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Abstract

Abstract

Boron dipyrromethenes (BQ@PYs) have attracted considerable attention due to their
fluorescence properties, including high fluorescence quantum yields and absorption
coefficients, good photochemical stability and narrow absorption and emission
bandwidths. Because of these promsitithey have found extensive use for in vivo
imaging, analyte sensing, photodynamic therapy, solar cells and light harvesting arrays.
This thesis is divided in two parts. Part one covers the synthesis of functionalised chiral
BODIPYs whilst part two invales investigations into the synthesis and application of
aminoBODIPY via metal catalysed amination reactions.

Four approaches to the synthesis of novel chiral BODIPY dyes were investigated. The
axially chiral BODIPY dye with Caymmetryl was synthesiseda Suzuki coupling of

the corresponding 2,68ibromaBODIPY with 2-methoxyphenyl boronic acid. The
unsymmetrical axially chiral BODIPYl was synthesized via Suzuki coupling of the
corresponding -bromoBODIPY with phenyl boronic acid. Unfortunately, atterdpte

resolution of these chiral systems by analytical chiral HPLC was unsuccessful.

The new helically chiral BODIPYdlla -c were synthesised. Resolution of racemic
helically chiral BODIPYsllla andlllb was successfully accomplished by preparative
chiral HPLC.

IlTa, Ar=4-MeC,H,
IIIb, Ar=2-pyridyl
IIIC, Ar:4-(C8H 1 70)C6H4
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Electronic circular dichroism (ECD) spectra of bath) @nd ) isomers otlla andlllb

were measured by Prof. W. Herrebout (Univigreaf Antwerp). Comparison of the
measured and computationally predicted ECD spectra allowed the absolute configuration
of each of the enantiomeric sampleslitz -b to be established. The CPL spectra of both
(M) and P) isomers ofllla andlllb were recoded by Prof. R. D. Peacock (University

of Glasgow). The |gn| ofllla at 637nm is0.0043 andllb at 675nm is 0.0042, which

are among the largest so far reported for a simple BODIPY fluorophore in solution.

We designed and synthesized the metrappedBODIPY V scaffold via sequential
regioselective functionalisation of the unsymmetrical BODIPRY. Resolution of
N,N,F,GBODIPY V by analytical chiral HPLC gave two peaks confirming that single
enantiomers of this compound should be accessible.

The 8anisytsubstituted BODIPYI was synthesized using a stardlaynthetic route,
regioelective iodination with ICI then gavibe 2iodo-substituted BODIPWII . We
unexpectedly found that copper catalysed nucleophilic substitotithe 2iodoBODIPY

VII producel the 3amino BODIPYsVIlla -n in good yield. The reactions occurred
successfully for a range of primary and secondary alkyl and aryl amines and even with

benzamide, albeit in low yield.

OMe

VIiIIa-n

2-aminoBODIPYs Xa-e have been prepared successfully via Buchitdédtwig

amination of the 20doBODIPY IX (fully blocked). The presence of the nitrogen group
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in the 2position gives a broadened rshifted absorption maximum and quenched

fluorescence.

This palladium catalysed amination was used to prepare-ifio2nilinesubstituted
BODIPY XI. Reduction of the nitro group by hydrogenation gave the novel fluorescence
guenched zaminoanilinesubstituted BODIPYXII . Reactionof this compound with
triphosgene gave the corresponding benzimidazedobstituted BODIPYXIIl . The
bright yellow fluorescence of the triphosgene reaction prodiidt can be easily
visualized by the naked eye. The detection limit for phosgene was detdrta be 160

NnM in solution at room temperature.
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Chapter 1 Introduction

Chapter 1: Introduction
1.1. General introduction to fluorescence

Luminescence is the emission of ultraviolet, visible or infrared photmm fany
substance, whicbccus from anelectronically excited stafé® There are various types

of luminescence, i.e. photoluminescence, radnhesence, chemiluminescence,
electroluminescence, and thermoluminescence, whichcdrea s si yed accor d
mode of excitatiort.* Photoluminescends the emission of the light from a material after
absorption of photons. Photohinescenceis formally divided into two types:
phosphorescence and fluorescence, which are determined by the nature of the excited
state.

The phenomenon of fluorescence was introduced in the middle of the nineteenth century
by the British scientist Sir Gege Gabriel Stoke%.Fluorescence is defined dise
radiative emission of a photday a substance from the first excited singlet staie (5
the ground singlet state d)S which can be schematically explained betJablonski

energy level diagram (Figure 1.1).

Sn_/ excited vibrational states

A- photon absorption

82— F- fluorescence (emission)
A IC P- phosphorescence
—] nr- nonradiative
S i T- triplet state
1 IC- internal conversion
- ISC ISC- intersystem crossing
(@)
o F
- A nr
LLI —
lnr P
SO Y VY \i

electronic ground state

Figure 1.1: Jablonski energy level diagram.

As shown in thelablonski diagram bdlhorizontal lines corresportd the electronic

statesand abovéhesethe thin horizontal lines represent vibrationallsubls. Normally,
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electrons aren the ground state (. When incoming lightwith appropriateenergy
interacts with an electrom the molecule the photon may be absorbeaising the
electron tgumpto an excitedstate(S: or ) and this process is very fast (f@econd).
Theelectronthen losegnergy dued the vibration of the molecul@his process is called
internal conversion and the electron $ab the lowest electronic level {SFinally the
electron may return toone of the vibrational sublevels of the ground state (So) by
releasing lightFluorescences characterisg by its emission spectryngquantum yield

and lifetime.

Qu ant um pysiaaneasure(ohthe efficiency of a fluorescent system. It is the ratio
of the total number of emitted photons over the total number of absorbed phdtons.
guant umg)isexpresded &s/a numloera percentagevith the maximum being 1

or 100%. It is common to measure the fluorescence quantum yield by comparison to a
reference compound whose quantum yield has been accurately determined by direct
measurement. In this case, the quantum yield of the sample is calculated according to
Equation 11.

Gsample_- reltbrence (Fsample (1'10Areferenc§"ésample / Freference (1'10Asampla"§§referenca-4’5
Equation 1.1

Here, 0O is the fluorescence qguantum yielc
intensity at the excitation wavelength, F is the fluorescence are@anthe solvent

refractive index.

The fluorescence lifetime is also important, it is a measfithe time that a fluorophore

remains in its excited state;f®efore returning to the ground state) (&
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1.2 General introduction to fluorophores

Over the past few decades, fluorescent compounds have continued to attract the attention
of researchers due to their spectral and physicochemical proSéttieserm fuorophore

refers to a fluorescent molecule that caremat light upon light excitationlhere aréwo

different classes: intrinsic (that occur naturally) andri@sic (typically syntheticand

each has its own propertiés

There are many organic dyes in common use including rhoddrflireresceirf alexa®
ethidium®© cyaning!! and BODIPYs(Figure 1.2) Fluorescein is an example of a
fluorescent dye which has been used atuarescenttracerfor many applications.
Fluorescein isothiocyanaiga reactive derivative ofdbrescein dye which is commonly

used to tag a target nucleophile.

HoN Cl
Y N N\
\ N\ N\
B/
7\
F F
BODIPY
©
Cl

ethidium bromide

cyanine

alexa

Figure 1.2: Structures of organic fluorescent dyes

Rhodamine is another example of a fluorescent dye which can be usédchesr alye
within water to determine the direction and rate of flow and transport. There are many

different Fhodamine derivatives such Rhodamine Band Rhodamine 6G.



http://en.wikipedia.org/wiki/Fluorescent
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Chapter 1 Introduction

9
J

Rhodamine B Rhodamine 6G

1.3. Borondipyrromethene Difluoride (BODIPY)
1.3.1. Background and structure

4,4 Difluoro-4-bora3a4adiazas-indacenel.1(abbreviated t8ODIPY), shown below,
is the central heterocyclic core of a large family of fluorescent compdamal<968,
Treibs and Kreuzer synthesized the first BODIPY tewever, this disccary was not
used until the 1990s when Boyer andvearkers realizedhat BODIPY dyes could be
used as possible fluorescent probes.

YN N\
\ N\ NS
B/

FF
BODIPY 1.1
Scheme 1.1 shows the numbering of a dipyrrometiidhea dipyrrin1.3 and a boron
dipyrrin 1.1 The numbering of a BODIPY core is different from that of a dipyrrin and

a dipyrromethan&3The 8position in the BODIPY core isftenreferred to as the meso

site 813

N\ N2 N 6 \_NH HN~% 8 2\ NH N~ 8
3 F,B\F 5 1 1110 o9 1 11 10 9
Boron dipyrrin Dipyrromethane Dipyrrin

11 1.2 1.3

Scheme 1.1Structure and numbering of a dipyrromethar a dipyrrin1.3and a boron dipyrrid. 18

In recent years, the number of published data on thaesistand properties of BODIPYs
has been increasing rapidly (Figure 1/A3)cording to the Web of Scien€atation report,
6105 articleavebeen pubshedon BODIPY as a topisince 1989.
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Published Items in Each Year
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4,000
3,000
2,000
1,000

Figure 1.3: Webof Sciencecitation report of th@umber ofpublicatiors and citations resulting from
searchingi B @IPY0as the opic.

Also, in reviewing the literature, a number of reviews on BODIPY dyes have been
published becauseof the fast increase their popularity over the last few years. For
instance, in 2007, Loudet and Burgésgeviewed the synthesis and spectroscopic
properties of different tymeof BODIPY dyes and thetlerivatives
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In 2008, Ziesse?t and ceworkers discussed the chemistry and photophysicgigrties

of BODIPY dyes. In 201, Boyle and ceworkers*reported a review on usi®ODIPYs
asfluorescentcomponents of novel light active materiafsvuah and Yout® in 2012,
provided an overvieBODIPY dyesas photsensitizers for photodynamic therapy of
cancer Boens, Leen and Dehdé@rdescribed the synthesis of different BODIPYs as
fluorescent indicatorsin 2014, Shel publisheda review on structural modification
strategies for synthesis of long wavelength absorbing BODIPY . dyes2015,
RavikantH®discussed the synthesis, properties and applications of halogenated BODIPY

dyescontainng halogens at the pyrrole carbons of the BODIPY core

1.3.2. General properties of BODIPY

Boron dipyrromethened.1 tend to absorb light in the visible range, aa@ often
characterised by sharp absorption and emission spectra with high extitaction
coefficient high quantum vyields of fluorescence and narrow absorption and emission
bandwidths? Also, they are soluble in mostganic solvents and mostly insensitive to
the solvent polarity and pH of their environment. They are stable under physiological
conditions, display low toxicity, high photostability and resistance to chemical
degradatiort? The photophysical pperties of the BODIPYs can bdfexted by
introducing different substituents at the various positions of the BODIP Yasoshown

in Figure 1.4 The symmetricahlkylatedBODIPYs 1.4and1.5have not beereported'?

The fluorescence quantum vyields fo6, 1.7, 1.8 and1.9 were reportedin the literature

and could be used as a reference to which other BODIPYs can be cofipslsed the
unsymmetrically soistituted BODIPY 1.9 and1.10have beersynthesisedComparing
compound 1.6and1.7with compoundL.8, alkylation at the 2osition generally leads

to red-shift of absorption and emissianaximabut lower quantum yiel&?
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-
FI \F IB\ FI \F IB\
F F F F
1.4 1.5 1.6 1.7
unknown unknown Et OH=081 Et OH=0.8D
Amaxabs 507 nm Bmaxabs 505 nm
Amax€Miss 520 Nm  Bmaxemiss 516 nm
\_N N\_N. _N= N\_N. _N=
B B
¢, \ 7\
F F F F
1.9 1.8
Et OH=0.4D Et OH=0.71D Et OH~0.36

Amaxabs 510 nm
Amax €MIiss 520 nm

dmax abs 528 nm
Bmax €miss 535 nm

Smax abs 599 nm
Amax€miss 509 nm

Figure 1.4: Different alkyl substitution on the core BODIPY dife.

Thepresence of the aryl groh the mesgoositionof the 1,7substitied BODIPY1.13

leads to aslightly lower fluorescence quantum yield and 1&udft of absorption and

emission maximaompared taODIPY 1.7.12However, the fluorescence quantum yield
of BODIPYsl1.11and1l.12are appreciably leghan BODIPY1.6. Such dfferences are

usually referred to the presence gf-§ubstituents which prevefree rotation of the aryl

group, thus reducing loss of energy from the excited stiesigh nonradiative

processes?
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1.11 1.12 113
Me OH =0.06 Me OH =009 Me OH ;= 0i®5
Bmax abs 501 nm Amax abs 508 nm Amax abs 5@ nm
Smax€Miss 517 nm Amax€miss 521 nm Bmax €Miss 58 nm

THF ;=012 THF ;=038B1
Amaxabs 571 nm dAmaxabs 561 nm
Amax €miss 601 dmax €miss 597 nm

THF ;=016 THF ;=0®
Amaxabs 576 nm Amaxabs 573 nm
Bmax €miss 608 nm Bmax €MIiss 613 nm

Figure 1.5: Different alkyl and aryl substitution at the pyrrole carbons of the BODIPY

corel217.19

Polyphenylated BODIPY#$.141.17have been synthesisé®?! Arylation at the pyrrole
carbons of the BODIPY core lesitb redshiftedabsorption and emission maxiraad
increased quantum yiefdr these compoundsomparel.14with 1.7, andl.16with 1.8)

as seemn Figure 1.5
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Moreover, it has found that the replacement of the fluorine atomsamthor alkyne
groupssuch as BODIPY1.19and 1.20produced only minor changes in the absorption
and emission maximascompare to parent BODIPYL.18(Figure 1.9.12

NN NS NGNS NSURIBIES
B, B, B

FF A’ Ar 7/ \

1.18 1.19 Ar=Ph / \
CHCly, a = CH.ClI5, a =
dmaxabs 51/hm dmaxabs 513m
Bmax €MISs 5381m Amax €MISs 54 m 1.20

CH.Cl5, a =

SAMmax abs 516m
Smax €MIiss 537Hhm

Figure 1.6: Example of theeplacement of the two ftwine atomwith aryl or alkynegroup?
Addition of alkoxy groups to the boron centre hEs®been reported in the literatuie?
For example, ite replacement of the fluorine atoms in the BODIRX1 with various
alcohols produce®-BODIPYs 1.22-1.24and the presence olkaxy group cause little
changeto the photophysics (Figure 12723

NN NS N\_N. _N= N\_N. _N= N\_N. _Nx
B~ B B B
FF MeG OMe EtO OEt BnO OBn
1.21 1.22 1.23 1.24
CH.Cl5, a = CH.Cl>, u = CHClI, a = CH.Cl,, ua =
Bmax abs 504 nm Bmax abs 505 nm Bmax abs 505 nm Bmax abs 506 nm

Figure 1.7: Example of theeplacement of the two ftuine atoms with alkoxy groups.




Chapter 1 Introduction

Conversion of the 3;8i(methoxyphenyl)BODIPY4.25and1.26into the corresponding
O-chelated derivativd.27 and1.28leads to a significant increase in quantum yield of
fluorescence and red shifted absorption and emission maxima. This is probakty due t
structurerigidification and a decrease in the dihedral angle between the aryl ring and the
BODIPY core!’

1.27
THF ;=007 THF ;=01
Amax abs 550 nm Amax abs 630 nm
Bmax €Miss 597 nm Bmax €MIiss 654 nm

THF ;=07 THF ;=009
Amax abs 550 nm Amax abs 626 nm
Bmax €MIiss 583 nm Smax €MISS 645nm

Figure 1.8: Examples of O-chelated BODIPY$’

1.3.3. General synthetic routes taBODIPY dyes

As mentioned earlier, Treibs and Kreuzer synthesisedirst BODIPYin 19682* The
reaction betweemcetic anhydrideand 2,4-dimethyl pyrrole inthe presence oboron
trifluoride diethyl etherat¢BFs;.OEb) gave amixture ofhighly fluorescent compousd
1.29and1.30(Scheme 1.2)
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Chapter 1 Introduction

ACZO
BF,OEt,

H

Scheme 1.2Synthesis of the first BODIP¥1.29and1.30by Triebs et af?

BODIPY derivatives can be synthesized by using variafierent synthetic methods,
andthe most obwus approaches are well known from porphyrin resea&ghthetic
approaches to thBODIPY core usually stafrom the condensation of a simple pyrrole
with a highlyelectrophilic carbonyl compounduch asnacyl chloride, acid anhydride
or aldehyde. Howver,theinstability of the intermediate (unsubstituted dipyrromethene),
which can undergo guphyrin formation or polymerization leaslto the use of &2-
substituted pyrrole in most dtfie routes.Burgess? describes the synthesis of BODIPY
dyes using three major routes: from pyrrole and aldehyde, from pgrrdlacid chloride,

and from pyrrole and ketopyrrole

1.3.3.1. From aldehyde

A straightforward approach to simpgymmetricalBODIPY compounds is thacid
catalysedcondensation of an aldehyde31with two molecules of a pyrrole to afford a
dipyrromethane..32% To avoid a polymerization ithis reaction the pyrrolis used as

the solver®® while the reaction with substituted pyrrole does not require excess pyrrole
and occurs in normal organic solvenheldipyrromethané.32is oxidized immediately

after preparation to gerae the corresponding dipyrromethdn&3which is less stable.
Subjecting the dipyrromethen#.33 to a base, such as triethylamirf&tsN) or
diisopropylethylamine(i-Pr.NEt), and boron trifluoride diethyl etherai@Fs.OEb)
generates the symmetric BODIRIyes1.34 as shown in &eme 1.3.

11
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R'l
r—/\ [o] R m BF3.Et,0 RWRZ
—»
F F
1.31 1.32 1.33 1.34

Scheme 1.3General synthetic route to the symmetrical BODIPY from aldehyde.

Numerous BODIPY dyes have been synthesized from readily available pyrroles by using
this synthetic methodyhich allows variation of the substituents on both the pyrrofe (R
and meso (B carbon atoms. Moreover, it has been found that substituents on the pyrrole,
specifically on the dand 7 positions of the BODIPY, restrict rotation of an aromatic
group attabhed at the mesposition. The resulting orthogonal geometry results in a
reduction of the electronic coupling between theuBstituent and the dy&.Many
researchers have performed this method in apohgrocess witbut isolation of the
intermediates For example, Vicenté synthesisedBODIPY 1.35 from the reaction

between substituted pyrrole and aldehydes.

Et Q
N
H
CHO

Scheme 1.4Synthesis of BODIPY..35 Reagent and conditions; a) TFA and/CH; b) DDQ); c)
NEts, BR:.OEt, 84%2°

12
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1.3.3.2 From carboxylic acid

A more efficient route for the synthesis of symmetrical BODIPYesads by acid
catalysed condensation of pyrroles wih acylium equivalentl.36 such as an acid
chloride, anhglride or an orthoester (hleme 1.5° Often, the acylpyrrole intermediate
1.37is not isolated, becauseadacts with an excess of the pyrrole underiacdnditions
to form adipyrromethend..38 Treatment of the dipyrromethemgermediatel.38with
base and boron trifluoride diethyl etherate (BBE®) affords the symmetric BODIPY
dyel1.39 as shown in heme 1.5

R'I
2 1 2
TN . F\A\ _.Ré’_\)\(o '—) R\\ R
H x7 O ” ¥ NH N\
1.36 1.37 1.38
R1
R2WR2
A
\\/N~B,N§/ BF5 OFt,
7\
X=Cl, Br, OOCR F F base
1.39

Scheme 1.5General synthetic route to symmetrical BODEyfrom acylation of pyrrole

followed by condensation and complexation.

