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Abstract

Thisfinal thesis is aimed at summarizing the research program | have carrghaiogt

my PhD studies, that has beemliteg with the design, the preparation, characterization
and application®f new Re(l), Ru(ll), and Ir(Illl) metal complexes containing anionic
ligands such asé&ryl tetrazolates [FCN4]™ or their neutral analogues;&kyltetrazoles
[R-CNs-R4], that possean alkyl substituent on the pentatomic ring

Chapter 1 consistsf a brief introduction on tetrazoles and metglazolato complexes,
and onthe photophysical properties of tlansition metal complexes.

In chapter 2, the synthies characterizationnal study of the photophysical properties of
new luminescent Ir(llltetrazolate complexes are discussed. The introduction of an
electronwithdrawing groupi in this casga cyano group on the main scaffold of the
complexes led to unusual photophysicaipgarties vinich will be discussed; moreover,
the application of one of the new Ir(HON complexes as emissive core in the
fabrication of an OLEDRJevice is reported.

In chapter 3, the syhesk characterization and study of the antimicrobial activity of a
new Ru(ll}alkyltetrazole are reported. The use cfllyl tetrazoles as diimingy/pe
chelators in the preparation of trishomoleptic Rufib)ypyridyl like complexes
eventually led to a new family of fully tetrazole Ru(ll) complexes. When the pentatomic
ring was substituted with a long alkyl residue, such as a hexyl group, antiraicrob
activity towardDeinococcus radioduransas observed.

In chapter 4, the synthesis, characterization, and study of the photophysical properties
of a new family of luminescerRe(l}tetrazolate complexes are reported. In this study,
different Nralkyl tetrazoles play the role of diimine (diim) ligands the preparation of
new Re(l) tricarbonyl complexesIn addition, absorption and emission titration
experiments were performed study their interactiomvith Bovine Serum Albumin
(BSA).

In chapter 5, theymthess and characterization of new luminescent Rifhazolate
complexes are discussed. The use dfosaited diimie ligands in the preparation of
new Re(l) tricarbonyl canplexesled to the first example Re(l) complexes for the

luminescent staining of proteins.



In chapter 6, the synthiss characterization and study of the photophysical properties of
a new family of Ir(ll1)-NO. tetrazole complexes are discussed. The inttdo o a

nitro group on the cyclometalated ligands led to unexpected photophysical properties
that will be discussed therein. Moreover, the possibility to tune the luminescent output
of such systems upon chemical modification of the peywiino group vas verfied by
performing reduction tests with sodium dithionite; this represents encouraging evidence

for their possible application as hypoxesponsive luminescent probes in bioimaging.



Commonly used abbreviations and symbols

U Excited statdifetime

a Quantum yield

Uy Quantum yield of reference

Ambs Absorption wavelength

Aemi Emission wavelength

Bexc Excitation wavelength

0 Molar absorptivity

AIE Aggregationrinduced emission
AlQ Aggregation induced quenching
aq Agqueous

bpy 2 , -Bigyridine

ACN Acetonitrile

C"N Cyclometalatindigand

DCM Dichloromethane

DMF N,N-dimethylformamide

DMSO Dimethylsulphoxide

EtOAC Ethyl acetate

ELO Diethyl ether

F-PPy 2-(2,4-difluorophenyl)pyridine
F-PPy-CN 2-(2,4-difluorophenyl}4-cyancpyridine
Fo-PPyNO, 2-(2,4-difluorophenyl}4-nitro-pyridine
fac Facial coordination isomer

HOMO Highest @cupied molecular orbital
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LC
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LUMO
MC
mer
MeOH
MIC
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NMR
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Hexane

Internal conversion

Intra-ligand

Intra-ligand charge transfer
Intersystem crossing

Coupling constant (NMR)
Intersystem crossing rate constant
Non-radiative decay rate constant
Radiative decay rate constant
Ligand-centred

Light-emitting electrochemical cell
Ligand-to-ligand charge transfer
Lowest unoccupied molecular orbital
Metal-centred

Meridional coordination isomer
Methanol

Minimum inhibiting concentration
Metakto-ligand charge transfer
Metalmetatto-ligand charge transfer
Nuclear magnetic resonance
Organic lightemitting device

Opticaldensity of a sample measured at a
wavelength of 600m

1,10phenanthroline  2-phenylpyridine

Pyridine



TEA Triethylamine
uv Ultraviolet
Vis Visible

VR Vibrational relaxation






Table of Contents

Chapter LINtrOUCTION ......cooiiiiiiiitit ettt eene s eeeaeee s 1
1.1 Photophysical properties of metal complexes...........cccooiiiiieecnns 1
1.1.1 Electronic structure and transitions of metahplexes..............ccccvveeeeee. 5.
1.2 Luminescent complexes of ttanstion metal ioNS............cccceeeiiiiiiiiieeeeennins 11
1.2.1 Ruthenium(ll) polypyridyl COMPIEXES...........coovvviiiiiiiiiieeiiee e, 12
1.2.2 Iridium (111) cyclometalated COMPIEXES......covvvieiiiiiiiiiiiieee e 13
1.2.3 Rhenium(l) tricarbonyl complexes...........cccciiiiiiiieeciiiiiiiieee e 15
1.3Metal tetrazol(at)e COMPIEXES.......uuuuiiiiiiiiiiiee e 16
1.3.1 Tetrazoles: synthetically versatile nitrogem ligands for metal complexes
................................................................................................................... 16
1.3.2 Metaltetrazol(at)e COMPIEXES........ccoevviiiiiiiiiiieeiiiieeeeeee e 18
1.3.3RUtNENIUM (It 18
R [T 10 o I 11 OSSR 19
1.3.5 RNENIUM (1)t 21
L. AREIEIENCES ..ciiiiiiiiieitte ettt ettt e e et b n e 23

Chapter 2 Fine color-tuning of Ir(lll) tetrazolato synthesis, photophysical

properties and OLED device fabrication.................uuueiuiiiiicneieeeieeeeiiiiisennennnnnes 29
2 L ADSIIACE. ...ttt e e e e e e mnne e 29
2228 | oo To 18 ox 1 o] o U PP UUUP PSPPI 30
2.3RESUILS O DISCUSSION........uuuuuiiiiiiiiiisimeeeeeeeeesaeennea s smmeeeeeenseseeeneanes 32

2.3.1 Xray CryStallograpiyi..........eeeeuiieiieeesvemeeeeeeeeeeaann s eeeeeannnee 35
2.3.2 PhotophysSiCal PrOPErtieS........uuueueuueieiiisieeeeeeeesnennnennnnnnn s s s smmeeseeennnes 36
2.3.3 CyCliC VOItAMMETIY......eveiiiiiiiiiiiiie s smmmr e smmmr e eeeeeseennees 42
2.3.4 DFT CalCUIALIONS ... 48
2.3.5 OLED device with [Ir(FFPPY-CN)2(PTZ)].....ccoiiiiiiieeeeeeeceeeeeeeeee . A9
2. A CONCIUSIONS. ....eiieeiiee ettt e e e e eeer e e e e e e e e e e e e e e e nnrbesanenannes 52
2.5Experimental SECHQAN. ..........uuiiiiiiiii e 53

] 3 G (=] (=] 4 [T TR 63



Chapter 3 Antibacterial activity of a new class of tris homoleptic Ru(llycomplexes

with alkyl -tetrazoles as diiminetype ligands*............ccccceeeiiiiiiicce i a7
S LADSHIACE. ...t e e e e e e 67
G2 | 1 oo 18 ox 1o o NP PPPP PP PPPPPRN 69
3.3 RESUItS aNA DISCUSSIOML.......uuuiiiiiiiiiiiieeeeere e e e e e e e e e eee e e eas 71
3.3.1 Xray crystallography........cccccuueeiiiiiiiiiieeeeiieeeee e d D
3.3.2 Photophysical and electrochemical properties........c.cccccovvivicceeenens 77
3.3.3 Antimicrobial CtIVILY...........uuuriiiiiiiisi s s d 9

LA CONCIUSIONS. ...ttt e e eeee et e e e e e e e e e e aneeannes 85
3.5EXperimental SECHQN.............cuuvuuiiiiiiieree e e e e e 87
BB REBIEINCES ... ..ot et a e 96

Chapter 4 Alkyl tetrazoles as N*N diimine ligands forfac-[Re(N~N)(CO)3s(L)] -type
complexes. Synthesis, characterization and preliminary studies of theteraction

with Bovine Serum AlDUMIN® ... 99
I o 1 1 = T P PUPURPPPPRPPT 99
A2 INETOAUCTION. ...ttt eeee e e e e e e e e e e e e e nnneanne s 101
4.3Result and BBCUSSIONS........oiiuiiiiiiiiiie et et e e e e e e e eee e 104

4.3.1 Xray crystallography..........oooociiiiiiiiiiieeeiieeeeee e 110
4.3.2 Photophysical properti@s...........uueeeeiiiiieiieeceeee e e 111
4.3.3 Interaction with BSA Bovine Serum Albumin..........ccccoooeviiiiiiieennnnn 114
4.4 CONCIUSIONS. ...ttt ettt eeesre e e e e e e e e e e e e s e nnnnanneaan 119
4.5EXperimental SECHQN...........uuuuuiiiii i mmmr e eeeanarraee 120
A BREIEIENCES ... e 127

Chapter 5 Luminescent Protein Staining with Re(l) Tetrazolato Complexes*.132

. L ADSIIACE. ...t e e e e mmne e 132
S.2INrOAUCHION. ...t e e e e eeeeees 134
5.2.1 Xray crystallography........ccccuuiiiiiiiiiii e 138
5.2.2 Photophysical Properties..............uuuuuiiiiiimmmniieiiiiiieiieeeeiiiiiiciinnee e 139
5.2.3 Luminescent staining of Proteins..........cccoevvviiiiiieeeiiiiie e 145

S RCT e ] o (o3 (11710 ] o K- AR 151



5.4Experimental SECHQN..............uuuuuuiiiiiiri e mnmr e e eeeeeeenaee 153
D B REIEENCES. ... 160

Chapter 6 New luminescent Ir(lll) -tetrazolate complexes as potential redeactive

probes for intra- and extracellular sensing of hypoxia in bioimagig................. 164
6. LADSIIACT. ... 164
6.2 INTFOTUCTION. ....eiiiiiiieei it e ettt e e e e e e e e e e e e e eeeeees 165
6.3 RESUIS aNMISCUSSION. .......uuiiiiiiiiiieeee i 168

6.3.1 Synthesis of the ligands and corresponding Ir(lll) complexes......... 168
6.3.2 Xray CryStallographyi.......... i cieiieeie e e e e et 178
6.33 Photophysical Properti®s. ........euueeeeeeiiiiiiieee e 180
6.3.4 EMISSION SPECLIOSCAMY. .. vveeeeeriaieeeeesiiiimee e e e ee ettt e e e e e s eeeeeeeeaaeaens 183
6.3.5 Reduction tests with sodiuithionite (NaS04). ....ccooevvvieeeieeeiiiiiiiie, 192
6.4 CONCIUSIONS.....ooiiiiiiiiiiit et eee e e e e e eeene e 195
6.5 Experimental SECHQN.............couvviiiiiiiiie e 197

SN ST Rl (=] (=] A 1611 206









Chapter 1 Introduction

11Phot opphHy spircoperties of metal compl
Fundamental concepts

Photoluminescence consististhe emission of light from an electronically excited state
to a ground state, after the aljgtmn of a photon. Absorption phenonagaking place

in dilute solution are described by tBeerLambertBouger law (Equation 1)
E L t {4 (eq.1)

where | and lo represent the intensity of the transmitted and incident radiation
respectively, measuredaty i ven wav el e n gttefuatiortdefficienttish e mo
the optical path length aralis the concentration. Theatar attenuation coefficiend
guantifiesthe ability of a molecule to absorb ligiRrocesses taking place from the
interaction of a molecule with light are illustrated in the simplifliadlonski diagram

reported inFigure 1.1

S, .
c
kic
- :
o v
o e 1SC
Kisc T
c : T4
L §
sl |k P |
b r Lonr H
o H b
4 : k ik
K] r ihnr
< i
So ] ¥
Fluorescence Phosphorescence

Figure 1.1 Simplified representation of theaBlonski diagram



The photoexcitation of a molecule with an appropriate wavelength allows the promotion
of an electron from the molecule ground stibeled asS, to different electronically
excited states (§ S€ S,) with thesame spin multiplicityOnce the electron is excited,
several mechanissrallow energy to be dissipateBor eachelectronic excitedstate,
many vibrationalevelsare populatedipon light absorptiowibrational energy can be
dissipated between vibrational levels of the same excited state by vibrational relaxation
(VR), whereas internal conversion (IC) takes place between different electronic levels
with the same spin multipli¢y as a consequence of overlajpvibrational levés. The
greater the overlap the fastest the #nadiative decayimplying high values of the
process r &cdb 8othcV® arsl iCaarédst ndnradiativepathwaysthat occur

in the order of 18*10° second$“? On the other handa nonradiative transition
between two states of different multiplicity is named intersystemssing (ISCwhich
consistsof the conversion of the singlet excited statg (6 a more stable triplet state
(T1). DespitelSC violating the spin selection ruléhe presencef a heavy element
favouring strong sphorbit coupling, such as a metal centre, results@laxation of the

spin selection rulehus partially allowing the transitiom.his processises from the
coupling betweeltthe electron spin angular momentuvith theelectromagnetic field
generated bythe rotation of the electron around the nuclel®C processs are
characterizd by a rate constairiikiscO whichis strictly correlated to theéimension of the
considered nucleusnd typically occursvith atime scée from 108 to 10° second$*?

As previously mentioned non-radiative decay from the excited state to the ground state
is favoural by an overlap of vibrational levelsausing the molecule ttissipate energy

by moving to the lower energy ground stéthe reldionship between the entity of this
overlapping and the neradiative decay rate constadqtis described by the energy gap

law. (Equation 2)

» W e (eq.2)

where ko, representsthe nonradiative decay constan# is the preexponential

coefficientU i s a pr opor t igpds thd endrgy gap betwsen thativo a n d

energy states.



Considering such relatioit is possible to notice how a high enegpp between the
excited and the ground state is associatitt a lowrate of noaradiative decay?’
Alongside radiationlessdecays,dissipaion of energyfrom an excited statean be
accomplishedby spontaneousmission of light henceby luminescencd.uminescence
can be formally tvided into two categories according to the nature of the excited state
fluorescence(S1Y So+ h) ds the spinallowed emissionof light ( h &dm a singlet
excited state(Sy) to a singlet ground staf&o) within a timeframe of 18to 107 seconds
phosphorescenc@1Y So+ h dakes place frona triplet excited stat€T;) to a singlet
ground stee (9) thus being formally sphfiorbidden The change of spin multiplicity
required in the decay of the €xcited state toraS, ground state is responsible tiwe
slower decay rate of phosphstent phenomenaence resulting irlongation in the
lifetime of the excited state (10 10?s).

W === eq.3
B E.E.E (eq.3)

B
o, B eqd
> BEELE (eq4)

The key parameterthat areusually taken into account in the evaluation of the
competition between radiationkeand radiativedecaypathwaysare the excited state

| i feti me Idinthéscermce d a h h @ m OykeiaglUthe afietage tina the
molecule spends in the excited state before deactivation to the ground state and e
ratio of emitted photons to the absorbed onE€ke terms contrilting to the
determination of such parameters geghered irEquation 3 and Equation 4, which
representhe entity of the aforementioned parameters in consideration of all the available
pathways for the excited statedissipate energy on going back to the molecule ground

state.



Selection rules

Selection ruleslefine the probability of an electrorafrsitionbetween quantum states
to occur and according to such criteradiative processesan be classified adlowed
or asforbidden transitions.

Laporte selection rule

This selection rulewhich only applies tocentrosymmetricsystems states that a
transition occurring betwedavelswith the same parit{g, gerade or u, ungeradsith
respecto theinversion centre (e.gYuu or g¥ g)isforbidden Hence, a change of parity
must take placéor the transition to be allowed (elg.Y g o r). Agelaxdion of the
Laporte ruleis found in phenomena likévibronic coupling. Vibronic couplingin a
processarising from the interaction of avibrational transition with arelectronic
transition in which the inversion centre tiie molecule is temporarily resweddue to
asymmetric vibrationsf the latter. Thus the decrease in theverall symmetry of the
systemallows forbidden transitions to take platkewised Y dransitions in octahedral

(On) metal complexes.

Spin conservation rule

According to the spin conservation rule b e i n averahspin mditiplicity variation
a transition is to be considered sjpilowed when occurrindgpetween statewith the
sane spin multiplicity @S 3, Qvhereas transitions between statesdifferent spin
mul ti pl i are foynally spiffdriddilen.On such premises, singlet(S=0)to
singlet transitiorwill be spin-allowed, while a triplet (S=1) to singlet transition vk
spinforbidden The presence of a heavy elemeguch as a metal centygyossessing
strong spirorbit couplingthat favourgnterstates mixingresults in a relaxation of the

spin selection rule thus partially allowing transitions t h @S| 0 .



1.1.1Electronic structure and transition®f metal complexes

To better rationalize theossiblephotophysical processesing from the absorption of
light by ametal complex, severaheories describing the electronic structure of these
systems can be taken into corsmtion among theseone can find the crystal field
theory (CFT), the ligandield theory (LFT) and the molecular orbital theory (MOT)

Crystal Field Theory (CFT)

In CFT, the ligands surrounding a metal centre are considered as negative point charges
gererating an electrostatic figldnd there are no metadand covalent interacti@In
transition metal ionsglectrostatidnteractionswith an approaching liganare possible

only for the outer sheli-electrons, beingvery otheatomic orbitaempty @ completely
filled. In a transitiormetal ion in the gas state, the five d orbitedsethe same energy

In a systemwhere the field generated by the approaching ligand is spherically
symmetric the five d orbitals would be higher in energy in compartedhe free ion as

a consequence of the repulsion between the metal electron density spitktheal field

of the ngative chargeglespitesuch interaction, the five d orbitals woludd still fivefold
degenerate.

In complexeswith octahedral geometryhe ligands approach the metal ion alongxhe

y, andz axes. Therefore, the electrons in the orbitatsaitedon these axes {gdand do.

y2) experience greater repulsion in comparison todhe located ororbitals laying
between the axes {d di;, d,;). Now, the five d orbitad are divided ito two sets of
orbital with different energy: a high@nergycoupleof orbital name &y, and three other
orbitals with lower energy namec4. This is known agrystal field splitting a® or 10

Dqg, which width depeas on the central ion anithe ligands involved,is generally
considered to evaluatee amount of splitting between thgand t4 orbitals (Figure

2.1
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Figure 2.1. Graphical representation of the crystal field splitting of the d orbitals in an octdhed
complex.

For the description of the crystal field splitting in tetrahedral complexeass ensider

the metal centre surrounded bgubic field.In this casethe four ligandslo notdirectly
approach the metal centre along the aieteed theynteract more with orbitals located
between the axes ., dyz) which experience greater repulsion in comparison to the
one located along the ax@s. and do.y2) As reported irFigure 3.1, the splittingof the

five d orbital results in a highemergy set of three degenerate orbitald &nd a low
energycouple of orbitals (e)the energy gap is defideasq. The minor entity of the
splitting between the two setstbiorbital is explained by the smaller number of ligand
interacting with the metal centre, resulting in a lower repulsigperienced by the five

d orbitak. This time no parity terms are inved due to the absence of an inversion
centre; this is the reason why transitions in tetrahedral complexes are generally more

intensein comparison to octahedral complexes.
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Figure 3.1. Graphical representation of the crystal field splitting of therldtals in a tetrahedral
complex.

Ligand field theory (LFT)

According to experimental data, the crystal field theory (CF&presentsa rough
approximation of the electronic structusé metal complexes. A more representative
approach in the descriptionf ¢he electronic structure of these systetakes into
consideration a certain extent of covalency in the interaction between the metal centre
and the coordinated ligands, thus a certain overlap between theligetdl orbitals;

this is named as ligandefd theory (LFT). According t&.FT, the catulation of the
energylevel diagrams procee@salogously tcCFT, except that one takes into account
that the interelectronic repulsion and spibit coupling parameters are noticeably
reduced when going fromde to complexed metal ions, because ofié#lecalization of

the O6metal 6 el ectrons

Molecular Orbital Theory (MOT)

In molecular orbital theory (MOT) the orbitahvolved inthe interaction between the
metal centreanda coordinatingigand are composef a linear combination of both
metal andigand orbitals. The ligands orbitals are combined to obtain a set of composite
ligand orbitals named ligand group orbital (LGO). Successively, this set of §gand
combined with metal orbitalgccording to symmercriteriain the construction of the

malecular orbital (MO) diagramof the molecule



Molecular orbital diagram for a ds configuration

The molecular orbital diagrareported irFigure 4.1is a representation tie electronic
structureof a ¢ transitionmetal complex showing some of th@ossible electronic
transitionsoccurring in these systemi the construction of the diagramll of the
ligandssurroundinghe metal are assumed to be equivalent Borgsimplicity, only the

" * 1 i g an dyspmmetry ara $shewn tifming molecular orbitals with the metal.
Furthermore, irFigure 4.1 the stability of low spin glmetal complexess highlighted
since as one can noticthey possss completely filled bonding orbita and empty anti

bonding orbitals.

. ML . .
A Metal Orbitals 6 Ligands Orbitals
a1g*
t1u*
— TR
g
6p — T LUMO, 4 —|
1u t2g*
— — — 7
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thy - €g-a1g

Figure 4.1 Simplified MO diagram for a low spinsdransition metal complex, coordinated dix
equivalent” accepting ligands. The formation of the relevant molecular orbitals hasinieated
with dashed lines. The HOMO and LUMO orbitals are highlighted in red, whereat MCMCT,
andMLCT transitions are highlighted igreen



For a thirdrow transition netal ion, the outeroordinatiorsphereconsists of 5d, 6p and
6s orbitas, thus these elementwill be considered in the construction of the
correspondingmolecular orbitaldiagram. In the Oh symmetry point groumetal
orbitalsmay be classifiedccording to symmetry criteria as follows:

5d (Cky, Gz, 02) Y &g
5d (de2y2; Gr2) Y tog

6sY dig

6p (B, Py, P2) Yt

Theegandaigor bi t als are suitabl e utyDriotaledrey f or
suitable uniquely for tiworbbontdailnsg ciannt egriavcet
a n dbonding interactionsAs shown infigure 4.1, for alow spin @ transition metal
complex, the bonding molecular orbitalsig(agy, tiw and tg) are completely filled

whereas the anbonding orbitals (&*, eg*, ti*andtg* ) ar e empty. The
accepting ligandgenerally produces a strong crystal fieltyg increasing the entity of

the splitting between the metal d orbitdiisr such reasarthe g@* molecularorbitals

display higher energy in comparison to th.t

In following this approachthe ligandgnteracting withthe metal ion are considered to

be all equivalentLinear combination of their atomic orbital resuhsthe definition of

an LGOcomprsing ti, €y, a1g andtyg terms. At this point, the main scaffold of the
diagram is builtconsideringthe interaction betweemetal and ligands orbitalsith
appropriate symmetry requiremeiitie g and tg* orbitals represent respectively the
highest occupied molecular orbital (HOMO)datowest occupied molecular orbital
(LUMO). The separatio between such leveis definel asthe HOMO-LUMO gap and

strictly dependsonthie donating/ accepting aBility of



In consideration oMOs being linear combinatigrof atomic orbital withmain ligand
or metal characteit is posible to definethe electronic transitions of an octahedral
transition metal compleaccording tahe main character of the orbitals involved in the

processas follows:

1 Metal Centred transitions (MC)Transitions between MOsvith main metal

characterthese transitions happen betweterh e 2g) ‘'nonbonding orbitalandthe
0 * ¢)(amti-bonding orbitabothlocaed onthe metdic ion (d-d transition3. These
processesre formally spirforbidden so they are generally associated with small

absorptivities.

1 Ligand Centred transitiond.C). Transitions between MOs with prevalent ligands

character These processdake place between the ligands orbitals that are not
involved in the coordination to the me
t h e “bbndiagsysiem of the ligaadlhese processes generaltgpresented by

intense bandm the UV region(See CT section for LLCT transitions).

1 Charge Transfer transitions (CTMransitionccurring between MOs witttifferent

main characterAccording to the initial position of theleetron undergoing the
transition,it is possible to distinguish betwetimeetypes of transitions: 1) ligand to

met al charge transfer (LMCT) for transi
0 * 4 ang-bonding orbital of the metal; 2) metal tgdind charge transfer (MLCT)
when startingnoebdrmaeirndyr mor Wi t(ék of the
system of the ligands3) ligand to ligand charge transfer (LLGTWhich are CT
transitions betwen inequivalent ligand€ontrarily to dd transitions, CT transitian

are completely allowedyiving rise to intense absorption band

10
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Figure 5.1 Simplified Jablonski diagram for octahedral tdansition metal omplexes with lowest
MLCT excited state. VR and LLCT transitions are not included for simplicity.

The Jablonski diagram reported igure 5.1 is a simplified representation othe
possible electronic transitiatcurring inan octahedradls transitionmetal complexThe
contribution of both the metal and the ligarid the determination of theomplex
excited statestands behind tliremuch more complicatephotophysical propertieis
comparison to organic fluorophoreBr metal complexeshoth fluorescece and
phosphorescence can be achieved thragight balance of electronic and geometrical
requiremerd In the ground state electronic configuratiof low spin ¢ metal
complexesthere are no unpaired electrons, suggesting a singlet spin muitiplitien
usingsecond and thirdow transition elementsiepresence of heavy metal ions induces
high spin-orbit couplingallowing spinforbidden electronic transitions. The smrbit
coupling allows efficient ISC from th8; excited state to the lowe$t exdted state
inducing also an admixture between these states (MC, MLCT LC), eliminating the spin

forbidden nature athe phosphorescerttansition.

11



1.2.1Ruthenium(ll) polypyridyl complexes

Ruthenium(ll) polypyridyl complexes aravidely consideredhe progenitor reference
in studies dealing witithe photophysical behaviour @fansition metalcomplexes
Indeed, at the beginning, spectroscopicanalysis of the archetypal compound
[Ru(bpy)]?* (1, Figure 6.1) evidenced the possibilitio populatea *MLCT emissve
stateby photoirradiationleadingto a broad phosphorescent emission centred at 620 nm
( €900 ns)Although such emissiois generally associatadth low values of quantum
yield and emission intensitgt room temperaturdue toa lowlying 3MC state, vhich
contributes to radiationless decay by a thermally activated surface crossiegStoc
Thanks to great research effonteimerous studies on Ru(ll) polypyyid have been
reported all over the yealsghlighting their greatphotophysicaknd electrochemical
stability, both in the fundamental and excited stéttese reasorsand bhind thequite
rich applicative scenariBu(ll)-diimine complexeposses nowadays

Their ability to interact with biological systenis known since the early 5 @vhen
Dwyer and coworkers reported the first study on the antimicrolu@vity of Ru(ll)
polypyridyls toward bacteri& Further investigation of the interactioof these
complexes with biological moieties led tmultiple application of Ru(ll) in
bioinorganics, where they can act as anticancer dfugsitimicrobial agent8)
photosensitizemn photodynamic therapy, luminescent probes in bioimagifig, and

also asstaining agents for proteins detectidn(2, Figure 6.1)

Figure 6.1 (left) Structure of [Ru(bpy)?*; (right) Ru SYPRG®, a luminescent piein staining agent.
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1.2.2Iridium (11l) cyclometalated complexes

During the past & years bis-cyclometalated [tll) complexeshave been gainingver
growing attentionbetween luminescentmaterials. Ir(lll) complexes of the form
[Ir(CAN)(L”L)]*, where C~N rpresents cyclometalating liganéndL~L a chelating
ligand, are by far the most commonlynvestigateatype of iridium complexes this
field. They are generally characterized by intense phosphorescent emissions deriving
from MLCT or LLCT (or both) excied states.

Thechemical naturef thesetris-chelatduminophoresanbe readilytunedby chemical
modification of the coordinated liganddndeed, it is well know how Ir(lll)
cyclometalatesanbetailored to obtain emissions acrdkg entire range ohe visible
spectrumand sometimes even down to tiear infrared (NIR)region™? Furthermore

the possibility to obtain both neutral and charged comp{8xsand 5, Figure 7.1),
along with their outstanding photophysical output, makes them greatdateslifor
application in lightning devices such@ganic lightemitting diodes (OLEDS Figure
7.2 and lightemitting electrochemical cells (LEECB Figure 7.1).1% In the same
way, theelectrochemical propertied these complexe# terms of elative position ad
reversibility of the redox processes the molecule undergoes in both the fundamental and
excited statecan bgproperlymodulated byappropriate choicef C*N and L~L ligands
Sucha combination of photophysical and electrochemical atility stands behit the
great potential recently displayed bjuminescent Ir(lll) cyclometalatesin
photocatalysis, here tlese systens are responsible for the harnessing of light to
promote chemical reactisf™ (8, Figure 7.1)

Besides to modification of the photophysical and electrochemical properties
functionalization of thecoordinatedigand is a great route to confer seeomplexes
selectivity features. For exampléhe possibility to achieve localization selectivity
toward specific organellesybappropriate choice of the coordinated ligands makes
luminescent Ir(Ill) metal complexasersatileprobesin the luminescenbioimaging of

live cells. [ As an examplein Figure 7.1an Ir(Ill) complex(9) possessingelectivity

towards lysosome is reped*”
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Figure 7.1 Examples of Ir(lll) cyclometalated complexe
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1.2.3Rhenium(l) tricarbonyl complexes

Along with Ru(ll) and Ir(lll) luminophores, isoelectronic Retticarbonyl diimine
complexedavebeen extensively stliedsince the earlp &,0vhen Wrighton and Morse
investigatedor the first timethe luminescent properties of ffRe[phen)(COCI], (10,
Figure 8.1) evidencingtheir ability to displayphosphorescent emission uptime
population of an emissiviMLCT excited staté'®

The facile synthesis oRe(l)}tricarbonyl diimine complexes, together wittthe
possibility to readily tune thephosphorescemutputby a convenient choice of ligands,
stand behind the many applications these complexes tbumagh theyears Their use
in materialsciencesees these systerinlighting device{OLED, 11 Figure 8.7.[2920
More frequentlyapplications of Re(l) tricarbonyh life sciercesare reportedwhere
they find use inchemical and biological sensiffd (12) bioconjugatiorf?? and as

luminescent probes inioimaging'?® (13)

oc/‘ co
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\ ~
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\ N/ \ N =
N
| _N ’ N SN L\ ’ N
\\\\\\N Z 2 VAR
7/ Re{ L %"'Re"““““\N\N‘N
o | o 7N
co
co oc” Lo
12 13

Figure 8.1. Examples of Re(l) taarbonyl complexes.

15



13Met al @Bt campl exes

1.3.1Tetrazoles: synthetically versatile nitrogaich ligands for metal omplexes

Tetrazoles are a class of synthetic organic heterocyclic comp@ondssting of a
aromatic 5-member ring comosedof four nitrogen atoms and encarbon atom.
Tetrazoles are carboxylic acid isostedisplaying similar values of pi?4?9 This
feature, in combination with thelower toxicity andgreater metabolic stabilitgnd
lipophilicity compared to theCOOH analoguesprompted theiruse in medicinal
chemistryas isosteric substituigef different carboxylic groups in biologically ae#

molecules?®
_N
HNTN
OH N~
OO0
I\

Figure 9.1. Losartai, the first angiotensin receptor blocker

Alongside their application in pharmacologytetrazolesown great potential in
coordination chemistry, in light of theresence of four diiming/pe nitrogens able to
bind transition metal and lanthanide ioRarthermore, an appropriate design of the main
scaffold of the ligand allows th@ossibility to obtain mono and multinuclear arrays.
Tetrazolespreparation procedas are known since the éad 5 On both organic and
aqueous solutioR” Amidst tetrazole derivatives, -&yl tetrazoles are generally
obtained by 13 dipolar cycloaddition of the azide anion onto an aromatic niRlgure
10.1) Their neutral derivativesN-Alkyl-5-aryl tetramles can be obtained by
substitution withan alkylating agentsuch as alkyl halide$? (Figure 10.1) Theyare
generally obtaiad as a mixture ofegioisomerdiffering for the substitution on the
pentatomic ringSelectivity towards the unique N2 isonmoan be achievedthen using

bulky functionalities (e.g. a tertbutyl group).
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17



1.3.2Metal-tetrazolat)e complexes

Since the early 200Qshe research group which | carried out my Phix dedicating
great researcleffort to studies dealing with the coordination chemistry oergl
tetrazolatesand 5aryl tetrazolestheir N-alkylated derivativesAt an earlystage the
first example ofFe(ll)-cycloperiadienyl complexes containing 5 arigtrazolats were
reported®? It is noteworthyhow in this casethe formation of the pentatomic ring is
achievedat room temperaturdy cyclization of sodium azide ontoan already
coordinated nitri, without the addition of any further reagenL5, Figure 11.1)
Moreover reactivity stuiesevidencedhe possibilityof inducing permaner§tCHs") or
reversible (-H") modification on the complex by electrophilic addition athe

coordinated tetrazole.

= 5

wFel NaN, ~Fe
e N _— - ~ng—N
oc™ | N DCMorMeoH € l N @CN
L room temperature L N*N
CN
14 15

Figure 11.1. Tetrazole formation via cyclization of a caémated nitrile

1.3.3Ruthenium(Il)

Successivelys aryl tetrazolate weremployedas monaoordinating or chelating ligand
in the preparation ahono and multinucleaRu(ll) polypyridyl complexes(16, 17, 18
Figure 121) The obtained Ru(ll) tetrazolate rele@ interesting
electrochemiluminescemtropertiesin solution and soligtate,thus prompting further
studieson their applicative scenarti®y) Once again, reactivity toward electrophiles was
confirmedand photophysical studies reveakedlear and distiguishable variation of
the emission properties of the complexes upon addition of electrophile, witnessing for
the first time how tetrazm ligands couldactively take parin determining the energy
and the composition of the HOMO and/@tJMO levels of tke corresponding
complexes®? More recentapplicatiors of these systerris material scienceeeseveral
Ru(ll)-tetrazolatecomplexes athiocyanae-free dyesasefficient sensitisesin dynamic
sensitized solar cells (DS$EY (19, Figure 12.1) Also, the antimicrobial activy of

recently reported tris homoleptic Ru¢tBtrazoless discussedn chapter3.*?
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Figure 12.1. Examples opreparedru(ll)-tetrazolate complexes.

