Downloaded via BATES COLG on August 2, 2023 at 20:58:22 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

pubs.acs.org/acssensors

Exploring the Structural Space of Chemiluminescent 1,2-Dioxetanes

Uroob Haris and Alexander R. Lippert™

Cite This: ACS Sens. 2023, 8, 3—11

I: I Read Online

ACCESS |

il Metrics & More

| Article Recommendations |

ABSTRACT: Chemiluminescent molecules which emit light in response to a chemical

reaction are powerful tools for the detection and measurement of biological analytes and K
enable the understanding of complex biochemical processes in living systems. Triggerable P
chemiluminescent 1,2-dioxetanes have been studied and tuned over the past decades to

em

advance quantitative measurement of biological analytes and molecular imaging in live cells
and animals. A crucial determinant of success for these 1,2-dioxetane based sensors is their
chemical structure, which can be manipulated to achieve desired chemical properties. In this

Perspective, we survey the structural space of triggerable 1,2-dioxetane and assess how their
design features affect chemiluminescence properties including quantum yield, emission

L D¢,

wavelength, and decomposition kinetics. Based on this appraisal, we identify some structural
modifications of 1,2-dioxetanes that are ripe for exploration in the context of chemiluminescent biological sensors.
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chemiluminescence quantum yield

hemiluminescence is the emission of light from a
molecular excited state accessed not through photon
absorption, but rather from the energy released in a chemical
reaction." Nature has harnessed chemiluminescence using
enzyme/substrate pairs in a process referred to as bio-
luminescence, which can be observed in fireflies, jellyfish,
mushrooms, and many other organisms.”~* Chemists have
sought to understand and harness several classes of non-
enzymatic chemiluminescent systems including ozone-based
chemiluminescence, luminol, peroxyoxalate, and the decom-
position of 1,2-dioxetanes.””~” These systems are advanta-
geous for bioanalysis and imaging because no light is needed to
reach the molecular excited state. This drastically reduces
background from autofluorescence and light scattering,
eliminates photobleaching, provides high sensitivity, and
enables imaging deeper into tissue than typically achieved
with fluorescence imaging.” "
1,2-Dioxetanes have been the focus of extensive research for
development of triggerable biosensors. The thermal decom-
position of 1,2-dioxetanes produces high yields of the triplet
excited state, but only low yields of the emissive singlet excited
state, making them less suitable for bioanalysis.1 However, a
nonthermal chemically initiated electron exchange lumines-
cence (CIEEL) mechanism, first described by Koo and
Schuster, leads to high chemiluminescent quantum yields of
the singlet excited state.'' Because the reaction is initiated by
an electron transfer (or possibly charge transfer) from an
electron-rich donor to a peroxide acceptor,'” Schaap and co-
workers were able to develop a 1,2-dioxetane linked to a
phenolate that could undergo an intramolecular CIEEL
mechanism."*™"> This mechanism proceeds via an electron

© 2022 American Chemical Society

7 ACS Publications

transfer from the phenolate to the 1,2-dioxetane, followed by
bond cleavage, and then another back electron transfer to form
the singlet excited state of the phenolate, which emits a photon
of light (Scheme 1)." Intramolecular and intermolecular back

Scheme 1. Mechanism of CIEEL
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electron transfer steps, as well as other mechanisms like

charge transfer induced luminescence (CTIL), wherein partial
charge transfer from the phenolate to the peroxide bond is
thought to occur as opposed to the full transfer and generation
of radical ion pairs assumed in CIEEL, have been proposed.'®
Importantly, chemiluminescence emission via a CIEEL
mechanism can be triggered by masking the phenolate with
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Figure 1. Selected sterically hindering groups for stabilizing 1,2-dioxetanes. (A) Schaap’s dioxetanes with spiroadamantane stabilization. (B)
Matsumoto’s stabilized fused bicyclic and tricyclic systems with bulky R groups. (C) Diisopropyl stabilized dioxetanes developed by Matsumoto.
(D) Fenchone stabilized dioxetanes reported by Baader. PG = Protecting group.

