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CHAPTER 1 

 

GENERAL INTRODUCTION AND 

OUTLINE OF THE THESIS 
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Over the past three years, the research conducted during the Ph.D. period focused on a 

class of fascinating chemical structures known as Morita–Baylis–Hillman adducts 

(MBHA). These compounds are generated through the eponymous Morita–Baylis–

Hillman (MBH) reaction, a distinctive transformation that has attracted considerable 

attention within the scientific community. MBHAs are of particular interest due to their 

versatility, unique chemical properties, and high reactivity, which make them valuable 

tools in diverse areas of organic and pharmaceutical chemistry. In recent years, the 

research group coordinated by Professor Cappelli, of which I was a member, has devoted 

significant effort to the design, synthesis, and characterization of a novel class of MBHA 

derivatives. Our studies focused on their reactivity with nucleophilic amino groups (i.e., 

imidazole or n-butylamine), which yielded promising results and paved the way for 

diverse potential applications. In this context, my contribution was primarily dedicated to 

the synthesis and characterization studies of these compounds, followed by a preliminary 

evaluation of their potential applications. 

This thesis is organized into four chapters, each addressing a specific aspect of the 

research. In the present Chapter 1, a brief overview is provided of the work carried out 

during the Ph.D. period, summarizing the results obtained and the journal articles 

published.  

Chapter 2 provides a general introduction to the field of organic synthesis, with particular 

emphasis on the MBH reaction. It also presents the design of a novel MBHA acetyl 

derivative 9, bearing a triphenylamine (TPA) moiety. In this context, the Ph.D. 

candidate’s contribution was primarily focused on the synthesis of compound 9. 

Photochemical studies revealed that this MBHA acetyl compound exhibited a strong 

propensity to generate cinnamic structures with favorable optical features. The reactivity 

behaviors were evaluated towards lysine models such as n-butylamine, Nα-acetyl-L-

lysine methyl ester, and N-butyl-poly(L-lysine). The results indicated efficient reactivity 

with primary amino groups and, most importantly, demonstrated that such reactivity was 

strictly dependent on the reaction conditions. These findings enabled further investigation 

into the potential use of the MBHA derivative 9 as a fluorogenic covalent probe in protein 

labeling experiments.  

Chapter 3 describes the investigation of the reaction between MBHA derivative 9 and a 

biologically relevant macromolecule, such as Human Serum Albumin (HSA). Kinetic 

studies of the reaction were conducted by 1H NMR spectroscopy. Interestingly, the data 

confirmed the interaction between compound 9 and HSA, accompanied by a shift in the 
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emission properties from blue to green-yellow, leading to the formation of Green 

Fluorescent Albumin (GFA). These results prompted the design of two new fluorescent 

covalent probes bearing two different electrophilic groups as warheads. Specifically, 

these probes were obtained by replacing the TPA moiety with a 9,9-dimethyl-2-phenyl-

9H-fluorene (DMPF) fluorophore. Within this framework, experimental work included 

the synthesis of the MBHA acetyl derivative 24 and its acrylamide analogue 25, followed 

by the evaluation of their reactivity towards different nucleophilic amino acid residues. 

The analysis provided insight into the distinct behaviors of the two warheads towards the 

various nucleophilic groups present in the amino acid residues. Differences were also 

observed in the optical studies, confirming the remarkable properties of the cinnamic 

fluorophore in a fluorogenic probe. In conclusion, the reaction between HSA and the 

MBHA acetyl derivative 24 was conducted, confirming the ability of MBHAs to interact 

with complex protein systems. 

Chapter 4 presents alternative structural MBHA derivatives with potential applications 

across a broad range of fields. Specifically, the MBHA scaffold was modified to obtain a 

tri(ethylene glycol)-linked MBHA dimer (42a). This compound was designed to 

functionalize materials containing reactive basic groups (i. e. amino or imidazole). In this 

regard, to assess the reactivity of the dimer 42a, the Ph.D. candidate employed n-

butylamine as a simple nucleophilic model. The reaction afforded a macrocyclic 

structure, yielding two distinct isomers, namely (E,Z)-43a and (E,E)-43a. Photochemical 

studies of compound (E,E)-43a revealed intriguing behavior: upon irradiation of its 

solution, a competition was observed between the photoisomerization process and the 

[2+2] photocycloaddition process. Furthermore, a series of related dimers 42b-d was 

synthesized by replacing the tri(ethylene glycol) (TEG) linker with longer oligo(ethylene 

glycol) (OEG) chains. In these cases, as well, the reaction yielded macrocyclic structures 

43b-d as a mixture of two isomers, which could not be separated due to their similar 

polarity. In conclusion, the biological properties of the entire series of macrocyclic 

structures were evaluated, revealing remarkable cytotoxicity comparable to that of 

Doxorubicin. 
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CHAPTER 2 

 

FROM SYNTHESIS TO REACTIVITY: A 

TRIPHENYLAMINE-BASED MBHA 

DERIVATIVE AS A FLUOROGENIC 

PROBE FOR LYSINE MODELS. 
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2.1 MORITA-BAYLIS-HILLMAN ADDUCTS 

The Morita-Baylis-Hillman (MBH) reaction is a versatile carbon-carbon bond-forming 

transformation originally developed by Ken-ichi Morita, Anthony B. Baylis, and Melville 

E. D. Hillman.1,2 This reaction typically involves three components: the α-position of an 

activated alkene (or alkyne), an electrophilic substrate, and a catalyst system. According 

to the extensive literature available, the most commonly employed activated alkenes 

include alkyl and aryl acrylates,3,4 β-substituted acrylate derivatives,5 acrylamides,6 and 

nitroalkenes.7 Conversely, the most common electrophilic partners are alkyl or aryl 

aldehydes,8 α,β-unsaturated trifluoromethyl ketones,9 phosphinamide derivatives,10 and 

2-halo- or 2,3-dihalo-1,4-naphtoquinones.11 In addition, imines may serve as electrophilic 

substrates, in which case the process is referred to as the Aza-MBH reaction.10 With 

respect to catalysis, a wide range of organic catalysts has been successfully applied, 

including amines, phosphines, and Lewis acids such as TiCl4.
8 The choice of catalyst is 

strongly influenced by the type of activated alkene or alkyne, the electrophile counterpart, 

and the reaction conditions. Among these systems, tertiary amines and diamines represent 

the most widely used catalysts. Representative examples include TMPDA (N, N, N’, N’- 

tetramethyl-1,3-propanediamine),12 TMEDA (N,N, N’, N’- tetramethylethylendiamine),13 

DBU (1,8-diazabicyclo[5.4.0]undec-7-ene),14 DABCO (1,4-

diazabicyclo[2.2.2]octane),11 and TEA (triethylamine).15  

Over the years, the mechanism of the MBH reaction has been the subject of extensive 

investigations. The earliest studies proposed an addition–elimination reaction 

mechanism, initiated by a Michael-type addition of the tertiary amine catalyst to the 

activated alkene. The resulting zwitterionic enolate intermediate undergoes an aldol 

reaction with the aldehyde, leading to the formation of a new C–C bond. Finally, through 

a proton transfer step and the elimination of the tertiary amine, the corresponding alcohol 

product is obtained. In this mechanistic framework, the proton transfer was considered 

the rate-determining step. Subsequent investigations revealed a significant acceleration 

of the reaction kinetics in the presence of polar protic solvents such as alcohols, which 

act as proton shuttles through the formation of a six-membered cyclic transition state.16-

18 In 2015, Plata and Singleton, by means of advanced computational studies supported 

by experimental evidence, were able to provide a detailed mechanistic description. 

Specifically, their work focused on the role of methanol in the MBH reaction of p-

nitrobenzaldehyde 1 and methyl acrylate (MA) in the presence of DABCO (Scheme 1). 

They demonstrated that intermediate INT-3, arising from the aldol addition between 
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zwitterionic enolate INT-1 and aldehyde 1, does not engage with methanol through the 

expected six-membered transition state to form INT-5. Instead, methanol was shown to 

accelerate the process by mediating an acid–base step, converting intermediate INT-3 

into INT-4, which is subsequently deprotonated to yield INT-5. This latter then furnishes 

the final product 2 through elimination of DABCO, which is regenerated and re-enters 

the catalytic cycle.19 Importantly, their findings also revealed a potential inhibitory effect. 

Because protonation at the carbon atom of the zwitterionic enolate INT-1 

(thermodynamically favored over protonation at oxygen), excess methanol can deactivate 

this key intermediate. This observation underscores the necessity of employing methanol 

only in catalytic amounts, where it functions effectively as a polar protic additive without 

suppressing the reaction.19 

 

Scheme 1. Mechanism of Morita-Baylis-Hillman reaction 

 

 

Based on this evidence, the MBH reaction can be classified as an atom-economic 

transformation, as most atoms from the starting materials are retained in the final product, 

with only negligible formation of by-products or waste. For this reason, atom economy is 

considered a fundamental principle of green chemistry, as it provides a direct measure of 

the efficiency of a synthetic process in terms of material utilization and environmental 

sustainability.20 The distinctive features of the MBH reaction have fueled growing interest 

within the scientific community engaged in organic synthesis. Numerous studies reported 

in the literature have documented its applications in the synthesis of natural products, the 
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construction of heterocyclic frameworks, and the preparation of drug intermediates.21 In 

recent years, particular attention has also been directed toward MBHAs, which are 

recognized as promising scaffolds in drug discovery. This interest has been reinforced by 

several reviews that emphasize the biological properties of MBHA derivatives, 

summarized in Figure 1, reporting their remarkable antitumoral, antibacterial, antifungal, 

antimalarial, antileishmanial, and other pharmacologically relevant activities.21,22 

 

 

Figure 1.  Some literature-reported examples of MBHA derivatives with their 

pharmacological activities.21 

 

 

2.2 AIMS OF THE CHAPTER  

Within the context of the MBHA derivatives, our research group has explored, in recent 

years, the reactivity of phenyl- and naphthalene-substituted MBHA derivatives 3a-c and 

4a,b towards imidazole. These interactions afforded Imidazole Binding Cinnamic 

Derivatives (IBCDs), which displayed noteworthy photophysical characteristics, 

particularly Aggregation Induced Emission (AIE) properties.23,24 The AIE effect resulted 

in enhanced emission intensity in the solid state compared to the solution, highlighting 

their potential as fluorogenic probes. In addition, complementary studies conducted by 

our research group on poly(benzofulvene) architectures have revealed intriguing 
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photophysical properties in related cinnamic derivatives 5, 6, and 7 with 

photoluminescence quantum yield (PL QY) in the order of 57-80 % and emission maxima 

at around 407-540 nm.25 

These two branches of our research activity converged in identifying cinnamic moiety 8 

for the construction of novel potential fluorogenic probes. Specifically, due to the best 

optical features of the cinnamic derivative 7, we set ourselves the goal of synthesizing a 

novel MBHA acetyl derivative 9 bearing a triphenylamine (TPA) moiety (Figure 2). 

Subsequently, to confirm the outstanding optical behaviors of cinnamic structures, it was 

necessary to evaluate the photophysical and photochemical features of compound 9.  

 

 

Figure 2. A) MBHA acetyl derivatives 3a-c and 4a,b leading to IBCDs;23,24 B) Cinnamic 

derivatives with remarkable optical features derived from poly(benzofulvene) 

architectures.25 

 

Finally, as shown in Figure 3, we designed a series of reactivity experiments involving 

MBHA 9 towards different lysine models, such as n-butylamine (NBuA), Nα-acetyl-L-

lysine methyl ester (NALME) hydrochloride, and N-butyl-poly(L-lysine) (NBuPL) 

hydrochloride. The selection of lysine models was consistent with previous literature, 

which highlighted the remarkable ability of electrophilic groups, such as the acrylate 

moiety present in MBHAs, to interact with nucleophilic amino groups within lysine 

residues or hexahistidine tags.26-30 It is well established that most lysine residues are 

located on the protein surface; however, they can also reside within lipophilic pockets or 
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in active sites buried in the protein structure. The key distinction lies in the different 

basicity of the amino group depending on its localization. Specifically, lysine residues 

positioned on the protein surface are fully protonated under physiological conditions, 

owing to their pKa of approximately 10.8. In contrast, lysine residues located within the 

protein core exhibit a markedly lower pKa of around 5.7, rendering them highly effective 

nucleophiles.31 Accordingly, careful considerations of the protonation state of lysine 

residues were essential for the rational design and interpretation of reactivity studies.30 

 

 

Figure 3. Design of the reactivity studies employing MBHA acetyl derivative 9 with n-

butylamine (NBuA), Nα-acetyl-L-lysine methyl ester (NALME) hydrochloride, and N-

butyl-poly(L-lysine) (NBuPL) hydrochloride as lysine models. 

 

 

2.3 SYNTHESIS AND CHARACTERIZATION STUDIES OF NOVEL 

MBHA BEARING TRIPHENYLAMINE MOIETY 

In pursuit of novel reactive molecules targeting basic amino acid residues, MBHA 

derivative 9 was synthesized through a three-step sequence starting from the 

commercially available reagents p-bromobenzaldehyde 10 and 4-(diphenylamino)phenyl 

boronic acid pinacol ester (Scheme 2). The initial Suzuki-Miyaura coupling reaction 

between these precursors afforded aldehyde 11. The key step of the synthetic sequence 

was the well-established MBH reaction, performed under dark conditions for three days 

to prevent undesired acrylic polymerization, which successfully delivered alcohol 12 in 
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acceptable yields. In the final step, compound 12 was converted into the corresponding 

acetyl derivative 9. 

 

Scheme 2. Synthesis of MBHA acetyl derivative 9. 

 

Reagents. (i) 4-(diphenylamino)phenyl boronic acid pinacol ester, Cs2CO3, 

Pd(PPh3)2Cl2, PPh3, dry THF, CH3OH, T = 80 °C, W = 150, P = 250 psi; (ii) DABCO, 

methyl acrylate, CH3OH; (iii) CH3COCl, TEA, dry CH2Cl2. (For more details, see the 

Research Article in Paragraph 2.7) 

 

Subsequently, photophysical and photochemical features of compound 9 were 

investigated before its application in labelling experiments with the selected lysine 

models. Interestingly, derivative 9 exhibited an intriguing photochemical activity. Indeed, 

irradiation of compound 9 in different solvents (i.e. methanol and DCM) with UV-A light 

afforded three distinct products, depicted in Figure 4. 
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Figure 4. Structures of the obtained compounds 13, 14, and 15 after irradiating a solution 

of compound 9 in different solvents with UV-A light. a values were obtained in solid state; 
b values were obtained in solution.  

