
Evidence for the Formation of 1,2-Dioxetane as a High-Energy
Intermediate and Possible Chemiexcitation Pathways in the
Chemiluminescence of Lophine Peroxides
Andreia Boaro, Roberta Albino Reis, Carolina Santana Silva, Dieĝo Ulysses Melo,
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ABSTRACT: A kinetic study of the chemiluminescent (CL)
reaction mechanism of lophine-derived hydroperoxides and
silylperoxides induced by a base and fluoride, respectively,
provided evidence for the formation of a 1,2-dioxetane as a high-
energy intermediate (HEI) of this CL transformation. This was
postulated using a linear Hammett relationship, consistent with the
formation of negative charge on the transition state of HEI
generation (ρ > 1). The decomposition of this HEI leads to
chemiexcitation with overall low singlet excited state formation
quantum yield (ΦS from 1.1 to 14.5 × 10−5 E mol−1); nonetheless,
ΦS = 1.20 × 10−3 E mol−1 was observed with both peroxides
substituted with bromine. The use of electron-donating sub-
stituents increases chemiexcitation efficiency, while it also reduces
the rate for both formation and decomposition of the HEI. Different possible pathways for HEI decomposition and chemiexcitation
are discussed in light of literature data from the perspective of the substituent effect. This system could be explored in the future for
analytical and labeling purposes or for biological oxidation through chemiexcitation.

■ INTRODUCTION

More than 140 years ago, Radziszewski was the pioneer in the
study of the chemiluminescence (CL) of lophine (i.e., 2,4,5-
triphenyl-1H-imidazole, Scheme 1a, L1) in basic media and in
the presence of oxygen.1 Such transformation is historically
important in the CL field for being used by Wiedemann in
1888 to define the term itself (“Das bei chemischen Prozessen
auftretende Leuchten würde Chemilumineszenz genannt”, i.e.,
the light emission observed during chemical processes must be
called chemiluminescence).2 Despite being the first-reported
CL system, the mechanism of the lophine decomposition
reaction, responsible for the generation of light, is not fully
understood.3 Detailed mechanistic studies of other CL
transformations subsequently reported revealed that the light
observed as a product of these reactions is generated from the
exothermic decomposition of cyclic peroxide intermedi-
ates.4−11

To perform CL studies, a wide variety of lophine derivatives,
substituted in the 2-phenyl group (Scheme 1a, L1-6) and in 4-
phenyl and 5-phenyl (Scheme 1a, L7-13), were conveniently
obtained by condensation of their corresponding benzaldehyde
with benzil and NH4OAc in acidic conditions.3,12 The CL
mechanism for L1 and some of its derivatives (e.g., L2, L7, and
L8, Scheme 1a) involves the reaction of lophine anion with
oxygen, probably through a single-electron transfer (SET)

process, generating a neutral lophine radical and a superoxide
ion O2

●− (Scheme 1b).13−15 These radicals combine to
produce a peroxyanion (H−) that, after cyclization, results in a
1,2-dioxetane intermediate (Scheme 1c, D−). The decom-
position of cyclic peroxide D− in the so-called chemiexcitation
step generates a deprotonated benzoylamidine derivative in the
excited state (Scheme 1c, B−*).4,5,11,13−15 Finally, the last step
consists in the fluorescence decay of B−* to the ground state,
generating light and B− as final reaction products (Scheme
1c).4,9−11,13−15 This CL mechanism (Scheme 1b,c) shares
some common aspects with bioluminescent systems compris-
ing 1,2-dioxetanones as high-energy intermediates (HEIs).4

For instance, evidence suggests that a SET reaction between
O2 and the enolates of the firefly16−18 and cypridine19

luciferins is involved in the formation of their corresponding
peroxyanions.4,5,11 These peroxyanions lead to the 1,2-
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dioxetanone HEIs necessary for generation of excited
states.4,5,11

Isolated hydroperoxides (e.g., H1, H2, and H7, Scheme 1a),
prepared from their corresponding lophines by photooxyge-
nation, are also chemiluminescent in basic conditions (KOH in
EtOH).13 The CL reaction of these hydroperoxides generates
benzoylamidines emitting at the same wavelength of the CL
reaction of lophines.13 It is postulated that in basic conditions,
H is deprotonated to the peroxyanion H− (Scheme 1d), and
CL arises from the decomposition of the common
intermediate D− (Scheme 1c).13,20 However, no direct
evidence for the formation of this 1,2-dioxetane as HEI has
been reported. Kimura et al., studying the CL of H7-11
(Scheme 1a) with KOH in MeOH/CH2Cl2 1:5, commented
that H− cyclization to produce D− (Scheme 1c) could be the
rate-determining step of the CL reaction.21 Lu et al. studied
the isomeric silylperoxides (R)-S12 and (R)-S13 (Scheme 1a),
whose CL was triggered by addition of fluoride tetrabuty-
lammonium (TBAF) in CHCl3 or acetone.3 The lower CL
quantum yield (ΦCL) in acetone for (R)-S12 when compared
to (R)-S13 was attributed to the involvement of a partially
cyclic transition state (TS) at the chemiexcitation step.3 In
CHCl3, CL efficiencies were equal within experimental errors,
suggesting that 1,2-dioxetane D− plays a main role in the
formation of excited states in this solvent.3 To access the
occurrence of D− as a HEI on this CL system, in this work, we
have conducted a thorough kinetic study on the decomposition
of H1-5 and S1-6 (Scheme 1a). Substitution only at the 2-
phenyl ring was intentional to observe the substituent effect on
peroxides directly related to Radziszewski’s L1 chemilumines-

cence. In addition, we propose that the electronic nature of
substituents seems to play a role in determining the
multiplicity of the excited state, resulting from chemiexcitation.

■ RESULTS AND DISCUSSION

Peroxide Preparation and Photophysical Character-
ization. Six lophine derivatives (L1−6, Scheme 1a) were
obtained from the condensation of their corresponding para-
substituted benzaldehyde with benzil and NH4OAc in glacial
acetic acid (Scheme 2a).3,12,22 Our research group has been

Scheme 1. Molecular Structure of Lophine (L), Hydroperoxide (H), and Silylperoxide (S) Derivatives (a); CL Reaction
Mechanism for Lophine (L1) under Basic Condition and in the Presence of Oxygen (b,c); and for Hydroperoxides and
Silylperoxides in the Presence of a Base and Fluoride Respectively (d,c)a3,13−15

aHEI of this sequence is the 1,2-dioxetane anion (D−).

Scheme 2. Preparation of Lophines L1−6 (a), Their
Corresponding Hydroperoxides H1−6 (b), and
Silylperoxides S1−6 (c), with R1 = H (1), OMe (2), Me (3),
Br (4), CF3 (5), and CN (6)a

aMethods: (a) NH4OAc in glacial HOAc; (b) 1O2 in CH2Cl2/ACN
5:1; (c) TBDMSCl and IMI-H (cat.) in CH2Cl2.
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using this method for the preparation of substituted imidazoles
for different applications.23−25 After purification, these lophine
derivatives were converted to their hydroperoxides (H1−6,
Scheme 1a) by reacting with singlet oxygen generated by
photosensitization with methylene blue (Scheme 2b).3 This
method is equivalent to the one used for the synthesis of alkyl-
1,2-dioxetanes from olefins.26,27 Finally, silylperoxides (S1−6,
Scheme 1a) were prepared by protection of the H1−6
hydroperoxyl group with tert-butyldimethylsilyl chloride
(TBDMSCl, Scheme 2c). Details for the preparation and
characterization of the compounds are given in the
Experimental Section.
The photophysical characterization of all derivatives of

lophine, hydroperoxide (except for H6 due to its unsuccessful
purification), silylperoxide, and benzoylamidine was performed
in acetonitrile (ACN) to evaluate and compare their light
emission properties (Table 1). As expected, all lophines L1−6
presented high fluorescent quantum yield (ΦFL > 0.3, Table
1).24,25,28 The derivative substituted with bromine L4, with
ΦFL ≈ 0.01, is an exception, probably a result of the heavy
atom effect, increasing intersystem crossing and generating
nonemissive triplet states.29−31 The lophine derivatives
containing the withdrawing substituents CF3 and CN (L5
and L6, respectively) showed a bathochromic shift in their
maximum absorption (λabs) and fluorescence (λFL) wave-
lengths and higher ΦFL compared to other lophine derivatives
(Table 1 and Figure S1a,b). The presence of such withdrawing

substituents increases conjugation in the structures of L5 and
L6, resulting in an approximation of their fundamental and
excited states that favors electron transitions.23−25,28,29

The peroxides H1−5 and S1−6 exhibited blue-shifted λabs
(Figure S1c,e), and no difference in λFL compared to their
corresponding lophines (Table 1 and Figure S1b,d,f). H1−5
showed lower ΦFL (in the 10−3 range) than L1−5 due to the
presence of the sp3-hybridized carbon-4 bonded to the
peroxidic group (Table 1). With this sp3 atom, the imidazole
ring is no longer fully conjugated, and the phenyl rings become
significantly twisted and out-of-plane when compared to
lophines.33 Such molecules become less rigid, leading to an
increase in thermal deactivation of excited states, decreasing
the ΦFL of these hydroperoxides.29

