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The thermal decomposition of 1,2-dioxetanes has been 
shown to produce two carbonyl fragments in quantitative 
yield, one of which may be produced in an excited state.2 
For alkyl-, aryl-, and alkoxy-substituted di~xetanes,~ two 
mechanistic extremes were considered2 to explain the 
unique process that leads to direct production of high 
yields of excited triplet carbonyls: (a) diradical (two-step) 
and (b) concerted (see Scheme I). Most results have been 
interpreted2p4 to support a two-step mechanism. No ex- 
perimental data, to date, have required a concerted in- 
t e r p r e t a t i ~ n . ~ ~ ~  Recent results5 have shown that substit- 
uents can effect the activation parameters of dioxetane 
thermolysis in unexpected ways. Studies of the effects of 
3,4-cyclic substituents on dioxetane properties have 
shownhYM that the activation energies vary with ring size 
(6 > 8 > 5 N 7) while little or no effect was observed in 
the log A terms. The results for a series of 3,3-dialkyl- 
1,2-dioxetanes6 indicated that increased steric interactions 
produced higher values of activation energies (with little 
or no effect on AS*). The origin of substituent effects on 
the thermolysis of dioxetanes is unclear.eb We report the 
synthesis and characterization of tetra(methy1-d3)-1,2-di- 
oxetane (l), the results of which clearly show an inverse 
secondary @-deuterium isotope effect on the thermal de- 
composition. 

Results and Discussion 

Tetra(methy1-d3)-1,2-dioxetane (1) was prepared in low 
yield by the method of Kopecky.’ Tetra(methy1-d3)- 
ethylene was converted to the P-bromo hydroperoxide by 
the standard pro~edure.~ The @-bromo hydroperoxide in 
CHzClz was treated with AgOAc to yield a crude sample 
of 1 as a yellow oil. Crystallization of 1 from pentane at  

(1) Fellow of Camille and Henry Dreyfus Foundation, 1981-1986. 
(2) For reviews, see: (a) Wilson, T. Znt. Rev. Sci.: Phys. Chem. Ser. 

Two 1976,9,265. (b) Adam, W. Adu. Heterocycl. Chem. 1977,21,437. 
(c) Hom, K. A.; Km, J.; Schmidt, S. P.; Schuster, G. B. Mol. Photochem. 
1978-9,9(1), 1. (d) Baumstark, A. L. In “Singlet Oxygen” Vol. II; Frimer, 
A., Ed.; CRC Press: Boca Raton, FL; Uniscience Series, 1984, in press. 
(3) The electron-transfer mechanism(s) of chemiluminescent decom- 

position (high yields of excited singlets) does not occur readily with 
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Figure I. Semilog plots of [dioxetane] vs. time for the thermolysis 
of 1 (filled symbols) and 2 (open symbols) in xylenes at 75.3 OC 
with DBA (triangles) or DPA (circles) as added fluorescers ( k H / k ~  
per molecule = 0.97). 

-78 OC yielded analytically pure dioxetane (5% 1 as yellow 
needles. Thermal decomposition of 1 in CC14 produced 
acetone-d6 as the sole observable product (reaction 1). 
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CL = chemiluminescence 

The rates of thermal decomposition of 1, monitored by 
the chemiluminescence method,% were cleanly first order 
for at least 4 half-lives and were unaffected by the addition 
of varying concentrations of fluorescent dyes [9,10-di- 
bromoanthracene (DBA) or 9,lO-diphenylanthracene 
(DPA)] or aqueous Na2EDTA.2*4b Under identical con- 
ditions (temperature setting and concentrations), the rate 
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but the observed data can be considered in terms of steric 
effects on the CD3 groups. Inductive effect arguments 
appear not applicable since previous studies have shown 
that formal substitution of alkyl by aryl or alkoxy groups 
produced2 no measurable effects. Inverse secondary deu- 
terium isotope effects (based on a steric explanation)108 are 
indicative of a reaction that goes through a transition state 
which is sterically more strained than the reactant. This 
approach would suggest that there are increased steric 
interactions on the methyl groups in the transition state 
for dioxetane thermolysis. Restated in terms of force 
constant change terminology, there is an increased force 
field (bending force constants) in the transition state of 
dioxetane thermolysis caused by steric compression.1° 

Another aspect that must be considered is steric energy 
differences. Calculations have shown" that the steric 
energy of 1 is -1 kcal/mol less than that of 2. However, 
these differences would have been expected to produce a 
normal secondary deuterium isotope effect rather than the 
observed inverse effect. Consistent with the resultseb on 
3,3-dialkyl-1,2-dioxetanes, the present study indicates that 
there is steric compression in the transition state for di- 
oxetane thermolysis. 

