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Abstract

Thisthesisis focusedonthe expansiorof thesynthdic studyof aza (dibenzoBODIPY
analogueslt describes a more detailed investigatarihe formationof the precursor
aminoisoindolinesusing reaction of alkyl and benzyl acetylene with bromo
benamidineundermicrowaveconditions.Treatingthe amidinewith 1-hexyneunder
Sonogashiraopperfree cross coupling reaction conditidadto unexpectedormation

of the six-memberring compound 3-butyl isoquinolinel-aminewas isolatedn 31%

yield. However,using aryl acetylene in the synthesis of the precursor aminoisoindolines
successfully produced the requiredngmber ring compounds (aminoisoindolines) in
good yield. Therefore, a varietf newsymmetricaandunsymmetricahzaBODIPY's

and their precursorsaza(dibenzo)dipyrromethenedearingelectronwithdrawing or
electrondonatingsubstituentshave beensmoothly synthesisednd isolatedin good

yield. Initially the synthesis of unsymmetrical analogues was achieved using simple
mixed condensain reactions. Approximately statistical mixtures were produced when
the precursor aminoisoindolenes were electronically similar. However, when they were
different, the reaction favoured the formation of the two symmetrical derivatives.
Consequently, a nesynthetic procedure has been developed to cahislynthesis of
unsymmetrical analogues by converting of the amino group of one aminoisoindoline
into good leaving groupsuch as triflate or tosylate. This successfully led to favour
formation of the unaymetrical aza (dibenzo) dipyrromethemnéth reaction yields of

up to double those obtained via the mixed condensation synthetic nf&d§6664%)

Complexation of symmetrical and unsymmetrigah(dibenzo)dipyrromethengwith
BFs.OEb was successfullpptimizedby treatingthe mixture with TMS-CI to remove
thefluorideion which led to shiftheequilibriumtowardsthetargetazaBODIPYswith

remarkablemprovemenin theoutcome

The final part of the thesis describes attempts to sy@eza dipyrromethenes to form
porphyrinlike macrocycles. Unfortunately, these attempts were unsuccessful due to a
combination of low reactivity and isomerisation of the precursors in the presence of any

metal.
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Chapterl. Introduction and literature review

1.0.Introduction of BODIPY's

BODIPY (4-bora3a,4adiazas-indacene) ? is aclassof fluorescentlyesalsoreferred
to as boron dipyrrin or boron dipyrrometheng This classof compoundswas first
reportedby TreibsandKreuzerin 19681 However,it wastowardstheendof the 1980s
thatit beganto attractattentionand by 1990swas a boomingand successfubreaof
researclt A rangeof physicaland chemicalpropertiesof BODIPY dyesmakethem
excellentfor optimal laser performance They are chemically robust, have a high
thermalresistancelow photodegradatioandhigh solubility in mostorganicsolvents™
® Moreover they possess an interestipigotophysicakignature’ Theyusuallydisplay
strongabsorptionin the visible regionandbright fluorescencespectralbandsoftenin
the greenyellow part of the visible spectrunf Their absorptionand emissionbands
tend to be relatively sharpresultingin creatingpure colourswith molar absorption
approaching 10° Mt cm?®?2® high fluorescence quantum yields, and excellent
photochemicaktabilities? in addition to facile synthesisand structural versatility :°
BODIPY cores consistof two pyrroleunitslinked via amethinebridgeatthe 2 position
aswell asvia a boron atomco-ordinatedto eachof the pyrrole nitrogenheteroatoms
structure2 (Figure 1.1)1! 12 The [IUPAC name and the numberingsystemof the
BODIPY structure2 is basedon the s-indacenestructure3 (Figure 1.1, A) and not
dipyrromethend which it resemblesAs in therelatedporphyrinstructuregshe mese
positionrefersto thecentral8-position!® Figurel.1A showsthenumberingsystenfor
BODIPY structureswhich wasderivedfrom indaceneThis numberingsystemdiffers
to that usedfor dipyrrometheneshoweverthe U b andmesopositionsaredefinedin

thesameway
A)
meso
| b
7 6 2.4 3 7 8 1/ 7 8 1
X X N\
8 \ 2 6 \ 2 6 2
l1\l1H N N\B/N\Ii 5 4a 3a 3
9 10 1 5 4a B 3a
4 & U 4
1 2 3
dipyrromethene 4-bora-3a,4a-diaza-s-indacene s-indacene

(The BODIPY core)

@
ClD — &t Tl
B) N\_N.O N= =N.© N/ N\_NO N~ T
B"® ® B B
I:2 F2 F2
4

Figure 1.1: A) Structureof dipyrromethenelUPAC numberingandB) theresonance
of theBODIPY corel*




Chapterl. Introduction and literature review

The formal structure of a BODIPY dye is a complex, composedof a central
disubstitutedelectrondeficient boron surroundedoy a monoanionicdipyrromethene
ligand. Theborondipyrrin coreis overallneutralbut containsa formal positivecharge
delocalizedverthering structurewhile theformal negativechargdocatesontheboron
atom’ Thus, it is formally a betainecompound4 (Figure1.1, B) howeverunlike most
betainest relatively nonpolarin naturehencethe formal chargesare not depictedon
the structuresit is possibleto explainthe reactivity of the BODIPY coreby usingthe
resonancetructuregFigure 1.1, B).1* The BODIPY parentcorg knownasii t littke
sisterof p o r p h is | particularintriguing structureas the boron difluoride BF

compleresa fragmentof a hybrid porphyrinmacrocyclet®

\\ X N\
N B N= BF,
FF
2 5
BODIPY Porphyrin

Figure 1.2: Structureof BODIPY 2 andPorphyrinunit 5.

The absorptionand emissionwavelengthdor classicaBODIPY chromophorslie in

the range470/ 530 nm ! This limits their applicationasactivity in the far-red or NIR
regionwould be moreusefulin anumberof applicationgncludingbiologicalimaging.
Also, BODIPY derivatives have some undesirable characteristics for many applications
in biotechnology particularly their small Stokesof approximately10 - 30 nm1! A
variety of strategiehavethereforebeendevelopedo acces8O0DIPYsthatemitin the
far-red or NIR region andto obtain BODIPY dyes with large Stokes shifts and high
quantum yielddy a range of structural modifications of the BODIPY cdr&. These
include replacemenof the mesacarbonof the BODIPY by a nitrogenatomto form
theanalogousizaBODIPY dyes(Figure1.3A).Y" In additionto avariety of extensions

of the ~ conjugationsuchas functionalizationof U-positionsof the pyrrole rings by
introductionof diaryl substituentsyinyl, styryl andaryl ethynyl substituentst the U-
positions3, 5 positionof the BODIPY unit.2¥However,it shouldbe notedthatsomeof
thesechangeslecreasethe fluorescenceuantumyields andthis may be attributedto
nonradiativeenergylossdueto spinningmotionsaboutthe C-aryl singlebonds® (i.e. a

possiblerationalefor this is that energyloss becausef the rotationaboutthe C-aryl
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singlebondsof the aromaticsubstituents!® Furthermoresomesystemssuchasthe bis-
styryl derivatives decreasedhe (photo} chemical stability as they are prone to
photooxidatioR® (example is shown irFigure 1.3 B). An exampleor a different
modification rigidification of rotatable moieties, is shown in Figure 1.3 C.%!
Functionalizationof 3,5 postion with electrondonatingsubstituentgpush)groupon
the BODIPY unit (behawng aselectrondeficient(pull) group causep u s h Teffect | |
within themolecule(Figure 1.3D).22 Anothermodificationstrategyhas beendeveloped
towardsthe extensionof the * conjugationby the annulationof aryl moietieson the
pyrrole ring.2® Dependingon the position of the aromaticring fusion, i.e. [b]-bondor
[c]-bond,two isomericstructuresanbeidentified (Figure 1.3E andF). Thisnotonly

altersthe absorptiorbut alsoprovidesa morerigid aromaticcore®®

8

N 1
6/~ AN \2
AN
S FF
A aza-BODIPY

F [b]-benzo-fused BODIPY @/\@
6/ = \\ 2
\ N. _Nx

X

N
O ™ /N\
/B\
FF

/ BODIPY
C~~A)
\

E [c]-benzo-fused BODIPY C rigidification of rotatable moieties

D push-pull BODIPY

Figure 1.3: Modification exampledo BODIPY unit.
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Table 1.1 illustrates some examples from the literathis demonstrate the effect of

structural modification of BODIPY derivatives on the absorption and emission

wavelengthg® 23

Amax abs= 498 nm MeOH Amax abs= 555nm CHCl;

Amaxem=588nm CHCl;

N
o ile

Amax abs= 650nm CHCl;

maxem=508nm MeOH

Amax abs= 564 nm MeOH

max€M=593nmMeOH 5 o= 672nm CHCL

o)
~ N
) \_N.__Nx
/B\
O O
MeO OMe
MeO OMe

Amax abs= 658 nm toluene

dAmax abs= 718 rm CH.CI,

amax em=690nmtoluene 5 o= 756nm CH,Cl,

Amaxabs= 634nm MeOH
Smaxem=588nm MeOH

Amax abs= 634nm MeOH
Smaxem= 658nm MeOH

MeO OMe

dmaxabs= 609 nm toluene

Amaxe€m= 650nmtoluene

Table 1.1:Absorption and emissiowavelength®f BODIPY derivatives fronthe

literature?0: 23
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1.1 Synthesisof BODIPY's

The original synthesisof BODIPYs was an unexpecteddiscovery by Treibs and
Kreuzer! Theyfoundthattheacylationof 2,4-dimethylpyrrole 6 with aceticanhydride
(Ac20) using boron trifluoride diethyl etherate(BFs.OEb) as a Lewis acid catalyst,
resultedin the formationof two brightly fluorescentcompoundsproducts9 and10, in

alow yield of 7 % and9 % respectivelyasshownin Schemel.1.! Thelow yield was
dueto aninsufficientamountof BF3.OE® andthe occurrenceof overacylationwhich
led to a mixture of productsratherthan the desired2 acyl pyrrole 7.1 However,the
authoramprovedtheiryieldsby first forming andisolatingdipyrromethen, followed
chelatingthis ligand using a large excessf BF:.OEb in the presencef an excessof

triethylamine which actedasa base!

/L/_g BF;.0OEt, I\ o 6 S T\
N Ac,0 N N\_NH N=
H H
8

6 7

l l BF,.OEt, / TEA
ACQO

SN
+ Ac \ N N\\ Ac
B
F,
9 10
7 % 9 %

Schemel.1: Synthesiof thefirst BODIPY dyes9 and10 by TreibsandKreuzer*

Thus, the first stepin the standardsynthesisof the BODIPY unit beginswith the
preparationof the correspondingdipyrrometheneTwo distinct syntheticapproaches
havebeenadaptedrom porphyrinchemistryto form this ligand 3 Thefirst approach

canbeseenin Schemel.z it startswith anacid-catalyseccondensatiomf pyrrole 11
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with an aldehydel2 forming a dipyrromethenel3.2* Typically, pyrrole is usedasthe
solvent,so it is in excessjn orderto preventpolymerizatior?® An alternativemore
convenientwaterbasedsystem the HCl-catalysedsynthesisof 5-aryl dipyrromethane
13 thatdoesnotrequiretheuseof largeexces®f pyrrolehasalsobeenreportec® Since
this protocoldoesnot requirea largeexcesf pyrroleit is bettersuitedfor the large
scale synthesis Additionally water is an inexpensiveand environmentallybenign
( 6 g r sobventichmparedto pyrrole!* As dipyrromethanesl3 are unstableand
sensitiveto light, air, andacid, it is bestto usethemimmediatelyupon preparation.
Treatmenbdf dipyrromethand3, with anoxidantsuchas2,3-dichloro-5,6-dicyanal,4-
benzoquinon¢DDQ) or themilder 2,3,5,6tetrachlorel,4-benzoquinonép-chloranil),
yieldsdipyrromethend4 (dipyrrin).2”- 28

It shouldbe notedwith this methodthatthereareonly afew casesvherethealdehyde
in the first stepis not aromaticor heteroaromaticsincethis reactiontendsto fail with
nonaromati@ldehydeg’ Onthe otherhand,numerousaromaticaldehydesArCHO 12
are commerciallyavailable,making this approacha popularmethodfor introducing
aromatic functionalities at the mesecarbon'* The target boron dipyrrin dye 15 is
obtainedby treating dipyrrin 14 with an excessof baseand BFs.OE%.2” All three
reactionscan be conductedsequentially,purifying after eachstep,or in a onepot
procedure, by the stepwise addition of the reagentsto the reaction mixture.

Unfortunately,the latter strategyresultsin lower yields althoughit is operationally

easiert*
Ar Ar Ar
Z S oxidant == AN BF;.0Et, A\
” + AICHO —— \_NHHN—/ ———— N\ NH N —>Base \ N\B/N\
Fa
1 12 13 14 15

Shemel.2: Synthesiof BODIPY 15 by anacid-catalysedcondensationf pyrrole 11

with anaromaticaldehydel2, followed by oxidationandboroncomplexation*

Thealternativeis the secondapproactthatinvolvesthe acid-catalysecdtcondensatiomf

a2-acylpyrrole18 with a pyrrole 16 thatis unsubstitutectits 2-positionl* Underthese
acidicconditions thedipyrrinium salt19is initially formedfollowed by deprotonation
of salt19with baseandfluoroborationwith BF:.OE% to yield BODIPY dye20 (Scheme

1.3).2° A key contrastwith the previousprocedures thatit is not limited to an aryl
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group,(thesubstituenthatendsup atthe mesaopositionis notlimited to anaryl group);
hencealargerrangeof borondipyrrinscanbemadeusingthis approach? Additionally
this allows for the synthesisof unsymmetricaborondipyrrins suchas20 (Ri | R2)
via the condensationof two different pyrrole moieties alongside symmetrical
dipyrrinium saltssuchas19 (R1 = Rz, Schemel .3) via asimilar proceduré?* As shown
in Schemel.3, theacylationandcondensationf a 2-unsubstitutegbyrrole 16 aredone
consecutively,forming in situ 2-acylpyrrole 18 that immediately reactsfurther to
symmetricadipyrriniumsalt19 (Schemel .3).1* Moreover theacylatingagentl7 used
in this reactioncan be variedit can be either an acid chloride3! 32 acid bromide??
anhydride,®* or ortho ester®® Burgessand Wu discoveredan alternativeto forming
symmetricaldipyrrinium saltssuchas 19 (R: = R2). They serendipitouslydiscovered
that in the presenceof phosphorousoxytrichloride (POCE) pyrrole-2-carbaldehyde
derivatives 21 self-condens. Treatmentwith excessbase and BF:.OEbt yielded
BODIPY 20.%¢

R4 Ff1
Rs3
[lx " >=o -HX [N&\(O
N X H Ry
16 17 18
X= Cl or Br or O(CO) R ['TE\> =
N or
H | POCI,
R3 R3
R A-NH HNSX BRaOBL & N N§>\
1 Rz Base R4 \'E:B/ R,
19 g
20
L POCI5, CH,Cl, _ _
CO,-HCI |"c5d 1on Ri=Rz, Rs=H

R,
[lg\(o

N

H H
21

Schemel.3: Formationof dipyrrinium salts19 andBODIPY dyes20 by condensation
of 2-acylpyrrolesl8 and2-unsubstitutegbyrroles16.4

—
(o]
| —
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1.2. Synthesisof benzofused BODIPY fluorophores

KangandHanglandreportedthe first diisoindoleBODIPYs in 19953’ Their synthetic
pathway usesthe Paal Knorr synthesis this dependson the condensatiorof 2-
acylacetophenon24 with ammoniaor ammoniumsalts® followed by treatmentwith
EtsN andBFs.OEb. This affordedthe correspondindpenzofusedBODIPY 26.2° The 2-
acylacetophenonl is synthesisedy reactingof o-hydroxy-acetophenonderivatives
with N-arylhydrazoneshentreatedwith lead(1V) salt(Schemel 4) 3°

H
Ry _N.
Ny e 0
o 1) PrOH Rs NH,OAc, NH,CI, Rs Rs
22 reflux = MeCOOH R, O O R,
- —_—
X
2)Pb(OAc); Ry ! ==
+ THE 5 EtOH, reflux \ NH N<
o}
R R1 R1
R, OH
BF,.OEt,
23 Et;N

Schemel.4: Synthesisof diisondole-BODIPYs 26 by Kang andHauglandusingthe
Paal Knorr strategy>°

Following this methodologysymmetricaBODIPYs analoguesanbe formedin good
yields 2° whereascondensatiorof different 2-acylacetophenonprecursos produced
unsymmetricatliisoindoleBODIPYsin loweryield.2° Also, duringthis strategyarious
dibenzodipyrrins with a hydrogenatomin the mesoposition canbe synthesisednd

examplesareshownin Figure1.4.2°
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Amaxabs= 634nm Amax abs= 673 nm

Smaxem= 658nm Smaxem=704nm

Figure 1.4: Examplesof diisondole-BODIPYsusingthe Paal Knorr strategy?°

In the late nineties (1998) Ono and co-workers publishedsynthetic procedurs to
synthessediisoindoleBODIPYs Theystartedwith formationof amaskedsoindole30
insteadof ordinaryisoindolevia Diels Alder reactionby reactingcyclopentadien®r
cyclohexadienavith b-sulfonyl nitroethylenefollowed by a BartonZard reactionwith

ethylisocyanoacetat®.

NO,
| . CHCl3 SOPh NG >CO,E CO,Et
reflux, 8 h DBU, rt, 24 h X _NH
NO,
27 28 29 30

Schemel.5: Synthesisof a6 6 ma sisoimdblé36.4°

Thealternativemaskedsoindolescouldbesynthesiseih goodyield becaus¢heyhave
morestability duringthe separatiorandpurification on silica gel andin acidicor basic
solutionscomparedwith simpleisoindolesmoieies? This methodologysupplements
the BartonZard strategythat proveddifficulty in synthesiof ssimpleisoindolesdueto
poor electrophilicity of the nitrobenzené® Following this procedurediisoindole
BODIPY canbe synthesisd throughfour stepsinitiated from the maskedsoindole!®
After reducingtheesterby LiAIH 4, it wasreactedwvith acylchloridefollowed by adding
EtsN andBFs.OEb produéng BODIPY 32 with fusedbicyclo [2.2.2] octadieneunits.

Finally, it wasconvertedo BODIPY 33 by retro Diels Alder reaction'®

( )
1 19 )



Chapterl. Introduction and literature review

CO.Et 1) RCOCI, CH,Cl,
i%( LiAIH,4 (5 eq), dry THF, 7 = reflux, 3 h
N\ NH \ NH
reflux, 2 h 2) Et3N, BF3.0Et,

30 31 toluene, 80 °C, 30 min

32a,33aR =CHsz  54%, 100%
33b,33bR =CeHsl 25%, 100%

Schemel.6Synthesi®f diisoindoleBODIPYsby aretroDielsi Alder reaction'®

Becauseof the extended” conjugation,all the resulting derivativesof diisoindole
BODIPYsshowedncreasén theintensityof absorptiorwhich almostdoubled?® Also,
theseBODIPY dyes exhibited absorptionand emissionmaximum wavelengththat

showeda bathochromigshift around70to 80 nm comparedvith thecorrespondingion

benzofusedBODIPYs.2°

compound amax abs  amaxem Example ofnon-benzo fused
BODIPY

558 nm 564 nm

561 nm 569 nm Amax abs= 493 m

Smaxem=519nm

Table 1.2: Absorptionand emissionvavelength®f benzo fused BODIPY33a and
33b compared witmonbenzo fused BODIPY®

11

—
| —
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1.3. Synthesisof a different Classof " -ExtendedBODIPY derivatives

Recently,a new classof “-extendedBODIPY derivativeshavegarnerednterest The
structuresaredirectly relevantio theazaanaloguegreportecearlierby our group** that
arethesubjectof thisresearcltandthesis Jiaoetal, exteneédthe " -conjugationbeyond
the dipyrrometheneunit, resultingin a morerigid frameworkwhich is significantly
differentfrom classicaBODIPYsin their electronicconfiguration?? Theyareaccessed
by the facile condensatiof aldehydeandpyrrole in aqueoussolutionin the presence
of HCI, for exampleseeSchemel.7.In spiteof the low yields this is a facile onepot
reactionusingcommerciallyavailablereagens hencecanfurnishsignificantquantities
of theextendedBODIPY (100mgin asingleexperiment Theyexploredthe useof a
slight excessof the mesitaldehyd€1.0 equivalem) with pyrrole (0.7 equivalen) in a
H.0: MeOH (3:1) solventsystemin the presencef catalyticHCI.*2 Theproductcould
bedirectly observedy thin-layerchromatographyTLC). Unlike with dipyrromethene,
there was no need for oxidation and the product was used directly for further
complexatiorwith BFs-OEt to providetheextendedBODIPY 35,42 ExtendedBODIPY
35a was obtained in 10 % vyield, while a similar condensationof 2,6-
dichlorobenzaldehydendpyrrolein aH20: THF (5:1) mixturegaveextendedODIPY
35b in 7 %. The crystal structureanalysisof 35b further confirmedthe unique " -
extendedlipyrrometheneorestructure’? Thetwo U-vinyl doublebondsbothadoptan
E configuration Both " -extendedODIPYsdisplayedntenseabsorptiorandmoderate
emissionwith maximaaround565 and 620 nm, respectively,and showedinteresting

reactivitytowardvariousnucleophilesuch aphenethylaming?

