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Kurzzisammenfassung

Ein Faktor der unsere moderne Welt auszeichnet, ist die Allgegenwertigkeit von elektrischen Geréaten
und Licht. Diese Leuchtmittel hangen immer mehnit der Einbindung vonorganischae
Leuchtdiodematerialien ¢rganic lightemitting diode(OLED) zusammen und werden aufgrund ilire
Farbreinheit, ihres Farbvolum@as und Kontrasts weiter an Bedeutung gewinnen. Eine
Herausforderungdieser Emittermaterialien ist dabei oftmals diebensdauer und Bestandigkeit.
Hauptgrund dafur sind die eingesetzten blauen Emittige, die Lebenszeltimitierende Komponente

der OLED darstelleiie bendtigtenveite Bandlickdlr eine blaue Emission filhren zu ebenso starker
Enegieaufnahmeund sogenannten heil3en angeregten Energiezustandeies fuhrt zu einer
Degenerationdes blauen Emittermaterials aber auch anderer Bautddae Klasse von blauen
organischen Emittermolekiilen sind diritiazo[1,5a]quinoline, die sictdurch oxidative Stabilitat und

struktureller Simplizitat auszeichnen.

Ein zentrale ZieljedesEmittermaterialgst eine mdglichst hoh®uantendfizienz zu erreicherin den
Publikationen dieser Arbeitkonnte gezeigt werden, dass eine starke Abhangigkeit der
Quantenausbeut€QY) von dem Substitutionsmuster am Imidazolripgsteht.Die Kombinatioreines
sterisch anspruchsvolteelektronerschiebenden Rest in Position 1 des Imidazolringes unesein
elektronenarmen 2N-Heteroaromaten in Position 3 zeigtgrof3te Q. Andere physikalische
Eigenschaften wie Extinktiemaxima, Emissitsmaxima, HOMO und LUMEnergierhingegen zeigen
eineuntergeordneteAbhéngigkeit von den Substituentaieiterfiihrende Untersuchungen befassten
sich mit derTransferierbarkeitder QY in Losung in die Festphase. Hierbei konnte eine erhebliche
Verringerung festgestellt werden, sobald in kristalliner Form gemessen wurde. Dennoch rkonnte
Molekiile identifiziert werden, die eine vergleichbare QY in Festphase aufweisen, wie tesigitisch

eingesetzterEmittermaterialien.

Zuem konnte durch weiterfihrende Untersuchungdestgestelt werden dass midazo[1,5
ajquinoline eine biologische Aktivitdt gegen Myobacterium tuberculosigMtb) aufzeigen. Der
Haupterreger der bakteriellen Infektionserkrankuhgberkulose ist ein wichtiges medizinisches Ziel,

da immer mehr resistente Stimme aufkommen. Erreger die nicht nur resistent gegen zwei, sondern
drei der Standardprédperate immun sind, werden immer héaufiger nachgewiesen. Chelatisierende
Imidazo[1,5a]quinolinekonnten ein gute Aktiét zeigen die durch Einbindung in einen Zinkkomplex
erheblich gesteigert werden konnte. Besonders Molekile mit einem sterisch anspruchsvollen Rest in
erster Position und einem-Ryridylrest in dritter Position der Imidazolringesigten eine hohe
Aktivitat. Ein weiterer Vorteil dieser Verbindungsklasse ist eine mangelnde Toxizitat gegentber Lungen

und Leberzelllinien, was sie zu mdglichen Therapeutika qualifizieren kdnnte.



Abstract

One factor that characterizes our modern world is the ubiquity of electrical devices and light. These
light sources are increasingly linked to the integratioomfanic lightemitting diode(OLEDmaterials

and will continue to gain in importance due to their color purity, color volume and contrast. One
challenge of these emitter materials is often their service life and durability. The main reason for this
is the blue emitters usedyhich represent the lifetimdimiting component of the OLEDhewide band
gaprequired for blue emission leatlb equally high energy absorpti@ndso-calledhot excited energy
states Thigresults indegeneration of the blue emitter material as well as other components. One class
of blue organic emitter molecules are imidazofaJguinolines, which are also characterized by

oxidative stability and structural simplicity.

A centralobjectiveof everyemitter materialis to achieve the highest possiltj@antumefficiency The
publications in thisvork havedemonstratedthat a strong dependence of thguantum yield(QY) on

the substitution pattern on the imidazole ring can be observed. The combination of a sterically
demanding electrordonating moiety in position 1 of the imidazole ring and an electqooor 2-N-
heteroaromatic in position 3 showed theighest QY However, other physical properties such as
extinction maxima, emission maxima, HOMO and LUMO energies showed minimal dependence on the
substituents. Further investigations focused on thensferabilityof QY in solution to the solid phase.

A considerable reductio was observed as soon as measurements were made in crystalline form.
Nevertheless, molecules were identified that exhibit a comparable QY in the solidtphthseemitter

materials already in technical use.

In addition, further investigations revealed thanhidazo[1,5a]quinoline showed biological activity
againstMyobacterium tuberculosis (MtbYuberculosis, the main bacterial infectious disease agent, is
an important medical targebecause of the emergence of resistant straiRathogens that are not

only resistant to two, but three of the standard preparations are being detected more frequently.
Chelating imidazo[1;8]quinolines haveshowngood activity, which could be significantly increased

by incorporation into a zinc complex. Molecules with a sterically demanding residue in the first position
and a 2pyridinyl moiety in the third position of the imidazole ring were particularly active. Another
advantage of this class of compounds is a lack of toxicity towards lung and liver cell lines, which could

qualify them as potential therapeutics.



Preface

This scientific work was written in the style of a cumulative dissertation and includes the scientific
publications in the field of organic chemistry that | was able to obtain during my doetor&lin the
working groupGoéttlichat the Justud.iebigUniversity GiBen. The first part of thisvork will set out

the theoretical background and clarify the thesand challengesThis is intended to show the
connection between the state of research and the personal contributions to this fididse
contributions are briefly discussed in the second part of thisrk in relation to leading scientific
publications.In the last partall peerreviewedpublications are reprinted witthe permission of the
publisher.Additional material on the individual publications (S| and crystal structures) can be found

online on the publisher's website.
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1. Introduction

The most stunning aspect of organic chemistryhis near infinite number of possible molecules.
Moreover,each of these molecules has its oumiqueand often unexpected propertieft must have

been exciting to discover, for example, that diazo dyes are not only versatile pigments, but can also be
employed as antibiotics in the form of sulfamidochrysoédiThe focus of this work was on the class

of organic molecules known as aromatics, specifically the combination of two heteroaromatics,
imidazole and quinolinéscheme ). These two building blocks can hesedalongdifferent bondsof
guinoline eight of which are particularly stable and wiatlown in the literature These eight classes
extended the properties of the basic bodies, due to the alteration of the electronic environent
wide range of biological and physicochemical properties are achievelesg tmoleculesncluding
antibacteriaf, antifungat, antiparasitié, antiviraP, antitumoraf, agonisic’, flourescen® and others

The large variety of attributes andlatively simple preparatiomakes them a good starting point for

the design of molecules with specificoperties.In the following, we will focus in particular on the

properties ofthe leastresearchedmidazo[1,5a]quinolineclass.
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Schemel. All possible ring fusiortsetween imidazole and quinoline



1.1 Synthesis ofmidazo[1,5a]quinolines

Since thdirst preparation of anmidazo[1,5a]quinolinederivative byv. BiddeandRupen 1939 many
more modern strategies have been developed to synthesieefubed ringsystemof imidazo[1,5
aJquinolines® Two differentapproachesare conceivable for thédormation of the rings Either an
imidazole ring can baitilized to constructthe fused quinoline ring, or the quinoline ring can be
employedas astarting pointand the imidazole ring can be formethe first strategy is less popular
because it isisually easier to specifically substitute a quinoline than an imidazoleNexgrtheless,
Ceiet al.were able to reacR-(1Himidazot5-yl)acetonitrilel1 with two 2-halogerbenzaldehydd?2, in
the presence of copper iodide as catalyisfproline as a ligand and an inorganic basefaom 4-
carbonitrile imidazo[1,%]quinoline13 (scheme 2 (1)*°In a less limited proceduré&henet al. were
able toutilize arhodium(lil)catalyzd G5 oxidative annulatiotio preparevariousl-substituted 4,5
diphenylimidazo[1,%]quinoline derivatived6 in up to very good yieldéscheme 2 2)).}! However,
both processes are severely limited by their substrates, especially in the substitution of the imidazole

ring.

CN - ON
" CHO Cul/L-proline, K,CO4
1 +
HNT Y DMSO, 80°C N‘\
\=n X =Br, | R)“N
1 12 13
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Scheme 2Imidazo[1,5a]quinolinesynthesis strategies starting from the imidazole ring.

