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Abstract

Maleimide-based fluorophores have been effectively employed as bio-probes due to
their attractive photophysical attributes, such as small size, high responsivity, and high
reactivity while being non-invasive. However, their applicability in the biosystems has
been limited due to the fluorescence quenching, caused by the interactions with the
polar protic solvents. Therefore, this work is focused on improving the fluorescence in
polar media through chemical modifications. For this purpose, the maleimide was
functionalized with electron-withdrawing groups, which led to an increased
fluorescence efficiency in the solution-state by reducing the interaction with protic
solvents; and in the solid-state through the suppression of stacking interactions, thus
providing a dual-state emission mechanism. Furthermore, the maleimide derivatives
were successfully used as ligands to develop the fluorescent half-sandwich transition
metal complexes, thus expanding the scope for their use as hybrid probes.
Additionally, the coordination of maleimide-based chromophores to the lanthanide
metal ions enhances their luminescence, by overruling the ligand-to-metal charge

transfer state with ligand-centered transitions.



Thesis overview

Chapter 1 covers the general concepts of the thesis, and background literature is
reviewed. This chapter provides the overview of the key concepts occurring during the
process of photoluminescence and different quenching mechanisms. The remaining
sections focus on maleimide-based organometallic complexes, their fluorescence and

applications.

Substituted maleimides undergo fluorescence quenching in polar solvents, which limits
their applicability for various biochemical applications. Chapter 2 covers the synthesis
of small size substituted maleimide fluorophores through chemical modifications, and
examines the changes in their fluorescence properties. This work led to the
observation of fluorescence in both solution and solid-state for the synthesized

derivatives, and provides mechanistic insight into dual state emission behavior.

Chapter 3 presents the synthesis of fluorescent half-sandwich transition metal
maleimide complexes. The influence of complexation on the fluorescence properties
of the maleimide is investigated by analyzing the optical properties of the developed
fluorescent complexes. Electrochemical studies of the half-sandwich complexes

describes on-to-off fluorescence switch upon oxidation.

Chapter 4 focuses on the synthesis of maleimide ligands for coordination with
lanthanide metal ions. The dichloromaleimide and aminochloromaleimide derived
ligands are used as chromophore ligands to enhance the luminescence of lanthanide

metal ions.
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1.1 Photoluminescence

1.1.1 Principles of photoluminescence

Photoluminescence is a phenomenon that happens when a molecule absorbs energy
in the UV-Vis or near-infrared (NIR) region of the electromagnetic spectrum and then
re-emits light at a frequency lower than that of the incident light. Comprehending the
dynamics of the state-to-state electronic transitions is the key in understanding the
photophysical and photochemical properties. Fig. 1.1 illustrates various photophysical
events that follow the absorption process, and includes vibrational relaxation (VR) or
internal conversion (IC), fluorescence, intersystem crossing (ISC), and
phosphorescence. The absorbance of a photon, of a particular energy by the molecule
of interest, results in the electronic transition from the ground state (So) to a higher-
order singlet excited state (Sn, n+0). Spin and orbital symmetry selection rules are
crucial in determining the probabilities of the electronic transitions. The “Spin selection
rule” forbids the transitions between electronic states of different spin multiplicities, i.e.,
AS = 0. Furthermore, the “Laporte selection rule” forbids the transitions of the same
parity if the molecule has a centre of symmetry. Once a molecule is excited to Sy, it
can undergo further transitions, either into higher excited singlet states (Sn) or into
higher excited triplet states (T»), if another photon of matching energy is absorbed. S,
and T, can also be reached by a direct excitation from the ground state (So). When a
molecule is excited to the higher electronic state (Sn; n>1), energy may be dissipated
via a radiative or a non-radiative relaxation process. Vibrational relaxation (VR) is one
of the non-radiative processes that occurs when the energy deposited by the incident

photon into the molecule is given away to other vibrational modes in the form of the
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kinetic energy. Moreover, the transition of an excited molecule from a vibrational
energy level in one electronic state to another vibrational energy level in a lower
electronic state is referred as internal conversion (IC). IC is also a non-radiative
relaxation process of electrons from a higher excited state to a lower excited state or
from the lowest excited state to the ground state. Fluorescence occurs from
singlet—singlet (S1—So) radiative relaxation, and gives a characteristic short life time
on the order of nanoseconds for most organic fluorophores. Besides, if a molecule may
dissipate the energy on account of the electronic transition between two isoenergic
levels of different multiplicities, i.e., S1—Tu, it is termed as intersystem crossing (ISC).
Although this slow transition (ISC) is forbidden based on electronic selection rules, but
by coupling vibrational factors into the selection rules, ISC may become weakly
allowed. ISC followed by the radiative de-excitation from Ti1—So, is known as
phosphorescence, which exhibits a lifetime on the order of milliseconds.® 2 Another
non-emitting transition is through quenching, which will compete with the radiative
relaxation pathways, i.e., fluorescence and phosphorescence. Rapid quenching may
be observed in solutions due to collision with the solvent molecules. If present,
molecular oxygen may also quench the phosphorescence due to the energy transfer

between the triplet excited state (T1) of the dye and the triplet ground state of oxygen.®
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Fig. 1.1 Jablonski Diagram with the fundamental concepts that occur after irradiation.

In fluorescence spectroscopy, the emission occurs at a different wavelength compared
to the absorption, and this difference between the spectral positions of maximum
emission (lem) and absorption (lab) is referred to as the Stokes shift. The
photoexcitation of a molecule to a higher vibrational level (vn; Nn>0) of the singlet excited
state (S1) is followed by a rapid non-radiative relaxation to the lowest vibrational state
(vo) of Si1. Subsequently, the emission from the vo of S1 has a lower energy than the
absorbed photon, and hence a longer wavelength. The probability of the promotion of
an absorbed photon to the vibrational excited state (Si1,v>0) instead of vibrational
ground state (S1, v=0) can be explained by the Franck-Condon principle. The transition
probability between each vibrational level of singlet excited state (Si) and singlet
ground state (So) is proportional to the overlap integral between their vibrational
wavefunctions. Absorption occurs from the vibrational ground state (v=0) of So, which

is the most populated level at room temperature, according to the Boltzmann
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distribution. Fig. 1.2 shows the strong absorption transition from the v=0 of So to an
excited vibrational level (e.g. v=2) of Si, that has the greatest wavefunction overlap,
and defines the wavelength of maximum absorption (Aab). Similarly, the transition that
has the greatest wavefunction overlap, between the v=0 of S1 and the vibrational level
of So, gives the strongest fluorescence, and this defines the wavelength of maximum
emission (dem). The maximum wavelength of the fluorescence spectrum (1em) occurring
at a longer wavelength than the maximum absorption (dab) is the origin of the Stokes

shift.1: 4

Energy

Fig. 1.2 The Franck-Condon Principle in a nuclear coordinate energy diagram
showing the origin of the Stokes Shift. The potential wells are shown favoring
transitions between the vibrational states v=0 and v=2. Adapted from the reference.®

Copyright 2010 Andriy Chmyrov Stockholm, Sweden.
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Fluorescence spectroscopy can be classified as steady-state or time-resolved. Steady-
state fluorescence spectroscopy involves the measurement of long-term average
fluorescence of a molecule when irradiated with UV-Vis or NIR light, where the
timescales are longer as compared to the lifetime of fluorescence. The applications
such as excitation and emissions analysis, synchronous mapping, temperature
mapping, kinetic measurements, anisotropy of fluorophores, etc., come under the
umbrella of steady-state fluorescence. On the other hand, time-resolved fluorescence
spectroscopy measures fluorescence as a function of time, for example, fluorescence
lifetime imaging.® *

The emission spectrum is independent of the wavelength of excitation for most
fluorophores. However, the emission intensity of a fluorophore could be influenced by
various factors, such as, the fluorophore concentration, light source, temperature,
solvent, etc. This could generate inaccuracy when comparing the fluorescent behavior
of different dyes.® Therefore, the efficiency and analytical sensitivity of a fluorophore
should be quantified by the fluorescence quantum yield (¢f) and brightness (B). The
fluorescence quantum yield (¢r) is defined as the ratio of the number of emitted photons
to the number of absorbed photons. It describes the efficiency of the radiative transition
of the fluorophore (from S1—So) as a fraction of excited states that decay through
fluorescence compared to the excited states that decay non-radiatively (Eq. 1.1),
where k, and k,, are the respective rate constants of radiative and non-radiative
relaxation processes. The fluorophore brightness (B) can be evaluated as the product
of the fluorescence quantum yield (¢r) and the molar absorption coefficient (¢) (EqQ.

1.2).% Unlike fluorescence emission intensity, ¢r is independent of the concentration



Chapter 1

when using dilute solutions, while temperature may have an influence in case of

thermal agitation triggered by the non-radiative processes.

o = k, Eq.1.1
T "k, +k,,

B = ¢r X €lex) Eqg. 1.2

Amongst all the optical methods for the evaluation of quantum yield, the two most
common methods are: a relative method carried out by comparing to a standard dye
of known fluorescence, and an absolute method that involves direct measurements
using an integrating sphere.® The relative method evaluates the quantum yield by
comparing the integrated absorption and emission spectra of the standard and the
sample at a specified wavelength and is described in Eq. 1.3., where n denotes the
refractive index of the solvent, f represents the absorption factor, F is the integrated
fluorescence intensity at a particular wavelength, and the indices st and x indicates
the standard and the sample dyes, respectively. Whereas the absolute quantum yield
is computed as the ratio of the photon flux emitted from the sample (F) to the absorbed

photon flux (Fabs) (Eq. 1.4).°

b= E fio 13 (hem) Eq. 1.3
P =TSR e 2 (em)
F Eq. 1.4
br = F
abs

Fluorescent lifetime is another key concept of fluorescence spectroscopy. It is a

representation of a kinetic process and measures the average amount of time a
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fluorophore spends in its excited singlet state (Eqg. 1.5; where k, and k,, are the
respective rate constants of radiative and non-radiative relaxation). Though
fluorescence lifetime is an intrinsic property of a fluorophore, it is independent of the
fluorophore concentration, method of measurement, fluorescence intensity, and
photobleaching. Instead, external factors such as solvent polarity, temperature, and
presence of quenchers can have an effect on the stability of the excited states.©

1 Eqg. 15

YTk ke,

Fluorescence spectroscopy is a highly sensitive technique. The sensitivity of
fluorescence detection is ~1000 times greater than UV-Vis absorption spectroscopy,
and this is due to the different ways of measuring fluorescence and absorbance. In
UV-Vis absorption spectroscopy, absorbance is measured as a difference in intensity
between light passing through the reference and the sample. While in fluorescence
measurements, fluorescence intensity is evaluated directly, without any comparison
with a reference beam. The noise in absorption measurements scales with the
excitation intensity, while in fluorescence measurements it scales with the
concentration. The lower the concentration of the fluorophore, the lower is the noise in
the data. It is also relatively easy to detect single molecules in fluorescence analysis,
but single molecule detection is way more difficult with the absorption measurements.*
An important phenomenon to take into account is known as inner-filter effect, which
occurs when the concentration of a fluorophore is sufficiently high, resulting in an
attenuation of the excitation beam by the fluorophore itself. Therefore, it is important
to maintain the concentration of the fluorophore (i.e. uM) in a range to exhibit

absorption less than 0.1, to minimize the inner filter effect.> 1* The presence of any
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impurity in the fluorophore sample or the solvent can also absorb a fraction of the
emission or excitation energy which leads to a decrease in the fluorescence intensity.
Photobleaching is another phenomenon that occurs when a fluorophore loses its
fluorescence permanently. This may be caused by photoinduced chemical damage or
covalent modification. The Ta state is quite long-lived compared to the Si state, and
this permits the excited molecules to chemically interact with the components in the

environment.12

1.1.2 Photophysics and photochemistry of

fluorescence

Any process which decreases the fluorescence intensity of a fluorophore, due to the
interaction of the excited states with its surroundings, is called fluorescence quenching.
Fluorescence quenching can be classified into two different terms; static quenching,
and dynamic quenching. Dynamic quenching occurs when a quencher molecule
interacts with the excited states of a fluorophore, for example, chloride ions can act as
guencher molecules for the quinine dye. Compared to that, a fluorophore (at the ground
state) can interact with another molecule in the vicinity, such as oxygen or solvent
molecules, leading to either no excitation or very little excitation, and this is referred to

as static quenching.*?

Several processes occur due to the changes in electronic distribution in the excited
states, such as: photoinduced charge transfer (PCT), internal charge transfer (ICT),
electron driven proton transfer (EDPT), Forster resonance energy transfer (FRET), etc.

The manipulation of these processes occurring in the excited state could generate a
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different conformation of a individual fluorophore for various applications such as, pH
probes, metal sensors, dark quenchers, lifetime imaging probes, etc. FRET includes
non-radiative energy transfer from the excited state of a donor (D) fluorophore to an
acceptor (A) fluorophore, and relies on the relative orientation, and spectral overlap of
the acceptor absorption and donor emission spectra (Fig. 1.3). Dexter energy transfer
(DET) involves the orbital overlap between the donor and acceptor fluorophores at
considerably shorter distances than the Forster radius, resulting in intramolecular or

intermolecular bilateral electron transfer (Fig. 1.3).1°
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Fig. 1.3 Jablonski diagrams of various energy/electron donor—acceptor (D-A)
systems. (a) Forster Resonance Energy Transfer (FRET), 0 is the angle between
vectors of the donor emission and the acceptor absorption; (b) Dexter Energy
Transfer (DET); (c) Twisted Intramolecular Charge Transfer (TICT) dynamics. Upon
excitation from the GS, the LE state equilibrates rapidly with the TICT state after fast
charge transfer. GS = ground state; GSp = ground state donor; GSa = ground state
acceptor; ESp = excited singlet state donor; ESa = excited singlet state acceptor; LE
= locally excited state; R = effective D—A distance. Adapted from the reference.'*

Copyright 2016 Royal Society of Chemistry.
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Compared to the aforementioned processes that focus on the relative arrangement of
the fluorophores, intramolecular charge transfer (ICT) deals with the conformation of
an individual fluorophore. In the case of a planar conformation of the fluorophore, the
photon absorption causes no change in the relative orientation of the donor and
acceptor moieties of the fluorophore, and their m-systems are coupled in both the
ground and the excited state (Fig. 1.4).2° In such cases, the fluorescence quantum
yield is quite high due to the electronically allowed transitions, while the Stokes shift is
smaller as it involves no significant change in the geometric arrangement of D-A
groups.'® In the case of twisted intramolecular charge transfer (TICT), the charge
transfer from the donor to the acceptor subunit (connected by a single bond)
corresponds to one-electron excitation from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO). Internal conversion (IC)
driven by rotation around the single bond minimizes the Coulombic interactions,
resulting in a larger Stokes shift due to geometric relaxations. However, the electric-
dipole forbidden transition causes low emission quantum yields (Fig. 1.4).14 Compared
to these two phenomena, planarized ICT gives high quantum yields as well as large
Stokes shift. In this case, the acceptor (A) and the donor (D’) units in the fluorophore
are connected rigidly in one plane that generates high quantum vyield. In addition,
another donor group (D) (connected to the first donor D’) has a twisted conformation
showing a dihedral angle of about 90° (Fig. 1.4). This twisted conformation results in a
single diradical with the positively charged D’ stabilized by the interaction with free
electron pair from the D, owing to the rotation around the single bond, and is defined
as planarized ICT (PLICT). The excited state undergoes the geometrical relaxation in

the case of PLICT, and thereby features large Stokes shift.6

11
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Fig. 1.4 Schematic representation of the change in the geometrical arrangement of
the donor groups D and D’ as well as the acceptor group A upon going from the
ground state to planar ICT (a), TICT (b), and PLICT states (c). Adapted from the

reference.'® Copyright 2016 European Chemical Society.

It is also crucial to understand the labile paths of transitions, from the quencher to the
fluorophore, which lead to the fluorescence quenching, especially with respect to
maleimide-based dyes, which is the primary focus of the work explained in this thesis.
Photoinduced electron transfer (PET) leads to the generation of a charge-separated
state, comprising of the acceptor radical anion and the donor radical cation. PET,
whether intramolecular or intermolecular, competes with any radiative or non-radiative
relaxation process occurring in the excited state, and generates low fluorescence
quantum yields and short lifetimes.*"?° Fig. 1.5 describes the HOMO and LUMO of the
fluorophore (donor, D) and the quencher (acceptor, A) molecules in the fluorescence
on- or off-states. PET is thermodynamically feasible in the off-state, as the HOMO level
attributes to the donor-based orbital of the quencher, while in the on-state PET is not

plausible due to the HOMO level corresponding to the acceptor-based orbital.?*

12
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Fig. 1.5 Energy diagram of the donor-acceptor system for the photoinduced electron
transfer. Adapted from the reference.?* Copyright 2016 American Chemical Society.

Another key phenomenon involved in fluorescence quenching is electron-driven proton
transfer (EDPT), also known as proton coupled electron transfer (PCET) or concerted
proton electron transfer (CPET).?? 22 Fig. 1.6 illustrates the mechanism of EDPT for
the aminomaleimide dye solvated in methanol. Upon photoexcitation of the
fluorophore, the photoexcited canonical state (r — n*) can be generated, and a slight
delocalization of the charge density triggers electron transfer from the nearby solvent
molecules (MeOH), and produces two charge separated species. This charge
difference prompts the proton donation from the solvent and leads to the formation of
neutral di-radical species, in which fluorescence is forbidden. The EDPT pathway is

only accessible in polar protic solvents, such as methanol and water.?

13
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Fig. 1.6 Diagram of hypothesized EDPT mechanism for an aminomaleimide (NM-

MAM) solvated in methanol (MeOH). Electronic movement is indicated by the green
dashed arrow and proton movement is indicated by the blue arrow. Reproduced from

the reference.?*

14



Chapter 1

1.2 Maleimide: an overview

Over the years, traditional organic fluorophores have been employed for numerous
applications, such as bioimaging, sensors and other photoluminescent devices.?5?’
They exhibited good spectral window, photostability, fluorescence efficiency and
lifetime, but also contained large planar and polycyclic conjugated framework, and
conformational rigidity.?® Therefore, different strategies were developed for the
synthesis of small molecule fluorophores with structural tailorability and tunability of
the fluorescence properties.?® 30 The classes of dyes that have been developed
towards these goals, are cyanine, fluorescein, rhodamine and xanthane (Fig. 1.7).31-32
All these dyes comprised of aromatic m-conjugated systems and are hydrophobic in
nature, hence they are limiting for certain applications in biochemical systems, such as

the localization of a target.3*
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Fig. 1.7 Structures of some of the developed small-molecule fluorophores used for

fluorescence imaging.

15



Chapter 1

1.2.1 Unsubstituted maleimide quencher or

substituted maleimide fluorophore?

Owing to the selective reactivity of maleimides, as well as their good stability and
sensitivity, maleimide derivates have been steadily gaining popularity over the years.
In the past, maleimides had been extensively employed as a chain-end
functionalization tool for polymer synthesis, >3’ or for protein modification.38
Furthermore, they can readily react with chemical functionalities in the biomolecules
(such as thiols, etc.) by Michael addition,3%#! or can undergo the two-step Diels-Alder
process.*? Unsubstituted maleimides coordinated to the dyes were utilized as
fluorescence quenchers in the past (by acting as an acceptor) via the photoinduced
electron transfer (PET) mechanism owing to their underlying n* state.*® Thereby,
various maleimide derivatives were reported to be either commercially available (CF™
488A maleimide, AQuora® 750-Maleimide) or readily accessible via low cost, scalable,
and high-yielding strategies. Lately, it was reported that halogen containing maleimides
could undergo efficient addition-elimination reactions with thiols, thus by retaining the
double bond in dithiomaleimides (DTM), they could act as a fluorophore.** 4> Since
then, our group has been investigating the substituted maleimide-based fluorophores,
and examined the correlation of their structural and optical properties. Later, a series
of aminohalomaleimides (AXM) and monoaminomaleimides (MAM) exhibiting high
fluorescence quantum efficiencies with large Stokes shift (~100 nm) were also
reported.*® The strategy to synthesize the amino-substitution maleimide fluorophores
was of particular interest due to the availability and prevalence of amine groups in
biological substrates. Furthermore, the alcohol substituted halomaleimide

(alkoxyhalomaleimide; OXM) and doubly-substituted aminothiomaleimide (ATM)
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exhibited blue and yellow emissions (Stokes shift = ~150 nm), respectively (Fig. 1.8).
Additionally, the aminothiomaleimide structures exhibiting weak emissions (¢r= 8%) in
solid-state, indicates the potential of dual-state emission (DSE) behavior by preventing
the quenching in the solid-state, through the introduction of a thiol group adjacent to
the donor amine group.*’ Most recently, our group has investigated the influence of
substituting multiple phenyl groups at the imide position of the maleimide ring on the
optical properties, and has observed a high fluorescence in the solid matrix, but
negligible fluorescence in solution-state.*® The chemical diversity of maleimide-based
fluorophores possessing high fluorescence emission efficiencies and large Stokes

shifts in polar protic solvents and in solid-state, is explored further in Chapter 2.

o]

Xﬁ o

| N-R, _

Ry~ R;

N o) ﬁ‘_m

o) AXM (Aminchalomaleimide) o

"'Jf’é DTM [Dithiomaleimide)
| N-R
Ra~N [o]
H (o] X 0
MAM (Monoaminomaleimide) ﬁN—m R
X 3 jl/\(‘(N-m

Ra~y
H

(o]
[o] X=Cl, Br,| . . L
X ATM (Aminothiomaleimide)

| N-R4

5 2O
OXM (Alkoxyhalomaleimide) jI:N‘: O

Ro~N
Bxs

Bz;MAM (trityl functionalized monoaminomaleimide

Fig. 1.8 Structures of some of the reported maleimide derived fluorophores.#6-48
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1.2.2 Factors effecting the fluorescence emission

The fluorescence emission of a fluorophore is fairly dependent on its environment,
which includes factors, such as temperature, solvent, etc., and the degree of
dependence varies from dye to dye. Some fluorophores display temperature-
dependent quenching phenomena,*® %° where high temperatures trigger the non-
radiative relaxation processes (thermally activated delayed fluorescence), following
the photoexcitation, leading to a decrease in the fluorescence emission.>! In addition
to the temperature, fluorophores can be designed to be responsive to the pH of a
solution. Some fluorophores, such as rhodamine and fluorescein, and their derivatives,
are naturally dependent on pH to a certain extent.>? Nonetheless, certain fluorophores
were developed to be pH-responsive; in particular, fluorophores that can undergo

protonation or deprotonation, thus exert tunable fluorescent properties.53 54

Another factor that has a significant influence on the fluorescence is the solvent
polarity, and highly solvent-dependent fluorophores show solvatochromic behavior.
Within a solution, the dipole moment of the solvent molecules interact with the dipole
moments of the fluorophore. Upon photoexcitation, the dipole moments of the
fluorophore and the solvent molecules disorient and reorient themselves within the
solute-solvent domain. The reordering of solvent molecules around the solvated
fluorophores usually has a larger dipole moment in the excited state than in the ground
state. The solvent molecules assist in stabilizing, which lowers the energy level of the
excited state, thus reducing the energy separation between the ground and excited
states. This effect may be more or less pronounced depending on the polarity of the
solvent. An increase in solvent polarity results in a higher stabilization of a polar excited

state, and therefore, such fluorophores are inclined to show high bathochromic shifts
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in more polar solvents (Fig. 1.9).%° The fluorophores that contain electron-donating and
electron-withdrawing groups in conjugation, such as maleimides-based dyes, are
outstanding candidates as polarity probes.®® Thereby, the maleimide-derived
fluorophores presenting large solvatochromic effects will be discussed further in

Chapter 2.

Fig. 1.9 Effect of the solvent polarity on the energy levels of the fluorophore. Adapted
from the reference.> Copyright 2013 Elsevier.

1.2.3 Applications of maleimide fluorophores

1.2.3.1 Polymer functionalization

Owing to the small size, non-invasive nature and promising fluorescent properties
substituted maleimides fluorophores have been extensively employed for polymer
functionalization by our research group.*4 57-61 The maleimide-derived structures could

act as a compatible polymer functionalization handle, given its facile reactivity for a
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wide range of polymerization techniques, such as RAFT polymerization,®” ©© ROMP
polymerization,®? emulsion polymerization,®® 64 step growth polymerization,®®
sequence controlled polymerization,®6-68 etc. The carbonyl groups in the maleimide unit
provide a control of the hydrogen bonding interactions, while the electron-deficient
double bond can participate in numerous applications, such as Diels-Alder reaction,
Michael addition, addition-elimination reaction with thiols and amine, etc., without the
need of any metal-catalyst or thermal/photochemical initiation.®® Robin et al., reported
embedding of the fluorescent dithiolmaleimide (DTM) monomer into the polymers via
pre-polymerization and post-polymerization functionalization (Fig. 1.10).57 Later, the
effect of supramolecular assembly of the polymer containing DTM unit on the
fluorescence intensity, wavelength, and lifetime was explored.®® In another work, the
fluorescent dithiomaleimide (DTM) unit was incorporated into either the core or the
shell of the block copolymer micelles, and an increase in the fluorescence emission
intensity was observed upon self-assembling, due to the shielding of DTM moiety from
the solvent quenching. The core-labelled micelles also detected the uptake of the guest
molecules by the Forster resonance energy transfer (FRET).%° Maleimide-based
fluorophores have also been used for monitoring the polymerization fusion process.
Spyridon et al., investigated the fusion properties of photo-polymerization induced self-
assembly (photo-PISA), by incorporating rhodamine and maleimide dyes as the
fluorescent monomers, and monitored a change in the fluorescence lifetimes through

confocal microscopy (Fig. 1.10).%2
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Fig. 1.10 Selected examples of reported work utilizing fluorescent maleimide
derivatives for polymer functionalization (top), and monitoring the fusion process in
photo-PISA reaction (bottom). Adapted from the references.>” 62 Copyright 2014
Royal Society of Chemistry and 2019 American Chemical Society, respectively.

Another fascinating application includes the development of a photoresponsive
nanogel containing the dithiomaleimide (DTM) and spiropyran (SP) components. Upon
irradiation with UV-light, a fluorescence energy transfer occur from the DTM to the SP
dye, that allowed the reversible alternation of the fluorescence lifetime, thus a

controlled fluorescence lifetime barcoding system was achieved (Fig. 1.11).6°
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Fig. 1.11 Preparation of maleimide-based fluorescent nanogels for lifetime barcoding

applications. Adapted from the reference.®® Copyright 2020 Nature Publishing Group.

1.2.3.2 Bioconjugation and drug delivery

In order to study in vitro and in vivo biochemical mechanisms, numerous methods have
been developed for efficient and specific labeling of the biomolecules.” ! It is crucial
that the labeling agent should be stable in bio-systems, and possess a functionality
that may interact with targeted groups, that are present in biomolecules. The
conjugation of maleimide derivatives with the biomolecules, such as peptides and
proteins, is one of the most prevalent strategies due to their high reactivity, selectivity,
and accessibility.”> N-functionalized maleimide structures have been frequently
reported for selective labeling of proteins and peptides.”7> Several reports about

utilizing the dithiomaleimide derivatives, as off-on fluorescent probes, for bioimaging

22



Chapter 1

applications have also been published.*% 76 77 Despite all this, the irreversible nature
of the maleimide-based structures, while undergoing addition reactions to form stable
bonds (e.g., -SH), limited its applications. Later, this problem was resolved by
incorporating a leaving group (e.g. bromo) to the maleimide, which led to a shift from
the addition reaction to the addition-elimination reaction (Fig.1.12).”® Baker and
coworkers reported numerous maleimide reagents for the protein conjugation, that
were highly specific and could experience hydrolysis to reversibly cleave the
maleimide-protein conjugates in blood serum.3® 7° Subsequently, several strategies
were reported to utilize the substituted maleimide structures for the development of the
peptide-polymer conjugates in a stable and reversible manner.8% 8 One promising
work involved the in situ conjugation of the dithiomaleimide functionalized polymer with

the oxytocin, to enhance its stability and reversibility (Fig. 1.12).82
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Fig. 1.12 Labeling of protein using maleimide and bromomaleimide via addition and
addition-elimination reaction (left),”® and peptide oxytocin and dithiomaleimide
conjugate formation (right).82 Copyright 2014 Royal Society of Chemistry and 2015

American Chemical Society, respectively.

In another interesting application, a bi-specific antibody conjugate was constructed, by

reducing the disulfide bridge, using a bis-dihalogenated maleimide cross-linker. The
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developed antibody-antibody conjugate maintained its binding activity, and in vitro

binding of the targeted antigens was achieved as well (Fig. 1.13).83
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Fig. 1.13 Synthesis of homogenous bi-specific antibody conjugate using bis-
dibromomaleimide cross-linker. Adapted from the reference.® Copyright 2014

American Chemical Society.

In another study, the thiol exchange reaction has been utilized to enable the targeted
cleavage of maleimide-linked GFP-rhodamine conjugate for a drug release.?* Stimuli
responsive polymeric nanoparticles (NPs) is an emerging field for the disease (tumor)
diagnosis and treatment.85%7 In this regard, dithiomaleimide fluorophores have been
utilized to synthesize the amphiphilic block copolymeric systems with pH-
responsiveness. These block copolymers comprised of fluorophore (i.e., DTM) and pH-
responsive segments (i.e., amine group etc.) in the polymeric backbone, which self-
assembled into a drug-loaded micelles in the presence of a drug, and disassembled
upon pH switch, releasing the drug.®® 8 Furthermore, DTM containing multi-stimuli
responsive polymeric nanomaterials have been developed, to obtain the controlled
drug release and enhanced therapeutic efficiency. A fluorescent biocompatible
amphiphilic block copolymer was synthesized by atom transfer radical polymerization
(ATRP) and ring opening polymerization (ROP), followed by the introduction of a DTM

unit via azide-alkyne click reaction. The drug camptothecin-loaded core-labeled
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micelles were taken up by the tumor cells and the disulfide bonds were cleaved at high
glutathione concentration, to release the CPT drug (Fig. 1.14).°% %1 From these
examples, it is evident that the substituted-maleimide containing polymeric
nanoparticles, with the stimuli responsive and tunable fluorescent properties, are

promising candidates for bioimaging and therapeutical applications.
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Fig. 1.14 Fluorescent dithiomaleimide-amphiphilic block copolymers for pH-
responsive drug delivery into a tumor cell. Adapted from the reference.® Copyright
2019 Elsevier.

1.2.3.3 Surface modification and functionalization of

inorganic nanoparticles

After decades of research, inorganic nanoparticles have been utilized for a variety of

biomedicinal®?%* and industrial applications.®> °¢ The major challenge experienced
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over years that limited their applications in biosystems to some an extent, was the lack
of biocompatibility.®” Several attempts were made to resolve this problem by increasing
the dispersity of the hydrophobic colloidal nanoparticles in the aqueous media.®® One
approach to achieve this goal is by the surface functionalization of the nanoparticles
with biocompatible polymeric shells,*® or through ligand exchange reaction.0 101
Maleimide-thiol chemistry has been frequently exploited to achieve the surface
functionalization and covalent attachment of the inorganic nanoparticles.%?
Furthermore, inorganic nanoparticles, such as iron oxide NPs, can also be
functionalized with the hydrophilic polymeric shells containing the maleimide structures
via the active functionalities, such as hydroxyl or carboxyl groups. Thomas and co-
workers reported surface functionalization of the iron-oxide based nanoparticles with
dibromomaleimide-terminated methacrylate modified polyethylene glycol polymer,
through multiple phosphonic groups, to achieve high colloidal stability and
biocompatibility. The presence of dibromomaleimide (DBM) as end-group was used to
achieve conjugation-induced fluorescence with amine-group containing biomolecules,
and tracked the magnetic NPs-based conjugates through confocal microscopy.1% In
another work, diboromomaleimide containing azide functionality as an end-group was
incorporated into the polymers via RAFT polymerization, and functionalized the sodium
gadolinium fluoride (NaGdFs) nanoparticles through phosphonic groups. The
dibromomaleimide conjugation-induced fluorescence was achieved through a copper-
free “click reaction between the azide linker and bicyclo-[6.1.0]-nonyne (BCN)-
terminated antibody, and employed the conjugated polymeric system for optical
imaging of thrombosis (Fig. 1.15).1%¢ Some other works involved the maleimide-

functionalized gold-nanoparticles via thiol exchange reaction, for imaging the
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controlled cellular interactions.1% 106 Recently, Turgay et al., has utilized an amine-
dichloromaleimide crosslinker to develop the hydrophilic fluorescent nanogels tethered
to the iron oxide nanoparticles, and analyzed the lower critical solution behavior
(LCST) behavior of the self-assembled nanoparticles.'®” Thereby, the substituted
maleimides are very promising candidates for functionalizing the inorganic
nanoparticles, to achieve high stability, enhanced fluorescence, excellent

biocompatibility and improved targeting efficiency for various biochemical applications.
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Fig. 1.15 Reaction between DBM in the BPA-P(OEGA-co-DBM) copolymer and azide
groups (1); surface ligand exchange of the oleic acid coated NaGdF4 nanoparticles
(2, 3); and conjugation of NaGdF+@BPA-P(OEGA-co-DBM-N3) with the scFv-BCN

antibody (4). Adapted from the reference.1* Copyright 2020 Royal Society of
Chemistry.
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1.3 Luminescent organometallic complexes

1.3.1 Prospects of organometallic complexes

Owing to the unique physico-chemical characteristics, organometallic complexes have
been widely used for applications, such as bioimaging, drug delivery, catalysis, etc.
Several organometallic compounds have entered into clinical trials to be used as
antimicrobial, anticancer and diagnostic agents.1%8 199 The structural privileges that
organometallic complexes have over the organic compounds for the biochemical
applications, includes structural diversity, solubility in aqueous phase, efficient redox
and catalytic properties.11? A chiral carbon atom in organic compounds attached to four
different substituents could have two different enantiomers. Compared to that, an
octahedral organometallic complex that could accommodate six substituents may
occur in 30 different stereocisomers, suggesting that the structural diversity in typical
organometallics exceeds that of organic compounds.!!! Additionally, the placement of
the ligands around the metal center in the transition metal complexes is
stereochemically stable, thus the occurrence of racemization is extremely rare.
However, this criterion is not met by all the transition metals, the structural rigidity is
guite pronounced with second and third row transition metal atoms. Therefore, these
transition metal complexes have been occasionally used for biomedical
applications.'12 113 Another well-known physico-chemical property of organometallics
is that many metal complexes could readily undergo electron transfer reactions, and
this phenomenon has been widely explored. The metallocenes and half-sandwich
complexes have been utilized as potential drug transport and delivery systems, by the

virtue of their redox properties.*4 115 Sadler and co-workers have reported the half-
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sandwich “piano-stool” ruthenium arene complexes as potential anticancer agents, and
explored their catalytical behavior. The cytotoxic effects of these complexes was
explained by the redox catalytic cycle, that involved the reaction between the

glutathione (GSH) and azo-pyridine ligands coordinated to the ruthenium metal.1®

For long, it was believed that all organometallic complexes are air and moisture
sensitive, and could only be handled under inert atmosphere. This stereotype was
broken when technetium-based carbonyl complexes were successfully employed for
the labeling of biomolecules in the aerobic agueous environment.*!” The stability of
such complexes was achieved by coordinating the metal atoms with 7 -back bonding
ligands, such as carbonyl and phosphines, or with aromatic m-systems, such as 7n°-
arenes or n°-cyclopentadiene (Cp).1*8 119 Later, several luminescent transition metal
and lanthanide complexes were developed with tunable spectrochemical properties by
using a wide range of ligands. Such complexes were efficiently employed as
bioimaging reagent and cellular probes, due to their high photostability as well as
intense and long-lived environment sensitive emissions.'?% 121 The transition metal and
lanthanide metal complexes can be achieved in fewer steps with greater flexibility, and
their steric and/or electronic properties can also be tuned by the modification of the
auxiliary ligands.'?> Amongst the transition metal complexes, metals with d®-
configuration, such as iridium(lll), rhenium(l), ruthenium(ll), have been considered as
potential luminophores, for bioimaging, protein labeling, and sensing applications.?*
124 The db-complexes possess generally low rates of ligand exchange which is
essential in mediating the toxicity of the metal ions. Owing to the spin-forbidden
transitions, allowed through the spin-orbit coupling, these metal complexes have a long

fluorescence lifetime (100 ns to ms), and large Stokes shifts (>100 nm). This is
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advantageous for applications, such as time-gated luminiscence microscopy, which
helps in the differentiation of a probe signal from the background autofluorescence.'?®
Moreover, the metal atoms can coordinate to a wide range of ligands, containing the
functional groups suitable for conjugation to the biomolecules, thus allows their
controlled localization in the cells.1?6-1%8 Fig. 1.16 represents the cellular uptake and
localization of some of the well-known d®-complexes. The most common luminescent
ruthenium(ll) complexes consists of derivatives of diimine-based ligands, such as
bipyridine, phenanthroline etc., coordinated in an octahedral geometry. These
luminescent complexes showed metal-to-ligand (MLCT) transitions having
characteristics excitation, and emission bands around 450 nm and 610 nm, along with
the fluorescence lifetime on the order of 0.6 — 6 ps. The chelating ligands provide the
opportunity for functionalization as well as can modulate the Iluminescence

efficiently.126
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Fig. 1.16 Localization of d®-complexes in cells. Adapted from the reference.1?

Copyright 2010 Royal Society of Chemistry.
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1.3.2 Fluorescent half-sandwich transition metal

complexes

Half-sandwich “piano-stool complexes” is an important class of the organometallic
complexes, and have been used for a wide range of applications, such as enzyme
inhibition, bioimaging, anticancer and antimicrobial agents.'?°-13! For gquite some time,
the luminescent half-sandwich transition-metal complexes have been developed
efficiently to understand the mechanism of actions (MoAs) of these complexes, as
potential anticancer agents, catalytic drugs, biomarkers, etc.32134 Luminescent
organometallic complexes could exhibit different type of electronic transitions,
depending on the energy levels of the attached ligands, the metal atom and the
interactions between them, which will be discussed in more detail later in Chapter 3.
Notably, metal-to-ligand (MLCT) transitions are most frequently observed for the
luminescent transition metal complexes, owing to their strong spin-orbit coupling
induced by the metal atom, leading to intersystem crossing to the MLCT state. The
ensuing emissions from the metal-to-ligand CT state are quite useful for cellular

imaging applications.13% 136

Several half-sandwich complexes could be the ideal candidates to regulate certain
redox and/or catalytical reactions in the cells, but due to their non-luminescent
characteristics, it is tedious to understand their mechanism of action. For example,
iridium(Il) complexes can show excellent catalytic activity for detoxifying the a,B-
unsaturated aldehydes which are associated with various neurodegenerative
disorders, such as atherosclerosis, cancers, etc. In these cases, the common adopted

strategy is to make a non-fluorescent metal complex emissive by attaching an organic
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fluorophores, such as rhodamine, coumarin, etc., to the ligands, which is coordinated
to the metal atom (Fig. 1.17).13713% Bose et al., developed the fluorescent half-
sandwich iridium-picolinamidate complexes, using the strategy mentioned earlier. The
resultant fluorescent half-sandwich complexes were used to reduce the targeted
carbonyl containing compounds into the alcohols, and visualized their cellular

distribution and uptake properties by using the confocal microscopy.4°
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Fig. 1.17 Design of fluorescent half-sandwich iridium complexes.37-13°

Additionally, several n®-cyclopentadienyl containing dS-transition metal complexes
have been reported, to restrict the migration of tumor cells. Wang et al., reported
triphenylamine/N-phenylcarbazole appended half-sandwich iridium(lll) Schiff base
complexes, and used them to catalytically generate intracellular reactive oxygen

species (ROS), induced lysosomal damage, thus resulting in apoptosis. The
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mechanism of action was monitored by using flow cytometry and confocal
microscopy.*! Liu and co-workers, frequently employed half-sandwich d®-complexes
of ruthenium and iridium, to trace the lysosomal-targeting imaging.1#214 Ma et al.,
developed three-legged “piano-stool” half-sandwich naphthalimide (appended with
pyrrolidine and methoxyethanol) ruthenium(ll) and iridium(lll) complexes and studied
their intracellular behavior. The results from the flow cytometry showed that these
complexes could trigger a cell arrest in the early S (DNA synthesis) and G2 (cell growth)
phases, to induce a significant increase of the intracellular ROS. The influence of using
different ligands on the mechanism of action (MoA) have also been explored through
confocal microscopy. The pyrrolidine-modified naphthalimide half-sandwich iridium(lIl)
complex (2) was observed to target mitochondria after energy-dependent entry, while
the methoxyethanol-appended naphthalimide half-sandwich iridium(lll) complex (4)
targeted lysozyme, leading to mitochondrial and lysosomal damages respectively (Fig.