R,
1) HCI
\.  H20/ MeOH or H,0/ THF
R R + |
A N 2) NEts, BF5.Et,0

DCM

34 1" R,

34aR =R; =CHs 35aR=R;=CH310%
34bR=CIl, Ri=H 35bR=Cl, Ri=H 7%

Schemel.7: Synthesiof Ex-BODIPYs 35a (in H20: MeOH), and35b (in H20:
THF) 2

12
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1.4. Introduction to azaBODIPY sand their precursor aza

dipyrromethenes

A subsebf BODIPY structureds knownasazaBODIPYs In this groupthe methine
carbonatom in position 8 is replacedwith a strongly electronwithdrawing imine
nitrogen(Figure 1.5). Aza dipyrromethene36, the key precursorto azaBODIPY 37,
werereportedn the 1940s but werenot extensivelyresearckd*® However thedrive
to find compoundswith far-red or NIR regionled to increasd researchinto the
applicationof azadipyrromethenesverthelastfew decade.**O 6 S famdeo-workers
havereportedhattheazaBODIPYs modificationto the BODIPYs coreeffectivelyred
shifted the absorption properties whilst conserving the extinction coefficients,
fluorescencéntensityandphotostability’*® As aresultthe azaBODIPY dyescanform

e f y csensitizés for photodynamidherapy(PDT)6: 47

5 4a/\
F4

36 37

8
1
N
JDE
Nx
3a 3
F

Figure 1.5: Azadipyrrometheneinit 36 andthe correspondingzaBODIPY core37.

1.5.Applications

As previously mentionedwith BODIPYs, azaBODIPY dyesand their various sub
structureshave a wide variety of applicationsrangingfrom laserdyesto labelling
reagentschemosensorso fluorescenswitches’ Howevera key areaof applicationis

in photodynamicherapy(PDT) PDT is a non-invasiveprocesghatis usedto treat
malignant and premalignantdisease4® The process is via the action of three
components that result in targeted cellular and tissue dafhdgestly the
photosensitiser accumulates within a tumour. In the second stage it is then irradiated
with a suitable low energy ligf uch t hat it doesndt?*® dama
Finally upon irradiation the photosensitiser is excited, it can then transktcited

state energy to the tumour via generation of a singlet oxygen, thus leading to the death
of the tumouf3 The singlet oxygen generated has the ability to ne@btmost organic

molecules, as a result of the sjailtowed nature of these proceduf&Zhus, this singlet

13
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oxygen generation is a&l¢ process and a photosensitiser that can quantitatively generate
singlet oxygen is required in POff Many photosensitiserthat havebeenclearedfor
medicalusestill sufferfrom somekey flaws suchaslow absorptionin the nearinfra-
redregion which decreasets efficiency, andtoxicity which resultsin unwantedside
effects.Howeverit hasbeenfound that BODIPY and azaBODIPY structureshave
morefavourablepropertiesasa photosensitisesistheyaddresshesessuesdueto their
significant fluorescencequantumyield and for example high photostability?® As
mentionecearlierazaBODIPY structuresdueto thered-shiftedabsorptiorproperties
whencomparedo BODIPY structureshaveparticularimportanceasphotosensitisers

for PDT 4647

1.6. Synthesisof azadipyrromethenes

The syntheticstrategiego prepareazadipyrromethenesverefirst reportedoy Rogers

1943%° He attempteda Leuckart reaction by heatingammoniumformate with 4-
nitrol,3diphenylbutanl-one38 undersolventlessonditionswhereinunexpectedhan
intenseblue colour was observed. A similar result was observedwhen 4-oxo-2,4-
diphenylbutanenitrile 40 wasusedassubstratgSchemel.8p! giving 39 asé tnaw
chromophoric system, having a formal relationshipto the pht hal oy ani n
However possibly due to the successof phthalocyaninesas blue dyes aza
dipyrromethenesvere not investigatedn muchdetail for a further 50 years>? Dueto
thelimited analyticalinstrumentatioratthattime, whichwerelimited to meltingpoints,
elementabnalysis,andmolecularweightdeterminationsit wasnot easyto determine

the structuralassignmenof the resultingcolouredcompoundb?

Ph Ph
O,N N
j\/ﬁ\ NH,HCO, < Ns A NH,HCO, )ci/loL
\ -
Ph Ph Neat, 180-190 °C NH N Neat, 130 °C, Ph Ph
PH Ph

30 min, 27 % 3h,24%

38 39 40

Schemel.8: Syntheticstrategiedo azadipyrromethene89 formationdevelopedy
Rogers?

Throughthe degradatiorreactionsandre-synthesigpublishedby Rogersthe resulting
product 39 was characterise@® Degradationreaction includes heating of 39 with

hydriodic acid to form 2,4-phenyl pyrrole 41. Then 2,4-phenypyrroles 41 were
convertedinto their corresponding5-nitroso derivatives 42, at room temperature

reaction with sodium nitrite in EtOH/ag HCI; the nitrosation reaction occurred

( 1
L %)
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selectivelyat the unsubstituted}pyrrole positionto producethe desiredproduct42.1%
53 Thenit wascondenseavith a secondmoleculeof 2,4-phenylpyrrole4l underhigh
temperaturén aceticacidto confirm azadipyrromethenestructure39 (Schemel.9).t
%3 Further reductionof compound42 in thepresencef A d a meatdlgstH,, Pt led
to generabn of 5-aminc2,4-diphenylpyrrole 43 which oxidiseduponexposureo air,

thenselfcondensdwith thelossof ammonigproducingazadipyrromethen&9in low

yield >%>?
Ph Ph
~Ns N 65 % HI (aq) ﬂ
g\\/\l\mﬁ \Q reflux, 45 min Fh ”
Ph Ph
39

Ph

41
Ac,0,AcOH
\ NaN02
air 100°C,1h EtOH/HCI
oxidation rt, 10 min
Ph
Ph™ N7 TNH: MeOH H
H rt, 75 min
43 42

Schemel.9: Thecycle of degradatiorandresynthesi®f tetraaryl aza

dipyrromethenesompound39.>*- >2

The synthesisis most facile when there are four phenyl substituentshoweverit is
possibleto obtainthe diphenyl products44 (Figure 1.6) by following the procedure
described in Scheme 1.9, starting watbhenyl pyrrolet!

H H
N\_NH Nx
Ph Ph

44

Figure 1.6: Structureof diphenylazadipyrromethend4.

It wasnot until thel 9 9 €hétthe first reactionsof azadipyrromethenesvith boron
electrophileswere reported (Scheme 1.10).5® 5* For example treatment of 3,5
tetraphenylaza dipyrromethene39 with BFs.OE® resultedin the formation of aza
BODIPY 45 Unfortunately this methoddid notyield thelesssubstitutecazaBODIPY

46 aftertreatmenbf the correspondingzadipyrromethend4 with borontrifluoride >

15
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_ BFsOEL

base

39

44

_ BF;OEt,

base

46

not formed

Schemel.10: Firstsyntheticprocedurdn theformationof azaBODIPY dyes!!

Later,O 6 S hgmwphasoptimisedthis syntheticroute by using differentammonium

source. Thereactionperformedby heatingof 4-nitrol,3-diphenylbutarl-one47 with

ammonium acetateinstead of ammoniumformate in either ethanol or butanol as

solventsunderreflux. This wassmoothlyperformed led to a significantdevelopment

in the outcomeyield. However,it was observedthat useof alcohol solventsusually

causegheazadipyrrometheneto precipitatefrom the reactionmixture,thus,enabling

easierisolation and enhancedyields*® Using mild conditionsuch asreplacing of

formatewith acetate led to improve the reaction outcome, by following this procedure

severalderivativesof azadipyrromethenénavebeensynthesizedn moderateyield

(25%-50%) as describedn Schemel.11.#6 However,usingcompound4? asstarting

material allowed the synthesisof azadipyrromethenesvith only two different aryl

substituents?
O,N °

J\/U\ NH,OAc (35eq)

Ari Ar2 EtOH, or BUOH

reflux, 24-48 h

47

compound Arg Ar;

48a Ph Ph
48b Ph p-OMePh

48¢ p-OMePh Ph

48&d p-BrPh Ph

Time/h  Yield%

48h 42 %
24h 47 %
48h 48 %
48h 24 %

Schemel.11: Generakouteto formationof azadipyrromethend8.>2

16
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Schemel.12 showsapossiblemechanisnfor formationof theazadipyrrometheneore

from thenitromethanaadductslnitially pyrroleA is formed,thisis thennitrosylatedn

situ to give B which then condenses with another molecule of the pyrfdhefme

1.12).1

@ @’\(@

(NOH

OH
Ar \ HO
N\ (NO
H % ( % ?
NH,OA
___i_ﬁ_> NH N - <; _N
Ar1

AcO

-HNO,

HNO,

Ar Ar
Ar1 Ar1

Scheme 1.2: Syntheticmechanisnof azadipyrromethendrom nitro

butyrophenoas??

Ancther approachhas been developedin order to synthesis unsymmetricalaza

dipyrrometheng by condensg diaryl pyrroles and nitroso diaryl pyrroles in acetic

17
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anhydride/acetiacidmixtureat 100°C.%> Work up by coolingthereactionmixturewith
ice then extractionwith DCM, and purified by slow evaporation of a chloroform
solution at room temperature giving the puezadipyrromethenes1 as dark blue
materialin goodto excellentyields (Schemel.13)°° Following this approached to
synthesie derivativesof azadipyrromethenavith oneto four differentsubstitutedaryl

ringsdependingon the pyrrole building blocks®®

Arp Arg Ar, Ars
N
A ﬂ \ /ﬂ\ Ac,0, AcOH \\ TN
r —_— =
ol Ara N" NO  400°c,1h NH N
Ar1 Ar4
49 50 51
compound Ary Ar; Ars Arg Yield
%
51a Ph Ph pMeNCsH4 Ph 35%
51b Ph Ph p-BrCsHs Ph 92%
51c Ph Ph p-ELNCHCsH4 Ph 94 %
51d p-MeOGsH, Ph Ph p-MeOGH,  72%
51e Ph p-FCsHs  p-EtNCH.CeHs  p-MeOGHs  88%
51f Ph p-FCsHa Ph p-MeOGCsH4 94 %

Schemel.13: Syntheticstrategyto formationof unsymmetricabzadipyrromethen&?®

Moreover,it hasbeenobservedhatthe additionof stronglyelectrondonatinggroups
along with the increasein conjugationprovidesa meansto further increasethe red
shifting of the fluorescenceemissior’t* This hasbeendemonstratedvith the addition
electrondonatinggroupson the paraposition of the 5-Ar substituentsvhich led to
increaseaxtinctioncoefficientsandredshiftsin theabsorptiormaximum?! Figure1.7
showsexamplefrom theliteraturedemonstratingheeffectof addingelectrondonating
groupsonthe5-positions ofAryl substituent®n the absorption and emission. In Figure
1.7B, installation of the electron donating groups (NMen the para phenyl

substituentged to increase thabsorptiorandemissionsy 149 nmcompare with non

( )
1 18 )
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phenyl substituent§Figure 1.7A).> ¢ The increase of the absorption and eriss

properties in these mogifed to properties agffective photosensitizers and agents of
photodynamic therapyike photofrin or protoporphyrii!

04
.“‘.'1
f | 1
0.3 - ( ‘l
| 1
| {
8 [ \
£0.2 ' ‘
3 [
2 / ' \
- /7y |/ ’l \
0.1 1 / \ / | .I‘
h ' \ / | /
D A\
o-o . - \-"‘-M —
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Figure 1.7: A selectionof azaBODIPY structuresshowing the effect of electron
donatinggroupson the absorptiorandemissionproperties and the absorption spectra
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1.7. Synthesisof benzofusedazaBODIPY s

A variety of modificatiors havebeenexploredto optimizethe azaBODIPY scaffolds
in orderto further shift the absorptiorandemissionpropertiesowardsthe far red and
NIR region®®>° Vollman reported the first synthesis of benzo fused aza
dipyrrometheneg 1972by the reactionof phthalonitrilewith 2.5 equivalens of aryl
magnesiunbromides at roomtemperaturén dry benzeneBy usingsteamdistillation
andrecrystallisatiorfrom pyridine, benzofusedazadipyrromethenesvereisolatedin

low to moderateyield.®°

CN N
O: ArMgBr =7 N
N\ =
CN dry NH N

CGHG Ar Ar

53

52

53a Ar = phenyl 34%
53b Ar = 4-CHzphenyl 24 %
53c Ar = 4-OCHs;phenyl 7 %

Schemel.14: Synthesiof benzofusedazadipyrromethendy Vollman 7 60

To datea numberof novel ring-fused azaBODIPY scaffoldshave beenreportec?!
Thesefusedring systemsareidentified as[b]-fused andor [c]-fused(f usi on at
sites),azaBODIPYs dependingon the bondsinvolved in annulationof the aromatic
groupontothe pyrrolering, or boronfusedwherethering fusionis via intramolecular

B-O ring formation (Figure 1.8).6* Thesefusedring derivativescan be classifiedinto

four key groupsasshownin Figure 1.8.51
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e
-B< i
F~ °F

[b]-fused
N N
Boron-fused CV/ \\\i\> [c]-fused ny/ \\(\>
——— N\ N\B,N\ N\ N\B/N\
F7°F F7OF
Aza BODIPY core

[c] and [b]-fused

Figure1.8: Typeof thering-fusedazaBODIPY analogue$!?

1.7.1 Synthesisof [b]-fused aza dipyrromethenes and azaBODIPYs

from ring-fusedpyrroles

The first report of the conformationally restricted six-memberedring-fused aza
BODIPYs wasby Carreiraand co-workersin 2005%’ By simply replacing2,4-diaryl
pyrroles with stablering-fused pyrrole precursorss4, they developeda convenient
syntheticrouteto constructedb]-fusedazadipyrromethené5 andazaBODIPY 56
(Scheme 1.15Y Sincethen,their reportedpreparatiorof [b]-fusedazaBODIPYs 56
by directcyclizationof substitutegyrroleshasbecomeapopularmethodthatfurnishes
the desiredproductsin good to excellentyields 76 %.5* However, the precursors
themselvesthe fused pyrroles,requirea multiple-stepsynthesisHenceit limits the
effectivenes®f this strategyto convenientlyaccessa diverserangeof ring-fusedaza
BODIPYs(Schemel.15).#
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Ny
\ Y NaNo, \ A\
_ NaNo; N
O N "HOAC/ Ac,0 . NH N
H,CO O

54 55 56

Et3N BF3 OEt, .
H3CO

OCH,

76 %

Schemel.15: Synthesiof [b]-fusedazadipyrromethen&5 andazaBODIPY 56.47

1.7.2 Synthesisof [c]-fused(f u s i 0 n sites)azadipwronfethenes
and azaBODIPYs

1.7.2.1From phthalonitrile and their derivatives

In 2008,LukyanetsandKobayashreportedhesynthetionethodo synthesie[c]-fused
azaBODIPYs (Figure 1.8),following Vollman procedureas mentionedpreviously.
Reactionof phthalonitrile 52 with aryl magnesiumbromidesin dry benzeneat room
temperaturdor 1 h, steandistillation andrecrystallizatiorfrom pyridineandmethanol
provided[c]-fusedazadipyrromethene&3a and53d in moderateyields 28 % and27
% respectively(Schemel.16).** Following chelationby treatmentwith BFsOE®, the
resulting [c]-fused azaBODIPYs 57a and 57d were obtainedin good yields** As
expectedtheseexhibitedsignificant shift in the absorptionand fluorescencespectra.
Thefusedazadipyrromethene83a and53d displayedntenseabsorptiorbandsat 653
nm and658 nm respectively** Thusthey exhibit a red-shift analogougo thatobserved
in the spectraof azadipyrromethenesystemswith extended -conjugated?%® The
fluorescencespectraof 53a and 53d exhibit emissionat 701 nm, and 705 nm
respectively Complexatiorno the correspondingazaBODIPYs increasedhe red-shift
further?* The fusedazaBODIPY moieties57a and57d exhibit intenseabsorptionat
715nm, and 724 nm respectivelyalongsideintenseemissionat 736 nm, and 749 nm

respectively** Thus they have an expandedscopefor applicationmost notably, the
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application of the ring-fused azaBODIPY 57a as potential donor unit for NIR-

absorbingorganicsolarcells®

CN BF;.0OEt,
©: Ar-MgBr _(iPr)NEt__
_—
CN dry Benzene \ N dry Benzene \ N_ N
rt reflux ,

“F Ar
52 53 57
53aAr = phenyl 28% 57aAr = phenyl 70%
53d Ar = 4-tert-butylphenyl 27 % 57dAr = 4-tert-butylphenyl 73 %

Schemel.16: Formationof benzofusedazaBODIPY 57 from phthalonitrile?*

The readyavailability of the startingmaterials,(phthalonitrilesandtheir derivative$,
andaryl magnesiunbromideseithercommerciallyor via a facile synthesiamakethis
strategyvery attractive®! Thusthis hasproveditself to beanefficient strategyto access
a number of symmetric aromatic [c]-fused azaBODIPYs with additional aryl
substituentst the 3,5 positions®* Nonethelesssnotedby Gresseretal, in 2011,the
high reactivity of Grignardreagentimited the substratescopeof this methodasit led
to a numberof sideproducts®® Gresseland co-workerswereableto overcomethis to
someextentby modifying the reactionconditionsto limit side productsand optimise
yield. They foundthe useof oneequivalenof phenylGrignardreagenin diethyl ether
at20 followed by reactionin formamideinsteadof usingwater steamdistillation
furnishedthe desiredproductsin betteryields® Schemel.17 showsthe suggested
mechanismwhich involves reacting of phthalonitrile with phenyl Grignard then
evaporang the solvent producedcrude likely to be the magnesiumsalt of 1-
arylisoindoyliminess8. Heatingof the resultingmaterialwith formamideunderreflux
for afew minutesgavethe activatedaminespecie$9 which couldbe easilyconverted
to compound0. Condensation of compoun898 and60 following by loss of ammonia
led togive thedesiredbenzofusedazadipyrromethené3. Undertheseconditionsthe
yield of 53 wasincreasedrom 28 %, to 55 %. Finally the azaBODIPY 57 wasalso

successfullypreparedn goodyields 78 %.5°
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X

52

CN

CN

PhMgBr @Eﬁ,\l NH,CHO @E/é
_ PhMgBr ,
Et,0 or

NMgBr H,

CeHe Ph
58
\ N g-N= " base \ NH N=
Ph F2  Pn
57
78 % 55 %

Schemel.17: Synthesiof berzo-fusedazadipyrromethen&3 andits BF> complexes

57.65, 66

Another successfulapplicationinspired by this route is the synthesisof the ring-
expanded azaBODIPY dye 62 by Mack et al (Scheme 1.18).%” Here, 1,2

dicyanoacenaphthyleng&l which was preparedusing the methodsof Rieke and co-

worker$® was used as a synthetic precursorto furnish the NIR absorbingace

naphthalendusedring in 54 % yield (Schemel.18. This ace naphthefused aza

BODIPY 62 is particularly suitablefor applicationin solarcells dueto its relatively

wide rangingabsorptiorbandat 628 nm 8’
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O CN  1)PhMgBr  BF,Et,0
‘ 2)NH,CHO  (iPr),NEt
O CN DCM

reflux

61

54 %

Schemel.18: Synthesiof acenaphthalendusedazaBODIPY 62.57

A numberof benzafusedazaBODIPY dyesweresynthesizedisingthisrouteincluding

thefirst chiralazaBODIPY derivatives Onefeatureda binaphthylsubstituen63, 64 °°

andanotherbenzoefusedazaBODIPY 65 with tert-butyl dimethyl silyl groupsat the

phenylsubstituentg®

Figure 1.9: Derivativesof benzofusedazaBODIPYs.5% 7°
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Thefirst synthesisof unsymmetricazadiisoindolylmethenesndtheir BF> complexes
wasreportedoy Shenandco-workers(Schemel.19).”  Treatmenbf phthalonitrile with
asolutionof potassiuntert-butoxidein dry dimethylformamidgDMF) at0  for3h
producedcompound66 in 79 % yield. This unsymmetrial compoundcontainingan
amine group on one side, was subsequentlytreated with dimethylamine in
tetrahydrofuran(THF) to form compound67 in 69 % vyield. Treatmentof 67 with
BF3.EtO underbasicconditionsin dichloromethaneesultedn theformationof BF; -
chelateccomplex68.”

