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1. Introduction 

The last decade has brought tremendous advancements in the field of fluorescence imaging 

techniques. Due to recent developments in fluorescence microscopy, visualization of 

biomolecules or intra-/extracellular events became possible at resolutions never seen before. 

The importance of the field is probably best represented by the two Nobel prizes1, 2 awarded 

for the discovery and development of the green fluorescent protein, GFP in 2008 to Osamu 

Shimomura, Martin Chalfie and Roger Y. Tsien, and for the development of super-resolved 

fluorescence microscopy for William E. Moerner, Eric Betzig and Stefan Hell. Nowadays the 

lack of suitable fluorescence markers is considered to be the biggest limitation in fluorescence 

imaging techniques, thus intensive research aims the development of fluorescent probes that 

enable site-specific intracellular labeling of biological structures with minimal auto and 

background fluorescence as signal-to-noise ratio is often impaired by these two factors. In order 

to improve signal-to-noise ratio, the use of red/far-red excitable probes or probes having large 

Stokes-shifts, efficiently minimize autofluorescence. Reduction of background fluorescence, 

on the other hand, is best accomplished by the use of fluorogenic probes that become fluorescent 

only upon specific reaction. 

Labeling of biomatter is possible by several techniques. Besides labeled antibodies or affinity 

probes, selective staining of proteins is also possible by means of fusion proteins such as 

tailored fluorescent proteins, tags (e.g. Halo, SNAP, Cys4) or small engineered enzymes (e.g. 

lipoic acid ligase)3, 4. However, these techniques are limited to N- or C-terminal modifications 

and in many cases these tags perturb the original function of the protein of interest due to their 

comparable size, not to mention the poor photophysical properties of fluorescent proteins. 

Minimal perturbation became possible with advances in genetic code expansion techniques by 

means of amber codon suppression, which enables implementation of a single non-canonical 

amino acid, virtually at any position. Genetic code expansion technology, in combination with 

bioorthogonal chemistry5, has brought substantial changes into chemical biology driven studies, 

lately. Such bioorthogonally modulated proteins can be selectively labeled with small synthetic 

fluorescent probes harboring a complementary biorthogonal function. Furthermore, 

photophysical properties of small molecule probes can be synthetically tailored in order to 

achieve superior photostability and brightness, compared to fluorescent proteins.  
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2. Aims 

In light of the above considerations, aims of my PhD research involved the development of 

novel fluorogenic probes that are excitable towards the red regime of the spectrum. In order to 

render the selected fluorescent cores (e.g., coumarin, phenoxazine and cyanine) fluorogenic I 

intended to install a tetrazin motif. Besides being an excellent bioorthogonally applicable 

functional group, tetrazines are able to quench the fluorescence of fluorophores upon 

appropriate design. To reach efficient quenching effect, I planned to incorporate the tetrazine 

motif via a vinylene6 or phenylene linker to ensure efficient quenching via through-bond-

energy-transfer, TBET process. Following syntheses I also intended to study the applicability 

of such fluorogenic probes in biorthogonal labeling schemes.  

Due to synthetic considerations, the synthesis of phenylene-linked tetrazine dyes required 

further development of a tetrazine derivative suitable for cross-coupling reactions. 

The work is structured as follows: 

 Synthesis of a fluorogenic phenylene-linked coumarine-tetrazine dye, with subsequent 

spectroscopic characterization  

 Development of a tetrazine derivative suitable for installation of phenyl-tetrazin via 

Suzuki cross-coupling reaction 

 Synthesis of fluorogenic vinylene and phenylene linked phenoxazine-tetrazines together 

with spectroscopic studies and evaluation of their biological applicability 

 Synthesis of fluorogenic vinylene and phenylene linked cyanine-tetrazine dyes together 

with spectral characterization and elaboration of biological suitability 
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3. Results and discussion 

3.1. Coumarin-tetrazine 

The synthesis of coumaryl-tetrazine, 4 started with the bromination of 1, which was effected by 

treatment with NBS to furnish 2.  Suzuki cross-coupling reaction of 2 with 4-

cyanophenylboronic acid in the presence of palladium catalyst resulted in 

cyanophenylcoumarin derivative, 3 in medium yields. Treatment of 3 with hydrazine in 

acetonitrile and subsequent oxidation provided target compound 4 in medium yields (Scheme 

1). The fluorescence intensity showed a ca. 100-fold increase upon reaction of 4 with BCN in 

PBS. 

 

Scheme1. Synthesis of coumarine-tetrazine dye 4 

3.2. Synthesis of tetrazines suitable for cross-coupling reactions 

Since cyanine and phenoxazine frames are not suitable for treatment with hydrazine, I aimed to 

elaborate the synthesis and applicability of a tetrazinylphenyl boronate derivative suitable for 

installation onto halogenated fluorescent cores via Suzuki-cross coupling reaction. To this end 

I have treated 4-Br-benzonitrile (5) with hydrazine-hydrate in the presence of acetonitrile and 

zinc-triflate as catalyst, to access the respective dihydrotetrazine, which was subsequently 

oxidized to 6 with nitrous gases (Scheme 2). 

