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Abbrevations 
 
Abbrevation Meaning Abbrevation Meaning 
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Time of Flight 
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Molecular Imaging Center 
of Excellence 

anhyd. anhydrous MRI 
Magnetic Resonance 
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approx. approximately MRS 
Magnetic Resonance 
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MSI 
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(3-(4,5-dimethylthiazol-2-
yl)-5-(3-
carboxymethoxyphenyl)-
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analysis 

Boc-TOTA 
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4,7,10-trioxa-13-tridecanamine 
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NADPH 
nicotinamide adenine 
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National Institute of 
Health 
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cytotoxic T-lymphocyte-associated 
protein 4 
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nuclear magnetic 
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2,3-Dichloro-5,6-dicyano-1,4-
benzoquinone  
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DIPEA N,N-diisopropylethylamine PDITC phenyl di(isothiocyanate) 
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DMF dimethylformamide PDT photodynamic therapy 
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DNA deoxyribonucleic acid PEG polyethylene glycol 
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1,4,7,10-Tetraazacyclododecane-
1,4,7,10-tetraacetic acid 
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1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide 

ppm parts per million 

EGFR Epidermal growth factor receptor PSMA 
Prostate specific 
membrane antigen 

Em emission pTSA 
para-toluene sulfonic 
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eq equivalent RNA ribonucleic acid 
ESI electrospay ionization ROS Reactive Oxygen Species 
Et ethyl RP reversed phase 
et al. et alius (lat.), and others rt room temperature 
FA formic acid SD standard deviation 
FDA US Food and Dug Administration SDS sodium dodecyl sulfate 

FDG Fluorodeoxyglucose SDS-PAGE 
sodium dodecyl sulfate–
polyacrylamide gel 
electrophoresis 

FPLC fast protein liquid chromatography SNAr 
nucleophilic aromatic 
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Hb Hemoglobin SNM 
Society of Nuclear 
Medicine 

HbO2 oxygenated Hemoglobin SPECT 
Single Photon Emission 
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(2-(1H-benzotriazol-1-yl)-1,1,3,3-
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fluoride 
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Human epidermal growth factor 
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HPLC 
high performance liquid 
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World Health 
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Preface 
 
Cancer describes a multifaceted body of diseases that originates in the unchecked and 
dysregulated growth and proliferation of cells. Cancerous growths impede the regular 
function of affected organs which, if left untreated, leads to the death of the host. [1] It is the 
the second leading cause of death globally (after cardiovascular diseases) with an estimated 
18.07 million new patients annually in 2018, 9.55 million of which will succumb to their disease 
[2]. In 2010 the WHO estimated the global economic impact of cancer to at least 1.16 trillion 
US$, corresponding to 2% of the world’s gross domestic product [3]. 
Researchers around the world seek to develop new drugs and tools to improve diagnosis, 
response assessment and patient care in order to increase the rates of success as well lessen 
the impact of current treatment plans on the affected patients. Common treatment plans 
include operative care and chemotherapy that employes cytotoxic metal complexes, in recent 
years immunotherapies have been developed that recruit the immune system of the patient 
to fight cancer: for this pioneering approach James P. Allison and Tasuku Honjo were awarded 
the Nobel Prize in medicine and physiology in 2018 [4]. 
 
A cornerstone in the diagnosis of cancer and the assessment of response to treatment plans 
is the use of imaging and molecular imaging techniques. Molecular imaging is a set of 
techniques that permits the visualization, characterization and quantification of biological 
processes in living organisms [5]. It includes clinically established methods such as Computed 
Tomography (CT), Positron Emission Tomography (PET), Single Photon Emission Computed 
Tomography (SPECT) and Magnetic Resonance Imaging (MRI) [6,7]. In recent years optical 
imaging has emerged as promising modality for molecular imaging. It has proven its potential 
in pre-clinical applications and is being developed more and more towards clinical use, mainly 
because of the recent emergence of fluorescence guided surgery. However, due to the 
elaborateness of the compounds employed for this type of imaging the development of new 
probes and their modification is often difficult and time consuming. The demand for more 
versatile approaches and new tools for the continued advancement of this modality is thus 
evident. 
 
This PhD thesis is in line with these concepts and provides new, versatile tools for the design 
of fluorescent probes and trackable therapeutical agents. 
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 Introduction 
 

0.1 Cancer  
 
Cancer is a large, heterogeneous body of malignant diseases. It can be defined as “an 
abnormal growth of cells caused by multiple changes in gene expression leading to a 
dysregulated balance of cell proliferation and cell death and ultimately evolving into a 
population of cells that can invade tissues and metastasize to distant sites, causing significant 
morbidity and, if untreated, death of the host.” [1] 
A cancer in itself is non-lethal. However, as the abnormally growing cells gain mass (formation 
of tumors) and become invasive (formation of metastases), they displace healthy, normally 
functioning tissue. This impedes the affected organ to execute its tasks properly. The result is 
(multi-)organ failure and ultimately death of the host.  
To reduce this impact and increase the rate of treatment successes many countries have 
installed systematic screenings as well as prevention and early-diagnosis programs. Figure 1 
highlights the necessity of such screening and prevention schemes: an earlier diagnosis 
significantly improves the rates of success for the treatment.  
 

 
Figure 1: 1-year survival vs stage of initial diagnosis for the NHS (UK) from 2012-2014 for selected cancers. Red 

denominates % survival, blue % of cancers diagnosed at that stage. Figure adapted from [8] 

Common prevention and early diagnosis schemes include blood tests, biopsies, the use of 
imaging techniques (MRI, CT) and visual inspection (e.g. colonoscopy) [9]. However, as can 
also be seen in Figure 1 the rates of early-stage diagnosis have not significantly improved 
between 2012 and 2014 (for the UK), highlighting the need for continued research in early 
diagnosis.  
In 2011 Hanahan and Weinberg defined 10 properties that cells must acquire to classify as 
cancerous cells: among others they include sustained proliferative signaling, angiogenesis, 
genomic instability and avoidance of the immune system (Figure 2). 
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Figure 2: The Hallmarks of cancer. Adapted from [10] 

Although cancerous growths combine all of the properties displayed in Figure 2, these 
properties are acquired over time. Many of the above mentioned characteristics appear at 
specific stages of tumor development. Each characteristic is associated with deregulation of 
associated processes and the development of specific antigens that appear or are 
overexpressed in cancerous tissue. A review on the matter was published by Nair et al. in 2018 
[11] and summarizes various molecular markers that are overexpressed or tumor specific and 
have predictive value. Examples include: 
 

 PSMA (Prostate specific membrane antigen): prostate cancer 
 

 HER-2 (human epidermal growth factor receptor 2): breast cancer 
 

 EGFR (Epidermal growth factor receptor): colorectal cancer 
 

 PD-L1 (Programmed cell death ligand 1): various aggressive cancers, including 
metastatic melanoma, renal cell carcinoma and non-small cell lung cancer  

 
These antigens can be used for immunohistochemical determinations after a biopsy. More 
interesting however is their use for non-invasive techniques such as diagnostic imaging. 
Indeed, the antigen can be used as a target for specific probes that enable the evaluation of 
their presence/absence/overexpression, their systemic distribution and their quantification 
to verify if a certain pathology is existent. If so, it permits the evaluation of its progression and 
help to select the treatment plans that are likely to succeed.  
  

0.2 Imaging and Molecular imaging 
 
Imaging describes a set of techniques aimed at providing visual representations of a system. 
For biological systems, the obtained image offers anatomical or functional insight. To 
physicians and researchers alike this insight is the basis to diagnose pathologies, understand 
biological processes and select treatment options.  
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In 2007 the members of the Molecular Imaging Center of Excellence (MICoE) and the Society 
of Nuclear Medicine (SNM) board defined Molecular imaging, a subspecialty of imaging, as 
follows:  
“Molecular imaging is the visualization, characterization, and measurement of biological 
processes at the molecular and cellular levels in human and other living systems. To elaborate; 
molecular imaging typically includes 2- or 3- dimensional imaging as well as quantification 
over time. The techniques used include radiotracer imaging/nuclear medicine, magnetic 
resonance imaging, magnetic resonance spectroscopy, optical imaging, ultra-sound, and 
others.”[5] 
 
It permits the mapping of functional differences, variations in metabolic processes or 
apparition of pathology-specific markers that are already present in early stages, thereby 
increasing a patient’s chances to be treated successfully [12]. In modern medicine molecular 
imaging is not only used to diagnose an illness and delineate for example a tumors’ or ulcers’ 
expansion, it has become a cornerstone towards the development of personalized medicine. 
 
Today a wide variety of (both classical as well as molecular) imaging techniques is available. 
Except for ultrasound-based techniques, they all employ electromagnetic radiation in 
wavelength-windows in which tissue is more or less transparent. A representation of normal 
attenuation of electromagnetic radiation of biological tissue as function of the employed 
wavelength is given in Figure 3. It shows that γ- and X-rays, the far-red/near infrared radiation 
and radio-waves experience little absorbtion in biological tissue, leading to wavelength-
windows in which the body is mostly transparent and that are thus predestined for use in 
various imaging modalities.  
 
 

 
Figure 3: Attenuation of electromagnetic radiation by biological tissue [13] 

 
 



Introduction  

20 

The imaging techniques can be distinguished along several criteria. They can be differentiated 
by their: 
  

 energy (γ-, X-rays, VIS/IR-radiation, RF or soundwaves) 

 attainable spatial resolution (microscopic, mesoscopic, macroscopic) 

 type of provided information (anatomical/structural, physiological, cellular, 
molecular) 
 

Each imaging modality possesses intrinsic advantages and disadvantages that depend on the 
energy that is used, the way an image is obtained and the information that is provided [6,7]. 
An overview of the strengths and weaknesses of some techniques are given in Table 1. 
 

Table 1: Examples for imaging modalities. Adapted from [6] and [7] 
Technique spatial 

resolution 
temporal 
resolution 

depth of 
penetration 

primary 
contrast 

Contrast/Imaging 
agent 

Cost information 
obtained 

main use 

CT 50 µm minutes no limit 
tissue 
density 

iodinated 
molecules, Barium 
infusions 

$$ 
anatomical, 
physiological 

clinical, 
pre-clinical 

SPECT 1-2mm 
minutes-
hours 

no limit - 
99mTc, 111In labelled 
molecules 

$$$ 
physiological, 
molecular 

clinical, 
pre-clinical 

PET 1-2mm 
minutes-
hours 

no limit - 

18F, 64Cu, 11C, (68Ga), 
(89Zr)-labelled 
molecules 

$$$ 
physiological, 
molecular 

clinical, 
pre-clinical 

MRI 
10 - 
100µm 

minutes-
hours 

no limit 
water 
content, 
oxygenation 

paramagnetic 
Chelates, magnetic 
particles 

$$$ 
anatomical, 
physiological, 
molecular 

clinical, 
pre-clinical 

Ultrasound 50µm 
seconds-
minutes 

mm-cm 
reflection, 
tissue 
interfaces 

microbubbles $ 
anatomical, 
physiological, 
(molecular) 

clinical, 
pre-clinical 

photoacoustic 
imaging 

10µm 
– 1mm 

seconds-
minutes 

6mm – 5cm hemoglobin chromophores $ 
physiological, 
molecular 

clinically 
translatable 

optical 
fluorescence  
imaging 

2-3mm 
seconds-
minutes 

1-2cm - 
fluorophore-labelled 
molecules 

$ molecular 
preclinical, 
emerging 
clinical 

 
CT (computed tomography scan) for example grants excellent spatial resolution, combined 
with the advantage of unlimited depth of penetration of the used X-Ray radiation. However, 
the main drawbacks of this technic concerns the high radiation dose, as well as the low 
sensitivity, which requires very often the use of contrast agent, such as iodine based systems. 
Due to the large administered doses, patients with damaged kidneys are excluded from such 
diagostics. Even with this precaution, contrast agents cause side effects in 0.15% of all patients 
of which 2.62% are serious (and potentially lethal) [14].  
 
The same applies for MRI (Magnetic Resonance Imaging): it grants excellent anatomical insight 
but requires large doses of paramagnetic contrast agents (usually Gd-based) for physiological 
or molecular examinations. As for CT the large required doses of contrast agent restrict their 
administration and may cause severe side effects (0.3-0.5% of all patients, depending on the 
contrast agent [15]). SPECT (Single Photon Emission Computed Tomography) and PET 
(Positron Emission Tomography) are both based on the detection of decay radiation of 
radioactive nuclides. Both techniques adhere to the tracer-principle: very little probe is 
administered, which results in a very limited disturbance of the observed system and thus, 
from a chemical point of view, no toxicity or side effect. Both techniques instrinsically yield 
molecular and physiological information and permit good resolution. However, the obvious 
risk that is associated with handling radioactive material as well as the requirements for 
equipment and technical staff make these techniques extremely expensive and restrict their 
use to highly specialized diagnostic centers.  
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Currently the most commonly employed and clinically proven techniques for performing 
molecular imaging are PET and MRI: 18F-FDG-PET is routinely used to detect increased glucose 
uptake in the patient’s body to find metastases. MRI can be used to detect the oxygen content 
of tissues through changes in relaxivity. MRS (Molecular resonance imaging, comparable to 
NMR) is used to determine concentrations of biomolecules such as choline to N-
acetylaspartate and their ratios to determine cancers’ aggressiveness [16].  
In recent years optical imaging has emerged as promising technique for molecular imaging. It 
has proven its potential in pre-clinical applications and is being developed more and more 
towards clinical use, mainly because of the recent advances in fluorescence guided surgery. 
This thesis inscribes itself in this field of research, it is therefore worth providing a brief 
overview of currently existing techniques and the underlying principles they are based on.  
 

0.2.1 Optical imaging 
 
Optical imaging describes a set of techniques that is based on the detection of radiation in the 
visible and near infrared part of the electromagnetic spectrum. Various techniques have been 
developed that rely on its detection, examples include optical tomography, photoacoustic 
imaging, intravital microscopy, bioluminescence -, Cerenkov- and fluorescence imaging (Table 
2).  
 

Table 2: Exemples for imaging modalities that depend on visible and NIR-light 

Optical imaging modality Image derived from 

Optical tomography Backscattered light 
Photoacoustic imaging Pulsed excitation and localized heating of tissue; detection by 

ultra-sound device 
Bioluminescence imaging Direct imaging of luciferase/luciferin couple or secondary 

imaging of chromophores excited by luciferase/luciferin couple 
Cerenkov-imaging Excitation of a fluorophore by Cerenkov radiation from 

radioactive decay.  
Fluorescence imaging Excitation of a fluorophore, detection of the fluorescence light 

at longer wavelengths 
 
Among the different optical imaging modalities, optical fluorescence imaging uses 
photoluminescent compounds as traceable unit to obtain information about the examined 
system. Fluorophores may be coupled to vectors and other molecules to be used as probes 
for molecular imaging. The detected “light source” in tissue corresponds then to the 
fluorophore and thus yields information about its localization and concentration. Before 
diving deeper into the subject, a brief account of the photophysical processes it depends upon 
will be given. 
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0.2.1.1 Basic concepts of optical processes 
 
Ultraviolet, visible and (near-)infrared light describe the part of the electromagnetic spectrum 
in which electronic transitions of outer electrons are possible (Figure 4). 
 

 
Figure 4: The Electromagnetic spectrum. Adapted from [17] 

 
When such an electronic transition occurs, an electron is excited through interaction with the 
electromagnetic field of light which results in its excitation from an occupied (usually the 
highest occupied molecular orbital, HOMO) to an unoccupied (usually the lowest unoccupied 
molecular orbital, LUMO) molecular orbital of the absorbing species. The energy required for 
such electronic transitions lies in the range of 100-600kJ mol-1 (1-6.2eV), corresponding to the 
200-1200nm window. 
After excitation the system has several pathways to release its energy and fall back into the 
ground state. The possibilities are shown in the Perrin-Jablonski diagram in Figure 5 and are 
  
(2, 3, 4) Internal Conversion (IC) and Intersystem Crossing (ISC) 

These are processes were isoenergetic, radiationless conversions of states with the 
same (IC) or different multiplicity (ISC) take place 

(5) Vibrational relaxation (thermalization). The molecule loses its energy to the surrounding 
 medium by collisions with other molecules  

(6) Fluorescence 
A Radiative process between electronic states having the same multiplicity  

(7) Phosphorescence  
A radiative process between electronic states having different multiplicity  
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Figure 5: A Perrin-Jablonski Diagram of a given optically active system [18] 1- Absorption, 2- Internal 

Conversion, 3,4-Intersystem crossing, 5-vibrational relaxation, 6-Fluorescence, 7-Phosphorescence 

The timescale at which the different processes occur are summarized in Table 3. 
 
Table 3: Timescale of energetic transitions in excited molecules. Numbers refer to processes shown in Figure 5. 

Adapted from [18] 

Process Name 
Time scale 
τ=1/kprocess [s] 

1 Absorption 10-15 
2 Internal conversion 10-12-10-6 
3 Intersystem crossing (ST) 10-12-10-6 
4 Intersystem crossing (TS) 10-9-101 
5 Vibrational relaxation 10-13-10-12 
6 Fluorescence 10-9-10-7 
7 Phosphorescence 10-6-10-3 

 
The quantum efficiency (also called quantum yield) with which fluorescence occurs is defined 
as the ratio of emitted to absorbed photons and is proportional to the ratio of lifetimes of the 
excited state (𝜏𝑠) and radiative processes (𝜏𝑟) (equation (I)) 
 

𝛷 =  
𝑁𝑒𝑚𝑖𝑡𝑡𝑒𝑑
𝑁𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

 ~ 
𝜏𝑠
𝜏𝑟

 (I) 

 
The fluorescence quantum yield is determined either by measuring the fluorescence lifetimes 
(i.e. time resolved measurements) or through comparison of the fluorescence intensity of an 
unknown compound (uk) to a reference (k) in the steady-state regimen using equation (II)  
 

𝛷𝑢𝑘 =
𝐴0,𝑘
𝐴0,𝑢𝑘

∫ 𝑖𝐹,𝑢𝑘

∫ 𝑖𝐹,𝑘

𝑛𝑢𝑘
2

𝑛𝑘
2 𝛷𝑘 (II) 

 
where A is the absorption of the compound, ∫ 𝑖 is the integrated fluorescence intensity and n 
the refractive index of the employed solvent (a mathematical deduction can be found in 
ANNEX I - 7.1).  
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In molecular imaging, a fluorophore is characterized by the following photophysical 
properties: 
 

 Brightness describes the product of quantum efficiency multiplied by molar absorption 
coefficient (Φ x εabs). It permits the direct comparison of two fluorophores. Concerning 
the fluorescence properties,   a commonly encountered problem in the development 
of fluorophores is the quenching of fluorescence. Several phenomena can be 
responsible; two of them (encountered in this thesis) are photoinduced electron 
transfer and the aggregation of the probes.  
Quenching through photoinduced electron transfer may appear in systems were an 
acceptor and donor are present in the same molecule. This static quenching may be 
caused by electron-rich groups such as amines, alcohols or phosphorous substituents 
with free electron pairs [19]. When the fluorophore in question is poorly soluble in the 
used solvent, aggregation and molecular stacking can occur. Two types of stacking 
interactions are possible, J and H-type stacking. Depending on the type of interaction, 
constructive or destructive interference of single molecule excitons may occur [20]. 
Compared to monomeric chromophores H-type stacks result in flattened emission 
peaks, lowered quantum yields and the appearance of a blue-shifted absorption band 
due to out-of-phase excitonic coupling. J-type stacking displays in-phase excitonic 
coupling, resulting in bathochromically shifted absorption peaks. Both types of 
stacking may coexist in solution [21]. 

 The Stokes shift is the result of vibrational relaxation of a fluorophore into a lower 
excited state before the occurrence of a radiative transition. Larger Stokes shifts 
reduce reabsorption of emitted photons due to smaller spectral overlap. Large Stokes 
shifts permit the use of cheaper filters for the imaging equipement and reduce the 
background noise in imaging applications. 

 Photobleaching describes the phenomenon that fluorophores lose brightness over 
time under irradiation. It is caused by photochemical reactions that occur with the 
excited fluorophore and that lead to its permament inactivation. Reactions of triplet-
states and photooxidation are possible causes for this behavior [22] 

 
The absorption and emission wavelengths of the fluorophore represent another important 
property that need to be tailored for the targeted application. 
 

0.2.1.2 Transparency windows 
 
Light (and thus including fluorescence light) is subject to interferences in tissues that affect 
the attainable depth of penetration, resolution and requirements for equipment.  
Three main sources of noise or interference exist in biological tissue 
 

 The absorption coefficient of tissue 
 
Four wavelength windows are distinguished in fluorescence imaging: the visible part (350nm-
650nm), the far-red- near infrared I (NIR I) window (650-900nm) and the NIR II (1000nm-
1700nm) window that is subdivided into NIR IIa (1100-1300nm) and NIR IIb (1500nm-1700nm) 
(the specific values vary from source to source) [23,24]. The specific absorption of tissue and 
common biomolecules for various wavelengths are shown in Figure 6. Especially the NIR I 
window displays very little absorbance and is therefore often called optical therapeutic 
window. 
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Figure 6: Double logarithmic plot of absorption coefficients of biological tissues in the UV/Vis - infrared range. 

The optical therapeutic window is highlighted in orange. Hb: Hemoglobin, HbO2: oxygenated hemoglobin. 
Adapted from [25] 

The other two main influences are  

 autofluorescence of ubiquitous biomolecules such as hemoglobin, melanin and lipids 
and 

 Rayleigh-scattering on particles. Rayleigh-scattering decreases with λ-4 of the used 
wavelengths (blue light scatters far stronger than red light) which leads to higher 
physically achievable resolutions when longer fluorescence-wavelengths are used. 

 
As mentioned before, each targeted application has optimum requirements for the employed 
fluorophore: for in vitro applications such as confocal/fluorescence microscopy and flow 
cytometry very little tissue has to be traversed; fluorescence emission in the visible spectrum 
is thus sufficient and desirable due to lower requirements for the used equipement. In vivo 
fluorescence imaging on the other hand is commonly executed in one of the transparency 
windows (far red-NIR I and NIR II) due to the higher relative transparency of tissue in this 
region.  
 

0.2.1.3 Classes of Fluorophores and their application 
 
Several classes of fluorophores exist; e.g. nanoparticles and quantum dots [26,27], fluorescent 
proteins [28,29] and organic and inorganic fluorophores. Biological, biochemical and medical 
research has become unimaginable without the use of fluorescence microscopy and the 
staining of specific organelles to establish the localization of various agents in cells and tissue 
alike. 
A wide choice of organic fluorophores exists from which a suitable candidate can be selected, 
depending on the intended application and required properties (Figure 7).  
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Figure 7: Plot of brightness vs. emission wavelength for various fluorophores [30] 

Owing to their high brightness, cyanines, xanthene dyes such as rhodamine or fluorescein and 
BODIPYs are highly sought after fluorophores. They can be applied as they are to stain specific 
organelles or be coupled to other molecules to act as a probe. 
Some commercial examples for routinely used organelle-specific stains that permit the 
labelling of life and fixed cells alike are given in Figure 8.  

 
Figure 8: Examples for commercial, organelle specific dyes: MitoTracker™ Green specifically labels 

mitochondria, Lysotracker Red DND-99 fluoresces in acidic organelles (usually Lysosomes), DRAQ5 stains DNA 
through intercalation; DAPI intercalates into the minor groove of DNA and thus stains the nucleus [31–34] 

Other than organelle specific dyes Xanthene dyes such as fluorescein and Invitrogens Alexa 
series are the most used dyes for in vitro techniques; they are used to label antibodies, 
peptides, DNA/RNA sequences and many more. When selected with care to reduce spectral 
overlap many dyes can be used in parallel for multi-colour labelling of an analyzed sample [35] 
(Figure 9). 
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Figure 9: Multi-color fluorescence in situ hybridization of human chromosomes in the cells nucleus. Top row: 

untreated images for each channel; arrows indicate channel –bleed through. Bottom: spectrally unmixed 
channels and overlay of unmixed channels [35]. Except for Cy5 all used dyes are Xanthene-derivates 

Fluorophore-labelled probes are routinely used for the development of molecular imaging 
agents to gain insight into biochemical mechanisms and evaluate and quantify cellular 
processes. Examples include the development of β-lactamase-activated fluorophores to 
evaluate bacteria’s resistance to penicillin by fluorescence acitivation [36] or the evaluation 
of β-galactosidase activity by turn-on probes (β-galactosidase is a cellular marker for cellular 
senescence) [37,38] (Figure 10). 

 
Figure 10: Turn-on fluorescent probe for the detection of β-Galactosidase activity. Image bottom left: 

fluorescence image of β-Gal negative HeLa cells; bottom right: fluorescence image of β-Gal-positive OVCAR-3 
cells. Both were incubated with 10µM L1 for 40min [38] 

In 2018 Conic et al. applied a variety of Alexa-488 labelled antibodies against nuclear protein 
targets on electroporated life cells. Using super resolution imaging the labelled antibodies 
enabled them to study cellular trafficking of newly synthesized proteins and transcription 
factors and their transport and organization in the cell’s nucleus as well as post translational 
modification events in real time [39].  
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Whereas in vitro appliations are dominated by xanthene-dyes such as fluorescein and 
rhodamine (the routinely employed and commercially available Alexa Fluor series are to ¾ 
xanthene derivates [40]) most fluorophores that are used in medical imaging emit in the red 
end of the visible spectrum or in the infrared. Due to low attenuation by the tissue and very 
little Rayleigh scattering the largest depth of penetration and best resolution is achieved using 
the NIR II window. However, the development of organic fluorophores that emit in this 
reagion has proven difficult; the existing examples are large polyaromatic donor-acceptor-
donor assemblies that have very unfavourable behavior in solution [41]. For this reason most 
organic fluorophores in in vivo imaging emit in the NIR I region, the most commonly used 
fluorophores are cyanine derivates such as Cyanine 5 (Cy5), indocyanine green (ICG), IRDye® 
800, 5-Ala/Protoporphyrin IX and xanthene-derivates such as fluorescein (Figure 11). Of the 
above mentioned dyes fluorescein is somewhat of an exception due to its emission far outside 
of a transparency window. It does however excel in superficial applications such as 
fluorescence guided surgery [42].  

Figure 11: Some examples for fluorophores or fluorescent motives that are currently used in the clinic or in 
clinical trials (photophysical data of cyanines taken from [43], Fluorescein from [44], methylene blue from [45], 

Protoporphyrin IX [46,47]) . n.r.= not reported 

As shown in recent reviews [42,43,48] the field of in vivo applications is dominated by cyanine 
dyes due to their long emission wavelengths and excellent molar absorption coefficients. 
These translate into good brightnesses even with mediocre quantum yields as seen for the 
FDA approved ICG. IRDye® 800 CW-bioconjugates are being/have been evaluated in 24 clinical 
trials (01/2019) against various cancers (Table 4)[49]. 
 

Table 4: Status of clinical trials employing IRDye® 800 CW derivates [49] 

Completed Terminated Active Recruiting/unknown 

7 3 1 13 
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However, due to the presence of a multitude of non-aromatic double bonds, cyanine dyes are 
prone to photobleaching and possess limited chemical stability. Most importantly however 
they are difficult to functionalize multiple times once assembled. In order to obtain a stable, 
easy-to-functionalize dye for our purposes we took interest in another class of dyes, BODIPYs.  
 

0.2.1.4 BODIPYs in optical fluorescence imaging 
 
BODIPYs (boron-dipyrromethene dyes) have caught researchers’ interest due the combination 
of good optical properties and excellent chemical and photostability.  
BODIPYs, short for 4,4-difluoro-4-bora-3a,4a-diaza-s-indazenes can be considered as 
annulated cyanine dyes. They possess a boron atom to rigidify the backbone and ensure the 
planarity of the molecule. 
 

 
Figure 12: Nomenclature of BODIPYs 

The base compound in itself is highly fluorescent and emits at around 500-530nm, depending 
on the substituents. As for fluorescein this emission is outside of the optical therapeutic 
window. Just like fluorescein or Alexa-488 they have found their main use in in vitro imaging 
or other light-depending applications such as photodynamic therapy (PDT). In terms of 
emission wavelength, quantum yields and absorption coefficients, both the commercial Alexa-
488 and BODIPY™-FL are interchangeable; BODIPYs however have the advantage of displaying 
very narrow emission peaks which makes them advantageous for multicolor imaging due to 
easier spectral unmixing (Figure 13).  

 
Figure 13: Spectral comparison of the commercial dyes BODIPY-Fl(cyan) and Alexa 488 (green) [50] 

Besides classic labelling of compounds of interest (as would be possible using other 
fluorophores) BODIPYs have successfully been used to study membranes [51], lipid droplets 
in skeletal muscles [52] or monitor the activity of the redoxactive enzymes using cysteine-
conjugated BODIPY [53], taking specifically advantage of neutral BODIPYs’ properties. For the 
design of non-commercial dyes they are a well liked class of dyes due to their versatile 
modifiability.  
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Besides classic in vitro applications more recently they have been been applied for in vivo 
imaging and to design bimodal imaging agents that permit fluorescence and PET/SPECT 
imaging. In these bimodal probes the BODIPY can be coupled to a polyazamacrocycle for the 
use of radioactive metallic isotopes [54–57]; other examples include the use of 125I (L4)[58] 
and isotopic exchange of 19F for 18F (L3)(Figure 14). 

  
Figure 14: Examples for BODIPY based bimodal probes that combine the advantages of BODIPYs in vitro and 

strengths of PET in vivo: L2 [55] L3 [57], L4 [58] 

Despite the short emission wavelength classical BODIPYs have been used in numerous 
instances to perform in vivo imaging studies (Figure 15)[59–61].  

 

                  
Figure 15: Examples for BODIPY-use in in vivo studies. L5: on/off-probe for studying osteoclasts in intravital 

microscopy on mice [59](intravital microscopic image of L5 beneath); middle: whole body imaging in mice to 
track anti-Chagas agent L6 in vivo [60] (whole body mice images of L6 beneath; left mouse 120min p.i. with L6-
vesicle emulsion, middle mouse 120min p.i. with L6-DMSO/H2O-solution, right mouse: control mouse injected 

with PBS). L7 : selective in vivo detection of H2O2 in angelfish [61] 
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Other examples for their in vivo application can be found in [62–66]. Due to the limited 
transparency of tissue in the used wavelength-window the in vivo applications of classical 
BODIPYs as in vivo tracers remain scarce. 
For this PhD project we selected this class of fluorophore for the development of a trackable 
molecular platform that mostly aims at facilitating the required in vitro investigations of metal 
based therapeutic drugs. 
 
In order to overcome the spectral shortcoming of classical BODIPYs, several strategies have 
been developed to extend the π-system of the BODIPY core in order to reach further into the 
far red/infrared part of the electromagnetic spectrum. Usually this fine-tuning is done by 
introduction of styryl-substituents as shown in 2009 by Akkaya’s group [67] (L8-L12, Figure 
16).  

 
Figure 16: Fine-tuning of optical properties BODIPYs by Knoevenagel reaction. Photophysical data for L8 in EtOH 

[68], styrylBODIPYs L9-L12 in CHCl3 [67] 

As shown in Figure 16 all resulting BODIPYs maintain excellent optical properties, independent 
of the number of styryl-substituents that were introduced.  
π-extended BODIPYs have found widespread pre-clinical use as tracers [69–72], imaging 
agents for photoacoustic imaging [73] and especially for photodynamic therapy (a good 
review was recently published by Lee et al.[74]). Other strategies for the extension of the π-
system are extensively reviewed in the literature (e.g. by Lu et al.[75]) and show the great 
versatility of this class of fluorophores.  
Since 2005 azaBODIPYs, a close relative of BODIPY dyes, have received much attention: the 
replacement of the 8-carbon (meso-carbon) by a nitrogen atom red-shifts the absorption and 
emission maxima by 120-150nm to 650nm and beyond. They possess equally good optical 
properties (high molar absorbencies, high quantum yields and brightnesses) as their relatives 
while being more resistant to photobleaching than styryl-BODIPYs due to the absence of free 
double bonds. Their synthetic accessibility, functionalizations, properties and published 
applications are shown in detail in Chapter II – AzaBODIPY. Due to the great versatility we 
selected this class of fluorophore for the development of in vivo-trackable agents. 
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0.2.1.5 Theranostics and trackable drugs 
 
Even though the usefulness of classical (non π-extended) BODIPYs as trackable agents for in 
vivo purposes remains relatively limited due to the low wavelength of emission of approx. 
530nm they excel during the development-stage of drugs: to gain insight into subcellular 
processes they are great assets.  
The BODIPY-part of the molecule can play out its strength in the in vitro techniques such as 
confocal imaging, flow-cytometry and even intravital microscopy. This permits excellent, 
subcellular/submicron resolution during the development phase to gain insight into a drug’s 
mechanism of action to distinguish e.g. bound from unbound fluorophore (Figure 17). 
 

 
Figure 17: Fluorescence anisotropy imaging of a BODIPY-Biotin derivate (L13). Binding of L13 reduces molecular 

movement which results in increased fluorescence anisotropy. Green: unbound fluorophore, red: bound 
fluorophore [76] 

The combination of therapeutically active agents with trackable units is also called 
“theranostics”. Theranostics is an artificial combination of the words therapy/therapeutic and 
diagnosis/diagnostic. This term was first coined in September 1998 as a sales-pitch by 
PharmaNetics CEO John Funkhouser when marketing his company’s business model: Their 
approach was to commercialize both the treatment and the diagnostic tool to evaluate 
treatment efficiency [77,78]. Both the test and the treatment were independent of each other 
and had to be performed separately, allowed however the personalization and adjustment of 
the treatment by yielding standardized information about the treatment progress. 
The definition and understanding of theranostics has changed over time: nowadays it can 
incorporate anything between personalized medicine, trackable therapeutic agents as well as 
diagnostic agents that can be transformed with little effort into their therapeutic counterparts 
(e.g. changing the radionuclide attached to the tracer from a β+ emitter like 64Cu to a β- emitter 
like 67Cu). We decided to use the theranostic approach in order to design a variety of closely 
related trackable, metal based anti-cancer agents whose localization may change depending 
on the substitutents and substitution pattern exhibited by the molecule. It is therefore worth 
profiding a brief account of metal based anti cancer agents and showcase, how their 
trackability may facilitate the elaboration and optimization of such compounds. 
 

0.2.2 Metal based anti-cancer agents 
 
Nowadays the most common anti-cancer treatment plans include metal based anticancer 
drugs, 46% of them on the basis of Platinum [79]. 

 
The first platinum-drug, cisplatin, was introduced into cancer treatment after the accidental 
discovery of its cytotoxic properties by Barnett Rosenstein in 1965 [80]. In 1978 the FDA 
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approved its use as anti-cancer agent [81]. Treatment with cisplatin often leads to severe side 
effects such as nausea, vomiting, nephrotoxicity and loss of hearing [82].  
However, treatment with cisplatin often leads to development of resistances [83,84]. To 
improve the specificity and reduce side effects a multitude of platinum-drugs has been 
developed over the last decades. Amongst thousands of failures a variety of compounds has 
been found that are now available for therapies (or in clinical trials). Some examples and 
interesting leads are given in Figure 18 (more examples can be found in [85]). 
 

 
Figure 18: Some Platinum-based drugs that are currently used in therapy or in clinical trials [85]  

Due to the frequent resistances the scope of drug development has also widened and shifted 
from improving platinum drugs towards the discovery of motifs based on other metals and 
ligands. This limits the development of resistances due to different molecular targets and 
grants the possibility of dual (or oligo) treatments. A multitude of leads that are based on 
metals such as ruthenium, titanium, iridium and gold has been discovered [85,86] (Figure 19). 
 

 
Figure 19: Some lead-motives of therapeutically active metals other than Platinum that are currently in clinical 

trials [85,87] or showing interesting in vivo activity [88] 

 

0.2.2.1 Metal based theranostics 
 
Complicated experiments have to be designed to follow the drugs fate in vitro (an in vivo) and 
to determine their mechanism. This knowledge however is the base for a rational design and 
improvement of drugs. The introduction of a trackable moiety to the drug facilitates that task 
as it intrinsically permits to determine cellular compartments and targets. This approach is the 
basis of trackable metal based anticancer drugs (metal based theranostics). 
Taking the lead motifs from Figure 19 above various BODIPY analogues have been developed 
by our group as well as others (Figure 20)[89–94]. 
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Figure 20: Examples of BODIPY theranostics that have been developed using the leads of Figure 19. Pt-BODIPY 

[89], BODI-Ru-0 [90], BODI-Au-2 [91], IrBODIPY[92], BODI-Ti-1 [93], Cu-Curcumin-BODIPY for PDT [94] 

Recent advances have been thoroughly reviewed by our group [95] as well as others [96]. It is 
worth noting the non-innocent role of the probe, e.g. in the case of Pt-BODIPY shown in Figure 
20: while cisplatin is localized and acts in the cell’s nucleus its BODIPY-analogue is localized in 
the mitochondria. Moreover, it does not enter the nucleus but still maintains good cytotoxicity 
compared to cisplatin [89]. The influence of the imaging moiety on the biological behavior 
becomes even more evident when different gold-based, trackable therapeutics that we 
developed in our group are compared to one another. Indeed, despite a very similar 
therapeutic moiety (phosphine-gold(I)-complex), the compounds display very different 
localization and antiproliferative properties (Figure 21). 
 

 
Figure 21: Influence of trackable moiety on cellular localization [95]. Cellular localizations: CP-Au-1: raft 

domains; MC-Bio-Au-1: nucleus ; BODI-Au-0: membranes; BODI-Au-1 (in green, DAPI in blue): cytosol ; Porph-
Au-2: membranes 
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Especially the difference between BODI-Au-0 and BODI-Au-1 is striking: The addition of a 
single benzamide-group results in a different localization whereas no marked change in 
cytotoxicity was observed. 
Consequently, it is obvious that the probe needs to be introduced at the beginning of the 
optimization process and not when a non-labelled lead has been identified. The problem is 
that it is very difficult to predict, which combination of probe and therapeutic agent will give 
good results. Moreover, the design of syntheses providing these sophisticated compounds are 
often time consuming and lead to a limited number of analogues. Thus, if we want to move 
this theranostics from a research curiosity to a drug design strategy, it is urgent to find a 
solution that permits to easily fine-tune and optimize these objects. That is why we decided 
to conceive platforms suitable for the efficient and rapid synthesis of a large number of optical 
theranostics. Indeed, a stepwise, controlled and site-specific introduction of moieties of 
interest would enable to study the individual influence of each component on the final 
biological behavior. With this information in hand, it is or should be possible to predict general 
trends in reactivity, selectivity, photophysical properties and biological behavior of a resulting 
theranostic agent depending on the site of substitution. Moreover, using this information it is 
possible to rationally design and improve selected properties of the theranostic agent. 
 

0.3 Objectives of the thesis: towards the development of fluorescent 
platforms 

 
“Platform approach” is a well-known strategy aiming at linking more than two compounds 
together thanks to an additional compound: the platform. This key element must fulfill several 
requirements, such as: 
 

 be commercially available or cheap to synthesize (few synthetic steps, short reaction 
time, simple purification, cheap starting material…) 

 be available in large scale  

 be as simple as possible 

 be chemically and thermically stable to enable chemical functionalization 

 enable selective stepwise functionalization by at least three substituents 
 
In this study, we target biological applications. More precisely, we want to be able to introduce 
onto the platform an optical probe, a therapeutic agent, a biologically relevant vector and an 
additional group for either tuning the physico-chemical properties of the final object (e.g. 
solubility) or introducing a second modality of imaging (e.g. radioactive probe) (Figure 22). 
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Figure 22: Platform approach 

Thus, additional characteristics are required for the platform: 

 enable introduction of readily available substituent in mild conditions (ideally 
nucleophiles such as amine, alcohol, thiol…) 

 create biologically stable bonds such as C-C bonds or amides between the platform 
and the substituents 

 do not quench the fluorescence 
 
Numerous platforms are reported in the literature; among them some common examples are 
the use of amino acids (e.g. lysine), benzotrifuranone (L15), dichlorotetrazine (L17)… (Figure 
23).  

 
Figure 23: Examples for molecular platforms [97,98] 

Most of the reported examples deal with trifunctionalizable platforms, while we envision the 
combination of four “modalities” (imaging, therapy, vectorization, modification of the 
hydrophile/lipophile balance). Moreover, it is, in our view, unfortunate that the platform 
skeleton does not bring any valuable property to the final compound. Thus, we decided to 
develop a platform, which is itself fluorescent. Nevertheless, it implies that the platform 
possesses very favorable optical properties (high brightness, resistance to photobleaching) 
and retains these properties after functionalization.  
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Although scarce, there are some examples of fluorophores that are used as scaffolds and can 
be modified or conjugated to vectors without too much trouble as shown by the use of BODIPY 
(L21) [99], Virginia Orange (L23) [100] and porphyrin (L26) [101] in Figure 24. 

 
Figure 24: rare examples of fluorophores that are used as platforms: BODIPY(L21, top left) [99] Virginia 

Orange(L23, top right) [100] porphyrin (L26, bottom) [101] 

All the work developed during my PhD was developed around this platform approach, and 
particularly around BODIPY-based fluorescent platforms. Specifically, we worked on two 
different BODIPY systems with the following objectives for my thesis: 
 

 Development of a simple and trifunctionalizable BODIPY-based fluorescent 
platform for in vitro application, in order to be able to test of a large family of 
gold(I)-based optical theranostics.  

 Design of a water soluble AzaBODIPY fluorescent platform for the development of 
an in vivo-compatible optical trackable therapeutic agent.  

 
The first chapter of the manunscript will describe the synthesis of the first trifunctional 
platform, as well as its functionalization investigations, and the different applications, which 
could be realized, starting from this very versatile BODIPY-based compounds.  
The second chapter will be dedicated to the development of a new family of very promising 
water soluble azaBODIPY platforms. 
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 Chapter I – BODIPY 
 

The work developed in this first chapter aims at proving the interest and the feasibility of using 
a fluorescent platform to rapidly and efficiently design a family of metal-based theranostics. 
We decided to use gold(I) complexes as therapeutical moiety for proving this concept. Indeed, 
we noticed in previous studies that gold(I) presents the great advantage to not quench the 
fluorescence of fluorophores [90,91,102]. First we will explain why BODIPY dyes meet all the 
criteria required for the conception of a fluorescent platform. This will be followed by a brief 
focus on the therapeutic potential of gold complexe. After this introduction an account and 
description of the synthesis and the use of a bi and a tri-functionalizable fluorescent platforms 
will be provided, as well as their use to reach a large panel of metal-based trackable 
therapeutics. To finish, an in vitro evaluation of the biological properties of these theranostics 
will be reported. 
 

1.1 Choice of the platform 
 
As reported earlier, the first part of this thesis aims at developing a multifunctional molecular 
platform that can be used for in vitro (and to a limited degree in vivo) investigations and 
possesses a therapeutic potential thanks to the presence of biologically active, metal based 
agents (Figure 25). 

 
Figure 25: The multifunctional platform approach 

The selected platform should be  
 

- suitable for the introduction of three different substituents (in order to be able to 
introduce a vector, a therapeutic moiety, and another group for tuning the 
molecule like a water solubilizing group)  

- suitable for a selective, stepwise introduction of the various substituents, 
- suitable for the grafting of the substituents via nucleophilic substitution (numerous 

amines and thiols are commercially available, easy to synthesize, and require 
simple reaction conditions), 

- reactive under mild reaction conditions to be suitable for the introduction of metal-
based complexes and biomolecules 
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Additionally, for the reasons shown in the general introduction, the platform should 
intrinsically fulfill the task of being the trackable moiety. We have identified BODIPY dyes as 
potential platforms due to their versatility, various ways to access the base compound and a 
great variety of possible functionalizations of this class of dyes. We decided to first investigate 
the bifunctionalizable platform developed by Dehaen and Boens [103]: a dichloroBODIPY 
(Figure 26) to check if it meets the three last criteria we defined.  
 

 
Figure 26: dichloro-BODIPY - the selected multifunctional platform 

In addition to the bifunctional platform that we had chosen we wanted to retain the possibility 
of supplementing our bifunctional platform with a carboxylic acid function in order to widen 
its scope.  
A brief overview over possible transformations as well as selected works involving the 
functionalization of both carboxylic acid based as well as dihalogenated BODIPYs will be 
provided in the next section.  
 

1.1.1 Synthesis and functionalization of BODIPY-dyes 
 

1.1.1.1 Accessing the base-compound 
 
BODIPY’s were first described in 1968 by Treibs and Kreuzer [104], when they investigated 
acylation techniques of pyrroles in presence of BF3 as Lewis-acid for substrate activation. To 
their surprise, they obtained a brightly fluorescent compound to which they managed to 
attribute the structures L27 and L28 shown in Figure 27. 
 

 
Figure 27: First synthesis of BODIPY-dyes [104] 

Keeping in line with IUPAC rules the new compound was called BODIPY, short for 4,4-difluoro-
4-bora-3a,4a-diaza-s-indazene (Figure 28). 

 
Figure 28: Nomenclature of BODIPYs 
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Due to the thermal instability above -40°C of the precursor dipyrrin the unsubstituted title 
compound was not actually been discovered until 2008/2009 when three groups 
independently from one another reported the successful synthesis [105–107].  
 
Due to said instability, BODIPYs are usually decorated with varying substituents to prevent 
polymerization at the dipyrrin-state. Two main synthetic protocols have been established 
using either aldehydes or acid chlorides as electrophiles (Figure 29).  

 
Figure 29: General Synthesis of symmetrical BODIPYs 

The strategy is divided in three steps: 1) formation of the dipyrrin/dipyrromethane, 2) 
oxidation of this intermediate using oxidizers such as DDQ or chloranil, and 3) complexation 
of the boron in presence of a base such as Et3N.  
In order to access unsymmetrical BODIPYs the pyrrole unit can be acylated first and reacted 
with a second pyrrole in a next step as described below (Figure 30).  
 

 
Figure 30: Synthesis of unsymmetrical BODIPYs 

In 2007, Burgess and coworkers developed a third synthetic strategy; this strategy grants 
access to symmetric BODIPYs via decarbonylation of formylpyrroles using POCl3 [108] (Figure 
31).  

 
Figure 31: Accessing symmetric BODIPYs via decarbonylation reaction [108] 

This approach can be advantageous when the required substitution pattern inaccessible at 
the dipyrromethene or BODIPY stage as well as for substrates that do not support treatment 
with DDQ. 
 
One of the main advantages of BODIPY over classic fluorophores is its versatility in terms of 
substitution. Indeed, almost any substituents can be envisioned for group R1-R7 either 
introduced during the synthesis of the BODIPY core or during post modification. Moreover, 
depending on the substituents, the photophysical properties of the dye can and have been 
finely modulated, in particular their absorption and emission wavelengths, Stokes shift, 
quantum yield… This ability is key when looking at a fluorescent platform scaffold. Some 
important transformations will be shown in the next paragraph in order to permit an informed 
selection of BODIPY that can serve as a viable platform molecule. 
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1.1.1.2 Functionalization of the primary BODIPY  
 
The easiest way to access BODIPYs that possess interesting photophysical properties and carry 
different transformable functions is to introduce the desired substituent in the meso-position 
during the assembly process of the BODIPY core by using commercial aromatic aldehydes such 
as nitro-, carboxy- or hydroxy benzaldehyde. However, the BODIPY core in itself is highly 
versatile as well. Due to the electron-impoverishing character of the BF2-moiety the BODIPY 
core largely behaves like an electron-poor aromatic compound and can undergo 
functionalizations such as Pd-catalyzed cross coupling reactions, halogenations and aromatic 
substitution reactions [109] (Figure 32). 
 

 
Figure 32: Possible functionalizations of the BODIPY-base structure [109] 

We will focus our attention on functionalizations that rely on carboxylic acid functions (for the 
formation of amide-bonds) and (nucleophilic aromatic) substitution reactions on the BODIPY-
core. 
 

1.1.1.3 Functionalization and reactivity of the 3,5-positions of the BODIPY 
 
BODIPYs carrying carboxylic acid functions on a meso-phenyl substituent can be accessed 
through several possible pathways. They are directly accessible by use of both unprotected 
[110] as well as protected carboxylic acid derivatives [111] that are subsequently hydrolyzed 
to give the free carboxylic acid. In 2009 Ziessel used Pd(PPh3)2Cl2 catalyzed carboalkoxylations 
(that were developed by Heck in 1974 [112]) of L29, followed by hydrolysis to introduce the 
carboxylate in the meso-phenyl [113,114] (Figure 33). 
 

 
Figure 33: Accessing BODIPY-carboxylates via Pd-catalyzed carboalkoxylation [113,114] 

Meso-phenyl carboxylate functionalized BODIPY derivates are commonly used as they permit 
easy functionalization through the formation of amides and esters. 
In previous works of our group BODIPY-carboxylic acids have found widespread use to 
elaborate a variety of compounds. Applications included the study of the properties and 
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versatility of BODIPY-phosphine based theranostics (L32-L34) [90], the influence of the vector 
on biological properties of gold(I)-BODIPYs (L35a - L35c) [91] or the design of multimodal tools 
for use in PET/SPECT (L36a, L36b) [115,57] (Figure 34). 
 

 
Figure 34: Use of BODIPY-carboxylic acid in previous studies from our group [57,90,91] 

The electron-richness of pyrroles often leads to unwanted side-reactions such as oligo- and 
polymerization during the BODIPY assembly. This prompted many groups to use alkyl-
substituents in one of the 2-positions of the starting pyrrole(s) to prevent those reactions. 
Using alkyl-carboxylic acids is an easy way to render the target-BODIPY functional. This 
technique was pioneered by Haughland et al. in 1988 [116] and is commonly applied to render 
the BODIPY reactive towards biological molecules. It is also the go-to strategy for most 
commercial BODIPYs and is covered by numerous patents, notably by Fisher Scientific’s 
Invitrogen [116,117].  
 
The starting pyrrole is transformed using a Vilsmeier-Haack formylation. The formylated 
pyrrole L37 is then reacted under Wittig-conditions to obtain an ethenyl-pyrrole (which can 
be directly used to construct BODIPYs as well) [116–118] (Figure 35).  
 

 

Figure 35: Functionalized BODIPY-dyes by pyrrole decoration [116,118] 

Reduction of the double bond then gives the base pyrrole which in turn is transformed using 
the common techniques. This way any Wittig-compatible substituent can be introduced into 
the 3 and/or 5 positions of the final BODIPY, granting access to a wide variety of possible 
structures.  
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BODIPYs carrying activated alkyl-acid substituents in the 3 position such as 
propionic/pentanoic acid succinimidyl ester are commercialized [119] and commonly used in 
biological application as N- and S-reactive probes.  
 
Methyl groups in the 3,5-position are not only used to prevent side reactions. They can be 
oxidized by halogenating agents (e.g. NBS) or strong oxidizers such as nitric acid to introduce 
oxygen- or nitrogen bearing substituents that are not conjugated to the BODIPY core in order 
to e.g. increase the hydrosolubility of the final dye [120–123] (Figure 36).  

 
Figure 36: Use of α-pyrrolic methyl oxidation of BODIPY to increase solubility [121] 

In 2005 Akaya discovered that the CH acidity of a 3-methyl-group is high enough to be used 
as substrate for Knoevenagel like reactions [124]. This granted access to highly red-shifted 
BODIPYs by adding styryl groups to the core of the dye [124–126] (Figure 37). 
 

 
Figure 37: Accessing styryl and distyryl-BODIPYs by Knoevenagel-reaction. Discovery by Akaya in 2005 (L44) 

[124]. First accounts of distyryl-BODIPY (L46) [125,126] 

This approach permitted the design of far red/NIR-shifted BODIPYs while avoiding the use of 
naphtho-fused or other types of extended pyrroles which exhibit very unfavorable solubility 
and stacking behavior.  
 
Styryl-extended BODIPYs have been used for many biological applications and were 
successfully used in sensing [127–129], in in vitro as well as in vivo applications as shown by 
the synthesis of very elaborated structures by others [114,130,131] as well as by our own 
group [57,132] (Figure 38). Unfortunately, styryl-extended BODIPYs are prone to 
photobleaching and often display unfavorable solubility as well. 
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Figure 38: Application of distyryl-trisDOTA-BODIPY L48 in molecular imaging [132] 

1.1.1.4 3,5-halogenated BODIPYs 

1.1.1.4.1 Halogenation of BODIPYs and their precursors 
 
BODIPY dyes have extensively been modified using different electrophilic aromatic reactions 
to introduce halogens, sulfonates or acyl substituents.  
With electrophiles the unoxidized dipyrromethane behaves a lot like its precursors, pyrroles, 
favoring an α-pyrrolic attack [133].  
Depending on the stage at which the halogenation occurs different selectivities can be 
observed: chlorination and bromination of the dipyrromethane stage occurs in the order 
543-position when using NBS, NCS or Br2 [134,103], whereas for the finished BODIPY the 
2/6-position is substituted first, followed by the 5/3-positions and finally the sterically 
hindered 7/1-positions [135,136]. Mono-iodination occurs in the 2/6-position first too [137], 
much like Friedel-Crafts acylations [138]. Interestingly, any substitution occurs in a step-by 
step fashion, hinting on continuously reduced reactivity towards the next electrophilic attack. 
This makes selective functionalization and the isolation of any mono- to perhalogenated 
BODIPY possible (Figure 39).  
 

 
Figure 39: Substitution order during halogenation. The order of halogenation is shown in black, the IUPAC-
conform molecular positions are given in blue. Dipyrromethane is shown on the left, bora-dipyrromethene 

(BODIPY) on the right 

In order to access 1-3/5-7-chlorinated BODIPYs, chlorination has to occur at the pyrrole-level 
(before steric hindrance) [136].  
 

1.1.1.4.2 Reactivity of 3,5-halogenated BODIPYs towards nucleophiles 
 
The halogenated dyes can act as versatile substrates for Pd-catalyzed organometallic coupling 
reactions in order to extend the carbon skeleton. Due to the electron-poor nature of the 
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BODIPY-core, halogenated BODIPYs can also directly be engaged in nucleophilic aromatic 
substitution reactions (SNAr). 
Dehaen and Boens pioneered both the halogenation as well as the exploration of the resulting 
reactivity. For 3,5-dihalogenated dyes they were able to introduce a variety of N-, S- and O-
nucleophiles [103] selectively. Using secondary or aromatic amines they observed a distinct 
decrease in reactivity for the second substitution. This required them to use refluxing 
conditions whereas the first substitution is feasible at room temperature (Figure 40).  

 
Figure 40: Nucleophilic aromatic substitutions using a variety of nucleophiles [103] 

Li et al. investigated the selectivity to nucleophilic attack towards hard (C-nucleophiles) and 
softer nucleophiles such as S, N, and O-based compounds. They found that in accordance with 
Pearson’s HSAB-concept C-nucleophiles show a preference for the hard boron center whereas 
softer nucleophiles prefer the nucleophilic aromatic substitution [139].  
 
Since their development dichloroBODIPYs have found widespread applications in the 
elaboration of compounds whose use ranges from sensing and detection of analytes such as 
chemical warfare agents [140] all the way to in vitro applications such detection of sulfides 
[141] and glutathione [142] in life cells. 
 
Judging from literature the displayed reactivity of dichloroBODIPYs appears perfect in order 
to permit their use as platforms: they are reactive towards a large panel of nucleophiles 
(Figure 40) while the change in reactivity between mono- and disubstituted compound should 
permit a selective and stepwise functionalization with high-value nucleophiles. 
 
In our group we have already gained some experience with the use of dichloroBODIPYs, 
notably for the synthesis of macrocycle-substituted BODIPYs for the detection of copper ions 
(L49) [143] as well as for the synthesis of gold(I)-containing theranostic agents (L50) [102]. 
 

 
Figure 41: Previous uses of BODIPY-Cl2 1 in our group[143,102]. The fluorescence image on the right shows the 

merged image of BODIPY L50 and organelle-stains for colocalization 

Even though a variety of trackable, gold-containing agents (based on BODIPYs [90,91,102] or 
other fluorophores [144,145]) have been synthesized in our group, however, up to now, the 
aim was only to design small families of 2-4 compounds. The developed approaches did not 
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allow the rapid access to a large panel of compounds, making a structure-activity relationship 
study difficult.  
The first part of this thesis seeks to remedy this by using a platform approach. 
 

1.2 Gold in biology: a brief overview 
 

1.2.1 Auranofin 
Today, Auranofin (Figure 42) – commercialized under the brand name Ridaura® – is certainly 
the most famous gold complex in medicine. 
 

 
Figure 42: Structure of Auranofin 

Auranofin was introduced in 1982 as an arthritis medication and to treat related chronic 
inflammatory diseases [146,147]. Nowadays its risk/benefit balance is questioned, but it is still 
FDA approved. Mainly due to the extreme cost implied in drug development and discovery 
(that can easily surpass 1 billion dollars) the NIH (National Institute of Health) launched a 
campaign to reinvestigate the potential of old drugs [148,149]. The reasoning behind and 
advantages of that strategy are obvious as the (re)investigated drugs are: 
 

 available 

 well described  

 their pharmacological profile (pharmacokinetics, metabolites etc.) is known 
 
Auranofin was included in this program and has caught researchers’ attention due to its 
activity against a variety of illnesses such as cancer, viral infections (HIV), neurodegenerative 
disorders (Alzheimer’s and Parkinson’s) as well as parasitic and bacterial infections [149]. 
This has led to the recent renewed interest in gold containing compounds, especially 
auranofin-like complexes (i.e. [Au(I)(phosphine)thioglucose tetraacetate]), either in the 
development of innovative complexes or in the comprehension of their mechanism of action. 
 

1.2.2 Chemical biology of Gold 
 
Before going deeper into my PhD subject, it is worth providing some pieces of information on 
gold’s biological behaviour, and especially of the state of the art of gold-based drug’s 
mechanism of action. 
 

1.2.2.1 General Information 
 
Gold is the 79th element in the periodic table and consists to 100% of the nuclide Au79

197 . It is 
the noblest metal, displaying redox potentials of ε0(Au/Au+) =+1.69V, ε0(Au/Au3+) =1.5V and 
ε0(Au+/Au3+) =1.4V. Due its electronic configuration of [Xe] 4f14 5d10 6s1 the chemistry of gold 
is governed by the oxidation states +1 and +3 (Oxidation states between -1 and +5 are known). 
The 6s orbital experiences tremendous relativistic orbital contraction that influences all of the 
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properties gold exhibits: this is the reason why gold possesses the highest electron affinity (-
2.31V) and Pauling electronegativity (EN=2.4) among all metals. The orbital contraction also 
results in very strong aurophilic interactions between the d10 orbitals of AuI atoms that, 
depending on the interatomic distance experience stabilization between 100kJ/mol (2.73 Å) 
and 10kJ/mol (3.48 Å).  
AuI is a relatively large, diffuse ion, resulting in weak Lewis-acidity. Without stabilizing 
complexes AuI dissociates spontaneously into Au0 and AuIII in aqueous media. Soft ligands such 
as phosphines, thiols/sulfides, selenides and cyanides are able to stabilize the +1 oxidation 
state [150]. AuI prefers linear, bicoordinate geometry. 
The second stable oxidation state, AuIII is a stronger Lewis acid than AuI but still considered 
soft (between Cu2+ and Ag+) [151]. It is isoelectronic to PtII and (like Pt) prefers a square-
tetraplanar coordination geometry. 
 

1.2.2.2 Biological behavior 
 
Many efforts have been spent on the clarification of the role of gold in the biological 
environment. Depending on its speciation it is a more or less toxic heavy metal that does not 
possess any biological function.  
Gold is reactive enough to be used as a catalyst (e.g. in C-C bond formation of alkenes and 
alkynes[152]), however, in biological environments its actions seem to be governed by its 
capacity to bind naturally occurring ligands and inhibit the active sites of essential proteins. 
Common soft ligands to which gold can bind are for example cysteine, selenocysteine and 
nitrogen donors such as histidine. With cysteine gold forms very stable complexes with 
conditional equilibrium constants of K=1024 [153]: this makes them thermodynamically 
favorable enough to even displace other metals such as copper (K=1016) or zinc (K=1017) from 
biologically essential complexes [154]. Abundant proteins that present accessible cysteine are 
for example albumin, glutathione and metallothionein. 
 