1.18).145
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Fig. 1.18 Mechanism of action of naphthylamide-modified half-sandwich iridium(lil)

complexes. Adapted from the reference.#®> Copyright 2019 Elsevier.

1.3.3 Transition metal-maleimide complexes

Transition metal complexes have been successfully utilized as chemotherapeutics for
many years.'#6 147 However, the most prevailing challenge encountered in the past
was the low degree of selectivity, that led to serious side-effects during the
medication.'*® In order to overcome this limitation, several strategies have been
proposed over the years, such as tethering the bioactive functional groups to the
ligands coordinated to the metal atoms.4° Maleimide based structures are well-known
to undergo addition and substitution reactions with the biomolecules, especially with

macromolecules containing the sulfhydryl groups to form stable thioether bond for the
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transport of bioactive moieties.''3 135 Moreover, different organic fluorophores have
also been labeled using maleimide derivatization to generate site-specific labeling

reagents.t46 147

Organometallic complexes of various transition metal atoms (Co", Fe', Ir'', Ru'", Re!,
PtV etc.) containing the maleimide motif have been reported over the years.13% 150,
151 1n 2004, Warnecke et al., reported water soluble maleimide-appended carboplatin
complexes as potential albumin binding prodrugs (Fig. 1.20).152 Maleimide derivatives
have also been frequently used to functionalize the ligands in metallocene and half-
sandwich complexes (Fig. 1.20).153. 154 | ater, Hanif et al., utilized the maleimide moiety
to functionalize the n®-arene half-sandwich ruthenium(ll) complexes. These complexes
could undergo selective reaction with the biomolecules, containing a thiol-functionality,
via the maleimide motif (Fig. 1.20).1% Recently, Kowol and co-workers have developed
maleimide-functionalized platinum(lV) prodrugs for selective binding of thiol-containing

tumor-targeting molecules, such as human serum albumin (HSA) (Fig. 1.19).1%6
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Fig. 1.19 Concept of maleimide-functionalized platinum(1V) products. Adapted from
the reference.®® Copyright 2013 Royal Society of Chemistry.

Besides, appending the ligands coordinated to the transition metal atoms,
unsubstituted maleimides have also been used as a ligand in organometallic
complexes. Rudolf and co-workers have repeatedly used maleimides to develop the
metallocarbonyl complexes of iron, tungsten, ruthenium, etc.1®” 1% The
metallocarbonyl complexes have been employed as IR-markers to monitor various
biochemical processes, owing to their strong characteristic band in the infra-red region
(2150-1800 cm™).15% The developed half-sandwich metallocarbonyl complexes could
undergo addition reaction with thiols, Diels alder reaction with alkenes and oxa-Michael
reaction with hydroxyl containing biomolecules.'%-162 Moreover, iron and gold
nanoparticles were also functionalized with these metallocarbonyl maleimide

complexes, thus utilized as labeling agents, enzyme inhibitors, and carbon monoxide
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releasing molecules (CORMs) (Fig. 1.20).163165 Despite all the fascinating work,
fluorescent substituted maleimide derivatives have not been utilized as a ligand, to the
best of our knowledge. Therefore, the potential half-sandwich metallocarbonyl
complexes and how they were tailored to prepared the desired complexes, will be

explained later in Chapter 3.

Fig. 1.20 Chemical structures of the reported transition metal-maleimide based
complexes.lﬂ' 135, 147, 152, 153, 155, 165

1.3.4 Luminescent lanthanide complexes

For any luminescent material, the most discussed parameters are quantum yield,
emission wavelength, molar absorption coefficient, and fluorescent lifetime as well as
their photostability.1%6 The emission spectra of lanthanide complexes tremendously
depend on the lanthanide metal ions, for instance, europium(lll), terbium(lll) and
samarium(lll) ions emits red, green and orange light, respectively. Notably, the discrete

line-like spectra, varying from metal to metal, originates from the overlap of the atomic
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orbitals, and their fluorescent intensity is sensitive to the environment. Owing to their
longer-wavelength emissions, they can penetrate various substrates, such as the

human tissue, and visualize them very efficiently.6”

Lanthanide complexes exhibit extremely long luminescence lifetimes (ms), compared
to that of organic dyes (in ns range). They absorb the light in the near-UV region and
show emissions in the visible or near-infrared (NIR) region of the spectrum, thus
regarded as potential candidates for applications in displays and as optical imaging
agents.'®8 However, the long lifetimes come with the disadvantage of having weak
absorptions with low extinction coefficient, owing to the Laporte forbidden f — f
transitions. 8% The direct excitation of many lanthanide ions is problematic, thus utilizing
the ligand as a chromophore or an antenna, to photosensitize (enhance) the absorption
and emission intensity of electronic transitions is a good approach. The auxiliary
ligands would absorb the energy and then transfer it to the energy levels of the
lanthanide ion via intersystem crossing (ISC), ensuing lanthanide emissions.*’° For the
effective design of a lanthanide complex with high luminescence efficiency, the ligand
should contain donor energy states for efficient energy transfer, and also should
eliminate other quenching pathways.'®” Furthermore, the steric shielding of the
lanthanide excited state from the solvent, provided by the appropriate ligand, would
enhance their luminiscence efficiency and maximize their emission lifetime.1’* The
strategies for the photosensitization will be discussed in Chapter 4 in more detalil.
Furthermore, the coordination stability needs to be significant to use these lanthanide
complexes in solution-state or doped films. The coordination sphere as well as the
energy levels of lanthanide ions and attached ligands, regulate the electronic, magnetic

and photophysical properties of the lanthanide complexes.*’?
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For enhancing the emission efficiency, the non-radiative deactivations should be
restricted in order to eliminate the quenching. This has been achieved either through
a ligand modification (deuterating or fluorinating the ligands),’® "4 or changing the
environment of the lanthanide ion, by incorporating the lanthanide ions into
metallacrown receptors, or doped upconversion nanoparticles (UCNPs).17> 176 Several
inorganic phosphors, such as nitrides, aluminates, silicates, oxides, etc., doped with
europium metals have been tested to develop the microLEDs. These microLEDs have
shown better performance than the LEDs and LCDs and are used for
telecommunication devices (Fig. 1.21a).!’” The characteristic of lanthanide
luminescence to absorb/excite in the UV/Vis region and display emissions in the
Vis/NIR region has been exploited for security and barcoding applications, for instance,
the orange-red luminescence implemented as security features in Euro bank notes is
due to the Eu(lll) dye. Several bar codes recognition and counterfeiting tags have been
designed by combining different luminescent lanthanide ions (Eu, Tb, Sm, Dy, Tm),
thus could be recognized with 99.99% confidence.'’® 17 Recently, some of lanthanide
based materials, such as SrAl204:Eu", which showed the emissions under mechanical
strain (pressure, ultrasound waves, rubbing, etc.) have been used as
mechanoluminescent sensors, for health monitoring and other industrial applications
(Fig. 1.21c).*® Several advancements have been made for tailoring lanthanide-based
probes for applications, such as bioimaging, drug delivery and therapeutics (Fig.
1.21b).181-18 An interesting example of using europium—ruthenium complex as an
anticancer prodrug was reported by Li et al. The bimetallic complex dissociated at one

excitation wavelength, releasing the ruthenium-based anticancer drug, followed by the
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excitation of the europium containing dissociation product at a second wavelength,

thus enabled easy monitoring of a drug release behavior.'®4
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Fig. 1.21 Potential applications of lanthanides luminescence in optical devices (a);
biochemical (b); and security and tagging (c) applications.18% 186 Copyright 2019
Elsevier and 2017 European Chemical Society.

1.3.5 Maleimide-based complexes of lanthanide

metals

Benefiting from the privilege of displaying long lifetimes, and luminiscence
enhancement by the ligand moiety as well as sharp bands appearing at the same
wavelengths even in different environments, lanthanide complexes (especially
europium and terbium) have been used for biochemical applications. Several
chromophores have been used to enhance the lanthanide-based luminescence.

However, only unsubstituted maleimide have been used to couple with the ligands,
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thus employed as a biorthogonal coupling tool (Fig. 1.22).187-189 pecoraro and
coworkers functionalized the lanthanide-gallium metallacrowns with maleimido and
azido derivatives, thus bio-conjugated the metallacrowns to the molecules using
Michael additions, and copper-catalyzed alkyne and azide cycloaddition (CUAAC).1%°
Tetradentate pg-diketonate-europium chelate containing maleimide linkers were
developed, for forming the stable immunoconjugates with the lysine residues and used
for protein labeling and bioimaging using the confocal microscopy (Fig. 1.22).1°! Later,
Faschinger et al., reported terpyridine-based Eu(lll) complexes explored for the
luminescence resonance energy transfer (LRET) applications (Fig. 1.22). The
maleimide or hydrazide functionalities were incorporated with short linkers, for site
specific conjugations with keto amino acids and cysteine mutants.'®2 Furthermore,
maleimide moiety have been introduced on the surface of the lanthanide-based
upconversion nanoparticles to allow the covalent conjugation to the biomolecules, such
as DNA, folic acid, peptides, proteins etc. during a phase transfer from the organic to
the agueous media.'®3 1% |n all the above-mentioned examples, maleimide derivatives
have only been used as conjugation tool with the biomolecules. However, maleimides

as chromophore ligands have not been explored so-far.
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Fig. 1.22 Structures of some reported examples of lanthanide complexes containing

maleimide linkers for bioconjugation applications.187. 189, 191,192

42



Chapter 1

1.4 Summary

In the first section of the introduction, the key concepts of fluorescence along with the
different methods for quantification were introduced. This was followed by the
explanation of the different photophysical processes occurring during fluorescence and

the environmental factors, associated with the fluorescence quenching.

The second section of the chapter highlighted the significance and applications of
maleimide derived fluorophores for a myriad of applications, such as polymer
functionalization, nanoparticles tagging, bioconjugation and drug delivery. It also
entails the challenges associated with the fluorescence of substituted maleimide
derivatives observed in previous studies. The development of the substituted
maleimide fluorophores to suppress the fluorescence quenching and the detailed
fluorescent mechanism, are discussed in Chapter 2, with work focused on achieving

dual-state emissions.

The final section focused on the development of metal-maleimide chemistries in the
organometallic complexes. However, in these complexes the maleimide moiety has
been mostly employed for ligand modification and acted as an indispensable tool for
applications, such as bioconjugation. The development of the fluorescent transition
metal-maleimide and lanthanide metal-maleimide complexes have been explored in
Chapter 3 and 4, respectively. The fluorescent properties of maleimides have been
exploited to enhance the emissions of the metal complexes, and the redox properties
of the selected complexes have been investigated, to explore the potential of the newly

developed hybrid probes for applications, such as catalysis, bioimaging, etc.
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Chapter 2

2.1 Abstract

In the past decade, there has been an increasing interest in the development of
luminophores that can exhibit emissions in both the solution and solid-states, thus
named as dual-state emission (DSE) dyes. These compounds are expected to
underpin a variety of applications in the future. Based on this nascent topic, this chapter
covers the investigation into fluoroalkyl substituents on maleimide fluorophores, with
the aim of enhancing the emissions in both solution and solid-states. This was
achieved by substituting the trifluoroethyl groups at the imide and/or amine positions
of the aminomaleimide derivatives. Photophysical analysis of these derivatives showed
high fluorescence quantum yields, large Stokes shift and solvatochromic properties in
solution-state, attributed to the prevention of electron-driven proton transfer (EDPT).
Additionally, due to the suppression of m-m stacking interactions in the solid-state,
fluorescence quenching was reduced leading to impressive solid-state quantum yield.
The unexpected dual-state fluorescence behavior in these fluoroalkyl derivatives was
further explained through crystal structure analysis and computational simulation of

electron distributions.
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2.2 Introduction

2.2.1 Different substitution patterns for designing

the maleimide derivatives

Maleimide based fluorophores have good structure-to-property tunability, non-invasive
nature, high sensitivity and responsivity to the physical environment, in comparison to
the traditional fluorophores.* Unsubstituted maleimides have been effectively used as
fluorescence quenchers, either due to low lying n-* transitions providing non-radiative
relaxation,®  or due to photo-induced electron transfer (PET) when the maleimide is
linked to the fluorophore by a spacer.” 8 On the other hand, if maleimides are
functionalized with amino or thiol groups, a fluorophore center is generated instead of
quenching emission.® In 1970, Heindel et al., reported the synthesis of
anilinomaleimides as a by-product of the reaction between aryl amines and acetylene
dicarboxylate.® Since then, many advancements have been made to develop the
substituted maleimide compounds, either from alkyne/maleic anhydride derivatives,!-
13 or by modifying bromo/chloro maleimides (Fig. 2.1).141¢ However, limited attention

has been given to their optical properties.

72



Chapter 2

a) Strategy | : One Step Synthesis of b) Strategy Il : Post modification of
substituted maleimides substituted maleimides
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Fig. 2.1 Synthesis of substituted maleimides: a) one-step synthesis of substituted

maleimides, b) maleimides derivation via addition—elimination reactions.

Later, in 2002, Chen’s group reported a series of 3,4-diaryl substituted maleimides
synthesized from acetonitrile derivatives in a single step. These products displayed the
fluorescence emissions spanning the entire visible region. This was achieved by
modifying the electron-withdrawing or electron-donating aryl substituents, that
determine the molecular energy levels and consequently influence the emission
wavelength.'” However, the inefficient quantum yields observed, limited the future
advancement of these multi-colored maleimide derivatives. Lately, Tang et al.,
synthesized monoaminomaleimides employing two methods, and investigated the
optical properties both in monomer and in aggregated states (Fig. 2.2). The
monoaminomaleimides exhibited red-shifted emissions, when aggregated in

comparison to the monomeric forms.!
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Fig. 2.2 Two strategies for the synthesis of amino-substituted maleimides and the
compared fluorescent properties in solution and solid-states. CH; Cyclohexane, THF;
Tetrahydrofuran, MeCN; Acetonitrile, EtOH; Ethanol, and H20; Water. Adapted from

the reference.! Copyright 2016 American Chemical Society.

In order to expand the emissions of the maleimide-derivatives towards the red region
with higher sensitivity and less background influence, our group reported the synthesis
of fluorescent thiol-substituted*® and amino-substituted maleimides® with intense blue-
green fluorescence emissions. Owing to their facile and versatile modifications,
maleimides can undergo different substitution patterns by various reactions, including
single and double substitutions. Single substituted maleimides, typically containing one
or two different functional groups, could be achieved via strategies like a one-pot
synthesis from anhydrides or alkynes,!® addition-elimination reactions with groups like
amine or alcohol,*®* and Suzuki coupling reactions.?® Double substitution patterns
potentially provides a higher degree of functionalization than single substitutions. This

method either generates symmetrical structures, such as dithiol substitute maleimides,
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or unsymmetrical structures, e.g., aminohalomaleimide or aminothiol maleimide

derivatives (Fig. 2.3).%*

Single substitution Double substitution
(0}
B
:qN AT ﬁ —— || N-a
2 B
(o]
J:f C
| N-A—— o) Ne
2 B
0

Imide modification v/s Addition-elimination
O] 0
0O 0
X X X R,
| o —— ) ‘w—r, | NH —— || wH
X X X R3
(0] o) (o] (o]

Fig. 2.3 Various strategies to synthesize multi-functional maleimide structures.

These substitution possibilities enable maleimides to bear multiple functionalities, by
imide functionalization and/or addition-elimination reactions, within a single molecule
and made them an excellent candidate to be employed as linkers for numerous
purposes, for example material modifications,?> 22 material functionalizations®* and

drug design applications.?®
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2.2.2 Photophysical processes affecting

fluorescence emission of maleimides

A range of dyes along with maleimides, incorporated into the extended m-systems,
giving good fluorescence efficiency and large Stokes shifts (> 100 nm), have also been
reported.?630 |n addition, there are some reports of heteroatom substitution of
maleimides, but their optical properties have not been thoroughly investigated.3! 32
However, the knowledge of the quenching mechanisms of maleimides is important, as
these can influence the design of future fluorophores employed for various
applications, e.g., imaging of biomolecules,*?® and nanopatrticle tagging.*

To date, some studies have explored the mechanisms of fluorescence quenching by
maleimides, involving phenomena such as photoinduced electron transfer (PET)%® to
the rearrangement of molecular orbitals.®® 37 The optical properties of the
aminomaleimide derivatives are greatly influenced by their physical environment due
to photoinduced charge transfer (PCT), as discussed in Chapter 1. Additionally, in
cases of intramolecular charge transfer (ICT) fluorophores, excitation leads to a charge
separation, and generates a diradical in the HOMO and LUMO orbitals. Thus, in order
to reduce the columbic interactions, the molecule may rotate around a single bond,
leading to the formation of a twisted intramolecular charge transfer (TICT) state, which
consequently prohibits the fluorescence emission.®® 3 In the solution-state, solvent
molecules tend to stabilize the electronic distribution. This process of charge
stabilization is more prevalent in polar solvents, for instance, methanol and water.

For maleimides, bright fluorescence emissions are observed in non-polar solvents,
such as hexane, in which the photoexcited state (S1) relaxes, via fluorescence, back

to the ground state (So) in »>2 ns (Fig. 2.4). In the case of polar aprotic solvents (e.g.,
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acetonitrile), quenching takes place in ~5 ps, due to charge transfer (CT)
photorelaxation. The electronic population from both the CT and locally excited (LE)
states, returning to the ground state with competition between internal conversion and
fluorescence, result in fluorescence quenching (Fig. 2.4). However, this effect is more
pronounced in polar protic solvents, such as methanol. In addition to the charge
transfer, an electron driven proton transfer (EDPT) occurs, which quenches the

fluorescence to even a greater extent (¢f = 1% in methanol and <0.1% in water).?!

c-Hexane MeCN MeOH

S; . CT
A " <
EDPT
TISCl | -
hvg, *'CH N
LA I
hv,, f:\r I '::P ISC
A%
(38%) fl H fl +PR
(30%) | |(2.2%)
So =¥ 4 \ A / \ 4

Fig. 2.4 lllustration of absorption and relaxation events in a generalized maleimide
skeleton in different solvents. hvpu= photoexcitation; hvs, fluorescence from the Sa.
CT= charge transfer; EDPT= electron driven proton transfer; ISC= intersystem
crossing; PR= proton recombination (¢r given in parentheses). Adapted from the

reference.*® Copyright 2017 American Chemical Society.
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2.2.3 Dual state emission (DSE)

In this chapter, an unexpected phenomenon, namely dual state emission (DSE) is
discussed in maleimides, in contrast to the typical aggregation caused quenching
(ACQ) and aggregation induced emission (AIE) mechanisms. Conventional
luminophores usually emit efficiently in solution-state, whereas in the aggregated state
they undergo strong m-m stacking interactions, thus leading to the undesirable ACQ
effect.*! In comparison to ACQ dyes, AIE dyes are non-emissive when dissolved but
become emissive when aggregated, owing to the restriction to the intramolecular
rotations (RIR) and intramolecular vibrations (RIV).4? 43 The structural properties of the
AIE dyes, that can exhibit intramolecular charge-transfer (ICT), can be manipulated to
be emissive in the solution-state (to achieve the dual-state emissions),** 4> and thereby
initiate the exploration of a new class of luminophores, named as dual-state emission
(DSE) dyes. Dual state emitters (DSE) are the compounds that exhibit fluorescence in
both the solution and solid-state, and thus can overcome the limitation of single-state
luminescence. This duality was considered rare for a long time, but has recently gained
attention by several research groups. It is anticipated that DSE luminophores ought to
concurrently fulfil the requirements of substantial twisting conformations in the solid-
state, and considerable rigidity with limited intramolecular motions (RIR+RIV) in
solution-state, to avoid detrimental quenching mechanisms.*® It is worth noting that
despite this academic interest, to date there are not many studies reporting the
synthesis of DSE molecules, and therefore is an area rich for investigation.

In order to enable DSE behavior, some design strategies have been reported. For
example, one strategy to design DSE molecules by using twisted molecular

conformations to reduce the m-m aromatic stacking. For such structures, the torsion
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angle between the conjugated aromatic rings plays a vital role in the DSE features (Fig.
2.5a). Wu and collaborators investigated the influence of torsion angle on the
intermolecular interactions. They reported fluorine derivatives with weak quantum
yields in THF solvent (¢f = 11%),*” and moderate-strong quantum yields in solids (¢f =
36-98%)*8, caused by the dihedral torsion angle 36.6°, which eliminated the n-7
interactions. Subsequently, studies have reported a series of large heterocyclic aryl-
maleimide systems, and demonstrated how the m-m interactions can be prevented due
to the twisted dihedral angle between the aryl/heterocycle group (¢rin the range of 2—
80%).4%-51 In addition, polyarylpyrroles®® and ketocoumarin®® based DSE dyes have
been reported, that exhibited good quantum yields in both solution (¢r= 20 to 55%)
and solid-states (¢r = 25 to 76%) due to the molecular distortion. Another strategy to
achieve DSE is by incorporating long flexible alkyl chains or bulky groups into the
molecular structures to prohibit 7-m stacking in the solid-state (Fig. 2.5b).%4>" Dual-
state emission can also be attained by employing Donor-Acceptor (D-A) architectures
(Fig. 2.5¢).5861 This strategy is more versatile as it allows the judicious selection of the

conjugated D-A components.
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Fig. 2.5 Representation of three strategies for the synthesis of DSE molecules using
(a) twisted molecular conformations; (b) long alkyl chains or bulky groups; and (c)
donor-acceptor architectures.

Some of the above mentioned DSE dyes displayed good fluorescence emissions and
photophysical properties. DSE based dyes have potential applications as sensors,%?
anti-counterfeiting agents,*® and for labelling of molecules.>” However, either multi-step
or complex synthetic methodologies have been required to prepare these systems. In
addition, to the best of our knowledge, the ability to design DSE based fluorophores
with solvatochromism has not been demonstrated. This chapter entails the scope of
small non-invasive maleimide fluorophores with no aromatic framework, by employing
straightforward single or double substitution patterns, to obtain higher quantum yields
in both solution and solid-states. Moreover, the relationship between the structural and

optical properties of these dyes is explored.
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2.3 Results and Discussion

2.3.1 Design and synthesis of fluoroalkyl substituted

aminohalomaleimides

Various aminohalomaleimide derivatives have been investigated previously by our
group as small molecule fluorophores. The attached functionalities to the ring and the
dye environment are the two factors that significantly affect the fluorescent properties
of the maleimide-based dyes. The fluorescence quantum efficiency varies largely,
depending on the type of group substituted on the maleimide ring, e.g., amino, alcohol,
halogen, or thiol. It has also been reported that the fluorescence of the maleimide
derivatives relies on small charge differences between the carbon atoms (adjacent to
the electron donating (C=C) and withdrawing (C=0) groups), implementing the push-
pull mechanism (Fig. 2.6).1% 21 In a recent study, the fluorescence properties were
explored by tailoring the halogen substituents (from chloro to iodo groups), to
selectively change the electron density of the maleimide ring (Fig. 2.6).2 However, no
successful attempt was made involving the direct substitution of fluoro groups on the

ring, due to its expected high reactivity.
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Push-pull model
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Fig. 2.6 Design strategy of the substituted maleimides structures via varying the

substitution groups.

In this chapter, we aimed to expand the variety of structures of aminohalomaleimides
using alkyfluoro substituents, and explore their effect on the fluorescent behavior. The
initial strategy was to find an appropriate fluoroalkyl group that would result in
increased quantum yields (¢rf), by reducing the photoinduced intramolecular charge
transfer. The target fluoroalkyl group can be substituted at different positions on the
maleimide ring, allowing us to rationalize the relationship between the structural and
optical properties of the maleimide-derived structures. Firstly, a compound in which
fluorine would be directly linked with the nitrogen atom in the maleimide ring was
targeted (Scheme 2.1), for which no stable compound was obtained successfully even
by employing several protocols.?® 4 |t was hypothesized, that no stable carbocation
was formed during the reaction, which proceeds through an Sl reaction route.
Therefore, a linker was required between the imide nitrogen and the fluoro groups in

order to successfully attach electron withdrawing groups to the maleimide ring.
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X =Br, Cl

Scheme 2.1 Synthesis of N-fluoroalkyl substituted dihalomaleimide derivatives.

Based on this, we designed a strategy to synthesize alkyl fluoro-substituted
aminochloromaleimides (ACMs) via two routes, producing dyes with different
functionalities attached to the maleimide ring and the amino groups. Route | comprises
of two stages; the first stage involves the N-functionalization of dichloromaleic
anhydride. 2,3-dichloromaleic anhydride was allowed to react with trifluoroethylamine
and/or ethylamine in 1:1 equiv. to obtain the intermediates 3,4-dichloro-1-(2,2,2-
trifluoroethyl)-maleimide (2.1) and 3,4-dichloro-1-ethyl-maleimide (2.3), respectively.
The 2,3-dihalomomaleimides are able to undergo an addition-elimination reaction with
amines and resulted in the formation of mono-substituted products (Fig. 2.7), as
reported previously.'® Based on this method, the intermediates were allowed to react
with the selected amines, to undergo the substitution reactions, which resulted in the
formation of the targeted aminochloromaleimide; i.e. 3-chloro-4-(ethylamino)-1-(2,2,2-
trifluoroethyl)-maleimide (2.2) and 3-chloro-1-ethyl-4-((2,2,2-trifluoroethyl)amino)-

maleimide (2.4) (Scheme 2.2).
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Scheme 2.2 Synthesis of trifluoroethyl substituted aminochloromaleimides 2.2, 2.4
and 2.5 via intermediates 2.1 and 2.3.

To further establish the effect of using different amino groups on the fluorescent
properties of fluoroalkyl substituted maleimide, another compound 3-chloro-4-
(isopropylamino)-1-(2,2,2-trifluoroethyl)-maleimide (2.5) was targeted. This was
obtained by subjecting the intermediate 2.1 to an addition-elimination reaction with

isopropyl amine via route | (Scheme 2.2).
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Fig. 2.7 Proposed mechanism for the two-step formation of amino-substituted

maleimides.

Alternatively, route Il comprised of double substitution with an amine at two different
sites of the five-membered maleimide ring in a single step, thus giving the products
with the same functional group at both attachment positions. Based upon this, 3-chloro-
1-(2,2,2-trifluoroethyl)-4-((2,2,2-trifluoroethyl)amino)-maleimide (2.6) was prepared by
reacting 2,3-dichloromaleic anhydride with trifluoroethylamine in 1:2 equivalents, and
refluxing at 80°C under basic conditions. Further, to illustrate the effect of the fluoro
groups attached to the maleimide on the fluorescence properties, a non-fluorine
analogue of 2.6, 3-chloro-1-ethyl-4-(ethylamino)-maleimide (2.7), was also

synthesized using ethylamine under similar reaction conditions (Scheme 2.3).
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Scheme 2.3 Synthesis of di-substituted trifluoroethyl aminochloromaleimides 2.6,

and a non-fluoro aminochloromaleimide benchmark molecule 2.7 in a single step.

In the 13C NMR spectra (Fig. 2.8) of the fluorinated maleimide derivative 2.6, -CF3
peaks can be observed, rather than the -CHs peaks present in 2.7 (non-fluoro control
molecule). Furthermore, a clear shift in the CHz peaks from roughly 38.1 and 33.3 ppm
to 53.0 and 41.8 ppm respectively, can be observed for compound 2.6, attributed to
the electron withdrawing effect of the attached fluoro groups (see experimental
section). For the compound 2.6, both one-bond and two-bond coupling of 13C to °F
were observed, which was absent in case of 2.7. The large quartet for the
trifluoromethyl carbon (-CF3s) was caused by the one-bond coupling to the three
attached fluorine atoms (n + 1 = 4). Additionally, a quartet was observed for the
methylene carbon (-CHz2) adjacent to CF3, which was shifted downfield in the 13C NMR

spectrum, compared to the standard methylene carbon (Fig. 2.8).
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Fig. 2.8 13C (CDCls, 101 MHz) NMR spectra of 2.6 (top) and its non-fluorocarbon
analogue 2.7 (bottom).

2.3.2 Design and synthesis of fluoroalkyl substituted

monoaminomaleimides

A library of mono and di-CH2CF3s substituted monoaminomaleimides (MAMs) were
synthesized, by reacting with targeted amines in 1:1 equiv. and 1:2 equiv. respectively,
similarly to the fluoroalkyl substituted aminochloromaleimides (ACMs). The
monosubstituted products, 3-(ethylamino)-1-(2,2,2-trifluoroethyl)-maleimide (2.9), and
3-(isopropylamino)-1-(2,2,2-trifluoroethyl)-maleimide (2.12), were synthesized utilizing
monobromomaleic anhydride via intermediate 3-bromo-1-(2,2,2-trifluoroethyl)-

maleimide (2.8). In addition, to investigate the effect of position of fluoro groups in the
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monoaminomaleimides, 1-ethyl-3-((2,2,2-trifluoroethyl)amino)-maleimide (2.11) was
synthesized in two stages by N-functionalization followed by the amine substitution
(Scheme 2.4). Due to the decrease of the reactivity of the bromo group, compared to
the chloro groups, a higher temperature (110°C) and longer reaction time (12 h) was

required for the synthesis of monoaminomaleimides.
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Scheme 2.4 Synthesis of trifluoroethyl substituted monoaminomaleimides 2.9, 2.11
and 2.12 via intermediates 2.8 and 2.10.

Similarly, to the di-substituted aminochloromaleimides (section 2.3.1), 1-(2,2,2-

trifluoroethyl)-3-((2,2,2-trifluoroethyl)amino)-maleimide (2.13) and 1-ethyl-3-
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(ethylamino)-maleimide (2.14) were generated through analogous reactions (Scheme
2.5), and the major products confirmed by NMR spectroscopy and HR-MS
(experimental section 2.5.5). All compounds exhibited good solubility in common
organic solvents. Once the purity and structure of these compounds were confirmed,

the optical properties regarding the different substitution structures were explored.
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Scheme 2.5 Synthesis of di-substituted trifluoroethyl monoaminomaleimides 2.13,

and a non-fluoro monoaminomaleimide benchmark molecule 2.14 in a single step.
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2.3.3 Photophysical properties of fluoroalkyl

substituted maleimide

2.3.3.1 Solution-state fluorescence analysis

To establish the effect of fluoro groups attached to the maleimide ring, the optical
properties of the fluoroalkyl substituted aminochloromaleimide dyes 2.2, 2.4, 2.5, and
2.6, were measured and compared to the standard 2.7. The absorption and emission
spectra of the fluoroalkyl substituted aminochloromaleimide (ACM) series were
compared at the same concentration (10 uM) in a range of solvents with different
polarities (Table 2.2). It is noteworthy, that the Stokes shifts in the series varied only
slightly between the different dyes, indicating similar HOMO-LUMO separation. For 2.6
a noticeable red shift in absorption (Aab = 352 to 367 nm) and emission peaks (Aem =
461 to 503 nm) was observed, when moving from a nonpolar solvent (diethyl ether) to
a polar solvent (methanol) (Table 2.2), exhibiting solvatochromism. Moreover, lower
quantum yield (¢r 6—10%) observed in protic solvents was attributed to the hydrogen
bonding between the protic solvents and the C=0 group in the maleimide, causing
guenching effects through the electron driven proton transfer (EDPT) from solvent to
the fluorophore. This correlates with the trends observed for the non-fluorine systems,

as reported previously.®

To gain further insight, the fluorescent properties of the series were investigated in
different solvents (diethyl ether, toluene, tetrahydrofuran, dioxane, dimethyl sulfoxide,
and methanol). Upon dissolving these dyes in a solvent, the ground and excited states
are stabilized due to the solute-solvent interactions, implying solvatochromic

properties. To quantify this, solution-state fluorescence quantum yield (¢r) analysis, as
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a ratio between the emitted photons to the absorbed photons, was undertaken for the
series using a relative method (st = 59% quinine sulfate as the reference, in 0.105 M
HCIO4).5° It was observed that among the synthesized aminochloromaleimides
(ACMs), compound 2.6 gave relatively higher quantum yield (¢r), both in non-polar and
polar environments, specifically in comparison to its non-fluorinated analogue 2.7 (Fig.
2.9). However, an increment of quantum yield, from <1 to 8% was observed in
methanol for 2.6, along with a longer fluorescence lifetime of 2.32 ns in methanol for
2.6 versus 0.48 ns for 2.7 (Fig. 2.9; Table 2.1). It is noteworthy, that the lifetimes
observed for the di-CH2CFs substituted aminochloromaleimide 2.6 and
monoaminomaleimide 2.13, were higher compared to their non-fluorinated analogues
2.7 and 2.14, respectively. This difference was more noticeable in dioxane relative to
methanol. Additionally, in dioxane the di-CFs substituted aminochloromaleimide 2.6,
exhibited a slightly longer lifetime than its analogous fluorinated monoaminomaleimide
2.13 (Table 2.1). High reduced chi-squared values (i.e. y2 >1.5) were observed for all
the fluorophores (Table 3.6), indicating high deviations from the degree of
exponentially fitted data,®® and the fitting of additional decay components did not yield

any improvement.

Furthermore, quantum yields for 2.2 (an imide substituted CH2CF3) and 2.4 (an amine
substituted CH2CF3) were compared, to illustrate the effect of the position of the
fluoroalkyl group attached to the maleimide ring. 2.2 exhibited higher ¢r, particularly in
the non-polar solvents, suggesting that a fluoroalkyl group (CH2CFs) when directly
linked to the imide nitrogen has a greater electron withdrawing effect compared to the
amino position (Fig. 2.9). This was numerically assessed through the integration of

electron density in the ring, and calculated as Q using equations 2.1 and 2.2. High Q
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values depicts lower electron density on the maleimide ring and vice versa (see

experimental section 2.5.6).

|| |Ether| ‘Toluenel |THF| |Dioxane| |DMSO | ‘MeOH‘
60
A
50 —I— Fl
- {_% L+
R 40+ . T |
2 i
© ]
> 30+
E3

5 ¥ A
: 1
S 20-
(¢]

10

: L8 B TR T

22 24 26 27
O F F o o F F [}
cl (o] cl Cl
j;‘/(NfF | N—" JT;:‘N_)LF/\ | n—
F N
VAR F{HN o FT\H ) Hoo
FF

Fig. 2.9 Fluorescence quantum yield of the fluorinated aminochloromaleimide
derivatives 2.2, 2.4, 2.6, and the non-fluorinated aminochloromaleimide 2.7 in six
different solvents (diethyl ether, toluene, tetrahydrofuran, dioxane, dimethyl sulfoxide
and methanol) using quinine sulfate (dst = 59% in 0.105 M HCIO4) as the reference.

Error bars represent standard deviation over three repeats.

QNBOl = qNBO,Cl + qNBO,CZ + qNBO,CS + qNBO,C4 + qNB0,0l + qNB0,0Z (Eq' 2'1)

Queoz = Qneor Ongont t Oneo,n2 (Eq. 2.2)
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Scheme 2.6 Schematic representation of the atom enumeration used in the
simulation of NBO1 and HOMO1 orbitals.

Table 2.1 Fluorescence life time decay measurements by Time-Correlated Single-
Photon Counting (TCSPC) of the selected di-substituted fluoroalkyl aminomaleimide
derivatives, for comparison with the non-fluoro analogues in solvents (dioxane and
methanol). Data was simulated using “Reconvolution Fit” model; and Instrument
response function (IRF) was determined using 10% w/w Ludox in water, as detailed in
section 2.5.1 (10 puM; Aex = 375 nm; 25°C).

Solvent Compound T1 Rel. T2 Rel. X2
(ns) % (ns) %

2.6 6.57 61.56 12.95 34.44 2.016

Dioxane 2.7 2.49 1.57 7.9 98.43 1.863
2.13 2.14 0.68 12.44 99.32 2.096
2.14 2.06 2.44 5.6 97.56 1.938
2.6 2.32 60.6 3.27 39.4 1.267

MeOH 2.7 0.48 99.11 7.26 0.89 1.683
2.13 2.62 2.28 5.51 97.72 1.796
2.14 2.54 1.77 4.34 98.23 1.562
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To gain further insight into the influence of fluoroalkyl groups on the imide position,
when using different substituents on the amine side, the optical properties of 2.5
(containing isopropyl amine) were evaluated, and compared with 2.2 (containing ethyl
amine). The slight increase in quantum efficiency displayed by 2.5 compared to the

2.2, could be attributed to the inductive effect of the isopropyl group (Table 2.2).

Fig. 2.10 Photographs illustrating fluorescence of aminochloromaleimides (2.6 and
2.7) and in six solvents (1-6: diethyl ether, toluene, tetrahydrofuran, dioxane,

dimethyl sulfoxide, and methanol) under UV light (365 nm).

The molar absorption coefficient for the synthesized ACMs and MAMs in different
solvents was calculated by dilution method and tabulated in Table 2.2 and Table 2.3,
respectively. The solutions of six different concentrations were made (5 uM, 7.5 uM,
10 uM, 12.5 yM, 15 yM and 20 uM); each in six different solvents and run their
absorptions spectra. The plot of concentration vs absorption followed a linear equation,
and molar absorption coefficient was identified as a slope. Molar absorptivities
observed in the range of 10° — 10* Mcm, attributed to the intraligand (IL) excited

states.
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Table 2.2 Fluorescent properties of the fluoroalkyl substituted aminochloromaleimides
(ACMs) series in solution-state (10 uM) and in solid-state (¢r = relative quantum yield
in different solvents using quinine sulfate as reference, and absolute quantum yield in
solid-state using integrating sphere; Amax = maximum absorption wavelength; emax =

molar absorption coefficient; A_ = excitation wavelength; A_ = maximum emission

wavelength; AA = Stokes shift; slit width ex 2.0 nm, em 2.0 nm; 25°C).

cl R,
# R1 R2 Solvent ¢y Amax Emax Aex  Aem AA
(%) (nm)  (M'cm?® (nm) (nm) (nm)
Ether 49 —,368 6647 363 468 100
Toluene 48 —,369 7252 363 471 102

THF 53 233,341 5983 363 476 135

2.2 CH2CFs NHCH:CHs Dioxane 49 234,371 6040 364 475 104
DMSO 13 275,381 6752 379 494 113

Methanol 2 232,377 4132 376 514 137

Solid 36 - - 452 496 -

Ether 36 236,359 4634 355 469 110

Toluene 27 290,360 5358 356 471 111

THF 34 279,364 4495 364 475 111

24  CH.CHs NHCH:CFs Dioxane 39 276,363 3070 363 475 112
DMSO 29 265,376 3482 369 494 118

Methanol 4 239,369 4030 365 513 144

Solid 30 - - 420 486 -
Ether 51 —,368 6971 364 467 99
Toluene 48 —, 367 6657 364 470 103

THF 56 230,369 6514 363 476 107

2.5  CH:CF3 NHCH(CH3): Dioxane 51 235371 6172 363 475 104
DMSO 16 - 378 5905 379 499 121

Methanol 2 232,375 4013 374 508 133
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Solid 22 - - 439 480 -

Ether 41 -, 352 7798 352 461 103

Toluene 39 -, 358 7569 353 460 108

THF 52 231,357 6700 355 467 110

26 CHCF3 NHCH:CFs Dioxane 55 237,356 6649 353 467 111
DMSO 40 276,361 6019 363 490 123

Methanol 6 231,367 5783 359 503 142

Solid 53 - - 409 475 -

Ether 36 241,373 130377 373 460 87

Toluene 26 -,371 86308 372 462 91

THF 24 274,374 89378 375 476 102

2.7  CH:CHz NHCH:CHs Dioxane 21 244,375 92341 375 475 100
DMSO 10 264,383 34830 384 482 99

Methanol <1 241,383 1054 379 532 116

Solid 8 - - 432 505 -

The fluorescence properties of the synthesized monoaminomaleimides 2.9, 2.11, 2.12,

and 2.13, and the standard 2.14 were further measured in solution-state, using a

relative method. The ¢+ of all the fluorinated monoaminomaleimides (MAMSs) across

the solvent series exhibited a trend similar to the aminochloromaleimide (ACMs)

series, though the MAMs overall demonstrated slightly lower ¢+ relative to their

respective ACMs (Fig. 2.9 and 2.11). For example, the di-CFs dye falls from around

55% in dioxane for the ACM (2.6) to around 35% for the MAM (2.13) (Table 2.3). This

was due to the electron withdrawing nature of the chlorine atom, reducing the electron

density on the maleimide ring, which is consistent with our group’s previously reported

work.21
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Fig. 2.11 Fluorescence quantum yield of the fluorinated monoaminomaleimide
derivatives 2.9, 2.11, 2.13, and the non-fluorinated monoaminomaleimide 2.14 in six
different solvents (diethyl ether, toluene, tetrahydrofuran, dioxane, dimethyl sulfoxide
and methanol) using quinine sulfate (dst = 59% in 0.105 M HCIO4) as the reference.

