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Abstract

1. Abstract

Progress in research and chemical industry can be achieved with fundamental knowledge
about organic reaction mechanisms delivered by spectroscopy. Single-molecule methods
represent a new approach, which allow concurrent following of molecular processes and
different reaction pathways in one experiment!'-3. For these techniques, fluorophores can
be used which include reactive targets as part of the chromophore (“participant
approach”)B. In this work, such fluorophores are presented containing double or triple
bonds as reactive centers. Selective reactions at these structural motifs form new dyes with
different optical parameters. These changes in fluorescence wavelength are used for
reaction monitoring. Following the well-investigated epoxidation reaction by
hypsochromic emission wavelength shift, a new detection method was introduced™. Cu*
catalyzed azide-alkyne cycloadditions (CUAAC) firstly enabled reaction monitoring by a
bathochromic shift of fluorescence wavelength via expanding the fluorophore®. At last,
the metathesis reaction was visualized on single-molecule level. Therefore, a metathesis
reagent was synthesized, where the chromophore is located at a Ruthenium center as
carbene. This compound represents a multichromophoric, fluorogenic metathesis
intermediate®. Reaction monitoring with fluorescence methods ranging from ensemble
measurements to single-molecule experiments can only be enabled synthesizing

described fluorophore systems.

Fortschritt in Forschung und chemischer Industrie kann durch die genaue Kenntnis der
Mechanismen chemischer Umsetzungen mittels Spektroskopie erreicht werden. Die
einzelmolekilspektroskopischen Methoden stellen eine neuen Mdglichkeit dar, die es
erlaubt gleichzeitig molekulare Prozesse und verschiedene Reaktionspfade in einem
Experiment zu beobachten!?. Fiir diese Techniken kénnen Fluorophore benutzt werden,
die reaktive Gruppen als Teil des Chromophoren aufweisen®., In dieser Arbeit werden
Fluorophore vorgestellt, die Doppel- und Dreifachbindungen als reaktive Zentren besitzen.
Selektive Reaktionen an diesen Struktureinheiten bilden neue Farbstoffe mit
unterschiedlichen optischen Eigenschaften. Die neue Detektionsmethode wurde an der

gut untersuchten Epoxidierungsreaktion mittels Blauverschiebung der
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Emissionswellenldnge vorgestellt. Die Kupfer(l) katalysierte Azid-Alkin Zykloaddition
ermoglichte zum ersten mal die Reaktionsverfolgung durch eine Rotverschiebung der
Emissionswellenldange mittels Erweiterung des Fluorophoren™. Zuletzt wurde die
Metathese-Reaktion auf Einzelmolekiilebene visualisiert. Daflir wurde eine Metathese
Reagenz synthetisiert, das den Chromophoren an einem Ruthenium-Zentrum als Carben
angebracht hat. Diese Verbindung stellt ein multichromophores, fluorogenes Metathese
Intermediat dar®. Die Synthese solcher Farbstoff-Systeme ermoglicht die
Reaktionsverfolgung mittels Fluoreszenzmethoden von Ensemble- bis hin zu

Einzelmolekilexperimenten.
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2. General Part

2.1. Introduction

2.1.1. Single-molecule experiments for reaction monitoring

The information about reaction mechanisms can lead to fundamental improvements in
organic chemistry. Increased yield, selectivity or specificity can only be achieved, if all
reaction steps are known and understood. Accordingly, reaction conditions or catalysts
can be optimized achieving a more economical reaction balance®®®. Various spectroscopic
experiments® ' have been successful in identifying the transformation steps. Kinetic data
214 can be extracted by tracking the change of specific signals over time. Two different
techniques can be used identify the origin of these changes. Extrinsic methods require a
marker to be attached to the transformed molecule. Kinetic data can be obtained by
monitoring the marker molecule’s significant parameters (e.g. vibrational bands, NMR
signals, diffusion time...) as its environment changes during the reaction (“spectator
approach”)™l, |n an intrinsic method, the reaction monitoring system generally includes

specific reactive sides, which generate the required

~
o

signals (“participant approach”). The benefit of the

(2]
o

intrinsic method is that it permits the direct

correlation of transformation and experimental

Number of publications
o &

x O »u &K O O SignaIS“7‘2°].
FEREg R
figure 1: - Currently, the two most used spectroscopy tools for

Numbers of publications for in situ
reaction mechanism investigation for

every spectroscopy method. [applied  (figure 1)?". Both methods can be applied, if groups
from 7]

reaction monitoring are IR and Raman spectroscopy

with specific vibration signals are transformed.
The reaction progress can be visualized by the change of specific absorption bands (e.g. of
carbon-oxygen double bonds or amide bonds)®??. Other methods also exist, outside of
vibrational spectroscopy, which can be used for mechanistic investigations. Oxidation
states or coordinative states can be analyzed by XAS®". In NMR experiments, changes of
significant chemical shifts (e.g. 'H: carbene-H, alkyne-H, double bond signals or 3'P:
Phosphine ligand signals, etc.) are correlated with the reactions progress. Consequently,
information about the reaction steps and kinetics can be determined from the resulting

datal®*-!, UV-Vis absorption spectroscopy®?!is a related method. As part of this approach,
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a change in the component’s absorption bands is required during the reaction?'?1, An
entire reaction mechanism can be revealed through a combination of different
spectroscopic experiments!'82028],

Branching out from these common methods, reaction monitoring with fluorescence
spectroscopy represents a new approach. Ensemble measurements provide a summarized
view of a reaction*3% and the resulting kinetic data can be analyzed to reveal
applicability to single-molecule investigations. In microscopic experiments, one reaction
participant has to be immobilized which, in turn, represents the particular reactive side.
Single fluorescence signal traces of individual reactive centers can be monitored. Every
possible reaction trajectory can be visualized through the analysis of this data.
Furthermore, the frequency of each pathway and the transformations, which have taken
place, can be illustrated. Consequently, it is possible to determine fast upstream processes
or molecular changes (e.g. ligand diffusion, conformational reorganization, etc.) in the
formation of a reactive state. This information is difficult to obtain within a single
experiment, in conjunction with another spectroscopic investigation, due to time
resolution or missing experimental focus (e.g. missing specific marker). Single-molecule
fluorescence spectroscopy (SMFS) methods are analytical tools for the visualization of
complete reaction mechanisms. These investigations include all possible pathways within
a single experiment, on a molecule by molecule basis and as every chemist would wish for,
with high time resolution and statistical validation!33",

A well-characterized reaction-specific fluorophore system is required for single-molecule
experiments'3-53233 a5 complete structural information must be ensured for all possible
fluorescent states. Starting compounds, intermediates and products should be synthesized
separately and completely characterized (NMR, X-ray, MS, UV-Vis, fluorescence,...)!"**. The
single-molecule experimental setup can be configured (excitation lasers, emission filters,
dichroitic mirrors, etc.)®3-*¢ using the data obtained from optical spectroscopy. Structural
elucidation combined with appropriate fluorescence data enable single-molecule
fluorescence signal assignment to the molecular interpretation in reaction progress. For
these investigations, the fluorophore and the reactive group have to be connected. This

combination can be achieved via two different techniques:
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reactive side

chemical reaction
—_—

fluorophore

reactive side

scheme 1: Schematic visualization of fluorescent reaction monitoring systems:
A:"“spectator” and B: “participant” approach.

A. The fluorophore and the reactive molecule can be linked via an inert molecular
bridge (e.g. an alkyne chain). The fluorophore is not part of the reaction, he only
accompanies the reactants. Any fluorophore can be used as label. Reaction details
can be obtained using energy transfer processes like FOorster Resonance Energy
Transfer (FRET) between two fluorophores, fluorescence quenching, fluorophore
orientation or by changing parameters like diffusion time. This type of fluorophore
tagging is called the “spectator approach”® and is used in single-molecule
spectroscopy, indicating protein folding®”2¥, in-vivo enzyme kinetics®°*%, protein-
protein interactions™**, chemical processes®>#! or polymeric orientation64’]

(scheme 1 A).

B. The other possibility is the “participant approach” and is described in scheme 1 B.
The reactive moiety is included in the chromophoric unit. The regiospecific
reaction forms a new dye with different optical properties. Consequently, reaction
tracking is facilitated through gradually shifting spectroscopic parameters (e.g.

such as emission wavelength) as the reaction progresses (scheme 1 B).[>45>32],

Fluorescence reaction monitoring does not only require fluorescence labeling. The
different microscopic approaches utilize cover glasses where reactive centers or

fluorophores have to be immobilized. Therefore, physical absorption or covalent bonding
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can be used®”, Macroscopic networks like polymers or enzymes are located on surfaces via
Van-der Waals interaction. Reactive components can be located at the polymeric
backbone or side chains as reactive derivatization accessible for reaction partners (e.g.
azide functionalized agarose beads™)?2, Fluorophores, covalently bound onto the surface,
have to be attached via a chemical reaction. Silanes are most commonly employed for
surface functionalization because they can react with free hydroxy groups of the siloxane
in condensation reaction 48, These silanes comprise of the desired reactive moieties for
reaction monitoring, as different alkenes®™ or fluorescent, reactive dyes for “participant
approach",

Both immobilization strategies are used in single-molecule investigations®. Localization
via physical adsorption limits the experimental application because the addition of solved
reaction partners annihilates the Van-der Waals attraction®. Then, the adsorbed molecules
have the ability to diffuse away out of the adjusted focus. For this reason, monitoring
reactions of the same molecule is extremely difficult. This drawback can be circumvented
through the use of covalent bonding. The molecule is located at the surface, so the
addition or even exchange of reagents can be easily applied!>?%., The difficulty lies within
the siloxane preparation and the condensation reaction conditions due to the instability of
the introduced reactive groups.

The fluorophores administered require very specific optical properties. The optical
fluorophore characteristics required for single-molecule experiments*#°-" include a high
fluorescence quantum yield, high photostability, sharp absorption and emission bands
and large Stokes shifts. A large variety of usable dyes exist (scheme 2), which fulfill most of

the necessary requirements.
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HO 0. (o]
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coumarine k cyanine

scheme 2: A variety of fluorophores usable in microscopy and single-molecule experiments®?,

BODIPY dyes represent the best combination of all prerequisite factors (see chapter 2.3)53-
>3l Looking beyond the optical properties, the chemical access to this dye class is relatively
straightforward. The scaffold synthesis reveals moderate yields and a lot of chemical
transformations exist at the core. These dyes are highly soluble in organic solvents, are

unaffected by their environment and exhibit an uncharged chromophore®2°6->9,

2.1.2. Objective target

The chromophoric system is the most important element of a single-molecule reaction
investigation. The different optical properties of the fluorophores specify the existing
experimental setup and the known localization procedures limit their molecular structure.
Appropriate dye systems, which enable selective reaction visualization, are missing. The
biggest insights into transformations and the most data are achieved via the “participant
approach”. Therefore, appropriate, stable fluorophores are required.

The chromophores have to contain one side for immobilization and one selective, specific
structural motif, where the reaction can proceed. The starting compounds, intermediates
and final products of a reaction have to be synthesized separately, in sufficient quantity, to

assign optical properties (e.g. fluorescence wavelength) and structure.
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In this work, three different fluorescent systems were synthesized to investigate three
different reactions. The first one enables the monitoring of an epoxidation reaction, based
on the work of Alex Schmitt®®, Next, triple bond derivatized BODIPYs were used for the
investigation of Cu* catalyzed alkyne-azide cyclication (CuAAC). The starting compound
and corresponding triazole product were synthesized. Then, the structural information of
both molecules was estimated, so that their optical parameters could be compared. Both
emission maxima were separated enabling fluorescence reaction visualization of triazole
formation via Click reaction. The knowledge of both emission signals enabled the
assignment of starting substrate and formed product in microscopic reaction visualization.
A more complex system was developed for tracking the metathesis reaction, which
required the synthesis of the starting compound, the final product and a reactive carbene
intermediate of a cross metathesis. The isolation and characterization of the reactive
Ruthenium-BODIPYlidene metathesis reagent was the most challenging aspect of this
investigation.

The single-molecule spectroscopic techniques could be adapted for visualization of three
different chemical reactions using these fluorophore systems. These investigations
permitted the observation of different reaction pathways and the collection of missing

mechanistic information.

2.2, Reaction monitoring with fluorescent methods

Fluorescence methods were first applied to monitor enzymatic transformations®62, In
such studies fluorogenic probes were converted to strongly fluorescent molecules
(scheme 3 A)®3%4 Energy or electron transfer concepts provide another approach usable
for tracking (scheme 3 B)®>-¢’), Enzymes were immobilized on cover glasses and solutions
of reactive fluorgenic or profluorescent substrates were added. The reactive sides of
enzymes could be located and transformations could be visualized by analyzing
fluorescent bursts with their emission time trace®®, The ratiometric concept provides the
most important insights into reaction monitoring. At the catalytic center of the enzyme,
the chromophore is transformed during the reaction, which results in a different emission
wavelength. The relative change in emission intensity of both species reveal the associated

kinetic data®®”?.,
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In enzymology, these methods are often used because it is possible to identify the location
of the reactive centers and intensity-time analysis delivers the required catalytic turnover
rates. This approach has been established as the standard method for characterizing

enzyme activity and is now being transferred for use in the characterization of chemical

ratiometric

fluorescence
detection

reactions©®’",

fluorescence
enhancement

C

single-molecule
reaction monitoring
concepts

reactive
side

energy or electron
transfer
concepts

e.g. FRET

scheme 3: Different methods used for reaction monitoring in ensemble and single-molecule measurements.

2.2.1. Fluorogenic visualization concepts (scheme 3 A)

Reaction monitoring with fluorogenic probes only enables product formation signal
tracking. In this approach, starting compounds are non-fluorescent or the emission signal
is suppressed by transfer processes. During the reaction, this pre-fluorescent state is

discarded and a fluorescence signal is observed.
Ensemble measurements

Click reactions were often visualized by ensemble fluorescence enhancement methods”*
731, One approach involves the use of probes, which only exhibit fluorescence in the UV
range of the electromagnetic spectrum. They applied an alkyne functionalized 1,8-
naphthalimide, which slightly observes fluorescence in the UV region. These compounds
were coupled with a corresponding 6-modified fucose. Fluorescence increase was

established by formation of triazole moiety®.
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R N
R= — R2=  glycoproteins, N N

2
glycans N fucose OR:

scheme 4: Fluorogenic click reaction by Sawa et al.”®,

Another approach consists of quenching the substrate fluorescence using energy transfer
processes, e.g. in the click reaction””7®, The triazole ring is formed during the reaction,
which results in the emergence of a fluorescence signal. A Coumarine and a BODIPY

derivative served as chromophores.

* _—
X
Nj -

scheme 5: Fluorogenic click reaction with quenched fluorophores as starting compounds. Dirks et al. used
this approch for combination of a protein and a polymer compoundm].

Not only CuAAC reactions can be visualized through the application of fluorescence
enhancement methods. Metathesis can also be illustrated using fluorescence
enhancement. The first fluorogenic metathesis catalyst was synthesized by Plenio et al.”.
A chromophore was added to a Hoveyda-Grubbs catalyst to estimate the significance of
the release-return mechanism in olefin metathesis. The mechanism, investigated by
Hoveyda et al.®”, describes the formation of the reactive species of a metathesis catalyst

with a styrenyl isopropyl ether ligand in the initiation steps of the reaction.

10
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scheme 6: Release-return initiation mechanism for Hoveyda-Grubbs catalysts[go] adapted to the investigations
by Plenio et al.”,

Plenio et al. synthesized an analogue catalyst, where a quenched dansyl dye was located at
the carbenoide side (scheme 6)., In the first initiation step, the coordinately attached
carbene ether was released via an exchange though the olefin compound. The ligand
separation from the metal center restored the fluorescence of the included dansyl
chromophore. A fluorescence signal could be detected (scheme 6 “release”). Through this
ligand separation, a reactive 14 valence electron complex was formed. This reactive
species entered the catalytic cycle and performed a metathesis reaction (scheme 6
“catalytic cycle”). According to Hoveyda, the unreactive catalyst state was restored by
rearrangement of the benzylidene ether ligand. This behavior should reduce the emission
signal from dansyl dye in fluorescence analysis due to re-approved quenching (scheme 6

“return”).

u.

b)

1500

1000+

0
f=1
2

fluorescence intensity /a

.__.a}

0 120 240 360 480 600
' min

figure 2: Fluorescence intensity behavior of Penio’s metathesis catalyst in ensemble measurements:
a) in toluene solution b) during RCM [traces applied from [79]]
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Similar signal behavior was not found in the aftermath of the metathesis reaction. Instead,
the fluorescence intensity remained almost constant (figure 2 b). Consequently, the return
mechanism seemed not to be as revalent in the reaction mechanism?.,

The monitoring of reactions using fluorogenic methods are not limited to use in ensemble

measurements. Single-molecule investigations also exist using the same approach.

Single-molecule investigations

Roeffaers et al. visualized first reactions with a fluorogenic reaction system®®. A catalyzed
ester hydrolysis and a transesterification reaction were both monitored using hydroxide
crystals. Fluoresceine diacetate served as a fluorogenic probe and a lithium-aluminium-
hydroxide single crystal fulfilled both the roles of a catalyst and an immobilized reactive
side. Analysis of the appearance of single bursts, revealed that transesterification reactions
are catalyzed at the outer crystal plane instead of hydrolysis, which is catalyzed by lateral
crystal faces®el,

Esfandiari et al. investigated the ligand exchange at a platinum metal center with a pre-
fluorescent probe?’. They synthesized an aqua platinum complex including a BODIPY
chromophore. This molecule could react with a sulfur-functionalized surface to permit real
time imaging of a Pt-S ligand exchange. Variations in the ligand sphere were made visible
by the emerging fluorescence. A cover glass was surface-substituted containing
alternating stripes, one with and one without sulfur. After the addition of the platinum
complex, the sulfur molecules transferred to the palladium metal and were bound to the

surface. Excitation revealed single-molecule fluorescence (figure 3)?,

29 um _29pum_
10
5
0nm
-5
10
region without region with Pt-S unfunctionalized thiourea
bond formation glass functionalized

glass

figure 3: Single-molecule experiment for visualization of H,0 - S ligand exchange at Pt complexes [applied
from [29]].
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Hofkens, Roeffaers and coworkers published a fluorogenic approach for detection of an
oxirane formation'?. This group presented the epoxidation of a BODIPY double bond via
tert.-butylperoxide, which was catalyzed by Ti-MCM-41 (a mesoporous titano silica
supporting material). They synthesized a phenyl-butadienyl-substituted BODIPY probe,

which could be epoxidized at two alternating double bonds (figure 4).

A =583 nm
Ao’ =596 nm P

Ape =508 nm
Ao =515 nm

o
\ N N
e

AM* =537 nm

abs

+ Lot =543 nm

tert-Butyl-OOH

A
B

figure 4: Epoxidation of phenylbutadienyl-BODIPY with tert.-butylperoxide catalyzed by Ti-MCM-41.
[adapted from ]

Epoxidation shortens the chromphoric unit resulting in a hypsochromic fluorescence
wavelength shift of about 50 to 80 nm. Visualization via total internal reflection
fluorescence (TIRF) microscopy was established by locating the peroxide containing
supporting material on a cover glass surface. The focal plane was investigated by
suppressing emissions from catalytic events at its top or bottom. Detection of the epoxide
product formed, using fluorescence enhancement, revealed the active side of the Ti-MCM-
41 catalyst. The investigations showed that product formation mainly takes place at the
outer sphere of a Ti-MCM-41 particle®®,

Pre-fluorescent methods can also be used to determine molecular orientation. Mecking et
al. established the synthesis of a Hoveyda type metathesis catalyst by including a
fluorescence label. The perylene diimide tag is located at the aryloxy moiety, which is
transferred onto the reactive partners. This catalyst was used for synthesis of polyethylene
nanoparticles. In the last step, the perylene moiety is transferred onto the polyethylene
chain. Using defocus patterns in single-molecule analysis, the orientation of the

nanoparticles can be estimated (figure 5)%2,
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figure 5: PE nano crystal synthesis using perylene diimide substituted metathesis catalyst.
[applied from 7]
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Fluorescence enhancement methods only deliver information about specific reaction
steps depending on the tailored pre-fluorescent system. Complete monitoring from the
initiation to final product formation cannot be examined in its entirety. A more detailed

insight into reaction behavior can be achieved using physical processes.

2.2.2. Reaction monitoring using physical processes between a fluorophore and a second
component (scheme 3 B)

Different physical interactions can be observed between a fluorophore and another
compound. The fluorescence signal of two fluorophores depends on their distance and
their spectral overlap. Resonance energy transfer (RET) occurs (figure 6 top); if both
molecules are spatially close and their optical bands exhibit spectral overlap. This
interaction relies on the physical phenomenon of dipole - dipole interaction between a
donor (D) and an acceptor molecule (A). The donor molecule D is treated as an oscillating
dipole, which starts oscillating after absorbing light energy. A second dipole with a similar
resonance frequency represents the acceptor molecule (A). This second molecule
oscillation is initiated via interaction with the first one. As a result, the emission signal of
the acceptor molecule A is observed. Such energy transfers occur without the appearance

of a photon. RET is also known as Forster resonance energy transfer (FRET)®,
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figure 6: Comparison of resonance energy transfer (RET) [top] and photoinduced electron transfer (PET)
[bottom]®3,

Fluorescence quenching can occur via a photoinduced electron transfer (PET) from an
electron donor to an acceptor (figure 6 bottom). In contrast to RET, this mechanism
involves the transfer of a particle between two components. An electron of the donor
molecule is excited into the LUMO by light absorption. This electron is transferred in the
acceptor LUMO, which contains a similar orbital energy (figure 6 bottom). Generally, a
fluorophore acts as acceptor and no fluorescence can be observed because of missing
relaxation possibility. If the fluorophore is an electron rich compound, it can also act as a
donor. In this case, no emission signal can be detected because of the missing electron
(photooxidation)®, which has already been transferred.

Compared to fluorescence enhancement methods, resonance energy transfer or
photoinduced electron transfer approaches enable monitoring of reversible reactions or
processes. Therefore, these concepts are often used in biology to visualize active center
coordination dynamics, different protein folding states or molecular information by
distance measuring®-", Various examples of these methods have been transferred for use

on chemical processes.