1.3.4Iridium (II)

Alongside Fe(Il) andRu(ll) certres, 5aryl tetrazolate and alkytetrazoles coordination
chemistry hae been alsanvestigated toward isoelectronig mhetal ionssuch as Ir(l1l)
and Re(l)in the preparation of the corresponditegrazolate complexegyenerally
providing luminescent defatives

In an early stage, fundamental studies tbe reactivity towards electrophilesf
luminescentir(lll) -tetrazolaterevealed once again the participation of the tetrazolic
ligandin the determination of both luminescence and electrochemical piespef the
corresponding complex£¥ In a successive stagthe first example of luminescent
anionic Ir(lll)-tetrazolatecomplexespossessing bright blue or agua emisswere
obtained (20, Figure 10.1) Then,by thecombination of thesblu aniors with different
red-emitting cationic Ir(lll)-tetrazole the first examples of fully Ir(llfetrazolatesoft
salts wereprepared providing white emitting ionpairswhere both the anion and the

cationare represented bylaminescentr(lll) complex.?*33

19



Along with fundamental studies aimed at getting deeper knowtadtie photophysical
and electrochemical behaviouf B(lll) tetrazolate, theirapplicative scenario have
recentlybeeninvestigatedleading to interesting resuliis the field of material iad life
sciences.Reactivity studies enlightened hothe conversion of a neutral Ir(I})
tetrazolatanto thecorresponding cationic derivatiy2l, Figure 13.1) by selective N2
methylation of the coordinated tetrazoleesults in a switcton of the complex
antimicrobial activity tevards Deinococcus radioduransa grampositive bacteri&®.
Later on,differentantimicrobial Ir(lll)-tetrazolatevere supported oa silica matrix®”
and by coating a cotton textile withe Ir-SiO, ceramic nanophastimicobial textiles
wereobtained® Morerecently, the neutral counterpart of compldxalong with other
Ir(1ll) -tetrazolatesfound application in the luminescent bioimaging of living bacteria
39 Furthermore,applicationof Ir(lll) -tetrazolatecomplex 22 in material sciences
electroluminescent material in the fabrication of an OLED device will be discussed in
chapter 2 and the potential use of newly prepared Ir{iiirazolate complexes
possessing N&groups is reported in chapter(83, Figure 131).

Figure 13.1. Examples opreparedr(ll1)-tetrazolate complexes.
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1.3.5Rhenium(l)

Relative to the studies dealing with Re(l) derivatives, the usearflStetrazoles as

ligands for faglRe(CO) (N*N)(X)}type complexes, (nere N*N = diimine such as 1,10
phenatr ol i ne or 2,206 bipyridine, X =lasBr ) ,
of phosphorescent neutral compounds which displayed a photoluminescent behaviour
congruent with #fAtypi caledNeeeftheldRe thé gmisdioni c a |
properties of the Reetrazolatecomplexes appeared to be strongly influenced by the
nature of the tetrazolate ligand, which showedajor contribution in the determination

of the HOMO level*? Analogously to Fe(ll), Ru()lad Ir(lll) tetrazolate systeny®=0-33

also neutral fagRe(N”N)(CO)(L)] tetrazolate complexes undergo electrophilic
substitutions at the coordinated tetrazolate ring (reversible/protonation,
permanent/methylation). In all cases, the addition ofectrphildedto a marked blue

shift of the emission profilefahe Re(l) complexwithac oncomi t ant fAboo
emission performances, as evidenced by the substantial increase of the PLQY values and
the elongation of the phosphorescence lifetifftes

Along with reactivity studies, Re(l) tetrazole complexes were also investigated in
biological contexd. A class of neutraRe(l) tetrazolate displayed a particular affinity for
thesec al | ed Al i2g FiguredT.2 p| € h s oseléctive lodlizatioroof

Re(]) tetrazolate complexes was recognige@dughlR and Raman Spectroscopy as well

as Confocal Microscop§? Most recently differentRe(l)}-tetrazolate complexes found
application in thetargeting of metal catiori8” in the preparationof luminescent
polymeric material¥ and in theluminescent staining o proteingh@pter 5).144
Moreover, the preparation, characterization and study of the interaction with BSA
(bovine serum albumindf a new family of Re(balkyl tetrazole will be disussed in
chapterd. (25, Figure 14.7)1%
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Figure 14.1. Examples opreparedRe(l)-tetrazolate complexes.
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Chapter 2 Fine colaur-tuning of Ir(lll) tetrazolato
synthesis, photophysical properties and OLED device
fabrication

21Abstr act

The preparation of a series of both neutrally charged and cafighly tetrazole
complexes withthe general formula[lr(C*N) 2(N*N)]®* is described herein. The
ancillary ligand (N”N) is represented in turn bypyridyltetrazolato (PTZ), 2-
pyrazinyltetrazolato(PYZ") or 2-pyridyl 5-trifluoromethyl tetrazolato(FsC-PTZ")
ligands. The architecture of the cyclometalated ligands (C"N) f&=atan electron
withdrawing group (EWG) such as the cyarGN) moiety at the para position of the
pyridyl ring, giving rise to Zphenylisonicotinonitrile (PPy-CN) and 2(2,4
difluorophenyl)isonicotinonitrilg(F2-PPy-CN). The photophysical and electrocheatic
properties of the new Ir(lll) cyclometalates have been investigated and the resulting data
suggest how the cyclometalating ligands significantly rule the luminescence h&havio
of the new complexes, introducing the possibility to blue or red shift the emission
maxima of the neutral complexes upon adding a methyl group to the coordinated
tetrazolato ring. Lastly, the neutrflf(F2 -PPy-CN)2(PTZ)] was used as emissive
phosphor fo thefabrication of arOLED -type device.
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22l ntroducti on

The scientific success of Ir(IHjyclometalates is reflected by a vast applicative scenario,
spanning from bignorganicg™ where they act as biological labels, to the more recent
field of photocatalyis,?#< where Ir(lll)-based photocatalysts are responsible for the
harnessing of visible light to promote several chemical reactions. Howeverstiéd
lightningcanbesti r egarded as the parent and fAcor
of conpounds, especially for neutral Ir(Ill) emitters, which are used in OLEDs (organic
light-emitting diodes}® and ionic compounds, that are usually employed in LEGQs
deviceglight-emitting electrochemical cell§).There are several kdgctors behid the
success of Ir cyclometalates, and all of them are closely related to their fascinating
photophysical and electrochemical properfiesn particular, Ir(lll) cyclometalaig
complexes can be customized for producing the emissigpecific colars in the
visible range by simply changing the nature of both (C*N) and/or (N*N) ligands. With
the aim to modify the relative positions of HOMO and LUMO energy levels, an
extensive sreeningon chemical variations of the ligands has been done, outlining a
seres of synthetic guidelines that enable the modulation of the emission colours of the
corresponding Ir(lll) complex&8® The study of the emission properties and the
reactivity of tetrazole andtetrazolato based Ru(li#" Re(1¥8 and Ir(Ill) conplexes

was and currently is the main focus of our research activity, enabling us to establish a
series of structurproperties (reactivity, emission and redox behaviour) relslhips

that, in the case of Ir(lll) complexes, are closely related to theenafuthe tetrazole
ligand usedi(e. their influence on the composition of the LUMO energy |élelhd on

the net charge of the complex (neutral, cationic or aniofift}:°*¢! Relative to all the

Ir(1l1) complexes we reported so far, in which thet sf the cyclometalatinggands

(C~N) was invariably constituted by a phenylpyridinato anion {(P@&yits fluorinated
analogue (EPPy), chemical modifications (both permanent and reversible) performed
onto the tetrazolato ligand (N~N) did result ir tledshift of the emission profilesith

an extent strictly correlated to the nature of thenB substituent of the tetrazolato
ring.21%¢<l In this work, we wanted to further investigate the emission properties of a
new class of Ir(lll) tetrazowased cyclometalateby altering the nature of the (C"N)
ligands, more specifically by introducing an EWG such as the cyano goNpdn the
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pyridine ring of the cyclometalated ligand, where usually the LUMO level is mainly
localized™ ¥ To this extentherein we reporthe synthesis, the spectroscopic and
electrochemical characterization of a new familylogfPPy -CN)2(N”~N)] and[lr(F -
PPy-CN)2(N~N)] -type complexesin which (C~N) is 2phenylisonicotinonitrile (PRy
CN) or 2(2,4-difluorophenyl)isonicotionitrile (R-PPyCN), while (N*N) represent a
2-pyridyl tetrazolato(PTZ"), its -CRs substituted analogu¢FsC-PTZ") or the 2
pyrazinyl based derivativéPYZ"). By exploiting the peculiar and straightforward
reactivity through electrophiles displayed I tcoordinated pentatomic ring, we have
prepared the correspondinfir(PPy-CN)(N~N)]* and [Ir(F -PPy-CN)2(N~N)]*
cationic complexes, exhibiting unexpected pipbiysical behaviour in respect of those
previously observed. Furthermore, the neytréiF .-PPy-CN)2(PTZ)] was explored as

emissive phosphorescent material in the fabrication of an organiehgjtting diode.
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23Re s ul Diss angs i on

The introduction of one cyano groupC() on the cyclometalating ligands was
accomplished by performing a standi®@uzukiMiyaura coupling between-dyano 2

bromo pyridine and the appropriate boronic acid, represented in turn phenylboronic acid
or 2,4 difuorophenyboronic acid!* Then, the formation of the dichlorobridged Ir(Ill)
dimer precursors, namdlly(PPy -CN)2Cl] 2 and[Ir(F >-PPy-CN).Cl] 2, was achieved by

the wellestablished procedure reported by Nonoyama and cowdtRetsight
modifications tothis latter protocol were introduced for the synthedi§ir(F >-PPy-
CN)2Cl]2, whose preparation required longeeaction time (48 h) and pure

ethoxyethanol as the solvei@oheme 12).

X N CN S cN
N
N CN  [Pd(PPhs)] N -
N A K,CO3;2 M F
X THF/H,0
B(OH), Br reflux 24 h, N,
F
|rC|3*XH20
(CAN)-CN
EtOEtOH/H,0 3:1
reflux, 24 h

X = H; [Ir(PPy-CN),Cl],
X = F; [Ir(F,-PPy-CN),Cl],

Scheme 12. Synthesis ofthe C”N ligands and of the Ir(lll) dimefs(PPy-CN).Cl]. and [Ir(FR-PPy
CN)Cl]2.
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In a successive stage, the heteptic neutral Ir(11l) complexes were obtained under mild
conditions byreaction of the Ir(lll) precursors with dight excess of the appropriate
tetrazole ligand $cheme 22).°! In all cases, purification was accomplished through
column chromatography ameutral AbOs. The identity of each compound was at first
confirmed by ESMass Spectrometry. The successive NiIR, °C) characterization
provided results in complete agreement vaitht past studies about structurally similar
Ru(ll) and Ir(lll) tetrazchto and tetrazole based compleX&s,®  highlighting the
formation of the expected trizhelate Ir(lll) omplexes with € symmetry. The
tetrazoateligands employedtoordinate the metal cesthrough the NL position of the
pentatomic ring, as ggested by the observation of the tetrezchrbon (¢ resonating

in all cases between 162 and 165 ppm.

N _~ CH,CI,/EtOH (3:1
+  DMCAN)CIL, LCHFONED | x
rt. 6 h X
HN™ SN
\ /
N=N
X=H,Y=H, Z=H; PTZ
X=H,Y =N, Z=H; PYZ CN
X=H,Y =H,Z = CF3; F;C-PTZ

Scheme 2. Synthesi®f the neutral Ir(lll) complexes reported in this work.

Each neutral Ir(lljtetrazola¢ conplex was converted into the corresponding
methylated cationic Ir(lli)tetrazole analogue by reaction with a slight excess of methyl
triflate (Scheme ). All the methylated complexes displayed one singlee€bnance,

that appeared downfieldC: = ca. 166-168 ppm) to that observed for their neutral
precursors. As we demonstrated earlier, this effect is congruent with the regioselective
addition of themethyl group to the less sterically demanding Nosition of the Ir(l1)

coordinated tetrazolatring®
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1) CF3S0;CHs, DCM

-50°C, 30 min
2)rt, 3h
3) NH4PFg
CN CN

X=H,Y=H,Z=H; [Ir(PPy-CN),(PTZ)] X =H,Y =H, Z = H; [Ir(PPy-CN),(PTZ-Me)]*
X=H,Y =N, Z=H; [Ir(PPy-CN),(PYZ)] X=H,Y=N,Z=H; [Ir(PPy-CN),(PYZ-Me)]*
X=H,Y =H, Z=CFj3; [Ir(PPy-CN),(F3C-PTZ)] X =H,Y =H, Z=CF3; [Ir(PPy-CN),(F;C-PTZ-Me)]*
X=F, Y=H, Z=H; [Ir(F,-PPy-CN),(PTZ)] X =F, Y =H,Z = H; [Ir(F,-PPy-CN),(PTZ-Me)]*
X=F, Y=N,Z=H; [Ir(F,-PPy-CN),(PYZ)] X =F, Y =N, Z = H; [Ir(F,-PPy-CN),(PYZ-Me)]*
X=F, Y=H,Z=CFj; [Ir(F,-PPy-CN),(F;C-CPTZ)] X =F, Y =H, Z = CF3; [Ir(F,-PPy-CN),(F3C-PTZ-Me)]*

Scheme3.2. Methylation reaction of Ir(lll) compounds with relative acronyms and numeration of the

tetrazolato ring usenh this work.
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2.3.1X-ray crystallography

The evidence deduced from/**C NMR experiments were furtheonfirmed from the
X-ray diffraction of [Ir(PPy-CN)x(FsC-PTZ)]. The molecular structure dfr(PPy -
CN)2(F3C-PTZ)] (Figure 1.2) is similar to that of previously reported [Ir(CIN"N)]
complexes? containinga distorted octahedral Ir(Ill) centre withs-metdlated carbons
and trans-phenylpyridine nitrogen atoms. The-Nr (N*N) distances (2.108(14) and
2.169(16) A) are longer than-N (C”N) (2.022(17) and 2.028(18) A) because of the
trans influence of the cjometalated carbon atoms. TheCHPTZ ligand s almost

coplanar (mean deviation from the least square plane 0.0601 A).

Figure 1.2. Molecular structure dfir(PPy -CN)2(FsC-PTZ)] with key atoms labelled. tdtoms have
been omitted for clarity. Displacement ellipsoids are at the 30% probability level
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2.3.2Photophysicalproperties
The absorption spectra of all the neutral and cationic Ir(Ill) species were obtained from
the corresponding diluted (BGV)) CHsCN solutions at room temperatugand the

collected data ameported inTable 12.

10+¢{mol ‘dmiem ')

10“g(mol-'dmicm-')

Figure 2.2. Absorption profiles of Top) [Ir(PPy -CN)2(PTZ)] (black line) andlr(PPy -CN)(PTZ-
Me)]* (blue line); Bottom) [Ir(PPy -CN)2(PYZ)] (black line) andIr(PPy -CN)2(PYZ-Me)]* (blue
line), 105M, CH3CN, 298K.
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In all cases, the absorption profile consisttintense!LC transitions in the UV region
(250- 340 nm) followed by weakeMLCT processes at lower energies (3800 nm,
Figure 2.2). The hypsochromic shift 3MLCT transitions s observed on passing from
neutral to cationic species can be confileassgned to the introduction of a methyl
group to the pentatomic ring, and therefore the saline nature of the latte¥igumes (

2.2).

Upon excitation of the corresponding dilute Ml solutions, all neutral (HI)
complexes displayed bright luminescence,hwiypical *MLCT-shaped broad and
structureless profiles centred in the region between 528%hdm! depending on the
nature of both cyclometalating and tetrazolato ligands. In all cases, the trgniatten

of the excited states was confirmed by¢he y gen sensi tivity of b
andl i f et i me TaMeall2u la sontfadd with previously reported (PRydsed
complexes’ the new Ir(lll) complexes described herein appears marketfgrent

along the series wheRTZ  andPYZ" arecombined with(PPy-CN) and(F2-PPy-CN)

as cyclometalated ligand$he use of a more electravithdrawing substituent at the
tetrazole moiety, such as the pyrazine ring, resulted in a blue shift of the emission
maxima (Figure 3). Indeed, the resulting emisgrofiles are centred at 590 and 582
nm for [Ir(PPy -CN)2(PTZ)] and[Ir(PPy-CN)2(PYZ)], repectively. The introduction

of one trifluoromethyl substituent@Fs) on the backbone of the-&ryltetrazde ligand
(F3C-PTZ) led to shift the emission maxima dfet correspondinfr(PPy -CN)2(FsC-

PTZ)] ( mx= 584 nm) in betweefir(PPy -CN)2(PYZ)] and[Ir(PPy-CN)2(PTZ)]. A
similar trend wagbserved also for the fluorinated derivatijie@=2 -PPy-CN)>(PTZ)]

( ®x=540 nm,Table 12, Figure 3.2), [Ir(F >-PPy-CN)2(PY2)] ( =532 nm,Table

1.2, Figure 3.2) and[lr(F -PPy-CN)2(FsC-PTZ)] ( == 536 nm,Table 12, Figure

3.2). The analyses of the emission spectrum at 77K evidenced, in some cases, the
occurrence of structured profiles that might account for the iaterpl 3LC/AMLCT

type emissive excited statéEaple 1.2)."!

37



o o o
s @ @
—rT —Tr—r—r—]

Normalised Emission Intensity

o
N
S |

1 i i i i 1 i i " | " i i " 1

400 500 600 700
Wavelength (nm)

14 e e
Fs o @

Normalised Emission Intensity

e
()

Figure 3.2. (Top) Normalized emission profiles dir(PPy-CN)2(PTZ)] (black line), [Ir(PPy -
CN)2(PYZ)] (blue line) andIr(PPy -CN)2(FsC-PTZ)] (red line); Bottom) [Ir(F 2-PPy-CN)2(PTZ)]
(black line), [Ir(F 2-PPy-CN)2(PYZ)] (blue line) andIr(F 2-PPy-CN)2(FsC-PTZ)] (red line), 16 M
CHzCN, 298K.
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Table 1.2. Photophysical data for neutral and cationic Ir(lll) species reported in this work

Complex Absorption Emission 298 K? EmIS;::On 77
a‘( n m) Sem Qx L:'!eox Cox Cdeox Sem U

CHCNasthesohent ' 1oay (Min  (m) (9 (s (6) (6  (m) (o)

[Ir(PPy -CN)(PYZ)] (22%6;)(3"181%)’(32%) 582 0.08 096 21 230 532 3.30

[Ir(PPy -CN),(PTZ)] (122%(33?’(32% 590 0.08 1.02 1.8 260 550 4.45
263 (3.14), 329

[Ir(PPy -CN)y(FsC-PTZ2)] (1.61). 418 (0.42) 584 0.07 074 22 122 542 557

[Ir(PPy -CN)(PYZ-Me)]* (;72%)(64%?’(3@) 614 0.08 043 1.0 713 548 351

[Ir(PPy -CN)(PTZ-Me)]* (3?2%)(6428526?720?; 566 0.09 1.22 20 250 522 274
. 267(2.39),319

[Ir(PPy -CN)y(FsC-PTZ-Me)] (1.00). 398 (0.24) 568 0.08 072 2.6 121 540 3.29

[IF(F »PPy-CN)(PY2)] (22.58%(45%‘2'(3211) 532 018 106 62 160 ‘;i%' 2.40

[Ir(F »-PPy-CN)(PTZ)] ( 12_6;2655'32872)('03_22) 540 012 1.4 50 210 524 420
259 (5.25), 322

[Ir(F »-PPy-CN)y(FsC-PTZ)] (2.51), 392 (0.64) 536 018 1.26 43 447 522 430

. 261 (5.40), 313 490,
[Ir(F -PPy-CN)o(PYZ-Me)] (2.99). 383 (0.79) 53 028 115 80 310 . 248
. 258 (6.14), 315 482,

[Ir(F »-PPy-CN)o(PTZ-Me)] (3.14), 386 (0.94) 520 023 15 60 300 . 234
[Ir(F -PPy-CN)(FsC-PTZ- 257 (3.53), 315

Me)]* (1.79). 391 (0.56) 520 022 100 50 281 554 332

a AAiIToO means air edq u mé a xpenadeddsolutond wunder argos , fi £

atmospheré; [Ru(bpy)][Cl]/HO was used aar e f er ence f or

0.028)3: ¢ in frozen CHCN.

guantam yi el

The photophysical properties of the corresponding cationic derivatives are, in some
cases, rder different from those observed earlier for similar tetrabaled Ir
cyclometalates. Indeed, the conversion[lofPPy-CN)2(PTZ)] into the positively
charged[Ir(PPy -CN)2(PTZ-Me)]* was accompanied by a 24 nm blue shift of the
emission maxima (from 530 566 nmfigure 4.2) and a concomitant elongation of the
feti fitting (0) 2f
deoxygenated samples). The same shift through higher energies of the emission profile
was observed when going frgin(PPy -CN)2(FsC-PTZ)] to [Ir(PPy -CN)2(F:C-PTZa-

Me)]* (from 584 to 568 nmTable 12).

of i me decay etsh ef oph c
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Figure 4.2. Normalisedemission profiles ofTop) [Ir(PPy-CN)2(PTZ)] (black line) andIr(PPy -
CN)2(PTZ-Me)]* (blue line) (Bottom) [Ir(F -PPy-CN)2(PTZ)] (black line) and[lr(F >-PPy-
CN)2(PTZ-Me)]* (blue line) 10° M solution in CHCN.

A quite similar result is deduced when considering their fluorinated anajtr§fae-
PPy-CN)2(PTZ-Me)]* and [Ir(F >-PPy-CN)2(FsC-PTZ-Me)]*, whose emission
maxima areca. 20 nm blueshifted when compadeto their neutral precursorflable
1.2 and Figure 3.2) While keeping the fluorindased Ir(lll) dimer, the use &1YZ"
instead ofPTZ", produced a similar but less pronounced {shit of the emission
maxima on passing froifr(F >-PPy-CN)2(PYZ)] to its cationic analogu@r(F >-PPy-
CN)2(PYZ-Me)]" (from 532 to 530 nmTable 12 andFigure 5.2).
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Figure 5.2. Normalisedemission profiles ofTop) [Ir(F -PPy-CN)2(PYZ)] (black line) andIr(F 2-
PPy-CN)2(PYZ-Me)]* (blue line) (Bottom) [Ir(PPy-CN)2(PYZ)] (black line) and[Ir(PPy -
CN)2(PYZ-Me)]* (red line) 10° M solution in CHCN.

Conversely, the methylation of tiYZ-based derivativiir(PPy -CN)2(PYZ)] ( mx=

582 nm, Figure 5.2) produced a broadening of the emission profile, with a redshift of

the emissia maxima to 614 nm fdir(PPy -CN)2(PYZ-Me)]* (Figure 5.2), which was

al so accompanied by the reduction of qua

of the lifetime decay (Table 1.2).5!
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2.3.3Cyclic voltammetry

The electrochemical behawio of all the neutral and cationic Ir(lll) species was
investigated in CHCN solution by cyclic voltammetryT@ble 2.2).

Table 2.2. Half-Wave (k7)) Redox Potential{vs SCE) of neutral and cationic Ir(lll) species at 25
°C, CHCN.

HOMO ¢ LUMO ¢ GAP®¢ HOMO¢ LUMO¢ GAP¢
Ox Red
exp exp exp calc calc calc
Complex
Ei2(V) I(E\}’)Z (eV) (eV) (eV) (eV) (eV) (eV)
[Ir(PPy - ) ) ) ) ) i
CN):(PY2)] +1.37 1.34 1.52 5.77 3.06 2.71 5.92 2.94 2.98
[Ir(PPy - ) ) ) ) ) i
CN),(PTZ)] +1.42 134 -155 5.83 3.05 2.78 5.85 2.90 2.95
[Ir(PPy - i 1.4¢ i i i i
CN),(FC-PTZ)] +1.50 1.26 _ 5.90 3.14 2.76 5.90 2.93 297
1.80°
[Ir(PPy - ) -1.42 ) B ) )
CN)(PYZ-Me)]* +1.49 1.04 162 5.89 3.36 2.53 6.17 3.27 2.90
[Ir(PPy - ) ) ) ) ) }
CN),(PTZ-Me)]* +1.60° 1.28 1.47 6.01 3.12 2.89 6.10 3.04 3.07
[Ir(PPy - 1 ;15,
CN)y(FsC-PTZ- +1.59 -1.16 - -5.99 -3.24 2.75 -6.16 -3.22 294
Me)” 167
[Ir(F »-PPy- ) ) ) i ) i
CN):(PYZ)] +1.30 1.25 1.44 5.76 3.15 2.61 6.31 3.05 3.28
[Ir(F »-PPy- ) ) ) ) ) }
CN),(PTZ)] +1.3@ 1.27 1.47 5.76 3.13 2.63 6.25 3.00 3.24
[Ir(F -PPy- ) ) ) } ) )
CN)(FsC-PTZ)] +1.50 124 -1.43 5.90 3.16 2.74 6.29 3.03 3.27
[Ir(F »PPy- ) 1.37 ) ) i )
CN)(PYZ-Me)]* +1.47 1.04 N 5.87 3.36 2,51 6.58 2.98 3.60
1.59
[Ir(F ~PPy- - - ) ] ] ]
CN)(PTZ-Me)]* +1.8% 126 15P 6.25 3.14 3.11 6.51 2.89 3.62
[Ir(F »-PPy- L3¢
CN)(FsC-PTZ- +1.48  -1.07 - -5.88 -3.33 2.55 -6.56 -3.16 3.39
Me)” 153

a) In a 0.1 M TBAPKFCH;CN solution. b) Irreversible process. c) calculated withobo = -(Eox +
4.4eV) and Eumo = -(Erea + 4.4€V)1 d) see DFT section for further details.
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All the neutral I{lll) species tsplayed one irreversible process in the region of positive
potentials, which is commonly ascribed to the formal oxidation of Ir(lll) to Ir(1V). Along
the series represented Py(PPy-CN)2(PYZ)], [Ir(PPy-CN)2(PTZ)] and [Ir(PPy -
CN)2(F3C-PTZ)], this procesgradually shifts towards more positive potenti@lsble

2.2) Concerning the region of negative potentials, the first reductive processes were
observed at the same value f(PPy -CN)2(PYZ)] and[Ir(PPy-CN)x(PTZ)] (-1.34

V, Figure 6.2 and 8.2, Table 22), while for [Ir(PPy-CN)x(FsC-PTZ)] the first
reduction was found &tl.26 V. (Table 22) Taken together, these dataggested the

first reduction process as likely being centred to the cyclometalated ligands. Considering
instead the cationic analogufis(PPy-CN)>(PTZ-Me)]*, [Ir(PPy-CN)(PYZ-Me)]*
and[Ir(PPy -CN)(FsC-PTZ-Me)]*, a shift of the oxidatioprocesses to more positive
values was observeddble 22), with an extent of 170 mV, 120 mV and 90 mV,
respectively. Such differences are probably brough by charge variations of the
complexes rather than changes in the composition of the HOMO lenviel) wtill relies

on the Irphenyl portion(See DFT section for further discussions)

10° |- /ﬂ
210°

EV)

Figure 6.2. CV curves of 16M samples of complexer(PPy -CN)2(PYZ)] in a 0.1 M TBAPK/
CHsCN solution working electrode Pt disk; 25 °C; scan rate 0.1 V/s.
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Figure 7.2. CV curves of 18M samples of compleptr(PPy -CN)2(PYZ-Me)]*in a 0.1 M TBAPK/
CHsCN solution; working electrode Pt disk; 25 °C; scan rate @sl V
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Figure 8.2. CV curves of 16M samples of complefir(PPy-CN)2(PTZ)] in a 0.1 M TBAPK
CHsCN solution; working electrode Pt disk; 25 °C; scan rate 0.1 V/s.
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Figure 9.2. CV curves of 16M samples of compleftr(PPy -CN)2(PTZ-Me)]*in a 0.1 M TBAPR/
CHsCN solution; working electrode Pt disk; 25 °C; scan rate 0.1 V/s.

The reduction processes of these latter complexes displayed significant changes beyond
their neutral counterparts. Indeed, the first reductidir@Py -CN)2(F:C-PTZ-Me)]*
consised of a process which falls at.16 V, a 290 mV displacement through less
negative potentials in respect of its neutral precursor. The same trend was observed for
the first reduction oflr(PPy-CN)2(PYZ-Me)]*, which falls at-1.04 V. Concerning
[Ir(PPy-CN)2(PTZ-Me)]*, the first reduction undergoes a 60 mV positive displacement
compared to its neutral analogue, more specificalht 28 V. The correlation of these
electrochemical data with the observed emission properties, highlights the different
impact erted by t&azolato or tetrazole ligands in the composition of the LUMO level.

In the case oflr(PPy-CN)2(PTZ)], the addition of a methyl group produced a shift
through higher ener ghae 566 ani foftr(RRY-CB)ARTZ-s i o n
Me)]"), attributableto the greater stabilization of the HOMO level rather than the lowest
one Figure 10.2). On the other hand, the conversion[iof PPy-CN)2(PYZ)] into

[Ir( PPy-CN)2(PYZ-Me)]* resulted in the previously observed&dft of the emission

maxima 682to 614 nm) that was rationalized with the preponderant stabilization of the
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LUMO level Figure 10.2).°! The only exception is represented[byPPy -CN)x(F3sC-
PTZ-Me)]*, in which both HOMO and LUMO levels settles down in energy with the
same extent, mllting inal 6 nA = $68 nm)blueshiftemission maximmm when
compared tdlr(PPy -CN)2(FsC-PTZ)].

© HOMO - Exp (eV) LUMO - Exp (eV) HOMO - Calc (eV) © LUMO - Calc (eV)
2.5
Q < -.»—O———_-___ﬁ___-_—p__ —
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Figure 10.2. Trend of HOMGLUMO gap for 1)[Ir( PPy-CN)2(PYZ)], 2) [Ir( F2-PPy-CN)2(PYZ-
Me)l*, 3) [Ir(PPy-CN)2(PTZ)], 4) [Ir(PPy-CN)2(PTZ-Me)]*, 5) [Ir( PPy-CN)2(FsC-PTZ)], 6)
[Ir(PPy -CN)2(F3:C-PTZ-Me)]*.

The replacement dPPy-CN) with the fluorinatedF>-PPy-CN) did not substantially
shift the potential value at which the oxidation of the neutral Ir(1ll) compound occurred
(Table 22), but instead had ammpact on theirfirst reduction. For[lr( F>-PPy-
CN)2(PYZ)] and[Ir( F>-PPy-CN)2(PTZ)], a positive offset ota. 90 mV placed their

first reduction at1.25 and-1.27 V,while for [Ir( F2-PPy-CN)2(F3C-PTZ)] this value
remains almost unchanged. In its entirehese findings suggest that for all the neutral
Ir(1ll) compounds discussesb far, both HOMO and LUMO levels are mainly ruled by
the nature of the C~N ligand@:igure 11.2
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Figure 11.2. Trend of HOMOLUMO gap for 7) [Ir(F 2-PPy-CN)2(PYZ)], 8) [Ir(F2 -PPy-
CN)2(PYZ-Me)]*, 9) [Ir(F 2-PPy-CN)2(PTZ)], 10) [Ir(F 2-PPy-CN)2(PTZ-Me)]*, 11) [Ir(F >-PPy-
CN)2(FsC-PTZ)], 12)[Ir(F 2-PPy-CN)2(FsC-PTZ-Me)]".

The conversion of the (fl) -fluorinated complexes into their cationic analogues is
accompanied with the expied raise of their oxidation potentials toward more positive
values, with the sole exception represented [IbyF>-PPy-CN)(F:C-PTZ-Me)]",
whose value is roughly identical to that observed fio(nF2-PPy-CN)2(FzC-PTZ)].
Concerning the reductions, foflr (F-PPy-CN)2(PYZ-Me)]* and [Ir( F2-PPy-
CN)2(F3C-PTZ-Me)]*, an appreciable shifbwardless negative values is observed. On
the contrary, the reduction potential @f( F>-PPy-CN)2(PTZ-Me)]* is almost
equivalent to that oflr( F-PPy-CN)2(PTZ)] (Table 22), resulting in LUMOs with
comparable energies. In this case, the remarkable stabitizdtthe HOMO level might
explain the 20 nm blue shift of the emission maxima experiencefr(ly>-PPy-
CN)2(PTZ-Me)]* (Table L2 and2.2).
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2.3.4DFT calculations

w%%%§%

Figure 12.2. Contour HOMGLUMO for all the neutral and cationic fluoriffese Ir(lll) complexes
presented in this work; from left to righitt(PPy -CN)2(PTZ)], [Ir(PPy -CN)2(PTZ-Me)]*, [Ir(PPy -
CN)2(PYZ)], [Ir(PPy-CN)2PYZ-Me)]*, [Ir(PPy-CN)2(FsC-PTZ)], [Ir(PPy-CN)2(FsC-PTZ-
Me)]* (See ESI and Experimental section for more details on DFT calculations).

To corroborate the experimental findings, DFT calculations were performed to compute
the HOMOLUMO gaps. Unlike photochemical experiments, where the electronic
transtions can be assumed to be instantanéeuthe nuclei do not have time to relax,

in the electrochemical experiments the oxidized and reduced molecules have ample time
to undergo configurational rearrangements. Hence, we designed our computational
experments to mimic this process. One electron wdded or removed for all neutral

and cationic Ir(lll) complexes and their geometry was allowed to fully relax. The self
consistent reaction field method was also used to partially include solvent effects. The
electron affinity and ionization energies bétcomplexes were then used to compute the
values of the HOME@.UMO gap reported iffable 22 and the molecular orbitals shown

in Figure 122. The preponderant HOMOUMO composition for [Ir(PPy -
CN)2(PTZ)], and[Ir(PPy-CN)2(PTZ-Me)]" consist of (lrphenyl) and (pyridingCN),
respectively. As th®TZ/PTZ-Me moiety is not involved in any molecular orbital, the
observed blue shift of the emission profile can be confidently assigned to the presence

of an EWG in the yclometalated backbone of the conyds.
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On the other hand, the presence of BMZ/PYZ-Me ring together with the same
Ir(PPy-CN) -core, actually recall what was previously observed for Irftié}razole
baseccompound$’ While the HOMO is still locatd on the (kphenyl) portion for bth
[Ir(PPy-CN)2(PYZ)], and[lr(PPy -CN)2(PYZ-Me)]*, the LUMO level is composed by
the (pyridineCN) fragment for the neutral complex, and ByZ-Me for the cationic
one. The concomitant lowering of the pyrazitmsed LUMD energy explain the
observed redstfiiof the emission profile dir(PPy -CN)2(PYZ-Me)]*, together with its
being easier to reducel(04 V,Table 22). With regards t¢Ir(PPy -CN)2(F:C-PTZ)]

and [Ir(PPy -CN)2(FsC-PTZ-Me)]*, their HOMOs consist of the san{é&-phenyl)
portion as observed for the other examples. The LUMO lev@lr(@Py -CN)x(F3sC-
PTZ)] has a preponderant (pyridi@N) composition, while its cationic analogue is
mainly composed bys:C-PTZ-Me ligand, with a small contribution stemming from
(pyridine-CN). This might account for the observed blue shift of the emission profile
upon charge variation and for the observed electrochemical Talde(22). These
considerations can be extended also to the fluorinated derivatives, both neutral and

catioric.

