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The desirable attributes of luciferin—luciferase systems for bioluminescence imaging include their high
luminescence intensities, minimal background signals, and compact enzyme sizes, with robust structural
stability under experimental conditions. The NanoLuc—furimazine system has emerged as a promising can-
didate, fulfilling all these requirements. However, the detailed reaction mechanism leading to furimazine
oxidation and the nature of the luminescent species remain largely unknown. Current understanding is lim-
ited to the formation of an excited-state product as a consequence of furimazine oxidation. In this
context, this study exploits density functional theory and its time-dependent formalism to identify reactive
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species and analyze the possible mechanisms associated with this process in a solution, including the
investigation of two possible oxygenation pathways and the formation of subsequent excited-state
furimamide. For completeness, three different protonation states of furimamide were considered, and its
zwitterionic form emerged as a promising candidate for emission applications, offering new insights and
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1. Introduction

Bioluminescence is a natural phenomenon that has captivated
researchers because of its multiple applications.’™ It consists
of light emission by living organisms, and it not only serves
various ecological roles, such as predator deterrence, mate attrac-
tion, and symbiotic relationships, but has also been deployed for
numerous applications in biotechnology."> Despite their
chemical diversity, bioluminescent systems share a common
feature: the ability to convert chemical energy into photons. At
the heart of bioluminescence lies the luciferase-catalyzed oxida-
tion of a substrate known as luciferin, resulting in the production
of a high-energy intermediate, emitting light in the visible range.®
Luciferases are found across a wide range of organisms, from
marine animals and terrestrial insects to fungi and bacteria, each
exhibiting distinct biochemical properties and reaction mechan-
isms even when working on the same substrate.” ! Understand-
ing the intricate reaction mechanisms of luciferases is pivotal for
both fundamental biological research and practical applications.
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establishing a foundation for the future extension of this study in a protein environment.

This is because a better mechanistic knowledge can guide the
design of recombinant luciferases with enhanced properties,
such as increased stability, altered emission spectra, and
improved substrate affinity, further broadening their applicability
in research and the industry.”>™® Up to now, many artificial
luciferases have been obtained with a directed evolution
approach since the lack of detailed knowledge of the underlying
reaction mechanism has prevented the rational design of the
enzyme to improve their performances."®"”

A well-known and successful example of this approach is the
NanoLuc-furimazine pair, a synthetic luciferase-luciferin system
that has been obtained from OLuc-Coelenterazine, the natural
system responsible for Oplophorus gracilirostris’ bioluminescence.'®
NanoLuc is very popular in bioluminescent assays, enabling the
highly sensitive detection of various biological processes, from
gene expression and protein interactions to cell viability and
signalling pathways.*'°">' The remarkable sensitivity and speci-
ficity of luciferase-based assays stem from the inherent proper-
ties of bioluminescent reactions, which produce low background
noise and can be easily quantified using luminescence detectors.
Additionally, the NanoLuc-furimazine pair shows significantly
improved traits with regard to the most desirable properties for
bioluminescent assays’ key compounds. Indeed, compared with
the firefly luciferase, the most studied enzyme of this class, not
only is NanoLuc stable at a wider range of temperatures and pH,
it is also smaller (16 kDa vs. 62 kDa) and, on top of that,
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100 times brighter.*'® These properties are the result of various
steps of directed evolution performed on the enzyme structure,
but also of modifications on the substrate, furimazine (schemati-
cally represented in Scheme 1), which is a synthetic coelenterazine
analogue that efficiently undergoes oxidation to produce light.

Despite the advantages of this system, the detailed reaction
mechanism leading to the oxidation of furimazine, resulting in
photon emission, remains poorly understood.?*** The current
experimentally confirmed knowledge is limited to the general
concept that molecular oxygen reacts with furimazine, forming
an excited-state intermediate that decays to emit light.”?

To date, a reaction mechanism has been proposed for other
luciferases containing the same core,*® that is, imidazopyrazi-
none (Scheme 1, black), but no detailed study has specifically
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Scheme 1 Schematic of furimazine (in its more stable enol form, Fur®?)
and its corresponding deprotonated form, Fur™, including the labelling
scheme together with the postulated product (furimamide) in its neutral
(FurA), zwitterionic (FurC) and anionic (FurD) forms. In all systems, the
imidazopyrazinone core is depicted in black.
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addressed the reaction mechanism at work for furimazine,
which could be determined using the different substituents.