Error bars represent standard deviation over three repeats.

Fig. 2.12 Photographs illustrating fluorescence of monoaminomaleimides (2.13 and
2.14) in six solvents (1-6: diethyl ether, toluene, tetrahydrofuran, dioxane, dimethyl
sulfoxide, and methanol) under UV light (365 nm).
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Table 2.3 Fluorescent properties of the fluoroalkyl substituted monoaminomaleimides
(MAMSs) series in solution-state (10 uM) and in solid-state (¢r = relative quantum yield
in different solvents using quinine sulfate as reference, and absolute quantum yield in
solid-state using integrating sphere; Amax = maximum absorption wavelength; emax =

molar absorption coefficient; A_ = excitation wavelength; A_ = maximum emission

wavelength; AA = Stokes shift; slit width ex 2.0 nm, em 2.0 nm; 25°C).

# R1 R> Solvent os Amax Emax Aex  Aem  AA
(%)  (hm) (M*em™ (nm) (nm) (nm)

Ether 48 235,351 7964 345 451 100

Toluene 47 285,351 7619 347 457 106

THF 53 -, 372 6637 349 457 85
29  CHxCFs NHCH:CHs Dioxane 50 235,352 7438 348 461 109
DMSO 22 -, 363 6576 363 474 111
Methanol 5 234,357 5100 358 489 124
Solid 17 - - 433 489 -
Ether 22 -,340 6552 342 452 112
Toluene 23 -,340 5958 344 455 115

THF 37 232,341 5921 346 456 115
211 CH:CHs; NHCH:CFs; Dioxane 35 229,345 4906 348 460 115

DMSO 17 -,359 3937 359 472 113
Methanol 2 240,354 3393 353 498 144
Solid 12 - - 415 495 -

Ether 48 230,349 7718 348 457 108

Toluene 43 291,350 7532 349 459 109

THF 44 268,352 6610 351 461 109

212 CH.CFs NHCH(CHs). Dioxane 26 235,351 7102 349 460 109
DMSO 15 -363 6365 364 477 114

Methanol 4 237,365 5103 362 490 125
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Solid 15 - - 420 475 -
Ether 30 233,335 7798 338 434 99
Toluene 24 -,335 7569 340 440 105

THF 41 263,340 6700 341 443 103
213 CH:CFs NHCH:CF3 Dioxane 34 230,339 6649 342 445 106

DMSO 21 -,353 6019 349 467 114
Methanol 10 234,344 5783 346 477 133
Solid 50 - - 409 478 -

Ether 34 236,359 3547 366 477 118
Toluene 28 290,360 3620 369 478 118
THF 25 279,364 4632 372 484 120
2.14 CH:CHs; NHCHCHs; Dioxane 23 276,363 2917 373 488 125
DMSO 9 265,376 2571 384 505 129
Methanol <1 239,369 2877 381 531 162
Solid 10 - - 419 561 -

Most notably, higher emissions in methanol were observed for the fluoroalkyl
substituted maleimides, compared to the non-fluorinated analogues, and therefore the
fluorescence properties of the fluoroalkyl substituted aminomaleimide series in
alcoholic solvents, was further investigated using four different alcohols (methanol,
ethanol, propanol and butanol). It was observed that the quantum efficiency (¢r)
increased with a decrease in the polarity of the alcoholic solvents — from methanol to
butanol for the MAM series (2.9, 2.11, 2.13 and 2.14). This is in agreement with
previous results, where a decrease in fluorescence emission efficiency was observed
with an increase in solvent polarity. 2.13 gave higher fluorescence efficiencies in all of
the investigated alcoholic solvents (10-25%) in comparison to the single CFs-
substituted maleimide derivatives (2.9 and 2.11) (Table 2.4), emphasizing the

significance of the CH2CF3 groups attached to the maleimide ring. In contrast to MAMS,
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the aminochloromaleimide series (2.2, 2.4, 2.6 and 2.7) displayed a reverse trend, for
instance, 2.6 exhibited highest ¢rin methanol (6%) instead of butanol (3%), for which

further insight can be obtained by computational modelling.

Table 2.4 Fluorescence quantum yield evaluated in alcoholic solvents for the
fluorinated aminochloromaleimides, 2.2, 2.4, 2.6, and monoaminomaleimides, 2.9,
2.11, 2.13, and the non-fluoro analogues, 2.7 and 2.14, respectively (10 uM; ¢r =
relative quantum yield using quinine sulfate as a reference; slit width ex 2.0 nm, em
2.0 nm; 25°C).

dr (%)
Compound MeOH Ethanol Propanol Butanol

Aminochloromaleimides

2.2 2 2 1 1
2.4 4 2 1 <1
2.6 6 5 4 3
2.7 <1 <1 <1 <1

Monoaminomaleimides

2.9 5 8 10 14
2.11 ~3 3 4 5
2.13 10 20 21 25
2.14 <1 <1 1 1

In order to assess the role of electron distribution within the aminomaleimide ring, the
HOMO and LUMO Kohn-Sham orbital isosurfaces, representing n-bonding and =*-

antibonding respectively, were examined (Fig. 2.13). It has been reported in previous
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work of our group, that decreased electron density in the aminomaleimide ring was

correlated with improved fluorescence efficiency ¢r.2% 67

Fig. 2.13 HOMO and LUMO Kohn-Sham orbital isosurfaces of
aminochloromaleimides (2.2, 2.4, 2.6, and 2.7) and monoaminomaleimides (2.9,
2.11, 2.13, and 2.14) evaluated at CAM-B3LYP-D3BJ/6-311G(d,p) level of theory in
solution, using the PCM with ¢ = 4.24.
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The descriptors, Qnso1 and Qneoz can be used to understand the fluorescence quantum
yield (¢fr) behavior. The chlorine substituent attached to the aminomaleimide ring
contributes a significant electron-withdrawing effect in the m-conjugated structure of
the ring. Consequently, Qnso1 and Qnsoz values were required to be analyzed
separately for aminochloromaleimide (ACMs) and monoaminomaleimide (MAMS).
Qnso1 values indicate that the chlorine substituent redistributes electron density away
from the m-conjugated structure of the ring, which aligns with the positive, and null or
negative values for ACMs and MAMs respectively. Lower Q values indicate greater
electron density on the maleimide ring, and consequently lower quantum yields.*®
Thus, in accordance with Qnsoz1, lower fluorescence efficiency (¢r) was exhibited by the

MAMSs in comparison to their respective ACMs.

Further to rationalize the effect of positioning and number of the fluoroalkyl groups
attached to the aminomaleimide ring, Qnso1 and Qneoz values were analyzed. The
trifluoromethyl group (CH2CF3), being one of the most powerful electron-withdrawing
substituents, withdraws the electron density across the quaternary carbon occurring in
the CH2CF3 group. The evaluated Qnso1 and Qneoz values indicate that imide CH2CFs-
substituted aminomaleimides (2.2 and 2.9) provide a more electron withdrawing effect
than their respective amine CH2CFs-substituted compounds (2.4 and 2.11,
respectively). For example, in diethyl ether using the PCM model, Qnso2 values of 2.2
and 2.4 (2.9 and 2.11) are 0.168 a.u. and 0.170 a.u. (-0.028 a.u. and -0.023 a.u.,
respectively) (see experimental section 2.5.6). This was in accordance with the higher
guantum yields for 2.2 (49%) and 2.9 (48%) in comparison to the 2.4 (36%) and 2.11
(22%), respectively (Table 2.2, 2.3). Furthermore, 2.6 and 2.13, with di-substituted

trifluoroethyl groups, display the largest Qnso1 and Qneoz values, signifying a greater
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reduction in the electron density on the aminomaleimide ring, w.r.t., the single
substituted derivatives (2.2, 2.4, 2.9, and 2.11), and the non-fluorinated
aminomaleimides (2.7 and 2.14) (Fig. 2.14). These results suggest that the Q value
trends were in accordance with the ¢r (%) evaluated for the studied aminomaleimides.
However, it is worth noting that the general trends showed herein were not followed

exactly by all the solvents.
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Fig. 2.14 Correlation between quantum yield (in dimethyl sulfoxide) and the atomic
integration of NBO1 along the w-conjugated structure of the aminomaleimide ring
(Qneo1) for ACMs (left) and MAMSs (right).

This phenomenon demonstrates that the fluorescence intensity of these fluorophores
can be tuned, as a result of tuning the electron density to or from the maleimide ring.
Particularly, the conjugation of electron density of the aminomaleimide ring was
correlated with the quantum yield in the solution-state (e.g. dimethyl sulfoxide) by linear

fit, R? = 0.78 for ACMs and R? =0.63 for MAMs series (Fig. 2.14). It could also be
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illustrated by two quadrants in which a low ¢t (< 10%) correlates to a lower Qnso1 (<

0.12) and a higher ¢r (> 40%) correlates to a high Qnso1 (> 0.2).

The solvent also plays a significant role in the optical properties of these fluoroalkyl
substituted aminomaleimide derivatives. With an increase in the solvent polarity,
theoretical and experimental bathochromic shifts of Aex (less than 40 nm) and Aem (less
than 20 nm) were observed (Table 2.7-2.14; experimental section 2.5.6). Additionally,
fluorescence quenching was observed in dimethyl sulfoxide and methanol, owing to
the electron driven proton transfer (EDPT) from the hydrogen bonds formed between
the aminomaleimide fluorophores and the solvent molecules.®8 To explore this further,
the interaction of the aminomaleimide with two explicit solvent molecules, particularly
focusing on polar solvents, were studied (Fig. 2.15 and 2.16). The sum of all natural
population charges in the aminomaleimide molecule, denoted as Qnsos, was specified

for polar solvents (DMSO and methanol) (Table 2.15; experimental section 2.5.6).

When two explicit dimethyl sulfoxide solvent molecules were employed, the Qnsos
values were calculated to be negative, implying the electron-withdrawing nature of
these aminomaleimide derivatives. On the other hand, for methanol as solvent, the
ACM and MAM showed positive and negative Qnsos values, respectively. The acidic
(hydrogen) and basic (oxygen) centers in the alcohol group regulate the electron
density to and from the aminomaleimide ring. For ACMs, due to the electron-
withdrawing chlorine group, the methanol molecules withdraw less electron density
from the aminomaleimide ring. Consequently, the fluorescence quenching of
fluoroalkyl substituted ACMs (2.6; ¢t = 6%), in methanol, was more significant than

fluoroalkyl substituted MAMs (2.13; ¢r = 10%), in comparison to the other solvents.
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2.2_2DMSO 2.4_2DMSO 2.6_2DMSO 2.7_2DMSO

-24.6 (-0.5)

-23.7 (1.0) -22.1(14)

-26.3 (-1.3)

2.9_2DMSO 2.11_2DMSO 2.13_2DMSO 2.14_2DMSO

25,6 (-0.4) -228(1.7)

244 (-0.4) -26.0(-0.7)

Fig. 2.15 CAM-B3LYP-D3BJ/6-311G(d,p) optimized geometries for complexes
formed between aminochloromaleimides (2.2, 2.4, 2.6, and 2.7), and
monoaminomaleimides (2.9, 2.11, 2.13, and 2.14), and two solvent molecules of
dimethyl sulfoxide. Bond distances are given in A. The adjacent values to the name
of the complexes correspond to their relative stability with respect to their isolated
solvent molecules (the parentheses values are the relative Gibbs energies at 298 K),

and they are given in kcal/mol.
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Fig. 2.16 CAM-B3LYP-D3BJ/6-311G(d,p) optimized geometries for complexes
formed between aminochloromaleimides (2.2, 2.4, 2.6, and 2.7), and
monoaminomaleimides (2.9, 2.11, 2.13, and 2.14), and two solvent molecules of
methanol. Bond distances are given in A. The adjacent values to the name of the
complexes correspond to their relative stability with respect to their isolated solvent
molecules (the parentheses values are the relative Gibbs energies at 298 K). and

they are given in kcal/mol.
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2.3.3.2 Solid-state fluorescence analysis

Following on from the solution-state study, the solid-state quantum yield (¢r) was
investigated to gain deeper insight into the influence of fluoroalkyl groups, for the
fluorinated aminomaleimide series; 2.2, 2.4, 2.6, 2.9, 2.11, 2.13, and compared against
the benchmark molecules 2.7 and 2.14. The absolute quantum yields in the solid-state
were guantified by an absolute method, using the integrating sphere set-up. Among
them, the mono fluoroalkyl-substituted maleimides, 2.2, 2.4, 2.9 and 2.11, exhibited
solid-state ¢r in the range of 12—36%, compared to the standard non-fluorinated dyes,
2.7 (8%) and 2.14 (10%). It is noteworthy, that the di-substituted maleimides 2.6 and
2.13 displayed the highest solid-state ¢r (%) of 53% and 49%, respectively (Fig. 2.17).
It is hypothesized, that the notable increase of solid-state quantum yield for these dyes
was due to the attached CFs groups providing the steric hindrance and restrict the 7—
m* stacking interactions, with these results suggesting the existence of dual state

emission (DSE) behavior.

The solid-state emission wavelengths (Aem) of fluoroalkyl substituted
aminochloromaleimides (2.2, 2.4, and 2.6), and monoaminomaleimides (2.9, 2.11, and
2.13), were also compared with the benchmark compounds (2.7 and 2.14). The non-
fluoro maleimides (2.7 and 2.14) displayed red shifted emissions (Fig. 2.18). The
formation of dimers in the crystal lattice/packing generally show red shifted emissions,
which was observed in case for 2.7 and 2.14. Therefore, the hypsochromic shift
emissions observed for fluoroalkyl maleimide derivatives, implies their crystal structure

consists of monomers rather than dimers in the unit cell.
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Fig. 2.17 Solid-state quantum yields of studied aminomaleimide fluorophores;
measured by absolute method, using an integrating sphere. Error bars represent

standard deviation over three repeats.
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Fig. 2.18 Comparison of the normalized emission spectra in solid-state for fluorinated
aminochloromaleimides (2.2, 2.4, and 2.6), fluorinated monoaminomaleimides (2.9,
2.11, and 2.13), and their non-fluorinated analogues (2.7 and 2.14).
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In an attempt to further investigate the origin of the fluorescence efficiency of the
fluoroalkyl substituted maleimides, X-ray crystal structures were successfully obtained
for the aminochloromaleimides, 2.2, 2.4, and 2.6; monoaminomaleimides, 2.9, and
2.13; and control molecule 2.7. Unfortunately, owing to their amorphous nature, the
compounds 2.11 and 2.14 didn’t crystallize, and hence were unable to be compared
with the other members of the series. It was observed from the molecular packing for
the aminochloromaleimide (ACMs) series that 2.4 and 2.7 form a chain of maleimide
motifs with N-H---O bond lengths of 2.12 A and 2.10 A, respectively. In comparison,
2.2 and 2.6 dimerized connected by N-H---O bonds with bond lengths of 2.13 A and
2.14 A, respectively, possibly due to steric hindrance caused by the fluoro groups
(Table 2.5). It was also notable that 2.6 possess an interlayer H---F hydrogen bond,
with a bond length of 2.52 A. For the monoaminomaleimides (MAMs) series, the crystal
structures were analyzed for 2.9 and 2.13 only. The molecules were shown to be
alternately arranged up and down and formed parallel layers through N-H--O
interactions 2.10 to 2.15 A long (Table 2.5). Moreover, for fluoroalkyl MAMs, dimers
were connected by weak C—H---O interactions of bond lengths 2.42-2.44 A, which were
not present in the aminochloromaleimide dyes. Additionally, multiple H---F bonds were
formed between layers around 2.22. to 2.52 A, leading to the relatively open structures

observed for 2.9 and 2.13.
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Table 2.5 Hydrogen bonding parameters measured from solvent crystal structures of
the fluoroalkyl aminomaleimide series. 2.2; i: 1-X,2-Y,-Z, 2.4; i: -1+X,+Y,+Z, 2.6; i 2-
X,-Y,1-Z, ii: 1-X,-Y,1-Z, 2.7; i: +X,1+Y ,+Z, 2.9; i; 1-X,1-Y,1-Z, ii: 1-X,-Y,1-Z, 2.13; i: 1-
X,-1/2+Y,1/2-Z; ii: 1-X,1/2+Y,1/2-Z; iii: 1-X,1-Y,1-Z; , iv: +X,3/2-Y,1/2+Z , v: 1-X,1-Y ,-Z.

Compound Bonds Bond Length Angle Form
d(H-A) (R) )

Fluoroalkyl aminochloromaleimides (ACMs)

2.2 N2-H2--O1 2.13(2)  150.6(17) Dimer
2.4 N2-H2---02 2.12(19) 139.6(16) Chain
2.6 N2-H2--O1 2.14(2) 152(2)  Dimer
C5-H5A--F3i 2.52 128.9 Interlayer
2.7 N2-H2---02 2.10(6) 146(5)  Chain

N102-H102--0102°  2.14(7) 140(6)  Chain

Fluoroalkyl monoaminomaleimides (MAMSs)

N102-H102--02  2.15(4) 143(5)  Chain

2.9 H3---:0101 2.42 146.3 Chain
C7-H7B---F102 2.40 157.3 Interlayer
C107-H10F---F3 2.51 140.2 Interlayer

N2-H2---02 2.10(4) 147(6)  Chain

2.13 H3:--O1 2.44 139.0 Chain
C7-H7A---F2A' 2.22 148.6 Interlayer
C7-H7B--F6V 2.31 149.9 Interlayer
C5-H5A--F5¥ 2.52 156.5 Interlayer
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It was hypothesized that the high solid-state fluorescence efficiency was attributed by
the more distant 7-r stacking, which prevents the maleimide rings from coming in close
proximity, thus reducing the intermolecular m-m interactions which can result in
fluorescence quenching of the fluorophores.®” The formation of interlayer H-F bonds
were suggestive of the further separation in the rings. In order to further quantify this,
the ring distances, which serve as an indication of m-m interactions, were measured.
These distances reflect the distribution of electronic density that reduces the n-
electrons.®® The distance between ring centroids was in the range of 5.4993 to 6.0630
A for the fluoroalkyl substituted aminochloromaleimides (2.2, 2.4 and 2.6), and was
associated with higher solid-state ¢ (30- 53 %). In comparison, for 2.7 the shortest
ring centroid distance of 3.69 A was indicative of typical 7-m interactions. Thus, a ring
centroid distance >4 A observed for the fluorinated ACMs was in accordance with the
higher solid-state fluorescence efficiency. For the fluorinated monoaminomaleimide
2.9, the relatively lower solid-state ¢r (11%) was associated with reduced ring centroid
distance of 4.937 A. In case of 2.13, the decrease in the inter-plane shift to 2.634 A
with a ring centroid distance of 4.304 A, implies an off-center nature of the m-m
interactions (Table 2.6). The observed molecular conformation of the fluorinated
maleimide motifs in the solid-state blocks the non-radiative relaxation, by suppressing

m-1r stacking, and results in high solid-state fluorescence efficiency.”
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Table 2.6 Solid-state ¢r and maleimide crystal packing distances for crystals of the
fluoroalkyl ACM and MAM series. tMeasured distance between ring centroid of
N1C1C2C3C4 and N1/IC1'C2'C3'C4'. ftDistance between ring centroid of
N1C1C2C3C4 and plane of N1'C1'C2'C3/C4'. §Distance in horizontal shift between ring
centroids of N1C1C2C3C4 and N1'C1'C2'C3iC4'. *No single crystals were obtained, so

lacks crystallographic data.

Compound Solid-state Ring centroid Inter plane Plane to
of distancet distancet plane shift8
(%) (A) (R) (A)
Fluoroalkyl aminochloromaleimides (ACMs)
2.2 36 (x 0.34) 5.4993 3.497 4.244
(£0.001) (£0.004) (£0.003)
2.4 30 (£ 0.77) 6.0630 5.2467 3.038
(£0.001) (£0.003) (£0.004)
2.6 53 (x 0.18) 5.6672 3.455 4.492
(£0.002) (£0.006) (£0.004)
2.7 36 (£ 0.34) 3.694 3.064 2.063
(£0.003) (£0.006) (£0.008)
Fluoroalkyl monoaminomaleimides (MAMS)
2.9 11 (£ 2.00) 4.937 3.481 3.501
(£0.003) (£0.007) (£0.007)
2.11* 12 (£ 1.08) - - -
2.13 50 (+ 0.90) 4.304 3.224 2.634
(£0.002) (£0.002) (£0.01)
2.14* 2 (+ 1.58) - - -
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To further explain the origins of the solid-state fluorescence efficiencies for the
fluoroalkyl substituted aminomaleimide derivatives, the visualization of noncovalent
interactions (NCI) was obtained from the X-Ray crystal structures displayed at the
CAM-B3LYP-D3BJ/6-311G(d,p) level of theory (Fig. 2.19; 2.20). Clear n-m stacking
interactions were observed in all the dimers for aminochloromaleimides (2.2, 2.4, 2.6,
and 2.7), and monoaminomaleimides (2.9, 2.11, and 2.13). The largest - stacking
was observed for 2.7, which was also correlated to the shortest ring centroid distance
of 3.694 A (for 2.14, a similar scenario was expected, as the crystal structure has not
been obtained). The attached trifluoroethyl (CH2CF3) groups are aligned in zigzag
arrangements and induce steric hindrance which reduces the steric repulsion. On the
other hand, 2.13 displayed more diffuse m-r interaction. Moreover, the ring centroid
distances from 4.2 A to 5.2 A, indicated that these intermolecular interactions were
moderate-weak. Therefore, the highest solid-state ¢+ obtained for 2.6 (53%) and 2.13
(50%) was attributed to the electron-withdrawing substituents (chlorine and CH2CF3
groups). This signifies the decrease of inter- and intramolecular m-m interactions,

making these fluorophores to be dual state emission (DSE) dyes.
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2.6 2.7

Fig. 2.19 CAM-B3LYP/6-311G(d,p) gradient isosurfaces with s=0.5 for the crystal
structures of aminochloromaleimides, 2.2, 2.4, 2.6, and 2.7, with a blue-green-red

color scale from -0.05 < sign(A2) < 0.05 au.
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2.9 2.11

2.13

Fig. 2.20 CAM-B3LYP/6-311G(d,p) gradient isosurfaces with s=0.5 for the crystal
structures of monoaminomaleimides, 2.9, 2.11, and 2.13, with a blue-green-red color

scale from -0.05 < sign(A2) < 0.05 au.
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2.3.3.3 Dual state emission (DSE) behavior

To investigate the potential of the synthesized fluoroalkyl substituted maleimides for
dual state emission (DSE), 2.6 was used as a model compound. In order to ensure
that the higher fluorescence quantum efficiencies (¢r) displayed by the fluoroalkyl
maleimide dyes in polar solvents, was not caused by aggregation (stemming from the
hydrophobicity of the attached fluoroalkyl groups), the emission scans for 2.6 in
different solvents (particularly in methanol) and solid-state were compared. Notably,
the emission maxima (Amax) observed for the solid-state varied completely when
compared to methanol. In the solid-state, compound 2.6 displayed an emission
maximum around 475 nm, but a bathochromic shift was observed in methanol (503
nm) (Fig. 2.21). This suggests that these fluorinated dyes were soluble in methanol,
and the observed ¢ ~ 6—-10%, has not been caused by the aggregation, thus rules out

the possibility of precipitation of 2.6 in polar solvent, i.e., methanol.
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Fig. 2.21 Normalized emission spectra of 2.6 in different solvents (diethyl ether,

dioxane and methanol) and solid-state (10 yM; slit width: ex 1.0 nm, em 1.0 nm).
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To ascertain the DSE phenomenon of the fluoroalkyl substituted maleimide, a solution
of 2.6 in methanol was titrated with water. The weak emission peak in methanol at 503
nm gradually decreased in intensity along with a slight red shift, with a progressive
increase in water content (fw) from 10-40% (Fig. 2.22), possibly originating from the
twisted intramolecular charge transfer (TICT) effect.* Upon further increase in water
content, a slight blue shift (514 to 510 nm) was observed, indicative of the onset of
aggregation (Fig. 2.22). This further signifies the complete dissolution of the
trifluoroethyl maleimide derivatives in protic polar solvents, and consequently implies

the existence of dual state emission behavior.
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Fig. 2.22 a) Emission spectra of 2.6 in various ratios of methanol and water (left); b)
Plot showing intensity and wavelength changes against water fraction for 2.6 (right)
(10 uM, Aex 359 nNm, slit width: ex 2.0 nm, em 2.0 nm).
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2.4 Summary

To summarize, a library of single and double substituted fluoroalkyl maleimide
fluorophores have been prepared by attaching trifluoroethyl groups at the imide and
amine positions of aminomaleimide derivatives, utilizing a straightforward synthetic
methodology. The effect of the substituted fluoro groups on the optical properties of
the maleimide derivatives has been investigated. In general, all fluorinated maleimide
derivatives showed bright blue-green emissions, with quantum yields up to 60% in the
solution-state, and 53% in the aggregated state, compared to their non-fluorinated
benchmark molecules. The di-CH2CFs substituted aminochloromaleimide and
monoaminomaleimide showed the highest quantum yields in comparison to their
respective single substituted derivatives. The suppression of - stacking interactions
in the solid-state, and molecular conformational changes inhibiting the electron driven
proton transfer (EDPT) caused by polar protic solvents during excitation, contributes
to their intense fluorescence in both states. These effects were further explored by
analyzing the crystallographic parameters, and modelling the electronic distributions in
the HOMO-LUMO isosurfaces, and NCI plots using density functional theory (DFT)
simulation theory. These results indicated the rational design of maleimide-based
molecular structures, exhibiting dual state emissions (DSE), was successful. Thus, this
chapter provides a rational design strategy for maleimide-based dual-state

luminophores for various biochemical applications.
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2.5 Experimental

2.5.1 Materials and instrumentation

All chemicals were obtained from Alfa Aesar, Fisher Chemicals, Fluorochem, or Sigma

Aldrich and used as received.

NMR spectra were recorded on a Bruker Advance 300, a Bruker Advance Ill HD 400
or a Bruker Advance Ill HD 500 spectrometer at 300, 400 and 500 MHz respectively.
Shifts are quoted in § in parts per million (ppm) and quoted relative to the internal
standard tetramethylsilane (TMS) for *H; 3C and CFCIs (for *°F NMR)"* or the solvent

peak.

High Resolution Mass Spectra (HR-MS) were conducted by Dr Christopher Williams
(University of Birmingham) on a Bruker UHR-Q-ToF MaXis spectrometer with

electrospray ionization.

FTIR spectroscopy was carried out on neat samples using Agilent Technologies Cary
630 FTIR spectrometer. The spectra were corrected for background absorbance and

16 Scans were taken from 600 to 4000 cm™ at a resolution of 4 cm™.

UV-Vis spectroscopy was carried out at room temperature on Evolution 350 UV-Vis
spectrophotometer, equipped with Xenon Flash lamp light source, and silicon
photodiode detectors. Quartz cells (3.5 mL; 170 - 2000 nm) from Hellma with two
polished sides were used for examining the absorption spectral data, by using Thermo

INSIGHT software.

Fluorescence emission and excitation spectra were obtained with an Agilent Cary

Eclipse Fluorescence spectrophotometer or an Edinburgh Instruments FS5
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Spectrofluorometer in quartz 3.5 mL cuvettes (Starna Cell, Type: 3/Q/10), for liquid
samples (10-20 pM, 25°C). The data was analyzed in Fluoracle (Edinburgh
Instruments), and Origin 2019 (Origin Labs). For the evaluation of solution-state
quantum vyield analysis, a solution of quinine sulfate dihydrate in 0.105 M perchloric
acid was used as the standard (st = 59%), based on a previously reported literature
procedure.%® For solid-state samples the SC-30 integrating sphere module of the FS5
was used to calculate absolute quantum yield. The mean of three to six replicate
measurements was recorded. Fluorescence lifetime spectra were obtained by time
correlated single photon counting (TCSPC). These experiments were done with
Edinburgh Instruments FS5 spectrofluorometer, equipped with 375+10 nm pulsed
diode laser source (PicoQuant). Instrument response functions (IRF) were determined
from the scatter signal solution of Ludox HS-40 colloidal silica (10% particles in water
w/w). The data was simulated using “Reconvolution fit” model to eliminate both the
noise and the effects of the exciting light pulse. The reduced chi square y* has been

evaluated using Fluoroacle (software) and is used to assess the data fitting.

Crystals were grown for the samples by multi-solvent and hot filtration recrystallization
techniques using hexane-dichloromethane. The datasets were collected on an Agilent
Technologies SuperNova single crystal X-ray diffractometer, with dual wavelength
microfocus X-ray sources (Mo and Cu), and an Atlas detector. The system is
complemented by an Oxford Cryosystems Cryostream to collect data at temperatures

as low as 100 K.
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2.5.2 Synthesis of aminochloromaleimides via route-

o) o)
ci R1NH2 R2N H2 cl
0 NR!
cl AcOH Nazco3 R2HN
(o) Reflux THF (o]

R' R2 = CH,CH;, CH,CF,

Step-I: N-functionalization of dichloromaleimide was carried out according to the
protocol established by a previous paper.” 1.0 equiv. of 3,4-dichloromaleic anhydride
was dissolved in 20 mL of acetic acid, followed by the dropwise addition of 1.0 equiv.
of the required amine. The solution was then refluxed at 80°C for 4 — 6 h. After 6 h,
solvent was evaporated under reduced pressure. The white solid was obtained after

purification via column chromatography using n-hexane/ethyl acetate.

Step-Il: Amine substitution of the maleimide was achieved following the previously
reported protocol.*® 1.0 equiv. of N-functionalized 3,4-dichloromaleimide, obtained
from Step-l, was dissolved in 20—25 mL THF and mixed with 2.5 equiv. of sodium
carbonate. The mixture was allowed to react with 1.0-1.5 equiv. of the targeted amine
at room temperature. Reaction progress was monitored by TLC and was completed
within 30 min to 1 h. The solvent was evaporated under reduced pressure and the
residue was taken up with 150 mL of CH2Cl2, washed with 2x150 mL of water, and
dried over magnesium sulfate. Purification via column chromatography on silica gel

with n-hexane/ethyl acetate resulted in a yellow fluorescent solid.
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3,4-dichloro-1-(2,2,2-trifluoroethyl)-1H-pyrrole-2,5-dione
(2.1)

F
cl _>L
| o
AcOH
cl Reflux 6 h
o}

2.1 (52%)
= 0.50 (hexane: ethyl acetate 3:1), Yield = 772 mg, 52%.
H NMR (400 MHz, CDCls, 25°C TMS) § [ppm] =4.24 — 4.17 (q, 2H, H2).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 161.7 (C=0), 134.2 (C=C), 126.9—

18.5 (C1), 40.5-39.4 (C2).

19F NMR (400 MHz, CDCls, 25°C, CFCls) & [ppm] = -70.90.

2
4.24
422
419
417
1.58 HDO

0.90

o FF
cl 4 1 1°F NMR S b
(@) | D ' ®

Fig. 2.23 'H (a) and *°F (b) NMR spectra of 2.1 (400 and 300 MHz respectively,
CDCl3).
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Fig. 2.24 13C NMR spectrum of 2.1 (101 MHz , CDCls).

3-chloro-4-(ethylamino)-1-(2,2,2-trifluoroethyl)-1H-pyrrole-
2,5-dione (2.2)

o F F \ O F F
Cl _)LF NH, Cl _>LF
ﬁN Na,CO; | N
Cl
o

THF B} HN

1h / [0}
21 2.2 (46%)
Rf= 0.63 (hexane: ethyl acetate 2:1), Yield = 340 mg, 46%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] =5.43 (s, 1H, H5), 4.14 — 4.05 (g, 2H,

H2), 3.74 -3.65 (m, 2H, H6), 1.34 -1.29 (t, 3H, H7).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 165.7, 164.6 (C=0), 140.5 (C=C),

127.1-118.8 (C1), 39.7-38.6 (C2), 38.3 (C6), 16.1 (C7).
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F NMR (400 MHz, CDCls, 25°C, CFCls) § [ppm] = -71.02.
HR-MS (MaXis) [M+Na]* - m/z found 279.0227; m/z calculated 279.0226.

FTIR (cm™): v = 3337 (N-H), 2964 (C-H), 1770,1720 (C=0), 1649 (C=C).
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Fig. 2.25 1H NMR spectrum of 2.2 (400 MHz, CDCl3).
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Fig. 2.26 13C (a) and *°F (b) NMR spectra of 2.2 (101 and 300 MHz respectively,
CDCla).

3,4-dichloro-1-ethyl-1H-pyrrole-2,5-dione (2.3)

o o)
cl A, O
o ot /
' AcOH l N
Cl Reflux 6 h cl
0 o)

2.3 (70%)

Rf= 0.56 (hexane: ethyl acetate 3:1), Yield = 813 mg, 70%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 3.70 — 3.63 (q, 2H, H2), 1.23 - 1.21

(t, 3H, H1).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 162.7 (C=0), 133.1 (C=C), 34.2

(C2), 13.6 (C1).
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Fig. 2.27 *H NMR spectrum of 2.3 (400 MHz, CDCls).
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Fig. 2.28 13C NMR spectrum of 2.3 (101 MHz, CDCls).
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3-chloro-1-ethyl-4-((2,2,2-trifluoroethyl)amino)-1H-pyrrole-
2,5-dione (2.4)

lo) F Cl i
cl NH /
_/ i | N
I N N32C03 -~
cl THE HN \
o] 1h F
F F
2.3 2.4 (61%)

Rf= 0.60 (hexane: ethyl acetate 2:1), Yield = 646 mg, 61%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] =5.45 (s, 1H, H5), 4.27 - 4.19 (m, 2H,

H6), 3.59-3.54 (g, 2H, H2), 1.21-1.17 (t, 3H, H1).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 166.8, 165.1 (C=0), 138.7 (C=C),

127.7 - 119.3 (C7), 44.6 — 43.5 (C6), 33.6 (C2), 13.9 (C1).
19F NMR (400 MHz, CDCls, 25°C, CFCls) § [ppm] = -72.90.
HR-MS (MaXis) [M+Na]* - m/z found 279.0225; m/z calculated 279.0226.

FTIR (cm™): v = 3336 (N-H), 2942 (C-H), 1770,1714 (C=0), 1649 (C=C).
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Fig 2.29 'H NMR spectrum of 2.4 (400 MHz, CDCls).
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Fig. 2.30 13C (a) and °F (b) NMR spectra of 2.4 (101 and 300 MHz respectively,
CDClg).
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3-chloro-4-(isopropylamino)-1-(2,2,2-trifluoroethyl)-1H-
pyrrole-2,5-dione (2.5)

2.5 (32%)
Ri= 0.65 (hexane: ethyl acetate 2:1), Yield = 450 mg, 32%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 4.36 — 4.30 (m, 1H, H6), 4.13 —

4.06 (q, 2H, H2), 1.32-1.30 (d, 6H, H7).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 165.8, 164.7 (C=0), 140.5 (C=C),

127.1-118.8 (C1), 45.3 (C6), 39.7-38.6 (C2), 23.8 (C7).
19F NMR (400 MHz, CDCl3, 25°C, CFCls) § [ppm] = -71.01.
HR-MS (MaXis) [M+Na]* - m/z found 292.9422; m/z calculated 292.9423.

FTIR (cm™): v = 3268 (N-H), 2977 (C-H), 1766,1714 (C=0), 1628 (C=C).
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Fig. 2.31 *H NMR spectrum of 2.5 (400 MHz, CDCls).
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Fig. 2.32 13C (a) and °F (b) NMR spectra of 2.5 (101 and 300 MHz respectively,
CDCly).
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2.5.3 Synthesis of aminochloromaleimides via

route-l|
o}
R1NH2 Cl
1
T KOy NR
AcOH R'HN
Reflux o

R' = CH,CH;, CH,CF,

Double substitution of dichloromaleic anhydride was achieved in single step, with a
slight divergence from the previously reported protocol.*® 2.0 equiv. of the targeted
amine was added to a solution of acetic acid (20—25 mL) containing 1.0 equiv. of 3,4-
dichloromaleic anhydride and 1.5 equiv. of potassium carbonate. The reaction mixture
was stirred for 4—6 h at reflux temperature (80°C). After 6 h, the solvent was evaporated
under reduced pressure and the residue was taken up with 150 mL of CH2Clz. The
resultant mixture was washed with 2x150 mL of water, and dried with magnesium
sulfate. A yellow solid was obtained after purification via column chromatography on

silica gel using n-hexane /ethyl acetate.
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3-chloro-1-(2,2,2-trifluoroethyl)-4-((2,2,2-
trifluoroethyl)amino)-1H-pyrrole-2,5-dione (2.6)

o F F
o]
o NH, Cl _)LF
jféo k€O~ | N
AcOH
cl Reflux 6 h FT\H 0

2.6 (52%)
Ri= 0.55 (hexane: ethyl acetate 2:1), Yield = 967 mg, 52%.

IH NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] =5.46 (s, 1H, H5), 4.30 — 4.24 (m,

2H, H6), 4.15 - 4.10 (q, 2H, H2).

13C NMR (101 MHz, CDCls, 25°C, TMS) § [ppm] = 165.3, 164.5 (C=0), 139.6 (C=C),

127.9 - 119.0 (C7,C1), 45.1 — 44.0 (C2), 40.3 — 39.2 (C6).
19F NMR (300 MHz, CDCls, 25°C, CFCls) § [ppm] = -71.00, -72.83.
HR-MS (MaXis) [M+Na]* - m/z found 333.5104; m/z calculated 333.5103.

FTIR (cm™): v = 3267 (N-H), 2976 (C-H), 1765, 1718 (C=0), 1627 (C=C).
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Fig. 2.33 H (a) and °F (b) NMR spectra of 2.6 (400 and 300 MHz respectively,
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Fig. 2.34 13C NMR spectrum of 2.6 (101 MHz, CDCls).
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3-chloro-1-ethyl-4-(ethylamino)-1H-pyrrole-2,5-dione (2.7)
Cl 2 NH

jI‘éo K,COs j:: n—/
Cl N Re?lflSHGh /\N

2.7 (62%)

Ri= 0.56 (hexane: ethyl acetate 2:1), Yield = 750 mg, 62%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 5.37 (s, 1H, H5), 3.67 — 3.60 (m,

2H, H6), 3.55 — 3.50 (q, 2H, H2), 1.30 — 1.26 (t, 3H, H1), 1.17 — 1.14 (t, 3H, H7).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 167.8, 165.6 (C=0), 140.3 (C=C),

38.1 (C2), 33.3 (C6), 16.1 (C1), 14.0 (C7).
HR-MS (MaXis) [M+Na]* - m/z found 225.6403, m/z calculated 225.6402.

