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Chapter 4  

Meso formyl BODIPY dyes as building blocks for 

multicomponent Passerini reactions 
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Introduction 

In the previous chapters of this thesis, we explored the potential of certain BODIPY 

derivatives to act as PPG’s and carriers of diverse drug-like compounds with the 

aim to develop efficient, light triggered and biocompatible drug delivery systems. 

One observation that resulted from these attempts was the challenge presented by 

the synthesis of each derivative, as often re-optimization of the final steps for each 

individual compound was needed. This overall created a bottleneck in our efforts 

towards drug development and pushed us to explore alternate ideas for the 

synthesis of further PPG-drugs. We therefore aimed to establish a method that 

would allow us to build much wider libraries of photoprotected drug candidates 

faster and more efficiently.  

After some consideration, we realized that an elegant solution to our problems 

might be possible through the use of multicomponent reactions which would allow 

us to build and test compound libraries significantly faster than previously. 

Reactions in which three or more different starting substrates are integrated in the 

final product are called multicomponent reactions (MCR).[1] Most of these types of 

reactions are performed by mixing the reagents in one vessel either at the same 

time or sequentially (Figure 18, a).[2] They are therefore more atom and resource 

efficient,[3] meaning that lower amounts of waste is produced, than in the 

corresponding stepwise processes. In addition, this reduced amount of required 

steps means that the final products are obtained quicker and with less effort.  Also, 

since more than one bond is being created in the process, the yield per bond is 

usually higher than what the reaction yield would suggest, often resulting in higher 

overall yields than what a stepwise process would give (Figure 18, b). 

 

Figure 18. Types of synthesis; a) multicomponent, b) stepwise 
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Additionally, as these reactions require very specific reactivity patterns between 

the diverse components, they tend to be highly selective and therefore in most 

cases tolerate a vast variety of functional groups on their substrates.[4] They are 

robust and in many cases do not require dry conditions or inert atmosphere to give 

the desired products in reasonable yields, which also makes them easy to 

automatize.[5] While all these considerations give MCR’s a significant operational 

advantage over the classical multi step syntheses, their appeal is not limited to a 

simple increase in efficiency, as outlined in more detail below.  

Because of these beneficial properties, multicomponent reactions have found 

applications in many fields of chemistry. One for their largest and most appealing 

application is their use in pharmaceutical industries for the quick and efficient 

construction of versatile compound libraries that can be used for example in hit 

identification or the structure-reactivity studies of potential drugs.[6] Drugs like 

Retosiban, Vildagliptin, Zetia (Ezetimibe) and many others biologically active 

compounds like mandipropamid (a fungicide)[7] have been identified, optimized 

and prepared using multicomponent reactions as one of the steps for their 

synthesis.[8] Other fields in which multicomponent reactions are successfully 

applied include functional materials,[9] chiral stationary phases for HPLC,[10] natural 

product synthesis[11] and GPCR ligands.[12] 

The oldest reaction classified as a multicomponent reaction is the Strecker amino 

acid synthesis (1850).[13] In this reaction, amino acids are obtained from an 

aldehyde (or ketone), an amine (initially with ammonium chloride) and a cyanide 

source (often potassium cyanide). Although the reaction itself is fairy old (more 

than 150 years), variants are still being developed and it is still commonly used 

demonstrating the appeal of such reactions.[14] Its younger variant is called 

Passerini reaction. Developed by an Italian chemist, Mario Passerini in 1921[15] it 

gives rise to α-acyloxyamides from aldehydes (or ketones), carboxylic acids and 

isocyanides (Scheme 24). 

 

Scheme 24. Passerini reaction 
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Even though the mechanism of the Passerini reaction was partially proposed by 

Passerini himself, the discussion about its pathway and intermediates is still 

ongoing. The commonly accepted mechanism is shown below (Scheme 25).[16] 

 

Scheme 25. The mechanism of the Passerini reaction 

It is generally believed that the Passerini reaction proceeds in its first step through 

a concerted mechanism. The aldehyde (or ketone) and a carboxylic acid form a 

hexagonal, loosely hydrogen bonded adduct, thereby resulting in the activation of 

both of these groups. Then, the isocyanide, which functions as both nucleophile 

and electrophile, inserts into the adduct by an attack of its carbon onto the 

aldehyde (or ketone) carbonyl carbon, while being attacked by the nucleophilic 

oxygen of the carboxylic acid. Subsequent intramolecular rearrangement of this 

intermediate furnished the desired product. However, recent computational 

studies put this pathway into doubt, calculating that an ionic pair of intermediates 

is probably formed after the insertion of the isocyanide into the hydrogen bonded 

adduct as shown in Scheme 26. The resulting free acid then attacks onto the 

nitrilium to form the same intermediate imidate which then rearranges to give the 

desired product. The second attack of the carboxylate onto the nitrilium is believed 

to be the rate limiting step.[17] 

These consideration show that much work is still needed to fully understand this 

transformation, especially if reliable enantioselective version of this transformation 

are to be developed.[17a] However these developments are not the focus of this 

thesis which rather employs this robust transformation in its racemic version to 

build biologically relevant substrates. 
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Scheme 26: Alternative mechanism of the Passerini reaction[17b] 

The Passerini reaction is usually performed at high concentrations of the substrates 

at room temperature. In more demanding cases, like reactions employing sterically 

hindered substrates or electron rich aldehydes (or ketones) reactions yields are 

improved using different methods, such as the use of microwave irradiation,[18] 

sonication,[19] increased temperature[20] or pressure,[21] solvents with specific 

properties such as ionic liquids[22] or are performed without a solvent at all 

(neat).[23] The successful use of metal salts as catalysts[24] and nucleophilic 

additives[25] have also been reported. 