As seen for L1−6, electron-withdrawing substituents also
shifted λFL of H1−5 and S1−6 to longer wavelengths (Table 1
and Figure S1d,f) due to increased conjugation. The peroxides
S1−6 displayed lower ΦFL values (in the 10−4 range) when
compared to their corresponding hydroperoxides (Table 1).
Such lower ΦFL values can be attributed to an increased
number of vibrational modes associated to the organosilicon
group, which augments thermal deactivation of excited states.29

CL spectra of H1−5 and S1−6 after addition of DBU (1,8-
diazabicyclo(5.4.0)undec-7-ene) and TBAF (TBAF fluoride),
respectively, provided values of maximum CL emission
wavelengths (i.e., λCL, Figure S1g,h) that correspond to the
emission from the excited state of deprotonated benzoylami-

Table 1. Photophysical Properties for the Studied Lophines (L), Hydroperoxides (H), Silylperoxides (S), and Benzoylamidines
(B): Maximum Absorption Wavelength (λabs), Molar Extinction Coefficient (ε), Maximum Fluorescence Wavelength (λFL),
Fluorescence Quantum Yield (ΦFL), Stokes Shift (Δλ), and Maximum Chemiluminescence Wavelength of the CL Reaction
(λCL).

a

λabs
b (nm) εc(L mol−1 cm−1) λFL

b (nm) ΦFL
d Δλe (cm−1) λCL

f (nm)

L1 306 27,600 ± 300 383 0.42 ± 0.02 6750
L2 302 29,000 ± 200 394 0.37 ± 0.01 7730
L3 306 26,800 ± 100 388 0.41 ± 0.01 6910
L4 314 30,200 ± 200 385 (1.41 ± 0.05) × 10−2 5870
L5 320 25,900 ± 600 402 0.70 ± 0.03 6370
L6 342 24,520 ± 20 431 0.74 ± 0.03 6040
H1 278 20,700 ± 100 384 (1.9 ± 0.1) × 10−3 9930 522
H2 302 24,960 ± 60 394 (7.6 ± 0.2) × 10−3 7730 527
H3 284 24,630 ± 80 389 (3.8 ± 0.1) × 10−3 9500 528
H4 282 25,600 ± 100 384 (6.8 ± 0.7) × 10−4 9420 516
H5 249 16,300 ± 70 402 (8.9 ± 0.4) × 10−3 15,300 516
S1 277 21,500 ± 200 380 (7.0 ± 0.4) × 10−4 9800 530
S2 301 17,150 ± 60 394 (8.2 ± 0.7) × 10−4 7840 520
S3 282 23,200 ± 80 386 (5.5 ± 0.3) × 10−4 9550 520
S4 281 25,460 ± 90 360 (3.1 ± 0.5) × 10−4 7810 519
S5 249 17,540 ± 40 401 (7.8 ± 0.3) × 10−4 15,220 520
S6 267 29,830 ± 30 431 (4.3 ± 0.4) × 10−3 14,250 502
B1g 238 384 (7.3 ± 0.2) × 10−2 15,970
B2g 274 394 (4.9 ± 0.1) × 10−2 11,115
B3g 237 387 (5.8 ± 0.2) × 10−2 16,350
B4g 256 385 (3.4 ± 0.6) × 10−3 13,090
B5g 242 437 0.21 ± 0.01 18,440
B6g 260 475 0.25 ± 0.02 17,410

aMean value ±standard deviation for at least three replicas. bObtained at 25 °C in ACN for L1−6, H1−5, and S1−6, and in ACN/THF 17:3 v/v
for B1−6. cDetermined as the angular coefficient of λabs versus concentration linear plots with the intercept set as zero (r > 0.99). dDetermined
with 2,5-diphenyloxazole (ΦFL = 0.70) in EtOAc as the relative standard;32 for low-intensity emissions, H2 was used as the secondary standard.
eCalculated as the difference between λabs and λFL with both previously converted to cm−1. fDetermined for the CL reaction of H1−5 (1.0 mmol
L−1) or S1−6 (0.1 mmol L−1) in the presence of 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU, 10 mmol L−1) or TBAF fluoride (1.0 mmol L−1),
respectively, both in ACN. gFor B1−6, parameters λabs, λFL, and Δλ were determined directly from S1−6 solutions following the addition of TBAF.
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dines (B−, Scheme 1c). The conjugate base B− is the emitter of
the CL reaction of lophine derivatives, as originally noted in
previous reports.13−15 The longer λCL values (in the 502−530
nm range, Table 1) are expected, since all B− derivatives are
fully conjugated species due to their anionic nature.3,13,16

Absorption and fluorescence spectra were recorded after the
CL reaction between S1−6 with TBAF in order to obtain the
values of λabs and λFL for all final CL reaction products (B1−6,
Table 1 and Figure S1i,j). The benzoylamidines B1−6
exhibited lower values of λFL compared to the λCL of the
reaction (Table 1 and Figure S1j,h), indicating that the emitter
B− acquired a proton from the reaction medium after ground-
state formation, generating the less conjugated protonated
benzoylamidine (B, Scheme 3). In other words, B− is the

conjugate base of a photoacid, but it is generated directly on
the excited state from the CL pathway.13−15 The benzoylami-
dines B1−6 possess relatively high Stokes shift values (Δλ >
11,000 cm−1, Table 1) when compared to other studied
compounds, which is usually treated as evidence of excited-
state intramolecular proton transfer (ESIPT).24,33−35 The
observed fluorescence of B1−6 can occur from the
deactivation of the excited state of a keto-like tautomer and
an enol-like tautomer (enol-B, Scheme 3), the latter generated
with the intramolecular movement of the N-bonded proton
after species B absorbs an excitation photon. Since there is no

report in the literature concerning ESIPT with benzoylami-
dines as substrates, this could be explored in the future,
particularly regarding the relevance of ESIPT with nitrogen as
proton donor.36 The benzoylamidine containing bromine as
substituent (B4) presented the lowest ΦFL, as also noted for
L4 (Table 1), in agreement with the generation of nonemissive
triplet excited states due to the heavy atom effect.29−31

Chemiluminescence Kinetics. General Remarks. We
studied the kinetics of the CL reaction of S1−6 with TBAF in
ACN/tetrahydrofuran (THF) 17:3 v/v and of H1−6 with
DBU in ACN using the peroxides under the pseudo-first-order
condition. Kinetics were studied following light intensity over
time, and the registered profiles consisted of a rapid CL
increase upon addition of TBAF or DBU to a solution of S1−6
or H1−5, respectively, followed by a slower exponential decay
(Figure 1). Results obtained with S1−6 will be discussed prior
to H1−5.

Kinetics with Silylperoxides Using a Luminometer. CL
measurements with S1−6 were performed in a commercial test
tube luminometer, with TBAF stock solutions added to the
tube already containing S1−6 (1.27 μmol L−1) through a set of
automatic injectors. CL intensity−time profiles (Figure 1)
were very reproducible, and the observed rate constants kobs

1

and kobs
2, as well as the maximum emission intensity (Imax)

were obtained fitting the fall and rise in intensity using eqs 1
and 2, respectively, for different concentrations of TBAF
(Tables S1−S6).

I t I( ) (e )k t
max

( )obs
1

= −
(1)

I t I( ) (1 e )k t
max

( )obs
2

= − (2)

Observed rate constants kobs
1 and kobs

2 are associated with
the first and second steps of the CL mechanism (Scheme 4)
from the perspective that 1,2-dioxetane D− is the intermediate
of a complex consecutive reaction.37 Other CL reactions have
analogous intensity−time profiles, where the rise (kobs

2) and

Scheme 3. Acid−Base Equilibrium Involving the
Deprotonated Benzoylamidine (B−) and Its Conjugated
Acid (B) after Light Emission from the CL Reaction and
Possibility of Keto−Enol Tautomerization from B to an
Enol-Like Species (Enol-B)

Figure 1. Examples of CL intensity−time profiles obtained with S4 (1.27 μmol L−1) upon addition of TBAF (at 15 different concentrations, from
0.052 to 0.210 mmol L−1) in ACN/THF 17:3 v/v at 25 °C, using a commercial tube luminometer. TBAF was added after 4 s of initiating data
acquisition.
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fall (kobs
1) rate constants were attributed to the second and first

steps, respectively, of an intricate mechanistic se-
quence.25,32,38−42 The bimolecular rate constant for the
deprotection of S1−6 by fluoride (kdep, Scheme 4, step 1)
was determined from a linear correlation between kobs

1 and the
concentration of TBAF (Figure S2 and Table 2). Although the

formation of D− from H− (Scheme 4, step 2) is a unimolecular
process that does not involve fluoride, the concentration of H−

at a given time depends on the previous step.29,37 Therefore,
the rate constant for the cyclization process and generation of
D− (kcyc, Scheme 4, step 2) was obtained through the linear
dependence between kobs

2 values and the concentration of
TBAF for S1−5 (Figure S3 and Table 2).
Derivatives with electron-withdrawing substituents (S4−6)

showed higher values for both rate constants, kdep and kcyc
(Table 2). Such results indicate the generation of negative
charge in the TSs of both reaction steps (Scheme 4, steps 1
and 2, Scheme 5). This is quantitatively assessed through linear
free-energy relationships using the Hammett substituent
constant (σp),

44 obtaining the reaction constants ρ = +0.7
and +1.5 for plots with kdep and kcyc, respectively (Figure 2).