Experimental Section 
All solvents were of reagent grade. 'H NMR spectra were 

recorded on a Varian 360L spectrometer. Gas chromatographic 
studies were carried out with a Varian Model 920 GC with a 6 
f t  X 0.25 in. SE-30 on Chromosorb W column. 9,lO-Diphenyl- 
anthracene (DPA, Aldrich) was used without further purification. 
9,lO-Dibromoanthracene (DBA, Aldrich) was recrystallized from 
xylenes before use. Tetra(methy1-d3)ethylene was prepared by 
reductive coupling of acetone-d6 (99.5% D) by the procedure of 
Tyrlik and Wolochowicz? Combustion analyses were performed 
by Atlantic Microlabs, Inc., Atlanta, GA 30303. 

Dioxetane Synthesis. Tetra(methyl-d&l,2-dioxetane (99+% 
D, 1) was prepared according to the published procedure' for 
tetramethyl-1,2-dioxetane as follows: 1.4 g (-0.065 mmol) of the 
&bromo hydroperoxide of tetra(methy1-d3)ethylene, prepared in 
72% yield by standard procedure,' in CHzClz was treated with 
1.0 g (-0.065 "01) of freshly prepared silver acetate for 15 min 
in the dark. The solution was filtered and the solvent removed 
under reduced pressure. The resulting yellow oil was crystallized 
from pentane at -78 OC to yield 44 mg (5%) of analytically pure 
dioxetane 1 as yellow needles: [mp 74-76 "C dec, sealed capillary 
tube, preheated oil bath; anal. (C6D1202) C, D; IR (CC1,) 2260 
w, 2245 w, 1298 w, 1210 w, 1160 w, 1135 m, 1070 w, 1160 m, 1050 
w; mass spectrum EI, m / e  (relative intensity) 130 (M + 2,0.15), 
129 (M + 1, 1.72), 128 (M, 28.9), 96 (99.8), 78 (99.9), 64 (32.1), 
46 (base)]. Samples of 1 were stored as the solid at -30 "C in the 
dark for months with no detectable decomposition. 

Decomposition Studies. A 0.2 M solution of 1 in CC14 was 
heated until the yellow color disappeared. Acetone-d6 was the 
sole thermolysis product detected by VPC analysis. Acetone-d6 
was identified by comparison of the IR spectrum with that of an 
authentic sample. 

Kinetic Studies. The chemiluminescence monitoring system 
is essentially identical to that described previo~sly.~ The tem- 
perature (h0.3 "C) of the reaction mixture was monitored by using 
a YSI Probe Model 42SC with a no. 423 probe. The cell was 
pretreated with a concentrated aqueous NazEDTA solution. All 
runs were carried out in xylenes (Aldrich) as the solvent. The 
initial dioxetane concentrations of all runs were - IO4 M or less 
in order to avoid complications due to induced decomposition of 
the dioxetanes. Experimenta were monitored for over 4 half-lives. 
First-order plots of light intensity (dioxetane concentration) vs. 

Table I. First-Order Rate Constants for the Thermal 
Decomposition of 1 and 2 in Xylenesa 

T: o c  104kD, 8-1 lo 'k~, S-' kH/kDC 
60.5 1.12d 1.09d 0.97d 
61.8 1.38 * 0.03 1.32 * 0.01 0.96 
65.3 2.00 1.91 0.96 
66.5 2.37 * 0.01 2.26 f 0.01 0.95 
69.7 3.31 3.15 0.95 
70.1 3.36 * 0.06 3.26 * 0.05 0.97 
71.0 4.27 4.14 0.97 
72.8 4.55 f 0.02 4.44 * 0.02 0.98 
74.1 5.02 * 0.02 4.89 * 0.01 0.97 
74.2 5.02 4.92 0.98 
74.2 5.06d 4.90d 0.97d 
75.3 5.99 5.81 0.97 
75.3 5.97d 5.79d 0.97d 
75.5 6.06 f O.Old 5.92 f O.Old 0.9Sd 
75.6 6.21 * 0.06 5.98 * 0.01 0.96 
79.0 8.68 8.54 0.98 
79.7 9.57 9.38 0.98 
82.1 12.2 * 0.1 12.0 * 0.1 0.98 
84.7 15.7 15.3 0.97 
86.0 17.1 * 0.1" 16.8 * 0.1" 0.98" 
87.5 20.8 f 0.3 20.4 0.3 0.98 
90.0 27.Sd 27.1d 0.9gd 

a[dioxetane]o = lo4, [DBA] 5 5 X M. All errors are 
standard deviations. h0.3 OC. Experiments with 1 and 2 were 
carried out without altering the temperature bath settings for 
each set of conditions. CPer molecule. dDPA (5 X M) as 
added fluorescer. "No added fluorescer (DBA or DPA). 

