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Abstract

The first part of this work describes the synthesis of flumes and non-fluorescent
phthalimide derivativesvia straightforward synthetic routes, including multicomponent

reactions (MCRSs) (scheme 1-a), and aromatic substitutions and redustibes¢ 1-b).
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Scheme 1

In the second part the synthesis of nawtocagedased on aminophthalimide-serine was

carried out and the fluorescence quenching behaviour of fitestecageswvas investigated
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Scheme 2

(scheme 2)

In order to obtain new chiral sensors for achiral and chimalnarecognition the fluorescent
sensord07, 109-112 were synthesized in the third part of this work. The synthesdmaes on
urea-activated phthalimides with stereogenic centers that symthesized using an efficient

procedure involving a Curtius rearrangement (scheme 3).
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Scheme 3

The non-fluorescent sensb23 based on a thiourea-activated phthalimide with a stereogenic
center was synthesized following a synthetic route involving $teps each of which could be

performed with good yields (scheme 4).
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Scheme 4

This work demonstrates the capability of a new series ofefleent and non-fluorescent
chiral sensors obtained through the previously described signtbates to recognize achiral

and chiral anions and peroxides.

Photophysical properties of the sensors such as absorption (ab#gtiaxc(exc),
emission (em) wavelength&)( Stokes shifts, singlet energies)(Eluorescence lifetimestg),
quantum fluorescence yieldsbd) and fluorescence rate constants) (Were determined in
several solvents in order to compare the solvent effects on teeediffphotophysical properties

of the sensor.

The recognition of the achiral and chiral anions was perfornhedugh absorption,
fluorescence andH NMR experiments. To consolidate the experimental resultsyetiead
calculations based on DFT methods at B31YP/6-3&@| were carried out.

Recognition of peroxides was conducted by fluorescence experithefdse and after

irradiation of the sensor—peroxide solutions at 350 nm.
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In the last part of this thesis the photophysical propertietirofnol derivatives were
compared with the parent luminol. Furthermore, comparative stuidiee ohemoluminescence

efficiency of these luminol derivatives were carried out (schi&me



Kurzzusammenfassung

Im ersten Teil dieser Arbeit wurden verschiedene fluoreszéke und nicht-fluoreszierende
Phthalimidderivate Uber vergleichsweise einfache syntheti&dhden hergestellt. Eine der
verwendeten Routen verlief Uber eine Multikomponeten-ReaktionRM&bbildung 1-a).
Davon abgesehen, wurden Uberwiegend aromatische Substitution und Redukiiogesetzt

(Abbildung 1-b).
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Abbildung 1

Im zweiten Teil der Arbeit wurde eine Synthese flr neue AminopiicaSerin Systeme,
die als sogenanntphotocageseingesetzt werden konnten, entwickelt und durchgefiihrt. Far
diese photocageswurden eine Reihe von Fluoreszenzldschungs-Experimenten durchgefihrt

(Abbildung 2).
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Abbildung 2

Neue chirale Sensorei®7, 109-112 fiir die Erkennung von achiralen und chiralen Anionen

wurden im dritten Teil dieser Arbeit synthetisiert und wsueht. Die verwendete Synthese



zielte auf Harnstoff-aktivierte Phthalimide mit einenmersbgenenen Zentrum, die unter

Anwendung einer effizienten Methode (Curtius-Umlagerung) hergestellt w@addildung 3).
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Abbildung 3

Der nicht fluoreszierende Sens&P3 basiert auf einem Uber Thioharnstoff aktivierten
Phtalimid mit einem stereogenen Zentrum und wurde durch FinfstafBesg in guten
Ausbeuten hergestellt (Abbildung 4).
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Abbildung 4

In der vorliegenden Arbeit wurde das Potential dieser nelusmetzierenden und nicht

fluoreszierenden chiralen Sensoren fir chirale und achirale Anionen unddearntersucht.

Die photophysikalischen Eigenschaften der Sensoren wie Aliso(pbs), Anregung (exc),
Wellenlange X), Stokes-Verschiebung, Singulett Energig),(Eluoreszenz-Lebensdauear)(
Fluoreszenz-Quantenausbeute)(and Fluoreszenz-Geschwindigkeits-konstangevkirden in
verschiedenen Ldsungsmitteln gemessen, um Losungsmitteleffeitedie verschiedenen

photophysikalischen Eigenschaften der Sensoren zu vergleichen.

Die Erkennung von achiralen und chiralen Anionen wurde Uber Absorptimrebzenz und
'H-NMR Experimente bestimmt. Um die experimentellen Ergebnigsstizzen, wurden DFT-

theoretische Berechnungen auf B31YP/6-31G* Niveau durchgefuhrt.

Die Erkennung der Peroxide wurde durch Fluoreszenzexperimente vomnaaid der

Belichtung von Sensor-Peroxid Proben bei 350 nm durchgefihrt.
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Der letzte Teil der Arbeit behandelt die Untersuchung der photophgstkah Eigenschaften
von Luminol-Derivaten und vergleicht diese mit denen des Grundigtpeninol. Dazu wurde
unter anderem eine vergleichenden Studie der Chemolumineszanpeffdieser Luminol-
Derivate durchgefihrt (Abbildung 5).
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1 Introduction

1.1 Electronic States

A full understanding of photochemical reactions requires an a@ppoecof the nature and
properties of electronically excited states. Quantum mechacooalepts are invaluable in the
analysis of the behavior of electronically excited molesuhnd can be used to rationalize

experimental observations despite the approximations involved.

Each electron in a molecule carries a spin angular momenttimavgpin quantum number
s = 1/2. A point charge moving in a Coulomb field gives rise tmagnetic moment which, in
the presence of a magnetic field, may take up one of two or@rgailhe magnetic moment
may be aligned in the direction of the lines of force of theiegwhagnetic field or opposed to
it, giving rise to two different energy states of thecegtan. A transition between the two energy
levels corresponding to these states involves a changegoimaint of the electron magnetic

moment and is the basis of electron spin resonance.

The term electron spin refers to the alignment of therelechagnetic moment with respect
to an imaginary magnetic field. If no field is present, theae be no splitting in the electron
spin energy levels but the individual moments will still besent and will still dictate how the

electrons interact with each other and with the nucleus.

The total spin angular momentum possessed by a many-electronoatomlecule is
represented by the total spin quantum nunihevhich may be calculated as the vector sum of
all the individual contributions from each electron. Two electroash @ossessing= 1/2, may
be present with their spins parallel or opposed. If the spmspposed the total quantum
numberSis zero. If the electron spins are parallel the total quamwmberSis 1/2 + 1/2 = 1.
The spin multiplicity gives the number of states expectedeamptesence of an applied magnetic
field and is given by 8+1. Thus, a molecule with all electrons spin-paired (which lvéglithe
case for the ground electronic state of most organic molecotessesseS = 0 and a spin
multiplicity of 1. Such an electronic state is referred to amglet state. The combination of

ground state and singlet state is abbreviated by the sy&tol

The Pauli Exclusion Principle states that two electrons it@m can not have the same set
of four quantum numbers. This restriction requires that no more than two elexrofisin one

orbital; furthermore, the two must have opposed spin stétes.



It is common to present these different spin states by aiBedpiolecular energy level
diagram to which the appropriate labels are attached. An exarhglech a state diagram is

illustrated in figure 1 for a generalized unsaturated hydrocarbon.

— S
T2

S
LE

— S

Figure 1: General state diagram of the (relative) mergy of the lowest vibrational level

The excited T state is indicated to have an energy lower than that ofxbiged $ state.
This lowering of the T state energy is due to spin correlation. It is a consequentiee of
operation of the Pauli principle, and is summarized by Hund’$}faEmaximum multiplicity.
Even in the present situation where the two unpaired electooapy different orbitals, there is
a minimum energy of electron-electron repulsion when their spimgarallel. This repulsion
energy will determine the energy difference between the esk@hd singlet state and will

depend on the extent of space between the orbitals involved.

1.2 Energy level diagrams for photoluminescent molecules

(Jablonski Diagram)

Excitation of molecules are initiated by absorption of mades of radiation, one centered

around the wavelength (S—S,), and the second around a shorter wavelehg(B,— S,).

What happens to an electronically excited molecule that does notgansieme kind of
chemical reaction? The molecule cannot persist in an excitéel istdefinitely, since it
represents a situation unstable with respect to the ground slet&oi de-excitation must
occur somehow, the excess energy being released as thermalatvaashergy. Transitions
involving the de-excitation of electronically excited statest do not involve the emission of

radiation are called nonradiative transitions.

The emitted radiation is calldiorescencef it originates in the de-excitation of an excited

state that has the same spin multiplicity as the ground, daté the emission is called



phosphorescenci it originates from the de-excitation of an excited statsmh multiplicity

different from that of the ground state (for example,.TS).

We can use the state diagram in figure 1 and indicate afidbgible transitions that may

occur between different energy levels. The result (figure 2) lsocalJablonski diagram.

Sy
TEa—
5, <
2 T
LuMO _l., s ]
s, : g
HOMO : ,»—]— LUMO
me-n-;-m a T 1
Absorption < Phosphorescence —l— HOMO
I —
LUMO —— || ‘ o bitpared 5 il
I8,
HOMO -I+ singhet triphet
(pairad +hectrons) {urpaired decinons)
I Imternal conversion = radiation - less fransition S 5
ISC imter-System crossing — radiation — less transition S -5 T

Figure 2: Jablonski Diagram®

Radiative transitions are “vertical” transitions and invodvehange in the total energy of
the molecule due to the absorption and emission of a photon. Nonradiatgitions are
“horizontal” transitions and involve conversion from one state to anatlaecanstant energy. A
conversion between states of the same spin multiplicity isdcimternal conversion(IC) and
for states of different spin multiplicity the termmtersystem crossinglSC) is used. In the
solution phase the excess vibrational energy is rapidly rethdy collisions with solvent

molecules, a process sometimes referred tabastional relaxation(VR).

1.3 The Franck-Condon principle, absorption and emission

spectra

The Franck-Condon principle states for the classical electtoamsition of a vibrating

molecule:

“Since electronic motions are much faster than nuclear motiostr@tec transitions occur

most favorably when the nuclear structure of the initial and finad atat most similar”.

The conversion of electronic energy into vibrational energy mathéeate determining
step in an electronic transition between states oérdifft nuclear geometries. A description of
the Franck-Condon principle would be that (a) for radiative transjtiargdeigeometriesio not
change during the time it takes for a photon to “hit”, “be absorbed’cause an electron to

jump; and (b) for nonradiative transitions, nucleastionsdo not change during the time it



4

takes an electron to jump from one orbital to another. Figure 3sshiwevpotential energy

curves of the possible Franck-Condon transition.

Absorption and emission spectig not sharp lines with respect to the frequency the
absorbed or emitted light of tleguationAE = hvfrom the postulate that only one electron is

excited or de-excited in an individual absorption or emission event.

In a set of molecules, an electronic transition is not as *msét is in a single atom or
molecule. This is due to the fact that, in order to describe theagigcstates of a molecule, the
motions of nuclei relative to one another (e.g. vibrations, rotatiollisiens) must be
considered. The sharp line or band which characterizes atomédtitvas is replaced by a set of
closely spaced lines in molecular absorption which may be onljalpamesolved or even

completely unresolved. For organic molecules in solution - i.e. ase cthis latter situation is

common.

In analogy to absorption, the most probable emissions will be tlwb&h occur vertically.
In contrast to absorption, the equilibrium separation of the groatel gotential-energy curve
minimum is smaller than that of the excited state curvethab the most probable vertical
transitions produce an elongated ground state, while absorption pr@dooegpressed excited

state immediately after transitidfi.

Y
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=
E Absorplsan Fluorescence S
w {0,1) {0.1) ,.-""’_'_'_'___. ]
\ (.13
5 ey r002)
\ ’: 00 » 403

-

.
n 'r\\f‘lu_orementb .
A

Nuclear Configu ration

Figure 3: Franck-Condon diagram®™

1.4 Fluorescence

The electron in the excited orbital is paired (by opposite spitijet@econd electron in the
ground state orbital. Consequently, return to the ground statmialkpved and occurs rapidly



5

by emission of a photon. The emission rates of fluorescence mEically 10 s*, so that a

typical fluorescence lifetime is close to 10fis.

Some typical fluorescent substance (fluorophores) are quininegsten, rhodamine B,
pyridine 1 etc, as shown in figure 4. The first observation of fhaenece from a quinine
solution in sunlight was reported by Sir John Frederick Willidarschel in 1845 The
experiment consisted of a observation of a glass of tonia Watewas exposed to sunlight; a
faint blue glow is frequently visible at the surface. The igeirin tonic water is excited by the
ultraviolet light from the sun. Upon return to the ground state therguamits blue light with a
wavelength near 450 nm. Due to this discovery, quinine was respofwitdémulating the

development of the first spectrofluorometers that appeared in the 1950s.

(CaHs)N

7
N (CH:CH)zONmHa)z
CzHs

cloy

Quinine Fluorescein Rhodamine B Pyridine 1

Figure 4: Typical fluorescent compounds

Other fluorophores are encountered in daily life like fluorescand rhodamine.
Polynuclear aromatic hydrocarbons, such as anthracene and peryealspdituorescent, and
the emission from such species is used for environmental monitdraigpollution. Pyridine 1

and rhodamine are frequently used in dye lasers.

The most intense and useful fluorescence is found in compounds tantanomatic

functional groups with low energy—Tt transition levels. Compounds containing aliphatic and

alicyclic carbonyl structures or highly conjugated double bond stegtaray also exhibit
fluorescence, but the number of these is small compared touthber of existing aromatic
system. Another group which can fluorescence in solution are thébstitsted aromatic
hydrocarbon, the quantum efficiency usually increasing with the nuailtee rings and their

degree of condensation.

The simple heterocycles, such as pyridine, furane, thiophene amtep§igure 5) do not
exhibit fluorescence, on the other hand, fused ring structures orglidarilFluorescence is

observed for compounds like quinoline, isoquinoline, and indole.
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Figure 5: Fluorescent and non-fluorescent molecules

The influence of halogen substitution is striking: the decréaséluorescence with
increasing atomic number of the halogen is thought to be in patbdbhe heavy atom effect,
which increases the probability for intersystem crossinpddriplet state because of large spin-

orbit coupling contributior?

Substitution of a carboxylic acid or carbonyl group on an aromaticgémgrally inhibits
fluorescence. In these compounds, the energy of thtétmansition is less than that of the 1t

transitiond?

1.4.1 Characteristic of fluorescence emission

A fluorescence emission spectrum is a plot of the fluorescerensity vs wavelength
(nm) or wavenumber (ch). Emission spectra are dependent on the chemical structtine of
fluorophore and the solvent in which it is dissolved. Another impofeattre of fluorescence
is its highly sensitive detection. Fluorescence has some georral characteristics that will be

describe in the following sections.
The Stokes Shift

The energy of emission is generally lower than that of abisor and thus, fluorescence
occurs at lower energies or longer wavelendth$his shift in wavelength to a lower frequency
is called theStokes shiftfigure 6).
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Figure 6: Absorption and emission spectra, Stokesit ©

Emission spectra are typically independent of the excitation wavelength

The same fluorescence emission spectrum is generally obsgresgectivly of the
excitation wavelength (Kasha's ruf&}® Upon excitation into higher electronic and vibrational
levels, the excess energy is quickly dissipated, leavinfubeophore in the lowest vibrational
level of S. Because of this rapid relaxation (about'46), emission spectra are usually

independent of the excitation wavelength.

There are exceptions, such as fluorophores that exist irotvization states, each of which
display distinct absorption and emission spectra. Also, somecuhedeare known to emit from

the Slevel, but such emissions are rare and generally not observed in biologicaliesmi#

Effect of pH on Fluorescence

The wavelength and the emission intensity are likely to berdift for the ionized and
nonionized forms of the compounds, if they have acidic or basic sigdvgitwhich are pH-
dependent. For example, aniline has several resonance formghehdeilinium ion has only
one. This resonance form leads to a more stable first excited statesdkre in the ultraviolet

region is the consequence.

Experiments with pH-sensors have been used for the detection of etsl ipoatid/base
titrations. Changes in acid or base dissociation constanks exititation are common and

occasionally as large as four to five orders of magnitéide.

Effect of solvent polarity

The effects of solvent polarity are one origin of the Stokés. $igure 7 shows a plot of

emission spectra of 4-dimethylamino-4"-nitrostilbene (DNS) in sadvefnihcreasing polarity.
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Figure 7: Emission spectra of DNS in H, hexane; CHyclohexane; T, toluene; EA, ethyl
acetate; Bu, n-butanol®

Emission from fluorophores generally takes place at longerlamgyths than those at which
absorption occurs. This loss of energy is due to a variety of dgnamocesses that occur
following light absorption. Figure 8 shows the Jablonski diagramldordscence with solvent

relaxation.

Solvent effects shift the emission to even lower energiedalatabilization of the excited
state by polar solvent molecules. In general, only fluorophoreathatolar themselves display
a large sensitivity to solvent polarity. Nonpolar molecukas;h as unsubstituted aromatic

hydrocarbons, are much less sensitive towards solvent polarity.
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—_— vibrational relaxation
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Figure 8: Jablonski diagram for fluorescence with elvent relaxation

1.4.2 Fluorescence quenching

Fluorescence quenching refers to any process that decreaflesrgcence intensity of a

sample. Various processes of molecular interactions can result irhinggrfor example:



» Excited state reactions (chemical quenching)

* Molecular rearrangements (chemical quenching)

» Energy transfer (physical guenching)

* Ground state complex formation (static quenching)
» Collisional guenching (dynamic quenching)

In this opportunity two of the molecular interactions will becdssed, collisional or

dynamic quenching and the ground state complex formation or static quenching.
Collisional quenching

Collisional quenching occurs when the excited state fluorophore ivdgad upon contact
with some other molecule in solution, which is called quencher. Thenki diagram figure 9

illustrates this process and fluorescence resonance energy t(&RsEdr).

Sol ¢ FRET
olven
Relaxation (107%%) =_1__(_§_Q)6

51 | ~ T 75 Al
Q |
hv, A4 hvdr 2K Q‘q [Q]
107%% G
Se S / A°

Figure 9: Jablonski diagram with solvent relaxationand energy transfer (FRET)'®
For collisional quenching the fluorophore is returned to the groutel dtming a diffusive
encounter with the quencher. The molecule is not chemically altered irottesg.
The decrease of intensity in this process is described by the Stern-Vqguma¢ioe ():
Fo/ F=1+K[Q] =1 +kTo [Q] 1

In this equation §is the emission intensity of the fluorophor without quencher, thas
emission intensity with quenchek is the Stern-Volmer quenching constaky, is the
bimolecular quenching constani is the unquenched lifetime, and [Q] is the quenching

concentration.

The Stern-Volmer quenching constdfitindicates the sensitivity of the fluorophore to a

guencher. A linear Stern-Volmer plot is generally indicative of a singés of fluorophores, all
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equally accessible to the quencher. It is important to rezeghat observation of a linear
Stern-Volmer plot does not prove that collisional quenching of fluoresdesceccurred.
Static quenching

Static quenching can occur as a result of the formation rafrdluorescent ground state
complex between the fluorophore and the quencher. When this complesbsablight it

immediately returns to the ground state without emission of a photon.
Static quenching is described by equafion
Fo/F=1+[Q] 2)

Note that the dependency of FF on [Q] is linear, which is identical to the observed for

dynamic quenching (eq. 1), except that the quenching constant is now the associatemt.co

The measurement of fluorescence lifetimes is the moshitiedi method to distinguish
static and dynamic quenching. For static quenciyrig = 1, in contrast to dynamic quenching

Fo/ F =1¢/ T well as shown in figure 10.

Collisional Quenching Static Quenching
(o F¥s Q ::(F}o)*
- Q - .
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A 9 hy K ¥
Q F+Q F-Q
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N 4 p H f. 2
© B 1; / e b / Higher
- i ;, & Lsiopesic/ 1 temae;rature
e y o g *
T = 7 : w P V-
b L, /Slope=kq To=Kp e
~ | 2/ RE
=] 77 -
el | 1 T/
O 1 1 i 1 1 1 1 1 O 1 1 { B 1 i 1 E
Ke) Kel

Figure 10: Comparision of dynamic and static quencimg ©

Both quenching processes can also be distinguished by their difféeijendence on
temperature and viscosity. Higher temperatures resultagterf diffusion and hence large
amounts of collisional quenching. Higher temperatures will typicallyir@sthe dissociation of

weakly bound complexes, and hence smaller amounts of static quenching.

The absorption spectrum of the fluorophor is, on careful examinationaddiional
method to distinguish between static and dynamic quenching. Geadlisiquenching only
affects the excited states of the fluorophore, and thus nayekan the absorption spectra are
expected. In contrast, ground state complex formation will frefyuesgult in perturbation of

the absorption spectrum of the fluorophore.
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Combined dynamic and static quenching
It is possible that the fluorophore can be quenched both by eoflissnd by complex
formation with the same quencher.

The Stern-Volmer plot is an upward curvature, concave towardy-éixés. The Stern-
Volmer equation is modified to second order @ [eq. 3), which accounts for the upward

curvature observed when both static and dynamic quenching occur for the saophfioer

Fo/ F =1+ Kp +Ks) [Q] + Ko Ks [Q] (3

The dynamic component can generally be selected to compare thdtugegof the

expected diffusion- controlled value of the solution, by the temperatwiscosity dependence
of the values or from other available informations about the sample.

1.4.3 Resonance energy transfer (RET)

There is a process that causes a decrease in the flumesoeensity of the donor and
transfers the energy to an acceptor. This process &lgasonance energy transfer (RET) and
it can be considered a quenching process. The acceptor can be fluorescent oresoafitidout

in both cases the fluorescence intensity of the initially excitedaulglés decreased.

Figure 11 shows that the fluorophore initially has two electionge highest-occupied

(HO) molecular orbital. Absorption of light results in elegatiof one electron to the lowest-

unoccupied (LU) orbital.
o4 N i / RET N I s
L——~301——4 Ro=304 |
W el o N2
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7‘_;7\ \\ ann
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HoO @ of o0 °e °
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Figure 11: Molecular orbital schematic for resonane energy transfer. The top row the size
of fluorophores relative to the Foster distancdz,

When RET occurs, the electron in the excited dongs*)([Peturns to the ground state.
Simultaneously an electron in the acceptog)(goes into a higher excited-state orbital. If the

acceptor is fluorescent it may then emit. If the accemonanfluorescent the energy is
dissipated as heat.



12

The important point is that quenching is due to short-range intaradbetween F and Q,

shown in figure 12, and RET is due to long-range dipolar interactions betweand?.
The rate of energy transfer is given by €q.
kr (N =1/t0 (Ry/1)° 4)
whereTp is the donor lifetime in the absence of the accept the center-to-center distance
betweerDgrandAg, andR, is the Forster distance.

The rate of quenching depends on the extent of interaction retheelectron clouds in F

and Q. The rate depends on the distance according %o eq.

Ke () =Aexp [B(r-1o) 5)
wherer is the center-to-center distance between F and Q.an&l the distance of the closest
approach at molecular contact. A is expected to have a valuel®éas® and finally B is
typically near 1 A. This equation does not include the effect of diffusion on quenchidg a

only describes the effect of distance on quenching but does redl rfve mechanisms of

quenching.

el

Quenching
-

+ heat
- ¥ Q F Q

Figure 12: Schematic of fluorescence quenchirg

1.4.4 Mechanisms of quenching
There are at least three different mechanisms for singlet quenchi
1. Intersystem crossing (ISC) or the heavy atom effect
2. Electron exchange or Dexter interactions
3. Photoinduced electron transfer

The quenching process can occur by combination of these mech&hisms.
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Intersystem crossing

ISC is a process in which the spin of an excited electron issexyavich results in a change
of the multiplicity of the molecules results. This processniost common in molecules that
contain heavy atoms (the heavy atom effect). Apparentlyapital interactions become large
in the presence of such atoms and a change in spin is thus morabfa. The presence of
paramagnetic species such as molecular oxygen in solutorm@t&nces intersystem crossing

and consequently decreases fluorescéfias shown in figure 13.

kisc
+ @ —— F: —Q—>heot
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knr k[Q]

Figure 13: Quenching by intersystem crossin’

Electron exchange

This interaction occurs between a donerddd an acceptorAwhere E indicates electron
exchange. The excited donor has an electron in the LU orbital. Thimalectransferred to the

HO orbital of the acceptor, so the acceptor is left in an exdi¢el s

Electron )
exchange
—_— P

. .’ \Q_Q_
Concerted _— —m—
electron ‘
exchange

! !

De At

Figure 14: Schematic for stepwise (top) or concerte(bottom) electron exchangé®
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At the same time or in a subsequent step an electron from teptac HO undergoes
electron back transfer to the donor HO. Electron exchangmilsusio RET because the energy
is transferred to an acceptor. Figure 14 shows a schematicferethe electron exchange

quenching.
Photoinduced electron transfer

In photoinduced electron trans{®&ET) a complex is formed between the electron dogor D
and the electron acceptoy,Avielding D,"A,. This charge transfer complex can return to the
ground state without emission of a photon, but in some casedesxeipission is observed.
Finally, the extra electron of the acceptor is returned te@ldetron donor. Figure 15 shows the

molecular orbital diagram for photoinduced electron transfer.

{ D; . A; )*
PET
e
hv R
e N - E
DX Ap oF "

Figure 15: Molecular orbital schematic for photoinduced electron transfer®®

PET quenching can also occur by electron transfer from theedxffitorophore to the
quencher. In PET the terms donor and acceptor do not classifli gfcies is initially in the

excited state. This is the difference from RET, where the fluorophokeagsathe donor.

1.5 Fluorescence lifetimes and quantum yields

The singletlifetime determinates the time available for the fluorophore to intexgtt a
substrate or diffuse in its environment, and hence the informataitalble from its emission.
The lifetime of the excited state is defined by the average wich the molecule spends in the

excited state. Generally, fluorescenece lifetimes are between 200 A ns®

Quantum vyieldof fluorescence is the number of emitted photons relative tauhwer of
absorbed photong! For a highly fluorescent molecule such as fluorescein, the quayidlon
under several conditions approaches unity. Species that do not feudr@se quantum yield

that approach zer§!



15

1.6 Fluorescence sensing

The design of fluorescent sensors has attracted consideregskst due to its importance to
analytical chemistry, clinical biochemistry, medicineglistrial and environmental chemistry
etc. Numerous chemical and biochemical analytes can be detactiuorescence methods:

cations, anions, neutral molecules and ga&és.

Fluorescence sensors are more sensitive than absorption s@worsnetric sensors)
because the light absorbance is measured as the differemtensity between light passing
through the reference and the sample. In fluorescence the wptisnsitasured directly, without

comparison with a reference bedth.

Fluorescence sensing requires a change in a spectral propeggponse to the analyte.
Changes can occur in the fluorescence intensity, excitatiocirgpe emission spectrum,

anisotropy, or lifetime of the sensing proBle.

In a fluorescence sensing approach, the fluorophore sighalingspecies, i.e. it acts as a
signal transducer that converts the information in the poesef an analyte (guest) into an
optical signal expressed as the changes in the photophysicahctehniastics of the
fluorophore™® The receptor recognizes the guest and a behaviour changefinotiescence

signal is produced (figure 16).

o Fluoropher _\L A y
r—p i N i_.
W Aok

Ty
Fiih
! I =, Receptor !
= | it = Guest et

Figure 16: Principle of fluorescence sensing

1.6.1 Mechanisms of sensing

There is a variety of signaling mechanisms the simplest mechantsttissonal quenching,
where the fluorophor is quenched by the analyte. Static quencmrg/szabe used for sensing

but the lifetime does not chand® Other mechanisms have been described such as ground state
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[11a,b]

charge transfer, photoinduced electron transfer (PET§!“Y excimer / exciplex

13 and excited-state proton transfé&f.

formation,"? intramolecular charge transfét'
Resonance energy transfer (RET) is perhaps the most gameralaluable phenomenon for

fluorescence sensofs.
Due to the mechanisms of sensing fluorescent sensors can be classifiee classe§”

» Class 1: fluorophores that undergo quenching upon collision with an analgte (
0,, CI.

» Class 2: fluorophores that can reversibly bind an analytbelahalyte is a proton,
the termfluorescent pH indicators often used. If the analyte is an ion, the term
fluorescent chelating agens appropriate. Fluorescence can either be quenched
upon binding (CEQ type: Chelation Enhancement of Quenching), or enhanced
(CEF type: Chelation Enhancement of Fluorescence). In other, taseompound

is said to bdluorgenic(e.g. 8-hydroxyquinoline (oxime)).

» Class 3: fluorophore linked, via a spacer or not, to a receptorddsign of such
sensors, which are based on molecule or ion recognition by dbptoe, requires
special care in order to fulfill the criteria of affinignd selectivity. These aspects
are revelant to the field gupramolecular chemistryrhe changes in photophysical
properties of the fluorophore upon interaction with the bound analytéue to the
perturbation by the latter of photoinduced processes such asoelécinsfer,

charge transfer, energy transfer, excimer / exciplex formation apmksrance etc.

In this work it was tried to approach achiral and chiral anioaprts and peroxides-

Sensors.

1.6.2 Cations sensing

Detecting cations is of great interest for differentaarsuch as chemistry, biology or
medicine. Sodium, potassium, magnesium and calcium are involved ogiball processes
such as the transmission of nerve impulses, muscle contractiokgtiey of cell activity, etc.
Zinc is an essential component of many enzymes; it plays a nwdgoin enzyme regulation,

gene expression, neurotransmission, etc.

On the other hand, there are some metal ions toxic to organismsu(y) cadmium, etc.),
and early detection in the environment is desirable. Aluminumsis @btentially toxic: it is
probably at the origin of some diseases such as osteomalaemja, neurodegenerytive or
bone diseases. Control of aluminum content of is thus necessatfye iproduction of

agricultural goods as well as in the pharmaceutical indti8try.
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Colorimetric determination of cations based on changes in colopmplexation by dye
reagents started to be popular a long time ago, especiaheicase of alkaline earth metals
ions, which are efficiently chelated by agents of the EDT#eySine fluorimetric techniques
are more sensitive than photometric ones, numerous fluorogenic rpe&agents were studied

and applied to practical cases.

Fluorescent molecular sensors of the EDTA type exhibit hitgctdaty for calcium with
respect to other ions present in cells. In the late 1960s Crdvemseand cryptands were
discovered™ and opened up new possibilities for cation recognition with improvewfent

selectivity, especially for alkali metal ions.

Fluorescent sensors emerged some years later with the désigfiuoroionophore. The
ionophore moiety has been recognized by the fluorophore, this experiencegbsha its

fluorescence properties due to binding between ionophore and fluorophore.

The stability of a complex between ionophore and fluorophore depends onfatong:

nature of cation, nature of solvent, temperature, ionic strength and énceses also pH.

The connection between the ionophore and the fluorophore is very amportaspects of
sensing design, bearing in mind the search for the strongest p&dnrbf the photophysical
properties of the fluorophore by the cation. The ionophore may be lioked fluorophore via
a spacer, but in many cases some atoms or groups participatingcontpkexation belong to
the fluorophore. Therefore, the selectivity of binding often redutis the whole structure

involving both signaling and recognition moieties.

Fluorescence sensors of cations will be presented in the follqwirigThe recognition of

the cation can be explained by different mechanisms.

Stanculescu and coworkefs! used tetrandrine (6,67,7,12-tetramethoxy-2,2"-dimethyl-
berbaman; TET; figure 17) as fluorescent sensor. They charadt the binding properties of
TET as host towards alkaline and alkaline earth metals, edgaga molecular recognition

process. The recognition has been studied byld\énd fluorescence spectroscopy.

After titration of TET with N4 K*, Mg?* and C4, changes in the absorbance of TET were
observed in the region of 300-325 nm, where TET starts to absdibtheitderived spectra
slightly shifted. These aspects lead to the conclusion that TIEGtisely complexes CGa and

Mg " ions which can be classificated as hard acids.
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Figure 17: 6,67,7,12-Tetramethoxy-2,2"-dimethyl-bdraman; TET (1)

The fluorescence emission showed a hypsochromic shift (~6 nm) wipitiom of C&",
accompanied by a 1.5- fold fluorescence enhancement. The blue rehithe increase in
fluoresecence intensity are attributed to”’Cainding to TET which results in a more rigid
structure of the ligand after complexation. The fluorescenceneah@nt may happen due to
the suppression of the intramolecular phothoinduced electron trgR&&) from the oxygen
ion pairs. Another explanations is that the metal binding altersate of one or more relaxation
processes from the excited state: radiative decay, inteoralersion (IC) or intersystem

crossing (ISC).

Zinc is one of the most important transition metal ions found in naturegwt®as multiple
roles in both extra- and intra-cellular functions. Gunnlaugsson and kensBf' were active in
the development of supramolecular luminescent chemosensorsnéard other ions and
molecules. In this case they chose to use 4-amino-1,8-naphthalimide (figuseal@h@tostable
fluorophore reporter in designir®yy, as it absorbs in the visible region and emits in the green,
with Stokes shift ofta100 nm. Importantly?2 does not respond to €aand Md", or many

other transition metal ions.

ot
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Figure 18: 4-amino-1,8-naphthalimide (2)

The ability of 2 to detect ZA" and other physiologically and non-physiogically relevant
cations was carried out at pH 7.4 by monitoring the changes in tbepabs and emission

spectra. The absorption spectré&2afhowed a broad band in the visible region between 370 and
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510 nm withA .« atca. 442 nm (log = 4.28) which was assigned to an internal charge transfer
excited state (ICT). No significant changes were seen én albsorption spectra upon a

spectroscopic pH titration from pH 2-12.

The enhancement in the fluorescence emission at pH 7.4 upon addifoflpfs due to
the binding of the Zi to the carboxylates of the imidodiacetate and the aromadtiogen
moiety. In particular, the latter interactions increasedkidation potential of the receptor with
comitant reduction in the receptor’s ability to quench the dka@nce of the naphthalimide
moietyvia PET, in the same way as fof Bbove. Other experiments with different divalent and

monovalent cations confirmed the selectivit2dbwards ZA".

Detection of Cé&' ions is important for environmental and biological systems.d¥ew the
selectivity for CG" over other ions, such as ®band F&, is not very satisfactory in some
cased™”. So, development of new €iselective turn-on fluorescence sensors is still important
and necessary. Li and coworkefd! synthesized a new fluorescent sensors based on
calix[4]arene3 and4 (figure 19) bearing four iminoquinoline subunits on the upper rimghwvhi
showed a remarkable enhanced fluorescent intensity in the peesti@i* ions and a high

selectivity towards Cii ions over a wide range of tested metal ions in acetronitrile.

Figure 19: Calix[4]arene derivates 3 and 4

The fluorescence titration & with Cu* showed an increase of the emission intensity of
about 1200-fold when the concentration of?Cwas increased up to 11 x AMM. The
association constank{) was determined to be 3.67 x’1@™, which indicates a high affinity
of 3to CU".

Similar to 3, the fluorescence enhancementdoin the presence on €ucould also be

observed, but it is obviously less than thaBdfduced by Cti in the same conditions. The
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association constank{s) of the 1:1 complex-Cu** was calculated to be 3.7 x°10™, which
is only about one-hundredth of that of the 1:1 compB&(?]. These results indicated that
tetraiminoquinoline derived calix[4]arer®&might have a preorganized and multi-coordinated

complexing site for Cii ions.

For rationalizing the observed fluorescenece enhancement, tteosfatay be considered.
First, the low fluorescence intensity 8fin CH;CN in the absence of €uions may be
attributed to a radiationless channel from thestate of the emission of the quinoline group by
the lone-pair electron of the imine nitrogen atom (PET). Wh€rf4ion coordinates with the
ion pair of the imino and quinoline nitrogens, the energy of thestate is raised so that tiet
state of the emission of the quinoline group becomes the loweastdestate, leading to a
substantial increase in fluorescence intensity (PET). Sepgn@e’™ binding to3 induces its

conformation restriction, which could also result in the increasedeiaence intensity.

Lanthanide ions are known to show long-lived spectrally distinct ébgance or
phosphorescence. Lifetimes are generally in the order of $déwerdreds of microseconds to
milliseconds for visible-light-emitting Eu(lll) and Tb(ll)These long lifetimes, caused by
parity-forbidden transition resulting from 4f orbitals and cherastic linelike emmission
spectra have triggered the application of lanthanides fordéwelopment of luminescent
materials, chemosensors and luminescent labels. Oueslati anckes#® were interested in
calix[4]azacrowns with aminopolyamide bridges. These compounds camtéile and amine
functionalities, both known for their capability to bind lantlinions via interaction with C=0

oxygen atoms and amine nitrogen atoms.

Figure 20: Calix[4]azacrown derivates 5, 6 and 7

They useds and 6 for the complexation of lanthanide ions such a¥' Eib*", Nd®*, EF*,

La**, which was investigated by UMs, fluorescence spectroscopy dhtiNMR.
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The UV absorption spectra & and 6 upon addition of lanthanide triflates showed
significant changes, albeit dependent on the ligand structureod$eved changes indicated
the formation of at least two different complexes. The complex statditgtant in the form log

Bj values were calculated by analysis of the absorption spectra asuharearized in table 1.

Table 1: Stability Constants (logB;) of Lanthanide Complexes with 5 in acetonitrile.

Metal R? Log B;°
Eu (Ill) 1:1 4.69 +0.32
1:2 9.52£0.01
Th () 1:1 5.67 +0.30
1:2 10.66 +0.70
Nd (I11) 1:1 5.71 £0.02
1:2 10.66 +0.70
Er (Ill) 1:1 4.94 +0.30
1:2 10.54 £ 0.02
La (1lI) 1:1 6.01£0.20
1:2 9.80 £ 0.20

2 Metal-to ligand ratio? Determined by absorption spectroscopy : T = 298Kz 6.89 10° M.

This data has to be interpreted with caution, since the shehges in the UV spectra did

not allow a sufficiently accurate determination of complex stabilihstants.

The fluorescence d was enhanced upon lanthanide complexation and other experiments
were carried out to prove that the mechanism involves the amtiogen in the fluorescence
enhancement &. PET from the electron-donating tertiary amine to the aromatic moiétiles o
calixarene, which is switched off upon involvement of nitrogen loireipanetal complexation
and can be assumed to be the transduction mechanism. This condusipparted by strong
fluorescence quenching (90%) Bfto that of7 as verified by the quantum yield and lifetime

measurement&®

Compound 6 showed strong fluorescence quenching as a result of lanthamde io
complexation. With the control experiment of trifluoroaceticlaw significant changes of the
fluorescence was observed, similar situation #orThis is surprising sincé also contains
electron-donating secondary amine groups on the bridges, albeitrweakehe tertiary amine
group in5. The blocking of PET upon lanthanide complexation, which would resuni
enhancement of the fluorescence, seems to be of minor importanceredrtgather effects
which lead to fluorescence quenching, for instance the partmipafiaccelerated intersystem

crossing (ISC) due to lanthanides as heavy atoms.

In summary, for ligand complexation outside the ionophoric cavity is assumed, the more

flexible ligand6 should be able to accommodate the lanthanide ion inside the cavity.

Fluorescein and related derivates have been widely employesigaaling basis for

molecular imaging and chemosensing applications, including thetidateé metal ions like
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K*, Mg®, zrtt, cd', PF* and Hg'. Choi and coworkers® reported the selective
chemodosimetric (chemodosimeters detect an analyte trough & Biglective and usually
irreversible chemical reaction) between the dosimeter miglemnd the target analyte leadind to
an observable signal, in which an accumulative effect is Hireetated to the analyte
concentratior?® Hg?* signaling behavior of simply structured fluorescein dera/éseheme 1).
Dichlorofluorescein and its methyl ester derivate showed pronduridg” selective
chromogenic and fluorogenic signaling behaviors in aqueous environmgnselective

mercuration of the 4°,5"-position of the xanthene moiety.

Qg O
O O O
cl cl Hol) ¢ cl
O O Acetate buffer O O
HO (@) OH (pH 5.0) HO @) OH

HgOAc HgOAcC

8

Scheme 1: Dichlorofluorescein derivate (8) with Hg

The absorption bands at 475 and 505 ni@ epon treatment with Hgions were gradually
decreased and red-shifted to 483 and 533 nm. The color of the solutioedficamg yellowish
green to orange. Other metal ions induced some variation in absanéhout significantly
changing the absorption maximum. The ratio eff\ g3 was 1.02 for Hij ions and varied in a
limited range from 0.058 (Ni) to 0.085 (Ad) for the other metal ions.