FTIR (cm™): v = 3324 (N-H), 2964 (C-H), 1766, 1710 (C=0), 1636 (C=C).
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Fig. 2.35 'H NMR spectrum of 2.7 (400 MHz, CDCls).
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Fig. 2.36 13C NMR spectrum of 2.7 (101 MHz, CDCls).

2.5.4 Synthesis of monoaminomaleimides via route-|

(o) (o]
R1NH2 RZNH2
o} NR'
Br AcOH Nazcos R2HN
o Reflux THF o

R' R?2 = CH,CHj;, CH,CF,

Step-I: N-functionalization of monobromomaleimide was carried out according to the
protocol established by a previous paper.’? 1.0 equiv. of 3-bromomaleic anhydride was
dissolved in 20 mL of acetic acid, followed by the dropwise addition of 1.0 equiv. of the
required amine. The solution was then refluxed at 110°C for 12 h. After 12 h, the solvent
was evaporated under reduced pressure. The white solid was obtained after

purification via column chromatography using n-hexane/ethyl acetate.
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Step-Il: In the next step, amine substitution of the bromomaleimide was achieved,
following the previously reported protocol.® 1.0 equiv. of N-functionalized 3-
bromomaleimide, obtained from Step-I, was dissolved in 20-25 mL THF and mixed
with 2.5 equiv. of sodium carbonate. The mixture was allowed to react with 1.0-1.5
equiv. of the targeted amine at room temperature. Reaction progress was monitored
by TLC and was complete within 2—3 h. The solvent was evaporated under reduced
pressure and the residue was taken up with ~150 mL of CH2Cl2, washed with 2x150
mL of water, and dried over magnesium sulfate. Purification via column
chromatography on silica gel with n-hexane/ethyl acetate resulted in a yellow

fluorescent solid.

3-bromo-1-(2,2,2-trifluoroethyl)-1H-pyrrole-2,5-dione (2.8)

7 ‘>4
| o
AcOH
Br Reflux 12 h
o}

2.8 (48%)

Rf=0.45 (hexane: ethyl acetate 3:1), Yield = 700 mg, 48%.

IH NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 7.00 (s, 1H, H4), 4.22 — 4.13 (q, 2H,
H2).

13C NMR (101 MHz, CDCls, 25°C, TMS) 6 [ppm] = 167.1 , 164.4 (C=0; 3,3"), 132.8

(C4), 132.4 (C4’), 127.4 — 119.0 (C1), 40.5 — 39.4 (C2).

19F NMR (400 MHz, CDCls, 25°C, CFCl3) & [ppm] = -70.91.
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Fig. 2.38 13C NMR spectrum of 2.8 (101 MHz, CDCI3).
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3-(ethylamino)-1-(2,2,2-trifluoroethyl)-1H-pyrrole-2,5-dione

(2.9)
gf Na;zz ‘ Qf

2.8 2.9 (43%)

Ri=0.51 (hexane: ethyl acetate 2:1), Yield = 400 mg, 43%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] =5.52 (s, 1H, H5), 4.91 (s, 1H, H4),

4.12 - 4.03 (g, 2H, H2), 3.30 - 3.20 (M, 2H, H6), 1.32 - 1.27 (t, 3H, H7).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 170.0, 166.5 (C=0; 3,3'), 149.1

(C4’),127.4 — 119.0 (C1), 84.6 (C4), 39.2 (C6), 39.1 — 38.0 (C2), 13.7 (C7).
19F NMR (400 MHz, CDCls, 25°C, CFCls) § [ppm] = -71.03.
HR-MS (MaXis) [M+Na]* - m/z found 245.1712; m/z calculated 245.1710.

FTIR (cm™): v = 3263 (N-H), 2957 (C-H), 1761,1702 (C=0), 1613 (C=C).
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Fig. 2.40 3C (a) and '°F (b) NMR spectra of 2.9 (101 and 300 MHz respectively,

CDCl3).
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3-bromo-1-ethyl-1H-pyrrole-2,5-dione (2.10)

o)

o
/\NHZ
l (o] > l N /
Br AcOH
Reflux 12 h Br
o o)

2.10 (52%)

Ri=0.58 (hexane: ethyl acetate 3:1), Yield =600 mg, 52%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 6.83 (s, 1H, H4), 3.60 — 3.55 (g,

2H, H2), 1.17 - 1.14 (t, 3H, H1).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 168.4 , 165.2 (C=0; 3,3’), 131.9

(C4), 131.3 (C4'), 33.8 (C2), 13.8 (C1).
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Fig. 2.41 *H NMR spectrum of 2.10 (400 MHz, CDCls).
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Fig. 2.42 3C NMR spectrum of 2.10 (101 MHz, CDCls).

1-ethyl-3-((2,2,2-trifluoroethyl)amino)-1H-pyrrole-2,5-dione
(2.11)

F
. o
0
NH, B /
l N / Na2C03 -
Br THF HN
0 3h F 0
F F
2.10 2.11 (32%)

Rt= 0.49 (hexane: ethyl acetate 2:1), Yield =350 mg, 32%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 5.55 (s, 1H, H5), 5.03 (s, 1H, H4),

3.81—3.70 (m, 2H, H6), 3.57 - 3.50 (g, 2H, H2), 1.20 - 1.16 (t, 3H, H1).
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13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 171.8, 167.1 (C=0, 3,3’), 148.3

(C4’),128.2 - 119.2 (C7), 88.2 (C4), 46.5 — 45.5 (C6), 32.8 (C2), 14.1 (C1).
19F NMR (300 MHz, CDCls, 25°C, CFClz) § [ppm] = -71.57.
HR-MS (MaXis) [M+Na]* - m/z found 245.1310; m/z calculated 245.1312.

FTIR (cm™): v = 3254 (N-H), 2914 (C-H), 1770, 1698 (C=0), 1629 (C=C).
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Fig. 2.43 'H NMR spectrum of 2.11 (400 MHz, CDCIls).
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Fig. 2.44 3C (a) and *°F (b) NMR spectra of 2.11 (101 and 300 MHz respectively,
CDCla).

3-(isopropylamino)-1-(2,2,2-trifluoroethyl)-1H-pyrrole-2,5-
dione (2.12)

2.8
2.12 (30%)

Rt=0.51 (hexane: ethyl acetate 2:1), Yield = 350 mg, 30%.

IH NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 5.50 (s, 1H, H5), 4.88 (s, 1H, H4),

4.10 — 4.02 (q, 2H, H2), 3.58 - 3.47 (m, 1H, H6), 1.28 - 1.26 (d, 6H, H7).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 170.1, 166.7 (C=0, 3,3’), 148.1

(C4’), 127.4 — 119.0 (C1), 84.3 (C4), 46.5 (C6), 39.1 — 38.0 (C2), 21.7 (C7).
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F NMR (300 MHz, CDCls, 25°C, CFCls) § [ppm] = -70.99.
HR-MS (MaXis) [M+Na]* - m/z found 259.0802, m/z calculated 259.0806.

FTIR (cm™): v = 3264 (N-H), 2969 (C-H), 1762, 1697 (C=0), 1610 (C=C).

mmmmmmmmmmmm
mmmmmmmmmm

mmmmmmmmmm

7.26 CDCI3

—=5.50
—4.88

45 4.0 5 30 25 20 15 1.0 05 00

S (ppm)

Fig. 2.45 'H NMR spectrum of 2.12 (400 MHz, CDCls).
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Fig. 2.46 3C (a) and '°F (b) NMR spectra of 2.12 (101 and 300 MHz respectively,
CDCla).

2.5.5 Synthesis of monoaminomaleimides via route-l|

0]
R'NH,
| /o) K2C03 NR1
AcOH 4
Br Reflux R'HN
(0] (0]

R' = CH,CH;, CH,CF,

Double substitution of monobromomaleic anhydride was achieved in single step, with
a slight divergence from the previously reported protocol.1® 2.0 equiv. of the targeted
amine was added to a solution of acetic acid (20-25 mL) containing 1.0 equiv. of 3-
bromomaleic anhydride and 1.5 equiv. of potassium carbonate. The reaction mixture

was stirred for 12 h at reflux temperature (110°C). After 12 h, the solvent was
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evaporated under reduced pressure, and the residue was taken up with 150 mL of
CH2Cl2. The resultant mixture was washed with 2x150 mL of water, and dried over
magnesium sulfate. A yellow-orange solid was obtained after purification via column

chromatography on silica gel using n-hexane /ethyl acetate.

1-(2,2,2-trifluoroethyl)-3-((2,2,2-trifluoroethyl)amino)-1H-
pyrrole-2,5-dione (2.13)

F F F
o o
NH, F
[ o K,CO, . | N
Br R fil\co:'2 h Y\H
ertiux
0 F e 0

2.13 (30%)

Rt = 0.48 (hexane: ethyl acetate 2:1), Yield = 500 mg, 30%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 5.71 (s, 1H, H5), 5.18 (s, 1H, H4),

4.14 — 4.05 (g, 2H, H2), 3.85 — 3.74 (m, 2H, H6)

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 169.3, 166.0 (C=0, 3,3), 148.3

(C4’), 128.0 - 119.6 (C7, C1), 88.8 (C4), 46.5 - 45.4 (C2), 39.3 - 38.2 (C6).
19F NMR (300 MHz, CDClIs, 25°C, CFCls) 6 [ppm] = -71.00, -71.45.
HR-MS (MaXis) [M+Na]* - m/z found 299.0302; m/z calculated 299.0305.

FTIR (cm™): v = 3256 (N-H), 3043 (C-H), 1766, 1705 (C=0), 1628 (C=C).

146



Chapter 2

g 8
(8] |
r~ lnl l‘; V’vvvm\m\mmmm -
O FF
H4 U3 N—f
| N
6 'g'" 3
F7(7_ 9
FF
2
4 i
i 6
H 5 A i
A l b 1 l
e J T
8o 75 7.0 6.5 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0
5 (ppm)
Fig. 2.47 *H NMR spectrum of 2.13 (400 MHz, CDCIs).
868
gz g ngngg @« < QM N NNoN
LR ¥ SN NNN S EEER Sleloce gas s
i I SN 2 I ~— —_— N
19F NMR =
: (b) (a)
1 O F F
- H4 J3 N—F
| N
. R
6 @N 3
F—7 (°]
F
4
6
50 -55 -60 -65 -70 -75 -80 -85 -90 2
3 (ppm)
WA g 17 l l
v |J‘ J ,.,ﬂ,._:‘:.ﬂﬂln.h" AT ety A IR e oy
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
5 (ppm)

Fig. 2.48 3C (a) and *°F (b) NMR spectra of 2.13 (101 and 300 MHz respectively,

CDCl3).
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1-ethyl-3-(ethylamino)-1H-pyrrole-2,5-dione (2.14)
2 NH
AcOH
Br Reflux 12 h
o

2.14 (45%)

Ri=0.51 (hexane: ethyl acetate 2:1), Yield = 430 mg, 45%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 5.41 (s, 1H, H5), 3.72 — 3.65 (m,
2H, H6), 3.58 — 3.53 (q, 2H, H2), 2.17 (s, 1H, H4), 1.31 — 1.28 (t, 3H, H1), 1.19 —

1.15 (t, 3H, H7).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 168.3, 166.4 (C=0, C3,3’), 143.5

(C4’), 123.8 (C4), 38.5 (C2), 34.0 (C6), 16.4 (C1), 14.4 (C7).
HR-MS (MaXis) [M+Na]* - m/z found 191.2012; m/z calculated 191.2011.

FTIR (cm™2): v = 3020 (N-H), 2932 (C-H),1690 (C=0), 1617 (C=C).
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Fig. 2.49 1H NMR spectrum of 2.14 (400 MHz, CDCls).
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2.5.6 Computational Details*

The geometries for all studied systems in the ground state were fully optimized with
the CAM-B3LYP functional”® and the 6-311G(d,p) basis set.” 7> The dispersion effects
and the solvent were included in the optimization process. The D3-Grimme’s
dispersion’® with Becke-Johnson damping factor’”> ® was used to evaluate the
dispersion effects. The solvent was considered using the polarization continuum model
(PCM).”®: 8 The calculations were performed using the same solvents as in the
experiments; i.e., 1,4-dioxane (¢=2.2099), toluene (¢=2.3741), diethyl ether (¢=4.24),
tetrahydrofuran (¢=7.4257), methanol (¢=32.613), and dimethyl sulfoxide (¢=46.826).
The harmonic vibrational frequencies were also calculated at the same level of theory
in order to verify that all the stationary points are minima of their potential energy
surface. Additionally, in the protic solvents (methanol and dimethyl sulfoxide), two
explicit solvent molecules have been added. In all the systems, several conformers

have been studied, but only the lowest minima have been reported.

The time-dependent density functional theory (TD-DFT)8% 8 was applied to compute
the absorption and emission (fluorescence) spectra. In the TD-DFT calculations, the
first 40 excited states have been considered, although only the results of the first
excitation have been displayed, which correspond to HOMO — LUMO transitions (r —
m*). The charge distribution was obtained following the natural bond orbital (NBO)
partition scheme by Weinhold and co-workers.82 All geometry optimizations,
frequencies, and TD-DFT calculations were calculated using the Gaussian 09 program

package.?

150
*These studies were conducted by Dr. Miquel Torrent-Sucarrat.
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To quantify the electron redistribution of the different substituents in the
aminomaleimide derivative rings, two indices Qnso1 and Qnso2 have been defined,

based on the sum of the natural population charges (see Eq. 2.1 and 2.2).

In the systems with two explicit solvent molecules, an additional third index has been

evaluated, the sum of all natural population charges in the aminomaleimide molecule.

Natoms E . 23
QNBOBZ Z Ongo, xi ( g )

i=1

Finally, the non-covalent interactions (NCI) descriptor has been used to plot the
n —stacking interactions. The NCI is a well-established methodology that allows the

visualization of both attractive (van der Waals and hydrogen bonding) and repulsive

(steric) interactions.8® The NCI index is based on the electron density,p(F), and the

reduced density gradient, S(F), which is defined as:

\vp(F)\ (Eq. 2.4)

2(37°)" p(r)”

s(r)=

The 3D representation of the isosurfaces was colorized according to a Red-Blue-Green
scheme over the range of the second eigenvalue of the electron-density Hessian, 4, ,
showing van der Waals interactions, hydrogen bonds, steric repulsions, and covalent

bonds. Negative values of A, are characteristic of hydrogen bonds (strong attractions
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are indicated in the NCI plots by the blue color). On the other hand, nonbonding

interactions (steric repulsions) are represented by positive values (and red color in the
NCI plots). Finally, weak interactions (r stacking) show small A, values (and

represented in the NCI plots by the green color). Taking into account all these aspects,
for the crystal structures, the NCI analysis has been performed using the NCIPLOT
program.® The wave functions have been obtained at CAM-B3LYP-D3BJ/6-311G(d,p)

level of theory in the gas phase from the X-Ray crystal structures.

The photophysical parameters of the absorption and emission spectra of the fluoroalkyl
aminomaleimide compounds (Tables 2.7-2.14) were computed at CAM-B3LYP-
D3BJ/6-311G(d,p) level of theory in solution, using the PCM methodology of six
solvents (diethyl ether, toluene, tetrahydrofuran, 1,4-dioxane, dimethyl sulfoxide and
methanol). All the excitation energies correspond the HOMO — LUMO transitions,

while the emission energies denote the LUMO — HOMO transitions.

Although, the TD-DFT results predict lower absorption (1ex) and emission (1em) values
than the experimental ones, the theoretical values of 2ab and Aem are in good agreement
with the experimental ones. When two explicit solvent molecules (e.g., dimethyl
sulfoxide and methanol) were studied, the difference of 25 nm was observed between
experimental and theoretical lem and Aex values, while the average difference

measured was 14 nm (Table 2.15).
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Table 2.7 TD-DFT excitation and emission energies and their corresponding oscillator
strengths of 2.2 using six different solvents (PCM model).2? Charge descriptors along

the m-conjugated structure of the aminomaleimide ring are also included.

Solvent Aex® fexd Aem® femd A QnBo1r  QnBo2
Diethyl Ether 335.3 0.110 4456 0.093 1104 0.168 -0.915
Toluene 334.2 0.115 437.7 0.080 1035 0.176 -0.913
Tetrahydrofuran 336.9 0.113 450.8 0.102 113.9 0.162 -0.916
1,4-Dioxane 3334 0.112 436.5 0.079 103.1 0.178 -0.912
DMSO 338.4 0.115 4575 0.115 119.1 0.155 -0.918
Methanol 337.7 0.110 4569 0.114 119.2 0.156 -0.917

aAll excitation and emission energies correspond to the first excited state (r —» ©* and
m*— m transitions, respectively). PAll values computed at CAM-B3LYP-D3BJ/6-311G(d,p) level

of theory in solution using the PCM model. “Excitation wavelength in nm. 9Oscillator strength.
®Emission wavelength in nm. 'Stokes shift (Aem - Aex).

Table 2.8 TD-DFT excitation and emission energies and their corresponding oscillator
strengths of 2.4 using six different solvents (PCM model).2P Charge descriptors along

the n-conjugated structure of the aminomaleimide ring are also included.

Solvent Aex® fexd Aem® femd AN QneBor  QnBo2
Diethyl Ether 330.6 0.073 452.7 0.060 122.1 0.170 -0.924
Toluene 329.2 0.077 446.1 0.051 1169 0.177 -0.921
Tetrahydrofuran 332.2 0.075 457.0 0.066 124.8 0.165 -0.925
1,4-Dioxane 328.5 0.074 445.2 0.049 116.6 0.178 -0.921
DMSO 334.1 0.077 463.0 0.076 1289 0.158 -0.926
Methanol 333.4 0.074 4625 0.075 129.0 0.159 -0.926

a8All excitation and emission energies correspond to the first excited state (r —» n* and

m*— m transitions, respectively). PAll values computed at CAM-B3LYP-D3BJ/6-311G(d,p) level
of theory in solution using the PCM model. “Excitation wavelength in nm. 9Oscillator strength.

®Emission wavelength in nm. 'Stokes shift (Aem - Aex).
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Table 2.9 TD-DFT excitation and emission energies and their corresponding oscillator
strengths of 2.6 using six different solvents (PCM model).2? Charge descriptors along

the m-conjugated structure of the aminomaleimide ring are also included.

Solvent AexC fexd Aem® femd AL QNBOl QNBOZ

Diethyl Ether  326.5 0.097 4349 0.086 108.5 0.209 -0.890
Toluene 325.3 0.102 4278 0.074 1025 0.216 -0.888
Tetrahydrofuran 328.1 0.100 439.7 0.095 111.7 0.204 -0.890
1,4-Dioxane 324.6 0.099 426.8 0.073 102.2 0.217 -0.888
DMSO 329.7 0.101 446.1 0.107 1165 0.198 -0.891
Methanol 329.0 0.097 4456 0.106 116.6 0.199 -0.891

aAll excitation and emission energies correspond to the first excited state (r —» ©* and
m*— m transitions, respectively). PAll values computed at CAM-B3LYP-D3BJ/6-311G(d,p) level

of theory in solution using the PCM model. °Excitation wavelength in nm. “Oscillator strength.

®Emission wavelength in nm. 'Stokes shift (Aem - Aex).

Table 2.10 TD-DFT excitation and emission energies and their corresponding
oscillator strengths of 2.7 using six different solvents (PCM model).2? Charge
descriptors along the =w-conjugated structure of the aminomaleimide ring are also

included.

Solvent AexC fexd Aem® femd AAf Qneor  QnBO2
Diethyl Ether  338.7 0.087 460.8 0.069 122.1 0.129 -0.949
Toluene 3374 0.091 4533 0.059 1159 0.138 -0.946
Tetrahydrofuran 340.5 0.090 465.6 0.076 125.2 0.123 -0.951
1,4-Dioxane  336.7 0.088 452.2 0.057 1156 0.139 -0.946
DMSO 342.2 0.091 4719 0.087 129.7 0.116 -0.953
Methanol 3415 0.088 4714 0.086 1299 0.116 -0.952
aAll excitation and emission energies correspond to the first excited state (r —» n* and

m*— T transitions, respectively). PAll values computed at CAM-B3LYP-D3BJ/6-311G(d,p) level

of theory in solution using the PCM model. °Excitation wavelength in nm. 9Oscillator strength.

®Emission wavelength in nm. 'Stokes shift (Aem - Aex).
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Table 2.11 TD-DFT excitation and emission energies and their corresponding
oscillator strengths of 2.9 using six different solvents (PCM model).2P Charge

descriptors along the w-conjugated structure of the aminomaleimide ring are also

included.
Solvent Aex® fexd Aem® femd A QnBo1r  QnBo2
Diethyl Ether 317.1 0.116 416.8 0.090 99.8 -0.028 -1.122
Toluene 315.0 0.121 408.8 0.076 939 -0.016 -1.115
Tetrahydrofuran 319.3 0.121 4221 0.100 102.8 -0.037 -1.127
1,4-Dioxane 314.1 0.117 4076 0.074 936 -0.014 -1.114
DMSO 321.8 0.123 429.0 0.114 107.2 -0.047 -1.133
Methanol 3209 0.118 4284 0.112 1075 -0.046 -1.132

aAll excitation and emission energies correspond to the first excited state (r —» ©* and
m*— m transitions, respectively). PAll values computed at CAM-B3LYP-D3BJ/6-311G(d,p) level
of theory in solution using the PCM model. “Excitation wavelength in nm. 9Oscillator strength.

®Emission wavelength in nm. 'Stokes shift (Aem - Aex).

Table 2.12 TD-DFT excitation and emission energies and their corresponding
oscillator strengths of 2.11 using six different solvents (PCM model).2 Charge

descriptors along the =w-conjugated structure of the aminomaleimide ring are also

included.
Solvent Aex© fexd Aem® femd AN QnBor  QnBO2
Diethyl Ether 3145 0.071 4294 0.046 1148 -0.023 -1.127
Toluene 312.3 0.073 423.7 0.036 1115 -0.012 -1.120
Tetrahydrofuran 316.7 0.074 433.3 0.052 116.7 -0.030 -1.131
1,4-Dioxane 3115 0.070 4229 0.035 1114 -0.010 -1.119
DMSO 319.1 0.076 438.8 0.062 119.7 -0.039 -1.136
Methanol 3184 0.073 438.3 0.061 1199 -0.038 -1.136

aAll excitation and emission energies correspond to the first excited state (r —» n* and
m*— T transitions, respectively). PAll values computed at CAM-B3LYP-D3BJ/6-311G(d,p) level
of theory in solution using the PCM model. °Excitation wavelength in nm. 9Oscillator strength.

®Emission wavelength in nm. 'Stokes shift (Aem - Aex).
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Table 2.13 TD-DFT excitation and emission energies and their corresponding
oscillator strengths of 2.13 using six different solvents (PCM model).2? Charge
descriptors along the w-conjugated structure of the aminomaleimide ring are also

included.

Solvent Aex® fexd Aem® femd AN QneBor  QnBO2
Diethyl Ether  309.0 0.097 408.1 0.073 99.1 0.021 -1.089
Toluene 306.9 0.101 4014 0.061 94.5 0.032 -1.083
Tetrahydrofuran 311.1 0.101 4128 0.082 101.6 0.014 -1.092
1,4-Dioxane 306.1 0.098 4005 0.059 944 0.033 -1.082
DMSO 313.5 0.103 419.2 0.095 105.7 0.005 -1.097
Methanol 312.7 0.099 4186 0.094 1059 0.006 -1.097

aAll excitation and emission energies correspond to the first excited state (r —» ©* and
m*— m transitions, respectively). PAll values computed at CAM-B3LYP-D3BJ/6-311G(d,p) level

of theory in solution using the PCM model. “Excitation wavelength in nm. 9Oscillator strength.
®Emission wavelength in nm. 'Stokes shift (Aem - Aex).

Table 2.14 TD-DFT excitation and emission energies and their corresponding
oscillator strengths of 2.14 using six different solvents (PCM model).2? Charge
descriptors along the =w-conjugated structure of the aminomaleimide ring are also

included.

Solvent Aex® fexd Aem® femd AN QneBor  QnBO2
Diethyl Ether 322.1 0.090 434.3 0.061 112.2 -0.071 -1.160
Toluene 319.8 0.093 427.1 0.050 1074 -0.058 -1.152
Tetrahydrofuran 324.4 0.093 439.1 0.069 114.7 -0.080 -1.165
1,4-Dioxane 3189 0.090 426.1 0.049 107.2 -0.056 -1.151
DMSO 3269 0.096 4454 0.081 1185 -0.091 -1.171
Methanol 326.2 0.092 4448 0.080 1186 -0.090 -1.171

a8All excitation and emission energies correspond to the first excited state (r —» =* and
m*— m transitions, respectively). PAll values computed at CAM-B3LYP-D3BJ/6-311G(d,p) level

of theory in solution using the PCM model. °Excitation wavelength in nm. “Oscillator strength.

®Emission wavelength in nm. 'Stokes shift (Aem - Aex).
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Table 2.15 TD-DFT excitation and emission energies and their corresponding
oscillator strengths of the studied aminomaleimides using two different solvents
(methanol and dimethyl sulfoxide) and considering two explicit solvent molecules.®
Three different charge descriptors are also included.

Solvent Aex®  fex®  Aem® fem® AAT  Qneor Qneo2 Qngsos
2.2_2MeOH 359.2 0.121 511.6 0.109 152.4 0.126 -0.945 -0.010
2.4 2MeOH 355.7 0.085 515.2 0.078 159.5 0.136 -0.951 -0.009
2.6 _2MeOH 349.7 0.109 495.9 0.105 146.2 0.170 -0.923 -0.020
2.7_2MeOH 364.5 0.098 529.0 0.085 164.4 0.092 -0.973 0.001
2.9 2MeOH 341.5 0.130 475.2 0.112 133.7 -0.071 -1.152 0.001
2.11 2MeOH 340.2 0.083 484.0 0.068 143.8 -0.067 -1.162 0.007
2.13 2MeOH 333.2 0.110 463.4 0.096 130.2 -0.029 -1.131 -0.010
2.14 2MeOH 348.1 0.097 493.1 0.080 145.0 -0.119 -1.191 0.018
2.2_2DMSO 356.1 0.133 495.3 0.117 139.1 0.101 -0.972 -0.053
2.4 2DMSO 351.8 0.093 497.9 0.082 146.1 0.116 -0.981 -0.050
2.6 _2DMSO 346.7 0.121 480.8 0.112 134.1 0.152 -0.949 -0.060
2.7_2DMSO 360.8 0.106 510.2 0.091 149.4 0.065 -1.003 -0.042
2.9 2DMSO 339.6 0.142 464.8 0.120 125.3 -0.105 -1.190 -0.048
2.11 2DMSO 339.1 0.085 479.8 0.075 140.7 -0.105 -1.220 -0.058
2.13 _2DMSO 333.6 0.113 462.3 0.104 128.8 -0.063 -1.184 -0.063
2.14 2DMSO 350.1 0.103 494.3 0.088 144.2 -0.167 -1.255 -0.042

a8All excitation and emission energies correspond to the first excited state (r —» =* and
m*— m transitions, respectively). PAll values computed at CAM-B3LYP-D3BJ/6-311G(d,p) level
of theory in solution using the PCM model. “Excitation wavelength in nm. 9Oscillator strength.

®Emission wavelength in nm. 'Stokes shift (Aem - Aex).
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3.1 Abstract

In this chapter, “three or four legged piano-stool” metallocarbonyl carbonyl maleimide
complexes of (n°-Cp)M(CO)xL type were synthesized. These half-sandwich
metallocarbonyl complexes contained aminobromo- (ABM), aminochloro- (ACM) and
dithio- (DTM) maleimides as ligands, exhibiting bright emissions, and solvent-
dependent fluorescence. Substituted maleimide is an interesting class of organic
luminophores, as they are non-invasive, strongly emissive, and highly sensitive to the
environment. Therefore, the effect of complexation on the fluorescence of maleimides
was explored by investigating the optical properties of these half-sandwich metal-
maleimide complexes. The switch on—off electrofluorochromic properties of these
complexes were examined by cyclic voltammetry and fluorescence spectroscopy.
Thus, the functionalization of the metallocarbonyl complexes with the maleimide
derivatives increases their versatility in their use as fluorescent probes, in addition to
the IR-markers, which opens fascinating opportunities for the development of

maleimide-based probes.
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3.2 Introduction

3.2.1 Luminescence in organometallic complexes

Over the years, there has been a tremendous interest in developing luminescent
transition metal complexes for various applications, such as sensors,* 2 dye-sensitized
solar cells (DSSCs),® organic light emitting diodes (OLEDs),* cell imaging,® and
monitoring industrial reactions.® This is due to their high tunability, high photostability,
and unique photophysical properties.” The photochemistry of the transition metal
complexes made them ideal candidates for these applications owing to their controlled
and specific response to external stimuli. This chapter focuses on developing new and
fluorescent transition metal-based complexes and investigating their luminescent

properties.

3.2.1.1 Electronic transitions in organometallic complexes

Organometallic complexes are well-known to exhibit different transitions based on
energy levels of the ligand and metal orbitals and the interactions between these
orbitals. These electronic transitions include ligand field (LF), intra-ligand (IL), metal-
to-ligand charge-transfer (MLCT), ligand-to-metal charge transfer (LMCT), ligand-to-
ligand charge transfer (LLCT), sigma-bond-to-ligand charge transfer (SBLCT), metal-
to-metal charge transfer (MMCT), and metal-to-solvent metal charge transfer (MSCT)
(Fig. 3.1).%81% Low-lying ligand field (LF) transitions are also referred to as d-d
transitions or metal-centered transitions, and they arise from electronic promotion

between the metal d-orbitals,** while on the other hand intraligand (IL) transitions
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involves electronic transition between the ligand-centered orbitals, such as - 7 *, and

also termed as ligand centered (LC) transitions.? 13
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Fig. 3.1 Schematic illustrations of various electronic transitions in organometallic

complexes.

The electronic transitions that involve both metal and ligand orbits are either MLCT, or
LMCT.* MLCT excited states involve electronic transitions from the d-orbital of an
electron-rich metal to ligands low-lying empty orbitals (e.g., CO or CN~), and depends
on both the solvent and the substituent. On the other hand, LMCT involves transitions
from the fully occupied molecular orbitals of a ligand to the empty or partially filled metal
d-orbitals. It is important to note that the occurrence of MLCT or LMCT transitions
depends on the ligands being classified by their ability to donate or accept electrons in
charge transfer (CT) transitions. Once classified, a ligand can be referred to as a CT
donor, a CT acceptor or neutral. CT donors, such as allyl, cyclopentadienyl (Cp), are

anionic in nature, whereas CT acceptors, like cyclohexadienyl, exhibit a cationic
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nature. The Cp ligand can contribute as a CT donor not only for MLCT but also for
LLCT and ILCT transitions. In comparison, neutral ligands, such as carbenes, arenes,
etc., may behave as CT acceptors or donors depending on the metal atom involved.®
Additionally, SBLCT occurs from the orbitals that possess metal-ligand sigma bonding
character.16® LLCT transitions occur in complexes that simultaneously contain a
reducing and an oxidizing ligand,'® 2° while MMCT includes the transitions between

the orbitals of metal-to-metal bonded bi- or tri-nuclear complexes.?!: 22

The intensities of the electronic transitions are determined by the “Spin rule” and the
“Orbital rule (Laporte)”. According to the Laporte selection rule, if the complex is of
centrosymmetric symmetry, transitions of the same parity, such as d- d transitions, are
forbidden. However, due to the coupling of electronic wave functions of appropriate
symmetry and energy, these transitions occur with molar extinction coefficient ¢ = 5—
100 M-1cm, which is lower than IL/LC and CT transitions that display higher intensities
where £ >> 10° M-lcm?, and occur between states of different parity. However, if the
centrosymmetric species undergo a distortion of the ground state geometry, such as
deviation from the idealized On geometry as result of Jahn-Teller effect, it relaxes the
“Laporte selection rule”.?® 2* Furthermore, the “Spin selection rule” forbids the
transitions between electronic states of different spin multiplicities. Because of that,
second and third row transition metals experience more spin—orbit coupling, and have

larger molar extinction coefficients.

Fig. 3.2 illustrates the simplified version of molecular orbital (MO) diagram for a
transition metal complex in octahedral (On) symmetry, exhibiting some of its
characteristic electronic transitions. These orbital parentages offered analytical insight

into the photochemistry of the hexacoordinate complexes. In such complexes,
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transitions such as MC and LMCT involve the electronic populations of the metal eg
MOs, that are antibonding (¢*) in nature, and as a consequence weakens the metal-
ligand (M-L) bond. On the other hand, t2g molecular orbitals are either antibonding (r*)
or bonding (mv), with reference to m -donor or m -acceptor ligands, and any change in

the population of these orbitals results in M-L bond strengthening. 23
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Fig. 3.2 Molecular orbital diagram for a transition metal complex in On symmetry. The
arrows labeled 1-4 represent, a metal centered (MC) ligand field transition, a ligand
to metal charge transfer (LMCT), a metal to ligand charge transfer (MLCT), and an
intraligand or ligand centered (LC) band respectively. Adapted from the reference.!!

Copyright 2011 Elsevier.

3.2.2 Transition metal carbonyl complexes

Metallocarbonyl complexes are well-known for their intense and characteristic

absorption band, in the mid-IR spectral region (2150-1800 cm™) and unique
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luminescence characteristics.?>?’ In 1985, Jaouen’s research group for the first time
utilized the metallocarbonyl complexes to develop the carbonylmetalloimmunoassay
(CMIA) method for the detection of biomolecules.?® 2° They utilized the metal carbonyl
complexes, such as CO2(CO)sL, CpFe(CO).L, and CpMn(CO)sL, etc. (1-4), to label
and trace an antigen (Fig. 3.3).2% 3! The tailored tracer was separated after the
treatment, either free or antibody-bound, and quantified by FT-IR spectroscopy.
Furthermore, this method was extended to monitor the concentrations of multiple drugs
simultaneously, and was named the multi-CMIA method.3? Although, the significance
of the CO group with respect to IR or Raman spectroscopy was reported by Leong’s
group in 2007.2 In their work, water-soluble osmium carbonyl cluster derivatives (5)
were utilized an IR-tag for the labelling of a fatty acid and phosphatidylcholine
derivative (Fig. 3.3). In another report, a tris(pyrazolyl)methane (tpm) manganese
tricarbonyl cationic complex (6) was employed, to investigate photoinduced cytotoxic
activity against cancer cells by Raman microscopy.3* 25 Recently, Policar and co-
workers reported subcellular imaging of hydroxytamoxifen CpRe(CO)s derivative (7),
using photothermal induced resonance (PTIR), in which atomic force microscopy

(AFM) is combined with the chemical specificity of the infrared spectroscopy.3¢

3.2.3 Tailored half-sandwich metallocarbonyl

maleimide complexes

Organometallic half-sandwich metal complexes is an emerging field of research, for
promising applications such as catalysis,3’ therapeutics, and sensors.38 3% Generally,

these complexes comprise of a metal atom surrounded by three or more ligands, one
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of which is a cyclic aromatic ligand, i.e., arene or cyclopentadienyl (Cp), exhibiting
“piano-stool” geometries.*® These complexes can behave as Lewis bases and may
react with a wide range of electrophilic species,** and thus considered as excellent

precursors for a variety of reactions.
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Fig. 3.3 Structures of metal-carbonyl-containing biomolecules (1 — 7) used for IR,

Raman and PTIR imaging.2% 31, 33-35

Maleimide derivatives are known to be extremely reactive, and have been widely
employed as a linker in the organometallic complexes to undergo facile conjugation
with biomolecules.*? 3 Rudolf and co-workers employed unfunctionalized maleimide
derivatives, as a ligand to coordinate with transition metal atoms, for conjugation to the
biomolecules, such as human serum albumin (HSA), bovine serum albumin (BSA),
and glutathione.*446 Later, the (n°-CsHs)Fe(CO)2(n*-N-maleimidato) complex and its

tungsten and molybdenum analogues were employed as enzyme inhibitors, IR-
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detectable markers and CO-releasing molecules.*’-*° Soon after Rudolf et al., reported
reversible cleavage of half-sandwich monobromo- and dibromomaleimide
metallocarbonyl complexes with tris(2-carboxyethyl)phosphine (TCEP) to regenerate
catalytically active enzyme (Fig. 3.4).5! Nevertheless, fluorescent properties of these
half-sandwich metallocarbonyl complexes have not been explored so-far. Therefore,
in this chapter the development of half-sandwich metallocarbonyl maleimides
complexes has been discussed and their fluorochromic behavior has been

investigated, especially with regards to the free maleimide fluorophores.

o\\ 9 Q\ THZ @ C\)\ NH,
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Fig. 3.4 Reaction of half-sandwich thiomaleimidato metallocarbonyl complex with
cysteine residue and its cleavage. Adapted from the reference.5! Copyright 2012
John Wiley & Sons, Ltd.

It is well-known that the cyclopentadienyl (Cp) ligand is inert to a large number of
electrophiles and nucleophiles, thus engages in stabilizing of the organometallic
complexes. Hence, in the tailored half-sandwich metallocarbonyl maleimide
complexes, the cyclopentadienyl (Cp) moiety acts as “spectator” ligand, exhibiting
“piano stool” geometries for CpMLn (n = 2, 3 or 4) type structures. In these structures,
the Cp ligand acts as the “seat”, while the remaining ligands are regarded as the “legs”

of the piano-stool. Furthermore, these structures are extended to “metallocene” (Cp2M)
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or “bent metallocene” (Cp2MXn) structures. It is noteworthy that the Cp ligand mostly
binds to a metal atom in pentahapto (n°) mode, in contrast to rarely observed
monohapto (n') and trihapto (%) ligands. Notably, in n° mode Cp behaves as an L2X
ligand type, therefore CpML3 complexes where L = CO, or maleimide; are considered
as pseudo-octahedral complexes of the MLsX type.?* These d®-CpMLs complexes
most likely are classified as low spin complexes, owing to the presence of strong field
ligands (i.e., CO) causing larger crystal field splitting (A) between the t2g and eg orbitals.
The half-sandwich complexes depict the isolable analogy with the octahedral and
tetrahedral fragments, which is shown in the Fig. 3.5. Theoretical parameters for
determining the metal-ligand interactions in the tailored half-sandwich metallocarbonyl

maleimide complexes have been given in Table 3.1.

Table 3.1 Theoretical parameters of the tailored half-sandwich metallocarbonyl

maleimide complexes.

(m°-Cp)Fe(CO)2(n*-  (1°-Cp)Ru(CO)2(n*- (1 °-Cp)Mo(CO)s(n*-

maleimidato) maleimidato) maleimidato)
Oxidation Il Il Il
state
d- electronic deé d® d*
configuration
# of unpaired 0 0 0
electrons
18-electron 18 e 18 e 18 e
rule
Coordination 6 6 7
number
Low spin or Low spin Low spin High spin/ Low spin
high spin
Geometry Pseudo-Octahedral Pseudo-Octahedral Pseudo-square
bipyramidal
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Fig. 3.5 Isolobal analogy between fragments of octahedral, pseudooctahedral and
tetrahedral structures. Adapted from the reference.>? Copyright 2005 Oxford

University Press.

