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Chapter I: General introduction

CHAPTER

General introduction

Since the invention of confocal microscopy and madvanced instruments such as Zewail's
femtosecond (xI& sec) spectroscopy developed in the 1990's, thedkcence has been widely
used as a sensitive analytical technique in the adltonof environmental detection, medicine,
pharmacy and life sciences. The biological labglim one of the most studied domains in the life
sciences, thanks to those advances in engineefringaging devices and development in chemistry
of imaging probes. The development of fluoresceabes that are suitable for specific applications
in biological conditions is crucial in those resgaes. The main theme of this thesis is to develop a
set of water-soluble fluorophores as molecular esofor biological labeling applications. This
work was based on the functionalization of 4,4waifb-4-bora-3a,4a-diaza-s-indacene (BODIPY)
as fluorescent framework, in order to introduceewalubility and functional groups to: (i) tune
the color; (ii) to graft the probes to bio-moleaylgiii) to increase the dipole moment in the grdu

and excited states...

1.1. Photoluminescence

Photoluminescence is an optical property of a sulegt which absorbs photons (via
electromagnetic radiation) and then releases th@s®ons radiatively. In this process, an
electronically excited state is formed rapidly aftee absorption of light, and then dissipates by
emission of photons or heat. Photoluminescenceorsndlly divided into two categories,
fluorescence and phosphorescence, depending arathee of the excited statedhe background

information about the process of photoluminesceavitde discussed in the following section.

1.1.1.Light absorption — Formation of excited state

Absorption of light

The transition of an electron of a molecule from MO to LUMO induced by radiation can be
regarded as a change in stafthe energy required for such electronic transities in the range of
60 to 150 kcal moléwhich corresponding to the 200 - 800 nm wavelergtidow (Figure 1).
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Figure 1. Electromagnetic spectrum and the visibleegion.

Molar absorption coefficient

The intensity of the absorption as a function olv@langth, measured by UV/Visible absorption
spectroscopy is depending on the molar absorptaefficient € at a defined wavelength. The
absorption coefficient is the measurement of ttebdability of an electronic transition from ground
to excited state at a given wavelength. If ¢his greater than £oM™.cm?, then the transition is
fully allowed; whereas theis below 100 M.cm*, then the transition is forbidden which indicates
that the probability of transition is very weak.élm-between area, farvalues between fGand

10* Mem™, corresponds to transitions that are “partiallifpy@ed. The quantum mechanical rules
are based primarily on two components — spin amghsgtry. If the transition involves a change of
spin .g. singlet to triplet) then the transition is ford&h. The symmetry component examines the
symmetry between the ground and excited statedapdnding on these symmetries the transition
will be allowed or forbidden. Hence, if a transitics spin-forbidden, symmetry allowed, then the
probability is very weak, and values will be <100. But the transition is spimealed and
symmetry forbidden, then the molar absorption doefit may be observed betweerf Hnd 10

Mtcomt?

Electronic absorption spectra

The form of the electronic absorption spectrumekted to the value of at each wavelength.
However, for an individual electronic transitiohgttransitions between vibrational levels of each
orbital may be more intense than others. Thesesitrans are governed by the Franck-Condon

principle: “In the very short time required for akectronic transition to take place (about‘16ec),



Chapter I: General introduction

the atoms in a molecule do not have time to chamggtion appreciably.” Since the electronic
transitions take place so quickly, the moleculel Wwé in the same molecular configuration and
vibrational kinetic energy in the excited statentha the ground state. As a result, all electronic
transitions are indicated by a vertical line on kharse potential diagram of the ground and excited

states (Figure 2. left).

t
!

0—>2 2¢0

Energy

Fluorescence Absorption

5<0

—
qu

Energy

Nuclear Coordinates

Figure 2. Left, Franck-Condon principle diagram for the transition between ground and excited stateRight,

electronic absorption and fluorescence emission sgtea. °

There is no change in internuclear distance during transition. However, the electron
configuration of the new state may result in a tshif the equilibrium position of the nuclei
constituting the molecule. This shift in nucleaoatinates between the ground and the first excited
state is indicated ag(Figure 2. left). The probability of transitionaththe molecule can end up in
any particular vibrational level is proportional tbhe square of the (vertical) overlap of the
vibrational wave functions of the original and firsdate. Therefore the most probable transition
between the ground and excited states will be tieevehere the wavefunctions overlap the most in
the vertical line. The most favourable overlaphe ground state vibrational level v = 0 and the
excited state vibrational level v = 2. The diffetea in wavelength at which the peaks occur
represent the energy differences of the vibratitmadls in the excited state of the molecule (Fegur

2. right). However, the fine structure of the narrbnes can only be observed in the spectra of
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dilute gases. In liquids and solids, the absorpsipaectra are essentially a line drawn covering the
tops of the individual transition peaks and resglin the broad curves.

In addition, the Franck—Condon principle can bpliag equally to absorption and to fluorescence
emission spectra, in the diagrams the moleculéenelectronic excited state quickly relax to the
lowest vibrational level, and from there can detayhe ground state via photon emission. The

details of these relaxation processes will be dised in the following section.

1.1.2The excited state

The Jablonski diagram

After a photon is absorbed by a molecule promadtirggtransition of an electron from the HOMO to
the LUMO, the excited state is formed. Howevers thiiate is energetically unstable and usually
short-lived; the absorbed energy will be quicklieased. Between the absorption of photon to form
the excited state and the relaxation of energyetarn to the ground state, a series of processes

consequently occur, which could be illustratedhmy dablonski diagram (Figure 3).

.
3
" i - g
0 — . Light absorption (10 15 s)
Excited ¢ 1 Internal P
Singlet i ¢ conversion o 2
States : . . 9 17
; = - Excited Emission from singlet (10 ~-10"'s)
=S Triplet or triplet (10 3-102s)
° : States >
: - Vibrational relaxation &
Intersystem 1 internal conversion (10 14- 1011 s)
crossing
gkm Intersystem crossing (variable)
. a : R S L SIS L LRSI -
‘ ;
Sy i q :' Non- radiative deactivation (10 9-107s)
0

Ground state

Figure 3. Jablonski diagram for a molecule upon extation.

The Jablonski diagram illustrates upon excitatibe molecular electronic states and the energy
transitions between them. Following light absonmpti@n electron is promoted to the higher
vibrational level of $ or S. The electron in the upper vibrational levels dhpirelaxes to the
lowest vibrational level S This process is called internal conversion anaegaly occurs within
10%% s or less. Then the electron returns to the gratai by releasing a photon (fluorescence) or

by nonradiative deactivation. The return of electto the ground state typically occurs to a higher
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excited vibrational ground state level which carllustrated by the vibrational structures (Fig@re
left). It is noteworthy that the emission procespens from the lowest vibrational state Bhe
emission spectra and fluorescence quantum yieldsganerally independent of the excitation
wavelength, known as Kasha’s rGl@herefore, the emission spectra are the mirrogevaf $ —

S, absorption and not of the total absorption spdétigure 2. right).

The electron in the ;Sstate can also undergo a spin conversion to tle tfiplet state T The
conversion of $to T; is called intersystem crossing, and it is forbiddethe idealized conditions;
however, in reality such transition can be favdogdhe presence of a heavy atom on the molecule
or present in the solvent. Emission fromi3 termed phosphorescence, and is generally dhifte
longer wavelengths (lower energy region) relativéhie fluorescence. In addition, the rate constants
for triplet emission are several orders of magretsdhaller than those of fluorescence, which can

last for several microseconds or even longer.

Fluorescence lifetime and quantum yield

The fluorescence quantum yielg and lifetime t are the most important characteristic of a
fluorophore. Quantum yield is the ratio of the nembf photons emitted to the number of photons
absorbed, which can be determined by two factbesrddiative rate/kand non-radiative ratg,kIn

practice, the fluorescence quantum yields are oeted by comparison with standard fluorophore
with known quantum yield. The determination of tiigantum vyield is generally accomplished by

comparison of the wavelength integrated intensfityye unknown dye with respect to the standard.
The lifetime of the excited state is defined by @lverage time the molecule stays in its excitetd sta
and is represented by the equation below. Therlitetan be determined by calculating the average
time in the excited state by time-resolved measargs New technologies were developed based
on these measurements which provide informatiohatenot available from the steady-state date,
such as fluorescence lifetime imaging microscopylNf for biological cell imaging, where the

image contrast is based on the lifetime in eactoregf the samplé.

1

T== —
kr"'knr

1.2. Organic long emission wavelength fluorophores

During the last 20 years there has been a remarlgiolwth in the use of fluorescence in life

science. Fluorescence is now a dominant methodolsgpd extensively in biotechnology for
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medical diagnosticy™ Fluorescence detection is highly sensitive, amdetlis no longer the need
for the expense and difficulties of handling radipae tracers for biochemical measurements.
Nowadays thousands of organic fluorophores have beeovered and developed. In the following
section, we will give a brief overview of the wé&hown organic fluorophore families which
usually emit beyond 500 nm; the chemical classesudsed comprise fluoresceins, rhodamines,
cyanines, and 4,4-difluoro-4-bora-3a,4a-diaza-sdede (BODIPY) dye¥

1.2.1.Fluoresceins

Fluorescein is a polycyclic fluorophore that beldgnghe xanthene class of dy&syith absorption
and fluorescence maxima in the visible regidgpd490 nm and\em 512 nm, in water). Fluorescein
is one of the most common used fluorophore in hlelling?* It can be synthesized from phthalic
anhydride and 1,3-dihydroxy-benzene in presenceirmé chloride via a Friedel-Craft reaction
(Figure 4)+>1°

o) HO 0 0
HO OH ZnCl, O /
O + 2 >
COOH
° q

Aaps490 nm
Aem512 nm
(in water)

Figure 4. Synthesis of Fluorescein.

Relatively high molar extinction coefficient, higlhuorescence quantum yield, and good water-
solubility were observed for fluorescein dyes, thesmarkable properties make them important
molecular probes in biolabelling applications. Hoem the fluoresceins have some disadvantages
as well: high rate of photobleachihg® absorption/emission pH-dependerygelatively broad
emission spectréd tendency of self-quenching after bioconjugafibf.

In addition, there are many fluorescein derivativesr example, fluorescein isothiocyanate, often
abbreviated as FITC, is the original fluorescein lenole functionalized with

an isothiocyanate group (-N=C=S), replacing a hgdrmatom on the bottom ring of the structure.
This derivative is reactive towards amine groupspafteins to form a thiourea linkage®* A
succinimidyl-ester functional group attached to therescein core, creating NHS-fluorescein,

forms another common amine-reactive derivativdding more stable adducts.

1.2.2.Rhodamines

The rhodamine dyes are well known as fluorescenaekens in biology such as rhodamine 6G,
Texas red, and rhodamine B. They belong to thehesgt class of dyes as well. The rhodamine
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dyes generally have strong absorption and emissp&ttra in the visible region, compare with
fluoresceins dyes the rhodamine dyes are more gfatie and less sensible to PHThe
rhodamine dyes have been widely used as biolagefliaker, photosensitizers and laser dy85.
However, poor water-solubility of rhodamines dyesnits their applications in biolabelling
applications. In 2006, Burgess and co-workers ®gited a rhodamine dye which processes four

carboxylic acid to promote water solubility andifitate conjugation to proteins (Figure %).

COOH (6]

Rhodamine 6G

Burgess et al. Bioconjugate Che006

Figure 5. Structures of Rhodamine dyes.

1.2.3.Cyanines

The cyanine dye is one of the most commonly usedj-l@avelength fluorophore family in
bioconjugation. The basic structure of cyanine diyetudes two aromatic or heterocyclic rings
linked by a polymethine chain with conjugated carsarbon double bondé The cyanine dyes are
the most familiar long wavelength fluorophores,hmeimission spectra in the 600-900 nm range;
and high extinction coefficient (> 100000 Mni').?® The cyanine dyes are widely used in
biolabelling applicationd**°** and cell imaging:** However, the cyanine dyes have also some
drawbacks, such as poor water solubility, low quanmtyield (usually < 25%), tendency to
aggregate in aqueous conditions. In 2008, Romieucarworker developed a new synthetic route

to improve the cyanine dye’s water solubility byraducing a polysulfonate peptide linker (Figure

6) 32
9 0
e

T 50 7 i%
L

08

X,Y =0, S, C(CH), or C=CH
R = (CH),S05

Romieu et al. Bioconjugate Chem. 2008

Figure 6. Basic structure of cyanine dye and the C§.5 analogue NIR 5.5-ws.
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1.2.4.BODIPYs

The fluorophore BODIPY is a registered trademarkolecular Probes, the molecular structure is
based on the 4,4-difluoro-4-bora-3a,4a-diaza-sdada platform (Figure 7), and the name was
derived from BOron DIPYrromethenés.

meso position
v . B-pyrrolic position
7 8 1 I':"

V4
J = N=
o T
B

5 /N 3 -l H it
F F -~ O(-pyrl’Ollc pOSItlon

4

Figure 7. General structure of BODIPY.

BODIPY dyes were first synthesized in 1968 by Tse#nd Kreuzet but only until 90’s the

BODIPY dyes began to attract the attention of bémolst and biologist as a new candidate for
fluorescence makers. BODIPY dyes have been comsldes substitute for fluoresceins and
rhodamines. 8-substitued BODIPY dyes can be eabilgined via condensation of acyl chlorides
with pyrroles, followed by complexation with BELO in the presence of a base giving BODIPY

derivatives in satisfactory yields (Figure*8)>

H R Re R,

R 3 R4 R3

. |’\/' R,COCI A NEts BFzOEb R3 A

R; R XN HN/ ™ T2 re—( [~ I )—re
Rs .

HCI
Ry Ri RL FF Rl

Figure 8. Synthesis of BODIPY dye.

Depending on precise post-functionalization onB&DIPY core at mesay,3-pyrrolic or even at
the 4 position, the emission maximum of BODIPY slgxtend in the 510-800 nm range (Figure
9).3%3 BODIPY dyes have the additional advantage of hegtinction coefficientsg > 50,000),
high fluorescence quantum yielg ¥ 70%), sharp emission peak, insensitivity to eotvpolarity
and pH, good photostability and chemical stabiliyrthermore, not only their absorption /emission
spectra, but also their electrochemical signatwass be tuned by modification of the pyrrolic
core®*3 All these remarkable properties enable the BODH¥ed dyes to be applied in wide

40,41

applications, such as molecular biolabellthd’ cell imaging®** chemical sensof8;***® two

photon absorptiofi**° dye sensitized and bulk heterojunction solar ¢&18
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CH,Cl,, @ =0.90 CH,Cl,, ®=0.47
abs/em =496/ 510 nm abs/em =526/ 575 nm CH,Cl,, ®=0.72
abs/em =557/ 588 nm

CHCl3, © =0.38 CHCI3, @ =0.42 MeOH, & =0.72
abs/em = 542/607 nm abs/em =582/ 628 nm abs/em = 619/ 629 nm

MeOH, ® =0.34 MeCN, & = 0.84 CH2C|_2, & =0.20
abs/em = 637/647 nm abs/em = 628/ 642 nm abs/em = 727/780 nm

Figure 9. Structures of several BODIPY dyes and theoptical properties.

A common drawback for BODIPY dyes is that the Se&sckhift is too small for optimum use in
flow cytometry and fluorescence microscopy’ Nevertheless, the Stockes shifts of the BODIPY
dyes could be virtually improved by covalent attaeimt of an ancillary light absorber to the
BODIPY core to form an energy transfer cass&tté.However, the hydrophobic nature of
BODIPY core is much more problematic for applicaan biological labeling. A good water-
solubility is necessary for the fluorescent probéoé¢ used in biological conditions. However, self-
guenching or aggregation in water is the main gobior such dyes to be used as molecular probes.
Nowadays, only a few commercial BODIPY dyes solublavater and possessing an additional
functional group for biolabelling are availabfeMeanwhile, the synthetic strategies that could
conveniently provide a series of water-soluble BBDIdyes which are suitable for bioconjugation

are still limit. We will give an overview of theseailable strategies in the following section.
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1.3. Water-solubilization strategies for BODIPY dyes

1.3.1Nucleophilic substitution on halogenated BODIPY

The presence of good leaving groups, such as dewrat the 3,5 position of the BODIPY core,
allows introducing functional groups onto the BOWMIRcaffold via KAr reactions (Figure
10a)°>°° In 2008 Burgess and coworker synthesized watem#IBODIPY dyes by successive
introduction of two adequate groups on the BODIRYec(Figure 10bj’ This strategy was also
applied by Jiao and others for the synthesis of BYDdyes for use in aqueous conditiGhs’

H ”etatTFA Ar ) NCS, -78°C, 1.5 h
N cal. o
a) ACHO .4 U — _ then 25°C, 3h
34% \ NH HN-/ i) DDQ, CH,Cl,
25°C,1h
53%
Ar
Y BF3*OEt, NEts Al NI
74 ~ Y / = N B 7 ~ //
ZN HN-/ CH,Cl,, 25°C, 24h N Ny -2Cr 7NN
cl cl 98% c FF upto93% Nu F F Nu
Boens et al. J. Org. Chem. 2005, 70, 4152
Burgess et al. Bioorg. Med. Chem. Lett. 2008, 18, 3112
Ar Nu= MeOo O\ OH
/ = —
_ / ~
N‘B\/N STNCOEt N Ph
S F S
EtO,C COsEt EO,CCOLt O\IH
MeOH, ® =0.35 MeOH, ® =0.50
abs/em =509/ 522 nm abs/em =564/ 579 nm
Qin et al. Chem. Phys. Lett. 2006 Rohand et al. Chem Comm. 2006
e e e e e e e e e e e mn S
N
b) Ho H Chy S sona e
F3 + ‘ —_— / = = = N\B/N /
MeO - _N.__N_/ NaHCO, Sy
21% \ S FF

c EF o  THF/H,0,25°C, 12h s/f
58% NaC

H,0, 25°C, 48h

HoN
§%COOH
5

Burgess et al. Bioorg. Med. Chem. Lett. 2008

&}COOH
NaG,S

Lithium phosphate buffer (pH =7.4), ®=0.70
abs/em = 477/ 584 nm

Figure 10. Synthesis of water soluble BODIPY via ntleophilic substitution reactions.
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1.3.2.Introduction of hydrophilic peptide linkers

The enhanced water solubility can also be achieyeadtroduction of a hydrophilic dipeptide linker
between the BODIPY core and the reactive succinimester group. The hydrophilic dipetide
linker group can be introduced on the BODIPY sddffehich carrying a carboxylic acid grodp®*

In this strategy, the carboxylic acid BODIPY dyeswarepared by a condensation reaction of a
functionalized pyrrole, which was then activated Nhydroxysuccinimidyl (NHS) to form the
NHS ester BODIPY derivatives. The prepared dipepinhs then introduced onto the BODIPY
scaffold via an acylation with the NHS BODIPY. Falled by a second carboxylic acid activation
with NHS in DMF, the dipeptide NHS ester BODIPY igtative was ready for the bioconjugation

(Figure 11).
POC& DIPEA, BF;*OEb, S~ NF
/N HN / =N N / P
CH2C|2/MeOH I’t 18h|’ CH2C|2’ n’ 2h|’ R F/ \F OMe
5310 93% Up to 99%
Hel DCC, NHS, P
(0.5M in H,O/THF) A o DME, rt, 20hr //N ) o O
_N. N/ B~
reflux, 4h R F,B\F OH 7210 92% R FF ON;j
50to 71%
o}
DCC, NHS, HaN "
DMF, rt, 48hr = o]
4 P 0 OH © \—\S,
AN N DMF, TEA, S%
A Upto 95% B  TEA,
R FF HN RT, 30min
NH
Up to 68%
o

___________________________________________

Meltola et al. J. Fluoresc. 2004

___________________________________________

Figure 11. Introduction of sulfonated peptide linke onto the BODIPY at B-pyrrolic position.

In 2009, Romieu and coworkers prepared a disult@hateptide linker and introduced it to the
BODIPY dye carrying a carboxylic acid at the messifion (Figure 12aY* The disulfonated linker
(a-sulfo-alanine) was prepared from the coupling between mvsulfo--alanine unit$? The
sulfonation of3-alanine with oleum (25%) gave the racemisulfo{3-alanine in 54%. Followed by
the protection of the N-terminal the amino groupthwiluorenylmethyloxycarbonyl (Fmoc)

derivative gave the Fmaz-sulfof-alanine in 95% yield. Then the carboxylic acid powas

11
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converted into the corresponding NHS ester beforgling with the second-sulfof3-alanine to
give the Fmoc-disulfonated peptide linker. Ultintatedeprotection of the Fmoc group with
diethylamine performed in DMF gave the free amirsellfonated linker in 87%.

Similar strategy was also applied by Brellier eina2010, using the moiety of nitrilotriacetic a@d

water-solubilization group (Figure 128).

o] o]
/\)CL oleum (25% SQ) 0 Fmoc-OSu Q OJLN/\%LOH
a)  HN OH HoN OH ———— H  soH
. 1,4-dioxane,
4°Ctort SOH
ag. NaCOs3
B-alanine a-sulfo-B-alanine Fmoc-a-sulfo-B-alanine
54% 95%
i) DCC, NHS, DMF
i) a-sulfo-B-alanine, O i o) o)
aq. NaHCQ buffer, . 0 N/\%LN%OH Et,NH, DMF N " on
4°C to rt H H 2
O SOH™ - SoH SoHH SO

(a-sulfo-p-alanine),

Fmoc-(a-sulfoB-alanine), 87%

. . . 85%
Romieu et alBioconjugate Chen007

HoN N OH
SoHH  SOH

i) TSTU, DIEANMP
i) BODIPY, H20/NaHCQ

B pH 8.5, RT
FF 38%
0 p—
Romieu et al Org. Lett.2009 PBS (pH7.4) ® =0.62
abs/em =523/ 567 nm
b)
HOOC H o) H COOH
HOOC N NWH H%N A N~ >COOH
HOOC © COOH
0. NH

FF
PBS (pH 7.0) @=0.28
abs/em =524/ 542 nm

Brellier et al.Tetrahedron Lett2010

Figure 12. Introduction of polypeptide linker at meso position of BODIPY dye.
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1.3.3.Introduction of oligo (polyethylene glycol) methgther (PEG)

Incorporation of branched PEG onto BODIPY dyes doalso effectively enhance enthalpic
interactions of BODIPY dyes with water, and sigrafitly increase the water solubility of the dyes.
Moreover, the induced steric hindrance by PEG caigghificantly reduce the formation of
aggregates. Owing to the amphiphilic nature of PiGoduction of the PEG groups onto BODIPY
scaffold leads to a series of amphiphilic BODIP¥eslyvhich are soluble in both water and organic

solvents (Figure 13°’

OR
H
OR
(6]
OR

Piperidine, toluene
140°C

R = &(CH,CH,0);CHs

Atilgan et al.Chem. Comn2006

o
x= &Y (CHLH01CH;
o

Y = $(CH,CH,0):CH;

Zhu et al.Org. Lett 2010

Figure 13. Structures of PEG BODIPY dyes.

1.3.4.Sulfonation of BODIPY via electrophilic substitorti

In 1969, it was reported by Treibs and Kreuzer that BODIPY derivatives which are free of
subsituents at the 2,6 positions could undergo trelglcilic substitution in presence of
chlorosulfonic acid, which gives the correspondingno or di sulfonated BODIPY dy&in the
90, four 2,6 position sulfonated BODIPY derivativevere synthesized by Boyer and coworkers
(Figure 14a). The sulfonated BODIPYs are highly evagoluble and introduction of sulfonate
groups doesn’t affect the optical properties of B®DIPY dyes’®’® In 2008, Burgess and

coworker restudied and developed this synthesistbyduction of an additional functional group at

13
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the meso position of BODIPY core which allows thee do be conjugated with proteins (Figure
14b)57,7l

a)
)—SOsNa
B
FF
H,O, ©=0.85 H,O, ®=0.85
abs/em =495/ 515 nm abs/em =491/ 510 nm
NaOs— )—SONa
B
F F
® =0.73 (H,0) ® = 0.85 (EtOH)
MeOH, abs/em = 492/ 533 nm MeOH, abs/em = 495/ 515 nm
Boyer et alH eteroat. Cheml1990
Boyer et alH eteroat. Cheml1993
b)

i) CISO3H, CH,Cl,,

-40°C to 25°C, 20 min NH i) HCI, NaNO,,

then NaHCQ 2 0°C, 30 min

ii) NH,NH» H,0, ii) NaNj, H,0, 25°C, 1h
10% Pd/C

EtOH, reflux, 30 min SONa Na

Z > "coon

Cu, CuSQ+5H,0, TBTA
H,O/THF, 25°C, 12h

NaO;S

Burgess et alJ. Org. Chem2008
® =0.49 (H,0)

abs/em =498/ 511 nm

Figure 14. Sulfonation of BODIPY dyes.

In addition, introduction of carboxyli¢;”® a-galactosyceramid®, betainé” or nucleotid&' onto
BODIPY core could also increase the dyes’ wateulsbty. Moreover, the carboxylic acid group is
sensitive to the pH of the environment; hence ghhbe useful as a tool for visualizing the variety
of reactions in living cells. However, the enhaneebtof water-solubility of the corresponding dye

by these strategies was rather modest.
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1.4. Thesis objective and outline

Despite the existing strategies discussed abovehwailow improving the water solubility of
certain BODIPY dyes, some of these require muépstynthesis or hash experimental conditions
(e.g. using chlorosulfonic acid). Furthermore, mafsihese protocols can hardly be applied to more
conjugated BODIPY dyes emitting in the red regidnhe electromagnetic spectrum in the 600 to
700 nm range. Therefore, the main theme of thisishis to develop a general strategy without the
inconveniences mentioned above.

In Chapter II, a two-step protocol was developadtiie synthesis of water soluble BODIPY dyes.
The protocol involves successive introduction ofttakionic sulfobetaines as water solubilization
groups onto the BODIPY scaffold in two separateacpsses. This strategy allows converting the
hydrophobic BODIPYs to the corresponding water Bl@ludyes without hurting their optical
properties. Afterwards, the introduction of funci@ group (ester, functionalized pyrene moiety)
onto the BODIPY core was successfully performed,aspalladium-catalyzed carboalkoxylation or

cross-coupling reaction with the aryl iodide detives (Figure 15).

Figure 15. Structures of sulfobetaine BODIPY dyes.

In Chapter lll, using the two-step water solubitiaa protocol, a set of water-soluble red-emitting
distyryl BODIPY dyes were designed and synthesipedioconjugation applications (Figure 16).
The optical properties of these dyes were evaluateter the simulated physiological conditions
(i.e., phosphate buffered saline (PBS), pH 7.5hwiission wavelength in the 641 to 657 nm
range and quantum yields from 38 to 4%. Afterwaths, bioconjugation of the distyryl BODIPY
dyesA, B, andC with protein bovine serum albumin (BSA) or mona@bantibody (mAb) 12CA5

was effectuated under physiological conditions. phaiminary results show that it is possible to
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get red-emitting fluorescent protein conjugates usyng the newly synthesized water-soluble
distyryl BODIPY dyes. Furthermore, the fluoresceragission of these bio-conjugates is observed
in aqueous buffers without adding aggregate digrg@dditives.

According to the recent research on the two-phatosorption of distyryl BODIPY derivativé§,
the two-photon absorption (TPA) ability of the dyesized water-soluble distyryl BODIPY dize
was evaluated in water and remarkable TPA progedig¢he dye were observed. Afterwards, two-
photon excited (TPE) fluorescence microscopy amréscence lifetime imaging microscopy
(FLIM) experiments were then carried out with thelld living cells with our synthesized water-
soluble red-emitting BODIPY dyd& in biological conditions. The TPE and FLIM images
demonstrate that the dye can internalize within ¢b# without using additional solvents. The
experiments demonstrated no cytotoxicity of the tyéleLa cells. Furthermore, the coloration of
the cytoplasm of the cell was observed but not tkneleus, which might be an important

characteristic for further bio-labeling studies.

Figure 16. Structures of water soluble red emittindBODIPY dyes.

In Chapter IV, we investigated BODIPY bridged pymsHl chromophores. The BODIPY bridged

push-pull system was designed and synthesized &&®@DIPY platform, an electron donor group

16



Chapter I: General introduction

and an electron acceptor group was consecutivehjugated at the 2 and 6 positions of the
BODIPY core. In this molecular architecture, anuced dipole moment is expected due to the
asymmetric charge distribution ofelectrons along the conjugated molecular axis. dptecal and
electrochemical properties of the BODIPY bridgedsippull chromophores, as well as the
nonlinear optical (NLO) properties were investighssd compared.

Interestingly, it was observed that the Knoevenagmhdensation of a 2-position-substituted
BODIPY with an electron-rich benzaldehyde givesgipally regioselective monostyryl BODIPYSs.
The condensation occurs only at the 5-position suth regioselectivity was observed in several

similar reactions and confirmed with a series ohpounds (Figure 17).

Figure 17. Structures of BODIPY based push-pull chmmophores.

In order to improve the ICT strength along the B@BImolecular axis, the strong electron
withdrawing group 1,1,4,4-tetracyanobuta-1,3-diefi€SBDs) derivatives was introduced onto the
BODIPY scaffold by reacting the ethynyl-linked BADis with tetracyanoethene (TCNE). The
ethynyl group undergoes [2+2] cycloadidition andsmquent retro-ring-opening reaction leading to
the TCBDs residue. The non-planarity of the TCBB8sdue with the BODIPY platform efficiently
prevents the formation of aggregates and hencada®wa good solubility of the dyes in common
solvents. This could be a good feature for the gaughchromophores. Furthermore, the optical and
electrochemical properties of the TCBDs BODIPY dyese fully investigated and discussed.
Ultimately, the hyperpolarizability of selected pysull compounds was evaluated by EFISHG
measurement. The TCBDs compounds show interestir@g fésponse. In addition, the interesting
electrochemical properties (especially in reductstaps); the strong CT absorption band in the 500-
700 nm range; as well as good solubility in comrsolvent; the TCBDs BODIPY dyes have are

potential candidates for the study of bulk hetemofjion solar cells.
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CHAPTER I

New insights into the water-solubilization of
BODIPY dyes

1.1 Introduction

An important constraint on organic fluorescent coomds to be used in biological research as
molecular probes is a good water-solubility of thelecule. The BODIPY dyes have been known
for their remarkable optical properties includitggh extinction coefficients, high quantum yield,
sharp absorption/emission bands, and high photolsgaHowever, the poor water-solubility limits
their applications as biological probes. Up to nomly a limit number of BODIPY dyes that are
water-soluble enough to be used in aqueous condjtiand even so the inconvenient synthetic
routes made it difficult to be widely applied. Tefare, it was important to find out a new method
that allows improving water-solubility of BODIPY dg. Moreover, the simplicity of the synthesis
procedures as well as compatibility with the fuoiél groups on the BODIPY core should also be
considered. Keeping those requirements in congdidafaour recent studies on the water-
solubilization of BODIPY dyes will be discussedtive following paragraphs.

The most common way to improve the water-solubibfy organic compound is to introduce
sulfonate groups onto the compound’s scaffold. Timshod has been widely applied on the family
of Rhodamine dyes for biological molecular probésSulfonation of BODIPY core by
concentrated chlorosulfonic acid can be carriedabuihe 2,6 position and gives the corresponding
mono and disulfonated BODIPY dyes, which has beeonted by Boyer and othet81n literature,
several water-soluble BODIPY dyes suitable for Hart bio-conjugation were successfully
synthesized and isolated. However, the poor cotipiis of such harsh experimental conditions
with other functional groups (such as double banple band, aldehyde ...) limit its applications.
We first attempted to incorporate a preformed beagelfonic acid group onto a BODIPY scaffold
in order to improve its water-solubility. The syesis involves introduction of benzenesulfonic ester
groups onto BODIPY’s scaffold via a soft couplirgaction; followed by a cleavage reaction of the
ester group to generate benzenesulfonic acid aarsedablization group.By this method a series

of benzenesulfonic ester BODIPY derivatives wersasfully synthesized. However, the cleavage
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of the protection group is more problematic. Iniddd, the amphiphilic nature of the generated
benzenesulfonic acid BODIPY results in formationagigregates in water and leads to undesired
fluorescence quenchirfg. In the meantime, we were also working on the sé@pproach by post-
synthetic introduction of sulfobetaine grdfiponto the BODIPY core. In this approach, the
zwitterionic sulfobetaine group was generated io sgparated steps. The precursor dimethylamino
groups were introduced at first onto the BODIP Yecat different position; and alkylation reaction
of the dimethylamino BODIPY derivatives with 1,3spasultone in organic solvent gave the water-
soluble BODIPY dyes. This strategy was successfybiglied on several BODIPY derivatives and
gave the corresponding water-soluble dyes with thagh fluorescent quantum yield (0.60-0.80)
and satisfactory overall yields. Soon afterwardisretionalized pyrene group was grafted in meso-
position of the water-soluble BODIPY derivative bpss coupling reaction in order to provide a
larger virtual Stokes’ shift to the dye and a fimeal group for bio-conjugatioh:** These

strategies are now developed in the following sedti

1.2 Incorporation of benzenesulfonic acid group

1.2.1Introduction of benzenesulfonic ester.

The benzenesulfonate ester is commonly used améegroup in organic chemistty:® However

in our case, the benzenesulfonyl derivatives ared u® generate the sulfonic acid as water
solublization group. The benzenesulfonic ester graas primarily introduced onto the BODIPY
core via a cross coupling reaction, and then tleawege of the ester group generates the
benzenesulfonic acid BODIPY derivatives (Figure By this method the synthesis can be
conveniently carried out in the mild organic comatis and allows us to avoid the problem of the

reagent solubility.

CO
== H&R
(0]

o}
BODIPY —I BODIPY —= Q éf OH
i) Cross coupling o]

ii) Cleavage reaction
Figure 1. Introduction of benzenesulfonic acid.

A series of benzenesulfonic ester and benzenestilfi@nivatives (Figure 2) were prepared from 4-
bromophenylsulfonyl chloride according to SchemeMbre importantly, the use of pyrrole or
indole as protection group in the case of N-benzaf@nyl-pyrrole 3 and N-benzenesulfonyl-

indole4, could efficiently keep the sulfonyl group intafttring the Grignard reactio.
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0=S=0 O S—O o: S=

o= S—O
(0] (") (|||)
Br
\ \

Scheme 1. Keys: (i) isobutanol, 2,6-lutidine, 1,2ichloroethane, RT, 70%; or pyrrole, NaH, THF, RT, 76%; or
isoindole, NaH, THF, RT, 67%. (ii) TMSacetylene, TR, benzene, [Pd(PP¥),Cl;] (0.06 mol%), Cul (0.1 mol%),
50°C, 8% to 94%. (iii) KF, methanol, RT, 83% to 97%

OAT@[@

N
0=5-0 0=5=0 =40

0=5=0
Figure 2. Protected sulfonyl/sulfonate compounds 4-

The synthesized sulfonate ester / sulfonyl denestiwere introduced in pseudo-meso position of 8-
(4-iodophenyl)-BODIPY5 via a Sonogashira cross coupling reactibtf> The cross coupling
reaction of the aromatic halide with terminal alkymas promoted by low-valent Pd (0) in standard

condition and gave compoun@s$o 8in 62 to 91% (Figure 3).

NEt, [Pd(PPR)4]

Benzene, 60°C

__________________________________________________________________________________

o ?
X= o:‘s:o o:‘s:o

1 1

1 1

1 1

1 1

' 1 '

1 3 P 6,62%  7,87% !
1 1

1 1

1 1

1 1

Figure 3. Synthesis of sulfonyl/sulfonate ester @, 8.
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It is particularly noteworthy that in the synthesiscompounds, the generated ethyl sulfonic acid
ester was hydrolyzed during the reaction and pita¢gul from the organic solvent. The sulfonic
acid 6 is water-soluble but its fluorescence is totallyenched, but restored by addition of
MeOH/EtOH solvent. This fluorescence quenching kieraof the amphiphilic structural molecule
in water has widely been discussed in the liteegftti? as the consequence of formation of
aggregate or micelle. Sometimes detergents or algmivent was added to prevent the formation
of aggregate and to restore the fluorescéhbet such procedure is not always favorable esfhecia
in protein labeling and live-cell imaging experingn

We also introduced the protected sulfonate grompB-pyrrolic positions of BODIPY dye, the
efficient cross-coupling with the 2-iodo BODIPYa> provided the substituted dyd®-12 in

excellent isolated yields (Figure 4).

=)

A\ [PA(PPR),
2N N / .
o Benzene, TEA, 60°C
FF
9a
D 5D |
‘ Q N N = !
: R= 0=5=0  0-5-0 0=5-0 ' X= |
2 3 4 i 1064%  1175%  12,83% |
{

________________________________________________________________________________________

Figure 4. Structures of compounds 10-12.

As mentioned previously, the pyrrole or indole padéd sulfonic derivative3 and4 could resist to
the Grignard reagents. It is noteworthy that thelaeement of the fluorides on boron in the 4
position of BODIPY by alkyne-Grignard reagents cbwffectively generate the corresponding
boron-ethynyl-substituted BODIPYE{BODIPY)** which have been extensively studtéd®*
Following this approach, the sulfonyl-pyrrole/indolGrignard reagent were prepared from
compounds3 and 4 with EtMgBr in anhydrous THF at 60°C, the resudtianions were then
transferred via cannula to an anhydrous THF solutd the BODIPYs, and gave the boron
substituted dye$3 and14in 72% and 66% isolated yields, respectively (Feghbi).
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— (e

EtMgBr

THF, 60°C

K R
0
. N N :
R= o:‘s:o 0=5=0 I
\
13,72% 14,66%

Figure 5. Synthesis of the boron-ethynyl-substitid BODIPY dyes 13 and 14.

1.2.2 Cleavage of the protection group.

The cleavage reaction of the protection groups agoeto be more problematic. According to
literature the deprotection of N-tosylated indatesld be smoothly achieved in presence of cesium

carbonate in mixture of THF/MeOH at room tempemtiar give free indole angtMePhSQH. %%’

Cs,CO,
THF/MeOH
50°C

Figure 6. Deprotection of compound 8.