These positive ρ values are consistent with negative charge
being developed in the TS of both stages (Scheme 4, steps 1
and 2, Scheme 5).43 The value of ρ < 1 for kdep shows that the
deprotection reaction (Scheme 4, step 1) is less sensitive to
substituents than the hydrolysis reaction of benzoic acid
methyl esters.43 In fact, the partial negative charge generated in
the peroxidic oxygen of the TS (Scheme 5a) is relatively far
from the substituent, not being so susceptible to its electronic
effect. On the other hand, for the reaction of D− formation
(Scheme 4, step 2), a negative charge is being created at the
heterocycle directly bonded to the substituted aromatic ring,
involving both nitrogen atoms in its delocalization (Scheme
5b). Substituents attached to the arylimidazolic system have a
pronounced electronic effect on the stability of the TS of this
step (Scheme 4, step 2, Scheme 5b). The magnitude of ρ value
obtained for the cyclization reaction (+1.5) is a direct kinetic
evidence for the formation of a 1,2-dioxetane as a HEI in the
decomposition of this class of peroxides, related to
Radziszewski’s CL oxidation of L1 (Scheme 1b,c).
A linear dependence between kobs

2 and TBAF concentration
can be observed but not within the entire range of studied
fluoride concentration (Figure S3). For S1 and S3, the values
of kobs

2 tend to stabilize, reaching a maximum value of 2.1 and
1.7 s−1, respectively, at [TBAF] > 0.15 mmol L−1 (Tables S1
and S3 and Figure S3). For S2, this trend is not so clear;
although, for this derivative, the kobs

2 value reaches an average
of 1.8 s−1 also above 1.5 mmol L−1 of TBAF (Table S2 and
Figure S3). For S4 and S5, the kobs

2 value did not have a
significant increase above 0.1 mmol L−1 of TBAF, reaching
maximum values around 3.5 and 5.5 s−1, respectively (Tables
S4 and S5 and Figure S3). These maximum values for kobs

2 are
observed at TBAF concentrations in which the decomposition
of D− (Scheme 4, step 3) becomes rate-limiting when
compared to its formation (Scheme 4, step 2). Thus, these
are the unimolecular rate constants associated with the 1,2-
dioxetane decomposition (kudd). The unimolecular decom-
position of D−, involving O−O and C−C cleavage,4,5,11 is
faster for derivatives with electron-withdrawing substituents
(kudd = 5.5 s−1, D5−) than the donor (kudd = 1.7 s−1, D3−). The
lack of systematic dependence of kobs

2 with [TBAF] for S6 may
be related to the strong electron-withdrawing −CN group,
with rate constants being obtained close to the maximum limit
established by the unimolecular decomposition of the

Scheme 4. Stepwise Mechanism for the CL of S1−6, with
Deprotection of the Silyl Group by Fluoride Generating H−

(Step 1) and Cyclization to the HEI D− (Step 2)a

aDecomposition of D− generates B−* (step 3) that decays to its B−

ground state (step 4) in a process that is always faster than the
previous ones.

Table 2. Rate Constants for the Deprotection of S1−6 by
Fluoride Generating H− (kdep) and for the Cyclization of H−

Generating the 1,2-Dioxetane HEI D− (kcyc), Within the
Studied CL Reaction Mechanism (Scheme 4)

peroxide R1 σp
a

kdep
(× 103 L mol−1 s−1)

kcyc
(× 104 L mol−1 s−1)

S2 OMe −0.27 1.30 ± 0.05 0.76 ± 0.03
S3 Me −0.17 2.13 ± 0.04 1.49 ± 0.03
S1 H 0 2.38 ± 0.02 1.88 ± 0.03
S4 Br +0.23 4.20 ± 0.10 5.70 ± 0.09
S5 CF3 +0.54 5.80 ± 0.30 9.70 ± 0.60
S6 CN +0.66 5.10 ± 0.06

aValues for the Hammett substituent constant (σp) taken from ref 43.

Scheme 5. TSs Involved in the (a) Deprotection Reaction of
S1−6 by Fluoride (Scheme 4, Step 1) and (b) Generation of
the 1,2-Dioxetane HEI in the CL of S1−6 (Scheme 4, Step
2)
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corresponding D6− (kudd ca. 4 and 9 s−1, Table S6 and Figure
S3).
Kinetics with Silylperoxides Using a Fluorescence

Spectrophotometer. We have also performed kinetic measure-
ments using a fluorescence spectrophotometer, with a
fluorescence quartz cuvette already containing a solution of
S1, S2, and S4 (0.025 mmol L−1) in ACN, equipped with a
magnetic stirrer. Data acquisition was initiated after addition of
a TBAF stock solution in THF using a glass microsyringe. The
obtained intensity−time profiles (data not shown) are similar
to those registered with the luminometer (Figure 1); however,
only emission decay can be observed. Kinetics with the
fluorescence spectrophotometer is not as reproducible as with
the luminometer, and the used silylperoxide concentration
must be 20 times higher due to the inherent lower sensibility of
the equipment.
CL decay−time profiles obtained with the fluorescence

spectrophotometer were fitted to determine kobs
1 (eq 1), for

different TBAF concentrations (between 0.25 and 2.00 mmol
L−1), using peroxides S1, S2, and S4 (Table S7). From the
linear dependence between such a decay rate constant and
TBAF concentration (Figure S4), values for kdep were obtained
as (1.25 ± 0.04) × 103, (2.74 ± 0.07) × 103, and (3.4 ± 0.1) ×
103 L mol−1 s−1 for S2, S1, and S4, respectively. These
bimolecular kdep values are significantly comparable to those
obtained with the luminometer (Table 2). Although the
deprotection step can be kinetically observed when a
fluorescence spectrophotometer is utilized, the faster cycliza-
tion reaction is not accessible with this experimental setup.
The formation of the 1,2-dioxetane HEI was only observed
kinetically with the luminometer, as described in the previous
section.
The linear dependence between kobs

1 and [TBAF], for S1,
S2, and S4 (Figure S4), reaches constant values at high
fluoride concentrations, as previously observed for the
dependence between kobs

2 and [TBAF] obtained using the

Figure 2. Linear free-energy relationship with (a) kdep and (b) kcyc using the Hammett constant for para substitutions (σp). From the angular
coefficients, reaction constants ρ = +0.7 ± 0.1 and +1.5 ± 0.3 were determined for plots with kdep and kcyc, respectively, both with fair linear
relationships (r > 0.9). Derivative S6 was not included in the correlation.
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luminometer (Figure S3). At [TBAF] > 1.4 mmol L−1, the
decomposition reaction of D− (Scheme 4, step 3) becomes
rate-limiting. This is observed for kobs

1 only when using the
spectrophotometer since TBAF (i.e., the excess reagent) is
present at concentrations that are at least 1 order of magnitude
higher than those used in the luminometer. The kudd values
obtained using the spectrophotometer (3.3, 2.1, and 4.0 s−1 for
S1, S2, and S4, respectively) are in excellent agreement with
the kudd values determined using the luminometer (2.1, 1.8,
and 3.5 s−1 for S1, S2, and S4, respectively). Thus, all these
results, obtained by kinetic assays performed on the
luminometer and fluorescence spectrophotometer, support
the proposed overall mechanism for the CL decomposition of
S1−6 (Scheme 4).
Kinetics with Hydroperoxides Using a Fluorescence

Spectrophotometer. CL measurements with H1−5 were
performed using a commercial fluorescence spectrophotometer
using a fluorescence quartz cuvette already containing a
solution of H1−5 (0.20 mmol L−1) in ACN, equipped with a
magnetic stirrer. Data acquisition was initiated after addition of
a stock solution of DBU in ACN using a glass microsyringe.
Other bases were used to trigger CL emission, such as pyridine
(pKaH = 5.25),45 imidazole (pKaH = 6.95),46 4-dimethylami-
nopyridine (pKaH = 9.20),46 triethylamine (pKaH = 10.75),46

and pyrrolidine (pKaH = 11.27);47 however, only DBU (pKaH =
13.5)48 afforded reproducible intensity−time profiles (Figure
S5).
Emission decay kinetic profiles obtained for H1−5 at DBU

concentrations between 1.0 and 10.0 mmol L−1 were fitted to
determine the kobs

1 values (eq 1 and Table S8). A linear
dependence between kobs

1 and [DBU] was observed until 4.0
mmol L−1 of DBU for all hydroperoxide derivatives H1−5
(Figure S6). From these linear fittings, a bimolecular rate
constant was determined (Table 3, kDBU), being at least 2

orders of magnitude lower than kdep and kcyc for the reaction of
S1−6 with fluoride (Table 2). Indeed, these results are in
accordance with the empirical observation of longer reaction
times for CL kinetics with peroxides H1−5 than with S1−6.
The reaction constant ρ = +1.2 ± 0.1 was obtained through

a Hammett plot with kDBU (Figure 3a).43 The positive signal
and magnitude (>1) of such a ρ value indicates that a negative
charge is being generated on the TS and is susceptible to the
electronic nature of substituents, as with kcyc for the cyclization
of intermediate H− generated from S1−6 (Scheme 5b).43 This
result suggests general base catalysis by DBU, with the
abstraction of a proton coupled to cyclization and 1,2-
dioxetane formation (Scheme 6). Compared to the general
mechanism proposed for the CL of S1−6 (Scheme 4), for
H1−5, the reaction pathway would be slightly different with
steps 1 and 2 combined on a single concerted process. In

water, the pKa of organic hydroperoxides have been shown to
vary from 8 to 12, depending on their structure;49 nonetheless,
DBU seems to be basic enough to promote deprotonation of
H1−5 as long as it occurs concomitant to peroxide cyclization.
Above 4 mmol L−1 of DBU, the values of kobs

