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List of Abbreviations 
 

Ab Antibody 
Acr+-Mes 9-Mesityl-10-methylacridinium ion 
Ag Antigen 
AIN Aluminium nitride 
AUC Area under the curve 
(±)-BINAP (±)-2,2′-Bis(diphenylphosphino)-1,1′-binaphthalene 
Boc2O Di-tert-butyl dicarbonate 
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COMU (1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-

morpholino-carbenium hexafluorophosphate 
COVID-19 Coronavirus disease 2019 
DBDMH 1,3-Dibromo-5,5-dimethylhydantoin 
DCC N,N′-Dicyclohexylcarbodiimide 
DFT Density-functional theory 
DIH 1,3-Diiodo-5,5-dimethylhydantoin 
DIPEA N,N-Diisopropylethylamine 
DLS Dynamic light scattering 
DMAP 4-(Dimethylamino)pyridine 
DME Dimethoxyethane 
DMF N,N-Dimethylformamide 
DMSO Dimethyl sulfoxide 
DPA 9,10-Diphenylanthracene 
DSC N,N′-Disuccinimidyl carbonate 
Ea Activation energy 
EA Energy acceptor 
ECL Electrogenerated chemiluminescence 
EDC N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 
EDG Electron donating group 
EMCCD Electron-multiplying charge-coupled device 
EMR Electromagnetic radiation 
ESP Electrostatic potential 
EWG Electron withdrawing group 
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FITS Flexible image transport system 
HaCaT Human aneuploid immortal ketatinocyte cell line 
hCG Human chorionic gonadotropin 
hIgG Human immunoglobulin G 
H2TPP Tetraphenylporphyrin 
HOBt 1-Hydroxybenzotriazole 
HOMO Highest occupied molecular orbital 
HPLC High-performance liquid chromatography 
HRP Horseradish peroxidase 
IC Internal conversion 
ISC Intersystem crossing 
Kd Dissociation constant 
LDA Linear discriminant analysis 
LED Light-emitting diode 
lnA Pre-exponential factor 
LOD Limit of detection 
LogP Partition coefficient 
LUMO Lowest unoccupied molecular orbital 
MB Methylene blue 
MBs Magnetic beads 
MCL Mechanoluminescence 
MEP Minimal energy path 
MFC Mass flow controller 
MM Molecular mechanics 
MVP 1-(2’-Methoxyvinyl)pyrene 
NHS N-hydroxysuccinimide 
NMR Nuclear magnetic resonance 
NOA Norland optical adhesive 
NP Nanoparticle 
ORMOSIL Organically modified silica 
PCA Principal component analysis 
PDI Polydispersity index 
Pdots Polymer dots 
PEG Polyethylene glycol 
PEOE Partial equalization of orbital electronegativity 
PES Potential energy surface 
PG Protecting group 
pH Potential of hydrogen 
PL Photoluminescence 
PluS Pluronic silica 
POC Point-of-care 
PPO Polypropylene oxide 
PS Polystyrene 
RB Rose bengal 
RLU Relative light unit 
r.t. Room temperature 
SA Streptavidin 
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SCF Self-consistent field 
SD Standard deviation 
SET Single electron transfer 
SM Starting material 
SOC Spin-orbit coupling 
STP 4-Sulfo-2,3,5,6-tetrafluorophenol sodium salt 
TBTU 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 

tetrafluoroborate 
TCL Thermochemiluminescence 
TEM Transmission electron microscopy 
TEOS Tetraethyl ortosilicate 
TFA Trifluoroacetic acid 
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Abstract 
 

 

 

 

 

 

 

 

After initial efforts in the late 1980s, the interest in thermochemiluminescence 

(TCL) as an effective detection technique has gradually faded due to some 

drawbacks, such as the high temperatures required to trigger the light emission 

and the relatively low intensities, which determined a poor sensitivity. Recent 

advances made with the adoption of variably functionalized 1,2-dioxetanes as 

innovative luminophores, have proved to be a promising approach for the 

development of reagentless and ultrasensitive detection methods exploitable in 

biosensors by using TCL compounds as labels, as either single molecules or 

included in modified nanoparticles.  

In this PhD Thesis, a novel class of N-substituted acridine-containing 1,2-

dioxetanes was designed, synthesized, and characterized as universal TCL probes 

endowed with optimal emission-triggering temperatures and higher detectability 

particularly useful in bioanalytical assays. The different decorations introduced 

by the insertion of both electron donating (EDGs) and electron withdrawing 

groups (EWGs) at the 2- and 7-positions of acridine fluorophore was found to 

profoundly affect the photophysical properties and the activation parameters of 

the final 1,2-dioxetane products. Challenges in the synthesis of 1,2-dioxetanes 

were tackled with the recourse to continuous flow photochemistry to achieve the 
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target parent compound in high yields, short reaction time, and easy scalability. 

Computational studies were also carried out to predict the olefins reactivity in the 

crucial photooxygenation reaction as well as the final products stability. The 

preliminary application of TCL prototype molecule has been performed in 

HaCaT cell lines showing the ability of these molecules to be detected in real 

biological samples and cell-based assays. Finally, attempts on the 

characterization of 1,2-dioxetanes in different environments (solid state, optical 

glue and nanosystems) and the development of bioconjugated TCL probes will 

be also presented and discussed. 
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Chapter 1. Introduction 
 

 

 

 

 

 

 

 

1.1 Overview on luminescent detection techniques 

The luminescence-based detection techniques are particularly attractive for 

bioanalytical applications and biosensors development as they combine a high 

detectability with simple instrumentations.1,2 Such technologies are particularly 

relevant for the implementation of miniaturized devices and compact analytical 

formats that need smaller, faster, and still accurate analytical tools for sensing 

and imaging methods. 

The term luminescence was coined by Eilhardt Wiedemann at the end of XIX 

century to describe physical phenomena based on the photon emission of specific 

materials when submitted to different nature processes (i.e., absorption of light, 

chemical or electrochemical reactions, decomposition of thermally sensitive 

precursors).3 Concerning the features of the triggering phenomenon, an 

electronically excited molecule can embrace a similar fate. As consequence of 

the trigger (e.g., absorption of light quantum energy as photon from the external 

environment when photoluminescence is involved), electrons of the molecule are 

promoted from the ground state (S0) to a singlet excited one (Sn, n ≥ 1) based on 

the energy absorbed. Electrons stand in that excited state for a short time, and 
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then gradually decay relaxing to the ground state following two different 

intramolecular pathways, as depicted by the Jablonski diagram (Figure 1). 

Finally, the excess of energy is released as an electromagnetic radiation (EMR) 

after the vibrational relaxation of an electronically excited molecule to its 

electronic S0 corresponding to the energy gap between the electronic levels 

(HOMO-LUMO) involved in the transition.2c 

 

 
Figure 1. The Jablonski energy diagram. The radiative (i.e., fluorescence and 

phosphorescence) and non-radiative (i.e., IC and ISC) processes are represented by solid 

and wavy lines, respectively. 

 
Based on the mode of decay, two different processes can occur, including the 

radiative and non-radiative relaxations. The latter describes a pathway in which 

the excess of energy is dissipated as thermal energy, such as the internal 

conversion (IC) and the intersystem crossing (ISC). Although the direct 

excitation of the molecule at triplet states (Tn, n ≥ 1) by the absorption of a 

radiation from the ground state is not tolerated because of the forbidden spin 

transition, the population of triplet states is allowed as the result of the 

overlapping between the vibrational levels of the two excited states via the ISC.4 

Consequently, both processes lead the excited molecule to its lower excited state, 

S1 or T1, respectively. On the other hand, when the excited molecule decays to its 
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ground state emitting a photon, the relaxation is named radiative and generally 

involves fluorescence (S1 → S0 transition) and/or phosphorescence (T1 → S0 

transition).  

The luminescence process can be distinguished in two main categories 

according to the different ways of the excited state generation: 

photoluminescence (PL) and chemical luminescence (CL). PL is certainly the 

most employed luminescence detection technique as it has been exploited for a 

wide range of applications, including clinical diagnostics, environmental 

monitoring and bioimaging.5 The light emission is produced as a consequence of 

EMR absorption through a physical process (i.e., photoexcitation of emissive 

species). In fact, common fluorescent or phosphorescent substrates require the 

energy absorption and the consequent excitation from optics and external light 

sources, such as UV-Vis lamps, lasers, etc.6 The production of photons without 

photoexcitation sources has prompted the search of CL-based approaches to solve 

issues associated with the light scattering, background signal interference, and 

relatively complex instrumentation.7  

Superior analytical performance can be achieved by using CL detection 

techniques, such as chemi- and bioluminescence (CL/BL),1b,8,9 electrogenerated 

chemiluminescence (ECL),10 and thermochemiluminescence (TCL).11 All these 

phenomena consist in the photon emission from chemically excited species 

promoted by a chemical reaction, in dark conditions, where catalysts, enzymes, 

redox systems, and/or thermally induced decomposition of unstable molecules 

are involved (Figure 2).12 
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Figure 2. Representative luminescence based-detection techniques: photo-, chemi-, 

bio-, electrochemi-, and thermochemiluminescence. 

 

Generally, CL techniques produce less intense light emission than PL since the 

light arises from the molecules via a chemical reaction, while in the 

photoexcitation the light emission depends on the excitation light intensity. 

Although being fairly weak, the chemical luminescence light signal is 

characterized by minimal nonspecific background interferences, thus resulting in 

a very high signal-to-noise ratio. Moreover, the week intensity of light signal is 

now easily measurable thanks to the advanced analytical instrumentation (i.e., 

photomultiplier tubes or charge coupled devices) able to provide accurate 

measurements of few photons.1a,12 Therefore, CL measurements can be realized 

using simple and economical equipment as the excitation source is not required. 

Moreover, CL detections have shown wide dynamic ranges facilitating analysis 

of samples at diverse analyte concentrations.13 The main pitfall of this approach 

is the potential effect of sample matrix constituents that can interfere and affect 

the light generated during the process. Indeed, the matrix interferences could 

contribute to artefacts and irreproducible results in an unpredictable way.1b,13 On 

the other hand, BL applications often require chemicals and expensive enzyme 

labels that need to be carefully manipulated to preserve the enzyme activity at the 

investigated experimental conditions.14
 

In this context, TCL has emerged as an alternative and sensitive technique to 

overcome such limitations. In this case, relatively unstable molecules, i.e., 1,2-

dioxetanes, undergo a thermal decomposition above a threshold temperature 
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generating light. TCL combines a potential high sensitivity similar to other more 

common chemical luminescence methods (CL/BL/ECL) with a great 

simplification of measurement procedures being a “reagentless” approach since 

the light emission is simply triggered by the heat. The implementation of TCL 

performance through the design and synthesis of novel TCL labels characterized 

by a high stability at room temperature and a reasonably low emission triggering, 

could open new and unexplored perspectives in the bioassay field. Recently, a 

renewed interest in TCL has prompted several research groups to reinvestigate 

this poorly exploited detection technique. The main TCL principles and analytical 

applications involving the use of 1,2-dioxetanes in various luminescence assays 

will be extensively discussed in the next sections.  

 

 

1.2 Thermochemiluminescence as ultrasensitive detection method 

Among the luminescence methods based on the decomposition of relatively 

unstable molecules, thermochemiluminescence represents the less investigated 

one.15 TCL was described for the first time in 1963, but only in the late ‘80s it 

was suggested as an alternative analytical approach for immunoassays, though 

with limited practical applications. After the pioneering works on the Fluorescent 

Amplified Thermochemiluminescence IMmunoAssay (FATIMA) and 

adamantylidene adamantane-1,2-dioxetane (1, Scheme 1), this technique was 

completely abandoned because of the high temperatures required to promote the 

decomposition of the 1,2-dioxetane 1 (more than 200 °C) and the poor 

detectability in comparison to other labels.  

Compound 1 was synthesized by Wieringa and co-workers as the most stable 

1,2-dioxetane known nowadays.16 Indeed, the adamantyl unit is a rigid and 

sterically demanding framework able to significantly stabilize the 1,2-dioxetane 

scaffold. The presence of two hindered groups protects the endoperoxide from 
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the ring opening by conferring a high stability in comparison to other 1,2-

dioxetanes.17 For this reason, 1 is essentially used as the standard reference for 

TCL emission measurements.18 The white and crystalline compound can be 

stored at room temperature for years (t1/2= 1.2 × 104 years at 25 °C) decomposing 

slowly in two corresponding 2-adamantanones (2).19 The endoperoxide unit can 

undergo a fast thermal decomposition above 200-250 °C generating identical 

carbonyl fragments (2, 2a, 2b) at different energetic states (S0, S1, T1) (Scheme 

1). When the singlet excited one (2a) relaxes to its ground state, an emission of a 

high energy photon with a wavelength at 425 nm is observed.19b,20 

 

hv

 
Scheme 1. TCL decomposition of adamantylidene adamantane-1,2-dioxetane (1). 

 

Overall, this approach has evidenced some drawbacks. The high triggering 

temperatures (ranging from 200-250 °C) require the use of expensive heat-

resistant materials for the biosensing detection device thus limiting the field of 

application, especially in water environment. Moreover, 2-adamantanone (2) is a 

weak fluorophore (ՓF= 0.015) with a very poor light emission efficiency 

requesting the use of an energy acceptor (EA) of fluorescence. Consequently, the 

TCL quantum yield (ՓTCL) of the above-described system is quite low since the 

carbonyl fragment shows almost no singlet dacay.21 

Nevertheless, several research groups have employed dioxetane-based 

immunological analysis for the detection of common biomolecules of interest. 

For instance, in 1986 Luider and co-workers used an adamantyl dioxetane 

derivative to develop a TCL immunoassay for human chorionic gonadotropin 

(hCG).22 The assay was realized by functionalizing the monoclonal anti-hCG 

with the 1,2-dioxetane scaffold alone or in the presence of the EA (9,10-
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diphenylanthracene, DPA). In the first case, a larger dynamic range than the 

classical enzyme-based assays was measured despite a lower precision and 

detection limit. The response was increased by conjugating several EA molecules 

to the monoclonal anti-hCG. The electronic energy of the singlet excited ketone 

produced by 1,2-dioxetane decomposition can be transferred in a non-radiative 

way to an acceptor molecule. This phenomenon can be used to amplify the TCL 

signal from 1,2-dioxetane labels and labelled compounds. 

Improvements of TCL-based immunoassays have reached by Hummelen and 

collaborators. They described the FATIMA system for the detection of human 

immunoglobulin G (hIgG) and carcinoembryonic antigen (CEA).15c,23 The 

antibodies were labelled with “lightbulbs” constituted by a dual conjugate of 

bovine serum albumin (BSA) with up to 25 molecules of adamantylidene 

adamantane-1,2-dioxetane (1) and the energy acceptor DPA. The dioxetane 

moiety was then encaged into a cyclodextrin to improve both reproducibility and 

linearity of TCL signal (Figure 3).  

 

 
Figure 3. Basic principles of FATIMA assay. 

 

Despite these advances, the interest in TCL technique was gradually abated 

because of the poor analytical performance. Recently, the advantages shared with 

the other CL techniques combined with the possibility to work in a complete 

reagentless approach, are encouraging the development of novel and efficient 

TCL labels. 
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1.3 Development of acridine-based 1,2-dioxetanes for 

thermochemiluminescence applications 

1,2-Dioxetanes represent an uncommon class of fluorescent organic 

molecules. The structure is characterized by a four-membered endoperoxide ring 

whose inherent instability can lead to the energy release in form of light upon 

thermal or chemical decomposition (Figure 4).24 This peculiar feature of 1,2-

dioxetanes has been exploited to discover molecules with improved TCL 

properties in terms of emission efficiency and stability at room temperature for 

bioanalytical applications. Despite the progress made, there is still room for 

effective and stable 1,2-dioxetanes for translational innovation. 

 

 
Figure 4. General structure of 1,2-dioxetane. 

 

Recently, Roda and his team have reinvestigated the TCL principle proposing 

a new class of TCL probes characterized by N-substituted acridine 1,2-dioxetane 

derivatives (Figure 5).25 The spiro-bonded adamantyl moiety ensures stability to 

the dioxetane preventing the spontaneous decomposition at room temperature, 

while the acridine framework is the unit involved in the generation of the 

electronically excited product. In addition, the insertion of an ester group to the 

nitrogen of acridine system provides higher stability to the molecule by folding 

above the ring. At the same time, the N-side chain offers a potential binding site 

for bioconjugation. Not less important, the acridone moiety is a much more 

efficient fluorophore than 2-adamantanone (2) with a significantly higher 

fluorescence quantum yield (ՓF) (0.1 vs 0.015, respectively). 
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Figure 5. General structure and features of the 1,2-dioxetane parent compound (3) 

containing N-substituted acridine and adamantyl moieties. 

 

A series of variably functionalized derivatives endowed with different 

photochemical properties was synthesized and analyzed in terms of TCL 

efficiency. (Scheme 2). In particular, a set of methyl and/or fluorine-substituted 

1,2-dioxetane derivatives (3a-k, Scheme 2) was prepared to investigate the effect 

of weak electron donating groups (EDGs) as the methyl group and/or electron 

withdrawing groups (EWGs) as the fluorine at different positions of the acridine 

system.25a-b 

 

N

O
O

EtO2C

7

1

3
4 5

6

8R R

3 : R= H
3a-k : R= Me or F

3a: 2-Me
3b: 3-Me
3c: 4-Me
3d: 2,7-diMe
3e: 2,3,7-triMe
3f: 2,3,6,7-tetraMe

3g: 1,6-diF
3h: 2,7-diF
3i: 3,6-diF
3j: 2,3,6,7 tetraF
3k: 3-F, 6-Me

2

 
Scheme 2. Structure of ethyl 2-(9-((5r,7r)-adamantan-2-ylidene)acridin-10(9H)-

yl)acetate (3) and of the corresponding methyl and/or fluorine-substituted derivatives (3a-

k). 
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Methyl substituents in proximity to the double bond we found to inhibit the 

photooxygenation reaction for steric reasons. Tri- and tetramethyl-substituted 

1,2-dioxetanes (3e and 3f, Scheme 2) gave limit of detection (LOD) values more 

than ten times lower in comparison to the not-decorated derivative 3 in TCL 

imaging experiments showing a good inverse correlation with the ՓF of the 

corresponding acridone derivatives (0.52 and 0.48, respectively).25b Moreover, 

the presence of fluorine atoms on the acridine ring remarkably stabilized the 

corresponding 1,2-dioxetanes, especially when they were placed at the C3- and/or 

C6-positions (3g and 3i, Scheme 2), while 2,7-difluorinated derivative (3h, 

Scheme 2) has shown an improved ՓF in comparison to the parent dioxetane 3 

(0.65 vs 0.11, respectively).25a The fluorine substituent basically displays a double 

nature, being a strong EWG via inductive effect due to its high electronegativity, 

but also being able to donate a lone pair to the aromatic ring by resonance. Thus, 

the ED character mitigates the inductive effect leaving a greater negative charge 

density on the ortho- and para-positions, while the inductive effect fades with the 

distance.  

All the acridine-based 1,2-dioxetanes are subjected to a decomposition 

mechanism named Chemically Initiated Electron Exchange Luminescence 

(CIEEL) (Scheme 3).17a,c The lone pair of the endocyclic nitrogen plays a crucial 

role in the O-O bond rupture. The first step consists in an electron transfer from 

the nitrogen to the endoperoxide system of the acridine derivative (4) and the 

simultaneous formation of products 5a and 2c derived from the ring 

fragmentation. Then, a back-electron transfer occurs leading to the formation of 

the electronically excited 10(9H)-acridone (5b) that relaxes affording the 

corresponding compound 5 and 2-adamantanone 2 at the ground state (Scheme 

3) (see also Paragraph 1.5). 
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hv

 
Scheme 3. CIEEL mechanism for the decomposition of acridine-based 1,2-dioxetanes. 

 

In order to obtain detectability comparable to those of classical CL methods, 

TCL-based nanometric probes, including functionalized silica nanoparticles and 

semiconductive polymer dots, have been developed and applied in 

immunoassays.26,27 A new class of TCL organically modified silica nanoparticles 

(TCL-ORMOSIL NPs) was realized by inserting different acridine-based 1,2-

dioxetanes and an EA (9,10-bis(phenylethynyl)anthracene, BPEA) into the 

nanometric system (Figure 6A).26,28 The doped ORMOSIL NPs were further 

amino-functionalized with biotin (bt) for binding to streptavidin-conjugated (bt-

SA) biospecific probes to obtain an universal detection instrument for 

immunoassays (Figure 6A). Despite the enhanced emission efficiency and the 

simple (bio)functionalization, TCL-ORMOSIL NPs have shown some stability 

issues that caused a slow degradation of acridine/dioxetane system in the reaction 

media, and consequent loss in TCL signal.29,30 Alternative nanomaterials such as 

semiconductive polymer dots (Pdots) were also evaluated as ultrabright labels in 

a model non-competitive immunoassay for IgG detection (Figure 6B).27
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Figure 6. TCL-based probes immunoassays. A) TCL-ORMOSIL NPs and B) bt-

IgG/Anti-IgG-MBs/TCL-Pdot-SA complex. 

 

Silica NPs doped TCL molecules were integrated into the smartphone 

technology to realize a home-made portable device for valproic acid (VPA) 

detection in blood and saliva through a one-step competitive immunoassay based 

on vertical flow immunoassay (VFIA) format (Figure 7).31  

 

 
Figure 7. Smartphone-based TCL immunosensor for VPA detection. Reprinted with the 

permission from 31. 
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Through the implementation of simple and compact 3D-printers that allow to 

design smartphone accessories, any mobile device can effectively become a 

portable mini-luminometer for point-of-care (POC) testing, exploiting the 

additional features of direct signal elaboration, data handling and storage, 

connectivity, and cloud servicing for remote sensing. 
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Box 1. The role of 1,2-dioxetane framework in luminescent processes 

1,2-dioxetane derivatives have played an important role in luminescence oxidation processes acting 
as reactive reagents or intermediates. Since the advent of synthetic CL molecules, such as luminol 
and its derivatives (Scheme 4A),32 lucigenin and acridinium esters (Scheme 4B),33 coelenterazine 
and oxalate esters (Scheme 4C),34 the endoperoxide unit has emerged as a functional framework in 
the decomposition mechanism of these substrates and in the consequent light emission. 

 

hv

hv

hv

 

hv

 
Scheme 4. The role of 1,2-dioxetane compounds in CL processes. A) Mechanism for the CL reaction of 
luminol.35 B) Mechanism for the CL reaction of lucigenin and acridinium esters.36 C) Mechanism for the CL 
decomposition of coelenterazine and diphenyl oxalate.37  
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Nature-inspired chemistry prompted the researchers to mimic biological processes by generating 
new synthetic entities able to decompose unstable intermediates (i.e., dioxetanes and/or 
dioxetanones) in the singlet excited state. Luciferin-luciferase pair undoubtedly represent the 
substrate/enzyme couple of reference in view of its involvement in BL reactions and applications 
(Scheme 5).9i 38 
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Scheme 5. Mechanism for the BL reaction from firefly (Photinus pyralis species).39 

 

Recently, adamantylidene adamantane-1,2-dioxetane (1) was combined with polymers technology 
developing a rubber-like poly methyl acrilate system able to produce a bright light. An intense 
emission was observed by submitting the adduct to mechanical force (sonication) upon the polymer 
chains (Figure 8).40 

 

 
Figure 8. Representation of mechanoluminescence (MCL) process involving 1,2-dioxetane-containing 
polymers.  
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1.4 Synthetic methods to prepare 1,2-dioxetanes 

Since 1,2-dioxetanes are thermally labile compounds and prone to respond to 

redox mechanism, synthetic methods for their preparation are rather limited. 

Significant efforts in the synthesis of 1,2-dioxetanes were conducted during the 

1970s by different research groups.41 In this Thesis, the attention has been 

directed towards synthetic approaches based on the employment of olefin 

systems. 

The first synthesis of the 1,2-dioxetane scaffold was described in 1969 by 

Kopecky and Mumford.42,43 It concerned the preparation of 3,3,4-trimethyl-1,2-

dioxetane (6) as yellow solution in benzene. The reaction of 2-methyl-2-butene 

(7) with hydrogen peroxide (H2O2) and 1,3-dibromo-5,5-dimethylhydantoin 

(DBDMH) at -78 °C formed the β-bromo hydroperoxide 8 that underwent to 

cyclization by means of alkali or silver salts (Scheme 6). The final product 6 

showed an unexpected kinetic stability (t1/2= several days at 20 °C) generating a 

pale blue glow. 

 

 
Scheme 6. General conditions for the synthesis of 3,3,4-trimethyl-1,2-dioxetane (6) 

according to the Kopecky method. Step a) formation of β-halo hydroperoxide. Step b) 

dehydrohalogenation and consecutive cyclization. 

 

Since then, the Kopecky approach has been adopted for the synthesis of diverse 

1,2-dioxetane derivatives (Table 1). 
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Table 1. Examples of 1,2-dioxetanes synthesized by Kopecky method. 

