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Chapter 6.
Gold nanoparticle-BODIPY fluorescence probes as
indicators of oxidative stress

In collaboration with: Adrian Konopko, Anna Zep, Jarosław Kusio and Kamila
Pruszkowska

Introduction
In this chapter we present our attempts towards the preparation of a hybrid
“nanoparticle-fluorescent probe” for the efficient detection of peroxyl radicals as a
particular example of Reactive Oxygen Species localized in lipid bilayer/membrane.
To achieve this, we designed a novel system based on a BODIPY fluorophore,
conjugated with catechol moieties, attached to gold nanoparticles via a short
linker. We characterized the obtained compounds by means of NMR, HRMS and
UV-Vis and studied their properties with a Clark electrode and fluorescence
microscopy.
Reactive Oxygen Species (ROS) is a group of oxygen containing radicals, such as the
superoxide radical anion, hydroxyl, peroxyl or alkoxyl radicals, as well as their
precursors which can be easily transformed into the corresponding radicals.[1] A
separate term Reactive Nitrogen Species has also been coined for nitrogen
containing radicals and their precursors but the ROS acronym usually is extended
to both nitrogen and oxygen species. Though commonly considered as toxic and
deleterious, some ROS naturally exist and, at low concentrations, are useful for
living organisms.[2] One of the more abundant members of naturally produced ROS
is the superoxide radical anion O2•-[3] formed by one-electron reduction of
molecular oxygen as by-product of respiratory chain in mitochondria. Because of its
limited reactivity, superoxide can deactivate a few enzymes only.[4] However,
superoxide is in equilibria with its protonated form, the more reactive hydroperoxyl
radical (O2•- + H+
HOO•, pKa=4.7). Superoxide concentration in cells is regulated
by superoxide dismutase (SOD) transforming O2•- to H2O2.[5] Hydrogen peroxide is
also considered as an ROS and exhibits moderate reactivity towards enzymes at
lower concentrations,[6] but is relatively easily neutralized by catalases via a
disproportionation process leading to the formation of H2O and O2, or by
peroxidases that reduce H2O2 to H2O.
O2•- and H2O2 participate in a vast variety of beneficial and harmful bioprocesses,
such as molecular signaling and DNA damage,[7] with hydrogen peroxide being
responsible for most of the harmful effects due to its ability to easily cross the
membranes, making it more “available” on the reaction site.[4] O2•- and H2O2 can
also produce highly reactive hydroxyl radicals[8] through the so called Fenton
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reaction (see Scheme 53) and is responsible for the cell damage attributed to high
concentrations of ROS.
O2

O2

Fe2+

Fe 3+

H2 O2

OH + OH

Scheme 53. Redox cycle leading to generation of •OH: Fenton reaction (lower part) and regeneration of Fe2+ by
superoxide O2•- (upper reaction).

Most of ROS’s in the body are produced as side products of the electron transport
chain in mitochondria (Scheme 54).[1] However, living organisms are also able to
produce them intentionally. An example of biologically important process of ROS
production is the one driven by phagocyte NADPH oxidases (NOX). These enzymes,
abundant in leukocytes, produce large amounts of ROS as weapon against
bacterial, fungal and parasitic infections in the body.

Scheme 54. Natural sources and role of antioxidants.
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Another important group of enzymes producing ROS are myeloperoxidases, which
are present mostly in macrophages and convert chlorine to hypochlorous acid.
HClO reacts further with O2•- to produce hydroxyl radicals or nitrites forming nitryl
chloride, responsible for the chlorination and nitration of compounds during
phagocytosis. Another example of the positive role of ROS in the body is found in
the mechanism of action some antibiotics. It has been demonstrated[9] that the
formation of hydroxyl radicals, induced by bactericidal antibiotics, is involved in the
final steps of an oxidative damage caused cellular death pathway.
The examples described above are among the many beneficial effects of ROS in
living organisms. During the last 20 years, two Nobel Prizes (in 1998 and 2002)
were awarded for the discoveries of mechanisms directly related to participation of
radicals (nitroxyls) in signal transduction and in the regulation of physiological
processes (including regulation of blood vessel tension and apoptosis). Regardless
of the importance of some enzymatic and non-enzymatic processes mediated by
ROS, there is much evidence that points towards the harmful effects of ROS in the
organisms. Elevated concentrations of ROS results in oxidation stress which is
known to play a remarkable role in aging,[10] cancer formation,[11] male infertility,[12]
cell proliferation,[13] chronic inflammation,[14] neurodegenerative disorders[15] and
cell apoptosis.[16] Excessive generation of ROS correlates with increased metabolic
activity, mitochondrial dysfunction and increased receptor signaling in cells in
general.[17] One of the main reasons behind these adverse effects of oxidation
stress is the uncontrolled interactions of ROS with peptides,[18] DNA,[14] RNA[15] and
lipids.[19] These interactions usually lead to the oxidation of biomolecules, resulting
in the dysfunction of the processes they are involved in. Unsaturated lipids are the
most sensitive biomolecules toward ROS and their peroxidation (Scheme 55 and
Scheme 56)[19] is of major importance as it can lead to cell death by changing the
assembly, composition, polarity, structure and dynamics of cellular membranes.

Scheme 55. General reaction of peroxidation of a polyunsaturated fatty acid ester. Fenton chemistry means
participation of not only H2O2, but also other, organic peroxides and hydroperoxides, see Scheme 4.

168

Scheme 56. Simplified mechanism of lipid peroxidation.

