole SFRE GNY GA2Y T GEha K YRABNDEGR Sh1 yR 94

6.3.62-[(E)}(2-Hydroxybenzylidene)amino]phenoil L

13 12
4 3 7 8
/) 1
5 N :
2 9 10

OH 15
14

GisHiiNG, 213.24 g/mol.
PAYH YRY2 LIKSy2tYYoufton AR RBHGaREt 6onn YIS Hdnp YY2TE(
OMn KBS0 LIBR RdzDG i A Y SIRBRa ONF AANE Yy AFBT aF ARD oddp YIX

IH NMR(600 MHz, DMS@X  H p c / 0, 1M, HI5), M7 sr1ep14)896 (s, 1H, H7), 7.61
(dd,J= 7.5Hz 1.0 Hz, 1H, H13), 7.38 (ttk 8.0Hz 1.5 Hz, 1H, H11), 7.36 (d&; 8.0Hz 1.0 Hz,
1H, H3), 7.13 (td]= 7.5Hz 1.0 Hz, 1H, H5), 6.97 (dtk 8.0Hz 1.0 Hz1H, H6), 6.94 (1= 8.0 Hz,
2H, H10/12)6.88(td, J= 7.5, 1.0 Hz, 1H, H4) ppm.

3C NMR(151 MHz, DMS@> H p c /7€7,160.7 COMIEIMAZ151BC2, 132.8 C11, 132.3
C13, 1281 C5, 119.6 C3+4, 119.5 C8, 118.7 C10/12, 116.7 C10/12, 116.5 C6 ppm.

IR(ATR)n (cm™): 25573048 M, ncr), 1627 6, nc-=y.
ESIMS: positive ion, calculated fgCisH12NG]*: 214.0863, measured: 214.086drror 0.8 ppm.
Mp.: 185187 °C

Elemental analysisfound: 73.13% C4.77% H5.60% N, calculatetbr GsHioNGy: 73.23% C,
5.20% H6.57% N

LYy FOREGAREF G O2yaA®Esyld gAGK £ AGSNY (dNB o
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6.3.74-Hydoxy-3-[(E)(4-methyloxycarbonyR-hydroxybenzylidene)amino]benzoic
acidmethyl ester, 2

OH

Gi7HisNGs, 329.099/mol

Using3 (139 mg, 0.83 mmol) argi(150 mg, 0.83 mmol) in MeOH (1 mL), the product was
obtained as a y&w solid. 190 mg).58 mmol,70 %

H NMR(400 MHz, DMS@> H p @.53((s, % H, OH),0.90 (s, 1 H, OH), 9.23 (s, 118,389)
(d,J= 2.0 Hz, 1H, H11), 8.02 & 2.0 Hz, 1H, H2), 7.95 (d& 8.5Hz 1.5 Hz, 1H, H13), 7.79 (dd,
= 8.5Hz 2.0Hz, 1H, H6), 7.07 (d= 8.5 Hz, 1H, H5), 7.01 (& 8.5 Hz, 1H, H14), 3.84 (s, 3H,
H8/17), 3.83 (s, 3H, H8/17) ppm.

13C NMR (151 MHz,MS0ds, 25°C} I mcp ®y / TEC16) 16 O 156.60Q4> wmc p ¢
1347 C11, 133.9 C10/13, 133.9 C10/13, 12%8120.9 C1, 120.6 C2, 19€12, 118.8 C10, 117.6
C14, 116.4 C5, FAC8+C17 ppm.

IR(ATR)n (cm™): 27893068 M, ncw), 17166,nc=9, 1677 §,nc-9, 1618 §,nc-N.
ESIMS: positive ion, calculated for [€H;sNQs]*: 330.0972found 330.0970error Q6 ppm.
Mp.: 201-204 °C

Elemental analysisfound: 61.23% C4.53% H4.32% N, calculatetbr G7HisNGs: 62.00% C,
4.59% H4.25% N

6.3.84-Hydroxy3-[(E)(5-carboxy2-hydroxybenzylidene)amino]benzoic aci® L

ClsHllNQ, 301.25 g/mol
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HNMROnnan al 1l = 5af{ hZbrs, pH, d10)p1BEbt s, H, HIGHA),M.74 br s,
1H, H18), 9.20s, 1H, H7), 8.34 (d= 20 Hz, 1H), 8.01 (di= 2.0 Hz, 1H), 7.94 (d# 85 Hz 20
Hz, 1H), 7.77 (dd= 8.5Hz 2.0 Hz, 1H), 7.05 (d= 8.5 Hz, 1H), 7.00 (@ 85Hz, 1HB.35 (d,J=

2.0Hz,1H, H13), 8.02 (d=2.0Hz, 1H, H2), 7.94 (ddz 8.7Hz 2.1 Hz, 1H, H11), 7.77 (dd; 8.5
Hz 2.0Hz, 1H, H6), 7.05 (d= 8.5 Hz, 1H, H5), 7.00 (& 8.7 Hz, 1H, H10) ppm.

BCNMROMAM all = 5a{hX up c/ 0Y 54 I349MB8424BF9, mMmcc Py X Mcp Dy
130.0, 122.2, 121.1, 120.8, 1981175, 116.3 ppm.

IR(ATR)n (cm™):27893068 (M, ncH), 172X(S,nc=9, 167 (S,nc=9, 1630(S, nc=y.
ESIMS: negative ioncalculded for (GsHioNGs): 300.0514, found: 300.0512rror0.5 ppm.
Mp.: decomposition > 300 °C

Elemental analysisfound:53.33% C4.20% H4.01% N, calculatetbr GsH1:NGs*1.95 HO:
53.56% C4.46% HA4.16% N

6.3.93-[(E)}[[4-(diethylamio)2-hydroxyplenyjmethylidene]amino}-hdroxy
benzoic acid methyl ester4-

GigH22N204, 342. 409/m0|

Using3 (100 mg, 0.6 mmol) and#rmyl-3-hydroxyphenyl diethyl amine (116 mg, 0.6 mmol) in
MeOH(2 mL), the product was obtained asorange solid. 170 m@,.50 mmol,83 %

'H NMR(600 MHz,DMS@X Hp c/ 0 + I ModpH O6& ONE MI T | mMpoZ mnd
H9), 7.81 (dJ= 2.0 Hz, 1H, H3), 7.66 (de&; 8.5Hz 2.0 Hz, 1H, H5), 7.35 (& 9.0 Hz, 1H, H14),

7.00 (d,J=8.5Hz, 1H, H6), 6.29 (dd= 9.0Hz 2.5 Hz, 1H, H15), 6.01 (& 2.4 Hz, 1H, H12), 3.82

(s, 3H, H8), 3.39 (d= 7.0 Hz, 4H, H16), 1.12Jt 7.0 Hz, 6H, H17) ppm.

13C NMR(151 MHz, DMS@X Hp ¢/ G7 164.7C11M608 @9/155.0C1 1517 C13, 135.4
C2 134.2C15 1278 C5 120.8C4 119.7C3 116.0 C6 100.0 C10 103.8C14 97.0 C12518 C§
43.9C16 126 C17ppm.

IR(ATR)n (cm™):27843023 (M, ncH), 1713(S, nc=9, 1592(S, nc-=y.
ESIMS: positive ion, calculated for [€H3N,Ou]": 3431652 found 343.1655error 0.7 ppm.
Mp.: 221-223 °C
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Elementalanalysis found: 65.61% C6.16% H,7.62% N, calculatetbr CigH22N.O; : 66.65% C,
6.48% H.8.18% N

6.3.104-Hydroxy3-[(Z}[2-hydroxy5-
(methoxycarbonyl)phenyllimino]methyllbenzoiidy -5

GigHhisNGs, 315.28y/mol

Using3 (106 mg, 0.63 mmol) ant(106 mg, 0.63 mmol) in MeOH (1 mL), the product was
obtained as a yellow solid. 156 niy49 mmol,79 %

'H NMR(600 MHz, DMS@s H p ¢ / O 4, 1H),12.41n(ston, 4H), 4G84 (s br, 1H), 9.20 (s, 1H,
H9), 8.35 (s, 1H), 8.01 (s, 1H), 7.99&8.5Hz, 1H), 7.78 (di= 8.5 Hz, 1H), 7.07 (8 8.5 Hz,
1H), 7.00 (dJ= 8.5 Hz, 1H), 3.83 (s, 3H, H8) ppm.