Entry 
 

Reaction conditions a Yield (%) Ref 

1 Me Me Me Me 
a) 2,3-dimethyl-2-butene, DBDMH or 

DIH, H2O2 (98%), Et2O, -40 °C; b) 
AgO2CCH3, CH2Cl2, 25 °C 

30 [42] 

2 Me Me Me H 
a) 2-methyl-2-butene, DBDMH, H2O2 

(98%), Et2O, -78 °C; b) NaOH, 
H2O/MeOH 1:1, (v/v), -10 °C 

30 [42] 

3 Me Me H H 
a) 2-methyl-1-propene, DBDMH, H2O2 

(98%), Et2O, -78 °C; b) NaOH, 
H2O/MeOH 1:1, (v/v), -10 °C 

26 [44] 

4 Me H Me H 
a) (E)-2-butene, DBDMH, H2O2 (98%), 
Et2O, -78 °C; b) NaOH, H2O/MeOH 1:1, 

(v/v), -10 °C 
27 [44] 

5 Me H H Me 
a) (Z)-2-butene, DBDMH, H2O2 (85%), 
Et2O, -40 °C; b) KOH, H2O/CH2Cl2 1:1, 

(v/v), -20 °C 
39 [45] 

6 Me H H H 
a)1-propene, DBDMH, H2O2 (85%), Et2O, 
-40 °C; b) KOH, H2O/CH2Cl2 1:1, (v/v), -

20 °C 
3 [45] 

7 H H H H a) ethene, DBDMH, H2O2 (85%), Et2O, -40 
°C; b) KOH, H2O/CH2Cl2 1:1, (v/v), -20 °C 

1 [45] 

8 Bn Bn H H 
a) 2-benzyl-3-phenyl-1-propene, DBDMH, 

H2O2 (98%), Et2O, -40 °C; b) NaOCH3, 
MeOH, -30 °C 

38 [46] 

9 Ph Ph H H 
a) 1,1-diphenylethylene, DBDMH, H2O2 

(98%), DME, -40 °C; b) NaOCH3, MeOH, 
-30 °C 

21 [46] 

10 
 

a) ethylidenecyclohexane, DBDMH, H2O2 
(98%), Et2O, -40 °C; b) NaOH, 

H2O/MeOH 1:1, (v/v), 0 °C 
12 [42] 

11 
 

a) 2,3,4,5,6,7-hexahydro-1H-indene, 
DBDMH, H2O2 (98%), Et2O, -5 °C; b) 

AgO2CCH3, CH2Cl2, 0 °C 
11 [47] 

a General reagents and conditions: Step a) olefin, halogenation reagent (DBDMH or 1,3-
diiodo-5,5-dimethylhydantoin, DIH), H2O2 (85-98%), anhydrous solvent (Et2O, CH2Cl2, 
DME). Step b) base (NaOH, KOH, NaOCH3) or silver salts (AgO2CCH3), solvent 
(MeOH, CH2Cl2 or mixture with H2O 1:1, v/v). 
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It is worth noting that four‐membered ring peroxides, as well as several 

hydroperoxides, are highly explosive and should be therefore handled with 

caution and prepared preferentially in small quantities.45,48 Moreover, silver 

catalysts (oxide, acetate, or more conveniently succinimide) must be freshly 

prepared to prevent the degradation of the final 1,2-dioxetane promoted by 

metallic silver under light exposure.24e Consequently, in the last years novel and 

more sustainable methodologies have been developed as discussed below.  

The cycloaddition of the singlet oxygen (1O2) to electron rich alkenes represents 

the prevalent method used for the construction of functionalized 1,2-dioxetanes.49 

Dye-sensitized photooxygenations via the generation of 1O2 specie are sought to 

provide sustainable oxidative processes. 1O2 is conveniently generated in situ by 

photosensitization of the triplet molecular oxygen (3O2) in its ground state, upon 

the exposure to light irradiation in the presence of catalytic amounts of an organic 

sensitizer (dye). Classical photosensitizers, such as the methylene blue (MB), 

rose bengal (RB) and tetraphenylporphyrin (H2TPP), absorb the EMRs in the 

visible range and transfer the energy to the molecular oxygen via a radiationless 

transition. 1O2 generated is then added to the substrate.50
 

Foote and Mazur illustrated another method to prepare 3,3,4,4-tetramethoxy-

1,2-dioxetane (9) under photooxygenation conditions (Scheme 7).51 The reaction 

was carried out at -70 °C by adding zinc tetraphenylporphyrin (ZnH2TPP) or 1,8-

dinaphthalenethiophene as sensitizers to an ether solution of the corresponding 

olefin (1,1,2,2-tetramethoxyethene, 10) using a water-cooled immersion 

irradiation apparatus under oxygen atmosphere.52,53 A pale-yellow liquid was 

obtained in almost quantitative yield (94%) after solvent evaporation at -78 °C 

and distillation at 25 °C. The pure product resulted quite stable (t1/2= 102 min at 

56 °C), although it was partially decomposed by the photosensitizer. 
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Scheme 7. Synthesis of 3,3,4,4-tetramethoxy-1,2-dioxetane (9) via photooxygenation 

reaction involving the generation of 1O2 from light irradiation. 

 

Several reaction mechanisms have been proposed for this transformation as 

illustrated in Scheme 8. 1O2 addition seems to depend on variable factors that 

determine the success of the photooxygenation reaction. Since the classical 

[2+2]-cycloaddition of 1O2 occurs in electron rich systems, the nature of olefin 

substituents (ED ability, presence of hydrogen-bond acceptors and/or donors, 

geometry, and steric hindrance) strongly influences the reactivity and the reaction 

pathway. In addition, the solvation energy and the sensitizer used play a pivotal 

role in the mechanism of this process.54 

 

 
Scheme 8. A representation of the various hypothesized mechanisms for the formation of 

1,2-dioxetane through 1O2 addition to olefin. 
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The lifetime of 1O2 in solutions is generally in the microsecond range because 

of the fast deactivation through electronic-to-vibrational coupling with solvent 

molecules. Both the solvent and temperature are known to influence the 

photooxidation process.55 Chlorinated solvents, especially deuterated, and low 

temperatures enhance 1O2 lifetime and prevent the thermal decomposition of the 

1,2-dioxetane scaffold.56
 

Diverse examples of 1,2-dioxetanes synthesized via [2+2]-cycloaddition 

reaction of 1O2 to olefin substrates have been described favouring a rapid access 

to forbidden structures compared to the classical Kopecky method with 

significantly higher reaction yields (Table 2). 

 
Table 2. Examples of variably functionalized 1,2-dioxetanes prepared under 
photooxygenation conditions. 

Entry 1,2-Dioxetane Reaction conditions a Yield (%) Ref 

1 

 

H2TPP, 940 W Na lamp, 
CH2Cl2, -78 °C, O2 

89 [57] 

2 
 

RB, Na lamp,  
CH2Cl2, -78 °C, O2 

80 [58] 

3 
 

H2TPP, 500 W high-pressure Hg 
lamp, CH2Cl2, 0 °C, O2 

95 [59] 

4 

 

H2TPP, 940 W Na lamp, 
CH2Cl2, -78° C, O2 

72 [60] 

5 
 

MB, 400 W medium pressure Hg 
lamp, CH2Cl2, 25 °C, O2 

93 [61] 
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6 

 

H2TPP, 940 W Na lamp, 
CH2Cl2, 0°C, O2 

95 [62] 

7 
 

H2TPP, 940 W Na lamp, 
CH2Cl2, 0°C, O2 

74 [63] 

8 
 

H2TPP, 940 W Na lamp, 
CH2Cl2, -78 °C, O2 

83 [64] 

9 

 

H2TPP, 940 W Na lamp, 
CH2Cl2 0 °C, O2 

88 [65] 

10 

 

H2TPP, 940 W Na lamp, 
CH2Cl2 0 °C, O2 

100 [66] 

11 

 

MB, 940 W Na lamp, 
CH2Cl2, 0 °C, O2 

88 [67] 

12 
 

H2TPP, 2 × 500W halogen 
lamps, CDCl3, -20 °C, O2 

98 [68] 

13 

 

MB, 300 W halogen lamp, 
CDCl3, 0 °C, O2 

63 [69] 

14 

 

H2TPP, 940 W Na lamp, 
CH2Cl2, 0 °C, O2 

100 [70] 
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15 

 

RB, 400 W halogen lamp, 
CH2Cl2, -78 °C, O2 

64 [25c] 

16 

 

RB or MB, 500 W halogen lamp, 
CH2Cl2, 0 °C, O2 

84 [25b] 

17 

 

MB, 500 W halogen lamp, 
CH2Cl2, -20 °C, O2 

89 [25a] 

18 
 

MB, LEDs (650 nm), 
CH2Cl2, 0 °C, O2 

77 [71] 

19 

 

MB, 500W halogen lamp, 
CH2Cl2, 0 °C, O2 

80 [72] 

a General reagents and conditions: olefin, photosensitizer (H2TPP, RB, MB), lamp (Na, 
pressure Hg, halogen, LED), solvent (CH2Cl2, CDCl3), O2 atmosphere.  
 

An interesting although not-well explored method for the preparation of 1,2-

dioxetanes is the photocatalytic oxygenation of olefins in the presence of O2 via 

the selective radical coupling using 9-mesityl-10-methylacridinium ion (Acr+-

Mes) as the electron-transfer photocatalysis (Scheme 9).73  
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Scheme 9. A) Synthesis of 1,2-dioxetanes via radical coupling using Acr+-Mes and B) 

reaction mechanism. 

 
1O2 can be generated either by photo or chemical reactions. The latter approach 

does not involve the use of light, consequently the generation of 1O2 occurs in 

“dark” conditions.74 Storable 1O2 could be generated from triphenylphosphite 

ozonide (TPPO),17c,75 trialkylsilyl hydrotrioxide,76,77 calcium peroxide 

diperoxohydrate (CaO2∙2H2O2),78,79, molibdate ion with hydrogen peroxide 

(MoO4
2-/H2O2 system), and many other sources (Figure 9).80,81 
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Figure 9. Generation of dark 1O2 in CL peroxide reactions.74

 

 

[2+2]-cycloadditions of 1O2 with enol ethers were successfully conducted by 

ozone (O3) reduction with triphenyl phosphite (TPP) (11, Scheme 10A).75d,82 This 

approach is particularly recommended in the presence of functional groups 

susceptible to oxidative conditions as the delivery of 1O2 can be constantly 

monitored to avoid the formation of overoxidation side-products.83 TPPO (12) is 

formed at -78 °C as the result of the oxidation of TPP (11) by O3. Then, the 

pentacoordinated phosphorane 12 is spontaneously decomposed leading to the 

formation of triphenyl phosphate (TPhP, 13) and 1O2 (Scheme 10A). 

Sabelle and colleagues adopted this strategy for the synthesis of 14 and 15, 1,2-

dioxetanes particularly sensitive to oxygenated species because of the presence 

of disulfide bonds.84 Accordingly, both compounds were prepared starting from 
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the corresponding enol ethers (16 and 17) in moderate yields under mild 

conditions and controlled 1O2 generation (Scheme 10B).  
 

 
Scheme 10. A) Preparation of TPPO (12) from TPP (11) and O3. B) [2+2]-cycloaddition 

for the synthesis of 1,2-dioxetanes 14 and 15 involving TPPO (12) as 1O2 source. 

 

Trialkylsilanes undergo a similar reaction with O3 to form trialkylsilanols 

through a pathway that may involve trialkylsilyl hydrotrioxides as intermediates. 

The employment of low temperatures facilitates the synthesis of unstable 

endoperoxides increasing the lifetime of 1O2.85 By this method, Posner and co-

workers reported the [2+2]-cycloaddition of 1-(2'-methoxyvinyl)pyrene (MVP, 

18) in the presence of TPPO (12) and triethylsilyl hydrotrioxide (19) produced in 

situ from O3.75a The results clearly indicated the superior performance of TPPO 

(12) and triethylsilyl hydrotrioxide (19) for the preparation of aryl 1,2-dioxetanes 

(pyrenyldioxetane, 20) affording the desired product in low to moderate yields 

(20-34%) in comparison to the photooxygenation procedure (10%) (Scheme 

11A). The proposed mechanism consists in the nucleophilic attack by the electron 

rich methoxyvinyl group of MVP (18) to the central oxygen atom of TPPO (12) 
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and triethylsilyl hydrotrioxide (19) generating the oxonium intermediates as the 

zwitterion 21 (Scheme 11B, path a)86 and as the ion pair 22 (Scheme 11B, path 

b), respectively. The fragmentation of zwitterion 21 and the acid-base reaction of 

ion pair 22 followed by ring closure lead then to the 1,2-dioxetane 20 (Scheme 

11B). 
 

 
Scheme 11. A) Synthesis of pyrenyldioxetane (20) through photo- and chemically 

generated 1O2. B) Proposed mechanisms for the formation of 1,2-dioxetanes involving 

TPPO (12) (path a) and triethylsilyl hydrotrioxide (19) (path b). 

 

A promising alternative to photochemical methods for the generation of ‘dark’ 
1O2 is represented by the molybdate-catalyzed disproportionation of H2O2.81,87 

Although, this process is well-studied and uses economic reagents,88,89 its 

application in organic synthesis is rather limited. The procedure requires long 

reaction times,90 the only use of methanol and ethanol as system solvents (1O2 

lifetime is 10 μs and 14 μs, respectively), and excess of surfactants that renders 

the product recovery from the reaction mixture quite tedious. Alternatively, 
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calcium peroxide diperoxohydrate (CaO2∙2H2O2) can be employed.79 The reagent 

is compatible with different solvents and is easily recovered by filtration. Both 

the reagents have been recently exploited for the synthesis of adamantylidene 

adamantane-1,2-dioxetane (1) from the corresponding olefin 23 (Scheme 12).79
 

 

 
Scheme 12. Synthesis of adamantylidene adamantane-1,2-dioxetane (1) via calcium 

peroxide diperoxohydrate (CaO2∙2H2O2) and molibdate ions (MoO4
2-/H2O2 system). 

 

A recent work of Yu and colleagues reported the synthesis of stable 

spirocyclobutyl-1,2-dioxetanes in good yields (50-86%) by cerium (IV) 

ammonium nitrate (CAN) under air atmosphere and room temperature (Scheme 

13A).91 The reaction proved effective on cyclobutenes and on electron rich 

substrates, exclusively. The plausible mechanism consists of an initial single 

electron transfer (SET) promoted by CAN to I generating a radical cationic specie 

II. The radical intermediate II is oxidated by the atmospheric oxygen to form a 

radical peroxide III and hydroperoxide IV as the result of a radical H transfer 

with the solvent (THF). Finally, the peroxide free radical IV cyclizes to give the 

desired spirocyclobutyl-1,2-dioxetane V (Scheme 13B). 
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Scheme 13. A) Synthesis of spirocyclobutyl-1,2-dioxetanes through CAN-mediated 

oxidation. B) Proposed mechanism for the formation of spirocyclobutyl-1,2-dioxetanes 

involving CAN, air, and CH3CN/THF mixture as system solvents.  

 

 

1.5 Decomposition mechanisms of 1,2-dioxetanes 

As early discussed, 1,2-dioxetanes tend to undergo a thermal or chemical 

decomposition generating two carbonyl fragments, one of which is in the excited 

state (singlet) and is responsible for the generation of light. Several plausible 

theories have been proposed over the years to explain the mechanisms whereby 

the endoperoxide group generates an electronically excited fragment, but none of 

them has provided a comprehensive theory for the chemiexcitation step. The 

decomposition pathways are strongly influenced by the thermal and chemical 

stability of 1,2-dioxetane, as well as by the yield of excited state products.  

Basically, three different pathways for the decomposition of 1,2-dioxetanes 

have been proposed: A) synchronous or concerted, B) stepwise or biradical, and 

C) asynchronous or merged mechanisms (Scheme 14).92  
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Scheme 14. Plausible decomposition pathways of 1,2-dioxetane ring. A) Synchronous or 

concerted, B) stepwise or biradical, and C) asynchronous or merged mechanisms. 

 

The first mechanism proposed by McCapra and Kearns consisted in a 

symmetry forbidden pericyclic rearrangement involving the simultaneous 

homolytic scission of O-O and C-C bonds (Scheme 14A).93 Investigating the 

synchronous theoretical principle, Turro and Devaquet predicted the excited 

carbonyl fragments populate conveniently the triplet excited states compared to 

singlet ones by introducing the phenomenon of spin-orbit coupling (SOC) in the 

ISC.41c,94 Based on this theory, the ground state dioxetane surface intersects the 

various excited states surfaces and that the crossing probabilities, along with the 

energy levels, determine which path is ultimately taken. In order to occur the 

transition, a change in electron spin has to happen. This “spin flip” is faster for 

the transition to the n-π* triplet than to the π-π* triplet because the former moves 

an electron from the O-O bond to an orbital perpendicular to the O-O bond. In 

this case, the transition is highly favoured compared to the π-π* transition (Figure 

10). 
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Figure 10. Representation of Turro-Devaquet diagram of the population of the excited 

states during the 1,2-dioxetane fragmentation.24a A) Dark decomposition (no 

luminescence) in response to the C-C bond breaking and relaxation to the S0. B) C-C bond 

rupture at the S1 and de-excitation to the S0: fluorescence (blue). C) De-excitation across 

the T1 following ISC from the S1: phosphorescence (red). 

 

Subsequently, Richardson and O’Neal suggested a stepwise mechanism with 

the initial formation of a biradical singlet intermediate after the homolytic 

cleavage of O-O bond (Scheme 14B).95 The intermediate may be subjected to 

different fates: i) closure of the four-membered ring to the early 1,2-dioxetane, ii) 

C-C cleavage generating a singlet excited and a ground state carbonyl products, 

and/or iii) relaxation to the close triplet state (biradical triplet intermediate) 

through the reversible ISC before reaching the ground state (Scheme 14B). This 

theory was further supported by kinetic and ab initio calculations.46,96 Both 

mechanisms lead to the formation of two carbonyl fragments where the 



 
 
 
 
 
 
 

- Chapter 1. Introduction - 

37 
 

electronically excited one (S1 or T1) decades to the ground state and releases 

energy as photon. 

Computational studies have demonstrated that the substitution pattern of 1,2-

dioxetanes profoundly affects the decomposition pathway. In particular, aliphatic 

compounds favour the concerted process,97,98 while the presence of aromatic rings 

or heteroatoms encourages the biradical mechanism.96,99  

Currently, the merged (hybrid) mechanism is likely to be the most accepted 

decomposition pathway (Scheme 14C). In this case, the C-C bond stretches along 

the reaction coordinate supporting a rather concerted, although not simultaneous, 

cleavage of both C-C and O-O bonds corresponding to a concerted biradical-like 

mechanism. The mechanism was firstly proposed by Adam and Baader to 

rationalize both the thermal stability and the singlet/triplet quantum yields of 

methyl-substituted 1,2-dioxetanes.45 The high stability of methyl series was found 

to depend on the nonbonding repulsive interactions of the methyl groups on C-C 

and O-O bonds. The concerted almost simultaneous decomposition of methyl-

substituted 1,2-dioxetanes without the contribution of radicals provided a high 

chemiexcitation efficiency, whereas the unsubstituted 1,2-dioxetane preferred a 

biradical-like decomposition to afford mainly ground state carbonyl products. In 

summary, the efficient chemiexcitation and the consequent good stability of 

variably substituted 1,2-dioxetanes could be associated to a concerted 

mechanism, while 1,2-dioxetanes involved in a biradical-like process are 

generally characterized by lower excitation efficiency.  

More recently, De Vico and co-workers formulated a more comprehensive 

theory directing their attention on the dissociation rather than the transition 

state.100,101 The turn of events leading to the cleavage of endoperoxide ring could 

be summarized as a sequence of four steps based on specific geometrical 

conditions: i) stretching of the O-O and C-C bonds, ii) torsion of the dihedral 

angle O-C-C-O, iii) asymmetric stretching of both O-C bonds, and iv) asymmetric 

pyramidalization of the C-C atoms affording the final products (Scheme 15).  
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Scheme 15. Representation of the main subsequential steps leading to the opening of the 

1,2-dioxetane ring. 

 

De Vico proposed the existence of the “entropic trapping” effect in the 

decomposition mechanism of 1,2-dioxetanes.102 Basically, the potential energy 

surface (PES) for the ground state of the parent dioxetane was calculated and a 

minimal energy path (MEP), starting from the S0 transition state along the rotation 

of the dihedral angle O-C-C-O, was found. The biradical intermediate can explore 

different torsional configurations generally at equivalent energy in the MEP. 

However, only specific dihedral angles allow the trajectories to escape from the 

MEP back to the ground state PES. Consequently, the longer the intermediate 

remains in the entropic trap, more time it needs to dissociate into the products, 

thus a longer chemiluminescence event occurs. Furthermore, both the S1 and T1 

become degenerate when the dioxetane is in the proximity of the transition state 

(O-O bond cleavage) and they remain so along all the entropic trap region (Figure 

11). This evidence suggests the positive effect of substituents upon the 

chemiexcitation efficiency. In particular, enhancing the number of substituents 

the possible conformations increase, therefore, the time spent in the entropic trap. 
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Figure 11. Representation of the entropic trapping effect hypothesized by De Vico and 

co-workers.92,103. 

 

A ground-breaking progress in the decomposition pathway of the 1,2-

dioxetanes was the discovery of chemically-triggerable 1,2-dioxetanes by Schaap 

and Gagnon’s groups that synthesized a new class of phenol substituted 1,2-

dioxetanes equipped with an enzyme- or analyte-responsive substrate.104 After the 

initial chemical removal of the protecting group (PG) and the formation of a 

phenolate intermediate, a remarkable increase in CL yield and decomposition rate 

with the predominant formation of S1 was detected. By carefully selecting the 

appropriate PG at proper position of the aromatic ring and/or the deprotection 

reagent, the light emission can be triggered by a specific analyte or enzyme. By 

then, several triggerable 1,2-dioxetanes have been successfully synthesized.105  
Recently, Shabat and colleagues proposed the synthesis of phenoxy 1,2-

dioxetane π-electron systems able to amplify the CL emission through an energy-

transfer mechanism occurring at physiological conditions.106 A considerable light 

emission efficiency was gained by introducing an EW acrylic substituent at the 

ortho-position of the phenoxy 1,2-dioxetane (I, Scheme 16). After the PG 

removal (II) and the formation of a phenolate as the result of the deprotonation 
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in the acqueous buffer (III), the intermediate III is excited releasing 2-

adamantanone (2) and the corresponding phenolate carbonyl fragment (IV) 

which relaxs at its ground state (V) producing light (Scheme 16). The 

chemiluminophores showed impressive properties in water environment acting 

as single-component probes for in vitro and in vivo detection, as well as for 

imaging of various analytes and enzymes. 

 

hv

 
Scheme 16. General structure and activation pathway of Schaap’s dioxetanes. 

 

The previously mentioned CIEEL mechanism was gradually imposed as a 

novel decomposition mechanism to explain the highly efficient 

chemiluminescence properties of triggered 1,2-dioxetanes.107 According to the 

CIEEL mechanism reported in Scheme 17, the first step consists in a SET from 

a donor compound (D) to the 1,2-dioxetane 24, giving the intermediate 24a which 

decomposes generating a radical anion 25a. Then, 25a reacts with the previously 

generated radical cation of the donor compound (D∙+) within a solvent cage 

affording the final excited product 25b which relaxes to the ground state (25) 

emitting light.17a
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Scheme 17. CIEEL mechanism for the thermal decomposition of 1,2-dioxetane 

derivatives. 
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Aims of the Work 
 

 

 

 

 

 

 

 

Since the late 1980s, when the TCL phenomenon was firstly suggested as 

innovative luminescence detection technique in immunoassays, adamantylidene 

adamantane-1,2-dioxetane (1) remained the only stable TCL-based label used in 

bioanalytical applications until nowadays. Nevertheless, the above-mentioned 

limitations concerning the poor luminescence intensity and the excessive TCL 

triggering temperatures, the possibility to generate light in response to the easy 

thermal degradation of the intrinsically unstable 1,2-dioxetane compounds 

continue to stimulate interesting research activities in several fields. 

To further advance the progress in the development of ultrasensitive TCL probes, 

this Doctorate work aims to design, prepare, and characterize a set of novel N-

substituted acridine-containing 1,2-dioxetanes featuring optimal emission 

triggering temperatures and higher detectability. Accordingly, the study was 

focussed on the following main aspects: 
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 Evaluation of the pairing of stability and luminescence efficiency by 

investigated the effects of EDGs and EWGs at the 2- and 7-positions of 

acridine moiety; 

 Optimization of the key photooxygenation step by using continuous flow 

technology; 

 Computational prediction of the olefins reactivity and 1,2-dioxetanes stability 

in the crucial [2+2]-cycloaddition reaction; 

 Photophysical characterization of final products and evaluation of derivatives 

in distinct environments (solid state, optical glue and nanocarriers) to provide 

the proof of concept and potential application in cell-based assays; 

 Functionalization of N-acridine side chain for the development of new 

bioconjugated probes based on TCL phenomenon. 

 

 
 
Figure 12. Workflow diagram for the design, synthesis, and characterization of novel N-

substituted acridine containing 1,2-dioxetanes as ultrasensitive TCL probes for 

bioanalytical applications. 
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2.1 Design of novel N-acridine containing 1,2-dioxetanes  

As discussed in the previous Chapter, 1,2-dioxetanes containing an acridine 

and an adamantyl moieties are considered valuable luminescent probes for 

bioanalytical applications. The incorporation of 1,2-dioxetane scaffold into the 

acridine framework was proved as an efficient approach to generate fluorophores 

endowed of adequate photochemical properties and intense TCL emissions. In 

particular, compound 3 showed a relatively low trigger temperature (< 100 °C) 

generating two carbonyl fragments, 2-adamantanone (2) and ethyl 9-oxo-10(9H)-

acridine acetate (26), responsible for the light generation (Scheme 18A).25c,108 

The adamantyl moiety sterically protects and stabilizes the 1,2 dioxetane portion 

from the ring opening, while the acridine scaffold represents the fluorophore unit 

able to trigger the TCL visible light emission. In addition, the ester group provides 

a possible binding site for labelling antibodies or other biomolecules such as bt-

SA system. Further efforts have been directed towards the development of new 

bioconjugated probes based on TCL phenomenon (see Paragraph 2.5). 

Recently, Roda and co-workers exploited the effect of different substituents (-

F, -CH3) on diverse positions of the acridine moiety.25a-b A very interesting point 
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emerged from these results. The decorations at the acridine fluorophore of 3 can 

modulate the photophysical properties and the activation parameters for the 

thermal decomposition of TCL labels. As a general trend, the introduction of 

EDGs produced higher ՓF and light emissions, but it was detrimental in terms of 

thermal stability. On the contrary, EWGs yielded the opposite effects, providing 

more stable and easier to handle 1,2-dioxetanes with lower ՓF.25a-b Therefore the 

approach adopted, i.e., decorating the ring moiety with same electronic nature 

substituents, was likely to not provide optimal TCL labels featured by high light 

emission efficiency together with reasonable stability at 25 °C. Moreover, it was 

previously observed that substituents in C3- and/or C6-positions of the acridine 

moiety drastically reduce ՓF compared to the C2- and/or C7-counterparts.25a 

To further investigate the effect of substituents at the fluorophore moiety and 

in the attempt to obtain new TCL probes characterized by a relatively high 

stability at room temperature and efficient ՓF for biosensing applications, herein 

we report the synthesis of a series of novel acridine-containing 1,2-dioxetanes 27 

characterized by both EDGs and EWGs at the C2- and C7-positions of the 

acridine moiety (Scheme 18B).  

 

hv

 
Scheme 18. A) Thermally induced decomposition of acridine‐based 1,2-dioxetane 3.  

