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Coelenterazine, a member of the imidazopyrazinone class of chemiluminescent substrates, presents sig-
nificant potential as a dynamic probe of reactive oxygen species in a biological environment, such as a
superoxide anion, in which these species are important in cellular biology and pathology. The objective of
the current study was to understand in what way the efficiency of singlet and triplet chemiexcitation
could be modulated, towards a more efficient use of imidazopyrazinone-based compounds as dynamic
chemiluminescent probes. To this end the thermolysis of imidazopyrazinone dioxetanone, substituted at
the Cg-position with electron-donating or electron-withdrawing groups, was characterized with a theore-
tical approach based on density functional theory. Substituents with different electron-donating/with-
drawing characters have only a limited effect on the singlet chemiexcitation of anionic dioxetanone. For
neutral dioxetanone, both electron-withdrawing and weak electron-donating substituents increase
singlet chemiexcitation, to the contrary of strong electron-donating groups. During their thermolysis
reaction, all molecules presented regions of degeneracy with triplet states, thereby indicating the possi-

rsc.li/pps bility of triplet chemiexcitation.

Introduction

Reactive oxygen species (ROS) are defined as chemical species
containing oxygen with high chemical reactivity, which can be
produced in biological systems in both enzymatic and non-
enzymatic reactions.””> While ROS, including superoxide
anions (0,™7), are known for their ability to induce harmful
effects on cells, they appear to be important signalling mole-
cules in processes ranging from cellular communication to cell
division.>”® Moreover, it has been discussed that ROS (as O,"")
play significant roles in several chronic diseases including
cancer, inflammation, and aging,”'° besides 0, being a
potential biomarker for diabetes mellitus.'* So, the detection,
quantification and imaging of ROS species, particularly of
0,7, is of the utmost importance. However, there are still few
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tools available for studying O, . Fluorescent probes are avail-
able but are optimized for microscopy, and thereby limited to
low-throughput in vitro or ex vivo studies."* More importantly,
these fluorescent probes are accumulation sensors, and are so
unable to provide a dynamic reading of 0,"~.*"""?

Chemiluminescence-based probes can overcome these pro-
blems. Chemiluminescence is considered to be light emission
that results from chemical reactions."*™*® One of the big advan-
tages of chemiluminescence-based sensors is that they do not
require excitation sources, meaning that there is no back-
ground noise and no problems regarding tissue penetration
(except in emission).""'*** More importantly, chemilumines-
cent probes are not accumulation sensors, but provide a
dynamic reading of ROS concentration.™"%?® Once the chemi-
luminescent reaction between the probe and the ROS species
occurs and light is emitted, no more photons can be produced
from those reactants.

Available chemiluminescent probes for O, range from
luminol to lucigenin, but Coelenterazine shows the highest
potential as an O," probe. Unlike luminol, Coelenterazine
exhibits chemiluminescence not dependent on cell-derived
myeloperoxidase, and unlike lucigenin, Coelenterazine does
not sensitize O, production (which leads to false-
positives).>* In fact, Contag and co-workers have validated
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the use of Coelenterazine as a chemiluminescent probe for
0,7, both in vitro and in vivo, in situations of pathology
(cancer, chronic inflammation and diabetes mellitus)."**>°
Coelenterazine (Scheme 1) is widely found in many marine
organisms (coelenterates, squids, shrimp, fish and
copepods).>>?® This molecule is also part of the imidazopyra-
zinone-based class of chemiluminescent molecules, which
connects many luminescent substrates found in marine organ-
isms (Scheme 1): besides Coelenterazine, there are also
Cypridina and Watasenia luciferins, among others.>® The lumi-
nescent reactions of these imidazopyrazinone molecules have
been described as follows: the imidazopyrazinone scaffold
reacts with oxidizing agents (as O,"”), which rapidly forms a
peroxide that is converted into a four-membered ring: dioxeta-
none (Scheme 2).>>*%%° It is the decomposition of dioxetanone
that allows a thermally-activated ground state reaction to
produce singlet excited state products, which decay latter to
the ground state with emission of visible light.***>7'731737
While Coelenterazine can be a reliable probe for O,™, there
are some problems that can limit its use as a sensor. While
chemiluminescent and bioluminescent systems are known for
the generation of singlet excited states, chemiluminescent
systems with simpler dioxetanones and dioxetanes are experi-
mentally known for generating triplet state products.'®*>3%3°
While no such experimental data exist for more complex
chemiluminescent systems, as imidazopyrazinones and of the
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Scheme 2 Schematic representation of the chemiluminescent reaction
of imidazopyrazinone-based compounds.
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fireflies (due to the experimental difficulties associated with
the study of triplet states), theoretical calculations have shown
pathways for triplet chemiexcitation in these systems,****3® in
a similar manner to simpler dioxetanones/dioxetanes. In fact,
both our group and that of Isobe and co-workers have shown
theoretically that triplet chemiexcitation is possible for the
chemiluminescent reactions of imidazopyrazinones.**°