a protecting group that is only deprotected in the presence of
an analyte. Removal of the protecting group releases the
phenolate, which spontaneously initiates CIEEL (Scheme 1).
These types of triggerable dioxetanes were used in
commercially available in vitro assays for several decades.
However, there has recently been a flurry of renewed research
activity using chemiluminescent 1,2-dioxetanes for cellular and
in vivo imaging following demonstrations that these molecules
were biocompatible and had bright enough emission for use in
whole animal imaging.'”™>' Shabat and co-workers also
introduced important structural modifications that increased
quantum yield in aqueous systems without the need for
polymeric encapsulation,”*” leading to improved applicability
for bioanalysis and imaging. These innovations have enabled a
new field of activity-based chemllumlnescence 1mag1ng agents
for analytes including galact051dase, ghosphatase, > pro-
teases, tyrosmase,24 nltroreductase carboxyl esterase, >
H,S,*** ONOO~,*7*' H,0,” £ HNO,** HOCL** form-
aldehyde,™ pH, 3657 a genetlcally e ﬁlneered esterase/ester
pa1r,3 and O ,39 0 to name a few.*! Central to advancing
the capabilities of these types of 1,2-dioxetane imaging agents
is understanding how modifications of the structural design
impact the chemiluminescence properties including quantum
yields, kinetics, and emission wavelengths. In this Perspective,
we will do a selective survey of the landscape of triggerable 1,2-
dioxetane structures and consider how their design features
affect chemiluminescent properties. We will then try to identify
structural design features that are ripe for future exploration.

B STRUCTURES THAT STERICALLY STABILIZE THE
1,2-DIOXETANE

The first important design consideration is that the thermal
mechanism of chemiluminescence decomposition, which
preferentially forms oxygen-quenched triplet states, needs to
be attenuated so that the CIEEL mechanisms that produce
singlet emission will dominate.”" "> This has generally been
accomplished by incorporating structural motifs with high
steric strain bonded to the carbon atoms of the 1,2-dioxetane.
A prominent example is Schaap’s spiroadmantane dioxe-
tane,">™"° which uses an adamantane group connected to the
1,2-dioxetane in a spirocyclic ring (Figure 1A) and emits light
centered at 470 nm in acetonitrile.'* This scaffold has been
widely adopted, and most of the recent work in activity-based
probes for cellular and whole animal imaging uses a
spiroadamantane stabilizing group.”*'™* This is because
spiroadamantane 1, 2 dloxetanes have very slow thermal
decomposition rates,”® and their synthetic procedures are
now well established.”> A chlorine modification on the
adamantane ring leads to dioxetanes with improved properties
and has been used in commercially available agents like CDP-
Star for biochemical assays.”” While chlorine modification of
the phenol is well understood, it is not completely clear why
chlorine modification of the adamantane has such a dramatic

effect. One could propose that secondary orbital interactions
between the ¢* orbital of the C—Cl bond and the adjacent C—
C bonds of the adamantane structure alter its geometry and
puts additional strain on the 1,2-dioxetane ring. This chlorine
modification has not been fully explored in conjunction with
other recent structural modifications, possibly due to the
increased expense and lower thermal stability of the
chlorospiroadamantane 1,2-dioxetane.

Another structural design strategy to sterically stabilize 1,2-
dioxetanes was developed by Matsumoto and co-workers and
consists of fusing the dioxetane ri ng to a five-membered ring in
a bicyclic system (Figure 1B)."*™>" Adding a tert-butyl group
(or isopropyl or methylfluorenyl) to one of the dioxetane
carbons and a dimethyl group to the five-membered ring
results in a sterically stabilized 1,2-dioxetane with slow thermal
decomposition. The bicyclic structure may also have important
mechanistic consequences due to limiting diffusion from a
solvent cage and increasing the probablhty of back electron
transfer to produce the excited state.”" A tricyclic derivative has
also been commumcated to have even higher chemilumines-
cent quantum yield.”® Matsumoto’s bicyclic dioxetane has been
demonstrated to have a triggered emission similar to Schaap’s
spiroadamantane dioxetane when appended to a meta-phenol
using fluoride as a trigger to deprotect a silane protecting
group. Other stabilizing groups include a diisopropyl group
(Figure 1C), which interestingly displays higher quantum
yields than the spiroadamantane dioxetanes in some cases,’”
and a dioxetane derived from fenchone, developed by Baader
and co-workers (Figure 1D).”»** The fenchone derivative can
be made from cheap starting materials using an accessible
synthetic protocol, and Baader’s fenchyl dioxetane displays
similar triggerable chemiluminescence as Schaap’s spiroada-
mantane dioxetane and Matsumoto’s bicyclic dioxetane.