B) Structures of the novel series of acridine-containing 1,2-dioxetanes (27a-l). 
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Substituents with different electronical nature (EDGs and EWGs) were sought 

to be able to balance the electron density inside the molecule and ensure a good 

compromise between the synthetic feasibility and the chemical instability. For 

this reason, a series of different substituents was selected, including a) EDG by 

resonance (-OCH3 and -NH2), b) EDG by hyperconjugation (-CH3), c) EWG by 

resonance (-CN and -NO2), d) EWG by induction (-CF3 and -NH3
+Cl-), and e) 

both EWG by induction and EDG by resonance (-F) (Scheme 18B). Previous 

studies have shown that the effect of the substituents on the photophysical 

properties and activation parameters of the TCL labels was higher in the 2- and/or 

7-positions of the acridine moiety.25a-b Accordingly, C2- and C7-positions were 

identified as the ideal positions to be explored. Modifications of acridine N-side 

chain have been evaluated by removing or elongating the ester group present in 

the parent compounds 3.25a Although the replacement of the ethyl acetate on the 

nitrogen with alkyl or aryl substituents provided an expected enhancement of ՓF 

of the corresponding acridones, a lower thermal stability of the final 1,2-

dioxetanes was observed with respect to the reference compound 3.25a It was 

found that the ester chain exerts a peculiar stabilizing effect on the 1,2-dioxetane 

scaffold due to its EW character,25c,109 as well as it provides a useful appendage 

for conjugation with biomolecules. Consequently, the acetate moiety was fixed 

as the side chain, combinong both TCL efficiency and the thermal stability. 

 

 

2.2 Synthesis 

2.2.1 Synthesis and photophysical properties of acridone intermediates 

The novel series of acridine-containing 1,2-dioxetanes 27a, 27d-e, 27g 

characterized by both EDGs and EWGs at the C2- and C7-positions of the 

acridine moiety were synthesized according to Scheme 19. The synthetic route 
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was based on Ullmann or Buchwald-Hartwig couplings, a cyclization step, and 

an alkylation reaction to afford the corresponding ethyl acridone acetates as key 

intermediates (28a-j).25a,110 In particular, Ullmann-type coupling (Cu/K2CO3) 

between substituted anilines 29a-c and 2-bromo-5-methoxy-benzoic acid 30a in 

refluxing DMF gave the corresponding 2-aminoarylbenzoic acids 31a-c.25b,111 

Under these conditions, the reaction with methyl 2-bromo-benzoates 30b-d failed 

to provide the desired intermediates 31d-j that were then prepared by Buchwald-

Hartwig reaction.112 Accordingly, esters 30b-d were reacted with 

Pd2(dba)3∙CHCl3, (±)-BINAP and Cs2CO3 in toluene at reflux to furnish the 

resulting adducts that were readily submitted to basic hydrolysis (NaOH, MeOH) 

providing 31d-j (Scheme 19).113 The cyclization step was performed by using the 

Eaton’s reagent in neat conditions at 90 °C affording the desired 2,7-disubstituted 

10H-acridin-9-ones 32a-j in nearly quantitative yields (Scheme 19).114 Finally, 

ethyl 9-oxo-10(9H)-acridine acetates 28a-j were obtained by reaction of 32a-j 

with ethyl bromoacetate in the presence of NaH and Bu4NI in DMF at room 

temperature (Scheme 19).25c 

 

 
Scheme 19. Synthesis of ethyl acridone acetates 28a-j. Reagents and conditions: a) Cu, 

K2CO3, DMF, reflux; b) i) Pd2(dba)3 CHCl3, (±)-BINAP, Cs2CO3, toluene, 110-130 °C; 

ii) NaOH, MeOH, r.t.; c) Eaton’s reagent, 90 °C; d) NaH, BrCH2COOEt, Bu4NI, DMF, 0 

°C→ r.t.. 
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To further explore the effect of different substituents, the nitro compound 28j 

was reduced into the corresponding amine 28k (Scheme 20).110 This modification 

was aimed to confer a polar nature to the molecule by improving the water 

solubility and to add an additional useful binding site for coupling biomolecules 

and therefore suitable for bioanalytical applications. The reaction was realized by 

using a continuous-flow hydrogenation reactor (H-Cube®, ThalesNano) able to 

generate high-pressure hydrogen (H2) from the electrolysis of water.115 The risks 

associated with the handling of pyrophoric catalysts and the hazardous nature of 

the gaseous reactant have been completely minimized through in situ H2 

generation and the use of sealed catalyst cartridges (CatCarts®). Thus, the 

hydrogenolysis reaction was carried out under continuous flow conditions using 

palladium on carbon (Pd/C), at 1 bar of pressure, 30 °C and a total flow rate of 1 

mL min-1 in MeOH. The product 28k obtained in quantitative yield was treated 

with HCl in dioxane to get the corresponding hydrochloride 28l.  

 

 
Scheme 20. Synthesis of acridones 28k-l. Reagents and conditions: a) H2, Pd/C 10%, 

MeOH, 1 mL min-1, 1 bar, 30 °C, 2 h; b) HCl 4 M in 1,4-dioxane solution, r.t., 6 h, > 98% 

(over two steps). 

 

We next investigated the photophysical properties of the synthesized ethyl 

acridone acetates 28a-l that represent the emitting portion of the 1,2-dioxetane 

molecules (Table 3). The unsubstituted acridone 26 was employed as reference 

compound. The experiments were carried out by measuring spectroscopic 

properties, in terms of maximum absorption, emission wavelengths (λabs and λem), 
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and fluorescence quantum yields (ՓF). ՓF was calculated employing the common 

relative method which relies on the use of well-characterized reference standard 

with known ՓF value and optical properties closely matching the unknown 

sample of interest.116 The absorption and fluorescence emission spectra of 28a-l 

were recorded in acetonitrile (CH3CN) solution and the relative ՓF values were 

determined using quinine sulphate as standard (ՓF= 0.53 in H2SO4 0.05 mol L-1), 

a UV-Vis spectrophotometer (Varian Cary 50) and a spectrofluorometer (Varian 

Cary Eclipse), respectively.  

 
Table 3. Photophysical properties of acridones 28a-l. 

 

Compound R1 R2 λabs (nm) aλem (nm) a ՓF
 a,b 

26 H H 390 403 0.11 

28a CH3 OCH3 414 441 0.55 

28b F OCH3 417 451 0.67 

28c OCH3 OCH3 424 457 0.56 

28d F CH3 406 429 0.59 

28e CF3 OCH3 407 451 0.59 

28f CN OCH3 410 450 0.50 

28g CF3 CH3 394 413 0.23 

28h CN CH3 385 411 0.21 

28i NO2 OCH3 364 c n.e. d n.d. 

28j NO2 CH3 358 543 0.02 

28k NH2 CH3 430 514 0.14 

28l NH3
+Cl- CH3 401 423 0.18 

a Determined in CH3CN solution. b Determined using quinine sulfate as standard (ՓF= 
0.53 in H2SO4 0.05 mol L-1). c  n.e.= No emission. d n.d.= Not determined. 
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The effect of the nature of the substituents at C2- and C7-positions of the 

acridones on the electronic structure of the chromophores has been carefully 

evaluated. Based on the various substituents employed (see Paragraph 2.1), the 

acridone molecules reported in Table 3 can be classified into push-pull acridones 

(28b, 28d-e, 28f-i, 28j and 28l) when they are constituted by an EWG and an 

EDG, and not push-pull acridones (28a, 28c and 28k) when they possess two 

EDGs. 

Compounds 28a, 28c and 28k showed a remarkable bathochromic shift of 

maximum absorbance wavelengths (λabs) with respect to reference compound 26, 

as previously observed. In addition, the acridone 28b, characterized by the 

presence of a strong EDG (-OCH3) and a fluorine substituent due to its electronic 

double nature as stated above, showed a comparable shift. In general, other push-

pull acridones (28d-g, 28l) showed a common very slight red shift (from 4 to 20 

nm) compared to unsubstituted acridone 26. Conversely, the compounds 28h-j 

characterized by the presence of resonance EWGs (-NO2 or -CN) showed a 

hypsochromic shift (from 5 to 32 nm). These results are confirmed by previous 

findings showing a bathochromic shift of λabs upon introduction of EDGs on the 

acridone molecule. It is thus confirmed that the electron density enrichment 

generates a red shift of the absorbance spectrum.25b 

Concerning the effects of the substituents on the maximum fluorescent 

emission wavelength (λem), except for the derivative 28i, all the other compounds 

showed a red shift compared to the unsubstituted acridone 26, suggesting an 

effect of perturbation of the excited state symmetry that reduces the distance 

between HOMO and LUMO orbitals. It can be additionally noted that compound 

28j, although displaying a very low ՓF value, provided the highest bathochromic 

shift of fluorescence emission, leading to a large Stokes shift. This can be ascribed 

to the presence of the nitro substituent and to the conditions employed for 

photophysical properties measurement. Indeed, it is known that fluorophores 

containing nitro groups display a strong emission solvatochromism because of 
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the remarkable change of the dipole moment between ground and excited states. 

Since the fluorescence emission spectra were recorded in CH3CN, the solvent 

polarity enhanced the ability of -NO2 to stabilize the charge transfer state, thus 

producing the λem red shift.117  
A significant improvement of the ՓF values can be observed into compounds 

28a and 28c bearing only EDGs, compared to the unsubstituted derivative 26, as 

expected, while only a slight improvement was observed for compound 28k. The 

push-pull systems displayed an increase of ՓF (0.21 ≤ ՓF ≤0.67), as opposed to 

nitro derivatives (28i and 28j) and to a lesser extent for 28l that show weak 

fluorescent emission intensities, in agreement with previously reported 

results.118,119 It can be observed that ՓF values are strongly influenced by the 

electron density enrichment of the aromatic system determined by the decoration 

of diversified substituents on the acridone ring. This effect is particularly evident 

valuating compounds 28e and 28f (push-pull acridones in which the EDG acts by 

resonance) which have higher ՓF values with respect to compounds 28g and 28h 

(push-pull acridones in which the EDG acts by induction). As concerns push-pull 

compounds 28i and 28j, the well-known quenching effect of the -NO2 substituent 

is confirmed by our findings. Generally, it is indeed known that the ՓF of a 

fluorophore containing nitro groups is extremely low because of the decrease in 

the radiative rate and the increase in the internal conversion rate of the excited 

state fluorophore.117  

 

 

2.2.2 Synthesis of acridine containing 1,2-dioxetanes 

We next proceeded with the synthesis of 1,2-dioxetanes 27 from the 

corresponding acridones 28 (Scheme 21), selected on the basis of synthetic 

feasibility and ՓF values. Thus, the McMurry-type olefination was realized on 

promising acridones 28a-h under standard conditions by adding 2-adamantanone 
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(2) to a suspension of Zn powder and TiCl4 (1 M in CH2Cl2) in anhydrous THF 

(Scheme 21, step a).25a As previously reported, the different substitution pattern 

at the C2- and C7-positions of the acridine moiety influenced the reaction 

outcome as a consequence of both electronic and steric effects. However, 

McMurry reaction did not occur with 28h and failed to give the corresponding 

olefin 33h. Olefins 33a-g thus formed were submitted to the photooxidation 

reaction (Scheme 21, step b), the limiting step of the whole synthetic strategies. 

 

 
Scheme 21. Synthesis of acridine-containing 1,2-dioxetanes (27) by McMurry (step a) 

and photooxygenation (step b) reactions. Reagents and conditions: a) 2, TiCl4 (1 M in 

CH2Cl2), Zn, anhydrous THF, reflux; b) MB, -20 °C, CH2Cl2, lamp, O2 (1 atm, balloon). 

 

The photooxygenation of the tetrasubstituted double bond certainly represent 

the critical step of the synthetic pathway. It consists of a [2+2]-cycloaddition 

reaction where 1O2 originated from a sensitizer upon light irradiation is added to 

an olefin system. The reaction is particularly sensitive to the π-electron density 

of the double bond, thus electron rich olefins readily react to these 

conditions.51,54j,120 Consequently, the reactivity of the olefin in the 

photooxygenation process strongly depends on substitution pattern of the acridine 

ring.  
The [2+2]-cycloaddition of 1O2 to an alkene was preferred over the classical 

Kopecky method as direct and convenient synthetic route to obtain 1,2-

dioxetanes. In fact, the synthetic approach is characterized by a high atom 



 
 
 
 
 
 
 

- Chapter 2. Results and Discussion - 

53 
 

economy, good yields, and the employ of green reagents, including catalytic 

amount of photosensitizer and light source.  

Initially, the photooxygenation step was realized by using a home-made batch 

photo apparatus composed of a double jacked-bottom flask filled with O2, a 

cryostat to refrigerate the reactor flowing coolants (e.g., glycol), and a 500 W 

halogen lamp equipped with an UV 460 nm cut-off filter (Figure 13A).25a The 

reaction was further performed by using a 1000 W red light-emitting diode (LED) 

instead of the halogen lamp as earlier described,110 significantly increasing the 

reaction yield from 30 to 94% (Figure 13B). Moreover, the LED technology 

ensures several benefits including: i) restricted spectrum of colours, ii) low heat 

generation limiting thermal decomposition and side-products formation, iii) high 

energy saving and longer lifetime of the light source (Figure 13C).121 The LED 

wavelength was fixed at 700 nm to favour the only excitation of the MB used as 

photosensitizer, according to the reagent maximum absorption. Thus, compounds 

33a-g were dissolved in CH2Cl2 in presence of MB and irradiated at -20 °C under 

O2 atmosphere. 
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Figure 13. A) Batch photo apparatus for the [2+2]-cycloaddition reaction. B) HPLC 

analysis of photooxygenation reaction by comparing halogen lamp vs red LED for the 

synthesis of unsubstituted 1,2-dioxetane 3. C) Advantages of LED technology. 

 

The success of the reaction basically depends on the kinetic operating 

conditions.122 In particular, low temperatures (below 0 °C) avoid the 

decomposition of 1,2-dioxetane scaffold into the ketone intermediates and, at the 

same time, drastically increase the lifetime of the 1O2. As expected, the rate of 

formation of 1,2-dioxetane derivatives was strongly dependent on the substitution 

pattern that modulates the π-electron density on the double bond.25a,54j,118,119 The 

position and the electronic/steric properties of the substituents on the acridine ring 

can determine not only the success or the failure of the 1O2 addition to the 

tetrasubstituted double bond of 33a-g, but also the stability of the corresponding 

1,2-dioxetanes. As a result, compounds 27d and 27g were obtained in high yield 
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(79% and 93%, respectively) as for the unsubstituted parent compound 3 (Table 

4). Conversely, with all the alkenes possessing the methoxy group on the aromatic 

rings (33a-c and 33f), we were unable to collect the desired products, with the 

exception of the derivative 33e that provided the corresponding 1,2-dioxetane in 

moderate yield (45%) (Table 4).110 

 
Table 4. Photooxidation reaction of olefins 33a-g. a 

 

Compound R1 R2 Yield (%) b 

3 H H 94 

27a CH3 OCH3 complex crude 

27b F OCH3 complex crude 

27c OCH3 OCH3 complex crude 

27d F CH3 79 

27e CF3 OCH3 45 

27f CN OCH3 complex crude 

27g CF3 CH3 93 
a Reagents and conditions: MB, -20 °C, CH₂Cl₂, lamp, O2 (1 atm, balloon). b Determined 
by 1H-NMR analysis. 
 

It is worth noting that in most cases, products were formed but readily 

decomposed in the reaction mixtures or during the purification because of their 

instability. These findings seem to suggest that the strong ED ability of the 

methoxy group greatly destabilizes the acridine-based 1,2-dioxetane derivatives. 
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Only when the effect is mitigated by an inductive EWG (-CF3) the desired product 

becomes isolable.  

 

 

2.2.3 Chemometric analyses and computational prediction of the 

photooxygenation step reactivity 

The reactivity of acridine-derived alkenes (33) in the formal [2+2]-

cycloaddition of 1O2 affording the corresponding 1,2-dioxetanes (27) was 

investigated based on the different substitution pattern using a straightforward 

chemometric approach.110 The study was conducted in collaboration with Prof. 

Marco Lombardo and Dr. Arianna Quintavalla from the University of Bologna. 

Principal component analysis (PCA) was used to derive a predicting model able 

to discriminate the most important structural and electronic molecular descriptors 

of alkenes 33, crucial in determining the photooxygenation reactivity. Moreover, 

supervised linear discriminant analysis (LDA) was applied to predict the 

reactivity of new alkenes. It was demonstrated that the reactivity of alkenes 33 in 

the photooxygenation reaction was mainly due to steric effects, caused by the 

presence of substituents in the proximity of the double bond, and only marginally 

to electronic factors. Therefore, a series of DFT calculations on the new alkenes 

33a-g was carried out according to the same level of theory used in the previously 

reported PCA model to rationalize the reactivity results here reported,25a as well 

as to better understand the effects of the electronic density on the double bond 

from the substitution pattern on the acridine ring. 

Analogues of alkenes 33a-g, namely 34a-g, with a methyl ester group on the 

N-side chain, and the corresponding unsubstituted olefin 34, were considered in 

order to simplify the prediction model. This allowed to considerably reduce the 

number of potential conformers, since the electronic distribution and the 

structural parameters of the aromatic rings are not affected by the nature of ester 
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moiety to a significant extend. Therefore, 34a-g were first screened by molecular 

mechanics (MM force field) and the conformers obtained in an 8 kcal∙mol−1 

window were further optimized by using Density-Functional Theory (DFT) at the 

B3LYP/6-31G(d) level of theory. The most stable conformers were finally 

determined by Boltzmann analysis, using the Gibbs free energies obtained after 

vibrational frequency calculations.110 The 14 structural and electronic parameters 

used in building the previous PCA and LDA models for acridine-like alkenes 

were recovered from these optimized structures and used to estimate the 

probability that the new set of alkenes 34a-g belongs to the class of reactive 

(mean of canonical variables= 6.48) or unreactive (mean of canonical variables= 

-11.8) starting materials (Table 5).110 The LDA model predicted all alkenes 34a-

g to be potentially reactive in the photooxygenation reaction, with raw canonical 

scores very close to the mean of the reactive class (Table 5). This is supported 

by the fact that all alkenes 34a-g were partially or totally consumed during the 

photooxygenation reaction. However, some final 1,2-dioxetanes were not stable 

enough and decomposed during the reaction course or the isolation stage.  

 
Table 5. LDA raw canonical scores for alkenes 34a-g.  

Compound R1 R2 LDA score a 

34a CH3 OCH3 5.66 

34b F OCH3 7.31 

34c OCH3 OCH3 7.11 

34d F CH3 7.81 

34e CF3 OCH3 8.34 

34f CN OCH3 8.64 

34g CF3 CH3 6.43 
a Mean for reactive class= 6.48; mean for unreactive class= -11.8. 
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DFT calculations demonstrated that 1,2-dioxetanes deriving from alkenes 

possessing only EDGs on the aromatic rings (27a and 27c) were extremely 

unstable, suggesting that the stability strongly depends on the electron density 

and that it can be eventually modulated by inserting both an EDG and an EWG 

on the aromatic framework (push-pull effect). To confirm this hypothesis, atomic 

charges for the analogues 1,2-dioxetanes 3 and 27a-g with a methyl ester on the 

side chain, namely 35 and 35a-g, were calculated using Multiwfn software with 

different partition schemes.123 In particular, we noticed that the negative charge 

of C9 atom of the double bond increases with raising of electron density on the 

aromatic framework. The results obtained using PEOE (partial equalization of 

orbital electronegativity)124 and Hirshfeld partition schemes are displayed in 

Figure 14.125  

 

 
Figure 14. Calculated PEOE and Hirshfeld charges on atom C9 for 1,2-dioxetanes 35 

and 35a-g.  

 

DFT calculations demonstrated that the most stable dioxetanes in the series (3 

and 27g) are related to analogues characterized by an electron deficiency on C9 
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atom (35 and 35g), while the most unstable products are the ones corresponding 

to the analogues with the largest charge values (35a-c and 35f), with 35d and 35e 

giving intermediate results (Figure 15A). The effect of the different substituents 

on the electron density distribution can be visually appreciated also by inspecting 

the corresponding ESPs (Electrostatic Potential mapped on the total electron 

density iso-surfaces), reported in Figure 15B, for the two relatively stable new 

dioxetanes analogues (35d and 35g) and for the unstable one (35c). These 

findings suggest that the strong mesomeric electron donating effect of the two 

methoxy groups greatly destabilizes the corresponding acridine-based 1,2-

dioxetane enhancing the negative charge density on the aromatic rings (35c, 

Figure 15B). On the other hand, the presence of both a weak EDG (-CH3) for 

hyperconjugation and an EWG (-F or -CF3) via inductive effect in the molecule 

(35d and 35g, Figure 15B) reduces the electron density from the aromatic rings 

by conferring more stability at the final 1,2-dioxetanes towards thermic 

degradation.110 

 

 
Figure 15. A) DFT-optimized structure of unsubstituted olefin 34 and structural 

molecular descriptors employed in the PCA and LDA analyses. B) Calculated ESP 

surfaces for dioxetanes 35c-d and 35g. Negative charges are colored in red, while positive 

charges in blue. The white oval identifies the position of the double bond. 
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Finally, it should be mentioned that the accepted mechanism for the 

degradation of 1,2-dioxetanes involves the formation of oxygen biradicals and 

can be theoretically studied accurately only using complete active space SCF 

methods (CASSCF). Theoretical analyses of 1,2-dioxetanes decomposition have 

been reported so far only for very simple molecules,102,103,126 and they would be 

extremely computationally demanding on more complex substrates, such as 3 or 

27. 
 

 

2.3 Optimization of photooxygenation step by continuous flow 

technology 

The last decades have witnessed a renewed interest and subsequent growing 

development of photochemical reactions in both academia and industry.127  

The use of photons as “clean and traceless reagents” to generate high molecular 

complexity, such as natural products and useful building blocks, is driven by the 

desire to realize more sustainable approaches for target molecules synthesis. This 

purpose has been partially reached thanks to the increasing availability of reliable 

light sources, i.e., LEDs, as well as to the introduction of “enabling technologies”, 

such as the continuous flow chemistry, to overcome limitations of conventional 

batch photosynthesis.128 A variety of photochemical transformations ranging 

from cycloaddition to functionalization reactions, including halogenations,129 

trifluoromethylations,130 C-H activations,131 and in particular oxygenations,127c,132 

has been successfully developed under continuous flow fashion.  
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Box 2. Basic concepts of continuous flow photochemistry technology 

Batch reactions performed in traditional round-bottom flasks are replaced with broader surface-to-
volume ratio flow-type tubing within which reactions take place. Specific pumps are embedded into 
the flow set-up to convey feed solutions of starting materials and reactants into transmittable reactor 
devices. A typical flow photo apparatus generally consists of pumping and reaction modules 
(photoreactor and light source), but additional components can be easily assembled on demanded 
to create several combinations and customizable set-ups (Figure 16).133  
 

 
Figure 16. Illustration of a general photochemical flow set-up involving gas as reactant. 

 
Although commercial dedicated continuous flow platforms with integrated or interchangeable 
lamps are commercially available,134,135 “home-made” flow photoreactors and attached components 
may be designed by using 3D-printers providing a flexible, versatile, economic, and smart 
alternative to researchers.128d,136 The flow system is fed with the solution of reagents and starting 
materials through different pumps (HPLC, syringe, peristaltic and rotary pumps) or eventually pre-
loaded in sample loops generating a continuous flow streaming headed for the reactor. A range of 
fitting parts such as Swagelok, nuts and ferrules are essential accessories for assembling and 
connecting the different bespoke flow set-ups.137 The tubing materials including glass, silicon, and 
polymers shall be properly chosen according to the working conditions, chemical compatibility, 
and operational needs. Generally, photoreactors are realized with light transparent materials able to 
hold the light without any scattering phenomena. The light source represents one of the most 
important components in photochemical reactions.138 The selection of the appropriate light source 
depends mainly on the overlap between the emission spectrum and the absorption characteristics of 
the photoactive reactants or catalysts. Other fundamental criteria to be considered include costs, 
energy efficiency, lifetime and dimension. Traditional light sources such as halogen, pressurized 
mercury vapor lamps, and fluorescent light bulbs are gradually replaced by more efficient LEDs 
exploiting extensive advantages in microfluidic applications.139 Advanced LED technology is 
characterized by a narrow pseudo-monochromatic light emission minimizing the energy dissipation 
and the heat generation. Furthermore, the small size and the affordable prize make them particularly 
suitable for the integration with flow reactor modules. A multitude of LEDs in the visible light 
spectrum are commercially available providing access to a wide range of wavelengths and 
intensities. 
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Continuous flow chemistry represents a powerful technology to assist the 

development process from early drug discovery to manufacturing.140 Commercial 

flow apparatus are engineered to ensure a precise control over the experimental 

reaction parameters (concentration, temperature, pressure, and reaction time) 

with an appreciable positive impact on higher product quality, more reliable 

methods and a smaller footprint in scaling-up operations.141 Substrates and 

reagents are efficiently mixed to ensure fast and homogeneous heat/mass 

transfers (especially in gas-liquid reactions) thus resulting in an increased 

reaction rate and productivity. Moreover, pressurization regimes allow to operate 

at superheated conditions amplifying the reactivity window. Hazardous and 

gaseous reactants can be used by dosing their streams in each unit of the flow 

synthesizers.142 Remarkably, flow systems can be integrated with downstream 

units enabling the in-line work-up, purification, and analysis of the products. The 

addition of several devices in parallel reduces the risks of manual chemical 

manipulation and/or isolation stage of dangerous intermediates which are rapidly 

quenched or consumed immediately during telescoped or multistep synthesis in 

fully automated and/or self-optimizing processes. 

In the case of photochemical reactions, the miniaturized components and the 

narrow channels of flow reactors ensure a homogenous irradiation and an intense 

light penetration. Consequently, photoreactions can be significantly accelerated 

(from days/hours to minutes/seconds) while requiring less amount of the 

photosensitizer.128e The accurate control over the irradiation time minimizes the 

formation of thermal side-products increasing the product quality and yield.143 

Finally, the optimal mass transfer, the high reactive surface and the homogenous 

and fast thermal exchange can result in a greater reaction reproducibility and 

scalability. 

The optimization of the key [2+2]-cycloaddition step towards the target 1,2-

dioxetane 3 was performed in collaboration with the research group of Prof. Jean-

Christophe Monbaliu (CiTOS, Belgium, Liege) where I spent my period abroad.  
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The miniaturized devices and the compact flow reactor elements employed in 

this Project can indeed improve the light-matter interaction phenomena ensuring 

an excellent mass/heat transfer and preventing the thermal decomposition of the 

final product. In fact, the reactor size is very important to explain the mixing 

phenomena in continuous flow photochemistry according to the Bouguer-

Lambert-Beer law. The following equation correlates the light absorption (A) 

with the compound molar extinction coefficient (ε), the relative concentration (c), 

and the path length of light propagation (l): 

A= εcl 

Small radius reactors ensure a short length scale and an optimal energy 

distribution with a dramatic increase of the reaction rate, lower catalyst loading, 

and less by-products formation.128d In addition, continuous flow reactors grant 

straightforward scalability and the possibility to safely use potentially explosive 

gaseous reactants, such as high energetic and short-lived oxygen species. The 

aforementioned challenges and the total lack of previous flow synthetic 

approaches reported in literature make the synthesis of 1,2-dioxetanes an 

appealing reaction to be translated under continuous flow conditions.  