The production of triplet states is problematic due to two
main reasons. The first is that as triplet states are very easily
quenched, their formation will not be monitored with the
luminescent and fluorescent approaches typically used to
detect chemiluminescence. Thus, the formation of triplet
states has the potential for decreasing the sensibility of the
assay. The second problem related with the potential for-
mation of triplet states is that these states are reactive and can
produce harmful ROS when interacting with molecular oxygen.
This could lead to some problems when using Coelenterazine
in biological samples.

Another potential problem is related with singlet chemiexci-
tation itself. For Coelenterazine to be a suitable O, probe,
the resulting light emission should be particularly efficient
(especially in water, when thinking of biological samples).
However, this is not really the case. First of all, chemilumines-
cence is already less efficient than the related process, bio-
luminescence. Moreover, it was found that high contents of
water decrease the chemiluminescence efficiency of imidazo-
pyrazinone-based substrates.’® The chemiluminescence of
three different imidazopyrazinone-based derivatives was
studied in mixtures of water/N,N-dimethylformamide (DMF)
and methanol/DMF. It was found that high contents of water
greatly decrease the chemiluminescence efficiencies, and that
chemiluminescence in methanol/DMF mixtures is much
higher than that in water-rich solvents.** This can be explained
by a decrease in the efficiency of singlet chemiexcitation, as
our recent theoretical study revealed that water increases the
So-S1 energy gap during imidazopyrazinone dioxetanone ther-
molysis.>” Another possibility is a decrease in the fluorescence
quantum yield of the emitter, as Shimomura found that the
fluorescence of Cypridina oxyluciferin is very weak in water.*"

The objective of this work is to determine how the imidazo-
pyrazinone scaffold of Coelenterazine can be modified, in
order to maximize singlet chemiexcitation and limit triplet
chemiexcitation in water. To this end, we will study imidazo-
pyrazinone dioxetanone (Scheme 2), the compound respon-
sible for both singlet and triplet chemiexcitation in
Coelenterazine and other imidazopyrazinone-based molecules,
with different electron-donating (-NH, and -CHj;) and elec-
tron-withdrawing ~ (-CF; and -CHO)  substituents.
Modifications at the Cg-, C,- and Cg-positions of the imidazo-
pyrazinone scaffold are considered to be the most important
in luminescence efficiency.*>** Here, we focus on the Cg-posi-
tion. The substituent effect (at the Cg-position) on the triplet/
singlet chemiexcitation of imidazopyrazinone dioxetanone will
be studied with a theoretical approach, by performing calcu-
lations with density functional theory (DFT) based methods.
Theoretical methods have been intensively used with good

This journal is © The Royal Society of Chemistry and Owner Societies 2017



Photochemical & Photobiological Sciences

results in bio- and chemiluminescent systems,**™*®

the thermolysis of dioxetanone molecules.'®'7*>737

namely in

Computational details

The calculations were made with the Gaussian 09 program
package.”® Long-range-corrected hybrid exchange-correlation
DFT methods have been gaining importance in the study of
dioxetanones due to their ability to provide quite accurate
qualitative pictures for these systems.**>*°%°! In this study we
have employed the ®B97XD long-range corrected functional,>>
as it provides good estimates for 1 — 7* and n — n* local exci-
tation, and CT and Rydberg states.>® Moreover, it possesses an
empirical correction for dealing with dispersion.”” This func-
tional was already used by us in the study of unsubstituted
imidazopyrazinone dioxetanone,*” facilitating the comparison
of new results with the ones obtained before.

