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Abstract 
The geometry of thirty alkyl-substituted 1,2-dioxetanes derivatives was optimized using 
theoretical methods. It was found that AM1 and PM3 semiempirical methods do not adequately 
predict dihedral angles of the peroxidic ring of highly stabilized 1,2-dioxetanes. Geometric 
parameters calculated by ab initio and hybrid DFT methods are in better agreement with 
experimental activation parameter data than the one obtained by semiempirical calculations. 
Among those, the B3LYP method with the 6-31G(d) basis set is the most adequate one. Very 
good correlation between theoretical carbon-carbon bond distances and experimental activation 
parameters was found for all ab initio and hybrid DFT methods, whereas, oxygen-oxygen bond 
distances and dihedral angles do not correlate well with the activation parameters. Results 
obtained by different methods are compared and a qualitative explanation for the stabilization 
effect of alkyl groups on the 1,2-dioxetane ring is proposed. 
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Introduction 
 
1,2-Dioxetanes constitute a large class of isolable high-energy molecules whose uncatalyzed 
thermal decomposition generates electronically excited products in considerable yields.1,2 These 
products are formed preferentially in the electronically excited triplet state and the mechanism of 
this transformation was extensively studied during the 1970’s and mid 1980’s.1,3-7 As 
consequence, several hundreds of 1,2-dioxetane derivatives were synthesized.3-6 Among them, 
those originated from hindered olefins have shown remarkable thermal stability.8  
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 In the late 1980’s, spiroadamantane-substituted dioxetanes with a protected phenolate group 
were first prepared.9-11 Since these ‘triggerable’ 1,2-dioxetanes have a high potential in 
commercial applications, most prominently in chemiluminescence immunoassays, the 1990’s 
were marked by the synthesis and studies of the chemiluminescence properties of this class of 
1,2-dioxetanes. More recently, most of research on the mechanism of excited state formation in 
thermal cleavage of 1,2-dioxetanes has been carried out by quantum chemical calculations.12-14  
 However, up to now, no definitive explanation for the chemiexcitation mechanism in 1,2-
dioxetane thermolysis was obtained, neither by experimental nor theoretical means.2,7,13,15 Most 
attempts on mechanistic analysis of this process focused on the question whether the O-O and C-
C bond cleavage occurs concertedly or in a stepwise manner.1,12-14,16-18 Theoretical evidence 
reported so far indicates that the C-C bond stretches along the reaction coordinate, which is 
consistent with the intuitively assessed merged dioxetane cleavage mechanism, which predicts 
the concerted, although not simultaneous, cleavage of the O-O and C-C bonds, with the 
elongation of the O-O bond being more advanced than that of the C-C-bond (concerted biradical-
like mechanism).19,20 
 This mechanism was first proposed by Adam and used to rationalize both thermal stability 
and singlet/triplet quantum yields in the series of methyl-substituted 1,2-dioxetanes, including 
the parent 1,2-dioxetane.18-20 In this study, stability trends in the series of methyl-substituted 1,2-
dioxetanes could be rationalized by the effect of nonbonding repulsive interactions of the methyl 
substituents on the O-O and C-C bonds of the four-membered peroxide ring. Furthermore, trends 
in the chemiexcitation yields of this series could be understood on the basis of the merged 
mechanism and relative C-C and O-O bond strength, leading to the conclusion that a concerted, 
almost simultaneous, decomposition pathway would be responsible for highly efficient 
chemiexcitation (as observed in the case of tetramethyl-1,2-dioxetane), whereas, a biradical-like 
decomposition pathway would result in the formation of mainly ground state carbonyl products 
(as observed in the case of the unsubstituted 1,2-dioxetane).19 
 Twenty years after the publication of that work, we revisit – by means of quantum chemistry 
– the effect of the alkyl-substitution pattern on the stability of 1,2-dioxetanes. Thirty simple 
alkyl-substituted 1,2-dioxetane derivatives were selected and their geometry was optimized using 
semiempirical and DFT methods. The geometry of methyl-substituted derivatives was also 
optimized by ab initio methods. Results are compared with experimental activation parameters 
and a qualitative explanation for the stabilization effect of alkyl groups on the 1,2-dioxetane ring 
is proposed. 
 