To this aim, a home-made coil flow reactor connected to LED technology was 

designed and realized. Firstly, the reaction system was investigated carrying out 

various sets of experiments to determine the preliminary flow operating 

conditions. The photooxygenation step was subsequently optimized by using an 

advanced LED-driven flow reactor module (Corning® Advanced-FlowTM Lab 

Photo Reactor, Corning Proprietary)144 achieving a preliminary experimental 

protocol for the synthesis of 1,2-dioxetanes.  

Compound 36 was selected as the model olefin (Figure 17). Reactions were 

performed at low concentration (0.025 M) in order to obtain selectivity and avoid 

the undesirable excitation of the starting material that could act as a reaction 
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quenching molecule. Moreover, the selection of a proper solvent was crucial to 

guarantee a certain solubility of reaction components, reactive oxygen species 

lifetime, and process scaling-up.145 In particular, the solvent shall allow the 

complete dissolution of all the chemicals and products to prevent the reactor 

clogging and an undesired light scattering. Notably, chlorinated and, in particular, 

deuterated solvents afford a longer 1O2 lifetime than the polar protic ones. 

Furthermore, the common organic dyes used as sensitizers are highly soluble in 

halogenated solvents. For these reasons, dichloromethane (CH2Cl2) was selected 

as the reaction solvent, and it was preferred to deuterated chloroform (CDCl3) 

because of its acidity which would encourage a faster degradation of the final 

product (3) into the corresponding ketones (2 and 26). 

 

 
Figure 17. General flow set-up for the synthesis of parent 1,2-dioxetane TCL probe 3. 

 

The feed solution of olefin 36 (0.025 M) and a variable amount of MB were 

dissolved in CH2Cl2 and were conveyed to a Syrris pump equipped with Asia red 

syringes at different flow rates (Figure 17). The solution was mixed via a T-shape 

mixer with a stream of O2 controlled by a Bronkhorst® F210CTM mass flow 

controller (MFC) and pumped into a reactor coil (V= 2.5 mL) irradiated with 630 

nm LEDs at different temperatures. Back pressure regulators (BPRs) were 

inserted at the outlets of MFC (40 psi) and reactor (70 psi), respectively (Figure 
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17). Then, the crude was filtered through a small pad of silica gel (5 mm layer) 

or charcoal, alternatively, by using CH2Cl2 as eluent and the solution was 

evaporated at 25 °C under vacuum. Using this flow set-up a number of 

experiments were carried out as reported in Table 6. 

 

Table 6. Preliminary screening of flow reaction conditions for the synthesis of TCL 
dioxetane probe (3). 

Entry MB 
(mol %) 

Solvent 
flow rate 

(mL min-1) 

O2 
flow rate 

(mL min-1) 

T 
(° C) 

Conversion 
(%) a 

Yield 
(%) a 

Products 
from 

degradation 
(%) a 

1* 6 - - -5 100 34 66 

2 6 0.2 2 25 100 44 56 

3 6 0.2 2 -5 100 66 34 

4 6 1.25 12.5 -5 100 94 6 

5 1 1.25 12.5 25 82 68 14 

6 1 1.25 12.5 -5 94 91 3 

7 6 1.25 12.5 -10 78 75 3 
All reactions were performed on 20 mg scale. Entry 1*: Batch conditions after 1 h.  
a Determined by 1H-NMR of the crude reaction mixtures. 
 

Entry 1 was carried out under batch conditions showing variable and poorly 

reproducible results in terms of yield and reaction rate using the photo apparatus 

described in detail in Paragraph 2.2.2 (Figure 18).  
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Figure 18. Photooxygenation reaction of olefin 36 under batch conditions. Reagents and 

conditions: MB, -5 °C, CH2Cl2, 630 nm LEDs, O2 (1 atm, balloon), 1 h. 

 

As expected, both temperature and reaction time strongly influenced the 

formation of decomposition products (2 and 26). In particular, reactions carried 

out at -5 °C gave a lower decomposition rate in comparison to 25 °C (entry 2 vs 

3, Table 6). Moreover, longer residence times was found to promote the thermal 

decomposition of final product (entry 3 vs 4, Table 6). However, lower 

temperatures (i.e., -10 °C) afforded low conversion yields (entry 7, Table 6). A 

poor conversion was also observed with a reduction of the amount of 

photosensitizer (entry 5 and 6, Table 6). The best results were obtained at -5 °C 

using 6% mol of photosensitizer to achieve a complete consumption of the 

starting material in only 50 seconds, excellent yield (94%) with traces of the 

degradation product (6%), and a productivity of 1.4 g h-1 (entry 4, Table 6). 

The conversion and product yield, as well as the formation of degradation 

products, were determined by 1H-NMR analysis of crude reaction mixtures 

(Figure 19). NMR spectra revealed substantial differences in the chemical shifts 

of indicative signals due to the anisotropic shielding effect of protons in α-

positions of adamantane fragment. In particular, the broad singlet (brs, 2H) of 

1,2-dioxetane 3 is upfield shifted at 2.28 ppm in comparison to the corresponding 

olefin 36 (3.44 ppm) and 2-adamantanone 2 (2.55 ppm) (Figure 19). 
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Alternatively, aromatic region can be useful to compare different compound 

signals related to acridine ring protons.  

 

 
Figure 19. Assignment of NMR signals corresponding to unreacted SM (36) (blue), 

thermal degradation by-products (2 and 26) (red), and 1,2-dioxetane (3) (green) in a 

complex crude (entry 5, Table 6). * CH2Cl2 (reaction solvent). 

 

The concept of reaction time in a flow process is expressed by the residence 

time, i.e., the time reagents spend in the reactor zone, and it is calculated from the 

volume (V) of the reactor and the total flow rate: 

Residence time=
V (mL)

flow rate (mL min-1) 
 

The residence time of gas-liquid flow reactions is deeply affected by both the 

solvent flow rate and the O2 stream used. The most common segmented flow 

consists of an alternation of liquid “slug” and gas bubbles.146 The succession of 

gas-liquid segments ensures an improvement of mixing and interfacial mass 
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transfer phenomena with higher safety compared to gaseous batch 

photoreactions. Taylored flow patterns are generated through a MFC meter which 

adjusts variable doses of gas into the liquid stream. The size and the frequency of 

these slugs can be modulated by varying the flow rate of the liquid and/or the gas 

stream in order to expose a larger surface area to the gas at any time.147,148 The O2 

flow rate has been initially set to ensure slugs flow with small and comparable 

size segments between O2 and solvent (Figure 20). 

 

 
Figure 20. Taylor flow in gas-liquid reaction under continuous flow conditions. Solution 

segments containing SM (36) and MB dissolved in CH2Cl2 (blue) and O2 segments 

(transparent). 

 

Accordingly, employing the equation reported below, the moles of O2 used in 

the photooxygenation reaction using 12.5 mL min-1 as flow rate of O2 at 25 °C 

were calculated.149  

O2=
PN(atm) VN(L)

R(L·atm·mol-1·K-1)TN(K)
=

1*0.0125
0.082*273.15

=0.56 mmol 

Consequently, the O2 used in the first screening reactions conditions was 

approximatively 7:1 mol ratio in comparison with 36 (0.56/0.0786 mmol). The 

excess of O2 was next decreased (1:1, O2:SM mol ratio, entry 5-7, Table 7) in 

order to develop a greener and cheaper flow process. 
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The photooxygenation reaction was further optimized using Corning® Advanced-

FlowTM Lab Photo Reactor (Corning Proprietary) equipped with a lab scale 

mesofluidic reaction glass module (V= 2.6 mL) and irradiated by internal red 

LEDs (Figure 21) (see Paragraph 3.1 for the detailed instrumental description). 

 

 
Figure 21. Corning reactor flow set-up for the photooxygenation step of 3. 

 
Table 7. Optimized flow reaction conditions for the synthesis of TCL model probe (3). 

Entry MB  
(mol %) 

Solvent 
flow rate 

(mL min-1) 

O2  
flow rate  

(mL min-1) 

O2:SM 
mol 

ratio a 

Lamp 
intensity 

(%) 

Conv. 
(%) b 

Yield 
(%) b 

Products 
from 

degradation 
(%)b  

1* 6 1.25 12.5 11:1 - 100 94 6 

2 6 1.25 12.5 11:1 100 100 80 20 

3 6 1.25 12.5 11:1 50 100 88 12 

4 6 1.25 12.5 11:1 10 100 93 7 

5 6 1.25 1.25 1:1 10 100 92 8 

6 3 1.25 1.25 1:1 10 100 97 3 

7 3 1.25 1.25 1:1 10 65 60 5 
All reactions were performed on 20 mg scale except for Entry 7 (64 mg scale, 0.1 M). 
Entry 1*. The reaction was carried out using the home-made photo apparatus (Table 6). 
a Determined according to the equation nO2= Pn∙flow rate MFC/R∙Tn.149  
b Determined by 1H-NMR analysis of the crude reaction mixtures. 
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An excess formation of degradation products (2 and 26) was obtained repeating 

the reaction under the same reaction conditions but using the Corning reactor 

rather than the home-made photo apparatus (entry 1 vs 2, Table 7). The 

decomposition has been supposed to be due to the different lamp intensity 

applied. Consequently, the intensity of the lamp was gradually decreased to 

guarantee a complete conversion (entry 3 and 4, Table 7). The photoreaction was 

further optimized by reducing both the O2 flow rate (entry 5) and the amount of 

photosensitizer (entry 6) (Table 7). The reaction was then repeated according to 

the best conditions using a 0.1 M solution of the starting material (entry 7, conv. 

65%, Table 7). In this case, the conversion was not complete implying that the 

reaction probably required longer reaction time. Entry 6 showed the best flow 

reaction conditions with excellent yield (97%) and good productivity (600 mg h-

1) in short reaction time (2 minutes) (Table 7). The promising results obtained in 

terms of yields, reaction rate, and especially reproducibility, prompt us to extend 

the use of this technology for the synthesis of the other functionalized 1,2-

dioxetanes, in particular of the unstable derivatives.  

 

 

2.4 Characterization 

2.4.1 TCL measurements of the final products  

The activation parameters according to the Arrhenius equation of the final 

products 27a, 27d-e, and 27g were initially determined in the solid dioxetane 

samples after solvent evaporation (Table 8).110 The analytical measurements and 

the photophysical characterizations were conducted with the support of Prof. 

Massimo Guardigli and Dr. Donato Calabria from the University of Bologna. 

CH3CN was selected as solvent of choice since it guaranteed a good solubility of 

the test samples, with a few exceptions in which the addition of some drops of 
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DMSO was required (see Paragraph 2.5.1). Moreover, CH3CN has an adequate 

boiling point (82 °C) which is compatible with the operating temperature range 

employed in the TCL measurements on solid state.  

The TCL apparatus was composed of a dark box equipped with a thermally 

cooled charge-coupled device (CCD) back side illuminated camera light as 

detector and a mini heater to trigger the TCL emission at different temperatures 

controlled by a potentiostat (Figure 22). The heating plate was connected to a 

temperature controller able to reach the required temperature with an exact 

heating rate (150° min-1). This aspect is not trivial since the decomposition 

temperature of the TCL compounds is a critical chemical-physical parameter that 

plays an important role in the kinetics. The detector was combined with a 

computer showing live the TCL emission. Digital images were analyzed 

employing ImageJ software and the intensity of the TCL signal was measured in 

the area corresponding to the test spot.26  
 

 
Figure 22. A) Analytical apparatus for TCL imaging. B) Detector: CCD camera back 

side illuminated thermally cooled portable device (double Peltier). C) Mini heater: 

thermocouple “K type” Watlow series Ultramic fabricated in aluminum nitride (AIN) 

(dimensions: 25 × 25 × 2.5 mm, working temperature: up to 400 °C). 
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The decay kinetics of the light emitted by TCL molecules upon heating was 

studied in a range of temperatures between 100-140 °C by depositing a drop (5-

10 μL) of 1,2-dioxetane solution in CH3CN (corresponding to 5 × 10-9 mol). Upon 

the complete solvent evaporation, the light signal kinetics was measured after 

heating at the predetermined temperature. Consecutive acquisitions were 

performed on the same sample using the same exposure time until the signal 

completely disappeared to reconstruct the decay kinetics of the TCL signal. The 

TCL kinetic parameters (lnA and Ea) of the new set of 1,2-dioxetanes (27a, 27d-

e, and 27g) along with the t1/2 values calculated for the solid compounds at 25 °C 

were compared with not-decorated 1,2-dioxetane 3 values (Table 8). Finally, the 

limits of detection (LOD) were calculated at 100 °C measuring the area under the 

curve (AUC) up to 400 sec where all the kinetic curves of investigated 1,2-

dioxetanes reached a plateau (Table 8). 

 
Table 8. Activation parameters for the thermal decomposition of 1,2-dioxetanes 3, 27a, 
27d-e and 27g. 

Cmpd R1 R2 lnA a Ea
 b 

(kcal mol-1) 
t1/2

 c 
(months) 

LOD d 
(mol spot-1) 

3 H H 37 ± 1 32 ± 1 7 (3.5 ± 0.5) × 10-13 

27a CH3 OCH3 24 ± 1 23.2 ± 0.7 1 (1.6 ± 0.1) × 10-14 

27d F CH3 18 ± 4 17 ± 2 0.01 (4.5 ± 0.1) × 10-11 

27e CF3 OCH3 33 ± 4 29 ± 3 2 (3.5 ± 0.2) × 10-14 

27g CF3 CH3 46 ± 8 43 ± 7 > 100 (years) (2.7 ± 0.2) × 10-13 

All the measurements were determined according to the Arrhenius equation (see 
Paragraph 3.3 for details). a Pre-exponential factor. The logarithmic form is expressed in 
s-1. b Activation energy. c Calculated for the solid compound at 25 °C. d Limit of detection 
(calculated as mean + 3 SD of three independent measurements).  
 

A typical kinetics of the light signal at different temperatures ranging from 100 

to 140 °C for compound 27e is reported in Figure 23A. Lower temperatures were 

not reported, as very low TCL signals were obtained. The signal profile varies 
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with temperature, although the AUC of the signal vs time is quite constant and 

related to the concentration of the TCL compound. The calibration curve carried 

out at a trigger temperature of 100 °C is reported in Figure 23B, where the signal 

is well correlated to the probe concentration in a range of linearity from 3.5 × 10-

14 to 6.0 × 10-13 with a LOD of 3.5 × 10-14 moles analyzed. The normalized TCL 

decay (Figure 23C) and the TCL Arrhenius plot (Figure 23D) allowed to 

calculate the kinetic parameters previously reported. 

 

 
Figure 23. A) TCL kinetic profiles of 27e at different temperatures (range 100-140 °C). 

B) Calibration curve of TCL probe constructed plotting the AUC of TCL kinetic profiles 

recorded at 100 °C for increasing concentration of 27e (range 3.5 × 10-14 - 6 × 10-13 mol 

spot-1). C) TCL decay profiles and half lifetimes (t1/2) of 27e at different temperatures. 

Each curve is normalized to its maximum value. D) Arrhenius plot of 27e. 

 

As previously observed,25a-b the variations of the activation energy (Ea) in the 

presence of different substituents are paralleled by an analogous modification in 

the pre-exponential factor (lnA). This can be explained considering that lnA 
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represents the frequency of collisions between the reactant molecules used in this 

case to describe a unimolecular reaction. As the TCL reaction was triggered upon 

the complete evaporation of the solvent, the molecules packing in the dried solid 

state might have an influence on the TCL emission Arrhenius parameters. The 

packing density, the orientation of the molecules and their steric hindrance 

aggregated in the solid state are strongly influenced by the electronic structure 

and by the weak electron interactions, such as π-π, between different substituents 

of the aromatic moieties.150,151 Consequently, an amount of heat supplied to 

trigger the TCL reaction is partly necessary to destabilize these characteristic 

interactions of the solid state favouring the molecules thermal decomposition.152 

These considerations must be taken into account to explain and to understand the 

trends observed for the values of lnA in the 1,2-dioxetane probes investigated 

(27a, 27d-e and 27g).  

The acridine moiety substituents pattern influences both the 1,2-dioxetane 

Arrhenius parameters and the acridone ՓF. Compound 27a does not correspond 

to the stringent definition of a push-pull system containing two EDGs, one by 

resonance and one by induction. As expected, this compound exhibited a 

remarkable increase in the ՓF, but with kinetic parameters leading to lower 

stability. In fact, a trigger temperature close to 100 °C is related to poor handling 

and less stable TCL probes at room temperature, not suitable for analytical 

purposes. This finding accords with the results achieved in the previous work 

showing the same behaviour in the presence of EDGs.25b As concerns compounds 

27d-e and 27g, which display a push-pull substituents pattern, the mesomeric or 

inductive nature of EDG and EWG provided TCL compounds with different 

photophysical properties. In particular, compound 27d, in which the methyl 

group exerts the action of EDG by inductive effect and the fluorine atom owing 

a double nature, and compound 27e, possessing an inductive-based EWG (-CF3) 

and a resonance-based EDG (-OCH3), provided a similar behaviour, decreasing 

the Arrhenius parameters with respect to unsubstituted compound 3. As 
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previously reported, EDG by mesomeric effect, such as -OCH3, promote O-O 

bond cleavage by resonance interaction through the π-electrons of the aromatic 

moiety in 1,2-dioxetanes.153 In addition, such substitution pattern significantly 

improved the ՓF of the corresponding acridones 28 compared to 26. On the 

contrary, compound 27g, containing an EDG and an EWG both by induction, 

displays a different and very intriguing behaviour reversing the trend observed 

up to now. Indeed, along with a relative increase of the acridone ՓF with respect 

to the unsubstituted compound 26 (0.23 and 0.11, respectively), a surprisingly 

high stability at room temperature (> 100 years) has been recorded. In particular, 

the comparison of compounds 27e and 27g shows a dramatic difference obtained 

by simply substituting a resonance-based perturbation with an inductive effect. 

Observing the results, it can be evidenced that, even when a push-pull approach 

is adopted, the mesomeric electronic enrichment of the acridine moiety generally 

causes a reduction of the Ea of the TCL reaction. Conversely, a fully inductive 

push-pull substitution pattern appears to provide positive features to the TCL 

molecules, greatly increasing the stability at room temperature without reducing 

the efficiency of the TCL emission and LODs.  
Approximate values for the TCL efficiency (ՓTCL) of synthesized push-pull 

compounds (27d-e and 27g) were estimated by comparing the signal output 

obtained with ՓCL values reported in the literature for the luminol-H2O2 reaction 

catalyzed by horseradish peroxidase (HRP) (see Paragraph 3.3 for protocol and 

data).154 Thus, all the tested compounds displayed significantly higher efficiency 

with respect to that reported for adamantylidene adamantane-1,2-dioxetane (1).19b 

In addition, compound 27g provided the highest efficiency, although lower than 

that measured for luminol, thus confirming its positive features. These results 

clearly suggested that push-pull 1,2-dioxetane systems offer an optimal solution 

to improve the TCL emission properties, providing better stability at room 

temperature with respect to the not-decorated compound 3 and still higher TCL 

emission efficiency. In particular, the new dioxetane 27g proves to be the most 
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promising TCL candidate of the series representing the right compromise 

between relatively intense TCL signal and remarkable higher stability at 25 °C. 

The effect of different substituents on TCL efficiency was further investigated 

by comparing the photophysical behaviour of the unsubstituted compound 3 and 

the push-pull 1,2-dioxetane 27g in distinct environments (solid state, optical glue 

and nanocarriers). The surrounding environment had a considerable impact on 

the mechanism and TCL performance. TCL experiments were carried out in 

collaboration with the research group of Prof. Luca Prodi from the University of 

Bologna, by using the TCL apparatus previously described (Figure 22). In 

addition, the TCL decays were detected either using a CCD camera (Figure 24A) 

and an electron multiplying charge coupled device (EMCCD) (Figure 24B), 

alternatively, to compare the TCL signals, in particular the effect of the noise on 

the tail of the TCL emission profile and the consequent kinetic and 

thermodynamic parameters. Detectors were connected to a computer showing the 

real-time TCL emissions. Moreover, the superior performance of EMCCD 

allowed to detect and quantify single photon events through a unique electron 

multiplying structure into the chip offering a high resolution for low signals.155 

 

 
Figure 24. A) CCD camera. Optical parameters: diaphragm aperture at the maximum 

value; exposure time 20 s at 80 °C and 10 s at 90-120 °C; delay: 0 s. B) EMCCD camera. 

Optical parameters: diaphragm aperture at the maximum value; exposure time: 1 s; gain: 

4000; accumulation: 2. 

 

Firstly, solutions of two dioxetanes 3 and 27g (0.5 mM in 0.5μL of CH3CN) 

were spread on a square glass slide (BELLCO 9 × 9 mm cover slip) and dried for 
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spontaneous solvent evaporation. The TCL emissions were measured at 80 °C 

using different concentrations through multilayer samples depositions (repeated 

drop solution-dry steps) to ensure a homogeneous distribution of the molecules 

in a small portion of the same plate. As previously mentioned, the random 

deposition of compounds 3 and 27g on glass slide, as the result of aggregates 

formation in the same spot, generated various TCL decay trends according to 

different TCL mechanisms (Figure 25).152  

 

 
Figure 25. Normalized TCL emission decays at 80°C of 3 (A) and 27g (B) via EMCCD 

detection in solid state. Black coded lines represent the fitting of the decay curves with a 

multiexponential equation. Each curve is normalized to its maximum value. 

 

The non-homogenous deposition of the samples highly made difficult the 

extrapolation of the results. Therefore, it was not possible to determine accurate 

evaluations for 1,2-dioxetanes 3 and 27g in terms of TCL intensity, since it 

strongly depended on the deposition manner of the two compounds on the glass 

slide. In particular, double or even triple exponentials were required to obtain the 

right fitting of the curves suggesting that the dacay profiles did not respect a 

classical first order kinetic in solid state but rather they were a sum of first order 

kinetics, thus a lifetimes distribution. 
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Based on these considerations, a different approach involving the dispersion of 

compound 3 and 27g into an optical glue was applied to overcome the poor 

reproducibility issues caused by the formation of aggregates observed in solid 

state and responsible to different kinectics. Solutions (12.5 mM, 20μL) of two 

samples 3 and 27g in CH3CN dispersed in a liquid photopolymer (Norland 

Optical Adhesive 61, NOA 61) were exposed under UV irradiation for 10 minutes 

to trigger the polymerization (Figure 26).  

 

 
Figure 26. Samples 3 and 27g dispersed in optical glue NOA 61 under UV light. 

 

After that, the samples were placed on the heating plate in the dark box and heated 

at a set of temperatures ranging from 80 to 120 °C, while acquiring the signals 

with both detectors in duplicate (Table 9).  

 
Table 9. Emission lifetimes for compound 3 and 27g with a CCD and an EMCCD 
detectors in optical glue at different temperatures. 

 t1/2 (s) a 
3 

t1/2 (s) a 
27g 

 CCD EMCCD CCD EMCC 

80 °C 2000 1796 1137 1479 

90 °C 1026 1063 1729 801 

100 °C 616 760 615 541 

110 °C 376 429 327 349 

120 °C 189 220 202 195 

All the measurements were determined by fitting the decay profile of the TCL emission 
with a first order equation in duplicate. a Calculated in optical glue at different 
temperatures (80-120 °C).  
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The normalized TCL decay and the TCL Arrhenius plot allowed to calculate 

the kinetic parameters. More in detail, for each temperature, the kinetic constants 

(k) of the TCL process were calculated by fitting the decay profile of the TCL 

emission with the first order decay equation and then the Ea and the lnA of the 

TCL process were determined by using the logarithmic form of the Arrhenius 

equation:  

ln K = ln A -
Ea

RT
 

The activation parameters of 1,2-dioxetane 3 and 27g were extrapolated and 

reported in Table 10.  
 
Table 10. Activation parameters of compound 3 and 27g using CCD and EMCCD 
cameras in optical glue. 

 3 27g 

 CCD EMCCD CCD EMCC 

lnA a 21.88 ± 4.87 19.61 ± 10.20 28.23 ± 10.22 39.34 ± 10.08 

Ea
 b 

(kcal mol-1) 
16.73 ± 3.67 13.88 ± 0.68 14.81 ± 7.49 22.12 ± 8.00 

All the measurements were determined according to the Arrhenius equation in duplicate. 

a Pre-exponential factor. The logarithmic form is expressed in s-1. b Activation energy 
(calculated as mean SD of two independent measurements using both detectors). 
 

The statistically significant differences observed by recording the activation 

parameters using different cameras, especially for 27g compound, can be 

explained by considering the substantial changes on the TCL curve profile in 

response to the high noise over long times, although the problem can be 

considerably reduced with appropriate fittings. By comparing the TCL emission 

profiles of dioxetane 3 and 27g it emerged that the push-pull compound 

intensifies the TCL emission in terms of a higher mean TCL signal, as shown in 
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Figure 27, and increases the detectability, respectively. This finding could be 

probably related to an increased efficiency of the excited state formation. 

 

 
Figure 27. Comparison of TCL signals between 3 and 27g at different temperatures in 

optical glue performed with the EMCCD for a single experiment.  
 

The TCL emission profiles of 1,2-dioxetanes 3 and 27g showed a first order 

kinetic trend in optical glues using both detectors. No substantial differences 

emerged by comparing 1,2-dioxetanes of interest (3 and 27g) dispersed in optical 

glue in terms of TCL emission duration and activation parameters. In particular, 

the presence of substituents in C2- and C7-positions indeed seems to not alter the 

thermodynamic and kinetic parameters, but rather it has a tangible effect on the 

TCL intensity according to the enhanced efficiency of excited state formation. 

Consequently, the thermal stability of the 1,2-dioxetane is basically independent 

from the push-pull substitution. 