Although the traditional substrates for Passerini reactions are simple aldehydes 

(ketones), carboxylic acids and isocyanates, the reaction has been successfully 

applied to compounds with more complicated backbones. With this method, 

derivatives of selenium and tellurium compounds,[26] glycosides,[27] phosphates[28] 

and highly fluorinated compounds[29] were successfully made, giving access to a 

vast variety of compounds. These reactions could also be performed in a 

stereochemically controlled fashion, giving rise to, in some cases, enantiopure 

compounds.[17a, 30] 

As mentioned previously, MCR’s are highly appreciated in drug discovery as they 

allow for the quick construction of compound libraries from easily available starting 

materials via combinatorial chemistry.[31] The Passerini reaction, in view of its 

robustness and functional group tolerance as well as its straightforward 

procedures, makes it a reaction of choice among MCR’s. However its uses are not 

limited to drug discovery and it has been successfully applied to other fields such as 

the design of structurally ordered or degradable materials as demonstrated by the 
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groups of Li and Kowolik, who have successfully used ortho-formylnitrobenzyl and 

formylcoumarin derivatives for the preparation of functional polymers.[32] 

In our group, the Passerini reaction was used for the photocaging of carboxylic 

acids.[33] Utilizing o-formylnitrobenzenes and formylcoumarin as photoprotecting 

group precursors, fluorobenzoic acic could be caged via Passerini reaction and 

subsequently released via irradiation with UV or visible light (Scheme 27, a). Finally, 

the group of Vendrell used an analogous methodology to build imaging agents with 

aryl BODIPY derivatives as fluorophores (Figure 21, b).[34] These compounds, 

however, were not meant to be photocleavable.  

 

Scheme 27. Selected literature examples of using fluorophores in Passerini reaction: a) using o-nitrobenzyl and 
coumarin groups as photoprotecting groups for carboxylic acid photocleavage; b) preparation of BODIPY 
fluorescent probes using Passerini reaction. 

a) 

b) 

Not photocleavable 

(by design) 
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Results and discussion 

The optical properties of BODIPY-derived groups and their stability under the 

conditions of Passerini reaction drew our attention and, in our continued search for 

biocompatible photorelease systems, we envisioned that BODIPY moieties could 

act as a visible-to-near-IR light sensitive photoprotecting group for carboxylic acids 

and that libraries of these could be quickly built and tested solving the issues we 

had previously encountered as stated at the beginning of this chapter. However, to 

utilize this idea we needed to modulate the properties of these cores to further fit 

our needs: make the compounds release their cargo while irradiated with red light 

and prepare BODIPY derivatives lacking the phenyl ring in the meso position to 

enable the mentioned process of photorelease. With these changes in mind, we 

designed four formyl BODIPY substrates which we believed would have the desired 

properties (Scheme 28).  

 

Scheme 28. Structures of the designed formyl BODIPY derivatives 

Starting with the unsubstituted formyl BODIPY 3 as model compound, we prepared 

its iodinated derivative 6 to red-shift its λmax. Alternatively, we prepared compound 

9, which had its π-system extended with two additional aromatic rings.[35] 

Furthermore, we modified the structure of compound 9, exchanging its fluorine 

atoms on the boron for CH3 groups to ensure faster photocleavage.[36] All four of 
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these formyl BODIPY derivatives were then subjected to the Passerini reactions 

with different substrates. 

The synthesis of compound 3 started with the preparation of compound 1 and its 

hydrolysis as described in detail in Chapter 2 (Scheme 29). Next, we attempted to 

oxidize the obtained alcohol to the appropriate aldehyde using Dess-Martin 

periodinane (DMP) as described by Cosa.[37] While near full conversion could be 

observed, the yield of this reaction in our hands was low (32%). We therefore 

decided to re-optimize this step to achieve workable yields. We explored two 

options: we first studied the effect of the solvent and the amount of oxidant 

added; we secondly considered the treatment of the reaction mixture upon 

completion as we suspected a severe loss of product could occur during the 

originally described extraction. Key results are summarized in Scheme 29, Table 7 

and Table 8. 

 

Scheme 29. Synthetic of compound 3 

Table 6. Optimization of conversion the Dess-Martin oxidation  

Entry DMP [equiv.] Solvent Result 

1 1.5 DCM 
literature method, conversion not full, some 

decomposition 

2 1.3 DCM conversion not full, some decomposition 

3 2 DCM some decomposition 

4 2.6 DCM some decomposition, a side product observed 

5 1.3 THF conversion not full 

6 2 THF clean reaction 

7 2.6 THF clean reaction 
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Table 7. Optimization of the Dess-Martin oxidation workup conditions 

Entry 
Cpd. 

No. 

DMP 

[equiv.] 
Solvent I2 removal method Yield [%] Result 

1 2 1.5 DCM washing with Na2S2O3 32 
literature 

method 

2 2 2 THF washing with Na2S2O3 63 - 

3 2 2 THF 
column washed with 

pentane 
82 

scalable to 

100 mg 

4 5 2 THF 
column washed with 

pentane 
78 - 

Changing DCM to THF allowed us to reduce the amount of decomposition products 

observed, while increasing the amount of DMP added to the reaction from 1.5 to 2 

equivalents resulted in full conversion of the substrate. Finally, removing 

altogether any washes with Na2S2O3 and only washing the reaction mixture with 

brine to remove most of the residual acid and salts followed by purification of the 

residue by FCC by first flushing the formed iodine out before the elution of the 

product with pentane allowed to decrease the amount of product lost. In the end, 

we were able to obtain the desired aldehyde 3 with 82% yield.  

Iodinated aldehyde 6 was to be initially prepared according to the synthetic route 

shown below (Scheme 30). 

 

Scheme 30. Synthetic route to obtain compound 6 
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The synthesis started with iodination of compound 1 using N-iodosuccinimide (NIS). 