As reported in Scheme 2, the mechanism proposed for the
oxidation of the imidazopyrazinone substrates consists of a complex
multi-step reaction, which can be broken down into three key steps:
(i) deprotonation, (ii) oxygenation and formation of a dioxetanone
intermediate and (iii) decomposition and light emission.

In detail, first, the imidazopyrazinone core is expected to
undergo a deprotonation catalysed by the enzyme, which is
necessary to activate the substrate,***** followed by an oxygena-
tion, leading to the formation of a peroxy intermediate. Previous
studies on luciferin suggest that this step involves a single
electron transfer (SET) from the anionic luciferin to an oxygen
molecule, leading to the formation of a superoxide anion that
reacts with the imidazopyrazinone core to form the corres-
ponding peroxide.**” In coelenterazine-derived systems, oxygen
is expected to attack preferentially the C, position, and the
resulting peroxy intermediate undergoes an intramolecular cycli-
zation reaction, forming a highly strained dioxetanone ring.®
This high-energy intermediate (HEI) is key to the bioluminescent
reaction. Indeed, the instability of the dioxetane ring is such that
it readily decomposes, leading to the formation of an excited-
state product. Computational studies, including density func-
tional theory (DFT) calculations, performed on these imidazo-
pyrazinone substrates have shown that the formation and
subsequent breakdown of the dioxetane ring is indeed energeti-
cally favourable and is the primary source of the energy required
for photon emission.”®*® The exact pathway of decomposition
can vary slightly depending on the specific luciferase, but the
general principle remains the same. The excited oxyluciferin
molecule relaxes back to its ground state, emitting a photon in
the process. The wavelength of the emitted light is determined
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Scheme 2 Schematic of the furimazine oxidation and the decomposition mechanism responsible for the observed luminescence. In all systems, the
imidazopyrazinone core is depicted in black. Ry, R, and Rz are depicted in Scheme 1.
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by the specific structure of the luciferin and the environment
within the luciferase active site.

Starting from the literature data collected on related sys-
tems, our aim in the present work is to disclose the mechanism
at work in the case of furimazine and understand the origin of
its blue luminescence experimentally characterized by an emis-
sion peak at around 460 nm."®

To this end, we resorted to the density functional theory
(DFT) and time-dependent DFT (TD-DFT) approaches to accu-
rately and efficiently model the electronic and structural
changes occurring during the ground and excited state reac-
tions responsible for bioluminescence.

We specifically focused on getting a detailed picture of
the furimazine reactivity in a DMSO solution, since this
solvent is commonly used in the experimental studies of
chemiluminescence."?*3%3! Starting from the anionic form of
furimazine (Scheme 2), two possible binding sites (C, and Cj)
were considered for the initial oxygen species attack and the
subsequent formation of the dioxetanone ring. Next, three differ-
ent dioxetanone decomposition channels, leading to three differ-
ent forms of furimamide, were explored in order to disclose the
nature of the emitting species. Indeed, owing to the lack of
experimental data, the protonation state of the emissive product
is not yet fully disclosed. Previous theoretical studies of the
possible protonation states of the furimamide product point
out that the neutral (FurA, Scheme 1) and the zwitterionic (FurC,
Scheme 1) forms are expected to be the dominant ones in the
entire pH range in the aqueous solution in the ground state (GS)
and excited state (ES), respectively.®” This is the reason these two
forms were first considered as the products of the dioxetanone
decomposition. In addition to them, the corresponding amide
anion (FurD, Scheme 1) was also considered as a possible
emissive product, in analogy to what was proposed for other
luciferin-luciferase systems.**>** Furthermore, since the reaction
mechanism starts from deprotonated furimazine, it is not aber-
rant to postulate the presence of such an anionic species as a
product. Our previous work on the emission properties of fur-
imamide in a protein environment suggests that both the zwitter-
ionic form (FurC) and the anionic form (FurD) have emission
spectral features close to the experimental one, while the neutral
species (FurA) could not be present in the protein environment.>?

Overall, our results indicate that energetically plausible
reaction paths can be found, leading to the formation of all
the products identified. The nature of the most relevant inter-
mediates and TS has been identified, and possible ways of
stabilizing relevant species (thanks to H bonds or electrostatic
interactions with the enzymes) are provided.