13C NMR{151 MHz, DMS@:= H p 166.7,01658, 1652, 162.3, 155.6, 134.7, 134.2, 134.
129.7, 1212, 121.0, 1207, 1188, 117.3, 116.4, BO.

IR(ATR)n (cm™):3228 6, now), 25383076(M, ncr), 108(S, nc=9, 1677(S,nc=9, 1628(S, nc=y.
ESIMS: positive ion, calculated for [gH:3NGs]*: 316.08016found 316.0809error 2.2 ppm.
Mp.: decomposition > 310 °C

Hemental analysisfound: 59.63% C4.47% H4.23% N, calculatetbr GigH:2N>O; : 60.95% C,
4.16% H4.44% N

6.3.114-Hydroxy3-[(E}(4-methyloxycarbonyR-
hydroxybenzylidee)amino]kenzoic acid,6
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C16H13NQ, 315289/m0|

Using 3amino-4-hydroxybenzoic aci(ll28 mg, 0.83 mmol) ar@l(150 mg, 0.83 mmol) in MeOH
(2 mL), the product was obtad as a yellow solid. 260 m@,/6 mmol,84 %

HNMR(600 MHz, DMS@s> Hp ¢/ 0 1 [ mIHp 20077 (6,4H), 924 (8, BB, MH dTn 64X
8.38 (d,J= 2.5 Hz, 1H), 8.02 (@ 2.0 Hz, 1HY.95 (ddJ)= 8.5Hz 2.5 Hz, 1H), 7.77 (ddiz 8.5Hz
2.0 Hz, 1H), 7.05 (d= 8.5 Hz, 1H), 7.01 (& 8.5 Hz, 1H), 3.84,(3H) ppm.

13C NMR151 MHz, DMS@Z Hp c/ 0 4 I 6 16t.8 55134 A3 433.6, Mc p
123.0, 1222, 120.7,119.8, 118.8, 117.7, 116.2, Shpm.

IR(ATR)n (cm™): 2538- 3095 M, ncr), 1723 6,nc=9, 1691(s,nC), 1615 (brnc-y.
ESIMS: positive ion, calculated for [gH:sNGs]*: 316.0816found 316.0816error-0.1 ppm.
Mp.: 268270 °C

Elemental analysisfound: 58.13% C4.52% H,3.71% N, calculatetbr GsHisNGs: 60.95% C,
4.16% H4.44% N

6.3.124-Hydroxy3-[(E)}(2-hydraxybenzylidene)amino]benzoic acid/ L

C14H11NQ, 257.25 g/mol

Ay8aOet Ao |
G

| & Ady f R St Y MmtieeHR NR3E &ém D SWY 2fA0 [HyOR Ro 6 Mmdp o
Ay SOKFYES BINR s

& H2NI2Y0 I KEyfEpRb pl pi. M2t =

HNMRonan all X 5af{ hB, 1H,HI7, 1206%rs, IHH16),d®Ggbr s, 1H,
H15), 9.05 (s, 1H, H8), 7.923¢,2.0 Hz, 1H, H7), 7.75 (dd; 85 Hz 20 Hz, 1H, H3), 7.69 (dds
8.0Hz 15Hz, 1H, H14Y.40 (td, J = B.Hz 15Hz, 1H, H12), 7.04 (@ 85Hz, 1H, H4), 6.99
6.92 (m, 2H, H11/13) pp.

R
R
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BCNMROMAM al I 3 5a{ hiX1,162.8 €9, 160C10, 15% Co1135.01C6, 133.
C12, 132.6 C14, 129.6 C3, 122.1 C2, 120.8 C7, 119.8B®XC11/13, 116.7 C11/13, 116.2 C4
ppm.

IR(ATR) n (cm™): 2572- 3075 (0, ncr),1608 6, nc=y, 1692 §, nc-9.

ESIMS: positive ion, calculated fori@h,NQ, [sapacid +H]: 258.0761measured: 258.0756, error
1.9 ppm.

Mp.: 272-277 °C

Elemental andysis:found: 65.15% C4,47% H5.32% N, calculatetbr CisH,2N>Os : 65.37% C,
4.31% H5.45% N

6.3.134-Hydroxy3-[(E}[(2-hydroxyphenyl)imino]jmethyl]benzoic acieB L

4 3
5
2
Q HO
6 OH 16

C14H11NQ1, 257.25g/mo|

Using 2aminophenol(131 mg,1.2 mmol) andlL (200 mg, 1.2 mmol) in MeOH (3 mL), the product
was obtained as a browyellow solid. 238 md).93 mmol,77 %

IH NMR(600 MHz, DMS@sH p c/ O 4 [ 12.m61(shy, IH, HL1%),D5 (34 1H), 8.11 (s, 1H,
H7), 8.26 (dJ= 2.0 K, 1H) 7.92 (dd,J= 8.5Hz 1.5 Hz, 1H), 7.45 (d= 8.0 Hz, 1H), 7.15 0= 7.5
Hz, 1H), 6.98 (1= 90 Hz, 2H), 6.90 (= 7.5 Hz, 1H) ppm.

3C NMR151 MHz, DMS@> Hp c/ 0 1 T 8, ibtls1B47X134A,d384 iRE5 Mmc n ®
120.7, 1197, 1193, 118.5, 117,116.5.

IR(ATR)n (cm™):2542-3057 (M, ncH), 1668 §,nc-9, 1612 6, nc=N.
ESIMS: positive ion, calculated for [€H;,NQy]*: 258.076(found 258.0761, error 0.3 ppm.
Mp.: 253255 °C

Elemental analysisfound: 60.37% C4.49% HA4.83% N, calculatetbr G4Hi:NQ: * 1.1 BHO:
60.69% C4.8% H5.06% N
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6.3.144-Hydroxy3-[(E)}(2-hydroxybenzylidene)amino]benzoic acid methyl ester, L
9

\ o 5 4
014 12 13 7 6
/) 3
B 98 N HO 1 2
10 OH 17

16

CisHiaNQ, 27127g/m0|

Using 3amino-4-hydroxybenzoic ad methylester (150 mg, 0.9 mmol) and salicylaldehyde (100
pL, 0.93 mmol) in MeOH (1 mL), the product was obtained as red crystallin solid. 1857g,
mmol, 74 %

'H NMR(400 MHz, DMS@:> Hp c/ 0 + T-OH), dCHJ (0.5 |, A3BlY, 03 (E5. ! NJ
H7), 776 (d,J= 8.3 Hz, 1H), 7.5 (d= 7.5 Hz, 1H), 7.5 @= 7.5 Hz, 1H), 7.05 (8 8.5 Hz, 1H),
6.96 (t,J= 8.5 Hz, 2H), 3.82 (3 H, H15) ppm.

BCNMROMpM al 1 X 5a{hz 30pl60s5/165Y, 188, 1331M 825, @393, m™mcC
120.9,1207, 1194, 118.8, 11@, 1163, 51.7 ppm.

IR(ATR)n (cm™): 2718- 3095 (M, ncw), 1704 6,nc=9, 1618 §, nc-y.
ESIMS: positive iongcalculated for [GH1sNQy]*: 279.0917Found 272.0919error-0.5 ppm.
Mp.: 169170 °C

Elemental analysisfound: 65.79% C5.09% H,5.00% N, calculatetbr GsHisNQ:: 66.41% C,
4.83% H5.16% N
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6.3.154-Hydroxy3-[(E}[(2-hydroxyphenyl)imino]methyl]benzoic acid methyl ester,
L-10

CisHiaNGy, 271. 27g/mo|

Using 2aminophenol (48 mg, 0.44 mmol) an@ (79 mg, 0.44 mmol) in MeOH (1 mL), the product
was obtained as a yellow solid. 105 @9 mmol,88%

'H NMR(600 MHz,DMS@:> Hp c/ 0 + [ wmp®nn 06 &Z 8.20(dJ=1.50P dp
Hz, 1H), 7.93 (dd=8.5Hz 2.0 Hz, 1H), 7.46 (d= 8.0 Hz, 1H), 7.16 (t= 7.5 Hz, 1H), 6.98 (&
7.5 Hz, 1H), 6.98 (d= 9.0 Hz, 1H), 6.91 &= 7.5 Hz, 1H), 3.84 (s, 3H).ppm.