Even though the reaction yielded compound 4 in 75% yield, it also gave a certain 

amount of the monoiodinated BODIPY derivative. The polarity of this compound 

was similar enough to the desired product to make its purification time-consuming 

and costly. Adding more equivalents of NIS did not result in better conversion of 

the substrate to the desired product. To bypass this issue, we decided to explore 

other methods of iodination. After testing diverse conditions for the reaction, we 

observed the best results when performing the iodination under conditions 

adapted from the procedure of Cosa. By using a combination of iodine and iodic 

acid in ethanol with a drop of water,[38] we obtained the desired compound in 90% 

yield. In this case, the monoiodinated product was not present in the reaction 

mixture after 16 hours. Next, we attempted to hydrolyze the ester group at the 

meso position of compound 4 (Table 8). Applying the method presented in Chapter 

2 on compound 1 (NaOH, MeOH, H2O) did not yield compound 5, neither did the 

use of K2CO3 in methanol. After 3 days, we observed mostly decomposition of the 

starting material. Following some optimization, similar to that described in Chapter 

2, we decided to change our approach altogether and tried a less conventional 

method using iodine and samarium for the hydrolysis. To our delight, we were able 

to obtain the desired alcohol in 72% yield. The hydrolysis reaction works also for 

bromo- and chloro- substituted BODIPY derivatives. Unfortunately, scalability of 

this reaction proved to be an issue. As it needs trace oxygen from the atmosphere 

to proceed, larger scale reactions proved more sluggish which resulted in increased 

degradation. This method however still furnishes workable amounts of products 

and was therefore further employed while we developed an alternative route. 

Table 8. Reaction conditions for the hydrolysis of compound 5, a) isolated yields 

no. Conditions Time Yield [%]a) 

1 K2CO3, MeOH 3 days - 

2 NaOH, MeOH, H2O 3 days <20 

3 Sm, I2, MeOH/THF overnight 72 

 

In our second approach the order of the hydrolysis and iodination steps was 

inversed (Scheme 31).  
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Scheme 31. Adapted synthesis of compound 6  

After hydrolysis of compound 1 to compound 2, we used the aforementioned 

modified Cosa method to iodinate free alcohol 2,[38] providing compound 5 in 72% 

yield. Next, we oxidized the obtained alcohol to the aldehyde in 78% yield, using 

the optimized DMP/THF conditions that have previously worked for the 

unsubstituted alcohol.  

As the third target, following the procedures from this chapter and Chapter 3, we 

prepared a BODIPY aldehyde which we believed would be even more sensitive to 

light of longer wavelength than compound 6 and cleave with red light (λmax = 650 

nm).[39] The synthetic route to obtain compound 9 is shown below (Scheme 32). 

Initially, we performed a Knoevenagel condensation with p-methoxybenzaldehyde 

on compound 1 giving compound 7 in 85% yield. Next, compound 7 was hydrolyzed 

and oxidized to compound 9 in the same manner as used for compounds 3 and 6. 

The yields of these reactions were 75% and 63%, respectively. 
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Scheme 32. Synthesis of compound 9 

For our fourth envisioned modification to the BODIPY aldehyde substrates, we 

exchanged of the fluorine atoms on the boron for methyl groups, in order to 

achieve shorter deprotection times.[36] The route of synthesis of compound 11 is 

shown below (Scheme 33). 

 

Scheme 33. Synthesis of compound 11 

The synthesis started with substituting the fluorines of compound 8 with CH3MgBr. 

The use of an excess of the Grignard reagent in THF at rt. furnished the desired 
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compound 10 in 60% yield. The subsequent DMP oxidation however did not yield 

the desired aldehyde 11. 

With the remaining aldehyde substrates in hand, we performed Passerini reactions 

on these with various acids and isocyanides (Scheme 34).  

 

Scheme 34. Passerini reaction with a BODIPY aldehyde 
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Our initial conditions saw us combining our BODIPY substrates with an excess of 

acid and isocyanide in DCM and heating the mixture under reflux for 48 h. These 

reactions yielded the desired MCR adducts, albeit in moderate yields. Both 

aromatic and aliphatic acids could be used in this reaction in combination with both 

aromatic and aliphatic isocyanides, even if sterically hindered are used. Boc-

protected amines tolerated the used conditions well though terminal alkynes 

interfered in the reaction and gave no product. The reactions with iodinated and 

styryl BODIPY aldehydes proceeded the same way as the ones with the 

unsubstituted BODIPY cores. 

With the final compounds in hand, we characterized their photoproperties with 

UV-VIS and LCMS. A full photoanalysis of compound 12 is shown below, as an 

example. 

First, to obtain its absorption maximum and its extinction coefficient, we prepared 

a 20 μM solution of compound 12 in a mixture of 25% acetonitrile and 5 mM 

phosphate buffer of pH=7.5 and then measured their UV-Vis spectra (Figure 19).  

For 5 solutions of compound 12 with different concentrations UV-Vis spectra were 

obtained. The extinction coefficient was calculated from the slope of the curve 

obtained by plotting the concentrations of the samples to their λmax. 

 

Figure 19. a) UV-Vis spectra for different concentrations of compound 12; b) plot of concentration vs. absorbance 
at λmax 

We then proceeded to evaluate the stability and solubility of these compounds in 

the buffer. Briefly, the 20 mM solutions were allowed to stand for 10 minutes in 

the dark and a series of UV-Vis spectra were acquired every half a minute (Figure 
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20, a and b). No significant changes in the absorbance of compound 12 were 

observed, indicating that the compound was both stable and soluble in the used 

media. Compound 15, however, did start precipitating due to its less polar 

character. 