Quinoline, on the other hand, is more commonly the starting poiritis approach offers more
flexibility and has therefore led to significantly moresefse proceduresfor the formation of the
imidazole ring>**4The two most frequenamong theseeactions areVilsmeiettype reactions and
C(sp)-H amination methodsThe Vilsmeiettype reactions are usually performed with the assistance
of phosphorus oxychloridewith triflic anhydride representing a milder varianscheme 3).15:
However, thisapproachis one of the more complexsince I7 has to be synthesized fror@-

cyanoquinolingn two additionalsteps



2 (1),(2)
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(1): POCI,, TEA, DCM, rt, 4 min, R? = H (1): 80%

(2): Tf,0, 2-MeO-pyridine, DCM, 35°C, 16h R? = Ph (2): 77%

Scheme 3Different Vilsmeieitype reactions with Zmethylcarbonyl quinolines.

A simpler process is the reaction ofniethylquinoline derivatives with benzylamines under the
influence of copper saltsna anoxidant (scheme4).1"18 The midazo[1,5a]quinolinesare formed
directlyoversequential double oxidative-8 amination and aromatizatioithis rectionhas the added
benefit of also having direct access to a large selectiontwbfho-imidazo[1,5a]quinolines(scheme

4 (2)), which could be further functionalized in the following steps.
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Schemed. Double oxidative €1 amination for direct excess tmidazo[1,5a]quinolines

Another directapproach is the copperatalyzed oxidative C(3pH amination.This reaction can
involve an aldehyde or ketone in combination with benzylanfgeheme5 (1)and(2)).2°2°However,
it is also possible to use dramino acid as reaction partnegscheme5 (3).2* Only imidazo[1,5

ajpyridine have been describeih detailin this reaction and only a feunidazo[1,5a]quinolinesare

known.
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(1): CuBr (20 mol%), BnNH,, O,, MeCN, 80°C, 24h, R1=H (1): 87%
(2): Cu(OAc), - H,0, BnNH,, O,, DMF, 110°C, 8h, R1= Ph (2): 65%
(3): Cu(OTf),, PhC(CO,H)NH,, I, DTPB, PhMe, (2): 84%
120°C, 10h, R! = Ph

Schemeb. Directcoppercatalyzed oxidative C(spB) aminationof 2-methylcarbonyl quinolinél3. (DTPB = iRert-
butylperoxice)

1.2 Applications ofimidazo[1,5a]quinolines

Compounds containinthe imidazo[1,5a]quinolinesfused ring system show a wide range of physical
and biological propertiesCappelli et al. was able tofunctionalisell15 into an Neurokininl (Nk)
receptor antagonistfor the possible treatment ofremotherapyinducednausea andomiting (CINV)
(scheme 6).22 His group was also successful in utilizing sreictural similarity of imidazo[1,5
aJquinolinesto benzodiazepine¥: They synthesized a wide range of different compouHdsthat
displayecdhigh affinity to the gammaaminobutyric acidGABAreceptor.These compounddisplayed
painrelieving properties comparable to benzodiazepingsother important application utilizeshée
structure of midazo[1,5a]quinolines in particular the formation of amrduengocarbene after
deprotonation on the imidazole ringrhe application as carbene ligands in palladium complexes
demonstrated an increase in catalyfierformance?® For example, compldt 7was a suitable catalyst
for the ethylene and propylene copolymerizatiétBut thereis a wide range of other complexesth
such imidazo[1,5a]quinolines ligands for this type of reactioff. In addition, some imidazo[1,5
ajquinolines derivatives have strong fluorescence and remarkable thermal and owédsiability,
which renders them suitablmaterials for optoelectrical component&?® However, it is also evident
that all these different properties are rather unexplored@he aim of this work was therefore the

synthesis and investigation of novel imidazofa]g§uinolines to evaluate their optical and medical

. Kg
O N N CF; R*
=y CFs
115

Schemes. Example®f imidazo[1,5a]quinolineswith versatile biological and physical properties

properties.
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1.3 Organic Emitter Materials

Electronidighting sourcesind devicefiave changed the world so much that a future without them is
no longer imaginabl@r desirable.Recently, more and more electronic devices have betizing
organic lightemitting diodeg(OLEDdpr their electroluminescent capabilitie¥hese have grown to a
market size of USD 56.37 billion since they were first describ&thbgand VanSlykeén 19877 It is
expectedthat the market value of OLEDs widle to over USD 344.58 billion by 23Zhe main focus
for these materials is on increasitig efficiency, with OLEDs already offering better color authenticity,

cheapermroductionand better contrast than other materiaf8.

Luminescence in organic materials is induced by the relaxation of excited states to the ground state
through photon emission These excited states are formed by a bound electiote pair, also known
as an excitog which can begeneratedthrough various strategie¥ Two of which are particularly
important for this work On the one hand, the absorption lifht can split charge carriers, which fosm
excitons afterassociatiorwith each other(figure 1 leff).3! This, also called photoluminescence, is the
basis for all photophysical measurements and results in this worLED9N the other handthe
formation of excitons is achieved directly bjectroluminescenceWhereby he applied electrical
voltage results in a merging of the charge carriers in the emitter idigeire 1right).32 Independently

of the formation mechanism of the excitons, they can adopt four different excited st@tessinglet
state in which the spins are exactly opposite or one of three triplet statesvhich the spinsare
parallel®® This formation 0f25% singlet and 75% triplet statémits the efficiency of luminescent

materials, depending on which excitons can higzaed for photoemission relaxation.

Association
{Hc;{e's'@@@" "'."i'élé'c'tic}éé’
LT Exciton | " "“Charge carrier movement
Charge carrier : A\ : in emitting layer (OLED)
separation
N A
LU1MO ? LL;MO ??cé
! | HOMO = HOMO 7‘;‘é
iught-induced<'_ A p i Singlet Triplets
! excitation LUMO 7 G ound state | Exciton formation
| ./ |

Light-induced charge carrier seperation

Figurel. Exciton formation after lighinduced charge carrier separation and in the emitting layer of OLEDs.



The first generation of OLED materiglémarilyrelied on theallowedsinglet relaxationfluorescence
(figure 2 left).>* BecauseHe triplet relaxation(phosphorescences spinforbidden due to the same
orientation of the spinsAs a result, earlier pure fluorescent OLBDthe first generatiorhaveonly a
theoretical internal quantum efficiencfQE)of 25%.The enhancement of this efficiency can only be
achievedf more of the spiAforbiddentriplet statesare utilized Different strategies were pursued to
include these in the emission proce&m the one hand, triplet fusiofT Flor tripletctriplet annihilation
(TTA can convert two Tinto one $, which increasgthe IQE to 8.5%% The requirement for this is a
high molecular packing density between host and atip because TF is a-tniolecular proces$’
Another strategy is to enable the forbidden phosphorescence process by providing additional energy
levels for a radiative relaxatidnrom Tito S through the introduction of heavy metal$his could bring
the IQE to 100%ut it usually requires the use of precious metals such as iridium and plafihum
However, newer materials pursue the targeted reversal ofititersystem crossingSQ by raising T
(figure 2right). The target is a differendeetween T and Sof less than 0.1 eV his allows theeversed
intersystem crossing (RIS©)be performed using thermal energ@nd reaching an IQE of 100%
process also known éisermally activated delayed fluorescenRADF. To obtain such a TADF emitter,
electrondonor and acceptor moietiegre chosen so that thellOMO/LUMQvave functionsreate an

small overlap®

—— Energy Level
25% 25% 75%
— —> Light absorption

75% Electrical recombination

o —— Sy G —
\:— ‘\k 1 | —> Flourescence

T <0.1eV Phosphorescence

Intersystem crossing

—> Triplet fusion

Reverse intersystem crossing

s ‘ S Vibrational relaxation
0 0

General Scheme TADF

Figure2. Jablonski diagram for optical excitation of organic molecules.

Using these strategies, many red and green organic emitter materials with good IQEs and stabilities
have been develope®.However, blue emitters are a challenge regardless of the strategy pursued.
Their wide bandgaps (3 eV)needed for blue emissiors ia major impairmentor the material.As a
result,exciton lifetimeis much longe¢ ps). This leads to the formation of hot excited statgs6 eV),
whichdegradethe materialand limit the lifetime of the materia® This is why new materials with blue

emission are becoming increasingly important and sought after.