2.3.50LED device with [Ir(F-PPy-CN)(PTZ)]

The relatively high solubility of the selected Ir(l1l) complEKF 2-PPy-CN)2(PTZ)]
prompted us to study its application for the preparation of sohmtiocessed OLEDS.
This methodology is preferable due to étssteffectiveness and in light of the recent
insights about the inkjet prirOLED technology but, at theame time, it may stér

from several drawbacks that can limit the overall device effici€Acyhe devices were
fabricated by a combination of wahd dry processes (spin coating and sublimation in
high vacuum) onto a preleaned indium tin oxide (ITO) glassubstrate (see
Experimental Section). Holes were injected from the ITO anode and passed through a
40 nm thick transporting layer composed oCRHE :PSS. Electrons were injected from
an Al/LiF cathode and transported to the emitting layer (EML) through a 30 nm thick
layero f  2-(13,Bperihetriyl}tris(1-phenytl-H-benzimidazole) (TPBIi). Charges
recombined in the 40 nm thick EML made of a4 ,4-&i§(N-carbazolytriphenylamine
(TCTA) matrix, hosting thélr( Fo-PPy-CN)2(PTZ)] 8 wt% as emitter.
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The EL spectrum of th®LED and related photo ashown inFigure 13.2, left. The

OLED emission band is located in the green region and the corresponding CIE
coordinates are (0.34, 0.55). The EL spectrum resembles the PL spectrum of the complex
in solutionme di a b u ty more sirsctured duegtdrigid media (solid state). No
significant contribution to the EL emission bands from the TBPi eledtesrsporting
(hole-blocking) or TCTA binder layers is observed, indicating good charge carrier
confinemen within the EML and a&omplete energy transfer from the excited states of
TCTA (generated by charge carrier recombination) to the Ir(lll) complex. The

luminance and external EL efficiency as function of applied voltage and current density

of OLED is shownin Figure 10, rightA maxi mum ext er nal EL ef
with | uminancdat oAbdutl0o® ¥Yd/ and %auabdunance
7.5 V with an external EL efficiency & 4

[Ir(F >-PPy-CN)2(PTZ)]. The good OLED performae observed witHIr(F >-PPy-
CN)2(PTZ)] as emitter are comparable witbspect to those previously reported for

solutionprocessed OLEDs based on Ir complk@s.

50



1ok —— EL spectrum at 7 V
’ CIE (0,34;0,55)
—~ 08
2]
'c
=}
S o6
S
2
2
§ 04
=
_
w
0,2
0,0
i 5 . |
a %
' ',
» ‘ *-
< X -
10000 ‘ '
1000 i
- 100 i
£ 6
8
= 10 | 5 i
d
) @ @)
2 .. 24
IS ) s 1o
£ 1 o < 3 4
:
O o g?
01} ! i
O -3 -2 -1 0 1 2
10° 10  10* 10° 10' 10
0,01 |- ° Current density (mA/cm?) _
L 1 L 1 L 1 L 1 L 1
0 2 4 6 8 10 12

Applied voltage (V)

Figure 13.2. (Top) Electroluminacence spectra at 7 V of OLERBqttom) Luminance vs applied
voltage and external efficiency vs current density (inset) of the Olieibe inset is reported a
photo of green OLERontainingcomplex[Ir(F 2-PPy-CN)2(PTZ)].
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24Concl usi ons

The class of Ir(ll)tetrazole based complexes was further extended through chemical
modifications of the cyclometalated phenylpyriditigands (C"N), which were
decorated with one EWG group such as #@N) moiety at thepara position of the
pyridyl ring. The effects of sucktructural variation upon conversion of the neutrally
chargedIr(C”N) 2(N~N)] (C*N =PPy-CN or F>-PPy-CN, N*"N =PTZ", PYZ or F3C-

PTZ") into the corresponding cationigr(C*N) 2(N~*N)]* -type complexes were
reflected at first on their photophysical behaviovhich appeared markedly different in
respect of what previously observed for fluorine and fluefine basedPPRy.F
Surprisingly, the regioselective addition of a methyl group at #8 pésition of the
tetrazole ring produced a shift towards higbeergies of the emissions stemming from
[Ir(C~N) 2(N~N)] when (N”N) is represented BTZ and FsC-PTZ ( oea. 20-30

nm). In the case d?YZ", the conversion of the fluorirfeee derivative intdhe cationic
[Ir(PPy-CN)2(PYZ-Me)]* produced the previously observed redshift of the emission
pr of i dae0 (mipwhile remaiimg almost unchanged in the cadeits (F>-PPy-

CN) -based analogue. All these observadiomere further rationalized through
electrochemical measurements (cyclmtammetry) and TDDFT calculations, which
have highlighted that the emission output of this new class of Ir(lll) complexesngy
regulated by the nature of the cyclometalated ligand (C”"N). More precisely, while the
HOMO level is invariably composed/tthe (Irphenyl) or (IfFF: phenyl) fragment, the
lowest unoccupied molecular orbital is located on the (pyri@iNg portion. The sole
exception is represented byr(PPy-CN)2(PYZ-Me)]*, in which the LUMO is
composed by the tetrazole ligaRtYZ-Me. The peasibility of a straightforward fine
colour tuning to both lower or higher energies of such kind of molecules becomes
relevant inthe field of solidstate lighting, where usually Ir(lll) cyclometalates are used
as phosphorescent materials in the fabricatb®LED and LEECs devices. In this
context, the greejir(F >-PPy-CN)2(PTZ)] emitterwas finally tested for the preparation

of solution-processed OLEDSs, returning performances in line with those reported for

similar compounds.
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25Ex peri mental Section

General considerations All the reagents and solvents were obtained commercially
(Sigma Aldrich/Merck, Alfa Aesar, Stre@hemicals) ad used as received without any
further purification unless otherwise specified. When required, reactions were carried
out under an argon atmosphere following standard Schlenk protocols. The purification
of the Ir(lll) complexes was performeada column clhomatography with the use of
Al>Os (Brockmann grade | or 1) akestationary phase. E®hass spectra were recorded
using a Waters Z€000 instrument (ESMS, acetonitrile as the solvent). Nuclear
magnetic resonance spectra (consistingtbind 13C) werealways recorded using a
Varian Mercury Plus 40044, 399.9;°C, 101.0 MHz)!H and®C chemical shifts were
referenced to residual solvent resonandds-{C: Acetoned® 2.05/29.84 ppm; CECN
1.94/118.26 ppm; DMS@P® 2.49/39.52 ppm; CDGI7.26/77.16 ppm)

Photophysics Absorption spectra were recorded at room temperature usiAgient

Cary 100 U\vis spectrometer. Uncorrected steatigte emission and excitation spectra

were recorded on an Edinburgh FLSP920 spectrometer equipped with a 450 W xenon
arclamp, double excitation and single emission monochromators, and a-Petten
Hamamat su R928P photomultiplier tube (18
were acquired with a cdff filter (395 nm) and corrected for source intensity (lamp and
grating) and emission spectral response (detector and grating) by a calibratien
supplied with the instrument. The wavelengths for the emission and excitation spectra
were determined using the absorption maxima oMh€T transition bands (emission
spectra) and at the maxima of the emission bands (excitation spectra). Quehtism y
() were determined using the optdhacal |y
excitation wavelength obtained from absorption spectra on a wavelength scale [nm] and

compared to the reference emitter ([Ru(Bpyin H20) by the following equatioft?!

A (m] i (&)
4,1 1,2
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where A is the absorbance at the excita
excitation |ight at the excitation wavel
D is the integrated intensity vwdd Thehe | u
subscripts r and s refer to the reference and the sample, respectively. A stock solution
with an absorbance > 0.1 was prepared, then a 10 times diluted solution was obtained,
resulting in absorbance of about 0.07/0.08 depending on the sampldexsh The
LambertBeer law wasassumed to remain linear at the concentrations of the solutions.
The degassed measurements were obtained after the solutions were bubbled for 10
minutes under Ar atmosphere, using a sepled quartz cell. Adequilibraed
[Ru(bpy)]Cl2/H2O s ol ut i o r® yas used aDref@eh@) The quantum yield
determinations were performed at identical excitation wavelengths for the sample and
the reference, theref or eequdten. Enissiondfetiteh e | (
( U) wermireed vdtlelie singlephoton counting technique (TCSPC) with the same
Edinburgh FLSP920 spectrometer using pulsed picosecond LED (EPLED 360, FWHM

< 800ps) as the excitation source, with repetition rates between 1 kHz and 1 MHz, and
the aboe-mentioned R8P PMT aghe detector. The goodness of fit was assessed by
minimizing the reduced 62 function and b
To record the 77 K luminescence spectra, the samples were put in quartz tubes (2 mm
diameterjand insertedn a special quartz Dewar filled with liquid nitrogen. The solvent

used in the preparation of the solutions for the photophysical investigations was of
spectrometric grade. Experimental uncertainties are estimated to be +8% for lifetime
deterninations, +20%for quantum vyields, and £2 nm and +5 nm for absorption and

emission peaks, respectively.
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Cyclic Voltammetry. TBAPFs (tetrabutylammonium hexafluorophosphate, Sigma
Aldrich) was used as received as the supporting electrolyteCkasdistilled over
CaHp and thoroughly degassed under béfore each measurement. Electrochemical
experiments were recorded with a Metrohm Autolab PGSTAT302N potertiostat
galvanostat using a Calomel electrode as reference (303/SGG/Bmel
Electrochemistry) asha Platinum soli@lectrode (492/Pt/2 Amel Electrochemistry) as
working electrode.

Ligand synthesis Tetrazolederivatives are nitrogen rich molecules that can be used as
components for explosive mixturéd.The reactions described herein were only run on
a few grams&le and no problems were encountered. Howeyegt cautionshould

be exercised when handling, knocking or heating compounds of this-tlfmving the
general method reported by Koguro amaworkers?® tetrazoleligand [H-PTZ], [H-
PYZ], [H-PTZ-CF3] were obtained in almost quantitative yielfH-PTZ] *H-NMR

(DMSO-d®>, 400 MHz) 4 (ppm) = 8.82 (m, 1H),
1H). BC-NMR, (DMSOd®, 100 MHz) & (ppm) = 155. 3,
123.1.[H-PYZ] 'H-NMR (DMSO-d®, 400 MHz) U JX=plRhy 1H, 9. 4:
8.89 (m, 2H)1*C-NMR, (DMSO-d®, 100 MHz) U (ppm) = 165,
143.9. [HPTZ-CF3] (DMSO-d®, 400 MHz) & (ppm) = 8.56 (
(m, 1H), 7.75 (m, IH¥C-NMR, (DMSOd®, 100 MHz) 4 (ppm) = 1

136.8, 126.3, 124.7,123.1.

(PPy-CN) and (F2-PPy-CN) were obtained by standard Suzlkiyaura coupling
conditions between 4 cyano-k2omopyridine and phenylboronic acid or 2,4
difluorophenyl boronic acidh presence of [Pd(pph]. (PPy-CN) *H-NMR, (CDCE,

400 MHz) U ( p=pdod)Hz,BH), BA7 8r22H)Y 1P (s, 1H), 7.48 (m, 3H),
7.41 (m, 1H). Y = 0.339 g (86%)F2-PPy-CN) *H-NMR, (CDCk,400 MHz)li ( p p m)
=8.88 (dJ= 4.8 Hz,1H), 8.08 (m,1H), 8.02 (m,1H), 7.48 (#z 5.2 Hz,1H), 7.04 (m,

1H), 6.96 (m, 1H)!*F-NMR (CDCl;, 376 MHz)li  ( p pl166.69,412.11. Y =0.391

g (83%).
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Dichlorobridged Ir(lll) dimer [Ir(PPy-CN)2Cl]> was obtained according to the
Nonoyama protocdt?! for [Ir(F2 -PPy-CN).Cl]. the reaction was carried out over a

period of 48h in pure ethoxyethanol.

General procedure for the synthesis of neutral [Ir(C*"Nx(N”~N)] -type complexes.
To a 3:1 solution of DCM/EtOH (15+5 mlyere added the desired dichldsadged
Ir(111) dimer [Ir(C*N)2Cl]2 (1 eq) and 2.5 eq of fRTZ], [H-PYZ] or [H-PTZ-CF3].
The solution was stirredt r.t., for 6h. The solvent was removed by rotavgporation
and the crude was subsequently purified witOAcolumn chromatography eluted with
a 40:1 DCM/CHOH or DCM/Acetone gradient from 8:2 to 6:4 mixtures, yielding the

desired neutral Ir(lll) compx asthe second fraction.

[Ir(PPy-CN)2(PTZ)] *H-NMR (CDsCN, 400 MHz)l ( p p m)i 858 (®,.28)6

8.39i 8.36 (m, 1H), 8.20 8.16 (m, 1H), 8.05 8.01 (m, 2H), 7.96 7.94 (m, 1H), 7.83

i 7.81 (m, 2H), 7.52 7.47 (m, 2H), 7.39 7.37 (m, 1H), 7.09 7.05 (m, 1H), 6.99

6.95 (m, 2H), 6.88 6.84 (m, 1H), 6.48 6.45 (m,1H), 6.38 6.36 (M, 1H)13C-NMR
(Acetoned®, 100 MHz) 4 (ppm) = 170.20, 170.01
150.70, 149.87, 148.88, 143.61, 143.00, 140.54, 132.56, 13313861131.06, 127.08,
126.48, 126.03, 125.48, 124.95, 123.17, 122.29,45, 122.28, 122.16, 121.85, 116.32,
104.20.ESI-MS (m/z CH:CN): [M+H"] = 698; [M+Na] = 720.Y = 0.090 g (51%).

Anal. Calcd. For @HisNolr1 (696.74) C 51.72, H 2.61, N 18.09. FourC 49.63, H

2.46, N 17.08.

[Ir(PPy-CN)2(PYZ)] '"H-NMR (Acetoned®, 400 MHz)i ( pp m) J=19HA 4 (d
1H), 8.68 (d,J = 3.2 Hz, 1H), 8.59 (m, 2H), 8.20 (@ = 6 Hz, 1H), 8.03 (dJ = 8.0 Hz,

1H), 7.94 (dJ = 8.0 Hz, 1H), 7.85 (d] = 3.2 Hz 1H), 7.80 (d,) = 6.0 Hz, 1H), 7.49

(d,J = 6.0 Hz 1H), 7.35 (d] = 6.0 Hz, 1H), 7.08 (m,1 H), 7.00 (m, 1H), 6.94 (m, 1H),

6.87 (m, 1H), 6.47 (d] = 7.6 Hz, 1H), 6.36 (dJ = 7.6 Hz, 1H)13C-NMR (CDsCN,

100 MHz)4 (ppm) = 170. 2@),152.207 051.94751.84118%B40,6 3
148.71, 145.66, 145.53, 145.19, 144.88, 144.69, 144.47, 143.75, 133.34, 133.05, 132.82,
132.17,127.23,126.87, 126.64, 126.10, 124.57,123.91, 123.76, 123.69, 123.08, 122.97.
ESI-MS (m/z CH:CN): [M+Na'] = 721; [M+K'] = 737.Y = 0.101 g (57%). Anal.
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Calcd. For GoH17N1olr1 (697.73) C 49.92, H 2.46, N 20.07. Found: C 49.87, H 2.44, N
20.05.

[Ir(PPy -CN)(FsC-PTZ)] *H-NMR (Acetoned®, 400 MHz)iT ( pp m)i 8.48(ng . 6 2
3H), 8.51i 8.48 (m, 1H), 8.24 8.22 (m, 1H), 8.06 8.04 (m, 2H), 7.97 7.94 (m, 1H),

7.847 7.82 (m, 1H), 7.51 7.49 (m, 1H), 7.35 7.33,(m, 1H), 7.12 7.08 (m, 1H), 7.04

i 6.99 (m, 1H), 6.97 6.94 (m, 1H), 6.89 6.85 (m,1H), 6.52i 6.50 (m, 1H), 6.38

6.36 (m, 1H)X*C-NMR (Acetoned®, 100 MHz)l (ppm) = 169. 34, 16
152.8, 151.6, 150.8, 150.7, 147.05, 146.99, 146.95, 143.22, 142.43, 137.47, 137.44,
132.12,131.67,131.41, 130.57, 128.09, 127.75, 12625399, 125.81, 125.56, 125.51,
125.44,125.11, 124.45, 124.37,123.91, 122192.92, 122.89, 122.83, 122.79, 122.13,
122.08, 122.04,121.98, 121.82,121.79, 121.73,121.48,121.23, 118.62, 118.40, 115.75,
115.73.ESI-MS (m/z CHCN): [M+CH3CN] = 806;Y = 0.137 g (95%). Anal. Calcd.

For GaiH17NoFslry (764.74) C 48.68, H 2.24, N 4B. Found: C 49.19, H 2.50, N 17.38.

[Ir(F -PPy-CN)2(PTZ)] *H-NMR (CDsCN, 400 MHz)i ( p p m)i 8.48 (n8 2HH, 1

8.37i 8.34 (m, 1H), 8.11 8.07 (m, 1H), 7.81 7.78 (m, 2H), 7.71 7.69 (m, 1H), 7.41

1 7.37 (m, 1H), 7.30 7.26 (m, 2H), 6.77 6.66 (m 2H), 5.92i 5.89 (m, 1H), 5.84

5.81 (M, 1H)3C-NMR (CD:CN, 100 MHz $5.70 165.58p165.03,464.97,
163.85, 156.03, 151.87, 150.82, 150.71, 150.47, 148.37, 140.47, 127.04, 125.70, 125.31,
125.30, 115.66, 115.61, 114.46, 114.43, 114.28, 114.24, 114.15, 113.97, 113.94, 99.26,
98.98,98.72,98.46%F-NMR (CDsC N, 37 6 pvhiy==106.24-1Q7®7-108.69,
-109.59.ESI-MS (m/z CHCN): [M+H*] = 769; [M+Na] = 790.Y = 0.110 g (63%).

Anal. Calcd. For oH14NgF4lr1 (768.7) C 46.88, H 1.84, N 16.4. Found: C 45.2, H 2.05,

N 16.02.

[Ir(F >-PPy-CN)2(PYZ)] H-NMR (Acetoned®, 400MH2.i (ppm) = 9.53 (.
i 8.71 (m, 1H), 8.59 8.58 (m, 1H), 8.29 8.27 (m, 1H), 8.04 8.03 (m, 1H), 7.81

7.80 (m, 1H), 7.62 7.60 (m, 1H), 7.47 7.45 (m, 1H), 7.23 7.15 (m, 1H), 6.85 6.71

(m, 2H), 6.05 6.02 (m, 1H), 5.88 5.86 (M, 1H)3C-NMR (Acetoned®, 100 MHz)
(ppm) = 166.61, 166.48, 165.94, 163.35, 162.79, 161.66, 161.24, 161.11, 156.20,
152.22,151.31,149.17, 145.31, 145.13, 144.44,129.76, 129.03, 126.81, 126.24, 126.11,

57



126.03, 125.82, 123.77, 123.60, 116.43, 115.59, 1151410Q, 114.82, 100.40, 100.13,
99.86, 99.67, 99.41, 99.1%F-NMR (Acetoned®, 376 MHz)-106.62( p p m)
106.64-108.58-109.71ESI-MS (m/z CHsCN): [M] = 769; [M+Na] = 791. Y = 0.123

g (70%). Anal. Calcd. For ZgH13N1oF4lr1 (769.69) C 45.26, H 1, 18.2. Found: C
4510, H 1.54, N 17.95.

[Ir(F 2-PPy-CN)(FsC-PTZ)] *H-NMR (Acetoned®, 400 MHz)liT ( pp m)i 842 8. 47
(m, 3H), 8.19 8.18 (m, 1H), 8.03 (m, 1H), 7.697.67 (m, 1H), 7.50 7.48 (m, 1H),

7.327 7.30 (m, 1H), 6.75 6.59 (m, 3H), 5.97 5.94 (m, 1H), 5.74 5.71 (m, 1H)3C-

NMR (CDs:CN, 100 MHz)4 ( ppm) = 166 . 9 837, 166526, 16648, 16 6
166.11, 166.05, 164.59, 164.42, 164.30, 164.13, 164.00, 163.73, 163.61, 161.99, 161.87,
161.55, 161.42,157.01, 156.43, 156.35, 153.82,5D, 152.23, 151.74, 151.67, 148.91,
148.86, 139.53, 139.51, 130.11, 129.76, 128.68, 128.223,2127.14, 126.94, 126.73,
126.71, 126.54, 126.32, 125.09, 124.71, 124.67, 123.94, 123.90, 122.39, 118.69, 117.00,
116.96, 116.16, 116.13, 115.99, 115.41%.40, 115.25, 115.22, 100.96, 100.69, 100.43,
100.35, 100.86, 99.89ESI-MS (m/z CH:CN): [M+Na'] = 860; [M+CHCN] = 878.

Y = 0.09 g (85%). Anal. Calcd. Fors{13sNoF7Ir: (836.7) C 44.5, H 1.57, N 15.07.

Found: C 41.7, H 1.64, N 13.68.

General procedure for the synthesis of cationic [Ir(C "N)X(N”~N)]*[PFe]" -type
complexes.1l eq of the desired neutral Ir(Ill) complex was added to dichloromethane
(15 mL) and the mixture was allowed to cool down%0°C by immersion into an
ethanol/liquid nitrogen cold batfihen, methyl trifluoromethanesulfonate (1.2 eq.) was
added. The reacn was stirred under nitrogen for 30 minutes while being kept in the
cold bath, and then allowed to warm up to room temperature and stirred for 3 hours.
Anion exchange was carried ow hdding an excess of NFFs to the solution and
stirring for 30 minués. The product was then extracted witOH3x%10 mL) and the
organic components were combined and dried over anhydrous M&bBsequent
purification by column chromatography on @k eluted with a CHCl./acetone 6:4

yielded the desired cationic Ir(lllpenplex aghe second fraction.
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[Ir(PPy-CN)2(PTZ-Me)]*[PFe]” 'H-NMR (Acetoned®, 400 MHz)U ( pp m)i = 8.
8.68 (m, 2H), 8.63 8.61 (m, 1H), 8.42 8.37 (m, 2H), 8.36 8.15 (m, 1H), 8871 8.01

(m, 3H), 7.84i 7.80 (m, 1H), 7.47 7.43 (m, 2H), 7.1% 7.08 (m, 1H), 7.07 6.99 (m,

2H), 6.97i 6.43 (m, 1H), 6.43 6.39 (m, 2H), 4.54 (s, 3H}*C-NMR (Acetoned®, 100

MHz) U0 (ppm) = 170),16322 13308 153.67, 149168, 146.4% ( C
146.28, 144.44,144.34,142.72, 133.69, 133.29, 133.19, 132.64, 131.69, 127.84, 127.40,
126.77,126.64, 126.53, 125.11, 124.70, 124.15, 124.006,223.86, 117.23, 117.20,

42.47 (CH). ESI-MS (m/z CH:CN): [M]" = 712; [M] = 145.Y = 0.036 g (70 %). Anal.

Calcd. For GiH21NgFsP1Ir1 (856.74) C 43.46, H 2.47, N 14.71. Found: C 43.59, H 2.51,

N 14.89.

[Ir(PPy -CN)2(PYZ-Me)]*[PFe] 'H-NMR (Acetoned®, 400 MHz)i (ppm) = 9. 7
1H), 8.69 (m, 2H), 8.34 8.31 (m, 2H), 8.09 8.03 (m, 3H), 7.45 7.43 (m, 3H), 7.17

i 6.94 (M, 4H), 6.44 6.39 (m, 1H), 6.38 6.37 (m, 1H), 4.59 (s, 3H}3C-NMR
(Acetoned®, 100 MHz) U (ppm) = IBBER,.58.60,151156,9 . 4 3
146.54, 145.40, 145.33, 144.17, 142.79, 142.62, 139.80, 131.85, 131.68, 131.58, 131.08,
126.20, 125.79, 125.23, 124.98, 123.77, 123.29, 122.59, 122.51, 122.30, 115.49, 42.69
(CHs). ESI-MS (m/z CHsCN): [M]* = 713; [M] = 145.Y = 0.042 g (64%). Anal. Calcd.

For GoH2oN1oFsPiIr: (857.73) C 42.01, H 2.35, N 16.33. Found: C 42.47, H 2.43, N
16.50.

[Ir(PPy -CN)(F3sC-PTZ-Me)]*[PF¢] *H-NMR (Acetoned®, 400 MHz)li ( ppm) = 8
i 8.85 (m, 1H), 8.73 8.67 (m, 3H), 8.39 8.37 (m, 1H), 8.33 8.31 (M, 1H), 8.22i

8.21 (m, 1H), 8.11 8.09 (m, 1H), 8.05 8.03 (m, 1H), 7.4% 7.40 (m, 2H), 7.19 7.15

(m, 1H), 7.10 7.04 (m, 3H), 6.99 6.94 (m, 1H), 6.49 6.47 (m,1H), 6.40i 6.38 (m,

1H), 4.56 (s, 3H)!3C-NMR (Acetoned®, 100 MHz)i (ppm) = 168. 94, 1
(Ct), 151.70, 151.59, 148.24, 148.13, 148.09, 147.99, 147.11, 143.00, 142.91, 142.75,
138.78,131.70, 131.61, 131.07,131.03, 130.72, 126.22, 1235.28]1124.99, 123.78,
123.42,123.21,122.61, 122.54,122.49, 122.41,122.32, 122.29, 122.19, 115.55, 115.53,
41.79.ESI-MS (m/z, CHCN): [M]* = 780; [M] = 145.Y = 0.113 g (87 %). Anal. Calcd.

For G2H20NgFoP1Ir: (924.74) C 41.56, H 2.18, N 13.63. Foud42.2, H 2.41, N 13.03.
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[Ir(F 2-PPy-CN)2(PTZ-Me)]*[PFe] *H-NMR (Acetoned®, 400 MHz)i ( pp m) = 8.
8.63 (m, 2H), 8.47 8.41 (m, 2H), 8.40 8.20 (m, 2H), 7.88 7.84 (m, 1H), 7.57 7.53

(m, 2H), 6.92 6.81 (m, 3H), 5.99 5.93 (m, 2H), 4.56 (s,H). 1*C-NMR (Acetoned®,

100 MHz) 4 (ppm) = 147 053.069152.60162945,945,09, 1 6 8 .
142.52, 131.35, 126.78, 126.06, 124.30, 124.24, 116.27, 100.94, 100.67, 100.57, 42.67
(CHa). °F-NMR (Acetoned®, 376 MHz }72.03,-76.p1p 105.34,106.09.-
108.04,-108.76.ESI-MS (m/z CHsCN): [M]" = 784; [M] = 145. Y =0.041g (58 %).

Anal. Calcd. For gH17NgF10P1lr1 (928.7) C 40.09, H 1.85, N 13.57. Found: C 40.12, H

1.98, N 13.55.

[Ir(F -PPy-CN)2(PYZ-Me)]*[PF¢] *H-NMR (CDsCN, 400 MHz)lik (ppm) J= 9. 6
= 1.2 Hz,1H), 8.86 (m, 1H), 8.55 (m, 1H), 7.98 (= 6.4 Hz,1H), 7.94 (m, 1H), 7.84

(m, 1H), 7,42 (m, 1H), 7.38 (m, 1H), 6.80 (m, 3H), 5.85)(c; 8.8 Hz,1H), 5.78 (d,)

=8.4 Hz,1H), 4.48 (s, 3HLC-NMR (Acetoned®, 100 MHz) U (ppm) =
166.89 (G), 152.97, 152.90, 150.98, 150.90, 148.60, 1281%16.74, 146.54, 140.19,
126.98, 126.83, 126.75, 126.55, 126.44, 126.23, 124.49, 116.24, 115.52, 115.31, 101.29,
101.02, 100.82, 42.91 (GH!F-NMR (CDsCN, 376 MHz-72.03-739h-p m) =
105.06,-105.78,-107.78-108.54 ESI-MS (m/z): [M*] = 785;[M7] = 145. Y= 0.031 g

(50 %). Anal. Calcd. For 4gH16N10F10P1lr1 (929.69) C 38.76, H 1.73, N 15.07. Found:

C 38.83,H 1.82, N 15.11.

[Ir(F >-PPy-CN)2(FsC-PTZ -Me)]*[PFs]” 'H-NMR (Acetoned®, 400 MHz) i (ppm) =
8.921 8-91 (m, 1H), 8.81 8.78 (m, 1H), 84 (Sor,1H), 8.431 8.37 (m, 3H), 7.52 7.49

(m, 1H), 6.96/ 6.83 (m, 3H), 6.76 6.02 (m, 1H), 5.90 5.88 (m, 1H), 4.59 (s, 3H).
13C-NMR (Acetoned®, 100 MHz){i (ppm) = 165.92, 163.80, 156.90, 153.24, 152.22,
151.96, 148.40, 148.36, 139.07, 126.745.18, 15.74, 124.07, 123.68, 123.54, 116.43,
115.75,115.60, 115.01, 114.83, 100.35, 99.81, 99.64, 99.38, 99.11 ERABBS (m/z
CH3CN): [M*] =852; [M]=145.Y =0.098 g (65 %). Anal. Calcd. FogEl16NgF13P1lr1
(996.7) C 38.56, H 1.62, N 12.560Umd: C 37.92, H 1.64, N 12.06.
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OLED device fabrication. OLEDs were fabricated by growing a sequence of thin layers

on clean glass substratesjomated with a 120 n#thick layer of indium tin oxide (ITO)
withasheete si st ance of 2 0nthick hole injectng layar of@aly(34 4 0 |
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Clevios P VP Al 4083)

was spircoated (4000 rpm) and then the substrates were placed in an oven at 140 °C for
10 min. Atter the ITO/PEDOT:PSS substrates were cooled down, a 4@ioknfilm of

emitting layer composed of 8 wt% pf(F >-PPy-CN)(PTZ)Jand 92 wt % of ¢
tris(N-carbazolyitriphenylamine (TCTA) was spiooated (2000 rpm) in clean room
environment from a 1@ng/mL dichloromethane solution. Electron transporting of 30

nmt hi c k -(128,5Redginé&rlyiiris(1-phenytl-H-benzimidazole) TPBi and

cathode electrode of 0.5 nthick LiF with cap of 100 nathick Al were deposited in
succession by thermal evapooatiunder vacuum of ~ 1@ hPa. The currentoltage
characteristics were measured with a Keithley Seieasure unit, model 236, under
continuous operation mode, while the light output power was measured with an EG&G
power meter and electroluminescencecse by StellarNet spectroradiometer. All
measurements were carried out at room temperature under argon atmosphere and were
reproduced for many runs, excluding any irreversible chemical and morphological

changes in the devices.

X-ray crystallography. Crystal data and collection details fir(PPy-CN)2(FsC-
PTZ)]-solvare reported in Table S1. The diffraction experiments were carried out on a
Bruker APEX I diffractometer equipped with a PHOTON2 detector and usingl Ndo
radiation. Data wereorrected fo Lorentz polarization and absorption effects (empirical
absorption correction SADABS) Structures were solved by direct methods and
refined by fullmatrix leastsquares based on all data usitd?? H-atoms were placed

in calculated positions andfieed isotropically using a riding model. All nemydrogen
atoms were refined with anisotropic displacement parameters. The unit cell contains an
additional total potential solvemiccessible void of 1059 3A corresponding to -2
solvent molecule per unibrmula. These solvent molecules are highly disordered and,
therefore, these voids have been treated using the SQUEEZE routine of PLETON.

An alert of level A is present in the checit. This is due to high values for the residual
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electron densityThis maximum is located close to the Ir atom, in a position which is
not realistic for any atom. This is a series termination error, as often found in structures

containing heavy atoms.

DFT Calculations. All the simulations reported in this work halveen peiormed with
Gaussian 16 using the StuttgBntesden (SDD) effective core potential for Ir(lll) and

the 6311G** basis set for all other atort8.The longrange corrected hybrid functional
(CAM-B3LYP) was also used for the exchange and correlatoi® The effect of the
solvent was mimicked utilizing the seadbnsistent reaction field model (SCRF) with
parameters suitable for acetonitti€. The geometry of all complexes was relaxed with
Aitighto optimizati on uenciesteecamputedtoverifytiae v i |
there were no imaginary frequencies and the minimum energy state was reached. The
relaxed structures were then used to performDHAT calculations to compute the
absorption spectraTo obtain values HOM@QUMO gap consitent with the
electrochemical measurements we mimicked the experiments by adding and removing
one electron from the complex. The structures were further relaxed in the implicit
solvent to model the fact that electrochemistry experiments have much lamger ti
scales than photochemical measurement and therefore the molecular geometry as ample
time to relax to its new minimum energy configuration. The HOMIMO gap was

then computed as:

(v

YO 00 00

WhereEA andIP are the electron affinity and the iaation potential, respectively. The
electron affinity was computed as the energy of the reduced state minus the energy of
the initial state and it is assumed to correspond to the energy of the LUMO. The
ionization potential was comput@sthe energy of the adized state minus the energy

of the initial state and it was assumed to correspond to the negative of the HOMO energy.
It has also been shown that DFT typical underestimates the energy gap due to error in
the exchange and correlatibmctionals but thelong-range corrected functionals, such

as the one used here, are among the best perfoffhers.
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Chapter 3 Antibacterial activity of a new class of tris
homoleptic Ru(ll) -complexes with alkyttetrazoles as
diimine-type ligands*

‘ HE

Deinococcus radiodurans (+)

*This chapter is part oAppl. Organomet. Chem202Q 34:e5806.