 
Figure 20. Stability of compound 12 in in a mixture of 25% acetonitrile and 5 mM phosphate buffer of pH=7.5. a) 
UV-Vis spectra taken every 0.5 min in the dark; b) plot of time vs. absorbance at λmax 

Next, the actual photodeprotection of compound 12 was attempted. Once again, 

starting from a 20 mM solution, its UV-Vis spectrum was measured. Subsequently it 

was irradiated with green light (λ = 530 nm) and its UV-Vis spectra were obtained 

every 10 min over a 200 min period. The resulting spectra are shown on Figure 21. 

The absorbance at λmax vs. time was plotted and the Eyring plot was to calculate the 

half-life of the molecule. 

 
Figure 21. a) Series of UV-Vis spectra of irradiated compound 12, taken every 5 min; b) plot of time vs. absorbance 
at λmax with fitting using the smallest squares method 
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The measurements of the extinction coefficients and half-lives for all of the other 

Passerini products were performed in the same way and the results are 

summarized in Scheme 35. 
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-1
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max = 520 nm

Half-life = 61.4 min

= 36000 cm
-1
x mol

-1

15

max = 526 nm

Half-life = -

= -

16

max = 521 nm

Half-life = 60.3 min

= 54000 cm
-1
x mol

-1

19

max = 553 nm

Half-life = 6.35 min

= 54000 cm
-1
x mol

-1

20

max = 665 nm

Half-life = 34.0 min

= -

 

Scheme 35. Photoproperties of the products of the Passerini reaction in 50% acetonitrile and 5 mM phosphate 
buffer of pH=7.5 
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As expected, the λmax values of compounds 19 and 20 were red-shifted compared to 

others. These two compounds (19 and 20), having modified BODIPY cores, also 

reacted the fastest under irradiation with green and red light, respectively. For 

compound 20 the measured extinction coefficient value was a significantly smaller 

than expected. Concerned with this result, we took a HRMS spectrum of the 

compound. It turned out that nearly no trace of compound 20 could be found in 

this sample despite our initial analysis indicating degradation over time. 

 

Next, we turned our attention to determining whether or not our systems would 

photocleave to release their carried carboxylic acids. Using LC-MS, we measured 

the amount of the carrier vs free acid in solution after different irradiation times. 

Initially, we prepared 0.125 mM (in 25% acetonitrile in 5 mM phosphate buffer of 

pH=7.5) solutions of compound 12, which we then irradiated with green light (λ = 

530 nm) and measured LC-MS traces after T = 0 and T = 1 h. In parallel, we 

prepared a second set of samples of the compound. These samples were not 

irradiated but were used as references to check if any decomposition or 

precipitation of the compound occurs during this period. LC-MS traces of these 

samples were taken alongside the irradiated set: once for fresh samples, then after 

3 h and 24 h. To estimate the relative amount of the remaining Passerini reaction 

products in the samples, the absorbance of their BODIPY signals at λ = 520 nm was 

measured (Figure 22) 
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Figure 22. UPLC trace for compound 12, 0.125 mM in 25% acetonitrile / 5 mM phosphate buffer, pH=7.5. λobs=520  
nm. a-d: stability study; a) freshly prepared sample, b) sample after 3h at rt, c) sample after one day at rt, d) MS 
trace with selected mass of the uncaged acid in the sample after one day at rt, presenting no spontaneous 
hydrolysis to the product. e-g: photodeprotection study; e) freshly prepared sample, f) sample after irradiation 
with λirr=530 nm for 1 h, g) MS trace with selected mass of the uncaged acid in the sample after irradiation, 
presenting the formation of the product. 
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Figure 23. UPLC trace for p-fluorobenzoic acid: a) chromatogram; b) MS spectrum showing no ionization of the 
compound 

To our delight, it turned out that compound 12 can be kept for over 6 days in the 

used media (in 25% acetonitrile / 5 mM phosphate buffer, pH=7.5, shielded from 

light) without any significant decomposition. We were also able to observe some 

reaction of the compound after the irradiation for 1 h, however, the only signal 

which could be attributed to the forming acid (when compared with a pure 

reference sample, Figure 23) was barely visible on the chromatogram and its MS 

spectrum did not show the correct mass (the reference samples had the same 

problems). This data suggests that the carboxylic acid is probably at least partially 

released from compound 12 during the irradiation with green light (Figure 22, g), 

but the time of experiment was too short for the compound to fully react. Also we 

cannot exclude a technical issue with the measurement at this time as even the 

reference sample showed issues. Even though the results of the LCMS 

measurements are inconclusive, the compounds we obtained seem to work in the 

desired manner as some minor signal could be seen appearing which seem to 

match the reference though both showed too weak signals to be conclusive; 

however accurate quantification of the rate of deprotection of these compounds 

could not be done and more investigations are needed before we can determine if 

they deprotect sufficiently fast to be of use in treatments.  
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Conclusions 

 

We prepared a series of BODIPY-based Passerini adducts and studied their 

photoproperties. To our delight it turned out that the obtained compounds were 

not only light sensitive but also appeared to furnish the carboxylic acids under 

irradiation according to preliminary analysis. Out of the series, two compounds 

caught our attention. First compound 20, which, having a seemingly robust 

structure has proven to be surprisingly unstable in our hands. Secondly, compound 

19, which was able to react while being irradiated with green light much faster than 

the other derivatives. Overall, derivatives of compound 19 could be considered 

promising agents for light driven release of carboxylic acids but more research is 

needed to establish their real worth. 
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Experimental procedures 

General Information 

Starting materials, reagents and solvents were purchased from Sigma–Aldrich, 

Acros and Combi-Blocks and were used without any additional purification. 