CN CN
N\,
N N
C[CN t-BUOK \ NS N \ N
N\_NH N= NH Nx
cN DMF NG THF NC .
i NH, O N
66

52 67

79% 69%

BF3.0Et, | base

CN CN
L=t ="
\ Ng-N~( - \ N N=
NC BN NC B
)y L)

2 2 N—
/
68

Schemel.19: Synthesiof unsymmetical benzeannulatechzaBODIPY 68.7*

The postulated mechanismfor the formation of 66 includes @protonation of
phthalonitrileat the ortho positionof the CN group using potassiuntert-butoxidein
DMF initiatesthe reaction’? The phthalonitrileanionactsasa nucleophilicreagento
attack the cyano moiety of a secondphthalonitrile molecule, this then leadsto the
formationof C-C bond/? This s followed by afurthernucleophilicreactionandfinally
two electrors reductionprocesgo furnish the azadiisoindolymetheneavith an amino
groupon oneside’? It shouldbe notedthatin this mechanisnthe activationof C-H
bond in phthalonitrile by the concomitantformation of anion with potassiumtert-
butoxideis thekeystep.Thisversatilemethodhasbeenextendedo furnishotherbenzao
fusedazaBODIPY derivatives,suchastert-butyl or tert-butyl thiol (69, 70, and 71)
(Schemel .20)."
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:J\I::I:CN
CN

69

§\S CN
L,
§\S CN
E/SD[CN

7

69a (R=t-Bu)
70a (R= St-Bu)

1) -BuOK, DMF
_— =

2) (CH3)oNH
THF

71a (R= St-Bu)

BF3.Et,0, NEt,
B — e ]

DCM, reflux

6% (R=t-Bu)
70b (R=S-Bu)

71b (R= St-Bu)

Schemel.20: Synthesisof derivativesof azadiisoindolymethenérom mono

andbis substitutecphthalonitrile’?

Another syntheticstrategyhasbeenusedto synthesie avariety of benzofusedaza

dipyrrometheng from benzonitriles with different functional group suchasbenzene,

benzonitrileand thiophene (Schemel.21 inset)’® In this processa moleculeof the

benzonitrileis lithiated by LDA in the ortho-position to the cyano group at low

temperatureto form 73.”> 7* Subsequentcoupling with the second molecule of

benzonitrileleadso theformationof theintermediater4 (Schemel.21).Condensation

of the intermediater4 after reductionwith formamideled to producethe benzofused

aza dipyrrometheng”® Unfortunately, as a result of the low solubility of the

correspondingazaBODIPYs, the BF, complexescould not be obtainedwith the

exceptionof thecompound?5. It wassuccessfullyconvertedo the correspondin@za
BODIPY 76 afterthetreatingwith BF;.OEb. Theycouldobtainzinc(ll) complexeof

thebenzofusedazadipyrromethenewhich demonstratedtrongabsorptionin the 621

653nmregionandthesehadno detectabldluorescencé?
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CN

N N
LDA L 72 O .
=N . —_— N Li _ =
THF/ -98 °C NC NC
72 73
CN

AJNHZCHO

NC N CN
BF;.0OEt, S I\
-
DCM
reflux O O
NC CN
5

76 7
70 % 50 %
- N —~
N\_NH N= NC N\_NH N= CN NH Nx
B (]
NC CN S S
53a 78 77
10 % 50 % 2%

Schemel.21l: Formationof benzefusedazadipyrromethengby reactingof ortho-

lithiated nitriles with benzonitrile’®

Our group hasreporteda straightforwardsyntheticpathwayfor a new type of aza
(dibenzg dipyrromethensg and the correspondingazaBODIPY derivativesvia the
aminoisoindolingprecursorg! The synthesisof the aminoisoindolinestartswith the
precursoramidine 79 under palladium catalysedcross coupling with a variety of
arylacetylenesindfurnishesa numberof aminoisoindolineg€?® The aminoisoindolines
80 and 81 undego efficient selfcondensatiorio form the ~ extendedaza(dibenzq
dipyrromethenederivatives81 and 82.* Typically the aminoisoindolines80 and 81
were heatedunder reflux in toluenefor 2 h, and the productswere isolated by
crystallizationfrom dichloromethan@nd methanolto obtaindeepred crystalsof aza
(dibenzq dipyrromethenalerivatives82 and83. The straightforwardreatmenif aza
(dibenzg dipyrrometheneprecursors82 and 83 with BFs-OEt furnished the
correspondingza(dibenzqg BODIPY analogue$4 and85 in moderateyield (Scheme
1.22.4
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R
iy Sty
©\)LNH2 R toluene, reflux / \
T OO
79
R R

80R =H 76%

81R = OCH85%
82R=H82%

83R =0CH87 %

BF3.Et,0
NEt,

84R=H32%
85R = OCH 49%

83 85

Schemel.22: Synthesiof azaBODIPYsfrom aminoisoindolinesnd Xray

crystal structure of compour@b.*:

Furthermoe, X-ray crystallographyandanalysisof 82 and 83, showedthatthe same
Z,Z configurationpresentn the startingmaterialwasreproducedn the aza(dibenzg
dipyrrometheneproducts’! However, it is immediately apparentfrom the crystal
structureof 85 (Schemel.22), thattheazaBODIPY analogueslisplaythe oppositeof
the configurationof their precursorg.e., the E,E configuration.However,this may

solelybe aresultof thecrystalpackingandsolid-stateinteractiongavouringin thiscase
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the E, E configuration** The photophysicapropertiesof theseanaloguesrepromising.
Aza(dibenzq dipyrrometheneexhibitedarelativelybroadprofile in thevisible region
with a maximumat 465 nm in dichloromethené! Addition of further conjugationvia
the introductionof 4-methoxysubstituentsn 83 led toshift theabsorptiorto 491 nm,
as observedin similar classicalBODIPYs® Analogousto their precursorsboron
complexes4 and85 showabsorptiormaximaat439and469nm,respectively(Figure
1.10) supportinga similar trend of the substituenteffect. However, unlike their
precursors82 and 83, they showfluorescencavith significantStokesshifts of around
90 nm, albeitwith low quantumyields (84 D 5 %, 85 D 0.5%).4!

1,2E+04 1.0

1,0E+04 0.8
8,0E+03
0,6
6,0E+03

04
4,0E+03

2,0E+03 0.2

Molar absorptivity (dm*mol'-cm")

0

- S X0
250 350 450 550 650 750

(‘'n'v) Asuaju) uoiss|wa pazjjewloN

Wavelength (nm)

Figure 1.10: UVT1 vi s a bpedrafa tcompaund84 (blue solid line), and
compound85 (green solid line), and normalized fluorescence emission (blue dotted
line) spectra o84 andfor 85 (green dotted line), in DCM and the excitation spectrum

of 84 (dashed lin€l, maxem= 537 nm)*

1.7.3 Synthesisof [b] and [c] fusedazadipyrromethenesand aza
BODIPYs

1.7.3.1From benzo|c, d] indole-2-amine

Synthesiof [b] and[c]-fusedazadipyrrometheneandazaBODIPYsfrom benzo[c,
d] indole-2-amine provides an alternative route for building ring-fused aza
dipyrromethengandtheircorrespondingzaBODIPYs ¢ Thefirst reportedof naphtho
[c] and[b] fusedazaBODIPYswasby Vasilenkoandco-workersin 1986using2-benz
[c,d] indolaminehydroiodideand2-(methylthio)benz[c,djndole-hydroiodide(Scheme
1.23inset)’’ Subsequentlin 2015KobayashiandShimizureportedheuseof a Schiff-
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basereactioninvolving titanium tetrachlorideto catalyse this reaction.This allowed
themto accesghe benzo[c,d]indole containingazaBODIPY skeleta 86 by a facile
treatmentof commercially available benzo[c,d]indole-2(1H)-one (lactam) 88 and
heteroaromatiamine87, with titaniumtetrachloriden triethylamine’® ThenBFs.EtO
was addedto the reactionmixture producingcompound86 in 41 % yield. (Scheme
1.23. TheazaBODIPY 86 demonstratedtrongfluorescencén solutionandshowed
goodsolid-stateemission’® However the absorptiorandemissionis centredat around
540 nm, which is not ideal for potentialapplicationsasa NIR dye® Following this
synthetic pathway compound 90 was successfully achieved by reacting
diketopyrrolopyrrolg DPP)89 asthe startingmaterialwith heteroaromatiamine87 in
1.0 % vyield. In comparisonto 86 the dimer 90 exhibited a significantly red-shifted
absorptionmaximumat 747 nm which is more suitablefor NIR applications.So far
theseremainthe only two syntheticstrategiedowardsfusedazaBODIPY structures

utilizing benzo[c, d] indole-2-amine’® 77

/
NH, d 2) EtsN O N
\ \ 1) EtsN, 0-CgH4Cly BF3.OEt, '
Nt N - g
O reflux B
FF

“H “HI
(J o

(b s )
~
88 Q N_ N Q
1)TiCly, EtN =P
86

86

2)BF3.0Et,
toluene , reflux

O NH, 41 %
H
\N AN
) [ =0 N
W @
T
N
L, [ 7 "N
1)TiCly,EtsN N
B/

2)BF;.0Et, B

N
N~
toluene , reflux F
Ar= @OCSH17 Ar

90
1%

F
L_F
B~

\
N

Schemel.23 Synthesiof azaBODIPYs86 and90 from benzo [c, d] indok2-

amine’®-77
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1.7.3.2 Postmodificationsof ring -fusedazaBODIPY s

Thefinal routetowards[b] and[c]-fusedazadipyrrometheneandazaBODIPYsis via
postmodificationof ring-fusedazaBODIPY dyes®! Large numbersof azaBODIPY
chromophoresin particular tetraphenyland hexaphenylaza BODIPYs are readily
availablevia facile synthesi€! Thus, further annulationonto thesepre-synthesised
coresprovidesa promisingstrategyto accessvariousring-fusedazaBODIPY's with
extended -conjugation thatcomplementshe threestrategiespreviouslydiscussed?
A number of ring-fused azaBODIPYs have been reported recently via post
functionalizatiorof theparentazaBODIPY chromophors.”® 78 n particularJiacand
co-workers have reported efficient postfunctionakation strategies primarily of
tetraphenyland hexaphenylazaBODIPY derivatives typically using regioselective
intramolecularoxidationreactionsor palladiumcatalysedCi H activationfollowed by
intramolecularcoupling reactions’® "°8 This route of annulationof tetraphenylor
hexaphenylsubstitutedazaBODIPYs provided accesgo [b]-fused92, and[b], [c]-

fused91 derivativesin moderateyields’® 7°

Figure 1.11: Structures oflj]-fusedazaBODIPY 92 andfully fusedsystem9l.

In 2017Jiao,Haoandco-workersreportedthe preparatiorof threenovel[b] fusedaza
BODIPYs 96 a-c including an interestingnine-ring fusedstructure(Schemel.24).”®
Regioselectivéorominationof azaBODIPY 93, usingaliteratureprocedureledto 2,6-
dibromoazaBODIPY 94 in nearlyquantitativeyield (Schemel.24). Suzukicoupling
of 2,6-dibromoazaBODIPY 94 with an aromaticboronic acid was followed by an
iron(lll) chloride mediatedintramolecularoxidative aromaticcouplingwhich led the
desiredring fusedazaBODIPYs 96 a-c. The oxidativering fusion reactionprovedto
be highly regioselectivevith qualitativeisolatedyields over 93 %, andnoneof the[c]

fusedproduct or anyotherfusedderivativesvereobserved®
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R
R3<Q>B(OH)2
2 equiv Bry R,
Pd(PPhs),/ Na,CO5
Toluene 80 °C
93
93a Ri= OCH; 94a Ry = OCH; 99%
93b R,= OCoH2s 94b Ry = OCi2H2s5 99 %

FeCI3
10 equiv

95 96

k r* 4 e
r
1
'y " A i y e ¥
y & ;
— S TN U
¥ &
- \.F; F-L l.\.'h b k=4 N k
L T ¥ h =k i —i 1..' " 4
=g i i § &
- ¥ E \ - v b+ ¢ 4 !
L.J._ by & b L .
b "I.. -t 4
Y [ Y
'._ql l‘ L'
r %

96a Ri= OCHs, R-= OCHs, Rs= H 96%
96b R1= OC12H25, R2= OCH?,, R3= H 96%
96¢ Ri= OC2H2s, Ro= H, Re=t-Bu 93%

Shemel.24: Regioselectivéormationof [b]-fusedazaBODIPYsvia postmodification

of ring-fusedazaBODIPYs, andX-ray crystalstructureof compound$5a and96a.”®
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The resultant azBODIPYs 95 ac show nearly identical strong absorption centred at
around 683 nm and moderate fluorescence emission centred at 716 nm, respectively, in
toluene. Compound86 ac show absorption at around 790 nm and fluorescence
emission centred at 807. In comparison v@fhac, this ring fusion brings more than

100 nm reekhift in both the absorption and emission bafids.
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Figure 1.12: UV- vis absorptionspectraor compound95a (black solid line), and
compound6a(red solidline), and fluorescence emissigspectrgdotted lines) ob5a
(black) andd6a(red) intoluene’®

Attempts to form the fully fused systedi via treatment of compoun@ba with a large
excess of FeGlled mainly to the produc®6a-c instead of the fully fused product
(Scheme 1.24% Varied conditions of oxidants, solvents, temperatures, and light
irradiation did not lead to further fusing @a-c to generate the expectfd,[c] fused
product’® Jiao, Hao and co-workersreportedthe successfukynthesisof the [b],[c]
fused aza BODIPY 99 (Schemel.25) from the oxidative ring-fusion reaction of
hexaphenykzaBODIPYs.& In analogougorphyrinsystemsOsuka®! and Gryko 2
hadboth demonstratedhat the electronrich directinggroupswere conclusivefor the
successfubxidativering fusion® ThusJiao, Hao andco-workersrationalizedthatthe
additionof theelectronrich directinggroupson a specificphenylgroupof hexaphenyl
azaBODIPYswould be ableto activateit for efficient oxidative annulationandthus

form the[b], [c] fused99. Hence 97 which beas two methoxy(electronrich directing)
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groupsonthe metapositionsof 1,7 phenylswaspreparedSuzukicouplingreactionsof
azadipyrromethen®7 with 4-tert-butylphenylboronicacidfollowed bycomplexation
with BFs.ERO yieldedthedesiredproduct98ain 65% (Schemel.25).8° In this reaction
compoundd7 underwent Suzuki coupling reaction instead of its corresponding boron
complex due to formation of some Bdlecomposition product$reatmen®8a with 40
equivalens of FeCk gavethedesiredully fused99ain 11 % yield. Halvingtheamount
of FeCk to 20 equivalentsgavethe correspondingb] ring-fusedproduct100ain 31 %
yield. To activatethe systemtowardsformation of[b], [c] ring fused systens they
synthesize®8b and98c with two additionalmethoxygroupson the metapositionsof
2,6-phenyls. Applying the samereaction conditionsas to 98b and 98c led to the
correspondingb], [c] ring fusedazaBODIPYs99b and99cin 19% and 41% yields
respectively(Schemel..25).89 As expectedgompound8b and98c demonstratetiigher
reactivity; they requiredonly 20 equivalens of FeCk to initiate oxidative ring-fusion
reactionto form the fully annulatedsystent® As mentionedpreviously the [b], [c]
fusion resultsin an over 100 nm redshift comparedto the parentin the absorption
spectrumHexaphenylazaBODIPYs 98 a-c showedabsorptionmaximaat 675, 684,
and674nm,respectivelywhichwerered-shiftedto 787,808,and791nm, respectively
in 100a-c. Notablythe[b],[c] fused99 a-c showedafurtherredshift, with nearinfrared
absorptiorin therange8261 878nmandemissionin therange832i 907nm.2° Figure
1.13 shows the U\Wis absorption andluorescence emissiospectra ofcompounds

983, 99aand compound00a®®
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Figure 1.13:UV-vis absorptior(a), and fluorescence emissify) spectra otompound
98a (black lines), compound100a (red lines),and compound®9a (blue lines) in

toluene?®
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1) Pd(PPh3)s
Na,COj3
ArB(OH),
2) NEt,
BF;.Et,0

98a R:1= H, R=1t-Bu 65%
98b Ri= Re= OCH: 75%

FeClj

98c Ri= OCHs;, R-= H 63%

100a 100b 100c

99a 99b 99¢
11 % with 40 equiv Fe@Gl 19 % with 20 equiv FeGl 41 % with 20 equiv Fed

Schemel.25 Resuts of ring-fusedazaBODIPYs dependingon the equivalets of
FeCkused®

Applying the conceptof using electronrich methoxy groupsto direct the oxidative

cyclisation, lateiin 2017 Jiao,Hao and co-workersreportedthe synthesisof [c] fused
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azaBODIPYs They usednanalogoustrategyto previouslydescribed.e. bromination
followed by Suzukicoupling and palladiumcatalysedntramolecularC T Hctivation
reaction’® 8 However oxidative annulation still generatedexclusively [b]-fused
compoundL03in 87 % yield (Schemel.26).”° Brominationof hexaphenyhzaBODIPY

102 led to dibromohexaphenybzaBODIPY 104 in 82 % vyield. The regioselectivity
canbeexplainedoy thethreeelectronrich directingmethoxygroupsonthe1,7-phenyls
of azaBODIPY compoundL®4, Pd(OAc) catalysedntramoleculaiC 1 Hctivationof

dibromohexaphenybhzaBODIPY 104 led to the [c]- fusedisomer105 in 46 % yield.

(Scheméel.26). ThiscompoundL05 showedabsorptiorat 745nm whereaghe unfused
precursoto 102absorptiongt694nm. This51 nmredshiftis lowerthanthatachieved

via the correspondindp fusedring systems?

Pd(PPh3),

Na,CO3 tBu

tBu-ArB(OH), 4eq
80°C, 12h

102

\ H3CO OCHj
R 75 %
2 .
o¢ . 20 equiv Br,
p « i o
%) 5 min, 0 °C

tBu

104
82 %

Toluene | Pd(OAc),
120 °C | PPhy
32h K,CO3

105

46 %

Schemd..26: Synthesi®f fusedazaBODIPYs103and105."°
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1.8. Boron fusedazaBODIPY's

A number of boron fused azaBODIPYs have been preparedprimarily using a
brominating agentto causedemethylationof a methoxy substituentfollowed by
spontaneousyclisation®! For exampleO 6 S heeahreportedthe synthesisof boron
fusedazaBODIPYs 107 a-d from the tetraaryl-substitutedazaBODIPYs precursors
106 a-d, which in turn canbe synthesizedn four stepsfrom commerciallyavailable
materials$* Treatmentof the tetra aryl-substitutedazaBODIPYs 106 a-d with BBr3
resultedin demethylationof the methoxy groupsto the correspondingbisphenols
followed by spontaneousyclizationto give the correspondindporonfused107 a-d in
2110 61 % yield. However,the methoxyandmethylaminesubstitutedL06 e and 106 f
did not yield any products.They also observedthat prolongingthe reactiontime or
amountof BBr3 led to further brominationon the benzeneand pyrrole rings These
compoundsverealsoisolatedandanalysedAs expectedtherestrictionscausedy the
B-O bondsled to a shift in 107 a absorptiorby 86 nm andin its emissionmaximaby

58 nm comparedo the unfusedparentcompoundl06 a.8°

BBr3
CH2C|2 X1 \ N
0to 25°C
12h O o lNe)
R
106 a-d
a b c d e f
R H H H H OMe NMe:2
R! H Br Br Br Br Br
X1 H H Br Br H H
X2 H H Br H H
Yield (%) 62 36 41 21 n/a n/a

Schemel.27: Synthesiof boronfusedazaBODIPYs 107 a-d.®®

38

—
| —



Chapterl. Introduction and literature review

1.9.Aim of the Project

In recentyears,the investigationof BODIPY's has attractedmany researcherslueto
their interestingphotophysicabproperties.They exhibit absorptionbandscloseto the
NIR region,which led to increasd researchinto ther applicatiors. Thefirst synthesis
of theprecursorlzadipyrromethersen ourgroupwasachievedduringthedevelopment
of anewsyntheticstrategytowardsnewclasse®f mesearyl tetrabenzotriazaporphyrins
(TBTAPs). However, later our group developed new straightforward synthesis
pathway to accessthis new type of azadipyrromethenérom self-condensatiorof
aminoisoindoline underreflux, then convering to the correspondingazaBODIPYs
Aminoisoindolineswere smoothlyachievedby reactinga 2-bromoamidinewith aryl
acetylenevia copperfree Sonogashirarosscoupling followed by a cycloismerization
reactionundermicrowaveirradiation.” The resultingaza BODIPYs bear structural
similarity to the traditional aza BODIPYs, buiffér significantly in the electron
configuration leading tmotably different @sorption and emission propertiésigure
1.14)4

F\ /F
BN
N

traditional aza BODIPYs aza BODIPYsn the Cammidge
group pevious work

Figure 1.14:Traditional aza BODIPY structure, compared with the resulting aza
BODIPY in Cammidgeyroum previous wok.

The bondarrangement in the traditional aza BODIPY is not possible in the resulting
structure due to presence of the externalsiphenyl methylene) at tHépositionand
benzo fusion at the position on the aza BODIPY structujiegure 1.14)Building on

this work, this project aims to investigatethe scopeof the processesstarting with
extensionto alkyl and benzylacetylenesalkylatedaminoisoindolinesand useasthe
precursorsn thesynthesiof aza(dibenzq dipyrromethengandthecorrespondingza
BODIPYs to accessazaBODIPYs that have similaf systens to thatfound in the
traditional aza BODIPY.sTo achievethis aim, 1-hexynewas selecteébr the synthesis

of alkyl aminoisoindolingwhich is the key intermediaten the synthesisof the main
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target.The resulting structure is expected to change the chemistry significantly by an

oxidation reaction with Iasof two hydrogensas described in Figure 1.15.