Numerous researchers, e.g. Kean et al. [155], have asserted that gold ligands are quickly 
released in biological media and that any gold species is rapidly reduced in vivo, essentially 
demoting the attached ligands to drug delivery vehicles. This claim is not obvious to prove and 
various gold-containing compounds (gold(III)-corrole [156], gold(III)-porphyrin [157], gold(III)-
phenanthrene[158]), which present excellent cytotoxic properties, seem to remain 
(biologically and redox-)stable in the biological environment. This is the reason why our group 
developed an “ON/OFF” smart theranostic system (gold(I)-phosphine-coumarin), which is 
fluorescent when the P-Au bond is intact and which switches off as soon as this bond is broken 
[144]. We proved that for these complexes, the P-Au bond is stable at least 48 h in cells and 
at least 24 h in vivo. This discovery increases the interest of developing gold-complex with 
fine-tuned ligands. 
 
Both the modes of coordination as well as the redox-behavior of gold in its various oxidation 
states raise the question of which cellular compartment(s) and molecular target(s) are 
effected by gold-containing agents. Analyzing the “Catalytic Site Atlas” database [159] Kumar 
et al. found in 2011 that the active sites of 23.26% of all eukaryotic membrane enzymes and 
22.78% of all eukaryotic non-membrane enzymes contain either cysteine or histidine [160], 
making them potential targets for gold drugs. Depending on the degree of oxidation of the 
gold-center and type of ligands various preferences seem to emerge. Due to intensive 
research in the field the state of the art evolves constantly and is thus regularly reviewed [161–
163], a brief summary will be given in the next paragraph. 
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1.2.2.3 Molecular targets of Gold 
 
As shown earlier in chapter 1.2.1 gold(I) is unstable in aqueous solutions without sufficient 
stabilization and spontaneously disproportionates into Au0 and AuIII. AuIII in turn is readily 
reduced in biological media, rendering the formation of gold clusters and nanoparticles 
possible. 
 
Gold nanoparticles are investigated as new treatment options in cancer therapy. When 
administered as such they are usually used as drug delivery vehicles (EPR-effect), 
radiosensitizers, contrast agents or for thermal therapy [164]. However, Au55-gold clusters 
have been shown to irreversibly attach to the major groove of double strand DNA and proved 
effective against 11 cancer cell lines, displaying cytotoxicity in the 0.1-1 µM range [165]. 
 
In several studies evidence for direct gold-agent-DNA interaction was found. This interaction 
strongly depended on the ligands: compounds possessing a terpy moiety L51 showed 
irreversible DNA intercalation (thus impeding replication) (Figure 43) [166]. Gold(III)-
porphyrin led to DNA fragmentation (L52a-e, Figure 43) [157] and dithiocarbamate (L53, 
Figure 43) formed gold(III)-DNA-adducts [167].  

 
Figure 43: DNA-damaging gold-based agents. L51 [166] L52a-e [157], L53 [167], L54a,b [168] 

Not only gold(III)-compounds have been developed that target DNA; indeed, the gold(I)-
phosphine thiocarbamate L54a,b was found to cause DNA fragmentation and induces 
apoptosis by induction of p53 [168]; all compounds displayed cytotoxicities in the nM to low 
µM range. 
Of the above mentioned compounds the gold(I)-phosphine L54a,b is somewhat of an 
exception as more commonly gold(I)-compounds seem to be unable to sufficiently stabilize 
DNA and instead impede the function of other targets such as disulfide reductases, cysteine 
proteases, or tyrosine phosphatases [162,169].  
Disulfide reductases (amongst them Thioredoxin, Thioredoxin reductase (TrxR), glutathione 
reductase and others) display cysteine and selenocysteine in the active center which makes 
them perfect ligands for gold(I). Disulfide reductases are present in every cell of every 
organism and are essential to keep oxidative stress to the cell in check: they are essential in 
reducing and destroying Reactive Oxygen Species (ROS) that are generated in the respiratory 
chain during normal cell processes as well as ROS generated by other sources. The active 
center of TrxR consists of a selenocysteine (it is one of currently 23 selenoproteins known in 
the human genome, 11 of which are implied in redox active proteins: 5 Glutathione-
peroxidases, 3 Thioredoxin reductases and 3 Iodothyronine deiodinases [170]) and a cysteine 
that are reduced by NADPH to render the enzyme active.  
Investigations on purified TrxR samples showed that gold compounds show high inhibitory 
potential (nM range) and readily inhibit the enzyme by coordinating the active center 
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[149,171,172]. This results in TrxR depletion and consequently lower inactivation of ROS. The 
ROS buildup leads to oxidative damage of DNA, fatty acids as well as glutathione depletion 
and compromised mitochondrial integrity and can ultimately result in induction of apoptosis 
[173].  
However, gold(I)-based agents do not only possess the potential to inhibit disulfide 
reductases: when screening a large panel of gold(I)-phosphines Karver et al. found 11 
compounds that strongly (low µM range) inhibit protein tyrosine phosphatases [174] which 
play a crucial role in cell growth, differentiation, immunology and metabolism. 
 
More recently several groups have also found evidence that gold(III)-based agents such as 
gold(III)-thiomalate can inhibit the ubiquitine/proteasome system [175]. Thanks to its 
tetraplanar coordination geometry and gold(III) compounds have also been used to inhibit the 
aquaporine system [158,176] which regulates the cellular water flux (and thus osmotic 
pressure) amongst other functions (Figure 44). 
 

 

Figure 44: Au(III)-pyridiniums that have been shown to inhibit aquaporines and can interact with zinc-finger 
enzymes [176] 

 
Many of the studies shown above have the common shortcoming that binding to a certain 
target is usually proven using purified samples of the target-to-(dis)prove. Due to the 
complexation behavior shown in 1.2.2.2 and the frequency of possible ligands in the active 
sites of enzymes this approach may strongly bias the result and lead to incorrect assumptions. 
For auranofin it was pointed out that due to the reactivity towards sulphur containing ligands 
it is likely to inhibit to some extent any single (purified) enzyme system it is presented to [177]. 
In the complex environment of a life cell (i.e. in vitro) or small animal (i.e. in vivo) it is however 
unclear if the molecule reaches the designated target organelle. This suspicion was recently 
confirmed by Quero et al. [175]: using purified TrxR they showed that their gold(III) thiomalate 
strongly inhibits TrxR. However, in vitro this behavior could not be reproduced; instead of a 
TrxR-inhibition they found that their compound displayed strong ubiquitine/proteasome 
system-inhibition whereas TrxR-inhibition did not play any significant role.  
 
Due to the many variables and large panel of possible targets with which gold based 
compounds can interact, gold-based therapeutic agents represent interesting targets for drug 
development, both to find more efficient and selective compounds as well as to gain a 
deepened understanding of the mechanisms and cellular systems involved. 
Having trackable compounds greatly facilitates this research as they intrinsically reveal 
information about a compounds cellular localization: this permits in particular to exclude 
molecular targets as main point of action when the compound cannot be detected in the 
target’s organelle.  
 
In our group we have developed a variety of trackable gold-based therapeutic agents that 
display excellent cytotoxic properties [90,91,102,178–181]. However, all previously 
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developed molecular entities have the common shortcoming to be difficult or tedious to 
modify. Up until now this prevented the facile modification and tweeking of the compounds 
and restricted easy access to a larger panel of compounds for structure-activity-relationship 
studies.  
The goal of the first part of this thesis is thus not to develop the perfect gold-based therapeutic 
agent but rather the development of new tools; more specifically a multifunctional platform 
that grants easy access to a larger panel of compounds to more easily permit the modulation 
of molecular properties through the sequential introduction of various substituents. The 
obtained compounds will be based on BODIPYs and gold(I)-phosphines, both of which have 
been routinely used in our lab for the last decade. 
 

1.3 BODIPY-Platform 
 
During my PhD, one of the main objectives was to design metal-based optical theranostics. 
Thus, the first criterion we wanted to validate is the suitability of introducing metal complexes 
on the BODIPY platform. Moreover, we would like to investigate the relevance of the 
bioinorganic therapeutic strategy called “multinuclearity”. This strategy relies on the fact that 
many studies claim that the efficiency of a metal complex is only due to the quantity of metal 
entering the cells (ligands would have a single “transport role”). For example, our group 
recently published a study based on phosphine-ruthenium complexes, where a direct 
correlation can be made between the quantity of ruthenium entering the cells and the 
cytotoxicity of the compound [182]. Taking advantage of this hypothesis, several groups, 
amongst them our team, have designed multimetallic complexes to improve the cytotoxicity 
of their metal-based drugs. Depending of the studies, the cytotoxicity was significantly 
improved or almost not changed [179]. In the present work, we would be able to study this 
aspect: the step-by-step introduction of the metal complex moiety would permit the synthesis 
of mono and bimetallic theranostics. 
As previously indicated, we chose gold(I) complexes due to their biological relevance and their 
limited impact on the fluorescence of the BODIPY dye. In the team, we are used to introduce 
phosphine gold moieties thanks to the commercially available 2-amino-
ethyldiphenylphosphine. Even if this phosphine is quite sensitive to oxidation reactions 
(manipulation in glovebox is strongly advised), once coordinated to gold(I) center, the 
complex is stable and easy to handle. 
 
The BODIPY-Cl2 starting material used for these preliminary essays had been synthesized at 
gram scale by predecessors – namely Dr. Martin Ipuy and Dr. Julia Volkova following 
established protocols [103]. In short, the starting benzaldehyde is brought to reaction in 
pyrrole in presence of TFA, followed by chlorination with NCS at low temperature. The 
resulting dipyrromethane is then oxidized using DDQ, followed by complexation with BF3*Et2O 
to access the BODIPY-Cl2 1 (Figure 45). 
 

 
Figure 45: Synthesis of dichloro-BODIPY 1 starting material following established protocols. Synthesis executed 

by Dr. Martin Ipuy and Dr. Julia Volkova following the procedure published in [103] 
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The gold(I)-amine phosphine 3 was synthesized using reported protocols [91]: The chloroauric 
acid hydrate was reduced in presence of tetrahydrothiophene (tht) to yield (tht)AuCl 2. 
(tht)AuCl was used to aureate the commercial diphenylphosphineethylamine (Figure 46) to 
obtain the gold(I)-complex 3. 

 
Figure 46: Synthesis of gold(I)-amine phosphine 3 [91] 

We first targeted the double substitution of derivative 1. As a consequence, 2 equivalents of 
the gold-phosphine 3 and BODIPY 1 were refluxed in dry ACN using K2CO3 as a proton-
scavenger (Figure 47).  

 
Figure 47: Attempt at double substitution of dichloro-BODIPY 1 using gold(I) amino phosphine 3  

 
Figure 48 shows the 1H-NMR-spectra of the starting materials and the compound that we 
obtained. 
 



Chapter I – BODIPY 

55 

 
Figure 48: 1H-NMR-spectra of the starting materials gold(I)amino phosphine 3 (top), BODIPY-Cl2 1 (middle). The 

bottom 1H-NMR shows the spectrum obtained for the product that we obtained for the attempted double 
substitution of dichloro-BODIPY 1. All spectra were recorded in CDCl3 at 300MHz and 300K. 

The signals between 6 and 7ppm show that the pyrrolic protons had become unsymmetrical, 
which led us to the conclusion that only one gold(I)-amino phosphine 3 had been introduced 
onto the BODIPY (which thus explains signals C and D of the aromatic region in Figure 48). 
Signal G (1.67ppm) however was inconsistent with the targeted compound. In addition to the 
unexpected NMR high resolution mass analysis (HRMS) also held a surprise (Figure 49). 
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Figure 49: HRMS spectrum of the reaction product of the attempted double substitution of 1 

Indeed, the mass spectrum shown in Figure 49 presents a peak massif centered around 
m/z=789 instead of the expected m/z=784 (monosubstituted product) or m/z=1187 (double 
substituted product). In conjunction with the NMR-signal at 1.66ppm (bottom NMR in Figure 
48) we concluded that the dichloroBODIPY 1 had  
 

 undergone only a single substitution (no double substitution was observed at all)  
 

and that 
 

 the solvent participated in the reaction by being deprotonated by the carbonate, 
leading to substitution of the chlorine that was attached to the gold atom (Figure 50). 

 

 
Figure 50: Introduction of Gold(I)-amino phosphine 3 onto the BODIPY core of 1 by nucleophilic aromatic 

substitution in acetonitrile 
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The introduction of cyanomethyl and other activated species such as malonitrile onto the 
gold-atom is not unknown in the literature. However, in all published cases either strong bases 
such as BuLi, organic super-bases [183] or halogen-abstractors (Ag2O) have been used to 
deprotonate the acetonitrile. In the following we first focused our efforts on the synthesis of 
the monosubstituted compound 4b to establish a viable synthetic protocol.  
The reaction conditions were thus slightly modified to prevent the substitution of the chloride 
ligand borne by the gold(I)-center.  
 

 
Figure 51: Modified reaction conditions for the synthesis of monosubstituted BODIPY 

The use of either THF/K2CO3 or ACN/NaHCO3 led to the desired monosubstituted product in 
good yields and prevented reactions with the solvents (Figure 51). We were able to obtain 
crystals of 4b in sufficient size and quality to perform single crystal X-ray scattering. This 
compound crystallizes as a dimer with an aurophilic bond between the gold(I)-centers.  

 

Figure 52: X-Ray structure of BODIPY 4b. The circled part is shown in the bottom right along its B meso-C 
meso-phenyl axis (molecule is flipped, view direction is indicated by the arrow). The ellipsoids are drawn at 50% 
probability level. Hydrogen atoms and solvent molecules are omitted for clarity. The molecule was drawn using 

CIF data 

The view along the B1-C5-meso-phenyl axis (bottom right, Figure 52) shows that the phenyl 
substituent is rotated out of the molecular plane of the BODIPY-core which results in very 
limited conjugation between the two subunits.  
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The shape-analysis of the aurophilic bond shows that both Au(I)-metal centers are found in a 
T-shape-environment (mer-trivacant octahedron) with a local C2v-symmetry. 
The structural parameters for both subunits are almost identical (Table 5). 
 

Table 5: Selected bond-lengths and dihedral angles for BODIPY 4b. Bond-lengths are given in Å, angles in ° 

Bond Length [Å] Angle Angle [ °] 

Au1-Au2 3.13975(19) P1-Au1-Cl3 171.97(3) 
Au1-Cl3 2.2961(8) P2-Au2-Cl2 174.45(3) 
Au1-P1 2.2330(8) P1-Au1-Au2 102.29(2) 
Au2-Cl2 2.3021(8) P2-Au2-Au1 105.93(2) 
Au2-P2 2.2344(8) Cl3-Au1-Au2 82.53(2) 

  Cl2-Au2-Au1 79.62(2) 
 
With 3.13975(2) Å the gold(I)-gold(I) bond is in the range of reported aurophilic bonds of 2.5-
3.5Å [184,185]. The dihedral angle between the P-Au-Cl of 171.97° and 174.45° infer that the 
bond is very weak.  
 
Literature suggested that this weak aurophilic bond is only present in the solid, at room 
temperature in solution it is overruled by solvation [186]. An attempt at using Raman-
spectroscopy to observe the Au-Au-bond [187] was unsuccessful due to the incompatibility of 
the used laser. However, Nomiya et al. [186] showed that the formation of the dimeric species 
can be observed using low-temperature phosphorus-NMR. In their case a new peak developed 
upon formation of the dimeric species at -90°C/183K. The new dimeric species displayed shifts 
between -0.6ppm and -1ppm respectively compared to the monomeric gold-phosphine.  
We therefore performed low temperature 31P-NMR of 4b in deuterated DCM. The NMR 
(Figure 53) shows that the peak of the gold(I)-amino phosphine broadens significantly and 
shifts upfield at low temperatures. 
 

 
Figure 53: 31P-NMR-spectra of BODIPY 4b. Overlay of NMR recorded at different temperatures. The traces are 

not stacked at an angle or x-offset. The NMR was recorded in DCM-D2 at 500MHz 



Chapter I – BODIPY 

59 

Upon lowering the temperature the peak gradually shifts upfield. At 193K only a single (if 
broad) peak can be observed.  
At 183K a broadening and splitting of the peak seems to begin, indicating that indeed the Au-
Au-bond is forming. However, 183K is only 7K above the freezing point of DCM-D2; at this 
temperature the solvent’s viscosity is already strongly increased due to the formation of 
solvent-clusters. Decreasing the temperature even further is not possible due to solvent 
restraints and the risk of damaging the apparatus. Nonetheless we were able to confirm the 
absence of the dimeric species in solution at room temperature and show that the aurophilic 
bond that we observed by X-ray scattering is overruled by solvation. 
 

1.3.1 Towards double functionalization 
 
So far our attempts to synthesize a multinuclear gold-based compound were unsuccessful. 
With the monosubstituted compound 4b in hand we thus focused our efforts on introducing 
two gold(I)-moieties into the BODIPY 1. In order to achieve the double substitution of the 
BODIPY core (Figure 54) a numerous conditions were tested. 
 

 
Figure 54: Double substitution of the BODIPY-Cl2 1 with gold(I)-amino phosphine 

The tested conditions are summarized in Table 6 and included the reaction in presence of Pd-
based catalysts, irradiation with microwaves, absence of base as well as presence of acid. The 
use of acid was attempted in the hope to protonate the formed secondary amine so as to form 
an ammonium. This would reduce the electron density at the BODIPY core and reactivate it 
towards nucleophilic aromatic attacks, thus enabling a second substitution. 
 

Table 6: Tested conditions for the double substitution of BODIPY-Cl2 by gold(I)-amino phosphine 3. No product 
observed=no double substitution occurred. Catalytical amount of pTSA means 1 grain 

Equivalents 
of gold(I)-

phosphine 3 

Base/acid Catalyst Solvent Temperature 
(heating) 

Reaction 
time 

Observation 

2 K2CO3 - THF reflux 60h no product 

3 K2CO3 - THF 
160°C 

(microwaves) 
15min 

formation of 
nanogold 

3 2eq Et3N 

0.1eq 
Pd(OAc)2, 

0.3eq 
PPh3 

DMF 90°C 24h degradation 

2 2eq Et3N 

0.1eq 
Pd(OAc)2, 

0.3eq 
PPh3 

ACN reflux 24h degradation 

4 - - THF reflux 90min no reaction 
3 - cat. pTSA ACN reflux 2h formation of 
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nanogold 

3 - cat. pTSA THF reflux 2h 
formation of 

nanogold 
 
 
All the tested conditions led either to starting material or to unwanted/degradation products. 
As previously indicated, some examples of double substitution of dichloro BODIPYs using 
aniline derivatives, secondary amines [103], or even hydrazine have been reported. Only one 
account has succeeded in introducing a primary aliphatic amine twice onto the BODIPY core. 
In this case the authors used the amine as a solvent, performed the reaction at reflux and the 
double substitution required prolonged reaction times [188]. However, the use of gold(I)-
amino phosphine in large excesses is self-prohibitive for obvious reasons. 
 
Faced with these difficulties, we decided to directly move to the trifunctionalizable platform, 
as described above. Our idea was simple: design a dichloroBODIPY carrying a carboxylic acid 
function at the meso-phenyl substituent. Thus, the BODIPY would be able to undergo 
functionalization in a step-by-step fashion and permit the introduction of sensible 
substituents such as peptides that might not resist the refluxing conditions used to introduce 
the gold-bearing unit. 
 

1.3.2 Synthesis of BODIPY-acid  
 
The BODIPY-ester 7 was synthesized using usual conditions: reaction of pyrrole with the 
desired aldehyde under acid catalysis – the carboxylic acid function was protected as its 
methyl ester form – to yield the dipyrromethane in good yields. The dipyrromethane 5 was 
chlorinated using NCS, followed by oxidation to obtain the dipyrromethene 6. 
Dipyrromethene 6 was then deprotonated at the pyrrolic nitrogen using Et3N, followed by the 
addition of BF3*Et2O to introduce the BF2 moiety (Figure 55).  
 

 
Figure 55: Synthesis of BODIPY-Cl2 acid 8 

In order to obtain the trifunctional platform the ester function was hydrolyzed. Several 
conditions were tested: the obvious choice was the use of dilute aqueous base (e.g. LiOH, 
NaOH, KOH or K2CO3). Usually this strategy gives good results for BODIPYs that only carry alkyl 
or aryl substituents [189–191]. In our case however it led to degradation of the BODIPY-core 
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due to deboration and nucleophilic attack of the OH on the chlorines that are situated on the 
BODIPY-core. The basic hydrolysis was therefore abandoned and acidic conditions were 
investigated.  
TFA in DCM proved inadequate as well as the effective acid concentration leads to protonation 
of the pyrrolic nitrogen and loss of the boron moiety. A compromise was devised and the 
hydrolysis executed in a partially biphasic system using equal volumes of THF and 3M HCl. 
Refluxing for several days then yielded the free acid-BODIPY 8 in acceptable yields (Figure 55).  
The synthetic procedures of the starting material proved very robust and were scaled up to 
8g of BODIPY-ester 7 and 2.5g of BODIPY-acid 8 without significant decreases in yield. 

 
We were able to grow monocrystals for the compounds 6, 7 and 8 and confirm their identity 
by X-Ray diffraction (Figure 56).  

 
Figure 56: X-Ray diffraction of dipyrromethene 6 (left) and BODIPYs 7 (middle), 8 (right) 

For all three compounds the X-Ray diffraction did not reveal any surprising structural features. 
The dipyrromethene crystallizes in a monoclinic crystal system with the space group P21/c 
whereas both the BODIPY ester 7 and the free acid 8 crystalize in a triclinic crystal system 

(both in the space group 𝑃1, in the case of the free acid 8 with two molecules per asymmetric 
unit). 
 

1.3.3 Functionalization of trifunctional BODIPY-acid 8  
 
Following the successful synthesis of the free acid BODIPY 8, its regioselective 
functionalization with gold complex 3 was performed. Application of the optimized conditions 
for the synthesis of 4b to the synthesis of 9 proved effective and yielded the monosubstituted 
BODIPY 9 in good yields of 80% (Figure 57). As for BODIPY 1 no double substitution was 
observed. 

 
Figure 57: Synthesis of BODIPY 9 
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In order to prove the BODIPY’s usefulness as a platform-molecule the selective 
functionalization of the acid-function was attempted. For this purpose, the acid function was 
activated as an acyl chloride and reacted at room temperature with the auriphosphine 3 
(Figure 58). 

 
Figure 58: Functionalization of meso-acyl by activation as acyl chloride to synthesize BODIPY 10 

The reaction proceeded smoothly and yielded the target compound in good yield. Small losses 
were sustained during the precipitation. No core-substituted byproduct was observed, which 
confirms the chosen synthetic strategy as a valid pathway for the selective functionalization 
in the meso-position.  
 
To attach two gold bearing moieties to BODIPY 8 the previously established procedures were 
applied in combination: first the carboxylic acid was activated in DCM using (COCl)2 as the 
chlorination agent, followed by addition of an excess (2.1 equivalents) of gold-complex 3 in 
THF and reflux in presence of a proton scavenger (K2CO3). This approach yielded the desired 
double substituted compound 11 in very good (93%) yield (Figure 59). 
 

 
Figure 59: Double substitution of BODIPY 8 with two gold(I)-amino phosphine moieties 

Special attention has to be payed to the evaporation of excess (COCl)2 and drying of the acyl 
chloride: in one instance incomplete removal of the solvents/agents and incomplete 
scavenging of the liberated HCl resulted in hydrolysis of THF and subsequent reaction to form 
the ester. In that instance the HCl prevented the reaction of the gold(I)-amino phosphine 3 
due to protonation, leading to the unexpected compound 12 (Figure 60). 
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Figure 60: Opening of THF with subsequent chlorination by HCl 

A complete removal of all solvent traces reliably prevented such unwanted side reactions.  
 
In earlier experiments (not shown in this thesis), we found that the gold-complex was unstable 
in presence of (COCl)2. The double substitution with gold(I) bearing moieties was therefore 
never attempted, starting from the mono-functionalized BODIPY (9). 
 
Following the successful synthesis of the four theranostic compounds 4b, 9, 10 and 11, each 
compounds’ photophysical and biological properties were then characterized. The results are 
shown and discussed in detail in chapter 1.4.2 - Photophysical characterization of obtained 
BODIPY-dyes and 1.4.3 - Biological investigations. 
 
Having established the general feasibility of site-specific substitutions using the relatively 
delicate gold(I)-moiety 3 we were interested to explore the potential of the selected BODIPY 
platforms by synthesizing a large panel of compounds. 
 

1.3.4 Introduction of a thioglucose tetraacetate moiety 
 
In previous works we had observed that, as for Auranofin, the introduction of thioglucose 
could increase the antiproliferative properties of the gold complexes [91]. We were therefore 
interested to study if our compounds would display the same effect. 
 
For this aim the thioglucose derivate was introduced on compounds 4b, 9, 10 and 11. The 
substitution of the chlorido-ligand was straightforward: after deprotonation of β-thioglucose-
tetraacetate using 1M NaOH in acetone, the solution was added to a solution of gold(I)-
BODIPY and reacted for a short period of time. This yielded the desired compounds almost 
quantitatively for three of the four BODIPYs (small losses were sustained during the removal 
of the formed NaCl and the following precipitation) (Figure 61).  
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Figure 61: Introduction of thioglucose tetraacetate onto the gold bearing moiety 

In the case of BODIPY 10, a rapid change of color from orange-red to pink appeared, indicating 
that a reaction at the BODIPY-core had taken place. Indeed, analysis by HPLC-MS showed that 
up to three thiosugar-moieties had been introduced to the molecule, meaning that a double-
core-substitution must have taken place (14b, Figure 62).  

 
Figure 62: Intended reaction (left) and one of the observed products (14b, right) 
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 Although this means that 14a was inaccessible by the chosen method we were curious to 
investigate this reactivity. To confirm our observation we engaged BODIPY-Cl2 8 under the 
same reaction conditions (Figure 63).  
 

 
Figure 63: Reaction of BODIPY 8 with thioglucose tetraacetate 

Once again the color changed swiftly from red-orange to the same pink that we had observed 
previously, showing that the same transformation had taken place. HPLC-MS analysis of the 
crude reaction mixture indicated that the BODIPY core readily underwent nucleophilic 
aromatic substitution.  
Moreover, HPLC-MS showed that we had obtained a seemingly statistical mix of the mono- 
(17) and double substituted (17a) compounds. This hinted on the fact that unlike with N-
substituents the introduction of a S-nucleophile does not significantly reduce the reactivity of 
the BODIPY-core.  
 
 
In order to explain this unexpectedly high reactivity we performed DFT-calculations for some 
model-systems in collaboration with Prof. Paul Fleurat-Lessard and Dr Miguel Ponce-Vargas 
(ICMUB).  
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1.3.5 Quantum chemical investigations 
 
The DFT calculations were performed at the M06-2X/6-31G(d) level to determine the lowest 
unoccupied molecular orbital energy (ELUMO) for some model systems containing amino- and 
thio- groups. This value can be associated with the electrophilicity of the molecule [192,193]. 
Therefore, the higher ELUMO, the lower the probability of the molecule to experience a 
nucleophilic attack. 

 
Figure 64: LUMO energies (eV) for some model systems 

The graphical representation of the LUMO, which is mainly distributed over the 
dipyrromethene core in all systems is represented in Figure 64. The BF2-moiety does not take 
part in the LUMO. This highlights its role as a sole stiffener of the BODIPY-backbone. The small 
contribution of the phenyl ring at the meso position evidences the poor conjugation between 
this fragment and the boron-dipyrromethene moiety given the broad dihedral angle between 
them (this angle is in good agreement with the X-Ray structures that we obtained for 
compounds 4b and 6-8 (Figure 52 and Figure 56) in chapter 1.3.2). 
The replacement of a chlorine atom by an amino-/thio- substituent leads to an ELUMO increase 
with respect to the dichloride- starting compound. This effect is more pronounced for the 
amino-substituted BODYPYs (ΔELUMO ~ 0.61 eV) than for their thio-substituted counterparts 
(ΔELUMO ~ 0.16 eV). 
 
The DFT-calculations confirmed our observation that the introduction of a first S-nucleophile 
does not significantly increase the electronic density at the BODIPY-core, therefore not 
preventing the introduction of a second substituent, including N-nucleophiles. A similar 
behavior was observed by Lincoln et al. [194]; following their work we found a qualitative 
trend between the LUMO energies of the compound and the Hammett parameters: the lower 
the σp (and or σm) value, the higher the LUMO energy of the compound (Table 7).  
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Table 7: Literature values of selected Hammet-parameters for various substituents [195] (left) and calculated 
LUMO energies of BODIPY carrying substituents in 3,5 positions (right) 

Substituent σm σp  Substituent 1 Substituent 2 
LUMO 
energy 

Cl 0.37 0.23  Cl Cl -2.46 eV 
SMe 0.15 0.00  Cl SMe -2.29 eV 
SEt 0.18 0.03  Cl SPh -2.31 eV 

NHMe -0.21 -0.70     
NH(CH2)3CH3 -0.34 -0.51  Cl NHMe -1.81 eV 

N(Me)2 -0.16 -0.83  Cl NPh -1.98 eV 
NPh -0.02 -0.56  Cl NHNH2 -1.77 eV 

NHNH2 -0.02 -0.55     
 
We also calculated the released energy that is associated with each secondary substitution. 
Two processes were distinguished: (a) the incorporation of an aminomethyl group in the thio-
substituted BODIPY and (b) the incorporation of a thiomethyl in the amino-substituted 
BODIPY; both processes lead to the same product (Figure 65).  
 

 
Figure 65: Some hypothetical reactions involving the model system 

We found that reaction (a) is the more exothermic process of the two. It releases more than 
three times the energy of (b).  
All calculated values are in good agreement with the observed behavior of dichloroBODIPYs 
and showcase the great difficulty/unfeasibility to incorporate a second primary amine to the 
amino-substituted BODIPY.  
 

1.3.6 Trifunctionalization of the dichloroBODIPY acid 
 
Since the substitution of the chloro-ligand of the gold-atom requires an anionic sulfide, the 
required compound 14a is not accessible via the chosen pathway.  
 
However, the high reactivity of the chloro- and dichloroBODIPY towards the presented S-
nucleophile woke our interest as it opened up a multitude of possibilities for further 
diversification of the chosen platform.  
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We thus decided to widen the scope of our work and synthesize a whole family of closely 
related BODIPYs that possess different substitution patterns. First we focused our efforts on 
the optimization of the synthesis of 17. In order to be able to form mostly the targeted mono 
thiosugar derivative, starting from the precursor 8, the reaction conditions were optimized as 
follows: 
 

- By limiting the S-nucleophile present in the reaction (slow addition) and using the 
agent in default, we were able to almost completely suppress double substitution.  

- By optimizing the separation conditions: indeed, using classic chromatographic 
conditions the removal of the small amount of byproduct formed during the 
reaction was impossible: even semi preparative reversed-phase HPLC turned out 
to be insufficient. The addition of formic acid to the eluent finally aided the 
separation using normal phase chromatography and the optimization of both the 
reaction conditions and the chromatographic system enabled us to obtain the 
(pure) mono-substituted product in excellent yields (95% with regard to β-
thioglucose-tetraacetate) and purity (Figure 66). 

 

 
Figure 66: Monosubstitution of BODIPY-Cl2 8 using HSGlu(OAc)4 

The same conditions were also applied to the mono-substitution of BODIPY-Cl2 1. 
Unfortunately, the reaction proceeded far less smoothly and yielded significant amounts of 
double substituted BODIPY 18a (Figure 67). 
 

 

Figure 67: Substitution of BODIPY-Cl2 1 with HSGlu(OAc)4. Yields are given with regard to BODIPY. Using 
thioglucose tetraacetate as reference the yields are 44% and 56% respectively 

For this reaction 44% and 56% of the thioglucose tetraacetate ended up in the 
monosubstituted (18) and double substituted (18a) compound respectively. (The derivate 18a 
was identified by analytical HPLC-MS but neither isolated nor characterized). Interestingly, in 
absence of NaHCO3 the selectivity of the reaction is even poorer (For the synthesis of 17 
NaHCO3 was primarily added to prevent protonation of the thiolate by the carboxylic acid).  
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In the next step, the mono-substituted BODIPYs 17 and 18 were reacted with the gold complex 
3. To that end, the two agents were dissolved in THF and refluxed for 60min in presence of a 
proton scavenger providing access to the desired products in good (82%, 19) and excellent 
(95%, 20) yields (Figure 68).  

 
Figure 68: Secondary substitution of the thioglucose-functionalized BODIPYs 

It is worth noting that we were able to selectively obtain the mono gold(I)-BODIPY complex 
19 displaying a double functionalization on the BODIPY core. Conversely, we did not succeed 
in making the second functionalization occur exclusively on the carboxylic acid position. 
Indeed, even activating this function via the formation of the corresponding acyl chloride is 
not sufficient to overcome the reactivity of the second chlorine born by the BODIPY core. 
However, the BODIPY 21 carrying two gold-moieties was obtained in a very high yield using 
an excess of gold complex 3 (Figure 69). 

 
Figure 69: Attempt at introduction of the gold-bearing moiety onto the carboxylic acid function 

The most important point of the synthesis of 21 is the fact that we proved that our platform 
can be functionalized by three nucleophiles under mild conditions. Keeping in mind the four 
criteria we defined for our ideal platform, only one requirement is not yet validated. It is the 
ability of introducing three different nucleophiles step-by-step.  
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Towards that end, we chose a third substituent that may influence/change the biological 
behavior of the final system. We opted for a phosphonium derivative. Indeed, this class of 
compounds can increase the water solubility of the theranostic, bring an additional mode of 
cytotoxicity, and/or induce a targeting of mitochondria, which contain the enzymes which are 
believed to be inhibited by gold(I) complexes. Triphenylphosphoniumethylamine 22 was 
chosen as the phosphonium of interest: the starting materials triphenylphosphine and 
bromoethylammonium hydrobromide are cheap, easy to handle and do not require the use 
of a protective atmosphere. The synthesis of the chosen compound was straightforward and 
followed known synthetic procedures [196] (Figure 70).  

 
Figure 70: Synthesis of phosphonium 22 

Next, the synthesized aminophosphonium 22 was reacted with the BODIPY-acid. BODIPY 23 
was then modified by introduction of thioglucose-tetraacetate. As observed during the 
synthesis of BODIPY 17 the small difference in reactivity between unmodified and mono-core-
substituted product made it necessary to add the thioglucose tetraacetate slowly to the 
reaction to prevent excessive formation of byproducts (Figure 71).  
 

 
Figure 71: Formation of amid between BODIPY-Cl2 8 and phosphonium 22 and synthesis of BODIPY 24 

Following the addition of thioglucose to the BODIPY-core, BODIPY 24 was reacted with gold 
complex 3 to introduce the 3rd substituent using the optimized conditions (ACN, NaHCO3 and 
reflux). Unfortunately, the chosen conditions were not appropriate for the compound as they 
led to total degradation of the starting materials after 90min.  
The reaction was repeated using shorter reaction times (reflux for 30min). Unfortunately the 
obtained product mixture proved again too difficult to separate by classical chromatography 
on silica gel. An attempt to separate the desired compound from the product mixture by semi 
preparative HPLC failed however as the product was unstable under HPLC conditions and lost 
a phenyl during purification. 
 
We therefore switched both the order and site of functionalization of both substituents. 
Inserting first the phosphonium 22 in the 5-position, followed by the introduction of the 
gold(I)-moiety 3 in the meso-acyl position at room temperature would enable us to use less 
harsh conditions during the last synthetic step and thus limit the risk of degradation. 



Chapter I – BODIPY 

71 

Therefore the previously synthesized BODIPY 17 was modified using phosphonium 22 to yield 
25 (Figure 72).  

 

 
Figure 72: Introduction of phosphonium 22 in the 5-position of thioglucose-tetraacetate-substituted BODIPY 17 

In the next step the carboxylic acid was activated as acyl chloride using oxalyl chloride. 
Unfortunately these conditions led to heavy formation of a multitude of byproducts.  
Therefore, the functionalization was attempted using a coupling agent system typically used 
for peptide synthesis: HBTU/DIPEA (Figure 73). 
 
 

 

Figure 73: Introduction of the third substituent 

Even the use of coupling agents led to formation of several byproducts, rendering the 
purification by column chromatography tricky: Addition of formic acid to the eluent was 
necessary. Under these conditions all byproducts visible under UV-light were removed 
successfully. However, NMR-analysis of the final product indicated that the compound had 
undergone ion exchange during reaction, trapping PF6

- (initially present in HBTU) and one 
equivalent of the ion-pair DIPEA-H+*PF6

-. Removal of DIPEA-H+*PF6
- was attempted by 

repeating the purification using a slower gradient, without success. Different assays were 
performed for obtaining pure trifunctionalized BODIPY 26, but we never succeeded in 
removing all the salts originating from coupling agents. Attempts to purify 26 by semi 
preparative RP-HPLC succeeded in removing salts from coupling agents, led however also to 
a continuous loss of phenyl (Figure 74). 
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Figure 74: Analytical RP-HPLC/MS-Chromatogram from purification attempt of 26. The first product is 

continuously formed during semipreparative RP-HPLC purification and corresponds to [26-Ph]. The shown UV-
Channel (top) is recorded at 220nm.  

The best result is a purity a bit superior to 85%. 
Even if this product was not totally pure, it is clear that this issue is intrinsic to the 
sophisticated and sensitive substituents we have chosen and that we proved that it was 
possible to functionalize our platform stepwise by three different nucleophiles under mild 
reaction conditions. 
 
More than just a chemical challenge, the synthesis of this new large family of BODIPYs aims at 
granting a rapid access to easily fine-tuned optical theranostics. Thus, we evaluated their 
photophysical properties and their ability to be efficient anti-proliferative agents that can be 
tracked in vitro by optical imaging. 
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1.4 Characterization of the BODIPYs properties 
1.4.1 Introduction of a simplified graphic representation 
 
In the following paragraphs we are going to describe and discuss each BODIPYs properties. For 
the sake of clarity, most of the time the structure of each compound will be replaced by a 
simplified depiction (Figure 75). The BODIPY-core is represented by three strokes to which 
each substituent is attached.  

 
Figure 75: Simplified depiction of the obtained BODIPYs 

Thioglucose tetraacetate will be abbreviated by S, the “X-substituted” gold-phosphine moiety 
by AuX and phosphonium 22 by P. Chlorine remains Cl and carboxylic acid COOH. Each 
simplified structure is accompanied by the molecules unique identifier.  
 

1.4.2 Photophysical characterization of obtained BODIPY-dyes 
 
All synthesized BODIPYs were characterized photophysically by measurement of their 
absorption and fluorescence spectra as well as their respective fluorescence quantum yields. 
Quantum yields were determined in the steady-state regime. 
 
All compounds showed high molar absorption coefficients and good to excellent brightnesses 
(Table 8). 
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Table 8: Photophysical properties of the synthesized BODIPYs. All measurements were executed in DMSO. 
Rhodamine 6G in EtOH (Φ=0.94, λexc=488nm) [197] was used as the standard for quantum yield measurements 

Compound 
λabs,max 
[nm] 

ελ,max 
[mol l-1cm-1] 

λem,max 
[nm] 

QY 
% 

Brightness 
[mol l-1cm-1] 

Δλ 
[nm] 

Stokes-
Shift 
[cm-1] 

1 
 

514 75 600 530 13 9 500 16 256 

4a 
 

476 32 000 538 21 6 900 62 587 

4b 
 

476 32 900 538 24 8 000 62 2 421 

7 
 

518 69 300 538 5 3 300 20 2 421 

8 
 

517 65 900 537 6 3 900 20 718 

9 
 

480 29 900 546 15 4 400 66 720 

10 
 

516 80 900 533 8 6 100 17 2 518 

11 
 

479 30 500 544 21 6 500 65 618 

13 
 

480 26 200 546 18 4 600 66 2 494 

15 
 

479 34 100 543 24 8 000 64 2 518 

16 
 

476 35 100 538 23 8 100 62 2 461 

17 
 

540 75 300 555 26 19 700 15 2 421 

18 
 

538 72 900 553 39 28 100 15 501 

19 
 

513 24 000 570 15 3 700 57 504 

20 
 

508 31 200 565 28 8 800 57 1 949 

21 
 

511 31 300 569 24 7 500 58 1 986 

23 
 

516 125 000 531 8 9 600 15 1 995 

24 
 

541 48 100 559 23 11 000 18 547 

25 
 

525 28 800 567 21 6 000 42 595 

26 
 

523 16 200 569 21 3 400 46 1 411 

 
 
To showcase general trends and influences of each substituent in the observed spectra, Figure 
76 illustrates spectra of representative BODIPYs, having each possible combination of N- and 
S-core-substitution. 
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Figure 76: Representative spectra for all obtained BODIPYs. Substitution pattern: top left: Cl/Cl (8), top right: 

Cl/N (9), bottom left: Cl/S (17), bottom right: S/N (19) 

The maximum absorption wavelength of either starting BODIPY (1 and 8) is at 515-520 nm. All 
dichlorosubstituted BODIPYs display very sharp absorption and emission bands (they emit at 
around 535 nm, resulting in spectral shifts of ca. 20 nm) with high molar absorption 
coefficients and relatively low quantum yields of 13 and 5-6%. The low quantum yield is not 
surprising as the two chlorine-substituents are expected to exhibit a (small) heavy atom effect.  
 
The introduction of a gold-carrying moiety at any position in the molecule does not negatively 
influence the optic properties. Unlike commonly observed with other metals such as Cu2+, Ni2+, 
Co2+, Fe3+ [198] the gold(I) center does not quench the fluorescence. 
The substitution of the meso-phenyl group (10, 19, 23, 26) does neither induce any significant 
spectral shifts for both absorption and emission (<10 nm), nor does it influence the shape or 
peak-widths of the resulting dye. The presence of a free carboxylic acid function reduces the 
observed quantum yields significantly.  
The introduction of an amine-substituent onto the BODIPY core results in a significant 
enlargement and a hypsochromic shift of around -30nm of the absorption-peak (4a, 4b, 9, 11). 
The molar absorption coefficient is reduced by a factor of 2-3.  
This behavior has already been investigated by our group [143] and can be explained by the 
additional available resonance structure of an amine-containing BODIPY (Figure 77). 

 
Figure 77: Resonance-structures of. Dichloro-substituted BODIPYs show only resonance structure I and II 

whereas for amine-substituted BODIPYs the nitrogen can participate in the conjugation (III)[143] 
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The additional resonance structure induces asymmetric electronic effects on the BODIPY core 
which results in its distortion. This distortion is visible in the single crystal X-ray diffraction that 
we obtained for BODIPY 4b (Figure 78). 
 

 

Figure 78: Interatomic distances in the pyrroles of BODIPY 4b. All distances are given in Å. The black rectangle 
highlights the shown part of the molecule. Hydrogens and solvent molecules are omitted for clarity. Drawn with 

CIF data 

The average bond lengths of both pyrroles are fairly equal with 1.397Å (amine substituted 
pyrrole) and 1.382Å (chlorine substituted pyrrole). The bond lengths in the chlorine 
substituted pyrrole show a narrow distribution. In the amine substituted pyrrole the bonds 
between C12-C13 and C14-C15 are significantly (2.8% and 5%) larger than their counterparts 
(C3-C4 and C1-C2 respectively) whereas N2-C15 and C13-C14 are shorter (-0.9% and -2.8% 
respectively). The amine not only distorts the molecule but also increases the LUMO-energies 
and therefore blue-shifts absorptions. This is supported by the quantumchemical 
investigations that we executed previously (Figure 64 and Figure 79). 

 
Figure 79: LUMO-energies of 3 model-BODIPYs. The LUMO-coefficients are shown as blue and orange 

isosurfaces for each atom. 

Figure 79 shows the graphical representation of the each atoms orbital participation in the 
LUMO, for the amine-substituted compound the asymmetry between both pyrroles is evident, 
thus supporting the distortion-theory.  
 
The observed changes in the absorption spectra of amino-substituted BODIPYs go together 
with a bathochromic-shift of the emission peak of about +10 nm and a significant increase in 
quantum yields of again a factor 2 to 3. The results are good brightnesses that are as high as 
or higher than those of the BODIPY-Cl2 starting material. 
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The introduction of a thio-substituent results in a bathochromic shift of both the absorption 
and emission peak of ca. +20-25 nm and +30 nm respectively (17 and 18). For meso-(4-
methoxyphenyl)-3,5-dichlorobodipy Boens and Dehean found the same trend; for their 
BODIPY the first substitution by aliphatic thiol resulted in an increase of +28 nm/+31 nm 
(Abs/Em) and an additional +28 nm/+29 nm (Abs/Em) for the second substitution [103]. 
The substitution of one chlorine by thiols significantly increases the quantum yield of the 
resulting dye (17 and 18). 
For mixed double substitutions the influences of both substituents overlap: the enlargement 
of the absorption-peak that is caused by the amine is still present and both peaks are red-
shifted compared to solely amine-substituted compounds while the larger stokes-shift caused 
by amine-substitution is maintained. 
Irrespective of their substitution pattern all compounds show good enough optical properties 
for in vitro investigations. 
 

1.4.3 Biological investigations  
 
We took advantage of the numerous compounds that we synthesized to establish preliminary 
structure-activity relationships. Thus, we studied the impact of several parameters 
(lipophilicity, presence/absence of vector, number of gold atoms) on the antiproliferative 
properties, the cellular localization and the gold uptake of the compounds. 
 

1.4.3.1 Antiproliferative properties 
 
To begin, all compounds underwent an evaluation of their antiproliferative properties. In this 
paragraph, we will use the term IC50 to designate the concentration of the tested product that 
is required to inhibit the proliferation of the population of a chosen cell line by 50% (compared 
to untreated cells).  
 
A multitude of different techniques has been developed to detect cellular viability. Each test 
has unique strengths and shortcomings, the values that are obtained with each test may even 
differ [199]. Due to the easiness of application (and to keep the values comparable to earlier 
works that we have done) we chose the MTS-based approach to determine the overall 
effectiveness of the synthesized BODIPYs.  
 
The MTS-assay evaluates the overall metabolic activity displayed by the cells in comparison to 
untreated specimen; it does not yield any information as to whether a compound has a 
cytotoxic (cell killing) or cytostatic (mitosis inhibiting) action. 
  
To determine the IC50 each well were seeded with 1*105 cells of one of the following three 
cancer cell lines: 
 

 murine B16-F10 melanoma cells, 

 murine EMT6 mammary carcinoma cells  

 human MDA-MB-231 breast cancer cells 
 

Each cell type was treated for 48h with each compound, followed by analyzis by MTS assay to 
determine each compounds’ IC50. The obtained values are shown in Table 9 and Figure 80. 
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Table 9: IC50 values of the synthesized BODIPYs. For better readability the compounds structures are shown 
using the simplified depictions introduced in chapter 1.4.1. The values are mean+SD of 3 independent 

experiments. All values are given in µM and were determined by MTS assay; data treatment was performed 
using GraphPad Prism 5.0. 

Compound MDA 
[µM] 

EMT6 
[µM] 

B16 
[µM] 

  Compound MDA 
[µM] 

EMT6 
[µM] 

B16 
[µM] 

1 
 

75.1 
±0.22 

50.2 
±0.44 

74.9 
±0.16 

  17 
 

75.0 
±0.16 

49.6 
±0.25 

74.9 
±0.20 

4b 
 

25.2 
±0.12 

10.6 
±0.09 

50.0 
±0.13 

  18 
 

19.8 
±0.22 

19.8 
±0.15 

19.9 
±0.12 

8 
 

74.8 
±0.30 

49.8 
±0.40 

50.1 
±0.12 

  19 
 

50.1 
±0.15 

50.1 
±0.14 

24.9 
±0.27 

9 
 

25.2 
±0.15 

20.0 
±0.12 

49.9 
±0.14 

  20 
 

75 
±0.19 

49.9 
±0.18 

74.9 
±0.17 

10 
 

75.2 
±0.21 

74.9 
±0.39 

75.1 
±0.20 

  21 
 

100.2 
±0.20 

49.9 
±0.17 

100.1 
±0.13 

11 
 

50.0 
±0.19 

74.8 
±0.31 

74.9 
±0.18 

  23 
 

25.2 
±0.09 

24.9 
±0.14 

25.0 
±0.09 

13 
 

10.1 
±0.19 

9.9 
±0.10 

10.3 
±0.21 

  24 
 

74.9 
±0.28 

50.2 
±0.21 

100.0 
±0.11 

15 
 

50.0 
±0.18 

49.9 
±0.19 

49.8 
±0.17 

  26 
 

75 
±0.19 

40.4 
±0.24 

100.2 
±0.14 

16 
 

29.8 
±0.13 

19.7 
±0.18 

20.2 
±0.31 

  Auranofin 
5.23 

±0.09 
4.87 

±0.12 
4.68 

±0.16 

 
 
When analyzing the IC50 values, two types of compounds emerge, those with IC50 in the 40 to 
100 µM-range (1, 8, 10, 11, 15, 17, 20, 21, 24, 26) and those that are more effective and display 
IC50 in the 10 to 30 µM-range (4b, 9, 13, 16, 18 and 23). In this latter category, four molecules 
displayed high cytotoxicity whatever the cell line (13, 16, 18 and 23), while molecules 4b and 
9 displayed IC50 values of respectively 10 and 20 µM only on breast cancer cell lines. 
As a general trend all tested compounds show the least effect on B16-F10 whereas EMT6 are 
the most sensible towards treatment. 
 
The general analysis of structural elements that are present in the molecule and their 
influence on IC50 values shows several general tendencies: 
 

 When the gold moiety is introduced onto the BODIPY-core a significant increase in 
cytotoxicity is induced (4b, 16, 9, and 13), while its grafting onto carboxylic acid 
function led to a very limited effect (10, 11, 15, and 26).  

 The chlorido-gold moiety seems to be efficient against breast cancer cell lines but not 
against melanoma cell line (4b and 9). 

 Introduction of thioglucose tetraacetate onto the gold center increased the 
cytotoxicity of the complexes on B16-F10, leading to compounds as efficient on breast 
cancer cell lines as on melanoma (16 and 13), while 

 interestingly, introducing the thioglucose derivative directly onto the BODIPY core did 
the reverse effect, it decreased the global activity of the complexes (19 and 20). 
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Figure 80: IC50 Values for all tested BODIPYs. For better readability the compounds structures are shown using the simplified depictions introduced in chapter 1.4.1. The values 

are mean+SD of 3 independent experiments. All values are given in µM and were determined by MTS assay; data treatment was executed using GraphPad Prism 5.0.
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We were unable to obtain IC50 values for compound 25 since the supposedly most soluble 
compound formed aggregates upon contact with culture medium. 
Among the multitude of compounds that we synthesized, 13 appeared to be the most potent 
compound with equal toxicity (~10 µM) towards all three cell lines, with an IC50 in the same 
range as the ones of auranofin.  
The most surprising compound is probably BODIPY 18. Indeed, this compound displays an IC50 
of ca. 20 µM while it does not carry any metal nor phosphonium. An explanation could be its 
high reactivity toward nucleophiles. Thus, it could act as an alkylating drug. This behavior 
needs to be deeply investigated in the future. It would be especially interesting to understand 
why BODIPY 17 and 24 do not display similar activity. 
 
 

1.4.4 Compounds Localization by Confocal Imaging 
 
As previously reported in the introduction, one of the main key when researchers look for the 
mechanism of action of a molecule is the determination of its localization. For example, today 
there are still numerous studies, which hypothesize a mechanism of action implying 
interactions with DNA based on studies performed on purified DNA but without any proof that 
the molecule enters the cell nucleus. Being able to track the molecules in cells is a first step. 
Thus, we took advantage of the fluorescence properties of our molecules for performing 
confocal imaging for all BODIPYs on all three cell lines in order to gain a more thorough insight 
into the cellular processes involved and possibly correlate certain cellular localizations of the 
compound to the exhibited cytotoxicity. 
 
However, optical imaging studies can also be biased by several factors. The main one is the 
time of incubation of the molecules. Indeed, depending of the incubation time the molecules 
can be localized at different organelles. We tackled this issue by imaging the BODIPY 
derivatives after different periods of incubation: 1h, 4h, and 24h. This incubation for selected 
periods of up to 24h followed by imaging permitted to gain an idea of different kinetic 
behaviors as well as select suitable incubation periods to obtain images that are 
representative for the studied compound.  
 
As can be seen for the example of BODIPY 4b strong variations of the cellular localization are 
detectable over timer (Figure 81). 
 

 
Figure 81: Confocal immunofluorescent analysis (merge) of MDA-MB-231 labelled with BODIPY 4b. Cells were 

incubated with 10 µM BODIPY 4b (green) for 1, 4 and 24h at 37°C, then fixed, followed by permeabilization with 
iced methanol. The nuclei are counterstained with DRAQ5 (red, fluorescent DNA dye) 

 



Chapter I – BODIPY 

81 

At 1h the compound is localized on the cellular membranes, at 4h it is found in the cytoplasm 
and at 24h the cells’ shapes have changed, which is characteristic for cells which are dying.  
 

 
Figure 82: Confocal immunofluorescent analysis (merge) of MDA-MB-231 labelled with the different BODIPY 

derivatives. Cells are incubated with 10 µM BODIPY derivatives (green) for 4h at 37°C then fixed, permeabilized 
with iced methanol. The nuclei are counterstained with DRAQ5 (red, fluorescent DNA dye) 
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A general analysis for all compounds showed a strong tendency for a localization mainly either 
in the cytosol and/or at the plasma membrane. Some products exhibited cytosolic or 
membrane (see Figure 82) (continuous or discontinuous staining) location.  
Even though we found no clear correlation between the subcellular location of the products 
and their degree of cytotoxicity, it is worth noting that the presence of a free carboxylic group 
on the phenyl in meso position seems to favor accumulation on membrane (8, 9, 13, 17, 19, 
and 25) whereas the introduction of a thioglucose tetraacetate onto the gold(I) center speeds 
up accumulation in cytoplasm (13 and 16). Interestingly, we did not observe any selective 
mitochondrial localization for the phosphonium-carrying compounds 23, 24, 25 and 26. 
 

1.4.5 Lipophilicity and Gold uptake: generalities 
  
Even though the already executed biological investigations gave some insight into the 
biological behavior and permit the formation of some theories to rationalize and predict the 
influence of each group and its position in the molecule on the final properties we were unable 
to correlate some of the results that we obtained to certain structural features (e.g. why the 
addition of thioglucose tetraacetate onto the gold atom of BODIPY 9BODIPY 13 leads to a 
strong increase in cytotoxicity whereas in case of BODIPY 11  BODIPY 15 the cytotoxicity 
remains constant). Numerous studies reported on the fact that cytotoxicity and metal cell 
uptake can be directly correlated, leading to the conclusion that the role of the metal ligands 
may be limited to cell delivery. Moreover, it is often claimed that the key parameter for a good 
cell uptake is a fine tune of the lipophilicity. In order to gain a more complete picture we 
decided to investigate each compounds lipophilicity and perform gold-accumulation studies. 
 

1.4.5.1 Distribution coefficients (logD) 
In order to check for correlations between the compounds hydro/lipophilicity and the 
observed cytotoxicity distribution coefficients were determined. Distribution coefficients 
describe the ratio of concentrations of a compound dissolved in two solvents at equilibrium. 
Any system of two immiscible solvents can be used, the most common however is the system 
water/1-octanol. When the investigated compound is nonionizable or only the nonionized 
part of the compound is used to calculate the ratio of concentrations, the obtained value is 
called partition coefficient logP and calculated as follows (equation III):  
 

𝑙𝑜𝑔P = 𝑙𝑜𝑔 (
𝑐𝑠𝑜𝑙𝑢𝑡𝑒𝑜𝑐𝑡𝑎𝑛𝑜𝑙

𝑛𝑜𝑛−𝑖𝑜𝑛𝑖𝑧𝑒𝑑

𝑐𝑠𝑜𝑙𝑢𝑡𝑒𝑤𝑎𝑡𝑒𝑟
𝑛𝑜𝑛−𝑖𝑜𝑛𝑖𝑧𝑒𝑑

) (III) 

 
When the investigated compound is ionizable and/or all forms of the compound are included 
in the ratio the obtained value is called distribution coefficient logD and calculated as follows 
(equation IV): 
 

𝑙𝑜𝑔D = 𝑙𝑜𝑔 (
𝑐𝑠𝑜𝑙𝑢𝑡𝑒𝑜𝑐𝑡𝑎𝑛𝑜𝑙

𝑛𝑜𝑛−𝑖𝑜𝑛𝑖𝑧𝑒𝑑 + 𝑐𝑠𝑜𝑙𝑢𝑡𝑒𝑜𝑐𝑡𝑎𝑛𝑜𝑙
𝑖𝑜𝑛𝑖𝑧𝑒𝑑

𝑐𝑠𝑜𝑙𝑢𝑡𝑒𝑤𝑎𝑡𝑒𝑟
𝑛𝑜𝑛−𝑖𝑜𝑛𝑖𝑧𝑒𝑑 + 𝑐𝑠𝑜𝑙𝑢𝑡𝑒𝑤𝑎𝑡𝑒𝑟

𝑖𝑜𝑛𝑖𝑧𝑒𝑑
) (IV) 

 
In case of 1-octanol and water the solvents are a good approximation of the aqueous cytosol 
and the lipid-based cell membranes. The obtained value therefore correlates with the 
lipophilicity of a compound and is a useful tool to predict its pharmacological behavior:  
The lipophilicity of a compound will influence its bioavailability and elimination behavior. 
For a compound that does not experience directed transport into a cell or a given 
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compartment of the body (e.g. the brain) its distribution coefficient gives an idea of how well 
the compound will enter that compartment by unspecific transport (mostly diffusion).  
The logD’s were determined using the HPLC-method, the results are shown in Table 10, 
experimental details are given in ANNEX I - 7.3. 
 

1.4.5.2 Gold uptake 
Gold uptake has been determined by ICP-MS measurement, after incubation of 40 µM 
solution of the different gold(I)-complexes for 4h on MDA-MB-231 (BODIPYs 1, 8, 18, and 25 
have been tested as negative controls). ICP-MS analysis confirmed that gold complexes 
accumulate in cells (values ranged between 3.1 and 12.6 [Au] ppb/105 cells). The results are 
shown in Table 10 and discussed in detail in the next chapter. 
 

1.4.6 Establishing structure-activity relationships 
 
Following the determination of each compounds hydrophilic balance and the corresponding 
gold accumulation in the MDA-MB-231 cell line we attempted to correlate the results to 
determine structure activity relationships and general trends of the influence of each 
functionalization. 
 

1.4.6.1 Results of Lipophilicity and Gold-Uptake experiments 
 

Table 10: Overview over logD, gold uptake and corresponding IC50 values (both gold uptake and IC50 are 
obtained for MDA-MB-231). n.d.: not determined (unsuccessful measure); n.t.: not tested (experiment not 

performed); a: value under detection limit; b: compounds containing two gold atoms. For easier readability the 
structures are depicted in the simplified representation (introduced in chapter 1.4.1)  

 

Compound Structure 
logD 

pH=2,7 
(pH=7) 

[Au] 
ppb/105 

cells) 
IC50, MDA 

(µM) Compound Structure 
logD 

pH=2,7 
(pH=7) 

[Au] 
ppb/105 

cells) 
IC50, MDA 

(µM) 

1 
 

4.7 -a 
75.05 
±0.22 

17 
 

4.52 
(1.46) 

n.t 
74.96 
±0.16 

4a 
 

4.7 n.t. n.t. 18 
 

4.63 -a 
19.76 
±0.22 

4b 
 

n.d. 4.46 
25.24 
±0.12 

19 
 

3.93 
(2.87) 

3.14 
50.10 
±0.15 

7 
 

4.7 n.t. n.t. 20 
 

5.44 4.67 
75.00 
±0.19 

8 
 

3.94 
(1.26) 

-a 
74.83 
±0.30 

21 
 

n.d. 5.88b 
100.20 
±0.20 

9 
 

4.21 
(3.16) 

8.96 
25.17 
±0.15 

23 
 

3.85 n.t 
25.19 
±0.09 

10 
 

3.62 5 
75.23 
±0.21 

24 
 

3.47 n.t. 
74.92 
±0.28 

11 
 

5.03 5.57b 
49.97 
±0.19 

25 
 

4.55 
(3.10) 

-a n.d. 