13C NMR(151 MHz, DMS@, 25 °© =166.8, 165.6, 166, 151.0, 134.6, 133.7, 133.0286,
119.7, 119.3, 119.218.5, 1181, 1166, 51.8 ppm.

IR(ATR)n (cm™): 2541-3060 (M, nc), 1694 §,nc-9, 1613 6, nc-N.
ESIMS: positive ion, calculated for [€H:3NQy]*: 272.0917found 272.0909 error 2.9 ppm.
Mp.: 232234 °C

Elemental andysis:found: 65.06% C5.026 H5.12% N, calculatetbr GsHisNQOy: 66.41% C,
4.83% H5.16% N
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6.3.163-Hydroxy4-[(E)}[2-hydroxyphenyl)methylidene]amino benzoic acid methyl

ester, E11
13 12
4 3 7 8
14>_5Q27N 9 10
15 —0O 6 1 HO
OH
GisHiaNQy, 271.272 g/mol
I anA )/é Bl S K?\éj?é oOpgpdnT Y,ﬂ NAMM@@ ﬁ)VN.B’vﬁf,@(T) SYTI' 3’7FVQCV)II'| I C))\Fv omnn
YY2f 0 Ay aShl op YfU0 U0UKS LINE Rumac g¥yaz2® o AySR | a |

'H NMR(600 MHz, DMS@>~ Hp c/ 0 4+ [ mMo®od 0 aH) 78sddI= mndmc O6&Z W
6.5Hz 1.0 Hz, 1H), 7.56 (@ 1.5 Hz, 1H), 7.49 (dik 8.0Hz 1.5 Hz, 1H), 7.4B.41 (m, 2H), 7.05
¢ 6.91 (m, 2H), 3.84 (s, 2H) ppm.

13C NMR151 MHz, DMS@ > Hp ¢/ 0Y <+ [ wmcp o6/ IB3.5MI8B,d3B%T mMcndT I Mpna
1208, 1200,119.4, 19.0, 1169, 1168, 52.1 ppm.

IR(ATR)n (cm™): 2537 6,n0H), 1717 §,nc=9, 1624 §,nc-y, 1218 §, nco ester).
ESIMS: positive ion, calculated fqCisHisNQy]*: 272.0917 found 272.0930error-4.6 ppm.
Mp.: 168171 °C

Elementl analyss: found: 62.77% C4.54% HA4.86% N, calculatetbr GsHisNQ:: 66.41% C,
4.83% H5.16% N

6.3.172-[(E)}[(2-hydroxyphenyl)methylidene]amind}nitrophenol, E12

GigHioN204, 258.23g/mol

3 A Y AR RIIKB Y26 $HE ndprie RNPE®GSYRI HRSKERS ommy YIS
YY2t0 Ay aShlop Yto GKS LINRPRAZOG Bl adpglaeXgER & | |
IH NMR(400 MHz, DMS@X  H p  £0/73(bt s, LHPI'10 (s, 1HHT7), 8.28 (d 1H,J=3.0Hz),

8.08(dd, 1HJ=9.0 Hz, 3.Hz), 7.70 (dd, 1H= 80 Hz, 2.(Hz), 7.457.14 (m, 1H), 7.13 (d, 1B}
9.0Hz), 7.066.95 (m, 2H) ppm.

3C NMR(101 MHz, DMS@ > H p c /5)160.6, 157.8139.0,1135.7, 133, 132.8, 123,
119.4,119.1, 14.8, 116.4115.4 ppm
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IR(ATR)Nn (cm™): 2362 6, non), 1621 §,nc=y, 1525 (in-0).
ESIMS: negative iongalculated for (GHoN2O4): 257.0569 found: 257.056@rror-0.5 ppm.
Mp.: 238239 °C

Elemental analysisfound: 59.06% C4.27% H,10.37%N, calculatedor CsHioN.Os: 60.47% C,
3.90% H,10.85% N

6.3.18 2-[(E)}[2-hydroxyphenyl)methylidene]aminttrifluoromethyl phenol, 113

14 13 12
FsC 4 3 ;_8@
/ 11
5 N
2 9 10
A 1 HO
OH

CisH10RNG, 281.23 g/mol

Using 2amino-3-trifluoromethyl-phenol (150 mg, 0.85 mmiahnd 2hydroxybenzaldehyde (104
mg, 0.85 mmol) in MeOH (5 ml) the product was obtained as a bright orange solid. 1821gg,
mmol, 52 %

IH NMR(400 MHz, DMS@X  H p =@.05 (sYLH).73 (d,J= 25 Hz, 1H), 7.66 (ddl= 7.5Hz,
15Hz, 1H), 7.48dd, J= 85 Hz, 20 Hz, 1H), 7.41 (tdl= 75 Hz 15Hz, 1H), 7.12 (d= 80 Hz, 1H)
ppm.

3C NMR101 MHz, DMS@> Hp c/ 0Y { T,138% H3®4y IB27MR4B(QIE4Mp n ¢
Hz) C3/C5124.59 (qJ= 271 Hz) C14, 120.18 (& 32.5 HpC4 119.4, 19.0, 116.97 (qJ= 4 Hz)
C3/C5116.8, 116.7 ppmNote: due to low resolution all quartets appear as doublets.

1%F NMR(565 MHz, DMS@s, 25 °C)  -39.5 (s, 3F) ppm.

IR(ATR)n (cm™): 2494 6, no+), 1612 §,nc=y), 1106 §,nce).

ES-MS: positiveion, calculated fofCi4H11RNGy]™: 282.0736 found 282.0738error-0.7 ppm.
Mp.: 186-188 °C

Elemental analysisfound: 59.43% C3.5% H.4.51% N, calculatetbr GaHiosNGy: 59.79% C,
3.58% H4.98% N
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6.3.19Sulphonamidé-hydroxy3-[(B-[(2-
hydroxyphenyl)methylidene]amino]benzeresulfonamide, 114

Q0 13 12
HN=S, 5 7 &
/ 11
e
6 1 HO

GisH12N:OsS, 292.31 g/mol

Using 3amino-4-hydroxybenzenesulfonamide (150 mg, 0.8 mmol) afy@oxybenzaldehyde
(98 mg, 0.8 mmol) in MeO8.5ml) the praduct was obténed as an orange solid. 205 n@g70
mmol, 88 %.

'H NMR(400 MHz, DMS@:2  H p = &0/60 (r s,11HY,01 (s, 1H), 7.7@, 1H,J= 20Hz), 7.71
(dd, 1HJ=8.0 Hz 15 Hz), 7.60 (dd, 1H= 80 Hz 20Hz), 7.44 (td, 1HI=7.5 Hz L5 Hz), 7.2qs,
2H), 7.09 (d, 1Hl= 85Hz), 6.99 (t, 2H]=8.5Hz) ppm.

%C NMR101 MHz, DMS@s> H p 16B.G) ¥60.51541, 1352, 135.1, 133.4, 133, 125.6,
119.5, 1191, 117.7, 1168, 116.3 ppm.