F
HO \ /B\ /. Y — \B/ ——
(Jl‘\l N -Hy VRN

N \N =~

Figure 1.15:Targetstructure

The secondaim is investigatingthe reactivities and electronic effects of different
derivatives(suchasdonorandacceptorsubstituents)andalternativearyl units on the
synthesiandpropertief thesemoleculesandinvestigatevhetherasyntheticstrategy
could be developedto efficiently give unsymmetricalderivatives. There are no
unsymmetricalderivativesreportedto dateandthe investigationof electrornc effects

hasnot beeninvestigated

The last aim is investigatingthe extensionof ~ conjugatedsystemon the aza
dipyrrometheneseither by ring fusion reactiors of the parentaza BODIPYs or
formation of the macrocycle structuresfrom the aza (dibenzg dipyrromethene

derivatives
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Chapter2. Results anddiscussion

2.1 Attempted synthesesof alkyl aza (dibenzo) dipyrromethenes
(ADBDP)

Aza (dibenzg dipyrrometheng are precursordo a subsetof BODIPY analoguesin
this classof compoundsthe methinecarbonat the mesoposition is replacedwith
strongly electron withdrawing nitrogen atom as we mentionedin the introduction
chapter. Severalmodificatiors have been publishedto optimize the azaBODIPY
scaffolds in orderto furthershift the absorptiorandemissionpropertiesowardsthefar
red and NIR region®®>® In 2014 our group haspublisheda new classof conjugated
boronaza(dibenzqg dipyrromethengandits precursoraza(dibenzq dipyrrometheng
through relatively straightforward synthetic procedure from readily available
aminoisoindolinederivatives*! In this syntheticpathwaythe aminoisoindolinesirethe
key intermediatewhich canbe smoothlyaccessedrom 2-bromadbenz@amidine79 as
describedin Scheme2.1. Heating of aminoisoindoline 80 and 81 under reflux in
tolueneat120 producsthe’ -extendediza(dibenzo)ipyrromethenelerivatives32
and83in goodyield. Aza (dibenzo)dipyrromethen&lerivativessmoothlyconveredto
the correspondingaizaBODIPYs 84 and 85 by treatingwith BF;.OE® in the presence
of TEA asabasein dry DCM (Scheme2.1).

(i) LiN(SiMe3),/ THF el k
CN | | 1vVies)o - N
@ rt, 4 h - ()\)kr\m2 ArT— N
Br (i) HCI Br Pd \
Microwave Ar
108 79
80 Ar = phenyl

81 Ar = 4-OCH; phenyl

xnpel
JUBA|OS

A F.F A Ar Ar
r r
N\ B/ BF3.0Et, \ /
N N base N HN
! = = \
—
N DCM, rt N

84 Ar = phenyl 82 Ar = phenyl
85 Ar = 4-OCH;s phenyl 83 Ar = 4-OCH;s phenyl

Scheme2.1: Thefull syntheticroutetowardsazaBODIPYs84, and85 andtheir
precursor{ADBDPS) 82, and83.4
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Theresultingstructuresnclude modificationson the parentcoresuchas, replacement
of the carbonatomon the methine bridge(mesecarbon)with nitrogen,extendedhe”
conjugationsystemvia benzofusedthe pyrrole rings at the b positionon the ADBDP
unit, andfunctionalizatiorof pyrroleunitsatthe Upositionvia conjugatiorto abenzene
ring#* Thereis contrastingspectroscopidehaviourwhen comparingthe resulting
moleculewith traditional BODIPY derivatives,presumablyas a result of the local
aromaticitythatis preservedn thebenzeneingsgiving adifferentelectronicstructure
tothatfoundin BODIPYs,theydisplayabsorptiorin thevisible regionwith amaximum
~465nmin DCM.4

Basedon the succes®f this strategythis projectaimsto investigatethe scopeof this
processand extendthis strategyto furnish a rangeof aza(dibenzq dipyrromethanes
(ADBDP), andthe correspondingizaBODIPYs that could haveinterestingproperties
andapplications A key stageto achievethis aim would involve extendingthe copper
free Sonogashiracoupling to alkyl and benzyl acetylenes.This seemingly simple
structuralmodification is expectedto changethe chemistrysignificantly due to the
potentialtautomerismof the intermediateandits subsequenimpacton the electronic
configurationof the BODIPY unit (Figure2.1).

Previouswork?*!

84 R=H 82 %
85 R= OCH5 87 %

Targetstructure

Alkyl e Alkyl F
y B y B
/N
A\ l\\l N 74 N\ N 7
: \
— 1.€
N N

Figure 2.1: Targetstructureof alkyl azaBODIPY.

43

—
| —



Chapter2. Results anddiscussion

2.11 Attempted synthesesof alkyl aminoisoindolines for usein the
synthesis of aza (dibenzg dipyrromethenes (ADBDP) and aza
BODIPYsand competingformation of aminoisoquinolines

Aminoisoindolinederivativeshave beenusedaskey intermediats in the synthesisof
azaBODIPYsandits precursoADBDP. Previouslyourgrouphaspublishedsuccessful
synthesisof aminoisoindaine derivativesfollowing the procedurereportedby Hellal
andCuny®asmentionedn theintroductorysection.This led usto considerextending
it to embarkontheformationof aminoisoindolinalerivativesstartingwith extensiorto
alkyl andbenzylacetylenessthe key intermediatesn the synthesisof azaBODIPYs
(Scheme2.2).

. NH
(i) LIN(SiMes), / THF NH.HCI ¢ po—=
X ’ © o ENAe /
Br (iHHCI Br DBU, DMF
120°C
108 79 L 109 _
95 %

toluene , 120°C © ?

v
Fa
\ B //
NN 2B \ /
X, / NH N
N - |
N
110

111

Scheme2.2: Outline plantowardhexyl aminoisoindolinel09 andits corresponding
aza(dibenzo)dipyrromethend 10 andazaBODIPY 111 usingl-hexyne.

Thefirst stagen theformationof theaminoisoindolinalerivativesbeginsby following
the procedurepublishedby the Meijere group for the synthesisof amidine 79, by
converting 2-bromobenzonitrile 108 to its corresponding 2-bromobenzamidine
hydrochloride79. 8 Consequentl-bromobenzonitrilel 08 wastreatedwith asolution

of lithium bis(trimethylsilyl)amidein dry THF, and the mixture left stirring under
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nitrogenat roomtemperaturdor 4 h. Then the mixture wasquenchedvith a solution
of HCI (5N) in isopropanolto obtain 2-bromobenzimidamiddéydrochloride79 as a
white sold in 95 % yield. Compound79 was charactesed by *H-NMR spectroscopy
whereN-H protonsareclearlyvisible asbroadpeaksat9.49ppmand9.25ppm(Figure
2.2). Thespectramatchedhe published'H-NMR spectrunfor compound?9.

® S
NH,. Cl i
NH, |
Br
T T T T T T T T T T T T T T T
10.5  10.0 9.5 9.0 8.5 8.0 7.5 7.0
f1 (ppm)

Figure 2.2: 'H-NMR spectrunof 2-bromobenzimidamidaydrochloride79.

The mechanismof formation of compound79 includesa nucleophilicattack by the
nitrogenbis trimethylsilyl anion(stabilizedby a lithium cation)at the partially positive
carbonatom of the nitrile group. Acid work up removesthe trimethylsilyl groups
yielding 2-bromobenzamidin&9 (Scheme2.3).

®
Li S
~d |?7_\C| o o o
N TUNRL P NH |/ ci NH,. Cl
= © si”
N . “ ~N _Qi

©\/‘\ 5 /SI( -SiMe,Cl N \,H® SiMesCl NH,

Br '}l_/ Br Br + HCI Br

-~ I\

Scheme2.3: Formationmechanisnof compoundr9.

The next stagewas basedon the proceduredevelopedby Hellal and Cuny, which
involves synthesisof the aminoisoindoline using aryl acetylenederivatives’™ The
startingmaterial 79 underwenta palladiumcatalysedcopperfree Sonogashiraross
couplingfollowed by a cycloismergationreactionundermicrowaveirradiationto give

aminoisoindolingin goodyield.”® In this pathwaythe coppemwasreplacedy anamine
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as a base.As in Sonogashiracrosscoupling the unfavourablehomocouplingof the
terminal alkyne was formed. In the original procedurethe onepot reaction was
accomplishedy reactingamidine, phenylacetylene catalyticamountsof palladium
andBINAP asligand,in the presencef DBU asa base.Thereactionwascarriedout
in DMF asthesolvent andthis mixturewasplacedin a microwavevial thenirradiated
undermicrowaveat 120°C for 1 h. After thatthe mixture was separateandwashed
with a saturatedsolution of NaHCQ; and purified by column chromatographyand
crystallised from DCM: PE (1:1) giving the pure aryl aminoisoindolinesas yellow
crystalsin goodyield.”® *H-NMR spectrunof aminoisoindolinecompoundsllustrates
the characteristiovinyl protonat ~ 6.65 ppm confirming that this one pot reactionis
stereoselectiveproducingthe (Z)i isomeras major product™ The suggestedopper
free Sonogashiraeactionmechanisnis illustratedin (Scheme2 4). Thefirst stepof the
mechanisninvolvesoxidativeadditionof thearyl halideto theactivecatalysf Pd%L ],
to form the four-coordinatedpalladiumcomplex The acetylendigand consequently
coordinatego palladiummetalfollowed by deprotonatiorof the ligatedalkyneoccurs
through the action of a base, DBU. Then trangcis isomerizationand reductive

eliminationoccurstepwisaeformingthe catalyticspeciegPd®L ;] readyto startanew

cycle®’
1 e 2
)/- d”Lz
»} PdlL, \<
L RLPé-X
i R1 Pd X NRs !
R™- Pd — R?
| RSNH X R3N
= p
_/ H R L+ RN L/
RAHX R‘ Pd X H——F’ R*—PI X
RN +L | |
H— 1
R—Pld—X NR;
L = phosphane, base, NR, I p——p?

solvent or alkyne

Scheme2 4: Suggesteatopperfree Sonogashirarosscouplingreaction®’
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Themechanisnescribedabovewascommonlypreferentiaif theamineis alessgood
ligand than the alkyne for the palladium(I)® In the case of synthesisof aryl
aminoisoindoline,coupling is immediately followed by a regioselective5-exo-dig
cycloismerizatiordominoreactionto give thefinal product.The suggestednechanism
includesthreestepsclarified in Scheme2 5. Thereactionis initiated by coordinationof
the palladiumcatalystto the alkyne,followed by the lossof HCI. Finally, protonation

recoves of the catalyst.

NH; NH, NH, NH,

@NH Pd NH = NH  NRg+L NH
—_— f
Br Pa”" pa”" ® ; o Pd
v Br L / Br  NHR; Br L XX
Ar
PdOLZ\

NH,

//

Scheme2.5: Suggestednechanisnfor the 5-exo-dig cyclodimerization

Accordingly,in orderto achievethe alkyl aminoisoindolinecompoundL(9, 1-hexyne
was selecteddue to it is availability and likely solubility to the final compound
Attemptingto synthesis compoundL09 following theidenticalconditiors asdescribed
above A productwith theexpectedm/z200)masswvasisolated However thetHNMR
spectaof theresultingcompoundlemonstratethattheexpectecaminoisoindolinel 09
was not formed A new singletof 1H appearedat 6.84 ppm insteadof the expected
triplet peakfor thealkeneprotonin thetargetcompoundlabelled*, Figure 2.3). Which
reasonedhis correspondgo the newly formed C-H proton,formedvia cyclisationto
yield adifferentring system.Thealkyl chaingivesacharacteristicetof peaksstarting
with atriplet integratingto two protonscorrespondingo alkyl protonfollowed by the
restof peaksgiving 2H, 2H multiplets, and3H triplet respectivelyat correspondingly

lower values
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NH.HCI

_ NH,
CiHg—=
NH, PdCl,(MeCN), N
Br BINAP v . 4
DBU, DMF
79 120°C 109

Scheme2.6: Unsuccessfusynthesigowardalkyl aminoisoindolinel09.

Ar-H *

(___}\_\ a b ¢
N I S

TTT S D T T T

Figure 2.3: *H-NMR spectrunmof theresultingproductfrom reactingof amidine79
with 1-hexyneundermicrowavecondition.

It was suspectethatthe cyclisationmight be occurredin differentway producingthe
6-memberring compoundOn doseinspectionof the literature,it foundthis hasbeen
observedbefore,asin somecasesthe competitionbetween5 and 6 membereding
compoundgisoindolineandisoquinoline)have beenobservedo vary dependingon
conditions used. Fortunately, the resulting crystals were suitable for X-ray
crystallographyand as expectedt confirmedthe structureassignmenfor 3-n-butyl-
isoquinolin1-amine which crystallises to form Fbonded pairs of moleculesshown

in Figure 2.4. The results, performednd analysedy our collaborator Dr David
Hughes, show thatll the nonhydrogen atoms of the isoquinoline rings of the resulting
molecule form a good planarray, the carbon atoms of thebutyl group lie close to
this plane and show an dfhns chain. One of the amino H atoms forms a good
hydrogen bond tthe N atonof a neighbouring molecule, and this bonding is repeated
about a centre of symmetry, thus forming an eigkimbered ring which links the pair

of molecules in a dimer uniStructural data and tables are given in the Appendix.

48

—
| —



Chapter2. Results anddiscussion

- (f c34! o (‘i o
R 5 O‘fa”'.~{‘cs
, R e
7 )
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/ <1 Vs
: !

Figure 2.4. Crystalstructureof 3-butyl isoquinoline-1-aminecompoundl12.

Using 1-hexyne failed to producethe desiredaminoisoindolinel09 however,the
isomeric isoquinoline 112 was isolated in 31% yield. Subtle changesin reaction
conditionsandthe staring alkyneclearly affectchemicalcontrolin the formationof 5
versus 6 memberedrings. The suggested mechanism of this reaction includes a
nucleophilic attack where an amine group attacks on the bauid togive 6-endo dig

cyclisation compound (Scheme 2.7 ingt)

NH.HCI CiHo—= NH, NH,
PdCl,(MeCN), N NN
NH BINAP N P
Br DBU, DMF \ CqH
120°C
79 109 112
] not observed 31 %
(a)
R= Ar NH>
I {
N
\ R
R (b) NH
Pd R | R=C,H, 2
L 5 \N
Z >R

Scheme2.7: Synthesiof compoundl12.
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2.2 Introduction to isoquinoline
Isoquinoline(2-azanaphthalené composedf a benzeneaing fusedto apyridinering
(Figure 2.5). It is an important heterocyclic system and a structural isomer of

quinoline®

5 4
5 X 3
7 N>
8 1

Figure 2.5: Structureof isoquinolinecore.

Isoquinolinewasinitially extractedrom coaltarin 1885by HoogewerfandvanDorp %

In 1914, Weissgerberreporteda faster route by selective extradion of coal tar,

exploitingthefactthatisoquinolineis morebasicthanquinoline,followed by fractional

crystallizationof the acid sulfate®* More recentlythe synthesisof isoquinolineshas
attractedconsiderablattentiongiven the wide rangeof biological activitiesexhibited
by isoquinolinederivatives’ Of themanyreportedoutesthetransitionmetalcatalysed
routeto constructheisoquinolinecoreis particularlysignificant®® As comparedo the

classicalsyntheticmethods,suchas the Pomeran#ritsch reaction,which is mostly

subjectedo harshconditionsuchasusingstrongacids or performedhereactionunder
multiple stes which effects the resultingyield, while the transition metal catalysed
routerequiresmilder conditions®® In particular,the palladiumcatalysednethodology
havegarneredhe mostattentionbecaus®f the considerableole that palladiumplays
inc ar b o n ibandcouplimg® andannulationreactionsof alkynes®

Recently,2-alkynylbenzonitrileshavebeenusedas precursorgor the constructionof
theisoquinolineor isoindolinederivativeshroughaminative6-endedig and5-exo-dig
cyclization,respectivelyln thesecasescompetitionbetweens and6 membereding
formation has beenobservedto vary dependingon conditionsused. Moreover, 2-
alkynylbenzonitrilesprecursorwould lead to the productswithout elimination or
formationof anysideproductshencehavethe potentialto attain100% atomeconomy
in this case’’ For example,1-aminoisoquinolingTable 2.1E) havebeensuccessfully
formedby thereactionof secondaramineswith 2-alkynylbenzonitrilesundersolvent
free condition and using copperbasedcatalystsHere it is clear that the secondary

amines influence the regioselectivity of the reactioni.e. they favour 6-endodig

( )
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cyclization as opposedto the 5-exo-dig.®” However attemptingthis annulationwith
primary aliphatic amines and secondaryaromatic amines generateda complex
mixture®” On the other hand, other catalystssuch as triflates of zZn, favouredthe
formation of 1-aminoisoindolewia 5-exo-dig cyclization®” Nonethelessit shouldbe
notedthat it hasalso beenreportedunderdifferent conditions,the useof zinc asa
catalystswith this precursofavours6-endedig resultingin naphthalenaminoesters’®
Thus it appeardoth the catalystand reactionconditionsimpactthe productformed.
Rare earth catalystsuch as lanthanide have also beenusedto catalysesequential
addition/annulation reaction of secondary amines with 2-alkynylbenzonitrile
derivatives’® resultingin a tandemprocedurefor the preparatiorof aminoisoindoline
(Scheme2.8). TheauthorsPenggingandYinlin suggesthatthereactionis initiated by
deprotonatiorof theamineby thelanthanidecatalyst resultingin coordinationto form
Ln-N speciesA anda sequentiainsertionof CN triple bondto the Ln N specieso
furnish lanthanideamidinateintermediateB. This is followed by cis-additionof Ln N
bondto C-C bondleadingto cyclization,resultingin intermediateC. Finally thedesired

aminoisoindolings obtainedvia protonationof C with anotheramine®

R R
Z [
NHR, . Lanthanide catalysis ) N
CN
NH,
Protonation
[Ln]
R [Ln]
R n
Z f
[Ln]
- 5 ! - y N
[Ln]-NR, ~N
NR, NH,
A B Cc

Scheme2.8: Synthesiof aminoisoindolineby usingrareearthcatalystand
secondarnamine®®

Additional synthetic procedureshave been publishedby Xien Shen,this includes
reactionof 2-alkylbenzonitrilewith aliphatic aminesin the presenceof a catalytic
amount of Ti(NMe2)s, in toluene or benzend® This has shown excellent

( 1
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regioselectivity with regardsto the 5-exo-dig cyclization for the preparationof
substitutedaminoisoindolinesMoreover only Z isomerswere isolated as the final
products'® Table 2.1 gives a comparativesummaryof the four different catalysts

discussedboveandtheresultingproducts.

CuOTf-PhMe zh Solvent 24h 120°C 62 % 20%
[ j free
N
H
Zn(OTf) P Solvent 24h 120°C 8% 76 %

h
N
f
[Nj ree
H

La[N(SiMe)]s O Toluene  6h 25°C 0% 97%
N
Ti(NMe2)s CéDs,OF  18h 115°C 0% 95%
toluene
NH,

Table 2.1: Comparativesummaryof synthesiof aminoisoindolires andamino

isoquinolines usingdifferentcatalysts.

Yang et al, havereporteda strategyfor the one pot synthesisof isoquinolinefrom 2-
alkynylbenzaldehydas shown in cheme2.9.1%! This includesreactingof 2-bromo
arylaldehydesvith arangeof terminalacetylenesinderstandardsonogashiraoupling
conditions.Theyfoundthatreplacingof coppercatalystby a combinationof 2 mol %
of PA(OAC) and4 mol % of PPh led to doublingthe yield. DMF was usedasthe
solvent, KOAc as the baseand microwaveirradiation as the heatingsource.After
completion of palladiumcatalysedcoupling, ammonium acetatewas used as an

ammoniasourcefor theiminationstep©?
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0]

H
H i X
(:fj\ + —R L» @\
Br (ii) Z R
113 114

82 %

R=4-OCH; Phenyl

(i) Pd(OAC)2, PPh, KOAC, microwave, 80 , 1h, DMF
(i1) NH4OAc, microwave 150 ,2h

Scheme2.9: Synthesif isoquinolinesdy microwaveassisteddnePot
reactionfrom 2-alkynylbenzaldehydé’*

Another reported route for the formation of the l-aminoisoquinolinesfrom 2-
Alkynylbenzamidess by usinggold(lll) catalystin the presenc@®f ammoniumacetate
(Scheme2.10).1%2 This syntheticroute startswith the couplingof 2-bromobenzamides
with terminal alkynes under Sonogashiracross coupling condition to producethe
correspondin@-akynylbenzamided.15. The 1-aminoisoquinolined16 are produced
aftercoordinationof thegold(lIl) catalystgo carboni carbontriple bondin thealkyne

which resultsin theregioselectivés-endedig cyclizationin 92 % yield.%?