1 remain
constant (Table S8 and Figure S6), as it was observed with S1,
S2, and S4 in the experiments conducted on the fluorescence
spectrophotometer (Figure S4). The unimolecular rate
constant for the decomposition of the HEI, kudd, of the CL
reaction of H1−5 was also observed (Table 3), as well as for
S1−6 in the experiments performed in the luminometer. kudd
values for H1−5 (Table 3) are lower than those determined
for S1−5 (2.1, 1.8, 1.7, 3.5, and 5.5 s−1, respectively), but the
systems are not exactly equivalent, particularly with respect to
solvation (S1−6 in ACN/THF 17:3 v/v and H1−5 in ACN).
Nevertheless, kudd is associated with the decomposition of the
same HEI, 1,2-dioxetane D−, regardless of the peroxide used to
generate it (Schemes 5b and 6). Although only the
chemiexcitation process is being represented here, the
conversion of D− to B−, involving O−O and C−C cleavage
(Scheme 4, steps 3 and 4),4,5,11 may or may not occur with the
formation of excited states (i.e., B−*). Therefore, kudd cannot
be interpreted solely as the chemiexcitation rate constant; as a
matter of fact, it incorporates any other process associated with
the decomposition of the HEI.
The effect of substituent nature on kudd is clear, with

electron-withdrawing groups leading to higher rate constant
values (Table 3); this was observed for the S1−6 system,
although not with such a significant trend (see previous
sections). The reaction constant ρ = +1.3 ± 0.1 was obtained
from the Hammett plot for kudd (Figure 3b), indicating that a
negative charge is associated with the TS and that this system
is more sensitive to substituents than benzoic acid deriva-
tives.43 This information is going to be used in the
interpretation of excitation yields and in the rationalization
of the chemiexcitation mechanism discussed in the following
sections.

Chemiluminescence and Excited State Formation
Yields. Intensity-time profiles obtained for S1−6 and H1−5
at different concentrations of TBAF and DBU, respectively,
were integrated and converted to chemiluminescence quantum
yields (ΦCL); see Experimental Section for details. ΦCL was
independent of the fluoride or base concentration, and mean
values of this yield were obtained for each peroxide derivative
(Table 4). Therefore, regardless of the concentration of the
used excess reagent (i.e., TBAF or DBU), the light emission
efficiency depended exclusively on the amount of limiting
peroxide available (i.e., S1−6 or H1−5). This is a relevant
information, considering that higher concentrations of fluoride
or base could have catalyzed the decomposition of peroxides
through alternate “dark” routes. The peroxyoxalate reaction is
an example of a CL system that has its emission efficiency
decreased drastically with increasing concentration of base due
to “dark” HEI decomposition.4,41,42,50

Considering all six peroxides S1−6, the average for ΦCL is
(3.7 ± 0.7) × 10−6 E mol−1 (Table 4). This value is in the
same order of magnitude than the ΦCL for the chemilumi-
nescence of (R)-S12 and (R)-S13 (Scheme 1a) in acetone
triggered by TBAF.3 White and Harding reported that upon
treatment with potassium superoxide in EtOH, the ΦCL for L1
is 10−6 to 10−7 E mol−1, while for L8 (Scheme 1a), the ΦCL
is10−3 to 10−4 E mol−1.13 The CL reaction of silylperoxides

Table 3. Rate Constants for the Bimolecular DBU-Induced
CL of H1-5 (kDBU) and for the Unimolecular 1,2-Dioxetane
Decomposition (kudd)

peroxide R1 σp
a kDBU (× 102 L mol−1 s−1) kudd (s

−1)

H2 OMe −0.27 0.26 ± 0.02 0.25 ± 0.01
H3 Me −0.17 0.40 ± 0.01 0.34 ± 0.01
H1 H 0 0.77 ± 0.03 0.54 ± 0.03
H4 Br +0.23 1.64 ± 0.06 1.21 ± 0.01
H5 CF3 +0.54 3.06 ± 0.08 1.68 ± 0.04

aValues for the Hammett substituent constant (σp) taken from ref 43.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c00230
J. Org. Chem. 2021, 86, 6633−6647

6639

http://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00230/suppl_file/jo1c00230_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00230/suppl_file/jo1c00230_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00230/suppl_file/jo1c00230_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00230/suppl_file/jo1c00230_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00230/suppl_file/jo1c00230_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00230/suppl_file/jo1c00230_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00230/suppl_file/jo1c00230_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00230/suppl_file/jo1c00230_si_001.pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c00230?rel=cite-as&ref=PDF&jav=VoR


triggered by fluoride has low efficiency when compared to
other light-emitting systems.4,5,25,32

The singlet excited-state formation quantum yield (ΦS) can
be determined by correcting ΦCL by the fluorescence quantum
yield (ΦFL) of the emitter B−; see Experimental Section for
details. The ΦS value is a direct measure of the chemiexcitation

process efficiency (Scheme 4, steps 3 and 4), and this yield
goes from 1.1 × 10−5 to 7.8 × 10−5 E mol−1 for S1−3, S5, and
S6 (Table 4). ΦS values for H1−3 and H5 are close to those
determined for their corresponding silylperoxides S1−3 and S5
(Table 4). Although there is no absolute correlation between
the chemiexcitation efficiency and the electronic nature of the
substituents, it was observed that derivatives containing
electron-donor substituents showed higher ΦS values. This
was also observed by White and Harding,13 and Kimura et al.
consciously used a −NMe2 substituent on the 2-phenyl group
at H7−11 (Scheme 1a) to achieve higher ΦCL and ΦS values.

21

The yield for singlet state generation for S1−6 and H1−5 is
low, compared to other CL systems that possess ΦS close to
unity.5,51,52

Nonetheless, peroxides S4 and H4 presented ΦS = 1.20 ×
10−3 E mol−1, 2 orders of magnitude higher when compared to
peroxides containing electron-withdrawing substituents (Table

Figure 3. Linear free-energy relationship for (a) kDBU and (b) kudd using the Hammett constant for para substitutions (σp). From the angular
coefficients, reaction constants ρ = +1.2 ± 0.1 and +1.3 ± 0.1 were determined for plots with kDBU and kudd, respectively, both with fair linear
relationships (r > 0.9).

Scheme 6. TS Involved in the Formation of the 1,2-
Dioxetane HEI on the CL Reaction Mechanism of H1−5
With DBU
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4). This may be understood as evidence for the formation of
additional singlet excited states (i.e., S1) from triplet states with
the bromine substituent favoring reverse intersystem crossing
(RISC).29,53,54 It is known that lower-energy triplet states of π/
π* nature can be produced on the decomposition of aryl-
substituted 1,2-dioxetanes generating the corresponding
carbonyl residues, in addition to the generally observed triplet
n/π* states.11,55−58 In our case, a possible lower π/π* triplet
state of the aryl-substituted B−* emitter containing a bromine
group could enable RISC to the S1 and explain the increased
ΦS for S4 and H4. This hypothesis suggests that the yield of
generation of overall triplet states (ΦT) is higher than ΦS for
both peroxidic systems (S1−6 and H1−5); however, in the
absence of a bromine substituent, RISC cannot occur and an
increase in singlet excites states is not evident. Recently, it has
been shown that triplet excited states are likely the emitters in
the solid-state thermochemiluminescence of H1,59 supporting
our proposition that in solution, (nonemissive) triplet states
could also be generated. However, our results are not
conclusive, and additional experimental and theoretical data
are required to verify the occurrence of triplet excited states on
the decomposition of S1−6 and H1−5. Moreover, the possible

Table 4. Chemiluminescence Quantum Yield (ΦCL) and
Singlet Excited State Formation Quantum Yield (ΦS) for
the CL Decomposition Reaction of S1−6 and H1−5
Induced by Fluoride and DBU, Respectively

peroxide R1 ΦCL (× 10−6 E mol−1) ΦS (× 10−5 E mol−1)

S2a OMe 3.8 ± 0.2 7.8 ± 0.4
S3a Me 3.9 ± 0.2 6.7 ± 0.4
S1a H 4.7 ± 0.3 6.4 ± 0.4
S4a Br 4.2 ± 0.7 120 ± 20
S5a CF3 2.9 ± 0.6 1.4 ± 0.3
S6a CN 2.8 ± 0.3 1.1 ± 0.5
H2b OMe 7.1 ± 0.2 14.5 ± 0.4
H3b Me 5.7 ± 0.3 9.8 ± 0.5
H1b H 8.5 ± 0.7 11.6 ± 0.9
H4b Br 3.9 ± 0.6 120 ± 20
H5b CF3 3.6 ± 0.7 1.7 ± 0.3

aFor reactions with [S1−6] = 1.27 μmol L−1 and different TBAF
concentrations (see Tables S1−S6 for details). bFor reactions with
[H1−5] = 0.2 mmol L−1 and DBU concentrations from 1.0 to 10.0
mmol L−1.