13 
 

4.18 
(3.84) 

10.74 
10.07 
±0.19 

26 
 

4.8 6.52 
75.00 
±0.19 

15 
 

n.d 4.46b 
50.03 
±0.18 

auranofin Et3PAuS n.t. 21.38 
5.2 

±0.09 

16 
 

5.09 12.64 
29.79 
±0.13 
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Surprisingly, we did not find any obvious correlation between a compounds lipophilicity, its 
gold uptake and the cytotoxicity. Moreover BODIPYs 11, 15 and 21 that contain each two gold 
atoms did not display an improved gold accumulation. 

 
Figure 83: Influence of gold uptake on IC50 (for MDA-MB-231). Black dots represent gold-free compounds, red 

dots compounds carrying 1 gold atom and green dots compounds carrying 2 gold atoms 

The general trend “higher gold uptake equals higher toxicity” seems to hold true, the strong 
variations in cytotoxicity of compounds exhibiting gold uptakes of around 5ppb are however 
a strong argument towards the fact that the gold uptake alone is not an appropriate variable 
to predict or fine tune a compounds efficacy. However, BODIPYs 9, 13 and 16, which display 
the highest gold-uptake are also amongst the most cytotoxic complexes (Figure 83). When all 
compounds are taken into consideration no correlation can be deduced between a 
compounds logD and neither a compounds IC50 nor its gold uptake (Figure 84).  
 

 
Figure 84: Influence of logD on IC50 (left) and gold uptake (right). Both IC50 and gold uptake were determined for 

MDA-MB-231 cells. Black dots are gold-free, red dots represent compounds that contain 1 gold atom, green 
dots represent compounds with 2 gold atoms 
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However, when only the subset of compounds that carry a free carboxylic acid function (8, 9, 
13, 17, 19; 8 and 17 do not carry a gold moiety) are analyzed an interesting trend shows: for 
the fully deprotonated compound (i.e. logDpH=7) an increase in lipophilicity leads to an increase 
in cytotoxicity. At the same time an increase in lipophilicity also leads to an improved gold-
uptake into the cells. No such correlation can be found neither for compounds that do not 
possess a free carboxylic acid function, nor for phosphonium-containing BODIPYs (23, 24, 25, 
and 26) (data not shown).  
 

1.5 Summary and outlook 
1.5.1 Summary and Conclusion  
 
The first part of this thesis dealt with the development of in vitro-compatible, fluorescent 
platforms for the design of metal based, trackable anti-cancer agents.  
Two platform molecules were investigated; a difunctional meso-phenyl dichloro-BODIPY (1) 
and the trifunctional meso-benzoic acid dichloroBODIPY (8). Each designated platform 
molecule underwent a series of functionalizations with three nucleophiles; a gold(I)-
phosphine (3), the thiosugar β-thioglucose tetraacetate and the phosphonium 
triphenylphosphonium-ethylamine. Combinations of the three nucleophiles have been used 
throughout the first chapter to explore the reactivity of the platform molecules and design 20 
fluorescent compounds that display different substitution patterns, both in terms of number 
and positioning of the selected nucleophiles. We found that the core-substitution of either 
BODIPY-Cl2 with an amine substitutent results in non-reactivity of the BODIPY-core towards 
other nucleophiles (thus preventing a second substitution), whereas the introduction of a 
thio-nucleophile permits a second nucleophilic aromatic substation with either S- or N-
nucleophile. These findings were corroborated by DFT-simulation. This permits site-specific, 
selective functionalization using high-value substituents. We were thus able to perform the 
selective, site-specific functionalization of the starting material with up to three different 
substitutents, thus validating the selected dichloro-BODIPYs as viable platform agents.  
Following the successful syntheses each compound underwent a characterization of their 
photophysical properties.  All synthesized compounds displayed absorption/emission maxima 
between 480-540 nm and Stokes-Shifts between 15-66nm in DMSO, depending on the 
substitution. All compounds are strongly fluorescent and display optical properties that are 
entirely sufficient for in vitro investigations. 
The entire panel of compounds underwent an evaluation of their biological properties: We 
determined their respective antiproliferative properties (IC50) on three cancer cell lines (B16-
F10, MDA-MB-231 and EMT6), investigated their lipophilic balance (logP/logD) and their gold-
accumulation into MDA-MB-231 cells. All compounds were then used to perform confocal 
microscopy on B16-F10, MDA-MB-231 and EMT6 for 1-24h to establish their respective 
cellular localization at various points in time. After evaluation of their biological behavior we 
established preliminary structure-activity relationsships. 
Four compounds displayed good antiproliferative activity (the three gold-containing agents 
4b, 9 and 13 as well as gold-free 18); the three gold-containing agents displayed activities that 
are in the range of auranofin and will be investigated further in future studies.  
 
To conclude, in first chapter of this thesis we successfully developed two versatile fluorescent 
platforms that can be functionalized as required with limited effort, thus granting rapid access 
to a large panel of compounds in short timeframes.  
The developed methodology is not limited to biological/medicinal applications but can be 
extended to other fields.  
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1.5.2 Outlook 
 
The following paragraph will offer several possible studies as well as modifications to either 
gain a deeper insight into the compounds’ biological behavior and mechanism of actions or to 
improve the properties of the developed platform.  
 

1.5.2.1 Follow-up studies for the existing compounds 
 
The studies that we executed in this chapter (IC50, imaging study on 3 cell lines, analysis of the 
lypophilic balance, cellular golduptake) provide some insight into the properties that are 
displayed by the developed compounds. Although we were able to determine general trends 
in the compounds behavior as well as draw some conclusions about general structure activity 
relationships, some information is still missing that needs to be investigated in the future.  
The most important is an evaluation of each compounds stability in biological media. We 
attempted such an evaluation by incubating each compound at 37°C in growth medium 
(+bovine fetal serum). The proteins were removed by precipitation with ice cold ethanol and 
the supernatant analyzed; unfortunately this test displayed very poor repeatability. More 
importantly however this procedure resulted in incomplete removal of proteins which clogged 
the HPLC and prevented us from obtaining any useful data. Here a better protocol needs to 
be found. 
  
Just as important would be an investigation to determine, if the obtained compounds have a 
cytotoxic (cell killing) or a cytostatic (mitosis arresting) action (and if that differs for the various 
substituents that are present in the molecule).  
This study can be executed e.g. using Annexin V+propidium iodide staining, followed by flow 
cytometry [200]. Propidium iodide stains depolarized cells wheras Annexin V reacts with 
phosphatidylserine, a marker expressed during apoptosis. A double positive labelling thus 
indicates apoptosis. In order to test if cell cycle arrest has occurred the BrdU 
(bromodeoxyuridine) assay can be used to quantify DNA replication in the colony.  
Beyond that many molecular markers have been developed that are indicative for various 
forms of cytotoxic or cytostatic action [201,202], depending on the general results the data 
can be refined by additional tests as needed. Once the exact form of action has been 
determined assays can be performed to determine the exact origin of the displayed 
properties; examples include tests for ROS and determination of mitochondrial changes have 
taken place. 
Another way to gain additional insight into the cellular processes and how they are influenced 
by each compound is a proteomic analysis: for that the cells are incubated, lysed and the  
proteome analyzed by 2D gel electrophoresis [203]. The comparison of treated and untreated 
cells should provide new insight into the specific target(s) that is/are inhibited by the applied 
treatment.  
Due to the high demand in labor for each of the proposed tests they should only be excuted 
on a selected few of the obtained BODIPYs; e.g. 4b, 9, 13 and 18. 
 
Although we have executed a gold-uptake study for the entire cell, a subdivision into the 
displayed uptake in various organelles is of interest. This can be achieved by incubation of the 
cells with the tested compound, followed by fractionation of each selected organelle. Both, 
protocols as well as fractionation kits have been developed and are available [204,205]; this 
way the cellular gold uptake can be subdivided into gold accumulation by e.g. the nucleus, 
mitochondria and membranes to name but a few.  
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Each of the studies that we proposed so far aims at deepening the understanding of the 
displayed biological properties. However; it would also be interesting to see if our platform, 
as well as the derived theranostics possess other properties that we did not yet evaluate.  
Especially the derivatives that carry chloro-substituents on the BODIPY-core may prove active 
in photodynamic therapy (PDT) under irradiation with light due to the development of singlet 
oxygen.  
 
Using the compounds that display good activities as well as high gold-uptake, an interesting 
study would be an elemental mapping of the cell and the superposition of the gold-
distribution with the fluorescene that was detected in order to check if the two coincide. The 
metal mapping can be done using mass spectrometry imaging (MSI) [206] or X-Ray 
fluorescence [207]. Especially the second can provide excellent resolution, combined with 
unambiguous, quantitative information about the elemental distribution. Moreover, the 
colocalization with other elements can yield valuble information as to wether the gold atoms 
have replaced metals in their respective enzymes.  
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1.5.2.2 Possible modifications to the platform  
 
Although the developed platform molecules (as well as the theranostic agents that are derived 
from them) display interesting properties, an improvement of their characteristics is of course 
possible.  
The most pressing issue for the developed compounds is probably their high lipophilicity; for 
easier manipulation and better solubility in aqueous media the introduction of polar, 
hydrosolubilizing groups is desirable. Possibilities include (but are not limited to) the use of 
sulfonated amino acid-sequences, sulfonation e.g. of the 2,6-positions or the introduction of 
alkyne-ammoniums either on the boron center or in the 2,6-positions (the latter 
transformation requires the iodination or bromination of the 2,6-positions, followed by 
Sonogashira cross coupling reaction; the site specificity may prove difficult). 
Using the platform as it is its reactivity as well as the effect of other substitutents should be 
explored. Here possibilities include the introduction of vectors such as PSMA, Bombesine or 
its grafting to antibodies. 
Last but not least we propose the development of smart-probes, comparable to the gold(I)-
coumarine that we developed in 2015/2016 [144,145].  
In 2016 Vasiuta and Plenio showed for a system used in catalysis that the introduction of 
diphenylphosphine onto the BODIPY-core of L58 totally quenches the fluorescence [208] (L59, 
Figure 85).  

 
Figure 85: Proposition for a phosphine-gold(I) smart-probe. For R=H the molecule has been synthesized by [208] 

Upon addition of gold(I) the metallated BODIPY L60 emits at 531nm with 9% quantum yield. 
Just like the coumarine system that we developed previously this system could be used as a 
smart probe to detect if loss of metal occurs in a specific biological system or organelle. 
Other molecular entities that possess the potential to be used as smart probes are pyridine 
ligands (for the development of gold(III)-based smartprobes); here the loss of metal would 
likely not quench the fluorescence but shift the maximum emission wavelength. 
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 Chapter II – AzaBODIPY 
 
As we observed in the previous chapter classic BODIPYs have excellent optical properties and 
are very versatile in terms of functionalization. However, their fluorescence properties are not 
optimal for in vivo investigations. Indeed, their fluorescence emission of ca. 530-550nm does 
not reach far enough into the far red/infrared region of the electromagnetic spectrum to fall 
into one of the transparency windows (Figure 86).  
 

 
 

Figure 86: Absorbance of various tissues and biomolecules in the visible, red/infrared spectrum.The position of 
optical transparency windows has been added as orientation. Adapted from [25] 

 
In order to optimize the BODIPY structures for in vivo biomedical applications, π-extended 
BODIPYs can be developed. For example, benzo- and naphtho-fused BODIPYs as well as the 
introduction of styryl-groups in the α-pyrrolic positions using Knoevenagel like reactions [124] 
have been used to redshift the emission of the obtained fluorophores. This grants access to 
red- and highly red-shifted BODIPYs that have found widespread use in research and 
preclinical applications (Figure 87). 
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Figure 87: Examples for π-extended BODIPYs: isoindoline-based BODIPY by retro-Diels-Alder reaction (L61, left) 

by Wada et al. 2001 [209], access to styryl and distyryl-BODIPYs by Knoevenagel-reaction (L62, middle) by 
Akaya in 2005 [124] and example for a distyryl-BODIPY carrying polyazamacrocycles developed by our group 

[132] (L63, right) 

However, very often, these π-extended BODIPY-dyes have very unfavorable solubility in water 
or/and stacking behavior: for example, although the compound L63 shown on the right in 
Figure 87 is soluble in water without any problems, stacking and partial quenching of 
fluorescence occurred in PBS at concentrations higher than 5 nM. Another common problem 
with the styryl and distyryl-BODIPYs derivatives we developed for in vivo imaging is their 
lowered stability compared to classic BODIPYs: the accessible non-aromatic double bonds 
make this class of fluorescent dyes prone to photobleaching. For these reasons we decided to 
look into another family of BODIPY dyes, azaBODIPYs. 
 

2.1 Introduction to azaBODIPY-dyes 
 

2.1.1 Synthetic access to azaBODIPYs 
 
Aza-dipyrromethenes were first described by Rogers in 1943 [210,211] and have since 
attracted a considerable, increasing interest. Just as BODIPY dyes, AzaBODIPYs retain the 
nomenclature that is derived from s-indacene (Figure 88). 
 

 
Figure 88: Structure and nomenclature of BODIPYs and azaBODIPYs 

AzaBODIPYs strongly resemble BODIPYs in many aspects. However, thanks to the addition of 
a nitrogen atom in the meso-position the absorption and emission of the base compound is 
shifted to 650nm and beyond (Figure 89). 
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Figure 89: Base-structure of azaBODIPYs 

Two major synthetic pathways were established by O’Shea in 2004 [212] to access aza-
dipyrromethenes. 
The first one is commonly used to access symmetrical azaBODIPYs. It consists in the use of 
nitromethane substituted chalcones that are submitted to condensation in presence of an 
ammonia-source (Figure 90).  
 

 
Figure 90: General synthetic pathways to azaBODIPYs. Left: chalcone based synthetic access to symmetrical 

azaBODIPY dyes. Right: access to unsymmetrical azaBODIPYs using nitrosylation reactions 

 
The second strategy employs nitrosylation reactions on pyrrole-derivates and grants access to 
asymmetric and ring-fused azaBODIPYs such as thiophene-fused azadipyrromethenes [213].  
So far, the access to alkyl-only substituted azaBODIPYs and the unsubstituted title compound 
has proven unreachable. The use of aromatics with various functionalities such as hydroxy- or 
halogens has however granted access to a vast choice of transformations. A comprehensive 
review on the synthesis and functionalization of azaBODIPYs has been published by Ge and 
O’Shea in 2016 [214].  
AzaBODIPYs show very good optical properties, such as high molar attenuation coefficient and 
high quantum yield (and thus high brightness). Moreover, electron donating and withdrawing 
groups can be introduced to the aromatic substituents to fine-tune the absorption and 
emission-wavelengths. Indeed, the establishment of a push-pull effect in the molecule led to 
significant batochromic shift [215]. Other key advantages of the azaBODIPYs are their high 
chemical and photochemical stability. 
 
Because of all these properties, a variety of accounts has been published, that successfully use 
azaBODIPYs for biological applications both in vitro [216–219] as well as in vivo [219–221]. 
Additionnally, it has also been reported that stacking and other solubility-related problems 
could be limited by the introduction of polar groups such as sulfonates and PEGs [216,219]. 
 
In the general introduction and in section 1.1 we have established requirements for the 
development of an ideal molecular platform.  
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Among them there are the following:  
 

 the suitability for a selective, step-wise introduction of various substituents in order to 
be able to introduce vectors, therapeutic moieties and (if possible) groups that permit 
to tune the molecules properties (such as solubility in water), 

 reactivity under mild reaction conditions to be suitable for the introduction of fragile 
moieties such as metal based complexes and biomolecules, 

 the platform molecule itself should fulfill the function of fluorescence tracer and 
possess good optical properties, emit in the far red/infrared spectrum 

 the platform should be accessible in “large” scale. 
 
Due to the problems that we previously encountered in our group [132,222] additional 
requirements were 
 

 the absence of stacking 

 (high) stability, both towards photobleaching and biological as well as chemical 
influences 

 
Judging from the information available to us from literature azaBODIPYs seem to fulfill all the 
requirements. We therefore chose this class of dye to transpose the results from the BODIPY 
study onto a system that would be suitable for in vivo studies. The first step consists in the 
design of the platform. 
 

2.2 1,7-di(phenol)-3,5-di(phenyl)-azaBODIPY 
 
Our group is specialized for years in the design and the development of innovative and 
sophisticated BODIPY derivatives. However, I was the first in the team to move to the design 
of azaBODIPYs. Thus, we began by synthesizing simple azaBODIPY derivatives. Our objective 
was not only to reproduce syntheses reported in the literature but also to optimize them to 
make them suitable for reaching gram scale of products. 
 
The azaBODIPY we chose for this purpose is dihydroxy-azaBODIPY 30 shown in Figure 91 and 
carries the hydroxy-functions on the 1,7-phenyl substituents (as opposed to the 3,5-phenol-
azaBODIPY L64 that is commonly used in the literature by O’Shea, Burgess and others 
[216,218,219,221]).  
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Figure 91: Selection of the first platform molecule (left). Right: commonly employed dihydroxy-azaBODIPY L64 

[219,218] 

This azaBODIPY is easily accessible in 4 steps starting from cheap, commercially available 
starting materials. Chosing this analogue could be interesting to compare our results to the 
ones of the literature and see if the position of the functionalization impacts the properties of 
the molecule. The 1,7-diphenol-azaBODIPY 30 could then be desymmetrized following the 
approach established by O’Shea [216,223] and others [224,225] to obtain a bioconjugable 
fluorophore. 
 
First, the chalcone 27 was formed in presence of KOH and MeOH. After neutralization the 
hydroxy-chalcone 27 precipitated readily and was then transformed into the nitromethane-
Michael adduct 28 (Scheme 92). 

 
Scheme 92: Preparation of azaBODIPY 30 starting from hydroxy-benzaldehyde and acetophenone  
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Nitrocompound 28 is then refluxed in EtOH in presence of a large excess of NH4OAc. For this 
synthetic step, n-BuOH is often used as the solvent to permit stronger heating and to 
accelerate the formation of azadipyrromethene 29 [226]. This is followed by partial 
evaporation, filtration and washing with EtOH. Our tests with BuOH did neither result in 
shortened reaction times nor in increased yields. This step is followed by complexation of 
boron in presence of DIPEA to rigidify the azaDIPY (29) backbone and obtain azaBODIPY 30.  
 
In the next step we performed the mono-functionalization of the azaBODIPY 30.  
A multitude of reaction conditions was attempted to form acetic acid ethers and preferentially 
obtain the monofunctionalized compound. Due to the electroattractive nature of the BODIPY-
core we theorized that the pKa of the phenolic groups would be low enough to employ 
carbonates to form phenolates, followed by reaction with tBu-bromoacetate. (Figure 93).  
 

 
Figure 93: Envisioned formation of acetic acid ester 31 by simple nucleophilic substitution using a carbonate 

source as base 

In fact, for the 3,5-phenolic azaBODIPY L64, K2CO3 is commonly used as base and proton 
scavenger to drive the reaction towards the functionalized azaBODIPY [216,227]. Tests using 
NaHCO3 in refluxing acetonitrile led however to degradation of the azadipyrromethene. We 
therefore screened a variety of base- and solvent-systems that are summarized in Table 11 
below. 
 

Table 11: conditions used for formation of azaBODIPY-ether 36 using a variety of different bases 

Conditions used Result 
1.5 eq BrCH2COOtBu, NaHCO3, ACN, reflux, 2 h degradation 
1.5 eq BrCH2COOtBu, DIPEA, ACN, reflux, 2 h no product observed 
1.5 eq BrCH2COOtBu, NaHCO3, acetone, reflux, 2 h no reaction 
1.5 eq BrCH2COOtBu, K2CO3, DMF, 90°C, 2 h degradation 

 
Unfortunately none of the used conditions afforded the desired product. Literature however 
suggested that the use of anhydrous CsF in anhydrous DMSO as a mild base could remedy the 
encountered problem [223]. The fluorine behaves as an acceptor for hydrogen bonds, thus 
activating the phenol [228] (Figure 94). 

 
Figure 94: Principle of activation of aromatic hydroxy groups through CsF 
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Indeed, the phenol-activation is visible to the naked eye thanks to a significant color-change 
(ultramarine blue to green-turquoise) upon addition of CsF to the azaBODIPY in anhydrous 
conditions. The now activated phenolic groups reacted readily with the offered electrophile 
without displaying selectivity; upon slow addition of 1 equivalent of tBu-bromoacetate we 
observed almost exclusively double substitution and starting material. The conditions were 
therefore optimized by testing different combinations of addition-speed and amount of the 
engaged electrophile (Table 12). 
 

 
Table 12: Primary optimization of reaction conditions for the monosubstitution of 30 

Conditions used Result 

1eq. BrCH2COOtBu (slow addition), DMSO, 3eq CsF, rt, 2h 
Double substitution +starting 
material 

1eq. BrCH2COOtBu (fast addition), DMSO, 3eq CsF, rt, 1h Double substitution +degradation 

2eq. BrCH2COOtBu (fast addition), DMSO, 3eq CsF, rt, 20min 
mono+double substitution, 
degradation 

2eq. BrCH2COOtBu (fast addition), DMSO, 3eq CsF, rt, time 
optimization 

mono+double substitution 

 
The continuous formation of double substituted product and observation of very little 
monosubstituted azaBODIPY 31 indicated that possibly the electron donating character of the 
added alkyl substituent led to a higher reactivity of the second hydroxy group present in the 
molecule. Shorter reaction times seemed to be a way to catch the intermediate 
monosubstituted product, as is the case for the conditions reported by O’Shea. We therefore 
performed an optimization study. This study showed that the substitution occurs extremely 
fast: in order to isolate the monosubstituted product the reaction had to be quenched by 
addition of water after 2.5 minutes to form a water cage around the fluorine and effectively 
neutralize it (Figure 95).  
 

 

Figure 95: Optimization of monofunctionalization of 30 using CsF and tButyl bromoacetic acid. The channel 
shown is the UV/Vis channel at 625 nm 
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In order to isolate mono- and disubstituted products and eliminate the deborated byproducts 
the DMSO had to be removed. Extraction with water or unsaturated brine resulted in 
formation of emulsions while the collected organic fractions still contained DMSO. Extraction 
with PBS-buffer yielded a very good phase separation and enabled the easy removal of DMSO. 
The separation of mono- and double substituted azaBODIPYs by column chromatography was 
then straightforward and granted easy access to the desired product 31 in 52% yield. 
 
In the next step the ester had to be deprotected. The deprotection was attempted in DCM 
using TFA [218]. This approach led to deboration of the azaBODIPY core. In a next attempt, 
the hydrolysis was executed using 3M HCl and a variety of solvents. Acetonitrile was not able 
to solubilize the azaBODIPY well enough to obtain a homogenous solution. Therefore, DMF 
and DMSO were tested, in neither of which any hydrolysis was detected after 96h. We then 
focused our attention on the use of THF as solvent: first the starting material was totally 
solubilized in THF and then 3M hydrochloric acid added to the point where the starting 
material almost precipitated. These conditions finally permitted the desired hydrolysis. Using 
regular checks by HPLC-MS, the crude mixture was found to contain 91% of the desired 
product 32 after 5h hydrolysis at room temperature. Unfortunately, the deboration that we 
observed when TFA in DCM was used also took place using HCl (although much slower). This 
resulted in the gradual formation of an undesired byproduct and consumption of the target 
material for prolonged reaction times (Figure 96).  
 

 
Figure 96: Acidic hydrolysis of the t-Butyl ester 31  

Literature suggested that the free acid could be isolated by extraction using basic aqueous 
solutions followed by back-extraction with acid [219]. For our 1,7-substituted compound 32 
this did not yield any product. Any attempt of purification by regular column chromatography 
was unsuccessful due to the poor migration behavior on silica gel. Therefore, a purification by 
reversed phase semi preparative HPLC was attempted. Isolation of the pure 32 using this way 
was possible but tedious since 
 

 it required several repeats to obtain a pure product  

 the product precipitated repeatedly in the HPLC-column during injection and 
purification.  
 

We finally managed to find a solvent system that resolved this issue by using an eluent of 
aqueous 50 mM TEAB (triethylammonium bicarbonate) and acetonitrile on an automated 
flash-chromatographic system.  
 
The monoacid 32 was then used to introduce the pseudo-PEG TOTA-Boc as a spacer to 
distance the fluorophore from a vector such as antibodies or small peptides. The carboxylic 
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acid function was therefore transformed into an acyl chloride using oxalyl chloride in presence 
of DMF. Unfortunately, the resulting acyl chloride did not exhibit any reactivity towards the 
amine-spacer. Addition of the coupling agent HBTU then yielded the desired TOTA-Boc 
substituted azaBODIPY 33 (Figure 97).  

 
Figure 97: Introduction of TOTA-Boc using peptide coupling conditions 

Although HPLC indicated that the reaction proceeded smoothly with almost quantitative yield, 
the purification presented a major challenge as the compound precipitated during reversed 
phase semi preparative HPLC both on injection and in the column. This led to an isolated yield 
of 10%. Classic chromatography was not possible either as the compound did not migrate at 
all on silica gel. In a next attempt the crude product was purified using size exclusion 
chromatography on Bio-Beads™. The crude eluate had to be partitioned between dilute 
hydrochloric acid (pH=3) and DCM, followed by repeated washing with DCM/pentane to 
remove residual coupling agent and stabilizers of the solvents. This approach afforded the 
desired product 33 in acceptable yield (73%) and purity to continue the synthesis. 
 
Next, the Boc-protective group was removed using equal amounts of 3M hydrochloric acid 
and THF (Figure 98). The reaction was left to stir over night. According to HPLC it proceeded 
smoothly, was however not finished after 18h at room temperature (17°C). An increase in 
temperature to 35°C pushed the reaction to near completion in 4h (95%+3% starting 
material). Due to the onset of the formation of small amounts (2%) of byproduct, we decided 
to stop the reaction at this point and purify the product by semi preparative HPLC.  

 
Figure 98: Removal of Boc from azaBODIPY 33 using 3M HCl 

As for the earlier stages, we again encountered heavy problems during purification 
(precipitation upon injection and inside of the column) but were able to isolate 83% of the 
target compound. The photophysical properties of all azaBODIPYs that we obtained to this 
point were characterized and are shown and discussed in the next section 2.2.1 - 
Photophysical characterization. 
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2.2.1 Photophysical characterization 
 
The azaBODIPYs that we obtained up to this point were characterized by UV/Vis and 
Fluorescence spectroscopy (the spectra of all compounds are shown in ANNEX II – 
Photophysical Spectra). 
The values are summarized in Table 13. Interesting features of the compounds will be 
discussed in the following paragraph. 
 

Table 13: Photophysical properties of tested azaBODIPYs. azaBODIPY 44 (section 2.4.2) in CHCl3 is used as the 
QY-reference (Φ=0.36 in CHCl3, λexc=670nm) [44]. Compounds were excited at 670nm. n.d.=none detected 

compound Solvent λmax, 

Absorption 
[nm] 

ελmax 

[M-1 
cm-1] 

λmax, 

Emission 

[nm] 

QY Brightness 
Φ x εmax 

[M-1 cm-1] 

Δλ 
[nm] 

Stokes-
Shift 

[cm-1] 
30 DMSO 678 41 900 749 4% 1 510 71 1 398 
31 DMSO 676 52 400 741 7% 3 400 65 1 298 
32 DMSO 676 63 200 743 4% 2 290 67 1 334 
34 DMSO 672 50 000 725 4% 2 220 53 1 088 
34 PBS 700 35 900 n.d - -  - 

 
All compounds were characterized in DMSO. AzaBODIPY 34 is an exception to this rule; the 
characterization was also executed in PBS to permit the direct comparison to azaBODIPYs that 
are presented in later sections of this thesis. 
 
All compounds of the series show low quantum yields of 4-7% in DMSO and possess molar 
absorption coefficients between 41 900 M-1 cm-1 and 63 200 M-1 cm-1. Their maximum 
absorption is centered on 675 nm. With emission maxima of around 725-750 nm, they display 
very large Stokes shifts of up to 71 nm. 
 
The spectra of di(phenol)-azaBODIPY 30 displayed an interesting feature: the absorption and 
excitation spectra overlap relatively poorly (Figure 99). 

 
Figure 99: UV/Vis and fluorescence spectra of di(phenol)-azaBODIDY 30 in DMSO. Blue: Absorption spectrum, 

Green: excitation, Red: fluorescence Spectrum. Spectra were recorded at ~10-6 M concentrations 

This is quite common for compounds that have protonable/deprotonable substituents such 
as hydroxy groups whose apparent pK changes drastically due to the optical excitation. This 
was only observed for the azaBODIPY carrying two free hydroxy groups, none of the 
monosubstituted hydroxy-azaBODIPYs displayed similar behavior. 
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As mentioned above Aza-BODIPY 34 was characterized both in DMSO and PBS to permit the 
comparison to compounds that are shown in later sections of this thesis. AzaBODIPY 34’s 
properties in DMSO are comparable to earlier synthetic steps of that derivate: just as 30, 31 
and 32 it possesses a molar attenuation coefficient of 50 000 M-1 cm-1 and a quantum yield of 
4%. However, due to stacking/aggregation the compound does not display any fluorescence 
in PBS (Figure 100). 

 
Figure 100: UV/Vis and Fluorescence spectra of azaBODIPY 34. Left: Spectra recorded in DMSO, Right: spectra 
recorded in PBS. Blue: UV/Vis absorption. Green: Excitation spectra. Red: Fluorescence Emission. Spectra were 

recorded at ~10-6 M concentrations 

Contrary to what is commonplace in the literature, we did not add surfactants such as Triton-
100X, SDS, Tween 80 and others to break up aggregates since for our purposes the 
fluorophore needs to remain fluorescent in aqueous solutions without any additive.  
 
 

2.2.2 Activation of hydroxy-azaBODIPY 34 for bioconjugation 
 
We hoped that in its final application the azaBODIPY would not stack/aggregate due to greater 
dilution and the sterical hindrance brought on by the antibody. We thus decided to push 
onwards and synthesize the fluorophore-antibody conjugate despite the displayed mediocre 
optical properties.  
 

2.2.2.1 Choice of grafting function 
 
In order to do so the amine function of the azaBODIPY-TOTA-ammonium had to be activated 
to be used for bioconjugation. Due to good experiences in earlier projects [115,132] we opted 
for the use of isothiocyanates as grafting function. Isothiocyanates are mainly reactive 
towards amines (ε-NH2 of lysine and α-NH2 of terminal amino acids). They do react with other 
nucleophiles such as tyrosinate or cysteinate. However, the formed thionourethanes and 
thiocarbamates are less stable than thioureas and gradually react with amines. This shifts the 
equilibrium towards thioureas (Figure 101). 
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Figure 101: Reactions of isothiocyanates with nucleophiles that are present in biological media 

 
Even though the resulting thiourea bond is slightly less stable than esters formed by the 
commonly used NHS-activated ester methodology they provide sufficiently stable bonds for 
relatively slow biological processes such as antibody mediated processes [229]. 
Isothiocyanates are bench-stable and reactive enough to be used for bioconjugation purposes 
while resisting hydrolysis in aqueous solutions. Using homobifunctional agents such as PDITC 
amines can be activated directly without prior transformation into other grafting functions.  
 

2.2.2.2 Activation of azaBODIPY 34 for bioconjugation 
 
The activation of azaBODIPY 34 was carried out in presence of base and using a large excess 
(20 equivalents) of PDITC to prevent dimerization (Figure 102). 
 

 
Figure 102: Activation of azaBODIPY 34 using PDITC 

The reaction yielded the desired product without formation of byproducts. The removal of 
excess PDITC however posed significant challenges: Removal of excess PDITC by simple 
washing was prohibited because of the good solubility of 35 in common organic solvents. As 
for previous stages the activated azaBODIPY 35 did not migrate on common silica gel and 
precipitated/clogged the semi preparative HPLC. Despite these challenges we managed to 
isolate a minuscule amount of 35 by semi preparative HPLC. However, in addition to the 
“common” problems the obtained pure fractions containing 140µg (2% yield) of the desired 
product also exhibited excessive aggregation: once the solvents were removed the compound 
behaved like a pigment and formed aggregates that proved insoluble in every solvent, 
including DMF and DMSO. 
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Using sonication for prolonged periods of time (30min) we were able to obtain a solution that 
was used for bioconjugation to the humanized monoclonal anti-HER2 antibody TrastuzumAb. 
However, even though we were able to conjugate our fluorophore to the antibody, solubility 
issues prevented us to properly purify the bioconjugate. 
 
At this point of the project, it was clear that the main challenge we had to take up is to render 
the azaBODIPYs water soluble. 
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2.3 Hydrosolubilization of azaBODIPYs 
 
During the entire synthetic process we were surprised of how unfavourably the hydroxy-
azaBODIPYs behaved; both in terms of aggregation and solubility issues as well as optical 
properties (see paragraph 2.2). Extrapolating from the literature published by O’Shea and 
others we expected that the introduction of the pseudo-PEG TOTA in conjunction with the 
highly polar carboxylate and the free hydroxy-group would solve or at least improve any 
tendency of the fluorophore to aggregate [223,227,230]. We were also surprised by the poor 
optical properties exhibited by our system since for the 3,5-phenolic azaBODIPY L64 the 
liberation and deprotonation of a hydroxy group leads to an increase in quantum yields 
[219,224,231,232]. Our 1,7-phenolic azaBODIPY 30 however showed poor optical properties 
as well as pronounced aggregation and solubility issues that seemed to get worse with each 
step.  
We therefore decided to first improve the solubility of our compounds before advancing any 
further towards the goal of obtaining a versatile platform.  
 

2.3.1 Hydrosolubilization of BODIPY and azaBODIPY – an overview 
 
A multitude of different strategies has been developed over the years to render BODIPYs 
soluble in aqueous solutions. They can be divided into two major strategies: either the BODIPY 
is rendered water soluble while remaining neutral, that is through introduction of hydrophilic 
groups such as PEGs. The other strategy consists of introducing polar, charged groups such as 
sulfones, ammoniums, phosphates and peptide sequences (Figure 103). 
 

 
Figure 103: Hydrosolubilization of BODIPY-dyes. L66 (top-Left): example for a strategy employing exclusively 
PEGs [233]. L69 (right): an extreme example combining PEGs, sulfobetaines and sulfonated amino acids for 

hydrosolubilization [234]. L67 (bottom left): first example of core-sulfonated BODIPY [235]; L68 (bottom 
middle): example from Li et al. for functionalizable, water soluble core-sulfonated BODIPY-dyes [236] 

Other commonly used techniques include the direct sulfonation of the β-pyrrolic positions of 
the BODIPY core using chlorosulfonic acid and B-O functionalization of the boron center with 
PEGs (see for example L70-L72 [237,238] in Figure 104). 
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Figure 104: example for B-O functionalized BODIPYs for hydrosolubilization purposes. L70 (left) [237], L71 

(middle) and L72 (right) examples from our group [238]  

For both the sulfonation approach as well as the B-O based hydrosolubilization strategies no 
successful syntheses have been published for azaBODIPYs so far. Instead, two major strategies 
are predominant for azaBODIPYs in the literature: authors either introduce PEG-groups with 
varying molar masses (one can find anything from small PEGs such as PEG-3 (L73) [239] to 
PEG-5000 (L74) [219]) (Figure 105). 
 

 
Figure 105: Hydrosolubilization of azaBODIPYs using PEG of small (L73, left, [239]) and very large (L74, right, 

[219]) masses  

or the introduction of charged groups such as sulfone substituents (e.g. in the form of propane 
sultone), carboxylic acids or ammoniums [216] (Figure 106).  
 

 
Figure 106: Hydrosolubilization of azaBODIPYs through introduction of polar groups such as sulfones (L75), 

carboxylic acids (L76) or ammoniums (L77) to the periphery of the azaBODIPY [216] 

Variations thereof have been published that employ combinations of the two strategies such 
as the use of PEG+ammoniums (L78)[240] , PEG+sulfone+sugars (L80a-f)[241] or short peptide 
chains and sulfone groups (L79) [225] (Figure 107). 
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Figure 107: Hybridic hydrosolubilization strategies that employ various solubility enhancing groups: 

PEG+ammonium (top left) [240], Sulfone, PEG and various sugars (right) [241] and sulfone and amino acids or 
short peptide sequences [225] 

At first glance, the direct sulfonation of the BODIPY core is attractive, but a thorough literature 
research revealed that this reaction had been attempted by Burgess, and that he did not 
succeed in obtaining the desired product [242]. He theorized that the highly electroattractive 
nature of the added sulfone-groups destabilizes the azaBODIPY-core. This leads to deboration; 
something that is not observed in classic BODIPYs due to the lack of the core-impoverishing 
meso-nitrogen atom. Due to its straightforwardness we still had an attempt of this strategy, 
which did not meet with more success.  
 
The poor water solubility of azaBODIPYs is due both to their high lipophilicity and their high 
propension to aggregate via π-stacking. Thus, we want to tackle these two aspects at the same 
time by functionalizing the boron. Indeed, introducing water solubilizing groups on the boron 
will prevent aggregation due to steric hindrance of the faces. For classical BODIPYs this type 
of transformation has been investigated extensively by Ziessel and Ulrich both for rendering 
the resulting molecules water-soluble as well as to introduce light-harvesting groups. Our 
group recently reviewed this strategy [243]. 
 

2.4 E-aza-BODIPYs 
 
In 2005 Ziessel and coworkers investigated the feasibility of boron functionalization on 
classical BODIPY-dyes. The resulting dyes and dyads were used for light-harvesting purposes: 
dipolar interactions such as FRET depend on close proximity of the donor and acceptor dyes. 
The smallest obtainable distances were achieved by adding acceptor dyes to the boron center 
and replacing the fluorine atoms with various C-nucleophiles [244–246] (Figure 108). 
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Figure 108: B-functionalization of BODIPY using organolithium compounds [244–246] 

They found that the introduction of an ethynyl substituent did not affect the optical properties 
adversely, i.e. the exchange of the fluorine atoms did not result in significant spectral shifts or 
loss of brightness. This principle has since been applied to other nucleophiles such as sp2 or 
sp3-hybridized carbon species (phenyl/polycyclic aromatics [247,248], methyl, ethenyl [249]) 
as well as oxygen-nucleophiles such as alcohols [250] or carboxylic acids [251,252].  
 
By judiciously choosing the substituents, the boron functionalization was equally used to 
reduce the lipophilic character of the dyes as this lipophilicity can cause problems for 
biological applications. Employing hard nucleophiles such as organomagnesium and 
organolithium compounds the boron center was successfully used to introduce 
hydrosolubilizing groups such as dimethylaminopropyne. The amine in turn can be methylated 
or quaternized as required [114] (Figure 109). 

 
Figure 109: Hydrosolubilization strategy employed by Niu et al. [114] 

We draw our inspiration from this strategy to improve the solubility and prevent stacking 
interactions of azaBODIPY derivatives. Of note, very little work has been done using 
azaBODIPY dyes with alkyne-functionalized boron centers: so far only 3 publications [253–
255] and 1 patent [256] have been published. While the publications investigated the use of 
alkyne-substituents exclusively to exploit the resulting optical properties of added molecules, 
the patent specifically aims at improving the solubility in water by adding and quaternizing 
dimethylpropargylamines (the patent had not yet been published at the time when we started 
our work on functionalization of the boron atom). 
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2.4.1 First system: 1,7-di(phenol)-3,5-di(phenyl) E-azaBODIPY 
 
Encouraged by the apparent general feasibility of boron substitution in azaBODIPYs, we 
selected triethyl propargylammonium as the substituent that we planned on introducing on 
the boron atom. This small, cationic molecule would permit the synthesis of a positively 
charged azaBODIPYs with voluminous substituents on the boron atom to prevent stacking 
while also strongly increasing the solubility in water. The synthesis was straightforward using 
propargyl bromide and triethylamine in chloroform, which yielded the corresponding 
ammonium (Figure 110). 
 

 
Figure 110: Synthesis of the ammoniumalkyne 36 

 
In the next step, the alkyne was lithiated using tBuLi to obtain the C-nucleophile. AzaBODIPY 
30 was deprotonated as well using tBuLi prior to addition to prevent acido-basic reaction 
between alkyne-lithium derivates and phenols. The deprotonated azaBODIPY was then added 
to the alkyne solution. Product formation could be observed after 30 minutes of reaction at 
low temperatures, but even after 1h30 at room temperature the reaction control by HPLC-MS 
showed that the reaction was not yet finished. Continued stirring over the weekend led to a 
surprise as the HPLC indicated that the reaction partially receded back towards the starting 
material. After quenching with aqueous methanol, the product was purified to afford 37 in 
20% yield (Figure 111). Several additional attempts did not improve this disappointing result. 
 
 

 
Figure 111: Synthesis of B-functionalized azaBODIPY 37 

We therefore decided to protect the hydroxy groups using TBDMSCl in DCM in presence of 
base and catalytic amounts of DMAP (Figure 112).  
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Figure 112: Protection of Hydroxy-groups of 30 using TBDMSCl to obtain 38 

The protected azaBODIPY 38 was then engaged in the boron functionalization reaction using 
only a slight excess (1.05eq per fluorine) of tBuLi (Figure 113).  
 
 

 
Figure 113: Boron functionalization of TBDMS-protected azaBODIPY 38 
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Dropwise addition of protected azaBODIPY 38 then led to a rapid color change that is shown 
in Figure 114. 
 

  
Figure 114: Color change upon addition of azaBODIPY to the lithium-alkyne. From left to right: Li-alkyne 36, 

dropwise addition of (blue) azaBODIPY 38 to organolithium solution after 1-4 minutes 

Compared to the unprotected azaBODIPY 30 the reaction proceeded in a much cleaner 
fashion: after 30 minutes at -78°C only starting material, mono- and disubstituted product 
were observed (Figure 115).  
 
 

 
Figure 115: Evolution of HPLC-profiles (HPLC-conditions are given in section 4.1.3, page 164) observed during 

boron functionalization of TBDMS-protected azaBODIPY 38. 

 
A slow increase in temperature to ambient temperature pushed the reaction towards 
completion, leading to exclusively double substituted compounds 39a,b. Due to the liberation 
of the fluoride anion during the reaction, the azaBODIPY was already partially deprotected 
during reaction as observed by HPLC-MS (Figure 115). We therefore decided to execute both 
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the substitution (+quenching) and hydrolysis one-pot. The addition of a fluorine source such 
as TBAF or CsF at room temperature led to the total degradation by loss of boron and 
appearance of a multitude of byproducts. The use of 1M HCl limited the apparition of side 
products but did not prevent deboration. The product 37 was isolated and purified by semi 
preparative HPLC in varying modest yields (from 10% to 50%). The attempt of boron-
functionalization of using alkyne-Grignards did not lead to better results (no consumption of 
starting material was observed after 2h). 
 
Nevertheless, the little obtained amounts of 37 were then used to be functionalized via the 
hydroxy group (it is worth noting that 37 is totally water soluble). For this reaction, the 
optimized conditions for the synthesis of 31 were employed (Figure 116).  
 

 
Figure 116: O-functionalization of the hydrosoluble azaBODIPY 37 

Product formation was observed by analytical HPLC but we never succeeded in isolating it. 
Hydrolysis of the ester directly after the formation of the ether may lead to better results. 
 
We acknowledge that this synthetic pathway may be successful. However, it is clear that it is 
a too time consuming and low yielding strategy to be suitable for the development of a 
platform. It is worth noting that the boron functionalization is easy and led to a water soluble 
product. Thus, we decided to base our entire strategy on the functionalization of this position. 
 
The photophysical properties of all compounds that were obtained (and isolated) in this 
section are shown and discussed in detail in chapter 2.4.6 - Photophysical characterization of 
E-azaBODIPYs and precursors. 
 

2.4.2 New platform molecules 
 
Since literature suggested that the optical properties are not noticeably influenced by the 
introduction of aliphatic alkyne-substituents (which we confirmed by our investigations of the 
functionalization of azaBODIPY 30), we were curious to investigate if both the 
functionalization and the vectorization could be executed using the boron-substituents while 
choosing (and not altering) an azaBODIPY. This approach would have the added benefit that 
the “final” optical properties can be chosen beforehand while, thanks to the introduction of 
spacers and grafting functions, the boron-substituents would become even more bulky, thus 
successfully preventing stacking or aggregation of the final probe. It would also permit the use 
of neutral azaBODIPYs that do not present deprotonateable groups for the boron 
functionalization with alkyne. 
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As explained in the introduction one goal of the second part of this thesis was to design 
trackable compounds that possess therapeutical activity. In order to do so we have chosen an 
azaBODIPY-system that can undergo Pd-catalyzed cross coupling reactions. This system was 
selected to introduce therapeutically active drugs (such as gold(I) and gold(III) based 
compounds) onto the azaBODIPY using pyridine- and phosphine ligands. Using the metallated 
compounds we planned to introduce vectors in order to obtain vectorized, trackable drugs 
such as antibody-drug-conjugates (ADC).  
For this new approach we thus added three new azaBODIPYs to the investigated panel of 
compounds.  
 
The compounds that we selected for these transformations are 1,7-di(phenyl)-3,5-
di(methoxyphenyl)-azaBODIPY 44 and the two bromine-substituted azaBODIPYs 1,7-
di(bromophenyl)-3,5-di(methoxyphenyl)-azaBODIPY 48 and the 1,7-methoxyphenyl-3,5-
bromophenyl-azaBODIPY 52 (Figure 117). 
 

 
Figure 117: New base compounds for the development of E-azaBODIPY-platforms 

 

2.4.2.1 Synthesis of base-compounds for boron functionalization 
 
To obtain the azaBODIPY 44, we started from p-methoxyacetophenone and benzaldehyde. 
Both compounds underwent a Michael-addition in presence of KOH to obtain chalcone 41 as 
a fluffy precipitate in quantitative yield. The isolated chalcone 41 was redissolved in MeOH 
and reacted with a large excess of nitromethane in presence of diethylamine under reflux to 
obtain the Michael-adduct 42 (Figure 118).  
 

 
Figure 118: Formation of Michael-adduct 42 
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Triethylamine was also tested as base but did not result in product formation. In the next step 
Michael-adduct 42 was refluxed in EtOH in presence of a large excess (20 equivalents) of 
NH4OAc to obtain the very poorly soluble azadipyrromethene 43.  

 
Figure 119: Formation of the azadipyrromethene core 

The removal of excess ammonium acetate can be difficult, Burgess employed filtration 
followed by washing to remove NH4OAc. For us filtration tended to clog the filters and resulted 
in overall poor purity. Aqueous washing did not give good results either as the azaDIPY is 
poorly soluble in most solvents. This resulted either in aggregates in the aqueous phase and 
loss of compound or incomplete removal of salts. Purification by column chromatography was 
attempted but is very tedious and solvent-consuming. The method of choice turned out to be 
extensive and repeated washing with EtOH, followed by centrifugation. 
In the next step the boron atom was introduced using an excess of BF3*Et2O and DIPEA (Figure 
120).  

 
Figure 120: Introduction of the BF2-moiety to form the model-compound azaBODIPY 44 

This reaction sequence was optimized by using THF as solvent, instead of CH2Cl2, which causes 
solubility issues at gram scale, and scaled up to 5 g of final azaBODIPY 44. The purification of 
azaBODIPY 44 does not require any column chromatography, all impurities can be removed 
by repeated washing and recrystallization with MeOH. Using this strategy, we were able to 
reliably remove the BF3*DIPEA-adduct that is formed in the last step and which presents a 
significant challenge in removal by chromatography. 
 
To resume, we are able to synthesize more than 5 g of azaBODIPY in less than 3 days including 
purification thanks to the optimization of the reaction and purification conditions.  
 

2.4.2.2 Synthesis of bromophenyl substituted azaBODIPYs 
 
The synthesis was carried out using the classic approach, e.g. synthesis of the chalcone, 
followed by Michael-addition of nitromethane and formation of the azaDIPY with subsequent 
introduction of the boron moiety (Figure 121).  
 



Chapter II – AzaBODIPY 

114 

 
Figure 121: Synthesis of Br-MeO functionalized azaBODIPYs 48 and 52 

This synthesis enabled us to isolate 4.6 g of the desired azaBODIPY 48 in an overall yield of 
45% and 6.7 g of 52 with an overall yield of 57%. In both cases, as for azaBODIPY 44 the 
reaction of the last step is quantitative. However, as observed for 44, a significant amount of 
BF3*DIPEA is formed during the reaction and has to be removed (thus requiring some sort of 
purification). The difference in efficiency of the last synthetic step stems from the simpler 
purification of azaBODIPY 48: due to its poor solubility in MeOH the BF3*DIPEA complex can 
be removed easily by simple washing with MeOH. Its isomer on the other hand requires 
difficult purification by column-chromatography, with significant losses due to co-elution of 
product and the BF3-adduct. 
 
When the proton NMR (Figure 122) of the azaBODIPYs 44, 48 and 52 are compared three 
major pieces of information stand out:  

 even though both methoxy-bromo substituted azaBODIPYs 48 and 52 are isomers 
and only mirror each other’s phenyl-substituents, a difference in solubility was 
observed. This is the basis of the purification of 48; this effect is also visible by the 
poorly resolved spectrum of azaBODIPY 48 compared to 52. 

 the phenylic protons do not show any major difference in terms of chemical 
displacements for either of the two compounds 48 and 52 

 the comparison between the two azaBODIPYs that carry a methoxy substituent in the 
3,5-positions (44 and 48) shows a significant shift for the 1,7 substituents 
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Figure 122: Comparison of the 1H-NMR-spectra of the aromatic zone of bromo-methoxy-substituted 

azaBODIPYs 52, 48 and their comparison to methoxy-azaBODIPY 44. The signal of the β-pyrrolic hydrogens are 
highlighted by flashes. The NMR were recorded in CDCl3 at 500MHz 

 a significant difference for the β-pyrrolic H-atoms is visible depending on the 
direction of the intramolecular push-pull effect that is exerted by the methoxy and 
bromine substituents. Their signals are displaced by Δ=0.13 ppm 

 this influence seems to be directed by the methoxy groups as visible when comparing 
spectra 2 and 3. The absence or presence of bromine does not significantly influence 
the exhibited electronic effects on the β-pyrrolic H-atoms.  

 
This information can be used in the following in order to analyze possible electronic effects 
that are exerted by the introduction of different substituents into the azaBODIPY. A reversal 
of push-pull effects in the molecule leads to a shift of the signal observed for the β-pyrrolic H-
atom whereas changes in the electronic structure of the phenyl-substituents significantly 
change the observed signals of the corresponding phenylic protons.  
 
The photophysical properties of all three azaBODIPYs-dyes were characterized in DMSO and 
are shown and discussed in the following paragraph. 
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2.4.2.3 Photophysical characterization 
The azaBODIPYs that we obtained in the previous paragraph were characterized by UV/Vis 
and Fluorescence spectroscopy to select the best candidate for further functionalizations (the 
spectra of all compounds are shown in ANNEX II – Photophysical Spectra). 
The values are summarized in Table 14. Interesting features of the compounds will be 
discussed in the following sections. 
 

Table 14: Photophysical properties of tested azaBODIPYs. azaBODIPY 44 in CHCl3 is used as the QY-reference 
(Φ=0.36 in CHCl3, λexc=670nm) [44]. Compounds were excited at 670nm. 

Compound Solvent 
λmax, 

Absorption 
[nm] 

ελmax 

[M-1 
cm-1] 

λmax, 

Emission 

[nm] 
QY 

Brightness 
Φ x εmax 

[M-1 cm-1] 

Δλ 
[nm] 

Stokes-
Shift 

[cm-1] 
44 CHCl3 688 80 700 721 36% 29 050 33 665 
44 DMSO 702 86 700 738 27% 23 740 36 695 
48 DMSO 711 66 600 749 23% 15 570 38 714 
52 DMSO 683 55 000 739 13% 6 950 56 1 109 

 
All compounds were characterized in DMSO. AzaBODIPY 44 is an exception to this rule as it 
also served as quantum yield reference for all investigated azaBODIPYs. 
 

2.4.2.3.1 The “model compound” azaBODIPY 44 
The “model” compound azaBODIPY 44 exhibits excellent optical properties in DMSO: both the 
maximum absorption and emission are in the far-red/NIR region (702/738nm) (Figure 123). 

 
Figure 123: UV/Vis and fluorescence spectra of azaBODIPY 44 in DMSO. Spectra were recorded at ~10-6 M 

concentrations 

Both peaks are relatively thin and show a Stokes-shift of 36 nm. With a molar absorption 
coefficient of ελmax= 86 700 M-1 cm-1 in DMSO the model compound 44 absorbs strongly in the 
NIR-I-region of the electromagnetic spectrum. Using CHCl3 as solvent this compound 44 was 
used as quantum yield reference [44] for all other azaBODIPYs that were synthesized during 
this thesis. 
 

2.4.2.3.2 Bromine-substituted azaBODIPYs 48 and 52 

2.4.2.3.2.1 Steady-state characterization 
 
Both bromine-substituted azaBODIPYs 48 and 52 show good photophysical properties with 
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molar absorption coefficients of 55 000 M-1 cm-1 (azaBODIPY 52) and 66 600 M-1 cm-1 (48) 
respectively, absorb and emit in the far red/NIR and possess good to large Stokes shifts of 56 
and 38 nm. Their spectra in DMSO are shown in Figure 124. 

 
Figure 124: Absorption (blue), excitation (green) and emission spectra(red) for (52, left) and (48, right) in DMSO. 

Spectra were recorded at ~10-6 M concentrations  

Although the spectra resemble each other, an obvious difference is visible to the naked eye 
when looking at the two compounds in solution: whereas 52 (methoxy in 1,7-phenylic 
position) is of a strong blue color, the isomer 48 is green (Figure 125). 
 

 
Figure 125: Comparison of azaBODIPY 52 (left) and azaBODIPY 48 in DCM 

This can be attributed to a more efficient push-pull effect. Vicente investigated this behavior 
on azaBODIPY 44 in 2014 [215], their simulations showed greater orbital-coefficients for the 
3,5-positions of simple azaBODIPYs than for the 1,7-positions (Figure 126). 
 

 
Figure 126: Frontier orbitals of aza-BODIPY 44 [215] 
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A methoxy-substituent in the 3,5-positions has therefore a greater effect on the optical 
properties than in the 1,7-positions. Compared to an unsubstituted tetraphenyl-azaBODIPY 
the absorption maximum of azaBODIPY 52 thus experiences a smaller bathochromic shift than 
the isomer 48. This results in 52’s blue color, compared to the green of 48 where a bigger part 
of the maximum-peak is “hidden” outside of the viewing capacity of the naked eye. 
 

2.4.2.3.2.2 Time resolved photophysical characterization 
 
Both the compounds 48 and 52 are currently being investigated by a collaboration of ours (Dr 
Sofia Garakyaraghi of Prof. Felix N. Castellano’s group at North Carolina State University). 
Preliminary results show a marked difference in fluorescence lifetimes of the two investigated 
compounds. They found excited state lifetimes of 3.2 ns (azaBODIPY 48) and 1.4 ns (azaBODIPY 
52) respectively (Figure 127). 
 

 
Figure 127: Fluorescence lifetime measurements of 48 and 52 in DCM. Green shows azaBODIPY 48 (methoxy 

substituent in the 3,5-phenylic positions), blue azaBODIPY 52 (methoxy-substituent in the 1,7-phenylic 
positions). Left: Y-values plotted linearly, right: logarithmic plot. Both graphs show the same data. 

For two compounds that are this similar one to another this difference is remarkable. 
Interestingly, the excited state lifetimes correlate well with the observed quantum yields of 
23% (azaBODIPY 48) and 13% (azaBODIPY 52). This indicates that the bromine in the 3,5-
phenylic positions speeds up nonradiative relaxation processes. This is consistent with the 
simulations executed by Vicente that show that for the 3,5-phenylic substituents the frontier 
orbitals have greater orbital coefficients (Figure 126 and [215]). 
The investigations are still ongoing and expected to yield further insight into the studied 
systems’ photophysical properties. 
 

2.4.2.3.3 Overview and conclusion 
 
From the data that we obtained so far, several general trends are discernable: 
 

 an electron donating group in the 3,5-phenylic positions results in an absorption 
maximum that is bathochromically shifted compared to its 1,7-phenylic counterpart.  

 the influence of a bromine atom on the spectral properties appears limited 

 electron donating groups in the 3,5-phenylic positions result in lower Stokes-shifts 
than in the 1,7-phenylic positions  

 the quantum yields of 44 and 48 are very similar; between the two bromine 
substituted azaBODIPYs 48 and 52, 48 possesses a higher quantum yield and 
brightness.  
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For these reasons 44 and 48 were the compounds that were retained for further development 
of the platform. 
 

2.4.3 E-azaBODIPY : Second system 
 
Using the azaBODIPY 48 the boron-functionalization was attempted using 
3-dimethylaminopropyne. When tBuLi was used to activate the alkyne the reaction exhibited 
overall poor reactivity (reaction times of several hours were required to observe the formation 
of traces of product) and very unclean results (Figure 128).  
 

 
Figure 128: Boron functionalization of azaBODIPY 48 using organolithium agents 

This can be explained by the strong tendency of organolithium reagents to form oligomers. 
The inverse correlation between degree of aggregation and their reactivity is well known 
[257–259]. Having a coordinating ligand such as dimethylpropargylamine in the reaction 
mixture may privilege the formation of tetra- or oligomeric lithiates and stabilize the 
compounds against dissociation, resulting in very poor reactivity. 
 
Grignard reagents are known as an efficient alternative to lithium derivatives for introducing 
alkyne groups on boron of BODIPYs. Despite the non-reactivity displayed in the 
functionalization of 38, we transformed the dimethylamine propyne into the corresponding 
Grignard-reagent using EtMgBr. To our delight, the Grignard reagent then reacted with the 
azaBODIPY and yielded the desired product without formation of side products (Figure 129).  
 

 
Figure 129: Improved synthesis of boron-functionalized azaBODIPYs using Grignard-agents 

Improving on the synthesis of the starting material and using only minimal excesses of 
Grignard agents we were able to push the yields to almost 100% at the 0.5 g scale. The 
obtained product can be used further after a simple aqueous washing that aims at removing 
the magnesium salts. The boron-substituted compound 53 was transformed into the 
corresponding carboxylic acid by reaction with bromoacetic acid. Using dry chloroform, we 
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hoped that monoacid would precipitate due to the formation of charged ammonium species. 
In fact, what we did observe was that the mono-substituted compound 54 only just remains 
in solution. However, upon reaction with a second equivalent of bromoacetic acid the 
compound 55 precipitates and pulls the equilibrium. This results in significant amounts of 
double substituted product 55 (Figure 130). 
 

 
Figure 130: Desymmetrization of azaBODIPY 53 using 1 equivalent of bromoacetic acid 

The product mixture had to be purified using semi preparative HPLC. We were pleased to see 
that the compound did not show any of the unfavorable solubility-behavior of their 1,7-
phenolic counterparts (azaBODIPY 31, 40). Compound 54 was well soluble and did not pose 
any major challenge during the purification; the separation of mono- from diacid proceeded 
smoothly as can be seen in the 1H NMR spectrum shown in Figure 131. 
 

 
Figure 131: 1H-NMR-spectrum of the successfully desymmetrized azaBODIPY 54. The NMR was recorded in 

CDCl3 at 500 MHz 

Having the acetic acid derivatives in hands, we attempted peptidic coupling-reactions in order 
to react the compound with amines. Using benzylamine as a model compound, we succeeded 
in introducing two moieties into diacid 55 (Figure 132).  
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Figure 132: Reaction of azaBODIPY 55 with benzylamine 

The attempt to couple a bulkier substituent, such as the previously used TOTA-Boc did not 
succeed, not even when coupling agents such as HBTU were employed. This might be 
explained by the close proximity of the acid function to the rest of the molecule which leads 
to steric hindrance and prevents efficient nucleophilic attacks on an activated carboxylic acid.  
 
To remedy this problem, we tried to use 4-(bromomethyl)benzoic acid to increase the distance 
between the plane of the molecule and the carboxylic acid function (Figure 133).  

 
Figure 133: Desymmetrization of azaBODIPY 53 using 4-(bromomethyl)benzoic acid 

Using one equivalent of acid, the reaction gave rise to both the mono(57)- and the 
disubstituted (58) products. Their separation was however quite simple: the disubstituted 
product 58 precipitates in DCM whereas the monosubstituted azaBODIPY 57 stays (in its 
majority) in solution. Repeated washings with DCM removes the mono-acid and unreacted 4-
(bromomethyl)benzoic acid from the precipitate.  
 