2. Investigation of photoluminescent properties of imidazo[l,5

aJquinolines

The properties ofmidazo[1,5a]quinolinesare not the focus of many scientific studies and therefore
this class is quite unknown. However, da®wnproperty stands out directly and that is a strong blue
emission under UV excitatiom our working group, we foundut that imidazo[1,5a]quinolines hae

a stronger blue emission and highguantum yield(QY) than imidazo[1,5a]pyridines* In addition,

they possessed high stability under oxidative conditidisce this class of molecules is also quite
simple in structure, it would be an excellent emitter materighe integration into an OLED was also
successfully carried out and it walsservedhat the increased melting point compareditidazo[1,5
a]pyridinesis a further advantagé This makes it easier to apply the materials wa@ordeposition.
However, it was also shown this preceding workhat substitution on the imidazole ring has a strong
influence onthe QY, with the highest being only 4@%To further investigate the influence of the
substitution pattern, we developed a new syntlesstrategy and studied the effects of the substituents
on QY in detait? With these findings, we were able to further optimize the QY and investigate how
the emission of these new moleculgsrformin the solid phasg® with an overarching goal to develop

an efficient OLED his paper will first discuss the synthesis strategy developed and then examine the

photoluminescentproperties of these molecules in more detail

2.1 Developedsynthetic route

A flexible synth#c strategy was required to investigate the influence of substituents on emissions.
The substitution at the imidazole ring in position 1 and 3 was our primary goal. This means that we
requireda synthesis that allowed easy access to these two positdodsadditionally avide spectrum

of substratesAmong the strategies already discussed in Chapter 1.1 are some very simple and efficient
approachesbut not all of hese strategies suit our requimgents.Using the imidazole ring as a stagin
material always leads to a substituted quinoline nucleirsce this is not a requirement, the quinoline

ring must be used as the starting materiat! However, the C(spH amination of 2methylcarbonyl
quinoling*1%21 or 2-methyl quinoline!’*® with benzylamines or benzylamino acids is limited to
substituted aryl moieties and simple alkyl chaifer this reason, only th¥ilsmeierapproachcan be
considered, as a wide substrate range is possible Heéfed GC coupling would be suitable for the
separate introductiorof groupsin position 3 this allows the synthesis to be branched in contrast to

sequentialapproaches

In order to prepare thedesired 2-aminomethyl quinoline3 as efficiently as possible and in large
guantities,N-oxide 1 was selected as a relatively cheap starting matg¢saheme J. Cyanation with

trimethylsilyl cyanide anttiethylamineas the base was considered, but rejected as iodily provide

7



alow yield and was not economically advantagedtslore beneficiawasthe selective cyaation at
position 2by means o# classi®ReissedHenzeeaction with potassium cyanide ahenzoyl chloride®
Thesubsequenteductionof nitrile 2 with sodium borohydride led to a large number ofyoducts

in which the aromatic ring was also reduc@@herefore hitrile 2 was reduced with Pd/C and hydrogen
to the primary amine8 and precipitated as a hydrochloride salt to increase the staBftityThe first
moiety group R2 was introduced byan Einhornacylationin very good vyields for a large variety of
compounds>? The formation of the imidazole rirfgom this amid4 viaa classidvilsmeielintermediate
showedonly apoortolerance to manynoietiesand low yield.*>3In contrast, the tilizationof milder
triflic anhydride and Znethoxypyridine yielded the cyclized imidazofaJ§uinoline5 in up to very
good yields'® For the preparation of bromid®, two different strategies were already known for
comparable compounds that could selectively substitute in position 3 of the imidazole Asng.
described byTan et al, first attempts with lithium bromide and copper dibromide could ndbe
replicated, and bromine, as reported Bhibahareet al, also produced only a low yielé® The use
of N-bromosuccinimide(NBS instead of bromine and an additional reduction of the reaction
temperature suppressed the double brominatioverreactionand led to excellent yield¥.In addition,

a high tolerance for a wide rangembietieswas observed, which could not be achieved with bromine.

This route for the first coupling compone@tielded good to excellentieldsfor 10 different R.#4:45:5

10% Pd/C H,, N 2 Hel
©\/j Bzcl, ke ©\/j\ ©\/j\/NH
—
N@ TH,0,1t, 2h CN "MeOH, rt, Th N 2

82% 95%
2 3
DCM, 0°C | RZcOcl,
-rt, 20h TEA
2- MeO Pyr 2
Bre———— “ N R
DCM, -20°C, 4h N \ ~bcm, o°c- N \n/
2 35°C, 20h 0
6 5 4

Scheme 7Introduction of the first selectableoiety R using @ Einhornacylation. Subsequent brominatiaf the cyclized

imidazo[1,5a]quinoline’5 with NBSo obtainthe first coupling component.

A Negishicoupling was selected for the final coupling react{eoheme 8§a)). The reason for this is

that possible 2boronic acids ofN-heteroaromaticsare unstable®>” Employing aSuzukicoupling

would therefore unnecessarily limit the possible combinations of substrates. Especially with a class of
molecules that have already shown a positive influence the QY# Due to its stannyl

N-heteroaromaticsthe Stillecoupling offers a more stable but also toxic coupling compoffeiT his

8



disadvantage is overcome by utilizing organozinc componétaaever, the stability of the desired
coupling components was also found to be limited and it was decided to transfoito the
organozinc component. This strategy led to much more consistent yieldddagevariety ofcoupling
combinations performed?*#>5°Alimitation of the applied transmetallation with lithiate@lwas found,
when an N-heteroaromatic is present assRn these cases, alkylation of the nitrogen presentiisR
observedWe eliminated the presence of alkyl bromide in solution by using 2 equivalenBdfi*®
Nevertheless, the yields in these cases could only be increased to an acceptableAescial case
was the coupling withs-triazine, becausenone of the mono halogers of this N-heteroaromatic
compound could be acquired commercially were eversynthesizedscheme 8 (h)° Instead of
coupling, the driazine was directly combined withhiated 6 in an addition reaction and the resulting
1,4-dihydrotriazine compound was oxidized ® with 2,3-dichloro-5,6-dicyancl,4-benzoquinone

(DDQ.®1%2This is possible because in some casesthiazine behaves like an HCN syntHéFf?

1. n-Buli (1.6 M), THF,

-78°C, 30 min A
2.ZnCl,, THF, rt, 1h N X R’
(a) >
3. BrRY, [Pd,(dba),] - CHCl,, J=N

©\/I/ P(t-Bu),, THF, 70°C, 20h R?
7
\—B
'\i: r 1. n-BuLi (1.6 M),
N . ° X
R? THF/EL,0 (1..1), 78°C, NE\
6 (b) 30 min NN S J/
2. s-Triazine, THF/Et,0 (1:1), )\ N
rt, 20h R?
3.DDQ, DCM, 0°C - rt, 20h 8

SchemeB. General coupling strategies for the final products.

For the investigation of their biological properties, some of the synthesimathzo[1,5a]quinolines
were insertedas ligands in zinc, copper and iron complelrgssimple reaction of the metal salt in
refluxing THF® It is worth noting that this also occurs in the coupling stEipe complexes formed are
usually only slightly soluble in organic solvents and crystalliz&rbatseparation of this precipitatsy
simple filtrationled in many cases to pure products after reaction with concentrated ammonia solution

and represents aadvantage!*#°°°

Alarge number of products were synthesized via thissggp procedure, with some special exceptions
mentioned above. The obtainedmidazo[l,5a]quinolines were then analyzed for their
photoluminescen activity in solution and in solid stat&hiswill be the subject of the following two

chapters.



2.2 Plysicalproperties ofimidazo[1,5a]quinolines

The main focus of this work was on optimizing the QY. In order to gain a better understanding of the
influence of imidazole ring substitution on QY, different moietiéswiere first combined with
substituted Ph as RThe knowledge gained from this was then followed up by an extension of the
moieties in R For rapid evaluation, the initial focus was on investigating the photoluminescence
properties in solution but was later expanded to the measurement in solid phase and ofyhkc
voltammetry (CV)data. The QY was calculated as described in the literature, usingh.quinine

sulfate in0.5 MH,SQ as a referencé?

Measurements of the extinction showed no great dependence on the residue$ far Rnany
combinatiors, as a similar extinction was measured for the respective substituents in Rost
combinationg(figure 3). An exception here are all combinations @&Ph in Rand electrondeficient
substituentsas R, which showed ahorter extinctionwavelength A reverse effect was observed for
PhO and electromleficient substituentsas R, as all combinations required significantly higher
extinction wavelengths.The specific combination witha nitro substituent showed the highest
extinctionof all measured systemsvhile the compound of-BMe:N-Ph and 4MeO-Ph oxidized slowly

in air and an accurate measurement was not possible.