In our case, the deprotection of N-pyrrole sulfodygave the sulfonaté’ which was confirmed by
the mass spectrometry analysis (Figure 6). Therifieoatoms are substituted by MeOH via
nucleophilic attack on boron, the similar reactibad also been reportéd.Moreover, the
decomposition of the dye was observed when thdiosais heated over 60°C. Additional attempts
confirmed that the BODIPY dye decomposes in thetunéxof THF/MeOH in presence of cesium
carbonate over 60°C, but not in the mixture gH4{Cl,/MeOH. We carried out the reaction with
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2,6-diethyl-1,3,5,7,8-pentamethyl-4-bora-3a,4a-aiadndacene dissolved in the mixture of
C,H4Clo/MeOH in presence ofcsCO; and stirred at 70 °C for 10 hours, the monacsstuied
compound was isolated after purification in 41% yoéld (Figure 7). The fact that mono-
substitution of fluorine atom of BODIPY with alcohol in such mild condition might be usefor

the synthesis BODIPY dye with an asymmetric bdfofi But indeed, more investigations are still

needed.
Z2ndih e ~N. N_/
—=N. N/ C,H,Cl,/MeOH B’
F,B\F 70°C F OMe

15,41%

Figure 7. Mono-fluoride substitution of BODIPY.

Then we focused on the deprotection of pyrrolefiegmlfonyl compoundsl3 and 14. The
deprotection of compounti3 was effectuated in the mixture of MeOHKHZCI, at 70°C for 10 h.
Compound 16 was analyzed by mass spectrometry and microasal§@gure 8). However,
probably due to the amphiphilic natuté the poor solubility in common solvent makes the
NMR analysis very difficult. Fol4, the deprotection seems even more problematiaefdre, the
deprotection reaction was only achieved in the cafel6. In solution, without accurate
measurement, the compouh@ shows little water solubility; under UV light ntubrescence was
observed by naked eye. Thus, we decided to turatbemtions to an alternative strategy to improve
the water-solubility of BODIPY dyes.

N CSZCO:J, ~p-
7/ \ C,H,Cl,/MeOH 7/ \
70°C
O O O O
\\S\\ //S\// \\S\\ //S\//
N © O N HO © O on
L U
13 16

Figure 8. Deprotection of the pyrrole-sulfonyl compund 13.

1.2.3 Optical properties of the sulfonyl/sulfonic esBEDDIPYs.

The optical properties of the synthesized sulf@wfbnic ester BODIPYs were evaluated and the

spectroscopic data were collected in Table 1. latem, all compounds show a strong-SS; (Tt
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—Tt*) transition aboutA ~ 524 nm with an absorption coefficient of 54000003 M'cm™,
unambiguously assigned to the boradiazaindaceremaphore’®*° At higher energy the weaker
and broad bands centered about 380 nm, can bleustlito the &—S, (Tt —»1t*) transition of the
BODIPY moiety'®* For 13, the stronger and structureless absorption bamehdr230-300 nm can
be attributed to ther—>Tt* transitions of the ethynyl and N-pyrrole-benzariémyl moiety, which

is comparable to the absorption spectra of thengikaryl-substituted BODIPY dyes (Figure '9).
By irradiation at 480 nm, all the sulfonyl/sulforester BODIPYs show intense sharp emission peak
around 534-548 nm with fluorescence quantum yieldching 48-82%. In addition, the cross
coupling reaction at 2 position of the BODIPY camduces a bathochromic shift about 40 nm for
compoundslO, 11 and12, compare to the 4,4-difluoro-1,3,5,7,8-pentamethiora-3a,4a-diaza-s-
indacene (BODIPY 493/503}; whereas the introduction of the benzensulfonyl aties in 8
position or by substitution of fluorides at the #spgion of BODIPY does not cause such

bathochromic shift>*°

14 q1
= Absorption
Excitation
0.8 1 —Emission q 0.8
2
2
o 0.6 1 406 g
s £
3 3
o c
3 2
< 0.4 1 104 3
5]
>
[T
0.2 1 4 0.2
0 T T T T 0
230 330 430 530 630 730

Wavelength (nm)

Figure 9. Absorption, emission and excitation spera of compound 13 in CHCl,.
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Table 1. Optical properties of the selected BODIPdyes.

Compound Aunm)  E(M7.em’)  Ag(nm) @) T(ns)  k(10'SY)  k,(10'sY)

6 (EtOH) 524 54100 537 66 4.3 15.3 7.9
7 (CH,CI) 527 65000 542 48 5.1 9.4 10.2
8 (CH,Cl,) 527 92600 541 64 55 11.6 6.5
10 (CH,Cl,) 523 67000 548 78 4.5 17.3 4.9
11 (CH,CI,) 523 48000 548 79 3.9 20.3 5.4
12 (CH,Cl,) 523 71500 548 74 5.1 14.5 5.1
13 (CH,CI,) 522 103000 534 50 6.9 7.2 7.2
14 (CH,CI,) 523 54000 534 82 6.4 12.8 2.8

a) Quantum yield determined in dilute solution (@&W¥) using rhodamine 6G as referenee €
0.78 in waterhe = 488 nm)*? All @- are corrected for changes in refractive indexk.t8nd k;
were calculated using the following equationss kp-/1, ky = (1-@o)/1.

1.3 Introduction of sulfobetaine onto the BODIPY core

1.3.1 Direct introduction of sulfobetaine via cross clig reaction.

Therefore, employing more efficient water-soluldtibn groupis the crucial point to improve
BODIPY dye’s water solubility. The betaine group® avidely used as a tool in biology and
biochemistry to improve the solubilization of drugsprotein in watet>*° The betaine is a neutral
zwitterionic compound which has a positive chargedup (such as quaternary ammonium or a
phosphonium cation) and a negative charged grough(as carbonate or sulfonate anion) which
may not be adjacent to the cationic site (Figurg T@e zwitterionic character makes the betaine
highly soluble in water. In addition, the intracgdlr accumulation of betaines does not perturb
enzyme function, protein structure and membraregiity>’ Moreover, in biological systems many
betaines serve as organic osmolytes that protdstagainst osmotic stress, drought, high salinity

or high temperatur&+*

| _ _ | | Q _
N ~ - + o)
Figure 10. Several molecular structures of betainderivatives.

The sulfobetaine can be obtained by quaternizatfantertiary amine group with 1,3 propasultone
according to literature procedur®s® The ethynyl-sulfobetaingFigure 11) was conveniently
prepared from 1-(N,N-dimethylamino)-prop-2-yne with3 propasultone in toluene at rt. The
generated sulfobetaine compoymecipitated from toluene during the course ofrémction, and a

centrifugation gave the product pure as a whitegemw
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/ "0sS
—N Toluene, rt \—\;| P
Y———H . N
N — n

85%
Figure 11. The formation of sulfobetaine.

The ethynyl-sulfobetainean easily be linked to 8-iodophenyl-BODIPY derives through the
Sonogashira cross-coupling reaction in DMF catalybg low valent Pd(0) (Figure 12). The
compoundl8 and19 were purified by flash chromatography on silicd abtained in 70% and 30%

yields respectively.

NEtz, [Pd(PPR),]

DMF, 60°C

NEts, [PA(PPR) 4]

DMF, 60°C

—0 19,30% O—

Figure 12. Synthesis of the compounds 18 and 19.

1.3.1.1 Optical properties of9.

The optical properties of the sulfobetaine BODIP&/and19 were evaluated and the spectroscopic
data were collected in Table 2. Fb8, the dye is slightly soluble in water. The evalmatwas
carried out in both water and EtOPiHowever, the fluorescence quantum vyield is raktwerdue to
aggregation. Such aggregation totally disappeardtt®H, indicating the amphiphilic nature of the
dye. For the blue dy&9, in EtOH solution, the spectra of the dye correspuery closely with
those of distyryl BODIPY derivatives (Figure 13f° In the absorption spectra, the lowest energy
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absorption maxima centered at 643 nm correspondbdoy —S; (1T —T1*) transition of the
BODIPY core with an absorption coefficient of 470@0'cmi®. In addition, a small hypsochromic
shift about 7 nm was observed for this absorptiands in comparison with the excitation spectra
(excited at 664 nm), probably due to the tenderddh® dye to aggregate in EtOH. The absorption
band centered at 371 nm can be assigned torethe* transitions of the conjugated styryl
moieties?® The results indicated that these two first sulfalve BODIPYs are not highly soluble in
water and tend to form aggregates due to their grhpic character. Thus, it appeared necessary to

introduce hydrophilic substituents onto the aromatire of the dyes.

1- ) q1
=— Absorption
Excitation
= Emission
0.8 4
P
@
L 0.6 1 Q
c £
S 3
o [
8 / g
< 0.4 -1 @
‘ S
\ >
\ T
0.2 1 \
\\ —
O L] L] L]
240 340 440 540

Wavelength (nm)

Figure 13. Absorption, emission and excitation sp&@ of dye 19 in EtOH.

Table 2. Optical properties of compounds 18 and 19.

Compound Ay (nm) €M™Mem?) A (hm)  @(%)°  t(ns)  k(10'sY k. (10'sh

18 (EtOH) 501 77600 512 43 2.6 16.5 21.€
18 (H,0O) 496 75500 511 20 3.2 6.3 25.0
19 (EtOH) 643 47000 660 60 4.7 12.¢ 8.5

a) Quantum yield was determined in dilute solutf@r10°M) using rhodamine 6Ggt = 0.78 in
water, Aexc = 488 nm)or cresyl violet as reference:(= 0.51 in EtOH)Aex = 578 nm)*? All ¢- are
corrected for changes in refractive index. bakd kg, were calculated using the following equations:

kr = @1, kar = (1-@)/T.
1.3.2 Post-synthetic introduction of sulfobetaine.

In order to prove the generality of the previoudBveloped method, the sulfobetaine group was
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introduced to a large aromatic chromophore pyrélitee pyrene and its derivatives have been
widely used and studied as fluorescent dyes inobidl”*° It will be useful to improve its water

solubility, hence a similar two step protocol wasidned to solubilise the pyrene in water: (i) use
1-dimethylamino-2-propyne cross-coupling; and diigternization of the dimethylanimo derivative
with 1,3-propane sultone in apolar condition pregidhe zwitterionic fragment (betaine). Both
steps are straightforward and compoug@sand21 were obtained in excellent yields, providing a

water soluble pyren2l(Scheme 2).

/\ l‘\l/ N/ N\
Br Z ) (\sgo C2
o O . H
[Pd(PPR)4], NEt3 Cy
I Benzene, 60°C ‘O Toluene, 60°C O‘

20,62% 21,81%

Scheme 2. Synthesis of pyrene 21.
1.3.2.1 X-ray analysis of sulfobetaine pyrer#d.

Single crystals oR1 suitable for X-ray analysis was grown by slow uibon of the saturated 1
vapour into a solution d?1 in mixture of MeOH/HO. The x-ray analysis confirmed the expected
structure (Figure 14), with a €C distance of 1.185 A and the puckered sulfobetahmin folded
back towards the pyrene ring. The mean plane oflti®betaine chain lies close to that of the
ethynylpyrene unit, the quaternary-N and sulforfatatoms lying approximately 1 A to opposite

sides of this plane.

Figure 14. Single crystal structure of 21, displageent ellipsoids are drawn at the 30% probability level and H
atoms are shown as small spheres of arbitrary radii

Interestingly, one molecule-B per pyrene unit was observed in the lattice. Nloae there is also a
short contact of O1W to C16A of 3.266 A, though theter) oxygen atom lies well out of the

plane of the ring and thus the interaction may foe- 6O character. This water molecules is clearly
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involved in H-bonding to sulfonate-O2 (O---O 2.8Q3and has another short contact of 3.319 A to
C2 in an adjacent column. Moreover, within theit¢attthe molecules form columnar stacks parallel
to a (Figure 15) with the pyrene substituent orientatatternating down the column. The pyrene
plane is inclined at 20.5° to axasand alternates in orientation from one columrn®rext. While
n-stacking is commonly observéu the solid state structure of pyrene and itsvégies™>>°and ,

in the present case, the rings in the columns dovaxisa are close to parallel (mean dihedral 2.5°)
and separated by only 3.5 A, consistent with suthngeraction, analysis of the structure using
Hishfeld surfaces generated with crystal CrytalBrgf* indicates that-stacking is less important
than interactions of the peripheral hydrogen at@nubably involving CH---O bonding (note that

there is some evidence that the ethyne unit islwegbin interaction with an adjacent pyrene ring).

@ )
Figure 15. Left side. Non-centrosymmetrica-stacked pairs viewed down the axis-a. In grey, metule at position
x-1/2,y, 1/12-z; hydrogen atoms are omitted for chity. Rigth side. Enlarged view of the crystal packng down the

axis-a. The water molecules are omitted for clarity

Thus, within a column, there are intermoleculartaots such that C16A is 3.502A from (sulfonate)
03, with C6A 3.596 A from the same oxygen, whiléween columns, again the same sulfonate-O
has a contact to C5A of 3.502 A. In any case, tishifeld surface properties indicate that strongest
lattice interactions are those between the zwdaiti arms, which from head-to-tail arrays (i.e.,
anti-parallel alignment of the dipoles) in columalso parallel toa. interactions between the
formally oppositely charged ammonium and sulforeaetres appear again to be mediated through

CH---O interaction.

1.3.2.2 Optical properties of sulfobetaine pyrene.

The optical properties of the water soluble sultalvee pyrene21 were then investigated in both
water and DMF and the data were collected in TahleGenerally speaking, no significant
difference was observed in both solvents. In soiytithe electronic absorption spectrum 2df

exhibits characteristic—m]transitions corresponding to the differen{ S, and S excited states
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respectively from high to low energy (Figure 18)n the emission spectra, the strong emission
peak was observed centred at 385 nm, corresponditite emission of the pyrene moiety. This
emission spectrum mirrors that of the absorptionciviis typical of a singlet excited state. The
excitation spectra match the absorption spectrawalg concluding that all the transitions
contribute to this emission. However, the signfiitta weaker values of extinction coefficient
observed in watere( 30600) compared with that of in DME, (39000) is probably due to the
presence of aggregates in solvents (Table 3). Begl that, the efficient solvation of the
zwitterionic unit has proved to be sufficient tegioverall solubility to the hydrophobic compounds.
Furthermore, this two-step sulfobetaine pyrenelsgis allows establishing a new synthetic route
to incorporate efficiently and conveniently a sbitaine moiety to a chromophore under mild

operation conditions.

1.2 - ;1 1.2
— Absorption \*,MSO
. . \
= EXxcitation I
1 4 — Emission O‘ 41
8 o9
% 08 “1 21 “1 08 ’E
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2 2
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5 2
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S 0.4 4 T
Z
0.2 4
0 L) L) L)
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Figure 16. Absorption, emission and excitation spé@ of dye 21 in Water.

Table 3. Optical data of sulfobetaine pyrene 21.

Compound Ags(m) e Miem®)  Aen(m)  @(%) 1(ns) k, (10'sY) k., (10'sh
21 (H,0) 359 30600 385/405 32 11.6 2.8 59
21 (DMSO) 365 39000 387/407 38 17.4 2.2 3.€

a) Quantum yield determined in dilute solution (@R) using quinine sulfate as refereneg €
0.55 in 1M HSOy, Aexc = 366 Nm)*? All @ are corrected for changes in refractive index; #nd
knr were calculated using the following equationss k/T, knr = (1-@)/T.
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1.3.3 Post-synthetic introduction of sulfobetaines da€@DIPY core.

1.3.3.1 Synthesis oB-pyrrolic sulfobetaine BODIPY.

Following the two steps synthesis protocol desdriéieove, the cross coupling of 1-dimethylamino-
2-propyne with the BODIPY&a™ afforded compound®2 in 82% vyield. Then the subsequent
alkylation with 1,3-propanesultone provided thefcttaine BODIPY dye&3 in 78% vyield. The

use of a non-polar solvent allows the sulfobetalge to precipitate from the solvent during the
course of the reaction, and then isolation is fdadby a simple centrifugation without additional
treatments. It is noteworthy that direct cross diogpof the ethynylsulfobetaine with the BODIPY
9ain DMF did not give the target betaine BODIRS, but a rather complicated mixture of highly

coloured and non-fluorescent compounds that wefiewdt to separate properly.

N
/\4\j
SO;
Z = =
L )t PdPPa \ / L )=
B B N
T DMF, TEA, 8076\ Eo /\\j B
9a 23.78% 5%
:‘\
Ni
/ L
S=0
Pd(PPR),CLL. Cul ¢ T T y = C
[PA(PPR),C,] _N. N/ — N O
Benzene, TEA, 60°C FE / Toluene, 58°C

22,88%

Scheme 3. Synthesis of BODIPY dye 23.

Using the 2,6-diiodo-tetramethyl BODIPY dy@b,* the disulfobetaine BODIPY dy&5 was

conveniently synthesized following the same prokoco

__\
N_
/
S [PA(PPR),Cl], Cul  —n
| | _
NN N Benzene, TEA, 60°C

SO

25,58%

Scheme 4. Synthesis of BODIPY dye 25.
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1.3.3.2 Optical properties of thp-sulfobetaine BODIPY.

The photophysical properties of tResulfobetaine BODIPY dye23 and25 were evaluated and the
data were collected in Table 4. F28, the optical properties were evaluated in bot® Fand
DMSO (Figure 17). In order to avoid the overestiorainf the fluorescence quantum yield due to
the low solubility of the dye in 0, only the data measured in DMSO were given inerdb In
solution, the dy@3 exhibits similar spectral properties as standa®DBYs A blue shift about 5
nm was observed in both absorption and emissioctrspa HO, compared with those in DMSO.
For the dye25, the optical properties were evaluated under satedl physiological condition [i.e.,
phosphate-buffered saline (PBS), pH 7.3] (Figurg 18 PBS solution, the electronic absorption
spectrum oR5 exhibits BODIPY characteristic: the narrow and phaipsorption peak at 521nm is
typical of § —S; transition. In emission, the intense emission peatentered at 540 nm with a
high quantum yield of 82 %. The excitation speatratch the absorption spectra proving the
absence of aggregates. In addition, the quatermizat the dye24 with 1,3-propanesultone results
in a hypsochromic shift about 22 nm in both absorpand emission spectra, and a higher quantum

yield.
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Figure 17. Normalized absorption and emission spee of compound 23 in HO and DMSO, respectively.
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Figure 18. Absorption, emission and excitation spé@ of compound 25 in PBS.

Table 4. Optical properties of thef3-sulfobetaine BODIPY dyes.

Compound Ags(hm) g (Mtcemiy)  Aem(m) (%) t(ns) k (10'sY) k., (10'sh

23(DMSO) 506 44700 529 80 7.2 11.1 2.8
24(CHCl) 543 38000 565 54 ] ]
25 (PBS) 521 58800 540 82 5.1 16.1 3.

a) Quantum yield determined in dilute solution (@&M) using rhodamine 6G as referenee €
0.78 in waterhegy = 488 nm)32 All @- are corrected for changes in refractive indexk/gnd k,
were calculated using the following equationss KT, ky = (1-@)/T.

1.3.4 Synthesis of boron-ethynyl-substitued sulfobet&QDIPY.

Finally, this two steps synthesis was applied taftgsulfobetaine residues onto boron using the
corresponding ethynyl Grignard reagent (ScheménShe synthesis of dy27, the dimethylamino
moieties were successfully introduced onto boronrdglacing the fluorides with the Grignard
reagent of 1-(N,N-dimethylamino)-prop-2-yne. There tquaternization of the boron-ethynyl-
substitued dimethylamino BODIPZ6 with 1,3-propasultone gave the boron-ethynyl-Stuoesd

sulfobetaine BODIPY dy27 which precipitate during the course of the rearctio

N\ 00
N\ y \\S//
= o)
pa N _ EtMgsr L
_N. N/ / \
B
D8 THF, 60 @ / \\ Toluene RT \& 1‘11/
035 503

9
26, 55% 27.78%

Scheme 5. Synthesis of BODIPY 27.
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1.3.4.1 Optical properties of BODIPZ7.

The BODIPY27 was found highly water-soluble, its optical prdpes were evaluated in pure water
and the data were collected in Table 5. In solyttba electronic absorption spectrum exhibits the
characteristic strongeS-S; (Tt —T17*) transition absorption peak at 510 nm with a malasorption
coefficients of 63000 Mcm™, unambiguously assigned to the boradiazaindacenemmphore
(Figure 19). The weaker and broad absorption b&édsntered at 368 nm can be attributed to the
S —S,; (m—71r) transition of the BODIPY core. The intense enusspeak centered at 528 nm
with a high quantum yield of 81% and a fluorescelifeéme of 9.2 ns are in keeping with a singlet
excited state. In addition, the excitation speatigtch perfectly the absorption spectra proving the
absence of aggregates. Interestingly, in aqueondittan the sulfobetaine moieties on the boron
does not affect the BODIPY’s optical propertiesaling to the non-boron-substituted BODIP¥Ys.

Table 5. Optical properties of BODIPY dyes 26 and 2

Compound Agp(nm)  E(M7Temi)  Agn(nm) @) t(ns)  k (10SY) Ky (10'sY
26 (CHCl) 515 69400 532 40 9.4 4.3 6.4
27 (H,0) 510 63300 528 81 9.2 8.8 2.1

a) quantum vyield determined in dilute solution (@&¥) using rhodamine 6G as referenge (
= 0.78 in waterhexc = 488 nm)*? All @- are corrected for changes in refractive index; @nd
knr were calculated using the following equationss k:/T, knr = (1-@)/T.
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Figure 19. Absorption, emission and excitation spé@ of dye 27 in H,0.
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1.4 Functionalization of sulfobetaine BODIPY dye.

So far, we have established new synthetic routew&ter-solubilisation of the BODIPY dyes using
sulfobetaine residues in different circumstancdse Two-step sulfobetaine BODIPY synthesis is
required to first graft the N,N-dimethylamino-2-psme fragment either on the dipyrromethene
core or on the boron and then quaternize the tgrteanine centre with 1,3-propasultone.
Interestingly, in all cases the optical propertegs retained with respect to the non-substituted
BODIPYs. This protocol may open the door for thejieeering of fluorescent dyes in agueous
medium, and to the engineering of a vast rangeesf water-soluble BODIPY derivatives. By
extension of these protocols, we were particularigrested in engineering water-soluble BODIPY
dyes suitable for applications in fluorescent labgl Therefore we moved on to the introduction of
a functional group to the BODIPY scaffold, whicloats grafting the dye specifically onto proteins

or peptides.

1.4.1Synthesis of the BODIPZ9.

Following the two step synthesis protocol, the pidenyl BODIPY 29 was synthesized with

satisfactory overall yields according to Scheme 6.

L
(o
o]

_—

Toluene, 60 °C

0sS 29,62% SO

28,63%

Scheme 6. Synthesis of the BODIPY 29.

1.4.1.1 Optical properties of the dyz9.

The optical properties of the BODIPX9 were evaluated in both PBS (phosphate-bufferedesal
(PBS), pH 7.3) and ethanol, and the data were ateliein Table 6. The absorption spectra of the
dye29in PBS exhibit two absorption peaks at 519 andri@7 the latter transition is characteristic
of an aggregate which disappears in EtOH solveigu(é 20). Nevertheless, in emission spectra a
single emission peak was observed in both PBS &#i &t about 532 nm with quantum vyields of
61% and 71%, respectively. Note that in PBS theitatxan at 567 nm does not cause any
fluorescence of the dye. Moreover, the excitatipectra of the dye in both PBS and EtOH do not

perfectly match the absorption spectra in EtOH. disaccord between the absorption and emission
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spectra of the dye in PBS is likely regarded in tbkowing way. In aqueous condition the
aggregation of the BODIPY dye observed in absonptisomore likely non-emissive, therefore in
emission and excitation spectra, only the emissinmomer of BODIPY dye was observed. In
addition, the rather low extinction coefficientttie dye in PBS is probably due to the formation of

aggregate in aqueous condition.
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Figure 20. Normalized absorption and emission speet of 29 in H,O and EtOH.

1.4.2 Synthesis of the ester BODIRBY.

According to the literature and the know-how of taboratory, a functional benzoic acid ester
group could easily be formed from the aromatic delthrough a carboalkoxylation reaction
promoted by a catalytic amount of [Pd(B)261,].>>>° The ethyl esteBO was formed in situ by
reacting the aromatic iodid29 dissolved in ethanol (served as both reagent ahcerst), with
carbon monoxide at 70°C at atmospheric pressupeeisence of a tertiary amine as base and 5% of
[PA(PPR).Cl,] (Scheme 7). The generated ester group is a stabtgional group that is suitable
for the storage of the dye, and can be easily avedd¢o the carboxylic acid by saponification. The
carboxylic acid functional group can be activatesing sulfonate succinimide reagents and then
linked to amino groups on proteins or DNA-derivasy’

The optical properties (#0 were evaluated in ethanol and the optical dat@ wellected in Table 6.
In solution, the optical spectra 80 were comparable with those of d®8. The introduction of an
ethyl ester group doesn'’t affect its spectral proge (Figure 21). However, the drop of extinction
coefficient €) and quamtum yieldg) were both observed, probably due to the formatiodimer

in solvent.
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COOEt

CO, [Pd(PPR,Cl,]

TEA, EtOH, 70°C

035 SO
2 30,53%

Scheme 7. Synthesis of the ester BODIPY 30.

Table 6. Optical properties of BODIPY 28, 29 and 30

Compound Ay (nm) €Mtem’)  Ag(hm) @@  t(ns)  k(10SY) k., (10sY

28(CH,Cl) 521 57000 532 48 6.6 7.3 7.9
29(H,0)  519/567  28000/16800 530 61 7.0 8.7 5.6
29 (EtOH) 521 8010( 532 75 7.2 10.4 3.5

30 (EtOH) 521 15400 532 47 - - -

a) Quantum yield determined in dilute solution (@&¥) using rhodamine 6G as referengge (
= 0.78 in waterhexc = 488 nm)*? All @ are corrected for changes in refractive index; @nd
knr were calculated using the following equationss k/T, knr = (1-@)/T.
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Figure 21. Normalized absorption, emission and ekation spectra of 30 in EtOH.
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1.4.3 Synthesis of a watersoluble ‘cassette’ BODIPY.

The water-soluble dy80 with an additional ester group for the bioconjaatwas synthesized and
its optical properties were evaluated. However, risatively small Stokes’ shift (the difference
between the absorption and emission maxima) of BODHye might be disadvantageous in
biological labeling experiments. A narrow-band €filtwill be needed to analyze the emission
spectrum and to separate them from the excitabarce, which will consequently result in an extra
cost during the use of the apparatus and a losgpErimental sensitivitie¥.

A common approach to enhance the Stokes’s shifieast in a virtual sense, is to make use of
electronic energy transfer between two dyes teth&wgether via a covalent link; one taking the
role of energy donor and the other being the accept>>®According to recent researches, grafting
of a pyrene unit onto the 8-meso position of BODIgYaffold can effectively enhance the virtual
Stokes’s shift of the dy¥.

Therefore, a new synthetic route was designed harece the Stokes’ shifts of the dye (Figure 22).
The retro-synthesis consisted of two parts: th& firvolves in functionalization of the pyrene unit
with a terminal ethynyl group for the cross cougliand an additional functional group for the
bioconjugation; and then the functionalized pyremat will be introduced onto the BODIPY
scaffold. The pyrene moiety serves as the energprdand functional group for bioconjugation,
while BODIPY moiety is the energy acceptor andtigitter.

A functional group

for bioconjugation H
\ OR Input signal N ‘O o
° - SO

Energy
transfer

Water-soluble
Probe

Figure 22. Retro-synthesis of the pyrene sulfobetaé BODIPY cassette.
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1.4.4 Synthesis of ester pyre38.

The 1,6-dibromopyrene was used as starting matératarboalkoxylation reaction was carried out
under standard condition to convert the aromatieriie into ester group and gave the mono-ester
pyrene 31 in 35% isolated yield. The diethylene glycol morethyl ether was used as the
nucleophilic alcohol in order to facilitate the pization of the yielded mono-ester pyrene from the
di-ester pyrene and starting material. Followed8onogashira cross-coupling reaction the pyrene
31 was converted to TMS-ethynyl pyre@2 The trimethylsilyl protecting group was then remd

by using KF in a methanol/THF mixture to give tloetylene pyren83 (Scheme 8).

HO\/\O/\/O\
o ‘O _ IpdpPcl, co BrO\ conc ]
O Toluene, TEA, 90 °C o

31,35%

o. o 0._0
™ (C2H0)CHs *(CH40),CHy
[Pd(PPR)4]
‘O KF TMSacetylene
‘ MeOH/THF OO Toluene, TEA. 60 °C

T™MS
33,91% 32,42%

Scheme 8. Synthesis of pyrene 33.

1.4.4.1 Optical properties of the pyreR8.

The optical properties of pyrei3@ were evaluated in CGi&l, and the data were collected in Table 7.
In solution, the electronic absorption spectrumileixithree characteristic absorption bands centered
at 369, 296, and 240 nm, safely assigned torttiéltransitions of pyrene- moiety. However, the
lowest energy absorption bands centered at abduinB86is less structured, probably due to the
overlapping between ,S—S; transition of the pyrene and thre-mitransition localized on the
alkyne fragment. A well structured characterisfipgrene emission band was observed centered at
400 and 422 nm with a quantum yield of 59%. Theitaion spectrum matches the absorption

spectrum and confirms that all the transitionsiavelved in the emission spectra.
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Figure 23. Absorption, emission and excitation spéra of compound 33 in CHCl,.

1.4.5 Synthesis of the ester pyrene BODIBY.

Dye 35 could be prepared by using two convergent syrdhagiproaches. The first protocol
involved a cross-coupling reaction of BODI28 with acetylene-pyren8&3 via a Sonogashira
reaction under standard condition leading to compo84 in 78% yields. Followed by a
quaternization 084 with 1,3-propanesultone to give the pyrene-sulfaine BODIPY35. However,
the quaternization reaction generated both the nambthe bis-sulfobetaine compounds, which
were difficult to be isolated due to similar potgriTherefore the synthesis was carried out via a
cross-coupling reaction of pyrer83 with the BODIPY dye29 to afford compound5 in 52%
yields.
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Scheme 9. Synthesis of pyrene BODIPY 35.

1.4.5.1 *H NMR characterisation of ester pyrene BODIBY.

The'H NMR spectra of compoun86 was carried out in a mixture of GOD/CDCL/D-0, due to

its amphiphilic nature (Figure 24), and confirms iolecular structure. The integration of 8H
observed around 9.1-8.5 ppm is attributed to threny subunit; the integration of 2 protons and 2
protons observed at 7.9 and 7.4 ppm is unambigyeaitisibuted to the AB system of phenyl group.
The integration of 12H at 3.1 ppm is assigned &ftlur methyl groups of the ammonium moieties.
The integration of 4 protons and 4 protons at 2288 2.4 ppm, respectively, belonging to the
methylene groups of the GHCH,-SO;™ chains, which confirm the formation of the sulfabee

residues.
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Figure 24.'H NMR 400 MHz spectra of the ester 35 in CBDD/CDCI4/D,0.

1.4.5.2 Optical properties of compourdb.

The optical properties of compourd® were evaluated in EtOH, and the data were colleote
Table 7. In absorption spectra, the relatively sharp gitsmm band centered at 521 nm with a
shoulder at 488 nm is safely assigned to thes,Stransition of BODIPY, with an absorption
coefficient of 57000 Mcm™. At higher energy region, three broad absorptiands located around
330-430nm and 300 nm can be assigned torttr@)(transition localized on the pyrene subunit. By
excitation in the BODIPY at 488 nm, a single shamgssion peak was observed centered at 535nm,
corresponds to the emission of the BODIPY moietthwai quantum yield of 38%. By excitation in
the pyrene absorption region at 370 nm, no resifiuatescence emission was detected within the
spectral region of 400-500nm from the pyrene umit, only the emission peak of BODIPY was
detected. The excitation spectrum recorded at &2%srin excellent agreement with the absorption
spectra, proving that the energy-transfer from plyeene subunit to the BODIPY moiety is
quantitative and very fast.Moreover, the irradiation within the absorptiogign of BODIPY dye

at 498 nm give a quantum yield of 38%, and thaliaton within the absorption region of pyrene
unit at 362 nm (where BODIPY moiety has little atpdimn) provides a similar quantum vyield of

38%, indicating a very efficient intramolecular emetransfer. The mechanism of energy transfer
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between the pyrene and BODIPY moiety is likely doea good spectra overlap between the
emission of pyrene unit and thg-SS; transition bands of BODIPY moiety localized aroustsD
nm. Likewise the energy transfer process is in @onity with the frame of the Forster theory based

on a dipole-dipole mechanist?>®°
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Figure 25. Absorption, emission and excitation spé@ of 35 in EtOH.

Table 7. Optical properties of the selected compouis.

Compound Apnm)  EM7emi))  Agn(nm)  ©(%)F  T(ns)

33(CH,Cl,) 394/369  17800/33000  400/422 59 -
34 (CHCl,) 522/404  46900/32400 535 54 -
35(EtOH)  521/402  57000/35200 533 38 -

a) Quantum yield determined in dilute solution (@&M) using rhodamine 6Ggt = 0.78 in water,
Aexc = 488 nm)or quinine sulfate as referenag: € 0.55 in 1M HSQy, Aexc = 366 Nnm)*2 All @ are
corrected for changes in refractive index.

1.4.6 Synthesis of the acid compougé

The saponification 085 was carried out in EtOHAD in presence of NaOH at room temperature
over 10 hours and gave the a@d6 in 30% of isolated yield (Figure 26). Thus, we caed to
produce a partially water soluble cassette dyenpiaiey capable of fluorescent in aqueous media

with large virtual stokes shift and carrying ani#éiddal functional group for bioconjugation.
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NaOH

EtOH/H,O, RT

35 36, 30%

Figure 26. Saponification of compound 35.

However, the amphiphilic structure of the dye letmi® modest solubility in water and common

organic solvents. Therefore, further functional@at has been envisaged. It is expected to
overcome these drawbacks by grafting a supplemeptaysulfonated peptide linker onto the acid

group via an acylation. This strategy has beenntgceuccessfully applied on a series of BODIPY
dyes in collaboration with I'équipe de Chimie Bigg@nique (COBRA) at Rouen UniversftyThe

functionalization and characterization of the maleds currently in process.

1.5 Conclusion

In this chapter we focused on overcoming the hylobgc character of BODIPY dyes for the use of
such dyes in aqueous conditions for bio-labellidgring our research, a two-step synthesis was
designed to incorporate the water-solubilizatioougr (sulfobetaine) onto the BODIPY scaffold: by
first grafting the 1-dimethylamino-2-propyne fragmeither on the dipyrromethene core or on the
boron and followed by a quaternalization of theidey amine with 1,3 propasultone. This strategy
has been successfully applied on several BODIPY @yel leading to the corresponding water-
soluble dyes. Interestingly, in all cases the @ptproperties are retained with respect to the non-
substituted BODIPYs. Moreover, we demonstrated @l tvat the introduction of a functionalized
pyrene unit onto the sulfobetaine BODIPY scaffold & cross-coupling reaction could effectively
enhance the virtual Stokes’ shift. However, the kipipilic nature of the hybrid pyrene sulfobetaine
BODIPY dye leads to a poor solubility in water. ther functionalizations are in process to obtain a

water-soluble BODIPY dye with large stokes’s shiftat is suitable for bioconjugation.
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CHAPTER I

Synthesis of Water-soluble Red-emitting
BODIPY dyes

1.1. Introduction

In this chapter, we aimed to design and syntheainew series of water-soluble BODIPY dyes
emitting in the red spectral region, besides antiatél functional group for labeling antibodies or

proteins.
1.1.1. Commercial available water-soluble red-emittingoflophores

Generally speaking, the red color to human eyebaslight of wavelengths in the 630-740 nm
range and the red/near-infrared from 630 to 900 spactral region. In biological labeling, the
scattering and absorption of the light by tissueshis spectral region is remarkably reduced, the
background signal from cellular autofluorescend@0¢350 nm) is also minimized® Hence, the
red-emitting fluorophores offer a better resolutiamd contrast in the biological labeling
experiments. Therefore the red-emitting dyes aghlizidemanded in the field of fluorescence-
labeling. Red-emitting, high fluorescence quantuieldy (8), high absorption coefficiente),
relatively long lifetimes 1-5ns), high photostability, good water-solubility, damn additional
functional group for bio-conjugation, all these pedies are required for an ideal bio-labeling
fluorophore®*° In practice, however, all these requirements cardlit be fulfilled by a single

molecule.

Commercially available Red-emitting fluorescent slgeich as rhodamine dyes, Texas Reg €
615 nm), Alexa 594Nem = 617 nm), Alexa 633\¢m = 647 nm), Carbocyanine dyes such as Alexa
647 Q\em =672 Nm) and Cy 5.5\{m = 694 nm), Carbopyronine dyes Atto 63%(= 659 nm) and
Atto 647N Qem = 669 nm) (Chart 1 and Table 1), designed frorfedéht chromophore families
have been wildly used for different biological libg purpose<:®*! The rhodamine dyes are
known for their chemical stability and brightneasguite humber of red-emitting rhodamine dyes
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Chapter Ill: Synthesis of water-soluble red-emgtBODIPY dyes

were designed by different chemical modificatiohke research aim to shift the emission of the
dyes to the red region while keeping their suitapteperties for bio-labeling is still under
investigation’ Alexa 647 dye is similar to the Cy5 dye with resip® absorption maxima, Stokes’
shifts, and extinction coefficients, but more stabhd shows better performance in bio-labeling
analysis according to the literatfr@n the other hand, the cyanine dyes usually hatrer short
fluorescence lifetimes of about 1ns and low quanyigtd, which are inconvenient in certain time-
resolved fluorescence imaging technigtfeshe Carbopyronine dye Atto 647N is more photostabl
with a rather high quantum yield compare with tlyargne dyes, but its low polarity leads to
difficulties in biological essayS. Recently, new carbopyronine dye has been syn#éwsimd

reported with good water-solubility and suitable ti@o-conjugatiorf.