 

Specifically, irradiating the methanolic solution of 9 yielded compounds 13 and 14. On 

the other hand, when DCM was used, cinnamic structure 15 was obtained as the sole 

product. Compound 13 displayed bright blue emission in the solid state, with AIE 

properties in solution, which was attributed to facile intramolecular rotation around the 

acrylate bond. At the same time, compounds 14 and 15 were found to exhibit 

photophysical behaviors analogous to those of cinnamic derivative 7, with intense green-

yellow emission in solution (PL QY in the range of 58-75%) and emission maxima of 

540-564 nm. These findings highlighted the remarkable photophysical properties of the 

cinnamic fluorophore contained in compound 7, further supporting the potential of 

MBHA acetyl derivative 9 as a promising candidate for the fluorogenic labeling of basic 

amino acid residues.  

The data collected in this study have been published in the journal Dyes and Pigments. 

For further details, refer to the Research Article reported in Paragraph 2.7. 

 

2.4 REACTIVITY STUDIES TOWARDS DIFFERENT LYSINE 

MODELS 

The remarkable results obtained in the photophysical and photochemical characterization 

of MBHA acetyl derivative 9 prompted us further to investigate its reactivity towards n-

butylamine (NBuA), Nα-acetyl-L-lysine methyl ester (NALME) hydrochloride, and N-

butyl-poly(L-lysine) (NBuPL) hydrochloride. In our hypothesis, NBuA was employed as 

the simplest model, NALME as a representative model of lysine residues,30 and NBuPL 

as a model system mimicking lysine embedded within a homopolymer. The mechanistic  
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rationale underlying these experiments was based on the addition-elimination pathway. 

Specifically, the reaction involved an initial nucleophilic attack on the electrophile center 

of the MBHA scaffold, resulting in the formation of a zwitterionic intermediate 

characterized by a newly formed C-C bond. Subsequent elimination of the acetyl group 

from this intermediate facilitated the formation of the cinnamic moiety in the final 

product. 

Specifically, the reaction between compound 9 and NBuA, depicted in Scheme 3, 

afforded the corresponding monoadduct 16 and diadduct 17, respectively. The product 

distribution was found to depend strongly on the reaction conditions, as summarized in 

Table 1.  

 

Scheme 3. Reaction between MBHA acetyl derivative 9 with n-butylamine (NBuA)  

 
Reagents. NBuA, solvents, and temperatures are listed in Table 1. 

 

Overall, under relatively apolar conditions (i. e. chloroform) with a large excess of NBuA 

(entry 1), the reaction yielded primarily the monoadduct 16. Conversely, the reaction 

proceeded predominantly toward diadduct 17 under a more polar system, such as 

acetonitrile-water (ACN-H2O) mixture containing phosphate-buffered saline (PBS), and 

employing a slight excess of NBuA, (entry 4).  

 

Table 1. Reaction conditions employed in the reaction between compound 9 and NBuA. 

Entry eq. NBuA Solvent Temperature Time 16 17 

1 5 CH3Cl r.t 6 h 66% 13% 

2 1.5 CH3Cl r.t 48 h 49% 36% 

3 5 CH3CN-H2O reflux 24 h 52% 39% 

4 1.5 CH3CN-H20 reflux 24 h 16% 73% 
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Regarding the interaction between compound 9 and NALME hydrochloride, illustrated 

in Scheme 4, the reaction was conducted in an ACN-H2O mixture containing PBS with 

a slight excess (1,5 eq.) of lysine residue in refluxing conditions. The reaction yielded 

primarily diadduct 19 (77%) and a small amount of monoadduct 18 (14%), as expected. 

 

Scheme 4. Reaction between MBHA acetyl derivative 9 with Nα-acetyl-L-lysine methyl 

ester (NALME) hydrochloride.  

 

Reagents. NALME hydrochloride, CH3CN, H2O, PBS, reflux, 24 h.  

 

Finally, the reaction between compound 9 and NBuPL hydrochloride was monitored by 

means of 1H NMR spectroscopy, owing to the structural complexity of the lysine model. 

Experiments were performed using different excesses of NBuPL (approximately 12:1, 

6:1, and 3:1), and in the absence or presence of DIPEA. Reaction progress was assessed 

by monitoring the disappearance of the signal at ~2.10 ppm, corresponding to the methyl 

group of the acetyl moiety of compound 9, together with the simultaneous appearance of 

a singlet at ~1.90 ppm, attributed to the methyl of the acetate released during the addition-

elimination process. The results highlighted the critical role of DIPEA, as incomplete 

conversion was observed in its absence.  

In conclusion, these reactivity studies underscored the critical role of the protonation state 

of lysine models in their interaction with MBHA derivative 9. Considering that solvent-

exposed lysine residues are typically protonated under physiological conditions, 

compound 9 appears to act as a selective reagent for nucleophilic amino acid residues 

within lipophilic pockets that remain sufficiently accessible. In fact, within such 

microenvironments, lysine residue may establish charge-assisted H-bond interactions 

with suitable counterparts, thereby enhancing their nucleophilicity and, consequently, 

their reactivity. Furthermore, compound 9 showed the ability to generate both mono- and 

diadducts. In particular, the formation of the diadduct was more pronounced in a polar 

solvent system, suggesting that specific interactions between the extended aromatic 

moieties may serve as the driving force for its formation. 
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The data collected have been published in the journal Chemistry-An Asian Journal. For 

further details, refer to the Research Article reported in Paragraph 2.8 

 

2.5 PHOTOPHYSICAL AND PHOTOSTABILITY OF MONOADDUCTS 

AND DIADDUCTS 

To further assess the potential of compound 9 as a fluorogenic probe, the photophysical 

and photochemical properties of the mono- and diadducts obtained from its reaction with 

lysine models were systematically investigated. Interestingly, monoadducts 16 and 18 

displayed bright emission features, with maxima at approximately 526 nm and 535 nm, 

and PL QY in solution of 73% and 51%, respectively. In contrast, diadducts 17 and 19 

exhibited two distinct emission bands. The first, centered at 526 nm for compound 17 and 

524 nm for compound 19, closely resembled the emission profiles of the monoadducts 

and of the cinnamic derivative 7. The second one, however, appeared as a higher-energy 

component, centered at 405 nm and 408 nm, respectively. Collectively, these results 

confirmed the outstanding optical properties of cinnamic derivative 7, reinforcing the 

potential application of MBHA acetyl derivative 9 as a fluorogenic probe, while also 

unveiling a distinctive behavior of the diadducts, indicative of the formation of a novel 

chemical entity.  

Specifically, the presence of two cinnamic moieties within the diadduct structure 

suggested a [2+2] photocycloaddition process. This hypothesis was supported by 1H 

NMR spectroscopy and molecular modeling studies, which confirmed the presence of a 

highly symmetric three-dimensional structure with the two cinnamic moieties adopting a 

trans configuration at the double bond. Additionally, the computational analysis revealed 

two closely related structures, corresponding to zwitterionic and neutral forms, in which 

aromatic portions of the two cinnamic fluorophores rearranged in π-π stacking 

interactions driven by noncovalent forces between the π bonds of the aromatic rings. To 

validate these hypotheses, irradiation experiments were carried out on diadduct solutions. 

As illustrated in Scheme 5, exposure to monochromatic light at selected wavelengths 

promoted the conversion of diadducts into the corresponding [2+2] photocycloaddition 

products 20 and 21.  
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Scheme 5. [2+2] photocycloaddition process of diadducts 17 and 19. 

 

 

 

Specifically, the isolated product 20 exhibited an emission maximum centered at around 

408 nm with PL QY in solution of 43%, thereby confirming the origin of the higher-

energy emission component previously observed in the emission spectrum of compound 

17. Furthermore, compound 20 showed good photostability, whereas compound 21 

proved photolabile upon irradiation with high-energy photons (i.e., 365 nm), affording a 

secondary species 23 (Scheme 6). This newly formed compound revealed an emission 

maximum at around 480 nm, accompanied by a remarkably high PL QY of 69%.  
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Scheme 6. Photo-lability of compound 21.  

 

 

 

In conclusion, the MBHA acetyl derivative 9 demonstrated significant reactivity toward 

the selected lysine models, leading to the formation of both monoadducts and diadducts. 

However, in the context of the reaction of MBHA derivatives with reactive amino acid 

residues embedded into lipophilic pockets, the propensity for the formation of diadducts 

should be largely reduced. The photophysical properties of the resulting products 

confirmed the remarkable optical properties of the cinnamic structure 7, placing 

compound 9 as a potential fluorogenic probe for the selective labeling of basic amino acid 

residues.  

The data collected have been published in two journal articles in Chemistry-An Asian 

Journal and The Journal of Physical Chemistry B. For further details, refer to the 

Research Article reported in Paragraph 2.8 and Paragraph 2.9. 
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2.7 RESEARCH ARTICLE: “Synthesis, photophysical and photochemical 

features of a Morita-Baylis-Hillman adduct derivative bearing a triphenylamine 

moiety” 

 

Authors: Mario Saletti, Marco Paolino, Jacopo Venditti, Claudia Bonechi, Germano 

Giuliani, Antonella Caterina Boccia, Chiara Botta, Andrea Cappelli 

 

Publication: Dyes and Pigments 

 

Publisher: Elsevier 

 

DOI: doi.org/10.1016/j.dyepig.2023.111571 

 

Supporting Information available at: doi.org/10.1016/j.dyepig.2023.111571 

 

Reproduced with permission from: Elsevier  

 

Contribution: The Ph.D. candidate contributed to the synthetic pathway of the MBHA 

derivative bearing a TPA moiety and its preliminary characterization. In particular, the 

Ph. D. candidate performed 1H NMR spectroscopy analyses (400 MHz), which proved 

essential for both the structural characterization of the MBHA derivative and the 

evaluation of the transformations occurring during photochemical studies.   

  

https://doi.org/10.1016/j.dyepig.2023.111571
https://doi.org/10.1016/j.dyepig.2023.111571
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2.8 RESEARCH ARTICLE: “Reactivity of a Morita-Baylis-Hillman adduct 

derivative bearing a triphenylamine moiety with lysine models” 

 

Authors: Jacopo Venditti, Mario Saletti, Marco Paolino, Stefano Contena, Claudia 

Bonechi, Germano Giuliani, Giorgi Gianluca, Antonella Boccia, Chiara Botta, Lluís 

Blancafort, Andrea Cappelli 

 

Publication: Chemistry – An Asian Journal 

 

Publisher: ACES (Wiley – VCH) 

 

DOI:  doi.org/10.1002/asia.202400617 

 

Supporting information: asia202400617-sup-0001-misc_information.pdf 

 

Reproduced with permission from: This is an open-access article distributed under the 

terms of the Creative Commons CC BY license, which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original work is properly 

cited. 

 

Contribution: The Ph.D. candidate was engaged in the reactivity studies of the MBHA 

acetate derivative as a fluorogenic probe toward different lysine models. Subsequently, 

the Ph.D. candidate carried out 1H NMR spectroscopy analyses (400 MHz) of 

monoadducts and diadducts obtained, as well as kinetics experiments related to the [2+2] 

photocycloaddition process. In addition, the Ph.D. candidate contributed to the writing of 

the synthetic procedures included in the “EXPERIMENTAL SECTION”. 

  

https://doi.org/10.1002/asia.202400617
https://aces.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fasia.202400617&file=asia202400617-sup-0001-misc_information.pdf
https://creativecommons.org/licenses/
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2.9 RESEARCH ARTICLE: “Photophysical and Photochemical Features of 

Lysine Derivatives Bearing Two Triphenylaminocinnamic-Based Fluorophores” 

 

Authors: Mario Saletti, Marco Paolino, Jacopo Venditti, Gianluca Giorgi, Claudia 

Bonechi, Alessandro Donati, Claudio Rossi, Germano Giuliani, Antonella Caterina 

Boccia, Chiara Boccia, Lluìs Blancafort, Andrea Cappelli. 

 

Publication: The Journal of Physical Chemistry B 

 

Publisher: American Chemical Society   

 

DOI: doi.org/10.1021/acs.jpcb.5c01032 

 

Supporting Information available at: jp5c01032_si_001.pdf 

 

Reproduced with permission from: American Chemical Society 

 

Contribution: The Ph.D. candidate was involved in the photophysical and photochemical 

studies of the diadducts obtained from the reactions with n-butylamine and Nα-acetyl-L-

lysine methyl ester hydrochloride. The candidate also contributed to the purification of 

the [2+2] photocycloaddition products by means of flash chromatography and performed 

the 1H NMR spectroscopy (400 MHz) analyses.  

  

https://doi.org/10.1021/acs.jpcb.5c01032
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.5c01032/suppl_file/jp5c01032_si_001.pdf


 

49 

 

 

  



 

50 

 

 

  



 

51 

 

 

  



 

52 

 

 

  



 

53 

 

 

  



 

54 

 

 

  



 

55 

 

 

  



 

56 

 

 

  



 

57 

 

 

  



 

58 

 

 

 

  

 

  



 

59 

 

 

 

 

 

 

 

 

 

CHAPTER 3 

 

SYNTHESIS AND REACTIVITY STUDIES 

OF DIFFERENT COVALENT PROBES  
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3.1 PROTEIN LABELLING APPROACHES 

Over the past decades, the development of protein labeling techniques has greatly 

expanded the range of tools available to researchers, spanning from covalent small-

molecule probes to advanced biorthogonal strategies. These approaches played a pivotal 

role in the study of cellular processes and have enabled applications in imaging, 

proteomics, and the development of both diagnostic and therapeutic platforms.1 

Historically, one of the earliest strategies to monitor protein-protein interactions relied on 

the use of Green Fluorescent Protein (GFP). Several methodologies have exploited GFP 

and its chimeras. These included luminescence resonance energy transfer (LRET), which 

involved the transfer of energy from Renilla luciferase to GFP, and fluorescence gel 

retardation, which takes advantage of the difference in electrophoresis mobility between 

GFP-tagged proteins alone and their complexes with the protein of interest (POI).2-4 

Despite their utility, GFP-based systems present a major limitation: the relatively large 

size of the protein tag, which can interfere with the localization and native function of the 

POI. To overcome these drawbacks, modern strategies increasingly rely on chemical 

labelling, which offers greater versatility compared to fusion protein approaches, enabling 

a broader range of functionalities.5 Current methodologies are generally categorized into 

three main classes: protein domain recognition strategies, peptide recognition strategies, 

and endogenous protein labeling strategies. 