Ensemble measurements
Blum et al. used transfer processes for quantification of ligand exchange at Pt

complexest?, Two different functionalized fluorophores were synthesized, a green FRET
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donor bearing a diphenylphosphine moiety and a red FRET acceptor with an allylchloride

ligand. These compounds were used for synthesis of a bis-allyl BODIPY palladium chloride

dimere. This palladium complex was mixed with the FRET donor and an exchange at the

metal center was established. The optical properties of both chromophores were not

influenced by palladium. A decrease in intensity of the green and an increasing intensity of

the red BODIPY was observed by monitoring the intensity signals of the two BODIPY

chromophores. This observation resulted from the proceeding FRET and consequently, the

ligand exchange rates could be determined (figure 7)2% from this data.
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figure 7: Allyl-phosphine ligand exchange investigation using FRET on palladium complex -
A: Addition of green BODIPY achieving full exchange and maximum signal intensity of red BODIPY;
B: Theoretical maximum intensity for full ligand exchange;
C: Stepwise addition of green BODIPY showing correlated intensity increase of the red BODIPY;
D: Blank experiment. [traces applied out of 5]

16




General Part

Single-molecule investigations

Another approach towards single-molecule reaction dynamic analysis via electron transfer
processes was presented by Herten et al.?>#, This involved a fluorophore and a Cu?*
binding ligand being immobilized on a surface with a DNA backbone. Consequently, the
fluorescence signal intensity trace could be monitored until photobleaching. Fluorophore
and ligand were in close proximity, so coordinated Cu?* induced fluorescence quenching.
The emission time trace of single reactive centers visualized reversible association and

dissociation behavior by continuous switching fluorescence intensities (figure 8)1*.,

SiO, surface

figure 8: Single-molecule analysis of Cu?* - Bipy bonding behavior with photoinduced electron
transfer. Single-molecule timetrace with appropriate signals are illustrated in the middel of the figure.
[traces applied from 5],

Energy or electron transfer approaches provide an overview of a reversible reaction.
During these transformations, specified systems can reveal single molecular processes.
Complete reaction monitoring including formation of a reactive state or an intermediate
could hardly be analyzed. Therefore, ratiometric probes are needed, where the

fluorescence signal is directly correlated with the reaction process.

2.2.3. Ratiometric single-molecule reaction monitoring (scheme 3 C)

Fluorescent probes used in conversion experiments show a direct change of the emission
signal from the first compound into the signal of the second, characterized by an isosbestic
or isoemissive point. Therefore, a fluorophore has to be converted at a reactive side or

intermolecular effects like FRET have to be used.
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Ensemble measurements

Such intermolecular effects between two fluorophores were used by Hensle et al. for
visualization of gold catalysis in ensemble measurements. A FRET pair bridged with a triple
bond and a functional side for cyclization was synthesized. Adding Au catalyst, a
cyclization reaction cleaves the two chromophores and consequently, the energy transfer
ceases to continue. The green fluorescence signal increases and the reaction can be

observed by monitoring ratiometric changes in the signal (figure 9) ®2.

FRET
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figure 9: Visualization of Au catalyzed cyclization using FRET [traces applied from 7],

Another ratiometric technique, which involved visualizing the CuAAC click reaction was
provided by Bunz et al.®®. Different diethynylbenzothiadiazoles were synthesized
observing a fluorescence emission signal near Aem = 440 nm. Click reaction with different
PEG azides elongates the chromophoric unit and shifts the emission maximum
bathochromically about 65 nm to the green region of the electromagnetic spectrum (Aem=
510 nm). These PEG substituted ditriazolbenzothiadiazole serve as water-soluble
chromophores for ion detection by fluorescence quenching and ratiometric absorbance

shift®3,
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Single-molecule investigations

The first ratiometric reaction visualized on single-molecule level was the photooxidation of
terrylene®. Terrylene was immobilized into a p-terphenyl crystal to gain insight in the
process of photobleaching. The fluorescence intensity time traces of single terrylene
molecules were analyzed in different atmospheres (air, oxygen, argon). Several time traces
were extracted and showed that the “on” times of the fluorophores decreased with
increasing oxygen concentrations. In air, single-molecule analysis revealed an abrupt
decrease of the terrylene fluorescence signal. After a dark state a brighter fluorescence
returned. The fluorescence spectra, revealed a blue shifted emission signal (figure 10) both
before and after the observed dark state. This shift was explained by photooxidation of an
aromatic double bond in terrylene, forming a non-fluorescent endoperoxide followed by

rearrangement to the final fluorescent diperoxide (figure 10)132.
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figure 10: Photooxidation on single-molecule level visualized by Basché et al [graphs applied from 57],

A similar outcome was reached by Vosch et al. in photooxidation experiments of
terrylenediimide (TDI)®¥. This compound was immobilized in a polystyrene film and
investigated on single-molecule level. Excitation with laser light at Aex = 633 nm showed
single-molecule fluorescence. In the next step, this area was photobleached (Aex = 633 nm,

16 kWcm™, 1s per pixel). Analyzing the same section with an excitation wavelength of Aex =
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480 nm, a single-molecule fluorescence with a hypsocromic shift about AN = 80 nm was
observed again (figure 11). Emission spectra of single pixels revealed multiple species
hypsochromic shifted with excellent photophysical properties®?. These products resemble
smaller analogues of perylene dye class, such as PDI or PMI, which are formed via photo

oxidation.

480 nm excitation

633 nm excitation
Lo P {

after bleaching

/ TDI emission
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figure 11: Ratiometric photooxidation of TDI to perylene analogues visualized on single-molecule level and in
ensemble measurements [applied from ©4],

Therefore, a ratiometric photooxidation reaction was observed on single-molecule level
which was also validated via ensemble measurements.

Ratiometric reaction monitoring systems enable simple data interpretation because
fluorescence signals are directly correlated with the reaction progress. So, the relative data
reveal kinetic parameters such as conversion rates. On single-molecule level, the optical
separation of the starting compound and the product facilitate reaction monitoring with a
multi-channel setup. Unfortunately, the number of usable, selective chromophores for
such investigations is limited.

Fluorescence methods can provide insight in different reaction types depending on the
specific test system employed. Fluorogenic concepts only enable the visualization of
individual reaction steps as opposed to the complete transformations. Further insight into
reaction dynamics can be provided using fluorophore systems, which observe transfer
processes like FRET or PET. It is not possible to analyze the entire reaction with a single
fluorophore system with such approaches in a single experiment. Ratiometric probes show
the possibility to correlate conversion with emission signal behavior. Therefore,

fluorophores have to be part of the reaction, as shown in the epoxidation of terrylene.
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Ensemble experiments only produce averaged data from the reaction progress. As a result
of these investigations, the application of a fluorophore system on single-molecule
experiments can be estimated. Single-molecule methods facilitate a detailed view of the
transformation mechanism. Immobilized fluorophore, which contain specific sides where
the investigated reaction can proceed, are required. The alternation of optical parameters,
such as the changes to the fluorescence wavelength during transformation, combined
with a convenient experimental setup, allows reaction monitoring on single-molecule
level.

Such investigations enable a detailed determination of reaction mechanisms including
association and dissociation processes without various experiments. A major benefit of this
approach is that there is a relatively high time resolution, e.g. fluorescence methods even
can resolve proton transfer reactions®-"). Consequently, processes could be observed,
which were not possible via other methods such as NMR. Using a proper fluorophore
system, nearly all possible reactions trajectories can be investigated. The frequency of
different events provides a statistical validation of the particular reaction pathway. The
sensitivity of this method facilitates a precise examination of the reaction because the
behavior of every single molecule is observed. Consequently, a transformation can be
completely characterized including all its possible trajectory pathways. The necessary
kinetic information can be extracted by means of reaction time traces. Single-molecule
reaction analysis provides a powerful tool for mechanistic investigations to visualize
specific transformation states. For a detailed chemical interpretation and verification of the
data obtained, further structure elucidating tools should be included during analysis.
Therefore, usable dyes with specific characteristics are required. In the next chapter,

chromophores, which can be used for such experiments are summarized.
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2.3. Fluorescent dyes

Most fluorescent organic molecules are characterized by a delocalized n-electron system
containing small HOMO - LUMO gaps. Electrons can be excited from HOMO to LUMO

using light absorption and return to the former state emitting a photon®°¢,

2.3.1. Fluorescent dye classes

The structural motifs of most fluorescent dyes contain alternating double bonds and fused
unsaturated ring systems. The resulting different molecular structures enable a
classification of the dyes. Some of these fluorophore families are listed in figure 12, where

the number of synthetic publications is correlated with their use in single-molecule

applications.
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figure 12: Quantitative visualization of a Web-of-Science research - number of synthetic publications for

different dye families correlated with citation frequency in single-molecule investigations visualized by filled
99
[ ]].

area combined with corresponding emission energy [applied from
The major synthetic access is found for fluorophores emitting high energetic photons
(Stilben, Fluorene, Pyrene, Anthracene). In contrast, these molecules exhibit a minor
application in single-molecule studies due to high background fluorescence at these
excitation wavelength. These unwanted signals are caused by impurities and scattering

effects in the blue region of the electromagnetic spectrum. In addition, these dyes mostly
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have inappropriate optical characteristics for single-molecule investigations'%?, Terrylene
or Pentacene, as orange emitting fluorophores and photophysically stable dyes, are
similarly restrictive in their use, because of their limited synthetic approaches. There is
currently no possible way to synthesize such molecules, so that they can be tailored for
specific reactions. The favored dyes in single-molecule chemistry show a fluorescence
signal with larger wavelength compared to the blue region of the electromagnetic
spectrum. These fluorophores exhibit a large Stokes shift, a high brightness (¢ > 50000
M’'cm™, QY > 0,1), a high photostability, low aggregational tending and various formation
and transformation abilities facilitating structural elucidation®2%, The dyes with the
highest application tendency in single-molecule chemistry consist of Perylene, Coumarin,
Cyanine, Fluorescein, Rhodamine and BODIPY dyes®. A comparison of these favored

chromophores is listed in table 1 and further discussed.

table 1: Comparison of different fluorophores with their characteristics suitable for single-molecule
applications according to literature and experimental experience (+ approproate, o moderate, -
inappropriate).

Ad synth. chem. purifi- AN pH solu-
QY PS
SM access modif. cation react. sens. bility
+ + + - - -
Perylene - - -
[101] [102,103] [102] [104] [105] [106]
-/o o + + o) +
Coumarin + - +
[107] [108,109] [110] [111-114] [52] [108]
+ o + + ) o
Cyanine o} - o
[115] [115] [116,117] [52] [115] [118]
Fluores- o} +/0 o + + o} +
+ o
cein [119] [120,121] [122] [52] [52] [123-125] [125]
Rhoda- + + + + + o -
+ o
mine [126] [126,127] [128,129] [52] [128,130] [131] [129]
+
o + + + + -
BODIPY (133,135 + +
[132] [133] [134] [138] [4] [139]

137]

Perylene dyes (scheme 7) exhibit excellent quantum yields"%2'%! and photostabilities!%%.

Furthermore, an ideal optical detection window proposes their usage in single-molecule
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investigations. Any pH sensibility is not observable because of absent functionalities. A
problem of these dyes is their inconvenient solubility in most solvents!'%! because of n-m
stacking and formation of J-aggregates?., Furthermore, synthetic access is very limited"®,
Substitutions only include bromination at the perylene core or different moieties at the
nitrogen or oxygen positions in case of perylene-diimides®., Therefore, synthetic access
for cross-coupling reactions is possible but restricted purification procedures complicate
the isolation of a single species, required for single-molecule investigations.
Transformations at the chromophore don’t induce great spectral changes in the emission
signals because small size variation at a large chromophore doesn’t show a great impact

on the energies of the valence orbitals.

R = long alkyle chains

scheme 7: Different Perylene dyes.

Coumarin derivatives (scheme 8) can be synthesized by numerous different reactions.
Common purification methods enable isolation of a pure compound™'-'"%., As laser dyes,
these fluorophores reveal high photostabilities"®% but only moderate fluorescence
quantum yields"'%, Compared to other dye classes, only few transformations exist after the
establishment of the chromophore®?. These dyes are soluble in the most solvents. In a
protic environment, a sensitivity to pH is observable®®. Furthermore, the emission bands
of these dyes are generally quite broad compared to other fluorophores. Optical
separation of the maxima of the different species e.g. in ratiometric conversion is

complicated.
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scheme 8: Different Coumarin dyes.
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Another dye class, the Cyanine dyes (scheme 9), are often used as laser dyes, which
exemplify their excellent photostability!'®'"”], Different synthetic routes for chromophore
formation are published®, but synthetic modifications at the core are limited!'. Most
derivatives exhibit a moderate quantum yield""® because of their flexible, alternating
double bonds. They are used as pH sensors, which illustrate their characteristic pH
sensitivity''®, The dyes exhibit moderate solubility and purification properties, which
restrict their access through synthetic means. Additionally, small structural changes to the
chromophoric unit in an examined reaction, exhibited very little influence on the optical
parameters due to the size of the molecules.
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scheme 9: Different Cyanine dyes.

Fluoresceine dyes have various possible strategies for chromophore formation or post-
modification®” combined with changes in optical parameters suitable for optical
separation. Moreover, crystallization is a typical work-up procedure for Fluoresceins
enabling structural elucidation (scheme 10)'3-%1, Moderate quantum yields!"?*™" and
photostabilities''?? were found for different derivatives. The solubility of these dyes is
limited to polar solvents depending on how they are modified. This behavior complicates
chemical purification. These dyes are often used as fluorescent pH sensors, revealing their

proton sensitivity!,
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scheme 10: Different Fluorescein dyes.

Rhodamine derivatives (scheme 11) are structural isomers to fluoresceins. They are
preferred to fluoresceins in single-molecule spectroscopy because of their excellent
fluorescence quantum yield™?%'?”) and their photostability?'>!, Their emission range is
located between orange and red in the visible light spectrum and changes in the
chromophoric unit make the emission band suitable for optical separation. Similar to
fluoresceins, the synthetic access® and the chemical post-modification properties!'?%13%
have been thoroughly investigated. Rhodamines show a reduced pH sensitivity compared
to fluorescein derivatives®. Their use is undermined by its molecular charge, which limits
its potential solubility. This molecular characteristic complicates the work up procedures as
well. Most of the different species could only by separated by crystallization, which

requires greater amounts of substance!"’,
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scheme 11: Different Rhodamine dyes.

BODIPY fluorophores (scheme 12) exhibit high fluorescence quantum yields"*3! combined
with a high photostability™**. The chromophore can be easily synthesized'*3'35-1371 and
modified"*® after chromophore formation. These dyes can be dissolved in nearly all
organic solvents. Therefore, typical organic purification procedures facilitate single
compound isolation. Structure elucidation is easily reached, as these fluorophores form
excellent crystals for X-ray determination®. The fluorescence range lies between green and
red®, depends on modifications and is unaffected by the proton concentration. Excitation
of green compounds can sometimes show increased background fluorescence in

comparison to rhodamines because of the optical detection window®™..

scheme 12: Different BODIPY dyes.

The use of the different fluorophores depends on the respective scientific target. The
Coumarin derivatives mainly emit in the blue region of the electromagnetic spectrum
(figure 12)"3. Hence, the successful realization of single-molecule experiments is quite
difficult to accomplish because of perturbing background effects caused by high
excitation energies. The other fluorophores exhibit adequate emission signal ranges.
Perylene derivatives exhibit favored optical properties but their synthetic and clean up
limitations disfavor their usability in single-molecule approaches. Cyanin chromophores

are more easily synthesized as Perylene compounds, but the poor post-modification and
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isolation properties also restrict their potential use. Fluorescein derivatives allow post-
modification and easy structural determination, but their spectral characteristics are not
optimal. Therefore, rhodamines dyes, which are the most stable analogues to fluoresceins,
could be used in such experiments. A limitation resides in the difficult chemical cleaning
procedures required to establish a usable clarity for single-molecule investigations.

BODIPY dyes offer the best alternative to the presented fluorophores for single-molecule
reaction systems. Different synthetic approaches, modification possibilities and work up
procedures exist for tailoring a fluorophore with the ideal optical characteristics in the
required purity. Therefore, BODIPY dyes are used as fluorophores for the detection systems
in further single-molecule reaction monitoring experiments. A closer look at their synthetic

approaches and their chemistry is illustrated in the following section.
2.3.2. BODIPY dyes

Treibs and Kreuzer first described these fluorophores in 1968, The symmetrical core
contains four different positions, a, 3, y and meso (appropriate numeration according to

scheme 13), which can be used for functionalization*'42-1441,

scheme 13: Glossary of BODIPY positionsP#'42-144,

Optical properties

Influence of electronic effects on fluorescence

These small molecules offer interesting optical characteristics for microscopic and single-
molecule applications. Beside high fluorescence quantum yield™, high photostability!'**,
sharp fluorescence peaks'' and small Stokes shift!*®, they are insensitive to pH and
polarity14l These qualities explain their use in cell markers', fluorescent
switches™#9 light harvesters!™?, cation sensors!*" and in many more applications™?, In
solution, they resist aggregation and their uncomplicated chemical access facilitate the

synthesis of specific fluorophores required for reaction monitoring®*.
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The optical properties of the BODIPY dyes can also be changed by chromophore
substitution. Different groups can be introduced, which influence the electron density in
the ground state So and the excited state S;, via inductive or mesomeric effects, depending
on their positions"*3. If the S, state is stabilized via charge transfer, the LUMO energy level
is lowered, so that the energy gap between HOMO and LUMO is reduced. This behavior
results in a bathochromic shift of fluorescence signal (scheme 14). Taking the opposite
approach, the electronic effects stabilize the ground state and the energy of the HOMO is
lowered. Consequently, the difference between HOMO and LUMO is increased resulting in

a hypsochromic fluorescence wavelength shift!'>3!,

+
N .N

N
F/ \F

Aem =504 nm Aem =531nm
solvent MeOH solvent MeOH solvent MeOH

Mem =581 nm

scheme 14: Different substituted BODIPYs show substitution influence onto the emission wavelength. The

influence depends on the substitution position[m].

Extending the m-system of BODIPY dyes via unsaturated and/or aromatic groups, the
HOMO and LUMO orbitals of the BODIPY and the substituent are conjugated. This
connection leads to a smaller energy differences between the ground and the excited
state and results in the observation of a bathochromic fluorescence shift (scheme 14). Such
an influence on the orbitals depends on the environment of the chromophore (solvent,

impurities...) and the substitution position['>3154,

Influence of substitution position on fluorescence

Derivatization on q, 3, y or meso position has a different influence on the HOMO and LUMO
orbitals of the BODIPY compound. Therefore, the substitution position has to be chosen
carefully, in order to produce the required change in optical properties. In scheme 15,
different meso substitutions are shown, which can have a restricted influence on the

optical properties, depending on the group-'*8 used.
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Aem=516nm Aem =504 nm Aem =508 nm
solvent EtOH solvent MeOH solvent MeOH

scheme 15: Different BODIPY derivatives showing substitution influence onto optical properties!>>'>%,

The influence of a substitution at positions a, B or y was examined in conversion
experiments using the appropriate synthesized alkyne BODIPYs. These dyes were
transformed via click reaction to the corresponding triazole compounds. The positional
influence on optical properties can be visualized (scheme 16) with this substitution. The
starting compound for a and y differ slightly in their emission wavelength (AN =4 nm) and
both show a typical sharp BODIPY peak form. The 3-ethynyl compound possesses a larger
bathochromic shift compared to the other derivatives (ANias= 12 nm; Alayg= 8 nm), but
this species contains much broader spectra (ANewHm acompound = 22 NM <> ANewm  compound =
42 nm) compared to the structural isomers.
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scheme 16: Analysis of BODIPY’s fluorescence properties via reaction monitoring upon substitution on
different BODIPY core positions.

Transformation of the alkyne to triazole moiety induces a bathochromic shift in
fluorescene wavelength due to the elongation of the HOMO and LUMO orbitals and the
corresponding energy gap attenuation. Using a-ethynyl BODIPY, a ratiometric change in
emission signal via an isoemissive point is observed as containing distinct spectra. These
optical properties facilitate both kinetic data extraction and reaction monitoring.

In contrast to the a-isomer, the conversion of y-ethynyl BODIPY to the corresponding
triazole does not show a change in fluorescence wavelength. The decomposition rate is
much slower compared to the other components. The intensity of the emission band is
reduced due to the BODIPY’s decomposition. Analyzing fluorescence lifetime shows an
increase from 4.7 ns to 5.7 ns, which is comparable to previously published results®®. This
observation is an indication of a proceeding reaction, but the starting compound and the
final product can not be spectrally separated, because of a weaker interaction between the
valence orbitals of BODIPY and alkyne moiety. As a consequence, no further reaction
visualizations are possible with y-substituted BODIPY’s.

Similar to the a-substituted fluorophore, the formation of the 3-triazole BODIPY could also
be monitored by a small bathochromic shift. In contrast to the a- and y-BODIPY, the
spectra became much broader (AAewsm = 42 nm > 60 nm). These optical parameters
circumvent kinetic data extraction because of a wide spectral overlap of both species.
Therefore, a-substituted BODIPY derivatives, with their convenient optical properties, are
the best reactive dye alternatives in fluorescence reaction analysis.

These investigations were confirmed by Shen et al. using different optically characterized

distyryl-substituted BODIPYs (scheme 17)15,
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Aem =508 nm

solvent MeOH

habs = 629 nm habs = 575 nm
Aem = 641 nm Aem =633 nm
¢ =0.59 ¢ =0.01
solvent toluene solvent toluene

Aabs = 582 nm
Aem =603 nm
solvent toluene

[159]

scheme 17: Influence of BODIPY core substitution on different postitions

As seen before, these results clearly show, that the a position can cause a sufficient
bathochromic shift and results in the maximum brightness level. Therefore, derivatization
at this carbon atom is the most suitable side for derivatization chemistry at the BODIPY

core.