Scheme 7. Possible Mechanisms for the Chemiexcitation Step During the Decomposition of a 1,2-Dioxetane HEI in the
Lophine Peroxide CL Reaction from Kimura et al.,21 Lu et al.,3 and This Worka

aAsterisk at the top of the benzoylamidine species indicates an electronic excited state, whether it is singlet or triplet.
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occurrence of RISC with S4 and H4 should also be further
investigated.
Possible Chemiexcitation Mechanisms for the De-

composition of Lophine Peroxides. Regardless of the
originating peroxide, S1−6 or H1−5, the corresponding 1,2-
dioxetane D− is generated as the HEI. Considering our results
discussed above, we can assume that the D− decomposition
follows the chemiexcitation mechanism proposed for the
thermal decomposition of 1,2-dioxetanes and 1,2-dioxeta-
nones.4,5,60,61 Such mechanism have shown ΦS < 10−2 E
mol−1, where the peroxidic bond cleavage enters a biradical
region associated with triplet states.4,5,59,60 This hypothesis
could be better supported by future computational simulation
studies. For a while, our strongest evidence is the increased ΦS
value observed for the bromine substituted S4 and H4, when
compared to other derivatives. For the uncatalyzed decom-
position of 1,2-dioxetanes, it has been determined exper-
imentally that excited carbonyl residues are formed with ΦT ca.
0.5 E mol−1.4,11,62,63 The determination of the actual ΦT values
for the CL of S1−6 and H1−5 could be performed, but an
adequate experimental approach has not yet been proposed. If
the role of triplet states is confirmed, this should be considered
in the future use of lophine silylperoxides as sensors for
biological systems.4 The conjugation of a lophine silylperoxide
to a peptide or protein would allow the use of this class of
peroxides as CL probes for labeling biomolecules.64 While
singlet excited states are important for analytical and labeling
purposes,4,64 triplet states generated in situ could be used for
assessing biological oxidation through chemiexcitation instead
of light absorption,65 also known as “dark” photochemistry.
Kimura et al.21 postulated that the HEI produced from H7−

11 decomposes through a [2 + 2] cycloelimination reaction,
generating a biradical anion intermediate (Scheme 7). They
proposed that excited states are formed by an intramolecular
electron reorganization (or electron back-transfer, EBT)
between donor and acceptor moieties of the molecule, leading
to excited states.21 With H7−11, the formation of a biradical
anion intermediate prior to excited states was explicitly
addressed.21 Such a view is a bit different from the fully
concerted [2 + 2] cycloelimination reaction that directly
produces triplet states in the thermal decomposition of 1,2-
dioxetanes.4,11,59−63

Lu et al.,3 when discussing that a partially cyclic TS may be
involved on the chemiexcitation process for CL with (R)-S12
and (R)-S13, considered that bond cleavage and formation
should occur simultaneously for the generation of excited
states (Scheme 7) in a view that is more equivalent to the fully
concerted thermal decomposition of 1,2-dioxetanes.4,11,59−63

Their conclusion3 is supported by our observation that triplet
states are generated in higher yields than singlet states, as seen
by the increased ΦS value observed for the bromine induced
RISC (Table 4).
One possibility that has not been formally considered so far

is that chemiexcitation on the decomposition of D− may
happen via the intramolecular chemically initiated electron
exchange luminescence (CIEEL) mechanism.66−68 The intra-
molecular CIEEL mechanism is used to rationalize the induced
decomposition of aryl-1,2-dioxetanes that have high ΦS
values,4,5 reported as 0.6 E mol−169,70 and even 1.0 E
mol−1.71 In our proposition (Scheme 7), an intramolecular
electron transfer induces O−O bond cleavage and generation
of a biradical anion. Then, C−C bond cleavage can occur
through two different paths (Scheme 7A,B), leading to new

biradical anions that have the formal negative charge and the
unpaired electron in different carbonyl groups. The EBT
generates two different resonance structures for the same
species in the excited state, regardless of the path that is taking
place (Scheme 7). Regarding the hydroperoxides H7−11
studied by Kimura et al.,21 the presence of the strong electron-
donating group −NMe2 on the 2-phenyl ring may promote
chemiexcitation mainly through the intramolecular CIEEL
sequence, justifying the ΦS between 0.11 and 0.79 E mol−1

reported by these authors.
With respect to our results, the ΦS values for the

silylperoxides and hydroperoxides with electron-donating
substituents are higher than the ones with electron-with-
drawing groups (Table 4). For example, with S2 and its
methoxy group, ΦS is up to 5.5 and 7-times higher than the
values for S5 and S6, with their corresponding CF3 and CN
substituents. With H2 and H5, comprising the OMe and CN
substituents, ΦS is 8.5-times higher for the former. This
suggests that the CIEEL contribution to the overall
decomposition of D− increases with increased electron-
donating ability of the substituent at the 2-phenyl ring,
which in turn facilitates intramolecular electron transfer and
O−O bond cleavage (Scheme 7).4,11,69−71 Thus, our reasoning
suggests that with S1−6 and H1−5, the transformation would
still occur mainly through a mechanism that resembles the
thermal decomposition of alkyl-1,2-dioxetanes and 1,2-
dioxetanones4,5,11,59−63 but with the CIEEL sequence becom-
ing slightly more relevant with electron-donating substituents
at the 2-phenyl ring.
In this intramolecular CIEEL landscape, the difference

between the chemiexcitation efficiencies for hydro- and
silylperoxides bearing the same substituent (e.g., H2 and S2)
must be accounted for. Consistently, the ΦS value for the
silylperoxide is smaller than the one for the corresponding
hydroperoxide (Table 4), even if the difference is not that
significant for yields of this nature.7,11 For a given substituent,
the same HEI cyclic peroxide D− is going to be generated,
regardless of the starting peroxide (Schemes 5b and 6). One
must remember that the solvating media for the CL
transformation with S1−6 was ACN/THF 17:3 v/v, while
pure ACN was used with H1−5. Adam, Matsumoto, and
Trofimov proposed that an increase in viscosity prevents C−C
bond rotation, frictionally reducing ground-state formation of
molecules and increasing chemiexcitation yields.72 This
dependence of ΦS in viscosity has been debated more
recently,8,73,74 and it seems that chemiexcitation in the
intramolecular system is compromised when conformational
changes compete with the concerted EBT and C−C bond
cleavage.8 Thus, it is hypothesized that the observed
differences in ΦS values for hydro- and silylperoxides bearing
the same substituent are actually related to the influence of a
solvent-cage effect on the overall EBT efficiency8 and not to
the starting peroxide structure. Our interpretation could be
better supported by additional experimental data, employing
different mixtures of benzene/diphenylmethane as reaction
media.8,72 This binary solvent system allows for different
viscosities without significantly affecting the solvent reorgan-
ization energy and has been successfully applied for both
intramolecular8,72 and intermolecular CIEEL systems.73,74

So far, for the rationalization of the CL reaction with
peroxides derived from lophine derivatives, it is suggested that
electron-withdrawing groups on the 2-phenyl ring increase the
rate of formation of the 1,2-dioxetane HEI (Schemes 5b and
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6). They also increase the rate of decomposition of the cyclic
peroxide (conversion of D− to B−, Scheme 4, step 3), which
may occur through a concerted [2 + 2] cycloelimination step
(Scheme 7). However, with increasing electron-donating
ability of the substituent, the intramolecular CIEEL pathway
(Scheme 7) becomes more evident. As discussed above, this is
not observed kinetically but can be inferred based on the
increased singlet excited-state quantum yields of derivatives
with electron-donating groups (Table 4). The CIEEL
mechanism was originally devised to explain the efficient
formation of excited states in intermolecular systems;66−68

however, further investigation52,75 showed that this process is
actually orders of magnitudes less efficient than previously
reported. An alternative charge transfer induced luminescence
mechanism4,75−77 was proposed to rationalize the low
efficiency of singlet excited state formation in intermolecular
systems, although the CIEEL mechanism is still successful to
explain the high chemiexcitation efficiency for many intra-
molecular systems.4−7,52,69−71 Nevertheless, research studies
have reported that electron and/or charge transfer and back-
transfer are not necessarily involved on the highly efficient
imidazopyrazinone-based chemi-/bioluminescence.78−80 For
this system, efficient chemiexcitation occurs when the
decomposition of the 1,2-dioxetanone HEI is delayed, allowing
the molecule to spend more time on a region of the potential
energy surface where ground and excited states are
degenerated, thus augmenting the possibility of transition
between electronic states.79,80 Concerning our results with
S1−6 and H1−5, we have observed that electron-donating
substituents decrease the rate of decomposition of B− to D−

involved in the chemiexcitation step (Scheme 4, step 3). Thus,
alternatively to the CIEEL process, this rationale could explain
the increased ΦS values observed for electron-donating
substituted hydro- and silylperoxides (Table 4). As it can be
seen, there are plenty of opportunities to continue the
investigation on the CL decomposition of peroxides derived
from lophine derivatives, both experimentally and theoretically.