The advantage of thigpproachis that it does not require aoxidation stepand the
formation of the BODIPY can be performedn a onepot without isolation of the
dipyrromethaneThe disadvantage of this methizdin the reaction conversion whigh
not always complete and this leado a challenging purificationAn example is the
synthesis oBODIPYs 1.41a-d in onepot from 2,4-dimethyt3-ethylpyrrole and acid
chlorides 1.40a-d (Scheme 1.6}’

13
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1.40a-d 1.41a-d 1.41a, R'= NO,; R?>= R3= H; 55%
1.41b, R?= NO,; R'= R3= H;46%
1.41¢c, R?= R3= NO,; R'= H;30%
1.41d, R'= R3= NO,; R?>= H=;64%

Scheme 1.6Synthesis of BODIPYL.41a-d from acyl chlorids. Reagent and conditions; a) &b r.t.,
72 h; b) NE3§, BR.OEb, r.t., 24 h.

1.3.3.3. From aketopyrrole

Unsymmetri@al BODIPY compounds, unsubstitateor substituted at the-@osition
cannot be prepared by using the two previous methddey can beformed via
condensation o& ketopyrrole with a second pyrrola the presence of Lewis acid

followed by complexation ithe presence of BFOEb and bas to giveunsymmetrical
BODIPYs 1.42 (Scheme 1)

R2 R'
8 — —_
N R3l/_\§ R
N
7
R~~~/ NH H R2 \\ \ I\ 6
— Lewis acid NH N
R¢ RS R3 RS

Scheme 1.7 Synthesis of usymmetrical BODIPYL1.42from kebpyrrole.

This method is advantageous because no oxidation step is required. Also, in this method
symmetrical ounsymmetrical BODIP¥can be prepared in ot without isolation of
the unstable dipyrromethene hydrochloride salt intermedidtieh can be difficult.
AlthoughBODIPYs are prepared in oot with no isolationthis apprachdoesrequire

isolation of the ketopyrrole intermediate in order to synthedise unsymmetrical
BODIPY.

14
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For instance, Duporta&flapplied this method in the synthesis of symmetrical BODIPY
1.45 The ketopyrrolel.43was synthesised bihe reaction of 4dodobenzoyl chloride
with the magnesium salt of2,4dimethylpyrrole (formed by deprotonation with
MeMgBr). Then, condensation of ketopyrrole43 with another equivalent of 2,4
dimethylpyrrole in the presence ofPOCk gave dipyrromethenel.44 Finally,
complexation the dipyrromethene with BBE® in the presence of triethylamine
produce thesymmetrical BODIPY1.45(Scheme 1.8

| |

M@?L 8
N
H

Cl 1.43

Iz

1.44

Scheme 1.8Synthesis ofymmetrical BODIPY1.45 Conditions and reagents; gMgBr, EtO, 35 °C,
30 min, 81%; b) 2,4imethylpyrrole, POG| CH.Cl./pentane, 0 °Q.t., 24 h, 46 %; c) BEOE®bL, NEt,
toluene, 80 °C, 30 min, 80 %.

A similar approach was used by Ch#tig order to synthesise unsymmetrica BIPY
1.46 In this case, BODIPY.46was synthesised imonepot reaction without isolation
of the dipyrromethene intermediate by condensation -tdraylpyrroe with 2,4
dimethylpyrrolein the presence of POglfollowed by BE chelation leading to BOPY
1.46(Scheme 1.9).
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O _H
c D o
N
H

\ N\ N>
B/

7\
FF
1.46

Scheme 1.9Synthesis of unsymmetrical BODIPX46 Conditions and reagents; a) 2ldnethylpyrrole,
POCE, CH,Cly, -5 °C,3 h,r.t., 3 h; b) BR.OEb, NE&, r.t., 3 h, 51 %#°

1.4. Some applications of functionalized BODIPYs

Design and develapentof nearinfrared (NIR) BODIPY dye$asgained considerable
research interest over the past dedaglgause of rapid developments in various optical
imaging and bioanalytical techniquesgchBuas nucleic acid detection, in vivo imaging,

DNA sequencinggel electrophoresis, vascular mapping and tissue perféfsion.

There are a number of commercially available BODIRMf®Ids which can be
connectedo proteins,peptides, oligonucleotides, lipids, polystyrene microspheres and

dextran (Table 1.1). By standard chemical reactions succinimidyl esters of BODIPY acids

and carboxylic acidscanbeconve ed i nt o puorescent amides

16
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Table 1.1:Examples of commercially available BODIPY dyes.

) Absorption | Emission
Dye name Chemical structure
max (nm) | max (nm)

BODIPY
630/650 (Life

Technologies

625 640

Inc.)

BODIPY
650/665 (Life

Technologies

646 660

Inc.)

BODIPY FL-
X

(ThermoFishel

501 510

Scientific)

BODIPY
665/676

(ThermoFishel

605 676

Scientific)

BODIPY TR-
X

(ThermoFishel

(0] O
O-n~_N H 1]
. e C_C_N_(CH2)5_C-O_N
Scientific) Hz ;:]
)

0 591 620

Owing to their favourable characteristicsBODIPY dyescan actas an impdant

componentin many differentapplications Figure 1.9shows some applications of
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functionalisel BODIPYs in whichR!, R’, R® andR® may extendhe delocalisation anolf

Light Harvesting
Systems

Photodynamic
Therapy
1

carryotherfunctionalgroups.
R-QT TR
N'B’N

Solar Cells !
R® R{R* R’
l DNA Labelling i i Molecular Logic
Gates

Ion Sensing

R R R

Figure 1.9 Applicatiors of BODIPY Dyes¥ 34

BODIPY dyes have been used in a photodynamic therapy (PDT) whapadtential
treatment forcancerand other localized diseasdbat ses a photosensitizer ageat,

visible or neavisible light and oxygen as elemisnin its mechanism of action

For example,O6 Shea a@rouwp® have disclosed a new class of potential
photodynamic therapy agetiie BR-chelated azadipyrromethenkg7andsynthesised
asequenc®f a supramolecular photonic therapeutic agent (SPTA) analdgti@s.50
with pH-responsive amine receptor§hey described a new methddr achieving
photodynamic therapy selectivity bdsapon the reversible off/on switching of the main

therapeutic property (generation of singlet oxygen) of a SfFigure 1.1).3°
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NEt, NEt,
Ar' Ar'
X N N\ \ X AI’1=
\ N\B’N\
1:
AI"2 Fq - Ar2 Ar Ph Ph 4- MeOCGH4
1.47-1.50 X= H H H Br
1.47 1.48 1.49 1.50

Figure 1.1Q Structure of aza BODIPYS.

Photophysical

Pathway A o
PET no energy 2 — no cell death
I transfer *

N 0,

hv abs

*'I‘ - M

Photophysical 10 » cell death
Pathway B | 2
; no PET tRErgy [

I transfer
-
hv abs s o2

Figure 1.11 Ddsign and function of an SPTA. Blue circle, sugtspecific receptor. Red
rectangl e, phot os e ns P{Atlaptedrfrom B O.&McDonnellyM & Blall, LSTu b st r a
Alen, A. Byrne, W. M. Ga Am. E€hein&o@005,427 d636D1636E). OO She.

BODIPY dyes have also been developed as a sasrsitizdyesensitized solar cell
(DSSC) systemwhich area new type of low cogthotovoltaic(solar) cell thaabsabs
visible lightto produce electricityThe DSSC device consists gfass sheet (transparent
conductingndium tin oxide(ITO) or fluorine doped tin oxid=TO)), a semtonducting
electrode (rtype TiQ, p-type NiO), a dye sensitizer (which is able to harvest light and
transferelectrons)redox mediator (f15' or Cd'/Co" complexe}and a counter electrode
(carbon or Bt(Figure 1.12.
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Figure 1.12 Sdhematic diagra of the energy flow in a DSSC® (Adapted from S. S. P.

The first BODIPY photosensitizef..51and1.52 for DSSCswverereportedoy Fukuzumi

Light

Working electrode

Glass substrate

Transparent conductive film

Introduction

Counter electrode

Injection
€ -
£ wmo
E,— ]

. i Dye
— HOMO
Semiconductor

e

p

Regeneration of dye
Molecules and electrolyte

Electrolyte

Platinum film
Glass substrate

-

[ Load I

.
—

| I——

Singh, and T. Gayathrur. J. Org. Chem2014, 46894707)

and his groug®T h e
0.16% and 0.13% respectively.

Kubo et af” have designed and siresised sensitizer.531.55 (Figure 1.14 which
involve thienytcyanoacrylic acid units and reportibxeire f y ¢ i @ DSS¢setupihe
cell based orBODIPY 1.55 has agood conversion efficiency6.08%) which is the

OMe

percentage

HOOC

power
7T N N\
N._ N
P
F F
1.52

Figure 1.13 Structure of sensitizel.51and1.52.

highest value for BODIP¥ased DSS€has been reported up to dafe
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Chapter 1 Introduction

Figure 1.14 Structure of sensitizelr.53 1.54and1.55%

BODIPY dyes have beemidely used to target biological nezules such as amino acids,
nucleotides, DNAs, RNAs, lipids and protefif *° There are many examplén the
literature of the synthesis ofBODIPYs dyes containing different reactive groufus
proteinlabelling** A succinimidyl ester is one of the mastmmonlyused groug for
conjugation of BODIPYs tamino acid (specifically lysines)A BODIPY-succinimidyl
estercan reat with aminogrougs in the protein producing an amide bond and releasing

N-hydroxysuccinimides shown in Figure 1.4%!

Also, several BODIPY compounds containing an isothiocyamatelp havebeen
reportedn the literature. The nucleophilic reaction betweerathéogroup ofanamino
acid (specifically lysines) artieisothiocyanate group ainBODIPY lead to formation
of a thiourea linkagas seen in Figure 1.05!
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Succinimidyl ester

o}

“ N

Amide

Isothiocyanate Protein

b) BODIPY------ . _”:___

Thiourea

Figure 1.15 Generalmechanisraof amine labelling with succinimidyl estand isothiocyanate
functionalisedBODIPYs.*! (Adapted fromL. C. D. D. L. Rezende, S. Emery and F. Em@nhital Elec.
J. Chem2013,5, 62 83).

The reactivity ofiodoacetamide and mateide toward sulfhydryl groups of amino acid
residues (specifically cysteinBpsalsobeendescribé in the literaturd! Figure 1.1
and billustratethe mechanism of sulfhydryl labeling with iodoacetamide rmateimide
BODIPY derivatives.

lodoacetamide Protein

Protein

3-mercaptopyrrolidine-
2,5-dione

Figure 1.168 Generaimechanism of sulfhydrylbellingwith iodoacetamide and malemaide
functionalisedBODIPY derivatives! (Adapted fromL. C. D. D. L. Rezende, S. Emery and F. Emery,
Orbital Elec. J. Chem2013,5, 621 83).
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1.5. Goals and objectives

This project aimedo synthesizdunctionalized BODIPY dyesThe first partof the
researchfocuses orthe synthesis of novalhiral BODIPY dyes in whickchirality is
intimately associated with the BODIPY core in order to maximise the likelihood of
enantioselective modification of the optical properties in response to the tateemaric

forms of a chiral analyte. Ultimately, this approaxight be used in the development of

high throughput screening of enantiomeric excess and the use of this methodology may
be applied, for example, in the development of novel chiral catalystharmptimisation

of reaction conditions.

In the second partinvestigation intahe synthesis and application arhinosubstituted
BODIPYs via metal catalyse@mination reactionsre describecas a new strategy
towardsfluorescenceguenchedODIPY dyes.Such fluoresceneguenched systems are
highly usefulfor manydifferent applicatioain whi ch f |l uor ecmchence

achieved in response to an analyte

23



Chapter 2 Results and Discussion

Chapter 2: Synthesis of chiral BODIPY dyes

2.1. Introduction

Chiral compounds can exist 880 nontsuperimposable mirror image forms which are
termed enantiomers. In general, enantiomers have the same physical properties like
refractive index, UV, solubility, IR, NMR, Xay diffraction pattern and density.
However, the two enantiomers are ragntical in chiroptical properties such as optical

rotatory dispersion, optical rotation and circulamdagsm#243

Each enantiomer often shows very different pharmacological, physiological,
pharmacokinetic and pharmacodynamic propeffi&ar instance, there were a number

of adverse effects when using racemic dofy
as nausea and anorexia. It was subsequently found that the drug must be marketed as a
single enantiomer (L)lopa becaws(D)-dopa is ineffective and quite toxi¢.

HO:©/YCOZH HO CO,H
NH j@/\/l-l
HO 2 HO 2

L-dopa D-dopa

Zin

Molecular chirality can be divided into four types: centralakoplanar and helicdf*3
Examples of the four different typef chiral molecules are shown inglre 2.1. In all
cases théwo mirror images of the moleules cannot be superimposéthe first type and

the most common is central chirality which usually teddy aratom wth four different
groups. Aial chirality is a stereoisomerism resulting from the nonplanar arrangement of
four substituents about an axis. This kind of chirality can be observed in atropisomeric
biaryl compounds such as BINAP and BINOLedo restricted rotation between the aryl
aryl single bondPlanar chirality is a stereoisomerism resulting from the arrangement of
out of plane substituents with respect to the pl&ledical chirality is a special type of
axial chirality inwhich the moécules twist (like a corkcrew) and can therefore be right
handed or left handed.
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Mirror plane Mirror plane
COOH : COOH Ph i Ph
HNH, i PPhe i PhoP (Fe
‘ CH '
S AU LR N
(S)-alanine ‘ (R)-alanine (S)-2-phenyl-1 :
. peny -

(R)-2-phenyl-1-

diphenylphosphanyl ;
#erpr)ocerz,ep phanyl) (diphenylphosphanyl)
Axis ferrocene
of chirality mirror plane Mirror plane
Pth' Ph,P
b) Pth' Ph,P.
(R)-(+)-BINAP -(-)-BINAP P-helix M-helix

Figure 2.1: examples of the four different typef chiral molecules a) central, b) axial, ¢) plangr, d

helical.4243

A variety of methods ar used for determination of enantiomeric compositton.
Chromatography techniques have been used for many years for quantification of ee and
for enantiomer separations. kostance, chiral higiperformance liquid chromatography
(HPLC), capillary electrophoresis (CE) and chiral gas chromatography (GC) are used to
attempt highthroughput screening (HTS) of ee valde&These methods have produced

the most accurate measurements. However, a major limitation of these methods is the
long elution times and the sequential nature of the method when used for multiple

analyses.

Alternative methods for @termining ee are the use of liquid crystals (LCs) via visual
detection and by spectroscopic measurements. A major disadvantage of these methods is
that they require derivatization of analytes or substrates. Another approach to the
determination of ee ihie use of enzymes and antibodies which feature high selectivity
and inherent chiralit§® However, these techniques suffer from a lack of generality.
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Recently, researchehave turned to optical methods which are more accurate, precise,
and useffriendly. The use of fluorescent molecular sensors for the measurement of the
enantiomeric excess of chiral chemical compounds has several advantages. For example,
measurement care made rapidly thus avoiding time consuming chromatography. Also,
optical methods offer the possibility of red@he measurement, amenability to
automation, inexpensive instrumentation, virtually no waste anectst reagenty’
Therefore, these sensors have been used
to racemization under different conditions and to rapidly detect the enantioselectivity of

chemical reaction products.
There are several important features must be present in sensor molecules such as:

1. Suitable groups that will bind reversibly with the target species, for in-
stance;acidic/basiagups, hydrogen bonding groups or polar grdtips.

2. A signal must be forneby the hosguest interactiofi!

3. The signal tansduction and groups conferring recognition must be organized in an
interactive conformation, so binding with a target species results in signal genera-

tion.*’

Enantiomeric fluorescent ssors give different responses by reaction or interaction with
chiral molecules (Figure 2.2§0ne enantiomer dd given chiral selector molecule can
interact with a chiral analyte containing a fluorescent group, thus forming distereomeric
complexes of different structure and stability (Figure 2.2a). Moreover, fluorescent
compounds can be used to produce an enateicts/e response in the presence of both
nonfluorescent and fluorescent analytes (Figure 2*26pnsequentlythere are many
fluorophoresthat have been used for this purpose such as cyclodextrin, cyclic urea,
binaphtol, calixarene and crown ethers. Most commonly chirasityntroducedinto

these compounds as atropisomerism ubipgenyls, cumulenesnd allens.
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( . o . . .
a) Enantioselectivity of fluorescent analytes ineractions

Er

C »
R3/ ‘”’VRA RO g3
R! R!
R N
Chiral Fluorophore Chiral Sensor Diastereomeric complexes
Different intensity
Different anisotropy
Different wavelength

o K # Ky
C

( . .
b) Enantioselective fluorescent sensors
o o #>Fluorophore

R? 2 * Kp#Kg
| —
C \C. \ -
7 \"’I/ R Y TS
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R N
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Figure 2.2: Two different schemes for inducing an enantioselective fluorescence re$ponse

Boron dipyrromethenes (BODIPYs) have found extensive use in imaging and sensing
due to their fluorescence properties. Few different chiral BODIPYs have been
synthesized and their structure, electrocheh@od spectroscopic properties have been
investigated® >* However, there is one report of the use of chiral BODIPY species for
enantioselective applitans>*The binaphthol BODIPY derivativ2 1is optically active

and shows chiral di scr i mi nmethylbemylanine Wwya r d s
display of different fluorescence quenching rates of the BODIPY fluoresé&nce.

21

It was found that specific changes of the BODIPY fluorescence signal were generated by
the interactimen hgébwaey!| & me n & -bmpaplethalene e r
receptor. A decrease of the intensity of the fluorescence band was detected by addition of
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(R) - and §-1-phenylethylamine respectively. The efficiency of the quenching process
for (S - and R)-1-phenylethylamine (PEA) were examined. The equation for static

quenching was used to analyze the experimentaPtiata.

3.0
m SPEA

o5 © R-PEA p
L
]-LD 2.0-

1.5

1.0+ ‘ T ‘

0.0 2.5 5.0 7.5 10.0
c. M0°M

base

Figure 2.3: Plots for the quenching &@f 1 with R-PEA andS-PEA in acetonitrile?

Figure 2.3 shows the corresponding plots for the quenchi@glafith (R)- and §)-1-
phenylethylamine. The different slopes indicate the suitability2.4fas a chirally
discriminating sensor for optically active aminebeTsteeper slope for quenchingot

with (9-PEA in acetonitrile, based on a higher association constart @26 M?) for
(S-PEAI 2.1 as compared taR)-PEAI 2.1 (Ks = 161 M%), suggests that association of
the SPEA and2.1is more effective. The ratiof Ks(R-S)/Ks(R-R) = 1.40 is relatively
high for amine complexes of a simple binaphthol receptor unit and obviously

demonstrates the potentialafl as an enantioselective sensor moleétile.