The low dispersion of the measured values became even clearer with the enfipima 4). Most of

the measured values were in the range of 4480 nm and increasedn averageonly slightly for
electronrich substituents in R while 2propen-1-yl resulted in lower emissions in this positidrhis
range is the characteristic spectrum of blue and therefore almost all compounds hit our target area.
Individually, a greater separation of the emission can be recognizeddgridinyl, as very different
emissions were measured here depending dnAh exception here is again the nigabstituent with

the highest emission of all measured valudewever, it can be recognized that almost independently
of the substituents on the imidazole ring, theidazo[1,5a]quinolines consistently show a blue
emission.This is a great advantage for the development of a blue emitter material on their basis, as a
substitution on the imidazole ring of amidazo[1,5a]pyridineresults in a wide spectrum of emission
wavelengths* The reason for this independence could be that most physical properties such as
emission or HOMO/LUMO of aromatic molecules are only dependent on the longesttomgagated
segment®>%7 In the case ofmidazo[1,5a]quinolines this is probably the quinoline core, which is not
directly substituted and therefore not directly influenced. Whereas in the casenafazo[l,5

ajpyridine, the longest linear segment is timidazo[1,5a]pyridinecore itself.
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Initial calculations of the QY compared to Ph msRowed that substitution with an electren
withdrawing group reduces the QY in all combinations, whereas substitution with an elelinating
group results in either the same or lower QY in most cffigaare 5. In contrast, the introduction of a
methyl in theortho position of the Ph led to a consistent increase in @rther observation was that
electronpoor substituents in Ralways had a higher QY than electnich ones, and here it waaso
evident that the ortho position of R should not be substitutedin particular,N-heteroaromatics
showed a strong influence on the Q¥was therefore assumed that a sterically demanding electron
donatingmoiety in B and an electrormoor para substituted residue in Ris the most influential
combination.In a broader study with -pyrimidinyl in R, simple sterically large groups such%s
-anthryl and 1-naphthyl showed only aminor influence on the QY, whileoieties that were
additionally more electrondonating lel to a strong increase in QMn particular, PhO and
carbazole9-yl showed very higliquid phaseQY of 85% and 81%his is a significantly higher QY than
for imidazo[1,5a]pyridines®*® more than twice as high for some comparable systems, and
imidazo[1,5a]quinolinesinvestigated previously also exhibited a Q¥yaip to 39%2¢4143However,
further investigations with PhO ir#Bhowed that combinations with electreteficient aromatics in

R did not exceed a QY of 54% and even the introduction of more nitrogen into the aromatic ring in
the case of Ztriazine did not achieve any further increasSghe only exception is again the nitro

substituent, which is known to quench emissions from-630 nm?°
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Figure5. Calculated QY for all measurggstems in proportion to quinine sulfate.
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A further investigation of the PhO system by CV showed that no combination with elefarent
substituents or Ph in’Bhowed a reduction. Only-Mle;N-Ph showed a reduction, which could explain
why it is the onlyelectronrich substituent that leads to high Q¥&n-reversible oxidation is a property
for the imidazo[1,5a]quinolinesthat has already been observed byZsiowever, it is very interesting
that in this systenit seems to be dependent on the substituentghile IPs typically show reversible
reduction for both electromoor and rich substituent&-®® HOMO and LUMO energies were also
calculated from the measured CV ddfmure 6. The calculations wereonducted according to the
literature, with ferrocene as standardIt wasobservedthat HOMO and LUMO did not differ greatly
for the individual systems and in all cases was approximdiedy/ for the HOMO an@.5 eV for the
LUMO.This also results in a constant band gap of about 3 eV, which is typical for blue emitters.
Standard DFT calculations also showed no strong deviation for the measured HOMO €Adityies.
constantly increased LUMO energies can be attributed to the calculation mepid’® As already
mentioned in the emissiosection the HOMO/LUMO energieould bedependent on the longest
linear segment in the molecul&<%” Ince thissegmentis not directly substitutedthe orbital energies

arenot directly affected.
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Figure6. Calculated HOMO/LUMO energies for the Rly&tem in proportion to ferrocene from the measured CV data and
from a DFT approach.
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Due to the complexity of measuring QY in solid phg¥€ (s))only four compounds were measured
as they already showed sufficient emission in the crystalline state under a UVTammvestigation
was carried out on the basis of literature specificatiomith magnesium oxide as reference mateffal
The first observation is that both extinction and emission maxima shift bathochromically by about 50
nm, with the pattern of the spectrum being similar to that in solutiblowever, the QY (s) decreased
considerably, so that the combination of PhO arsitBazinyland4-MeO,SPhcould not exceed a QY
(s) of 15%This reduction in QY (s) was even greater for the combination of PhO-pywh#@dinyl,
which decreased from 85% in solution to only 21% in stéite. Surprisingly, the combination of ph
and 2pyrimidinyl only showed a halving from 66% to 32%possible explanation for this can be
identified in the spectra, since the combination obRtand 2pyrimidinyl is the aly one that has only
a small overlap of extinction and emissi@figure 7). The other systempotentially lose far more QY
(s) through reabsorption of emitted photonsin solution, theSoke shift for each of the measured
compounds was large enough to prevent tiNevertheless, a QY (s) of 31% is higher than thaiaofy
imidazo[1,5a]pyridinesbased material® and comparable witlmore established emitter material&.
This couldorm a foundatiorfor the future integration ofmidazo[1,5a]quinolinesas emitter materials

in OLEDs.
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Figure7. Measured extinction spectra (left) and emissipectra (righ} for the selectedsystems.
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3. Tuberculosis

Among the communicablenfectious diseasethat affect the humanTuberculosigTB)has a special
place Even with global efforts and modern medicine, itremaied S 2 ¥ ( KS gdBddeR Q &
of the past two decade§ New infections reached 10.6 million and deaths with TB infectiere
reported at1.3 millionin 2023worldwide, according to the World Health Organization (WHOhe

main pathogen of TB Mycobacterium tuberculosiditb) andalthough it is mainly pulmonary, it can
cause diseasethroughout the bodyIn addition, TBas a diseaseust be considered on a spectrum
from asymptomatic infection to lif¢hreatening diseasé’ This spectrum consists of four stages
between which the infection can shift, depending on the host immunity and comorbifitese 8).2°
When exposed tdtb, the pathogen can either be completely neutralized by the immune system or
the bacterium reaches a quiescent or latent stdtethis latent TB infectio(L TBI}state, the patient is
completely asymptomatic and neinfectious because bacterial growth is completalyppressedy
persistentimmune response. Jusi% to 15% of those LTBI develop an activeig@sewithin a few
months or years$! This active TB disease can be either symptomatic or asymptomatic, in which case it
is classified as subclinic8ymptomsnayinclude, among otheriever, fatigue,dssof appetite, weight

loss persistent cougland, if the infection reaclksa large extenpulmonary necrosifiaemoptysisand

cavitary lesion$?

9 ELJ &azB

DN} ydzt 2 Y I+ @AGe

Figure8. Spectrum of TB from infection to outbreak of the fully active disease.

The prescribed treatment for active TB disease involves the administration of a combination of
isoniazid, rifampicin, pyrazinamide and ethambuteér several month& This therapy is complicated

by the emergence ofifampicinresistant TB(RRTB, multidrugresistant TB(MDRTB and even
extensively drugesistant TB(XDRTB). In these casesgven secondline antibiotics such as
aminoglycosides and fluoroquinolones can often only achieve limited treatment su@dgss WHO

reports that 3.6% of new TB cases and 20.2% of previously treated cases are estimated to have MDR
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TBand it has been a growing concern for a long tith€ontributions to the battle against TB are
therefore of great importanceAs a large number of new molecules were synthesized, it was also
sensibleto test their biological properties. This led to the discovery of activity agiitisiand further
characterization of this clasg moleculesthrough extended investigatiorf§ These results will be the

subject of the following sections, starting witkur synthetic approach

3.1 Biologicalproperties ofimidazo[1,5a]quinolines

Antibacterial properties oimidazo[1,5a]quinolines were not described in the literature for any
system. Consequently, we were surprised that they showed good activity addibsin a small
screeningAs already described the introductionthe class ofrhidazoquinolines shogantibacterial
properties, but only one case of antimycobacterial actiotyan imidazo[4,&]quinolineis knowng®

This discovery was therefore not only unexpected, but also improbable.

In an initial study, théinimum inhibitory concentrationNlIQ was determined on a selection fur
microbial indicator strainand cytotoxicity was evaluated usiag epithelia cell line from human lung
carcinoma (Cak3) applying procedures describedin the literature>>8 The selected strains were
Escherichia col{(EQ ATCC35218Staphylococcus aureuéSgd ATCC33592Septoria tritici (Str)
MUCL4540&ndMycobacterium tuberculos{®itb) H37RaFor the activity, a strong dependence on a
nitrogen inortho position in Rand the size of this moiety can be obseng&ble 1). While pyridinell
shows only a low activity, this can be increased by introducing more nitrogen atasrthdrposition
(13and16), but an increase to a quinoliri or extension with P4 leads to a reductionWhereby
an isoquinolinel5 in Rt and Enapthyl 20 in R also exhibiéd a strong increase in activity, which
indicates a required specific orientation of theietyin R and R. The activity could also be increased
by chelation withzZr?*, Fe* and Ci¢* for all ligandsso thatC5and C3even displayedninor activity
againstSaandStr. These MICsf 1-2 uM are comparable with those of the reference drugs ugdC

of gentamicin = 4 pM and rifampic#0.07 uM) and other drugs known from the literatur@/IC of
isoniazid = 0.31.4 pM levofloxacin = 0.8 1.4 pM,amikacin = 0.4 1.7 uM, bendaquiline = 0.031
uM, ethambutol = 0.3 3 uM or ethionamide = 10 uM’ However, some of these compounds also

exhibit cytotoxicity and are therefore of no interest for further consideration.