B STRUCTURAL MODIFICATIONS OF THE
HETEROATOMS BONDED TO DIOXETANE
CARBONS

Another set of design features includes the addition of
heteroatoms bonded to the carbons of the dioxetane, which
have been used as structural linkers and to tune emission
properties upon decomposition. In the commonly used
Schaap’s spiroadamantane dioxetanes, there is usually a methyl
ether with the oxygen bonded to the carbon of the dioxetane. *
Thioether substitutions have been reported with moderate
stability and emission in the yellow to red region of the
spectrum (Figure 2A).55 Interesting trends in heteroatom
substitutions at carbons of the dioxetane have been observed in
Matsumoto’s bicyclic dioxetane scaffold.*® Substitution of a
nitrogen atom for the oxygen atom leads to a series of
compounds with emission red-shifted to $71 nm (Figure 2B).
A further shift into the NIR region at 688 nm can be achieved
when using this nitrogen substitution in combination with
replacing the phenol with a naphthol unit. These scaffolds have
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Figure 2. Modifications at carbon of dioxetane. (A) Replacement of
methyl ether with thioether on spiroadamantane 1,2-dioxetanes.
Incorporation of (B) oxygen, nitrogen, and (C) sulfur five-membered
heterocycles in Matsumoto’s bicyclic system for modulation of
emission wavelength and chemiluminescence quantum yield, and (D)
five-to-seven-member ether heterocycles in diisopropyl and spiroada-
mantane stabilized 1,2-dioxetanes to tune decomposition rate. A, and
@, in organic media.

two rotameric isomers with different emission properties.
While red-shifted emission was achieved, chemiluminescent
quantum yields were somewhat lower than the oxygen-
substituted counterparts: ®c; = 8.5 X 1073, 1., = 571 nm
and @ = 2.8 X 107% A, = 688 nm for the nitrogen-
substituted dioxetanes versus a @ = 0.12, A, = 467 nm for
the oxygen substituted dioxetane. Sulfur atom substitution in a
similar position of Matsumoto’s dioxetane with further
substitution on the ring to increase stability has also been
investigated (Figure 2C).”’ Sulfanyl, sulfinyl, and sulfonyl
groups red-shifted emission to 554, 795, and 848 nm with ®
= 7.9 X 1073 for the sulfide and a lower ®¢; below 1 X 107°
for the sulfinyl and sulfonyl derivatives. Another modification
with this group was made by linking ether as a ring to the
appended phenol (Figure 2D).>® This had the effect of slowing
the rate of decomposition, while keeping a high chemilumi-
nescent quantum yield, at least for five-membered ring and six-
membered ring derivatives.

B MODIFICATION OF THE META-PHENOL AND
ORTHO GROUPS

Substitution of the oxygen of the meta-phenol with other
elements has been reported to effect emission and quantum
yields. A meta-thiol on Schaap’s spiroadamantane dioxetane
has been shown to be emissive in the context of a probe for
cholinesterase™ and beta-lactamase activity,”’ with the intent
of improved performance at physiological pH due to the lower
pK, of the thiophenol versus the phenol (Figure 3A).
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Figure 3. Modifications to meta-hydroxy group of the phenol. (A)
Lower pK, of thiophenol enables probes for detection of
cholinesterase (TDP) and beta-lactamase (CCP) at neutral pH. (B)
Sulfur, amine, and indole modifications in fused bicyclic systems for
wavelength modulation. (C) Incorporation of activated methylene
groups with low pK, for triggered chemiluminescence. (D)
Chemiluminescence initiated at an activated benzylic carbon via a
Michael addition reaction. EWG = electron withdrawing group; CTIL
= charge transfer induced luminescence. 4, in organic media.

Modifications with other heteroatoms have also been explored
on Matsumoto’s bicyclic dioxetane (Figure 3B). A sulfur
modification red-shifted the chemiluminescence emission to
535 nm (Figure 3B).* An amine modification also further red-
shifted the emission to 642 nm, although the quantum yield
was reported to be very low and a strong base needed to
deprotonate the amine.*” An indole-based nitrogen group has
also been prepared, which emits blue light at 457 nm.°" An
interesting series of carbon substitutions were also explored in
this position (Figure 3C).”*~°* Replacing the phenol with an
active methylene unit using —CN, —CO,Me, or —COPh
groups decreases the pK, of the methylene and enables fluoride
induced chemiluminescence emission at 702, 666, and 622 nm,
respectively.’” Realization that a negatively charged carbon at
this position could induce chemiluminescence enabled a clever
Michael addition trigger (Figure 3D),°*** which one can
imagine could be used for the detection of thiols, hydrogen
sulfide, and other molecules that participate in 1,4-addition
reactions.