IR(ATR)n (cm™): 3365 (snn), 3265 §, nn-),1615(S, nc-=N.
ESIMS: positive ion, calculated fg€CisHi1sN.Osg™: 293.0591 found 293.0589, error 0.4 ppm.
Mp.: 268274 °C

Elemental analysisfound: 53.01% C3.56% H,9.38% N, calculatetbr GsHisNQi: 53.42% C,
4.14% H9.58% N

6.3.205-(Diethylamino)2-[(E)}[2-hydroxyphenyl)iminojmethyl]phenok15

13 12 14 ]

4 3 7 8 1 7/ °
/ N

5 N 15
2 9 10 14

6 1 HO
OH

Gi7H20N20,, 284.36 g/mol

Using 2aminophenol (85 mg, 0.78 mmol) anediethylamino salicylaldehyde (150 mg, 0.78
mmol) in MeOH(5 ml) the product was obtaimkas an orangeolid. 112 mg0.39 mmol 51 %

IH NMR(400 MHz, DMS@sX H p  ©.60 (s)YLH)8.63 (s, 1H), 7.26 (dd= 8.5Hz 7.0Hz, 1H),
7.01 (td,J= 75 Hz 15 Hz, 1H), 6.90 (dd= 80 Hz 1.5 Hz, 1H), 6.83 (td= 75 Hz 15 Hz, 1H),
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6.26 (dd,J=9.0Hz 25Hz, 1H), 5.97 (d= 25Hz, 1H), 3.38 (3=7.0Hz, 2H), 1.11 (=70 Hz,
3H)ppm.

3C NMR101 MHz, DMS@ X H p c /8)168.7 151.6, 16@.1p 134.6, 134.0, 126.2, 119.6,
118.5, 11&2, 109.0, 103, 97.2, 43.9, 12.ppm.

IR(ATR)n (cm™): 2974 6,ncr), 1586 6, nc=y, 1366 §,ncw).
ESIMS: positive ioncalculated fofCi7Hz20N202]*: 258.1598 found 258.1598error-0.3 ppm.
Mp.: 200201 °C

Elemental analysisfound: 71.55% C7.30% H,10.00% N, calculatetor G7HoN2O,: 71.81% C,
7.09% H9.85% N

6.3.213-[(E}[(2-Hydroxyphenyl)methylidene]amino]naphthai2wl, L-16

6 5 1716
4 3 1112
7 / 15
8 92 N WESEIL
10
OH

Gi7/HiaNG, 26330g/mol

Using 3amino-2-naphtol (150 mg, 0.94 mol) andigdroxybenzaldehyde (115 mg, 0.84nol) in
MeOH(5 ml) the product was obtained as a red solid. 127 048 mmol 51 %.

'H NMR(400 MHz, DMS@:Z H p = &0/18 (r s,411H9.08 (s, 1H), 7.82 (d, 2B 80Hz), 7.71
(t, 2H,J=80Hz), 7.457.36 (m,2H), 7.3%7.28 (m, 2H), 7.00 (8H,J=8.0H2 ppm.

13C NMR101 MHz, DMS@ > H p c¢ /3)160.8, 150.1, ¥80 53®.3, 132.5, 128.0, 127.
126.0, 1258, 123.4, 11%, 119.0, 1172, 116.8, 109.9 ppm.

IR(ATR)n (cm™): 2511 (GH), 1612C=N) cm.
ESIMS: positive ion, calcutad for[Ci7Hi1aNGy]*: 264.1019 found 264.1016, error 1.0 ppm.
Mp.: 253256 °C

Elemental analysisfound: 76.95% C4.61% H5.11% N, calculatetbr GsHisNQy: 77.55% C,
4.98% H5.32% N
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General procedure for the synthesis of molybdenum dogomplexes [M&®,(L)(MeOH)] and
[MoOx(L)]

In a typical reaction, 100 mg tife appropriate ligand and an equimolar amountmivere
suspended in MeOR2 L, dried over 3 A molecular sieves) and stirred for 4 h. The precipitate
wasisolatedby filtration, washed witha small quantityMeOH and EO (approximately 1 miand
driedin vacua

6.3.22Mo0O,(2-[(E)}(2-Hydroxybenzylidene)amino]phengle OH) Mo-1

12
3 78 10
4 NEN] 9 e
Mo
5 ;0" 1’0o
6 MeOH
14

GiaHhiaMoNG;, 37122 g/mol

UsingL-1 (69 mg, 0.32 mmol) ansl(105 mg, 0.32 mol) in methand (8ml), the product was
obtained as a yellow solid. 97 n@26 mmol 81%

'HNMR@AOOMHzp + I ddPHy OIm8.2Hz 1.0 Bz, tHIHB)7.76 @& B Hz, 1.5
Hz, 1H, #3), 7.54 (td J= 7.5Hz 15Hz, 1H, H1), 7.23 (td J= 7.5Hz 10Hz, 1HH5, 7.06 (td J=
75 Hz 1.0 Hz, 1HH19, 6.99¢ 6.90 (m,2H, H10+3, 6.85 (dd,J= 80 Hz 10 Hz, 1HH®, 4.12 (q,J
=55 Hz 1H MeCH), 3.17 (dJ= 55Hz, 3HH14.

BCNMROMAM al i3 5a{ RC91MICEI567CT 135.6Ca+EIM352 C13130.1
C5 122.0C§ 120.9C12 1204 C10 118.9C4/1Q 1174 C4/10 1165 C3, 487 C14ppm.

IR(ATR,)n (Cm-l): 1611(S,nC:l\), 908 (br,nMo:Oasyn), 931 6, NMo=a sym).
LIFDIMS: calculated fofCisHyMoNQi] ™ : 340.%86, found: 340.%85, error:-0.3 ppm.
UWviss 5a{ hX < «k1xn&n?): 422 (4%00),[352r(7800R f

Elemenal analysisfound: 45.05 % C, 3136 H, 3.63 % N, calculated: 45% C, 3.53 % H, 3.77 %
N.

Mp.: loss of MeOH > 120 °C, decomposition > 300 °C
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6.3.23[M0O,(4-Hydroxy3-[(E)}(4-methyloxycarbonyR-
hydroxybenzylidene)amino]benzoic aridthylesten(MeOH)]Mo-2

Os O
16 17
14
15 13
0]
8 P 9/1(;) 12
K N/, qu
Mo
6 4 ov |\O
5 MeOH

18

C13H17MONQ, 487.29

UsingL-2 (100 mg, 0.30 mmol) ansi(100 mg, 0.30 mmol) in methanol (1.5 mihe product was
obtained as a yellow solid. 120 ny25 mmol,82 %

IHNMRO nnn all X 5ad66, 1H,#H9) &2 (s) M, H15)9.51(s, 1H, H2)8.08 (dd,
J=9.0Hz,1.5Hz, 1HH13, 7.87 (d)=9.0Hz, 1HH8, 7.05 (d)=9.0Hz, 1HH12, 6.97 (d)= 8.5
Hz, 1HHYH, 4.13 (qJ=50Hz, 1H, Me@), 3.87 (spH, H8+H17), 3.16 (d= 50Hz, 3H, H18) ppm.

BCNMROMAaM all = 5a{hZ up c/0 + [ mMcp®dPELI137.9 mcp
C15, 136.1 C13, 135.8 C3, 131.6 C6, 122.2 C10, 121.9C1, 121.9 C14, 119.7 12, 118.5C2, 117.6 (
52.3C8/17, 52.X°8/17, 48.7 C18 ppm.

IR(ATR)Nn (cnt): 1689 (s brnc=9, 1608 (shc=y, 936 (SNmo=0rasyn), 908 (SNmo=0rsym)-

LIFDIMS: positive ion,calculated for [GsHi7MoNGy]*: 456.96898found: 456.97027 error: 2.84
ppm.

UWviss 5 a{ h 3 s< kk J"enfl): 402(4500), 347 (10000)

Elemental analysisfound: 43.50 % C, d26 H, 2.8% N, calculatetbr G;HisMoNG, *0.30 HO:
43.88 % C, 300 H, 2.84 %.N

Mp.: loss of MeOH >8D °C, decomposition > 300 °C
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6.3.24[MoO,(4-Hydroxy3-[(E)}(5-carboxy2-hydroxybenzylidene)amino]benzoic
acid], Mo-3

GisHoMOoN; O, 427.20 g/mol

UsingL-3 (196 mg, 0.65 mmol) arsi(210 mg, 0.64 mmol) in methanol (6 mlije product was
obtained as a brown solid. 231 n@54 mmol,78 %

IHNVRO nnan al i3 5af30E(vbr,A.7H, CON0.62 (1H, H7), 8.59 (d= 2.0 Hz,
1H, H13), 8.49 (di= 1.5 Hz, 1H, H2), 8.06 (de; 8.5Hz 2.0 Hz, 1H, H11), 7.84 (d&; 8.5Hz 1.5
Hz, 1H, H6), 7.02 (d= 8.5 Hz, 1H, H10), 6.94 {&8.5 Hz, 1H, H5) ppm.