Using the diacid we executed a number of small-scale tests of the activation and amid-
formation using TOTA-Boc to determine viable conditions (Figure 134).  
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Figure 134: Successful activation of 58 and conjugation to TOTA-Boc 

The activation of the carboxylic acid functions was attempted using oxalyl chloride, EDC and 
coupling agents for peptide synthesis. The attempts using oxalyl chloride or EDC did not result 
in the desired reactivity. The use of coupling agents then resolved this issue and permitted the 
formation of TOTA-containing amides in good yields. The compound was however never 
isolated due to the decision to switch to a bromine-free azaBODIPY. Indeed, the study was 
carried out with the two fluorophores 44 and 48 in parallel, and some tests - not reported in 
this manuscript – revealed the difficulty of functionalizing the bromine position.  
 
[The photophysical properties of all isolated compounds were characterized in DMSO. The 
results are shown and discussed in detail in the section 2.4.6. - Photophysical characterization 
of E-azaBODIPYs and precursors] 
 

2.4.4 Third system: 1,7-di(phenyl)-3,5-di(methoxyphenyl) E-aza-BODIPYs 
 
We applied the strategy optimized for the bromine-substituted derivative 48 (see section 
2.4.3) with the 3,5-di(methoxyphenyl)-azaBODIPY 44. We were able to isolate the boron-
functionalized azaBODIPY 60 in excellent yield. A simple purification over a silica gel plug using 
EtOAc is required to remove the impurities that are formed during the reaction (Figure 135). 
 

 
Figure 135: Introduction of 3-dimethylamino propyne onto azaBODIPY 44 

In the next step, we “desymmetrized” the B-substituted compound by addition of 
4-(bromomethyl)benzoic acid (Figure 136). The use of DCM led to a major formation of double 
substituted product 62. Any attempt at purification by semi preparative HPLC or automated 
Flash-chromatography resulted in failure as both the mono- and the diacid elute at exactly the 



Chapter II – AzaBODIPY 

123 

same time and are thus inseparable by RP-chromatography. Since we were interested in 
obtaining the mono-substituted compound, we tried other solvents. The best results were 
obtained using THF in strong dilution. 
 

 
Figure 136: Desymmetrization of azaBODIPY 60 by reaction with 4-(bromomethyl)benzoic acid 

The separation of the two products is difficult; after numerous attempts the best method that 
we found takes advantage of the difference in solubility in boiling THF to isolate pure 62 and 
contaminated 61. The contaminated fraction can then be purified by column chromatography 
on silica gel using methanol and formic acid as eluent.  
Although the general methodology remained unsatisfactory it enabled us to separate and 
isolate both compounds in sufficient amounts to proceed onwards. Moreover, this procedure 
permits the isolation of very pure monoacid which is the key-intermediate that is henceforth 
required for the synthesis of asymmetric, boron substituted azaBODIPYs. 
 
If the objective is to exclusively isolate the double substituted azaBODIPY, the starting material 
needs to be reacted with more than two equivalents of 4-(bromomethyl)benzoic acid in 
presence of a carbonate base (Figure 137). A base is required in order to prevent spontaneous 
protonation of the second amine. The choice of base is important as well: when carbonate is 
used the diacid is formed (and can be isolated as described previously), the use of organic 
bases such as triethylamine led to the formation of the ester 63. 
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Figure 137: Introduction of 4-methyl benzoic acid as handle for further functionalization 

In order to isolate the pure diacid 62 from this mix, the mixture has to be refluxed with dilute 
hydrochloric acid to hydrolyze the ester 63. When bases such as KOH or NaOH were used the 
azaBODIPY core lost the boron moiety. 
 
In the next step, monoacid 61 was activated using coupling agents to form the TOTA-Boc 
azaBODIPY 64 (Figure 138). HBTU or TSTU were used to carry out this reaction, both coupling 
agents yielded the desired product. We obtained less consistent results when using HBTU 
(compared to TSTU). The use of HBTU occasionally required the addition of the coupling agent 
in a large excess (up to 5 equivalents) in order to push the reaction to completion; TSTU on 
the other hand reliably yielded the desired product with only small excesses of coupling agent. 

 
Figure 138: Synthesis of Boc-spacer containing azaBODIPY 64 



Chapter II – AzaBODIPY 

125 

The compound can be purified using either normal phase column chromatography on 
aluminum oxide or semi preparative RP-chromatography. While the reaction control indicates 
reaction yields of 90-100%, we were only able to isolate 32% of the product. 
 
This azaBODIPY can then be used as a platform through addition of functions to the amine, 
followed by hydrolysis and activation of the TOTA-Boc in order to obtain a bioconjugable 
compound. This proof of concept was executed using hydrosolubilizing groups. 
For the hydrosolubilization, the tertiary amine was quaternized using two different 
approaches:  
 

 first by use of methyl iodide  

 second by use of propane sultone.  
 
The alkylation is carried out at room temperature in presence of a carbonate base (NaHCO3) 
to ensure that any protonation that may have happened during earlier purification processes 
is reversed. Once HPLC-MS indicates that the reaction is complete, the Boc-group can be 
hydrolyzed using 1M HCl (Figure 139).  

 
Figure 139: N-quaternization of azaBODIPY 64 using methyl iodide (top) and propane sultone (bottom) 

The removal of MeI is straightforward: simple evaporation is sufficient to remove the 
alkylating agent. The alkylation by propane sultone on the other hand is very slow and 
incomplete after 6h, even when the reaction is refluxed. We therefore engaged an excess of 
propane sultone. In order to deactivate the excess of propane sultone to prevent alkylation of 
the TOTA after removal of Boc two strategies were tested. The use of ammonia for 
deactivation resulted in deboration of the desired compound 66. Using 1M HCl instead worked 
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just fine as the newly formed amine was directly protonated, rendering it inert towards attack 
by the alkylating agent. 
 
Both compounds are hydrophilic (the sulfobetainated compound 66 is extremely hygroscopic: 
drying by lyophilization did not succeed in total removal of water). Thus we decided to 
investigate the possibility of introducing a bioconjugatable handle before evaluating their 
photophysical properties. 
 
The photophysical properties of all isolated compounds were characterized in DMSO. The 
results are shown and discussed in detail in the section 2.4.6. - Photophysical characterization 
of E-azaBODIPYs and precursors. 
 

2.4.5 Activation of the compounds for bioconjugation 
 
The first bioconjugation-agent that we tried out was the same as previously, PDITC). As for 
hydroxy-azaBODIPY 34 the reaction of PDITC and 65 proceeded smoothly as indicated by 
HPLC, but again the removal of excess PDITC from the resulting compound proved extremely 
difficult (Figure 140).  
 

 

Figure 140: Activation of azaBODIPY 65 using PDITC 

When injected into a semi preparative HPLC we observed the same behavior as before for 35: 
the compound precipitated and clogged the HPLC. A purification on normal phase silica gel or 
aluminum oxide was rendered impossible as the compound did not migrate at all, even when 
harsh conditions (MeOH, MeOH+formic acid, MeOH+HCl DMF, DMSO and combinations 
thereof) were employed. We did manage to isolate 3 mg by using preparative thin layer 
chromatography (TLC) with MeOH+formic acid as eluent, but even then, the compound did 
not migrate but had to be isolated from the TLC-start. 
 
In order to reduce the impact of the grafting function we looked for an alternative linker. A 
wide choice of different molecules and functions exist that have been tested and used for 
bioconjugation and in vitro/in vivo applications. Koniev and Wagner published an extensive 
review on the virtues and disadvantages of existing activation and bioconjugation methods 
[229].  
Our requirements for the new grafting function were straightforward: the chosen compound 
should be hydrophilic, polar or charged and not undergo stacking with aromatic systems that 
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are present. Due to good experiences in Dr. Goncalves’ group we identified diethylsquarate 
as promising linker. Indeed, squarates form stable bonds with amines, yielding bonds that 
behave like amides. Their small molecular mass and high polarity enable the formation of 
hydrogen-bonds to polar solvents such as water. They display good resistance towards acids 
and bases [260] and permit the use of nontoxic solvents such as ethanol during the activation 
process. In addition to that the monoamine squarate shows a marked difference in reactivity 
compared to the diethyl squarate which limits the reaction of a second probe with the 
bioconjugation handle. All these properties make this compound an easy-to-handle amine-
activating group. 
 
The activation procedure is straightforward: the starting material is solubilized in EtOH in 
presence of a base to ensure that the amine is deprotonated, followed by addition of an excess 
of diethylsquarate. 5 equivalents of the squarate are sufficient to ensure a clean reaction. The 
activation is slightly slower than with PDITC and requires slight heating. 
 

 

Figure 141: Activation of azaBODIPY65 using diethyl squarate to obtain bioconjugable azaBODIPY 68 

After the activation compound was purified without any trouble using RP-semi preparative 
HPLC to remove excess squarate. When the reaction was repeated with reaction 
temperatures maintained at 30-35°C, excellent yield (84%) can be obtained (Figure 141). The 
same procedure was applied to the sulfonated derivative 66: again, the reaction temperature 
was kept at 30-35°C both during the reaction and solvents were removed. This resulted in an 
activation yield of 85% after purification and ion exchange (Figure 142). 
 

Figure 142: Activation of azaBODIPY 66 with diethylsquarate 
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The photophysical properties of all isolated compounds were characterized in DMSO. The 
results are shown and discussed in detail in the next section.  
The azaBODIPYs obtained this way were then used for bioconjugation to tag antibodies (see 
chapter 2.5.2). 
 

2.4.6 Photophysical characterization of E-azaBODIPYs and precursors 
 
All E-azaBODIPYs that we obtained as well as their respective precursors were characterized 
by UV/Vis and Fluorescence spectroscopy in DMSO. The compounds destined for 
bioconjugation as well as their precursors 65 and 66 were also characterized in PBS to 
investigate their optical properties, as well as their solubility and stacking behavior in aqueous 
solutions. As beforehand azaBODIPY 44 was used as the quantum yield reference. The 
characteristics are summarized in Table 15. 
 

Table 15: Photophysical properties of E-azaBODIPYs synthesized in this chapter. azaBODIPY 44 in CHCl3 is used 
as the QY-reference [44]. Compounds were excited at 670nm 

compound Solvent λmax, 

Absorption 
[nm] 

ελmax 

[M-1 
cm-1] 

λmax, 

Emission 

[nm] 

QY Brightness 
Φ x ελmax 

[M-1 cm-1] 

Δλ 
[nm] 

Stokes-
Shift 

[cm-1] 
30 DMSO 678 41 900 749 4% 1 510 71 1 398 
38 DMSO 668 77 400 704 10% 7 350 36 766 
37 DMSO 668 44 600 754 3% 1 280 86 1 707 
48 DMSO 711 66 600 749 23% 15 570 38 714 
53 DMSO 700 77 900 735 18% 13 640 35 680 
54 DMSO 700 78 500 735 29% 22 580 35 680 
55 DMSO 704 83 200 738 33% 27 420 34 654 
57 DMSO 700 77 300 735 20% 15 470 35 680 
58 DMSO 704 74 200 739 29% 21 360 35 673 
44 DMSO 702 86 700 738 27% 23 740 36 695 
60 DMSO 693 71 400 725 18% 13 170 32 637 
61 DMSO 691 80 400 724 20% 16 290 33 660 
62 DMSO 694 61 500 727 27% 16 600 33 654 
64 DMSO 691 62 700 724 22% 13 520 33 660 
65 DMSO 696 58 800 726 32% 18 860 30 594 
65 PBS 673 50 500 714 6% 3 230 41 853 
68 DMSO 694 64 900 728 30% 19 330 34 673 
68 PBS 677 51 400 715 5% 2 760 38 785 
66 DMSO 703 79 700 731 41% 32 390 28 545 
66 PBS 676 51 600 712 9% 4 690 36 748 
69 DMSO 703 48 500 731 34% 16 300 28 545 
69 PBS 682 30 300 717 6% 1 760 35 716 

 
When looking at the data shown in Table 15, it is evident that indeed the introduction of 
alkyne substituents to the boron atom of the azaBODIPY does not adversely influence the 
photophysical properties of the obtained compounds. All three systems (hydroxy-azaBODIPY 
as well as 1,7-di(bromophenyl)-3,5-di(methoxyphenyl) 1,7-di(phenyl)-3,5-di(methoxyphenyl) 
substituted azaBODIPYs) retain the photophysical properties of their parent compounds. 
 

2.4.6.1 1,7-Di(phenol)-3,5-di(phenyl)-E-azaBODIPYs 
 
Both hydroxy azaBODIPYs 30 and 37 display molar absorption coefficients of ~42 000 and 
~45 000 M-1 cm-1 and quantum yields of 4 and 3%. The absorption maximum of 37 experiences 
a slight hypsochromic shift (-10 nm compared to 30), its emission maximum is 
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bathochromically shifted (+5 nm). The spectra of both compounds show very large peaks for 
both the absorption as well as emission spectra (Figure 143). The introduction of the alkyne-
substituent results in an even larger Stokes-shift of 86 nm. This behavior may be advantageous 
for imaging-applications. When the Stokes shift of the used fluorophore increases the spectral 
overlap of absorption and emission spectra decreases. This results in very small auto-
absorption of emitted photons. The other advantage is the possibility to use less expensive 
spectral filters. 

 
Figure 143: Absorption and Emission spectra of 30 (top left), 37 (bottom left) and 38 (top right) in DMSO. Blue: 

absorption, Green: excitation, Red: fluorescence. Spectra were recorded at 10-6 M concentrations 

The comparison of either 30 or 37 to the TBDMS-protected derivate 38 shows that the 
protection of the hydroxy groups improves all optical properties significantly. The molar 
absorption coefficient nearly doubles (from 41 900 M-1 cm-1 for 30 to 77 400 M-1 cm-1 for 38), 
the quantum yield increases to 10% and both the maximum absorption and emission bands 
become thin (Figure 143). The Stokes shift reduces to 36 nm.  
All these changes confirm that indeed the free hydroxy groups are responsible for the 
unfavourable photophysical properties. If we had not succeeded in developing the entirety of 
our platform around the boron-functionalization the masking of the free hydroxygroup (e.g. 
by propane sultone) would have been a viable option to improve the optical properties of the 
hydroxy-azaBODIPY series. 
 

2.4.6.2 1,7-Di(bromophenyl)-3,5-di(methoxyphenyl)-E-azaBODIPYs 
 
The bromo-methoxy substituted compounds 53, 54, 55, 57 and 58 all display excellent optical 
properties. The introduction of the aliphatic alkyne substituent does not change the form of 
neither absorption nor emission spectra of any of the compounds. Both absorption and 
emission bands of all boron-substituted compounds are slightly thinner than 48’s. Aside from 
that all spectra remain basically the same as for the starting material azaBODIPY 48 (Figure 
144). 
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Figure 144: Absorption and Emission spectra of 48 (left) and 58 (right) in DMSO. The spectrum of 58 (right) is 

representative for 53, 54, 55 and 57. Blue: absorption, Green: excitation, Red: fluorescence. Spectra were 
recorded at ~10-6 M concentrations 

All of the obtained compounds display molar absorption coefficients of 74 200– 83 000 M-1 
cm-1 with absorption maxima of 700 and 704 nm and emission maxima of 735-739 nm. All five 
compounds have higher molar absorption coefficients than their parent 48 (which has a molar 
absorption coefficient of 66 600 M-1 cm-1). The introduction of the alkyne substituent onto the 
boron atom results in a hypsochromic shift of ~-10 nm for the maximum absorption and ~-12 
nm for the emission (as was the case for the 1,7-diphenol-azaBODIPY 37).  
The introduction of the alkyne substituent results in a decrease of the quantum yield from 
23% (for 48) to 18% for 53. However, upon quaternization the quantum yield is recovered: the 
quaternization of one of the amines leads to an increase in quantum yield to 29% (54) and 
20% (57) respectively, the quaternization of the second amine results in another increase to 
33% (55) and 29% (58).  
 

2.4.6.3 1,7-Di(phenyl)-3,5-di(methoxyphenyl)-E-azaBODIPYs 
 
As for the first and second system the introduction of the aliphatic alkyne onto the boron atom 
of 44 causes at maximum a hypsochromic shift of the absorption maximum of ~-10 nm 
(azaBODIPY 61) to approximately 695 nm and of ~-13nm for the emission maximum to approx. 
725nm (61, 62, 64, 65) compared to the parent azaBODIPY 44. All synthesized E-azaBODIPYs 
display excellent molar absorption coefficients that are comprised between 48 500 M-1 cm-1 
(69) and 80 400 M-1 cm-1 (61). Taken together with their respective quantum yields of 18-41% 
(in DMSO) this results in excellent brightnesses of ca. 17 000 M-1 cm-1. As observed earlier for 
the second system the presence of amine results in a decrease in quantum yield to 18% (60, 
two free amines) which is reovered upon quaternization of the amines (to 20% (61) and up to 
32% (65); 66 displays an exceptionally high quantum efficiency of 41%). This results in 
quantum yields that are higher for the totally quaternized E-azaBODIPYs 62, 65, 68, 66 and 69 
than the starting azaBODIPY 44. The obtained compounds display Stokes-shifts of ~32 nm 
(with several exceptions such as the propane sultonated 66 and 69 (28 nm)). 
 
As observed earlier the introduction of the alkyne does not change the spectral characteristics 
such as general shape and thinness of both the absorption and the emission peak (Figure 145).  



Chapter II – AzaBODIPY 

131 

 
Figure 145: UV/Vis and fluorescence spectra of the model compound 44 and E-azaBODIPY 61. The shown 

spectra are representative for all compounds obtained in this section. Spectra were recorded in DMSO at ~10-6 
M concentrations 

The results of all three systems validate the hypothesis that the introduction of the aliphatic 
alkyne does not (majorly) influence the spectral properties. This validates our hypothesis of 
the beginning of section 2.4.2 that the alkyne-substitution approach permits to choose the 
required spectral features of an azaBODIPY prior to functionalization since the introduction of 
substituents does not induce major changes (as opposed to e.g. the transformation of 
dialkylaniline-substituted azaBODIPYs into the corresponding ammonium). 
 

2.4.6.4 Photophysical properties in PBS 
 
The bioconjugable compounds 68 and 69 as well as their precursors 65 and 66 were also 
characterized in PBS. The first property that we noticed during this characterization was the 
absence of solubility-related troubles – the preparation of PBS stock-solutions did not cause 
any problem.  
The analysis of their spectral properties shows that the introduction of the compound into 
PBS results in a blue shift of the absorption maximum to ca 677 nm.  
The use of PBS as solvent also causes a decrease in quantum yields to 5% (68), 6% (65 and 69) 
and 9% (66) respectively. This is expected due to a different polarity and motility of the solvent 
and salts which results in non-radiative relaxation into the ground state due to intermolecular 
collisions. (The same behavior is observed for oxygen that is dissolved in the solvent [261]) 
Even in PBS the bioconjugatable compounds exhibit satisfying brightnesses of 2 700 M-1cm-1 
(68) and 1 700 M-1cm-1 (69) respectively, which is good enough for in vitro and even in vivo 
investigations. 
 
The bottom left of Figure 146 shows the spectrum of 68, which is representative of the E-
azaBODIPYs that were analyzed in PBS. The comparison to its spectrum in DMSO shows the 
total absence of any stacking interaction.  
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Figure 146: UV/Vis and Fluorescence spectra of E-azaBODIPY 68 (left) and azaBODIPY 34 (right). The spectra 

were recorded in DMSO (top) and PBS (bottom) at 10-6 M concentrations. The spectral shape of E-azaBODIPY 68 
in PBS is representative for all E-azaBODIPYs that we characterized in PBS.  

Between the two solvents the spectral shape does not change whatsoever; no broadening of 
both the absorption as well as the emission peaks is discernable. The comparison of 68’s 
spectra to 34 highlights the massive improvement of all aspects of the newly developed dyes. 
The bioconjugatable E-azaBODIPY 68 displays a higher molar absorption coefficient and 
quantum yield in PBS (51 400 M-1cm-1 and 5% respectively) than azaBODIPY 34 possesses in 
DMSO (50 000 M-1cm-1 and 4% respectively).  
The absence of stacking even in PBS validated our second hypothesis of chapter 2.4.2. It stated 
that the introduction of bulky, charged substituents onto the boron atom would increase the 
solubility in water and prevent stacking interactions. This approach yielded a system that is 
superior to compounds that were developed previously in our research group such as the 
TrisDOTA-BODIPY L63 shown in Figure 87 [132,222].  
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2.5 Biological investigations 
 
In the previous section 2.4 - E-aza-BODIPYs we have synthesized several bioconjugable 
azaBODIPYs 67, 68, and 69 (Figure 147).  
 

 
Figure 147: Activated, water-soluble, ready-to-conjugate azaBODIPYs that were obtained during this thesis 

 
We have great hopes for the two last probes because they are synthesizable in satisfying yield 
and at the scale of several tens of milligrams. Having obtained these 3 compounds, we were 
interested to see how these probes would fare in biological systems, both in vitro as well as in 
vivo. In order to do so we had to choose a vector that would permit to aim our probes towards 
a specific target. 
 

2.5.1 Choice of vector 
 
In recent years, new treatment options have been discovered and developed until practical 
usability. Immunotherapy is one of these therapies, targeting the host’s immune system to 
eliminate cancer. Indeed, as mentioned previously in the introduction (chapter 0.1), it is now 
well known that in order to become cancerous, cells need to acquire 10 hallmarks described 
by Hanahan and Weinberg in 2011 (see Figure 2)[10]. Escape to the host’s immune system 
surveillance is one of those characteristics targeted by immunotherapies such as the 
antibodies (Ac) inhibiting the immune checkpoints. Immune checkpoints (i.e. PD-1, CTLA-4) are 
a variety of immune-inhibitory pathways that help maintain immune-homeostasis, prevent 
autoimmunity and control the amplitude of an immune response [262]. Blockade of these 
immune checkpoint has shown very impressive results in the treatments of various 
malignancies such as Hodgkin lymphoma, melanoma and especially in non-small cell lung 
cancer (NSLC, 75-80% of lung cancer cases). However, despite the strong contribution of anti-
PD-1 (nivolumab) in cancer treatment, this immunotherapy is not effective in all patients, and 
predictive biomarkers of treatment efficacy are needed for efficient patient management. 
Traceable compounds (and especially theranostic compounds) can provide a valuable tool to 
immunotherapies that enable an early response assessment and thus improve therapy plans. 
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2.5.1.1 Escapement of the immune system 
 
The notion that the immune system is solicited throughout tumor progression, to identify and 
destroy nascent cancer cells, appeared in the late XIX century and is defined as the theory of 
immunosurveillance. In the early 2000s, this theory is integrated within a larger concept that 
takes into account the interactions between cancer cells and cells of the immune system: the 
immunoediting [263]. Three distinct phases are then described (Figure 148): 

 the elimination phase: the innate (macrophages, dentritic cells…) and adaptative 
(lymphocytes) immune cells cooperate to eliminate cancer cells. 

 the equilibrium phase: there is a selection of the most resistant tumor cells in a process 
defined as immunoediting.  

 the escape phase: cancer cells become insensitive to the action of the immune system 
and proliferate. Indeed, changes to the tumoral microenvironment take place that 
favor the tumoral progression. This includes the recruitment of immune suppressive 
cells (type II Macrophages, MDSC, T-Reg) and the activation of immune checkpoints 
such as CTLA-4 and PD-1 [264,265]. 
 

 
Figure 148: Mechanism of immunoediting. Adapted from [264] 

These immune checkpoints have been identified as a potential target in anti-cancer therapy. 
Thus, the publication of the results of the phase III clinical trial using ipilimumab (anti-CTLA-4 
antibody) in patients with metastatic melanoma was a real revolution in showing for the first 
time a benefit on overall survival of patients during this treatment [266]. More recently, other 
inhibitors targeting PD-1 as immune checkpoint, have also been the subject of phase II clinical 
trials (Pidilizumab) or phase III (Nivolumab and Pembrolizumab) and shown very good results 
in patients with metastatic melanoma [267]. These antibodies have also been shown to be 
effective as a second line of therapy compared to conventional chemotherapy in patients with 
NSCLC [268]. In the case of anti-PD-1, the mechanism of action involves the blocking of a 
receptor, here PD-1, which can be activated by interaction with its ligands such as PD-L1.  
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PD-L1 (also called CD274 or B7-H1) is a transmembrane protein that is the dominant 
inhibitory ligand for the PD-1 receptor. As shown in  

Figure 149, PD-L1 is expressed on type II macrophages, MDSC and the tumor itself. It plays a 
major role in the process of immune-evasion by tumors. 
 

 
Figure 149: Mechanism of evading the immune system. Adapted from [265] 

 
The expression of PD-L1 has been associated with bad prognosis and high aggressiveness [269] 
but also has predictive value in many (but not all) types of cancer [270].  
 
Therapy targeting PD-L1 have also emerged and are in phase I clinical trials (BMS 936559, 
MPDL3280A), showing encouraging results [271,272]. 
Despite the strong contribution of these anti-immune checkpoints in the treatment of 
advanced cancers, 32-38% of patients treated with agents blocking the PD-1 / PD-L1 pathway 
will develop progressive disease [273] . 
The search for biomarkers and strategies to increase the response efficiency of these 
therapies remains a real challenge in the treatment of advanced cancers [274]. 
 
To date, no predictive biomarker for the efficacy of anti-PD-1 / PD-L1 therapies has been 
clearly and consensually identified. The search for tumor expression of PD-L1 in 
immunohistochemistry (IHC) has been proposed but does not seem to be the most 
appropriate for various reasons (choice of antibodies, availability of biopsies, spatio-temporal 
heterogeneity of PD-L1 expression, expression of other PD-1 ligands such as PD-L2). However, 
imaging PD-L1 non-invasively, using an antibody coupled to a fluorochrome or radioelement, 
seems to be the most promising way for obtaining a biomarker much more effective and 
reliable than the staining of PD-L1 by IHC. In addition, coupling these anti-PD-L1 antibodies 
with a cytotoxic agent may prove to be an interesting therapeutic strategy since they would 
target both the tumor cells but also immune cells, such as the myléoïdes cells whose role in 
the effectiveness these anti-immune checkpoint has just been shown [275]. We opted for the 
use of antibodies that block the PD-1/PD-L1 system to develop and evaluate their use in 
optical imaging agents.  
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2.5.2 Bioconjugation 
 
Once we had obtained the activated azaBODIPYs (Figure 150) we attempted to conjugate 
those compounds to monoclonal antibodies.  
 
 

 
Figure 150: Activated, ready-to-conjugate azaBODIPYs that were obtained during this thesis 

 
As targets we chose the mice-PD-L1 and mice PD-1; the corresponding antibodies are anti-PD-
L1(BioXcell) and anti-PD-1 (BioXcell) respectively. Both antibodies are IgG-antibodies and were 
coupled using the same conditions: the fluorophores were solubilized in DMSO and then 
reacted with the antibodies in carbonate buffer at pH=9.4 and 37°C. The general procedure is 
shown in Figure 151. 

 
Figure 151: General steps involved in bioconjugation: Conjugation, Purification, Buffer-exchange and 

reconcentration  

The antibodies are shipped in PBS-buffer, which meant they had to be prepared by buffer 
exchange against the correct buffer. All reactions took place at 37°C in the dark at a final 
antibody concentration of 3 mg/mL and a final fluorophore concentration of 200 µM while 
not surpassing a DMSO content of 10%. 
Test-runs on 100 µg of protein were executed for each compound and antibody to determine 
if the chosen protocol is in general viable for this specific antibody/fluorophore combination 
and to establish the individual labelling efficiency of each reaction in order to permit the 
adjustment to amenable degrees of labelling. 
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2.5.2.1 Establishing the protocol and first attempts 

2.5.2.1.1 Bioconjugation of PDITC-activated azaBODIPYs 35 and 67 
 
We attempted bioconjugations with both PDITC activated azaBODIPYs. Just as at almost every 
step during synthesis of that probe AzaBODIPY 35 simply precipitated during our attempt to 
conjugate it to an antibody. This was ultimately the reason for our change in strategy towards 
the boron-functionalization.  
AzaBODIPY 67 was soluble in the conjugation medium and did not precipitate during the 
bioconjugation. Unfortunately, during purification and buffer exchange the conjugate stuck to 
the membrane of the non-stick centrifugation tube which resulted in total loss of the 
conjugate. A second attempt where we used dialysis for reconcentration was not met with 
success either; these failures prompted us to modify the grafting function towards the more 
polar squarate linker.  
 

2.5.2.1.2 Bioconjugation of squarate-activated E-azaBODIPYs 68 and 69 
 
Having obtained the two new squarate-activated compounds 68 and 69 it was straightaway 
clear that they had far superior properties compared to their PDTIC-counterpart: they showed 
no signs of aggregation, were soluble in aqueous media, easily purifiable and stable towards 
hydrolysis. Heartened by the observed properties we repeated the conjugation on test-
batches of anti-PD-L1 and obtained good results for 68. Analysis by MALDI-TOF-Mass 
spectroscopy indicated that the bioconjugation using 5 and 10 equivalents of fluorophore 
overnight led to labelling degrees (DOL) of 0.9 and 2.6 respectively for the anti-PD-L1.  
Using the same procedures we also tested sulfo-azaBODIPY 69. Using again 5 and 10 
equivalents we saw significant differences in labelling efficiency as seen in the DOL of 0.34 for 
10 equivalents of azaBODIPY 69 and no labelling at all for 5 equivalents. 
Although in principle this problem can be overcome by sheer quantity (e.g. reaction with 40 
or 50 equivalents) of azaBODIPY 69 we decided to go ahead with the ammonium-azaBODIPY 
68 as it not only shows better conjugation behavior, but is also easier to handle (far less 
hygroscopic) and possesses better optical properties.  
 
These results in hand we executed a “production-batch” with 1.8 mg of antibody (anti-PD-L1) 
in order to isolate enough conjugate to permit in vitro and in vivo investigations. For the 
production-batch 10 equivalents of fluorophore were employed, resulting in a slightly lower 
DOL of 1.3 in 37% yield. We have no explanation for the lower DOL.  
 

2.5.2.1.3 Synthesis of a fluorophore-control 
 
In order to have a control-antibody for the in vitro investigations and an in vivo proof of 
concept we decided to label the same anti-PD-L1 antibody using cyanine 5 as a reference. For 
this we activated cyanine 5 (provided by Prof. Anthony Romieu) as NHS-ester (Figure 152). 

 
Figure 152: Activation of Cyanine 5 as NHS-ester 
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We followed the activation and verified the resulting compound’s purity by HPLC. The 
activated intermediate 70 was not purified but used for bioconjugation as obtained at its 
reaction-concentration (2*10-2M) and stored between uses at -18°C. No degradation or 
changes in performance were observed over the course of 3 months and approximately a 
dozen freezing-thawing cycles. 
The Cy5-NHS underwent the same conjugation assays as the activated azaBODIPY.  
 
With 10 equivalents of fluorophore we obtained a DOL of 4.9, which is too high to maintain 
good antibody specificity. We therefore opted for the use of 4 equivalents of Cyanine 5 70 
during bioconjugation to aim at our target of approximately 2 molecules of fluorophore per 
antibody. Using 4 equivalents we were able to produce a production batch of Cy5-anti-PD-L1 
with a DOL of 1.3.  
The antibody-conjugates were then used in in vitro tests and an in vivo-proof of concept to 
test if both the choice of antibody and fluorophore are viable candidates for future 
development as molecular platform for antibody-drug conjugates. The results of these tests 
and characterizations are described in more detail in paragraph 2.5.3 and 2.5.4.1. 
 

2.5.2.2 Enlarging the panel: anti-PD-1 and IgG2b-conjugates 
 
For the preclinical study we repeated the anti-PD-L1 conjugation and widened the scope of 
our platform by the addition of a new target, mice PD-1 (the corresponding antibody is anti-
PD-1 (BioXcell)) and rat-IgG2b (BioXCell) as negative isotype control antibody. Both antibodies 
are IgG-antibodies as well and were coupled using the same conditions. For each antibody a 
test-batch of 100 µg was produced to confirm the viability of the previously established 
protocols for both the ammonium-azaBODIPY and the cyanine 5, followed by production 
batches when validated. The results are showcased in Table 16. 
In general we observed good or acceptable reactivity of the azaBODIPY 68 towards all three 
antibodies whereas some weaknesses were observed for the cyanine 5 as the conjugation to 
IgG2b gave low yields. In the cases of anti-PD-L1 and isotype control, the protocol established 
earlier was sufficient for both fluorophores and gave very satisfying results that permitted the 
isolation of sufficient quantities of bioconjugate without alterations to the conjugation 
protocol.  

Table 16: Labelling efficiencies and conjugation yields for the obtained bioconjugates 

Bioconjugate DOL conjugate mass (yield) 
azaBODIPY 68 - anti-PD-L1 2.9 772 µg (43%) 

Cy5 - anti-PD-L1 2.9 1109 µg (62%) 
azaBODIPY 68 - rat-IgG2b 2 349 µg (70%) 

Cy5 - rat-IgG2b 1.9 37 µg (9%) 
azaBODIPY 68- anti-PD-1 1.3 143 µg (25%) 

Cy5 - anti-PD-1 2.7 99 µg (33%) 

 
In case of the anti-PD-1-antibody we suffered several backlashes. The initial tests gave good 
results, followed by production batches that showed very low DOLs (0.34 for 10eq. of 
azaBODIPY 68). Thus we had to adjust the protocol by increasing the number of used 
equivalents from 10 to 15 for the azaBODIPY 68 and the conjugation time from 3.5-4 h to 6 h 
for the cyanine in order to be permit the isolation of at least some bioconjugate.  
We were pleasantly surprised that the DOLs of all 6 conjugated antibodies were centered 
around 2.5 molecules of dye per antibody (with the exception of azaBODIPY-anti-PD-1). 
Moreover, each antibody pair had the same degree of labelling which renders them directly 
comparable.  
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2.5.3 Characterization of in vitro-properties of the obtained bioconjugates 
 
All antibody-conjugates were characterized using MALDI-TOF-mass spectroscopy and UV/Vis 
spectroscopy to analyze their properties and determine the concentration of the conjugates. 
Whereas the cyanine aggregates in PBS when conjugated to the antibodies (as showcased by 
the apparition of an H-Type aggregate [276] with absorption wavelengths of around 590 nm 
compared to the Cy5 maximum of ca 660 nm) this behavior cannot be observed for the 
azaBODIPY. 

 
Figure 153: UV/Vis spectra of fluorophore and PD-L1-bioconjugates in PBS. Depicted spectra are representative 

for all obtained azaBODIPY/cyanine-mAb conjugates. Left: azaBODIPY 68, right: Cy5, top: fluorophore only, 
bottom: bioconjugate. Absorption peak at 280nm is caused by the antibody 

 
Due to the small available quantities of antibody-conjugate we did not perform a full 
photophysical study. 
In absence of stacking interactions, it is however reasonable to assume that the photophysical 
properties of the final conjugates resemble those of the unconjugated compound.  
 

2.5.3.1 Determination of purity and stability of the bioconjugates 
 
Before the preclinical studies we tested all antibody conjugates for purity. 
All conjugates were analyzed by electrophoresis on a sodium dodecyl sulfate polyacrylamide 
gel (SDS-PAGE analysis, 10% acrylamide gel) in non-reducing (loading buffer without 
dithiothreitol (DTT), or reducing conditions (with loading buffer with DTT and heating at 95°C 
during 5 minutes). A PageRulerTM Prestained Protein Ladders, 10 to 180 kDA was used for 
comparison. After protein migration in a running buffer the gels were analyzed on an Odissey 
CLx Infrared Imaging System (LI-COR Biosciences) in pair filter mode (685/700 nm). The 
visualization was followed by Coomassie blue staining during 1 h after which the gels were 
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analyzed again on a Chemidoc XRS+ analyzer (BioRad). Coomassie Brilliant Blue binds 
electrostatically to charged protein complexes. This results in stained spots of proteins that 
allow their detection by UV-Vis absorption. The results of the gel electrophoresis are shown 
in Figure 154. 
 

 
Figure 154: The anti-PD-L1 antibodies uncoupled (NC), coupled with cyanine 5 (Cy5) or azaBODIPY 68 were 
analyzed by electrophoresis on a SDS polyacrylamide gel (SDS-PAGE analysis, 10% acrylamide gel) in non-
reducing (without DTT (dithiothreitol), top panels) or reducing conditions (with heating and DTT, bottom 

panels). The fluorescence analysis of the gels was performed on Odyssey CLx Infrared Imaging System (LI-COR 
Biosciences, left panels) in pair filter mode (685/700 nm). After Coomassie blue staining during 1h, the gels 

were visualized on a Chemidoc XRS+ analyzer (BioRad, right panels). PL: protein Ladders (130, 100, 70, 55, 40, 
35, 25, 15 kDa).  

The gel electrophoresis showed that the both dyes were conjugated to the respective 
antibodies. During electrophoresis the obtained antibody conjugates resolved into bands with 
a mass of approximately 150 kDa in native conditions and two bands of 50 and 25 kDa in 
denaturing conditions; this corresponds to the full length antibody and heavy/light chains 
respectively. Electrophoresis showed that the conjugates were pure and have not been 
degraded during conjugation and purification.  
We were delighted to see that the use of the squarate function for activiation had not only 
resulted in better solubility and good reactivity towards the chosen antibodies: Analysis of the 
gels under denaturing conditions showed that azaBODIPY 68 shows a strong preference for 
heavy-chain conjugation. The control-fluorophore cyanine 5 on the other hand also displays 
some conjugation to the light chain. Conjugation to the heavy chain is less likely to disturb the 
epitope responsible for antibody-antigen recognition and thus preferred.  
 
 
The stability of azaBODIPY 68-PD-L1 conjugate was investigated by incubation of the 
conjugate in mice plasma for up to 48h at 37°C, followed by analysis by electrophoresis using 
native SDS-PAGE gel electrophoresis (Figure 155). 
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Figure 155: Investigation of the Stability of the 68-anti-PD-L1 in mice plasma by electrophoresis on SDS-PAGE 

(7% acrylamide gel) in non-reducing conditions. The fluorescence analysis of the gel was performed on Odyssey 
CLx Infrared Imaging System (LI-COR Biosciences) in pair filter mode (685/700 nm). 1: 68-anti-PD-L1 without 

incubation in mice plasma, 2: mice plasma without 68-anti-PD-L1, 3 to 5: 68-anti-PD-L1 incubated in mice 
plasma during respectively 0, 24 and 48h. 

As is evidenced by the absence of evolution between 0 and 48h the compound is stable in 
mice plasma for at least 48h, making its biological stability very compatible with the relatively 
long timeframes required for antibody-based in vivo investigations.  
 

2.5.3.2 Investigations of affinity and selection of target-cells 
 
In order to check if the anti-PD-L1 conjugate had retained its binding affinity we tested the 
anti-PD-L1 conjugate in flow cytometry analysis against a commercial phycoerythrin-(PE) 
conjugated anti-PD-L1 antibody from BioLegend®. The antibody conjugates were tested on 
two cancer cell lines, the mouse colorectal carcinoma CT26 [277] and mammary carcinoma 
4T1 [278].  

 
Figure 156: Flow cytometry analysis using a commercial PE-conjugated anti-PD-L1 antibody (left) and 

azaBODIPY 68-conjugated anti-PD-L1 (right) on two different cancer cell lines, CT26 (top) and 4T1 (bottom). 
IgG2b-PE and untreated cells were used as negative controls respectively 

This investigation showed that the labelled antibodies had retained an affinity for the PD-L1 
ligand. 
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2.5.4 In vivo investigations 
2.5.4.1 Proof of concept  
 
4 BALB/c mice were injected with 5*106 CT26 cells in the right flank. The xenografts were left 
to grow/mature for 14 days. After two weeks each mice was injected with either 25 µg or 
50 µg of azaBODIPY 68-anti-PD-L1, 25 µg of Cy5-anti-PD-L1 or 0.384 µg free azaBODIPY 68 
(equivalent to 50 µg azaBODIPY 68-anti-PD-L1), followed by observation and imaging over 
48h.  
 
All tested compounds emitted an intense fluorescence signal with accumulation in the tumor 
and distinct pharmacokinetic behaviors that varied for each injected compound. No acute 
toxicity was detected in any of the treated mice. These results alone validate the designed 
azaBODIPYs as in vivo compatible fluorescent imaging probes. 
 

2.5.4.1.1 Anti-PD-L1 conjugate 
When looking at the results obtained using 50 µg of azaBODIPY labelled anti-PD-L1 a clear 
accumulation over the chosen timeframe is visible. The labelled antibody accumulates nicely 
in the xenograft and reaches its maximum concentration at the end of the observation period 
(Figure 157 and Figure 158). 

 
Figure 157:NIR fluorescence images of a subcutaneous CT26 tumor-bearing of BALB/c mouse injected with a 

single dose of 50µg azaBODIPY 68-anti-PD-L1 (imaged from the back) 
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Figure 158: Corresponding fluorescence tumour uptake over time at 1, 5, 24 and 48 h post injection (bottom) 

(Ex/Em filters: 660/710 nm, IVIS Lumina, Perkin Elmer) 

This is desirable in two ways: first this shows that the conjugate exhibits an affinity towards 
the tumor and seems to be biologically stable enough to not be metabolized to a too great 
extent. Secondly, the gradual accumulation permits clearance of unbound or non-specifically 
bound antibody conjugate from the organism which is desirable to remove background noise.  
Unfortunately, no whole-body images could be taken to quantify the body distribution of 
fluorophore (including the organs) due to the fur that covered the rest of the mouse. 

 
Figure 159: Development of absolute fluorescence intensities detected from 1-48h for all injected 

conjugates/compounds. Mice were imaged from the back and the right side. Grey: 1h, red: 5h, blue: 24h, green: 
48h.  

When looking at the development of each type of injected compound the 50 µg injection of 
azaBODIPY-conjugate shows the clearest development over time and gives an overall 
excellent signal. The cyanine 5 does not exhibit an accumulation over time but remains at the 
same (high) fluorescence intensity. When solely the side-view is taken into account the Cy5-
conjugate accumulates strongest at 5h and declines from thereon out. 
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2.5.4.1.2 Conclusions 
 
Other conclusions that can be drawn from this experiment are: 
 

 As visible by the ratio of intensities between the 25 µg azaBODIPY 68-conjugate 
injection and the 50 µg injection shown in Figure 159 the detected fluorescence does 
not scale linearly with the employed quantity of conjugate 
 

 Free azaBODIPY 68 is not an appropriate candidate as a negative control: it shows 
strong fluorescence at all times in the xenograft. No conclusion can be drawn as to 
whether the free azaBODIPY has a preference for the tumor due to possible passive 
transportation mechanisms.  
 

This study served as proof of concept and showed that neither the conjugates, nor the 
unconjugated probe caused acute toxicity in mice. For all cases a strong fluorescence signal 
could be detected which validated the designed fluorophore as in vivo-compatible NIR-
fluorescent probe. 

 
With these results in hand we designed a preclinical study that would use freshly prepared 
anti-PD-L1 conjugate, a correct negative control antibody and add an anti-PD-1 antibody to 
the study. [The syntheses of the antibody-conjugates were described in detail in paragraph 
2.5.2.2.]  
 

2.5.4.2 Preclinical assay 
 
Using the newly obtained antibody-conjugates a preclinical assay was designed using 2-3 mice 
per group (all azaBODIPY-conjugates are conjugates of azaBODIPY 68). The 4 groups were 
prepared as previously and consisted of the following number of subjects: 
 

 3 mice for azaBODIPY-anti-PD-L1 

 3 mice for azaBODIPY-IgG2b 

 3 mice for Cy5-anti-PD-L1 

 2 mice for azaBODIPY-anti-PD-1 
 

To exclude the autofluorescence caused by the food the mice received special non-fluorescent 
food starting 2 weeks prior to the experiment to allow for clearance of “normal” food.  
Aside from the food, nothing was changed in the experimental setup. The mice were injected 
once with 50 µg of antibody-conjugate and imaged after 1h, 6h, 24h and 48h for each group.  
 

2.5.4.2.1 Anti-PD-L1 conjugate 
 
When looking at the fluorescence intensities of azaBODIPY-anti-PD-L1 the same accumulation 
over time is visible that was observed in the proof of concept, reaching a maximum at the end 
of the observation period (48h) (Figure 160). 
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Figure 160: NIR fluorescence images of subcutaneous CT26 tumor-bearing mice at 1, 6, 24 and 48 h after a 

single injection of 50 µg azaBODIPY 68-anti-PD-L1 (Ex/Em filters: 660/710 nm, IVIS Lumina, Perkin Elmer) Right: 
Quantification of fluorescence tumour uptake over time. Results are presented as mean ± SEM, n=3, *p<0,05. 

Radiant efficiencies are also shown in Figure 164 below for direct comparison to other conjugates 

The absolute intensities are in the same range as in the proof of concept, indicating a good 
repeatability of the experiment.  
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2.5.4.2.2 Isotype-control IgG2b conjugate 
 
When mice were treated with the negative control azaBODIPY-IgG2b a strong accumulation 
of fluorescence was detected in the tumors (Figure 161) that surpassed the accumulation 
observed by treatment with azaBODIPY-anti-PD-L1 (The values are compared to each other in 
Figure 164). 
 

 
Figure 161: NIR fluorescence images of subcutaneous CT26 tumor-bearing mice at 1, 6, 24 and 48 h after a 
single injection of 50 µg azaBODIPY 68-IgG2b (Ex/Em filters: 660/710 nm, IVIS Lumina, Perkin Elmer) Right: 

Quantification of fluorescence tumour uptake over time. Results are presented as mean ± SEM, n=3, *p<0,05. 
Radiant efficiencies are also shown in Figure 164 below for direct comparison to other conjugates 

 
The strong accumulation of the azaBODIPY-IgG2b isotype control was unexpected and needs 
to be investigated further. It is possible that the chosen isotype control antibody is 
incompatible with the targeted application of PD-L1 imaging; another clone or subtype may 
provide better results.  
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2.5.4.2.3 Anti-PD-1 conjugate 
 
When the mice were injected with anti-PD-1 conjugate the measured fluorescence intensities 
are far lower than for anti-PD-L1 conjugates and followed a less clear increase over time 
(Figure 162).  
 

 
Figure 162: NIR fluorescence images of subcutaneous CT26 tumor-bearing mice at 1, 6, 24 and 48 h after a 

single injection of 50 µg azaBODIPY 68-anti-PD-1 (Ex/Em filters: 660/710 nm, IVIS Lumina, Perkin Elmer) Right: 
Quantification of fluorescence tumour uptake over time. Results are presented as mean ± standard error n=2. 

Radiant efficiencies are also shown in Figure 164 below for direct comparison to other conjugates 

Interestingly the anti-PD-1 conjugate displays a dual evolvement: both the detected 
fluorescence intensity evolves over time as well as its localization in the xenograft.  
As shown in section 2.5.1 the PD-1 receptor is not expressed by the cancerous cells but by 
cells of the recruited immune system (T-lymphocytes, B-cells, macrophages etc.). The degree 
of recruitment varies from tumor to tumor (which is why the left mouse in Figure 162 did not 
display any fluorescence accumulation) and can be inhomogenous inside of a single tumor.  
 
For the comparison of measured absolute fluorescence intensities of the anti-PD-1 conjugate 
and the anti-PD-L1 conjugate the fluorescence intensities have to be corrected for the 
respective DOLs of 1.3 (anti-PD-1 conjugate) compared to the 2.9 for the anti-PD-L1 conjugate. 
When the detected fluorescence intensity is multiplied by the factor 2.2 to adjust for the lower 
DOL it becomes clear that the PD-1 antibody accumulates as efficiently in the tumor as the 
anti-PD-L1 conjugate. 
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2.5.4.2.4 Cy5-anti-PD-L1 conjugate 
Images of the 4th group that received Cy5-anti-PD-L1 are shown in Figure 163.  
 

 
Figure 163: NIR fluorescence images of subcutaneous CT26 tumor-bearing mice at 1, 6, 24 and 48 h after a 

single injection of 50 µg Cy5-anti-PD-L1 (Ex/Em filters: 620/660 nm, IVIS Lumina, Perkin Elmer) Right: 
Quantification of fluorescence tumour uptake over time. Results are presented as mean ± SEM, n=3, *p<0,05. 

Radiant efficiencies are also shown in Figure 164 below for direct comparison to other conjugate 

As for the other conjugates the Cy5-anti-PD-L1 conjugate exhibited a strong fluorescence 
signal. The maximum fluorescence intensity is detected after 6h; from there on out the signal 
decreases. The same behavior was observed for the Cy5-conjugate in the first in vivo 
experiment when solely the side-view was taken into account. 
 

2.5.4.2.5 Comparison  
 
The direct comparison of the azaBODIPY-anti-PD-L1 results to the other used antibodies shows 
a clear accumulation behavior for each azaBODIPY-conjugated antibody whereas the Cy5 
conjugate reaches its maximum after 6h and decreases afterwards (see Figure 164).  

 
Figure 164: comparison of fluorescence accumulation over time for each cohort. JPL indicates use of azaBODIPY 

72 as fluorophore 
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The Cyanine 5 conjugate shows the strongest absolute fluorescence. This however has to be 
viewed in conjunction with the optic properties of the Cyanine 5 which displays a higher 
brightness than azaBODIPY 68 (Cyanine 5 has a very high molar absorption coefficient of 
ε=134 000 M-1 cm-1 and a quantum yield of 14% in PBS [279] . This results in a brightness of 
18 800 M-1 cm-1, compared to 2 800 M-1 cm-1 in PBS for azaBODIPY 68). We have no 
information as to whether the decrease of Cy5-fluorescence is caused by elimination of the 
Cy5-antibody from the tumor, elimination of Cy5 from the antibody (unstable conjugate) or if 
the Cyanine 5 is simply degraded/metabolized over time due to biological influences or 
photobleaching (the mice are not kept in the dark).  
 

2.5.4.2.6 Ex-vivo images of organs 
 
At the end of the 48h observation period the mice were euthanized and the organs extracted 
and imaged by fluorescence to obtain insight into the organ-distribution of the investigated 
compounds (Figure 165). 
 

 

 
Figure 165: quantification of uptake of azaBODIPY 68-anti-PD-L1 (Ex/Em filters: 660/710 nm) and Cy5-anti-PD-
L1 (Ex/Em filters: 620/660 nm) in organs collected 48h p.i. via ex vivo NIR fluorescence. Mice received a single 
injection (50 µg) of azaBODIPY-68-anti-PD-L1 or Cy5-anti-PD-L1. Results are presented as mean ± SEM, n=3, 

*p<0,05; **p<0.01 and ***p<0.001. B and C: Tumor/blood ratio (B) and tumor/organ ratio (C) of azaBODIPY-
68-anti-PD-L1 and Cy5-anti-PD-L1 uptakes. Results are presented as mean ± SEM, n=3, **p<0,01 
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When azaBODIPY/Cy5-anti-PD-L1 are directly compared as shown in Figure 165 both 
compounds show distinct biodistributions: whereas the azaBODIPY conjugate is mainly found 
in the tumor, lungs and liver and to a high degree also in the kidneys; the Cy5-conjugate shows 
smaller tumor uptake and a preference for the liver combined with a high elimination through 
the urine (thus involving the kidneys and bladder).  
Most importantly we were able to show that the azaBODIPY-conjugate displays a significantly 
higher tumor uptake than the Cy5-conjugate as well as a better tumor to organ distribution 
ratio after 48h. While the second is a very positive finding for pure imaging applications 
(reduced background noise) the higher tumor uptake is an excellent result for the 
development of trackable antibody-drug-conjugates (ADC). As the final goal of this project is 
the development of a multifunctional platform for the conception of trackable therapeutic 
agents (theranostic) the accumulation of antibody in the target tissue needs to be as high as 
possible in order to achieve good results. (Strictly speaking the fluorophore-antibody 
conjugates are already theranostics themselves since the antibody by itself will already have 
a therapeutic effect: by blocking the PD-L1 ligand it prevents or limits evasion of the host’s 
immune system by the tumor). 
 

2.5.4.3 Conclusion 
 
Using azaBODIPY 68-antibody conjugates we were able to perform a proof of concept and a 
preliminary study on mice. In both studies no acute toxic effects were observed, both for the 
conjugates as well as the free azaBODIPY. All tested conjugates displayed a strong 
fluorescence signal in vivo which validated the chosen synthetic pathway and the resulting 
probe for further preclinical studies. The higher tumor uptake compared to the Cy5-
conjugates showcases the positive contribution that both the developed platform-approach 
in general as well as the developed probe specifically have brought to the field. 
 

2.6 Summary and Outlook 
 

2.6.1 Summary 
 
In the second part of this thesis I investigated the development of azaBODIPY-based molecular 
platforms, their functionalization and application for optical imaging in biological systems.  
Three systems were investigated: 1,7-di(phenol)-3,5-di(phenyl)azaBODIPY 30, 
di(bromophenyl)-di(methoxyphenyl)-azaBODIPYs 48 and 52 and 1,7-di(phenyl)-3,5-
di(methoxyphenyl)-azaBODIPY 44.  
The synthetic know-how for their synthesis up to 5-10 g scale was successfully acquired and 
applied following procedures that are published in the scientific literature. Following the 
successful synthesis at multi-gram scale each system was modified in order to obtain a 
functionalizable, molecular platform.  
Inspired by O’Shea’s works, we investigated the functionalization of the hydroxy-group of 
azaBODIPY 30 in order to obtain a bioconjugable azaBODIPY that can be grafted onto 
antibodies. I successfully synthesized and characterized the desired compound 35; due to very 
unfavorable solubility as well as photophysical properties in common solvents and especially 
in aqueous solution, we investigated the functionalization of the azaBODIPY’s boron atom to 
increase the compounds solubility in water. Due to recurrent problems with hydroxy-
azaBODIPY, we decided to investigate the feasibility of an entirely boron-based 
functionalization strategy; including desymmetrization, hydrosolubilization and vectorization 
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of the selected azaBODIPY. Towards that end we first turned our attention towards the 1,7-
di(bromophenyl)-3,5-di(methoxyphenyl)-azaBODIPY 48, followed by the final system 1,7-
di(phenyl)-3,5-di(methoxyphenyl)-azaBODIPY 44.  
 
Using the bromine-substituted compound 53 a synthetic protocol was established that uses 
alkyne-Grignard agents and grants access to azaBODIPYs that are fully functionalizable, can 
(and have been) desymmetrized using two different carboxylic acids and possess excellent 
photophysical properties. 
Next, the same transformations were executed for the 1,7-di(phenyl)-3,5-di(methoxyphenyl)-
azaBODIPY 44. Following the protocol that I established on the bromine substituted derivate 
I successfully synthesized azaBODIPYs that possess two functionalities on the substituent 
attached to the boron atom. 
 
Using this versatile approach, I was able to synthesize three water-soluble, bioconjugable 
azaBODIPYs (67-69), two of which display excellent optical properties, are water-soluble and 
do not stack in aqueous solution.  
The successful syntheses of these derivates and the properties that they displayed validated 
several hypotheses that we had when we decided to use the boron-functionalization 
approach: the spectral properties of the selected azaBODIPYs are not changed by the 
introduction of aliphatic alkyne substituents and can thus been chosen beforehand. The 
functionalization of the boron atom also successfully prevented stacking of the dyes whereas 
the use of hydrosolubilizing groups rendered the azaBODIPYs soluble in aqueous solution.  
 
I therefore managed to synthesize a new class of multifunctional, water-soluble molecular 
platform. The platform itself fulfills the task of being trackable by optical fluorescence imaging 
as it strongly absorbs and emits in the NIR I region. They also possess two versatile functions 
that I used during my thesis for the introduction of a water-solubilizing moiety 
(trimethylammonium and propane sultone betaine) and a grafting function+vector.  
 
The finished platforms were then conjugated to three different antibodies (anti-PD-L1, anti-
PD-1 and IgG2b) using the uncommon diethylsquarate as grafting function. 
We found that the synthesized probes showed a strong preference for (desirable) heavy chain 
labelling, retained recognition of the PD-L1 antigen as we determined by flow cytometry and 
remained stable in mice plasma for at least 48h.  
Using the newly obtained bioconjugates we executed a proof of concept as well as a 
preliminary preclinical study on BALB/c mice that showed that 

- the bioconjugates showed no acute toxicity 
- the bioconjugates exhibited strong fluorescence in vivo  
- remained stable during the observation period of 48h 
- showed distinct biodistributions that differed from the Cy5-conjugate. 

Additionally, we were able to obtain information about the biodistribution of the anti-PD-L1 
conjugates.  
Using the boron functionalization of azaBODIPYs we were able to develop a molecular probe 
from the initial idea all the way to a preclinical in vivo study.  
 
The concept of the boron-based functionalization was further validated by the synthesis of a 
variety of other molecules (not detailed in this thesis) to assess the versatility of the newly 
developed platform approach by the introduction of other vectors (antibodies as well as small 
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molecular entities such as biotine and folic acid) as well as the symmetrical introduction of 
e.g. two hydrosolubilizing groups to improve the solubility even further ( 
Figure 166).  
 

 

Figure 166:Further exploration of the developed platform 

Starting from having no prior experience with azaBODIPYs in the group my thesis enabled us 
to establish viable synthetic protocols to access multifunctional azaBODIPYs that can be used 
as molecular platforms for a large variety of applications. The presented examples, as well as 
various other azaBODIPYs that were not presented but are currently subject to further studies 
in a variety of projects display the great potential of this approach and its general applicability 
to other azaBODIPY based platform molecules for future investigations. 
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2.6.2 Outlook 
 
Although the synthesized system displays excellent properties in many aspects, it could be 
improved as well as developed further. Several suggestions will be briefly shown in the 
following. 
 
 

2.6.2.1 Additional investigations for the existing system 
 
Using the existing systems several additional properties should be investigated in the future.  
First of all, the LogP/LogD of the obtained dyes should be investigated to obtain an idea of 
their lipophilicity as well as identify desirable properties for future improvements. 
Additionally, all obtained conjugates as well as the unconjugated antibodies should undergo 
an evaluation of their binding affinity to their designated antigen. This should help to interpret 
the data obtained in the in vivo study. 
 
Using the existing probes (azaBODIPY 68 and Cy5 70) new batches of conjugated antibody 
should be produced in order to obtain enough conjugate to execute an in vivo study that 
includes the entire panel of compounds – due to the poor labelling yields that we obtained for 
Cy5-IgG and Cy5-PD-1 we were unable to include these compounds into the in vivo studies. 
Especially the use of Cy5-IgG should yield additional information if the accumulation of 
azaBODIPY-IgG conjugate is caused by the fluorophore or if some property of the IgG causes 
this accumulation.  
 
Additionally it would be interesting to execute tomographic imaging and high resolution 
imaging (e.g. intravital microscopy) of the couple PD-1/PD-L1 to investigate/confirm different 
localization and concentration of each of the two trackable antibodies for CT26-derived 
tumors. 
 
Finally, in the interest of developing a trackable therapeutic agent a study should be 
performed to see if the application of the labelled antibody results in a recruitment of the 
host’s immune system and shrinking of the tumoral masses. If this were the case this study 
would permit to officially relabel the obtained conjugates “theranostics” and also prove their 
value in therapy, as well as studying and monitoring the tumoral progression.  
 

2.6.2.2 Desirable modifications, improvements and future studies 
 
In order to investigate the results obtained for the IgG-conjugate it would be interesting to 
determine if the IgG itself suffers the same fate as the (fluorophore-)labelled antibody. The 
best way to study this would be to use either a tritium (where the tritium replaces a non-labile 
proton) or a 35S-labelled IgG. This could be achieved using labelled amino acids during the 
production of the antibody. The antibodies that are labelled this way behave exactly like the 
unlabeled antibody and could be followed thanks to their radiation. However, this method 
would likely be rather costly. A cheaper way would be to replace labile protons in the finished 
IgG by either T2O or D2O (by incubating or simply storing the antibody in heavy or super heavy 
water). In order to yield useful data a baseline of tritium- or deuterium-loss from the antibody 
to the host’s body would need to be established. T2O would again permit to follow the 
antibody using its radiation, D2O would need to be detected by mass spectrometry.  
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The development and validation of the azaBODIPY-platform during my thesis gave excellent 
results. However, both the results as well as the properties and versatility of the obtained 
compounds can of course be improved even further. 
The first modification should be the use of one of the amine functions for something other 
than hydrosolubilization. Ideally it would serve for hydrosolubilization as well as a second 
function. Possibilities include  

- the introduction of macrocyclic chelating agents (DOTA, NODAGA) in order to 
develop a multimodal imaging agent 

- the introduction of a therapeutic moiety, e.g. metal based therapeutic agents such 
as the gold(I)-phosphine used in the first part of this thesis or agents such as 
doxorubicin, methotrexate and others.  