■ CONCLUSIONS

In summary, we have provided evidence that a 1,2-dioxetane
D− is generated as a HEI on the CL of lophines hydro-
peroxides (Scheme 6) and silylperoxides (Scheme 5b). At high
fluoride or DBU concentrations, the unimolecular decom-
position of this HEI becomes rate-limiting. Electron-with-
drawing groups increase both the rate of 1,2-dioxetane D−

formation and decomposition, while the latter may occur
through a concerted [2 + 2] cycloelimination. With stronger
electron-donating groups at the 2-phenyl ring, a higher
contribution of the intramolecular CIEEL mechanism at the
decomposition of D− may be responsible for the increased ΦS
values that were observed, although there are other possible
mechanistic alternatives. Nevertheless, additional experiments
and theoretical simulations are required to rationalize excited
state formation with peroxides derived from lophine and its
derivatives. The ΦS = 1.20 × 10−3 E mol−1 observed with
bromine-substituted derivatives S4 and H4 may be possibly
related to the presence of triplet states and RISC, although this
is still under investigation. If indeed confirmed, the possibility
of modulation in excited-state multiplicity could be explored in
the future, whether there is interest in light emission or “dark”
photochemistry induced by the decomposition of hydro-
peroxides or silylperoxides.

■ EXPERIMENTAL SECTION
General Section. All chemicals used in this work were purchased

from commercial sources as analytical-grade reagents and used
without further purification. Deionized water was obtained through a
Milli-Q Millipore purifying system (conductivity 18.2 MΩ cm).
Quartz cuvettes (Hellma, QS Suprasil) had a volume of 3.0 mL and
an optical path of 10.00 mm, with two polished sides for absorption
and four sides for fluorescence or chemiluminescence assays. Small
sample volumes (μL) were transferred using Hamilton glass
microsyringes. All the reported CL parameters were obtained as
mean value ± standard deviation for at least three replicas at the same
experimental condition. The purity of the peroxides used in kinetic
measurements (over 97% in mass) was determined by iodometry
using the method of spectrophotometric quantification of I3

− reported
elsewhere.50−52,81

Equipment. 1H and 13C NMR spectra were recorded at 25 °C
using a 500 MHz Varian or 300 MHz Bruker DPX spectrometer.
Elemental analyses were carried out on a Thermo Scientific Flash EA
1112 analyzer. For UV−vis absorption and fluorescence emission
assays, Varian Cary 60 and Varian Cary Eclipse spectrophotometers
were used, respectively; both equipment cell holders were maintained
at 25 °C using a Varian Cary PCB 1500 system. Chemiluminescence
measurements were performed using the spectrophotometer men-
tioned above with the emission monochromator set at the mirror
position and with the excitation lamp shut off. For fast CL kinetic
measurements, a Berthold Sirius single-tube luminometer with a set of
automatic injectors was used.

Lophine L1−6 Preparation. Based on the method of Benisvy et
al.,22 as previously reported by our group,23−25 for the preparation of
lophine derivatives, a 50 mL round-bottom flask was charged with 2.7
g (12.9 mmol) of benzil, 7.4 g (96 mmol) of ammonium acetate, 50
mL of glacial acetic acid, and 13.2 mmol of the corresponding
substituted benzaldehyde. The mixture was kept under reflux and
magnetic stirring for 4 h, using an oil bath for heating, and afterward,
100 mL of ice-cold deionized water was added to induce precipitation.
The precipitate was filtered out under vacuum, washed with deionized
water (5 × 15 mL), and dried under suction. The crude product was
dissolved in 300 mL of EtOAc, dried under MgSO4, filtered,
concentrated through rotary evaporation, and dried under vacuum
(10−3 mbar, 30 min). Purification was attained using recrystallization
from hot EtOAc or CH2Cl2/hexane. The obtained cotton wool-like
crystals were slightly yellow, being filtered under vacuum, washed with
cold pentane (2 × 50 mL), and dried under vacuum (10−3 mbar, 30
min).

2,4,5-Triphenylimidazole (L1). 1.98 g (52%), slightly yellow cotton
wool-like crystals, Rf = 0.53 (SiO2, Hex/EtOAc 3:1). Anal. Calcd for
C21H16N2: C, 85.1; H, 5.4; N, 9.4. Found: C, 84.5; H, 5.4; N, 9.3.

1H
NMR (DMSO-d6, 300 MHz): δ 12.71 (s, 1H), 8.13−8.09 (m, 2H),
7.55−7.23 (m, 13H). 13C{1H} NMR (DMSO-d6, 75 MHz): δ 145.6,
137.1, 135.2, 131.1, 130.4, 128.7, 128.5, 128.3, 127.8, 127.1, 126.5,
125.2.

2-(4-Methoxyphenyl)-4,5-diphenylimidazole (L2). 2.77 g (66%),
slightly yellow cotton wool-like crystals, Rf = 0.67 (SiO2, Hex/EtOAc
3:1). Anal. Calcd for C22H18N2O: C, 80.9; H, 5.6; N, 8.6. Found: C,
80.9; H, 5.5; N, 8.5. 1H NMR (DMSO-d6, 300 MHz): δ 12.52 (s,
1H), 8.03 (d, 2H, J = 8.8 Hz), 7.56−7.22 (m, 10H), 7.05 (d, 2H, J =
8.9 Hz), 3.82 (s, 3H). 13C{1H} NMR (DMSO-d6, 75 MHz): δ 159.4,
145.6, 136.8, 135.3, 131.2, 128.6, 128.4, 128.2, 127.6, 127.1, 126.7,
126.4, 123.1, 114.1, 55.2.

4,5-Diphenyl-2-(p-tolyl)imidazole (L3). 1.35 g (34%), slightly
yellow cotton wool-like crystals, Rf = 0.58 (SiO2, Hex/EtOAc 3:1).
Anal. Calcd for C22H18N2: C, 85.1; H, 5.8; N, 9.0. Found: C, 83.6; H,
5.6; N, 9.5. 1H NMR (CDCl3, 500 MHz): δ 7.79 (d, 2H, J = 8.2 Hz),
7.53 (d, 4H, J = 7.1 Hz), 7.34−7.26 (m, 6H), 7.23 (d, 2H, J = 7.9
Hz), 2.38 (s, 3H). 13C{1H} NMR (CDCl3, 125 MHz): δ 146.4, 138.9,
129.7, 128.7, 128.0, 127.5, 127.2, 125.4, 21.5.

2-(4-Bromophenyl)-4,5-diphenylimidazole (L4). 4.5 g (93%),
slightly yellow cotton wool-like crystals, Rf = 0.53 (SiO2, Hex/
EtOAc 3:1). Anal. Calcd for C21H15N2Br: C, 67.2; H, 4.0; Br, 21.3; N,
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7.5. Found: C, 67.9; H, 4.1; Br, 21.4; N, 7.4. 1H NMR (DMSO-d6,
300 MHz): δ 12.80 (s, 1H), 8.07−8.02 (m, 2H), 7.71−7.67 (m, 2H),
7.53 (d, 4H, J = 6.9 Hz), 7.37 (s, 6H). 13C{1H} NMR (DMSO-d6, 75
MHz): δ 144.5, 131.7, 129.5, 128.5, 127.1, 121.4.
4,5-Diphenyl-2-(4-(trifluoromethyl)phenyl)imidazole (L5). 2.1 g