Such insights are crucial for enhancing our understanding
of the fundamental processes underpinning bioluminescence
and could pave the way for engineering-improved biolumines-
cent systems with tailored properties for specific applications.

2. Computational details

DFT and TD-DFT calculations were used to characterize ground
state (GS) and excited state (ES) potential energy surfaces,
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respectively. All calculations were performed with the Gaus-
sian16 package.® The range-separated hybrid functional CAM-
B3LYP?® and the 6-31+G(d,p)*”*° basis set were used for all DFT
and TD-DFT calculations. This functional (CAM-B3LYP) has
been selected since it has already been used on similar systems
(including furimazine derivatives),>>***"*> providing accurate
optical properties. Furthermore, range-separated hybrids pro-
vide more accurate barrier heights than most of the so-called
hybrid functionals and are expected to give a better description
of the PES far from the Franck-Condon region.*?

Solvent effects were taken into account by means of the
polarizable continuum model (PCM)** using the Conductor
Like model (CPCM).*>

The unrestricted Kohn-Sham (UKS) formalism was used to
treat open shell systems, and the broken symmetry (BS) tech-
nique was applied to describe open shell singlets.

Structural optimization and subsequent harmonic frequency
calculations, as well as zero-point vibrational energy (ZPE) and
thermodynamic properties, were computed at this level of theory
at the GS and ES. Transition states were located on the GS
closed-shell singlet PES using the QST3 (Quadratic Synchronous
Transit 3) method. The nature of the transition states (TS)
obtained was confirmed by Intrinsic Reaction Coordinate (IRC)
calculations, to verify that each transition state was effectively
connecting the corresponding minima on the GS or ES potential
energy profiles. To study the chemiluminescence process occur-
ring with the decomposition of the dioxetanone intermediate, as
the latter is supposed to afford the final product in the excited
state, the final-product structure was determined on the ES (S;)
PES, and the TS was found by means of QST3 between this ES
product and the corresponding GS dioxetanone. The energy gaps
between the GS PES and the ES PES along the dioxetanone
decomposition pathways have been evaluated with TD-DFT
single points, performed on the geometries obtained from the
IRC calculations.

3. Results and discussion

3.1 Furimazine oxidation and formation of the dioxetanone
intermediate

As previously reported,”**?* the first step of the entire reaction

is the deprotonation of Fur (Scheme 1). In a previous study,*?
we demonstrated that the enol form of furimazine is more
stable than the keto form, since it is stabilized in the protein
environment by a H bond with the sidechain of an aspartate
residue that may also catalyse the deprotonation. We, therefore,
assumed that the starting reagent is the deprotonated enolic
form of furimazine, hereafter labelled as Fur .

Previous studies on luciferins and other imidazopyrazinone-
containing systems**?” have advocated the activation of the
oxygen molecule through a SET from the so-formed Fur ,
leading to the formation of a superoxide radical (O, ) and a
furimazine radical (Fur®). For this reason, different electronic
states have been computed for the initial steps of the reaction.
They include (i) a closed-shell singlet state; (ii) an open-shell
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singlet state, corresponding to a SET from the Fur~ to the O,
molecule and the subsequent antiferromagnetic coupling of
the radicals, leading to the formation of *(Fur® '-0,"); and (iii) a
triplet state potentially corresponding to either >0, and Fur™ or a
ferromagnetically coupled system after SET, that is *(Fur® '-0, 7).
Notably, the initial O, placement was performed manually near
the C,-C; bond, with different starting positions being tested,
followed by full geometry optimization. The lowest-energy opti-
mized geometry was kept as the RC structure. As far as it
concerns the different spin states, the open-shell singlet state
(i) was obtained via broken symmetry calculations, while the
triplet state (iii) was obtained simply by imposing a total spin
multiplicity of 3.

As previously stated, the SET is followed by the formation of
an O-C bond, which can involve either C, or Cs, the former
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Fig. 1 Free-energy profile computed for the C, oxygenation of furima-
zine (CAM-B3LYP level in DMSO using the 6-31+G(d,p) basis set). Energy
of the optimized geometry for the open-shell singlet exciplex used as a
reference. The label SP stands for single point energy calculations. Corres-
ponding IRC plots are reported in the SI.
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being considered the better binding site for O, in other
systems.® The two possibilities have thus been considered.