BCNMROMAM al 1l 5a{h3 Hp4Ql4, 064.1COl163G4 58 4C7/ BDp
C13, 1361 C11, 136/ C3, 1318C6, 123.4 C12, 123C1, 1218C8, 115 C10, 11& C2, 1174 C5

ppm.

|R(ATR,)I’] (cm™): 1722 (S bl‘nc:a, 1668 (Snc:c), 1607 (Snczy\), 946(5, nMo:o), 808 (S, nMo.oMo).
LIFDIMS: positive ion,calculated for [GsHisMoONQ]*: 428.9895,found: 428.9882, error: 3.0 ppm.
UWvist 5a{ hX < «k1xEnh): 406 (4200)[345 (2508 f

Elemental analysisfound: 40.60 % C, 2836 H, 3.07 % Nalculatedfor GoHisM02N2016*1.8
HO: 40.63 % C, 2.46 % H, 3.16.% N

Mp.: decomposition > 300 °C

6.3.25[MoGO,(3-[(E)}[[4-(diethylamio)2-hydroxyphenyllmethylidene]amind}
hdroxy benzoic acid methyl esfémMeOH)] Mo-4

14
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o 16
8 P 9/100 e
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6 f o’ |\O
5 MeOH

Con24|V|ON207, 50038 g/mol
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UsingL-4 (100 mg0.29 mmol) and (95 mg, 0.29nmol) in MeOH (2.5 mL), the product was
obtained as a dark red solid. 113 ntg24 mmol82 %.

HNMROnnan all 3 5a{h3Z Hup 822 (@I 20HZ 1IHDpDM (di=8.8HZ ™| X
1.9 Hz, 1H), 7.61 (d= 9.1 Hz, 1H), 6.84 (@ 8.5 Hz1H), 6.47 (ddJ= 9.0Hz 2.5 Hz, 1H), 6.13 (d,

J= 2.4 Hz, 1H), 4.12 (@ 5.2 Hz, 1H), 3.84 (${3H8), 3.44 (g]= 7.0 Hz, 4H, H16+18), 3.17Jd,

5.2 Hz, 3H,0H), 1.13 = 7.0 Hz, 6H, H17+19) ppm.

BCNMROMaM al I 3 5a{ HE7,1634C4 1661 C11, 1655180, d59.1 C13, 137.5
C3, 1373 C15, 1241 C6, 1211 C1, 1165 C5, 116.2 GA11.1 C10, 106.1 C14, 98.8 CI20E18,
487 C16, 443C8, 12.6 C17 ppm.

IR(ATRDn (Cm_l): 1716 (Snc:d, 1613 (Snc:l\), 929(5, nMo:Q’asyn), 8835, nMo:Osym).

LIFDIMS: positive ion,calculated for [@&H20MoN2Os]*: 470.03700found: 470.03744 error: 0.95
ppm.

UWiss 5a{ hZ < k%) 466 P2€00)[ F0ELIS00R f

Elemental analysisfound: 47.08 % C, 4.56 % H,%% N, calculatetbr GoH24MoN>Os *0.35 HO:
47.41%C,491%H,553%N

Mp.: decomposition > 300 SGolvent loss could not be determide

6.3.26[M00O,(4-Hydroxy3-[(E}[2-hydroxy5-
(methoxycarbonyl)phenyl]iminojmethyl]benzoic afiteOH)] Mo-5

O~__OH
16
12
13 1
0] 8
2 7 10
15
1 3 7
014 N/, 9\?0
Mo
v A\
6 P Ne)
5 MeOH
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Gi7Hi1sMoNQ, 473.27g/mol

UsingL-5 (100 mg, 0.32 mmol) arsi(103.5 mg, 0.30 mmol) imethanol (1 mL),ie product vas
obtained as a yellowrown solid.103mg,0.22 mmol, 6&%

IH NMR(600 MHz, DMS@sH p ¢ / 0 brs 0.3HMIO®)y 962 @, 1H, H7), 8.59 (& 2.0
Hz, 1H, H13), 8.50 (@ 2.0 Hz, 1H, H2), 8.06 (d&; 8.5Hz 2.0 Hz, 1H, H11), 7.86 (dd; 8.5Hz
2.0 Hz, 1H, H6), 7.02 @ 8.5 Hz, 1H, H10), 6.96 & 8.5 Hz, 1H, H53,87 (s, 3H, H15).

BCNMRO MM all 33X 5af{ hE16d65.6Q14 164.0C9 163.964 158M4C7 1378
C13136.2C11 1357 C3 1314 C6 123.3C8/12 121.7C1/8/12, 1216 C1/8/12 1193 C10 118.2
C2 1174 C551.9C15 ppm.

IR(ATR)n (cm): 1682 (Snc=9, 1618 (Snc=9, 1604 (snc=y, 930(S, Nvo=aasyn); 90XS, Nio=a'syn).
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LIFDIMS: positive ion,calculated for [@Hi1:MoNGs]*: 442.9533, found: 442.95364 error: 0.70
ppm.

Ukis5a{ h3 < k yYcmd)s415(3500), 848 (B@O)

Elemental analysisfound: 42.5% C, 2.96 % H, 2.61 % N, calcul&ed:/HisMoNG, *0.4 HO:
4250 % C, 3.31. % H, 2.92 % N

Mp.: loss of MeOH >45 °C, decomposition > 300 °C

6.3.27[Mo0O,(4-Hydroy-3-[(E)}(2-hydroxybenzylidene)amino]benzoic acid méthy

esten)(MeOH)] Mo-6
OO0
15 16
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6 207 |0
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Gi7HisMoNG;, 473.27g/mol

UsingL-6 (100 mg, 0.37 mmol) ansl(103.5 mg, 0.32 mmol) in methanol (1.5 mbg product
was obtained as a yellow solid. 102 g2 mmol,67%

IH NMR(400 MHz, DMSO5Z / OY + ' ¢dcp 043 8EA(SIH HR)8® @y PcH O6&Z M™
= 5.5 Hz, 1H, H12), 7.84 & 6.5 Hz, 1H, H6), 7.04 (& 7.5 Hz, 1H, H13), 6.95 {d& 6.9 Hz, 1H,
H5), 4.13 (s 1H, M@, 3.87 (s, 3H, H16), 3.16 (s, 3H, H17) ppm.

BCNWMROmMAM all X 5a{hX Hp c/ 04C14, [6BGC4 t584P8,137.& Mcp PH [/ Mp 3
C10, 136.1 C12, 135C3, 131.8 C6, 123.1 C9, 2211, 121.9 C1, 18C13, 118.6 C2, 117.4 C5,
52.3C16, 48.7 C17 ppm.

IR(ATR)n (cm): 1721 (snc=9, 1670 (Snco), 1608 (Snc=y, 931(S, Nvo=aasyn), S08(S, Nvo=arsym)-

LIFDIMS: positive ion,calculated for [GsH1aMoNG]*: 442.95333found: 442.95364 error: 3.23
ppm.

