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Abstract: A thermally stable 1,Zdioxetane bearing a naphthyl acetate group is enzymatically cleaved in aqueous buffer 
to generate chemiluminescence at ambient temperature. 

More than 350 papers concerning 1,Zdioxetanes’ have appeared since the first reports of the chemical’ and 

photochemical preparation of these novel peroxides. Dioxetanes exhibit a wide range of thermal stabilities. For 

example, the sterically hindered dioxetane derived from adamantylideneadamantane4 has a half-life at 25 OC of over 20 

years and a melting point of 174 OC while dioxetanes obtained from enamines5 decompose rapidly (and sometimes 

explosively) below 0 OC. The differences in the properties of these two types of dioxetanes arise because of two 

competing mechanisms for decomposition. Stable dioxetanes cleave by a process that requires 25 - 37 kcal for 

homolysis of the O-O bond and formation of an intermediate biradical. 1 An alternative mechanism involving 

intramolecular electron transfer is available to dioxetanes beating subs&tents with low oxidation potentials.5d~6 

In 1982 we demonstrated that chemiluminescence from a dioxetane bearing a phenolic substituent could be 

triggered in organic solvents by the addition of base.7 Depmtonation generates an unstable phenoxide-substituted 

dioxetane which decomposes 4.4 x lo6 times faster than the protonated form. We have now developed several other 

methods for inducing the cleavage of thermally stable dioxetanes and in this report provide the first example of 

enzymatic triggering of a chemiluminescent dioxetane. The present case utilizes aryl esterase to catalyze the cleavage 

of a naphthyl acetate-substituted dioxetane in aqueous buffers at ambient tempetatum. 

Dioxetanes 2a-c were prepared by photooxygenation of the corresponding alkenes8 in CH,Cl, using 

polymer-bound Rose Bengal (SENSITOX I), a 1000-W high-pressure sodium lamp, and methods previously 

described.’ After 15 - 30 min irradiation the sensitizer was removed by filtration and the solvent evaporated under 

vaccum. Recrystallization of the material from pentane/ether gave the dioxetanes in 75 - 95 yields.‘O 

a X=H; b. X=OH; c, X=O,jc 
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*The senior author wishes to dedicate this paper to Professor Paul D. Bartlett upon the occasion of his retirement at 

Texas Christian University. 
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Table I. Activation Parameters and Rates of Decomposition for 1.2-Dioxetanes 2a-c in o-Xylene. 
, 

substituent X Ea(kcal/mol)a log A k&c’ ) at 25 ‘C half-life at 25 ‘Cb 

H 29.1 13.2 3.17 x 1o-g 6.9 years 

OH 29.7 13.3 3.83 x IO-’ 5.1 years 

OAc 32.5 14.9 1.19 x 1o-g 18.5 years 

(a) Rates showed variations of less than 3% and gave Arrhenius plots with r > 0.99. Values of Eaare+lkcal/mol. 
(b) Calculated from the Arrhenius plots. 

Rate constants for the thermal decomposition of dioxetanes 2a-c were obtained at 80 to 120 OC from 

measurements of the decay of chemiluminescence intensity of 10s4 M solutions in oxylene. The incorporation of the 

adamantyl group in 2a-c affords dioxetanes of remarkably high thermal stability (Table I).’ 1v12 The decomposition 

of 2b can, however, be triggered by treatment with excess potassium tea-butoxide in o-xylene to give an intense blue 

chemiluminescence which decays with a half-life of approximately 20 s at 25 OC. Experiments with 2b in methanol 

using KOH also resulted in chemiluminescence with similar decay rates. Comparison of the spectrum of the 

base-induced chemiluminescence with the fluorescence of anion 4 under identical conditions demonstated that the 

luminescence is derived from chemiexcited 4. 

Enzymatic triggering experiments were conducted with the acetyl-protected dioxetane 2c at pH 7.6 in 0.05 M 

phosphate and 0.02 M Tris buffers. A 2 mM stock solution of 2c in 2-methoxyethanol was prepared. Aryl esterase 

(carboxylic ester hydrolase (E-3128)) from porcine liver was purchased from Sigma Chemical Co. as a suspension of 

11 mg of protein (260 units/mg) per mL in 3.2 M (NI-&SO, solution. When a 150 pL (0.3 pmol) aliquot of the 

stock solution of 2c was added to 3 mL of either buffer solution at 25 OC, no emission was detected. However, 

injection of 1 pL (0.26 units, final cone of protein = 3.6 pg/mL) of aryl esterase to the stirred solution generated 

chemiluminescence. The time required for one-half of the total light emission was found to be 7 min in both buffers. 

A similar time course for the consumption of 2o was found when the reaction was followed by UV spectroscopy. 

Additional experiments showed that total light emission is linearly dependent on dioxetane concentration over the range 

of 10s4 to 10e7 M. The rate of decay of the emission is a function of enzyme concentration while total light emission is 

independent of enzyme concentration (Figure 1). 