The corresponding computed PES for the subsequent process
leading to the formation of the dioxetanone intermediate is
depicted in Fig. 1 in the case of an attack in the C, position. In
order to follow the bond formation, we considered the PES, starting
from the reactive optimized open-shell singlet '(Fur®’-0,7),
labelled BS and reported in purple in Fig. 1, and evaluated, as
a single point, the lowest-energy triplet state, labelled TO and
reported in red dashed lines in Fig. 1. The latter corresponds
essentially to a >0, and Fur ™. The closed-shell singlet computed
as a Single Point is also reported in the same figure as black
dashed lines.

The reaction starts with the coordination of the oxygen
molecule (*0,) to the furimazine anion (Fur~). Initially, no
SET spontaneously occurred from Fur~ to the oxygen molecule,
as indicated by the fact that the triplet state had the lowest
energy. This state thus corresponds to a Fur -*0, adduct. The
corresponding optimized activated SET complex *(Fur® -0, ") is
actually computed at roughly 5 kcal mol™* above the triplet.
Nonetheless, as soon as the bond with a carbon atom of
furimazine (here in the C, position) starts to form, the sing-
let-triplet energy gap decreases. A decrease in the spin density
on the oxygen molecule and an increase in the oxygen-oxygen
distance occur just before reaching TS1 (Fig. 2).

At this point, the triplet and the singlet states also degen-
erate (Fig. S1). The overall barrier for this activation process is
thus 7.6 kcal mol™" from the optimized diradical (18.4 kcal
mol " from the optimized triplet), meaning that it is accessible
under standard conditions. Furthermore, in the presence of the
protein environment, this barrier could be further lowered,
since the first transition state displays a more strongly localized
negative charge on the oxygen atom, which could be stabilized
by the presence of a positively charged residue or by the
formation of an H-bond with the enzyme.

Starting from this transition state (TS1), the peroxide inter-
mediate is already formed (as evident from the analysis of the
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Fig. 2 Evolution along the profile of the furimazine C, oxygenation: (a) Mulliken charge and spin density computed on the O, fragment for the first step
of the reaction along the singlet biradical profile and (b) relevant structural parameters. Refer to Schemes 1 and 2 for the labelling.
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global charge on the furimazine fragment, reported in SI), and
the system is evolving on the closed-shell ground-state potential
energy surface, with the corresponding triplet state lying above
by more than 30 kcal mol * (see SI). Consistently, no spin density
is detected on the oxygen atoms nor elsewhere on the molecule.

During the formation of the I1 intermediate, a shortening of
the C,-O, distance, accompanied by the elongation of the
C,-C; bond and especially the O,-Og one, is computed, which
is consistent with the formation of a peroxide species.

After the formation of the C,-O, bond (I1), the reaction
proceeds with the bending and rotation of the peroxy fragment,
leading the Op atom towards the imidazopyrazinone core to
allow the formation of the C;-Og bond. This process occurs in
two steps characterized by very small reaction barriers (all
below 4 kcal mol ') corresponding to TS2 and TS3.

Overall, we observe a reduction in the C;-Og distance,
resulting from the modification of the Og-0,-C,-C; dihedral,
and a small reduction in the C,-O, bond length, as shown in
Fig. S2.

From the I3 intermediate, the Op-C; bond is actually
formed, as can be easily seen from the distance trends reported
in Fig. S3c, combined with the strong reduction in the dihedral
angle, Og—-0,~C,-C; (Fig. S3d). This step leads to a redistribu-
tion of the electron density, as certified by the relevant change
in the charge of the oxygen fragment (Fig. S3b), the lengthening
in the N,—C; distance and the decrease in the Cz-C5;-N,-O
dihedral. After the formation of the four-membered ring (I3),
the last step corresponds to the cleavage of the N,-C; bond,
leading to the formation of the dioxetanone anion (DE), the
only intermediate that has been experimentally detected in
similar systems.?”” The geometrical parameters showing the
most evident changes during this final step are, as expected,
the N,~C; and the C;-Og distances. A loss of the coplanarity of
the O, atom with respect to the central core, as well as a
redistribution of the negative charge, located exclusively on the
oxygen atoms in the peroxy intermediate, on the entire molecule,
can also be noted.