Like other chain radical mechanisms, the lipid peroxidation consists of three main
steps: initiation, propagation and termination.[20]
The initiation might begin with the Fenton reaction. In the presence of Fe2+,
commonly found in living organisms, hydrogen peroxide or other peroxides react to
form highly reactive hydroxyl or alkoxyl radicals. This process is also known to occur
with copper, though more rarely. If more H2O2 is available, the metal can be
reduced back to Fe2+ (Scheme 53) and more hydroxyl radicals are released, thereby
continuing the initiation cycle.
During the next step, propagation, the radicals abstract a hydrogen atom from the
weakest C-H bond available, which often is the bisallyl methylene group of a
polyunsaturated lipid in the cell membrane. This reaction leads to the formation of
a resonance-stabilized, carbon-centered radical which immediately (diffusion
controlled rate) reacts with O2 and forms a lipid-peroxyl radical, ROO•. This radical
can then abstract a hydrogen atom from bisallylic methylene of another
polyunsaturated lipid, thereby continuing the propagation cycle. If the radicals
recombine or are quenched in any other way, such as with an antioxidant, the
propagation step is terminated.
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Apart from peroxidation processes mediated by peroxyl radicals, peroxidised lipids
can also be “deliberately” synthesized by the organism in a more controlled
manner by lipid peroxidases.[21] At small concentrations, the products of these
reactions are used as signaling molecules.
The rate of peroxidation can be significantly reduced in the presence of small
amounts of antioxidants, some which are naturally found in organisms.
Antioxidants can be divided in two main groups: preventive and chain-breaking.[22]
Preventive antioxidants eliminate the radical initiators or some ROS before they
can initiate peroxidation, by chelating the metal ions responsible for the Fenton
reaction or by reaction with ROS, such as hydrogen peroxide, superoxide radicals
and singlet oxygen. This group includes enzymes, such as superoxide dismutase,
catalases, and glutathione peroxidase, as well as cation chelators, such as
transferrin, albumin, flavonoids[23] or even citric acid. In contrast to preventive
antioxidants, chain-breaking antioxidants are small molecules, mainly phenols,
thiols, aromatic amines and terpenoids that are responsible for interfering with the
radical oxidation processes during propagation.[24] Both groups of antioxidants
differ widely in their structures, localization in the cell and the mechanism of
antioxidant action. All these factors make the processes connected to ROS and
their inhibition challenging to study and describe. Our knowledge in this field is still
far from complete and in some cases significant divergences of points of view exist
obscuring fact with debate.[25]
Overall, all of the compounds in both of these families have one key property in
common: they are able to donate electrons (or hydrogen atoms) to the radicals
without becoming highly reactive radicals themselves.[26] The most known natural
antioxidants are vitamins C and E, carotene, polyphenols, xanthones, flavonoids
and polyphenols.[27]
ROS’s are considered to be involved, at the molecular level, in nearly 50% of known
diseases including Alzheimer’s and Parkinson’s diseases, atherosclerosis, cancer,
diabetes, rheumatoid arthritis, cardiovascular diseases, chronic inflammation,
myocardial infraction, stroke and sepsis).[28] One would therefore expect a number
of commercially available drugs containing antioxidants protecting living organisms
against oxidative stress to exist. Surprisingly, there are not many FDA approved
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drugs working in this manner (at least not intentionally).[29] Much of the research
on antioxidant supplementation in disease prevention[30] and treatment[31] proved
that most compounds designed to eliminate ROS failed to fulfil their roles for
unknown reasons and the results obtained often lead to more questions than
answers.[32] Clinical trials performed by several research groups proved that giving
supplements of beta carotene, vitamin A and vitamin E to a population does not
improve their health when comparing to a control group that ingested only natural
sources of these compounds.[33]
Another peculiarity was reported by Moss and co-workers.[34] Although
antioxidants cannot combat cancer, they do not seem to interfere with
chemotherapy or radiotherapy and could even alleviate the adverse effects of
chemo- and radiotherapies. These and other, similar, findings are considered to be
controversial and are often accompanied by vivid discussions on their veracity. The
only certainty that exists on the matter is that more studies are needed to explain
these observations on the cellular and organismal level.
The initial aim of such studies should be to gain more detailed knowledge on when
and where the ROS are localized within the cells and how they interact with them.
Methods for the monitoring of ROS should be direct, efficient and highly sensitive,
as ROS concentrations in cells are usually in the pico- to nano-molar ranges and,
because of their reactivity, their concentrations can change rapidly.[35] On the other
hand, such methods have to be non-invasive, as the observed process, or the
functionality of the observed part of the cell, should not be affected by the
introduced molecular markers for oxidative stress as this would result in a false
indication about the actual amount of ROS present.
Historically, electron spin resonance (ESR) spectroscopy (also known as electron
paramagnetic resonance, EPR) was the first instrumental method applied for ROS
detection in living organisms.[36] This technique, developed by Zavoisky in 1944,[37]
is one of the best methods applied for the structural and kinetic characterization of
radicals.[38] While ROS themselves are too transient to be observed directly by EPR
in real time, some other techniques utilizing spin traps can be conveniently applied
to living organism. Spin traps, usually nitroxides or nitrones, [39] react with radicals
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to form relatively more stable radical adducts (see Scheme 57), with half-lives
longer than the EPR time scale.

Scheme 57. General mode of action of a nitroxide spin trap.

EPR is now widely used for the study of living systems such as the organization of
lipids in biological membranes[40] and lipid-protein interactions.[41] Unfortunately,
this technique is considered rather complicated, hermetic and hard to apply by
non-specialists because of the need of expensive and sophisticated equipment.
Another problem of applying EPR to in vivo systems is rapid cellular reduction of
the spin traps, resulting in underestimation of the amount of ROS present in the
system.[42] To tackle this problem, new, more stable spin traps are being
developed.[43]
A relatively new method which can be successfully used for the visualization of
oxidation stress is Magnetic Resonance Imaging (MRI)[44] with 3D images produced
as a graphical interpretation of proton relaxation times.[45] MRI is already
commercially available to health services and is widely used for the imaging of
tumors, inflammations, vascular changes, infections and traumas and therefore
much more available and more straightforward to employ.[46] Recently, MRI
techniques have been used for assessing intrarenal oxygenation and oxidative
stress in patients with chronic kidney allograft dysfunction. [44] MRI, together with
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P NMR and EPR spin trapping techniques were also applied for the evaluation of
oxidative damage caused by anoxia and hyperoxia events on the brain of rats.[47]
Even though MRI proved to be an excellent tool, its use in academic labs remains
limited due to the expenses and long measurement times.
Another method for studying the presence of ROS in living organisms is
fluorescence imaging[35] based on the monitoring of the fluorescence of molecules
called fluorescence probes (FP). Compared to MRI, fluorescent imaging has better
resolution and allows for the observation of processes in single cells or their parts
(via confocal microscopy).[48] On the other hand, MRI gives better results for deep
tissue imaging.[49] The properties of fluorescent imaging, as well as its high
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sensitivity and the simplicity in its data collection make it a tool of choice for in
vitro experiments including cellular systems whereas MRI is employed for in vivo
studies.[50] Combinations of both methods are also being extensively studied.[51]
While some general examples of fluorescent probes were already described in
Chapter 1, these are not efficient probes for ROS detection in cells as two
additional factors are essential to take into account: the low concentration of the
target molecules (pM to nM scale) and their relatively high reactivity leading to a
low individual half-life. Thus, FPs for this kind of application should be more
sensitive than the ones previously mentioned, meaning that they should possess
the ability to interact with the ROS in the small time frame they exist, and give a
clear fluorescence response even at the low concentrations of ROS. Additionally,
they should work faster than the natural antioxidants present in the cells.[52] In
spite of these challenges, a variety of fluorescence probes for detecting ROS in cells
have been already reported.[50b, 53] Two FPs commonly used for ROS detection are
2,7-dichlorodihydrofluorescein (DCFH) and 2-[6-(4’-amino)phenoxy-3H-xanthen-3on-9-yl] benzoic acid (APF)(Scheme 58).[50b]

Scheme 58. Mode of action of commonly used ROS probes: a) DCFH, b) APF.

DCFH is widely applied in cell studies as its precursor (DCFDA) is able to diffuse
through biomembranes into the cell where its ester groups are cleaved by
esterases, releasing the actual probe that can be oxidized to strongly fluorescent
DCF (Scheme 58, a) by various intercellular oxidants such as H2O2, •OH, .OOR, NO
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and ONOO-. The applicability of DCFH is limited due to its rapid over-reaction,
caused by irradiation with UV light or the presence of peroxidases and H2O2,
generating variations in fluorescence not due to the radicals initially present in the
media but due to radicals formed because of the presence of the probe itself. The
second FP commonly used for ROS detection, APF, selectively reacts with •OH,
HOCl and ONOO-. The increase of fluorescence intensity is achieved by an oxidative
cleavage of its p-aminophenol moiety (Scheme 58, b). APF is less sensitive than
DCFH (in term of quantum yield of fluorescence) but is more stable when exposed
to UV light. A more complete picture of the ROS detecting FPs can be found in the
cited literature.[54]
It is worth mentioning that the two aforementioned probes (DCF and APF) function
by gaining fluorescence in the presence of ROS. However, this is not the only
possible more of action for a probe. Indeed, a probe functioning in the opposite
manner, that is to say it would lose fluorescence in the presence of ROS, is also
possible. This implies the detection of ROS via quenching. This method involves
using a probe which is fluorescent from the start but will lose its signal when in the
presence of ROS due to it being quenched as a result of molecular contact between
the fluorophore and the quencher, here the ROS. Although the process can follow
multiple mechanisms, the two most important ones for detecting ROS are
represented in Figure 31.[55] These are quenching via intersystem crossing which no
longer involves loss of energy via irradiation but rather via non radiative pathways
(a) or via photoinduced electron transfer (b) in which excitation is transferred to
the quencher by electronic exchange of exited and ground state electrons. The
quencher then independently returns to the ground state.
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Figure 31. Mechanisms of fluorescence quenching: a) intersystem crossing (IC), interactions with triplet oxygen or,
less often, halogens, result in the movement of the electron from the excited singlet state to a lower energy triplet
state; relaxation from this state can be either mediated again by triplet oxygen or can happen via heat dissipation
route. b) photoinduced electron transfer (PeT) in ion pair D+A-: the excited electron of the donor is transferred to
the acceptor (LUMOLUMO transfer), then the complex returns to the ground state either with or without
photon emission (exciplex emission), the electron returns to the donor (HOMOHOMO) and the complex breaks
down.