The characteristic fluorescence spectrur whs effectively quenched upon treatment with
Hg?* ions. The quenching efficiency can be expressed by the ratifl @it 528 nm @and |
represent the fluorescence intensity8oin the absence and in the presence of metals ions,
respectively);ly/| was greater than 1900 for Hgions. Other metal ions did not induce

noticeable changes in the fluorescence emissi@n of

& °
CO,CHjy O
o) ButJ\O o) o)L B

HO OH

9 10

Figure 21: Derivates of dichlorofluorescein
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Methyl ester9 (figure 21) exihibited similar chromogenic and fluorogenic behavmg;
the absorption band was red-shiftesh (= 35 nm), and fluorescence was exclusively and
efficiently quenched by Hg ions (¢/I at 534 nm = 501)However, compound® showed
somewhat less sensitive Hgignaling thar8. In contrast, the response of the pivaloyl derivate
10, which could not be mercurated on the xanthene moiety, were fitagmi highlighting the

importance of the phenolic moieties of the xanthene in the signaling process

1.6.3 Anions sensing

Anions play an important role in chemical and biological proceddasy anions act as
nucleophiles, bases, redox agents or transfer catdlystdost enzymes bind anions as either
substrates or cofactors. The chloride ion is of spectatast because it is crucial in several
phases of human biology and in disease regulation. Moreover, it ieaf igterest to detect

anionic molecule pollutants such as nitrate and phosphates in ground’®ater.

Anions such as organic phosphates and even fluoride are harmful éavinenment and
consequently to humans. The ability to selectively detece the®ns in environmental samples
has become a dramatic necessity as organophosphates are compnents agent§" and
fluoride is associated with nerve gases and the refinememaoium used to nuclear weapons

manufacture??

The design of selective anion molecular sensors with opticééctir@achemical detection is
thus of major interest, however it has received much legstiatiehan molecular sensors for

cations.

A typical fluorescent sensor for anions is generally builbubh a modular approach, by
either covalently or noncovalently attaching an appropriate photeafitiorophore to the
receptor with an affinity for the desired substrate. Fdalhgwthe receptor-anion interaction, an

appropriate signaling process must take place.

The fluorescent mechanisms used in the signaling processitor sensing are generally
photoinduced electron transfer (PET), excited-state proton éraesicimer/exciplex formation,
metal-to-ligand charge transfer, and modulation of efficieatyinterchromophore energy

transfer [z

There are many fluorescence sensors for halide ions (exgeptFare based on dynamic
quenching of a dye (fluorophor). In particular, the determination afridal anions in living

cells is done according to this principle. Some halide ion sensors areigifigure 22.
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Figure 22: Various halide ion sensors

Their lack of selectivity is shown by the Stern-Volmer camistan table 2. For instance 6-
methoxy- N-(3-sulfopropyl)quinolinium (SPQ) is mainly used as @énsitive fluorescent
indicator, but its fluorescence is also quenched by severalaitfans (I, Br and SCN but not
by NOy). 24

Table 2: Stern-Vollmer constants (M) of halide molecular sensors in aqueous solutions.

Compound CI Brr |I° SCN
SPQ 118 175 276 211
SPA 5 224 307 255
Lucigenin 390 585 750 590
MACA 225 480 550 480
MAMC 160 250 267 283

Abbreviations: SPQ: 6-methoxy-N-(sulfopropyl)quimiim; SPA: N-(sulfopropyl)acridinium;
lucigenin: bis-N-methylacridinium nitrate; MACA: idethylacridinium-9-carboxamide; MAMC: N-
methylacridinium-9-methyl carboxylate.

For F recognition the diprotonated form of hexadecyltetramethylsapphyrused that
contains a pentaaza macrocyclic core as shown in figure 23seléetivity for fluoride ions
was found to be high in methanol (stability constants of the @mpl10) with respect to
chloride and bromide (stability constartd ().
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Figure 23: Selective sensor (11) for fluoride ions

This selectivity can be explained by the fact that(iBnic radius ~ 1.19 A) can be
accommodated within the sapphyrin cavity to form a 1:1 complexthétianion in the plane of
the sapphyrin, whereas Gind Br are too large (ionic radii 1.67 and 1.82 A respectively) and

form an out-of-plane ion paired complé&x!

Phosphate anions have attracted much attention because of thegichiokelevance.
Anthrylpolyamine conjugate probes can recognize phosphate groups dueottmnduced
electron transfer from the unprotonated amino group to anthracene,sbadétendent of the pH
on the fluorescence sensor. At pH 6, a fraction of 70%2@xists as a triprotonated form, the
nitrogen atom close to the anthracene moiety being unprotonatedraltisn has a very low

fluorescence emission.
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H, © >,
0 ( .0
NH | NH N
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©
low fluorescence non-fluorescent high fluorescence
12

Figure 24: Selective sensor (12) for phosphate amig

The monohydrogenophosphate whose three oxygen atoms interact with éhedbiteve

charges (tri-cation of the amine groups); the remaining phosfitatgroup is in a favorable
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position to undergo intracomplex proton transfer to the unprotonatewdo agnoup, which
eliminates intramolecular quenching. The result of this bindsng drastic enhancement of
fluorescence emission of the complex. This fluorescencesean also bind ATP, citrate and

sulfate but the stability of the complex is 1% The mechanism is shown in figure 24.

The development of neutral charge chemosensors involves the oftB# sensing using
the fluorophore-spacer-receptor modeln function of this criterion Gunnlaugsson and
coworkers?” synthesized a neutral charge chemosensor through the combinatiohrateme

as chromophore and thiourae as electroneutral anion receptor.ffemendichemosensors are

e
HNJ\N
H
WO i
HNJ\N HNJ\N/CH?’
N H
2o® T CLC

13a 13c

shown in figure 25.

Figure 25: Anthracene derivates used as fluorescemsensors (13 a-c)

Anthracene fluorescence emission is selectively quenchedtiiaion with AcO, H,POy
and F but not by Clor Br in DMSO. Of the three chemosensdr8awas expected to show the
strongest binding due to this effect d®tthe least.

The fluorescence emission spectra of 1-((anthracen-10-yiyihe-(4-(trifluoromethyl)
phenyl)thiourea X3a) when titrated with AcOin DMSO displayed typical PET behaviour.
Upon adittion of the AcQ the maximum emission intensity decreased with no otherrapect
changes being observed. Similar emission and absorption efferts ebserved for 1-
((anthracen-10-yl)methyl)-3-phenylthioured3p) and 1-((anthracen-10-yl)methyl)-3-methyl-
thiourea 130).

When the fluorescence titrationsI8a-cwere carried out in other solvents such as@¥y
CH3CO.EL or THF, the emission was also quenched upon adittion of BeOthe degree of
quenching was somewhat smaller. In EtOH, wich is a higly cotiygetnydrogen bonding
solvent, no binding was observed betweenliBeand AcO. Furthemore, no exciplex emission

could be observed in any of these solvents.
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The simple fluorescent PET anion chemosen&8escshow ideal PET sensing behaviour

upon ion recognition, only fluorescence emissioswgched off.

In order to investigate the selectivity and sensitivitytttd sensor towards biologically
important anions, Gunnlaugsson and coworkérsarried out a series of titrations using TBA
salts of F, CI', Br and HPQO, in DMSO. In the case of RO, and Fthe fluorescence emission
was quenched bya. 50 @ = 0.0156) and 90%I = 0.0011) respectively (at 443 nm), but for
CI' and Br a minor quenching process was observed (< 7%), ruling out a quenchihg by

heavy atom effect.

Gunnlaugsson and coworké?@ proposed that the rate of electron transfer from the HOMO
of the thiourea-anion complex to the anthracene excited state, ujponracognitioni.e, the
reduction potential of the thiourea is increased causing PEH¥edome competitively more
viable, which causes the fluorescence emission to be quenchedludtescence emission
spectra ofl3awhen titrated with AcOin DMSO displayed typical PET behavior, the intensity
of the bands at 443, 419 and 397 nm decreased gradually with no other changes beind) observe

Another reason why the detection o6fig-important is the over-accumulation of fluorides in
the bones can be toxic, which is. Lee and cowoﬁ@rsynthesized a fluorescent anion sensor
(figure 26), based on a biaryl-thiourea system, which shows a flemtesemission

enhancement by conformational restriction upon hydrogen bond-mediated complex&tion of

14

Figure 26: Fluorescence anion sensor 14

The anion (as TBA salts) recognition was investigated igGCLHN the absence of anions,
the maximum of the emission spectrumldfis characterized at 379 nm. The presence of F
resulted in a fluorescence enhancement at 356 nm. The dependemeentérisity at 356 nm

on the concentration of Btrongly suggests that two kinds of complexes are formed.

As the complex A is formedl4 shows fluorescence enhancemerd conformational
restriction. Then, as complex B is formed, a decrease in thedkcemce intensity takes place

by the loss of conformational restriction induced by complex A, rtfeshanism is shown in



28

scheme 2. For complex A the association constant is calculatesl 108 x 1M and for
complex B to be 2.28 x 10172

14 B

Scheme 2: Proposed mechanism for the complexatiof D with fluoride ions

The fluorescence titration a# with H,PQ,’, CH;CO,, HSQ,, CI and Br only shows broad
emission enhancement around 470 nm. This result indicates thatttewegh these anions
interact with thiourea groups, they do not necessarily form a camgte 14 like complex A.

Thus, fluorescence enhancement at 356 nm via conformation restriction watentadle

The fluoride anionexhibits a stronger basicity than other anions, and should eahifuitre
effective hydrogen bonding interaction with the thiourea groups dsimprthe binding site.
The fluorescent sensor shows fluorescence emission enhancensenfdiynational restriction

upon hydrogen-bond mediated complexation of fluoride ions.

Zhang and coworker8® observed a red-shifted fluorescence emission in 3-hydroxyl-2-
naphthanilide 15) in acetonitrile and drastically enhanced of the fluorescemessity upon
addition of anions such as, FAcO and HPQ,, with the enhancement depending on anion

basicity (figure 27).

-+
AcO"
OH AcOr OH A
H H
N N
IO e

low fluorescent, Ag, = 392 Nm high fluorescent, Agp, = 515 nm
15

Figure 27: Proposed mechanism of fluorescence send® for the recognition of AcO
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The reason whiy5 was used for this experiment as fluorescent sensor was rbaisdyl on
the fact that:

* 15 contains both OH and amide NH groups that are well known to be inlalve
anion-binding in nature and extensively employed in developing anion resepto

and sensors.

 The aciditiy of phenolic OH and aromatic amino NH protons is idedist
enhanced upon photoexcitation and therefore an excited-state intmrfapEESPT

channel might be opened upon anion binding.

After monitoring the fluorescence spectraldf in acetonitrile in the presence of anions
such as F AcO, H,PQy, CI, Br and CIQ (as TBA salts) it was found that, wherd&emitted
only short wavelength fluorescence at 392 iy € 300 nm) with a very low fluorescence
quantum yield @ ~ 10% in CHCN, a new substantially red-shifted emission appeared at 515
nm upon addition of Fand was dramatically enhanced with increasingdacentration. The
color of the solution changed to yellow and returned to colorless whprotic solvent such as
methanol or water was introduced, suggesting that the intarabgtweenl5 and F was

hydrogen bonding, likely at the amide NH and phenol OH sites.

Other anions such as Ag®L,PO, and Cl were found to induce similar variations in both
absorption and fluorescence spectra with magnitudes that depended amiothis basicity,
whereas Brand CIQ hardly induced any changes. The association consténsketweenl5
and the anions were fitted from nonlinear regressions and théstiatkin table 3 shows higher
binding affinity to and more efficient fluorescence enhancemerft lilgan for other anions.
This is because of its high charge density and small sizehwénables it to be a strong
hydrogen bonding acceptor that shows interaction with phenol or ateiileittes containing

only a single hydrogen bonding donor group.

Table 3: Association constantsK,sM ™) for anions with 15 in acetonitrile from absorption
(422 nm) and fluorescenceNgm = 515 NM,Ae, = 377 nm) titrations?

Anion Kass(abs.) Kass(flu.)
Br, ClO; na na®
cr (2.73+£1.14)x 1D (1.00+0.16) x 1B
H.POy (1.13£0.06) x 1© (1.20 £ 0.08) x 10
AcO (5.94+0.39)x 10 (4.43+1.08)x 1D
F >10° >10°¢

2 Anions exist as their TBA salt8 Not available because of the minor spectral changeo high
to be accurately determined.
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Zhang and coworkeré® demostrated a simple fluorescent sensor for anions follothiag

excited-state intermolecular proton transfer (ESPT) signaling meschani

Fluorescent sensat6, 1,8-bis(phenylureido)naphthalene and an&l@g 2,3-bis(phenyl-
ureido)naphthalene (figure 28) were synthesized from diaminonapmhaed phenyl
isocyanate by Xu and coworkéf8. They reported that these novel fluorescent sensors for
fluoride yield increased fluorescence upon binding to fluoridbeOhalide ions cause slight

decreases in fluorescence emission when interaction with the sensoulmtddes place.

O>; o)
NH
O N NHJLN,Ph
)
H
NH  Ph NH _N.
O }*NH n/ Ph

o 0]
16 17

Figure 28: Structure of sensor 16 and 17

The binding constant for fluoride (1:1) witt6 was determined to be 73.650*MThe
binding constants for chloride, bromide and iodide were found to be 690y 6a M*

respectively.

Fluorescent experiments with7 indicated quenching effects with all four halides. The
sensord 6 and17 have the same functional groups but different location of the twoguoegs,
so the different response to halides must result from difterelative positions of the urea
groups. Due to computer modeling, Xu and cowork&r$ound that upon binding of fluoride,
the molecule becomes more planar, which likely contributéisetancreased fluorescence. The
chloride, bromide and iodide complexes do not exhibit the sameealegfr planarity.
Furthermore, these large ions have a much weaker bindintyaimil are good fluorescence

quenchers, which may offset any increase in fluorescence due to geohaatges.

Gunnlaugsoon and coworkéfd presented “second generation” PET anion sensors. These
sensors are built up in r@ceptor-space-fluorophore-spacer-receptoanner. The two anion
receptors are connected in a linear fashianthe two spacers to an anthracene fluorophore
through the 9 and 10 positions. This design was realized for twordla based fluorescent

sensord 8-1 and18-2 and the urea analog&-3, that is shown in figure 29.

The ground and excited state propertiesl®3 were investigated in DMSO. The anion
recognition was evaluated usittg NMR as well as absorption and fluorescence spectroscopy.
For sensord 8-3 the emission waswitched offupon titration with various anions. For simple

anions such as acetate or fluoride, the recognition was shownctw tiwough hydrogen
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bonding of the corresponding anion to the receptors. This gave rise to aolyahanges in the
absorption spectra, but caused significant changes in the fluocesemission spectrum, which
was substantially (70-95%) quenched. These results corroboraté&EThe&uenching of the
anthracene excited state upon anion recognition, due to hydrogen bondinghbiéevireourea
or urea protons and the anions. Fluorescence emission changeseapgnition of simple
anions such as AcOand HPO, were monitored in function of anion concentration.
Gunnlaugsson and coworkers demonstrated that the recognition wasttaddomation of a
1:2 binding between the sensors and the anions. For halides suEhaad 8r no significant
fluorescence changes occurred. However, fah& emission was almost fully quenched after

addition of only one equivalent of the anion.

H H
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5
P = IR= - T
A HN_ X X=35 ]I
[ l‘T'; - H."-'-"-""""-CF
E HN ?
H
Y LR= ~ m
Fluorophore | T‘j *j:‘% x=s\[|
5 ’ o ; ~
P -
,I;? HM 7 R= e
.. X=0
HW™ =
E ﬁ‘ “\\u’{"‘\Ll.
Receptor |
HH

Figure 29: Thereceptor-spacer-fluorophore-spacer-receptoodel used and the
corresponding sensor 181-3)

For all of the anions, the quenching contributed to enhanced effic@@n¥T from the

receptor to the excited state of the fluorophor.

The recognition of bis-anions such as pyrophosphate, malonate and tglwasa also
demonstrated. For the first two of these anions, the sensingsh@sn to have a 1:1
stoichiometry, whereas for glutarate the binding was mistyl 1:2 for 181 and 18-2
However, for the urea based sen$8+3 the binding was found to be 1:1 for all the bis-anions.
The binding (1:1 and 1:2) was observed to depend on the length of tiee spparating the two
carboxylate moieties and the nature of the receptor. The bindintaotare summarized in
table 4.
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Table 4: Binding constants of the proposed 1:1 biridg to 18-1, 18-2, and 18-3".

Anion Sensor 18-1 Sensor 18-2 Sensor 18-3

F 4.13 3.03 3.30

Pyrophosphate 3.40 3.07 2.72
Malonate 2.34 3.15 2.66
Glutarate 3.74 3.27 3.77

& All measured in DMSO at room temperature and regge2 or more times. Using data from
different wavelengths gave, on all occasions, tAmes binding constant within 5-10% errd.
Determined using the equation: lody{ - 15)/ (Ir-Imay] = log [anion] - logB.

By modulation of the electronic structure of the receptor, thatséiysof the recognition
process could be modifieé.g. compoundl8-1bearing the trifluoromethyl substituent (figure
29), showed stronger binding to the anion and to the bis-aniond&amwhich only possesses

a simple phenyl moiety.

It is known that the ICT photophysics and emissions are highly demeotithe electron
donor / acceptor strength and in many cases dual fluorescenceecaobserved from the ICT
fluorophores. Wen and coworke?fd have been investigating possibilities to employ the ICT
photophysics of p-dimethylaminobenzonitrile (DMABN) and analogues molecules in
constructing anion receptors. They showed that gatimethylaminobenzoamideN-(p-
dimethylamino-benzoyl)thiourea and-(p-dimethylaminobenzoamido)thiourea, in which the
anion binding sites incorporated in the electron acceptors ate a@nd thiourea, respectively,
the ICT dual fluorescence was sensitive to the presenceiaisasuch as AcOF, H.,PQy,
HSGOy, Br and Cl.

The binding constants are listedtable 5. The binding constants ranging front t1¢
M varied in the order of B AcO > H,PO, >> HSQ, Br, CI. With the same anion, the
binding constants varied in the order of DGTU < DG4 < DGTUmM-Br < DGTUp-CF; <
DGTU-p-CN (figure 30), as expected from the increasing acidity of the thiauréitH protons.

Table 5: Binding constants K,s9 of anions with DGTU-Rs in acetonitrile from absoption
(344 nm) and fluorescence (ICT / LE) titrations?2

Flu. sensor F-K,{absf, 10 M1 AcOKadabs)?, 10 M F-Kedflu)®, 108 Mt AcO-K {flu)¢, 10* ML

H 0.12 +0.02 nd 0.22 +0.03 nd

p-Cl 0.18 +0.03 nd 0.40 + 0.04 nd

m-Br 0.24 +0.03 nd 4.73+0.55 1.33+0.11
m-CF; 1.47 +0.32 1.58 +0.14 9.74 +1.57 1.95+0.36
p-CN 258+7.1 3.60 +0.80 16.8+5.2 8.41+155

2 Anions exits in their TBA salt$. Binding constants obtained from absorption titnatf Binding
constants obtained from fluorescence titratfoNot determined because of minor spectral charage th
did not allow an accurate evaluation of binding stant. This was also the case for other anions
examined such as,AQ,, HSQ,, Br, and Cl.
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Figure 30: Molecular structures of DGTU-Rs 19

By substitution at the phenylthiourea moiety it was obsetivatithe substituent electronic
effect could be efficiently transmitted to the CT fluorophanel hence influenced its CT dual

fluorescence.

The recognition of the anions involved a blue-shift in the Clsgion and a decrease in the

CT to LE (locally excited state) intensity ratio.

Fabbrizzi and coworkerd? compared the H-bond donor tendencies of urea and thiourea
and verified the occurrence of deprotonation processes in éserme of certain basic anions
such as halides and carboxylates in DMSO solution. They uséthalimide substituent as
fluorophor. The phthalimide substituent has been appended atetheowthiourea subunit in
order to provide an optical signal for the occurrence of theptecanion interaction. The

fluorescent sensor is shown in figure 31.

O

N~ N
H H 20:X=S

21: X=0

Figure 31: Fluorescence sensors based on thioure@ @nd urea 21 receptors

This study was performed via U¥s and ‘H NMR tritration experiments in DMSO
solution. It was found that two consecutive equilibria tpkece in solution, involving the

neutral receptor LH and the aniorn X
LH + X- = [LH --X]- (6)

[LH =X] + X = L™+ [HXJ]" 7)
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The first equilibrium (eq. 6) resulted in a more or less stablbond complex for all
investigated anions. The second equilibrium (eq.7) is related hoth®tintrinsic acidity of HL
and the stability of [HX". The table shows that the recefdr containing the less acidic urea
subunit, undergoes the protonation and HX release only in the preddficéodorm the very
stable [HF]™ self-complex. On the other hand, the more acidic thiourea caomgaieceptor20
undergoes deprotonation in the presence of a greater number of, #movalue of the binding

constants decreasing with stability of the self complex)]JHEK > AcO > H,PQO;.

Table 6: LogK values for the interaction of receptors 20 and 2With the anions in DMSO
solution at 25 °C.

Receptor Equilibrium F- AcO CsHsCOy H,PO, Cr
20 LH + X- = [LH--X]- 5.7 6.02 5.77 5.44 4.88
[LH ...X]'+ X =L + [HXZ]- 5.5 3.23 3.36 0.55 _
21 LH + X- = [LH-X]- 4.86 4.63 4.18 4.47 4.38
[LH-X] + X = L™+ [HX]] 183 — — — —

In summary the more acidic recepi forms, with a given anion, a more stable complex
than the less acidic receptor 22. This behavior is consisidnthe view of hydrogen bonding
as an incipient proton transfer from the receptor to the anitierenthe more acidic the

receptor, the stronger the H-bond with anion.

Chen and coworkef&? designed and synthesized a series of fluorescent sensorstingegra
both an amide and a pyrrole functionality for anion-recognition andirsgg The recognition
and sensing have been investigated through changes in tivesldhd fluorescence spectra in
the presence of anions. The mechanism for the reaction betfaeeBaorescent sensors and the

anions has been further explored'ByNMR titration experiments.

The fluorescent sensors are shown in figure 32. The authoespnepared by condensation

of pyrrol-2-carbonyl chloride with the corresponding aryldiamine in@Hd

The anion sensing was carried out with 11 different anions, /€NCI, Br, I, NOy, OH,
AcO, H,PQO,, HSG, and CIQ) with all fluorescent sensors.

Fluorescent sens@?2 displays colorimetric and fluorescent responses only tg Brand
CN'. 23 exhibited a strong response to Gd somewhat weakes responses to, @E0O and
H,PO, in CH;CN solution.

Addition of CN, OH, F, AcO and BHPQOy to 24 produced a color change from colorless to
orange-red. Except for ,Fwhich apparently displays multiple equilibria in solution, a hewd
developed at around 480 nm on addition of @H, AcO or H,PQOy.
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The spectrometric titrations @5 and 26 with anions were carried out in DMSO solution
because of the solubility issug and26 responded only to CNOH, F, and AcOto produce a

color change from red to purple % and colorless to pale yellow f&6.

Ph Ph
I N\ s_ I\ r—~ O,N. NO,
N N
\ /) S
Q NH HN o 0] O
0 0 NH HN
= NH HN S NH HN —— —
22
~__NH HN_ ”
23
cl cl
o} 0
NH HN
~_NH HN_
26

Figure 32: Fluorescent sensors 22-26

The formation of hydrogen-bonded complexes apparently exerts viésypkirturbation of
the electron density distribution and thus, the absorption and fagores spectra show almost
no or very little changes compared with theNMR spectra. The observations of a red shift in
both absorption and fluorescence spectra generally imply thapregah transfer occurs from

the acidic amide NH group to the anion.

Cyanide is a nucleophilic anion, its addition on tA2 25 and 26 produced the
deprotonation of the acidic NH group on this fluorescent sensors, addfittgyanide resulted in
nucleophilic addition on the electron-deficient amide carbonyl groupée fluorescent sensors
23 and24.

The strong electron-withdrawing nature of the NID quinoxaline functionality renders the
amide groups highly electron-deficient and susceptible to theapiulic addition by cyanide
to the carbonyl groups along with a higher acidity of the amine growgsedphilic attac of the
cyanide in the vicinity of the amide carbonyl groups induces theniatérydrogen-bonding.

The next figure shows the reaction of cyanide \2ith
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o,N  NO, O,N  NO, O,N  NO,
H+

(@] O —> HO OH
NH HN N N NH HN
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Scheme 3: Proposed cyanohydrin formation fronm reawon of probe 24 and cyanide

1.6.4 Chiral recognition

It is well known that chemical properties and biologicalvity of chiral compounds are
strongly dependent on the absolute configuration; each enantioragr hawe different
pharmacological properties in terms of activity, potency, toxidiignsport mechanisms and

metabolitic route®¥

The development of artificial chiral receptors, which show pitasenf chiral recognition
and chiral catalysis, has attracted considerable attentioaudececognition and catalysis are
fundamental characteristics of biochemical systems, and coulidbee to the development of
pharmaceuticals, enantioselective sensors, catalysts, enmwdels and other molecular

deviced®
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Figure 33: Fluorescent sensors 27a-d

Qing and coworker§® reported four two-armed chiral calix[4]arenes derivategi(é 33)

bearing L-tryptophan units, which exhibit highly sensitive fluorescencepanase to
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phenylglycinol and can discriminate phenylglycinol from phenylalangqotkly trough the
apparent difference in the fluorescence titration. They als@ lza good enantioselective

recognition abilities towards phenylglycinol.

The authors observed a rapid increase of the fluorescence emission updditibe of R)-
phenylglycinol, while the fluorescent intensity #7d at 456 nm showed an enhancement of
about 800% with addition of 6.0 equiv. of guest molecule. The additioR)gfhenylalaninol
did not induce fluorescence enhancement. The intensfyaat 450 nm only increased about

35% with the same amounts equiv. of the guest.

For the complex of 1:1 stoichiometry, an association constaptcan be calculated by

using the following equation

a

2
|/|0:1+|Iim/|0_1 1+CA+ 1 - 1+&+ 1 —4& (8)
2 C. KC, C. KC.,) cC,

where | represents the fluorescence intensity, a@¢ and Cg are the corresponding
concentrations of host and guest, respectiv@dyis the initial concentration of the host. The
association constantk g and correlation coefficients (R) obtained by non-linear leastregua
analysis ofl versusCy andCg are listed in table 7. The association constart7af with (R)-
phenylglycinol was 564.5 N while that of27d (R)-phenylalaninol was 91.2 % which
demonstrated that27d has a good recognition ability between phenylglycinol and

phenylalaninol.

Table 7: Association constantsK,s) and enantioselectivitieKg/Kg of receptors 27a-d with
R/S phenylglycinol (Phegly) and R/S- phenylalaninol (Phe-ala) guest in CHCN and
CH4Cl at 25 °C?

Receptor 27a Receptor 27b Receptor 27¢c Receptor 27d
Guest

Ka\ss KR/KS Kass KR/KS Ka\ss KR/KS Ka\ss KR/KS

(dn* mol%)® (dn® mory)® (dn® mor%)® (dn® mor%)®
(R-Phe-gly  88.5+10.6 254 1108106 (77 145.7+12.3 (44 564.5 +51.5,
(9-Phe-gly  34.9%3.9 144.1+45 331.2+28.7 281.8+23.4
(R-Phe-ald 10.3%15 18.6+4.2 51.3+9.8 91.2+13.7
(9-Phe-ald  52+0.8 198 197+38 094 1540+135 941 1120+98 081
(R-Phe-gly  15.6+2.4 16.8+2.6 247 +35 223.4+35.2
(S-Phegly 6.4+13 244 142420 118 9413+35 017 g19+105 273
(R-Phe-alh  57+1.1 11.7+1.9 27.3+38 48.3+6.3

2.28 0.76 20.7+29 1.63

(9-Phe-ald  2.5+0.6 82+12 143 356146

& The association constants of receptors 27a-d WitB- phenylglycinol (Phegly) and R/S-
phenylalaninol (Phe-ala) in DMSO were too smalbeoreliable® The values were calculated based
on the change of the fluorescence specir&/S- phenylglycinol (Phegly) in GEN. ¢ R/S-
phenylalaninol (Phe-ala) in GEN. ® R/S- phenylglycinol (Phegly) in G8l. " R/S- phenyl-alaninol
(Phe-ala) in CHCI.
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The reason of this selective recognition may be that thensae rings of7d are in close
proximity and an intramolecular excimer is formed through thedotemn of one indole in the
excited state with the other indole in the ground state. Wineplienylglycinol is added, the
Ti—Tistacking between the aromatic ring of phenylglycinol and the indogs of receptor
promoted energy transfer from the excited fluorophore to the othéndhe ground state and

an enhancement of fluorescence is observed.

Phenylalaninol could not induce such fluorescence enhancement probablysdehe
aromatic ring of phenylalaninol is incapable of forming effexiirTistacking with the indole
rings of the receptors molecule to promote the energy trahsferen the two fluorophores.
Such differences in the fluorescent response also prove hibat-tit stacking is the most
important factor in the fluorescence response upon complexatiedye the host and amino

alcohol.

The receptor7cand27d exhibited better fluorescent response than the receptarand
27b, which may be because the receptrs and 27d have a much more flexible structure
compared with27a and 27b. The flexible structures could enable the two indole rings to

approach to closer proximity promote the energy transfer process madye easi

Solvent comparison experiments demonstrated thgCNHvas the most effective solvent

to detect the concentration of amino alcohol and to carry out the chemimgitéan process.

Amino acids and their derivates are important components of ichleand biological
systems and their recognition, in particular chiral recognititracs considerable interest.
Many examples in literature show that thiourea as recept@ilésto form stable complexes
with anions, some of them also exhibit good enantioselectivegméon abilities towards

various amino acid derivaté¥)

Qing and coworker§” synthesized three linear thioureas as anion rece@8+3( from
amino acids. Their bonding properties with various chilgirotected amino acid anions have

been examined by using UV-vis and fluorescence titration experiments iilO0fifoire 34).

Receptor28 exhibited upon addition of the-Boc1-Ala anion a gradual decrease of the
absorption maximum (at 360 nm) with red shift (about 10 nm) and a new absorption peak at 482
nm. The new absorption suggested the formation of a complex beR8esmd N-Boc-L-Ala.

Similar phenomena were observed whieBoc-D-Ala was added to the solution of rece28r

There are differences in the absorbance spectra and theotdh® solution indicates that
28 has a good enantioselective recognition ability towards NHgoc-D/AL-Ala anions. In
addition the association constanK,s) are different, which corresponds to moderate
enantioselectivityKs{L)/Kas{D)) of 2.7.
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Figure 34: Fluorescent sensors 28a-b, 29 and 30

The fluorescence emissioR.{ = 295 nm\., = 347 nmf the receptoR8ain the presence
of the N-Boc-D-Ala or N-Boc-L-Ala anion in DMSO increases gradually. The result is a
nonlinear curve that confirms the interaction between rec@gmandN-Boc-D-Ala to form a

1:1 complex. The data of these chiral recognitions systems is sumnariable 8.

Comparative UV-vis and fluorescence experiments were mpeefibrto explore whether
receptor29 and30 have the similar recognition abilities.

Table 8: Association constantsK,s) and enantioselectivitieKp/K, of receptor 28a with
D/L-monocarboxylate in DMSO at 25 °C.

Guesf Kass(dm® molh)P  Kp/K,

N-Boc-L-Ala 192.7+£6.1

2.70
N-BocD-Ala 519.7 +13.4
N-Ac-L-Ala 79.9£8.6

7.24
N-Ac-D-Ala 578.3+31.5
N-Bz-L-Ala d
N-Bz-D-Ala d
N-Boc-.-Phe 347.2+24.1

0.24
N-BocD-Phe 83.3+8.8
L-mandelate 303.7+£8.9

2.04
D-mandelate 619.5+13.8

L-phenylglicine  (1.52 +0.07) x f0
3.04
D-phenylglycine  (4.62 +0.24) x 10

2 The anions were used as their tetrabutylammonialts.sThe amino groups of the amino acid
were protected biert-butylcarbonate, acetyl or benzoyl respectiefhe data were calculated from
UV-vis titration in DMSO.€ All error values were obtained by results of noedr curve fitting, the
correlation coefficientR) of nonlinear curve; fitting is over 0.98.Reliable association constants
could not be obtained due to the too small changlkeea UV-vis spectra.

Receptor8awas developed to give strong hydrogen bonding to anions, which caaild ris

colorimetric changes upon anion recognition; the 4-nitro-phenyl moietytisfp@amidothiourea
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anion receptor moiety, giving rise to an internal charge traifZd) absorption band in the

absorption spectra.

In the absence of anions, the photoinduced electron transfer (#&Jgss between the
indole group and weak electron withdrawing amide substituents gesula decreasing
fluorescence intensity. When the anions were added to the sothioimteraction of the anion
with receptor unit could erase this specific PET progeess induce fluorescence recovery.

Therefore, anion induced fluorescence enhancement was observed.

Huang and coworkerf&" reported two chiral fluorescent receptdfsa and31b (figure 35)
bearing anthracene, amino acid and thiourea units, which werenienthe synthesized in a
few steps and in good yields. Their enantioselective recognitiomalete, aspartate and
glutamate were studied by fluorescence emission, UVbssration in DMSO solution, arftH

NMR spectra.

R 31aR=NO,

31b: R = CHj

Figure 35: Fluorescent sensor 31a-b

The recognition of -malate in DMSO with the fluorescent sen8tashowed a decrease of
the fluorescence emission intensity at 429 nm, while it was enhanced at 538 nm, whdtygradua
increasing the concentration of the anions. The dual fluorescence pegkbe due to the

locally excited (LE) state and charge transfer (CT) state in equiiibri

When the receptor binds anions, hydrogen bonds are formed leadingcturrésponding
complexes. Therefore, formed electron density in the supranfaiesystem is increased to
enhance the charge-transfer interactions between the electron-rich doogemadf the thiourea

units and the electron-deficigpinitophenyl moieties.

The changes in fluorescence emission and UV-vis spectradiffignent concentrations of
D-malate were similar. Addition df-malate to a solution laled the same effect but weaker
compound td-malate. The quenching efficiencied (/ Alp = 1.67) indicated that the receptor
3lahas a good enantioselective recognition abilityddr-malate. In addition, the association

contants K.s9 are different; the association constant3@éh with L-malate is 3.62 x fom?,
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while that of31awith D-malate is 3.75 x TO0M™, thus the enantioselectivitiK{{L) / Ka.s{D))
is 9.65 for malate. These obvious changes in fluorescence andsldgectra show th&tlahas
an excellent chiral recognition ability towards the enantrsneé malate. The corresponding

association constant& () of interaction between host and guest are listed in table 9.

Table 9: Association constantsi,sJ of 31a and 31b with the chiral dicarboxylate anias in

DMSO.
Receptor 31a Receptor 31b
Guest
Kass (M) ™ KU/Kp  Kass(M) ™ K /Ko

L-malate (3.62 £0.25x 1¢f (5.18 £ 0.26) x 1C°
D-malate (3.75+£0.33x 1C° 0.65 (2.38 £0.32) x 1C° »18
L-aspartate  (2.90 = 0.fyx 10 (9.91+0.1%) x 1C°
D-aspartate  (5.11+0..94x 10 5.68 (245+0.23) x 10 4.04
L-glutamate  (1.78 £ 0.43x 10 (6.13 £0.15) x 10°

2.16 2.45
D-glutamate  (8.24 + 0.33x 1C° (2.50 £ 0.34) x 1¢°

2 The anions were used as their tetrabutylamoniuts. 8&rhe data were calculated from results of
fluorescence titrations in DMSOAI error values were obtained by results of noedr curve fitting.

When D/L-malate interacts with the receptor 8flb, a PET process is involved.
Fluorescence quenching and the changes in the absorption spectra oththeeae moiety

confirms that the PET process occurs with anion binding.

The value of the association constan8ab with L-malate is 5.18 x foM™?, while that of
31b with D-malate is 2.38 x TOM™, which corresponds to laD-selectivity Kas{L) / Kas{D))
of 2.18.

The variations of fluorescence emission and absorption specB&boh the presence of
D/L-aspartate and glutamate were similar to that observe@fo with D/L-malate, which

implies that the PET process occurred with anion binding. All resultsuanenarized in table 9.

The steric effect of the receptors, structural complementaith guests, and multiple
hydrogen bonding may be responsible for the enantioselective reong&iéinsitive fluorescent
response and good enantioselctive recognition ability reveal3lthaan be used as fluorescent

chemosensor for malate.

In addition Huang and coworkerf®® reported four chiral fluorescent sens@2a-d
containing thiourea and amine groups. Their enantioselective ni@oog towards a-
phenylglycine and phenylglycinol in DMSO was studied by fluoneseeemission and UV-vis

absorption spectra.
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Figure 36: Fluorescent sensor 32a-d

At higher concentrations oD/L-phenylglycine, the fluorescence emission intensity
gradually increased which indicates a complexation bet®2amand the anions. In the absence
of anions, the photoinduced electron transfer PET process betwesnthhacene group and the
weak electron-withdrawing amide substituents might result ecneésed fluorescence intensity.
Upon addition of anions, the interaction between the anion with kthgrNup of thiourea and
indole could diminish the PET progress to induce fluorescencewvadtr Therefore, anion-

induced fluorescence enhancement was observed.

The different increasing efficienciell( / Alp = 1.8) indicate that recept8a has a good
enantioselectivitve recognition ability betweletd-a-phenylglycine. The UV-vis spectra show
a gradual decrease of the absorption intensity at 370 nm and asexption band at 475 nm
upon decreasing the concentratiorLd-a-phenylglycine. This can be explained by expansion
of the conjugative system as a result of an intermolealiarge transfer (ICT) process. An
isosbestic point at 393 nm was observed, indicating the formatienhaist-guest complex.
Similar but smaller variations in the fluorescence and abeargpectra were observed when
32ainteracted withL/D-phenylglycinol. The data for all anions with the fluorescensseare

summarized in table 10.

The association contants 8aand32c are always much higher comparedth and32d
with the corresponding anions. The results demonstrated that tbduiction of an electron-
withdrawing substituent (N£ enhances the acidity of NH group of thiourea, which provides an

effective intramolecular charge transfer and enhances the hydrogealbty.
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Table 10: Association constantsi,s) and enantioselectivitiesK, /Kp) for the complexation
of receptors 32a-d withL/D-phenylglycine (Phegly) and phenylglycinol (Pho) ibDMSO at
2

5°C.
Receptor 32a Receptor 32b Receptor 32¢ Receptord32
Guest  Kass(M)-12°  Ki/Kp Kags(M)™° KU/Kp Kass(M) ™™ Ki/Kp Kags(M) 2P KL/Kp
L-Phegly (2.96 +0.16) x 16 (8.12+0.15) x 1® (1.83+0.13)x 16 (3.86 £0.25) x 18
5.63 2.49 3.53 2.10

D-Phegly (5.26 +0.25) x £0 (3.26 £0.32) x 1b (5.18 £0.19) x 1® (1.84 £0.12) x 18

d
L-Pho  (4.85%0.02) x 0 409 (332£0.16)x 10 517 (310£0.41)x 19 338

D-Pho  (1.13%0.12) x 0 (1.53+0.21) x 10 (9.17 £0.32) x 19 L

2 The data were calculated from results of fluoresestitrations in DMSCP All error values were
obtained by the results of nonlinear curve fittihghe anions were used as their tetrabutylammonium
salts.? The change of fluorescence spectra is minor, s@aglsociation constants can not be calculated.

Liu and coworkers® reported the synthesis of 1,8-bigé8tbutyl-9-acridyl)naphthalene
N,N-dioxide, 33 (figure 37) from 3tert-butylaniline and 2-chlorobenzoic acid in five steps with
29% overal yield. The product was used for fluorescence and absocpiral recognition of
amino alcohols. The capacity of these chemosensors for enagtioserecognition of amino
acids, carboxylic acids and other chiral hydrogen bond donors has ateduted to the
flexibility of the cofacial heteroaryl rings in 1,8-dihetergaaphthalenes with the naphthalene
framework. The torsion angle can change over a range of 50°,tiaufar upon binding to a

guest molecule.

