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AbstractÐThis work reports the synthesis and the chemiluminescence properties of the dioxetanes: 4-ethyl-4-methyl-3-(3-methoxy-
phenyl)-1,2-dioxetane (I), 4-ethyl-4-methyl-3-(3-tert-butyldimethylsilyloxyphenyl)-1,2-dioxetane (II), 4,4-dimethyl-3-(3-methoxybenzyl)-
1,2-dioxetane (III) and 4,4-dimethyl-3-(3-tert-butyldimethylsilyloxybenzyl)-1,2-dioxetane (IV). While in the thermal decomposition of
I±IV preferential formation of triplet excited states is observed, in the presence of ¯uoride ions the decomposition rate constants of II
and IV increase drastically and singlet excited states are formed with high quantum yields. These results are discussed based on the CIEEL
(`Chemically Initiated Electron Exchange Luminescence') mechanism where the decomposition of the dioxetanes should be initiated by an
intramolecular electron transfer from the phenolate ion (generated by ¯uoride catalyzed deprotection of the silyloxy group), either directly
bound to the peroxidic ring (II) or separated from it by a methylene bridge (IV). q 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The phenomenon of luminescence generated either by
living organisms (bioluminescence) or by chemical
processes (chemiluminescence) has become an important
analytical tool in recent years, in particular for biomedical
applications. The chemiluminescent reaction most investi-
gated over the past 30 years is the decomposition of 1,2-
dioxetanes.1 Well before these were ®rst prepared and
isolated by Kopecky and Mumford in 1969,2 1,2-dioxetanes
were proposed as key intermediates in several chemi- and
bioluminescent reactions.3 The thermal cleavage of
1,2-dioxetanes generates two carbonyl fragments, one of
which can be formed in an electronically excited state,
predominantly in the triplet state.1,4±6 However, when
these high-energy molecules bear an electron-rich substitu-
ent, singlet states are obtained predominantly.5 In these
cases, such dioxetanes become labile and display `chemi-
cally initiated electron exchange luminescence' (CIEEL),
an electron transfer mechanism originally proposed by
Schuster for the decomposition of diphenoylperoxide7,8

and latter for a-peroxylactones9,10 and various other perox-
ides.11±15 The electron transfer may proceed either inter- or
intramolecularly. An ef®cient intramolecular CIEEL is
considered to take place in the ®re¯y bioluminescence,
where an a-peroxylactone (1) was proposed as inter-
mediate.16 1,2-Dioxetanes containing substituents with low
oxidation potentias,5 such as aryl-O2, aryl-RN2 function-

alities, display intramolecular CIEEL. The most successful
design of an intramolecular CIEEL system is based on
spiroadamantane-substituted dioxetanes with a protected
phenolate ion (2).17±19 The advantage of such dioxetanes
is their thermal persistence and their convenient synthesis
through photooxygenation. The decomposition of these
dioxetanes can be achieved on treatment with an appropriate
reagent (trigger) to induce phenolate ion release. These
phenolate-initiated intramolecular CIEEL processes provide
the basis for numerous commercial applications, most
prominently in chemiluminescence immunoassays.20±23

Thus, the search for other triggerable CIEEL-active dioxe-
tanes goes on attracting the interest of many research
groups;24 however, with only a few exceptions,25±28 the
ef®ciency of the light emission from these systems is
often very low.29,30

Most of the recent work in this ®eld has been devoted to the
synthesis of stable dioxetanes with triggering function-
alities, in the search for ef®cient chemiluminescent systems
useful in analytical applications. Recently, Matsumoto et
al.26 have described the synthesis of dioxetanes containing
a phenylethylgroup (3) or a phenylethynylgroup (4) as
substituent, whose ¯uoride-catalyzed decomposition in

Tetrahedron 56 (2000) 5317±5327Pergamon

TETRAHEDRON

0040±4020/00/$ - see front matter q 2000 Elsevier Science Ltd. All rights reserved.
PII: S0040-4020(00)00457-9

Keywords: 1,2-dioxetanes; electron transfer; chemiluminescence; CIEEL.
* Corresponding author. Tel.: 149-5511-38183814; fax: 149-5511-
38155579; e-mail: wjbaader@iq.usp.br



A. L. P. Nery et al. / Tetrahedron 56 (2000) 5317±53275318

DMSO yields red light with relatively high quantum yields.

Other work describes the synthesis and thermal decompo-
sition of 1-alkoxy-1-aryl-2,2-diisopropylethylenes substi-
tuted dioxetanes (5), whose ¯uoride catalyzed
decomposition leads to an intense blue light with chemi-
luminescence quantum yields higher than 0.2.27

However, although CIEEL remains a controversial propo-
sition, mechanistic studies devoted to its features are rare.
The decomposition mechanism of these dioxetanes has not
yet been totally clari®ed, especially when the electron trans-
fer occurs intramolecularly and these reactions are very fast.
Recent discussions were directed to the odd/even relation-
ship for the catalyzed decomposition of 3,3-diisopropyl-4-
methoxy-4-(siloxy-2-naphthyl)-1,2-dioxetanes (6)28 and to
the solvent-cage effect on the decomposition of dioxetane
2.31 In the latter case, the authors propose that the back
electron transfer process is the key step in chemiexcitation.

In a previous communication,32 we report some of the
chemiluminescence characteristics of dioxetanes II and IV
upon unimolecular and ¯uoride catalyzed decomposition. In
this work we report the synthesis and chemiluminescent
properties of the 1,2-dioxetanes I to IV. Our studies include
the determination of the activation parameters and quantum
yields in the unimolecular decomposition of I±IV and of the
¯uoride-initiated decomposition of II and IV. Dioxetanes I
and III were prepared to compare simple substituent effects
on the thermolysis of 1,2-dioxetanes, thus a methoxy- or a
sililoxy-substituent may exert similar effects on the decom-
position of the peroxidic ring.