NH,
NH, NaAuCl,-2H,0 (6 mol %)
AgSbFg (6 mol %) N
% Ph NH4OAc, 3 equiv B Z
CH3CN, 85°C, 20 h
115 116
92 %

Scheme2.10: Synthesiof isoquinolinesl 16 from 2-akynylbenzamide®y using
gold(Il) catalyst'©
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2.3 Synthesisof 2-hexynalbenzonitrile and useit as precursor in the

synthesisof alkyl aminoisoindoline

Theunexpectedesultledto identifyingusefulconditionsto 6-endadig regioselectivity
which could haveapplicationfor forming interestingisoquinolineunits. However,in
orderto obtainthetarget,the desiredalkyl aminoisoindolin€l09, anotherroutehas to
devise This syntheticpathwayincludesthreestepsasdescribedn Scheme2.11. The
first step startswith changingthe amidine to its precursor2-bromobenzonitrileto
producethe corresponding2-hexylbenzaitrile 117 which could be accomplisied
accordingto the literatureunderSonogashiracrosscouplingreaction®® The next step
involved treating2-hexylbenzonitrilel17 with a solutionof lithium bis(trimethylsilyl)
amidein dry THF to producethe correspondin@-hexylbenzoamidind 19. The final
stepwas applying microwaveheatingconditiors usingPd catalyst,hopingthis might

allow theformationof the desiredalkyl aminoisoindolinel09.

step 1
CN Pd(PPh3),Cl, CN
+ R Cul
N
Br Et3N %
108 24 h, 120 °C R
117 R =C4Ho 82%
118 R = 40OCHs Phenyl 68 %
step 2 LiN(SiMes),
HCI
step3 ,
NH, BINAP NH,CI
{ PdCly(MeCN),
N ] DBU . NH,
\ microwave N
R 1h,120°C h R
109 R = GHg 119R = GHg
81R = 40CHs Phenyl 120R = 40OCHs Phenyl

Scheme2.11: Outline of suggestegathwayto formationof compoundl09.
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This planwasinspiredby the suggestiorthatthe mechanisnfor the formationof aryl
aminoisoindolins involved the aryl ethynyl amidine as the intermediatebefore the
cyclisationstepasdescribecearlier.So, the next decision wa® startsynthesisingl-
methoxy phenyl ethynyl amidine 120 directly to ensurethe effectivenessof the
synthesisandasthe resulting4-methoxyphenylaminoisoindoline81 could be easily
identified due to its availablity from previous synthesis.Compound 118 was
successfullysynthesied via a Sonogashiracrosscoupling,it wasthe first fractionthat
elutedfrom the column chromatographyand was isolatedas white crystalsin good
yield, 68 % (Scheme2.11). The *H-NMR spectrumof compound118 as shownin
Figure2.6 showeddoubletat6.91ppmwith couplingconstantl = 7.8Hz for theprotons
in thephenylring labelleda, the other phenyl protons appeared as a doublet overlapped
with other signal refer to the benzene ring protiaielledb, benzeneing protons
appeared in the expected aromatic regifime methoxy protors clearly appearas a
singlet peakat U 3.84 ppm MALDI -MS spectrumshoweda clear peakat m/z 233

confirming118 wasformed

O-CHs
‘,,,

a7 Lo

T T T T T T T T T T T T T T T T T T
7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6
f1 (ppm)

~d

Figure 2.6: *H-NMR spectrumof compoundL18

For the nextstep,treatingcompoundl18 with a solutionof lithium bis(trimethylsilyl)
amidein dry THF, led to the produdion of compoundl20in excellentyield 80 %. The
structureof compoundl20wasconfirmedby NMR spectoscopyandX-ray diffraction
analysisas shownin Figure 2.7. As expectedthe 'HNMR spectrum retains the same

features present in the precursor nitbilg theyare shifted slightly and the-N signals
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are not observed, most likely due to exchange in theOCDsolvent. The crystal
structure confirmed theroduct, but the data (appendix) were of low qualgg

additional analysisf the structure was not undertaken.
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Figure 2.7: *H-NMR spectrumandX-ray crystalstructureof compoundL20,

In the final step compound120 underwenta cycloismerisation reaction following a
microwave assistedprotocol developedby Hellal and Cuny.”> Compound120 was
treatedwith catalytic amountsof palladium catalystand BINAP as ligand, in the
presenceof DBU as baseand employing DMF as the solventfor the reaction.The
mixture was irradiatedunder microwave heatingat 120 °C for 1 h, after which an
agueousvork up wasperformedandrecrystallisatiorwith DCM: PEto give the pure
aminoisoindoline81 as yellow crystak in 65 % vyield. Thus, this pathwayto the
synthesif 4-methoxyphenylaminoisoindolineé81 hasconfirmedthatcompoundl20
is an intermediatein the one pot reaction,this providesevidencethat suppors the

proposedeactionmechanism.

Then moving to thefirst stepwas appliedusing 1-hexyneundernormal Sonogashira
condition compound117 was producedin excellentyield 82 % (Scheme2.11)
Compound117 was characterisedising 'H-NMR and *C-NMR spectroscopyand
demonstratedll signalsasin the referenceé®® The next stepinvolved synthesisof 2-
hexyl benzamidinehydrochloride119 by treatingof 2-hexylbenzonitrilel17 with a
solution of lithium bis(trimethylsilyl)amidein dry THF (Scheme2.12) The mixture
was quenchedvith a solutionof HCI (5N) in isopropanokhenit wasdiluted by H>O
and extractedby ethyl acetate The resultingproductwas separatedy using several
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columnchromatograpi A productwith molecularweight 366 wasisolated.The *H

NMR spectroscopindicatesabutyl andpropyl chairs,andthearomaticregionshowed

thiscompoundhastwo benzeneingsasshownin Figure2.8. While theInfraredspectra

showeda nitrile CN group,alkyl, alkeneandNH functionalgroups.

NH
CN o
©/\ () LIN(SIMes),/ THE, NH,
N (i) HCI
X N
CaHo S C4Hg
117 119

e 300
. 2Xx CHs
[
2x CH2
(.
3x CH2
Ar-H {_A_\
’/M,_M[M,—_L_J_JL’__J Ll

T T T T T T T T T T 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 15 1.0
f1 (ppm)

Figure 2.8: *H-NMR spectrumandMLADI massspectreof theresultingcompound

with molecularweight366.

Our explanatiorwasthe reactionwith the strongbaseled to the startingmaterialbeing

deprotonatean the position* asshownin Scheme2.13, thenreactng with itself to

give thesuggestedtructureshownin the Scheme2.13
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Z
N

H,

VA

=~
A — O |
H CN
H A
! C
—Si O s;j
/

Molecular Weight: 366.51

_\(_j)
l
\
A

VA

Possibleproduct

Scheme2.13: Suggestdresultingstructureresultingfrom thereactionbetween
compounds andlithium bis(trimethylsilyl)amidan THF.

Thereare a few literature methodspublishedfor convertingnitriles to the amidines.

Paveland his co-workershad synthesisegara-substitutedaryl amidinesfollowing a
developmentbased on the Pinner amidine synthesis®* In this synthesispara-

substitutedaryl amidineswveresynthesisethy threemethodsasdescribedn theScheme
2.14

NH . HCI
Method (i)
R = NO, NH;
(" MeOH/ NaOMe R
then NH,C| B
rt
NH NH . HCI
CN Method (ii) OCHs NH, NH
/©/ < R=H MeOH i
e
R ) MeOH/ SOCly, H,0, rt AN R
R
A c B
Method (iii) NH HCI
\_R =Cl, CH3, OCHj
HCI. MeOH, rt NHz

Scheme2.14: Synthesiof 4- substitutedaryl amidines'®*

Method (i) as shownin Scheme2.14 involved treatmentof compoundA with the
sodiummethoxideasthe basein methanolatroomtemperaturefollowed by addingof
dry ammoniumchloride Pavelet al, had proventhat the use of basicconditiors are
moresuitablefor nitrileswith electronwithdrawinggroupsubstituentswhile for nitriles
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with electrondonating substituentshe acidic condition is the preferredmethod!%
Followingthis methodwasunsuccessfuh theformationof 2-alkyl benzoamidinel19,
the startingmaterialremainedunreactedThe secondmethod(ii) wasthenattempted
(Scheme 2.14). This involves treatmentof compounda with thionyl chloride in
methanolat room temperaturgthen after the formation of the intermediatemethyl
imidate hydrochlorideC, methanolicammoniasolution is addedin one portion%*
Unfortunately this methodtoo did not producethe targetproduct This may be dueto
the equilibriumreactionbetweernthe startingmaterialandthe intermediatecompound
during the processandwith the presencef thionyl chloride,the reactionshifts to the
startingmaterial. The third methodreportedmethod(iii) , includestreatmenbf nitriles
with HCI in methanolatroomtemperatureThis methodwasnot attemptedecausen
caseof hexyl benzonitrilethe triple bond will likely undergoelectrophilic addition

convertingto thealkeneundertheseconditions

Method (i)
MeOH/ NaOMe
CN then NH,CI CN
rt
X N
C4H9 C4H9
Method (ii)
117 MeOH/ 117
SOCI,H,0 . .
it unreacted starting matirial

Scheme2.15: Synthesisattemptsof formationof compoundl19.

As previously mentioned, the synthesisof aminoisoindolinesby the lanthanide
catalysedtandemintermolecularcrossdisinsertionreactionof 2-alkynylbenzonitriles

andsecondanamineshavebeenrecentlyreported(Scheme2.16).%

‘ /Ph

=

O O La[N(SiMes),ls N
.
CN ” toluene, rt {‘j

121 122 123

Scheme2.16: Synthesiof aminoisoindolindrom 2-phenylalkynylbenzonitril€?

Inspiredby theseworks, it wasdecidedto follow this syntheticprocedure Compound

117, with piperidineasthe base(dueto its availability in the lab), in the presenceof
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lanthanidecatalystsuch as lanthanum bis(trimethylsilyl)amiggsstirredin tolueneat
room temperatuteTLC showedstarting material remaired evenwhen doubledthe
equivalerce of theamineor attemptedeatingthe mixture underreflux. Unfortunately,
thesewere unsuccessfutonditionsto producethe desiredalkyl aminoisoindoline
Using alternate lanthanide source like lanthanumi{l) acetylacetonatenydrate or
replacingthe aminewith bis(trimethylsilyl)aminedid not help to convert the starting
materialtowards the targetproduct The final attemptwasmadeusingpalladiumasa
catalystand BINAP as a ligand to assistthe cyclisation but unfortunatelystarting
materialdid notreact.It is notclearwhy thesereactiors wereunsuccessfuh ourhands,
butit is to be notedthatin the procedurethat we followed® the authorsdo not report
any exampleswith piperidine, (lit examplesuse pyrrolidine) There might be some
subtleinfluenceof thesecondaramineonthesereactiors. Thereforejt wasdecidedo

notinvestigatet further.

Then, replacinghe 1-hexynewith 3-phenytlpropynel24was attemptedyith theidea
that the aromaticsubstituentinfluencesthe electronicpropertiesof the alkyne thus
favouringthe 5-exo-dig cyclisationrequired.Thereactionwasperformedollowing the
procedureeportedoy Hellal andCunyasexplainedearlier/® TLC for thecrudeshowed
complicat@ mixture of spotsand MALDI -TOF massspectrumshowedno significant
peakcorrespondingo our desiredcompoundl 25 assuchthe crudewasnot analyed

further.
® ©)
NH,. Cl L
= PdCl,(MeCN),
NH, dﬁ BINAP
+ N >

Br DBU, DMF
120°C,1h
microwave

79 124 125

Scheme2.17: Unsuccessfuhattemptto synthesiof compoundl25.

2 4 Alternative synthess using different terminal acetylenes

All  the previous attempts towards aminoisoindoline using alkyl acetylene
unfortunatelywere unsuccessfulTherefore synthesisof aminoisoindolineusing an

acetyleneesterwasthe nexttarget,by following the syntheticprotocolwhich hasbeen
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discusseearlier”® Unfortunately usingtheethyl propiolatel 26failed to give thetarget
product127. TLC showeda complicatedmixture, and mostof 2-bromobenzamidine
79 remainedunreacted This might be due to the fast formation of the acetylene
homacoupling compound Traceamouns of other compound were also isolatedby
severabkeparationsia columnchromatography*H-NMR spectroscopgf theresulting
product indicatestwo unsymmetricabenzeneings aswell asa N-H proton (Figure
2.9). 13C-NMR showedclearpeaksfor the C=N andC=0. No additionalanalysiswas
performeddueto the poor generatedield. Accordingly, we suggesthat the reaction
stared with couplingof the acetylenan the bromopositionof the amidinecompound
followed by aminationreactionby the otheramidinemolecuk to give theintermediate

128 which might havecyclisedto providecompoundl29 asshownin Scheme2.18.

® S
NH,. Cl
o Pd, NHz
NHy :_(o microv;/ave X ¥
Br BN 120 °C S
0
79 126 127
NH,.Cl
NH,.CI
HoN NH,
NH, o
Br NH
S -OR
A oO—~ % H
cll N
.o 2
Br 128 O NH Br
Suggesed intermediate.

129
Suggesed structure.

Scheme2.18: Suggestdresultingstructure from thereactionbetweer-
bromobenzoamidinandethyl propiolate
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dt o= |
d t HJ\©
dd t

Suggested structure

2

N Lo

Figure 2. 9: 'H-NMR spectrunof productfrom the reactionbetweerp-
bromobenzoamidinandethyl propiolate.

In orderto obtainthe targetproduct,the standardSonogashiracrosscouplingreaction
was followedstaring with 2-bromobenzonitrilel08 Unfortunately,this reactionwas
unsuccessfumostof the 2- bromobenzonitrilgemainedunreacteéndl,6-diethyl 2,4-

hexadienedioat&32 wasisolatedasa yellow oil in 30 % yield. An explanationis that
the esteracetylenehomocouplingcompoundseemsgo be producedirst, thenreduced
tothecorrespondinglkene(eithercisor trans), dueto effectof thePd catalystasshown
in Scheme2.19.

1 N Pd(PPh3),Cl, oN .
! 0 cul
1 + =4 — X~ :
: Br 04\ EtzN % o :
1
1 fo) 1
1
| 108 ] !
Lo ] 130 M0 '
CN Pd(PPh3),CI j)\/
0 3)2L02 CN N
__ P S o
Ol =4 T ol ey
Br N\ EtsN Br o
(0]
PR
/\O)J\/%\,/\”/O
(6]
132
30 %

Scheme2.19: Attemptto synthesiseompoundl31 usingSonogashirarosscoupling
reaction
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Formationof compoundl32wasconfirmedby *H-NMR spectoscopy Two doulets
appeareat 7.57ppmand5.65ppmwith couplingconstant] = 12 Hz in additionto
ethylchainprotors at4.20ppmand1.29ppmrespectively.

(6] H H

N

-0 S N O

H H (0]
CHzs
CH:2
C=CH C=CH
T ?/ T Tu;

Figure 2. 10: *H-NMR spectrunof compoundl32.

Thenthe reaction wasepeatedy replacingthe ethyl esterwith anaromaticacetylene
esterto allow for easymonitoiing by TLC. Also, it was asumedthis might assistthe
succeshl couplingatthebromopositionin theamidinecompoundo give therequired
intermediatdollowed by the cyclisationto give thetargetaminoisoindolinecompound
134. Therefore 2-bromobenzoamidiné9 wasreaced with 2-naphthylpropiolate133
undermicrowavecondition. This reactionfailed to give the targetproduct the major
resultingcompoundwas naphthol135, this wasconfirmedby *H-NMR spectroscopy
While the othercompoundl 36 showedtwo doubletpeaksat 6.5 ppm J = 7 Hz andat
8.03ppm J = 7 Hz which indicatethosepeaksfor the cis alkeneprotors, in additiona
broadsingletpeakaroundl0ppmwhichmustbeN-H or O-H this confirmed by treating
the samplewith deuterium oxideFour protonsfor the benzeneaing appearedn the
aromaticregion.*C-NMR indicates10 carbonsof which one of themwasa carbonyl
carbon and appearedat 162 ppm (Figure 211). Fortunately, lhis compoundgave
suitablecrystalsfor X-ray diffraction analysisconfirmed the structure assignment for
2-(2-bromophenyb4(3H)-pyrimidinonel36 (Scheme2.20inset) We are awaiting full

analysis fronour crystallography collaborator.
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<) )
NH,. Cl
o7
NH,
Cr ™, i
Br
79 133

BINAP
DBU

DMF

PdCl,(MeCN),

microwave,

120°C, 1h

134

not observed

[0}
N
OH IJ]
:
+ H
Br
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Scheme2.20; Resultingcompoundd35 and136 from reactionof amidine79 and2-
naphthylpropiolateundermicrowavecondition, andXray crystalstructureof 136.
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Figure 2. 11: *H-NMR and**C-NMR spectrunof compoundL36.
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The proposedexplanationfor this reactionis thatthe lone pair on the amineamidine
initiates the couplingby attackingthe partially positivecarbonon the carbonylof the 2-

naphthylpropiolatecompoundfollowed by the cyclisationto producecompoundl36

in 20%. Theresultingnaphthoxides protonatediuringtheworkupto give thenaphthol
135in 46 % yield.

2.5 Symmetrical and unsymmetrical aza (dibenzo) dipyrromethenes
(ADBDP)

With the lack of successn formation of aminoisoindalnesusingalkyl terminal, the
attention was turneid synthesis@minoisoindaines usingaryl acetylenesndfocuson
expandingthe range of derivativesavailable and investigaing the reactivitiesand
electroniceffects of different derivatives(suchas doror and acceptorsubstituents
Cammidgegroup has alreadysynthesisedand publishedthe successfukynthesisof
aminoisoindaines usingaryl acetylenalerivatives andtheresultingaminoisoindalnes
were used as the intermediatesin the synthesisof azaBODIPYs, TBTAPs and
SubTBDAPRs (Scheme2.21).4

1) toluene, 1) BClg

reflux CN CN xylene, reflux
O e oo
TEA, DCM, rt o |diglyme, 220 °C cN | 2

H3CO

aza-BODIPY TBTAP SubTBDAP

Scheme2.21: Synthesisof azaBODIPYs, TBTAPs andSubTBDAPsfrom

aminoisoindoline.**
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The synthes of symmetrical aza (dibenzo) dipyrromethene derivatives can be
accomplished smoothly by heating aminoisoindoline derivatives in toluene under reflux
at 120°C.*! As statedpreviouslythis classof compoundss relatively underexplored.
However this projectaimedto investigatehe effectsof electronwithdrawing,electron
donating,andalternativearyl units on the synthesisand propertiesof thesemolecules

and investigatewhethera syntheticstrategycould be developedto efficiently give
unsymmetricatlerivativesThereareno unsymmetricatlerivativeseportedo dateand

theinvestigationof electronc effectshasnot beeninvestigated

NH, \ /
/
Y A NH N
\ solvent X l
N

N ?

\ _ >
Unsymmetricaldimer N \ /
Y \ NH N
o <
N

= electron rich substituent

= electron poor substituent

Scheme2.22: Structures of the symmetricaandunsymmetricabza(dibenzg
dipyrrometheng

2.5. 1 Selectionof aminoisoindolinesprecursors

The synthesisof newaminoisoindalne compourls werecarriedfollowing the general
condition that publishedby Hellal and Cuny.”® Amidine 79 was reacting with a
commercially available 3-methoxy phenyl acetylene,in the presenceof catalytic
amountsof bis(acetonitrilepalladiun{ll) chloride and BINAP as ligand, DBU was

addedas a base and DMF asthe solvent The reactionmixture wasirradiatedunder
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microwaveat 120°C for 1 h. Workupby quenchinghereactionwith ethylacetatehen
washng the mixture with a saturatedsolutionof NaHCQ;, purified by crystallisation
from DCM: PE (1:1) giving the pure 3-methoxyphenylmethyleneaminoisoindaine
137 asyellow crystalsin goodyield. The reactionwasalso performedusingdifferent
aryl acetylenessuch as(4-methoxy phenyl acetylene and 4-pentyloxy phenyl
acetylene}hey both succeededh convertingthe amidine79 to the aminoisoindoline
derivatives81 and138in goodyield O70 %.

N el
NH,. Cl
NH, PdCl,(MeCN),
. BINAP, DBU
Br R,
R DMF, microwave
2 120°C, 1 h
79

137 Ri=0OCH;, Ro=H
81 Ri=H, R, =0OCHs
138 Ri=H , Ro = OGHa11

Scheme2.23: Synthesiof aminoisoindalnecompound 137, 81 and138.

Figure 2.12 showsstack 'HNMR spectrumof compound137 and compound81 in
deuteratecthloroform In both specta the alkeneprotonis clearly appearasa singlet
peakat6.72ppmand6.75ppmin compound 137 and81 respectivelyA broadsinglet
correspondingo the protonon the 3-methoxyphenylring in compoundl37 appeared
at 7.83ppmlabelleda, otherphenylprotonsin compoundl37 appearedsdoubletof
doubletat 6.83 ppm labelledb, in additionto doubletandtriplet signalsat 7.56 ppm
and7.30labelledd andc respectively While in compound31 the 4-methoxyphenyl
protonslabelledal andbl appealasdoubles at 8.08 ppmand6.94ppmwith coupling
constant] = 8.8 Hz. Methoxy protonsappearsn both spectraasa singletat 3.89ppm
and 3.83ppmin 137 and 81 respectively The analysisonfirmed that the 5-exo-dig
cyclisationwas successfulandthis one pot reactionis stereoselectiveproducingthe

(2)iisomer as the isolated product. The other aryl aminoisoindoling (4-pentyloxy

67

—
| —



Chapter2. Results anddiscussion

phenylmethyleneaminoisoindoline)l38 wasalsofully characterisetly *H-NMR, 1*C-
NMR, MALDI - TOF massspectometry, andasexpectedghowedsimilar characteristic

peaksfor the aminoisoindalnewith variationsonly observedat the aryl substituent

e HC=C

' b
I |
MJ,_J\MMM A

T
~

oy
=
T
AN
Q
=
I
0
O

T T T T T T T T T T T T T T T
8.1 8.0 7.9 7.8 7.7 7.6 75 7.4 73 72 7.1 7.0 6.9 6.8 6.7
f1 (ppm)

Figure 2. 12: *H-NMR spectrunof compound 137 (blue colour) and81 (red colour).