Protein domain recognition approaches remain conceptually related to GFP-based 

systems, as they are based on fusing the POI with a second protein that exhibits high 

affinity for a labeled ligand. While these methods ensure high specificity, the substantial 

increase in molecular size can still perturb the biological role and localization of the POI.5 

As an alternative, peptide recognition strategies employ smaller affinity tags, which are 

expected to be less invasive. A representative example is the polyhistidine tag, which 

exploits the strong Ni2+-N-nitrilotriacetic acid interaction for protein recognition.6 Even 

in cases requiring the covalent attachment of fluorophores to short peptide tags, the 

overall tag-fluorophore conjugate remains significantly smaller than GFP, thereby 

reducing the probability of functional perturbation. Finally, endogenous protein labeling 

strategies have emerged as the most refined and elegant approaches, as they enable 

selective recognition of the POI without the need for affinity tags. A notable example is 

ligand-directed tosyl (LDT) chemistry, in which a tosyl ester-functionalized ligand binds 

the POI at a specific site through nucleophilic attack from a nearby basic amino acid 
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residue.7 These methods minimize structural perturbations while maintaining high 

labeling specificity, highlighting their growing importance in chemical biology.  

For these reasons, the use of chemical probes has recently gained significant attention, 

and within this context, fluorescent probes have emerged as attractive and versatile tools 

for optical imaging and analytical sensing due to their rapid response time and remarkable 

sensitivity. Numerous studies and reviews have focused on the role of fluorescent labeling 

and on the wide range of fluorescent-based assay and imaging applications, spanning 

from the investigation of key cellular chemical processes8,9 to advanced microscopy 

techniques10 and various combinatorial strategies.11 At the same time, another class of 

probes has been developed, differing slightly from conventional fluorescent probes. 

These molecules, known as fluorogenic probes, typically exist in a quenched or weakly 

emissive state and become strongly fluorescent only upon specific conjugation or binding 

to their target structure at a defined wavelength.12 Therefore, while fluorescent probes 

display intrinsic emission when excited by a light source, fluorogenic probes reveal a 

“switch-on” behavior, emitting light exclusively upon interaction with their target (Figure 

1). Because fluorescence arises only upon target recognition, fluorogenic probes offer 

higher signal-to-noise ratios and are particularly advantageous for biological imaging. In 

particular, fluorogenic systems that undergo an irreversible switch-on process enable 

high-contrast images with minimal background signals, making them well-suited for 

super-resolution microscopy techniques.13,14  

 

 

Figure 1. Schematic and simplified illustration highlighting the fundamental difference 

between protein labeling approaches based on fluorescent systems (A) and those 

employing fluorogenic probes (B).  
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In this regard, the chemical strategies employed for protein labeling must operate under 

mild, biocompatible conditions, typically at ambient temperature and aqueous 

environments. Several reactions have been developed to functionalize the side chains of 

specific amino acids, particularly lysine (Lys), cysteine (Cys), histidine (His), and 

arginine (Arg), which are among the most common nucleophilic sites in proteins.15-17 In 

addition, the side chains of aromatic amino acids such as tyrosine (Tyr) and tryptophan 

(Trp) can also be modified under appropriate conditions.18 To efficiently react with these 

nucleophilic residues, electrophilic moieties are required. Specifically, lysine residues, 

which often expose on the protein surface, are convenient targets for reactions with 

relatively hard electrophiles. Conversely, cysteine residues are among the most reactive 

amino acids owing to the high nucleophilicity of the sulfhydryl group; however, their 

limited availability, due to their frequent involvement in disulfide bridges, can restrict 

their accessibility for covalent modification.19 Despite these challenges, the reactivity of 

basic and nucleophilic amino acids, such as lysine, cysteine, and sometimes histidine 

residues, has been exploited in the development of the Target Covalent Inhibitor (TCI) 

concept. This approach relies on converting reversible inhibitors into covalent probes by 

introducing weakly electrophilic functional groups, commonly referred to as warheads.20-

21 Representative examples of such warheads include acrylamides,22-24 N-

hydroxysuccinimide ester,25 sulfonyl chloride,26 isothiocyanates,27 acrylates,28 

chloroacetamides,29 and cyanoenone derivatives.20  

 

3.2 HUMAN SERUM ALBUMIN  

Human Serum Albumin (HSA) is the most abundant protein in the circulatory system and 

performs a wide range of essential physiological functions. The protein consists of 585 

amino acid residues, with an approximate molecular weight of 66,5 kDa, and contains a 

single tryptophan residue (Trp-214) and a free cysteine (Cys-34).30 All the remaining 

cysteine residues participate in the formation of eight disulfide bridges, arranged in nine 

loop-link-loop motifs that contribute to the overall stability of the protein structure.30 In 

addition, HSA also contains 59 lysine residues, which can be used for the covalent 

modification of drugs, and 16 histidine residues.30-32 The crystal structure of HSA, 

depicted in Figure 2 (PDB ID:1AO6),33 reveals an asymmetric heart-shaped conformation 

characterized by a predominance of α-helical content (approximately 68%), organized 

into six helical subdomains.33,34 The aminoacidic sequence is further arranged into three 
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homologous domains, called I, II, and III, each comprising two subdomains (A and B) 

that contribute to the protein’s distinctive tertiary organization.34   

 

 

Figure 2. Crystal structure of the Human Serum Albumin.34 Atomic coordinates were 

taken from the PDB ID 1AO6.33 Ribbon representation of HSA was drawn using Swiss-

PdbViewer.35 

 

HSA performs multiple physiological functions, ranging from maintaining colloid 

osmotic pressure in blood plasma to serving as the principal transport protein responsible 

for distributing and metabolizing a wide variety of exogenous and endogenous ligands. 

These include numerous drugs, peptides, proteins, metal ions such as zinc, calcium, or 

copper, as well as the heme group, and fatty acids, which all utilize HSA as a carrier 

within the circulatory system.34 To accommodate this structural versatility, HSA 

possesses several well-defined binding sites within its three-dimensional architecture, 

among which the fatty acid (FA) binding sites play a crucial role.34 Among these, the FA1 

site, also known as the heme-binding site, is responsible for the interaction and transport 

of heme groups.36 Furthermore, FA3 and FA4, located within subdomain IIIA, together 

form Sudlow’s site II,37,38 commonly referred to as the benzodiazepine site, which 

represents a major binding region for numerous pharmaceutical compounds, including 

diazepam and ibuprofen.39 In addition, the FA7 binding site, positioned within a 

hydrophobic cavity in subdomain IIA, corresponds to Sudlow site I or the warfarin-

binding site.37,38 This pocket displays a high affinity for drugs such as warfarin, 

azapropazone, or phenylbutazone, due to the presence of aromatic side chains that 

promote hydrophobic interaction.39  
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The remarkable potential of HSA as a drug delivery system has drawn considerable 

attention in recent years, owing to its outstanding biodegradability, biocompatibility, non-

immunogenic nature, and low toxicity. Its inherent capacity to interact with hydrophobic 

compounds, coupled with the possibility of surface functionalization and high drug-

loading capacity, renders HSA an exceptionally versatile and adaptable carrier.39 This 

versatility enables the application of HSA-based systems not only in the delivery of 

therapeutic agents40 but also in biomedical imaging41 and gene therapy approaches.42 

Furthermore, the specific affinity of albumin for receptors expressed on both endothelial 

cells and pathological cells facilitates active targeting and site-specific delivery of 

albumin-based nanocarriers. This property represents one of the distinctive advantages of 

albumin compared with other nanodelivery systems and has inspired the development of 

albumin-coated or albumin-corona nanoparticles to enhance biocompatibility and 

targeting efficiency.39 With several albumin-derived formulations currently undergoing 

clinical evaluation, and with the successful approval of Abraxane43,44 as a pioneering 

albumin-bound drug delivery system, HSA continues to emerge as a promising and 

clinically relevant nanocarrier for next-generation therapeutic and diagnostic 

applications. 

 

3.3 AIMS OF THE CHAPTER 

In this context, considering the effectiveness of the previously described warheads, it 

becomes essential to assess the reactivity of well-established MBHA derivatives, 

particularly in relation to the potential affinity between their acrylic moieties and the 

nucleophilic side chains embedded within protein structures. The electrophilic portion 

presented in MBHA derivatives has indeed shown remarkable reactivity properties, 

deserving significant attention in the design of covalent probes for protein structure 

modification.45 Specifically, these covalent probes are potentially capable of interacting 

with POI through two different steps: an initial non-covalent recognition within a suitable 

binding pocket in the protein structure, followed by a covalent reaction between the 

warhead and the appropriate amino acid residue.45 Building upon the results presented in 

Chapter 2, which demonstrated the outstanding reactivity of MBHA acetyl derivative 9 

bearing a TPA moiety toward various lysine models, the focus of Chapter 3 is on 

investigating the reactivity of compound 9 toward HSA, selected as it represents one of 

the most relevant and abundant systems in the human body. 
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Subsequently, to evaluate the contribution of the fluorophore moiety, new covalent 

probes, 24 and 25, were designed based on the notable photophysical properties of ethyl 

(E)-3-(4-(9,9-dimethyl-9H-fluoren-2-yl)phenyl)acrylate (DMFP) fluorophore 5 (Figure 

3). This cinnamic derivative 5 exhibited strong violet emission (430 nm) with high PL 

QY both in solution (57%) and in the solid state (64%).46 Moreover, the substitution of 

the TPA portion to DMFP was expected to influence the initial non-covalent recognition 

step and, consequently, the overall interaction with the POI. Furthermore, for comparative 

purposes regarding the warhead functionality, covalent probe 25 was designed by 

replacing the acrylic moiety of its analogue compound 24 with an acrylamide group, 

which represents one of the most common warheads in the design of TCIs, and is known 

for its selective reactivity toward cysteine residues.20-25  

 

 

Figure 3. Design approach for the development of two new covalent probes, 24 and 25, 

based on the well-described reactivity features of MBHA acetyl 9 (see Chapter 2) and 

the remarkable optical properties of cinnamic derivative 5.46 

 

Therefore, based on the differences in electrophilicity between these two warheads, the 

reactivity profiles of compounds 24 and 25 were evaluated against different nucleophilic 

amino acid residues, such as Nα-acetyl-L-lysine methyl ester (NALME) hydrochloride, 

N-acetyl-L-histidine methyl ester (NAHME) acetate, and N-acetyl-L-cysteine methyl 

ester (NACME).  
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3.4 INVESTIGATION OF THE INTERACTION BETWEEN MBHA 

DERIVATIVE 9 AND HUMAN SERUM ALBUMIN. 

To evaluate the interaction between MBHA acetyl derivative 9 against HSA, multiple 

techniques, such as computational Molecular Dynamics (MD) simulations, NMR 

spectroscopy, absorption, and emission spectroscopy, were used.   

Concerning NMR spectroscopy, a series of experiments was designed to monitor the 

addition-elimination mechanism underlying the reaction between compound 9 and the 

nucleophilic amino acid residues embedded in the HSA. Specifically, 1H NMR spectra 

were recorded at regular time intervals to detect the exit of the acetyl group associated 

with the elimination step of the reaction, which was conducted at 50 °C. Comparison of 

the spectra confirmed the good stability of HSA under the selected experimental 

conditions, consistent with its previously reported thermal stability upon prolonged 

heating at 60 °C.39 At the same time, a progressive increase in the signal attributed to the 

protons of the acetate group at 1.88 ppm was observed, indicating the ongoing progress 

of the addition-elimination reaction. 

The most remarkable observation concerned the changes in optical properties during the 

reaction. In particular, the system exhibited distinctive behavior characterized by 

pronounced variations in fluorescence emission when the reaction mixture was exposed 

to a UV lamp (365 nm), typically employed for TLC visualization. Initially, the blue 

emission of the solution was attributed to the formation of microaggregates of compound 

9, which enhanced its AIE properties. Upon heating at 50 °C, this emission gradually 

shifted to the green-yellow region, suggesting the formation of cinnamic portions. (Figure 

4).   

 

 

Figure 4. Comparison of the fluorescence emission observed during the reaction between 

HSA and MBHA acetyl 9 in a D20/DMSO-d6. The NMR tube was maintained at 50 °C 

and photographed at regular time intervals (0, 1, 2, 4, 8, and 24 hours from left to right) 

under UV irradiation at 365 nm.  

 

More interestingly, after thermal treatment, both the photoluminescence (PL) and PL 

excitation state (PLE) spectra exhibited significant changes. Specifically, PL spectra 
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showed a progressive red-shift from 480 nm at t = 0 to 525 nm after 8 hours, while PLE 

spectra revealed a distinctive alteration in profile, displaying a sharp peak at 

approximately 280 nm, which corresponded to the characteristic absorption of HSA. 

These observations indicated that, within the reaction mixture, HSA was capable of 

transferring energy to the cinnamic structure derived from compound 9 only after thermal 

activation. The heating process likely facilitated this energy transfer by decreasing the 

distance between the two chromophores and leading to the formation of a Green 

Fluorescent Albumin (GFA). 

The newly formed GFA was subsequently characterized through SDS-PAGE, Dynamic 

Light Scattering (DLS), Molecular Dynamics (MD) simulations, and biological 

properties. SDS-PAGE analysis confirmed the preservation of HSA structural integrity 

under the reaction conditions, while DLS measurements revealed a marked tendency of 

GFA to form aggregates of defined dimensions, potentially because of conformational 

changes. Regarding its biological properties, GFA was evaluated for its ability to bind 

drug molecules such as warfarin and diazepam. The results demonstrated that GFA 

retained the essential binding capabilities of native HSA, thereby confirming its potential 

as a drug carrier and a promising candidate for drug delivery applications.  

The data collected have been published in the journal ChemBioChem. For further details, 

refer to the Research Article reported in Paragraph 3.9. 

 

3.5 SYNTHESIS AND REACTIVITY OF NOVEL DMFP-CONTAINING 

COVALENT PROBES 

To evaluate the different effects induced by two distinct warheads in the design of the 

novel covalent probes 24 and 25, both bearing a 9,9-dimethylfluorene (DMFP) moiety, 

our attention was first focused on their synthesis.  
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3.5.1 Synthetic procedures to obtain covalent probes 24 and 25 

 

Scheme 1. Preparation of MBHA acetyl derivative 24.  

 

Reagents. (i) 9,9-Dimethylfluorene-2-boronic acid pinacol ester, Pd(PPh3)2Cl2, PPh3, 

Cs2CO3, CH3OH, THF; (ii) methyl acrylate, DABCO, CH3OH; (iii) CH3COCl, TEA, 

CH2Cl2. 