Compounds II and IV were treated with ¯uoride to generate
the corresponding phenolate ion either directly bound to the
peroxide ring (II) or separated from it by a methylene bridge
(IV), in order to verify the occurrence of an intramolecular
CIEEL mechanism. In this respect, the distinction between a
`resonance' (II) and a `through s-bond' (IV) electron trans-
fer from the generated phenolate to the dioxetane moiety
appeared of special interest to us, due to the fact that there is
no example in the literature of an intramolecular CIEEL
when the electron donor and the peroxide ring are separated.
Our studies indicate that an intramolecular CIEEL occurs in
both cases (II and IV) in the presence of ¯uoride, leading to
the preferential formation of singlet excited states.

Results

Dioxetanes I to IV were prepared from the corresponding
ole®ns by the Kopecky route.2 Dioxetanes I and II were
obtained through a four step sequence (Scheme 1) in

Scheme 1. DBH: 1,3-dibromo-5,5-dimethylhydantoin.
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approximately 10% yield as a mixture of the isomers Z and
E, which were not separated. The compounds III and IV
were obtained in lower yields, 1.0 and 0.1%, respectively
(Scheme 2), probably due to the elimination of HBr in the
reaction between the b-bromohydroperoxide and the base,
generating the corresponding allylic hydroperoxide; a
peroxidic compound was indeed detected as the major
product of this reaction.

The dioxetanes were puri®ed by low temperature (2358C)
silica gel chromatography column and unequivocally
characterized on the basis of their spectral data (1H and
13C NMR) and decomposition products. The purity of the
compounds I to IV, determined by 1H NMR, was greater
than 95% in all cases, with the decomposition products
being the only detectable impurities. Furthermore, it should
be pointed out that the dioxetanes III and IV do not contain
traces of I and II, respectively, as the synthetic routes for
obtaining them are totally different (Schemes 1 and 2). A
minor product derived from the allylic 1,3-substitution

(SN2 0) has been observed under certain experimental con-
ditions. However, even when these monosubstituted ole®ns
(3-methyl-3-(3-R-phenyl)-1-butene, 16aÐR� OCH3,
16bÐR�OSi(Me)2t-Bu) were present as side products in
the Grignard coupling reaction, the corresponding monosub-
stituted dioxetanes V and VI (3-(2-(3-R-phenyl)-isopropyl-
1,2-dioxetane, VÐR�OCH3, VIÐR�OSi(Me)2t-Bu)
could not be detected even in traces, in the preparations of
III and IV, respectively, presumably due to the highly
unstable nature of monosubstituted dioxetanes.33

Thermal decomposition of I to IV in toluene leads exclu-
sively to the formation of the expected carbonyl cleavage
products, as veri®ed by NMR spectroscopy. Direct emission
with a maximum at 412 nm is observed for I and II (Fig. 1),
which should correspond to the emission of the singlet
excited aromatic aldehydes as their singlet energies are
lower than those of aliphatic ketones.34 In the case of III
and IV excited state formation can only be detected in the
presence of sensitizers: 9,10-dibromoanthracene (DBA) and
9,10-diphenylanthracene (DPA).

For dioxetanes I and II the activation parameters were
obtained from the temperature dependence of the decom-
position rate constants by direct emission measurements,
whereas for III and IV by sensitized emission (Table 1).
The chemiluminescence activation parameters DH±

chl were
obtained by plotting the log of initial emission intensities as
a function of 1/T instead of the rate constants in the Eyring
plots.35 The chemiexcitation quantum yields were obtained
by utilization of the sensitizers DPA for singlet and DBA for
triplet state counting,36 using luminol as light standard.37,38

The emission pro®les of dioxetane decomposition were
measured at 808C at different concentrations of DPA and
DBA in toluene. The rate constants obtained for I to IV at
this temperature were in the range of 3.0£1023 to
4.3£1023 s21 (see Experimental). The initial emission inten-
sity (I0) was determined for each sensitizer concentration

Scheme 2.

Figure 1. Spectra of the direct emission in the thermolysis of dioxetanes I
and II at 808C in toluene ([I]�(6.7^0.8)£1025 M, [II]�
(4.7^1.0)£1025 M), emission intensities (I) in counts s21.

Table 1. Activation parameters and quantum yields for the unimolecular decomposition of dioxetanes I±IV

Dioxetane DH±a DS±b DG±a (258C) DH±
chl

a FT (£102) FS (£103) FT/FS

Ic 23.6^0.4 23.8^0.10 24.7^0.6 22.2^0.3 5.2^0.8 2.3^0.06 23
IIc 24.9^0.6 20.54^0.02 25.1^0.6 21.3^0.4 6.8^1.8 3.6^0.10 19
IIId 22.6^0.2 26.1^0.1 24.4^0.2 26.2^0.4 4.5^0.8 0.16^0.002 280
IVd 22.6^0.9 25.8^0.7 24.1^1.1 24.5^1.0 6.6^0.6 0.22^0.009 307

a In kcal mol21.
b In cal mol21 K21.
c [I]�(6.7^0.8)£1025 M, [II]�(1.0^0.2)£1024 M, 412 nm.
d [III]�(8.3^0.33)£1025 M, [IV]�(2.1^0.4)£1025 M, DPA 10 mM, 438 nm.