Chlorination ortho to the phenol has been used as a strategy
to enhance chemiluminescence emission,”” and Lippert and
co-workers directly compared structures with hydrogen,
fluorination, and chlorination ortho to the phenol, showing
that the increase in response to the probes correlated with a
lowering of the pK, (Figure 4A).”" A similar comparison was
made for a tumor homing beta-galactosidase probe, where
again an increase in efficacy was observed in the chlorinated
structures.”> An ortho acetamide group was also shown by
Higuchi and co-workers to lower the pK, of the phenol, leading
to improved chemiluminescence under aqueous conditions
and neutral pH (Figure 4B).°° Another example of how a
structural modification ortho to the phenol improved
chemiluminescent properties was reported by Pu and co-
workers, who explored ortho benzoxazole derivatives for
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Figure 4. Modifications of the group ortho to phenol. (A) Addition of ortho fluoro and chloro substituents results in increased chemiluminescent
response for H,S probes CHS 1—3 and beta-galactosidase probe la and 2a. (B) Ortho acetamide group in AMPD 2 lowers pK, of phenol for
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data in aqueous media.

intramolecular hydrogen bonding with the phenol, slowing the
rate of the phenol’s deprotonation to the emissive phenolate
and effectively i 1ncreasmg the half-life of the chemiluminescent
decay (Figure 4C).”’

B ELECTRON WITHDRAWING GROUPS TO
INCREASE AQUEOUS QUANTUM YIELDS AND
RED-SHIFT EMISSION

A key advance for chemiluminescence imaging with 1,2-
dioxetanes in recent years was the discovery by Shabat and co-
workers that simple addition of an acrylate or acrylonitrile
group to the scaffold could drastically increase chemilumi-
nescence emission in aqueous systems without the need for an
additional polymeric enhancer, by v1rtue creating a push—pull
system and extending conjugation.”” Addition of an acryloni-
trile or methyl acrylate via a Heck coupling reaction provides
dioxetanes with emission red-shifted to 525—540 nm and
chemiluminescent quantum yields in water approaching 0.1,
which is more than a 3000-fold increase over the unmodified
structure (Figure SA). The benzoate decomposition products
were independently synthesized, and it was shown that a large
part of the increase in the chemiluminescent quantum yield
was due to increases in the fluorescence quantum yield. Many
examples of cellular and in vivo imaging have adopted this
strategy in recent years. 2929334895 An interesting extension of
this work showed that a carboxylate linked via an acrylate or
through a styryl linker increased the rate of decomposition in a
way that correlated to the computationally determined
electron spin density on the phenol (Figure 5B).*® Lippert
and co-workers also showed that masking the carboxylate as an
acetoxymethyl ester (AM ester) drastically improved the signal
for cellular experlments monitoring oxygen-dependent enzyme
activity (Flgure 5C).%” This is likely due to a combination of
the cellular “trapping” effect of the acetoxymethyl ester,”’
characterized by the scaffold’s restricted diffusion out of cells
following cleavage of the ester by cellular esterases, and the
rapid chemiluminescent decomposition of the product
carboxylate.

A related development is the appendage of a dicyanochro-
mone to increase the conjugation in a push—pull system
starting with the phenol and endmg on the cyano groups of the
dicyanochromone (Figure SD).”" This scaffold grants near-
infrared emission at 660 nm and has been used for H,0,,”"
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Figure 5. Push—pull systems for enhanced chemiluminescence of
spiroadamantane 1,2-dioxetanes. (A) Addition of acrylate and
acrylonitrile groups on the luminescent scaffold enhances aqueous
quantum yield and red-shifts emission. (B) Conjugation of the
luminophore with a carboxylate group results in faster decomposition.
(C) Cell trappable hypoxia probe HyCL-4-AM with an AM ester for
enhanced chemiluminescence, accumulation in cells, and fast
decomposition kinetics. (D) Conjugation of dicyanochromone
derivatives with the chemiluminophore for NIR chemiluminescence
emission. 4., @y, and ¢/, in aqueous media.