 
Methods of Calculation 
 
Quantum chemical calculations. Initial geometries were submitted to full conformational 
search using molecular mechanics (MMFF94 force field)21 as implemented in the Spartan '02 
package. The lowest energy conformers were optimized without constrains by means of 



Issue in Honor of Prof. Waldemar Adam                                                                 ARKIVOC 2007 (viii) 257-272 

ISSN 1424-6376                                                       Page 259                                                       ©ARKAT USA, Inc. 

semiempirical PM3 and AM1 methods and by using the density functional theory (DFT) at the 
Becke’s three parameter hybrid functional, using the correlation functional of Lee, Yang, and 
Parr (B3LYP) level with the 6-31G(d) and 6-31+G(d,p) basis sets.22,23 Stationary points were 
confirmed as minima via vibrational frequency calculations. In order to calculate the cavity 
volume occupied by a dioxetane in a polar continuum, the COSMO model with B3LYP/6-
31G(d) basis set was employed.24 The solvent cavity volumes thus obtained (VSC in Å3) were 
converted into molar volumes (VM

SC, in cm3 mol-1) by multiplying it by Avogadro’s number and 
dividing by 1024. Ab initio calculations were performed by using the Gaussian 03 program 
package.25 Three-dimensional structures and surfaces were calculated by using the ArgusLab 
4.0.1 software.26 All calculations were performed at the advanced computing facilities (LCCA) 
of the University of São Paulo. 
 
 
Results and Discussion 
 
In order to investigate the effect of alkyl substituents on thermal stability of 1,2-dioxetane, thirty 
derivates were chosen, submitted to a full conformational analysis and their geometry optimized 
using the AM1, PM3 and B3LYP/6-31G(d) methods (Table 1). Semiempirical methods have 
been extensively used to investigate 1,2-dioxetanes thermal decompostion,16,17,27 whereas DFT 
B3LYP method provides accurate and reliable optimized structures with a lower computational 
cost when compared with MP2 calculations.28,29 Output parameters are given in Tables S1-S3 
(All Tables cited as ‘Table S’ is given in supplementary information).  
 
Table 1. Structures of the 1,2-dioxetanes studied 
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Geometry optimization 
The determination of crystal structures of 1,2-dioxetanes by X-ray diffraction is difficult since 
most of these compounds are not crystalline, do not crystallize as single crystal or do not resist 

http://www.arkat-usa.org/ARKIVOC/JOURNAL_CONTENT/manuscripts/2007/WA-2191AP as published supplementary material.pdf


Issue in Honor of Prof. Waldemar Adam                                                                 ARKIVOC 2007 (viii) 257-272 

ISSN 1424-6376                                                       Page 260                                                       ©ARKAT USA, Inc. 

irradiation.3 However, from the available crystal structure data in the literature for six different 
1,2-dioxetane derivatives, d(O-O) (A list of all abbreviations and symbols employed is give 
before References) is systematically shorter than d(C-C) (i.e., the ratio d(O-O)/d(C-C) < 1; Table 
S4). Both the semiempirical AM1 and DFT-B3LYP/6-31G(d) methods predict the same behavior 
for all derivatives, d(O-O) is nearly constant whereas d(C-C) is longer for more stable 
derivatives, i.e., the smallest d(O-O)/d(C-C) values are calculated for the tetrasubstituted 
derivates 7, 21, 28, 29, and 30 (Tables S1 and S3). However, the semiempirical PM3 method 
predicts the opposite tendency (i.e., d(O-O)/d(C-C) > 1) for almost all compounds in this study, 
except for the derivates 7, 21, 28, 29, and 30, which are the most puckered and stable ones (Table 
S2). This method predicts that d(O-O) becomes shorter for more stable derivatives (7, 21, 28, 29, 
and 30) whereas d(C-C) becomes longer. This fact agrees with chemical intuition, but must be 
considered with caution. Figure 1 depicts the comparison between d(O-O)/d(C-C) values 
calculated by AM1 and PM3, AM1 and B3LYP/6-31G(d), and PM3 and B3LYP/6-31G(d) 
methods. The linear regression coefficients obtained between AM1 and PM3 or B3LYP using all 
compounds are r = 0.988 and r = 0.980, respectively. If compounds 28, 29 and 30 (which are 
highly constrained) are excluded, the coefficients values are slightly reduced (r= 0.983 and r = 
0.947 for PM3 and B3LYP, respectively) although visually the values for these dioxetanes do not 
appear to correlate well (Figure 1A and B). Furthermore, good linear correlation (r = 0.988) is 
also obtained between the values calculated by the PM3 and the more time-consuming 
B3LYP/6-31G(d) method for all compounds studied (Figure 1C).  

 
 

Figure 1. Comparison of d(O-O)/d(C-C) values calculated by: (A) AM1 and PM3 semiempirical 
methods, linear correlation calculated for 1 - 27; (B) AM1 and DFT-B3LYP/6-31G(d) , linear 
correlation calculated for 1 - 27; (C) PM3 and DFT-B3LYP/6-31G(d), linear correlation 
calculated for 1 - 30. Numbers indicate some representative derivatives presented in Table 1.  
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 As expected, both bond distances calculated by means of the semiempirical PM3 and AM1 
methods show excellent correlations. Interestingly, d(O-O) calculated by means of DFT B3LYP 
method do not show good linear correlations with those calculated by the semiempirical 
methods, whereas d(C-C) correlates very well (Table 2).  
 