For quantum yield determinations: [I]�(6.0^0.7)£1026 M, [II]�(4.7^1.0)£1025 M, [III]�(8.3^0.3)£1025 M, [IV]�(2.1^0.4)£1025 M, 808C, [DPA]
and [DBA] from 1.7£1023 to 1.0£1022 M, FT and FS in E mol21. All data were obtained in toluene.
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and the emission intensity at in®nite sensitizer concentration
obtained by extrapolation of the double-reciprocal plot 1/I0

versus 1/[sensitizer]. Singlet and triplet quantum yields were
calculated according to literature procedures (see Dis-
cussion).5

The treatment of II and IV with tetrabutylammonium
¯uoride (TBAF, 1.0 M solution in THF), causes deprotec-
tion of the silyloxy-substituted phenyl moiety, generating
the corresponding phenolates. As a consequence, the
decomposition rates increase drastically and a yellow ¯ash
of light is observed. The ¯uoride-initiated reactions are
about 104 times faster than the unimolecular ones and in
both cases a strong direct emission with a maximum around
550 nm is observed (Fig. 2).

At low ¯uoride concentrations the observed rate constants
(kobs) show a linear dependence on the ¯uoride concen-
tration ([F2]), indicating the deprotection as the rate limiting

step. However, at high ¯uoride concentrations, the kobs

values are independent of its concentration. Therefore,
under these conditions kobs should correspond to the decom-
position of the phenolate substituted dioxetane (Fig. 3).

The activation parameters for the initiated decomposition
were determined by monitoring the direct light emission
of the dioxetanes in the presence of ¯uoride at temperatures
varying from 0 to 258C, under identical reaction conditions.
For the initiated decomposition of II, the activation para-
meters were obtained at three different ¯uoride concen-
trations: 1.3£1023, 1.3£1022 and 3.2£1022 M, in order to
verify if a variation of the ¯uoride concentration would
exert any effect on the activation parameters. The activation
enthalpies (DH±) obtained at the saturation region of Fig. 3
([F]�1.3£1022 and 3.2£1022 M) are practically the same,
while at lower ¯uoride concentration the DH± are a little
higher (ca. 1 kcal) (Table 2).

In contrast to the unimolecular decomposition, a strong,
easily visible yellow emission is observed in the presence
of ¯uoride. Due to the longer wavelength emission (Fig. 2),
it was not possible in this case to use DPA and DBA for the
determination of the chemiexcitation yields. No signi®cant
enhancement of the emission intensity was observed with
rubrene. Thus, the singlet quantum yields were determined
by measurements of the direct chemiluminescence. The
chemiluminescence quantum yields (FCL) were obtained
from the integral of the emission curves, using luminol37

as standard with correction for the photomultiplier sensi-
bility (Table 2). Singlet excitation yields can be obtained
from FCL values, if the ¯uorescence quantum yields of the
emitting species are known. As the chemiluminescence
spectra of II and IV (Fig. 2) match the ¯uorescence spectra
of the respective substituted phenolate, the decomposition
products, the aromatic aldehydes appear to be the emitting
species. The ¯uorescence quantum yields of the emitting
species were determined using standard procedures39 by

Figure 2. Direct emission spectrum for the ¯uoride catalyzed decomposi-
tion of dioxetanes II and IV in THF ([F2]�3.2£1022 M,
[II]�(2.0^0.4)£1025 M at 258C, [IV]�(4.2^0.8)£1025 M at 7.58C),
emission intensities (I) in counts s21.

Figure 3. Dependence of the observed rate constant (kobs) on [F2] for the decomposition of II and IV in THF at 258C ([II]�(2.0^0.4)£1025 M,
[IV]�(4.1^0.8)£1025 M).
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reacting the silyloxy-substituted carbonyl compound with
TBAF under the experimental conditions used for the
kinetics measurements (Scheme 3). Fluorescein was chosen
as standard as it shows an emission spectrum with maximum
around 560 nm and its ¯uorescence quantum yield (fFL) is
well established (fFL�0.91 in 0.1 M NaOH).39

Table 2 shows that excited singlet state formation in the
initiated decomposition of II is quantitative, although
there is a large uncertainty attached to this value, due to
the error progression from the original experimental data
([dioxetane] determination, photomultiplier calibration,
FFL determination). In spite of the fact that FS for IV is
two orders of magnitude lower, this yield is still very high
when compared to values obtained for most intramolecular
CIEEL systems.29

Finally, control experiments were performed to prove the
intramolecular nature of the catalysis in the decomposition
of II and IV. For this purpose, the methoxy-substituted 1,2-
dioxetanes I ([I]�0.7£1023 M) and III ([III]�1.0£1023 M)
were treated with TBAF ([TBAF]�0.10 M) in the absence
and the presence of the protected aldehydes 9b and 15 ([9b]
and [15]�1.0£1022 M), respectively, in THF at 25 and
608C. At 258C, no measurable light emission could be
observed under any experimental condition. At 608C, the
unimolecular decomposition of the dioxetanes can be
observed by the direct emission of I and the DPA sensitized
emission of III. The observed rate constants are not
modi®ed by the addition of TBAF or aldehydes 9b and
15, as well as the addition of both.

Discussion

Upon unimolecular decomposition of I and II direct
emission at around 412 nm was observed, whereas for III
and IV it was necessary to use sensitizers (DBA and DPA)
for detecting the electronically excited state products.
Compounds I to IV show typical characteristics of simple
trisubstituted 1,2-dioxetanes; they are relatively stable
(DG±ù 25 kcal/mol) and show preferential formation of
triplet excited species (Table 1). The fact that I and II
were obtained as a mixture of Z and E isomers does not
invalidate the discussion on the activation parameters and
quantum yields, as it is known that the activation energy
(Ea) and the FT and FS for a series of Z/E isomers are
practically the same within the experimental error.33,40,41

The ratio FT/FS for I and II, 23 and 19, respectively, are
lower than those normally observed for this kind of dioxe-
tanes. Since no experiment was performed to determine the
value for the ef®ciency of the triplet±singlet energy transfer
(FT±S) from the speci®c excited carbonyl products to DBA,
FTS was taken as 0.2.36 FT may be underestimated if

FTS,0.2, as it would be if the triplet excited state energy
of the carbonyl cleavage products are lower than the T2 of
DBA. On the other hand, as the absolute values for triplet
quantum yields of I to IV are very similar, the obtained
ratios for I and II could simply be an intrinsic characteristic
of these dioxetanes, due to the higher singlet quantum
yields.