Singlet ground state (S,) geometry optimizations and fre-
quency calculations were performed at the ®B97XD/6-31G(d,p)
level of theory, with a closed-shell (R) approach for the reac-
tants and an open-shell (U) one for transition states. The
U approach was used with broken-symmetry (BS) technology,
which mixes the HOMO and LUMO, making an initial guess
for a biradical. Intrinsic reaction coordinates (IRC) were
carried out in order to assess if the obtained transition states
connected the desired reactants and products.>® All calcu-
lations were made in implicit water by using the Polarizable
Continuum Model using the integral equation formalism
variant (IEFPCM).*>

The energies of the S, IRC-obtained structures were re-evalu-
ated by single-point calculations at the ®B97XD/6-31+G(d,p)
level of theory. The first singlet excited states (S;) were calcu-
lated by using the time dependent (TD) DFT approach,®® at the
TD ®B97XD/6-31+G(d,p) level of theory. The first triplet states
(Ty) were calculated on the IRC path geometries with single
point energy calculations, at the ®B97XD/6-31+G(d,p) level of
theory. These energy re-evaluations were made with U and BS
approaches.

The activation energies of these reactions (presented in
Table 1) were calculated as follows: frequency calculations at
the ®B97XD/6-31G(d,p) level of theory (the same used in the
IRC calculations) were performed on the reactant (Tables S9-

Table 1 Activation barriers (in kcal mol™) of the thermolysis reaction of
Cg-substituted I-Diox™ and I-DioxH, in implicit water. These consist of
the difference, between the reactant and transition states, of the sum of
electronic energies (at the ®B97XD/6-31+G(d,p) level of theory) and
thermal corrections to the energy (at the ®B97XD/6-31G(d,p) level of
theory)

Substituent I-Diox™ I-DioxH
-NH, 11.3 20.5
-CH; 12.9 20.9
-CHO 15.7 22.0
~CF, 15.6 21.5
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S16t) and transition state (Tables S1-S87) structures, obtained
in the IRC calculations, to obtain the correction to the internal
thermal energy. The S, electronic energies of the reactants and
transition states were obtained at the wB97XD/6-31+G(d,p)
level of theory, to which were added the thermal corrections
referred before. The activation energies correspond then to the
difference, between the reactant and transition states, of this
sum of electronic energies and thermal corrections.

To see whether the use of another density functional had
any impact in the obtained PES here derived, we have also re-
evaluated the S, energies at the CAM-B3LYP/6-31+G(d,p) level
of theory (Fig. S1 and S27). CAM-B3LYP”” is, as ®B97XD, a
long-range-corrected functional used previously in the study of
imidazopyrazinone-based dioxetanones.** The resulting So-PES
differed very little from the ones obtained with the ®B97XD/6-
31+G(d,p) level of theory.

Results and discussion

Reaction mechanism of the thermolysis of substituted
imidazopyrazinone dioxetanone

Imidazopyrazinone dioxetanone can be either in a neutral
(I-DioxH) or an anionic protonation state (I-Diox), as seen in
Scheme 2.*77 Thus, in this study we will focus on both forms.