-03 O O - O‘O b “ O;
N
'II: ;f I i: :'l' N N
)N NN N ‘

|
(CHp)sCOOH (CH)5COOH

Cyanine dye Cy 5 Al 635 Atto 647N

- Abs/Em = 635/659 nm 0
ADs I = 6501670 nm 02025 Abs/Em = 644/669 nm
=0 ' 9=0.65

COOH

Alexa 633 Alexa 594 isomer | Alexa 594 isomer Il
Abs/Em = 632/647 nm Abs/Em =590/617 nm Abs/Em =590/617 nm
¢=0.66 ©=0.66
R
HOSS SOH
R ! NS ‘
'\{ \ HO,S(H,C)y (HC)a
(CHp)sCOOH (CHz)sCOOH (CH,)sCOOH SOy
HN
Cyanine dye Cy 5.5 oﬁo Alexa 647
Abs/Em = 674/694 nm BODIPY dye Abs/Em = 651/672 nm
¢=0.23 Abs/Em = 630/650 nm ¢=0.33

Chart 1. Structures of the commercially available ed-emitting fluorescent dyes:***4*

Contrary to the cyanine and rhodamine family, oalyimited number of water-soluble and bio-
conjugable BODIPY derivatives are now availaliié? In 2006, Atilgan and coworkers reported the
synthesis of the first water-soluble NIR fluorescB@DIPY dye by introduction of several PEG-
type linkers onto the @&esephenyl and 3,5-distyryl moieties of BODIPY cdre.Further
functionalization with dipicolylamine ligand hasaded them to design a sensitive and selective

ratiometric chemosensor for Zn(l1) ioffsHowever, the lack of an additional functional godior
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bio-conjugation limits their use as a bio-labeliragent. Anionic and cationic substituted,BF
chelated tetraarylazadipyrromethene derivatives-@@DIPY), bearing sulfonic acid, carboxylic
acid or quaternary amine moieties have been syia#€S However, the location of two water-
solubilization groups on the same side (top or dmjt of the aza-BODIPY scaffold led to

amphiphilic-like structures which are fluorescentyoin aqueous solution containing additives that

disrupt aggregates.

Table 1. Optical properties of commercially availale red-emitting fluorescent dyes. The data above we cited

from the reports”***?°r provided by chemical suppliers®?".2®

Name Aaps(MM)  Agn(nm)  ex10° Mem™) @ (%) 1(ns) Solubility Provider
BODIPY® 630/650 625 640 1.01 "good" 3.9 (HO) DMSO, MeCN Invitrogen
Atto 633 629 657 1.3 64 3.2(H,0) DMF, DMSO Atto-tec
Atto 635 635 659 1.2 25 1.9 MeCN Atto-tec
Atto 647N 644 669 1.5 65 3.4 DMF, DMSO Atto-tec
Alexa® 633 632 647 1 - 3.2 DMSO, HO  Invitrogen
Alexa® 647 651 672 2.7 33 1 DMSO, HO  Invitrogen
Cy’5 647 633 25 27( PBS) 1 (PBS) H,O GE Healthcare
Cy®5.5 674 694 1.9 23( PBS) 1(PBS) H,O GE Healthcare
Texas Red 589 615 0.85 - 4.2 H,O Sigma-Aldrich

Recently in 2009, we developed two strategies t@duce the sulfonate groups onto the BODIPY
scaffold (discussed in Chapter Il) to improve itdubility in water?**° The first one lies on
introduction of polysulfonated linkers derived fromsulfof3-alanine peptide'® (discussed in
chapter 1) onto the BODIPY scaffolds by post-sytithacylation reaction. The second approach is
based on the formation of polar zwitterions by ibaction of propargylamine BODIPY derivatives
with 1,3-propanesultone. Both methods could beegodsf applied on the green-emitting BODIPY
derivatives and enable the dyes to be totally delubwater without affecting their photo-physical
properties. However, the attempt of introducing plodysulfonated linker on the pseudo-meso 8-
position of Red-emitting distyryl BODIPY scaffolédds to fluorescence-quenching of the dye in
water due to the formation of aggregates as destibeviously. Thus, in this chapter, we focused
on resolving this problem and designing a new raofjeed-emitting water-soluble BODIPY

derivatives for bio-labeling applications.
1.1.2. Red-emitting BODIPY

In the last decade, considerable efforts have lieslicated to the functionalization of BODIPY
dyes’ to more sophisticated one for which the ghitsmm and emission spectrum is shifted to longer

wavelengths by extending the aromatic core.
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Many Red-emitting BODIPY analogues (Chart 2) weegedoped by using several approaches: (i)
pyrrole-based starting materials leading to monejugated BODIPY derivate®;* (ii) aromatic
ring-fused BODIPY derivate¥® (jii) attaching auxochromic substituents to thB-Bositions of
the BODIPY cor&’ or by condensation reaction of the 3,5-dimethyldBRY derivatives with the
nucleophilic benzaldehyde derivatives to give dtB@DIPY derivatives’®*® Among these
methods, the 3,5-position substituted di-aryl BODW®/es show a bathochromic shift of over 100
nm, but generally have relatively low fluorescemeantum yields due to the flexibility of the

aromatic substituerit:*?

MeOH, & =0.72 CH,Cl,, =0.20 MeOH, ® =0.34
abs/em = 619/ 629 nm abs/em = 727/780 nm abs/em = 637/647nm

MeO OMe
CHCl3, © =0.42 CHCl3, © =0.38 MeCN, & =0.84
abs/em = 582/ 628 nm abs/em = 542/607nm abs/em = 628/ 642 nm

Chart 2. Some Red-emitting BODIPY dye$?

Interestingly, the introduction of styryl substituet the 3,5-positions of a BODIPY core can bring
large bathochromic shifts of the dye by 70-170 moreover, the rigidified BODIPY scaffold

results in higher quantum yiel&§*°
1.1.3. Distyryl-BODIPY dyes

The first distyryl BODIPY was obtained via the cendation reaction of 2-styrylpyrréfewith the
corresponding aromatic aldehy&fdt was discovered later that the methyl group, atposition of
the BODIPY core are nucleophilic enough to parttipin Knoevenagel condensation reactiof.

mixture of mono- and di-styryl-BODIPY can be ob&inby the condensation reaction with the
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corresponding aromatic aldehyde derivatives (Schetp& %484 Such one-pot reaction is
convenient and a less time-consuming approach tendxhen-conjugation of the BODIPY core
compared with other methods.

Piperidine,
p-toluenesulfonic acid

Toluene, 140°C
dryness

R= Electron-rich groups
R;=H, I, OH, OMe, NMg

Scheme 1. Formation of mono- and distyryl BODIPY devatives.

The absorption spectrum of such derivatives prest typical BODIPY features, showing the
narrow and intense peak £ 90,000 to 120,000 Mcm™) with the maxima centered around 620-
700 nm. A bathochromic shifts about 120-170 nm bseoved compared with the conventional
BODIPY dyes® The emission peaks of the distyryl BODIPY dyesaaetered around 640-700 nm
with relatively small Stokes’ shifts about 15 nm.dddition, the styryl BODIPY derivatives can be
modified by replacement of the fluorides with thkymyl Grignard reagent to give a new BODIPY

family of E-BODIPY with interesting optical propas>*>*

In general, the BODIPYs are relatively insensitivethe polarity and pH of the environméfit?
However, in last ten years, quite a lot distyryl B®Y dyes which are sensitive to pH or selective
to certain ions in solution have been synthesized mtensively investigatef:*>*8°3>*The
protonation or ion-binding of the functional grocarried by the styryl residues could significantly
changes the electronic signature of BODIPY coraglileg to large emission spectral shifts or on/off
of the fluorescence. These processes are extremighificant and selective that change of
fluorescence could be modulated by ions in solutb&0® to 10 M* range. The HOMO-LUMO
energy gap of the BODIPY can be modified by iondiong leading to intramolecular charge
transfer (ICT) between the BODIPY core and the demgtion pocket resulting in large shifts of
the absorption/emission spectra. Therefore, thelsBODIPY derivatives provide a great future
for the applications of digital responses in eleic logic gates™™° Recently, quite a lot of
research based on the styryl-BODIPY derivatives e&@asted to the fluorescence sensing of metal

ions2+>*%08IA prototypical example (A) is given in Chart 3.
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Besides, according to the recent searches, therdi®®@ODIPY derivatives present also a great
potential for the two-photon absorption (TPA) apations®®®® In 2009, Didieret al reported the
use of distyryl-E-BODIPY dye (compound B) for theotphoton imaging? According to the
experiment, the nontoxicity of the dyes to the selrovides a promising future for imaging

applications and diagnostic tools.

Furthermore, the high extinction coefficients, gaidbility, easy functionalization of the styryl-
BODIPYs have also attracted some attention in igsld bf Dye-sensitized solar cells (DSSCF’

(compound C) and bulk heterojunction solar cellsJ§*® "

N N
s W @ Z MeO
CQ-
(o) \) /N
0 )
Bozdemir et al. J.Am. Chem. Soc., 2010 Didier et al. Org. Biomol. Chem., 2009 Kolemen et al. Org. Lett., 2010

Chart 3. Some distyryl BODIPY derivatives in different applications>4°°

However, the poor water-solubility of the distyBODIPY derivatives limits their applications in
the field of biological labeling. Therefore, in $hthapter we focused on the functionalization ef th
distyryl BODIPYs in order to improve their waterhgboility and introduce an additional functional

group to the BODIPY scaffold for fluorescence bayeling applications.
1.1.4. Water-solubilization of distyryl BODIPYs

Three complementary approaches were consideremigmove the water-solubility of the distyryl
BODIPYs, involving introduction of several waterkslilization groups onto the BODIPY scaffold.
The first approach involves the formation of théahetaine residues from dimethylamino groups
on the styryl moieties. The second approach cansisthe substitution of the fluorides of distyryl
BODIPY with the appropriate ethynyl Grignard reaigen this approach, the poly-ethylene-glycol

or the sulfobetaine moieties will be introducedootiite boron atom as water-solubilization groups.
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As mentioned above, the functionalization of thetydiyl BODIPY involves not only improving the

dye’s water-solubility, but also the introductiof an additional functional group for the bio-
conjugation. Therefore an ethyl ester group isomticed by carboalkoxylation reaction in situ from
the aromatic halide group in meso-position of tf@CBPY dye. Saponification of the ethyl ester
group gives the carboxylic acid derivative. Thee ttarboxylic acid can be converted into the
‘activated’ N-hydroxysuccinimidyl (NHS) ester forobconjugation with proteins. Furthermore, the
activated N-hydroxysuccinimidyl ester derivativelfep a third approach to improve the dye’s
water-solubility, to which the polysulfonated pelets linker containing an additional carboxylic

acid group can be introduced in situ by an alkglatieaction.

1.2. Synthesis of the distyryl BODIPYs

The synthesis of the dyd® and 46 was achieved thanks the collaboration betweeramaratory
and the laboratory of Chimie Bio-Organique (COBRA}Jhe Rouen University. The first part of the
synthesis consisted of the formation of polar amitins sulfobetaine by reacting the dimethylamine
groups of the distyryl BODIPYs with 1,3-propanesuakl; The second part involved grafting of the
a-sulfof3-alanine peptide linker to the corresponding digtiRODIPY scaffold were accomplished
by the laboratory COBRA in Rouen.

1.2.1. Synthesis of distyryl BODIPYO.

The Knoevenagel condensation reaction requiredott@phenyl tetramethyl-BODIPY7 and 4-[3-
(dimethylamino)-1-propyn-1-yl]-benzaldehyde as tatgr materials, reacted in a mixture of toluene
and piperidine leading to the blue derivatBin 33% vyield after careful column chromatography.
Use of a carboalkoxylation reaction promoted by-ladent palladium provided quantitatively the
ethyl ester38'"">Then quaternization of the tertiary amines witB-firopanesultone performed in
anhydrous DMF at 60°C afforded compouB8 Finally, saponification of the ethyl ester was
performed under standard conditions to give theesponding carboxylic acid. This BODIPY acid
was then converted quantitatively into the corresiieg N-hydroxysuccinimidyl (NHS) ester by
treatment with peptide coupling uronium reageriN-Succinimidyl)-1,1,3,3-tetramethyl uronium
tetrafluoroborate (TSTU) and DIEA in dry NMP’* Thereafter, the crude mixture of NHS ester
was subjected to aminolysis with dipeptidedulfo{f3-alanine) in aqueous bicarbonate buffer to
give the water-soluble BODIPY dyd0. RP-HPLC purification using aq. triethylammonim
bicarbonate (TEAB) buffer and acetonitrile as etaefollowed by desalting on ion-exchange resin
Dowex H provided40in a pure form (Scheme 2).
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Scheme 2. Synthesis of distyryl BODIPY 40.
1.2.1.1.Photophysical properties of the d4@.

The double sulfonated BODIPY dy®® was found perfectly soluble in water and relatqdemus
buffers in the concentration rangeufd to 10 mM) suitable for bio-labeling applicatioftsThe
optical properties ofi0 were evaluated under simulated physiological domts (i.e., phosphate
buffered saline (PBS), pH 7.5). In solution, despite presence of polysulfonate and sulfobetaine
residues on the BODIPY scaffold, the dye showshddrcy to aggregate in agueous solution. The
weak absorption coefficient in the 20000'8i* range and low fluorescence quantum vyield (4%)
were observed. The hypsochromic shift in absorpti@axima at 601 nm is in keeping with the

formation of non-emissive H-dim&’® (Figure 1). The adding of protein bovine serumuaim
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(BSA) 5% (w/v) as an additive disrupt the aggrematf'’’ leading to a better quantum yield of
20% (Figure 2). (Postscript: The weight percentvjvig: [Mass of solute (g) / Volume of solution
(mi)] x 100).
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Figure 1. Normalized absorption and fluorescence eission spectra of 40 in PBS.
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Figure 2. Normalized absorption and fluorescence eigsion spectra of 40 in PBS containing 5% (w/v) BSA
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1.2.2. Synthesis of distyryl BODIPY6.

In order to prevent the tendency of aggregatiom#&dion, one ideal choice was to increase the
steric hindrance of the dye by substitution of mocenter with ethylene fragments. Therefore, short
ethyleneglycole (EG) chains were introduced to B®Dtore to improve the dye’s water-solubility
and prevent the formation of aggregation in w&t&tCompound46 was prepared from the starting
material37. The synthesis involved the use of the Grignaedjeat of 4,7-dioxa-oct-1-yne in THF
allowing substitution of fluorine atoms, leading derivative 41 in 70% isolated yield. Then a
carboalkoxylation reaction promoted by low-valerlgdium provided quantitatively the ethyl
ester43. The next step involved quaternarisation of theialey amines with an excess of 1,3-
propanesultone in 1,2-dichloroethane. The resulprecipitate was centrifuged and purified to
provide the sulfobetainé4 in 60%. Finally, saponification of the ethyl estesis performed under
standard conditions to give the adil Notice that the reverse order for the two-reaciequence
(i.e., saponification followed by sulfonation with 1,8gpanesultone) did not provide the expected
derivative dye 45. Then BODIPY carboxylic acid was converted quatitiely into the
correspondingN-hydroxysuccinimidyl (NHS) ester. Thereafter, tmade mixture of NHS ester was
subjected to aminolysis with dipeptide-¢ulfo{f3-alanine) in aq. bicarbonate buffer to give the
water-soluble BODIPY dyd6

\/O\/\o/
EtMgBr [Pd(PPR),Cl,], CO

THF, 60°C EtOH, TEA, 60°C

i) TSTU, DIEA, NMP, 1t
ii) (a-sulfoB -alanine),
H,0, NaHCQ, 4°C

0
(o
o

C,H,Cly, 60°C

EtOH, NaOH, rt

o o
+ +
45, 88% ﬁ7 k‘\ - 44,60% - /\)
| S03

So3

Scheme 3. Synthesis of distyryl BODIPY 46.
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1.2.2.1.Photophysical properties of the 4@

The optical properties of dy46 were evaluated under simulated physiological dos (i.e.,
phosphate buffered saline (PBS), pH 7.5). In sofytithe spectra of the dye in the red region
correspond very closely with those previously régdfor the class of distyryl BODIPY derivatives
in organic solvent (Figure 2f.In absorption spectra, the lowest energy absarptiaxima centered
at 642 nm corresponds to the 0-0 band %, (Tt —1t*) transition of the BODIPY core with an
absorption coefficient of 55100 f¢m’. The shoulder centered at about 590nm can beugd to
the 0-1 vibrational band of same transitfériThe strong absorption band with the absorption
coefficient of 76800 Mcm™* centered at 366 nm can probably be assigned to-the* transition

of the styryl moieties and the overlapped-$S, (T —Tt*) transition band of the BODIPY cofé.n
emission, in contrast to the BODIPY dyi), the diethyleneglycol-substituted E-BODIPA6
exhibits strong fluorescence emission centered5dt rém, with a fluorescence quantum yield of
22%. In addition, the absence of aggregation was ebnfirmed by the excitation spectrum (the
excitation spectrum is missing due to the opticahgsurement was carried out at Rouen university;
However, it was provided separately in ESI of theblished articlé®), indicating that the
substitution by the diethyleneglycol residues éfitly prevents the aggregation of the dye in

aqueous condition.
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Figure 3. Normalized absorption and fluorescence eission spectra of 46 in PBS.
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1.2.3. Synthesis of distyryl BODIP%0.

According to the synthesis d6, the alkynyl Grignard reagent of ethyleneglycoG{Evas replaced
by N,N-dimethylamino propyne in order to provideotextra pairs of sulfobetaine. The substitution
of 37 with the Grignard reagent of dimethylamino propymélHF provided quantitatively the E-
BODIPY derivative47. Then a carboalkoxylation reaction promoted by-i@ient palladium gave
the ethyl ested8in yield of 85%. The quaternarisation of the tegtiamines with excess amount of
1,3-propanesultone was performed in anhydrous DME0&C, and the purification by a column
chromatography on reversed-phase silica gave thg ester49 in 43%. The saponification of the
ethyl esterafforded the carboxylic acifl0 in 23% isolated yield. Interestingly, the compoutilis
already well-soluble in water, so that further pegtthesis with the sulfonated-dipetide linker @s n

longer necessary.

= N= / Za—
ZN.g-N [Pd(PPh),Cl,], CO AN g-N
//\\ EtOH, TEA, 60°C //\\
&% SO

47, 100%

48, 85%

0sS 49, 43%
Scheme 4. Synthesis of distyryl BODIPY 50.

1.2.3.1.Optical properties of the dy&D.

The optical properties of the dys) were evaluated as well under the simulated phygical

conditions (i.e., phosphate buffered saline (PB®),7.5). As we expected, the formation of four
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sulfobetaine residues on the BODIPY scaffold cdotdlly overcome the solubilization of the dye
in water. In solution, the spectra®® show similar photophysical properties as thosthefdye46.

In UV-Vis absorption spectra, the lowest energyoapison of 50 centered at 641 nm with an
absorption coefficient of 58000 f¢m™. The strong absorption of the styngl>Tt* transitions of
the phenyl groups was observed at 369 nm. In feeamece emission, the dye exhibits strong
fluorescence emission maximum centered at 657 riim tvé fluorescence quantum vyield of 25%.
In addition, the absorption, emission and excitagpectra confirm the absence of aggregation in
aqueous condition (Figure 4). Thus, the formatidnfour sulfobetaine groups in one step is
convenient to overcome the water-solubilizationtloé red-emitting BODIPY derivatives while

maintaining their fluorescence properties.
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Figure 4. Normalized absorption, emission and exdtion spectra of 50 in PBS.

1.2.4. Synthesis of distyryl BODIP%5.

We considered that the low overall yield of thetbgsis of50 (3%) was due to the instability of the
ethynylaryl substituents. Thus, we synthesized rradtievely 4-[(dimethylamino)methyl]-
benzaldehyde in place of the derivative 4-[3-(dimgamino)-1-propyn-1-yl]-benzaldehyde
(Scheme 6). The three step synthesis involvedhe)radical bromination of 4-iodo-toluene to give
the 4-iodobenzyl bromid&in 47%: ii) followed by a nucleophilic substitutiavith dimethylamine
in THF to afford the N-(4-iodobenzyl) -N,N-dimetlayhine in 93%; iii) ultimately, a formylation
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reaction promoted by low-valent palladium providbd 4-[(dimethylamino)methyl]-benzaldehyde
in 73%.

Q

NBS, benzoyl peroxide ! \©\/
B
CCly, reflux '

46%

[PA(PPR),Cl5], H
C iO CO, HCOONa IQ | N
N
—N H o
\ DMF, 90°C T K,CO,, THF
73% 93% reflux

Scheme 5. Synthesis of the benzaldehyde derivative.

A Knoevenagel condensation reaction of ififewith the benzaldehyde derivative gave the distyryl
compoundblin 40%. The consecutive substitution of fluorineabkynyl-Grignard reagent of N,N-
dimethylamino propyne gave the dy® in 81%. Followed by a carboalkoxylation reaction
providing the ethyl estes3 in 85%, and a final quaternization of the dimethyilao groups with
1,3-propanesultone in DMF, the resulted residue puaiied on a reversed-phase silica gel column
chromatography leading &4 in 64% isolated yield. Ultimately, the saponificat of the ethyl ester
54 in EtOH afforded the acid derivatieb in 88% isolated yield. Thus, this five-step sysikeof
55 provides a 16% overall yield (Scheme 7).
O '

\ ‘
N

//

Piperidine,
p-toluenesulfonic acid EtMgBr

140°C, dryness THF, 60°C

N 51, 40% N /

[Pd(PPR),CI,], CO

EtOH, TEA, 60°C

53, 85%

54,64% Os
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Scheme 6. Synthesis of the distyryl BODIPY 55.

1.2.4.1.'"H NMR analysis of compounsb.

The'H NMR 300MHz spectra db5 was preformed in CEDD/D,O. The well-resolved spectrum in
Figure 5 represents clearly the characteristicadgyof the acidb5. The integration of 8 protons at
7.92-7.83 ppm is corresponding to the AB systerthefphenyl subunits on the distyryl arms; the 4
protons of the benzoic acid group are observedzdt &d 7.44 ppm. The dimethyl groups of the
guaternary ammonium groups are observed for thélddategrations of 12 protons at 3.21 and
3.06 ppm, respectively. The 8 protons at 2.42 ah@d @pm are corresponding to the Gioups of
the sulfobetaine residues on the styryl arms antherboron atom, respectively. In addition, the
observed 16Hz proton-proton coupling constant iseieping with an E conformation of the double

bonds, a situation expected based on the typeeafahdensatiof.

n3

10

ppm 4H 8H 2H 2H 2H // 4H 4H 4H4H 12H 16H 4H 4H 4H 6H

T ‘ ——
8.5 8 7.5 7 5 4.5 4 35 3 2.5 2 1.5

Figure 5."H NMR 300MHz spectra of 55 in CROD/D-0.
1.2.4.2. Photophysical properties of compoustsl

The optical properties &5 were evaluated in pure water. In solution, thdédaaylic acid55 shows
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similar optical properties as those 46 and 50. In UV-Vis absorption spectra, the lowest energy
absorption maxima centered at 628 nm with an atisorpoefficient of 71000 Mcmi. The strong
absorption of thet—T1t* transitions of the phenyl groups was observe@%# nm. In fluorescence
emission, the dye exhibits emission maxima centete@41 nm with the fluorescence quantum
yield of 38%. Once again, the absorption, emissiod excitation spectra confirm the absence of
aggregation in water (Figure 6). In addition, sliglgpsochromic shifts about 14 nm were observed
in both absorption and emission spectra of 8gecompare to the analogue d$6, due to the
reducedr-conjugation of the BODIPY core. On the other hdnoim a chemical point of view the
overall yields of the dyB5 were improved to 16% compared to 3% of those efady furthermore,

the quantum yields of dy&b (38%) are also superior of those of &@3%).
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Figure 6. Normalized absorption, emission and exdation spectra of 55 in HO.

1.3. Results and Discussion

Four water-soluble red-emitting distyryl BODIPY dyeere synthesized and isolated (Figure 7).
The distyryl BODIPY dyes and the intermediates werambiguously characterized by NMR, ESI-
MS, and element analysis. Their optical propertiese evaluated by UV-Vis absorption and
steady-state Fluorescence emission spectra inugasolvents. The data were collected in Table 2.
The biological labeling evaluation of dyés, 46 and50 were carried out with the protein bovine
serum albumin (BSA) and the monoclonal antibody hA2CAS5 under simulated physiological

68



Chapter Ill: Synthesis of water-soluble red-emgtBODIPY dyes

conditions. Furthermore, the two photon absorptid@iA) and fluorescence cell imaging
experiment were performed with HelLa cells incubatéth the dye55. Note that the protein
labeling has been performed in collaboration witBBRA in Rouen; while the two photon
absorption cell imaging was performed in collabioratwith Dr. Pascal Didier at the faculty of

pharmacy of ULP in Strasbourg. The results wilbiscussed in the following sections.

SOH <OH

CoH

H

Figure 7. The structures of water-soluble distyryBODIPY derivatives.

Table 2. Optical properties of distyryl BODIPY dyes

Compound (solvent) Ay (nm) €(Miem) A, (nm) @)  t(nsf Kk (10SY® k. (10'sH)°

37 (CH,Cl,) 646 110600 661 46 5.2 88 104
38 (CH,Cl,) 646 122200 659 43 4.6 93 124
40 (PBS* 649 19300 655 4 - - -

41 (CH,CI,) 647 108500 659 47 4.8 9.8  11.0
46 (PBS* 642 55100 657 22 - - ;

47 (CHLCI,) 648 92200 661 26 5.2 5.0 14.2
48 (CH,CI,) 647 83500 663 30 4.8 6.3 14.6
50 (PBS 641 58000 657 25 2.7 93 278
51 (CH,Cl,) 632 64500 640 40 6.5 6.2 9.2
52 (Dioxan, 634 81300 645 25 6.3 4.0 11.9
53 (Dioxan, 634 84200 649 36 5.3 6.8 12.1
54 (H,0) 630 76600 643 30 3.4 88 206
54 (EtOH) 636 92000 646 35 45 7.8 14.4
55 (H,0) 628 71000 641 38 3.9 9.7 15.9
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a) Quantum vyield determined in diluted solutior:(&x 10°M) using cresyl violet as a referenpe
= 0.51 in ethanol\e, = 578 nn- All @ are corrected for changes in refractive indestifgtime. c)
ki =@/ T, ko = (149) / T. d) measured at COBRA in Rouen.

1.3.1. Biological labeling evaluation of the distyryl BOPYSs.

Since the water-soluble BODIPY dyé8, 46and50 are functionalized with a free carboxylic acid
group, its ability to label proteins and antibodilbsough reactions of its active ester with the,NH
groups ofe-lysine residues present in these biopolymers, vassidered® The BSA and the
monoclonal antibody (mAb) 12CA5 that recognizes thiduenza hemagglutinin (HA) epitope
tag®*®® were chosen as the protein and the antibody résplc for the bio-conjugation
experiments. To compare the labelling performarafethese novel red-fluorescent markers with
those of classic CyDyereagents, similar reactions were performed witfoswlocyanine dye Cy
5.0 under the same experimental conditions. To daymssible deleterious effects of organic
solvents and additives towards mAb (or proteinjctire and functional activity, a carboxylic acid
activation protocol performed in water and invotyithe use of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and sulfo-NHS instead of TSTWBI in a polar aprotic solvent was
preferred®*® BSA and anti-HA mAb were labelled through overrigttubation with a 13- and 31-
fold molar excess of BODIPY derivativd$®, 46 and50in PBS (pH 7.5) respectively. The resulting
protein fluorescent conjugates were purified byesixclusion chromatography over a Seph&dex
G-25 column. Table 3 reports the absorption /emisgiavelengths, quantum yields of fluorescent
proteins after conjugation in PBS, together witk #itached fluorophore to protein molar ratios
(F/P), estimated from the relative intensities @btein and dye absorptions. The F/P values
achieved withmesederivatised BODIPY dyd6 was significantly higher than those achieved with
the dye40, 50 and Cy 5.0, indicating a greater reactivity ofdtdfo-NHS ester. Indeed, the added
(a-sulfo3-alanine)-dipeptidyl spacer enables to extend tbedmjugable CGH group away from
sterically hindered di-styryl BODIPY core comparghnb0, thus ensuring a better capability for the
acylation of primary amines within proteins, esp#gi under pH neutral conditions. When
compared with the non-convalently bound distyryl B@Y dyes, the absorption maxima of the
fluorescent protein conjugates are slightly redtstli by about 8 nm whereas emission maxima
remain unchanged (Table 3). In addition, the coaljei dyes40 and 50 show the tendency of
aggregation by the observation of the blue shiftha absorption maximum, whereas it is less
pronounced for the conjugaé (Figure 8-10). Such aggregation behavior is likdlye to the

molecular structure of the dyes.
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Figure 8. Normalized absorption, emission spectraf®SA-BODIPY 40 in PBS.
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Figure 9. Normalized absorption, emission spectraf@SA-BODIPY 46 in PBS.
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Figure 10. Normalized absorption, emission spectraf BSA-BODIPY 50 in PBS.

The drop of quantum yield of the conjugated dyeseoled after bio-conjugation is likely explained
by dye to protein interactions favoring in certaases electron transfer to specific nucleic bases o
dye to dye interactions leading to non-emissivaregge, in the same manner as observed for DNA
biopolymers®® We also notice that this binding-induced reductioemission is also observed with
protein-Cy 5.0 conjugates (it is less pronouncadldbeled anti-HA mAb) and has been already
reported for other bioanalytical relevant fluoretckabels including Cy 5.0, Cy 5.5 and the Alexa
Fluor® dyes®” However, these preliminary results show for thistftime that it is possible to get
red-emitting fluorescent protein conjugates by asthe water-soluble distyryl BODIPY dyes.
Furthermore, the fluorescence emission of thesecdagugates is observed in aq. buffers without

adding aggregate disrupting additives.

Table 3. Biolabeling data of dyes 40, 46, 50 and Gy0. a) Fluorophore to protein molar ratios.

Conjugated dye Amax: @bs (NM) Ao, €M (nm) P (%) F/p?
mAb-BODIPY 40 369, 601, 649 649 3 1.3
mAb-BODIPY 46 370, 603, 650 657 7 5.7
mAb-BODIPY 50 370, 588, 650 659 5 3.8
mAb-Cy 5.0 610, 650 657 12 2.8
BSA-BODIPY 40 369, 601, 650 651 2 2.6
BSA-BODIPY 46 372, 603, 651 657 6 2.3
BSA-BODIPY 50 371, 588, 650 658 5 0.7
BSA-Cy 5.0 609, 651 663 3 0.7
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1.3.2. Two photon absorption and cell imaging application

As mentioned previously, the distyryl BODIPY dyesshshown great potential in the field of two
photon absorption (TPA) applications. The two pho#&tsorption is the optical property of the
molecules that being promoted to the excited digtsimultaneous absorption of two photons of
half the energy (or twice the wavelength) of theresponding one-photon transition (Figure #1).
Different from the one-photon absorption which degselinearly on the intensity of the incident
light, the TPA increases with the square of thétligtensity, hence the TPA is only observed in
intense laser beams, especially focused pulsetslaBlee molecules with TPA property are highly
demanded in a range of applications, such as tlireensional data-storad&optical limiting?°

photodynamic therap¥,and two-photon excited fluorescence micros¢8pg?

s, i
hv 1
TPA OPA
_________ k-------
hv
hvy
So

Figure 11. Energy level diagram for one photon abgption (OPA), two photon absorption (TPA) and

fluorescence emission.

In 2009, our laboratory has reported the use oisBayl BODIPY derivatives for two photon
absorption cell-imaging applicati6A.The studies revealed that the E-distyryl dye jr@mising
candidate for the TPA imaging application and daggic tools. Therefore, the new synthesized
water-soluble distyryl BODIPY derivativés5 naturally attracted our attention for the TPA

application.
1.3.2.1.TPA evaluation of the dy®5.

The two-photon absorption cross sectepa ( in units of cni.s.photoft, where 13%m’.s.photoft
= 1 Goppert-Mayer (GMJ} was determined by using interferometric autocatiehs of the

Equation 1%
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B 472 hw?

o(w) = (1)

n?c?
Equation 1. The two-photon absorption cross sectio(®).

The TPA cross sectiobipa is related to the imaginary part of the diagomahponent of thesecond
hyperpolarizability §).* Where n is refractive index of the bulk materiab the frequency of the
incident light, ¢ the speed of light, and the beiskindicate the average over all-possible
orientations of the molecuf@.In the TPA cross section measurement between Z85q8n, an
interferometer was incorporated in the optical pbétween the laser and the microscope. By
applying a slowly varying voltage with a frequergsnerator of the interferometer, an interference
pattern is generated in the focal plane of the osimope. In the two-photon excitation regime,
irradiated with a laser the solution of the dyesaas a non-linear medium that allows the
measurement of an interferometer autocorrelatiomffor which it is possible to deduce the TPA
cross section of the dye. The TPA cross secBpectra is given for the dy&5 in water, as a
function of the laser wavelength in Figure 12. detethylrhodamine (TMR) was used as a
reference compound. The dy&b shows high TPA cross section of 491 GM at 735 nm,
approximately twice the wavelength of the lineasabption of the &S, transition band of the
chromophore (Figure 6}. This two-photon transition takes place from theugd state $to the
lowest excited state with similar geometry, beingr&his centrosymmetric systethNote that the
dye 55 exhibits a three fold enhancement of the TPA csession compared to TMR in water
(Figure 12).
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Figure 12. Two-photon absorption cross section spiga of TMR and dye 55 in water.
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1.3.2.2.Two-photon excitation and fluorescence cell imaging

The two-photon excitation (TPE) microscopy and feszence lifetime imaging microscopy (FLIM)
experiment were performed on Hela cells in biolabiconditions. The FLIM is an imaging
technique for producing an image based on therdiffees in the exponential decay rate of the
fluorescencé&® which is largely used in the field of TPE micropgand multiphoton tomography.
The living cells were stained in solution with centration 1¢ M of the dye for 6 h, and then
washed several times with a buffer (PBS) solutiime excitation fluorescence and FLIM images
have been taken on the same cells by the microssgmriated to TPE source (Ti: sapphire laser)

by excitation at 750 nm (Figure 13).

500 ps 2500 ps

Figure 13. HelLa cells were incubated for 6h with th dye 55 in the biological condition. Left, the TPE
fluorescence image. Right, the FLIM image with theolor code corresponding to 500 to 2500 ps.

The images clearly demonstrate that the Bfye€an penetrate within the living cells in the nofrma
biological conditions. The homogenous colorationthe cytoplasm was observed, but not in the
nucleus. Furthermore, the FLIM spectra show mormeagntional fluorescence decay from 500 to
2500 ps. The incubating of the dye causes no changjee cell morphology suggesting lack of

significant cytotoxicity. In addition, the dye shewood photostability during the experiments.

1.4. Conclusion

In this chapter, we succeeded in introduction ef $hfobetaine groups onto the distyryl BODIPY
scaffold by using different approaches to imprdve dye’s water-solubility while remaining their
optical properties in agueous media. An additiohaictional group for bio-conjugation is
incorporated during the synthesis protocol. Foutewsoluble red-emitting distyryl BODIPY dyes

were synthesized and isolated, and all of the dyesfound perfectly water-soluble, their optical
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properties were evaluated and discussed. The pnalignbio-labelling experiments of dyd$, 46,
and50 were evaluated with protein BSA and monoclonaibaaty (mAb) 12CA5 under simulated
physiological conditions, the physical and optipabperties of the dyd6 and 50 were found
similar to those of the commercial available dye £. For the dyé&5, the dye’s two-photon
absorption property attracts our attention duestguadrupole structure and the high quantum yield
of 38% in water. Interestingly, the dye shows rdahble TPA properties in water compared with
the rhodamine dye (TMR). The two-photon excitedifscence microscopy and the fluorescence
lifetime imaging microscopy experiments were calrmut with HeLa living cells in biological
conditions, and no significant cytotoxicity was ebged after 6h of incubation with the dye. The
two-photon excited spectra and the FLIM imaging eekpents demonstrate that the dye can be
internalized within the cell without using additainsolvents. Furthermore, the images show the
coloration of the cytoplasm of the cell but not thacleus, which might be an important
characteristic for further bio-labeling studiesalidition, the functional carboxylic group of thyed

55 offers the opportunity for selective and spechHio-labeling of biological molecules, which is

currently in progress.
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CHAPTER IV

The BODIPY bridged push-pull

chromophres

1.1General introduction

The term “Push-pull” was used to describe conjudjateanpounds that have an electron donor group
(D) and an electron withdrawing (A) group that dothintramolecular charge transfer (ICT) through
then-conjugated bridge (also called agtb system). The ICT character derives from the i
push-pull structure and has been largely invesitjain a wide range of optical-electrical
applications, such as light-emitting devi¢égptical imaging of living tissue?! nonlinear optical
devices,® and solar cell materials?’ It has been demonstrated that combination of releaionor
group and electron withdrawing group could effitiermodify the electronic signatures of the
conjugated chromophofé}™*® such as optical properties, electronic states (IM/MO), and
chemical properties. In this chapter, we were egtzd in funtionalization of the BODIPY moiety as
the bridge offrconjugated push-pull chromophores, in order t@gtigate their linear and nonlinear
optical properties as well as the electrochemicaperties that arisen from the interaction between
the conjugated donor and acceptor groups througB@DIPY core.