UMviss 5a{ hZ < «k1x6nl): 412 (5K00)[347K(1120@) f

Elemental analysisfound: 42.16 % C, 2.96 % H, 2.61 % N, calcul&ed;;HisMoNG, *0.40 HO:
4250 % C, 3.33 % 292 % N

Mp.: loss of MeOH >85°C, decomposition > 300 °C

208



6.3.28[M0o02@-Hydroxy3-[(E}(2-hydroxybenzylidene)amino]benzoic

acid(MeOH)] Mo-7
13
14 12
HO 1 N o°
15 Mo
7 5 O" e}
6 MeOH
16
GisthaMoNG;, 415,23 g/mol.
| Al¥dy n Y3 1 Opovm iviy 2Yf DE I-rde:Qo M YY2f0 AY YSUOKLF y;:
20U0FAYSR |a | &nSHHin2 dv@gRAIZARD mMmnam Y3IZ

IH NMR(400 MHz, DMS@ ¢ = H=l2.88{br,0\9H, H15), 9.47 (1H, H8), 8.43 ¢, 2.0 Hz, 1H,
H3), 7.90 (ddj= 8.0Hz 1.5 Hz, 1H, H14), 7.83 (de 8.5Hz 2.0 Hz, 1H, H7), 7.57 (td, J=A52
Hz, 1H, H12), 7.09 (td, J = Bl) 1.0 HAH, H13), 6.8 (d,J= 8.0 Hz, 1H, H11), 6.92 (& 8.5 Hz,
1H, H6), 4.12(1H, GBH), 3.16 8H,H16 ppm.

13C NMR101 MHz, DMS® ¢ = H9166.9(C1,163.8 C5, 16C10, 158.2 C8, 6 C12, 13«
C14+4, 131.5 C7,122.6 C2, 122.0 C9, 121.2 C18 €14, 118.1C3, 1173 C6, 487 C16 ppm

IR(ATR)” (Cm_l): 1666 s, nC:C), 1609 $, nC:l\), 933 e, nMo:C]sym), 911 6, nM():Oasyn).

LIFDIMS: calculated for GHiMONG; [MoO;(sapacid)]: 384.9485, found: 384.9484, error: 0.3
ppm.

UWwiss 5a{ h = /k*mot*endl): 414 (4700), 351 (10300)

Elemental analysisfound: 43.@ % C, 3.2% H, 3.25 % N, calculated: 43.39 % C, 3.16 % H, 3.37 %
N.

Mp.: loss of MeOH >80 °C, decomposition > 300 °C

6.3.29[M00,(4-Hydroxy3-[(E}(2-hydroxyphenyl)imino]Jmethyl]benzoic
acid)(MeCH)] Mo-8

GisHyMONG, 383.19g/mol
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UsingL-8 (100 mg, 0.39 mmol) arsi(127 mg, 0.39 mmol) in methanol (1 mlie product was
obtained as a brown soli@5 mg,0.20 mmol 50 %

HNMROnan al 1l X 5 af20%(brs,®HCcOHNIYO (5,1H[ H7), 8.46Jd,2.5 Hz, 1H,
H13), 8.03 (dd)= 8.5Hz 2.5 Hz, 1H, H11), 7.86 (& 8.5 Hz, 1H, H3), 7.264& 7.5 Hz, 1H, H5),
7.00 (d,J= 8.5 Hz, 1H, H10), 6.96 (& 7.5 Hz, 1H4), 6.88 (dJ= 8.0 Hz, 1H, H6) ppm.

BCNMROMAamM all X 5a{h3 Hp3Q@9/160.1C1, [56.81€C7¢c1®D4CABMIBE Mc n ®
C11, 13% C2, 136 C5, 1231 C8, 1218 C12, 120.8 C4, 11C10, 117.4 C6, 11BC3 ppm.

IR(ATR,)n (cm'l): 1698 $, n(;o), 1610 $, nc:,\), 924 $, nMo:o), 802 $, nMo.o.Mo).

LIFDIMS: positive ion,calculated for [@HMoONG]*: 384.94785found: 384.94812 error: 0.72
ppm.

UWwiss 5a{ hZ < k1%enfl): 418 (4300)[352/9000) f

Elemental analysisfound: 42.8% C, 2.6% H, 3.2% N, calculatetbr G4HsMoNG; *0.30 HO:
43.27 % C, 2.49 % H, 3.60 % N

Mp.: decomposition > 300 °C

6.3.30[M00O,(4-Hydroxy3-[(E)}(2-hydroxybenzylidene)amino]benzoic acid methyl
esten)(MeOH)] Mo-9
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C16H15|V|0NQ, 429. ZGg/mol

UsingL-9 (90 mg, 0.33 mmol) ansl(107 mg, 0.33 mmol) in methanol (1.5 mlbe product was
obtained as a yellow solid20 mg0.28 mmol 84 %

IHNMROnnan allX 5a{hX Hp c/ 0Y 1 7.90dPpDdh5Hz, ARHE), M1 = | h0v I vy
7.85 (d,J=85Hz, 1HH2), 7.58 (tJ= 7.6 Hz, 1HH12, 7.10 (tJ= 7.4 Hz, 1HH13, 6.97-6.94 (2*
d, J= 8.5 Hz, 2M{3/14), 4.12 brs,0.2H, OH), 3.86(br s,3H, HB), 3.17 (s2.6H, H16)ppm.

BCNMROMAM al i = 5a{ MLC71641C4 I6111C15 158.508A362C13 1359
C5 135.8C11 1314 C2 122.0C1Q 1215 C1 121.3C12 118.8C3/14 118.0C6 117.6 C3/14 52.1
C8§ 487 C16 ppm

IR(ATR)n (cm™): 1713(s, nc=9, 180(S, nc=y, L8 (S, Nmo=a'sym), 891 (S, Nmo=qasyn)-

LIFDIMS: positive ion,calculated for [@Hi:MONGs]™: 398.96327found: 398.96350 error:-0.58
ppm.
UVvis 5a{ hX k*mo'*en?): 415 (4%00), 349 (P0O)
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Elemental analysisfound: 43.8 % C, 3.140 % H, 2.88 %cBlculatedfor GeHisMoNG; *0.45
HO: 43.94 % C, 3.66 % H, 3.20.% N

Mp.: loss of MeOH >3D °C, decomposition > 300 °C

6.3.31[M0o0O,(4-Hydroxy3-[(E}(2-hydroxyphenyl)imino]Jmethyl]benzoic acid
methyl estej(MeOH)] Mo-10
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C16H15MONO/, 429269/m0|

UsingL-10(80 mg, 0.29 mmol) ansl(100 mg, 0.30 mmol) in methanol (1.5 mihe product was
obtained as an orange solid. 110 nfg26 mmol,88 %

'HNMR(600 MHz, DMS@> Hp c/ 0 4+ [ ddno 0aI MBEHzIIHO I y
H11), 7.86 (dJ= 8.0 Hz, 1H, J3), 7.26J% 7.5 Hz, 1H, H5), 7.02 (& 8.5 Hz, 1H, H10), 6.98Jt

7.5 Hz, 2H, H4), 6.88 (¥ 8.1 Hz, 1H, H63,09 (q,J= 5.5 Hz, 1HVleOH), 3.87 (s, 3H, H15), 3.17
(d,J=5 Hz, 3H, H16) ppm.

13C NMR151 MHz, DMS@6, 259 0 { 2LC14M6406®9, 160C1, 1567 C7, 1372 C13, 135.6
C11, 13%C2, 130.4 C5, 121.8 C12/8, 12C12/8, 12B C4, 119.7 C10, 117.3 C6, 116.7 C3, 52.1
C15,48.6 C16 ppm.

IR(ATR,)n (Cm-l): 1688 (S, nc:d, 1609 s, nC:l\), %8 (S, nMo:Osym), %4 (S, nMo:Oasyn).

LIFDIMS: positive ion,calculated for [GH:2MoNGs]*: 398.96350found: 398.96436 error: 2.84
ppm.

Uviss 5a{ hZ < k1460l 624 (4400),[351£9300)2 f

Elemental analysisfound: 43.6 % C, 3.8% H, 3.00 % Nalculatedfor GeHisMoNG; *0.45 HO:
43.94%C, 3.66 % H, 3.20% N

Mp.: loss of MeOH >7D °C, decomposition > 300 °C
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6.3.32[MoO,(3-Hydroxy4-[(E)}[2-hydroxyphenyl)methylidenefiaino benzoic acid
methyl ester)(MeOH)], M&1
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C15H11MONQ, 397.21 g/mol

Usingl-11 (41 mg, 0.15 mmol) ansl(49 mg, 0.15 mmol) in MeOH (8 ml) the product was obtained
as a brown solid. 91 m@,23 mmol 69 %.