 

Since compound 24 is an analogue of the previously described MBHA acetyl derivative 

9, the same synthetic strategy was employed (Scheme 1). Specifically, starting from 

commercially available 4-bromobenzaldehyde 10, a Suzuki-Miyaura coupling reaction 

was carried out with the commercially available 9,9-dimethylfluorene-2-boronic acid 

pinacol ester in the presence of Pd(PPh3)2Cl2 and PPh3 as the catalytic system, using THF 

and methanol as solvents. The resulting aldehyde intermediate 2647,48 was then subjected 

to a well-established Morita-Baylis-Hillman reaction with methyl acrylate and DABCO 

as a tertiary amine, in the presence of catalytic amounts of methanol, affording compound 

27. Finally, acetylation of this intermediate with acetyl chloride in the presence of TEA 

as base yielded the desired MBHA derivative 24.  
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Scheme 2. Synthetic procedures employed to afford the covalent probe 25. 

 

Reagents. (i) 9,9-Dimethylfluorene-2-boronic acid pinacol ester, Pd(PPh3)2Cl2, PPh3, 

Cs2CO3, CH3OH, THF; (ii) TFA, CH2Cl2; (iii) Fe(0), NH4Cl, HCl, CH3CH2OH, H2O; (iv) 

CH2=CH-COCl, TEA, CH2Cl2. 

 

The analogue covalent probe 25 was designed by substituting the electrophilic moiety of 

compound 24, replacing the acrylic group with an acrylamide functionality. To achieve 

this, two different synthetic routes were explored (Scheme 2). Both approaches began 

with the previous Suzuki-Miyaura coupling reaction, carried out using two different aryl 

bromide precursors: tert-butyl (4-bromophenyl)carbamate 2849 and commercially 

available 4-bromonitrobenzene 29. In the first case, the reaction afforded the carbamate 

derivative 30 with an acceptable yield of 50%, whereas the coupling reaction starting 

from 4-bromonitrobenzene provided compound 31 in a higher yield (88%), probably due 

to the stronger electron-withdrawing effect of the nitro group compared to the carbamate 

moiety. Subsequent deprotection of compound 30 with trifluoroacetic acid (TFA) 

furnished the corresponding amine 32 in good 80% yield. Alternatively, reduction of the 

nitro group in compound 31 using iron powder under acidic conditions (pH = 3) afforded 

the same amine intermediate 32 with excellent yields (94%). In the final step, amine 32 

reacted with acryloyl chloride in the presence of TEA as a base, leading to the formation 

of compound 25. Taken together, these findings indicated that the synthetic pathway 

originating from 4-bromonitrobenzene 29 was more advantageous, primarily due to its 

superior overall yields. 
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3.5.2 Comparative studies of the reactivity profiles of the newly synthesized covalent 

probes toward different aminoacidic residue models. 

 

The next focus was the evaluation of the reactivity of compounds 24 and 25 towards three 

different aminoacidic residue models, such as Nα-acetyl-L-lysine methyl ester (NALME) 

hydrochloride, N-acetyl-L-histidine methyl ester (NAHME) acetate, and N-acetyl-L-

cysteine methyl ester (NACME). The reactivity profile of the probes was examined in 

DMSO at 50 °C. DMSO was chosen as the solvent due to its high solubilizing capacity 

for both the probe and the amino acid derivatives, as well as its proven effectiveness in 

analogous experimental contexts. Although buffered aqueous media at physiological pH 

were initially considered, they were ultimately considered unsuitable owing to the 

pronounced lipophilicity of the probes, which could promote aggregation. Furthermore, 

it was proposed that the interaction between the probes and amino acid models likely 

occurs not in a uniform aqueous environment, but rather at hydrophobic interfaces or 

within nonpolar cavities of the protein architecture. Two different experimental 

conditions were employed: with and without the addition of DIPEA as a non-nucleophilic 

base. In this context, DIPEA (pKa = 8.5 in DMSO; 11 in water) was utilized to influence 

the protonation state of nucleophilic functionalities, such as the ε-amino group of lysine 

(pKa = 10), the imidazole ring of histidine (pKa = 6), and the thiol group of cysteine (pKa 

= 8.3), thereby modulating their chemical reactivity. 

 

Scheme 3. Reaction between MBHA acetyl 24 and NALME hydrochloride.  

 

Reagents. (i) NALME hydrochloride, DIPEA, DMSO. 
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In this context, MBHA derivative 24 was found to react in DMSO in the presence of 

NALME hydrochloride and one equivalent of DIPEA, affording the monoadduct (E)-33 

in 19% yield and the diadduct (E,E)-34 in 56% yield (Scheme 3). The reaction was 

conducted at 50 °C for three hours, and the relatively rapid conversion prompted a further 

kinetic investigation by means of 1H NMR spectroscopy. The reaction was performed 

directly into an NMR tube, and 1H NMR spectra were recorded at regular time intervals 

(Figure 5). Spectral analysis revealed the rapid disappearance of the diagnostic signals of 

compound 24, attributed to the acrylate moiety (5.97-6.57 ppm) of the compound.  

  

 

Figure 5. Comparison of 1H NMR spectra (400 MHz) obtained during the kinetic studies 

of the reaction involving compound 24 (10 mg, 0.020 mmol), NALME hydrochloride 

(5.7 mg, 0.020 mmol), and DIPEA (4.0 µL, 0.020 mmol) in DMSO-d6 (0.6 mL). The 

reaction mixture was first analyzed prior to the addition of DIPEA (spectrum A). 

Subsequently, after the base was added, the NMR tube was heated at 50 °C, and 1H NMR 

spectra were recorded at regular time intervals (0, 0.25, 0.50, 1, 2, and 3 hours). 

 

The same reaction, when conducted in the absence of DIPEA, resulted in a markedly 

slower process, affording only the diadduct (E,E)-34 in 28% yield after six days at 50 °C. 

This outcome clearly demonstrated the crucial role of DIPEA as a base, facilitating the 

deprotonation of the primary amino group of NALME, thereby enhancing its 

nucleophilicity and overall reactivity. This result confirmed the remarkable findings 
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reported in Chapter 2, highlighting the notable ability of MBHA derivatives to interact 

with lysine models and form distinct products, corresponding to the mono- and di-attack, 

respectively. 

Furthermore, during these experiments, compound 24 was also found to react with other 

nucleophilic amino acid models. For instance, the reaction of MBHA acetyl 24 with 

NAHME hydrochloride led to the formation of adduct 35 (Scheme 4). 

 

Scheme 4. Reaction between MBHA acetyl 24 and NAHME hydrochloride. 

 

Reagents. (i) NAHME hydrochloride, DIPEA, DMSO. 

 

In this case, however, the reaction required two equivalents of DIPEA as a base and 24 

hours at 50 °C to reach completion. Under these conditions, the corresponding histidine 

derivative 35 was obtained in 59% yield. This outcome can be rationalized by considering 

the lower nucleophilicity of the imidazole moiety in the histidine model compared to the 

primary amino group present in the lysine model. 

Finally, the MBHA acetyl derivative 24 reacted with NACME in the presence of DIPEA, 

affording adduct 36 in an excellent 92% isolated yield (Scheme 5). 

 

Scheme 5. Reaction between MBHA acetyl 24 and NACME. 

 

Reagents. (i) NACME, DIPEA, DMSO. 

 

The reaction proceeded so rapidly that it could not be monitored using standard kinetic 

measurements using 1H NMR spectroscopy. It was hypothesized that DIPEA (pKₐ = 8.5 
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in DMSO, 11 in water) facilitated the deprotonation of the cysteine sulfhydryl group (pKₐ 

= 8.3), thereby enhancing its nucleophilicity and overall reactivity. To test this 

assumption, a dedicated kinetic experiment was subsequently carried out by 1H NMR 

spectroscopy in the absence of DIPEA (Figure 6). Under these conditions, the 

disappearance of the diagnostic signal corresponding to the acrylic moiety of compound 

24 occurred significantly more slowly, thus confirming the pivotal role of DIPEA in 

accelerating the reaction and promoting the formation of the cysteine-derived adduct 36.  

 

 

Figure 6. Comparison of 1H NMR spectra (400 MHz) obtained during the kinetic studies 

of the reaction involving compound 24 (11 mg, 0.026 mmol) and NACME (4.6 mg, 0.026 

mmol) in DMSO-d6 (0.6 mL). The reaction mixture was heated at 50 °C, and 1H NMR 

spectra were recorded at regular time intervals (0, 4, 8, 24, 48 hours, and 1 week). 

 

In contrast to the previously discussed analogue 24, acrylamide derivative 25 exhibited a 

markedly different reactivity profile. Specifically, compound 25 was found to react 

exclusively with the cysteine model NACME.  

Specifically, the acrylanilide-based covalent probe 25 demonstrated a pronounced 

reluctance to undergo reaction with NALME hydrochloride, both in the absence and 

presence of DIPEA, and even under elevated thermal conditions (100 °C). Furthermore, 

considering the inherently lower nucleophilicity of the imidazole moiety in histidine 
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models compared to the primary amino group of lysine side chain, probe 25 also failed to 

react with NAHME hydrochloride. Conversely, compound 25 was found to react with 

the cysteine model NACME, which proceeded to afford the corresponding adduct 37 

(Scheme 6). 

 

Scheme 6. Reaction between acrylanilide covalent probe 25 and NACME. 

 

Reagents. (i) NACME, DIPEA, DMSO 

 

 

Figure 7. Comparison of 1H NMR spectra (400 MHz) obtained during the kinetic studies 

of the reaction involving compound 25 (11 mg, 0.030 mmol), NACME (5.9 mg, 0.030 

mmol), and DIPEA (4.6 µL) in DMSO-d6 (0.6 mL). The reaction mixture was first 

analyzed prior to the addition of DIPEA (spectrum A). Subsequently, after the base was 

added, the NMR tube was heated at 50 °C, and 1H NMR spectra were recorded at regular 

time intervals (0, 2, 4, and 20 hours). 
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Figure 8. Comparison of 1H NMR spectra (400 MHz) obtained during the kinetic studies 

of the reaction involving compound 25 (11 mg, 0.030 mmol) and NACME (5.9 mg, 0.030 

mmol) in DMSO-d6 (0.6 mL). The reaction mixture was heated at 50 °C, and 1H NMR 

spectra were recorded at regular time intervals (0, 2, 4, 20, and 96 hours). 

 

As observed previously, DIPEA played a crucial role in enhancing the nucleophilicity of 

the thiol group in NACME, thereby facilitating its relatively rapid reaction with probe 25 

at 50 °C to yield the cysteine-derived adduct 37 in an acceptable 67% yield. To validate 

this hypothesis, kinetic studies were conducted using 1H NMR spectroscopy in both the 

presence (Figure 7) and absence (Figure 8) of DIPEA. These experiments confirmed the 

essential role of the base promoting the reaction, as evidenced by the progressive 

disappearance of the diagnostic signal (5.77-6.48 ppm) attributed to the electrophilic 

moiety of probe 25, a phenomenon not observed in the absence of DIPEA.   

These results established the lower electrophilic character of the acrylamide moiety in 

covalent probe 25 relative to the methacrylate group present in compound 24. 

Accordingly, the MBHA acetyl scaffold (exemplified by compounds 9 and 24) can be 

considered a highly effective platform for the non-selective functionalization of 

nucleophilic amino acid residues. In contrast, the acrylamide unit in compound 25 

exhibited a comparatively selective reactivity toward cysteine residues, thereby 

highlighting the favorable electrophilic properties of this functional group within the 

framework of Targeted Covalent Probe (TCI) approaches.20,21 
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3.5.3 Photophysical and photochemical properties  

All newly synthesized compounds incorporating the DMPF fluorophore were subjected 

to the evaluation of their photophysical properties, with the corresponding data 

summarized in Table 1. 

 

Table 1. Optical properties of the compounds bearing DMPF fluorophore.  

 

Compound R λab (nm) λem (nm) λPLE (nm) 

26  
329 414a 326 

27  
314 357b 314 

24  

314 357b 315 

33  

328 438c 337 

34 

 

327 361d 296 

35  

329 444a 334 

36  

333 439e 340 
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30  
317 368f 318 

31  267, 351 535g 369 

32  319 389h 323 

25  
322 371i 309 

37 

 

315 368j 320 

a λex = 329 nm; b λex = 314 nm; c λex = 328 nm; d λex = 327 nm; e λex = 333 nm; f λex = 317 nm; g λex = 351 

nm; h λex = 319 nm; i λex = 322 nm; j λex = 315 nm. 

 

In general, the presence of the DMPF fluorophore resulted in low-energy absorption 

bands with maxima spanning 314-329 nm. An exception was observed for compound 31, 

which, due to the presence of the nitro group, displayed two distinct absorption bands 

centered at 267 nm and 351 nm. PL spectra revealed emission maxima ranging from 357 

to 535 nm across the series. Particular attention was given to the emission behavior of 

probes 24 and 25 with respect to their respective adducts formed with the amino acid 

models.  

Starting from the MBHA scaffold, acetyl derivative 24 and adducts 33-36 displayed a 

noteworthy photophysical trend. While the absorption profiles of these compounds 

remained very similar to each other, their PL spectra exhibited pronounced red-shifts in 

emission maxima (Figure 9).  

 

  



 

78 

 

 

Figure 9. Absorption spectra (top panel) and PL spectra (bottom panel) of the newly 

synthesized compounds 24, 33, 34, 35, and 36. The spectra were recorded using freshly 

prepared solutions at a concentration of approximately 1 x 10-5 M. 

 

This phenomenon was attributed to a structural rearrangement involving the migration of 

the double bond, resulting in cinnamic-type architecture analogous to the well-

characterized cinnamic derivative 5, known for its outstanding optical properties.46 This 

hypothesis was supported by the emission profile of compound 24, which exhibited a 

maximum at 357 nm, corresponding solely to the DMFP fluorophore. In contrast, adducts 

33, 35, and 36 showed emission maxima in the range of 440-446 nm. Moreover, the 

comparative analysis of the PL spectrum of monoadduct 33 and the related adduct 

derivatives 35 and 36 revealed only minor variations in their emission maxima, 

suggesting a slight yet discernible influence employed by the respective amino acid 

residues. This observation was further substantiated by examining the aromatic region of 

their 1H NMR spectra (Figure 10), where distinct differences were noted in the signals 

corresponding to the para-substituted phenyl group, thereby supporting the hypothesis of 

residue-specific electronic effects on the photophysical behavior of the adducts. 
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Figure 10. Comparison of the aromatic regions of the 1H NMR (DMSO-d6, 400 MHz) 

spectra of the compounds (E)-33, 35, and 36. The open circles indicate the signals 

attributed to the para-substituted phenyl group. 