1.1.1Push-pull chromophore for nonlinear optical (NLCatarial

The nonlinear optics (NLO) is one of the most istealy investigated properties of push-pull
chromophores. The push-pull structural moleculd®(Cl) usually possess large ground-state dipole
momentgp) and the second order susceptibilities (also dahe first hyperpolarizability$ (), the
latter plays a dominant role in contributions te thbserved optical nonlinear resporniSe§.The
organic molecules with NLO properties that are béwaf manipulating electric fields, especially
photonic signals are valuable for the developménhavel materials in telecommunications,
information storage, optical switching, as well fasquency doubling of incident irradiation.
Therefore, in both theory and synthesis, extensgearch efforts have been devoted on push-pull
chromophores in order to obtain molecules with dafgst hyperpolarizabilities for the NLO

applications.*"23
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Chart 1. Chemical structures of some push-pull chmmophores.>*2°

During studies of structure-properties, it is cdesed that the asymmetric charge distribution ef th
n-electrons along the conjugated molecule resuliisarNLO response. The Oudar’s two-state model
(eq. 1) has been widely considered in designin@riogNLO materials for the evaluation and
modification of a given one dimensional organic poend with large hyperpolarizabilit).**
According to the equation, the hyperpolarizabi|§yis proportional to the changes in dipole moment
(1) between the grounduy) and excited stategudy, and the square of the transition oscillator
strength ige), While inversely proportional to the square o #nergy gap (f) between these two
stateS. Therefore, theff) is intrinsically related to the molecular chatgeasfer excited staté$2®
However, it was also mentioned that simply incnegsthe donor/acceptor strength will not
necessarily lead to enhanced the hyperpolarizalelen the two states are fully delocalized or
localized>?” but at some intermediate point where there is megiigible overlap between the two
states-* It was revealed that the overlapping between &8 and LUMO in the bridging region is
necessary for obtaining the large hyperpolarizgh{f) in a push-pull systeff:*°

163135 \which focus on developing new

The theoretical and computational calculation ssHf
methods to adequately represent the push-pull abpbores in both ground and excited states, have
been useful tool to accurately predict the moleaciist hyperpolarizabilitiesff) and for acquiring a

better understanding of such system.
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2
U,
B o< (Uep = Hog)

E,

Equation 1. Oudar’s two-state model.

Since recent years the two limit resonance formigu(e 1) have been proposed and abundantly
discussed in designing push-pull chromophores bgdbtaand co-workers' >t was considered
that the bridges linking the donor and acceptougsoplay an important role in molecular NLO
response; different spacers (e.g. ethynyl, phemeylemall heteroaromatic ring, styrene building
blocks, and a combination of two or more of thasgke units); as well as larger chromophore such

as porphyrine have been extensively employed in Maferials synthesr 193841

D n\A <> D7 I A
n
A +
/ - » P
ot/ n ]
n —=A
-

Increasing Donor/Acceptor strengths,
or changing solvent dipole moment

Figure 1. Neutral (left) and zwitterionic (right) limiting resonance forms of the push-pull chromophoes.

1.1.2New insight into BODIPY based push-pull chromoplsore

Over the last decade the main research attentlomst @ush-pull system have been focused on the
fundamental comprehension of structure-propertyatia@iship and engineering of molecular
materials with large NLO responses. Recently, nesearches using the push-pull chromophores in
the field of electro-optics have been reported dasefunctionalized merocyanine dye for organic
photovoltaics****fluorene molecular probes for two photon absorpéind NLO cell imaging:**“°
which naturally attracted our attention.

The BODIPY dyes have been well known for their str@bsorption bands in UV-visible; high
solubility in common organic solvents; high fluaceace quantum yield and relatively long
excitation life-time (1~5 ns); high chemical andopdchemical stability of thersystem of the
BODIPY core. All these remarkable properties mak@DBPY a promising candidate for NLO
applications. Moreover, the construction of thelppsll system upon the BODIPY scaffold will
probably lead to some new electronic propertieshsas chromism, charge transport properties,
T-conjugated electronic states recombination, ofgotenic properties. These expected properties

upon the BODIPY based push-pull system might atfe a new opportunity for the study of organic
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photovoltaic device$*° Up to now only few functionalization of BODIPY keschromophores have
been reported in the field of two photon absorpfimmcell imaging or telecommunicatioffs?>#’ 4
We however notice that the study of BODIPY baseshgoull system is rather limitéd

hv +
D—{TT] MT—A ——» DG LI—A

—_— —_—
Hos Mes

Solvent dipole moment

>

Figure 2. Push-pull Chromophore in the ground (I)and the excited (r) statep represent for the dipole moment.

This is the main reason why we were motivated ¢osynthesis of fully conjugated BODIPY based
push-pull system (Figure 2). Primarily, the BODIBNdged push-pull system will be build from a
functionalized BODIPY, by introducing of an eleatrdonor group and an electron acceptor group
through ethynyl linkers at both sides of the BODI€dfe. The intramolecular charge transfer (ICT)
properties of the conjugated BODIPY will then beestigated by UV-Vis absorption, fluorescence

emission, electronic properties, as well as thesueament hyperpolarizability.

1.2Synthesis of BODIPY-bridged push-pull chromophores

1.2.1Synthesis of chromophoré2 and65.

Introduction of anisole or benzaldehyde groups omoBODIPY9b at 2,6 position was performed
by two successive Sonogashira coupling reactiodsnstandard conditions (Scheme 1). The ethynyl
groups are selected not only to attach the D/A gsdiw the chromophore, but also to extend the
conjugation of the chromphore between the donorthrdaccepto?. Thenthe dicyanomethylene
group designed as electron withdrawing group wasgged by a Knoevenagel condensafion61
with malononitrile in dichloromethane at reflux leadieghe purple colored compous@.

Some difficulties in the purification and ident#iton of62 were met during the synthesis, due to the
poor solubility of62 in common solvents. It is considered that thermt#ecular aromatiatTt
stacking and anti-parallel dipole-dipole interantion solution favor molecular aggregation. Thia is
common practical problem that has been widely dised in push-pull chromophores
synthesig®?%°! Generally, the strategy often applied is to introel bulky substituents onto the
push-pull chromophore scaffold in order to increidiemolecular sterical hindrance and prevent the
formation of aggregation, and therefore providingedter solubility®** On the other hand, more
elaborate molecules needs to be designed andivaitiisk to loose the intramolecular charge transfer
efficiency with a significant reduction of the NLi®sponse.
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\OO_:

[Pd(PPR),CI,], Cul

Benzene, NEt
60°C

[Pd(PPh),Cl,], Cul

Benzene, NEt

61,47% 60°C

CN
CH,(CN),, ALO;, N\ O
CH,Cl,, Reflux H

62,47%

Scheme 1. Synthesis of compound 62.

As discussed previously in Chaptdr, introduction of diethynyl-groups on the boronratof the
BODIPY by using the appropriate Grignard reagemsld efficiently prevent the formation of
aggregates and to increase the solubility. Theeefate designed a new synthetic route for the
chromophore65, involving the replacement of the fluorides @ by the Grignard reagent of
dimethylaminopropyne to givé3, followed by a Sonagashira coupling reaction tgegthe
benzaldehyde derivativé4. Then a Knoevenagel condensation gave the dicyatiytene
derivative65 (Scheme 2).

EtMgBr

THF, 60°C

[Pd(PPR),Cl,], Cul

Benzene, NEt
60°C

64,39%

‘ CHA(CN),, Al;05
CH,Cl,, Reflux

65,54%

Scheme 2. Synthesis of compound 65.
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Finally, we synthesized compour@¥, according to Scheme 3 to compare the propertids w
compound$2 and65. Compounds7 is less conjugated th&2 and therefore has a better solubility.

Their optical properties will be discussed in thzoWing section.

[Pd(PPR),CI,], Cul Q )~ NF
Benzene, NEt =N

60°C

66, 95%

Al,03, CH,(CN),
CH.ClI,, Reflux

CN
NC—( o
H =N, o N
F

67,51%

Scheme 3. Synthesis of compound 67.

1.2.1.10ptical properties of the push-pull chromophores

The optical properties of the push-pull chromopbB6& 65, 67and the intermediates were evaluated
in different solvents. The spectroscopic data vesiiected in Table 1. In solution, all compounds
show a strong &—S; (T —Tt*) transition betweei ~ 540-570 nm with an absorption coefficient in
the 12000-90000 Mcm* range, unambiguously assigned to the boradiazeémgachromophor®.

At higher energy, two close and successive butvable, weaker and broad bands centered about
410 nm and 350 nm, can be attributed to the chaagsfer absorpticA and the §—S, (T —Tt*)
transition of the BODIPY moiety, respectivéfThe t—Tt* transitions with vibronic structures are
observed at 230-320 nm for the phenyl groups. In@4 the BODIPY dyes show emission
maximum in the 561-611 nm range. The fluorescen@aiym yields are in the 28-53% range, with
the exception of the intermediate iodo-substit@epound$0 and63, for which the fluorescence

is dramatically reduced due to a faster nonraddatiecay, suggesting that the intersystem crossing
efficiency from the singlet excited state to thiplét state is favored by the internal heavy atom
effect®* > Interestingly, these DA type BODIPYs display larger Stokes shifts in 866-1915 crit
range compared with common BODIPY dyes (300-903)ctn®®’

The optical properties of the dicyanomethylene@ives62, 65 and67 were compared (Figure 4
and 5). The absorption spectra show intense albsoratound 480-630 nm with molar absorption

coefficients in the 75000-94000 Mm?® range. Compared with compouné2, the
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ethynyl-substituted derivativ&b shows small hypsochromic shifts about 5-10 nmoith labsorption
and emission. In absence of the anisile group, comg 67 has weaker absorption at shorter
wavelength of 230-330 nm, and exhibits the hypsauinc shifts in both absorption and emission
compared with compoun@R of 34 and 55 nm, respectively. In addition, weiceat that67 has a
relatively smaller Stokes shift (866 &yrwith higher quantum yield (53%) and longer detae (2.3
ns). However, it is noteworthy that, the absorptiand centered about 420 nm with absorption
coefficients in the 15000-20000 Mmi* range, is likely attributed to the charge transfiesorption
band>® This is unusual compared with the common BODIPYiene the CT absorption band usually
largely overlaps with theS~S, transition®? Furthermore, the absorption centered about 356am
be attributed to the (;S—S, (Tt —1*) transition with absorption coefficients in thange of
15000-18000 Mcm™. This transition is also enhanced compared withroon BODIPYS>?

0.9 1 N
0.8 ¢
/ NG
0.7 4 N\ \Hﬁ N\ /E/H(N
/QQ/ B \/\I\B’\\\\ N i
0.6 - / \\
\ \ ./
N —N
0.5 ¢ / 65 \
0.4 -
0.3 1
0.2 M/\\,_—-
0.1 /\
0

230 280 330 380 430 480 530 580 630
Wavelength (nm)

Normalized Absorbance

Figure 3. Normalized absorption spectra of compounsl62, 65 and 67 in ChLCl,.
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Figure 4. Normalized emission spectra of compound?, 65 and 67in CHCI..

The solvatochromism induced by the electron witthving group of the push-pull system was also
investigated (Figure 5). The difluoro-BODIPY (wellcda here F-BODIPY) aldehydeésl and
dicyanomethylen&2 and their boron-ethynyl-substitued-BODIPY (E-BOM)Panalogue$4 and
65were compared in dioxan, GEl,, and ethanol (Figure 5 - 8). Subtile differencesewobserved in
both absorption and emission spectra in solverdbl€rl). In the solvent with strong dipole moment,
the absorption and fluorescence emission maximuimesie compounds are slightly shifted to the red.
The presence of the dicyanomethylene group fronfdhayl group leads to small bathochromic
shifts (< 8 nm) in both absorption and emissiorcipdn the corresponding solvents. Remarkably, in
EtOH a dramatic decrease of the extinction coefficfor both formyl derivative61 and64 were
observed. This fact may be attributed to the pobrslity of the compounds in EtOH.

In comparison, a slight hypsochromic shift in alpsion (~5 nm) and emission (~10 nm) appears for
the E-BODIPY derivative$4 and65 according to the corresponding F-BODIP&kand62, It is
noteworthy that the E-BODIPY dyes show much bettdubility in common solvents compared with
the F-BODIPYs (but that is less evident at a cotregion of 10° M™). More quantitative
experiments show the dependence of the quanturd (geland lifetime of fluorescenca)(of all
these molecules upon the solvent polarity. Theangqum yields ¢) and lifetime t) decrease with
increasing of solvent dipole moments. Conversélg, $tokes shifts slightly increase in more polar
solvents (Table 1). F@5, the quantum yieldg) and lifetime ) decrease when the solvent changes
from dioxan (0.73, 3.1 ns) to EtOH (0.15, 1.1 f$)e role of non-radiative decay; kncreases (about
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9 times) while the role of radiative decayr&mains constant. The Stokes shift6@$lightly increase
from 1043 crit to 1127 crit. The dependence of the Stokes shift upon the sbblipole moments
indicates that the dipole moments in the push-phaitbmophores differ between the ground and
excited state¥ However, the small changes may indicate that ffference in dipole moments

between the excited state and the ground statelatéely weal®>°

1 -
= 62 Dioxan (565 nm) . i‘“ _ y —
— 62CHCl, (569 nm) < )= )= )
F’R‘p
0.84 - - 61 Dioxan (561 nm) 62
§ ) \_ = W = _/ d
© Fp
£ 0.6 1
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S 041
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O T v v —
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Figure 5. Normalized absorption spectra of compouts 62 and 61 in Dioxan, CHCl,, and EtOH, respectively.
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Figure 6. Normalized emission spectra of compound26and 61 in Dioxan, CHCI,, and EtOH, respectively.
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Figure 7. Normalized absorption spectra of compounsi64 and 65 in Dioxan, CHCI,, and EtOH, respectively.
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Figure8. Normalized emission spectra of compounds 64 aié in Dioxan, CHCl,, and EtOH, respectively.
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Table 1. Optical properties of the selected compouls.

Compounds Ay (nm) eM™cm™) A, (hm) @(%)° tT(ns) k (10'sYH° k, (10'sH° A (cm?)®

60 (CH,Cl,) 543 57000 606 6 0.7 8.6 134.3 1915
61 (Dioxan, 561 8000( 604 42 2.6 16.2 223 126¢
61 (CH,Cl,) 563 36000 611 28 1.7 165 424 1395
61 (EtOH) 55€ 1200( 614 16 0.9 17.8 93.3 169¢
62 (Dioxan, 56E 7300( 61C 46 2.4 19.2 225 130€
62 (CH,Cl,) 569 82000 616 28 1.7 165 424 1341
62 (EtOH) 562 7400( 612 16 1.1 14.5 76.4 142;
63 (CH,Cl,) 539 52000 600 3 1.4 2.1 69.3 1886
64 (Dioxan, 55E 5700( 591 76 3.2 23.8 7.5 109¢
64 (CH,Cl,) 559 65000 603 36 2.7 133 237 1305
64 (EtOH) 55E 3600( 59¢ 41 2.5 16.4 23.6 129¢
65 (Dioxan, 562 7500( 597 73 3.1 23.5 8.7 1042
65 (CH,Cl,) 567 85000 606 32 15 213 453 1135
65 (EtOH) 562 7500( 60C 15 1.1 13.6 77.3 1127
67 (CH,Cl,) 535 94000 561 53 23 230 20.4 866

a) Quantum vyield determined in dilute solution (@) using rhodamine 6G as referenge £
0.78 in waterde = 488 nm)° b) All @= are corrected for changes in refractive indexand k, were
calculated using the following equations=kp-/T, knr = (1-@)/1. C). As = Stokes shift.

1.2.1.2 Electrochemical properties of compousl

The electrochemical properties of compo@®dvhich was obtained as by-product of compo6ad
were evaluated by cyclic voltammetry (Figure 9)eTheasured oxidation/reduction potentials were
gathered in Table 2 and compared with Both compounds are characterized by an irreversib
oxidation wave at +1.01 and +1.09 V, correspondanthe one electron oxidation of the BODIPY
moiety. On the reduction scans, a single revergieék is observed at -1.10 V fa® and -1.12 V for

62, which can be unambiguously attributed to the ftran of thereradical anion of the BODIPY
core®1%2For the mixed compoun@?2, an additional irreversible reduction of the dicgainyl
group is formed at -1.05 eV, this redox poteniis in the expected potential range as compared to
analogue dicyanovinyl resid§a.

In the next step, we synthesized and fully charatd the push-pull chromophorég, 65 and67.
Their optical and electrochemical properties weralated. In the present design we use more
efficient electron donor and electron withdrawingups in order to improve the ICT strength along
the BODIPY molecular axis. In addition, a good &dlity of the resulting dyes is an important

feature of that need to be taken into consideratidhe synthesis design.
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Ec/Fc*

-1000 -1500 -2000 -2500
Potential (mV)/vs SCE

Current (pA)

Figure 9. Cyclic voltammetry spectra of 59 +ferrocee (green) and of 62 +ferrocene (blue).

Table 2. Electrochemical properties of 59 and 62.

Compounds  E°, [V] (AE [mV])  E®eq [V] (AE [mV])

59 +1.01 (irrev) -1.10 (96)
62 +1.09 (irrev) -1.05 (irrev)
-1.12 (90)

Cyclic voltammetry carried out in deoxygenated CHCI, solutions, containing 0.1 M TBAPK, at a solute
concentration range of 1.5x18M, at 20°C. Potentials were standardized using addeferrocene (Fc) as internal
reference and converted to SCE assuming that i (Fc/Fc) = +0.38V AE, = 70 mV) versus SCE. Error in

half-wave potentials is + 15mV. When the redox pragss is irreversible the peak potential (g or E¢p) is quoted.

1.2.2Synthesis of tetracyanobuta-1,3-dienes (TCBDs) BODI

Therefore, a new synthetic strategy was appliedrdarg to the recent researches of Diederich and
co-workers on the reaction of tetracyanoethene ®CMith alkynes derivative¥®" The
donor-substituted alkyne group undergo a [2+2]ayddition reaction with TCNE, followed by the
formation of intermediate cyclobutene which subsedly undergoes ring opening leading to the
1,1,4,4-tetracyanobuta-1,3-dienes (TCBDs) derieativThe TCBDs compounds exhibit a strong
charge-transfer character and imports a good dityuini common solvents due to the non-planarity
of the molecule which efficiently prevent the fortina of aggregate¥"°®

Therefore, we were interested in importing TCBDsugr into the BODIPY bridged push-pull
chromophore. Primarily, the BODIPY¥8 and59 containing the ethynyl donor groups at 2,6 positio
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were selected to react with TCNE in dichloromethain®om temperature, leading to the amorphous
donor-substituted TCBD&8 and69 in good yields. Interestingly, the reactions®&with TCNE in a
proportion of 1:2.2 give$9 in 77% of isolated yield. Despite the use of anesscof TCNE

mono-insertion was observed, whereas no selectivity observed in the following synthesis in

Scheme 5.
N TCNE
~o — \\N N\\

B CH.Cl,, RT

FF

58

TCNE
CH,Cl,, RT
59 69, 77%

Scheme 4. Synthesis of compounds 68 and 69.

1.2.2.1X-ray structure of compoungs.

The single crystal @8 suitable for X-ray analysis was grown by slow$udifon of EtO vapor into a
CH.Cl, solution. The X-ray structure 6B shows pronounced nonplanarity of the BODIPY plad a
the TCBDs moiety. The BODIPY core remains planateriestingly, the two dicyanovinyl (DCV)
residues stretch in the opposite direction of esbler with a dihedral angle (C24-C13-C12-C21) of
38.2°. The DCV moiety adjacent to the BODIPY twistskward out of the BODIPY platform with
torsion angles (C5-C6-C12 -C21) of 43.7°; while tdteer DCV moiety twists forward out of the
BODIPY plan (C7-C6-C12-C13) of 43.5°. On the otlsete of the TCBDs, the torsion angles
between the anisole ring and the adjacent DCV(C23-C14-C19) are of 47.1° and
(C12-C13-C14-C15) of 46.7° with the other DCV, resfvely. Due to the strong electron

withdrawing group TCBDs, the C7-C6 bond (1.41 Addktively longer than that of the C2-C3 bond
(1.36 A).

Figure 10. ORTEP view of 68. Displacement ellipsté are drawn at 30% probalibity level.
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1.2.2.2The synthesis of the TCBDs chromophorésand72.

According to the literature, compourd® was synthesized by a the cross coupling reactiaimef
2,6-diiodo-1,3,5,7-8- pendamethyl-4-bora-3a,4admsnadacene BODIPY with the
p-(dibutylamino)phenylacetylene in standard condifioIn the second step, compoufifl reacts
with TCNE in a proportion of 1:1.3 in the standegéction conditions. However, the reaction leads to
the mono and di-substituted derivatividsand 2, with the yield of 55% and 36%, respectively. The
fact indicated that TCNE was totally consumed mrbaction, indicating the dibutylamino moiety of
70 has a better reactivity with TCNE than the anisil&9.

LSO\, Cul [PA(PPRCIY N%
N\_N. _Nx
J=¥ Benzene, NEt B
F F FF
60°C
70,32%

CH,Cl,
TCNE, RT

71,55%

72,36%

Scheme 5. Synthesis of compounds 71 and 72.

1.2.2.30ptical properties of the TCBDs-BODIPYs

The optical properties of the TCBDs BODIP®S, 71 and72 were evaluated and the spectroscopic
data were collected in Table 3. In solution, theBDS show high solubility in common solvents. The
UV/Vis absorption spectra of all three moleculespthy the similar broad structureless band between
450-700nm, with the molar absorption coefficientlie 35000-80000 Mcni* range (Figure 11). In
comparison with the parent BODIPYO, the lowest energy absorption maximum6&f shows a
bathochromic shift of 25 nm. F@i and72, the formation of mono- and di-TCBDs moieties |éad
bathochromic shifts of 25 and 40 nm, respectivelypared withv0. The broad absorption band can
be attributed to the strong ICT transition betwdéka BODIPY core and the TCBDs residue.
Interestingly, for71 at shorter wavelength, two obvious overlapping gitsan bands are observed
between 260-400 nm, corresponding to the CT betwe@no group and the adjacent TCBDs; and

theTe1t* transition of the free alkylaminophenylethylen®gp, the latter disappeared in the case of
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72. In more polar solvents, small blue shifts areepbsd about several nanometers for the TCBDs.

However, the fluorescence of the TCBDs d§8s71, and72is completely quenched, which can be

attributed to the strong ICT process induced bystheng electron withdrawing TCBDs moietfés.

0.8 1

Normalized Absorbance

o.sla: J Oﬂé/&??@“

NC N

0 Y
260 360

460

Wavelength (nm)

\
0.7 -
0.6 -
0.5 -
034
0.2 1
0.1 -
660 760

Figure 11. Normalized absorption spectra of 69, 7and 72 in Dioxan.

Table 3. Optical properties of the selected compouls.

Compound Aabs(NM) g (Mten™
59 in CHCI, 568 50000
69 in Dioxar 54: 3600(
69 in EtO+ 54C 3500(
70 in CHCI, 599 40000
71 in Dioxar 574 6000(
71 in EtOF 57E 5700(
72 in Dioxar 55¢ 7700(
72 in EtOF 554 7400(

1.2.2.4Electrochemical properties of the TCBDs dyes

The electrochemical properties of the TCBDs dg&s 71 and 72 were evaluated by cyclic

voltammetry, and data were collected in Table 4.

For 69, on the oxidation scans, an irreversible wave elmerved at +1.27V and can be attributed to

the BODIPY moiety undergoing one electron oxidati©@ompared with the parent BODIP®, it is
clear that the TCBDs residue makes the BODIPY moratre difficult to be oxidized by 250 meV.
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On the reduction scans, interestingly, three swteegeversible peaks are observed at -0.25V,

-0.73V, and -1.48V, corresponding to the succeseive electron reduction of the dicyanovinyl

(DCV) groups and the BODIPY moiety, respectivelyueDto the electrostatic effect, the second

reduction of the DCV moiety is made more diffidojt480 meV. Clearly, the presence of the TCBDs
makes also the reduction of the BODIPY moiety ndifcult by 380 meV (Figure 12).

Fc/Fc*

Current (pA)

[

,‘.—-\

50 1000 -1500 -2000
Potential (mV)/vs SCE
NC CN

Figure 12. Cyclic voltammetry spectra of compound ®.

The electrochemical properties 0 were investigated in order to facilitate the anialy®©n the

oxidation scans, three irreversible oxidation steesobserved at +0.65V, +0.75V and +1.15V. The

first two close but resolvable one electron oxiolatwaves can be attributed to the successive

oxidation of the two dibutylamino moieties, indicaf an effective electrostatic effect through the

T-conjugated BODIPY core. The third irreversibledation wave can be attributed to the formation

of the BODIPY radical cation. On the reduction sgathe reversible reduction peak observed at

-1.16V corresponding to the formation of the BODIRYadical anion (Figure 13).

For 71, on the oxidation scans, the first irreversiblesgvat +0.76V can be unambiguously assigned

to the one electron oxidation of the free aminougrat the other side of the TCBDs residue. It is

clearly demonstrated that the TCBDs makes the tiidaf the adjacent amino group more difficult.

However, the second reversible but not well resblyeidation wave at +1.26 V is more difficult to

be accurately determined. In comparison widhthe peak can be attributed either to the aminagr

adjacent to the TCBDs, or to the BODIPY oxidatiorfdrm the radicattcation. On the reduction

scans, according %9, two well resolved reversible reduction stepsla41V, -0.80V, and the third
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guasi-reversible reduction step at -1.57V can biéated to the successive one electron reduction o
the dicyanovinyl (DCV) groups and the BODIPY moietgspectively. The reduction of BODIPY
core is made more difficult by the TCBDs residueth® meV.

Current (pA)

L L L L L]
1500 500 -1500 -2000

Potential (mV)/vs SCE

Figure 13. Cyclic voltammetry spectra of TCBDs dye30 and 71.

More interestingly, for72 (Figure 14), on the oxidation scans single revérsdxidation peak is
observed at +1.27V. The fact that current integratif this peak at +1.27 V is double with respect t
the first reduction peak at -0.29 V, speak in fafmrthe oxidation of both amino groups at this
potential despite the obvious electrostatic effdttis might be considered as sterically enforced
deconjugation induced by the TCBDs residues. Furtbee, in comparison witil, the oxidation of
the BODIPY core will be shifted to a higher potahby the double TCBDs residues, hence it is more
likely outside of the accessible electrochemicaddew (+1.6V vs SCE). On the reduction scans, the
remarkable three reversible and the fourth quagstble reductions steps observed at -0.29V,
-0.42V, -0.81V, and -0.95V, respectively, corregliog to the successive one electron reduction of
the four DCV moieties. The reduction of BODIPY caseobviously made more difficult by the
double TCBDs residues, thus it might be outsidinefaccessible electrochemical window (-1.6V vs
SCE).
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Current (pA)

-1000 -1500 -2000
Potential (mV)/vs SCE

Figure 14. Cyclic voltammetry spectra of compound31 and 72.

Table 4. Cyclic voltammetry of the TCBDs BODIPYs.

Compounds  E° [V] (AE [mV])  E®eq [V] (AE [mV])

59 +1.01 (irrev) -1.10 (96)
69 +1.27 (irrev) -0.25 (64)
-0.73 (69)
-1.48 (78)
7C +0.65 (irrev) -1.16 (106)
+0.75 (irrev)
+1.15 (76)
71 +0.76 (irrev) -0.41 (83)
+1.26 (71) -0.80 (quasi)
-1.57 (irrev)
72 +1.27 (80) -0.29 (76)
-0.42 (85)
-0.81 (120)
-0.95 (quas

Cyclic voltammetry carried out in deoxygenated CHCI, solutions, containing 0.1 M TBAPRK, at a solute
concentration range of 1.5x18M, at 20°C. Potentials were standardized using addeferrocene (Fc) as internal
reference and converted to SCE assuming that i (Fc/Fc) = +0.38V AE, = 70 mV) versus SCE. Error in
half-wave potentials is + 15mV. When the redox pragss is irreversible the peak potential (g or Ecp) is quoted.

1.2.3Synthesis of mono-styryl BODIPY

In order to acquire more information of the BODIB¥sed push-pull chromophore, mono-styryrl
TCBDs BODIPY 74 was designed by a retrosynthetic analysis (Figie Compound’4 can be
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obtained by a cycloaddition reaction#® with TCNE, itself prepared via a Knoevenagel rigacof
58 with a benzaldehyd¥:®

Nnc. CN

Figure 15. Retrosynthetic analysis of compound 74.

The key reaction is the regioselective Knoevenagattion carried out with compour&8 and
dimethylaminobenzaldehyde under the standard aondit Interestingly, only one mono-styryl
product was isolated as the major substituted devie. The condensation reaction is occurring

principally at the 5-position and gave prodd8twith 43% isolated yield (Scheme 6).

Piperidine, \
p-Toluenesulfonic acid  ©

FF Toluene, 140°C
dryness

Scheme 6. Knoevenagel reaction of compound 58.

Other reactions were carried out with two more asgtnic BODIPY derivative®a, 76, in order to
confirm such selectivity for the mono-styryl condation (Scheme 7).

For 9a, the iodine atom at the 2 position is consideretath electron donor (by conjugation) and
electron acceptor (by induction). In this case, tdomdensation reaction gives principally the

5-mono-styryl derivativd5in 52%, indicating a good selectivity and readyivi

101



Chapter IV: The BODIPY bridged push-pull chromopdsor

For 81, the BODIPY core is conjugated with ethynyl-nitrokene, an electron withdrawing group.
Once again, only the 5-mono-styryl compouitdvas obtainedn a lower yield, due to the decrease
of nucleophilicity of the 5-methyl group induced thye conjugated nitro group. It's worthnoting that
when an excess amount of dimethylaminobenzaldelwgdaised with longer reaction time, the green
colored di-styryl compound can be obtained in traneount after a long purification procedure.
However, like all the large aromatic planar chromane, a poor solubility of the di-styryl compound
in common solvents makes identification rathericlit.

Therefore, we had successfully synthesized the rstyrgl BODIPY dyes/3, 75 and77 from the
asymmetric BODIPY derivatives in acceptable yieldhese novel compounds were fully

characterized and their optical properties inveséd in the follow section.

NN, N~ Piperidine, p-TsOH
5
F F Toluene, 140°C
dryness
%a 75,52%
|
\
\
N\
e
H
NO
= N\ Piperidine, p-TsOH 2
ON =\ N N~
B Toluene, 140°C
FF dryness

77, 27%
Scheme 7. Synthesis of monostyryl BODIPY dyes 78c&77.

1.2.3.1ldentification of the mono-styryl BODIPYs

The 5-monostyryl BODIPY derivatives3, 75, and77 were fully characterized biH NMR, *°C
NMR, mass spectroscopy analysis and element asaljke’H NMR analyses was used for the
identification of the structures of the 5-monostytgrivatives. In order to facilitate the inter@gon,
the spectra of their analoguEg 51monq and51biswere compared (Figures 16 and 17).

For 17, the characteristic chemical shift of the ident[&gyrrolic protons (in red) is observed at 6.0
ppm. While for the mono-styry@lmong one of the3-pyrrolic protons is shifted to 6.6 ppm, while

the other remains at 6 ppm.
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For di-styryl BODIPY51bis both3-pyrrolic protons (in green) are both shifted & @m. Therefore,
the spectra strongly indicate that the pyrrolictpnowill be shifted downfield from 6.0 to 6.6 ppm
during formation of the styryl group located at Hane side.

For58 and73, the chemical shift of the pyrrolic proton is sb&d from 6.0 ppm fob8 (in red) to 6.6
ppm for 73 (in green), confirming that the monostyryl formaiti®s localized at the 3-position. In
addition, in all styryl-BODIPYs signals, the obsetdvl6 Hz proton-proton coupling constant is in
keeping with arE conformation of the double bondslt is worthnoting that the chemical shifts of
these compounds are changed in solvents with diftetipole moments, due to the pronounced ICT

processThe structures of5 and77 were identified as well by the same principles.
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Figure 16.'H NMR spectra of compounds 17, 51mono and 51bis @DCls.
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Figure 17."H NMR spectra of compounds pendamethylBODIPY, 58 73 in CDC.
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1.2.3.2X-ray analysis of compountb.

In order to confirm the regioselectivity of the stitution reaction, single crystals @5 were grown

by slow diffusion of saturated £ vapor into a CkCl, solution. The X-ray analysis confirms the
expected structure (Figure 18). Despite the pres@fdodine atom at 2-position, the molecular
conformation of the monostyryle BODIPA5 is in good agreement with those monostyryl BODIPY's
described in literature="* The BODIPY core of75 remains planar, with the double bond slightly
twists with the BODIPY plan with torsion angles ¢C6-C1’-C2’) of -8.67°; and the aniline ring
slightly twists with the double bond (C1’-C2’-C1GC) of -8.06°. The distance between atoms C1’
and C2’is 1.342A, between C3 and I1 is 2.060Aneen C4C and N3 is 1.386A, respectively. These

values are in keeping with C=C, C-I, and C-N bomdspectively® "

Figure 18. ORTEP view of compound 75. Displacemeetlipsoids are drawn at the 30% probability level.

1.2.3.30ptical properties of the asymmetric mono-styryls

The optical properties af3 and75 were evaluated in different solvents and the spscbpic data
were collected in Table 5. In solution, The UV-\digsorption spectra of both styryl compounds are
similar to those of mono-styryl BODIPYs describedliterature (Figure 19 and 213’* Strong
absorption band between 500-700 nm is observedanaitsorption coefficient in the 70000-110000
M™cm® range, corresponding to, S-S, transition of the BODIPY cor€. For 73 and 75, the
absorption maximum is centered at 617 £ 3 and 68hm, respectively. Weak solvent dependence
is observed for both molecules in absorption. Gnadbntrary, the fluorescence emission spectra of
the both compounds are strongly dependent witldijpele moments of the solvent (Figure 20 and
22). For73, the emission maximum shifts from 660 nm in diox@a721 nm in acetonitrile. Fai5,

the emission maximum shifts from 658 nm in dioxarvy®5 nm in acetonitrile. The bathochromic

shifts with concomitant decrease of fluorescenantum yield @) and lifetime t) are observed for
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the both molecules in more polar solvent. Farthe quantum yieldg) and lifetime ¢) decrease from
dioxan (p = 0.66,T = 2.6 ns) to CBCN (¢ =0.09,1 = 1.1ns), accompanying with the increase of
non-radiative decay.k(from 1.3 to 8.3 -1%%) and the decrease of radiative decaffiom 25.4 to
8.2 -10s™"). The same phenomenon is also observe@Sowhich can be attributed to the acceleration
of internal conversion as the energy gap betweenrgt state and excited state decreds@hie
protonation of73 and75 was used to “switch off” the ICT transition betweilne dimethylanilino
group and the BODIPY moiety, by adding vapor of H@lio the solution of the mono-styryl
derivatives. In absorption, the protonation resoitt@ hypsochromic shift about 40 nm ¥&and75,
which is independent to the solvent polarity. Inission, the protonation also results in a large
hypochromic shift. The emission maximum is centeae@18 + 7 nm fo73 and 580 + 7 nm for5.

For both molecules, small hypsochromic shift isestaed in more polar solvents. However, instead of
resulting in a higher fluorescence quantum yieldpbgtonation as described in literatuf&s: "
rather low quantum yieldsp( are observed for3 (¢ decrease frorf.12 to 0.02) and for5 (¢
decrease from 0.20 decrease to 0.13), due to er fash-radiative decay,k The decrease of the
lifetime in more polar solvent is also observed lioth molecules. The solvent dependency of the
protonated compound8and75 can be attributed to the ICT character betweeBMBIPY moiety
and the substituent in 2-position. It is considdfet after protonation, the amino group becomes th
acceptor group while ethynylanisole moiety7@fand the iodine atom @®% act as donor group. The
electronic signature moves from a pusti—push situation to a pulTe— push casé® But the CT
character in both cases is rather modest, prolhi#yto the weak electronic acceptor nature of the
ammonium. In addition, in absorption spectra of phgtonated’5, an intramolecular CT transition
can be assigned to the pronounced shoulder s&30 aim, while the lowest energy absorption band

centered around 560 nm can be attributed to thelB®B § —S; (m—T1t*) transition (Figure 21).

Table 5. Optical properties of dyes 73 and 75 undararious solvent conditions.

Compound Ais(nm) €M 7.cm™) A, (nm) @(%)  t(ns) k (10'sY) k, (10'sY) A (cm™)
73 (Dioxan’ 62C 9240( 66C 66 2.6 25.4 13.1 o77¢F
73(Dioxan + H) 582 70100 628 12 2.1 5.7 41.9 12586
73 (EtOH) 617 8820( 691 21 2.1 10.C 37.€ 17357
73 (EtOH + H+) 580 76200 625 3 2.1 1.4 46.2 12414
73 (CH;CN) 613 71600 721 9 11 8.2 82.7 24436
73 (CH;CN + H+) 576 73700 612 2 - - - 10212
75 (Dioxan 60¢€ 8030( 65€& 66 3.3 20.C 10.5 13041
7% (Dioxan + |-+) 566 106000 587 20 2.5 8.0 32.0 6321
75 (EtOH) 60z 9400( 69¢ 14 2.1 6.7 41.C 23051
75 (EtOH + I—*) 563 114700 574 13 1.3 10.0 66.9 3404
75 (CH;CN) 600 92300 705 9 25 3.6 36.4 24823
75(CHsCN + H+) 561 94700 573 17 1.2 14.2 69.2 3733
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a) Quantum yield determined in dilute solution (@%¥) using rhodamine 6Ggf = 0.78 in water,
Aexc = 488 nm), or cresyl violet as referengg € 0.51 in EtOH e = 578 nm)° b) All ¢- are
corrected for changes in refractive indexaKd k, were calculated using the following equations: k
= @1, Ky = (1@)/1. €). As = Stokes shift.
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Figure 19. Normalized absorption spectra of 73 anthe protonated 73 in Dioxan, EtOH and CHCN, respectively.
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Figure 20. Normalized emission spectra of 73 and ¢hprotonated 73 in Dioxan, EtOH and CHCN, respectively.
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Figure 21. Normalized absorption spectra of 75 anthe protonated 75 in Dioxan, EtOH and CHCN, respectively.
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Figure 22. Normalized emission spectra of 75 arttie protonated 75 in Dioxan, EtOH and CHCN, respectively.

1.2.4 Synthesis of TCBDs BODIPY4.

The [2+2] cycloaddition reaction @B with TCNE was carried out in standard conditiohePurple

colored amorphous produett was easily obtained by a flash chromatographyh viglds between
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84 and 94%. The TCBD& was fully characterized, including optical andctlechemical properties,
as well as nonlinear optical properties which Wwéldiscussed in the following section.

TCNE

74,81%

Scheme 8. Synthesis of TCBDs BODIPY 74.

1.2.4.10ptical properties of compouryd!.