The comparison of the values for the pairs I/II and III/IV
shows the similarity in the thermal stability of silyloxy and
methoxy substituted derivatives. The values of DH±

chl, lower
than those determined by isothermal kinetics (DH±) for I
and II, can be attributed to a negative activation energy of
the ¯uorescence from the excited products.35 The results
obtained upon unimolecular decomposition of I to IV
clearly demonstrate that these compounds show chemilumi-
nescence characteristics expected for simple trisubstituted
1,2-dioxetanes and no differences are observed for the meth-
oxy and silyloxy substituted derivatives.

In contrast to the unimolecular decomposition, where a
weak and continuous emission over about 30 min is
observed at 808C in THF, in the presence of ¯uoride, at
258C, the complete decomposition of II and IV occurs in
a few seconds, accompanied by an intense ¯ash of yellow
light. The half-lives at 258C for II and IV in the absence of
¯uoride, 81 and 24 h, respectively, are reduced to 11 and
16 s, respectively, in the presence of the trigger. The acti-
vation parameters obtained for ¯uoride initiated decompo-
sition are considerably lower than for the unimolecular one
(Table 3). Moreover, the chemiluminescence spectra of the
catalyzed reactions match the ¯uorescence spectra of the
corresponding phenolates. In both cases, the decomposition
pro®les show ®rst order decay and the observed rate
constants (kobs) are independent of the ¯uoride concen-
trations for [F2].2.0£1022 M, showing a linear depen-
dence for [F2],5£1023 M. These facts indicate that at
lower ¯uoride concentrations, the decomposition rates are
determined by the bimolecular reaction between the dioxe-
tane and ¯uoride. As the deprotection reaction becomes
faster with increasing ¯uoride concentration, the rate limit-
ing step becomes the electron transfer from the generated
phenolate moiety to the peroxidic ring.

Table 2. Activation parameters and quantum yields for the ¯uoride initiated decomposition of II and IV.
DH±, DH±

chl and DG± in kcal mol21; DS± in cal mol21 K21, [F2]�3.2£1022 M, �II� � �2:0 ^ 0:4� £ 1025 M, l � 560 nm, �IV� � �4:2 ^ 0:8� £ 1025 M, THF,
l�mirror position, T: 0±258C, for calculation of FS, FFL of the emitting species of II and IV, 0.036 and 0.0073, respectively, were obtained under the same
conditions at 258C. Data obtained in THF

Dioxetane DH± DS± DG± (258C) DH±
chl FCHL (£102) FS (£102)

II 20.6^0.2 5.0^0.1 19.1^0.2 16.2^0.4 3.7^0.8 100^30
IV 17.6^0.8 25.9^0.4 19.4^1.0 19.3^1.3 0.0074^0.0018 1.0^0.3

Scheme 3.
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The activation parameters determined for this step for II and
IV (Table 2) are reasonably similar and the DG± values
obtained at 258C are identical, within the experimental
error. The negative value for DS± of IV, which compensates
the surprisingly low value of DH±

, may be due to the need of
a speci®c conformation for the electron transfer from the
phenolate to the dioxetane ring through the methylene
bridge.42 The DH± and DHchl

± values for dioxetane IV are
similar and indicate that there is no major contribution of a
dark decomposition pathway. The fact that the DHchl

± is
lower than the DH± for II should be caused by the negative
activation energy of the phenolate ¯uorescence, in analogy
to the observations made in the unimolecular decomposition
of I and II. In a general way, the activation parameters
obtained for II and IV show that the initial electron transfer
from the phenolate to the dioxetane ring occurs with the
same ef®ciency whether the electron donor is directly linked
to the acceptor (`resonance electron transfer') or connected
to it by a methylene bridge (`through s-bond electron-
transfer').

Based on the above outlined facts, we have proposed a
mechanism which is consistent with the CIEEL sequence.
In the ®rst step, the generation of the free phenolate occurs,
which acts as an internal electron donor to the dioxetane
moiety. Following this intramolecular electron transfer,
the breakdown of the peroxidic ring generates two carbonyl
fragments. In the last step, the formal back electron transfer

is responsible for the generation of electronically excited
states (Scheme 4).

Although the quantum yields in the initiated decomposition
of II and IV, 100 and 1.0%, respectively, are very different,
their magnitude is in agreement with occurrence of an intra-
molecular CIEEL mechanism in both cases. Control experi-
ments using I and III in the presence of phenolates clearly
exclude an intermolecular catalysis in the initiated dioxe-
tane decomposition. Furthermore, the purity of IV and the
fact that it cannot contain any traces of II (see Results)
exclude the possibility that the observed emission in the
initiated decomposition of IV might be due to impurities.
It must be stated here again that the observed FS for IV,
although two orders of magnitude lower than for II, is still
a reasonably high quantum yield if compared to inter-
molecular7±10,43 and some intramolecular CIEEL
systems.29,30 The observed difference of two orders of
magnitude of FS for II and IV should be related to the
ef®ciency of the excited state formation in the back electron
transfer step (kBET). In the case of II, the carbonyl radical
anion, generated after the peroxide cleavage, represents an
excited state. This hypothesis is supported by the so-called
meta-effect, which predicts that the excited species
generated in the case of II can be stabilized by `resonance
structures' (Scheme 5).44±46

In the case of IV this stabilization is not possible and,

Table 3. Unimolecular and ¯uoride initiated decomposition of dioxetanes II and IV