Before proceeding further, it is worthwhile to mention that
an oxygenation path on the C; position cannot be a priori
excluded for the formation of the same dioxetanone intermedi-
ate. The corresponding reaction profile has thus been computed
and is reported in Fig. 3, while Mulliken global charge on O,,
together with relevant structural parameters, are reported in
Fig. S5 and S6.

The C, and C; reaction pathways necessarily differ, since C;
cannot form an additional bond with an oxygen moiety without
breaking an existing one. In this case, the formation of the
C3-Op bond is simultaneously occurring with the elongation
not only of the C,-C; and O,-Og ones, similarly to the C,
mechanism, but also of the N,~C; bond, which is progressively
broken to give a new intermediate (I1').

The analysis of the computed Mulliken charges and spin
density on the oxygen molecule fragment shows that the I1’
intermediate, formed as a result of the first step of the reaction,
corresponds to a peroxide. The presence of another oxygen (O,)
on the carbon (C;) bearing the peroxide anion group determines
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Fig. 3 Free-energy profile computed for the Cs oxygenation of furima-
zine (CAM-B3LYP level in DMSO using the 6-31+G(d,p) basis set). For an
easier comparison, the same energy reference presented in Fig. 1 is
applied. Corresponding IRC plots are reported in the SI.

a reduction of the charge localized on O, and O (Fig. S5b),
which highlights the charge transfer and back charge transfer
process taking place during this step.

This intermediate is produced after a practically barrierless
rotation of the O, moiety to a second intermediate (I2') that
easily evolves to the DE intermediate with a barrier of only 3.8
keal mol . Indeed, a remarkable detail of this last step is the
fact that the C,-O, distance is the only structural parameter
significantly modified, which is probably the reason behind the
low energy barrier associated with it.

Notably, in the case of the C;, the conversion between the
triplet and singlet PES, corresponding first to the formation of
the superoxide radical and next to the peroxide intermediate,
occurs earlier than in the case of the C, attack. In the C;
pathway, indeed, the TS1’' is already located on the singlet
potential energy curve since the crossing between the triplet
and closed-shell singlet curves takes place before the transition
state, as confirmed by the results of a scan along the distance
C3-Og reported in the SI (Fig. S7). According to those results, in
fact, the triplet and singlet energy surfaces cross when the C;-O
distance equals 2.10 A, that is, before TS1’, when the distance is
1.62 A. The closed-shell character of the transition state, then,
is further confirmed by the fact that the closer O, gets to Cs, the
lower the spin density on the O, fragment.

Overall, the main difference between the C, and the C;
pathways is in the energy trends: in the case of C, oxygenation,
the process requires four steps, and almost each step is
exergonic, while in the case of Cs, the steps are three, with
only the first being strongly exergonic. Furthermore, in the case
of the C, mechanism, the highest barrier (corresponding to the
0, attack) is smaller than the corresponding one on the C; path
(7.6 keal mol ™" with respect to 11.0 keal mol™"). Despite these
differences, both pathways are expected to be feasible under
standard conditions and possibly contribute to the formation
of the final intermediate, the anionic dioxetanone, which is
actually the key HEI, leading to the chemiluminescent process.
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3.2 Chemiluminescence from the decomposition of the
dioxetanone intermediate

The final step of the reaction leading to chemiluminescence and
CO, release is the decomposition of the high-energy dioxetanone
intermediate. This process has been the subject of high-quality
theoretical investigations, mainly performed on simplified
models constituted by the dioxetanone core,*®** as well as
computational investigations on related substrates at a relatively
low level of theory.”>****> A very simplified and schematic view
of the overall process is given in Scheme 3: as the C-C and O-O
bonds elongate, the gap between the PES of the GS and ES gets
closer to zero, allowing for a crossing between the two around
the transition state geometry. In this study, we specifically focus
on the analysis of two different aspects: (i) the influence of the
substituents (and thus the effect of the inclusion of the full
structure of the furimazine skeleton) on this decomposition and
(ii) the definition of the nature of the emitting species.