The optical properties 6f4 were evaluated in different solvents and the spscopic data were
collected in Table 6. In solution, similar to th€BDs analogues, the absorption spectr&/ 4f
displays large broad CT character bands betweet8800m (Figure 23). The absorption maximum
is centered at 600 nm with an extinction coeffitianout 45000 Mcm™*. Weak solvatochromism is
observed in different polar solvent. Upon protomatia hypsochromic shifts about 20 nm is observed
in both solvents. However, the fluorescence ofctiremophore is completely quenched as the other
TCBDs BODIPYs, probably due to the photoinducedtetm transfer (PET)’’ process induced by
the strong dimethylamino group and the strong edacvithdrawing group TCBDs.
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Figure 23. Normalized absorption spectra of 74 anthe protonated 74 in dioxan and EtOH.
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Table 6. Optical properties of compound 74.

Compound Aabs(NM) € (M.em™)
74 (Dioxan) 599 45500
74 (Dioxan + H) 579 39300
74 (EtOH) 602 4420(
74 (EtOH + H) 572 36500

1.2.4.2Electrochemical properties of compournidsand74.

The electrochemical properties&8and74 were investigated in deoxygenated £ solution at rt.
The data were collected in Table 7.

For73, on the oxidation scans, two irreversible oxidasteps at +0.56 V and +0.86V were observed,
corresponding to successive one electron oxidatiodimethylamino group and BODIPY core,
respectively. On the reduction scans, accordingréwious results, the reversible reduction step at
-1.15V can be attributed to the one electron rednof the BODIPY core. Fof4, interestingly, the
oxidation scans show two reversible oxidation staps-0.72 and +1.04V corresponding to the
oxidation of the aniline group and BODIPY moietgspectively. The presence of the TCBDs group
makes the oxidation of the amino group and BODIBM¥anore difficult by 160 meV and 180 meV,
respectively. On the reduction scans, three welblkeed reversible reduction steps were observed,
corresponding to two successive one electron remucit the two DCV moieties at -0.32V and
-0.78V; and the third reversible one electron réidncof the BODIPY moiety at -1.50V. The
reduction of the BODIPY core is more difficult b§@BmeV due to the TCBDs residue.

Current (pA)

-1500 -2000

Potential (mV)/vs SCE

Figure 24. Cyclic voltammetry of compounds 73 and4.
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Table 7. Cyclic voltammetry of the TCBDs BODIPYs.

Compound  E°% [VI(AE® [mV]) E®req [VI(AE® [mV])

73 +0.56 (irrev) -1.15 (102)
+0.86 (irrev)
74 +0.72 (93) -0.32 (98)
+1.04 (98) -0.78 (106)
-1.50 (112

Cyclic voltammetry carried out in deoxygenated CHCI, solutions, containing 0.1 M TBAPRK, at a solute
concentration range of 1.5x18M, at 20°C. Potentials were standardized using addeferrocene (Fc) as internal
reference and converted to SCE assuming that i (Fc/Fc) = +0.38V AE, = 70 mV) versus SCE. Error in

half-wave potentials is + 15mV. When the redox pragss is irreversible the peak potential (f or Ep) is quoted.

1.2.5The hyperpolarizabilities of the push-pull chromopds

The hyperpolarizability[§) of the push-pull chromophores were investigatgdising the Electric
Field Induced Second-Harmonic Generation (EFISHE&hhique and the results were gathered in
Figure 25 and Table 8. These measurements wererped in collaboration with Prof. Alberto
BARSELLA atDepartment of ultrafast Optics and Nanophotonic®D of IPCMS in Strasbourg.

The EFISHG is a well established technique fordeeermination of molecular second order NLO

response. In EFISHG, a fundamental laser beancisséa in a solution of the chromophore being
analyzed, to which a strong static electric fieddapplied. The interaction of the field with the
permanent dipoles moment of the molecules cauBies an the average orientation of the molecules.
The partial removal of the isotropy allows to sestéxarmonic generation to occur. From the intensity
of the detected second-harmonic light ttieis determined. It represents the scalar produthef
permanent dipole moment and the vectorial parthef liyperpolarizability>’®"® The B can be
extracted by a separate measurement of the pertrdipelre moment®®°Thepp(2w) values and the
static yB(0) values were calculated from the two-level mode¢ two-level model is used as an
approximation to calculate the dispersion enhanoenfector'®®' Since thepp(2w) values are
significantly affected by dispersion enhancemem, ¢xperiments were carried out at furé in
chloroform.

In EFISHG, a solvent concentration of M minimum is need for the molecule being measured. A
mentioned above, the poor solubility of the compbé2in CHCk makes the measurement difficult
to be realized. Nevertheless, the @yas found highly soluble for the experiment, howete u3(0)
value is rather weak Surprisingly, the dye&8 with strong electron withdrawing group TCBDs
shows almost no NLO response. B8r thepu(0) value is comparable to that 67. Interestingly,
conjugated with stronger electron donor group ntle@o- and di- TCBD31 and72 show high NLO
response with theP(0) of 870 and 1233 x1ff esu, respectively. The monostyid has the highest
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UB(0) value among the molecules of 2237%1@su, which is almost three times as thatbfUpon
the protonation o¥4 with HCI vapor, the “switch off” of the donor cleater leads to dramatically
reduce of NLO response to 390%f@su. This response is totally reversible;[ip€) value can be

then restored by adding a drop of triethylamine thie protonated solution.

74,4 (0) =2237
74+HCI, uB (0) =390

72,upB (0) =1233

Figure 25. Hyperpolarizability of the push-pull chromophores in CHCE solution.
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Table 8. EFISHG data of the BODIPY dyes and seleaiebenchmark organic chromophores.

compound Amax/nm  pp(0) (10*® HB(2w)(10*®
esu) esu)

475 9840 -
718 2564 -
430 363 -
486 319 -
535 284 450
500 - 90
543 248 400
574 870 1500
558 1233 2050
599 2237 4100

All data were collected in literatures® 41782
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1.2.5.1Studies of resonance effect on the hyperpolaritglof the TCBDs

In the study of structure-properties relationsHighe push-pull compounds, a simple model has been
proposed in which molecular hyperpolarizability derrelated with the degree of ground-state
polarization®? The degree of ground-state polarization or, thgrefe of charge separation in the
ground state (involves structure of tlteonjugated system or the strength of the donoraacdptor
substituents) has large impact on the moleculareipgiarizability*® To better understand this
correlation, the molecular two limiting resonand¢eustures have been largely considered in the
donor-acceptor polyenes and porphyrine-based ctphore (Figure 26}°1"%3In those cases, an
enhanced molecular hyperpolarizability was obserwdtwtn the bridge connecting D to A is
polarizable and manifests a large transition momatftconsiderable CT charactet**Furthermore,

as mentioned in the third paragraph : Simply ingireg the donor/acceptor strength will not
necessarily lead to enhanced the hyperpolarizalelen the two states are fully delocalized or
localized>?” but at some intermediate point where there is megiigible overlap between the two
states:* It was revealed that the overlapping between ©&1® and LUMO in the bridging region is
necessary for obtaining the large hyperpolarizgh{f) in a push-pull systeff:*°

_ o +//
HeC NQ_\_O:() Hae-N_ )\ @ )
— O

\ O
IN= =C=C= *C:CGN
o)

Ph

hv, solvent dipole moments

Figure 26. Structure of ground state and charge sepated state for the selected compound<:*’8

Therefore, two limit resonance forms were also Usa@ to evaluate the structure-polarizability of
the synthesized BODIPY dyes. The negligible NLOpoese 0f68 is probably due to the fully
electron delocalization caused by the strong edactrithdrawing character of TCBDs residue. While

in the case 069 and71, the modest NLO values can be explained by th&i¢crent t-electrons
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delocalization represented in mesomeric forms ef TICBDs BODIPYs in Figure 27. In those
mesomeric structures, threelectrons couldn’t be efficiently delocalized fratonor group to the
electron withdrawing group through the BODIPY coféerefore for69 and71 the donor group

plays a more important role in determination @f typerpolarizability®

Figure 27. Electron delocalization of compounds 68nd 71.

In the resonance forms of the monostyrgl (Figure 28), thetelectron is more likely efficiently
delocalized along the whole molecule, and theredolnéggher NLO value was obtained. In addition,
the computational calculation studies are in preces get a better understanding about the

structure-property relationship of TCBDs-BODIPY dye

Solvent dipole moment

Figure 28. Resonance forms of compound 74.

1.3Conclusion

In the first part of the synthesis, several BODIit¥dged push-pull chromophores were designed and
synthesized. Their optical, electrochemical prapsrtwere investigated. In thesecond part,
undergoing [2+2] cyclo-addition and retro-ring-openreactions, the amorphous TCBDs BODIPY
derivatives were obtained in good yields from teaction of symmetric BODIPYs with TCNE. In
third part, we discovered that the 5-monostyryl BB¥s can be selectively obtained from
Knoevenagel condensation of a 2-position substtB@®DIPY with an electron-rich benzaldehyde.
The good reactivity and selectivity of the reactiere confirmed by a series of comparison.
Ultimately, the TCBDs compound4 was obtained in high yield from a second selective
cycloaddition of the monostyryl BODIP¥3 with TCNE. The hyperpolarizability of the synthasil
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compounds was evaluated by EFISHG measurement]@Ds compounds2 and 74 show
particular interesting NLO response, which mighkenthem good candidates for the NLO materials.
Moreover, the interesting electrochemical properfiespecially in reduction steps); strong CT
absorption band in the 500-700 nm range; as weajbasl solubility in common solvent, the TCBDs
BODIPY dyes have already represented good candidatehe study of photovoltaic, and further
investigation is on the list.

117



Chapter IV: The BODIPY bridged push-pull chromopdsor

References

(1) Zhou, Y.; Xiao, Y.; Chi, S.; Qian, >Org. Lett.2008 10, 633.
(2) Dong, Y.; Bolduc, A. a.; McGregor, N.; Skene, @/ Org. Lett.2011, 13, 1844.

(3) Barsu, C.; Cheaib, R.; Chambert, S.; Queneguyigury, O.; Cottet, D.; Wege, H.; Douady, J.;
Bretonniere, Y.; Andraud, ©rg. Biomol. Chen201Q 8, 142.

(4) Lord, S. J.; Conley, N. R.; Lee, H.-l. D.; SaahR.; Liu, N.; Twieg, R. J.; Moerner, W. E.Am.
Chem. Soc2008 130, 9204.

(5) Marder, S. R.; Kippelen, B.; Jen, A. K. Y.; Beammbarian, NNature (London}997 388 845.

(6) LeCours, S. M.; Guan, H.-W.; DiMagno, S. G.;MJaC. H.; Therien, M. Jl. Am. Chem. Soc.
1996 118 1497.

(7) Collado, D.; Casado, J.; Gonzélez, S. R.; NatarJ. T. L.; Suau, R.; Perez-lnestrosa, E.;
Pappenfus, T. M.; Raposo, M. M. i@hem. Eur. J2011, 17, 498.

(8) Burckstummer, H.; Kronenberg, N. M.; Meerhd{z, Wirthner, FOrg. Lett.201Q 12 (16) pp
3666.

(9) Erten-Ela, S.; Yilmaz, M. D.; Icli, B.; Dede, Mcli, S.; Akkaya, E. UOrg. Lett.2008 10, 3299.

(10) Chu, T.-Y.; Lu, JBeaupré, S.; Zhang, Y.; Pouliot, J.-R. m.; Wakim, S.; Zhdy Leclerc, M.; Li,
Z.; Ding, J.; Tao, YJ. Am. Chem. So2011, 133 4250.

(11) Ziessel, R.; Retailleau, P.; Elliott, K. Jatdman, A.Chem. Eur. J2009 15, 10369.

(12) Zhou, E.; Tan, Z. a.; Yang, Y.; Huo, L.; Z&u; Yang, C.; Li, Y.Macromolecule2007, 40,
1831.

(13) Wakatsuki, Y.; Yamazaki, H.; Kobayashi, T.g8wara, Y Organometallicsl987, 6, 1191.
(14) Kanis, D. R.; Ratner, M. A.; Marks, T.Ghem. Rev1994 94, 195.

(15) Levine, B. FChem. Phys. Letl976 37, 516.

(16) Lalama, S. J.; Garito, A. Phys. Rev. A979 20, 1179.

(17) Verbiest, T.; Houbrechts, S.; Kauranen, Mays| K.; Persoons, A. Mater. Chem1997, 7,
2175.

(18) Wirthner, F.; Wortmann, R.; Meerholz, BhemPhysChen2002 3, 17.

(19) Blanchard-Desce, M.; Alain, V.; Bedworth, P; Marder, S. R.; Fort, A.; Runser, C.; Barzoukas,
M.; Lebus, S.; Wortmann, RChem. Eur. J1997 3, 1091.

(20) Moore, Adrian J.; Chesney, A.; Bryce, Martin BRatsanov, Andrei S.; Kelly, Janet F.; Howard,

Judith A. K.; Perepichka, Igor F.; Perepichka, Dimi.; Meshulam, G.; Berkovic, G.; Kotler,
Z.; Mazor, R.; Khodorkovsky, \Eur. J. Org. Chem2001, 2001, 2671.

118



Chapter IV: The BODIPY bridged push-pull chromopdsor

(21) Bouit, P. A.; Kamada, K.; Feneyrou, P.; BegiG.; Toupet, L.; Maury, O.; Andraud, C.
Advanced Material2009 21, 1151.

(22) Didier, P.; Ulrich, G.; Mely, Y.; Ziessel, Rrg. Biomol. Chen2009 7, 3639.

(23) Bloembergen, Nselected Topics in Quantum Electronics, IEEE Jouoh200Q 6, 876.
(24) Ward, J. FReviews of Modern Physit965 37, 1.

(25) Oudar, J. L.; Le Person, Bpt. Communl1975 15, 258.

(26) Zyss, JJ. Non-Cryst. Solid$982 47, 211.

(27) Zerner, M. C.; Fabian, W. M. F.; Dworczak, Rieslinger, D. W.; Kroner, G.; Junek, H.;
Lippitsch, M. E.Int. J. Quantum Chen200Q 79, 253.

(28) Yoshimura, TPhys. Rev. BR989 40, 6292.

(29) Yoshimura, TMolecular Crystals and Liquid Crystals IncorporagitNonlinear Optic4.99Q
182 43

(30) Yoshimura, TAppl. Phys. Lett1989 55, 534.

(31) Sriyanka Mendis, B. A.; Nalin de Silva, K. Nburnal of Molecular Structure: THEOCHEM
2004 678, 31.

(32) Mendis, B. A. S.; de Silva, K. M. Mternet Electronic Journal of Molecular Desi@005 4,
226.

(33) Sissa, C.; Parthasarathy, V.; Drouin-KucmaWerts, M. H. V.; Blanchard-Desce, M.;
Terenziani, FPhys. Chem. Chem. Phy€11Q 12, 11715.

(34) Albert, I. D. L.; Marks, T. J.; Ratner, M. A. Phys. Chert996 100, 9714.
(35) Albert, I. D. L.; Marks, T. J.; Ratner, M. A. Am. Chem. So&997, 119 6575.

(36) Marder, S. R.; Gorman, C. B.; Tiemann, B.Rerry, J. W.; Bourhill, G.; Mansour, science
1993 261, 186.

(37) Meyers, F.; Marder, S. R.; Pierce, B. M.; Bagd]. LJ. Am. Chem. So&994 116, 10703.
(38) Albert, I. D. L.; Marks, T. J.; Ratner, M. £&hem. Mater1998 10, 753.
(39) Huijts, R. A.; Hesselink, G. L. Chem. Phys. Letl.989 156, 209.

(40) Varanasi, P. R.; Jen, A. K. Y.; ChandrasekhalNamboothiri, I. N. N.; Rathna, A. Am. Chem.
S0c.1996 118 12443.

(41) Perepichka, I. F.; Perepichka, D. F.; BryceRM Chesney, A.; Popov, A. F.; Khodorkovsky, V.;
Meshulam, G.; Kotler, ZSynth. Met1999 102, 1558.

(42) Frank, w.; Klaus, MChem. Eur. J201Q 16, 9366.

(43) Kulinich, A. V.; Aleksandr, A. IRuss. Chem. Re2009 78, 141.

119



Chapter IV: The BODIPY bridged push-pull chromopdsor

(44) Belfield, K. D.; Hagan, D. J.; Van Stryland,\l.; Schafer, K. J.; Negres, R. @rg. Lett.1999
1, 1575.

(45) Belfield, K. D.; Schafer, K. J.; Mourad, W.eRhardt, B. AJ. Org. Chem200Q 65, 4475.

(46) Kolemen, S.; Cakmak, Y.; Erten-Ela, S.; Altsy, Brendel, J.; Thelakkat, M.; Akkaya, E. U.
Org. Lett.201Q 12(17) pp 3812.

(47) Zheng, Q.; Xu, G.; Prasad,&Ghem. Eur. J2008 14, 5812.

(48) Zhang, D.; Wang, Y.; Xiao, Y.; Qian, S.; Qiah,Tetrahedror2009 65, 8099.
(49) Zheng, Q.; He, G. S.; Prasad, PORem. Phys. Let2009 475 250.

(50) Knoevenagel, Ber. Der. Deut. Chem. Gesell398 31, 2596.

(51) Wirthner, F.; Yao, Angew. Chen00Q 112 2054.

(52) Qin, W.; Baruah, M.; Van der Auweraer, M.; Behryver, F. C.; Boens, N. Phys. Chem. A
2005 109, 7371.

(53) Karolin, J.; Johansson, L. B. A.; StrandbérgNy, T.J. Am. Chem. Sot994 116 7801.
(54) Yogo, T.; Urano, Y.; Ishitsuka, Y.; Maniwa, Ragano, TJ. Am. Chem. So2005 127, 12162.
(55) Bonardi, L.; Ulrich, G.; Ziessel, Rrg. Lett.2008 10, 2183.

(56) Qin, W.; Rohand, T.; Dehaen, W.; CliffordNI; Driesen, K.; Beljonne, D.; Van Averbeke, B.;
Van der Auweraer, M.; Boens, N. Phys. Chem. 2007, 111, 8588.

(57) Loudet, A.; Burgess, KChem. Rev2007, 107, 4891.
(58) Demeter, A.; Berces, T.; Zachariasse, KIJAhys. Chem. 2001, 105, 4611.

(59) Druzhinin, S. I.; Kovalenko, S. A.; Senyushkif. A.; Demeter, A.; Januskevicius, R.; Mayer,
P.; Stalke, D.; Machinek, R.; Zachariasse, KJAPhys. Chem. 2009 113 9304.

(60) Olmsted, JJ. Phys. Chert979 83, 2581.

(61) Goze, C.; Ulrich, G.; Ziessel, R.Org. Chem2007, 72, 313.

(62) Nepomnyashchii, A. B.; Cho, S.; Rossky, PBard, A. JJ. Am. Chem. So201Q 132, 17550.
(63) Liu, Y.; Zhou, J.; Wan, X.; Chen, Yetrahedror2009 65, 5209.

(64) Kato, S.-i.; Diederich, Zhem. Commur201Q 46, 1994.

(65) Kato, S. i.; Kivala, M.; Schweizer, W.; Bouddh; Gisselbrecht, J. P.; Diederichhem. Eur.
J. 2009 15, 8687.

(66) Jarowski, P. D.; Wu, Y.-L.; Boudon, C.; Gigsekht, J.-P.; Gross, M.; Schweizer, W. B.;
Diederich, FOrg. Biomol. Chem2009 7, 1312.

120



Chapter IV: The BODIPY bridged push-pull chromopdsor

(67) Reutenauer, P.; Kivala, M.; Jarowski, P. DbuBon, C.; Gisselbrecht, J.-P.; Gross, M.;
Diederich, FChem. Comn007, 4898.

(68) Esembeson, B.; Scimeca, M. L.; Michinobu,Oiederich, F.; Biaggio, lAdvanced Materials
2008 20, 4584.

(69) Rurack, K.; Kollmannsberger, M.; DaubN&w J. Chen00], 25, 289.

(70) Ziessel, R.; Ulrich, G.; Harriman, A.; Alamjiyl. A. H.; Stewart, B.; Retailleau, Ehem. Eur.
J. 2009 15, 1359.

(71) Yu, Y. H.; Descalzo, A.; Shen, Z.; Réhr, HiyLQ.; Wang, Y. W.; Spieles, M.; Li, Y. Z.; Rurack
K.; You, X. Z.Chem. Asian. 2006 1, 176.

(72) Picou, C. L.; Stevens, E. D.; Shah, M.; Boye.Acta Crystallographica Section 89Q 46,
1148.

(73) Burghart, A.; Kim, H.; Welch, M. B.; Thoresdn,H.; Reibenspies, J.; Burgess, K.; Bergstrom,
F.; Lennart, B. A. JJ. Org. Cheni999 64, 7813.

(74) Rurack, K.; Kollmannsberger, M.; DaubAhgew. Chem., Int. EQ001, 40, 385.

(75) de Silva, A. P.; Gunaratne, H. Q. N.; McCoyRCJ. Am. Chem. So&997, 119, 7891.
(76) Coskun, A.; Deniz, E.; Akkaya, E. Org. Lett.2005 7, 5187.

(77) Fox, M. A.Photochem. Photobiol99Q 52, 617.

(78) Maltey, I.; Delaire, J. A.; Nakatani, K.; Warkg.; Shi, X.; Wu, SAdv. Mat. Opt. Eled996 6,
233.

(79) Ferrighi, L.; Frediani, L.; Cappelli, C.; Skjé>.; Agren, H.; Helgaker, T.; Ruud, €&hem. Phys.
Lett.2006 425 267.

(80) Wiirthner, F.; Effenberger, F.; Wortmann, Rraiker, PChem. Phys1993 173 305.
(81) Oudar, J. LJ. Chem. Phy<l977, 67, 446.

(82) Marder, S. R.; Cheng, L.-T.; Tiemann, B. Gig#li, A. C.; Blanchard-Desce, M.; Perry, J. W.;
Skindhgj, JSciencel994 263 511.

(83) Karki, L.; Vance, F. W.; Hupp, J. T.; LeCouss M.; Therien, M. . Am. Chem. Sot998 120,
2606.

121



Chapter IV: The BODIPY bridged push-pull chromopdsor

122



Conclusion and Perspective

Conclusion and Perspective

In the beginning of this thesis, our main aim waglévelop a new general strategy which allows
improving the water solubility of BODIPY dyes. A dastep synthesis protocol was then developed
to convert the hydrophobic BODIPY core to the hyidic one by introducing one pair of
sulfobetaine groups onto the boron atom. Thisexgsatan be applied in relatively mild conditions
for most of F-BODIPY dyes to generate the correspondiaBODIPY dyes with enhanced water-
solubility. Moreover, this two step protocol hasbhegroved to be compatible with other types of
reactions before or even after the formation ofohdtaine groups, depending on the requested
reactions (such as carboalcoxylation, Sonogasharssccoupling). It is an important feature for the
design and engineering of BODIPY dyes for differ@pplication purposes.

Later on, we applied this strategy with the distyB@DIPY dyes in order to obtain water-soluble
dyes that emit in the red region for bioconjugatapplications. By combination of three water
solubization approaches, including introducing tkelfobetain groups on styryl moieties;
introduction of ethynyl groups (EG chains, sulf@es ) onto boron atom; or introduction of
polypeptide sulfonated linker at the pseudo-messitipn. Ultimately, we obtained a series of
water-soluble red-emitting dyes suitable for bigogagtion. The preliminary biological evaluation
were performed by the conjugation with the BSA emotor antibody mAb and encouraging results
were obtained; furthermore, two photon absorptielhimaging experiment on HelLa cells was also
performed with our synthesized water-soluble redtéerg BODIPY dye. Up to now, encouraging
results have been obtained, but more efforts masiniested in order to improve the optical
performance of BODIPY dyes for bioconjugation apgfions.

We then moved onto the investigation of BODIPY fad push-pull systems. By the construction
of fully conjugated donor-BODIPY-acceptor system& were particularly interested in the role
played by the donor and acceptor groups on thecaptind electrochemical properties of the
BODIPY core. Moreover, thaw electron asymmetric distribution induced nonlinesptical
property of the chromophore which also attracted aitentions. Therefore, a series of push-pull
BODIPY dyes were synthesized and investigatedrdstang electrochemical and NLO properties
were discovered along with our research. It is alsteworthy that, during the synthesis, we
discovered as well the interesting regio-selectivit the Knoevenagel condensation reaction of 2
position substituted BODIPY dye with dimethylamieolzaldehyde, which leads to principally 5-
monostyryl BODIPY dyes. This observation may giweng useful information for the future
BODIPY molecular engineering and help to obtain ettds understanding about structure-

relationship of BODIPY dyes. Moreover, the inteiegtelectrochemical properties of the TCBDs
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BODIPY dyes may also contribute to the developnoémtye sensitized solar cells and photovoltaic
devices.

In perspective, it might be useful to apply the 4step synthesis protocol to improve the water
solubility of BODIPY dyes with different optical pperties, in order to enable the dyes to be used
not only for bioconjugation or cells imaging applions, but also as a tool for environmental

detections purposes in aqueous media.
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Experimental part

General Methods.

All reactions were performed under a dry atmosplareargon using standard Schlenk tubes
techniques. All chemicals were used as receivedn flommercial sources without further
purification. CHCl2 was distilled from BOs under an argon atmosphere. THF was distilled from
sodium and benzophenone under an argon atmos@BiEi®@EDR has also been distilled. The 200
(*H), 300{H), 50 ¢*C), 75 ¢*C) MHz NMR spectra were recorded at room tempegatuith
perdeuterated solvents with residual protiatedesdlgignals providing internal references. Column
chromatographic purification was conducted usingg8@m silica gel. Thin layer chromatography

(TLC) was performed on silica gel plates coatedhlitorescent indicator.
2) Spectroscopic Measurements.

UV-vis spectra were recorded using a Shimadzu U®336ual-beam grating spectrophotometer
with a 1 cm quartz cell. Fluorescence spectra wererded on a HORIBA Jobin-Yvon fluoromax
4P spectrofluorimeter. All fluorescence spectraeweorrected. The fluorescence quantum yield

(Pexp) was calculated from eq (1).

F{1-exp(-A In 10}n?
Peyp = Pres > (1)
Fref{1-exp(-A In 10In“ ¢

Here, F denotes the integral of the corrected #scence spectrum, A is the absorbance at the
excitation wavelength, and n is the refractive indéthe medium. The reference system used were
rhodamine 6G in methanofb(er= 0.78, Pexc= 488 nm) and cresyl violet in ethandbré = 0.50,
®exc= 546 nm)in air equilibrated water and deaerated solutiohsminescence lifetimes were
measured on an Edimburgh Instruments spectrofl@emequipped with a R928 photomultiplier
and a PicoQuant PDL 800-D pulsed diode connected @instect GFG-8015G delay generator.
No filter was used for the excitation. Emission ef@angths were selected by a monochromator.
Lifetimes were deconvoluted with FS-900 softwarangis light-scattering solution (LUDOX) for

instrument response.

! Olmsted, JJ. Phys. Cher1979 83, 2581.
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Reagents

Pyrrole, indole, Trimethylsilylacetylene, BEt$LO, copper iodide, ICI, BCO; NaSQ, 1-
dimethylamino-2-propyne, 1,3-propane sultone, i@haoyl chloride 2,6-Lutidine, Sodium hydride
(NaH), KF, tetracyanoethylene, malononitrile, 1yeiyil-4-nitrobenzene, 4-ethynylbenzaldehyde, 1-
ethynyl-4-methoxybenzene, 4'-ethynyl-2,2":6',2pyeidine, diethylene glycol monomethyl ether,
Al,0,, 1,6-dibromopyrene,ethyl magnesiumbromide, NBS, p-(butylamino)phemgtgene, 4-
Bromo benzene sulfonyl chloride, and triethylami(€tsN) were used as purchased. [Pd
(PPh).Cl], 2 [Pd (PPh)y, ® 4-iodobenzyl bromide? 4-[3-(dimethylamino)-1-propyn-1-yl]-
> N-(4-iodobenzyl)-N,N-dimethylamine  and  4-[(dimekipino)methyl]-

benzaldehyd&were prepared according to literatures. TetraHydan, toluene, dichloromethane,

benzaldehyde,

dichloroethane, DMF and diethyl ether were driedrasuitable reagents and distilled under argon

atmosphere immediately prior to using.
CHAPTER I

4-bromo -1-Isopropylsulfonatephenyl

To a solution of Benzenesulfonyl chloride (1 g,13/®mol) in dry GH4Cl, was added the 2-
methylpropan-1-ol (0.319 g, 4.30 mmol) and 2, édiae (0.460 g, 4.30mmol) at 0 °C for 10
minutes, then stirred at RT for 10 hours. The suiveas evaporated after the filtration. A
chromatography on silica gel (GEl,/ petroleum ether, 4: 6) afforded the oil produzi789 g,
77%). 'H NMR (200MHz, CD@): 6 7.73 (m, 4H), 3.82 (d, J = 6.72 Hz, 2H), 1.95(m), 188 (d,

J =6.72 Hz, 6H).

Follow the same procedure, the 4-Bromo -1-(N-sutfpyrrole)phenyl and4-Bromo-1-(N-
sulfonylindole)phenyl were prepared from pyrrolmdole treated with NaH in dry THF give the
yield of 50% and 67%, respectively.

4-Bromo-1-(N-sulfonylpyrrole)phenyl

1H NMR (200MHz, CDCY): §7.66 (m, 4H), 7.14 (t, J = 2.42 Hz, 218)31 (t, J = 2.42 Hz, 2H).

ZN. Miyaura, A. SuzukiQrg. Synth199Q 68, 130.

3 Coulson, D. RInorg. Chem.1972 13, 121.

* Wilson, A. A.; Dannals, R. F.; Ravert, H. T.; Fro&tJ.; Wagner, H. Nl. Med. Chem1989 32, 1057.

® Lemhadri, M.; Doucet, H.; Santelli, Miynthesi®005 1359.

®Sheng, R.; Xu, Y.; Hu, C.; Zhang, J.; Lin, X.; li; Yang, B.; He, Q.; Hu, YEur. J. Med. ChenR009 44, 7.
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Experimental part

4-Bromo-1-(N- sulfonylindole)phenyl

1H NMR (300MHz, CDCJ): §7.89 (d, J = 8.28 Hz, 1H},64 (d, J = 6.96 Hz, 2H), 7.50-7.44 (m,
4H), 7.22 (m, 3H), 6.60(d, J = 3.60Hz, 1H).

4-[2-(trimethylsilyl)ethynyl]-1-(N-sulfonyl pyrrole )phenyl

To a degassed solution of 4-Bromo-1-(N-sulfonylpigjphenyl(0.841 g, 2.95 mmol), in benzene
(3mL) and NETE (2mL), was added [Pd (PBECI;] (0.128 g, 0.177 mmol), Cul (0.034 g, 0.177
mmol), Trimethylsilylacetylene (0.348 g, 3.94 mmol). Th&tare was stirred at 60 °C for 10 hours,
until complete consumption of the staring matewals observed by TLC. The mixture was then

washed with water, brine then extracted with,CH the organic layer was dried on MgStBen

evaporated, followed by column chromatography ef tesidue on silica gel (GBI, petroleum
ether, 2: 8) afforded (0.792 g, 88%H NMR (200MHz, CD(): 67.77 (d, J = 8.86 Hz, 2H), 7.53
(d, J=8.60 Hz, 2H), 7.13 (t, J = 1.88 Hz, 2HR&(t, J = 2.16 Hz, 2H), 0.24 (s, 9H).

Follow the same procedure, the compounds:

4-[2-(trimethylsilyl)ethynyl]-1-ethylsulfonatepheny | (yield 90%) ,

1H NMR (200MHz, CDC4): §7.87 (d, J = 8.60 Hz, 2H), 7.64 (d, J = 8.60 Hz),2H14 (g, J = 7.26
Hz, 2H), 1.32 (t, J = 7.26 Hz, 3H), 0.27 (s, 9H).

4-[2-(trimethylsilyl)ethynyl]-1-isopropylsulfonatep henyl (yield 86%),

1H NMR (200MHz, CDC4): §7.84 (d, J = 8.86 Hz, 2H), 7.60 (d, J = 8.60 Hz), 3479 (d, J = 6.46
Hz, 2H), 1.58 (m, J = 6.94 Hz, 1H), 0.88 (d, J #26Hz, 6H), 0.27 (s, 9H).

4-[2-(trimethylsilyl)ethynyl]-1-(N-sulfonylindole)p henyl (yield 94%)

1H NMR (200MHz, CDCY): §7.95 (d, J = 8.34 Hz, 1H), 7.78 (d, J = 8.86 Hz),2H54-7.44 (m,
4H), 7.35-7.19 (m, 2H), 6.66 (d, J = 3.66Hz, 1HRI0(s, 9H).

Were prepared from 4-Bromo-1-ethylsulfonatephemyhromo -1-lIsopropylsulfonatephenyl; 4-
Bromo-1-(N-sulfonyl indole)phenyl respectively.

Deprotection of trimethylsilyl

4-[2-(trimethylsilyl)ethynyl]-1-ethylsulfonatepheh#-[2-(trimethylsilyl)ethynyl]-1-
isopropylsulfonatephenyl, 4-[2-(trimethylsilyl)ethyl]-1-(N-sulfonylpyrrole)phenyl, 4-[2-
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Experimental part

(trimethylsilyl)ethynyl]-1-(N-sulfonyl indole)pherywith KF in MeOH / THF at RT gives the
terminal alkynes derivatives 1 (yield 83%), 2 (§li€l7%), 3 (yield 84%), and 4 (yield 91%).

~ J D

OS— OS—O OS—O os_o

AT

Compound (1) *H NMR (200MHz, CDC): §7.88 (d, J = 8.60 Hz, 2H), 7.64 (d, J = 8.60 Hz,
2H), 4.14 (q, J = 7.26 Hz, 2H), 3.29 (s, 1H), (8D = 7.26 Hz, 2H):*C NMR (75 MHz, CDCJ):

5 =136.38, 132.85, 127.98, 127.85, 81.82, 81.43%45714.82. MS (FAB m-NBA): m/z (%) =
210.0 [M + H]* (100).Anal. Calcd for GH,,0.S: C, 57.13; H, 4.79. Found: C, 56.82, H, 4.66.

Compound (2) *H NMR (200MHz, CDCJ): §7.87 (d, J = 8.40 Hz, 2H), 7.64 (d, J = 8.78 Hz,
2H), 3.81 (d, J = 6.56 Hz, 2H), 3.29 (s, 1H), 1(85 J = 6.94 Hz, 1H), 0.89 (d, J = 6.94 Hz, 6H).
3C NMR (75 MHz, CDCJ): 5 =136.28, 132.86, 127.97, 127.91, 81.87, 81.4(87/628.16, 18.67.
MS (FAB*, m-NBA): m/z (%) =238.0 [M + HJ (100).Anal. Calcd for GH,,0.S: C, 60.48; H, 5.92.
Found: C, 60.29, H, 5.77.

Compound (3) *H NMR (200MHz, CDCJ): §7.80 (d, J = 8.60 Hz, 2H), 7.58 (d, J = 8.60 Hz,
2H), 7.15(t, J = 1.88 Hz, 2H), 6.31(t, J = 2.16 BH), 3.27 (s, 1H)**C NMR (75 MHz, CDC}): &

= 138.98, 133.02, 128.19, 126.86, 120.96, 114.14743 81.67. MS (FAB m-NBA): m/z (%)
=231.0 [M + H]* (100).Anal. Calcd for GH;,NO,S: C, 62.32; H, 3.92; N, 6.06. Found: C, 62.04, H,
3.72:N, 6.17.

Compound (4) H NMR (200MHz, CDCY): §7.97 (d, J = 8.04 Hz, 1H), 7.82 (d, J = 8.78 Hz,
2H), 7.54-7.48 (m, 4H), 7.35-7.19 (m, 2H), 6.67 Jd& 3.66Hz, 1H), 3.22 (s, 1HFC NMR (75
MHz, CDCk): § = 138.12, 134.98, 132.92, 130.96, 128.17, 126.88,35, 124.94, 123.72, 121.66,
113.64, 109.80, 81.72, 81.62. MS (FAB1-NBA): m/z (%) =281.1 [M + H[ (100)
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Compound (5)

4-iodobenzoyl chloride (2 g, 7.5 mmol) was dissdlva freshly distilled
dichloromethane (150 mL) under argon atmosphere. 4jimethyl-3-
ethylpyrrole (2.2 mL, 16.5 mmol) was added and ith&ture was stirred at

room temperature for 7 days. Then triethylamin® (®L) and BE.EtO (7.6

mL) were added. After stirring 3 h at room temperat the mixture was treated
with water and brine. The organic layer was corme¢ed to ~10 mL and silica gel was added before
complete evaporation. The residue fixed over sijjeawas purified by column chromatography on
silica gel eluting with dichloromethane — petrolewether (30/70). Recrystallization by slow
evaporation of a dichloromethane / cyclohexanetswluafforded 1.9 g (50%) of compouidas

red crystals. *H NMR (300MHz, CD€lL §7.44 (AB sys, J = 8.3 Hz, 4H), 2.53 (s, 6H), 2.30 (q, J
= 7.5 Hz, 4H), 1.32 (s, 6H), 0.98 (t, J = 7.6Hz)6fC NMR (75 MHz, CDCJ): § =12.1, 12.7, 14.7,
17.2,94.6, 130.4, 130.6, 133.1, 135.5, 138.3,41,3&88.7, 154.3.