 

The only deviation from this trend was observed for diadduct (E,E)-34, which displayed 

a slightly more intense emission centered at 360 nm, an outcome inconsistent with its 

strong absorption characteristics. Therefore, it was postulated that this behavior stemmed 

from a [2+2] photocycloaddition process, facilitated by the presence of two cinnamic 

double bonds, leading to the formation of a bicyclic derivative 38 (Scheme 7). This 

assumption was substantiated by 1H NMR spectroscopic analysis of a solution of diadduct 

(E,E)-34 irradiated with a monochromatic light centered at 327 nm (Figure 11). 
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Scheme 7. [2+2] photocycloaddition transformation of diadduct derivative 34.  

 

 

 

Figure 11. Comparison of 1H NMR spectra (400 MHz) obtained during the kinetic studies 

of the [2+2] photocycloaddition reaction by irradiating compound (E,E)-34 (12 mg, 0.013 

mmol) in CD2Cl2 (1.0 mL) with a monochromatic light centered at 327 nm at room 

temperature, registered at regular time intervals (0, 2, 4, 8, 16, 24, and 42 hours). 

 

On the other hand, acrylamide probe 25 showed a broad emission band peaked at 371 nm 

compared to the respective adduct 37 obtained after the reaction with the NACME, which 

displayed a structured band with a maximum emission centered at 368 nm, but a more 
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structured profile and with a significant increase in the brightness of the emission (Figure 

12).  

 

 

Figure 12. Comparison of PL spectra of the newly synthesized compounds 25 and 37. 

The spectra were recorded using freshly prepared solutions at a concentration of 

approximately 1 x 10-5 M. 

 

In conclusion, the obtained results suggested that the MBHA acetyl derivative 24 could 

represent a promising fluorogenic covalent probe for the detection of nucleophilic amino 

acid residues, characterized by emission in the blue-violet region of the visible spectrum. 

Concurrently, acrylamide-based probe 25 also exhibited a distinct photophysical 

behavior, marked by a significant enhancement in emission intensity when reacted with 

a cysteine model. This property aligned well with the concept of fluorogenic “turn-on” 

probes, underscoring the potential of compound 25 within the broader framework of 

selective and sensitive molecular sensing strategies.50,51 

 

3.5.4 Interaction of MBHA acetyl derivative 24 with Human Serum Albumin 

The promising interaction profile of compound 9 with HSA, as discussed in Paragraph 

3.4, prompted further investigation into the reactivity of MBHA acetyl 24, bearing a 

DMFP fluorophore, toward the same protein. To gain detailed insights into the interaction 

between probe 24 and HSA, a combination of analytical techniques was employed, 

including 1H NMR spectroscopy, SDS page, and circular dichroism (CD) spectroscopy.  

The NMR experiments were designed analogously to those conducted with fluorogenic 

probe 9, with the specific aim of monitoring acetate release because of the elimination 
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step in the addition-elimination reaction mechanism. The reaction was carried out using 

a solution of HSA (67 mg, 1.0 µmol) in deuterium oxide (1.4 mL), buffered with 

phosphate-buffered saline (PBS, 14 mg, pH 7.4), to which 50 µL (1.0 µmol) of a 20 mM 

solution of MBHA acetyl derivative 24 (1.47 mg) in DMSO-d6 was added. The resulting 

mixture was divided into two 5 mm NMR Pyrex tubes and incubated at 37 °C and 50 °C, 

respectively. 1H NMR spectra were recorded at regular time intervals to monitor the 

reaction progress at both thermal conditions. As shown in Figure 13, the signal at 1.88 

ppm, attributed to the methyl protons of the liberated acetate, increased progressively 

during heating, indicating the advancement of the addition-elimination process. This was 

evaluated relative to the residual DMSO-d6 peak at 2.66 ppm. 

  

 



 

83 

 

Figure 13. Comparative 1H NMR (400 MHz) spectra of reaction mixtures containing 

HSA (1.0 µmol) in D2O buffered with PBS at pH 7.4 and compound 24 (1.0 µmol), which 

was added as a solution in DMSO-d6. The reaction mixtures were contained in 5 mm 

NMR tubes and heated at 37 °C (top panel) or 50 °C (bottom panel). ¹H NMR spectra 

were recorded at regular time intervals (0, 1, 2, 4, 8, and 24 h). 

 

Notably, the reaction kinetics were temperature-dependent: at 50 °C, the acetate signal 

intensified rapidly, reaching an apparent plateau within 4-8 hours, whereas at 37 °C, the 

increase was more gradual and extended within 24 hours. Moreover, analogous to the 

behavior observed for compound 9 in its reaction with HSA, where a shift in fluorescence 

from blue to yellow emission led to the formation of GFA, the prolonged heating of the 

reaction mixture containing MBHA 24 with HSA also resulted in a distinct change in 

fluorescence. Specifically, upon exposure of the NMR tube-reactor to a UV lamp (365 

nm), the initial (t = 0) deep blue-violet emission gradually shifted to the clear blue over 

time. These results suggested the formation of Blue Fluorescent Albumin (BFA), further 

supporting the occurrence of covalent modification and associated photophysical 

transformation (Figure 14). 

 

    

Figure 14. Fluorescence emission comparison of the reaction mixtures containing HSA 

in D2O, buffered at pH 7.4 with PBS, and compound 24, added as a solution in DMSO-

d6. The reaction mixtures contained in a 5 mm NMR tube were heated at 37 °C and 

photographed under excitation at 365 nm at regular time intervals (0, 1, 2, 4, 8, and 24 h, 

from left to right in the sequence). 

 

Obviously, the experiment conducted at 37 °C was of particular relevance, as it closely 

approximated physiological conditions. To assess the structural integrity of the protein 

under the applied experimental conditions, SDS-PAGE analysis was performed on three 

samples: native HSA, and HSA derivatized at 37 °C and 50 °C, respectively. All samples 

exhibited a single protein band, indicating the absence of degradation or aggregation and 

confirming the preservation of protein structure. A slight variation in electrophoretic 

mobility was observed in the derivatized samples, suggesting the occurrence of covalent 

modification. However, this shift may be considered marginal, given the relatively low 
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molecular weight of probe 24 (426.5 Da) compared to the overall molecular weight of 

HSA (Figure 15, left panel). To further verify the covalent labeling of the protein, a 

duplicate gel was prepared for fluorescence analysis under UV light (365 nm). A key 

limitation encountered was the interference caused by post-run staining (SimplyBlue™ 

SafeStain, Thermo Fisher Scientific), which hindered fluorescent detection. To 

circumvent this issue, electrophoresis was repeated using duplicate samples: one 

processed under standard conditions and stained to visualize the protein bands, and the 

other run without loading buffer and left unstained (Figure 15, right panel). Upon UV 

exposure (365 nm), the unstained gel revealed clear-blue fluorescent bands corresponding 

to derivatized protein, whereas no fluorescence was detected in the native, non-

derivatized sample. These findings confirmed the successful covalent modification of 

HSA by probe 24 under the tested conditions. 

 

                          

Figure 15. SDS-PAGE analysis (Bis-TRIS gel 4-12% NuPAGE, Thermo Fisher 

Scientific) of HSA (MW 66472 Da, lane 1) and HSA derivatized via incubation with 

MBHA probe 24 (MW 426.50 Da) for 24 hours at 37 °C (lane 2) and 50 °C (lane 3), 

respectively. The molecular weight marker used was the PageRuler Broad Range 

Unstained Protein Ladder (Thermo Fisher Scientific, left panel). Protein bands 

corresponding to each sample are highlighted in red. A duplicate gel, run without post-

staining, was exposed to UV light (365 nm, right panel), revealing clear-blue fluorescent 

bands at the position corresponding to the derivatized HSA samples (lanes 2 and 3), 

confirming the successful covalent modification. No fluorescence was observed for the 

native HSA sample (lane 1). 
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Moreover, to evaluate the impact of derivatization on the secondary structure of the 

protein, circular dichroism (CD) spectroscopy was performed on three samples: native 

HSA, HSA derivatized at 37 °C, and HSA derivatized at 50 °C. The CD spectra, shown 

in Figure 16, exhibited the typical features of an α-helical protein, characterized by two 

distinct negative bands centered at approximately 208 and 222 nm.  

 

 

Figure 16. Circular dichroism (CD) spectra of native HSA (blue line) and of HSA 

derivatized with MBHA derivative 24 after 24 hours of incubation at 37 °C (orange line) 

and 50 °C (green line). 

 

These results indicate that the α-helical content of HSA was largely retained following 

derivatization. A slight decrease in ellipticity was observed in the CD spectra of 

derivatized samples compared to the native protein, suggesting minor conformational 

adjustments potentially induced by the reaction conditions or by the covalent interaction 

with the probe 24. Nonetheless, the overall spectral profile remained consistent, with no 

evidence of significant structural alteration or unfolding. These findings are in agreement 

with previous studies, in which HSA maintained its native α-helical conformation upon 

covalent modification with other molecules, as confirmed by CD analysis.52 

 

3.6 CONCLUSION 

In conclusion, the well-described MBHA fluorogenic probe 9 bearing a triphenylamine 

moiety exhibited AIE properties with bright blue fluorescence (478 nm) in DMSO-water 

dispersion. Upon reaction with HSA, the emission shifted to green-yellow, forming Green 

Fluorescent Albumin (GFA) derivative. Notably, energy transfer from HSA to the newly 
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formed cinnamic fluorophore was observed only after thermal treatment, suggesting that 

heating promoted spatial proximity between the fluorophore and aromatic residues within 

the protein. Structural analyses (SDS-PAGE and DLS) confirmed the stability of HSA 

and revealed an increased tendency of GFA to form defined aggregates. In addition, 

biological evaluation demonstrated that GFA retained the drug-binding properties of 

native HSA, supporting its potential as a drug delivery platform. Moreover, to evaluate 

the effect of the fluorophore, two covalent fluorescent probes were developed by 

functionalizing the 9,9-dimethyl-2-phenyl-9H-fluorene (DMPF) fluorophore with 

distinct electrophilic warheads: a methylacrylate moiety (compound 24) and an 

acrylamide group (compound 25). These warheads were selected for their differing 

reactivity profiles toward nucleophilic amino acid residues. Reactivity studies revealed 

that MBHA-based probe 24 exhibited broader, less selective reactivity, while acrylamide-

based probe 25 showed expected chemoselectivity toward the cysteine model. This 

highlighted the greater versatility of the acrylate moiety, including in the MBHA scaffold, 

which may be advantageous for targeting diverse protein environments, though it requires 

careful structural design to avoid off-target effects. Furthermore, photophysical 

characterization of the resulting adducts showed that compound 24 displayed fluorogenic 

behavior sensitive to the identity of the bound amino acid, whereas compound 25 

primarily exhibited enhanced emission upon reaction. Finally, the ability of MBHA acetyl 

probe 24 to covalently modify HSA was supported by NMR, absorption, and emission 

spectroscopy, CD analysis, and the SDS-PAGE technique.  

 

3.7 EXPERIMENTAL SECTION 

 

3.7.1 Synthesis 

Merck silica gel 60 (230-400 mesh) was used for column chromatography. Merck TLC 

plates, silica gel 60 F254 were used for TLC. NMR spectra were recorded with a Bruker 

DRX-400 AVANCE III, a Bruker DRX-500 AVANCE, and a Bruker DRX-600 

AVANCE III spectrometer in the indicated solvents (TMS as internal standard): the 

values of the chemical shifts are expressed in ppm and the coupling constants (J) in Hz. 

An Agilent 1100 LC/MSD operating with an electrospray source was used in mass 

spectrometry experiments. Melting points were determined in open capillaries in a Cole-

Parmer Stuart apparatus and are uncorrected. 
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4-(9,9-Dimethyl-9H-fluoren-2-yl)benzaldehyde (26).46,47 

The commercially available 9,9-dimethylfluorene-2-boronic acid pinacol ester (616 mg, 

1.9 mmol) was dissolved in dry THF (8.0 mL) and CH3OH (2.0 mL) in a microwave tube. 

After the addition of Cs2CO3 (1.9 g, 5.8 mmol), the reaction mixture was stirred for 30 

min at room temperature. After this time, Pd(PPh3)2Cl2 (267 mg, 0.38 mmol), PPh3 (498 

mg, 1.9 mmol), and 4-bromobenzaldehyde 10 (352 mg, 1.9 mmol) were added in 

sequence. The resulting mixture was exposed to microwave irradiation in a CEM 

Discovery apparatus for two cycles of 10 min (T = 80 °C, W = 150, P = 250 psi). 

Subsequently, the reaction mixture was partitioned between brine and ethyl acetate, the 

organic layer was dried over sodium sulfate, filtered, and concentrated under vacuum. 

The organic residue was purified by flash chromatography using petroleum ether-ethyl 

acetate (95:5) as eluent to yield benzaldehyde 26 (460 mg, yield 81%) as an off-white 

solid (mp 126-128 °C). 1H NMR (400 MHz, CDCl3): 1.54 (s, 6H), 7.32-7.40 (m, 2H), 

7.43-7.48 (m, 1H), 7.62 (dd, J = 7.9, 1.6, 1H), 7.68 (d, J = 1.2, 1H), 7.73-7.78 (m, 1H), 

7.79–7.84 (m, 3H), 7.97 (d, J = 8.2, 2H), 10.06 (s, 1H). 13C NMR (125 MHz, CDCl3): 

27.2, 47.0, 120.3, 120.5, 121.6, 122.7, 126.5, 127.1, 127.7, 130.3, 135.0, 138.4, 138.7, 

139.7, 147.6, 154.0, 154.5, 191.9. MS (ESI): m/z 321.2 [M + Na+]. 

 

Methyl 2-[[4-(9,9-dimethyl-9H-fluoren-2-yl)phenyl](hydroxy)methyl]acrylate (27). 

Compound 26 (454 mg, 1.5 mmol) reacted with methyl acrylate (0.27 mL, 3.0 mmol) in 

the presence of DABCO (202 mg, 1.8 mmol), and catalytic amounts of CH3OH (10 μL). 

The resulting mixture was stirred in the darkness for 72 hours at room temperature. After 

concentration under reduced pressure, the resulting residue was dissolved in DCM. The 

organic layer was washed with a saturated solution of NH4Cl, separated, dried over 

sodium sulfate, filtered, and concentrated under vacuum. The resulting residue was 

purified by flash chromatography on silica gel (petroleum ether-ethyl acetate 6:4), 

yielding MBHA alcohol 27 (489 mg, yield 84%) as a colorless oil, which crystallized in 

a white crystalline solid (mp 110-112 °C) upon standing. 1H NMR (400 MHz, CDCl3): 

1.52 (s, 6H), 3.04 (d, J = 5.7, 1H), 3.75 (s, 3H), 5.63 (d, J = 5.7, 1H), 5.90 (s, 1H), 6.37 

(s, 1H), 7.29-7.38 (m, 2H), 7.42–7.49 (m, 3H), 7.56 (dd, J = 7.8, 1.6, 1H), 7.62-7.66 (m, 

3H), 7.72-7.75 (m, 1H), 7.77 (d, J = 7.8, 1H). MS (ESI): m/z 407.1 [M + Na+]. 

