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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 (EWGSs) 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



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.™? 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 X1X
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).® 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 (So) to a singlet excited one (Sn, n = 1) based on

the energy absorbed. Electrons stand in that excited state for a short time, and



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 So corresponding to the energy gap between the electronic levels
(HOMO-LUMO) involved in the transition.?
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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 1SC.*
Consequently, both processes lead the excited molecule to its lower excited state,

S; or Ty, respectively. On the other hand, when the excited molecule decays to its



ground state emitting a photon, the relaxation is hamed radiative and generally
involves fluorescence (S1 — So transition) and/or phosphorescence (T:1 —» So
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.® 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.’ 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.’

Superior analytical performance can be achieved by using CL detection
techniques, such as chemi- and bioluminescence (CL/BL),*8° electrogenerated
chemiluminescence (ECL),* and thermochemiluminescence (TCL).!* 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).%?



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.l""'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.*®* 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.'*** 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.™

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



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.™ 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.'® 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



the ring opening by conferring a high stability in comparison to other 1,2-
dioxetanes.!” For this reason, 1 is essentially used as the standard reference for
TCL emission measurements.’® The white and crystalline compound can be
stored at room temperature for years (t1,= 1.2 x 10* years at 25 °C) decomposing
slowly in two corresponding 2-adamantanones (2).'° The endoperoxide unit can
undergo a fast thermal decomposition above 200-250 °C generating identical
carbonyl fragments (2, 2a, 2b) at different energetic states (So, 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. %%

Q- D) [~ »
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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 ( r= 0.015) with a very poor light emission efficiency
requesting the use of an energy acceptor (EA) of fluorescence. Consequently, the
TCL quantum yield ( tco) of the above-described system is quite low since the
carbonyl fragment shows almost no singlet dacay.**

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).% 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-



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 (hlgG) and carcinoembryonic antigen (CEA).*%* 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).

Antigen (Ag)

HC &

Antibody (Ab)
on solid phase

Ab-“lightbulb”
conjugate

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.



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).>* 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.

3 1
%
4—02
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).2° 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 quantumyield ( ¢) (0.1 vs 0.015, respectively).



* Modulates the thermal stability

* Influences the TCL emission
spectrum

* Provides a possible binding site
for bioconjugation

* Lower TCL triggering temperature
(< 100 °C)
* Increased detectability and TCL efficiency
compared to the previous TCL molecules
* No requirement for an EA

* Stabilizing group of
1,2-dioxetane ring

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. %P

3a: 2-Me 39: 1,6-diF

3b: 3-Me 3h: 2,7-diF

3c: 4-Me 3i: 3,6-diF

3d: 2,7-diMe 3j: 2,3,6,7 tetraF
3e: 2,3,7-triMe 3k: 3-F, 6-Me
3f: 2,3,6,7-tetraMe

3:R=H
3a-k:R=MeorF

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).



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 ¢ of the
corresponding acridone derivatives (0.52 and 0.48, respectively).?*® 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 ¢ in comparison to the parent dioxetane 3
(0.65 vs 0.11, respectively).?> 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).12¢ The lone pair of the endocyclic nitrogen plays a crucial
role in the O-0O 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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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.?®%” 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).2*?® 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.?*3° 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).%



= Biotin (bt)

E10C.

=l =) EA, (BPEA)

= Anti-IgG-magnetic beads
(MBs)

= bt-1gG

= Streptavidin (SA)

Figure 6. TCL-based probes immunoassays. A) TCL-ORMOSIL NPs and B) bt-
1gG/Anti-lgG-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).3!
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Figure 7. Smartphone-based TCL immunosensor for VPA detection. Reprinted with the

permission from 32,



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.



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),%? lucigenin and acridinium esters (Scheme 4B),3 coelenterazine
and oxalate esters (Scheme 4C),3* the endoperoxide unit has emerged as a functional framework in
the decomposition mechanism of these substrates and in the consequent light emission.
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| | - 0 0, 0
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(2] : .
N
CcCO
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Scheme 4. The role of 1,2-dioxetane compounds in CL processes. A) Mechanism for the CL reaction of
luminol.*® B) Mechanism for the CL reaction of lucigenin and acridinium esters.* C) Mechanism for the CL
decomposition of coelenterazine and diphenyl oxalate.*”




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).91 38
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Scheme 5. Mechanism for the BL reaction from firefly (Photinus pyralis species).®

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).%
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Figure 8. Representation of mechanoluminescence (MCL) process involving 1,2-dioxetane-containing
polymers.