Compound (6)

To a degassed solution 6f(0.0746 g, 0.147 mmol) ant (0.031g, 0.147
mmol) in benzene (3 mL) and TEA (3 mL), was added(PPh),] (0.017 g,
0.0147 mmol ) under argon. The mixture was stime®0 °C for 10 hours
until the complete consumption of the starting matevas observed by TLC.
The mixture was then evaporated, and a chromatbgram silica gel
(CH.CI; 100%, and then MeOH / GBI, 2: 8) afforded compoun@ (51 mg,
62%). 'H NMR (300MHz, CDGICDz0D) : §7.84 (d, J = 8.4 Hz, 2H), 7.64
(d, J =8.2 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 7(@72H), 2.49 (s, 6H), 2.27 (q,
J = 7.3Hz, 4H), 1.29 (s, 6H), 0.95 (t, J = 7.368H). **C NMR (75 MHz, CDC}/CD3OD): &
=153.9, 143.3, 138.9, 136.0, 132.8, 131.4, 13@8,5, 125.9, 123.3, 90.3, 89.51, 48.5, 46.3, 16.8,
14.4, 12.3, 8.5. MS (FAB m-NBA): m/z (%) = 560.1 [M + H] (100). Anal. Calcd for
C31H31BFN2OsS + HO: C, 64.36; H, 5.75; N, 4.84. Found:62.17; H, 5.62; N, 4.62.

s\
FF
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Compound (7)

To a degassed solution 6f(0.0286 g, 0.0565 mmol) ar2l (0.014g, 0.0565
mmol) in benzene (3 mL) and TEA (3 mL), was added(PPh),4] ( 0.007 g,
0.00057 mmol ) under argon. The mixture was stiae®0 °C for 10 hours
until the complete consumption of the starting matevas observed by TLC.
The mixture was then evaporated, and a chromatbgrap silica gel (CKCly/
petroleum ether, 4: 6, and then £Hp 100%) afforded compound (30 mg,
87%). 'H NMR (200MHz, CDGl): 6 7.91 (d, J = 8.40 Hz, 2H), 7.71 (d, J
=8.40 Hz, 2H), 7.68 (d, J = 8.04 Hz, 2H), 7.33J¢; 8.04 Hz, 2H), 3.85(d,J =
6.58 Hz, 2H), 2.54 (s, 6H), 2.30 (g, J = 7.68 &), 1.97 (qt, J = 6.94 Hz, 1H), 1.32 (s, 6H), 0.98
(t, J = 7.30 Hz, 6H), 0.90 (d, J = 6.94 Hz, 6HL NMR (75 MHz, CDCJ): § =154.3, 139.0, 138.2,
136.9, 135.84, 133.1, 132.5, 132.3, 130.6, 128,81 128.1, 122.9, 92.8, 88.8, 28.2, 18.7, 17.2,
14.7, 12.6, 12.0. MS (FABm-NBA): m/z (%) = 616.1 (80); 559.2 (100 + H] ™.

Compound (8)

To a degassed solution 6f(0.0547 g, 0.108 mmol) ar@l (0.025 g, 0.0108
mmol) in benzene (3 mL) and TEA (3 mL), was added(PPh),] ( 0.013 g,
0.0108 mmol) under argon. The mixture was stirre@G °C for 10 hours
until the complete consumption of the starting matevas observed by TLC.
The mixture was then evaporated, and a chromatbgram silica gel
(CH.CI,/ petroleum ether, 4: 6) afforded compouh(b0 mg, 91%). *H NMR
(200 MHz, CD@3): 6 7.85 (d, J = 8.76 Hz, 2H), 7.65 (dd, J = 8.04 Hz, J
8.76 Hz, 4H), 7.31 (d, J = 8.04 Hz, 2H), 7.18 & 2.18 Hz, 2H), 6.33 (t, J =
2.20 Hz, 2H), 2.53 (s, 6H), 2.23 (9, J = 7.30 H4),41.31 (s, 6H ), 0.98 (t, J
= 7.66 Hz, 6H).°C NMR (75 MHz, CDCJ): & = 154.4, 138.5, 136.5, 133.2, 132.5, 130.6, 129.1,
127.0, 122.9, 120.9, 114.1, 93.1, 88.7, 53.6, 20/&, 14.7, 12.™MS (FAB*, m-NBA): m/z (%) =
609.1[M + H] " (100). Anal. Calcd for GsHzsBF.N:O,S: C, 68.97; H, 5.62; N, 6.89. Found: C,
68.63; H, 5.44; N, 6.67.
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Compound (6"

To a solution 0B (0.02 g, 0.33 mmol) in THF (4 mL) and MeOH (2 mLasv
added C£; (0.03 g, 0.10 mmol), the The mixture was stirred@ °C for 10
hours until the complete consumption of the stgrtimterial was observed by
TLC. The mixture was then evaporated, the residas analyzed by mass
spectrometry (FAB mode negative): m/z (%) = 583.2[M -i{100), and exact

mass is 584.2

Compound (9a)

Compound9a was synthesized according to literat(f a solution of 4,4-
difluoro-1,3,5,7,8,-pentamethyl-4-bora-3a,4a,diazadacene (0.300 g,
1.14mmol) in MeOH / DMF (25mL / 25mL) was addedcadusion of ICI (1.2
equiv, 0.23mmol) in MeOH (5mL). A precipitate imnmaiely formed, the mixture stirred at room

temperature for about 45 minutes, and then the umaxivas washed with saturated sodium
thiosulphate solution (20 mL) then extracted witH.Cl.. The organic layer was dried on MgSO

then evaporated. A chromatography on silica gel @ petroleum ether, 4: 6) afforded

compound9a (330 mg, 75%). *H NMR (300MHz, CDS : 66.12 (s, 1H), 2.60 (s, 6H), 2.53 (s,

3H), 2.45 (s, 3H ), 2.40 (s, 3HYC NMR (75 MHz, CDCJ): § = 156.2, 143.2, 141.3, 140.9, 84.4,
19.6, 17.7,17.2, 15.9, 14.7.

Compound (9b)

Compounddb was synthesized according to literatGiEo a solution of 4,4-

difluoro-1,3,5,7,8,-pentamethyl-4-bora-3a,4a,diazadacene  (0.300 g,
1.14mmol) in MeOH / DMF (25mL / 25mL) was addedacdusion of ICI (3

equiv, 3.42mmol) in MeOH (10mL). A precipitate imdiately formed, the mixture stirred at room

7\
FF

temperature for about 30 minutes, and then the umaxwvas washed with saturated sodium
thiosulphate solution (20 mL) then extracted witH.Cl.. The organic layer was dried on MgSO
then evaporated. A chromatography on silica gel.GIHpetroleum ether, 4: 6) afforded compound
9b (340 mg, 58%). 'H NMR (300MHz, CDSJ: 2.63 (s, 3H), 2.61 (s, 6H), 2.46 (s, 6HC NMR
(75 MHz, CDC¥§): 6 = 155.2, 143.1, 132.3, 110.6, 105.5, 85.9, 288(0),116.2.

" Bonardi, L.; Ulrich, G.; Ziessel, FOrg. Lett.2008 10, 2183
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Compound (10)

To a degassed solution &a (0.040 g, 0.104 mmol) an@
© (0.0246¢9, 0.104 mmol) in benzene (3 mL) and TEANB) was
added [Pd (PRJy] (0.012 g, 0.0104 mmol) under argon. The

mixture was stirred at 60 °C for 10 hours until tteanplete consumption of the starting material

O=wn=0

_N. N/
B

s\

F

was observed by TLC. The solution was then evapdraand a chromatography on silica gel
(CH.CI,/ petroleum ether, 4: 6) afforded compour@(33 mg, 64%). tH NMR (200 MHz, CD&))
67.87 (d, J = 8.40 Hz, 2H), 7.64 (d, J =8.40 Hz,,84)5 (s, 2H), 3.82 (d, J = 6.58 Hz, 2H), 2.65
(d, 6H ), 2.56 (s, 6H), 2.45 (s, 3H), 1.96 (m, 1H)B89 (d, J = 6.56 Hz, 6H)*C NMR (75 MHz,
CDCly): 6 = 167.8, 157.2, 154.5, 143.6, 142.2, 140.3, 13438,2, 128.9, 122.9, 94.3, 87.2, 68.3,
38.9, 30.5, 29.0, 23.9, 18.7, 17.7, 16.8, 15.98,143.5, 11.1. MS (FAB m-NBA): m/z (%) = 498.2
[M + H] *(100). Anal. Calcd for g&H2sBF.N,OsS: C, 62.66; H, 5.86; N, 5.62. Found: 2,44; H,
5.62; N, 5.43.

Compound (11)

To a degassed solution @ (0.020 g, 0.052 mmol) ari(0.031g,
_N._N/ E'N@ 0.147 mmol) in benzene (3 mL) and TEA (3 mL), wakled
e [Pd(PPRh)4] (0.017 g, 0.0147 mmol ) under argon. The mixture
was stirred at 60 °C for 10 hours until the complebnsumption of the starting material was
observed by TLC. The mixture was then evaporated,aachromatography on silica gel (&H,/
petroleum ether, 4: 6) afforded compoutid19 mg, 75%). *H NMR (300MHz, CD€)I: 6 7.80 (d,
J = 8.60 Hz, 2H), 7.57 (d, J = 8.60 Hz, 2H), 7.08) (= 2.42 Hz, 2H), 6.31 (t, J = 2.14 Hz, 2H),
6.14 (s, 1H), 2.63 (s, 6H), 2.54,2.53 (ss, 6H)42%} 3H)."°C NMR (75 MHz, CDCJ): § = 142.2,
140.3, 137.5, 131.8, 126.9, 120.9, 114.3, 94.%,88.3, 59.5, 38.9, 30.5, 17.7, 16.8, 14.8, 13.5.
MS (El neat matter): m/z (%) = 491(100).

Compound (12)

To a degassed solution 8& (0.020 g, 0.052 mmol) and
%j%\,\fé—@m ~]  (0.016g, 0.057 mmol) in benzene (3 mL) and TEA (3,mvas
.
FF added [Pd(PPJy] (0.006 g, 0.0052 mmol ) under argon. The

mixture was stirred at 60 °C for 10 hours until tteanplete consumption of the starting material

O

O=wn

was observed by TLC. The mixture was then evapdyaaed a chromatography on silica gel
(CH.CI,/ petroleum ether, 4: 6) affordet (23 mg, 83%). *H NMR (200MHz, CD&}l 67.99 (d, J
= 6.72Hz, 1H), 7.82 (d, J = 8.88 Hz, 2H), 7.56-7(#8 4H), 7.32-7.23 (m, 2H), 6.67 (d, J = 3.48Hz,

132



Experimental part

1H), 6.14 (s, 1H), 2.61 -2.44 (m, 15H). MS (EI newsttter): m/z (%) = 541.0100).Anal. Calcd for
C3oH26BF2N30.S: C, 66.55; H, 4.84; N, 7.76. Found: C, 66.394184; N, 7.52.

Compound (13)

The compound (0.114 g, 0.494 mmol) was dissolved in dry THRT({#)

under argon in a schlenk flask, 1.0 M EtMgBr in TKF435 mL) was
added and stirred at 60 °C for 1 hour. The resyl@nion was then
transferred via cannula to the solution5{0.100 g, 0.198 mmol) in dry
THF (3 mL) under argon. The mixture was stirreds@t°C for about 15
minute, until complete consumption of the startmgterial was observed
by TLC. H,O (2mL) was added, the mixture was then washed wiéter,

brine then extracted with GBI, the organic layer was dried on MgSO

then evaporated. Then the crude product was pdrifiyy column
chromatography on silica gel (GEl,/ petroleum ether, 6: 4) afforded compoub®@ (132 mg,
72%). *H NMR (300MHz, CDGI) : 67.84 (d, J = 8.48 Hz, 2H), 7.73 (d, J =8.66 Hz,,4H}6 (d, J
=8.67 Hz, 4H), 7.13 (t, J =2.26 Hz, 4H), 7.10J&8.48 Hz, 2H), 6.28 (t, J =2.26 Hz, 4H), 2.76 (s
6H), 2.36 (q, J =7.35 Hz, 4H), 1.35 (s, 6H), 1(02J = 7.34 Hz, 6H):*C NMR (75 MHz, CDC}):
6 = 153.8, 138.7, 136.7, 135.4, 133.2, 132.1, 13028.7, 126.4, 120.6, 113.6, 94.4, 93.8, 76.9,
76.5, 17.2, 14.6, 12.1. MS (FABmM-NBA): m/z (%) = 928.1 [M + HJ' (100). Anal. Calcd for
C47H4BIN4O,S,: C, 60.78; H, 4.56; N, 6.03; Found: C, 60.544t85; N, 5.83.

Compound (14)

The compound! (0.139 g, 0.494 mmol) was dissolved in dry THF
(4 mL) under argon in a schlenk flask, 1.0 M EtMgBrTHF
(0.435 mL) was added and stirred at 60 °C for 1rhdine
resulting anion was then transferred via cannulénéosolution of
5 (0.100 g, 0.198 mmol) in dry THF (3 mL) under argdhe
mixture was stirred at 60 °C for about 15 minutetillcomplete
consumption of the starting material was observed IbC. H,O

(2mL) was added, the mixture was then washed witery brine

then extracted with CiLl,, the organic layer was dried on MgSO
then evaporated. Then the crude product was pairfie column chromatography on silica gel
(CH.CIy,/ petroleum ether, 4: 6) affordet¥ (135 mg, 66%). *H NMR (300MHz, CD&)I: 6 7.98 (d,
J =8.29 Hz, 2H), 7.83 (d, J = 8.29 Hz, 2H), 7.d5)=8.67 Hz, 4H), 7.54 (d, J =3.58 Hz, 2H), 7.52
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(s, 2H), 7.39 (d, J = 8.66Hz, 4H), 7.35-7.20 (#),47.06 (d, J = 8.48 Hz, 2H), 6.66 (d, J =3.58 Hz
2H), 2.71 (s, 6H), 2.34 (q, , J =7.54 Hz, 4H)34l(s, 6H), 1.01 (t, J = 7.53 Hz, 6HJC NMR (75
MHz, CDCk): & = 153.8, 138.7, 136.6, 135.8, 134.7, 133.2, 131130,6, 128.7, 126.3, 124.5, 123.3,
121.3, 113.4, 109.3, 94.3, 93.7, 17.2, 14.5, 1RF). MS (FAB, m-NBA): m/z (%) = 1028.1 [M +
H] *(100). Anal. Calcd for §H46BIN4O4S,: C, 64.21; H, 4.51; N, 5.45; Found: C, 64.094t)8;

N, 5.19.

Compound (15)

To a stirred solution of compound 2,6-diethyl-4jfedro-1,3,5,7,8-

//N/ N/ pentamethyl-4-bora-3a,4a-diaza-s-indac€fé)30 g, 0.097 mmol) dissolved
F/B\OMe in 1,2-dichloroethane (4 mL) and methan@ mL) at 70 °C was added

Cs0O; (90 mg, 0.201 mmol) and stirred for 10 hours. Thies solvent was removed, the crude
product was purified by column chromatography ditasigel (MeOH/CHCI,, 1/99), affordedl5
(0.013g, 41%). 'H NMR (300MHz, CDQ1§ 2.87 (s, 3H), 2.63(s, 3H), 2.52(s, 6H), 2.43 (g J
7.50 Hz, 4H), 2.36 (s, 6H), 1.06 (t, J = 7.60 Hd).6°C NMR (75 MHz, CDCJ): 6 = 152.0, 139.4,
135.4, 132.4, 49.1, 17.2, 17.0, 15.0, 14.4, 12B2.1MS (FAB, m-NBA): m/z (%) = 311.2
(100.0%) [M-F]. Anal. Calcd for GH;BFN,O: C, 69.10; H, 8.55; N, 8.48. Found: C, 69.37; H,
8.64; N, 8.64.

Compound (16)

To stirred solution of compount3 (0.030 g, 0.032 mmol) dissolved in 1, 2-
dichloroethane (4 mL) and methan(@ mL), was addedCsO; (32 mg, 0.096
mmol) and stirred at 70 °C for 10 hours. Then the solvent vessoved by
evaporation, the crude product was purified by rwluchromatography on
silica gel (MeOH/CHCI,, 10/90), afforded.6 (0.015g, 56%). MS (FAB m-
NBA): m/z (%) = 987.1(100.0%) [M+Cs+Na+H]853.1(35.0%) [M+Na]
S‘;H Anal. Calcd for GH:;BIN.O:S:: C, 56.40; H, 4.37; N, 3.37. Found: C, 56.22;
H, 4.19; N, 3.19.

sulfobetaine

.ogs,L¥ To a degassed solution of 1-dimethylamino-2-prep{h5 g, 6.0 mmol) in
|

dry toluene (3 mL) under argon, was added the ne sultone (0.8 g,
N . y ( ) g dropa (0849

6.6 mmol). The mixture was stirred at RT for 10 isuand then
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centrifuged and washed with toluene (5mL) and pent& mL). The powder was dried in vacuum,
gave the compoun@..05 g, 85%). *H NMR (300 MHz, 40): 64.32 (s, 2H), 3.65 (m, 2H), 3.25 (s,
6H), 3.03 (t, J =7.14 Hz, 2H), 2.27 (m, 2H)C NMR (75 MHz, DO): § = 81.2, 81.6, 62.9, 55.0,
51.0, 47.9, 18.9. MS (FAB m-NBA): m/z (%) = 206.1 [M + H]" (100). Anal. Calcd for
CHi:NO.;S: C, 46.81; H, 7.37; N, 6.82. Found: C, 46.747H]; N, 6.63.

Compound (17)

4-iodobenzoyl chloride (2.8 g, 10.5 mmol) was digsd in freshly distilled
dichloromethane (150 mL) under argon atmospheréd-dimethyl-pyrrole (2.4 mL,
23 mmol) was added and the mixture was stirredamnrtemperature for 7 days.
Then triethylamine (8.8 mL, 63 mmol) and B#.O (10.7 mL, 84 mL) were added.

After stirring 3 h at room temperature, the mixtwas treated with water and brine.
The organic layer was concentrated to ~10 mL adidasigel was added before complete
evaporation. The residue fixed over silica gel wasfied by column chromatography on silica gel
eluting with dichloromethane — petroleum ether T80/ Recrystallization by slow evaporation of a
dichloromethane / cyclohexane solution affordeddld® compoundl?7 as red crystals in 25%. H
NMR (300MHz, CDC4): §7.44 (AB sys, J = 8.3 Hz, 4H), 5.99 (s, 2H), 2.55 (s, 6H), 1.426(d).
13C NMR (75 MHz, CDCY): § =14.8, 94.9, 121.6, 130.6, 131.1, 134.5, 138.8,2,4143.0, 156.0.

Compound (18)

\>""so To a degassed solution b7 (0.03 g, 0.067 mmol) in DMF (10 mL) and TEA
(3 mL), was added [Pd(PRH ( 0.0077 g, 0.0067mmol ), and the sulfobetaine
(0.0138 g, 0.0067mmol). The mixture was stirre@@&eC for 10 hours under
argon. The solution was then evaporated, and arctagraphy on silica gel
(MeOH / CHCI,, 20: 80) afforded compounti8 (26 mg, 74%). *H NMR

e (400MHz, CDCl,) : 5 7.69 (d, J = 8.08 Hz, 2H), 7.38 (d, J =8.08 Hz),2H
6.03 (s, 2H), 4.43 (s, 2H), 3.97 (t, 2H), 3.28604), 2.91 (t, 2H), 2.51 (s, 6H), 2.32 (m, 2H), Xsi1
6H). *3C NMR (75 MHz, CDC} /CD;OD): § = 156.0, 142.7, 139.9, 136.8, 132.8 130.9, 128.6,
121.1, 50.3, 49.6, 49.3, 49.0, 14.5. MS (FABI-NBA): m/z (%) = 528.2 [M + H](100). Anal.
Calcd for G/H3,BFoN3OsS: C, 61.48; H, 6.12; N, 7.97. Found: C, 61.325182; N, 7.81.
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Compound (19)

To a degassed solution of 8-iodophenyl-3,5-distgygthoxy BODIPY
(0.050 g, 0.07 mmol)n DMF (5 mL) and TEA (3 mL), was added
[Pd(PPR)4] ( 0.0084 g, 0.0073mmol ) and the sulfobetain®1B.q,
0.07mmol). The mixture was stirred at 80 °C forhblurs under argon.
The solution was then evaporated, and a chromaibgran silica gel
(MeOH/CHCI,, 20: 80) afforded19 (16 mg, 30%). *H NMR
(300MHz, CDCY/ CDsOD ) : 6 7.60 (d, J = 8.10 Hz, 2H), 7.50 (m, J
=8.08 Hz, 6H), 7.32 (d, J = 8.10 Hz, 2H), 7.15Jd; 16.2 Hz, 2H),

0 O—
6.86 (d, J = 8.85Hz, 4H), 6.56 (s, 2H),4.44 (s, 24]7 (s, 6H), 3.70 (t, 2H), 3.28 (m, 2H), 3.%9 (

6H), 2.87 (t, J = 8.85Hz, 2H), 2.19 (m, 2H), 1.38H). "°C NMR (75 MHz, CDC}/ CD;0D): § =
160.4, 153.2, 141.4, 136.4, 132.8, 129.5, 120.8,811114.3, 55.3, 47.1, 29.7, 26.8, 19.1, 1M8.
(FAB®, m-NBA): m/z (%) = 763.2 [M + HJ (100). Anal. Calcd for GH4BF:N305S- HO: C,
66.07; H, 5.93; N, 5.38. Found: C, 65.82; H, 6]055.22.

Compound (20)

_ ,Tj/ To a degassed solution of 2-bromo-pyrene (0.10@356 mmol) in benzene
O (2 mL) and TEA (2 mL), was added [Pd(RREI,] (0.015 g, 0.02 mmol ),
“ Cul ( 0.007 g, 0.036 mmol ), and 1-dimethylaminpf@pyne (0.037 g, 0.534
O mmol). The mixture was stirred at 60 °C for 10 ounder argon until the
complete consumption of the starting material waseoved by TLC. The mixture was washed with
water, brine then extracted with @El,, the organic layer was dried on MgSthen evaporated.
Followed by column chromatography of the residuesibica gel (MeOH/CHCI,: 5/95) afforded
compound20 (63 mg, 62%). *H NMR (200 MHz, CD§1 6 8.57 (d, J = 9.50 Hz, 1H), 8.35-8.04 (m,
8H), 3.75(s, 2H), 2.54 (s, 6H)°C NMR (75 MHz, CDCJ): § = 132.0, 131.3, 129.9, 128.3, 127.3,
126.3, 125.6, 124.5, 117.9, 90.1, 84.6, 49.1, 44.5.

Compound (21)

\NMS% To a solution 020 (0.040 g, 0.14 mmol) in dry toluene (2 mL) undegca was

I \ added the 1,3-propane sultone (0.026 g, 0.21 mib€.mixture was stirred at 40
°C for 10 hours, a precipitate formed. The resides centrifuged and washed

‘% with toluene and pentane. The powder was driedatuvm gave compoungl

(48.2 mg, 85%). *H NMR (300MHz, DMSO):8.51 (d, J = 9.42 Hz, 1H), 8.42-
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8.13 (m, 8H), 4.85(s, 2H), 3.73(m, 2H), 3.27(s, BBIBO (t, J = 7.17 Hz, 2H), 2.19(m, 2HC
NMR (75 MHz, DMSO):8 = 130.3, 129.3, 128.9, 127.2, 126.8, 124.7, 12Bl4,6, 89.0, 83.3,
63.0, 54.6, 50.0, 47.7, 19.2. MS (FABn-NBA): m/z (%) = 406.1 [M + HJ (100).Anal. Calcd for
CaaHaaNO5S-HO: C, 68.06; H, 5.95; N, 3.31Found: C, 67.85; H, 5.72; N, 3.09.

Compound (22)

To a degassed solution 84 (0.050 g, 0.129 mmol) in benzene (2 mL) and
2

NN = N_ TEA (2 mL), was added [Pd(PRCI;] (0.010 g, 0.0129 mmol ), Cul (0.003
F / g, 0.0129 mmol ), and 1-Dimethylamino-2-propyné{®@. g, 0.142 mmol).
The mixture was stirred at 60 °C for 10 hours uratgon, until the complete consumption of the
starting material was observed by TLC. The mixtwes washed with water, brine then extracted
with CH.Cl,, the organic layer was dried on MgS@hen evaporated, followed by column

chromatography of the residue on silica gel (MeQEH:Cl,, 5: 95) afforded compoun2R (36.4
mg, 82%). *H NMR (300MHz, CD@): & 6.09 (s, 1H), 3.57 (s, 2H), 2.62-2.38 (m, 218¢ NMR
(75 MHz, CDC}): 6 = 154.6, 153.7, 141.5, 139.7, 132.0, 129.8, 12111.3,9, 89.0, 47.7, 28.7, 16.4,
15.6, 14.8, 12.3. MS (EI neat matter): m/z (%) 3.34100).

Compound (23)

To a solution of22 (0.027 g, 0.079 mmol) in dry toluene (2 mL)
/7Y TN — under argon, was added the 1,3-propane sultond2(y0 0.094
e \_\j mmol), then the mixture was stirred at 60 °C fOrHburs, and a
precipitate formed. Then the mixture was centritbged washed
with toluene and pentane. The powder was driecacuum gave compouritB (28.8 mg, 78%). H
NMR (200MHz, BO/DMSO): 6 6.40 (s, 1H), 4.64 (s, 2H), 3.12(s, 6H), 2.85(3),8.67(s, 3H),
2.61(s, 2H), 2.16(s, 2H). MS (FABmM-NBA): m/z (%) = 466.1 [M + HJ (100). Anal. Calcd for

CooH30BF2N305S-HO: C, 54.66; H, 6.67; N, 8.69. Found: C, 54.446159; N, 8.42.

Compound (24)

To a degassed solution 8b (0.100 g, 0.1946 mmol) in benzene

(4 mL) and TEA ( 2 mL), was added [Pd(BRE€I;] (0.008 g,
n— 0.0117 mmol), Cul (0.003 g, 0.0117 mmol), and 1-

Dimethylamino-2-propyne (0.034 g, 0.486 mmol). Tinéture

was stirred at 60 °C for 10 hours, until the cortenleonsumption of the starting material was

observed by TLC. The mixture was evaporated, faidwy column chromatography of the residue
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on silica gel (MeOH / CbkCl,, 1: 9) afforded compoun24 (0.035 g, 42%). *H NMR (300 MHz,
CDCL): 6 3.55 (s, 4H) 2.61-2.58 (m, 9H)$ 2.49 (m, 6H),5 2.38(s, 12H}’C NMR (75 MHz,
CDCl): 6 =156.54, 142.30, 141.99, 131.67, 115.90, 90.99115318.79, 44.07, 16.88, 13.51. MS
(FAB’, m-NBA): m/z (%) = 424.2 [M + H](100). Anal. Calcd for GH.,BF.N.: C, 67.93; H, 7.36;
N, 13.20. Found: C, 67.72, H, 7.18, N, 12.93.

Compound (25)

To a solution 0f24 (0.035 g, 0.0825 mmol) in dry
toluene (4 mL) under argon, was added the 1,3-

o
\_\_,‘\I/

N propane sultone (0.025 g, 0.21 mmol), then the

so; Mmixture was stirred at 60 °C for 3 days, until the
complete consumption of the starting material waseoved by TLC. The mixture was centrifuged
and washed with toluene and pentane. The powdediexd in vacuum, gave compou@8 (32 mg,
58%).1H NMR (300 MHz, BO): & 4.58 (s, 4H)p 3.67 (m, 4H)$ 3.25 (s, 12H)$ 2.98 (m, 4H)p
2.41 (m, 19H)*C NMR (75 MHz, DO): 5 =156.9, 145.1, 131.3, 113.2, 83.6, 62.2, 60.21,5%.6,
47.9, 42.1, 27.5, 18.5, 16.4, 12.7. MS (FABI-NBA): m/z (%) = 335.1 (100, doubly charged) [M
+ 2H] 7 (100). Anal. Calcd for gH43BF2N40sS,-2H,0: C, 51.13; H, 6.72; N, 7.95; Found: C, 51.07,
6.50, 7.72.

Compound (26)

To a solution of 1-dimethylamino-2-propyne (0.048¢63 mmol) in dry THF
(5 mL) under argon in a schlenk flask, was add@dML. EtMgBr in THF (0.62

/ = =

=N, o N mL) and stirred at 60 °C for one hour. The resgl@mion was then transferred
\ / \ ,  Via cannula to the solution of 2,6-diethyl-4,4-ddto-1,3,5,7,8-pentamethyl-4-
N N
/ \  bora-3a,4a-diaza-s-indacene (0.100g, 0.31 mmoljirin THF(3 mL) under

argon. The mixture was stirred at 60 °C for abdatninutes, then O (3mL) was added. The
mixture was then washed with water, brine thenagetéd with CHCI,, the organic layer was dried
on MgSQ then evaporated. The crude product was purifie@ddymn chromatography on silica
gel (MeOH/ AcOEt, 1/9) afforded26 (76 mg, 55%). *H NMR (300MHz, CDg}l & 3.30 (s, 4H),
2.71(s, 6H), 2.61(s, 3H), 2.41 (q, J = 7.54 Hz,, 2437 (s, 12H), 2.34 (s, 6H), 1.03 (t, J = 7.53 Hz
6H). °C NMR (75 MHz, CDCJ): & = 151.3, 139.6, 134.4, 132.5, 129.9, 87.7, 48%,417.4, 14.9,
14.6. MS (FAB, m-NBA): m/z (%) = 445.2ZM + H] " (100).Anal. Calcd for GgH4:BN4: C, 75.66;
H, 9.30; N, 12.61. Found: @5.44; H, 9.12; N, 12.32
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Compound (27)

To a solution of compoun®6 (0.030 g, 0.068 mmol) in dry toluene

S~ N= (3 mL) under argon, was added the 1,3-propane ral{6.020 g,

g Ny 0.17 mmol). The mixture was stirred at 60 °C for Hfurs, a

\N/ \N/ precipitate was formed. The crude was then cegeiduand washed
bgs—/J ' +L\_So-3 with toluene and pentane. The powder was driechauvym afforded

compound27 (36.4 mg, 78%)*H RMN (D20/CDsOD 300 MHz) : 1.03 (t, 6H3J = 5.46 Hz), 2,21
(m, 10H,), 2.32 (8H), 2.45 (m4H), 2,70 (s, 6H), 2,78 (t, 4R = 5.64 Hz), 3,12 (s, 12H), 3,41 (m,
4H), 4,19 (s, 4H)*C RMN (D:0/CD:OD, 75 MHz): = 151.9, 141.7, 137.1, 134.1, 1283.2,
62.3, 60.6, 55.3, 50.9, 27.3, 24.6, 18.7, 17.15,143.9. MS (ESI-MS positive mode in using
acetonitrile / HO): m/z (%) = 345.1 (100, doubly charged) [M + ZHJL00). Anal. Calcd for
Cs4Hs3BN4O6S; -2.5H0: C, 55.65; H, 7.97; N, 7.64; Found: §5.84; H, 8.22; N, 7.40.

Compound (28)

To a solution of 1-dimethylamino-2-propyne (0.1861.976 mmol) in dry
THF (5 mL) under argon in a schlenk flask, was adtl® M EtMgBr in THF
(1.738 mL) and stirred at 60 °C for 1 hour. Theulirsg anion was then
transferred via cannula to the solution50f0.400g, 0.79 mmol) in anhydrous
THF (5mL). The mixture was stirred at 60 °C forr&utes, then KD (3mL)

was added. The mixture was then washed with watiere then extracted with GBI, the organic

layer was dried on MgSOthen evaporated. The crude product was purified cojumn
chromatography on silica gel [(GEI,/ AcOEt, 50: 50), then (MeOH/CGiEl,, 1/9)] afforded 28
(0.313 g, 63%)'H RMN (CDCk 300 MHz) : 0,97 (t, 6HJ = 7,53 Hz), 1,30 (s, 6H), 2,32 (q, 4H,
3= 7,14Hz), 2,38 (s, 12H), 2.72 (s, 6H), 3,30 (4),47,06 (AB sys, 2HJas = 8,31 Hz), 7,81 (AB
sys, 2H,Jas = 8,31 Hz).l3C RMN (CDCE, 75 MHz): 12.1, 14.1, 17.3, 29.3, 43.7, 48.8, 9428.7,
130.5, 133.0, 135.8, 136.0, 138.5, 153.6. MS (FAB-NBA): m/z (%) = 633.1 [M + HT (100).
Anal. Calcd for GsH42BIN,4: C, 62.67; H, 6.69; N, 8.86. Found: C, 62.52; K516 N, 8.53.
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Compound (29)

To a solution 028 (0.100 g, 0.458 mmol) in dry toluene (3 mL)
under argon, was added the 1,3-propane sulton@7(yD 0.63
mmol). The mixture was stirred at 60 °C for 10 sufhe
precipitate formed was then centrifuged and wastidd toluene
and pentane, and recrystallized twice from methanetone. The

powder was dried in vacuum, gave compodAd0.086 g, 62%).

-033—/_/ ) +\_\—so; 'H RMN (CD;OD 300 MHz) : 0,99 (t, 6HJ = 7,53 Hz), 1,37 (s,
6H), 2,20 (m, 4H,), 2.39 (dH,% = 7,53 Hz), 2,72 (s, 6H), 2,82 (t, 4H,= 6,99 Hz), 3,14 (s, 12H),
3,56 (m, 4H), 4,30 (s, 4H), 7,13 (AB sys, 2Hg = 8,28 Hz), 7,93 (AB sys, 2Hag = 8,28 Hz):*°C
RMN (CDsOD, 75 MHz): =10.9, 13.4, 16.6, 18.7, 29.3, 485.2, 62.7, 94.1, 116.5, 128.7, 130.3,
133.6, 135.1, 137.2, 138.4, 139.6, 153.5. MS (FAB-NBA): m/z (%) = 876.IM + H] * (100).
Anal. Calcd for GgHs4BIN4O6S; -H.O: C, 51.32; H, 6.40; N, 6.14; Found: C, 51.27;6828; N,
5.82.

Compound (30)

To a stirred solution of compourzb (0.040 g, 0.0457 mmol)
dissolved in EtOH absolute (4 mL) and NEB mL) was added
Pd(PPH).CI. (4 mg, 0.046 mmol), the CO gas was bubbled for 4
hours at 70°C. After the solvent was removed, tiele product
was purified by column chromatography on silica (¢&O/EtOH,

20: 80), then recrystallized from Methanol®&tgave compound

& 30(0.020 g, 53%)'H RMN (CD,OD 300 MHz) : 1.01 (t, 6H, J =
7,53 Hz), 1,33 (s, 6H), 1.43 (t, 3H, J = 7,17 HzR4 (m, 4H), 2,40 (q, 4H] = 7,53 Hz), 2,75 (s,
6H), 2,85 (m, 4H), 3,18 (s, 12H), 3,61 (M, 4HB2(s, 4H), 4,43 (q, 2H, = 7,17 Hz), 7,50 (d, 2H,
J=8,28 Hz), 8,21 (d, 2H] = 8,49 Hz) **C RMN (CD;OD, 75 MHz):5= 7.6, 12.2, 14.9, 17.9, 20.1,
24.0,51.1, 53.9, 54.8, 56.6, 62.5, 64.1, 129.5,1,3130.5, 131.5, 132.5, 135.1, 138.6, 141.8,1155.
181.3. MS (FAB, m-NBA): m/z (%) = 823.4M + H] * (100).
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Compound (31)

B"(O To a stirred solution ofl,6-dibromopyreng 1.62 g, 4.51 mmol)
‘ 5 (CHORCH gissolved in toluene ( 80 mL) and NEt 30 mL) was added
Pd(PPH).CI. (195 mg, 0.27 mmol) and Diethylene glycol monorgké#ther (3.79 mL, 35.6 mmol),
the CO gas was bubbled at 90 °C for 48 hours. ddrboalkoxylation was followed by TLC
(CH.CI, /AcOEt, 5/5). After the solvent was removed, thesidee was separated by a
chromatography on silica gel (GEl,/ Petroleum ether, 80:20), gave 568 mg of monoigubed-
ester-pyreng1 with a yield of 30%. *H NMR (300 MHz, CD&l 69.21 (d, J = 9.42 Hz, 1H},
8.65 (d, J = 8.10 Hz, 1H},8.47 (d, , J = 9.21 Hz, 1Hj,8.25-8.01 (m, 5H)54.68 (t, J = 4.92 Hz,
2H),53.98 (t, J = 4.71 Hz, 2H$,3.78 (t, J = 4.38 Hz, 2H},3.62 (t, J = 4.35 Hz, 2H},3.41(s, 3H).
¥C NMR (75 MHz, CDCY): § = 167.7, 133.9, 130.9, 129.7, 129.5, 128.6, 126X%5.3, 124.5,
124.1, 121.2, 71.9, 70.6, 69.3, 64.3, 59.1, 29.6. (MAB", m-NBA): m/z (%) = 426.QM + H] *
(100). Anal. Calcd for GH,;BrO,: C, 61.84; H, 4.48. Found: C, 61.52; H, 4.22.

Compound (32)

o\(czHAO)2CH3 To a degassed solution 8f (0.50 g, 1.17 mmol), in benzene (3mL) and
‘O NET; (2mL), was added [Pd(PBRHW (0.081 g, 0.070 mmol) and
‘ trimethylsilylacetylene (0.345 g, 3.51 mmol). The&tare was stirred at 90
I °C for 10 hours, until complete consumption of #taring material was
™S observed by TLC. The mixture was then evaporatbd, residue was
separated by column chromatography of the residusilca gel (AcOEt / petroleum ether, 3: 7)
afforded 32 (0.220 g, 42%). *H NMR (400 MHz, CD£169.16 (d, J = 9.40 Hz, 1H$,8.56 (dd, J
=8.16 Hz, J = 8.28 Hz, 2H),8.15-8.02 (m, 5H)$ 4.67 (t, J = 4.48 Hz, 2H,3.96 (t, J = 4.88 Hz,
2H), §3.76 (m, 2H),53.60 (m, 2H),5 3.40(s, 3H)35 0.43(s, 9H)*C NMR (75 MHz, CDC)): § =
168.1, 134.4, 132.4, 131.4, 130.8, 129.4, 128.Z,92126.0, 125.8, 125.1, 124.6, 124.3, 124.1,
119.3, 104.3, 101.3, 72.4, 71.0, 69.8, 64.7, 59&. MS (FAB, m-NBA): m/z (%) = 467.IM +

Na] * (100). Anal. Calcd for GH,O.Si: C, 72.94; H, 6.35. Found: C, 73.17; H, 6.54.