Scheme I14d 
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of thermolysis of 1 was always greater than that of tetra- 
methyl-l,2-dioxetane, 2 (see Figure 1). A 8-deuterium 
isotope effect (kH/kD) of 0.96 f 0.01 to 0.98 f 0.01 was 
observed for the thermolysis of 1 from -60 "C to 90 "C. 
The magnitude of the observed j3-deuterium isotope effect 
is not large. However, the data are reproducible and ob- 
servable over a reasonable temperature range and clearly 
show an inverse isotope effect on the thermolysis of 1. The 
data are summarized in Table I. 

The yields and types of excited states were measured 
by the DBA/DPA method.2 The yield of excited triplet 
acetone-de, directly produced during the thermal decom- 
position of 1, was found to be 21 f 10% while the yield 
of singlet excited aC&ne-de was found to be 50.2%. The 
results are indistinguishable from those reported2*" for 2. 

The present study is the first example of a measurable 
deuterium isotope effect on dioxetane thermolysis. Pre- 
viously, Schuster had shownu that there were no meas- 
urable% kinetic or product isotope effects on the thermal 
decomposition of truns-3,4-diphenyl-l,2-dioxetane (3) for 
the substitution of a deuterium for a dioxetane ring proton 
(Scheme 11). The results of Schuster were taken as con- 

only with a biradical mechanism of thermolysis. 
The diradical (two-step) mechanism of alkyl dioxetane 

thermolysis seems ~e l l -es tab l i shed .~~~ Since 0-0 bond 
cleavage is rate determining for the diradical process, the 
present results may be viewed as "formal" y-deuterium 
isotope effecta and should provide insights into the nature 
of the transition state for diradical formation. Secondary 
deuterium isotope effects can be difficult to interpret,1° 

(10) (a) Van Hook, W. A. In 'Isotope Effects in Chemical Reactions"; 
Collins, C. J., Bowmar, N. S., Eds; Van Nostrand-Reinhold: New York, 
1970; ACS Monograph 167, Ser., No. pp 1-89. (b) Thorton, E. K.; 
Thorton, E. R. Chapter 4 of ref loa, pp 213-285. 

(11) The steric energy of 1 = 32.81 kcal/mol and that of 2 = 33.75 
kcal/mol were calculated (MM2) by Graham Whitesell of Prof. F. M. 
Menger's group at  Emory University, Atlanta, Ga. 



2642 J. Org. Chem. 1984,49, 2642-2644 

time showed no curvature over 4 half-lives. Rate constants were 
determined by least-squares analysis. Correlation coefficients were 
greater than 0.999 for all runs. At a given temperature setting, 
the rate constants were reproducible (see Table I). The error in 
measurement (h0.3 "C) of the reaction mixture temperature waa 
greater than the thermal stability (hO.1 "C) of the system. 
Therefore, experiments with 1 and 2 were always carried out 
without altering the temperature bath settings for each set of runs. 
Runs with 5.0 X 10-4 M DPA or no added fluorescer yielded reaulta 
identical with those with DBA (concentration = 5.0 X lo-' M or 
less). 

Yields of Excited States. The apparatus was calibrated by 
taking the yield of triplet acetone from 2, determined by the DBA 
method, as 0.30 at  60 "C. All experiments were carried out a t  
60 "C with a constant concentration (initial) of dioxetane. The 
concentrations of DBA or DPA were varied. The method of 
calculation of singlet and triplet carbonyl yields by the DBA/DPA 
method has been discussed in detail.2 Acetone-dB was assumed 
to have identical properties with those of acetone. 
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Ophiocarpine.(l) is a member of a small subgroup of 
berbine alkaloids characterized by a hydroxyl group in ring 
C.' Stereochemically, the 13,13a hydrogens in the natu- 
rally occurring alkaloids possess a cis relationship. The 
relationship of 1 to the catecholamines (e.g., epinephrine) 

"1 R, = O H ,  R 2  = H 

(2-1 R ,  = H. R, = OH 

(21 R = H 

(4) R = OMe - 

1121 

OCH, 

and its intermediacy in the biosynthesis of the phthal- 
ide-isoquinoline and rhoeadine alkaloids2 has resulted in 
a variety of synthetic approaches to these compounds. The 
initial synthesis proceeded from the naturally occurring 