Chemical access

BODIPY dyes can be synthesized via three different ways:

A. Unsymmetrical BODIPYs are prepared by carrying out an acid catalyzed condensation
reaction of a pyrrole carbaldehyde with a second pyrrole compound. Forming the
dipyrromethene scaffold, deprotonation and complexation produces the required

compound (scheme 18)5%,

32




General Part

1. POCI, or TFA

ZT

2. NEt,, BF;0Et,

\ /

R2 R3

R1 - Ré = alkyl, aryl,
halogen
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T
+
2
2
—
zT
S
Y

R6

scheme 18: Synthetic approach to unsymmetrical BODIPY compounds[53].

B. Symmetrical BODIPYs can be formed via the condensation of a pyrrole compound
with an aromatic aldehyde, acid or acid chloride under formation of corresponding
pyrromethene precursor. Subsequent oxidization, deprotonation and complexation,
with boron trifluoride diethyl etherate yields the required BODIPY chromophore

(scheme 19)B3!,

o]

PR

N
R R4 X
2eq. >
\ / R? - R3 = alkyl, aryl,
halogen

R? R? R4 = alkyl, aryl
X=H, OH, CI

[53]

scheme 19: Synthetic procedure forming symmetrical BODIPYs

C. Another synthetic pathway for symmetric BODIPYs is described in a condensation
reaction of two pyrrole carbaldehydes. In a one-pot condensation-decarbonylation
reaction, the corresponding dipyrromethene is formed. After deprotonation and

complexation the chromophore can be isolated (scheme 20)1¢%,

o 1. POCI; or TFA
H
N,
R 2. NEt3, BF;0Et,
2eq \ / H
R1 - R = alkyl, aryl,
R2 R3 halogen

scheme 20: Synthetic procedure forming symmetrical BODIPYs using pyrrole carbaldehydesuGO]_

Using these synthetic routes, BODIPY scaffolds can be formed and the desired groups for
further transformations can be introduced. Route A only yields unsymmetrical
fluorophores without substituents in meso position. This synthetic access is the most
suitable for BODIPY derivatives, used for reaction monitoring, because only one reactive
moiety in a position can be formed. Double transformation or side reactions at a second
reactive center (created in B and C, both with and without, substitution in the meso

position) are prevented.
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Introduction of chemical groups at the BODIPY core

BODIPY dyes can be transformed using nucleophilic substitutions, Knoevenagel
condensations or cross-coupling reactions®*68161-163 " Metal catalyzed transformations
provide efficient synthetic tools for derivatization of molecules, especially BODIPY
dyes3>164165] Therefore, halogenated precursors are needed. The bromination potential of
BODIPY compounds was investigated by Jiao et al. using meso phenyl BODIPY!¢¢l, This
compound was transformed with different amounts of bromine, yielding the subsequent
brominated species. One [-position is substituted with 2 equivalents of bromine.
Increasing the amount of bromine, further sides can be substituted until every free
position at the BODIPY core is derivatized (scheme 21). These investigations visualize the

reactivity at the formed BODIPY core (3 > a >y)!"e,

N
F/ \F

3eq.Br,

.
6 eq. By F \F 300 eq. Br,

Br

F/ \F

Br

scheme 21: Bromination of BODIPY scaffold*®®,

a position

The most commonly used derivatization of BODIPY dyes takes place at positions 3 and 5
(scheme 13). Preventing  substitution (scheme 21), direct halogenation at these carbon
atoms, is only possible by using the uncomplexed dipyrromethene core®®, Treatment with
NCS or NBS successfully produces the symmetrical double halogenated compounds.

Subsequent oxidation, deprotonation and complexation form the desired fluorophore®®. If
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unsymmetrical, mono-halogenated BODIPYs are required, the synthesis of the
corresponding pyrrole compounds is necessary. Bromination of pyrrole and the
subsequent formation of a carbonyle group, provides the synthetic building block
required for the construction of unsymmetrical halogenated BODIPYs. This conclusion was

also reached in a publication by Leen et al. (scheme 22)®658167],

@ NBS Br\@N/ acylation Brw . \{z

1.POCI,

2. NEt,, BF,0Et,

scheme 22: Formation of single a halogenated, unsymmetrical BODIPYs according to Leen et al.>**8,

B position
Functionalization at positions 2 and 6 seem much easier. Treatment with bromine (scheme
21) or iodine monochloride leads to selective halogenation. This procedure was presented

by Ziessel et al. (scheme 23)[168,

ICI

scheme 23: lodation of BDP 546 in 3 position[168].

Another halogenation approach involves the use of iodic acid and iodine. Yogo et al. used
this method in their investigation of singlet oxygen production® to achieve the
iodination of the tetramethyl BODIPY in (3 position.

If unsymmetrical BODIPYs are needed, the synthesis of the appropriate pyrrole is
necessary. Leen et al. synthesized 4-iodo pyrrolyl methylketone for the purpose of B-iodo

BODIPY synthesis (scheme 24)5658170],
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) — \Q

1. TFA

2. NEt,, BF,0Et,

+
N .N

N
F/ \F

scheme 24: Synthesis of unsymmetrical halogenated BODIPY %8170,

y position

BODIPYs with substituents at the y position are rarely used because of their limited
synthetic approach. Only a few examples are known. In these examples, the 1 and/or 7
position at the scaffold is directly substituted. If selective derivatization in y and Yy’ is
required, other positions have to be protected with inert groups. Then, halogenation at

these carbon atoms can be established (scheme 25)1'7",

ICI
—_——

MeOH /DMF - 1:1

scheme 25: lodation of y position[m].

Jiao et al. presented another possible approach involving the use of 300 equivalents of
bromine (scheme 21)1"¢, BODIPYs functionalized in y position without any protective
groups can only be achieved, if suitable pyrrole molecules are available in the scaffold
formation process. So, 5-bromo pyrrole can be synthesized using bulky protective groups
at the nitrogen atom to block the ortho positions. Further treatment with NBS leads to
unselective formation of the target compound!®”'72, Then, the required fluorophore could

be subsequently formed with the synthesized building block (scheme 26).
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- 3 H
RN / 2. NEt;, BF;0Et, N
-<
-
H
R = alkyl, aryl \ /

Br

scheme 26: Synthetic route to y brominated BODIPY compounds.

Cross-coupling reactions using BODIPY dyes

The previously presented reactive compounds could also be converted using cross

coupling reactions (scheme 27)P658163],

Heck Suzuki
coupling coupling

e

X
TMS R1
Sn(Ph
// X=H,Br,1 (Ph)s
R1, R?, R® = H, Me, Ph
R3
RZ

Sonagashira Stile
coupling coupling

scheme 27: Overview of different cross-coupling reactions on BODIPY chromophores658163-165,

Using Stille couplings, phenyl moieties can be directly attached onto the chromophoric

unit™e,
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Pd(PPh;),, Sn(Ph), Na,CO;

scheme 28: Stille reaction for BODIPY derivatization!'®3.

Rohand et al. showed that BODIPY chromphores could be elongated via phenyl moieties.
In comparison to commonly used synthetic routes, cross-coupling reactions enable a
facile, economical synthetic access. Reactive moieties, which permit reaction monitoring
using the “participant approach”, can be added by exchanging the organo tin reagents for

tributylvinyl- or tributylstyryl tin®.,

RSnBuz Pd(PPhy), CuBr

R= ,/Id_/
_—

DMF, rt, 16h

scheme 29: Synthesis of a-vinyl and a-styryl BODIPY used for metathesis reaction monitoring[sl.

Not only Stille reactions enable derivatization with metal catalyzed reactions. Suzuki types
show similar reactivity. Using different boron acid pinacol esters, Bonnier et al. also
synthesized light harvesting BODIPY fluorophores!”®. The Suzuki reaction is therefore used

twice to form a double functionalized system.

S.
1.5eq.\\ /

Bpin

5.0 eq. K,CO;
10 mol% Pd(PPhj),

F
MeO. Bpin
MeO \©\ N/©/

1.5eq.

OMe

-
5.0 eq. K,CO3
10 mol% Pd(PPhj),

MeO

scheme 30: Synthesis of a light harvesting system via double step Suzuki reaction!'”>.
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Additionally, this synthesis technique was chosen for the formation of styryl BODIPY. Trans-
phenylvinyl boronic acid pincole ester was used as coupling reagent to accomplish
compound derivatization in the Suzuki reaction, as a “greener” alternative to the Stille

approach.

Pd(PPhj),, KoCO3
?’Q
—_—

H,O:THF - 1:9
reflux

scheme 31: Green synthesis of a-styryl BODIPY used in metathesis visualization.

Leen et al. achieved the visualization of Heck type reactions on BODIPY compounds too®®.
They used different cross coupling approaches, expanding the visible range of the
fluorophores. The chromophoric unit was elongated with these reactions. Consequently,

bathochromic fluorescence shifts were established™®.

5 mol% Pd,(dba); 10 mol% furzP

xylene, 1.3 eq. styrene

scheme 32: Heck reaction on BODIPY dyes visualized by Leen and coworkers®®,

Not only halogenated BODIPY chromophores can be used for Heck reactions. Burgess et al.
showed how the B-position of tetramethyl BODIPY can be directly functionalized without
halogenation”#. Here, an oxidant, heat or microwave radiation is used.

Triple bond compounds can be introduced directly into BODIPY chromophores using
Sonogashira coupling. Boens et al. describe transition metal catalyzed C - C bond

formations on a and B position of the BODIPY core®®.,

1.
1,4 dioxane/iPr,NEt (1:1),
5 mol% Cul, 5 mol% Pd(PPhj),

2.
TBAF, THF

56]

scheme 33: Ethynyl BODIPY synthesis by Boens et al'
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A similar strategy was used in the synthesis of the different ethynyl substituted BODIPY
compounds™,

The metal catalyzed reactions presented here, provide a high functional group tolerance,
mild reaction conditions and a broad spectrum of transformation abilities. In comparison
to metal catalyzed reactions, general chromophore extensions by Knoevenagel
condensation!**'7%! or nucleophilic attack®*%%% exhibit less yields and more side reactions
because of harsh conditions. Therefore, cross coupling reactions serve as well-suited,
synthetic tools for BODIPY functionalization. Because of these advantages, such
transformations were used for the synthesis of single-molecule fluorophores systems.
BODIPYs (with double bonds bearing different moieties, triple bonds and carbenoids) were

used in the examination of the three different reactions: epoxidation, triazole formation

and metathesis.
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3. Epoxidation reaction'”!

In the past two decades, single-molecule fluorescence spectroscopy (SMFS) has been
employed to resolve heterogeneities in solid state physics, biophysics and for localization
studies with high spatial resolution®3'76-'8 Although the notation “molecule” is inherently
connected to chemistry, applications of SMFS to reaction dynamics were rare, despite the
early report of observed self-sensitized photo-oxidation of single terrylene molecules
hosted in a p-terphenyl crystal®?. So far, single-molecule methods are mostly used to
investigate catalytic turnover of enzymes!'®-'8, Only recently, SMFS has been applied to
study heterogeneous catalysis. The cleavage of fluorogenic esters was used to investigate
and map the spatial distribution of active catalytic sites for ester hydrolysis on crystal
particles®5'®! and to characterize the catalytic behavior of individual enzymes!'®. With a
similar approach, catalytic redox-reaction of fluorogenic substrates have been studied at
the surface of gold nanoparticles'® and titanosilicate zeolites"®. Aiming at progress in
studying heterogeneous organometallic reactions, the kinetics of ligand-exchange at
platinum has been studied on the molecular level®. Recently, the high spatial localization
accuracy of SMFS allowed for distinguishing homogeneous catalysis from surface
reactions®¥, All mentioned single-molecule studies share the same experimental approach
in which individual chemical reactions are distinguished by the occurrence of single
fluorescent spots, e.g. due to the conversion of ubiquitous leuko-dyes or quenched
substrates into brightly fluorescing product molecules. Here, light emission appears during
the last event in a succession of elementary reaction steps. We have shown earlier that a
reversible complexation of metal ions can be characterized with SMFS by immobilizing a
fluorescently labeled ligand™. Binding of a metal ion leads to specific fluorescence
qguenching of the ligand such that the forward chemical process (complexation) and the
reverse reaction (dissociation) can be quantitatively studied by recording fluorescence
trajectories of single ligand molecules.

A similar approach was used to observe the reversible redox-reaction of immobilized
perylene diimide dyes™". In the present work we expanded this concept to the more
general case of irreversible reactions. In order to observe the initial and final state we had
to make sure that the reactive group was part of the chromophoric structure!'’*. More
specifically, we were interested in following the conversion of a single substrate molecule

along its reaction pathway to the final product during the well known epoxidation reaction
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on a double bond with m-chloroperbenzoic acid (mCPBA)"™2,

Here, the course of the reaction is embedded by the disappearance of the fluorescent
substrate and the appearance of the fluorescent product. The experimentally most
convenient and reliable indicator of a completed reaction is the change of the emission
color?3%, Besides the design of an appropriate probe molecule for epoxidation, where we
could rely on previous experiments with BODIPY dyes>'*3, other challenges have to be
overcome. For maintenance of single-molecule conditions during the whole reaction, the
fluorescent substrate is less abundant by several orders than in experiments with
fluorogenic substrates but the concentration of the co-reagent prevails in large excess.
Continuous observation until reactive collision takes place can be achieved using less
mobile or even immobile substrates. Finally, the substrate must fluoresce until the reaction
proceeds hence demanding a photo-stable fluorophore without addition of stabilizers. In
the following, we present a system, which fulfills the mentioned requirements.
To probe the epoxidation reaction with SMFS, we designed the fluorescent probe oxy-allyl
BDP (1) (1-Methyl-(E)-3-(2-allyloxy)styryl-4,4 difluoro-bora-3a,4a-diaza-(s)-indacene)
consisting of a BODIPY core expanded by an oxy-allyl styryl unit (figure 13 a). Its synthesis

followed the conventional Knoevenagel-like condensation®>3,

b
mCPBA
a DCM
(o
400 ——————
l1
300 A -
5 2001 !
100{ 4 :
0

500 550 600 650 700
A/nm

figure 13: Epoxidation of (1) with 200fold excess of mCPBA yields (2) with significantly changed emission
properties. a, Crystal structure of the substrate oxy-allyl BDP (1). b-c, Epoxidation of (1) (red line) with
mCPBA to the product (2) (green line) can be followed as a spectral shift in fluorescence emission. The green
and red shaded areas signify the wavelength range of the emission filters used in single-molecule
experiments for product and substrate detection respectively. Emission spectra were recorded after addition
of 200fold excess of mCPBA (~0.2 mM) over 6 h with an excitation wavelength of 470 nm.
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The previously introduced styryl-BODIPY system has already shown promising results in
epoxidation reactions"®, while here the additional tagging with an oxy-allylic residue
serves as linker for covalent surface binding (figure 14 a). This latter moiety is not
expanding the chromophoric m-system resulting in almost indistinguishable spectral
properties compared to the formerly studied system. Furthermore, the missing
conjugation ensures that surface binding minimizes influences on the electronic

properties of the substrate.
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figure 14: Proposed reaction of immobilised (3) and characteristic signatures of the different reactions and
reaction pathways observed in time-resolved single-molecule experiments. a, Reaction scheme of the
epoxidation of immobilised (3) to (4). b, Schematic representation of the three different conversions
observed in single-molecule experiments. c-e, Single-molecule traces of substrate (570-615 nm, yellow) and
product emission (500-525 nm, green) recorded at 7.4 Hz show specific features that are characteristic for
substrate conversion via a dim intermediate state (c), immediate conversion (d), and photo-bleaching of (3).

Epoxidation of the yellow fluorescent BODIPY moiety (Aem = 572 nm) with mCPBA in excess
leads to formation of (2) with green fluorescence (Aem = 518 nm) due to shortening of the
chromophoric unit (figure 13 b)?'%31, The blue shift of the emission by roughly 50 nm as a
result of the transformation provides the required color change by which the initial
substrate (1) and the reaction product (2) can be unambiguously assigned in a two-
channel detection scheme. The overall performance remains unchanged when the dye is
immobilized.

For single-molecule experiments (1) was first covalently attached to polysiloxane polymer

HMPS (hydridomethyldimethyl-poly-siloxane) via hydrosilylation of the allylic double
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bond!**1%], Resulting labeled polymer was immobilized on a glass cover slide. We tested
different solvents for their suitability in SMFS and found DCM being the most suitable for
the epoxidation reaction while toluene and ethylacetate showed rather high fluorescence
background. Reactions of individual substrate molecules (3) with mCPBA (0.2 mM) in DCM
to oxidized product (4) were recorded on a TIRF microscope equipped with simultaneous
laser excitation at 532 and 488 nm (figure 14 a, b). Dual-color detection in the wavelength
ranges of 570-615 nm for the yellow and 500-525 nm for the green fluorescence (figure 13
b) is realized by an emCCD camera operated at a frame rate of 7.4 Hz, i.e. 1/135 ms™. The
immobilized probes exhibit a photo-stability sufficient for extended observation periods
(up to one minute, compare to figure 14 e). Moreover, the marginal hydrogenation of the
double bond during preparation leading to initially green fluorescent spots was used to
prove perfect alignment of the two detection channels.

Epoxidation was initiated by addition of mCPBA (0.2 mM) in DCM. Immediately after
sealing with a second cover slide the sample was placed on the microscope for image
acquisition (~2 min). In total, we acquired 1595 single-molecule traces, which were
manually inspected and categorized in three relevant classes (figure 14 b). The traces in
figure 14 c-e show the background corrected fluorescence emission recorded in the
substrate (yellow) and the product channel (green). More than 90 % of single-molecule
traces showed a loss of substrate emission in a single frame without change to product
emission. We attribute this behaviour to photo-bleaching of individual substrate
molecules or oxidative destruction of the chromophoric system as side reaction. The latter
is also observed in ensemble experiments (figure 13 c). However, a relatively high
percentage of traces (115 traces, i.e. ~7 %) exhibit a clear spectral shift of the emission from
substrate to product channel (figure 13 b).

Again, we observed that product emission is always terminated in a single frame due to
photo-bleaching (figure 14 c and d) clearly indicating the single-molecule nature of the
investigated system. We emphasize at this point the well-known benefits of single-
molecule techniques for investigating chemical reactions in which significant trajectories
can be selected specifically. Design of our experiments and spectral detection ranges
strongly suggest that the spectral shift observed in single-molecule experiments signifies
conversion of the double bond in (3) to an epoxide in (4) (figure 14 ¢, d). The more than
20fold increased probability is a clear indication that the observed spectral shift in

presence of mMCPBA occurs due to epoxidation of the exocylic double bond leaving the
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chromophoric BODIPY core intact, in good agreement with previous findings®',
Epoxidation by mCPBA is assumed to proceed most probably in a concerted reaction!'*?
via a single transition state within a few picoseconds and thus far below the time
resolution of the image acquisition. Most trajectories obeyed this expected immediate
conversion from yellow to green fluorescence. However, long lasting dim states were
frequently observed during conversion (figure 14 c). Therefore, we collected the lag time
At (figure 14 c inset) of the dim states in a histogram. figure 15 a shows a semi-logarithmic

plot of the probability densities, which we obtained by normalisation of the histogram.

figure 15: a, Normalised probability histogram of the lag time At that is fitted best by a double exponential
model with time constants of 0.12 s (75%) and 1.4 s (25%). b, Reaction scheme of the concerted epoxidation
mechanism as proposed by Barlett'*?.

The simplest model that fitted the data with equally distributed fit residuals was a bi-
exponential function that yielded two time constants of 120 ms and 1.4 s and amplitudes
of 75% and 25%, respectively. This corroborates that the two time constants reflect two
distinguishable reaction pathways yielding the same product (4). The more abundant
reaction path, which can be attributed to the lifetime below our instrumental response
time is compatible with the widely accepted, concerted reaction mechanism (figure 15 b).
The intermediate state with the lifetime of roughly 1 s demands, however, for an
alternative explanation. The lifetime of the intermediate state does not depend on the
overall progress of the reaction in the ensemble. It is therefore unlikely that reaction
pathways are caused by side-products, which would accumulate with time.

In this study, epoxidation of an immobilised BODIPY substrate by mCPBA was monitored at

the single-molecule level. Single-molecule transients show significant lag times during
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chemical transformation of involved double bond signalled by a shift in emission
wavelength. Kinetic analysis results in two different lag times (120 ms and 1.4 s) indicative
of two distinct reaction pathways. The shorter one is below the time-resolution of our
instrument and corresponds to the well-known concerted mechanism occurring on
picosecond-time scale. The slower one strongly indicates a transient intermediate formed
upon epoxidation of the conjugated double bond with mCPBA. Although our current data
allows distinguishing the two pathways, we can only speculate on its nature.

We could exclude light-driven dim states by additional experiments at higher excitation
intensity, which gave similar results. Thus, possible explanations for the intermediate state
could be alternative reaction pathways. A radical intermediate is improbable as those are
usually not associated with fluorescence emission and might not explain the weak
emission we observe. Alternatively, an extended mechanism involving protonated epoxide
as intermediate has been proposed and discussed already by different authors in the
1990s"°%, This pathway was also supported recently by quantum chemical calculations!™”.,
The transient nature of the proposed intermediate, however, imposes practical limitations
for its experimental verification so far and might be fully understood with support of
theoretical calculations estimating the energetic profiles of reaction pathways and
intermediates.

In conclusion, we visualized the irreversible conversion of a substrate into a product by
means of single-molecule detection. We provide a versatile experimental setup comprising
probe design, immobilization and experimental conditions for single-molecule
experiments that have high potential to study the wealth of organic reactions at double
bonds. Interpretation of our experiments is based on the correlation between the spectral
shifts observed in bulk and at single-molecule level indicative for a reaction of the double
bond. Reaction details will be fully understood with additional chemical analysis. We
further envision design of similar fluorescent probes where different specific reactions
occurring can be directly observed and studied by means of single-molecule techniques.
Such a toolbox has high potential opening new perspectives on observing, understanding
and ultimately controlling chemical reactions®”. Beyond that, direct observation of the
stochastic nature of chemical reactions provides a new way for perceiving, conceiving and
realizing chemistry.