In this project, we aimd to synthesise functionalised BODIPYs in whichirality is
intimately associated with the BODIPY core in order to maximise the likelihood of
enantioselective modification tfe optical properties in response to the two enantiomeric
forms of a chiral analyte. Therefore, this chapter is discussed several approaches to the
synthesis of chiral BODIPY dyes.
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2.2. Axially chiral BODIPYs

More recent attention has focused on dlggthesis of axially chiral BODIP\dyes.*9 52

For instance, Akkayaxplored a new chiral systebased on rotationally hinderelt
BODIPY core® They synthesised raBODIPY 2.2 and separatethe enantiomerby
HPLC using a chiral stationary phaséi@lce-OD column) (Figure 2.4 As shown in
Figure 2.5 thecircular dchroism spectrum has been used to establish successful
separation of the two enantiom&:2aand2.2b).

101 (Vw01 - A:dbeorbance Sig=270 ¢-85-20.d

20640
1.754 10465

1.54

1559 *32386
. T

0.754
0.5
(.25

0.254
054
0.754

2 4 6 8 10 12 1 6 18 20 2 M % B DRV WK B A

Figure 2.4: HPLC separation of BODIP'2.2t0 2.2a(20.3 min) and.2 b(33.4 min)>
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Figure 2.5: Circular dichroism spectra of rid@ODIPY 2.2 and the two enantiomets.

In 2014, Hal?* reported the synthesis, resolution and determinatioth@fabsolute

configuration of axially chiral BODIP.3as shown in igure 2.6 and 2.7

181012_PW019_01.DATA - Prostar 325 Absorbance Channel 1 LC1009M832

mAU
(]

-2

b

l !S \!E
g8
1= 2
r Waste
18 20 22 24 26 28 30 32 34 3% 38 40

Sl G YRR . N [ R 2 P
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Figure 2.6: HPLC separation of BODIP'2.3to the twoenantiomers?
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Figure 2.7: ECD spectra 02.3-(+) and2.3-(-).5!

2.2.1. Synthesis of axially chiral BODIPY dyes with C2symmetry

Due to restricted rotation around the pyrralgl bond, theBODIPY 2.6 was expected
to be chiral (see later). A synthetic route to-Bi§2-methoxyphenyl)BODIPY2.6 is

shown in Scheme 2.1.

B(OH),
. o)
1S, BF, chelation ~
N
H
Cl O
Suzuki
coupling
-

Scheme 2.1Synthetic approach to the synthesis of2ig2-methoxyphenyl)BODIPY2.6.

Synthesis of symmetrical BODIPYs can be accomplished by starting with diffeggnt ac

chlorides or aryl aldehydes both of which are commercially available. Using a literature
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procedure?® the onepot condensation of benzoghloride with two equivalents of 254
dimethyl pyrrole was used to synthesithe symmetrical BODIPY2.4. Initially, 2,4-
dimethylpyrrole and benzoyl chlorideere stirrecat room temperature, followed by BF
chelation by treatment withoron trfluoride diethyl etherate (BFOE®b) in the presence
of N,N-diisopropylethylamine {PrNEb) to produce the symmetrical BORBY 2.4
(Scheme2.2).

24

Scheme 2.2Synthesis of §henyl BODIPY2.4. Conditions and reagents: LM, 16 h, r.f b)
BF:.OEL,i-PbNEt , 0 ~C, 1 h, 40%.

It is perhaps not surprising that the most common method for the synthesis of halogenated
BODIPY dyes elies on direct electrophilic halogenatidssing a literature® procedure,

the 2,6dibromoBODIPY2.5was prepared by reaction of thgaBenylBODIPY 2.4 with

Bro (Scheme2.3). Purification using column chromatography gave the desired 2,6
dibromoBODIPY 2.5 in high yield (90%).Crystals of 2,6dibromoBODIPY 2.5 were
obtained by slow evaporation from a mixture of ethyl acetate and petrol{hel)rystal

structure shown in figure.8 was obtained through single crystaky crystallography

24 2.5

Scheme 2.3Synthesis of §henylBODIPY2.5. Conditions and reagents: apBDCM, r.t., 3 h, 90%.
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Chapter 2 Results and Discussion

Figure 2.8: Molecular structure o2,6-dibromoBODIPY2.5. Hydrogen atoms have been omitted for

clarity.

The synthesis of halogenated BODIPYs has been reported as a useful reactiazawhich
be followved by various transition metehtalysed crossoupling reactions or nucleophilic
substitution. 2,6-Bis(2-mettoxyphenyl) BODIPY 2.6 was synthesized via a Suzuki
coupling reaction. 2,6-DibromdBODIPY 2.5 was reacted with -2
methoxybenzeneboronic acid in the preseot®d(OAc» and HKITPHOS 2.77 in
toluene to form BODIPY2.6in 25%

v AP
O

H-KITPHOS 2.7

Scheme 2.4Synthesis of 2 &is(2methoxyphenyl) BODIPY2.6. Conditions and reagents: ld)
KITPHOS2.7 (12 mol %), Pd(OAR (5 mol %), KPOy (4 eq, toluene, reflux, 20 h, 25%.

In this reaction we expected to form a diastereomeric ma@xatithesyn2.6 andanti-2.6
isomers of 2,&is(2methoxyphenyl) BODIPY but this was not evident fromHeé\MR
spectrum of the product®F NMR spectroscopy is a useful tool to distinguish between

the two isomers because it can distinguish differemtrihe chemical environments.
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In general, thé®F NMR spectrum shows four peaks (1:1:1:1 quartet) for symmefieal
BODIPY dyes, resulting from the coupling of the two identical fluorine atoms with the
single boron|(= 3/2) nucleus. For instance, tHe NMR spectrum for phenyBODIPY

2.4, recorded in CDG]J is reported to consist of four peaks, clearly indicating that the

fluorine atoms reside in identical environments (Figure 2.9).

et A P o i AN AN gt [ LWW A A AR A A A

-145.4 -145.6 -145.8 -146.0 -146.2 -146.4 -146.6 -146.8 -147.0 -147.2
f1 (ppm)

Figure 2.9:1%F NMR spectrum reported for pherDDIPY 2.4in CDCls.

In 2008, Benniston published a paém which they synthesised the symmetric quinone
substituted BODIPY2.9for detection of reactive oxygen species (ROS) and monitoring

lipid oxidation in living cells (Scheme 2.5).

Scheme 2.5Synthesis of 8uinore BODIPY 2.8. Conditions and reagents: a) TFA, DCM,, 24 h. b)
DDQ, 24h. c) BE.OEb, i-PrNEt, r.t., 6 h, 50%. d) H (4 atm), Pd/C (10 mol%), DCM/MeOH,. (d) THF,
DDQ, r.t., 82%58
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The'®F NMR spectrum for theymmetrical BODIPY2.9 consists of 16 peaks due to the
two different fluorine atoms coupling to each other afsb coupling to the boron atom

indicating that the fluorines are diastereotoffégure 2.10¥2

-145 -146
ppm

Figure 2.10:°F NMR spectrum reported for BODIPX.9in CDCl5.58

Bennistorreported thesamephenonenon in BODIPY2.11 Even thougBODIPY 2.11
contairs hydrogens at the 1 and 7 positiorisge rotation ofthe 8phenanthrene
substituentappears to be restricted as indicabgdthe double quartet in tHéF NMR
spectrum of BODIPY2.11(Scheme 2.6)°

(J

a b, c < N \
Q ' g G — NN Ns
H -
>
0 F F
210 2.1

Scheme 2.6Synthesis of §henanthrensubstitutedBODIPY 2.11 Conditions and reagents: a) TFA,
r.t.,90h, 54%. b) DDQ, DCM, 90 mi. ¢) BR.OEb, i-PrNEt, r.t., 20 h, 55%%°

Therefore, in the case of BODIPX6, due to restricted rotation around the pyraitgl
bond, theanti diastereocisomewras expected to be chirdlhe !®F NMR spectrum for the
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Chapter 2 Results and Discussion

2,6-bis(22methoxyphenyl) BODIPY 2.6 showed 20 peaks and corresponds to a
diastereomeric mixture (50 : 50 ratio) of #yar2.6 andanti-2.6isomers (Figure 2.1

l
NﬂWW

-145.0 -145.2 -145.4 -145.6 -145.8 -146.0 -146.2
f1 (ppm)

-146.4 -146.6 -146.8

Figure 2.11:*°F NMR spectrum fothe mixture of isomers of 26is-(2-methoxyphenyl)BODIPY2.6.

In order tomeasurehe barrier to rotation for therdethoxyphenyl groupaariable
tempeature (VT)1%F NMR experiment was performed using tolueigérom 298

to 373 K (Figure 2.12). Howeverp sign of coalescence or broadening of the peaks
was observed which indicates that restricted rotation of the- 2
methoxyphenyl/BODIPY bond, even at high temperature results in the two fluorine
atoms being inequivalenthis restriction is caused l@ycomlnation ofthe steric

bulk of the 2methoxy groupsogether with the 1,3,5,7 methyl groups
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19F NMR 700 MHz 373K

A %M

1%F NMR 700 MHz 363K

19F NMR 700 MHz 343K (-

19F NMR 700 MHz 323K I

S S A N g

19F NMR 700 MHz 298K I

\
DOV

-144.1 -144.2 -1443 -1444 -1445 -144.6 -144.7 -14;1.8( -1)44.9 -1450 -145.1 -145.2 -1453 -1454 -145.5 -1456
ppm

Figure 2.12:%°F VT NMR spectraof the mixture of isomers of 26is-(2-methoxyphenyl)BODIPY2.6,

in dsg-toluene.

2.2.1.1 Chiral resolution

Chiral resolution,also called chiral separation, is a process used to separate the two
enantiomers of a racemic compound. There are a several different methods by which
enantiomers can be separated such as creation of diastereomers by reaction of the
enantiomers with an eantiomerically pure dhal compound; the resulting
diastereoisomersan be purified for example by standard column chromatography or by
crystallization (common for diastereoisomeric SalChiral column chromatography is
frequently used as an analyticabt to measure the ratio of enantiomers but can also be

used preparatively.

2.2.1.2. Chiral HPLC separation

In direct chiral chromatographic separation the two enantiomers are placed in a chiral
environment. As a matter of principle, chiral selectars @mployed in the stationary

phase and/or the mobile phase, which produce diastereomeric interactions with the
enantiomeric analytes which consequently elute at different rates. The enantiomer which

interacts less strongly with the stationary phase Wwiteemore quickly.
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Unfortunately, attempts to separ&@ syn and the two enantiomersz6 anti by chiral

HPLC were not successfas shown in igure 2.13.

||||||

Absorbance

L.
—— - e

) - ——

Time (min)
Figure 2.13: AttempedHPLC separation ahe stereoisomers &ODIPY 2.6. Daicel Chiralpk

OB column (25 cm x 0.46 cm) hexane:isopropanol (8Q:2 mL mint.
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2.2.1.3 Photophysical data for 2,6bis(2-methoxyphenyl) BODIPY 2.6

The UV and fluorescence spectra of BODIR2Y42.6 were measured in CHEAt room
temperature (Table 2.1). Rhodamie& was used as the reference compound for
determination of fluorescence quantum yields (rhodamineéi 6®.95,a:= 479 or 496

nm, in ethanol)
Table 2.1.Photophysical data of the BODIP2s4-6 in CHC,

BODIPY | aws(max)/nm | U10*Micm?® | am(max)/nm 0r( &
2.4 502 3.74 511 0.57(479)
2.5 530 5.67 543 0.46(496)
2.6 578 7.15 591 0.98(496)

Figure 2.14 shows the absorption and emission spectra of parent BQI&nd of 2,6
dibromoBODIPY 2.5 and BODIPY2.6. As Table 2.1 illustrates all of these BONIP
dyes showed strong absorption bands. In comparison to the parent BQDRIP¥e
presence of bromine atoms (heavy atoms) at the 2 and 6 positidres BODIPY core
leads to 28 nm(1052 cmt) red-shift of theabsorption maximum and32 nm(1153 cm
1y red-shift of the emission maximurAlso, the presence of ther@ethoxyphenyl group
in the position 2 and 6 leads to fskift by 76 nm (2619 ¢ of the absorption and red
shift by 80 nm (2649 crj of the emission maximum.
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Figure 2.14: Absorptionspectrum @lidl i nes) in terms of the mol ar

and normalised florescence spectrum (dashieés) for2.4(d ), 2.5(0 ), and2.6(0 ) in
CHCls.

Due to the formation of 1:diastereoisomerimixture, and the failure of attempted isem

separation by chiral HPLC, this BODIPY was not pursued further.

2.2.2. Synthesis of unsymmetrical axially chiral BODIPY dyes

In order toavoidthe diastereoisomer separation problem we decided to symethdsiad

7 substituted BODIPY witlan 8-quinoline group athe meso position (8 position). The
restricted rotation betweenddinoline and the substituentspnsitionsl and 7 leaslto

the potential for atropisomerism as long as the BODIPY is unsymmetrically substituted.
A functionalizedaxially chiral BODIPY such as2.15might interact enantioselectively
with a chiralanalye. Thetwo enantiomers of the chiral@uinolinyl substituted BODIPY
2.15mightevenbe resolved by crystallization of diastereoisomeric salts formed using an

enantiopure chal acid, or simply by chiral HPLC
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Functionalization at the meso positiocan be achieved simply by acid catalyzed
condensation ad pyrrole witha suitably substituted acyl chloride or aryl aldehydiae
first step in thesynthesis of BODIPY2.15 is acid catalysed condensation of -2,4
dimethylpyrrok with quinoline8-carbonyl chloride2.12 which is not commercially
available. In general, acyl chloriglarepreparedy treatingthe correspondingarboxylic
acid withthionyl chloride phosphorus pentachloriger phosphorus trichloriddy using
the literature proceduf®,quinolinecarboxylic acidvas treated with 6 equivalents of
thionyl chloride at room temperature for 2 dafgdlowed bythe addition of hexane to
induceprecipitation of the hydrochloride salf the quinoline8-carbonyl chloride2.12

(Scheme 2.7). Therude product was used immediatelye to its expected sensitivity

B B
7 7
NS @ N
(e} OH (@) Cl HCI

212

towards hydrolysis.

Scheme 2.7Synthesis of the quinolin®-carbonyl chloride2.12 Conditiors and reagents: a) SQCL2
eq),r.t.,48 h.

BODIPY 2.13was synthesised using a Roxidative method via condensation 2y#-
dimethylpyrrole with quinolne-8-carbonyl chloride2.12 in presence of-PrNEg in
DCM.>® The presumed igyrromethene intermediataas converted directly to the
BODIPY 2.13without isolation by treatmentith i-Pr.NEtand boron trifluoride etherate
(BFs.OE®) (Scheme 2.8).

212

Scheme 2.8Synthesis of the BODIP2.13 Conditions and reagents: aji2limethylpyrrole (2 e}y
DCM, r.t., 24 h. b) iPNEt(6.8eq), BR.OEL (7.7eq , 0,85%, 1 h
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Chapter 2 Results and Discussion

The'®F NMR spectrum 02.13BODIPY showedl6 peaksvhich are typical of this class
of BODIPY (Figure 2.15). Based on restricted rotatiorthaf 8-quinoline ringin the
mesaoposition (or 8position) the two fluorine atomsre nonridentical and therefore

coupleto each other and al$o the boron atom

VAL J‘v‘ W‘\} UL
VAL ‘\ \ i
Aaa \vJ\ /! “L/\

L j
Phripputseb gl ot "J/ WWWWMMW Wby b

+144.0 -144.5 -145.0 -145.5 -146.5 -147.0 -147.5

-146.0
f1 (ppm)

Figure 2.15:*°F NMR spectrum of BODIPY.13(282 MHz, CDC}).

Desymmetrization of the BODIP®2.13is required inorder to form an axially chiral
system. We decided to desymmet2sE3 by bromination of one of the two pyrrole units
of the BODIPY. Mom-halogenation of BODIPY is challenging to achieve without any
double halogenation. Jidai reported a meth8tifor the mone and dibromonation of
BODIPY using CuBs as the brominating agent. Using this procedlie novel 2
bromoBODIPY 2.14 was synthesized in 60% vyield via electrophilic subsbtutof
BODIPY 2.13with CuBr, potassium carbonate in acetonittileder oxygen atmosphere
(1 atm balloon) at room temperature for 24 h (Scheme 218% ZbromoBODIPY2.14

allows further functionalization by coupling reactions such as Heck and Suzuki

42



Chapter 2 Results and Discussion

Scheme 2.9Synthesis of the-bromo BODIPY2.14 Conditions and reagents: a) Culgt.5 eq, KoCOs
(3 eq), MeCNy.t., 24 h, 60%.

Suzuki coupling of the -bromoBODIPY 2.14 with phenylboronic acidgave the
unsymmetrical sially chiral BODIPY 2.15in good yield(86%) (Scheme 2.10).

Scheme 2.10Synthesis of the-phenyl BODIPY2.15 Conditions and reagents: &)gmylboronic acid
(3eg, PA(PPB4( 5 mol %), THF, 24bB8%e ne, water, 8 C

Although, in principle, the quinolin2.15might be resolved by fractional crystallisation
of diastereoisomeric salts usiag enantiopure chiral acid, this would be difficult on a
small scale. For this reaseore decided to resolve the two etiamers using analytical
chiral HPLC Unfortunately, attempts to separate the enantiomers of BORIRYin

this waywere unsuccessful. Figure 2.16 shows the best separation which was achieved
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Figure 2.16: Attempted HPLC resolution of BODIP®.15 Daicel Chiralpk OB column (25 cm x 0.46
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cm), hexane:isopropanol (80:20)6 mL min™.

2.2.2.1 Photophysical data of the 2ohenyl BODIPY 2.15.

The UV and fluorescence spectra of BODIPX&32.15were measured in CHE At
room temperature (Table 2.Bhodanine 6G was used as the reference compound for
determination of fluorescence quantum yields (rhodaminel 6®.95,a:= 479 or 496

nm, in ethanol)

Table 2.2.Photophysical data of the BODIP2s13 15.

.} n

i |
»

BODIPY | aws(max)/nm | U10*Mtcm? | am(max)/nm 0r( &
2.13 506 6.03 517 0.75(479)
2.14 518 9.68 532 0.83(496)
2.15 518 7.06 531 0.86(496)

Figure 2.17shows the absorption and emission spectra of pgugntline-substituted
BODIPY 2.13and ofthe 2-bromoBODIPY2.14and2-phenylBODIPY 2.15 As Table

2.2 illustrates all of these BODIPY dyes showed strong absorption bands. In comparison
to the parent BODRY 2.14, the presence of bromine atom (heavy atom) at the 2 position
of the BODIPY core leads @12 nm (457 cm?) red-shift of the absorption maximum

andal1l5 nm
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(510 cm?) red-shift of the emission maximurilowever, there was no significatther
red-shift of the absorption and emission maximum in the presence of the phenyl group in
the position 2 of the core BODIPY.

10
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5o
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Figure 2.17: Absorption spectrunsfplidl i nes) in terms of the mol ar
and normalised fluorescence spentr@deshedines) for2.13(8 ), 2.14(d ), and2.15(0 ) in

CHCla.