31Abstract

Herein, we describea new family oftris chelatehomoleptic Ru(ll) complexes
[Ru(N~N) 3]?*, where the diiminetype ligands (N*N)are representetly 2-pyridyl
(PT2) or 2-quinolyl tetrazole (QTZ) derivatives decorated withdifferent alkyl
substituerg at theN-2 position of theaetrazole ringThe new Ru(ll) complexesith the
general formula [Ru(PTZ-R)3]?* and [Ru(QTZ-R)s]?*, were obtained astatistical
mixtures of facial fac) and meridionalrfien isomers as suggested by NMRH, 1*C)
experiments and confirmed in the case mwer[RU(QTZ-Me)s]?*, by X-ray
crystallographyThe photophysical behavioof thetetrazole-basedRu(N”N) 3]?* type
speciesvas investigated by UWis absorption spectroscogyrovidingtrends typical of
polypyridyl Ru(ll) complexes The new homolepticcomplexesfac/mer[Ru(PTZ-
R)s]?* andfac/mer[Ru(QTZ -R)3]?* have beermssessed for any eweal antimicrobial
activity towards two different bacteria such as GuagativeEscherichia coliand
Gramypositive Deinococcus radiodurandVhereas being inactive towatl coli, the
response ofgar disks diffusion testsuggestediow some of the neviac/merRu(ll)

complexes could inhibit the growdt D. radiodurans
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This effect was further investigated by determirtimggrowth kinetics in liquid medium
of D. radioduransexposed tathe fac/mer[Ru(PTZ-R)s3]?* and fac/mer[Ru(QTZ -
R)s]?* complexes at diferent concentrationsThe outcome of these experiments
highlightedthat the turron of thegrowth inhibitoryeffect took place athe linear hexyl
chain was appended to the PTZ or QTZ scaffelgygesting also how thahibitory
activity appeared more pnouncedly exerted by the facial isomdes-[Ru(PTZ-
Hex)s]?* and fac-[Ru(QTZ-Hex)]?* (MIC = ca. 3.0 ng/mL) with respect to the

corresponding meridional isomers (MICGca. 6.0 ng/mL).
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32l ntroducti on

The presence of RUJ complexes is ubiquitous in studidecused onsolar light
harvestingmaterial sciencé$ and bieimaging'? However, tris-homoleptic Ru(ll)
polypyridyl complexes witlthegeneral formuldRu(N”~N) s]>* have been recognized
potential antimicrobial agents for a long tifdleln particula, even though the
bactericidal properties of the archetypal complexes [Ru(gférand [Ru(bpyj]?* -
where(phenp and(bpy)ydenot e dii mine chelators such
bipyridine - were first described in the early 1950s by Dwyer anwarkers**" theuse

of these substituticmert mono and dinuclear Ru(ll) polypyridyl complexaesviable
alternatives to traditional organic drugs became effective a few decades latethehe
ensuing and continued emergence of antibi@sistant bBcteria prompted the search
for new classes of antimicrobials. In this regard, chemical modificatér(phen
ligands set and/or the introduction of different ancillary ligands (L"L))éwtoseveral
homoleptic [Ru(N~N) 3]>* or heteroleptic[Ru(N"*N)2(L~L)] ?* -type mononuclea
complexes active towards Grgmositive bacterisuch asstaphylococcus aureasdits
methicillin-resistantvariant MRSA. Furthering these promising results, Keene and
coworkers have reported a family of dinuclear Ru(ll) compléxeghose structure
consists of two peripheral Ru(ll) trdiimine units tethered by alkyl chains with diféert
lengths- as the most effective Ru(jasedantimicrobial agents, whic were active
against both Grarpositive §. aureusand MRSA, MIC =1 ¢ Ig) An, importantly,
Gramnegative bacterid.¢ Escherichiacoli M1 C = BiThesefpre ratethough
the antibacterial activity of metal complexes is likgtyverred by a delicate balance of
sometimes contrasting factorse( lipophilicity and gldoal net charge), a consistent
research effort has been addressed to extend these sttmber classes of octahedral
metal complexes such aslItf-cyclometalate€! and to the decoration of the Ru(ll) ion
with different types ofliimine chelatorsin these regard§;rowley and coworkersave
recently investigated various 1,2,3 triazolyl pyridine containing various alkyl
substituentas NN ligandsfor a family of homoleptic Ru(ll) complexethat showed

an efficient antimicrobial activity towasdGram-positive bacteria such as MRSA.
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Within the general framework of our interestboutthe application of metal tetrazole
complexes in lifescience/® we have recentlghown that whereas neutrally charged
Ir(Ill) tetrazolato complexesould be employ@& as luminescent labels fan vivo
imaging of bacteri&! the corresponding series of catioirigll) -tetrazole complexes
enlightening a behavim very similar to that reported by Chao and coworkers for
analogous cationic Ir(lll)cyclometalates expodeto Grampositive Staphylooccus
aureus - @ exhibited remarkable antimicrobial activity towardsGrampositive
Deinococcus radiodurang® On these premises, and inspired by the work of Crowley
and coworker§! we put our effort in thelesign angrepamtionanewset of homoleptic
Afully R complexésenith the general formul®u(N”N)3]?*, to be
successively screened for thgiossible antimicrobial propertiesin particulay the
scaffold of the bis chelating diimin@”~N) is represent by 2(tetrazot5-yl)pyridine
(PTZ) or 2(tetrazot5-yl)quinoline QTZ), both kind of ligandbeing furthedecorated

at the N2 positionof the tetrazole ring with alkyl chains with different lengBtlieme

1). Following the approach that we have adoptedur recent workshe antimicrobial
features ofhe resulting famies of Ru(ll) complexgshamelyfac/mer[Ru(PTZ-R)3]%*

and fac/mer[Ru(QTZ-R)3]?*, have been studied toward$oth Gramnegative
Escherichia coli and Grampositive Deinococcus radioduras) a not pathogenic
bacterium that is known as one of tieeighest microorganisms, resistant to radiation,

oxidative stress and DNA damage
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Scheme 13. Ru(ll) complexes studied in this wark
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33Res ul Dissawngdsi on

The synthetic procedures followeth the preparation ofthe homoleptic Ru(ll)

complexes are outlined Bcheme 2.
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NN
mer

Scheme2.3. Synthetic routedor the alkylated tetrazoles arbe corresponding Ru(ll) complexes
with relative acronyms

The N-2 alkylatedtetrazoles employed in this work were prepared according te/o
steps procedureinvolving the preliminary formation of the pridyl and quinolyl
tetrazoles!? followed bythe addition of the desired alkyl moietfé$*9 It has to be
noted thathelatter reactiorusually produces a mixtud comparable amounts two
alkylatedregioisomers? in which thealkyl residue can be bound either to the tetrazole
N-1 or N-2 position Aiming at using theéN-2 alkylated tetrazoleas analogues ¢bpy)

or (phen) type ligands ther purification from the N1 isomers was accomplished

through column chromatography.
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Thereforethe corresponding homoleptic Ru(ll) complexesre prepared by treating

hydrate RuG with a slight molar esess of the appropriate-N alkyl tetrazole in a

mixture of ethanol and watei:@ v/v) at the reflux temperaturéfter a counterion

exchangeroceduraimed at replacing chloridsvith two hexafluorophosphatenions

each of the resulting complexes wadlected by filtration and washed wittater and

diethyl ether.

The formation of the new Ru(ll) species was confirmed by ESI mass spectrometry, and

the NMR {H, 13C) studies suggested the occurrencesath Ru(ll) complex as a

statistical mixture ofacial (fac) and meridionalrfier isomers(Figure 3.3
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Figure 3.3. Selected NMR spectra §Ru(PTZ-Me)s]?* as mixtures ofmer/facisomers before and

after purification.

Focusing on the two diiminic nitrogerparticipating to the chelation of timeetallic

centre,and beigN t he ni tr ogen

on

t he

p Yy 4 nitraggnl

or

of thepentatomiaing, it is possible to schematize the two different coordination isomers

as illustrated irbcheme 33. In the facial fac) i

somer

N

( ensocaNdy )

three vertexeslescribing a facef the octahedron, whereas in the meridiomaér

isomerthe three vertexes describe a plane containing the metallic centre.
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Scheme 3. Graphical representation of the two differesdordination isomers for the prepared tris
homoleptic Ru(llpolypyridyl complexes

For thefac isomer, he disposition adopted by the three chelating ligaardund the
metallic centre determines C; symmetry a&is passing for the metallic centre and
perpendicular téhe centre ofthe twoface of the octahedratescribeby N or N©6
nitrogensrespectively(Cs symmetry group)Based on suclkonsiderations,hie three
ligandsin thefacisomeraremagnetically egivalert, hencethe*H/**C NMR spectra of
the reportedac complexesconsist in a single pattern of signals corresponding to all of
the coordinated ligand¢Figure 4.3) On the other hand, the coordination of the three
ligandsin a merfashion does not origate any symmetry elemenindeedthe *H/**C
NMR spectra of the reportader complexeseport a pattern of signal for each of the
three coordinated ligand€C:; symmetry group) The separation of théac and mer
isomers was successful for all of the missexcept forfac-[Ru(QTZ -Hex)s]?*, which
was isolated in combination with the correspondmngrisomer even after repeated
attempts fac/mer= 80:20 from'H-NMR data).
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Figure 4.3. 'H-NMR spectra of complesfac-[Ru(QTz-N2-Me)s][PF¢]2 (top) andmer[Ru(QTz-
N2-Me)z][PFe]2 (bottom); CDsCN, 400 MHz.
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3.3.1X-ray crystallography

Among the series of the Ru(ll) complexes, only the one that was suggestes as
[Ru(QTZ-Me)s)?* afforded single crystals suitable forrdy diffraction. (Figure 5.3)

Figure 5.3. Molecular structure of the dicatiomer[Ru(QTZ-Me)s]?* with key atoms labelled.
Displacementllipsoids are at the 50% probability levekatbms are omitted for clarity.

The analysis of its molecular structyyevided results congruent with the ocente

of the expected octahedral complex in which the coordination sphere of the Ru(ll) ion
consisted of three bis cheldt@TZ-Me) ligands arranged in meridionah€r geometry.

As expected from tris chelate comyaes, the unit cell of the crystal is repemted by a
racemic mixture ofD and L enantiomers. Incomparison tomer isomers of the
homoleptic Ru(ll) complexes reported by Croyid the molecular structure oher
[Ru(QTZ-Me)s)?* evidenced a more pronounced distortion from the octahedral
geometry.A closer inspection of the RN bond distances revealed that the -Ru
(tetrazole) bonds in trans position to each other display almost identical distances
[RUu(1}N(6) = 2.044(4) A, Ru(IN(11) = 2.043(5) A], whereas the R(tetrazole)

bond trans to RiN(quinolyl) is sensibly shorter [Ru(@)(1) = 2.010(4) A]. Similarly,
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the two RuN(quinolyl) bonds in relative trans position are identical within the
experimental error [Ru(IN(5) = 2.13@4) A, Ru(1}N(10) = 2.135(4) A], whereas the
Ru-N(quinolyl) bond tras to the tetrazole ligand is significantly longer [RuRI(L5) =
2.222(4) A]. The three chelatif@TZ-Me) ligands are rather different concerning the
coplanarity of the tetrazole anqdinolyl ligands. Thus, th€QTZ-Me) ligand comprising
N(1) to N(5) is &most coplanar [angle between the lesgtiares planes of the tetrazole
and quinolyl rings = 6.3(3)°]. Conversely, the other two ligands comprising N(6) to
N(10) [20.6(2)°] and N(11) t&(15) [20.9(3)°] are not coplanar. These deviations are
likely to be die to the presence of the very rigid and byuknolyl condensed aromatic

systems.
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3.3.2Photophysicaland electrochemicaproperties

The @sorption profiles obtained from dilugeetonitrilesolutions at room temperature
are representative of® coctahedral ratal complexe&? with intensep-p* Ligand
Cented (LC) transitions occurring in the UV region of the electromagnetic spectrum
followed at lower energypy the metatto-ligand charge transféMLCT) bandg(Figure

6.3)

10*s(M'em™)

300 : 4(|)0 ‘ 500
Wavelength (nm)

Figure 6.3. Absorptionprofiles offac-[Ru(QTZ-Me)s]?* (redline) andmer[Ru(PTZ-Me)3]?* (blue
line), CHCN, 10°M, r.t.

If compared tdRu(bpy)]®* asthe referencecompoundfor tris-chelate[Ru(N*N)z]?* -
type speciesall the Ru(ll) tetrazole complexes described herein display-diifeed
absorption profilesnost likely inconsideration ofhereduced conjugatioof the5-aryl
tetrazole ligandsvith respect to that of bpyHowever, n closesimilitude with the
isostructuraRu(l1)-pyridyltriazole basedcomplexes reported by Crowley/d the PTZ-
baseRu(ll) complexes described herein display MLCT maximaresin between 380
and 390 nm. On passing to txguinolyl analogueQTZ-based complexes, the position
of the MLCT band is markedly shifted to lower enerby ca. 420 nm; Figure 6) an
effect that icongruent witthemore extendeg-conjugation acroghie aromatic ligand
Relative to both series of complexes, oslyptle differences were observed for the
andmerpure isomersUnlike [Ru(bpy}]?* and [Ru(phen]?*, all the Rull) complexes
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described herein were not luminescent at room temperatugdack ofemissions most
likely to be ascribed to the occurrencalwrmally accessible metaéntred MC) states
causing theefficient depopulationof potentially emissive MLCType state§!! The
electrochemical properties of the Ru(ll) complexes were investigated by cyclic
voltammetry(CV) in acetonitrile solution at room temperaturethe region of positive
potentials, each of théac/mer[Ru(PTZ-R)s]?>* and fac/mer[Ru(QTZ-R)s])?*-type
complexes displayed one single and reversiigll)/Ru(lll)-basedprocess with no
difference observed between edabandmerisomer Along the series of the PTased
complexesfac/mer[Ru(PTZ-R)s3]?*, this proceswas foundbetweerca.1.63 Vi as in

the cases dac/mer[Ru(PTZ-'Bu)s]?* - and 1.70 V as forfac/mer[Ru(PTZ -Hex)s]?*.

The quinolyl analoguesac/mer[Ru(QTZ-R)3]** displayed the same metahsed
processshifted to more positive potentialeeingthe correspondingotentialsobserved

to span betweena. 1.72 V (forfac/mer[Ru(QTZ -'Bu)s]?*) and ca. 1.80 V, as in the
cases ofac/mer[Ru(QTZ -Me)3)?*. An analogous trend was obseniadhe region of
the negative potentialésee Supporting information, SlTable S2)jn which thethree
ligand centred reductions that appeared in eadtammetric waveof the fac/mer
[Ru(PTZ-R)3]?* complexesvere found to occur at more positigetentialsthan those
displayed bythe fac/mer[Ru(QTZ-R)3]?* analoguesThe analysis of theseesults
suggested that the distinctive features that were observed from the comparison of
fac/mer[Ru(PTZ-R)s)?* and fac/mer[Ru(QTZ-R)3]?*, were most likely due to the
presence of the PTZ or the QType scaffoldswhile no obvious correlations could be
made inconsderation of the occurrence of alkyl chains with different length and

structure.
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3.3.3Antimicrobial activity

The antimicrobial activity ofthe fac/mer[Ru(QTZ-R)s]?>* and fac/mer[Ru(PTZ-
R)s]?*-type complexes waisivestigatel against Granmegative Eschericha coli) and
GramypositivebacterigDeinococcus radioduran®y performing disk diffusion tesis

agar plate$ollowed, in case of positive response,tbg broth dilution method to detect
potential inhibition of bacterial growtlGiven themodeate water solubility of the
dicationicRu(ll)-complexesthe correspondingqueous solutions containing DMSO up
to 2% (v/v) were used foeach testing. In all cases, the results of appropriate control
experiments suggexithe absence of argbservabldMSO-relatedbiological effect

3.3.3.1Disk diffusion test in agar plates

The antimicrobial activity exerted by the Ru(ll) complexes was preliminarily assessed
by disk diffusion tests in agar plates, in which the appearance of zorgrsvath
inhibition around the paper dis impregnated wittiac/mer[Ru(N~N)s]?>* complexes

was monitored and compared to the output of two further paper disks impregnated with
ampicillin and DMSO asghe positive and negative control, respectively. The grosith

E. coliwas not affected by any tife compounds tested since no visible inhibihidioes

appeared, as reportedFigure 7.3for fac/mer[Ru(PTZ-Hex)s]?*.

Figure 7.3. Disk diffusion test fofac/mer[Ru(PTZ-Hex)3]?* againstE. coli.
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A completely differentesponsavasobtainedwhenthe same screeningasperformed
with Grampositive D. radiodurans In particular,a cleargrowth inhibition zonedid

surroundthe paper disks imbueslith fac/mer[Ru(PTZ -Hex)s)?*, fac/mer[Ru(QTZ -

Hex)s)>* andmer[Ru(QTZ -'Bu)3]?* (Figure 5) while disks imbwed withfac-[Ru(QTZ -

‘Bu)s)?*, fac/mer[Ru(PTZ-'Bu)s)?*, fac/mer[Ru(PTZ-Me)s)?*, and fac/mer

[Ru(QTZ-Me)3)?* did notinhibit bacterial growth

Figure 8.3. Disk diffusion test forfac/mer[Ru(PTZ-Hex)3]?*, fac/mer[Ru(QTZ-Hex)s]?* and
fac/mer[Ru(QTZ-'Bu)s]?* againsD. radiodurans

3.3.3.2Kinetics of growth ina liquid medium

In a successive stage, the antimicrobial properties of the Ru(ll) complispésyinga
positive outcome in the disk diffusion tesagainstD. radioduranswere further
investigated thragh analysis of the growth kineticsariquid medium For the sake of
comparison, alséac- andmer[Ru(QTZ -Me)s]?* which resultedo be inactive toward

D. radiodurars based oragar disks diffusion testaere included in the series of Ru(ll)
complexesd befurther screenedn the initial set of experiments, independeultures
containing the Ru(ll) complexes at concentratiofts to 20 UM were prepared and their
kinetics of growth wre measured and compared to the control cultuvésen D.
radiodurars cultureswere exposed t@0 nmM solutions offac- and mer[Ru(QTZ -
Me)s]?* (Figure 9.3a), a slight decrease of the rate of bacterial growth was observed. In
excellent agreement with the outcome of the previous disk diffusion tests, these results
suggest tht no significant antibacterial activity could be traced back to neither the facial
northe meridional isomer dRu(QTZ -Me)s]?*. On the other hand, the replacement of

the methyl group with a teldutyl moiety produced a different result. Bdaie- andmer
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[Ru(QTZ-'Bu)s]?* complexes were initially tested by treating individDaradiodurans
cultures with 20vM of eachisomer (Figure 9.3b) Complete inhibition of the bacterial
growth was observed in the presence ofrtiex[Ru(QTZ -'Bu)3]?* isomer, while the
same concentration dbc[Ru(QTZ-'Bu)s]?* allowed a poor growth even though
prolonged the lag phasieg( latent period). Conversely, at the lowest concentration limit
(5 mM), bothfac andmer[Ru(QTZ -'Bu)3]** reduced the rate of bacterial growth at a
low extent, with a slightly more pronounceffeet exerted by thenerisomer.

(a) (b)

o Control —e— 2% DMSO
—e— 2% DMSO o 5 uM fac-[Ru(QTZ-'Bu)]**
o 20 uM fac-[Ru(QTZ-Me),J>*
20 M mer-{Ru(QTZ-Me)J>*

o 5 M mer-[Ru(QTZ-Bu),J>*
* 20 uM fac-[Ru(QTZ-Bu),J*

08 20 uM mer-[Ru(QTZ-8u).)?*

0,6

Absorbance (600 nm)

04

Absorbance (600 nm)

0,2

0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)

Figure 9.3. Kinetics of growth oD. radioduransculturesincubated witHac/mer[Ru(QTZ -Me)3]?*
20 &M (ae/merRUQIZ-Bu)3?>*5 and (1).0ContrdWcultures without any complex
(black dots) and with 2% DMSO (black curve) were performed.

The influence played by the nature of the alkyl residRign determining the activity of
the series bfac/mer[Ru(QTZ-R)3]?* and fac/mer[Ru(PTZ-R)s]%*-type complexes
towardD. radioduransbecame evident when the tetrazole rings were decorated with a
linear hexyl chair(-Hex) to form the ligands abbreviated @3 Z-Hex andPTZ-Hex,
respectivelyln partiaular, fac/mer[Ru(QTZ -Hex)s]?*, under the form of the pumer
isomer andhs a mixture ofac/merisomers- as mentioned earlier, samples of piae
[Ru(QTZ-Hex)s]?* could notbe obtained even after sevepairification procedurg-
completely inhibited e growth ofD. radioduransboth as 20 and 5nM solutions
(Figure 10.3a), suggestinghe occurrence of stronggrowth-inhibiting action even at
their lower concentration limiSuccessive experimenigere performed to evaluate the
lowest concentration vaés at whiclthese latter complexesould exerta significant
antibacterial activity.
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To this extentD. radioduranscultures were exposed to purer[Ru(QTZ -Hex)s]?*

and to the mixture of isomefac/mer[Ru(QTZ -Hex)s]?* at theconcentratiovalues of

2.5 and 10 nM. Whereas puremer[Ru(QTZ-Hex)s]?* displayedthe same poor
antibacteriahctivity atbothof thetestedconcentratioa(Figure 7b, green and red lings)
the mixture of isomergac/mer[Ru(QTZ-Hex)s]?* (Figure 10.3b, orangeand blue
lines) induiced complete inhibition of the growth @. radioduransat the lowest
concentration limit of 2.5 uM, highlightingrainimal inhibitory concentration (MIC) of
3.0ng/mL. In furthersupport of the importance of the hexyl substituent, it was observed
that tre 2pyridyl tetrazolebased complexefac/mer[Ru(PTZ-Hex)s]?* displayed
antimicrobial activity almost coincident to that determined for their quinolyl tetrazole
analoguesac/mer[Ru(QTZ -Hex)s]?*. Indeed, purdac-[Ru(PTZ-Hex)s]?* (green and

red lines, Fgure 11.3,a) andmer[Ru(PTZ-Hex)s]** (orange and blue line&igure
11.3a) at a concentration of 20 and &M, completely inhibited the growth db.

radiodurans

(a) (b)
14 14 [
--e-- Control [ ~e- Control
ol S 2% DMSO . [ e 1 uMmer-[Ru(QTZ-Hex)J**

¢ 1.2
*- 5 uM mer-[Ru(QTZ-Hex),J? [ e 1M fac/mer-[Ru(QTZ-Hex)J** e
o 5 uM fac/mer-{Ru(QTZ-Hex):J** ~

1 e 20 uM mer-[Ru(QTZ-Hex),)?* . o 2.5 yM mer-[Ru(QTZ-Hex),]**
20 M fac/mer-[RUQTZ-Hex)fe* .~ 2.5 uM fac/mer-{Ru(QTZ-Hex)s)*

08 08 [

06 06 f

04 04 F

Absorbance (600 nm)
Absorbance (600 nm)
we

02 02 |

Time (h) Time (h)

Figure 10.3. Kinetics of growth ofD. radioduransin the presence dac/mer[Ru(QTZ -Hex)z]?* at
decreasing concentratans 20 and 5 €M (a), 2.5 and 1 &M (b).
(black dots) were performed.

Also, whenfacandmer[Ru(PTZ-Hex)s]?* isomers were tested at lower concentrations
(1 and 2.57M, Figure 8b), a significant inhibitory effect was detected only in the culture
treated with the 2.5M solution of the pure isomdac-[Ru(PTZ-Hex)s]?* (MIC = 3.0
ng/mL), while the growth rate of themaining cultures i.e. the ones containing itV

and 2.5nM mer[Ru(PTZ-Hex)s)?* andfac-[Ru(PTZ-Hex)s]?* at the concentration of

1 mM - was not affectedHigure 11.3).
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Figure 11.3. Kinetics of growth ofD. radioduransin the presence dac/mer[Ru(PTZ-Hex)s]?* at
decreasing concentrati ons: onolculneswit®ut anicohpe) ,
(black dots) were performed.

Taken together, these results suggest that whereas the choice of PTZ -basgtZ

scaffolds is, likely, not involved in inhbiting the growth oD. radiodurans the proper

turnron of thegrowth inhibitoryeffect exerted by the corresponding Ru(ll) complexes

fac/mer[Ru(PTZ-R)3]** andfac/mer[Ru(QTZ -R)3]** takes place when the tetrazole
ligands are decorated with a linear hexyhain ¢Hex). Also, investigation of the
antimicrobial properties dac/mer[Ru(PTZ -Hex)s]?* andfac/mer[Ru(QTZ -Hex)s]?*

at concentrations below 5 uM suggested how the fafeig) isomers apparently induced
the inhibition of the growth ob. radiodurars (MIC ca. 3.0 pg/mL) to an extent higher
than the one determined for corresponding meridioman(isomers (MIC ca. 6.0
pg/mL). It is worth noting howour findings concerningthe antimicrobialactivity of
Ru(ll)-tetrazoles derivativesac/mer[Ru(PTZ-R)3]** and fac/mer[Ru(QTZ -R)s]%*
towardsD. radioduransshare some importarfeatureswith some previousreports
dealng with effects deriving from the@xpostion of mononuclear Ru(ll) polypyridyl
complexe to different families of Grarpositive bacteria sicasB. subtilisand, in
particular, the pathogeni8. aureusand itsmethicillin-resistant variant MRSK! [’d
First, the Ru(ll}tetrazole complexes described herein display sameselectivity to
Gramypositive versusGramnegative bacterjathe occurence of which isprobably
related to the higher permahty of the cell wall of Grarpositive bateria withrespect
to the Grarmegative oneslheselattermicroorganismsre indeed characterized the

presence ofraouter memikane mainly composed tgpopolysaccharides (LPSyhich
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likely protects theGramnegativebacteria from the Ru(ll) bis cationmomplexes®
Furthermore,in a manner identical as that reported by Crowley for Ru(ll)pyridyl
triazoles exposed to MRSA! the inhibitory activity tovardsD. radioduransof our
Ru(ll) complexesfac/mer[Ru(PTZ-R)s]?* and fac/mer[Ru(QTZ -R)s]?* took place
upon the introductionf a linear hexyl chain (R= Hex) the backbone of the tetrazole
based ligandsAccording tothe explanations suggestegt Crowky @ this specific
modification is most likelyresponsiblefor endowing theRu(ll) speciesof the
appropriatelevel of lipophilicity for allowing these Ru(ll) complexes to target the

bacterial cytoplasmic membrane.
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34Concl usi ons

The introdiction of onealkyl substituenat the N2 position of the pentatomic riraf 2-
pyridyl (PTZ) and 2quinolyl tetrazole(QTZ) scaffolds led to a series of diiming/pe
chelators (N~N) thatould be employed for the preparation of tieav family oftris-
homolepticii f utl d tyr dRu(BIINR]T complexesTheformation of thenewRu(ll)
specieswith the formula [Ru(PTZ-R)3]?* and [Ru(QTZ-R)s]?*, respectively,was
confirmed by ESI mass spectrometry, and the NMR {3C) studiessuggested the
occurence of each of the Ru)ltomplexes as a statistical mixturefa€ial fac) and
meridional Mmer) isomers With the only exception ofac-[Ru(QTZ-Hex)s]?*), the fac
andmer diastereomers &re successfully separatdry column chromatograph being

the structure of one pure isomerer[Ru(QTZ -Me)s]?*, confirmed by singlerystal X

ray diffraction.Theinvestigationof the photophysicand electrochemicgroperties of
the new Ru(ll) complexdsighlighted a behavig that can be tracduaack to the family

of trisshomoleptic Ru(ll) plypyridyl complexes, and no significant difference between
facial and meridional isomers of each complex was detettezinew families of bis
cationic Ru(ll) complexes fac/mer[Ru(PTZ-R)3]?* and fac/mer[Ru(QTZ-R)3]?*,
weretherefore screened for anyestual antimicrobial activityn vitro against Gram
negative E. coli) and Grarrpositive . radiodurang microorganismsWhile all Ru(ll)
complexes were demonstrated as inactive toizaabli, their growth inhibitoryeffect
againstD. radiodurans- a notpathogenic bacterium that is listed as one of the toughest
microorganisms in light of its outstanding resistance to tatiaoxidative stress and
DNA damagei appeared to bdikely governed by specific structural featurés.
particular, it was observable complete inhibition of the growth Bf radioduransupon

the introductiorof a linear hexyl chaiftHex) in thefive-membered ring of the PTZ and
QTZ ligands,also highlighting how theactivity of the facial isomersfac-[Ru(PTZ-
Hex)s]?* andfac-[Ru(QTZ -Hex)s]?* (MIC = ca.3.0 pg/mL) appeared more pronounced
than the one displayed by the correspondimgy isomers MIC = ca. 6.0 pg/mL).
Therefore, our results on the antibacter.]
Ru(ll) complexes, whichra generally congruent witthose relative to the closely

related family of Ru(lhpyrydyltriazole based species thavbheen previously reported
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by the group of Crowle¥® support the possibility of getting useful insight for the
determination of thetructure to activity reladbnships that promote and, possibly, govern
the antibacterial properties of tris homoleptic Ru(ll) complexes. Even though our
complexes have not been tested yet toward antibiesistant bacteria such as
Staphylococcus aureddRSA, the consistency of odindings with respect to those
described by Crowley might support the use of the-pathogenicDeinococcus
radioduransas a useful model for Grapositive bacteria in studies dealing with the

search of new antimicrobials.
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35Eyeri mental Section

General considerations. All the reagents and solvents were obtained commercially
(Sigma Aldrich/Merck, Alfa Aesar, Stre@hemicals) and used as received without any
further purification unless otherwise specified. All the reactions wanéed out under

an argon atmosphere following Schlenk protocols. The purification of the Ru(ll)
complexes was performed via column chreomgaaphy with the use of S¥@r Al.Os as

the stationary phase. EShass spectra were recorded using a Waters4@®
instrument (ESMS, acetonitrile as the solvent). Nuclear magnetic resonance spectra
(consisting ofH and*3C) were always recorded usiagvarian Mercury Plus 400H,
399.9;1%C, 101.0 MHz)H and**C chemical shifts were referenced to residual sulve
resonancesAbsorption spectra were recorded at 298K usim@gilent Cary 100 UV

Vis spectrometer.

Cyclic Voltammetry

TBAPFs (tetrabutylammonium hexafluorophosphate, Sigma Aldrich) was used as
received as the supporting electrolyte,zCN was distillel over CaHand thoroughly
degassed under ;Nbefore eachmeasurementElectrochemical experiments were
recorded with a Metrohm Aalab PGSTAT302N potentiostgalvanostat using a
Calomel electrode as reference (303/SCGAMel Electrochemistry) and a Pilaim

solid electrode (492/Pti2 Amel Electrochemistry) as working electrode.

Ligand synthesis

Tetrazole derivatives are usedcasnponents for explosive mixturéd.In this lab, the
reactions described here were only run on a few grams scale and temwraetere
encountered. Howevegreat cautionshould be exercised when handling or heating
compounds of this type.

Following the general method reported by Koguro anavodkers® tetrazole ligand
[H-PTZ] and [HQTZ] wereobtained in quantitative yield.

[H-PTZ] 'H-NMR (DMSOd®, 400 MHz) U (ppm) = 8.82 (r
(m, 1H); 7.66 (m, 1H); [FQTZ] H-NMR, (DMSO-d}, 400 MHz) U (pp m)
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1H,J=8.79 Hz), 8,31 (d, 1H] = 8.40 Hz), 8,17 (d, 1H] = 8.40 Hz), 8,12 (d, 1H] =
7.99 Hz), 790 (t, 1H), 7.74 (t, 1H);

Ligand functionalization
General procedure for the preparation of [PTZMe] and [QTZ-Me].[**

In a 100 mL two neck rounbottomed flaslequipped with a stirringarwere added 1

eq of the desired tetrazole ligand-@TZ, H-PTZ),2 eq. of CHI and 3 eq. of KCGsin

20 mL of CHCN. The mixture was heated at reflux for 24 h. The mixture was then
allowed to cool down tooom temperature (hereafter, r.ar)d the solvent removed by
rotary evaporation. The crude was dissolved in 1®iMCH.CI, and filtered over a glass
frit filter to remove the insoluble fraction. The soluble fraction was then purified with
column chromatography over SIOPTZ-Me: Toluene/Acetone 9:1; QTFMle:
hexaneEtOACc 6:4) yielding the desired N2 methylated isorasisecond fraction (PTZ
Me: Y = 20%, 0.69 mmolQTZ-Me: Y = 39%, 0.79 mmol).

[PTZ-Me]: 'H-NMR, 400 MHz, CDC4 i ( p$7mjddd, J = 4.9, 1.8, 1.0 Hz, 1H),
8.23 (dt, J = 7.9, 1.1 Hz, 1H), 7.86 (td, J = 7.8, 1.8 Hz, 1H), 7.40 (ddd, J = 7.6, 4.8, 1.2
Hz, 1H), 4.44 (s, 3HC-NMR, 100 MHz, CDCiti  ( p p m) : ), 16G24,.146382, ( C
137.22, 124.87, 122.35, 39.68

[QTZ-Me]: *H-NMR, 400 MHz, CDC4&i  ( p&28i)8:21 (m, 1H), 7.74 (d,1 H,

= 8.15 Hz), 7.70 7.66 (m, 1H), 7.50 7.46(m, 1H), 4.39 (s, 3H}3C-NMR, 100

MHz, CDCkU  ( p154n98:(®), 148.01, 146.49, 137.25, 130.01, 129.93, 128.32,
127.54, 127.42119.54, 39.71 (CB).
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General procedure for the preparation of [PTZ!Bu] and [QTZ -'Bu].[**!

In a 50 mL two neck round bottomed flask equipped with a stirring bar was added the
desired tetrazole ligan@H-QTZ, H-PTZ, 1leq.) to 15 mL of tesbutanol in he presence

of 3.0 mL of trifluoroacetic acid and 3.0 mL of concentrated sulphuric acid. Thammixt
was left to stir at r.t. overnight, during which time the initial suspension turned to a
yellowish solution. Then, the mixture was poured intd we&ter ail made alkaline (pH

> 12) by the addition of KOH pellets. The resulting mixture was extractédGHICk

(3 x 15 mL) and the organic layers were dried over MgS®e solvent was then
removed by rotary evaporation, providing the desired compound as agetidyv
residue(PTZ-'Bu: Y = 77%, 2.53 mmolQTZ-'Bu: Y = 83% 1.27 mmol).