This work was part of a collaboration of Saarland University and Heidelberg University. The

contributions from Dr. Arina Rybina and Dr. Carolin Lang are gratefully acknowledged.
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4. Cu'-catalyzed azide-alkyne cyclization (CuAAC) - Click reaction'”

In 2001, B. Sharpless defined click reactions as transformations being compatible with a
wide variety of functional groups.'® A prototypic example is Huisgen’s 1,3-dipolar
cycloaddition of azides with alkynes by Cu' catalysis!'**-2%], Especially the development of
fluorogenic substrates on its basis stimulated applications in the life science and greatly
expanded the application ranget3°73206205207=21€ A different approach relies on
chromophores expanded by a reactive moiety, which undergo a distinct spectral shift
during the transformation™'”*., In our contribution, we report such a chromophore-
containing, “dual-color” reactive BODIPY probe. The presented substrate, undergoing a
distinct bathochromic fluorescence shift and thus reducing background signal during
CuAAC, allows for following the reaction by spectral and time-resolved fluorescence
microscopyt!!7478175:206207,217-219]

Our interest in click chemistry arose only recently, when we realized that only few
fluorogenic substrates with negligible background fluorescence exist for microscopic
applications7478206207.2171 " Eor reaction monitoring by means of fluorescence, a shift in
emission wavelength describes the most convenient approach for signal tracking'329417%,
BODIPY dyes were chosen as scaffold due to their convenient optical properties and easy
accessibility via condensation of two pyrroles®>*¥, The benefit of the here proposed
reactive probes is twofold: on the one hand, red-shifted electronic spectra of the product
lead to unprecedented fluorescence enhancement. Thus, some of the noticed limitations
in sensitivity can be overcome without the need of a second chromophore as energy-
transfer acceptor’4. On the other hand, suchlike two-color emissive, reactive probes can
act as “molecular chameleons” and are examples among more general attempts to
visualize single-molecule chemistry on a microscopic scalef32339294220]

Consequently, the reactive group has to be part of the chromophoric system changing its
size (participant approach)®. As any conjugated ring system, i.e. here the triazole after the
click reaction, is oriented perpendicular to the chromophore plane when in the meso
position and thus not conjugated to the latter, fluorescence shifts will be very small or
even hypsochromic®>4%2, Derivatisation of a, B, or y position (scheme 34), should

therefore induce a presumably bathochromic change in wavelength™*%. Accordingly we
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first investigated the most suitable position on an unsymmetrical BODIPY core for reaction

monitoring (scheme 34).

Z
TMS Cul, Pd(PPhg),

Z

T™MS” ~ Cul, Pd(PPhy),

Sonagashira coupling Sonagashira coupling

(Sl 3d) (Sl 3e)
T™MS
(1) X =Br ,position 3
(2)X=1 ,position 2
(3) X =Br ,position 1
4) Stille coupling (5)
(Sl 3g)
/ SnBug
deprotection // deprotection
T™MS i reaction
":gfg?)" Cul, Pd(PPhs), \
(6) (7)
click reaction click reaction click reaction
conditions conditions @\ conditions
~N
R =H, OMe
(9a, 9b)

scheme 34: Synthesis of reactive probes for CuUAAC-click reaction conditions: 10 M BODIPY, 8*10° M CuSO,,
2*10° M NaAsc, 3*102 M phenyl azide, EtOH:H,0 — 2:1, rt, min. 6 h (Appendix 7.2.6 for further details).

All BODIPY compounds were synthesized according to existing procedures>658171.221.222]
UV-Vis and fluorescence spectroscopic characterization of all components was done (table
2; figure 16; Appendix 7.2.6). CUAAC was investigated at micromolar dye concentration.
Under these conditions, almost stoichiometric amounts of Cu" and ascorbic acid were
employed and large excess of the azide is added for establishing reasonable conversion
kinetics. The reaction process was measured following fluorescence signal of each alkyne
compound and the corresponding reaction product. Excitation of weakly absorbing,
spectrally broad higher excitation states at 415 nm ensured that all chromophores could

be excited at the same time despite unknown spectral shifts during the conversion.
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table 2: Spectroscopic details of the favored dyes (see Appendix 7.2.6 for data of all compounds).

(0]
compound Aabs / Nm Aex/ nm Aem / NM 1/ ns (DCM) (DEM)
a-TMSAc-

BODIPY (4) 529 529 540 5.3 1.00-0.02
a-Ethynyl-

.
BODIPY (6) 518 518 529 6.5 0.89 + 0.02

Click product o s - i, s 00

(9)

)

figure 16: X-ray crystallographic structures of the stabilized precursors of two ethynyl BODIPYs. The

fluorescent alkynes (6) — (8) did not withstand crystallization without decomposition but were

unambiguously identified in NMR by formation of the characteristic alkyne-H signal at 6 = 3.1 — 3.6 ppm
. [56,171]

(Appendix 7.2.3) .

Conversions of the different substrates are compared (figure A9). First, the reaction of a-
ethynyl BODIPY (6) with phenyl azide was investigated. A change in fluorescence
wavelength from A = 528 nm of (6) to A = 548 nm of the product is visible. The spectral shift
is large enough for spectral separation, as the spectra are rather narrow (AArwim = 20 nm)
over the whole course. At 538 nm an isoemissive point appears after approximately 2
hours. B-ethynyl BODIPY (7) was converted under same conditions. Despite a noticeable
spectral shift during the reaction from Aem = 540 nm to Aem = 556 nm (figure A9), this
change is smaller. Additionally, due to overlapping emission spectra, which even become
broader during the reaction (AAewnm = 42 nm = 60 nm)©%, an optical separation appeared
in vain. We therefore excluded compound (7) from further investigations. The third
investigated compound (8), exhibits optical properties similar to compound (6). During the
conversion, no optical shift is detected, but the emission band of y-ethynyl BODIPY (8)

slowly diminished (figure A9). For verifying that any reaction except from decomposition
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of the BODIPY compound (8) occurred, fluorescence lifetime analysis was performed at the
beginning and after 24 h. A prolongation from Tag = 4.7 Ns tO Te(cor. producy = 5.7 Ns (both in
EtOH/H,0) indicated a successful conversion, in agreement with previously noticed
fluorescence lifetime prolongations due to substitution at this position”". We conclude
from these experimental data that CUAAC of compound (8) hardly affects the steady-state
spectroscopic properties and (8) was consequently discarded from further experiments. As
a result of the comparison, (6) exhibits the optimal parameters for reaction monitoring.
For further improving optical separation, three different azide moieties, benzyl azide,
phenyl azide and anisyl azide, were tested for conversion (figure A9). Every species is
expected to enlarge the chromophoric system by a different amount. Comparison of the
resulting spectra reveals, however, that only the triazole ring as common structural
element, is sufficient to shift the emission by roughly 20 nm to the red. Exhibiting the
largest fluorescence change, anisyl azide was used for following the kinetics (figure 17 A).
After some initial reduction due to putative Cu'-acetylide formation, the fluorescence
intensity of the starting compound diminished in the same manner as the product
fluorescence emerged (figure 17 A, inset: kinetic analysis of substrate conversion and

product formation'). A suchlike isoemissive point at Aem = 540 nm was already found in
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figure A9 after the initial phase.

figure 17: A: Conversion of (6) with anisyl azide to (9b) (reaction progress over 6 h, spectra taken every 5
min); B: Comparison of compounds (6) and (9b).

' a-ethynyl BODIPY depletion: ksc.1 = 1,17 * 103 s, ksc.o= 1,77 * 10* 5™
product formation: ke1 = 0,86 * 103 s, ke, = 0,87 * 10* 5™
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A closer inspection of the kinetics is obtained by a biexponential fit function. It is
interesting to note that no time lag for product formation was found indicating, partially,
rather rapid Cu'-acetylide formation. The analysis yields rate-constants, which were slightly
larger for the substrate depletion than for the product emergence?. Evidence for a side
reaction is provided by appearance of a hypsochromically shifted emission band at Aem =
470 nm concomitant with product formation. The broad emission band was traced back to
BODIPY-decomposition, that was only noticed under the use of anisyl azide. We learn,
however, from these kinetic experiments that a successful visualization of the conversion
appears feasible in microscopy between 15 min and 2 h. After reaction completion, the
product was isolated, identified by its typical 'H NMR signal (6= 8.83 ppm)?*! and
subsequently characterized by optical spectroscopy (table 2, Appendix 7.2.6, figure A38,
A39, A45). A bathochromic shift of 26 nm with respect to the substrate (figure 17 B) is

observed. Both molecules slightly differ in their fluorescence lifetimes as well (table 2).

2 a-ethynyl BODIPY depletion: ksc.1 = 1,17 * 103 s, ksc.o= 1,77 * 10* 5™
product formation: ke.; = 0,86 * 103 s, ke, = 0,87 * 10* 5™

51



Cul-catalyzed azide-alkyne cyclization (CuAAC) - Click reaction[4]
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figure 18: Visualization of click reaction between a-ethynyl BODIPY (6) and azide agarose on a glass surface
with corresponding fluorescence lifetimes; column A: excitation with A, = 470 nm @ 20 MHz, emission filter
Adet = 525/50 nm; column B: excitation with A, = 550 nm @ 80 MHz, emission filter A 4. = 585/50 nm. Time
lag between 1 and 2 is 30 min.

The obtained spectroscopic characteristics from ensemble measurements can be exploited
for microscopic visualization (figure 18). Commercially available azide-functionalized
agarose beads were adsorbed on a glass slide. The first detection channel uses excitation
with a pulsed diode laser at Aex = 470 nm and Age: = 525/50 nm, thus ensuring detection of
the starting compound (6) (column A, figure 18). A second channel only addresses the
triazole product by means of a pulsed fiber laser operating at Aex = 550 Nnm and Ager =
585/50 nm. Background fluorescence was negligible (figure A10, A14).

a-ethynyl BODIPY (6) was added (figure 18, 1°* row). Green emission shows BODIPY
accumulation within the bead. taover all pixels is 4.5 ns, distinctly reduced compared to
the lifetime of BODIPY (6) in the solvent (1a(EtOH) = 5.6 ns).

In agreement with the control experiment (figure A14), this is the result of a changed
micro-environment, e.g. an altered refractive index®?%, Analyzing the same bead with Ax =

550 nm, no signal was noticed. This result hints to negligible light-induced AAC, as B1 was
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recorded immediately after A1.

After addition of CuSO./NaAsc in H,O, green fluorescence is visible deriving from
unreacted a-ethynyl BODIPY adsorbed to the agarose network (averaged lifetime <tq> =
3.5 ns, A2). Noteworthy, the control experiment (figure A14) exhibited he same tendency
in lifetime reduction. We therefore attribute this common shortening to the locally
increased concentration of cuprous and cupric ions as triazole compounds are known for
their good complexation behavior of Cu'®?’l, Fluorescence in the product channel (figure
18 B2), which was not detected in the control experiment, perfectly matches the
spectroscopic behavior found in the cuvette experiments. Together with an even further
reduced fluorescence lifetime (averaged lifetime <t> = 3.2 ns), these findings
unambiguously proved triazole formation.

In our work, we established a fluorescent reaction system for studying CuUAAC and its
visualization by fluorescence microscopy. Fluorophores bearing C-C triple bonds at
different positions as target for click chemistry were synthesized and characterized. It
turned out that the a-position at the BODIPY core is most sensitive for following CUAAC by
fluorescence spectroscopy (figure 17). Comparison of several azide moieties revealed that
only the triazole ring is mostly responsible for the bathochromic fluorescence shift by
more than 20 nm. Finally, we visualized the click reaction using azide agarose (figure 18). A
careful combination of excitation and detection conditions easily separates product and
substrate fluorescence. After catalyst addition, fluorophores located within the beads
changed their emission color from green to yellow as in the cuvette experiment.

A two-color fluorescent probe for investigating CUAAC is presented. Due to the distinct
bathochromic shift, our compound considered as fluorogenic substrate for application in
heterogeneous catalysis, when only the product is excited®. It should be noted that
exactly these latter features are the main advantages over all other yet available substrates
for single-molecule chemistry investigation, where the chromophore extension was
shortened leading to a hypsochromic shift32°4, The presented data serve as basis for

ongoing single-molecule experiments and will be continued similarly to previous work™.
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5. Metathesis reaction

A Ruthenium-carbene complex was synthesized, where the chromophore is directly
connected to the metal center. Therefore, metathesis reaction introduces a boron
dipyrromethene (BODIPY) compound into the target molecule. The formation of two
compounds with distinguishable fluorescence properties starting from styrene could be
analyzed in cuvette experiments and was confirmed with F-NMR. The presented
fluorogenic compound enables fluorescence labeling of terminal double bonds and by
adjusting the exposure conditions single-molecule trajectories could be recorded. We
foresee application of this colorization scheme in material sciences, where combination
with super-resolution can be achieved.

The metathesis reaction represents a milestone in chemical history because of different
reaction types and a broad variety of compatible functionalities’?*2*", The employed Mo /
Ru catalysts differ in stability, selectivity and activity®?. Over the last two decades,
catalysts were further optimized by substituting phosphine-ligands with e.g. N-
heterocyclic carbenes?*233-24, Despite systematic mechanistic studies, several questions
concerning polymer chain growth and orientation still remained unanswered?®*82242,
Recently, single-molecule fluorescence techniques have been employed paving new ways
for investigating catalytic reactions. For instance, the synthesis of carbenes bearing a
fluorescence label enabled single-molecule studies of polymer orientation® and
investigation of metathesis mechanisms in ensemble measurements”. Fluorescently
labeled monomers proved homogeneous catalysis during polymer formation*4. However,
visualization of the elementary steps of the catalytic cycle has not yet been attempted.
For this long-time purpose, we synthesized a metathesis complex bearing a fluorophore as
carbene unit. Thus, the fluorophore moiety is directly bound to the reactive center and
therefore quenched in its fluorescence emission. Consequently, the quenched fluorophore
is now part of the metathesis reaction enabling observation of two-color, fluorogenic
turnover (participant approach)2*34, In the following, we exemplify the use of the
BODIPYlidene compound (2) for monitoring the simultaneous formation of two optically
different products and for tagging terminal double bonds in microscopy.

Derivatives of Ruthenium-based metathesis catalysts compounds are generally
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synthesized combining a precursor like 2" generation Grubbs catalyst and an olefin unit in

excess, i.e. a-vinyl-BODIPY (1) in scheme 352352431,

toluene, rt, 16 h

scheme 35: Synthesis of BODIPYlidene Ruthenium metathesis reagent (2).

The equilibrium is shifted towards product formation by removal of volatile styrene.
Careful work-up procedures allowed isolation of dark blue crystals of the BODIPYlidene
Ruthenium metathesis reagent (2). Spectroscopic analysis exhibit absorption at
Aas(toluene) = 612 nm (figure 19 A) and missing emission indicates fluorescence
quenching (tn < 80 ps, A =600 NM, Aget = 650 — 720 nm, Appendix 7.3.6) due to the
binding to the Ruthenium center. This is in agreement with a recent publication which
describes quenching of BODIPY fluorescence by various transition metals including
Ru(I)=*, Isolation of the blue-colored BODIPYlidene complex was not possible using 1+
generation Grubbs catalyst as starting compound because of rapid decomposition into a-
carbonyl BODIPY2*!, The stability of the compound (2) presented here is much higher,

although intrinsic decomposition was observed on the time-scale of several hours™®.
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figure 19: A: UV/Vis spectrum of BODIPYlidene Ru metathesis reagent (2). No doubtless fluorescence
emission was noticed, which could be attributed to (2); B: “ELNMR of the catalyst showing two non-
equivalent fluorine atoms with germinal F-F-coupling (Z.IF_F = 102 Hz) and quartett splitting by coupling with
g (J19r.118 = 34 Hz) of (2); C: crystal structure of BODIPYlidene reagent (2).

The BODIPYlidene metathesis compound (2) was analyzed by 'H-NMR, "’F-NMR and X-ray
crystallography (figure 19 B, C, Appendix 7.3.7). Aside of the common BODIPY signals in the
usual aromatic range, a carbenoide H appeared at 6 = 21.7 ppm (figure A56). Interestingly,
this characteristic signal is among the most downfield-shifted 2" generation Grubbs
catalyst carbenoide signal (& = 19.16 ppm) for the available carbenoide derivatised
compounds®7., The extended electron density of the carbene bearing BODIPY can be
made responsible for this additional screening®”!. The F-NMR of the complex showed
two signals of the two fluorine atoms of the BF,-group (6 = -134.6 and -140.7 ppm) with
germinal coupling (*Jr+ = 102 Hz), together with the "F-"'B coupling (Jisr-118 = 34 Hz), thus
providing strong evidence for a fixed BODIPY moiety. The carbene including binding angle
(C-C-Ru) was determined by X-ray diffraction (figure 19 C) and was found to be slightly
larger (133.4°) then the ideal sp? hybridization.

Metathesis catalysts transfer their carbene moiety onto olefins during the catalytic
cycle™*?, In our case, the BODIPYlidene chromophore is turned into a fluorescent species.

The conversion with cis-stilbene solely yields a-styryl BODIPY (3) which was characterized
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previously (see Appendix, 7.3.1)'"3. As any alkene can bind with two different steric

orientations, more than one product is expected with styrene as co-substrate (figure 20).
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figure 20: A: Conversion of freshly distilled styrene with (2); B: On the left: fluorescence emission spectra (0.3
KM) of (1) (green), (3) (orange) and the diluted mixture after the reaction (black). On the right: in-situ kinetics
of formation of (1) (green), (3) (orange) and decomposition of reagent (2) (blue), monitored by UV/Vis for (2)
and fluorescence emission spectroscopy for (1) and (3) (30 uM; ratio (2) : styrene ~ 1 : 1000; solvent toluene);
C: On the left: “>F-NMR spectra (12 mM) of (1) (green), (3) (orange) and the diluted mixture after the reaction
(black). On the right: in-situ kinetics of formation of (1) (green), (3) (orange) and decomposition of reagent (2)
(blue), monitored by NMR spectroscopy (ratio (2) to styrene 1 : 100; figure A50, solvent deutero chloroform).
Data are fitted by a consecutive reaction model on the basis of pseudo-first order behavior (Appendix, 7.3.3).
Please note that the concentration of styrene was slightly different in both experiments runs (see Appendix
7.3.4, 7.3.5 for details), the shift in “E.NMR upon addition of styrene presumably results from a different
solvent composition and is also observed for (2).

The generation of (3) followed the kinetics of sequential reaction (2) = intermediate = (3)
(see table 3 for time constants and Appendix 7.3.3-5 for details of the analysis). According
to the kinetic analysis, formation of an intermediate, which could be the putative Ruthena-
cyclobutane derivative, turned out to be more rapid than its decomposition. The same

kinetic behavior was also observed in the reaction of (2) with stilbene and with diphenyl-
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butadiene. In the latter case, (3) and another product with an even further red-shifted
emission was observed (see Appendix 7.3.1).

Formation of (1) showed similar kinetics for the second process, i.e. intermediate decay
with a distinctly faster, not resolvable initial reaction. It should be mentioned that an exact
analysis of the latter kinetics is aggravated by reabsorption effects, slow intrinsic
decomposition of (2) and putative long-term consumption of (1) with release of volatile
ethene. However, dilution of the sample taken after 24 h, indicated formation of (1) and (3)
according to their fluorescence (figure 20 B).

The reaction of metathesis reagent (2) with freshly distilled styrene in excess yields a-vinyl
BODIPY (1) and a-styryl BODIPY (3) in a ratio of 4:1 (a-vinyl : a-styryl), as estimated by °F-
NMR signal integration (figure A52). As the large excess of styrene hid all specific signals of
(1) and (3) in "TH-NMR, "F-NMR studies provided quantitative insight into reaction kinetics
solely of BODIPY compounds (figure 20 C). The formation of a-styryl compound (3) was
slower compared to fluorescence measurements, which could be a sign of some inhibition.
Despite these differences, the outcome of both spectroscopic assays resembles each other:
Whereas (2) seems to be directly converted to (1), the formation of products with internal
double bonds is delayed. We conclude that the general behavior, i.e. the decomposition of
(2) and formation of (1) and (3), is similar for both spectroscopic assays. Formation of (1)
and (3) as products was unambiguously confirmed by optical and magnetic resonance
spectroscopy (figure 20 B, C, table 3, figure A51). A unified kinetic and mechanistic picture
by which (3) is formed, however, remains hidden yet.

table 3: Comparison of the kinetic data estimated from optical spectroscopy and YF-NMR experiments.
Please note that the condition of both experiments were different.

decomposition of formation of formation of
compound (2) compound (1) compound (3)
/ min™ / min™ / min™
optical measurements ) ) ki=7.02*103
ki=1.18 #1072 ki=1.81*1072
* 1 10 »=3.66* 107
9F-NMR measurement ki=5.55*103 ki=1.00* 107 -/-

For demonstrating the reactivity of metathesis reagent (2) towards terminal double-bonds,
a cover slide modified with styryl units is briefly exposed (~10s) to a solution of compound
(2) (1 pM) in toluene and afterwards washed several times with the same solvent

(analytical grade). The siloxane layer was prepared via gas phase silylation reaction
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(scheme 36, see Appendix) using styrylethenyl-trimethoxysilane and a freshly cleaned (see

Appendix) cover glass“&248,
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scheme 36: Immobilization procedure for demonstrating reactivity of (2) towards terminal alkenes.

In this model case, the BODIPYlidene metathesis reagent (2) is supposed to be converted
to corresponding a-styryl BODIPY (3) during exposure, according to the accepted
mechanism, elongated by a linker to the surface®?. The formation of fluorescence was
detected in an appropriate analysis channel, which was chosen by comparison with the
spectroscopic data from ensemble spectroscopy (figure 21, Aex = 550 Nnm, Aget = 560 — 610
nm). As any solvent and (2) were carefully removed, fluorescence can only emerge after
complete sequence (2) - Ruthena-cyclobutane - (3), during exposure with (2). No
fluorescence was detected without double-bond functionalization or without addition of
(2) (see Appendix 7.3.2). Exposure of (2) dissolved in toluene onto functionalized surfaces

allows for visualizing silane distribution (figure 21 A).
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figure 21: FLIM images of styrylsiloxane functionalized surface treated with BODIPYlidene metathesis reagent
(2). Different concentrations (A: 100 uM; B: 100nM) and exposure times (A: 30 s; B: 3 s) show a related
reactivity of (2). (256x256 pixel, 5 ms pixel dwell time, laser intensity: 1.41 kW*cm™ @ Aex =550 nm).