Although the axially chiral BODIPY 2.15was successfully prepared in 2 steps from
BODIPY 2.13 attempts to resolve BODIPX.15into its separate enantiomers by chiral
HPLC have so far been smccessful. It is possible that resolution of this quinoline
derivative might be possible by fractiorai/stallisationof distereisomeric salts formed

by treatment with an enantiopure chiral acid but this would require a larger quantity of

the BODIPY tharwas available from our initial synthesis.
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2.3. Helically chiral BODIPY
2.3.1. Approach to synthesis of functionalized Aza BODIPY dyes

Exchange of the mesmarbon atom of BODIPY dyes for a nitrogen atom generates-a sub
class of BODIPY called azBODIPY. The first aza dipyrromethene chromophore was
synthesized in the 1946454 but the azeBODIPY species was not reported until 1994,
Interest in the azBODIPY species has increased due to their photophysical properties;
in particular t has been found that inclusiof the mesenitrogen produces a large red
shift of the absorption and emission bands in the&&Dnm ange, with high molar
extinction coefficient, and moderatehigh fluorescence quantum yielgj&3560.6672

O 0 S hrepated the conversion tétraarylazadipyrromethen@sl16into BR chelates
2.17and application for photodynamic therapy (Scheme 27%).

\ \ 217a, Ar= Ph
o NH N\ o N< 217b,Ar= 4-CH30CgH,

2.16 217a-b

Scheme 2.11Synthesis of the azRODIPY dyes2.17. Conditions andeagents: a) BfOEb, i-PrNEt,
DCM, 16 h, r.t.

0O 06 S Bubsequently reportednew class of azZBODIPY 2.19, in which the cyclisation
of the two oxygen atoms of the aryl substituerithe BODIPY2.18onto the boron atom

renders the molecule chiral (Scheme 27£2).

46



Chapter 2 Results and Discussion

Ph Ph Ph Ph
N N
< TN =~ ST N
N\ _N N~ N\ N. N
/O \B', — 4a> qBa
FF 0o
2.18 2.19

Scheme 2.12Synthesis of NealR fluorophore.19 Conditions and reagents: a) BBr DC#5 0.C,
12 h’?

Symmetrical az88ODIPY derivatives 2.21weresynthesized pusing the synthetic route
in Scheme 2.13. We aimed in this project to syntlessisinctionalized az8ODIPY and

then stidy potential uses of these chiral dyes

NO
O P 0 2
Michael addition
R’ R2 ] O O 5
R 2.20 R

R2 R2
N Condensati
< I\ ondensation
\_N. _N
B! BF, Chelation
a F F g -~
R 2.21 R!

Scheme 2.13General synthetic approach to the synthesis of abadipy dye’?
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Before attempting the synthesis of more highigctionalizedN,N,0,0azaBODIPYs

we started with the synthesistbEknown’?N,N,0,GazaBODIPY compound®.25a, b

to gainfamiliarity with the synthetic route (Scheme 2.14) and the properties of the key
N,N,0,8azaBODIPY core.

OH O 0

OH O
J : = . i
. Ar aldol condensatlon‘ ‘Ar Michael addition
2.22

\
9 NH N\ 5N
dlpyrromethene HO, OH chelatlon
\O Ar= Ph 4 MeOCgH,

2.25

O;,

Scheme 2.14Four steps for the synthesisMfN,0,0azaBODIPY 2.25ab.

I nitially, by using a |l iterature -proce
hydroxyacetophenone and aldehydss carried out by treatment with sodium hydroxide
(Scheme 2.15). The expected chalcone derivatR@a, b were formed in good
yield.”>"*The 'H NMR spectrumof the producishowed the appearance of the signals
corresponding to the two protons on the alkéh243 7.92 and 7.66 ppn2.22h 7.91

and 7.57) and the coupling constant between these pr&@2s(15.5 H; 2.22h 15.4

H;) indicated that the configuration of theutide bond wag.

OH O

A

2.22

Ar= Ph, 4 MeOC6H4

Scheme 2.%: Synthesis of chalcone derivative227*74Conditions and reagents) NaOH, MeOH, 48
h, r.t., (2.223 52%;2.22h 54%)
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Michael addition to form compouri23a,bwas accomplished by treatment of chalcone
derivatives2.22a,bwith nitromethane and diethylamii®cheme 2.1632 The'H NMR
spectrum of the crude product mixture showed disappearance of the signals
corresponding to the two vinylic hydrogens and appearance of a signal corresponding to
the Chwhi ch i s 2(R.2330\r =t Pti,e3.64 839 ppm). The crude products
were recrystallized from methanol to gi2e23aand2.23bin good yields 55 and 80%

respectively.

NO
oH Q OH O 2
@)% .
Ar —
Ar
a b
222 2.23 ( Ar= Ph, 4-MeOCgH,

Scheme 2.16Synthesis of compounds237?Conditions and reagents) MeNG (4 eg, EtNH, MeOH,
17 h, reflux,(2.23a 55%;2.23h 80%)"?

Tetraarylazadipyrrometheng4a, bwere synthesized by treating diaoyhitro ketones
2.23a,bwith excess of ammonium acetate in cumene under reflux for 3 Holine
products2.24a, bwere isolated by trituration with cold methanol in low yield2@a,
11% and.24b 20%) as blue solid€.The'H NMR spectrunof the pure product showed
appearance of the signal corresponding to the CH on the pos{2o242,Ar = Ph, 7.28
ppm;2.24b,Ar = 4-MeOGCsH4, 7.78ppm).

Ar Ar
N
~ N \
NO, N\_NH N
OH O HO OH
Ar NH4OAC
—_——
a b
2.23 2.24 Ar= Ph, 4-MeOCgH,

Scheme 2.17Synthesis of tetraarylazadipyrromethe@e24 Conditions and reagents: a) NBAc (35
eqg), cumene, 3 h, refluX2.24a 11%;2.24h 20%)">
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The azaBODIPY compound2.25a, b were synthesized by treatment of compounds
2.24a, bwith i-PLNEt and BE.EtO in toluene (8heme 2.18¥? The target compounds
2.25aand 2.25b were formed by Bf chelation and intramolecular phenolic oxygen
fluorine displacement in goodelds(82 and 73% respectively

Ar Ar
N
~ N \ \ \
N\ NH N~ N._.N
OH
a b
2.24

Ar= Ph, 4-MeOCgH,

l,,w

®)

Scheme 2.18Synthesis of azBODIPY compound®.253°Conditions and reagents: aPiNEt (14 eq),
BFs.OEL (10 eq, toluene, 2 h, reflux2.258 82%:;2.25h 73%)

The preparation ofz&#BODIPY 2.25a, b succeeded in a good yield. However, these
compounds have no functional groups which could intenattt a chiral molecule.
Therefore, we decided to preparenare highly functionalized azBODIPY 2.26 for
potential applications to enaoselective sensing. The two enantiomers of the chiral aza
BODIPY 2.26might be resolved by simply by chiral HPLC.

OO

NH, HoN
2.26

We envisioned thaazaBODIPY 2.26couldbe obtainedtarting fromthe commercially
available  2hydroxy-5-methyl-3-nitroacetophenone and benzaldehydeAldol
condensation of these two compounids ethanol gavel-(2-hydroxy-5-methyt
3nitrophenyl}3-phenylpropenong.27in 89% vyield (Scheme 2.19).
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o] O\ o]
=
: . LT
OH OH
N02 N02
2.27

Scheme 2.19Synthesis othalcone derivativ@.27.Conditions ad reagents: a) KOH (3 &getOH,r.t.,
24 h, 89%.

Michael addition reaction of the resulting chalco@€7 with nitromethanein

diethylamineand methanol successfully proddce t -hiteoketone2.28in a good yield
73% (Scheme 2.20).

o o NO,
=
SOAGEEED GRS
B ——
OH OH
NO, NO,
2.27 2.28

Scheme 2.20synthesis of compouri2l26 Conditions and reagents: apEH (4 eq), MeNQ (4 €9,
MeOH, reflux, 17 h; by.t., HCI (2M), 73%.

The most challenging step in the synthesis ofB@®IPYs is preparation othe aza

dipyrrin. We attempted to synthesi2®9f ol | owi ng 006 Sibetednsentc on d
of compound2.28 with ammonium acetate itumene under reflux for 3 hours.
Unfortunately, the dark crude product was insoltibla range of organic solventH

NMR spectrumn D20 indicated a very complex mixture of compounds.

0 NO; O O
a S N\ N\
o &
OH HO OH
NO,
02N NOZ
2.29

2.28

Scheme 2.21synthesis of compouri2l29 Conditions and reagents: a) MbBAc (35 eq, cumene, 3 h,

reflux.
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Wethenexainned Gr ay 840 makeh2dbytperformiag the reaction in-1
butanol as a solvent under reflux for 24 h, nevertheless, similar insoluble dark crude
materialwasobservedvith a highy complex'H NMR spectrum A possible explanation
for this might be the presence of two Nfdoups inthe Michael addition produ@.28 A
mechanism for the formation of adgyrrins from nitromethane waproposedby
O6 Shea ’?As ShBetnd 222 shows, the start of the reaction to forrrdgmarin
involvesthe formation of enamine intermedi&&2from Michael addition produ@.30
and ammonia, followed by nucleophilic addition to produdermediate2.33 Three
potential routeshen leadrom 2.33to the azadipyrrin 2.36

o (Ije

rQnH N
Y

I)L ooy
Ph === Ph Ph

2.32

|

OH
H H HO-N
N

N H
ONW% Route 2 {\ / PhRoute2 H i
-— ————————— -
PH p -H,0  Ph Ph
-HNO
2.38 2.37 2.33

Ph ph NHOAG
2.30

‘ Route 2 |

Ph 1 Ph

N Route 1
= ;Y Route 3 |
N\_NH N=

Ph 236  Ph
HMN HO=NH
N H—~nNH
Route 1 Ph \ Route 1 H
NApp+——— DI NFpy
H,0
2.35 2.34

Scheme 2.22Three different proposed routes for the synthesis ofigzarins’®

Since the formation adzadipyrrin 2.29was unsuccessful by using the Michael addition
product2.28 we decided tdnydrogenatehe NG group of the zhydroxy-5-methyt3-
nitroacetophenone followed by protection of ttesulting NH group to prevent any
complication during the formation ttie azadipyrrin.
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Following a literature procedure, the nitro group of shydroxy-5-methyk3-
nitroacetophenone was reduced Hoy2iroxy-5-methyt3-aminoacetophenor39using
SnCb.2H0O in absolute ethanoPurification using column chromatography gave the

desired compound.39in good yield(75%) (Scheme 2.23).

O

OH OH
NO, NH,
2.39

Scheme 2.23Synthesis of compour2l 39 Conditions and reagents: a) SpZH,O (5eq), EtOH, 4 h,
reflux, 75%.

Treatment ofthe reduced compound.39 with di-tert-butyl dicarbonate(Boc) and
triethylamine n DCM producedhe protected compourii40in low yield 3% (Scheme

2.24).
(0] O
S
OH *+ OJLOJLO - > OH
NH, HN.
Boc

2.39 2.40

Scheme 2.24Synthesis of protected compouddtQ. Conditions and reagents: a)-fert-butyl
dicarbonat€1.1 eq, NEt; (1.1 eq), DCM.t.,48 h, 3%.

Unfortunately, the aldotondensation reaction of compouBdiO with benzaldehyde

failed to form theexpected chalcone derivatiZet1(Scheme 2.25).

0] O\ 0
S
a
QD¢
OH OH
HN
“Boc HN‘BOC
2.40 2.41

Scheme 2.25Attempt to synthesis of chalco@e41. Conditions and reagents: &PH (3 eq), EtOHr.t.,
24 h.
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The known az#ODIPY compounds2.25a, b were synthesized successfully,
nevertheless, all attempts for synthesfighe functionalized aza88ODIPY 2.26 proved
unsuccessfulThere are some disadvantages in the synthesis eB@kdPYs. For
instance, the yield of formation of the adgyrrins 2.24a, bis very low. It has been
reported that azBODIPYs can only be synthesized from heavily substituted pyrroles,
such & ring annelated pyrroles or 4jiarylpyrrolest® Also, there are few -2
hydroxyacetophenone derivatives which are commercially available thus limiting the
ease with which structural variation can be accomplished. Therefore, we decided to
exchange of the central nitrogen atom of the B@®DIPYs with aC atom (Cmeso) to

form thecorrespondingpelically chiralN,N,O,GBODIPYs.

2.3.2. Synthesis of helically chiralN,N,O0,0-BODIPY dyes.

Burges$® reported the synthesis and investigation of khi,0,GBODIPY structure.
This compound is helically chiral due tite chelation to boron which prevemggation

of the aryl rings about the pyrrole reglrhe two enantiomeof this compound were not
resolved, nonetheless, theportedHPLC analysis of the ra2.42 on a Pirkle column
showed two peaks which indicatthatseparation is possible. In general, this ring system

gives a reekhifted and sharpdiuorescence emission than the ordinary BODIPY.

In 2008, Kung successfully synthesised and characteazedter solubleO-chelated
BODIPY 2.43 for targetingb-amyloid plaques$’ In addition, Kubo prepare@-chelated

BODIPY 2.44which can work as lightharvesting sensitizén polymeric solacells’®
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2.43 2.44

A considerable numbeaf O-chelated BODIPYsé#wve been reported theliterature’”"®

8 However, there is no report of theseu of O-chelated BODIPY species for
enantioselective applicatios use as chiroptical dyes. Interestingly, the separation of
the two enantiomers and information about the chiral properties of these mol€eules (
chelated BODIPY) has not been reported.réfare, we aimed to synthesi®-chelated
BODIPY derivaives followed by resolution otheseracemic helically chiral BODIPY

to give single enantiomers, and then study the chiral properties of these molecules in their
excited state.

In general, onlyone synthetic approach t@-chelated BODIPYs has been investigated
(Scheme 2.26)"83Suzuki coupling of (Znethoxyphenyl)boronic acid withlZromoN-

Boc pyrrole followed by Bocdeprotectiongives the Zarylpyrrole 2.46 Then,
condensation ofin aryl chloride with pyrrole2.46 affords the dipyrromethene2.47.
Subjecting the dipyrromether247to base and boron trifluoride etherate affords the
BODIPY complex2.48 Finally, doubledemethylation of BODIPY2.48 affords O-
chelated BODIPY2.49(Scheme 2.26). Therefore, our first approach toward the synthesis
of O-chelaed BODIPYs followed thisoute.
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M
m OMe B eQ
O\Br (HO),B Suzuki coupling
N S
Boc Boc
2.45 Boc-

deprotection

R2

=TI\ Condensation I\ MeQ
BF, N
chelation ﬂ\CI H
2.46

MeO, OMe
& Q-
2.47

Scheme 2.26General synthetic approach to the systh®fO-chelated BODIPY®.49

The commercially available pyrrole was reacted with -ditBomo5,5
dimethylhydantoi2.50i n t he presence of azoks8o bt y
to give brominated pyrrole, followeay Bocprotection by using tethylamine, ditert-

butyl dicarbonate and catalytic amount of 4limethylaminopyridin& to give a 70:30

ratio of theN-Boc-2-bromopyrrole2.51as major product together with a minor amount

of Ni Boc-3-bromayrrole 2.52which were not separable by column chrorgeaphy.

Br\N_(O Br
0y, ST A WA
N Br _— l}l Br N
H 0] Boc éoc

2.50 2.51 2.52

Scheme 2.27Synthesis oN-Boc-2-bromopyrrole2.51 Conditions andeagents: a) DBDMH (1 ¢q
THF, AIBN( 2 mo-7¥ 8 %) C, 3N\2(0.&hep, Dittert-buEyt dicarbonate (2.8 ggDMAP (2 mol%),
r.t.,16 h .51, 65%;2.52 20%).
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Figure 2.18:'H NMR spectrunof a mixture ofN-Boc-2-bromopyrrole2.51and2.52

Tertbutyl 2-(2-methoxyphenybhlH-pyrrole-1-carboxylate 2.45 was synthesized via
Suzuki coupling reaction. Initially, a mixture dbFBoc-2 and 3bromopyrrole2.51 and
2.52were reacted with-hethoxybenzeneboronic acid in the presence of PdjPéid
NaCQOs in methanol.The crude product was puefi using column chromatography to

give 2.45as a light grey solid in good yie(@3%).

B(OH), MeO
OMe /] \

Br.
/ \ 2/ \5
Q\Br_'_ f}l + ©/ 48» N
Boc Boc d

2.51 2.52

Scheme 2.28Synthesis ofert-butyl 2-(2-methoxyphenybB1H-pyrrole-1-carboxylate?.45 Conditions
toluene,

and reagents: a)}@ethoxyhenylboraic acid (1 ey Pd(PPB)4 (5 mol%), NaCO; (2 eg
Me OH, 80 ~C, 20 h, 73%.

245

Deprotection otheN-Boc groupto give the pyrrol@.46was accomplished by treatment
with sodium methoxide in a mixture of methanol and THF at room temperature.f8r 6 h

The crude product was purified using column chromatography to2giMeas a light

green solid in 50% vyield.
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MeO MeO
% a / )
N e N
! H
Boc
2.45 2.46

Scheme 2.29Synthesis of-(2-methoxyphenyBlH-pyrrole 2.46 Conditions andeagents: a) NaOMe (3
eg), THF, MeOH,r.t., 20 h, 50%.

Our initial attempt to form symmetrical BODIPX.49wasvia condensation of pyrrole
2.46 with 4-methylbenzoyl chloride to give dipyrrometheBet7 (Scheme 2.30). The
crude product was purified usinglemn chromatography to giv&47as a grey solid in
20% yield.

®

MeO
/\ a Y N A\
ﬁ MeO OMe
A0 O
46 2.47

Scheme 2.30Synthesis of symmetricaigyrrometh@e 2.47. Conditions and reagents: &) 4
methylbenzoykthloride (1eq), DCE 85 ~C, 3 h, 20 %.

2.

The dipyrromethene.47 was synthesized successfully. However, there are some
disadvantages ithis synthetic route. For instance, the difficulties in the purification and
handlingof 2-bromopyrrole2.51 In addition, the yield othe Boc deprotection reaction

and formation of dipyrromethene is very low. Therefore, we developed an alternative
synthetic route. This new approach invavéhe synthesis ofthe symmetrical
dipyrromethane2.54 followed by double bromination reaction and DDQdaion to

give a 1,9dibromodipyrromethene followed by formation of tkgmmetrical 3,5
dibromoBODIPY2.56 Suzuki coupling with orthenethoxyphenyl boronic acid to give
BODIPY 2.48 Finally, demethylation of the aryl ether with BBshould resulin the
replacement of the & bonds with BO bonds to give BODIPY.49 (Scheme 2.31).
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Ar
H 0 . Bromination
N m Condensation /~ — Oxidation
;\ /; + Ar \ NH HN / Chelation
2.53 2.54
B(OH),
OMe

2.49 2.48

Scheme 2.31General synthetic approach to the synthes{3-ohelated chiral BODIPYs.