That this chemiluminescence is due only to an enzyme-catalyzed hydrolysis of acetate 2c is demonstrated by the 

following series of experiments: 1.) Denaturing the enzyme by heating 1 pL in 3 mL of Tris buffer to 90 OC and 
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Figure 1. Plot of total chemiluminescence from esterase triggering of 

dioxetane 2c in Tris buffer with 1, 5, and 10 pL of esterase suspension. 
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cooling to 25 OC resulted in no chemiluminescence when an aliquot of the dioxetane stock solution was subsequently 

added. Addition of untreated enzyme preparation to this solution again produced light. 2.) In experiments where 150 

pL of dioxetane stock in 3 mL of Tris buffer was triggered with 1 uL of enzyme at 25,37 and 50 OC, the maximum 

light intensity &ax) and the rate of decay both increased with increasing temperature. 3.) Addition of the known 

enzyme inhibitor, sodium dodecyl sulfate (SDS) at Imax caused an irreversible decrease in the intensity. The emission 

could be totally extinguished by addition of sufficient SDS. The decrease in light emission is not due to photophysical 

quenching of the excited state since thermal decomposition in the same solvent system with SDS at elevated 

temperatures results in readily detectable chemiluminescence. 4.) Addition of esterase substrates (a-naphthyl and 

bnaphthyl acetates) caused a rapid decrease in light intensity followed by restoration of the original intensity within 1 

min. 5.) Sequential injection of ten identical aliquots of the dioxetane stock solution when light emission had stopped 

resulted in identical chemiluminescence curves, both in Imax and time for complete decay of the signal. 

Many dioxetanes are known to be destroyed via non-luminescent pathways by aminesla and metal ions.13 

Therefore, a series of experiments was performed to assess the stability of 2e in the buffers over the time course of a 

typical run. A comparison was made between Imax of two experiments with the enzyme added immediately after the 

dioxetane or after a 30 mitt delay. If the dioxetane were decomposing in the buffer, then Imax of the run where the 

dioxetane was exposed to the buffer for 30 min would be lower. In phosphate buffer at 25 OC, no decrease in Imax 

was observed after the 30 min delay with only a 12% decrease observed in Tris buffer. 

The chemiluminescence spectrum for the enzyme-catalyzed decomposition of 2c in Tris buffer at ambient 

temperature matches the fluorescence spectrum of methyl 6-hydroxy-2-naphthoate in the buffers and in strongly basic 

solution (Figure 2).14 The spectrum of the chemiluminescence from the spontaneous decomposition of the 

hydroxy-dioxetane 2b under the same conditions was also identical. These findings demonstrate that rate-limiting 

enzymatic hydrolysis of the acetate group in dioxetane 2c generates the unstable dioxetane 3 which subsequently 

yields singlet excited 4. 

These studies have shown for the first time that thermally stable 1,2dioxetanes can be enzymatically triggered at 

ambient temperatures to generate chemiluminescence in the presence of aqueous buffers and proteins. Subsequent 

papers will report the chemiexcitation efficiencies for 2b and 2o. We will also describe the triggering of appropriately 

substituted dioxetanes by other enzymatic systems including alkaline phosphatase. 
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Figure 2. Chemiluminescence spectrum from esterase triggering of dioxetane 2c in Tris buffer 

at room temperature (---). Fluorescence spectrum of 4 uncler the same conditions (-). 



938 

Acknowledgments. This work was supported by a grant from Wayne State University. A grant from the 
Office of Naval Research for the purchase of a General Electric QE-300 NMR spectrometer is also gratefully 
acknowledged. R. S. H. wishes to express his appreciation for a research fellowship from the Monsanto Chemical 
CO. We particularly wish to thank Dr. Charlie Zepp for his suggestion concerning the possible use of enzymes to 
induce the cleavage of our stabilized dioxetanes. 

References and Notes 

(1) For reviews of 1,Zdioxetanes and chemiluminescence, see: (a) Wilson, T. Int. Rev. Sci.: Pbys. Chem., Ser. 
Two. 1976,9, 265. (b) Bartlett, P. D.; Landis, M. In Singlet Oxygen, Chapter 6; Academic Press: New York, 
1979. (c) Schuster, G. B.; Schmidt, S. P. A&. Pbys. Org. Chem. 1982,18,187. (d) Adam, W. In The Chemistry 
of Functional Groups, Peroxides, Chapter 24; John Wiley: New York, 1983. (e) Wilson, T. In Singlet Oxygen, Vol. 
II, Chapter 2; CRC Press: Boca Raton, 1985. 

(2) Kopecky, K. R.; Mutnford, C. Can. I. Cbem. 1969,47,709. 

(3) (a) Bartlett, P. D.; Schaap, A. P. .I. Am. Cbem. Sot. 1970, 92, 3223. (b) Mazur, S.; Foote, C. S. J. Am. 
Chem. Sot. 1970,92, 3225. 

(4) (a) Wieringa, J. H.; Strating, J.; Wynberg, H.; Adam, W. Tetrahedron Letf. 1972, 169. (b) Turro, N. J.; 
Schuster, G.; Steinmetzer, H. -C.; Faler, G. R.; Schaap, A. P. /. Am. Chem. Sot. 1975, 97,711O. 