Either the C, or C; oxygenation pathway leads to the for-
mation of an anionic dioxetanone species (DE), but the protein
environment could cause its protonation. Thus, it is necessary to
account for the different possible protonation states of the
dioxetanone intermediate, including the neutral form, labelled
DE,, and the zwitterionic form, labelled DE¢. To this end, we
have studied all three corresponding decomposition pathways in
order to check the viability of the formation of different furima-
mides (FurA, FurC and FurD, Scheme 1) as emitting species.

Owing to the size of the DE intermediates, TD-DFT was
considered a sustainable and sufficiently accurate approach to
get insights into the decomposition and light emission pro-
cesses. However, we are clearly aware of the limitations of this
method in exactly locating conical intersection points on the
PES and describing ESs with diradical character. Nonetheless,
we expect this level of theory to be able to (1) locate the region
where the GS PES gets close (in the vicinity of the TS) to the ES
surface, allowing the generation of excited-state intermediates
(as postulated for the dioxetanone core), and (2) describe the
excited-state relaxation and the corresponding ES products,
thereby allowing to define the nature of the emitting species.

Energy

0

R

Reaction coordinate

Scheme 3 Simplified picture of the chemiluminescence occurring from a
dioxetanone high-energy intermediate.
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As indicated in Section 2, we thus resorted to the following
procedure: (i) the geometries of the DE intermediates were
optimized on the GS PES, (ii) the Furimamide + CO, exciplex
geometries were optimized on the ES PES, and (iii) the Transi-
tion State was found with QST3 between the two on its GS PES.

First of all, let us consider the two neutral forms of the DE
intermediates leading to the formation of the neutral (FurA)
and zwitterionic (FurC) furimamides. The corresponding
potential energy profiles are depicted in Fig. 4.

Notably, these starting DE intermediates (DE, and DE¢) are
not isoenergetic, since the protonation of N, (leading to DE) is
a less favourable option than the protonation of N; (giving
DE,). In DMSO, the free energy difference between the two
structures is computed to be 12.1 kcal mol* in favour of DE,,
although the interaction with the enzyme may alter this relative
stability.

As evident from Table 1, from a structural point of view, DE,
and DE are overall very similar. Both species share an identical
C,-C; bond length (around 1.54 A), and the 0,-Og distance
differs by only 0.01 A (1.47 A in DE, vs. 1.46 A in DE().
Furthermore, the torsion values confirm a high degree of
coplanarity for the atoms belonging to the four-membered ring
and the O, in both cases, and no significant structural differ-
ences are observed with respect to these parameters. The most
pronounced and evident difference lies in the orientation of the
dioxetanonic ring with respect to the central core of the
molecule, measured by the Cy-N;-C,-O, dihedral. This dihe-
dral is computed to be around 61° in DE, compared to only 22°
in DE¢. Indeed, in the case of the DE¢ structure, an intra-
molecular hydrogen bond between the N,~H group and O, is
formed.
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Fig. 4 Free-energy profiles corresponding to the DE, and DE¢ decom-
position, leading to the formation of FurA and FurC, respectively. The GS
(Sp) free energy of the optimized DEA molecule is used as the reference. All
calculations are performed at the CAM-B3LYP 6-31+G(d,p) level of theory
in DMSO.
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The analysis of the GS PES allows us to locate the first TS
corresponding to the dissociation of the Og-O, bond for both
species. In the case of DE,, this TS (TS,) lies 36.1 kcal mol "
higher in energy than that of DE,, while for DE, a relatively
small barrier is found (26.2 kcal mol "), mostly due to the lower
stability of DEc compared with that of DE,.

These barriers are actually in the same energy range as that
computed for the decomposition of another neutral dioxeta-
none derivative.*

As it was for the corresponding DEs, also in the case of TS,
and TSc, no significant structural differences can be noticed
(Table 1). The C,-C; bond length is the same, as its cleavage is
after the breaking of the O,-Og bond. The latter slightly differs;
it is more elongated in TS, than in TS (2.10 A vs. 1.94 A). This
feature points out that the O-O elongation process starts earlier
in the case of the FurC formation. In both cases, the C=0,
bond is similar (around 1.2 A), and both the coplanarity of the
four-membered ring and the carbonylic oxygen are conserved.
As already shown in the DEs structures, the major difference
between the corresponding transition states’ geometries lies in
the Co-N;-C,-0,, dihedral, as this is computed at 81° in TS, and
only —16° in TSc. This is further proof of the relevance of the
intramolecular hydrogen bonding involving N,-H and O, in TSc.