Analysis of Fig. S3 and S41 shows the variation of 0;-O,
and C,-C; bond lengths during the thermolysis of I-Diox™ and
I-DioxH, respectively. For all compounds, the reaction begins
by cleavage of O;-0,4, while C,~C; remains constant. Only after
the cleavage of O,-O, does the length of C,-C; increases. The
involvement of a biradical species is seen by (S*) values about
~1, for all species.***%3% Thus, these thermolysis reactions
proceed via a stepwise-biradical mechanism. These results are
in line with what was observed for firefly dioxetanone, an ana-
logue of Cypridina dioxetanone, and unsubstituted I-DioxH/
I_Diox—.32,34736

The stepwise-biradical mechanism can be further sub-
divided: the dioxetanone moiety becomes a radical anion due
to an electron transfer (ET) from the electron-rich moiety,
which can then be considered as a radical cation; a biradical
formed due to the homolytic cleavage of the O,-O, bond. An
ET-derived diradical is associated with anionic dioxetanones,
while a biradical originating from a homolytic O,-O, breaking
is associated with a neutral species.>*7378°°

This trend is maintained for the studied Cg-substituted
I-Diox™ (Fig. 1), as the spin density resides in the amide nitro-
gen heteroatom and the two oxygen atoms that form the O;-O,
bond. This indicates that this biradical is formed from the
breaking of the lone electron pair associated with the ionized
amide nitrogen, with one of the electrons being transferred to
the dioxetanone moiety.

The spin density of I-DioxH substituted with -CHO, -CF;
and —-CHj; groups, is seen only in O, and O, atoms (indicating
a homolytic cleavage of 0;-0,). For I-DioxH-NH, the electron
spin density is similar to what was obtained for I-Diox™
species. Thus, for I-DioxH with electron-withdrawing (-CHO
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I-Diox-CF,

I-Diox-CH,

Fig. 1 Representative electron spin density of the biradical generated
by the thermolysis of the four Cg-substituted I-Diox™ species.

and -CF3;) and weaker electron-donating (-CHj) substituents,
the protonation of the amide nitrogen is sufficient to block an
ET-derived thermolysis. However, the addition of strong elec-
tron-donating groups as -NH, to the Cg-position appears to be
sufficient to allow the aminopyrazine moiety of I-DioxH to be
involved in an ET process with the peroxide ring.

The decomposition mechanism of the I-Diox™ species is
very similar to that presented by phenoxyl-substituted 1,2-
dioxetanones.®®®® These reactions are triggered by intra-
molecular ET from the phenolate group to the peroxide
moiety, which is accompanied by peroxide bond breaking,
thus generating a biradical anion. The subsequent step is, as
in the case of I-Diox™, the C-C bond cleavage and the for-
mation of either a radical pair or another radical anion. Thus,
this similarity between I-Diox™ and phenoxyl-substituted 1,2-
dioxetanes indicates that the presence of an ionizable group,
when coupled to the peroxide moiety, “forces” the decompo-
sition reaction to occur via an ET step.

The comparison between ET- and homolysis-derived
mechanisms is supported also by the analysis of the Mulliken
atomic charges (Fig. 3 and 4). For I-Diox™ (Fig. 3) and I-DioxH-
NH, species (Fig. 4), significant negative charge transfer (CT)
occurs from the aminopyrazine to the dioxetanone moieties,
associated with the O,-O, bond breaking, followed by back CT
(BCT). For the remaining I-DioxH species (Fig. 4), there is no
such CT associated with O;-O, bond breaking. Only a small
CT and BCT can be seen at the end of the reaction, most likely
associated with the C,-C; bond breaking and the departure of
the CO, molecule. Such a phenomenon is in line with a recent
study regarding an imidazopyrazinone-based dioxetanone.®

All Cg-substituted I-Diox™ present similar activation bar-
riers, between 11.3 and 15.7 kcal mol™" (Table 1). These values
are in line with a theoretical activation barrier of 13.1 kcal mol ™"
for unsubstituted I-Diox~ in water,>®> and a theoretical
value of 16.0 kcal mol™ in DMSO for a Cypridina dioxetanone
analogue.** This means that for I-Diox” molecules, the acti-
vation barrier is mainly controlled by the ET step from the
aminopyrazine core to the peroxide ring, due to the ionization

900 | Photochem. Photobiol. Sci., 2017, 16, 897-907

Photochemical & Photobiological Sciences

of the amide nitrogen heteroatom. Nevertheless, electron-
donating substituents lead to smaller activation barriers than
electron-withdrawing functional groups.