  



 

88 

 

Methyl 2-[acetoxy[4-(9,9-dimethyl-9H-fluoren-2-yl)phenyl]methyl]acrylate (24). 

In a two-neck round-bottom flask, compound 27 (472 mg, 1.2 mmol) was dissolved in 

dry DCM (7.0 mL), followed by the sequential addition of TEA (0.42 mL) and acetyl 

chloride (0.17 mL, 2.4 mmol). The resulting mixture was stirred under an inert nitrogen 

atmosphere at room temperature for one hour. After quenching with brine, the organic 

layer was separated, dried over sodium sulfate, filtered, and concentrated under reduced 

pressure. The crude product was purified by flash chromatography eluting with a 

petroleum ether-ethyl acetate (8:2) mixture. The MBHA acetate derivative 24 (338 mg, 

yield 66%) was obtained as an off-white solid (mp 113-114 °C).  

1H NMR (400 MHz, CDCl3): 1.52 (s, 6H), 2.13 (s, 3H), 3.73 (s, 3H), 5.93 (s, 1H), 6.43 

(s, 1H), 6.73 (s, 1H), 7.29-7.37 (m, 2H), 7.43-7.48 (m, 3H), 7.54 (dd, J = 7.9, 1.7, 1H), 

7.59-7.64 (m, 3H), 7.73 (dd, J = 7.4, 1.5, 1H), 7.76 (d, J = 7.9, 1H). 

1H NMR (600 MHz, DMSO-d6): 1.49 (s, 6H), 2.12 (s, 3H), 3.69 (s, 3H), 5.97 (s, 1H), 

6.37 (s, 1H), 6.57 (s, 1H), 7.31-7.37 (m, 2H), 7.45 (d, J = 8.1, 2H), 7.55-7.58 (m, 1H), 

7.64 (dd, J = 7.9, 1.3, 1H), 7.74 (d, J = 8.3, 2H), 7.85-7.87 (m, 2H), 7.90 (d, J = 7.9, 1H).  

13C NMR (150 MHz, CDCl3): 20.7, 26.8, 46.6, 52.1, 72.3, 120.2, 120.5, 121.3, 122.7, 

125.8, 126.1, 126.9, 127.0, 127.4, 128.0, 136.5, 138.1, 138.8, 139.0, 140.6, 153.6, 154.1, 

164.9, 169.2. 

MS (ESI): m/z 449.0 [M+Na+]. 

 

tert-Butyl [4-(9,9-dimethyl-9H-fluoren-2-yl)phenyl]carbamate (30).  

The commercially available 9,9-dimethylfluorene-2-boronic acid pinacol ester (101 mg, 

0.32 mmol) was dissolved in dry THF (4.0 mL) and CH3OH (1.0 mL) in a microwave 

tube. After the addition of Cs2CO3 (313 g, 0.96 mmol), the reaction mixture was stirred 

for 30 min at room temperature. Subsequently, Pd(PPh3)2Cl2 (45 mg, 0.064 mmol), PPh3 

(84 mg, 0.32 mmol), and tert-butyl (4-bromophenyl)carbamate 2848 (87 mg, 0.32 mmol) 

were added in sequence. The resulting mixture was exposed to microwave irradiation in 

a CEM Discovery apparatus for two cycles of 30 min (T = 80 °C, W = 150, P = 250 psi). 

Subsequently, the reaction mixture was quenched with brine, and the organic layer was 

extracted with DCM. The organic layers were combined, dried over sodium sulfate, 

filtered, and concentrated under vacuum. The organic residue was purified by flash 

chromatography using petroleum ether-ethyl acetate (95:5) as the eluent to afford 

compound 30 (61 mg, yield 50%) as a white solid (mp 205-207 °C). 1H NMR (400 MHz, 

CDCl3): 1.52 (s, 6H), 1.53 (s, 9H), 6.52 (s, 1H), 7.28-7.36 (m, 2H), 7.41-7.46 (m, 3H), 
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7.53 (dd, J = 7.9, 1.2, 1H), 7.58 (d, J = 8.4, 3H), 7.71-7.76 (m, 2H). MS (ESI): m/z 408.0 

[M+Na+]. 

 

9,9-Dimethyl-2-(4-nitrophenyl)-9H-fluorene (31).  

The commercially available 9,9-dimethylfluorene-2-boronic acid pinacol ester (324 mg, 

1.0 mmol) was dissolved in dry THF (4.0 mL) and CH3OH (1.0 mL) in a microwave tube. 

After the addition of Cs2CO3 (977 g, 3.0 mmol), the reaction mixture was stirred for 30 

min at room temperature. Successively, Pd(PPh3)2Cl2 (140 mg, 0.20 mmol), PPh3 (262 

mg, 1.0 mmol), and the commercially available 4-bromonitrobenzene 29 (202 mg, 1.0 

mmol) were added in sequence. The resulting mixture was exposed to microwave 

irradiation in a CEM Discovery apparatus for one cycle of 10 min (T = 80 °C, W = 150, 

P = 250 psi). After that, the reaction mixture was quenched with brine, and the organic 

layer was extracted with DCM. The organic layers were combined, dried over sodium 

sulfate, filtered, and concentrated under vacuum. The organic residue was purified by 

flash chromatography using petroleum ether-ethyl acetate (95:5) as the eluent to afford 

compound 31 (290 mg, yield 92%) as a pale-yellow solid (mp 159-161 °C). 1H NMR 

(400 MHz, CDCl3): 1.54 (s, 6H), 7.33-7.39 (m, 2H), 7.45-7.48 (m, 1H), 7.61 (dd, J = 7.9, 

1.3, 1H), 7.66 (s, 1H), 7.75-7.83 (m, 4H), 8.31 (d, J = 8.7, 2H). MS (ESI): m/z 337.5 

[M+Na+]. 

 

4-(9,9-Dimethyl-9H-fluoren-2-yl)aniline (32).  

Compound 30 (110 mg, 0.29 mmol) was dissolved in DCM (10 mL) in the presence of 

TFA (2.0 mL), and the solution was stirred at room temperature for one hour. After 

quenching the reaction mixture with a saturated solution of NaHCO3, the organic layer 

was separated, dried over sodium sulfate, filtered, and concentrated under reduced 

pressure. The crude product was purified by flash chromatography by means of petroleum 

ether-ethyl acetate (7:3) as the eluent to obtain amine derivative 32 (68 mg, yield 83%) 

as a pale-yellow solid (mp 116-117 °C). 1H NMR (400 MHz, CDCl3): 1.52 (s, 6H), 6.80 

(d, J = 8.4, 2H), 7.28-7.35 (m, 2H), 7.42-7.44 (m, 1H), 7.47-7.52 (m, 3H), 7.58 (d, J = 

1.4, 1H), 7.71-7.75 (m, 2H). MS (ESI): m/z 286.1 [M+H+]. 

Alternatively, compound 31 (290 mg, 0.92 mmol) was dissolved in ethanol (12 mL) in 

the presence of NH4Cl (59 mg, 1.1 mmol) and acidified to pH = 3 using a 1N solution of 

HCl (80 μL). The reaction mixture was stirred under a nitrogen atmosphere at reflux 

conditions for three hours. After completion, the reaction mixture was concentrated under 
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pressure to remove the ethanol, and the resulting residue was purified by flash 

chromatography using petroleum ether-ethyl acetate (7:3) as eluent to yield amine 32 (255 

mg, yield 97%) as a pale-yellow solid.  

 

N-[4-(9,9-Dimethyl-9H-fluoren-2-yl)phenyl]acrylamide (25).  

Amine derivative 32 (202 mg, 0.71 mmol) was dissolved in dry DCM (10 mL) in a two-

neck round-bottom flask and cooled at 0 °C. TEA (0.20 mL, 1.4 mmol) and acryloyl 

chloride (57 μL, 0.71 mmol) were added sequentially, and the resulting mixture was 

stirred under a nitrogen atmosphere at room temperature for two hours. Subsequently, a 

1N solution of HCl was added, and the organic layer was separated, dried over sodium 

sulfate, filtered, and concentrated under reduced pressure. Purification of the organic 

residue by flash chromatography (petroleum ether-ethyl acetate 7:3) yielded compound 

25 (199 mg, yield 83%) as a white solid (mp 183-184 °C). 

1H NMR (400 MHz, CDCl3): 1.53 (s, 6H), 5.80 (dd, J = 10.2, 1.3, 1H), 6.27 (dd, J = 16.8, 

10.2, 1H), 6.47 (dd, J = 16.8, 1.3, 1H), 7.28-7.39 (m, 3H), 7.41-7.48 (m, 1H), 7.55 (dd, J 

= 7.9, 1.7, 1H), 7.62-7.71 (m, 5H), 7.71-7.78 (m, 2H). 

1H NMR (400 MHz, DMSO-d6): 1.48 (s, 6H), 5.77 (dd, J = 10.1, 2.0, 1H), 6.28 (dd, J = 

17.0, 2.1, 1H), 6.46 (dd, J = 17.0, 10.1, 1H), 7.28-7.38 (m, 2H), 7.53-7.57 (m, 1H), 7.63 

(dd, J = 7.9, 1.7, 1H), 7.73 (d, J = 8.8, 2H), 7.78 (d, J = 8.8, 2H), 7.81-7.85 (m, 2H), 7.87 

(d, J = 78.4, 1H), 10.24 (s, 1H). 

MS (ESI): m/z 362.1 [M+Na+].   

 

Reaction of MBHA derivative 24 with Nα-acetyl-L-lysine methyl ester (NALME) 

hydrochloride. 

A solution of MBHA derivative 24 (51 mg, 0.12 mmol) in DMSO (3.0 mL) was added to 

NALME hydrochloride (29 mg, 0.12 mmol) and DIPEA (21 μL, 0.12 mmol). The 

reaction mixture was stirred at 50 °C for three hours. After completion, brine (3 x 50 mL) 

was added to the reaction mixture. The organic layers were extracted with ethyl acetate, 

combined, dried over sodium sulfate, filtered, and concentrated under reduced pressure. 

The crude product was purified by flash chromatography using the appropriate eluent.  
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Methyl (E)-N2-acetyl-N6-[3-[4-[9,9-dimethyl-9H-fluoren-2-yl)phenyl]-2-

(methoxycarbonyl)allyl-L-lisinate (E-33). 

The above flash chromatography purification using ethyl acetate-methanol (95:5) as the 

eluent afforded compound (E)-33 (13 mg, yield 19%) as a colorless glassy solid. 

1H NMR (600 MHz, DMSO-d6): 1.31-1.48 (m, 4H), 1.50 (s, 6H), 1.57-1.73 (m, 2H), 1.84 

(s, 3H), 2.57 (t, J = 6.8, 2H), 3.51 (s, 2H), 3.60 (s, 3H), 3.77 (s, 3H), 4.21-4.24 (m, 1H), 

7.33-7.38 (m, 2H), 7.55-7.60 (m, 1H), 7.73 (dd, J = 8.0, 1.7, 1H), 7.74 (s, 1H), 7.76 (d, J 

= 8.4, 2H), 7.85 (d, J = 8.3, 2H), 7.86-7.88 (m, 1H), 7.92 (d, J = 8.0, 1H), 7.96 (d, J = 1.7, 

1H), 8.23 (d, J = 7.5, 1H). 

13C NMR (150 MHz, DMSO-d6): 22.2, 23.2, 26.8, 28.7, 30.9, 45.5, 46.6, 48.8, 51.7, 51.9, 

120.3, 120.6, 121.2, 122.8, 125.7, 126.7, 127.1, 127.5, 130.5, 133.7, 138.1, 138.3, 138.4, 

140.4, 140.9, 153.7, 154.2, 167.9, 169.4, 172.8. 

MS (ESI): m/z 569.2 [M+H+]. 

  

Dimethyl 2,2'-[[((S)-5-acetamido-6-methoxy-6-

oxohexyl)azanediyl]bis(methylene)](2E,2'E)-bis[3-[4-(9,9-dimethyl-9H-fluoren-2-

yl)phenyl]acrylate] (E,E-34) 

The above flash chromatography purification using ethyl acetate-methanol (95:5) as the 

eluent afforded compound (E,E)-34 (32 mg, yield 57%) as a white solid (mp 91-93 °C). 

1H NMR (600 MHz, DMSO-d6): 1.19-1.25 (m, 2H), 1.42-1.48 (m, 14H), 1.52-1.64 (m, 

2H), 1.82 (s, 3H), 2.43 (t, J = 7.4, 2H), 3.50-3.55 (m, 7H), 3.71 (s, 6H), 4.15-4.21 (m, 

1H), 7.31-7.36 (m, 4H), 7.52-7.56 (m, 2H), 7.63 (dd, J = 7.9, 1.8, 2H), 7.70 (d, J = 7.9, 

4H), 7.77-7.88 (m, 12H), 8.17 (d, J = 7.8, 1H).  

13C NMR (150 MHz, DMSO-d6): 22.2, 23.4, 25.1, 26.7, 30.8, 46.5, 49.8, 51.6, 51.8, 52.0, 

53.5, 120.2, 120.6, 121.0, 122.7, 125.7, 126.5, 127.0, 127.5, 129.6, 131.1, 133.5, 138.0, 

138.2, 138.3, 140.9, 141.4, 153.6, 154.1, 168.4, 169.3, 172.8. 

MS (ESI): m/z 957.4 [M+Na+]. 
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Reaction of MBHA derivative 24 with N-acetyl-L-histidine methyl ester (NAHME) 

acetate. 

 

Methyl (S,E)-2-[(4-(2-acetamido-3-methoxy-3-oxopropyl)-1H-imidazol-1-

yl)methyl]-3-[4-(9,9-dimethyl-9H-fluoren-2-yl)phenyl]acrylate (35). 

A solution of MBHA derivative 24 (30 mg, 0.071 mmol) in DMSO (3.0 mL) was added 

to NAHME acetate (15 mg, 0.071 mmol) and DIPEA (24 μL, 0.14 mmol). The reaction 

mixture was stirred at 50 °C for 24 hours. After completion, brine (3 x 50 mL) was added 

to the reaction mixture. The organic layers were extracted with ethyl acetate, combined, 

dried over sodium sulfate, filtered, and concentrated under reduced pressure. The 

purification by flash chromatography using ethyl acetate-petroleum ether (9:1) yielded 

compound 35 (24 mg, yield 59%) as an off-white solid (mp 81-84 °C).  