Probes which function otherwise than based on an on/off pattern also exist. These
probes function by producing a different signal when in the presence of ROS. This
third type of probe bases itself on two structurally and functionally different
segments called receptor and reporter. The role of the receptor is to selectively
react with ROS while the second part, the reporter, is a fluorophore whose
fluorescent properties will change depending on whether or not the receptor had
reacted with ROS (Figure 32). This receptor-reporter concept has also been
adapted to the on/off models to yield more sensitive and resilient probes.
All such receptor-reporter probes, which are schematically presented in Figure 32,
allow for a direct (in real time) observation of ROS as the fluorescence can be
increased (type a, “switch on” probes), deceased (type b, “switch off”) or its
wavelength changed (c), when the probe reaches its target.
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Figure 32. Typical scenarios of fluorescence changes in fluorescent probes after reaction with ROS: a) an increase
of intensity, b) a decrease of intensity, c) shift of λmax .R=receptor, F = fluorophore

As phenol groups are an abundant motif in natural antioxidants,[56] it was only a
matter of time before they were recognized as useful receptors for ROS detection.
Some of the more prominent examples of the use of phenols for FPs for ROS
include the probe proposed by the group of Tang. Their molecule was assembled
from a fluorophore (reporter) based on a tripolycyanamide scaffold and two
catechol moieties as receptors (Scheme 59, a). After this compound selectively
reacts with O2•- , the local concentration of superoxide anions can be easily
determined on the basis of the increase in the amount of photons emitted by the
oxidized probe (“switch on” type of FP).[57] Another FP with the catechol moiety
with a cyanine dye (Scheme 59, b)[58] is able to absorb and emit light in the NIR
region but this emission disappears when the hydroxyl groups are oxidized and
such a “switch off” FP is used for detection of hydroxyl radicals and H2O2. A
BODIPY-based fluorescent probe with a catechol moiety at the meso position (ie.,
C-8) was tested by Kim et al.[59] Reaction of this compound with hypochlorous acid
(and hypochlorite) results in a drastic enhancement of its fluorescence intensity,
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proving the usefulness of the BODIPY core as a fluorophore for this kind of
applications.
a)

b)

c)

Scheme 59. Structures of ROS fluorescent probes with catechol moieties: a), b) cyanine, c) BODIPY

In recent years the group of Cosa has been extensively working on BODIPY-αtocopherol FPs. These probes, optimized for the best sensitivity towards trace
amounts of peroxyl and alkoxyl radicals, rely on intramolecular photoinduced
electron transfer (PeT) (Figure 31, b) to switch on the fluorescence of their
fluorophore. In this case, the reporter bonded to reduced chromanol moiety is not
fluorescent in contrary to its oxidized (chromanone) state (Scheme 60).

Scheme 60. Mode of action of Cosa’s tocopherol BODIPY peroxide probe[60]

While these systems are highly promising, they are still limited in their use as a few
flaws in their design still need to be addressed. First, an optimally designed FP has
to be delivered to the cell without being oxidized during delivery to enhance the
quality of the fluorescence readout. Second, the antioxidant power of the probe
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has to be similar or better than other natural quenchers of ROS to give a clear
signal once detection of ROS occurs.

Results and discussion
We envisioned that an elegant solution to achieve better transport of the probe
through the cell membranes would be via the use of nanoparticles (NPs) as they
can be easily absorbed by the cells and also can be tailored for specific needs.[61]
This approach, mostly applied for the design of nano-carriers for drugs, is now
heavily investigated by various research groups for other purposes.[62] Gold
nanoparticles, in particular, are known to enhance optical processes such as light
absorption, scattering and fluorescence in addition to allowing facile surface
modification.[63] Their size-and-shape dependent properties and biocompatibility
make them promising candidates for carriers of fluorescent probes.
Therefore, we planned to prepare a fluorescent probe that could be attached to
gold nanoparticles to form fluorescent probe hybrids for quantitative
measurement of ROS in a living cell. This chapter focuses on our efforts towards
the preparation of the probes before attachment to the nanoparticles. We picked
BODIPY as the fluorophore core because of its beneficial properties mentioned
already in earlier chapters, such as its synthetic flexibility paired with favorable
photochemical properties, including intensive and sharp absorption and emission
bands and high quantum yields. Then we chose catechol moieties as ROS receptors
and decided they should be directly electronically conjugated with the BODIPY
reporter for maximal detection performance. We expected that such conjugation
would not affect the antioxidant properties of the receptor part of the FP but it
would still cause a significant red shift the λmax of the fluorophore resulting in
bigger difference in its intensity compared to the “non-conjugated” catecholBODIPY probes. We also integrated into our design a covalent linker connecting the
probe to the gold NP (Figure 33).We envisioned that this probe would become an
efficient indicator for peroxyl and superoxide to help us to visualize the ROS taking
part in the cell processes.
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Figure 33. Overview of the probe design

The initially designed pathway for the synthesis of the probe is presented in
Scheme 61. The synthesis started with the preparation of 1 following a procedure
adapted from Ambade and coworkers[64] where the addition of the BF3 etherate at
the end of the reaction was done quickly and at room temperature instead of
slowly at 0oC as described in the original report (Scheme 61).
This allowed us to smoothly obtain 1 in 81% yield. Reaction of 1 with 1,4dibromobutane in the presence of K2CO3 gave 2 (58% yield), which was converted
into 3 (60% yield) under standard Steglich esterification conditions with DCC and
DMAP. With compounds 2 and 3 in hand, we attempted Knoevenagel
condensations with diverse benzaldehydes (Scheme 62, Table 11).
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Scheme 61. Synthetic route to obtain BODIPY ligands with a free thiol group.

As the reaction conditions described in Chapter 3 worked well, we initially
employed these for this reaction but with different liquid aldehydes. Unfortunately,
the reaction with benzaldehyde was slow, giving just traces of the desired product
even with the addition of acetic acid as a catalyst.

Scheme 62. Knoevenagel condensation of BODIPY derivatives 2 and 3 with series of aldehydes (see Table 1).
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Table 11. Conditions of Knoevenagel condensation.

Entry

R

R

Cpd
no.