The situation is similar for I-DioxH, with electron-withdraw-
ing substituents leading to higher activation barriers than
those presented by molecules with electron-donating groups.
The activation barriers of I-DioxH are similar to the theoretical
activation energy of 21.0 kcal mol™" in DMSO, found for a
Cypridina dioxetanone analogue.**

As far as we are aware of, there are still no experimental
values for the activation energy of the thermolysis of imidazo-
pyrazinone-based dioxetanones. Thus, we lack experimental
values to which we can compare directly the theoretical ener-
gies computed here. Nevertheless, the values obtained here for
the I-DioxH species are well in line with the experimental
results obtained for other dioxetanes and dioxetanones (about
20.0 kecal mol™1).61:64:6

Both I-DioxH-CF; and I-DioxH-CHO (Fig. 6) present an
increase in the energy of the S, state right at the end of the flat
region of the PES. These correspond to saddle points associ-
ated with C,-C; bond breaking. Without thermal effects, the
energies are: 25.1 kcal mol™' for I-DioxH-CF;, and 24.1
keal mol™" for I-DioxH-CHO. Similar points in the S, PES were
also seen in two recent studies of imidazopyrazinone-based
dioxetanones.**%?

Singlet chemiexcitation of substituted imidazopyrazinone
dioxetanone

In Fig. 5 (I-Diox™) and 6 (I-DioxH) are presented the energetic
profiles of Sy, S; and T, states, as a function of intrinsic reac-
tion coordinates in implicit water. We will start by characteriz-
ing the singlet chemiexcitation of Cg-substituted I-Diox . It
should be noted that these energetic profiles are truncated
and the important region of the PES (for chemiexcitation) is
enhanced so as to facilitate visualization by the readers. The
full profiles are presented in Fig. S5 and S6.

For -NH, substituted I-Diox™, the smallest Sy—S; energy gap
is not smaller than 14.1 kcal mol*. Moreover, only four IRC
points have S,-S; gaps between 14.1 and 15.2 kcal mol™*, with
the remaining points presenting gaps significantly higher than
17.0 kecal mol™. The situation is similar for -CH; substituted
I-Diox™, as only three IRC points present gaps between 14.1
and 15.1 kcal mol™, with the others presenting gaps signifi-
cantly higher than 17.1 kcal mol™. I-Diox -CHO presents
slightly higher So-S; gaps: 14.7, 15.6 and 16.3 kcal mol ™", with
the other IRC points presenting gaps higher than 17.4
keal mol ™. For I-DioxH-CF; the situation is even worse, with only
two points with energy gaps between 14.8 and 15.4 keal mol ™.

It should be referred that previous results indicate that
multi-reference calculations will surely predict smaller energy
gaps between these states.**?3°%3966:57 previous multi-refer-
ence calculations have found in some systems conical inter-
sections between S, and S, states (as in anionic firefly dioxeta-
none and 1,2-dioxetanone).>*? In other systems (as in Dewar
dioxetanone, neutral firefly dioxetanone, thiazole-substituted
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dioxetanones and 1,2,3,4-dioxetanes), multi-reference calcu-
lations predicted So-S; gaps below ~5 kcal mol™*.'7:3%:66:67

This results from the role of multi-reference correlation in
these systems.’™®® This implies that S, and S; become nearly
degenerate in the biradical region, thus allowing for chemi-
excitation. The energetic error present in the biradical region
may come from spin contamination in the reference state,
introduced by a BS technology.***> However, while multi-refer-
ence methods are obviously important to obtain a more quan-
titative picture of these systems, they may be too computation-
ally demanding to be employed in situations where solvation
and more structurally complex systems are involved. Thus,
here we have employed a long-rang-corrected hybrid exchange-
correlation density functional (#B97XD), which performs well
in predicting local, CT and Rydberg excitation.>>® Such a
strategy has been gaining importance in chemi-/biolumines-
cent studies, as such functionals can provide quite accurate
qualitative pictures for these systems.*>?*3>3%%° This is the
case here, as the energetic profiles of the S, and S; states are
in line with what was obtained for unsubstituted I-Diox™/
I-DioxH and a Cypridina dioxetanone analogue.****