In a second study, inhibitioagainst thevirulent wild-type Mtb ATCC 3580%vas observed at 20 uM
and if the value was abov80%, the inhibitory concentration @E§so) was also determinedThe
inhibition step was skipped for some complexXése cytotoxicity was also #valuated with eauman
liver cancer cell line HepGOf the most promising netoxic compoundd5, C1, C2and C7, onlyCl
and C7were able to transfer their activity againsttb H37R&o the wild-type. Compoundl5was no
longer active against the wiltype andC2did not show inhibition While the low cytotoxicity was

maintained for all four compounddhe influence oZr?*, Ci#* and others likeV*** or C@* on anti-
16



mycobacteriahctivity is known from literature fomany complexes® Neverthelessit is unexpected
that chelation withZr?* would demonstrate such a strong influence on activity, even compared to the

wild-type.

Table 1.Minimum inhibitory concentration (MIC) aridhibition percentage anéhhibitory concentration (165,90) against

wild-type Mtb ATCC 3580df investigated imidazo[1;8]quinolines.Epithelia cell line from lung carcinoma (Galw -2 &
AYRAOIFGSa

y2 STFSOG |G wmn fFurtken cytbtykiity intestigaiiog davm@n ligeFcartadéeh | G mnan

line HepG2All MICs and ICs values argiiv.

Nr. | Re/R! MIC in uM Calu3 ‘ Mtb ATCC 35801 ‘ HepG2
Ec ‘ Sa | str | Mtb ‘ Inhibition at 20 pM H 1Go | 1Go | 1Gso ‘

9 Ph / 2Thiophenyl >196 | >196 | >196 | >196 - 17% nd. | n.d. n.d.

[ 10 | Ph/Ph >200 | >200 | >200| >200 - 2% nd. | n.d. n.d.
11 | Ph / 2Pyridinyl >199 | >199 | >199| 25 + 21% nd. | n.d. n.d.
12 | Ph/2Quinolinyl >172 | >172 | >172 | 8643 - 1% nd. | n.d. n.d.
13 | Ph/ 2Pyrimidinyl >148 | >148 | >148 n.d. n.d.
14 | R WPECE YY) >136  >136 | >136 .| nd. n.d.
? Ph / 2Isoquinolinyl >144 | >144 | >144 E-I
16 | Ph/2Me:N-Ph >127 | >127 | >127 n.d. n.d.
17 | Ph/ MeGPh >183| >183 | >183| 46 - 15% nd. | n.d. n.d.
18 | R VileI\VWRe mViSTollalV/ >198 | >198 | >198 | 12-6 - 41% nd. | n.d. n.d.
[ 19 | 2-Pyridinyl / Ph >199 | >199 | >199 | 50-25 + 40% nd. | n.d. n.d.
R iad >172 | >172 | >172 H 28.2
21 | NPh/ 2-Pyridinyl >155| >155 | >155| >155 - 2% nd. | n.d. n.d.
Nr. | Complex formula

Cl | [znCh1] >140 | >140 | >140

C2 | [FeCi(11)]FeCl >132 | >132 | >132

C3 | [Cu(OAg]] >127 | >127 | 168

C4 | [ZnCi20] >126 | 315 | 63

C5 | [ZnCi13] >140| 17-9 | 17

C6 | [zZnCi14] >120 | >120 | >120 “

C7 | [zZnCi15] >126 | >126 | >126

C8 | [ZnCi2]] >117 | >117 | >117 | >117

4. Summary and Perspective

The mainfocusof this work was to investigate the photoluminescent and biological properties of
imidazo[1,5a]quinolines Previous photophysical measurements have shown timaidazo[1,5
ajquinolinesexhibit strong blue emission and hagseceptableQY, paired withexceptionaloxidative
stability. These properties characterize these materials particularly in relation to visual applications
and it has been demonstrated thahidazo[1,5a]quinolinesare suitable as emitter materials in OLEDs.

In the course othis, a dependence of the QY and the substitution pattern on the imidazole ring was
17



observed. Particularly noteworthy is a strong increase in QY upon substitution with 2
heteroaromatics. Strong deviations in QY depending on the selected combination of substituents could
not be converted into an exact pattern. Nevertheless, the significance of the substitution pattern was
clearly recognizable and became the central togithis work.A secondary subject was the expansion

of the understanding of the less researched biological characteristiosiddizo[1,5a]quinolines

In order to investigate the dependence of the photoluminescent properties on the substitution pattern
on the imidazole ring, a versatile synthesis was requi@dt. developed synthesis provides access to
a widevariety of substituent combinationis ahigh efficiencyStarting with quinolineN-oxide, the 2
methylamine wa®btainedin excellent yields in two steggsomparescheme 7and chapter 4.1)From

this starting material, the firssubstituent was introduced as an acid chloride irEanhornacylation.
After aVilsmeiertype ring closure, the imidazole ring could be selectively brominated in high vyield.
This bromide was used as a coupling partnerfitegishicoupling to produce a wide range of products

in very good yielddn addition, a selective and higheld substitution withs-triazine was achieved
(compare scheme 8and chapter 4.3) To explore the effects of substitution patterns, various
combinations of electromich and eleaton-poor moieties, both individually and in conjunction with

each other, were synthesized.

It could be proven that the basic properties of the investigatedd@sonly slightly dependerun the
substitution pattern at the imidazole ringvhile the extinction maximum of these compounds still
shows a fairly wide range between about 35800 nm, they only emit in a narrow range of 440
480nm (figure 3and4). In a CV measurement it could also be shown that the HOMO for all measured
compounds iground-5.5 eV and the LUMO i8.5 eV(figure 6). This relative independence from the
substitution pattern may be related to the fact that the quinoline ring is the structural element of the
imidazo[1,5a]quinolinesthat determines tleseproperties.Since only the imidazole ring is substituted,
these properties are not directly affectetlowever, a strong dependence of the QY on the chosen
combination of substituents was observéijure 5). In particular, the combination of an electron
donating residue iposition 1 of the imidazole ring and an electraithdrawing 2N-heteroaromatic

in position 3showed a strong increase in the @QYie substitution of a phenyl ether as electron donor
and 2pyrimidinyl as electron acceptor could increase the QY up to 86%.representsmore than
twofold increaseof the QY compared to previous compounBsrther investigation of the behavior of
these compounds in the solid phase showed that the extinction and emission maxima shift
bathochromicallyby goproximately50 nm(comparefigure 7and chaper 4.3. In addition, the QY (s)

droppedsharply, although an appropriate value3#% was still reached.

During the evaluation of the biological activity against selected strains of different pathog&rs)g
impact againstMtb was observedEsgecially, chelating compounds showegbod MICs of 1- 2 uM.
18



Subsequent investigation of ZnFe*and Cé" complexes with these ligands showed that the activity
can be conferred not only against the neimulent variant but also against the infectious wiige.
Structurally acombinationof a sterically demanding substituent in position 1 andmy@dinylmoiety

in position 3showed the highest activityVhich could be further increased by incorpdoatinto a zinc
complex while retainingno toxicityin human lung and liver cancer lind$ese properties could make

imidazo[1,5a]quinolinesa potential targe for further drug development againsftb.

In summary, wehavedeveloped a versatile and productive synttie route through which we were

able to identify a favorable substitution pattern on the imidazole ritg optimize the
photoluminescent properties ofimidazo[1,5a]quinolines In addition, the transition from
photoluminescence in solution and in the solid state could be investigated and demonstrated in more
detail. This would pave the way for possible integration as emitter materials in an @H#ibonally,

our research provides important foundational insights into the biological propertiesiiofizo[1,5

ajquinolines particularly in relation tdhe activity againsmtb.
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- Robust and versatile procedure yields up to 98%
- Broad scope quantum yields up to 53%
- Study of photophysical properties R' R? = aryl, allyl

In this work we show a robust and versatile procedure for the synthesis of substituted imidazo[1,5
ajquinolines and examine the influence of this substituents on the photophysical properties of this

system.
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In this work, we describe a simple and robust synthetic
approach for the formation of 1,3-substituted imidazo[1,5-
alquinolines. This was achieved by developing a mild and
selective bromination with N-bromosuccinimide (NBS) in 3-
position of the imidazole ring. This was followed by a Negishi
coupling, which we performed with various coupling partners,

Introduction

Since their introduction in 1987 by Tang and VanSlyke, organic
light-emitting diodes (OLEDs) have become a fundamental part
of the modern lighting industry." To this day, there have been
several OLED generations produced utilizing different strategies
to improve the internal quantum efficiency (IQE).?’ Regardless
of the generation, blue OLED emitter materials are particularly
challenging, due to a band gap of around 3 eV and long exciton
lifetime (us), which are higher than for green or red OLED
emitter materials. The interaction of excitons and polarons
creates hot exciton states that can lead to decomposition of the
material. This means that the lifetime of blue emitters is more
limited, which makes materials with blue emission and high
stability very important.”!