141



Experimental part

Compound (33)

o To a stirred solution ofcompound32 (0.213 g, 0.479 mmol) dissolved in

O
(CH40),CHz

MeOH ( 3 mL) and THF ( 3 mL) at room temperaturaswadded KF
“O (0.085mg, 1.439mmol) for 4 hours, followed by TLEcQEt / petroleum
ether, 4. 6) until the staring material was conglebtnsumed. After the
I solvent was removed, the residue was purified h@matography on
silica gel (AcOEt / Petroleum ether, 3:7), give8 g of compound3 with yield of 91%. 'H
NMR (200 MHz, CDC4): $69.28 (d, J = 9.40 Hz, 1H),8.68 (m, 2H)5 8.23-8.15 (m, 5H)$ 4.68 (t,
J = 4.83 Hz, 2H)$ 3.98 (t, J = 4.71 Hz, 2H}{ 3.77 (m, 2H),8 3.62 (m, 3H),8 3.41(s, 3H).**C
NMR (75 MHz, CDC}): 6 = 167.8, 134.1, 132.4, 131.2, 130.8, 129.1, 12R29,4, 126.0, 125.5,
124.8, 83.2, 82.5, 64.4, 59.1. MS (FABn-NBA): m/z (%) = 372.IM + H] *(100). Anal. Calcd
for C,,H»O,: C, 77.40; H, 5.41. Found: C, 77.18; H, 5.34.

Compound (34)

o (CHOLcH; To a degassed solution 88 (0.036 g, 0.097 mmol) ar2B (0.062 g,
0.098mmol), in benzene (3mL) and NE{®mL), was added [Pd
(PPh)4] (0.010 g, 0.0087 mmol). The mixture was stirre@@fC for
10 hours, until complete consumption of the stanmgterial was

observed by TLC. The mixture was then evaporatesl résidue was
purified by column chromatography of the residue slca gel
[(CH.CI, pure, then (MeOH/CHClI,, 1/9)] afforded34 (0.075g, 87%).
1H NMR (200 MHz, CDCJ): 69.22 (d, J =9.40 Hz, 1H,8.73 (d, J =

\N/ \N/ 9.14 Hz, 1H)$8.63 (d, J = 8.06 Hz, 1K)58.21-8.12 (m, 5H)57.83

(d, J = 7.80 Hz, 2H) 7.38 (d, J = 8.06 Hz, 2K)54.65 (t, J = 4.70

Hz, 2H),53.94 (t, J = 4.71 Hz, 2H} 3.74 (m, 2H),5 3.45 (s, 4H)5 3.42(s, 3H)5 2.76(s, 6H)
2.47(s, 12H)$2.36 (q, J = 7.52 Hz, 4H)81.41(s, 6H)50.99 (t, J = 6.98 Hz, 6H}*C NMR (50
MHz, CDCk): 6 = 167.8, 153.6, 139.4, 136.5, 134.1, 133.2, 13139,8, 130.6, 129.2, 128.9, 128.4,
128.2, 127.5, 125.9, 124.9, 123.8, 118.7, 95.%,8%.4, 59.1, 48.8, 46.3, 43.6, 43.6, 17.4, 14.8,
14.3, 12.2, 8.7. MS (FAB m-NBA): m/z (%) = 877.3[M + H] * (100). Anal. Calcd for
C::Hs:BN,O,--HO: C, 76.50; H, 7.10; N, 6.26. Found: C, 76.376H9; N, 6.00.

Compound (35)
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O,(C2H4O)2CH3

To a degassed solution 88 (0.031 g, 0.082 mmol) ariP (0.060
g, 0.068mmol), in DMF (3mL) and NE{2mL), was added
[Pd(PPR)4] (0.008 g, 0.0068 mmol). The mixture was stirred8Cat
°C for 10 hours. The mixture was then evaporateglyésidue was
separated by column chromatography of the residusilca gel
[MeOH/CH,Cl,, 1/9, then HO/EtOH, 2/8] afforded compound
35 (0.040 g, 52%).H NMR (400MHz, GDD): § 9.11 (d, J =
9.50 Hz, 1H),68.66 (d, J = 9.30 Hz, 1H},8.56 (d, J = 8.30 Hz,
1H), §8.21-8.13 (m, 5H)57.85 (d, J = 7.70 Hz, 2K)57.38 (d,
J =7.80 Hz, 2H) 54.58 (t, J = 5.00 Hz, 2H} 4.25 (s, 4H)35
3.89 (t, J = 4.80 Hz, 2H} 3.69 (M, 2H),6 3.59-3.46 (M, 6H)5

3.30 (s, 3H)$3.09 (s, 12H)5 2.77 (t, J = 7.20 Hz, 4H},2.68(s, 6H)52.34 (q, J = 8.70 Hz, 4H)
§2.16(m, 4H)$ 1.39(s, 6H)50.95 (t, J = 7.80 Hz, 6H).

Compound (36)

To a solution of35 (0.060 g, 0.068 mmol), in EtOH (2mL) and®
(ImL), was added NaOH (0.027 g, 0.68 mmol). Thetone was
stirred at room temperature for 10 hours until clate
consumption of the staring material was observed ThC
(H2O/EtOH, 20: 80). The solution was then added HOPA)Y until

neutral, then evaporated. The crude product waiguby column
chromatography on silica gel (BVEtOH, 10:90). The powder was
dried in vacuum, gave compour8b (0.020g, 30%).'"H RMN
(CD,OD 200 MHz) : 1.01 (t, 6H, J = 7,30 Hz), 1,45 (§)62.04-
2.22 (m, 8H), 2,74-2,86 (m, 9H), 3,14 (s, 12H5B(m, 5H), 4,30

(s, 4H), 7,43 (d, 2H, J = 8,40 Hz), 7,90 (d, 2H; 8,40 Hz), 8.10-8,27 (m, 6H), 8,66 (d, 1H, J =
9,14 Hz), 8,84 (d, 1H, J = 9,12 Hz). MS (FAB+, m-NBm/z (%) = 1041.46 [M + Na](100).
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CHAPTER Il

Compound40 and46 were prepared by laboratory of COBRA at Rouen ©rsity.
4-[3-(dimethylamino)-1-propyn-1-yl]-benzaldehyde

o To a degassed solution of 4-bromobenzaldehyde ¢§1.6.40 mmol) in
/Q)LH benzene (3 mL) and TEA (3 mL), were added [PdgpPh 0.360 g, 0.324
N mmol ) and 1-dimethylamino-2-propyne (0.672 g, 8mol) under argon.
The mixture was stirred at 60 °C for 10 hours uth# complete consumption of the starting
material was observed by TLC. The mixture was tiesporated, and a chromatography on silica
gel (CHCl, 100%, and then MeOH / GBI, ether, 3: 97,) afforded the compou{id1i34 g, 100%).
'H NMR (200MHz, CDCJ): 6 10.00 (s, 1H), 7.82 (d, J = 8.26 Hz, 2H), 7.58)¢; 8.28 Hz, 2H),

3.54(s, 2H), 2.42 (s, 6H). MS (FABm-NBA): m/z (%) = 188.IM + H] " (100). Anal. Calcd for
CHi:NO: C, 76.98; H, 7.00; N, 7.48. Found: C, 76.64682 N, 7.17.

Compound (37)

A mixture of compoundsl7 (500 mg, 1.11 mmol) and 4-[3-
(dimethylamino)-1-propyn-1-yl]-benzaldehyde (415 ,m@.22
mmol) solubilised in toluene (20 mL) and piperidif@e5 mL) was
heated at 140°C in a Dean-Stark apparatus fortBeim, removed
the Dean-stark apparatus and continued heatingr vkid@n until
the solvent was totally evaporated. The crude pbdas treated

with saturated NaHCOsolution and water, extracted with H.

\ The organic layer was dried with MgSthen evaporated, a column
Chromatography on silica gel (MeOH / @3, 3: 97 to 7:93) afforded the compoudd (193 mg,
22%). 'H NMR (300MHz, CDG): 6 7.86 (d, J = 7.7 Hz, 2H), 7.71 (d, J = 16.3 Hz),2ZH56 (d, J =
7.9 Hz, 4H), 7.46 (d, J = 7.8 Hz, 4H), 7.22 (d, 164 Hz, 2H), 7.08 (d, J = 7.7 Hz, 2H), 6.65 (s,
2H), 3.52(s, 4H), 2.40 (s, 12H), 1.48(s, 6HC NMR (75 MHz, CDCJ): § = 152.9, 142.2, 138.6,
136.4, 135.9, 134.8, 133.5, 130.6, 127.6, 123.8,911118.4, 95.1, 86.7, 85.7, 48.9, 44.5, 15.2. MS
(FAB*, m-NBA): m/z (%) = 788.2 [M + HJ (100). Anal. Calcd for GsHsoBF2IN4: C, 65.50; H,
5.11, N, 7.11. Found: C, 65.22; H, 4.64; N, 6.82.
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Compound (38)

0O _~ To a stirred solution 37 (100mg, 0.124 mmol) dissolved in EtOH absolute
(4 mL) and NE§ (3 mL) was added Pd(PR¥Cl» (9 mg, 0.012 mmol), the
CO gas was bubbled for 4 hours at 60C° until theglete consumption of
the starting material was observed by TLC. The won&xtwas treated with

saturated NaHCOsolution and water, extracted with @H. The organic

layer was dried with MgSOThe solvent was then removed and the crude
\ product was purified by column chromatography ditcasi(MeOH/CHCls,

N~ N 7. 93), afforded the compoun88 (78 mg, 85%). *H NMR (300MHz,
CDCls): 6 8.18 (d, J = 8.1 Hz, 2H), 7.70 (d, J = 16.4 Hz),2H54 (d, J = 8.1 Hz, 4H), 7.43 (d, J =
8.1 Hz, 4H), 7.42 (d, J = 7.7 Hz, 2H), 7.20 (d, 162 Hz, 2H), 6.62(s, 2H), 4.41 (q, J = 7.2 Hz,
2H), 3.51(s, 4H), 2.39 (s, 12H), 1.42 (t, J = 78 BH), 1.40(s, 6H):*C NMR (75 MHz, CDC}): &

= 166.2, 152.9, 142.2, 139.9, 137.9, 136.4, 13832,3, 131.4, 130.5, 128.9, 127.6, 123.7, 120.0,
118.5, 86.3, 85.9, 61.6, 48.9, 46.4, 44.4, 15.35.1MS (FAB, m-NBA): m/z (%) = 735.4 [M + H]

* (100).
Compound (39)

To a solution 038 (62mg, 0.084 mmol) in dry DMF
(3 mL), the 1,3-propane sultone (103 mg, 0.844mmol)
was added, then the mixture was stirred at 60%2 ov
night, until the complete consumption of the stayti
material was observed by TLC {BYEtOH, 20: 80).
The mixture was then centrifuged, the crude product
was purified by column chromatography on silica gel
N (H.O/EtOH, 30: 70) and recrystallized from methanol/
‘ogsf so; AcOEt afforded39 (36 mg, 60%). *H NMR (300MHz,
MeOH/CDCI): & = 8.03 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 16.3 #H), 7.44 (d, J = 8.1 Hz, 4H),
7.36 (d, J = 8.3 Hz, 4H), 7.29 (d, J = 8.2 Hz, ZH}8 (d, J = 16.2 Hz, 4H), 6.52(s, 2H), 4.31 (s,
4H), 4.27(m, 2H), 3.05(s, 12H), 2.75(m, 4H), 2.09¢H), 1.27(m, 9H). MS (FAB m-NBA): m/z

(%) = 979.4 [M + HJ (100).
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Compound (40)
SO3HH SOH

COH

08 058 Synthesis was accomplished at COBRA.
Compound (41)

To a solution of 3-(2-methoxyethoxy)-1-propyne8 (g, 0.60 mmol) in
dry THF (5 mL) under argon in a schlenk flask, wdded 1.0 M EtMgBr in
THF (0.52 mL) and stirred at 60 °C for one houreTRsulting anion was
then transferred via cannula to the solution3a@f (120mg, 0.15 mmol)
dissolved in a separate schlenk flask in dry THF(3 under argon. The
mixture was stirred at 60 °C for about 15 minutesitii complete

consumption of the starting material was obseryed@liC, then HO (3mL)

was added. The mixture was then washed with whtere then extracted

with CH.CI., the organic layer was dried on MgStben evaporated. The
crude product was purified by column chromatographgilica gel (MeOH/CELCI,, 7: 93) afforded

41 (104 mg, 70%). *H NMR (300MHz, CD@I$ 8.21 (d, J = 16.5 Hz, 2H), 7.86 (d, J = 7.7 Hz),2H
7.58 (d, J = 8.0 Hz, 4H), 7.48 (d, J = 8.1 Hz, 4H)}3 (m, 4H), 6.66(s, 2H), 4.15(s, 4H), 3.56(s,
4H), 3.49(m, 4H), 3.20(s, 6H), 3.16(m, 4H), 2.43@H), 1.47(s, 6H)**C NMR (75 MHz, CDC)):

6 = 152.0, 140.7, 138.5, 137.0, 135.1, 133.8, 13P39,.7, 127.4, 123.4, 121.8, 118.7, 92.1, 86.0,
68.5, 59.0, 48.7, 44.2, 29.9, 15.4. MS (FAB1-NBA): m/z (%) = 977.2 [M + H] (100). Anal.
Calcd for G;H:BIN,O,-H.O: C, 66.40; H, 6.08; N, 5.63. Found: C, 66.125H4; N, 5.44.
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Compound (42)

&

S03 08

To a solution o#41 (50mg, 0.050 mmol) in dry toluene (3 mL), the
1,3-propane sultone (30 mg, 0.2mmol) was addea, tiie mixture
was stirred at 60°C for 10 hours, until the conglansumption of
the starting material was observed by TLGQHEIOH, 20: 80).
The mixture was centrifuged and then washed whlyledther, the
residue was recrystallized twice from methanol/ EtOThe
powder was dried in vacuum, affordéd (30 mg, 47%). *H NMR
N” (300MHz, MeOH/CDC)): 6 8.24 (d, J = 16.4 Hz, 2H), 7.85 (d, J =
8.3 Hz, 2H), 7.62 (d, J = 8.3 Hz, 4H), 7.54 (d, 8.4 Hz, 4H), 7.14

(d, J = 16.3 Hz, 4H), 7.09 (d, J = 8.3 Hz, 2H),76 2H), 4.47(s, 4H), 4.09(s, 4H), 3.69(m, 4H),
3.42 (m, 4H), 3.21 (s, 12H), 3.14 (m, 10H), 2.91 4H), 2.24 (m, 4H), 1.46 (s, 6HTC NMR (75

MHz, MeOH/CDC}): &

= 151.9, 141.4, 138.7, 133.1, 130.7, 127.7, 12829.0, 120.2, 119.1,

111.3, 95.2, 92.6, 59.6, 58.8, 57.3, 55.8, 42.54,195.3. MS (ESI-MS positif mode): m/z (%) =
1221.2 (100), 611.2 (25, doubly charged). Anal.c@dbr: GiH70BIN4O10S,-H,O: C, 59.13; H,
5.86; N, 4.52; Found: C, 59.04; H, 5.61; N 4.47.

Compound (43)

= 7.3 Hz, 3H), 1.41(s,

To stirred solution of compoundl (104mg, 0.105 mmol) in EtOH
absolute (4 mL) and NE{3 mL) was added Pd(PR$Cl, (8 mg, 0.01
mmol), and the CO gas was bubbled at 60C° for $hdihen the solvent
was removed, and a column chromatography on siligal
(MeOH/CHCl,, 7: 93) affordedt3 (116 mg, 100%). *H NMR (300MHz,
CDCl3): 6 8.24 (d, J = 16.3 Hz, 2H9,8.19 (d, J = 8.5 Hz, 2H),7.58 (d, J
= 8,3 Hz, 4H), 7.48 (d, J = 8.3 Hz, 4H), 7.46 (& 3.9 Hz, 2H), 7.13 (d,
J = 16.5 Hz, 2H), 6.65(s, 2H), 4.43 (g, J = 7.2 Bi&), 4.15(s, 4H),
3.59(s, 4H), 3.49(m, 4H), 3.20(s, 6H), 3.16(m, 2:46(s, 12H), 1.45 (t, J
6H)*C NMR (75 MHz, CDCJ): & = 166.2, 152.1, 140.7, 140.3, 138.3,

132.5, 131.3, 130.4, 129.1, 127.4, 123.2, 121.8,8102.1, 86.4, 85.4, 61.6, 59.6, 59.0, 48.7,,46.0
44.1, 29.9, 15.2, 14.5, 8.8. MS (FABN-NBA): m/z (%) = 922.4 [M + H] (100). Anal. Calcd for
CsHe:BN.,O:-H.O: C, 74.03; H, 6.96; N, 5.95; Found: C, 73.786H0, N, 5.66.
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Compound (44)

To a solution 043 (50mg, 0.054 mmol) in dry £,Cl; (3 mL)
under argon, the 1,3-propane sultone (66 mg, O.5#dimwas
added, then the mixture was stirred at 60°C ovwghtnuntil the
complete consumption of the starting material waseoved by
TLC (H,O/EtOH, 20: 80). The mixture was then centrifugtiah
crude product was purified by column chromatographgilica gel
(H2,O/EtOH, 30:70) and recrystallized from methanol/&tO
N~ afforded44 (36 mg, 60%). 'H NMR (300MHz, MeOH/CDgJI &
8.24 (d, J = 16.4 Hz, 2H),8.16 (d, J = 8.1 Hz, 2H), 7.61 (d, J = 8.2
Hz, 4H), 7.55 (d, J = 8.2 Hz, 4H), 7.44 (d, J =824 2H), 7.14 (d,
J = 16.2 Hz, 2H), 6.67(s, 2H), 4.49 (s, 4H), 4.89J = 7.3 Hz, 2H), 4.09(s, 4H), 3.69(m, 4H),
3.28(m, 4H), 3.21(s, 12H), 3.14(m, 10H), 2.90(m,)4R124(m, 4H),1.39(m, 9H)"*C NMR (75
MHz, MeOH/CDC}): 6 = 166.2, 151.5, 140.8, 139.8, 138.5, 132.9, 1313).9, 130.1, 128.7,
127.2,122.5,119.9, 118.6, 91.8, 67.9, 63.1, @94, 58.2, 55.3, 41.9, 18.7, 14.7,13.9. MS (FAB
m-NBA): m/z (%) = 1167.5 [M + HJ (100).

so3 035

Compound (45)

To a solution of compound4 (36mg, 0.03 mmol), in EtOH
(2mL) and HO (1mL), were added NaOH (12 mg, 0.3 mmol).
The mixture was stirred at RT over night, until quete
consumption of the staring material was observed The
(H.O/EtOH, 30: 70). To the solution was added HCI (2%l
neutral, then addition of AcOEt leaded to precipia and then
centrifuged. The crude was recrystallized twice mfro
methanol/AcOEt, gavé5 (30 mg, 88%). *H NMR (200MHz,
MeOH/CDCI): & 8.35-8.14 (m, 4H)$ 7.65 (m, 8H), 7.40-7.24
(m, 4H), 6.79 (s, 2H), 4.63 (s, 4H), 4.11 (s, 4K)72 (m, 4H),
3.48 (m, 4H), 3.28 (m, 12H), 3.15 (m, 10H), 2.9Q @hl), 2.30 (M, 4H), 1.43 (m, 6H*C NMR
(50 MHz, MeOH/CDCJ): 6 = 152.8, 142.2, 140.0, 133.8, 128.3, 124.8, 92284, 70.3, 69.1, 59.9,
56.3, 30.3, 26.4, 20.0, 15.2. MS (ESI-MS positifdap m/z (%) = 1139.3(100) [M + F]570.2
(35 doubly charged). Anal. Calcd for::8:,BN.O..S,-H.O: C, 64.35; H, 6.36; N, 4.84; Found: C,
64.62; H, 6.38; N, 4.72.

S03
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Compound (46)

The synthesis was accomplished at laboratory COBRA
Preparation of N-hydroxysuccinimidyl ester: BODIPY
carboxylic acid45 (6.2 mg, 4.5umol) was dissolved in dry
NMP (200 pL). 350 puL of a solution of TSTU reagent in dry
NMP (10.0 mg, 33.2umol) and 9uL of a 2.0 M solution of
DIEA in dry NMP (18 umol) were added and the resulting
reaction mixture was protected from light and etirat room
temperature for 1 h. The reaction was checked donpdetion
by RP-HPLC (system B) and ESI-MS. The resulting N-
hydroxysuccinimidyl ester was used in the next diogpstep
without purification. HPLC (system B): tR = 16.3mjcompared to tR = 15.1 min for BODIPY
carboxylic acid 45); MS (ES): m/z 1236.47 [M + H, calcd for GeH7sBN5014S, :1236.27.

(b) Coupling reactiona-sulfo-F-alaninyl-a-sulfo-#-alanine (22 mg, 40.amol) was dissolved in
0.24 M aq. NaHC@buffer (pH 8.2, 50QuL) and the resulting solution was cooled to 4 °G@eT
crude solution of N-hydroxysuccinimidyl ester in FMvas added dropwise to this stirred solution.
The resulting reaction mixture was left at 4°C ovgit. The reaction was checked for completion
by RP-HPLC. (System C). Finally, the reaction migtwas quenched by dilution with aq. TEAB
(50 mM, pH 7.5) and purified by RP-HPLC (system Djnjection, tR = 22.7-25.0 min). The
product-containing fractions were lyophilised toejithe TEA salt of water-soluble BODIPAG.
Desalting by ion-exchange chromatography (follovegdyophilisation) afforded the acid form of
46 as a blue amorphous powder (3.0 mg, yield 47%tume of two racemic diastereomers).
AMH(300 MHz; DMSO-d6) 8.17 (2 H, d, J 16.3, -CH=CH-BIPY), 7.97 (2 H, m, Ph-BODIPY),
7.70 (10 H, m, Ph-BODIPY), 7.55 (m, 4 H, -CH=CH-B®LY and Ph-BODIPY), 7.02 (2 H, s,
pyrrole-BODIPY), 4.64 (4 H, s, 8 N-CH-C=C-), 4.05 (4 H, s, ¥ O-CH,-C=C-), 3.79-3.37 (14
H, m, 2x CHy-CH(SQH)-CO-, 2x N-CH,-(CH,)»-SOs- and 2x O-CHy-CH,-0), 3.15 (12 H, s, *
-N(CHs)2-(CH,)2-SOy-), 3.12 (4 H, m, % O-CH,-CH,-0), 3.06 (6 H, S, X OCHs), 2.54 (4 H, m, 2

%X N-(CH,)-CH,-S0O;-, partially masked by DMSO peak), 2.05 (4 H, nx B-CH,-CH,-CH»>-SGs-),
1.41 (6 H, s, % CHs, BODIPY); (ESI+): m/z 1442.07 [M + H] MS (ESI): m/z 1439.40 [M - H]
calcd for GgHgiBNgO20S, : 1441.47; HPLC (system C): tR = 9.7 min, puriBf8 Ana(PBS)/nm
368 ¢/dm® mol* cmi' 76,860), 642¢/dm® mol* cm* 55,080).

Fluorescent labelling of proteins.
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(&) Conversion of water-soluble BODIPA6 into amine-reactive derivative: the water-soluble
BODIPY dye carboxylic acid (0.54 mg, 0.3#nol, weighed in a 0.5 mL Eppendorf tube) was
dissolved in deionised water (p). 30 pL of an aq. solution of water-soluble carbodiim{&DC,
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hgdhloride, 1.06 mg, 5.5mol) and 10uL of

an ag. solution of sulfo-NHS (0.17 mg, O.g#&ol) were sequentially added and the resulting
reaction mixture was protected from light and pdigally vortexed. The reaction was checked for
completion by RP-HPLC (system C). The resulting ydhoxysulfosuccinimidyl ester was used in
the next labelling step without purification. HPI(§ystem C): tR = 10.3 min (compared to tR = 9.7
min for water-soluble BODIPY carboxylic acib).

(b) Labelling of antibodies: 4fL of the solution of N-hydroxysulfosuccinimidyl est(vide supra,
185 nmol, 31-fold excess) was added to a fA0Gsolution of anti-HA antibodies (1.8 mg/mL, 6
nmol) in phosphate buffer (pH 7.4). The resultingktore was protected from the light and
periodically vortexed. The reaction was left aitCldvernight. Thereafter, BODIPY-mAb conjugate
was purified by size-exclusion chromatography (\ddera). The number of BODIPY per antibody
(molar ratio, F/P) was determined spectrophotormetyi by measuring their absorbance at 280 and

642 nm and inserting the measured values intoall@rfing equation:

FIP = Anax €280/ (A2g0" €max + Amax ' £280)

Where Agp is the absorbance of the protein at 280 nmgoHs the extinction coefficient of the
protein at 280 nm, Amax is the absorbance of th®BY label as its absoprtion maximumng,fx
is the extinction coefficient of the fluorophore #ite absorption maximum, andeky is the
extinction coefficient of the fluorophore at 280 nrnti-HA antibodies have an extinction
coefficient at 280 nm of 2.9%5 105 dni mol* cm™.

(c) Labelling of BSA: 454L of the solution of N-hydroxysulfosuccinimidyl est(vide supra, 185
nmol, 13-fold excess) was added to a p0solution of BSA (1.8 mg/mL, 13 nmol) in phosphate
buffer (pH 7.4). The resulting mixture was protelcteom the light and periodically vortexed. The
reaction was left at 4 °C overnight. Thereafter,[BBY-BSA conjugate was purified by size-
exclusion chromatography (vide supra). The BODIP&f protein ratio (F/P) was determined
spectrophotometrically by measuring their absorbaat 280 and 642 nm and using the same
equation described above. BSA protein has an didincoefficient at 280 nm of 43 824 dmmol™
cm™.
Further fluorescent labelling experiments were qrened with sulfoindocyanine dye Cy 5.Ceff«

= 2.5x 105 dnf mol™* cm®) under the same conditions.
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Compound (47)

To stirred solution of 1-dimethylamino-2-propy(&2 mg, 0.62
mmol) in dry THF (3 mL) under argon in a schlenksi, was
added 1.0 M EtMgBr in THF (0.435 mL) and stirred6ét °C for
one hour. The resulting anion was then transfewiadcannula to
the solution of 37 (100 mg, 0.124 mmol) dissolvadai separate
schlenk flask in dry THF (3 mL) under argon. Thexiure was

stirred at 60 °C for 15 minutes until the completesumption of

the starting material was observed by TLC. Thenntindure was

treated with water and brine, and then extractatht @H.Cl,. The

organic layer was dried with MgS@hen evaporated. The crude product was purifiedddymn
chromatography on aluminium oxide (MeOH/&H,, 3: 97) affordedt7 (114 mg, 100%). *H NMR
(300MHz, CDC}): 6 8.39 (d, J = 16.4 Hz, 2H),7.86 (d, J = 8.2 Hz, 2Hp,7.61 (d, J = 8.2 Hz, 4H),
7.47 (d, J = 8.0 Hz, 4H), 7.15 (d, J = 16.6 Hz,,2H)1 (d, J = 8.1 Hz, 2H), 6.67 (s, 2H), 3.53 (s,
4H), 3.20 (s, 4H), 2.42(s, 12H), 2.20 (s, 12H}71(s, 6H)°C NMR (75 MHz, CDCJ): 5 = 151.8,
140.3, 138.2, 137.8, 136.8, 135.1, 133.4, 132.1,8,330.6, 127.2, 123.3, 122.0, 118.5, 94.8, 90.8,
86.5, 85.4, 48.9, 48.7, 44.3, 34.1, 29.7, 22.42,154.1. MS (FAB, m-NBA): m/z (%) = 915.2 [M

+ H] ¥ (100). Anal. Calcd for GHsBIN,-H.O: C, 66.95; H, 6.36; N, 8.84. Found: C, 66.786I21,

N, 8.64.
Compound (48)

To stirred solution of compound7 (100 mg, 0.109 mmol) in
EtOH absolute (4 mL) and NE(3 mL) was added Pd(PR$CI,
(8 mg, 0.011 mmol), the CO gas was bubbled for &rrat 60C°
until the complete consumption of the starting matewas
observed by TLC. The mixture was treated with sdad
NaHCQ solution and water, extracted with @H. The organic

layer was dried with MgSQOAfter the solvent was removed, the

N crude product was purified by column chromatography
aluminium oxide (MeOH/CKLCI,, 3: 97) afforded the compountB (80 mg, 85%). *H NMR
(300MHz, CDC}): & 8.35 (d, J = 16.3 Hz, 2H),8.17 (d, J = 8.1 Hz, 2H), 7.57 (d, J = 8.4 Hz, 4H)
7.43 (dd, 6H), 7.06 (d, J = 16.3 Hz, 2H), 6.6423), 4.41 (q, J = 7.4 Hz, 2H), 3.49 (s, 4H), 3.47 (
4H), 2.37(s, 12H), 2.17 (s, 12H), 1.42 (t, J =H2Z 3H), 1.39 (s, 6H):*C NMR (75 MHz, CDGJ):
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d = 166.0, 151.9, 140.3, 138.0, 136.8, 133.4, 13131,5, 128.9, 127.2, 123.3, 122.0, 118.5, 90.7,
86.6, 85.4, 61.4, 48.9, 44.3, 29.7, 15.0, 14.3.(MSB", m-NBA): m/z (%) = 860.3 [M + H](100).
Anal. Calcd for GH«BN:O,-H.O: C, 76.52; H, 7.22; N, 9.56; Found: C, 76.226189, N, 9.37.

Compound (49)

To a solution o#48 (88mg, 0.102 mmol) in distilled
DMF (2mL), was added the 1,3-propane sultone
(250 mg, 2.05 mmol). The mixture was stirred at
60°C for 10 hours. Then addition of AcOEt leaded
to precipitation and then centrifuged. The residue
was purified by column chromatography on silica
C18, (THF/HO, 15: 85), afforded9 (60 mg, 43%).

o sG, N 'H NMR (400MHz, CROD/D,O, internal
-Ossf \\LSQ reference t-BuOH): 6 8.31 (d, J = 8.40 Hz, 2H),
8.22 (d, J = 16.20 Hz, 2H), 7.84 (s, 8H), 7.58Xd; 16.2 Hz, 2H), 7.04 (s, 2H), 4.66 (s, 4H), 4.50
(g, J = 7.20 Hz, 2H), 4.36 (s, 4H), 3.82(m, 4HR®B(m, 4H), 3.35 (s, 12H), 3.04 (s, 16H), 2.70 (m,
4H), 2.39 (m, 4H), 2.14 (m, 4H), 1.56 (s, 6H), 160J = 7.20 Hz, 3H)"*C NMR (100MHz,
CDs0D/D,0): 6 = 153.0, 143.5, 139.1, 136.3, 134.5, 132.9, 13136,2, 128.6, 122.7, 120.5, 92.6,
79.2, 64.2, 63.8, 62.8, 56.6, 20.1, 15.2, 14.6. (MSB+, m-NBA): m/z (%) = 1349.6 [M + HJ
(100).

Compound (50)

To a solution of compound9 (60mg, 0.04 mmol), in
EtOH (2mL) and HO (0.5mL), was added NaOH (18
mg, 0.4 mmol). The mixture was stirred at RT for 10
hours until complete consumption of the staring
material was observed by TLC {&/EtOH, 30: 70).
The solution was then added HCI solution (2%) until
neutral, then addition of AcOEt leaded to precipia

N 0 sG, ﬁ/ and then centrifuged, the residue was purified by
635f \\Ls@
95), afforded50 (15 mg, 25%). *H NMR (200MHz, GJOD/D,0, internal referencet:BuOH): &
8.26 (d, J = 16.2 Hz, 2H), 8.20 (d, J = 7.9 Hz,,ZHJ8 (s, 8H), 7.61(d, J = 16.2 Hz, 2H), 7.41(d, J
= 8.3 Hz, 2H), 6.99 (s, 2H), 4.67 (s, 4H), 4.3744), 3.80(m, 4H), 3.51 (m, 4H), 3.46 (s, 12H),

column chromatography on silica C18, (THEH 5:
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3.04 (s, 16H), 2.72 (m, 4H), 2.39 (m, 4H), 1.5448). °C NMR (50MHz, CROD/D,0): § =
153.2, 144.1, 142.3, 139.6, 138.0, 136.5, 135.6,61331.8, 129.5, 123.1, 120.8, 93.0, 79.7, 64.6,
64.3, 57.1, 20.6, 15.6. MS (ESI-MS positif mode)zr#6) = 1321.3 [M + H] (100), 660.6 (50,
double charged). Anal. Calcd fokB::BN:O.,S;-H.O: C, 59.18; H, 6.25; N, 6.27; Found: C, 58.99;
H, 5.92; N 5.99.

N-(4-iodobenzyl) -N,N-dimethylamine

| To a solution of 4-iodobenzyl bromide (2g, 6.7 mjraiksolved in distilled THF
\©w’|\'\ (50 mL) under argon atmosphere, was added dimettyéa (1.7 mL, 0.01 mmol)

and KCGQO, (13.8g, 0.1 mmol). The mixture was stirred at refior 2 hours then cooled and filtered.
The filtrate was treated with water and brine, dhganic layer was extracted with G then dried.
The solvent was removed to leave a white solidctviwas purified by column chromatography on
silica gel [(CHCI, pure, then (MeOH/CKI,, 1/9)] afforded the compound (1.63g, 93%).:H NMR
(200MHz, CDCI): § 7.64 (d, J = 8.4 Hz, 2H),7.06 (d, J = 8.04 Hz, 2H), 3.35 (s, 2H), 2.22(4).6

4-[(dimethylamino)methyl]-benzaldehyde

< > ZO The compound N,N-dimethyl-N-(4-iodobenzyl)amine &g, 1.92 mmol),

—N H dried sodium formate (156 mg, 2.30 mmol) and Pd¢Reh (69 mg, 0.096
mmol) were dissolved in distilled DMF (10 mL), thexture was stirred at 96 C° for 4 hours under
bubbled of CO gas at atmospheric pressure. Themixtere was washed with water 3 times (200
mL), then extracted with AcOEt then dried with MgS&fter evaporation, the crude product was
purified by column chromatography on aluminium &xi(CHCIl, pure) afforded the compound
(283 mg, 91%).H NMR (200MHz, CDgI 9.93(s, 1H)p 7.77 (d, J = 8.04 Hz, 2Hj,7.42 (d, J =
8.04 Hz, 2H), 3.43 (s, 2H), 2.20 (s, 6H).

Compound (51bis)

Compound 17 (450 mg, 0.696mmol) and 4-
[(dimethylamino)methyl]-benzaldehyde (227 mg, 1.38mol)
were dissolved in toluene (5 mL), and piperidines (L) in a
Dean-stark apparatus, the mixure was heated atClé@° 2 h,
then removed the Dean-stark apparatus and contileating

under argon until the solvent was totally evapatafehe crude

product was treated with saturated NaH@OIlution and water,
extracted with CECl.. The organic layer was dried with MgSthen evaporated. The residue was
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purified by column chromatography on aluminium &CHCl, pure), affordedb1bis (210 mg,
40%). 'H NMR (300MHz, CDG): § 7.84 (d, J = 8.3 Hz, 2H), 7.70 (d, J = 16.6 Hz),ZH57 (d, J =
8.3 Hz, 4H), 7.33 (d, J = 8.2 Hz, 4H), 7.24 (d, 164 Hz, 2H), 7.08 (d, J = 8.2 Hz, 2H), 6.63(s,
2H), 3.49 (s, 4H), 2.27 (s, 12H), 1.47 (s, 6HL NMR (75 MHz, CDCY): 6 = 142.1, 138.5, 136.5,
135.8, 134.9, 130.7, 127.8, 119.2, 118.3, 64.(03,4%.9, 22.9, 15.2, 14.3. MS (FAB+, m-NBA):
m/z (%) = 740.2 [M + H] (100).

Compound 51(mono)

Compounds 17 (355 mg, 0.79 mmol) &@(283 mg, 1.74 mmol) was
dissolved in toluene 10 mL and piperidine 0.5 mLanDean-Stark
apparatus, the mixture was heated at 140°C for hdn removed the
Dean-stark apparatus and continued heating undgmAuntil the solvent

was totally evaporated. The crude product was ddeatith saturated

NaHCQ solution and water, extracted with @H. The organic layer

was dried with MgSOthen evaporated. The crude product was purified

by column Chromatography on silica gel (§&CHh pure, then MeOH / C¥l,, 3: 97) affordedbl
(94mg, 20%), and then (MeOH / @El,, 10: 90) affordedclmono (123 mg, 22%).'H NMR
(300MHz, CDC}): 6 7.89 (d, J = 8.3 Hz, 2H), 7.70 (d, J = 16.5 Hz),17.59 (d, J = 8.1 Hz, 2H),

6 7.38 (d, J = 8.2 Hz, 2H), 7.27 (d, J = 16.5 Hz),TH09 (d, J = 8.3 Hz, 2H), 6.65(s, 1H), 6.06 (s,
1H), 3.56 (s, 2H), 2.63 (s, 3H), 2.34 (s, 6H), 1(§08H), 1.47 (s, 3H)*C NMR (75 MHz, CDC)):

6 =156.1, 153.1, 142.9, 139.0, 138.5, 136.2, 13848,7, 132.7, 131.8, 130.3, 129.9, 127.7, 121.8,
119.1, 118.0, 95.0, 63.9, 45.6, 29.9, 15.1, 14.8. (MAB", m-NBA): m/z (%) = 595.2 [M + H]
(100).Anal. Calcd for GHsBF.IN;: C, 58.51; H, 4.91; N, 7.06. Found: C, 58.22, 664N, 6.82.