Obviously, gas phase deposition of (4) results in circular structures of about 10 mm
diameter, which might also reflect reactivity heterogeneities of the glass surface towards
silanization. Noteworthy, there are hardly any other methods for visualizing monolayers of
terminal bonds. FLIM (fluorescence lifetime imaging microscopy) showed reduction of the
fluorescence lifetime of (3) when bound to the surface (ta = 4.9 ns 2 1 = 2.8 ns), which
could also be the result of the altered surrounding (air-glass interface) compared to
solution. The coverage could be adjusted by reducing the reagent concentration from 100
mM to 100 nM and the contact dwell time finally yielding individual molecules as proven
by single-molecule trajectories (figure 21 A - C)136:37:49.249.250]

In summary, we synthesized and characterized fluorogenic BODIPYlidene Ruthenium
complex (2). The presented compound has unique properties because a fluorophore is
directly attached to the reactive metal center. Therefore, the formed reaction products
emit different colors depending on the conjugation length and, thus, on the particular
reaction they underwent. We demonstrate that reaction of (2) with a terminal double bond
functionalized surface leads to single-molecule signals of immobilized orange fluorescent

BODIPY units as a putative result of half a catalytic cycle during metathesis. We therefore
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envision the usage of such fluorogenic, multicolor probes for unraveling the
regioselectivity of chemical reaction on single-molecule level. Our experiments exemplify
the potential of such fluorogenic complexes also for material sciences®? where terminal
double bonds can be made visible in fluorescence microscopy down to the conditions of

super-resolution®?,
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6. Summary

In this work, different fluorophores with double and triple bonds were presented. These
dyes were used in single-molecule and microscopy approaches for reaction monitoring
with changing optical properties.

The widely-investigated epoxidation reaction was used to survey reaction monitoring with
the single-molecule approach. This reaction and the corresponding concerted mechanism
proposed by Bartlett in 1950 is widely accepted and has been published in numerous
chemistry textbooks!'**?°'252, Consequently, the mechanistic processes derived from
single-molecule analysis could be compared against preexisting literature on an
extensively investigated chemical reaction. Single-molecule investigations were
conducted with TIRF microscopy using an immobilized, orange BODIPY chromophore. The
chromophore was elongated via Knoevenagel condensation forming a styryl moiety. The
isolated double bond represents the reactive side of the fluorophore. This structural motif
reacted with mCPBA to the corresponding oxirane and shortened the expanded mni-electron
system. Therefore, a hypsochromic shift was detected. This change in fluorescence signal

was used for reaction monitoring (scheme 37).

mCPBA

scheme 37: Epoxidation of BODIPY synthesized for ensemble measurements!".

Initial investigations used ensemble measurements to gather information on the product
formed and the reaction constants''®®. On the basis of this data, it was then possible to
investigate the reaction system on a single-molecule level. Immobilization was achieved
via a second, external double bond combined with a reactive siloxane polymer. Single-
molecule investigations revealed the known concerted mechanism!?. Furthermore, a
second occurring reaction pathway could be detected via a transient intermediate, which,
up until now, could only be estimated via theoretical calculations!'967),

The single-molecule method was further optimized by using a different optical detection

window in a second reaction.
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Cu* catalyzed alkyne-azide cyclication (CuAAC) has already been investigated using
fluorescence methods. These investigations used fluorogenic systems, where the emission
signal is created during product formation. These concepts were used for the investigation
of ion binding” or in vivo imaging®”3* (chapter 2.2). In contrast to these studies, the
approach presented here enables complete reaction monitoring, from the starting
compound to the final product including a bathochromic fluorescence shift for the first
time. Therefore, triple bond derivatized BODIPYs were combined with several azides.
Examining the chromophoric unit in different positions revealed the best structural isomer
for such investigations. A variety of used azides show, that the triazole moiety is solely
responsible for wavelength shift. When azide functionalized agarose beads are adsorbed
onto a cover glass, the reaction progress can be observed on microscopic scale using
optically separated channels™. Such a bathochromic, eye-visible shift in emission
wavelength was firstly used for reaction monitoring, reducing background fluorescence

through a change of the optical detection window (figure 22).

CuSO,4 NaAsc, N;

EtOH : H,0
2:1
rt

figure 22: Transformation of a-ethynyl BODIPY to a-triazol BODIPY via CuAAC. Reaction monitoring
was firstly established using a bathochromic fluorescence shift (green to orange)™.

In the next step, the previously discussed techniques are combined to develop a detection
system for metathesis reaction. The catalytic cycle can be visualized with the use of these
fluorophores in single-molecule experiments.

Up until now, mechanistically, the coordinative behavior at the Ruthenium catalyst has not
been clearly examined. The newly designed reaction system included only one external,
reactive double bond, usable in single-molecule studies. A vinyl-BODIPY is transferred to
the corresponding styryl derivative by cross metathesis. Again, a bathochromic

wavelength shift is utilized for reaction visualization preventing background fluorescence.
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The usability of the fluorophores was determined by combination of UV-Vis - fluorescence
spectroscopy and NMR. Looking beyond the development of a visualization concept and
the structural elucidation of the different compounds, a metathesis reaction intermediate
could be synthesized and completely characterized. This compound represents a
multichromophoric, fluorogenic metathesis reagent. The chromophore is located as a
carbene unit and can be transferred onto molecules with an external double bond.
Consequently, BODIPY dyes can be formed through a reaction with different conjugated
olefins, which can be distinguished by their optical properties (figure 23). This

characteristic is observable in NMR, ensemble and single-molecule investigations®.

+ excess excess -+

w2 O Z

figure 23: Visualization of metathesis reaction: BODIPY metathesis reagent forms two different
BODIPY chromophores depending on the conjugation length of the corresponding alkene®.

In contrast to previous work by A. Schmitt®”, the metathesis reaction could be visualized
with a regioselective, fluorescent system. It was possible to isolate the reaction
intermediates formed and fluorogenic, multichromophoric behavior could be observed.
Kinetic data could be extracted by two different spectroscopic methods, NMR and

fluorescence ensemble measurements. Additionally, it was shown, that the characteristics
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could be transferred on single-molecule level. This information is essential for further

single-molecule mechanistic investigations.
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7. Appendix

7.1. Epoxidation reaction
7.1.1.General Experimental
Chemicals and solvents

All starting materials and deuterated solvents were obtained from different commercial
suppliers and used without further purification unless otherwise stated. Solvents for bulk
and single-molecule experiments (tetrahydrofurane - THF and dichloromethane - DCM) had
HPLC-grade quality. Anhydrous THF was prepared using an MBRAUN MB SCS-800 solvent
purification system. All other solvents were dried under literature known procedures. Air-
and moisture-sensitive reactions were conducted in oven-dried glassware by using standard

Schlenk techniques under an inert atmosphere of N, or Ar.

Analytical and spectral techniques

'H NMR spectra were recorded using Bruker Avance 300 (300 MHz) and Bruker Avance 400
(400 MHz) spectrometers. *C NMR spectra were recorded using Bruker Avance 300 (75
MHz) and Bruker Avance 400 (100 MHz) spectrometers. Chemical shifts are reported in parts
per million (ppm) and were calibrated to the residual signals of the deuterated solvents,
coupling constants (J) are indicated in Hz. IR spectra were recorded on a Nicolet 6700 FT-IR
with smart iTR ATR device (Thermo, San Jose, CA). Crystal structures were determined by Dr.
V. Huch, Institute of inorganic chemistry, Saarland University, using the X8 Apexll X-ray
diffractometer. Absorption and emission spectra were recorded with a Cary 500 Scan UV-Vis
spectrometer and a Cary Eclipse 500 fluorescence spectrometer in dark quartz glass
cuvettes. If not mentioned otherwise, the relative quantum yield @; was determined with
respect to two standard dyes (ATTO 565 and Sulforhodamine 101). HPLC-MS measurements
were performed on an Agilent Technologies 1200 HPLC equipped with a binary solvent
pump, autosampler, membrane solvent degasser, DAD detector and quadrupole mass
spectrometer with APCI source. Separations were performed on a LiChrospher 100 RP-18e
column (LiChroCART 250-4, particle size 5 um). Solvents (n-hexane and DCM) had HPLC-
grade quality. Reactions were monitored using Silica on TLC PET-foils with a layer thickness
of 0.25 mm and a pore size of 60 A. Silica gel with a pore size of 0.040 — 0.063 mm as

technical grade was used for column chromatography.
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7.1.2.Probe synthesis and analytical characterization

Preparation of oxy-allyl BDP (1)

1-Methyl-(E)-3-(2-allyloxy)-styryl-4,4 difluoro-bora-3a,4a-diaza-(s)-indacene

1,3-Dimethyl-4,4’-difluoro-bora-3a,4a-diaza-(S)-indacene (220 mg, 1.00 mmol, 1.00 eq) and
o-allyloxybenzaldehyde (178 mg, 1.10 mmol, 1.10 eq) were added to anhydrous toluene (60
ml). The reaction mixture was heated to reflux. Immediately piperidine (851 mg, 10.0 mmol,
10.0 eq) and glacial acetic acid (600 mg, 10.0 mmol, 10.0 eq) were added. After refluxing for
2 h, the solvent was removed in vacuo and residues were purified by double column
chromatography (DCM:hexane = 1:1, DCM:toluene = 1:1) to yield 1 as a violet solid (36.4 mg,
10 %).

'H-NMR (400 MHz, CDCls, 298 K): & = 7.85 (d, J = 16 Hz, 1 H), 7.75 (dd, J = 7.9, 1.6 Hz, 1 H),
7.70 (d, J = 16 Hz, 1 H), 7.67 (s, 1 H), 7.32 (m, 1 H), 7.14 (s, 1 H), 7.01 (t, J = 7.5 Hz, 1 H), 6.91
(d, J = 7.8 Hz, 1 H), 6.90 (s, 1 H), 6.78 (s, 1 H), 6.45 (m, 1 H), 6.15 (ddt, J = 17.3, 10.5, 5.3 Hz,
1H), 5.46 (dq, J = 17.3, 1.6 Hz, 1 H), 5.35 (dq, J = 10.5, 1.3 Hz, 1 H), 4.64 (dt, J = 5.1, 1.4 Hz,
2 H), 2.30 (s, 3 H).

3C-NMR (100 MHz, CDCl3, 298 K): 6 = 159.7, 156.8, 144.5, 138.3, 138.0, 135.0, 133.0, 131.1,
127.8,125.4,125.1,122.6, 121.1, 118.6, 117.7, 117.4, 116.1, 112.4, 69.3, 11.4.

Crystal structure see spectra section.

Absorption and emission maxima A,ps = 561 nm, Aemy = 572 nm. @=1.0.
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Preparation of oxy-propyl BDP (1°)

1-Methyl-(E)-3-(2-propoxy)-styryl-4,4 difluoro-bora-3a,4a-diaza-(s)-indacene.

(1’) was synthesized following the procedure for (1) using o-propoxy- instead of o-

allyloxy-benzaldehyde. 36.6 mg (0.1 mmol, 10 %) of a dark violet solid were isolated.

'H-NMR (400 MHz, C¢Ds, 298 K): & = 8.47 (d, J = 16 Hz, 1 H), 7.79 (d, J = 16 Hz, 1 H),
7.77 (s, 1 H), 7.59 (dd, J=7.8, 1.8 Hz, 1 H), 7.03 (dt, / = 7.8, 1.8 Hz, 1 H), 6.72 (dt, J =
7.8, 1.8 Hz, 1 H), 6.55 (d, J = 3.8 Hz, 1 H), 6.50 (d, / = 7.8, 1.8 Hz, 1 H), 6.39 (s, 1 H),
6.30 (s, 1 H), 6.16 (m, 1 H), 3.52 (t, J = 6.5 Hz, 2 H), 1.74 (m, 2 H), 1.60 (s, 3 H), 0.93 (t,
J=6.5Hz, 3 H).

C-NMR (100 MHz, C¢Dg, 298 K): & = 160.5, 158.5, 144.4, 139.5, 138.5, 136.4, 133.8,
131.4, 129.8, 125.8, 123.3, 121.5, 120.6, 117.6, 116.6, 112.6, 110.6, 70.4, 23.1, 11.3,
11.1.

Crystal structure see spectra section

Absorption and emission maxima A,ps = 561 nm, Aem = 573 nm. @ = 0.99.
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product spot

reaction
mixtu

educt

figure A4: TLC of the reaction mixture of reference compound (1’) with mCPBA. Only one

green fluorescent product is formed in the reaction.

Epoxidation of (1’) with mCPBA was carried out to test for formation of fluorescent products.
The correlation between the green fluorescence and the formed epoxide is shown by thin-
layer chromatography (TLC) analysis in figure A4. The analogue substrate (1’) of the
immobilized HMPS-BDP (3) also shows the blue-shift after epoxidation. The substrate spot is
shown on top of the TLC together with a marginally existing green contamination from the
synthesis. One product spot of the reaction with mCPBA is clearly shown below these spots.
The green fluorescent stipple point, which is visible in the reaction mixture, presumably
arises from a catalyzed addition to the TLC support material; it is completely immobile in any

solvent.
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7.1.3.Spectra

Spectra and detailed data of 1-methyl-3-(2-allyloxy)-styryl-4,4 difluoro-bora-3a,4a-diaza-(s)-
indacene (1)
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figure Al: 'H-NMR spectrum of (1).
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figure A2: >C-NMR spectrum of (1).
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normalized data

rel. absorbance
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figure A3: UV-Vis- and emission-spectrum of (1).

figure A4: crystal structure of (1).

table Al: Crystal data and structure refinement for oxy-ally-BDP (1)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

yA

C21H19BF2N20

364.19

150(2) K

0.71073 A

Monoclinic

P2(1)/n

a=10.6423(14) A a=90°.
b=16.417(2) A B=110.783(8)".
c=11.1796(14) A y = 90°.
1826.1(4) A

4
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Density (calculated) 1.325 Mg/m3

Absorption coefficient 0.095 mm+!

F(000) 760

Crystal size 0.56x0.30x0.10 mm3

Theta range for data collection 2.27 to 31.51°.

Index ranges -15<=h<=10, -20<=k<=24, -16<=I<=16
Reflections collected 23205

Independent reflections 6013 [R(int) = 0.0300]
Completeness to theta = 31.51° 98.8 %

Absorption correction None

Max. and min. transmission 0.9904 and 0.9486
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 6013/0/320
Goodness-of-fit on F? 1.013

Final R indices [I>2sigma(l)] R1=0.0462, wR2 =0.1127

R indices (all data) R1=0.0752, wR2 = 0.1295
Largest diff. peak and hole 0.401 and -0.198 e.A*

table A2: Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x
103) for oxy-ally-BDP (1). U(eq) is defined as one third of the trace of the orthogonalized Ui
tensor.

X y z U(eq)
F(1) 11453(1) 1084(1) 2368(1) 34(1)
F(2) 12359(1) 114(1) 3865(1) 33(1)
N(1) 11794(1) -244(1) 1641(1) 25(1)
N(2) 10001(1) 0(1) 2550(1) 22(1)
0(1) 7326(1) 1863(1) 5865(1) 34(1)
B(1) 11440(1) 260(1) 2639(1) 24(1)
C(1) 12941(1) -192(1) 1373(1) 30(1)
C(2) 12882(2) -729(1) 396(1) 34(1)
C(3) 11647(2) -1121(1) 46(1) 33(1)
C(4) 10971(1) -819(1) 833(1) 26(1)
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c(5)

C(6)

C(7)

c(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)

9708(1)
9236(1)
7976(1)
8006(1)
9267(1)
9745(1)
9022(1)
9444(1)
10698(1)
11091(1)
10234(1)
8970(1)
8568(1)
6481(1)
5304(1)
4060(2)
6861(2)

-999(1)
-606(1)
-673(1)
-112(1)

308(1)
972(1)

1293(1)
1956(1)
2341(1)
2937(1)
3152(1)
2801(1)
2216(1)
1941(1)
1394(1)
1582(1)
-1239(1)

899(1)
1738(1)
1937(1)
2849(1)
3211(1)
4095(1)
4746(1)
5666(1)
5993(1)
6923(1)
7563(1)
7245(1)
6287(1)
6613(1)
6015(1)
5803(2)
1234(2)

table A3: Bond lengths [A] and angles [°] for oxy-ally-BDP (1).

F(1)-B(1)
F(2)-B(1)
N(1)-C(1)
N(1)-C(4)
N(1)-B(1)
N(2)-C(9)
N(2)-C(6)
N(2)-B(1)
0(1)-C(17)
0(1)-C(18)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)

1.3871(16)
1.3931(16)
1.3593(16)
1.3827(17)
1.5392(17)
1.3496(15)
1.3962(15)
1.5587(17)
1.3650(15)
1.4345(15)
1.389(2)
1.389(2)
1.4083(18)
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26(1)
23(1)
25(1)
26(1)
23(1)
25(1)
23(1)
22(1)
28(1)
33(1)
32(1)
27(1)
23(1)
27(1)
31(1)
55(1)
35(1)
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C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(7)-C(21)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(18)-C(19)
C(19)-C(20)
C(1)-N(1)-C(4)
C(1)-N(1)-B(1)
C(4)-N(1)-B(1)
C(9)-N(2)-C(6)
C(9)-N(2)-B(1)
C(6)-N(2)-B(1)

C(17)-0(1)-Cc(18)

F(1)-B(1)-F(2)

F(1)-B(1)-N(1)
F(2)-B(1)-N(1)
F(1)-B(1)-N(2)
F(2)-B(1)-N(2)
N(1)-B(1)-N(2)
N(1)-C(1)-C(2)
C(3)-C(2)-C(1)

1.4045(19)
1.3723(17)
1.4396(18)
1.3656(18)
1.4922(18)
1.4335(18)
1.4373(17)
1.3408(17)
1.4550(16)
1.4030(17)
1.4118(16)
1.3802(19)
1.390(2)
1.3886(19)
1.3879(17)
1.4934(19)
1.296(2)
108.01(11)
126.53(11)
125.44(10)
107.80(10)
127.47(10)
124.73(10)
119.38(10)
108.97(10)
110.00(10)
110.72(10)
109.78(10)
110.28(10)
107.07(10)
109.82(13)
106.86(12)
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C(2)-C(3)-C(4)
N(1)-C(4)-C(5)
N(1)-C(4)-C(3)
C(5)-C(4)-C(3)
C(6)-C(5)-C(4)
C(5)-C(6)-N(2)
C(5)-C(6)-C(7)
N(2)-C(6)-C(7)
C(8)-C(7)-C(6)
C(8)-C(7)-C(21)
C(6)-C(7)-C(21)
C(7)-C(8)-C(9)
N(2)-C(9)-C(8)
N(2)-C(9)-C(10)
C(8)-C(9)-C(10)
C(11)-C(10)-C(9)
C(10)-C(11)-C(12)
C(13)-C(12)-C(17)
C(13)-C(12)-C(11)
C(17)-C(12)-C(11)
C(14)-C(13)-C(12)
C(13)-C(14)-C(15)
C(16)-C(15)-C(14)
C(17)-C(16)-C(15)
0(1)-C(17)-C(16)
0(1)-C(17)-C(12)
C(16)-C(17)-C(12)
0(1)-C(18)-C(19)
C(20)-C(19)-C(18)

107.63(12)
120.33(11)
107.68(12)
132.00(13)
121.76(12)
120.60(11)
131.00(12)
108.34(10)
106.65(11)
128.12(12)
125.20(12)
107.90(11)
109.29(11)
121.89(11)
128.79(11)
122.69(12)
125.86(12)
117.98(11)
123.16(11)
118.84(10)
121.40(12)
119.33(13)
121.01(12)
119.38(12)
123.83(11)
115.37(10)
120.79(11)
106.58(10)
125.35(15)
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table A4: Anisotropic displacement parameters (A2x 103) for oxy-ally-BDP (1). The anisotropic

displacement factor exponent takes the form: -2p2[ h2 a*2U + ... +2hka* b* U22]

un u2 U Uz us uw
F(1) 39(1) 21(1) 51(1) -1(1) 26(1) -3(1)
F(2) 26(1) 43(1) 28(1) -7(1) 7(1) 2(1)
N(1)  27(1) 24(1) 26(1) 1(1) 12(1) 3(1)
N(2)  25(1) 19(1) 22(1) -1(1) 10(1) 0(1)
o(1)  25(1) 45(1) 36(1) -16(1) 16(1) -8(1)
B(1)  23(1) 23(1) 28(1) -2(1) 12(1) 0(1)
c(1) 29(1) 32(1) 32(1) 3(1) 15(1) 4(1)
C(2) 38(1) 38(1) 32(1) 4(1) 20(1) 12(1)
c(3)  41(1) 32(1) 27(1) -1(1) 15(1) 10(1)
c(4) 32(1) 23(1) 25(1) 0(1) 11(1) 5(1)
c(5) 32(1) 22(1) 24(1) -1(1) 8(1) 2(1)
c(6) 27(1) 20(1) 22(1) 1(1) 8(1) 0(1)
c(7) 26(1) 24(1) 25(1) 1(1) 8(1) -2(1)
c(8) 25(1) 28(1) 26(1) 0(1) 10(1) -1(1)
C(9) 24(1) 22(1) 22(1) 1(1) 10(1) 1(1)
c(10)  24(1) 25(1) 26(1) -3(1) 10(1) -1(1)
c(11)  23(1) 24(1) 22(1) 0(1) 8(1) 1(1)
c(12)  22(1) 22(1) 22(1) 0(1) 8(1) 2(1)
C(13)  25(1) 31(1) 32(1) -4(1) 13(1) -1(1)
c(14)  27(1) 35(1) 37(1) -8(1) 12(1) -7(1)
C(15)  35(1) 28(1) 31(1) -8(1) 10(1) -3(1)
c(16)  30(1) 27(1) 27(1) -4(1) 13(1) 3(1)
c(17)  22(1) 24(1) 24(1) -1(1) 8(1) 1(1)
C(18)  26(1) 28(1) 30(1) 0(1) 14(1) 2(1)
c(19)  31(1) 30(1) 36(1) 2(1) 15(1) -1(1)
C(20)  32(1) 39(1) 92(1) 0(1) 21(1) -3(1)
c(21)  33(1) 35(1) 33(1) -4(1) 8(1) -9(1)

76




Appendix

table AS5: Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10 3) for

oxy-ally-BDP (1).