Notably, if different ligands are attached to the metal centre in the octahedral complex,
the symmetry of the organometallic complexes reduces from On. Although, underlying
o-frameworks and the shape of molecular orbitals remains unchanged, the symmetry
labels change slightly. Consequently, the MO diagram was achieved by dropping the
symmetry of the fragment orbitals, followed by combining the orbitals of the same
symmetry using the basic On MO diagram as reference.>? Following on to that, CpML4
complexes exhibit hepta-coordination leading to a pseudo-square-pyramidal or a
capped-octahedron structures. The schematic MO diagram for the interaction between
the central metal atom and ligands in CpML3 and CpML4 complexes is illustrated in

Fig. 3.6. 5354
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(right) half-sandwich metallocarbonyl complexes.
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3.3 Results and Discussions

3.3.1 Metal-maleimide complexes

In the past, several organometallic complexes have been synthesized and used for
various biochemical application, as discussed in Chapter 1. But there has been a
negligible amount of work done to integrate the small-size, fluorescent maleimide-
based ligands into organometallic complexes. In this chapter, we developed stable
fluorescent ligands, coordinated them to the transition metals, and investigated the
effect of complexation on their photophysical properties. Firstly, (n°-
cyclopentadienyl)M(CO)23l (M = Fe: 3.7; 3.14, Ru: 3.16, and Mo: 3.18). The metal
iodide precursors were synthesized by the reaction of metallocarbonyl dimers [(n°-

CsHs)M(CO)2-3]2 with iodine (Scheme 3.1), as previously reported.4> 48

4 D
a OC co
. o
M—M — ‘
= \
0C co a CHCL oe—M—,
N o€ J
‘ , OCM,,
oc\“‘Fe\ ocwFe ocw" AN
I | \I / \I oc [
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3.7 (70%) 3.14 (60%) 3.16 (75%) 3 18 (70%)

Scheme 3.1 Synthesis of metallocarbonyl iodide precursors.
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Complexes 3.8-3.12 were synthesized by the photochemical reaction of (n°-
CsHs)Fe(CO)al (3.7) with different maleimide derivatives in the presence of diisopropyl
amine under inert conditions (Scheme 3.2). Owing to their ease of synthesis and
availability, 2,3-dibromomaleimide (DBM) and 3-bromo-4-(ethylamino)-1H-pyrrole-2,5-
dione (ABM) (3.1) were chosen as the ligands to begin with, to obtain complexes (n°-
CsHs)Fe(CO)2(n*-N-dibromomaleimidato) (3.8; CpFe(CO)DBM) and (n°-
CsHs)Fe(CO)2(n*-N-3-bromo-4-ethylaminomaleimidato) (3.9; CpFe(CO)ABM),

respectively.

Ry R o Ry R X = Br, Cl
X _
R@“ DRy _— I@-m n=23
+ HN |

M£1 — M\R1 o M = Fe, Ru, Mo
el ™ X bcf N Ry =H, CH,
o oY Rz R, = NCH,CH;
\_ g /
oc' \ oc* F"‘ oct* oc**
/> —Br / NH 4;5» / NH
—
3.8 (39%) 3.9 (21%) 3.1 (32%) 3.12 (35%)
) §' lé QO
] cl
WwFe o wRu 0
ococ’ N c,cocl N OCumo-N_ |
//—NH /7—NH oc”1
— 0 — co NN
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Scheme 3.2 Synthesis of metallocarbonyl maleimide complexes via the reaction

metallocarbonyl iodide precursors with maleimide derived ligands.
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Two synthetic approaches were identified to obtain the iron half-sandwich complex (n°-
CsHs)Fe(CO)2(ABM) (Scheme 3.3). Route A involves the photochemical reaction of
CpFe(CO)l with previously synthesized aminobromomaleimide ligand (3.1).5 On the
other hand, route B comprises of two steps. In first step, iron half-sandwich complex
bearing the dibromomaleimide ligand (3.8) was obtained similar to the route A, while
the second step involves the amine substitution of the dibromomaleimide moiety
coordinated to the metal center. Owing to the better yields achieved, route A was
chosen as a preferred method for the synthesis of these half-sandwich metallocarbonyl

complexes.

o)
X x QP
lg R1‘HJ<‘: Q xﬁo g %
F —
I\|

. o | R'=NH
oc* :e\N R1 B — oc** e OC":E\ o 42I>0C|‘I;E\ o R1
oc P N oc oc N oc N N
0 H o) 7 X o 7 H
X X X
Route A Route B
3.9(21%) X =Br, Rt= CH,CH, 3.10 (12%) X =Br, R1= CH,CH,
3.12(35%) X=Cl, R!=CH,CH, 3.13(28%) X =Cl, Rt =CH,CH,

Scheme 3.3 Synthesis of n°-cyclopentadienyldicarbonyliron aminohalomaleimide

complexes via two routes.

Regardless of the choice of synthetic route, poor yields were observed for the
synthesized (n°-CsHs)Fe(CO)2(ABM) complexes. It was hypothesized that (n°-
CsHs)Fe(CO)2(ABM) complex may decompose to its respective aminomaleimide

components when photoirradiated for longer durations. In TH-NMR spectra, complex
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3.9, displayed upfield signals for H2 (3.26-3.19 ppm) and H3 (4.82 ppm), compared
to the ABM ligand 3.1 (H2 = 3.75— 3.66 ppm and H3 = 5.41 ppm), suggesting the
formation of a complex. However, for 3.9, a downfield but weak signal corresponding
to the Cp ring was observed at 5.30 ppm, compared to the strong Cp peak at 5.08 ppm
for complex 3.8, which is an indicative of instability of iron aminobromomaleimide

complex in solvents for longer periods (Fig. 3.7).
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Fig. 3.7 'H NMR (400 MHz, CDCIs) spectrum for 3.1, 3.8, and 3.9.

This was further proved by the light-induced degradation process of (n®-
CsHs)Fe(CO)2(ABM) complex. The half-sandwich complex 3.9 in methanol was
illuminated with hv = 365 nm for 48 h. The change in color and formation of brown
precipitate is an indication of photodegradation.®® The filtrate was collected and

evaporated to obtain pale yellow crystals. APCI-MS displaying major peak [M+H]* at
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141.05, as well as single crystal analysis of the acquired solid, corresponds to the
aminomaleimide based side-product (Fig. 3.8), suggesting that aminobromomaleimide
complex of iron is not stable. The carbonyl containing organometallic complexes
containing in low oxidation-state are known to be light sensitive. Light could cause
decoordination of the attached ligands, and results in the coordinatively unsaturated
intermediates.*’ This explains the loss of Cp ring, metal atom and carbonyl groups from
the synthesized organometallic complex, leading to a formation of aminomaleimide
derivatives, as an indicative of the instability of half-sandwich iron bromomaleimide

complexes.
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Fig. 3.8 Schematic illustration of photodegradation of metallocarbonyl complex 3.9

(a); and molecular structure of product obtained from degradation in crystal state (b).

Previously our group has reported that chloro-substituted maleimides are more stable
relative to the bromo-substituted maleimides,*® which encouraged developing chloro-
substituted maleimides as ligands to form the half-sandwich metallocarbonyl
complexes. Henceforth, applying the same method, (n°-CsHs)Fe(CO)2(ni-N-
dichloromaleimidato) (3.11; CpFe(C0O)2DCM) and (n°-CsHs)Fe(CO)2(n*-N-3-chloro-4-

ethylaminomaleimidato) (3.12; CpFe(CO)2ACM) were synthesized by the reaction of
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CpFe(CO)al (3.7) with 2,3-dichloromaleimide (3.2) and 3-chloro-4-(ethylamino)-1H-
pyrrole-2,5-dione (3.3), respectively (Scheme 3.2). The synthesized half-sandwich
complexes were purified by column chromatography and characterized by 'H, 13C
NMR, APCI-MS, FTIR and single crystal analysis (Fig. 3.13 & 3.30-3.33, experimental
section 3.5.3). It is noteworthy that the selection of light source of a suitable
wavelength, and that for an appropriate duration are important parameters for these
reactions. Higher yields were obtained when the reaction mixtures were illuminated
with ultraviolet light while the illumination by visible light (Table 3.2; entry no. 1) didn’t
lead to satisfactory conversions of the products. Furthermore, longer exposure to the
light source resulted into the formation of photodegraded side-products, thus lowers
the yield. Therefore, a couple of reactions were performed to optimize the reaction

conditions for the synthesis of targeted half-sandwich complexes (Table 3.2).

Table 3.2 Summary of conditions attempted for the synthesis of half-sandwich iron

aminochloromaleimide complex 3.12.

# Reactants Conditions Duration Light source Yield (%)

1 CpFe(CO)(3.7)&ACM Nz, DIPEA, 2.5h Visible light 2%

(3.3) Benzene

2 CpFe(CO)21(3.7) & ACM N2, DIPEA, 2.5h hv =365 nm ~20%
(3.3) Benzene

3 CpFe(CO)2l (3.7) & N2, Na2COs, 2.5h hv =365nm <12%
ACM (3.3) Benzene

4  CpFe(CO)2l (3.7) & N2, DIPEA, 45h hv =365 nm  35-40%
ACM (3.3) Benzene

5 CpFe(CO)2l (3.7) & N2, DIPEA, 45h hv =365nm 15%
ACM (3.3) Toluene

188



Chapter 3

It was observed that using a strong inorganic base resulted in the formation of
significant side product (Table 3.2; entry no. 3), and using toluene as solvent led to
very slow conversion (Table 3.2; entry no. 5). However, illuminating the reaction
mixture with appropriate wavelength is the most significant requirement (Table 3.2;
entry 4).

Subsequently, the appropriate metal iodide complexes Cp*Fe(CO)2l (3.14),
CpRu(CO)2l (3.16), and CpMo(CO)sl (3.18) were synthesized, by applying the same
method as for 3.7. These metal iodide precursors reacted with aminochloromaleimide
(3.3) upon irradiation with hv = 365 nm in the presence of diisopropylamine to produce
(n°-Cs(CHs)sFe(CO)2(nt-N-3-chloro-4-ethylaminomaleimidato) (3.15), (n°-
CsHs)Ru(CO)2(nt-N-3-chloro-4-ethylaminomaleimidato) (3.17), and (n°-
CsHs)Mo(CO)3(n*-N-3-chloro-4-ethylaminomaleimidato) (3.19) complexes.*® 5 These
half-sandwich complexes were characterized by 'H, ¥C NMR, APCI-MS, and single
crystal XRD analysis (Fig. 3.13 & 3.34-3.45, experimental section 3.5.3). All the
metallocarbonyl maleimide complexes displayed a downfield signal, for the Cp ring
(3.12: 85.8 ppm; 3.15: 96.5 ppm; 3.17: 88.4 ppm; and 3.19: 95.7 ppm), relative to their
respective metal iodide precursors (3.7: 84.0 ppm; 3.14: 96.0 ppm; 3.16: 87.1 ppm;
and 3.18: 94.3 ppm). All these complexes are sufficiently stable and can be stored for
months, except 3.19. Notably, 3.19 decomposed relatively quickly compared to the
other metal-maleimide complexes. When exposed to light and air for a prolonged
period of time, the color changes from orange to green, which is caused by the light-
induced degradation process. Upon analysis of the photodegraded product (of the
complex 3.19) using 'H, ¥3C NMR spectroscopy and APCI-mass spectrometry, there

was no observed difference for the samples displaying different colors. However,
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single crystal XRD analysis yielded a different result. Interestingly, single crystal XRD
analysis indicated the presence of polymorph structures originating from the complex
(Fig. 3.9). These structures have the same chemical formula (of the decomposition
product, i.e., ACM) but different structural orientations within the unit cell. The color
change from orange to green corresponds to the change in oxidation state of

molybdenum atoms from +2 to +3, as a result of photodegradation.>®

Monoclinic

Triclinic

Fig. 3.9 Schematic illustration of photodegradation of 3.19 and molecular structure of

observed polymorphs in crystal state.

In order to obtain another complex n°>-CsHsCo(CO)IACM, n°-CsHsCo(CO)I2 (3.21) was
synthesized and characterized successfully, following an established protocol (Fig.
3.48-3.49).5° Several attempts were made to obtain the complex CpCo(CO)ACM, by
reacting 3.21 with the aminomaleimide ligand, although none of them were successful.
Comparison of the 13C NMR spectra, recorded before and after reaction, displayed a

lot of unidentified peaks along with multiple Cp peaks, indicating the decomposition
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and instability of the targeted complex. Unfortunately, due to the unavailability of more
dimer precursors, we were unable to target more metals to develop the half-sandwich

metallocarbonyl complexes.

Additionally, another dithiomaleimide (DTM) based fluorescent half-sandwich complex
was synthesized, using the approach similar to the CpFe(CO)2ACM complex. Using
this approach, the pre-synthesized DTM derivative 3.4 was employed as a ligand, and
reacted with 3.7 in the presence of a base under inert conditions (Scheme 3.4). The
complex n°-CsHsFe(CO)2(DTM) (3.20) was purified via column chromatography and
characterized by 'H, 13C NMR, APCI-MS and IR spectroscopy (Fig. 3.46—3.47). The
brown complex obtained product was viscous in nature, and we were unable to grow
crystals for this compound. In 3C NMR spectra (Fig. 3.10), 3.20 appearance of Cp and
C=0 peaks at 85.6 ppm and 213.5 ppm, respectively, and a downfield signal for C=C
at 138.7 relative to 3.4, which displayed C=C peak at 136.8, suggest the successful
synthesis of complex 3.20. Furthermore, the peak for [M*] observed at m/z = 449.96 in

AP-MS, confirmed the complex 3.20 has been synthesized successfully.

S z S
S\/\/ N I! (o]
.Fe + “365 nm, 4.5 hrs ocvFe
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S \\\\
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Scheme 3.4 Synthesis of half-sandwich iron dithiomaleimide complex 3.20.
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Fig. 3.10 'H NMR (400 MHz, CDCls) spectrum for DTM (3.4), and CpFe(CO)2DTM
(3.20).

In order to explore the potential use of half-sandwich complexes containing maleimides
as ligands, maleimide coordination to the metal atom at amine position was
investigated (Scheme 3.5). The synthesis of the complex CpFe(CO)2(Me-ACM) was
targeted through three different routes via cationic complex of iron as an intermediate.
The cationic complexes of metal such as iron, [CpM(CO)2L]* are an important class
which have been significantly utilized for the applications, such as synthesis and
catalysis.® 61 Reaction of CpFe(CO)2l (3.7) with a large excess of anhydrous diethyl
ether in dichloromethane and in the presence of silver tetrafluoroborate under inert
atmosphere, produced red color compound [CpFe(CO)2(OEt2)]* (3.23) (Scheme 3.5).
The moisture sensitive, cationic complex 3.23 is formed as a result of halide abstraction

from 3.7 by AgBF4% and is partially soluble in chloroform but highly soluble in
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dichloromethane. The characteristic peak of Cp at 5.36 ppm in *H NMR spectrum as
well as at 85.6 ppm in 13C NMR spectrum, confirms the successful synthesis of diethyl

ether complex of iron.

| _AgBF, S

cl
> .
OEt, oc (o e | N—=
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Base
hv = 365 nm
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Scheme 3.5 Scheme for the synthesis of CpFe(CO)2(Me-ACM) complex.

The diethyl ether ligand is very labile in the complex [CpFe(CO)2(OEt2)]|BF4 (3.23), and
can be replaced easily when reacted with ethylamine in dry dichloromethane, to form
yellow crystals of amine containing cyclopentadienyldicarbonyl complex of iron (3.24).
The aminoalkane complex has been characterized by *H and 3C NMR spectroscopy.
In *H NMR spectrum, 3.24 shows a singlet at 2.90 ppm assignable to the two amine
protons, which is a downfield shift relative to free amine (1.50 ppm). Additionally, an
upfield signal for Cp ring at 5.27 ppm relative to 3.23 and a quartet 2.57-2.44 at ppm

and a triplet at 0.99-0.95 ppm corresponding to -CHz and -CHs, respectively, confirms
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the synthesis of CpFe(CO)2(NH2CH2CHs) (3.24) successfully (experimental section

3.5.3).

For a final step, the non-fluorescent complex 3.24 reacted with methylated
dichloromaleimide (3.5; Me-DCM) in the presence of a base. The onset of fluorescence
was an indication of the formation of the desired complex. The fluorescent product was
purified and analyzed by NMR spectroscopy. The 3C NMR spectrum, indicated the
presence of decomposed product, which is methylated aminochloromaleimide (Me-
ACM), instead of the targeted complex (CpFe(CO)2(Me-ACM)). Additionally, AP-MS
spectrum showed a peak at m/z = 189.04, corresponding to the Me-ACM (Fig. 3.11),
which explains the fluorescence noted for the reaction mixture. We also attempted
precipitation/ recrystallization to obtain the purified product but it was ineffective due to
the similar solubilities of Me-DCM and desired product. Then again, the 3C NMR
spectra of crude product was analyzed and compared with the reactants
CpFe(CO)2(NH2CH2CH3s) (3.24) and Me-DCM (3.5). The downfield signals displayed
for Me and CHzgroups, suggested the possibility of a reaction happening, although the
rate of the desired reaction is very slow, as the peaks (such as C=0 and C=C at 162.8
and 133.1 ppm, respectively) for the unreacted Me-DCM can be noticed (Fig. 3.12).
Additionally, extremely weak signal for Cp ring suggested that the compound is either
not stable or the reaction conditions were not very feasible. It was hypothesized that
the desired reaction is possibly in competition with the formation of Me-ACM product,

as confirmed by AP-MS and NMR spectroscopy.
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Fig. 3.11 APCI-MS spectrum for the product obtained by reacting 3.24 with 3.5.
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Fig. 3.12 Comparison of 13C NMR spectra for the crude reaction mixture with 3.24
and 3.5.
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In the second approach (approach-Il) to the synthesis of metal-maleimide complex
[CpFe(CO)2(Me-ACM)]*, the diethyl ether complex [CpFe(CO)2(OEt2)]* (3.23) was
synthesized in the first step, similarly to the approach-I (described above), which was
then allowed to react with pre-synthesized Me-ACM ligand (3.6) (Scheme 3.5).
Although, the time duration for this reaction was doubled, no physical changes were
observed. This is contrary to the reaction of [CpFe(CO)2(OEt2)]* with ethyl amine (from
approach-1) where immediate color change of reaction mixture from red to brown
occurred, followed by the formation of fluorescent yellow crystalline solid. Furthermore,
when analyzed by NMR spectroscopy, the results obtained are similar to the ones

observed in the former case (approach-), i.e., degradation.

In the final attempt, approach-lll, the CpFe(CO)2l (3.7) was photochemically reacted
with the Me-ACM (3.6), using the conditions optimized for the half-sandwich complexes
mentioned previously (Scheme 3.5).5! The reaction was carried out for 6 h, along with
the progress of reaction monitored by TLC. It was noticed that the concentration of iron
iodide precursor (3.7) decreased over time, however no other spot beside the reactants
was observed. This led to the two possibilities: either the base is not strong enough to
activate the nitrogen or reaction is not feasible to obtain the, possibly air sensitive,
compound. In order to prove the former statement, sodium carbonate (a stronger base
than diisopropyl amine) was used, though there was no luck with synthesis of the
targeted complex. Despite a lot of efforts, the synthesis of the targeted complex

CpFe(CO)2(Me-ACM) remained unsuccessful.
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3.3.2 Crystal structure description

The molecular structures of complexes CpFe(CO):DCM (3.11); CpFe(CO)2ACM
(3.12); Cp*Fe(CO)2ACM (3.15); CpRu(CO)2ACM (3.17); and CpMo(CO)sACM (3.19)

were determined by single crystal XRD analysis and are presented in Fig. 3.13.

Fig. 3.13 Molecular structures of complexes 3.11, 3.12, 3.15, 3.17 and 3.19 in the

single crystal state.

Complexes 3.12, 3.15, and 3.17 crystallized in centrosymmetric space group P-1
triclinic, while 3.11 and 3.19 crystallized in Cmce orthorhombic and P21 monoclinic,
respectively, space groups. In all the complexes, the metal atom is bonded to the
cyclopentadienyl ring (C7-C8-C9-C10-C11; Cqg referred to as center of gravity of the
cyclopentadienyl ring), nitrogen atom (N1) of the maleimide moiety, and two carbonyl

ligands (C12-03, and C13-04), with 3.19 as exception which contains three carbonyl
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ligands (C12-03, C13-04, and C14-05). The distance between the iron atom and
centroid of the cyclopentadienyl ring (Fe-Cg) for complexes 3.11, 3.12 and 3.15 were
1.7129 (13), 1.7170 (12) and 1.7263 (10) A, respectively. These bond lengths were
slightly shorter than the distance between the carbonyl ligands and iron atoms (Fe-
C12, and Fe-C13) and are in the range of 1.780 (3) — 1.789 (2) A. In comparison, the
corresponding distances were longer for 3.17 (Ru-Cg: 1.8840 A, Ru-C12: 1.872 (3) A
and Ru-C13: 1.878 (4) A), which in turn were shorter than the 3.19 (Mo-Cg: 1.9950

(17) A, Mo-C12: 2.018(4) A, Mo-C13: 2.005 (4) A, and Mo-C14: 2.039 (3) A).

Furthermore, the Fe-N1 bond was observed to be 1.965(2) A, 1.9646(16) A, and
1.9743(18) A for 3.11, 3.12 and 3.15, whereas for Ru-N1 in 3.17 and Mo-N1 in 3.19, it
corresponded to 2.073(2) A and 2.176(3) A. The distances C1-O1 and C2-O2 of
maleimide coordinated to metal are shortest for 3.19, equals to 1.212 (5) A and 1.219
(4) A, respectively, compared to rest of the complexes for which they are in the range
of 1.214 (3) — 1.230 (3) A. The half-sandwich complexes (3.11, 3.12, 3.15, and 3.17)
exhibited pseudo-octahedral “three legged piano-stool” geometry, where the
cyclopentadienyl moiety occupies facially three coordinated sites,®® while the
maleimide acts as a monodentate ligand, in addition to the two carbonyl atoms. On the
other hand, complex 3.19, showed capped octahedron structure (coordination no. 7)
as “four legged piano-stool” geometry. Some of the previous works had also reported
these type of complexes as tetrahedron strongly deformed in the direction of trigonal
pyramidal structures.5® 6466 This was vindicated by considering the centroid of the
cyclopentadienyl ring (Cg) occupying one coordination site instead of three, which
makes the overall coordination number of 4 to 5 (depending on the number of other

ligands attached), and was justified by the valence angles around metal to be 90° and
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120° in the crystal state (Table 3.3). Hence, these complexes are not considered as
ideal octahedral complexes, despite being 18-electron saturated,®’ and acquiring six

coordination number.

Table 3.3 Intermolecular contacts measured from solvent crystal structures of the half-
sandwich metallocarbonyl maleimide complexes. 3.12 i: 1-X,1-Y,1-Z; 3.15i: -X,1-Y,-Z;

3.17i: 1-X,1-Y,-Z; ii: -X,-Y,2-Z; 3.19 i: +X,+Y,1+Z; ii: 1-X,1/2+Y,1-Z.

Compound Bond Bond Angle Form
D-H---A Length D-H-A/°
d(H-A) /A

3.12 N2-H2:--0101 2.08(2) 147(2) Chain
N102-H102---O1 2.19(3) 150(2)
C9-H9---0104' 2.64 126.3

3.15 N2-H2:--O1i 2.116(19) 155 (2) Dimer

3.17 N2-H2:--O1i 2.18(4) 150(3) Dimer
N102-H102:--0O101" 2.18 (5) 145 (5)

3.19 N2-H2---O2! 2.10(5) 150(4) Chain
C9-H9---O1' 2.60 168.4
C5-H5A---Cl' 2.85 121.0
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Fig. 3.14 Intermolecular interactions shown by dotted line in 3.12 (a), 3.15 (b), and
3.19 (c).
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The packing modes of the complexes (Fig. 3.14) showed the intermolecular N-H---O
interactions, leading to the formation of a one-dimensional chain of molecules in 3.12
and 3.19, whereas dimers were observed for 3.15 and 3.17 packed as parallel layers
(Table 3.3). The molecules are oriented in the same direction within each layer for
3.19, while for 3.12, 3.15, and 3.17 in the opposite direction, in order to minimize steric
repulsion. Notably, 3.12 exhibited additional C9-H9---0O4' (~C9'-H9'---04) forming
intermolecular contacts between the inverted dimers, leading to the zigzag
arrangements stacked as parallel layers. In addition to the N-H---O hydrogen bonds,
3.19 exhibited intramolecular C5-H5A---CI1 distances, and intermolecular C9-H9::-O1'
(C91-H9---O1) distances, through carbonyl (C=0) of the maleimide and hydrogen of

the cyclopentadienyl ring equals to 2.85 A and 2.60 A, respectively (Table 3.3).

3.3.3 Photophysical properties

To gain the insight into the influence of complexation on the optical properties of
maleimides, quantum yields of acquired half-sandwich metallocarbonyl maleimide
complexes were evaluated. No fluorescence was observed for the complex 3.11;
CpFe(C0O)2DCM, containing the di-halogenated maleimide ligand (3.2), which lacks the
essential push-pull mechanism required for fluorescence, due to the absence of
electron-donating groups on the maleimide moiety. Alternatively, upon complexation
of the metals with aminochloromaleimide derivatives, blue-green emissions were
observed. The emission properties of the acquired half-sandwich complexes (3.12,
3.15, 3.17, 3.19 and 3.20) synthesized in section 3.3.1 were evaluated and compared
with their respective maleimide ligands (3.3 and 3.4). The absorption and emission

spectra of these half-sandwich complexes were equated at the same concentration
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(10 uM) using a range of solvents with different polarities (Table 3.4). All the
complexes, analogous to non-coordinated ligand, exhibited solvatochromic behavior
when dissolved in polar solvent, resulting in the stabilization of ground and excited

states due to the solute-solvent interactions (Fig. 3.15; Table 3.4).
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Fig. 3.15 Comparison of the normalized emission spectra of the half-sandwich
complexes 3.12 and 3.20 vs the ligands 3.3 and 3.4 in different solvents (10 uM).
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Table 3.4 Fluorescent properties of the half-sandwich metallocarbonyl maleimide
complexes (3.12, 3.15, 3.17, 3.19, and 3.20) and their respective ligands (3.3 and 3.4)
in solution-state (10 puM) and in solid-state (¢r = relative quantum vyield in different
solvents using quinine sulfate as reference, and absolute quantum yield in solid-state
using integrating sphere; Amax = maximum absorption wavelength; emax = molar

absorption coefficient; B = Brightness; A__ = excitation wavelength ; A_ = maximum

emission wavelength; AA = Stokes shift ; slit width ex 1.0 nm, em 1.0 nm; 25°C).

Compound  Solvent of Emax B Amax  Aex  Aem  AA
(%) Micm?t) (Micm?t) (nm) (nm) (nm) (nm)

Ether 48 5916 284006 363 359 458 99

Toluene 41 4538 186082 360 363 461 98

3.3 THF 37 5553 205494 361 363 471 108

Dioxane 31 3893 120704 368 363 471 108
DMSO 17 4783 81312 376 369 486 117
Methanol <1 4419 4535 368 366 517 151

Powder 15 - - - 360 491 -
Ether 11 3519 98532 396 396 492 95
Toluene 10 3171 66591 400 399 500 99
THF 6 2984 44760 401 401 501 102
34 Dioxane 5 2304 23040 404 401 501 97
DMSO <1 1619 4857 405 401 521 120
Methanol <1 1230 615 400 397 551 154
Ether 36 5954 214358 362 359 459 100
Toluene 32 4271 136675 361 361 462 101
THF 24 4522 108537 360 363 466 103
3.12 Dioxane 30 3893 116811 361 363 469 106

DMSO 11 4677 51451 365 370 490 120
Methanol <1 4494 2247 367 373 519 146
Powder <1 - - - 361 495 -
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Ether 33 5228 172543.8 359 357 459 102
Toluene 30 5345 160365 360 359 465 106
THF 24 5464 131145 361 360 469 109
315 Dioxane 25 4118 102965 362 363 472 109
DMSO 8 5227 41816 370 368 489 121
Methanol <1 5622 1686 368 370 516 146
Powder <1 - - - 361 493 -
Ether 1 8092 89013 363 345 455 110
Toluene 10 6570 65697 365 349 458 109
THF 8 8026 64205 366 350 460 110
3.17 Dioxane 5 7698 34891 367 351 464 113
DMSO 3 9862 29585 376 357 476 119
Methanol <1 8340 4170 379 359 502 143
Powder <1 - - - 362 491 -
Ether 50 4434 221725 356 360 463 103
Toluene 45 3714 167166 358 362 465 103
THF 41 3603 147743 362 364 468 104
3.19 Dioxane 47 4214 198086 363 365 471 106
DMSO 19 4409 83786 375 372 489 117
Methanol 1 2852 3422 369 370 515 145
Powder <1 - - - 365 495 -
Ether 15 3553 106590 397 397 491 94
Toluene 11 3092 77300 399 399 502 99
3.20 THF 4 2784 27840 400 404 505 103
Dioxane 3 2180 17440 401 404 507 103
DMSO <1 1453 2179.5 404 405 521 117
Methanol <1 1124 449.6 406 405 545 144
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The brightness B of the fluorophore determines its analytical sensitivity, and can be
calculated by the product of ¢t and the molar absorption coefficient at the excitation
wavelength (emax) (Table 3.4). For this purpose, molar absorption coefficient for the
synthesized half-sandwich maleimide complexes ACM was calculated by dilution
method. The solutions of six different concentrations were made (5 uM, 7.5 uM, 10 uM,
12.5 uM, 15 uyM and 20 uM); each in six different solvents and run their absorptions
spectra. The plot of concentration vs absorption followed a linear equation, and molar
absorption coefficient was identified as a slope. Organometallic complexes tend to
exhibit various electronically excited state upon coordination, as explained in section
3.2. Molar absorptivities observed in the range of 10° — 10* M-lcm?, suggested the
observed transitions are attributed to the intraligand (IL) excited states.

To quantify this further, reference quantum yields®® of aminochloromaleimide
containing complexes (3.12, 3.15, 3.17, 3.19), against the ligand (3.3), were
investigated, to explore the effect of coordinating different metal centers to the
maleimide (Fig. 3.16). Amongst all the acquired complexes, CpMo(CO)sACM (3.19)
demonstrated highest ¢ (50% in diethyl ether), along with largest Stokes shift in the
range of 103 — 145 nm. This is slightly higher than ¢+ recorded for the ACM ligand (48%
in diethyl ether), while on the other hand CpFe(C0O).ACM (3.12) showed ¢+ lower than
the ACM (36% in diethyl ether). It was hypothesized that coordinating the metal with
maleimide pushes the electron density away from the ring, thus reduces the twisted
intramolecular charge transfer (TICT) between the maleimide and the solvent
molecules. The higher ¢robserved for 3.19, corresponds to the higher electronegativity
of the Mo atom, that minimized TICT by pulling electron density away from the

maleimide ring, and establishing back bonding between the metal atom and the
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aminochloromaleimide ligand. However, no significant red shift in the emission
maxima, for the half-sandwich complexes was observed on attaching the metal center
to the maleimide derivatives. Although, an iron metal center, possessing the
electronegativity value lower than molybdenum atom but higher than hydrogen atom,
showed ¢+ comparable to the aminochloromaleimide ligand. Based on the
electronegativity trend, another complex CpRu(CO).ACM (3.17) was targeted and
evaluated its ¢r to test the hypothesis further. Interestingly, the introduction of
ruthenium metal which is more-electronegative than molybdenum, depicting the
electronegativity trend: Fe (1.83) < Mo (2.16) < Ru (2.20), quenched the fluorescence
instead of increasing the ¢r, by facilitating the non-radiative decay and switching off
the fluorescence. This can be further explained on the basis of bond strengths, and
interactions between ligands and metal atoms, assessed by the FTIR spectroscopy,

and also mirrored by the single crystal XRD data.

In order to investigate the contribution of other ligands coordinated to the metal (i.e.
cyclopentadienyl in this case) on the optical properties of maleimide, ¢+ of the
Cp*Fe(CO)2ACM complex (3.15) was evaluated. Compared with quantum efficiency of
the CpFe(CO)2ACM (3.12), Cp*Fe(CO)2ACM (3.15) showed slightly lower emissions
(33% in diethyl ether; 8% in dimethyl sulfoxide) (Fig. 3.16). The substitution of the
cyclopentadienyl (Cp) ring with methyl groups, increases the electrophilicity of ligand
coordinated to the metal atom. However, no significant effect on ¢r, indicates that
changing the metal center attached to maleimide is more effective than altering the

electronics of the auxiliary ligands.
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Fig. 3.16 Comparison of the solution and solid-state ¢+ for the complexes, 3.12, 3.15,
3.17, and 3.19, and the ligand 3.3, in six different solvents (diethyl ether, toluene,
tetrahydrofuran, dioxane, dimethyl sulfoxide and methanol), using the reference and

absolute methods, respectively.

Following on the analysis, solid-state quantum vyields (¢r) of 3.12; CpFe(CO)2ACM,
3.15; Cp*Fe(CO)2ACM, 3.17; CpRuU(CO)2ACM, 3.19; CpMo(CO)3ACM, and 3.3; ACM
was evaluated by the absolute method.®® The solid-state ¢r (%) for all the complexes
containing an aminochloromaleimide ligand were observed to be <1, while the
reference ligand (3.3) gave a value of 15% (Fig. 3.16). This might be due to the -7
stacking interactions and the intermolecular hydrogen bonds in the solid-state,
resulting in the aggregation caused quenching (ACQ) behavior for these complexes.

Moreover, the fluorescence efficiencies for the complexes with the same metal atom

but different maleimide derived ligands CpFe(CO)2ACM (3.12) and CpFe(CO).DTM
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(3.20) were compared. For 3.20, ¢rwas calculated to be 11% in diethyl ether and
0.43% in methanol, which is significantly lower in comparison to the complex 3.12 (36%
in diethyl ether and ~1% in methanol) (Fig. 3.17). The molar extinction coefficient (emax)
and brightness (B) of 3.20 were calculated to be 3553 M-*cm™* and 106590 M-lcm,
respectively, while for 3.12, emax and brightness were found to be 5954 M-icm and
214358 M1icm, respectively (Table 3.4). This illustrates that aminochloromaleimide
derived complexes are brighter than the dithiomaleimide based complexes, associated
with the small charge differences between C=C atoms of the aminochloromaleimide
moiety,%® thus emphasizing the strong push—pull mechanism for the enhanced
fluorescence. Though, the evaluated ¢r for 3.20 was quite comparable to its
uncoordinated ligand DTM (3.4), with some exceptions (for example, in diethyl ether,
for 3.20 ¢r = 15%, and for 3.4 ¢r = 11%). For 3.20, an increase in solvent polarity also
generated a red-shift in the fluorescence emission maximum, from 459 nm in
cyclohexane to 519 nm in methanol. Unfortunately, the solid-state ¢+ could not be
measured for the complex 3.20 and the ligand 3.4, as the final products obtained were

oily in nature.
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Fig. 3.17 Fluorescence ¢t of the ligands, 3.3 and 3.4, and the complexes, 3.12, and
3.20, in six different solvents (diethyl ether, toluene, tetrahydrofuran, dioxane,

dimethyl sulfoxide and methanol) using quinine sulfate (¢st = 59% in 0.105 M HCIO4)

as the reference. Error bars represent standard deviation over three repeats.

In order to check the relationship between electron density of the maleimide and its
optical properties, FTIR spectra of these complexes were compared. The
functionalities of interest and their corresponding frequencies (v) are tabulated and
correlated with the fluorescence efficiency (Table 3.5). The normal range of the M-CO
stretching frequency, v(C=0) is 1820 —2150 cm™. The band position can tell how good
the metal is, as a m-base. The greater the ability of a metal to donate electrons to the
m* orbitals of carbonyl ligand, the lower the energy of the C-O stretching vibrations.

Complex 3.19 presented lower -C=0 stretching vibration frequencies (i.e., 2043 and
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1933 cm?) associated with higher ¢ (58%). This signifies the increased sigma

donating capability of the maleimide ring, which means the electron density has been

pulled away from the maleimide ring due to the increased back-bonding to the carbonyl

ligands, resulting in higher N-C=0 stretching vibration frequency. These results are in

agreement with the solution-state ¢+ analysis, where relatively more electronegative

metal (Mo) exhibited higher ¢+. This was also reflected through the data from the NMR

spectroscopy (Table 3.5).

Table 3.5 Correlation of FTIR and NMR spectroscopic data with optical properties of

half-sandwich metallocarbonyl complexes.

Compound FTIR v of designated B3C NMR ¢rin diethyl
functionalities data ether
-C=0 -C=0 é for C=0 (%)
stretching stretching (ppm)
(cm™) (cm™)
3.12 2038, 1988 1620 213.8 36
3.15 2023, 1955 1623 214.9 33
3.17 2047, 1974 1629 198.8 11
3.19 2043, 1933 1636 228.8 50
3.20 2025, 1960 1610 2135 15
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Unfortunately, we did not get any information about M-N bonds directly as they lie
between 200-300 cm. Also, the instrument noise at low wavenumbers prevented any
accurate measurements in this region. The metal aminochloromaleimide complexes
also showed a medium split absorption band, in the range of 3250-3315 cm,
assignable to the -N—H stretching of the amine group attached to the maleimide, which

was absent in the metal dithiomaleimide complex.

13C NMR spectra of these half-sandwich metallocarbonyl-maleimide complexes,
demonstrated the relationship between bond electron density and the fluorescence
efficiency. A more downfield signal for C=O was observed for Mo- complex (3.19) (6 =
228.8 ppm), due to its small size and electronegative nature, thus pushing the electron
density away from the ligands, and in turn also associated with higher fluorescence

efficiency (¢r) (Table 3.5).

The lifetime studies of the synthesized complexes, 3.12; CpFe(CO)2ACM, 3.15;
Cp*Fe(CO)ACM, 3.17; CpRu(CO):ACM, 3.19; CpMo(CO)sACM,  3.20;
CpFe(CO).DTM, and reference dyes, 3.3; ACM and 3.4; DTM, was also analyzed
using 1,4-dioxane as solvent. The Aem pre-recorded in solution-state for these
compounds was used to observe the fluorescence decay. The fluorescent lifetime
measurements for the metal-aminochloromaleimide complexes (3.12, 3.15, 3.17, and
3.19) gave two lifetimes while iron-dithiomaleimide complex (3.20) displayed three life
times. Although, high reduced chi-squared values (¥ >1.3) were observed for all the
fluorophores (Table 3.6). This indicates high deviations from the degree of
exponentially fitted data,’® and the fitting of additional decay components did not yield
any improvement. All the metal maleimide complexes gave lifetimes slightly higher

than their individual ligands (Table 3.6). 3.17 showed longest lifetime (2.57 ns and
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15.18 ns), compared to 3.12, 3.15, and 3.19, and especially w.r.t ligand 3.3 (1.22 ns
and 14.04 ns), whereas complex 3.20 showed lifetimes (1.55 ns, 4.31 ns and 10.75

ns) similar to 3.4 (1.31 ns and 4.35 ns).

Table 3.6 Fluorescence life time decay measurements by Time-Correlated Single-
Photon Counting (TCSPC) of the half-sandwich metallocarbonyl complexes (3.12,
3.15, 3.17, 3.19, and 3.20) and their respective ligands (3.3 and 3.4) in 1,4-dioxane.
Data was simulated using “Reconvolution Fit” model; and Instrument response function
(IRF) was determined using 10% w/w Ludox in water (10 pM; Aex = 375 nm; 25°C).

Compound 71 Rel. 1 Rel. 73 Rel. yx?