Dioxetane DH±a DS±a DG±a (258C) t1/2 (258C) FT d (£102) FS d (£102)

IIb 24.9^0.7 20.54^0.02 25.1^0.6 2.9£105 s; 81 h 6.8^1.8 0.36^0.10
II1F2c 20.6^0.2 5.0^0.07 19.2^0.2 11 s ± 100^30
IVb 22.6^0.9 25.8^0.1 24.1^1.1 8.7£104 s; 24 h 6.6^0.6 0.022^0.01
IV1F2c 17.6^0.8 25.9^0.4 19.4^1.0 16 s ± 1.0^0.3

a DH± and DG± in kcal mol21; DS± in cal mol21 K21.
b [II]�(1.0^0.2)£1024 M, [IV]�(2.1^0.4)£1025 M, toluene, 65±858C.
c [II]�(2.0^0.4)£1025 MÐ560 nm, [IV]�(4.2^0.8)£1025 MÐl�total emission, THF, [F]�3.2£1022 M, 0±258C.
d FT and FS in E mol21.

Scheme 4.
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therefore, excited state formation by back electron transfer
becomes less ef®cient. Moreover, in this case two pathways
are possible: A and B in Scheme 4. In route A, an anion-
radical derived from a non-conjugated carbonyl fragment
would be formed. Although in this case the back electron
transfer would be intramolecular too, it should be less
ef®cient for excited state generation than for II, due to the
impossibility of electronic conjugation between the electron
donor and electron receptor species. In route B, an anion-
radical derived from acetone could be formed, which means
that the back electron transfer, responsible for generation of
the excited states would proceed intermolecularly, resulting
in reduced quantum yields. Escape from the solvent cage
would cause a decrease in the singlet chemiexcitation yield,
as previously described for the catalyzed decomposition of a
spiroadamantyl-substituted dioxetane.31

In summary, the ¯uoride initiated decomposition of IV
constitutes the ®rst example of an intramolecular CIEEL
mechanism, initiated by electron transfer from a donor
which is not directly bound or conjugated to the peroxide
ring. A comparison of the results obtained with II and IV
shows that the initial electron transfer occurs with similar
ef®ciency whether the donor is directly linked to the dioxe-
tane ring or separated by a methylene bridge, indicating that
ef®cient electron transfer can occur through the s-bond.42

The intramolecular nature of this electron transfer has been
unequivocally demonstrated by control experiments with
the methoxy-substituted dioxetanes I and III in the presence
of external phenolate ions. Two alternative interpretations
are given for the much lower singlet quantum yields in the
initiated decomposition of IV as compared to II. Whereas
the reaction sequence is completely intramolecular for II
and the excited state of the aromatic cleavage product is
formed directly, in agreement with the unit singlet quantum
yield (FS�1.0 E mol21), the back-electron transfer for IV
can be an intramolecular (Scheme 4, route A) or an inter-
molecular (Scheme 4, route B) process. The lower FS for
IV is caused by the lack of conjugation of the carbonyl
anion radical with the aromatic ring in the intramolecular
back-electron transfer, showing that in this case the methy-
lene group considerably slows down the electron transfer
process (or the electron transfer leads mainly to formation
of the ground state product). In the intermolecular back-
electron transfer, radical ion pair escape from the solvent
cage may considerably lower FS.

This mechanistic model adequately explains the chemilumi-
nescence parameters and the quantum yields obtained in the
initiated decomposition of II and IV and therefore supplies
additional evidence for the validity of the intramolecular
CIEEL mechanism. However, this model is not in full

agreement with the conclusions of a study on the viscosity
dependence of the quantum yields obtained in the initiated
decomposition of a spiroadamantyl-substituted dioxetane,
where an intermolecular back-electron transfer is proposed
in the excitation step.31 Nevertheless, this latter mechanism
cannot account for the high FS generally obtained in the
intramolecular initiated dioxetane decomposition,18,19,25±

28,32 as compared to the inef®cient intermolecular CIEEL
systems.7±10,43 These discrepancies clearly demonstrate
that more mechanistic studies, using different model
compounds, are necessary.

Experimental

Solvents and commercially available reagents were puri®ed
by usual procedures.47 Tetrahydrofuran and diethylether
were freshly distilled from sodium and benzophenone
under nitrogen. The dichloromethane and hexane, used for
chromatographic puri®cation of the dioxetanes were dried
over CaH2, distilled, left overnight over EDTA, ®ltered and
distilled again.

The formation of products and consumption of reagents
were followed on a Shimadzu CG14A gas chromatography
coupled to a ¯ame ionization detector, using a megabore
column CBP1W25 100 (id: 0.53 mm, ®lm thickness;
1.0 mm, L: 25 m). The 1H and 13C NMR spectra were
obtained in CDCl3 on a Brucker AC-200F and the mass
spectrum on a CG±MS Hewlett-Packard: 5890 (Chroma-
tography) and 5988 (mass).

Dioxetanes I±IV

2-Butyltriphenylphosphoniumbromide (8).48 2-bromo-
butane (7, 0.05 mol) and triphenylphosphine (0.05 mol), in
20 mL anhydrous xylene were heated in a sealed ¯ask for
90 h at 1608C. The white crystals obtained were washed
with cold xylene and dried under vacuum for 4 h (1008C/
2 mmHg), yielding 80% of product with 198±2038C melt-
ing point.

General procedure for preparation of ole®n 10a and
10b48

To an emulsion of 0.040 mol of 8 in THF, 0.040 mol of
n-BuLi in THF (stock solution 2.5 M) was added under
nitrogen. Immediately after addition, the reaction mixture
became red. After 2 h under magnetic stirring, 0.040 mol of
aldehyde 9 was added. The reaction mixture was stirred for
1 h at room temperature and then allowed to stand over-
night. The pale yellow solid was separated by ®ltration.