singlet oxygen,”” and formaldehyde probes.” Pu and co-
workers demonstrated that substitution of sulfur or selenium
heteroatoms can further red-shift these emissions to 760 nm
for sulfur substitution and 780 nm for selenium substitution.>'
We do note that in our hands, the emission intensity and
wavelengths of these systems seems to be dependent on the
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Figure 6. Modifications to luminescent scaffold. Red shift in emission wavelengths achieved by (A) replacing the phenol unit with a naphthol in
Schaap’s dioxetanes, bicyclic dioxetanes, and diisopropyl dioxetanes (A, in organic media), (B) replacement of the phenol unit with benzoxazole
derivatives (4, and ®¢ in aqueous media), and (C) increasing 7 conjugation of the scaffold by appending additional phenyl units (4., in organic
media). (D) Novel synthetic route for preparation of chemiluminophore precursors using Stille cross-coupling between haloaryl substrates and
stannane adamantyl enolethers allows generation of synthetically challenging dioxetanes.
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M LY Visible light ~ “ " T T
B ALTERNATE LUMINESCENT SCAFFOLDS Spiro-CL =
Spiropyran form Merocyan/ne form
While a phenol meta to the dioxetane (including modifications }%
described above) has arguably been the most used scaffold for —O @ CIEEL

cellular monitoring and whole animal imaging, there are many
elegant examples of using alternatives to this type of phenol.

Figure 7. Photoswitchable chemiluminescence of Spiro-CL. UV light
Replacing the phenyl unit with a naphthol has the effect of red- y P 5

and visible light irradiation allow toggling between emissive

shifting the emission. This has been used with Schaap’s merocyanine form and nonemissive spiropyran form.
spiroadamantane dioxetane,"” dusopropyl dioxetanes,”* and
Matsumoto’s bicyclic dioxetane (Figure 6A).”> The phenol has
also been replaced with a benzoxazole, which has the effect of can be switched from an ether spiropyran into a phenolate
red-shifting emission as far 534 nm in aqueous media and to merocyanine form using ultraviolet light. In the merocyanine
543 nm in orgamc solvent, with a quantum yield of greater open form, it steadily decomposes in a CIEEL mechanism, but
than 4 X 107> under aqueous conditions (Figure 6B).”° can be switched back to the spiropyran form with visible light,
recent, systematic approach appended oligophenyl groups to where it is stable and nonemissive. Photoswitchable chem-
Matsumoto’s bicyclic dioxetane, red-shifting emission from iluminescent molecules could have interesting applications for
467 to 607 nm, depending on the number of phenyl groups advanced types of photoactivatable 3D displays®”® and
(Figure 6C).”” Addition of cyclodextrin or surfactants photochemical micropatterning techniques.**
enhanced the aqueous quantum yields of these derivatives.
Direct linkage of traditional fluorophores to the dioxetane is B ENERGY TRANSFER CASSETTES
a promising strategy to develop high performing chemilumi- Another strategy to tune the chemiluminescent properties of
nophores for biological imaging. Renard, Romieu, and co- dioxetanes is to link the dioxetane to a fluorophore in a way
workers reported the synthesis and properties of a coumarin that intramolecular energy transfer mechanisms can occur.”
fluorophore directly linked to Matsumoto’s bicyclic dioxetane, Schaap showed in a patent that a fluorophore could be linked
which displayed an emission maximum at 470 nm.”* Shabat via the methoxy group on the dioxetane (Figure 8A)*° and
also synthesized the coumarin fluorophore linked this time to Matsumoto also designed and synthesized a specialized linker
Schaap’s spiroadamantane dioxetane, which exhibited similar for appending fluorophores at the tert-butyl stabilizing group of
chemiluminescence properties.”” An exciting development was bicyclic dioxetanes (Figure 8B).%° Both of these strategies were
recently reported in a collaboration between Shabat, Baran, able to red-shift the emission wavelength and provide higher
and co-workers to develop a convergent synthesis of quantum yields under aqueous conditions. Later, Shabat
luminophore dioxetanes using a Stille coupling to append a designed a linker to link fluorophores to the phenol unit of
dioxetane to a fluorophore at a late stage (Figure 6D).*" A the dioxetane using a benzylic connection (Figure 8C).*
range of dioxetane luminophores were prepared including Lippert and co-workers also developed a strategy to link
coumarin, aminocoumarin, a luciferin analogue, a NIR cyanin, luminophores to the dioxetane through a diamino or
and a pyridine based scaffold, demonstrating how this strategy piperazine linker using the carboxylic acid of an acrylate
can be used to tune the kinetics, emission wavelengths, and group attached to the phenol (Figure 8D). It was shown that
quantum yields of dioxetane chemiluminophores. Lastly, this approach could link responsive dyes like a pH-sensitive
Lippert and co-workers have reported using a spiropyran carbofluorescein for pH sensing,’” building on a prev10us
photoswitch as the phenol unit of the dioxetane, furnishing intermolecular energy transfer approach to pH sensing.’® The
Spiro-CL as a unique example of a photoswitchable strategy was also used for energy transfer to nontraditional
chemiluminescent dioxetane (Figure 7).*' This compound luminophores; for example, Beharry and co-workers linked the
7 https://doi.org/10.1021/acssensors.2c02371
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Figure 8. Energy transfer chemiluminescence. Fluorophore appended to the 1,2-dioxetane scaffold (A) via an ether linkage on the carbon of the
dioxetane, (B) on the tert-butyl group on the carbon of a bicyclic dioxetane, and (C) using a linker at the benzylic position. (D) A carbofluorescein
fluorophore, an erythrosin B photosensitizer, and an iridium phosphore appended to spiroadamantane 1,2-dioxetanes using piperazine or diamine
linkers at the acrylate functionality to furnish a ratiometric pH probe, a “dark” photodynamic therapeutic, and a NIR ratiometric oxygen sensor. A,