H NMR(600MHz, DMS@> Hp c/ OY + 95 (ch3=B.6 Hzo BHZHEWMA.8I (dd T 0 =
8.0Hz 1.5 Hz, 1H, H13), 7.59 (s 8.0Hz 1.5 Hz, 1H, H11), 7.54 (dd; 8.5Hz 1.5 Hz, 1H, H6),
7.35 (d,J= 1.5 Hz, 1H, H2), 7.094& 7.0 Hz, 1H, H12).96 (d,J= 8.5 Hz, 1H, H10), 3.85 (s, 3H,
H15) ppm.

3C NMR151 MHz,DMS@> Hp c/ 0Y + 5C9, M®BE3}P159.3 QF,MIO.5 G4 86
C11,135.7 C13,130.6 C1, 1218 121.1 C6/11, 121C6/11, 119.0 C10, 117.7 C2, BIB5, 52.3
C15 ppm.

|R(ATR,)I’] (cm'l): 1718 6, nc:a, 1616 $, nczy\), 918 6, nMo:o), 813 Sbl’, nMo.oMo).

MS-LIFDi positive ion, calculated for [¢H11iMoNGs]*: 398.96350found: 398.96232 error:-2.95
ppm.

UWiss 5a{ hZ < k1160l 431 (7300),[358:0200) 2

Elemental analysisfound44.38 % C, 2.35 % H, 2.90 % N, calculated dbis@IoNG;: 44.77 % C,
3.52 % H, 3.26 % N, rest 48.44 %.

Mp.: decomposition > 300 °C

6.3.33[MoO,(Nitro 2-[(E}[(2-hydroxyphenyl)methylidene]amind}
nitrophenol)(MeOH)], Md.2

12
13 1

Cl3H3|V|ON205, 384.18
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UsingL-12 (90.4 mg, 0.35 mmol) an8l (114 mg, 0.35 mmol) in MeOH (8ml) the product was
obtained as an orange solid. 36 n@gQ9mmol, 28 %.

IH NMR(600 MHz, DMS@X  H p %58 (8, 1M, HT), 8.81 (@ 2.0 Hz, 1H, H3), 8.15 (dd;
9.0Hz 2.0 Hz, 1H, H5), 7.89 (&% 7.5 Hz, 1H, H13), 7.62J% 7.5 Hz, 1H, H11), 7.14J§ 7.5 Hz,
1H, H10), 7.04 (d= 9.0 Hz, 1H, H6), 6.99 (& 8.0 Hz, 1H, H10) ppm

13C NMR(151.5 MHz, DMS@s, 25 °C) 165.7 C1, 181C9, 1601 C7, 140 C4, 136.5 C11, 135.9
C13, 1332 C2, 125/ C5, 1218C8, 121.5 C12, 118.8 C10, BIC6, 1132 C3 pm.

IR(ATR)n (cm™): 1610 6, nc=N, 1501 §, nn-o), 940 6, Nmo=0), 796 §, NMo-o-Mo).

MS-LIFDIpositive ion, calculated for [gHsMoN,Os]": 385.9431 found: 385.9416 error:-3.81
ppm.

UWvis 5a{ hX < «k1x6nh): 430- 450 verybread, Moxlkear maxiom, 365 (13100)

Elemental analysisfound 40.31 % C, 1.64 % H, 6.89 % N, calculated#dsM®N,Os: 40.64 % C,
2.10% H, 7.29 % N.

Mp.: decomposition > 300 °C

6.3.34[MoO,(2-[(E}[2-hydroxyphenyl)methylidene]amine}-trifluoromethyl
phenol)], Me13

14 3 7/8
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CisHsRsMoNGQ, 407.18 g/mol

UsinglL-13 (70 mg, 0.25 mmol) ansl(81 mg, 0.25 mmol) in MeOH (8ml) the product was obtained
as a red/brown solid0 mg,0.22 mmol, 83 %.

IH NMR(600 MHz, DMS@= Hp c/ 0 + T ddny O6&3 MI7TBEHZL5 03I vy
Hz, 1H, H13), 7.59 (td= 8.0Hz 1.5 Hz, 1H, H11), 7.56 (di; 8.5Hz 1.5 Hz, 1H, H5), 7.11 (it
7.5Hz 1.0 Hz, 1H, H12), 7.02 (& 8.5 Hz, 1H, H6), 6.97 (& 8.5 H, 1H, H10) ppm.

13C NMR151 MHz, DMS@> H p c /8€1, 161.0 COMIEH0E7, 18611, 135.9 C2, 135.
C13, 126.7 (q]= 3.0 Hz, Cb), 1&g, J= 271.5 Hz, C14), 181C8, 1213 C12, 120.5¢, J= 32.0

Hz, C4), 118.9 C10,8QC6, 114 (g, J= 4.0 Hz, C3) ppm. Note: due to low resolution all quartets
appear as doublets.

19 NMR(565 MHz, DMS@s, 25 °C)  -39.4 6, 35 ppm.
IR(ATR,)n (cm‘l): 1601 s, nc:,\), 1323 $, nc.F), 922 G, I"I|v|o:o), 802 e, nMo.oMo).
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MS-LIFDIpositive ion, calculad for [Gi4HsFsMoNGQy]*: 408.94540found: 408.94554 error: 0.34
ppm.

UWwiss S5af{ hZ < «k1%6nrl): 414 (4200)[348/7900R f

Elemental analysisfound 37.93 % C, 1.86 % H, 3.11 % N, calculated4¢s/MoNQ:: 41.30 % C,
1.98 % H, 3.44 % N.

Mp.: decomposition > 300 °C

6.3.35[M00O,(4-hydroxy3-[(E}[(2-hydroxyphenyl)methylidene]amino]benzeme
sulfonamide)(MeOH)], Mb4

CisH14aMoNO;S, 450.29 g/mol

UsingL-14 (90 mg, 0.31 mmol) ansl(100 mg, 0.31 mmol) in MeQl@ml) the product was obtained
a yellow solid. 62 md.14 mmol 45 %.

'H NMR(600 MHz, DMS@s Hp c/ 0 + T d2P@u=20&Z 1HIH3Y 7.89(d&> vy @
8.0Hz 2.0 Hz, 1H, H13), 7.69 (d& 8.5Hz 2.0 Hz, 1H, H5), 7.59 (it 7.5Hz 1.5 Hz, 1H, H11),

7.26 (s, 2H, H14), 7.10 §& 7.5 Hz, 1H, H12), 7.01 {& 8.5 Hz, 1H, HB§.96 (dJ= 8.5 Hz, 1H,

H10) ppm.

3C NMR151 MHz,DMS@~ Hp c/ 0 + T McH®n 2CMYI3SBCHWS [/ b Mpy dn
135.7 C13, 135.2 C2/4/8, 125, 121.8 C2/4/8, 121212, 1189 C10, 117.6 C6, 1BIC3 ppm.

IR(ATR)n (cm): 3339 (S, now, MeOH), 318 (S, nw+), 3057 (S, ), LED3 (S, ne=y), 136
(S, nS:C),951 (S,nMo:Osym), 910 (SnMO:Oasym)-

MS-LIFDI positive ion, calculated for [€HsMoNG;ST: 419.93082found: 419.93096 error: 0.35
ppm.

UWviss 5a{W¥ &5 k&*chrl):@19ya20D), 351 (9700)

Elemental analysisfound 37.15 % C, 2.16 % H, 6.21 % N, calculated48i20N.O;S 37.34 %
C,3.13%H, 6.22 % N.

Mp.: decomposition > 300 °C
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6.3.36 [MoOx(5-(diethylamino)2-[(E)}{2-
hydroxyphenyl)iminolme#i]phenol)(MeOH)], 15
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GigHo2MoN:Gs, 442.34 g/mol

UsingL-15(72 mg, 0.25 mmol) ansl(83 mg, 0.25 mmol) in MeOH (8ml) the product was obtained
a red/brown solid. 40 md).09 mmol,36 %.