Scheme 5.
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The organic layer was washed with cold water, dried over
anhydrous MgSO4, ®ltered and the solvent evaporated. The
yellow product was distilled under vacuum (10a. 1308C/
2 mmHg, 10b. 1308C/3 mmHg) and the fractions containing
the products were puri®ed by column chromatography on
silica gel using CH2Cl2 and C6H14 (2:1) as eluent. A mixture
of isomers Z and E was obtained (10a: 59%, 10b: 47%).

10a: LRMS m/z (% intensity) 176 (M1; 94.3), 161
(M1215; 100), 145 (M12CH2CH3; 53.3), 131 (CH3OPh-
CuC; 20.1), 121 (CH3OPhCH2; 38.6), 1H NMR d (ppm)
7.15 (m, 4H); 6.16 (s, 1H); 3.73 (s, 3H); 2.12 (m, 2H); 1.79
(s, 3H); 1.05 (m, 3H).

10b: LRMS m/z (% intensity) 276 (M1; 21), 219 (M1257;
100); 163 (2192(C(CH3)C2H5; 34), 145 (M12OSi(Me)2t-
Bu; 3), 1H NMR d (ppm) 6.9 (m, 4H); 6.2 (s, 2H); 2.19 (m,
2H), 1.86 (s, 3H); 1.85 (s, 3H), 1.12 (m, 3H), 0.94 (s, 9H);
0.21 (s, 6H).

General procedure for preparation of ole®ns 13a and
13b49

To 0.15 mol of Mg and 1 mL of bromoethane, 0.05 mol of
12 in 10 mL anhydrous THF was added dropwise under
heating and stirring. The mixture was re¯uxed for 2 h.
The excess of Mg was rapidly ®ltered through glass wool
under nitrogen and 0.05 mol of dimethylallylbromide in
10 mL THF was added at 08C. The solution was allowed
to warm to room temperature, re¯uxed for 3 h and cooled to
room temperature again. The precipitation of white needle
was observed. The solution was poured into 20 mL of cold
water and extracted with ethyl acetate (2£50 mL). The
extracts were dried over MgSO4 and concentrated (608C/
30 mmHg). The yellow oil was distilled under vacuum
(13a: 1258C/3 mmHg, 13b: 1308C/3 mmHg). Chroma-
tography on silica gel with hexane/methylene chloride
(20:1 for 13a and 1:1 for 13b) as eluent was performed
for further puri®cation (13a: 52%, 13b: 38%).

13a: LRMS m/z (%, intensity) 176 (M1, 100), 161
(M1215, 93.2), 147 (OPhCH2CHCH(CH3), 10.3), 131
(PhCH2CHCH(CH3), 9.9), 121 (MeOPhCH2, 22.4), 107
(MeOPh, 8.14), 91 (C7H7, 53.1), 77 (C6H5, 22.4), 1H
NMR d (ppm) 6.99±6.46 (m, 4H); 5.12±5.04 (m, 1H);
3.54 (s, 3H); 3.07 (d, 2H, J�7.35 Hz); 1.50 (s, 3H); 1.47
(s, 3H), 13C NMR d (ppm): 17.19, 25.73, 132.62, 122.97,
34.35, 143.47, 114.10, 159.65, 110.86, 129.26, 120.72,
55.08.

13b: LRMS m/z (%, intensity) 276 (M12t-Bu; 96.4), 219
(M12t-Bu; 84.9), 204 (M12t-Bu(Me); 30.9), 161 (M12t-
Bu(Me)2; 84.7), 1H NMR d (ppm) 6.96±6.43 (m, 4H);
5.13±5.12 (m, 1H); 3.09 (d, 2H, J�7.5 Hz); 1.56 (s, 3H);
1.52 (s, 3H);0.82 (s, 9H); 0.06 (s, 6H), 13C NMR d (ppm)
17.9, 25.7, 132.4, 123.1, 34.2, 143.3, 120.1, 155.6, 117.2,
129.1, 121.3, 24.4, 18.2, 25.8.

General procedure for preparation of bromohydroper-
oxides 11 and 142,50

Anhydrous H2O2 in ether. 20 mL of 60% aqueous H2O2

were extracted with ether (3£15 mL). The ether phase was

dried over MgSO4 at 48C during about 24 h. The peroxide
concentration, as determined spectrophotometrically,51

gives a concentration of the H2O2 solution close to 8 M.

Preparation of bromohydroperoxides. To a cooled solu-
tion (2208C) of 0.02 mol of ole®n was added 50 mL of an
ether H2O2 solution ([H2O2]<8 M, 0.4 mol). The mixture
was cooled to 2408C and 0.01 mol of 1,3-dibromo-5,5-
dimethylhydantoin (DBH) was added in small portions.
The initially clear mixture became turbid at each addition
of DBH and after some time under stirring became clear
again, indicating that DBH has reacted and a new addition
can be performed. The total reaction occurs in approxi-
mately 1.5 h. The mixture was then allowed to reach 08C
under stirring. The workup of the reaction was performed by
washing the cold mixture with cold saturated solutions of
Na2CO3 (2£30 mL), NaHCO3 (2£30 mL), (NH4)2SO4

(2£30 mL) and water (1£30 mL), respectively. The ether
layer was dried over MgSO4 during 1 h at 48C. The solvent
was evaporated at 08C (30 mmHg) on a rotary evaporator.
Due to its instability the product was not puri®ed (row
material: 11a: 77%, 11b: 67%, 14a: 69%, 14b: 80%).

In the case of 14b a small portion was reserved for
chromatographic puri®cation on a silica gel column at
2308C using dichloromethane/hexane (5:1) as eluent. The
decomposition of the product was clearly observed during
the puri®cation process (just 13% of the row product was
obtained as pure product).