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.** 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.***® 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 (H20.) and 1,3-dibromo-5,5-dimethylhydantoin
(DBDMH) at -78 °C formed the B-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 (ti= several days at 20 °C) generating a

pale blue glow.

7 8 6

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 -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).



Table 1. Examples of 1,2-dioxetanes synthesized by Kopecky method.
0-0
Entry R2""Rl_Fl{"'R3 Reaction conditions 2 Yield (%) | Ref
14

a) 2,3-dimethyl-2-butene, DBDMH or
1 |Me/Me/MeMe|  DIH, H,0, (98%), Et,0, -40 °C; b) 30 [42]
AgO,CCHjs, CH,Cly, 25 °C
a) 2-methyl-2-butene, DBDMH, H,0,
2 |Me|Me|Me| H (98%), Et,0, -78 °C; b) NaOH, 30 [42]
H,0/MeOH 1:1, (v/v), -10 °C
a) 2-methyl-1-propene, DBDMH, H,0;
3 |Me|Me| H|H (98%), Et,0, -78 °C; b) NaOH, 26 [44]
H,O/MeOH 1:1, (v/v), -10 °C
a) (E)-2-butene, DBDMH, H,0, (98%),
4 |Me| H |Me| H | Et,0, -78 °C; b) NaOH, H,O0/MeOH 1:1, 27 [44]
(viv), -10 °C
a) (2)-2-butene, DBDMH, H,0, (85%),
5 |Me|l H | H|Me| Et,0,-40 °C; b) KOH, H,O/CHxCl, 1:1, 39 [45]
(viv), -20 °C
a)l-propene, DBDMH, H,0, (85%), Et;0,
6 |MelH|H|H|.40°C; b) KOH, HO/CH,Cl, 1:1, (V/v), - 3 [45]
20 °C
7 |H|HIHI R @ ethene, DBDMH, H,0; (85%), Et;0, -40 1 [45]
°C; b) KOH, H,O/CHCl; 1:1, (v/v), -20 °C
a) 2-benzyl-3-phenyl-1-propene, DBDMH,
8 |Bn|Bn| H|H| H,0,(98%), Et,0, -40 °C; b) NaOCHs, 38 [46]
MeOH, -30 °C
a) 1,1-diphenylethylene, DBDMH, H,0;
9 |Ph|Ph| H|H |(98%), DME, -40 °C; b) NaOCH3, MeOH, 21 [46]

-30 °C

0=0  |a) ethylidenecyclohexane, DBDMH, H,0,
10 (98%), Et,0, -40 °C; b) NaOH, 12 [42]
H,0/MeOH 1:1, (v/v), 0 °C

a) 2,3,4,5,6,7-hexahydro-1H-indene,
11 DBDMH, H20; (98%), Et,0, -5 °C; b) 11 [47]
AgO,CCHjs, CH:Cl,, 0 °C
@ General reagents and conditions: Step a) olefin, halogenation reagent (DBDMH or 1,3-
diiodo-5,5-dimethylhydantoin, DIH), H,O; (85-98%), anhydrous solvent (Et,O, CHCly,
DME). Step b) base (NaOH, KOH, NaOCHs) or silver salts (AgO.CCHs), solvent
(MeQOH, CHCl; or mixture with H,O 1:1, v/v).




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.***® 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.?*® Consequently, in the last years novel and
more sustainable methodologies have been developed as discussed below.

The cycloaddition of the singlet oxygen (*O,) to electron rich alkenes represents
the prevalent method used for the construction of functionalized 1,2-dioxetanes.*
Dye-sensitized photooxygenations via the generation of ‘O, specie are sought to
provide sustainable oxidative processes. *O; is conveniently generated in situ by
photosensitization of the triplet molecular oxygen (°0,) 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 (H.TPP), absorb the EMRs in the
visible range and transfer the energy to the molecular oxygen via a radiationless
transition. O, generated is then added to the substrate.*

Foote and Mazur illustrated another method to prepare 3,3,4,4-tetramethoxy-
1,2-dioxetane (9) under photooxygenation conditions (Scheme 7).>* The reaction
was carried out at -70 °C by adding zinc tetraphenylporphyrin (ZnH,TPP) 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.®** 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 (ti,= 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 1O, from light irradiation.