Imidazo[1,5-a]N-heteroaromatic ring systems are a common
structural motif in pharmacologically and biologically active
agents” This important class also includes imidazo[1,5-
alpyridines and imidazo[1,5-a]quinolines, which are of particular
interest because these compounds possess interesting photo-
physical properties. The simple and small imidazo[1,5-
alpyridines show blue emission with good quantum yields
(QYs) in combination with a large Stokes shift, qualifying them
as emitter materials for OLED application.”’ They can also be
used as ligands with various central atoms, without losing their
characteristic photoluminescent properties.® Weber et al. suc-
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resulting in a wide range of different combinations, usually
unattainable by other approaches and similar coupling reac-
tions. Fluorescence measurements identified beneficial substitu-
tion patterns for the future use of imidazo[1,5-alquinolines in
optical applications, such as organic light-emitting diodes
(OLEDs).

cessfully implemented an imidazo[1,5-alpyridine complex into
an optical device.”

While the synthesis of imidazo[1,5-alpyridines and recently
imidazo[5,1-alisoquinolines were the main topic of many
studies, imidazo[1,5-alquinolines have been examined less.®”
Classically, approaches to the preparation of imidazol[1,5-
alquinolines involve ring closure of a carbonyl species. This
could be achieved via a Vilsmeier-type reaction starting from an
amide, but in the modern variant by Pelletier etal., the
cyclization can occur under milder conditions (Scheme 1a)."*""
Wang and Xu et al. prepared imidazo[1,5-alquinolines using a
copper-catalyzed decarboxylative cyclization of ketones or
aldehydes with primary amines and amino acids (Scheme 1b)."?
Wu et al. formed the carbonyl species in situ, using a copper-
promoted oxidative amination (Scheme 1c)."¥
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Scheme 1. Known strategies for direct formation of imidazo[1,5-alquinolines
using various carbonyl compounds. Di-t-butyl peroxide (DTBP).
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In our group we have already characterized some
imidazo[1,5-alquinoline derivatives and they possessed similar
photophysical characteristics as imidazo[1,5-alpyridines, but
with higher QY and better stability."" We observed that the QY
of imidazo[1,5-alquinolines was dependent on the residues R’
and R® (Figure 1), but we were not able to identify a clear
trend.™ In addition, we were able to successfully construct an
OLED with PCIC as the dopant, in order to show that these
compounds could be used as blue light-emitting materials
(Figure 1).1% Since imidazo[1,5-alquinolines are suitable as blue
OLED emitters, and showed interesting properties in complexes,
we wanted to investigate this system further.

The focus of this study is to examine the effects of R' and R?
residues on the emission, especially the impact of electron-rich,
electron-poor, and sterically demanding residues in these
positions. Thus, the goal is to develop a synthesis that allows
the simple preparation of imidazo[1,5-alquinolines with differ-
ent residues R' and R

Results and Discussion
Synthesis of the imidazo[1,5-a]quinolines

To achieve maximum flexibility we decided to close the
imidazole ring with a suitable amide of R* and introduce R’
separately, using a cross-coupling reaction (Scheme 2).

To obtain the required amine 3, we reduced quinolin-2-
carbonitrile 2, which was excessed from quinoline N-oxide 1,
with conditions described in literature."”

We utilized an Einhorn acylation with an excess of triethyl-
amine (TEA) to introduce R? using a variety of acid chlorides to
form the amides 4. To study the effect of R’ the chosen
residues used were a basic system with phenyl 4a, an electron-
rich aromatic group 4b, an electron-poor aromatic group 4c
and a sterically demanding group 4d. Purification of these
compounds proved to be difficult. Therefore, we used the crude
amides 4. For the ring closure, we chose the Pelletier approach
because it proved to be particularly reliable."” Following the
procedure, we obtained the desired imidazo[1,5-alquinolines 5
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Scheme 2. General approach to the synthesis.
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in excellent yields (Scheme 3). Initially we wanted to perform a
halogenation with bromine in the 3-position of the imidazole
ring system as reported by Shibahara et al'® However, this
approach led to undesired side products, so we performed the
bromination at —20°C with NBS. This granted us the bromide 6
in excellent yields for all compounds (Scheme 3). It must be
noted that such bromides can also be accessed directly, as
shown by Sandeep and Tan et al."” These procedures were not
used because they lacked the scalability needed for our project.

2-Boronic acids of N-heteroaromatics are known to be
unstable and the boronic acid of 6 could not be isolated,
making a Suzuki coupling not possible.?” Therefore, we chose a
Negishi coupling as our final reaction. Synthesis with 6 as the
metallo-organic component resulted in better yields. Thus, in all
experiments, bromide 6 was lithiated at —78°C and trans-
metalated using an excess of ZnCl, in THF. We screened for a
suitable Pd catalyst (Table 1). Pd(ll) catalysts (entry 1-5) showed
similar activity to Pd(0) (entry 6-10). However, the yields with
Pd(ll) did not improve with the addition of ligands, while the
Pd(0) complexes led to higher yields in combination with an
electron-rich and sterically demanding ligand. The best reac-
tivity in this cross-coupling reaction was obtained with 3 mol %
[Pd,(dba);]- CHCl; and 6 mol % P(t-Bu); (entry 10). Therefore, the
conditions of entry 10 were adapted for all of the following
experiments.

It should be noted that we applied two different workups in
the following procedures. The presence of ZnCl, during the
coupling reaction led to the formation of Zn complexes for all
chelating compounds 7-10a-f, which could be simply filtered
off then treated with conc. NH, solution to isolate the products
directly. The other compounds g-p were purified by liquid
column chromatography.

We started with the coupling of 6a and the electron-poor
substrates and obtained them in very good yields (Table 2). The
only exception is 7e, which was formed in only 13% yield, a
sterically demanding substrates can be problematic for the
Negishi reaction.?” This trend continued with the ortho-
substituted aryl bromides. Thus, 7j and 7n were formed in
lower yields than their para-substituted equivalents. Surpris-

6b, R? = 4-MeOPh, 81%

6c, R? = 4-F,CPh, 96%

6d, R? = 2-MePh, 95%
Scheme 3. Introduction of the first selectable residue R? using an Einhorn
acylation. The crude amides 4 were then cyclized using triflic anhydride

(Tf,0) and 2-MeO-pyridine. After bromination with NBS the first coupling
component was obtained.
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Table 1. Screening results for the desired Negishi coupling. undefined side products. Purification was therefore challenging 5
and only 47 % of 7 p could be isolated. £
/ N The general trends observed for the phenyl system 7 largely g
Br 1) n-BuLi (1.2 eq), -78°C, 45 min. —N followed the other coupling systems (Table 3). The 1-isoquino-
N\ 2)ZnCl (25eq) 1, 1h N line substrate could only be isolated in two cases and in low
7% 8)0aL; Ligand .2 Bromonyr N ields. The sterically demandin roducts 7-10j and 7-10n
> N\< THF, 70°C, overnight N N\/< s siaded o P 3 S Al
Ph ! ’ L were formed in lower yields, and 7-101 in higher yield than
their equivalents. The allylic product was not formed for 9p and
6a 7a the other products 7p, 8p and 10p were isolated in lower
Entry Cat. Ligand Yield/% yields. Surprisingly, the products 10a-f were isolated in lower
qal Pd(0A), PPh, 69 yields. The Zn complexes for these systems are presumably
S PA(OAT), P(t-Bu), 7 more soluble in THF and could not be isolated by filtration in
the same amount as the other products.
3H [PdCI,COD] - 66
4 [PACI,(MeCN),] - 61
5" [PACI;(PPhs);] - 61 Photophysical measurements
&Y [Pd(PCys),] - 50
7% [Pd(PPh),] - 69 Optical measurements were conducted using a 0.1 mM chloro-
8 [Pd,(dba);]-CHCl, PPh, 72 form solution at room temperature. A 0.1 mM solution of
9l [Pd,(dba),]- CHCI, dppf 77 quinine sulfate in 0.5 M H,SO, was used as the reference.”? The
109 [Pd,(dba)s] - CHCl, P(t-Bu), 83 fluorescence QY was calculated as described in the literature.?”!

All measurements were performed under non-inert conditions.
The extinction and emission spectra of all measured com-
pounds are provided in the supporting information.

The measurements showed that no strong deviation of the
Table 2. Isolated products for the couplings with 6a, using the conditions eXtInCtI-On !n the |n‘dIV|duaI systems occur‘red.. HomaloF sl
of entry 109 (Table 1). the extinction maxima was observed, staying in a range of 350—
390 nm (Table 4). In addition, the molar extinction coefficient

Reaction conditions: [a] 6 mol % cat., 12 mol % ligand. [b] 6 mol % cat. [c]
3 mol % cat., 6 mol % ligand.