1H NMR (600 MHz, DMSO-d6): 1.50 (s, 6H), 1.78 (s, 3H), 2.76 (dd, J = 14.6, 8.5, 1H), 

2.85 (dd, J = 14.6, 5.4, 1H), 3.56 (s, 3H), 3.77 (s, 3H), 4.37-4.50 (m, 1H), 4.99 (s, 2H), 

6.81 (s, 1H), 7.29-7.39 (m, 2H), 7.53 (s, 1H), 7.56-7.60 (m, 3H), 7.72 (dd, J = 8.0, 1.7, 

1H), 7.86-7.89 (m, 3H), 7.93 (d, J = 8.0, 1H), 7.94 (s, 1H), 8.02 (s, 1H), 8.19 (d, J = 7.5, 

1H).  

13C NMR (150 MHz, DMSO-d6): 22.2, 26.8, 30.0, 42.7, 46.6, 51.6, 52.3, 115.9, 120.3, 

120.7, 121.2, 122.8, 125.8, 126.2, 127.1, 127.5, 130.0, 132.4, 136.5, 137.1, 138.0, 138.1, 

138.5, 141.6, 143.4, 153.7, 154.2, 166.7, 169.1, 172.3. 

MS (ESI): m/z 578.1 [M+H+]. 

 

Reaction of MBHA derivative 24 with N-acetyl-L-cysteine methyl ester (NACME) 

 

Methyl (R,Z)-2-[[(2-acetamido-3-methoxy-3-oxopropryl)thio]methyl]-3-[4-(9,9-

dimethyl-9H-fluoren-2-yl)phenyl]acrylate (36). 

A solution of MBHA derivative 24 (52 mg, 0.12 mmol) in DMSO (3.0 mL) was added to 

NACME (21 mg, 0.12 mmol) and DIPEA (21 μL, 0.12 mmol). The reaction mixture was 

stirred at 50 °C for 20 minutes. After completion, brine (3 x 50 mL) was added to the 

reaction mixture. The organic layers were extracted with ethyl acetate, combined, dried 

over sodium sulfate, filtered, and concentrated under reduced pressure. The crude product 

was purified by flash chromatography using the mixture containing ethyl acetate-

methanol (98:2) as the eluent to afford 36 (62 mg, yield 95%) as an off-white solid (mp 

68-71 °C). 
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1H NMR (600 MHz, DMSO-d6): 1.50 (s, 6H), 1.87 (s, 3H), 2.84 (dd, J = 13.8, 8.6, 1H), 

2.98 (dd, J = 13.8, 5.4, 1H), 3.63 (s, 3H), 3.70 (d, J = 12.4, 1H), 3.76 (d, J = 12.4, 1H), 

3.79 (s, 3H), 4.45-4.48 (m, 1H), 7.31-7.41 (m, 2H), 7.55-7.60 (m, 1H), 7.69 (d, J = 8.1, 

2H),  7.71-7.75 (m, 2H), 7.84-7.90 (m, 3H), 7.93 (d, J = 7.9,  1H), 7.95 (d, J = 1.7,  1H), 

8.39 (d, J = 7.8, 1H).   

MS (ESI): m/z 566.1 [M+H+]. 

 

Reaction of acrylanilide derivative 25 with N-acetyl-L-cysteine methyl ester 

(NACME) 

 

(S)-Methyl 2-acetamido-3-[[3-[[4-(9,9-dimethyl-9H-fluoren-2-yl)phenyl]amino]-3-

oxopropyl]thio]propanoate (37).  

A solution of acrylanilide derivative 25 (52 mg, 0.15 mmol) in DMSO (3.0 mL) was 

added to NACME (53 mg, 0.30 mmol) and DIPEA (52 μL, 0.30 mmol). The reaction 

mixture was stirred at 50 °C for three days. After completion, brine (3 x 50 mL) was 

added to the reaction mixture. The organic layers were extracted with ethyl acetate, 

combined, dried over sodium sulfate, filtered, and concentrated under reduced pressure. 

The resulting organic residue was purified by flash chromatography using ethyl acetate 

as eluent to obtain compound 37 (54 mg, yield 68%) as an off-white solid (mp 129-132 

°C). 

1H NMR (600 MHz, DMSO-d6): 1.49 (s, 6H), 1.87 (s, 3H), 2.63 (t, J = 7.2, 2H), 2.78-

2.85 (m, 3H), 2.94 (dd, J = 13.7, 5.5, 1H), 3.65 (s, 3H), 4.46-4.50 (m, 1H), 7.30-7.36 (m, 

2H), 7.56 (dd, J = 7.1, 1.4, 1H), 7.63 (dd, J = 8.1, 1.1, 1H), 7.71 (s, 4H), 7.82-7.85 (m, 

2H), 7.87 (d, J = 7.9, 1H), 8.40 (d, J = 7.8, 1H), 10.08 (s, 1H).  

13C NMR (150 MHz, DMSO-d6): 22.3, 26.8, 27.3, 32.7, 36.6, 46.5, 52.0, 119.4, 120.1, 

120.5, 120.6, 122.7, 125.2, 126.9, 127.0, 127.2, 135.1, 137.4, 138.2, 138.4, 138.9, 153.6, 

154.0, 169.4, 171.3. 

MS (ESI): m/z 539.1 [M+H+]. 

 

3.7.2 Photophysical and photochemical properties 

 

Freshly prepared solutions at approximately 1x10-5 M in DCM were used for 

photophysical characterization studies. UV-Vis absorption spectra were performed using 

an Agilent Cary 60 spectrophotometer. PL spectra were obtained with a Cary Eclipse 
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Fluorescence Spectrophotometer. The irradiation experiments involving the diadduct 

derivative (E,E)-34 were carried out with a tunable source Zolix (TLS2-X300PU-G, 

300W UV Xenon Light Source with monochromator Omni-λ2047i). 

 

[2+2] Photocycloaddition reaction of diadduct derivative (E,E)-34.  

A solution of diadduct derivative (E,E)-34 (12 mg, 0.013 mmol) was dissolved in 

deuterated dichloromethane (1.0 mL) in a 5 mm NMR Pyrex tube. The solution was 

exposed to a monochromatic light centered at 327 nm generated by means of a tunable 

source Zolix, and 1H NMR spectra were recorded at regular time intervals (0, 2, 4, 8, 16, 

24, and 42 hours).  

 

Dimethyl 3-((S)-5-acetamido-6-methoxy-6-oxohexyl)-6,7-bis(4-(9,9-dimethyl-9H-

fluoren-2-yl)phenyl)-3-azabicyclo[3.2.0]heptane-1,5-dicarboxylate (38). 

The solution contained in the NMR tube was concentrated, and the crude product was 

purified by flash chromatography using petroleum ether-ethyl acetate (1:1) as the eluent 

to give compound 38 (10 mg, yield 83%) as a colorless glassy solid. Figure 17 shows the 

comparison of the 1H NMR spectra of the isolated compound 38 with reference 

compounds 20 and 21 (see Research Article 2.8 and 2.9), highlighting spectral similarities 

and structural correlation. The presence of characteristic signals corresponding to protons 

of the azabicyclo[3.2.0]heptane scaffold confirmed the successful occurrence of the [2+2] 

photocycloaddition reaction. 

 MS (ESI): m/z 935.2 [M + H+]. 
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Figure 17. Comparison of the 1H NMR spectra (600 MHz, CDCl3) of the isolated 

compound 38 with reference compounds 20 and 21 bearing the triphenylamine moiety. 

 

Reaction of MBHA derivative 24 with Human Serum Albumin (HSA) 

To a solution of HSA (Human Ricombinant Serum Albumin Expressed in Pichia Pastoris, 

Aldrich A7736, 67 mg, 1.0 µmol) in deuterium oxide (1.4 mL), buffered at pH 7.4 with 

Phosphate Buffered Saline (PBS, 14 mg), MBHA derivative 24 (0.43 mg, 1.0 µmol) was 

added as a (20 mM) solution in DMSO-d6 (50 µL). The reaction mixture was divided into 

two 5 mm NMR Pyrex tubes and heated at 37 °C and 50 °C, respectively. 1H NMR spectra 

were recorded at regular time intervals (0, 1, 2, 4, 8, and 24 h). 
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MBHA-BASED MACROCYCLIC CROWN 
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 4.1 CROWN ETHER: A GENERAL INTRODUCTION  

Macrocycles represent a captivating class of large-ring molecules that have become 

central to modern chemistry due to their distinctive structural characteristics and broad 

range of applications. Among them, crown ethers stand out as the most extensively 

studied and widely utilized macrocyclic compounds. These latter molecules, composed 

of repeating ether units, were first discovered and described by Charles J. Pedersen in 

1967, a breakthrough that later earned him the Nobel Prize in Chemistry in 1987.1 Crown 

ethers are generally categorized into two main types: aliphatic crown ethers, consisting 

solely of ether linkages, and aromatic crown ethers, which incorporate aromatic moieties, 

such as benzo- or dibenzo- units, alongside ether functionalities.2 A further subclass, 

known as aza crown ethers, arises when one or more oxygen atoms are replaced by 

nitrogen atoms within the macrocyclic ring.3 The defining feature of crown ethers lies in 

their remarkable ability to form stable complexes with metal cations. This property is 

attributed to the presence of electron-rich heteroatoms that create a central cavity suitable 

for ion coordination.4 Such host-guest interaction supports their pivotal role in 

supramolecular chemistry, particularly in the selective binding of alkali and alkaline earth 

metals. The resulting complexes often exhibit amphiphilic character, possessing a 

hydrophilic core that surrounds the bound cation and a hydrophobic exterior.5,6 The 

structural versatility of these macrocycles, defined by ring size, donor atom type, and 

substitution patterns, enables fine-tuning of their binding properties, making them 

indispensable tools in analytical chemistry, catalysis, molecular recognition, and drug 

delivery.7 

In this regard, crown ethers have proven particularly valuable in drug delivery, primarily 

because of their ionophoric properties, which facilitate efficient membrane transport and 

modulate interactions with biological systems. Their ability to complex metal cations 

allows for the design of responsive delivery systems, including vesicular structures such 

as liposomes and niosomes, capable of encapsulating both hydrophilic and lipophilic 

drugs.8,9 For example, Echegoyen and co-workers developed cholesterol-linked crown 

ethers forming functional vesicles.10 Whilst niosomes are defined as non-ionic liposomes, 

they can be engineered to respond to specific cations and enhance drug release. For 

instance, Darwish and Uchegbu demonstrated that crown ether-based niosomes 

composed of N-hexadecanoyl-2-aminomethyl-15-crown-5 enhanced the release of 

rhodamine B in the presence of Ca2+ ions.11 Similarly, the Muzzalupo group designed 

niosomal formulations of 5-fluorouracil (5-FU) that improved drug stability and reduced 
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cytotoxic effects.12 Building on such evidence, crown ether-based drug-targeting systems 

have emerged as promising tools in cancer therapy, improving drug permeability and 

cellular uptake through stable cation-complexation mechanisms. For example, Borrel et 

al. demonstrated that various crown ethers can act as effective carriers for pirarubicin, an 

anticancer agent with limited cellular permeability due to its high polarity.13 Crown ethers 

have also been employed in the design of nanocarrier systems. Lee and collaborators 

reported a series of core-shell nanoparticles bearing dibenzo-crown ethers. These 

multifunctional systems were used for the delivery and imaging of doxorubicin in tumor 

cells, optimizing the drug release through different approaches.14  

Beyond their use in drug delivery, crown ethers have attracted growing interest as ion 

transport carriers and synthetic ion channels, owing to their amphiphilic nature and strong 

cation-complexing capacity. Cellular membranes are composed of an external 

hydrophilic surface and an internal hydrophobic core. These structures serve as selective 

barriers that protect the intracellular environment against the external environment and 

regulate essential physiological functions such as osmotic pressure, homeostasis, 

metabolism, pH balance, and intercellular communication and signaling processes.15,16 

Crown ether-based systems that mimic these natural mechanisms have emerged as 

innovative tools to design artificial transmembrane channels.17,18 Natural ion channels are 

dynamic systems that respond to external stimuli, such as pH changes, ligand binding, 

enzymatic activity, or voltage fluctuations, to regulate ion flow. Designing artificial 

channels with stimuli-responsive gating mechanisms is therefore essential. In this regard, 

crown ethers have demonstrated the ability to interact with lipid membranes, particularly 

monolayer lipid membranes (MLMs), forming membrane pores whose gating properties 

can be synthetically tuned to respond to voltage, pH, or light stimuli.19 At the same time, 

supramolecular chemistry, which relies on noncovalent intramolecular interactions such 

as hydrogen bonding, van der Waals force, electrostatic interactions, and π-π stacking, 

provides the framework for assembling these functional systems.20 Cazacu et al. exploited 

these principles to investigate cellular processes using crown ether-based membrane 

systems, underscoring their potential in membrane biophysics and bioengineering.21 In 

recent years, a notable advancement in this field has been the development of hydraphiles, 

synthetic ion channels composed of three crown ether macrocycles linked by alkyl 

spacers of variable lengths.22 Voyer and his research group designed hydraphile systems 

incorporating peptide α-helical moieties that adopted conformational alignments ideal for 

Na+ transport, with precise spacing between crown ether units.23-25 Alternatively, Zeng et 
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al. engineered polypeptide-based hydraphiles that self-assemble into K+-selective 

channels,26 while Zhu and collaborators developed light-responsive ion channels utilizing 

azobenzene moieties capable of reversible cis/trans isomerization to control ion 

transport.27  

In addition to the earlier-mentioned applications, crown ethers can interact directly with 

cellular membranes, influencing permeability and thereby altering ionic balance and 

structural integrity. This property underlies their moderate cytotoxicity effects against 

tumor and bacterial cells.22,28 Importantly, these systems offer new therapeutic 

perspectives for the treatment of channelopathies, including cardiac arrhythmias, cystic 

fibrosis, and neuropsychiatric disorders.19 Detailed studies have revealed that the 

molecular length of hydrophilic crown ether derivatives strongly correlates with their ion 

transport efficiency across bilayer membranes. Specifically, compounds that were too 

short to extend over the bilayer exhibited no activity, while those significantly longer than 

the bilayer thickness showed only marginal activity. These findings suggest the existence 

of an optimal molecular length for effective antibacterial performance.29 Moreover, 

crown ethers have been shown to enhance the efficacy of classical antibiotics such as 

erythromycin, kanamycin, and rifampicin, acting as a synergistic agent. This 

enhancement is likely attributable to their ability to disrupt membrane integrity, thereby 

facilitating the intracellular uptake of antibiotic compounds.22 Notably, the cytotoxicity 

properties of dialkylated lariat ether derivatives have also been linked to membrane 

destabilization mechanisms.30 In both 2011 and 2013, independent research groups led 

by Marjanovic and Smithrud, respectively, reported that a diverse array of crown ethers, 

aza crown ethers, and crown ether-host rotaxane (CEHR) derivatives exhibited 

antiproliferative activities against five distinct tumor-cell lines.28,31 In particular, 

Smithrud et al. demonstrated that CEHRs induced apoptosis via necrotic pathways, 

attributed to elevated intracellular concentrations of cations such as Mg2+ and Ca2+.32 

Owing to their structural adaptability and unique ion-complexing capabilities, crown 

ethers remain essential molecular architectures in supramolecular chemistry and 

advanced biotechnology applications, offering promising prospects for future 

developments in drug design, delivery, and therapeutic innovation. 
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4.2 AIMS OF THE CHAPTER  

Over recent years, the research activity of the group to which I belong has primarily 

focused on the design, synthesis, and application-oriented evaluation of a broad range of 

MBHA acetyl derivatives, as outlined in Chapter 2. Briefly, these MBHA compounds 

were found to react with various nucleophilic models, including n-butylamine, lysine 

derivatives, imidazole, and histidine derivatives, thereby enhancing their reactivity 

toward more complex biological systems.33-39 Notably, MBHA derivative 38 exhibited 

intrinsic reactivity toward a single-chain Fv antibody bearing a hexahistidine tag, leading 

to the formation of multi-PEGylated species.36,37 In addition, other MBHA derivatives 

39-40 were found to selectively react with a lysine residue situated within a lipophilic 

pocket of a retinoic acid binding protein (Figure 1).37,39 These findings, together with the 

results presented in the preceding chapters of this thesis, provided the rationale for further 

developing studies centered on MBHA derivatives.  