Several reaction mechanisms have been proposed for this transformation as
illustrated in Scheme 8. O, addition seems to depend on variable factors that
determine the success of the photooxygenation reaction. Since the classical
[2+2]-cycloaddition of YO, 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.>*

by

2
o]
Scheme 8. A representation of the various hypothesized mechanisms for the formation of

1,2-dioxetane through 'O, addition to olefin.



The lifetime of 'O, 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.>® Chlorinated solvents, especially deuterated, and low
temperatures enhance *O; lifetime and prevent the thermal decomposition of the
1,2-dioxetane scaffold.®®

Diverse examples of 1,2-dioxetanes synthesized via [2+2]-cycloaddition
reaction of 'O, 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 2 Yield (%)| Ref

o-0
O
1 H.TPP, 940 W Na lamp, 89 [57]
CH.Cl;, -78 °C, O,

OTBDMS

@\?;?ftBu RB, Na Iamp, 80 [58]

2 e
6 CH:Clz, -78 °C, O,
™SQ o i
3 o H.TPP, 500 W high-pressure Hg | g5 | |59
: ; lamp, CHzCly, 0 °C, O

0-0
EtO
0 CHCl,, -78° C, O
TBDMSO
0-0
oM

5 e MB, 400 W medium pressure Hg 93 [61]
lamp, CH,Cl,, 25 °C, O,




Q 0-0
", \WiBu
6 TBDMSO O)jﬁ T e » o
H CH2C|2, OOC, 02
Ph
0-0
, 1 Lo H,TPP, 940 W Na lamp, 74 [63]
TBDMSO N CHCly, 0°C, O,
o-0
o H,TPP, 940 W Na lamp, 83 [64]
CH.Cl, -78 °C, O,
o H,TPP, 940 W Na lamp, 88 [65]
CH,CI, 0 °C, O>
. H,TPP, 940 W Na lamp, 100 [66]
CH,CI, 0 °C, O,
0-0
" . y MB, 940 W Na lamp, 88 [67]
CH:Cl,, 0 °C, O
OAc
"  Pro H,TPP, 2 x 500W halogen 98 [68]
Y OMe lamps, CDCls, -20 °C, O,
o
» @ MB, 300 W halogen lamp, 63 [69]
N CDCI3, O OC, 02
AcO 0”70
HO
0-0
o) (6]
14 d }_)AJ(NH H,TPP, 940 W Na lamp, 100 [70]

CH:ClI,,0 °C, O




N
15 O RB, 400 W halogen lamp, 64 [25¢]
s CHCl,, -78 °C, O2

N
16 O RB or MB, 500 W halogen lamp, 84 [25b]
é CH2C|2, 0 °C, OZ

N
17 . O . MB, 500 W halogen lamp, 89 [254]
IS CH,Cl,, -20 °C, O,

18 % MB, LEDs (650 nm), 77 [71]
CHzClz, 0 OC, 02

19 MB, 500W halogen lamp, 80 [72]
CH.Clz, 0 °C, O,

Iz

OH

2 General reagents and conditions: olefin, photosensitizer (H,TPP, RB, MB), lamp (Na,
pressure Hg, halogen, LED), solvent (CH2Cl,, CDClIs), O, 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 O, via
the selective radical coupling using 9-mesityl-10-methylacridinium ion (Acr-

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

reaction mechanism.

10, can be generated either by photo or chemical reactions. The latter approach
does not involve the use of light, consequently the generation of O, occurs in
“dark” conditions.” Storable *O, could be generated from triphenylphosphite
ozonide (TPPO),®™ trialkylsilyl hydrotrioxide,”®’” calcium peroxide
diperoxohydrate (Ca0,-2H.0,),”®", molibdate ion with hydrogen peroxide

(M00O.4*/H,0; system), and many other sources (Figure 9).8%8
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Figure 9. Generation of dark 'O in CL peroxide reactions.™

[2+2]-cycloadditions of O, with enol ethers were successfully conducted by
ozone (O3) reduction with triphenyl phosphite (TPP) (11, Scheme 10A).782 This
approach is particularly recommended in the presence of functional groups
susceptible to oxidative conditions as the delivery of 'O, can be constantly
monitored to avoid the formation of overoxidation side-products.®® TPPO (12) is
formed at -78 °C as the result of the oxidation of TPP (11) by Os. Then, the
pentacoordinated phosphorane 12 is spontaneously decomposed leading to the
formation of triphenyl phosphate (TPhP, 13) and 'O, (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.®* Accordingly, both compounds were prepared starting from



the corresponding enol ethers (16 and 17) in moderate yields under mild

conditions and controlled *O, generation (Scheme 10B).