1

H

OMe

1

2

H

H

1

3

H

H

3

4

H

OBn

3

5

H

OBn

1

6

H

OBn

3

7

H

OH

3

8

H

OBn

2

9

OBn

OBn

3

10

OBn

OBn

1

11

H

OBn

1

12

OBn

OBn

1

1

2

Additive
Piperidine
Piperidine,
CH3COOH
Piperidine,
CH3COOH
Piperidine,
CH3COOH
Piperidine,
p-TosOH
Piperidine,
CH3COOH
Piperidine,
CH3COOH
Piperidine,
CH3COOH
Piperidine,
CH3COOH
Piperidine,
CH3COOH
Piperidine,
CH3COOH
Piperazine,
CH3COOH

Solvent

Temp.
o
[ C]

Other

Result

-

60

Vacuum

-

-

60

Vacuum

-

-

60

Vacuum

-

p-xylene

60

Vacuum

Toluene

112

-

Benzene

85

-

AcCN

80

-

Hydrolysis

AcCN

85

-

Hydrolysis

AcCN

80

-

Hydrolysis

AcCN

80

-

AcCN

60

-

AcCN

90

-

Slow,
hydrolysis
Slow,
hydrolysis
Slow,
hydrolysis

fast, some
decomposition
fast, some
decomposition
Fast, some
decomposition

Therefore, out next attempt was the condensation of 3 with solid aldehydes in pxylene as a high boiling solvent that can be used under reduced pressure.
Unfortunately, under such conditions, we only observed cleavage of the ester
group yielding starting material 1 again. Other procedures, such as performing the
reaction in benzene or toluene at reflux with a Dean-Stark trap to remove water
were slow and gave mostly the hydrolyzed product. Changing the catalyst to ptoluenesulfonic acid and using freshly dried molecular sieves in refluxing
acetonitrile, as employed by Ciecchi[65], also gave the hydrolyzed product and did
not improve the outcome of the reaction. Therefore, we gave up this route of
synthesis and decided to explore a different approach with amine functional
groups (Scheme 63) instead of thiols as initially planned (see Scheme 61).
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Because anilines can also be used as ligands for gold nanoparticles and because we
suspected that nitro BODIPY derivatives would be better substrates for the
Knoevenagel condensation, we decided to prepare compounds 13 - 19 by the
synthesis route shown in Scheme 63.

Scheme 63. Synthetic route to compounds 13 – 19.

Compound 4 was prepared using two different methods. The first one, the same as
described for compound 1, gave the desired product with 30% yield. In order to
increase the yield and simplify product purification, we employed conditions as
described in Chapter 2. When the starting aldehyde was thus replaced by an acyl
chloride (second method), the reaction was much cleaner and the isolation was
easier as the differences in polarity between the substrates versus the impurities
were more pronounced. After compound 4 was obtained with 67% yield, we
attempted again the Knoevenagel condensation (Scheme 64, Table 12).
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Scheme 64. Knoevenagel condensation of compounds 4 and 12 (R3=NO2 and NH2, respectively) with a series of
aldehydes.
Table 12. Conditions of the Knoevenagel condensation of compounds 4 and 12 with a series of aldehydes.

Solvent

Temp.
o
[ C]

Other

-

60

Vacuum

-

60

Vacuum

Piperazine,
CH3COOH

AcCN

90

-

NO2

Piperazine,
CH3COOH

AcCN

90

-

NH2

Piperazine,
CH3COOH

AcCN

90

-

Entry

R1

R2

R3

1

H

H

NO2

2

H

OMe

NO2

3

H

OH

NO2

4

OMe

OMe

5

H

OH

Additive
Piperidine,
Piperidine,
-

Result
fast and
efficient
fast and
efficient
fast, small
amount of
decomposition
fast, small
amount of
decomposition
slow, some
decomposition

The Knoevenagel condensations carried out with liquid aldehydes (neat) under
reduced pressure worked much better than these described in table 11,
compounds 5 and 7 were obtained within less than one hour with 75 and 61%
yield, respectively. For solid aldehydes, we employed Ciecchi’s[65] method in
refluxing acetonitrile with freshly dried molecular sieves (Scheme 64, Table 12).
These reactions also proceeded much faster than the analogous ones for
compounds 1 - 3 and gave much less decomposition. However, aldehydes with free
OH groups (entry 3 and 5) reacted slower than others and the isolation of the
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products of these reactions was much more challenging. Because the yields of
certain condensation products were far from excellent (30-75%), we tried to
instead obtain compounds 10 and 18 by deprotection of the benzyl groups in 11
and 19 via Vendrell’s[66] procedure for hydrogenation. The use of H2 and Pd/C
caused over-reduction of the starting materials (hydrogenation of stilbene double
bonds). In view of these issues, we decided to use Ciecchi’s [65] method of
preforming the reaction in refluxing acetonitrile over freshly dried molecular sieves
without any further optimization.
As we expected, reduction of the NO2 group in 5 – 11 in the presence of double
bonds was problematic as our attempts also resulted in over reduction and loss of
the stillbenes. We therefore attempted to invert the order of the reduction and
condensation steps. Unfortunately, after the reduction of 4 to 12, the Knoevenagel
condensation of 12 with the aldehyde did not proceed and only trace amounts of
the products were obtained. With this knowledge, we revised our approach and
attempted to carry out the reduction as the last step (Scheme 65, Table 13)
regardless the presence of the double bonds. After the initial failure of the
reduction of 11 with H2 and Pd/C, we modified Vendrell’s[66] procedure by adding
water, as reported by Ziessel,[67] but again, we observed the undesired partial
deprotection of benzyl groups and significant reduction of the double bonds.

Scheme 65. Reduction of the nitro group.

After a short screening of conditions, it turned out that simply adding Na2S to a
refluxing solution of the nitro compounds in dioxane and water lead to the
formation of the desired amines 12 - 19 within 15 minutes with full conversion and
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reasonable yields (63 - 90%), without affecting the double bonds and without the
loss of benzyl groups. This method proved very versatile as it worked for all of our
derivatives in equal measure. Unfortunately, even though compounds 14 and 18
were being formed (as seen on 1H NMR), we were not able to obtain them due to
stability issues.
Table 13. Conditions of the reduction of NO2 group.

Entry

Solvent

Reagents

Time

Temp.

Result

1

DCM

AlCl3,
N,N-dimethylaniline

5 min

RT

full decomposition

2

MeOH

Pd/C, H2

2 hours

RT

3

MeOH,
H2O

Pd/C, H2

2 hours

RT

4

THF, H2O

Na2S

1 hour

reflux

5

Dioxane,
H2O

Na2S

15 min

reflux

reduction of
double bonds
reduction and
deprotection at
the same time
problems with
solubility
fast and clean

The yields and photochemical properties of the obtained compounds (described later) are summarized in Table 14,
for the nitro compounds and

Table 15 for the amines
Table 14. Yields (Knoevenagel) and photochemical data (εa and λmax) for compounds 5-11.

No.
1
2
3
4
5
6
7
8

Compound
No.
4
5
6
7
8
9
10
11

R1

R2

R3

Yield [%]

H
H
H
OMe
OMe
OH
OBn

H
OH
OMe
OMe
OH
OH
OBn

NO2
NO2
NO2
NO2
NO2
NO2
NO2
NO2

67
75
75
61
50
60
47b
30
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εaλmax/103
λ [nm]
[cm-1 x mol-1] max
80
504
79
638
61
653
84
649
75
657
62
662
57
662
58
657

Table 15. Yields (reduction) and photochemical data (εa and λmax) for compounds 12-19.