14b: 1H NMR d (ppm) 7.81 (s, 1H); 7.20±6.53 (m, 4H);
4.23 (dd, 1H); 3.23±3.14 (m, 1H); 2.62±2.49 (m, 1H); 1.29
(s, 3H); 1.27 (s, 3H); 0.78 (s, 9H); 0.00 (s, 6H).

General procedure for preparation of dioxetanes I to
IV2,50

In a three necked round bottomed ¯ask, equipped with a
re¯ux condenser and an addition funnel, containing
0.0015 mol of b-bromohydroperoxide (11 or 14) in 15 mL
CH2Cl2 and 18-crown-6 (ca. 50 mg), 38 mL of a 2 M KOH
solution (0.76 mol) were added dropwise under stirring at
08C, in the dark. After addition the mixture became pale
yellow. The progress of the reaction was monitored by
thin layer chromatography on silica gel using CH2Cl2/
C6H14 (2:1). After about 1.5 h TLC analysis indicated
the total consumption of the corresponding b-bromohydro-
peroxide. In the case of III and IV another peroxidic
compound, with a Rf similar to that of the b-bromohydro-
peroxide, was formed as the major product. The mixture
was washed with cold solutions of NaCl (2£20 mL) and
water (2£10 mL). The organic layer was dried over
MgSO4 during 10 min at 08C, ®ltered and the solvent evapo-
rated on a rotary evaporator at 08C. The puri®cation was
performed on a silica gel column at 2308C using a mixture
of CH2Cl2 and C6H14 as eluent: 2:1, 1:1, 5:1 and 2:1 for I, II,
III and IV, respectively (I: 28%, II: 19%, III: 3.5%, IV:
0.30%).

I: 1H NMR d (ppm) Z isomer: 7.68±7.08 (m, 4H); 6.38 (s,
1H); 4.05 (s, 3H); 2.01±1.93 (m, 1H); 1.71±1.67 (m,
1H);1.94 (s, 3H); 0.85 (t, 3H, J�7.5 Hz), E isomer: 7.68±
7.08 (m, 4H); 6.33 (s, 1H); 4.05 (s, 3H); 2.36±2.28 (m, 2H);
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1.36 (s, 3H); 1,28 (t, 3H, J�7.5 Hz). 13C NMR d (ppm): Z
isomer: 6.29, 28.09, 24.41, 90.93, 91.52, 138.11, 114.23,
159.61, 111.18, 129.60, 118.13, 55.44, E isomer: 7.39,
33.78, 20.18, 91.25, 89.81, 137.43, 114.08, 159.52,
111.14, 129.47, 118.00, 55.27.

II: 1H NMR d (ppm) Z isomer: 7.66±7.40 (m, 4H); 6.10 (s,
1H); 1.72±1.45 (m, 1H); 1.42±1.23 (m, 1H); 1.64 (s, 3H);
0.54 (t, 3H, J�7.6 Hz); 0.90 (s, 9H); 0.14 (s, 6H), E isomer:
7.66±7.40 (m, 4H); 6.04 (s, 1H); 2.08±1.94 (m, 2H); 1.08 (s,
3H); 0.97 (t, 3H); 0.90 (s, 18H); 0.14 (s, 12H), 13C NMR d
(ppm) Z isomer: 6.32, 28.07, 24.41, 91.2, 91.40, 138.0,
118.98, 155.81, 117.88, 129.56, 120.45, 24.48, 19.21,
25.58, E isomer: 7.37, 33.78, 20.14, 90.9, 89.72, 137.40,
118.82, 155.81, 117.83, 129.43, 120.32, 24.48, 19.21,
25.58.

III: 1H NMR d (ppm) 6.94±6.45 (m, 4H), 5.17±5.03 (m,
1H), 3.52 (s, 3H), 3.05±2.93 (m, 1H), 2.74±2.64 (m, 1H),
1.34 (s, 3H), 1.29 (s, 3H).

IV: 1H NMR d (ppm) 7.09±6.48 (m, 4H); 5.26±5.19 (m,
1H); 3.11±3.19 (m, 1H); 2.81±2.71 (m, 1H); 1.42 (s, 3H);
1.18 (s, 3H); 0.77 (s, 9H); 0.01 (s, 6H). 13C NMR d (ppm)
21.8; 27.7; 87.4; 90.6; 36.8; 136.7; 120.7; 155.6; 118.5;
129.5; 121.8; 24.5; 18.1; 25.5

Preparation of (3-t-butyldimethylsilyloxyphenyl)acetal-
dehyde (15).52 The alcohol precursor of this aldehyde was
prepared by reacting 3-t-butyldimethylsilyloxyphenylbro-
mobenzene with ethylene oxide according to Grignard
procedure.53 The alcohol was oxidized with pyridinium
chloro chromate (PCC) at room temperature in CH2Cl2 for
2 h. The black granular oil formed was washed with ethyl
ether (3£50 mL). The organic layer was ®ltered in a silica
gel column and the solvent evaporated. The dark oil
obtained was puri®ed by silica gel chromatography, using
as eluent hexane/ethyl ether 6:1 (0.65 gÐ27%).

LRMSÐm/z (%, intensity) 250 (M1; 17), 193 (M1
2t-Bu; 83), 175 (M12t-Bu 218; 44); 149 (1752(CH2)2;
24), 91 (C7H7; 22). 1H NMR d (ppm) 9.64 (t, 1H, J�2,
4 Hz); 7.19±6.63 (m, 4H); 3.55 (d, 2H, J�2.6 Hz); 0.92
(s, 9H); 0.11 (s, 6H).