[PTZ-'Bu]: *H-NMR, 400 MHz, CDCG4t  ( p®8th(d,:1H,) =4.18 Hz), 8.27 (d, 1H,
J =7.83 Hz), 7.86 (m, 1H), 7.39 (m, 1H), 1.83 (s, 9H).

[QTZ-'Bu]: 'H-NMR, 400 MHz, CDCIt  ( p &38i) 8:29 (m, 3H), 7.87 (ddd], =
8.3, 1.6, 0.7 Hz, 1H), 7.77 (ddd,= 8.5, 6.9, 1.5 Hz, 1H), 7.60dd,J = 8.1, 6.9, 1.2
Hz, 1H), 1.87 (s, 9H).

General procedure for the preparation of [PTZ-Hex] and [QTZ -Hex].l**

In 100 mL two neck round bottomed flask equipped with a stirring bar was added the
desired tetrazole ligan@H-QTZ, HPTZ 1eq.) to 30 mlof CH:CN in the presence of
1-bromohexane (1.1 eq) anckHt(1.5 eq). The mixture was heated at reflux8brand

then allowed to cool down to r.t. The cruggoductwas then purifiedvith column
chromatography over SO(PTZ-Hex: Hexane/EtOAc 6:4; QTHex Petroleum
etherEtOAc9:1) yielding the desired NBexyl isomer as second fraction (RH&Xx:Y

=27 %, 0.92mmol; QTZHex: Y = 14%, 0.69 mmaol).

[PTZ-Hex]: *H-NMR, 400 MHz, CDC{ti  ( p p r8.69 (m81H) 8.1B.15 (m, 1H),
7.987.75 (m, 1H), 7.327.28(m, 1H), 4.644.60 (m, 2H), 2.03..95 (m, 2H), 1.30L.16
(m, 6H), 0.880.76 (m, 3H)33C-NMR, 100 MHz, CDCili (ppm) : 164. 60
146.84, 137.04, 124.69, 122.28, 53.45, 30.93, 29.22, 25.92, 22.27, 13.81.
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[QTZ-Hex]: H-NMR, 400 MHz, CDC} i ( p $38i) 8:27 (m, 3H), 7.85 (dd] =
8.2, 1.4 Hz, 1H), 7.75 (ddd, = 8.5, 6.9, 1.5 Hz, 1H), 7.58 (dddl,= 8.1, 6.9, 1.1 Hz,
1H), 4.73 (tJ = 7.3 Hz, 2H), 2.11 (p] = 7.4 Hz, 2H), 1.42 1.26 (m, 6H), 0.95 0.75
(m, 3H). 3C-NMR, 100 MHz, CDC4 &i ppfn): 164.83 (Ct), 148.09, 146.84, 137.38,
130.15, 128.44, 127.61, 127.51, 119.75, 53.61, 31.02, 29.38, 26.03, 22.36, 13.89.

General procedure for the synthesis of homoleptic famer [Ru(N”N)3]?*-type

complexes

To a 7:3 solution of EtOH/D (30 mL)were alded RuG*xH>O (100 mg, 1 eq) and
3.2 eq of the desired-Bryltetrazole. The solution was stirred at reflux temperature
overnight. The solvent was removed by rotawaporation and water was added (10
mL). Anion exchange was carried out by adding an excéNHPFs (5 eq) to the
solution andtirring for 1 hour. The solid product was isolated via vacuum filtration then
washed with HO and E£O.

fac/mer [Ru(PTZ-Me)3]?* Y= 39 % (MW = 874.16 g/mol, 0.0680 g, 0.0778 mmol,
Column chromatography over A eluted with DCM/ACN 1:1).

fac:H-NMR, 400 MHz, CRCN U (8@&8&mp (m, 3H), 8.26 8.19 (m, 3H),
7.98i 7.95 (m, 3H), 7.65 7.60 (m, 3H), 4.42 (s, 9HJC-NMR, 100 MHz, CRC N i
(ppm): 166.36 (¢, 154.90, 147.40, 140.52, 129.84, 125.28, 42.97:(ESI-MS

(m/2): [M]?* = 292; [MF = 145 (Pk). Anal. Calcd. For @HziN1sRwPsF1, (847.16) C
28.84, H 2.42, N 24.03. Found: C 27.54, H 2.42, N 21.90.

mer: 'H-NMR, 400 MHz, CBRCN U (8@ (duj,] = 7.9, 1.5, 0.8 Hz, 1H), 8.39
(ddd,J = 7.9, 1.5, 0.8 B, 1H), 8.36 (ddd] = 7.9, 1.5, 0.8 Hz, 1H), 8.238.08 (m, 4H),

8.00 (ddd,) = 5.6, 1.4, 0.8 Hz, 1H), 7.80 (dd#l= 5.6, 1.4, 0.8 Hz, 1H), 7.60 (ddi#l=

7.8,5.7, 1.5 Hz, 1H), 7.52 (tddl= 7.8, 5.6, 1.5 Hz, 2H), 4.46 (s, 3M)45 (s, 3H), 4.41

(s, 3H).13C-NMR, 100 MHz, CRCN & ( p p m)y); 166146 @), B&38 (QC
155.37, 155.26, 147.58, 147.56, 147.35, 140.40, 140.37, 140.30, 129.69, 129.1), 128.96,
125.56 (s), 124.94, 124.74, 42.99 (§5H2.92 (CH), 42.91 (CH). ESI-MS (m/2): [M]?*

90



=292; [MF = 145 (PF). And. Calcd. For GiH21N1sRuP,F12 (847.16) C 28.84, H 2.42,
N 24.03. Found: C 28.16, H 2.42, N 22.91.

fac/mer [Ru(PTZ-'Bu)s]?* Y = 26 % (MW= 1000.31 g/mol, 0.0937 g, 0.0937 mmol,
Columnchromatography over ADs eluted with DCM/ACN 1:1).

fac: 1H-NMR, 400 MHz, CD:C N U (8.63 818Y (m, 3H), 8.258.18 (m, 3H), 8.03
i 7.97 (m, 3H), 7.72 7.52 (m, 3H), 1.71 (s, 27HBu). *C-NMR, 100 MHz, (CR).0

U (ppm):y 156H4,14896, 140.68, 130.10, 125.43, 69.50, 29.26)(EBI-

MS (m/2: [M]?* = 355; [MF = 145 (Pk). Anal. Calcd. For &HsgNisRuPsF12

(1000.31) C 36.01, H 3.93, N 20.99. Found: C 36.89, H 4.06, N 21.51.

mer:'H-NMR, 400 MHz, CRC N U (8wp-r8.84 (m, 2H), 8.34 8.29 (m, 1H),
8.221 8.08 (m, 3H), 7.96 7.93 (m, 1H), 7.88 (dt]) = 5.4, 1.1 Hz, 1H), 7.85 (dg, =
5.5, 1.2 Hz, 1H), 7.61 (ddd, = 7.8, 5.6, 1.5 Hz, 1H), 7.567.46 (m, 2H), 1.75 (s, 9H),
1.73 (s, 9H), 1.71 (s, 9HRC-NMR, 100 MHz, CRCN U  (166{B3(Q); 166.23
(C), 166.06 (@, 155.29, 155.12, 155.00, 148.0P47.93, 147.81, 140.33, 140.21,
140.18, 129.74, 128.89, 125.3®4.77, 124.57, 29.228), 29.18 Bu), 29.15 Bu).
ESI-MS (m/2: [M]?* = 355; [MF = 145 (PFk). Anal. Calcd. For &HsgNisRuiPaF12
(1000.31) C 36.01, H 3.93, N 20.99. Found: C 34.3,81,3\ 19.35.

fac/mer[Ru(PTZ-Hex)3]?*Y =52% (MW= 1084 g/mol0.216g,0.199mmol, Column
chromatography over ADs eluted withEtOAc/Acetone 8:2).

fac: IH-NMR, 400 MHz, CRCN U (8{%i r8.¥3 n, 3H), 8.19 8.16 (m, 3H),
7.96i 7.94 (m, 3H)7.51i 7.43 (m, 3H)4.75i 4.69 (m, 6H), 2.06 1.98 (m, 6H) 1.36

i 1.27 (m, 18H), 0.90 0.87 (m, 9H)13C-NMR, 100 MHz, CRCN G (1f5g&) :
(Ct), 154.07, 146.57, 139.59, 128,9P4.35, 55.90, 3085, 28.36, 25.24, 22.06, 13.19.
ESI-MS (m/2: [M]?* = 397; [MF = 145 (PK). Anal. Calcd. For €HsiNisRuiPaF12
(1084.07) C 39.86, H 4.74, N 19.37. Found: C 40.98, H 5.03, N.18.38

mer: 1H-NMR, 400 MHz, CBCN U ( p piB)34 (m,8H), 8.4% 8.39 (m, 1H),
8.38i 8-34 (M, 1H), 8.23 8.13 (m, 3H), 8.0%5 8.04 (m, 1H), 7.95 7.94 (m, 1H), 7.85

i 7.84 (m, 1H), 7.63 7.59 (m, 1H), 7.55 7.51 (m, 2H), 4.77 4.71 (m, 6H), 2.03
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1.99 (m, 6H), 1.35 1.25 (m, 18H), 0.90 0.84 (m, 9H):3C-NMR, 100 MHz, CQCN

i (ppm): 165.92 (Ct), 165.86 (Ct), 165.7
146.88, 139.78, 139.73, 139.68, 129.07, 128.53, 128.30, 124.94, 124.35, 124.13, 56.35,
56.30, 56.09, 30.91, 30.82, 30.76, 28.75, 28.68, 28528, 25.1, 25.53, 22.37, 22.35,

22.31, 13.52, 13.50, 13.42SI-MS (m/2): [M]?* = 397; [MP* = 145 (PK). Anal. Calcd.

For CseHsiN1sRuP2F12 (1084.07) C 39.86, H 4.74, N 19.37. Found: C 40.43, H 4.89, N
18.86.

fac/mer[Ru(QTZ-Me)3]?* Y = 49 % (MW = 102.21 g/mol, 0.0923 g, 0.0895 mmol,
Column chromatography over & eluted with DCM/ACN 1:1)fac: *H-NMR, 400
MHz, (CD3).CO U (997%(dd) = 8.6, 0.8 Hz, 3H), 8.69 (d, = 8.4 Hz, 3H), 8.34
(dd,J =8.2, 1.5 Hz, 3H), 8.10 (dd,= 8.9, 0.9 Hz, Bl), 7.76 (dddJ = 8.1, 6.9, 1.0 Hz,
3H), 7.26 (dddJ = 8.7, 7.0, 1.5 Hz, 3H), 4.52 (s, 9H, HZC-NMR, 100 MHz,
(CD3),0 (Pppm):168.01 (¢, 150.94, 148.90, 143.24, 134.01, 131.46, 131.42, 130.76,
130.76, 127.26, 120.82, 43.14 (§HESI-MS (m/2): [M]?* = 367; [MF = 145 (Pk).
Anal. Calcd. For GH27N1sRwP.F12 (1024.21) C 38.68, H 2.66, N 20.50. Found: C
39.45, H 2.84, N01.03.

mer: 1H-NMR, 400 MHz, CRCN & (87 P(du) = 8.5, 0.9 Hz, 1H), 8.678.59

(m, 2H), 8.45 (d) = 8.5 Hz, 1H), 83 (d,J = 8.4 Hz, 1H), 8.27 (dJ = 8.4 Hz, 1H),

8.15- 8.09 (m, 2H), 8.03 (dd} = 8.2, 1.5 Hz, 1H), 7.77 (ddd,= 8.1, 7.0, 1.1 Hz, 1H),

7.717 7.55 (m, 3H), 7.56 7.42 (m, 2H), 7.17 (dd] = 8.9, 0.9 Hz, 1H), 7.05 (ddd=

8.8, 6.9, 1.5 Hz, 1H)5.68 (dd,J = 8.9, 0.9 Hz, 1H), 49 (s, 3H), 4.44 (s, 3H), 4.40 (s,

3H). 3C-NMR, 100 MHz, (CR):0 U (ppm): 167.65, 167.16, 166.58, 150.55, 150.44,
149.82, 149.05, 148.80, 148.10, 133.86, 133.32, 132.62, 130.51, 130.19, 130.04, 129.83,
129.74, 129.62, 129.55, 125.59 124.68, 124.11, 119.59, 119.45, 119.16, 42.33, 42.30,
42.27. ESI-MS (m/2: [M]?" = 367; [M]* = 145 (PkK). Anal. Calcd. For
CasH27N1sRwmPoF12 (1024.21) C 38.68, H 2.66, N 20.50. Found3€45 H 2.84 N

21.03.

fac/mer[Ru(QTZ-'Bu)s]?*Y = 47% (MW = 1150 g/mol0.207g,0.180mmol, Column
chromatography over SiCeluted with CHCN/HO/KNOs(g) 20:1:0.1. Counterion
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exchange was carried out by stirring overnifgat and mer [Ru(QTZ -Hex)s)?* in a
saturated CkCl./KPFs solution).

fac: IH-NMR, 400 MHz, CRCN 1§ ( p p9p (d,J & 7.8Hz, 3H), 8.52 8.50

(d,J = 7.9 Hz, 3H), 8.30 8.28 (d,J = 7.9 Hz, 3H), 8.14 8.10 (m, 3H), 8.04 7.99

(m, 3H), 7.89i 7.85 (m, 3H), 1.80 (s, 27H}3C-NMR, 100 MHz, CRCN i ( p p m)
168.43 (Ct), 151.48, 149.95, 148, 130.33, 129.43, 128.30, 128.12, 127.04, 118.52,
68.02, 28.07.ESI-MS (m/2: [M]? = 430; [MF = 145 (PK). Anal. Calcd. For
Caz2HasN1sRwPoF12 (1150) C 43.83, H 3.94, N 18.25. Found: C 43.16, H 4.05, N 17.97

mer:'*H-NMR, 400 MHz, CRCN U ( p p B176:(dJ & 7.9 Bz, 1H), 8.56 8.62

(m, 2H), 8.45 8.43 (d,J = 7.9 Hz, 1H), 8.32 8.30 (d,J = 7.9 Hz, 1H), 8.22 8.20

(d,J = 7.9 Hz,1H), 8.18i 8.15 (m, 1H), 8.12 8.06 (m, 2H), 8.0% 7.77 (m, 1H), 7.70

i 7.53 (m, 4H), 7.46 7.42 (m, 1H) 7.06i 7.02 (m, 1H), 6.97 6.95 (m, 1H), 6.69

6.67 (m, 1H), 1.77 (s, 9H), 1.72 (s, 9H), 1.67 (s, 9fQ-NMR, 100 MHz, CRC N U
(ppm):166.94,166.61, 166.20, 150.65, 150.63, 150.26, 149.85, 149.60, 149.13, 148.51,
148.04, 141.80, 141.72,141.49, 1133.132.81, 132.62, 132.33, 130.28, 130.06, 129.87,
129.75, 129.70, 128.02, 126.66, 125.99, 124.36, 119.87, 119.52 119.46, 69.32, 69.27,
68. 88, 2836, 28.24, 28.1ESI-MS (m/2: [M]** = 430; [MF* = 145 (Pk). Anal. Calcd.

For GioHasN1sRuPoF12 (1150) C43.83, H 3.94, N 18.25. Found: C 44.34, H 4.06, N
18.8

fac/mer [Ru(QTZ -Hex)3]?* Y = 59 % (MW = 1234 g/mol,0.279 g, 0.226 mmol,
Column chromatography over SiCeluted with CHCN/H2O/KNOsz(aq 20:1:0.1.
Counterion exchange was carried out by stirring dgatmer [Ru(QTZ -Hex)3]?* in a
saturated CkCl/KPFs solution).

fac:'H-NMR, 400 MHz,CRCN G ( pp m) : not i sol ated.

mer: 'H-NMR, 400 MHz, CBRCN U ( p p- 870:(m, 8H),B8&6 8.44 (m, 1H),
8.41- 8.39 (m, 1H), 8.318.29 (m, 1H), 8.2 8.19(m, 1H),8.11- 8.08 (m, 1H), 7.83
-7.80 (m, 1H), 7.707.60 (m, 3H), 7.46 7.39 (m, 1H), 7.157.13 (m, 1H), 7.04 7.00
(m, 1H), 6.70- 6.68 (m, 1H), 4.77 4.68 (m,6H), 2.15- 1.90 (m, DH), 1.31- 1.11 (m,
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16H), 0.88- 0.78 (m,9H). °C-NMR, 100 MHz, CD,CN & (ppm) : 167. 5
166.41, 150.85, 150.30, 150.17, 149.29, 148.84, 148.35, 141.90, 141.73, 141.65, 133.71,
133.09, 132.48, 130.61, 130.28, 130.19, 129.94, 129.88, 129.83, 129.61, 129.52, 125.39,
124.60, 124.35, 119.81, 119. 43, 119.33, 29756.%, 56.22, 56.07, 30.46, 30.44,
30.30, 28.46, 28.39, 28.32, 25.40, 25.31, 25.05, 22.06, 22.03, 22.1, 13.19, 13.17. 13.15.
ESI-MS (m/2: [M]?" = 472; [MP = 145 (PE). Anal. Calcd. For GaHs/NisRuPF12

(1234) C 46.68, H 4.65, N 17.01. Found: C 47.06, 4N 17.56.

Disk diffusion test

The antimicrobial activity ofac/mer[Ru(N~N)s]** complexes was evaluated by using
the disk diffusion test in agar plates. Single colonie&sufherichiacoli TOP10and
DeinococcusadioduransDSM 46620were grown in LB (D g/L tryptone, 5 g/L yeast
extract, 10 g/L NaCl) and TGY (5 g/L tryptone, 3 g/L yeast extract, 1 g/L glucose) liquid
medium at 37 or 30 °C, respectively. After overnight incubation, 0.1 mkach
bacterial suspension (approximately 1%X0FU) was spreadnto LB-agar and YPP
agar plates (1.5% agar), respectively. Sterile paper disaméter: 1 cm4 disks per
plate) impregnated individually with 2@L of each ruthenium(ll) compound (1 Mg
mL DMSO) were placed on each plate. All plates included an allinpidisk as positive
control (100ng/mL) and a DMSO alondisk (20 nL) as negative control. After
incubation for 24 h at the proper temperature (30 °Mfaradioduransand 37 °C for

E. mwli), the presence of inhibition zones of bacterial growth wasiaied.

Bacterial growth curves

Single colonies oE. coli were grown in LB medium (2 mL) at 37 °C under shaking for

15 h. The inoculum db. radioduranswas prepared by growing a single@®y in 5 mL

of TGY broth at 30 °C for 24 h under shaking. Each-quiture was diluted to 0.05
optical density at 600 nm (QBnn into fresh LB and TGY medium (5 mL),
respectively, and the kinetics of growth was measured at appropriate time intervals by
reading the optical density at 600 nm using a plastic cuvette pe@rephotometer
(GeneQuant, Amersham Pharmacia)n® and 20 nM of fac/mer [Ru(N~N)s]?*
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complexes were separately addeé&taolior D. radioduranscultures. Control cultures

treated with DMSO alone$6) were performed.

Determination of MIC

The minimal nhibitory concentratioMIC) was determined by the broth dilution
method using different concentrations &dc/mer[Ru(PTZ-R)3]?* and fac/mer
[Ru(QTZ-R)3]?* complexes. In detaiindependentultures ofD. radiodurans(5 mL
TGY), prepared as described bedf, were incubated with proper dilutionsfat/mer
[Ru(PTZ-R)3]?* andfac/mer[Ru(QTZ -R)3]**complexes to obtain final concentrations
ranging from 0 to 5rM. The dilutions of ruthenium(ll) complexes were performed in
DMSO. The MC was determined as thewest concentration diac/mer[Ru(PTZ-
R)s]?* andfac/mer[Ru(QTZ-R)3]?* complexes able to inhibit microbial growth. The
rate of bacterial growth was evaluated by measuring the turbidity as described before. A
controlculture containing DMSO alone was ajs@pared.

X-ray crystallography

The diffraction experiments were carried out on a Bruker APEX Il diffractometer
equipped with a PHOTON100 detector and usinghWi@diation. Data were corrected
for Lorentz polarizabn and absorption effects (empirical salption correction
SADABS) '8 Structures were solved by direct methods and refined bynfaiitix least
squares based on all data usitd'” H-atoms were placed in calculated positions and
refined isotropicallyusing a riding model. All notydrogenatoms were refined with

anisotropic displacement parameters.
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Chapter 4 Alkyl tetrazoles as NN diimine ligands forfac-
[Re(N~N)(CO)3(L)] -type complexes. Synthesis,
characterization and preliminary studies of the interaction
with Bovine Serum Albumin*

*This chapter is part dhorganica Chimica Acta2021, 518 1-11.

41Abstract

Herein, we report a new family of luminescent Re(l) complexes with general formula
fac-[Re(diim)(CO)sL] ¥* in which the role of the diimingype chelating liganddiim)

is played by alkylated tetrazoles. In particular, the design of the new complexes involved
the choice of molecular scaffolds based epy#dyl tetrazole (PTZ) and-guinolyl
tetrazole (QTZ) which were decorated with various alkyl residutreat-2 postion of

the pentatomic ring, thereby endowing the resulting alkyl tetraB®lI@sR andQTZ-
Rwith the -lpirlogpercddorpdi nati on attitude.
(pyr) or the 5phenyl tetrazolato anioMph) were selected, leading tatonic species

such agac[Re(CO)(PTZ-R)(pyr)]*, fac-[Re(CO)(QTZ-R)(pyr)] - and the neutrally
charged Aful ly facdRe(CA)AQTEZ-Me)(Tpit]o mip the rnew
complexes were identified by E®IS spectrometry and fully characterized by 1R,

ard ®*C-NMR spectroscopy. The findings that were suggested from the interpretation of
the spectroscopic data were further confirmed byay crystallography, h the
analysis of the molecular structures of the cationic compléxefRe(CO)(PTZ-
Me)(pyn)][P Fe] andfac-[Re(CO)3(PTZ-Me)(pyr)][PFs].
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Following the indepth investigation of their photophysical properties, the new
luminescent Re(l) tetrazodwased complexes were studied for any possible interaction
with Bovine Serum Albumin (BSA). The results taimed from this preliminary
screening higlighted that, along the series of the Re(l) tetrazole complexes, the
compound bearing aQTZ-R residue, thusfac[Re(CO)(QTZ-Me)(pyr)]*, fac
[Re(COB(QTZ-Bu)(pyn]*and t he #Afully fat-[Re(GORBDTZF e O
Me)(Tph)], displayed théiighest affinity to BSA
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42l nt romducti o

An far chet yp afacfRe(E€®)y(ding(L)L t, eherk (dikmg represents a
bidentate aromatic diimirend (L) is a monodentate ancillary ligand, is commonly used
to depict Re(Iicarbonyl diimines, which are known as one of the most important
classes of phosphorescefitrdetal complexes that have beieand continue tde - at

the centre of intense invigation in many areas of science and technol8gin
particular, Re(l) tearbonyl diimines have been extensively studied in the context of life
science, as witnessed by the numerous reports dealing with their use as luminescent
imaging for live cells ad tissues and intrar extracellular sensing agents owide

range of anlgtes!?*

The reasons that have driven this family of Re(l) complexes to such a bwiegyed
applicative scenario are explained by their use as model compounds for tleiteehn

99 congeners and to their displaying a peculiar environmental segfitihe emission
stemming from metatio-ligand charge transfer (MLCT) excited stafé$n particular,

the structureo-properties approach that is commonly adopted for theyulex fac-
[Re(CO)s(diim)L] o+ type species for bioimaging purposes reliesruthe modulation

of their luminescent outputs by performing chemical modifications onto the chelate
diimine ligand (diim), while the biological targeting is pursued with the choice of an
appr opr i adnadenfate igand @H m

The factors that garn the cellular uptake and the intracellular localization of
luminescent metal complexes are yet far from being fully understood. Nevertheless, the
adoption of a similadesign strategy which also included the decoration fac-
[Re(CO)s(diim)L] o* type complexes with pendant biologically active molectildsas

led to an impressively high number of reports dealing with the use of such kind of Re(l)
complexes asuminescent imaging reagents, among which the mitochondria specific
Re(l) cationic compbe repated by Coogan and eworkers in 2012 represents one of

the most successful examplésin this specific context, we have dedicated intense
research efforts to the design of luminescent markers for cellular imaging based on
neutrally charged Re(l)atnplexes withgeneral formuldac-[Re(CO)s(diim)(L)] @+, in

which the third ligand (L) was represented by variably substitutad/l5tetrazolato

anion [RCNy].
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The results obtained so far have highlighted how the nature of the residue/substituent R
represente a key factor for determining any eventual localization of the corresponding
Re(l) complexes, which could be directed toward lipid droplets (as in theota@se
benzonitrile substituted tetrazolato anion) or to #meloplasmic reticulum, as was
observed Wen the residue R was represented by thgrRlyl ring

Aiming at getting further insights about the importance of tetrazole ligands for this class
of Re(l)-based luminescent markers, we now extend our studies to the design and the
preparation of sees of newfac[Re(CO)s(diim)(L)] * type complexes in which

al kyl ated tetrazoles play the role of th
specific purpose, the -pyridyl (PTZ) and 2quinolyl tetrazole (QTZ) molecular
scaffolds were modified ith the introduction one methyPTZ-Me andQTZ-Me) or

one tertbutyl (PTZ-'‘Bu and QTZ-'Bu) substituent group in the pentatomic ring, to
afford the prearsor speciedac-[Re(CO);(PTZ-R)(Br)] and fac[Re(CO)(QTZ-
R)(Br)], respectively.

In the successiveage, their molecular architecture was modified either by introducing
pyridine as the (L) ligand, leading to the series of cationic complexes with genera
formulafac-[Re(CO)(PTZ-R)(pyr)] * andfac-[Re(CO):;(QTZ-R)(pyr)] ¥, (Figure 1) or

with the replacemendf the bromide ion with one phenyl tetrazolatoion, thereby
causing t he f or mat i meutrallp fcharged compley fact et r a
[Re(CO)(QTZ-Me)(Tph)]. (Schemel.4)

Herein, the synthesis and the spectroscopic and structural characterizatiomeivthe
complexes are described, along with ardépth analysis of their photophysical
properties.Moreover continuing our recent studies dealing with the use of Re(l)
tetrazde complexes as luminescent staining agents for prdeths, preliminary resudt

about the investigation of any possible interaction of the new Re(l) complexes with a

model protein such as bovine serum albumin (BSA) are reported.
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Re*" Re™" =
oC (of0) oC (o]0}
(o{0) (of0]
—  =PTZ;R=Me, 'Bu fac-[Re(CO);(QTZ-Me)(Tph)]

fac-[Re(CO);(PTZ-Me)(pyr)]*
fac-[Re(CO);(PTZ-'Bu)(pyn)]*

------ = QTZ; R = Me, 'Bu
fac-[Re(CO)3(QTZ-Me)(pyr)]*
fac-[Re(CO)3(QTZ-Bu)(pyr)]*

Schemel.4. Re(l) tricarbonyl complexes presented in ttlispterandatom numbering of the
tetrazole ring.
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43Resul D sxcrud si ons

Since tetrazoles are commonly considered the nitrogen analogues of the corresponding
carboxylic acids, the use of the pyrie|#TZ) and quinolytetrazole (QTZ) molecular
scaffold as neutraliignine type chelate ligands required the replacement of thiy fair
acidic hydrogen of theCNsH moiety with an alkyl residue, leading to the alkylated
tetrazoles abbreviated B Z-R andQTZ-R, respectively, in which theR group was
introduced at the M position of the tetrazole moiety. In doing this, the peculiar
reactivity that tetrazoles display toward the addition of electrophiles had to be taken into
account. Indeed, the alkylation reiaatof tetrazoles usually leads to the recovery of the
alkylated products as a mixture of regioisomers depending whether the electrophilic
addition takes place at the-Nor the N2 position of the pentatomic rittf! (Scheme

2.4)

r:":::\\ X :5’::\\ X
E‘Z:\ - | > N + CHal K2C03 “~:~ - | > N
Ry N = \N 3! CH3CN St N = \N___
// N§N/

HN\N// reflux, 15 h

| H,SO, , CF;COOH

S N + {-BuOH Sy AN A N
el N = \N t-BuO rt, overnight el N = \N’é
HN\N// N=, /

Scheme 4. Functionalization of tetrazole ligands P-Fzand QTZH.

As the steric hindrance of tARR group is the most important factor for determining any
eventual regiospecificity of the alkylation reactions, dddition of the bulky terbutyl
(‘Bu) residue to zpyridyl tetrazole PTZ-H) and 2quinolyl tetrazole QTZ-H) led to

the exclusive formation of the desired2\tertbutylated derivativesRTZ-'Bu) and
(QTZ-'Bu). On the other hand, the methylation reactferformed onto the same
tetrazole substrates provided the methylated compoultidz-Me) and QTZ-Me) as

mixtures of both regioisomers, from which the2l$ubstituted isomers wesnlatedvia
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column chromatography. In particular, the clear distinction of the two substitution
isomers could be made from the analysis of the corresportdihdiMR spetra.
Whereas the resonance of the tetrazole carbgro{®l-1 isomers is typically found in

the clemical shifts range comprised between 151 and 155 ppm, the isolatdrzef

Me andQTZ-Me as the N2 alkylated regioisomers was confirmed by the significant
downfield shifting of the corresponding €ignals to chemical shift values ranging from
164-168ppm 19 (Figure 1.4)

AN X
N N
N SN N? N
A\ / \ /
N—N N=
N\

T T T T T T T T T T T T T T T T T
105 95 00 85 80 75 70 65 B0 55 50 45 40 35
1 (ppm)

T T T T T T
165 155 145 135 125 115

Figure 1.4. ®C-NMR spectra superimposition tfie two different alkylation isomers f®TZ-Me:
PTZ-N1-Me (red tracg¢ andPTz-N2-Me (black tracg, CDClz 400 MHz

The reaction of Re(C@Br with a slight molar excess (1:1.2) of the2Nsubstituted
tetrazolePTZ-R or QTZ-R in toluene at the reflux temperature led, in all cases, to the
isolation of one single and neutrally chargedduct Scheme3.4), as suggested by

electrospray ionization mass spectrometry {ES)) experiments
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=PTZ; R = Me, 'Bu

VRS N/ o
\N\
N=N, ‘
N Toluene " | Br
T Re”
y reflux, 24 h l
N“ N oc/ co
/N*N (of0]
R
‘ N
i +-PF
N N/ o j 6
R-N =
N=N,, |
> . | NS
1) AgPFg, Dark, CH;CN, Re
reflux, 15 h oc/ ‘ \co
4) Tph, CHCl;, Ar co
reflux, 15 h

fac-[Re(CO);(PTZ-Me)(pyr)]l*
fac-[Re(CO);(PTZ-'Bu)(pyr)]*

""" = QTZ; R = Me, 'Bu

fac-[Re(CO)3(QTZ-Me)(pyr)]*
fac-[Re(CO);(QTZ-Bu)(pyn)1*

Scheme3.4. The ynthetic procedure used for the preparatiorfaat[Re(COX(N*N)(pyn]* -type

complexes.

For all of thenew Re(l) complexes, tHacial fac) configuration of the three CO ligands

was suggested by their displaying sedidte infrared (IR) spectra consisting of one

sharp band ata. 2031 cm?, that is assigned to tt@mpletelysymmetric in phase
f ordatieobarelsian.h 906 and 630 b, which results

stretchigp  ANj( 1) ,

from the of thecompletelysymmetric ouof-p h a s e

stret ci

ng

A NjN;.

stretchi

ng

ANj( 2)

The presence ®?TZ-R or QTZ-R ligands in the structure of the Re(hraplexes and,

in particular, their adopting the desired chelate coordination to the Re(ig cenat
suggested by the comparison of tHeNMR spectra ofac-[Re(CO)(PTZ-R)(Br)] and

fac-[Re(CO)(QTZ-R)(Br)] with those of the freeligands PTZ-R and QTZ-R,

respectively.

106



For instance, in the exemplar case describddgaore 2.4, it is possible to observeow

in complexfac-[Re(CO)3(QTZ-'Bu)(Br)] the chelaton of QTZ-'Bu onto the metallic
centreled to the appearance of a different and much begsaivedpattern of aromatic
signals than the one recorded fr@TZ-'Buas a nAfreeo | igand,

rotation of the tetrazole and the quinolyl ring is not prevented.

1 1 11
H8 Ha H5 H7 H3 HE

ppm 9.2

Figure 2.4. 'TH-NMR of (QTZ-'Bu) (top) andfac-[Re(CO)s(QTZ-'Bu)(Br)] (bottom) 400MHz,
CDClg; Inset: aromatic regionfrom9to 75ppinl 6 and #A30 are referred
resonance above.