No.
1
2
3
4
5
6
7
8

Compound
No.
12
13
14
15
16
17
18
19

R1

R2

R3

Yield [%]

H
H
H
OMe
OMe
OH
OBn

H
OH
OMe
OMe
OH
OH
OBn

NH2
NH2
NH2
NH2
NH2
NH2
NH2
NH2

95
90
84
77
77
70

εaλmax/103
λ [nm]
[cm-1 x mol-1] max
75
500
56
620
77
637
57
646
63
647
60
644

a) Because of problems with solubility of the studied compounds, the collected ε values showed some
variance when duplicating the results and should therefore be considered more as estimations than
actual values, b) Some impurity was still present on the NMR but the compound was used for the next
step without further purification

The main goal of the project was the design and synthesis of ROS-sensitive,
BODIPY-based probes. Although the studies of their applicability to particular
micellar, liposomal systems and cellular systems subjected to oxidative stress is
beyond the scope of this PhD thesis, we measured some spectral properties of
prepared BODIPY conjugates with phenols. Compound 6 was chosen as model
compound for these measurements because of the presence of free phenolic
groups in its structure and its overall good stability when compared to the other
obtained BODIPY derivatives with unprotected phenolic groups. To determine if
this compound exhibits antioxidant behavior in the presence of peroxyl radicals, we
used a Clark electrode. This technique determines the amount of oxygen present in
a sample at a given time allowing for the measurement of the evolution of this
concentration over time. These preliminary measurements were conducted by
Adrian Konopko and Jarosław Kusio and full details will be included in their
respective theses.[68]
First, we prepared two samples of micelles with methyl linoleate in Triton X-100
and Tris buffer of pH = 7 and added compound 6 to one of them. Then, we
incubated both the resulting mixtures at 37oC, saturated them with molecular
oxygen and added 2,2'-azobis(2-methylpropionamidine) dihydrochloride (ABAP) to
them as peroxidation initiator. We then measured the percentage of oxygen in the
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sample solution over time. After converting the obtained values from percentages
to concentrations, the evolution of the reactions in respect to oxygen over time
could be plotted and analyzed (Figure 34).

Figure 34. Oxygen loss curves for ABAP-initiated (10 mM ABAP) autoxidation of methyl linoleate emulsion (2.73
mM) in Triton X-100 (8 mM) in the presence of 6 (1 μM). The measurement was carried out in a buffered system at
pH 7.0, at 37oC.

Compound 6 had a noticeable effect on the rate of methyl linoleate peroxidation,
decreasing it considerably from (4.3 ± 0.3)10-7 Ms-1 (normal peroxidation rate of
methyl linoleate) to (0.9 ± 0.1)10-7 Ms-1 for sample containing 1 M of 6 (Figure
34), with an induction period τind =20±1 min (average of 6 measurements). Basing
on the kinetic profile we calculated the bimolecular rate constant for reaction of 6
with peroxyl radicals as kinh=(2.3 ± 0.7)103 Ms-1. Therefore, compound 6 could be a
viable probe for the visualization of the peroxidation reaction.
To see the actual optical photochemical responce of compound 6 to ROS, we
decided to perform UV-Vis measurements on our system. To do so, we prepared
analogous (albeit more concentrated) samples of compound 6 and recorded UV-Vis
spectra every 15 minutes after the initiation of the peroxidation reaction with
ABAP (Figure 35).
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Figure 35. UV-Vis spectra for ABAP-initiated (25 mM ABAP) autoxidation of methyl linoleate emulsion (2.1 µL) in
buffer in the presence of 6 (1 μM) at 37oC: a) in Triton X-100 (16 mM) at pH = 7; b) In acetate buffer (82 mM
CH3COOH, 18 mM CH3COONa) at pH = 4. Spectra taken every 15 min.

It quickly became apparent that the absorbance of compound 6 changed over time
indicating sensitivity to peroxidation process. The initial absorbance signals at 670
nm for the sample at pH = 7 and 667 nm for the sample at pH = 4 were losing their
intensity, giving raise to two others (at around 570 nm and 520 nm, respectively).
This observation led us to believe that the π-system of the compound was getting
distorted and that the electronic connection between the BODIPY core and the
phenols was lost. This could be a result of an oxidation of the either of the phenol
groups or of the stilbene double bonds present in compound 6. Unfortunately, with
the amount of data collected at the time of the writing of this manuscript, it was
impossible to draw definite conclusions about the mechanism of action of the
studied compound though these first results are promising and in our eyes
constitute a proof of concept as to the overall design and approach we took.
Further studies on the aforementioned synthesized compounds and further
derivatives, (including spectrofluorimetric measurements in heterogeneous
lipid/water systems) are needed to fully understand how this system functions, and
what are the possible limitations of the probes assembled from BODIPY and
phenols.
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Conclusions
We prepared a series of stilbene BODIPY derivatives with the objective of using
them as ligands for gold nanoparticles to create BODIPY-nanoparticle fluorescent
probes for the study of ROS in biological systems. After encountering some initial
challenges in the synthesis and the stability of the desired compounds, we
obtained a small library of potential ligands. We then chose compound 6 bearing
free phenolic groups and performed studies on its behavior in the presence of
peroxyl radicals using the Clark electrode method and UV-Vis spectroscopy.
It turned out that the model compound is able to trap peroxyl radicals in model
micellar system and can be used as reliable ROS detecting probes because of the
net change in color it demonstrates during lipid peroxidation. Further studies on
the library of the obtained compounds are, however, needed to describe properly
the mechanism of action of these compounds and to prepare more stable
derivatives which could be connected to nanoparticles therefore providing the
desired probes. Overall we believe these results constitute a solid basis upon which
the development of these probes can be continued.
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Experimental procedures
General Information
Starting materials, reagents and solvents were purchased from Sigma–Aldrich,
Acros and Combi-Blocks and were used without any additional purification. The
reaction progress was monitored by TLC. Thin Layer Chromatography analyses
were performed on commercial Kieselgel 60, F254 silica gel plates with
fluorescence-indicator UV254 (Merck, TLC silica gel 60 F254). For detection of
components, UV light at λ = 254 nm or λ = 365 nm was used.
HRMS ESI-MS spectra were acquired on a Micromass LCT ESI-TOF mass
spectrometer equipped with an orthogonal electrospray ionization source. Proton
nuclear magnetic resonance (NMR) spectra were recorded using Bruker AVANCE
300 or 500 MHz spectrometers. Column chromatography was performed on
commercial Kieselgel 60, 0.04-0.063 mm, Fluka. UV-Vis absorption spectra were
recorded on Cary 50 UV-Vis Spectrophotometer with a 1 cm quartz cell. Melting
points were recorded using OptiMelt Automated Melting Point System from
Stanford Research Systems. Oxygen level measurements were conducted on 5300A
Biological Oxygen Monitor from Yellow Spring Instruments.
Compound Characterisation
4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'f][1,3,2]diazaborinin-10-yl)phenol (1)
To a solution of 2,4-dimethyl pyrrole (0.61 mL, 5.9 mmol, 2.2
equiv.) and 4-hydroxybenzaldehyde (0.33 g, 2.7 mmol) in dry THF
(45 mL) 3 drops of TFA were added under nitrogen and resulting
reaction mixture was stirred overnight. Then, a solution of DDQ
(0.61 g, 2.7 mmol, 1 equiv.) in dry THF (45 mL) was slowly added
N - N+
dropwise and the resulting reaction mixture was stirred for
B
F F
additional 5 h at room temperature. Then, the reaction flask was
opened and TEA (2.3 mL, 16 mmol, 6 equiv.) was added dropwise to the reaction
mixture. Next, the flask was again closed, the reaction mixture nitrogenated and
stirred for 30 min at room temperature. Then, BF3-ethrate (3.0 mL, 24 mmol, 9
equiv.) was rapidly added via a syringe. The resulting reaction mixture was stirred
OH

190

for additional 12 h at room temperature. Then, after the solvent was removed in
vacuo, the crude mixture was purified by column chromatography using DCM as
the eluent. Compound 1 was obtained as red solid (740 mg, 80% yield).
1

H NMR (300 MHz, Chloroform-d) δ 1.44 (s, 6H), 2.55 (s, 6H), 5.98 (s, 2H), 6.92 –
6.98 (m, 2H), 7.10 – 7.18 (m, 2H). Spectrum in agreement with the published
data.[64]