Solvents for the reactions were purified by passage through solvent purification 

columns (MBraun SPS-800). 4-nitrophenol chloroformate was obtained from 

Combi-Blocks. Unless stated otherwise, all reactions were carried using standard 

Schlenk techniques and were run under nitrogen atmosphere in the dark. The 

reaction progress was monitored by TLC. Thin Layer Chromatography analyses 

were performed on commercial Kieselgel 60, F254 silica gel plates with 

fluorescence-indicator UV254 (Merck, TLC silica gel 60 F254). For detection of 

components, UV light at λ = 254 nm or λ = 365 nm was used. Column 

chromatography was performed on commercial Kieselgel 60, 0.04-0.063 mm, 

Macherey-Nagel. 

UPLC traces were measured on Thermo Fisher Scientific LC/MS: UPLC model 

Vanquish, MS model LTQ with an iontrap and HESI (Heated ESI) ionisation source 

with positive and negative mode. UV-Vis absorption spectra were recorded on an 

Agilent 8453 UV/vis absorption Spectrophotometer. Irradiation at 532 nm was 

performed using Sahlmann Photochemical Solutions LEDs, type LXMLPM01, opt. 

power 810 mV. Obtained UV/vis spectra were baseline corrected. Nuclear 

Magnetic Resonance spectra were measured with an Agilent Technologies 400-MR 

(400/54 Premium Shielded) spectrometer (400 MHz). All spectra were measured at 

room temperature (25°C). Chemical shifts for the specific NMR spectra were 

reported relative to the residual solvent peak in ppm; CDCl3: δH = 7.26; CDCl3: δC = 

77.16; d6-DMSO: δH = 2.50; d6-DMSO: δC = 39.52. The multiplicities of the signals 

are denoted by s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet). All 13C-

NMR spectra are 1H-broadband decoupled. High-resolution mass spectrometric 

measurements were performed using a Thermo scientific LTQ OrbitrapXL (ion trap) 

spectrometer with ESI ionization. The molecule-ion M+, [M + H]+ and [M–X]+ 

respectively are given in m/z-units. Melting points were recorded using a Stuart 

analogue capillary melting point SMP11 apparatus. 
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Compound Characterisation 

 

5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinine-10-carbaldehyde (3) 

To a suspension of Dess–Martin periodinane (0.31 g, 0.72 mmol, 2 

equiv.) in dry THF (25 mL), a solution of compound 2 (0.1 g, 0.36 

mmol) in dry THF (25 mL) was slowly added at 0oC. After 10 min, 

the reaction mixture was allowed to warm up to room 

temperature and was left to stir overnight. Then EtOAc (20 mL) was added, the 

mixture was washed with brine (3x30 mL) and dried with MgSO4. The crude 

mixture was purified by flash column chromatography using DCM as the eluent. 

Compound 3 was obtained as violet-green solid (81 mg, 82% yield).  

RF. = 0.8 (DCM), 1H NMR (400 MHz, Chloroform-d) δ 2.12 (s, 6H), 2.54 (s, 6H), 6.07 

(s, 2H), 10.56 (s, 1H), 19F NMR (376 MHz, Chloroform-d) δ -146.15 (dd, J = 64.6, 32.3 

Hz), 13C NMR (101 MHz, Chloroform-d) δ 15.4, 121.8, 128.8, 136.0, 141.5, 158.5, 

193.0. HRMS (ESI+) calc. for [M+H]+ (C14H16BF2N2O) 277.1218, found 277.1338. 1H 

NMR spectrum in agreement with published data.[37] 

(5,5-difluoro-2,8-diiodo-1,3,7,9-tetramethyl-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-10-yl)methyl acetate (4) 

A) To a mixture of compound 1 (0.50 g, 1.6 mmol) and I2 (0.99 

g, 3.9 mmol, 2.5 equiv.) in EtOH (200 mL), HIO3 (0.55 g, 3.1 

mmol, 2 equiv.) was added in portions. The reaction mixture 

was then stirred at RT for 4 h. Subsequently, brine (100 mL) and 

EtOAc (50 mL) were added and the formed layers were 

separated. The water layer was extracted with EtOAc (2x30 

mL), the combined organic layers were washed with brine (2x50 mL) and dried with 

MgSO4. Compound 4 was purified by column chromatography using pentane/DCM 

(1/1; v/v) as the eluent. The product was obtained as violet-brown solid (0.81 g, 

90%).  

B) To a solution of compound 1 (30 mg, 94 μmol) in dry THF (1 mL) a solution of NIS 

(0.10 g, 0.44 mmol, 4.8 equiv.) in dry THF (2 mL) was added under nitrogen at -
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78oC. The reaction mixture was stirred in -78oC for 15 min and then allowed to 

warm up to RT. After 5 h another portion of NIS (0.10 g, 0.44 mmol, 4.8 equiv.) in 

dry THF (2 mL) was added and the reaction mixture was stirred at RT overnight. 

Subsequently, the solvent was evaporated and the crude mixture was purified by 

column chromatography, using pentane/DCM (1/1; v/v) as the eluent. The product 

was obtained as violet-brown solid (40 mg, 75% yield).  

 

RF. = 0.8 (DCM), 1H NMR (400 MHz, Chloroform-d) δ 2.14 (s, 3H), 2.40 (s, 6H), 2.63 

(s, 6H), 5.31 (s, 2H), 19F NMR (376 MHz, Chloroform-d) δ -145.71 (dd, J = 63.6, 31.8 

Hz).HRMS (ESI+) calc. for [M+Na]+ (C16H17BF2I2N2O2Na) 594.9333, found 594.9332. 
1H NMR spectrum in agreement with published data.[40] 

(5,5-difluoro-2,8-diiodo-1,3,7,9-tetramethyl-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-10-yl)methanol (5) 

A) To a mixture of compound 2 (0.13 g, 0.46 mmol) and iodine 

(0.29 g, 1.1 mmol, 2.5 equiv.) in EtOH (100 mL), HIO3 (0.16 g, 

0.91 mmol, 2 equiv.) was added in portions. The reaction 

mixture was then stirred at RT for 4 h. Subsequently, brine (30 

mL) and EtOAc (30 mL) were added and the formed layers were separated. The 

water layer was back-extracted with EtOAc (30 mL). The combined organic layers 

were washed with brine (2x40 mL) and dried with MgSO4. Compound 5 was 

purified by column chromatography using DCM as the eluent. The product was 

obtained as dark violet solid (0.17 g, 72% yield). 