Condensation gb-tolualdehyde2.53awith pyrrole inthe presence ofatalyticBFs.OEb
proceeded to give the corresponding dipyrromettfahg4a(Scheme 2.32)The reaction
mixture was stirred for 30 min at room temperature, resulting in complete disappearance
of the aldehyde by TLC. Thi#H NMR spectrumof the crude reaction mixture showed

the appearance of the signal corresponding to the CH at the meso position as a singlet a

"y : 6?3
N +i —_—
H 07 H \_NH HN-Z/

2.53a 2.54a

5.47 ppm.

Scheme 2.32Synthesi®of symmetrical dipyrrometharz54a Conditions and reagents: ja)
tolualdehyde2.53a(1 eq), pyrrole (25 €gBFs.OEL (10 mol%),r.t., 30 min.,69%.

1,9-dibromo5-(4-methylphenyl)dipyromethene2.55awas synthesized as reported in

the literaturé’ via theselectiveaddition of an electrophilic brominating agent to the 1 and

9 positions of compoun2l54afollowed by oxidation. Thus, compou2db4awas treated
withofN-br omosucc-¥8i mCdeorntl h. Then, the cr

1 equivalent of DDQ at room temperature for 10 min. The dipyrromet2&sawas

e —
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isolated in 80% yield by flash column chromatogragten,BF2 chelation by treatment
1,9-dibromodipyrromethen@.55awith boron trifluoride diethyl etheratd8Fs.OEb) in
the presence oN,N-diisopropylethylamin® (i-PLNEt) gave the fluorescent BF
complex2.56ain a good yield (Scheme 2.33).

\_NH HN%/ N\ _NH N~ N\_N. N
Br Br Br 2

B
F Br

Scheme 2.33Synthesiof symmetrical 3,5ibromoBODIPY2.56a Conditions and reagents) NBS (2
eg, THF,-78 ~C, 1 h; b) DD &, 80%; c)eRpNEt(7 8giHBF;.OEL (D eq)mit.,B1
h, 86 %.

Crystals of compoun@.56a were obtained by slow evaporation from a mixture of
chloroform and hexane (1:3). The stgl structure shown inigure 219 was obtained

through single crystal Xay crystallography.

Figure 2.19:Molecular structuref 3,5dibromoBODIPY?2.563 confirming thebromination reaction

occurred at positions 3 and 5. Hydrogen atoms have been omitted for clarity.

Suzuki couplingo form compound®.48awas accomplishedsing conditios reported
by Hao for related compound® The 35-dibromoBODIPY 2.56awas treatedvith 3
equivalents of Znethoxybenzeneboronic aditoluene in the presence of Pd(BRlas
catalyst and N&COs, under reflux for 4 h (Scheme 2.34). The crude material was purified
using column chromatography. Thiearylated BODIPY2.48awas generated in hig
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yield (98%). The signafor the 6 protonsof the two methoxy groups was observed as a

singlet at 3.70 ppm in théd NMR spectrum.

2.56a

Scheme 2.34Synthesiof symmetrical compound.48a Conditions and reagents: a) 2
methoxbenzeneboronic aci@ eg, Pd(PPE)4 (5 mol%), NaCO;s (4 eq, toluene, 4 h, reflux, 98%.

Foll owi ng Ku# gléuble demetigtiond af the aryl ether2.48a was
accomplished by treatment with 10 equivalents of:BBhe crude product was purified
using column chromatography to gi2et9aas a dark red solid. THel NMR spectrum
of this novel compound showed loss of the signakesponding to the two methoxy

groups.

Scheme 2.35Synthesis of\,N,O,GBODIPY 2.49a Conditions and reagenBBr;(10 eq,
CHxCly, r.t., 5 h, 96%.

Crystals of2.49awere obtained by slow evaporation from a mixturetdbroform and

hexane (1:3)The Xray crystalstructurerevealssignificant twisting of theN,N,O,0

BODIPY 2.493 the twist angle between the planes defined by the two pyrrolic rings is
984 heB-O angle is 138029 ahapOMNRPBENghesNare 1
115. 11+, respectBiNvalnyg.l eHowe v1dr5,. 5t3he whii c h
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Figure 2.20: Two views of one molecule in the molecular structurdl®,0,0BODIPY 2.49ashowing

the helical chirality of the molecule. Hydrogen atoms have been omitted for clarity.

The preparation oN,N,0,0BODIPY 2.49asucceeded in a good yield. However, this
compound has no functional group which could interact with a chiral molecule.
Substitution at the pyrrolic positions is more difficult than functionalization at the meso
position which can be achieved simply by acid catalysed condensation of pyrrole with

suitably substituted acyl chlorides or aryl aldehydes.

We decided to attach 2-pyridyl group at the mesposition by using an activated 2
picolinic acid derivative or pyridine-2arboxaldehyde to fortd,N,O0,GBODIPY 2.49h

The two enantiomers of the chirapgridyl substituted BODIP2.49bmight be resolved

by crystallization of thstereoisomeric salts formed using an enantiopure chiral acid, or

simply by chiral HPLC.

Following the success in preparing helically chivaN,O0,GBODIPY 2.49athrough our
developed synthetic route, we decided to a@plyimilar approach to forry,N,0,G
BODIPY 2.49h
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Condensation of picolinaldehy@e53bwith pyrrole proceeded to give the corresponding
dipyrromethan&.54bin a good yield62%) (Scheme 2.36)

B
|\ |/N
T/\ ~-N
N + a ~ —
—_—
H 0 H \_NH HN-Z/

2.53b 2.54b

Scheme 2.36Synthesiof symmetrical dipyrromethan254h Conditions and reagents: a)
Picolinaldehyde2.53b(1 eq), pyrrole (25 6gBFs.OE® (10 mol%),r.t., 24 h.,62%.

As scheme 2.37 illustrate8,5dibromo8-(2-pyridyl)BODIPY 2.56b was synthesized

via theregioselective lmmination athe 1 and 9 positions of dipyrromethaé4bwith
N-bromosuccinimide to give 18ibromo5-(2-pyridyl)dipyrromethane2.55b in 76%

yield. Then, the pure product was oxidized with DDQ at room temperature for an hour
and this was followed by BFehelation withN,N-diisopropylethylamine {Pr.NEt) and
boron trifluoride diethyl etherate (BPER) to produce symmetrical 3,5
dibromoBODIPY2.56h

® >
~-N I ~-N
S~ - a ~ -
N_NHHN<Z — = N\_NH HNZ
Br Br
2.54b 2.55b

Scheme 2.37Synthesif symmetrical 3,5 dibromoBODIPE.56h Conditons and reagenta) NBS (2
eg , F/HBF 1h,T6%; b) DDQ (1 eqtoluene, 1 h, ;i) i-PRLNEt (7 eqd, BF.OEL (7 eq),r.t., 31 h,
50%.

3,5-Bis(2-methoxyphenyl) BODIPY 2.48b was synthesized via Suzuki coupling
reaction. Initially, 3,5dibromo BODPY 2.56b was treated with 2
methoxybenzeneboronic acid the presence of Pd(P§f and NaCGs in water and
toluene under reflux for 26. This resulted in unreacted 3jibromo BODIPY2.56band
2-methoxybenzeneboronic acid. Therefore, a different cgitalyd reaction conditions
were used. -Dicyclohexylphosphiné€',6-dimethoxybiphenyl $Phos) was added to
Pd(OAc} in toluene at room temperature for 30 min. Three equivalents-of 2

methoxybenzeneboronic acid, @lbromo BODIPY?2.56band fourequivalentKsPOu
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were added (&eme 2.38). The reaction mixture was refluxed for 4 h, resulting in
complete disappearance of the-8ibromo BODIPY2.56h The pink crude product was

purified by column chromatography to give the prod2et8b as pink solid in 81%
(Scheme 2.38).

2.56b

Scheme 2.38Synthesiof symmetrical compound.48h Conditions and reagents: a) 2
methoxybenzeneboronic aq@ eg, SPhos (12.5 mol%), Pd(OAg)5 mol%), KsPQy (4 eq, toluene, 4 h,
reflux, 81%.

Finally, double demethylation of the aryl ettied8bwas accomplished by treatment with
excess of BBy (Scheme 2.39). The crude product was purified using column

chromatography to give.49bas a dark red solid in 60% vyield.

2.48b

Schame 2.39:Synthesis o,N,O0,GBODIPY 2.49h Conditions and reageni3Br; (10 eq,
CHxCly, r.t., 5 h, 6®%.

The final symmetricaN,N,O,0BODIPY which was considered incorporates a lipophilic
long-chain alkoxy substituent on the meayl group(2.499. Sut a compound might

be of use, for example, for selective incorporation into lipid layers or micelles.
Condensation of -éctyloxybenzaldehyde2.53c with pyrrole in presence of

BFs.OEtbproceeded to give the corresponding dipyrrometi2aicin high yield (8%)
(Scheme 2.40).
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o

o
¢\ a
N [E—. ~ -
H 0% \_NH HN-Z
2.53c 2.54c

Scheme 2.40Synthesiof symmetrical dipyrrometharz54c Conditions and reagents: &) 4
Octyloxybenzaldehyd2.53c(1 eq), pyrrole (25 6gBFs;.OEL (10 mol%),r.t., 24 h.,62%.

3,5-DibromoBODIPY 2.56¢ was then synthesised in onpot with no isolation of the
intermediates. Dipyrromethar45c was treated withN-bromosuccinimide for 1 h,
followed by oxidation with DDQ and then BEhelation with boron trifluoride diethyl
etherate BF:.OEb) in the pesence of N,N-diisopropylethylamine {PrNEt).
Purification using column chromatography gave-@fromoBODIPY 2.56¢cin 61%

yield (Scheme 2.41).

The next taskvas Suzuki coupling reaction of the 3gsbromoBODIPY 2.56cwith 2-
methoxybenzeneboronic acBuchwald®has eported the use of the pallayale 3.54

in conjunction with the bulky, electron rich XPhos ligand for highly efficient Suzuki
coupling reaction. The catalyst is activated via dissociation of chloride and reductive

elimination of the carbocycle to produce thenoligatedPd(0)XPhos acte catalyst.

oL,
P(lj—XPhos
't

3.54

This catalyst was applied to the Suzuki coupling of dibromoBODRP%c The crude
material was purified using column chromatography to generate BOR#B¢as a pink
solid in 60%. Finally, doubldemethyléion of the aryl ethe2.48cwas accomplished by
treatmentwith 12 equivalents of BBr The crude product was purified using column
chromatography to give,N,O0,0BODIPY 2.49cas a dark red solid (Scheme 2.41).
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o’H7\ O’H7\
= — a,b,c TN N
N_NHHNZ \ N NS
Br F2 Br
2.54c 2.56¢

Scheme 2.4: Synthesis of\,N,0,GBODIPY 2.49¢ Conditions and reagent) NBS (2.4 e}y
THF,-78 «C, 1 h),1hbr}c) BPDNEt(§ el), BEsgDEL (8 eq, DCM, r.t., 3 h,61%; d) 2
methoxybenzeneboronic aq@ eg, LPd(XPhos)CB.54(5 mol%), KsPOy (2 ed, THFwater, 6 h, reflux,
60%; e) BB§(10 eq, CH.Cl,, 0 r.t46h, 67%0

In order to shorten the synthetic routee wxamined different conditions to make
N,N,O,0BODIPY 2.49c by performing the Suzuki reaction using- 2
hydroxybenzeneboronic acidstaedof 2-methoxybenzeneboronic acid (Scheme 2.42).
We hoped that the Suzuki cduqyg between 3&libromoBODIPY 2.56¢ and 2
hydroxybenzeneboronic acithight lead directlyto the formation ofthe strapped
BODIPY 2.49c¢ This mighthapperby nucleophilic substitution of the two fluorine atoms
with 2-hydroxyphenyl groupto form the chelad BODIPY 2.49cwith loss of HE
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2.56¢

Scheme 2.42Attempted gnthesis olN,N,O,GBODIPY 2.49ca) 2methoxybenzeneboronic adid eq,
LPd(XPhos)CI3.54(5 mol%), KsPOu (2 eq, THFwater, 6 h, reflux.

TLC analyss of the reetion indicated a mixture @he requiregroduct2.49cand a new
material.Purification using column chromatography gave the desiregped BODIPY
2.49cas a minor product together with a major amount of a new purple pratiatt
was not completely pifired. Attempts to further purify this material by crystallisation
were not successful, drably as a result of the preserafea long alkyl chainThe H
NMR spectrum of thislightly impurepurple compounghowedl6 peaksorresponding
to the aromatic mtons whichhavedifferent chemical shifts compared the BODIPY
2.49c(Figure 2.2). It is possiblethat the reaction betweenb3dibromoBODIPY2.56¢
and 2hydroxybenzeneboronic acigroduced theC,O-coordinated BODIPY?2.49d
(Scheme 2.43)A similar reat i on has been observed by K
research groygNewcastle Universijyand in that case the product was confirmeXby

ray crystallography.
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Figure 2.21:'H NMR spectra oN,N,0,GBODIPY 2.49cand BODIPY2.49d

ot

2.56¢c

Scheme 2.43Synthesis oN,N,0,GBODIPY 2.49candpossible ceproductN,N,0,GBODIPY 2.49da)
2-methoxybenzeneboronic aqi@ eg, LPd(XPhos)CB.54(5 mol%), KPOy (2 eq, THFwater, 6 h,

reflux.

The formation ofC,O-coordinated BODIPY2.49d might occur via themechanisms
shown in(Scheme 2.44). In general, dhalogenated BODIPY compounds are very
reactive toward a nucleophilic substitution reaction. Therefore, the first step is mono
nucleophilic  substitution between the dibromo BODIP®2.56c and 2

hydroxybenzeneboronic acibh fact asecond nuclephilic substitution reactiois usually
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moredifficult because the lonpair of electronsof the 3alkoxy groupare delocalized

into the aromatic °~ electron system whi cl
The second step is Suzuki coupling reaction between +bmmo BODIPY and the

excess of hydroxybenzeneboronic acid in presence of LPd(XPhdadBZand KPQu.

Finally, replacement of the BFwith the tethered bronic acidis consistent with the
literature®® The last step isyclisation with loss of wateFuture work will investigate

the optimised conditions for the synthesis of this typd,0f, CO-BODIPY type.

Scheme 2.44Propogd mechanism of formatidd,N,O,GBODIPY 2.49d
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2.3.2.2. Photophysical poperties of helically chiral N,N,O,0-BODIPYs

2.3.2.2.1 UV Absorption and Fluorescence of the helically chiraN,N,O,O
BODIPYs

In reviewing the literature, the photophysigabperties ofhelically chiral N,N,O,0O
BODIPYs have been reported in det&il®® All of the reportedN,N,0,GBODIPY
derivatives showgood to highfluorescencequantum vyield ad a red shift of the
absorption and emission maxinma comparison to the correspondidyN-BODIPY
systemsA possible explanation for this might be due to the chelatidhe bottom aryl

rings which rigidifiesthe system and extemdhe conjugation.For comparison he
photophysical properties for the novel parent BODIPA8aweremeasured (Table 2.3).

As Figure 2.22 shows, the absorption and emission spectra are sharp and narsow band

4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

U10* M-1cmt

350 450 550 650 750
wavelength /nm

Figure 2.22: Absorption spectrunmsplidline) in terms ofthemola absor pti on coef fic
normalised fliorescence spectrurhgshedine) for BODIPY 2.483 recorded in CHGlat room

temperature, with an excitation wavelength of 500 nm.

The novelN,N,O,0BODIPYs 2.49a, 2.49tand2.49¢ are red coloured and appéabe
highly fluorescent under UV at 3@fn. The photophysical data, including absorption and
fluorescence maxima, were collected for @iltee N,N,O,GBODIPYs (Table 2.3).
Mg[TPP] in toluenewas used as the standard for measutingrhe absorption and
emssion spectra dii,N,0,0BODIPYs2.49a, 2.49fand2.49care represented in Figure
2.23.
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Table 2.3: Absorption and fluorescence data for compouthd8aand2.49ac.?

No & Aryl group amax (d amax ( ¢ G10f M e/ i
nm [ ]énm cnrt CHCl; CHsCN
2.48a | 4-MeCeHs 545 589490 3.84 0.65 -
2.49a 4-MeCsH4 622 637565 4.00 0.56 0.52
2.49b | 2-pyridyl 643 679569 2.82 0.26 0.28
2.49c | 4-OctOGH4 619 634565 6.34 0.48 -

a All values measured inCHLClI b Rel at i v g&0.159 560, tolwemE). ( G

Wavelength /nm

Figure 2.23: Absorption spectrunmsplid lines) in terms of the molar absorptioncoeff i ent ( U) an
normalised fluorescence spectrunaghedines) for2.49a(6 ), 2.49b(0 ), and2.49¢(d ) in CHCk.

As Table 2.3 illustrates the leanergy maximasgabs) 0f2.493 2.49band2.49care 622
nm, 643 and 619 nm respectively and all of these BOINRS showed strong absorption
bands. In comparison to the BODIR2Y483 the chelation of the bottom aryl rings onto
the BODIPY2.49aleads to regshifts of both the absorption and emission maxima. The
most significant shifts can be seen in thgy2idyl-substituted compoun®.49bfor which

the absorption maximum is red shifted by 98 nm (2798)@nd the emission maximum
by 87 nm (2192 crh).
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Thehelically chiralN,N,O0,GBODIPY 2.49awas used as an examlethis systenfor
meausuring thexcitedsinget state lifetimg UThe excitedsinglet state lifetimé )(bf
BODIPY 2.49ain 2-methyltetrahydrofuran (MTHF) at room temperatigd0 ns. It is
interesting to note thahe replacement of the two fluorine atoms with oxygen leads to a
significant incrase intheU ¢ o mp ar e ds2i582.6G Mbréover, strapping
results in an unsually long lifetime for a BODIPYhe Uof 2.49awas recorded by

Patrycja Stachel graup,Necasti@niver&ityHar r i mano6 s

2.57 i .
(4 0.15 ns (4 0.092 ns U2.1ns

2.60 2.49a
(4 4.76 ns G 10ns
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We decided to examine chiral HPLC as a methodrésolutionof the helically chiral
B ODI| P2v48aand2.49h Separabin of2.49aby chiral HPLC using ®aicel Chiralcel
OD-H column (25 cm x 0.46 cm); hexane:isopropanol (80a&0ihe eluent gave two
peaksn a 1:1 ratioconfirming that2.49awas racemic (Figure 2.24).

5
4§ 2004

Figure 2.24:Chiral HPLC trace o.49a Daicel Chralcel ODH column (25 cm x 0.46 cm); hexane:so
propanol (80:20); 0.5 mL mih

Analysis of thehelically chiral BODIPY2.49bunder the same conditions gave similar

HPLC trace These results illustrated that the helically chiral BODIPYs were separable
by chiral HPLC.