The development of a multimodal imaging agent would combine the strengths of both 
modalities and enable the development of a tool that could be useful in the clinic both for 
non-invasive imaging to check e.g. tumor progression and during surgery for the development 
of a trackable agent that can be used in fluorescence guided surgery.  
The introduction of a chelating agent in conjunction with radioactive isotopes could serve as 
a trackable therapeutic agent too when therapeutic β--emitters (e.g. 90Y or 177Lu) are used. 
The introduction of therapeutic moieties would permit to transform the azaBODIPY into an 
ADC (and thus again a trackable therapeutic agent). 
The di(bromophenyl)azaBODIPYs should be investigated further in order to identify 
organometallic coupling conditions that yield the desired products – a variety of 
transformations such as Sonogashira cross coupling reactions has been published that 
successfully introduce functions on brominated compounds, hinting at their general 
feasibility.  
 
Last but not least the azaBODIPY-core itself can be modified as well, both to increase the 
functionality even further and to enhance the properties.  
The optical properties could be improved by restricting the rotation of the phenyl substituents 
or the use of totally different azaBODIPYs (such as thiophene fused azaBODIPYs which show 
molar absorption coefficients of 180 000 M-1 cm-1 and quantum yields of up to 85% [213]).  
Both the reduction of the molar mass as well as of the lipophilic character are desirable 
modifications. The synthesis of phenyl-free (unsubstituted) azaBODIPYs is desirable; up until 
now no group has however succeeded in developing this system. The synthesis of alkyl-
substituted azaBODIPYs on the other hand should be possible and could greatly reduce both 
the lipophilic character as well as the molar mass of the resulting dye.  
Finally, with the aim of developing therapeutically active trackable compounds a very simple 
modification would be the introduction of iodine atoms in the 2,6-pyrrolic positions. Iodo- and 
bromo-substituted azaBODIPY have already proven to be excellent 1O2-sensitizers [280]. 
These photosensitizers currently lack solubility in water which limits their usefulness in 
biological systems. Using the strategy that was developed during this thesis to render a strong 
1O2-sensitizer soluble in water could prove valuable. Another modification that would be 
interesting for the development of agents aimed at photodynamic therapy would be a sort of 
“activatable” cytotoxic agent. In our group we have developed ruthenium-based compounds 
that possess no or little cytotoxicity when inactivated. Upon exposure to light these 
compounds turn active and become potent cytotoxic agents [182,281]. Both the iodine-based 
as well as the non-classic photoactivation strategies would permit the development of a 
targeted agent for photodynamic therapy (PDT) that unfold their cytotoxic properties only at 
the intended target, thus reducing the systemic stress that is usually involved in cancer 
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treatments. Additionally, the second approach is oxygen-independent which is especially 
interesting in hypoxic tumors. 
 
As shown in the above paragraphs the methodologies and molecules developed in this thesis 
already possess great potential for current projects. In addition, this thesis provided valuable 
tools for future projects with biomedical orientation that require only minor changes to the 
existing structures. 
 
It is worth noting that three theses have already begun in the team that deal with some of the 
listed approaches and propositions. 
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 General Conclusion 
Molecular imaging is one of the cornerstones of modern medicine. In recent years optical 
imaging has emerged as promising modality for molecular imaging. Optical imaging describes 
a set of techniques that is based on the detection of radiation in the visible and near infrared 
part of the electromagnetic spectrum. 
It has proven its potential in pre-clinical applications and is being developed more and more 
towards clinical use, mainly because of the recent emergence of fluorescence guided surgery. 
Currently the field of optical imaging is dominated by xanthene and cyanine dyes [42,43,48]. 
However, due to their susceptibility to photobleaching and difficult modifiability new and 
different dyes need to be developed towards practical usability. Due to their elaborateness 
most fluorophores lack the potential to be easily modified to suit the specific needs of the 
targeted application. BODIPYs and AzaBODIPYs are a viable alternatives for imaging 
applications due to their favorable optical properties, stability to biological, chemical and 
photophysical influences and most of all due to their easy modifiability.  
 
This thesis sought to explore the potential of this dye-family in order to develop 
multifunctional, fluorescent platforms that can be easily, selectively and site-specifically 
modified at will to influence spectral properties, tune the solubility in aqueous media, and 
serve as probe for biomedical applications and more. 
 
Towards that end two classes of fluorophores were investigated; BODIPY-Cl2 and a variety of 
azaBODIPYs. For each class of dye we selected a specific application for which we planned to 
use the developed compounds. 
 
The BODIPY-Cl2 was explored for its potential in the development of in vitro applications. For 
that we designed a variety of trackable, metal based anti-cancer drugs. The fluorophore 
served as a multifunctional scaffold onto which we selectively added three different 
substituents in varying combinations and positions. The application of the platform-approach 
enabled us to develop 12 gold(I)-based theranostic compounds as well as 8 metal-free agents 
that are all based on the same base structure with relatively little effort. The entirety of the 
developed compounds was then characterized to establish structure-activity relationships for 
each substitutent and its positioning in the molecule. For that all compounds underwent a 
study of their photophysical properties, followed by biological evaluation. Here each 
compound was tested for their antiproliferative properties (IC50) on two murine and one 
human cancer cell line, followed by confocal imaging on all three cell lines for up to 24h. 
Finally, each compounds lipophilic balance was evaluated. Using 11 of the 12 gold(I)-
containing BODIPYs we performed a gold-uptake study on MDA-MB-231 cells to cross-
correlate each property. 
Thus the platform-approach enabled us to synthesize, characterize and evaluate a panel of 20 
BODIPY-based compounds in a short amount of time and identify two to three molecules (4b, 
9, 13) that display very promising activity on breast-cancer cell lines (EMT6, MDA-MB-231) 
and melanoma (B16-F10) as well as good optical properties. 
These compounds will be investigated further in the future to establish their mode of action 
(cytotoxic/cytostatic) and the cellular targets that are affected by treatment with them. 
 
Both the platform itself as well as the idea behind its development are applicable to any 
number of application that requires an easily accessible and highly modifiable fluorescent 
compound.  
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The second system we studied is based on the azaBODIPY-base structure.  
This fluorophore was specifically chosen to develop a multifunctional platform that is 
applicable to in vivo applications. 
Having no prior experience with this class of fluorophore we initially followed the strategy 
established by O’Shea and others [216,218,219,221], i.e. using a diphenol-azaBODIPY (1,7-
di(phenol)-3,5-di(phenyl)-azaBODIPY in our case).  
The choice of our particular fluorophore turned out to be a dismal failure: we successfully 
managed to functionalize the dye following our specific requirements (monofunctionalization, 
presence of a possible handle for a second functionalization, introduction of a spacer and a 
bioconjugation-function). However, the resulting dye 35 and all its preceding derivatives 
displayed very unfavourable solubility and stacking behavior. They were all difficult to purify 
and had unfavorable optical properties. Due to these properties we abandoned the chosen 
functionalization strategy and investigated means to render the dye more soluble in aqueous 
media and less prone to stacking. 
 
The strategy that we selected is based around the introduction of cationic substituents onto 
the boron and was inspired by previous works of Ziessel and Ulrich on BODIPYs (e.g. [114]) 
and has until now been developed very little for azaBODIPYs. Using this approach we 
successfully managed to render the diphenol-azaBODIPY 30 soluble in water.  
For this reason we decided to develop an entirely new strategy that, based on the 
functionalization of the boron atom introduces ALL substituents onto the boron center, thus 
increasing the bulkiness of the fluorophore-faces to prevent any stacking. This approach has 
never been done before. Using this approach we successfully modified two azaBODIPYs, 44 
and 48, and elaborated a large panel of dyes with increasing difficulty of functionalization.  
All functionalizations of the boron atom were developed and optimized for bromine-
substituted compound 48 and then successfully transposed onto the bromine-free azaBODIPY 
44. 
Using this new strategy we managed to develop two entirely water soluble, activated 
azaBODIPYs (68 and 69) that can be conjugated to antibodies. All boron-functionalized 
azaBODIPYs that were developed during this thesis display excellent optical properties and 
are strongly fluorescent in the NIR-I region.  
AzaBODIPY 68 was then successfully conjugated to an anti-PD-L1 antibody as well as several 
others and used both for an in vitro-study, as well as a proof of concept and preclinical study. 
The developed antibody-conjugates were stable for at least 48h in mice plasma. 
In a preclinical study all antibody-conjugates were then tested in mice bearing CT26 
xenografts. All conjugates displayed strong fluorescence emission in the NIR-I region during 
the in vivo study and showed a favorable, very distinct biodistribution without exhibiting any 
acute toxicity.  
 
To conclude, the development of new and innovative tools for optical fluorescence imaging is 
of key interest for future advancements both in the development of imaging agents as well as 
for theranostic applications and tools in fluorescence guided surgery.  
Due to the influence of the fluorophore on the properties of vectorized agents as well as 
trackable therapeutic agents (elimination behavior, specificity, biodistribution,…) the 
fluorophore needs to be an integral part of the molecule from the very beginning.  
This requires highly versatile and stable fluorophores. The platforms that were developed 
during this thesis certainly possess these properties which is why we have high hopes for the 
further application of the developed methodology for future projects.  
Especially since these projects do not need to be limited to biological uses but hold the 
potential for very broad application in a variety of fields.
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 Materials and Methods 
4.1 Materials and Methods 
Unless stated differently, reactions were carried out in technical grade solvents from Carlo 
Erba under normal atmosphere. Dry solvents were non-stabilized, purchased from Carlo Erba 
and dried using a MB-SPS-800 (MBraun) or PureSolv-MD-5 (Inert®). All reagents were 
purchased from SigmaAldrich or ACROS Organics™ and used as received without further 
purification. TOTA-Boc was purchased from Iris Biotech GmbH. Anti-PD-L1 and anti-PD-1 
antibodies were purchased as PBS-solution from BioXCell. Column chromatography was 
carried out using silica gel (SigmaAldrich; 40-63 µm 230-400 mesh 60Å). Analytical thin-layer 
chromatography was performed with Merck 60 F254 silica gel (precoated sheets, 0.2 mm 
thick). Reactions were monitored by thin-layer chromatography, RP-HPLC-MS and 31P-NMR. 
Ion exchange was executed using a DOWEX basic ion-exchange resin. 

 

4.1.1 NMR spectra 
 
(1H, 13C, 11B, 19F) were recorded at 300K on Bruker 300 Avance III, Bruker 500 Avance III or 
Bruker Avance III HD 600 MHz spectrometer (equipped with double resonance broad band 
probes). Chemical shifts are given relative to TMS (1H, 13C), BF3*Et2O (11B), CFCl3 (19F) and were 
referenced to the residual solvent signal. High-resolution mass spectra were recorded on a 
Thermo LTQ Orbitrap XL ESI-MS spectrometer. NMR and Mass-analyses were performed at 
the “Plateforme d’Analyse Chimique et de Synthèse Moléculaire de l’Université de 
Bourgogne” (PACSMUB).  
 

4.1.2 Spectroscopic properties  
 
BODIPYs were characterized using a JASCO V630BIO spectrometer. The steady - state 
fluorescence emission spectra were obtained using a JASCO FP8500 spectrofluorometer. All 
fluorescence spectra were corrected for apparatus response. Relative quantum efficiencies 
were obtained by comparing the areas under the corrected emission spectrum. 
Measurements were performed in DMSO (Sigma Aldrich, spectroscopic grade ≥99.9 %) at 
298K. Rhodamine 6G (Φ = 0.94 in EtOH, λex = 488 nm) was used as the standard. 
UV-Visible absorption spectra of azaBODIPYs were recorded on a Varian Cary 50 scan (single-
beam). Data are reported as absorption maximum wavelength ([λmax] = nm) and molar 
absorption coefficient at the absorption maximum wavelength ([ε] = L mol−1 cm−1). The steady 
- state fluorescence emission spectra of azaBODIPYs were obtained using a HORIBA Jobin Yvon 
Fluorolog spectrofluorometer (software FluorEssence). All fluorescence spectra were 
corrected for apparatus response. Quartz cuvettes (1.5 mL) with a path length of 1 cm were 
used. All solutions were prepared with spectroscopic grade solvents. Three different 
measurements (i.e. different solutions) were performed for each compound. The sample 
concentrations were chosen to obtain a maximum absorbance between 0.3 and 1.0 for UV 
spectra and between 0.035 and 0.1 at excitation wavelength for quantum yield 
measurements. Relative quantum efficiencies were obtained by comparing the areas under 
the corrected emission spectrum. All measurements were performed in DMSO (Sigma Aldrich, 
spectroscopic grade ≥ 99.9 %) and PBS at 298K. Aza-BODIPY 30 (Φ = 0.36 in CHCl3, λex = 670 
nm) was used as the standard. In all Φf determinations, correction for the solvent refractive 
index (η) was applied [DMSO: η = 1.477, CHCl3: η = 1.4459, PBS: η=1.337]. The equation Φx = 
Φst (Ix/Ist) (Ast/Ax) (ηx

2/ηst
2) was used to calculate the quantum yield of the sample, in which 
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Φst is the reported quantum yield of the standard, I is the integrated emission spectrum, A is 
the absorbance at excitation wavelength, and η is the refractive index of the solvent used. The 
X subscript denotes unknown, st denotes standard. 
 

4.1.3 Analytical HPLC  
 
HPLC-MS analyses were performed on a Thermo-Dionex Ultimate 3000 instrument (pump + 
autosampler at 20 °C + column oven at 25 °C) equipped with a diode array detector (Thermo-
Dionex DAD 3000-RS) and a MSQ Plus single quadrupole mass spectrometer equipped with a 
Phenomenex Kinetex® column (2.6 µm C18 100 Å, LC Column 50 x 2.1 mm). 
The employed gradient for analyses is the following: 

Time 
[min] 

% 
H2O + 0.1% 
formic acid 

% 
ACN + 0.1% 
formic acid 

Flow 
[mL/min] 

0 95 5 0.5 
5 0 100 0.5 

6.5 0 100 0.5 
6.6 95 5 0.5 
8.5 95 5 0.5 

8.51 95 5 0.05 
 

4.1.4 Semi preparative chromatography  
 
Semi preparative separations were executed on a HPLC-system from Shimadzu that is 
equipped with 2 LC-20AT pumps, a SPD-20A UV/Vis detector, a FRC-10A fraction collector, a 
SIL-10AP sampler and a CBM-20A control unit. The column was a Shim-Pack GIST 5 µm C18 
10x250 mm column. The gradient (gradient A) that was used for purifications (unless 
mentioned otherwise) is the following: 

Time 
[min] 

% 
H2O+0.1%TFA 

% 
ACN+0.1%TFA 

Flow 
[mL/min] 

0 95 5 5 
10 0 100 5 
13 0 100 5 

13.1 95 5 5 
15 95 5 5 

 

4.1.5 MALDI 
 
Matrix-assisted laser desorption ionization/time of flight (MALDI/TOF) mass spectra were 
obtained on a Bruker DALTONICS Ultra flex II (Bruker Daltonics, Bremen, Germany) mass 
spectrometer using sinapinic acid as matrix (Sigma-Aldrich, St. Quentin Falavier, France). 
 

4.1.6 Determination of cytotoxic properties 
 
5 mM stock solutions were prepared by dissolving the compounds in DMSO. 105 cells were 
seeded in 96-well flat-bottomed microplates (final volume 100 μL per well) and incubated for 
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24h to allow for cell adherence. The medium was then replenished with 100 μL fresh medium 
containing the compounds to be tested at increasing concentrations (final well concentrations 
ranging from 0.5 to 150 μM) at 37°C for 48 h. The cytotoxic activity of compounds and drug 
references was determined using the MTS assay (Promega). The assay is based on the 
reduction of a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] to a colored formazan 
in the presence of an electron coupling reagent (phenazine ethosulfate; PES) and 
NADH/NADPH produced by metabolically active cells. The cells were incubated with MTS for 
3h. The amount of formazan produced is proportional to the cumulated metabolic activity 
present in the well and was detected by measurement of the absorbance at 490 nm on a 
ClarioStar microplate reader. IC50 values (i.e., the concentration causing a half maximum 
response, i.e. either cell death, decrease of metabolic activity or inhibition of mitosis or a 
combination thereof) were calculated using GraphPad Prism 5.0 software. Each treatment was 
performed in three independent experiments. 
 

4.1.7 Determination of logP 
 An isocratic analysis (40 min) was performed by RP-HPLC (Phenomenex Kinetex® 2.6 µm C18 
100 Å, LC Column 30 x 2.1 mm) using an eluent of 35% of [H2O /0.1 % FA] and 65% of [ACN 
/0.1 % FA]. The dead time was determined using formamide. The capacity factor (k) was 
calculated with the equation k = (tr-t0) / t0, in which tr was the retention time and t0 the dead 
time. Benzoic acid, thymol, naphthalene, diphenyl ether and 2,6-diphenylpyridine were used 
as standards. Mean values of three injections were used to calculate the logP 
 

4.1.8 Cell lines and culture conditions 
B16F10, MDA-MB-231, EMT6, CT26 and 4T1 cells were purchased from American Type Culture 
Collection (ATCC, Manassas, VA). The cells were routinely cultured in 75cm2 tissue culture 
flasks (Nunc™) at 37 °C in a humidified, 5% CO2 atmosphere in DMEM supplemented with 10% 
fetal bovine serum (FBS, D. Dutscher). Cells were sub cultured twice weekly using standard 
protocols. 
 

4.2 Synthetic procedures 
4.2.1 BODIPYs 
4.2.1.1 BODIPY-Cl2 (1) 
 
The target compound was synthesized following reported procedures [103]. 

 
 

1H NMR (300 MHz, CDCl3) δ (ppm) = 6.44 (d, J = 4.3 Hz, 2H, Hh), 6.85 (d, J = 4.4 Hz, 2H, Hg), 7.60 – 7.46 (m, 5H, 
Ha,b,c). 
 
11B NMR (96 MHz, CDCl3) δ (ppm) = 0.48 (t, JB-F = 27.9 Hz). 
 
19F NMR (282 MHz, CDCl3) δ (ppm) = -148.24 (q, JF-B = 27.9 Hz). 
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4.2.1.2 (tht)AuCl (2) 
 
1.003g (2.43mmol, 1eq) HAuCl4*xH2O were dissolved in 1.55 mL water and 7.7 mL EtOH, 
followed by the addition of 0.433 mL (5mmol, 2eq) THT and stirring for 15 minutes (formation 
of an off-white precipitate). The suspension was centrifuged and the supernatant discarded. 
The solid was washed using Et2O and sonicated repeatedly until the smell of THT was almost 
imperceptible. The solid was dried to yield 744 mg (2.32 mmol, yield = 96%) of the target 
compound as a grey-white powder.  
 

 
 

1H NMR (300 MHz, C6D6) δ (ppm) = 0.80 (s, vbr, 2H, Ha), 1.04 (s, vbr, 2H, Ha’), 1.98 (s, vbr, 2H, Hb), 2.22 (s, vbr, 2H, 
Hb’) 
 
13C NMR (75 MHz, C6D6) δ (ppm) = 29.9 (s, Ca), 39.6 (s, Cb)  
 

4.2.1.3 2- (Diphenylphosphino)ethylamine-aurichloride (3) 
 
In a glovebox 500 mg (2.18 mmol, 1eq) 2-(diphenylphosphino)ethylamine were placed in a 
schlenktube and dissolved in 4mL (dry) DCM. 699 mg (2.18 mmol, 1eq) (tht)AuCl (2) were 
dissolved in 2mL dry DCM, added to the phosphine-solution and stirred over night at room 
temperature. Upon completion the solvents were evaporated to near dryness. The crude 
product was redissolved in a minute amount of DCM, precipitated twice with Et2O and 
thoroughly dried to obtain 936 mg (2.03 mmol, yield = 93%) of the target compound as a 
white, odorless powder.  

 
 
1H NMR (500 MHz, CDCl3) δ (ppm) = 2.66 (td, J = 10.7, 7.8 Hz, 2H, Hc), 3.15 – 3.01 (m, 2H, Hb), 7.54 – 7.42 (m, 6H, 
Hf,g), 7.67 (dd, J = 13.0, 7.1 Hz, 4H, He). 
 
13C NMR (126 MHz, CDCl3) δ (ppm) = 32.1 (d, JC-P = 37.9 Hz, Cb), 38.8 (d, JC-P = 6.9 Hz, Cc), 129.0 (s, Cd), 129.5 (d, JC-

P = 11.7 Hz, Cg), 132.2 (s, Cf), 133.3 (d, JC-P = 13.3 Hz, Ce). 
 
31P NMR (202 MHz, CDCl3) δ (ppm) = 23.86 

 

4.2.1.4 Compound 4a 
 
137 mg (0.376 mmol, 2eq) gold(I)-phosphine 3, 50 mg (148.4 µmol, 1 eq) Dichloro-BODIPY 1 
and 105 mg (0.742 mmol, 5 eq) K2CO3 were placed in a 50 mL round bottom flask and put 
under argon. 15 mL dry ACN were added and the reaction heated under reflux for 26h. 
The solvents were evaporated and the crude product was purified by column chromatography 
(eluent: Hexane/Et3N to Hexane/EtOAc/Et3N 97/360/40/3). After evaporation of solvents 
under reduced pressure the product was precipitated from DCM/pentane to yield 95 mg 
(123.9 µmol, 84%) of 4a as an orange solid. 
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1H NMR (500 MHz, DMSO-d6) δ (ppm) = 1.48 (d, J = 9.7 Hz, 2H, Hv), 3.11 (td, J = 10.2, 5.9 Hz, 2H, Hq), 3.72 (s, 2H, 
Hp), 6.20 (d, J = 3.7 Hz, 1H, Hm), 6.24 (d, J = 3.8 Hz, 1H, Hk), 6.52 (d, J = 5.1 Hz, 1H, Hg), 6.95 (d, J = 5.1 Hz, 1H, Hh), 
7.48 – 7.44 (m, 2H, Hc), 7.54 – 7.50 (m, 3H, Hb, Ha), 7.59 – 7.54 (m, 6H, Hu, Ht), 7.83 – 7.77 (m, 4H, Hs), 8.57 (t, J = 
7.0 Hz, 1H, Ho) 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 6.0 (d, J = 87.6 Hz, Cv), 27.4 (d, J = 30.2 Hz, Cp), 41.1 (d, J = 10.5 Hz, Cq), 
111.8 (s, Cg), 114.3 (s, Cm), 117.5 (s, Ch), 126.0 (s, Ci, Cj), 127.0 (d, J = 6.3Hz, Cw), 128.3 (s, Ce), 128.5 (s, Ck), 129.2 
(s, Ca), 129.4 (d, J = 10.8 Hz, Cu), 130.1 (s, Cb), 130.3 (d, J = 51.7 Hz, Cr), 131.1 (s, Cd), 131.7 (d, J = 1.8 Hz, Ct), 133.2 
(d, J = 13.3 Hz, Cs), 133.3 (s, Cf), 133.6 (d, J = 1.9 Hz, Cn), 135.7 (s, Cc). 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.65 (t, J = 32.7 Hz) 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -144.36 (q, J = 32.7 Hz) 
 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = 32.46 
 
HR-MS (ESI): calculated for C31H26Au1B1Cl1F2N4P1Na1 [M+Na]+ 789.12025; found 789.12025 

 

4.2.1.5 Compound 4b 
 
173 mg (0.376 mmol, 1.2 eq) of gold(I)-phosphine 3, 106 mg (0.314 mmol, 1eq) of BODIPY 1 
and 203mg (1.47mmol, 5eq) K2CO3 were placed in a 50 mL round bottom flask and put under 
argon. 15 mL dry THF were added and the reaction was refluxed for 70 minutes. The solvents 
were evaporated and the crude product was purified by column chromatography on silica gel 
using hexane/EtOAc/Et3N (90/10/3 to 70/30/3) as eluent. After evaporation of the solvents 
under reduced pressure the crude product was dissolved in CH2Cl2 and crushed out with 
pentane to yield 218 mg (285.74 µmol, yield = 91%) of 4b as an orange solid. 

 
1H NMR (500 MHz, DMSO-d6) δ (ppm) = 3.17 (ddd, J = 11.7, 7.8, 5.1 Hz, 2H, Hq), 3.71 (s, 2H, Hp), 6.19 (d, J = 3.8 
Hz, 1H, Hm), 6.24 (d, J = 3.8 Hz, 1H, Hk), 6.57 (d, J = 5.1 Hz, 1H, Hg), 6.96 (d, J = 5.1 Hz, 1H, Hh), 7.47 – 7.43 (m, 2H, 
Hc), 7.54 – 7.50 (m, 3H, Hb, Ha), 7.63 – 7.55 (m, 6H, Hat, Hu), 7.84 – 7.78 (m, 4H, Hs), 8.58 (t, J = 5.9 Hz, 1H, Ho) 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 27.4 (d, J = 36.1 Hz, Cp), 41.2 (d, J = 9.7 Hz, Cq), 111.8 (s, Cg), 114.4 (s, 
Cm), 117.5 (s, Ch), 126.0 (s, Ci, Cj), 128.4 (s, Ce), 128.5 (s, Ck), 128.9 (d, J = 60.7 Hz, Cr), 129.2 (s, Ca), 129.4 (d, J = 
11.6 Hz, Cu), 130.1 (s, Cb), 131.1 (s, Cd), 132.1 (d, J = 2.3 Hz, Ct), 133.2 (d, J = 13.5 Hz, Cs), 133.3 (s, Cf), 133.7 (s, Cn), 
135.8 (s, Cc),  
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.64 (t, J = 32.7 Hz) 
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19F NMR (470 MHz, DMSO-d6) δ (ppm) = -144.48 (q, J = 32.7 Hz) 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = 24.32 (s) 
 
HR-MS (ESI): calculated for C29H24Au1B1Cl2F2N3P1Na1 [M+Na]+ 784.07037; found 784.07020 

 
Variation a)  
164 mg (0.356mmol, 3eq) gold(I)-phosphine 3, 41 mg (0.119 mmol, 1eq) Dichloro-BODIPY 1 
and 102 mg (1.187 mmol, 10eq) NaHCO3 were placed in a 50mL round bottom flask and put 
under argon. 15 mL dry ACN were added and the reaction refluxed for 70min. 
The solvents were evaporated and the crude product was purified by column chromatography 
(Hexane+3%Et3N  Hexane 6 : 4 EtOAc+3%Et3N). After evaporation of solvents under reduced 
pressure the product was precipitated from DCM/pentane to yield 76.5 mg (yield = 84%) 
of 4b as an orange solid. 
 

4.2.1.6 methyl 4- (di (1H-pyrrol-2-yl)methyl)benzoate (5) 
 
68 mL of freshly distilled pyrrole were placed into a 500 mL round-bottom flask and degassed 
with N2. 4 g (24.37 mmol, 1eq) methyl-4-formylbenzoate was added, followed by 0.1mL 
(2.4mmol, 0.1eq) TFA. The reaction was stirred under N2 for 1h. 
The solvents were evaporated to yield a violet-white precipitate. The precipitate was 
solubilized in DCM, precipitated by addition of heptane and filtered over a glass frit.  
If the filtrate still contains particles the solvents were removed under reduced pressure, the 
resulting solid was resolubilized in MeOH, precipitated with heptane and filtered off to yield 
4.9406g (17.62 mmol, yield = 72%) of the target compound as a white to off-white solid. 

 
1H NMR (300 MHz, CDCl3) δ (ppm) = 3.91 (s, 3H, Ha), 5.53 (s, 1H, Hg), 5.90 (t, 3J = 2.7 Hz, 2H, Hi), 6.16 (dd, 3J = 5.9, 
4J = 2.7 Hz, 2H, Hj), 6.72 (dd, 3J = 4.0 Hz, 4J = 2.6 Hz, 2H, Hk), 7.29 (d, 3J = 8.1 Hz, 2H, He), 7.98 (d, 3J = 8.4 Hz, 2H, 
Hd) 
 
13C NMR (75 MHz, CDCl3) δ (ppm) = 44.2 (s, Cg), 52.3 (s, Ca), 107.7 (s, Ci), 108.3 (s, Cj), 117.2 (s, Ck), 128.5 (s, Ch), 
129.1 (s, Cc), 130.1 (s, Cd), 131.7 (s, Ce), 143.6 (s, Cf), 167.0 (s, Cb). 

 

4.2.1.7 1,1’-Dichloro-5- (4- (methoxycarbonyl)phenyl)dipyrromethane 
 
4.74 g (16.9 mmol, 1 eq) dipyrromethane (5) were placed into a round-bottom flask and 
dissolved in 50 mL THF. The solution was degassed and cooled to -78°C. 4.95 g (37.2 mmol, 
2.2 eq) NCS were suspended in several mL of THF and added to the reaction mixture. The 
reaction was stirred at -78°C for 1 h, let to heat up to room temperature and stirred for 
another 3 h. The reaction was quenched by addition of 60mL of water and extracted thrice 
with DCM. The organic layers were combined, dried over anhydrous MgSO4 and solvents 
removed under reduced pressure to yield the target-compound as a black solid that was 
directly engaged in the next step. 
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4.2.1.8 1,1’-Dichloro-5- (4- (methoxycarbonyl)phenyl)dipyrromethene (6) 
 
The crude product was dissolved in 200 mL dry DCM. 4.61 g (20.28 mmol, 1.2 eq) DDQ was 
added and the solution stirred overnight. Once TLC indicates completion (product is unstable 
on TLC!) the solvents were removed and the crude product purified by column 
chromatography using an eluent of heptane: EtOAc 100%--> 9:1. Product fractions were 
collected, evaporated to dryness and precipitated from hot DCM by addition of pentane. 
5.12 g (14.75 mmol, yield = 87% over two steps) of the target compound were isolated as red-
fluorescent crystals. 
 

 
 
1H NMR (300 MHz, CDCl3) δ (ppm) = 3.97 (s, 3H, Ha), 6.26 (d, 3J = 4.3 Hz, 2H, Hj), 6.46 (d, 3J = 4.3 Hz, 2H, Hi), 7.51 
(d, 3J = 8.5 Hz, 2H, He), 8.12 (d, 3J = 8.5 Hz, 2H, Hd) 
 
13C NMR (75 MHz, CDCl3) δ (ppm) = 52.5 (s, Ca), 117.5 (s, Cj), 129.2 (s, Ci), 130.0 (s, Ce), 130.9 (s, Cc), 131.1 (s, Cd), 
138.3 (s, Cf), 138.5 (s, Cg), 140.2 (s, Ch), 142.5 (s, Ck), 166.7 (s, C, Cb) 
 

4.2.1.9 BODIPY 7 
 

2.3422 g (6.75 mmol, 1 eq) dipyrromethene 6 was dissolved in 180mL dry DCM. 2.1 mL 
(14.85 mmol, 2.2eq) Et3N and 4mL 48wt%-BF3*Et2O were added and the mixture stirred for 
24h at room temperature. The reaction mixture was extracted thrice with water and the 
organic fractions dried over anhydrous MgSO4. After removal of solvents under reduced 
pressure the compound was purified by column chromatography on silica gel (gradient 
heptane 99 : 1 EtOAc  heptane 1 : 4 EtOAc). The collected fractions were evaporated, the 
obtained solid was precipitated once from DCM/pentane to obtain 2.1976 g (5.56 mmol, 
yield = 82%) of the desired compound as a dark red- green metallic powder. 
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1H NMR (300 MHz, CDCl3) δ (ppm) = 3.99 (s, 3H, Ha), 6.45 (d, J = 4.3 Hz, 2H, Hj), 6.79 (d, J = 3.9 Hz, 2H, Hi), 7.57 (d, 
J = 8.5 Hz, 2H, He), 8.19 (d, J = 8.5 Hz, 2H, Hd) 
 
13C NMR (75 MHz, CDCl3) δ (ppm) = 52.7 (Ca), 119.5 (Cj), 129.8 (Ce), 130.6 (Cc), 131.5 (Ci), 132.5 (Ch), 133.7 (Cd), 
136.7 (Cg), 142.4 (Cf), 145.9 (Ck), 166.2 (Cb) 
 
11B NMR (96 MHz, CDCl3) δ (ppm) = 0.46 (t, JB-F = 27.7 Hz) 
 
19F NMR (282 MHz, CDCl3) δ (ppm) = -148.17 (q, JF-B = 27.7 Hz) 
 
HR-MS (ESI): calculated for C17H11B1Cl2F2N2O2Na1 [M+Na]+ 417.01509; found 417.01396 

 

4.2.1.10 Compound 8 
 
0.5 g (1.27 mmol) BODIPY 7 were placed into a 100 mL round-bottom flask and dissolved in 
THF (20mL). 20mL 3M HCl were added and the mixture refluxed for 60h. Upon completion the 
solvents were removed under reduced pressure. The crude product was purified by column 
chromatography (eluent: DCM  DCM/MeOH 95 : 5). The product fractions were combined 
and the solvents evaporated. The product was precipitated from DCM/pentane to obtain 
0.2603 g (0.686 mmol, yield = 54%) of the target compound as a dark red solid. 
 

 
 
1H NMR (500 MHz, DMSO-d6) δ (ppm) = 6.80 (d, 3J = 4.6 Hz, 2H, Hi), 7.08 (d, 3J = 4.4 Hz, 2H, Hh), 7.76 (dt, 3J = 
8.5Hz, 4J =3.5 Hz, 2H, Hd), 8.12 (dt, 3J = 8.5Hz, 4J =3.5 Hz, 2H, Hc). 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 119.7 (Ci), 129.2 (deprotonated form, Cd), 129.4 (Cd), 130.5 
(deprotonated form, Cc), 131.0 (Cc), 132.8 (Ch), 133.0 (Cg), 133.1 (Cf), 135.4 (Cb), 143.1 (Ce), 143.9 (Ck), 166.7 (Ca), 
167.1 (Ca, deprotonated form). 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.30 (t, JB-F = 28.1 Hz). 
 
 19F NMR (470 MHz, DMSO-d6) δ (ppm) = -145.75 (q, JF-B = 28.0 Hz). 
 
HR-MS (ESI): calculated for C16H9BCl2F2N2O2Na [M+Na]+ 402.99944; found 403.00080 
 

4.2.1.11 BODIPY 8-acyl chloride 
 
51 mg (0.13 mmol, 1eq) of BODIPY 8 and 73 mg (50.3 mmol, 4eq) of K2CO3 were placed into a 
50 mL round bottom flask and dissolved in 30 mL DCM under argon. 23 µL (0.26 mmol, 2eq) 
of oxalyl chloride were added, followed by a droplet of DMF. The reaction was stirred at room 
temperature for 45min. The solvents were evaporated under reduced pressure to yield the 
target compound quantitatively as a pink solid. The crude product was directly engaged in the 
next reaction without any further purification. 
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1H NMR (300 MHz, CDCl3) δ (ppm) = 6.47 (d, 3J = 4.4 Hz, 2H, Hi), 6.77 (d, 3J = 4.1 Hz, 2H, Hh), 7.66 (d, 3J = 8.6 Hz, 
2H, Hd), 8.28 (d, 3J = 8.6 Hz, 2H, Hc) 
 
11B NMR (96 MHz, CDCl3) δ (ppm) = 0.45 (t, JB-F = 27.6 Hz) 
 
19F NMR (282 MHz, CDCl3) δ (ppm) = -148.14 (q, JF-B = 27.7 Hz) 

 

4.2.1.12 Compound 9 
 
Gold(I)-phosphine 3 (145 mg, 0.315 mmol, 1.2eq), BODIPY 8 (100 mg, 0.26mmol, 1eq) and 
K2CO3 (181 mg, 1.96 mmol, 5eq) were placed in a 20 mL round bottom flask and put under 
argon. 15 mL dry THF were added and the reaction refluxed overnight. The solvents were 
evaporated and the crude product was purified by column chromatography using 
CH2Cl2/MeOH (100:0 to 80:20) as eluent. After evaporation of solvents under reduced 
pressure the product was dissolved in a minimal amount of CH2Cl2 and precipitated by 
addition of pentane to obtain 202.2 mg (208 µmol; yield = 80%) of 9 as a red-orange solid. 

 
1H NMR (500 MHz, DMSO-d6) δ (ppm) = 3.21 – 3.13 (m, 2H, He), 3.78 – 3.65 (m, 2H, Hf), 6.21 (d, J = 3.8 Hz, 1H, 
Hi), 6.25 (d, J = 3.8 Hz, 1H, Hj), 6.61 (d, J = 5.1 Hz, 1H, Hp), 7.01 (d, J = 5.2 Hz, 1H, Ho), 7.63 – 7.53 (m, 8H, Ha,b, Hs), 
7.81 (ddd, J = 13.2, 7.8, 1.5 Hz, 4H, Hc), 8.06 (d, J = 8.3 Hz, 2H, Ht), 8.67 (s, 1H, Hg) 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 27.4 (d, J = 35.6 Hz, Cf), 41.3 (d, J = 11.0 Hz, Ce), 111.9 (s, Cp), 114.9 (s, 
Ci), 117.3 (s, Co), 126.1 (s, Cn, Ck), 127.1 (s, Cm), 128.9 (d, J = 60.7 Hz, Cd), 129.3 (s, Cj), 129.4 (d, J = 11.5 Hz, Ca), 
130.4 (s, Cs), 130.7 (s, Cu), 131.3 (s, Cr), 132.1 (d, J = 2.3 Hz, Cb), 133.2 (d, J = 13.5 Hz, Cc), 133.8 (s, Cq), 135.8 (s, 
Ct), 137.6 (s, Ch), 161.7 (s, Cv),  
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.64 (t, J = 32.4 Hz) 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -144.38 (q, JF-B = 32.3 Hz) 
 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = 24.33 
 
HR-MS (ESI): calculated for C30H24Au1B1Cl2F2N3O2P1Na1 [M+Na]+ 828.06020; found 828.06136 
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4.2.1.13 Compound 10 
 
The crude acyl chloride of 8 was redissolved in 10 mL CH2Cl2 and 60.4 mg (0.131 mmol, 1eq) 
of gold(I)-phosphine 3 was added. The resulting solution was stirred for 100 min at room 
temperature, the solvents were evaporated and the crude product purified by column 
chromatography on silica gel, using CH2Cl2/MeOH (100:0 to 99.2:0.8) as eluent. The solvents 
were removed under reduced pressure and the product dissolved in a minimal amount of 
CH2Cl2, followed by precipitation with pentane to yield pure 10 (60.1 mg, 71.5 µmol, 
yield = 55%) as a pink-orange solid. 
 

 
 
1H NMR (500 MHz, CDCl3) δ (ppm) = 2.96 (dt, 3J = 10.6, 4J = 6.5 Hz, 2H, Hn), 3.81 (dq, 3J = 17.2, 3J = 6.4 Hz, 2H, Hm), 
6.45 (d, 3J = 4.4 Hz, 2H, Hb), 6.80 (d, 3J = 4.3 Hz, 2H, Hc), 6.96 (t, 3J = 5.8 Hz, 1H, Hk), 7.55 – 7.46 (m, 8H, Hg, Hq, Hr), 
7.71 (ddd, J = 13.2, 8.0, 1.5 Hz, 4H, Hp), 7.90 (d, 3J = 8.3 Hz, 2H, Hh) 
 
13C NMR (126 MHz, CDCl3) δ (ppm) = 28.5 (d, J = 38.5 Hz, Cm), 36.6 (d, J = 3.5 Hz, Cn), 119.4 (s, (Cb), 127.5 (s, Cc), 
128.6 (d, J = 61.4 Hz, Co), 129.7 (d, J = 11.8 Hz, Cr), 130.7 (s, C), 130.8 (s, Cg), 131.6 (s, Ch), 132.5 (d, J = 2.6 Hz, Cq), 
133.4 (d, J = 13.3 Hz, Cp), 133.7 (s, Cd, Ce), 135.7 (s, Ci), 142.4 (s, Cf), 145.8 (s, Ca), 166.7 (s, Cj). 
 
11B NMR (160 MHz, CDCl3) δ (ppm) = 0.46 (t, JB-F = 27.7 Hz). 
 
19F NMR (470 MHz, CDCl3) δ (ppm) = -148.10 (q, J = 27.8 Hz). 
 
31P NMR (202 MHz, CDCl3) δ (ppm) = 23.47. 
 
HR-MS (ESI): calculated for C30H23Au1B1Cl3F2N3O1P1Na1 [M+Na]+ 848.02337; found 828.02495 

 

4.2.1.14 Compound 11 
 
100 mg (0.262 mmol, 1 eq) of BODIPY 8 were placed in a round bottom flask and dissolved in 
10 mL DCM. 45 µL (0.524 mmol, 2 eq) oxalyl chloride were added, followed by a droplet of 
DMF. The reaction was stirred at room temperature for 1h before evaporation to dryness. The 
solid was redissolved in 10 mL THF. 181 mg (1.31 mmol, 5 eq) of K2CO3 and 254 mg 
(0.551 mmol, 2.1eq) of gold(I)-phosphine 3 were added and the reaction refluxed for 80 min. 
Upon total consumption of the BODIPY starting material the solvents were evaporated and 
the product was purified by column chromatography on silica gel, using as eluent 
CH2Cl2/MeOH (99:1). The product fractions were collected, and evaporated to dryness. The 
product was dissolved in a minimal amount of CH2Cl2 and crushed out with pentane twice to 
yield 11 (305 mg, 243.7 µmol, yield = 93%) as an orange powder. 
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1H NMR (500 MHz, DMSO-d6) δ (ppm) = 3.09 (dt, J = 11.0, 7.0 Hz, 2H, Hy), 3.17 (dd, J = 15.9, 11.4 Hz, 2H, He), 3.58 
(dt, J = 20.3, 6.7 Hz, 2H, Hx), 3.80 – 3.65 (m, 2H, Hf), 6.20 (d, J = 3.9 Hz, 1H, Hu), 6.26 (d, J = 3.8 Hz, 1H, Ht), 6.65 – 
6.59 (m, 1H, Hp), 6.96 (t, J = 5.6 Hz, 1H, Hq), 7.50 (d, J = 8.3 Hz, 2H, Hk), 7.63 – 7.53 (m, 12H, Ha,b), 7.85 – 7.77 (m, 
8H, Hc), 7.89 (d, J = 8.3 Hz, 2H, Hj), 8.70 – 8.62 (m, 1H, Hw), 8.86 (t, J = 5.6 Hz, 1H, Hg) 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 26.4 (d, J = 37.7 Hz, Cf), 27.4 (d, J = 39.3 Hz, Cx), 35.8 (d, J = 6.2 Hz, Ce), 
41.3 (d, J = 10.6 Hz, Cy), 111.9 (s, Cp), 114.8 (s, Cu), 117.3 (s, Cq), 126.1 (s, Cr, Cs), 127.4 (s, Cj), 128.9 (d, J = 60.8 Hz, 
Cd), 129.0 (s, Cn), 129.7 (s, Ct), 129.4 (dd, J = 11.7, 3.5 Hz, Ca), 130.0 (s, Ck), 130.8 (s, Ci), 132.1 (dd, J = 15.5, 2.1 Hz, 
Cb), 133.2 (dd, J = 13.4, 3.5 Hz, Cc), 133.8 (s, Cm), 134.4 (s, Co), 136.1 (s, Cv), 161.7 (s, Ch). 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.63 (t, J = 32.8 Hz). 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -144.40 (q, J = 32.2 Hz) 
 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = 24.52 – 24.13 (m), 25.35 – 24.84 (m) 
 
31P {1H} NMR (202 MHz, DMSO-d6) δ (ppm) = 24.33, 25.09 
 
HR-MS (ESI): calculated for C44H38Au2B1Cl3F2N4O1P2Na1 [M+Na]+ 1273.08413; found 1273.08874 

 
Unwanted byproduct (12) following incomplete removal of excess (COCl)2: 

 
 
1H NMR (300 MHz, CDCl3) δ (ppm) = 1.98 (dt, J = 3.2, 6.3 Hz, 4H, Hn, Hm), 3.64 (ddd, J = 2.3, 3.6, 6.1 Hz, 2H, Ho), 
4.43 (ddd, J = 2.3, 3.5, 6.0 Hz, 2H, Hk), 6.46 (d, J = 4.4 Hz, 2H, Hb), 6.79 (d, J = 4.3 Hz, 2H, Hc), 7.58 (d, J = 8.5 Hz, 
2H, Hg), 8.19 (d, J = 8.5 Hz, 2H, Hh). 
 
11B NMR (96 MHz, CDCl3) δ (ppm) = 0.46 (t, J = 27.8 Hz). 
 
19F NMR (282 MHz, CDCl3) δ (ppm) = -148.18 (q, J = 27.7 Hz). 
 
HR-MS (ESI): calculated for C20H16B1Cl3F2N2O2Na1 [M+Na]+ 493.02329; found 493.02240 

  



Materials and Methods 

174 

4.2.1.15 Compound 13 
 
18 mg (49.6 µmol) β-thioglucose-tetraacetate (1 eq) was dissolved in acetone (1 mL). 49.6 µL 
1M NaOH (1 eq) was added and the resulting solution stirred for 15 min. 40mg (49.6 µmol) 
BODIPY 9 was placed in a separate round bottom flask and dissolved in acetone (5 mL). The 
thioglucose solution was added at once and the reaction stirred for 30 min at room 
temperature. The solvents were evaporated, CH2Cl2 (10 mL) was added, and the supernatant 
separated and evaporated. The resulting crude product was dissolved in a minimal amount of 
CH2Cl2 and precipitated with pentane to obtain the pure target compound as a flaky orange 
powder 51 mg (45.1 µmol, yield = 91%). 

 
1H NMR (500 MHz, CDCl3) δ (ppm) = 1.94 (s, 3H, Had), 1.96 (s, 3H, Had), 2.02 (s, 3H, Had), 2.11 (s, 3H, Had), 2.91 (tdd, 
J = 10.2, 6.6, 3.3 Hz, 2H, Hr), 3.77 (ddd, J = 9.4, 4.9, 2.4 Hz, 1H, Hab), 3.83 (dt, J = 16.1, 7.7 Hz, 2H, Hq), 4.13 (dd, J 
= 12.2, 2.2 Hz, 1H, Hab‘), 4.24 (dd, J = 12.2, 5.0 Hz, 1H, Hz), 5.17 – 5.05 (m, 3H, Hx, Hy, Haa), 5.22 (d, J = 8.7 Hz, 1Hw), 
6.19 (d, J = 3.8 Hz, 1H, Hn), 6.26 (d, J = 4.9 Hz, 1H, Hm), 6.31 (d, J = 3.7 Hz, 1H, Hh), 6.83 (d, J = 4.8 Hz, 1H, Hi), 6.90 
(s, 1H, Hp), 7.62 – 7.37 (m, 8H, Hu,v, Hd), 7.84 – 7.67 (m, 4H, Ht), 8.18 (d, J = 8.0 Hz, 2H, Hc). 
 
13C NMR (126 MHz, CDCl3) δ (ppm) = 20.8 (s, Cad), 20.8 (s, Cad), 20.9 (s, Cad), 21.3 (s, Cad), 29.9 (d, J = 31.7 Hz, Cq), 
41.3 (d, J = 12.3 Hz, Cr), 63.0 (s, Cab), 69.1 (s, Cz), 74.3 (s, Cy), 76.0 (s, Cx), 78.3 (s, Caa), 83.6 (s, Cw), 111.4 (s, Ch), 
113.3 (s, Cn), 120.7 (s, Ci), 129.0 (dd, J = 55.4, 8.0 Hz, Cs), 129.8 (dd, J = 11.4, 6.5 Hz, Cv), 130.2 (s, Cm), 130.3 (s, Ck, 
Cj), 130.6 (s, Cd), 130.9 (s, Cf), 131.5 (s, Ce), 132.4 (dd, J = 8.3, 2.2 Hz, Cu), 133.4 (t, J = 13.9 Hz, Ct), 135.8 (s, Cc), 
139.2 (s, Cg, Co), 161.6 (s, Ca), 169.9 (s, Cac), 170.5 (s, Cac), 170.6 (s, Cac), 171.0 (s, Cac). 
 
11B NMR (160 MHz, CDCl3) δ (ppm) = 0.83 (t, J = 32.7 Hz) 
 
19F NMR (470 MHz, CDCl3) δ (ppm) = -147.78 (s, br) 
 
31P NMR (202 MHz, CDCl3) δ (ppm) = 29.39. (s, br) 
 
HR-MS (ESI): calculated for C44H43Au1B1Cl1F2N3O11P1S1Na1 [M+Na]+ 1156.16633; found 1156.16962 
 

 

4.2.1.16 Compound 15 
 
26.2 mg (72 µmol) β-thioglucose-tetraacetate (1 eq) was dissolved in acetone (1 mL). 
72 µL 1M NaOH (1 eq) was added and the resulting solution stirred for 15 min. 45 mg 
(36 µmol, 1 eq) of BODIPY 11 was placed in a separate round bottom flask and dissolved in 
acetone (5 mL). The thioglucose solution was added at once and the reaction stirred for 
30 min at room temperature. The solvents were evaporated, CH2Cl2 (10 mL) was added, and 
the supernatant separated and evaporated. The resulting crude product was dissolved in a 
minimal amount of CH2Cl2 and precipitated with pentane to obtain the pure target compound 
as an orange powder (62 mg, 32.4 µmol, yield = 90%). 
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1H NMR (500 MHz, DMSO-d6) δ (ppm) = 1.84 (s, 6H, Ha), 1.88 (s, 6H, Ha), 1.96 (s, 6H, Ha), 1.97 (s, 6H, Ha), 3.20 – 
2.99 (m, 4H, Hag, Hn), 3.60 (dt, J = 12.7, 6.9 Hz, 2H, Ho), 3.76 (s, 2H, Haf), 3.99 (dt, J = 5.6, 2.6 Hz, 4H, Hc, Hd), 4.08 
(dd, J = 12.7, 5.7 Hz, 2H, Hc), 4.90 (dt, J = 18.8, 9.6 Hz, 4H, Hg, He), 5.19 (t, J = 9.5 Hz, 2H, Hf), 5.33 (d, J = 9.4 Hz, 
2H, Hh), 6.21 (d, J = 3.8 Hz, 1H, Hac), 6.26 (d, J = 3.8 Hz, 1H, Hab), 6.63 (d, J = 5.1 Hz, 1H, Hw), 6.97 (d, J = 5.1 Hz, 1H, 
Hx), 7.50 (d, J = 8.3Hz, 2H, Hs), 7.61 – 7.54 (m, 12H, Hk,m), 7.92 – 7.81 (m, 10H, Hj, Hs), 8.65 (t, J = 6.4 Hz, 1H, Hae), 
8.81 (t, J = 5.5 Hz, 1H, Hp). 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 20.3 (s, Ca), 20.3 (s Ca), 20.4 (s Ca), 20.8 (s Ca), 26.5 (d, J = 34.1 Hz, Co) 
27.4 (s, Caf), 35.8 (d, J = 8.0 Hz, Cn), 41.3 (d, J = 10.2 Hz, Cag), 62.4 (s, Cc), 68.6 (s, Ce), 73.2 (s, Cf), 74.3 (s, Cg), 77.4 
(s, Cd), 81.8 (s, Ch), 111.9 (s, Cw), 114.5 (s, Cac), 117.3 (s, Cx) 126.1 (s, Cy, Caa), 127.3 (s, Cab), 127.4 (s, Cr), 129.3 (d, 
J = 11.1 Hz, Cm), 129.9 (d, J = 56.6 Hz, Ci), 130.0 (s, Cs), 130.8 (s, Cz), 132.0 – 131.5 (m, Ck), 133.3 – 133.0 (m, Cj), 
133.4 (s, Ct) 133.7 (s, Cu), 134.4 (s, Cv), 136.1 (s, Cad), 161.6 (s, Cq), 165.6 (s, CHCO3-), 169.1 (s, Cb), 169.3 (s, Cb), 
169.5 (s, Cb), 170.0 (s, Cb). 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.62 (t, J = 32.4 Hz) 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -144.45 (q, J = 32.3 Hz) 
 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = 29.66 
 
HR-MS (ESI): calculated for C72H76Au2B1Cl1F2N4O19P2S2Na1 [M+Na]+ 1927.30049; found 1927.30492 
 

4.2.1.17 Compound 16 
 
19.1 mg (52.4 µmol) of β-Thioglucose tetraacetate was dissolved in acetone (1 mL). 52.4 µl of 
1M NaOH (1 eq) was added and the resulting solution stirred for 15 min. 40 mg (52.4 µmol) of 
BODIPY 4b was placed in a separate round bottom flask and dissolved in acetone (5 mL). The 
thioglucose solution was added at once and the reaction stirred for 30 min at room 
temperature. The solvents were evaporated, CH2Cl2 (10 mL) was added and the supernatant 
separated and evaporated. The resulting crude product was dissolved in a minimal amount of 
CH2Cl2 and precipitated with pentane to obtain the pure target compound as a flaky orange 
powder. Yield: 56 mg (50.3 µmol, 96%). 

 
1H NMR (500 MHz, DMSO-d6) δ (ppm) = 1.85 (s, 6H, Hac), 2.00 – 1.94 (m, 6H, Hac), 3.19 – 3.07 (m, 2H, Hq), 3.74 
(ddd, J = 15.3, 12.5, 7.5 Hz, 2H, Hp), 4.03 – 3.96 (m, 2H, Haa, Hz), 4.08 (dd, J = 12.7, 5.8 Hz, 1H, Haa), 4.90 (ps-dt, J 
= 13.2, 9.6 Hz, 2H, Hw, Hy), 5.18 (t, J = 9.5 Hz, 1H, Hx), 5.33 (d, J = 9.4 Hz, 1H, Hv), 6.20 (d, J = 3.8 Hz, 1H, Hm), 6.24 
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(d, J = 3.8 Hz, 1H, Hk), 6.59 (d, J = 5.1 Hz, 1H, Hf), 6.96 (d, J = 5.1 Hz, 1H, Hg), 7.47 – 7.44 (m, 2H, Hc), 7.54 – 7.48 
(m, 3H, Hb, Ha), 7.62 – 7.55 (m, 6H, Hat, Hu), 7.92 – 7.80 (m, 4H, Hs), 8.58 (t, J = 6.2 Hz, 1H, Ho) 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 20.3 (s, Cac), 20.3 (s, Cac), 20.4 (s, Cac), 20.8 (s, Cac), 27.5 (d, J = 32.6 Hz, 
Cp), 41.3 (d, J = 12.1 Hz, Cq), 62.4 (s, Caa), 68.6 (s, Cy), 73.2 (s, Cx), 74.3 (s, Cw), 77.5 (s, Cz), 81.8 (s, Cv), 111.8 (s, Cf), 
114.1 (s, Cm), 117.5 (s, Cg), 126.0 (s, Ch, Cj), 128.4 (s, Ci), 128.4 (s, Ck), 129.2 (s, Ca), 129.3 (d, J = 11.3 Hz, Cu), 129.8 
(dd, J = 55.0, 26.9 Hz, Cr), 130.1 (s, Cb)131.1 (s, Cd), 131.9 (dd, J = 9.4, 0.9 Hz, Ct) 133.2 (dd, J = 23.9, 13.7 Hz, Cs), 
133.3 (s, Ce), 133.6 (s, Cn), 135.8 (s, Cc), 169.2 (s, Cab), 169.3 (s, Cab), 169.4 (s, Cab), 170.0 (s, Cab) 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.63 (t, J = 32.6 Hz) 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -144.52 (q, J = 32.6 Hz) 
 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = 29.67 
 
HR-MS (ESI): calculated for C43H43Au1B1Cl1F2N3O9P1S1Na1 [M+Na]+ 1112.1765; found 1112.17971 
 

4.2.1.18 Compound 17 
 
50 mg (0.13 mmol, 1eq) of BODIPY 8 and 22 mg (0.26 mmol, 2 eq) NaHCO3 were placed in a 
round bottom flask and dissolved in acetone. In a separate vessel, 43 mg (0.124 mmol, 0.9eq) 
of β-thioglucose-tetraacetate were dissolved in 2 mL acetone, 124 µL 1M NaOH were added 
and the mixture stirred at room temperature. After 10 min the thioglucose-solution was 
drawn into a syringe and added slowly (30 min) to the solution of BODIPY 8. The resulting 
solution was stirred at room temperature for another hour and then evaporated to dryness. 
The crude product was purified by column-chromatography on silica gel using CH2Cl2/formic 
acid (99:1) as eluent. The product fractions were collected, evaporated to dryness, dissolved 
in a minimal amount of DCM and precipitated with pentane to yield 80mg (123.5 µmol, 
yield = 95%) of the targeted compound as a pink powder. 

 
1H NMR (500 MHz, DMSO-d6) δ (ppm) = 1.98 (s, 3H, Hw), 2.00 (s, 3H, Hw), 2.01 (s, 3H, Hw), 2.04 (s, 3H, Hw), 4.06 
(dd, J = 12.4, 2.4 Hz, 1H, Hu), 4.15 (dd, J = 12.4, 5.8 Hz, 1H, Hu), 4.29 (ddd, J = 10.1, 5.8, 2.3 Hz, 1H, Ht), 5.06 (t, J = 
9.8 Hz, 1H, Hq), 5.14 (t, J = 9.7 Hz, 1H, Hs), 5.45 (t, J = 9.5 Hz, 1H, Hr), 5.82 (d, J = 10.1 Hz, 1H, Hp), 6.64 (d, J = 4.2 
Hz, 1H, Hn), 6.85 (d, J = 4.2 Hz, 1H, Hm), 6.94 (d, J = 4.7 Hz, 1H, Hg), 7.19 (d, J = 4.7 Hz, 1H, Hh), 7.73 (d, J = 8.2 Hz, 
2H, Hd), 8.11 (d, J = 8.3 Hz, 2H, Hc). 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 20.2 (Cw), 20.2 (Cw), 20.3 (Cw), 20.5 (Cw), 61.8 (Cu), 67.8 (Cs), 69.2 (Cr), 
72.6 (Cq), 74.8 (Ct), 80.7 (Cp), 117.5 (Cg), 120.9 (Cn), 129.2 (Ch), 129.4 (Cm), 130.8 (Cd), 132.2 (Cb), 132.6 (Cf), 133.2 
(Cc), 135.6 (Ci), 136.1 (Cj), 139.0 (Ck), 139.7 (Ce), 157.7 (Co), 166.7 (Ca), 169.1 (Cu), 169.2 (Cu), 169.5 (Cu), 169.9 (Cu). 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.37 (t, J = 30.2 Hz) 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -146.19 – -144.84 (m). 
 
HR-MS (ESI): calculated for C30H28B1Cl1F2N2O11S1Na1 [M+Na]+ 731.10557; found 731.10681 
 
 



Materials and Methods 

177 

4.2.1.19 Compound 18 
 
100 mg of β-thioglucose-tetraacetate (0.274 mmol, 0.95 eq) were dissolved in acetone (2 mL). 
27.4 µL of 1M NaOH were added and the resulting solution stirred for 15min at room 
temperature. In a separate flask 97.5mg (289 µmol, 1 eq) BODIPY 1 and 48 mg NaHCO3 
(0.578mmol, 2eq) were dissolved in acetone (10 mL). The thioglucose-tetraacetate solution 
was added over the course of 1h30 at room temperature, followed by stirring for another 
90min at room temperature. The solvents were then evaporated and the crude product was 
purified by column chromatography on silica gel, using CH2Cl2 to CH2Cl2/MeOH 99:1 as eluent. 
Product fractions were evaporated to dryness. The resulting product was dissolved in a 
minimal amount of DCM and crushed out with pentane to obtain 80.9mg (121 µmol, 
yield = 44%) of pure BODIPY 18 as a bright pink powder. 