H NMR(600 MHz, DMS@>~ Hp c/ 0 1+ 7)[7.63(deb &0 HralH), 7wV (@ 910 Hz,
1H, H13), 7.07 (1= 7.5 Hz, 1H, H5), 6.86J& 7.5 Hz, 1H, H4), 6.75 (& 8.0 Hz, 1H, H12), 6.44
(dd,J= 9.0Hz 2.5 Hz, 1H, H12), 6.10 (& 2.5 Hz, 1H, H10), 4.4§) J= 5.5 Hz, 1H, 1), 3.43 (q,]
=7.0 Hz, 4H, H14), 3.17 {& 5.5 Hz, 3H, H16), 1.13J% 7.0 Hz, 6H, H15) ppm.

3C NMR151 MHz,DMS@ Hp c/ 0 + T 2GAicl64d3/C7,15R.7 C1h, 137D C2, 136.6
C13, 127.5 C5, 119.9 C4, H66, 1153 C3, 111.1 C8, 105.9 C19,8C10, 48.6 C16, 44C14,
12.6 C15 ppm.

IR(ATR)n (cm™): 3395(s, non, MeOH), 293- 2872(m, nct), 1614(S, nc=y, 1248 (S, ncn), B3
(51 nMo=Osym), 893 (S, nMozdasym)-

MS-LIFDIpositive ion,calalated for [C7H1sMON.O4]*: 412.0315 found: 412.0331 error: 3.83
ppm.

UMviss 5a{ hZ < k1460l 465 (1&300], 36002007 f

Elemental analysisfound 46.78% C 4.53% H 5.80% N calculated foiCsH2MoN.Os: 48.88% C
5.01% H 6.33% N.

Mp.: decomposition > 300 Golvent loss could not be determined
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6.3.37[MoO,(3-[(E}[(2-hydroxyphenyl)methylidene]amino]naphthai@n
ol)(MeOH)], Mel6
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GgHi1sMoNG;, 421.28 g/mol

UsingL-16 (81 mg, 0.3 mmol) an8 (100 mg, 0.3 mmol) in MeOH (8ml) the product was obtained
as an orange solid. 107 n@25 mmol 85 %.

'H NMR(600 MHz, DMS@,25°@ <+ [ ¢dpn 6aX M|l I |IMROHZ1Y doy 0643 wml
Hz, 1H, H17), 7.83 (= 8.5 Hz, 1H, H5), 7.73 (& 8.0 Hz, 1H, H8), 7.60 (b 7.5Hz 1.5 Hz, 1H,

H15), 7.43 (td)= 7.5Hz 1.0 Hz, 1H, H7), 7.34 (tt5 7.5Hz 1.0 Hz, 1H6), 7.22 (s, 1H, H10),

7.11 (td,J= 7.5Hz 1.0 Hz, 1H, H16), 6.98 (&; 8.0 Hz, 1H, H14) ppm.

3C NMR151 MHz,DMS@> Hp c/ 0 + T wmc M@Gh 13BED, I3REPY Pdh / MMI MPp Yy C
135.5C17, 138.C9, 128.2 C5, 12BC4, 126.8 C7, 126C8, 124.@C6, 121.9 C12, 1D C16,
1191 C14, 114.6 C3, 11C10.

|R(ATR,)I’1 (Cm-l): 1623 6, nC:l\), 930 S, nl\/lozdsym), 888 Sbr, nMo:O/asyn).

MS-LIFDIpositive ion, calculated for j@41MoNQy]*: 390.97367found: 390.97417 error: 1.27
ppm.

UWviss 5afkh ¥ Y< 681 em?]: 408 (11YED), 339 (28800)

Elemental analysisfound 48.62 % C, 2.82 % H, 2.96 % N, calculatedgaisKlIoNG:: 51.32 % C,
3.59% H, 3.32 % N

Mp.: loss of MeOH >3D °C, decompaosition > 300 °C
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6.3.38[WQy(2-[(E}(2-Hydroxybemylidene)amino]phenol)], W

12
13 1

7 8 10

3
7 O X9
4 2 N//,,”‘\O

W
1 A\
o” Yo
6

GisHNQW, 427.06g/mol

[mMOHMODHDP YIAI M YY2f0 61 & RAZ&OFHAS R oAmydrakympli Yax
YY2t 0 6F& FRRSR (G2 GKS 2NIy3S &az2fSdaidkt20yady 3 Gyl
eStt2g az2tddianzy FyR GKS YAEGANB 6+ a KSFGSR

P FTGSNI 022t Ay3 (2 TRRAXBRISKMEDNER IINBB G BRRO B MWK 5 R
I Qdz2¢t KS LINPRdzOG ¢l & 20abAYSR h®TmMYy YY¥RE ¥ 38 mE7Z

IHNMROnnan all s 5a{hZ up c/ 0X¥B8OHAIHWBHATI@EXYE M| X
Hz, 1H, H13), 7.61 (= 8.0 Hz, 1H, H11), 7.29J% 7.5 Hz1H, H5), 7.10 (= 7.5 Hz, 1H, H12),
7.01 (d,J= 8.0 Hz, 1H, H10), 6.97J%& 8.0 Hz1H, H4), 6.90 (dl= 8.0 Hz, 1H, H6) ppm

BCNMROMAM all s 5a{hZ up c/ 0 + TICMEHHAUIS2CPY Mpy
130.5 C5, 122.5 C8, 131C11, 120.6 C4, 11eC10, 1181 C6, 1163 C3ppm.

IR(ATR)n (cm™): 1615 6, nc=N, 941 §, nw-0), 730(sbr, nw-ow).

LIFDIMS: positive ion,calculated for [@sH20MoN2Os]™: 427.00354found: 427.00254 error:-2.35
ppm.

UWiss 5a{ hX < «k1xn&n): 40¥ (7X00),[362r56002 f

Elemental analysis:dund 34.99 % C, 1.88 % H, 2.92 %adulated for GsHWNQ:: 36.56 % C,
2.12 % H, 3.38 % N.
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6.3.39[WQ; (4-Hydroxy3-[(E)}(4-methyloxycarbonyl-
hydroxybenzylidene)amino]benzoic agidthyl este)], W-2

17

Gi7HINGW, 543.13y/mol

[mOoH pPomM VATTE MRAYAYRZIt ISR AY K2hif riSlhdowdpy rt YII YR bl
YY2F0 glo HKESRNI y3IS a2t ddAizyd ISNBEADADYIYRY MOTp
&St f 20 J42R dAK YNBLF OGA2y KSIFGSR (G2 NBFtdzE F2NJ HH KO
I FGSNI 022t Ay 3 (RKERRY SR SHMBEBDNER WNEIBSI SR oayTFAf GNF (A2,
Gl Gz KS ABN® Rdzdiiilk A y SR [n&n ck yY IBNInydardn aY2YEA BEd T p

IHNMRonnan all X 5a{hZ up c/0Y + [ ddPcT 6&ZI MIZ | O vy
= 8.0 Hz, 1HH13), 7.93 (dJ= 8.5 Hz, 1H, H5), 7.13 (& 8.0 Hz, 1H, H12), 7.04 {d&; 8.5 Hz, 1H,
H6), 3.89 (s, 6H, H8+H17) ppm.

BCNMROMAaM all X 5a{hZ HpCbhi/180G1, 162.8CE1pl®X3 CO,1F.8MC p D
C15, 136 C13, 1382 C2, 131.9 C5, 26 C10, 122.3 C14, 122.2 C4, #2012, 118.7 C3/6, 118.6
C3/6, 52.2 C8/17, 52.C8/17 ppm.

IR(ATR)n (cm™): 1721(s, nc=9, 16L0(S, nc=N, B4 (S, nw=0), 736 (S br,nw-ow).

LIFDIMS: positive ion,calculated for [GZH1sWNQ]*: 543.01450found: 54301536, error: 1.59
ppm.

UWviss 5a{ hZ < k160l 400 (7&00),[3596300) f

Elemental analysis:dund34.98% C2.34% H,2.23% N calculated for GH1sWNGQs: 37.59% C,
2.41% H2.58% N.
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Appendix

Al Structures of complexes and substrates used in this work

FigureA-1-1: Structures of molybdenum and tungsten complexes synthesised in this work.




















































