So, our calculations indicate that substituents with elec-
tron-donating character should favour S; chemiexcitation
(when comparing with electron-withdrawing ones), as they
decrease the energetic gap between S, and S;. However, the
differences induced by different substituents are somewhat
limited. In fact, the values here obtained are similar to the
ones presented by unsubstituted I-Diox ", in which the smallest
So-S; energy gaps in water were of 14.9 and 12.1 kcal mol .
For an anionic Cypridina dioxetanone analogue the smallest
energy gaps (in vacuo) were of 16.2 and 12.9 kcal mol™,** and
17.7 and 15.0 keal mol™ for the amide species of W. scintillans
dioxetanone.®® Given this, the conclusion is that the presence
of an ionized amide group “dominates” the singlet chemiexci-
tation mechanism, which results in a limited effect provided
by the electronic character of the substituents. Such a con-
clusion is similar to what was found for the activation barrier
in the S, state. It should be noted that this is in line with some
experimental results, in which the authors have stated that for
anionic imidazopyrazinone-based dioxetanones, the substitu-
ent effects had little effect on the singlet chemiexcitation
yield.”%7?

Having analysed the singlet chemiexcitation for Cg-substi-
tuted I-Diox™ in water, we have studied the same process for
I-DioxH (Fig. 6). For the sake of comparison, it should be
noted that the Sy—S; energy gap of unsubstituted I-DioxH in
water was always higher than 16.2 kcal mol™, except an IRC
point with a gap of 6.1 keal mol™". For I-DioxH-NH, the situ-
ation was similar to that of unsubstituted I-DioxH, as the S,-S;
energy gap was always higher than 16.3 kcal mol~". However,
no point with a gap of 6.1 kcal mol™" (or similar) was found.
Thus, the efficiency for singlet chemiexcitation of I-DioxH-
NH, is apparently worse than for I-DioxH, and similar to that
of I-Diox~ species studied here and elsewhere.>***%

On the contrary, both electron-withdrawing substituents
(-CHO and -CF;) and weaker electron-donating substituents
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(-CH3;) appear to improve significantly the singlet chemiexcita-
tion of I-DioxH in water (Fig. 6). Upon entering the biradical
region provoked by O;-O, bond breaking, both S, and S, states
enter a flat and long region of the PES, where both states can
be considered to be nearly-degenerate (given the small S-S,
energy gap). The Sy-S; energy gap of I-DioxH-CF; is between
8.7 and 13.8 kcal mol™", while the energy gap of I-DioxH-CHO
is even smaller: between 6.0 and 13.8 kcal mol™". For I-DioxH-
CH;, the gap is between 10.9 and 13.3 kcal mol™" followed
later in the PES by a gap of 9.4 kcal mol™".

This phenomenon results from the occurrence of a flat
region of the PES, which can be accessed by the bond breaking
of 0,-0, (Fig. 6). Such a region of the PES has been denomi-
nated by several authors as an “entropic trap”, and has been
associated with the decomposition of neutral dioxeta-
nones.>*3%:38:63.66.57 According to these authors, the flatness of
the PES compels the reacting molecules to spend a long time
passing through this region, which given its near degeneracy
with S; provides a significant probability of a nonadiabatic
transition between S, and §,.3%3%°%63:6%67 In our previous
study of unsubstituted I-DioxH and I-Diox™, our results indi-
cated that this flat region of the PES can only be accessed via a
homolytic O;-04 bond breaking (and not an ET-derived one),
with limited CT between the dioxetanone and aminopyrazine
moieties.*® This is supported in this study, given that this flat
region was only accessed by I-DioxH-CF;, I-DioxH-CHO and
I-DioxH-CHj3;, in which O;-O; bond breaking occurred via
homolysis with limited CT (Fig. 2 and 4). This was not the case
for I-DioxH-NH, and I-Diox™ species (Fig. 1-4), in which
0,-0, bond breaking occurs with significant CT and via an
ET step.