999'S
N t-Bu

Figure 37: Fluorescent sensor 33

The fluorescence emission is increased by stoichiometratiai® of Sc(OT#H but this is
not the case in the presence of other metals ions, su€@u@sTf), Zn(OTf),, Yb(OTf)s,
Sn(OTf), and In(OTf). The authors realized that the fluorescence emission ofctralisim

N,N - dioxide complex at 588 nm disappeared upon addition of amino alcohols such as.alaninol

The titration of alaninol or other amino alcohols to the §eB3], would result in the
replacement of the firdt,N -dioxide ligand from the metal center ByL- alaninol and generate
the respective diastereomeric complex. Because the ligand ngecharoceeds via

diastereoisomeric scandium complex intermediates, one enantaralaninol was expected to
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be more effective in displacing-alaninol than_-alaninol. As a result, the fluorescence signal

of theN,N -dioxide-derivate scandium complex could be exploited for sensing purposes.

Chiral recognition requires multiple-point interacti6fi.Chi and coworkeré" developed a
mono boronic acid by using an additional interactiom, hydrogen bonding. This compound
showed enantioselectivity towards monehydroxyl acids. Using this concept the authors

reported two photoinduced electron transfer (PET) chiral seB4ansd35 (figure 38).

OH
N N
cooTtTtT coo™
34-R 34-S 35-R 35-S

Figure 38: Chiral fluorescent sensors 34 and 35

Enantioselective fluorescence enhancement was observad-£rAn association constant
(Kas Of 5.04 x 18 M was observed fdb-mandelic acid, versus,ssof 2.77 x 16 M for L-
mandelic acid, which correspondsDdl-selectivity Kas{D) / Kas{L)) of 1.8 for mandelic acid.
A mirror effect was observed for tl3-R with the pairD/L- mandelic acid and the selectivity

wasKys{L) / Kos{ D) = 2.7. Chemosens@86 is not enantioselective for mandelic acid.

The authors inferred that the hydroxyl group3ihis essential for the enantioselectivity,

because this additional intramolecular hydrogen bond increases th@sslaotivity.

For lactic acids, the enantioselective recognition is mordleciging because the methyl
group is less bulky than the phenyl group in mandelic acid, and the stérar hindrance may
attenuate the enantioselectivity. However, the titrationDdf-lactatic acid into34 shows
selectivity in a factor of 2.8 db-lactic acid ovell-lactic acid. With35, no enantioselectivity

was found.

The recognition 084 and35 toward chiral acids is summarized in table 11.
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Table 11: Association constantsi,sd and enantioselectivitieKp/K, of sensordD/L- 34 and
35 with a-hydroxy acids.

ReceptorD-34 ReceptorL-34 ReceptorD-35 ReceptorL-35

Guest J1a -la -la -1a,
Kass(M) KD/KI KaSS(M) KD/KI KaSS(M) KD/KI KaSS(M) ' KD/KI

D-mandelic acid (2.11 + 0.15)x 10 66 (5.04£0.77) x 1D 0.54 (4.20 £0.02) x 16 103 (4.29 £0.03) x 16 104
L-mandelic acid  (6.62 + 0.64) x 16 (2.77 £057)x 1 (4.34£0.02)x16 ™ (4.49£0.03)x 16 ™
D- lactic acid (4.46 £0.57) x %0 35 (1.26 £0.21) x 1d 0.37 (1.63+£0.07) x 16 0.83 (1.74 £0.08) x 16 0.80
L- lactic acid (1.05 £0.14) x A (4.72+£0.82) x 10 (1.36 £0.07) x 16 (1.40 £0.07) x 16
D-tartaric acid ~ (8.51+0.13) x 1 (8.88 £0.40) x 1d 0.9 (3.25+£0.14) x 16 0.99 (3.35+£0.12) x 16 0.96
L-tartaric acid  (7.90 +0.37) x 10 (8.42+0.31)x 1 (3.24+0.12) x 10 (3.22+0.14) x 16

& Constant determined by fitting a 1:1 binding moldg|

The enantioselectivity 084 towards chiral mona-hydroxy acids may be result of the
additional hydrogen binding of the hydroxyl group to the boron centendRimn of 34 in

agueous solution was carried out, but no enantioselectivity was found.
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1.6.5 Hydrogen peroxide recognition

Hydrogen peroxide (}D,) is an essential oxygen metabolite in living systems and
increasing evidence supports its role as a messenger iracesighal transduction. However,
overproduction of KD, and other reactive oxygen species (ROS) from the mitochondrial
electron transport chain leads to oxidative stress and thequérg functional decline of organ
system. Accumulation of oxidative damage over time is condetdedebilitating human
diseases where age is a risk factor, including Alzhesmand related neurodegenerative

diseases, as well as cardiovascular disorders and ¢&hcer.

In industry hydrogen peroxide it also an important product, thewuglobal production of
hydrogen peroxide isa. 2.1 x 16 ton per year. It is used in many areas including the blegchi
of wood pulp and paper, the treatment of industrial wastewaters fneng in food and

pharmaceuticals industry as a bleach and disinfectant.

The limit for inhalation of HO, vapor is set to 1 ppm and the concentration levels over
7 ppm are known to cause lung irritation. The high concentration®f iH aqueous solutions
that are commonly used in industry (greater than 10% w/v) isosdyzing and corrosive upon

contact, causing severe burns to mucus membranes, gastrointestinal nikic@seal eyes[.“3]

Above roughly 70% concentration, hydrogen peroxide can give off vapocahadetonate

above 70 °C (158 °F) at normal atmospheric presfire.

Detection and analysis of explosive materials and formulaticndéeome an integral part
of national and global security. The lack of robust low-power portdddiection devices for the
rapid on-site screening of both common and suspicious chemicalsiatsatargo and persons,
has driven the need for improved sensor devices, such as photalcemoe sensors. However,

improvised peroxide explosives are not detectable by these techndfSgies.
The following part will present some new approaches for the detectioyOpf H

Chang and coworkeré® designed a cellpermeable optical probe fgOHusing 3°,6'-
bis(pinacolatoboron)fluorar36 (scheme 4). This specific dye contains arylborante groups,
which were converted into phenols upon interaction with the peroXidis. compound is
nonfluorescent under physiological conditions (pH = 7) and does not aiosthle visible
spectral range due to its lactone form. Exposure,®;ldauses the hydrolytic deprotection of
the boronate functions and generates the open colored fluoreShergradually leads to an
increase in fluorescence intensity at around 510 nm when exc#&@ aim. They evaluated the
probe in living cells and confirmed that the compound responds,@ iH the micromolar

range.
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Scheme 4: Raction between 36 and hydrogen peroxide

Xu and coworker&'® synthesized naphthofluorescein disulfonate with the aim to &leift t
absorbance and fluorescence into the near infrared spectral range and te sahaitiwity. The
initial dye is a colourless lactone, and a hydrolytic deprioiecdf the naphthofluorescein
disulfonate 37 (scheme 5) by D, causes the formation of a coloured and fluorescent
naphthofluorescein with a fluorescence maximum at 662 nm (excitt@®2 nm). It exhibited
good selectivity also in the presence of interfering species as ascorbic acid, glutathione,

hypochloride or hydroxyl radical and could be applied for monitoring nanormofaentrations
of H,O; in living cells.

Z/O (I?/© HO
/
0= o0
(o L] °
° wo, LI
(LI - g
L g

O
37

CO,H

Scheme 5: Reaction between 37 and hydrogen peroxide

Maeda and coworkeré” reported the synthesis of comparable fluorescein derivatas wi
chloro- and fluoro substituents e.g.compo®@8dscheme 6) and observed similar selectivity (5

pmol to 90 nmol hydrogen peroxide), albeit the fluorescence incraasesund 514 nm when
excited at 492 nm.
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H,0,
- Q
CO,H

Scheme 6: Reaction between 38 and hydrogen peroxide

RPF1 presents a single absorption band at 420 nm, with blue-coloveest@ience from a
corresponding emission band at 464 nm. The spectral date is conaigtentinimal FRET
from the coumarin donor to the closed form of the colorless fluare@p#or. Upon treatment
with H,O,, excitation at 420 nm produces a bright green-colored fluorescenceediiiéng
emission spectrum possesses one major band centered at 517 @mvmwithr band at 461 nm,
consistent with increased FRET from the coumarin donor to the opendbthe colored
fluorescein acceptor. The fluorescence response is accompan@mxhdgmitant growth of a
visible wavelength absorption band characteristic for fluones@nd high-resolution mass
spectrometry confirms that pedant fluorescein is generatedtfremeaction between RPF1 and
H>0;.

exc\ em A?<O
|
/ o0-B
Et,N 0._0 o) o)
H ©) B
= N\%\ Ko}
N
o) H O O
39

O

Scheme 7: Activation of Ratio-Peroxyfluor-1, RPF-Dr 39
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This FRET-based reagent features good selectivity §0 ldver competing ROS (reactive
oxygen species) as well as visible wavelength excitation anslsiem profiles to minimize

damage and autofluorescence from biological samples.

Mills and coworkers®® prepared a dye ion-pair complex of tris(2,2 -bipyridyl)-
ruthenium(ll)ditetraphenylborate, [Ru(bg¥YPhB),] to improve the detection of J,. This

recognition was carried out by recording the UV-vis and fluorescenceapec

H,0, + 2Ru(bpy)** — 2Ru(bpy):®* + 2 OH

The main feature of this system is the one-pot formulationcoiéing ink that, when dried,
forms an active, single-layer, fluorescence-basgd,densor capable of detecting®4 over
the range 0.01-1 M.

1.7 Phthalimides as chromophore

The photopysical properties of phthalimides have been intepsétatiied over the last
decades. Phthalimides show a relatively unstructured UV almorggiectra with absorption
maxima around 220 nmit( ) and 295 nmr{, T ), respectively. The fluorescence properties are
sensitive to solvent polarity and in protic solvents, also to dgefr bonding. In general,
phthalimides show a broad structureless phosphorescence cenberetl 460 nm with a triplet
lifetime betweerr, = 0.7-1.06 s at -196 °C and between 2 and 10 pys at room temperata@re in th
absence of oxygen. Quantum yields of phosphorescence were measuted ramge of
®,=0.3-0.7. The order of the excited states of phthalimides has dm@roversially
discussed. The level of the, () triplet state is either slightly below or above the lovaasglet

state which accounts for the high intersystem crossing Ftes.

4-Amino-N-methylphthalimide (4-AMP) (figure 39:) fluorophore has been deedrias
convenient solvatochromic fluorescent dye because of its fhughescence quantum yield,
sensitivity of the fluorescence parameters to the addedntsaged surounding environment

and electron-deficient naturé&”

o)
H,N
N_

O

40

Figure 39: 4-Amino-N-methylphthalimide (40)
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Recently, Fabbrizzi and coworkefd have used urea / thiourea-phthalimide derivates as
chemosensors, where binding tendencies of the sensor towards aniois/estrgated by UV-
vis and*H NMR titration. More recently, Samanta and cowork&thave studied the behavior
of an amido-phthalimide derivate in the absence / presencdid¢ ans, suggesting that F

induces deprotonation of the urea moiety of the sensor system as a sigealanism.

o} /
N

CLx

N~ N
H H 20: X=S

21: X=0

Figure 40: Fluorescence sensors base on thioure &d urea 21 receptors

1.8 Multicomponent reactions

The usual procedure for the synthesis of organic compounds is the stepwitefooitne
individual bonds in the target molecule. Multicomponent reactionsR8J@vould be a much
more efficient route to the target compounds as they offer signifadvantages over stepwise
procedures, especially with respect to environmental sustaigalghacticability and atom
efficiency. Compared to stepwise procedures, the most evidentitbehehulticomponent
reactions lies in the inherent formation of several bonds in one operation wébiation of the

intermediates, changing the reaction conditions or addition of any furthente&d

|

e
4

Figure 41: Chemistry jigsaws: Multi-step (top) or nulticomponent (bottom) assembly of
the same compound

Prominent examples of MCRs are the Strecker reaction, thizsth pyrrole synthesis, the

Biginelli synthesis of dihydropyrimidines, the Mannich reaction, and theM@jR. 1*°!
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The Diels-Alder reaction is one of the most powerful tools insyrethesis of complex
organic molecules by virtue of its versatility atom-economg atereocontrol. Therefore, it
establishes a favourable transformation in efficient orgaynthssis. MCRs based on Diels-

Alder chemistry have highly efficient one-pot methodolodrés.

Beller and coworker¥® discovered a new multicomponent methodology in whitides
andaldehydes react witdienophiles AAD reaction) to give a large variety of 1-acyl-amino-2-
cyclohexene derivates. The AAD reaction involvesNiatylamino)-1,3-butadienes as key
intermediates, which are generated in the initial condensatiprastesubsequently trapped by

dienophiles in a Diels-Alder reaction (scheme 8).

o Z 07 “NH
S o [ e U
R H,N R z
\/\)J\H 2 \/V\N Rl >
R? rz H z

Scheme 8: Three-component coupling reaction of améd, aldehydes and dienophiles

The following part presents MCRs employing simple aldehydes, xamides and
electron-deficient dienophiles.

1.8.1 One-pot reactions with dienophilic acetylendicarboxylates

The application of highly electron-deficient dialkyl acetyédicarboxylates as dienophiles
affordes l-acylaminocyclohexa-2,4-diene derivates via the typmadensation Diels-Alder
reaction sequences in good yields, as shown in table 6. Jcabiobtained adducts that via
concomitant double bond shift give a conjugated diene moiety (scheriée/double bond
migration is subjected to thermodynamic control and thereby giszhthe formation of the

more stabldéransisomer™
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CO,Et Rl)J\

e} @]
)J\NH + Rz\)J\H*' |‘| TSA, AcZ0,NMP - Ror.. | O/\
2

120 C, 24 h
CO,Et O~

Scheme 9: One-pot reaction of aldehydes, carboxangigl and diethyl acetylendicarboxylate

Table 12: Substituent of the one-pot reaction of dhydes, carboxamides and diethyl
acetylenedicarboxylate and the yield of each reactn

R? R? Yield (%)
Me Me 69
Me Et 84
Me i-Pr 74

1.8.2 One-pot reactions with dienophilic maleimide and methyl

maleimide

In general, the synthesis of M-acetylamino)-5,7-dimethyl-1,3-dioxds-2,3,3a,4,7,7a-

hexahydro-1H-isoindoled@) can be realized via two different routes that are shovacheme

10. The target compourd®? is accessibleia a one-pot protocol which obviates the need for

intermediate workup and purification procedures.

Rl
! O“ONH o

j\ \)?\ Ot'\‘): TSA Ac,O.NMP R

+ Q2 + o et >
1 tOR > NH
HN- R H = 120 C, 24 h
R2 O
42

Scheme 10: One-pot synthesis of Diels-Alder aducct

The multicomponent route indeed affordet®)(in excellent yields. With more than the

twice yield, this one-pot approach outperforms the two-step routdfidiency as well as in

simplicity and involves nearly quantitative formation of intermedahinodiene.
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The combination of the MCRs dD-benzyl carbamate, aldehydes and maleimide as

dienophilic produces the precursor of luminol derivates (scheme 11)

OBn
Q 0”7 “NH
0 0
i 2 Rl\) 1 R,
+ +|| N— —— N—
BnO~ “NH, or |
Rl\/\(\
X \O o R (@]
1
Ry
Pd/C
NH, O NH, o
R
1 NH  NHNH,
NH N—
Rl (@] Rl 0]
43

Scheme 11: Three-step synthesis of substituted lumail derivates

A palladium catalyzed aromatization of the three-component couptodycts (product of
the MCRs), which is based on a new intramolecular transfer hydrogemeaaction produces
deprotection-aromatization of the MCRs products and allowsyhthesis of polysubstituted
anilines with diverse substitution patterfid! With the 3-aminophthalimide and its derivates
(product of the deprotection-aromatization) different lumuohedivates were synthesized by the

reaction with hydrazind>"!

1.9 Chemoluminescence

The number of chemical reactions that produce chemoluminescesitalls thus limiting
this procedure to a relatively small number of species. Neless, some of the compounds

that do react to give chemoluminescence are important components in nature.

Chemoluminescence is produced when a chemical reaction yieldsctromcally excited
species which emits light as it returns to its groundesit@hemoluminescence reactions are
encountered in a number of biological systems, where the prosessiteén termed

bioluminescence.
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Over a century ago, it was discovered that several relatsimple organic compounds also
are capable of exhibiting chemoluminescence. The simplesotypaction of such compounds

to produce chemoluminescence can be formulated as
A+B—-C +D
C — C+hv

Were C represents the excited state of the species C. Most chemeho®ice reactions

are considerably more complicated than it is suggested by the foregaiatipas?

Since the discovery of luminol (5-amino-2,3-dihydro-1,4-phthalazinedion&itingcht in
1928, much effort has been expended in an attempt to understand the smshanphthal-
hydrazide chemoluminescence and to uncover the factors governireffidiency of light

production®?

Luminol has been observed to produce chemoluminescence at a wdveled@s nm
under many conditions. The chemoluminescence of luminol is now being udety &
analytical tool for many laboratory and environmental applioationcluding immunoassay,
monitoring of metabolic pathways, detection of free radicalslyais of a variety of trace

metals, and detection of other inorganic substafées.

The detection of Fé by chemoluminescence was first described as an analyticabyool
Seitz and Hercules. The development of methods for practicateargitive measurements of
Fe&* was carried out by O Suvillan and coworkers and King and covsorkinlike methods
developed for other trace metals, many of which rely upon the fuslgQ as an oxidizing

agent, F& can produce strong chemoluminescence with luminol in the presens@olfyG>*!
The chemoluminescence method has the following advantages:
» high sensitivity
» the measurements can be made extremely rapidly
* no chemical treatment of the sample is required prior to analysis
» itisrelatively insensitive to interference from other tractats
« it can distinguish between £eand F&" oxidation states.

The mechanismia which the oxidation of luminol leads to chemoluminescence is ngt eas
to understand. However, well-controlled experimentation by Me®rgihas isolated many of
the mechanism through which luminol chemoluminescence can proceedarlgjmihe

mechanism via which Eéinduces chemoluminescence in luminol is not adequately reported,
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despite multiple studies examining the influence of differestors such as pH, buffer and

organic ligands in the presence and absence®f. 5

Other authors suppose that the chemoluminescence intensity of the syditexttlis related
to the F&" concentration, without giving detailed consideration to the mechanism involved. Thi
is problematic because the concentration of free radicals liticsp for a given F&
concentration may differ depending on the initiaf Fencentration. Thus, the calibrated value
of chemoluminescence intensity for a particulaf’ Feay depend on the starting concentration

of F&* used during calibration, even if the medium used in calibration is idefttitta sample.

The interference with the chemoluminescence based detectiori*dfyFerganic material

has been attributed to three potential sources:
» scavenging of radical intermediates in the luminol oxidation process
« complexation of free F&
» re-absorption of the chemoluminescence light.

Rose and coworkef®! clarified the mechanism of luminol chemoluminescence in the Fe
O, system and identified existing agent(s) of luminol oxidation. In sampmthe possible

mechanism for this chemoluminescence system is shown in schefife 12.

NH, O

Luminol

Fe (|||) +HO'+ HO"

NH, O NH, O
@i; — (G, w O

Luminol radlcal (LH-,L:-) Dlazaqulnone

Fe (”) + H202

Fe (Il) + O, —— Fe (Ill) + 022'-\ (L-- only)

HO,"
NH, O NH, O
TNZ + (e} decomposition N
o ; N
o hy (*HFO" "OOH

a-hydroxy-hydroperoxide

Scheme 12: Possible chemoluminescence mechanisrtuafinol with Fe?* and hydrogen
peroxide

Luminol chemoluminescence is initiated by the one electron oxidation of luminohtodl
radical anions by strong oxidants including horseradish peroxidasils such as cobalt,
copper and iron and organic complexes of these metals. Dedpitgeanumber of studies, the

mechanism of the process leading to enhancement or inhibition of luchiealoluminescence
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is still not fully understood. However, Uzu and cowork&tsstudied in dicopper complexes

because it has been reported th&dHs formed concurrently with quinone formation catalyzed

by dicopper complex. The dicopper complex catalyzes both the reductiossofved @ and

the following oxidation of luminol with kD, to yield efficient chemoluminescence (scheme

13).

NH, O

NH
NH

dissolved O,,
ascorbic acid in H,O

NH, O

o

hv

Scheme 13: Mechanism of luminol oxidation through idopper complex

Numerous methods like €l F&*, Cd* have also been used as redox-active compounds in

the luminol chemoluminescence’



2 Aim of the work

Detecting cations, achiral and chiral anions and hydrogen percxidiegreat interest for
many fields of science, such as chemistry, biology and mesatahce. In the last decades
much effort has been put into the research on the synthesis of genevation of sensors that

are able to recognize these analytes.

One approach to detect these analytes is the use of flantesensors. Typically these
sensors are more sensitive than absorption sensors (colariseisors) as the signal can be
detected directly and does not have to be compared to a referance#erent studies show
that interaction between analyte and sensor through hydrogen bismdipgpwerful tool due to
the strong binding of the formed complexes. Furthermore, the resaliange in the electronic

structure can possibly change the fluorescence properties of the fluorophor

In the last years significant reactions and characteristics of phitlalderivatives have been
intensively studied and reported by our research group. The highsiteoiee quantum vyield

makes phthalimides attractive fluorophores.

Taking in account these factors, the aim of this work wasyhthesize new fluorescent
sensors based on phthalimide derivatives to recognized cadicimisal and chiral anions and
hydrogen peroxide. The recognition was to be based on hydrogen bondiagtioteor metal

coordination.

In the last part of this work the interest was focused osttidy of photophysical properties
and the chemoluminescence efficiency of a series of new luminol derivatiiasol as parent
motif has been known for decades for its robust chemolumineseleavibr in the presence of
oxidants. Therefore, structural analogs can lead to practicataipptis as analytical probe for

metal ions, oxidants or anions.






3 Results and Discussion

3.1 Synthesis of nitro- and amino-substituted phthalimide

derivatives from benzylamine

In order to develop new fluorescence sensors based on phthalimiddidess, a synthetic
route via the reaction between 3-nitrophthalic anhydride and benzylamirse deaeloped.
Heating under azeotropic conditions with a catalytic amountriethylamine led to the
formation of the expected product 2-benzyl-4-nitroisoindoline-1,3-did8e(lN-benzyl-3-nitro-
phthalimide) in 85 % isolated yieft!

In the next step 2-benzyl-4-nitroisoindoline-1,3-dione was reduced wilytiatamounts of
Pd/C under kltatmospherén EtOH, giving the product 4-amino-2-benzylisoindoline-1,3-dione
(47) which was the precursor for other syntheses (schenf&’14).

NO, o
©/\N _NEty _PdiC_
O +
toluene EtOH
44 © 45

Scheme 14

Product47 was isolated in 82 % vyield and characterized by NMR and IR-gizecipy. The
N-H stretch bands was observed at 3472 (m) and 3351 (i) cm

3.2 Synthesis of phathalimide derivativess from 4-amino-2-

benzylisoindoline-1,3-dione

Compound47 was acetylated to givi-(2-benzyl-1,3-dioxoisoindolin-4-yl)acetamidég].
IR-spectroscopy showed the change of the Bignal (two bands at 3472 and 3351 %10 a
NHAc-group (one band at 3346 @mwith minor intensity, due to hydrogen bonding).
Compound48 was then used for preliminary fluorescence experiments hsasv@ starting

material47 (scheme 15).

Other syntheses were carried out in order to produce cldrbhmates and chiral ureas
based on phthalimide derivad@. Unfortunately,the majority of attempts were not successful.
One possible reason may be that the amine group in position 3 of thatiardng is less
reactive towards an electrophilic attack than the one in positi This low reactivity may be
due to hydrogen bonding between the carbonyl group of the indole moiety aathithe to

form a stable 6-membered ring.
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@Q @Q

Scheme 15

The coupling reaction was carried out with DCC in dry,Clkland the progress of this
reaction was monitored by TLC. After two days a new product waswaasand isolated. The
product benzyl $-1-(2-benzyl-1,3-dioxoisoindolin-4-ylcarbamoyl)ethylcarbama®®) (was
characterized byH NMR only. Due to the low yield of this synthesis (35 %), nabugh
substance was present for other characterizations methodsn€aeasons it was not possible

to repeat this reaction or purify the target molecule (scheme 16).

48 49
Scheme 16
This synthetic route that uses the coupling between the agnoug and an amino acid

establishes an easy access to new interesting chiraldtgoree sensors. The method has to be

optimized for a higher yield.
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Figure 42: *H NMR spectrum of the isolated product 50
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We used the synthetic route shown in part 3.1 to obtain other phthalinmidatides such as

the compounds presented in the following chapter.

3.3 Synthesis of nitro-, amino-substituted phthalimide deriva-

tives from 2,2-Diphenylhydrazine

The reaction between 3-nitrophthalic anhydride and 2,2-diphenylhydrazineawéed out
by heating the two starting materials in the presence afytiat amounts of triethylamine
(azeotropic conditions). The expected product 2-(diphenylamino)-4-nitmdisloie-1,3-dione
(52) was obtained in 70 % yielf!

In the next step, compouns? was reduced with catalytic amounts of Pd/C under H
atmospheren EtOH and the product 2-(diphenylamino)-4-aminoisoindoline-1,3-dibBewas
isolated in 67 % yield.

This synthetic route for the synthesis of nitro-, amino-substitutedIphitie-derivatives is a
simple method that, in general, gives good yields. The purificafithe products was carried

out by crystallization and by column chromatography.

NO, o Q NO, o Q NH, o
NEts , H, _PdC CE?
52

O + H,N—N —— N—N 2 — N—N

Toluene EtOH
(6] (6] (@]

44 51 53

Scheme 17

Products47, 48 and 53 were characterized directly and used for different fluanese
experiments such as the deactivation and activation of thee$icence emission through
addition of molecular quenchers or metal ions. In the followpagt, the results of this

fluorescence experiments are presented.

3.4 Quenching study of amino- and acetamido-substituted

phthalimide derivatives

Fluorescence quenching studies of produtisand 48 were conducted with different
molecular quenchers which are shown in figure 43. The condentratt the quencher was
adjusted at 0.3 M and of the fluorophor at 1ImM. The excitation emss®n slits were set to
2.5 nm. Equivalents of quencher were added into the quartz cellottiained the fluorophor.

The fluorescence spectrum was measured directly after each addipion ste
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OMe
OMe OMe
©/0Me
oM
© OMe
1,2-dimethoxybenzene 1,3-dimethoxybenzene 1,4-dimethoxybenzene
(1,2-DMB) (1,3-DMB) (1,4-DMB)
CO,H
OMe
OMe
2-(4-methoxyphenyl)acetic acid 2-(3,4-dimethoxyphenyl)acetic acid
MPAA DMPAA
N\ N/
» | 4
In/
N N,N-dimethyl(phenyl)methanamine
(DMBA)
N,N-dimethylpyridin-4-amine 1,4-diaza-bicyclo[2.2.2]octane
(DMAP) (DABCO)

Figure 43: Various Molecular Quenchers

3.4.1 Quenching study of 4-amino-2-benzylisoindoline-1,3-dione

For these experiments the excitation and emission slits wilosted at 2.5 nm. The

fluorescence emissionAd, = 454 nm) intensity of produc#7 gradually decreased

(Aex =388 nm) with increasing concentration of the quencher. This rislittates that a

guenching process occurred between proddeind the different quenchers.

Figure 44 shows the fluorescence emission of fluoroplate which decreases with

increasing concentrations of DABCO in ¢EN. The same tendency was observed for the other

quenchers only that the quenching effect was weaker than with DABCO.
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2+40ul DABCO
2+50uI DABCO
== 2+60ul DABCO
e 2+70pl DABCO
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T
450 500 550 600
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Figure 44: Fluorescence spectra of 47 with increasy equivalents of DABCO Agy = 388nm
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The Stern-Volmer constants for the different quenchers watymt47 were calculatedia

a Stern-Volmer plot®!

The Stern-Volmer equation can also be obtained by consideringdtiom of excited
fluorophores, relative to the total, which decay by emissibrs factor (F/k) gives the ratio of

the decay rate in the absence of a quengh¢o the total decay rate in the presence of quencher

(v + k[QD):

FIFo=y/y+kQ]=1/1+ki[Q] (9)

This is again one from of the Stern-Volmer equation. Sincesmilal quenching is a rate
process that depopulates the excited state, the lifetimes abseacetg) and presenca) of a

quencher are given by:

L=y (10)
T=(y+kfQD" (11)

and therefore,
To/T1=1 +ky 1o [Q] (12)

This equation illustrates an important characteristic of stotial (dynamic) quenching,
which is an equivalent decrease in fluorescence intensityifatiche. For dynamic quenching

the following equation applies:
Fo/ F=To/T (13)

The decrease in lifetime occurs because quenching is an additadeaprocess that

depopulating the excited sate.

The Stern-Volmer plots for our system resulted in a lineaeladion, that is shown in figure

45. The slope represents the Stern-Volmer quenching constant thanivygive
Ko =kqTo (14)

The linear correlation showes a possible dynamic process.clear that with only one
experiment it can not be proved that the involved mechanisrmandyg. Experiments such as
lifetime measurement and variation of the temperature cdimgliish between dynamic and

static quenching mechanism and will be carried out in future work.
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Figure 45: Stern-Volmer plots of the product 47 wih the different molecular quenchers

The next table shows the Stern-Volmer constants that werm@dtaom the Stern-Volmer
plots as well as the bimolecular quenching constag)dh{at were calculated with equation 6.

For the bimolecular quenching constants the lifetime of the Beapinthalimide (3-AP) were

used (12.5 nsf*®

Table 13: Stern-Volmer constant Kp) and bimolecular quenching constant Kg) of
fluorophore 47.

Quenchef® Kp (M)™*¢  kq (M s)'x 10

DABCO 143.75 +1.17 11.50
DMAP 139.61 +4.76 11.17
1,4-DMB 89.10+£0.80 7.13
DMBA 61.12 +0.46 4.89
1,2-DMB 38.48 £1.37 3.08
1,3-DMB 37.56 £1.43 3.00
DMPAA 5.65+0.17 0.45
MPAA 5.26 £ 0.08 0.42

2 The concentration of produd? was 1 mM.” The concentration of the quencher stock solutions
was 0.3 M, all solutions were prepared in{CN. °The plot was carried out with Origin 6.0 and all
correlation coefficient were obtained between 0.888 0.999.

3.4.2 Quenching study of N-(2-Benzyl-1,3-dioxoisoindolin-4-yl)acet-
amide

The excitation and emission slits were adjusted at 2.5amthé quenching experiments.

Fluorophore emissiod8 was excited at 342 nm. The fluorescence emission intensity with a
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maximum at 412 nm was monitored after the titration of fluorop&ewith increasing
concentration of quencher. The monitoring of the fluorescencesiemishowed a gradual
decrease after addition of the quencher which indicates thaiclyng process occurred

between fluorophord8 and the different quenchers.

The quenching experiments of fluorophat® were carried out in the same way as for
fluorophore4?. Figure 46 shows the emission fluorescence spectra whichraeeied upon
titration of fluorophore48 with DABCO. The decreasing effect is also presentedafioother

quenchers. This effect is less pronounced for compd8nd

The Stern-Volmer plot was conducted to obtain the respectiveatwriet each quenching
processes. This constant distinguishes for the better quenchitignely and can be used to
calculate the bimolecular quenching constégt (vhich reflects the efficiency of quenching or
the accessibility of the fluorophores to the quencher. As shmelow, diffusion-controlled
quenching typically results in values kf near 1 x 18 M?s™. values ofky smaller than the
diffion-controled value can result from steric shielding of flmerophore or a low quenching
efficiency. Apparent values &fj larger than the diffusion-controlled limit usually indicate some

type of primary binding interaction.

The Stern-Volmer plots were linear depending on the concamtratithe quencher. Linear

Stern-Volmer plots are in general indicative for a dynamic process.

1000 _
3+20uL DABCO

3+60uL DABCO

——3+90uL DABCO

3+120uL DABCO
3+140uL DABCO
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—— 3+200uL DABCO
—— 3+220uL DABCO
—— 3+240uL DABCO
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Figure 46: Fluorescence spectra of 48 with increasy equivalents of DABCO Agy = 388nm

The next table shows the Stern-Volmer constants which wereethttom Stern-Volmer
plots and bimolecular quenching constatkt$. Those were calculated according to &gFor
the bimolecular quenching constants the lifetime of the 3-amine phitkal(3-AP) (12.5 ns)

was used?®
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Table 14: Stern-Volmer constant Kp) and bimolecular quenching constant Kg) of
fluorophore 48.

Quenche® Kp (M)™*¢ kg (M s)’x 10°

DABCO 40.75+1.49 3..26
DAMP 40.14 +0.33 3.21
DMPAA 27.76 +0.59 2.22
DMBA 27.32+0.24 2.18
1,2-DMB 26.02+1.11 2.10
1,4-DMB 25.16 +£0.30 2.01
1,3-DMB 21.36+0.21 1.71
MPAA 1457 +0.11 1.16

2 The concentration 048 was 1 mM.? The concentration of the quencher stock solutivas
0.3 M. All solutions were prepared in @EN. ¢ The plot was prepared with Origin 6.0 and all
correlation coefficients were obtained between 8.&8d 0.999.

As illustrated in table 13 and table 14, DABCO shows the dpgshching effect for both
fluorophores. This indicates the high electron-transfer effagieof DABCO as a quencher.
Quenchers with methoxy groups as substituents on the aromatic rilg asucl,4-

dimethoxybenzene and 1,2-dimethoxybenzene only show a moderate quenching effect.

The interaction between quenchers and fluorophore was strongetusithphor47 for all
quenchers than for fluorophodd. The only structural difference between these fluorophores is
the protection of the amine group with an acetamide functiondlitis substitution change
from amine to acetamide can affect several properties invatvihe quenching process; one of

them is the ground state reduction potential.

The dynamic fluorescence quenching can occur though PET (photoindectdretransfer)
from the ground state quencher to the excited state fluorophome.also possible that the
radical cation of the quencher and the radical anion of the fluoroph®m@ombined as last step
of the dynamic quenching process. If the PET is involved as posséalbanism, a change in
the reduction potential favors the quenching process. Another factiie stability of the
generated radical cation of the quencher. Functional groups tl#izetahe radical cation

assist the efficiency of the quenching process.

After PET of the quencher to the fluorophore, a combination ofdplwre and quencher
can occur. This combination produces a new adduct, which is not a gtatsmd@mplex. For

that reason a static fluorescence quenching process does not occur duramgttineton.

Quenchers such as 2-(4-methoxyphenyl)acetic acid (MPAA) and 2-(3ethdiryphenyl)
acetic acid (DMPAA) showed a poor quenching effect in presefhtiee fluorophord7. One

possible reason could be that the quenchers in the solvent exist as cartzoigladeand induce
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acid-basic reaction between the amine group of the fluorophorthamarboxylate anion of the

quenchers. Thus, the dynamic quenching process is thus not observed.

The same quenchers interact with fluorophéBsaccording to another mechanism. The
Stern-Volmer constant of 2-(3,4-dimethoxyphenyl) acetic acid (BMPshows a higher value
than for amino and dimethoxy quenchers, which indicates that a dynamiching process is
involved between fluorophor8 and the quencher. But for 2-(4-methoxyphenyl)acetic acid
(MPAA) another process of interaction can be involved betweerfltlorophore48 and the

quencher such as radical stabilization or decarboxylation which makes thespsioveer.

The proposed general mechanism is presented in scheme 18.

Ri o Ri o Ri o
®e
N-R, hv 1p quencher N-R, + |quencher| —— Cﬁé\l—Rz
< OH
ET
0
0 S}

Quencher

Scheme 18

3.4.3 Preliminary study: fluorescence activation of 2-(diphenyl-
amino)-4-aminoisoindoline-1,3-dione through cation

coordination

This experiment was based on the addition of more equivalents oftiba into a quartz
cells containing fluorophob3. After each addition of the cation the emission fluorescence
spectrum was measured. The concentratioB3fvas adjusted to 1 mM and for the cations
(Ba®*, CU*, Ni¥*, Mg*, Ag', Zn', F€" as nitrate and Blias triflate salt) it was varied between

0.01-0.1 M. For excitation and emission experiments, slit widths were abtjossed nm.

The activation of emission fluorescence of prodb8twas measured after excitation at

388 nm with increasing concentration of the cations.

Considerable changes of the fluorescence emission were setvell. The fluorescence
emission maximum was detected at 420 nm with an intensityebat® and 13.85 a.u. for
product53 with the cations. The histogram shows that zinc ions congabtiie most to an
increase of the emission intensity with a factor of nearly bdvaver, this is still a weak effect
for the detection of a cation. Other fluorescence sensors reportegtatulie exhibit an increase

of about 1200-fold” for the detection of copper and other metal ions.
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Figure 47: Histogram of the fluorescence quenchingfficiency between 53 and metal ions

It is possible that the coordination site of proda@ts not suitable for these cations and thus
PET between fluorophore and cations was not possible. Another reasde @ competition
between the primary and the tertiary amine groups in the fluoraphareuld be possible to
confirm this speculation by protecting the amine group with acdeami another protecting

group and to repeat the quenching experiment (figure 48).

In conclusion, the idea of synthesizing a simple fluorescencersénrsthe detection of

cations (producb3) due to PET did not lead to the expected results.

Figure 48: Possible complex between 53 and the metans

Many examples for cations fluorescence sensors exist, thet gmejority containing
complexing groups such as chelators or calixarBfle®ossible phthalimide derivatives
containing one of these complexing groups can be proposed as new casors snd are
shown in figure 49. Increasing the capability to bind cations couldibfpsscrease the

efficiency of the cation detection by fluorescence emission.



69

Figure 49: Proposed sensors

A fluorescence study of produ&3 was carried out applying the same procedure and
concentration conditions mentioned above with europium salts andstiits ieere comparable

with those of the previously described cations.

For excitation and emission experiments, slits were adjustgé® am. Figure 50 shows the
emission fluorescence spectra after increasing the conbemtcd Eu(lll) in the solution of

product53.

—53+0ul Eu
309 ——53+ 10 yl Eu
1 53 + 30 pl Eu
——53+50 ul Eu
53 + 70 pl Eu
—— 53+ 90 pul Eu
53 +130 ul Eu
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Figure 50: Emission spectra of 53 in the presencd imcreasing amounts of Eu(lll)

The recorded emission spectra of this system can be consit@sedlevel signals, which
mean that produd3 does not emit any fluorescence signal. With increasing contienti
Eu ions no changes in fluorescence were observed, indicating thatenaction between

Eu(lll) and product3takes place.
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To induce the detection of Eu (lll) with produgs the last probe of the titration process

containing 100ul of Eu (Ill) solution was irradiated for ab@80 min. The irradiation was
performed in the photoreactor Luzchem LZC-4V (14 lamyps,350 + 20 nm), and every 30
minutes a fluorescence spectrum was measured.

Two new bands appeared in the emission spectra with their macémtered at 452 and

531 nm (figure 51). In the course of the irradiation, the intensitthede maxima increased

reaching a maximum after 60 min and declined when the experiment was continued.

53 + 100 pl Eu t=0 min

53 + 100 pl Eu t= 30 min (A, =350 nm)
53 + 100 pl Eu t= 60 min (A, =350 nm)
53 + 100 pl Eu t= 90 min (A, =350 nm)
53 +100 pl Eu t= 180 min (A =350 nm)

100 —

80 4
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s ¥ / ’ '\\\‘
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Figure 51: Emission spectra after irradiation of the solution 53 + 100uL Eu(lIl)

This increase can be interpreted as an interaction digiaken compoun83 and Eu(lll),
because the blank sample (only fluorophore solution, same irosd@nditions) did not show
changes in fluorescence emission after irradiation. Howeverjricrease of the fluorescence
emission intensity was not very remarkable consideringthigaslits were opened to at 3.5 nm.
The deployed fluorospectrometer is able to measure a fluorescencéyniprie 1000 a.u. thus

an increase of 100 a.u. does not represent a significant change.

PET
a vy
NH2 0 NH2 0
[Eu®'] Eu
N—N — = N—
e &

53, non-fluorescent

Scheme 19: Possible quenching mechanism betweenas@l Eu(lll)

However, a rationale for this fluorescence increaseedsu(lll) complexation promoted by

irradiation which hinders the amine nitrogen lone pair to take pathe PET. This
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complexation slightly inhibits the PET process and consequently aordiyght fluorescence

enhancement was observed (scheme 19).