in organic media.

dioxetane to a photosensitizer to develop a new class of “dark
photodynamic therapy” agents that generated cytotoxic singlet
oxygen in the absence of light as a result of intramolecular
energy transfer to the erythrosin B sensitizer.”® Kagalwala and
co-workers used a piperazine linker to accomplish chem-
iluminescence resonance energy transfer to an iridium complex
for ratiometric oxygen sensing.”” Recently, the same team also
reported that a Suzuki coupling can be employed to directly
link an iridium luminophore to the phenol unit to achieve
highly efficient through bond energy transfer.** We do note
that efficiency of energy transfer between the excited state
phenolate and appended fluorophore can be dependent on the
precise molecular structure. For example, Pu and co-workers
observed almost no energy transfer between the chemilumi-
nescent excited state phenolate and an appended cyanine near-
infrared fluorophore, perhaps due to supramolecular inter-
actions with covalently linked cyclodextrin molecules.”” A
systematic study of supramolecular interactions and energy
transfer could lead to a deeper understanding of these effects.

used to tune the chemiluminescent properties of dioxetanes.
The emission wavelength can be adjusted by extending the
conjugation on the phenol, energy transfer to an appended
fluorophore, or substitution of heteroatoms bonded to the
dioxetane. The kinetics of the chemiluminescence decay can be
tuned by changing the electron density on the phenol or
dioxetane or by linking the ether group as a ring to the phenol
unit. Adjusting the fluorescence quantum vyield of the
decomposition product allows tuning of chemiluminescent
quantum yields. Further rational tuning of quantum yield
remains challenging, and deeper mechanistic insights may help
with this.

Looking forward, it is interesting to note that most of the
recent cellular and in vivo imaging studies have focused on
using Schaap’s spiroadamantane dioxetane, but there may very
well be advantages to using Matsumoto’s bicyclic dioxetane
including potentially more efficient back electron-transfer and

B PERSPECTIVE

As discussed in this Perspective, a wide area of chemical space
has been explored for chemiluminescent 1,2-dioxetanes. Figure
9 summarizes design features we have identified that can be

the ability to tune the emission properties with heteroatom
substitutions. It may prove worthwhile to explore this scaffold
in the context of whole animal imaging. Baader’s fenchyl
dioxetane is also well positioned for further exploration.
Substitutions on these scaffolds, for example, the chloroada-
mantane, may also yield interesting and unexpected results. A

« Heteroatoms (O, S, N)
(Aem)

« Extended 1 conjugation

o 3 (Aem)
HETEFED . Hieh QY luminophores
(tiz) J 2
o (Aom Pcr)
o

* Bulky, sterically

hindering « —F, -Cl, -NHAc
groups (PK2) )
* Hydrogen bonding
(ti2)

* —OH, —SH, —-NH,, -NHR, -CH,EWG
(Aem, CIEEL trigger mechanism)

Figure 9. Structural modifications for tuning chemiluminescent

properties of 1,2-dioxetanes.

transfer systems
(Aem Pcr)

Push-pull & energy

phenol in the meta position is a requirement for high
chemiluminescent quantum yields, but sulfur,> ™" nitrogen,49

62—64
or even carbon

in this position have also been shown
capable of chemiluminescence emission and present an
intriguing route to tune kinetics and chemiluminescence
quantum yields, as well as creative new triggering strategies.
A prominent advantage of using synthetic chemiluminescent
compounds versus their bioluminescent counterparts for
imaging and sensing applications is having the ability to
specifically modify each structural aspect of the molecule to
impact its chemiluminescence properties. This chemical space
is vast, and bold explorers will surely be rewarded with
marvelous new discoveries in the years to come.
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