X y z U(eq)
H(1) 13626(17) 179(10) 1832(15) 34(4)
H(2) 13586(18) -810(11) 20(17) 44(5)
H(3) 11281(16)  -1523(11) -626(16) 41(5)
H(4) 9157(16)  -1410(10) 345(15) 35(4)
H(5) 7307(15) -22(9) 3199(14) 28(4)
H(6) 10657(17) 1175(10) 4208(16) 40(4)
H(7) 8117(15) 1054(9) 4615(14) 29(4)
H(8) 11329(17) 2172(10) 5572(15) 38(4)
H(9) 11952(18) 3184(11) 7128(17) 47(5)
H(10) 10502(17) 3540(11) 8212(17) 41(4)
H(11) 8373(16) 2973(10) 7664(15) 35(4)
H(12) 6989(17) 1791(11) 7491(16) 42(5)
H(13) 6201(16) 2509(10) 6602(15) 36(4)
H(14) 5474(18) 853(12) 5711(17) 48(5)
H(15) 3280(20) 1205(13) 5384(19) 60(6)
H(16) 3880(30) 2141(18) 6080(30) 105(9)
H(17) 6140(20)  -1211(13) 1590(20) 65(6)
H(18) 7180(20)  -1796(16) 1290(20) 75(7)
H(19) 6450(20) -1107(12) 350(20) 58(6)
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Spectra and detailed data of 1-methyl-3-(2-propoxy)-styryl-4,4 difluoro-bora-3a,4a-diaza-(s)-
indacene (1’)
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figure A5: 'H-NMR spectrum of (1°).
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normalized data
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figure A7: UV-Vis- and emission spectrum of (1°).

figure A8: crystal structure of (1°).

table A6: Crystal data and structure refinement for (1°)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
VA
Density (calculated)

Absorption coefficient

C21H24BF2N20
369.23

293(2) K
0.71073 A
Monoclinic
P2(1)/c
a=9.074(4) A
b =10.884(8) A
c=19.675(8) A
1914.2(18) A3
4

1.281 Mg/m?3
0.091 mm!
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F(000) 780

Crystal size 0.43 x0.25 x 0.08 mm3

Theta range for data collection 2.81to 28.04°.

Index ranges -11<=h<=11, -14<=k<=14, -25<=I<=25
Reflections collected 17572

Independent reflections 4561 [R(int) = 0.0967]
Completeness to theta = 28.04° 98.5 %

Absorption correction None

Max. and min. transmission 0.9927 and 0.9617
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4561/0/317
Goodness-of-fit on F? 0.802

Final R indices [I>2sigma(l)] R1=0.0392, wR2 =0.0787

R indices (all data) R1=0.1008, wR2 = 0.0932
Largest diff. peak and hole 0.165 and -0.253 e A

table A7: Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x
103) for (1’). U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)
B(1) 11797(2) 7247(2) 10208(1) 34(1)
F(1) 12631(1) 8212(1) 10546(1) 51(1)
F(2) 12491(1) 6836(1) 9667(1) 50(1)
N(1) 10176(1) 7707(1) 9910(1) 31(1)
N(2) 11641(1) 6187(1) 10707(1) 33(1)
C(1) 9773(2) 8649(1) 9470(1) 32(1)
C(2) 8177(2) 8718(2) 9326(1) 38(1)
C(3) 7610(2) 7790(2) 9677(1) 38(1)
C(4) 8866(2) 7138(2) 10057(1) 32(1)
C(5) 8936(2) 6170(2) 10504(1) 35(1)
C(6) 10300(2) 5682(2) 10842(1) 35(1)
C(7) 10629(2) 4738(2) 11326(1) 43(1)
C(8) 12181(2) 4662(2) 11493(1) 48(1)
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c(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
0(1)

C(18)
C(19)
C(20)
C(21)

12764(2)
10848(2)
10460(2)
11468(2)
13032(2)
13949(2)
13325(2)
11776(2)
10864(2)
9338(1)
8631(2)
6972(2)
6547(3)
6002(2)

5554(2)

9424(2)
10361(2)
11172(2)
11115(2)
11920(2)
12806(2)
12886(2)
12066(2)
12064(1)
12889(2)
12643(2)
11331(2)

7469(2)

11103(1)
9207(1)
8772(1)
8466(1)
8646(1)
8360(1)
7893(1)
7694(1)
7981(1)
7815(1)
7289(1)
7204(1)
6998(2)
9685(1)

41(1)
35(1)
35(1)
34(1)
41(1)
47(1)
46(1)
41(1)
35(1)
45(1)
41(1)
52(1)
63(1)
51(1)

table A8: Bond lengths [A] and angles [°] for (1°).

B(1)-F(1)
B(1)-F(2)
B(1)-N(2)
B(1)-N(1)
N(1)-C(1)
N(1)-C(4)
N(2)-C(9)
N(2)-C(6)
C(1)-C(2)
C(1)-C(10)
Cc(2)-c(3)
C(2)-H(1)
C(3)-C(4)
C(3)-C(21)
C(4)-C(5)
C(5)-C(6)

1.395(2)
1.400(2)
1.537(2)
1.568(2)
1.351(2)
1.414(2)
1.360(2)
1.402(2)
1.429(2)
1.451(2)
1.372(3)
0.988(18)
1.438(2)
1.504(2)
1.367(3)
1.405(2)
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C(5)-H(2)
C(6)-C(7)
C(7)-C(8)
C(7)-H(3)
C(8)-C(9)
C(8)-H(4)
C(9)-H(5)
C(10)-C(11)
C(10)-H(6)
C(11)-C(12)
C(11)-H(7)
C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(13)-H(8)
C(14)-C(15)
C(14)-H(9)
C(15)-C(16)
C(15)-H(10)
C(16)-C(17)
C(16)-H(11)
C(17)-0(1)
0(1)-C(18)
C(18)-C(19)
C(18)-H(12)
C(18)-H(13)
C(19)-C(20)
C(19)-H(14)
C(19)-H(15)
C(20)-H(16)
C(20)-H(17)
C(20)-H(18)

0.983(18)
1.397(3)
1.393(3)
1.00(2)
1.396(3)
0.96(2)
1.005(19)
1.339(2)
0.970(19)
1.472(2)
0.969(17)
1.404(2)
1.407(2)
1.393(3)
1.02(2)
1.383(3)
0.97(2)
1.395(3)
1.02(2)
1.400(2)
0.98(2)
1.367(2)
1.436(2)
1.509(3)
0.951(19)
1.020(18)
1.516(3)
0.97(2)
1.02(2)
0.97(3)
1.04(2)
0.95(3)
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C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(21)-H(21D)
C(21)-H(21E)
C(21)-H(21F)
F(1)-B(1)-F(2)
F(1)-B(1)-N(2)
F(2)-B(1)-N(2)
F(1)-B(1)-N(1)
F(2)-B(1)-N(1)
N(2)-B(1)-N(1)
C(1)-N(1)-C(4)
C(1)-N(1)-B(1)
C(4)-N(1)-B(1)
C(9)-N(2)-C(6)
C(9)-N(2)-B(1)
C(6)-N(2)-B(1)
N(1)-C(1)-C(2)
N(1)-C(1)-C(10)
C(2)-C(1)-C(10)
C(3)-C(2)-C(1)
C(3)-C(2)-H(1)
C(1)-C(2)-H(1)
C(2)-C(3)-C(4)
C(2)-C(3)-C(21)
C(4)-C(3)-C(21)
C(5)-C(4)-N(1)
C(5)-C(4)-C(3)
N(1)-C(4)-C(3)
C(4)-C(5)-C(6)
C(4)-C(5)-H(2)

0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
108.95(14)
111.31(15)
110.37(14)
109.54(14)
109.50(15)
107.15(13)
108.60(13)
127.95(13)
123.43(13)
106.35(14)
127.20(13)
126.45(13)
108.70(14)
123.01(14)
128.29(16)
108.43(16)
127.2(10)
124.3(10)
107.03(14)
128.64(16)
124.33(16)
121.46(14)
131.28(14)
107.24(14)
122.42(15)
119.8(11)
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C(6)-C(5)-H(2)
C(7)-C(6)-N(2)
C(7)-C(6)-C(5)
N(2)-C(6)-C(5)
C(8)-C(7)-C(6)
C(8)-C(7)-H(3)
C(6)-C(7)-H(3)
C(7)-C(8)-C(9)
C(7)-C(8)-H(4)
C(9)-C(8)-H(4)
N(2)-C(9)-C(8)
N(2)-C(9)-H(5)
C(8)-C(9)-H(5)
C(11)-C(10)-C(1)
C(11)-C(10)-H(6)
C(1)-C(10)-H(6)
C(10)-C(11)-C(12)
C(10)-C(11)-H(7)
C(12)-C(11)-H(7)
C(13)-C(12)-C(17)
C(13)-C(12)-C(11)
C(17)-C(12)-C(11)
C(14)-C(13)-C(12)
C(14)-C(13)-H(8)
C(12)-C(13)-H(8)
C(15)-C(14)-C(13)
C(15)-C(14)-H(9)
C(13)-C(14)-H(9)
C(14)-C(15)-C(16)
C(14)-C(15)-H(10)
C(16)-C(15)-H(10)
C(15)-C(16)-C(17)

117.8(11)
109.09(15)
131.97(15)
118.94(15)
107.08(16)

126.7(11)

126.2(12)
107.01(18)

125.4(11)

127.5(11)
110.48(16)

117.3(11)

132.1(11)
123.48(16)

121.1(11)

115.5(11)
127.19(16)

120.3(10)

112.5(10)
117.41(15)
122.88(16)
119.71(14)
121.24(18)

123.2(10)

115.6(10)
120.16(17)

124.0(12)

115.7(12)
120.47(18)

121.6(11)

117.9(11)
118.98(18)
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C(15)-C(16)-H(11)
C(17)-C(16)-H(11)
0(1)-C(17)-C(16)

0(1)-C(17)-C(12)

C(16)-C(17)-C(12)
C(17)-0(1)-C(18)

0(1)-C(18)-C(19)

0(1)-C(18)-H(12)

C(19)-C(18)-H(12)
0(1)-C(18)-H(13)

C(19)-C(18)-H(13)
H(12)-C(18)-H(13)
C(18)-C(19)-C(20)
C(18)-C(19)-H(14)
C(20)-C(19)-H(14)
C(18)-C(19)-H(15)
C(20)-C(19)-H(15)
H(14)-C(19)-H(15)
C(19)-C(20)-H(16)
C(19)-C(20)-H(17)
H(16)-C(20)-H(17)
C(19)-C(20)-H(18)
H(16)-C(20)-H(18)
H(17)-C(20)-H(18)
C(3)-C(21)-H(21A)
C(3)-C(21)-H(21B)

H(21A)-C(21)-H(21B)

C(3)-C(21)-H(21C)

H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)

C(3)-C(21)-H(21D)

H(21A)-C(21)-H(21D)

119.1(11)
121.9(11)
123.37(16)
114.90(14)
121.73(15)
118.64(13)
106.37(15)
110.5(12)
112.2(10)
108.2(10)
110.6(9)
108.9(15)
113.53(18)
106.5(12)
110.2(12)
105.1(12)
114.4(12)
106.5(17)
113.4(14)
111.0(13)
106.6(19)
112.3(15)
110(2)
102(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
141.1
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H(21B)-C(21)-H(21D)  56.3
H(21C)-C(21)-H(21D)  56.3
C(3)-C(21)-H(21E) 109.5
H(21A)-C(21)-H(21E)  56.3
H(21B)-C(21)-H(21E) 141.1
H(21C)-C(21)-H(21E)  56.3
H(21D)-C(21)-H(21E)  109.5
C(3)-C(21)-H(21F) 109.5
H(21A)-C(21)-H(21F)  56.3
H(21B)-C(21)-H(21F)  56.3
H(21C)-C(21)-H(21F) 1411
H(21D)-C(21)-H(21F)  109.5
H(21E)-C(21)-H(21F)  109.5

table A8: Anisotropic displacement parameters (Ax 103) for (1°). The anisotropic
displacement factor exponent takes the form: -2p2[ h2 a*2U + ... +2hka* b* U22]

un u2 U Uz us uw
B(1)  28(1) 36(1) 37(1) -1(1) 4(1) -1(1)
F(1) 38(1) 42(1) 65(1) 6(1) -12(1) -10(1)
F(2) 39(1) 65(1) 52(1) 9(1) 22(1) 10(1)
N(1)  26(1) 36(1) 30(1) 0(1) 5(1) -1(1)
N(2)  29(1) 36(1) 34(1) 2(1) 4(1) -1(1)
c(1) 35(1) 34(1) 28(1) -2(1) 4(1) 1(1)
C(2) 33(1) 46(1) 34(1) -1(1) 0(1) 4(1)
C(3) 28(1) 50(1) 34(1) -7(1) 3(1) 0(1)
c(4) 28(1) 39(1) 31(1) -6(1) 6(1) -5(1)
C(5) 32(1) 42(1) 33(1) -4(1) 9(1) -6(1)
c(6) 36(1) 36(1) 33(1) 0(1) 8(1) -4(1)
c(7)  46(1) 43(1) 41(1) 4(1) 10(1) -4(1)
c(8) 51(1) 45(1) 45(1) 10(1) 2(1) 5(1)
C(9) 37(1) 42(1) 43(1) 4(1) 2(1) 3(1)
C(10)  35(1) 37(1) 32(1) 0(1) 4(1) 1(1)
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c(11)  35(1) 38(1) 30(1) -2(1) 4(1) -1(1)
c(12)  36(1) 34(1) 31(1) -5(1) 6(1) -1(1)
c(13)  36(1) 44(1) 40(1) -1(1) 1(1) 0(1)
C(14)  33(1) 53(1) 54(1) -4(1) 5(1) -6(1)
C(15)  40(1) 46(1) 54(1) 0(1) 14(1) -8(1)
c(16)  41(1) 40(1) 45(1) 5(1) 11(1) -3(1)
c(17)  33(1) 40(1) 33(1) -3(1) 6(1) -1(1)
o(1)  31(1) 56(1) 46(1) 18(1) 4(1) 0(1)
c(18)  39(1) 42(1) 43(1) 10(1) 6(1) 4(1)
C(19)  38(1) 60(1) 56(2) 8(1) 6(1) 8(1)
C(20)  43(1) 74(2) 69(2) -2(2) 0(1) -6(1)
c(21)  28(1) 73(1) 49(1) -5(1) 3(1) -2(1)

table A9: Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10 3) for

(1°).

X y z U(eq)
H(21A) 5950 6684 9902 76
H(21B) 5464 7436 9221 76
H(21C) 5564 8084 9939 76
H(21D) 5369 8119 9473 76
H(21E) 5854 7366 10154 76
H(21F) 5754 6719 9435 76
H(1) 7605(18) 9322(16) 9011(10) 43(5)
H(2) 8010(20) 5775(16)  10586(10) 49(5)
H(3) 9890(20) 4215(18)  11511(11) 59(6)
H(4) 12730(20) 4066(18)  11798(11) 55(6)
H(5) 13820(20) 5824(17)  11090(10) 57(6)
H(6) 11890(20) 9223(17) 9368(10) 52(5)
H(7) 9414(19)  10544(15) 8609(9) 42(5)
H(8) 13436(19)  10441(17) 8985(11) 50(5)
H(9) 15010(20)  11846(18) 8532(11) 68(6)
H(10) 13970(20)  13416(18) 7684(11) 57(6)
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H(11)
H(12)
H(13)
H(14)
H(15)
H(16)
H(17)
H(18)

11360(20)
8874(19)
9017(18)
6680(20)
6480(20)
7060(30)
6810(20)
5500(30)

13522(18)
13717(18)
12694(15)
12837(18)
13290(20)
10730(20)
11130(20)
11200(20)
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7415(10)
6844(10)
7645(12)
6861(12)
7315(14)
6515(13)
6928(13)

55(6)
45(5)
39(5)
57(6)
71(7)
83(8)
70(7)
91(8)
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7.2. Cu'-catalyzed azide-alkyne cyclization (CuAAC) - Click reaction

7.2.1.BODIPY derivatives and azides used for click reactions

Visualizing click reactions on BODIPYs, a-, - and y-ethynyl BODIPY were converted to the three

different triazole products. Reaction monitoring was established in ensemble measurements. Out of

these experiments, the compound with ideal optical characteristics for microscopy experiments was

choosen, a-ethynyl BODIPY (6) (figure A9).
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figure A9: Reaction monitoring of different derivatized alkyne BODIPY dyes in CuAAC with phenyl

azide and optical comparison of different used azide moieties. Spectra are collected every five

minutes over a period of 11 hours. A: a-derivative; B: -derivative; C: y-derivative; D: comparison of

starting compound and triazole product.
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7.2.2.Background signal in microscopy experiments

counts per pixel

1.5 fluorescence lifetime t / ns 6

hey =550 nm ; 3 W
hger = 585/50 nm
A, = 546/20 nm

ex fiter

by, =470 0M ; 3 W ‘
hgey = 525/50 nm

figure A10: Immobilized azide agarose beads without any fluorophore, before figure 18: A: minor

background fluorescence in green detection channel; B: no background fluorescence in orange

detection channel.

7.2.3.Comparison of alkyne-BODIPY and click transformation

The alkyne BODIPY compounds (6) — (8) could not be crystalized because of decomposition in solid
state. The identification of these compounds was only possible using mass spectroscopy and the

typical "H-NMR shift of the aromatic alkyne moiety, normally localized about y = 3.10 ppm.
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figure A11: Compendium of a, B and y-ethynyl BODIPY alkyne-H signals.
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All alkyne-H signals show a typical chemical shift for aromatic triple bond moieties (figure All)[zs‘”.

Comparing the a-ethynyl BODIPY (6) signal range with click product (9b), alkyne-H signal vanished
(3.66 ppm) and the methoxy group signal emerges (3.89 ppm). These changes in chemical shift (0.23

[223]

ppm) and integration and the typical triazole-H formation at 8.83 ppm show product formation

(figure A12).

T T T T T 1
35 34 33 32 ppm

T T T T
35 34 33 32 ppm

figure A12: 'H-NMR comparison of characteristic signals of (6) and (9b).

7.2.4.Influence of the copper moiety onto fluorescence in microscopy

In conversion FLIM images (figure 18), a reduction of fluorescence lifetime is detected. A quenching
process, induced by different copper species and the changed environment could be the reason.
Proving this assumption, a second FLIM experiment was conducted: unsubstituted 5,7-dimethyl-4,4"-
difluoro-bora-3a,4a-diaza-(s)-indacene-BODIPY[134] is used as lifetime tracer and phenylacetylene as

triple-bond-compound for coupling (figure A13).
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CuSO, - NaAsc
ST -

EtOH:H,0 - 2:1, rt, 30 min
FF

(s1)

figure A13: FLIM control experiment — molecular description.
In the reaction, phenylacetylene is connected on azide agarose in presence of the non-reactive
BODIPY compound. The stepwise fluorescence lifetime development of the unreactive dye shows

environmental change and quenching induced by Cu-species (figure A14, table A10).

counts per pixel

15 fluorescence lifetime t / ns 6
Agy = 550 NmM 5 3 pW
Ny =470 nm ; 3 YW | Mgy = 585/50 nm
Ager = 525/50 nm Ay, o = 546/20 nm

exfilter

figure Al4: FLIM images showing the influences of environmental changes and copper onto
fluorescence lifetime: A: excitation with A., =470 nm @ 20 MHz, emission filter Age: = 525/50 nm only

detection BODIPY; B: excitation with A., = 550 nm @ 80 MHz, emission filter Age: = 585/50 nm only

showing background fluorescence of agarose.
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Quenching visualization was established with the same setup used for reaction monitoring. In figure
A14-A1 and -B1 no chromophore was added, only background fluorescence of the agarose network is
visible. Next (figure A14-2), a mixture of unsubstituted BODIPY (S1) and phenylacetylene is added.
With an excitation wavelength A., = 470 nm the green fluorescence of the BODIPY compound is
detected (figure A14-A2). The fluorescence lifetime has already reduced about 1 ns because of the
changed environment (table AlO).[m] Adding the reactive cuprous ion, the transformation starts and
the phenyltriazole is formed. Parallel to product formation, the lifetime of the chromophore reduced
again about 1 ns (figure A14-A3, table A10). Using Aex = 550 nm, only background fluorescence is
visible (figure A14-B3).
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table A10: fluorescence lifetime analysis of control experiment (figure A14) and reaction monitoring (figure 18).

FLIM control experiment (figure A14)

FLIM reaction progress (figure 18)

T T
. i lifetime histogram over all pixels . f lifetime histogram over all pixels
FLIM image (over all ik . FLIM image (over all . .
) reconvolution fit . reconvolution fit
pixels) / ns pixels) / ns
4.5
R i <4.5>
1 i
hex= 470 nm, — hex= 470 nm,

Mget = 525/50 nm Aget = 525/50 nm

3.5

Aex = 470 nm,

Mdet = 525/50 nm

U <3.5>

Aex = 470 nm,

Mdet = 525/50 nm

3.2

Aex = 550 nm,

Mdet = 585/50 nm
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Consequently, the fluorescence lifetime of chromophores changes twice:

* First, the lifetime reduces with transfer into the agarose matrix

* Asecond change results from the reaction conditions of CuAAC.

7.2.5.General Experimental

Chemicals and solvents

All chemicals and solvents were obtained from different suppliers (Sigma-Aldrich, Merck, Acros

Organics, Alfa-Aesar, Apollo Scientific, TCI, Carbolution Chemicals, Combi Blocks, ABI). They were

used without further purification. Solvents for spectroscopy investigations were used in HPLC or

spectroscopic grade. Anhydrous solvents and pyrrole starting compounds were bought or prepared

under literature-known procedures

[53,54,58,167,255-257]

Analytical instruments and measurement techniques

NMR spectra were recorded in deuterated solvents as noted in experimental procedures using a
Bruker Avance 400 (400 MHz) spectrometer according (nucleus frequency see table A11).

table A11: NMR nuclei and correlated frequency.

Measured nucleus Frequency / MHz
H 400.00
B¢ 100.00
YF 376.50

Chemical shifts were listed in parts per million (ppm) according to literature known deuterated
solvent residual peaks[zsg'zsgl. Coupling constants (J) were specified in Hz. Fluorine spectra were
calibrated using an internal, instrument-specific calibration factor of +179.91, estimated with
fluorine standard.