SUOIPUOD) pUE SWIBT 241 238 “[HTOZ/ZO/L0] U0 KILIQIT Q) K[IAY “UISSAD) 120NSIOAIA FIGOIT SMISNE £ LOOI0EZ0Z20/Z001°01/10pAwO Ko[In'A:

Nr. R? R' Yield/% o ) 3 e
g € varied at approximately 4 L-mol™'-cm™ (Table 5) and
7a Ph 2-Pyridinyl 73 matches the findings of Volpi et al. with a similar system.”
7b Ph 2-Pyrimidinyl 60
7c Ph 2-(5-Ph-Pyridinyl) 70
7d Ph 2-Quinolinyl 79
Ze Ph Tsoquinolinyl 12 Table 3. Isolated products in % for all performed coupling reactions using
7f Ph 3-Isoquinolinyl 79 the conditions of entry 10 (Table 1).
79 Ph 2-Thiophenyl 58 R' R?
7h Ph 4-F3 C-Ph 77
Ph  4-MeO-Ph  4F,C-Ph  2-Me-Ph
7i Ph Ph 84 7 8 9 10 4
:
7 £ ZHeth 2z a  2-Pyridinyl 73 76 61 52 d
7k Ph #:Mesth 78 b 2-Pyrimidinyl 60 73 65 25
Zl Bh 2MeO:Ph 2 c 2-(5-Ph-Pyridinyl) 70 89 88 45 3
Zm BR 4-MeQ-Ph 61 d  2-Quinolinyl 79 o1 76 46 ]
7n Eh 2:0e;N-Eh 40 e 1-Isoquinolinyl 13 - - 17 g
70 Ph MeM-Eh 88 £ 3dsoquinolinyl 79 o5 75 12 z
7P i Allyl 4 g 2-Thiophenyl s8 88 98 61 °
h  4FCPh 77 51 53 % £
i Ph 84 95 68 84 2
ingly 71 opposes this trend. It could be possible that the j 2-Me-Ph 52 52 27 44 2z
methoxy group stabilizes the intermediate by coordination to k 4-Me-Ph 78 69 49 56 g
the Pd. This chelation would be stronger for a dimethylamine | 2-MeO-Ph 84 97 77 77 ;
group which could inhibit the reductive elimination and hinder | . 4 veo-Ph 61 75 7 66 z
the c.ouplln‘g react|f)n, resu.{ltlng in lower yield for 7n. The n 2-Me,N-Ph i 5% & & 5
coupling with allylic bromide was also successful, but the E
. . ) ) o 4MeN-Ph 68 84 76 74
obtained mixture contained a large amount of various 5
P Allyl 47 35 = 48 &
Eur. J. Org. Chem. 2024, 27, €202301007 (3 of 7) © 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Table 4. M d extinction ima in nm for all isolated products. Every Table 6. Measured emission maxima for the base system 7. Every measure- =
measurement was performed using a 1 uM solution of the compound in ment was performed using a 1 uM solution of the compound in chloroform ;
chloroform at 25°C in air. at 25°C in air. The extinction maxima of the specific compound was chosen g
i 3 as the excitation wavelength.
R R
Nr. R? R' Emission/nm QY /%
Ph 4-MeO-Ph 4-F,C-Ph 2-Me-Ph
7 8 9 10 7a Ph 2-Pyridinyl 455 2835
a 2-Pyridinyl 373 374 360 373 7b Ph 2-Pyrimidinyl 447 33.23
b 2-Pyrimidinyl 369 369 364 369 7€ By 2(5-Phayndiny} 462 3827
¢ 2(sPhPyrdiny) 383 385 368 383 7d Bl 2-gRinoliny) e 2428 2
d 2-Quinolinyl 390 302 386 389 7e Ph 1-Isoquinolinyl 475 3235 g
» 1-isoquinolinyl 380 _ _ 377 7f Ph 3-Isoquinolinyl 462 35.83 §
f  3-soquinolinyl 367 368 365 368 79 ki 2-Thiophenyl 483 2416 :
g 2-Thiophenyl 375 374 368 375 7h Bl P 460 et £
h  4FCPh 359 361 354 363 o oL oA a0 2000 g
i Ph 361 362 359 360 7i Rl 2:Meeh 462 2058 g
i 2-Me-Ph 355 354 350 352 7K B 4l 403 3307 H
k  4Me-Ph 364 364 362 364 7! Ph 2:Me0-Ph 452 2610 £
I 2-MeO-Ph 355 355 356 359 m Bh aMeOEh et = E
m  4MeO-Ph 364 368 365 366 " B R 6 2673 g
n 2-MeN-Ph 360 339 357 362 70 Ph 4Me,N-Ph 475 3394 2
o 4MeN-Ph 377 377 378 381 7p Fh A 40 H2 g
z
p Allyl 349 348 = 344
F--74
~==T7b
Table 5. Calculated molar extinction coefficient log € in L-mol~'-cm™' for e ;g

all isolated products in 1 uM solution with 1 cm cuvette length.

7e

R' R? 7f
G 79

Ph 4-MeO-Ph  4-F,C-Ph  2-Me-Ph YT ===7h

SUONIPUO) PUE SULIAY Ay 32§ *[$Z0T/T0/LO] U K1eiqry 2

Photoluminescence / arb. unit

7 8 9 10
a  2-Pyridinyl 420 4m 426 426
b 2-Pyrimidinyl 427 420 432 441
¢ 2:(s-Ph-Pyridinyl) 418 423 441 438
d  2-Quinolinyl 434 4m 434 440
e 1-Isoquinolinyl 4.08 & = 423 ; . - 5
f 3-Isoquinolinyl 415 436 436 4.4 40 4% 500 550 6%
g 2-Thiophenyl 404 408 3.90 418 WavSISngih fnm 3
h  4FCPh 415 408 420 426 i ]
i Ph 408 404 4.08 4,08 i ;,'
j 2-Me-Ph 408 404 404 404 e ;:‘ -
k  4-Me-Ph 400 404 4.04 4.04 z 7m =
I 2-MeO-Ph 404 408 408 415 é - ;2
m  4-MeO-Ph 395 408 4.08 415 E 8 -=-=7p
n  2-MeN-Ph 395 378 395 404 8 e N ‘«\
o 4-MeN-Ph 400 401 411 415 g Yt X\
p Ayl 385 395 - 395 _E E e AN
s 2 p KR
o ~ *

The measured emission data for the base system 7 showed
minor red shifts for 7e, 7g and 70 compared to 7i (Table 6,
Figure 2). Lower emission wavelengths were observed for 7b
and 7p. Electron-rich and -poor systems in position R' seem to
have only small effects on the emission wavelength. Therefore,

450 500
Wavelength / nm

Figure 2. Photoluminescence spectra as 0.1 mM chloroform solution of
electron-poor (top) and electron-rich substituted (bottom) base system 7.
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all of 7 displayed a strong blue emission around 450 nm. The
QY of 7 was negatively affected by more sterically demanding
substituents R'. Compared to 7i and their para-substituted
equivalents, the ortho-substituted systems 7j, 71 and 7n
showed much lower QYs (Table 6). N-heteroaromatic substitu-

Eur. J. Org. Chem. 2024, 27, €202301007 (5 of 7)

ents showed higher QYs, which could be increased by extension
of their n-system (compare 7a to 7c¢) or introduction of more
nitrogen centers (compare 7a to 7b). This presumably coun-
tered the negative steric effect of the R'-substituent in 7d, 7e
and 7f. Thiophen 7g and the non-conjugated allyl in 7p
decreased the QY significantly.

The trends of the base system 7 persisted for 8-10 (Table 7)
and no radical changes of the spectra (Figure2) could be