In an effort to increase the fluorescence activation of comp8&@ral pH experiment was
performed. Figure 52 shows that with changing pH the emissiomeficence was not
considerably enhanced. However, smaller changes were obseryed: 12 the fluorescence
intensity was lowered and raised at pH 3. But the effect easrhall for this system to give a

good pH dependent fluorescence sensor.
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Figure 52: Emission spectra at different pH (3, 712) of 53

3.5 From 1-(2-Aminonaphthalen-1-yl) naphthalene-2-amine to
chiral phthalimides

1-(2-Aminonaphthalen-1-yl) naphthalene-2-amibd) (is a commercially available reagent
in various enantioselective organocatalytic reactigr&” 4 but some authors also reported

the properties of this chiral amine as fluorescence sé&fsor.

54 exhibit a good capability to differentiate between enantiomeric subsaradgzhthalimide
derivatives evidentially act as good chromophores. In order &nohh enantioselective optical
sensor, efforts were made to combine these two activitieadnmmolecule and simply redat

with phthalic anhydride.

Scheme 20 shows the different reaction routes that were falltavebtain products5 and
57. The reactions involving phthalic anhydride to generate the jidal product were not
successful, presumably because of steric hindrance asltaafethe molecular geometry being
too unfavorable for this coupling. The acetylation reaction horyevas carried out without

any difficulty.



72

SN
NH>
ee :

cl

P OMe

0 54 AcOH + Ac,0O “OMe
‘ Pht O
55 56 \\\Vﬁ/?(/

NW

O NHACc

Pht

] O NHAc

Scheme 20

These first trials were performed with racerbit We then wanted to apply an optimized

synthetic route in the synthesis of an enantiomerically pure compound.

Wang and coworker§? reported the reaction depicted in scheme 21. In the last step a
reaction between the primary amine group of 1-(2-aminonaphthat§maphthalene-2-amine
and 3,5-bis(trifluoromethyl)phenyl thioisocyante was carried oyréoluce the corresponding

thiourea.

Ac 0 NHAc CHZO NHAc
ACoH NH2  NaBH, NaBH,.CN N(CHz),
4 M HCl

CF3
9@ SQ
H/QN CF3 3
H -~ NH,
SO oOhis

62 61

Scheme 21
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Consequently, with this route it should be possible to synthemizeenantioselective
fluorescence sensor containing the two key elements byoeaxftb4 and a thioisocianate or

isocyanate substituted phthalimide derivative.

Taking into account the synthetic problems that appeared intdmapatto directly couple
the amine group and the phthalic anhydride, it was proposed to modifyutiecto get a similar
phthalimide derivative. This modification consists of the appibm of a thioisocyanate or
isocyanate phthalimide derivatives which in a second step baillcoupled with54. The

proposed synthetic route is depicted in scheme 22.

o R
N
0
R
R, 0 OO OO 3
\\ NJ(
NH, H N
| N-R, + > A
Z N(CH3), N(CHs),
R,=OCNorscN © OO OO Rs=0orS
3 64 65

6

Scheme 22

3.6 Multicomponent Reaction

Looking for new higher substituted phthalimide derivatives, a ngwthesis route was
developed by applying multicomponent reactions based on Diels-Atdgnistry in the first
step. The principle of this multicomponent reaction consists afeifigtion between amines and
aldehydes with dienophiles to give a large variety of 1-agyla-2-cyclohexene derivatives
(scheme 23).

In the second step a dehydrogenative oxidation of the conjugatezheyatiene product
was carried out using MnOAt last different ways were examined to conduct a direttien

between the ester group of the cyclohexadiene and amine derivativesete acphthalimide.

3.6.1 One-pot reaction with dienophilic dimethyl acetylenedi-

carboxylate

3.6.1.1 Synthesis of dimethyl 3-acetamido-4,6-dimethylbenzene-1,2-dioate

As dimethyl acetylenedicarboxylate (68) represents a molecuiewgh electron-deficiency
it was used as dienophile in the Diels-Alder reaction to obtinethyl 6-acetamido-3,5-

dimethylcyclohexa-1,3-diene-1,2-dicarboxylate (69) in 66 % yield.
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The oxidation of 69 was carried out with 89 % vyield, demonstratingMin®, acts as a
good oxidation agent to achieve polysubstituted anilide derivativessdehydrogenative
oxidations. Polysubstituted anilides are important substructurepharmaceuticals and

herbicides!®

o) o)
CcOo,Me )J\NH o] )]\NH o]
o) H TSA, Ac,0,NMP
+ | + | | 2 | O/ + Mno, 120 <C, Toluene | O/
NH, 120 T, 24 h o
COzMe ’ ~ O\
o} o}
66 67 68 69 70
Scheme 23

Different reaction conditions were examined to synthesize thwliinide derivatives (see
experimental part). When aromatic amines were used, it wa®ssibfe to obtain the expected

product and only reactants were found after workup.

y
700 NHz(CHz)z
N \
/”” \\\
(0] 4 (0]
)J\NH op H2N N )J\NH
N
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Scheme 24

The situation was different for the reaction with aliphaticines Here, the conditions
described by Joseph and coworké¥swere employed as the last step of this route. A solution
of compound 70 inN,N-dimethylethylenediamine was stirred at 100°C for 72 h. After
evaporation of the solvent the residue was purified by column chograghy (see conditions
in the experimental part) to give a mixture of the dehydroaethphthalimide derivatives in
60% vyield and the amino phthalimide derivatives in 30 % yield as rshioviigure 53. The
product structures were confirmed by X-ray structure analysisH NMR. A 2:1 ratio was

observed in the crude mixture, three aromatic signals and the amine ssgeah¢<25).
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Also the variation of reaction time did not lead to the gmreid formation of expected
product. A 1:1 reaction betwe&@® andN,N"-dimethylethylendiamine could possibly lead to the
desired product dimethyl 3-acetamido-4,6-dimethylbenzene-1,2-dit@tés¢Cheme 24).

(0]

)J\NH 0 NH, o

NH5(CHp)N / P /
2 2)2 N
O\
o (@) (@)

70
74,30 % 75, 60 %

Scheme 25
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Figure 53: *H NMR spectra of the mixture of 74 and 75
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3.6.1.2 Synthesis of Ethyl 1-(2-(2-(dimethylamino)ethyl)-4,6-dimethyl-1,3-
dioxoisoindolin-7-yl)-5-oxopyrrolidine-2-carboxylate

In this case, the amine moiety of the multicomponent reaction keaawed from acetamide
to (§-ethyl 5-oxopyrrolidine-2-carboxylaté&{ethyl pyroglutamate)76) along with the reaction
conditions, in order to achieve better yields. Once again the-Bligds reaction was performed

and the expected product ethyl

1-(2-(2-(dimethylamino)ethyl)-4,6-tihé&t3-dioxoiso-
indolin-7-yl)-5-oxopyrrolidine-2-carboxylate’ ) was obtained in 80 % yield.
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The following oxidation reaction was carried out using the saomitions like stated

above. The produdt8 was achieved in 85 % yield.

CO,Me EtO,C" BIOL™ ™\ o

O o o
dNH . N b+ 110 C, 24h o + Mno, 120T, toluene o
toluene, TSA \ o
CO,Et CO,Me
e} o

76 67 68 77 78

Scheme 26

In order to synthesize the final product the method of Joseph and cowdtkeas used.

o =
EtO,C _ EtO,C

o) N o
NH,(CHy),N /
v N
o . R v\
O\
78 © 79 ©
Scheme 27

After column chromatography one of the fractions consisted onljieotiehydroaminated
phthalimide derivatives (fraction a) and another fraction (fvach) showed a mixture of the
amine phthalimide derivative and the dehydroaminated phthalimide tifiva a 1:5 ratio

(scheme 28). ThiH NMR spectra of the two fractions is shown in figure 54.

EtO,C™ >y NHz o

(0]
(0] o e}
~ NH2(CH2)2N
© A N N
— >
o - .
\ \
o) (6] (0]
78 80

81

Scheme 28

Obviously, the reaction conditions are too harsh and thus have wdéed by varying

reaction time and temperature as the two easiest accessibleesriabl
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Figure 54: 'H NMR spectra of fractions a and bi.e. the mixture of 80 and 81

3.6.1.3 Synthesis of Dimethyl 3-acetamido-4,6-diethylbenzene-1,2-dioate

The aim was to synthesize 3-amino-4,6-diethylbenzene-1,2-di@djebécause of the
studies of luminol derivatives which were carried out in thiskwAgain the multicomponent
reaction and the following oxidation with Map@ere used to synthesize dimethyl 3-acetamido-
4,6-diethylbenzene-1,2-dioatg3).

Acetamide 66), butyraldehyde82) and dimethyl acetylenedicarboxyla@&8)( were used for
the Diels-Alder reaction in the first step of this route. Pheduct was isolated in 70 % yield
and could be used without further purification in the next stfjer Alehydrogenative oxidation
with MnO, dimethyl 3-acetamido-4,6-diethylbenzene-1,2-dio&8) (vas obtained in 65 %

yield. Scheme 29 shows the synthetic route.

o 0
o] )LNH o ANH o
CO,Me P P
Q H TSA, Toluene O 120, Toluene O
)L + + H ‘ o. * MnOp —— |
NH, 120 C, 24h ~ O
CO,Me o S
66 82 68 83 84

Scheme 29
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Better yields in the last oxidation step were achieved ford#seribed reaction routes by

using toluene as a solvent instead of NMP and acetic anhydride.

To obtain the desired produgs, two different methods were followed. The first method was
the application of a mineralic acid (HCI), thus it was posdiblebtain the dimethyl 3-amino-
4,6-diethylbenzene-1,2-dioat@5j. The producB5was then subjected to a base (NaOH) but the

expected molecule could not be isolated by normal workup conditions.

For the basic method, the same problem occurred extractingathecpr Different methods
of workup such as solvent extraction or continuous extraction ategmpted. Finally it was

tried to crystallize the product through solvent diffusion.

(0]
)J\NHO

Scheme 30

3.7 Synthesis of Phthalimide-Serine Couples

Recently, the use of chiral phthalimide-serine/theonine ceufile the photorelease of
acetate was described to take place with high diasteretiggjein the liberation process™®
These so called photocages, however, absorb light in the UV-®nregihich is not
advantageous for the potential application environments, and fudberno fluorescence

process is involved, neither from the substrate nor from the separatedphoym

Another study reports that the 4,5-dimethoxyphthalim&8 i a chromophore that exhibits
a strong fluorescence and acts as an excellent electropt@coe the excited state based on

PET.*1 A combination of both systems could lead to new photocages.

The synthetic route consists of four steps and starts withhamelysis that induces a
phthalate ring opening to giv89. Consecutive DCC-coupling in the presence Nf
hydroxysuccinimide (NHS) led to the activated phthal@®@srhese were subsequently reacted
with serine in the third step to produce 3-hydroxy-2-(5,6-dimethoxy-1,3-dioxoisbim@e
yhpropanoic acid91) which was finally acyleted to give the photoc&@dscheme 31).
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The synthesis of 3-acetoxy-2-(5-methoxycarbonylamino-1,3-dioxoisoirgetljpropionic
acid (100 was performed following a synthetic rout€ eight steps. In order to generate the
isocyanate derivativedb) the carboxylate group &3 was converted to the acid chloride and

then reacted with sodium azide to obtain the isocy&fatecheme 32).

Product 95 was converted by methanolysis to the carbam&®. (The following
methanolysis process with an excess of methanol produced the ring-gbdihaldtes to give
product 97. The following DCC-coupling withN-hydroxysuccinimide (NHS) led to the

activated phthalat®8, which was reacted with serine to gi9@

0O 6] o)
HO,C ClOo,C A OCN
O + socl, —> O+ NaNg ——> o + MeOH
93 © 94 © 95 O

2

o
1. Et;N
HO OH | 2 MeCN/H,0

1. DCC H H o
2 NHS /O\n/N CO,H MeOH (exc) /o\n/N
(@] e} o
Cco,M CO,Me
96 ©

97

NH,
| H 0 | H O
O\[r N COOH O._N COOH
i N‘& + AcCl il Ni
OH 0 OAc
o) o)
99 100

Scheme 32
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The synthesis route was completed by acyletion, which was conduatied thve same
conditions presented in the previous synthesis. The prabd@trepresents an improved

photocage.

3.7.1 Irradiation of caged acetates 3-acetoxy-2-(5,6-dimethoxy-1,3-
dioxoisoindolin-2-yl)propionic acid and 3-acetoxy-2-(5-meth-
oxycarbonylamino-1,3-dioxoisoindolin-2-yl) propanoic acid

The absorption spectra of compou®@sand100showed two absorption maxima at 300 and

360 nm for92 and one maximum at 340 nm fbd0. Both compounds showed a red-shift of the

absorption band in comparison to the unsubstituted equivalent serine derigatigesb
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Figure 55: Absorption spectra of substituted phthamide-photocages 92 and 100

Photocagé®?2 showed a fluorescence maximum at 511 nm. After irradiatidherRayonet
Reactor at 350 nm, acetate release and thus the formation whyhg@hthalimide derivative
was observed by NMR studies. The resulting photoprotditivas isolated and characterized.
Figure 56 shows théd NMR of the isolated photoproduct.
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Figure 56: 'H NMR spectrum of photoproduct 101

Carbamate photocadi0 displays a combination process of decarboxylation and release.
The formation of product02 was accompanied by an increase of the fluorescence emission.
This was observed by taking a sample of the irradiated soletrery minute over a period of
8 minutes and examining it by fluorescence measurement. In ordeetést dhe weak
fluorescence signal of compourd®0 at the beginning of the experiment the excitation and

emission slit had to be adjusted to 3.5 nm. The fluorescence nmaximas located at 458 nm

with a comparably small intensity.

Photoproductl02 was isolated and characterized. Figure 57 showsHhBIMR of the

isolated photoproduct.
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Figure 57: *H NMR spectrum of photoproduct 102
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Figure 58 shows the emission spectr@®»and100 after different irradiation times where it
can be seen that thacreasingfluorescence effect of the photocad#sis lower than the

decreasindluorescence effect of photocades.
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Figure 58: Emission spectra at different irradiations times, showing a fluorescence
increase for 100 (left spectrum) and a fluorescenadecrease for 92 (right spectrum)

In order to compare the process that is involved in the decadtiaxylthe fluorescence
intensities were normalized. Thus, the carbamate photdd€adehows a fluorescendgecrease
with a red shift of the maximum of about 10 nm and the dimethoxy phot@2ageesents a
decreasef fluorescence emission after 8 min irradiation without any cleafghe maximum
position. A similar fluorescence increase has been observaednithone acetic acids, also

involving a decarboxylation process but without liberation of caged moldcatpments®®
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Figure 59: Relative emission spectra at differentriadiations times, showing a fluorescence
increase for 100 (left spectrum) and a fluorescenadecrease for 92 (right spectrum)

In figure 60, the maxima of the normalized fluorescence integsire plotted against time
for both processes. It can be seen that both photocages underwghotbdecarboxylation
process but in one case fluorescence intensitseasesand in the other case the opposite

happens.
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Figure 60: Normalized fluorescence intensities fothe fluorescence increase and decrease
process of 92 and 100

The fluorescence decrease indicates a stronger electrofetraiosior capability of the
enamide group in01 in comparison with the carboxylate in the starting mat&fal The
additional conjugation of the vinyl group in enamitigl is represented by the bathochromic
shift in absorption and emission. It is striking that the fluoease 092 is more than 50 times
stronger than that of the glycine derivative under the same pH iomsdiT his indicates that the
intramolecular fluorescence quenching is strongly inhibited byprsence of the acetate group
in 92,

The photodecarboxylation mechanisnl0D supposably involves a competition between the
singlet state decay and the intersystem crossing becausdikalystthe photodecarboxylation

process occurs from the corresponding triplet state (scheme 33).

92 19" 9 401 hL,llol*_,@
-OAc

PET
quenching

@ 100____ 100" '5C, 2100" -C%2 1o Llloz*_\\_,@

-OAc
PET

quenching
Scheme 33

In summary, an efficient and fast photoremovable protecting grosibéen described in
two substituent-modified chromophores, which also includes a simpleffeative fluorescent
reporting function associated with a photorelease process. Depending substitution pattern
at the aromatic ring, fluorescence up/down reporter functionolvasrved. If the photocages
would include a stereogenic element in proximity of a receptmrmgrthese could be used for
recognition of other chiral species and for enantiodifferdatiain combination with photo-

decarboxylation. One possible approach is described in the following chapter
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3.8 Synthesis of Chiral Phthalimide-Urea-Conjugates

In a first attempt the synthesis of chiral phthalimide-uwreajugates was performed by a
reaction of 3-aminophthalimide derivates with $H{-isocyanatoethyl)benzenel(d).
Unfortunately, the expected product was not obtained by the applied mé&bkedsxperimental
part), as the amino group in position 3 of the phthalimide derivate showsdétttvity towards
electrophiles; in this case an isocyanate derivate. Scheme 35 shewgyntheses that were

carried out for the two amino phthalimide derivates with phenylmethyksadtg.

Scheme 35

Bearing in mind the results obtained in the previous reactiotis 3vaminophthalimide
derivates, a new synthetic route was proposed allowing the ayronp to appear in another
position of the aromatic ring. Thus, the synthesis of the urea-phthalimidatdsrwas achieved
following a recently reported procedure of Lebel and coworR8rswvolving a very efficient
employment of the Curtius rearrangment that allows the directecsiom of aromatic

carboxylic acids into ureas.

A mixture of phenyl chloroformate (1.1 equiv.) and a less nucleomditi@hol, N-benzyl-
1,3-dioxoisoindoline-5-carboxylic acid@6, 1 equiv., received from the commercially available
1,2,4-benzenetricarboxylic anhydride) and sodium azide (1.7 equiv.) wasqulepar heated to
75°C, leading to the formation of the acyl azide. The reactictunai was then cooled to 25 °C
and an amine derivate (1.5 equiv.) was added, which is ableptth&adeveloping isocyanate

intermediate and thus forms the corresponding urea.

0O

Qo 1. PhOCOCI, NaN, HoH

HO-C t-BUONa/DME, 75T R” \ﬂ/
N ’ > N
o)

2. R-NH, , 25 €C
0]

Scheme 36
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The general synthesis is shown in scheme 36 and in table 15fdrerdiurea phthalimide

derivates synthesized by this route are given.

Table 15: Synthesis of urea phthalimide derivatesém aromatic carboxylic acidsvia
Curtius rearrangement.?

Entry Urea Yield (%) °
107 ©\rH : op 63
Ty

(6]
C
108 . 5 p 0
T 0 Iw
NH, X
109 Py Op 65
SARaes!
O
110 w o p 60
bhaos
HO
O
111 . 5 p 68
e @[é
HO ©
O
112 w 5 p 62
Oy Cry
HO ©
(6]

2 Conditions: PhOCOCI (1.1 equiv.), Nall.5 equiv.)t-BuONa (15 mol %), RNK(1.5 equiv.)®
Isolated yield: Isolation 0f108 was not possible.
Using several aromatic and aliphatic amines and amino alcolslasucleophiles, this
method opened access to many urea phthalimide derivates, employing glenyformate

and sodium azide as reagents.

Good yields were obtained for the formation of aromatic urehaphtide derivates. The

only exception ($2R)-cyclohexane-1,2-diamine did not led to the expected pratictNo



87

characteristic signals of the coupling to generate the @umelsng urea could be observed in

the experiments.

In order to characterize sensbtl it was necessary to carry out NMR experiments with
variable temperature to clearly identify the OH signalthés signal overlapped with the GH
signal of the benzyl group. The spectrum shows the low field ehithe OH signal upon

temperature variation of 1 K (figure 61).
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Figure 61: 'H NMR spectrum of the sensor 111 in DMSO at 297 K

3.9 Photophysical properties, anion sensing and chiral

recognition by chiral phthalimide-urea-conjugate

3.9.1 Photophysical properties

The photophysical properties of the sensors were determined énediffsolvents and are

summarized in the tables corresponding to each sensor.

With increasing solvent polarity, no significant changes waeerved for sensatQ7.
However, the substantial red-shift in emission in the psaigent methanol and the strongly
increased Stokes shift account for the formation of an inteshafge transfer state after
excitation to the first excited singlet state. Singlet stig@ctivation by non-radiative pathways
is also increased in the protic solvent methanol; in comparisith acetonitrile, the

fluorescence quantum yield drops to one-third and the fluorescentedifatreases to 17 ns.
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Table 16: Photophysical data of sensor 107.

A abs? Aem®  Stokes” E¢ 1, o ° ki x 10"
DMSO 353 443 5755 72 11.8 0.31 2.6
MeCN 339 430 6242 75 13.0 0.37 2.8
MeOH 337 465 8168 72 16.9 0.11 0.6
DCM 337 428 6309 75 14.8 0.22 1.4

21n nm.? In cm®. © Singlet energy in Kcal / mof. In ns.® From comparation with quinine sulfate
reference’ Fluorescence rate constant €@/ 17)) in s.

Sensorl09 did not show significant changes in the photophysical propertidependence
of the solvent polarity. In the presence of protic solvents aaahethanol, however, a strongly
increased Stokes shift accounts for the formation of an intehabe transfer state after
excitation to the first excited singlet state. In contrast(@ the quantum yield of sens@f9
decreased in the presence of methanol to one-ninth of the valugdnitite, and a diminished
fluorescence lifetime of 8.0 ns was detected, approximatelyofidife corresponding time of
sensor07.

This difference in the fluorescence lifetimes is duehtohydroxy group that accounts for a
fast deactivation from the first excited singlet state to ghmund state. The non-radiative

pathway that deactivates the singlet state is increased liamnabt

Table 17: Photophysical data of sensor 109.

A abs? Aem®  Stokes” E¢ 1, o ° ki x 10"
DMSO 354 443 5675 72 7.8 0.16 2.0
MeCN 340 430 6155 74 14.8 0.36 2.4
MeOH 338 464 8034 71 8.3 0.04 0.5
DCM 337 425 6144 75 17.6 0.23 1.3

21n nm.® In cmit. ¢ Singlet energy in Kcal / mof. In ns.® From comparison with quinine sulfate
reference’ Fluorescence rate constant €@/ 17)) in s.

For sensofl10 111and112the photopysical properties are similar to those of setBaA
substantial red-shift of the emission in the presenceeddMwas observed, in consequence the
Stokes shift increases and the formation of an internal charge trataéeafter excitation to the

first excited singlet state is available.

The hydroxyl group of these three sensors does not contributpadieular change of the
fluorescence lifetime compared to send®7. Sensorl09 is the only one where hydrogen
bonding between the hydroxy group and the NH of the urea can take pl#te structural

reason results in a significantly different change of the lifetime
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The following tables show the photophysical data of the sei46rsl11and112

Table 18: Photophysical data of sensor 110.

A st Ao Stokes® E¢ 1,° o ° ki x 10"
DMSO 353 442 5704 71 13,2 0.32 24
MeCN 340 435 6423 73 151 0.34 2.3
MeOH 340 466 7952 71 18.4 0.11 0.6
DCM 341 435 6337 73 15.6 0.25 1.6

21n nm.® In cmit. ¢ Singlet energy in Kcal / mof. In ns.® From comparison with quinine sulfate
reference’ Fluorescence rate constant €@/ 17)) in s.

Table 19: Photophysical data of sensor 111.

A abs® A Stokes® E° 1, ®° ke x 107
DMSO 353 443 5755 72 13.8 0.34 2.5
MeCN 339 434 6457 73 16.0 0.36 2.3
MeOH 341 467 7912 71 19.0 0.12 0.6
DCM 341 434 6284 73 15.8 0.26 1.6

2 1n nm.” In cmil. © Singlet energy in Kcal / mof.In ns.® From comparison with quinine sulfate
reference’ Fluorescence rate constant £k(®;/ 17)) in s™.

Table 20: Photophysical data of sensor 112.

A abs? Ao Stokes® E° 1,° ®° ki x 10"
DMSO 352 443 5835 72 13.8 0.39 2.8
MeCN 341 435 6337 73 15.3 0.38 2.5
MeOH 341 463 7727 71 18.3 0.13 0.7
DCM 344 435 6081 73 14.5 0.30 2.1

2 1n nm.? In cmil. © Singlet energy in Kcal / mof.In ns.® From comparison with quinine sulfate
reference’ Fluorescence rate constant €@/ 17)) in s.

3.9.2 Anion Sensing

In order to examine the capability of sen$0i7 to sense anions like halides, absorption and
fluorescence measurements were carried out in acetorstiilgion using the anions of the
corresponding tetrabutylammonium salts (TRAThe absorption spectrum df07 in the
absence of anion showed three bands centered at 241, 253 and 30=(§5) nm. Upon
titration with F, the ground state was affected and the absorption wasywnstaked to the red
because of anion-recognition. Three distinctive isosbestic pogres observed at 258, 317 and

372 nm respectively, which can be seen in the absorption spectrum in figure 62.
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Figure 62: Absorption spectra of 107 (18 M) in the presence of increasing amounts of F
(0, 0.033—0.3 mM) in acetonitrile. Inset: difference UV-speata of [107 + F] — 107 in the

long wavelength region

In order to examine the formation of a charge transfer (CT)plotmdifference spectra

([1 + F] — 1) were recorded (figure 62, insert). A new band was clelderved ata. 380 nm

which was attributed to the CT complex absorption maximum. Theadsn constant of the

CT complex (k1) was estimated spectrophotometrically by the Benesi-Hildebf!

procedure (eg. 15). A concentration plot is shown in figure 63.

[1] / Abscr = [1/ Kcr gcr [F1)] + (1 / €cr) (15)

0,006

0,005
< 0,004
=
=
% 0,003
—

[
0,002
1OIOOO ' 2(I)OOO ' 3:0000
1LFIM™)

Figure 63: Benesi-Hildebrand plot to obtain the fomation constant from the absorbance
of the CT complex dmax = 380 nm) at different concentrations of F

Absct describes the absorbance due to the CT band at 380 nm egrdiffencentrations of

F and ecr represents the molar absorption coefficient. Ebe value in acetonitrile was
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calculated from the intercept and found to be 100D(Mg ecr = 3). The correspondingd
value determined from the slope was 6966. Mhe high value of K; indicates a strong
intermolecular interaction betweet07 and F in the ground state. This behavior was not

observed in the presence of,@&r or I'.
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Figure 64: Emission spectra of 107\, = 340 nm) in the presence of increasing amounts of
F (0, 0.033—-0.3 mM) in acetonitrile. Insert: Changes in the enssion at 430 nm upon
titration with F °, CI, Br" and I" with 107

In order to detect changes in the excited state, the fleemes behavior di07was studied
in the presence of increasing amounts of anions. In contrast sonile variation observed in
the ground state, the emission X7 was strongly affected in the presence offigure 64)
where it was fully quenched. A weak bandcat 520-550 nm was detected with the formation
of an isoemissive point at 515 nm. Concerning BI and I no changes in the maximum
fluorescence intensity ofl07 were observed (figure 64, insert) clearly supporting the
assumption that the sensldi7 was suitable for Frecognition in the family of halides. Besides,
color changes in the emission 7 upon addition of Fwere perceptible to the naked eye

whereas no variation in the fluorescence was observed foesh®frthe halides colorimetric
Sensors.

Figure 65: Photo of the cells containing sensor 1@&hd different halides in acetonitrile
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The Stern-Volmer plot shows a non-linear behavior at high contentraf F supporting
the idea that a static quenching process of the fluorescerted&ing place (figure 67). To
corroborate the static fluorescence quenching, the singléifes of 107 (3.3 x 16° M) was
determined in the absence and in the presence(8FL0° M) under similar conditions. The

values were 13 ns and 12.5 ns, respectively (figure 66).
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Figure 66: Normalized fluorescence decay traces &f(3.3 x 1 M) in the absence =) and
in the presence of fluoride anion (3 x TOM) (=) in acetonitrile

For comparison, the emission 7 was recorded in the presence of increasing amounts of a
strong non-nucleophilic base such as 1,8-diazabyclico[5,4,0]Jundec-7-ekf (fidire 67). In
this case, fluorescence quenching is clearly linear in contraisat found for F Additionally,
new fluorescence bands at larger wavelengths were not obsditvexkfore, the different
effects obtained for the emission187 in the presence of DBU and fluoride appear to support
CT complex formation between send@7 and F. Figure 67 shows the Stern-Volmer plots of

both quenchers.

0,0 ' 0,2 ' 6,4 ' (I),G ' 0,8 1,0
[X] x 107 (M)

Figure 67: Stern-Volmer plots for the fluorescence&uenching of 107 upon F(e) and DBU
(w) titration (0, 0.0033— 0.3 nM)
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Taking the formation of alp7-F] complex as a basis, a steady state fluorescence
measurement was carried out with a solutiod®f (10%) and F (3.4 x 10° M) in acetonitrile.
A fluorescence maximum at 520 nm was observed under selectivai@flex excitation at
380 nm. The excitation maximum appears at 380 nm in good agreement with the UV-absorption

measurement. Figure 68 shows the normalized absorption spectra.
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Figure 68: Normalized absorption bands of 107 &), excitation (e, Ae;, = 520 nm) and
emission @, Aee = 380 nm) spectra of the complex [107-F in acetonitrile. All
measurements were made under aerated conditions

To further confirm the formation of thel(7-F] complex though H-bonding interaction
between Fand the urea moiety, we also performBdNMR titration experiments in CITN.
As stated above, the urea protons appeared at 5.89 ppran@H7.81 ppm (A (figure 69, top
spectrum). In the presence of increasing equivalents, ofi¢-urea resonances were gradually
shifted downfield by 2 ppm and 4.5-5 ppm, respectively, reflecting 4ortd between the

receptor and the anion. The NMR titration experiment is shown in figure 69.

More information about the nature df(Q7-F] complex could be achieved from the aryl-
protons H and H. It is worth to consider that H-bonding interaction between wrbarst and
anion could induce also effects on the aryl group. As an exangaiiazation induced shift of
the C-H bondwia a through-space effect, producing downfield shifts due to a destgeadtfiect
by a partial positive charge formed on the protéh.In fact, this electrostatic effect was
observed for the aromatic protong &hd H as indicated by the weak downfield shift upon
addition of F equivalents (figure 69), being in agreement with previous studfie8esides,
proton H was too far away from the N-H protons to undergo any eledimstifect. On the
other hand, the Horoton signal did not vanish even at a high concentration of anion concluding
that complete deprotonation was not taking placealthough the bond-length of N-H amide

may increase considerably.
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Figure 69: Changes in the¢H NMR (300MHz) spectra of 107 in CRCN upon addition of F

The explanation by H-bonding interaction was supported by the effgotic solvents on
the emission of thelp7-F] complex. Addition of methanol to a mixture b®7and Fled to the

recovery of the blue emissioirg. the [LO7-F] interaction was cancelled (figure 70).

107 107+F— 107+F—+MeOH  107+MeOH

Figure 70: Colour changes observed in the emissioon addition of F in the
absence/presence of methanol (10%) to an acetonitrisolution of 107

The fluorescence spectrum in methanol was red-shifted in compaoisicetonitrile, which
is shown in table 16. Subsequently, addition ‘doFa107 acetonitrile solution containing 10%

of methanol led to no change in the emission, thus clearly sugpdine interaction between
the urea moiety and the protic solvent.
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Sensorl07was found to selectively detectdince the absorption as well as the fluorescence
changes were only observed in the presence of this halide anibis tomntext, a fluorescence

static quenching was proposed for the signalling mechanism, like depicietime 37.
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Scheme 37: The proposed mechanism for the interaoti between 107 and F

To ensure whether the recognition process involves a CT compleation through H-
bonding interaction betweetO7 and F, computational calculations based on B3LYP/6-
31G*" |evel of theory using the CPCM method (acetonitrile asesw)¥’*! were carried out.
Model system geometries were optimized in the absence and mede¢he fluoride ion (figure
71) and corresponding N-H bond distances were calculdte#ience, N-H and N-H bond
lengths in the absence of anion were found to be 1.022 A and 1.024 A, ivedpeathereas
values of these bond distances after fluoride binding complex optionzawere 1.035 A for N-
H, bond and 1.051 A for N-Hbond. Although bond-elongation was observed in both cases
(+0.013 A for N---H and +0.025 A for N---B), it appeared no sufficient for hydrogen
abstraction by F in contrast of previous observatidfis. The H---F distances were also
estimated and found to be 1.710 A{4F) and 1.602 A (K--F) which were close to that
experimentally found in the literature for complexation of isodhttide-like compounds with

fluoride ions’®

Figure 71: Geometries of the free (left) and fluode bonded (right) model system

Moreover, both N-Hand N-H GIAO-NMR shifts ¢) were also theoretically calculated in
the absence/presence of fluoride ion. These data were iwitim¢hat obtained experimentally
wheredN-H values for H and H in the absence of Were 4.0 ppm and 5.7 ppm, respectively
whereas they shifted to downfield at 7.7 pph ¢N-H = 3.7 ppm) and 10.7 ppm
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(A 8N-H =5 ppm), respectively, after complexation with Pverall, these computational
results are in agreement with experimental observationsevibienmation of a complex between

sensorl07and Fin the ground state prevails over a possible deprotonation of the urea. moiety

Upon recognition of the anion, absorption studies revealed thalkyjzind of a CT complex
at longer wavelengths with a large formation constant. M@mron the presence of Reither
changes in the singlet lifetime ®07, nor a non-linear dependence of the Stern-Volmer plot was
observed, ruling out the possibility of a dynamic fluorescenemching. The formation of the

[107-F] complex through H-bonding interaction was provedHhyN\MR studies.

Furthermore, the capability of the other sens@f39{112 to detect anions such as halides,
acetate and dihydrogen phosphate was tested in acetonitrileosalging the corresponding
tetrabutylammonium salts (TBMof the anions. The absorption spectra of the ser€@<112

in absence of anions presented bands centered between 239-241, 250-253 and 339-345 nm.

With the addition of F AcO and HPQ, anions to the solution containing sensb®9-112
the characteristic absorption peak of the hosaaB840 nm increased gradually with a red-shift
(about 15 nm) and the formation of three isosbestic points around 258082420 nm was

observed.

Gradually increasing the concentration ofifkluced a color change of the sensor solution
from colorless to yellow, which could be observed by the naked dye mbst drastic color
change appeared with senddrlin presence of FThe absorption spectrum for this recognition

shows a new band at 430 nm that is an evidence for the formation of a complex.

Figure 72 and figure 73 clearly show the difference in intensitthefnew band of the
complex. With sensdt09 (figure 72) it is possible to detect this new bandaaé30 nm by the
difference spectra Ip9- F] - 109 (a-inset) with low intensity. With sensdr1 (figure 73) the

new band ata 430 nm can be detected directly in the titration spectra.

These results show, that after addition oftire ground state is affected and the absorption is
weakly shifted to the red through recognition of the anion, wigimh be assigned to an

intramolecular charge transfer (CT).
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Figure 72: Absorption spectra of 109 (3.3 x 1Y) in the presence of increasing amounts of
F- (0, 0.033—0.3 mM) in acetonitrile. Inset: a) difference UV-sgctra of [109 + F] — 109 in
the long wavelength region, b) non-linear fitting arve of change in absorbance at 343 nm

The non-linear fitting curve of thel9— FJ complex signal intensities at 345 and 430 nm
did not show an adequate adjustment. Therefore, it was not pdssdakulate the association
constant of this complex. However, the non-linear fitting curve aosfthatl09and F do not
form a 1:1 complex. These observations make another strong gguilior a deprotonation

process very likely to be present in the recognition mechanism.
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Figure 73: Absorption spectra of 111 (3.3 x 19 in the presence of increasing amounts of
F- (0, 0.033—0.3 mM) in acetonitrile. Inset: a- non-linear fitting curve of change in
absorbance at 345 nm, b- non-linear fitting curve bchange in absorbance at 430 nm
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As shown in figure 74 and figure 75, a phenomenon similar tol0@4 F] complex was
observed when AcCand HPO, were added into the solution of recepi®9 in acetonitrile.
The new band at 430 nm was not observed with both anions butaAd®}PO, also induced
an increase of the band@t 360 nm. The prepared non-linear fitting curve confirms 108t

and the anions form a 1:1 complex.
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Figure 74: Absorption spectra of 109 (3.3 x If) in the presence of increasing amounts of
AcO" (0, 0.033—0.3 mM) in acetonitrile. Inset: a) difference UV-sgctra of [109 + AcO] —
109 in the long wavelength region, b) non-linear fing curve of change in absorbance at
343 nm
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Figure 75: Absorption spectra of 109 (3.3 x I0M) in the presence of increasing amounts
of H,PO4 (0, 0.033—0.3 mM) in acetonitrile. Inset: a) difference UV-sgctra of [109 +
H,PO4] — 109 in the long wavelength region, b) non-lingafitting curve of change in
absorbance at 343 nm
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For the complexes, the association constant was calculated by using the following

equation and optimizing the coefficients (Origin 6[?‘?}:

2
PN WA T PSSP SRS (.S S [BVVR /W) 7
2 C., K., C., K., C,

a

Ap is the absorption intensity of the host without aniong, & the absorption intensity
reaching a limit by adding excessive aniong,i<Cthe concentration of anions added.i€the
concentration of the host molecule and A is the absorption inteaSithe complex. By
allowing 1/K,Cy to be varied, the Kvalues can be obtained by non-linear least-squares analysis
of A/AgvsCa / G

The association constants of all sensors withAEO and HPO, obtained by non-linear
least-squares analysis and the Benesi-Hildebrand approactstackifi table 21. The other
halide anions such as"CBr and I show a very small change in the absorption spectra that did

not allow an accurate evaluation of the binding constants.

Table 21: Association constants K9 of all sensors (107, 109-112) with"FAcO™ and
H,PO, in acetonitrile.

Sensor Kass(F_) 2 Kass (ACO_) 2 Kass(H ZPO4_) 2

107  6966° ¢ c

1099 4597 (+18.99) x 10 265.51 (+ 13.71) x 0 36.79 (+ 4.37) x 1D
110° 53.14 (+25.16) x I 59.81 (+3.36)x 1D  48.00 (+5.13) x 1D
1114 f 20.75 (#4.19)x 1®  2.61 (+1.02) x 1®

1120 2473 (:238)x 1D 1315 3.21)x 1D 13.62 (¢2.2) x 10

2n ML, ® Calculated by Benesi-HildebrandNot measured. The host concentration was 3.3 x
10° M. ® R? was 0.81 The constant o111 with fluoride could be not calculated with a tolelea
error by non-linear least —squares.

These high values of the constants indicate a strong intermeri@otéraction between the
sensor and the three anions, wherariel AcO are recognized better thanRQ,. Recognition
takes place through a CT complex and in the casgldf{ F] very likely deprotonation of the

sensor is also involved.

In order to detect changes in the excited state, the fluoresde=havior of the sensors was

studied in the presence of increasing amounts of anions.



100

In these fluorescence studies, the emission of the sensor araatially affected by the
presence of FAcO and HPQ,, where AcO presents the strongest quenching effect of all

Sensors.

The emission at the 430 nm band was substantially quenched to neafly 1oén anion
recognitioni.e. formation of the anion-receptor complex. It is possible that ddmplex
formation is involved in these emission changes because als@alhilscreasing band ata.

