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Abstract: The synthesis of the protected phenolate-substituted ! 2-dioxetanes 1 and 2, containing the
substituent directly linked to the peroxidic ring or separated by a methylene group, is reported. The activation
parameters and chemiluminescence quantum yields upon unimolecular and catalyzed decomposition of 1 and
2 are in agreement with the occurrence of an intramolecular CIFEL mechanism in the catalyzed
decomposition of these dioxetanes. © 1999 Elsevier Science Ltd. All rights reserved.

The chemiluminescent reaction most investigated over the past 30 years is the decomposition of 1,2-
dioxetanes.!"! Well before they were actually prepared and isolated by Kopecky and Mumford in 1969, 12-
dioxetanes were proposed as key intermediates in several chemi- and bioluminescent reactions.®! The thermal
cleavage of such compounds generate two carbonyl fragments, one of which can be formed in an
electronically excited state. The excited carbonyl product is formed predominantly in the triplet state,!* 19
except for dioxetanes containing electron-rich substituents, for which excited singlet state formation may
prevail ! In the latter case, such dioxetanes become labile and their decomposition may envolve “chemically
initiated electron exchange luminescence” (CIEEL), an electron transfer mechanism originally proposed by
Schuster for diphenoylperoxide!” ®! and in the meantime abundantly reported for a-peroxylactones and
various other peroxides.””'"! However, more recently doubts arose with respect to the quantum yields obtained
in intermolecular systems!'”! and the validity of the CIEEL sequence has been questioned."®! On the other
hand, intramolecular CIEEL systems proved to be highly efficient.!"¥ The most successful design utilizes
thermally persistent spiroadamantane-substituted dioxetanes with a protected phenolate ion. 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 imunoassays.!"”! Thus, the search
for more effective triggerable CIEEL-active dioxetanes continues attracting the interest of many research
groups.1'®

In this communication we report the synthesis and chemiluminescence properties of the 1,2-dioxetanes 1 and
2. These compounds were treated with fluoride to generate the corresponding phenolate ion either directly
bond to the peroxide ring (1) or separated from it by a methylene bridge (2), in order to verify the occurrence
of an intramolecular CIEEL mechanism. In this respect, the distinction between a “resonance” (1) and a
“through space” (2) electron transfer 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 where the
electron donor is not directly bond to the peroxide ring.

0040-4039/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved.
PII: S0040-4039(99)00236-1



2444

0-0
S i(Me)zt-Bu SM)zt-Bll
1 2

The dioxetanes 1 and 2 were prepared from the corresponding olefins using the classical Kopecky route.?!
They were purified by low temperature (-35 °C) silica-gel column chromatography and unequivocally
characterized on the basis of their spectral data ('H- and *C-NMR). The thermal decomposition of 1 and 2
leads exclusively to the formation of the expected carbonyl cleavage products. Upon unimolecular
decomposition, the dioxetanes show activation parameters and chemiexcitation yields within the expected
range for trissubstituted 1,2-dioxetanes, relatively high stability (AG™~ 25 kcal.mol”) and preferential
formation of triplet excited states are observed (table 1). The activation parameters were obtained from the
temperature dependence of the decomposition rate constants and the chemiexcitation quantum yields, by
utilization of the sensitizers 9,10-diphenylantracene (DPA) for singlet and 9,10-dibromoantracene (DBA) for
triplet state counting,©!

Upon deprotection of the silyloxy-substituted phenyl moiety by treatment of 1 and 2 with tetrabutylammonium
fluoride (1,0 mol.L"' solution in THF), which generates the corresponding phenolates, a yellow flash of light is
observed. The catalyzed reactions are about 10* times faster than the unimolecular ones and, in both cases, a
strong direct emission with a maximum around 550 nm is observed. The decomposition rate constant shows a
linear dependence on the [F] at low concentrations ([F] < 5 mM) for both dioxetanes and proved to be
independent of the catalyst concentration at high concentrations ([F] > 20 mM). Moreover, the fluoride
triggered decomposition of 1 and 2 leads to the preferential formation of singlet excited species with high
quantum yields, 100 and 1.0%, respectively (table 1). The singlet quantum yields were determined by direct
chemiluminescence measurements, utilizing the fluorescence quantum yields of the decomposition products,
determined under identical experimental conditions.