Notably, the difference in the electronic energy computed,
for both TS, and TS, between the ground and the first excited
state is relatively small: only 17.3 kcal mol™" for TS¢ and
10.1 kecal mol™" for TS,, indicating a possible population of
the ES due to the relatively small energy gap. A relatively small
gap between the ES and GS PESs is actually computed imme-
diately after the transition state, both in the case of the A and C
species (Fig. S8a and S9a).

The first singlet excited state at the transition state for both
compounds basically corresponds to a (n-c*) excitation. The
examination of the Natural Transition Orbitals (NTO) asso-
ciated with the hole and electron (reported in Fig. 5) shows
that the hole was essentially localized in the four-membered
ring with a large contribution of nitrogen (N;) and less-relevant
contributions of the central aromatic ring, the adjacent furan
ring, and the oxygen atoms of the dioxetanone. The electron, on
the other hand, is more strongly localized on the Og-O, c*
antibonding orbital. This spatial distribution highlights a
modest charge-transfer component to the excitation, even
though the donor and acceptor regions remain in proximity.
These features confirm that the excitation involves the promo-
tion of an electron into a ring-antibonding c* orbital, which is
consistent with a 1 — o* assignment, thereby supporting the

Table 1 Main structural parameters computed for the optimized DE,,
DEc, TSa and TSc structures. Distances in A, angles in degrees. For
labelling, refer to Schemes 1 and 2

DE, DE¢ TSA TS¢
d(C,-C3) 1.536 1.535 1.562 1.563
d(0,~Op) 1.465 1.464 2.102 1.943
0(0,-C,-C3-0p) 5.7 2.2 —2.0 -7.7
0(0,-C,-C;-0,) 178.2 —176.0 171.7 173.7
O(Cy-N;-C,-0,) 60.8 22.3 80.5 —15.6
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S; state computed for TS, and TSc. All calculations are performed at the
CAM-B3LYP 6-31+G(d,p) level of theory in DMSO.

hypothesis of an asynchronous concerted process for the CO,
elimination, starting with the O,~Og bond breaking.

The relaxation of this first excited state leads to the for-
mation of the final product, which is an exciplex formed by the
excited furimamide (FurA* or FurC*) and the dissociated CO,
molecule.

Analysing the evolution of the bond along the excited state
reaction profile (Fig. 6) allows us to confirm the following claim
obtained from the TD-DFT calculations: in the case of FurA*,
the reaction proceeds via an asynchronous concerted process
characterized first by the elongation of the Og-O, bond occur-
ring before the TS, followed by the cleavage of the C,-C; bond.
The bond breaking occurs simultaneously with the lineariza-
tion of the CO, group, as confirmed by the trend reported in
Fig. 6. A completely similar behaviour is also observed for the
formation of the FurC* molecule (as reported in SI).

The transition-state NTOs are different from the ones char-
acterizing the DE intermediates and the final product of the
decomposition. Indeed, in both cases, the lowest singlet excita-
tion is clearly a m — m* excitation, as both the hole and particle
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Fig. 6 Evolution of the relevant structural parameters along the ES
potential energy surface, leading to the formation of the FurA*-CO,
exciplex.
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NTOs are delocalized over the central conjugated core, with the
only analogy to the TS NTOs being the relatively large N;
contribution. This indicates a change in the transition nature,
with the facilitation of the ring-opening process occurring via

FurD formation
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the population of a ¢ antibonding orbital, followed by the re-
emergence of the 1 — m* excitation after bond breaking.

The final emissions from [FurA* CO,] and [FurC* CO,] are
expected to occur at 361 and 416 nm, respectively, in agreement
with the values for the isolated FurA* and FurC* compounds
(386 nm and —411 nm).

Finally, the possibility of the decomposition of the anionic
DE intermediate, as obtained from the C, and C; oxygenation
pathways, was also considered. In this case, the reaction seems
to proceed following a different mechanism altogether, as
reported in Fig. 7.