105
1004
954 --
904~
854 -
304~
754~
T04-
653 -
603~

Sbsombance

30 35
Tme (Mn]

Figure 2.25:Chiral HPLC trace 02.49h Daicel Chiralcel OBH column (25 cm x 0.46 cm); hexane:iso
propanol (80:20); 0.5 mL mih
We succeeed in the separation admall amounts ofthe two enantiomers of BODIPYs

2.49aand2.49bwhich were thenused to examine their chiroptical properties.
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2.3.2.3 Chiroptical properties of the helically chiral N,N,O,0-BODIPYs

The term chiroptical/chiroptic refeto optical techniques which uglesorption, emission

or refraction of anisotropic radian for explorationof chiral substance¥. There are
several chiroptical techniques which can differentiate between the two enantiomers such
as optical rotatgr dispersion (ORD), circuladichroism(CD) and circularmpolarization

of luminescencgCPL).9%%4

2.3.2.31. Electronic Circular Dichroism (ECD) of the helically chiral N,N,O,0
BODIPYs.

Circular Dichroism (CD) is a spectroscopic technique which measures differences in the
absorption of left and right handed circularly polarised light by a mol&ditsh contains

one or more chiral chromophor¥s.

After the resolution o2.49aand2.49bby chiral HPLC, the absorption spectra of the two
enantiomers oR.49aand2.49bwere recorded as shown in Figure 2.26. Thenhilte
enantiomers o2.49aand2.49bwere submitted t&lectronic Circular Dichroism (ECD).
Electronic circular dichroism (ECD) spectra of bolh) @nd @) isomers of2.49aand
2.49bwere measured by Prof. W. Herrebout (University of Antwerp).
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Figure 2.26:a) CD spectra ofP)-2.49ared (A) andM)-2.49acyan (B) after baseline correctidn), CD
spectra ofP)-2.49bred (A) and(M)-2.49bcyan (B) after baseline correctior) Absorbance spectra of
(M)-2.49ared (A) and(P)-2.49acyan (B)[hexane];d) Absorbancepectra ofM)-2.49bred (A) and(P)-
2.49bcyan (B)[CHCI3] after baseline correction

Electronic circular dichroism (ECD) spectra were measured of btarfd P) isomers
of 2.49aand2.49bi n hexane
by using an Applied Photophysics Ltd. Chirasgéus spectrometer. In each case mirror

or

chl oroform as

appr of

image ECD spectra were obtained from the corresponding enantiomers and showed that

(M) and P) isomers of2.49aand2.49b are enantiomers. Also, the major peaks of the

electronic circular dichroism (ECDgpectra alignedvell with those of the absorption

spectra (Figure 2.27).
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2.49a 2.49b

Intensity (normalised)
Intensity (normalised)

200 300 400 500 600 700 800 200 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 2.27:NormalisedECD (r ed and b Isarption spaatraback)M2.493i (Md)-2.49
(red) and P)-2.49a(blue) [hexane],4.49b (M)- 2.49b(red) and P)- 2.49b(blue) [CHCE].

Boltzmann weighted ECD spectra, for samples2.49(ab) were calculated(Figure

2.28) to determine the absolwenfiguration to theasolved enantiomers @f49ab. The
agreement between experimental and calculated ECD allowed the absolute configuration
of each of the enantiomeric samples2049ab to be establishedCalculation were
performed byProf. W. Herrebout (University of Antwe).

2.49a

I m £ //_\
L W \/
V 2.49b
"'\ Fal /X
NTAVS
EIZIIEI 1?|IZII'.',‘l i'.'l.'-.'ll E'.'I:-.':l EEI'.I:-:l ?-.’I:-:l
Wavelength / nm

ECD calculated

Figure 2.28: CalculatedECD spectra ofP)-2.49aand(P)-2.49h
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2.3.2.3.2 Circular Polarization of Luminescence(CPL) of the helically chiral
N,N,O,0BODIPYs

Circularly polarized luminescence (CPL) is a spectroscopic technique which measures
differences in the emission of left and right handecutarly polarised radiation by chiral
luminescent systent$® The magnitudeof CPL is measugk by the luminescence
dissymmetryfactor gum = 2(ILT r)A(IL + Ir), where | and k the luminescence intensities

of left and right circularly polarized components, respectivety.

In recent yearsthe interest in CPL has growtue toits useas avaluablesource of
information on the geometry of the excited state and also its application in the
development and improvement of numerous photonic tools, such as display devices
including gtical stoage and processing system, 3D optical displapintronicsbased
devices, CPL lasers, security tags, biological probes and signatures and enantioselective
CPL sensor®

The circularly polarized luminescence (CPL) of helically chitdJN,O,GBODIPY
systemdas not been reportethe CPL spectra of botivi) and @) isomers oR.49aand

2.49b were recorded by Prof. R. D. Peacock (UniversityGidisgow).The CPL was
performedby using a home built instrument constructed around a Fluoromax 2. The CPL
spectra were recorded of botkl)(and P) isomers of2.49aand 2.49bin MeCN and
excited at 540 nm. As is evident from &ig 2.29it can be seethat both ) and P)
isomers oR.49aand2.49bshowmirror-image CPL and alsshowmaxima matching the
maximum vigble emission of thé&l,N,0,0BODIPYs. The spectra are an average of five
scans. As is common foeports of the CPL spectra of most transiinetal and chiral
organic chromophogzthe solid line in the CPL plot drawnto show the luminescence
spectral line shape (Figure 2.29). Thengf 2.49aat 637nmis 0.0043 andor 2.49bat
675nmis 0.0042, which is in the range of most CPL comuitsufrom 1 to 1029698

The |gm| values for these compeds include the largest so far reported for a simple

BODIPY fluorophore in solution.
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Figure 2.29:Normalised CPL spectra (red and blue) and normalised fluorescence spectra (black) shown
(MeCN, excitation 540 nm)2(499 (M)-2.49a(red) and P)- 2.49a(blue), .49 (M)- 2.49b(red) and
(P)- 2.49b(blue).

We have successfully synthesised helically chiaN,0,GBODIPY 2.49ab and

measured theibsorption, emission, molar absorption coefficient and quantumégeld

We also succeedlin the separation of the two enantiomers of BODIRM®aand2.49b

by chiral HPLC and recorddatie ECD and CPkpectraNext we turedour attention to
thesynthess of a new helically chirall,N,N,NBODIPY 2.63
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2.3.3. Approaches to helically chiralN,N,N,N-BODIPY dyes.

Up to now, he synthesis of helically chird\,N,N,NBODIPYs has not been reported
Formation of theN-B chelated product mightausesignificant effects on the position of
the absorption and emission maxima. Therefore, we decided to syetiedelically
chiral N,N,N,NBODIPY 2.63as an examplef this novel system. Also, we aimed to
study thephotophysicaproperties of this new system in order to understand the effect of
N-N chelation on the BODIPY core.

We have designed a synthetic route XgN,N,NBODIPYs as shown in Scheme 2.45.
Suzuki coupling ofa 3,5dibromoBODIPY 2.56a with 2-nitrophenylboronic ad,
followed by hydrogenation and then fluorine replacement affdrdselated BODIPYs.
The two enantiomers of the helical chisgN,N,NBODIPYs might be resolved by chiral
HPLCin the same way as the correspondifhy,O,Ochelated system

Ar
Suzuki
ES N\ Coupling
\ N\ NS
B” O,N
Br F2 Br 2
2.56a .6
Fluorine
replacment

Scheme 2.45General synthetic approach for the synthesis of helically dkijtéJN,NBODIPYs.
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Suzuki coupling reaction to form compou@dlwas accomplished by treatment of-3.5
dibromoBODIPY 2.56awith 3 equivalents of -hitrobenz@eboronic acidn THF and

water in the presence othe cyclometalated catalyst precurddPd(XPhos)ClI3.54
(Scheme 2.46). The crude material was purified using column chromatography to

generate BODIP2.61as a dark orange solid in 75%.

TN I\
\ N\ ’N\
B

NO
Br F2 Br 2

2.56a 2.61

Scheme 2.46Synthesif symmetrical compoun#.61 Conditions and reagents: &) 2
nitrobenzeneboronic aci® eq, LPd(XPhos)CB.54(5 mol%), KsPOy (4 ed, THFRwater, 6 h, reflux,
75%.

Hydrogenation othe nitroaryiBODIPY 2.61by usingPd/C and Hin DCM and MeOH
for 2 h at room temperatungroducedthe BODIPY 2.62as a dark purple solid in high
yield (80%) (Scheme 2.47).

Scheme 2.47Synthesis of BODIPY.62 Conditions and reagents: a) @ atm), 10%d/C, MeOH
CH2C|2, r.t., 2h (80%)
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Our initial attempt to effect the replacement of the two fluorine atoms to give helically
chiral N,N,N,NBODIPY 2.63 involved treating BODIPY2.62 with CCOz i n -1, 4
di oxane at 95 &C unde8).After 4houosgretoftheoseactidn6 h
mixture indicated formation of a new compound together with starting material. After a
further 12 h, however, the resulting mixture showed several spots on the TLEH The
and''B NMR spectra of the crude product wemmplicated with no sign of the desired
product. Unfortunately due to time constraints the synthesis of helically bhidaN,N
BODIPY 2.63was not completed. It is possible that the useR®BNEt or even with

BFs.OEtmight be more successful.

Scheme 2.48Attemptedsynthesis oN,N,N,NBODIPY 2.63 Conditions and reagents: BODIR2Y62
(0.200mmol), CsCOs( 5 e agd)i,oxlande (2 mL), 95 -C, 16
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2.3.4. Synthesis of half strapped\,N,O,F-BODIPY dyes

The previousection 2.3.2 has provided interesting results concerning the formation and
separation olN,N,O,GBODIPY derivatives. Next, we turned our attention to prepare
“half strapped N,N,O,FBODIPYs which might be expected to have an emission
wavelength less reshiftedathe previoudN,N,O,0BODIPYs. So far, very little attention

has been paid tihe synthesis ahonostrapped BODIP¥80-99 101

An early example of this type of BODIPY was reportedNigbeshimé in 2009 when

the free ligand2.64 was teated with arylboronic acsdto afford thehalf strapped
BODIPYs 2.65-c (Schane 2.49).

\\\

\ —_— a: Ar= Ph
NH NX b: Ar=naphth-1-yl
HO OH c: Ar=4-methoxyphenyl
2.64

Scheme 2.49Synthesis of\,N,0,GBODIPY 2.65a-c.8°

Kovtun® reported a new method for synthesfsthis type of BODIPY by treating-3
acetaldehyde BODIP2.66with boron trifluoride diethyl etherate (B®E®b) in toluene

under reflux (Schem@.50). BODIPY 2.67 is presumably formed by trapping of the
corresponding enol. The increase in conjugation, and the loss of HF may help to make

the strapping favourable.

Scheme 2.50Synthesis oN,N,O,FBODIPY 2.67.

Our target molecule was th¢,N,O,~BODIPY 2.74 which could notbe prepard by
following Ko¥tumds appmnagachNat.eThehproposeils ap
synthetic route foN,N,O,~FBODIPYsis shown in Scheme 2.51.
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R’ R’
0 Friedel-Crafts o Condensati.on, <~
[/ \S + J]\ Acylation \ . ]\ BF, Chelation \ N N~
N R" > —————— NH S ~p”
: H Fy
lodination
! 1
R Suzuki B(OH), R
N \ coupling . ~N\ N
\ N\ N I \ N\ NS
B” B~
lodination Fs, F,
R1
Suzuki BODIPY
TN coupling strapping
Ph \ N\ ’N\ > Ph —»Ph
B
I F2

Scheme 2.51General synthetic approaohthe synthesis dfi,N,O,FBODIPYs2.74

In 2013, Mn Ji described an efficient solvdngée procedure for preparing&cylpyrroles
by using zinc oxide (ZnOjs an inexpensive and nontoxic Lewis addtalyst??
Following thisprocedure, FriedeCrafts acylation of pyrrole with-foluoyl chloride or
acetyl chloride inthe presence of Zn@ave the ktone2.67a-b in 55 and 53%yield

respectively (deeme 2.52).
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R‘l

O
(/ \> + 1”\ a < @]
N R Cl \
H NH a: R'= Me
2.68a-b b: R'= p-tolyl

Scheme 2.52Synthesis of Xetopyrrole2.68a-b. Conditions and reagen) ZnO (25 mol%)r.t., 5
min., 2.6855% and2.6& 53%.

The next step was the BEhelation of ketopyrrol2.68-b. The condensationf the
ketopyrrole2.68a-b with 3-ethyl2,4-dimethylpyrrole inthe presence of borontrifluoride
diethyl etherate BFs.OEb) and H¢ n-PrNEtsprotueestiee urgsymmetrical
BODIPYs 2.69a-b (Scheme 2.53). This method has been reported in the syntiiesis
other BODIPYYs previously.

R1 R1
S O ab =y A\
\ NH + / \ \ N\B’N\
N F a: R'= Me
2.68a-b 2.69a-b b: R'= p-tolyl

Scheme 2.53Synthesis of unsymmetrical BODIPX6%-b. Conditions and reagents; agtyl2,4-
dimethylpyrrole(1.1 eq, BR.OEL (0.1 mol%), CHCIy, r.t., 1 h; b) BR.OEL (8 eq, i-PrNEt (1.1 eq),
r.t., 16 h,2.6% 66% and2.6% 55%.

The regioselective iodination of the BODIPX.6% will occur at the 2 position(as
discussed irthapter3).>® The BODIPYs 2.6%-b were treated with NI$h DCM for 16
h. The crude produstwere purified using column chromatography to gi®&0a-b in
good yieldof 60 and385% respectively (Scheme 2.54).
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R R

\\\ a | \\\
\N\,N\ \N\,N\

. 1: -
2.69a-b 2.70a-b b: R'= p-tolyl

Scheme 2.54Synthesis of 20doBODIPY 2.70a-b. Conditions and reagents; a) NIE7 eq, CHxCly,
r.t., 16 h,2.70a 60% and2.7( 85%.

The unsymmetrical BODIP2.71was synthesised via palladium catalysed Suzuki cross
coupling. In thdirst attempt, 20doBODIPY 2.70a was treated with phenylboronic acid

(1.3 equivalents) in presence Pd(B)k010 mol %)and NaCOz (2 equivalents) in toluene
under reflux for 4 h to afforBODIPY 2.71in low yield (25%). In the second attempt we
usedthe highly efficient cyclometalated precataly&(Xphos)Ci® 3.54and KPQy in

THF and water under reflux for 16 h (Scheme 2.55). The crude product was purified using
column chromatography to gi&71as red solidn high yield(83%) (Scheme 2.55).

B(OH),
| ~ AN \ + a ~ AN \
N\ Ne N N\ Ne N
B B
Fa Fa
2.70a 2.71

Scheme 2.55Synthesis of unsymmetrical BODIP2.71. Conditions and reagents; a) Phenylboronic acid
(2 eg), LPA(XPhos)CB.54(2 mol%), KsPOs (2 eq, THFwater, 16 h, reflux, 83%.

The structure of unsymmetrical BODIP2(71 was confirmed unambiguously by-rdy
structure detenination after crystal growth through slow diffusion of petroleum ether
into a solution of the BODIPY in DCM (Figure 2.30).

Figure 2.30: Molecular structure of BODIP®2.71. Hydrogen atoms have been omitted for clarity.
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To the unsymmetrical BODIP2.71 another regioselective iodination with NIS in DCM
was completed, affordingi®doBODIPY 2.72 as a dark red solid in 78% yield (Scheme
2.56).

TN N\
\ N\ /N >~
B
Fa
2.71

Scheme 2.56Synthesis of 30doBODIPY 2.72 Conditions and reagents; a) NIS (&@uivalents),
CH.Cly, r.t., 16 h, 78%.

'H NMR spectrumwas used to determine that the reaction had been completed
regioselectively. ThéH NMR spectrum of the product showed the disappearance of one
signal at 7. pm which corresponds the proton athe 3 position and the proton tte

1 position was shifted upfieladpon incorporation of iodine

__7IKIJ’H“‘L_ _ 7" l L:‘JU-L . 7M‘L, ,"“lﬂi‘n'._,l.,_i

JJUU’M JJUL__LJL_L

T T T T T T T T
80 75 7.0 6.5 6.0 5.5 5.0 45

T T T r T T T T
4.0 35 3.0 25 20 15 1.0 05 0.0
f1 (ppm)

Figure 2.31:H NMR spectra of 3odoBODIPY 2.72and BODIPY2.71.
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It was hoped that the second Suzuki coupling betweeB-iodoBODIPY 2.72and 2
hydroxybeneneboronic acidvould lead to the formation ahe half strapped BODIPY
2.74 This mighthappenby nucleophilic substitution of one fluorine atdoy the 2-
hydroxyphenyl groupvith loss ofHF. However, the resulting product fraifme second
Suzuki coupling wsactually the unstrappeBlODIPY 2.73asseen in 8heme 2.57.

B(OH),
HO
ST I +
\ N\B’N\
I Fa2
272 2.73

Scheme 2.57Synthesis of unsymmetrical BODIP(73 Conditions and reagents; &)
Hydroxyphenylboronic acid2 eq, LPd(XPhos)CB.54(2 mol%), KsPOy (2 eg, THF-water, 16 h, reflux,
25%.

This was confirmed by'B NMR which shows a triplet peak at 0.58, this indicates that

the core boron atom is still couplamtwo fluorine atoms (Figure 2.32).

1.2 2.8 2.4 2.0 1.6 1.2 0.8 0.4 0.0 -0.4 -0.8 -1.2 -1.6
f1 (ppm)

Figure 2.32:1B NMR spectrunof BODIPY 2.73(96 MHz, CDC}).

What was surprising is that tHéF NMR spectrum (Figur®.33) shows two double
guartetpeaks. As explained earlier in this chapter, this pattern results from the fluorine
atoms coupling to the boron atom and also coupling to each other. This implidsethat t

two fluorine atoms are in different environments. The two different environment may be
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formed because of steric hindrance around the BODIPY structure leading to restricted

rotation around the pyrrolgehenol bond. Alternatively, it may be that a hydrogend

exists between the phenol OH group and one of the fluorine atoms, again restricting

rotation.

T T T T T T T T T T T T T T T T T T T T T T
-142.5 -142.7 -142.9 -143.1 -143.3 -143.5 -143.7 -143.9 -144.1 -144.3 -144.5
f1 (ppm)

Figure 2.33:1F NMR spectrunof BODIPY 2.73(282MHz, CDCH).

I n order to prepare the half strapped
formed amoncstrapped 3nol BODIPY derivativaisingBF3.OEt in toluene We first
attempedthe reactioron a very small scale iBnNMR tube following the progress by
118 and®F NMR. The BODIPY2.73was dissolved in CD@land then onc8Fs.OEb
was added theotution colour changed from orangedaleep red colour. The crudt
NMR and!®F NMR spectrandicated the formation of the product, howeveappeared

to decompose over tienand thismay be due to the generation of HF. Therefore, in the
seond attempwe decided to add a baseprevent such acidic conditions from forming.
The BODIPY2.73was treated with-PNEt and theBF:.OEtin DCM (Scheme 2.58).
The reactiorwasfollowed by TLCuntil disappearancef all the starting material. The
crude produtwas purified using column chromatography to afford the strapped BODIPY
2.74in 50% vyield.
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2.73 2.74

Scheme 2.58Synthesis of half strapped BODIPX.74 Conditions and reagents;ialPr.NEt (1 eg,
BFs.OEt (1 eg, DCM, 10 min,reflux, 50%.