It should be noted that an alternative explanation to “entro-
pic trapping” can be formulated here, based on the energy bar-
riers (associated with C,-C; bond breaking) referred pre-
viously. These energy barriers were only found for I-DioxH-CF;
and I-DioxH-CHO, and not for other species (as I-DioxH-CHj).
The presence of these barriers at the end of the flat region of
the PES means that the reaction intermediates will take more

I-DioxH-CF,

I-DioxH-CH, I-DioxH-NH,

Fig. 2 Representative electron spin density of the biradical generated
by the thermolysis of the four Cg-substituted |-DioxH species.
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time to exit that region, before full thermolysis takes place.
That would force the reacting molecules to spend more time in
the region of the PES where singlet/triplet chemiexcitation is
possible, leading to more efficient chemiexcitation without the
need of invoking concepts as “entropic trap”. Thus, the
efficiency of chemiexcitation would depend on the existence
and height of this barrier.

In this study this would mean that, despite the existence of
all three molecules of a flat region of the PES where S, and S;
are near-degenerate, the efficiency of singlet chemiexcitation
increases in the following order: I-DioxH-CH; (no C,-Cs
energy barrier) < I-DioxH-CHO (energy barrier of 4.5
kecal mol™") < I-DioxH-CF; (energy barrier of 5.4 kcal mol™).
These energy barriers were obtained by calculating the S,

902 | Photochem. Photobiol. Sci., 2017, 16, 897-907

electronic energy difference between the reacting inter-
mediates and the C,-C; saddle points (Fig. 6).

In conclusion, addition of electron-withdrawing and weak
electron-donating substituents to the Cg-position increases
singlet chemiexcitation of I-DioxH, by allowing it to access the
flat region of the PES that is nearly degenerate with S;, as their
electronic character does not suffice for the O,-0, bond break-
ing to occur with significant CT and ET.

Triplet chemiexcitation of substituted imidazopyrazinone
dioxetanone

As in line with several theoretical and experimental studies on
dioxetanones, dioxetanes and dioxetanedione, we have found
pathways for triplet chemiexcitation in both Cs-substituted

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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I-Diox” and I-DioxH (Fig. 5 and 6).**?33%°%35%67 1n 4]l cases,
with the evolution of dioxetanone thermolysis, S, and T,
become degenerate/nearly-degenerate and even cross in
different points of the reaction. This signalizes the existence of
two intersystem crossings, which is in line with what was seen
previously for unsubstituted I-Diox” and I-DioxH.**>°
Nevertheless, some differences can be seen. While all
I-Diox™ species present very similar Sy-T; energy gaps (~0 to
~8 kecal mol™), the extension of this region of the PES
depends on the electronic character of the substituent. The
addition of both electron-donating/withdrawing characters
decreases the length of this region when compared with
unsubstituted I-Diox™.>? However, the addition of electron-
withdrawing substituents to I-Diox™ decreases more the length
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of this region of the PES, than the addition of electron-donat-
ing groups.

As for the case of substituted I-Diox™, the addition of substi-
tuents to I-DioxH did not affect the energy values of the Sy-T,
energy gap, but only the length of the PES region in which the
states are degenerate/near-degenerate. Both electron-withdraw-
ing and weak electron-donating substituents increase the
length of this region, while strong electron-donating substitu-
ents decrease it.