(45%), slightly yellow cotton wool-like crystals, Rf = 0.65 (SiO2, Hex/
EtOAc 3:1). Anal. Calcd for C22H15F3N2: C, 72.5; H, 4.1; N, 7.7.
Found: C, 71.8; H, 3.8; N, 8.1. 1H NMR (CDCl3, 500 MHz): δ 8.03
(d, 2H, J = 8.1 Hz), 7.70 (ddd, 2H, J = 8.1, 4.4, 2.0 Hz), 7.57−7.52
(m, 4H), 7.34 (dt, 6H, J = 13.6, 7.7 Hz). 13C{1H} NMR (CDCl3, 125
MHz): δ 168.0, 144.5, 133.1, 131.0, 128.8, 128.0, 126.0, 126.0, 125.4.
4-(4,5-Diphenylimidazol-2-yl)benzonitrile (L6). 2.60 g (62%),

slightly yellow cotton wool-like crystals, Rf = 0.23 (SiO2, Hex/
EtOAc 4:1). Anal. Calcd for C22H15N3: C, 82.2; H, 4.7; N, 13.1.
Found: C, 81.2; H, 5.5; N, 11.2. 1H NMR (DMSO-d6, 500 MHz): δ
13.00 (1 H, s), 8.25 (d, 2H, J = 8.4 Hz), 7.93 (d, 2H, J = 8.4 Hz),
7.58−7.20 (m, 10H). 13C{1H} NMR (DMSO-d6, 125 MHz): δ 143.7,
138.1, 134.7, 134.3, 132.8, 130.6, 129.6, 128.7, 128.5, 128.3, 128.2,
127.1, 126.8, 125.5, 118.9, 110.1.
Hydroperoxide H1−6 Preparation. Based on the method of Lu

et al.,3 a 100 mL Schlenk reaction tube was charged with 80 mL of a
5:1 CH2Cl2/ACN mixture and 0.61 mmol of L1-6. A catalytic amount
of methylene blue was added, the mixture was kept under magnetic
stirring, and molecular oxygen was bubbled using a glass tube with a
fritted glass tip. The solution was irradiated under a 665 nm light-
emitting diode array, while the temperature was maintained at 4 °C
using a water−ice bath. The singlet oxygen produced through
photosensitization reacted with the imidazolyl moiety of L1-6 by an
ene reaction, producing hydroperoxides H1−6. The reaction was
followed using thin-layer chromatography, and the organic peroxide
was revealed with a potassium iodide solution in acetic acid. After
completion, the reaction mixture was filtered through a 2.5 × 10 cm
silica gel layer and eluted with CH2Cl2. Hydroperoxides were purified
through recrystallization from CH2Cl2/pentane, filtered under
vacuum using a fritted glass Büchner funnel, and washed with cold
pentane (2 × 50 mL). The obtained colorless cotton-like crystals were
dried under vacuum for 3 h (10−3 mbar). We were unable to purify
H6 adequately for characterization, even after many recrystallization
cycles; nonetheless, H6 was still used for the preparation of S6.
4-Hydroperoxy-2,4,5-Triphenyl-4-Imidazole (H1). 0.140 g (63%),

colorless crystals, Rf = 0.41 (SiO2, Hex/EtOAc 3:1). Anal. Calcd for
C21H16N2O2: C, 76.8; H, 4.9; N, 8.5. Found: C, 73.1; H, 4.8; N, 7.6.
1H NMR (CDCl3, 500 MHz): δ 8,41−8.39 (m, 2H), 7.92−7.91 (m,
2H), 7.60 (ddd, 1H, J = 6.7, 3.8, 1.1 Hz), 7.55−7.50 (m, 4H), 7.35−
7.32 (m, 4H), 7.2 (t, 2H, J = 7.8 Hz), 1.66 (s, 1H). 13C{1H} NMR
(CDCl3, 125 MHz): δ 191.4, 172.5, 134.7, 133.3, 132.3, 130.8, 130.3,
130.0, 129.9, 129.6, 128.9, 128.9, 128.5, 126.8, 115.5.
4-Hydroperoxy-2-(4-methoxyphenyl)-4,5-diphenyl-4-imidazole

(H2). 0.157 g (71%), colorless crystals, Rf = 0.23 (SiO2, Hex/EtOAc
3:1). Anal. Calcd for C22H18N2O3: C, 73.7; H, 5.1; N, 7.8. Found: C,
73.5; H, 5.1; N, 7.6. 1H NMR (CDCl3, 500 MHz): δ 8.40−8.38 (m,
2H), 7.92−7.89 (m, 2H), 7.60−7.57 (m, 1H), 7.53−7.50 (m, 4H),
7.34−7.31 (m, 3H), 6.70−6.67 (m, 2H), 3.82 (s, 3H), 1.69 (m, 1H).
13C{1H} NMR (CDCl3, 125 MHz): δ 190.8, 171.9, 162.9, 135.1,
133.1, 132.1, 130.9, 130.3, 129.4, 128.9, 128.8, 126.7, 122.8, 115.3,
113.8, 55.5.
4-Hydroperoxy-4,5-Diphenyl-2-(p-Tolyl)-4-Imidazole (H3). 0.168

g (76%), colorless crystals, Rf = 0.38 (SiO2, Hex/EtOAc 3:1). Anal.
Calcd for C22H18N2O2: C, 77.2; H, 5.3; N, 8.2. Found: C, 72.6; H,
4.9; N, 8.4. 1H NMR (CDCl3, 500 MHz): δ 8.40 (d, 2H, J = 7.3 Hz),
7.81 (d, 2H, J = 8.0 Hz), 7.59 (t, 1H, J = 7.3 Hz), 7.53−7.51 (m, 4H),
7.33−7.32 (m, 3H), 6.98 (d, 2H, J = 8.0 Hz), 2.32 (s, 3H), 1.66 (s,
1H). 13C{1H} NMR (CDCl3, 125 MHz): δ 191.1, 172.4, 142.9, 134.9,
133.2, 130.9, 130.3, 130.0, 129.5, 129.0, 128.9, 128.9, 127.3, 126.8,
115.3, 21.8.
2-(4-Bromophenyl)-4-hydroperoxy-4,5-diphenyl-4-imidazole

(H4). 0.190 g (77%), colorless crystals, Rf = 0.48 (SiO2, Hex/EtOAc
3:1). Anal. Calcd for C21H15BrN2O2: C, 61.9; H, 3.7; N, 6.9. Found:
C, 61.8; H, 3.9; N, 6.6. 1H NMR (CDCl3, 500 MHz): δ 8.38 (dt, 2H,
J = 8.5, 1.6 Hz), 7.76−7.73 (m, 2H), 7.64−7.60 (m, 1H), 7.55−7.52

(m, 2H), 7.49−7.47 (m, 2H), 7.38−7.32 (m, 5H), 1.62 (s, 1H).
13C{1H} NMR (CDCl3, 125 MHz): δ 191.7, 171.7, 134.4, 133.6,
131.8, 131.3, 130.6, 130.4, 129.8, 129.0, 129.0, 128.8, 127.8, 126.8,
115.7.

4-Hydroperoxy-4,5-diphenyl-2-(4-(trifluoromethyl)phenyl)-4-imi-
dazole (H5). 0.184 g (85%), colorless crystals, Rf = 0.78 (SiO2, Hex/
EtOAc 3:1). Anal. Calcd for C22H15F3N2O2: C, 66.7; H, 3.8; N, 7.1.
Found: C, 69.5; H, 4.8; N, 6.9. 1H NMR (CDCl3, 500 MHz): δ 8.41−
8.39 (m, 2H), 7.97 (d, 2H, J = 8.1 Hz), 7.66−7.63 (m, 1H), 7.57−
7.53 (m, 2H), 7.50−7.48 (m, 2H), 7.44 (d, 2H, J = 8.2 Hz), 7.37−
7.33 (m, 3H), 1.59 (s, 1H). 13C{1H} NMR (CDCl3, 125 MHz): δ
192.2, 171.3, 134.1, 133.9, 133.2, 130.5, 130.1, 129.9, 129.4, 129.1,
128.5, 126.8, 125.5, 125.5, 115.9.

Silylperoxide S1−6 Preparation. Based on the method of Lu et
al.,3 a 25 mL round-bottom flask was charged with 10 mL of CH2Cl2,
H1-6 (0.92 mmol), imidazole (4.6 mmol), and TBDMSCl (3.7
mmol). The mixture was kept under vigorous magnetic stirring at
room temperature for 1 h. The reaction was followed using thin-layer
chromatography (20:1 hexane/EtOAc), and the presence of S1−6
was tested using a TBAF solution in THF (1.0 mol L−1), which
caused a rapid light flash on the thin-layer chromatography spot
containing the peroxide. After that, the solution was filtered and the
CH2Cl2 removed by rotary evaporation. The obtained solid was
solubilized with hexane and washed with an equal volume of
deionized water (5×) to remove the residual salt. To the organic
layer, MgSO4 was added, the mixture was filtered, and the solvent
removed by rotary evaporation and dried under vacuum (10−3 mbar,
30 min). Silylperoxides S1−6 were purified by flash column
chromatography (SiO2, hexane/EtOAc 9:1), and after solvent
removal, the clear colorless crystals were dried under vacuum (10−3

mbar, 90 min).
4-((tert-Butyldimethylsilyl)peroxy)-2,4,5-triphenyl-4-imidazole

(S1). 0.190 g (26%), colorless crystals, Rf = 0.61 (SiO2, Hex/EtOAc
9:1). Anal. Calcd for C27H30N2O2Si: C, 73.3; H, 6.8; N, 6.3. Found:
C, 74.3; H, 6.9; N, 6.6. 1H NMR (CDCl3, 500 MHz): δ 8.50−8.48
(m, 2H), 8.24 (ddd, 2H, J = 7.3, 3.0, 1.6 Hz), 7.59−7.50 (m, 4H),
7.46−7.43 (m, 2H), 7.35−7.31 (m, 2H), 7.30−7.27 (m, 3H), 0.85 (s,
9H), 0.21 (s, 3H), 0.16 (s, 3H). 13C{1H} NMR (CDCl3, 125 MHz):
δ 191.3, 171.6, 134.8, 132.5, 132.0, 131.6, 131.1, 130.0, 129.8, 129.2,
128.8, 128.7, 128.6, 126.2, 115.2, 26.2, 18.5, −5.3, −5.4.