10-(4-(4-bromobutoxy)phenyl)-5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ4,5λ4dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (2)
1,4-dibromobutane (1.7 mL, 14 mmol, 9.5 equiv.) was
added dropwise to a refluxing suspension of K2CO3 (5.1 g, 37
mmol, 25 equiv.) and compound 1 (0.50 g, 1.5 mmol) in
acetone (200 mL) and the resulting reaction mixture was
stirred and heated overnight. Next, after the solids were
filtered off and the solvent was partially evaporated, Et2O
(30 mL) and brine (50 mL) were added to the residual
mixture and the formed layers were separated. The organic layer was then washed
with 1 M aq. HCl (4 x 20 mL), aq. NaHCO3 (sat., 1 x 20 mL) and brine (2 x 20 mL) and
dried with MgSO4. Next, after the solvent was evaporated, the crude mixture was
purified by column chromatography using a mixture of pentane and DCM (gradient:
1/1 -> 0/1, v/v) as the eluent. Compound 2 was obtained as orange solid (0.41 g,
58% yield).
1

H NMR (300 MHz, Chloroform-d) δ 1.43 (s, 6H), 1.96 – 2.20 (m, 4H), 2.55 (s, 6H),
3.52 (t, J = 6.5 Hz, 2H), 4.05 (t, J = 5.9 Hz, 2H), 5.97 (s, 2H), 6.99 (d, J = 8.6 Hz, 2H),
7.16 (d, J = 8.6 Hz, 2H). 19F NMR (282 MHz, Chloroform-d) δ -146.32 (dd, J = 66.2,
33.0 Hz). 13C NMR (75 MHz, Chloroform-d) δ 14.6, 27.9, 29.5, 33.40, 67.0, 115.0,
121.1, 127.1, 129.2, 131.8, 141.8, 143.1, 155.3, 159.4.
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4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'f][1,3,2]diazaborinin-10-yl)phenyl 11-bromoundecanoate (3)
To a solution of compound 1 (0.50 g, 1.5 mmol) in dry
DCM (20 mL) a solution of 11-bromoundecanoic acid
(0.47 g, 1.8 mmol, 1.2 equiv.), DMAP (0.18 g, 1.5 mmol,
1 equiv.) and DCC (0.30 g, 1.5 mmol, 1 equiv.) in dry
DCM (30 mL) was added under nitrogen. The resulting
reaction mixture was stirred for 4 hours. Then, brine (25
mlL) was added and the formed layers were separated.
Next, the organic layer was washed with aq. NaHCO3
(sat., 3 x 20 mL), 1 M aq. HCl (25 mL) and brine (20 mL)
and dried with MgSO4. Afterwards, the solvent was evaporated in vacuo and the
crude mixture was purified by column chromatography using DCM as the eluent.
Compound 3 was obtained as orange solid (0.51 g, 60% yield).
1

H NMR (300 MHz, Chloroform-d) δ 1.40 (m, 15H), 1.57 (s, 3H), 1.72 – 1.95 (m, 4H),
2.60 (m, 8H), 3.43 (t, J = 6.8 Hz, 2H), 6.01 (s, 2H), 7.25 (d, J = 8.8 Hz, 2H), 7.32 (d, J =
8.8 Hz, 2H). 19F NMR (282 MHz, Chloroform-d) δ -146.31 (dd, J = 65.9, 32.9 Hz). 13C
NMR (75 MHz, Chloroform-d) δ 14.6, 14.6, 24.8, 28.2, 28.7, 29.1, 29.2, 29.3, 29.4,
32.8, 34.0, 34.4, 121.4, 122.5, 129.1, 131.5, 132.3, 140.7, 143.1, 151.3, 155.7,
171.9.
5,5-difluoro-1,3,7,9-tetramethyl-10-(4-nitrophenyl)-5H-4λ4,5λ4-dipyrrolo[1,2c:2',1'-f][1,3,2]diazaborinine (4)
Method A: 2,4-dimethylpyrrole (0.50 mL, 457 mg, 4.8 mmol, 2.2
equiv.) and p-nitrobenzaldehyde (330 mg, 2.18 mmol) were
dissolved in dry THF (45 mL) under nitrogen atmosphere and the
mixture was stirred for about 10 min. Then, 2 drops of
trifluoroacetic acid were added and the reaction mixture was
N - N+
B
stirred at room temperature overnight. Next, 2,3-dichloro-5,6F F
dicyano-1,4-benzoquinone (500 mg, 2.2 mmol, 1 equiv.) in dry THF
(40 mL) was added drop by drop. After stirring for 4–5 hours the flask was opened
and triethylamine (3.0 mL, 2.18 g, 21.5 mmol, 9.7 equiv.) was added, the flask was
closed and the reaction mixture was stirred for an additional hour. Subsequently, it
NO2
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was flushed with nitrogen and BF3·OEt2 (4.0 mL, 32.4 mmol, 14.8 equiv.) was added
rapidly (either super-fast drop by drop or a steady stream). After the mixture was
further stirred for 12 hours, the solvent was evaporated and the crude reaction
mixture was purified by column chromatography using pentane/diethyl ether 2/1 1/1 -> DCM to obtain the product as an orange-red solid (250 mg, 30% yield).
Method B: Under nitrogen atmosphere 2,4-dimethylpyrrole (0.610 mL, 5.93 mmol,
2.2 equiv.) was slowly added to a DCM (50 mL) solution of 4-nitrobenzoyl chloride
(500 mg, 2.69 mmol). The reaction mixture was stirred at room temperature
overnight. Next, the flask was opened and triethylamine (3.00 mL, 21.5 mmol, 8.0
equiv.) was added and the reaction mixture was stirred (still open) for an hour.
Then, the flask was closed, flushed with N2 and BF3 etherate (4.00 mL, 32.4 mmol,
12 equiv.) was quickly added (fast drop by drop or a steady stream). After stirring
the reaction mixture for the next hour, the solvents were evaporated and the crude
mixture was purified by flash chromatography (dry loading) using pentane/diethyl
ether (gradient 3/1 -> 2/1; v/v) as the eluent. Compound 1 was obtained as red
precipitate (670 mg, 67% yield).
1

H NMR (300 MHz, Chloroform-d) δ 1.39 (s, 6H), 2.59 (s, 6H), 6.04 (s, 2H), 7.57 (d, J
= 8.8 Hz, 2H), 8.41 (d, J = 8.8 Hz, 2H), 19F NMR (282 MHz, Chloroform-d) δ -146.24
(dd, J = 65.4, 32.6 Hz). LRMS (ESI+) calc. for [M+Na]+ (C19H18BF2N3O2Na): 392.2,
found: 392.4. 1H spectrum in agreement with published data.[62b]
General procedure for Knoevenagel condensations
Method A: for reactions with liquid aldehyde
substrates.
Compound 4 (50.0 mg, 0.135 mmol), aldehyde
(0.5 mL) and a drop of piperidine were heated in
a 5 mL round bottom flask at 60oC under
vacuum (water pump) until the reaction mixture
changed its color to green/blue (less than 3
hours). Next, the reaction mixture was allowed
to cool down and was purified by flash
chromatography (dry loading) using a mixture of pentane and DCM as eluent
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(pentane/DCM 2/1 -> DCM). Compounds 5 and 7 were obtained in 75 and 61%
yield accordingly.
Method B: for reactions with solid aldehyde substrates
Compound 1 (50.0 mg, 0.135 mmol), aldehyde (10 equiv.), pyrrolidine (40 µL, 0.474
mmol, 3.5 equiv.) and acetic acid (38.7 µL, 0.677 mmol, 5 equiv.) and dry
acetonitrile (6 mL) were added to a round bottom flask and heated at reflux till the
color of the reaction mixture became green/blue. Subsequently, the reaction
mixture was allowed to cool down and the solvent was evaporated. The crude
product was then purified using flash chromatography using mixtures of DCM and
diethyl ether or acetone as the eluents (pure DCM -> DCM/diethyl ether 85/15;
v/v). Compounds 3, 5, 6 and 7 were obtained in 30-75% yield.