Next,the focus wasnthesynthesi®of aminoisoindalnes bearingelectronwithdrawing
substituets. It was expeckd this would affect the electronicpropertiesin the target
ADBDP andazaBODIPY molecules4-Nitro and4-cyanosubstituentsvere selected
dueto their high electronwithdrawingability via bothresonancandinductiveeffecs.
Following the identical procedurereportedby Hellal et al., a solutionof 1-ethynyl 4-
nitro benzendt39andDBU in dry DMF wasaddedo a mixtureof amidine79, BINAP
andPdCb(MeCN). Themixturewasthenirradiatedin a microwavereactorat 120°C
for 1 h (Scheme2.24).
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NP |
NH,. CI
PdCI,(MeCN),
NH, BINAP, DBU
+
Br DMF, microwave
NO, 120°C, 1 h
79 139

Scheme2.24: Synthesisattemptto formationof compoundl40.

Unfortunately this reactionyieldeda very complicatedreactionmixture, the products
obtainedcouldnotbeisolated purein spiteof severachromatographiseparationsthe
majorfractionobtainedcontairedonly two spotsby TLC, butunfortunatelyit couldnot
be purified furthernor suitablecrystalsfor X-ray diffraction obtained It wassuspected
thatoneof thesecompoundss theaminoisoindalne 140 so, another strategyhasbeen
appliedin orderto isolatethe component®f the mixture By treatingthe mixture with
p-toluenesulfonyl chloridein the presencef EtzN in dry DCM, it was expectedhat
formation of the correspondingaminoisoindaine tosylate compoundmight lead to
easierseparation Unfortunately,no reactionoccurred.The *H-NMR specta of the
mixtureshowstwo singletpeaksat 7.05ppm,and6.79ppmcorrespondingo thealkene
protonsin both compoundsas well as 16 protonson the aromaticregion for the

presencef two phenylsubstituentandtwo corebenzenegings.

Ar -protons HC=C

A
A r \

Figure 2. 13: 'H-NMR spectrunof theresultingmixture from the reactionof

amidine79 and1-ethynyl4-nitro benzenaindermicrowavecondition.
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As mentionedpreviously competitionbetweenformation of 5 and 6 membereding
compounds(isoindoine and isoquinoline) can occur dependingon the reaction
conditionused,they havebeenobservedn theliterature.For example reacting2-[ (4-
nitrophenylethynyl] benzonitrile141 with secondaryamine 142 in the presenceof
CuOTf. PhMeasa catalystin tolueneat 120  canaccesdoththe aminoisoindoline

144andaminoisoquinoline43in aratio of 1:1 asillustratedin Scheme2.25.%’

N
N 120 °C

CN Eh
O [ ] CuOTf-PhMe
+ _—
N
H

141 142

Scheme2.25: Competitionbetweerformationof aminoisoquinolinél43and

aminoisoindolinel44.°”

Comparingbetweerthe *H-NMR spectrunfor compoundi43 compoundl44andthe
mixture spectrumthe alkenesingles in the compoundl43 and 144 appearedat 7.85
ppmand6.56 ppmrespectivelythis wascloseto the chemicalshift for the two singlet
pealsin the'H-NMR spectrunfor the mixture obtained The singletsappearedt 7.05
ppmand6.79 ppm. However,thereis no conclusiveevidencefor the outcomeof this
reactiondueto otherpossibilities Thereactionalso,might resultin a mixture of E and

Z aminoisoindolinasomersl40and145.
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PdCly(MeCN), unknown

BINAP, DBU, DMF ~ Mixture
| | microwave,
120°C, 1h

79 139

146

suggestedstructures.

Scheme2.26: Attemptedformationof compoundl40from thereactionof amidine79

andl-ethynyl4-nitro benzenaindermicrowavecondition.

After unsuccessfulformation of 4-nitro phenyl methylene aminoisoindoline 140
following the microwave conditiors, an alternative stepwiseroute was attempted
(Scheme2.27). Synthesisof theintermediated- nitro amidinel51was the next target
then it would undergo cyclisation reaction using palladiun{ll) catalyst under
microwave conditions this might be producing the desired product 140. The
intermediatel 51 canbeaccomplishedia threestepsasshownin Scheme2.27. Firstly,
2-bromobenzonitrile108 was treated with dimethyl ethynyl carbinol 147 under
Sonogashiraconditionsto producethe correspondingcompound148 in excellent
yield.1®* Then compound148 was sibjectedto the reportedmodified Sonogashira
couplingwith 1-idol-4- nitrobenzenel49 in the presenceof PACh(PPh)., Cul, and
BwNI in a heterogeneousiixture of tolueneandaqueoudNaOH undernitrogenat 80
°C for 24 h.1% Yeung et al., found this procedurewas very effective to reducethe
amountof the resulting homocoupling compoundand assistto increasethe target

compoundyield by more than 23 % comparedwith the outcomewhen the normal
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Sonogashiracondition performed® Following this procedurecompound150 was

obtainedn goodyield. In thethird step,compoundlL50wastreatingwith LITMS in dry

THF producedhe correspondingmidinel51in low yield. Figure2.14 showsstacked
H-NMR spectraof both 150and151in deuteratednethanal they both displaysetof

peakdfor all of the phenylandbenzenegprotons.

CN
|
Br
OH
108 147

67 %

Step 3 1. LiITMS

Stepl
Pd(PPh3),Cl, CN
Cul
NV
N,, 80 °C, 24 h N
Et;N OH
148
98 %
|
Step2
Pd(PPh;),Cl,
Bu,NI,Cul NO,
NaOH aq, toluene 149

N,, 60 °C, 1 h

2.HCI
Step4
NH.HCI BINAP
NH, DBU
microwave,
120°C,1h
02 N02
— 140 -
151 not observed
20 %

NH,

NH,

152

Scheme2.27: Stepwisesynthesigoutetowardcompoundl40.
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151

Figure 2. 14: 'H-NMR spectrunof compound 150 (red colour)and151 (blue

colour).

After the intermediatel51 hasbeensuccessfullysynthesisjt underwenta microwave
irradiationin the presenceof Pd(ll) catalyst.Unfortunately,this reactionwas poor,
giving a complicatedmixture that was difficult to separatechind analyse The major
productformedl152whichwasseparatethy severakolumnsandisolatedin pooryield.
The HNMR specta of compound 152 indicates that the intermediate amidine
hydrochloridesalt151 convertedo the freeamidine152 (Figure 2.15).

Figure 2.15: 'H-NMR spectrumof compoundl52in deuterateathloroform
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Chapter2. Results anddiscussion

Therefore,the attention waswitchedto the 4-cyanoderivative.Using of 4-ethynyl
benzonitrile153 underthe microwaveconditiors that are describedaboveled to the
successfubynthesisof the correspondingl-benzonitrilemethyleneaminoisoindoline
154in 65 % yield.

© o
NH,. CI
PdCly(MeCN),
NH,
+ BINAP, DBU
Br . B}
CN DMF, microwave
120°C, 1h
79 153 154

65 %

Scheme2.28: Synthesi®f compoundl54

The structureof product154 was confirmedby *HNMR spectroscopyhich showed
the alkeneproton appearsasa singletat 6.8 ppm andthe setof peaksof the 4-cyno
phenylandbenzeneing protonsin the aromaticregion (Figure 2.16). MALDI - TOF
massspectometryshoweda clearpeakat m/z245confirmingthatcompoundl54 was
formed.
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Figure 2. 16: tH-NMR spectrunof compoundL54
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Chapter2. Results andDiscussion

Table 2.2 summarise the derivatives of aryl acetylene used to synthesis
aminoisoindolineandtheiroutcomesAll aminoisoindolineeompoundsverefurnished
easily andfast, they wereisolatedin goodyield, exceptwhenwe usedl-ethynyt4-
nitrobenzengwherethereactionproducedaninseparablenixture

NH.HCI Ar—— NH
NH, _ Pd/microwave Y
Br 120°C \

Ar
2

1
ég
»®

74%
OCHj
2
I
72%
woond (D
137
3
Il OCsH1q
73%
OCsHyq O NH,
138
4
f 65%
o 154
5 l Unknownproducts -
NO,

Table 2.2: Summaryof the synthesisof aminoisoindolinederivatives
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25.2 Synthesis of symmetrical aza (dibenzo) dipyrromethenes
(ADBDP) from self-condensationof aminoisoindolines

Thesynthesi®of aza(dibenzo)ipyrromethensgvia dimerization(self-condensationdf
aminoisoindolineshas beenpreviouslyreportedby our group*! The aminoisoindoline
derivatives were initially refluxed in toluene at 120 C for 2-24 h, until the
aminoisoindolinds completelyconsumedThis reactionwasreproduciblycarriedout
using different aminoisoindoline with dornor and acceptorsubstituentsTheseself-
condensatiomeactiors gavethe requiredsymmetricalcompoundsas red crystalsin
good to excellentyield averaging60-80 %. The likely mechanismof this reaction
includesa nucleophilic attack where an amine group of one molecule attacksthe
partially positivecarbonbetweerthe two nitrogenson the othermoleculefollowed by
extrusionof ammoniaand tautomerisatiorof the resulting structureresultingin the

targetsymmetricalADBDPs.

Ar Ar Ar
/ \ N HN /
N method 1, or method 2 \ N
NH»
Met hod 1 = toluene, 120 , 24 h

(83 Ar = 4-OCH; pheny| 155 Ar = 3-OCHs phenyl 156 Ar = 4-OGsH11 pheny)
Met hod 2 = diglyme, 200 , 24 h
(157 Ar = 4-CN phenyl)

Scheme2.29: Synthesisof aza (dibenzo)dipyrrometheng

Usingtolueneasthe solventwasnot a goodchoicefor the synthesiof compoundl57
becauseat wasunableto dissolvethe startingmaterial154, which remainedunreacted
during the reactionfor a long period of time then startedto dimerise after 24 h.
Therefore,the solventwas replacedwith diethyleneglycol dimethyl ether(diglyme)
andheatedat 200 . After 2 hthe colour of the solutionchangedo ared colourand

TLC showedormationof thedesiredoroductl57. Thereactionwasleft to continuefor
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over 24 h until the starting material was almost consumed All the aza (dibenzo)
dipyrromethenecompound were purified by column chromatographyeluting with
DCM, followed by reaystallisationwith 1:1 DCM andMeOH to producered crystals
in goodyield. Compoundd55 and157 gavecrystalssuitablefor X-ray crystallography
whichconfirmedthesestructurs andshowedhattheconfigurationof thealkenedouble
bondswereZ, Z asshownin Figure 2.17. The crystallographyresults,performedand
analysedy UEA collaboratorDr David Hughes aresimilar for thetwo structuresl 55
and157. Compoundl57is representativeandthe datashowall the bondsin the chain
of N (2)-C (1) 7 N (41)i C(21)1 N (22) arevery similar, atca1.34A, suggesting
delocalisation.However,the aminonitrogenatomsaredifferent - the hydrogenon N
(2) comesup stronglyin early difference mapswhile the hydrogenon N (22) appears
weaker. It is assumedhat thereis only one hydrogenatom here,sharedunequally
betweenthe two nitrogenatoms.After refinement,the ratio of hydrogen(2):H (22)
is ca0.64:0.36.Both thesehydrogenatomsare involved in hydrogenbondsto the

oppositenitrogenatomin the molecule.

‘77 . . f i c7
) / \ , C26 % /-f (\ ?
S~ A~ - () C27
SO U g\ ~ Ve ow T Y
A 2 D IR G
/ co \ ’ \ / ‘\3 (/J\\\ Ci,INz ‘CZI /K}’ v
ot \ i /22) o=t c10 c}—o
whd S b (O S
/ \ / \ mj/N’ ﬁ‘)c12 et ) C31
(~ \ ‘_{;"3 ;;;-\\caa /;() ol ( ;,3 gi"/ \—O
015‘,",_ /013 \: ,—.,xc:ss o \"‘,‘:,.:1014 ;’—.1'1‘035
O \ ez -~ O J S . \X)
0;718‘;3 E[‘ ca7
155 157

Figure 2.17: Crystalstructure of compound 155 and157.

Theseaza (dibenzo)dipyrrometheneaderivativeswere further characterizecdby NMR

spectroscopyand MALDI -TOF mass spectranetry to confirm their identity. The
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Chapter2. Results anddiscussion

'HNMR spectraof compoundL57 is shownbelow(Figure2.18). Thekey characteristic
peakfor theamineprotonsis observedat 13.3 ppm Thevinyl (C=CH) protonis seen
asasinglet integratingto two protorsat 7.0 ppm Moreover thearomaticregionshows
eight protonsof the isoindolinebenzeneings and the phenylgroups.The otheraza
dipyrrometheneompounds$3, 155, and156, werealsofully characterisetdy 'HNMR,
1I3CNMR, MALDI-TOF mass spectroscopyand as expected showed similar

characteristipeakdor thedesiredcompoundsvith variationsonly observedatthearyl

substituents
CN NC
a
O O
\ N HN /™
N-H 0 N7 )
1355 13.50 13{45“1(5;;»& 1335 1330 1325 157

b a =
Ar-H

T -

T T T T T T T T T T T T T T T T T T T T T T T
8.05 800 795 790 7.85 7.80 775 770 7.65 7.60 7.55 7.50 7.45 7.40 735 730 7.25 7.0 7.45 710 7.05 7.00 6.9
f1 (ppm)

Figure 2. 18: 'H-NMR spectrunof compoundL57.

Table 2.3 summarise the synthesisof symmetrical aza dibenzo dipyrromethene
derivativessolatedfrom smoothandefficient self condensatioproducingthe desired

compoundsn goodyield.
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/
solvent
/N
heat
toluene 24 h °°Hs ”3C° 82%
120
HN

toluene 24h HsCO 00”3 84 %
0— 120
< iz HN

toluene 24h 005““ °°5““ 80%
OCsHyq 120
HN
CN toluene 48h 40 %
120 O O
digl 24h sl 60 %
iglyme = 0
200 O O
157
Table 2.4: Summaryof the synthesisof aza (dibenzo)dipyrromethenelerivatives.

Duringtheseparatiorof all thesederivativesa sideproductwasnoticed,it wasthefirst

fraction elutedfrom the columnchromatographyndwasgreenin colour. Theamount
isolatedof this fraction wasvery small nonetheless concentratedampleof it were
collectedoverthe courseof severakreactionsduringformationof compoundl56. The
HNMR spectrunor this fraction wasunclear,and MALDI -TOF massspectranetry
gavethreemainion peaks Oneof thematm/z835indicatesit couldcontaina TBDAP-

(OCsH11)2 molecularstructurel 58 asshownin Figure 2.19. We wereunableto purify

thisfractionfurther.Previouslyin ourgroupwhenotherazadipyrromethenelerivatives
weresynthesisetve hadmadesimilarobservationsHowever thiswasnotanimportant
issueto investigateextensivelydueto the traceyields that were collected.Moreover,
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previousy in our group experimentswere carried out re-subjecting the aza
dipyrromethensto theformationof TBTAPsreactionconditions(MgBr2, diglyme, 220
), butno morethantracehybrid macrocyclesvereobserved?

e 350.60(813) 350

938

R a0z Suggeﬂd structure.

835

5190379

L5](748)

Figure 2.19: MALDI -TOF massspectrunof the greenfractionisolatedfrom
synthesif 156.

2.5.3 Synthesisof unsymmetrical aza(dibenzo)dipyrromethenes
(ADBDPs).

Unsymmetricabza(dibenzo)dipyrromethenelerivativeshadnotyetbeeninvestigated,
and suchsystemscould presentinterestingproperties.In particular,systemsbearing
complementarylonor andacceptoffragmentsareexpectedo showvaluablemodified
propertiesWe startedtheinvestigationfollowing the standardgrocedure.e., heatinga
1:1 mixture of 3-methoxy phenyl methyleneaminoisoindoline137 and 4-methoxy
phenylmethyleneaminoisoindolinelusingtolueneasthesolventat120 . Following
this reactionby TLC showeda major red spotcorrespondindo the aminoisoindoline
dimerizationproducs aswell astwo otherminor spotscloseto thebaselinewvhichrefer
to thestartingmaterials Thereddimerswereisolatedandthe tHNMR spectrunproved
the productto be a mixture of the symmetricaland unsymmetricalcondensation
products asexpectedCloseranalysisof the tHNMR spectum of theresultingmixture
showedatotal of four singletpeaksreferto the methoxyprotonsappeaing in therange
of 3.61ppm- 3.70ppm,two of themoverlappingat 3.61 ppm Vinyl protonsappeaias
setsof four singletsoverlappingat 6.75ppmand6.80ppm,thisindicatesformationof
symmetricaland unsymmetricalaza (dibenzo) dipyrromethenecompounds(Figure
2.2). They demonstrated vyieldsf 1: 1.76: 1 for compound83, 159 and 155
respectively,based on NMR integrations for the isolatedxture The obtained
compoundsadvery similarchromatographimobility whichledto difficult separation

evenafterexploringarangeof solventssystens.
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OCH,4

toluene

reflux,120 °C, 24 h

OCH; HsCO

O O H3CO

) Y / + \ N

g0 O
83

+

OCH; OCH,

Sans

5

not isolated

OCH;

Scheme2.30: Mixed condensatiomeactionforming symmetricalazadipyrrometheng
83, 155, andunsymmetricabzadipyrromethend59.
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e
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83& 155 & 159

HC=C
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©
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Figure 2.20: tHNMR spectrunof the mixture of symmetricalndunsymmetricabza

dipyrrometheng(redcolou) comparedvith tHNMR spectrunof thecompound 83

(bluecolour), and155 (greencolour).
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MALDI -TOF massspectometry was not helgful due to the identical massof both
compoundsand no further analysiswas performed So, the focus was turnedto
dimerisationof otheraminoisoindolinalerivativeshatwould beseparableAs such 4-
pentyloxyphenylmethyleneaminoisoindolinel38 was selectedto be usedwith 4-
methoxyphenylisoindolen8&1, refluxing at 120 in toluene. TLC revealedthe
formationof threemajor products laterconfirmedby MALDI masssped¢rumto bethe
self-condensatiorproducs for symmetricaland unsymmetricalaza dipyrromethene
compoundsPurification of the mixture by columnchromatographgavethree of aza
(dibenzo) dipyrromethenes,4-methoxyphenyaminoisoindolene self-condensation
product83(30 %), 4-pentyloxyphenylaminoisoindolenselft-condensatioproduct156
(27 %), andthetargetunsymmetricaproduct160 (44 %).

O
OCHj3 O
toluene
120 °C
24 h O

30 % 27 %

/
oo

44%

Scheme2.31: Formationof symmetricalaza(dibenzo)dipyrromethene83 and156,
andunsymmetricabzadipyrromethend 60.
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The'HNMR spectrumin deuteratedcetoneor 160 showed all signalscorresponding
to bothmethoxyandpent/loxy protors. Thealkenepeals appearsasingletintegratng
to two protons The aromaticprotonsfor the phenyl and isoindoline benzenerings

appeare@sexpectedn therangebetweert.6 ppm- 8.0 ppm.

5

3 4
N-H Ha 2
\ oM

R S &

133 13.2 13.1 13.0 129 128 127 126 125 12 H \ HN / H
1 (ppm) ’\{

O-CH3 ® N )

=CH
5
M d‘ 2 384
LTI R e JUN U“ m‘u U_ILMLﬁW L

2081

3.00-]
236
409

B

T T T T T T r T T T T T T
8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0
f1 (ppm)

Figure 2.21: *tHNMR spectrunof compoundL60.

Condensationof similar electronic componentswas expected to produce an
approximatelystatisticalmixture of compoundslt wasreasonedf onecomponentvas
electronrich and one was electron poor, then we might be able to favour one
unsymmetricaproduct This wasassuned inthe mechanisnonecomponenbehaves
asa nucleophile thereforefavouredby addition of electronrich substituentwhereas
the secondcomponentoehavesas an electrophile thereforefavouredby addition of
electronwithdrawing substituentand that might lead to formation of unsymmetrical
dimer(Scheme2.32).
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Ar Ar Ar Ar
\ NH;B(J\‘ { - NH; \ N N {
RS \ A
oNC N
O H®H O O H O
+H| -H

Ar Ar
NN HN /
\ N
(Blue colour)=aminoisoindolinewith electronrich substituent O

(Redcolour)=aminoisoindolinewvith electronpoor substituent

Scheme2.32: Suggestd mechanisnior formationof unsymmetricabza(dibenzo)
dipyrrometheng (ADBDPS).