(1) Manske, R. H. F. Can. J.  Res. 1939, 17B, 51. 
(2) (a) Battersby, A. R.; Hirst, M.; McCaldin, D. J.; Southgate, R.; 

Staunton, J. J. Chem. SOC. C 1968,2163. 6) Runsch, H. Eur. J .  Bmhem. 
1973,28, 123. (c) Jeffs, P. W.; Scharver, J. D. J.  Org. Chem. 1975,40,644. 
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8 IR = H. 2.1.10.11.IM.Ol.l 

" Reagents: (a) lead tetraacetate, (b) lithium alumi- 
num hydride, (c) sodium borohydride, (d)  alcohol, p -  
toluenesulfonic acid, (e) HCl, ( f )  aqueous ammonia. 

phthalide-isoquinoline alkaloid, hydrastine, to generate 
the correct stere~chemistry.~ These syntheses were, in 
a sense, a reverse biomimetic synthesis. Subsequent ap- 
proaches, start ing from a benzylisoquinoline, have yielded 
the epimeric epiophiocarpine (2), which is not naturally 
occurring, as the predominant or exclusive p r ~ d u c t . ~  A 
solution to the stereoselective reduction of protoberberine 
derivatives was found when it was observed that boro- 
hydride reduction of berberinephenol betaine (3): or its 
Smethoxy derivative: gave predominantly ophiocarpine 
(1). Presumably, the amine, resulting from the initial 
reduction, controls the subsequent reduction of the 13- 
ketone or its enolate to form 1 in preference to 2. Both 
3 and 4 were ultimately derived from the commercially 
available protoberberine alkaloid berberine chloride. 

Since the generality and synthetic limitations for the 
preparation of compounds 3 and 4 are not known, we 
decided to approach the synthesis of 13-hydroxyberbines, 
possessing the correct natural stereochemistry, by using 
a class of compounds which were readily accessible by a 
variety of synthetic methods. Additionally oxygen had to 
be introduced at  what ultimately becomes the C13 hy- 
droxyl group and the amino function had to be generated 
first to control the stereochemistry of the C13 alcohol. To 
meet these requirements, we selected the oxyproto- 
berberines because they are synthetically readily available' 

(3) (a) Govindacm, T. R.; Rajadurai, S. J. Chem. SOC. 1957,557. (b) 
Takemoto, T.; Kondo, M. J. Pharm. Soc. Jpn. 1962,82,1413. (c) Ohta, 
M.; Tani, H.; Morozumi, S. Chem. Pharm. Bull. Jpn. 1964, 12, 1072. 

(4) (a) Elliott, I. W., Jr. J. Heterocycl. Chem. 1967,4, 639. (b) Ka- 
metani, T.; Mataumoto, H.; Satoh, y.; Nemoto, H.; Fukumoto, K. J. 
Chem. SOC., Perkin Trans. 1 1977, 376. 

(5) Kondo, Y.; Imai, J.; Inoue, H. J. Chem. SOC., Perkin Trans. 1 1980, 
911. 

(6) Moniot, J. L.; Shamma, M. J.  Org. Chem. 1979,44,4337. See aleo: 
Hmoka, & Mukai, C.; Arata, Y. Chem. Phrm. Bull. Jpn. 1983,31,947. 

(7) Oxyprotoberberinw have been prepared by (a) Bischler-Napier- 
alaki cyclization (Haworth, R. D.; Perkin, W. H., Jr.; Pink, H. S. J.  Chem. 
SOC. 1925,1709), (b) Pomeranz-Fritmh cyclizations (Brown, D. W.; Dyke, 
S. F.; Sainsbury, M.; Hardy, G. J. Chem. SOC. C 1971,3219), (c) base- 
catalyzed disproportionation of protoberberine pseudobasea (Perkin, W. 
J., Jr. J.  Chem. SOC. 1918, 722), (d) photocyclization of benzylideneiso- 
quinoline enamidee (Yang, N. C.; Shani, A.; Lenz, G. R. J. Am. Chem. 
SOC. 1966,88,5369), (e) dehydrogenation of 8-oxoberbinea (Lenz, G. R. 
J.  Org. Chem. 1974,39,2846), (0 oxidative photocyclization of enamides 
(Lenz, G. R. Zbid. 1974, 39, 2839), (9) photorearrangement of spiro- 
benzylisoquinoline ketones (Greenslade, D.; Ramage, R. Tetrahedron 
1977,33,927), and (h) polyphoaphoric acid cyclization of enamidee (see 
Experimental Section). 
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