5,5-difluoro-1,9-dimethyl-10-(4-nitrophenyl)-3,7-di((E)-styryl)-5H-4λ4,5λ4dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (5)
Blue solid, 66 mg, 75% yield, 1H NMR (400 MHz,
Chloroform-d) δ 1.43 (s, 6H), 6.68 (s, 2H), 7.26 – 7.37 (m,
4H), 7.42 (t, J = 7.4 Hz, 4H), 7.59 (d, J = 8.7 Hz, 2H), 7.65
(d, J = 7.2 Hz, 4H), 7.74 (d, J = 16.3 Hz, 2H), 8.40 (d, J = 8.7
Hz, 2H).13C NMR (101 MHz, Chloroform-d) δ 15.0, 118.4,
119.0, 124.3, 124.8, 127.7, 128.8, 129.2, 130.1, 132.6,
135.4, 136.3, 137.1, 141.4, 142.1, 148.3, 153.4. HRMS
(ESI+) calc. for [M+Na]+ (C33H26BF2N3O2Na): 568.1974,
found: 568.1990.
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4,4'-((1E,1'E)-(5,5-difluoro-1,9-dimethyl-10-(4-nitrophenyl)-5H-4λ4,5λ4dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-3,7-diyl)bis(ethene-2,1-diyl))diphenol
(6)
Green solid, 32 mg, 40% yield, 1H NMR (400 MHz, THFd8) δ 1.42 (s, 6H), 6.73 (s, 2H), 6.79 (dq, J = 8.8, 2.1 Hz,
4H), 7.31 (dd, J = 16.3, 3.0 Hz, 2H), 7.43 – 7.50 (m, 4H),
7.57 (d, J = 16.3 Hz, 2H), 7.63 – 7.74 (m, 2H), 8.40 (dq, J
= 8.8, 2.1 Hz, 2H), 8.74 (brs, 2H). 13C NMR (101 MHz,
THF-d8) δ 16.0, 117.5, 117.9, 119.5, 125.8, 130.1, 130.8,
132.4, 134.1, 136.7, 138.4, 142.4, 144.1, 150.3, 155.3,
161.0. 19F NMR (376 MHz, THF-d8) δ -136.86 (dd, J =
67.0, 33.1 Hz). HRMS (ESI+) calc. for [M+Na]+
(C33H26BF2N3O4Na): 600.1888, found: 600.1874.

3,7-bis((E)-3,4-dimethoxystyryl)-5,5-difluoro-1,9-dimethyl-10-(4-nitrophenyl)-5H4λ4,5λ4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (8)
Green solid, 45 mg, 52% yield, 1H NMR (400 MHz,
THF-d8) δ 1.49 (s, 3H), 1.49 (s, 3H), 3.85 (s, 3H),
3.85 (s, 3H), 3.90 (s,3H), 3.90 (s,3H), 6.80 (d, J = 3.2
Hz, 2H), 6.96 (dd, J = 8.5, 3.3 Hz, 2H), 7.17-7,25 (m,
2H), 7.37 (dd, J = 16.4, 3.2 Hz, 2H), 7.63 (d, J = 16.3
Hz, 2H), 7.73 – 7.82 (m, 2H), 8.40 – 8.51 (m, 2H),
10.89 (d, J = 3.5 Hz, 2H). 13C NMR (126 MHz,
Chloroform-d) δ 15.1, 56.2, 109.9, 111.3, 117.3,
118.4, 121.9, 124.4, 129.8, 130.4, 132.6, 134.7,
137.2, 141.2, 142.5, 148.5, 149.4, 150.6, 153.6. 19F
NMR (376 MHz, THF-d8) δ -136.76 (dd, J = 67.0, 33.4 Hz). HRMS (ESI+) calc. for
[M+Na]+ (C37H34BF2N3O6Na): 688.2413, found: 688.2394.
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4,4'-((1E,1'E)-(5,5-difluoro-1,9-dimethyl-10-(4-nitrophenyl)-5H-4λ4,5λ4dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-3,7-diyl)bis(ethene-2,1-diyl))bis(2methoxyphenol) (9)
Green solid, 52 mg, 60% yield, 1H NMR (400
MHz, THF-d8) δ 1.45 (s, 6H), 3.94 (s, 6H), 6.71 –
6.86 (m, 4H), 7.10 (d, J = 7.0 Hz, 2H), 7.14 –
7.23 (m, 2H), 7.33 (dd, J = 16.3, 4.3 Hz, 2H),
7.58 (dd, J = 16.2, 4.1 Hz, 2H), 7.70 – 7.79 (m,
2H), 8.39 – 8.48 (m, 2H). 13C NMR (101 MHz,
THF-d8) δ 16.0, 56.9, 111.3, 117.3, 117.9, 119.5,
123.7, 125.9, 130.4, 132.5, 136.6, 138.9, 142.4,
144.0, 144.1, 149.7, 150.3, 150.7, 155.2. 19F
NMR (376 MHz, THF-d8) δ -136.78 (dd, J = 66.8,
33.1 Hz). HRMS (ESI+) calc. for [M+Na]+ (C35H30BF2N3O6Na): 660.2100, found:
660.2101.

4,4'-((1E,1'E)-(5,5-difluoro-1,9-dimethyl-10-(4-nitrophenyl)-5H-4λ4,5λ4dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-3,7-diyl)bis(ethene-2,1diyl))bis(benzene-1,2-diol) (10)
Green solid, 39 mg, 47% yield, 1H NMR (400 MHz,
THF-d8) δ 1.44 (s, 6H), 6.51 (dd, J = 5.8, 2.3 Hz, 2H),
7.11 (d, J = 1.9 Hz, 2H), 7.25 (d, J = 16.2 Hz, 2H),
7.51 (d, J = 16.2 Hz, 2H), 7.73 (d, J = 8.6 Hz, 2H),
8.42 (d, J = 8.6 Hz, 2H). 19F NMR (471 MHz, THF-d8)
δ -138.98 (dd, J = 67.3, 33.4 Hz), HRMS (ESI-) calc.
for [M-H]- (C33H25BF2N3O6): 608.1810, found:
608.1828.
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3,7-bis((E)-3,4-bis(benzyloxy)styryl)-5,5-difluoro-1,9-dimethyl-10-(4-nitrophenyl)5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (11)
Green solid, 40 mg, 30% yield, 1H
NMR (500 MHz, Chloroform-d) δ 1.41
(s, 6H), 5.14 (s, 4H), 5.19 (s, 4H), 6.58
– 6.65 (m, 2H), 6.90 (d, J = 8.4 Hz, 2H),
7.11 – 7.14 (m, 2H), 7.17 (d, J = 16.2
Hz, 2H), 7.25 (d, J = 2.3 Hz, 2H), 7.27 –
7.33 (m, 4H), 7.34 – 7.40 (m, 8H), 7.43
(ddt, J = 7.6, 1.4, 0.7 Hz, 4H), 7.46 –
7.49 (m, 4H), 7.54 – 7.61 (m, 4H), 8.39
(d, J = 8.8 Hz, 2H). 13C NMR (126 MHz,
Chloroform-d) δ 14.5, 70.6, 70.9,
112.8, 114.1, 116.8, 117.7, 121.7, 123.7, 126.7, 127.3, 127.4, 127.5, 128.1, 128.1,
129.6, 129.8, 132.0, 134.0, 136.3, 136.4, 136.5, 140.5, 141.9, 147.8, 148.5, 149.7,
152.9. 19F NMR (471 MHz, Chloroform-d) δ -138.26 (dd, J = 66.7, 31.9 Hz). HRMS
(ESI+) calc. for [M+Na]+ (C61H50BF2N3O6Na): 992.3669, found: 992.3689.