(4]

-78 °C
(CeHs0)3P + O3 ——>  (CgH50)3PO3
11 12

-7°C
(CgH50)3PO3  ——  (CgH50)3PO + "0,
12 13
o) O3, P(OPh)s o)
Z CH,Cl,, -78°C 1020 ° C 0
_____________ o)
S : o, ! S
S ' NS S
NO, 5 3(PhO)P\O,O : NO,
: 12
16: R=H: . 14: R=H; 25%
17: R=NOy; R R 15. R= NOy; 22%

Scheme 10. A) Preparation of TPPO (12) from TPP (11) and Os. B) [2+2]-cycloaddition
for the synthesis of 1,2-dioxetanes 14 and 15 involving TPPO (12) as O, source.

Trialkylsilanes undergo a similar reaction with Os 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 '0,.2° 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.”* 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)



and triethylsilyl hydrotrioxide (19) generating the oxonium intermediates as the
zwitterion 21 (Scheme 11B, path a)® 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).
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Scheme 11. A) Synthesis of pyrenyldioxetane (20) through photo- and chemically
generated 'O,. 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’
0, is represented by the molybdate-catalyzed disproportionation of H,0,.8-#
Although, this process is well-studied and uses economic reagents,%® its
application in organic synthesis is rather limited. The procedure requires long
reaction times,® the only use of methanol and ethanol as system solvents (*O;
lifetime is 10 ps and 14 ps, respectively), and excess of surfactants that renders

the product recovery from the reaction mixture quite tedious. Alternatively,



calcium peroxide diperoxohydrate (CaO2-2H,0,) can be employed.’ 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).7

Ca0,2H,0,  75%
0-0

AN -
MoO,2/H,0,  90% m

23 1

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

peroxide diperoxohydrate (CaO,-2H,0,) and molibdate ions (M0oQO4%/H,0, system).

A recent work of Yu and colleagues reported the synthesis of stable
spirocyclobutyl-1,2-dioxetanes in good Yyields (50-86%) by cerium (1V)
ammonium nitrate (CAN) under air atmosphere and room temperature (Scheme
13A).%! 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
I1. The radical intermediate 11 is oxidated by the atmospheric oxygen to form a
radical peroxide 111 and hydroperoxide 1V as the result of a radical H transfer
with the solvent (THF). Finally, the peroxide free radical 1V 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).%
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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).% 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.**% 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-mt" triplet than to the m-nt" 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 mt-r” 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.?** A) Dark decomposition (no
luminescence) in response to the C-C bond breaking and relaxation to the So. B) C-C bond
rupture at the S; and de-excitation to the So: fluorescence (blue). C) De-excitation across
the T, following ISC from the S;: 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).* 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.**® Both

mechanisms lead to the formation of two carbonyl fragments where the



electronically excited one (Si1 or Ti) 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

97,98

compounds favour the concerted process,””* while the presence of aromatic rings

or heteroatoms encourages the biradical mechanism,%*°

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.*® 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.!®% 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-0, 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.'% 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 So 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 S; and T,
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,%2103,

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.'* 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 S; 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.'®

Recently, Shabat and colleagues proposed the synthesis of phenoxy 1,2-
dioxetane m-electron systems able to amplify the CL emission through an energy-
transfer mechanism occurring at physiological conditions.*® 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 (1) and the formation of a phenolate as the result of the deprotonation



in the acqueous buffer (I11), the intermediate 11l is excited releasing 2-
adamantanone (2) and the corresponding phenolate carbonyl fragment (1V)
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.

O O\ O\
MeO MeO Deprotonation MeO
PG removal (aq buffer)

~ [':Diwe] — D* -

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.'” 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.'"
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Scheme 17. CIEEL mechanism for the thermal decomposition of 1,2-dioxetane

derivatives.



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 sev