In the successive stage, the obtained compltaegRe(CO)(PTZ-R)(Br)] andfac-
[Re(CO)(QTZ-R)(Br)] were used as starting matds for reactions aimed at the
replacement of the coordinated bromide ion either with a neutrally charged ligand such
as pyridine jpyr) or with the phenyl tetrazolato aniomph)". As the preliminary step,

both procedures inveéd the Ag(l)assistechalide extraction onfac-[Re(CO)3(PTZ-
R)(Br)] and fac[Re(CO)(QTZ-R)(Br)] precursor. The resulting cationic
intermediates fac-[Re(CO);(PTZ-R)(NCCH3)][PFe] and fac[Re(CO)(QTZ-
R)(NCCH?3)][PF¢] were successively treated with an exadgsyridine pyr) in CHCE,
leading to the formation the target cationic complexes-[Re(CO)(PTZ-
R)(pyr)][PFe] andfac-[Re(CO)(QTZ-R)(pyr)][PF ], respectively. Along with ESI

MS, these reactions were monitored by IR spectroscopy, enlightening how the
transformation of the neuttglcharged starting compounds into the cationic products

was witnessed by the expected shift to higher wavenumbers Gfarstretchings, whose
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number and relative intensities were again congrwéhtthe facial arrangement of the
CO ligands. Following aloser inspection of the IR profileBigure 3.4), it was possible
to notice that, as sometimes reported for the familfacfRe(N*N)(CO)s(L)] -type
complexes!?™ the cationic speciesac[Re(CO)(PTZ-R)(NCCH3)][PF¢], fac-
[Re(CO)(QTZ-R)(NCCH3)][PF¢], fac[Re(CO)(PTZ-R)(pyr)][PFes] and fac
[Re(CO)(QTZ-R)(pyn)][PFé], di splayed the superi mposi
stretching modes into a singbeoadband. In addition, from the comparison of the IR
profiles of fac-[Re(CO)(PTZ-R)(pyr)][PFe¢] and fac-[Re(CO):(QTZ-R)(pyr)][PF 6]
with respectto the cationic intermedias fac-[Re(CO)3(PTZ-R)(NCCH3)][PF¢] and
fac-[Re(CO)(QTZ-R)(NCCH3)][PF¢], it was observed that the substitution of
coordinated acetonitrile molecule in fawoof pyridine pyr) caused the shift towards
lower wavenumbers of the pattern relative to the @é&chings ¢a. 2030, 1930 and
1905 cmt), the occurrence of which effect is most likely to ascribe due teetheced

"-acidity of pyridineconcerninghat of acetonitrile(Figure 3.4)

99 -

98 -

T (%)

97 -

96 L L L L | L L L L 1 . L L L 1 L L L L |
2050 2000 1950 1900

Wavenumber (cm-1)

Figure 3.4. IR spectra of fac-[Re(CO)(PTZ-Bu)(Br)](black trace), fac-[Re(CO)(PTZ-
'Bu)(CH3sCN)][PF¢] (blue trace) anfac-[Re(CO)(PTZ-Bu)(pyr)][PF 6] (red trace), FTIRATR.
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As repored inFigure 4.4, the successful introduction of tpgridine ligand within the
first coordination sphere of the Re(l) cenwas also confirmed by the appearance of the
characteristic pattern of signals in the aromatic region in botAHhend *C NMR
spectra of the correspondingfac-[Re(CO)(PTZ-R)(pyr)][PFes] and fac
[Re(CO);(QTZ-R)(pyn][PF 6] type species.

................................................................................

Figure 4.4. H-NMR spectra of fac-[Re(CO)(QTZ-'Bu)(Br)][PFe (bottom) and fac-
[Re(CO)(QTZ-'Bu)(pyn][PF ] (top), 400 MHz, CDGJ.

In a different instance, the intermediate specie$ac[Re(CO)(QTZ-
Me)(CH3CN)][PFe] was treated with a slight excess of thgpbenyl)tetrazolato anion,
abbreviated asTph (Scheme 4.4). The ESIMS, IR and NMR spectroscopic
characterization of the resultingroduct confirmed the occurrence of the expected
neutrally ch-aegedz alndu[RefCDRDTZeMe)(Tph)], as
witnessed by the shift to lower wavenumbers offtitetype CO stretchinggattern and
the concomitant appearance of two distinct tetrazotbeara (Ct) resonances in the

chemical shift region comprised between 164 and 168 ppm

N N
N= = N
N/N///, N=N ,
7, ““\\\\\BI' . : : |
RE 1) AgPFg, Dark, CH;CN, Re 3N¢
oc/ ‘ \co reflux, 15 h OC/ ‘ \Co
co 4) Tph, CHCI3, Ar co

reflux, 15 h

Scheme4.4. The gnthetic procedure used for the preparatiofacf[Re(CO)(QTZ-Me)(Tph)].
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4.3.1X-ray crystallography

Along the series ofiie newRe(l)-tetrazole complexes, two cationic spediezamely,

those suggested afac-[Re(CO)(QTZ-Me)(pyr)][PFe] and fac-[Re(CO)(PTZ-
Me)(pyn][PF¢] T afforded crystals suitable for-May diffraction. For both complexes,

the analysis of their moleculatructure Figure 5.4) provided results congruent with the
occurrence of the expected octahedral complexes in which the coordination environment
of Re (I) ion consisted of three CO ligands arranged in a faté) geometry, the
pyridyl (PTZMe) or quinoyl tetrazole (QTZMe) ligands exerting bishelate
coordination, and was completed by pyridi
complexes sho very similar geometries and bondipgrameters. The Ré distances

are in the expected range for -Résp?) interactiond®12142% Re(1)}N(1) distances
(2.132(8) and 2.029(6) A forfac-[Re(CO)(QTZ-Me)(pyn][PF¢ and fac
[Re(CO)s(PTZ-Me)(pyn)][PFe¢], respectively), involving the fivenember tetrazolato

ring, are slightly shorter than Re{l)5) (2.276(7) ad 2.245(7) A), involving a
condensed simember ring. The Re(@(6) interactions (2.201(7) and 2.210(4) A) are

in the middle giventhe monodenta nature of the pyridine ring.

Figure 5.4. Molecular structure of fac-[Re(CO)(QTZ-Me)(pyr)][PFe (left) and fac-
[Re(CO)3(PTZ-Me)(pyn)][PFe] (right) with key atoms labéed. Displacement ellipsoids are
presented at the 30% probability levitleH-atomsand counteriormre omitted for clarity.
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4.3.2Photophysicalproperties

The relevant photophysical data of tterget cationic and neutrally charged Re(l)

complexes described herein are summariaédable 1.4.

Table 1.4. Relevant Absorption and Emission data of all the target Re(l) complexes described in
this chapterCH.ClI, solutions

Emission 77

Absorption Emission 298 K K

Complex nm) (10 - - . , -
P aabS( ) ( 9em Uir LA Uair Uar 9em )

a°
S onay (M) (0P (P (P (6P (mF  (ns
fac-
[Re(CO)3(PTZ- 271 (4.82), 578 154 494 2.1 7.6 518 5997
362 (0.93)
Me)(pyn]*
fac-
[Re(CO)3(PTZ- 262 (5.4), 514 465 2059 2.4 6.4 482 4063
BU)(pyn)] * 337 (1.34)
fac- 256 (7.96), 532
[Re(CO);(QTZ- 328 (1.38), 604 1025 3226 3.0 180 566, 12000
Me)(pyn)]* 373 (0.92)
fac- 256 (7.49), 533
[Re(CO);(QTZ- 328(1.32), 604 876 4040 3.0 190 568’ 10000
‘Bu)(pyn)] * 373(0.88)
fac- 253 (9.68), 536
[Re(COX(QTZ- 324 (1.43), 632 407 721 15 90 57 4’ 10500
Me)(Tph)] 368 (0.90)
a AAir 0 means air eoqguméabsatdeecoxgygbnoat eds ,sohdl

atmosphere? [Ru(bpy}]Clo/H20 was used aareference for quantum yiede t er mi nati ons
0.0297; ¢ in frozen CHCl..
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As commonly observed for octahedrélndetal complexeB! the absorption profiles of
the Re(l) complexe$ which were obtained from the corresponding dilute>Mp
dichloromethane solutions displayed the UV region dominated by intense ligand
centred (LC) transitions (25@70 nm), followed by metab-ligand darge transfer

(MLCT) processes (30@10 nm) tailing off in the visible regiorfTable 1.4, Figure
6.4)

08 - /

06 -

04 -

Normalized Emission Intensity

02

Wavelength (nm)

Figure 6.4 Normalized emission{fop) and absorption profilefbottom) of fac-[Re(CO)x(PTZ-
Me)(pyr)]* (black solid line), fac-[Re(CO)s(PTZ-'Bu)(pyr)]* (black dotted line), fac-
[Re(CO)(QTZ-Me)(pyr)] * (red solid line),fac-[Re(CO)3(QTZ-'Bu)(pyr)]* (red dotted line) and
fac-[Re(CO)3(QTZ-Me)(Tph)] (blue solid line) 298K, CHCIs.
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Upon excitation of the correspondifaag MLC
[Re(CO)(PTZ-R)(pyr)] " and fac-[Re(CO)(QTZ-R)(pyr)] " type species and the
neutral complexac-[Re(CO);(QTZ-Me)(Tph)] displayed brightuminescence that, in

line withthebehaviar typical of the family of faeRe(l) tricarbonyl diimine complexes,

was represented by broad and structureless emission profiles centred ltwielkh

nm and 630 nm. In particular, if the emissions originafimgn the PTZ-R- based
complexedac-[Re(CO»(PTZ-R)(pyr)]*wer e found mix® S P4A merhrtoon
= 578 nm those observed from the series@fZ-R -based cationic derivativdac-
[Re(CO):(QTZ-R)(pyr)] * were quite expectedly found to peak at lower energy, as in

the cases of fofac-[Re(CO)3(QTZ-Me)(pyr)]* andfac-[Re(CO):(QTZ-'Bu)(pyr)]*,

whose emissions being both centred at 604 nm.

The further redshi f tmax® 632 tint) was ebsdarvedsfor tha ma
neutrally char ged faciRe(COXQTE-Me)(p)}. blowever, c o mp
in all casesthe emission can be confidently described as phosphorescence originating
from chargetransfer states of triplet multiplicityCT, in a manner analogots what

we have reported previously for neutral and ionic Re(l) tetrazolato compléxes

Indeed the excited state | ifetime grdddnceand ¢
of dissolved dioxygenTable 1.4). Further in support of the MLCT nature of the
emissive excited states was the significant blue shift of the emsssithe secalled
rigidochromism- that was observed on passing from 298 K to ##lkighlighting an

effect that can be ascribed to the ensuing reduction, or almost comgotetgal, of
vibrational and collisional quenching phenomenhalye 1.4).

It is worth noting that urgl all the different the experimental conditions in which the
measuremestwere carried outTable 24), the fac-[Re(CO)(QTZ-R)(L)]Y* type
complexes displayed photoluminescence performances superior to those displayed by
the parenfac-[Re(CO);(PTZ-R)(pyr)] * derivatives, in terms both of higher quantum

yields @1 ar) and longer emission lifetimeg)( This trend did become even more evitde

on passing from air equilibrated to-®ee solutions, and was quite unexpected in
consideration of the energy gap laince the emission maxima of all Qg Z-R based
complexes did peak at significantly lower energies than what observed oI th&

analogous species. Whereas the more extendedjugation across ti@TZ backbone
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reasonably accounts for the fekifted emission of th€TZ-R based complexgshdr
displaying higher quantum yields and longer emission lifetimes rbglexplained by
assuming a likely higher rigidity of thfac-[Re(CO)s(diim)(pyr)] * structurethat is
possibly brought by the benzofus@IZ scaffold with respect to what happens in the
presence of thBTZ-based diimine ligandl

4 .3.3Interaction with BSAT Bovine Serum Albumin

Within the general framework of our extensive studies concerning the use of Re(l)
tetrazolatocomplexes in life scieng®®??l we have recently reported the very first
examples of Re({pased luminescent markers for proteins purified by -PB&GE
(Sodium Dodecyl SulphatePolyacrylamide Gel Electrophoresi€} (Chapters) In the

first stage othose studies, the new Reghmplexes designed with the general formula
fac-[Re(COX(diim)(L)]®", where diim could be either bathophenanthroline (BP) or
bathophenanthroline disulfonat§dBPS) and L was represented by the 5
(phenyl)tetrazolato anion [Tgh- were successfully screedtowardthe luminescent
detection ofbovine serum albumin (BSA), which is considered as a model protein due
to its structurakimilaritieswith HSA (human seim albumin).

Relying on these premises we have emered to preliminarily investigate the
ocaurrence of any possible interaction involving BSA and the new complexes
[Re(CO)s(diim)(L)] @+ presented herein, namely the cationic species-
[Re(CO)(PTZ-R)(pyr)] * andfac-[Re(CO)s(QTZ-R)(pyr)] * (R is-Me or-'Bu) and the
neutral complexfac-[Re(CO);(QTZ-Me)(Tph)]. To this end, both absorption and
emission titration experiments were performedduading 20 x 8L (DMSO as the
solvent, 2.1*1G M) to 2 mL of BSA as 1*18 M solution in aqueous PBS buffeks
reported in the literaturé® the absorptio profile of BSA consists of an intense
transition centred at 220 nm followég a weaker band peaking at 280 nm, which are
usually assigned to the secondary structure of the protein and the aromatic residues of

amino acids, respectively.
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Table 2.4. BSA-Re(l) binding experiments data, 298K.

Complex v
PBS/DMSO 955, (?nmn o’
298K (ns)

fac-
[Re(CO%(PTZ- 586 6.7 6.1 1.1 9840 1.46*10% 88*10C 1.3
Me)(pyn]*
fac-
[Re(CO)3(PTZ- 538 6.7 6.2 1.1 8.4*107 1.25*10" 1.6*106 1.2
‘Bu)(pyn]”*
fac-
[Re(CO)(QTZ- 580 6.7 5.1 1.3 3.3*10° 4.92*100 2.8*1¢ 1.0
Me)(pyn)l*
fac-
[Re(COR(QTZ- 614 6.7 45 1.5  5.0%0 1.49%10% 15410 1.3
Me)(Tph)]
fac-
[Re(CO)(QTZ- 604 6.7 45 15 48410 7.10*10* 6.81¢ 1.5
‘Bu)(pyn]”*
@ +8%, +16%2: (3/U= 1+Kp[Q]. ¢ Derived fromLog (lo-I/1) = Log K + n Log[Q].

Bsa?  Glbsa Kop® K¢P Kye n°
(M%) (M-s?) (M)

Absorption

250 300 350 400 450
Wavelength (nm)

Figure 7.4. Absorption Titration of BSA 18 M/PBS buffer 0.05 M vsfac-[Re(CO)s(PTZ-
Bu)(pyn)]*, 20x 5 £211*103M, PBS/DMSO 95:5, 298K.
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Figure 8.4. Emission Titration of BSA 1®M/PBS buffer 0.05 M véac-[Re(CO)s(PTZ-'Bu)(pyr)]*,
20x% [2.1¥*10°M, PBS/ DMSO @5: 5,3 82«BIKA. 3o 3 456280 nm. o

Accordingly, whereas thperturbations of the secondary structure of BSA usually lead
to an intensity decrease of théransition centred at 220 nm, the aléionsin the
surroundingf aromaticaminoeacid residuesare associated to changes in the process
found at 280 nm. Upon @amemental additions &.1*10° M solutions ofRe(l) -tetrazole
based species to 2mL of HJ°M BSA solution, the resulting abrpton profiles
presented an ewgrowing process at 220 nm, while at higher wavelengths {260

nm), overlapped processes from both B&#d Re(l) quenchers were observédgyre

7.4 for fac-[Re(CO)(PTZ-'Bu)(pyr)] *), makingit impossible to discern the s@or
dynamic nature of thguenching mechanism

The intrinsic fluorescerecof BSA is ofterreferred to the presence of two tryptophan
residues, whose accessibility is strictly correlated to the intensity of such emission, as
well as the polarity of theolvent? Modificationsin the emission intensity of BSA
upon the addition of successive aliquots of a queng@lgeRe(l) complexes) might be
indicative foranalteration of the environmesturroundinghe proteinthus suggesting

the occurrence of bding interactions between BSAdithe quencher. For all the Re(l)
complexeseportecherein, a decrease in the emission intensity of BSA was observed as

a result of the increased concentratifruenchel0-10*M). Instead, only in the case
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of the catioic complexfac-[Re(CO)s;(PTZ-'Bu)(pyr)] * (Figure 8.4) andthe neutrally
charged specieac-[Re(CO)3(QTZ-Me)(Tph)] (Figure 9.4), an appreciable increase

of the Re(l)based emission intensity was observed.

To get more insightsn the quenching mechanisotcuring between BSA andhe
different Re(I}-basedquenchers, Sterdolmer analyses were carried oligure 9.4,

10.4). In all cases, experimental results exhibited a-limeear behaviar of the b/l vs

[Q] plot (lo and | are the emission intensities of B84&h and without quencher,
respectively; [Q] is theoncentration of the Re(Quencher considered), while the decay
time of BSAdecreased with increasing concentration of quendradié¢ 2.4). Usually,
upward curvature of St e i) statiy aslwelleas dymaiio t m
guenching mechanisms that occur simultaneously and/or (ii) high extent of quenching
at higher concentration region of quencket®?” Thus, a modifiedSternVolmer
equaion?®'which accounts for the positive curvature obsedrwas used

E

T - IF Ly I

Attempts to obtain K and Ks values (dynamic and static quenching constants,
respectively) using the latter relation were unsuccessfullsedhe resulting quadratic
equations were in all casassolvabld?® This may be due to the poor contribution of
dynamic quenching in the ol process, that was found to range from tb01G M2
from lifetime data (&, Table2.4). Moreover, as theesulting bimolecular quenching
constants (kq, Tabl@.4) are higher tharthe maximum scatter collisiequenching
constant of diverse kinds afuenchers for biopolymers fluorescence (2°1®1ls

1y, B031the static quenching mechanism seems to be prevalére interaction between
BSA and the presented Re(l) complex@s these basishe affinity (binding constant,
k) and the number of biling sites (n) of BSA towards our Re(l) complexes were
determined according the Scatchard equatitii***4The obtained value@able 3.4)

denote an efficient interaction between our Re(l) compléx@sparticular, the ones
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containing the QTzased diimine ligandsand BSA, as the optimum range fog ¥

be indicative for an efficient process is consideodoe 10- 10° L mol ™.

8x10°

6x10°
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2x10°
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300 350 400 450 500 550

Wavelength (nm)

Figure 9.4. Emission Titration of BSA 1®8M/PBS buffer 0.05 M véac-[Re(CO)s(QTZ-Me)(Tph)],
20x% 12.1*10°M,

104 0T

Figure 10.4. Stern Volmer plobf the emisgin titration reportedh Figure 9.4.

PBS/ DMSO @n5: 5,1 42.8BBKA. 5o 3 &b 280 nm.
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44Concl usi ons

N-alkylated tetrazoles such as those based of-thgi@yl (PTZ) and 2quynolyl molecular
scaffol ds, can actually play the role of
complexes with general formafiac-[Re(CO)s(diim)(L)] %*. In particular, the analysis of the
photophysical behaviour of the new Re (I) complexes, both in the form of cationic species
complexesfac-[Re(CO)s(PTZ-R)(pyr)] ¥, fac-[Re(CO)(QTZ-R)(pyr)]*, where pyr is
pyridine, and of the net r al | 'y ¢ h aa zgoelde oA f dad-[Rey@OIIQTBrre
Me)(Tph)] displayed results in excellent agreement with those usually described for the
family of fac-Re(l) tricarbonyl diiminesAmong the new Re(l) complexes, in particular,
unexpectedly effient emissive performances were exhibited by the whole seriesfafthe
[Re(CO)(QTZ-R)(L)] ¥* type complexes, enlightening an effect that we have preliihynar
ascribed to the likely mordgid environment that is brought by the Q'based diimine
ligandsin the corresponding complexes. Another suggestion for the influence played by the
QTZ-R scaffolds in determining the extent of the various properties of the Re(l) complexes
was provided byhe results obtained from the preliminary studies about theaaiten of

the new Re(l) complexes with Bovine Serum Albumin (BSA), as thedtues forfac-
[Re(CO)(QTZ-R)(L)] ¥* type complexes were found to be higher than those relatfae-to
[Re(CO)(PTZ-R)(pyr)]* series. It is also worth noting that in the casesfaif
[Re(CO)(PTZ-'Bu)(pyr)]* and fac-[Re(CO)(QTZ-Me)(Tph)], beyond to the BSA
guenching, an appreciable Re(based emission was still observed. Taken together, these
preliminary results pave the way for the further development of our Re(l) tetrazole
complexes by investigating their interaction toward a wider range of protein targets and by

exploring their possiblase as luminescent markers for proteins.
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General considerations All the reagents and solvents were obtaioesimercally
(Sigma Aldrich/Merck, Alfa Aesar, Stre@hemicals) and used as received without any
further purification unless otherwise specified. When required, the reactions were
carried out under an argon atmosphere following Schlenk protocols and the parificati
of the Re(l) complexes was performed e@dumn chromatography with the use of 5i0

as the stationary phase. EH8&ss spectra were recorded using a WatersA@D
instrument (ESMS, acetonitrile as the solvent). Nuclear magnetic resonance spectra
(conssting of *H and*3C) were always recordeding a Varian Mercury Plus 40€H;
399.9;1%C, 101.0 MHz)H and**C chemical shifts were referenced to residual solvent

resonances.

Photophysics.Absorption spectra were recorded at room temperature usingkia Pe

Elmer Lambda 35 UV/vis spectrometer. Uncorrected stssaty emission and
excitation spectra were recorded on an Edinburgh FLSP920 spectrometer equipped with

a 450 W xenon arc lamp, ddekexcitation and single emission monochromators, and a
Pelterc ool ed Hamamat su R928P photomultiplie
excitation spectra were acquired with a-offtfilter (395 nm) and corrected for source
intensity (lamp and grating) armission spectral response (detector and grating) by a
calibraton curve supplied with the instrument. The wavelengths for the emission and
excitation spectra were determined using the absorption maxima of the MLCT transition
bands (emission spectra) aadthemaxima of the emission bands (excitation spectra).
Quanttm yi el ds (0) were determined using th
Demas®¥ at excitation wavelength obtained from absorption spectra on a wavelength

scale [nm] and compared to treference emitter by the following equatiéf

n? [Dsl
n| LD,

bl Ar(m] [1,-(27)

As(A:)1 Us(4s)

where Aiste absorbance at the excitation wayv

excitation |ight at the excitation wavel
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D is the integrated intenst y o f the | uminescence, and
subscmpts r and s refer to the reference and the sample, respecfvsigck solution

with an absorbance > 0.1 was prepared, then two dilutions were obtained with dilution
factors of 20 and 10, selting in absorbances of about 0.02 and 0.08 respectively. The
LambertBeer law was assumed to remain linear at the concentrations of the solutions.
The degassed measurements wareined after the solutions were bubbled for 10
minutes under Aratmosphere, using a sepealed quartz cell. Aiequilibrated
[Ru(bpyk]Cl/H2O0 s ol ut i o )i*¥ was used aDref@eh@. The quantum yield
determinations were performed at identical excitatiomelengths for the sample and

the reference, thereer del eting the I (&ar)/ 1 (as) term
( U) wermireed vdtle the singkphoton counting technique (TCSPC) with the same
Edinburgh FLSP920 spectrometer using pulsed picosecond LED (EPLED 360, FWHM

< 800ps) as the excitationwrce, with repetition rates between 1 kHz and 1 MHz, and

the abovementioned R8P PMT aghe detector. The goodness of fit was assessed by
minimizing the reduced 62 function and b
To record the 77 K luminesoee spectra, the samples were put in quartz tubes (2 mm
diameter) and inserted & special quartz Dewar filled with liquid nitrogen. The solvent

used in the preparation of the solutions for the photophysical investigations was of
spectrometric grade. Expmental uncertainties are estimated to be +8% for lifetime
determinations, +20%or quantum vyields, and +2 nm and +5 nm for absorption and

emission peaks, respectively.

Ligand synthesis Tetrazole derivatives are used as components for explosive
mixtures®® In this lab, the reactions described here were only run on a few graes sca
and no problems were encountered. Howegegat cautionshould be exercised when
handling or heating compounds of this type. Following the general method reported by
Koguro and ceworkerst® tetrazole ligands [FIph], [H-QTZ] and [HPTZ] were

obtainal in almost quantitative yield.

[H-Tph] 'H-NMR (DMSOd®, 400 MHz) &8.08 @mp2H), 7.627.68 (mD 6
3H); [H-PTZ] 'H-NMR, (DMSOd®, 400 MH 2879877 (mp1H)m§.28.20
(m, 1H), 8.088.04 (m, 1H), 7.6F.60 (m,1H); [HQTZ] H-NMR, (DMSO-d®, 400
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MHz) o (ppm)J=8.79Hz, 81 (ddH,J =18H40 Hz), 8.17 (d, 1H] =
8.40 Hz), 8.12 (d, 1H] = 7.99 Hz), 7.90 (t, 1H), 7.74 (tH).

Ligand Functionalization The ligandsPTZ-Me (N-3), QTZ-Me (N-3) andPTZ-'Bu,

QTZ-'Bu were obtained according to previously repotitstature praedures®”

PTZ-Me (N-3)'H-NMR, (CDCk, 400 MHz) -8i65 (mplid)n8)18.108m, 6 7
1H), 7.777.73 (m, 1H), 7.300.26 (m, 1H), 4.34 (s, 3H13C-NMR, (CDCk, 100 MHz)
G (ppm) :we)LBA8, 746.60(187.00, 124.73, 122.20, 39.509.

QTZ-Me (N-3) *H-NMR, (CDCk, 400 MHz ) 8-836 (mp PHN).988 . 3

(m, 1H), 7.827.76 (m, 1H), 7.65.61 (m, 1H), 4.52 (s, 3H}*C-NMR, (CDCk, 100

MHz) U4 (ppm): 164. 98 (Ct), 148. 01, 146.
127.42, 119.54, 39.71 (GH

PTZ-'BuH-NMR, (CDCk, 4 0 0 (dprh) $.818i80 (d, 1H,J = 4.00 Hz), 8.28
8.26 (d, 1H,J=7.60 Hz), 7.887.84 (m, 1H), 7.47.37 (m, 1H), 1.84 (s, 9HFC-NMR,
(CDCk, 100 MHz) @ )(1p52md49.4, 138.2 124.2, 123.7, 73.1 (C
(CHa)3), 28.3 ((GHa)s).

QTZ-BuH-NMR, (CDCls, 400 MHz) ii8.30 (mp3H), 7.87 8m, BHY,

7.77 (m, 1H), 7.60 (m, 1H), 1.87 (s, 9MC-NMR, (CDCk, 100 MHz) U (pp
(Cy), 157.4, 144.2,137.3,129.8, 128.3, 127.1, 125.3, 121.0, 119.5, 7EH4G), 28.6

((CHa)a).
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General Proeedure for the Preparation of fac[Re(CO)s(N”*N)-(pyr)] " and fac-
[Re(CO):(QTZ-Me)-(Tph)] -type complexes

The preparation diac-[Re(CO)s;(N*N)-(pyr)] * -type complexes was accomplished by
following a multistep procedure which involved at first the formatiothefneutrafac-
[Re(COX(N~N)(Br)] by refluxing Re(COBr (1 eq) with the appropriate (N*N) ligand
(1.1 eq) in 20 mL of toluene for 24h. The crwags allowed to cool to room temperature
and the addition of ED induced the precipitation of bright yellow orange solids
collected by filtration, akdried and used for the successive steps without any further
purification. In a two neck roundottomedilask protected from light, 1 eq of the desired
neutral fac-[Re(COX}(N"N)(Br)] and 1.5 eq. of AgPf~were caonbined in 20 mL of
CHsCN and refluxed for 3 hrs. The crude was cooled to room temperature, filtered over
a celite pad to remove AgBr and successiweimbined with pyridine (5 eq.) in CHCI

(20 mL) .The solutions were heated over reflux (70°C) under garaatmosphere for

15 hrs, after which the pale to bright yellow precipitates formed were collected by
filtration and washed with ED. In the case dhc-[Re(CO);(QTZ-Me)(Tph)], 1.2 eq.

of H-Tph were added to the reaction mixture instead of pyridine #fterhalide
extraction step. The crude was then purified by column chromatography oyet &«

with a CH2Cl>/Acetone 9:1 mixtureThe poductwasobtained as the first fraction

fac-[Re(CO);(QTZ-Me)(Br)] 'H-NMR, (Acetoned®, 400 MHz ) -809(@,pp m) :
1H, J = 8.80 Hz), 8.8/.85 (d, 1H,J = 8.80 Hz), 8.58.51 (d, 1H,J = 8.40 Hz), 8.34

8.32 (d, 1HJ=8.00 Hz), 8.248.20 (t, 1HJ=16.00 HzJ=8.40 Hz J=7.60 Hz), 8.00

7.96 (t, 1HJ= 15.20 Hz, = 8.00 Hz,J= 7.20 Hz), 4.83 (s, 3HESI-MS : [M+Na]* =

584 m/z.IR-ATR 3 (cm?) : 2031 (CO), 1931 (CO), 1910 (CO).%¥73% (MW= 561

g/mol, 0.51 mmol).

fac-[Re(CO)(QTZ-'Bu)(Br)] *H-NMR, (CDCk, 400 MHz) -801(,dp, m) :
J=8.00 Hz), 8.58.56 (d, 1H,J= 80 Hz), 8.358.33 (d, 1H,J = 8.40 Hz), 8.168.01

(m, 2H), 7.907.81 (m, 1H), 1.93 (s, 9HESI-MS (m/z): [M+Na]*= 626, [M+K]'= 642.
IR-ATR 3 (% 2831 (CO), 1930 (CO), 1907 (CO). Y= 73% (MW= 553 g/mol, 0.60
mmol). Y = 41% (MW= 603 g/mol, 0.14 mmol).
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fac-[Re(CO)(PTZ-Me)(Br)] *H-NMR, (CDCE, 400 MHz) -8.09(mpm):
1H), 8.288.25 (m, 1H), 8.18.11 (m, 1H), 7.65.62 (m, 1H), 4.59 (s, 3HESI-MS

(m/z): [M+Na]" = 534, [M+K]" = 550.IR-ATR 3 (cm!): 2033 (CO), 1934 (CO), 1907
(CO). Y =69% (MW= 51 g/mol, 0.35 mmol).

fac-[Re(CO)(PTZ-'Bu)(Br)] H-NMR, (CDCk, 400 MHz) -0.08(mmpm) :
1H), 8.308.26 (m, 1H), 8.18.10 (m, 1H), 7.6&.59 (m, 1H), 1.88 (s, 9HESI-MS

(m/z): [M+Na] = 575.IR-ATR 3 (%) 2032 (C0O), 1933 (C0O), 1905 (CO). Y 9%

(MW= 698 g/mol; 0.05 mmol).

fac-[Re(CO)(PTZ-Me)-(Pyn)]*Y =75% (MW= 655 g/mol; 0.303 mmol).

fac-[Re(CO)(PTZ-Bu)-(Pyn]* Y =19% (MW= 698 g/mol; 0.05 mmol}H-NMR,

(CDCk, 400 MHz) -9i16 (dplH0%)5:60 Hr,.PTZBuU), 8.448.42(d, 1HJ =

7.20 Hz, pyr), 8.38.30 (m, 1H, PT2BU), 8.268.24 (d, 2H,J = 5.20 Hz, PTZBu), 7.9%

7.81 (m, 2H, pyr), 7.43.40 (m, 2H, pyr), 1.92 (s, 9HBu). ESI-MS (m/z): [M]*= 553;

[M] = 145 (Pk). IR-ATR 3 (%)c 2045 (CO), 1940 (COX3C-NMR, (Acetoned®, 100

MHz) U0 ( pp m)155.22 @8&), 192861 (PTZBu), 144.93 (pyr), 142.37 (PFZ
‘Bu), 140.20 (pyr), 130.32 (PFBu), 127.06 (PTZBu), 124.84 (pyr), 69.36 (Bu), 40.55
(-Bu). Y =19% (MW= 698 g/mol; 0.05 mmol}nal. Calcd. For @GH1sNsOsPiFsRe

(697.55) C 30.99, H 2.60, N 12.05. Found: C 29.43, H 2.45, N 11.94.

fac-[Re(CO)(QTZ-Me)-(Pyr)]* Y= 34% (MW= 705 g/mol; 0.088 mmoRH-NMR,

(CD:CN, 400 MHz)-8.88(nt, pHo @T)Me), 849847 (d, 1HJ= 8.0 Hz,

QTZ-Me), 8.328.27 (m, 2H, QZ-Me, pyr), 8.178.15 (m, 1H, QTAMe), 8.038.00 (m,

2H, pyr), 7.867.80 (m, 2H, pyr), 7.77.66 (m, 1H, QT2AMe), 7.237.20 (m, 1H, QTZ

Me), 4.46 (s3H, CH). ESI-MS (m/z): [M]*= 561; [M[=145 (Pk). IR-ATR 3 (Yt m

2045 (CO), 1940 (COMC-NMR, (CDsCN, 100 MHz) U « p5R53) : 1¢€
(Cipso), 147.44 (QTZMe), 143.73 (pyr), 139.94 (pyr), 138.34 (M), 134.84 (QTZ

Me), 131.02 (QTAMe), 13081 (QTZMe), 130.44 (QTAMe), 130.31 (QTAMe),

129.40 (QTZMe), 128.94 (QTAMe), 128.76 (QTAMe), 128.18 (QZ-Me), 126.93

(pyr), 119.99 (QTAMie), 42.39 (CH). Y= 34% (MW= 705 g/mol; 0.088 mmoljnal.
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Calcd. For GoH14aNeOzP1FsRer (705.53) C 32.35, H 2.00, N 11.91. Found: C 30.39, H
2.04, N 10.63.

fac-[Re(CO)(QTZ-'Bu)-(Pyr)]* Y = 12% (MW= 748 g/mol; 0.08. mmol) *H-NMR,
(CDCk, 400 MHz) -8i85(d,digIw)8.80 HE, QB8ZBu), 8.808.78 (d, 1H,
J = 8.40 Hz, QTZBu), 8.538.51 (d, 1H,J = 8.40 Hz, QTZBu), 8.208.14 (m, 2H,
pyr), 8.087.98 (d, 2H,J = 5.20 Hz, QTZBu), 7.967.92 (m, 1H, QTZBu), 7.797.76
(t, 1H,J= 15.60 Hz,J = 8.00 Hz,J=7.60 Hz, pyr), 7.30.26 (m, 2H, pyr), 1.96 (s, 9H,
-Bu). ESI-MS (m/z): [M]*= 603, [M] = 145 (PR). IR-ATR 3 (1) 2830 (CO), 1926
(CO), 1940 (CO)¥C-NMR (CDCls, 100 MH z }67.6D(C, p5p.T3{Cipso),
147.18 QTZ-'Bu), 143.42 (pyr), 140.21 (pyr), 134.3QTZ-'Bu), 130.83 QTZ-'Bu),
130.50 QTZ-'Bu), 130.15 QTZ-'Bu), 128.55 QTZ-'Bu), 127.26 QTZ-'Bu), 121.08
(pyr), 105.01 QTZ-'Bu), 70.01 Bu), 29.63 Bu). Y = 12% (MW= 748 g/mol; 0.016
mmol).Anal. Calcd. For @H20NsO3P1FsRe; (747.61) C 35.35, H 2.70, N 11.24. Found:
C 36.27,H2.91, N 11.03.

fac-[Re(CO):(QTZ-Me)(Tph)] Y= 48 % (MW=627 g/mol; 0.12 mol)!H-NMR,
(CDChk, 400 MHz) -897 (d,Aid, &)8.80 H&QTI-Me), 8.598.57 (d, 1H,
J=8.40 Hz,QTZ-Me), 8.338.31 (d, 1H,J = 8.40 Hz,QTZ-Me), 8.07%8.03 (m, 1H,
QTZ-Me), 8.067.98 (m, 1HQTZ-Me), 7.867.84 (m, 2H, Tph), 7.82.78 (m,1HQTZ-
Me), 7.317.24 (m 3H, Tph), 4.64 (s, 3H, G ESI-MS (m/z). [M+H] = 628 m/z.IR -
ATR 3 (1 2036 (CO), 1932 (CO)-*C-NMR, (Acetoned®, 100 MHz)
197.34 (CO), 194.13 (CO), 193.09 (CO), 168.91 QT Z-Me), 162.65 (¢ Tph), 148.08
(Cipso), 147.57 Cipso), 133.8 (QTZ-Me), 130.22 QTZ-Me), 130.17 QTZ-Me), 129.77
(QTZ-Me), 129.74 QTZ-Me), 129.56 (Tph), 128.41 (Tph), 128.30Z-Me), 128.14
(QTZ-Me), 125.81 (Tph), 119.46)TZ-Me), 41.69 (CH). Y= 48 % (MW=627 g/mol;
0.12 mol). Anal. Calcd. For£&H1aNgO3zRe; (6266) C 40.25, H 2.25, N 20.12. Found: C
37.14,H2.27, N 17.72.
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Absorption and Emission Titration Experiments

PBS buffer (1 L) was prepared by dissolvingNRO, (1.44 g), KBPQ, (0.245 g), NaCl
(8g) and KCI (0.2g) in 0.8 L of #D. After complete mixingthe solution was topped up
to volume. Final pH = 7.4. Then, a 100 mL 4.4%*10 BSA (Sigma Aldrich, MW =
66463 g/mol) solution was prepared by dissolving 2.9 g of BSA in 100 mL of PBS
buffer. The final concentration of BSA used in the apson and emissin titration was
1*10°M (45.45¢L of 4.4*10* M BSA to Vit = 2mL). The Re(Pcomplexes solutions
were prepared by dissolving 1124 mg of complex in 1mL of DMSO, resulting in
concentrations of 2.1*1DM. 2 mL of the BSA/PBS solution we placed in a quartz
cuvette and successive al@s of Re(l) complexes solutions in DMSO were added with
a micropipette (20x&.). For absorption titration, absorption spectra weolected
from 230 to 800 nm after each addition. For emission titraBamssion spectra were
collected from 300 to 800nm by monitoring the 346 nm maxima (BSA emission) upon

280 nm excitation.