Compound (52)

The 1-dimethylamino-2-propyne (121 mg, 1.46 mmoljasw
dissolved in dry THF (3 mL) under argon in a sckidéiask, was
added and stirred 1.0 M EtMgBr in THF (1.28 mL)pat°C for one
hour. The resulting anion was then transferredcaanula to the
solution of51 (260mg, 0.35 mmol) dissolved in a separate schlenk
flask in dry THF (3 mL) under argon. The mixturesastirred at 60

°C for about 15 minutes until the complete consuompiof the

starting material was observed by TLC. Then thetunéxwas treated with water and brine, and then

extracted with CECl.. The organic layer was dried with MgSthen evaporated. the crude product
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was purified by column chromatography on aluminioxide (CHCI, pure to MeOH/CECI,, 1: 99)
afforded52 (247 mg, 81%). *H NMR (300MHz, CDGI$ 8.34 (d, J = 16.3 Hz, 2H),7.80 (d, J =
8.3 Hz, 2H), 7.57 (d, J = 8.0 Hz, 4H), 7.29 (d, 8.3 Hz, 4H), 7.13 (d, J = 16.4 Hz, 2H), 7.06 (d, J
= 8.4 Hz, 2H), 6.61 (s, 2H), 3.42 (s, 4H), 3.174H), 2.23 (s, 12H), 2.15 (s, 12H), 1.43 (s, 6H).
¥C NMR (75 MHz, CDCJ): 6 = 152.2, 140.2, 139.8, 138.3, 137.6, 136.2, 13534.1, 131.6,
130.8, 129.6, 127.5, 121.4, 118.4, 94.7, 90.7,,6M@D, 45.5, 44.3, 15.3. MS (FABM-NBA): m/z
(%) = 866.2 [M + HJ (100). Anal. Calcd for GH::BIN,-2HO: C, 65.19; H, 6.70; N, 9.31. Found: C,
64.84, H, 6.62, N, 9.04.

Compound (53)

To stirred solution of compound2 (100mg, 0.115 mmol)
dissolved in EtOH absolute (4 mL) and NE mL), was added
Pd(PPH).CI. (8 mg, 0.011 mmol), and the CO gas was bubbled for
5 hours at 60C° until the complete consumptionhe&f starting
material was observed by TLC. The mixture was &eatith

saturated NaHCOsolution and water, extracted with @H.. The

organic layer was dried with MgSOAfter the solvent was, a
column chromatography on aluminium oxide (CH pure to MeOH/CELCI,, 1: 99) affordedb3 (80
mg, 85%). 'H NMR (300MHz, CDQL § 8.34 (d, J = 16.4 Hz, 2H),8.16 (d, J = 8.2 Hz, 2H), 7.58
(d, J = 8.1 Hz, 4H), 7.43 (d, J = 8.4 Hz, 2H), 7(80J = 8.4 Hz, 4H), 7.14 (d, J = 16.5 Hz, 2H),
6.62 (s, 2H), 4.41 (q, J = 7.1 Hz, 2H), 3.43 (s),4H18 (s, 4H), 2.24 (s, 12H), 2.16 (s, 12H), A#¥1
J = 7.2 Hz, 3H), 1.38 (s, 6H)°C NMR (75 MHz, CDCJ): § = 166.3, 152.3, 140.6, 139.8, 137.8,

136.2, 134.2, 131.4, 130.3, 129.6, 127.5, 121.8,51190.6, 64.3, 61.5, 53.6, 49.0, 45.6, 44.1, 15.2
14.5. MS (FAB+, m-NBA): m/z (%) = 813.5 [M + H]100).
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Compound (54)

To a solution of53 (80mg, 0.098 mmol) in distilled DMF (2mL), was
added the 1,3-propane sultone (240 mg, 1.97 mmmbk. mixture was
stirred at 60°C for 12 hours. Then addition of A¢Oleaded to
precipitation and then centrifuged, the residue wasfied by column
chromatography on silica C18, (THR® 15: 85) affordecd4 (82 mg,
64%). 'H NMR (300MHz, CEDD/D.O, internal referencet:BuOH): &
8.31 (d, J = 7.2 Hz, 2H), 8.28 (d, J = 16.1 Hz,,ZHY3 (d, J = 7.3 Hz,
G 03 é 4H), 7.84 (d, J = 7.3 Hz, 4H), 7.61 (d, J = 16.4 P#d), 7.05 (s, 2H), 4.69
G 95 (s, 4H), 4.50 (q, J = 6.9 Hz, 2H), 4.38 (s, 4HB23(m, 4H), 3.54 (M, 4H),
3.21 (s, 12H), 3.07 (s, 12H), 3.02 (m, 4H), 2.64 4id), 2.41 (m, 4H), 2.15 (m, 4H), 1.56 (s, 6H),
1.50 (t, J = 6.6 Hz, 3H)*C NMR (75 MHz, CDOD/D,O): § = 167.9, 153.2, 143.7, 140.8, 136.3,
135.6, 132.9, 131.7, 130.3, 129.8, 122.3, 120.6},8®.4, 63.8, 56.8, 51.2, 50.0, 49.7, 20.1, 15.3,
14.8. MS (FAB, m-NBA): m/z (%) = 1301.3 [M + HJ (100), 651.2(55, doubly charged). Anal.
Calcd for GHs:BN:O.,S;-1.5HO: C, 57.86; H, 6.68; N, 6.33. Found: C, 57.526133, N, 6.69.

o>
\

Compound (55)

To a solution of compoun®4 (70 mg, 0.05 mmol), in EtOH (2 mL)
and HO (0.5 mL), was added NaOH (21 mg, 0.5 mmol). The
mixture was stirred at RT for 10 hours until coni@leonsumption

of the staring material was observed by TLC. Tostietion the HCI
solution (2%) was added until the pH was neutrékerm addition of
AcOEt leaded to precipitation and then centrifugituke residue was
purified by column chromatography on silica C18HEHH.O 5: 95
then 10: 90) affordedb5 (60 mg, 88%). *H NMR (300MHz,
CD.0OD/D,0O, internal rerefencet-BuOH): 6 8.26 (d, J = 16.3 Hz,
2H), 8.21 (d, J = 8.3 Hz, 2H), 7.92 (d, J = 8.2 &H), 7.83 (d, J = 8.2 Hz, 4H), 7.58 (d, J = 162 H
2H), 7.44 (d, J = 8.3 Hz, 2H), 7.01 (s, 2H), 4.664H), 4.36 (s, 4H), 3.64 (m, 4H), 3.51 (m, 4H),
3.21 (s, 12H), 3.06 (s, 12H), 3.03 (m, 4H), 2.63 (t 6.8 Hz, 4H), 2.42 (m, 4H), 2.14 (m, 4H), 1.53
(s, 6H).13C NMR (75MHz, CDOD/D.O): 6 = 152.9, 143.8, 139.9, 135.5, 133.0, 131.6, 129.7,
122.2, 120.5, 85.3, 80.2, 69.3, 67.1, 63.7, 56181,520.0, 15.3. MS (FAB m-NBA): m/z (%) =
1273.4 [M + H]" (100), 637.2 (35, doubly charged). Anal. Calcd @H:BN:0..S,-2.5HO: C,

156



Experimental part

56.48; H, 6.57; N, 6.37. Found: C, 56.18, H, 61296.76.
Compound (56)

To a solution of52 (60mg, 0.069 mmol) in distilled DMF (2mL),
was added the 1,3-propane sultone (169 mg, 1.39 I)mnhbe
mixture was stirred at 60°C for 10 hours. Then taodiof AcCOEt
leaded to precipitation and then centrifuged. #sdue was purified
by column chromatography on silica C18, (THEIH 15: 85),
afforded 56 (79 mg, 84%). 'H NMR (300MHz, CGOD/D,0,
internal rerefencet-BuOH ): 8.22 (d, J = 16.4 Hz, 2H),8.01 (d, J

= 8.2 Hz, 2H), 7.91 (d, J = 8.4 Hz, 4H), 7.82 (&, 8.4 Hz, 4H), 7.61
(d, J =16.4 Hz, 2H), 7.18 (d, J = 8.2 Hz, 2H),17(6, 2H), 4.68 (s,
4H), 4.34 (s, 4H), 3.62 (m, 4H), 3.45 (m, 4H), 3(8112H), 3.0 (s, 16H), 2.62 (m, 4H), 2.42 (m,
4H), 2.11 (m, 4H), 1.57 (s, 6HY>C NMR (75 MHz, CROD/D,0): § = 153.0, 143.7, 140.7, 139.7,
136.4, 135.5, 133.0, 131.6, 129.7, 129.0, 121.9,6,26.3, 85.2, 63.6, 56.7, 51.2, 19.9, 15.4. MS
(FAB*, m-NBA): m/z (%) = 1355.3 [M + H] (100), 678.2 (40, doubly charged).

Compound (57)

To a degassed solution 66 (0.040 g, 0.044 mmol) and
4'-ethynyl-2,2":6',2"-terpyridine (0.017 g, 0.066nol) in
DMF (3 mL) HO (3 mL) and NEt(1 mL), was added [Pd
(PPh).] (0.008 g, 0.0068 mmol). The mixture was stirred
at 60 °C for 10 hours until the complete consunmptd
the starting material was observed by TLC (EtOJ@H70:
30). The mixture was cooled to room temperatur@, an
then to the solution addition of AcOEt (50 mL) leddto
precipitation, then the crude was filtered througtton

wool and washed with AcOEt and.® The residue was

resolved with MeOH/EHD/CH.CI, then evaporated. The crude product was Recrysdlliwice
from methanol/EO/THF afforded57 (0.032g, 52%). *H NMR (300MHz, CD@CD;OD/D.O): 6
8.28-8.20 (m, 5H)3 8.09 (m, 2H)5 7.83 (d, J = 16.2 Hz, 2H)8 7.56 (t, J = 7.8 Hz, 2H}, 7.43 (d,
J=8.2 Hz, 4H) §7.34 (d, J = 8.2 Hz, 4K)& 7.10-6.99 (m, 6H)5 6.50 (s, 2H) & 4.17 (s, 4H)
3.86 (s, 4H)p 3.17 (M, 4H) 2.72 (s, 12H)5 2.65 (M, 4H)H 2.59 (s, 12H)$ 2.52 (m, 4H)5 2.25
(t, J = 6.6 Hz, 4H)8 1.89 (m, 4H),8 1.70 (m, 4H),8 1.19 (s, 6H)°C NMR (75 MHz,
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CD;OD/D,O/CDCI): 6 =155.4, 155.0, 151.2, 148.6, 141.9, 138.3, 13/33,8, 132.4, 131.5, 128.4,
127.4, 124.0, 123.3, 122.3, 122.1, 121.4, 120.8,8.562.2, 61.7, 55.6, 53.0, 49.4, 18.5, 14.3. MS
(FAB®, m-NBA): m/z (%) = 742.7 (55, doubly charged), 49%100, triply charged). Anal. Calcd
for C:sH«BN,O..S;-2.5HO: C, 61.24; H, 6.26; N, 8.24. Found: C, 60.896H,7; N, 8.67.
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CHAPTER IV

Compound (58)

To a degassed solution @ (0.100 g, 0.258 mmol) and the 1-ethynyl-

~o — \\N‘ /N\\ 4-methoxybenzene (0.051 g, 0.384 mmol) in benz&mel() and TEA

F’B‘F (3 mL), was added [Pd(PEECI;] (0.011 g, 0.0129 mmol ), Cul (0.003
g, 0.0129 mmol ) under argon. The mixture waseslirat 60 °C for 12 hours until the complete
consumption of the starting material was obserwe@liC. The mixture was then evaporated, and a
chromatography on silica gel (GEl,/ petroleum ether, 6: 4) affordé&® (96 mg, 95%). H NMR
(300MHz, CDCt¥): 67.42 (d, J = 8.9 Hz, 2H), 6.85 (d, J = 8.8 Hz, 26i)7 (s, 1H), 3.81 (s, 3H),
2.64 (s, 3H), 2.56 (s, 3H), 2.51 (s, 3H), 2.5033), 2.39 (s, 3H)**C NMR (75 MHz, CDCJ): § =
159.7, 155.6, 142.6, 140.5, 133.2, 131.3, 122.8,011115.6, 114.2, 95.9, 80.9, 55.5, 17.7, 16.8,
14.8, 13.7. MS (FAB m-NBA): m/z (%) = 392.1[M + HJ (100).Anal. Calcd for GH.;BF.N.O: C,

70.43; H, 5.91; N, 7.14. Found: C, 70.27, H, 5/6,76.84.

Compound (59)

, To a degassed solution 8b (0.200 g, 0.39 mmol) and

0 the 1-ethynyl-4-methoxybenzene (0.051g, 0.39 mnmol)
benzene (6 mL) and TEA (3 mL), was added

[Pd(PPR).CI,] (0.017 g, 0.023 mmol ), Cul (0.005 g, 0.023 mmjahder argon. The mixture was

stirred at 60 °C for 10 hours until the completastamption of the starting material was observed

by TLC. The mixture was then evaporated, and amhtography on silica gel (GBl./petroleum
ether4: 6 to 6: 4) affordesd (45 mg, 22 %) along with mono-coupled compo®d65mg, 32%).

'H NMR (300MHz, CDXd) : 67.43 (d, J = 8.8 Hz, 4H), 6.86 (d, J = 8.6 Hz, 4333 (s, 3H), 2.67
(s, 9H), 2.56 (s, 6H)*C NMR (75 MHz, CDCYJ): & = 133.1, 132.4, 128.8, 114.3, 55.6, 29.9, 22.9,
16.3, 14.3, 13.8. MS (FAB m-NBA): m/z (%) = 523.4 [M + H]" (100). Anal. Calcd for
C:.H.,BF.N.O.: C, 73.57; H, 5.60; N, 5.36. Found: C, 73.37, H45N, 5.24.

Compound (60)

- <N, *H NMR (300MHz, CDCY): $7.43 (d, J = 8.9 Hz, 2H), 6.86 (d,
N, __Nx
B J = 8.8 Hz, 2H), 3.82 (s, 3H), 2.65 (s, 3H), 2.633H), 2.60 (s,

F

3H), 2.53 (s, 3H), 2.45 (s, 3HFC NMR (75 MHz, CDCJ): 5 =133.1, 114.3, 61.2, 55.6, 19.9, 17.6,
16.5.
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Compound (61)

To a degassed solution 60 (0.060 g, 0.126 mmol)
4 and the 4-ethynylbenzaldehyde (0.019 g, 0.151 mmol)
e in benzene (4 mL) and TEA (3 mL), was added
[Pd(PPR).CI,] (0.005 g, 0.007 mmol ), Cul (0.002 g, 0.007 mmahder argon. The mixture was
stirred at 60 °C for 12 hours until the completaszamption of the starting material was observed

by TLC. The mixture was then evaporated, and amhtography on silica gel (GBl,/ petroleum
ether 6: 4) afforde@1 (31 mg, 47 %). *H NMR (300MHz, CD€}I: 6 10.00 (s, 1H), 7.84 (d, J = 8.2
Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 7.44 (d, J = BZ, 2H), 6.87 (d, J = 8.8 Hz, 2H), 3.82 (s, 3H),
2.67 (s, 9H), 2.56 (s, 6H)*C NMR (75 MHz, CDCJ): § =135.2, 132.9, 131.7, 129.6, 114.1, 55.3,
16.6, 15.6. MS (EIl neat matter): m/z (%) = 520.2)1@nal. Calcd for GH.-.BF.N.O,-0.5HO: C,
72.60; H, 5.33; N, 5.29. Found: C, 72.93, H, 5N25.18.

Compound (62)

To a stirred solution 061 (26 mg, 0.05 mmol) in
/

distilled CHCI, (6 mL), was added malononitrile (8
mg, 0.10 mmol) and AD; (10 mg, 0.1 mmol). The

mixture stirred and at 38 °C for 3 hours until twenplete consumption of the starting material was
observed by TLC, then cooled and filtered. The eaiwas removed to evaporated, and a column
chromatography on silica gel (GEl, 80%) affordeds2 (20mg, 70%). *H NMR (300MHz, CDg}l

8 7.87 (d, J = 8.4 Hz, 2H), 7.70 (s, 1K)7.59 (d, J = 8.6 Hz, 2H},7.44 (d, J = 8.8 Hz, 2H},6.87

(d, J = 8.8 Hz, 2H), 3.82 (s, 3H), 2.66 (s, 9HBZ2(s, 6H). MS (El neat matter): m/z (%) =
568.2(100). Anal. Calcd for£H..BF.N,O: C, 73.95; H, 4.79; N, 9.86. Found: C, 73.64439; N,
9.59.

Compound (63)

o _ ST\ To a stirred solution of 1-Dimethylamino-2-propyi@6 mg, 1.16

~ >—<:— \ \:>—

/ ;\B/z mmol) in dry THF (3 mL) under argon in a schleriksi, was added 1.0
\ /\ /M EtMgBr in THF (0.77 mL) and stirred at 60 °C fone hour. The

N N
/ \

resulting anion was then transferred via cannuléhésolution of60
(196mg, 0.39 mmol) dissolved in a separate schiagk in dry THF (3 mL) under argon. The
mixture was stirred at 60 °C for 15 minutes urité tomplete consumption of the starting material

was observed by TLC. Then the mixture was treatithl water and brine, and then extracted with
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CH.CI,. The organic layer was dried with MgSthen evaporated. The crude product was purified
by column chromatography on aluminium oxide ¢CHpure then MeOH/CKCl,, 1: 99) afforded

63 (183 mg, 74%). *H NMR (300MHz, CD§}1 § 7.43 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H)
3.82 (s, 3H), 3.25 (s, 4H), 3.17 (s, 4H), 2.863(8), 2.64 (s, 3H), 2.55 (s, 3H), 2.47 (s, 3HR2.
(s, 12H). *C NMR (75 MHz, CDC)): & = 159.6 156.5153.8 142.5141.4,
140.5133.6 132.§ 129.9 124.1,116.9 114.4 96.7,55.6 49.0 44.1, 20.3 18.0 17.9 16.8 15.6.

Compound (64)

§ To a degassed solution 68 (0.090 g, 0.14 mmol) and
5 the 4-ethynylbenzaldehyde (0.027 g, 0.21 mmol) KT
(4 mL) and TEA (3 mL), was added [Pd(RREGI,]
(0.006 g, 0.007 mmol ), Cul (0.003 g, 0.007 mmol )

under argon. The mixture was stirred at 60 °C fdohdurs, until the complete consumption of the

starting material was observed by TLC. The mixtues then evaporated, and a chromatography on
silica gel (CHCI, pure to MeOH/CHECl,, 3: 97) afforded4 (46 mg, 51 %). *H NMR (300MHz,
CDCl3) : 69.99 (s, 1H), 7.84 (d, J = 8.2 Hz, 2H), 7.63 (&,8.2 Hz, 2H), 7.44 (d, J = 8.8 Hz, 2H),
6.87 (d, J = 8.8 Hz, 2H), 3.82 (s, 3H), 3.25 (s),4H89 (s, 6H), 2.67 (s, 3H), 2.58 (s, 3H), 2.57 (
3H), 2.32 (s, 12H)*C NMR (75 MHz, CDCJ): § = 191.3, 157.4, 142.2, 140.6, 135.1, 132.8, 131.6,
130.1, 129.6, 117.2, 115.6, 114.1, 96.7, 95.7,,5848, 43.9, 29.7, 17.2, 16.5, 15.4. MS (EIl neat
matter): m/z (%) = 646.2(100). Anal. Calcd forHG:BN,O.-0.3HO: C, 77.29; H, 6.74; N, 8.58.
Found: C, 77.39, H, 6.92, N.8.39.

Compound (65)

To a stirred solution 064 (60 mg, 0.093 mmol)
in distiled CHCI, (6 mL), was added
malononitrile (12 mg, 0.19 mmol) and .8 (20

mg, 0.19 mmol). The mixture was stirred at 38 °C
for 2 hours until the complete consumption of tkertsng material was observed by TLC. Then
cooled and filtered. Then the solvent was remowed a column chromatography on silica gel
(CHCI,) afforded62 (35mg, 54%).*H NMR (300MHz, CDg)t 6 7.86 (d, J = 8.5 Hz, 2H), 7.69 (s,
1H), 8 7.59 (d, J = 8.4 Hz, 2Hp, 7.44 (d, J = 8.9 Hz, 2H}, 6.87 (d, J = 8.9 Hz, 2H), 3.82 (s, 3H),
3.21 (s, 4H), 2.90 (s, 6H), 2.65 (s, 3H), 2.5564), 2.29 (s, 12H)}*C NMR (75 MHz, CDC)): &

= 158.4, 155.5, 154.1, 142.2, 140.9, 139.7, 13P38,8, 130.8, 114.1, 96.8, 95.9, 90.1, 89.7, 55.4,
53.4, 48.9, 44.1, 17.2, 16.6, 15.5, 15.3. MS (Etmeatter): m/z (%) = 694.2(100). Anal. Calcd for
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CisHi:BN:O: C, 77.80; H, 6.24; N, 12.10. Found: C, 77.785194, N, 11.84.

Compound (66)

To a degassed solution 8& (0.050 g, 0.129 mmol) and the 4-

— //N‘/B/N// ethynylbenzaldehyde (0.021 g, 0.155 mmol) in beaZ8mL) and

¥ ' TEA (3 mL), was added [Pd(PBICI;] (0.006 g, 0.008 mmol ),
Cul (0.003 g, 0.007 mmol) under argon. The mixtweaes stirred at 60 °C for 10 hours until the
complete consumption of the starting material waseoved by TLC. The solvent was then removed,
and a chromatography on silica gel CH/ petroleum ether, 6: 4) affordéd (49 mg, 98%). *H
NMR (200MHz, CDC#): 6 9.99 (s, 1H), 7.84 (d, J = 8.8 Hz, 2H), 7.62 (&, 8.8 Hz, 2H), 6.13 (s,
1H), 2.67 (s, 3H), 2.61 (s, 3H), 2.54 (s, 6H), 2(433H). MS (EIl neat matter): m/z (%) = 390.2
(100).

Compound (67)

NCM To a stirred solution a6 (23 mg, 0.06 mmol) in distilled Gi&l,

¥ — Mg N 7 (4 mL), was added malononitrile (8 mg, 0.12 mmaoijl &I.0; (12

" F mg, 0.12 mmol). The mixture was stirred at 38 °CXdours until
the complete consumption of the starting materas wbserved by TLC. Then cooled and filtered.
The solvent was evaporated, and the crude wasiguutify column chromatography on silica gel
(CH.CI,, 80%) affordeds7 (13 mg, 51%). *H NMR (200MHz, CDg}! 6 7.89 (d, J = 8.02 Hz, 2H),
7.72 (s, 1H)p 7.60 (d, J = 8.40 Hz, 2H), 6.16 (s, 1H), 2.673(3), 2.64 (s, 3H), 2.56 (s, 6H), 2.46
(s, 3H). MS (EI neat matter): m/z (%) = 438.0(10®al. Calcd for GH..BF.N.: C, 71.25; H, 4.83;

N, 12.78. Found: C, 71.08, H, 4.59, N, 12.54.
Compound (68)

To a stirred solution 068 (20 mg, 0.05 mmol) in distilled Gi&l, (4
J mL), was added tetracyanoethylene (8 mg, 0.06 mnidle mixture

Ne. ON

R \c was stirred at room temperature for 8 hours uriig tomplete
consumption of the starting material was obserwed@ltiC. The solvent was then removed, and the
crude was purified by column chromatography orcailjel (CHCI,, 100%) afforded68 (14 mg,
51%).'H NMR (300 MHz, CDG): & 7.67 (d, J = 9.0 Hz, 2HJ, 7.05 (d, J = 9.0 Hz, 2H), 6.28 (s,
1H), 3.90 (s, 3H), 2.67 (s, 3H), 2.57 (s, 3H), A813H), 2.47 (s, 6H}’C NMR (75 MHz, CDCJ):

6 =167.0, 165.0, 162.6, 149.6, 147.2, 143.1, 131/36,1, 132.9, 125.5, 115.8, 113.3, 111.6, 89.3,

85.9, 56.1, 53.6, 29.9, 18.2, 17.7, 15.3, 14.1. (@Bneat matter): m/z (%) = 520.1(100). Anal.
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Calcd for GH»;BF:N:O: C, 66.94; H, 4.46; N, 16.15. Found: C, 66.774H8, N, 15.84.

Compound (69)

To a stirred solution 069 (50 mg, 0.10 mmol) in
distilled CHCI, (4 mL), was added

tetracyanoethylene (27 mg, 0.21 mmol). The mixture

stirred at room temperature for 8 hours until the
complete consumption of the starting material whseoved by TLC. The solvent was removed,
then the crude was purified by column chromatogyapm silica gel (CHCI,, 100%) affordeds9
(48 mg, 77 %).'H NMR (300MHz, CDg! § 7.67 (d, J = 9.0 Hz, 2H), 7.45 (d, J = 8.9 Hz, 2H)
7.06 (d, J = 8.9 Hz, 2H), 6.88 (d, J = 8.9 Hz, 2Bi®1 (s, 3H), 3.83 (s, 3H), 2.73 (s, 3H), 2.71 (s,
3H), 2.59 (s, 3H), 2.52 (s, 3H), 2.49 (s, 3¢ NMR (75 MHz, CDCJ): § = 166.8, 165.1, 163.5,
161.8, 160.3, 150.4, 145.8, 143.6, 138.0, 135.2,31332.9, 125.4, 115.9, 114.9, 113.2, 111.6,,99.0
89.8, 85.9, 79.2, 56.1, 55.6, 18.0, 17.4, 14.2.1dS (EI neat matter): m/z (%) = 650.1(100). Anal.
Calcd for GsH»,BF.N:O.: C, 70.16; H, 4.49; N, 12.92. Found: C, 70.044H9, C, 12.77.

Compound (70)

To a degassed solution @b (0.160 g, 0.31 mmol) and
the p-(butylamino)phenylacetylene (0.157 g, 0.69
mmol) in benzene (6 mL) and TEA (3 mL), was added
[Pd(PPRh).CI;] (0.013 g, 0.019 mmol ), Cul (0.003 g,
0.02 mmol ),under argon. The mixture was stirre@lat

°C over night, until the complete consumption of #tarting material was observed by TLC. The
mixture was then evaporated, a chromatography becasgel (CHCl)/ petroleum ether 4:6)
afforded70 (71 mg, 32 %). *H NMR (300 MHz, CD§}I: 5 7.33 (d, J = 8.9 Hz, 4H), 6.56 (d, J =9.0
Hz, 4H), 3.27 (t, J = 7.3 Hz, 8H), 2.56 (s, 6HBR(s, 3H), 2.51 (s, 6H), 1.56 (quin, J = 8.2 H4),8
1.34 (sext, J = 7.7 Hz, 8H), 0.95 (t, J = 7.3 HH)L *C NMR (75 MHz, CDCJ): 6 = 156.5, 148.1,
141.5, 140.8, 132.9, 117.1, 111.5, 109.2, 97.74,70.9, 29.6, 22.8, 20.7, 17.1, 16.2, 14.2, 13.8.
MS (El neat matter): m/z (%) = 716.3 (100).
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Compound (71)

To a stirred solution of0 (60 mg, 0.08 mmol)
ﬁ/\ in distiled CHCI, (4 mL), was added

N

g tetracyanoethylene (14 mg, 0.10 mmol). The

mixture was stirred at room temperature for 8
hours until the complete consumption of the stgrimaterial was observed by TLC. The solvent
was removed, then the crude product was purifieddiymn chromatography on silica gel (&Hp,
100%) gave the mono-substituted compourdd(40 mg, 55 %), and bis compouii@ (30 mg,
36%).*H NMR (300 MHz, CDG): 6 7.68 (d, J = 9.3 Hz, 2H), 7.34 (d, J = 9.0 Hz,,2H.70 (d, J
= 9.4 Hz, 2H), 6.57 (d, J = 9.0 Hz, 2H), 3.39 (t 7.6 Hz, 4H), 3.28 (t, J = 7.4 Hz, 4H), 2.73 (s,
3H), 2.70 (s, 3H), 2.58 (s, 3H), 2.52 (s, 3H), 2(893H), 1.59 (m, 8H), 1.37 (m, 8H), 0.98 (t, J =
7.2 Hz, 6H), 0.95 (t, J = 7.3 Hz, 6HJC NMR (75 MHz, CDCJ): 6 = 164.4, 163.7, 153.3, 150.9,
148.5, 144.6, 143.0, 138.4, 135.1, 133.7, 132.0,20215.4, 113.6, 112.4, 111.9, 108.2, 100.5,,88.5
53.6, 51.4, 50.9, 29.6, 20.5, 18.0, 17.8, 16.8,1¥4.2. MS (EIl neat matter): m/z (%) = 844.3(100).
Anal. Calcd for GHsBF:Ns: C, 73.92; H, 7.04; N, 13.26. Found: C, 73.79612, N, 13.00.

Compound (72)

AH NMR (300 MHz, CDdJ): 6 7.65 (d, J = 8.7
Nf/, Hz, 4H), 6.71 (d, J = 8.6 Hz, 4H), 3.40 (t, J =
g 7.4 Hz, 8H), 2.85 (s, 3H), 2.58 (s, 6H), 2.54 (s,

6H), 1.63 (m, 8H), 1.39 (sext, J = 7.3 Hz, 8H),
0.98 (t, J = 7.2 Hz, 12H)°C NMR (75 MHz, CDCJ): § = 162.9, 155.8, 153.5, 148.3, 144.8, 134.6,
133.6, 128.1, 119.8, 115.1, 113.6, 112.8, 111.2%,915.4, 51.5, 29.6, 20.4, 19.1, 18.7, 14.5, 14.0.
MS (El neat matter): m/z (%) = 972.4 (100). Anahledl for GsH:xBF.N..: C, 71.60; H, 6.11; N,
17.27. Found: C, 71.42, H, 5.80, N, 16.92.

Compound (73)

Compound 58 (100 mg, 0.255mmol) and 4-
dimethylaminobenzaldehyde (46 mg, 0.31 mmol) were
dissolved in toluene (5 mL) and piperidine (0.5 miLp Dean—
Stark apparatus. The mixure was heated at 140°Q fgrthen

removed the Dean-stark apparatus, continued heatigr

Argon until the solvent was totally evaporated. Tégidue was
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purified by column chromatography on silica gel ¢CH/ petroleum ether, 6: 4 then 8:2) gai&
(57 mg, 43%). 'H NMR (300 MHz, CD§)I: 7.42-7.35 [m, (7.42, d, J = 9.3 Hz, 2H), (7.89J =
9.3 Hz, 2H),5H], 7.16 (d, 1H), 6.81 (d, J = 8.6 IAH), 6.61 [m, (6.61, d, J = 9.3 Hz, 2H), 3H], 3.76
(s, 3H), 2.96 (s, 6H), 2.62 (s, 3H), 2.55 (s, 3B}¥7 (s, 3H), 2.40 (s, 3H}*C NMR (75 MHz,
CDCls): 8 = 151.4, 142.3, 138.6, 133.0, 129.6, 124.8, 11814,2, 112.2, 95.4, 55.6, 40.5, 27.1,
25.6, 18.0, 16.7, 16.0, 13.8, 12.6. MS (EIl neattenptm/z (%) = 523.1(100). Anal. Calcd for
C:H:.BF:N:O: C, 73.43; H, 6.16; N, 8.03. Found: C, 73.176H0; N, 7.82.

Compound (74)

To a stirred solution 073 (18 mg, 0.03 mmol) in distilled Gl
d (4 mL), was added tetracyanoethylene (6 mg, 0.4 Pariie

NC. CN

mixture was stirred at room temperature for abolp8rs until
the complete consumption of the starting materias wbserved
by TLC. Then thee solvent was removed, then thdecproduct

o was purified by column chromatography on silica ¢eH.Cl,,
100%) afforded74 (18 mg, 81 %). *H NMR (300MHz, CD§i 8 7.68 (d, J = 8.9 Hz, 2H), 7.51 (d,
J =8.8 Hz, 2H), 7.39 (s, 2H), 7.04 (d, J = 9.0 PH), 6.85 (s, 1H), 6.68 (d, J = 8.9 Hz, 2H), 3(80
3H), 3.05 (s, 6H), 2.65 (s, 3H), 2.54 (s, 3H), 2493H), 2.46 (s, 3H}*C NMR (50 MHz, CDGJ):
0 =164.8, 159.7, 152.1, 143.5, 132.8, 131.6, 13(¥8,9, 125.6, 123.8, 121.7, 115.6, 112.1, 55.9,
40.3, 29.8, 18.3, 17.3, 16.8, 14.1. MS (EIl neattenatm/z (%) = 651.2 (100). Anal. Calcd for
CiH::.BF:N;O: C, 70.05; H, 4.95; N, 15.05. Found: C, 69.784H,7; N, 14.82.

Compound (75)

Compounda (50 mg, 0.129 mmol) and 4-dimethylaminobenzaldeh{zd

mg, 0.142 mmol) were disolved in toluene (5 mL) @ngkridine (0.5 mL)
in a Dean—Stark apparatus. The mixture was heat&édQaC for 2 h, then
removed the Dean-stark apparatus and continuechgeatder Argon until

the solvent was totally evaporated. The residue magied by column
chromatography on silica gel (GEl/petroleum ether, 6: 4), affordéd (35 mg, 52%). *H NMR
(300 MHz, DMSO) : 7.55 (d, J = 16.3 Hz, 1H), 7.45 J = 8.9 Hz, 2H), 7.20 (d, J = 16.6 Hz, 1H),
7.08 (s, 1H), 6.78 (d, J = 8.9 Hz, 2H), 3.01 (5,355 (s, 3H), 2.44 (s, 3H)’C NMR (50 MHz,
DMSO): 6 = 151.3, 129.1, 123.3, 112.2, 54.9, 18.7, 17.46.18IS (El neat matter): m/z (%) =
519.1(100). Anal. Calcd forH.;BF.IN;: C, 53.21; H, 4.85; N, 8.09. Found: C, 52.93; 564 N,
7.77.
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Compound (76)

To a degassed solution 8& (0.100 g, 0.258 mmol) and the 1-
OW*@%g\\jﬁ:\é ethynyl-4-nitrobenzene (0.057 g, 0.387 mmol) in zmsre (3 mL)
F'B‘F and TEA (3 mL), was added [Pd(RpKI;] (0.011 g, 0.0129 mmol ),

Cul (0.003 g, 0.0129 mmol ) under argon. The mixtwas stirred at 60 °C for 12 hours until the
complete consumption of the starting material waseoved by TLC. The mixture was then
evaporated, and purified by a chromatography acasgel (CHCI./petroleum ether, 5: 5). Then the
recristallisation from toluene afford6 (20 mg, 21%). *H NMR (200 MHz, CD¢)l 6 8.21 (d, J =
8.6 Hz, 2H), 7.62 (d, J = 8.9 Hz, 2H), 6.16 (s, 1HP7 (s, 3H), 2.65 (s, 3H), 2.58(s, 6H), 2.46 (s,
3H). MS (EIl neat matter): m/z (%) = 407.1 (100).aAnCalcd for GyH»0BF2N3O,: C, 64.89; H,
4.95; N, 10.32. Found: C, 64.59, H, 4.72, N, 10.06.

Compound (77)

Compound 76 (20 mg, 0.049 mmol) and 4-
dimethylaminobenzaldehyde (8 mg, 0.054 mmol) were
dissolved in toluene (5 mL) and piperidine (0.5 nih) a

Dean-Stark apparatus. The mixture was heated 4C1#0 2

h, then removed the Dean-stark apparatus and ceakin
heating under Argon until the solvent was totalamorated. The residue was purified by column
chromatography on silica gel (GEl,/ petroleum ether, 6: 4), affordé® (7 mg, 27%). *H NMR
(200 MHz, CDC%) : 68.20 (d, J = 8.8 Hz, 2H), 7.61 (d, J = 8.7 Hz, ZH}0 (d, J = 8.8 Hz, 2H),
7.44 (d, J = 15.3 Hz, 1H), 6.72 (d, J = 16.1 Hz),16468 (d, J = 8.4 Hz, 2H), 3.04 (s, 6), 2.70 (s,
3H), 2.64 (s, 3H), 2.56 (s, 3H), 2.49 (s, 3H). KB neat matter): m/z (%) = 538.1(100). Anal.
Calcd for GiH20BFoN4O2: C, 69.16; H, 5.43; N, 10.41. Found: C, 68.925K5, N, 10.27.
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Appendix

A. Crystallographic data

Compound 21

Formula sum

CoaHxsNOs S

Formula weight

423.51

Crystal system

orthorhombic

Space group

Pbca(no.6l)

Unit cell dimensions

a=7517(2) A
b=19.331(3) A

c=28.791(4) A

Cell volume 4183.65(140) A
z 8

Density, calculated 1.345 g/cni

Rai 0.098

Pearson code oP440

Formula type NOP4Q24R25...

Wyckoff sequence

C55
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Compound 68

Formula sum

CooHz B R Ng O

Formula weight

520.34

Crystal system

monoclinic

Space group

P121/c1(no. 14)

Unit cell dimensions

a=7.0970(4) A
b =28.4679(13) A
c=14.2999(8) A

B = 114.65(0) °

Cell volume 2625.72(20) A

yA 4

Density, calculated 1.316 g/cm

Rai 0.144

Pearson code mP248

Formula type NO2P6Q23R29...
Wyckoff sequence e
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Compound 75

Formula sum

CasHxs B R IN3

Formula weight

519.17

Crystal system

monoclinic

Space group

P121/c1 (no. 14)

Unit cell dimensions

a=28.429(7) A
b=9.844(7) A
c=27.51(2) A

B = 105.68(5) °

Cell volume 2197.7(30) K

yA 4

Density, calculated 1.569 g/cm

Rai 0.071

Pearson code mP220

Formula type NO2P3Q23R25...
Wyckoff sequence e”
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B. Publication/Patent produced during the thesis

Water-solubilization and bio-conjugation of a rediing BODIPY marker.
Song Lin Niy Cédrik Massif, Gilles Ulrich, Raymond ZiesselePe-Yves Renard, and Anthony
Romieu.Org. Biomol. Chen201Q 9, 66-69.

New insights into the solubilization of Bodipy dyes
Song-Lin Niu,Gilles Ulrich, Pascal Retailleau, Jack Harrowfialti Raymond Ziessel.
Tetrahedron Letters2009 50 (27), 3840-3844.

Water-Soluble BODIPY Derivatives.

SongLin Niy Gilles Ulrich, Raymond Ziessel, Agneta Kiss, RieYves Renard and
Anthony Romieu.

Org. Lett, 2009 11 (10), 2049-2052.

Composés fluorecents hydrophiles a base de dipytiwme-bore.

Ulrich, G.; Ziessel, R.; Niu, Song-linHaefele, A.; Bura, T.;
French patent, PCT/FR2009/052606, 2009.
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