Crystal structures were measured at the Institute of Inorganic Chemistry, Saarland University
(Dr. V. Huch) using X8 Apexll X-ray diffractometer. Crystallographic data for the structure have
been deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road,
Cambridge CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the
depository numbers CCDC 1010897-1010900.
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All spectra were recorded in quartz cuvettes (3 mL content, 1 cm layer thickness, Hellma
Analytics 117.11-FQS). UV-Vis spectra were recorded in a Jasco Spectrophotometer V-650
spectrometer, fluorescence spectra in a Jasco Spectrofluorometer FP-6500. The concentrations
of all solutions were in the umolar range.

Fluorescence lifetime measurements were conducted using a home-built TCSPC setup including
a time-correlated single photon counting module (PicoQuant Picoharp 300). Excitation was
established using a pulsed diode laser (LDH-P-C-470B 470 nm, Picoquant) containing a pulse
width of 60-120 ps or a fiber laser (FemtoFiber pro TVIS, Toptica). Emission filters with a
transmission range of 525/50, 546/20, 590/70 and 585/50 nm (all AHF Analysentechnik) were
applied, with respect to the dye’s fluorescence signal. A single-photon avalanche device was
used (PDM 100ct SPAD, Micron Photo Devices) as detector. Analysis was done with
reconvolution fit (PicoQuant Symphotime 64, Picoquant). Lifetime histograms were tail-fitted
with Origin Pro 8.6G using exponential function.

Fluorescence quantum yields were estimated using cross calibration method with two
references according to table A12:

table A12: References for estimated QY.

chromophore reference 1 - solvent reference 2 - solvent

a-Br-BODIPY (1) Rhodamine 123 - ethanol Fluorescein — basic ethanol

o -TMSAc-BODIPY (4) Rhodamine 6G - ethanol Atto 520 - water
o -Ethynyl-BODIPY (6) Rhodamine 123 - ethanol Fluorescein — basic ethanol

click product (9b) Rhodamine 6G - ethanol Atto 520 - water
[-1-BODIPY (2) Rhodamine 123 - ethanol Fluorescein — basic ethanol
B -Ethynyl-BODIPY (7) Rhodamine 123 - ethanol Fluorescein — basic ethanol
v-Br-BODIPY (3) Rhodamine 123 - ethanol Fluorescein — basic ethanol
Y -TMSAc-BODIPY (5) Rhodamine 123 - ethanol Fluorescein — basic ethanol
vy -Ethynyl-BODIPY (8) Rhodamine 123 - ethanol Fluorescein — basic ethanol

Kinetic measurements were established using self-manufactured, lockable quartz cuvettes (from
type 3/GS/Q/10mm, Starna), designed by M. Wirtz and G. Berlin, Inorganic Chemistry, Saarland
University. The measurements were done in a Jasco Spectrofluorometer FP-6500. Data were

recorded over a period of 16 h every five minutes using front face excitation in a 30° angle.
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For analysis, the product signal intensity was reduced about the relative starting compound

ratio. Plotting signal maximum versus measurement time delivers the formation and decay

kinetics. These curves were fitted with Origin Pro 8.6G using exponential function

iii. Microscopy instrumentation

X
y=yo+ Z I C

n=1

The azide functionalized agarose beads pictures were generated using fluorescence lifetime

imaging. The setup components and picture recording specifications are listed in table A13.

table A13: Instrumentation for FLIM measurement.

green channel orange channel

excitation
laser LDH-P-C-470B Toptica FemtoFiber pro TVIS
wavelength 470 nm 550 nm
power 3 uW 3 uW
puls frequency 20 MHz 80 MHz
excitation filter 546/20
emission
dichroitic mirror F68-544HC Triple Line (AHF Analysentechnik)
filter 525/50 (AHF Analysentechnik) 585/50 (AHF Analysentechnik)
detector Perkin ElImer SPCM-AQR-14
hardware
microscope Zeiss Axiovert 200
objectiv Zeiss C-Apochromat 63x/1.2 Water corrected for 170 um
cover slide
TCSPC-system PicoQuant Picoharp 300
piezostage PI E710.4CL
laser driver PicoQuant PDL808
picture
aquisition PicoQuant Symphotime 64 Version
size 80 pum x 80 um
pixel 512x512
pixel dwell time 3.0 ms
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7.2.6. Synthetic procedures and characterization data

All oxygen and moister sensitive reactions were carried out under inert gas atmosphere. Glassware
was oven-dried and used with Schlenk-technique methods. Reaction progress was controlled using
Silica on TLC PET-foils with a layer thickness of 0.250 mm (pore size: 60 A, Fluka Analytics).
Compound screening was done by general column chromatography using silica gel, pore size of 0.040

—0.063 mm as technical grade (Fluka - Analytics).

Synthesis of 3-Bromo-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene - a-Br-BODIPY (1)

H 1) POCI; DCM, 0°C, 12 h
N 2) 4 eq. NEt; 4 eq. BF;0Et,

5.0 mmol (865.7 mg) 5-bromopyrrole carbaldehyde are dissolved in 250 mL dry dichloromethane.
Then, 5.2 mmol (495.0 mg) 2,4-dimethylpyrrole and 5.0 mmol (768.0 mg) phosphorous oxychloride
are added at 0°C. After stirring for 12 h, 30.0 mmol (4.5 mL) triethylamine brighten the dark red
solution. 4.0 mL boron trifluoride diethyl etherate (48%) are added after stirring for additional 5 min.
The reaction mixture is heated to reflux over 5 h. Subsequent to cooling to room temperature,
saturated sodium hydrogen carbonate solution quenches the reaction. The phases are separated, the
organic layer is washed three times with H,O and dried over sodium sulfate. Quick filtration with
silica gel and dichloromethane - petrol ether (1:1) delivers the crude product. Additional column

chromatography using same solvent delivers a red crystalline solid (1270.4 mg, 4.2 mmol, 85%).
'H-NMR (400.0 MHz, CDCls, 298 K):
d=7.01(s, 1H), 6.75(d, J = 3,9 Hz, 1 H), 6.34 (d, J = 3.9 Hz, 1 H), 6.13 (s, 1 H), 2.55 (s, 3 H), 2.20 (s,

3H).

BC-NMR (100.0 MHz, CDCls, 298 K): § = 163.8, 145.9, 136.4, 133.6, 126.8, 124.8, 123.0, 121.8, 115.8,
15.2,11.3 ppm.

®E_.NMR (376.5 MHz, CDCls, 298 K): § = -146.63 (q, J = 30.8 Hz, 2 F) ppm.

Crystal structure CCDC 1010897
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HRMS (ESI)
calculated exact measured accurate
chemical formula Error / ppm
mass / Da mass / Da
10 79 +
CH B BrFN 298.020303 298.02045 0.5
11 11 2 2
11 79 +
CH B BrFN 299.016671 299.01663 -0.1
11 11 2 2
10 81 +
CH B BrFN 300.018257 300.01841 0.5
11 11 2 2
11 81 +
CH B BrF N 301.014625 301.01475 0.4
11 11 2 2

Absorbance and Emission: A,,s = 506 nm, Ae, = 516 nm (DCM)

Lifetime: t; = 6.5 ns (DCM)

Quantum Yield: ® = 0.86 £0.01 (DCM)

The spectra (see spectral data) contain a second, not separable BODIPY fluorophore with identical
optical properties, which doesn’t affect further synthetic steps. This compound is identified as the

corresponding chloride, originating from nucleophilic halogen exchange due to synthesis. "H-NMR

shifts and mass spectra confirm 3-Chloro-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene.
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Synthesis of 5,7-Dimethyl-2-iodo-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene - B-I-BODIPY (2)

o 1) TFA, DCM, 0°C, 12 h
2) 4 eq. NEt3 4 eq. BF;0Et,

2.5 mmol (552.0 mg) 4-iodopyrrole carbaldehyde are dissolved in 20 mL dry dichloromethane. Then,
2.6 mmol (247.2 mg) 2,4-dimethylpyrrole and 0.1 mL of trifluoroacetic acid are added at 0°C. After
stirring for 12 h, 10.0 mmol (2.0 mL) triethylamine brighten the dark red solution. 2.0 mL boron
trifluoride diethyl etherate (48%) are added after stirring for additional 5 min. The reaction mixture
was hold at 0°C. After 2 hours, the solvent was evaporated and subsequent column chromatography

(dichloromethane : petrol ether — 1:1) isolates a red crystalline solid (340.0 mg, 1.0 mmol, 40%).

'H-NMR (400.0 MHz, CDCls, 298 K):

§=7.54(s,1H),7.11 (s, 1 H), 6.95 (s, 1 H), 6.21 (s, 1 H), 2.58 (s, 3 H), 2.26 (s, 3H).

3C-NMR (100.0 MHz, CDCls, 298 K): & = 165.4, 147.2, 141.9, 137.1, 133.4, 130.9, 123.3, 122.2, 99.9,
15.2,11.3 ppm.

®E_.NMR (376.5 MHz, CDCls, 298 K): § = -146.65 (q, J = 30.5 Hz, 2 F) ppm.

Crystal structure CCDC 1010898

HRMS (ESI)
calculated exact measured accurate
chemical formula Error / ppm
mass / Da mass / Da
10 +
C H BFIN 346.006439 346.0059 -1.6
11 11 2 2
11 +
C H BFIN 347.002807 347.00229 -1.5
11 11 2 2
13 11 +
C CH BFIN 348.006162 348.00558 -1.7
10 11 2 2

Absorbance and Emission: A,,s = 509 nm, Aem = 533 nm (DCM)

Lifetime: tq; = 3.3 ns, T4, = 0.6 ns (DCM)

Quantum Yield: ® = 0.14 £0.02 (DCM)
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Synthesis of 1-Bromo-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene - y-Br-BODIPY (3)

H 0 1) POCI3; DCM, 0°C, 12 h
N N 2) 4 eq. NEt3 4 eq. BF30Et,

This compound was synthesized analogously to the described method for a-Br-BODIPY (1). A red,

crystalline solid was yielded (340.0 mg, 1.0 mmol, 40%).

'H-NMR (400.0 MHz, CDCls, 298 K):

8=7.64(s,1H),7.37 (s, 1 H), 6.62 (s, 1 H), 6.36 (s, 1 H), 2.73 (s, 3 H), 2.45 (s, 3H).

3C-NMR (100.0 MHz, CDCls, 298 K): & = 167.0, 148.9, 139.4, 139.2, 132.7, 124.1, 123.9, 119.7, 117.0,
17.3, 13.4 ppm.

E-NMR (376.5 MHz, CDCls, 298 K): & = -146.765 (q, J = 30.7 Hz, 2 F) ppm.

Absorbance and Emission: A,,s = 496 nm, A, = 506 nm (DCM)

Lifetime: t;= <5.0> ns (DCM)

Quantum Yield: ® = 0.34 £0.01 (DCM)
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Synthesis of 5,7-Dimethyl-3-(trimethylsilyl-)ethynyl-4,4°-difluoro-bora-3a,4a-diaza-(s)-indacene -
a-TMSAc-BODIPY (4)

1.5 trimethylsilylacetylene,
0.1 Cul, 0.05 Pd(PPhg),,

N-ethylmorpholine,
1,4-dioxane, 80°C, 12 h

1.00 mmol (300.0 mg) (1) and 1.50 mmol (147.1 mg) trimethylsilylacetylene are dissolved in 4.0 mL
1,4-dioxane. Then 4.0 mL N-ethylmorpholine, 0.05 mmol (57.8 mg) tetrakistriphenylpalladium(0) and
0.10 mmol (19.0 mg) Cul are added. The mixture is stirred for 12 h at 80°C. The solvent was
evaporated and subsequent column chromatography (dichloromethane : petrol ether — 1 : 1 ; ethyl

acetate : petrol ether — 1 : 4) yields a shiny pink solid (183 mg, 0.58 mmol, 58%).
'H-NMR (400.0 MHz, CDCls, 298 K):
d=7.02 (s, 1H), 6.80 (d, J = 3.9 Hz, 1 H), 6.55 (d, J = 3.9 Hz, 1 H), 6.16 (s, 1 H), 2.61 (s, 3 H), 2.25 (s,

3H), 0.29 (s, 3H).

3C-NMR (100.0 MHz, CDCl3, 298 K): & = 164.9, 146.9, 137.3, 137.2, 134.7, 122.0, 121.7, 120.4, 118.6,

102.3,97.8, 15.3, 11.5, -0.1 ppm.

PE-NMR (376.5 MHz, CDCls, 298 K): § = -147.15 (q, J = 30.0 Hz, 2 F) ppm.

Crystal structure CCDC 1010899

HRMS (ESI)
chemical formula calculated exact measured accurate £
mass / Da mass / Da rror / ppm
10 +
C H BFNSI 316.149318 316.15028 3.0
16 20 2 2
11 +
C H BFNSI 317.145686 317.14662 2.9
16 20 2 2
13 11 +
C CH BF N Si 318.149041 318.15021 3.7
15 20 2 2

Absorbance and Emission: A,,s = 529 nm, A = 540 nm (DCM)

Lifetime: t; = 5.3 ns (DCM)

Quantum Yield: ® = 1.00 -0.02 (DCM)
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Synthesis of 5,7-Dimethyl-1-(trimethylsilyl-)ethynyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene -
y-TMSAc-BODIPY (5)

1.5 trimethylsilylacetylene,
0.1 Cul, 0.05 Pd(PPhg)4,

\J

N-ethylmorpholine,
1,4-dioxane, 80°C, 12 h

This compound is synthesized analogously to described method used for a-TMSAc-BODIPY (4). A
shiny pink solid (143 mg, 0.45 mmol, 45%) is obtained.

'H-NMR (400.0 MHz, CDCls, 298 K):
8=7.49 (s, 1H), 7.27 (s, 1 H), 6.48 (d, J = 2.0 Hz, 1 H), 6.21 (s, 1 H), 2.60 (s, 3 H), 2.33 (s, 3H), 0.29 (s,

3H).

3C-NMR (100.0 MHz, CDCl3, 298 K): & = 164.9, 146.9, 137.1, 134.7, 122.0, 121.7, 120.4, 118.7, 110.0,
102.3,97.8, 15.3, 11.5, -0.1 ppm.

®E_.NMR (376.5 MHz, CDCls, 298 K): § = -146.69 (q, J = 30.7 Hz, 2 F) ppm.

Crystal structure CCDC 1010900

Absorbance and Emission: A,,s = 510 nm, Ae = 520 nm (DCM)

Lifetime: t; = 4.9 ns (DCM)

Quantum Yield: ® = 0.92 £0.04 (DCM)
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Synthesis of 3-Ethynyl-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene - a-ethynyl-
BODIPY (6)

Y

1.00 mmol (316.2 mg) (4) is dissolved in 50.0 mL methanol and 10.0 mmol (580.9 mg) potassium
fluoride is added. The solution is stirred at room temperature for 4 h. The solvent is evaporated and
subsequent column chromatography (dichloromethane : petrol ether — 1 : 1) delivers a red, rapidly

decomposing solid (127 mg, 0.52 mmol, 52%).
'H-NMR (400.0 MHz, CDCls, 298 K):
§=7.08 (s, 1H), 6.82 (d, J = 3.8 Hz, 1 H), 6.61 (d, J = 3.9 Hz, 1 H), 6.01 (s, 1 H), 3.66 (s, 1 H), 2.64 (s,

3 H), 2.28 (s, 3H).

13C-NMR (100.0 MHz, CDCls, 298 K): & = 165.6, 146.4, 137.8, 133.2, 130.8, 125.2, 123.1, 122.3, 122.2,

110.0, 85.7, 14.3, 11.4 ppm.

E-NMR (376.5 MHz, CDCls, 298 K): § = -146.81 (q, J = 30.6 Hz, 2 F) ppm.

HRMS (ESI)
chemical formula calculated exact measured accurate £
mass / Da mass / Da rror/ ppm
10 +
H BFN 244.109791 24410911 -2.8
13 12 2 2
11 +
BF N 245.106159 245.10543 -3.0
13 12 2 2
13 11 +
C_ CH_ BFN 246.109514 246.10883 -2.8
12 12 2 2

Absorbance and Emission: A,,s = 518 nm, Aem = 529 nm (DCM)

Lifetime: t;; = 6.5 ns (DCM)

Quantum Yield: ® = 0.89 £0.02 (DCM)
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Synthesis of 2-Ethynyl-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene - B-ethynyl-
BODIPY (7)

1.5 eq. Tributylstannylacetylen
0.2 eq. Cul, 0.1 eq. Pd(PPhg3),4

DMF, 50°C, 12 h

1.00 mmol (345.3 mg) B-iodo-BODIPY (2) is dissolved in 10 mL DMF and 0.1 mmol (115.5 mg)

tetrakistriphenylpalladium(0), 0.2 mmol (381 mg) Cul and 1.5 mmol (348.8 mg)
tributylstannylacetylene are added and stirred at room temperature for 12 h. The solvent was
evaporated and subsequent column chromatography (dichloromethane : petrol ether — 1 : 1) yields a

red, rapidly decomposing solid (161.3 mg, 0.66 mmol, 66%).

'H-NMR (400.0 MHz, CDCls, 298 K):

§=7.72 (s, 1 H), 7.16 (s, 1 H), 6.97 (s, 1 H), 6.22 (s, 1 H), 3.06 (s, 1 H), 2.61 (s, 3 H), 2.29 (s, 3H).

13C.NMR (100.0 MHz, CDCls, 298 K): & = 165.9, 141.2, 137.8, 131.5, 127.4, 125.2, 124.4, 122.3, 110.1,
103.6, 78.3, 15.4, 11.5 ppm.

PE-NMR (376.5 MHz, CDCls, 298 K): § = -146.62 (q, J = 22.9 Hz, 2 F) ppm.

HRMS (ESI)
chemical formula calculated exact measured accurate £
mass / Da mass / Da rror / ppm
10 +
BF N 244.109791 244.10899 -3.2
13 12 2 2
11 +
C H_ BFN 245.106159 245.10532 -3.4
13 12 2 2
13 11 +
C_ CH_ BFN 246.109514 246.10867 -3.4
12 12 2 2

Absorbance and Emission: A,,s = 509 nm, Aem = 536 nm (DCM)

Lifetime: t; = 6.2 ns (DCM)

Quantum Yield: ® = 0.84 £0.04 (DCM)
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Synthesis of 1-Ethynyl-5,7-dimethyl-4,4°-difluoro-bora-3a,4a-diaza-(s)-indacene - y-ethynyl-BODIPY
(8)

(5) is deprotected similarly to the procedure used for a-ethynyl-BODIPY (6). A red, rapidly decom-
posing solid (124 mg, 0.51 mmol, 51%) is obtained.

'H-NMR (400.0 MHz, CDCls, 298 K):

8=28.04(s, 1H),7.43 (s, 1 H), 6.74 (s, 1 H), 6.25 (s, 1 H), 3.63 (s, 1 H), 2.61 (s, 3 H), 2.48 (s, 3H).

PE-NMR (376.5 MHz, CDCls, 298 K): & = -147.36 (q, J = 30.3 Hz, 2 F) ppm.

Absorbance and Emission: A,,s = 510 nm, Aer = 519 nm (DCM)

Lifetime: t; = 4.4 ns (DCM)

Quantum Yield: ® = 0.87 £0.05 (DCM)
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Synthesis of 3-(Methoxyphenyl)triazoyl-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene -
click product (9b)

10 eq. anisoylazide, 0.1 eq. CuSOy,
0.2 eq. NaAsc

EtOH:H,0 - 2:1, rt, 12h

O—

Triazole formation is achieved using 0.5 mmol (123.6 mg) a-ethynyl-BODIPY (6) and 5.0 mmol (50 pl)
of a 1 M anisyl azide solution in tert. butyl methyl ether. Both components were dissolved in 20 mL
ethanol. CuSO4 and sodium ascorbate are mixt in 10 mL water and are added to the reaction mixture
after catalyst formation. After 12 h at room temperature, the solvent is removed under vacuum and

column chromatography (dichloromethane) delivers a purple solid (0.1 mmol, 39.3 mg, 20%).
'H-NMR (400.0 MHz, CDCls, 298 K):
d=8.83(s, 1H), 7.74 (d, J = 8.9 Hz, 1 H), 7.36 (d, J = 4.2 Hz, 1 H), 7.17 (s, 1H), 7.06 (d, J = 8.9 Hz, 1 H),

6.17 (s, 1H), 3.89 (s, 3H), 2.63 (s, 3H), 2.30 (s, 3H)

E-NMR (376.5 MHz, CDCls, 298 K): § = -145.91 ppm

HRMS (ESI)
chemical formula calculated exact measured accurate
mass / Da mass / Da Error / ppm
10 +
CH BFNO 393.16975 393.16833 -3.6
21 20 2 4
11 +
CH BFNO 394.166118 394.1647 -3.6
21 20 2 4
13 11 +
C CH BFNO 395.169473 395.1681 -3.5
20 20 2 4

Absorbance and Emission: A,,s = 544 nm, A = 555 nm (DCM)

Lifetime: t; = 6.1 ns (DCM)

Quantum Yield: ® = 0.73 £0.05 (DCM)
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7.2.7.Spectral data

NMR-spectra

i. 3-Bromo-5,7- dlmethyl 4,4’ -difluoro-bora-3a,4a-diaza-(s)-indacene - a.-Br-BODIPY (1)
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Figure A17: F-NMR (1).
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ii. 1,3-Dimethyl-2-iodo-4,4"-difluoro-bora-3a,4a-diaza-(s)-indacene - 3-I-BODIPY (2)
Figure A18: 'H-NMR (2).
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Figure A19: >C-NMR (2).
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Figure A20: ’F-NMR (2).
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iii. 1-Bromo-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene - y-Br-BODIPY (3)

Figure A21: 'H-NMR (3).
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Figure A23: F-NMR (3).
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Figure A25: >C-NMR (4).
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Figure A26: ’F-NMR (4).
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Figure A27: "H-NMR (5).
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Figure A28: >C-NMR (5).
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Figure A29: F-NMR (5).