(5) (a) Foote, C. S.; Dzakpasu, A. A.; Liu, J. W. -P. Tefrahedron Lett. 1975, 1247. (b) McCapra, F.; Chang, Y. 
C.; Burford, A. J. Chem. Sot., Chem. Commun. 1976, 608. (c) Saito, I.; Matsugo, S.; Matsuura, T. J. Am. 
Cbem. Sot. 1979, 101,4757. (d) Handley, R. S.; Stem, A. J.; Schaap, A. P. Tetrahedron Left. 1985,3183. 

(6) (a) McCapra, F.; Beheshti, I.; Burford, A.; Hann, R. A.; Zaklika, K. A. J. Chem. See., Chem. Commtm. 1977, 
944. (b) Zaklika, K. A.; Thayer, A. L.; Schaap, A. P. J. Am. Cbem. Sot. 1978,100, 4916. (c) Zaklika, K. A.; 
Kissel, T.; Thayer, A. L.; Bums, P. A.; Schaap, A. P. Pbotochem. Photobiol. 1979, 30, 35. (d) Nakamura, H.; 
Goto, T. Ibid. 1979,30, 29. (e) Lee, C.; Singer, L. A. J Am. Cbem. Sot. 1980, 102, 3832. (f) Schaap, A. P.; 
Gagnon, S. D.; Zaklika, K. A. Tetrahedron Lett. 1982,2943. (g) Chemiluminescence has also been observed from 
intermolecular electron-transfer reactions between peroxides and fluorescent hydrocarbons: Schuster, G. B.; Schmidt, 
S. P. Adv. Phys. Org. Chem. 1982, 18, 187. 

(7) Schaap, A. P.; Gagnon, S. D. .l. Am. Chem. Sot. 1982,104, 3504. 

(8) The preparation of the alkenes will bc described in a subsequent paper. 

(9) (a) Schaap, A. P.; Burns, P. A.; Zaklika, K. A. I. Am. Cbem. Sot. 1977,99, 1270. (b) Zaklika, K. A.; Bums, 
P. A.; Schaap, A. P. Ibid. 1978, 100, 318. 

/lo) 2a: mp 116 OC (dec); ‘H NMR 6 0.9-2.0 (m, 12H), 2.22 (s, lH), 3.11 (s, lH), 3.24 (s, 3H), 7.0-8.3 (m, 7H); 
3C NMR 6 25.94, 26.07, 31.60, 31.72, 32.31, 33.08, 33.23, 34.88, 36.42, 50.00, 95.60, 112.33, 125.21, 

126.47, 127.02, 127.63, 127.91, 128.67, 129.41, 132.13, 132.85, 133.61. 2b: mp 107-9 OC (dec); ‘H NMR 6 
0.9-2.0 (s, 12H), 2.20 (s, lH), 3.09 (s, lH), 3.24 (s, 3H), 7.1-7.9 (m, 61-I); 13C NMR 6 25.91, 26.03, 31.58, 
31.68, 32.33, 33.02, 33.22, 34.84, 36.40, 49.99, 95.77, 109.37, 112.48, 118.35, 125.85, 126.39, 128.22, 
129.29, 129.74, 130.67, 134.95, 154.55. 2c: mp 122-4 OC (dec); ‘H NMR 6 0.9-2.0 (m, 12I-I) 2.18 (s, H-I), 2.37 
(s, 3H), 3.10 (s, lH), 3.23 
7.95 (d, lH, J = 9.0 Hz); 

f. 3I-I), 7.27 (d, lH, J = 2.1 Hz), 7.59 (d, lH, J = 2.1 Hz), 7.84 (d, lH, J = 9.0 Hz), 
C NMR 6 21.12, 25.93, 26.06, 31.60,31.73, 32.29, 33.09, 33.24, 34.89, 36.39, 

49.88, 95.57, 112.19, 118.44, 121.82, 125.96, 127.70, 129.22, 130.21, 130.89, 132.19, 134.05, 149.33, 169.51. 

(11) For other adarnantyl-substituted dioxetanes, see references 4,6a and: Adam, W.; Encamacion, L. A. A.; Zinner, 
K. Chem. Ber. 1983,116, 839. 

(12) Actual half-lives could be shorter if the solvents used for storage of the dioxetanes contained impurities which 
could lead to catalytic decomposition. Experiments are in progress to provide a direct measure of the stability of these 
dioxetanes.at ambient temperature. 

(13) (b) Wilson, T.; Landis, M. E.; Baumstark, A. L.; Bartlett, P. D. J. Am. Chem. Sot. 1973, 95, 4765. (b) 
Bartlett, P. D.; Baumstark, A. L.; Landis, M. E. J. Am. Chem. Sot. 1974, 96,5557. 

(14) Fluorescence experiments with methyl 6-hydroxy-2-naphthoate in water have shown that the singlet excited state 
undergoes deprotonation and emission from the anion 4. 

(Received in USA 4 December 1986) 