 
1H NMR (500 MHz, DMSO-d6) δ (ppm) = 1.99, 2.01, 2.02, 2.05 (4x s, 4x 3H, Hv), 4.08 (dd, J = 12.3, 2.0 Hz, 1H, Ht), 
4.17 (dd, J = 12.4, 5.9 Hz, 1H, Ht), 4.30 (ddd, J = 10.0, 5.8, 2.2 Hz, 1H, Hs), 5.07 (t, J = 9.8 Hz, 1H, Hp), 5.15 (t, J = 9.7 
Hz, 1H, Hr), 5.47 (t, J = 9.4 Hz, 1H, Hq), 5.83 (d, J = 10.1 Hz, 1H, Ho), 6.63 (d, J = 4.2 Hz, 1H, Hm), 6.83 (d, J = 4.1 Hz, 
1H, Hk), 6.94 (d, J = 4.6 Hz, 1H, Hf), 7.16 (d, J = 4.5 Hz, 1H, Hg), 7.63 – 7.57 (m, 4H, Hb, Hc), 7.66 (m, 1H, Ha) 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 20.2 (Cv), 20.2 (Cv), 20.3 (Cv), 20.5 (Cv), 61.8 (Ct), 67.8 (Cr), 69.2 (Cq), 72.6 
(Cp), 74.8 (Cs), 80.8 (Co), 117.3 (Cf), 120.6 (Cm), 128.7 (Cg), 129.2 (Ck), 130.5 (Ca), 130.8 (Cb), 132.1 (Ch), 132.5 (Cj), 
133.2 (Cc), 135.7 (Ci), 138.7 (Cd), 141.1 (Ce), 157.0 (Cn), 169.1 (Cu), 169.3 (Cu), 169.6 (Cu), 170.0 (Cu) 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.37 (t, J = 30.3 Hz) 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -146.20 – -144.82 (m) 
 
HR-MS (ESI): calculated for C29H28B1Cl1F2N2O9S1Na1 [M+Na]+ 687.11574; found 687.11699 
 

4.2.1.20 Compound 19  
 
32.2 mg (0.045 mmol, 1eq) of BODIPY 17 were dissolved in 8 mL dry THF. 25.2 mg (54 µmol, 
1.2 eq) of gold(I)-phosphine 3 and 31.4 mg (0.227 mmol, 5 eq) of K2CO3 were added, and the 
reaction was refluxed for 60min. The solvent was evaporated, and the crude product was 
purified by column chromatography on silica gel, using CH2Cl2/MeOH (100:0 to 90:10) as 
eluent. Product fractions were collected and evaporated to dryness. After dissolution in a 
minimal amount of CH2Cl2 the product was crushed out by addition of pentane (twice) to yield 
pure 19 (42 mg, 36.9 µmol, 82% yield) as a red-pink powder.  
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1H NMR (500 MHz, DMSO-d6) δ (ppm) = 1.94, 1.99, 2.00 (3s, 12H, Ha), 3.22 – 3.07 (m, 2H, Hz), 3.68 (s, 2H, Hy), 
4.05 (dd, J = 14.7, 5.2 Hz, 1H, Hd), 4.16 (q, J = 5.3 Hz, 2H, Hc), 4.95 (t, J = 9.7 Hz, 2H, Hg, He), 5.32 (d, J = 10.1 Hz, 
1H, Hh), 5.39 (t, J = 9.4 Hz, 1H, Hf), 6.30 (d, J = 3.8 Hz, 1H, Hq), 6.43 (d, J = 3.8 Hz, 1H, Hp), 6.51 (d, J = 5.1 Hz, 1H, 
Hj), 6.94 (d, J = 5.1 Hz, 1H, Hk), 7.53 (d, J = 8.1Hz, Hat), 7.60 – 7.55 (m, 6H, Hac, Had), 7.86 – 7.76 (m, 4H, Hab), 8.06 
(d, J = 7.9 Hz, 2H, Hu), 8.46 (s, 1H, Hx) 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 20.3 (s, Ca), 20.4 (s, Ca), 20.4 (s, Ca), 20.5 (s, Ca), 27.5 (d, J = 35.5 Hz, Cy), 
41.2 (d, J = 10.5 Hz, Cz), 61.9 (s, Cc), 68.1 (s, Ce), 69.3 (s, Cf), 73.0 (s, Cg), 74.3 (s, Cd), 83.3 (s, Ch), 113.3 (s, Cq), 115.0 
(s, Cj), 118.6 (s, Cp), 127.5 (s, Cr), 128.7 (ps-d, J = 3.5 Hz, Caa, Co, Cm), 129.2 (ps-d, J = 3.5 Hz, Cn, Cv), 129.3 (s, Ck), 
129.4 (d, J = 11.7 Hz, Cad), 130.1 (s, Ct), 132.1 (d, J=1.8Hz, Cac), 132.5 (s, Cr, Cn), 133.2 (d, J = 12.6 Hz, Cab), 133.7 (s, 
br, Ci, Cs), 135.2 (s, Cu), 161.2 (s, Cw), 169.1 (s, Cb), 169.3 (s, Cb), 169.5 (s, Cb), 170.0 (s, Cb) 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.69 (t, J = 34.0 Hz) 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -142.81 – -143.79 (m) 
 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = 24.40 (s, br) 
 
HR-MS (ESI): calculated for C44H43Au1B1Cl1F2N3O11P1S1Na1 [M+Na]+ 1156.16633; found 1156.17033 
 

4.2.1.21 Compound 20 
20 mg (30 µmol, 1 eq) of BODIPY 18 were placed in a round bottom flask and suspended in 10 
mL of dry THF. Gold(I)-phosphine 3 (15.3 mg, 33 µmol, 1.1 eq) and NaHCO3 (10.1 mg, 
0.12 mmol, 4 eq) were added, and the reaction was refluxed for 1h. Upon total consumption 
of the starting BODIPY the solvents were evaporated and the crude product was purified by 
column chromatography on silica gel, using CH2Cl2 as eluent. The product fractions were 
evaporated to dryness, dissolved in CH2Cl2 and precipitated by addition of pentane twice to 
obtain BODIPY 20 (31 mg, 28.5 µmol, 95% yield) as an orange-pink powder.  
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1H NMR (500 MHz, DMSO-d6) δ (ppm) = 1.94 (s, 3H, Hv), 1.99 (s, 3H, Hv), 2.01 (s, 6H, Hv), 3.15 (ddd, J = 11.0, 8.4, 
5.2 Hz, 2H, Hy), 3.68 (dt, J = 21.4, 7.8 Hz, 2H, Hx), 4.05 (dd, J = 14.8, 5.2 Hz, 1H, Hs), 4.16 (q, J = 5.3 Hz, 2H, Ht), 4.94 
(ps-tt, J = 9.6, 2.0 Hz, 2H, Hr, Hp), 5.32 (d, J = 10.1 Hz, 1H, Ho), 5.40 (t, J = 9.4 Hz, 1H, Hq), 6.28 (d, J = 3.8 Hz, 1H, 
Hf), 6.42 (d, J = 3.8 Hz, 1H, Hg), 6.48 (d, J = 5.1 Hz, 1H, Hm), 6.90 (d, J = 5.1 Hz, 1H, Hk), 7.46 – 7.43 (m, 2H, Hc), 7.54 
– 7.50 (m, 3H, Ha, Hb), 7.62 – 7.55 (m, 6H, Hab, Hac), 7.84 – 7.78 (m, 4H, Haa), 8.40 (s, 1H, Hw) 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 20.3 (s, Cv), 20.4 (s, Cv), 20.4 (s, Cv), 20.5 (s, Cv), 27.4 (d, J = 35.6 Hz, Cx), 
41.2 (d, J = 10.8 Hz, Cy), 61.9 (s, Ct),68.1 (s, Cr), 69.3 (s, Cq), 73.0 (s, Cp), 74.3 (s, Cs), 83.3 (s, Co), 113.0 (s, Cf) 115.2 
(s, Cm), 118.7 (s, Cg), 128.5 (s, Ca), 128.7 (s, Ch), 129.0 (d, J = 60.6 Hz, Cz), 129.2 (s, Ck), 129.2 (s, Ci), 129.4 (d, J = 
11.7 Hz, Cac), 130.1 (s, Cb) 132.1 (d, J = 2.2 Hz, Cab), 132.8 (s, Cj), 133.2 (d, J = 13.6 Hz, Caa), 133.6 (s, Cd), 133.8 (s, 
Ce), 135.2 (s, Cc), 161.0 (s, Cn), 169.1 (s, Cu), 169.3 (s, Cu), 169.5 (s, Cu), 170.0 (s, Cu) 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.72 (t, J = 33.7 Hz) 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -143.72 – -142.85 (m)  
 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = 24.40 
 
HR-MS (ESI): calculated for C43H43Au1B1Cl1F2N3O9P1S1Na1 [M+Na]+ 1112.17650; found 1112.17964 

 

4.2.1.22 Compound 21  
 
50 mg (0.071 mmol, 1eq) of BODIPY 17 were dissolved in 5 mL CH2Cl2. 30 µL (0.35 mmol, 5 eq) 
of (COCl)2 and a droplet of DMF were added and the reaction was stirred at room 
temperature. After 45min the solvents were evaporated and the resulting solid was 
redissolved in 15 mL CH3CN. Gold(I)-chloride 3 (78 mg, 0.169 mmol, 2.4 eq) and NaHCO3 
(30 mg, 0.35mmol, 5eq) were added and the reaction was refluxed for 60min. The solvent was 
evaporated and the crude product purified by column chromatography on silica gel, using 
CH2Cl2/MeOH (100:0 to 90:10) as eluent. The different product fractions were collected and 
evaporated to dryness. The product was dissolved in a minimal amount of CH2Cl2 and crushed 
out by addition of pentane (twice) to obtain 102mg (65.32 µmol, yield = 92%) of the target 
compound as a red-pink powder. 
 

 
1H NMR (500 MHz, DMSO-d6) δ (ppm) = 1.91, 1.94, 2.00, 2.01 (4s, 12H, Ha), 3.10 (dt, J = 11.0, 6.9 Hz, 2H, Hz), 3.18 
– 3.13 (m, 2H, Hag), 3.58 (dt, J = 20.6, 6.7 Hz, 2H, Hy), 3.69 (dt, J = 15.3, 7.8 Hz, 2H, Haf), 4.06 (q, J = 5.1 Hz, 1H, Hd), 
4.17 (q, J = 5.1 Hz, 2H, Hc), 4.95 (t, J = 9.7 Hz, 2H, Hg, He), 5.32 (d, J = 10.1 Hz, 1H, Hh), 5.40 (t, J = 9.4 Hz, 1H, Hf), 
6.28 (d, J = 3.8 Hz, 1H, Hq), 6.44 (d, J = 3.8 Hz, 1H, Hp), 6.52 (d, J = 5.1 Hz, 1H, Hj), 6.91 (d, J = 5.1 Hz, 1H, Hk), 7.49 
(d, J = 8.3 Hz, 2H, Ht), 7.63 – 7.53 (m, 12H, Hac, Had), 7.84 – 7.77 (m, 8H, Hab), 7.89 (d, J = 8.3 Hz, 2H, Hu), 8.47 (s, 
1H, Hae), 8.86 (t, J = 5.4 Hz, 1H, Hx) 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 20.23 (s, Ca), 20.3 (s, Ca), 20.4 (s, Ca), 20.5 (s, Ca), 26.4 (d, J = 37.8 Hz, Cy), 
27.4 (d, J = 35.7 Hz, Caf), 35.8 (d, J = 5.4 Hz, Cz), 41.2 (d, J = 9.4 Hz, Cag), 61.9 (s, Cc), 68.1 (s, Ce), 69.3 (s, Cf), 73.0 (s, 
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Cg), 74.3 (s, Cd), 83.2 (s, Ch), 113.4 (s, Cq), 115.3 (s, Cj), 118.5 (s, Cp), 127.3 (s, Ck), 127.7 (s, Co), 128.9 (dd, J = 60.7, 
3.2 Hz, Caa), 129.0 (s, Cm), 129.4 (dd, J = 11.6, 2.6 Hz, Cad), 129.5 (s, Cv), 129.9 (s, Cu), 132.0 (d, J = 16.9 Hz, Cac), 
132.5 (s, Cn), 133.1 (dd, J = 13.4, 1.6 Hz, Cab), 133.2 (s, Cs), 134.3 (s, Cr), 135.0 (s, Ct), 136.5 (s, Ci), 161.2 (s, Cw), 
169.0 (s, Ca), 169.3 (s, Ca), 169.4 (s, Ca), 169.9 (s, Ca) 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 1.04 – 0.40 (m) 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -142.79 – -143.80 (m) 
 

31P NMR (202 MHz, DMSO-d6) δ (ppm) = 24.62 – 24.15 (m, 1P), 25.32 – 24.77 (m, 1P) 
 
31P {1H} NMR (202 MHz, DMSO-d6) δ (ppm) = 24.42, 25.05 
 
HR-MS (ESI): calculated for C58H57Au2B1Cl2F2N4O10P2S1Na1 [M+Na]+ 1599.19321; found 1599.19617 

 

4.2.1.23 Triphenylphosphonium-ethylammonium dibromide (22) 
 
2 g (7.63 mmol, 1 eq) PPh3 and 1.562 g (7.63 mmol, 1 eq) bromoethylamine hydrobromide 
were dissolved in 150 mL acetonitrile and refluxed for 72h. The reaction was stopped upon 
total consumption of PPh3. Acetonitrile was evaporated and the crude product redissolved in 
10 mL of MeOH. The product was crushed out with ice-cold Et2O (300 mL). The solid was 
collected and the washing repeated twice to obtain 1.771 g (3.82 mmol, yield = 50%) of the 
target compound as a white powder. 

 
1H NMR (500 MHz, DMSO-d6) δ (ppm) = 3.13 – 3.07 (m, 2H, Hb), 4.05 – 3.97 (m, 2H, Hc), 7.80 (td, J = 7.8, 3.7 Hz, 
6H, He), 7.86 (ddd, J = 13.0, 8.5, 1.4 Hz, 6H, Hf), 7.94 (td, J = 7.3, 1.8 Hz, 3H, Hg), 8.36 (s, 3H, Ha). 
 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = 21.39 (s). 

 

4.2.1.24 Compound 23 
 
100 mg (0.262 mmol, 1 eq) of BODIPY 8 were dissolved in 15 mL CH2Cl2. 45 µL (0.525 mmol, 
2eq) oxalyl chloride and a droplet of DMF were added (vigorous development of gas) and the 
solution stirred for 1h at room temperature. Solvents were then evaporated and the solid 
redissolved in 20 mL acetonitrile. 110 mg (1.31 mmol, 5 eq) of NaHCO3 and 123 mg 
(0.262 mmol, 1 eq) of phosphonium 22 were added and the resulting mixture was refluxed for 
1h. Upon completion of the reaction, the crude product was purified by column 
chromatography on silica gel, using CH2Cl2/MeOH (95:5) as eluent. The resulting product was 
dissolved in a minimal amount of DCM and crushed out with pentane to yield pure BODIPY 23 
(110 mg, 0.147 mmol, yield = 56%) as a pink powder. 
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1H NMR (500 MHz, DMSO-d6) δ (ppm) = 3.70 – 3.60 (m, 2H, Hn), 3.95 – 3.86 (m, 2H, Hm), 6.83 (d, J = 4.4 Hz, 2H, 
Hb), 7.03 (d, J = 4.4 Hz, 2H, Hh), 7.81 – 7.73 (m, 8H, Hg, Hp), 7.95 – 7.86 (m, 11H, Hh, Hq, Hr), 9.12 (s 1H, Hk) 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 20.8 (d, J = 49.6 Hz, Cm), 33.4 (d, J = 12.6 Hz, Cn), 118.3 (dd, J = 86.1, 7.9 
Hz, Co), 119.7 (s, Cb), 127.4 (s, Cc), 130.2 (dd, J = 12.6, 3.2 Hz, Cr), 130.8 (s, Ch), 132.7 (s, Cg), 133.1 (s, Ci), 133.7 (d, 
J = 10.4 Hz, Cq), 134.3 (s, Cd), 135.0 (t, J = 3.8 Hz, Cp), 135.6 (s, Ce), 143.2 (s, Cf), 143.8 (s, Ca), 165.5 (s, Cj) 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.30 (t, J = 28.0 Hz) 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -145.77 (q, J = 28.0 Hz) 
 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = 21.33 (s) 
 
HR-MS (ESI): calculated for C36H28B1Cl2F2N3O1P1 [M]+ 668.14027; found 668.13955 

 

4.2.1.25 Compound 24 
 
23.1 mg (63.4 µmol, 0.95 eq) of β-thioglucose-tetraacetate were dissolved in 4 mL of acetone. 
63.4 µL of 1M NaOH were added, and the resulting mixture was stirred for 15 min at room 
temperature. 50 mg (66 µmol, 1eq) BODIPY 23 and 17mg (0.2 mmol, 3 eq) NaHCO3 were 
placed in a round bottom flask and dissolved in 50 mL acetone. The thioglucose solution was 
added over the course of 1h30 and stirred for another hour at room temperature. The crude 
product was purified by column chromatography on silica gel, using CH2Cl2:MeOH (98:2  
95:5+1% formic acid) as eluent. The resulting product was dissolved in a minimal amount of 
DCM and crushed out with pentane to obtain 50 mg (44.38 µmol, yield = 70%) of the pure 
BODIPY 24 as a bright pink powder. 

 
1H NMR (500 MHz, DMSO-d6) δ (ppm) = 1.98 (s, 3H, Ha), 2.01 (d, J = 4.3 Hz, 6H, Ha), 2.04 (s, 3H, Ha), 3.66 (t, J = 
15.3 Hz, 2H, Hy), 3.93 (dt, J = 10.4, 4.8 Hz, 2H, Hz), 4.07 (dd, J = 12.3, 2.0 Hz, 1H, Hc), 4.16 (dd, J = 12.4, 5.8 Hz, 1H, 
Hc), 4.30 (ddd, J = 10.0, 5.7, 2.3 Hz, 1H, Hd), 5.06 (t, J = 9.8 Hz, 1H, Hg), 5.15 (t, J = 9.7 Hz, 1H, He), 5.46 (t, J = 9.4 
Hz, 1H, Hf), 5.83 (d, J = 10.1 Hz, 1H, Hh), 6.66 (d, J = 4.3 Hz, 1Hj), 6.81 (d, J = 4.2 Hz, 1H, Hk), 6.97 (d, J = 4.7 Hz, 1H, 
Hq), 7.13 (d, J = 4.6 Hz, 1H, Hp), 7.70 (d, J = 8.5 Hz, 2H, Ht), 7.77 (td, J = 8.0, 3.5 Hz, 6H, Hab), 7.90 (ddd, J = 8.4, 7.9, 
4.0 Hz, 9H, Hac, Had), 7.96 (d, J = 8.3 Hz, 2H, Hu), 9.28 (t, J = 5.5 Hz, 1H, Hx) 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 20.2 (s, Ca), 20.3 (s, Ca), 20.4 (s, Ca), 20.5 (s, Ca), 20.9 (d, J = 48.9 Hz, Cy), 
33.4 (d, J = 7.4 Hz, Cz), 61.8 (s, Cc), 67.8 (s, Ce), 69.2 (s, Cf), 72.6 (s, Cg), 74.8 (s, Cd), 80.7 (s, Ch), 117.5 (s, Cq), 118.3 
(dd, J = 86.0, 5.9 Hz, Caa), 121.0 (s, Cj), 127.0 (s, Cp), 127.4 (s, Ck), 130.2 (d, J = 12.6 Hz, Cad), 130.6 (s, Cu), 132.3 (s, 
Cv), 133.7 (d, J = 10.4 Hz, Cac),134.7 (s, Cm) 135.0 (d, J = 2.9 Hz, Cab), 135.2 (s, Cn), 135.6 (s, Co), 139.0 (s, Cr), 139.8 
(s, Cs), 157.6 (s, Ci), 165.6 (s, Cw), 169.1 (s, Cb), 169.3 (s, Cb), 169.6 (s, Cb), 170.0 (s, Cb) 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.36 (t, J = 30.2 Hz) 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -146.20 – -144.83 (m) 
 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = 21.33 (s) 
 
HR-MS (ESI): calculated for C50H47B1Cl1F2N3O10P1S1 [M]+ 996.24639; found 996.24908 
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4.2.1.26 Compound 25 
 
150.4 mg (0.21 mmol, 1 eq) of BODIPY 17 were placed in a round bottom flask and dissolved 
in acetonitrile. Phosphonium 22 (148 mg, 0.32 mmol, 1.5 eq) and NaHCO3 (89 mg, 1.06 mmol, 
5eq) were added and the resulting mixture was refluxed for 70 min. The solvent was then 
evaporated and the crude product purified by column chromatography on silica gel, using as 
eluent CH2Cl2/MeOH/formic acid (99:1:1 to 90:10:1). The product fractions were evaporated, 
dissolved in a minimal amount of MeOH and precipitated with Et2O. The procedure was 
repeated with CH2Cl2 and pentane to obtain 135 mg (126 µmol, yield = 60%) of the target 
compound as a pink-orange powder.  

 
1H NMR (500 MHz, DMSO-d6) δ (ppm) = 1.95 (s, 3H, Ha), 2.00 (ps-d, 9H, Ha), 3.76 (d, J = 6.0 Hz, 2H, Hy), 4.09 – 3.95 
(m, 3H, Hc, Hx), 4.23 – 4.13 (m, 2H, Hc‘, Hd), 4.96 (ps-td, J = 9.7, 2.9 Hz, 2H, Hg, He), 5.36 (d, J = 10.1 Hz, 1H, Hh), 
5.41 (t, J = 9.4 Hz, 1H, Hf), 6.34 (d, J = 3.8 Hz, 1H, Hu), 6.41 (d, J = 5.0 Hz, 1H, Ht), 6.44 (d, J = 3.8 Hz, 1H, Hj), 6.97 
(d, J = 5.0 Hz, 1H, Hk), 7.52 (d, J = 7.8 Hz, 2H, Hp), 7.77 (ddd, J = 14.9, 7.4, 2.9 Hz, 6H, Haa), 7.85 (dd, J = 12.9, 7.5 
Hz, 6H, Hab), 7.92 (t, J = 7.3 Hz, 3H, Hac), 8.05 (d, J = 7.8 Hz, 2H, Hq), 8.24 (s, 1H, Hw) 
 
13C NMR (126 MHz, DMSO-d6) δ (ppm) = 20.4 (s, Ca), 20.4 (s, Ca), 20.4 (s, Ca), 20.5 (s, Ca), 22.1 (d, J = 48.4 Hz, Cx), 
38.6 (s, Cy), 61.9 (s, Cc), 68.0 (s, Ce), 69.3 (s, Cf), 72.9 (s, Cg), 74.3 (s, Cd), 83.0 (s, Ch), 113.0 (s, Cu), 114.9 (s, Cj), 
118.0 (d, J = 86.3Hz, Cz), 119.1 (s, Ct), 128.5 (s, Cn), 129.3 (s, Ck), 130.1 (d, J = 12.9 Hz, Cq), 130.3 (d, J = 12.7 Hz, 
Cac), 132.4 (s, Cm, Cn), 133.0 (s, Ci, Cv), 133.2 (d, J = 10.7 Hz, Cp), 133.7 (d, J = 10.5 Hz, Cab), 134.6 (s, Co), 135.1 (d, J 
= 1.6Hz, Caa), 161.0 (s, Cs), 169.0 (s, Cb), 169.3 (s, Cb), 169.5 (s, Cb), 170.0 (s, Cb) 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.70 (t, J = 32.7 Hz) 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -143.45 (s, vbr) 
 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = 21.46 
 
HR-MS (ESI): calculated for C50H48B1F2N3O11P1S1 [M]+ 978.28028; found 978.28403 

 

4.2.1.27 Compound 26 
 
BODIPY 25 (50mg, 0.047mmol, 1eq) was placed in a dried round bottom flask and dissolved in 
5 mL dry DMF. 0.1 mL of DIPEA and 27mg (0.071mmol, 1.5eq) of HBTU were added and the 
reaction stirred for 40 min at 30°C. Gold(I)-phosphine 3 (32.7mg, 0.071mmol, 1.5eq) was 
dissolved in 1 mL dry DMF and added to the solution. The reaction was stirred for 4h at 30°C. 
The solvent was then evaporated and the crude product purified by column chromatography 
on silica gel using CH2Cl2/MeOH/Formic acid (99:1:1 to 97:3:1) as eluent, was dissolved in a 
minimal amount of CH2Cl2 and precipitated by addition of pentane to obtain BODIPY 26 at a 
purity of ≈ 85% (69.9 mg of a mixture containing ≈ 60 mg of BODIPY 26, 38.3 µmol, equivalent 
to 81% yield) as an orange-pink solid.  
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The impurities were salts coming from coupling agents. Additional column chromatography or 
preparative HPLC did not succeeded in improving the purity of the compound. 

 
 
1H NMR (500 MHz, DMSO-d6) δ (ppm) = 2.09 – 1.84 (m, 12H, Ha), 3.15 – 3.01 (m, 2H, Haf), 3.58 (qd, J = 13.9, 7.3 
Hz, 2H, Hae), 3.82 – 3.68 (m, 2H, Hy), 4.04 – 3.94 (m 2H, 2 Hx), 4.06 (d, J = 10.2 Hz, 1H, Hc), 4.17 (m, 2H, Hc, Hd), 
4.96 (m, 2H, Hg, He), 5.36 (d, J = 10.1 Hz, 1H, Hh), 5.41 (t, J = 9.4 Hz, 1H, Hf), 6.33 (d, J = 3.8 Hz, 1H, Hu), 6.42 (d, J = 
5.1 Hz, 1H, Hj), 6.45 (d, J = 3.8 Hz, 1H, Ht), 6.93 (d, J = 5.0 Hz, 1H, Hk), 7.49 (d, J = 8.2 Hz, 2H, Hp), 7.68 – 7.52 (m, 
10H, Hah, Haa), 8.01 – 7.68 (m, 17H, Hai, aj, ab, ac, Hq), 8.50 (s, 1H, Hw), 8.87 (t, J = 5.3 Hz, 1H, Had). 
 
13C NMR (126 MHz, DMSO-D6) δ (ppm) = 20.3 (s, Ca), 20.4 (s, Ca), 20.4 (s, Ca), 20.5 (s, Ca), 26.7 (d, J = 36.7 Hz, Cae), 
35.6 (d, J = 3.9 Hz, Cx), 38.6 (s, Caf), 40.6 (d, J = 10.0 Hz, Cy), 62.0 (s, Cc), 68.1 (s, Ce), 69.3 (s, Cf), 72.9 (s, Cg), 74.3 
(s, Cd), 83.0 (s, Ch), 113.2 (s, Cu), 115.1 (s, Cj), 118.0 (d, J = 86.2 Hz, Cz), 118.9 (s, Ct), 127.5 (s, Ck), 128.5 (s, Cn), 
128.8 (d, J = 60.7 Hz, Cag), 129.0 (s, Ci), 129.4 (d, J = 11.5 Hz, Caj), 129.6 (d, J = 11.6 Hz, Caj), 129.9 (s, Cq), 130.3 (d, 
J = 12.7 Hz, Cac), 132.3 (s, Cp), 132.5 (s, Cm), 133.0 (s, Co), 133.2 (dd, J = 13.4, 2.4 Hz, Cah), 133.7 (d, J = 10.6 Hz, Cab), 
134.4 (s, Cv), 135.1 (d, J = 2.7 Hz, Caa), 136.4 (s, Ci), 165.6 (s, Cs), 169.0 (s, Cb), 169.3 (s, Cb), 169.5 (s, Cb), 169.9 (s, 
Cb). 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 0.69 (t, J = 33.3 Hz). 
 
19F NMR (470 MHz, DMSO-d6) δ (ppm) = -143.49 (s, 2F), -70.15 (d, J = 711.2 Hz, 6F, PF6

-). 
 
31P NMR (202 MHz, DMSO-d6) δ (ppm) = -144.19 (hept, JP-F = 711.3 Hz, 1P, PF6

-), 21.43 (s, 1P), 25.68 (s, br, 1P). 
 
HR-MS (ESI): calculated for C64H62Au1B1Cl1F2N4O10P2S1 [M]+ 1421.30716; found 1421.31370 
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4.2.2 AzaBODIPYs 
4.2.2.1 (E)-3- (4-hydroxyphenyl)-1-phenylprop-2-en-1-one (27) 
 
3 g (53.5 mmol, 3.2 eq) KOH were dissolved in 40mL methanol. 2.033 g (16.65 mmol, 0.99 eq) 
4-hydroxybenzaldehyde, followed by 1.95 mL (16.65 mmol, 1 eq) acetophenone were added. 
The reaction was stirred for 1.5h at room temperature (formation of an orange-red solution). 
The solvents were evaporated and the crude product neutralized by addition of 4.58 mL conc. 
HCl in 20 mL water and solubilized by addition of 30 mL DCM. The aqueous phase was 
extracted twice with DCM. The organic layers were united, washed with brine, dried over 
anhydrous MgSO4 and the solvents removed under reduced pressure to yield 3.398 g 
(15.15 mmol, yield = 91%) of the target-compound 27 as a fluffy yellow solid. 

 
1H NMR (300 MHz, DMSO-d6) δ (ppm) = 6.81 – 6.88 (m, 2H, Hj), 7.52 – 7.59 (m, 2H, Hb), 7.64 (dt, J = 1.9, 2.8 Hz, 
1H, Ha), 7.69 (s, 1H, Hg), 7.70 (s, 1H, Hf), 7.71 – 7.76 (m, 2H, Hi), 8.08 – 8.14 (m, 2H, Hc), 10.07 (s, 1H, Hm). 
 
13C NMR (75 MHz, DMSO-d6) δ (ppm) = 115.8 (s, Cj), 118.5 (s, Cf), 125.8 (s, Ch), 128.3 (s, Cc), 128.7 (s, Cb), 131.0 (s, 
Ci), 132.8 (s, Ca), 138.0 (s, Cd), 144.5 (s, Cg), 160.1 (s, Ck), 189.0 (s, Ce). 

 

4.2.2.2 3- (4-hydroxyphenyl)-4-nitro-1-phenylbutan-1-one (28) 
 
3.398 g of the chalcone 27 (15.15 mmol, 1 eq) were dissolved in 40mL methanol, followed by 
addition of 5 mL DEA and 5mL MeNO2. The reaction was refluxed for 18 h. 
The solvents were removed under reduced pressure to yield a brown, sticky liquid that was 
engaged into the next reaction without further purification or characterization.  
 

 
1H NMR (300 MHz, CDCl3) δ (ppm) = 3.41 (dd, J = 2.9, 7.0 Hz, 2H, Hf), 3.73 (q, J = 7.0 Hz, 1H, Hg), 4.71 (ddd, J = 7.3, 
12.3, 20.2 Hz, 2H, Hm), 6.73 – 6.82 (m, 2H, Hj), 7.08 – 7.17 (m, 2H, Hi), 7.41 – 7.50 (m, 2H, Hb), 7.53 – 7.62 (m, 1H, 
Ha), 7.91 (m, 2H, Hc). 
 
13C NMR (75 MHz, CDCl3) δ (ppm) = 38.9 (s, Cg), 41.8 (s, Cf), 80.0 (s, Cm), 116.1 (s, Cj), 128.2 (s, Ci), 128.8 (s, Cb), 
128.9 (s, Cc), 130.9 (s, Ch), 133.7 (s, Ca), 136.6 (s, C, Cd), 155.7 (s, Ck), 197.4 (s, Ce). 

 

4.2.2.3 Compound 29 
 
10 g of NH4OAc were added to the crude product 28. After addition of 50 mL ethanol the 
reaction was refluxed for 18 hours. The solvents were then removed under reduced pressure 
and the resulting dark mass suspended in 20mL of methanol. 
The suspension was poured into 500 mL of water. The solids were filtered off, solubilized in a 
minimum amount of THF and precipitated by addition of heptane. The supernatant was 
discarded. The solid was purified over a 4 cm alumina (activity 5) plug (heptane 1 : 1 EtOAc). 
The solvents were removed under reduced pressure to obtain a compound that forms green-
metallic mirrors. The solid was sonicated and washed repeatedly with a 10% EtOAc in heptane 
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solution and dried under reduced pressure to obtain 1.75 g (3.63 mmol, yield = 48% over two 
steps) of a dark blue solid. 

 
 
1H NMR (300 MHz, DMSO-d6) δ (ppm) = 6.87 (d, J = 8.8 Hz, 4H, Hk), 7.49 (s, J = 8.0 Hz, 2H, Hf), 7.54 (d, J = 7.2 Hz, 
2H, Ha), 7.62 (t, J = 7.4 Hz, 4H, Hb), 7.97 (d, J = 8.8 Hz, 4H, Hj), 8.06 (d, J = 7.2 Hz, 4H, Hc), 9.76 (s, J = 47.8 Hz, 2H, 
Hn). 
 
13C NMR (75 MHz, DMSO-d6) δ (ppm) = 113.8 (s, Cf), 115.3 (s, Ck), 124.4 (s, Ci), 126.5 (s, Ca), 129.4 (s, Cj), 130.2 (s, 
Cb), 130.3 (s, Cc), 131.5 (s, Cd), 141.9 (s, Ce), 148.7 (s, Cg), 154.7 (s, Ch), 158.0 (s, Cm). 
 
HR-MS (ESI): calculated for C32H24N3O2 [M+H]+ 482.18630; found 482.18508 

 

4.2.2.4 Compound 30 
 
1.5 g (3.11 mmol) Bis-hydroxy AzaDipyrromethene 29 were put into a round-bottom flask and 
dissolved in 100 mL of dry THF. The solution was stirred for 15 minutes at room temperature 
after addition of 2 mL dry DIPEA, followed by the addition of 2 mL 48% BF3*Et2O. The reaction 
was refluxed for 30 h, 2 mL BF3*Et2O were added every 6-8 hours until the reaction was 
complete. 
Once finished, the solvents were removed under reduced pressure. The resulting solid was 
solubilized in EtOAc and washed 3 times with 3M HCl, followed by brine. The aqueous phase 
was discarded. The organic solvents were removed under reduced pressure and the resulting 
solid was washed and sonicated repeatedly with pentane. After drying 1.495 g (2.82 mmol, 
91%) of the target compound 30 were obtained as a black-blue powder in sufficient purity for 
the following reactions. If necessary the compound can be further purified by column 
chromatography on silica gel (heptane 3 : 1 EtOAc  EtOAc), followed by precipitation from 
EtOAc/pentane.  
 

 
 

1H NMR (300 MHz, CD3CN, 300K) δ (ppm) = 6.93 (d, 3J = 8.9 Hz, 4H, Hk), 7.07 (s, 2H, Hf), 7.50 (dd, 3J = 5.3, 4J = 1.9 
Hz, 6H, Ha, Hb), 8.00 (m, 8H, Hc, Hj) 
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13C NMR (75 MHz, DMSO-d6) δ (ppm) = 113.8 (s, Cf), 115.3 (s, Ck), 124.5 (s, Ci), 126.5 (s, Ca), 128.6 (s, br, Cc), 129.4 
(s, Cj), 130.2 – 130.4 (m, Cb), 131.5 (s, Cd), 142.0 (s, Ce), 148.7 (s, Cg), 154.7 (s, Ch), 158.0 (s, Cm). 
 
11B NMR (96 MHz, CD3CN, 300K) δ (ppm) = 0.81 (t, JB-F = 31.2 Hz) 
 
19F NMR (282 MHz, CD3CN, 300K) δ (ppm) = -130.19 (q, JF-B = 31.3 Hz) 
 
HR-MS (ESI): calculated for C32H22N3O2B1F2Na1 [M+Na]+ 552.16654; found 552.16550 
 

4.2.2.5 Compound 31 
 
500 mg (945 µmol, 1 eq) of 30 were dissolved in 4mL of dry DMSO into a 10 mL flask. 574 mg 
(3.78 mmol, 4 eq) of CsF were added. The resulting mixture was stirred at room temperature 
for 10 min. 279 µL (1.889 mmol, 2 eq) t-butyl-bromoacetic acid were added. After 2.5 minutes 
at room temperature the reaction was quenched by addition of 50 mL EtOAc and poured into 
60mL PBS-buffer. The organic layer was washed three times with 60 mL of PBS-buffer, 
followed by brine. Organic layer was dried over anhydrous MgSO4 and evaporated under 
reduce pressure. The crude product was then purified by silica gel column chromatography 
(heptane 7: 3 EtOAc) to obtain a dark blue substance. Precipitation from EtOAc/pentane yields 
318 mg of pure 31 (494 µmol, 52% yield).  
 

 
 
1H NMR (300 MHz, CDCl3) δ (ppm) = 1.52 (s, 9H, Hq), 4.59 (s, 2H, Hn), 6.91 (d, J = 7.7 Hz, 4H, Hf, Hf’, Hk), 6.97 (d, J 
= 8.9 Hz, 2H, Hk’), 7.45 – 7.49 (m, 6H, Hj, Hj’, Ha, Ha’), 7.97 (d, J = 8.6 Hz, 2H, Hc), 7.99 – 8.04 (m, 6H, Hb, Hc’, Hb’). 
 

13C NMR (75 MHz, CDCl3) δ (ppm) = 28.2 (s, Cq), 65.8 (s, Cn), 82.9 (s, Cp), 114.9 (s, Hf’), 115.9, Hf), 117.7 (s, Ck, k’), 
125.4 (s, Ci), 126.3 (s, Ci’), 128.7 (s, Ca, Ca’), 129.7 (s, br, Cc, Cc’), 130.8 (s, Cb), 130.9 (s, Cb’), 131.0 (s, Cj), 131.3 (s, 
Cj’), 131.9 (s, Cd’), 131.9 (s, Cd), 143.6 (s, Ce, Ce’) 157.4 (s, Cg, Cg’), 159.2, Ch, Ch’), 159.5 (s, Cm, Cm’), 168.0 (s, Co) 
 
11B NMR (96 MHz, CDCl3) δ (ppm) = 0.92 (t, JB-F = 31.2 Hz) 
 
19F NMR (282 MHz, CDCl3) δ (ppm) = -130.92 (q, JF-B = 31.2 Hz) 
 
HR-MS (ESI): calculated for C38H32B1F2N3O4Na1 [M+Na]+ 666.23461; found 666.23338 

  



Materials and Methods 

187 

4.2.2.6 Compound 32 
 
141 mg (0.219 mmol) of 31 were dissolved in 4 mL of THF. 2 mL of a solution of 6 M HCl in 
water were added and the solution was stirred at room temperature upon completion (7 h, 
followed by TLC). The solvents were evaporated under reduced pressure. The crude product 
was purified by RP-Flash-chromatography using a gradient of an aqueous, 50 mM TEAB 
(triethylammonium bicarbonate) solution and acetonitrile (10%ACN100%ACN in 10 min, 
followed by 10 min 100% ACN). The collected product fractions were evaporated to dryness 
to yield 89 mg (152 µmol, 69% yield) of the target compound 32 as a dark blue solid. 

 
 

1H NMR (600 MHz, DMF-d7) δ (ppm) = 4.95 (s, 2H, Hn), 7.08 (d, J = 8.8 Hz, 2H, Hk’), 7.21 (d, J = 9.0 Hz, 2H, Hk), 7.49 
(s, 1H, Hf’), 7.51 (d, J = 0.8 Hz, 1H, Hf), 7.55 – 7.59 (m, 6H, Hb, Hb’, Ha, Ha’), 8.17 – 8.21 (m, 4H, Hc, Hc’), 8.25 (d, J = 
8.8 Hz, 2H, Hj’), 8.29 (d, J = 9.0 Hz, 2H, Hj’), 10.40 (s, 1H, Hp). 
 
13C NMR (151 MHz, DMF-d7) δ (ppm) = 66.0 (s, Cn), 116.1 (s, Cf’), 117.2 (s, Cf), 119.1 (s, Ck), 119.5 (s, Ck’), 124.6 (s, 
Ci), 126.7 (s, Ci’), 129.7 (s, Ca), 129.7 (s, Ca’), 130.7 (t, J = 4.2 Hz, Cc), 130.8 (t, J = 4.3 Hz, Cc’), 131.9 (s, Cb), 132.1 (s, 
Cj), 132.1 (s, Cb’), 132.5 (s, Cj’), 132.9 (s, Cd’), 133.0 (s, Cd), 144.1 (s, Ce), 145.6 (s, Ce’), 146.0 (s, Cg’), 146.6 (s, Cg), 
159.3 (s, Ch), 160.7 (s, Ch’), 160.9 (s, Cm), 161.6 (s, Cm’), 171.1 (s, Co). 
 
11B NMR (96 MHz, CD3CN) δ (ppm) = 0.85 (t, JB-F = 31.2 Hz). 
 
19F NMR (282 MHz, CD3CN, 300K) δ (ppm) = -130.32 (q, JF-B = 31.3 Hz) 
 
HR-MS (ESI): calculated for C35H25B1F2N3O4 [M+H]+ 588.19007; found 588.19042 

 

4.2.2.7 Compound 33 
 
20 mg (34 µmol, 1eq) of compound 32 were dissolved in 3 mL of DCM. Two droplets 
(mtheo=5 mg, vtheo=3.5 µL, 1.2 eq) of oxalylchloride and one droplet of DMF were added. After 
the development of gas has seized, the reaction was stirred for one hour at room temperature. 
The solution was evaporated to dryness and the resulting residue was dissolved in DMF (1 
mL). 13 mg (41 µmol, 1.2 eq) of TOTA-Boc were dissolved in 1 mL of DMF and added to the 
Aza-BODIPY solution, followed by addition of 16 mg (41 µmol, 1.2 eq) of HBTU in 1 mL of DMF 
and 0.1 mL of DIPEA. The reaction was further stirred for 16 h at room temperature (reaction 
control by HPLC). After total conversion of the starting material, the solvents were evaporated 
under reduced pressure. The crude product was washed three times with diluted HCl (pH=3) 
and neutralized by washing with NaHCO3 solution. The organic fractions were gathered, dried 
over Na2SO4 and solvents removed in vacuo. The product was dissolved in DCM and 
precipitated by addition of pentane. The resulting product was dried, resulting in pure 33 as 
dark blue solid in 73% yield (22 mg, 25 µmol). 
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1H NMR (300 MHz, CD3CN) δ (ppm) = 1.37 (s, 9H, Had), 1.61 (q, 3J = 6.4 Hz, 2H, Hr), 1.74 (q, 3J = 6.4 Hz, 2H, Hy), 
3.05 (dd, 3J = 12.8 Hz, 4J = 6.7 Hz, 2H, Hq), 3.33 (dd, J = 12.7 Hz, 4J = 6.6 Hz, 2H, Hz), 3.40 (t, 3J = 6.1 Hz, 2H, Hs), 
3.56 – 3.42 (m, 10H, Ht, Hu, Hv, Hw, Hx), 4.50 (s, 2H, Hn), 5.38 (s, 1H, Haa), 6.96 (d, 3J = 8.9 Hz, 2H, Hk), 7.06 (d, 3J = 
9.0 Hz, 2H, Hk‘), 7.10 (s, 2H, Hf, Hf‘),7.26 (t, J = 5.7 Hz, 1H, Hp), 7.57 – 7.42 (m, 6H, Ha, Ha‘, Hb, Hb‘), 8.04 – 7.95 (m, 
6H, Hc, Hc‘, Hj), 8.08 (d, J = 9.0 Hz, 2H, Hj‘) 
 
13C NMR (75 MHz, CD3CN) δ (ppm) = 28.6 (s, Cad), 30.1 (s, Cy, Cr), 37.4 (s, Cq, Cz), 57.4 (s, Cx), 68.1 (s, Cn), 69.6 (s, 
Cs), 69.8, 70.6, 70.9, 71.0 (4x s, Ct, Cu, Cv, Cw), 75.4 (s, Cac) 116.0 (s, Cf), 116.8 (s, Ck), 124.9 (s, Ci), 126.8 (s, Ci’), 
129.4 (s, Ca), 129.4 (s, Ca’), 130.5 (s, br, Cc), 131.7 (s, Cj), 131.9 (s, Cb), 132.2 (s, Cb’), 132.6 (s, Cd’), 132.7 (s, Cd), 
144.4 (s, Ce), 159.9 (s, Ch), 160.3 (s, Cab), 160.6 (s, Cm), 168.6 (s, Co).  
 

11B NMR (96 MHz, CD3CN) δ (ppm) = 0.81 (t, JB-F = 31.2 Hz) 
 

19F NMR (282 MHz, CD3CN) δ (ppm) = -130.23 (q, JF-B = 31.2 Hz) 
 
HR-MS (ESI): calculated for C49H54B1F2N5O8Na1 [M+Na]+ 912.39257; found 912.39411 
 

4.2.2.8 Compound 34 
 
21 mg (24 µmol) of compound 33 were dissolved in THF (3 mL). 3 mL of 3 M HCl were then 
added and the reaction was stirred for 18h at room temperature, followed by 4 h at 35°C. The 
resulting crude product was evaporated to dryness at 30°C and purified by semi-preparative 
HPLC using as eluent, the following gradient: H2O+0.1% formic acid and ACN+0.1% formic acid 
(30%ACN + 0.1FA to 90%ACN + 0.1%FA in 20 min). The fractions corresponding to the targeted 
product were evaporated to dryness and precipitated from DCM/pentane to obtain 16 mg 
(20 µmol, 83%) of pure 34 as a dark blue powder.  
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1H NMR (500 MHz, CD2Cl2) δ (ppm) = 1.80 (s, 2H, Hr), 1.97 (s, 2H, Hy), 3.23 (s, 2H, Hq), 3.43 (m, 2H, Hz), 3.49 – 3.68 
(m, 14H, Ht, Hu, Hv, Hw, Hx, Haa), 4.56 (s, 2H, Hn), 6.94 (s, 2H, Hf, Hf’), 7.03 (t, 3J = 8.7 Hz, 4H, Hk’, Hk), 7.42 – 7. 52 
(m, 6H, Hb, Ha, Hb’, Ha’), 7.54 (s, br, Hp), 7.94-8.04 (m, 6H, Hc, Hc’, Hj), 8.06 (d, J = 8.5 Hz, 2H, Hj’) 
 
 13C NMR (151 MHz, DMF-d7) δ (ppm) = 28.5 (s, Cy), 37.4 (s, Cr), 38.6 (s, Cz), 39.2 (s Cq), 68.5 (s, Cn), 69.3 (s, Cs), 
69.7 (s, Cx), 70.9, 71.0, 71.1, 71.3 (4x s, Ct, Cu, Cv, Cw), 116.3 (s, Cf), 117.2 (s, Cf’), 119.1 (s, Ck), 119.5 (s, Ck’) 124.5 
(s, Ci), 126.9 (s, Ci), 129.7 (s, Ca), 129.7 (s, Ca’), 130.7 (t, J = 4.0 Hz, Cc’), 130.7 – 130.8 (t, J = 4.0 Hz, Cc), 131.9 (s, 
Cb), 132.1 (s, Cj), 132.2 (s, Cb’), 132.5 (s, Cj’), 132.8 (s, Cd’), 132.9 (s, Cd), 143.8 (s, Ce, Ce’), 145.8 (s, Cg, Cg’), 160.7 (s, 
Ch, Ch’), 161.7 (s, Cm’), 168.8 (s, Co). 
 
11B NMR (160 MHz, MeOD-d4) δ (ppm) = 0.89 (t, JB-F = 31.1 Hz). 
 
19F NMR (470 MHz, CD2Cl2) δ (ppm) = -130.57 (q, JF-B = 31.2 Hz). 
 
19F NMR (470 MHz, MeOD-d4) δ (ppm) = -131.34 (q, JF-B = 31.1 Hz). 
 
HR-MS (ESI): calculated for C44H47B1F2N5O6 [M+H]+ 790.35820; found 790.35768 

 

4.2.2.9 Compound 35 
 
5 mg (1eq, 6.33µmol) of azaBODIPY 34 were placed in a GC-vial and dissolved in 0.3mL dry 
DMF. 24.3mg (20eq, 127µmol) PDITC were added to the solution, followed by 0.1mL DIPEA. 
The solution was stirred for 4h at 30°C. Once HPLC indicated completion (99%) the compound 
was purified using semi preparative HPLC (injection in 50/50 ACN/H2O). Product fractions 
were collected and evaporated to dryness to obtain 140µg (0.142 µmol, 2% yield) of a dark 
blue insoluble solid. 

 
HR-MS (ESI): calculated for C52H50BF2N7O6S2Na [M+Na]+ 1004.32173; found 1004.32143 

TR=6.313min 

 

4.2.2.10 N, N, N-triethylprop-2-yn-1-ammonium bromide 36 
A solution of Et3N (2.8 mL, 20.17 mmol, 1.2 eq) in 20 mL of CHCl3 was cooled to 0°C. 1.27 mL 
(16.8 mmol, 1eq) of 3-bromopropyne were added slowly during 5 minutes. The resulting 
suspension was left to warm up to room temperature and the stirring continued over night. 
The suspension was then poured into 200 mL of ice-cold diethyl ether and filtered with a frit. 
The solid was reprecipitated from MeOH/Et2O, filtered again and dried under reduced 
pressure to yield 3.509 g (15.93 mmol, yield = 95%) of the target compound 36 as an off-
white/beige solid. 
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1H NMR (300 MHz, MeOD, 300K) δ (ppm) = 1.42 (t, 3J = 7.3 Hz, 9H, Ha), 3.53 (q, 3J = 7.3 Hz, 6H, Hb), 4.36 (s, 2H, 
Hc) 
 
13C NMR (75 MHz, MeOD, 300K) δ (ppm) = 8.0 (s, Ca), 54.7 (s, Cb), 71.7 (t, 2JC-D=7.85Hz, Cc), 82.0 (t, 1JC-D=39.30Hz, 
Ce), 82.3 (s, Cd). 

 

4.2.2.11 Compound 37 
 
61.6 mg (279.8 µmol, 2.1 eq) propyne-ammonium 36 were dissolved in 15 mL of dry THF 
under argon and cooled to -78°C. 165 µL 1.7M tBuLi in THF (279.8 µmol, 2.1 eq) were added 
and the reaction stirred for 15min. 101 mg azaBODIPY 38 (133.2 µmol) were dissolved in 5mL 
dry THF, pulled into a syringe and added slowly to the reaction mixture. The reaction is stirred 
for 90min at -78°C and then left to heat up to room temperature. The crude mixture is 
quenched by addition of EtOH, followed by 5 mL 1M HCl. The solution is stirred for 6 h until 
total consumption of TBDMS-protected products. The crude product is evaporated to dryness 
and purified by semi preparative HPLC using a gradient of ACN: H2O+0.1%FA 
(20%ACN+0.1%FA to 80% ACN+0.1%FA in 30 min). The product fractions are collected and 
lyophilized to yield 65.2 mg (37 µmol, 49%) of the target compound as a dark blue powder.  

 
1H NMR (300 MHz, MeOD-d4) δ (ppm) = 1.04 – 1.15 (m, 18H, Hs), 2.91 (dd, J = 7.2, 14.4 Hz, 4H, Hr (inner)), 3.01 
(q, J = 7.2 Hz, 8H, Hr(outer)), 3.63 (d, J = 6.1 Hz, 1H, Hq), 3.81 (s, 4H, Hq), 6.87 – 6.97 (m, 4H, Hk), 7.09 – 7.17 (m, 
2H, Hf), 7.53 – 7.64 (m, 6H, Ha, Hb), 8.04 (dd, J = 2.6, 8.8 Hz, 4H, Hc), 8.26 (dd, J = 2.2, 5.4 Hz, 4H, Hj), 8.38 (s, 2H, 
Hn). 
 
13C NMR (75 MHz, MeOD-d4) δ (ppm) = 7.8 (s, Cs), 9.9 (s), 33.3 (s, Co), 54.1 (s, Cq) 54.2 (s, Cr), 87.5 (s, Cp), 116.9 (s, 
Cf), 119.3 (s, Ck), 125.0 (d, J = 4.6 Hz, Ci), 129.5 (d, J = 7.4 Hz, Cb), 131.4 (d, J = 4.9 Hz, Cc), 131.9 (d, J = 12.2 Hz, Ca), 
132.3 (d, J = 3.0 Hz, Cj), 133.8 (d, J = 7.6 Hz, Cd), 144.2 (s, Ce), 145.1 (d, J = 7.2 Hz, Cg), 159.6 (d, J = 5.9 Hz, Ch), 
161.0 (d, J = 7.0 Hz, Cm). 
 
11B NMR (96 MHz, MeOD-d4) δ (ppm) = -12.97 (s, br). 
 
HR-MS (ESI): calculated for C50H56B1N5O2 [M]2+ 384.72580; found 384.72604 

 

4.2.2.12 Compound 38 
 
90 mg (170 µmol, 1 eq) azaBODIPY 30 were dissolved in 10 mL of dry THF. 95 µL (6.28 µmol, 
4 eq) of dry Et3N, 102 mg (4 eq, 680 µmol) of TBDMSCl and one crystal of DMAP were added 
and the resulting solution stirred for 90 minutes at room temperature. Solvents were 
evaporated and the crude product purified by column chromatography on silica gel using an 
eluent of EtOAc/heptane (2:8), yielding 101 mg (133 µmol, yield = 78%) of the desired product 
as a coppery, crystalline solid. 
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1H NMR (600 MHz, CDCl3) δ (ppm) = 0.24 – 0.30 (m, 12H, Hn), 1.01 – 1.08 (m, 18H, Hp), 6.92 (m, 6H, Hf, Hk), 7.47 
(m, 6H, Ha, Hb), 7.96 – 8.05 (m, 8H, Hc, Hj). 
 
13C NMR (151 MHz, CDCl3) δ (ppm) = -4.1 (s, Cn), 18.5 (s, Co), 25.9 (s, Cp), 117.7 (s, Cf), 120.5 (s, Ck), 126.1 (s, Ci), 
128.7 (s, Ca), 129.7 (t, J = 3.9 Hz, Cc), 130.8 (s, Cb), 131.1 (s, Cj), 132.0 (s, Cd), 144.0 (s, Ce), 145.6 (s, Cg), 157.6 (s, 
Ch), 159.3 (s, Cm). 
 
11B NMR (96 MHz, CDCl3) δ (ppm) = 0.95 (t, JB-F = 31.2 Hz). 
 
19F NMR (282 MHz, CDCl3) δ (ppm) = -131.00 (q, JF-B = 31.2 Hz). 
 
29Si NMR (60 MHz, CDCl3) δ (ppm) = -110.07 (br). 
 
HR-MS (ESI): calculated for C44H51B1F2N3O2Si2 [M+H]+ 758.35754; found 758.35665 
 

4.2.2.13 (E)-1- (4-methoxyphenyl)-3-phenylprop-2-en-1-one (41) 
 
3 g KOH (53.47 mmol, 1.6 eq) KOH were dissolved in 40 mL methanol. 5 g (33.3 mmol, 1 eq) 
4-methoxyacetophenone and 3.36 mL (32.97 mmol, 0.99 eq) were added and the reaction 
stirred for 1.5h at room temperature. The formed precipitate was filtered and washed twice 
with MeOH. The filtrate was reconcentrated and filtered as well, followed by washing with 
MeOH. The solids were collected to obtain 8.0029 g (5.7806 g (24.26 mmol, yield = 74%) + 
2.2223 g (9.33 mmol, yield = 28%) that contains traces of KOH) of the target compound as a 
fluffy white solid. 
 

 
1H-NMR (300 MHz, CDCl3. 300K): δ (ppm) = 3.88 (s, Hm), 7.00 (d, J = 8.8 Hz, 2H, Hj), 7.40 (m, 3H, Ha, Hb), 7.54 (d, J 
= 15.6 Hz, 1H, Hf), 7.63 (dd, J = 7.2 Hz, 3.4 Hz, 2H, Hc), 7.81 (d, J = 15.6Hz, 1H, He), 8.04 (d, J = 8.8 Hz, 2H, Hi) 

 

4.2.2.14 1- (4-methoxyphenyl)-4-nitro-3-phenylbutan-1-one (42) 
 
5.7806 g (24.26 mmol, 1eq) chalcone 41 was suspended in 20mL MeOH. After addition of 8mL 
(76.56mmol, 3.2eq) DEA and 4mL (74.7 mmol, 3.1 eq) MeNO2 the reaction was refluxed for 
6h. After total conversion the solvents were evaporated and the compound dried under fine 
vacuum for 18h to obtain 7.479 g of the target compound as a sticky yellow oil that still 
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contains MeNO2 (considered as 100%). The product was used in the next reaction without 
purification or characterization. 
 

 
 
1H NMR (500 MHz, CDCl3, 300K): δ (ppm) = 3.39 (qd, 3J = 17.4, 4J=7.0 Hz, 2H, Hf), 3.87 (s, 3H, Hn), 4.21 (q, 3J=7.1 
Hz, 1H, He), 4.32 (s, 1H), 4.68 (dd, 3J = 12.5, 4J= 8.1 Hz, 1H, Hg), 4.84 (dd, 3J = 12.5, 6.5 Hz, 1H, Hg’), 6.93 (d, J = 8.9 
Hz, 2H, Hk), 7.23 – 7.30 (m, 3H, Ha, Hb), 7.37 – 7.30 (m, 2H, Hc), 7.90 (d, J = 9.0 Hz, 2H, Hj) 
  

4.2.2.15 Compound 43 
 
7.479 g of the product-oil 42 (considered as 24.26 mmol, 1 eq) were placed in 200 mL EtOH. 
After addition of 37.4 g NH4OAc (485.2 mmol, 20 eq) the mixture was refluxed for 8h. The 
solvents were evaporated until ½ of the original volume and then centrifuged. The 
supernatant was discarded, the solid resuspended and centrifuged again (3x repetitions until 
the supernatant stayed almost colorless). The blue black filtrate was dried to yield 3.2347 g 
(6.348 mmol, yield = 52% over 2 steps) of the target-compound as a dark blue solid.  

 
 
1H NMR (500 MHz, CDCl3) δ (ppm) = 3.91 (s, 6H, Hm), 7.05 (d, J = 8.8 Hz, 4H, Hi), 7.13 (s, 2H, Hf), 7.42 (t, J = 7.5 Hz, 
4H, Hb), 7.87-7.92 (m, 6H, Ha, Hj), 8.06 (d, J = 7.2 Hz, 4Hc). 

 

4.2.2.16 AzaBODIPY 44 
 
3.2347 g (6.347 mmol) of azadipyrromethene 43 were dissolved/suspended in 200 mL dry 
THF. After addition of 10 mL (57.4 mmol, 9.04 eq) DIPEA and 12 mL 48% BF3*Et2O (45.5 mmol, 
7.17 eq) the reaction was stirred at 60°C for 2.5 h (solution turns green). The reaction-mixture 
was evaporated to dryness. The crude product was redissolved in MeOH, stirred for 30 min 
and centrifuged. The solid was washed and centrifuged 3x with MeOH. The solid was dissolved 
in DCM (30 mL), followed by addition of MeOH (200 mL) and slowly evaporated to near 
dryness (formation of coppery solid). The remaining supernatant was removed via pipette and 
the solid dried to yield 2.6296 g (4.718 mmol, yield = 74%) of the target-compound as a 
coppery powder.  
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1H NMR (500 MHz, DMSO-d6) δ (ppm) = 3.89 (s, 6H, Hm), 7.15 (d, J = 9.0 Hz, 4H, Hj), 7.48 (t, J = 7.3 Hz, 2H, Ha), 
7.54 (t, J = 7.4 Hz, 4H, Hb), 7.61 (s, 2H, Hf), 8.18 (ps-t, J = 8.4 Hz, 8H, Hc, Hi). 
 
13C NMR (126 MHz, CDCl3) δ (ppm) = 55.6 (s, Cm), 114.4 (s, Cf), 118.8 (s, Cj), 124.3 (s, Ch), 128.7 (s, Ca), 129.4 (s, 
Cc), 129.4 (s, Cb), 131.8 (t, J = 4.8 Hz, Ci), 132.7 (s, Cd), 143.3 (s, Ce), 145.5 (s, Cg), 158.3 (s, Cn), 162.1 (s, Ck). 
 
11B NMR (160 MHz, DMSO-d6) δ (ppm) = 1.04 (t, J = 32.6 Hz). 
 

19F NMR (470 MHz, DMSO-d6) δ (ppm) = -130.41 (q, J = 32.6 Hz). 
 