TCL experiments performed in optical glue with both CCD and EMCCD 

cameras have been taken as references to determine the TCL efficiencies (ΦTCL), 

since they provided the most reproducible results. The efficiency of the TCL 

process is related to the probability of populating the excited state (singlet) 

through the cleavage of the dioxetane unit, and the consequent emission in a 



 
 
 
 
 
 
 

- Chapter 2. Results and Discussion - 

81 
 

radiative way, thus delivering photons. The B*τ value as the product of B value 

of the fitting equation and the half lifetime of the TCL decay at different 

temperatures was considered to better exploit the relationship between TCL 

efficiency and temperature. Consequently, the B*τ values for the 1,2-dioxetanes 

3 and 27g have been obtained from the exponential decays of the TCL emission, 

then normalized and plotted as a function of the temperature (Figure 28).  

 

 
Figure 28. TCL efficiency trends of 1,2-dioxetanes 3 (A) and 27g (B) in optical glue by 

using CCD and EMCCD detectors. 

 

The B*τ for the CCD experiment of 3 was almost constant with temperature, 

while the corresponding EMCCD experiment provided a different anomalous 

trend (Figure 28A). Moreover, three of the reported experiments for 27g showed 

a constant behaviour of B*τ as a function of temperature except for the EMCCD 

exp. 2 (Figure 28B), displaying an increase as the temperature raises. However, 

a precise and accurate trend for the TCL efficiency parameter is difficult to 

define, since the systematic slight differences in sample preparation and the 

temperature gradient variation. In addition, these controversial and unexpected 

behaviours may depend on the several variables that occur in each TCL 

experiments. Nevertheless, from this promising results it can be noticed that a 

significant difference in terms of B*τ on the temperature variation between the 
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unsubstituted 1,2-dioxetanes 3 and the push-pull system 27g was not revealed. 

As a future perspective, a refinement of instrumental heating device and an 

evaluation of temperature gradient inside the samples shall be implemented to 

give us precious information about a better evaluation of the TCL efficiency for 

the next experiments. 

Finally, we have investigated the behaviour of the 1,2-dioxetanes 3 and 27g 

incorporated into Pluronic silica nanoparticles (PluS NPs). Silica NPs offer 

opportunities in several fields, including imaging, drug delivery, sensing and 

catalysis.156 Different strategies can be adopted to synthesize the desired size and 

shape NPs. In this project, two structural elements widely reported in literature, 

tetraethyl-orthosilicate (TEOS) and the co-polymer Pluronic F127, were selected 

to build the core-shell nanoparticles.157 The latter is constituted by a central 

hydrophobic polypropylene oxide (PPO) block and two ending hydrophilic 

polyethylene glycol (PEG) chains. A precise amount of the selected 1,2-

dioxetanes 3 and 27g (0.1, 0.2 and 0.3% of dye moles) was dissolved in DMF 

and NaCl were added to a mixture of Pluronic F127 polymer in AcOH, used both 

as solvent and as acid catalyzer, to allow the micelle formation. The addition of 

TEOS provided the condensation following by the hydrolysis of ethoxy group in 

the acidic environment. Finally, trimethylsilyl chloride (TMSCl) was used as 

“capping agent” ensuring the core growth interruption and preventing the 

nanoparticles aggregation. The final structure featured hence an inner sphere in 

which a portion of the hydrophobic PPO chain was entrapped within a silica 

matrix and an entirely polymeric outer shell. This last part was divided in a first 

narrow hydrophobic sector near the solid nucleus and a second one that presented 

the hydrophilic chain of PEG ending with a -OH group available for further 

functionalization (Figure 29).158
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Figure 29. Structure of a core-shell silica nanoparticle (left) and structure of Pluronic 

F127 (right).  

 

The photophysical and morphological characterization of PluS NPs were 

performed (see Paragraph 3.3 for details). In particular, absorption and emission 

spectra, luminescence lifetimes of three suspensions of 3 and 27g-dopes PluS NPs 

differing on the initial doping level (0.1, 0.2 and 0.3% moles of dyes vs moles of 

TEOS) were detected. The photophysical properties of 3 and 27g-doped PluS NPs 

(0.3% for 3-doped PluS NPs and 0.2% for 27g-doped PluS NPs) were compared 

with those of the corresponding free 1,2-dioxetanes 3 and 27g in H2O solution at 

25 °C (Table 11). 
 
Table 11. Comparison of absorption and fluorescence data between 3-doped PluS 
NPs_0.3% and 27g-doped PluS NPs_0.2% and free 3 and 27g in H2O at r.t.. 

 λabs
 a (nm) λem 

a
 (nm) ΦF

 b τ c (ns) χ2 d 

3-doped PluS 

NPs_0.3% 
386 420 0.96 12.8 1.146 

3 402 421 0.93 13.0 1.071 

27g-doped PluS 

NPs_0.2% 
397 428 0.17 12.89 1.119 

27g 410 429 0.30 15.33 1.034 
a Determined in H2O solution. b Determined using quinine sulfate as standard (ΦF = 0.53 
in H2SO4 0.05 mol L-1). c Fluorescence lifetime decay. d Coefficient of determination (chi-
squared). 
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The NPs suspensions displayed a slight blue shift in absorption with respect to 

the free 1,2-dioxetane 3 and 27g in H2O solution. The two systems exhibited 

similar ΦF, significantly higher in H2O (0.93 for 3 and 0.30 for 27g, Table 11) 

than in CH3CN (0.11 and 0.23, respectively). The molar extinction coefficient (ε) 

of 1.2-dioxetanes 3 and 27g in H2O was determined to establish the final doping 

level of the NPs suspension of interest, according to the equation reported below: 

EE %=
mol diox. inside

initial mol of TEOS
 x 100 

In particular, ε were calculated at λabs= 402 nm and 410 nm (3 and 27g, Table 11) 

corresponding to 6000 M-1 cm-1 and 2100 M-1 cm-1, respectively. Consequently, 

the entrapment efficiency of the 0.3% suspension for 3 and 0.2% suspension for 

27g, was 0.002% and 0.005%, respectively. However, low doping levels 

complicated a sensible estimation of the average number of molecules for NPs at 

this preliminary stage. The photophysical results above mentioned for the 

synthesized PluS NPs suspensions suggested that 1,2-dioxetane derivatives 3 and 

27g can be encapsulated with a relatively low efficiency. Yet, despite this low 

encapsulation efficiency, the NPs environment provides the possibility of 

investigating the TCL mechanism in a confined space, different from those 

previously studied.159 For this reason, preliminary TCL experiments involving 

1,2-dioxetane-doped NPs suspensions 3 and 27g were performed. The doped NPs 

suspensions (5μL, 10 μM, expressed as TCL compound concentration) were 

spread on a glass slide and then put in a vacuum dryer to remove water. The rest 

of experiment was carried out according to the general TCL procedure previously 

described. The unsubstituted 1,2-dioxetane 3-doped PluS NPs showed a clear but 

weak signal (Figure 30A). The TCL emission profile displayed a peak which 

deviated from the background of just 200 absolute units and that rapidly 

disappeared with first order decay kinetics. However, any TCL emission was 

detected by performing the same experiment at the same concentration with the 
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free TCL label 3 in CH3CN. Controversy, the restricted and protected 

environment offered by NPs favoured the thermolysis and then the emission. 

27g-doped Plus NPs provided a higher emission signal than its parent compound 

3 according to results carrying out in optical glue, deviating from the background 

of 1000 absolute units, in terms of mean TCL signal (Figure 30B). However, as 

well as 3-doped NPs, even with a push-pull system, the TCL signal decreased 

with first-order decay kinetics. Despite not having sufficient data to fully support 

this evidence, the environment seems to assist in the high efficiency of the excited 

state in addition to the push-pull effect. The light signals provided by the two 

suspensions are reported in Figure 30. 

 

 
Figure 30. TCL images: maximum TCL emission of 3-PluS NPs (A) and 27g-PluS NPs 

(B) heated at 140°C using EMCCD camera as detector. Optical parameters: diaphragm 

aperture at the maximum value; exposure time 1 s; accumulation 2; gain 4000. 

 

In summary, we have demonstrated that the investigated compounds (3 and 

27g) can be easily trapped into the silica matrix remining still active and efficient 

for TCL applications. In addition, the lifetimes of TCL compounds should be 

calculated at different temperatures (4 °C, -20 °C, and -80 °C) to establish an 

estimate of the potential TCL efficiencies in the different environments evaluated 

and to develop specific diagnostic tests for various storage conditions.  
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2.4.2 TCL imaging of the unsubstituted probe model: proof of concept  

As a preliminary proof of concept, the representative dioxetane parent 

compound (3) was diluted in saline solution and then incubated at 25 °C for 30 

minutes with aneuploid immortal keratinocyte cell line from adult human skin 

(HaCaT, 1 × 106 cells).110 Cells were then washed in saline solution and deposited 

on a cellulose disc. The TCL signal was measured by heating the disc using the 

above-described imaging apparatus. An equal volume of supernatant from the 

last washing step was deposited on a paper disk and subjected to the same 

measurement, as the blank. A rather intense light signal can be observed from the 

cells pellet, while very low signal (almost the thermal noise of the instrument) 

was observed for the supernatant (Figure 31A-B). It was thus confirmed that the 

relatively high lipophilicity (O/W Log P= 2.5) of this molecule facilitates the 

entry into the cell membrane allowing to image the cells as evaluated in the 

microscope imaging of the cells plated on glass. The light signal was acquired 

with a very sensitive B/W cooled CCD camera and transformed in pseudo color 

scale (Figure, 31C-D). 
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Figure 31. A) TCL pseudo color image of HaCaT cells pellet deposited on a cellulose 

disc (1 cm diameter) after washing with saline solution and heated at 140 °C in 

comparison with (1) and the blank (2) of the same volume of the supernatant. B) Surface 

3D plot of TCL image acquired from the HaCaT cells pellet. C-D) Microscope image 

using ultrasensitive B/W CCD camera: TCL imaging of HaCaT cells plated on cover 

glass (cells frozen at -20 °C with EtOH/CH3CN, 1/1, v/v). C) Cells live image. D) TCL 

intracellular microscope (a) and pseudo colors image (b). 

 

These preliminary data encourage the use of such TCL probes coupled with 

biomolecules for the development of reagentless ultrasensitive biosensors, a 

bioanalytical method competing with conventional biochemiluminescence 

probes, which are still sensitive but requiring the addition of the substrate to 

trigger the CL process. 

 

 

2.5 Development of new bioconjugated probes based on TCL 

phenomenon 

The recent COVID-19 pandemic has highlighted the relevance of novel 

ultrasensitive biosensors in compact formats able to provide real-time 

information at relatively low cost and POC application.160 The rapid detection of 
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specific target molecules in complex samples can found application in many 

areas, including clinical diagnostic, drug discovery, environmental monitoring, 

and food safety assessment.1a Although bioanalytical applications of TCL probes 

are limited because of chemical instability and low water solubility, 1,2-dioxetane 

analogues have been recently reproposed as ultrasensitive probes in immuno- and 

gene assays.25a-b,31 Some efforts have been directed towards the development of 

new bioconjugated probes based on the TCL phenomenon in order to realize 

robust, universal, and easy-to-handle TCL-based immunoassays. For this reason, 

synthetic functionalization on the ester appendage were designed to provide novel 

sites for labelling antibodies or other biomolecules such as bt-SA system.  

Three different strategies, including directly conjugated (Figure 32A), 

biotinylated (Figure 32B), and sulfonated probes (Figure 32C), were 

investigated to create new TCL molecular labels through the direct derivatization 

of the structural core of the parent 1,2-dioxetane 3 with bioactive portions. 

 

 
Figure 32. Strategies adopted for the synthesis of bioconjugated TCL probes. A) Direct 

conjugation, B) biotinylation, and C) synthesis of sulfonated probes. 
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2.5.1 Directly conjugated probes 

Among the functional groups available in proteins and other biomolecules of 

interest, primary amines (-NH2) are certainly the most employed groups for 

bioconjugation purposes.161,162 Primary amines are characterized by a positive 

charge at physiologic pH and a strong nucleophilicity, encouraging the 

conjugation with reactive groups.163 Generally, amine-reactive chemical groups, 

including free carboxylic acids and N-hydroxysuccinimide (NHS) esters, are 

incorporated in probes to bind primary amines in target biological materials for 

protein crosslinking and labelling.164,165 For these reasons, the ester moiety of 1,2-

dioxetane 3 was functionalized to react with amine groups. 

Firstly, different approaches were applied to synthesize the acid intermediate 

37. During the classical alkaline hydrolysis procedure (LiOH in refluxing EtOH) 

of 36, a partial decarboxylation of the side chain was observed affording the by-

product 38 (Scheme 22, path a). The second strategy consisted of the McMurry 

reaction of intermediate 39 obtained by way of the alkaline hydrolysis in 

quantitative yield of alkylated acridone 26 (Scheme 22, path b).25a-c,166 McMurry 

reaction was also carried out starting from the commercial acridone 40 with the 

subsequential alkylation of 41 using chloroacetic acid (Scheme 22, path c).25a-c 

However, the last procedures failed to afford the desired product. Finally, the acid 

intermediate 37 was synthesized according to a patent protocol (aqueous solution 

of NaOH 15%, w/w, EtOH at reflux for 10 minutes) (Scheme 22, path d).167  
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Scheme 22. Synthesis of acid intermediate 37. Reagents and conditions: Path a. a) LiOH, 

EtOH, reflux, 7 h. Path b. a) NaH, BrCH2COOEt, Bu4NI, DMF, 0 °C→ r.t., 24 h, 98%; 

b) NaOH, EtOH, reflux, 7 h, 98%; c) 2, TiCl4 (1 M in CH2Cl2), Zn, anhydrous THF, 

reflux, 48 h. Path c. a) 2, TiCl4 (1 M in CH2Cl2), Zn, anhydrous THF, reflux, 24 h, 43%; 

b) NaH, ClCH2COOH, Bu4NI, DMF, 0 °C→ r.t., 48 h. Path d. a) NaOH, EtOH, reflux, 

10 min. 

 

To avoid the isolation of unstable intermediate 37, a direct acylation of acid 

intermediate 39 was carried out. 39 was reacted with N-hydroxysuccinimide 

(NHC), N,N′-dicyclohexylcarbodiimide (DCC) in anhydrous THF at 25 °C for 48 

hours affording the product 42 in low yield (32%, Scheme 23).168,169 However, 
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the subsequent reductive coupling did not occur probably because of the 

complexation of titanium species at the several carbonyl functionalities of the 

molecule (Scheme 23). 
 

 
Scheme 23. First attempt for the synthesis of NHS ester olefin 43. Reagents and 

conditions: a) NHS, DCC, anhydrous THF, r.t., 48 h, 32%; b) 2, TiCl4 (1 M in CH2Cl2), 

Zn, anhydrous THF, reflux, 48 h. 

 

The experimental evidence supports that terminal carboxylic acids or steric 

hindered amide on the side chain compete with acridone ketone as the result of 

the formation of coordination complexes, decreasing the reactivity in McMurry 

reaction at the target carbonyl group. Consequently, the crude acid intermediate 

37 was used in the synthesis of corresponding NHS ester probe 44 (Scheme 24), 

while the synthesis of the short chain 1,2-dioxetane derivatives was abandoned.  

NHS esters are reactive groups formed by carbodiimide-activation of 

carboxylate molecules. Succinimidyl esters show high chemical stability forming 

stable amide bonds with aliphatic amines in physiologic to slightly alkaline 

conditions (pH from 7.2 to 9).163 37 was functionalized in acylation reaction by 

using NHC, 1-hydroxybenzotriazole (HOBt) hydrate, N-methyl morpholine and 

2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate 

(TBTU) in anhydrous DMF at 25 °C affording the desired intermediate 43 in 

moderate yield (40% over two steps, Scheme 24). The thus formed intermediate 

43 was submitted to the photooxygenation reaction affording the short chain NHS 

ester probe 44 in high yield (87%, Scheme 24).170  
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Scheme 24. Synthesis of the short chain NHS ester probe 44. Reagents and conditions: 

a) NHS, N-Me morpholine, HOBt hydrate, TBTU, anhydrous DMF, r.t., 16 h, 40% (over 

two steps); b) MB, -20 °C, CH2Cl2, lamp, O2 (1 atm, balloon), 16 h, 87%. 

 

The elongation of the N-side chain by using the commercially available ethyl 

6-bromohexanoate was also evaluated to avoid the formation of the by-product 

38. Moreover, the dependence among the side chain length and the corresponding 

1,2-dioxetane stability, as well as the TCL properties, was intensively 

investigated by inserting a six-carbon atoms arm on the ester acetate. 

Consequently, the longer chain acid 45 and the corresponding NHS ester 46 1,2-

dioxetanes were synthesized according to the standard procedures.171 In 

particular, commercial acridone 40 was alkylated by using ethyl 6-

bromohexanoate to provide the resulting adduct 47 that it was submitted to 

McMurry olefination for 48 hours (48) and subsequential basic hydrolysis 

providing the acid alkene derivative (49, Scheme 25). 49 was used in acylation 

reaction with NHC and the resultant intermediate 50 was submitted to [2+2]-

cycloaddition step affording the final long chain succinimidyl 1,2-dioxetane 

product 46 in good yield (81%, Scheme 25). The long chain acid olefin 49 was 

also directly submitted to the photooxygenation step obtaining the final long 

chain acid 1,2-dioxetane 45 with moderate yield (59%, Scheme 25).170 
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Scheme 25. Synthesis of final products 45 (long chain acid 1,2-dioxetane) and 46 (long 

chain NHS ester 1,2-dioxetane). Reagents and conditions: a) NaH, Br(CH2)5COOEt, 

Bu4NI, DMF, 0 °C→ r.t., 16 h, 63%; b) 2, TiCl4 (1 M in CH2Cl2), Zn, anhydrous THF, 

reflux, 63%; c) LiOH, EtOH, reflux, 16 h, > 98%. d) MB, -20 °C, CH2Cl2, lamp, O2 (1 

atm, balloon), 16 h (45: 59% and 46: 81%). e) NHS, N-Me morpholine, HOBt hydrate, 

TBTU, anhydrous DMF, r.t., 16 h, 81%. 

 

The new directly bioconjugated 1,2-dioxetanes (45 and 46) were evaluated in 

terms of TCL efficiency and LODs, while the results for the 1,2-dioxetane 44 are 

presently ongoing. Both 45 and 46 were investigated at 100 °C and the activation 

parameters were extrapolated according to the Arrhenius equation. The long 

chain acid 1,2-dioxetane 45 had a weak signal and a low intensity emission, while 

the corresponding succinimide derivative 46 showed a stable signal, affording 

comparable kinetic profile and thermodynamic parameters in tune with the series 

of new 1,2-dioxetanes synthesized (27a, 27d-e, 27g) and their parent compound 

3 (Ea= (28 ± 6) kcal mol-1; LOD= (5,7 ± 0,5) ×10-11 mol spot-1). The problems 

related to the poor solubility of the new probes in CH3CN used as the solvent 

system in TCL assays can be associated with the increase in lipophilicity as a 

consequence of the N-side chain elongation. The introduction of more polar 

sulfonated esters on the terminal acid chains was further adopted (see Paragraph 
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2.5.3).163 So far, the long chain succinimidyl 1,2-dioxetane 46 represents a valid 

candidate to proceed with the bioconjugation as the stability of endoperoxide unit 

seems not particularly affected by the side chain length. 

 

 

2.5.2 Biotinylated probe 

The second bioconjugation stage consisted of the direct functionalization of 

TCL substrate with biotin (bt) to exploit the biotin-streptavidin (bt-SA) 

interaction in enzyme recognition. The molecular probe characterized by three 

different portions, i.e., TCL scaffold, biomarker unit, and connecting spacer 

(Figure 33).  

 

 
Figure 33. Molecular structure of biotin TCL probe 51. 

 

Bt-SA complex is widely described on literature to establish the strongest 

enzyme-substrate non-covalent interactions, with a dissociation constant (Kd) in 

the femtomolar range.172,173 Furthermore, this interaction is resistant to harsh 

experimental conditions including variations in pH values and high temperatures. 

Thus, the streptavidinated enzymes commercially available and low-cost 

biotinylation reagents, make the bt-SA technology particularly suitable for the 

development of universal reagents for immunoassays development. Finally, the 

spacer unit, a six-carbon atoms space unit was selected to preserve the bt-SA 

interaction.174  
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Firstly, a convergent strategy was attempted to generate synthons to be 

combined at the later stage achieving the target molecule 51 (Scheme 26).175 The 

synthesis started from the respective acid derivative 37 following a direct 

alkylation of acridone 40 (Scheme 26, path a) or through hydrolysis of McMurry 

adduct 36 (Scheme 26, path b), alternatively. Two subsequential coupling 

reactions between a) D-bt (52) and 1,6-hexanediamine, and b) the terminal amine 

intermediate 53 with acid McMurry adduct 37 led to the formation of the 

biotinylated olefin 54 followed by the final photooxygenation step to obtain the 

biotinylated TCL probe 51 (Scheme 26). 

 
Scheme 26. Convergent synthetic strategy for obtaining the biotinylated TCL probe (51). 

Reagents and conditions: a) NaH, dry DMF, ClCH2COOH (path a) or BrCH2COOEt 

(path b), Bu4NI, DMF, 0 °C→ r.t.; b) 2, TiCl4 (1 M in CH2Cl2), Zn, anhydrous THF, 

reflux; c) NaOH, EtOH, reflux; d) 1,6-hexanediamine, DSC, Et3N, anhydrous DMF, r.t.; 

e) EDC, CHCl3, 0 °C→ r.t.; f) MB, -20 °C, CH2Cl2, lamp, O2 (1 atm, balloon). 
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By adopting this strategy, a series of difficulties was encountered related to the 

instability of the key intermediate 37. Thus, alternative routes have been pursued 

by reacting 52 with 1,6-hexanediamine to afford the corresponding conjugate 53 

in quantitative yield (Scheme 27).176 Next, the conjugated bt-hexanediamine 53 

was submitted to a direct coupling with the corresponding ester McMurry 

derivative (36) using zinc triflate at reflux in anhydrous DMF for 48 hours 

(Scheme 27, path a). Alternatively, the key intermediate succinimide olefin (43) 

was reacted under basic conditions in anhydrous DMF at 100 °C overnight 

(Scheme 27, path b).177 

 

 
Scheme 27. Alternative strategies for the synthesis of biotinylated olefin 54. Reagents 

and conditions: a) 1,6-hexanediamine, DSC, Et3N, anhydrous DMF, r.t., 24 h, > 98%; 

path a: Zn triflate, anhydrous DMF, reflux, 48 h; path b: Et3N, DMAP, anhydrous DMF, 

100 °C, 24 h. 

 

Unfortunately, both procedures failed to provide the desired product (54), 

prompting us to explore an alternative synthetic pathway (Scheme 28). Thus, the 

coupling between 39 and N-mono Boc 1,6-hexanediamine 55 obtained by using 

di-tert-butyl dicarbonate (Boc2O)178 in CHCl3 starting from 1,6-hexanediamine at 

25 °C gave the intermediate 56.179 
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Scheme 28. Second synthetic strategy for obtaining the biotinylated TCL probe 51. 

Reagents and conditions: a) COMU, DIPEA, anhydrous DMF, 0 °C→ r.t., overnight, 

91%; b) TFA, CH2Cl2, 0 °C→ r.t., 3 h, 66%; c) 2, TiCl₄, Zn, anhydrous THF, reflux, 45 

min, > 98%; d) 52, COMU, DIPEA, anhydrous DMF, 0 °C→ r.t., 3 h, 28%; e) MB, -20 

°C, CH2Cl2, lamp, O2 (1 atm, balloon). 

 

The adduct 56 was deprotected in acid conditions for trifluoroacetic acid (TFA) 

at 25 °C in quantitative yield (57). Then, McMurry reaction was carried out 

obtaining 58 and the subsequent coupling reaction with 52 led to the desired 

biotinylated olefin intermediate 54 in low yield (28%, Scheme 28).179 However, 

solubility issues were encountered in the synthesis of the new intermediates, 

especially during the photooxygenation step. A slow conversion of the olefin 54 

was observed by NMR analysis of crude after 5 hours of irradiation. This result 

strongly dependend on the low solubility of precursor 54 in the reaction solvent 

(CH2Cl2), consequently few drops of MeOH were added to provide a complete 

solubilization of the starting material. Unfortunately, a mixture of sulfone and 

sulfoxide derivatives was obtained after 10 hours of irradiation, (59-62, Scheme 

29) probably caused by the increase of solubility after MeOH addition.  
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Scheme 29. Molecular structures of by-products (59-62) obtained under 

photooxygenation conditions from biotinylated olefin 54. 

 

 

2.5.3 Sulfonated probes 

The water solubility frequently represents a difficult obstacle to overcome for 

labelling molecules attachment. The high hydrophobicity and the poor solubility 

of NHS esters in aqueous media make them often incompatible with specific 

bioanalytical applications. In appropriated quantities, the addition of organic co-

solvents such as DMF or DMSO is required to improve solubility of the reactive 

esters, while an excess could compromise the stability of biopolymer.164 

To solve solubility issues, more polar sulfo N-hydroxysuccinimidyl (sulfo-

NHS) and 4-sulfotetra fluorophenyl (STP) esters have been designed to realize 

bioconjugation reaction in aqueous buffers.180,181 The classical coupling 

procedure using a third generation coupling agent (1-cyano-2-ethoxy-2-

oxoethylidenaminooxy)dimethylamino-morpholino-carbenium 

hexafluorophosphate (COMU) and DIPEA in anhydrous DMF at 25 °C was 

applied to obtain the long chain sulfo-NHS and STP 1,2-dioxetanes (63 and 64, 

Scheme 30).179 Extraction from the reaction crude of the sulfo-NHS olefin 65 

was particularly tedious because of its high affinity with water limiting the 
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purification of 65 (Scheme 30, path a). Conversely, the isolation of STP olefin 

66 resulted easier, even thought the complete degradation of STP 1,2-dioxetane 

64 was observed in the following photooxygenation step (Scheme 30, path b).  

 

 
Scheme 30. Synthesis of sulfonated probes 63 and 64. Reagents and conditions: a) Sulfo-

NHS or STP, COMU, DIPEA, anhydrous DMF, 0 °C→ r.t., o.n. (66: 46%). b) MB, -20 

°C, CH2Cl2, lamp, O2 (1 atm, balloon). 

 

The preliminary results about the functionalization of side chain appendage to 

afford TCL probes useful in bioconjugation assays provided promising results. 