 

Figure 1. Application of MBHA acetyl derivatives in protein functionalization.36-39   

 

In this Chapter, the use of MBHA derivatives is directed toward the formation of 

symmetric dimers, designed to incorporate two electrophilic functionalities capable of 

interacting with systems bearing reactive basic groups, such as primary amino groups or 

imidazole. This interaction can promote the formation of looped structures with 

amphiphilic character, endowing the resulting systems with intriguing properties 

reminiscent of both crown ethers and paracyclophane derivatives. Specifically, MBHA 

acetyl derivative 41 could be employed as a synthon in the convergent synthesis of 
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oligo(ethylene glycol)-tethered MBHA dimers 42a-d via the well-established Copper(I)-

Catalyzed Azide-Alkyne Cycloaddition (CuAAC) (Figure 2). The mild and 

chemoselective nature of CuAAC represents a key advantage in practice. In this context, 

this reaction has played a central role in the synthesis of numerous supramolecular 

architectures, as exemplified by Goldup’s work on the synthesis of novel rotaxanes and 

catenanes.40 To simulate such nucleophilic groups found in more complex biological 

systems, the reactivity of the OEG-tethered MBHA dimers 42a-d could be investigated 

using n-butylamine as the simplest model, leading to the formation of macrocyclic crown 

ether-paracyclophane hybrid structures 43a-d (Figure 2).  

 

 

Figure 2. Design of MBHA dimers 42a-d, developed for the formation of macrocyclic 

structures. Their reactivity was evaluated using n-butylamine as a model nucleophile. The 

compounds differ by the length of the OEG spacer: 42-43a (n = 1), 42-43b (n = 2), 42-

43c (n = 3), and 42-43d (n = 4). 

  

Furthermore, the presence of two cinnamic moieties in compounds 43a-d prompted an 

investigation into their photochemical behavior, for which the simplest tri(ethylene 

glycol)-based compound 43a was selected. Finally, considering the previously reported 

cytotoxic activities of crown ethers, the macrocyclic derivatives 43a-d could be evaluated 

for their biological properties to identify their potential as anticancer agents.  
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4.3 SYNTHESIS OF MACROCYCLIC CROWN ETHER-

PARACYCLOPHANE HYBRID COMPOUNDS FROM MBHA ACETYL 

DERIVATIVE SCAFFOLDS. 

 

4.3.1 Synthesis procedures  

The synthetic pathway was developed from two key synthons, each obtained through a 

series of straightforward synthetic steps (Scheme 1).  

 

Scheme 1. Convergent synthetic procedure of dimeric MBHA derivatives 42a-d. 

 

Scheme 1. (i) Trimethylsilylacetylene, Pd(PPh3)2Cl2, CuI, TEA, dry THF; (ii) K2CO3, 

CH3OH; (iii) DABCO, methyl acrylate, CH3OH; (iv) CH3COCl, TEA, CH2Cl2; (v) 

CH3SOCl, TEA, CH2Cl2; (vi) NaN3, DMF, CH3CN; (vii) CuBr(I), DIPEA, CH3CN. The 

compounds differ by the length of the OEG spacer: 42a (n = 1), 42b (n = 2), 42c (n = 3), 

and 42d (n = 4). 
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The commercially available 4-bromobenzaldehyde 10 underwent a Sonogashira coupling 

reaction with trimethylsilylacetylene in the presence of TEA as a base and a catalytic 

system composed of Pd(PPh3)2Cl2 and CuI, yielding compound 44. This intermediate was 

subsequently desilylated using potassium carbonate to afford the corresponding terminal 

alkyne-aldehyde 45. Next, an MBH reaction was performed between aldehyde 45 and 

methyl acrylate in the presence of DABCO and catalytic amounts of methanol, resulting 

in the formation of alcohol derivative 46. This compound was then acetylated using acetyl 

chloride in the presence of TEA to obtain the corresponding MBHA acetyl derivative 41. 

In parallel, the diazide synthons 49a-d were synthesized starting from the commercially 

available OEG 47a-d. These were first activated via reaction with mesyl chloride to yield 

the corresponding mesylated intermediates 48a-d, which were then converted into diazide 

derivatives 49a-d by means of nucleophilic substitution with sodium azide in a DMF-

ACN mixture. Finally, the MBHA acetyl derivative 41 was subjected to a CuAAC 

reaction with the relative diazide derivatives 49a-d in dry acetonitrile, using CuBr(I) as a 

catalyst and DIPEA as a base, to afford the corresponding symmetric dimers 42a-d. These 

dimeric MBHA derivatives 42a-d were subsequently reacted with n-butylamine in 

refluxing chloroform, leading to the formation of macrocyclic crown ether-

paracyclophane hybrid structures 43a-d (Scheme 2) as mixtures of diastereomers. 

 

Scheme 2. Reaction between MBHA dimers Xa-d with n-butylamine. 

 

 

Scheme 2. (i) n-Butylamine, CH3Cl. The compounds differ by the length of the OEG 

spacer: 42-43a (n = 1), 42-43b (n = 2), 42-43c (n = 3), and 42-43d (n = 4). 

 

Among the diastereomeric pairs obtained, only the mixture of macrocyclic compound 43a 

proved suitable for purification by flash chromatography. This process yielded (E,Z)-43a 



 

122 

 

as the least polar fraction with 17% yield, and (E,E)-43a as the most polar fraction with 

35% yield (Figure 3). The symmetric isomer (E,E)-43a was successfully crystallized 

from ethyl acetate, affording crystals suitable for X-ray diffraction analysis. The resulting 

structural data confirmed the geometry of the compound and enabled its complete 

characterization by means of NMR spectroscopy.  

In contrast, the separation of the diastereomeric mixtures of macrocycle derivatives 43b-

d was considerably more challenging due to their increased polarity. Nevertheless, using 

the 1H NMR spectra of (E,Z)-43a and (E,E)-43a as reference standards, it was possible 

to assign the diastereomeric ratio of (E,Z) and (E,E) forms in derivatives 43b-d as 

approximately 2:1. 

 

 

Figure 3. Structures of compounds (E,Z)-43a and (E,E)-43a. 

 

4.3.2 Photophysical and photochemical studies 

The presence of two cinnamic moieties in the structure of these macrocycle compounds, 

structurally related to the diadduct derivatives 17, 19, and 34 previously seen in Chapter 

2 and Chapter 3, prompted an investigation into their photophysical and photochemical 

properties. UV-Vis absorption spectra of (E,Z)-43a and (E,E)-43a revealed low-energy 

absorption maxima, approximately 300 nm for the symmetric derivative (E,E)-43a and a 

slightly blue-shifted maximum around 290 nm for the (E,Z)-43a isomer. The presence of 

two photoisomerizable double bonds suggested a propensity for both photoisomerization 

and [2+2] photocycloaddition processes (Scheme 3).  
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Scheme 3. Photochemical behavior of (E,E)-43a under 305 nm irradiation. 

 

 

 

To explore these behaviors, a series of photochemical studies was conducted. The (E,E)-

43a isomer was selected due to its symmetric structure, which provided a simplified 1H 

NMR spectrum and good solubility in deuterated solvents such as methanol and DMSO. 

In a 5 mm NMR Pyrex tube, both solutions were irradiated with monochromatic light 

centered at 305 nm, yielding distinct outcomes. Irradiation in methanol-d4 resulted in the 

gradual formation of a white precipitate. Nevertheless, 1H NMR spectra, recorded at 

regular time intervals (Figure 4), showed the progressive conversion of (E,E)-43a in 

solution into the corresponding symmetric cyclobutane derivative X. The precipitate was 

separated from the reaction mixture and analyzed in DMSO-d6, identifying the (E,Z)-43a 

isomer.  
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Figure 4. Comparison of 1H NMR spectra (400 MHz) obtained by irradiating compound 

(E,E)-43a (10 mg, 0.015 mmol) in CD3OD (1.5 mL) with a monochromatic light centered 

at 305 nm at room temperature. The monochromatic wavelength was selected using a 

tunable light source Zolix (TLS2-X300PU-G, 300W UV Xenon Light Source with 

monochromator Omni-λ2047i). 1H NMR spectra were registered at regular time intervals 

(0, 1, 2, 4, 8, 24, and 27 hours). 

 

To prevent precipitation of asymmetric isomer (E,Z)-43a, DMSO-d6 was selected as a 

more suitable solvent. Under these conditions, similar photochemical behavior was 

observed, with the absence of precipitate formation being the only notable difference. 

Spectral analysis indicated the formation of two products with symmetric geometry in an 

approximate 2:1 ratio (Figure 5).  
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Figure 5. Comparison of 1H NMR spectra (400 MHz) obtained by irradiating compound 

(E,E)-43a (10 mg, 0.015 mmol) in DMSO-d6 (1.0 mL) with a monochromatic light 

centered at 305 nm at room temperature. The monochromatic wavelength was selected 

using a tunable light source Zolix (TLS2-X300PU-G, 300W UV Xenon Light Source 

with monochromator Omni-λ2047i). 1H NMR spectra were registered at regular time 

intervals (0, 2, 4, 8, 24, and 48 hours). 

 

Particularly, hypothesizing that diastereomer (E,E)-43a could undergo [2+2] 

photocycloaddition reaction to afford compound 50-M, at the same time, the 

photoisomerization process yielded asymmetric diastereomer (E,Z)-43a. The latter, 

unable to participate in [2+2] photocycloaddition reaction due to geometric constraints, 

may undergo a second photoisomerization to regenerate (E,E)-43a or form (Z,Z)-43a 

isomer. Consequently, the minor formation of compound 50-m was attributed to the [2+2] 

photocycloaddition of the (Z,Z)-43a diastereomer (see Scheme 3). 

 

Dimethyl (14Z,54Z)-33-butyl-11H,51H-8,11-dioxa-33-aza-1,5(4,1)-ditriazola-3(6,7) 

bicyclo[3.2.0]eptane-2,4(1,4)-dibenzenecyclotridecaphane-31,35-dicarboxylate (50-

M) 

The irradiated solution in DMSO-d6 of (E,E)-Xa was concentrated, and the resulting 

residue was purified by flash chromatography using ethyl acetate-methanol (95:5) as the 

eluent to afford compound 50-M (4.0 mg, yield 40%) as an off-white solid.  
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1H NMR (600 MHz, DMSO-d6): 0.97 (t, J = 7.4 Hz, 3H), 1.39-1.48 (m, 2H), 1.54-1.61 

(m, 2H), 2.59 (t, J = 7.3 Hz, 2H), 2.68 (d, J = 10.7 Hz, 2H), 3.35-3.40 (m, 4H), 3.66 (d, J 

= 10.7 Hz, 2H), 3.71 (s, 6H), 3.73-3.83 (m, 4H), 4.43-4.48 (m, 4H), 4.68 (s, 2H), 7.27 (d, 

J = 8.4 Hz, 4H), 7.45 (d, J = 8.4 Hz, 4H), 8.37 (s, 2H). 

13C NMR (150 MHz, DMSO-d6): 173.4, 146.0, 136.2, 130.9, 128.4, 123.5, 121.7, 69.9, 

69.1, 59.0, 57.9, 54.9, 52.3, 50.0, 45.7, 29.9, 20.4, 13.9. 

 

4.3.3 Cytotoxicity activity evaluation 

The cytotoxic activities of compounds (E,Z)-43a, (E,E)-43a, and 43b-d were evaluated 

against non-confluent, adherent human breast cancer MDA-MB-231 and human 

melanoma A375 cells using Doxorubicin as the positive control. The outcomes were 

summarized in Table 1.  

 

Table 1. IC50 value (μM) of the tested samples towards MDA-MB-231 and A375 cells. 

 

Compounds 

IC50 (µM) 

MDA-MB-

231 Cells 

A375 Cells 

Doxorubicin 1.5 0.5 

(E,Z)-43a 0.8 0.8 

(E,E)-43a 1.0 0.8 

43b 1.0 0.8 

43c 0.8 0.8 

43d 1.0 1.0 

 

Overall, the slight differences in cytotoxic potency observed among macrocyclic 

derivatives 43a-d suggested that the underlying cytotoxic mechanism may be attributed 

to a structurally non-specific interaction between the macrocyclic compounds and key 

cellular components, such as the cell membrane. This assumption appeared to be in full 

agreement with the current literature.28,30  

The data collected allowed us to publish two journal articles in RSC Advances and 

Pharmaceuticals. For more details, see the Research Article in Paragraph 4.5 and the 

Research Article in Paragraph 4.6. 
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