HR-MS (ESI): calculated for C34H26B1F2N3O2 [M]+ 557.20807; found 557.20754 

 

4.2.2.17 (E)-3- (4-bromophenyl)-1-methoxyphenylprop-2-en-1-one 45 
 
7.5 g (133 mmol) KOH were dissolved in 150 mL of MeOH. 5g (33.29mmol, 1eq.) of 4-
methoxyacetophenone and 6.159 g (33.29 mmol, 0.99 eq) of 4-bromobenzaldehyde were 
successively added and the mixture stirred for 1.5 h at room temperature. The solvents were 
evaporated to near dryness and the resulting slurry was dissolved in DCM (400 mL) and 
extracted once with water until the aqueous phase was colorless. The organic phase was dried 
with Na2SO4, filtered and evaporated to dryness to yield 9.334 g (yield = 88%) of the target 
compound as a pale yellow solid. 
 

 
 

1H NMR (500 MHz, CDCl3) δ (ppm) = 3.89 (s, 3H, Hm), 6.99 (d, J = 8.9 Hz, 2H, Hj), 7.50 (d, J = 8.5 Hz, 2H, Hb), 7.52 
(d, J = 15.6 Hz, 1H, Hf), 7.55 (d, J = 8.4 Hz, 2H, Hc), 7.72 (d, J = 15.6 Hz, 1H, He), 8.03 (d, J = 8.9 Hz, 2H, Hi). 
 
13C NMR (126 MHz, CDCl3) δ (ppm) = 55.7 (s, Cm), 114.1 (s, Cj), 122.6 (s, Cf), 124.7 (s, Ca), 129.8 (s, Cc), 131.0 (s, 
Ch), 132.3 (s, Ci), 134.2 (s, Cb), 142.6 (s, Ce), 163.7 (s, Ck), 188.5 (s, Cg). 

 

4.2.2.18 3- (4-bromophenyl)-4-nitro-1-methoxyphenylbutan-1-one (46)  
 
8.0174 g (25.28mmol) of chalcone 45 were suspended in 150 mL of MeOH. 20 mL of 
nitromethane (373.5 mmol, 14.8eq) and 20 mL of diethylamine (193 mmol, 7.6 eq) were 
added and the mixture refluxed for 48h. 
The solvents were evaporated under fine vacuum to yield the target compound as a brown 
solid. The substance was engaged in the next reaction without further purification or 
characterization. 
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1H NMR (500 MHz, CDCl3) δ (ppm) = 3.36 (dd, J = 5.4, 6.9 Hz, 2H, Hf), 3.87 (s, 3H, Hn), 4.13 – 4.23 (m, 1H, He), 4.65 
(dd, J = 8.2, 12.6 Hz, 1H, Hg), 4.81 (dd, J = 6.4, 12.6 Hz, 1H, Hg’), 6.92 (d, J = 8.9 Hz, 2H, Hc), 7.16 (d, J = 8.4 Hz, 2H, 
Hk), 7.45 (d, J = 8.4 Hz, 2H, Hj), 7.88 (d, J = 8.9 Hz, 2H, Hb). 

 

4.2.2.19 Compound 47 
 
The oil 46 was dissolved in 250 mL EtOH and 30 g of NH4OAc were added. The mixture was 
refluxed for 36 h. The solvents were evaporated to 1/4th of the original volume. The mixture 
was centrifuged and washed repeatedly (4-5 times) with EtOH until the washing phase stays 
(almost) colorless. 
The obtained blue solid was suspended in pentane, decanted and the solid evaporated to 
dryness to yield 3.7843 g of the target compound as a dark blue solid. The discarded filtrates 
was reengaged following the same procedure to yield 0.627 g of the target compound. 
(6.61 mmol, yield = 52% over 2 steps) 
 

 
 
1H NMR (300 MHz, DMSO-d6) δ (ppm) = 3.90 (s, 6H, Hn), 7.22 (d, J = 8.7 Hz, 4H, Hk), 7.65 (s, J = 7.8 Hz, 2H, Hg), 
7.70 (d, J = 8.6 Hz, 4H, Hc), 8.03 (t, J = 8.2 Hz, 8H, Hb, Hj). 

 

4.2.2.20 AzaBODIPY 48 
 
4.4113 g (6.61 mmol) azaDIPY 47 were dissolved in 200 mL of dry THF. 10 mL of dry DIPEA 
were added and the solution stirred for 20min at room temperature. After 20 min 6 mL of 
48% BF3*Et2O (6 mL, 48.8 mmol, 7.4 eq) were added and the resulting solution refluxed for 
24 h. After total consumption of starting materials (checked by TLC) the solvents were 
evaporated and the crude product partitioned thrice between DCM/1M HCl. 
The organic fractions were collected, washed with brine and dried with Na2SO4. 
The crude product was deposited on silica gel and purified on silica gel using an eluent of 
heptane /EtOAc (6:4  1:2). 4.6 g (6.43 mmol, 97%) of the target compound were isolated as 
a fine crystalline, dark green powder.  
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1H NMR (500 MHz, CDCl3) δ (ppm) = 3.89 (s, 6H, Hm), 7.01 (m, 6H, Hg, Hk), 7.59 (d, J = 7.3 Hz, 4H, Hc), 7.90 (d, J = 
7.2 Hz, 4H, Hb), 8.08 (d, J = 7.4 Hz, 4H, Hj). 
 
13C NMR (75 MHz, CDCl3) δ (ppm) = 55.6 (Cn), 114.5, (Cg), 118.9 (Ck), 124.0 (Ca), 130.7 (Ci), 131.4 (Cj), 131.8 (Cc), 
131.9 (Cb), 131.9 (Cd), 141.8 (Ce), 145.3 (Cf), 158.5 (Ch), 162.3 (Cm) 
 
11B NMR (96 MHz, CDCl3) δ (ppm) = -1.05 (t, JB-F = 31.7 Hz). 
 
19F NMR (282 MHz, CDCl3) δ (ppm) = -132.07 (q, J = 31.7 Hz) 
 
HR-MS (ESI): calculated for C34H24B1Br2F2N3O2 [M]+ 713.02909; found 713.03150 
 

4.2.2.21 (E)-3- (4-Methoxyphenyl)-1-bromophenylprop-2-en-1-one (49) 
 
7.5 g (133 mmol) of KOH were dissolved in 150 mL of MeOH. 7.31g (36.73 mmol, 1eq.) of 4-
bromoacetophenone and 5 g (36.72 mmol, 0.99 eq) 4-methoxybenzaldehyde were 
successively added and the mixture stirred for 1.5 h at room temperature. The solvents were 
evaporated to near dryness, the resulting crude product was dissolved in DCM (400 mL) and 
extracted with water until the aqueous phase was colorless. The organic phase was dried with 
Na2SO4 (5-10 g), filtered and evaporated to dryness to yield 10.25 g (32.32 mmol, 88%) of the 
target compound as a pale yellow solid. 

 
1H NMR (500 MHz, CDCl3) δ (ppm) = 3.85 (s, 3H, Ha), 6.93 (d, J = 8.7 Hz, 2H, Hc), 7.34 (d, J = 15.6 Hz, 1H, Hg), 7.59 
(d, J = 8.7 Hz, 2H, Hd), 7.62 (d, J = 8.4 Hz, 2H, Hk), 7.77 (d, J = 15.6 Hz, 1H, Hf), 7.86 (d, J = 8.5 Hz, 2H, Hj). 
 
13C NMR (126 MHz, CDCl3) δ (ppm) = 55.6 (s, Ca), 114.6 (s, Cc), 119.3 (s, Cg), 127.6 (s, Ce), 127.7 (s, Cm), 130.1 (s, 
Cj), 130.5 (d, J = 2.6 Hz, Cd), 132.0 (s, Ck), 137.4 (s, Ci), 145.5 (d, J = 3.4 Hz, Cf), 162.0 (s, Cb), 189.7 (s, Ch). 

4.2.2.22 3- (4-Methoxyphenyl)-4-nitro-1-bromophenylbutan-1-one (50) 
 
8.0174 g (25.28 mmol) of chalcone 49 were placed in a round bottom flask and suspended in 
150mL of MeOH. 20mL of nitromethane (373.53 mmol, 14.8 eq) and 20 mL of diethylamine 
(193.33 mmol, 7.65 eq) were added and the mixture refluxed for 48h. 
The solvents were evaporated to yield the target compound as a brown solid. The crude 
substance was engaged in the next reaction without further purification. 
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1H NMR (500 MHz, CDCl3) δ (ppm) = 3.38 (dd, J = 3.3, 6.9 Hz, 2H, Hh), 3.77 (s, 3H, Ha), 4.15 (p, J = 7.1 Hz, 1H, Hf), 
4.64 (dd, J = 7.7, 12.4 Hz, 1H, Hg), 4.77 (dd, J = 6.8, 12.4 Hz, 1H, Hg’), 6.85 (d, J = 8.7 Hz, 2H, Hc), 7.18 (d, J = 8.7 Hz, 
2H, Hd), 7.59 (d, J = 8.6 Hz, 2H, Hm), 7.76 (d, J = 8.6 Hz, 2H, Hk). 

 

4.2.2.23 Compound 51 
 
Compound 50 was dissolved in 250mL of EtOH and 30g of NH4OAc were added. The mixture 
was refluxed for 36h. The solution was concentrated and filtered. The recovered solid was 
further washed with EtOH (40 mL, 4-5times) until the surnatant remained colorless. 
The obtained blue solid was suspended in pentane, decanted and dried to yield 6.1366 g of 
the target compound as a dark blue solid. The discarded filtrate was reengaged following the 
same procedure to yield 0.802 g of the target compound (10.40 mmol, yield = 82% over two 
steps). 

 
 
1H NMR (300 MHz, CDCl3) δ (ppm) = 3.89 (s, 6H, Ha), 6.97 (m, 4H, Hc), 7.07 (s, 2H, Hh), 7.66 (m, 4H, Hd), 7.77 (m, 
4H, Hm), 7.99 (m, 4H, Hk). 

 

4.2.2.24 AzaBODIPY 52 
 
5.8884 g (8.823 mmol, 1eq) of azaDIPY 51 were dissolved in 200 mL of dry THF. 10 mL of dry 
DIPEA were added and the solution stirred for 20min at room temperature. After 20 min 6 mL 
of 48% BF3*Et2O (6 mL, 48.8 mmol, 7.4 eq) were added and the resulting solution refluxed for 
24 h. After total consumption of starting materials (checked by TLC) the solvents were 
evaporated and the crude product partitioned thrice between DCM/1M HCl. 
The organic fractions were collected, washed with brine and dried with Na2SO4. 
The crude product was deposited on silica gel and purified on silica gel using an eluent of 
heptane /EtOAc (6:4  1:2). 4.54 g (6.35 mmol, yield = 72%) of the target compound were 
isolated as a fine crystalline, dark blue powder.  
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1H NMR (500 MHz, CDCl3) δ (ppm) = 3.90 (s, 6H, Ha), 6.89 (s, 2H, Hh), 6.99 (d, J = 8.7 Hz, 4H, Hc), 7.61 (d, J = 8.5 
Hz, 4H, Hk), 7.89 (d, J = 8.6 Hz, 4H, Hm), 8.04 (d, J = 8.7 Hz, 4H, Hd). 
 
13C NMR (75 MHz, CDCl3) δ (ppm) = 55.6 (s, Ha), 114.5 (s, Ch), 117.4 (s, Cc), 125.3 (s, Cn), 125.8 (s, Ce), 130.8 (s, Cd), 
131.0 (s, Cf), 131.1 (s, Cj), 131.1 (s, Ck), 132.0 (s, Cm), 144.3 (s, Ci), 145.8 (s, Cg), 161.3 (s, Cb). 
 
11B NMR (160 MHz, CDCl3) δ (ppm) = 0.85 (t, J = 31.5 Hz). 
 
19F NMR (470 MHz, CDCl3) δ (ppm) = -130.63 (q, J = 31.5 Hz). 
 
HR-MS (ESI): calculated for C34H24B1Br2F2N3O2 [M]+ 713.02909; found 713.03146 

 

4.2.2.25 Compound 53 
 
(Dry glassware, solvents and protective atmosphere used) 
151 µL (1.349 mmol, 2eq) of propargyl amine were dissolved in 5 mL dry THF. 1.47 mL (2.1 eq) 
of EtMgBr (1M in THF) solution was added and the resulting mixture refluxed for 45 min. 
500 mg (699.1 µg, 1eq) of azaBODIPY 48 were dissolved in 5 mL in a separate flask and added 
to the reaction. The resulting mixruew was refluxed for another 45 min and then quenched 
by addition of ethanol. The crude product was evaporated to dryness. After dissolution in 
EtOAc the compound was partitioned thrice in EtOAc/water and washed with brine. The 
organic fraction was dried with Na2SO4 and evaporated to dryness. After precipitation from 
DCM/pentane the target compound (0.5824 g, 692.1 µmol, yield = 99%) was isolated as a dark 
green solid. 

 
 
1H NMR (600 MHz, MeOD) δ (ppm) = 2.56 (s, 12H, Hr), 3.72 (s, 4H, Hq), 3.92 (s, 6H, Hn), 7.14 (d, J = 8.8 Hz, 4H, Hk), 
7.36 (s, 2H, Hg), 7.65 (d, J = 8.5 Hz, 4H, Hb), 7.99 (d, J = 8.5 Hz, 4H, Hc), 8.37 (d, J = 8.8 Hz, 4H, Hj). 
 
13C NMR (151 MHz, MeOD) δ (ppm) = 42.4 (s, Cr), 48.5 (s, Cq), 56.2 (s, Cn), 88.4 (s, Cp), 115.0 (s, Cg), 121.3 (s, Ck), 
124.9 (s, Ca), 125.4 (s, Ci), 131.8 (s, Cj), 132.5 (s, Cd), 133.0 (s, Cc), 134.0 (s, Cb), 142.4 (s, Ce), 144.1 (s, Ch), 159.4 (s, 
Cf), 163.7 (s, Cm). 
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11B NMR (193 MHz, MeOD) δ (ppm) = -12.39 (s). 
 
HR-MS (ESI): calculated for C44H41B1Br2N5O2 [M+H]+ 840.17146; found 840.17202 
 

4.2.2.26 Compounds 54 and 55 
 
100 mg (118.8 µmol, 1 eq) of azaBODIPY 53 were placed into a round bottom flask and 
dissolved in 30 mL of dry CHCl3. 18.2 mg (130.7 µmol, 1.1 eq) of bromoacetic acid were added 
and the solution stirred overnight. Once finished the solvents were evaporated and the crude 
product purified by semi preparative HPLC using gradient A. Product fractions were collected 
and lyophilized to yield 66.2 mg (65.4 µmol, yield = 55%) of the monoacid 54 and 20.6 mg 
(17.4 µmol, yield = 15%) of the diacid 55 as dark green solids. 
 

4.2.2.26.1 Compound 54 

 
1H NMR (500 MHz, CDCl3) δ (ppm) = 2.25 (s, 6H, Hu), 2.68 (s, 6H, Hr), 3.28 (s, 2H, Ht), 3.40 (s, 2H, Hq), 3.77 (s, 2H, 
Hv), 3.90 (s, 6H, Hn), 6.99 (s, 2H, Hg), 7.01 (d, J = 8.9 Hz, 4H, Hk), 7.59 (d, J = 8.6 Hz, 4H, Hc), 7.89 (d, J = 8.5 Hz, 4H, 
Hb), 8.26 (d, J = 8.8 Hz, 4H, Hj). 
 
13C NMR (126 MHz, CDCl3) δ (ppm) = 43.8 (s, Cu), 48.6 (s, Ct), 50.4 (s, Cr), 55.7 (s, Cq), 55.9 (s, Cn), 64.8 (s, Cv), 85.9 
(s, Co), 93.6 (s, Cp, Cs), 113.9 (s, Cg), 119.6 (s, Ck), 124.0 (s, Ca), 124.5 (s, Ci), 130.6 (s, Cj), 131.4 (s, Cd), 132.0 (s, Cc), 
132.6 (s, Cb), 141.2 (s, Ce), 143.1 (s, Ch), 157.8 (s, Cf), 161.9 (s, Cm), 164.6 (s, Cw). 
 
11B NMR (160 MHz, CDCl3) δ (ppm) = -12.69 (s). 
 
HR-MS (ESI): calculated for C46H43BBr2N5O4

+ [M]+ 898.17694; found 898.17888 
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4.2.2.26.2  Compound 55 

 
 

1H NMR (600 MHz, MeOD) δ (ppm) = 2.98 (s, 12H, Hr), 3.86 (s, 4H, Hq), 3.95 (s, 6H, Hn), 4.25 (s, 4H, Hs), 7.17 (d, J 
= 8.7 Hz, 4H, Hk), 7.31-7.37 (m, 2H, Hg), 7.57-7.66 (m, 4H, Hc), 7.94-8.02 (m, 4H, Hb), 8.33 (d, J = 8.7 Hz, 4H, Hj). 
 
13C NMR (151 MHz, MeOD) δ (ppm) = 51.6 (s, Cr), 56.3 (s, Cn), 56.4 (s, Cq), 62.4 (s, Cs), 87.6 (s, Cp), 115.3 (s, Cg), 
121.5 (s, Ck), 125.0 (s, Ca), 125.3 (s, Ci), 131.9 (s, Cj), 132.5 (s, Cd), 132.9 (s, Cc), 133.8 (s, Cb), 142.5 (s, Ce), 144.1 (s, 
Ch), 159.5 (s, Cf), 163.8 (s, Cm), 167.3 (s, Ct). 
 
11B NMR (193 MHz, MeOD) δ (ppm) = -12.41 (s). 
 
HR-MS (ESI): calculated for C48H44BBr2N5O6Na+ [M-2H+Na]+ 978.16436; found 978.16585 

4.2.2.27 Compounds 57 and 58 
 
100 mg (118.8 µmol, 1eq) of azaBODIPY 53 were dissolved in 30mL of DCM. 25.6 mg 
(118.8 µmol, 1eq) of bromomethyl benzoic acid were added and the reaction refluxed over 
night. The stirring was then cut and the solids left to decant. The supernatant was removed 
and the solids washed thrice with DCM (supernatant and washing solutions contain monoacid 
and starting materials). The product was dissolved in MeOH and precipitated with Et2O to yield 
68mg (53.5 µmol, yield = 45%; 90% with regards to the carboxylic acid) of the diacid 58 as a 
dark green solid. The supernatant and washing solutions were evaporated to dryness and 
purified by semi preparative HPLC. Product fractions were collected and lyophilized to yield 
11.7mg (10.7 µmol, yield = 9%) of the monoacid 57 as the TFA-salt. The leftover starting 
azaBODIPY 53 can be recovered.  
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4.2.2.27.1 Compound 57 

 
 
1H NMR (600 MHz, MeOD) δ (ppm) = 2.71 (s, 6H, Hu), 2.74 (s, 6H, Hr), 3.65 (s, 2H, Hv), 3.85 (s, 6H, Hn), 3.99 (s, 2H, 
Ht), 4.07 (s, 2H, Hq), 7.13 (d, J = 8.5 Hz, 4H, Hk), 7.36 (d, J = 7.9 Hz, 2H, Hx), 7.40 (s, 2H, Hg), 7.61 – 7.67 (m, 4H, Hb), 
8.00 (d, J = 8.2 Hz, 4H, Hc), 8.04 (d, J = 8.0 Hz, 2H, Hy), 8.41 (d, J = 8.6 Hz, 4H, Hj). 
 
13C NMR (151 MHz, MeOD) δ (ppm) = 42.6 (s, Cu), 48.6 (s, Ct), 50.7 (s, Cr), 55.2 (s, Cq), 56.2 (s, Cn), 66.6 (s, Cv), 88.2 
(s, Cs), 88.6 (s, Cp), 115.2 (s, Cg), 121.5 (s, Ck), 125.0 (s, Ca), 125.3 (s, Ci), 131.4 (s, Cx), 131.9 (s, Cj), 132.5 (s, Cd), 
132.6 (s, Cz), 133.0 (s, Cc), 133.8 (s, Cy), 134.0 (s, Cb), 134.5 (s, Cw), 142.5 (d, J = 2.7 Hz, Ce), 144.1 (s, Ch), 159.3 (s, 
Cf), 163.7 (s, Cm), 168.5 (s, Caa). 
 
11B NMR (193 MHz, MeOD) δ (ppm) = -12.41 (s). 
 
HR-MS (ESI): calculated for C52H47BBr2N5O4 [M]+ 974.20824; found 974.21085 

 

4.2.2.27.2 Compound 58 

 

1H NMR (600 MHz, MeOD) δ (ppm) = 2.85 (s, 12H, Hr), 3.82 (s, 6H, Hn), 3.93 (s, 4H, Hq), 4.23 (s, 4H, Hs), 7.13 (d, J 
= 8.7 Hz, 4H, Hk), 7.42 (d, J = 8.0 Hz, 4H, Hu), 7.46 (s, 2H, Hg), 7.65 (d, J = 7.8 Hz, 4H, Hb), 8.01 (d, J = 8.1 Hz, 8H, Hc, 
Hv), 8.44 (d, J = 8.7 Hz, 4H, Hj). 
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13C NMR (151 MHz, MeOD) δ (ppm) = 50.8 (s, Cr), 55.5 (s, Cq), 56.2 (s, Cn), 66.8 (s, Cs), 88.5 (s, Cp), 115.3 (s, Cg), 
121.6 (s, Ck), 125.1 (s, Ca), 125.2 (s, Ci), 131.4 (s, Cu), 131.9 (s, Cj), 132.4 (s, Cd), 132.6 (s, Cw), 133.0 (s, Cc), 133.8 (s, 
Cv), 134.0 (s, Cb), 134.5 (s, Ct), 142.7 (s, Ce), 144.1 (s, Ch), 159.2 (s, Cf), 163.9 (s, Cm), 168.4 (s, Cx). 
 
11B NMR (193 MHz, MeOD) δ (ppm) = -12.39 (s, br). 
HR-MS (ESI): calculated for C60H54BBr2N5O6 [M]2+ 554.62615; found 554.62644 
 

4.2.2.28 Compound 60 
 
In a dried Schlenktube, 386 µL (3.89 mmol, 2 eq) of 3-dimethylpropyne were dissolved in dry 
THF (3 mL). 4.503 mL (2.1 eq) of freshly dosed ethylmagnesiumbromide were added and the 
resulting solution was refluxed for 45 min. In a separate Schlenktube, 1 g (1.79 mmol, 1 eq) of 
aza-BODIPY 44 was dissolved in dry THF (15 mL) and added to the Grignard-solution via 
cannula. The mixture was refluxed for another 45 min. EtOH (5 mL) was then added, the 
solvents were evaporated and the crude product dissolved in EtOAc and washed twice with 
diluted bicarbonate aqueous solution. Organic fractions were collected, evaporated to 
dryness, adsorbed onto silica gel and purified using a short silica gel plug (eluent: EtOAc, 
followed by DCM/MeOH 80:20). Product fractions were collected, evaporated and 
precipitated once from DCM/pentane, yielding pure aza-BODIPY 60 (1.1 g, 1.61 mmol, 
90% yield) as a dark green powder with coppery reflexes.  

 
1H NMR (500 MHz, CDCl3) δ (ppm) = 2.10 (s, 12H, Hr), 3.05 (s, 4H, Hq), 3.87 (s, 6H, Hm), 6.97 (s, 2H, Hf), 6.99 (s, 4H, 
Hj), 7.40 (t, J = 7.3 Hz, 2H, Ha), 7.45 (t, J = 7.3 Hz, 4H, Hb), 8.06 (d, J = 7.3 Hz, 4H, Hc), 8.31 (d, J = 8.7 Hz, 4H, Hi). 
 
 13C NMR (126 MHz, CDCl3) δ (ppm) = 29.8 (s, Co) 43.0 (s, Cr), 48.2 (s, Cq), 55.6 (s, Cm), 91.7 (s, Cp), 113.5 (s, Cf), 
119.4 (s, Cj), 125.2 (s, Ch), 128.6 (s, Ca), 129.1 (s, Cc), 129.3 (s, Cb), 132.7 (s, Ci), 132.8 (s, Cd), 142.2 (s, Ce), 143.3 (s, 
Cg), 157.8 (s, Cn), 161.4 (s, Ck). 
 
11B NMR (160 MHz, CDCl3) δ (ppm) = -12.36 (s (vbr)). 
 
HR-MS (ESI): calculated for C44H43B1N5O2 [M+H]+ 684.35043; found 684.34847 

 

4.2.2.29 Compounds 61 and 62 
 
194 mg (0.284 mmol, 1 eq) of aza-BODIPY 60 were dissolved in 200 mL of dry THF. 67 mg 
(0.312 mmol, 1.1 eq) of 4-(Bromomethyl) benzoic acid were added and the resulting solution 
was stirred overnight. The stirring was stopped and the supernatant decanted once all solids 
had sedimented. The sediment was washed three times with hot THF (supernatants contain 
Aza-BODIPY 61) and dried to isolate 62. All supernatants were gathered, evaporated to 
dryness and purified by column chromatography on a short silica gel column. Leftover starting 
material is eluted with toluene  Tol:MeOH 8:2, followed by 100% MeOH to isolate Aza-
BODIPY 61. Product fractions of monoacid were reunited and evaporated to dryness. The 
product was dissolved in a minimum amount of MeOH, diluted in DCM and precipitated by 
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addition of pentane to obtain 83 mg (91 µmol, yield = 32%) of the target compound 61 as a 
dark green powder. Overall yield 58%, leftover starting material can be isolated and re-used. 
 

4.2.2.29.1 Compound 61 

 
 
1H NMR (600 MHz, MeOD-d4) δ (ppm) = 2.62 (d, J = 1.3 Hz, 6H, Hr (protonated form)), 2.68 (s, 6H, Hu), 3.58 (s, 2H, 
Hq), 3.86 – 3.76 (m, 8H, Hm+Ht), 3.99 (s, 2H, Hv), 7.10 (d, J = 8.8 Hz, 4H, Hj), 7.32 (dd, J = 12.3, 4.2 Hz, 4H, Hf, Hx), 
7.51 – 7.40 (m, 6H, Ha, Hb), 8.04 – 7.97 (m, 2H, Hy), 8.14 – 8.08 (m, 4H, Hc), 8.42 (dd, J = 8.8, 2.4 Hz, 4H, Hi). 
 
13C NMR (151 MHz, MeOD-d4) δ (ppm) = 43.0 (s, br, Cr), 50.6 (s, Cu), 55.0 (s, Ct, Cq), 56.2 (s, Cm), 66.6 (s, Cv), 87.9 
(s, Cs), 90.2 (s, Cp), 115.1 (s, Cf), 121.1 (s, Cj), 125.6 (s, Ch), 129.7 (s, Cc), 130.4 (s, Ca), 130.5 (s, Cb), 131.1 (s, Cz), 
131.2 (s, Cx), 133.5 (s, Cd), 133.5 (s, Cy), 133.9 (s, Ci), 138.4 (s, Cw), 143.9 (s, Ce), 144.2 (s, Cg), 159.1 (s, Cn), 163.5 
(s, Ck), 171.4 (s, Caa). 
 
11B NMR (160 MHz, MeOD-d4) δ (ppm) = -12.11 (s, vbr). 
 
HR-MS (ESI): calculated for C52H49B1N5O4 [M]+ 828.38721; found 828.38718 

4.2.2.29.2 Compound 62 
 

 
1H NMR (500 MHz, MeOD-d4) δ (ppm) = 2.87 (s, 12H, Hr), 3.80 (s, 6H, Hm), 3.96 (s, 4H, Hq), 4.24 (s, 4H, Hs), 7.13 
(d, J = 8.9 Hz, 4H, Hj), 7.42 (s, 2H, Hf), 7.50 – 7.43 (m, 10H, Ha, Hb, Hu), 8.04 (d, J = 8.1 Hz, 4H, Hv), 8.13 (dd, J = 8.1, 
1.4 Hz, 4H, Hc), 8.45 (d, J = 8.9 Hz, 4H, Hi). 
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13C NMR (126 MHz, MeOD-d4) δ (ppm) = 50.8 (s, Cr), 55.5 (s, Cq,), 56.2 (s, Cm), 66.7 (s, Cs), 88.3 (s, Cp), 115.3 (s, 
Cf), 121.4 (s, Cj), 125.4 (s, Ch), 129.8 (s, Cc), 130.4 (s, Ca), 130.7 (s, Cb), 131.4 (s, Cu), 131.9 (s, Cw), 133.4 (s, Cd), 
133.7 (s, Cv), 133.9 (s, Ci), 144.1 (s, Cg), 144.2 (s, Cn), 159.1 (s, Ck), 163.7 (s, Cx) 
 
11B NMR (160 MHz, MeOD-d4) δ (ppm) = -11.93. 
 
HR-MS (ESI): calculated for C60H56B1N5O6 [M]2+ 476.71563; found 476.71565 

 

4.2.2.30 Compound 64 
 
50 mg (56 µmol, 1 eq) of 61 were placed in a round bottom flask and dissolved in dry DMF 
(5 mL). HBTU (25 mg, 67 µmol, 1.2 eq) and DIPEA (0.3 mL, 1.8 mmol, 33 eq) were added and 
the mixture was stirred for 1 h at 30°C. 21 mg (67 µmol, 1.2 eq) of TOTA-Boc in DMF (1 mL) 
were added, and the solution stirred at 30°C for 4 h (reaction control by HPLC). Once finished, 
the solvents were evaporated to dryness and the crude product purified by column 
chromatography on 5% deactivated alumina, using DCM: MeOH 10097:3 as eluent. Product 
fractions were collected and evaporated. The product was dissolved in ACN/H2O (10 mL) and 
ion-exchange on a DOWEX basic resin performed. The eluate was evaporated and precipitated 
once from DCM/pentane to obtain the target compound 64 as a dark green solid. (20 mg, 
17 µmol, 31% yield). 
 
Semi prep: the crude product was purified by semi preparative HPLC using gradient A. Product 
fractions were collected, evaporated to dryness/lyophilized. The product was redissolved in 
ACN/H2O to undergo ion exchange on a DOWEX basic ion-exchange resin; collected, and 
lyophilized to obtain the target compound as a green, hygroscopic sponge (32% yield)  
HPLC yield: 90% 

 
1H NMR (500 MHz, MeOD-d4) δ (ppm) = 1.30 (t, J = 7.3 Hz, 6H), 1.40 (s, 9H, Ham), 1.66 (dt, J = 12.9, 6.5 Hz, 2H, 
Hag), 1.87 (p, J = 6.4 Hz, 2H, Had), 2.41 – 2.34 (m, 6H, Hr), 2.72-2.67 (m, 6H, Hu), 3.01 - 3.09 (m, 4H, Hae), 3.41 - 3.52 
(m, 8H, 2Hq, 2Hah, 2Hac, Hai, Hab), 3.54 (s, 2H, Ht), 3.56 - 3.64 (m, 8H, Haf), 3.82 (s, 6H, Hm), 3.96 (s, 2H, Hv), 7.09 (d, 
J = 8.8 Hz, 4H, Hj), 7.33 (s, 2H, Hf), 7.36 (d, J = 8.1 Hz, 2H, Hx), 7.52 – 7.44 (m, 6H, Ha, Hb), 7.86 (d, J = 8.1 Hz, 2H, 
Hy), 8.15 – 8.11 (m, 4H, Hc), 8.46 (d, J = 8.8 Hz, 4H, Hi). 
 
13C NMR (151 MHz, MeOD-d4) δ (ppm) = 28.8 (s, Cam), 30.3 (s, Cag), 30.9 (s, Cad), 38.7 (s, Cac), 38.9 (s, Cah), 42.6 (s, 
Cr), 48.7 (s, Co) 50.6 (s, Cu), 55.1 (s, Ct, Cq), 56.2 (s, Cm), 66.5 (s, Cv), 69.8 (s, Cae), 70.3 (s, Cae), 71.2 (s, Caf), 71.3 (s, 
Caf), 71.5 (s, Caf), 71.5 (s, Caf), 79.8 (s, Cak), 88.1 (s, Cs), 88.5 (s, Cp), 115.1 (s, Cf), 121.1 (s, Cj), 125.5 (s, Ch), 128.9 (s, 
Cx’), 129.1 (s, Cx), 129.8 (s, Cc), 130.4 (s, Ca), 130.7 (s, Cb), 131.2 (s, Cz), 133.4 (s, Cd), 133.9 (s, Cy), 133.9 (s, Ci), 138.2 
(s, Cw), 144.0 (s, Ce), 144.2 (s, Cg), 159.1 (s, Cn), 162.0 (s, vbr, Caj) 163.6 (s, Ck), 168.6 (s, Caa). 
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11B NMR (160 MHz, MeOD-d4) δ (ppm) = -12.76 (s, br). 

 
HR-MS (ESI): calculated for C67H79B1N7O8 [M]+ 1120.60777; found 1120.60905 

 

4.2.2.31 Compound 65  
 
30 mg (26 µmol) of 64 were dissolved in DCM (5 mL). 0.5 mL of MeI were added and the 
solution was stirred at room temperature for 1h. The solution was evaporated to dryness and 
the residue was dissolved in ACN (8 mL). 16 mL of 1M HCl were added and the reaction was 
stirred for 8 h at 30-35°C. Solvents were then evaporated and the crude product was purified 
by semi preparative HPLC using gradient A. Product fractions were collected, evaporated to 
dryness/lyophilized and ion exchange was performed. The resulting solution was lyophilized, 
yielding 65 (Cl-salt) (23 mg, 20 µmol, 78% yield) as a crystalline dark green solid.  
HPLC-Yield: 90-100% 

 
1H NMR (500 MHz, MeOD-d4) δ (ppm) = 1.88 (dt, J = 12.7, 6.0 Hz, 2H, Had), 1.92 (dt, J = 12.0, 6.5 Hz, 2H, Hag), 2.84 
(s, 6H, Hu), 2.94 (s, 9H, Hr), 3.10 (t, J = 6.4 Hz, 2H, Hah), 3.46 (t, J = 7.1 Hz, 2H, Hac), 3.57 (t, J = 6.1 Hz, 2H, Hae), 3.67 
– 3.59 (m, 10H, Haf), 3.87 (s, J = 6.4 Hz, 6H, Hm), 3.90 (s, 2H, Ht), 4.13 (d, J = 3.6 Hz, 2H, Hq), 4.21 (s, 2H, Hv), 7.16 
(d, J = 9.0 Hz, 4H, Hj), 7.40 (s, 2H, Hf), 7.53 – 7.42 (m, 8H, Hx, Ha, Hb), 7.87 (d, J = 8.3 Hz, 2H, Hy), 8.13 (dd, J = 8.1, 
1.4 Hz, 4H, Hc), 8.41 (d, J = 8.9 Hz, 4H, Hi). 
 
13C NMR (126 MHz, MeOD-d4) δ (ppm) = 28.1 (s, Cad), 30.5 (s, Cag), 38.5 (s, Cac), 40.1 (s, Cah), 50.7 (s, Cu), 53.0 (s, 
Cr), 55.5 (s, Ct), 56.3 (s, Cm), 58.1 (s, Cq), 66.7 (s, Cv), 69.9 (s, Cae), 70.4 (s, Caf), 71.0 (s, Caf), 71.1 (s, Caf), 71.4 (s, Caf), 
87.9 (s, Cp), 88.1 (s, Cs), 115.3 (s, Cf), 121.3 (s, Cj), 125.4 (s, Ch), 129.2 (s, Cx), 129.8 (s, Cc), 130.4 (s, Ca), 130.7 (s, 
Cb), 131.4 (s, Cz), 133.4 (s, Cd), 133.9 (s, Cy), 134.0 (s, Ci), 138.0 (s, Cw), 144.0 (s, Ce), 144.2 (s, Cg), 159.1 (s, Cn), 
163.7 (s, Ck), 168.8 (s, Caa). 
 
11B NMR (160 MHz, MeOD-d4) δ (ppm) = -12.43 (s, br). 
 
HR-MS (ESI): calculated for C63H75B1N7O6 [M]3+ 345.52851; found 345.52954 

 

4.2.2.32 Compound 66 
40 mg (34 µmol, 1 eq) aza-BODIPY 61 were placed in a round bottom flask and dissolved in 
6mL of CH3CN. 21 mg (172 µmol, 5 eq) of 1,3-propane sultone and 14 mg (172 µmol, 5 eq) of 
NaHCO3 were added and the reaction refluxed overnight. After cooling the solution, 1M HCl 
(10 mL) was added and the reaction was stirred at 30-35°C until complete hydrolysis. Solvents 
were evaporated and the crude product was purified by semi preparative HPLC using gradient 
A. Product fractions were collected and underwent ion exchange (Dowex basic resin) before 
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lyophilisation to yield 15 mg (12 µmol, 38% yield) of the target compound 66 as a strongly 
hygroscopic dark green solid. 

 
1H NMR (600 MHz, MeOD-d4) δ (ppm) = 1.89 (dd, J = 13.0, 6.5 Hz, 2H, Had), 1.93 (dt, J = 12.9, 6.6 Hz, 2H, Hag), 2.23 
– 2.16 (m, 2H, Hak), 2.85 (s, 6H, Hu), 2.91 – 2.89 (m, 2H, Ham), 2.93 (s, 6H, Hr), 3.12 (t, J = 6.3 Hz, 2H, Hah), 3.49 (t, J 
= 7.0 Hz, 2H, Hac), 3.55 – 3.51 (m, 2H, Haj), 3.58 (t, J = 6.0 Hz, 2H, Hae), 3.68 – 3.62 (m, 13H, Haf, Hai), 3.88 (s, 6H, 
Hm), 3.91 (s, 2H, Ht), 4.01 (s, 2H, Hq), 4.27 (s, 2H, Hv), 7.25 (d, J = 8.7 Hz, 4H, Hj), 7.42 (s, 2H, Hf), 7.53 – 7.46 (m, 
8H, Hx, Ha, Hb), 7.89 (d, J = 8.0 Hz, 2H, Hy), 8.14 (d, J = 7.5 Hz, 4H, Hc), 8.48 (d, J = 8.7 Hz, 4H, Hi). 
 
13C NMR (151 MHz, MeOD-d4) δ (ppm) = 20.1 (s, Cak), 28.1 (s, Cad), 30.5 (s, Cag), 38.5 (s, Cac), 40.1 (s, Cah), 49.1 (s, 
Co), 51.0 (s, Cu), 51.0 (s, Cr) 55.5 (s, Ct, Cq), 56.0 (s, Cam), 56.4 (s, Cm), 63.7 (s, Caj), 66.9 (s, Cv), 69.9 (s, Cae), 70.3 (s, 
Caf), 70.4 (s, Caf), 71.0 (s, Caf), 71.1 (s, Caf), 71.4 (s, Caf), 87.5 (s, Cp), 88.0 (s, Cs), 115.5 (s, Cf), 121.2 (s, Cj), 125.3 (s, 
Ch), 129.1 (s, Cx), 129.8 (s, Cc), 130.4 (s, Ca), 130.6 (s, Cb), 131.5 (s, Cz), 133.5 (s, Cd), 134.0 (s, Ci), 138.0 (s, Cw), 
143.8 (s, Ce), 144.1 (s, Cg), 158.9 (s, Cn), 163.7 (s, Ck), 168.9 (s, Caa). 
 
11B NMR (160 MHz, MeOD-D4) δ (ppm) = -12.44 (s). 
 
HR-MS (ESI): calculated for C65H77B1N7O9S1Na1 [M-H+Na]2+ 582.77416; found 582.77359 

 

4.2.2.33 Compound 68 
17 mg (1 eq, 14 µmol) of 65 were dissolved in 2 mL of EtOH. After addition of diethyl squarate 
(12 mg, 5 eq, 73 µmol) and 20 µL (8 eq, 118 µmol) DIPEA the reaction was stirred for 5 h at 
30-35°C. The solvents were evaporated and the crude product purified by semi preparative 
HPLC using gradient A. Product fractions were collected and lyophilized, followed by ion 
exchange and lyophilization to yield 15 mg (12 µmol, 84%) of the target compound 68 as a 
fluffy green solid (Cl-salt). 
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1H NMR (600 MHz, MeOD-d4) δ (ppm) = 1.39 (td, J = 4.0, 7.0 Hz, 3H, Hap), 1.75 (dt, J = 6.2, 12.6 Hz, 1H, Hag), 1.81 
(dt, J = 6.1, 12.2 Hz, 1H, Hag), 1.86 (p, J = 6.4 Hz, 2H, Had), 2.83 (s, 6H, Hu), 2.87 (s, 2H, Hah), 2.92 (s, 9H, Hr), 3.44-
3.47 (m, 4H, Hac), 3.52 (t, J = 6.0 Hz, 2H, Hae), 3.54 – 3.63 (m, 10H, Haf), 3.85 (s, 2H, Ht), 3.87 (s, 6H, Hm), 3.93 (s, 
1H, Hai), 4.01 (s, 1H), 4.08 (s, 2H, Hq), 4.16 (d, J = 10.4 Hz, 2H, Hv), 4.64 (dq, J = 7.0, 19.4 Hz, 2H, Hao), 7.14 (d, J = 
9.0 Hz, 4H, Hj), 7.40 (s, 2H, Hf), 7.40-7.42 (m, 1H, Hab), 7.45 – 7.52 (m, 8H, Ha, Hb, Hx), 7.82 (d, J = 7.7 Hz, 2H, Hy), 
8.14 (d, J = 6.9 Hz, 4H, Hc), 8.41 (d, J = 8.8 Hz, 4H, Hi). 
 
13C NMR (151 MHz, MeOD-d4) δ (ppm) = 16.1 (d, J = 15.6 Hz, Cap), 30.3 (d, J = 22.2 Hz, Cad), 31.6 (d, J = 59.7 Hz, 
Cac), 38.9 (d, J = 40.2 Hz, Cag), 43.0 (d, J = 51.3 Hz, Cah), 50.7 (s, Cu), 53.0 (s, Cr), 55.3 (s, Ct), 56.2 (s, Cm), 58.1 (s, Cq), 
66.7 (s, Cv), 69.2 (d, J = 25.2 Hz, Cae), 70.1 (s, Caf), 70.4 (s, Caf), 70.6 (d, J = 6.3 Hz, Cao), 71.1 (s, Caf), 71.2 (s, Caf), 
71.5 (s, Caf), 87.9 (s, Cp), 88.2 (s, Cs), 115.1 (d, J = 11.3 Hz, Cf), 121.2 (d, J = 13.7 Hz, Cj), 125.5 (s, Ch), 129.1 (s, Cx), 
129.8 (s, Cc), 130.4 (s, Ca), 130.7 (s, Cb), 131.3 (s, Cz), 133.4 (s, Cd), 133.8 (s, Cy), 133.9 (d, J = 6.3 Hz, Ci), 138.1 (s, 
Cw), 144.0 (s, vbr, Ce, Caj, Can) 144.2 (s, Cg), 159.1 (s, Cn), 163.7 (s, Ck), 168.6 (s, Caa), 174.6 (s, Cak, Cam). 
 
11B NMR (193 MHz, MeOD-d4) δ (ppm) = -12.28 (s, br). 
 
HR-MS (ESI): calculated for C69H78B1N7O9 [M]2+ 579.79716; found 579.79812 

4.2.2.34 Compound 69 
 
16 mg (1 eq, 13 µmol) of 66 were dissolved in 1 mL of EtOH. After addition of 20 µL (10 eq, 
135 µmol) of diethyl squarate and 20 µL (9 eq, 118 µmol) DIPEA the reaction was stirred at 30-
35°C for 5 h. The solvents were evaporated and the crude product was purified by semi 
preparative HPLC using gradient A. Product fractions were collected and lyophilized, followed 
by ion-exchange and subsequent lyophilization to yield 15 mg (11 µmol, 85%) of the target 
compound 69 as a fluffy dark green solid (Cl-salt). 

 
1H NMR (600 MHz, CD3CN) δ (ppm) = 1.36 (t, J = 7.2 Hz, 3H, Has), 1.73-1.78 (m, 2H, Had), 1.82 (dt, J = 6.2, 12.5 Hz, 
2H, Hag), 2.10-2.16 (m, 2H, Hah), 2x 2.78 (s, 2x6H, Hr, Hu), 3.43 (dd, J = 6.5, 12.5 Hz, 10H, Haf), 3.52 – 3.58 (m, 6H, 
Haj, Hac, Hae), 3.64 (s, 2H, Ht), 3.79 (s, 6H, Hm), 3.88 (s, 2H, Hq), 4.06 (s, 2H, Hv), 4.64 (m, 2H, Har), 7.16 (d, J = 8.8 
Hz, 4H, Hj), 7.32 (s, 2H, Hf), 7.38 (d, J = 7.9 Hz, 2H, Hx), 7.46 (t, J = 7.3 Hz, 2H, Ha), 7.51 (t, J = 7.4 Hz, 4H, Hb), 7.87 
(s, br, 2H, Hy), 8.11 (d, J = 7.2 Hz, 4H, Hc), 8.34 (t, J = 8.6 Hz, 4H, Hi). 
 
13C NMR (151 MHz, CD3CN) δ (ppm) = 18.6 (s, Cas), 20.0 (s, Cak), 30.1 (s, Cag), 31.0 (s, Cad), 38.6 (s, Cac), 43.0 (s, Cah), 
48.8 (s, Co), 51.1 (s, Cu), 51.2 (s, Cr), 54.9 (s, Ct, Cq), 55.9 (s, Cam), 56.5 (s, Cm), 63.7 (s, Caj), 66.3 (s, Cv), 69.1 (s, Caf), 
69.1 (s, Car), 70.1 (s, Caf), 70.7 (s, Caf), 70.8 (s, Caf), 70.9 (s, Caf), 71.0 (s, Caf), 86.8 (s, Cs), 87.4 (s, Cp), 115.2 (s, Cf), 
119.4 (s, Can), 121.4 (s, Cj), 124.9 (s, Ch), 128.8 (s, Cx), 129.7 (s, Cc), 130.2 (s, Ca), 130.5 (s, Cb), 130.6 (s, Cz), 133.0 
(s, Cd), 133.6 (s, Ci), 133.7 (s, Cy), 137.8 (s, Cw), 143.2 (s, br, Caq, Can), 143.8 (s, Ce, Cg), 158.7 (s, Cn), 163.1 (s, Ck), 
166.8 (s, Caa), 173.8 (s, Cap, Cao). 
 
11B NMR (160 MHz, CD3CN) δ (ppm) = -12.56 (s) 
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HR-MS (ESI): calculated for C71H81B1N7O12S1 [M]+ 1266.57515; found 1266.57764 

 

4.2.2.35 Compound 71 
 
40 mg of azaBODIPY 60 (58.5 µmol, 1 eq) were dissolved in 10 mL of ACN. 0.3 mL of MeI 
(4.82 mmol) were added and the reaction stirred for 1h30 at room temperature. The solvents 
were then evaporated and the resulting crude product purified by semi preparative HPLC 
using a gradient A. Product fractions were collected and lyophilized to yield 36 mg (38.3 µmol, 
65%) of the target compound 71 as a green solid. 
 

 
1H NMR (600 MHz, MeOD-d4) δ (ppm) = 2.87 (s, 18H, Hr), 3.93 (s, 6H, Hm), 4.01 (s, 2H, Hq), 7.15 (d, J = 8.9 Hz, 4H, 
Hj), 7.36 (s, 2H, Hf), 7.45 – 7.51 (m, 6H, Ha, Hc), 8.12 (d, J = 6.9 Hz, 4H, Hb), 8.37 (d, J = 8.9 Hz, 4H, Hi). 
11B NMR (193 MHz, MeOD-d4) δ (ppm) = -12.30 (s).  

 

13C NMR (151 MHz, MeOD-d4) δ (ppm) = 53.0 (s, Cr), 56.2 (s, Cm), 58.1 (s), 87.7 (s, Cp), 115.1 (s, Cf), 121.2 (s, Cj), 
125.5 (s, Ch), 129.8 (s, Cc), 130.4 (s, Ca), 130.6 (s, Cb), 133.4 (s, Cd), 133.8 (s, Ci), 144.0 (s, Ce), 144.1 (s, Cg), 159.2 
(s, Cn), 163.7 (s, Ck). 
 
HR-MS (ESI): calculated for C46H48B1N5O2 [M]2+ 356.69450; found 356.69493 

 

4.2.2.36 Compound 72 
 
20 mg (29.3 µmol, 1 eq) compound 60 were dissolved in 5 mL ACN. 14.3 mg (117 µmol, 4 eq) 
propane sultone and NaHCO3 (12 mg, 146 µmol, 5 eq) were added and the mixture refluxed 
for 18h. Upon completion the solvents were evaporated and the crude product purified using 
gradient A. Product fractions were collected and lyophilized to isolate 24 mg (25.9 µmol, 
yield = 88%) of the target compound as a dark green solid.  
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1H NMR (600 MHz, MeOD-d4) δ (ppm) = 2.04 – 2.10 (m, 4H, Ht), 2.75 (t, J = 6.8 Hz, 4H, Hs), 2.85 (s, 12H, Hr), 3.32 
– 3.36 (m, 4H, Hu), 3.95 (s, 6H, Hm), 3.98 (s, 4H, Hq), 7.24 (d, J = 8.9 Hz, 4H, Hj), 7.36 (s, 2H, Hf), 7.44 (d, J = 7.1 Hz, 
2H, Ha), 7.47 (t, J = 7.2 Hz, 4H, Hc), 8.08 – 8.13 (m, 4H, Hb), 8.40 (d, J = 8.9 Hz, 4H, Hi). 
 

13C NMR (151 MHz, MeOD-d4) δ (ppm) = 20.0 (s, Ct), 48.8 (s, Co), 50.9 (s, Cr), 56.1 (s, Cs), 56.5 (s, Cm), 63.9 (s, Cu), 
87.4 (s, Cp), 115.4 (s, Cf), 121.2 (s, Cj), 125.4 (s, Ch), 129.7 (s, Cc), 130.4 (s, Ca), 130.5 (s, Cb), 133.5 (s, Cd), 134.0 (s, 
Ci), 143.8 (s, Ce), 144.1 (s, Cg), 159.0 (s, Cn), 163.7 (s, Ck). 
 
11B NMR (160 MHz, MeOD-d4) δ (ppm) = -12.24 (s). 
 
HR-MS (ESI): calculated for C50H54B1N5O8S2Na2 [M+2Na]2+ 486.66456; found 486.66471 

 

4.2.2.37 Compound 73 
 
100 mg (89.8 µmol, 1 eq) of diacid 62 were placed in a round bottom flask and dissolved in 
5mL of dry DMF. After addition of DIPEA (0.1 mL, 588 µmol, 6.55 eq) and TSTU (81.1 mg, 
269.3 µmol, 3 eq) the solution was stirred for 1h at 30°C. After 1h, TOTA-Boc (69 mg, 
215.5 µmol, 2.4 eq) was then dissolved in 0.5 mL+0.5 mL dry DMF and added to the solution 
which was stirred for 2h at 30°C. Once completed (reaction control by HPLC) the DMF and 
DIPEA were evaporated and the compound dissolved in 8 mL of ACN, followed by addition of 
16 mL 1M HCl. The solution was stirred for 5 h at 30-35°C until HPLC indicates completion. The 
solvents were evaporated at 30°C and then purified by RP-HPLC using gradient A. Product 
fractions were collected and lyophilized to obtain 123.7 mg (76%, 68.2 µmol) of the target 
compound as a green hygroscopic sponge. 

 
1H NMR (600 MHz, MeOD-d4) δ (ppm) = 1.87 (p, J = 6.5 Hz, 4H, Hae), 1.91 (dt, J = 6.1, 12.0 Hz, 6H, Haa, Hy), 2.85 (s, 
12H, Hr), 3.09 (t, J = 6.5 Hz, 4H, Hag), 3.45 (t, J = 7.1 Hz, 4H, Hz), 3.56 (t, J = 6.1 Hz, 4H, Hab), 3.59 – 3.68 (m, 26H, 
Hah, Had, Hac), 3.82 (s, 6H, Hm), 3.93 (s, 4H, Hq), 4.21 (s, 4H, Hs), 7.13 (d, J = 8.9 Hz, 4H, Hj), 7.41 – 7.44 (m, 6H, Hf, 
Hu), 7.46 – 7.52 (m, 6H, Ha, Hc), 7.82 (t, J = 7.5 Hz, 4H, Hv), 8.13 (d, J = 6.8 Hz, 4H, Hb), 8.44 (d, J = 8.8 Hz, 4H, Hi). 
 
13C NMR (151 MHz, MeOD-d4) δ (ppm) = 28.1 (s, Caa), 30.5 (s, Cae), 38.5 (s, Cz), 40.1 (s, Cag), 50.7 (s, Cr), 55.5 (s, 
Cq), 56.2 (s, Cm), 63.5 (s), 66.8 (s, Cs), 69.9 (s, Cab), 70.3, 71.0, 71.1, 71.1, 71.4 (5x s, Cad, Cac) 88.4 (s, Cp), 115.2 (s, 
Cf), 121.3 (s, Cj), 125.3 (s, Ch), 129.2 (s, Cu), 129.5 (s, Cv), 129.8 (s, Cc), 130.4 (s, Ca), 130.7 (s, Cb), 131.3 (s, Cw), 
133.4 (s, Cd), 133.9 (s, Ci), 138.1 (s, Ct), 144.1 (s, Ce), 144.2 (s, Cg), 159.0 (s, Cn), 163.7 (s, Ck), 168.8 (s, Cx). 
 

11B NMR (160 MHz, MeOD-d4) δ (ppm) = -11.99 (s, br). 
 
HR-MS (ESI): calculated for C80H102B1N9O10 [M]4+ 339.94552; found 339.94640 

 

4.2.2.38 Compound 74 
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100 mg (0.409 mmol, 1 eq) of biotin and 129.4 mg (0.428 mmol, 1.05 eq) of TSTU were 
dissolved in dry DMF (5 mL). 0.35 mL (2.04 mmol, 5 eq) of DIPEA was added and the solution 
stirred at 25°C for 1 h. After 1 h TOTA-Boc (131.1 mg, 0.409 mmol, 1eq) was dissolved in 1 mL 
DMF and added to the reaction. The solution was stirred for 4 h, followed by evaporation to 
dryness. The crude product was redissolved in a mixture of ACN (5 mL) and 1M HCl (10 mL) 
and stirred at roomtemperature overnight. After evaporation to dryness the crude product 
was purified by semi preparative HPLC using gradient A. Product fractions were collected and 
lyophilized to yield 189.5 mg (348 µmol, yield = 85%) of the target compound as an off-white 
hygroscopic solid.  
 

 
 
1H NMR (600 MHz, D2O) δ (ppm) = 1.39 – 1.48 (m, 2H, Hn), 1.55 – 1.78 (m, 4H, Ho, Hm), 1.82 (p, J = 6.6 Hz, 2H, Hg), 
1.98 (p, J = 6.5 Hz, 2H, Hc), 2.28 (t, J = 7.2 Hz, 2H, Hb), 2.77 – 2.86 (m, 1H, Hk), 3.02 (dd, J = 5.0, 13.1 Hz, 1H, Hk’), 
3.14 (t, J = 7.0 Hz, 2H, Hh), 3.29 (td, J = 2.9, 6.8 Hz, 2H, Hq), 3.34 – 3.40 (m, 1H, Hp), 3.60 (t, J = 6.4 Hz, 2H, Hd), 3.66 
– 3.76 (m, 10H, He, Hf), 4.45 (dd, J = 4.5, 7.9 Hz, 1H, Hv), 4.64 (dd, J = 4.9, 7.8 Hz, 1H, Hr). 
 
13C NMR (151 MHz, D2O) δ (ppm) = 25.5 (s, Co), 26.8 (s, Cm), 28.0 (s, Cn), 28.2 (s, Cg), 28.6 (s, Cc), 35.8 (s, Ck), 36.6 
(s, Cb), 38.0 (s, Ch), 40.0 (s, Cq), 55.7 (s, Cp), 60.5 (s, Cv), 62.4 (s, Cr), 68.6 (s, Cf), 68.7 (s, Cd), 69.6 (s, Ce), 69.7 (s, Ce), 
69.8 (s, Ce), 69.9 (s, Ce), 165.6 (s, Ct), 177.0 (s, Cj). 
 
HR-MS (ESI): calculated for C20H39N4O5S1 [M]2+ 447.26357; found 447.26233  

 

4.2.2.39 Compound 75 
 
30 mg (26.9 µmol, 1 eq) of compound 62, 20.3 mg (67.3 µmol, 2.5 eq) of TSTU and DIPEA 
(0.1 mL, 588 µmol 21.8 eq) were dissolved in 4mL of dry DMF and stirred for 30 min at room 
temperature. 30.1 mg (53.6 µmol, 2 eq) compound 74 were dissolved in 0.5 mL DMF, added 
and the reaction stirred for another 2h. Upon completion the solvents were evaporated and 
the compound purified by RP-flash-chromatography using H2O+0.1%TFA ACN+0.1%TFA 
(20% ACN to 100% ACN in 15 min) as eluent. Product fractions were collected and lyophilized 
to yield 23.2 mg (11.6 µmol, 43% yield) of the target compound as a fluffy powder. 
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1H NMR (600 MHz, CD3CN) δ (ppm) = 1.29 – 1.36 (m, 4H), 1.49 – 1.55 (m, 4H), 1.58 – 1.63 (m, 1H), 1.81 (dd, J = 
6.0, 12.2 Hz, 1H), 2.08 (t, J = 7.3 Hz, 1H), 2.62 (d, J = 12.6 Hz, 1H), 2.75 (d, J = 13.0 Hz, 3H), 2.81 – 2.87 (m, 1H), 
3.09 – 3.19 (m, 2H), 3.37 – 3.59 (m, 8H), 3.70 (dd, J = 3.3, 13.5 Hz, 1H), 3.78 (d, J = 3.9 Hz, 2H), 4.08 (d, J = 4.2 Hz, 
1H), 4.10 (s, 1H), 4.20 – 4.25 (m, 1H), 4.40 (dt, J = 6.2, 14.0 Hz, 1H), 7.05 (d, J = 8.5 Hz, 5H), 7.33 – 7.39 (m, 7H), 
7.44 – 7.50 (m, 4H), 7.52 (t, J = 7.4 Hz, 6H), 7.81 (dd, J = 4.8, 10.5 Hz, 4H), 7.85 (d, J = 8.2 Hz, 2H), 8.13 (d, J = 7.4 
Hz, 4H), 8.30 – 8.36 (m, 4H). 
 
13C NMR (151 MHz, CD3CN) δ (ppm) = 17.8 (s), 26.4 (s), 28.7 – 29.0 (m), 30.1 (s), 30.2 (s), 36.2 (d, J = 2.4 Hz), 37.6 
(s), 38.3 (s), 38.7 (d, J = 3.4 Hz), 40.9 (s), 50.9 (s), 55.0 – 55.3 (m), 56.2 (d, J = 3.6 Hz), 56.3 – 56.4 (m, J = 3.0 Hz), 
61.1 (s), 62.7 (s), 66.4 (d, J = 8.1 Hz), 69.6 (s), 70.1 (d, J = 3.0 Hz), 70.7 (s), 70.8 (s), 71.0 (d, J = 4.7 Hz), 87.5 (d, J = 
16.7 Hz), 114.9 (s), 118.0 (s), 121.5 (s), 125.0 (d, J = 3.2 Hz), 128.8 (s), 129.2 (d, J = 4.3 Hz), 129.7 (s), 130.2 (s), 
130.5 (s), 130.6 (s), 130.9 (d, J = 2.2 Hz), 133.0 (s), 133.6 (d, J = 3.2 Hz), 133.7 (d, J = 1.7 Hz), 137.1 (s), 138.0 (s), 
143.4 (d, J = 4.4 Hz), 143.9 (s), 158.8 (d, J = 6.1 Hz), 163.0 (s). 
 
11B NMR (193 MHz, CD3CN) δ (ppm) = -12.33 (s). 
 