However, the encountered solubility issues as well as the synthetic infeasibility 

of some intermediates and final products certainly require further studies and 

deepining.  
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Concluding Remarks and Future Perspectives 
 

 

 

 

 

 

 

 

Among the well-established luminescence techniques, TCL represents a 

promising and innovative approach for realizing bioanalytical assays. Despite its 

potential, only recently this technique has been broadly explored with the 

development of novel 1,2-dioxatane derivatives, in particular N-substituted 

acridine-containing compounds, as ultrasensitive TCL labels. 

In this Thesis work, the acridine ring has been decorated at the C2- and C7-

positions with both EWGs and EDGs to fine-tune the photophysical and TCL 

properties of the target 1,2-dioxetane compound 3. We proved both 

experimentally and with the support of computational analysis, that the efficiency 

of the photooxidation reaction, resulting into the TCL compounds properties, is 

markedly influenced by the different substitution pattern of the acridine moiety. 

Synthetic limitations due to the poor scalability and reproducibility of the key 

photooxidation step were solved with the recourse of enabling chemical 

technologies making the preparation of the 1,2-dioxetane unit more accessible. 

In particular, the critical [2+2]-photocycloaddition was performed under 

continuous flow conditions furnishing a simple method to prepare efficiently 

variably functionalized 1,2-dioxetanes. Among the synthesized derivatives, 

dioxetane 27g, containing an EDG and an EWG both by induction, was identified 
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as the best compound combining an intense TCL signal with a remarkable higher 

stability at room temperature. The effect of substitutions on mechanism and TCL 

performance was investigated by comparing the photophysical behaviour of the 

unsubstituted compound 3 with the push-pull 1,2-dioxetane 27g in different 

environments (solid state, optical glue and PluS NPs). Moreover, experiments 

carried out on HaCaT cell lines demonstrated that compound 3 can be detected 

in real biological samples as cell-based assays. Next, the functionalization of N-

acridine side chain was attempted to provide the site for coupling with proteins 

such as streptavidin, biotin or protein A, and facilitate their binding to antibody 

or DNA probes. Preliminary studies on the insertion of TCL probes into 

functionalized nanoparticles gave promising results in view of an improved 

stability in solution and enhancing the number of tracers per molecule, i.e., a high 

signal/mass for ultrasensitive detection. Further screening of specific materials, 

such as glass and plastics, will be evaluated to avoid the rapid decomposition of 

TCL probes and find the optimal working conditions (temperature, pH, ionic 

strength, and protein content) to make this approach universal to trace any 

biospecific reaction from immune- to gene-assays.
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3.1 Synthesis 

General methods 

Unless otherwise noted, chemicals were obtained from commercial suppliers and 

used without further purification. NMR spectra were recorded on a Bruker AC 

400 MHz spectrometer in the indicated solvent. Chemical shifts are reported in 

parts per million (ppm) and are relative to CDCl3 (7.26 ppm and 77.0 ppm), 

CD3OD (3.31 ppm and 49.0 ppm) DMSO-d6 (2.50 ppm and 39.52 ppm) or 

acetone-d6 (2.05 ppm and 29.84 ppm). The abbreviations used are as follows: s, 

singlet; brs, broad singlet; d, doublet; dd, double doublet; dt, double triplet; t, 

triplet; q, quartet; m, multiplet; brm, broad multiplet. Hydrogenation reaction was 

performed on a H-Cube system (ThalesNano). Flash column chromatography 

was performed using Biotage Isolera One. Thin-layer chromatography was 

performed using glass plates coated with silica gel 60 F-254. Spots were 

visualized by UV detector (λ: 254 nm).  
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General procedure for Ullmann coupling reaction (31a-c).25b,111
 

A suspension of p-substituted aniline (29a-c, 1 equiv.), 2-bromo 5-methoxy 

benzoic acid (30a, 0.72 equiv.), anhydrous K2CO3 (1 equiv.), and copper (0.14 

equiv.) in anhydrous DMF was heated under reflux and nitrogen atmosphere, 

until the complete disappearance of the starting material monitored by TLC. 

Then, the mixture was cooled to r.t., quenched with H2O and extracted with 

CH2Cl2. The water phase was acidified with HCl 3 N up to pH= 3 and extracted 

with CH2Cl2. The combined organic phases were washed with water, brine and 

dried over anhydrous Na2SO4. The crudes were concentrated under reduced 

pressure to dryness to give the desired products 31a-c that were submitted for the 

next step without further purifications. 

Ethyl 2-(9-((5r,7r)-adamantan-2-ylidene)acridin-10(9H)-yl)acetate (31a) 

150 mg (0.58 mmol). Yield: 63%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 2.36 (s, 3H), 3.81 (s, 3H), 7.03 (m, 

1H), 7.14 (m, 5H), 7.54 (m, 1H). 13C-NMR (CDCl3, 100.6 

MHz): δ 20.3, 55.2, 109.9, 113.3, 115.6, 122.0, 123.7, 129.4, 132.6, 137.8, 143.4, 

150.2, 173.1. 

2-((4-fluorophenyl)amino)-5-methoxybenzoic acid (31b) 

1.53 g (5.86 mmol). Yield: 65%. Green solid. 1H-NMR 

(DMSO-d6, 400 MHz): δ 3.72 (s, 3H), 7.05-7.22 (m, 6H), 

7.38 (m, 1H), 9.10 (bs, 1H). 13C-NMR (DMSO-d6, 100.6 

MHz): δ 55.6, 114.4, 115.0, 116.5, 116.7, 116.9, 122.4, 122.8, 122.9, 138.6, 

141.8, 151.5, 157.1, 159.5 170.0. 19F-NMR (DMSO-d6, 376 MHz): -121.41. 
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5-methoxy-2-((4-methoxyphenyl)amino)benzoic acid methyl (31c) 

1.24 g (4.54 mmol). Yield: 56%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 3.80 (s, 3H), 3.90 (s, 3H), 6.87-

6.93 (m, 2H), 6.95-7.02 (m, 2H), 7.12-7.18 (m, 2H), 

7.48-7.51 (m, 1H). 13C-NMR (CDCl3, 100.6 MHz): δ 55.6, 55.9, 109.9, 114.0, 

114.8, 115.8, 124.6, 125.6, 134.0, 145.3, 150.6, 156.6, 173.5.  

 

General procedure for Buchwald-Hartwig cross-coupling reaction and 

hydrolysis (31d-j).112,113 

A suspension of tris(dibenzylideneacetone)dipalladium (0)-chloroform adduct 

(0.036 equiv.) and (±)-BINAP (0.07 equiv.) in anhydrous toluene was stirred 

under nitrogen atmosphere at r.t. for 30 minutes. To the deep red solution, 2-

bromo 5-substituted methoxy benzoate (30b-d, 1 equiv.), p-substituted aniline 

(29a-e, 0.86 equiv.), and Cs2CO3 (1 equiv.) were added, and the mixture was 

stirred at 110-130 °C until the complete disappearance of the starting material 

monitored by TLC. The mixture was cooled to r.t., diluted with H2O and extracted 

with CH2Cl2. The combined organic phases were washed with H2O, brine, dried 

over anhydrous Na2SO4 and evaporated under reduced pressure co-distilling with 

acetone. To a solution of the corresponding ester coupling derivative (1 equiv.) 

in MeOH an aqueous solution of NaOH 5% (v/v) was added and the reaction 

mixture was stirred at r.t. until the complete disappearance of starting material. 

The mixture was concentrated under reduced pressure, diluted with HCl 3 N up 

to pH= 3 and extracted with CH2Cl2. The combined organic phases were washed 

with H2O, brine, dried over anhydrous Na2SO4 and evaporated under vacuum. 

The crudes were purified by automated flash chromatography to give the desired 

adducts 31d-j. 
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Methyl 2-((4-fluorophenyl)amino)-5-methylbenzoate (31d) 

187 mg (0.72 mmol). Yield: 33%. Colorless oil. 1H-NMR 

(CDCl3, 400 MHz): δ 2.26 (s, 3H), 3.90 (s, 3H), 6.99-7.06 

(m, 2H), 7.11-7.15 (m, 1H), 7.15-7.20 (m, 2H), 7.77 (s, 

1H), 9.25 (bs, 1H). 13C-NMR (CDCl3, 100.6 MHz): δ 19.7, 51.4, 110.9, 113.2, 

115.3, 115.5, 123.9, 124.0, 125.6, 130.7, 134.6, 136.5, 145.6, 159.7, 168.3.0. 19F-

NMR (CDCl3, 376 MHz): -119.84. 

Methyl 5-methoxy-2-((4-(trifluoromethyl)phenyl)amino)benzoate (31e) 

1.33 g (4.0887 mmol). Yield: > 98%. Yellow oil. 1H-

NMR (CDCl3, 400 MHz): δ 3.80 (s, 3H), δ 3.90 (s, 3H), 

7.03 (dd, 1H, J1 = 2.70, J2 = 9.00), 7.18 (m, 2H), 7.37 (m, 

1H), 7.49 (m, 3H). 13C-NMR (CDCl3, 100.6 MHz): δ 13.5, 20.4, 51.4, 55.0, 59.7, 

113.8, 114.7, 117.4, 117.6, 121.2, 125.9, 126.0, 138.7, 144.8, 151.9, 167.6. 19F-

NMR (CDCl3, 376 MHz): -62.12. 

Methyl 2-((4-cyanophenyl)amino)-5-methoxybenzoate (31f) 

510 mg (1.81 mmol). Yield: 44%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 3.80 (s, 3H), δ 3.89 (s, 3H), 7.04 

(dd, 1H, J1 = 3.07, J2 = 9.05 Hz), 7.11 (m, 2H), 7.37 (m, 

1H), 7.47 (m, 3H). 13C-NMR (CDCl3, 100.6 MHz): δ 51.6, 55.41, 102.1, 114.1, 

116.0, 116.5, 118.6, 119.1, 120.8, 133.0, 137.1, 146.0, 152.7, 167.4. 

Methyl 5-methyl-2-((4-(trifluoromethyl)phenyl)amino)benzoate (31g) 

1.2 g (3.88 mmol). Yield: 60%. Colorless oil. 1H-NMR 

(CDCl3, 400 MHz): δ 2.30 (s, 3H), 3.90 (s, 3H), 7.18-7.25 

(m, 2H), 7.30-7.40 (m, 1H), 7.49-7.59 (m, 2H), 7.81 (m, 

1H), 9.48 (s, 1H). 13C-NMR (CDCl3, 100.6 MHz): δ 14.3, 20.5, 52.0, 60.5, 114.0, 

NC
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115.8, 119.0, 126.6, 128.5, 131.7, 135.1, 143.4, 145.0, 168.8. 19F-NMR (CDCl3, 

376 MHz): -62.15. 

Methyl 2-((4-cyanophenyl)amino)-5-methylbenzoate (31h) 

705 mg (2.65 mmol). Yield: 41%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 2.30 (s, 3H), 3.88 (s, 3H), 7.13-7.22 

(m, 2H), 7.32-7.38 (m, 1H), 7.39-7.46 (m, 1H), 7.49-7.56 

(m, 2H), 7.81 (s, 1H), 9.53 (s, 1H). 13C-NMR (CDCl3, 100.6 MHz): δ 19.9, 51.5, 

102.7, 114.4, 116.1, 117.4, 119.0, 124.7, 127.8, 128.3, 129.1, 129.9, 131.2, 133.0, 

134.3, 141.3, 142.7, 167.9, 177.4.  

Methyl 2-((4-methoxyphenyl)amino)-5-nitrobenzoate (31i) 

167 mg (0.55 mmol). Yield: 48%. Yellow solid. 1H-

NMR (CDCl3, 400 MHz): δ 3.86 (s, 3H), 3.97 (s, 3H), 

6.85-6.92 (m, 1H), 6.94-7.02 (m, 2H), 7.15-7.23 (m, 2H), 

7.81 (s, 1H), 8.90-8.93 (m, 1H), 9.53 (s, 1H), 10.01 (brs, 1H). 13C-NMR (CDCl3, 

100.6 MHz): δ 52.5, 55.7, 109.5, 113.0, 115.2, 127.1, 129.2, 129.5, 130.9, 137.0, 

154.1, 158.3, 168.0.  

Methyl 5-nitro-2-(p-tolylamino)benzoate (31j) 

602 mg (2.10 mmol). Yield: 55%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 2.39 (s, 3H), 4.00 (s, 3H), 7.00 (d, 

1H, 9.45), 7.14 (d, 2H, J = 7.93), 7.24 (d, 2H, 8.17), 8.08 

(dd, 1H, J1 = 2.12, J2 = 9.35), 8.90 (d, 1H, 2.28), 10.09 (brs, 1H). 13C-NMR 

(CDCl3, 100.6 MHz): δ 21.2, 52.5, 109.8, 113.1, 124.9, 129.2, 129.4, 130.5, 

135.6, 136.4, 137.1, 153.4, 167.9.  
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General procedure by Eaton’s acid-mediated cyclization step (32a-j).114 

In a flask containing the corresponding acid coupling derivative (31a-j, 1 equiv.), 

Eaton’s reagent (10 wt % P2O5 solution in methanesulfonic acid) was added, and 

the reaction mixture was then stirred at 90 °C for ca. 3 hours. After cooling to r.t., 

the mixture was diluted with H2O and EtOAc. The crude was treated with 

NaHCO3(ss) up to pH= 7 and extracted with EtOAc. The combined organic phases 

were washed with H2O, brine, dried over anhydrous Na2SO4 and concentrated 

under vacuum. The crudes were used for the next step without further 

purifications. 

2-methoxy-7-methylacridin-9(10H)-one (32a) 

1.6 g (6.69 mmol). Yield: > 98%. Yellow solid. 1H-NMR 

(DMSO-d6, 400 MHz): δ 2.40 (s, 3H), 3.84 (s, 3H), 7.36 

(dd, 1H, J1 = 2.79, J2 = 9.03), 7.14 (m, 1H), 7.50 (m, 2H), 

7.59 (m, 1H), 8.01 (m, 1H), 11.68 (brs, 1H). 13C-NMR (DMSO-d6, 100.6 MHz): 

δ 21.0, 55.7, 105.1, 117.7, 119.6, 119.9, 121.2, 124.6, 125.3, 130.0, 130.2, 135.0, 

136.1, 139.0, 154.2, 176.3.  

2-fluoro-7-methoxyacridin-9(10H)-one (32b) 

1.6 g (6.58 mmol). Yield: > 98%. Yellow solid. 1H-NMR 

(DMSO-d6, 400 MHz): δ 3.85 (s, 3H), 7.40 (m, 1H), 7.53-

7.66 (m, 4H), 7.85 (m, 1H), 12.07 (bs, 1H). 13C-NMR 

(DMSO-d6, 100.6 MHz): δ 55.9, 105.0, 109.8, 110.0, 119.9, 120.6, 122.5, 122.8, 

125.2, 136.3, 137.8, 154.7, 156.1, 158.4 176.0. 19F-NMR (DMSO-d6, 376 MHz): 

-121.59. 
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2,7-dimethoxyacridin-9(10H)-one (32c) 

93 mg (0.36 mmol). Yield: > 98%. Yellow solid. 1H-

NMR (DMSO-d6, 400 MHz): δ 3.83 (s, 6H), 7.33-7.40 

(dd, 2H, J1 = 3.00, J2 = 9.03), 7.50-7.57 (d, 2H, J = 9.00), 

7.57-7.62 (d, 2H, J = 3.00), 11.83 (brs, 1H). 13C-NMR (DMSO-d6, 100.6 MHz): 

δ 55.4, 104.5, 119.4, 120.1, 124.3, 135.5, 153.9, 175.4.  

2-fluoro-7-methylacridin-9(10H)-one (32d) 

230 mg (1.01 mmol). Yield: > 98%. Pale yellow solid. 1H-

NMR (DMSO-d6, 400 MHz): δ 2.40 (s, 3H), 7.42-7.48 (m, 

1H), 7.54-7.66 (m, 4H), 7.80-7.88 (dd, 2H, J1 = 2.62, J2 = 

9.30), 7.99 (m, 1H), 11.79 (brs, 1H). 13C-NMR (DMSO-d6, 100.6 MHz): δ 21.0, 

109.9, 110.2, 117.8, 119.9, 120.3, 120.4, 121.2, 122.5, 122.7, 125.3, 130.8, 135.6, 

138.0, 139.3, 156.0, 158.3, 176.3.  19F-NMR (DMSO-d6, 376 MHz): -121.62.  

2-methoxy-7-(trifluoromethyl)acridin-9(10H)-one (32e) 

630 mg (2.15 mmol). Yield: > 98%. Yellow solid. 1H-

NMR (CD3OD, 400 MHz): δ 3.94 (s, 3H), 7.46 (dd, 1H, 

J1 = 2.69, J2 = 9.02), 7.55 (m, 1H), 7.67 (m, 1H), 7.77 (m, 

1H), 7.91 (m, 1H), 8.65 (m, 1H). 13C-NMR (CD3OD, 100.6 MHz): δ 56.1, 108.6, 

117.3, 119.7, 120.1, 120.5, 122.3, 123.0, 124.1, 125.7, 133.4, 137.8, 147.7, 154.6, 

176.5. 19F-NMR (CD3OD, 376 MHz): -63.77.  

7-methoxy-9-oxo-9,10-dihydroacridine-2-carbonitrile (32f) 

1.00 g (4.00 mmol). Yield: > 98%. Yellow solid. 1H-

NMR (DMSO-d6, 400 MHz): δ 3.84 (s, 3H), 7.43-7.50 

(m, 1H), 7.54-7.62 (m, 3H), 7.94-7.99 (m, 1H), 8.54 (m, 
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1H), 12.24 (brs, 1H). 13C-NMR (DMSO-d6, 100.6 MHz): δ 55.3, 102.3, 104.9, 

118.7, 118.9, 119.5, 121.5, 124.8, 132.0, 134.1, 135.2, 142.2, 154.7, 175.0.  

2-methyl-7-(trifluoromethyl)acridin-9(10H)-one (32g) 

300 mg (1.08 mmol). Yield: > 98%. Yellow solid. 1H-

NMR (DMSO-d6, 400 MHz): δ 2.41 (s, 3H), 7.50-7.75 (m, 

2H), 7.77-7.90 (m, 1H), 7.90-8.12 (m, 2H), 8.45 (m, 1H), 

12.87 (s, 1H). 13C-NMR (DMSO-d6, 100.6 MHz): δ 21.1, 118.4, 119.5, 119.7, 

121.2, 124.2, 125.5, 129.3, 131.8, 139.6, 143.4, 176.7. 19F-NMR (DMSO-d6, 376 

MHz): -60.57.  

7-methyl-9-oxo-9,10-dihydroacridine-2-carbonitrile (32h) 

100 mg (0.43 mmol). Yield: > 98%. Orange solid. 1H-NMR 

(DMSO-d6, 400 MHz): δ 2.40 (s, 3H), 7.11-7.59 (m, 3H), 

7.99-8.35 (m, 2H), 8.70-8.93 (m, 1H), 12.87 (brs, 1H). 13C-

NMR (DMSO-d6, 100.6 MHz): δ 20.6, 117.2, 117.5, 119.4, 120.7, 125.2, 126.3, 

126.5, 130.9, 132.1, 135.2, 138.9, 142.4, 167.4, 176.7. 

2-methoxy-7-nitroacridin-9(10H)-one (32i) 

110 mg (0.41 mmol). Yield: > 98%. Yellow solid. 1H-

NMR (CDCl3, 400 MHz): δ 4.07 (s, 3H), 7.45-7.51 (m, 

1H), 7.59 (dd, 1H, J1 = 1.60, J2 = 8.97), 8.07-8.16 (m, 1H), 

8.23-8.31 (m, 1H), 8.43 (dd, 1H, J1 = 1.60, J2 = 9.20), 9.30-9.35 (m, 1H). 13C-

NMR (CDCl3, 100.6 MHz): δ 56.1, 99.9, 122.2, 122.3, 123.0, 126.2, 128.4, 131.9, 

132.0, 145.8, 147.8, 148.3, 159.3, 171.9.  
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2-methyl-7-nitroacridin-9(10H)-one (32j) 

400 mg (1.57 mmol). Yield: > 98%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): 1H-NMR (CDCl3, 400 MHz): δ 2.66 (s, 

3H), 7.73-7.81 (m, 1H), 8.11-8.24 (m, 2H), 8.26-8.35 (m, 

1H), 8.42-8.51 (m, 1H), 9.31-9.38 (m, 1H). 13C-NMR (CDCl3, 100.6 MHz): δ 

22.4, 122.7, 122.8, 123.1, 123.3, 129.5, 131.6, 134.1, 136.2, 139.2, 142.8, 143.0, 

152.4, 175.1.  

 

General procedure for the alkylation step (26 and 28a-j).25c 

To a suspension of the corresponding cyclization derivative (32a-j and 40, 1 

equiv.) in anhydrous DMF, NaH (60% dispersion in mineral oil, 1.2 equiv.) was 

added dropwise, and the mixture was stirred for 30 minutes at r.t.. After cooling 

to 0°C, ethyl 2-bromoacetate (1.5 equiv.), and tetrabutylammonium iodide (0.01 

equiv.) were added and the solution was stirred for further 24 hours at r.t. The 

mixture was diluted with H2O and extracted with EtOAc. The combined organic 

phases were washed with H2O, brine and dried over anhydrous Na2SO4. The 

crudes were evaporated under vacuum and purified by flash chromatography to 

give the desired compounds (26, 28a-j). 

Ethyl 2-(9-oxoacridin-10(9H)-yl)acetate (26) 

2.81 g (9.99 mmol). Yield: 98%. Pale yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 1.29 (t, 3H, J = 7.1 Hz), 4.30 (q, 2H, J = 

7.12 Hz), 5.04 (s, 2H), 7.31-7.27 (m, 4H), 7.71-7.66 (m, 2H), 

8.54-8.52 (m, 2H). 13C-NMR (CDCl3, 100.6 MHz): δ 14.3, 48.5, 

62.3, 114.3, 121.9, 122.6, 128.0, 134.2, 142.3, 168.4, 178.2.  
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Ethyl 2-(2-methoxy-7-methyl-9-oxoacridin-10(9H)-yl)acetate (28a) 

47 mg (0.14 mmol). Yield: 81%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 1.27 (t, 3H, J = 7.02 Hz), 2.44 (s, 3H), 

3.92 (s, 3H), 4.27 (q, 2H, J = 6.97), 5.01 (s, 2H), 7.18 (m, 

1H), 7.18 (m, 1H), 7.23 (m, 1H), 7.30 (dd, 1H, J1 = 2.64, J2 

= 6.52), 7.48 (m, 1H), 7.92 (m, 1H), 8.31 (m, 1H). 13C-NMR (CDCl3, 100.6 

MHz): δ 14.3, 20.7, 48.5, 55.9, 62.2, 107.0, 114.1, 116.0, 121.7, 123.1, 124.5, 

127.2, 131.2, 135.3, 137.0, 140.0, 154.6, 168.5, 177.6.  

Ethyl 2-(2-fluoro-7-methoxy-9-oxoacridin-10(9H)-yl)acetate (28b) 

31 mg (0.09 mmol). Yield: 42%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 1.29 (t, 3H, J = 6.51 Hz), 3.92 (s, 3H), 

4.29 (q, 2H, J = 6.74), 5.03 (s, 2H), 7.22-7.44 (m, 4H), 7.86 

(m, 1H), 8.15 (m, 1H). 13C-NMR (CDCl3, 100.6 MHz): δ 

14.3, 48.9, 55.9, 62.4, 106.8, 112.1, 112.3, 116.1, 116.36, 116.43, 122.2, 122.4, 

122.6, 122.7, 122.8, 125.0, 137.0, 138.5, 154.9, 156.6, 159.0, 168.3, 176.9. 19F-

NMR (CDCl3, 376 MHz): -121.41. 

Ethyl 2-(2,7-dimethoxy-9-oxoacridin-10(9H)-yl)acetate (28c) 

504 mg (1.48 mmol). Yield: 72%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 1.26 (t, 3H, J = 6.69 Hz), 3.93 (s, 

6H), 4.27 (q, 2H, J = 6.88), 5.03 (s, 2H), 7.22-7.29 (m, 2H), 

7.30-7.38 (m, 2H), 7.89-8.00 (m, 2H). 13C-NMR (CDCl3, 

100.6 MHz): δ 14.2, 48.6, 55.9, 62.2, 106.8, 115.9, 122.5, 124.5, 136.7, 154.6, 

168.4, 177.1. 
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Ethyl 2-(2-fluoro-7-methyl-9-oxoacridin-10(9H)-yl)acetate (28d) 

35 mg (0.11 mmol). Yield: 40%. Pale yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 1.29 (t, 3H, J = 7.09 Hz), 2.45 (s, 3H), 

4.29 (q, 2H, J = 7.02), 5.03 (s, 2H), 7.15-7.23 (m, 1H), 7.25-

7.30 (m, 1H), 7.37-7.45 (m, 1H), 7.49-7.55 (m, 1H), 8.12-

8.19 (m, 1H), 8.54 (s, 1H). 13C-NMR (CDCl3, 100.6 MHz): δ 14.1, 20.5, 48.6, 

61.4, 62.2, 112.2, 112.4, 114.1, 115.7, 116.1, 116.2, 121.6, 122.0, 122.2, 125.8, 

127.1, 131.7, 134.3, 135.7, 138.6, 140.2, 156.4, 158.9, 168.1, 177.3. 19F-NMR 

(CDCl3, 376 MHz): -121.37. 

Ethyl 2-(2-methoxy-9-oxo-7-(trifluoromethyl)acridin-10(9H)-yl)acetate 

(28e) 

20 mg (0.05 mmol). Yield: 77%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 1.30 (t, 3H, J = 7.12 Hz), 3.94 (s, 

3H), 4.33 (q, 2H, J = 7.10), 5.07 (s, 2H), 7.30 (m, 1H), 

7.37 (m, 2H), 7.86 (dd, 1H, J1 = 2.00, J2 = 9.04), 7.92 (m, 

1H), 8.83 (m, 1H). 13C-NMR (CDCl3, 100.6 MHz): δ 13.5, 48.0, 55.3, 61.8, 106.5, 

114.3, 115.6, 116.5, 117.6 124.4, 125.4, 129.2, 149.0, 154.2, 167.2, 176.3. 19F-

NMR (CDCl3, 400 MHz): -62.22. 