520 nm appeared.
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Figure 76: Emission spectra of 109\, = 340 nm) in the presence of increasing amounts of
F (0, 0.033—0.3 mM) in acetonitrile

The quenching effect was stronger with Ac@mpared to Fwhich can be observed directly
in the emission spectra. However, only the addition pféduces a color change in the solution

that is perceptible to the naked eye.
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Figure 77: Emission spectra of 109\, = 340 nm) in the presence of increasing amounts of
AcO’ (0, 0.033—0.3 mM) in acetonitrile
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Figure 78: Emission spectra of 107\, = 340 nm) in the presence of increasing amounts of
H.PO,4 (0, 0.033—-0.3 mM) in acetonitrile

The anion recognition process due to CT is reversible and can ressgapby addition of a
protic solvent like methanol by competitive hydrogen bonding. The geree emission was
restored with 210 uL of methanol by a 380-fold. This indicates that anion-receptor
complexes are broken and the methanolic solvated sensor presedtshiftrof about 10 nm
(445 nm).
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Figure 79: Emission spectra of 109A¢, = 340 nm) in the presence of H0.83 mM) and
increasing amounts of methanol

The Stern-Volmer plots showed a non-linear behavior at high caatientlevels of anions
supporting the theory that a static quenching process of the flaameswas taking place. For
comparison, the emission of the senstd9-112was recorded in the presence of increasing
amounts of a strong non-nucleophilic base (1,8-diazabyclico[5,4,0Jundec-D®Ug which is
depicted in figure 80. In this case, fluorescence quenching follawaearly fitted-linearity in
contrast to that found for FAcO and BPQ,. Figure 80 shows the Stern-Volmer plots of the

sensorl09with different anions in presence of DBU.
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Figure 80: Stern-Volmer plots for the fluorescenceguenching of 109 upon AcO(A), F
(m), H,PO, (®) and DBU (V) titration (0, 0.033— 0.3 mM)
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Conducting the experiment with 'CBr and I, no changes in the maximum fluorescence
intensity of the sensors were observed. A plot of the relatitensityvs. guest concentration
shows that no interaction of these halides with the sensorspatearly supporting the notion
that the sensor$09-112were suitable for T AcO, and HPQO,. A possible reason can be a
heavy atom effect for the halides’GBr and I with the sensors. The recognition effect is
depicted in figure 81.
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Figure 81: Changes in the emission at 430 nm upoitration with F°, CI', Br’, I', AcO" and
H2P04_ with 109

The photophysical properties did not show significant changes upon hahgi solvent
polarity. However, the hydrogen bonding competition is always presdtiei process. With
increasing amounts of methanol the fluorescence signal réfigmse 79). Figure 82 illustrates
the Stern-Volmer plot indicating that the quenching process in @N4Ssignificantly slower
than in CHCN.

Sensord 09-112(containing hydroxy groups) can interact with the solvent through hydrogen
bonds thus inhibiting the formation of the complex between anion arbrseDMSO is a
solvent that can act as a hydrogen bond acceptor. Therefore, théigggmocess can not take
place rapidly.
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Figure 82: Changes in the emission at 430 nm upoitration with F ~in DMSO and CH;CN
with 111

For the complexes, the association constant was calculated by using the following

equation and optimizing the coefficients (Origin 61%):

2
|/|0:1+||im/|0_1 1+CA+ 1 - 1+&+ 1 —4& (8)
2|7 ke e ke,

a
lo is the fluorescence intensity of the host without anidgs,is fluorescence intensity
reaching a limit by addition of an excess of anidgsis the concentration of anions addég,

is the concentration of host molecule anglthe fluorescence intensity of the complex.

Table 22: Association constantsi,s) of all sensors (109-112) with FAcO and H,POy in
acetonitrile

Sensor Kass (F) 2 Kass (ACO_) 2 Kass(H ZPO4_) 2

109°  86.32 (+3.14)x 1D 169.70 (+5.64) x 10 70.15 (+ 2.04) x 1
110° 2674 (+1.92)x 1D 195.31 (+7.71) x 10 57.24 (+3.93) x 1D
111°  46.89 (+2.02)x 1D 90.42 (+3.25)x 1D 41.84 (+ 1.40) x 1D

112° 2537 (+1.35)x 1D 169.71 (+7.80) x T0 49.61 (+2.01) x 1®

21n M. B, The host concentration was 3.3 x°10. © R? was between 0.990-0997The constant
of all sensors with the anions could be calculatéti a tolerable error by non-linear least—-squares
method.
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By allowing 1/K,Cy to be varied freely one can obtain tkg values by non-linear least-
squares analysis ofiy vs.G / Cy. The association constants of all sensors wittAEO and
H,PO, obtained by non-linear least-squares analysis and Benesis-Hildedmalisted in table
22. The other halides anions’(Br and 1 induce a very small change in the fluorescence

emission spectra that did not allow an accurate evaluation of the boahstant.

The high values of the association constants represent a gagphiten of the anions by

the receptors through formation of the respective complex.

Sensorl09shows high association constants witlté@mpared to the other sensors. Possibly
the complex with Finvolves the protons of both the amine and the hydroxyl group. ItHthe
NMR titration experiments it can be observed that the uretorcappear at 6.42 (Hand
9.32 (H) ppm, and the proton of the hydroxy group in absence’ @it .58 ppm. In the
presence of increasing equivalents of this anion, the protoal 3§ OH and Hdisappear. The

H, proton of the urea was gradually shifted downfiela&t@y0.5 ppm.
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Figure 83: Changes in theHH NMR (300 MHz) spectra of 109-112 in DMSO upon adtion
of F

Sensors110-112 present smaller association constants with the examined anions. The

simultaneous interaction between the proton of the hydroxyl grouphangrdtons of the urea
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with the anions is not possible here because the hydroxyl group magtgemgdrogen bonding
with the carbonyl group of the urea. Therefore, the associatiotactedhave smaller values
than for sensot09. 'H NMR titration experiments show a similar behavior like sed9 but
the proton signal of the hydroxy group disappears slower. Thisiastal the fact that the
hydrogen bonding between the carbonyl group of the urea and the hydroxyl gsotp e

broken before interaction with the anions can take place which delaysotiess.

To ensure whether the recognition process involves a CT compleatfon through H-
bonding interactions betweei®9-112and F, computational calculations based on B3LYP/6-
31G(d) " (gas phase) were carried out. Model system geometries optimized in the
absence and presence of the fluoride ion (figure 84). To comparstable geometry of the

complexes the conformation of the sensor owing the lowest energy waseset tkcal/mol).

Figure 84: Geometries of the free (left) and fluode bonded (right) model system for 109

For sensorl09, the optimum geometry is given by a conformation where lingidle is
centered between the OH and the two NH of the urea. This conionnmmagkes multiple

hydrogen bonding possible.

Sensorsl10-112showed a similar geometry for complex formation. Again the itiigois
centered between OH and the two NH of the urea moiety, which nhgkiEegen bonging
possible (figure 85).
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Figure 85: Calculated geometries of fluoride boundo sensors 110-112

Alternative complex conformations were also observed for allosenwith hydrogen

bonding between the hydroxy group and the carbonyl group of the urea mogsetg A
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consequence the fluoride interacts with the NH group of theinradirst step to generate the
hydrogen bonding. These complexes showed the second lowest energy8@guree energy
difference between the complexes of figure 85 and the complexegie 86 corresponds to
the energy of the hydrogen bonding between the hydroxy group andrbunyl group of the
urea moiety. The energy for senstf9-112is 3.89, 2.25, 1.11, 0.21 kcal/mol respectively. For
109 F showed the largest association constant and energy, which rtiedns interacts
stronger with the proton of the NH group before the hydrogen bond betinebgdroxy group
and the carbonyl group is lost. On the other hand, the opposite situatiomsofor112 For
compoundsl10and 111 this association constant differs from the expected, whicmsnibeat
another effect is involved in complex formation. This could be tighbering effect of théso-

propyl group in comparison with the methyl group.

111 112

Figure 86: Calculated geometries of complexes betem sensors 109-112 and fluoride

In the™H NMR experiments fluoride interaction is only marginal etiéel by the substituent
of the receptor as can be seen in figure 83. To confirmalbservation further theoretical

calculations are necessary considering NH bond distance and solvsenaetl

Acetate (AcO interacts stronger with the sensor tharakd HP,O showing the highest
value of the association constants witth. Hydrogen bonding between the receptor and "AcO
can be depicted as shown in figure 87. The delocalization of the dheingeen both acetate
oxygen atoms results in two independent hydrogen bonds with the NH-gobupe urea

receptor.
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Figure 87: Hydrogen bonding of the urea receptor vih acetate

The hydroxyl group of the R-substituent at the urea moiety can be responsdndriorease
or decrease of the association constant depending on possible duaiugentinteract through a

competing hydrogen bonding.

In summary the new sensors also showed a good binding seletiwiyds the anions
AcO-, F, H,PO, that in most cases followed the ordegAcO > Koo F > Kass HoPOy or Kass
AcO > K,ss HPOL > Koss F. Evidence for the hydrogen bonding nature of the urea-anion and
hydroxyl group-anion was further obtained'byNMR titration of the sensors with the anion in
DMSO-ds. The fluoride complexes established through hydrogen bonding weredpiow
theoretical calculations. For the other anions this stik ha be calculated in future

investigations.

3.9.3 Chiral recognition

Molecular recognition, especially chiral recognition, is onehaf most fundamental and

crucial properties of various natural systefis.

Erwing and coworker§® found thatmeningococci(bacterium that causes cerebrospinal
meningitis) are able to grow on either enantiomer of lacfBi® enzymes for the lactate-

oxidizing activity in the bacteria are specific for one of the tsaoriers which i®-lactate.

Chan and coworker8” explored the neurological toxicity of the isomeric form otdée in
experimental animals to determine the serum level®-ofind L-lactate achieved in stable
patients during routine peritoneal dialysis (a treatment foema with severe chronic kidney
failure). In patients undergoing peritoneal dialysis who devalomwrmal neurological changes
they observed serum levels Dflactate.L-lactate is produced in the anaerobic metabolism of
glucose and its determination is of interest in clinical ymigl sports medicine and food
analysis® The important role of the lactate in a wide variety iofdgical processes motivates

the development of other methods for detection and chiral misetiion of the lactate isomers.
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Taking into account the stereogenic centre of the sed€ars109-112 enantiodifferentiation
studies were performed by fluorescence quenching in the preskrcardiomerically pure
amines D- andL-methylbenzylamineD- andL-phenylethanol) as well @3- andL-lactate as

sodium salts.

Fluorescence investigation showed that amines efficientgnaju the emission of these
sensors whereas no important changes were detected in thacgre$ alcohols. No enantio-
differentiation was however observed in the quenching processchiithi amines. Figure 88
and figure 89 show the fluorescence emission change upon additionfofitrguenchers and

(only for theD- andL-methylbenzylamine) the Stern-Volmer plot.
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Figure 88: Emission spectra of 110N\, = 340 nm) in the presence dD-methylbenzylamine
(0, 2-50 mM) in acetonitrile. Insert: a) Emission spectraof 110 Qe = 340 nm) in
presence ofL-methylbenzylamine (0, 250 mM) in acetonitrile. b) Stern-Volmer plots for
fluorescence quenching of 38 bip-methylbenzylamine @) and L-methylbenzylamine ¢)
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Figure 89: Emission spectra of 110N, = 340 nm) in the presence db-phenylethanol (0,
2—220 mM) in acetonitrile. Insert: Emission spectra 38 Q.. = 340 nm) in the presence
of L-phenylethanol (0, 2220 mM) in acetonitrile

Chiral recognition ofD- and L-lactate was carried out through UV-vis absorption and

fluorescence quenching.

Upon addition oD- andL-lactate no drastic changes were observed in the absorption spectra
of the sensors, but a new band at 340 nm with weak intensity wedatetogether with an
isosbestic point at 317 nm. To examine the formation of a new corbpteieen the sensors
and theD- and L-lactate, the difference spectr&ehsor + D- or L-lactate]Sensor were

calculated and are shown for sens07 in figure 90 and figure 91.
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Figure 90: Absorption spectra of 107 (3.3 x I0M) in the presence of increasing amounts
of D-lactate (0, 0.033-0.3 mM) in acetonitrile. Inset: a) difference UV-sectra of [107 +
D-lacate] — 107 in the long wavelength region
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Figure 91: Absorption spectra of 107 (3.3 x I0OM) in the presence of increasing amounts
of L-lactate (0, 0.033-0.3 mM) in acetonitrile. Inset: a) difference UV-sgctra of [L07 +L-
lacate] — 107 in the long wavelength region

The results of the difference spectra confirm the formatiomewf species. The association
constant could not be calculated from these absorption spectiaskethe changes were not
strong enough. However, this effect was found for all intevastibetween sensors and the

lactate isomers.

Chiral recognition requires multiple-point interactidff In this work the interaction was
based on hydrogen bonding between the receptor Candnd L-lactate. Enantioselective
detection ofD- andL-lactate due to fluorescence quenching promises a higher séydshtam
detection by absorption, so fluorescence experiments were condudtedflubrescence
emission of the sensors was decreased upon addit@naofdL-lactate (0.033-~ 0.3 mM) and
was observed for all sensors with stronger or weaker effbet next figures show the emission
spectra Xem= 430 nm) of sensd07 and its changes upon addition®f andL-lactate (figure
92 and figure 93).
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Figure 92: Emission spectra of 107\, = 340 nm) in the presence of increasing amounts of
D-lactate (0, 0.033—0.3 mM) in acetonitrile. Insert: a) changes in thefluorescence
intensity of 107 upon addition ofD-lactate. The red line is a line-fitted curve. b) &rn-
Volmer plots for the fluorescence quenching of 10dpon addition of D-lacatate @) and L-
lactate (¢#)

The quenching efficiency dd-lactate was much higher than thatLdfactate for all sensors
which can be seen in the difference of the emission spectraine 8¢ and figure 93. Figure 92
insert (b) shows the Stern-Volmer plot that indicates two reiffieprocesses being involved in
the recognition oD- andL-lactate.D-lactate presents a non-linear curve that can be assbciate
with a static quenching process, and the quenchinglwldlotate presents a linear slope that can

be associated with a dynamic process.
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Figure 93: Emission spectra of 107\, = 340 nm) in the presence of increasing amounts of
L-lactate (0, 0.033-0.3 mM) in acetonitrile Insert: a) changes in thelfiorescence intensity
of 107 upon addition ofL-lactate. The red line is a line-fitted curve.
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Measurements of the fluorescence lifetimes is the mostiefinethod to distinguish

between static and dynamic quenching: for static quenalihg = 1, in contrast to dynamic
quenching wher&,/ F=1o/1.

To confirm the nature of the quenching process lifetime oreagents of sensdr09 were
performed upon addition dD- and L-lactate. ForD-lactate it could be confirmed that the
interaction between the sensor and anion occurs by a static orddes lifetimes of the

complex D-lactate109 remain almost constant and satisfy the equaijdn = 1.

Lifetime measurement of complek-[actate109 presents results that can not confirm a

pure static quenching because equatipih F = 1o / Tis not satisfied. The Stern-Volmer
plots for both lactates are shown in figure 94.
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Figure 94: Stern-Volmer plot for the fluorescence genching of 109 in function of the

intensity (g, ¢) and lifetimes @, m) upon addition of D-lacatate (right) and L-lactate (left)

In most instances the fluorophore can be quenched both collisional amdnyylex
formation with the same quenché? This combination of quenching processes can be
represented by the following mechanism:

o KalQ

\ non-fluorescent
hv

Ks
F+Q F-Q

Figure 95: Mechanism of combined dynamic and statiquenching

Satisfactory non-linear curve fitting (the correlation caiffit is over 0.99) confirmed that

D-lactate forms a complex with all sensors whetegactate shows the formation of a weaker
complex compared tD-lactate.
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Sensorl09 shows a high value for the association constant, indicatinghinatteraction of
lactate with the sensor may occur in a similar way iikeappens with acetate (due to charge

delocalization between two oxygen atoms).

With the results of these absorption and fluorescence quenchufigssthe formation of a
complex betweeD- andL-lactate with the urea receptors is obvious, which can be obisatve

longer wavelengths.

The enantioselectivity was satisfactory because recogrifi the enatiomers takes place by
different mechanisms. THe-lactate recognition occurs under static quenchinglaladtate is
very likely recognized by a combination of static and dynamic quegchr these complexes,
the association constaitss was calculated by using the following equation and optimizing the
coefficients (Origin 6.0)"¢

2
|/|0:1+|"m/|°_11+CA+ CH 1+&+ 1 Y
2 C, .Ch C, K,C, C,
8
where } is the fluorescence intensity of the host without aniops,d the fluorescence
intensity reaching a limit by addition of an excess anionsjsGhe concentration of anions

added, G is the concentration of host molecule and | is the fluorescemneasity of the

complex.

By allowing 1/K,Cy to be varied free, the J&values can be obtained by non-linear least-

squares analysis of JNsCx / Cy.

Table 23: Association constantsi,s) for all sensors (107, 109-112) witB- and L-lactate in
acetonitrile

Sensor Kgs(Na-D-Lactate) ®  K,ss(Na-L-Lactate) ?  KaeD/Kasd

107 19.16 (+ 1.80) x 10 3.84 (+0.74) x 1d 4.99
109° 25.89 (+ 2.08) x 10 5.54 (+ 0.47) x 1 4.67
110° 17.75 (+ 2.08) x 1 4.15 (+ 0.40) x 1® 4.27
111° 15.80 (+ 3.62) x 1 3.37 (+0.57) x 18 4.70
112° 20.40 (£ 1.49) x 10 2.93 (+0.40) x 1® 6.96

21n ML, ® The host concentration was 3.3 x°14. © R? was between 0.987-099&he constant of
all sensors withD- and L-lactate could be calculated with a tolerable efvgrnon-linear least —
squares method.

To ensure whether the chiral recognition process involves aoGiplex formatiorvia H-

bonding interaction betweeh07, 109-112and D- and L-lactate, computational calculations
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based on B3LYP/6-31G(d) (gas phase) were carried out. Modelnmsygtemetries were
optimized in the absence and presende-adndL-lactate (figure 96). To compare the geometry
of the complexes the most advantageous energy conformations (rdrermygies, Kcal/mol)

were used.

9

A

107 Na-L-lactate

110 Na-D-lactate
*ﬁ:’
o’ 2
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¢ 9

111 Na-D-lactate 111 Na-L-lactate

Figure 96: Calculated geometries of complexes betae sensors 107, 109-111 arigt and
L-lactate

The zero point energies of the calculated complex did not slymifisant changes wheld-
or L-lactate interacted with the same sensor, in contrast t@lbkerption and fluorescence

experiments reported in this chapter.

In conclusion, the phthalimide based chiral recept@/ 109-112Zontaining a urea group
showed enantioselective recognition towards chiral lactei® iThe recognition was evaluated

by absorption, fluorescence, but not by theoretical calculationsepRer 112 exhibits an
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excellent chiral recognition ability towards the enantiomer¢acfate, the other sensors can
distinguish between both enantiomers with less efficiencyorEscence recognition of the
anions involves two different processes for all senddorlgctate due to a static quenching
process andl-lactate by a combination of a static and dynamic process. Tlwabelculations

are ongoing to rationalize the enantioselectivity of the sensors toldastgll -lactate.

3.10Fluorescence study of the sensors 107 and 109-112 with

different peroxides

Previous fluorescence experiments showed that sed€dras well asl09-112 interact
directly with protic solvents such as methanol and thus dxbitsinges in the fluorescence
emission. The following experiments were executed in order tmiagraif this effect can be

used for the recognition of hydrogen peroxide and other peroxides.

As it is well known, hydrogen peroxide is one of the most impogaatytes because of its
involvement in explosives. Figure 97 shows that no fluorescence changes can baldbgbese
fluorescence emission of sensd}7 in dry acetonitrile solution as well as in the presence of
water after two hours of irradiation. However, when hydrogeroyde was present, the
fluorescence of the probe in the UV-reactor (355 nm) which weaepible to the naked eye
completely disappeared. In a first assumption, seh8@rseemed to be a suitable sensor for

hydrogen peroxide recognition.

Subsequently time dependent fluorescence quenching studies weoempdrffor this
system. The samples were placed into quartz cells of 1 cim leagth. Compound
concentration was adjusted to 3.3 uM (10 pL of a 1 mM solution in 3e@N) for the
phthalimide, hydrogen peroxide {6,) was used as a 25 % aqueous solution. Excitation and

emission slit widths were adjusted to 2.5 nm and the experiment was carriedvousteps:

a. In the first step the fluorophor was treated with the correspgrueroxide (1uL up to
20 pL).

b. Then the mixture (3.3 uM fluorophor + 20 uM of peroxide) was irradidh the
photoreactor Luzchem LZC-4V (14 lampsF= 350 + 20 nm) for about 180 min, while

every 30 min a fluorescence spectrum was measured.
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Figure 97: Pictures of the quenching of the sensowsith H,0,

The fluorescence emission upon addition gDHshowed a slight shift to the red of about
10 nm and no significant decrease of emission intensity. The changebe seen in figure 98

where the titration of sens@07with H,O; is depicted.
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Figure 98: Emission spectra of 107\, = 340 nm) in the presence of increasing amounts of
H-,0, (0, 120 uL) in acetonitrile
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The irradiation of the last titration probe (3.3 uM of fluorophdGtpM of HO,) showed
stronger changes in the spectra. Fluorescence emission dirdiocesh@s % after 180 min of
irradiation Qe = 350 £ 20 nm) in respect to the starting emission. THerdiice becomes
obvious by comparison with the not irradiated probe (figure 99tiasand b). The irradiation

mixture of the sensor withJd, induces a considerable emission decrease.
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Figure 99: Emission spectra of the irradiation expgments of 107 Qg = 340 nm) in the
presence of HO,, 20 uL in acetonitrile. Insert: a-Control experiment in dark.
b-Normalization of the fluorescence emissiows.time

The same experiments were carried out for serifigsl 12 revealing that emission changes
were the strongest for sensd7 and109. Obviously, the presence of some substituents on the
fluorophore produces a small effect (about 20% in the finas®aom record at 120 min, figure
100) in the interaction between® and the sensor. However, all sensors present a ggod H
recognition induced by irradiation at 350 nm during 180 min. The emiskimmges can be

detected by the naked eye.

To examine the selectivity of the sensors in presence®@f &lcomparative experiment with
different peroxides was performed. The samples were placedjuartz cells of 1 cm path
length. Concentrations were adjusted to 3.3 uM (10 pL of a 1sweiMtion in MeCN) for the
phthalimide and for the peroxide at 6.6 uM (20 pL of a 1mM solutoMeCN) and the
excitation and emission slit widths were set to 2.5 nm. The expetriwas carried out in two

parts:
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a. The first part was the treatment of the fluorophor with theesponding peroxide
(1pL up to 20uL).

b. The mixture (3.3 pM of fluorophor + 6.6 uM of peroxide) was irradidte the
Luzchem LZC-4V photoreactor (14 lampsz= 350 + 20 nm) for about 180 min, and

every 30 min a fluorescence spectrum was measured.

~ 194 ®  107+H,0, hv 350nm
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Figure 100: Normalized emission intensity after theirradiation process of the sensors
107 @), 109 @), 110 (A), 111 (V) and 112 ¢) in the presence of HO,, 20 pL

The different peroxides used for this experiment are givefigure 101. The peroxide
targets were hydrogen peroxide,(@4), hydroperoxides (R-OOH) and dialkylperoxydes (R-
OO-R).

OOH

3-hydroperoxy-2,3-dimethylbut-1-ene
P1

O
Artemisinin b NCO—<
/k P4 0-0 0
OCH o
\

2-hydroperoxy-2-methylpropane
P2

methyl 2-(3-(4-bromophenyl)-1,2,4-trioxan-6-yl)acrylate
P5

methyl 2-(3-(4-cyanophenyl)-1,2,4-trioxan-6-yl)acrylate
P6

H20,
OOH hydrogen peroxide 10
0-0 o
o
\

1-(2-hydroperoxypropan-2-yl)benzene
P3

methyl 2-(3-(4-nitrophenyl)-1,2,4-trioxan-6-yl)acrylate
P7

Figure 101: Peroxide molecules used in the fluoresiace emission experiments
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These quenching experiments showed results similar to those tehdvith HO,: a slight
red shift of the emission intensity and a weak decreaskeofntensity. The most striking
difference is shown in Figure 102, where the efficiency of sef®@rto recognize LD,
compared to other peroxides can be observed. However, comparisglditivity to peroxides
other than HO, the sensor shows better recognition for peroxides (R-OO-R) than
hydroperoxides (R-OOH).

Irradiation of sensorlO07 under nitrogen atmosphere resulted in small changes in the
fluorescence emission compared to the experiments carriedndgtr normal atmosphere /

aerobic conditions, which indicates that air oxygen is interacting weatl the sensor.

In presence of water, changes in the fluorescence emissioardpén a minor proportion

than with the peroxides. This change can not be observed with theaaked can be seen in

figure 97.
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Figure 102: Normalized emission intensity after tharradiation process of sensor 107 with
the different peroxides.

The new fluorescence sensd@7 and 109 exhibit a excellent recognition of,8,: nearly
100 % of the fluorescence emission disappears in the presene®ofQther hydroperoxides

can also be detected but only with moderate efficiency.

After 180 min the detection of B, is perceptible to the naked eye which can be very

advantageous for possible applications.

Until now the mechanism involved in the recognition gDHand other hydroperoxides is
unclear. One possibility is a nucleophilic attack @Okto the phthalimide. bD, thus induces
ring-opening of the imide group. Rouéein scheme 38 shows the produddi3 that could be
obtained by a nucleophilic attack of the NH group to the hydroperoxideth&r possibility
would be routéb, where the hydroperoxide attacks the carbonyl group to formla apd the
benzylamine leaves the molecule by a rearrangement. Fisgllgssible products phthaldi&5

or a benzodioxinedionkEl4could be obtained.
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Scheme 38

In order to clarify which reaction is taking place betweenstnesor and ¥D,, 2-benzyliso-

indoline-1,3-dione 117) was synthesized according @P1. The product was isolated with

83 % yield (scheme 39).

7 p
NEt
O + gN ——
Toluene
116 o 45

Scheme 39

'H NMR experiments were performed to elucidate which mechaissmvolved in the
interaction betweett17 and HO,. A 1:1 solution ofLl17 and HO, in DMSOds; was prepared.
The solution was irradiated at 300 nm in the Luzchem LZC-4V photoregtd lamps,
A= 300+ 20 nm) for 180 min and every 30 mirtth NMR spectrum was recorded. The

resulting'"H NMR spectra after 30, 60 and 180 min of irradiation are shown in figure 103.
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Figure 103: '"H NMR spectra of the solution (107 + HO,) after different intervals of
irradiation time

The experiment shows no changes of the proton signals afteatioadof the solution. With
both mechanisms, the GHignal as well as the phenyl signals of the benzylamioeldv
disappear when the reaction is complete. The spectra show onppshin changes of the

H,0, signal but no changes on the aromatic signals.

Considering the previous results another experiment was carriedthigittime in a
preparative scale experiment. A 1:1.1 equiv. solution of set®dand HO, in acetronitrile
was irradiated in a Rayonet chamber photoreactor PRR-100 (16 xA3E00ps,ca. 400 W;
A =350 + 20 nm) for 90 min, the reaction mixture being cooled with tap H&e?C). After
evaporating the organic solveimt vacuothe reaction mixture was dissolved in £# and
washed with water. The organic layer was dried over Mg8t concentrateith vacuo After
extraction of the crude product, the recorded NMR spectraveshonly the starting material
107. Unfortunately, a possible photoproduct could not be isolated snctge. Therefore, no
information is yet available about the mechanism in the reabgtween senso)7, 109-112
and HO..

The fluorescence experiments indicate that the interacionly possible when the solution
containing a sensor and:®} is irradiated. This leads to the assumption that the oeatdkes
place from the excited state. Taking into account that phthalimadesversatile electron
acceptors in PET reactioff§ and HO; is a strong oxidant (electron donor) the possibility that
a PET process occurs in the excited state is high. Howevérefxperiments are necessary to

understand this process and to propose a valid mechanism.
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3.11Synthesis of Chiral Phthalimide-Thiourea-Conjugate

The synthesis of thiourea-phthalimide couples was achievealvfoly the synthetic route
shown in scheme 40. The synthetic route involves five steps. Tieidian electrophilic
aromatic substitution on C-4 of the phthalimide ring system througdtion with HSQ, and
HNOs, which yielded 58 % isolated produéf!

2-Benzyl-5-nitroisoindoline-1,3-diond 20) was obtained in the second step of this route by
nucleophilic substitution in 47 % vyiel#® In the following reaction120 was reduced with
catalytic amounts of Pd/C undeg-Btmospheren EtOH, giving the product 5-amino-2-benzyl-
isoindoline-1,3-dionel(21) in 78% yield "

2-Benzyl-5-isothiocyanatoisoindoline-1,3-dioh22 was obtained through a reaction of the
aminophthalimide derivatel21) and thiosphosgen&” The thioisocyanate derivat22 was
isolated in 57% yield. In the last step, a coupling betweBnl{phenylethanamine) ant?2
and 1-(2-benzyl-1,3-dioxoisoindolin-5-yl)-3R)-1-phenylethyl)thioureal@d in 81% yield is

performed?
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Scheme 40

3.12Photophysical Properties, Anion Sensing and Chiral

Recognition by Chiral Phthalimide-Thiourea-Conjugates

Absorption spectra were recorded using a Perkin-Elmer LarBbddV/vis spectrometer.
The samples were placed into quartz cells of 1 cm path lemgthcompound concentrations
were adjusted to 3.3 x 20M in DMSO while the quencher concentrations were adjusted
between 0 and 333.33 x 1.

First, the absorption spectrum of sendd®?3 was measured in absence of anions in

acetonitrile and shows bands centered at 272 and 350 nm.
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Then absorption spectra of send®3 were determined in different solvents which are
shown in figure 104. The observed bands refer to two electronidtivassthert, 1T transition

at higher energy and them, transition at lower energy.

35

i T, m—\leCN
5 DMSO

—\ 10 OH

104 n, m*

T T T T T
300 350 400

A (nm)
Figure 104: Absorption spectra of 123 (3.3 x 10M) in different solvents

Table 24 shows the absorption bands of seh8in different solvents, the, 1T transition
band appears between 270 and 276 nm and thetransition band between 347 and 356 nm.
The calculated absorption coefficient (legcorresponds to the m;, transition. No significant

changes were observed with increasing solvent polarity andtia pobvent like methanol did
not produce changes in the absorption of the sensor.

Table 24: Absorption bands of sensor 123 and logfor the transition n, m in different
solvents

Solvent , 7t ("m) n, m (nm) Loge of n, m (nm)?

DCM 274 351 3.87
MeCN 271 347 3.73
DMSO 276 356 3.82
MeOH 270 348 3.88

3 A =gxc x| where A = absorptior, = absorption coefficient (Mcmi?), ¢ = concentration of the
sensor (3.3 x 16 M) and | = length of the cell 1cm.

In the next step, anion recognition was studied by absorption spEc&rasensor solution
was titrated with different anions such as®, Br, I, AcO and BPQy,, each applied as the
corresponding tetrabutylammonium salt (TBA acetronitrile.
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Upon titration with F, the ground state was affected and the absorption at 347 nm was
weakly shifted to the blue due to recognition of the anion. Furthernwoeisosbestic points
were observed at 286 and 367 nm and a new band at 434 nm alseappear addition of the
F. These absorption changes confirm the formation of a new sgdt@esecognition of Foy
the sensofi23 Figure 105 shows the titration spectra withnFan acetonitrile solution of the
sensor. Unfortunately the observed changes in the absorptionaspéaensorl23 did not
permit to calculate the association constant of this new spbetause the different plots that
were produced do not presented a good adjustment. The least-giaa(@gA, vs. CA/Cy) of
sensorl23 upon addition of Fis shown in figure 105 insert as an example of the poor

correlation for this system.

1,0
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Figure 105: Absorption spectra of 123 (3.3 x TOM) in the presence of increasing amounts
of F (0, 0.033— 0.3 mM) in acetronitrile. Insert: changes in the &sorption intensity of
123 upon addition of F. The line does not show a line-fitted curve

These results suggest that complex formation can be ruledsopbssible recognition
mechanism for F Fabbrizzi and coworkef¥ compared the H-bond donor tendencies of urea
and thiourea and verified the occurrence of deprotonation prodesses presence of certain
basic anions such as halides and carboxylates in DMSO solutiongTiaié consideration the
results of the previous authors, the possible mechanism fosykiem could be related to a
deprotonation reaction of the NH group of the thiourea (recemd) to F. The potential

deprotonated species are shown in figure 106.
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Figure 106

To confirm the deprotonation process1@3'H NMR titration experiments were performed
in DMSO-ds; as described above. The thiourea protons appeared at 8)3(H9.35(H) ppm
(figure 107). In presence of increasing equivalents ofhleé H signal disappeared and the H

signal was gradually shifted highfield and progressively disappeared.

The deprotonation of +produced changes on the three proton signgldifiand H. The
formation of a negative charge generated an electrosttdut,aefrhich led to a highfield shift of
the three aromatic proton signals. After addition of 3 equivFo& strong deprotonation
tendency of Hwas produced, although deprotonation of thecbluld not be observed. A
rationale could be bond-lengthening of the NHdnd that is responsible for this upfield shift.

)JK JkOeq.

leq.

l 2 eq.

3eq.

T T T T
9.5 85 75 6.5 55 45

Figure 107: Changes ifH NMR (300MHz) spectra of 123 in DMSOdg upon addition of F
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Other anions such as Ac@nd HPO, were also recognized. The absorption spectra of
sensorl23show an isosbestic point at 353 nm on increasing concentration 0bAd@he band
at 347 nm is weakly shifted to the red for about 19 nm. Figure 108 shewadsorption spectra

of this titration.

The absorption shift indicates that the ground state of sei®is affectedi.e. these
changes in the absorption spectra can be the consequence arhpéexc formation or

deprotonation process of the thiourea protons.

In this case it was possible to calculate the associabiostant by a non-linear least-squares

method (eq. 8), the insert in figure 108 shows the corresponding plot.

0,8
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Figure 108: Absorption spectra of 123 (3.3 x TOM) in the presence of increasing amounts
of AcO™ (0, 0.033— 0.3 mM) in acetronitrile. Insert: changes in the asorption intensity of
123 upon addition of AcO. The line shows a fitted curve
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Figure 109: Absorption spectra of 123 (3.3 x I0M) in the presence of increasing amounts

of H,PO, (0, 0.033— 0.3 mM) in acetronitrile. Insert: changes in the &sorption intensity
of 123 upon addition of HPO,. The line show a line-fitted curve
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With increasing amounts of,HQ, the absorption spectra &23 present an isosbestic point
at 323 nm and the band at 347 nm is weakly shifted to the red for @ouat. I'he recognition

of H,PO, by sensofl23seems similar to the Ac@ecognition.

The results of the titration with the anions Ac&dd HPO, are shown in figure 110. The
obtained absorption spectra allow the assumption that a changietraomplex (CT) is formed
with each anion. To confirm these CT complexes it was negegsamperform NMR
experiments, comparison with a non-nucleophilic base and confirmatitwe oéversibility of

the process in presence of a protic solvent like methanol, ethanolesr wat

(ANl (N /H
N—H----- Q N=—H----- o 0
\ \ //
N—H----- o] N-H----0" "OH

125 126

Figure 110: Possible CT complexes between sensoBlghd the anions AcOand H,PO,.

Concerning C| Br and [ no changes in the maximum absorption intensityl28 were
observed. In the family of halidd®3 recognized Fand Cl. Figure 111 shows the changes of
the absorption upon addition of the anions. The slopes correspondingaiadBraddition are
nearly identical, no significant changes were observed. The $twthe recognition of AcO

and HPOy respectively increases gradually with rising concentration.

F presents a special behavior, as the absorption spectra showsrahzaxi.0 x 18 M and
a minimum at 1.5 x IHM. These changes can be associated with the deprotonatiaraofiH

the hydrogen bonding withH

Comparison of the behavior of Ac@nd F shows that the complex formed with Aci®
more stable than the Eomplex. The small fluoride ion interacts with té release HF that in
presence of Fseems to preferably form BIH he reason for this is the relatively low stability of
the intermediate comple223H--F]" in comparison to the stability of HFThe sensors studied

by Fabbriziet al 2 presented the same behavior as seb2®m the presence of Bnd AcO.
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Figure 111: Changes in the absorption of 123 at 35@m upon titration of F*, CI', Br’, I',
AcO” and H,PO,

Motivated by the formerly described successful experimeiis sensor107-112 chiral
recognition experiments were also carried out. The absorption spécsensorl23in the
presence ob- andL-lactate did not show significant changes. Figure 112 shows tbeptiba
spectra of123 in the presence df-lactate. Only a weak increase of the absorption band at
373 nm was observed. This can be interpreted again as complex dorimatihe ground state.

A similar behavior was observed fOrlactate.
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Figure 112: Absorption spectra of 123 (3.3 x TOM) in the presence of increasing amounts
of L-lactate (0, 0.033— 0.3 mM) in acetonitrile

Figure 113 shows the plot of the absorption changel28fin the presence db- andL-

lactate. The difference between both anions can be observduk ipldt towards lower
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concentrations of the anion. The association constants werdatedcaccording to equation 8

and the resulting plot is depicted in figure 113.
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Figure 113: Changes in the absorption of 123 uporddition of D- and L-lactate

Association constants for all anions are summarized in T&Ble The calculated
enantioselectivity coefficient is 1.93 which shows only a margierntiodifferentiation

betweerD- andL-lactate.

AcO shows the strongest association constant compared to theapnibes recognized by
sensorl23 F did not form a CT complex with senst23

In summary, a new sensor for RcO and HPQO, was discovered. Fecognition involves a
deprotonation process and the recognition of ‘Ae@d HPOQ, shows formation of CT
complexes. Sensdr23 shows a low enantioselectivity betwelenandL-lactate, however it is

possible to detect a slight difference between the enantiomers.

Table 25: Association constantsi,sJ of sensor 123 with F AcO’, H,PO, D- and L-lactate
in acetonitrile and the enantioselectivity of theD- and L-lactate.

Sens. Kass(F)? Kasd ACO )X 10°? Kyss (HoPO4)x 10°2 Kass(D-lact.)x 10°? Kass(L-lact)x 1632 K,es (D/L)

123 P 21.79 +5.26 7.48 £2.1T 4.03£0.76 2.07+0.58 1.93

21n ML° Not calculated® R? was between 0.989-0998.
Fluorescence experiments were not carried out because 4@3ssrnon-fluorescent. The
reason for this unusual effect is not clear until now.

In literature other examples of thioureas are reported that derréluorescence®®

However, these compounds posses a different fluorophor and constitGiimmlaugson
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presents sensors that are constructed wiftu@ophore-spacer-receptostructure, whereas
sensorl23 is constructed in the forrmluorophore-receptar Due to the acidity of the NH
protons very likely a non-fluorescent anion is generated (figltd). To confirm this

assumption pH experiments were performed but no increase in fluores@snhobserved.

@) ©0

127a 127b

Figure 114: Possible non-fluorescent structure ofesmisor 123

The NH protons play an important role in the operating mode of thersdng as pH
experiments elucidated anion formation is not the only reason whsettsor does not show
fluorescence. Thus another internal process has to be invaolvélgeideactivation of the

fluorescence which has to remain under investigation.

In summary, the thiourea showed a different behavior than tlaecoreerning recognition
of the examined anions. The acidity of the NH protons givestoi®f the different interactions
between sensor and anions. The recognition of these anions throughenybmgling and
deprotonation was observed by absorption spectratadMR. The sensor showed efficient
recognition of AcO though hydrogen bonding and fof the recognition occurs due to
deprotonation of the receptor. In comparison with the urea @cepthe previous sensors the
enantioselectivity of this thiourea receptor was moderate. Tihatieselectivity of the urea

receptors i€a. 50% higher compared with the thiourea moiety.
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3.13Synthesis and Photophysical Properties of Luminol

Derivates
o)
o 2 Ry ?
Bno)kNHz * or * QN
Rl\/\/%o o

R1

Scheme 41

This synthesis was conducted by Robert Fitchler (AK. Jacdig)dverall yields over the
three synthetic steps were in the range of 31-62%.The nexistatohs the intermediates of the

reaction and the luminol derivates.

NH, O

I}IH

NH

128 ©

Figure 115: Luminol 128, reference product
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Table 26 :

Aldehydes were used by the MCRs, MCR-Adgts, oxidation products

(Anilines) and the luminol derivates.