4-((tert-Butyldimethylsilyl)peroxy)-2-(4-methoxyphenyl)-4,5-di-
phenyl-4-imidazole (S2). 0.113 g (26%), colorless crystals, Rf = 0.36
(SiO2, Hex/EtOAc 9:1). Anal. Calcd for C28H32N2O3Si: C, 71.1; H,
6.8; N, 5.9. Found: C, 71.9; H, 6.8; N, 6.0. 1H NMR (CDCl3, 500
MHz): δ 8.46 (d, 2H, J = 4.4 Hz), 8.23−8.21 (m, 2H), 7.53−7.50 (m,
1H), 7.45−7.42 (m, 2H), 7.33−7.27 (m, 5H), 7.03 (d, 2H, J = 8.5
Hz), 3.90 (s, 3H), 0.85 (s, 9H), 0.21 (s, 3H), 0.16 (s, 3H). 13C{1H}
NMR (CDCl3, 125 MHz): δ 192.3, 190.8, 171.2, 135.1, 132.5, 132.0,
131.1, 129.8, 129.1, 128.8, 128.6, 126.1, 114.1, 55.6, 26.2, 18.4, −5.3,
−5.3.

4-((tert-Butyldimethylsilyl)peroxy)-4,5-diphenyl-2-(p-tolyl)-4-imi-
dazole (S3). 0.128 g (30%), colorless crystals, Rf = 0.57 (SiO2, Hex/
EtOAc 9:1). Anal. Calcd for C28H32N2O2Si: C, 73.6; H, 7.1; N, 6.1.
Found: C, 73.9; H, 7.1; N, 6.1. 1H NMR (CDCl3, 500 MHz): δ 8.39
(d, 2H, J = 7.7 Hz), 8.23 (d, 2H, J = 7.4 Hz), 7.51 (t, 1H, J = 7.1 Hz),
7.44 (t, 2H, J = 7.4 Hz), 7.31 (dd, 7H, J = 26.8, 4.9 Hz), 2.46 (s, 3H),
0.86 (s, 9H), 0.21 (s, 3H), 0.16 (s, 3H). 13C{1H} NMR (CDCl3, 125
MHz): δ 191.1, 171.6, 134.9, 132.5, 131.1, 130.1, 129.8, 129.4, 129.1,
128.8, 128.5, 126.1, 115.1, 26.2, 21.9, 18.4, −5.3, −5.3.

2-(4-Bromophenyl)-4-((tert-butyldimethylsilyl)peroxy)-4,5-di-
phenyl-4-imidazole (S4). 0.090 g (22%), colorless crystals, Rf = 0.59
(SiO2, Hex/EtOAc 9:1). Anal. Calcd for C27H29BrN2O2Si: C, 62.2; H,
5.6; N, 5.4. Found: C, 63.0; H, 5.7; N, 5.5. 1H NMR (CDCl3, 500
MHz): δ 8.40−8.37 (m, 2H), 8.27−8.25 (m, 2H), 7.69−7.67 (m,
2H), 7.55−7.51 (m, 1H), 7.48−7.44 (m, 2H), 7.38−7.34 (m, 2H),
7.32−7.29 (m, 3H), 0.88 (s, 9H), 0.23 (s, 3H), 0.19 (s, 3H). 13C{1H}
NMR (CDCl3, 125 MHz): δ 191.6, 170.7, 134.6, 132.7, 131.9, 131.4,
130.9, 130.5, 129.9, 129.3, 128.8, 128.6, 126.9, 126.2, 115.3, 26.2,
18.4, −5.3, −5.4.
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4-((tert-Butyldimethylsi ly l )peroxy)-4,5-diphenyl-2-(4-
(trifluoromethyl)phenyl)-4-imidazole (S5). 0.046 g (40%), colorless
crystals, Rf = 0.61 (SiO2, Hex/EtOAc 9:1). Anal. Calcd for
C28H29F3N2O2Si: C, 65.9; H, 5.7; N, 5.5. Found: C, 66.2; H, 5.9;
N, 5.5. 1H NMR (CDCl3, 500 MHz): δ 8.60 (d, 2H, J = 8.0 Hz),
8.25−8.23 (m, 2H), 7.78 (d, 2H, J = 8.1 Hz), 7.57−7.53 (m, 1H),
7.48−7.45 (m, 2H), 7.35−7.29 (m, 5H), 0.85 (s, 9H), 0.20 (s, 3H),
0.16 (s, 3H). 13C{1H} NMR (CDCl3, 125 MHz): δ 192.0, 170.4,
134.8, 134.3, 133.6, 133.4, 133.0, 130.9, 130.3, 130.0, 129.5, 128.9,
128.7, 126.3, 125.6, 125.6, 125.1, 115.3, 26.2, 18.4, −5.4, −5.4.
4-(4-((tert-Butyldimethylsilyl)peroxy)-4,5-diphenyl-4-imidazole-

2-benzonitrile (S6). 0.110 g (61%), colorless crystals, Rf = 0.72 (SiO2,
Hex/EtOAc 9:1). Anal. Calcd for C28H29N3O2Si: C, 71.9; H, 6.2; N,
9.0. Found: C, 71.6; H, 6.2; N, 8.9. 1H NMR (CDCl3, 500 MHz): δ
8.58−8.56 (m, 2H), 8.24−8.22 (m, 2H), 7.82−7.80 (m, 2H), 7.57−
7.54 (m, 1H), 7.48−7.45 (m, 2H), 7.33−7.29 (m, 5H), 0.84 (s, 9H),
0.19 (s, 3H), 0.16 (s, 3H). 13C{1H} NMR (CDCl3, 125 MHz): δ
192.3, 170.0, 135.7, 134.3, 133.0, 132.4, 130.9, 130.3, 130.0, 129.6,
128.9, 128.7, 126.4, 118.6, 115.5, 115.2, 26.1, 18.4, −5.4, −5.4.
Quantum Yield Determination. Fluorescence quantum yields

(ΦFL) were determined using the relative method32 with 2,5-
diphenyloxazole in EtOAc as the standard. Chemiluminescence
quantum yields (ΦCL) were obtained from the integrated CL
intensity−time profiles, using the method reported elsewhere.4,25

Singlet excited-state formation quantum yields (ΦS) were determined
by numerically dividing ΦCL by ΦFL, as described elsewhere.4,25

Chemiluminescence Kinetic Measurements for S1−6 Using
the Luminometer. The 1.5 μmol L−1 stock solutions of S1−6 were
prepared in ACN, and the 1.5 mmol L−1 TBAF stock solution in THF
was obtained by diluting 15 μL of a commercial 1.0 mol L−1 TBAF
solution in THF up to 10 mL of the solvent. The luminometer test
tube was charged with 1.7 mL of the silylperoxide stock solution and
placed in the equipment measurement chamber. After 4 s of initiating
data acquisition, the two automatic injectors of the luminometer were
used to add, simultaneously, the TBAF stock solution and pure THF
solvent. By changing the setup volumes of the two injectors
accordingly, it was possible to have different final concentrations of
TBAF, diluting the stock solution directly into the test tube
containing S1−6. Combined, the added volume from the two
injectors was always 300 μL so as to keep the final volume in the test
tube at 2.0 mL and the final concentration of silylperoxide at 1.27
μmol L−1. The used TBAF concentrations are reported in Tables S1−
S6.
Chemiluminescence Kinetic Measurements for S1, S2, and

S4 Using the Fluorescence Spectrophotometer. Using stock
solutions of 0.025 mmol L−1 for S1, S2, and S4 and 25.0 mmol L−1 for
TBAF, CL kinetic assays were performed by varying the TBAF
concentration from 0.25 to 2.0 mmol L−1, keeping peroxide
concentrations constant. Data acquisition was initiated after quick
addition of the TBAF stock solution to induce the peroxide
decomposition. The voltage of the photomultiplier was 1000 V, and
the opening of the emission slit was 20 nm for the kinetic experiments
with all studied silylperoxides.
Chemiluminescence Kinetic Measurements for H1−5 Using

the Fluorescence Spectrophotometer. Using stock solutions 0.2
mmol L−1 for H1−5 and 0.2 mol L−1 for DBU, CL kinetic assays were
performed by varying the DBU concentration from 1.0 to 10.0 mmol
L−1, keeping peroxide concentrations constant. Data acquisition was
initiated after quick addition of the DBU stock solution to induce the
peroxide decomposition. The voltage of the photomultiplier was 800
V, and the opening of the emission slit was 10 nm for the kinetic
experiments with all studied hydroperoxides.
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09210-580, Saõ Paulo, Brazil; orcid.org/0000-0001-
7304-0992; Email: fernando.bartoloni@ufabc.edu.br

Authors
Andreia Boaro − Centro de Cien̂cias Naturais e Humanas,
Universidade Federal do ABC, Santo André 09210-580, Saõ
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