Ethyl 2-(2-cyano-7-methoxy-9-oxoacridin-10(9H)-yl)acetate (28f) 

74 mg (0.22 mmol). Yield: 30%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 1.32 (t, 3H, J = 7.12 Hz), 3.96 (s, 

3H), 4.33 (q, 2H, J = 7.11), 5.08 (s, 2H), 7.30-7.35 (m, 1H), 

7.37-7.41 (m, 2H), 7.85-7.90 (m, 1H), 7.92-7.95 (m, 1H), 

8.89 (s, 1H). 13C-NMR (CDCl3, 100.6 MHz): δ 14.1, 48.6, 55.9, 62.6, 105.0, 

107.4, 115.4, 116.4, 117.6, 122.3, 124.4, 125.3, 133.7, 135.4, 137.8, 144.2, 156.1, 

168.8, 176.3.  
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Ethyl 2-(2-methyl-9-oxo-7-(trifluoromethyl)acridin-10(9H)-yl)acetate (28g) 

110 mg (0.30 mmol). Yield: 28%. White-pale yellow solid. 
1H-NMR (CDCl3, 400 MHz): δ 1.29 (t, 3H, J = 7.12 Hz), 

2.41 (s, 3H), 4.29 (q, 2H, J = 7.07), 5.03 (s, 2H), 7.10-7.22 

(m, 1H), 7.22-7.39 (m, 1H), 7.42-7.55 (m, 1H), 7.70-7.87 

(m, 1H), 8.21 (s, 1H), 8.72 (s, 1H). 13C-NMR (CDCl3, 100.6 MHz): δ 14.2, 20.6, 

48.5, 62.5, 114.6, 115.1, 121.7, 122.6, 125.9, 127.3, 129.9, 132.6, 136.0, 140.2, 

143.8, 163.9, 177.4. 19F-NMR (CDCl3, 376 MHz): -62.25. 

Ethyl 2-(2-cyano-7-methyl-9-oxoacridin-10(9H)-yl)acetate (28h) 

30 mg (0.09 mmol). Yield: 22%. Yellow solid. 1H-NMR 

(DMSO-d6, 400 MHz): δ 1.23 (t, 3H, J = 7.12 Hz), 3.45 (s, 

3H), 4.21 (q, 2H, J = 7.11), 5.46 (s, 2H), 7.40 (m, 1H), 7.52-

7.80 (m, 2H), 8.10-8.33 (m, 2H), 8.89 (s, 1H). 13C-NMR 

(CDCl3, 100.6 MHz): δ 14.7, 21.2, 48.9, 62.2, 101.6, 116.1, 118.9, 119.3, 122.6, 

123.2, 128.1, 129.3, 130.5, 133.5, 133.7, 137.3, 145.0, 168.9, 176.3 

Ethyl 2-(2-methoxy-7-nitro-9-oxoacridin-10(9H)-yl)acetate (28i)  

4 mg (0.01 mmol). Yield: 6%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 1.33 (t, 3H, J = 7.11 Hz), 3.97 (s, 

3H), 4.34 (q, 2H, J = 7.14), 5.12 (s, 2H), 7.28-7.35 (m, 

2H), 7.37-7.41 (m, 2H), 7.87-7.93 (m, 1H), 8.48-8.52 (m, 

1H). 13C-NMR (CDCl3, 100.6 MHz): δ 14.3, 48.9, 56.0, 62.7, 114.8, 115.5, 121.7, 

122.7, 124.8, 127.7, 128.0, 133.7, 136.5, 140.1, 141.7, 145.5, 167.5, 177.1. 
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Ethyl 2-(2-methyl-7-nitro-9-oxoacridin-10(9H)-yl)acetate (28j) 

4 mg (0.01 mmol). Yield: 6%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 1.28 (t, 3H, J = 7.11 Hz), 2.45 (s, 3H), 

4.29 (q, 2H, J = 7.10), 5.09 (s, 2H), 7.23-7.28 (m, 1H), 7.33-

7.40 (d, 1H, J = 9.43), 7.53-7.60 (m, 1H), 8.23-8.8.28 (m, 

1H), 8.37-8.45 (dd, 1H, J1 = 2.63, J2 = 9.36), 9.28-9.32 (d, 1H, J = 2.67). 13C-

NMR (CDCl3, 100.6 MHz): δ 14.3, 20.7, 48.9, 62.7, 114.8, 115.5, 121.7, 122.7, 

124.8, 127.7, 128.0, 133.7, 136.5, 140.1, 141.7, 145.5, 167.5, 177.1. 

 

General procedure for reduction of nitro group under continuous flow 

conditions and hydrochloride salt formation (28k-l).110  

A solution of starting material (28j, 1 equiv.) dissolved in MeOH was 

hydrogenated under continuous flow apparatus H-Cube (ThalesNano)115 using a 

Pd/C cartridge (10% loading, 30 × 4 mm, ThalesNano) at 1 bar of pressure, 30 

°C and a total flow rate of 1 mL min-1 for 2 hours. The crude was evaporated 

under vacuum obtained the desired product without any further purification. The 

resultant product 28k was dissolved in HCl 4 M in 1,4-dioxane solution (1 mL, 

0.03 M) and the solution was stirred at r.t. for 6 hours. The solid precipitate 

formed was filtered and tritured with Et2O to give 28l hydrochloride in 

quantitative yield. 

Ethyl 2-(2-amino-7-methyl-9-oxoacridin-10(9H)-yl)acetate (28k) 

10 mg (0.03 mmol). Yield: > 98%. Oil. 1H-NMR (CDCl3, 

400 MHz): δ 1.28 (t, 3H, J = 7.14 Hz), 2.46 (s, 3H), 4.28 (q, 

2H, J = 7.10), 5.02 (s, 2H), 7.09-7.16 (dd, 1H, J1 = 2.58, J2 

= 8.94), 7.16-7.19 (d, 1H, J = 4.15), 7.19-7.22 (d, 1H, J = 

3.94), 7.43-7.53 (dd, 1H, J1 = 1.73, J2 = 8.68), 7.78-7.83 (d, 1H, J = 2.56), 8.31-

8.35 (m, 1 H). 13C-NMR (CDCl3, 100.6 MHz): δ 13.6, 18.0, 47.7, 61.4, 110.1, 
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113.3, 114.7, 121.0, 121.8, 122.8, 126.6, 130.2, 134.6, 135.1, 139.4, 140.5, 168.0, 

177.1.  

Ethyl 2-(2-amino-7-methyl-9-oxoacridin-10(9H)-yl)acetate hydrochloride 

(28l) 

10 mg (0.03 mmol). Yield: > 98%. Brown solid. 1H-NMR 

(CD3OD, 400 MHz): δ 1.31 (t, 3H, J = 7.04 Hz), 2.50 (s, 

3H), 4.28 (q, 2H, J = 7.02), 5.40 (s, 2H), 7.53-7.60 (m, 

1H), 7.66-7.72 (m, 1H), 7.72-7.78 (m, 2H), 8.24-8.32 (m, 

2H). 13C-NMR (CD3OD, 100.6 MHz): δ 13.0, 19.2, 49.5, 61.8, 110.1, 115.1, 

117.3, 122.6, 122.8, 126.3, 127.2, 130.2, 133.5, 135.6, 141.0, 142.1, 168.8, 177.3.  

 

General procedure for the McMurry reaction (33a-g and 36).25a 

Under a nitrogen atmosphere, zinc powder (13.5 equiv.) was added portionwise 

to a solution of TiCl4 (1 M in CH2Cl2, 6.1 equiv.) dissolved in anhydrous THF 

and the suspension was stirred for 10 minutes under reflux. A solution of ketones 

26 and 28a-g (1 equiv.) and 2 (1 equiv.) in anhydrous THF was added dropwise 

over a period of 30 minutes. The reaction mixture was heated at reflux until the 

complete disappearance of starting materials monitored by TLC. Then, it was 

cooled to r.t., quenched with H2O, treated with HCl 3 N, and extracted with 

EtOAc. The combined organic layers were washed with H2O, brine and dried 

over anhydrous Na2SO4. The crudes were evaporated under vacuum and purified 

by automated flash chromatography to yield the desired adducts (33a-g, 36). 
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Ethyl 2-(9-((5r,7r)-adamantan-2-ylidene)acridin-10(9H)-yl)acetate (36) 

742 mg (1.67 mmol). Yield: 94%. White solid. 1H-NMR (CDCl3, 

400 MHz): δ 1.28 (t, 3H, J = 7.1 Hz), 1.48-2.28 (m, 12H), 3.44 

(s, 2H), 4.27 (q, 2H, J = 7.1 Hz), 4.65 (s, 2H), 6.76-6.79 (m, 2H), 

6.97-7.01 (m, 2H), 7.14-7.18 (m, 2H), 7.21-7.23 (m, 2H). 13C-

NMR (CDCl3, 100.6 MHz): δ 14.3, 32.3, 37.2, 48.8, 61.5, 112.4, 

120.0, 120.6, 126.2, 126.3, 127.6, 143.2, 144.8, 170.0. 

Ethyl 2-((E)-9-((5R,7R)-adamantan-2-ylidene)-2-methoxy-7-methylacridin-

10(9H)-yl)acetate (33a) 

14 mg (0.03 mmol). Yield: 20%. Pale yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 1.26 (t, 3H, J = 7.06 Hz), 1.48-2.22 (m, 

12H), 2.30 (s, 3H), 3.44 (s, 1H), 3.49 (s, 1H), 3.78 (s, 3H), 

4.26 (q, 2H, J = 7.08 Hz), 4.59 (s, 2H), 6.61-6.69 (m, 2H), 

6.70-6.75 (m, 1H), 6.77-6.83 (m, 1H), 6.91-6.98 (m, 1H), 

7.01 (s, 1H). 13C-NMR (CDCl3, 100.6 MHz): δ 14.4, 20.9, 

32.3, 32.5, 37.3, 39.4, 48.9, 55.8, 61.3, 111.4, 112.0, 112.7, 113.5, 120.3, 125.7, 

126.9, 127.4, 128.0, 129.4, 137.8, 141.4, 144.7, 153.9, 170.2.  

Ethyl 2-((Z)-9-((5S,7S)-adamantan-2-ylidene)-2-fluoro-7-methoxyacridin-

10(9H)-yl)acetate (33b) 

90 mg (0.20 mmol). Yield: 22%. Pale yellow solid. 1H-NMR 

(acetone-d6, 400 MHz): δ 1.26 (t, 3H, J = 7.08 Hz), 1.48-2.30 

(m, 12H), 3.44 (s, 1H), 3.51 (s, 1H), 3.75 (s, 3H), 4.22 (q, 

2H, J = 7.11 Hz), 4.71 (s, 2H), 6.76-6.96 (m, 6H). 13C-NMR 

(acetone-d6, 100.6 MHz): δ 13.6, 32.2, 32.4, 36.5, 39.4, 48.2, 

54.8, 60.3, 111.7, 112.3, 112.5, 112.9, 113.2, 113.5, 113.6, 
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113.7, 119.9, 126.0, 126.5 (x2), 137.4, 140.3, 145.2, 154.1, 156.0, 158.4, 169.1. 
19F-NMR (acetone-d6, 376 MHz): -121.60.  

Ethyl 2-(9-((5r,7r)-adamantan-2-ylidene)-2,7-dimethoxyacridin-10(9H)-

yl)acetate (33c) 

37 mg (0.08 mmol). Yield: 32%. White/pale yellow solid. 
1H-NMR (CDCl3, 400 MHz): δ 1.27 (t, 3H, J = 7.12 Hz), 

1.50-2.30 (m, 12H), 3.49 (s, 2H), 3.77 (s, 6H), 4.26 (q, 2H, 

J = 7.12 Hz), 4.57 (s, 2H), 6.63-6.70 (m, 2H), 6.70-6.73 

(d, 1 H, J = 2.77), 6.73-6-75 (d, 1 H, J = 2.80), 6.77-6.85 

(d, 1 H, J = 2.54). 13C-NMR (CDCl3, 100.6 MHz): δ. 14.3, 

25.8, 26.1, 32.5 (x2), 37.1, 37.2, 49.0, 55.8, 61.3, 111.5, 112.7, 113.5, 120.3, 

127.0, 138.0, 145.3, 153.8, 170.2. 

Ethyl 2-((Z)-9-((5S,7S)-adamantan-2-ylidene)-2-fluoro-7-methylacridin-

10(9H)-yl)acetate (33d)  

187 mg (0.43 mmol). Yield: 40%. Yellow oil. 1H-NMR 

(CDCl3, 400 MHz): δ 1.28 (t, 3H, J = 7.02 Hz), 1.48-2.24 (m, 

12H), 2.32 (s, 3H), 3.43 (s, 2H), 4.27 (q, 2H, J = 7.05 Hz), 

4.59 (s, 2H), 6.63-6.71 (m, 2H), 6.81-6.88 (m, 1H), 6.89-6.94 

(m, 1H), 6.95-6.98 (m, 1H), 7.01 (s, 1H). 13C-NMR (CDCl3, 

100.6 MHz): δ 14.3, 20.9, 32.3, 37.1, 61.5, 112.2, 112.4, 

112.6, 112.8, 112.9, 113.8, 114.1, 119.6, 125.5, 127.1, 127.60, 127.64,128.0, 

129.9, 139.9, 141,1, 145.6, 156.5, 158.8, 169.9. 19F-NMR (CDCl3, 376 MHz): -

125.30. 
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Ethyl 2-((E)-9-((5R,7R)-adamantan-2-ylidene)-2-methoxy-7-

(trifluoromethyl)acridin-10(9H)-yl)acetate (33e) 

410 mg (0.82 mmol). Yield: 50%. Pale yellow solid. 1H-

NMR (CDCl3, 400 MHz): δ 1.30 (t, 3H, J = 7.12 Hz), 

1.48-2.30 (m, 12H), 3.30 (s, 1H), 3.50 (s, 1H), 3.79 (s, 

3H), 4.29 (q, 2H, J = 7.12 Hz), 4.63 (s, 2H), 6.69-6.83 

(m, 4H), 7.40 (s, 2H). 13C-NMR (CDCl3, 100.6 MHz): δ 

13.6, 31.7, 31.8, 36.3, 48.2, 55.1, 61.0, 111.0, 111.3, 

112.6, 112.7, 118.3, 121.3, 121.6, 122.71 (x2), 123.9 (x2), 124.7, 126.4, 127.6, 

128.4, 136.0, 145.4, 146.1, 153.9, 168.8. 19F-NMR (CDCl3, 376 MHz): -61.75. 

Ethyl 2-((Z)-9-((5S,7S)-adamantan-2-ylidene)-2-methyl-7-

(trifluoromethyl)acridin-10(9H)-yl)acetate (33f) 

20 mg (0.04 mmol). Yield: 36%. White solid. 1H-NMR 

(CDCl3, 400 MHz): δ 1.28 (t, 3H, J = 7.11 Hz), 1.48-2.25 

(m, 12H), 2.32 (s, 3H), 3.29 (s, 1H), 3.44 (s, 1H), 4.27 (q, 

2H, J = 7.22 Hz), 4.64 (s, 2H), 6.63-6.72 (m, 1H), 6.76-

6.82 (m, 1H), 6.94-7.01 (m, 1H), 7.01-7.04 (m, 1H), 7.36-

7.43 (m, 2H). 13C-NMR (CDCl3, 100.6 MHz): δ 14.3, 

20.9, 27.0, 32.3, 37.1, 48.8, 61.6, 112.1, 112.5, 127.2, 128.0, 137.1, 142.5, 148.3, 

168.9. 19F-NMR (CDCl3, 376 MHz): -61.81.  
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Ethyl 2-((E)-9-((5R,7R)-adamantan-2-ylidene)-2-cyano-7-methoxyacridin-

10(9H)-yl)acetate (33g) 

6 mg (0.01 mmol). Yield: 14%. Pale yellow solid. 1H-

NMR (CDCl3, 400 MHz): δ 1.29 (t, 3H, J = 7.04 Hz), 

1.46-2.28 (m, 12H), 3.26 (s, 1H), 3.47 (s, 1H), 3.79 (s, 

3H), 4.28 (q, 2H, J = 7.06 Hz), 4.62 (s, 2H), 6.68-6.82 

(m, 4H), 7.41 (m, 2H).  

 

Synthesis of 1,2-dioxetanes via photooxygenation reaction under batch 

conditions (27a, 27d-e, 27g).110  

Alkene (33a, 33d-e, 33g, 16 equiv.) and MB (1 equiv.) were dissolved in CH2Cl2 

(2 mL/20 mg of SM) inside a home-made photochemical reactor. The solution 

was cooled at -20 °C, subjected to an oxygen atmosphere (1 atm, balloon) and 

irradiated by a 1000 W red LED lamp until the starting material disappeared. The 

crudes were purified by i) a filtration on a 5 mm layer of silica gel using CH2Cl2 

as eluent or ii) an extraction with H2O/Et2O. The filtered solutions or the 

combined dried organic layers were concentrated under reduced pressure to 

dryness at 0°C to give the desired products (27d-e, 27g). The reaction conducted 

on compound 27a gave a complex crude. 

Ethyl 2-((5''r,7''r)-2-fluoro-7-methyl-10H-dispiro[acridine-9,3'-

[1,2]dioxetane-4',2''-adamantan]-10-yl)acetate (27d) 

17 mg (0.04 mmol). Yield: 79%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 0.63 (t, 2H, J = 12 Hz), 1.15-2.12 (m, 

10H), 2.42 (s, 2H), 2.48 (s, 3 H), 4.27 (q, 2H, J = 8.00 Hz), 

4.59 (s, 2H), 6.66-6.79 (m, 2H), 7.01-7.12 (m, 1H), 7.14-

7.20 (m, 1H), 7.88-7.95 (m, 1H), 7.95-8.01 (m, 1H). 13C-

NMR (CDCl3, 100.6 MHz): δ 14.3, 20.7, 27.5, 29.8, 36.4, 
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39.4, 47.1, 48.8, 62.4, 112.5, 112.7, 114.2, 116.3 (x2),121.8, 122.2, 122.5, 127.4, 

131.9, 135.9, 138.9, 140.4, 156.6, 159.1, 168.3. 19F-NMR (CDCl3, 376 MHz): -

79.27.  

Ethyl 2-((5''r,7''r)-2-methoxy-7-(trifluoromethyl)-10H-dispiro[acridine-

9,3'-[1,2]dioxetane-4',2''-adamantan]-10-yl)acetate (27e) 

9 mg (0.02 mmol). Yield: 45%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 0.56 (d, 2H, J = 13.4 Hz), 1.15-

2.17 (m, 10H), 2.35 (s, 1H), 2.55 (s, 1H), 3.90 (s, 3H), 

4.32 (q, 2H, J = 7.04 Hz), 4.64 (s, 2H), 6.73-6.91 (m, 

2H), 6.94-7.02 (dd, 1H, J1 = 2.94, J2 = 8.86), 7.55-7.64 

(m, 1H), 7.73-7.80 (m, 1H), 8.43-8.49 (m, 1H). 13C-

NMR (CDCl3, 100.6 MHz): δ 14.3, 25.5, 25.7, 31.7, 31.8, 32.9, 33.0, 36.4, 48.8, 

56.0, 62.0, 98.0, 107.3, 111.9, 112.5, 113.4, 115.1, 116.4, 125.2, 128.5, 129.2, 

131.1, 137.4, 148.2, 151.8, 168.9.19F-NMR (CDCl3, 376 MHz): -61.71 

Ethyl 2-((5''r,7''r)-2-methyl-7-(trifluoromethyl)-10H-dispiro[acridine-9,3'-

[1,2]dioxetane-4',2''-adamantan]-10-yl)acetate (27g) 

21 mg (0.04 mmol). Yield: 93%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 0.59 (t, 2H, J = 14.3 Hz), 1.18 (d, 

2H, J = 12.1 Hz), 1.28 (t, 3H, J = 7.09 Hz), 1.36-1.86 (m, 

8H), 2.15 (s, 1H), 2.31 (s, 1H), 2.44 (s, 3H), 4.28 (q, 2H, J 

= 7.07 Hz), 4.65 (s, 2H), 6.71-6.78 (m, 1H), 6.84-6.90 (m, 

1H), 7.18-7.23 (m, 1H), 7.56-7.63 (m, 1H), 7.99-8.03 (m, 

1H), 8.45-8.50 (m, 1H). 13C-NMR (CDCl3, 100.6 MHz): δ 14.3, 20.9, 25.5, 25.7, 

31.7, 31.8, 33.0 (x3), 36.0, 36.1, 48.5, 86.7, 97.8, 112.0, 112.1, 121.2, 121.8, 

125.9, 126.2, 128.7, 130.3, 131.5, 136.5, 141.9, 168.8. 19F-NMR (CDCl3, 376 

MHz): -61.79.  
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Continuous flow set-up for the optimization of photooxygenation step: 

Corning reactor 

A syringe pump from Syrris ltd equipped with Asia red syringes (2.5 mL/5.0 mL, 

flow rate range= 50 µL-10 mL min-1) was used to convey the feed solution of 

olefin 36 and MB into the Corning® Advanced-FlowTM Lab Photo Reactor 

manufactured by Corning SAS (1 fluidic module, 2.6 mL internal volume). The 

gas flow rate was controlled with a Bronkhorst® F210CTM mass flow controller 

(MFC). A Zaiput Flow Technologies® dome-type back-pressure regulator (BPR) 

was inserted downstream and connected to a cylinder of compressed nitrogen (set 

point: 5.6 barg). The reactor was maintained at reaction temperature with a 

LAUDA Integral XT 280 thermostat while LAUDA® Proline RP 845TM 

thermostat was used for the thermoregulation of the mesofluidic reaction glass 

module and the LED illumination setup at 15 °C using silicone oil as coolant. 

LED panels were mounted on both sides of the fluidic module (40 mm from the 

centre of the reaction path). Each LED panel was equipped with multiple 

wavelengths (20 LEDs for 6 wavelengths) with wireless intensity control. 

Ethyl 2-(9-((5r,7r)-adamantan-2-ylidene)acridin-10(9H)-yl)acetate (3) 

20 mg (0.05 mmol). Yield: 97%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 0.62 (d, 2H, J = 12.4 Hz), 1.15 (d, 2H, J 

= 12.4 Hz), 1.27 (t, 3H, J = 7.1 Hz), 1.37-2.07 (m, 8H), 2.28 

(s, 2H), 4.28 (q, 2H, J = 7.08 Hz), 4.65 (s, 2H), 6.81-6.83 (m, 

2H), 7.18-7.22 (m, 2H), 7.35-7.39 (m, 2H), 8.20-8.22 (m, 2H). 
13C-NMR (CDCl3, 100.6 MHz): δ 14.2, 17.4, 25.4, 25.6, 26.9, 

31.7, 32.8, 32.9, 36.1, 39.2, 48.4, 61.6, 86.8, 97.8, 111.8, 121.0, 121.6, 128.4, 

129.1, 139.1, 169.2.  
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Development of a new molecular probe based on TCL phenomenon 

Compound 39 was synthesized following a classical alkaline hydrolysis 

procedure from the corresponding ester derivative 26.166 A solution of NaOH (10 

mL, 0.5 M) was added to a suspension of 26 (1.78 mmol, 1 equiv.) in EtOH (33 

mL, 0.05 M). The solution was stirred at r.t. overnight. The crude was poured into 

cold water and acidified until pH= 4-5 using HCl 6N. The water solution was 

extracted with EtOAc, and the combined organic layers were washed with H2O, 

brine and dried over anhydrous Na2SO4. After evaporated the solvent, the crude 

was use for the next step without any further purification. 

2-(9-oxoacridin-10(9H)-yl)acetic acid (39) 

444 mg (1.75 mmol). Yield: > 98%. Yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 5.31 (s, 2H), 7.27-7.37 (m, 2H), 7.62-7.68 

(m, 2H), 7.74-7.83 (m, 2H), 8.31-8.37 (m, 2H). 13C-NMR (CDCl3, 

100.6 MHz): δ 48.1, 116.3, 122.1, 122.2, 127.2, 134.8, 142.7, 

170.6, 177.3. 

9-((1r,3r,5r,7r)-adamantan-2-ylidene)-9,10-dihydroacridine (41) 

Compound 41 was submitted at general McMurry procedure 

reported in literature starting from the commercial 9(10H)-

acridanone 40.25a 138 mg (0.4405 mmol). Yield: 43%. Pale 

yellow solid. 1H-NMR (CDCl3, 400 MHz): δ 1.50-2.11 (m, 12H), 

3.50 (brs, 2 H), 6.81-6.87 (m, 2H), 6.88-7.00 (m, 2H), 7.07-7.13 (m, 2H), 7.20-

7.26 (m, 2H). 13C-NMR (CDCl3, 100.6 MHz): δ 27.2, 31.8, 37.9, 38.8, 113.9, 

120.4, 123.2, 126.4, 127.8,142.8, 144.3. 
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General procedure for hydrolysis of intermediate 37.167 

To a suspension of starting material 36 (1 equiv.) in EtOH absolute (1.1 mL, 0.23 

M), an aqueous solution of NaOH 15 % (w/w) (383 µL) was added dropwise and 

the suspension was heated at reflux for 10 minutes. After the complete dissolution 

of starting material (yellow solution), the mixture was cooled at 0 °C and HCl 3 

N was added until pH= 4. The mixture was extracted with EtOAc. The combined 

organic phases were washed with H₂O, brine, dried over anhydrous Na2SO4, and 

concentrated under reduced pressure. The desired product proved to be unstable. 

The crude was used for the next step without any further purification. 

2-(9-((5r,7r)-adamantan-2-ylidene)acridin-10(9H)-yl)acetic acid (37).168 

93 mg (0.25 mmol). White/brownish solid. 1H-NMR (DMSO-d6, 

400 MHz): δ 1.13-2.23 (m, 12H), 5.39 (s, 2H), 6.91 (d, 2H, J = 

7.00 Hz), 7.01 (t, 2H, J = 7.00 Hz), 7.08-7.15 (m, 4H).  

 

 

 

General procedure for Succinimide Coupling (43 and 50)170 

Corresponding acid derivative 37 and/or 49 (1 equiv.) and 1-

hydroxybenxotriazole hydrate (1.5 equiv.) dissolved in anhydrous DMF (0.02 M) 

were treated with N-methyl morpholine (3.5 equiv.) and N-hydroxysuccinimide 

(1.3 equiv.) followed by TBTU (1.5 equiv.) addition. The mixture was stirred 

overnight at r.t.. After the complete disappearance of starting material, the crudes 

were washed with a solution of LiCl 5% and extracted with EtOAc. The 

combined organic phases were washed with H₂O, brine and dried over anhydrous 

Na₂SO₄. The crudes were concentrated under reduced pressure and purified by 

automated flash chromatography to give the desired products 43 and 50. 
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2,5-dioxopyrrolidin-1-yl 2-(9-((5r,7r)-adamantan-2-ylidene)acridin-10(9H)-

yl)acetate (43) 

50 mg (0.11 mmol). Overall yield: 40% (after two steps). 