Entry Aldehyde MCR-Adducts Anilines Luminol
Gruppe a Gruppe b Gruppe ¢
129 . j\B“ NH, o NH, O
; 0" NH g NH
ﬁ N— NH
N_
o} o}
o}
o] oB NH NH, O
130 | a1 2 P i
07 NH o N NH
NH
N— ol o
o}
0 OBn NH, o NH, O
131 | - N
O)\NH o i-Pr - i-Pr I}IH
i-Pr i-Pr NH
N— ! e} !
i-Pr i-Pr O
i-pr O
o} OBn NH, o NH, O
132 I
O)\NH o Bn - Bn NH
Bn Bn NH
N— o)
Bn Bn O
Bn o
0 | [ HN—NH
133 / 1) N 0 o-N_o O ¢}
: o)
HN HeN
Bno—<o = \ ! s
o} 0Bn NH NH, O
134 | By P ?
| 07 NH ¢ N NH
NH
o}
OBn NH NH, O
135 | Py T i
0”7 "NH NH
| (0] N— |
~ i \Zé NH
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3.13.1 Photophysical data and spectroscopic properties

Photophysical data of luminol were determined in DMSO in liteeastndies®® The
parent iminol was used as reference system for all studies of phaicphyroperties of
luminol derivates. The photophysical measurements of luminol adeswvere performed in
DMSO to compare the spectroscopic data with luminol. The absorpgigsira of derivates
129-132 134 and 135 in DMSO exhibited two distinct bands which were comparable to the

reference compount28 whereas three red-shifted maximum were found for compd88d

The excitation and absorption spectra of the luminol derisitesed the same position of
the maximum. The band in the 355-380 nm region was in all cases sttbagethe 295-
320 nm band. The presence of these two bands in the absorption as ertitation spectra
indicate the presence of two distinct electronically excitates $and $. The excited luminol
derivates relax from the, %, 11 )-state to the S(m, 17 )-state. The Nkigroup in luminol and the
derivates may be a possible site of interaction with actrele donating polar aprotic solvent
such as DMS®® This interaction between the Miroup and DMSO could be generate a
complex through hydrogen bonding in the excited staigrSt) and its emission is associated

with the minor energy absorption band.
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Figure 116: Absorption spectra of 128-135 in DMSOc(= 2.5 x 16 M)

133 compound showed three absorption and excitation bands, all slighthifesdisin
comparision to128 Benzothiophene is an excellent additional electron-donating group and
might stabilize an internal charge transfer state amfitly to the two local excited singlet
states. Table 27 summarizes the relevant spectral tdatawere collected for the luminol
derivatesl29-135
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Table 27: Spectroscopic properties and photophysitaroperties of luminol derivates (125-
131).

Luminol A, €2 Apac™? Stokes® E¢ @-° 1" 1P K

128 297 7768 3241 75 015 1.8 0.8
358 7508 405

129 302 8972 3718 72 023 20 11
367 9676 425

130 305 5872 3863 72 021 20 1.0
368 7752 429

131 304 6232 3771 72 031 20 15
370 8196 430

132 305 9320 3625 72 048 2.2 2.1
372 10016 430

133 333 9048 2392 70 0.21 0.9 2.3

380 9852 418
398 10152 435

134 297 8176 2995 75 040 28 14
358 8304 401
135 297 6156 3501 75 034 1.8 1.8

357 7916 408

2 In nm, concentration of 2.5 x 2aV.. ® Concentration of 2.5 x T0OM. ® In nm, concentration of
2.5 x 10° M. % in cm®. © Fluorescence quantum yield (ref to lumirdf = 0.15).7 In ns.9
Fluorescence rate constant@&® /1) "All measurement was performed in DMSO.

The emission spectra of the luminol derivat@8-132, 134-135howed broad bands in the
region between 405-430 nm (table 27). For compdlBitwo fluorescent separated bands at

418 and 435 nm were observed.

Addition of one methyl group in the donor-acceptor system of the parairtol 128 did not
significantly alter the fluorescence propertids84-135. Although thepara orientation of
methyl substituents and one carbonyl moiety is likely to eeledtronic communication across
the arene, steric effects appear to be more dominant. Theuntion of 6,8-disubstitution in
129, 130, 13Jand 132 as well as anellation with benzothiophed83 prompoted moderated
red-shift of the emission ban@Xe, = 20-25 nm) in comparison witt28 This red-shift can be
a direct consequence of the electron-donor abilities of theitsigods and may be include the

formation of an ICT state after local excitation o S

Steric effect placing two substituents in relatorgho positions to the amino and carbonyl
groups of the parent luminol derivates could produced directlyfextethe stability of the
excited state geometries and thus influence the energy amnudifet the corresponding excited
state. Moderate Stokes shifts 3000 cri) were determined for all compounds except1Ba
(table 27).

The excited singlet state energies were calculated fhamintersection of excitation and
emissions bands and exhibited no significant dependence on the sobsgiaitern (table 27).
In contrast to the excited state energies, the fluorescqgunantum yields showed significant

changes in comparison to lumind28 The derivatel32 showed a threefold increased
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fluorescence quantum yield (0.48.0.15 for128). The singlet lifetimes of compound28-135
are summarized in table 27, in all cases their decaystia@Elominantly exhibit exponential
behavior (R = 0.9997, figure 117). As expected from the significantly loweké&t shifts of
compoundl33 also the singlet state lifetime was decreased. This a&c¢ord with the largest

fluorescence rate constant fi33in the investigated series.
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Figure 117: Normalized fluorescence decayddi. = 355 nm) of luminol derivates 129-135
in DMSO under aerobic conditions. All concentratiors 1.3 x 1G M

3.13.2 pH-Dependence on absorption and steady-state

fluorescence of 129-135

A recent spectrophotometric study of lumid@8 under different solvent conditions such as
DMSO, DMSO-water showed pH dependence of its absorption and tteares propertie£€®!
In order to investigate the photophysical properties of the nevinbl derivates under these

conditions, their behavior was investigated at different pH buffer-salgtinditions.

The absorption as well as the steady-state fluorescencsurageents of compound<8-
135 were performed in water at different pH (commercial busutions at pH 3, 7 and 12),

the data are summarized in table 28.

Two absorption maxima were found in all cases except for der&at pH 3 and 7 and
for 133at pH 3 due to partial insolubility. As depicted in figure 118tlar diethyl-substituted
compoundL30, the low energy transition is slightly bathochromic when goiamflow to high
pH-values with a moderate increase in extinction coefficientereMpronounced effects

appeared for high energy transition that is subsequently shifted hypso-anchhgpiéc.
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Table 28: Spestroscopic data in aqueous buffer salans at different pH.

pH=3 pH=7 pH =12
ag\-maxAbS b)vmaxEm c A ag\-maxAbS b)vmaxEm c A ag\-maxAbS

128 | 294, 351 430 5234 301, 351 - - 301, 351
129 | 301,360 443 524D 309, 356 443 5516 312, 354
130 | 303, 360 446 5356 311, 357 446 5589 316, 357
131| 304,362 450  540p 313,359 450 5632 317, 357
132 - - - - - - 317, 362
133 - - - | 322,337,381 437,492 3294 5852 322,381
134 | 296, 350 428 5206 303, 347 427 5399 303, 347
135 | 294, 351 431 5288 304, 349 429 5343 305, 349

2 |n nm, concentration 1.5 x 0° In nm, concentration 2.5 X TM, Agye = 350 M, fOrL33 Agye =
380 nm.° Stokes shift in ci.
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Figure 118: Normalized absorption spectra of 130 itd,O/DMSO 9:1 at pH 3 (=), pH 7(-)

andpH 12 (-); c=1.3x1GM

Taking into account the high acidity of the phthalhydrazine group {27 in DMSO®",
compared with the pkof acetic acid in DMSO 12), it can be safely assumed that latpiighe

phthalhydrazine group is doubly deprotonated and fully protonated at pHid) is not the

case for the aniline-type group at C5. The more pronounced changlesorption behavior at

shorter wavelength can thus be correlated with the phthalhydneaitief the molecule and its

S, electronic excitation. These effects were also detecteth (@fferent magnitudes but
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identical tendencies) for the luminol derivat#28, 129, 13land 132 as well as for the
monoalkylated compoundk34 and 135 respectively. As expected, strong fluorescence was
observed at pH 3 for all derivatives whereas their intensleseased to 50% at pH 7 under the
same conditions. In line with the literature resdifsno emission was detected for any luminol
derivative at pH 12 and this observation is in agreemenh iwhe formation of the
phthalhydrazide dianion species which could delocalize the imegdtarges and consequently
quench the fluorescence by ICT (scheme 42). Finally, the incie&tekes shift at higher pH
can be interpreted as an increased charge shift stéibiizaf the excited state relative to the

ground state.

pH pH
NH, O NH, O
R @ R\\ NH
l\\ NH H | | =
__NH AN
o (@]
fluorescent fluorescent non-fluorescent

Scheme 42: pH-dependent fluorescence of luminol deates

3.13.3 Chemoluminescence (CL)

The CL resulting from the reaction @28 with an oxidant (KO, in particular) in strong
alkaline medium has been extensively studied and applied to deddon of several inorganic
and organic species. Lumind28 CL promotion has been used as a superior tool of metal ion
determination where at least 20 metal ions increase theofa@# for this reaction. In this
context, many previous studies 428 CL have usually employed different conditions

concerning the oxidant and the catal{ét.

The CL effect dependence on the ring substitution of the luminoladimes 129-135was
investigated under the same conditionse,( same catalyst/oxidant system such as
Fe+3/H202) 9 Aside from that, luminescence intensities were recorded avitluorescence
plate reader which allowed to obtain fast informatiorsitu about: i) the suitable amount of
catalyst/oxidant system equivalents which might be addedgid comparison study of the CL
process between compounds belonging to the same family under thewaditeons, iii) to

estimate relative CL quantum yields.

Hence, solutions of luminol derivativé28-135(7.5uM) in alkaline medium (pH 12) were
placed in a plate reader in combination with increasing amourfite 4,0, (5%). Figure 119

shows an illustration of the plate reader where 2 mL soluti@owibined luminol derivatives
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and catalyst/oxidant was used. After a fast luminescenceumaaent, detailed values were
obtained which represented the emitted photons due to the Clspréaeording to these data,
luminescence enhancement reached a maximum when 40 equivalesitsyft/oxidant system

were added in all cases.

Fe*3/ H,0, (5%) (eq)

128

129

130

131

132

133

- oeee e@
- o@@@

Figure 119: Picture of the fluorescence plate readecombining the luminol derivatives
together with increasing equivalents of F& (25 mg/ml)/H,0, (5%). Numbers represent the
emitted luminescence photons by corresponding solans (2 ml per well)

Once the methodology including suitable conditions concerning the icaddif
catalyst/oxidant equivalents was available, the nept\stes to make comparison studies of the
CL process with the parehf8 Thus, data treatmehby plotting the luminescence enhancement
vs.the corresponding derivative was carried out (figure 120).dstiegly, derivative429-135
presented an immense increase in the emission of the CL whH&@d85showed even less

intensity in the process thd28
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Figure 120: Luminescence enhancement of luminol dmatives (7.5pM) in addition of 40
equivalents of F&%(25 mg/ml)/H,0, (5%)
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Figure 121: Variation of the relative luminescenceintensities with time of derivatives
128-135

It is well-assumed that oxidation df28-135led to the formation of the corresponding

carboxylates excited singlet state that was the responsible liaftthemissior?”

The absolute CL efficiency depends on three important fagjdrsiction of molecules that
follow the correct chemical path to give the critical intediates; ii) fraction of molecules that
cross over to the excited state of the product and iii) fluoresogumantum yield of the emitters.
With this method the absolute CL efficiencies could not be olitabexause of technical
restrictions as well as missing relative data. Rela@e quantum yields ®¢.*®) could be
estimated by e® since128-135luminescence intensities were found to be dependent on the
time (figure 121).

(I)CLRel = (dO/dsample) (I sample/ IO) (I)CLO (17)
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where®¢’ is the CL guantum yield as reference that, in this casemaskto unityd is the
decay rate of luminescence disappearance which is diretgtgdeawvith the slopes obtained in
figure 121 and is the number of photons obtained in the luminescence plate regdee 21)
after addition of 40 equiv. of F&25 mg/ml)/HO; (5%).

®¢ "' values for the luminol derivatives are given in table 29. Assuming teetaference
1281.0, compound.30 appeared to obtain the highdss, " with an increase of 10% of the CL
efficiency. Taking into account these values, the CL effigifbiowed the orded 30> 129~
132>133>128>133>135> 134

Table 29: Relative CL efficiencies of luminol deriates.

Lum.*  Slopes @ "
128 -0.00387 1.0
129 -0.0074 7.3
130 -0.0082 10.0
131 -0.0071 5.3
132 -0.0049 7.3
133 -0.00357 0.6
134 -0.00254 0.3
135 -0.00271 0.5

& Luminol as reference.

Some conclusions could be drawn from these data: i) tri-sutlestiting luminol derivatives
increased:5-10 times the luminescence intensity in comparison with thenpb28 this would
be directly related with thé< " where their CL efficiency were found to be 10-5% higher;
i) di-substituted ring derivatives decreased the CL effecteéd, no significant changes were
found when the methyl group was @mtho or meta position related to the amine group; iii)
introduction of a heterocyclic compound as substituent appeared not doithble for the

increase of the CL efficiency.

Luminol 128 CL promotion has been used as a perfect tool for metal i@rndegtion
where at least 20 metal ions increase the rate of Cthimreaction®™ In view of these results
for 128, the capability to increase the CL rate of luminol derwdi25-131in presence of

different metal ions (B4, Fe3, CU#*, Ni*" and Md" as nitrate salts) was investigated.

Chemoluminescence measurements were performed using a lumindmetat LB 9507".
H,0, (25 pL, 5%) was dispensed to lumirid4 or the luminol derivate$29-135(10 pL, 1.5
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mM solution in DMSO), cation solutions (BaFeZ, C/*, Ni* and Md", 6 pL, 6.18 mM
solution in PBS, pH: 12) and 0.98 mL of PBS (pH 12). The generated chemiluminescence at

25 °C was measured continuously for about 250 s.

With this method the corresponding kinetic curve associateithetoCL process can be

obtained directly, an example is shown in figure 122. When the coatentof peroxide/metal

ion diminishes to react with the luminol a decrease of CL iitteissobserved. The generally

accepted mechanism for this system is shown in scheme 43.

Luminescence Intensity (rlu)
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Figure 122: Plots of the CL kinetic process of 12@ith the different metal ions

Copper presents a different behavior in comparison with the wiiied ions. The maximum

CL can not be determined exactly for this metal because the high signaleshtheatietector. It

is possible that the copper reacted much stronger with hydrogendgetioan the other metals,

and consequently the production of the oxygen species that reacts with tha isrhigher.

NH, O

=

@)

NH

NH

X2+ + H,0,

NH, O

R _
+
A__o TNZ *

Scheme 43: General mechanism to produce CL due tydrogen peroxide and metal ion

The histogram (figure 123) shows that some luminol derivateepre better detection for

the examined metal ions than lumin®28 For quantitative results the relative CL quantum

yields @c."®) were calculated using eq. 17. The results are summarized in table 30.
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Figure 123: Luminescence enhancement of luminol dieatives 128-135 upon addition of
2.5 equivalents of X"/H,0, (5%). Copper exceeds the range

Defining the parent referend®28 as unity, compound 32 appeared to obtain the highest
ST presence of all metal ions within an increment between 74886 of the CL
efficiency.Luminol 133 showed the lowest CL efficiency in the reaction with iron, amdHe
other metal ions the reaction with lumirk84 was the least efficient. The experiment covering
Ni?* showed a threefold better efficiency of CL in comparison wf. FEL efficiency of B4
was similar to that of F&and Mdg* showed the lowest CL efficiency of this metal ions group
because MY did not undergo the redox reaction witbQxl

The type of metal ion plays an important role on the examined CLaeractie CL intensity
generally increases with increasingdd concentration and the decomposition rate gdHThe

catalytic decomposition of J@, is directly affected in presence of metal ions asbmseen in
table 30.



144

Table 30: Relative CL efficiencies of luminol deriates with different metal ions.

Lum.® Cu(NOz)??* Fe(NO;)> Ba(NOs)> Mg(NO3)? Ni(NOg)?

128 - 1.00 1.00 1.00 1.00
129 - 10.33 5.70 4.07 6.58
130 - 7.74 8.06 3.16 8.18
131 - 12.56 14.58 3.50 24.15
132 - 19.45 31.79 7.09 43.18
133 - 0.96 1.14 0.94 2.52
134 - 1.34 1.06 0.67 1.21
135 - 2.10 1.95 0.69 3.11

2 Luminol as referenc&.Not calculated.

In summary the photophysical properties of a series of luminolades were investigated
and compared with the parent luminol. Spectroscopic properties afothpoundsl28-135
were determined with focus on absorption as well as fluoresdesttaviour. Additionally,
singlet lifetimes and quantum vyields of the fluorescent edd@inglet states were determined in
DMSO. Significant differences were found depending on the subsstustached to the
luminol core in particular for the heterocyclic ring annulatiddditionally, the photophysical
behavior of derivate428-135was studied under difference pH conditions in buffer solutions.
The absorption spectra revealed several species which weenped different pH conditions
with a major presence of the dianion luminol derivates at pCh&miluminescence studies of
128-135were performed using a luminescence plate reader and a luetaroimjector system.
The luminescence plate reader allowed obtaining fast and detaftadnation about the
intensity as well as efficiency of the process depending onubstitients under the same
conditions. It was experimentally observed that tri-substitutednlol derivatives enhanced the
luminescence in comparison with thatl@Btogether with a better CL efficiency a factor of 10.
Employing the luminometer was possible to obtain the kinetic@fprocess with a high
efficiency of light collection. The substituents of the lumidelrivates showed a significant
influence on the CL efficiency of the processes under the saperimental conditions,
concurrently the type metal ions in the process is importahet€L efficiency process where
iron and nickel presented the better efficiency values. Thduremol derivates can be applied
for detection of trace metals with a good CL efficiency and can thus bedpplanalytical tool

for practical applications.



4 Conclusion

The fluorescent and non-fluorescent sensérs48 and53) presented in the first part of this
work were synthesized by a straightforward synthetic rdwdée ¢onsisted of straight-forward
reactions such as aromatic substitution and reduction reactions and tase acetylation with

good reaction yields.

(0]
NO2 o NO2 o NH; o )J\NH o
NEt Ac,0
O " R\NHZ —3> N_R + H2 &» N—R —2> N_R
toluene EtOH
o) (0] o} (0]

Scheme 44

Fluorescence quenching studies of compoufidsnd 48 were conducted with different
molecular quenchers. By menas of Stern-Volmer plots the quencbmgants Kp) and the
bimolecular quenching constantg)(were calculated. From all quenchers DABCO showed the
best quenching effect for both fluorophores in comparison with tier otolecular quenchers

as can be seen from the high quenching constant.

Linear Stern-Volmer plots were obtained for all quenching prosegkieh is indicative for
dynamic processes taking place. This dynamic fluorescence dugrem occur through PET
from the ground-state quencher to the excited fluorophore. It ispalssible that the radical
cation of the quencher and the radical anion of the fluoroplmrioe as last step of the

dynamic quenching process (scheme 45).

Rl e} Rl O Rl (@]
De
N-R, hv 1p* quencher oV Re quencher] —_— N=R,
ET OH
O 8 Quencher
Scheme 45

The activation of fluorescence emissiora metal ion recognition of produd3 was
investigated. Considerable changes in the fluorescence emissre not observed. It is
possible that the coordination site of prodb@is not suitable for the cations used and thus PET
between the fluorophore and cations is not possible (figure 124). &«no#hson can be a
competition in the complex formation between the primarythedertiary amine groups in the
fluorophore. It would be possible to confirm this speculation by piotecne amine group

with acetamide or another protecting group and to repeat the quenching experiment
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NH
2 0 M+©

Figure 124: Possible complex between 53 and the raktons

The results of the fluorescence experiments wRhand Eu(lll) were comparable with the
other metal ions. Emission fluorescence changes were not aths&éha mechanism shown in

scheme 46 could thus not be realized.

53, non-fluorescent

Scheme 46

Unfortunately, attempts to synthesize 1-(2-aminonaphthalen-1-ylxhephe-2-amine54)
were not successful (scheme 47) and taking into account rikleetig problems, it is proposed

to modify target structure and synthesis route.

‘ ! NH,
NH,
Q OO cl 0

/
P—OMe
Q 54 ACOH + Ac,0 o OMe
0 /\\\O‘
o C Cr
55 56 W 57
O
o)

NH, NH Pht

O NHAc

Scheme 47
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The modification would consist in changing the coupling position of bihggiamine
(with one amine group methylated as described in liter&turand couple it with the a
thioisocyanate or isocyanate group of the corresponding phttelingderivate. The

consequential route is depicted in scheme 48 and should be followed in fanmeations.

o R
N
o}
R, R3
l\\
/ N(CH3)2 N(CH3)2
R, = OCN or SCN R3=0orS

63

Scheme 48

Looking for new higher substituted phthalimide derivatives a nemthsgis route was
developed by applying multicomponent reactions based on Diels-Atdgnistry in the first
step. In the second step a dehydrogenative oxidation of the ategugyclohexadiene product
was carried out using MnOAt last, different ways were examined to conduct a dnesttion

between the ester group of the cyclohexadiene and amine derivativesete acphthalimide.

The last step of the synthetic route could not be conductedid®dhe aromatic amine
compounds showed no tendency the react with the phthalic diester tthgiyehthalimide.
However with aliphatic amines the formation of the phthalimids possible but nevertheless a
mixture of the dehydraminated phthalimide and amino phthalimideadesivas final products

was obtained and not the desired product (scheme 49).

. v
0 NH 2(CHz)2N
HZN\/@,"( 7 . \
r,,,, \\\
O # (0]

NH o HZN N o ,
VA
N N \

71 © 73 ©

@
i’NHOQ
AX®

Scheme 49

Z
Z
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The synthesis of new photocages based on an aminophthalimidessesties® was carried

out and the fluorescence quenching behavior of these photocages was itege&tigaeme 50).
0 0
R Ccoo R }
! Ni —>h|/ ' NJ/ + COz 4+ AcO
R OAc R
o) o
Scheme 50

Both photocages92 and 100 exhibit fluorescence changes associated with acetate
photorelease. The photodecarboxylation mechanisr2oinvolves a competition between
decarboxylation releases in the singlet excited state arPBRequenching to come back to the
ground state. The photodecarboxylation mechanisfrid@involves a competition between the
singlet state decay and the intersystem crossing becausédikalystthe photodecarboxylation

process occurs from the corresponding triplet state (scheme 51).

92 192 92 401 MV 1101 @

-OAcC
PET
quenching%
@ 100___ 100" 5C, 2100° “%O2 10 v _1307° \ @

-OAc
PET

guenching
Scheme 51

Syntheses of chiral phthalimide-urea conjugates were carrieceraploying a Curtius

rearrangement that allows the direct conversion of aromatioxgic acids into ureas (scheme

52).

O H H O
1. PhOCOCI, NaN; N. N
HO,C .
t-BuONa/DME, 75C R \ﬂ/
N - o N
2. R-NH, , 25T
o}
106 ©
Scheme 52

For the sensors07, 109112 photophysical properties were determined in different solvents.
Sensorsl07, 110112 did not show changes in the photophysical properties depending on
solvent polarity. In the presence of protic solvents such as nuti@wever, a strongly
increased Stokes shift accounts for the formation of an intehaabe transfer state after

excitation to the first excited singlet state. Unlike ditieers, in the presence of methanol sensor
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109 showeda decrease of the quantum yield in the ratio of one-ninth compageztionitrile,
and a diminished fluorescence lifetime of 8.0 ns was detected, xapptely half of the

corresponding time of sensb@7.

This difference in the fluorescence lifetimes is probably ttug¢he hydroxy group that
accounts for a fast deactivation from the first excited sirgfhite to the ground state. The non-

radiative pathway that deactivates the singlet state is not favoreethanol.

Sensorl07 was found to selectively detect $ince the absorption as well as fluorescence
changes were only observed in presence of this halide anion. Inothtisxt, a fluorescence

static quenching was proposed for the signalling mechanism, like depicietkime 53.

hv
hv 380 nm hv
~ 430 nm - hv | ) 340 nm,
\?40 M 13ns .7 ~ \ . K
X ’ o) H-O-Me H-0-Me
i G) T (e o~
PN M -@ L L
Hl H2 H ,H P N ’I\I
T 1 2 465 nm
L @ ACT : 'E' 16.9ns
520 nm'~ H-O-Me) \
\ hv
-hv

Scheme 53: Proposed mechanism for the interactioretween 107 and F

Hydrogen bonding interactions between sensors and fluoride ateneed by'H-NMR
studies, and the reversibility of these interactionsbiserved upon addition of a protic solvent

like methanol.

The new sensors09-112 also showed a good binding selectivity towards the anions ,AcO
F, H,PO, that in most cases followed the ordettAcO > Koo F > Kiss Ho POy or Ko ACO >
KassHoPOy > Koss F. Evidence for the hydrogen bonding nature of the urea-anion and hydroxy
group-anion interaction was further obtained by NMR titration of the sensors with the

anions.

The high values for the association constants represent a googhition ability of the
anions F, AcO and HPO, by the receptors of the sensdf7, 109112 through formation of

the respective complexes.

Taking into account the stereogenic center of the senst®s, 109-112
enantiodifferentiation studies were performed by fluorescepenching in the presence of
enantiomerically pure amine®{ andL-methylbenzylamineD- andL-phenylethanol) as well

asD- andL-lactate as sodium salts.



150

This recognition was investigated by absorption and fluorescepeetroscopy and by
theoretical calculations. Recepttt2 exhibits an excellent chiral recognition ability towards the
enantiomers of lactate, the other sensors can also distinguish tdtwtheenantiomers but with
less efficiency. Fluorescence recognition of the anions invalveddifferent processes for all
sensors, foD-lactate due to a static quenching process ant-factate by a combination of a
static and a dynamic process. Theoretical calculationsoardhe way to evaluate the

enantioselectivity of the sensors towaBdsandL-lactate.

Experiments to recognize peroxides through the receptors ofrtherst07, 109112 were
also carried out. The fluorescence experiments indicatertteafiction is only possible when
the solution, containing a sensor angDKlis irradiated. This leads to the assumption that the
reaction takes place from the excited state. Taking intoust that phthalimides are versatile
electron acceptors in PET reactiofi® and HO, is a strong oxidant (electron donor) the
possibility that a PET process occurs in the excited stathigh. The interaction with
hydroperoxides was not stronger than with hydrogen peroxide. Howaxthier experiments

are necessary to understand this process and to propose a valid mechanism.

The non-fluorescent sensb?3 based on a thiourea-activated phthalimide with a stereogenic
center was synthesized following a five-step synthetic rdtte. thiourea showed a different
behavior than the urea concerning recognition of the examined afioasacidity of the NH
protons gives reason to different interactions between sansloanions. Recognition of these
anions through hydrogen bonding and deprotonation were observed by absspegtttra and
'H NMR. The sensor showed efficient recognition of Ad@®ough hydrogen bonding, and for
F the recognition occurs due to deprotonation of the receptor. Ipastson with the urea
receptor of the previous sensd/, 109-112 the enantioselectivity of the thiourea receptor was
moderate. In comparison with the thiourea the enantioselect¥itile urea receptors .

50% higher.

The last chapter of this thesis elucidated photophysical gpggtroscopic properties and
chemioluminescence of luminol derivatives. Differences in thegpiysical properties and
spectroscopic properties were found depending on the substituetite &uminol core in
particular in the case of heterocyclic ring annulation. The photogiybiehavior of the
derivatives 128135 was studied under different pH conditions in buffer solutionse T
absorption spectra revealed several species, which were patsgifferent pH with a major

presence of the dianion at pH 12.

Chemoluminescence studies I#8 135 were performed using a luminescence plate reader
and a luminometer injector system. It was experimentally obdethat trisubstituted luminol

derivatives enhanced the luminescence in comparison witlftli&8 combined with a better
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CL efficiency a factor of 10. Employing the luminometer it vpassible to obtain the kinetics
of the process with a high efficiency of light collection.eThubstituents of the luminol
derivates showed a significant influence on the CL efficiency ruiddntical experimental
conditions. The type of metal ions in the process is important t€lthefficiency where iron
and nickel presented the better efficiency values. The newmdlicerivates can be applied for
detection of metal traces with a good CL efficiency and bas be applied as a convenient

analytical tool for practical applications.






5 Experimental Part

5.1 General Remarks

5.1.1 Spectroscopic methods

'"H NMR: The 'H spectra were recorded on Bruker DPX300 spectrometers iogekt
300 MHz, a Brucker DRX 500 spectrometer operating at 500 MHz or Braker AV 600
spectrometer operating at 600 MHz. Chemical shifts are repas@in ppm and the coupling
constant isJ in Hz units In all spectra solvent peaks were used as internal starfSalvents
used were CDGI(d = 7.24 ppm), gacetonitrile §= 1.96 ppm), gMethanol § = 3.35,
4.78 ppm), andgDMSO (@ = 2.49 ppm). Splitting patterns are designated as follows: s, singlet;
d, doublet; t, triplet; g, quartet; m, multliplet; br, broad.

¥C NMR: The *C NMR spectra were recorded either on a Bruker AC 300 spestigom
operating at 75 MHz, a Bruker DPX 300 spektrometer operating at Z5dvibin a Bruker AV
600 spectrometer instrument operating at 126 MHz. In all spsclvant peaks were used as
internal standard. Solvents used were GII&E 77.0 ppm), glacetonitrile § = 118.0 ppm), ¢
Methanol § = 49.3 ppm) and&DMSO © = 39.7 ppm). Carbon multiplicities were determined
either by DEPT experiments (distortional enhancement by palianiz transfer) or by APT

experiments (attached proton test).

IR-spectroscopy Infrared spectra were recorded using a Perkin-Elmer 1608ssETIR
spectrometer and are given in'tomits. Splitting patterns are designated as follows: s (strong)

m (medium) and w (weak).

UV-vis: Absorption spectra were recorded using a Beckman Coulter URGDpectrometer
or a Perkin-Elmer Lambda 35 UV/vis spectrometer. The samyses placed into quartz cells

of 1 cm path length. Compound concentrations were fixed as indicated.

Fluorescence spectroscopyFluorescence and excitation spectra were carried out using a
Perkin-Elmer LS-50B luminescence spectrometer. The samplesplaeed into quartz cells of

1 cm path length. Compound concentrations were fixed as indicated.

Time-resolved fluorescence spectroscopyluorescence lifetimes were measured using a
gated intensified CCD equipped monochromator. The spectral resohad been set to 2 nm.

The samples were excited with the third harmonic (355 nm) Md:¥AG laser. The overall



154

instrument response function is 1.5 ns. The samples were placeglartz cells of 1 cm path

length.

Singlet lifetime experiments were determined after exoitatith laser pulses about 120 fs
length. The pump laser was an “Integra-C” from Quantronix provididgepof 2 mJ with
120 fs duration at 796 nm and 500 MHz repetition rate The Opticameara Amplifier
“TOPAS” was from Light Conversion and an oscilloscope WavéB@XL was from LeCroy

(2 GHz bandwhidth). Compound concentrations were fixed as indicated.

Luminescence: Luminescence measurements were performed using a computer-cdntrolle
fluorimeter Tecan SPECTRAFIuor Plus for microplate, and Lubia 9507 from Berthold

Technologie for measuring individual samples.

Ms: Mass spectra were recorded on a MAT Incos 50 Galaxy Systesa $fpectrometer and on
a Finnigan MAT H-SQ 30 Mass spectrometer and ESI experimests measured using a
Bruker Daltonics Esquire 3000

5.1.2 Analytical methods

CHN-Elementary analysis: CHN-combustion analyses were measured using a Elementar

Vario EL Instrument.

M.p: M.ps were measurements using a Bichi melting point appargiasBayb35 and are

uncorrected.

X-ray analysis All X-ray measurements were recorded using a Nonius Ka@pa
diffractometer (Bnax = 54°, Mg radiation, A = 0.71073 A), graphite monochromator,
¢ / o scans. The structures were solved using the direct methods SHELXS-HEINGLSI7.

5.1.3 Chromatographic methods:

Column Chromatography: Silica gel 60, 0.0063-0.200 nm (70-230 mesh ASTM) purchased
from Merck Company, silica gel 60, 0.040-0.063 nm (230-240 mesh ASTM) pactifrasn
Macherey-Nagel Company or basic aluminium oxide from ICN Bionadsligvas used as

stationary phase.

TLC: Thin layer chromatography was performed on plastic sheet®gissl with silica gel
60 Fs4(Merck) or aluminium sheets precoated polygram SIL GAJWlacherey-Nagel). Spots
were visualized under a UV lamp (254 or 366 nm) or with a Kisaution.

PLC: Preparative thin layer chromatography was carried out on 20cr2flass plates coated

with silica gel (Merck silica gel G k) and eluted with the solvent system indicated. The
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separated compounds were located under 254 or 366 nm UV light and extrsicig ethyl

acetate.

5.1.4 Photolyses

Glass apparatus Quartz and PyreXvessels were used for irradiation.

Reactors Rayonet chamber photoreactors PRR-100 (16 x 3500 A lamps, ca. 400 W;
A =350+ 20 nm) were used for irradiation as well as the photoreagimhém LZC-4V (14
lamps,A = 350 £ 20 nm).

Solvents and reagentsSolvents (acetonitrile (MeCN), dimethylsulfoxide (DMSO), methanol
(MeOH) and dichloromethane (DCM)) used for irradiations and sysemipy study were
purchased from Fisher Scientific Company. All reagents werehased from standad chemical

suppliers and purified to match the reported physical and spectra data.

Gas: Nitrogen (Linde) was used for irradiation.

5.1.5 Computational Calculations

The structures were optimized with GAUSSIANS3, using B3LYP/6-31"? and the CPCM-
SCRF method, solvent = acetonitrifd NMR shifts were computed of the optimized structures
using the GIAO method

5.2 General Procedures

GP1: General procedure for the synthesis of 3-nitro-phthalimide

A mixture of benzylamine (10.0 mmol), 3-nitrophthalic anhydride (1.93 d) hdnol) and
triethylamine (0.5 mL) in toluene (70 mL) is refluxed with a D&ark apparaturs for 3 hours.
The reaction mixture is cooled and concentratedvacuo The residue is dissolved in
dichloromethane, washed with 10% hydrochloric acid solution and thi#m hydrogen
carbonate solution. The organic layer is separated and driednmagmesium sulfate, and

concentrateéh vacuo Recrystalization of the residue from ethanol gives the prodict.
GP2: General procedure for reduction of 3-nitro-phthalimidesto 3-amine-phthalimides

A mixture of the substrate (10.0 mmol), 5% Pd/C in EtOH (100 mljgerously stirred at
room temperature (appr. 22°C) under hydrogen atmosphere with therpre$sa hydrogen

balloon for 4 hours. The reaction mixture is then filtered ovelit€® and concentrateth
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vacuo The residue is purified by column chromatography or recrystatiizegee the paragraph

pertinent to the respective produtt.

GP3: General procedure for multicomponent coupling with a snple aldehyde and

dimethyl acetylenedicarboxylates.

a. Amide & 15 mmol), aldehyde (15 mmol), dienophile (15 mmol), acetic anhydride
(1.53 g, 15 mmol) anp-toluensulfonic acid monohydrate (43 mg, 1.5 mol%) are combined in a
round bottomed flask and NMP (10 mL) is added. Then the reactionrmsdstit elevated
temperature (120°C). After 24 h, the solvent and other volatile compasimdmoved by oil
pump vacuum. For work up procedures (silica gel chromatography) spardggaph pertinent

to the respective produét”

b. The amine (1 equiv) is placed in a threaded pressure tuim) toluene
(0.25 mL/mmol), aldehyde (1.5 equiv), dienophile (1.5 equiv), prdluenesulfonic acid
monohydrate (2 mol%) are added. The reaction mixture is stirredeafted temperature
(120°C) for 24 h. After cooling, all volatile compounds are remaweder reduced pressure.
For work up procedures (silica gel chromatography) see thegrppia pertinent to the

respective product”
GP4: General procedure for alanines via Mn@mediated oxidation

A 100 mL flask is charged with an N-acylaminocyclohexene enaliderivate (5 mmol), then
85% activated Mn®(1.52 g, 15 mmol) and toluene (10 mL) are added, and the reaction is
stirred at 120°C. After 5 h, the solvent is removed by oil pump vacuum. The residbgeted

to silica gel chromatography”
GP5: General procedure for the synthesis of the urea-phthalimide draivtes.

To a solution of sodium azide (110 mg, 1.70 mmol), potassemrbutoxide (14.4 mg,
0.150 mmol), and 2-benzyl-1,3-dioxoisoindoline-5-carboxylic acid (281 mg, 1.00 mmol)
DME (10.0 mL) at 75 °C, the phenylchloroformate (140 pL, 1.10 mmaljiéd. The resulting
mixture is stirred at 25 °C overnight. Then, the mixture is sloedgled down to room
temperature, the amine (1.50 mmol) was added and the reactiorremivas stirred for 16
hours. Afterwards, the mixture is diluted with hexane (40 mL) andethgting solution poured
into ice-cold water with continuous stirring. 10 mL water atéeal and stirring was maintained
during 20 minutes. The white solid is filtered off; for wodp procedures (silica gel

chromatography or precipitation) see the paragraph pertinent tesfreztiee product®®
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GP7: General procedure for fluorescence spectroscopy measuorents

The samples are placed into quartz cells of 1 cm path length. Componcentrations were
adjusted as indicated in the text. The excitation and emiskiomidths are between 2.5 and

5.0 nm.
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5.3 Synthesis of nitro; amino- and acetamide-substituted

phthalimide derivatives

5.3.1 Synthesis of 2-Benzyl-4-nitroisoindoline-1,3-dione

NO, o NO, Op
o ©ANH2 1. Et;N .

_—
2. Toluene
(@]

44 45 O 46

Preparation and workup was carried out accordingGRl The crude product was

crystallized from EtOH. The product was a yellow solid.
Yield: 2.4g, 8.5 mmol, 85%, Lit (87%"
'H NMR (CDCl 5, 300 MHz)

3 (ppm) = 4.82 (s; 2H; Ch, 7.27 (m; 3H; CH), 7.41 (m; 2H; CH), 7.87 (m; 1H; CH),
8.05 (m; 2H, CH).

%C NMR (CDCl3, 75.46 MHz)

3 (ppm) = 42.3 (Ch), 123.8 (CH), 127.1 (CH), 128.2 (CH), 128.6 (CH,), 128.8 (CH),
128.9 (CH,), 134.1 (CH,), 135.4 (CH}), 135.5 (G), 145.1 (G), 162.6 (C=0), 165.5 (C=0).

5.3.2 Synthesis of 4-amino-2-benzylisoindoline-1,3-dione

NO, o NH, o
1.Pd/C
N

+ H2 —_— N
2.EtOH

46 O O 47

Preparation and workup was carried out accordin@G®2. The residue was purified by

column chromatographyfR0.68 (SiQ, CH,Cl,) to give a yellow fluorescent solid.

Yield: 3.1g, 12.29 mmol, 82%.
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'H NMR (CDCl 5, 300 MHz)

3 (ppm) = 4.80 (s; 2H; CH, 5.22 (s; 2H; NH), 6.82 (d; 1HJ = 8.32 Hz; CH), 6.85 (d; 1H;
J=7.12 Hz; CH), 7.14-7.40 (m; 3H; Cl), 7.41-7.45 (m; 3H; CH).

¥C NMR (CDCl3, 300 MHz)

3 (ppm) = 41.2 (Ch), 112.3 (G), 112.8 (CH), 121.0 (CH), 127.7-128.6 (CK x 5), 132.8
(Ca), 135.2 (CH), 136.7 (Q), 145.2 (G), 162.3(C=0), 168.3 (C=0).

IR

v (cm™) =3472 (m), 3351 (m), 1743 (s), 1682 (s), 1633 (s), 1480 (s), 1454 (m), 1431 (s), 1403
(s), 1371 (s), 1328 (s), 1180 (m).

UV-Vis (CH:CN, 33.33 x 10 M)

Amax(NM), LOG(Ema): 226 (4.48), 237 (4.42), 255 (3.90), 380 (3.81).
GC-Ms:

[M] = 252 (100%).

M.p.

145-146 °C.

5.3.3 Synthesis of N-(2-benzyl-1,3-dioxoisoindolin-4-yl)acetamide

o]
NH, o )J\NH o
138 C
N + ACZO —> N
6h
47 O O 48

Freshly distilled acetic anhydride (10 mL) was added intosk fleith 200 mg (0.8 mmol)
of 4-amino-2-benzylisoindoline-1,3-diond7). The reaction mixture was stirred at 138°C for
6 h. After cooling, the mixture was poured into a beaker with fee résulting mixture was
extracted with ChCl, (2 x 30 mL) and the organic phase was washed with NaHCO
(3 x 20 mL). The organic phase was dried over MgSIkhe solvent was evaporated under
reduced pressure and the residue purified by column chromatografph®.G8 (SiQ,

EtOAc / cyclohexane 1:1). The product was isolated as a colorless solid.