 
Scheme 2. Synthesis of 4-Bromophenyltetrazine 6 
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Treatment of compound 6 with 7, afforded tetrazine 8, which proved to be suitable for 

incorporation of the phenylene-tetrazine motif into fluorescent cores via Suzuki coupling 

(Scheme 3). 

 
Scheme 3. Synthesis of boronic ester-tetrazine 8  

In case of vinylene-linked tetrazine probes I planned to follow the literature procedure6, using 

compound 12 in Heck-type of cross coupling reactions. Compound 12 was accessed by a 

modified literature procedure developed in our research group (Scheme 4). 

 
Scheme 4. Synthesis of methyl-vinyl-tetrazine (12) precursor 

3.3. Phenoxazine-tetrazines 

Phenoxazines are lipofilic compounds with a tendency to form non-fluorescent H-type of 

aggregates in in aqueous media7. This aggregation tendency can be efficiently suppressed with 

pending carboxyl or sulfonate substituents on the amino group8. Therefore I planned to 

synthetize phenoxazine-tetrazines carrying carboxylic acid chains with different steric demand. 

The synthesis from aminophenol 13, which was reacted with methyl-acrylate to provide phenol 

14, which was converted to its nitroso derivative upon treatment with sodium-nitrite in acidic 

medium to access compound 15. Boiling 15 in the presence of phloroglucinol in the respective 

alcohols furnished phenoxazines 17–19. Conversion of the phenols to triflates was effected by 

treatment with N-phenyl-bis(triflourmethanesulfonimide) resulted in 20–22 in various yields. 

Suzuki and Heck-type of cross coupling reactions of these triflates with tetrazines 8 and 12 

yielded the target compounds (Scheme 5). 
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Scheme 5. Synthesis of fluorogenic phenoxazines 

Following the syntheses, fluorogenicities were determined in a reaction with a strained trans-

cyclooctene, oxTCO in PBS solution. Vinylene linked derivatives reacted much faster, however 

their fluorogenicity was lower relative to phenylene linked tetrazine-phenoxazines (Scheme 6). 
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Scheme 6. Fluorescence enhancement of phenoxazine-tetrazines in time 

In biological studies we used HEK293T cells, expressing a GFP, genetically modified with a 

TCO* containing non-canonical amino acid9. Upon treatment of these cells with the dyes we 

observed efficient labeling of the cells. Furthermore, we could conclude that each dye was 

membrane permeant with the methyl series being the most membrane permeable (Scheme 7). 

 

Scheme 7. Labelling of modified HEK293T cells with fluorogenic phenoxazines 

3.4. Indocyanin-tetrazines 

For the synthesis of tetrazine linked cyanines I needed to synthesize halogenated Cy3 and Cy5 

derivatives, 34 and 35. To this end, p-jodoaniline (23) was diazotized and reduced to get p-

jodophenylhydrazine (24), which was further transformed into 25 in Fischer indole synthesis 

reaction. Compound 25 was alkylated with jodoethane to obtain indolenine 26. Similarly, 

compound 27, was transformed into an indolenine, then converted into salt 28. This compound 

was alkylated using iodoethane to get sulfonate-indolenine 29. Reacting 29 with either 30 or 31 

0

50

100

150

200

250

300

0 100 200 300 400 500 600 700 800

I/
I 0

idő(min)

MePhe EtPhe PrPhe

0

10

20

30

40

50

60

0 100 200 300 400 500 600 700 800

I/
I 0

idő(min)

MeVin EtVin PrVin



8 

in a mixture of acetic acid and acetic anhydride, hemicyanines 32 and 33 were obtained. These 

hemicyanines were reacted subsequently with indolenine 26, to get 34 and 35. Reacting these 

iodocyanines with tetrazines 8 and 12, in Suzuki and Heck reactions, final products were 

obtained in acceptable yields (Scheme 8). 

 
Scheme 8. Synthesis of fluorogenic cyanines 
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Fluorescence studies showed that Cy3Vin possessed the best fluorogenicity (14,2-fold) with 

respect to the other three cyanines (<5-fold). Thus we used only the Cy3Vin dye in further 

experiments: 

1. By using the Cy3Vin dye in FISH method10, we have successfully labeled Helicobacter 

pylori infected gastric biopsy samples. With this we have expanded the available dyes, 

suitable for FISH probes. 

 

2. HEK293T cells expressing genetically modified insulin receptors, carrying either a TCO* 

or a BCN containing amino acid, and a fused a GFP9 were successfully labeled with Cy3Vin. 

These experiments also revealed that this dye is not membrane permeable. 

 

3. We have also labeled the actin filament network of permeabilized COS7 cells treated with 

BCN-modified phalloidin11. Filaments were efficiently stained with dye Cy3Vin with 

negligible background fluorescence. The dye proved to be photostable enough for STED 

microscopy as well. Noteworthy to mention that cyanines are very rarely used in STED 

microscopy and to the best of our knowledge this is the first indocyanine that was suitable 

for this technique. 
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