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Table 7. Measured emission maxima in nm for all isolated products. Every < : g
measurement was performed using a 1 uM solution of the compound in observed. Comparing 7-9, the measured emission wavelengths I
chloroform at 25°C in air. The extinction maxima of the specific compound |~ were similar. Only 10 showed slightly lower emission wave- z
was chosen as the excitation wavelength. lengths. The R substituent seems to have only a limited effect 3
R R? on the emission. In general, it is notable that the imidazo[1,5- g
alquinolines maintained their blue luminescence. We expected 2
Ph 4-MeO-Ph 4-F,C-Ph 2-Me-Ph . e S
7 8 9 10 a wide range of emission colors, as observed for the g
imidazo[1,5-alpyridines measured by Shibahara et al.""® 8
a  2Pyidiny 455 462 457 a1 The trends for substitution in R' observed for the base g
b 2:Pyrimidinyl a7 w8 & 428 system 7 were also observed for the other compounds (Table 8). z
¢ 2(5Ph-Pyridiny) 462 468 461 449 The more electron-rich system 8 showed a slight reduction in :
d 2-Quinolinyl 463 456 461 452 QY for all substitutions. While the electron-poor system 9 also ;
e 1-Isoquinolinyl 475 - - 466 reduced the QY slightly for all electron-poor residues 9a-h, it g
f 3-Isoquinolinyl 462 464 463 448 showed a significant decrease for the more electron-rich %
g 2-Thiophenyl 483 477 485 473 residues 9i-o. The introduction of a sterically demanding group ?
h 4F,C-Ph 460 470 460 448 R? for system 10 led to a strong increase in QY, especially in i
! - a1 459 265 456 combination with electron-poor residues 10a-h. The nitrogen- i
) rich pyrimidyl 10b and the substituted pyridyl 10c showed a £
j 2-Me-Ph 462 453 459 454 . 2
very high QY of around 52%. 100 underwent slow decom- E
ko 4MePh a65 464 470 460 position in solution. In addition, we obtained a much lower QY %
I 2MeO-Ph 452 457 458 451 for this compound. Substitution with an electron-poor or -rich 3
m  4-MeO-Ph 467 467 479 466 aromatic group in R? led to no significant impact. But the if
n 2-Me,N-Ph 456 459 486 470 introduction of a sterically demanding group showed an impact ﬂﬁ
o 4-Me,N-Ph 475 493 493 482 on the photoluminescent properties. The combination with N- s
P Allyl 430 437 _ 442 heteroaromatics or electron-poor substituents in R' increased 5‘
the QY even further (Figure 3). N-heteroaromatic compounds E
have already shown this effect earlier." We suspect that the §:
Table 8. Calculated QYs in % for all measured systems. planar orientation of all the n-systems leads to more orbital ?
R R overlap and therefore better QYs. The substitution of a phenyl 3
at R' for pyridinyl or pyrimidyl removes hydrogen in the ortho
Ph 4-MeO-Ph  4-F;,C-Ph  2-Me-Ph positions and could create more overlap with the aromatic
7 8 9 10 Zhte: %
a 2-Pyridinyl 2835 2636 25.14 43.83 :
b 2-Pyrimidinyl 33.23 27.06 32.64 52.76 )
¢ 2-(5-Ph-Pyridinyl) 3827 3505 31.48 52,04 Conclusions 1
d  2-Quinolinyl 3424 29385 30.94 47.06 ) o ) ) 4
" -saguinoling! 3595 _ _ We were successful in designing an easy and reliable synthesis :
. to obtain large numbers of imidazo[1,5-alquinoline derivatives. ]
f 3-Isoquinolinyl 35.83 27.00 28.55 46.91 ;f
g 2-Thiophenyl 2416 2836 17.88 38,05 °
h  4FCPh 3364 3192 23.19 47.41 ;
i Ph 36.16  37.82 19.47 41.58 i
j 2-Me-Ph 2058 3043 14.43 25.50 é
kK 4MePh 3307 37.67 17.38 46.43 ;
| 2-MeO-Ph 2610  27.89 15.54 28.89 S
m  4-MeO-Ph 3358 3583 16.19 41.63 §
n  2-MeN-Ph 2673 1825 1527 33.17 g
o 4-MeN-Ph 3394 2302 16.40 27.69 5
o e o vem | uSemeilestrlos et s
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The developed Negishi coupling conditions are widely appli-
cable for various coupling partners. Optical measurements have
identified that a combination of a sterically demanding group
in R? and an electron-withdrawing group in R' is beneficial for
the emission; especially electron-poor N-heteroaromatics im-
proved the QY significantly, with 10b showing a QY of 53% in
solution. Electron-rich residues as R' lowered the emission,
apart from dimethylamine-substituted residues. In addition, we
showed that ortho-substituted residues as R' reduce the QY
considerably.

Experimental Section

All solvents were purified by distillation prior to use. Anhydrous
solvents were used from ACROS Organics™ as AcroSeal™ bottles.
Commercially available chemicals were used as obtained from the
supplier, unless otherwise stated. Syntheses prepared under
anhydrous conditions were generally performed using standard
Schlenk technique in nitrogen atmosphere. For purification by
column chromatography, silica gel 60 (Merck) was used. 'H and ">C
NMR spectra were recorded on the Bruker Avance Il 400, the Bruker
Avance Ill 400 and the Bruker Avance Il 200 “Microbay” spectrom-
eters in deuterated solvents. 'H and "C chemical shifts were
determined by reference to the residual solvent signals. High-
resolution ESI mass spectra were recorded in methanol with an
ESImicroTOF spectrometer from Bruker Daltonics in positive ion
mode, unless otherwise stated. As a power supply, the Sky
Toppower PS1110 was used. UV-Vis extinction was measured with
an Analytik Jena Specord 200 Plus spectrometer and fluorescence
emission data were obtained from a Jasco Germany FP 8300
spectrometer. Melting points were determined with a Gallenkamp
Melting Point Apparatus.

General procedure for imidazole ring closure adapted from
Pelletier et al.""

60mL of dry DCM was added to 2-(aminomethyl)quinoline
dihydrochloride 3 (1 eq) under N, atmosphere. The suspension was
cooled to 0°C and dry TEA (3.4 eq) was added. The yellow solution
was kept at 0°C for 30 min. Acid chloride R*COCI (1.1 eq) was
added, and the solution was stirred for 20 h at room temperature.
Finally, 60 mL sat. Na,CO; solution was added, and the aqueous
phase was extracted twice with 60 mL DCM. The combined organic
phases were dried over Na,SO,, filtered, and the solvent removed in
vacuo. The crude quinoline amide 4 (1 eq) was placed in 60 mL of
dry DCM under N, atmosphere and cooled to 0°C. The solution was
first treated with 2-methoxypyridine (1.1 eq), followed by slow
addition of Tf,0 (1.2 eq). The reaction solution was stirred at 35°C
for 20 h. Then, 20 mL sat. Na,CO; solution was added slowly, and
the aqueous phase was extracted twice with 60 mL DCM. The
combined organic phases were dried over Na,SO,, filtered and the
solvent removed in vacuo. Purification was carried out by silica
chromatography.

General procedure for bromination

The imidazo[1,5-alquinoline 5 was placed in 60 mL dry DCM under
N, atmosphere and cooled to —20°C. 1.1 eq NBS was slowly added
to the solution. The reaction solution was stirred at —20°C for 4 h.
Then, 20 ml sat. Na,S,0; solution was added and the aqueous
phase extracted twice with 40 mL DCM. The combined organic
phases were dried over Na,SO,, filtered, and the solvent removed in
vacuo. Purification was carried out by silica chromatography.

Eur. J. Org. Chem. 2024, 27, €202301007 (6 of 7)

General procedure methods for the Negishi coupling

0.400 g (1 eq) 3-bromoimidazo[1,5-alquinoline 6 was dissolved in
10 mL dry THF under N, atmosphere and cooled to —78°C. 1.2 eq
of n-BuLi (1.6 M) were slowly added dropwise and the solution was
kept at —78°C for 30 min. 2.5 eq ZnCl, in dry THF (1 M) were added
at —78°C and then stirred at room temperature for 1 h. 3 mol% of
[Pd,(dba);]-CHCl;, 6 mol% of P(t-Bu); and 2eq of the chosen
coupling bromide were added and the reaction solution was stirred
at 70°C for 20 h. Depending on the compound, two different
methods for workup were applied.

Method A for 7-10a-f:

The precipitate was filtered off and washed first with THF, then
with H,0 and again with THF. The solid was treated with 15 mL
conc. NHs,, solution and the aqueous phase was extracted three
times with 20 mL DCM. The pure product was obtained after
concentration in vacuo of the combined organic phases.

Method B for 7-10 g-p:

15 mL conc. NHs,, solution was added and the aqueous phase was
extracted three times with 20 mL DCM. The combined organic
phases were concentrated in vacuo and the impure product was
purified by silica chromatography.

Supporting Information

Experimental procedures, optical values and spectra for all
measured compounds and analytical data of all compounds are
provided in the online Supporting Information. Additional
references cited within the Supporting Information (Ref. [24]).

Acknowledgements

Open Access funding enabled and organized by Projekt DEAL.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: emitter material - imidazo[1,5-alquinolines - Negishi
coupling - nitrogen heterocycles - photoluminescence

[1] C. W.Tang, S. A. VanSlyke, Appl. Phys. Lett. 1987, 51, 913-915.

[2] a) C. Adachi, M. A. Baldo, S.R. Forrest, S. Lamansky, M. E. Thompson,
R. C. Kwong, Appl. Phys. Lett. 2001, 78, 1622-1624; b) C.-L. Ho, H. Li, W.-
Y. Wong, J. Organomet. Chem. 2014, 751, 261-285; ¢) H. Nakanotani, T.
Higuchi, T. Furukawa, K. Masui, K. Morimoto, M. Numata, H. Tanaka, Y.
Sagara, T. Yasuda, C. Adachi, Nat. Commun. 2014, 5, 4016.

[3] N. C. Giebink, B. W. D’Andrade, M. S. Weaver, P. B. Mackenzie, J. J. Brown,
M. E. Thompson, S. R. Forrest, J. Appl. Phys. 2008, 103, 44509.

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

31

oy papeojumoq ‘T *HJ0T 06906601

1) S1qar smsng £q £00T0EZ0T'201/Z001 01 /10p/uwox Kajiav

8
3
&
€
g
g
g
H
a
)
g
H]
&
g
2

Aopavi:

™
g
3
g
g
:
g
E
H
g
2
=
Z

a
g
E
2
B
%



32

























