(ns) %) (ns) %) (ns) %)

CpM(CO)n(ACM) complexes

33 1.22 0.69 14.04 99.31 - - 2719

3.12 1.8 0.78 15.21 99.22 - - 2505

3.15 2.12 0.64 14.56 99.36 - - 1.789

3.17 2.57 492 15.18 95.08 - - 1772

3.19 212 1.27 14.48 98.73 - - 2427
CpM(CO)n(DTM) complex

3.4 1.31 533 4.35 94.67 - - 1.739

3.20 1.55 528 431 916 10.75 3.12 1.364

It has been observed that the emissive behaviour and fluorescence parameters of the

half-sandwich metallocarbonyl maleimide complexes are quite comparable. There is a
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slight increase in solution state ¢+ for the molybdenum-maleimide complex than its iron-
analogue. However, their solid-state ¢+ identified these complexes as aggregation
caused quenching (ACQ) dyes. The fluorescence lifetime decay of these complexes
were higher compared to the uncoordinated maleimide-based ligands. All these
properties expand the scope of use for these complexes as organic-inorganic hybrid

probes.

3.3.4 Chemical oxidation of (5°- CsHsFe(CO)(ACM)

complex

In order to expand the scope of these half-sandwich metallocarbonyl maleimide
complexes, their redox properties were explored. For this purpose, the oxidation of the
synthesized half-sandwich iron(Il)-ACM complex (3.12) was achieved, and the effect
of oxidation on the fluorescence behavior was examined, by modifying an already
established protocol.”t The oxidation of iron(ll) complex by hydrogen peroxide

occurred in the presence of triflic acid (HOTf) in acetonitrile (MeCN) (Eg. 3.1).

2Fe?* + H202 + 2H" — 2Fe®*  +2H20 Eqg. 3.1

Changes in the UV-Vis absorption and fluorescence spectra are shown in Fig. 3.18,
where the absorption band at 380 nm and emission maxima at 489 nm decreased over
time, as a result of oxidation. The observed bands corresponds to the ligand-based
transition (LFT) primarily, but may contains a mixture of LFT and metal-to-ligand

charge transfer (MLCT).”? It was observed that approximately 70% of the fluorescence
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was quenched in the first 4 h, which reached completion after 14-16 h (Fig. 3.18). In
order to confirm, that this decrease in fluorescence was caused by the oxidation of
complex and not because of photobleaching, a control experiment was conducted. For
which, instead of the complex 3.12, the aminochloromaleimide ligand 3.3, was
subjected to the similar conditions for oxidation. The presence of fluorescence even
after 16 h in the solution suggested that the fluorescence quenching, in case of 3.12,
was primarily caused by the oxidation of Fe(ll) to Fe(lll). The ligand ACM (3.3),
exhibited blue shifted absorption and emission maxima at 365 nm and 482 nm,
respectively (Fig. 3.18). There was no significant decrease in absorption change for 5
h, though a slight decrease (~30%) was observed after 16 h, while the fluorescence
was not affected even after 16—20 h. These results confirm that the fluorescence
switch-off observed for the complex 3.12, was due to the oxidation of Fe(ll) to Fe(lll),

and not because of the photobleaching of the dye over time.
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Fig. 3.18 Changes in the UV-Vis absorption (left), and fluorescence emission (right)
spectra, by the oxidation of CpFe'(CO)2ACM (3.12) (top) and ACM (3.3) (bottom)
(2.0 x 107 M) using H202 in MeCN containing HOTf (5.0 x 1072 M).

3.3.5 Electrochemical studies*

Owing to the growing interest in exploiting redox properties, the half-sandwich metal
maleimide complexes exhibiting electrofluorochromic properties was investigated by
cyclic voltammetry and fluorescence spectroelectrochemistry. Complex 3.12

(CpFe(CO)2ACM) and it's precursor 3.7 (CpFe(CO)2l) were investigated, owing to its
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good fluorescence and stability, to probe the electrochemical and spectroscopic
properties using a bench-top set-up for cyclic voltammetry followed by the fluorescence
analysis. Tetrabutylammonium perchlorate (0.1 M in MeCN) was used as the ionic
conducting liquid instead of 1-butyl-3-methylimidazolium hexafluorophosphate, to
avoid the poor convection in the electrolyte, observed for the latter, due to which the
fluorescence emission showed abnormal trend over time. The external voltage applied
to the established electrochemical cell at the specified higher and lower potentials was
-2.5 and +2.0 V, respectively. The potential window depends on many factors like
conducting liquid and electrode etc., so it may or may not be symmetrical.”®"®
Choosing the right scan rate for the experiment is quite crucial. It controls how fast the
applied potential is scanned for cyclic voltammetry. With a slower scan rate there is a
risk of missing a redox event for a system, that possess consecutive redox processes.
On the other hand, faster scan rates lead to a decrease in the size of the diffusion
layer, and resultantly higher currents are observed. Therefore, the scan rates between
50-100 mV/s are usually suitable to "probe" the electrochemical behavior, depending

on the type of required information.”

The electrochemical behaviour of complex 3.12 was investigated by cyclic
voltammetry. No solvent effect was detected on the position of the analyte peaks. Fig.
3.19a, presents a cyclic voltammogram for the complex 3.12, which displayed
occurrence of four redox events, with peak-to-peak separation measured as: AEp: =
270 mV ; AEpu =177 mV; AEpm = 240 mV; and AEpiv = 210 mV, indicating them to be
guasireversible processes. The half wave potential around 810 mV observed as a
result of electrolysis, corresponds to the oxidation of Fe' to Fe'"'. The redox process at

-1.8 V was assigned to the formation of dimer ([n>-CpFe'(CO)2]2; Fp2), as a result of
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reduction of [n>-CpFe!(CO).L]" accompanied by a loss of ligand.”? The cyclic
voltammogram for the precursor CpFe(CO)2l (3.7) was also observed to be in
agreement with previously published report.”® The precursor CpFe(CO)2l exhibited
redox chemistry similar to the complex 3.12 (Fig. 3.19d). with relatively larger peak-to-
peak separations, i.e., AEp1 = 185 mV; AEpin =270 mV; AEpn = 174 mV; and AEpw =
97 mV. This difference was associated with the stability of excited state of the complex
3.12. It is well-established that the reduction potential of a compound is correlated with
the energy level of a LUMO. The higher the energy levels of the LUMO, the more
vulnerable the complex is to the decomposition.”> 74 For the maleimide ligand (3.3),

voltammogram did not show any response under similar conditions (Fig. 3.19c).

Subsequently, the effect of redox process on the fluorescence emission for the
complex 3.12 was evaluated. In the absence of applied potential, complex 3.12
displayed a fluorescence peak at 489 nm. After applying the potential of +0.89 V for 30
min, the fluorescence emission intensity decreased along with red-shifted in emission
maxima (from 489 nm to 505 nm), due to the oxidation of Fe' to Fe"'. Unexpectedly,
after 1 h of electrolysis the fluorescence emission intensity abnormally rises, along with
the formation of precipitates. It was hypothesized that the sudden increase in
fluorescence intensity was triggered due to the precipitate formation that caused
scattering while measuring the fluorescence, and results in poor convection in the
electrochemical cell as well. Therefore, to chose the optimal concentration of the
complex, cyclic voltammograms were recorded and compared for the complex 3.12 for
different concentrations (0.2 uM, 2.0 uM, 4.0 uM and 10 uM) in MeCN/[TBA][BF4](0.1

M), under inert atmosphere at scan rate of 50 mV/s (Fig. 3.20a). Based on these
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measurements, the concentration 10 uM displaying the most prominent peaks, was

chosen to perform the next spectroelectrochemical experiment.
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Fig. 3.19 Cyclic voltammogram of 3.12 (10 mM) in MeCN/[TBA][BF4](0.1 M),
performed at a scan rate of 50 mV/s (a); fluorescence emission spectra recorded in
MeCN/[TBA][BF4] before and after 30 and 60 min of electrolysis (10 mM, Aex = 369

nm) (b); comparing the cyclic voltammograms of the complex 3.12 (CpFe(CO)2ACM)

with the iron(ll) precursor 3.7 (CpFe(CO):l), and the ligand 3.3 (ACM) (c); and cyclic

voltammogram of 3.7 (10 mM) in MeCN/[TBA][BF4](0.1 M), performed at a scan rate
of 50 mV/s (d).
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Following on the study, the cyclic voltammogram (CV) of the complex 3.12, at the
concentration of 10 uM was analyzed. As illustrated in Fig. 3.20c, an anodic peak
observed at 850 mV, which is a characteristic of oxidation of Fe' to Fe'"', and was higher
than reported for Fe'/Fe!, suggesting greater stabilization of Fe' with the attached
ligands.”” The CV further displayed the occurrence of four redox events with peak-to-
peak separation measured as: AEpi= 111 mV; AEpn =101 mV; AEpn = 198 mV; and
AEpwv =55 mV, suggesting the first three processes to be quasireversible process (>59
mV), while the fourth one represented a reversible one-electron wave process.
Additionally, the redox process at about -1.4 V is assigned to the reduction of Fe' to
Fe!, while the redox process at -1.8 V is assigned to the formation of a dimer ([n°-
CpFe'(C0O)2]2; Fp2), through the reduction of [n >-CpFe'(C0O)2X].”? The fluorescence
spectrum displayed an emission peak at 489 nm (Aex = 369 nm) corresponds to the n-
m* transitions. A decrease in fluorescence was observed as a result of applying the
electrolysis for 3 h, indicating that electrogenerated species were non-fluorescent (Fig.
3.20d).”® It was hypothesized that the observed electrochemical switching on—off
fluorescence was triggered by the oxidation of 3.12 to its corresponding non-
fluorescent radical. However, the fluorescence recovery upon switching was difficult

as the precipitates started to form causing poor convection in the electrochemical cell.

219



Chapter 3

(b) N-H co c=C
X 093 -'V\
o002 ——02uM (a) =
20uM g
——40uM S oe2f
00001 ——100uM Ila 2
S
I1la z B
W Terminal
« 0.0000
= Before electrolysis
om 1 1 1 1 1
-0.0001 -
-0.0002 - F 0.3 e~
-
o
[
-0.0003 S S T 062
25 20 -15 10 05 00 05 10 15 20 E
o A
E/V vs Fe?/Fe® z Terminal '/
0311 Bridging
F\fter electrolysis
0.00 ) . ) . X . L
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™'

0.0004
0.0003 (c) 1000000 4 (d) FLg before electrolysis
—FL4 30 min electrolysis
0.0002 ® — FL5 60 min electrolysis
0.0001 c 800000 ———FL3 120 min electrolysis
0.0000 ] § ——— FL, 240 min electrolysis
< > 600000
= -0.0001 S
c
-0.0002 - 2
——CV| before electrolysis £ 400000
-0.0003 + ——CV after 30 min electrolysis i
—— CV after 80 min electrolysis
-0.0004 2 ¥
——CV3 after 120 min electrolysis 200000+
-0.0005 4 —— CVy after 240 min electrolysis
-0.0006 T ————— ————— 0= 7 7 ? 7 T
-25 -20 -15 -10 05 00 05 10 15 20 400 450 500 550 600 650 700
E/Vvs Fe?/Fe® Wavelength / nm

Fig. 3.20 Cyclic voltammogram of 3.12 for different concentrations (0.2 uM, 2.0 uM,
4.0 uM and 10 pM) in MeCN/[TBA][BF4](0.1 M) at a scan rate of 50 mV/s (a); FTIR
spectra of the complex 3.12 before electrolysis compared with the solid extracted
after electrolysis (b); cyclic voltammogram of 3.12 (10 uM) in MeCN/[TBA][BF4](0.1
M), before and after electrolysis at a scan rate of 50 mV/s (c); and fluorescence
emission spectra of 3.12 (10 uM) recorded in MeCN/[TBA][BF4](0.1 M), before and
after electrolysis (Aex = 369 nm) (d).
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The stability of the complex was also examined by using the same concentration in
MeCN/[TBA][BF4] without any potential. No precipitates were formed for more than 2
days, though after two days some solid particles started to appear, which suggested
that electrolysis had just escalated the precipitation process. The precipitates extracted
from the solution were analyzed by FTIR spectroscopy, and compared with the IR
spectrum of a fresh sample (Fig. 3.20b). Upon comparison, no significant peak shift
was observed for C=C stretching, and terminal M-CO stretching. However, a strong
peak at 1734 cm was observed after electrolysis, in addition to the 2232 cm and
2275 cm, corresponding to the symmetric and asymmetric CO stretching vibrations.
The peak displayed at 1734 cmis assignable to the bridging CO or semi-bridging CO,
in which carbonyl is neither fully terminal not fully bridged but intermediate between
the two.’® This is the characteristic of the [n°-CpFe'(u>-CO)(CO)]2 dimer, formed as a

result of a reduction during the electrolysis process.
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3.4 Summary

In this chapter, half-sandwich metallocarbonyl complexes were successfully
synthesized via the photochemical reaction of transition metal iodide precursors with
maleimide based derivatives. The reaction conditions were optimized for the synthesis
of fluorescent half-sandwich metal-maleimide complexes. Aminochloromaleimides
were found to be better candidates for the complexation, in comparison to the
aminobromomaleimides. The complexes were characterized by NMR, MS, FTIR

spectroscopy and Single crystal X-Ray diffraction.

The optical properties of these half-sandwich metal-maleimide complexes were
investigated. The complexes exhibited fluorescence efficiencies comparable to the free
maleimide fluorophores in solution-state, while the fluorescence in solid-state was
guenched, thus classified them as aggregation caused quenching dyes. The
fluorescence parameters were also correlated with the data obtained from 13C-NMR
and FTIR spectroscopy. Moreover, the fluorescence lifetime decay of these complexes
were also explored, which expands the potential of these complexes as organic-

inorganic hybrid probes.

Significantly, fluorescence quenching of a half-sandwich iron-maleimide complex was
observed upon chemical oxidation with hydrogen peroxide, and was also compared to
the free maleimide fluorophore. Next, the electrofluorochromic properties of the half-
sandwich iron-maleimide complex was investigated by cyclic voltammetry, followed by
the fluorescence analysis. Interestingly, the complex exhibited electrochemical

fluorescence on—off switching, as a result of the oxidation. Some traces of the reduced
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species precipitated out during the electrolysis process, and was analyzed by FTIR

spectroscopy.

Based on this chapter, the fluorescent properties of metallocarbonyl complexes, along
with IR-tagging, were explored for the first time and investigated their
electrofluorochromic behavior, which made them excellent candidates for applications,

such as labelling or catalysis, etc.
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3.5 Experimental

3.5.1 Materials and instrumentation

All chemicals were obtained from either: Sigma Aldrich, Acros Chemicals, Alfa Aesar,

or Fisher Chemicals, and used as received.

NMR spectra were recorded on a Bruker Advance 300 or a Bruker Advance 11l HD 400
at 300 and 400 MHz respectively. Shifts are quoted in § in parts per million (ppm) and

quoted relative to the internal standard tetramethylsilane (TMS).

High Resolution Mass Spectra (HR-MS) were conducted by Dr Christopher Williams
(University of Birmingham) on a Bruker UHR-Q-ToF MaXis spectrometer with
electrospray ionization. Atmospheric Pressure Chemical lonization (APCI) was

performed on Waters Xevo-G2-XS to analyze organometallic compounds.

FTIR spectroscopy was carried out on neat samples using Agilent Technologies Cary
630 FTIR spectrometer. The spectra were corrected for background absorbance and

16 Scans were taken from 600 to 4000 cm™ at a resolution of 4 cm™.

UV-Vis spectroscopy was carried out at room temperature on Evolution 350 UV-Vis
spectrophotometer, equipped with Xenon Flash lamp light source, and silicon
photodiode detectors. Quartz cells (3.5 mL; 170 - 2000 nm) from Hellma with two
polished sides were used for examining the absorption spectral data by using Thermo

INSIGHT software.

Fluorescence emission and excitation spectra were obtained with Agilent Cary Eclipse
Fluorescence  spectrophotometer or an  Edinburgh  Instruments FS5

Spectrofluorometer in quartz 3.5 mL cuvettes (Starna Cell, Type: 3/Q/10), for liquid
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samples (10-20 uM, 25 °C). The data was analyzed in Fluoracle (Edinburgh
Instruments) and Origin 2019 (Origin Labs). A solution of quinine sulfate dihydrate in
0.105 M perchloric acid was used as standard (¢pst = 59%), for the evaluation of
solution-state quantum vyield analysis, according to previously reported literature
procedure.®® The absolute quantum yield in solid state is evaluated as an average of
six replicate measurements, using the SC-30 integrating sphere module. Fluorescence
lifetime spectra were obtained by time correlated single photon counting (TCSPC).
These experiments were done with Edinburgh Instruments FS5 spectrofluorometer,
equipped with 375+10 nm pulsed diode laser source (PicoQuant). Instrument response
functions (IRF) were determined from the scatter signal solution of Ludox HS-40
colloidal silica (10% particles in water w/w). The data was simulated using
“‘Reconvolution fit” model to eliminate both the noise and the effects of the exciting light
pulse. The reduced chi square y? has been evaluated using Fluoroacle (software) and

is used to assess the data fitting.

Crystals were grown for the complexes using multisolvent recrystallization approach
using hexane-methanol. The datasets were collected on Agilent Technologies
SuperNova single crystal X-ray diffractometer with dual wavelength microfocus X-ray
sources (Mo and Cu) and an Atlas detector. The system is complemented by an Oxford

Cryosystems Cryostream to collect data at temperatures as low as 100 K.

Electrochemical studies were carried out, under argon, in acetonitrile using 0.1 M
tetrabutylammonium perchlorate as the supporting electrolyte, and 10 uM to 10 mM of
the sample. HOPG (highly oriented pyrolytic graphite) was used as the working
electrode, glassy carbon (GC), with gold as the auxiliary electrode and Fe(ll)/Fe(lll)

redox couple as the reference electrode, along with purging an inert gas through the
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cell. CV experiments were measured after at least 10 min of argon purging, at room

temperature.

3.5.2 Synthesis of ligands

3-bromo-4-(ethylamino)-1H-pyrrole-2,5-dione (3.1)

(o)

Br NH2 Br
Na,CO
jI:NH T, | NH
Br THF HN
0 1h / o

3.1 (39%)

Reactions were performed according to the protocol established by a previous paper.®
1.5 g of 2,3-dibromomaleimide (1.0 equiv.) was dissolved in 10 mL THF followed by
the addition of 1.55 g of sodium carbonate (2.5 equiv.). A slight excess of ethylamine
(360 pL, 1.1 equiv.) was added to the reaction mixture dropwise and stirred for 30—60
min. The progress of the reaction was monitored through TLC. The obtained yellow
product was dried under the vacuum and further dissolved in 20 mL CH2Clz2. The
resultant mixture was washed with 3x20 mL of water and pure product was obtained

after purification by column chromatography.
Rf= 0.65 (hexane: ethyl acetate = 6:1); Yield = 502 mg, 39%.

IH NMR (400 MHz, CDCls, 25°C, TMS) § [ppm] = 7.37 (1H, s, H1), 5.41 (1H, s, H4),

3.75- 3.66 (2H, g, H5), 1.33-1.28 (3H, t, H6).
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13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 167.0, 165.5 (C=0), 143.4 (C=C),

37.8 (C5), 15.8 (C6).

FTIR (cm™): v = 3321 (N-H amine), 3189 (N-H imide), 1764, 1708 (C=0), 1610

(C=C).

HR-MS (MaXis) [M+H]" - m/z found 219.9018; m/z calculated 219.9090.
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Fig. 3.21 'H NMR spectrum of 3.1 (400 MHz, CDCl3).

227



Chapter 3

77.2 CDCI3
6.5 COCI3

\765¢C
378
_158

L 167.0
N 1655
—143.4
S

[

[=2]

c=0 c=C

80 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
8 (ppm)

Fig. 3.22 13C NMR spectrum of 3.1 (101 MHz, CDCls).

3,4-dichloro-1H-pyrrole-2,5-dione (3.2)

o Pyridine ol 0
S0,Cl,
| NH - | NH
CH,CI,
Y cl
-78°C to reflux o)
4-18h 3.2 (60%)

Synthesis of 3,4-dichloromalemide was achieved, following a previously reported
protocol.® 15 g of maleimide (1.0 equiv.) was added to 150 mL freshly distilled thionyl
chloride and the solution was put onto a dry ice/acetone bath to cool to -78°C. To this,
a solution of pyridine in dichloromethane (28 mL pyridine in 50 mL CH2Cl2) was added
dropwise over 30—60 min. and was left for another 60 min on the dry ice bath and

allowed it to warm to the room temperature. The solution was then refluxed at 80°C

228



Chapter 3

overnight. After being left to cool, volatiles were removed in vacuo and then washed
with ethyl acetate and brine three times. The organic layer was collected and dried in

vacuo. The solid was recrystallized in hot toluene to produce beige colored crystals.
Yield = 14 g, 60%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 5.75 (1H, s, H1)

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 164.5 (C=0), 134.1 (C=C).

FTIR (cm™): v = 3215 (N-H), 1784, 1735 (C=0), 1610 (C=C).

HR-MS [M+H]* — m/z found 165.9470; m/z calculated 165.9463.

Matches literature data.&°

3-chloro-4-(ethylamino)-1H-pyrrole-2,5-dione (3.3)

o 0)

cl NH, cl
Na,CO
I:NH — 3 | NH
cl THF HN
o) 1h / Y

3.2 3.3 (38%)

Reaction was carried out according to already reported protocol.>® 1.0 g of 2,3-
dichloromaleimide (1.0 equiv.) was dissolved in 20 mL THF and mixed with 1.6 g of
sodium carbonate (2.5 equiv.). 242 pL of ethylamine (1.1 equiv.) was dropwise added
to the reaction mixture and stirred for 30—60 min at room temperature. The solvent was
evaporated in vacuo and the residue was taken up with 50 mL of CH2Cl2, washed with
3x50 mL of water, and dried over magnesium sulfate. The residue was purified by

column chromatography to obtain yellow solid product.
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Rt= 0.65 (hexane: ethyl acetate = 6:1); Yield = 410 mg, 38%.

14 NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 7.56 (1H, s, H1), 5.37 (1H, s, H4),
3.71- 3.63 (2H, q, H5), 1.32-1.28 (3H, t, H6).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 167.0, 165.4 (C=0), 140.8 (C=C),
38.1 (C5), 16.1 (C6).

FTIR (cm™): v = 3322 (N-H amine), 3189 (N-H imide), 1766, 1711 (C=0), 1649
(C=C).

HR-MS (MaXis) ) [M+H]* - m/z found 174.5871; m/z calculated 174.5802.
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Fig. 3.23 *H NMR spectrum of 3.3 (400 MHz, CDCls).
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Fig. 3.24 13C NMR spectrum of 3.3 (101 MHz, CDCls).

3,4-bis(butylthio)-1H-pyrrole-2,5-dione (3.4)

Br 0 ,/’~\\/’/\\\/’SF| \\\,/~\\/,s
)I:NH > I
Br TEA A~s

Diethyl ether
16 h

3.4 (42%)

O

NH

(o)

0

1.0 g of 2,3-dibromomaleimide (1.0 equiv.) was dissolved in 30 mL diethyl ether and

cooled to 0°C in an ice bath. To the cooled solution, 0.818 g butanethiol (2.0 equiv.)

was added and stirred for 5 minutes. 576 L of triethylamine (2.0 equiv.) was added

dropwise to the cooled solution, whereby an immediate yellow color was observed.

The solution was allowed to warm to room temperature and left to stir for 16 hours.

Next, 70 mL of diethyl ether was added, and the organic solution washed with water
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(150 mL), brine (150 mL) and dried over anhydrous magnesium sulfate. The crude

mixture was purified via column chromatography to yield the product as an orange oil.
Rf = 0.31 (hexane : ethyl acetate = 9:1), Yield = 450 mg, 42%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 11.12 (1H, s, H1), 3.24-3.20 (4H.t,

H4), 1.57-1.50 (4H, m, H5), 1.40-1.31 (4H, m, H6), 0.88-0.84 (6H, t, H7).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 166.1 (C=0), 136.8 (C=C), 32.5

(C5), 31.5 (C4), 21.7 (C6), 13.6 (C7).
FTIR (cm™): v = 3282 (N-H), 1770, 1704 (C=0), 1548 (C=C).
HR-MS (MaXis) [M+H]* - m/z found 274.0926; m/z calculated 274.0930.

Matches literature data.8?

3,4-dichloro-1-methyl-1H-pyrrole-2,5-dione (3.5)

0]
Pyridine cl 0
S0,Cl,

l N > N—
CH,CI
2m2 cl

O -78°C to reflux o]

4-18h 3.5 (55%)

The reaction was carried out following a previously reported protocol.8 7.0 g of
maleimide (1.0 equiv.) was added to 100 mL freshly distilled thionyl chloride and the
solution was put onto a dry ice/acetone bath to cool to -78°C To this, a solution of
pyridine in dichloromethane (14 mL pyridine in 50 mL CH2Cl2) was added dropwise
over 30—60 min. and was left for another 60 min on the dry ice bath and allowed to

warm to room temperature. The solution was then refluxed at 80°C overnight. After
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being left to cool, volatiles were removed in vacuo and then washed with ethyl acetate
and brine three times. The organic layer was collected and dried in vacuo. The solid

was recrystallized in hot toluene to produce beige colored crystals.
Yield = 6.42 g, 55%.
'H NMR (400 MHz, CDCls, 25°C, TMS) § [ppm] = 3.16 (3H, s, Me)

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 163.1 (C=0), 133.4 (C=C), 25.1

(CHs).
FTIR (cm™): v = 3215 (N-H), 1784, 1735 (C=0), 1610 (C=C).
HR-MS [M+H]* — m/z found 179.9618; m/z calculated 179.9619

Matches literature data.&°

3-chloro-4-(ethylamino)-1H-pyrrole-2,5-dione (3.6)

o O

cl NH, cl
Na,CO,
cl THF HN
o 1h / )
3.5 (38%) 3.6 (35%)
The reaction was developed according to a reported protocol.>¢ 1.0 g of 3.5 (1.0 equiv.)
was dissolved in 20 mL THF and mixed with 1.5 g of sodium carbonate (2.5 equiv.).
405 pL of ethylamine (1.1 equiv.) was dropwise added to the reaction mixture and

stirred for 30—60 min at room temperature. The solvent was evaporated in vacuo and

the residue was taken up with 50 mL of CH2Cl2, washed with 3x50 mL of water, and
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dried over magnesium sulfate. The residue was purified by column chromatography to

obtain yellow solid product.
Rf=0.70 (hexane: ethyl acetate = 6:1); Yield = 367 mg, 35%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 5.31 (1H, s, H4), 3.69— 3.62 (2H, m,

H5), 2.99 (3H, s, H1), 1.31-1.27 (3H, t, H6).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 168.4, 166.3 (C=0), 140.9 (C=C),

38.6 (C5), 24.6 (C1), 16.5 (C6).

HR-MS (MaXis) ) [M+H]* - m/z found 189.5341; m/z calculated 189.5302
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Fig. 3.25 'H NMR spectrum of 3.6 (400 MHz, CDCls).
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Fig. 3.26 13C NMR spectrum of 3.6 (101 MHz, CDCls).

3.5.3 Synthesis of metallocarbonyl maleimidato

complexes

1°5-CsHsFe(CO)2l (3.7; CpFe(CO)2l)

d >

Reflux 80 °C |

- +Fe
- \ CHCI; oc
oc/ C @ [ ™
co ocC

3.7 (70%)

Reaction was carried out according to the established protocol.?? 1.5 g of
cyclopentadienyl iron(ll) dicarbonyl dimer (4.24 mmol, 1.0 equiv.) was dissolved in 25
mL of chloroform, and followed by the addition of 1.6 g iodine granules (6.36 mmol, 1.5

equiv.). The reaction mixture was refluxed at 80°C for 30 min. After 30 min, the reaction
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mixture was extracted with Na2S203.5H20 solution (3x100 mL, 1 M). The black color
organic layer was collected and filtered. The solvent is removed in vacuo to obtain the
black crystals of cyclopentadienyl iron(ll) dicarbonyl iodide.

Yield = 1.8 g, 70%.

IH NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 5.05 (5H, s, Cp).

13C NMR (101 MHz, CDCls, 25°C, TMS) § [ppm] = 212.5 (C=0), 84.0 (Cp).
FTIR (cm™): v = 2020, 1957(C=0).

Matches literature data.82

(n°>-CsHs)Fe(CO)2(nt-N-dibromomaleimidato) (3.8;
CpFe(CO).DBM)

> W _er N, D

| + o ] ~365 nm, 4.5 hrs | o
Fe L +Fe
oc N, DIPA 0C' 'S\
ocC Br Benzene ocC
o) // —Br
(0]
3.7 Br
3.8 (39%)

The complex was prepared by modifying the already established protocol.** 4> 500 mg
of 3.7 (1.65 mmol, 1.0 equiv.) and 500 mg 2,3-dibromomaleimide (1.96 mmol, 1.1
equiv.) was dissolved in 15 mL of ice-cooled anhydrous benzene. The solution was
transferred to ice-cooled 100 mL 2-neck round bottom flask under nitrogen, followed
by the addition of 1.5 mL diisopropylamine at 0°C. The nitrogen-saturated reaction

mixture was then illuminated with UV-light 365 nm for 4.5 hours. The solid was filtered
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off and the filtrate was evaporated to dryness. The orange-brown residue was purified
by column chromatography to obtain brown color solid product.

Rt = 0.47 (hexane : ethyl acetate = 2 :1), Yield = 280 mg, 39%.
'H NMR (400 MHz, CDCls, 25°C, TMS) § [ppm] = 5.08 (5H, s, Cp).

13C NMR (101 MHz, CDCls, 25°C, TMS) § [ppm] = 211.5 (C=0), 175.1 (C=0), 131.8

(C=C), 84.7 (Cp).

FTIR (cm™): v = 2050, 1996 (C=0), 1655 (C=0).
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Fig. 3.27 *H NMR spectrum of 3.8 (400 MHz, CDCls).
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Fig. 3.28 13C NMR spectrum of 3.8 (101 MHz, CDCls).

(n°-CsHs)Fe(CO)2(n*-N-3-bromo-4-ethylaminomaleimidato)
(3.9; CpFe(CO)2ABM)

S e N, S

I_! b ] “365 nm, 4.5 hrs I!e 0
vFe > oc*'
0C" "™\, DIPA 1N

ocC NN\ Benzene oc

o H o /7 —NH
Br
3.7 3.1
3.9 (21%)

The reaction was carried out by modifying the already established protocol.*4 4> 700
mg of 3.7 (2.30 mmol, 1.0 equiv.) and 505 mg of 3.1 (2.30 mmol, 1.0 equiv.) was
dissolved in 15 mL of ice-cooled anhydrous benzene. The solution was transferred to

ice-cooled 100 mL 2-neck round bottom flask under nitrogen, followed by the addition
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of 2.0 mL diisopropylamine at 0°C. The nitrogen-saturated reaction mixture was then
illuminated with UV-light 365 nm for 4.5 hours. The solid was filtered off and the filtrate
was evaporated to dryness. The orange-brown residue was purified by column
chromatography to obtain light brown solid product.

Rt = 0.40 (hexane : ethyl acetate = 2:1), Yield = 140 mg, 21%.

1H NMR (400 MHz, DMSO-ds, 25°C, TMS) § [ppm] = 5.30 (5H, s, Cp), 3.26-3.19 (2H,

m, H5), 1.31-1.27 (3H, t, H6).

13C NMR (101 MHz, DMSO-dg, 25°C, TMS) § [ppm] = 173.3, 168.5 (C=0), 150.4 (C=C),

83.3 (Cp), 38.5 (C5), 13.3 (C6).
FTIR (cm™): v = 3250 (N-H), 2052, 2000 (C=0), 1658 (C=0).

H NMR spectra shown in Fig. 3.7.
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Fig. 3.29 13C NMR spectrum of 3.9 (101 MHz, DMSO-ds).
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(n°>-CsHs)Fe(CO)2(nt-N-dichloromaleimidato) (3.10;
CpFe(CO).DCM)

S W N, D

| + HN | ~365 nm, 4.5 hrs | 0
+Fe > +Fe
oc'’, N DIPA oct’, NN
ocC Cl Benzene ocC
(o) //—CI
(o)
3.7 3.2 ¢l

3.1 (32%)

The reaction was carried out by modifying the already established protocol.*4 4> 1.0 g
of 3.7 (3.29 mmol, 1.0 equiv.) and 546 mg of 3.2 (3.29 mmol, 1.0 equiv.) was dissolved
in 15 mL of ice-cooled anhydrous benzene. The solution was transferred to ice-cooled
100 mL 2-neck round bottom flask under nitrogen, followed by the addition of 2.0 mL
diisopropylamine at 0°C. The nitrogen-saturated reaction mixture was then illuminated
with UV-light 365 nm for 4.5 hours. The solid was filtered off and the filtrate was
evaporated to dryness. The residue was purified by column chromatography to obtain
brown solid product.

Rt = 0.39 (hexane : ethyl acetate = 2:1), Yield = 365 mg, 32%.
'H NMR (400 MHz, DMSO-ds, 25°C, TMS) 6 [ppm] = 5.35 (5H, s, Cp).

13C NMR (101 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 213. 1 (C=0), 173.1 (C=0), 134.4

(C=C), 85.8 (Cp).
AP*-MS: m/z [M]*: 341.86

FTIR (cm): v = 2030, 1994 (C=0), 1618 (C=0).
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Fig. 3.30 *H NMR spectrum of 3.11 (400 MHz, DMSO-ds).
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Fig. 3.31 3C NMR spectrum of 3.11 (101 MHz, DMSO-ds).
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(n°>-CsHs)Fe(CO)2(nt-N-3-chloro-4-ethylaminomaleimidato)
(3.12; CpFe(CO)ACM)

Q 5 cl N, Q

'! + I “365 nm, 4.5 hrs I!e (o}
+Fe HN o ()
0N DIPA 0C I\
ocC NN\ Benzene oc
Cl
3.7 3.3

3.12 (35%)

The complex was prepared by modifying the already established protocol.## 4> 1.0 g of
3.7 (3.29 mmol, 1.0 equiv.) and 574 mg of 3.3 (3.29 mmol, 1.0 equiv.) was dissolved
in 15 mL of ice-cooled anhydrous benzene. The solution was transferred to ice-cooled
100 mL 2-neck round bottom flask under nitrogen, followed by the addition of 1.5 mL
diisopropylamine at 0°C. The nitrogen-saturated reaction mixture was then illuminated
with UV-light 365 nm for 4.5 hours. The solid was filtered off and the filtrate was
evaporated to dryness. The orange-brown residue was purified by column
chromatography to obtain brown solid product.

Rt = 0.32 (hexane : ethyl acetate = 1.5:1), Yield = 404 mg, 39%.

1H NMR (400 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 6.99 (1H, s, H4), 5.28 (5H, s, Cp),

3.37 (2H, m, H5), 1.12-1.08 (3H, t, H6).

13C NMR (101 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 213.8 (C=0), 177.9, 176.0 (C=0),

144.3 (C=C), 85.8 (Cp), 36.8 (C5), 16.4 (C6).
AP*-MS: m/z [M]*: 350.9

FTIR (cm): v = 3299 (N-H), 2038, 1988 (C=0), 1620 (C=0).
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n°-Cs(CHz)sFe(CO)2l (3.14; Cp*Fe(CO):2l)

oc\ \\\co I,
AN Reflux 80 °C
Fe—Fe J—— ,
/- AN CHCI, .Fe
oC co oc!® l \|
oc

3.14 (60%)

Reaction was carried out according to the established protocol.?? 2.0 g of
pentamethylcyclopentadiene iron(ll) dicarbonyl dimer (4.05 mmol, 1.0 equiv.) was
dissolved in 25 mL of chloroform, and followed by the addition of 1.5 g iodine granules
(6.07 mmol, 1.5 equiv.). The reaction mixture was refluxed at 80°C for 60 min. After 60
min, the reaction mixture was extracted with Na2S203.5H20 solution (3x100 mL, 1 M).
The black color organic layer was collected and filtered. The solvent is removed in
vacuo to obtain the black crystals of pentamethylcyclopentadienyl iron(ll) dicarbonyl
iodide.

Yield = 1.8 g, 60%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 1.98 (15H, s, H1).
13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 215.4 (C=0), 96.0 (Cp), 10.6 (C1).

FTIR (cm): v = 2001, 1941 (C=O).
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Fig. 3.34 1H NMR spectrum of 3.14 (400 MHz, CDCls).
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(7°- Cs(CHz3)sFe(CO)2(nt-N-3-chloro-4-
ethylaminomaleimidato) (3.15; Cp*Fe(CO)2ACM)

“365 nm, 4 5 hrs
[
°C N’\ DIPA OC‘
Benzene
/ N

3.14 3.3

3.15 (40%)

Reaction was carried out by modifying the already established protocol.#4 4> 1.0 g of
3.14 (2.67 mmol, 1.0 equiv.) and 466 mg of 3.3 (2.67 mmol, 1.0 equiv.) was dissolved
in 15 mL of ice-cooled anhydrous benzene. The solution was transferred to ice-cooled
100 mL 2-neck round bottom flask under nitrogen, followed by the addition of 1.5 mL
diisopropylamine at 0°C. The nitrogen-saturated reaction mixture was then illuminated
with UV-light 365 nm for 4.5 hours. The solid was filtered off and the filtrate was
evaporated to dryness. The residue was purified by column chromatography to obtain
brown solid product.

Rt = 0.46 (hexane : ethyl acetate = 1.5:1), Yield = 450 mg, 40%.

IH NMR (400 MHz, CDCls, 25°C, TMS) 8 [ppm] = 4.94 (1H, H4), 3.35 (2H, H5), 1.05

(18H, H1 & H6).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 214.9 (C=0), 179.0, 177.0 (C=0),

143.7 (C=C), 96.5 (C7), 37.7 (C5), 16.1 (C6), 9.6 (C1).
AP*-MS: m/z [M]*: 432.9

FTIR (cm): v = 3315 (N-H), 2023, 1955 (C=0), 1623 (C=0).
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17°-CsHsRu(CO)2l (3.16; CpRuU(CO)2l)

g . : >

Reflux 80 °C |

> ‘Ru
- \ CHCI oc™
Oc/ = @ ’ / \I
co ocC

3.16 (75%)

Synthesis of the precursor was carried out according to the established protocol.83 1.5
g of cyclopentadienyl ruthenium(ll) dicarbonyl dimer (3.37 mmol, 1.0 equiv.) was
dissolved in 25 mL of chloroform, and followed by the addition of 1.3 g iodine granules
(5.05 mmol, 1.5 equiv.). The reaction mixture was refluxed at 80°C for 60 min. After 1
h, the reaction mixture was extracted with Na2S203.5H20 solution (3 x 100 mL, 1 M).
The black color organic layer was collected and filtered. The solvent is removed in
vacuo to obtain the orange crystals of cyclopentadienyl ruthenium(ll) dicarbonyl iodide.
Yield = 2.3 g, 75%.

14 NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 5.46 (5H, s, Cp).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 195.3 (C=0), 87.1 (Cp).

FTIR (cm): v = 2033, 1940 (C=O).
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(n°-CsHs)Ru(CO)2(nt-N-3-chloro-4-ethylaminomaleimidato)
(3.17; CpRU(CO)2ACM)

Q 5 cl N, Q

, “365 nm, 4.5 hrs ’ (o}
‘Ru + HN ’ > wRu
octy N I DIPA octy SN
ocC NN\ Benzene oc
Cl
3.16 3.3

3.17 (40%)

The ruthenium maleimide complex was prepared by modifying the already established
protocol.>” 1.0 g of 3.16 (2.86 mmol, 1.0 equiv.) and 500 mg of 3.3 (2.86 mmol, 1.0
equiv.) was dissolved in 15 mL of ice-cooled anhydrous benzene. The solution was
transferred to ice-cooled 100 mL 2-neck round bottom flask under nitrogen, followed
by the addition of 1.5 mL diisopropylamine at 0°C. The nitrogen-saturated reaction
mixture was then illuminated with UV-light 365 nm for 4.5 hours. The solid was filtered
off and the filtrate was evaporated to dryness. The residue was purified by column

chromatography to obtain bright orange color solid product.
Rf = 0.30 (hexane : ethyl acetate = 1.5:1), Yield = 455 mg, 40%.