Table 1: Activation Parameters and Quantum Yields for the Unimolecular and Catalyzed Decomposition of
Dioxetanes 1 and 2.*

AB‘ As’t A(;’ﬁ tin 01 Qs
250 @25°0) x10? 10’
i 24907 | -0.54+002 | 251+06 | 29x10°s | 6818 | 0362010
1+F | 206+02 [ 50+007 | 192202 s . 100 + 30
2 226+09 | -58+01 | 24111 [ 87x10°s | 66%06 | 0.022+001
2+F | 176+08 | -59:04 | 194210 165 1003

a. AH" e AG” in keal.mol”, AS® in calmol’ K, @ e ®* in Emol”; unimolecular decomposition: [1]=(1.020.2)x10"mol.L",
[212.120.4)x10” mol L, toluene, 65-85°C; catalyzed decomposition: [1}5(2.0+0.4)x10° molL”, [2]=(4.240.8x10° mol.L",
THF, [F]=32x 10° mol.L", 0-25°C, ®* obtained under the same conditions at 25°C.

The chemiluminescence spectra of 1 and 2 match the fluorescence spectra of the respective phenolate
substituted decomposition products, generated by the addition of tetrabutylammonium fluoride to the
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corresponding silyl substituted carbonyl compounds. The activation parameters obtained for the catalyzed
decomposition are considerably lower than in the unimolecular one (table 1). Although the values for the
activation enthalpy (AH”) and activation entropy (AS™) in the catalyzed decomposition of 1 and 2 are quite
different, the AG” at 25°C proved to be similar. These results have led us to propose a mechanism analogous
to the CIEEL sequence, which involves the removal of the silyl protective group by fluoride treatment. The
released phenolate anion acts as an intramolecular electron donor t> the dioxetane moiety inducing dioxetane
cleavage and formation of an electronically excited singlet state, which emits fluorescence (Scheme 1).

OSi(Me),t-Bu O l

Scheme 1:
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1:n=0,Ry=CHy R2= CH,CHs
2: n=1,R;=CHj3 R;=CH;

Interestingly, the values obtained for AS™, positive for 1 and highly negative for 2, may be attributed to a better
charge delocalization in the transition state of the rate limiting clectron transfer step, causing a loss of
solvatation, in the case of 1, and to the necessity of a specific conformation for the occurrence of the electron
transfer from the phenolate not directly linked to the dioxetane ring, in the case of 2. It should be pointed out
here that the rate limiting step in the catalyzed decomposition of 1 and 2 in our experimental conditions (high
[F]) was proved to be the electron transfer initiated dioxetane decomposition, as both rate constants are
independent of the [F] in this concentration range (see above).

The first electron transfer from the phenolate to the peroxide ring, which is supposed to be accompanied by the
peroxide cleavage, occurs with similar rate constants in both cases. Therefore, the observed difference in the
singlet quantum yields of 1 and 2 must be related to the back electron transfer step (k). In the case of 1, the
carbonyl radical anion 3, generated afier the peroxide cleavage, represents directly the excited state of 4.
Moreover, this hypothesis can be supported by the so-called meta-effect,'” which predicts that the excited
specie generated in the case of 1 can be stabilized by “resonance strictures™. In the case of 2 this stabilization
is not possible, turning excited state formation by back electron transfer less efficient.

In summary, we report the first example of an induced dioxetane decomposition, where the intramolecular
catalyst is not directly bond to the peroxide ring. Our experimental results, specifically the quantum yields for
1 and 2, can be perfectly explained on basis of the proposed CIEEL pathways. Hence, this work supplies direct
evidence for the occurrence of an electron transfer in the phenolate induced dioxetane decomposition and for
the validity of the widely cited but still polemic CIEEL mechanism.
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