Yield: 211 mg, 0.71 mmol, 90%.
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'H NMR (CDCl 5, 300 MHz)

O (ppm) = 2.25 (s; 3H; CHi, 4.81 (s; 2H; CH), 7.29-7.39 (m; 5H; CH), 7.41 (d; 1H;
J=6.39 Hz; CH), 7.49-7.65 (m; 1H; Ch), 8.75 (d; 1HJ = 8.43 Hz; CH), 9.52 (s; 1H; NH).

¥C NMR (CDCl3, 75.46 MHz)

5 (ppm) = 21.8 (Ch), 41.5 (CH), 117.5 (G), 118.0 (CH,), 124.8 (CH,), 127.9 (CH), 128.4
(CH.), 128.5 (CH; x 2), 128.2 (CH x 2), 133.8 (Q) 135.8 (G), 145.2 (G) 168.4 (C=0),
168.4 (C=0), 168.9 (NH-C=0).

IR

v (cm™) =3346 (w), 1760 (m), 1693 (s), 1606 (m), 1530 (s), 1480 (s), 1433 (w), 1396 (s), 1340
(m), 1293 (m), 1226 (m), 1176 (w).

UV-Vis (CH:CN, 33.33 x16 M)

Amax(NM), LOG(Ema): 226 (4.49), 237 (4.44), 258 (3.92), 380 (3.83).
M.p.

137-138 °C.

X-ray

Figure 125: Crystal structure of N-(2-benzyl-1,3-dioxoisoindolin-4-yl)acetamide (48)
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5.3.4 Synthesis of Benzyl (S)-1-(2-benzyl-1,3-dioxoisoindolin-4-

ylcarbamoyl)ethylcarbamate

o i L,
o

o)
NH2 o) “ é O
HO DCC/ N, B
N + HN._ _O — 2 N
i CH,Cl,, 1t.
o} 50
47 O 49 o

To a stirred solution of 100 mg of Z-L-alaning9) (0.44 mmol) in 10 mL of dry C}Cl,,
110 mg of47 (0.44 mmol) andN, N-dicyclohexyl-carbodiimide (DCC 90,7 mg (0.44 mmol))
were added to the reaction mixture which was kept in an ice batmikhee was stirred in the
ice bath for 10 min and then stirred at room temperature for days. The solvent was
evaporated and then EtOAc was added. The precipitate wasdilbéf by vacuum filtration.
The product was purified by column chromatograplfy. B.46 (SiQ, EtOAC / cyclohexane,

7:3)%1 |n the discussion part are given the reasons why the characterizatomedsnplete.
Yield: 70 mg, 0.15 mmol, 35%.
'H NMR (DMSO-dg, 300 MHz)

d (ppm) = 1.36 (d; 3HJ = 7.32 Hz; CH), 4.20 (m; 1H; CH), 4.76 (s; 2H; GH 5.06 (m; 2H;
CH,), 7.27- 7.38 (m; 10H; C&, 7.60 (d; 1H;J =7.24 Hz; CH), 7.81 (dd; 1H], = 7.70 Hz;
J, = 8.10 Hz; CH), 8.11 (d; 1H;) = 5.79 Hz; NH), 8.59 (d; 1H] = 8.69Hz; CH,) 10.02 (s; 1H;
NH).

5.3.5 Synthesis of 2-(Diphenylamino)-4-nitroisoindoline-1,3-dione

NO, o Q NO, o Q
1. Et,N

O + H,N—N —_— N—N

2. Toluene
(@] (@]
52

44 51

Preparation and workup was carried out accordinGfd. The product was purified by
column chromatographyfR 0.55 (SiQ, EtOAc / cyclohexane,4:6). The product was a yellow
solid. The producb2 was used directly for reaction 4.3.6, which after the importantiturad

groups were identified. TherefoRC NMR spectra were not recorded for this compound.

Yield: 650 mg, 1.81 mmol, 70%.
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'H NMR (CDCl 5, 300 MHz)
0 (ppm) = 7.13 (m; 6H; CK), 7.3 3 (m; 4H; CH), 8.01 (m; 1H; CH), 8.21 (m; 2H; CH).
IR

y(cm®) = 2958 (w), 2853 (w), 1732 (s), 1700 (m), 1683 (m), 1652 (m), 1158 (m), 1543 (m)
1495 (m), 1456 (m), 1289 (s).

M.p.
> 250 °C.

X-ray:

Figure 126: Crystal structure of 2-(Diphenylamino)4-nitroisoindoline-1,3-dione (52)

5.3.6 Synthesis of 2-(Diphenylamino)-4-aminoisoindoline-1,3-dione

rp O v O
1. Pd/C

N—N + HZ
2. EtOH
O O
52 53

Preparation and workup was carried out accordin@GR2. The residue was purified by
column chromatographyfR0.68 (SiQ, CHCl,).

Yield: 1.1 g, 3.34 mmol, 67%.
'H NMR (CDCl 5, 300 MHz)

0 (ppm) = 5.30 (s; 2H; N}J, 6.92 (d; 1HJ = 8.31 Hz; CH), 7.08 (m; 2H; CH), 7.21 (m; 4H;
CHa), 7.31(m; 5H; CH), 7.49 (m; 1H; CH).
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%C NMR (CDCl3, 75.46 MHz)

& (ppm) = 113.3 (Ch), 120.1 (CH, x 4), 121.7 (CH), 123.8 (CH, x 3), 129.4 (CH x 4),
136.0 (CH,), 136.3 (CH), 144.7 (G- x 2), 148.5 (G), 165.3 (C=0), 165.8 (C=0).

IR

v (cm?) = 3368 (w), 3059 (w), 1769 (m), 1715 (s), 1632 (m), 1589 (s), 1493 (s), 1392219)
(m), 1173 (w),1096 (m).

UV-Vis (CH:CN, 33.33 x16 M)

Amax(NM), LOG(Emay): 223 (4.40), 260 (4.21), 388 (3.80).
GC-Ms

[M*] = 329 (100%).

M.p.

210 °C, decomposition.
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5.4 Preliminary quenching study of 4-amino-2-benzylisoindo-
line-1,3-dione, N-(2-benzyl-1,3-dioxoisoindolin-4-yl)acet-
amide.

Fluorescence and excitation studies were carried out using an-Parler LS-50B
luminescence spectrometer. Fatand48 a fluorescence quenching study was conducted with
different molecular quenchers, shown in figure 127. The concentratiahe ofuencher were
adjusted t00.3 M and for the fluorophor at 1ImM. The excitation andsemislit widths were
set to 2.5 nm. The experiment was to add more equivalents ofrgueinto the quartz cells

containing the fluorophor and the fluorescence spectrum was measueagdticaddition step.

OMe
OMe OMe
OMe OMe
1,2-dimethoxybenzene 1,3-dimethoxybenzene 1,4-dimethoxybenzene
(1,2-DMB) (1,3-DMB) (1,4-DMB)
CO,H CO,H
OMe
OMe OMe
2-(4-methoxyphenyl)acetic acid 2-(3,4-dimethoxyphenyl)acetic acid
MPAA DMPAA
N\ N/
P \ 4\,
| I
N N,N-dimethyl(phenyl)methanamine
DMBA)
N,N-dimethylpyridin-4-amine 1,4-diaza-bicyclo[2.2.2]octane
(DMAP) (DABCO)

Figure 127: Various Molecular Quenchers

5.5 Preliminary study for fluorescence activation of 2-
(diphenylamino)-4-aminoisoindoline-1,3-dione through
cation coordination

Fluorescence and excitation studies were carried out using an-Bérer LS-50B
luminescence spectrometer. The samples were placed inta qaelstof 1 cm path length. The
concentration 063 at 1 mM and for the cations (BaCuw*, Ni**, Mg*, Ag+, Zn+, Fé'and
Eu®" as nitrate and triflate salts) between 0.01-0.1 M. For excitatidremission experiments,

slit widths were 5.0 nm. The experiment was to add more equivaléte cation into the
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quartz cells containing the fluorophor and the fluorescence speetas measured after each

addition step.

5.6 Reactions with 1-(2-Aminonaphthalen-1-yl) naphthalene-2-
amine to get chiral phthalimides

5.6.1 Synthesis of 2-(1-(2-Aminonaphthalen-1-yl)naphthalen-2-

yl)isoindoline-1,3-dione

o0, O | CC
NH, O NH,
T

55

54
Different conditions were used for this reaction but none wasessful to obtain the

product55. The reactions conditions are given in table 31.

Table 31: Reaction conditions for the synthesis of2-(1-(2-Aminonaphthalen-1-yl)-
naphthalen-2-yl)isoindoline-1,3-dione (55).

Equiv. Solvent Temp. °C h (hours) Work-up
a. 1:1 Toluene 120 4 According to GP1.
b. 11 DMF 120 6 The reaction mixture was cooled towater was added to precipitate
and the product mixture was filtered. Purificattpncolumn
chromatograpy (EtOAc / cyclohexane, 2:1).

c. 11 DMF 120 6 The reaction mixture was cooled towater was added to precipitate

and the product mixture filtered. The crude produas crystallized
from toluene. The desired product could not beaisal
d. 1.1 Toluene 110 7 min This reaction was conducted in a MW. Ghele product was from

EtOH. The desired product could not be isolated
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5.6.2 Synthesis of N-(1-(2-Aminonaphthalene-1-yl)naphthalen-2-

yl)acetamide

soN o | T

+ ACOH + Ac,0 ——>

™ .
56

54

To a solution of (£)1-(2-aminonaphthalen-1-yl)naphthalen-2-ambde (L.14 g, 4mmol)
and AcOH (2.4 mL 40 mmol) in 40 mL of dried gEl, was added A© (0.42 mL, 4 mmol) at
0 °C under M The resulting solution was stirred overnight at room temperaacethen 2 N
NaOH aqueous solution was added until aspH. The reaction mixture was extracted with
CH.CI, (3 x 50 mL) and the combined organic phases were washed withtasdtbrane and
dried over MgSQ The solvent was removed under reduced pressure and the crude prasiuc
purified by flash chromatographyfR 0.52 (SiQ EtOAc / hexane, 2:1) to afford a colorless

solid®? The product was used directly for reactions 5.6.3.
Yield: 913 mg, 2.8 mmol, 70%.
'H NMR (CDCl;, 300 MHz)

0 (ppm) = 1.89 (s; 3H; Ch)l, 3.68 (s; 2H; NH), 6.93 (d; 1H,J = 7.63 Hz; CH), 7.15-7.30 (m;
6H; CH,), 7.40-7.46 (m; 1H; CK), 7.82-7.94 (m; 3H; CH), 8.02 (d; 1H;J = 8.90 Hz; CH),
8.6 (d; 1H;J = 8.90 Hz; CH).

¥C NMR (CDCl3, 75.46 MHz)

5 (ppm) = 24.7 (Ch); 118.3 (CH,); 121.1 (CH); 123.0 (CH); 123.8 (CH), 125.2 (CH),
125.4 (CH,), 126.9 (CH), 127.4 (CH, x 2), 128.3 (Ch X 2), 129.3 (G x 2), 130.4 (CH),
131.3 (G, x 2), 132.4 (G X 2), 133.6 (G), 135.2 (G), 168.9 (C=0).
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5.6.3 Synthesis of N-(1-(2-(1,3-Dioxoisoindolin-2-yl)naphthalen-1-
yl)naphthalen-2-yl)acetamide

O 0 o O
NH, /C} Pht
------------------- E
/ NHAC

T,

A solution of N-(1-(2-aminonaphthalen-1-yl)naphthalen-2-yl)acetami@®) ((222 mg,

56

0.65mmol), and dimethyl 1-chloro-1,3-dihydro-3-oxoisobenzofuran-1-yl-1-phosphonate
(140 mg, 0.5 mmol) in 10 mL GJ&N was stirred at room temperature and 90 uL ¢l Etere
added to the solution. The reaction mixture was stirred@n temperature for 15 min. The
solvent was removed under reduced pressure and the residugtraated with CHCI,. The
organic phase was washed with NaH@@d dried over MgS©QThe product was purified by
PLC (SiQ, EtOAc / cyclohexane, 2:1 and 3:¥§ This method was not succesessful.

b.

NH, O Pht
_ NHAc '"""////' """ > NHAC
C O OO 57

For this reaction the methods a, b and d of table&® used. However, the product could not

be obtained under these conditions.
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5.7 Multicomponent coupling with dienophilic dimethyl

acetylenedicarboxylate

5.7.1 Synthesis of Dimethyl 6-acetamido-3,5-dimethylcyclohexa-1,3-

diene-1,2-dicarboxylate

0
o 0 )J\NH 0
)J\ CO,Me P
H TSA, Ac,O,NMP
NHy *+ | ll 2 - | 8
120 C, 24 h ~
CO,Me
@) 69
66 67 68

Acording to GP3-a, acetamide 891 mg66) (15 mmol), propionaldehydesT) (870 mg,
15 mmol), and diethyl acetylenedicarboxylate 2.188&) (15 mmol) were reacted. The product
69 was purified by column chromatography R0.38 (SiQ, EtOAc / cyclohexane 2:1). The

product was isolated as white solid.
Yield: 3.71 g 13.18 mmol, 66%.
'H NMR (CDCl;, 300 MHz)

0 (ppm) = 1.02 (d; 3HJ = 7.58 Hz; CH), 1.75 (s; 3H; CH), 2.01 (s; 3H; CH), 2.75 (m; 1H;
CH), 3.61 (s; 3H; Ch), 3.67 (s; 3H; Ch), 5.21 (m; 1H; CH), 5.57 (s; 1H; NH).

%C NMR (CDCl3, 75.46 MHz)

5 (ppm) = 18.4 (CH), 19.8 (CH), 23.0 (CH), 30.0 (CH), 47.1 (CH), 52.4 (GH 52.4 (CH),
130.5 (C x 1), 132.0 (CH), 141. 0 (C x 2), 167.2 (C=0), 167.9 (C=0), 170.0 (C=0).

5.7.2 Synthesis of (6R)-Dimethyl 6-((S)-2-(ethoxycarbonyl)-5-
oxopyrrolidin-1-yl)-3,5-dimethylcyclohexa-1,3-diene-1,2-

dicarboxylate

o [ Lo
0 CO,Me EtO.C™ ™\ o
_ 110 <, 24h
Toluene, TSA | o
COZEt COZMe ~

76 67 68
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Acording to GP3-b, N-methylmaleimide 783 mg76) (5 mmol), propionaldehyde6T)
(2.10 g, 7.5 mmol), and diethyl acetylenedicarboxyl&® (2.13 g, 15 mmol) were reacted.
The product was purified by column chromatography 0R30 (SiQ, EtOAc / cyclohexane,
2:1). The isolated product ) was a white solid.

Yield: 1.5 g 4 mmol, 80%.
'H NMR (CDCl;, 300 MHz)

o (ppm) = 1.14 (m; 6H; CkJ, 1.53 (s; 3H; CH), 2.33 (m; 4H; CH), 3.01(m; 1H; CH), 3.65 (s;
3H; CH), 3.70 (s; 3H; CH), 3.79 (m; 2H; CH), 3.82 (m; 1H; CH), 4.09 (m; 1H; CH), 5.56 (m;
H; CH).

¥C NMR (CDCl3, 75.46 MHz)

3 (ppm) = 13.7 (CH), 18.7 (CH), 19.4 (CH), 24.4 (CH), 29.8 (CH), 34.4 (CH), 48.5 (CH),
52.1 (CH), 52.1 (CH), 55.8 (CH), 61.6 (C}), 123.3 (C x 1), 127.7 (C x 1), 129.1 (CH), 148.9
(CH), 164.6 (C=0), 169.3(C=0), 172.4 (C=0), 174.9 (C=0).

5.7.3 Synthesis of (5S,6R)-Dimethyl-6-acetamido-3,5-diethylcyclo-

hexa-1,3-diene-1,2-dicarboxylate

0
0
CO,Me )J\NH 0
+ H TSA, Toluene _
NH, Il > o
120 T, 24h o
CO,Me ~
66 82 68 O g3

According to GP3-b, acetamide §6) 891 mg (15 mmol), butyraldehyd@&2 (1.08 g,
15 mmol), and dimethyl acetylenedicarboxylaé8)(2.13 g (15 mmol) were reacted. The
product83 was purified by column chromatographi: B.38 (SiQ, EtOAc / cyclohexane, 2:1).
The product83 (3.24 g 10.5 mmol, 70%) was isolated as white solid and directly used f

reaction 5.8.3without further characterization.
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5.8 Anilines via MnO,-mediated oxidation

5.8.1 Synthesis of Dimethyl 3-acetamido-4,6-dimethylbenzene-1,2-

dioate

0] O
)J\NHO )J\NHO

e e
| 8 + Mno, 120 <C, toluene . | O

~
O O 70

69

According to GP4 dimethyl 6-acetamido-3,5-dimethylcyclohexa-1,3-diene-1,2-dicarboxy-
late (1.40 g, 5 mmol) was reacted. The product was purified by cothmamatography
Rf: 0.52 (SiQ, EtOAc). The product was isolated as white solid and was useedotion
5.9.1,5.9.2 and 5.9.3.

Yield: 1.24 g, 4.85 mmol, 89%.
'H NMR (CDCl;, 300 MHz)

0 (ppm) = 2.15 (s; 3H; Ch), 2.24 (s; 3H; Ch), 2.35 (s; 3H; Ch), 3.83 (s; 3H; Ch), 3.84 (s;
3H; CHy), 7.21 (s; 1H; CH)), 8.24 (s; 1H; NH).

5.8.2 Synthesis of dimethyl 3-(2-(ethoxycarbonyl)-5-oxopyrrolidin-1-
yl)-4,6-dimethylbenzene-1,2-dioate

o T o
E10,C—\ &0 E10,C

O/ MnO, 120<C, toluene (e

B -
O\ O\

(@] (@]
77 78

According to GP4 (69-dimethyl 6-(§)-2-(ethoxycarbonyl)-5-oxopyrrolidin-1-yl)-3,5-di-
methylcyclohexa-1,3-diene-1,2-dicarboxyla®)((1.89 g, 5 mmol) was reacted. The product
was purified by column chromatography. R.52 (SiQ, EtOAc). The product8 was isolated

as white solid and was used for reaction 4.9.4

Yield: 1.60 g, 4.25 mmol, 85%.
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'H NMR (CDCl;, 300 MHz)

O (ppm) = 1.21 (m; 1H; Ck), 2.36 (t; 6H;J; = 10.64 Hz;J, = 7.60 Hz; CH), 2.48 (m; 4H;
CH,), 2.71 (m; 2H; CH), 3.78 (m; 2H; CH), 3.84 (s; 3H; Ch), 3.85 (s; 3H; CH), 4.14 (m; 1H;
CH), 7.28 (s; 1H; CH).

5.8.3 Synthesis of Dimethyl 3-acetamido-4,6-diethylbenzene-1,2-

dioate
(@] (@]

)J\NH o )J\NH o}

- 120%, toluene -

| O + Mn02 » | 9

O\ o\

(0] (0]
84

83

According to GP4 (6R)-dimethyl 6-acetamido-3,5-diethylcyclohexa-1,3-diene-1,2-di-
carboxylate 83) (1.54 g, 5 mmol) was reacted. The product was purified by column
chromatography R 0.50 (SiQ, EtOAc). The produc84 was isolated as white solid and was
used for reactions 4.10.1 and 4.10.2.

Yield: 998 mg, 3.25 mmol, 65%.
'H NMR (DMSO, 300 MHz)

0 (ppm) = 1.12 (m; 6H; Ck), 1.97 (s; 3H; ChH), 2.59 (m; 4H; CH), 3.69 (s; 3H; Ch), 3.76 (s;
3H; CHy), 7.36(s; 1H; CH), 9.47 (s; 1H; NH).

¥C NMR (DMSO, 75.46 MHz)

5 (ppm) = 14.5 (Ch), 16.2 (CH), 23.0 (CH), 24.5 (CH), 26.3 (CH), 52.7 (CH), 52.81(CH),
130.0 (G), 130.7 (G), 132.0 (CH), 132.1 (G), 140.6 (CH), 144.2(CH), 167.0 (C=0),
168.2 (C=0), 169.4 (C=0).

M.p.

120-121 °C.
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X-Ray

Figure 128: Crystal structure of dimethyl 3-acetamilo-4,6-diethylbenzene-1,2-diote (84)

5.9 Synthesis of Phthalimides from aniline derivatives

5.9.1 Synthesis of N-(2-Benzyl-4,6-dimethyl-1,3-dioxoisoindolin-7-

yl)acetamide

0
0
)J\NH 0 gNHz )J\NH .

O/
N
o o) 71

This reaction was carried out using different conditions amddcnot be successfully

performed. The reaction conditions are given in table 32.

Table 32: Reaction conditions for the synthesis 0fN-(2-benzyl-4,6-dimethyl-1,3-
dioxoisoindolin-7-yl)acetamide (71).

Equiv. Solvent Temp.°C Cat. h (hours) Work-up
a. 11 No solvent 120 No cat. 24 Extraction with £l
b. 1 Benzylamine 120 BR 24 Extraction with CECl,
c. 16 Toluene 120 Bf 24 Extraction with CKCl, and washed wititNaHCO;
d 16 Toluene 120 Bf 56 Extraction with CKCl,, washed witiNaHCQ;,. PLC
(2:1, EtOAc / cyclohexane)
e. 11 Toluene 120 1094- 56 Extraction with CHCI,, washed witiNaHCQ;. Column

MM Chromatography (2:1, EtOAc / cyclohexane)
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5.9.2 Synthesis of N-(2-(Diphenylamino)-4,6-dimethyl-1,3-dioxoiso-

indolin-7-yl)acetamide

@]

O
)J\ O
g o~ Tolueng, 48h )J\NH Q
| o P > \©;<I<N—N
e O
O

The preparation and work up were carried out accordin@Ra. Dimethyl 3-acetamido-
4,6-dimethylbenzene-1,2-dioatédf (152,3 mg, 0.54 mmol), 2,2-diphenylhydrazine (120.0 mg,

0.54 mmol) and EN 0.05 mL were used. The reaction was not successful.

o

72

5.9.3 Synthesis of Dimethyl 3-acetamido-4,6-dimethylbenzene-1,2-
dioate

0
0
)J\NH 0 y; )J\NH

NH5(CH,),N

e \ O /
| 8\ //// ______ > N_/_N\
© o) 73

70

This reaction was carried out with different conditions ara$ not successfuf®® The

conditions are given in table 33.

Table 33: Reaction conditions for the synthesis oflimethyl-3-acetamido-4,6-dimethyl-
benzene-1,2-dioate (73).

Equiv. Solvent Temp. °C h (hours) Work-up

a. 1:1 No solvent 100 72 Column Chromatography HEt@yclohexane, 9:1)
b. 1:1 No solvent 100 24 Column Chromatography HEt@yclohexane, 8:2)
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5.9.4 Synthesis of Ethyl 1-(2-(2-(dimethylamino)ethyl)-4,6-dimethyl-

1,3-dioxoisoindolin-7-yl)-5-oxopyrrolidine-2-carboxylate

o Vo
S e EtO,C™

/
NH,(CH;)2N

O /
~ \
L e
0 (0] 79

In a 25 mL flask 1.13 g (3.00 mmol) of dimethyl 3-(2-(ethoxycarbonyl)-5-oxolgimeil -
yD-4,6-dimethylbenzene-1,2-dioat&8] was dissolved in 10 mL df,N-dimethylethane-1,2-
diamine. The mixture was stirred at 100 °C for 24 h. After evaiporahe crude residue was

purified by column chromatography (EtOAc / methanol %1 )The desired produc?9) could
not be isolated.

78

The conducted reaction led to the formation of the dehydroaminated pfitlealierivate
(80) and the amine phthalimide derivagd)in a 5:1 ratio.

p=:
EtO,C

N~ O 0 NHz o
~
NH(CH N N / N /
+ 2( 2)2 \ —_— _\—N + _\—N
h o) A o) \
o) 80 5:1 81
78

5.10 Reactions of Dimethyl 3-acetamido-4,6-diethylbenzene-
1,2-dioate with acid and basic

5.10.1 Reaction with mineralic acid
0
)J\NH o) NH, O

- EtOH o~

Y o .
~ ~

o) o) 85

84

A mixture of dimethyl 3-acetamido-4,6-diethylbenzene-1,2-dioa8) ((100 mg,
0.32 mmol), 0.5 mL conc. HCI and 0.25 mL ethanol was heated to 85°C fokfseh cooling
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to room temperature, 2 mL of water were added. Then a 40% KOH sohk#&added until the
solution became basic pH. The prod8& was extracted with EtOAc and purified by PLC
(Si0,, EtOAc / cyclohexane, 7:8¥!

Yield: 56.8 mg, 0.21 mmol, 66%.
'H NMR (CDCl;, 300 MHz)

O (ppm) = 1.20 (m; 3H; Ck}, 1.42 (m; 3H; CH), 2.52 (m; 4H; CH), 3.84 (s; 3H; CH), 3.87 (s;
3H; CHy), 5.56 (s; 2H; NH), 7.07 (s; 1H; CH).

5.10.2 Reaction with base
0
)J\NH 0 NH, O
| O/ + NaOH E?H o
_______ .> _
O o)
o) o)
84 86

Dimethyl 3-acetamido-4,6-diethylbenzene-1,2-dioa84) ((100 mg, 0.32 mmol), and
sodium hydroxide (65 mg, 1.62 mmol) were dissolved in EtOH (0.8 mLhaatkd for 2 h at
90°C in a closed vessel. After heating was finished, water was added toctienreaxture and
the resulting solution was extracted. The extraction waswridether, EtOAc and Ci&l, but

was not successfuf®

5.11 Synthesis of Phthalimide-Serine Couples

5.11.1 Synthesis of 2-(methoxycarbonyl)-4,5-dimetoxy-
benzoic acid

o)
MeO MeOH MeO COOH
o 2,
MeO MeO COOMe
gg © 89

A 100 mL flask was charged with (1.04 g, 85 mmol) of 4,5-dimethoxyphthaligdzide
(88) *®'and 30 mL of dry methanol. The mixture was stirred and heatedua teftil the solid

was completely dissolved. The heating and stirring was coutifare2h. Then, the excess of
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methanol was evaporated vacuo The product89 was a semicrystalline solid that could

directly be used for the following transformation.
Yield: 1.14 g, 4.74 mmol, 95%.
'H NMR (CDCN, 300 MHz)

0 (ppm) = 3.92 (s; 3H; Ck), 3.96 (s; 3H; Ch), 3.97 (s; 3H; CH), 7.19 (s; 1H; CH), 7.47 (s;
1H; CHy).

%C NMR (+APT, CD4CN, 75.46 MHz)

5 (ppm) = 53.0 (Ch), 56.3 (CH x 2), 103.4 (CH), 106.2 (CHy), 123.3 (G), 126.3 (G), 150.3
(C), 151.6 (G), 168.9 (C=0), 170.6 (C=0).

5.11.2 Synthesis of N-Hydroxysuccinimide ester of 2-(Methoxy-

carbonyl)-4,5-dimethoxybenzoic acid

(@)
1.NHS 7
MeO COOH 2:DCC MeO O/N
B ———
(@]
MeO COOMe MeO COOMe
89 90

To a mixture of 1.20 g (5 mmol) of 2-(methoxycarbonyl)-4.5-dimethoxyberemat 89)
and (575 mg, 5 mmol) oN-hydroxysuccinimide 50 mL of dry G&l, was added and the
reaction flask was cooled to 0-5 °C using an ice bath. Then (1.14 gqndab of DDC were
added and the mixture was vigorously stirred overnight. After coiopletf the reaction,
determined by TLC, the mixture was diluted with 100 mL of Et@Ad the precipitated solid
was filtered off. The remaining organic phase was evaporatee. pfbduct90 was an

amorphous solid.
Yield: 1.38 g, 4.09 mmol, 93%.
'H NMR (CD4CN, 300 MHz)

3 (ppm) = 2.6 (s; 4H; Ch), 3.83 (s; 3H; Ch), 3.89 (s; 3H; CH), 3.9 (s; 3H; CH), 7.31 (s; 1H;
CH,), 7.35 (s; 1H; CH).

%C NMR (+APT, CD4CN, 75.46 MHz)

3 (ppm) = 25.5 (Chix 2), 52.5 (CH), 55.9 (CH), 56.0 (CH), 104.2 (CH,), 105.6 (CH), 118.5
(Ca), 126.6 (Q), 151.0 (G), 152.6 (G), 162.6 (C=0), 166.8 (C=0), 170.1 (C=0), 170.3
(C=0).
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5.11.3 Synthesis of 3-Hydroxy-2-(5,6-dimethoxy-1,3-

dioxoisoindo-lin-2-yl)propanoic acid

O
woes 5 gl [
L
COOMG 2. MeCN/HZO MeO OH
o 91

210 mg (2 mmol) of serine were dissolved in 2 mL of distilled wateoom temperature.
To this solution 0.7 mL (5 mmol) of triethylamine were added, followed1BymL of
acetonitrile and 674 mg (2 mmol) dbEhydroxysuccinimide ester of 2-(methoxycarbonyl)-4,5-
dimethoxybenzoic acid9(Q). The mixture was stirred for 6 h. After evaporating most of the
acetonitrilein vacug the solution was treated with 15 mL of saturated Nap&dution and
washed with EtOAc (2 x 15 mL). The aqueous phase was acidiftadH@l 6 N until pH= 2
and extracted with dichloromethane (3 x 15 mL). The organic phasedried over MgS§)

filtered and evaporated. The prod@édtwas isolated a viscous oil.

Yield: 440 mg, 1.49 mmol, 74%.

'H NMR (CD4CN, 300 MHz)

3 (ppm) = 3.97 (s; 6H; CH), 4.10 (m; 2H; Ch), 4.90 (m; 1H; CH), 7.38 (s; 2H; G}
¥C NMR (+APT, CD4CN, 75.46 MHz)

3 (ppm) = 53.8 (CH), 56.2 (OGHX 2), 59.2 (CH), 105.6 (CH), 125.0 (G x 2), 154.4
(CarX 2), 167.9 (C=0), 168.7 (C=0).

5.11.4 Synthesis of 3-Acetoxy-2-(5,6-dimethoxy-1,3-dioxoisoin-

dolin-2-yl)propanoic acid

o) 0
MeO COOH T an MeO COOH
N + Accl LA N
MeO OH MeO OAc
91 © O 92

In a 50 mL flask 295 mg (1 mmol) of 3-hydroxy-2-(5,6-dimethoxy-1,3-dioxoisoind®slin
yl)propanoic acid 1) was dissolved in 4 mL of acetyl chloride at room temperatfline.
mixture was stirred for 4 h, then the excess of acetyl chloradedistilled offin vacuo A 1:1
mixture of acetone and water (10 mL) was added and the acetaper&ed under reduced

pressure. The solution was treated with 15 mL of Nakl€@ution and washed with ethyl
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acetate (2 x 15 mL). The aqueous phase was acidified with HGIr@iNoH =~ 2 and extracted
with dichloromethane (3 x 15 mL). The organic phase was dried Mg&Q,, filtered and

evaporated under reduced pressiteThe producB2 was isolated as a viscous oil.
Yield: 350 mg, 0.95 mmol, 95%.
'H NMR (CDCN, 300 MHz)

0 (ppm) = 1.92 (s; 3H; Ck), 3.94 (s; 6H; ChH), 4.59 (m; 1H; CH), 4.68 (m; 1H; CH), 5.09 (m;
1H; CH), 7.35 (s; 2H; Ch), 9.31 (s; 1H; OH).

3C NMR (+APT, CD4CN, 75.46 MHz)

3 (ppm) = 19.7 (Ch), 50.2 (CH), 56.2 (OCkx 2), 60.7 (CH), 105.7 (CH; x 2), 124.8
(CarX 2), 154.4 (G X 2), 167.5 (C=0), 168.2 (C=0), 170.6 (C=0).

HRMS: El, 70 eV, GsHisNOgNa' (M-Na').
Calcd.: M = 360.069 g/mol.

Found: M = 360.069 + 0.005 g/mol.

5.11.5 Synthesis of 5-5-Isocyanatoisobenzofuran-1,3-dione
O O 0]
HO,C Clo,C A OCN
O + SOCI2T> O + NaNj T> 0
93 O 94 O O o5

a-To a suspension of 5.0 g (26.02 mmol) of trimellitic anhydrig® {n anhydrous CGl
(40 mL), 4.64 g (2.85 mL, 39.04 mmol) thionyl chloride and pyridine (0.04 mL) agded.
The mixture was refluxed for 2 h under nitrogen atmosphere, then cooledn temperature

and concentrateid vacuo 8

b.-The reaction mixture was suspended in 460 mL), and sodium azide (1.86 g; 28 mmol)
was added. The resulting mixture was refluxed for 4 h and then cmokedm temperature.
The resulting suspension was diluted with EtOAc (125 mL), aed thashed with water
(2 x 50 mL), saturated aqueous NaHT®x 50 mL), and brine (2 x 50 mL). The organic phase

was dried over MgSgQfiltered and evaporatéd! The producB5is a colorless solid.

Due to the toxicity of CGJ all reactions and evaporation processes were carried out in the

fume hood.

Yield: b-3.0 g, 15.86 mmol, 61%.
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'H NMR (acetone-d;, 300 MHz)
8 (ppm) = 8.27 (d; 1HJ = 8.01 Hz; CH), 8.53 (s; 1H; CH)), 8.62 (d; 1H;) = 8.26 Hz; CH).
*C NMR (acetone-@, 75.46 MHz)

3 (ppm) = 125.3 (CH), 125.9 (CH,), 130.0 (C=0), 132.2 (§, 132.4 (), 136.3 (CH),), 137.4
(Ca), 162.5 (2-C=0).

IR

v (cm-1) = 3083 (w), 2935 (m),2931 (m), 2203 (m), 2151 (s), 1857 (ms), 1776 (s),1731 (ms),
1681 (s), 1430 (m), 1348 (m), 1271 (s), 1238 (s), 1178 (m).

GC-Ms

[M*] = 189.00 (100%).

5.11.6 Synthesis of 2-(Methoxycarbonyl)-5-(methoxycarbonyl-

amino)benzoic acid

OCN reflux /O\H/N MeOH (exc) /O\"/N COH
O + MeOH ——> O
a 0 b o
CO,Me
95 (0] 96 O 97

A 100-mL flask was charged with 945 mg (5 mmol) of 5-isocyanatoisohenaref,3-
dione @5) and 30 mL of dry methanol were added. The mixture was stirred atedi heaeflux
until the solid completely dissolved. The heating and stirring @zmtinued for 2 h. Then the
excess of methanol was evaporaitedacuo The produc97 was a semycrystalline solid that
could directly be used in the following step. A small amount of gggoisomeric hemiester
could be detected, but was used as well since both lead tartteephthalimide. The reaction
with the alcohol can be conducted stepwise, first treating withigdiv. of methanol in

toluene® then with excess methanol.

Yield: 1.16 g, 4.58 mmol, 92%.

'H NMR (DMSO-dg, 300 MHz)

3 (ppm) = 3.70 (s; 3H; CH), 3.79 (s; 3H; Ch), 7.60-7.80 (m; 3H; Ck), 10.10 (m; 1H; NH).
3C NMR (+APT, DMSO-ds, 75.46 MHz)

3 (ppm) = 52.3 (Ch), 52.8 (CH), 116.9 (CH), 119.3 (CH), 124.4 (G), 131.1 (CH}), 135.2
(C), 142.8 (G), 154.3 (OC=ONH), 167.5 (C=0), 169.0 (C=0).
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5.11.7 Synthesis of N-Hydroxysuccinimide ester of 2-(Methoxy-

carbonyl)-5-(methoxycarbonylamino)benzoic acid

H
O coH 2 RCE ?
0 g
Cco,Me

CO,Me
97

To a mixture of 1.27 g (5 mmol) 2-(methoxycarbonyl)-5-(methoxycarbamyia) benzoic
acid @7) and 575 mg oN-hydroxysuccinimide, 50 mL of dry GBI, were added and the
reaction flask was cooled to 0-5 °C using an ice bath. Then, 184 gnfnol) of DCC were
added and the mixture was vigorously stirred overnight. After cdroplef the reaction
(determined by TLC) the mixture was diluted with 100 mL of Et@Ad the precipitated solid
was filtered off. The remaining organic phase was evapoiatgdcuo The product was an
amorphous solid. A small amount of the regioisomeric ester was presenbuld used directly

since both lead to the same phthalimide.
Yield: 155 g, 4.42 mmol, 88%.
'H NMR (DMSO-dg, 300 MHz)

3 (ppm) = 2.88 (s; 4H; Ch), 3.73 (s; 3H; Ch), 3.81 (s; 3H; Ch), 7.80-8.05 (m; 3H; CH),
10.4 (m; 1H, NH).

%C NMR (+APT, DMSO-ds, 75.46 MHz)

3 (ppm) = 26.0 (Chix 2), 52.6 (CH), 53.4 (CH), 117.4 (G), 117.9 (CH), 119.8 (CH), 132.0
(CHa.), 135.7 (G), 145.1 (G), 152.4 (OC=ONH), 161.8 (C=0), 167.5 (C=0), 170.6 (C=0 x 2).

5.11.8 Synthesis of 3-Hydroxy-2-(5-methoxycarbonylamino-1,3-

dioxoisoindolin-2-yl) propanoic acid

? LA F
COOH
@ ﬁ* e
CO,Me "2 MeCN/H,0 o OH

Serine 210 mg; 2 mmol was disolved in 2 mL of distillied watieroom temparature. To

this solution 0.7 mL (5 mmol) of triethylamine were added, followed ®ynL of acetonitrile
and 700 mg (2 mmol) of the-hydroxysuccinimide ester of 2-(methoxy-carbonyl)-5-(methoxy-

carbonylamino)benzoic aci®®). The mixture was stirred for 6 h. After evaporating moshef
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acetonitrilein vacug the solution was treated with 15 mL of a saturated NajKotition and
washed with ethyl acetate (2 x 15 mL). The aqueous phase wagedomth 6 N HCI until
pH~ 2 and extracted with dichloromethane (3 x 15 mL). The organic phaselmesl over

MgSQ,, filtered and evaporated. The prod@6étwas isolated as a viscous oil.
Yield: 155 g, 4.42 mmol, 88%.
'H NMR (CDCN, 300 MHz)

5 (ppm) = 3.75 (s; 3H; CY), 4.10 (m: 2H; Ch), 4.93 (m; 1H; CH), 7.74 (m; 2H; GB} 7.98
(m; 1H; CH,), 8.37 (m; 1H; NH).

3C NMR (+APT, CD4CN, 75.46 MHz)

3 (ppm) = 52.3 (CH), 54.1 (C§i 59.0 (CH), 112.2 (CH), 122.7 (CH), 124.5 (CH), 125.0
(Ca), 133.4 (G), 145.1 (G), 153.9 (OC=ONH), 167.4 (C=0), 167.6 (C=0), 168.6 (C=0).

5.11.9 Synthesis of 3-acetoxy-2-(5-methoxycarbonylamino-1,3-

dioxoisoindolin-2-yl)propanoic acid

oK 7 oK 7
COCH COOH
\n/ AcCl r.t., 4h \n/
o N + > ) N
OH OAc
99 0o O 100

In a 50 mL flask 308 mg (1 mmol) of 3-hydroxy-2-(5-methoxycarbonylamina@ib8siso-
indolin-2-yl)propanoic acid99) was dissolved in 4 mL of acetyl chloride at room tempegatur
The mixture was stirred for 4 h, then the excess of acetyl dblevas distilled offn vacuo A
1:1 mixture of acetone and water (10 mL) was added, and the ace&snevaporated. The
solution was treated with 15 mL of a NaHgZ®olution and washed with ethyl acetate
(2 x 15 mL). The aqueous phase was acidified with 6 N HCI untikgHand extracted with
dichloromethane (3x15 mL). The organic phase was dried over Mgi8tered and

evaporated?” The producilOOwas isolated as a viscous oil.
Yield: 325 mg, 0.92 mmol, 93%.
'H NMR (CD4CN, 300 MHz)

3 (ppm) = 1.93 (s; 3H; CH), 3.77 (s; 3H; Ch), 4.60 (m; 1H; CH), 4.70 (m; 1H; Ch), 5.14 (m;
1H; CH), 7.77 (m; 2H; CK), 8.03 (m; 1H; CH), 8.39 (m; 1H; NH).
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%C NMR (+APT, CD4CN, 75.46 MHz)

3 (ppm) = 19.8 (Ch), 50.5 (CH), 52.5 (Ch), 60.6 (CH), 112.3 (CH), 122.8 (CH), 124.6
(CH.), 124.8 (G), 133.2 (), 145.2 (G), 153.9 (OC=ONH), 166.9 (C=0), 167.1 (C=0),
167.7 (C=0), 170.5 (C=0).