 

B) To a solution of compound 4 (60 mg, 0.11 mmol) in THF (8 mL) and methanol (12 

mL), iodine (64 mg, 0.25 mmol, 2.4 equiv.) and samarium (40 mg, 0.27 mmol, 2.6 

equiv.) were added. The reaction mixture was stirred open, at room temperature 

for 24 h. Subsequently, EtOAc was added (20 mL), the formed mixture was washed 

with brine (3x30 mL) and dried with MgSO4. The crude mixture was purified by 

column chromatography using DCM as the solvent. The product was obtained as 

dark violet solid (40 mg, 72% yield). 

 

RF. = 0.5 (DCM), 1H NMR (400 MHz, DMSO-d6) δ 2.49 (s, 6H), 2.51 (s, 6H), 4.71 (s, 

2H), 5.69 (s, 1H), 19F NMR (376 MHz, DMSO-d6) δ -143.45 (dd, J = 64.9, 31.8 Hz), 13C 
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NMR (101 MHz, DMSO-d6) δ 16.4, 18.1, 55.1, 87.7, 132.3, 140.9, 144.5, 156.1. 

HRMS (ESI+) calc. for [M+H]+ (C14H16BF2I2N2O) 529.9329, found 529.9327. 1H NMR 

spectrum in agreement with published data.[38] 

 

 5,5-difluoro-2,8-diiodo-1,3,7,9-tetramethyl-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinine-10-carbaldehyde (6) 

 

To a suspension of Dess–Martin periodinane (0.16 g, 0.37 

mmol, 2 equiv.) in dry THF (25 mL), a solution of compound 4 

(0.1 g, 0.19 mmol) in dry THF (25 mL) was slowly added at 

0oC. After 10 min, the reaction mixture was allowed to warm 

up to room temperature and was left stirred overnight. 

Subsequently, EtOAc (20 mL) was added, the mixture was washed with brine (3x30 

mL) and dried with MgSO4. The crude mixture was purified by column 

chromatography using a mixture of pentane/DCM (1/1; v/v) as the eluent. 

Compound 6 was obtained as violet-green solid (78 mg, 78% yield). 

 

RF. = 0.9 (DCM), 1H NMR (400 MHz, Chloroform-d) δ 2.14 (s, 6H), 2.62 (s, 6H), 10.57 

(s, 1H), 19F NMR (376 MHz, Chloroform-d) δ -145.62 (dd, J = 63.1, 31.5 Hz), 13C NMR 

(101 MHz, Chloroform-d) δ 16.4, 17.9, 86.1, 128.2, 135.2, 143.7, 159.7, 192.7. 

HRMS (ESI+) calc. for [M+H]+ (C14H14BF2I2N2O) 528.9251, found 528.9284. 1H NMR 

spectrum in agreement with published data.[37] 

 5,5-difluoro-3,7-bis((E)-4-methoxystyryl)-1,9-dimethyl-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-

c:2',1'-f][1,3,2]diazaborinine-10-carbaldehyde (9) 

To a suspension of Dess–Martin periodinane (74 mg, 

0.17 mmol, 2 equiv.) in dry THF (10 mL), a solution of 

compound 8 45 mg, 87 µmol) in dry THF (5 mL) was 

slowly added at 0oC. After 10 min, the reaction 

mixture was allowed to warm up to room temperature 

and was left stirred overnight. Subsequently, EtOAc 

(20 mL) was added, the mixture was washed with 
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brine (3x30 mL) and dried with MgSO4. The crude mixture was purified by column 

chromatography using DCM as the eluent. Compound 9 was obtained as a green 

solid (30 mg, 67% yield). 

RF. = 0.8 (DCM), 1H NMR (400 MHz, Chloroform-d) δ 2.20 (s, 6H), 3.86 (s, 6H), 6.72 

(s, 2H), 6.94 (d, J = 7.9 Hz, 4H), 7.27 (d, J = 10.3 Hz, 2H), 7.49 – 7.64 (m, 6H), 10.63 

(s, 1H), 19F NMR (376 MHz, Chloroform-d) δ -138.50 (dd, J = 66.6, 35.0 Hz), 13C NMR 

(101 MHz, Chloroform-d) δ 16.1, 55.4, 56.4, 114.3, 118.6, 119.2, 128.4, 130.0, 

132.5, 132.7, 136.5, 150.4, 160.0. HRMS (ESI+) calc. for [M+H]+ 512.2077, found 

512.2078.  

2-(benzylamino)-1-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-

c:2',1'-f][1,3,2]diazaborinin-10-yl)-2-oxoethyl 4-fluorobenzoate (12) 

Compound 3 (10 mg, 0.04 mmol), 4-fluorobenzoic acid (1.7 eq, 

8.5 mg, 0.07 mmol) and benzylisocyanide (2 eq, 8.4 mg, 0.08 

mmol) were stirred at 40 ⁰C in DCM (1 mL) for four days. The 

solvents were evaporated in vacuo and the crude mixture was 

purified by flash column chromatography using a mixture of 

pentane/diethyl ether (4:1-1:4 v/v) as the eluent. The product 

was obtained as a red solid (4.1 mg, 22%).  