X-ray crystallography

Crystal data and collection details fac-[Re(PTZ-Me)(CO)3(pyn)][PF s]- CH2Cl> and
fac-[Re(QTZ-Me)(CO)s(pyr)][PF ¢]- CHClzare reported in E®| Table S2Data wee
recorded on a Bruker APEX Il diffractometer equipped with a PHOTOM2- (
[Re(QTZ-Me)(CO)s(pyn)][PF 6]- CHCI53) or CCD fac-[Re(PTZ-
Me)(CO)s(pyn)][PF e]- CH2Cl>) detector using MidKa radiation. Data were corrected
for Lorentz polarization and absorption etfedempirical absorption correction
SADABS)[*U The structures were solved by direct methods and refined bynéitix
leastsquares based on all data usifg*d Hydrogen atms were fixed at calculated
positions and refined by a riding model. All nbpdrogen atoms were refined with
anisotropic displacement parameters. The M ligand and [P§ anion of fac-
[Re(PTZ-Me)(CO)s(pyn)][PF ¢]- CH2Cl, are disorderedlThey have been split into two
positions and refined using one occupancy factor per disorgesad. CCDC 2044691
and 2044692contains the supplementary crystallographic data féar[Re(PTZ-
Me)(CO)s(pyn)][PF e]- CH2Cl> andfac-[Re(QTZ-Me)(CO)s(pyr)][PF ¢]- CHCl .
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Chapter 5 Luminescent Protein Staining with Re(l)
Tetrazolato Complexe$

Marker 1ug 500ng 200ng 50ng 20ng 10ng O

ot — - ——

*This chapter is part dalton. Trans.,2018 47,94009410.
51Abstract

Within the general framework of our past and current studies dealing with the
investigation of thg@hotophysical properties and the biological behawvad the family

of tetrazolato and tetrazole Re(l) complexes have endeauced to investigate their
potential in the luminescent staining of proteins purified by acrylamide gel
electrophoresisTo provde the first examples of luminescent Re(l) complexes to be
exploited for this specific purpose, we have designed and prepared four nelvdze()
species \ith the general formuléac-[Re(CO)s(N"*N)(Tph)] >/°, whereTph is the 5
(phenyl}etrazolato anion andN™N is in turn represented by bathophenanthroline
disulfonate BPS), bathocuproine disulfonatBCS) or by the S@ free bathocuproine
(BC). In this latte case, the neutral compldac-[Re(CO):;(BC)(Tph)] served as a
model species for the characterization of the former disulfonate complexes. Its cationic
analogue fac-[Re(CO)(BC)(Tph-Me)]* was also prepared by a straightforward
methylation reaction. All coplexes displayed bright phosphorescence in organaitia

and, relative to their water solubility, the dianionic spetaedRe(CO)s(BPS)(Tph)F*

and fac-[Re(CO)3(BCS)(Tph)]> were also highly emissive in aqueous solution. The
sulfonate groups played a kewle in promoting and significantly enhancing the
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luminescent staining performances of both the Re(l) complexas
[Re(CO)3(BPS)(Tph))* andfac-[Re(CO)(BCS)(Tph)]* for proteins. Highlighting a
response superior to that of Coomassie Blue and compaoabie one obtained by the
well-known silver staiilng method, these dianionic Re@@mplexes could efficiently
detect up to 50 ng of pure Bovine Serum Albumin (BSA), as well as all proteins found
in a Standard Protein Marker mix and from a total prag&iract. A lower but still good
response for lumirgeent protein staining was surprisingly obtained by employing the
SO; free neutral and cationic complexesc-[Re(CO)(BC)(Tph)] and fac
[Re(CO)(BC)(Tph-Me)]*, respectively. These preliminary resultsenpup new
possibilities for the furthaewvidening of the use of Refhased complexes as luminescent

protein staining agents.
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52l ntroducti on

The development of luminescent sensors aimed at targeting biologically relevant
molecules has been central to theeggsh interests of many groups worldwide. Further

to the wellestablished protocols that are centred on organic fluorophores, a great deal
of attention has been dedicated to the use of the most popular classes of luminescent
metal complexes, such as thasesed on Ru(ll), Ir(lll), Re(l) and Pt(ll) for the extra and
intracellular luminescent detection of bimolecules!! Among the various tgets,
proteins are one of the most important, and intense research efforts have been dedicated
to their sensing by king advantage of the different interaction®.(covalent, not
covalent) that can occur between proteins and luminescent metal com{piedsition

to providing critical information into the involvement of key proteins in biological
processe&! thesestudies have had a significant impact on proteomic analysis. For
example a series of Ru(lfpased compounds, such as ruthenium(ll)
tris(bathophenanthroline disulfonate), abbreviated as RUBR&id SYPRO Ruly

(whose structure is yet undisclos&@f! have been indeed commercialized as
luminescent agents for the staining of the discrete protein bands that are obtained from
Sodium Dodecyl Sulphate PolyAcrylamide Gel Electrophoresis (SBPAGE). The
strategy underpinning the use of RuUBPS relies upowdter solubility that is conferred

by the sulfonate moieties and, importantly, by the occurrence of electrostatic interactions
between the peripheraS0s” groups of the BPS ligands and théH, groups of the
proteins™4 The structure of RUBPS has iirg@l the successive development of BPS
based Ir(lll) cyclometalated complexes with the general formula [Ir(&BR)S)], in

which the peculiar and intense luminescent output of this class of metal complexes was
combined with the A poperids displpyedhy ¢he sulfomatec o g |
groups® In these regards, it is worth noting that a recent report by Zhou and coworkers
showed that also cationic and neutrally charged Ir(Ill) cyclometalated complexes devoid
of any i SO;” moieties could also be ubeas protein staining agents, pointing to the
importance of other factors aside of electrostatic interactions in determining the

performances of protein stailis.
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To the best of our knowledge, no exampletaoitricarbonyl Re(l) diimines, one of the
mog extensively studied classes of luminescebtntbtal complexes, have been
considered for the specific purpose of protein staining. To this end, we have prepared a
library of Re(l}tetrazolato complexes with the general formuléac
[Re(CO)3(N*N)(Tph)] > where Tph denotes the fphenyl)tetrazolato, to be
exploited as new luminescent protein staining agents for SDS PAGE. In particular, our
design strategy for th&l”N ligand involves the use of disulfonate ligands; either
bathophenanthroline disulfong®PS) or bathocuproine disulfonatBCS, see Scheme

1). We also prepared the neutr80s free bathocuproine BC) complex fac-
[Re(CO)3(BC)(Tph)] and its cationic methylated analogtae-[Re(CO);(BC)(Tph-

Me)]* (see Schemes 1 and 3) by taking advantage afetietivity that the tetrazolate
ligand displays toward electrophiles. Our results highlight how Re(l) disulfonate
complexes can be regarded as very sensitive staining agents for proteinsRAGES
while the nonsulfonate neutral and cationic derivativas,addition to being useful

model complexes, also display a promising potential for the detection of proteins.

R; = SO5, R, = CHj; fac-[Re(CO);(BCS)(Tph)]*
R, = SO5, R, = H; fac-[Re(CO)3(BPS)(Tph)]*
R, = H, R, = H; fac-[Re(CO);(BC)(Tph)]

Scheme 15. Structuresacronyms of the complexes and numberingsf@ohenyl)tetrazolatgTph)
reported inthis work.
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Resul Diss awngdsi on

The 5(phenyl)tetrazolato aniofiph was chosen due to its strong binding to the Re(l)
centre which results in a substitution inert complex. This is important to ensure that any
interactions between the complexes and jmetean be confidently ascribed to the
disulfonateN”*N ligandsBPS or BCS. To this end, aslepicted m Scheme 5, the
preparation of the corresponding Rdf@jrazolato  complexes fac-
[Re(CO)3(BPS)(Tph)]* andfac-[Re(CO)(BCS)(Tph)]> was pursued by a ntidtep
procedure that required the preliminary counterion exchange of the sodium salts of the
ligandsBPS and BCS. This lead to the correspondingtrabutylammonium [BiN]*
analogues which were found to be more soluble in organic solfeRtdlowing this
modification, the Re(l) complexes were obtained by our standard®Sutehich
involved the initial formation of the bromide precurstas[Re(CO);(BPS)(Br)]* and
fac-[Re(CO)3(BCS)(Br)]%, followed by the Ag(Pmediated bromide extraction and,
finally, the coordination of th&-(phenyl)tetrazolat@nion to the Re(l) ion(Scheme

2.5)

SO;NBu,

1) TBAHSO,, H,0, BusNO3S
rt, 2h

2) Re(CO);sBr, dry toluene
reflux, Ar, 2h

3) AgOTf, Dark, MeOH,
reflux, 2h

X = H, BPS 4) H-Tph, Et3N, MeOH,

X= Ci-ls, BCS reflux, overnight

Scheme2.5. The gnthetic procedure used for the preparation of Re(l) disulfonate compounds
described in thisvork (G means tetrazaticarbon).

After column chromatography, the target dianionic complexdac
[Re(CO)3(BPS)(Tph)]* and fac[Re(CO)(BCS)(Tph)]> were characterized by
performing ElectreSpray lonisation Mass Spectrometry (B%$) and Infrared (IR)

spectroscopy.
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The colleded data supposttheir formation as tetrabutylammonium salts and with the
facial arrangement of the three CO liganBSIj. The analysis of the NMRHd and**C)
data for the disulfonate Re{tpmplexes required direct comparisons to the -well
resolved'H and *C NMR spectra of the neutral sulfondtee model complexac-
[Re(CO)3(BC)(Tph)]. This is due to the occurrence of ttemmerciaBPSandBCS

as mixtures of regioisomefs’ which complicated the peak assignmdiite pattern of
signals of the neuttasulfonatefree model complexXac-[Re(CO)3(BC)(Tph)] were
consistent with the presence of miechelate bathocuproin8C) as the diimine (N~N)
ligand and one axially coordinated(phenyl)tetrazolato anion were clearly displayed
(ES). Also, the direccomparison of th&’C-NMR spectra ofac-[Re(CO)s(BC)(Tph)]

with those relative tofac-[Re(CO)(BPS)(Tph)]* and fac-[Re(CO)s(BPS)(Tph))?
revealed how, in all complexes, the tetrazoticbon (Ct) was found to resonate at values
of chemical shifts that, cgording to our previous work, is characteristic of the
regioselective coordination of the tetrazolate ligand to the Re(l) ion through-the N

atomof the pentatomic ringSchemes 2.and3.5for atom numbering)
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5.2.1X-ray crystallography

This evidence wasufther corroborated by the analysis of the molecular structure
obtained by Xray diffraction offac-[Re(CO)3(BC)(Tph)], (Figure 1.5) which shows
bonding parameters in excellent agreement with those reported earlier for related and
isostructural Re(l) tetmlato complexe$3”

Figure 1.5. Molecular structure ofac-[Re(CO)3(BC)(Tph)] with key atoms labelled. Displacement
ellipsoids are at the 30% probability level. Hydrogen atoms have been omitted for clarity.

Over the past decade, we have extensiexploited the reactivity of luminescent
Ru(I1),2%0 1r11) B1%8 and Re(ltetrazolato complexes toward electrophiles such as
H* 121 CHz" and divalent metal catio&" These studies highlight how such a relatively
simple and straightforward cheral modulation of the tetrazolato ancillary ligand of the
corresponding Ru(ll) and, particularly, Ir(lll) and Refgfrazolato complexes could be
regarded as a viable strategy modify their luminescence outputs and to impart
alternative biological beh#wr in terms of cellular incubation, localisatigffe

141 and antibacterial properti€s! On such basis, aiming to investigate the

cytotoxicity,
effect of the variation athe globalcharge of the S©free Re(l) tetrazolato complexes
on their evental luminescent protein staining properties, the neutral comialex
[Re(CO)3(BC)(Tph)] was converted into the corresponding cationic analdgae

[Re(CO)3(BC)(Tph-Me)]" by methylation reactia{Scheme3.5)
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1) MeOTf, DCM
-50°C, 30 min
r.t, 2h

2) NH4PFgaq)

Scheme3.5. The g/ntheticprocedure used for the preparatiorfadd-[Re(CO)3(BC)(Tph-Me)]*.

The analysis of the NMR features of the methylated comipleiRe(CO);(BC)(Tph-

Me)]* suggests its occurrenceamixture of two structural isomets.detail, the signals
relaive to fac-[Re(CO)s(BC)(Tph-Me)]* appeared split into two distinct patterof
resonancgsoth in the case of tHel and*C-NMR spectrum. While analysis of th-

NMR spectrum suggests that the two isomers coexist in a 0.47:1 ratiGCtNMR
shows twadifferent tetrazolic carbon resonances, both of which are centred below 160
ppm, highlighting the presence of two linkage isomers where methylation occurred
regicselectively at the position-M of the tetrazole, while the Re(l) fragment was bound
to eithe position N2 or N-1 of the same pentatomiag (seeSchemesdl.5, 2.5 and3.5

for atom numbering This is consistent with our previous repd?ts

5.2.2Photophysical Properties

The relevantphotophysical data of all the Re(l) complexes described henan
summarized inTable 1.5. While both the dianionic disulfonate complexts:-
[Re(CO)3(BPS)(Tph)]* and fac-[Re(CO)s(BCS)(Tph)]> were found to bewater
soluble as expected, thewere also soluble in organic medi®GM for fac
[Re(CO)3(BPS)(Tph)> and MeOH in the case offac-[Re(CO)(BCS)(Tph)]%).
Contrarily, the absorption and emission spectra of-®8@;" free neutral and cationic
speciesfac-[Re(CO)3(BC)(Tph)] and fac-[Re(CO)3(BC)(Tph-Me)]*, respectively,
could only be obtained from the correspondindnidicomethane solutions. However, as
a general feature and irrespective of the nature of the solvergb#orption profiles of
the Re(l) complexes all display a UV region dominated by intense liganitled (LC)
transitions (256810 nm), followed by metab-ligand charge transfer (MLCT)
processes (32800 nm) tailing off in the visible regiofFigure 2.5and3.5)
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Figure 2.5 Absorption profile offac-[Re(CO)3(BCS)(Tph)]%, in CH:OH (red trace) and 40 (blue
trace).(Bottom)

10-4g(mol-'dm3cm-1)

250 300 350 400 450 500
Wavelength (nm)

Figure 3.5. Absorptim profile of fac-[Re(CO)(BC)(Tph)] (black trace), and fac-
[Re(CO)3(BC)(Tph-Me)]* (green trace), CkCly, 298K.
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Table 1.5 Relevant photophysical data for tRe(l) complexes presented in this work.

Absorption Emission 298 K Emission 77 K
Dabs
Complex Solv (nm) Sem Gir v Gair Gar Oem 0
P ' (1040 ) (nm) ( e3s ( e3s (%) (%) (nm) (es
(M-cm?)
256(5.72),
fac-[Re(CO}% 293(5.84),
(BC)(Tph)] DCM 343(1.29), 592 0.33 0.87 197 6.35 534 241
392(0.49)
257(4.75),
fac-[Re(CO} 298(6.62),
(BC)(TphMe)J* DCM 331(2.49), 546 1.36 121 296 15.01 514 39
390(0.73)
fac-[Re(CO} 288 (3.62),
(BPS)(Tph)P DCM 392 (0.70) 600 058 154 408 4.26 550 1.54
fac-[Re(CO} 285 (4.98),
(BCS)(Tph)P* MeOH 383 (0.57) 602 024 0.82 0.66 2.40 542 4.98
240 (4.15),
fac-[Re(CO}% 452  0.007
H20 286 (3.58), 058 2.7 3.80 I* I*
(BCS)(Tph)P 2 389((0 A j) 502 0.25
fac-[Re(CO} 289 (4.45), . .
(BPS)(Tph)I> H20 387 (0.77) 604 0492 066 22 3.30 / /
a AAi ro means air equilibrated sol utgomanwosphe@@Ar 6 me :

[Ru(bpy)]Clo/H-Owasusedasr e f er ence f or g uan t:a0m28§3 enlaflozeth sotventr mi n a t
matrix; *: not determined

While the absorption profiles of the dianionic complexes did not significantly differ from
ead other, a subtle but evidemgpsochromighift of the MLCT features was observed
when the neutral complefac-[Re(CO)3(BC)(Tph)] was converted into its cationic
analoguefac-[Re(CO)(BC)(Tph-Me)]*. In agreement with our previous studfés?

this trerd is consistent with the variation of the global net charge that occurs upon the
addition of a CH" moiety and the concomitant reduction of electron density on the
tetrazole ring.

In dilute dichloromethane (or as in the casfefac[Re(CO)(BCS)(Tph)]% as a
methanol solution) at room temperature, upon excitation of the corresponding MLCT
features (gpically, | exc= 3503370 nm) all the Re(l) complexes are luminescent and, in
line with the typical behavior of this family of fac-Re(l) tricarbonyl diimine
conplexes*® display broad and structureless bands centred betese&0 and 600

nm (Table 15). In all cases, the emission can be confidently ascribed to

phosphorescence originating from chatgmsfer states of triplet multiplicity’CT,
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similarly to the previously reported for neutral and ionic Re(l) tetrazolato complexes. In
fact, the excited stt e | i feti me U and quantum vyield
dissolved Q (Table 15). At 77 K, the emission profiles appear blakifted as a
consequece of rigidochromism (ESl)aridh e val ues of U and @ i
of vibrational anctollisional quenchingt’*"!

As we have previously documented for the methylation of similar Re(l) tetrazolato
complexes®d the methylated and cationic colep fac-[Re(CO)s(BC)(Tph-Me)]*
displays phosphorescent emission whickiggificantly more intense, longéved and

bl ues hink= 143B cnf) wih respect to that exhibited by its neutral precursor
fac-[Re(CO)3(BC)(Tph)] (Figure 6.5). In particular the photophysical properties of the

N-3 and N4 linkage isomerthat represerthe complexXac-[Re(CO)s(BC)(Tph-Me)]*

appear identical, as witnessed by their displaying one single band in the emission profile
and by the satisfactorily monoexponentidiriig of the excited state decay.

It is worth noting that the wateoluble sulfonated complexesfac-
[Re(CO)3(BCS)(Tph)]* and fac-[Re(CO)s(BPS)(Tph)]> basically retained their
phosphorescent properties on pasdirmgn organic media to aqueous solutions, a
witnessed by their displaying almost unaltered broad and unstructured emission profiles
centred at ca. 600 nm upon excitation of the corresponding MLCT mafiigdre

4.5). The only exception was observed ie #mission spectrum recorded from an air
equilibrated solution of the compleac-[Re(CO)s(BCS)(Tph)]>, wherean additional
fluorescent Thbteds) centredal A452nmAvhaseintensity increased
upon exciting the sample at wavelengths shorter than 31&Si)) appeared further to

the phosphorescent emission peaking at 592 nm.tiplet spin multiplicity of the
emissive excited states was further suggestetiday different response to the removal

of dissolved Q. Upon degassing, only the phosphorescent process centrethat=

592 nm experienced both elongation of the corresponding estaéellifetime and, in
particular, a significant enhancement of gmission intensity, making the fluorescent
emission peak ata. 452 nm almost undetectable (ESI). However, we suspect that the
occurrence of a similar behaviour might be explained byideriag the possibility of

the replacement of the tetrazolate ani@ph) with one water molecule in the
coordination sphere ofac[Re(CO)(BCS)(Tph)]>. Indeed, he coexistence of
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fluorescent and phosphorescent emissions originating filam(intra-ligand) and

SML CT ( médigamd|chatge transfer) type excited states, respectively, has been
previously described by Wolcan awod-workers for aqueous solutions of the parent
Re(l) complexfac-[Re(COX(BCS)CIF '8l where the insurgence of a fluorescent
emission cetred atca.450 nm was rationalizeak the result of the partial hydrolysis of
the chloride complefac-[Re(COX}(BCS)CIF.

o o o
ES o ©
1 I I

Normalized Emission Intensity

o
(%)
1

0kl ) ! ! ! 1 L L L L 1 ! L L L 1 L L L ! |
400 500 600 700 800
Wavelength (nm)

Figure 4.5. Normalized emission profile dac-[Re(CO)3(BCS)(Tph)]?, in CHOH (red trace) and
H20 (blue tracg
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Figure 5.5. Normalized emission profile dac-[Re(CO)(BPS)(Tph)]?, in CH.CI; (red trace) and
H20 (blue trace).
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Figure 6.5. Emissionprofile offac-[Re(CO)s(BC)(Tph)] (black trace), anthc-[Re(CO)s(BC)(Tph-
Me)]* (green trace), CHCl,, 298K.
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5.2.3Luminescentstaining of proteins

We then investigated the ability of the Re(l) tetrazolato complexes, either those
containing disulfonated diimine ligands andsSt@e bathocuproine ligands, to behave

as luminescent probes for the visualization of proteins that eparated upon
performng SDSPAGE. In a preliminary assessment, the disulfonate fRedgd
complexesfac-[Re(CO)s(BCS)(Tph)]* and fac-[Re(CO)s(BPS)(Tph)]*, were tested

as protein staining agents toward pure BSA (Bovine Serum Alb@®if,kDg, which

was selected as a target protein to be determined in polyacrylamide gels. Specifically,
different dilutions of BSA (stock solution 1 mg/mL), ranging from 50 ng g lwere
separated by SDBAGE. Gels were first fixed (30% ethanol, 10% acetid)atien
staned for a period of 15 hours with a riM solution in 20% ethanol ofac-
[Re(CO)3(BCS)(Tph)]* and fac-[Re(CO)(BPS)(Tph)J>, respectively. Thereafter,
protein bands were readily visualised by using a UV tifumminator (| exc= 302 nm).
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Schemeb.5. Re(I}-tetrazole complexes ud@s luminescent dyes in protein staining.
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Figure 7.5. SDSPAGE of different amounts of BSA. Lane 1 to 4: 1, 0.5, 0.2 and ©f0BSA,
respectively (a) Staining with fac-[Re(CO)3(BCS)(Tph)]and (b) staining with fac-
[Re(CO)3(BPS)(Tph)J*.

Both Re(l}based stainsH{gure 7.5) featured highsensitivity; concentrations of pure
BSA down to 50 ng were detected. These charged dyes most likely interact with proteins
in a noncovalent manner through mechanism comparable to that of Coomassie
staining, which is assumed to involve electrostatiaautiion between sulfonate groups
and basic amino acids.

To better investigate their staining capability, biaiti[Re(CO)s(BCS)(Tph)]* andfac-
[Re(CO)3(BPS)(Tph)]> were then tested against a standard Protein Molecular Weight
Marker (ThermdScientificd Pierce), a mixture of seven known proteins sucBets:
galactosidase (116 kDa), Bovine serum albumin (66.2 kDa), Ovalbumin (45.0 kDa),
Lactate dehydrogenases(® kDa), REase Bsp98l (25.0 kDa), B&tatoglobulin (18.4

kDa) and Lysozyme (14 .KDa). The Protein Marker was diluted sequentially from the
stock solution @.1-0.2 mg/mL of each proteinand run in a gel using decreasing
concentrations from lane 1 to(Bigure 6 a and b). Botfac-[Re(CO)s(BCS)(Tph)]*
(Figure 8.5a) andfac-[Re(CO)3(BPS)(Tph)I> (Figure 8.5b) produced very clear and
sharp banddjeing able to detectvith a similar intensity, each loaded protein (down to
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0.5 nL, corresponding to aboutO8L00 ng of protein/band). Interestingly bofdc-
[Re(CO)3(BCS)(Tph)]? and fac-[Re(CO)(BPS)(Tph)]* had a similar response to
protein, suggesting that the sulfonate residues iB@f@andBPSdiimine ligands play

a key role in the Re(l) complgxoteininteraction

(a) (b)
1 2 3 4 1 2 3 4
o A —
randh o —
G - -
,-‘- - -— .
oy e — Gl cm—— S——

Figure 8.5. SDSPAGE of different dilutions of the Protein Molecular Weight Marker. Lane 1 to 4:
6, 3, 1.5 and 0.B1, respectively; (a) staining witlac-[Re(CO)3(BCS)(Tph)]*> and, (b) staining with
fac-[Re(CO)3(BPS)(Tph)J*.

To ensure thiathe Re(l)based staining agents can also be used for the recognition of
proteins from more complex mixtures, total protein extracts tEscherichia colcells

were loaded on polyacrylamide gels and then stained as previously indicated. As
depicted inFigure 9.5, a total protein profile was identified independently of the
characteristics of the protein mixture. Bofhc-[Re(CO)(BCS)(Tph)]>and fac-
[Re(CO)3(BPS)(Tph)]* featured comparable efficacy to recognize unknown proteins,

being able to detect dowa a few micrograms/lane.
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Figure 9.5. SDSPAGE of total protein extracts. Lane 1 to 4: 5, 2, 1 andn@.,5respectively; (a)
staining withfac-[Re(CO)s(BCS)(Tph)]? and (b) staining witliac-[Re(CO)3(BPS)(Tph)>.

5.2.3.1Comparison with colarimetric staining

Once the efficacy ofac-[Re(CO)s(BCS)(Tph)]> andfac[Re(CO)(BPS)(Tph)* as
staining agents to detect proteins in gels was verified, a comparison with two classical
colourimetric stains, Coomassie Blue R250 and Silver staining, was carried out. To
achieve this, three identical gels containing an equal amount of each standard protein
were prepared (same dilutions as those showfigure 8.5). Gels were treated
separately with difrent staining protocal¥” then the intensity of the bands were
compare, revealing how the fluorescent method basefhofiRe(CO)3(BCS)(Tph)]*
andfac-[Re(CO)s(BPS)(Tph)J* features comparable sensitivity, if not superior, to the
traditionalsilver staining (Figure 10.5) In particular, both Re(l) based stains were easily
able to detect up to the last dilution of the protein ma(dels a and c, lane4, Figure

10.5). In contrast, Coomassie Blue staining (gdFigure 10.5) exhibiteda lower level

of sensitivity with &nes containinglessth8 €e g/ L b e i n gulttodistingaidhl y d i
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from the background. Beyond the high quality of detection, a conventional ethanol
acetic acid destaining, required for the Coomassie procedure, is not necessary when the
luminescent R@)-compounds are used as stains instead a simpleivgawith water

can efficiently reduce background staining. Interestingly, gels stained withbegy

dyes can be retained with Coomassie Brilliant Blue without altering its sensitivity, and

vice-versa.

(a) (b) (c)
1 2 3 4 1 2 g A 1 2 3 4

Figure 10.5. Comparison of three staining metts for the detection of different dilutions of the
Protein Molecular Weightlarker in SDSpolyacrylamide gels. Lane 1 to 4: 6, 3, 1.5 andrfl.®f
protein marker, respectively. (8c-[Re(CO)3(BCS)(Tph)]? staining, (b) Coomassie Blue staining
and (c) gver staining.

5.2.3.2Staining of gels with norsulfonate complexes

To further investigate the importance of thesSgdoups for the luminescent staining of
proteins, the two noesulfonated neutral and cationic Re(l) tetrazolate complexes,
namelyfac-[Re(CO)3(BC)(Tph)] andfac[Re(CO)(BC)(Tph-Me)]*, were tested as
well. As described before, different dilutions of the protein molecular marker were run
on SDSPAGE, then gels were stained with a solutiomM solution of either neutral
fac-[Re(CO)3(BC)(Tph)] or the cationic fac-[Re(CO)3(BC)(Tph-Me)]* in 20%

ethanol. Interestingly, protein staining was easily observed for bothsotfonated
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complexesKigure 11.5a andb), albeit the sensitivity was somewhat reduced compared
with the disulfonated complexeBigure 10.5). Recently, an analogolehaviar has
been reported relativéo neutral and cationic brightly emissive Ir(Illl) complexes
containing norsulfonated ligand®! In thesecases, the performance of the protein stains
was attri but e dconjugation dcmss eitker then ayaochetalated or the
ancillary ligand. Therefore, we suspect that a similar effect arising froGheyand
may account for the luminescent piot staining performances displayed by the neutral
and cationic S© free Re(l}complexes fac-[Re(CO)(BC)(Tph)] and fac
[Re(CO)(BC)(Tph-Me)]*, respectively.Interestingly, when the same gels were
subjected to Coomassie staining, a comparable intensigadh protein band was
obtained Figure 11.5c andd).

(a) (b) () (d)
1 2 3 4 1.2 3 4 12 34 12 34

Figure 11.5 SDSPAGE of different dilutions of the Protein Molecular Marker (lane 1, 2, 3, 4):
staining with fac-[Re(CO)3(BC)(Tph)] (a) and fac-[Re(CO)3:(BC)(Tph-Me)]* (b); (c) and (d):
subsequent Gonassie staining of gels (a) and (b).

Theseresultei ghl i ght the relevance of the desi
decoration with-SO;™ groups in the preparation of luminescent complexes as protein
staining agentdVloreover it is worth mentning that the timesaving synthesis that is
requiredfor the nonsulfonated complexes can open promising perspectives for the use

of SG; - free Re(l) complexes in protein staining.
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53Concl usi ons

In summary, we have demonstrated how Re(l) tetrazolato exephith the general
formula fac-[Re(CO)s(N*N)(Tph)] %%, where Tph means the-ghenyl tetrazolato
anion, do interact with proteins and, particularly, display a promising potential for the
luminescent staining of SDS gels. These results pave the wineferploitation of this
general class diminescent Re(l) complexes as protein staining agents. In this specific
context, we could observe that the decoration of the diimine ligand (N*N) with sulfonate
(-SO3) end groups appears as a fanable requisk for the enhancement of their protein
staning performances. This is in line with the design strategy that has been pursued for
the is@ectronic Ru(ll}polypyridyls and Ir(lll}cyclometalates and also for this family

of substitution inert fagRe(COR(N*N)L] type complexes.

Our findings suggeshat the sulfonated and dianionic Re(l) complexes herein described,
namelyfac-[Re(CO)3(BCS)(Tph)]?> andfac-[Re(CO)s(BPS)(Tph)]*, where BPS and

BCS denote bathophenanthroline disulfonate and bathocuproine odesalf
respectively, can detect a variety of protein targets that span from pure BSA to a standard
mixture of proteins of known molecular weights and, interestingly,riidec protein
extracts. This is achieved with very good sensitivity and by displayingspamse
superior to the traditional calometric method based on Coomassie Blue R250 and was
comparable to the wedistablished Silver staining method.

Interestingly, both-SOs™ free derivatives that are represented by the neutral model
complexfac-[Re(CO)3(BC)(Tph)] and the corresponding cationic methylated analogue
fac-[Re(CO)3(BC)(Tph-Me)]* were found to detect proteins subjected to SA&E

in a response that was comparable to that of Coomassie Blue under the same
experimental conditions. This is imomtrast to what may be expectbdsed ona
structureactivity relationship, which from thigerature would have suggested thatthe

SGOs free derivatives would possess only limited staining capability. In additmon
report for the first time that trickonyl Re(l) diimine complexes can be used for this
application, these latter findings arery encouraging since they may open up new
possibilities for furthering the studies dealing with the use of the synthetically more
easily accessible Re(l) complexasluminescent protein staining agents. Nevertheless,
future experiments will be focused t@sting if our staining protocol could be shortened

151



(e.g. by reducing the incubation time), and if it is compatible with mass spectrometry

(MS) for proteomic analys.
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54Experi mental Section

General considerations.All the reagents and solvents were obémi commercially
(Sigma Aldrich/Merck, Alfa Aesar, Strem Chemicals) and used as received without any
further purification unless otherwise specified. All the reaxstiovere carried out under

an argon atmosphere following Schlenk protocols. Where reqtiregyurification of

the Re(l) complexes was performed via column chromatography with the use asSiO
the stationary phase. EB8lass spectra were recorded usingVaters ZQ@4000
instrument (ESMS, acetonitrile as the solvent). Nuclear magnetic resonance spectra
(consisting ofH and3C) were always recorded using a Varian Mercury Plus 480 (
399.9;1%C, 101.0 MHz)H and**C chemical shifts were referenced ésidual solvent

resonances.