-146.568
-146.649

<
X

-146.731

-146.812

T
-146

T
-147

ppm

T
0 -20

T
-40

T T
-80 -100

T
-120

T
-140

T T T
-160  -180  -200 ppm

vi.  3-Ethynyl-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene - a-ethynyl-BODIPY (6)

Figure A30: 'H-NMR (6).
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Figure A31: >C-NMR (6).
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Figure A32: ’F-NMR (6).
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vii.  2-Ethynyl-5,7-dimethyl-4,4’-difluoro-bora-3a,4a-diaza-(s)-indacene - 3-ethynyl-BODIPY (7)
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Figure A35: F-NMR (7).
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Figure A36: 'H-NMR (8).
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Figure A37: ’F-NMR (8).
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Figure A39: ’F-NMR (9b).
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iv. Mass spectra

i. 3-Bromo-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene - a-Br-BODIPY (1)

Figure A40: mass spectra (1).
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ii. 1,3-Dimethyl-2-iodo-4,4"-difluoro-bora-3a,4a-diaza-(s)-indacene - 3-I-BODIPY (2)

Figure A41: mass spectra (2).
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iii. 5,7-Dimethyl-3-(trimethylsilyl)ethynyl-4,4"-difluoro-bora-3a,4a-diaza-(s)-indacene - a-TMSAc-

s
x109 317.14662

316.15028

318.15021

T T T A T T rd r r T T T
316.00 316.25 316.50 316.75 317.00 317.25 31750 31775 316.00 31825 miz
[—Zalpha-TMS_000001.d: +MS ]

iv.  3-Ethynyl-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene - a-ethynyl-BODIPY (6)

Figure A43: mass spectra (6).

Intens.
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v.  2-Ethynyl-5,7-dimethyl-4,4"-difluoro-bora-3a,4a-diaza-(s)-indacene - 3-ethynyl-BODIPY (7)

Figure A44: mass spectra (7).
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vi. 3-(Methoxyphenyl)triazol-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene

Figure A45: mass spectra (9b).
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7.3. Metathesis reaction

7.3.1.Further reactivity study of BODIPYlidene compound (2)

The multi-color behavior of BODIPYlidene carbene complex (2) was investigated via reaction with
different olefins. Cis-stilbene was used as second olefin, which only forms one product, (3), during

the reaction (figure A46).

60
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C
s
s 30
~ ]
20+
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ogaspst
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k%) ?_- t/ min
3 o] /[— N A
= ] VAV Y 7\
@_1_\/ / VW L vV
2]

Figure A46: Reactivity study of (2) towards cis-stilbene forming a-styryl BODIPY (3) confirmed by thin

layer and fluorescence analysis (k; = 1.99 * 10? min™’; k, = 5.33 * 10° min™).

The kinetic data were recorded, using the experimental approach described in 7.3.5. Thin layer
chromatography revealed that only one product is formed as expected (figure A46).

Further investigations were established using trans,trans-1,4-diphenylbutadiene. The reaction with
complex (2) forms two different BODIPY compounds: a-styryl BODIPY (3) and another, literature
known BODIPY (5), with extended conjugation, identified by its spectral characteristics (Aeye = 583

nm; Aem = 596 nm)[Z].
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Figure A47: Reactivity study of (2) towards trans,trans-1,4-diphenylbutadiene forming a-styryl
BODIPY (3) and a second red-shifted BODIPY (5) confirmed by thin layer chromatography and
fluorescence analysis (ki3 = 9.09 * 10° min™; ko3 = 6.57 * 10% min™; ky.5) = 3.61 * 10° min™;

Kos) = 3.97 * 107 min™).

In the reaction of (2) with four different olefins (ethylene, styrene, cis-stilbene, trans,trans-1,4-

diphenylbutadiene), three chromophores ((1), (3), (5)) with different emission properties were

formed.

7.3.2.Control experiments revealing reaction selectivity

The reactivity of (2) towards olefins is visualized on the single-molecule level (figure 21). To verify
that detected single-molecule signals stem from metathesis reaction, blank measurements without
addition of (2) (figure A48) and a second slide with a dimethyldichlorosilane modified surface were

performed (figure A49).
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0 counts 400 0 counts 7

T I -6

0 T/ns 6 0 T/ns

Figure A48: Cover slide from experiment illustrated in figure 21 before treatment with compound (2).

Left: comparable brightness, right: reduced brightness.

A silylated, non-reactive cover glass was treated with BODIPYlidene Ruthenium reagent (2). Spurious
fluorescent burst, visible as single or double bright pixels, hint at fluorescent impurities with single-
molecule behavior on the glass surface. However, in no case, fluorescence emission as bright and
stable as in figure 21 could be recorded. We conclude that no fluorescence could be observed
because of missing reactive sides on the cover glass. To summarize figure A49, these single-molecule
investigations revealed that compound (2) requires double bond containing substrates for generation

of fluorescence.

0 counts 400 0 counts 7

| |

0 T/ns 6

K L |
6

0 t/ns

Figure A49: Single-molecule fluorescence analysis after every experimental step.
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7.3.3.Detailed description of the used kinetic model

Metathesis is a highly reversible reaction where multiple equilibria have to be considered. In order to
keep the kinetic analysis as simple as possible, we focused on the early times (up to 5h), where the
whole system mainly consists of compound (2) and a reactive counterpart with a double bond. At
these early times of the conversion, the formation of (1) is composed at least by the following

sequence of elementary reactions (I) and (I1):

ky
2 + Styrene = Intermediate, (n
k_4
k
Intermediate; > 1+ Ru — carbene (1

The reversibility of step (ll) is not considered here, as styrene S is more abundant by a factor > 100
than (1). From this follows the description of the kinetics for consumption of substrate (2) (eq. Ill),

intermediate (/;) growth and decrease (eq. IV) and formation of product (1) (eq. V):

diz) _

1 = “kal2]1[ST+ k_q[14] (1)
% = +kq[2][S] — k_1[I1] — k2[14] (V)
W k1] (V)

The same description applies to the formation of (3), although the individual rate constant k; are
likely different, i.e. ki*. The intermediate, presumably a Ruthena-cyclobutane as well, exhibits a

different conformation and is therefore denominated as /.

Under the assumption that once the Ruthenacyclobutane I; (respectively I,) is formed, it decomposes
into (1) ((3), respectively), i.e. k; ~ 0. Having excess of styrene S in mind, we expect pseudo-first
order kinetics for the first steps which leads to an exponential decay of [2]. The description for [/;]

follows that of the radioactive decay with an intermediate (eq. VI).

S = 1k [2] - kall4] (V1)
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The intermediate I; decomposes faster into the well-known Z"d-generation Grubbs-catalyst, from
which (2) was originally produced (scheme 34), i.e. k, >> k;. The rate limiting step is then the

formation of the intermediate I;. Under these conditions, insertion of (eq. VI) into (V) yields

S8 =tk 2] > [1] = [2]=of{1 — exp(—kq )} (VI)

This behavior describes the formation of the green fluorescent product 1 in *>F-NMR very well. One
should keep in mind that only 80% of [2] are converted to [1]. A matching of the concentrations in
optical spectroscopy was not done due the strong coloration of (2) which causes significant

reabsorption effects.

Further following the description of radioactive decay as only (pseudo-)first-order kinetics are
involved, we employed a biexponential function to fit the formation of orange fluorescent (3) and

other fluorophores with internal double bonds (eq. VIII) (figure 20 and Appendix).

[31() « [2]¢=o{1 + C1exp[—k; *t] — Coexp[—k;t]} (VIl)

The determination of the pre-exponential factors C; and C, and, hence, the concentration
determination was, again, not attempted by fluorescence spectroscopy. The rate constants were
therefore only calculated from the exponentials. An intermediate, although expected, was neither
unambiguously detected by UV-VIS nor by F-NMR nor by the more sensitive fluorescence
spectroscopy. The latter observation could be due to quenching by the metal center.”* We can
summarize that the rate-limiting step is reaction (I) in the formation of (1) and (Il) in all systems
containing internal double bonds.

Although kinetics can be yet brought in line with the experimental observations, more competitive
pathways should be considered. Phosphine dissociation might occur before the reaction.”® From a
kinetic point of view, however, we cannot decide without doubts whether phosphine-Ruthenium
dissociation precedes formation of the reactive intermediate, i.e. the Ruthena-cyclobutane, as
prerequisite activation or whether the phosphine ligand may be expelled by the approaching double

bond.
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7.3.4."’F-NMR kinetic analysis of a.-vinyl BODIPY (1) and o.-styryl BODIPY (3) formation

The reaction of compound (2) (~12.0 mM) with freshly distilled styrene (~1.3 M) was monitored in
CDCl; via *’F-NMR for quantification (scheme A1l).

Scheme A1: Reaction of (2) with styrene and according NMR spectra.

Compared to fluorescence measurements, the acquisition in NMR studies requires more time per
spectra (*°F: 3.90 min, fluorescence: 0.25 min). For ’F-NMR experiments, the reaction rate had to be
reduced diminishing reaction progress during data recording. Different rates were achieved by
changed reaction compound ratios of (2) and styrene (*°F: 1:100, fluorescence 1:~1000). In NMR
experiments this ratio could be estimated by comparison of *H-NMR signals of carbene-H of (2) at

21.70 ppm and the doublet of doublets from styrene at 6.86 ppm (figure A50).

21.06

—6.90
—6.87
—6.85
—6.82

o
<
-

-102.50
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22.0 21.5 21.0 20.5 ppm 7.05 7.00 695 690 6.85 6.80 6.75 6.70 6.65 ppm

Figure A50: The ratio of starting compounds was estimated by integration of carbene-H of compound
(2) and doublet of doublets from styrene. The concentration of styrene was about 100 times higher as

compound (2).
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Furthermore, the scan parameters (number of scans and dummy scans) of the single spectra were
optimized to achieve a better signal-to-noise ratio. Subsequent NMR spectra enabled kinetic data
extraction (Bruker Dynamics Center V2.2.4). The data revealed similar tendency as the fluorescence

measurements (figure A51).
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Figure A51: >F-NMR kinetics extracted out of recorded spectra. A: decomposition of (2), k; = 5.55 *
107 min™; B: formation of (1), k; = 1.00 * 10 min™; C: formation of (3), no fit was possible because of

widely noisy data in spectra.
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Figure A52: Integration of the two formed products out of reaction showed in scheme A1l. In these

spectra, the product ratio could be estimated by integration of the two product signals.

Furthermore, the product ratio was estimated after complete transformation (figure A52). The yield

of a-vinyl BODIPY (1) was four times higher compared to a-styryl BODIPY (3).

7.3.5.General Experimental

Chemicals and solvents

All chemicals and solvents were purchased from various suppliers and directly used without further
purification (Sigma-Aldrich, Acros Organics, Alfa-Aesar, Apollo Scientific, TCl). Solvents for
spectroscopy investigations were used in HPLC or spectroscopic grade. Anhydrous solvents were

. 256,257
prepared under literature-known procedures[ 56,257]

Analytical instruments and measurement techniques

NMR spectra were recorded in deuterated solvents as noted in experimental procedures using a
Bruker Avance 400 (400 MHz) and Bruker Avance 500 (500 MHz) spectrometer according (nucleus
frequency see table A14). *C NMR of compound (1) was measured with a Bruker Avance 500 at

263 K preventing decomposition during NMR experiment.
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table A14: NMR nuclei and correlated frequency.

Measured nucleus Frequency / MHz
H 400.0
Bc 100.0 / 125.0
“F 376.5
3p 162.0

Chemical shifts were listed in parts per million (ppm) according to literature known deuterated
solvent residual peakslzs&zsg]. Coupling constants (/) were specified in Hz. Fluorine and phosphorous
spectra were calibrated using an internal, instrument-specific calibration factor of +179.91 for *°F and

-111.43 for *'P, estimated with appropriate standards.

Crystal structures were measured at the Institute of Inorganic Chemistry, Saarland University (Dr. V.
Huch) using X8 Apexll X-ray diffractometer. Crystallographic data for the structure have been
deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge
CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the depository numbers
CCDC 1028352-1028354.

All spectra were recorded in Hellma quartz cuvettes (3 ml content, 1 cm layer thickness, Hellma
Analytics 117.11-FQS). UV-Vis spectra were recorded in a Jasco Spectrophotometer V-650
spectrometer, fluorescence spectra in a Jasco Spectrofluorometer FP-6500. The concentrations of all
solutions were in the umolar range.

Kinetic measurements were established using self-manufactured, lockable quartz cuvettes. For the
simultaneous measurement of absorption and emission spectroscopy, two identical lockable
cuvettes were filled at the same time with identical compositions. Emissive data were recorded over
a period of 10 h every ten minutes using front face excitation in a 30° angle. This detection geometry
was chosen to suppress reabsorption effects during reaction monitoring due to the strong coloration
by (2). The intensity progress at the wavelength of the emission maximum was used for kinetic data
analysis. In the case of overlapping emission bands, e.g. see the emission spectra of (1) and (3) in
figure 20 A, the signal intensity of the long-wavelength product was corrected for the contribution
from the intensity of the more blue-shifted species. The similar rate constants for the formation of

(3) in the three analyzed reactions confirmed the validity of this procedure. Kinetic data were fitted
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using exponential function (Origin Pro 8.6G, Origin Labs) according to the described kinetic model

(Appendix 7.3.3).

Fluorescence lifetime measurement

Fluorescence lifetime measurements were conducted using a home-built TCSPC setup including a
time-correlated single photon counting module (Picoharp 300, PicoQuant). Excitation was
established using a pulsed diode laser (LDH-P-C-470B 470 nm, Picoquant) containing a pulse width of
60-120 ps or a fiber laser (FemtoFiber pro TVIS, Toptica). Emission filters with a transmission range of
525/50, 546/20, 590/70 and 585/50 nm (center wavelength A / transmission band AA; all AHF
Analysentechnik) were employed, with respect to the dye’s fluorescence signal. A single-photon
used 100ct SPAD, Micron Photo Devices) as detector.

avalanche device was (PDM

The single-molecule pictures were generated using fluorescence lifetime imaging. The setup

components and picture recording specifications are listed in table A15.

table A15: Instrumentation for FLIM single-molecule measurement.

green channel orange channel

excitation
laser Toptica FemtoFiber pro TVIS Toptica FemtoFiber pro TVIS
wavelength 500 nm 550 nm
power 0.68 kW*cm™ 1.41 kW*cm™
puls frequency 80 MHz 80 MHz
excitation cleanup filter 500/10 546/20
emission
dichroitic mirror F68-544HC Triple Line (AHF Analysentechnik)
filter 525/50 (AHF Analysentechnik) 585/50 (AHF Analysentechnik)
detector Perkin Elmer SPCM-AQR-14
hardware
microscope Zeiss Axiovert 200
objectiv Zeiss a Plan Fluor 100x / 1.45 oil
TCSPC-system PicoQuant Picoharp 300
piezostage PI E710.4CL
laser driver PicoQuant PDL808
picture
aquisition PicoQuant Symphotime 64 Version
size 8 um x 8 um
pixel 256x256
pixel dwell time 4.0 ms

It should be mentioned that no integratable data were obtained from single-molecule FLIM which

were not known before from the ensemble.
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7.3.6.Synthetic procedures and characterization data

All oxygen and moister sensitive reactions were carried out under inert gas atmosphere. Glassware
was oven-dried and used with Schlenk-technique methods. Reaction progress was controlled using
Silica on TLC PET-foils with a layer thickness of 0.25 mm (pore size: 60 A, Fluka Analytics). Compound
screening was done by general column chromatography using silica gel, pore size of 0.040 — 0.063

mm as technical grade (Fluka - Analytics).

Synthesis of 3-Vinyl-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene - a-Vinyl-BODIPY (1)

1.5 eq. Bu;sSn X
0.2 eq. Cul, 0.1 eq. Pd(PPhj),

DMF, 40°C, 16 h

1.00 mmol (300.00 mg) 3-Brom-5,7-dimethyl-4,4’-difluoro-bora-3a,4a-diaza-(s)-indacene is dissolved
in 20 ml dimethylformamide. 0.20 mmol (19.05 mg) Cul and 0.10 mmol (115.56 mg)
tetrakis(triphenylphosphin)palladium(0) are added. After five minutes, 1.50 mmol (475.65 mg)
tributyl(vinyl)tin were adjoined. After stirring for 16 h, a dark red solution was obtained. Removing
solvent, the mixture was separated by column chromatography using silica gel, and dichloromethane
— petrol ether (1:1) and toluene — petrol ether (1:1) as eluent. A red compound was received (209.00

mg, 0.85 mmol, 85%).
'H-NMR (400.0 MHz, CDCls, 298 K):
d=7.38(dd, J = 8.0 Hz, 16.0 Hz, 1 H), 7.24 (s, 1 H), 7.08 (d, J = 4.0 Hz, 1 H), 6.88 (d, J = 4.0 Hz, 1 H),

6.29 (s, 1H), 6.11 (d, J = 16.0 Hz, 1H), 5.73 (d, J = 8.0 Hz, 1H), 2.74 (s, 3 H), 2.42 (s, 3H) ppm.

3C-NMR (125.0 MHz, CDCls, 263 K): & = 160.2, 152.5, 143.5, 135.2, 133.9, 128.9, 127.7, 123.0, 120.6,
120.3,114.2, 14.9, 11.2 ppm.

PE-NMR (376.5 MHz, CDCls, 298 K): § = -144.00 (q, J = 30.1 Hz, 2 F) ppm.

Crystal structure: CCDC 1028352
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HRMS (ESI)
. measured accurate mass
chemical formula calculated exact mass [Da] Da] Error [ppm]
10 +
BF N 246.125441 246.1248 -2.6
13 14 2 2
11 +
BF N 247.121809 247.12117 -2.6
13 14 2 2

Absorbance and Emission: A,,s = 527 nm, Aem = 536 nm (toluene)

Lifetime: t; = 5.1 ns (CHCl3)
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Synthesis of (3-Vinyl-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacenyliden)[1,3-bis(2,4,6-
trimethylphenyl)-2-imidazolidinyliden]dichloro(tricyclohexylphosphin)ruthenium — BODIPYlidene
Ru reagent (2)

tol, rt, 14 h

Benzyliden[1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinyliden]dichloro(tricyclohexylphosphin)
ruthenium (1.0 mmol, 849.0 mg) is dissolved in 50 ml of toluene. 5.0 mmol (1230.3 mg) 3-vinyl-5,7-
dimethyl-4,4’-difluoro-bora-3a,4a-diaza-(s)-indacene were added and reaction mixture is stirred for
14 h. Every half hour, solvent is removed and fresh, dry toluene is added. After last solvent removal,
column chromatography at 0°C using petrol ether — ethyl acetate (2:1) delivers compound (3) (598.4
mg, 0.6 mmol, 60 %).

'H-NMR (400.0 MHz, CDCls, 298 K):
d=21.7 (s, 1H), 8.48 (s, 1 H), 6.95-6.92 (m, 4 H), 6.82(s, 1 H), 6.30 (s, 1H), 6.16 (s, 1 H), 5.57 (s, 1 H),
3.37 (s, 4 H), 2.87 (s, 3 H), 2.84 (s, 3 H), 2.67 (s, 3 H), 2,47 (s, 1 H), 2.21 (s, 3 H), 2.00-1.50 (s, 39 H)

ppm.

®E_NMR (376.5 MHz, CDCls, 298 K): & = -134.55 (dq, 1 F, Y. = 102 Hz, *J1sr.115 = 34 Hz), -140.73 (dq, 1
F, IJF_F =102 HZ, 2.’19|:,113 =30 HZ) ppm.

3p_NMR (162.0 MHz, CDCls, 298 K): & = 32.34 (s) ppm.

Crystal structure: CCDC 1028353

Absorbance and Emission: A,,s = 612 nm, Aey, = -/- nm (toluene)
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Lifetime: biexponential reconvolution fit

10000 - —— TCSPC histogram
3 ——IRF
— fit
3
S
=
S
=]
=]
S
(%]
o
Fit results:
1:=0.030 ns A1=8914.09 kCnts compound (2)
17, =3.010ns A2 =0.1265 kCnts decomposition of (2)
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Synthesis of 3-Styryl-5,7-dimethyl-4,4 -difluoro-bora-3a,4a-diaza-(s)-indacene - a-styryl-BODIPY (3)

NN
1.5 eq. BuzSn /\Q

0.2 eq. Cul, 0.1 eq. Pd(PPh,),

DMF, 40°C, 16 h

3-Styryl-5,7-dimethyl-4,4’-difluoro-bora-3a,4a-diaza-(s)-indacene  was synthesized analog to
compound (1) using trans-tributyl(2-phenylethenyl)stannan as organo-tin reagent. Isolation of

225.5 mg (0.70 mmol, 70%) of a red crystalline solid was possible.
'H-NMR (400.0 MHz, CDCls, 298 K):
d = 7.65-7.58 (m, 3 H), 7.39-7.28 (m, 4 H), 7.05 (s, 1 H), 6.94 (d, J = 4.0 Hz, 1 H), 6.85 (d, J = 4.0 Hz,

1H),6.21 (s, 1 H), 2.60 (s, 3 H), 2.26 (s, 3H) ppm.

C-NMR (100.0 MHz, CDCl3, 298 K): § = 162.9, 159.3, 153.4, 142.7, 136.5, 135.6, 135.3, 134.8, 129.0,
128.8,128.2,125.3,122.0, 120.1, 119.3, 115.2, 110.0, 15.0, 11.3 ppm.

®E_.NMR (376.5 MHz, CDCls, 298 K): § = -143.63 (q, J = 33.9 Hz, 2 F) ppm.

Crystal structure: CCDC 1028354

HRMS (ESI)
chemical calculated exact mass measured accurate mass Error
formula [Da] [Da] [ppm]
CioH15 °BF,N," 322.156741 322.15633 -1.3
CioH1g ' BF,N," 323.153109 323.15263 -1.5

Absorbance and Emission: A,,s = 563 nm, Aey =572 nm (DCM)

Lifetime: t; = 4.9 ns (CHCl3)
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7.3.7.Spectra

NMR-spectra
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Figure A54: >C-NMR (1).
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Figure A55: F-NMR (1).
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Figure A57: ’F-NMR (2).
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Figure A61: ’F-NMR (3).
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Mass spectra

Figure A62: mass spectra (1).
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Figure A63: mass spectra (3).
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