The B NMR spectrum of the half strapped BODIRY74 shows a doublet peak, this
indicates that the core boron atom is coupteaine fluorine atom (Figure 2.34).

2.0 1.8 1.6 1.4 1.2 10 08 06 04 02 00 02 04 06 -08 10 -12
f1 (ppm)

Figure 2.34:'B NMR spectrunof BODIPY 2.74(160 MHz, CDCH4).
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2.3.4.1. Chiral HPLC Separation

Chiral HPLC separation othe two enantiomers oN,N,F,OBODIPY 2.74 was
investigatedHPLC of BODIPY 2.74using aDaicel Chiralcel OBH column (25 cm x
0.46 cm); hexane:isopropanol (80:28% the eluensuccessfully producetivo wel

resolved peaks as shown in Figure 2.35.

Absorbance

> p_] x x ™ 3

‘mTi;ne. :(m-in).

Figure 2.35:Chiral HPLC trace oR.74 Daicel Chiralcel OBH column (25 cm x 0.46 cm); hexane:so
propanol (80:20); 0.5 mL mih

The chiralN,N,F,GBODIPY 2.74has been successfully synthesised through teetis
our designed routdJnfortunately, due to time constraints and lack of material further

spectroscopic analysis has not yet been performed.
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2.3.4.2 Photophysical data of parent BODIPY 2.6% and BODIPY 273

The UV and fluoresence spectraere meaured for BODIPY2.6% and2.73in CHCk
at room temperature (Table 2.4). Rhodamine 6G was used as the reference compound for
determination of fluorescence quantum yields (rhodaminéi 6®.95,a:= 479 or 496

nm, in ethanol)
Table 2.4:Photophysical data of the selected BODIPYs in GHCI

BODIPY | aws(max)/nm | U10*Micm?® | am(max)/nm 0r( &

2.6% 502 4.59 515 0.55(479)
2.73 530 5.04 567 0.56(496)

U10* M-1cmt

350 400 450 500 550 600 650 700

Wavelength /nm

Figure 2.36: Absorption spetrum golidl i nes) in terms of the mol ar
and normalised fluorescence spectrimashedines) for2.69a (6 ), and2.73(d ) in CHCls.

Figure 2.36 shows the absorption and emission spectra of parent BQIE®&Yand of
BODIPY 2.73 As Table 2.4illustrates both of these BODIPY dyes showed strong
absorption bands. In comparison to the parent BOB%, the presence of aromatic
rings in both the 3and 2positions of the BODIPY core leads to a 28 nm (1053)cm
red-shift of the absrption maximum and a 52 nm (1781 &wed-shift of the emission
maximum. Future effort will involve synthesis of tNeN,F,GBODIPY 2.740n a larger

scale, to measure the absorption and emission spectra and also to separate the two
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enantiomers. Overalthese encouraging results indicate that the synthesis of activated
chiralN,N,F,OBODIPYs is worth investigated in the future.
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2.4. Conclusion

The BODIPY system has come a long way from itfahdiscovery, and is now well
established as a usefullfdirophoreMany synthetic approaches and structwaliations

have been reported in literature. However, there are few reports of the use of chiral
BODIPY species for enantioselective applications. During this research to synthesise
functionalised chiraBODIPYs for enantioselective sensing we have disclosed a range of

novel chiral systesm

The 2,6bis(2methoxyphenyl) BODIPY2.6 was synthesized via Suzuki coupling
reaction, by coupling of the corresponding-éilsromo BODIPY with 2methoxyphenyl
boronicacid. ®F NMR of the product indicated that a 1:1 mixture of diastereoisomers
was formed, presumably corresponding to compounds in which the methoxy groups are

eithersyn or anti- to each other.

The axially chiral quinolindBODIPY 2.15 has been succesdfulsynthesised from
readily available starting materials by regioselective monobrominatitire &position
of the BODIPY coreSuzuki coupling reaan gavehe axially chiral quinolindBODIPY
2.15 However, all attemptseparate the enaatheric BODIPYswvere unsuccesstul

The known az#ODIPY compounds2.25a, b were synthesized successfully,
nevertheless, attempts synthesie more heavilyfunctionalized az&8ODIPY 2.26

proved unsuccessful.

Helically chiralN,N,0,GBODIPYs 2.49ac were synthesised usimgodular approach.
These compounds showed very desirable spectral properties, such as high molar
absorption coefficients and good quantum yields of fluorescence. The two enantiomers
of 2.49a and 2.49 were separated by chiral HPLC. The ECD spectra of the tw
enantiomers of BODIPY&.49a and 2.49b were recorded anth combination with
computational modelling allowed the absolute configuration of each of the enantiomeric
samples o2.49ab to be established. Moreover, CPL spectra of each of the enantiomeric

sanples of2.49ab were recorded.

We attempted to synthesikelically chiralN,N,N,NBODIPY 2.63, howeverdue to time
constraints successful conditions for the final boron chelation step have yet to be
identified.
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Finally, themonaostrapped BODIPY scaffold. 74 was synthesised and was analysed by
H, 1B, F NMR, all of whichconfirmed the corregbroduct. Separation di,N,F,G
BODIPY 2.74 by analytical chiral HPLC gave two peaks confirming tha{74 was
racemic. This indicated that tieN,F,OBODIPY 2.74is separable by chiral HEL
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Chapter 3: Synthesis of aminoBODIPYs via metal catalyzed amination

3.1. Introduction

It is perhaps not surprising that many electrophilic substitution reactions into the
BODIPY core have been reported including halogen&fisnlfonationt? and nitation!?

The synthesis of halogenated BODIPY's has been reported as a useful reaction which can
be followed by various transition nabtcatalysed crossoupling reactions or by
nucleophilic substitution. The most common approach to introduce amine substituents on
the BODIPY core is nucleophilic substitutioBu@r) of a BODIPY carrying a good
leaving group (e.g. methoxy, halogen, or ny&thio).>1% A nucleophilic substitution
(SvAr) of a BODIPY can only occur in the 1, 3,5, 7 and 8 (meso) positions due to the
electronic requirements of8r.1%41%As shown in Figure 3.1, a nucleophile can attack
these positions to form an intermediate anion in which the negative charge may be
delocalized on to one of the nitrogen atoms of the core BOBPYhis may explain

why there are few reports oféininosubstituted BODIPYSs.

)
X Nu N
W -
—_—
N_N. N7/ — = N\UN. _N=x N\ N\B,N Nog-N

F2 F2 F2
©
x/-NU Nu
ST L D U
N_N. N/ ——— N\UN.__Nx N\ N g-N= ‘\%» No reaction
B B e
F2 F2 F2 Nu

Figure 3.1 Nucleophilic substitution ($Ar) at each pdion of aBODIPY core.

Likewise,anunusual example ofz@r, oxidative nucleophilic hydrogen substitution by
amines occurs in the electron poor 3positions of unhalogenated BODIP$sl in the
presence of a suitable oxidizing agent (permanganate, CRR, Br Q). This approach

is limited to primary and sendary alkyl amines (Scheme B!4°
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Ar Ar
\\ N Nucleophil O,, base =7 N
+
N\B’N\ ucleophile —>DMF N‘B’N\
F2  H F2  Nu
3.1 3.2

Scheme 3.1Direct oxidative hydrogen substitution on a BODIPY 8y

The 2amino group has been introduced by nitration followed by reduction. The
electrophilic substitution of BODIPY3.3 with HNOz in Ac2O produced the -2
nitroBODIPY 3.4 together with a minor amounf the 3nitroBODIPY 3.5. However,

this approach is limited to the pareANM: substituent (Scheme 3.%.

YN A\ a YT N A\

N\ N. _Nx N\ N. N NOz
B B
F F,
. 34

2
3.3

3.6
Scheme 3.2Synthesis of zamino BODIPY3.6. a) HNG;, AcO 0 xEed/C. b) H
Introduction of 2NH> has also been reported by pdilan-catalysed coupling of a-2
bromoBODIPY3.8with benzophenone imine followed by hydrolysis of the resulting 2

iminoBODIPY 3.9. This approach is also structurally limited and uses a rather high
palladium loading (5 40 mol %) (Scheme 3.3%2

r Ar Ph r
YN \ a TN \ /)—Ph b SN dS A\
R \ Br ——» \ N e \ NH,
N\ /N\ ~ ,N\ N\ ,N\
B B B
Fa Fa Fa
3.8 3.9 3.10

Ar= mesityl R= 4-nitrophenyl
Scheme 3.3Synthesis of 2mindBODIPY 3.10. Conditionsja) benzophenone imine (1.5 eq),C8;s
(2.0 eq), Xantphos (40 mol%), Ribaa CHC( 20 mol %) , di oxane, 100
60 ~C, 1 h.
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Introduction of an amino group onto the BODIPY core causes significant effects on the
position of the abmption and emission maxima, and it quenches the fluorescence
quantum yield because of intramolecular charge transfer or photoelectron triEfes.
electron donation can be reduced byocdination of the nitrogen lone pair to a Lewis or
Brensted acid, leading to restoration of the BODIPY fluorescence (switch on séHsors).
We envisaged that@2minoBODIPYs might be synthesised by metal catalysed amination

of the corresponding-Balogeno derivatives (Scheme 3.4).

Ar Ar
~\ y RNH,, M cat MNHR
N\ N~B/N\ Base \ N~B/N\
F2 F2
X=ClI, Br, | M= [Cu] [Pd]

Scheme 3.4General scheme for metal catalysed amination.

This chapter describes the results of our investigation into metal catalysed amination of
2-halogeno BODIPYs.
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3.2. Copper catalysed amination of aryl halides

The Ullmann condensation is a reaction between an aryl halide and an amine, thioether
or phenolin the presence of a copper catalyst and basgnthesise the corresponding

aryl amine, thioether or ether compoudkl, respectively (Scheme 3.5)Y 1131n 1904,

Fritz Ullmann reported the first copper mediated aromatic nucleophilic substitution
reaction. The original method for the coupling reaction requires the use of stoichiometric

amounts of copper salts and high reaction temperatures.

Eyx w1y = Q_@

3.1
X=1, Br, Cl Y=NH, O, S
Scheme35Cu (1) or Cu(ll) salB880 ba€e, | igand,
3.2.1. Proposed mechanistic hypotheses for Ullmann condensationaetion

The exact nature (oxidation state) of the-i@iermediate remains under debate’ 13

There are four different proposed mechanisms for the aglimcondensation reaction,
which can be classified into two main categories: those in which the oxidation state of
copper remains constant and those in which the oxidation state changes throughout the
mechanistic cycle. The four different strategies aevshin Scheme 3.8 113

(1) Oxidative addition of aryl halide to Cu(l) resulting in an intermediate Cu(lll) species
(Scheme 3.6, a).

(2) Formation of aryl radical intermediatéia halide atom transfer (Scheme 3.6, d).

(3) Formation of aryl radical intermediatéga singe electron transfer (Scheme 3.6, b).

( 4 )bond metathesis through a fezgntre intermediate (Scheme 3.6, e).
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X .
Oxidative CIJU”'L R?dPCt'Ye
addition ©/ elimination
Nu
a) c) T Sequential SET
_ ® -
X L-CU”—NU_|
X
© b) SET @ Nu
LCu'-Nu
d) - >|< -
L-Cu"-Nu
AT .
* O
- S
-Nu
“\ ,,‘Cu'L
o-bond metathesis X

Scheme 3.6Four mechanisms pathway for Ullmann condensation.

A considerable amount of literature has bedpliphed on copper catalyzed amination of
halogenobenzene derivatives. However, there is little published data on the amination of
3-halogenes-membered heteroaromatic compouhkdd?°

For instance, in 2001, Buchwald and hisvearkers!® developed an inexpensive copper
catalyst system for the amination of aryl halides by using diamine ligand, a weak base
and nonrpolar solvent. For example, they synthesiskthiophen3-yl benzamide3.12

by using coppeiodide andl,2 diaminocyclohexane as ligand in the presencesBfX
indioxane at 110 -C (Scheme 3.7).

s 0 s
\/_\{\ /S H2NJLPh — -4 o
Br HN
342 "

Scheme 3.7Synthesis oN-thiophen3-yl benzamide8.12 Conditions and reagents;iBomothiophene
(1.00 mmol), benzamide (102mmol), Cul (10 mol%), 12liaminocyclohexanél0 mol%), kPO, (2.0
mmol ), dioxane,®110 ~C, 15 h, 96 %.
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In 2002, Padwa and Grawfdtd applied Buchwald amidationonditions to 2 and-3
substituted bromofurans and bromothiophenes by iéMNglimethylethylenediamine as

a ligand (Scheme 3.8).

X o 9 X
Br@ * HZNJLR - R)\\”@
X=8,0 3.13

Scheme 3.8General scheme faopper catalysed amidation oféhd 3bromothiophene. Contibns and
reagents; Cul (1 mol%N,N-dimethylethylenediamine (10 mol%)sRQu (4 €9 di oxan-e, 110
819%) 17

In addition Twieg (2005) found thal,N-dimethylethanolamine (deanol) is a useful

solvent and ligand for copper catalyzed amimaf®cheme 3)9'4

S S
(\_/7/| + HNR'RZ — » (\_/7’NR1R2

3.14

Scheme 3.9N,N-dimethylethaolamine, Cu metal (10 mol%),;sRO.HO 2eqd -89 <23 h1%1 0

Surprisingly, there is no report of copper catalysed amination of 2 and 6 halogeno
BODIPYs. A general synthetic route teatninoBODIPY is shown in Schen310

Ar Ar
= - 1) Oxidation < N \
\_NH HN-Z N\_N. _N=
2) BF, B
Complexation Fa

Halogenation

Ar Ar
<7 "\ NHR Amination =T "\ X
\ N\ N\ - \ N\ N\

B” B”

Fs Fs

X=Cl, Br, |
Scheme 3.10A general synthetic route teaminoBODIPY.
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3.3.  Synthesis of an &rylBODIPY 3.16

Using a literature procedure, theaB/BODIPY 3.16 was synthesized through a
condensation of anisaldehyde and pyrrole in the presence of boron triftetretate
(BFs.OEb) as catalyst to form dipyrromethaBel 512! followed by oxidation with2,3-
dichloro-5,6-dicyanal,4-benzoquinonéDDQ) to the corresponding dipyrromethene and
then the BEchelation by treatment with boronftrioride diethyl etherate (BFOED) in

the presence oN,N-diisopropylethylaminei{PrNEt) (Scheme 3.11).

OMe OMe
OMe
[/ \) + a < = b I YN
N \_NH HN-Z \_N_ _Nx
H N IB\
o FF

3.15 3.16

Scheme 3.11Synthesis of &aryIBODIPY 3.16 Conditions and reagents} BR.OEb, r.t., 4 h (8®6), b)
DDQ, CHCly, 0 °C, 30 min, BEOE®b, i-PrNEt, r.t., 2 h (77%);

3.4. Synthesis of the 20doBODIPY 3.17

Halogenated BODIPYs cdre synthesized by using three different synthetic strategies:
by using a suitably halogenated pyrrole, by halogenation of a dipyrromethane precursor
or by electrophilic substitution onto the gaegmed BODIPY®!®Several reports have
shown that it is possible to introduce halogens on to the BODIPY core regioseleétively.
Indeed, the halogenation of BODIPYs should be controlled by electronic and steric
factors!?? According to Burgess (200The 1 and 7 positions of anaBylBODIPY are
sterically hindered, because of the bulky aryl group at 4pestion, and also due to the
large sizeof the halogen atom (Figure 3.212?In addition b being less sterically
hindered, the 2 and 6 positions of the BODIPY are the most susceptible to electrophilic

attack due to having the lower positive chatge.
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electrophiles tend to add here

Figure 3.2 Electrophilic attack on unsubstituteea8yl BODIPY.

Regioselective iodinatid?? of BODIPY 3.16with ICI produced the -2odo-substituted
BODIPY 3.17 together with a minor amount of the ZjBodide 3.18 which were

separable by column chromatography (Scheme 3.12).

OMe OMe OMe
a AN N
N. _Nx N‘B’N\ N. N
IB\ 7\ 7\
F F F F F F
3.16 3.17 3.18

Scheme 3.12Synthesis of 20doBODIPY 3.17. Conditions and reagents; (a) ICl, &Hpi MeOH, r.t., 2
h (3.17, 65%;3.18 15%).

The regioselectivity of the halogenation was confirmed byayXstructure, after crystal
growth through slow diffusion of hexane into a solution of the BODIPY in chloroform,

which confirmed that the iodide was introduced on tsitpmn 2 the 6 regioselectively

(Figure 3.3.

Figure 3.3 Molecular structure of BODIP8.17and3.18 confirming the regioselectivity of the
halogenation. Hydrogen atoms have been omitted for clarity.
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3.5. Attempted synthesis of 2Zamino BODIPY via Copper catalysedamination

In the first attempt Wel5eéqgaivaleniswe hkxyldmine e g 6 <
were added to the-BdoBODIPY 3.17, in the presence of Cu (5 mol%), Cul (5 mol%)

and 2 equivalents of Py in NNNd i met hyl et hanol amWewereat 8|
delighted to observe that amination hadweed, but in only 16% yieldn the'H NMR

spectrum, we were expecting to observe the same or slight shifting for the two signals of
the CH in positions 3 and 5 8.0 and 7.8 ppm. However, thd NMR spectrum of the

product showed the disappearance of one signal at 8.@fgure 3.4. Surprisingly, it

was found that the amination had occurred in tpe4dtion (Scheme 3.13).

OMe OMe
\\ AN N | a VAN N\
N N N\ Nog N
F2 F2 HN—(-)/5
317 319a

Scheme 3.13:Cu/Cul catalysed amination of BODIP317. Conditions and reagents; (d)hexylamine
(1.5 eq, Cu metal (5 mol%), Cul (5 mol%),sRO: (2.0eq,NNdi met hyl et hanol ami ne,
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Figure 3.4 'H NMR spectra of 20doBODIPY 3.17and BODIPY3.19a

The regioselectivity of amination of thei@oBODIPY 3.17 was confirmed by Xay
structure determination, after crystal growth through slow siibfu of petroleum ether
into a solution of the BODIPY in DCM, which confirmed that the hexylamine was
introduced on to position 3 (Figure 3.5
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Figure 3.5 Molecular structure of-BiexylaminoBODIPY3.193 confirming the amination reaction

occurred aposition 3. Hydrogen atoms have been omitted for clarity.

3.5.1. Screening of ligand

Many different ligands have been reported for copper catalysed amination resgtion
as ligandd.1, L2, L3 andL4 (Figure 3.6.

AN / \
O” IT | MeHN NHMe / \

o) ~N (@] =N N=
L1 L2 L3 L4

Figure 3.6. Ligands screeneih the amination of BODIPY.

In 2006 Buchwald reported that the use of the diketone ligdnallows the amination
reaction of aryl halides with aliphatic amines to occur under mild conditions. The catalyst

is formed easily in situ byombining ligand_1 with Cul (Scheme 3.14Y¥3

H2N\95/ _,/@\H'(’%\

3.20

Scheme 3.14Buchwald amination usingl.'?® Conditions and reagents; 5 mol% Cul, 20 mal%
CsCOs(2 eq) DMF, r.t., 98%.
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In 2009, Ding studied the use ofp2y r i d-ketonelligarfl.2 in the Culcatalyzed
amination and found that good yields were obtained by using a weak base gralanon

solvent at room temperature (Scheme 3!15).
MeO MeO
I o
\©\|+ % H’ﬁ5\
3.21

Scheme 3.15Ding amination using;Z.124 Conditions and reagents; 10 mol% Cul, 20 maf2 CsCOs
(2 eq) DMF, Ar,r.t.,97%.