The first step occurring on the GS PES is characterized by a
strong charge-transfer character, as reflected by the evolution of
the Mulliken charge computed on the CO, group, as reported in
Fig. 8. During this step, the elongation of the O,~Og bond is
accompanied by a strong distortion of the Og-C3-C,-O,, dihe-
dral and leads to the localization of a 0.75 e~ charge on the CO,
group. This step is characterized by a large energy gap between
the ground and the excited-state potential energy curves (more
than 20 kcal mol '). Nonetheless, this charge transfer is
followed by a quick back charge transfer, with the CO, group
rapidly becoming neutral and detaching from the rest of the
molecular structure, aligning with the second transition state
geometry, as evident in Fig. 8. The decomposition takes place
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Fig. 8 Evolution of (a) the GS and ES energy, (b) relevant structural parameters, and (c) Mulliken charge and the O-C-0O angle of the CO, fragment
computed along the IRC profiles for FurD formation. Dashed lines indicate the conclusion of each IRC portion.
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with a partial realignment of the two oxygen atoms and the
reduction of the Og-C;-C,-O, dihedral, followed by an increase
subsequent to the carbon dioxide elimination.

Notably, the second transition state corresponds to a strong
reduction in the gap between GS and the ES, which closes up to
6.4 kcal mol™" immediately after the TS2p geometry, allowing
for a facile population of the ES and the formation of FurD*
after relaxation.

The NTO analysis was also performed for the intermediates
and transition states for the FurD* formation process. In
agreement with the behavior observed for TS, and TSc, the
NTOs at the first decomposition transition state of FurD (TS1p)
also display a pronounced n — o* character (as shown in Fig.
S10a). By contrast, the excited state for intermediate I1y,, which
follows TS1p, shows a pure n — w* character. The character is
very similar to the ones observed for DE and even for the final
product, [FurD* CO,], where both hole and particle NTOs are
delocalized over the central conjugated core (including con-
tributions from N,), as highlighted in Fig. S10b. At TS2y, the
NTOs highlight an important contribution localized on the C,
and C; atoms, as reported in Fig. S10c. This delocalization
underscores that TS2p shows simultaneous c*(0O-O) popula-
tion and C-C involvement.

A concise mechanistic picture that emerges from our NTO
and energy-gap analysis is as follows. Up to TS1p and through
the formation of I1p, FurD decomposition occurs on the
ground-state PES by concerted O,~Og bond cleavage and sub-
sequent C,—C; bond weakening without being able to evolve on
the excited-state PES because of the large energy gap between
the two. As TS2p, is reached, then, the gap is strongly reduced
and the crossing becomes possible, leading to the definitive
cleavage of the O,~Op bond and the subsequent breaking of the
C,-C; one, with CO, elimination as a direct consequence.

4. Conclusions

In this paper, we have provided an analysis of the reaction
mechanism leading to the formation of the dioxetanone inter-
mediate, as well as its subsequent decomposition, which is
responsible for the luminescent phenomena observed. For the
first step of the reaction leading to the dioxetanone process,
both a C, and a C; route seem energetically possible with
relatively low energy barriers, the highest of them being 7.5
kcal mol™* and 15 kcal mol™ for a C, and a C; attack,
respectively. In both cases, the mechanism involves the for-
mation of a peroxide, but the experimental detection of a C3
peroxide could actually be difficult due to the very low energy
barriers of the steps, separating it from the dioxetanone inter-
mediate. Anyway, our work highlights that both pathways must
be considered for future studies of the reaction mechanism in a
protein environment, since they are both feasible, and the
protein residues could play a role in altering the energy barrier
values, favouring C, or C; oxygenation.

Concerning the second step of the reaction, that is the
decomposition of the dioxetanone, although we are aware of

This journal is © the Owner Societies 2026
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the limitations intrinsically related to the use of TD-DFT to
describe diradical species and conical intersections with multi-
reference characters, our results show how all the routes
leading to the formation of FurA, FurC and FurD are energeti-
cally possible. Indeed, according to the obtained results, none
of the three mechanisms can be a priori excluded, since the GS
to ES-computed energy gaps are compatible with the experi-
mental conditions. However, the mechanism leading to FurA
presents a rate-determining step with a significantly higher
barrier than the other steps. This result, together with the
mismatching of its emission spectrum compared with that
experimentally observed, is an indication that FurC and FurD
could probably be the active species. Such a multifaceted
scenario could also justify the remarkable chemiluminescence
efficiency observed for this system. The inclusion and effect of
the protein environment in fine-tuning the chemiluminescence
mechanism are currently under analysis.
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