1H NMR (400 MHz, Chloroform-d):   2.33 (s, 3H), 2.54 (s, 6H), 2.58 (s, 3H), 4.42 (dd, 

J = 14.7, 5.7 Hz, 1H), 4.56 (dd, J = 14.7, 6.3 Hz, 1H), 6.11 (s, 1H), 6.14 (s, 1H), 6.26 (t, 

6.26 (t, J = 6.3 Hz, 1H), 7.09-7.14 (m, 2H), 7.21-7.23 (m, 2H), 7.29-7.31 (m, 3H), 7.43 

(s, 1H), 8.01 (m, 2H); 19F NMR (376 MHz, Chloroform-d):  -103.93 (tt, J = 8.4, 5.4 

Hz). 13C NMR (151 MHz, Chloroform-d) δ 15.0, 15.8, 17.3, 29.9, 44.3, 68.2, 77.2, 

115.9 (d, J = 22.2 Hz), 123.2, 124.0, 125.1, 125.2, 128.0, 128.1, 128.9, 131.4, 132.7 

(d, J = 9.5 Hz), 132.8, 137.4, 142.0, 142.8, 157.3, 158.2, 164.8, 166.1, 166.2 (d, J = 

249.8 Hz). HRMS (ESI+) calc. for [C29H28BF3N3O3]
+ 532.2014, found 532.2006. 
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2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-1-(5,5-difluoro-1,3,7,9-

tetramethyl-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)-2-

oxoethyl 4-fluorobenzoate. (13) 

Compound 3 (15 mg, 0.05 mmol), 4-Fluorobenzoic acid 

(1.5 eq, 11.35 mg, 0.08 mmol) and tert-butyl (2-

isocyanoethyl)carbamate (1.5 eq, 13.78 mg, 0.08 mmol) 

were stirred at 35 ⁰C in DCM (1 mL) for one day. 

Evaporation of the volatiles and purification by flash 

column chromatography (pentane/diethyl ether 4:1-1:4 

v/v) yielded the product as a red solid (7.7 mg, 24%).  

RF. = 0.1 (pentane/EtOAc, 3/1, v/v),1H NMR (400 MHz, Chloroform-d) δ 1.30 (s, 9H), 

2.43 (s, 3H), 2.52 (s, 3H), 2.54 (s, 3H), 2.62 (s, 3H), 3.17-3.33 (m, 2H), 3.33 – 3.53 (m, 

2H), 4.84 (s, 1H), 6.09 (s, 1H), 6.15 (s, 1H), 7.18 – 7.06 (m, 2H), 7.40 (s, 1H), 7.96 – 

8.15 (m, 2H); 19F NMR (376 MHz, Chloroform-d) δ -104.17 (m), -142.04 – -148.31 

(m). 13C NMR (101 MHz, Chloroform-d) δ 14.9, 14.9, 15.9, 17.3, 28.3, 40.4, 42.2, 

68.3, 80.2, 116.0 (d, J = 22.2 Hz), 122.9, 123.9, 125.3, 125.3, 132.9 (d, J = 9.5 Hz), 

133.8, 141.9, 142.6, 156.4, 157.3, 158.0, 164.8, 165.0, 166.30 (d, J = 255.3 Hz), 

166.7. HRMS [ESI]- calc. for [C29H33BF3N4O5]
- expected 585.5020, found 585.2514. 

 

2-(tert-butylamino)-1-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-

c:2',1'-f][1,3,2]diazaborinin-10-yl)-2-oxoethyl acetate. (14) 

Compound 3 (15 mg, 0.05 mmol), acetic acid (1.5 eq, 4.6 µL, 0.08 

mmol) and tert-butyl isocyanide (1.5 eq, 9.2 µL, 0.08 mmol) were 

stirred at 35 ⁰C in DCM (1 mL) for two days. Evaporation of the 

volatiles and purification by flash column chromatography 

(pentane/diethyl ether 4:1-1:4 v/v) yielded the product as a red 

solid (4.3 mg, 19%).  

RF. = 0.5 (pentane/EtOAc, 3/1, v/v), 1H NMR (400 MHz, Chloroform-d) δ 1.33 (s, 9H) 

2.17 (s, 3H), 2.34 (s, 3H), 2.54 (s, 9H), 5.56 (s, 1H), 6.10 (s, 1H), 6.14 (s, 1H), 7.06 (s, 

1H). 19F NMR (376 MHz, Chloroform-d) δ -145.26 – -146.88 (m). 13C NMR (101 MHz, 

Chloroform-d) δ 14.9, 14.9, 16.1, 17.1, 20.9, 28.8, 52.6, 67.9, 123.1, 123.7, 133.8, 

N
B
N

F F

O

O

O

NH
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141.8, 143.2, 146.2, 151.6, 157.1, 157.5, 164.8, 169.6. HRMS [ESI]- calc. for 

[C21H27BF2N3O3]
- expected 418.2119, found 418.2108. 

 

2-(benzylamino)-1-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-

c:2',1'-f][1,3,2]diazaborinin-10-yl)-2-oxoethyl dodecanoate. (15) 

Compound 3 (15 mg, 0.05 mmol), lauric acid (1.5 eq, 16.2 mg, 0.08 mmol) and 

benzyl isocyanide (1.5 eq, 9.9 µL, 0.08 mmol) were stirred at 35 ⁰C in DCM (1 mL) 

for two days. Evaporation of the volatiles and purification by flash column 

chromatography (pentane/diethyl ether 4:1-1:4 v/v) yielded the product as a red 

solid (3.2 mg, 10%).  