Photophysics.Absorption spectra were recorded at room temperature using a Perkin
Elmer Lambda 35 UV/vis spectrometer. Uncorrected stssaty emission and
excitdion spectra were recorded on an Edinburgh FLSP920 spectromeiigred with

a 450 W xenon arc lamp, double excitation and single emission monochromators, and a
Pelterc ool ed Hamamat su R928P photomultiplie
excitation speita were acquired with a coff filter (395 nm) and corrected f@ource

intensity (lamp and grating) and emission spectral response (detector and grating) by a
calibration curve supplied with the instrument. The wavelengths for the emission and
excitatin spectra were determined using the absorption maxima of the MagQsition

bands (emission spectra) and at the maxima of the emission bands (excitation spectra).
Quantum yields (0) were determined wusing
Demad® at excitation wavelength obtained from absorption spectra oavalength

scale [nmjand compared to the reference emitter by the following equétion

P (m] [ r (&)
} "LA (A5)] Lg(A)

where A is the absorbance at the excita

excitation |ight at the excit aftthesolvenwav el
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D is the integrated intensity of.Thehe | u
subscripts r and s refer to the reference and the sample, respectively. A stock solution
with an absorbance > 0.1 was prepared, then two dilutions wereeaxbtaith dilution

factors of 20 and 10, resulting in absorbances of about 0.02 and 0.0&ivetpeThe
LambertBeer law was assumed to remain linear at the concentrations of the solutions.
The degassed measurements were obtained after the solutionbulibted for 10

minutes under Ar atmosphere, using a sept@ed quartz cell. Adequilibraed
[Ru(bpyl]Clo/H:O s ol ut i o )P was used aDrefdehd@. The quantum yield
determinations were performed at identical excitati@velengths for the sample and

the reference, therefore deletingtmehe | (
( U)  wermireed vdtle the sigle-photon counting technique (TCSPC) with the same
Edinburgh FLSP920 spectrometer using pulsed picosecond LED (EPLED 360, FWHM

< 800ps) as the excitation source, with repetition rates between 1 kHz and 1 MHz, and
theabovementioned R8P PMT aghe detector. The goodness of fit was assessed by
minimizing the reduced 62 function and b
To record the 77 K luminescence spectra, the samples were put in quartz tubes (2 mm
diamder) and insertechia special quartz Dewar filled with liquid nitrogen. The solvent

used in the preparation of the solutions for the photophysical investigations was of
spectrometric grade. Experimental uncertainties are estimated to be +8% for lifetime
determinations, +20%or quantum vyields, and +2 nm and +5 nm for absorption and

emission peaks, respectively.
Ligand synthesis

Warning! Tetrazole derivatives are used as components for explosive
mixtures!?¥ In this lab, the reactions described here were only run on a few grams scale
and no problems were encountered. However, great caution should be exercised when

handling or heatingampounds of this type.

Following the general method reported by Koguro anavockers?¥ tetrazoleligand
[H-Tph] wasobtained in quantitative yiel@iH-Tph] 'H-NMR (DMSOd®, 400 MHz)
(ppm) = 8.06- 8.03 (m, 2H), 7.627.60 (m, 3H).
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General Procedure for the Preparation of fac-[Re(CO)(N*N)-(Tph)]% -type

complexes

To an aqueous solution (5 mL) of TBAHS@etrabutylammonium hydrogensulphate)
(0.140 g, 0.42 mmol) was add#dee desired diiminégand BCS or BPS as sodium salt
(0.102 g, 0.18 mmol). The resulting solution was stirred for 2h at r.t. and then extracted
with CH2Cl> (3 x 3 mL). The organic phase was then dried with Mg&@ the removal

of the solvent afforded thargeted [BulN] sak of BCS or BPS in almost quantitative
yield. To a suspension of Re(GB} (46 mg, 0.11 mmol) in dry toluene (5 mL) was
added either [B4N][BCS] or [BwN][BPS] (0.11 mmol). The mixture was heated for 2h

at reflux under argon atmospheredfford an oranggel. The solvent was decanted,
removed and the gel formed was washed several times with hexane until it became solid,
then dried to givéac-[Re(CO}(N”*N)Br]%. To a solution ofac-[Re(CO}(N*N)Br]%in

CHsOH (0.11 mmol, 10 mL) repairefdom light was addd AgOTf (0.11 mmol). The
mixture was heated at reflux for 2h. The resulting solution was filtered over a celite pad
to remove AgBr and reduced in volume (to about 10 mL). To the latter one was added
dropwise a CBOH + EtN mixture of [HT p h ] (2 mL + 0.23 €L) a
overnight. The resulting yellow solution was evaporated to dryness and purified over
Si®, column chromatography (GBI2/CHsOH 3:1) to give fac-[Re(CO}(N"N)-

(Tph)J* as second fraction (N*N = BC8:055 g, 0.038nmol, Y = 35%; N~N = BPS:

0.076 g, 0.055 mmol, 50%).

fac-[Re(CO)(BPS)(Tph)]* ESI-MS [M]? = 452m/z(CHsOH); | R (csi?l) = 2026.4

(CO), 1918.7 (CO), (CHLl2); Given the uncertainty about the effective position of the

SGOs groups on the commerciBPSligand (.e the presence of structural isomers in the
starting materialy; ® it was not possible to confidently attribute the various signals in
both'H and*C NMR of fac-[Re(CO)s(BPS)(Tph)*. *H-NMR (CDsOD, 400 MHz)
(ppm) = 7.347.25 (m, 2H), 7.44.39 (m, 1H), 7.63/.55 (m, 1H), 7.87.67 (m, 5H),

8.21-8.00 (m, 9H), 9.68.62 (m, 1H):*C-NMR (CDsOD, 100 MHz) U (ppr
194.43, 166.26, 155.25, 155.12, 152.34, 150.12, 149.31, 149.22, 148.0%, 147.70,
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141.64, 138.66, 137.09, 132.58, 131.030.39, 129.93, 128.34, 128.27, 128.21, 127.87,
127.77,127.62, 126.80, 123.39, 120.22, 59.51, 59.48, 59.46, 58.85, 51.29, 49.63, 49.42,
49.21, 49.00, 48.78, 48.57, 48.36, 47.92, 24.93, 24.76, 24.68, 20.67, 20.66, 20.49,
13.92, 13.73. Anal. Calcd~or GeHoiNsOoRe1S; (1390.84) C 57.00, H 6.59, N 8.06.
Found: C 57.08, H 6.66, N 8.00.

fac-[Re(CO)(BCS)-(Tph)]% ESI-MS [M]?= 467 m/z, [M+Naj = 957m/z [M] =
1176m/z(CHsOH); I R (ca®) = 2029.0 (CO), 2015.5 (CO), 1914.3 (CO) (TH);

Given the uncertainty about the effective position of the' §@ups on the commercial
BCSligand {.e the presence of structural isomers in the starting matefa)\vas not
possible to onfidently attibute the various signals imoth *H and**C NMR of fac-
[Re(CO)(BCS)(Tph)]*; *H-NMR (CDsOD, 400 MHz) U (ppm) =
7.33 (m, 3H), 7.35.41 (m, 2H), 7.4%.49 (m, 3H), 7.5Z.57 (m, 2H), 7.647.69 (m,

6H), 7.797.85 (m, 1H),8.01-:8.04 (m, 9H)13C-NMR (CD:OD, 100MHz) U (
164.77,162.72,160.93, 158.78, 150.53, 148.65, 148.38, 145.81, 145.42, 145.04, 137.86,
135.94,131.17,129.41, 129.28, 128.88, 128.68, 128.59, 128.55, 128.34, 128.28, 128.23,
126.72, 126.33, 126.26, 133, 125.73, 125.70, 124.41, 124.14, 124.00, 122.73, 58.10,
30.15, 23.35, 19.20, 12.51. Anal. Calcd. FegHgsNsOsRe S, (1418.89) C 57.75, H

6.75, N 7.90. Found: C 57.85, H 6.64, N 7.98.

General Procedure for the Preparation of fac-[Re(CO)s(BC)(Tph)] and fac-
[Re(COX(BC)(Tph-Me)]" complexes

fac-[Re(CO)3(BC)(Tph)]. A0.100 g aliquot ofac-[Re(BC)(CO3Br] (0.140 mmol) was
dissolved in 20 mL of an ethanol/water mixture (3:1 v/v) under an Ar atmosphere. A 5.0
mL portion of an ethanol/water (3:1 v/v) soluticantaining 0.033 g (0.22 mmol) of
Tph was added drop wise. Once the addition was completedesh#ing suspension

was stirred at the reflux temperature for 24 h. After this time, the mixture was cooled to
r.t. and filtered through a glass frit, affand the desired complex as a yellow
microcrystalline powder, requiring any further purificationgass (Y = 0.056 g, 0.072
mmol, 51%).ESI-MS [M+H]* = 777m/z IR 3 (})c=r2022.71 (CO), 1918.04 (CO),
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1898.22 (CO) (CkCly); *H NMR (Acetoned®, 400 MHz) U ( ppsm) =
BC), 7.237.29 (m, 3H), 7.6@7.65 (m, 10H), 7.72.95 (m, 2H), 7.97 (m,2), 8.09 (m,
2H).13C-NMR (Acetoned®, 100 MHz ) (CO)pLp4BY(CS), 164DTEt 7 2
163.65, 152.16, 149.74, 136.88, 131.31, 130.57, 130.48, 129.91, 129.18, 128.98, 128.05,
127.76, 126.73, 125.24, 31.56 (6BC). Anal. Calcd. For §H2sNsOsRe, (775.84) C

55.73, H 3.25, N 10.83. Found: C 55.65, H 3.18, N 10.91.

fac-[Re(CO)(BC)(Tph-Me)]*. 0.100 g offac-[Re(COx(BC)-(Tph)] was dissolved in

20 mL of CHCI> and the mixture was allowed to cool down by immersion into an
ethanol/liquid nitrogen cold bath. Then, methyl trifluoromethanesulfonate (1.2 equiv.,
solution in dichloromethane 0.179 M) was added. The reaction was stirred under
nitrogen for 30 minutes wia being kept in the cold bath, and then allowed to warm up
to room temperature and stirred for 3 hours. Anion exchange was carried out by adding
an excess oNH4PFs in water to the solution and stirring for 20 minutes. The product
was then extracted usimichloromethane (3x10 mL) and the organic components were
combined and dried over anhydrous MgS@ubsequent purification by column
chromatography on alumirfgradient: CHClz/acetone 8:2, second fraction) yieldad
[Re(COX(BC)(Tph-Me)'[PFe]

(Y =0.059 g, 0.063 mmol, 49%ESI-MS [M] " = 791m/z , [M] = 145m/z(PF); IR 3

(cmt) = 2037 (CO), 1934 (CO, br), (GAL,);The ratio of systema : bis 1 : 0.47.1H

NMR (Acetoned®, 400MH z )(ppria) =3.23 (s, 6H;CH3BC, a), 3.54 (s, 3HCH3;BC,

b),3.73 (s, 3 H;CHsTph, a), 4.18 (s, 1.71 HCHs Tph, b), 7.347.27 (m, 2.60 B} 7.59

7.54 (m, 3.84 H), 7.73.63 (m, 15 H, aromatic system BC a, b), 83083 (m, 3.96 H,

Tph, a), 8.08 (m, 1.19 H, Tph, b), 8.19 (m, 1.31 H, Tph'3E}NMR (Acetoned®, 100

MHz) U (ppm) = 164.62, 164.44, 1571.23,
135.61, 135.57, 132.52, 132.27, 129.86, 129.83, 129.29, 129.26, 129.16, 129.11, 128.79,
128.68, 127.55, 127.36, 127.33, 127.19, 124.80, 124.71, 121.69, 120.71, 36.20, 34.89,
30.78, 30.58. Anal. Calcd. ForsfEl2sNeOsRePiFs (935.84) C 47.49, H 3.02, NGB.

Found: C 47.53, H 3.11, N 9.10.
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Gel electrophoresis

12.5 % SDSPAGE gels were used for the proteins separation in aRROTEANA
Bio-Rad electrophoresis system. The unstained Protein Molecular Marker (Thermo
Scientific™ Pierce) contained a mixtu seven proteins (0.1 to 0.2 mg/mL of each)
with a known molecular weighbetagalactosidase (116 kDa), bovine serum albumin
(66.2 kDa), ovalbumin (45.0 kDa), lactate dehydrogenase (35.0 kDa), REase Bsp98I
(25.0 kDa), betdactoglobulin (18.4 kDa), lyssyme (14.4 kDa)Before loading onto

the gel, the marker solution was boiled for 5 minutes. A stock solution 1 mg/mL of

bovine serum allimin (BSA) in water was used #® protein standard.

All protein samples (in a 20L volume) were prepared by addingrb of sample buffer

5 x (250 mM Tri sLHCI pH 6. 8, 10% -SDS,
mercaptoethanol, 0.1% (w/v) Bromophenol Bluggnfples were boiled for 5 minutes
then loaded on the gel. Electrophoresis was carried out at 120 V for 2 h in Tris/glycine
running buffer (25 mM Tris pH 8.3, 192 mM glycine, 0.1 % SDS).

Total protein extracts

Escherichia coliTOP10 cells (Invitrogen, Carlsbad, CA, USA) were grown in 50 mL of
liquid mediumLB (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) at 37 °C foh 15
under shaking (180 rpm). Cells were harvesteddmrifugation (45009 for 20 minutes

at 4 °C) thenysedby sonication in 50 mM Tri${Cl pH 8, 150 mM NaCl, 1 mM EDTA

(3 cycles onice, 15 sec on/off at 15 w). Protein quantification was performed agcordin
to the Bradford asya®

Gel staining and imaging

Later after electrophoresis, polyacrylamide gels were stained. \tflee@oomassie
Brilliant Blue (CBB) protein staining was used, gels were briefly rinsed in distilled
water, then incubatedith gentleshaking at room temperature foi3zh in 50 mL of

CBB solution (30% v/v ethanol, 10% v/v acetic acid, 0.1% w/v Coomassie brilliant blue
R-250).Gels were destained in a solution of 30% ethanol and 10% acetic acid until the

protein bands appeared. Altermvally, when the silver nitrate staining was used, gels
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were washed with distilled water for 5 minutes and fixed for 30 minutes in 30% ethanol,
10% acetic acid solution. Gels were rinsed twice in 10% ethanol for 5 min, then in
distilled water (2 x 5 minutesYhe following Sensitizer, Stain and Developer wogkin
solutions were prepared and used according to the Pierce Silver Stain Kit (Thermo
Scientific™ Pierce). When the protein bands were visible, 20 mL of Stop solution (5%
acetic acid) were addeBor thefluorescent staining, gels were firstly fixada sdution

of 30% ethanol, 10% acetic acid for 2 h at room temperaidter. three rinsingin 20%
ethanol (10 minutes each), gels were incubated with 30 mL of the stain solutivh (1

of each Recomplex h 20% ethanol) oa small plastic box covered with @uminium

foil to protect the dye from light. The staining was carried out overnight with gentle
shaking at room temperatui@els were destained in wai@ x 10 minutesbefore the
imaging using the & Docd™ XR System (BioRad) equipped with UV lightithinators

(excitation 302m).
X-ray crystallography

Crystal data and collection details ffaic-[Re(CO)3(BC)(Tph)] are reported in ESI
(Table SA ) The diffraction experiments were carried out on aiker APEX ||
diffractometer equipped withRPHOTON100 detector and using Mo | radiation. Data
were correctedor Lorentz polarization and absorption effects (empirical absorption
correction SADABS)?® Structures were solved by direct methods and refined by full
matrix leastsquares based on athtd usingF2.?"! H-atoms were placed in calculated
positions and refined isotropically using a riding model. All4hgdrogen atoms were
refined with anisotrpic displacement parameters. CCDC 1843521 fac-

[Re(CO)3(BC)(Tph)] contain the supplementaryystallographicdata for this paper.
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Chapter 6 New luminescent Ir(lll) -tetrazolate complexes
aspotential redox-active probes for intra- and extracellular
sensing of hypoxia in bioimaging
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6Abstract

In the context of our studies centred on the application of fedtalzolatocomplexes

in life science, we are currently engaged ia tiesign and preparation of new Ir(ll)
tetrazolates witlthe general formuldir(NO 2-C”N)>-(Tz)]"¥?** as luminescent probes
for bioimaging. In particular, the reduction of the scarcely emissitve oontaining
complexeqIr(O 2N-C”N),-(Tz)] Y*!into the corresponding and brightly luminescent
amino derivativegir(H 2N-C~N).-(Tz)]"*°*%, in combination with the good solubility
that both kind of species display imn aqgueous medium, can be exploited for the
luminescent sensing of extrand intracelludr sensing of hypoxialso, the peculiar
emission behavior displayed by the complexdsr(O 2N-CAN)2-(Tz)]Y*L, which
appear to be strictly correlated with the preseof the-NO- group in the scaffold of the

C”N ligands, will be discussed
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In the last part of my PhDl have been focusing on a research project started in
collaboration with Associate Professor Max Massi, who hosted me in his research group
at Curtin University, PerthWestern Australia, from January 2019 to September.2019
Aiming at broadening the appation of Ir(lll)-tetrazolate complexes in the field of life
science, we decided to prepare a new family(tdf) -NO; tetrazole complexes which

a substantial modification of their luminescent output can be accompligbea
reduction of the pendingitno group on the cyclometalated (C"N) ligands to the
corresponding amino moiety. Such behaviour, in combination with specific biological
conditiors, suggests their possible application as luminescent probes for intracellular
and extracellular sensing ofpoxic environments in bioimagiti§

Molecular oxygen is essential for the majority of living organisms. It is consumed
cellular respiration during phosphorylation of adenosine diphosphate (ADP) to produce
adenosine triposphate (ATP) in mitochondria. Oxygen concentration is a very useful
indicator of pathological conditiorssich asnflammatorydiseased and solid turourd®
areoften associated to a decrease in the local concentration of oxygen; such pleenomen
is nanmed hypoxia.

In tissues and aigxygen occurs in its triplet statép), whereas the majority of other
molecules are in a singlet stat€onsidering that interactions are allowed only between
molecules with same spin multiplicity, triplet oxyg¥# is relatively inert in biological
systemswhereas, on the same consideratisirggletoxygen*O. will readily reactwith

an available substrate

In bioinorganic applicatianof luminescent metal complexes, the triplet)(@haracter

of the luminescent MLCTxeited state has been exploited due to its ability to interact
with oxygen in its triplet state@.). One &ample is photodynamic therapy, in which a
compound named photosensitisera triplet excited state, such as a transition metal
complex,is responible for the production of cytotoxic singlet oxygé®, and other
reactive oxygen species (RQS) interaction with triplet oxygerOs.

Beside therapeutic purposes, diagnostic applicatibimansition metal complexdmsed

on such interaction have beemposed. In 201, Huang et al. reported several examples
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of luminescentr(lll) complexesn which the phosphorescent output of the luminophore
can ke tuned by varying the oxygen concentration in the solutfbmaking such system
able to detect hypoxicyormoxic and hygroxic conditions.

More recently, New et al. reported a hypesesponsive fluorescent probe in which the
switchron of the luminescis achieved upon reduction fenitro group localized in the
main scaffold of the moleculén physiologtal condition™ It is known how
nitroaromatic meeties in physiological conditions undergo an enzymediated
reductioncatalysed by ubiquitous nitroreductase enzyregjingto anintermediate
speciesthat can be rexidized by molecular oxygenAlthough, in a hypoxic
environment such intermediate can be furtherly reduced todiresponding amino
aromatic substrat¢Schemel.6).

Normoxic conditions Hypoxic conditions
OG\).¢O o? _OH HO_ -H H_,-H
Nitroreductase | i
1e
0y O,

Schemel.6 Enzymemediated reduction of nitroaromatic moieties in cells.

This peculiarbehaviourof nitroaromatic compoundsasexploitedby Ne woéis gr oL
the design of a 1;8aphthalimidic prob@ossessing a pending nitro group on the main
scaffoldthateventually led to a fluorescent prabevhich the turron of the luminescent

is achieve uniquely in hypoxic conditior8

On these premisegsiming at the preparation ofietalorganicphosphorscent probes
based on such reactivitg, new family of Ir(lll}tetrazole complexes witthe general
formula [Ir((C*N) -NO2)2( N~ NY§*} Wwas prepam, where N~ N depresents a
chelating 5aryltetrazole ancillary ligandr its N2alkylated derivativesandC”N is the
fluorinated or norfluorinated cyclometalating ligand displaying dN®©: group at the
para position of the pyridyl ring RPy-NO2 and F>-PPy-NO3) or at thepara position
(with respect to the cyclometalated carbon) of the phenyl @ay-PPy). (Scheme2.6).
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In light of the effect of the neat charge of such systems on their cellular internalization
and localization, differently charged lli()-tetrazole complexes were prepariseutral

and positively charged Ir(Ill) complexes were obtained by reaction of the corresponding
Ir(111) -NO2 dimer precursors with tetrazolaBTZ") or N-2 alkyl tetrazolesRTZ-Me,
PTZ-'Bu), respectively. A further sirs of anionic Ir(lll) complexes witthe general
formula[lr((C*"N) -NO2)2(1,2-BTB)][Et3sNH], was obtained with the introduction of the

bis tetrazolato (1,2-BTB?%) which represents the deprotonated form bf2-
bistetrazolyzbenzend @-BTB-H>) and consists afwo tetrazole groups tethered by a
phenyl ring Interestingly, emission measurement in D@Mcomplexes possessing a
NO- group at the para position of the pyridyl ring of tll) ligands in some cases
displayed an unusual emissive behavior that willliseussed herein.

] 0/+ PFg- |- EtsNH+

NO,

X = H, R not present; [Ir(PPy-NO,),(PT2)] X = H; [Ir(PPy-NO,),(1,2-BTB)][Et;NH]
X = H, R = Me; [Ir(PPy-NO,),(PTZ-Me)][PF] X = F; [Ir(F,-PPy-NO,),(1,2-BTB)][Et;NH]
X = H, R = Bu; [Ir(F,-PPy-NO,),(PTZ-'Bu)][PF¢]
X = F; [Ir(F,-PPy-NO,),(PTZ)]
X = F, R = Me; [Ir(F,-PPy-NO,),(PTZ-Me)][PF¢]
X = F, R = 'Bu; [Ir(F,-PPy-NO,),(PTZ-'Bu)][PF]
] 0/+ PFg-
~
\\\N /
>N
/
=N\
R
R not present; [Ir(O,N-PPy),(PTZ)] [Ir(O,N-PPy),(1,2-BTB)][Et;NH]

R = Me; [Ir(O,N-PPy),(PTZ-Me)][PFg]
R = 'Bu; [Ir(O,N-PPy),(PTZ-'Bu)][PFg]

Scheme2.6. Ir(11l) -NO, complexes presented herein and relative acronyms.
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6.3.1Synthess of the ligands and corresponding Ir(lll) complexes.

To obtain Ir(lll) complexes possessing aitfunctional groups Ng) a set of2-
phenylpyridingype ligand$?Py-NO, F>-PPy-NO2 andO>N-PPywas synthesised with
almost quantitative yield viaSuzukiMiyaura couplind® (Scheme 3.6) The
combination of conveniently substitutedb®mopyridines and pinglboronic acids
allowed us to obtain thrd€”N)-NO- ligands each bearing a nitro group on the phenyl
ring or the pyridyl ring respectively. At this point, by reaction of Ir(lll) ckderand 2.5
eq of cyclometalating ligangC”N)-NO- three new dichlordridged Ir(lll) dimers
[Ir(PPy -NO2)-Cl]2, [Ir(F 2-PPy-NO2)Cl]2, and[Ir(O 2N-PPy)xClI]. were obtained in
good yield®

0N~ | N
| N ~N
Br Br_ IPd(PPhy)
X T K,COz2M
NO2 THF/H,0
reflux 24 h, N,
X
B(OH), B(OH
(OR). X = H; PPy-NO, O,N-PPy
X = F; F,-PPy-NO,
IrCl;*XH,0
(CAN)-NO,
EtOEtOH/H,0 3:1
reflux, 24 h

X = NOy; Y = H; Z = H; [Ir(PPy-NO,),Cl],
X =NOy; Y = F; Z = F; [Ir(F,-PPy-NO,),Cl],
X = H; Y = H; Z = NOy; [Ir(O,N-PPy),Cl],

Schemes.6. Synthetic procedures for the preparation of(fB&N)-NO: ligandsPPy-NOz, F2-PPy-
NO2 andO2N-PPy and of the corresponding dichlebsidged Ir(l1l) dimers.
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As confirmed by'H-NMR spectroscopythe cyclometalated iridium dimgwere
obtained as statistic mixtures of homochiead (L L/DD; D> symmetry and hetorochiral

meso(L D/DL ; Con symmetry diasteroisomer(Scheme4.6)

N N N N
-~ \\\C | Cc \\\\\C | ” ~
C////I/ ", \\\\\\\\\\\\ /////I// 1y, ) <////// 2 ‘\\\“\\\\\\ //////' ", u\\\‘\\\\\\c
", o 0y, 1Y \, g EOTRRS,
“r Ir: \ Ir\ /Ir\
/ / \
\
c cl . ci c
\ / \
N N N N
-N N.. N N.

C/ \\\\\C I/// \\IC - WCl, C
iy, i, ‘“\\\\\\\\\ iy, i, \\\\\\\\\\\ C//,, U, “\“\\\\\\\ ////,,”/,” \\\\\\\\\\\
KIS HOPRERS "0, o "n,, o

Ir /Ir\ = ‘Irl /lr\
C< cl /c c/ y /c
N N \N N

Schemed.6. Graphical representation of themochiraltop)and heterochilagbottom)ir(lll) dimers.

In Figure 1.6is reported theH-NMR spectra of thalichloro-bridged Ir(Ill) dimer
[Ir(PPy -NO,)-Cl].. From its analysis, it is possible to notice pinesence of two distinct
pattern of signals differing only for the relative positions of the resonances. Taking a
closer look to the spatial conformation of such species, it is possible to imotdeoth

homo and heterochiral dimers display aaRis pas#mg through both Ir centres, hence
the two ligands coordinating a given Ir centre will be equival&aised on such
premises, and considering the presence of three different species (a raceuore amd

a meso form)this would lead to the presence of f@atterns of signals.
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Figure 1.6. 'H-NMR spectrum of biscyclometalated Ir(lll) dimer [Ir(PRO,)-Cl]2; 400 MHz, d@-
DMSO. The reported structure would corpesid to the heterochiral meso forms of such dimer.
Furtherly analysing the symmetry elements of such dinf@r¢he homochiral dimers
one may notice the presencewb additional Gaxis one passing through both chée
atoms and another one passihigptigh the centre of the dimer and perpendicular to the
plane described by the two Ir centre and the two chlorine atiosas, plane) The first
axis makes both Ir centregjuivalent, whereas the second one interconverts the two Ir
centres and their ligasdthus resulting in a single pattern of signal for the racemic
mixtureL L/DD.

Regarding the heterochiral dimer, a single pattern of signalespondingo all thefour

C”N ligandscan be explained in light of the presence of a mirror ptamaining tle

two chlorine atoraand perpendicular to tHe:Cl> planewhich interconverts the two Ir
centres and their ligand§o summarize, théH-NMR spectra of dichlorobridg Ir(lIl)
dimers consists in a pattern of signals corresponding to the homadinieds dong

with another pattern of signals relative to the heterochiral meso compoutter
evidence verifying the equivalence of the two C”N ligacals befound by preparing a

trischelate iridium complex using a symmefii¢ h ligand.o
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In complex[Ir(F 2-PPy-NO3)2(acac)] reported as an exampline coordination sphere
of the[lr( C*N),]* fragment is completed with a symmetric chelating Idyamamely
acetylacetonatea¢ag the deprotonated form of 2@utanedione)Once again, he
presence ofa G axis passig through themetal centreresults in the magnetic
equivalency of the two C”N ligands. Fiigure 2.6 the'H-NMR spectra ofhe complex
repors a single pattern of signals associable to both the cyclometalateddigand
agreement with the integfion of the signals a1.80 ppm associable to the methyl group

of acac.

1 ]

5 g 4 I H

T T T T T r r r r T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.
1 (ppm)

Figure 2.6. 'H-NMR spectrum otomplex[Ir( F2-PPy-NO2)2(acac); 400 MHz, ¢-DMSO.

In the end, a new family of differently chargedlll)-tetrazole complexewith the

general formuldIr((CAN) -NO2)2( N~ NN ¥ (Jwher e N~ANO6 represent
aryltetrazole species) was prepar8di{emeb.6). Neutral and positively charged]ir)
complexes were obtained by reaction of the aforementioned Ir(lll) preswribra set

of tetrazolato and R alkyl tetrazoles differing for the substitution on the pentatomic

ring (PTZ-H, PTZ-Me, PTZ-'Bu). Besides one further bis tetrazole based ligand,
namely 1,2bistetrazolyzbenzene abbreviated 188BTB-H>, which consistsof two

tetrazole groups tethered by a phenyl ring, has been used to obtain a series of negatively
charged Ir(lll) complexes with the general formula [Ir((C"N) -NO2)2(1,2-

BTB)][EtsNH].
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[Ir(O2N-PPy),(PTZ)]

o,N

NO, NO,
[Ir(O;N-PPy),(PTZ-Me)][PF¢]

[Ir(O,N-PPy),(PTZ-'Bu)][PF¢]

|- EtsNH+

[Ir(PPy-NO,),(1,2-BTB)][Et;NH] [Ir(F,-PPy-NO,),(1,2-BTB)][Et;NH] [Ir(O2N-PPy),(1,2-BTB)][Et;NH]

Schemeb5.6. Representation of therepaed [Ir((C*N) -NO2)2( N~ NY§*} domplexes Row 1
neutral[lr((C*N) -NO2)2(PTZ)] type complexeRow 2-3: cationic[Ilr((C*N) -NO2)2(PTZ-R)][PFg]
type complexesRow 4: anionic[lr((C*N) -NO2)2(1,2-BTB)][EtsNH] type complexes.
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The followed synthetic pathway reported ir6cheme6.6 andrepresents an adaptation
of the general procedures for the preparation of Ir{dtjazole complexes we utilised
so far”® To cope with the poor solubility of the dichlebsidged Ir(Ill) precursors, a
preliminary chloride extraction with AgPF was performed in refluxing 1:1 v/v
DCM/MeOH to give an intermediate Ir(Ilgolvato complex that in all cases was
straightforwardly reacted with a slight excess of ligdridL2/L3/L4 to give the
corresponding Ir(lIBtetrazole compbe

"] - EtsNH+
N
[Ir(PPy-NO,),Cll, 1) AgPFg, DCM/MeOH 1:1 7
or Dark, Ny, reflux 6h o
[Ir(F-PPy-NO,),Cl],
or 2)L1/L2/L3/L4* Y
[Ir(O2N-PPy),Cl], N, reflux overnight N"“‘
NO, NO,
7 ] N X = H, R not present; [Ir(PPy-NO,)(PTZ)] X = H; [Ir(PPy-NO,),(1,2-BTB)][Et;NH]
' N X = H, R = Me; [Ir(PPy-NO,),(PTZ-Me)][PF] X = F; [Ir(F2-PPy-NO,),(1,2-BTB)][Et;NH]
X = H, R = 'Bu; [I(PPy-NO,),(PTZ-'Bu)][PF¢]
HNT SN NN X =F, R not present; [Ir(PPy-NO,),(PTZ)]
N=N N—N X =F, R = Me; [Ir(F,-PPy-NO,),(PTZ-Me)][PF]
N X =F, R = 'Bu; [Ir(F,-PPy-NO,),(PTZ-Bu)][PF¢]
L1 L2
] or+ PFe- "] - EtsNH+
N
() ANH /
N~ _
N“ N
A N /
NN N Ny N=N_
N—N, N—NH R
L3 L4 R not present; [Ir(O,N-PPy),(PTZ)] [Ir(O,N-PPy),(1,2-BTB)][Et;NH]

R = Me; [Ir(O,N-PPy),(PTZ-Me)][PF¢]
R = 'Bu; [Ir(O;N-PPy),(PTZ-'Bu)][PFg]

Scheme 6.6. Synthetic procedure for the preparation [Bf((C*N) -NO2)2( N~ N@§*} {fype
complexes. (See experimental for ligands synthesis). (*) In reactions involving L4 as the (N”~N)
ligand, 2.5 eq of BN were addé to deprotonate the tetrazoligand with simultaneous formation of

the countefion EGNH*

After purification via AbOz column chromatography, each of the prepared complexes
was characterizetihroughElectron Spray lonization Mass Spectrometry (&), *H
and®*C-NMR spectroscopy. fie obtained ESMS spectra confirmed the actual charge

of the Ir(lll)-tetrazole complexes showing in the ESI+ scan the peak corresponding to
the [Ir+Na] * or [Ir] * cation for neutral and cationic complexes respectively. On the
contrary, the negative peak relative to fhg- anion was observed for all negatively

charged complexes. The ionic nature of the cationic and anionic complexes was further
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corroborated by # presence of theorresponding counterion, represented in toyn
[PFe]  or[EtsNH]". (Figure 3.6) Alongside ESIMS data, the analysis of all the collected

H and™®*C NMR spectra verified the expected structures, with each complex displaying
resonances in agreement witis-chelate Gsymmetric Ir(lll) complexes(Figure 4.6-

9.6) Analogously to some previously reported of anionic Ir{i#irazolate displaying
1,2-BTB? as the bis chelating ancillary ligafftiwell-resolvedH and*C NMR spectra
could only be obtained via VINMR experiments(Figure 4.6-6.6) Suchbehaviour was
explained in consideration of the not coplanar arrangement adopted by the coordinated
(1,2 BTB?) ligand. The likely reason that might account for such a fluxional behaviour
could be attributed to the exchange through a ring inversion of tilaned seven
membered ringi(rNC4Ni') that is described by the coordinated-teisazolate ligand

and the Ir(lll) centerThe occurrence of a similar mechanism has been described in

previousreports dealing with heterocyclic analogues of benzocycloheptene
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Figure 3.6. ESFMS spectrum oflr(P Py-NO2)2(1,2-BTB)[EtsNH], (negativeions region) [M} =
875
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Figure 4.6. 'TH-NMR spectrum oflr(P Py-NO2)2(1,2-BTB)[Et sNH], CDCls;, 600 MHz, 298K.

Figure 5.6. 'H-NMR spectrum oflr (PPy-NO2)2(1,2-BTB)[EtaNH], CDCls;, 600 MHz, 53K.
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