Diamine ligands such &, Miethyl ethylenedminelL3, ethylenediamine and 1,10
phenanthroliné.4 are also useful in Goatalyzed €N bond formation-?>128In order to

optimise the yilel of synthesis &aaminoBODIPY3.19we screened a series of bidentate
ligandsL1-L4 as shown in @ble 3.1. The choice of catalyst and ligand loading, base and
solvent were t akenZdsinghiln Bluhceh weahl odi 6cse roef p 08r (
on a first temperature screening reaction usi@8gvhich showedha t no reacti
observed with hexylamine at 25 or 50 oC.

temperature occurred with hexylamine for any of these ligands.
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Table 3.1:Ligand variation in the amination of BODIPX.17.
OMe OMe

RNH,, Cul, L1-L4

~N Cs,CO5, DMF . ~ N
NN NS '"sooc2an - N\ Nog NS
FF FF NHR
3.17 3.19
Entry R Ligand Product Isolated yield

1 CHs(CHy)s L1 3.19a 30
2 CHs(CHy)s L2 3.19a 20
3 CHs(CHy)s L3 3.19a 35
4 CHs(CHy)s L4 3.19a 60
5 4-MeCGsHa L1 3.19b 6
6 4-MeCsHa L2 3.19b 70
7 4-MeCeHa L3 3.19b 30
8 4-MeCsH,4 L4 3.19b 84
9 PhCO L1 3.19c 6
10 PhCO L2 3.19¢c 11
11 PhCO L3 3.19¢c 10
12 PhCO L4 3.19c 15

Conditions and reagents: BODIFRBY17(0.25 mmol), amine or amide (0.47mol), Cul (5 mol%), ligand
(20 mol%), CsCO3 (0.47mmo | ), DMF (0.8 mL), 80

The catalytic activity of the chosen ligands was evaluated by reaction of-the 2
iodoBODIPY 3.17 with n-hexylaminep-t ol ui di ne and benzami
corresponding 3ubstituted BODIPY3.193 3.19band3.19crespectively. From Table
3.1 it is clear that the ligand4 (1,10-phenanthroline) gives the highest yield regardless

of the nature of the nucleophile. Good yields were obtained in the cadeeaf/lamine

(60%) andp-toluidine (80%) and also the reactionsasuccessful even in the case of the
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much more weaklynucleophilic benzamide (15%)The ketopyridine L2 and
dimethylethylenediamink3 also successfully promoted the coppatalysed amination
reaction with moderate yields (Z@%). Interestingly, diketong 1) showed much lower
efficiency, although it contains a bidentate chelating centre.

3.5.2. Scope of the amination of the 20doBODIPY 3.16

Subsequently, to explore the scope of the copper catalyzed nucleophilic substitution
reaction, 5 mol% Cul, 20 mol%4 in DMF with C$COs as the base at 80 for 2h were
used as the general conditions in the reaction ofibd@ODIPY 3.17with a range of

different amines (Table 3.2).

Different primary alkyl amines includingthexylamine, benzylamine;thiophenyl ethyl
amine and cyclohexylamine were rest successfully in good yield (entries 1 an@)4

Also, good yields were obtained with secondary alkyl amines such as morpholine and
pyrrolidine (entries 7 and 8). High yields were achieved for electron rich primary anilines
including 4methylphenyl amia and 4methoxyphenyl amine (entries 2 and 10).
However, slightly lower yields were obtained in the case of the less nucleophilic electron
deficient anilines (entries 113) and the yields were slightly lower with the more
sterically hindered -Znethoxy subtituted aniline (entry 9) and a secondary aniline
methylphenylamine (entry 14Pne interesting finding was that in many cases the 3
aminoBODIPY 3.19 was accompanied by formation of a small amount of the
corresponding-&mina6-iodoBODIPY 3.22(Table 3.2. The structure of hexylamine
6-i0doBODIPY 3.22awas confirmed unambiguously by-fdy stucture determination
(Figure 3.7.
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Figure 3.7 molecular structure of-Bexylamine6-iodoBODIPY 3.22a Hydrogen atoms have

been omitted for clarity.
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———————————
OMe OMe OMe
R'R?NH, Cul, L4
ST~ ZZZ:;O‘; ’4DhMF ST - =TT
;'B‘; | ;'B‘; NR'R? FIB\; NR'R?
3.17 3.19 3.22
Table 3.2: Scope of the amination of thei@doBODIPY 3.17.
Entry R? R? Product SeetedE
3.19 3.22

1 CHs(CHy)s H 3.19a/3.22a 60 5
2 4-MeCeHa H 3.19b/3.22b 84 5
3 PhCO H 3.19¢c 15 -
4 PhChH H 3.19d 64 -
5 2-ThiophenylGH,CH, H 3.19%e 65 -
6 Cyclohexyl H 3.19f/3.22f 78 4
7 O(CH:CHy), 3.199 85 -
8 CH,CH>CH>CH; 3.19h/3.22h 87 4
9 2-MeOGsH4 H 3.19i 60 -
10 4-MeOG:H, H 3.19j/3.22] 78 6
11 4-ClCsH4 H 3.19k/3.22k 66 13
12 4-NCGCeH4 H 3.191/3.22] 77 15
13 2-Pyridyl H 3.19m3.22m 60 14
14 Ph Me 3.19n 40 -

Conditions and reagents: BODIF3Y17(0.25 mmol), amine or amide (0.47mol), Cul (5 mol%), ligand

L4 (20 mol%), CsCO; (0.47mmo | ) ,
6-iodo by-product3.22, where isolated

DME (0.8 mL),

80

-C, 24 h.
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3.6. Synthesis of the Z2oromoBODIPY 3.23

Using a literature procedurethe 2bromoBODIPY3.23was prepared by reaction bt
8-(4-methoxyphenyl)BODIPY3.16 with NBS in DCM at room temperature for @@in
(Scheme 3.16). Purification using column chromatography gave the desired 2
bromoBODIPY3.23in high yield (73%).

OMe OMe
YT N A\ a SN A\
\ N\ ’N\ \ N\ ’N\ Br
7\ 7\
F F F F
3.16 3.23

Scheme 3.16Synthesis of romoBODIPY3.23 Conditions and reagents; (a) NBS, L, r.t., 90
min. (73%).
The copper catalysed nucleophilic amination was attempted by applying the same
reaction conditions, using phenanthrolihd), to the reaction of the-BromoBODIPY
3.23with pyrrolidine to give the pyrrolidin-1-yl)BODIPY 3.19hin 80% yield, together

with the correspondings-bromao3-(pyrrolidin-1yl)BODIPY 3.24in 5% vyield (scheme
3.17).

OMe

OMe OMe
H
{?3 O
YN A\ YN YN
Br ' — N \
\ Nog N \ Neg NS Br—QN. _Nx
FI \F Fl \F <\IJ

Sp”

3.23 3.19h 3.24

Scheme 3.17synthesis of pyrrolidin-1-yl)BODIPY 3.19h and 6bromo-3-(pyrrolidin-1yl)BODIPY
3.24 Conditions and reagenigyrrolidine (2.0 ey Cul (5 mol%), 1,1€phenanthroliné4 (20 mol%),
CsCO;(20eq, DMF, 80 ~C, 24 h.

The structure of the -Byrrolidinyl product3.19h was confirmed by Xay structue

determination (Figure 3.8)

111




Chapter 3 Results and Discussion

Figure 3.8 molecular structure of-gyrrolidin-1-yl)BODIPY 3.19h Hydrogen atoms have been omitted

for clarity.

The high yields of amination regardless of the nature of the halogen support a

straightforward nucleophilicubstitution mechanism.

3.7. Attempted synthesis of a3,5-diaminoBODIPY

The synthesis of a 3.:@iaminoBODIPY via copper catalysed double amination of the
2,6-diiodoBODIPY 3.18 was attemptedAttempts using both a primary aniline and
pyrrolidine were unsuccessi{ilable 3.3). In both cases the unreacted diiodoBCGID1B

was recovered under these reaction conditions and there was no sign of any singly
aminated product, which may be due to the higher degree of steric hindrance in this

reaction in comparison to thascessful reaction usingiddoBODIPY.
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Table 3.3: All attempts carried out for synthesis@8,5-diaminoBODIPY.

OMe
R'R2NH, Cul, L4
AN
\\ N— Cs,C0;, DMF » No reaction
N\B,N\ 80 °C, 24h
FF
3.18
Entry R! R? Product
1 4-MeOGsH4 H No product
2 CH2CH2CH2CH: No product

Conditions and reagents: BODIF3Y18(0.25 mmol), aming0.47 mmol), Cul (5 mol%), 1,10
phenanthroliné4 (20 mol%), CsCO; (0.47mmo | ) , DMF (0.8 mL), 80 ~C, 24

3.8.  Mechanism of reaction

In order to explore the reaction mechanism, we have tried to determine the role of each
component inthe amination reactionThe reaction betweeni@doBODIPY 3.17 and
pyrrolidine was repeated using the same reaction conditions with omission of each
component in turn. As shown in Table 3.4, in the absence of cooper iodide no reaction
occurred between-®doBODIPY 3.17 and pyrrolidine. When the ligand was omitted
then the amination produBt19hwas formed in 50% yield together with 3% of the 2
iodo-5-(pyrrolidin-1yl)BODIPY 3.22h Also, in the absence of added base(Cs) the
product3.19hwas formed indw yield together with the bgroduct3.22h(14% and 10%
respectively). Therefore, copper is essential for the amination to occur and the base and

ligand improve the reaction conversion.
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Table 3.4:Investigation of the role of each component in the atiwnaeaction.

OMe OMe OMe

3.17 3.19h 3.22h
Starting material Cul L4 CsCOs3 Outcome
X X P Starting material
X P P Starting material
3.17
P P X 3.19h(15%) 3.22h(10%)
P X P 3.19h(50%) 3.22h(3%)
Conditions and reagents: BODIFBY17(0.25 mmo), amine (0.47nmol), Cul (5 mol%), 1,10
phenanthroliné4 (20 mol%), CsCO; (0.47mmo | ) , DMF (0.8 mL), 80 o

Since iodoBODIPY compounds are known to act as initiators for photooxidafitire,
reaction between theiddoBODIPY 3.17and 4cyanoaniline was repeated with careful
exclusion of light and also with a&cle freezgpumpthaw sequence to degas the
solution. This did not significantly change the yields of the prodGct§{and3.22) and

so it is unlikely that the reaction is photoinitiated or requires the presence of dioxygen.
We considered three different mechanisms for this copper catalysed nucleophilic

substitution reaction.

A first possibility involves a baseatalysed halogedancé?® (BCHD). Basedcatalyzed
halogen dance (BCHD) reactions, also referred to as hattmyere (HD), halogen
migration or halogen scramblingene first found by chance in 19%5%. The base
catalysed halogen dance (BCHD) reaction represents a base induced reaction of a
haloaromatic compound in which a haloggom moves to a new position in the product.
Halogen dance reactions are an excellent synthetic tool which empower functionalization
of positions which are otherwiskfficult to addressThere is a large volume of published
studies describinthe mechani® of BCHD reactionsFigure 3.9describes the general

eqguation of the halogen dance reaction.

S,
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= O o%
@ ©

Figure 3.9 the general mechanism of the halogen dance reaction.

In the case of 20doBODIPY 3.17, the first step of a halogeraudce would be formation

of an anion by deprotonation ofi@doBODIPY 3.17in the 5position. The resulting
anion3.17acan abstract iodine from thel@loBODIPY 3.17to give 2,5diiodoBODIPY
3.25 and the newly formed anidh26 These two species can reagain to form anion
3.27 followed by protonation to give -doBODIPY 3.28 After amination of 3
iodoBODIPY 3.28 3-aminoBODIPY3.19can obtained as shown ici&me 3.18.

In principle the deprotonation and subsequent halogen migration could occur oh any
the BODIPY positions; only when the halogen reathes3position can it be displacd

by the nucleophile, leading to the observed product.
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Ar Ar
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I \ l \ I \

3.17a

\ AN A\
N< ,N\
FOE
3.27
+l
+H
Ar Ar
< N NHR'R? < M
\ N\ ’N\ \ N\ /N\
FF P F* 'F  NR'R?
3.28 3.19

Scheme 3.18Possible mechanistic pathway involving base catalysed halegee ¢f BODIPY.

According to the proposed halogen dance mechanism (Scheme 3.18), deprotonation of

the unhalogenated compoudd 6followed by abstraction of iodine from the ZjBodide

3.18 would be expected to allow both compounds to enter into the draldgnce
manifold.In order to establish whether the reaction betw2iodoBODIPY and amines
occurs by a halogen dance mechanism, the unhalogenated BADRYas treated with

the 2,6diiodide 3.18 and pyrrolidine undethe same reaction conditions, hawsg o

aminated product was observed and the unreacted starting materials were isolated

(Scheme 3.19).

This observation, together with the high yield obtained even with-tireraoBODIPY
3.23 suggest that a halogen dance mechanism is not involved.
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CEi\> + ACEy § 7 , No reaction
Sp” \B/

I\

3.16 3.18

Scheme 3.19Attempted copper catalysed amination of a 1:1 mixture of the BOBIR&and the 2,6
diiodide 3.18with pyrrolidine; Conditions and reagengsjrrolidine (2eq), Cul (5 mol%), 1,10
phenanthrolind.4 (20 mol%), CsCOs; (2 eq) DMF , 80 ~C, 24 h.

A second possibility is that the loss of iodine fror2 @& a reductive process, linked to
oxidation of the copper (I) catalydt[e.g. via a copper (l)/copper (Ill)ycle or single
electron transfers involving copper (l1)] (Scheme 3.20). Such a mechanism would provide
the oxidant required for the known direct nucleophilic hydrogen displacement by the
aminé® and could explain formation of the iodinated-fmpduct 3.22 by direct
nucleophilic hydrogen displacement reaction at t#m&tion of the iodoBODIPY3.17.

The unreactivity of the 2;8iiodide 3.18is hard to explain by this mechanism, since it

might be expected to be just as good an oxidant for the copper as the monoiodoBODIPY

3.17.
7z / 7 / N~

% 216 ><:
[Cu(ll)] -

[Cu(] or 2[Cu(ll)]
Scheme 3.20Possible mechanistic pathway involving a copper redox cycle.

Scheme 3.21h®ws a third mechanistic possibility which involves initial nucleophilic
attack at C3. The necessity for copper catalysis (Table 3.4) suggests that the nucleophile
might be an amido copper species sucl3.28%! The resulting anior8.30 might be

copperbound, corresponding to an amidocupration, but may be delocalised over the
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B ODI Psystem. In order to produce the product, iodide must be lost and this requires
protonation at € to give 3.31 followed by basemediated elimination of HIThis
mechanism does not account for the formation of tteenio2-iodoBODIPY by
product3.22

Ar Ar
b H
/ 72 — ase / 7 -
=N g-N - HI =N.5-N |
F2  NHR F2 H NHR
3.19 3.31

Scheme 3.21Possible mechanistic pathway initiated by nucleophilic attackpais&ion.

Observation of the-bdo-5-aminoBMIPY by-product3.22suggests initial attack might
occur at the fostion of the iodoBODIPY3.17 rather than at the-Bosition (Scheme
3.22.

Ar Ar
- H
/ 7 N= HI 74 i
>
’N\B,N H NxB/N I
RHN Fa RHN F>
3.19 3.33

Scheme 3.22Possible mechanistic pathway initiated by nucleophilic attackpatsgion.

118



Chapter 3

Results and Discussion

Formation of the byroduct3.22is an oxidative process requiring the formal loss of
hydride from iodoBODIPY3.17 and thus the yield 08.22 might be expected to be

increased in the presence of oxygen, which is not observed. Direct oxidativeypiiec

hydrogen substitution by aminesoccurs in the osition of unhalogenated- 8

arylBODIPYs but requires a stoichiometric oxidant (DDQ, CAN, permanganate) or O

and is reported to be successful for primary and secondary alkyl amines but tonil in t

case of anilines (Scheme 3.2%).

Ar AI‘
'~
/4 7 /4
EN. N/ N.O_NZ
/> \B/ E
®
nw Ho P2 Ny 2
H -
+
-H
Ar Ar ]
/i Z Oxidation /4 2
N, N = NS N
\B/ H \B/
Nu Fa Nu F,

Scheme 3.23Direct oxidative nucleophilic hydrogen substitution hnyilaes.lo6

In order to investigate the position of the nucleophilic attack the unsymmetrical BODIPY
3.34was synthesised via zinc oxide medaFriedelCrafts acylation of pyrrole followed

by reaction of the resulting ketor226& with 2,4-dimethylpyrrole in the presence of
boron trifluorideetherate (Scheme 3.24). lodination with NIS was moderately
regioselective in favour of substitution dretmore electron rich, methylated, ring to give

a mixture of moneodoBODIPYs3.35and3.36in a ratio of 6:1 respectively. The 2
iodoBODIPY 3.35 in which the Eposition is blocked by a methyl group, did not react
under the amination conditions. This otvsion suggest that initial nucleophilic attack
actually occurs at G of the 2iodoBODIPY, however it was also found that the reaction
between 2odoBODIPY 3.36 in which the Bposition is free, and pyrrolidine did not

form any amination product underetamination conditions. A possible explanation for
these results may be the presence of the electron donating methyl groups in C1 and C3 of

the BODIPYs is sufficient to disfavour nucleophilic attack by the amine. It is noteworthy

e —
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that the direct oxidativlydrogen displacement was reported only on BODIPYs lacking

any substituent except at the8sition.1%

Scheme 3.24:Conditions and reagent) ZnO, tt., 5 min (55%))) 2,4dimethylpyrrole, BE.OE®b, i-
PrNEt, CHCl,, r.t., 24 h (84%)r) NIS, CHCl,, r.t., 21 h 8.35, 13%;3.36, 74%); d) pyrrolidine (Z0),
Cul (5 mol%), 1,16phenanthroling.4 (20 mol%), &COsz (2 €9 DMF , 80 oC, 24

3.9. Synthesis of édeuterio-2-iodoBODIPY

Due to the failure of the reactions between pyrrolidine and BOC3RB% or 3.36 we
decided to synthesise isotopically labeled compounds to investigate the position of the
nucleophilic attack. The syhesis of isotopically labelled compounds is very important
for detailed mechanistic studies of many chemical reactions. The most common stable
isotopes used in research includ€, %0, 2H (Deuterium or D) and®N. A radical
mediated halogen deuteriunxobange is one of the most common methods for

deuteration, and the mechanism of the tieads described in Figure 3.10

Figure 3.1Q The proposed reaction mechanism of the halatgrterium exchang®.

Radicatmediated duteration of the diiodoBODIP3.18was attempted using tributyltin

deuteride irdeuterobenzene (Table 3.5, entry 1). The reaction mixture was degassed by
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