White/pale yellow solid. 1H-NMR (CDCl3, 400 MHz): δ 1.50-

2.20 (m, 12H), 2.74 (s, 4 H), 3.44 (s, 2H), 5.00 (s, 2H), 6.88-

6.94 (m, 2H), 7.01-7.08 (m, 2H), 7.19-7.27 (m, 4H). 13C-NMR 

(CDCl3, 100.6 MHz): δ 15.7, 25.9, 32.6, 37.5, 40.6, 46.6, 66.3, 

112.9, 120.1, 121.6, 126.9 (x2), 127.9, 142.9, 145.7, 165.7, 

169.3 (x2). 

2,5-dioxopyrrolidin-1-yl 2-((5''r,7''r)-10H-dispiro[acridine-9,3'-

[1,2]dioxetane-4',2''-adamantan]-10-yl)acetate (44) 

Compound 44 was synthesized according to the 

photooxygenation procedure.110 18 mg (0.04 mmol). Yield: 

87%. Pale yellow solid. 1H-NMR (CDCl3, 400 MHz): δ 0.65 

(d, 2H, J = 12 Hz), 1.18-1.54 (m, 10H), 2.32 (s, 2H), 2.89 (s, 

4H), 5.05 (s, 2H), 6.97-7.01 (m, 2H), 7.27-7.32 (m, 2H), 7.44-

7.51 (m, 2H), 8.23-8.28 (m, 2H).  

Ethyl 6-(9-oxoacridin-10(9H)-yl)hexanoate (47) 

Compound 47 was synthesized according to alkylation 

procedure using ethyl 6-bromohexanoate as alkylation 

agent starting from the commercial 9(10H)-acridone 

40.25c 1.6 g (4.76 mmol). Yield: 62%. Yellow solid. 1H-

NMR (CDCl3, 400 MHz): δ 1.16 (t, 3H, J = 7.09 Hz), 1.38-1.49 (m, 2H), 1.58-

1.69 (m, 2H), 1.69-1.79 (m, 2H), 2.24 (t, 3H, J = 7.24 Hz), 4.04 (q, 2H, J = 7.23 

Hz), 4.07-4.11 (m, 4 H), 7.05-7.12 (m, 2H), 7.23-7.29 (m, 2H), 7.48-7.56 (m, 

N
O

O
N

O

O

O
O
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2H), 8.35-8.41 (m, 2H). 13C-NMR (CDCl3, 100.6 MHz): δ 14.4, 24.7, 26.4, 26.9, 

34.1, 45.9, 60.4, 114.6, 121.1, 122.3, 127.7, 133.9, 141.6, 173.4, 177.8. 

Ethyl 6-(9-((5r,7r)-adamantan-2-ylidene)acridin-10(9H)-yl)hexanoate (48) 

Compound 48 was synthesized according to McMurry 

procedure starting from 47.25a 580 mg (1.27 mmol). 

Yield: 63%. Colorless oil. 1H-NMR (CDCl3, 400 MHz): 

δ 1.25 (t, 3H, J = 7.08 Hz), 1.36-1.47 (m, 2H), 1.60-1.69 

(m, 2H), 1.80-1.88 (m, 2H), 1.86-2.23 (m, 10 H), 2.27 

(t, 3H, J = 7.40 Hz), 3.45 (s, 2H), 3.96 (t, 2H, J = 6.95), 

4.12 (q, 2H, J = 7.13 Hz), 6.93-7.04 (m, 4H), 7.15-7.25 (m, 4H). 13C-NMR 

(CDCl3, 100.6 MHz): δ 14.4, 24.8, 26.3, 26.6, 32.3, 34.4, 37.3, 45.2, 60.4, 60.5, 

113.1, 120.0, 120.8, 126.3, 126.9, 127.5, 143.7, 143.0, 173.7. 

 

General procedure for hydrolysis of intermediate 48. 

To a suspension of corresponding ester derivative 48 in EtOH absolute (8 mL, 

0.02 M), an aqueous solution of LiOH (1.5 equiv.) was added and the suspension 

was stirred overnight at r.t.. After the complete disappearance of starting material, 

the mixture was diluted with H₂O and extracted with CH2Cl2. The water phase 

was acidified with HCl 3 N until pH= 3 and extracted with CH2Cl2. The organic 

phase was washed with H₂O, brine, dried over anhydrous Na2SO4, and 

concentrated under reduced pressure. The crude was used for the next step 

without any further purification. 

 

 

 



 
 
 
 
 
 
 
3.1 Synthesis 

126 
 

6-(9-((5r,7r)-adamantan-2-ylidene)acridin-10(9H)-yl)hexanoic acid (49) 

68 mg (0.16 mmol). Yield: > 98%. Pale yellow solid. 1H-

NMR (CDCl3, 400 MHz): δ 1.35-1.46 (m, 2H), 1.60-1.69 

(m, 2H), 1.80-1.86 (m, 2H), 1.83-2.26 (m, 8H), 2.31 (t, 2H, 

J = 7.34 Hz), 3.41 (s, 2H), 3.96 (t, 2H, J = 6.72 Hz), 6.91-

7.02 (m, 4H), 7.14-7.23 (m, 4H). 13C-NMR (CDCl3, 100.6 

MHz): δ 24.5, 26.2, 26.5, 32.3, 34.0, 37.2, 45.3, 113.2, 

120.1, 120.7, 126.2, 127.0, 127.5, 143.6, 144.2, 179.6. 

6-((5''r,7''r)-10H-dispiro[acridine-9,3'-[1,2]dioxetane-4',2''-adamantan]-10-

yl)hexanoic acid (45) 

Compound 45 was synthesized according to the 

photooxygenation procedure starting from 49.110 13 mg 

(0.03 mmol). Yield: 59%. Pale yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 0.58 (d, 2H, J = 12.7), 1.46-1.56 (m, 

2H), 1.58-1.67 (m, 2H), 1.80-1.86 (m, 2H), 1.86-2.26 (m, 

10H), 2.44 (t, 2H, J = 7.34 Hz), 2.55 (s, 2H), 3.96 (t, 2H, J 

= 8.11), 7.00-7.05 (m, 2 H), 7.50-7.78 (m, 2H), 8.17-8.23 (dd, 2H, J1 = 1.59, J2 = 

7.72 Hz), 8.56-8.62 (dd, 2H, J1 = 1.64, J2 = 8.03 Hz).  

2,5-dioxopyrrolidin-1-yl 6-(9-((5r,7r)-adamantan-2-ylidene)acridin-10(9H)-

yl)hexanoate (50) 

Compound 50 was synthesized according to 

succinimide coupling procedure starting from 49.170 99 

mg (0.19 mmol). Yield: 81%. Pale yellow solid. 1H-

NMR (CDCl3, 400 MHz): δ 1.47-1.57 (m, 2H), 1.73-

1.81 (m, 2H), 1.80-1.88 (m, 2H), 1.86-2.35 (m, 10 H) 

2.57 (t, 3H, J = 8.00 Hz), 2.78 (s, 4 H), 3.44 (s, 2H), 
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3.97 (t, 2H, J = 4.00), 6.93-7.05 (m, 4H), 7.15-7.25 (m, 4H). 13C-NMR (CDCl3, 

100.6 MHz): δ 24.7, 56.0, 26.3, 26.4, 31.3, 37.5, 45.4, 113.2, 119.7, 121.0, 126.9, 

127.2, 127.3, 143.6, 144.2, 168.9, 169.6 (x2). 

2,5-dioxopyrrolidin-1-yl 6-((5''r,7''r)-10H-dispiro[acridine-9,3'-

[1,2]dioxetane-4',2''-adamantan]-10-yl)hexanoate (46) 

Compound 46 was synthesized according to 

photooxygenation procedure starting from 50.110 17 mg 

(0.03 mmol). Yield: 81%. Pale yellow solid. 1H-NMR 

(CDCl3, 400 MHz): δ 0.59 (d, 2H, J = 12.74), 1.09-2.10 

(m, 16H), 2.25 (s, 2H), 2.68 (t, 2H, J = 7.14 Hz), 2.86 

(s, 4H), 3.98 (t, 2H, J = 7.98), 7.00-7.06 (m, 2 H), 7.11-

7.19 (m, 2H), 7.35-7.43 (m, 2H), 8.17-8.23 (dd, 2H, J1 = 1.03, J2 = 7.69 Hz).  

 

General procedure for the synthesis of bt-hexanediamine adduct (53).176 

D-bt (52, 1.23 mmol, 1 equiv.) and N,N’-disuccinimidyl carbonate (DSC, 1.40 

mmol, 1.14 equiv.) were dissolved in anhydrous DMF (10 mL, 0.12 M), and Et3N 

(300 µL, 4.1 M) was added. The solution was stirred at r.t. for 6 hours, after that 

a solution of 1,6-hexanediamine (11.6 mmol, 9.4 equiv.) in anhydrous DMF was 

added. The mixture was stirred at r.t. overnight. The precipitate thus formed was 

filtrated, washed with Et2O and CH2Cl2, and dried in vacuo. The crude was used 

for the next step without any further purification.  

 

 

 



 
 
 
 
 
 
 
3.1 Synthesis 

128 
 

N-(6-aminohexyl)-5-((3aR,4S,6aS)-2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl)pentanamide (53) 

421 mg (1.23 mmol). Yield: > 98%. White solid. 1H-

NMR (DMSO-d6, 400 MHz): δ 1.20-1.60 (m, 14H), 

2.02 (t, 2H, J = 7.29 Hz), 2.56 (d, 1H, J = 12.57 Hz), 

2.80 (dd, 1H, J1 = 5.03, J2 = 12.42 Hz), 2.96-3.02 (m, 

2H), 3.06-3.09 (m, 1H), 4.08-4.14 (m, 1H), 4.26-4.31 (m, 1H), 6.35 (brs, 1 H), 

6.42 (brs, 1H), 7.71 (brs, 1H). 13C-NMR (DMSO-d6, 100.6 MHz): δ 26.0, 26.7, 

28.6 (x2), 28.8, 29.7, 35.8, 38.9, 40.5, 56.0, 59.8, 61.7, 163.3, 172.4.  

 

General procedure for mono-BOC protection (55).178 

Under nitrogen atmosphere, a solution of di-tert-butyl dicarbonate (Boc2O, 1.78 

mmol, 0.2 equiv.) in CHCl3 (9 mL, 1 M) was added dropwise to a solution of 1,6-

hexanediamine (8.88 mmol, 1 equiv.) in CHCl3 (45 mL, 0.2 M) at 0 °C. The 

reaction was stirred at r.t. overnight. The crude was concentrated and purified 

through automated flash chromatography. 

Tert-butyl (6-aminohexyl)carbamate (55) 

132 mg (0.61 mmol). Yield: 44%. Yellow semisolid. 1H-NMR 

(CDCl3, 400 MHz): δ 1.07 (s, 2H), 1.23-1.30 (m, 4H), 1.33-1.43 

(m, 13H), 2.61 (t, 2H, 4.50), 3.03 (m, 2H), 4.77 (brs, 1H). 13C-NMR (CDCl3, 

100.6 MHz): δ 26.5, 27.1, 28.2, 30.7, 33.3, 40.3, 41.8, 78.5, 155.9. 

 

General procedure for coupling using COMU (56).179 

Under nitrogen atmosphere, COMU coupling reagent (0.82 mmol, 1 equiv.) was 

added to a solution of the acid 39 (0.82 mmol, 1 equiv.), N,N-

diisopropylethylamine (DIPEA, 1.65 mmol, 2 equiv.) and mono-N-Boc 
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hexanediamine 55 (0.82 mmol, 1 equiv.) in anhydrous DMF (13 mL, 0.06 M) at 

0 °C. The solution was stirred at 0 °C for 1 hour and then at r.t. overnight. The 

crude was washed with a solution of LiCl 5% (w/v) and extracted with EtOAc. 

The combined organic layers were washed with H2O, brine, dried over Na2SO4, 

and evaporated under vacuum. The crude was purified by automated flash 

chromatography. 

Tert-butyl (6-(2-(9-oxoacridin-10(9H)-yl)acetamido)hexyl)carbamate (56) 

332 mg (0.73 mmol). Yield: 91%. Yellow solid. 1H-

NMR (CDCl3, 400 MHz): δ 1.17-1.24 (m, 4H), 1.31-

1.40 (m, 11H), 1.43-1.51 (m, 2H), 2.94 (q, 2H, J = 6.31 

Hz), 3.29 (q, 2H, J = 6.35 Hz), 4.58 (s, 1H), 4.83 (s, 2H), 6.93-7.04 (m, 2H), 7.20-

7.28 (m, 2H), 7.39-7.46 (m, 1H), 7.53-7.62 (m, 2H), 7.83-7.90 (m, 2H). 13C-NMR 

(CDCl3, 100.6 MHz): δ 26.0, 26.2, 28.3, 29.1, 29.9, 39.4, 40.1, 50.6, 78.9, 114.5, 

121.8 (x2), 127.0, 134.1, 142.1, 156.1, 167.3, 177.8. 

 

General procedure for BOC deprotection (57). 

Under nitrogen atmosphere, trifluoroacetic acid (TFA, 12 mmol, 18 equiv.) was 

added to a solution of 56 (0.65 mmol, 1 equiv.) in anhydrous CH2Cl2 (12 mL, 

0.05 M) at 0 °C. The reaction was stirred at r.t. for 3 hours. The crude was 

neutralized with NaHCO3(ss) until pH= 8. The basic aqueous solution was 

extracted with CH2Cl2. The combined organic layers were washed with H2O, 

brine, dried over anhydrous Na2SO4, and evaporated under vacuum. The crude 

was used for the next step without a further purification. 
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N-(6-aminohexyl)-2-(9-oxoacridin-10(9H)-yl)acetamide (57) 

152 mg (0.43 mmol). Yield: 66%. Yellow solid. 1H-NMR 

(CD3OD, 400 MHz) δ 1.15-1.30 (m, 4H), 1.30-1.45 (m, 

2H), 1.45-1.52 (m, 2H), 2.58 (t, 2H, J = 7.12 Hz), 3.20 (t, 

2H, 6.96 Hz), 5.02 (s, 2H), 7.15-7.24 (m, 2H), 7.39-7.45 (m, 2H), 7.62-7.70 (m, 

2H), 8.21-8.29 (dd, 2H, J1 = 1.57, J2 = 8.05). 13C-NMR (CD3OD, 100.6 MHz): δ 

26.1, 26.3, 28.9, 31.8, 39.1, 40.8, 49.1, 115.1, 121.5, 121.7, 126.6, 134.1, 142.5, 

168.2, 178.3. 

2-(9-((1r,3r,5r,7r)-adamantan-2-ylidene)acridin-10(9H)-yl)-N-(6-

aminohexyl)acetamide (58) 

Compound 58 was synthesized following the McMurry 

procedure and quenched under basic conditions.25a The 

crude was used without any further purification. 1H-

NMR (CDCl3, 400 MHz): δ 0.98-1.08 (m, 2H), 1.12-

1.22 (m, 2H), 1.28-1.35 (m, 5H), 1.37-1.55 (m, 4H), 1.89 (s, 3H), 1.94-2.29 (m, 

4H), 2.60 (t, 2H, J = 7.2 Hz), 3.19 (q, 2H, J = 6.8 Hz), 3.44 (s, 2H), 4.57 (s, 2H), 

5.93 (s, 1H), 6.93 (d, 2H, J = 8.2), 7.05 (td, 2H, J1 = 7.6, J2 = 1.2 Hz), 7.19 (td, 

2H, J1 = 7.6, J2 = 1.2 Hz, 2H), 7.28-7.24 (m, 2H). 13C-NMR (CDCl3, 100 MHz) 

δ 26.3 (x2), 29.2, 32.2, 33.3, 36.9, 39.1, 41.9, 50.4, 112.4, 119.7, 121.1, 126.4, 

126.7, 127.4, 142.7, 145.5, 168.5. 
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N-(6-(2-(9-((1r,3r,5r,7r)-adamantan-2-ylidene)acridin-10(9H)-

yl)acetamido)hexyl)-5-((3aS,4R,6aR)-2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl)pentanamide (54) 

Compound 54 was synthesized 

following the general coupling 

procedure between D-bt 52 and the 

corresponding McMurry derivative 58 

using COMU as coupling agent.179 63 

mg (0.10 mmol). Overall yield: 28% 

(after two steps). Yellow solid. 1H-NMR (CDCl3, 400 MHz): δ 1.04-1.23 (m, 4H), 

1.25-1.50 (m, 10H), 1.59-1.79 (m, 6H), 1.89 (s, 3H), 2.17-2.23 (m, 5H), 2.73 (d, 

1H, J = 12.89 Hz), 2.90 (dd, 1H, J1 = 4.86, J2 = 12.79 Hz), 3.12-3.22 (m, 5H), 

3.44 (s, 2H), 4.31 (dd, 1H, J1 = 4.42, J2 = 7.81 Hz), 4.50 (dd, 1H, , J1 = 5.13, J2 = 

7.73 Hz), 4.58 (s, 2H), 5.46 (s, 1H), 5.95-6.10 (m, 2H), 6.18 (s, 1H), 6.90-6.94 

(m, 2H), 7.02-7.08 (m, 2H), 7.17-7.23 (m, 2H), 7.23-7.28 (m, 2H). 13C-NMR 

(CDCl3,100.6 MHz): δ 25.6, 26.0, 26.1, 28.0, 28.1, 29.2, 29.3, 29.7, 30.9, 32.3, 

35.9, 36.9, 39.0, 39.2, 40.5, 53.4, 55.4, 60.1, 61.8, 112.5, 119.7, 121.2, 126.6, 

126.8, 127.5, 142.8, 145.7, 163.3, 168.8, 172.9. 

Sodium 4-((6-(9-((1r,3r,5r,7r)-adamantan-2-ylidene)acridin-10(9H)-

yl)hexanoyl)oxy)-2,3,5,6-tetrafluorobenzenesulfonate (66) 

Compound 66 was synthesized following the 

general coupling procedure between 4-sulfo-

2,3,5,6-tetrafluorophenol sodium salt (STP) and 

the corresponding McMurry long chain acid 

derivative 49.179 74 mg (0.11 mmol). Oil. Yield: 47 %. 1H-NMR (DMSO-d6, 400 

MHz): δ 1.28-2.25 (m, 20H), 2.69 (t, 2H, 6.82 Hz), 3.32 (brs, 2H), 3.96-3.90 (m, 

2H), 6.92-7.00 (m, 2 H), 7.09-7.22 (m, 6H). 13C-NMR (DMSO-d6, 100.6 MHz): 

N
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δ 24.2, 25.7, 27.2, 27.4, 28.1, 32.0, 32.9, 34.0, 35.9, 36.8, 38.9, 44.6, 46.7, 113.7, 

116.5, 120.2, 120.6, 121.3, 121.6, 124.7, 124.8, 124.9, 125.9, 126.8, 127.2, 128.4, 

134.8, 139.0, 139.2, 141.5, 141.7, 141.8, 142.1, 143.3, 143.4, 144.5, 169.8, 174.7, 

177.3. 19F-NMR (DMSO-d6, 376 MHz): -71.43, -69.54. 

 

 

3.2 Computational details 

Conformational Search 

MMFF conformational searches were performed with the Spartan suite of 

programs, using the keywords SEARCHMETHOD=SYSTEMATC, 

FINDBOATS and KEEPALL. All the conformers contained in an 8 kcal/mol 

window were reoptimized at the B3LYP/6-31G(d) DFT level and confirmed as 

true minima by frequency analysis. DFT calculations were performed with 

Gaussian 16.182 Structural and electronic descriptors were taken from the lowest 

energy conformation obtained at the DFT level after Boltzmann analysis. The 

computation details (Gibbs energies of conformers and PCA/LDA analysis) are 

reported in the Supporting Info of Moroni et al..110 

 

 
3.3 Analytical measurements 

TCL device 

A compact imaging system, controlled by a laptop computer, was built by 

employing a portable battery-operated CCD camera (model MZ-2PRO, 

MagZero, Pordenone, Italy) equipped with a thermoelectrically cooled 

monochrome CCD image sensor. The camera was coupled with an objective (low 

distortion wide angle lenses 1/3 in 1.28 mm, f1.8) obtained from Edmund Optics 
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(Barrington, NJ) and connected to a light-tight dark box. The inner surface of the 

dark box top cover was equipped with a flat heating element (20 × 20 mm2), 

comprising a serpentine nickel/chrome thin-film resistance (79.5 Ω) encased in 

kapton, and clamps to hold 20 × 20 mm2 glass slides in contact with the heater. 

The heater was powered by the CCD battery and, with the use of a manually 

regulated resistor, the appropriate voltage was applied to reach the required 

temperature (e.g., 4.5 V for a 120-140 °C temperature). Thanks to its light 

reflecting properties, the metal heater also increased the fraction of emitted 

photons that could reach the CCD sensor. Images, acquired employing 1-min 

integration time, were recorded in the Flexible Image Transport System (FITS) 

format and analyzed with the WinLight 32 software version 2.91 (Berthold 

Technologies GmbH & Co. KG, Bad Wildbad, Germany). For reference, a 

research-grade luminograph (NightOWLLB 981, Berthold Technologies GmbH 

& Co. KG) equipped with a back-illuminated, thermoelectrically cooled CCD 

camera was also employed. In this case, microscope glass slides glued to a 50 × 

70 mm2 flat heating element were employed as a solid support. The temperature 

of the support was varied by applying a suitable current and monitored by a 

copper/constantan thermocouple. Image integration times varied from 5 to 30 

seconds (for evaluation of TCL decay kinetics) to 5 minutes (for stability 

measurements). 

 

TCL Measurements 

TCL and fluorescence spectra were recorded using a Varian Eclipse 

spectrofluorimeter (Varian Inc., Palo Alto, CA). TCL imaging experiments were 

performed sing a LB-980 Night Owl low-light luminograph (Berthold 

Technologies, Bad Wildbad, Germany). Image integration times varied from 5 

seconds (for evaluation of the TCL decay kinetics) to 5 minutes (for assessment 

of the detectability by TCL imaging). TCL images were acquired and analyzed 
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to measure the TCL signals using the image analysis software (WinLight 32) 

provided with the instrument. For TCL imaging measurements, microscope glass 

slides glued to a flat heating element or high resistivity (70-100 Ω) indium-tin 

oxide (ITO)-coated microscope glass slides (SPI Supplies/Structure Probe Inc., 

West Chester, PA) were used as solid supports. In the latter case, heating was 

provided by a suitable electrical current flowing through the ITO coating. The 

temperature of the support was controlled by varying the applied current and 

monitored by a copper/constantan thermocouple. Samples were deposited on the 

supports as CH3CN solutions either with a micropipette or using a manual 

microarrayer (Glass Slide Microarrayer, V&P Scientific Inc., San Diego, CA). 

The manual microarrayer deposited arrays of spots of about 10 nL with diameters 

in the range of 500-800 μm depending on the nature of the surface. The spots 

were left to dry before the TCL measurement. 

 

Estimation of TCL efficiency 

The chemiluminescence luminol-H2O2 reaction was conducted by adding 0.1 mL 

of a solution containing hydrogen peroxide (H2O2) (1.0 × 10-2 M) in distilled H2O 

to 10 µL of a solution containing luminol (3.0 × 10-3 M) and horseradish 

peroxidase (HRP, 1.0 × 10-4 mg mL-1). For TCL measurements, 10 µL of a 3.0 × 

10-3 M solution of each tested TCL compound (27d, 27e and 27g, Table 12) was 

heated at 120 °C, upon solvent evaporation. In both cases, photon emission was 

measured using the CCD detector until complete luminescence decay. Each 

measurement was performed in triplicate. The AUC was calculated and employed 

to estimate the ՓTCL, as a relative value with respect to luminol ՓCL (1.24) 

reported in literature.154
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Table 12. Estimated values of TCL efficiency (ՓTCL) 

Compound R1 R2 TCL efficiency 
27d F CH3 0.01 
27e CF3 OCH3 0.16 
27g CF3 CH3 0.36 

 
Synthesis and characterization of PluS NPs 

Chemicals. All reagents and solvents were used as received without further 

purifications: non-ionic triblock surfactant Pluronic PF127, TEOS (99.99%), 

TMSCl (≥ 98%), AcOH (≥ 99.7%), Prodan P (N,N-Dimethyl-6-propionyl-2-

naphthylamine, ≥ 98.0%), and Nile Red NR (≥ 98.0%) were purchased from 

Aldrich. Reagent grade NaCl was purchased from Fluka. A MilliQ Millipore 

system was used for the purification of water (resistivity <18 MΩ). 

Synthesis. PluS NPs have been synthesized by using methods reported in 

literature.157,183 Briefly, TEOS (180µL, 0.8mmol) was added to an acidic aqueous 

solution (AcOH, 1M) of Pluronic F127 (100 mg) and NaCl (67 mg) under 

magnetic stirring, and its hydrolysis and condensation was allowed to proceed for 

3 hours. TMSCl (10 µL, 0.08mmol) was then added and the solution was stirred 

overnight. The resulting Plus NPs dispersion was purified via dialysis for at least 

4 days, using RC membrane (cut of 12 KDa) against water. The dispersion in the 

membrane was recovered and diluted to 10 ml, yielding a final PluS NPs 

concentration of 10 µM.184 

 

Dimensional characterization of doped PluS NPs 

The morphology of PluS NPs was characterized with DLS analysis and TEM 

microscopy to verify the formation of core-shell silica NPs and their dimension. 

The size distribution of the doped PluS NPs in H2O is represented in Figure 34, 
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while Table 13 reports the size and the PDI values of the distribution (3 and 27g, 

respectively).  

 

 

Figure 34. Size distribution by Volume-Histogram and oversize curve of 3 (A) and 27g-

doped PluS NPs (B). 

 
Table 13. Z-Average and PDI values for 1-PluS NPs_0.3% and 4g-PluS NPs_0.2% in 
H2O. 

 Size (d. nm) PDI a 

1-PluS NPs_0.3% 20.6 0.345 

27g-PluS NPs_0.2% 22.1 0.276 
a Polydispersity index. 
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Representative Dynamic Light Scattering (DLS) results and Transmission 

Electron Microscopy (TEM) image used for image analysis are shown in Figure 

35. 

 

 

Figure 35. TEM images and diameter distribution of core-shell silica nanoparticles doped 

with 3. 

 

DLS measurements and TEM showed uniform characteristics for the synthesized 

samples in terms of hydrodynamic diameter and of silica core diameter 

distributions. At the same time, we can observe the presence of black spots 

probably corresponding to NPs clusters (Figure 35).
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