HR-MS (ESI): calculated for C100H128B1N13O14S2 [M]2+ 904.96136; found 904.96107 

 

4.2.2.40 Compound 76  
 
100 mg (22.6 µmol, 1 eq) of folic acid were dissolved in a mixture of dry DMF (20 mL) and dry 
DMSO (10 mL). 0.3 mL of DIPEA were added and the solution cooled to 0°C. 90.2 mg 
(23.8 µmol, 1.05 eq) HBTU were added and the solution stirred for 1 h. 
After 1 h 76.2 mg (23.8 µmol, 1.05 eq) TOTA-Boc in 1 mL dry DMF were added. The solution 
was left to heat up to room temperature and stirred for another 3 h. Once HPLC indicated 
completion the raw product was precipitated by addition of water (40 mL). The precipitate 
was isolated by centrifugation, redissolved in 1M HCl and stirred for 3-4 h. Solvents were then 
evaporated and the crude product purified by RP-flash-chromatography using an eluent of 
H2O+0.1%TFA ACN+0.1%TFA (10%ACN to 100%ACN in 10 minutes). Product fractions were 
lyophilized to yield 115 mg (60% yield) of the target compound as a pale yellow solid.  
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1H NMR (600 MHz, DMSO-d6) δ (ppm) = 1.60 (tt, J = 6.7, 13.4 Hz, 2H, Hf), 1.73 – 1.79 (m, 2H, Hc), 1.82 – 1.93 (m, 
1H, Hj), 1.93 – 2.09 (m, 1H, Hk), 2.18 (t, J = 7.9 Hz, 1H, Hj‘), 2.25 (dd, J = 7.3, 15.6 Hz, 1H, Hk‘), 2.85 (d, J = 5.3 Hz, 
2H, Hg), 3.01 – 3.13 (m, 2H, He), 3.36 (dt, br, J = 6.4, 12.8 Hz, 2H, 2Hb + HDO) 3.43 – 3.52 (m, 13H, 3Ha, Hd)[wrong 
integration : HDO, PEG+NH3 interfere], 4.23 – 4.36 (m, 1H, Hm), 4.48 (s, 2H, Hv), 6.64 (dd, J = 3.2, 8.7 Hz, 2H, Hs), 
6.93 (s, 2H, Hu, Haa), 7.65 (dd, J = 2.8, 8.7 Hz, 4H, 2Hr, Hh, Ho), 8.64 (d, J = 2.0 Hz, 1H, Hx). 
 
13C NMR (151 MHz, DMSO-d6) δ (ppm) = 27.1 (d, J = 7.9 Hz, Ck), 29.3 (d, J = 9.6 Hz, Cf), 30.5 (s, Cc), 32.0 (s, Cb), 
35.9 (d, J = 12.6 Hz, Cj), 36.9 (d, J = 12.8 Hz, Cg), 45.9 (s, Cv), 52.5 (d, J = 101.9 Hz, Hm), 67.4 (s, Ce), 68.0 (s, Cd), 69.5 
(d, J = 3.4 Hz, Cd), 69.6 (s, Cd), 69.7 (s, Cd), 69.7 (s, Cd), 111.1 (s, Cs), 116.2 (s), 118.2 (s), 121.3 (d, J = 5.5 Hz, Cq), 
127.9 (s, Cz), 128.9 (s, Cr), 129.0 (s, Cx), 148.6 (s, Cw), 150.8 (s, Cy), 153.8 (s, Ct), 157.9 (d, J = 30.9 Hz, Cac), 166.3 (d, 
J = 4.0 Hz, Cab), 171.5 (d, J = 20.8 Hz, Cn), 173.8 (s, Cp), 174.0 (s, Ci). 
 
HR-MS (ESI): calculated for C29H43N9O8 [M+2H]2+ 322.66118; found 322.66118 C29H42N9O8 [M+H]+ 644.31509 
found 644.31448 

 

4.2.2.41 Compound 77 
 
17.0 mg (15.2 µmol, 1 eq) compound 62 were dissolved together with 0.1 mL DIPEA 
(588 µmol, 38.6 eq) and 11.2mg (37.3 µmol, 2.4 eq) TSTU in 3 mL dry DMF and stirred for 
30 min at 30°C. After 30min 26.5mg (30.5 µmol, 2 eq) folic acid derivative 76 were dissolved 
in 0.5 mL DMF, added to the solution and stirred for another 2 h at room temperature. The 
crude product was evaporated to dryness and purified by semi preparative HPLC using 
gradient A. Product fractions were collected and lyophilized to obtain 9.4 mg (4.3 µmol, 28% 
yield) of the target compound as a green sponge. 
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1H NMR (600 MHz, 0.7 D2O+0.3CD3CN) δ (ppm) = 1.69 – 1.75 (m, 2H), 1.75 – 1.81 (m, 2H), 2.36 – 2.44 (m, 2H), 
2.52 (t, J = 7.3 Hz, 2H), 3.16 – 3.25 (m, 3H), 3.25 – 3.32 (m, 3H), 3.46 – 3.70 (m, 32H), 3.84 (s, 4H), 3.88 (d, J = 6.6 
Hz, 6H), 4.20 (s, 4H), 4.62 (d, J = 13.1 Hz, 3H), 6.70 – 6.78 (m, 3H), 7.19 (t, J = 9.6 Hz, 4H), 7.45 (t, J = 12.2 Hz, 6H), 
7.60 (tt, J = 7.0, 14.3 Hz, 6H), 7.70 (d, J = 8.5 Hz, 4H), 7.83 (d, J = 7.9 Hz, 4H), 8.19 (dd, J = 7.4, 17.0 Hz, 3H), 8.44 
(t, J = 7.9 Hz, 4H), 8.76 (d, J = 9.9 Hz, 2H).  
 
 
13C NMR (151 MHz, 0.7 D2O+0.3 CD3CN) δ (ppm) = 26.2 (s), 28.0 (d, J = 16.9 Hz), 29.8 (s), 31.8 (s), 36.0 (d, J = 6.2 
Hz), 36.9 (d, J = 4.2 Hz), 45.3 (s), 49.7 (s), 52.2 (s), 53.1 (s), 53.6 (s), 55.1 (s), 64.8 (s), 67.9 (d, J = 9.7 Hz), 68.3 (s), 
69.0 (d, J = 4.3 Hz), 69.1 (s), 69.2 (d, J = 6.0 Hz), 69.3 (s), 86.5 (s), 111.6 (s), 111.7 (s), 113.6 (s), 119.9 (s), 120.7 (s), 
123.5 (s), 126.8 (s), 127.4 (s), 128.4 (s), 128.7 (s), 128.7 (d, J = 4.2 Hz), 128.7 (s), 129.4 (s), 129.4 (s), 131.3 (s), 
132.1 (s), 132.3 (s), 135.8 (s), 141.8 (s), 142.3 (s), 148.6 (s), 150.5 (s), 151.0 (d, J = 6.0 Hz), 152.4 (s), 157.3 (s), 
161.0 (d, J = 4.2 Hz), 161.4 (s), 167.2 (s), 168.0 (s), 168.1 (s), 172.5 (s), 173.6 (s), 174.2 (s), 175.8 (s). 
 
11B NMR (160 MHz, 0.7 D2O+0.3CD3CN) δ (ppm) = -12.36 (s). 
 
HR-MS (ESI): calculated for C118H134B1N23O20 [M]2+ 1102.01288; found 1102.01708 calculated for C111H129B1N18O19 
[M-C7H5N5O]2+ 1014.48817; found 1014.49293 
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4.2.2.42 Cy5-NHS (70) 
 

 
10 mg (20.13 µmol, 1 eq) cyanine 5 was dissolved in 1 mL DMSO, followed by addition of 
3.5 µL (20.12 µmol, 1eq) and 6.1 mg (20.1 µmol, 1eq) TSTU. The reaction was stirred for 45min 
at room temperature until HPLC indicates completion. The activated Cy5 was used for 
bioconjugation as is without further purification 
 

4.3 Gold uptake 
MDA-MB-231 cells (1.0 × 105/mL) were seeded in 6 well plates and allowed to recover to 
ensure that the cells were adherent during the uptake experiment. After 24h, cells were 
treated for 4 h with 40 μM of BODIPYs 4b, 9, 10, 11, 13, 15, 16, 19, 20, 21, 26 
And several controls: BODIPY 1, BODIPY 8, BODIPY 18, BODIPY 25 as negative control; 
Auranofin as reference and DMSO (vector control)  
After treatment, cells were washed three times with phosphate buffer saline (PBS1X) in order 
to assure that each drug-exposed well was cleaned, then and lysed in water. The protein 
concentration were determined for each drug-exposed well. The protein concentration of 
each lysate was determined in a 96-well plate against BSA standards in PBS (ranging from 0–
16 μg), applying the QuantiPro™ BCA Assay Kit (Sigma-Aldrich), and the total amount of 
proteins per well was calculated.  
All samples were then digested in ICP-MS grade concentrated hydrochloric acid (OPTIMA 
Grade, Fisher Chemical) for 3h at room temperature and filled to a total volume of 5 mL with 
ultrapure water.  
Iridium (193Ir) was added as an internal standard at a concentration of 1 ppb. Determinations 
of total metal contents were achieved using a Thermo Element 2 ICP-MS. The instrument was 
tuned daily using a solution provided by the manufacturer containing 1 ppb each of Ba, B, Co, 
Fe, Ga, In, K, Li, Lu, Na, Rh, Sc, Tl, U, and Y (Tune-Up Solution Element, Thermo Fisher Scientific, 
Bremen, Germany). The external standard was prepared gravimetrically in an identical matrix 
to the samples (with regard to the internal standard and hydrochloric acid) with a gold solution 
single element standard at 1000 ppm (Assurance, SPEX CertiPrep). 
Results were expressed as % uptake or µg/gold/105 cells. 
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4.4 Bioconjugation  
 

 
 
10 equivalents of a 2mM stock solution of azaBODIPY X in DMSO or 4 equivalents of a 20 mM 
Cy5-NHS stock solution was added to a 3 mg/mL solution of antibody in NaHCO3 buffer (0.2 
M, pH=8.4). The amount of DMSO in the final aqueous reaction mixture was 10%. The solution 
was stirred overnight (azaBODIPY) or for 4h in a thermomixer (900 rpm, 37 °C). The 
bioconjugate was then purified by FPLC (Äkta Pure 25 M chromatography system, GE 
Healthcare Life Sciences) on a HiTrap® Protein G HP column (MabSelect resine, Protein G, 
cross-linked agarose, column I.D 7 mm, bed dimensions 7 x 25 mm, bed volume 1 mL). Excess 
probe was removed with 20 mM phosphate buffer (pH=7.3) as eluent and 0.1% Tween 80 in 
20 mM phosphate buffer (pH 7.3). The IgG conjugates were eluted with acetic acid solution 
(50 mM, pH 3.0). Thereafter, the solution was transferred to an ultra-centrifugal filter device 
(Amicon Ultra 2 mL, Ultracel cut-off 30 kDa from Merck Millipore) and centrifuged at 4000 
rpm for 3x30 min at 4°C in order to condition the mixture in 20 mM phosphate-buffered saline 
(pH 7.4). The recovered yields, concentrations and masses are listed below Table 17. The 
degree of labelling (amount of probe per IgG) was determined by MALDI-TOF mass 
spectrometry measurements. 
 

Table 17: yields, DOL's, and concentrations of the obtained azaBODIPY-bioconjugates 

Bioconjugate DOL IgG engaged 
conjugate mass 

(yield) 
concentration 

68 - anti-PD-L1 2.9 1.8 mg 772 µg (43%) 1.23 mg/mL 
Cy5 - anti-PD-L1 2.9 1.8 mg 1109 µg (62%) 2.21 mg/mL 
68 - rat-IgG2b 2 500 µg 349 µg (70%) 1.33 mg/mL 

Cy5 - rat-IgG2b 1.9 400 µg 37 µg (9%) 0.17 mg/mL 
68 - anti-PD-1 1.3 563 µg 143 µg (25%) 1.54 mg/mL 

Cy5 - anti-PD-1 2.7 300 µg 99 µg (33%) 0.82 mg/mL 

 
 

4.5 In-vitro confocal microscopy experiments 
 
Cells (B16F10, MDA-MB-231, EMT6 and CT26) were seeded on chambered cover glasses (24 
well-plate) and allowed to recover. Cells were incubated with 10 µM of each compound at 
37°C. After 1, 4 and 24 hours the cells were fixed and permeabilized with iced MeOH for 10 
min at room temperature. Cells were then washed thrice with PBS (5 min each), 
counterstained with 5 µM DRAQ5 (or 1 µg.mL-1 DAPI) for 5-10 min, washed with PBS and 
mounted with Fluoromount-G® (Southern Biotech). Confocal imaging was performed using a 
confocal laser-scanning microscope (Leica TCS SP8) with a × 63 HCX PL APO oil immersion (ON 
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1.4) objective lens that allowed to simultaneously obtain DIC (Differential Interference 
Contrast) and fluorescent images (1024 pixels × 1024 pixels), and LASX software (Leica 
Microsystems, Ltd).  
The samples were excited using internal microscope lasers and emission intensity was 
recorded at the appropriate emission wavelength. Fluorescence images were sequentially 
acquired. For co-localization experiments, BODIPY compounds (green) was excited at 488 nm 
and its emission was recorded from 493 to 600 nm, whereas DRAQ5 (red) was excited at 
638 nm and its emission was recorded from 661 nm to 778 nm. Image processing and analyses 
were carried out using Fiji/ImageJ. 
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 ANNEX I 
 

7.1  Quantum Yield  
 
(derivation done as shown in Valeur and Berberan-Santos, 2013 [261] ) 
For a given absorptive and radiative process  
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the the excited species 1A* in response to a short (δ-)light pulse decays exponentially from 
the excited state to the ground state. Its concentration is thus given by 
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Inegration of the above expression leads to  
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where the excited state lifetime τs is given by the reciprocal sum of the radiative (kr) and 
nonradiative (knr) processes: 
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The measured fluorescence intensity is directly proportional to the concentration of the 
excited species and thus given by  
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The fluorescence quantum yield is defined as the ratio of emitted to absorbed photons 
 

𝜙 =
𝑁𝑒𝑚𝑖𝑡𝑡𝑒𝑑
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 (IX) 

 
As seen in equation (VIII) the amount of emitted photons in response to a δ-pulse is always 
proportional to the concentration of remaining excited species; a rearrangement and 
integration from 0 to infinity thus yields the total amount of emitted photons relative to the 
absorbed photons: 
 

𝑖𝐹(𝑡)

[ 𝐴∗ 1 ]0
= 𝑘𝑟

𝑆𝑒𝑥𝑝 (−
𝑡

𝜏𝑠
) (X) 

 
1

[ 𝐴∗ 1 ]0
∫ 𝑖𝐹(𝑡)𝑑𝑡
∞

0

= 𝑘𝑟
𝑆𝜏𝑠 = 𝛷 (XI) 



ANNEX I 

244 

When time resolved measurements are performed the lifetimes of the involved processes can 
be used to calculate the quantum yield using equation (XII) 
 

𝜙 =
𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
=
𝜏𝑠
𝜏𝑟

 (XII) 

 
Measurement of fluorescence lifetimes poses high demands on the used apparatus and 
requires sophisticated mathematical data-treatment. These measurements are interesting 
when a deeper understanding of the involved photophysical processes is required.  
A simplified approach can be taken: the fluorescent properties of the compound can be 
determined using steady-state rather than time-resolved measurements. As seen previously 
absorptive processes are very fast. Using irradiation times that are long in comparison the 
excited lifetimes leads to saturation and equilibrium of the excited species. The amount of 
excited species 1A* is thus kept constant and its change over time is 0: 
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KaαN0 represents the amount of photons absorbed per unit volume and time, it can also be 
expressed as αI0 where I0 is the absorbed intensity of the incident light and α the unit volume. 
Rearrangement leads to  
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As seen in equation (VIII) the fluorescence intensity is proportional to the concentration of 
excited species; rearrangement therefore leads to the quantum yield for steady-state 
measurements: 
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As derived above the fluorescence quantum yield can be determined using both time resolved 
and steady state measurements. For fluorophores that strongly suffer from photobleaching 
time resolved measurements should be the method of choice as they remove the error that 
is introduced by photobleaching. For the use of a fluorophore as probe and for imaging 
purposes a deeper understanding of the processes involved is usually not necessary; the only 
real requirement for the user is the observability of the probe. Thus steady-state 
measurements are often sufficient. 
 
In practical terms the quantum yield is determined by comparison of the unknown compound 
to a known standard. The standards quantum yield has been determined using an integration 
sphere or calorimetric measurements. iF in equation XV is the fluorescence intensity at a 
specific wavelength; for practical reasons the fluorescence intensity is integrated over the 
entire emission spectrum. For I0 the molar absorption at excitation wavelength is employed. 
Using a correctional term for the refractive indices n of the used solvents the quantum yield 
of an unknown compound can then be calculated by 
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𝛷𝑢𝑘 =
𝐼0,𝑘
𝐼0,𝑢𝑘

∫ 𝑖𝐹,𝑢𝑘

∫ 𝑖𝐹,𝑘

𝑛𝑢𝑘
2

𝑛𝑘
2 𝛷𝑘 (XVI) 

 
where uk denominates unknown and k known.  
  

7.2  Computational Details 
 
All DFT calculations were carried out Gaussian 09 [282], tightening self-consistent field 
convergence thresholds (10-10 a.u.). A 6-31G (d) basis set and the hybrid functional M06-2X 
[283] were employed given the good performance of such scheme in other studies [284,285]. 
The DMSO solvent effects were included according to the Polarizable Continuum Model 
[286,287]. The LUMO isosurfaces have been plotted with the Chemcraft code [288] 
considering a contour threshold of 0.05 a.u. 

 
Figure 167: LUMO energies (eV) for some model systems 

 

7.2.1  Results and Discussion 
 
We conducted DFT calculations at the M06-2X/6-31G(d) level to determine the lowest 
unoccupied molecular orbital energy (ELUMO) for some model systems containing amino- and 
thio- groups. This value can be associated with the electrophilicity of the molecule [192,193]. 
Therefore, the higher ELUMO, the lower the probability of the molecule to experience a 
nucleophilic attack.  
In Figure 167 we can observe the graphical representation of the LUMO, which is mainly 
distributed over the dipyrromethene core in all systems. Remarkably, the small contribution 
of the phenyl ring at the meso position evidences the poor conjugation between this fragment 
and the boron-dipyrromethene moiety given the broad dihedral angle between them. 
The replacement of a chlorine atom by an amino-/thio- substituent leads to an ELUMO increase 
with respect to the dichloride- starting compound. This effect is more pronounced for the 
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amino-substituted BODYPYs (ΔELUMO ~ 0.61 eV) than for their thio-substituted counterparts 
(ΔELUMO ~ 0.16 eV). These calculated values are in good agreement with the experimental data 
showcasing the great difficulty/unfeasibility to incorporate a second primary amine to the 
amino-substituted BODIPYs. 
 
Additionally, the reaction energies for (a) the incorporation of an aminomethyl group in the 
thio-substituted BODIPY and (b) the incorporation of a thiomethyl in the amino-substituted 
BODIPY were estimated, both processes leading to the same products. We found that reaction 
(a) is the more exothermic process releasing more than three times the energy of (b).  

 

 
Figure 168: some hypothetical reactions involving the model system 

These results evidence how the higher electron-donor behavior of the amino-substituents 
increases the LUMO energy in a larger extent than the thio- groups, resulting in a minor 
reactivity of the BODIPY toward a nucleophilic substitution. Also, the energy release 
associated to the substituents incorporation is calculated, resulting in a more exothermic 
process when the thiomethyl is first added to the BODIPY, followed by the aminomethyl.  
 

7.3  Details for the determination of distribution coefficients (logD) 
 
In order to check for correlations between the compounds hydro/lipophilicity and the 
observed cytotoxicity distribution coefficients were determined. Distribution coefficients 
describe the ratio of concentrations of a compound dissolved in two solvents at equilibrium. 
Any system of two immiscible solvents can be used, the most common however is the system 
water/1-octanol. When the investigated compound is unionizable or only the unionized part 
of the compound is used to calculate the ratio of concentrations, the obtained value is called 
partition coefficient logP and calculated as follows (equation III)  
 

𝑙𝑜𝑔P = 𝑙𝑜𝑔 (
𝑐𝑠𝑜𝑙𝑢𝑡𝑒𝑜𝑐𝑡𝑎𝑛𝑜𝑙

𝑢𝑛−𝑖𝑜𝑛𝑖𝑧𝑒𝑑

𝑐𝑠𝑜𝑙𝑢𝑡𝑒𝑤𝑎𝑡𝑒𝑟
𝑢𝑛−𝑖𝑜𝑛𝑖𝑧𝑒𝑑

) (III) 

When the investigated compound is ionizable and/or all forms of the compound are included 
in the ratio the obtained value is called distribution coefficient logD and calculated as follows 
(equation IV): 
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𝑙𝑜𝑔D = 𝑙𝑜𝑔 (
𝑐𝑠𝑜𝑙𝑢𝑡𝑒𝑜𝑐𝑡𝑎𝑛𝑜𝑙

𝑢𝑛−𝑖𝑜𝑛𝑖𝑧𝑒𝑑 + 𝑐𝑠𝑜𝑙𝑢𝑡𝑒𝑜𝑐𝑡𝑎𝑛𝑜𝑙
𝑖𝑜𝑛𝑖𝑧𝑒𝑑

𝑐𝑠𝑜𝑙𝑢𝑡𝑒𝑤𝑎𝑡𝑒𝑟
𝑢𝑛−𝑖𝑜𝑛𝑖𝑧𝑒𝑑 + 𝑐𝑠𝑜𝑙𝑢𝑡𝑒𝑤𝑎𝑡𝑒𝑟

𝑖𝑜𝑛𝑖𝑧𝑒𝑑
) (IV) 

 
In case of octanol and water the solvents are a good approximation of the aqueous cytosol 
and the lipid-based cell membranes. The obtained value therefore correlates with the 
lipophilicity of a compound and is a useful tool to predict its pharmacological behavior:  
The lipophilicity of a compound will influence its bioavailability and elimination behavior. 
For a compound that does not experience directed transport into a cell or a given 
compartment of the body (e.g. the brain) its distribution coefficient gives an idea of how well 
the compound will enter that compartment by unspecific transport (mostly diffusion).  
 
Two general experimental procedures exist to reliably determine the concentration ratios:  
 

 shake flask-method  

 HPLC-method 
 
The shake-flask-method is the original method. Here the compound is partitioned in a 
separation funnel at a given temperature between precise amounts of solvents. Once a 
pseudo-equilibrium between the phases is obtained the concentration of the compound in 
each phase is determined, using for example colorimetry or scintigraphy. The ratio is 
calculated and the experiment repeated at least three times for statistical confidence. There 
are several major sources for errors for this method: 
 

 solvents that are not mutually pre-saturated are used 

 insufficient control of temperatures 

 the used compound is too lipophilic/hydrophilic 

 the compound did not reach a (pseudo-)equilibrium  

 insufficient control of pH  

 determination of concentrations by subtraction  
 

When done correctly the method yields very reliable values. However, the procedure is very 
time consuming and labor intensive due to a multitude of manual operations (including the 
washing and drying of glassware) and lengthy equilibration times. Also, this method can 
become very compound-consuming.  
When the used detection method is scintigraphy the used concentrations can be far lower 
than for colorimetric detection due to higher sensitivity. The major drawback of this detection 
method obviously is the necessity for a radioactive element to be present in the investigated 
agent.  
 
The second method relies on the determination of retention times of an investigated agent 
on a given chromatographic system. The thusly obtained retention time is then compared to 
a calibration curve that has been established prior to that. This method is highly automatable 
and applicable to a wide range of logD’s. Also, only a very small quantity of compound is 
needed to execute the analysis. 
Due to it being automatable, less compound-consuming and having less sources of errors we 
adopted the second method to determine the distribution coefficients of the obtained 
BODIPYs. 
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First, an appropriate eluent was established: neither must the analysis take too long (a 
compound having a logP of 5 is usually eluted inside of 30minutes using and isocratic eluent 
of 50% ACN / 50% H2O), nor must the compound be detected with the injection peak. Use of 
60% ACN/40% water and 0.1% formic acid enabled us to obtain reasonable retention times 
(tR ≤ 20min) for all compounds. 
Once the eluent had been chosen a calibration curve was established using well described, 
common chemicals. For calibration. we used: 
 

 benzoic acid   (logP=1.9) 

 thymol   (logP=3.3) 

 naphthalene   (logP=3.6) 

 diphenyl ether  (logP=4.2) 

 2,6-diphenylpyridine (logP=4.9) 
 

The dead-time t0 of the system was determined using formamid. 
For each compound a capacity factor k was determined using equation (XVII)  
 

𝑘 =
𝑡𝑅 − 𝑡0
𝑡0

 (XVII) 

 
Next, the decadic logarithm of K was traced against the logP’s of the calibration agents to 
obtain the corresponding equation (Figure 169). 

0 1 2 3 4 5 6

0,0

0,5

1,0

1,5

logP

lo
g


y=0.5656-1.2711

R
2
=0.9859

 
Figure 169: Calibration curve of logK vs logP for the chosen calibration agents  

Once the calibration curve was established all BODIPYs were analyzed and the distribution 
coefficients calculated using the values of the calibration equation and the equation XVIII 
.  

𝑙𝑜𝑔K = 𝑎 ∗ 𝑙𝑜𝑔D + 𝑏 (XVIII) 
 
A small amount of BODIPY was dissolved in 0.6 mL ACN, followed by addition of 0.4 mL water. 
When necessary the solution/suspension was sonicated. Each analysis was executed as 
follows:  
 

i) Washing step (two-pump gradient) 
ii) Equilibration (one pump; premixed isocratic eluent) 
iii) 3 injections of analyte (one pump; premixed isocratic eluent) 
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The washing step was necessary to avoid/limit cross-contaminations between different runs. 
Especially very lipophilic compounds tended to reappear even several injections later when 
no washing step was executed. To facilitate the elimination of a compound a solution of equal 
volumes of DMSO/ACN was injected.  
During first trials cross contaminations of analyses were observed that originated from flakes 
of poorly solubilized compound that stuck to the injection needle as well as incomplete elution 
from the analytical column. The use and frequent change of the washing solution remedied 
this problem. 
The second step, equilibration, was made necessary by the fact that the built-in equilibration 
time was insufficient, leading to heavy variations of up to 1 minute of observed retention 
times between the first and second analyte-injection.  
Surprisingly, when equilibration was done using a 10 minute, two-pump isocratic program 
retention times still varied significantly. When equilibration was performed with one pump 
using the premixed eluent the retention times of analytes did not vary significantly between 
each run.  
 
Once each compound was injected 3 times a mean value of its retention times was calculated 
which in turn was used to calculate the logD. 
 
During the in vitro investigations the culture medium is buffered to pH=7.4. At pH=7.4 
carboxylic acid functions are completely deprotonated and therefore increase the 
hydrophilicity and bioavailability of the compound in an aqueous solution. 
The logD’s however were determined at pH=2.7 (corresponding to an aqueous solution 
containing 0.1% formic acid), calling for a reevaluation of the distribution coefficients at a 
neutral pH to account for the influence of ionizable groups in physiological solutions.  
 
Towards that end BODIPYs carrying a carboxylic acid function were deprotonated with Et3N in 
ACN containing 20% water, followed by evaporation to dryness and analysis using a neutral 
eluent (water/ACN without formic acid).  
The use of neutral eluents did not significantly influence the retention times of the calibration 
agents, the calibration equation was kept throughout the experiment.  
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 ANNEX II – Photophysical Spectra 
8.1  Spectra of BODIPYs 
 
BODIPYs were characterized using a JASCO V630BIO spectrometer. The fluorescence emission 
spectra were obtained using a JASCO FP8500 spectrofluorometer, all compounds were 
measured in DMSO. 
 
 
 

 
Figure 170: Absorption and emission spectra of BODIPYs 1 (left) and 4a (right) in DMSO 

 

 
Figure 171: Absorption and emission spectra of 4b (top, left), 7 (top, right), 8 (bottom, left) and 9 (bottom, right) 

in DMSO 
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Figure 172: Absorption and emission spectra of 10 (top, left), 11 (top, right), 13 (bottom, left) and 15 (bottom, 
right) in DMSO  

 
Figure 173: Absorption and emission spectra of 16 (top, left), 17 (top, right), 18 (bottom, left) and 20 (bottom, 

right) in DMSO 



ANNEX II – Photophysical Spectra 

252 

 
Figure 174: Absorption and emission spectra of 21 (top, left), 23 (top, right), 24 (middle, left), 25 (middle, right) 

and 26(bottom, left) in DMSO 
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8.2  Spectra of azaBODIPYs 
 
UV-Visible absorption spectra of azaBODIPYs were recorded on a Varian Cary 50 scan (single-
beam). The steady - state fluorescence emission and excitation spectra of azaBODIPYs were 
obtained using a HORIBA Jobin Yvon Fluorolog spectrofluorometer (software FluorEssence). 
All spectra were recorded in DMSO unless mentioned otherwise. 

 

 

Figure 175: Absorption (blue), excitation (green) and emission (red) spectra of 30 (top, left), 31 (top, right), 32 
(middle, left), 34 (middle, right) and 37 (bottom right) in DMSO and Absorption (blue), excitation (green) and 

emission (red) spectra of 34 (bottom left) in PBS 
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Figure 176: Absorption (blue), excitation (green) and emission (red) spectra of 38 (top, left), 44 (top, right), 48 
(middle, left), 52 (middle, right), 53 (bottom left) and 54 (bottom right) in DMSO  
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Figure 177: Absorption (blue), excitation (green) and emission (red) spectra of 55 (top, left), 57 (top, right), 58 
(middle, left), 60 (middle, right), 61 (bottom left) and 62 (bottom right) in DMSO 
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Figure 178: Absorption (blue), excitation (green) and emission (red) spectra of 64 (top, left), 65 (top, right), 68 

(middle left), 66 (middle right) and 69 (bottom) in DMSO 
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Figure 179: Absorption (blue), excitation (green) and emission (red) spectra of 65 (top, left), 68 (top, right), 66 
(bottom left) and 69 (bottom right) in PBS 
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Figure 180: Absorption (blue), excitation (green) and emission (red) spectra of 71 (top, left), 72 (top, right), 73 
(middle left), 75 (middle right) and 77 (bottom) in DMSO 
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 Annex III – single crystal X-Ray data 
9.1  Compound 4b 
9.1.1  Summary 

 

Crystal Data: C30H26AuBCl4F2N3P, Mr = 847.08, 
monoclinic, P21/c (No. 14), a= 13.9927(4)˚A, b= 
29.9994(8)˚A, c= 15.2788(5)˚A, β = 95.500(2)◦ , α= γ = 
90◦ , V = 6384.1(3)˚A3, T = 115K, Z = 8, Z0 = 2, µ(MoKα)= 
5.031, 113257 reflections measured, 14774 unique 
(Rint= 0.0503) which were used in all calculations. The 
final wR2 was 0.0530 (all data) and R1 was 0.0247 (I > 
2σ(I)). 

Experimental: Single clear light orange 
prismshaped crystals of compound 4b were 
recrystallised from a mixture of DCM and hexane by 
slow evaporation. A suitable crystal (0.39×0.25×0.18) 
was selected and mounted on a MITIGEN holder oil 
on a Nonius Kappa Apex II diffractometer. The crystal 
was kept at T = 115K during data collection. Using 
Olex2 (Dolomanov et al., 2009), the structure was 
solved with the ShelXT (Sheldrick, 2015) structure 
solution program, using the Direct Methods solution 
method. The model was refined with version of 
ShelXL (Sheldrick, 2008) using Least Squares 
minimisation. 
 

9.1.2  Extended Experimental 
Experimental Extended: A clear light orange prism-shaped crystal with dimensions 
0.39×0.25×0.18 was mounted on a MITIGEN holder oil. Data were collected using a Nonius 
Kappa Apex II diffractometer equipped with an Oxford Cryosystems low-temperature 
apparatus operating at T = 115K. Data were measured using φ and ω scans of 0.60◦  per frame 
for 7.00 s using MoKα radiation (X-ray tube, 50 kV, 32 mA). The total number of runs and 
images was based on the strategy calculation from the program APEX3 (Bruker, 2015). The 

Compound 4b 

Formula C30H26AuBCl4F2N3P 

Dcalc./gcm−3 1.763 

mu/mm-1 5.031 

Formula Weight 847.08 

Colour clear light orange 

Shape prism 

Max Size/mm 0.39 

Mid Size/mm 0.25 

Min Size/mm 0.18 

T/K 115 

Crystal System monoclinic 

Space Group P21/c 

a/˚A 13.9927(4) 

b/˚A 29.9994(8) 

c/˚A 15.2788(5) 

α/◦  90 

β/◦  95.500(2) 

γ/◦  90 

V/˚A3 6384.1(3) 

Z 8 

Z’ 2 

Θmin/◦  2.438 

Θmax/◦  27.617 

Measured Refl. 113257 

Independent Refl. 14774 

Reflections Used 12297 

Rint 0.0503 

Parameters 773 

Restraints 24 

Largest Peak 1.309 

Deepest Hole -0.739 

GooF 1.028 

wR2 (all data) 0.0530 

wR2 0.0479 

R1 (all data) 0.0390 

R1 0.0247 
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actually achieved resolution was Θ = 27.617. Cell parameters were retrieved using the SAINT 
(Bruker, 2013) software and refined using SAINT (Bruker, 2013) on 9812 reflections, 9% of the 
observed reflections. Data reduction was performed using the SAINT (Bruker, 2013) software 
which corrects for Lorentz polarisation. The final completeness is 99.90% out to 27.617 in Θ. 
The absorption coefficient (µ) of this material is 5.031 and the minimum and maximum 
transmissions are 0.4541 and 0.7456. The structure was solved in the space group P21/c (# 
14) by Direct Methods using the ShelXT (Sheldrick, 2015) structure solution program and 
refined by Least Squares using version of ShelXL (Sheldrick, 2008). All nonhydrogen atoms 
were refined anisotropically. Hydrogen atom positions were calculated geometrically and 
refined using the riding model. The value of Z’ is 2. This means that there are two independent 
molecules in the asymmetric unit. Two DCM molecules and one phenyl group from main 
complexe were found disordered over two or three positions. Some SHELXL constraints 
(EADP) and restraints (SADI, RIGU) were employed to maintain a reasonable model. 

9.1.3  Reflection Statistics 
Total reflections (after filtering) 114708 

Unique reflections 14774 

Completeness 0.996 

Mean I/σ 22.91 

hklmax collected (18, 39, 19) 

hklmin collected (-18, -38, -18) 

hklmax used (18, 39, 19) 

hklmin used (-18, 0, 0) 

Lim dmax collected 100.0 

Lim dmin collected 0.36 

dmax used 15.21 

dmin used 0.77 

Friedel pairs 24662 

Friedel pairs merged 1 

Inconsistent equivalents 0 

Rint 0.0503 

Rsigma 0.0323 

Intensity transformed 0 

Omitted reflections 0 

Omitted by user (OMIT hkl) 103 

Multiplicity (19232, 17510, 10918, 5008, 1372, 

135) 

Maximum multiplicity 19 

Removed systematic absences 1348 

Filtered off (SHEL/OMIT) 0 

 
 
 
 
 



Annex III – single crystal X-Ray data 

261 

9.2  Compound 6 
9.2.1  Summary 

 

Crystal Data: C17H12Cl2N2O2, Mr = 347.19, monoclinic, 
P21/c (No. 14), a= 7.7609(3)˚A, b= 13.7354(5)˚A, c= 
14.4706(6)˚A, β = 98.464(3)◦, α= γ = 90◦, V = 
1525.75(10)˚A3, T = 100(2)K, Z = 4, Z0 = 1, µ(CuKα)= 3.925, 
9973 reflections measured, 2696 unique (Rint= 0.0559) 
which were used in all calculations. The final wR2 was 
0.1568 (all data) and R1 was 0.0624 (I > 2σ(I)). 
Experimental: Single clear light orange blockshaped 
crystals of compound 6 were recrystallised from DCM by 
slow evaporation. A suitable crystal (0.28×0.21×0.21) was 
selected and mounted on a MITIGEN holder oil on a 
Bruker D8 VENTURE diffractometer. The crystal was kept 
at T = 100(2)K during data collection. Using Olex2 
(Dolomanov et al., 2009), the structure was solved with 
the ShelXT (Sheldrick, 2015) structure solution program, 
using the Direct Methods solution method. The model 
was refined with version of 2014/7 ShelXL  
 (Sheldrick, 2008) using Least Squares minimisation. 
 
 

9.2.2  Extended Experimental 
Experimental Extended: A clear light orange block-
shaped crystal with dimensions 0.28×0.21×0.21 was 
mounted on a MITIGEN holder oil. Data were collected 
using a Bruker D8 VENTURE diffractometer equipped with 
an Oxford Cryosystems low-temperature apparatus 
operating at T = 100(2)K. Data were measured using φ 
and ω scans of 2.00◦ per frame for 10.00 s using CuKα 

radiation (sealed X-ray tube, 50 kV, 1 mA). The total number of runs and images was based on 
the strategy calculation from the program APEX3 (Bruker, 2015). The actually achieved 
resolution was Θ = 66.951. Cell parameters were retrieved using the SAINT (Bruker, 2013) 
software and refined using SAINT (Bruker, 2013) on 5160 reflections, 52% of the observed 
reflections. Data reduction was performed using the SAINT (Bruker, 2013) software which 
corrects for Lorentz polarisation. The final completeness is 99.10% out to 66.951 in Θ. The 

Compound 6 

CCDC ? 
Formula C17H12Cl2N2O2 
Dcalc./gcm−3 1.511 
mu/mm-1 3.925 
Formula Weight 347.19 
Colour clear light 

orange 
Shape block 
Max Size/mm 0.28 
Mid Size/mm 0.21 
Min Size/mm 0.21 
T/K 100(2) 
Crystal System monoclinic 
Space Group P21/c 
a/˚A 7.7609(3) 
b/˚A 13.7354(5) 
c/˚A 14.4706(6) 
α/◦ 90 
β/◦ 98.464(3) 
γ/◦ 90 
V/˚A3 1525.75(10) 
Z 4 
Z’ 1 
Θmin/◦ 4.461 
Θmax/◦ 66.951 
Measured Refl. 9973 
Independent Refl. 2696 
Reflections Used 1898 
Rint 0.0559 
Parameters 209 
Restraints 0 
Largest Peak 0.732 
Deepest Hole -0.380 
GooF 1.040 
wR2 (all data) 0.1568 
wR2 0.1385 
R1 (all data) 0.0973 
R1 0.0624 
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absorption coefficient (µ) of this material is 3.925 and the minimum and maximum 
transmissions are 0.6128 and 0.7528. The structure was solved in the space group P21/c (# 
14) by Direct Methods using the ShelXT (Sheldrick, 2015) structure solution program and 
refined by Least Squares using version 2014/7 of ShelXL (Sheldrick, 2008). All non-hydrogen 
atoms were refined anisotropically. Hydrogen atom positions were calculated geometrically 
and refined using the riding model. 
 

9.2.3  Reflection Statistics 
Total reflections (after filtering) 10297 
Unique reflections 2696 

Completeness 0.991 

Mean I/σ 10.91 

hklsubmax collected (9, 15, 12) 

hklsubmin collected (-8, -16, -17) 

hklmax used (9, 16, 17) 

hklmin used (-9, 0, 0) 

Lim dmax collected 100.0 

Lim dmin collected 0.77 

dmax used 14.31 

dmin used 0.84 

Friedel pairs 1554 

Friedel pairs merged 1 

Inconsistent equivalents 1 

Rint 0.0559 

Rsigma 0.0625 

Intensity transformed 0 

Omitted reflections 0 

Omitted by user (OMIT hkl) 1 

Multiplicity (3439, 1781, 938, 118, 2) 

Maximum multiplicity 13 

Removed systematic absences 323 

Filtered off (SHEL/OMIT) 0 
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9.3  Compound 7 
9.3.1  Summary 

 

Crystal Data: C17H11BCl2F2N2O2, Mr = 394.99, triclinic, 
P¯1 (No. 2), a= 7.8312(3)˚A, b= 10.3013(5)˚A, c= 
10.4618(4)˚A, α= 96.577(2)◦, β = 101.739(2)◦, γ = 
97.026(2)◦, V = 811.63(6)˚A3, T = 100(2)K, Z = 2, Z0 = 1, 
µ(MoKα)= 0.437, 28837 reflections measured, 3731 
unique (Rint= 0.0303) which were used in all 
calculations. The final wR2 was 0.0902 (all data) and R1 

was 0.0361 (I > 2σ(I)). 
Experimental: Single clear light orange plateshaped 
crystals of compound 7 were recrystallised from DCM 
by slow evaporation. A suitable crystal 
(0.46×0.40×0.21) was selected and mounted on a 
MITIGEN holder oil on a Bruker D8 VENTURE 
diffractometer. The crystal was kept at T = 100(2)K 
during data collection. Using Olex2 (Dolomanov et al., 
2009), the structure was solved with the ShelXT 
(Sheldrick, 2015) structure solution program, using the 
Direct Methods solution method. The model was 
refined with version 2014/7 of ShelXL (Sheldrick, 2008) 
using Least Squares minimisation. 
 
 
 

9.3.2  Extended Experimental 
Experimental Extended: A clear light orange plate-shaped crystal with dimensions 
0.46×0.40×0.21 was mounted on a MITIGEN holder oil. Data were collected using a Bruker D8 
VENTURE diffractometer equipped with an Oxford Cryosystems low-temperature apparatus 
operating at T = 100(2)K. 
Data were measured using φ and ω scans of 2.00◦ per frame for 10.00 s using MoKα radiation 
(X-ray tube, 50 kV, 30 mA). The total number of runs and images was based on the strategy 
calculation from the program APEX3 (Bruker, 2015). The actually achieved resolution was Θ = 
27.560. 

Compound 7 

Formula C17H11BCl2F2N2O2 
Dcalc./gcm−3 1.616 
mu/mm-1 0.437 
Formula Weight 394.99 
Colour clear light orange 
Shape plate 
Max Size/mm 0.46 
Mid Size/mm 0.40 
Min Size/mm 0.21 
T/K 100(2) 
Crystal System triclinic 
Space Group P¯1 
a/˚A 7.8312(3) 
b/˚A 10.3013(5) 
c/˚A 10.4618(4) 
α/◦ 96.577(2) 
β/◦ 101.739(2) 
γ/◦ 97.026(2) 
V/˚A3 811.63(6) 
Z 2 
Z’ 1 
Θmin/◦ 2.979 
Θmax/◦ 27.560 
Measured Refl. 28837 
Independent Refl. 3731 
Reflections Used 3256 
Rint 0.0303 
Parameters 236 
Restraints 0 
Largest Peak 0.485 
Deepest Hole -0.284 
GooF 1.046 
wR2 (all data) 0.0902 
wR2 0.0831 
R1 (all data) 0.0439 
R1 0.0361 
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Cell parameters were retrieved using the SAINT Bruker, 2013) software and refined using 
SAINT Bruker, 2013) on 9970 reflections, 35% of the observed reflections. Data reduction was 
performed using the SAINT 
Bruker, 2013) software which corrects for Lorentz polarisation. The final completeness is 
99.90% out to 27.560 in Θ. The absorption coefficient (µ) of this material is 0.437 and the 
minimum and maximum transmissions are 0.6844 and 0.7456. 
The structure was solved in the space group P¯1 (# 2) by Direct Methods using the ShelXT 
(Sheldrick, 2015) structure solution program and refined by Least Squares using version 
2014/7 of ShelXL (Sheldrick, 2008). All non-hydrogen atoms were refined anisotropically. 
Hydrogen atom positions were calculated geometrically and refined using the riding model. 
 

9.3.3  Reflection Statistics 
Total reflections (after filtering) 28837 
Unique reflections 3731 

Completeness 0.998 

Mean I/σ 37.48 

hklmax collected (10, 13, 13) 

hklmin collected (-10, -13, -13) 

hklmax used  (9, 13, 13) 

hklmin used (-10, -13, 0) 

Lim dmax collected 100.0 

Lim dmin collected 0.36 

dmax used 6.84 

dmin used 0.77 

Friedel pairs 3682 

Friedel pairs merged 1 

Inconsistent equivalents 0 

Rint 0.0303 

Rsigma 0.0165 

Intensity transformed 0 

Omitted reflections 0 

Omitted by user (OMIT hkl) 0 

  

Multiplicity (348, 290, 1401, 3353, 1832, 
189) 

Maximum multiplicity 12 

Removed systematic absences 0 

Filtered off (SHEL/OMIT) 0 
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9.4  Compound 8 
9.4.1  Summary 

 

Crystal Data: C16H9BCl2F2N2O2, Mr = 380.96, triclinic, 
P¯1 (No. 2), a= 10.9208(5)˚A, b= 
11.1413(5)˚A, c= 14.0873(6)˚A, α= 69.876(3)◦, β = 
75.945(3)◦, γ = 75.941(3)◦, V = 1537.13(12)˚A3, T = 100K, 
Z = 4, Z0 = 2, µ(MoKα)= 0.458, 37992 reflections 
measured, 7170 unique (Rint= 0.0456) which were used 
in all calculations. The final wR2 was 0.1144 (all data) 
and R1 was 0.0379 (I > 2σ(I)). 
 
Experimental: Single clear light pink needleshaped 
crystals of compound 8 were recrystallised from a 
mixture of DCM and methanol by slow evaporation. A 
suitable crystal (0.60×0.41×0.27) was selected and 
mounted on a MITIGEN holder oil on a Nonius Kappa 
Apex II diffractometer. The crystal was kept at T = 100K 
during data collection. Using Olex2 (Dolomanov et al., 
2009), the structure was solved with the ShelXT 
(Sheldrick, 2015) structure solution program, using the 
Direct Methods solution method. The model was 
refined with version of ShelXL (Sheldrick, 2008) using 
Least Squares minimisation. 

 

9.4.2  Extended Experimental 
Experimental Extended: A clear light pink needle-
shaped crystal with dimensions 0.60×0.41×0.27 was 
mounted on a MITIGEN holder oil. Data were collected 
using a Nonius Kappa Apex II diffractometer equipped 
with an Oxford Cryosystems low-temperature apparatus operating at T = 100K. 
Data were measured using φ and ω scans of 2.00◦ per frame for 10.00 s using MoKα radiation 
(X-ray tube, 50 kV, 32 mA). The total number of runs and images was based on the strategy 
calculation from the program APEX3 (Bruker, 2015). The actually achieved resolution was Θ = 
27.740. 

Compound 8 

Formula C16H9BCl2F2N2O2 
Dcalc./gcm−3 1.646 
mu/mm-1 0.458 
Formula Weight 380.96 
Colour clear light pink 
Shape needle 
Max Size/mm 0.60 
Mid Size/mm 0.41 
Min Size/mm 0.27 
T/K 100 
Crystal System triclinic 
Space Group P¯1 
a/˚A 10.9208(5) 
b/˚A 11.1413(5) 
c/˚A 14.0873(6) 
α/◦ 69.876(3) 
β/◦ 75.945(3) 
γ/◦ 75.941(3) 
V/˚A3 1537.13(12) 
Z 4 
Z’ 2 
Θmin/◦ 1.564 
Θmax/◦ 27.740 
Measured Refl. 37992 
Independent Refl. 7170 
Reflections Used 5077 
Rint 0.0456 
Parameters 453 
Restraints 0 
Largest Peak 0.364 
Deepest Hole -0.309 
GooF 1.049 
wR2 (all data) 0.1144 
wR2 0.0906 
R1 (all data) 0.0679 
R1 0.0379 
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Cell parameters were retrieved using the SAINT (Bruker, 2013) software and refined using 
SAINT (Bruker, 2013) on 9455 reflections, 25% of the observed reflections. Data reduction was 
performed using the SAINT (Bruker, 2013) software which corrects for Lorentz polarisation. 
The final completeness is 100.00% out to 27.740 in Θ. The absorption coefficient (µ) of this 
material is 0.458 and the minimum and maximum transmissions are 0.6759 and 0.7456. 
The structure was solved in the space group P¯1 (# 2) by Direct Methods using the ShelXT 
(Sheldrick, 2015) structure solution program and refined by Least Squares using version of 
ShelXL (Sheldrick, 2008). All non-hydrogen atoms were refined anisotropically. Hydrogen 
atom positions were calculated geometrically and refined using the riding model. 
The value of Z’ is 2. This means that there are two independent molecules in the asymmetric 
unit. 
 

9.4.3  Reflection Statistics 
Total reflections (after filtering) 37992 

Unique reflections 7170 

Completeness 0.989 

Mean I/σ 18.62 

hklmax collected (14, 14, 18) 

hklmin collected (-14, -14, -18) 

hklmax used (14, 14, 18) 

hklmin used (-13, -13, 0) 

Lim dmax collected 100.0 

Lim dmin collected 0.36 

dmax used 13.02 

dmin used 0.76 

Friedel pairs 6968 

Friedel pairs merged 1 

Inconsistent equivalents 0 

Rint 0.0456 

Rsigma 0.0416 

Intensity transformed 0 

Omitted reflections 0 

Omitted by user (OMIT hkl) 0 

Multiplicity (2285, 5067, 3479, 1749, 1245, 279, 31, 

3) 

Maximum multiplicity 13 

Removed systematic absences 0 

Filtered off (SHEL/OMIT) 0 
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9.5  Compound 10 
9.5.1  Summary 

 

 

Crystal Data. C127H106Au4B4Cl26F8N12O4P4, Mr = 3892.92, 
orthorhombic, Pbca (No. 61), a = 25.643(4) Å, b = 

9.4006(16) Å, c = 30.308(5) Å,  =  =  = 90°, V = 

7306(2) Å3, T = 115 K, Z = 2, Z' = 0.25, (MoK) = 4.588, 
151102 reflections measured, 6424 unique (Rint = 
0.0918) which were used in all calculations. The final 
wR2 was 0.1979 (all data) and R1 was 0.0732 (I > 2(I)). 
 
Experimental. Single clear light pink plate-shaped 
crystals of compound 10 were recrystallised from DCM 
by slow evaporation. A suitable crystal 
(0.51x0.13x0.05) mm3 was selected and mounted on a 
MITIGEN holder oil on a Nonius Kappa Apex II 
diffractometer. The crystal was kept at T = 115 K during 
data collection. Using Olex2 (Dolomanov et al., 2009), 
the structure was solved with the ShelXT (Sheldrick, 
2015) structure solution program, using the Intrinsic 
Phasing solution method. The model was refined with 
version 2016/6 of ShelXL (Sheldrick, 2015) using Least 
Squares minimisation. 
 

9.5.2  Extended experimental 
A clear light pink plate-shaped crystal with dimensions 
0.51x0.13x0.05 mm3 was mounted on a MITIGEN 
holder oil. X-ray diffraction data were collected using a 
Nonius Kappa Apex II diffractometer equipped with a Oxford Cryosystems low-temperature 
device, operating at T = 115 K. 

Data were measured using  and  scans of 0.60 ° per frame for 243.00 s using MoK radiation 
(X-ray tube, 50 kV, 32 mA). The total number of runs and images was based on the strategy 

calculation from the program APEX3 (Bruker, 2015).The maximum resolution achieved was  
= 25.000°. 
Cell parameters were retrieved using the SAINT (Bruker, V8.38A, after 2013) software and 
refined using SAINT (Bruker, V8.38A, after 2013) on 9817 reflections, 6 % of the observed 
reflections. Data reduction was performed using the SAINT (Bruker, V8.38A, after 2013) 

Compound  10 
    
Formula  C127H106Au4B4Cl26

F8N12O4P4  
Dcalc./ g cm-3  1.770  

/mm-1  4.588  

Formula Weight  3892.92  
Colour  clear light pink  
Shape  plate  
Size/mm3  0.51x0.13x0.05  
T/K  115  
Crystal System  orthorhombic  
Space Group  Pbca  
a/Å  25.643(4)  
b/Å  9.4006(16)  
c/Å  30.308(5)  

/°  90  

/°  90  

/°  90  

V/Å3  7306(2)  
Z  2  
Z'  0.25  
Wavelength/Å  0.710730  
Radiation type  MoK  

min/°  2.671  

max/°  25.000  

Measured Refl.  151102  
Independent Refl.  6424  
Reflections Used  4993  
Rint  0.0918  
Parameters  415  
Restraints  0  
Largest Peak  2.462  
Deepest Hole  -2.994  
GooF  1.168  
wR2 (all data)  0.1979  
wR2  0.1845  
R1 (all data)  0.0907  
R1  0.0732  
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software which corrects for Lorentz polarisation. The final completeness is 99.90 out to 25.000 

in . The absorption coefficient  of this material is 4.588 at this wavelength ( = 0.71073) 
and the minimum and maximum transmissions are 0.0041 and 0.0206. 
The structure was solved in the space group Pbca (# 61) by Intrinsic Phasing using the ShelXT 
(Sheldrick, 2015) structure solution program and refined by Least Squares using version 
2016/6 of ShelXL (Sheldrick, 2015). All non-hydrogen atoms were refined anisotropically. 
Hydrogen atom positions were calculated geometrically and refined using the riding model. 
SADABS-2016/2 (Bruker,2016/2) was used for absorption correction. wR2(int) was 0.1173 
before and 0.0831 after correction. The Ratio of minimum to maximum transmission is 0.1990.  
The value of Z' is 0.25. 

 

9.5.3  Reflection Statistics 
 

Total reflections (after 
filtering)  

161317  

Completeness  0.999  
hklmax collected  (33, 10, 39)  
hklmax used  (30, 11, 36)  
Lim dmax collected  100.0  
dmax used  25.64  
Friedel pairs  25777  
Inconsistent 
equivalents  

0  

Rsigma  0.0282  
Omitted reflections  0  
Multiplicity  (6368, 12582, 14535, 

15028, 9624, 763, 216, 
127, 54, 23, 78)  

Removed systematic 
absences  

10171  

Unique reflections  6424  
Mean I/   20.37  
hklmin collected  (-33, -12, -39)  
hklmin used  (0, 0, 0)  
Lim dmin collected  0.84  
dmin used  0.84  
Friedel pairs merged  1  
Rint  0.0918  
Intensity transformed  0  
Omitted by user (OMIT 
hkl)  

44  

Maximum multiplicity  41  
Filtered off (Shel/OMIT)  30732  
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 Résumé 
 
Cette thèse s’inscrit dans le développement et l’évaluation de nouvelles plateformes 
moléculaires pour une application en imagerie optique par fluorescence. Nous avons cherché à 
développer de nouveaux outils multifonctionnels et modifiables à façon. Cette approche est 
nécessaire car l’introduction d’un fluorophore peut fortement influencer les propriétés du 
composé final. Cela signifie que l’introduction du fluorophore sur l’agent sélectionné doit avoir 
être réalisé dès le départ. Pour cela deux axes principaux ont été étudiés ; le premier consiste à 
utiliser des BODIPY pour le développement d’agents thérapeutiques traçables pour une 
application principalement in vitro; le deuxième cible sur la conception de plateformes à base 
d’AzaBODIPY compatibles avec l’imagerie in vivo. 
 
Dans la première partie deux fluorophores à base de 3,5-dichloro-BODIPY ont été identifiés 
comme plateformes prometteuses. Ils ont été fonctionnalisés sélectivement par un agent or(I)-
phosphine, un thiosucre et un phosphonium afin de pouvoir étudier l’influence du positionnement 
de chaque substituant sur les propriétés finales. Nous avons pu démontrer qu’une 
fonctionnalisation sélective et spécifique est possible avec ces substituants fragiles ; cela nous a 
permis de développer 12 agents théranostiques à base d’or(I). Les propriétés photophysiques et 
biologiques ont ensuite été évaluées ; pour cela nous avons déterminé leurs propriétés anti 
prolifératives (3 lignées cellulaires), la balance hydrophile, l’accumulation d’or dans les cellules et 
la localisation des composés par microscopie confocale. Cette stratégie de plateforme 
multifonctionnelle nous a permis de développer un panel de composés traçables ayant des 
activités mixtes ainsi que des distributions cellulaires distinctes. Cette étude a permis 
l’identification et la sélection de trois ou quatre composés qui feront l’objet d’une étude 
approfondie. 
 
Dans la deuxième partie de cette thèse, nous avons développé des plateformes 
multifonctionnelles compatibles avec l’imagerie in vivo ; pour cela nous avons poursuivi deux 
approches différentes. La première était l’utilisation de 1,7-di(phénol)3,5-di(phényl)-azaBODIPY, 
suivi par sa fonctionnalisation sur les groupements OH afin de développer un traceur 
bioconjugable fluorescent dans le proche infrarouge (NIR-I). Malheureusement, ce traceur 
possède des propriétés optiques très défavorables. Nous avons alors développé une approche 
innovante basée sur la fonctionnalisation de l’atome de bore. En s’appuyant sur cette approche 
deux traceurs fortement fluorescents dans le proche infrarouge et solubles dans l’eau ont été 
développés. Ces fluorophores ont été conjugués sur un anticorps innovateur afin de permettre 
l’imagerie optique du ligand PD-L1. Les traceurs se sont montrés stables pour au moins 48h dans 
le plasma murin et possèdent de très bonnes propriétés optiques. Comme preuve de concept nous 
avons conduit une étude préclinique in vivo. Cette étude a montré que les traceurs sont fortement 
fluorescents (NIR-I) et ne possèdent pas de toxicité aiguë. 
 
La méthodologie développée pendant cette thèse présente un grand potentiel pour des études 
allant plus loin et des futures applications ; il est possible d’appliquer les principes et outils 
développés sur d’autre fluorophores ; la méthodologie permet une fonctionnalisation très riche 
avec une grande variété de substituants d’intérêt. Son utilisation n’est pas limitée aux applications 
biologiques, biochimiques et médicinales. 

Mots clés : 
 PD-L1 Fonctionnalisation du bore in vitro/in vivo  
BODIPY gold(I)-theranostique Imagerie par fluorescence hydrosolubilisation 
AzaBODIPY multifonctionnel Plateforme moléculaire  
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 Abstract 
 
The objective of this thesis was the development and evaluation of new molecular platforms 
for optical fluorescence imaging applications. This work sought to develop new tools that can 
easily be modified and adapted to the specific needs of the intended use. This is required as 
the fluorophore will influence the final properties and should thus be incorporated before 
structural optimization of the selected agent rather than at the very end. Two main axes were 
explored; the use of BODIPYs for the development of trackable therapeutic agents that are 
primarily intended for in vitro applications and the use of azaBODIPYs for the design of an in 
vivo compatible fluorescent platform.  
 
In the first part two fluorophores on the basis of a 3,5-dichloro-BODIPY were identified as 
promising platforms. These platform molecules were selectively functionalized using a gold(I)-
phosphine moiety, a thiosugar and a phosphonium to explore their selective functionalization 
and investigate the influence of each substitutents position on the final properties. We 
showed that a site-specific, selective functionalization with these fragile substituents is 
possible and developed 12 gold(I)-bearing therapeutic agents. We evaluated the 
photophysical properties of all obtained compounds which was followed by a characterization 
of their biological properties (antiproliferative properties on 3 cancer cell lines, lipophilic 
balance and cellular gold accumulation as well as fluorescence imaging on 3 cell lines for up 
to 24h). We succeeded in developing a panel of closely related trackable compounds that 
display mixed activity in cells and distinct cellular localization. This investigation permitted the 
selection of three to four hits that will be studied further.  
 
In the second part we developed an in vivo-compatible multifunctional platform following two 
strategies: the first was the use of 1,7-di(phenol)-3,5-di(phenyl)-azaBODIPY and the 
functionalization of the hydroxy groups for the development of a bioconjugable NIR-I probe. 
Unfortunately the developed probe displayed very unfavourable optical properties; we 
therefore developed a new strategy that is entirely based on the functionalization of the boron 
atom. Using this approach we successfully synthesized 2 watersoluble, strongly fluorescent 
(NIR-I) molecular platforms that were conjugated to an innovative antibody to image the PD-
L1 ligand. The developed probes displayed excellent optical properties, are stable for at least 
48h in mice plasma and were validated in a preclinical study on mice. The developed probes 
displayed strong fluorescence in vivo and showed no acute toxicity. 
 
The developed methodology shows great potential for further investigations and future 
studies; it can be transposed onto other closely related fluorophores and permits versatile 
functionalization with a large variety of compounds of interest. Its use is thus not limited to 
biological, biochemical and medical applications. 
 
Keywords: 
BODIPY Molecular platform boron- functionalization in vitro/in vivo evaluation 
AzaBODIPY multifunctional fluorescence imaging  
PD-L1 gold(I)-theranostic hydrosolubilization  

 
 
 