1H NMR (400 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 7.08 (1H, s, H4), 5.69 (5H, s, Cp),

3.43-3.36 (2H, m, H5), 1.14-1.10 (3H, t, H6).

13C NMR (101 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 198.8 (C=0), 177.6, 175.4

(C=0), 144.0 (C=C), 88.4 (Cp), 37.2 (C5), 16.9 (C6).
AP*-MS: m/z [M]*: 395.57

FTIR (cm): v = 3311 (N-H), 2047, 1974 (C=0), 1629 (C=0).
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175-CsHsMo(CO)al (3.18; CpMo(CO)sl)

Ao
f\ co Reflux 60 min
\Mo—Mo/

—_——
: AN CHcl OCr Mo
co oc

3.18 (70%)

Synthesis of the precursor was carried out according to the established protocol.?* 1.5
g of cyclopentadienyl molybdenum(ll) tricarbonyl dimer (3.06 mmol, 1.0 equiv.) was
dissolved in 25 mL of chloroform, and followed by the addition of 1.2 g iodine granules
(4.59 mmol, 1.5 equiv.). The reaction mixture was refluxed at 80°C for 60 min. After 1
h, the reaction mixture was extracted with Na2S203.5H20 solution (3x100 mL, 1 M).
The black color organic layer was collected and filtered. The solvent is removed in
vacuo to obtain the orange crystals of cyclopentadienyl molybdenum(ll) tricarbonyl
iodide.

Yield = 1.6 g, 70%.

IH NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 5.62 (5H, s, Cp).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 220.3 (C=0), 94.3 (Cp).

FTIR (cm): v = 2029, 1927 (C=O).
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(n°>-CsHs)Mo(CO)3(n*-N-3-chloro-4-ethylaminomaleimidato)
(3.19; CpMo(CO)sACM)

S K
¢ Nz AN
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%((::'yhlno\' RN DIPA g oc“"I\glo ¢l
s ~
co H/\ Benzene oC ‘ N |
0 oc H’\
3.18 3.3

3.19 (40%)

The molybdenum maleimide complex was prepared by modifying the already
established protocol.*® 875 mg of 3.18 (2.35 mmol, 1.0 equiv.) and 410 mg of 3.3 (2.35
mmol, 1.0 equiv.) was dissolved in 15 mL of ice-cooled anhydrous benzene. The
solution was transferred to ice-cooled 100 mL 2-neck round bottom flask under
nitrogen, followed by the addition of 1.5 mL diisopropylamine at 0°C. The nitrogen-
saturated reaction mixture was then illuminated with UV-light 365 nm for 4.5 hours.
The solid was filtered off and the filtrate was evaporated to dryness. The residue was

purified by column chromatography to obtain orange color solid product.
Rf = 0.35 (hexane : ethyl acetate = 1.5:1), Yield = 395 mg, 40%.

1H NMR (400 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 7.21 (1H, s, H4), 5.77 (5H, s, Cp),

3.46 (2H, m, H5), 1.14-1.10 (3H, t, H6).

13C NMR (101 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 228.8 (C=0), 177.3, 175.1

(C=0), 144.0 (C=C), 95.7 (Cp), 36.9 (C5), 16.4 (C6).
AP*-MS: m/z [M]*: 418.49.

FTIR (cm): v = 3311 (N-H), 2034, 1933 (C=0), 1636 (C=0).
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(n°>-CsHs)Fe(CO)2(nt-N-3,4-bis(butylthiol)maleimidato) (3.20;
CpFe(CO).DTM)

D % S
, s\/\/ ~ Nz I! O
OC";e\ + HN | 365 nm, 4.5 hrs . Ocple\N
I DIPA oc
oc S/\/\ Benzene /=S
(0]

(o)

S \\\\
3.7 3.4 \\\\
3.20 (40%)

The complex was prepared by modifying the already established protocol.** 4> 700 mg

of 3.7 (2.30 mmol, 1.0 equiv.) and 628 mg of 3.4 (2.30 mmol, 1.0 equiv.) was dissolved
in 15 mL of ice-cooled anhydrous benzene. The solution was transferred to ice-cooled
100 mL 2-neck round bottom flask under nitrogen, followed by the addition of 1.5 mL
diisopropylamine at 0°C. The nitrogen-saturated reaction mixture was then illuminated
with UV-light 365 nm for 4.5 hours. The solid was filtered off and the filtrate was
evaporated to dryness. The residue was purified by column chromatography to obtain
brown oil as product.

Rt = 0.41 (n-hexane : ethyl acetate = 2:1), Yield = 345 mg, 40%.

IH NMR (400 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 5.28 (5H, Cp), 3.17 (4H, H4),

1.49-1.32 (8H, t, H5&6), 0.85 (6H, H7).

13C NMR (101 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 213.5 (C=0), 177.1 (C=0), 138.7

(C=C), 85.6 (Cp), 31.9 (C5), 30.6 (C4), 20.8 (C6), 13.2 (C7).
AP*-MS: m/z [M]*: 449.96.

FTIR (cm): v = 2025, 1960 (C=0), 1610 (C=0).
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1°-CsHsCo(CO)l2 (3.21; CpCo(CO)l2)

l ! |2 %
_—

MeOH ;!
3.21 (60%)

Reaction was carried out according to the already reported protocol.>® 1.0 g of
CsHsCo(CO)2 (5.55 mmol, 1.0 equiv.) was dissolved in anhydrous methanol under
nitrogen, followed by the addition of 1.4 g of iodine (5.55 mmol, 1.0 equiv.). The
formation of a black precipitate occurred immediately. After stirring for 24 h to assure
complete reaction, the black crystalline precipitate was filtered, washed with diethyl

ether, and dried to give purple black crystals of CpCoCOl2.
Yield = 1.3 g, 60%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 5.69 (s, 5H).
13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 89.6 (Cp).

AP*-MS: m/z [M*]: 405.94.
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[175-CsHsFe(CO)2(Et20)]BF4 (3.23)

> 2

AgBF,

oc' l‘:e\ + Et,0 ——M—> oc® l:e\
ocC | DCM ocC OEt,
79 0
3.7 8°C 3.23 (70%)

The diethyl ether complex, [CpFe(CO)2(Et20)]BF4 has been synthesized following the
published protocol.®> 547 mg of 3.7 (0.70 mmol) and 500 mg of AgBF4 (1.00 mmol)
were transferred to a foil-wrapped 100 mL Schleck ampoule and dried overnight under
reduced pressure to remove any water absorbed. 30 mL of dichloromethane was
added and stirred in the dark for 45 min. The reaction mixture was cooled to -78°C and
stirred for further 30 min. The resulting wine red-colored solution was canula filtered
into another Schleck ampoule, already flushed with nitrogen and filled with ice-cooled
dry nitrogen-saturated diethyl ether (80 mL). Immediately a red precipitate formed and
the mixture was cooled to -78°C and allowed to stand for 2 h. The mother liquor was
removed under nitrogen to leave a red solid residue and dried under reduced pressure
at 0°C to obtain red-orange crystalline solid.

Yield: 180 mg, 70%.

'H NMR (400 MHz, CD2Clz, 25 °C, TMS) 6 [ppm] = 5.36 (5H, s, Cp), 3.50-3.45 (4H, q,
CH2), 1.21-1.18 (6H, t, CHa).

13C NMR (101 MHz, CD2Clz, 25 °C, TMS) & [ppm] = 209.8 (C=0), 85.6 (Cp), 65.9 (CH2),
15.2 (CHa).

Matches literature data.®®
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[1°-CsHsFe(CO)2(NH2CH3CHa)] (3.24)

Q ~ T NH2 Q

Fe '
(TARAN >~ \ Fe
4 oC N
oc Ft0|BF dry DCM oc Nle\
- 323 - 3.24 (50%)

The synthesis of amine complex of the cyclopentadienyliron dicarbonyl complex cation
was achieved according to the published protocol.?> The diethyl ether iron complex
3.23 (200 mg, 0.59 mmol) was dissolved in 10mL anhydrous dichloromethane,
followed by the dropwise addition of ethylamine (58 pL, 0.88 mmol). There is an
immediate change of color from red to brown. The reaction mixture was stirred for 3 h
and then anhydrous diethyl ether was added till the formation of yellow precipitates.
The mixture was allowed to stand for 20 min. The mother liquid was removed and the
complex [1°-CsHsFe(CO)2(NH2CHsCHzs)] was obtained as yellow-orange crystalline
solid.

Yield: 100 mg, 50%.

1H NMR (400 MHz, CD2Clz, 25 °C, TMS) § [ppm] = 5.27 (5H, s, Cp), 2.95 (2H, s, —=NH2),
2.57-2.44 (2H, m, -CH2), 0.99-0.95 (3H, t, CHa).

13C NMR (101 MHz, CD2Cl2, 25 °C, TMS) & [ppm] = 210.0 (C=0), 86.1 (Cp), 36.48
(CH2), 19.1 (CHBg).

13C NMR spectra shown in Fig. 3.12
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4.1 Abstract

In recent years, a great deal of research has been focused on developing strategies to
enhance the luminescence of the lanthanide(lll) complexes. For this purpose, various
organic chromophores have been employed as ligands to enhance the luminescence
of the lanthanide(lIl) ions, through the overlap of appropriate energy levels of the ligand
and the lanthanide metal ion. This chapter will focus on the design of stable maleimide-
based ligands for the formation of complexes with trivalent europium and terbium ions.
A series of carboxylate functionalized dichloromaleimide-based ligands were
synthesized to develop red-fluorescent europium(lll) complexes. The newly
synthesized europium(lll) maleimide complexes were analyzed by FTIR spectroscopy,
thermal and elemental analysis. The stoichiometry ratio in these complexes was
evaluated by the mole ratio method and their photophysical properties were explored
in both solution and solid-state. Building on this, two aminochloromaleimide derivatives
were developed, which provided two different coordinating positions on the maleimide
ring via the carboxylate group. Notably, the optical properties of the Eu®*/Th3*
aminomaleimide complexes were enhanced by the charge transfer transitions, caused
by the aminochloromaleimide ligands, thus overcame the limitation of weak metal-

centered transitions.
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4.2 Introduction

4.2.1 Enhanced photoluminescence of europium(lil)

and terbium(lll) complexes by organic ligands

Lanthanide (Ln) complexes coordinated to organic chromophores have attracted great
interest for use as bio-probes and sensors.' 2 This is due to their unique photophysical
properties based on f — f transitions, including sharp emission bands and sensitized
luminescence triggered by the excitation of a ligand.® For each lanthanide (Ln) ion,
band assignments has been mapped on Dieke diagrams, with energy levels
determined by helium photoelectron spectroscopy measurments.* ° Fig. 4.1 illustrates
the Dieke diagram of luminescence energy levels corresponding to the f — f
transitions for trivalent europium and terbium ions. The bands corresponding to the
f — f transitions determines the characteristics color of luminescence of the

lanthanide ions.®

As they are parity-forbidden, the f — f transitions in the lanthanide trivalent ions
display quite low molar absorption coefficients (~102 M-lcm). However, this drawback
can be improved by enhancing the absorption, by using organic chromophores as an
energy donor and lanthanide ions as acceptors, resulting in higher photoluminescence
guantum efficiencies (Fig 4.1). This results in the superimposition between the
emission band of the ligand and the absorption of the f — f transitions, leading to
intramolecular energy transfer. This is known as the photo-antenna effect. For
instance, in the case of europium(lll) complexes, the ligand’s excited state act as an
energy donor, whereas the °Do level of europium act as the acceptor. This gives a

higher intensity luminiscence than the direct excitation of the lanthanide ions.’
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Fig. 4.1 Schematic representation of the energy absorption, excited electron
migration and emission processes in lanthanide complexes, with Eu®* and Tbh3*, as
representatives, along with the ideal energy conditions. Adapted from the reference.®

Copyright 2017 Elsevier.

Besides the photo-antenna effect, various organic chromophores (ligands) have also
been rationally designed, to photosensitize the luminescence of lanthanide(lll) ions.
Such ligands result in the formation of lanthanide(lll) complexes that may exhibit T —
m* transitions with large molar absorption coefficients (>10,000 M-2icm™?). The
photosensitization of the luminescence from an organic ligand, can be achieved by
controlling the triplet excited state (T1),° influencing the charge transfer (CT) band
and/or metal ions (i.e., light and transition metal) doping to the lanthanide metals.% 11
This chapter focuses on the energy transfer between the organic ligand (i.e. maleimide
derivatives) and lanthanide metal ions, thus the metal ion doping strategy will not be

discussed here.
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In lanthanide(lll) complexes, the organic ligand is first excited by photoirradiation at
m — * transition band. The excited state relaxes from the S: state to the T1 state, by
the intersystem crossing (ISC) (Fig. 4.1). In a stable lanthanide(lll) complex, the energy
transfer occurs between the ligand’s T1 level (donor) and the lanthanides’ 4f-f’ orbitals
(acceptor). However, if the energy gap between the lanthanide(lll) ion and the T1 state
is small, these complexes may undergo the energy back-transfer from the lanthanides
to the ligand’s excited triplet state. The energy transfer will occur efficiently, if the
energy gap between the T1 and emitting levels is less than 2500 cm. Several studies
of the energy gaps between T: state and emitting level of Eu3* (~2500 cm™) and Th3*
(~2400 cm™), in their complexes with carboxylate, p-diketonate and pyridyl ligands
have been published.’>'> Kitagawa et. al., reported lanthanide(lll) complexes
containing ligands with extended m-conjugations, such as phenanthrene and
hexafluoroacetylacetonate complexes,® 7 or large metal clusters with salicylate

derivatives,'® 1° to induce the photosensitization of the europium(lll) complexes .

The luminescence of the lanthanide complexes can also be photosensitized by
influencing the charge transfer (CT) band, that controls the energy transfer process
between the ligand and the lanthanide ions, and can be classified as intra-ligand CT,
inter-ligand CT and ligand-to-metal CT (LMCT) (explained in Chapter 3). A series of
ligands have been reported that provided effective push-pull systems, such as
diketonate, and enhanced the luminescence of the lanthanide(lll) complexes by intra-
ligand CT.?% 21 However, energy transfer via inter-ligand CT was first presented by
Kuzmina and co-workers, who reported europium(lll) and terbium(lll) complexes
containing hexafluoroacetylacetonate-based ligands, which possessed high energy

transfer efficiency (81%) and quantum yields (58%).%? It was also reported that inter-
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CT transitions are more effective in the solid-state owing to the zig-zag arrangement
in the molecular structure.?® For instance, Hasegawa and co-workers reported
europium(lll) coordinated polymers containing thiophene-based bridging ligands
packed in a zig-zag arrangement (Fig. 4.2a). These polymers displayed high energy
transfer efficiency (~80%) and thermal stability (320°C), compared to the linear
europium(lll) coordination polymers (Fig. 4.2b).?* In short, the strong luminescent
lanthanide(lll) complex can be developed due the intraligand CT band, formed by
incorporating donor groups into the ligands or due to formation of the inter-ligand CT

band caused by steric strain in ligands, especially in the solid-state.

) ¢ fer)
3dn H 3dn
hfa
Antenna
- o T _
dpt dpedot dpbp

Fig. 4.2 Eu" coordination zig-zag shaped polymers with thiophene-based bridges
(a); and linear Eu"" coordination polymer (b). Adapted from the reference.?* Copyright
2016 John Wiley and Sons.
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As discussed in Chapter 1, the maleimide derivatives have been employed so-far as a
conjugation tool when appended with other ligands, and not as chromophores (ligands)
for complexation with the lanthanide metal ions. Hence, the work detailed in this
chapter focuses on developing the maleimide-derived ligands capable of forming
stable luminescent lanthanide(lll) complexes. Given that, the fluorescent
aminomaleimide derivatives are known to possess strong pull-push systems exhibiting
strong m — 7* transitions,?® they can act as potential chromophores. Building on this,
the influence of complexation on the optical properties of the lanthanide ions and the
maleimide can be explored, thus expanding the scope of using these complexes for

potential applications, such as bioconjugation, imaging and sensing.
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4.3 Results and Discussions

4.3.1 Design and synthesis of europium(lil)

dichloromaleimide complexes

The luminescence of trivalent lanthanide ions can be enhanced upon coordination with
the chromophore ligands, as discussed in section 4.2. The ligands harvest light and
provide ligand-to-metal energy transfer by preventing the non-radiative relaxation.?6: 27
In chapter 3, transition metal-based organometallic complexes containing the
aminomaleimide ligands were studied. Following on from that study, in this chapter the
development of maleimide derived ligands suitable for complexation with lanthanide
metal ions was explored. The photophysical properties of the resultant complexes was

also explored.

Cl
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Scheme 4.1. Synthesis of a dichloromaleimide derived europium(lll) complex.

Firstly, a previously developed dichloromaleimide ligand (3.2) was reacted with
europium(lll) chloride salt (EuCls.6H20) in the presence of a base and refluxed at 80°C,

to prepare a Eu(lll) maleimide complex (Scheme 4.1).28 Triethylamine (TEA) was used
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as a base to deprotonate the imide group, and the use of strong inorganic base, such
as Na2COs, was avoided to prevent the precipitation of europium. After the reflux, the
solvent was removed under reduced pressure, and the solid obtained was washed with
dichloromethane to remove any unreacted ligand. In order to make sure, that the
complex 4.10 has not been washed off along with the unreacted ligand, the organic
layer was dried and analyzed by NMR spectroscopy and thermal gravimetric analysis
(TGA). The 'H NMR spectrum of the organic layer was identical to the
dichloromaleimide ligand 3.2, with no additional peaks observed (experimental section
4.5.2). The TGA results also showed no presence of europium traces in the organic
layer (Fig. 4.3), suggesting that the complex was not soluble in the organic layer and
remained in the aqueous phase. However, the separation of the prepared europium(lll)
complexes, from any unreacted europium salt (precursor) left behind, was challenging,
due to their similar solubilities. It is important to obtain the complex in high purity and
free from any contamination which could interfere during the fluorescence analysis.?®
Consequently, an alternate synthetic strategy was proposed to achieve the targeted

complexes.
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Fig. 4.3 Comparison of the TGA plot of the europium complex (4.10) with europium
salt, dichloromaleimide ligand (3.2), and the solid obtained from the organic layer

filtrate.

It is well-known that the lanthanide metal ions have a great affinity for carboxylate
groups, and can form stable complexes with these ligands due to the chelate formation,
thus establishing high coordination numbers.® 30 Therefore, to obtain the lanthanide-
maleimide complexes, maleimide units were functionalized with a carboxylate moiety,
in which a linker can coordinate with the europium metal ion instead of a direct
attachment through the imide nitrogen. The N-acid functionalized dichloromaleimide
derivatives (4.1-4.5) were synthesized, according to a previously reported procedure
(experimental section 4.5.2).3! 2,3-dichloromaleimide was refluxed in the presence of
amino acids, such as glycine, alanine, etc., to synthesize the targeted maleimide-
based ligands (Scheme 4.2). All compounds were purified by column chromatography

and characterized by *H NMR, 13C NMR and FTIR spectroscopy (Fig. 4.17-4.26).

283



Chapter 4
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Scheme 4.2 Synthesis of acid functionalized dichloromaleimide ligands 4.1-4.5.

Europium complexes containing maleimide-based ligands, 4.1-4.5, were synthesized
using stoichiometric amounts of europium(lll) chloride hexahydrate and ligands (1:3
equiv.), in the presence of a base (Scheme 4.3). The complexes precipitated upon
dropwise addition of a solution containing the ligand and triethylamine to a
europium(lll) chloride solution. The precipitated europium-maleimide complexes
(4.11-4.15) were successfully isolated and washed with dichloromethane and water to
remove any unreacted ligand and europium(lll) chloride. Whilst dichloromaleimide
ligands 4.1-4.5 are non-fluorescent under irradiation with UV-Vis light, complexes
4.11-4.15 exhibited bright red fluorescence. The europium(lll) complexes (4.11-4.15)
were analyzed by TGA, FTIR spectroscopy and elemental analysis (experimental
section 4.5.3 and 4.5.4). These complexes were amorphous as synthesized, thus

cannot be characterized by single crystal or powder X-Ray diffraction.
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Scheme 4.3 Synthesis of europium(lIl) dichloromaleimide complexes 4.11-4.15.

The stoichiometry of the Eu(lll) complexes (4.11-4.15) was determined by the mole
ratio method.3? 32 The luminescence of the characteristic >Do—’F2 was measured as a
function of the amount of Eu(lll) added to the aqueous solution of the ligand. The break
in the titration curve occurs when all of the ligand has been sequestered. Performing
this with ligand 4.3, shows that complex 4.13 has 1:3 stoichiometry (Fig 4.4). This was
also in agreement with the results obtained from the elemental analysis (experimental
section 4.5.3). Complexes 4.11-4.14 revealed a 1:3 stoichiometry (Table 4.1) while for
complex 4.15, it appeared to be 1:2.5. This might have occurred due to increased strain

for the longer alkyl chain coordinated to the metal atom via carboxylate group.
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Fig. 4.4 Intensity of the >Do—'F2 transition peak as a function of Eu®* added to a

solution of ligand 4.3 (10 uM) in ethanol, in the presence of a base (Aex = 395 nm).

Table 4.1 Stoichiometric ratio for the synthesized europium(lll) dichloromaleimide

complexes, determined at ligand concentration of 10 uM.

Ligand Complex No. of CHz2 units [Eu]/[ligand]
4.1 4.11 1 1:3
4.2 4.12 2 1:3
4.3 4.13 3 1:3
4.4 4.14 4 1:3
4.5 4.15 5 1.25
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Table 4.2 Thermal data of the synthesized europium(lll) dichloromaleimide complexes.

Complexes Temperature range Weight loss Assignments
(°C) (%)
4.11 20 — 140 5.68 H20
140 - 500 52.79 Organic components
500 — 41.53 Eu203 +C
4.12 20 — 140 5.26 H20
140 — 500 69.61 Organic components
500 — 25.13 Eu20s + C
4.13 20 — 140 4.05 H20
140 — 500 68.09 Organic components
500 — 27.86 Eu20s + C
4.14 20 — 140 4.42 H20
140 - 500 56.12 Organic components
500 — 40.46 Eu20s + C
4.15 20 — 250 3.23 H20
250 — 500 53.13 Organic components
500 — 43.64 Eu20s + C

The thermal behavior of europium(lll) chloride hexahydrate, the ligands (4.1-4.5), and

the respective europium(lll) complexes (4.11-4.15) was investigated (Fig. 4.33; see

experimental section). The ligands decomposed between 150 to 300°C, with an

estimated mass loss of ~97-100%. For the europium(lll) chloride salt and the

europium(lll) maleimide complexes (4.11-4.15), thermal decomposition occurs in

three stages. The first decomposition stage corresponds to the elimination of hydrated

water molecules,** and a mass loss of 4—6% was observed within the temperature
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range of 20 — 140°C for complexes 4.11-4.14 (Table 4.2). This is also in agreement
with the calculated mass loss, i.e., ~5—6% for these complexes. For complex 4.15, the
mass loss of 3.23% was observed within the temperature range of 20—250°C, which is
fairly less than the calculated mass loss (~5%). This decomposition process continues
over second and third stage within the temperature range of 140-300°C and 300-
500°C respectively, (with an estimated loss of 53% for 4.11, 69% for 4.12, 68% for 4.13,
56% for 4.14 and 53% for 4.15) (Table 4.2), which could be assigned to the loss of
organic moieties. Eu(lll) complexes were expected to end with a metallic residue of
Eu203and carbon atom residues in the final stage of thermal decomposition.®

The FTIR spectra of the free ligands 4.1-4.5, and their complexes 4.11-4.15, were
also recorded and the significant changes in frequencies are tabulated below (Table
4.3). The ligands displayed strong band around ~2900 cm-%, which corresponds to the
characteristic carboxylic O-H group. Free water molecules display a strong and broad
O-H band around 3100-3700 cm™. In comparison, europium(lll) complexes presented
medium-weak band with peaks located in the range of 3420-3536 cm corresponding
to the O-H stretching vibrations, indicating the presence of coordinated water
molecules.®® 37 The bands at around ~1720 cm™ and ~1300 cm™ corresponding to
v(C=0) and v(C-O) stretching vibrations, respectively, displaced slightly to the higher
frequencies for the complexes compared to the free ligands (Table 4.3). Higher N-C=0
stretching vibration frequency was associated with better sigma donating ability of the
maleimide moiety, resulting into a stronger C=0 bond. Thus, the peaks corresponding
to the v(C=0) stretch around ~1680-1700 cm for the ligands, shifted by ~25 for the
europium(lll) complexes, suggesting coordination through a carboxyl group with the

europium metal ion.
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Table 4.3 Selected IR bands for the europium(lll) complexes (4.11-4.15) and the
respective ligands (4.1-4.5).

Complex Characteristic frequencies
(Ligand) v(O-H) stretch v(C=0) v(C-0)
(cm™) (cm™) (cm™)
4.11 (4.1) 3454 (2884) 1723 (1714) 1388 (1243)
4.12 (4.2) 3420 (2919) 1727 (1706) 1393 (1221)
4.13 (4.3) 3536 (2942) 1729 (1704) 1398 (1204)
4.14 (4.4) 3473 (2951) 1713 (1691) 1395 (1199)
4.15 (4.5) 3489 (2930) 1708 (1683) 1245 (1197)

4.3.2 Photophysical properties of europium(lll)

dichloromaleimide complexes

The photophysical properties of the ligands and the europium(lll) complexes are
summarized in Table 4.4. All the synthesized complexes are insoluble in common non-
polar solvents, e.g., chloroform and 1,4-dioxane, but are highly soluble in polar aprotic
solvents, e.g., dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). Hence, UV-
Vis spectra of europium(lll) dichloromaleimide complexes 4.11-4.15, were measured
in dimethylformamide (50 pM). Unbound dichloromaleimide ligands show the
absorption maximum around 240 nm, corresponding to the = — * transitions,38 which
is difficult to observe in dimethylformamide, as the solvent itself starts to absorb below
268 nm. The complexes 4.11-4.15 gave two absorption bands around 273 nm and
~390 nm. (Table 4.4) The peak observed at 273 nm is identical for the europium(lil)

dichloromaleimide complexes, 4.11-4.15. The other absorption peak slightly red

289



Chapter 4

shifted, from 389 nm for 4.11 to 398 nm for 4.15, and possibly associated with the
metal-to-ligand charge transfer excitation.® It has been reported that the complexes
with more electron donating ligands coordinated to lanthanide metal ions displayed
more red-shifted absorption maxima.*° Based on this, europium(lll) complexes that
displayed a more red-shifted absorption maxima are expected to have more electron
donating capacity than the rest. These results were also in agreement with the

observations from the FTIR analysis.

Fluorescence emission and excitation spectra were analyzed for the dichloromaleimide
ligands 4.1-4.5, and their europium(lll) complexes 4.11-4.15, to further understand
the energy transfer processes of the excited states. The ligands did not display any
fluorescence emission peak (Fig. 4.6). The complexes 4.11-4.15 showed two
absorption bands around 270 nm and ~395 nm, along with the excitation maxima
observed at 395 nm (Table 4.4). Subsequently, these complexes (4.11-4.15) were
excited at 395 nm and the solution-state emission spectra were recorded in the range
of 400-800 nm. Fig. 4.5 illustrates various phenomena involved leading to the

fluorescence emission when the europium(lll) complexes were excited around 395 nm.
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Table 4.4 Photophysical properties of complexes 4.11-4.15 measured at 10 uM in
dimethylformamide (Amax = maximum absorption wavelength; emax = molar absorption

coefficient; A = excitation wavelength ; A__ = maximum emission wavelength; slit width

ex 2.5 nm, em 2.5 nm; 25°C).

Complex Amax Emax Aex lem
(nm) (M'1 cm'1) (nm) (nm)
4.11 273,398 9798, 3834 395 515,592,615,698
4.12 273,396 9811, 3952 395 518,592,616,695
4.13 273, 394 1098, 4125 395 519,592,617,695
4.14 273,393 1204, 4273 395 520,592,618,696
4.15 273, 389 1317, 4294 395 521,592,619,697
Orga’nihgand
‘g."" Ep“’"
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=" 5 ==
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Fig. 4.5 lllustration of different processes involved leading to the fluorescence
emission of the europium(lll) complexes: (a) excitation; (b) intersystem crossing
(ISC); (c) ligand-to-metal charge transfer (LMCT); (d) relaxation. Adapted from the
reference.*! Copyright 2009 Springer Nature.
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Energy transfer occurs from the ligand’s excited energy level to the °Do of the europium
ion. Multiple emissions occurred resulting from de-excitations of the °Do—'F1.4 (Fig.
4.5). The fluorescence emission spectra for the complexes 4.11-4.15, were identical
and presented in Fig. 4.6 and 4.35 (experimental section 4.5.5). The most intense
transitions corresponds to °Do—’F2, and were observed at 617 nm for 4.13 (Table 4.4
and Fig 4.6). The other two peaks observed at 592 nm and 695 nm are attributed to
the °Do—'F1 and °Do—’F4 transitions, respectively. The ®Do—’F2 is an electric dipole
allowed transition and its intensity is sensitive to the bonding environment of the Eu®*
ions, while the peak position usually remains unchanged. In contrary, Do—’F1 is a
magnetic dipole allowed transition, and therefore hardly differs due the bonding
environment of the Eu* ions.*! Notably, a broad band centered at 591 nm for the
complex 4.13 was also observed, which corresponds to the combination of transitions
from ligand to the europium ion i.e. L—Eu3".*> Moreover, the CIE chromaticity
coordinates of the europium complexes 4.11-4.15, in dimethylformamide, was
interpreted in Fig. 4.6 to compare the emissions of the synthesized europium(lll)

dichloromaleimide complexes with the precursor europium(lll) chloride hexahydrate.
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Fig. 4.6 Fluorescence emission spectra of the ligand (4.3; bottom) and its europium

complex (4.13; top), the inset shows the image of complex 4.13 in

dimethylformamide taken under UV-light (left); and CIE plot of the fluorescent

emission wavelengths of europium complexes 4.11-4.15, and the europium chloride

salt in dimethylformamide (right).
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Fig. 4.7 Photographs illustrating fluorescence of europium(lil) dichloromaleimide

complexes 4.11-4.15 in the solid-state under UV light.
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In order to obtain more insight into the photoluminescence of the synthesized
europium(lll) complexes, the solid-state spectroscopic analysis was performed. All the
ligands 4.1-4.5 were non-fluorescent in the solid-state. However, for the complexes
4.11-4.15, the absolute quantum vyield was calculated using integration sphere.?® 43
The absolute ¢ of the europium(lll) complexes in the solid-state was 23% for 4.11,
26% for 4.12, 36% for 4.13, 16% for 4.14 and 15% for 4.15. Based on these results,
the complex 4.13 appears to be the best potential candidate amongst all the
synthesized europium(lll) dichloromaleimide complexes, for further derivatization and

fluorescence studies.
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Fig. 4.8 Normalized excitation (a) and emission (b) spectra of the europium(lll)
dichloromaleimide complexes (4.11-4.15) in solid-state.

Fig. 4.8 represents the normalized excitation and emission scans for the europium
dichloromaleimide complexes 4.11-4.15 in solid-state, and the photographs of the
these complexes under UV light at 385 nm shown in Fig. 4.7. The emission spectra of

the complexes 4.11-4.15 exhibited five emission peaks at 572 nm, 592 nm, 617 nm,
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678 nm, and ~700 nm, which are attributable to the emission transitions, ®Do—'Fo,
5Do—F1, °Do—"F2, °Do—'Fs, and °Do—'F4, respectively.** The >Do—’F2 transition is the
dominant red emission for all the complexes (Fig. 4.8b). Three out of five of these
transitions are also observed at similar wavelength in solution-state emission spectra
(Table 4.4). These peaks are slightly red-shifted in comparison to the emission
wavelength of the europium(lll) chloride salt .i.e. 537 nm, 593 nm, 616 nm, 652, and
699 nm. Additionally, in the excitation spectra six peaks at 320 nm, 365 nm, 382 nm,
397 nm, 419 nm and 468 nm for complexes 4.11-4.15, corresponding to the transitions
"Fo—°H3, "Fo—°D2, "Fo—°L7, "Fo—°Ls, 'Fo—°D3, and "Fo—°D2, were identified (Fig. 4.8a).
Among them, "Fo—°Le and ‘Fo—°D2 are the most prominent excitations, which are
located in the near-UV (~397 nm) and blue (468 nm) regions. Hence, these
europium(lll) complexes emit bright red fluorescence when excited by the light of

wavelengths in the near-UV and blue regions.

4.3.3 Design and synthesis of europium(lll) and

terbium(lll) aminochloromaleimide complexes

To further explore the optical properties of lanthanide-maleimide complexes, the
synthesis of the fluorescent aminochloromaleimide ligands, and their corresponding
europium(lll) and terbium(lll) complexes was explored. It has been reported that
dichloromaleimides can undergo addition—elimination reaction with amines and can
generate fluorophores in a single synthetic step.?® Two new aminochloromaleimide
derivatives were chosen, with the carboxyl functionality handle at different positions of

the maleimide moiety. This was achieved by utilizing the previously synthesized acid-
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functionalized dichloromaleimide ligand 4.3 (Section 4.3.1). This was reacted with n-
butylamine via the addition-elimination reaction to obtain the aminochloromaleimide
derivative 4.6 (Scheme 4.4). Similarly, the other aminochloromaleimide derivative 4.8,
was synthesized in two steps via the intermediate 4.7 (Scheme 4.4). Compounds 4.6
and 4.8 are regioisomers, with the acid group situated at either amine or imide position
of the maleimide scaffold. Both the compounds 4.6 and 4.8 were characterized by *H,
13C NMR spectroscopy and high resolution mass spectrometry (experimental section

4.5.2).

(o}
o [o] OH o] OH
Cl Hok/\/NHZ Cl ﬁ HZN/\/\ cl
l_° LN Na,CO LN
AcOH 2LU3
Cl Cl PV
o Reflux O/N o] THF H o]

4.3 (68%)

)
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Cl
cl N\NHZ cl _/_/ HOMNHZ | N_/_/
| o —> | N —_—
AcOH cl AcOH Ho\‘(\/\n \
@ o

o] Reflux O/N Reflux O/N

4.6 (37%

4.7 (75%) 4.8 (38%)

Scheme 4.4 Synthesis of acid functionalized aminochloromaleimide derivatives 4.6
and 4.8.

Subsequently, aminochloromaleimide ligand 4.6 was reacted with europium(lil)
chloride hexahydrate and terbium(lll) chloride hexahydrate (Section 4.3.1), to achieve
4.16 and 4.18 complexes, respectively (Scheme 4.5). Terbium(lll) complexes have
also been targeted in addition to the europium(lll), to investigate the influence of using
two different lanthanide metal ions on the fluorescence behavior of maleimides.

Likewise, the aminochloromaleimide 4.8 was allowed to react with europium(lll) and
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terbium(lIl) salts in 3:1 equiv. to obtain 4.17 and 4.19, respectively (Scheme 4.5). The

synthesized lanthanide complexes were analyzed by TGA, FTIR spectroscopy and

elemental analysis (experimental section 4.5.3).
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Scheme 4.5 Synthesis of europium(lil) and terbium(lll) aminochloromaleimide

complexes 4.16-4.19.

Similarly to the europium dichloromaleimide complexes, the stoichiometry for these

newly synthesized lanthanide aminochloromaleimide complexes 4.16-4.19 was

determined by the mole ratio method.® The Eu®* and Th3* complexes were determined

to possess 1:3 [M]/[L] ratio, when the change in luminescence intensity of >Do—’F2 and
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and °Ds—’Fe transition peaks, respectively, was monitored upon the addition of

solution of lanthanide metal in ethanol to the ligand and showed in Fig. 4.9.
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Fig. 4.9 Intensity of the >Do—'F2 and °D4—'Fs transitions peak as a function of
Eu®*(4.16; left) and Th3*(4.18; right) respectively, added to a ligand 4.6 solution in
ethanol (10 uM), in the presence of a base (Aex = 395 nm).

The TGA profiles of the synthesized aminomaleimide ligands 4.6—4.8, europium(lll)
aminomaleimide 4.16—-4.17, and terbium(lll) aminomaleimide 4.18-4.19 complexes,
were analyzed (Fig. 4.34; experimental section 4.5.4). The aminochloromaleimide
ligands decomposed in the range of 150 to 500°C with estimated mass loss of 86.25%
and 84.32%, and left with the carbon residue after 500°C. In comparison, the
europium(lll) and the terbium(lll) aminochloromaleimide complexes (4.16—4.19),
showed thermal decomposition occurring in three stages. The first decomposition
stage was observed to be 20-120°C has been assigned to the loss of hydrated water
molecules®* and was observed within the temperature range of 20-120°C for all the
complexes (Table 4.5). The second and third stage of thermal decomposition was

associated with the loss of organic components and happened within the temperature

298



Chapter 4

range of 120-500°C. The final degradation stage suggested the formation of Eu203

(Tb203) for complexes 4.16 and 4.17 (4.18 and 4.19).28

Table 4.5 Thermal data of the aminochloromaleimide ligands 4.6 and 4.8, and their
europium(lll)  aminochloromaleimide 4.16 and 4.17, and terbium(lll)

aminochloromaleimide 4.18 and 4.19 complexes.

Complexes Temperature range Weight loss Assignments
(°C) (%)
4.6 150 — 500 86.25 Organic components
500 — 13.75 C
4.8 150 — 500 84.32 Organic components
500 — 15.68 C
4.16 20-120 5.92 3H20
110 - 500 53.17 Organic components
500 — 40.91 Eu20s + C
4.17 150 - 120 4.81 3H20
120 - 500 46.45 Organic components
500 — 48.74 Eu20s + C
4.18 20 -120 3.80 3H20
120 - 500 50.67 Organic components
500 — 45.53 Th203 + C
4.19 20-120 6.99 3Hz20
120 — 500 51.06 Organic components
500 — 41.95 Th203 + C
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Furthermore, the FTIR spectra of the europium(lll) and terbium(lll)
aminochloromaleimide complexes (4.16—4.19) were analyzed, and compared to the
respective ligands 4.6 and 4.8. The characteristic frequencies of interest for the ligands
and their lanthanide(lll) complexes are given in Table 4.6. The characteristic broad
band observed at 3030 cm™ for 4.6 and at 3013 cm* for 4.8, corresponds to the O-H
group in the free ligands. Also, the peaks at ~3319 cm and 3339 cm™ were assigned
to N-H group for 4.6 and 4.8, respectively. On complexation with the lanthanide(lll)
metal ions (i.e. Eu and Tb), the N-H stretching frequency shifted to a lower value, for
instance v(N-H) shifted from 3319 cm* (for ligand 4.6) to 3313 cm™* and 3309 cm- for
complexes 4.16 and 4.18, respectively. Notably, the N-H and O-H bands overlapped
for all the complexes, as the v(O-H) for the coordinated water molecules (~3300 cm™)
observed within the same region of v(N-H). While for free ligands, v(O-H) and v(N-H)
were observed around ~3030 cm™ and 3300 cm, and well-separated by a distance of
~300 cm* (Table 4.6).3¢ The vibration attributable to C=0, observed at 1702 cm™! for
4.16 & 4.18 and 1712 cm for 4.17 & 4.19, compared to 1659 cm and 1650 cm- for
ligands 4.7 and 4.8, indicates the coordination via carboxylic group oxygen to the

lanthanide metal ions.
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Table 4.6 Selected IR bands for the aminochloromaleimide ligands (4.6 and 4.8) and
their europium(lll) aminochloromaleimide (4.16 and 4.17) and terbium(lll)

aminochloromaleimide (4.18 and 4.19) complexes.