HRMS: El, 70 eV, Q5H14N208Na.+ (M‘Na+).
Calcd.: M = 373.064 g/mol.

Found: M = 373.064 + 0.005 g/mol.

5.11.10 Procedure for the irradiation of caged acetates, 3-
acetoxy-2-(5,6-dimethoxy-1,3-dioxoisoindolin-2-yl)propanoic
acid and 3-acetoxy-2-(5-methoxycarbonylamino-1,3-

dioxoisoindolin-2-yl) propanoic acid

0 0
Ry CoO h Ry
N —V> NJ/ + C02 + ACO-
Ry OAc R5
o} o}

R,=R,=OMe 92
Rl = R2 =OMe 101
R, = NHCOOMeR,=H 100
R, = NHCOOMe R, = H 102

Solutions of 0.2 mmol of 3-acetoxy-2-(5,6-dimethoxy-1,3-dioxoisoindolin-2-yl)propanoi
acid @2 and 3-acetoxy-2-(5-methoxycarbonylamino-1,3-dioxoisoindolin-2-yl)propanoic
acid(100 in 50 mL of phosphate buffer at pH = 7 were irradiated at 15-20fQ@ h with
phosphor-coated mercury low-pressure lamps (emission maximum at Z48D ran). The
resulting alkenyl-phthalimide was extracted with £CH (3 x 50 mL). The organic phase was
dried over MgSQ filtered and the solvent evaporatedvacuo The residue was dissolved in
deuterated solvent and analyzed by NMR. In the aqueous phase, ettatetibacetate was
analyzed after irradiation using a modification of a publishethote™*® By addition of benzyl
bromide and warming at 50 °C for 4 h, acetate was derivatizedray| acetate. It was then

extracted with CKCl, and detected by GC, comparing with an authentic sample.
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5.11.10.1 Irradiation of 3-Acetoxy-2-(5,6-dimethoxy-1,3-dioxo-isoindolin-

2-yl)propanoic acid. Synthesis of 5,6-Dimethoxy-2-vinylisoindoline-

1,3-dione
0
MeO
NJ/
MeO
O 101

'H NMR (CDCl 5, 300 MHz)

3 (ppm) = 4.00 (s; 6H; CH, 4.95 (d;1H;J = 10.0Hz, CH), 5.98 (d; 1H;= 16.0 Hz; CH),
6.81 (dd; 1K J; = 10.0 Hz;J, = 16.0 Hz; CH), 7.31 (s; 2H; Gt

%C NMR (+DEPT, CDCls, 75.46 MHz)
d (opm) = 53.6 (CH), 103.0 (CH), 105.3 (CH), 123.8 (CH, 125.0 (G), 154.2 (G),
166.5 (C=0).

5.11.10.2 Irradiation of 3-Acetoxy-2-(5-methoxycarbonylamino-1,3-
dioxoisoindolin-2-yl) propanoic acid. Synthesis of Methyl (1,3-dioxo-

2vinylisoindolin-5-yl)carbamate

o)
MeO,CHN. : i

NJ/

O 102

0 (ppm) = 3.73 (s; 3H; C¥), 5.0 (d,1H;J = 10.0 Hz; CH), 5.87 (d; 1H] = 16 Hz; CH), 6.76
(dd; 1H;J; = 10.0 Hz;J, = 16.0 Hz; CH), 7.77 (m; 2H; Gh), 8.01 (m; 1H; CH), 10.40 (s; 1H;
NH).

'H NMR (DMSO-d ¢ 300 MHz)

%C NMR (+DEPT, DMSO-ds, 75.46 MHz)

5 (ppm) = 52.6 (Ch), 103.7 (CH), 112.1 (CH), 123.1 (CH), 124.4 (G), 124.7 (CH), 125.2
(CHa.), 133.3 (G), 145.9 (G), 154.2 (OC=ONH), 166.3 (C=0), 166.5 (C=0).
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5.12 Synthesis of chiral phthalimide-Urea-Conjugates

5.12.1 Synthesis of 1-(2-Benzyl-1,3-dioxoisoindolin-4-yl)-3-((R)-
1-phenylethyl)urea

NH, o

. . NCO s @ilé p
a7 O 104

105a

This product was not provided satisfactorily with the method presentedén3ibl

Table 34: Reaction conditions for the synthesis df-(2-benzyl-1,3-dioxoisoindolin-4-yl)-3-
((R)-1-phenylethyl)urea 105a.

Equiv. Solvent Temp. °C Cat. time (min) Work-up
a. 1:1.1 EtOAc r.t No cat. 10 After evaporation o $olvent, cyclohexane was added
and the product was washed with ether.
b. 11 EtOAc r.t EIN 10 After evaporation of the solvent, cyclohexarses added
and the product was washed with ether
c. 1:11 EtOAc r.t N-MM 30 After evaporation of the solvent, the resdvas

crystallized from benzene.

5.12.2 Synthesis of 1-(1,3-Dioxo-2-p-tolylisoindolin-4-yl)-3-((R)-
1-phenylethyl)urea

o
NH, o
103 © 104 105b

This product was not provided satisfactorily with the methods presentable 35.

Table 35: Reaction conditions for the synthesis df-(1,3-dioxo-2p-tolylisoindolin-4-yl)-3-
((R)-1-phenylethyl)urea 105b.

Eq. Solvent Temp.°C h (hours) Work-up
a 11 THF 50 1 The mixture was cooled to room terapee, and the solvent
was removed in vacu§®!
b. 1.1 t-BuOH 80 4 The solvent was evaporated undkraed pressure. The

residue was crystallized from benzene.
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5.12.3 Synthesis of 1-(2-Benzyl-1,3-dioxoisoindolin-5-yl)-3-((S)-
1-phenylethyl)urea

HO.C o 1. PhOCOCI, NaN, H H o
2 t-BUONa/DME, 75T NN
N > \ﬂ/ N
2. , 25T o
106 © NH, 5 107

According toGP5. R-methylbenzylaming200 ul, 1.50 mmol) was added. The white solid

was filtered and washed several times with cold chloroforne drea-phthalimidelQ7) was

purified by column chromatographyf R0.3 (Cyclohexane / EtOAc, 6:4%
Yield: 253 mg, 0.63 mmol, 63%.
'H NMR (600 MHz, DMSO-d,)

3 (ppm) = 1.42 (d; 3HJ = 7.0 Hz,; CH), 4.72 (s, 2H, Ch), 4.85 (d; 1HI = 7.0 Hz,; CH), 6.98
(d, 1H;J = 7.7, ,NH), 7.25-7.36 (m, 10H, G} 7.58 (dd, 1H;} = 1.7 Hz andJ, = 8.2 Hz,
CH,), 7.73 (d, 1H;) = 8.2 Hz, CH), 8.06 (s, 1H, CH), 9.21 (s, 1H, NH).

*C NMR (126 MHz, DMSO-ds)

5 (ppm) = 22.7 (Ch), 40.6 (CH), 48.7 (CH), 111.1 (CK), 121.5 (CH), 122.8 (G), 124.4
(CH.), 125.8 (CH, X 2), 126.7 (CH)), 127.3 (CH, x 2), 127.3 (CH), 128.3 (CH, x 2), 128.5
(CHar X 2), 133.2 (G), 136.8 (G), 144.6 (G), 146.3 (G), 153.8 (NH)C=0), 167.4 (C=0),
167.6 (C=0).

MS (m/z (%)): 399 (12), 278 (25), 260 (11), 252 (100), 234 (19), 120 (23), 105 (79), 91 (32),
77 (39).

Exact mass (El):
Calcd. C4H21Nz03: 399.1583 (M) g/ mol.
Found 399.159 g/mol.

M.p: 212-213 °C.
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5.12.4 Synthesis of 1-((1R,2S)-2-Aminocyclohexyl)-3-(2-benzyl-

1,3-dioxoisoindolin-5-yl)urea

0 1. PhOCOCI, NaNs H H 0
HO,C t-BuONa/DME, 75C N._N
L /% ------- > O: \H/ N
2. ,25<C O
5 NH, NH, 108
106 o
NH,

This reaction was carried out according@B5 but the method did not provide the desired
product108

5.12.5 Synthesis of 1-(2-Benzyl-1,3-dioxoisoindolin-5-yl)-3-
((1R,2R)-1-hydroxy-1-phenylpropan-2-yl)urea

OH
HO.C 0 1. PhOCOCI, NaNs HoH 0
2 t-BUONa/DME, 75T \ﬂ/
N > 0 N
2. oH .25C 108
106 © 0
NH,

Acoording toGP5 (1R,29-2-amino-1-phenylpropan-1-ol (226 mg, 1.5 mmol) was added.

The productlO9was purified by column chromatographf B.41 (SiQ, EtOAc / hexane, 7:3)

and crystallized from benzene / EtOH, 9:1.
Yield: 278 mg, 0.65 mmol, 65%.

'H NMR (DMSO, 300 MHz)

0 (ppm) = 0.88 (d; 3HJ =6.78 Hz; CH), 3.89 (m; 1H; CH), 4.73 (s; 3H; Gtlnd OH), 5.59 (d;
1H; J = 4.90 Hz; CH), 6.42 (d; 1H} = 9.42 Hz; NH), 7.21-7.38 (m; 10H; GM 7.56 (dd; 1H;
J; = 1.88 Hz;J, = 8.67 Hz; CH), 7.74 (d; 1H;J = 8.67 Hz; CH), 8.08 (d; 1H;J =1.50 Hz;
CHa), 9.33 (s; 1H; NH).

3C NMR (75 MHz, DMSO-dy)

3 (ppm) = 14.3 (CH), 41.2 (CH), 51,1 (CH), 74.5 (CH), 111.55 (G} 121.9 (CH),
124.9 (G), 126.4 (CH), 127.2 (CH, x 2), 127.8 (CH x 3), 128.4 (Ch x 2), 129.1 (CH x 3),
133.8 (GQ), 137.34 (G), 143.6 (G), 147.0 (G), 154.4 (NH)C=0), 167.4 (C=0), 168.2 (C=0).
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IR
v (cmi?) = 3390-3340 (w); 2970 (w) 1700 (s); 1690 (s); 1560 (m).
Exact mass (El)
Calcd. CysH2aN:0,4: 429.16 (M) g/mol.
Found 430,2 g/mol.
Anal:
Calcd: C69.92 H540 NO9.78.
Found: C69.72 H5.38 N 9.80.

M.p: 210-211 °C.

5.12.6 Synthesis of 1-(2-Benzyl-1,3-dioxoisoindolin-5-yl)-3-((R)-
1-hydroxypropan-2-yl)urea

2. OH,25<T

106 © )i
NH,

According toGP5 (9-2-aminopropan-1-ol (112 mg, 117 uL, 1.5 mmol) was added. The

HOOC O 1. PhOCOCI, NaNs H H 0
t-BUONa/DME, 75C N\H/N
N > i N
HO
5 110

productl10was crystallized from benzene / EtOH, 9:1. The proda6twas isolated as white

powder.
Yield: 212 mg, 0.60 mmol, 60%.
'H NMR (DMSO, 300 MHz)

3 (ppm) = 1.08 (d; 3HJ = 6.99 Hz; CH), 3.39 (m; 2H; Ch), 3.72 (m; 1H; CH), 4.74 (s; 2H;
CH,), 4.84 (m; 1H; OH), 6.28 (d; 1H;=8.10 Hz; NH), 7.31 (m; 5H; CH), 7.56 (dd; 1H;), =
1.27 Hz;J, = 8.10 Hz; CH), 7.73 (d; 1H;) = 8.27 Hz; CH), 8.07 (s; 1H; CH)), 9.23 (s; 1H;
NH).

*C NMR (75 MHz, DMSO-d)

0 (ppm) = 18.1 (CH); 41.2 (CH); 47.3 (CH); 64.8 (Ch); 111.6 (CH)), 121.8 (CH)); 123.2
(Ca); 124.9 (CH); 127.8 (CH, x 3); 129.0 (CH x 2); 133.8 (@); 137.3 (G); 147.0 (Q):
154.6 ((N-H)C=0); 163.7 (2-C=0).
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IR
v (cm?) = 3390-3340 (w); 2970 (w); 1700 (s); 1690 (s); 1560 (m).
Exact mass (El)
Calcd. CigH1gN3O4: 353.14 (100%) g/mol.
Found 351.90 [M-H] g/mol.
Anal:
Calcd: C64.58 H542 N11.89
Found: C 64.47 H559 N11.78

M.p: 204-205 °C.

5.12.7 Synthesis of 1-(2-Benzyl-1,3-dioxoisoindolin-5-yl)-3-((R)-
1-hydroxy-3-methylbutan-2-yl)urea

0 1. PhOCOCI, NaN, H H o
HOOC t-BuONa/DME, 75T N\[rN
N > N
2. _OH ,25C HO o
106 © o) 111
NH,

According toGP5 (§-2-amino-3-methylbutan-1-ol (154 mg, 166 pul, 1.5 mmol) was added.
The productl11was purified by column chromatography. B.28 (SiQ, EtOAc / cyclohexane,

9:1) and crystallized from benzene / EtOH, 9:1. The protllttvas isolated as white powder.
Yield: 259 mg, 0.68 mmol, 68%.
'H NMR (DMSO-ds, 600 MHZz)

o (ppm) = 0.88 (t; 6HJ; =15.60 Hz;J,= 7.80 Hz; CH), 1.86 (m; 1H; CH), 3.39 (m; 1H; CH),
3.50 (m; 2H; CH)), 4.71(s; 3H; Chland OH), 6.23 (d; 1H] = 8.73 Hz; NH), 7.26-7.35 (m; 5H;
CH,), 7.56 (dd; 1H;); = 1.87 Hz;J, =8.42 Hz; CH), 7.74 (d; 1H;J = 8.11 Hz; CH), 8.08 (d;
1H;J =1.50 Hz; CH), 9.23 (s; 1H; NH).

¥C NMR (150 MHz, DMSO-dg)

5 (ppm) = 18.4 (Ch); 20.2 (CH); 28.9 (CH); 41.2 (Ck); 56.3 (CH); 61.8 (Ch); 111.5 (CH);
121.8 (CH); 123.2 (G); 124.9 (CH); 127.8 (CH, x 3); 129.0 (CH x 2); 133.8 (G); 137.4
(C.); 147.01 (G); 154.4 ((NH)C=0); 167.9 (C=0); 168.2 (C=0).
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IR
v (cmi?) = 3330 (w); 2980 (w); 1700 (s); 1640 (s); 1560 (m).
Exact mass (El)
Calcd. Cy1H23N30,4: 381.17 (100%) g/mol.
Found 379.90 [M-H] g/mol.
Anal:
Calcd: C66.13 H6.08 N 11.02.
Found: C66.05 H6.14 N 10.99.

M.p: 203-204 °C.

5.12.8 Synthesis of 1-(2-Benzyl-1,3-dioxoisoindolin-5-yl)-3-((R)-
1-hydroxy-3-phenylpropan-2-yl)urea

o 1. PhOCOCI, NaN; H H o)
HOOC t-BUONa/DME, 75C N\[(N
N > g N
2, , 25T
NH, HO
106 O ©/\E o} 112
OH

According toGP5 (R)-2-amino-3-phenylpropan-1-ol (226 mg, 1.5 mmol) was added. The

productl12was purified by column chromatographf; B.32 (SiQ, EtOAc / cyclohexane, 9:1)

and crystallized from benzene / EtOH, 9:1. The prod@2twas isolated as white powder.
Yield: 266 mg, 0.62 mmol, 62%.
'H NMR (DMSO-ds, 300 MHz)

0 (ppm) = 2.57-2.77 (m; 2H; CH 3.39 (m; 2H; CH), 3.85 (m; 1H; CH), 4.72 (s; 2H; GH
4.92 (t; 1H;J; = 5.18 Hz;J, = 10.20 Hz; OH), 6.35 (d; 1H} = 8.42 Hz; NH), 7.18-7.36 (m;
10H; CH,), 7.54 (dd; 1H;); = 7.94 Hz;J,= 1.62 Hz;J; = 1.42 Hz; CH), 7.73 (d; 1H} = 7.94
Hz; CH), 8.05 (d; 1H) =1.78 Hz; CH ), 9.25 (s; 1H; NH).

3C NMR (75 MHz, DMSO-dy)

3 (ppm) = 37.5 (CH), 41.2 (CH), 53.0 (CH), 62.4 (CH, 111.6 (CH), 121.9 (CH,), 123.3
(C.) 124.9 (CH,), 127.8 (CH, x 3), 128.7 (CH x 2), 129.0 (CH x 3), 129.6 (CH x 2), 133.7
(Ca), 137.3 (G), 139.4 (G), 146.9 (G), 154.6 ((NH)C=0), 167.9 (C=0), 168.2 (C=0).
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IR
v (cm?) = 3370-3320 (w); 3000 (w); 1700 (s); 1660 (m); 1560 (s).
Exact mass (El)
Calcd. CysH23N304: 429.17 (100%) g/mol.
Found 427.90 [M-H] g/mol.
Anal:
Calcd: C69.92 H540 NO9.78.
Found: C69.83 H5.44 N9.64.

M.p: 213-214 °C.
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5.13 Photophysical properties, anion sensing and chiral

recognition by chiral phthalimide-urea-conjugate

Absorption spectroscopy

Absorption spectra were recorded using a Beckman Coulter UV-Dg[88firometer and a
Perkin-ElImer Lambda 35 UV/vis spectrometer. The samples placed into quartz cells of

1 cm path length. Compound concentrations were adjustec® el 10 DMSO or MeCN.

Steady-state fluorescence spectroscopy

Fluorescence and excitation spectra were carried out using kin-BEéner LS-50B
luminescence spectrometer. The samples were placed into gestof 1 cm path length.
Compound concentrations were adjusted as indicated. The excitati@mission slit widths
were 2.5 nm. The fluorescence quantum yields in different sslwaste measured with
reference to quinine sulfaté{= 0.546 in 0.5 M K5Q,) by comparing the area of fluorescence

and absorbance at the excitation wavelength of 340 nm, using the féfffula

q)samplez (asampchastd) (Astd/AsampIe) (nsample/nstd) q)std (16)

where dsampie aNA Psta, Bsampie AN Bstg, Nsample 8NA Nstg 8N Asample aNA Agq @re the quantum yield,
area under emission spectra, refractive index and the absorbattee sdmple under study

(sensorl07, 109-11pand the standard (quinine sulfate), respectively.
Time-resolved fluorescence spectroscopy

Fluorescence lifetimes were measured using a gated inéehsIICD equipped mono-
chromator. The spectral resolution has been set to 2 nm. Theesawsle excited with the
third harmonic (355 nm) of a Nd:YAG laser. The overall instrunresponse function was
1.5ns. The samples were placed into quartz cells of 1 cm padgthl Compound

concentrations were adjusted as indicated.
NMR study to confirm the formation of a complex

'H NMR titration experiments were performed in £IN and or DMSQds. In the presence
of increasing equivalents of anions, the changing field shift ed-protons was followed. The
concentrations of the solutions of the urea were between 10-15muha equivalents of the

anion were between 0.025-2 equiv.
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5.14 Fluorescence study of chiral phthalimide-urea-conjugate

with different peroxides

For 1-(2-benzyl-1,3-dioxoisoindolin-5-yl)-3-((S)-1-phenylethyl)urea

Fluorescence and excitation spectra were carried out using kin-BEéner LS-50B

luminescence spectrometer. The samples were placed into gelistof 1 cm path length.
Compound concentrations were adjusted t03.3 uM (10 pL of a 1 mM solutioeGNMor the
phthalimide and for the peroxide at 6.6 uM (20 uL of a 1mM solution in MeCN). The excitatio

and emission slits were adjusted to 2.5 nm. The experiment was carried oupartsvo

a. The first part was the treatment of the fluorophor with theesponding peroxide (1pL

up to 20pL).

b. The mixture (3.3 pM of fluorophor + 6.6 uM of peroxide) was irradiate the
photoreactor Luzchem LZC-4V (14 lamps,= 350 £ 20 nm) for about 180 min, and

every 30 min a fluorescence spectrum was measured.

Different commercial and non-commercial peroxide compounds weed t& these

experiments, the peroxide compounds are shown in figure 129.

Miyeon Ché ™ and Lars-Oliver H8incdk**® synthesized the non-commercial peroxides.

HX

3-hydroperoxy-2,3-dimethylbut-1-ene Q
P1

O
Artemisinin b Nc—®—<
/k P4 0-0 0
OCH o
\

2-hydroperoxy-2-methylpropane
P2

OOH

6]
0-0 O
Q
\

methyl 2-(3-(4-bromophenyl)-1,2,4-trioxan-6-yl)acrylate
P5

methyl 2-(3-(4-cyanophenyl)-1,2,4-trioxan-6-yl)acrylate
P6

H.0>
OOH hydrogen peroxide 10
0-0 o
(e}
\

1-(2-hydroperoxypropan-2-yl)benzene
P3
methyl 2-(3-(4-nitrophenyl)-1,2,4-trioxan-6-yl)acrylate
P7

Figure 129: Peroxide molecule used in the fluoreseee emission experiments
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5.15 Fluorescence study of 107 and 109-112 with hydrogen

peroxides

Fluorescence and excitation spectra were measured using a -Blenkin LS-50B
luminescence spectrometer. The samples were placed into gestof 1 cm path length.
Compound concentrations were adjusted t03.3 uM (10 pL of a 1 mM solutioeGNMor the
phthalimide. Hydrogen peroxide was used as an 25% aqueous solut®rexgitation and

emission slit widths were 2.5 nm. The experiment was carried out in two parts

a. The first part was the treatment of the fluorophor with the dyein peroxides (1uL up
to 20 pL).

b. The mixture (3.3 uM of fluorophor + 20 uM of peroxide) was irremtlain the
photoreactor Luzchem LZC-4V (14 lamps= 350 + 20 nm) for about 115 min, every

15 min a fluorescence spectrum was measured.
Preparative irradiation of S3 with hydrogen peroxide

In a pyrex ® vessel 199.58 mg (0.5 mmol) of 1-(2-benzyl-1,3-dioxoisoindefii-5-((S)-
1-phenylethyl)urea, 5 mL hydrogen peroxide at 25%, and 30 mL MeCN wieled.aThe
reaction mixture was irradiated in a Rayonet chamber photorsa@RR-100 (16 x 3500 A
lamps, ca. 400 Wx = 350 + 20 nm) for 90 min under nitrogen. The reaction system was cooled
with tap water (15 °C). The organic solvent was evapoiiatedcuo The reaction mixture was
dissolved in CHCI, and washed with water. The organic layer was dried ovesQd@nd

concentratedh vacuo The isolated product was the starting material.

5.16 Synthesis of Chiral Phthalimide-Thiourea-Conjugate

5.16.1 Synthesis of 5-Nitroisoindoline-1,3-dione
0 0
H,SO,/HNO; |O2N
NH
118 O O 119

To 62.5 mL of a mixture of concentrated sulfuric acid and 100%g raitid (4:1 v / v) at
15 °C was added 10 g (68.0 mmol) of phthalimiti&g( in portions over a 15 min interval with
stirring the reaction mixture. The temperature was raisedystows5 °C and held for 45 min.

The solution turned yellow in color. The proddd® mixture was cooled to 0 °C, slowly stirred
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into 250 g of ice at a rate such that the temperature wrad&ow 15 °C, collected by vacuum
filtration and washed with cold water. The prodlit® was recrystallized from ethanol to give

colorless crystal€?
Yield: 7.59 g, 39.5 mmol, 58%
H NMR (DMSO-ds, 300 MHz2)

d (ppm) = 8.07 (d; 1H;) = 8.2 Hz; CH,), 8.44 (d; 1H;J = 1.9 Hz; CH), 8.61 (dd; 1H;
J1 = 8.2 Hz;J, = 2.0 Hz; CH)), 11.38 (s; 1H; NH).

5.16.2 Synthesis of 2-Benzyl-5-nitroisoindoline-1,3-dione

o) o)
O2N K,COs, KI O2N
NH &@——— N
Br.
119 O @ o 12

In a 100 mL round flask was placed 2.00 g (10.4 mmol) of 4-nitrophatlgiii®s 0.90 g
(6.51 mmol) of anhydridus potasium carbonate and 0.20 g potassium iodide. ThenL12.4 m
benzylbromide and 20 mL of dried DMF were added. The mixture wasdhatte40°C for

1.5 h. The cooled reaction mixture was poured into 150 mL of cold water. &dilecting the

solid, it was washed successively with 40 mL portions of wagérsodium hydroxide solution,
and water again. The dried crude prodL@d was recrystallized from EtOH and filtered while
hot. The solution was concentrated somewhat, and water was addedsdropti the turbidity

just disappeared*!
Yield: 1.38 g, 4.89 mmol, 47%
'H NMR (CDCl 5, 300 MHz)

3 (ppm) = 4.89 (s; 2H; CH), 7.32 (m; 3H; CH)), 7.44 (m; 2H; CH), 8.04 (d; 1H;J = 8.1 Hz;
CH,), 8.59 (dd; 1H;); = 8.1 Hz;J, = 1.8 Hz; CH,), 8.66 (d; 1H;) = 1.7 Hz; CH).
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5.16.3 Synthesis of 5-amino-2-benzylisoindoline-1,3-dione
0 0
O2N H,,Pd/C H2N
N — N
121
120 © 0

According toGP2. 2-Benzyl-5-nitroisoindoline-1,3-dionel 20 (590 mg, 2.09 mmol) was

used for this reactiofr”!
Yield: 1.04 g, 4.12 mmol, 78%
'H NMR (CDCl 3, 300 MH2)

0 (ppm) = 4.33 (s; 2H; Np), 4.81 (s; 2H; CH), 6.82 (dd; 1H;J); = 8.1 Hz;J, = 2.1 Hz; CH),
7.03 (d; 1HJ = 2.0 Hz; CH), 7.34 (m; 5H; CH), 7.61 (d; 1HJ = 8.1 Hz; CH)).

¥C NMR (CDCl3, 75 MHz)

3 (ppm) = 41.3 (CH), 108.5 (CH,), 117.8 (CH), 120.5 (G), 125.1 (CH,), 127.6 (CHy X 2),
128.4 (CHy), 128.5 (CHy X 2), 134.9 (), 136.7 (G), 152.2 (G), 168.1 (C=0), 168.3 (C=0).

5.16.4 Synthesis of 2-benzyl-5-isothiocyanatoisoindoline-1,3-
dione
S
0 0
H2N p CI)J\CI SCN p
N e N
121 O o] 122

To a stirred solution of 126 mg (0.50 mmol) 5-amino-2-benzylisoindoline-by8di21)
in 2 mL CHCl,, 46.0 pL of thiophosgene (69.0 mg, 0.60 mmol) was added in one pagion
syringe. After 10 min of stirring B (0.15 mL) was added in one portion. The whole mixture
was stirred at room temperature for additional 4 h. NextGGH2 mL) and water (5 mL) were
added to the mixture. The layers were separated, the orggeicwas washed with 1 N HCI
(2 X 5 mL), dried over MgS®and evaporated to drynes. The crude product was purified by
column cromatographyfR0.90 (SiQ, CH,Cl,). [

Yield: 84.0 mg, 0.29 mmol, 57%.
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'H NMR (CDCl 5, 300 MHz)

0 (ppm) = 4.83 (s; 2H; CH), 7.34 (m; 5H; CH), 7.47 (dd; 1H;); = 7.9 Hz;J, = 1.8 Hz; CH),
7.63 (d; 1HJ = 1.7 Hz; CH), 7.82 (d; 1H;J = 7.9 Hz; CH,).

¥C NMR (CDCl3, 75 MHz)

5 (ppm) = 41.9 (Ch), 120.5 (CH), 124.7 (CH), 127.9 (CH, x 2), 128.6(G), 128.7
(CHar X 2), 129.6 (CHy), 130.8 (CHy), 133.9 (C.), 135.9 (C.), 137.4 (C.), 140.2 (S=C=N),
166.5 (C=0), 166.7 (C=0).

5.16.5 Synthesis of 1-(2-benzyl-1,3-dioxoisoindolin-5-yl)-3-((R)-
1-phenylethyl)thiourea

e O ko
=N Dioxan, Ar N__N
s7© \@[‘léN > ¢ N
122 © ©/\NH2 o 123

(9-1-phenylethanamine 18.3 pL (17.3 mg, 0.143 mmol) was added into an argon filled reactor

containing 42.2 mg of 2-benzyl-5-isothiocyanatoisoindoline-1,3-div88 (0.143 mmol) in
dry dioxane (10 mL). The mixture was heated at 100 °C under stirring for 24 h.|Véet seas
evaporated. The crude prodd@3was purified by column cromatograph¥f: R.42 (SiQ,
EtOAc / cyclohexane, 2:35?

Yield: 48.1 mg, 0.116 mmol, 81%.
'H NMR (Aceton-ds, 300 MHz)

0 (ppm) = 1.57 (d; 3HJ = 6.9 Hz, CH), 4.80 (s; 2H; CH), 5.71 (m; 1H; CH), 7.34 (m; 10H;
CH.), 7.75 (d; 1H) = 8.1 Hz; CH), 7.89 (dd; 1H;); = 8.1 Hz;J, = 1.8 Hz; CH), 7.95 (d; 1H;
J=7.7, NH), 8.36 (m; 1H; C§), 9.35 (s; 1H; NH).

%C NMR (Aceton-ds, 75 MHz)

5 (ppm) = 22.9 (Ch), 42.9 (CH), 55.0 (CH), 117.9 (CH), 125.4 (CH), 128.0 (CH,), 128.2
(CHa), 128.9 (CH), 129.3 (CH;: x 2), 129.7 (CH x 2), 130.3 (CH x 2), 130.4 (CH X 2),
134.8 (G, x 2), 139.0 (), 145.2 (G), 147.5 (G), 168.1 (C=0), 168.2 (C=0), 180.9 (C=S).

IR

v (cmi) = 3306(w), 2920 (w), 1769 (m), 1697 (s), 1614 (m), 1530 (s).



197

Exact mass (El).
Calcd. CoiHoiN50,S: 412.14 (100%) g/mol.
Found 415.00 [M-H] g/mol.

Anal:
Calcd: C69.37 H5.09 N10.11
Found: C69.39 H5.13 N10.06

M.p: 175-176 °C.

5.17 Photophysical Properties, anion sensing and chiral

recognition by Chiral Phthalimide-Thiourea-Conjugates

Absorption spectroscopy

Absorption spectra were recorded using a Perkin-Elmer Lambdd\VB&s spectrometer.
The samples were placed into quartz cells of 1 cm path length. Compouoecehtrations were
adjusted to1® M in DMSO or MeCN.

NMR study to confirm the formation of complex

'H NMR titrations experiments were performed in{CN and or DMSQOds;. The changes
of thiourea-protons were followed in the presence of increasiujvalents of anions. The
concentrations of the solutions of thiourea were between 10-15mdNha equivalents for the

anion were between 0.025-2.

5.18 Synthesis and Photophysical Properties of Luminol

Derivates
5.18.1 Synthesis of Luminol derivates
o
o 2R ?
[H']
BnO)LNHZ * or e
RiV\AO o)

Ry

This synthesis was conducted by Robert Fitchler (AK. Jacobi).
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Procedure for the synthesis of group a compounds ¥

A mixture of O-benzyl carbamate (9.06 g, 60 mmpHpluenesulfonic acid monohydrate
(0.23 g, 1.2 mmol), aldehyde (60 mmol), acetic anhydride (5.53 mL, 60 mmNel),
methylmaleimide 5.55 g (50 mmol), and 50 mL of toluene was confmedl00 mL flask and
fitted with a 3 cm stirbar and a reflux condenser. The reactigtura was refluxed at 120 °C
for 16 h, after which the solvent and other volatic compounds were rdrbg\aestillation on a
rotary evaporated at 60 °C / 25 mbar. The solid residue was subjeztflash column
cromatography (Si¢) EtOAc / heptane) to give the adducts that shown in table 36.

With a, B-unsaturated aldehydes, reactions were run in the prese®€nomol aldehyde

and no added acetic anhydride.
Procedure for the synthesis of group b compounds

A 250 mL flask was equipped with a reflux condenser and chargbdheitcorresponding
carbamate (20 mmol), Pd/C (10% Pd, 2.13 g, 2 mmol Pd) and trietijleoleiimethylether
(80 mL). The reaction was stirred at 140 °C for 18 h. Then, the mixtasecooled, filtered
trough a 2 cm celite pad and evaporated by high vacumm distill&8®AQ / 5 mbar). The

residue was subjected to flash column cromatography,(EtOAc / heptane).
Procedure for the synthesis of group ¢ compounds

Phthalimide (10 mmol) and hydrazine hydrate 5 mL (100 mmol) wereféraed to a
pressure tube. The mixture was heated at 110 °C for 5 h.dditdéing to ambient temperature,
the volatic compounds were removed by high vacumm distillationfentesidue suspended in
MeOH (50 mL). The mixture was filtered and the solid produspsnded in 1N HCI (50 mL),
filtired and washed with water (3 x 10 mL). The resulighite to yellowish solid was dried in

high vacuum at room temperature for 12 h.
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Table 36 : Products of the one-pot reaction (group), products of the Pd/C-catalyzed

(group b) and luminol derivates (group c)

Entry Aldehyde MCR-Adducts Anilines Luminol
Group a Group b Group ¢
129 j\B“ NH, o NH, O
o}
; 0" NH g NH
N— NH
N_
o} o}
o}
o} OBn NH NH, O
130 | Y i ?
07 NH o N NH
NH
N— ol o
o}
0 OBn NH, o NH, O
131 | N N
O)\NH o i-Pr - i-Pr I}IH
i-Pr i-Pr NH
N ipr O -Pr O
i-pr O
o} OBn NH, o NH, O
132 ) )\ Bn Bn
0" NH o N NH
Bn Bn NH
N_
Bn O Bn O
Bn o
o} OBn NH, NH, O
133 ! A P
07 NH ¢ NH
| N— l
? \Zé NH
o}
o} OBn NH NH, O
134 | By T
0" °NH ¢ NH
| N— !
~ i \Zé NH
o}
0 [ HN—NH
135 o) N 0) (0] O
)

o)
of
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5.18.2 Photophysical Properties of Luminol Derivates

Absorption spectroscopy

Absorption spectra were recorded using a Beckman Coulter UV-DU8&@0Osamples were
placed into a quarts cells of 1 cm path length. Compound concentratoasgjusted to 1M
in DMSO.

Steady-state Fluorescence

Fluorescence and excitation spectra were carried out using kin-PEimer LS-50B
luminescence spectrometer. The samples were placed intata gelh of 1 cm path length.
Compound concentrations were adjusted to 3.3#0n DMSO under aerobic conditions. The

excitation and emission slit were adjusted to 2.5-2.7 nm.
Absorption spectroscopy and steady-state at different pH (3,7 and 12)

Absorption as well as steady-state fluorescence measureofelnisinol derivates were

performed in water at different pH (commercial buffer solutions at plrgj712).
Time-resolved fluorescence

These measurements were performed on the Department of Physiesslty of Cologne

with the collaboration of H. Neumann, and M. Beller.

Singlet lifetime experiments were performed after excitativith laser pulses of about
120fs length. The pump laser was an “Integra-C” from Quantronixigpngv pulses of 2 mJ
with 120 fs duration at 796 nm and 500 Hz repetition rate was r@dacs® Hz with the use of
a chopper. The UV pulses were focused with a 10 cm focal lerisetin solution under
investigation. The sample was placed slightly before the fomoasoid bubble formation, and
the concentration of the probe was adjusted to exhibit comgibstaption of the UV pulse and
give light emission in a small region behind the quartz window.€hhi¢ted light was collected
trough a lense and the focused light sent to ensure that noteéftacscattered light from the
pump pulse impinged on the detector. The spectral traces of thdagst diode were recorded
on a WavePro 960XL oscilloscope from LeCroy (2 GHz bandwidth)h Eeace was the

average of 1000 single traces.
Luminescence

Luminescence measurements were performed using a computeriednfiabrimeter
Tecan SPECTRFluor Plus for measuring samples in a microplate. A mixhamityrange was

used for luminescence integration time with an optimal amatifia value. Samples were
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placed in a nunclon 24-well microplate with transparent flaslbottSample concentrations
were adjusted to 7.5 pM for the luminol derivates and 8 uM Gf(E8mg/mL)/HO, (5%).

Luminescence measurements were performed using a luminoineieat'LB 9507”. HO,
(25 pL, 5%) was dispensed to the Luminol derivates (10 pL, 1.5 mM solution in DMSO, catio
solutions (B&', F€*, CU", Ni** and Md", 6 puL, 6.18 mM solution in PBS, pH 12) and
0.98 mL of PBS (pH= 12). The generated chemiluminescence at 25 °C was measured

continuously about 250 s.
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47 (Pydp092a)

47 (Pydp092b)

Crystal date Pydp092
Empirical formula GsH:N, O,
Formula weight 252.27
Temperature (°K) 100(2)

Crystal system triclinic
Space group P-1
a[A] 7.0740(5)
b [A] 8.6459(8)
c [A] 10.4195(11)
al] 96.067(4)
B[] 100.715(5)
v [°] 107.977(5)
Volume A3 586.45(9)
V4 2
Density [mg/m] 1.429
Crystal size [mm] 0.4x0.3x0.3
Refl. collected/unique 3916 /2533
Refl. observed [I>2sigma(l)] 1705
R1* 0.0444
wR2 0.1304
Largest diff. peak / 0.203/-0.205

hole[e/ A%]




204

48 (pyd05a)

75 (pydr160f)
Crystal date Pyd05a Pydr160f
Empirical formula C1:7 Hia N, 03 C]_4H]_8 N, 02
Formula weight 294.30 246.30
Temperature (°K) 100(2) 100(2)
Crystal system Monoclinic Monoclinic
Space group P21/n P21/c
a[A] 9.7004(15) 10.5840(16)
b[A] 4.6954(9) 7.3141(8)
c[A] 30.850(7) 17.059(3)
al] 90 90
B[] 91.211(8) 95.487(5)
v [°] 90 90
Volume A® 1404.8(5) 1314.5(3)
V4 4 4
Density [mg/n] 1.392 1.245
Crystal size [mm] 0.3x0.05x0.01 0.3x0.2x0.02
Refl. collected/unique 2426 /1774 5781/276
Refl. observed [I>2sigma(l)] 854 1766
R1* 0.0472 0.0464
wR2 0.0918 0.1154
Largest diff. peak / 0.212/-0.199 0.588/-0.216

hole[e/ A%]
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52 (Pydr215) 84 (Pydr 191)
Crystal date Pydr215 Pydr191
Empirical formula GoH13N304 CieH21NOs
Formula weight 359.33 2458.70
Temperature (°K) 100(2) 100(2)
Crystal system Orthorhombic Monoclinic
Space group pP212121 C2/c
a[A] 9.0793(5) 24.408(2)
b[A] 11.2615(5) 0.2876(12)
c [A] 16.5493(9) 5.4839(10)
al] 90 90
B[] 90 126.543(5)
v [°] 90 90
Volume A® 1692.11(15) 3123.7(5)
z 4 1
Density [mg/m] 1.411 1.307
Crystal size [mm] 0.3x0.3x0.3 0.3x0.2x0.1
Refl. collected/unique 8253 /3706 7369 /3386
Refl. observed [I>2sigma(l)] 2864 1719
R1* 0.0349 0.0450
wR2 0.0653 0.0810
Largest diff. peak / 0.146/-0.198 0.223/-0.301

hole[e/ A%]
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107 (Pydrs001a)

Crystal date Pydrs00la
Empirical formula GsH21N304
Formula weight 399.44
Temperature (°K) 100(2)
Crystal system Triclinic
Space group P1
a[A] 4.7444(3)
b[A] 6.5898(8)
c [A] 16.224(2)
a[°] 78.946(4)
B[] 88.347(7)
v [°] 87.806(6)
Volume A3 497.34(9)
4 1
Density [mg/n] 1.334
Crystal size [mm] 0.2x0.1x0.03
Refl. collected/unique 2930/ 2077
Refl. observed [I>2sigma(l)] 1446
R1% 0.0442
wR2 0.0798
Largest diff. peak / 0.203/-0.233

hole[e/ A%]
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