Condensatiorof electronpoor 4-cyanosubstitutedaminoisoindolinel54 (preparedas
previouslydescribedvith the4-methoxyphenylisondolineompound1 wastherefore
examined The reactionwas monitoredby TLC. After a few hoursit was observe
formationof a newred spot andthe reactionwasleft longerdueto presencef large
amountof startingmaterialsstill unreactedAfter 24 h reflux the red spothasbecome
themajorcomponentAnotherredspothasalsoformed refersto symmetricaldi cyano
aminoisoindolinedimer 157 (the referencewas already available from previous
preparation)Also, therewasa minor spotcloseto the baselinewvhich correspondetb
the starting material 154 After separationof the mixture and analyss by *HNMR
spectoscopy the first red spotwas found not to be a single compoundbut rathera
mixture of 4-methoxyaminoisoindolinelimer83 andthetargetunsymmetricaproduct

161. Theyhadvery similar chromatographieobility whichledto difficult separabn.
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/
o]

/
O CN
toluene O O + O O
120 °C
\ n  Hn{ \ N HN /
o0 O TU
83 161 ]
1:1

154 81

81 %
not separated

+
CN NC
\ N HN /
0
157
14 %

Scheme2.33: Mixed condensatiomeactionformattingof symmetricalaza
dipyrromethene83, 157, andunsymmetricabzadipyrromethené 61.

During this reactionthe formation of compoundl57 wasvery slow andthe outcome
yield was poor, the explanationis that the aminoisoindolinewith electron rich
substituenB1is morereactivethantheaminoisoindolinevith electronpoorsubstituent
154. So,in thefirst stepcompoundlinitiatesthereactionby reactingeitherwith itself,
producing the symmetrical ADBDP 83 or with compound 154 to produce the
unsymmetricall61. ThereforewhencompoundBl1wasconsumegdandonly compound
154 remairs, thenit stated the self-condensatiomeactionproducingthe symmetrical
ADBDP 157. Anothersuggestiorfor the low yield of compoundl57 is thatthe slow
stepin thereactionmechanisntould belossof ammoniaandthe protonatiormight be
lessfavouredif the substituents electronwithdrawingleadingto slow formation of
compoundl57. Also, asmentionedearlier,compoundl54is poorly solublein toluene
so,it is formedlaterin thereaction Figure2.22 illustratescomparisorbetweenHNMR
spectrunof compound3andtheresultingmixtureof 83and161 in deuterate@cetone.
As shown thereweretwo singletsat 3.79 ppmand3.74 ppmindicatingthe presencef
themethoxygroupin symmetricaandunsymmetricatiimers Therewerethreesinglets

appeaiat 7.13ppm, 7.10ppmand?.07 ppmwhich referto thevinyl protons(C=C-H),
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multiplet at 6.70 ppm integratingto four protonsrefer to the phenylprotonsin both
symmetricaBndunsymmetricatlimers Fromthe NMR integration they demonstrated
the yield ratio 1:1 for the compound83 and compound161 respectively While
compoundl57 wasisolatedin low yield 14 %. MALDI -TOF massspectum for the
first fractionconfirmedpresencef two producs with two ion peaksatm/z477 andm/z
480, which correspond to the target product 161 and 4-methoxy phenyl
aminoisoindolineselfcondensatioproduct83.

83+161 O-CHs

H ml “ 1 | l

I | Il
»‘I‘ I ‘,‘m R ﬂ“hh\” ,“1 “’ I M.“u | N

pm—- BV A W v U as Watiarmttd U

MLJUL |

T T T T T T T T T T T T T T T T T T T
8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4 6.3 6.2
f1 (ppm)

83

Figure 2.22: THNMR spectrunof the mixture symmetricalazadipyrromethen&3
(bluecolour), andthe mixture of symmetrical83 andunsymmetricabza

dipyrromethend. 61 (redcolour).
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Figure 2.23: MALDI -TOF spectrunmof the crudemixture.

In orderto makeseparatiompossible 4-methoxyphenylmethyleneaminoisoindolines1
wasreplacedy the4-pentyloxyphenylmethyleneaminoisoindolinel 38 However the
similarissuewasalsoencounteredandthe TLC showedwo redspotswerevery close
to eachother.MALDI -TOF masspectum for this fraction confirmedthe presencef
two producs with m/z536 and m/z 597 molecularweightswhich correspondo the
targetproduct 162 and 4-pentyloxy aminoisoindolineself-condensatiorproduct 156

(Figure2.24).

597.611585) 597 OCsHq4 OCsH1

CN OCsHy4 O O
O O 596.59}1803)
\ HN {
S 536 N
Y 598.64{1723) N
O g O 536.5241664) O O

383.36(1847) 537,56(1680}

Figure 2.24: MALDI -TOF massspectrunof the crudemixture.

Theseproductswere difficult to isolate, trace amountof compound156 remained
inseparabldrom the mixture in spiteof applying severalsolventsystemsCompound
157 wasalsoobservedntheTLC, it wasisolatedfrom the columnchromatographyn
low yield. ThetHNMR specta of thefirst fraction (Figure 2.25) showedwo ses of the
penyloxy chainsdemonstratingpresencef two productsthreesingles at 6.81 ppm
6.78 ppm and6.71 ppm correspondo the vinyl protons(C=C-H) in the symmetrical
and unsymmetricaldimers Multiplet at 6.61 ppm integraing to four protors which
suppors the presenceof two pentyloxy phenyl protonsin both symmetrical and
unsymmetricaldimer. A doulet at 7.22 ppm with coupling constantJ = 8.7 Hz

correspondto the cyanophenylprotons
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Figure 2.25: tTHNMR spectum of symmetricalazadipyrromethend 56 (blue
colour), andthe mixture of symmetricall 56, andunsymmetricabza
dipyrromethend 62 (redcolour).

2.6 Controlled synthesisof unsymmetrical derivatives.

Althoughoperationallysimple,this syntheticproceduravasnot an efficient methodto
synthegse the unsymmetricalaza (dibenzo) dipyrrometheng as the isolation of
productswasimpossible Moreover, the symmetrical derivatives from the electron rich
component were generalbiypserved in the close proportion to that of the unsymmetrical
product. This indicated the higher reactivity of electron rich derivative®vercome
thisissuet waslookedto designamethodto preventformationof thesymmetricabza
(dibenzo)dipyrromethengandimprovetheyield of unsymmetricatimers Therefore,

it wasinvestigatedconversionof the amino groupof oneaminoisoindolineinto good
leaving group by converting to the correspondingtosylate The 4-alkoxy phenyl
aminoisoindoline 81 and 138 were chosenas substratesto investigate tosylate
methodology due to their rapid selfcondenation producing the symmetrical
compoundghat aredifficult to separatdrom the unsymmetricadimers.Compounds

81 and 138 weretreatedwith p-toluenesulfonyl chloride (Ts-Cl) in the presenceof
TEAX7( Scheme 34).
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CH,

137 Ri= OCHs, R2=H 163 Ri=0OCH;, R-=H
81 Ri=H, R2=0CHs 164 Ri=H, R = OCH;s

Scheme2.34: Synthesis oEompoundl63andcompoundl64.

The mixture wasstirredat room temperaturen dry DCM andthe reactionmonitored
by TLC. Conversionto a new productwas observedn both casesWork up led to
isolaion of purematerialsvhosespectroscoijg datawereconsistentith theformation
of a tosylate.However,there are in theory two possiblesites (nitrogens)that can
undergotosylaton, and tHNMR spectroscopycannot differentiate betweenthem.
Fortunately crystalssuitablefor X-ray crystallographywereobtainedfor 163and164,
andthecrystalstructure (Figure 2.26) clearlyprovethattosylationhasoccurredonthe
desired nitrogen. The crystallographyresults, performed and analysedby UEA
collaboratorDr David Hughes,are againsimilar for the two structuresl63 and 164

However,in structurel64thehydrogenatomon N (11),is clearly identified
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Figure 2.26: X-Raystructurefor compoundl63andcompoundl64.
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Figure 2.27 illustrates the 'H-NMR spectum of compound 163 The spectum
confirmed thatthe Ts groupis indeedcoupledon the aminegroup of the 4-mettoxy
phenyl methyleneaminoisoindoling as it is clearto obsere presenceof Ts group
protonsappearedsdoubletat 7.47 ppmoverlappedvith anotherdoubletrefersto the
isoindolinebenzeneging with couplingconstant] = 8.2,6.0 Hz, in additionto doublet
at 7.29 ppmwith couplingconstant] = 8.0 Hz Methyl group protonsappearedsa
sindet at 3.88 ppm. The aminoisoindolineset peaksappearedt the expectedrange
betweery.00ppm-7.90ppm(Figure2.27). CompoundL64wasalsofully characterised
by 'H-NMR, *C-NMR, MALDI - TOF massspectum andasexpectedgshowedsimilar

characteristipeaksfor thedesiredcompound

J‘dJJ*J\QL | | 1\ ﬁ" I

T —— T T T T T r . T T T r T T . T T . r . T T . T T
3.0 7.8 7.6 7.4 72 7.0 6.8 6.6 64 62 6.0 5.8 5.6 54 5.2 50 48 46 44 42 40 3.8 36 34 32 30 28 2.6 24
f1 (ppm)

Figure 2.27: *THNMR spectrunof compoundL63,

Our working assumptiorfor the reactionmechanismit was suggestd a tosylationof
163 or 164 followed by a nucleophilicreaction It was postulate in the key stepthe
amino group of one componentbehave as a nucleophile while on the second
componentt behavessaleavinggroupdueto thetosylation It wassuggestdthatthe
tosylation of the amine (amidine) would simultaneously reduce the nitrogen

nucleophilicityandimproveits ability to actasaleavinggroup.After compound<l 63
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and 164 wereisolated,theyweretestedby refluxing eachseparatelyn tolueneat 120

in orderto detectwhetherthe Ts groupwould be removedunderthe condensation
reactioncondition. Thereactionwasmonitoredfrequentlyby TLC over8 h, indicating
thatno dimerisation reactionoccurred.This testwasalsocarriedout usingp-xyleneat
140 , and once more there was no changesobservedof the tosylate products.
Accordingly, afterthe evidencehad madehat Ts groupwaseffectivein protectingof
NH grouponthe4-alkoxy phenylmethyleneaminoisoindolindosylatederivativesl63
and164, whichsubsequentlyinderwentondensationeactionwith 4-cyanosubstituted
aminoisoindolinel 54 (Scheme2.35). Thereforgetheaminegrouponthecompoundl54
actsasa nucleophileattackingthe partially positive carbonbetweenhe two nitrogens
on the4-alkoxy phenylaminoisoindolingosylatederivativesl63and164 followed by
lossof the Ts groupandtautomerisatiorof the resultingstructureto obtainthe target
unsymmetricabzadipyrromethened61and162 This routewassuccessfuto furnish
theunsymmetricabzadipyrrometheng 161 and162with remarkable improvement of
the reaction yields to those obtained via the mixed condensation synthetic niethod
both pathwayscompoundl57 producedn low yield 024 %.

R NC CN NC
N, o O O O
N toluene \ / . \ y
reflux l\\l HN {\1 HN
Do OO OO
157

CHs

154

163R= OCH;92% 161R= OCH; 50% 24 %

164R= OCsH1180% 162R= OCsH11 49%

Scheme2.35: Synthesiof unsymmetricahza(dibenzo)dipyrrometheng(ADBDPS)
161and162via aminoisoindolinesosylatel63and164.

Compoundsl161 and 162 were analysedby *H-NMR spectoscopy and they both
displayedsimilaritiesin their *H-NMR spectratheonly differencewasin themethoxy
protons and pentaloxy chain protoiégure 2.28shows the *H-NMR spectum of
compoundl6], vinyl (C=CH) protonsappeare@stwo singletsat 7.0 ppmand6.9ppm
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confirming a breakof the symmetryin the azadipyrrometheneMALDI - TOF mass
spectum showed the expectedion peaks for both compoundsconfirming their

structures.

O-CHs
CN - 477
c
[+
d d
H\ N )
\ agm
&
Ar-H
C=CH
f l a
c
i | /M\_ J'L
M ) I ' o L
A R N B S E) E)
8‘.2 B‘.O 7‘.8 7‘.6 7‘A4 7‘.2 7‘.0 6‘.8 6‘.6 6‘.4 6‘.2 6‘A0 5‘.8 5‘.6 5‘.4 5‘.2 5‘.0 4‘.5 4‘5 4‘.4 4‘.2 4‘.0 3‘.8 3‘.6

Figure 2.28: 'HNMR spectrumandMALDI -TOF massspectrunof
compoung 161

Theimprovemenin yield is becausé¢he protectionof theaminofunctionalgroupwith
Ts groupprevened formationof symmetricalsel-condensatiof aminoisoindolins,
whoseformation leads to decreasen the yield of the unsymmetricaldimersand an
impossibleseparationWith theoptimizedconditionin hand,we turnedour attentionto
investigatethis strategyfurtherby convertingof aminogroupin the 4-methoxyphenyl
aminoisoindolineB1 into a betterleavinggroup This waseasilyachievedby reacting
81 with trifluoromethanesulfonianhydrideundernitrogenin the presencef pyridine
at-20  in dry DCM.1%®Thework up andisolaion of the crudemixture followed by
columnchromatographiedto theisolationof purematerialswhosespectroscoig data
wereconsistentvith formationof atriflate aminoisoindolinel 65. Crystalssuitablefor
X-ray diffraction was eventually grown from a mixture of 1:1 DGid PE and
analysisshowedthat the triflate group coupledat the desirednitrogen(Figure 2.29.
The crystallographyresuls, againperformedand analysedoy UEA collaboratorDr

David Hughesshowstheisoindole group forms the central plane of the molecule. The
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normal to the phenyl group is rotated 14.3 ° from that of the isoindole group and the
SO-CRs group provides the only significantly displaced atoms from the major planar
units. Thepyrrole hydrogen atom was recognised in difference maps and forms a good
intramolecular hydrogen bond with (121), (Figure 2.29A). Molecules are stacked,
principally thteuvugbttbaes between overl ap
parallel to thea axis, (Figure 2.29B, andC), with interplanar distances of 3.000 and

3.319 A, either side of the isoindole plane. The phenyl ring partially overlaps its
symmetry neighbour on one sidé anteaerdrc®s:]

on the opposing side

Figure 2.29: X-Ray structurefor compoundl65.
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Therefore, to detect whether the triflate group would be removed under the dimerisation
condition, compound 65was examined byefluxing in tolueneat 120 , arbcd
showed nadimerisation reactionhad occurred So, compound 54 was added to the
solution, after 24 h unsymmetrical dinl&1was isolated in 64 % yield (Scheme 2.36).
The increase in the unsymmetrical outcome indicates that the triflate group is a better

leaving graup than the tosylate.

b e oN NG
o © O O
e \\NHN/ . \’.“”N/
Do OO O
161 157

64% 20%

165 154

Scheme 2.36Synthesis of unsymmetrical a@dibenzo) dipyrromethene (ADBDP)

161 from triflate aminoisoindolinel 65.

Table 2.4 summarise the reactionscarriedout usingthis syntheticprocedureandthe
resulting yields of the symmetricaland unsymmetricalaza dipyrromethenesising
tosylateandtriflate aminoisoindoline. In termsof comparingtheresultingyield of the
unsymmetricaldimer 161 in both reactions the one using the 4-methoxy phenyl
aminoisoindolinetriflate showedan increaseof 14 % comparedto the tosylate.
However therewasnot muchdifferencein theyield observedvhen4-methoxyphenyl
aminoisoindolineB1 wascondensedvith 4-pentaloxyphenylaminoisoindolingeither
with tosylategroupor the triflate group which indicatesthat they havealmostequal
influence Also, the reactivity of the aminoisoindolineswith electron donating
substituerg on the phenylring led to the self-condensatiorof the 4-alkoxy phenyl
aminoisoindolins, produdéng the symmetrical4-alkoxy aminoisoindolinedimersin a

convergenyield.
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toluene o d CN NC
refiux, O O O O
24h
lx{ HN { \ l\{ HN /
N N
oo gota
161 157
50 % 24 %
toluene
refiux, /\z z/\ ‘\z
24h
HN
HN
161 1570
64% 20%
CN CsH11O
toluene
refiux,
24h HN HN
162 157
49% 23%
C5H11
toluene
refiux, HN
24h
160
51% 1 %
toluene CsH11O OC5H11 005H11
24h
HN HN
160 156
49% 39%

unreacted
163
17 %,
and
154traces

unreacted
165
15 %,
and

154traces

unreacted
164
17 %,
and

154traces

traces
of the
SMs

traces
of the
SMs

Table 2.4: Summaryof the formationof unsymmetricahzadipyrromethengusing

tosylateandtriflate aminoisoindoline.
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2.7 Complexation of symmetrical and unsymmetrical aza (dibenzo)

dipyrromethenes (ADBDPSs) using boron trifluoride diethyl etherate.
Previously,our grouphadisolatedazaBODIPY-OPh 168 asa sideproductduringthe
formation of the SubTBDAP hybrids 166 as shownin Scheme2.37. This one pot
reactionwas donein two steps,the first stepwas by refluxing of phenyl methylene
aminoisoindolineB0 with phthalonitrilein the presencef BCls asthe borontemplate
for themacrocyclsationprocessin p-xylenefor 3 h. In thenextstep the B-Cl fragment
was replacedwith stableB-OPhmoietiesby addingexcessof phenolto the reaction
vessef® In this reactionazaBODIPY-OPh 168 was isolatedas a side product,the
major productwas SubPeOPh 167, while the targetboronsubtribenzodiazaporphyrin
(SubTBDAP)166 wasobtainedaspink-redsolidin 15 % yield.1%

OPh
[\
a) BCl,/p-xylene N, N ‘\
CN b) excess phenol N/B\N
+ - |
N
80
167
15 % + Major product

168

Scheme2.37: Formationof azaBODIPY-OPh168 asa sideproductduringsynthesis
of SUbTBDAP hybrids0°

Our group were able to control synthesisof azaBODIPYs-OPh compoundsn one
single reactionstep by irradiating aminoisoindolinederivativesand triphenyl under
microwavein p-xyleneat 220 for 1 h. High temperaturevas requiredto stopthe
equilibrium formed betweenthe dimer (boron free), and the desiredproduct(boron

complex) 168, and to allow aminoisoindoline80 to fully convet to the targetaza
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BODIPYs Following this syntheticpathway,compound4.638 and170 wereisolatedas
eitheryellow solid in 41 % yield or a red solid in 14 % yield respectively(Scheme
2.38).110

Ar

N _ Ar— PhO_ OPh —Ar
microwave N
N + 2B(OPh), __PXviene _ NN
220°C/1h NG
NH,
80 Ar = phenyl 168 Ar = phenyl41%
169 Ar = pyrenyl 170 Ar = pyrenyl14 %

Scheme2.38: Synthesiof azaBODIPYsOPhcompoundd.68 and170 under

microwaveirradiation andX-ray crystalstructureof compound170.11°

Our grouphasisolatedcompoundl68 asa singleisomerwith E, E configuration this
assignmentvas strongly supportedoy *HNMR spectrumwhich demonstratea setof
signalsfor a singlecompoundwith asingletpeakreferringto the alkeneprotonat 8.36
ppm.Also, 1'B-NMR spectrunmshowedonesingletat 2.34ppmconfirming presencef
onesingleisomer.In contrastheyisolatedcompoundl 70 asa mixtureof isomersthis
indication was based on thel-NMR spectrumwhich showedwo different sets of
signals,andthe*B-NMR showedwo singletsat2.76ppmand1.80ppm,this strongly
supportegresencef two isomerstheyfavouredtheE, E configurationin aratio (4:1).
Eventually, crystals were grown from 1:1 DCM and MeOH as the crystallisation
system produdng suitable crystals for X-ray diffraction demonstratingthe E, E
configuration(Scheme2.33 inse). Therefore the reactionwas repeatedollowing a
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similar microwave condition at 180 °C with 4-methoxy phenyl methylene
aminoisoindoline81 asthe startingmaterial TLC after 1 h showedtwo major spots
Thefirst spotwasorangein colour,andit wassuspectedhis to betheboroncomplex
The otherwasred andrefersto the dimer 83 (referencewas availablefrom previous
preparation) The reactionwas left longer in order to give it more chanceto be
completelyconsumegdbut the reactionwasnot completedevenafter 8 h reflux. Then
themixturewascooleddown,andPhOHwasadded}o provetheequilibrium,anddrive
thereactionbacktowardthe dimer83. As we expectedafter1 h reflux, TLC showed
two red spos very close to each otheeferringto the dimerisomers andthe orange

spothaddisappeared

p-xylene
180°C/1h

o O
A g/ Cr
‘N HN PhOH
N 180°C,1h \ /

isomers of 83 83

Scheme2.39: Clarification of the chemicalequilibrium betweercompound$33 and

compoundl71.

Complexationof aza (dibenzo)dipyrromethenegADBDPs) with BF3.OEb is more
common,andour grouphas synthesisedzaBODIPY's derivativesby straightforward
syntheticproceduré’* Compounds82 and 83 were convertednto correspondingaza
(dibenzo)BODIPYsin the presencef BF:.OEt asboronsourceandTEA asabasen
dry DCM, produang thedesiredcorrespondindgporoncomplexes84 and85in moderate

yield as mentioned previous(Bcheme2 40).4!
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BF;.0Et,

TEA

DCM, rt
82R=H 84R=H 32%
83R= OCH 85=R= OCH; 49%

Scheme2.40: Synthesiof aza(dibenzo)BODIPYs 84 and85.4!