Kinetics studies

Chemiluminescence measurements were performed on a
spectrometer SPEX-Fluorolog 1681 with the photomulti-
plier at 950 V and bandpass set on 27 nm for I, II and III
and 20 nm for IV and the lamp off. The dioxetane concen-
trations of the stock solutions were determined spectro-
photometrically using the same methodology as used for
H2O2: To a cuvette containing 3 mL of a 0.05 M solution
of potassium iodide in acetic acid/acetate buffer (pH�3.8,
m�0.01) were added 10 mL of a solution 1.0£1025 M of
HRP (horseradish peroxidase) and 10 mL of the dioxetane
solution (diluted in CH3OH). The peroxidic concentration
was calculated by measuring the absorbance (A) at 353 nm,
considering the molar absorptivity coef®cient (e ) as
2.55£104 M21 cm21.51 The toluene used for the unimolecu-
lar decomposition experiments was distilled over CaCl2,
allowed to stand overnight over EDTA, ®ltered and distilled

again. Anhydrous 99.9% THF and tetrabutylammonium
¯uoride (1.0 M solution in THF), both from Aldrich
Chemical Co., used for the studies of the catalyzed decom-
position were handled under nitrogen without further
puri®cation. The values calculated for the ®rst and pseudo
®rst order decay constant (k) and for the initial chemilumi-
nescence intensity (I0) correspond to the average of at least
three measurements and the errors attributed to them are the
standard deviation. The calibration of the light intensity was
performed by using the luminol standard.37 The kinetics
were analyzed using the software Microcal v. 6.0, ®tting
semi-logarithmic plots of Light Emission Intensity vs. time.

Unimolecular decomposition of I to IV

Activation parameters.35 A ¯uorescence cuvette, contain-
ing 3 mL of toluene was brought to the desired temperature,
10±20 mL of the dioxetane stock solution were added
rapidly and the kinetics monitored during ,3 half-lives.
In the case of I and II, no sensitizer was used and the
decay was monitored at 412 nm. For III and IV the
experiments were performed in the presence of DPA
(1.0£1022 M) in toluene and the emission monitored at
438 nm. Measurements were recorded at 60 to 858C, using
[I]�(6.7^0.8)£1025 M, [II]�(1.0^0.2)£1024 M, [III]�
(8.3^0.3)£1025 M and [IV]�(2.1^0.4)£1025 M.

Quantum yields.36 The dioxetane stock solution (10±
20 mL in toluene) was added to a cuvette, containing
3 mL of the sensitizer solution in toluene pre-heated to
808C, and the kinetic pro®les were recorded using
[I]�(6.0^0.7)£1026 M, [II]�(4.7^1.0)£1025 M, [III]�
(8.3^0.3)£1025 M, [IV]�(2.1^0.4)£1025 M, [DBA] and
[DPA]: 1.7£1023±1.0£1022 M.

Rate constants (kobs): I: (2.94^0.18)£1023 s21, II:
(3.16^0.12)£1023 s21, III: (3.60^0.13)£1023 s21, IV:
(4.28^0.60)£1023 s21.

Fluoride initiated decomposition of II and IV

The emission spectra from the initiated dioxetane decom-
position were obtained by adding 100 mL of a 1.0 M TBAF
solution to a cuvette containing dioxetane in 3 mL of THF.
The experiments were performed at 258C for II and 7.58C
for IV, using [F2]�3.2£1022 M, [II]�(2.0^0.4)£1025 M
and [IV]�(4.2^0.8)£1025 M).

The kinetic experiments were performed with the grating set
at the mirror position by treating II and IV with TBAF
(1.0 M solution in THF) in anhydrous THF. All glassware
was carefully dried, THF and TBAF solution were handled
under nitrogen and the experiment was performed in a
cuvette closed with a rubber septum to avoid humidity in
the system. As the decomposition kinetics is very fast, the
addition of TBAF solution was done very quickly in a dark
room.

Fluoride concentration dependence. To a 3 mL cuvette,
containing dioxetane in anhydrous THF at 258C, TBAF was
added and the kinetic pro®les were measured at different
¯uoride concentrations, using [II]�(2.0^0.4)£1025 M,
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[IV]�(4.1^0.8)£1025 M and [F]�6.6£1025 to 6.2£
1022 M.

Activation parameters for the initiated decomposition.
These experiments were performed as those for the uni-
molecular decomposition. The dioxetane was added to a
cuvette, containing 3 mL THF at the desired temperature,
followed by addition of 100 mL of TBAF (1.0 M solution in
THF) and the kinetic pro®les measured, using
[II]�(2.0^0.4)£1025 M, [IV]�(4.1^0.8)£1025 M, [F]�
3.2£1022 M, at 0±258C.

Fluorescent quantum yields. The ¯uorescence quantum
yields of the cleavage products of II and IV were deter-
mined by deprotection of the corresponding silylated alde-
hydes 9b and 15 by TBAF ([TBAF]�3.2£1022 M), in THF,
using ¯uorescein as standard (FFL�0.91 in aqueous 0.1 M
NaOH).39 The ¯uorescence spectra of both solutions,
¯uorescein and the deprotected cleavage products, were
measured by exciting the samples at 430 nm under identical
experimental conditions.

Chemiluminescence and singlet quantum yields. In a
3 mL cuvette, containing anhydrous THF and the dioxetane,
100 mL of the ¯uoride solution (TBAF 1.0 M solution in
THF) were added at 258C. The kinetic pro®les for the
decomposition were measured and the integral of the curves
calculated. The chemiluminescence quantum yield (FCHL)
corresponds to the total light emission (area under the curve)
divided by the number of moles of dioxetane (n) using
[II]�(2.3^0.5)£1025 M and [IV]�(4.3^0.7)£1025 M.
After calculation of FCHL the singlet quantum yields (F s)
were determined according to the following equation:
F s�FCHL/FFL.
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