General procedure for the reduction of NO2 group
Nitro BODIPY Compound (5 – 11, 35 µmol) were
dissolved in dioxane (10 mL) and water (2 mL).
The reaction mixture was heated up to 80oC
and Na2S (100 mg, 1.28 mmol, 37 equiv.) was
added in one portion. Heating was continued
until the consumption of the starting material
(usually less than half an hour). Next, the
reaction mixture was allowed to cool down and
the solvents were partially evaporated. Then
ethyl acetate (20 mL) and brine (30 mL) were added and the formed layers were
separated. The organic layer was washed twice with a saturated solution of aq.
NaHCO3 (2 x 20 mL) and twice with brine (2 x 20 mL). It was then dried with MgSO4,
filtered and the solvent was removed under vacuum. The crude product was
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purified by flash chromatography using mixtures of DCM and diethyl ether as
eluents (pure DCM -> DCM/diethyl ether 85/15; v/v). Desired amines were
obtained in 63-95% yields.

4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'f][1,3,2]diazaborinin-10-yl)aniline (12)
Orange solid, 11 mg, 95% yield. 1H NMR (400 MHz, THF-d8) δ
6.95 – 6.88 (m, 2H), 6.75 – 6.66 (m, 2H), 5.97 (s, 2H), 4.85 (s, 2H),
2.46 (s, 6H), 1.53 (s, 6H). 13C NMR (101 MHz, THF-d8) δ 155.0,
150.4, 143.4, 132.8, 129.4, 125.1, 123.0, 121.1, 114.9, 30.4, 14.7,
14.3. 19F NMR (376 MHz, THF-d8) δ -145.20 (dd, J = 65.5, 32.7 Hz).
HRMS (ESI+) calc. for [M+Na]+ (C19H20BF2N3Na): 362.1620, found:
362.1614. 1H spectrum in agreement with published data.[66]

4-(5,5-difluoro-1,9-dimethyl-3,7-di((E)-styryl)-5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'f][1,3,2]diazaborinin-10-yl)aniline (13)
Blue solid, 16 mg, 90% yield. 1H NMR (400 MHz, THF-d8)
δ 1.63 (s, 6H), 4.89 (s, 2H), 6.68 – 6.81 (m, 4H), 7.01 (dd,
J = 8.4, 1.8 Hz, 2H), 7.22 – 7.45 (m, 8H), 7.56 – 7.66 (m,
4H), 7.75 (d, J = 16.4 Hz, 2H). 13C NMR (101 MHz, THFd8) δ 15.2, 115.1, 118.3, 120.4, 123.3, 128.1, 129.5,
129.6, 130.0, 135.0, 136.2, 138.0, 142.2, 142.9, 150.6,
153.1. 19F NMR (376 MHz, THF-d8) δ -138.33 (dd, J =
67.4, 33.9 Hz). HRMS (ESI+) calc. for [M+Na]+
(C33H28BF2N3Na): 538.2248, found: 538.2238.
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4-(5,5-difluoro-3,7-bis((E)-4-methoxystyryl)-1,9-dimethyl-5H-4λ4,5λ4dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)aniline (15)
Green solid, 17 mg, 84% yield. 1H NMR (400 MHz, THFd8) δ 1.60 (s, 6H), 3.80 (s, 6H), 4.84 (s, 2H), 6.69 (s,
2H), 6.70 – 6.75 (m, 2H), 6.93 (d, J = 8.4 Hz, 4H), 6.96 –
7.00 (m, 2H), 7.28 (d, J = 16.3 Hz, 2H), 7.54 (d, J = 8.4
Hz, 4H), 7.60 (d, J = 16.3 Hz, 2H). 13C NMR (101 MHz,
THF-d8) δ 15.0, 55.3, 114.8, 114.9, 117.6, 118.1, 123.4,
129.3, 129.9, 130.5, 134.5, 135.6, 140.8, 142.2, 150.3,
153.0, 161.4. 19F NMR (376 MHz, THF-d8) δ -136.7 (dd,
J = 67.4, 32.7 Hz). HRMS (ESI+) calc. for [M+Na]+
(C35H32BF2N3O2Na): 598.2460, found: 598.2449.

4,4'-((1E,1'E)-(10-(4-aminophenyl)-5,5-difluoro-1,9-dimethyl-5H-4λ4,5λ4dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-3,7-diyl)bis(ethene-2,1-diyl))bis(2methoxyphenol) (17)
Green solid, 17 mg, 77% yield. 1H NMR (400
MHz, THF-d8) δ 1.61 (s, 6H), 3.94 (s, 6H), 4.84
(s, 2H), 6.68 (s, 2H), 6.71 – 6.76 (m, 2H), 6.79
(dd, J = 8.1, 1.4 Hz, 2H), 6.92 - 7.03 (m, 2H),
7.07 (dd, J = 8.2, 1.9 Hz, 2H), 7.17 (d, J = 1.9
Hz, 2H), 7.25 (d, J = 16.3 Hz, 2H), 7.57 (d, J =
16.2 Hz, 2H), 8.18 (s, 2H). 13C NMR (101 MHz,
THF-d8) δ 15.0, 55.9, 110.1, 114.9, 116.1,
117.4, 117.6, 122.4, 123.5, 129.6, 130.0,
134.5, 136.4, 140.4, 142.0, 148.6, 149.2,
150.3, 153.1. 19F NMR (376 MHz, THF-d8) δ -138.61 (dd, J = 67.4, 32.7 Hz). HRMS
(ESI+) calc. for [M+Na]+ (C35H31BF2N3O4Na): 630.2358, found: 630.2370.
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4-(3,7-bis((E)-3,4-bis(benzyloxy)styryl)-5,5-difluoro-1,9-dimethyl-5H-4λ4,5λ4dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)aniline (19)
Green solid, 10 mg, 70% yield.
H NMR (400 MHz, THF-d8) δ
1.61 (s, 6H), 5.13 (s, 4H), 5.16 (s,
4H), 6.70 (s, 2H), 6.74 (dd, J =
8.3, 1.5 Hz, 2H), 6.95 – 7.04 (m,
N
N+
B6H), 7.13 (dd, J = 8.5, 1.7 Hz,
F F
2H), 7.21 – 7.29 (m, 6H), 7.29 –
7.38 (m, 10H), 7.43 – 7.48 (m,
O
O
3H), 7.48 – 7.53 (m, 3H), 7.62
O
O
(d, J = 16.0 Hz, 2H). 13C NMR
(101 MHz, THF-d8) δ 13.4, 14.2,
70.5, 70.7, 112.9, 113.5, 114.0,
114.4, 115.3, 116.9, 117.6, 121.2, 122.5, 122.9, 124.2, 127.0, 127.3, 127.4, 127.5,
128.1, 128.1, 129.1, 130.5, 135.1, 137.2, 137.6, 137.6, 137.7, 138.7, 140.0, 141.3,
149.3, 149.5, 150.1, 152.1. 19F NMR (376 MHz, THF-d8) δ -138.30 (dd, J = 67.4, 33.2
Hz). HRMS (ESI+) calc. for [M+Na]+ (C61H52BF2N3O4Na): 962.3927, found: 962.3922.
NH2
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