Complex Characteristic frequencies
(Ligand) v(O-H) stretch  v(N-H) _ v(C=0) _ w(C-O)
(cm) (cm?) (cm?) (cm?)
4.6 3030 3319 1659 1225
4.8 3013 3339 1650 1269
4.16 3313 1702 1401
4.17 3322 1712 1401
4.18 3309 1702 1401
4.19 3322 1712 1401

4.3.4 Photophysical properties of europium(lll) and

terbium(lll) aminochloromaleimide complexes

The photophysical properties of the synthesized aminomaleimide (ACM) ligands (4.6
and 4.8) and their lanthanide(lll) complexes (Ln = Eu, Tb) (4.16—4.19) were measured

in DMF and the corresponding data are summarized in Table 4.7.
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Table 4.7 Photophysical properties of aminochloromaleimide ligands (4.6 and 4.8) and
their complexes (4.16—4.19) in solution-state (10 uM in dimethylformamide) and solid-
state (¢r = relative quantum yield in DMF using quinine sulfate as reference, and
absolute quantum yield in solid-state using integrating sphere; Amax = maximum

absorption wavelength; emax = molar absorption coefficient; B = Brightness; A =

excitation wavelength ; A_ = maximum emission wavelength; slit width ex 1.0 nm, em

1.0 nm; 25°C).

Ligand / State ot Amax (Emax) B Aex Aem
Complex /% /nm (Micm?) /Micm? /nm /nm
4.6 DMF 15 382 (4117) 61755 386 512
Solid-state 26 - - 384 516

4.8 DMF 15 381 (3185) 47775 382 528
Solid-state 24 - - 380 530

4.16 DMF 14 382 (10789) 151046 353, 408 507
Solid-state 44 - - 395 498

4.17 DMF 13 381 (8490) 110370 350, 413 507
Solid-state 41 - - 395 564

4.18 DMF 14 382 (10290) 144060 341, 383 506
Solid-state 42 - - 370 450

4.19 DMF 11 382 (7589) 83479 352,420 507
Solid-state 40 - - 370 520

Earlier, the employed ligands (dichloromaleimide) were non-fluorescent and therefore,
the observed transitions for the lanthanide-maleimide complexes were predominantly
metal-centered (f = f) (section 4.3.2). In comparison, the current
aminochloromaleimide-based ligands, 4.6 and 4.8, are bright green fluorophores, due

to which the complexes, 4.16-4.19, displayed green emissions as well (Fig. 4.10).
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Fig. 4.10 Photographs illustrating fluorescence of the aminochloromaleimide ligands
(4.6 and 4.8) and their lanthanide(lll) complexes (4.16—4.19) in solution-state and
solid-state under UV light.

In the UV-Vis absorption spectra, a band occurs at 382 nm (Table 4.7) which is
attributable to the characteristic n — n* transition of the ligand. Furthermore, for
complexes having the same chromophore system, for instance 4.16 and 4.18, the
fluorescence spectra are very similar, displaying one broad band in the emission
spectra with a maximum centered around 507 nm (Fig. 4.10). Interestingly, no metal
centered transitions (f — f) were observed in the emission and excitation scan of the
synthesized complexes (Fig. 4.11 and 4.12). Instead, an intense band from the ligand
was observed around ~507 nm. It has been reported, by our group previously, that the
aminomaleimide-based fluorophores are strongly emissive dyes.*® Moreover, the
charge transfer occurring during the photoluminescence of the lanthanide(lll)
complexes involves intraligand CT, which eventually leads to ligand-to-metal (LMCT)

states.*? Building on this, it was hypothesized that the expected LMCT transitions may
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have been outcompeted by the fast ILCT contributed by the organic ligand, as

illustrated in Fig. 4.13.
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Fig. 4.11 Normalized excitation (left) and emission (right) spectra of
aminochloromaleimide ligand (4.6), and its europium(lll) (4.16) and terbium(lll) (4.18)
complexes in dimethylformamide (50 uM).
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Fig. 4.12 Normalized excitation (left) and emission (right) spectra of
aminochloromaleimide ligand (4.8), and its europium(lll) (4.17) and terbium(lll) (4.19)
complexes in dimethylformamide (50 uM).

28000

24000 -

20000 1
T

16000

12000 +

Energy (cm™)

8000 4

4000 -

Ground level

Fig. 4.13 Jablonski diagram for the Eu3*(L) complex, illustrating various electronic

states. Adapting from the reference.*® Copyright 2014 Elsevier.
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Compared to the dichloromaleimides, the aminochloromaleimide ligands give higher
absorptions and better emission efficiencies, when coordinated to trivalent lanthanide
ions. This is due to the back energy transfer from metal to ligand, thus suppressing the
f — f transitions.* This was demonstrated by comparing the molar absorption
coefficient (emax) of the europium(lll) dichloromaleimide complexes (4.11-4.15) with
that of the europium(lll) aminochloromaleimide complexes (4.16 and 4.18). In
dimethylformamide, 4.11-4.15 exhibited emax in the range of 3834 — 4294 Micm
(Table 4.4), which was lower than emax Observed for 4.16 and 4.18, which were 10789
M-icm and 7589 M-icm, respectively (Table 4.7). Furthermore, in solid-state the ¢s
evaluated for 4.16 (44%) and 4.18 (42%) was also higher than for 4.11-4.15 (16—30%)
(Table 4.7). Based on these results, it was hypothesized that for lanthanide(lll)
aminochloromaleimide complexes, the parity forbidden f — f transitions are overruled

by the ILCT transitions, and thus they exhibited higher emissions.

The reference quantum yield of the aminochloromaleimide ligands (4.6 and 4.8) and
their complexes (4.16—4.19) in dimethylformamide was calculated using quinine sulfate
(0.105 M HCIOs as the standard reference (¢st = 59%).2° In solution state (i.e.,
dimethylformamide), the europium(lll) and terbium(lll) complexes possessed ot
comparable to the ligands. Although, europium(lll) complexes are observed to be the
brightest with molar absorption co-efficient 10789 M-tcm-* (for 4.16) and 8490 M-‘cm?
(for 4.17), compared to 10290 Micm™ (for 4.18) and 7589 Micm? (for 4.19),
calculated for the terbium(lll) complexes. Additionally, the carboxyl functionality
(coordinated to lanthanide(lll) metal ion) present at imide position of the maleimide ring
(ligand: 4.6), formed brighter complexes (4.16 and 4.18) with higher ¢r (emax). For

instance, ¢f= 14%, emax = 10290 M-cm*and B = 144060 M-*cm™ for 4.18, compared
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to ¢r= 11%, emax = 7589 M-lcm? and B = 83479 Mlcm™ for 4.19 (Table 4.7). This is
also in agreement with the other work where the effect of fluoroalkyl groups has more

pronounced effect when attached via the imide nitrogen of the maleimide moiety.
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Fig. 4.14 Fluorescence quantum yield of the aminochloromaleimide ligands (4.6 and
4.8) and their complexes (4.16—4.19) in dimethylformamide and in solid-state,

measured by using reference and absolute methods, respectively.

For solid-state, the quantum yields of the aminochloromaleimide ligands 4.6 and 4.8,
and their complexes 4.16-4.19, were measured by the absolute method using the
integrating sphere.?® The observed trend reflected the results observed for the solution-
state ¢r, with the exception that ligands displayed ¢+ lower than the complexes (Fig.
4.14). Moreover, in solid-state the emission maxima is red-shifted for 4.17 (564 nm)
and 4.19 (535 nm), compared to 4.16 (498 nm) and 4.18 (450 nm), respectively, which
in turn was blue-shifted compared to the ligands, 4.6 (516 nm) and 4.8 (530 nm),

respectively (Fig. 4.15). Based on these results, the europium(lll) and terbium(lil)
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aminochloromaleimide complexes may serve as potential candidates for sensing

applications.

1.0

0.8+

0.6+

FL Intensity / counts

0.4

0.2+

00-'.-....(7::-" . . . . Hestseseeestli
450 500 550 600 650 700 750 800
Wavelength / nm

Fig. 4.15 Normalized emission spectra (left) and CIE plots (right) of the
aminochloromaleimide ligands (4.6 and 4.8) and their europium(lil) (4.16 and 4.17)
and terbium(lll) (4.18 and 4.19) complexes in solid-state.
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4.4 Summary

In summary, a series of dichloromaleimide ligands containing carboxylate groups and
their corresponding europium(lll) complexes were synthesized. The ligands were
characterized by *H NMR, ¥C NMR, FTIR spectroscopy and HR-MS, while the
complexes were analyzed by elemental analysis, thermal gravimetric analysis, FTIR,
UV-Vis and fluorescence spectroscopy. The complexes were found to contain 1:3
metal-to-ligand stoichiometry. The dichloromaleimide ligands were non-fluorescent
before complexation, but exhibited red fluorescence upon complexation with
europium(lll), with absorption coefficients >10° Mtcm. The emission spectra of the
europium(lll) dichloromaleimide complexes displayed the most intense peak around
~617 nm corresponding to the °Do—’F2 transitions, in solution as well as in solid-state.
In solid-state, the europium(lll) dichloromaleimide complexes possessed quantum
yields in the range of 15-36%. Subsequently, two carboxylate functionalized
aminochloromaleimide ligands were synthesized by derivatizing the most intense
dichloromaleimide candidate. The photophysical properties of the corresponding
europium(lll) and terbium(lll) complexes were analyzed as well. Interestingly, the
metal-centered f — f transitions for the Eu(lll) and Tb(lll) were dominated by the
intense m — m* transitions. Owing to these m — m* transitions, contributed by the intra-
ligand charge transfer, europium(lll)/terbium(lll) aminomaleimide complexes
possessed good quantum yields and displayed the emission maxima at 507 nm in
dimethylformamide (¢t = ~14%) and 450 — 560 nm in solid-state (¢= ~14%). Based on
this chapter, strongly luminescent europium(lil)/terbium(lll) maleimide complexes
could serve as a promising candidate for various labelling and sensing applications by

tuning their structural and photophysical properties.
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4.5 Experimental

4.5.1 Materials and instrumentation

All chemicals and solvents were obtained from either: Sigma Aldrich, Alfa Aesar, or

Fisher Chemicals, and used as received.

1D and 2D NMR spectra were recorded on a Bruker Advance 300 or a Bruker Advance
[l HD 400 at 300 and 400 MHz respectively. Shifts are quoted in § in parts per million

(ppm) and quoted relative to the internal standard tetramethylsilane (TMS).

High Resolution Mass Spectra (HR-MS) were conducted by Dr Christopher Williams
(University of Birmingham) on a Bruker UHR-Q-ToF MaXis spectrometer with
electrospray ionization. Elemental analysis was performed on CE instrument EA1110

elemental analyzer based on a dynamic flash combustion and G.C. separation system.

FTIR spectroscopy was carried out on neat samples using Agilent Technologies Cary
630 FTIR spectrometer. The spectra were corrected for background absorbance and

16 Scans were taken from 600 to 4000 cm™ at a resolution of 4 cm™.

Thermogravimetric analysis (TGA) was performed on a TG550 in the temperature
range of 20 to 600°C with a heating rate of 10°C min™t. The experiments were
conducted under inert atmosphere and using aluminum pan. The weight loss
percentage was calculated by the difference between the sample weights at 20°C and

at 600°C.

UV-Vis spectroscopy was carried out at room temperature on Evolution 350 UV-Vis
spectrophotometer, equipped with Xenon Flash lamp light source, and silicon

photodiode detectors. Quartz cells (170 - 2000 nm) from Hellma with two polished
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sides were used for examining the absorption spectral data by using Thermo INSIGHT

software.

Fluorescence emission and excitation spectra were obtained with Agilent Cary Eclipse
Fluorescence spectrophotometer or Edinburgh Instruments FS5 Spectrofluorometer in
quartz 3.5 mL cuvettes (Starna Cell, Type: 3/Q/10) for liquid samples (10-50 uM, 25
°C). The data was analyzed in Fluoracle (Edinburgh Instruments) and Origin 2019
(Origin Labs). A solution of quinine sulfate dihydrate in 0.105 M perchloric acid was
used as standard (¢st = 59%), for the evaluation of solution-state quantum yield
analysis, according to previously reported literature procedure.?® The absolute
guantum yield in solid state is evaluated as an average of six replicate measurements,

using the SC-30 integrating sphere module.

4.5.2 Synthesis of the ligands

2-(3,4-dichloro-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetic
acid (4.1)

o i 0 O
cl HO/U\,NHz cl _>—OH
P AcOH > |_N
cl ¢ ci

o) Reflux O/N o)

4.1 (65%)

Reaction was carried out according to published protocol.3! 1.0 g of 3,4-dichloromaleic
anhydride (6.0 mmol, 1.0 equiv.) and 495 mg (7.0 mmol, 1.1 equiv.) of glycine were
dissolved in 25 mL of acetic acid. The reaction mixture was refluxed overnight at 110°C.

After cooling to the room temperature, the solvent was removed under reduced
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pressure and purified via column chromatography using hexane/ethyl acetate to obtain

4.1 as a colorless white crystalline solid.

Rf = 0.48 (hexane: ethyl acetate = 2:1); Yield = 875 mg, 65%.

IH NMR (400 MHz, DMSO-ds, 25°C, TMS) § [ppm] = 13.41 (1H, s, H1), 4.28 (2H, s,

H3).

13C NMR (101 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 168.8 (C2), 163.0 (C=0), 133.3

(C=C), 40.3 (C3).

FTIR (cm™): v = 2884 (O-H) stretch, 1714 (C=0), 1614 (C=C), 1410 (O-H) bend,

1243 (C-O).

HR-MS (MaXis) [M+H]* - m/z found 224.9918; m/z calculated 224.9909.
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| N—2
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Fig. 4.16 'H NMR spectrum of 4.1 (400 MHz, DMSO-ds).
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Fig. 4.17 3C NMR spectrum of 4.1 (101 MHz, DMSO-ds).

3-(3,4-dichloro-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)propanoic acid (4.2)

o 0
¢l HO NH2 ﬁ
| o
cl AcOH
o) Reflux O/N

4.2 (65%)

Synthesis of the ligand was achieved by following the published protocol.3? 1.0 g of
3,4-dichloromaleic anhydride (6.0 mmol, 1.0 equiv.) and 587 mg (7.0 mmol, 1.1 equiv.)
of B-alanine were dissolved in 25 mL of acetic acid. The reaction mixture was refluxed

overnight at 110°C. After cooling to the room temperature, the solvent was removed
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under reduced pressure and purified via column chromatography using hexane/ethyl

acetate to obtain 4.2 as colorless crystalline solid.

Rf = 0.50 (hexane: ethyl acetate = 2:1); Yield = 928 mg, 65%.

1H NMR (400 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 12.43 (1H, s, H1), 3.71-3.67
(2H, t, H4), 2.57-2.54 (2H, t, H3).

13C NMR (101 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 172.3 (C2), 163.2 (C=0), 132.9
(C=C), 35.1 (C4), 32.5 (C3).

FTIR (cm): v = 2919 (O-H), 1706 (C=0), 1606 (C=C), 1375 (O-H) bend, 1221 (C-O).

HR-MS (MaXis) [M+H]* - m/z found 239.0181; m/z calculated 239.0281.

52 DMSO
51 DMSO
51 DMSO
50 DMSO
50 DMSO

- 12.43

(0} O&
cl ﬂ
| N/ 0
Cl
(o]
. 3
1
) 3 3
< S =
o o o
14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

5 (ppm)

Fig. 4.18 *H NMR spectrum of 4.2 (400 MHz, DMSO-ds).
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Fig. 4.19 13C NMR spectrum of 4.2 (101 MHz, DMSO-ds).

4-(3,4-dichloro-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)butanoic acid (4.3)

(o) (o)
(o)
NH (o) OH
Cl HO/U\/\/ 2 cl 4/_}
| o >
ol AcOH | N
o} Reflux O/N ci o

4.3 (68%)

Synthesis of the ligand was achieved by following the published protocol.3? 1.0 g of

3,4-dichloromaleic anhydride (6.0 mmol, 1.0 equiv.) and 680 mg (7.0 mmol, 1.1 equiv.)

of 4-aminobutanoic acid were dissolved in 20 mL of acetic acid. The reaction mixture

was refluxed overnight at 110°C. After cooling to the room temperature, the solvent
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was removed under reduced pressure and purified via column chromatography using

hexane/ethyl acetate to obtain 4.3 as colorless crystalline solid.

Rf = 0.54 (hexane: ethyl acetate = 2:1); Yield = 1.0 g, 68%.

IH NMR (400 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 12.11 (1H, s, H1), 3.53—3.50 (2H,

t, H5), 2.2-2.26 (2H, t, H3), 1.79-1.72 (2H, t, H4).

13C NMR (101 MHz, DMSO-ds, 25°C, TMS) § [ppm] = 174.4 (C2), 163.7 (C=0), 132.8

(C=C), 38.6 (C5), 31.1 (C3), 23.6 (C4).

FTIR (cm™): v = 2942 (O-H), 2938 (C-H), 1704 (C=0), 1612 (C=C), 1393 (O-H) bend,

1393 (C-O).

HR-MS (MaXis) [M+H]* - m/z found 253.0508; m/z calculated 253.0581.

—-12.11

0.651%-

2,00 e——

2.07 s omm——- 1

13 12 11 10 9 8 7 6
3 (ppm)

Fig. 4.20 'H NMR spectrum of 4.3 (400 MHz, DMSO-ds).
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Fig. 4.21 13C NMR spectrum of 4.3 (101 MHz, DMSO-ds).

5-(3,4-dichloro-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)pentanoic acid (4.4)

o (o) OH
Cl ,u\/\/\ 0
HO NH, CI fo)
| o > N
cl AcOH
e} Reflux O/N Cl )

4.4 (64%)

Synthesis of the ligand was achieved by following the published protocol.®! 1.0 g of
3,4-dichloromaleic anhydride (6.0 mmol, 1.0 equiv.) and 772 mg (7.0 mmol, 1.1 equiv.)
of 5-aminopentanoic acid were dissolved in 20 mL of acetic acid. The reaction mixture

was refluxed overnight at 110°C. After cooling to the room temperature, the solvent
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was removed under reduced pressure and purified via column chromatography using

hexane/ethyl acetate to obtain 4.4 as colorless solid.
Rf = 0.58 (hexane: ethyl acetate = 2:1); Yield = 1.0 g, 64%.

IH NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 3.64-3.61 (2H, t, H6), 2.41-2.38 (2H,
t, H3), 1.71-1.64 (4H, m, H4,H5).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 178.8 (C2), 162.9 (C=0), 133.1
(C=C), 38.7 (C6), 33.0 (C3), 27.5 (C5), 21.4 (C4).

FTIR (cm™): v = 2951 (O-H), 2933 (C-H), 1691 (C=0), 1623 (C=C), 1371 (O-H) bend,
1199 (C-O).

HR-MS (MaXis) [M+H]* - m/z found 267.0784; m/z calculated 267.0780.

—-7.26 CDCI3
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Fig. 4.22 'H NMR spectrum of 4.4 (400 MHz, CDCls).
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Fig. 4.23 13C NMR spectrum of 4.4 (101 MHz, CDCls).

6-(3,4-dichloro-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)hexanoic acid (4.5)

(0}
o} OH
e Al A~ NH, 0
HO Cl
o > B
Cl
o

AcOH
o) Reflux O/N

4.5 (62%)

The synthesis was carried out by following the already reported protocol.?! 1.0 g of 3,4-
dichloromaleic anhydride (6.0 mmol, 1.0 equiv.) and 865 mg (7.0 mmol, 1.1 equiv.) of
6-aminohexanoic acid were dissolved in 20 mL of acetic acid. The reaction mixture

was refluxed overnight at 110°C. After cooling to the room temperature, the solvent
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was removed under reduced pressure and purified via column chromatography using

hexane/ethyl acetate to obtain 4.5 as colorless solid.
Rf = 0.61 (hexane: ethyl acetate = 2:1); Yield = 1.1 g, 62%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 3.62—3.58 (2H, t, H7), 2.37—2.34 (2H,
t, H3), 1.68-1.62 (4H, m, H4,H6), 1.39-1.31 (2H, m, H5).

13C NMR (101 MHz, CDCls, 25°C, TMS) & [ppm] = 179.3 (C2), 163.2 (C=0), 133.4
(C=C), 39.3 (C7), 33.7 (C3), 28.2 (C6), 26.1 (C5), 24.1 (CA).

FTIR (cm™): v = 2930 (O-H), 2927 (C-H), 1683 (C=0), 1621 (C=C), 1399 (O-H) bend,
1197 (C-0O).

HR-MS (MaXis) [M+H]* - m/z found 281.1090; m/z calculated 281.1081.
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Fig. 4.24 *H NMR spectrum of 4.5 (400 MHz, CDCls).
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Fig. 4.25 'H NMR spectrum of 4.5 (400 MHz, CDCls).

4-(3-(butylamino)-4-chloro-2,5-dioxo-2,5-dihydro-1H-pyrrol-
1-yl)butanoic acid (4.6)

4.6 (37%)

Amine substitution of dichloromaleimide 4.3 was achieved following the already
reported protocol.*®> 600 mg (2.4 mmol, 1.0 equiv.) of 4.3 was dissolved in 15 mL THF
and mixed with 630 mg (6.0 mmol, 2.5 equiv.) of sodium carbonate, followed by the
dropwise addition of 142 uL (2.68 mmol, 1.1 equiv.) n-butylamine at room temperature.

The reaction progress was monitored by TLC and was completed within 30 minto 1 h.

321



Chapter 4

The solvent was evaporated under reduced pressure and the residue was dissolved in
30 mL of CH2Cl2, washed with 3x30 mL of water, and dried over anhydrous magnesium
sulfate. Purification via column chromatography on silica gel using hexane/ethyl
acetate gave 4.6 as a yellow fluorescent solid.

Rt = 0.40 (hexane: ethyl acetate = 1:1); Yield = 260 mg, 37%.

IH NMR (400 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 12.14 (1H, s, H1), 7.97 (1H, s,
H6), 3.53-3.44 (4H, t, H5,H7), 2.28-2.24 (2H, t, H3), 1.79-1.72 (2H, m, H4), 1.64-1.56
(2H, m, H8), 1.42-1.35 (2H, m, H9), 0.97—0.93 (3H, t, H10).

13C NMR (101 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 174.3 (C2), 167.9, 165.4 (C=0),
142.0 (C=C), 42.4 (C7), 37.5 (C5), 33.1 (C3), 31.3 (C8), 23.9 (C4), 19.6 (C9), 14.1
(C10).

FTIR (cm™): v = 3319 (N-H), 3030 (O-H), 2924 (C-H), 1659 (C=0), 1519 (C=C), 1437
(O-H) bend, 1225 (C-O).

HR-MS (MaXis) [M+H]* - m/z found 289.7390; m/z calculated 289.7383.
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1-butyl-3,4-dichloro-1H-pyrrole-2,5-dione (4.7)

Cl AcOH
(o}

0
cl /\/\NHZ _/_/
| o
Reflux O/N
4.7 (75%)

Synthesis was carried out by following the already established protocol.3! 1.0 g of 3,4-
dichloromaleic anhydride (6.00 mmol, 1.0 equiv.) was dissolved in 20 mL of acetic acid,
followed by the dropwise addition of 357 uL (7.00 mmol, 1.1 equiv.) of n-butylamine.
The reaction mixture was refluxed overnight at 110°C. After cooling to the room
temperature, the solvent was removed under reduced pressure and purified via column

chromatography using hexane/ethyl acetate to obtain 4.7 as colorless powder.

Rt = 0.60 (hexane: ethyl acetate = 6:1); Yield = 998 mg, 75%.

1H NMR (400 MHz, CDCls, 25°C, TMS) & [ppm] = 3.61-3.58 (2H, s, H4), 1.63-1.55
(2H, m, H3), 1.36—1.27 (2H, m, H2), 0.95-0.91 (3H, t, H1).

13C NMR (101 MHz, CDCls, 25°C, TMS) § [ppm] = 162.9 (C=0), 133.0 (C=C), 39.0
(C4), 30.2 (C3), 19.7 (C2), 13.3 (C1).

ESI-MS (MaXis) [M+H]* - m/z found 223.09; m/z calculated 223.07.
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4-((1-butyl-4-chloro-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-

yl)amino)butanoic acid (4.8)

o ° o
Clj:[é _/_/ HO/U\/\/NHz CII‘é _/J
| N EREE— | N
cl AcOH HO\“/\/\H \
o Reflux O/N o

4.7 4.8 (38%)

Amine substitution of dichloromaleimide 4.7 was achieved following the already
reported protocol.*®> 600 mg (2.7 mmol, 1.0 equiv.) of 4.7 was dissolved in 20 mL THF
and mixed with 716 mg (7.0 mmol, 2.5 equiv.) of sodium carbonate, and 306 mg (2.97
mmol, 1.1 equiv.) of y-aminobutyric acid at room temperature. The reaction progress
was monitored by TLC and was complete within 30 min to 1 h. The solvent was
evaporated under reduced pressure and the residue was dissolved in 30 mL of CH2Clz,
washed with 3x30 mL of water, and dried over anhydrous magnesium sulfate.
Purification via column chromatography on silica gel using hexane/ethyl acetate gave
4.8 as a yellow fluorescent solid.

Rt = 0.42 (hexane: ethyl acetate = 1:1); Yield = 300 mg, 38%.

IH NMR (400 MHz, DMSO-ds, 25°C, TMS) § [ppm] = 12.12 (1H, s, H10), 7.90 (1H, s,
H5), 3.50-3.44 (2H, m, H4), 3.38-3.33 (2H, t, H6), 2.29-2.24 (2H, t, H8), 1.82-1.73
(2H, m, H7), 1.50-1.40 (2H, m, H3), 1.29-1.15 (2H, m, H2), 0.88-0.83 (3H, t, H1).
13C NMR (101 MHz, DMSO-ds, 25°C, TMS) & [ppm] = 174.5 (C9), 167.9, 165.3 (C=0),
142.0 (C=C), 42.0 (C6), 37.7 (C4), 31.0 (C8), 30.6 (C3), 26.2 (C7), 19.8 (C2), 13.9
(C1).

FTIR (cm™): v = 3339 (N-H), 3013 (O-H), 2915 (C-H), 1650 (C=0), 1526 (C=C), 1401

(O-H) bend, 1269 (C-O).
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HR-MS (MaXis) [M+H]* - m/z found 289.7390; m/z calculated 289.7383.
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4.5.3 Synthesis of lanthanide complexes

Eu(CsH2CI2NO4)3.3H20 (4.11)

cl O o Cl cl
I N}O 0 NS
Cl \ ,0H2'l' - N
O O L [o)
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O-.
c OH T i o
N _JEUS
l + EuCl6H,0 —— ™ H,0~" ‘. 0
cli EtOH/H,0 \ N
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4.11 (82%)

672 mg (3.0 mmol, 3.0 equiv.) of acid functionalized dichloromaleimide ligand (4.1)
was dissolved in 5 mL of ethanol and 366 mg (1.0 mmol, 1.0 equiv.) of EuCls.6H20
was separately dissolved in 3 mL of ethanol. The europium(lll) chloride solution was
added to the ligand solution, followed by the dropwise addition of 73 pL of triethylamine
(1.0 mmol, 1.0 equiv.) and the reaction mixture was stirred for 2 h at room temperature.
The resulting precipitate of the complex was filtered, washed with ethanol and
dichloromethane several times until the filtrate was clear. The resulting powder was
dried under vacuum to yield the complex 4.11 as white powder.

Yield = 718 mg, 82%.

FTIR (cm™): v = 3454 (H20-coordinated), 1723, 1632 (C=0), 1588 (C=C), 1420 (O-H)

bend, 1388 (C-0O).

Elemental analysis (%) for CisH12EuCleN3O1s — found: C 24.94, H 1.93, N 4.91.

calculated: C 24.79, H 1.38, N 4.89.
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Eu(C7H4Cl2NO4)3.3H20 (4.12)
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4.12 (80%)

714 mg (3.0 mmol, 3.0 equiv.) of acid functionalized dichloromaleimide ligand (4.2)
was dissolved in 5 mL of ethanol and 366 mg (1.0 mmol, 1.0 equiv.) of EuCls.6H20
was separately dissolved in 3 mL of ethanol. The europium(lll) chloride solution was
added to the ligand solution, followed by the dropwise addition of 73 pL of triethylamine
(1.0 mmol, 1.0 equiv.) and the reaction mixture was stirred for 2 h at room temperature.
The resulting precipitate of the complex was filtered, washed with ethanol and
dichloromethane several times until the filtrate was clear. The resulting powder was
dried under vacuum to yield the complex 4.12 as white powder.

Yield = 734 mg, 80%.

FTIR (cm™): v = 3420 (H20-coordinated), 1727, 1630 (C=0), 1565 (C=C), 1446 (O-H)

bend, 1393 (C-O).

Elemental analysis (%) for C21H1sEuCleN3O1s — found: C 27.83, H 2.01, N 4.90.

calculated: C 27.53, H 1.99, N 4.59.
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Eu(CsHeCl2NO4)3.3H20 (4.13)
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4.13 (81%)

756 mg (3.0 mmol, 3.0 equiv.) of acid functionalized dichloromaleimide ligand (4.3) and
73 pL of triethylamine (1.0 mmol, 1.0 equiv.) were dissolved in 5 mL of ethanol. 366
mg (1.0 mmol, 1.0 equiv.) of EuCls.6H20 was separately dissolved in 3 mL of ethanol.
The europium(lll) chloride solution was dropwise added to the ligand solution under
magnetic stirring for 2 h at room temperature. The resulting precipitate of the complex
was filtered, washed with ethanol and dichloromethane several times until the filtrate
was clear. The resulting powder was dried under vacuum to yield the complex 4.13 as
white powder.

Yield = 778 mg, 81%.

FTIR (cm™): v = 3536 (H20-coordinated), 2938 (C-H), 1729, 1626 (C=0), 1583 (C=C),
1544 (O-H) bend, 1398 (C-O).

Elemental analysis (%) for C24H24EuClsN30O1s — found: C 30.10, H 2.49, N 4.35.

calculated: C 30.05, H 2.52, N 4.38.

HR-MS (MaXis) [M+H]* - m/z found 959.9952; m/z calculated 959.9930.
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Eu(CoHsCl2NO4)3.3H20 (4.14)

~~—o
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4.14 (79%)

798 mg (3.0 mmol, 3.0 equiv.) of acid functionalized dichloromaleimide ligand (4.4) and
73 pL of triethylamine (1.0 mmol, 1.0 equiv.) were dissolved in 5 mL of ethanol. 366
mg (1.0 mmol, 1.0 equiv.) of EuCls.6H20 was separately dissolved in 3 mL of ethanol.
The europium(lll) chloride solution was dropwise added to the ligand solution under
magnetic stirring for 2 h at room temperature. The resulting precipitate of the complex
was filtered, washed with ethanol and dichloromethane several times until the filtrate
was clear. The resulting powder was dried under vacuum to yield the complex 4.14 as
white powder.

Yield = 791 mg, 79%.

FTIR (cm™): v = 3473 (H20-coordinated), 2942 (C-H), 1713, 1623 (C=0), 1627 (C=C),

1535 (O-H) bend, 1395 (C-O).

Elemental analysis (%) for C27H30EUCIsN3O1s — found: C 32.30, H 2.93, N 4.29.

calculated: C 32.38, H 3.03, N 4.20.
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Eu(C10H10CI2NO4)3.3H20 (4.15)
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4.15 (75%)

756 mg (3.0 mmol, 3.0 equiv.) of acid functionalized dichloromaleimide ligand (4.5) and
73 pL of triethylamine (1.0 mmol, 1.0 equiv.) were dissolved in 5 mL of ethanol. 366
mg (1.0 mmol, 1.0 equiv.) of EuCl3.6H20 was separately dissolved in 3 mL of ethanol.
The europium(lll) chloride solution was dropwise added to the ligand solution under
magnetic stirring for 2 h at room temperature. The resulting precipitate of the complex
was filtered, washed with ethanol and dichloromethane several times until the filtrate
was clear. The resulting powder was dried under vacuum to yield the complex 4.15 as
white powder.

Yield = 783 mg, 75%.

FTIR (cm™): v = 3489 (H20-coordinated), 2861 (C-H), 1708, 1670 (C=0), 1621 (C=C),

1403 (O-H) bend, 1245 (C-O).

Elemental analysis (%) for C3oH3ssEuClsN3O1s — found: C 34.56, H 3.38, N 4.09.

calculated: C 34.53, H 3.48, N 4.03.
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Eu(C12H16CIN204)3.3H20 (4.16)
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4.16 (80%)

866 mg (3.0 mmol, 3.0 equiv.) of acid functionalized aminochloromaleimide ligand (4.6)
and 73 pL of triethylamine (1.0 mmol, 1.0 equiv.) were dissolved in 5 mL of ethanol.
366 mg (1.0 mmol, 1.0 equiv.) of EuCls.6H20 was separately dissolved in 3 mL of
ethanol. The europium(lll) chloride solution was dropwise added to the ligand solution
under magnetic stirring for 2 h at room temperature. The resulting precipitate of the
complex was filtered, washed with ethanol and dichloromethane several times until
filtrate was clear and non-fluorescent. The resulting powder was dried under vacuum
to yield complex 4.16 as yellow solid.

Yield = 855 mg, 80%.

FTIR (cm): v = 3313 (N-H/H20-coordinated), 2915 (C-H), 1702 (C=0), 1640 (C=C),

1508 (O-H) bend, 1401 (C-O).

Elemental analysis (%) for C3ssHs4EUCINeO15 — found: C 40.44, H 5.06, N 7.84.

calculated: C 40.47, H 5.09, N 7.86.
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Eu(C12H16CIN204)3.3H20 (4.17)
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4.17 (80%)

866 mg (3.0 mmol, 3.0 equiv.) of acid functionalized aminochloromaleimide ligand (4.8)
and 73 pL of triethylamine (1.0 mmol, 1.0 equiv.) were dissolved in 5 mL of ethanol.
366 mg (1.0 mmol, 1.0 equiv.) of EuCls.6H20 was separately dissolved in 3 mL of
ethanol. The europium(lll) chloride solution was dropwise added to the ligand solution
under magnetic stirring for 2 h at room temperature. The resulting precipitate of the
complex was filtered, washed with ethanol and dichloromethane several times until
filtrate was clear and non-fluorescent. The resulting powder was dried under vacuum
to yield complex 4.17 as yellow solid.

Yield = 850 mg, 80%.

FTIR (cm): v = 3322 (N-H/H20-coordinated), 2932 (C-H), 1712 (C=0), 1659 (C=C),

1552 (O-H) bend, 1401 (C-O).

Elemental analysis (%) for CssHs4aEUCINeO1s — found: C 40.43, H 5.06, N 7,85.

calculated: C 40.47, H5.09, N 7.87.
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Tb(C12H16CIN204)3.3H20 (4.18)
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4.18 (76%)

866 mg (3.0 mmol, 3.0 equiv.) of acid functionalized aminochloromaleimide ligand (4.6)
and 73 pL of triethylamine (1.0 mmol, 1.0 equiv.) were dissolved in 5 mL of ethanol.
373 mg (1.0 mmol, 1.0 equiv.) of ThCls.6H20 was separately dissolved in 3 mL of
ethanol. The terbium(lll) chloride solution was dropwise added to the ligand solution
under magnetic stirring for 2 h at room temperature. The resulting precipitate of the
complex was filtered, washed with ethanol and dichloromethane several times until
filtrate was clear and non-fluorescent. The resulting powder was dried under vacuum
to yield complex 4.18 as yellow solid.

Yield = 817 mg, 76%.

FTIR (cm): v = 3309 (N-H/H20-coordinated), 2932 (C-H), 1702 (C=0), 1632 (C=C),
1512 (O-H) bend, 1401 (C-O).

Elemental analysis (%) for CssHs4aTbCINeO1s — found: C 40.24, H 5.04, N 7.84.

calculated: C 40.21, H 5.06, N 7.82.
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Tb(C12H16CIN204)3.3H20 (4.19)
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4.19 (75%)

866 mg (3.0 mmol, 3.0 equiv.) of acid functionalized aminochloromaleimide ligand (4.8)
and 73 pL of triethylamine (1.0 mmol, 1.0 equiv.) were dissolved in 5 mL of ethanol.
373 mg (1.0 mmol, 1.0 equiv.) of TbCl3.6H20 was separately dissolved in 3 mL of
ethanol. The terbium(lll) chloride solution was dropwise added to the ligand solution
under magnetic stirring for 2 h at room temperature. The resulting precipitate of the
complex was filtered, washed with ethanol and dichloromethane several times until
filtrate was clear and non-fluorescent. The resulting powder was dried under vacuum
to yield complex 4.19 as yellow solid.

Yield = 806 mg, 75%.

FTIR (cm™): v = 3322 (N-H/H20-coordinated), 2925 (C-H), 1712 (C=0), 1650 (C=C),

1498 (O-H) bend, 1401 (C-O).

Elemental analysis (%) for CssHsaTbCINeO1s — found: C 40.23, H 5.05, N 7,85.

calculated: C 40.21, H5.06, N 7.82.
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4.5.4 TGA plots of the synthesized complexes
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Fig. 4.32 TGA plots of the dichloromaleimide ligands 4.1-4.5 and their europium(lll)

complexes 4.11-4.15.
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Fig. 4.33 TGA plots of the aminochloromaleimide ligands 4.6 and 4.8, and their
europium(lll) complexes 4.16 and 4.17, and terbium(lll) complexes 4.18 and 4.19.
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4.5.5 Fluorescence emission spectra of the

synthesized complexes
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Fig. 4.34 Solution-state fluorescence emission spectra of the ligands 4.1-4.5 and

their europium complexes 4.11-4.15.
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In this thesis, various maleimide-based fluorescent probes have been presented for
potential imaging applications. Maleimide-based fluorophores experience severe
guenching in the polar protic solvents. With the aim of enhancing their emissions, a
library of fluoroalkyl-substituted aminochloromaleimides and monoaminomaleimides
were synthesized. The effect of derivatization with the fluoroalkyl groups on the optical
properties of the maleimide has been discussed in Chapter 2. These small size, non-
invasive fluorophores displayed enhanced emissions in protic solvents as well as in
solid-state, providing an insight into the development of maleimide based dual-state
emission probes. These dyes can potentially be utilized to synthesize responsive
polymeric nanoparticles, for applications, such as disease diagnosis, surface studies,
etc. The fluorinated maleimide unit can be incorporated into the polymeric backbone,
through RAFT or ROMP polymerizations. These labeled amphiphilic polymers can
then self-assemble into drug-loaded micelles, to obtain responsive polymeric

nanostructures for bioimaging and therapeutic applications.

In Chapter 3, the scope was expanded from purely organic to organometallic
luminophores. The synthesis of the fluorescent half-sandwich transition metal
complexes has been achieved by coordinating with the maleimide ligands. The effect
of the complexation, on the optical properties of the maleimide, was also addressed.
The transition metal complexes have been widely employed for catalysis-based
applications due to their excellent redox properties, however it is difficult to visualize
their mechanism of actions (MoAs) due to the lack of fluorescence. The
electrochemical studies for these half-sandwich complexes showed an on-to-off
fluorescence switching as a result of electron transfer reactions. Such complexes could

serve as potential candidates for the imaging of catalytic processes that occur in the
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biological systems. These fluorescent half-sandwich maleimide complexes contain d®-
metal atoms that could catalytically generate reactive oxygen species, to restrict the
migration of tumor cells in biochemical systems, and MoAs can be monitored by using
fluorescence microscopy and flow cytometry. Further prospects of half-sandwich metal
maleimide complexes involve their efficient conjugation with biomolecules, such as
protein, peptides, DNA, etc., owing to the presence of reactive functionalities in the

maleimide.

Finally, for the purpose of achieving stable lanthanide metal complexes, and the
development of carboxylate groups containing maleimide ligands was presented. The
maleimide derivatives employed as chromophores enhanced the luminescence of the
lanthanides. The comparison of ligand- and metal-based electronic transitions provide
some basic insight into the luminiscence mechanisms involved. However, to design
future probes, useful for biomedical analyses and imaging, based on the current
lanthanide-maleimide system, more research and understanding of the driving forces

is required.
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