RF. = 0.8 (pentane/EtOAc, 3/1, v/v),1H NMR (400 MHz, 

Chloroform-d) δ  0.83 – 0. 92 (m, 3H), 1.20 – 1.34 (m, 16H), 1.57 

– 1. 69 (m, 2H), 2.24 (s, 3H), 2.31 – 2.50 (m, 2H), 2.52 (s, 9H), 

4.38 (dd, J = 14.7, 6,0 Hz, 1H), 4.54 (dd, J = 14.7, 6.0 Hz, 1H), 6.07 

(s, 1H), 6.12 (s, 1H), 6.17 (t, J = 6.0 Hz, 1H), 7.17 – 7.23 (m, 2H), 

7.22 (s, 1H), 7.25 – 7.34 (m, 3H). 19F NMR (376 MHz, Chloroform-

d) δ -145.68 – -146.21 (m). 13C NMR (101 MHz, Chloroform-d) δ  

14.3, 14,9, 14.9, 16.2, 17.2, 22.8, 24.8, 29.1, 29.4, 29.5, 29.5, 29.7, 32.1, 34.1, 44.1, 

67.3, 128.0, 128.0, 128.9, 133.3, 137.4, 166.1, 172.6. HRMS [ESI]- calc. for 

[C34H45BF2N3O3]
- expected 592.3528, found 592.3517. 

 

2-(benzylamino)-1-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-

c:2',1'-f][1,3,2]diazaborinin-10-yl)-2-oxoethyl acetate. (16) 

Compound 3 (15 mg, 0.05 mmol), acetic acid (1.5 eq, 4.6 mg, 0.08 

mmol) and benzyl isocyanide (1.5 eq, 9.9 µL, 0.08 mmol) were 

stirred at 35 ⁰C in DCM (1 mL) for two days. Evaporation of the 

volatiles and purification by flash column chromatography 

(pentane/diethylether 4:1-1:4 v/v) yielded the product as a red 

solid (9.3 mg, 38%).  

RF. = 0.3 (pentane/EtOAc, 3/1, v/v), 1H NMR (400 MHz, Chloroform-d) δ 2.18 (s, 

3H), 2.23 (s, 3H), 2.53 (s, 9H), 4.39 (dd, J = 14.7, 6.0 Hz, 1H), 4.52 (dd, J = 14.7, 6.0 

Hz, 1H), 6.07 (s, 1H), 6.12 (s, 1H), 6.18 (t, J = 6.0 Hz, 1H), 7.18 – 7.22 (m, 3H), 7.27 – 
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7.32 (m, 3H). 19F NMR (376 MHz, Chloroform-d) δ -145.49 – -146.95 (m). 13C NMR 

(101 MHz, Chloroform-d) δ 14.9, 14.9, 16.1, 17.2, 20.9, 44.2, 67.5, 123.2, 123.9, 

124.4, 125.7, 128.0, 128.0, 128.9, 133.1, 137.4, 142.0, 143.3, 157.3, 157.8, 166.0, 

169.6. HRMS [ESI]- calc. for [C24H25BF2N3O3]
- expected 452.1963, found 452.1952. 

 

2-(tert-butylamino)-1-(5,5-difluoro-2,8-diiodo-1,3,7,9-tetramethyl-5H-4λ
4
,5λ

4
-

dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)-2-oxoethyl acetate (19) 

 

Compound 6 (20 mg, 0.04 mmol), acetic acid (4.3 µL, 0.08 mmol, 

2 equiv.) and tert-butyl isocyanide (8.6 µL, 0.08 mmol, 2 equiv.) 

were stirred at 40 ⁰C in a mixture of DCM and chloroform (1:1, 

v/v, 1 mL) for two days. The volatiles were evaporated and the 

product purified by flash column chromatography 

(pentane/diethyl ether 9:1, v/v). The product was then dissolved in acetonitrile and 

the solution was washed with heptane (3x) to obtain a red solid (13 mg, 48%).  

RF. = 0.7 (pentane/EtOAc, 3/1, v/v),1H NMR (400 MHz, Chloroform-d) δ 1.36 (s, 9H), 

2.37 (s, 3H), 2.57 (s, 3H), 2.62 – 2.66 (m, 9H), 5.62 (s, 1H), 7.10 (s, 1H). 19F NMR (376 

MHz, Chloroform-d) δ -145.36 (ddd, J = 62.3, 31.6, 8.0 Hz). 13C NMR (101 MHz, 

Chloroform-d) δ 20.9, 52.8, 52.8, 68.6, 133.9, 137.7, 144.5, 158.1, 164.4, 168.5, 

169.5. HRMS [ESI]- calc for [C21H25BF2I2N3O3]
- expected 670.0052, found 670.0041. 

 

2-(tert-butylamino)-1-(5,5-difluoro-3,7-bis((E)-4-methoxystyryl)-1,9-dimethyl-5H-

4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)-2-oxoethyl acetate (20) 

 

 Compound 9 (15 mg, 29.3 µmol), acetic acid (2.6 eq, 4.3 

µL, 75.2 µmol) and tert-butyl isocyanide (2.6 eq, 8.6 µL, 

76.0 µmol) were stirred at 45 ⁰C in DCM (1 mL) in a sealed 

tube for two days. The crude reaction mixture was purified 

by flash column chromatography using a mixture of DCM 

and methanol (100% DCM -> 1% MeOH in DCM) as the 

eluent. The product was obtained as a green solid (6.4 mg, 

33%). 
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RF. = 0.2 (DCM), 1H NMR (400 MHz, Chloroform-d) δ 1.35 (s, 9H), 2.19 (s, 3H), 2.41 

(s, 3H), 2.61 (s, 3H), 3.86 (s, 6H), 5.61 (s, 1H), 6.74 (s, 1H), 6.78 (s, 1H), 6.94 (d, J = 

8.4 Hz, 4H), 7.13 (s, 1H), 7.22-7.32 (m, 2H), 7.54-7.64 (m, 6H). 19F NMR (376 MHz, 

Chloroform-d) δ -138.49 – -138.04 (m).  
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