It should be noted that as intersystem crossing is a process
formally forbidden in non-relativistic quantum theory, inferring
singlet-triplet transition probability only from energy gaps is not
sufficiently accurate.”>”* In fact, for these transitions to become
allowed, vibrational factors must be coupled to electronic selec-
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tion rules. So, for a more quantitative discussion, spin-orbit
couplings should be computed at a multi-reference level.
However, as discussed previously, multi-reference methods
require too much computational power for their use to be feas-
ible on these structurally complex more systems and in situations
where solvation is included.****® This is particularly true as the
use of small active spaces is not advisable, as previous work of
different authors demonstrated that active spaces of at least 16
electrons in 13 orbitals are required for a realistic depiction of the
thermolysis and chemiexcitation of dioxetanone species.*>>">%7>
Even other authors who have used smaller active spaces, never
used the ones smaller than 12 electrons in 10 orbitals."”*

Alternatively, we can also take into account the El-Sayed
rules for a more qualitative assessment of intersystem crossing
rates. The El-Sayed rules state that the rate of intersystem
crossing is relatively large if the transition involves a change of
orbital type.”>”’® Thus, we have compared the HOMO and
LUMO, of the S, state, to the SOMO(1) and SOMO(2), of the T,
state, respectively. This was made for each species at the co-
ordinates corresponding to the two intersystem crossings. The
corresponding orbitals are presented in Fig. S7-S22.f These
are natural orbitals calculated with Gaussian 09,*° but which
are visualized through the Multiwfn software.””

Analysis of these figures shows that the orbital type is not
significantly different for all the considered molecules. Even in
cases were a bit of m-electron density disappears, the corres-
ponding orbitals still remain with significant c-character.
Thus, the only conclusion that can be reached by this analysis
is that these intersystem crossings should not have very large
rate constants.

In conclusion, the analysis of the So-T; energy gaps indicates
that there is a possibility for intersystem crossing in these mole-
cules. This is in line with experimental studies of simpler di-
oxetane and dioxetanone molecules that showed that their ther-
molysis leads mainly to triplet state products (with quantum
yields up to 30%), while singlet chemiexcitation rarely reaches
1%.%%7%78% However, analysis taking into account the El-Sayed
rules,”*’® indicates that the rates of the intersystem crossings
should not have very large rate constants. Nevertheless, the
spin-forbidden and multi-reference character of Sy-T; tran-
sitions makes it difficult to provide more than qualitative infor-
mation regarding such transitions in the molecules studied
here, at the current level of theory. Thus, further study regarding
triplet chemiexcitation is needed.

Conclusions

Our results have indicated that electron-donating or electron-
withdrawing substituents at the Cg-position have only a limited
influence on the activation barrier of both the anionic and
neutral forms of imidazopyrazinone dioxetanone. Nevertheless,
electron-donating substituents decrease the activation barrier
while electron-withdrawing substituents increase it.

The electronic character of the substituents also has little
effect on the singlet chemiexcitation of the anionic form of

904 | Photochem. Photobiol. Sci., 2017, 16, 897-907
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imidazopyrazinone dioxetanone. Both the results regarding
singlet chemiexcitation and the activation barrier of the
anionic species indicate that these processes are already
dependent on CT/ET steps originating from the ionized amide
nitrogen, thereby being only slightly affected by the electronic
character of the substituents.

However, this is not the case for the neutral form of dioxeta-
none. Electron-withdrawing and weak electron-donating sub-
stituents improve significantly the efficiency of singlet chemi-
excitation. The addition of these substituents allows the access
to a flat region of the PES, where the singlet ground and
excited states are nearly-degenerate.

Such a region of the PES can be accessed if the peroxide
bond breaking occurs via homolysis, without significant
charge transfer between the dioxetanone and the aminopyra-
zine moieties. As the addition of strong electron-donating sub-
stituents induces both significant charge and electron transfer
processes, they are not able to access the flat region of the PES
in which the ground and excited singlet states are nearly-
degenerate, thereby decreasing singlet chemiexcitation.

As for triplet chemiexcitation, the thermolysis of both the
anionic and neutral forms of imidazopyrazinone dioxetanone,
with both electron-donating and electron-withdrawing substi-
tuents, provide regions of significant degeneracy between the
singlet ground and first triplet excited states. Thus, triplet
chemiexcitation appears to be a factor that must be taken into
account when dealing with imidazopyrazinone-based dioxeta-
However, the spin-forbidden and multi-reference
nature of intersystem crossing makes it difficult to provide a
quantitative assessment of the singlet-triplet transitions invol-
ving the molecules studied here.

nones.
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