Aza (diberzo) BODIPYs 84 and 85 wereisolatedas single productsdisplaying E, E
configurationin the solid state.However,they are proneto isomeristion in solution
producinga mixture of stereoisomerg the equilibrium reactionas mentionedin the
introductionchapter*! Accordingly, to startthe investigationto improvethe resulting
yield andexpard in theformationof differentderivatives of azaBODIPY's,thereaction
wasrepeatedvith 3-methoxyphenylmethyleneADBDP 155 asthe startingmaterial.
Compoundl55wasstirredin dry DCM in the presenceof DBU or TEA asa base,
followed by thedropwiseadditionof BFzs.OEb. ThereactionwaskeptstirringunderN2
for 24 h. The productformedwasclearly observedn the TLC afteraddingexcessof
BFs.OEb alongwith amajorquantityof startingmaterial After thework up compound
172wasisolatedin 40 % yield. Leavingthereactionfor morethan24 h andincreasng
thetemperatureipto50  did nothelptoimproveof conversiorof thestartingmaterial
to the targetproduct which in turn causeda challengingisolationandresuledin low
yield. The suggestioris thatthereis an equilibrium betweerthe startingmaterial 155
and the resulting boron complex compound172 To investigatethe equilibrium,
tetrabutylammoniunfluoride hydrateasthe fluoride ion sourcewasaddedto the pure
sampleof thecompoundl72 it wasobservedhattheazaBODIPY 172wasdestroyed
very quickly, andTLC shows mixtureof multiple redspos with noneof them matchng
compoundl72 However,the'lHNMR spectrumindicates a complexmixture, possibly
of stereoisomerghat might be formedasa resultof removingof BF. from compound
172 Thus,this did notinvestigatefurther,becausehekey result(ion fluoride F reacts
with theazaBODIPY) wasconclusive However,addingexcessof BFs hadnegligible

effects,so a strategyto removethe formedfluoride ion from the reactionto drive the
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equilibrium towardsthe desiredaza BODIPYs was required. It was suggestedhat
replacingboronfluorine B-F with siliconefluorine Si-F which hasgreatetbondenergy
than B-F (Si-F > B-F), the differencein theseenerges might shift the equilibrium
towardsthe desiredproducti.e., fluoride ion could be removédrom the equilibrium
Therefore,it was decidedto investigatethe treament of fluoride ion with a suitable
silanereagenttrimethylsilyl chloride (TMS-CI) waschosendueto its availability and
its ability to removethe fluoride ion, producingtrimethylsilyl fluoride asdescribedn
Scheme2.41. To examinethis strategy the synthesisof compoundl72 wasrepeated
following the standardprocedureand after 24 h the orangespothad appearedn the
TLC alongwith a majorred spotcorrespondingo the startingmaterial ThenTMS-CI
wasaddedo thereactionmixture TLC wasmonitoredandafter8 h andno dimerwas
observedAs we expectedaddingof TMS-CI helpedto shift the equilibrium towards
thetargetproductgiving thesingleorangespotwith improvedoutcome Compoundl72
wasisolatedasorangecrystalsin 73 % yield. Warmingthe reactionmixture up to 50
successfullyassistedo reducethe conversionperiodtime, producingthe desired
produd after3 h. This procedurevasadoptedor all subsequerBF, complexations.

HsCO OCH;
\ / ©
N HN BF . F
155
(CH3)3Si-Cl
1 then, 50 °C

. S
(CH3)3Si-F  + Cl

172

73 %
Scheme2 41: OptimizedsynthesistrategytowardsazaBODIPYSs.

Isolation and characterizationof aza (dibenzg BODIPYs analoguesproved more
complicatedthantheir precursorsNonethelessheir crystalswerefinally grownfrom
1:1DCM:PEasorangecrystalsin goodyield (73 %). Thisissuemightbebecaus¢hese

compoundsvere proneto isomerisationn solutionat roomtemperaturavhich led to
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theobservatiorof amixtureof E andZ isomersThetH-NMR spectrunprovedinitially
one moleculartype correspondingo the E, E configuration.However, when these
compoundsemainin solution,isomergationoccursatroomtemperaturéeadingto the
formationof amixtureof E andZ isomersafterafew hours.This suggestshattheE, E
configurationis favouredsolely by the crystal packingand solid-stateinteractions'
Figure 2.30 illustratesthe H-NMR and!°F-NMR spectrumof compoundl72, andit
showsa singletcorrespondingo the alkeneprotonat 7.8 ppmwhich confirmedthe E,
E configuration the othersingletcorrespondingo the protononthephenylring at7.14
ppmis labelled*. Protonsonthephenylandbenzeneingsappearedsexpectedtthe
rangefrom 8.21ppm- 6.97ppm.Themethoxygroupprotonsappeare@dsasingletpeak
at 3.8 ppm.°F-NMR spectrumstrongly supportedhe presencef the fluorine linked
with boroncompoundn the structurethe °F-NMR signalappearedround-139ppm.

19F-NMR

\N \ |

'| |\
mmwww LLWSTR—— R

T T T T T T T T T
18.0 -138.4 -138.8 -138.2 -139.6 -140.0
1 fnnm)

CCH
*
Mﬂ L o L
? ENENE M ENE) =

2 e
f1 (ppm)

Figure 2.30: *H-NMR and**F-NMR spectrunof compoundL72

Aza (dibenzo)BODIPYs derivatives173 174, 175 176 and 177 were synthesised
following the samesyntheticprocedureandwerefully characterisetdy *H-NMR,13C-
NMR, ®F-NMR spectoscopyand MALDI -TOF massspectranetry to confirm the
structuresTable 2.5 outlines the azaBODIPY compoundsbtainedandthe resulting

yield.
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73%

74%

73 %

70%

71%

72%

Table 2.5: Summaryfor synthesiof azaBODIPY derivatives.

As mentionedopreviously,X-ray crystallographyconfirmedthatthe Z, Z configuration
existedin the starting material (ADBDPs). Whilst the correspondingaza (dibenzg
BODIPYs obviously demonstratedthe E, E configuration which is the opposite
configuration** This was supportedby 'HNMR spectroscopywith a singlet peak
correspondindo the alkeneprotonsaround8.00 ppm asa resultof the stericclashes
betweenthe aryl groupsandthe BF; in the aza(dibenzg BODIPY's structuresBoth
compoundd 72andl74gaveasinglecrystalsuitablefor X-ray diffraction analysisand
their structureswvere confirmedto containthe E, E configurationas shownin Figure
2.31 Thesecrystalsweregrownfrom amixtureof 1:1 DCM:PE Crystaldata and brief

description aréncluded in the appendix.
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Figure 2.31: X-ray structurefor compoundl72andcompoundl74.

To clarify the equilibrium reactionbetweertheseisomersthey were studiedby TLC.

The freshly obtainedTLC of aza(dibenzg BODIPYs compoundsshoweda single
orangespot correspondingto the E, E BF> complexes then two new spotswere
observedaftera few hours.The isomerisatiorwasclearly ongoingwhen2D TLC was
performed.To investigatethis, some analyseswere carried out on the new major
compoundformed from 173 It was separatecand analysedoy MALDI - TOF mass
spectometry, UV-Visible spectoscopy *HNMR and ®FNMR spectrum All this
analysisindicated the presenceof BF, in the compound UV-vis spectrashoweda
similarabsorptiorpatternto theaza(dibenzg BODIPYs, theydisplayedtwo absorption
bandsat478 nmand335nm (Figure 2.32).

0.8

0.6

0.4

0.2

250 300 350 400 450 500 550 600 650

= = = unknown compound isolated from 173 173

Figure 2.32 UV-Visible spectraor compoundl73andthe newcompoundormed
from compoundL73.

Furthermore **F-NMR spectrumof this compoundshowedthe fluoride signalsas
overlapping multiple peaks, indicating formation of isomers of compound173
Furthermore,the *H-NMR specta for the isolated fraction from compound173

supportedoresenceof the unsymmetricalE, Z configurationcompound Figure 2.33
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showstwo singletscorresponihg to the alkeneprotonsat 8.09 ppm, and 7.78 ppm
respectivelyin additionto signalsfor sixteenaromaticprotonsat the rangefrom 8.24
ppm - 7.01 ppm. The protonsof the methylenegroup on the pentaloxychainswere
foundat4.06ppmastwo overlappingriplets,followed by thesetof peakghatappeared
at 1.83 ppm, 1.41 ppm and 0.95 ppm with the integrationfor two pentaloxychains
After we had evidencethat BF: is still coupledin these compoundst underwent
recrystallisationagainto yield crystalsthat displayedthe E, E configurationwhich

confirmsthatthereis areversibleéisomerisatiorbetweerthesesomers.

W\ WJWJ\MU Suggestedstructure.

Figure 2. 33: ITHNMR spectrunmof the newcompoundormedfrom compoundl. 73.

2.8 Optical properties of symmetrical and unsymmetrical aza
BODIPYs and their precursor aza (dibenzo dipyrromethenes
(ADBDPs).

Figure2.34 showstheUV-Vis spectraof symmetricaandunsymmetricabza(dibenzq
dipyrrometheneompoundsn dichloromethaneAll aza(dibenzqg dipyrromethengare
redin colour,theydisplayedhreeabsorptiorbandsn thevisible region Dependingn
the substitutionpattern the absorptionrangedfrom 477 nm for compoundl55to 508
nmfor compoundl62 Therewasslightdifference(aroundl4 nm)in theabsorptiorof
compoundd55whenthemethoxygroupis locatedonthemetapositioncompareadvith
compound3with methoxygroupontheparaposition,they displayed477nmand491
nm respectively.However, introduction of electronwithdrawing substituent(nitrile

group) on the para position 157 exhibits absorptionat 492 nm which is identical
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absorptionto compound83. Furtherconjugationappliedby enteringof 4-pentaloxy
substituent®n the para positioncompoundl56 red shiftsthe absorptiorby around14
nm comparedto compound83. On the other hand, unsymmetricalaza (dibenzg
dipyrrometheneompound4.60 161and162showabsorptiormaximaat 500nm, 495
nm and 508 nm, respectivelyand this indicatesthat electronic propertiesof the
substituent groups (electron withdrawing or electron donating) on the aza

dipyrrometheneainitshavesimilar effecton the absorptiorasseenin Figure 2.34.

UV-Vis absorption spectra of symmetrical, unsymmetrical aza
dibenzo dipyrromethene compounds
1 155
L
§ 0s 156
s 157
S
& 06 160
é 161
é 0.4 162
<
=
5 o2
=z
o}
250 300 350 400 450 500 550 600 650
-0.2
Wavelength (nm)
| OCsHy4 OCsHq CN NC
EO h zo : C o O
\ /
Sy N v Y
N J )
SARC N caae SARE
— 155 — 156 — 157
dmaxabs= 477 nm dmaxabs= 505 nm amax abs= 492 nm
\O CSH11O oN C{ CN CsH110
\ /
\'\{ EN/ Nn o NNEN
SARCEENCANE e
— 161 — 162
Bmax abs= 500 nm dmaxabs= 495 nm dmaxabs= 508 nm

Figure 2. 34: UV-vis spectraof symmetricalunsymmetricabza(dibenzg
dipyrrometheneompounds

Borondifluoride complexesareorangein colour, theyshowedwo absorptiorbandsn
thevisible regionat 321 nm - 330nm and441nm - 475nm. Figure2.36 demonstrated

the absorption emissionand excitationspectraof aza(dibenzg BODIPYs compound

105

—
| —



Chapter2. Results anddiscussion

172 the emissionbandin this moleculeshownat 523 nm after excitationat 445 nm,

thesefeaturegyive significantStokesShift of around78 nm.

Normalised Absorbance

Normalised Emission and Excitation

Wavelength (nm)

Figure 2. 35: NormalizedU V Vis absorption(bluesolid line) andfluorescence
emission(blackandgreendottedline) andthe excitationspectrunspectrared dotted
line) of 172in DCM.

Figure2.36 showsacomparisorbetweerthesymmetricabza(dibenzg BODIPYs173
174 andunsymmetricabza(dibenzg BODIPYs 175 Compoundl73and174display
absorptiormaximaat475nm, 441 nmrespectivelyandfluorescenceavith Stokesshifts
of 86 nm. This indicatesthatin caseof introductionof further conjugationof electron
donatingsubstituentg4- pentaloxygroup) 173 red shift the absorptionto around35
nm comparedwith the moleculewith electronwithdrawing substituentg4- nitrile
group) 174. While unsymmetricalcompoundl75 exhibits emissionat 567 nm upon
excitationat 465 nm, and StokesShift of 102 nm which demonstratedhe electronic
effects donor and acceptorsubstituentson the absorption.In general, the observed
Stokesshift in theseriesare larger than typically found for the BODIPYs {30 nm)!*!

12 12 CsH110
o Q \ F\B/F / O OCsHy
NTSN
1 \
N AL
~ o
038 :
< N 173
| -~
E
Y yu_ )
o
A2
174
o .
250 300 350 400 4s0 500 550 600 650 CsH1O O F
: ; \ \ _F CN
Wavelength (nm) N/B\N /
A L)
—173 —17a — 175 N Q
175

0.6

0.4

Normalised Emission

0.2

Normalised Absorbance

Figure 2.36: NormalizedU V Vis absorption(solid line) andfluorescence
emission(dottedline) of compoundL73 174, and175in DCM.
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2.9 Oxidative cyclisations to give fused and/or macrocyclic aza

(dibenzo) dipyrromethenes system

Two strategies were investegatedto modfy the properties of aza (dibenzg
dipyrromethend ADBDP) materials.The first strategyis = extension(fusion) thatis
expectedo shift theabsorption/emmissioto longerwavelengthThe secondstrategs

oxidativecouplingleadingto rigid macrocyclegScheme2.42)

\ M./
\ N
N\ NZ VY
M=BF, or H
o ©
Vet
l\\l N
.
" -extendedADBDP /Aza BODYPYs Macrocycle structure

Scheme2.42: Proposedstrategiedo extend * conjugationin theaza(dibenzo)
dipyrromethes (ADBDP) andazaBODIPYsunit.

As mentionedn theintroductorychapterthere have been examples published recently
in the literatureof ring fusedazaBODIPYsthataresynthesisedby oxidativearomatic
coupling Oneexampleis shownin Scheme2.43, 10 equivalentsof iron(lll) chloride
with nitromethan¢CHz:NO>) in dry DCM werereactedvith azaBODIPY 95a andthis
straightforwardreactionwasregioselectiveproducing[b] fusedazaBODIPY 96ain
excellentyield, andno [c] fusedazaBODIPYswasobserved The modified structure
leadsto morethan100nm red-shift in bothabsorptiorandemission’
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OCH;  CH,Cl,/CH3NO,

96a
96 %

Amax abs= 683 nm Smax abs= 804 nm

Smaxem=716nm Smaxem=816nm

Scheme2 43: Synthesiof benzofusedazaBODIPY 96a’®

Accordindy, investigationof the ring fused aza (dibenzo) BODIPYs by oxidation
reactionwas carry out using aza (dibenzo) BODIPY 172 that was available from

previoussynthesis. Compoundl72wasselecteddueto presencef the methoxygroup
onthemetapositionin thephenylring thatis expectedo dierctthe couplingto produce
the desiredfusedazaBODIPY compoundl178 Compoundl172 was treatedwith 10
equivalentsof FeCk in dry DCM. The mixture was stirred at room temperatureand
monitoredby TLC over 24 h. Sinceno reactionoccurredan exessof FeCk (morel0
equivalentswith CH:NOzin DCM wereadded Unfortunately this did not producethe
correspondindusedring system andthen startingmaterialstared to isomerisen the
solution. Thena photocyclsation reactionwas performedin the presencef iodineas
anoxidant but no effectwasseenthroughTLC or in the tHNMR spectroscopgven
after a powerful UV light was appliedto compound172 (Scheme?2.44). The main
suggestedeasonthat preventsthe oxidative coupling to occuris the BODIPY unit

might bebehavng asanelectronpoorgroup

FeCly
DCM/ CH3NO,

Scheme2.44: Synthesisattemptsor compoundl78
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29.1 Macrocycle formation attempts from aza dipyrromethene
derivatives.

2.9.1.1 From 4-methoxy phenyl methyleneazadipyrromethene compound 83

Thefirst attempttowardsformationof the macrocyclestructurel 79 wasby treatingof
4-methoxy phenyl methyleneaza dipyrromethene83 with iron(lll) chloride in dry
DCM. Compound83 wasselecteddueto presencef the methoxygroupon the para
positionthatis expectedo directthecouplingto theright positionprodugng theclosed
structurel79. Unfortunatelythis wasunsuccessfub producethetargetcompoundthe

startingmaterialappearedo remainunreacted.

\O O/
FeCl,
\ N HN / 20 equiv
-
! N/ DCM
rt, 24 h
83

Scheme2.45: Synthesisattemptgor compoundl79,

2.9.1.2 From 3-methoxy phenyl methyleneazadipyrromethene compound 155
Formationof the macrocyclecompound182 from the precursor3-mettoxy phenyl
methyleneaza (dibenzo) dipyrromethenecompound 155 was one of the targets
Compoundl55waschoserdueto thepossibilitiesof directcouping of thephenylrings
to producethe closel structurel82 It wasreasonedhis could be achievedollowing
threesteps staring with demethylatn of the compoundl55, followed by converting
the hydroxy group into the triflate producingthe correspondingcompound181
Homocouplingin the last step (macrocyclgation step) would lead to the desired
macrocyclestructurel82 Scheme2.46 outlines the proposedlantowardthe desired
macrocyclel82
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H F \I(I) O\\/ F3
By o o-¢ §=0
o0 OO 1
-Me
Nnv v~ = Nn A TH,0, Py N /
\ y = N HN
N= N dry DCM, -20 °C ) N
O O 24 h O O
155 180

182

Scheme2.46: Proposeglanto synthesiof themacrocyclel82

To achieveour target we startedwith demethylationof the 3-methoxy phenyl aza
dipyrromethenecompound155 following the procedurereportedby Chakrabortiet
al}'2 Compound155 was treatedwith threeequivalens of thiophenoland potassium
carbonaten dry DMF at150 for 6 h (Scheme 2.47)

HOH
o PhSH O o0 O
KOy
Toowr N\ N an—{
150 °C, 6 h Y
RS
180

21 %

Scheme2.47: Demethylatiorof compoundl55

Thereactionrwasmonitoredby thetHNMR until the singletpeakof the methoxygroup
haddisappearedhenit wasquenchedyy washingthemixturewith waterandextracted
with ethyl acetate.The resulting mixture was analysedby MALDI-TOF mas
spectometry, which showedthree ion peaks(Figure 2.37). The peak at m/z 457
indicates formationof the desiredproductcompoundl80, while the otherpeakat m/z

471 we expectedhis anindicationof partial demethylatioroccuring at one methoxy
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group producing the unsymmetricaldipyrromethenel83. The third peak observed
appeas at m/z699 andit was suggestd this could be correspondo the formation of
TBDAP-OH molecuk, this was noticed as well during the separationof aza
dipyrromethenealerivativesas mentionedbefore (Figure 2.37 A). The crudemixture
wasseparatethy columnchromatographyThedesiredoroductl80wasisolatedin low
yield, in addition totraceamouns of agreenfractionwith m/z699. No furtheranalyses

wereperformedfor this fractiondueto the poorisolatedyield < 3 % (Figure 2.37 B).

A T HO OH \
457 . & O O
) N ) W
o SEAS
699 180 183
B

(Suggestd structure
TBDAP-OH

1500 2000 2500 000 3500 000 4500 5000 5500 5000

Figure 2. 37: MALDI -TOF obtainedfrom demethylatiorof compoundl55
following Chakrabortiprecedure.

This was studiedfurther to clarify what was occurringin this reaction.The starting
material155wasrefluxedin DMF at 150 andafter2 h the TLC wascheckedand

revealedjust the starting material. Then 1.2 eq of MgBr2 was addedto the reaction
mixture to investigateif therewas a possibility for the formation of any macrocycle
compoundsThereactiorwasmonitoredoy TLC, butnomacrocyclevasobservedven
afteraddingexcesdMgBr2 andleavingthe reactionlonger. This wasnot surprisng as
ourgrouphadinvestigatedeforethattheaza(dibenzq dipyrromethengdo notleadto

significantformationof anymacrocyclevhentheywerere-subjectedo themacrocycle

reactionconditions(TBTAPs andSubTBDAPS) asshownin scheme2 48,106 10
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Scheme2.48: Reactionattemptgperformedby our grouptowardsthe formationof the

macrocyclestructureg: 109

To controlthereaction,andto obtaina betteryield of compoundl80, thereactionwas
repeatedstartingwith 3-methoxyphenylmethyleneaminoisoindolinel37. Compound
137 wasreflux in DMF at 150 , oncethe dimer 155 formed (asobservedy TLC)
two drops of thiophenol,and K>2COz were addedto the reaction mixture, then we
continuedto heatunderreflux at 150  until the reactionhadceasedasobservedyy
TLC. A largeamountof the intermediatedimer 155 wasnot consume. The HNMR
spectrumconfirmedformationof the targetproduct180. Unfortunately theyield was

very low by usingthis procedure.

Scheme2.49: Demethylatiorof compoundlL88startng with compoundL37.
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