Table 2. Linear regression coefficients between structural data calculated by several theoretical 
methods for 1,2-dioxetanes 1 - 30 

 PM3 B3LYP(6-31G(d)) 
 d(O-O) d(C-C) d(O-O)/d(C-C) d(O-O) d(C-C) d(O-O)/d(C-C) 

AM1 0.9820 0.9929 0.9870 0.8393 0.9836 0.9799 
PM3    0.8562 0.9895 0.9878 
 
 It must be pointed out that theoretical studies on unimolecular decomposition of 1,2-
dioxetanes have been performed almost exclusively using the parent 1,2-dioxetane (1) and 
3,3,4,4-tetramethyl-1,2-dioxetane (7) as model-compounds, because they require less 
computational efforts than more stable (and larger) 1,2-dioxetanes, as bisadamantylidene-1,2-
dioxetane (30). However, X-ray structural data of these simpler derivatives are not available and 
theoretical bond distances, angles and dihedral angles are very often compared with that of much 
more stable 1,2-dioxetanes (see Table S4).12-14,16,17,30 In other words, there are no experimental 
data concerning the structure of less stable 1,2-dioxetanes and, therefore, it is impossible to 
assign unequivocally the more adequate theoretical method to access the optimized geometry. In 
order to adequately compare structural parameters predicted by different methods with 
experimental values, the geometry of the derivative 30 was optimized by AM1, PM3, HF/6-
31G(d) and B3LYP/6-31G(d) methods and the results evaluated with that obtained by X-ray 
diffraction (Table 3).  
 
Table 3. Theoretical and X-ray structural parameters for the peroxidic ring of 30a 

 
O O

 
 d(O-O), pm d(C-C), pm d(O-O)/d(C-C) ω, º 

Experimental31,32 148.0 154.9 0.955 21.3 
AM1 132.4 (-10) 157.8 (1.9) 0.839 (-12) 5.5 (-74) 
PM3 152.7 (3.2) 158.2 (2.1) 0.966 (1.1) 2.3 (-89) 
HF/6-31G(d) 141.2 (-4.6) 156.9 (1.3) 0.899 (-5.9) 21.7 (1.9) 
B3LYP/6-31G(d) 148.2 (0.13) 157.3 (1.6) 0.942 (-1.4) 22.2 (4.2) 
a Numbers in parenthesis indicate deviation from the experimental values, in percentage. 
 
 Calculated peroxide bond distances are in good agreement with the experimental values only 
for the B3LYP/6-31G(d) method. However, all methods predict d(C-C) which are only 2% 



Issue in Honor of Prof. Waldemar Adam                                                                 ARKIVOC 2007 (viii) 257-272 

ISSN 1424-6376                                                       Page 262                                                       ©ARKAT USA, Inc. 

higher than the experimental value. One should notice that the peroxidic ring dihedral angles 
(∠COOC, ω) are not correctly predicted at all by AM1 as well as PM3 semiempirical methods. 
Both methods predict almost planar peroxidic rings (ω ~ 0) in complete disagreement with the 
experimental dihedral angle (Table 3). However, it should bee noticed that calculations of the S0 
and the vertical T1 energies as a function of d(O-O) by the semiempirical PM3 method have 
successfully reproduced the experimental activation energy for 1,2-dioxetane thermal 
decomposition.16,33 Interestingly, the d(O-O)/d(C-C) relation obtained by the PM3 method is in 
good agreement with the experimental data, although PM3 does not predict correctly d(O-O) and 
ω. If all parameters are considered it can be concluded that the B3LYP/6-31G(d) method is the 
most adequate one for the prediction of spiroadamantyl-1,2-dioxetane geometry (Table 3).  
 
Correlation of calculated geometry parameters and experimental free energies of activation 
Experimental free energies of activation (∆G╪) for the decomposition of dioxetanes 1-30 are 
listed in Table S5 along with other activation parameters. Several linear correlations between the 
calculated structural parameters of 1,2-dioxetanes and their experimental ∆G╪ were attempted. 
The following independent variables were chosen: molar volume from solvent exclude surface 
(VM), distance of the peroxidic bond (d(O-O)), distance of the carbon-carbon bond in the 1,2-
dioxetane ring (d(C-C)), dihedral angle ω, dielectric constant in vacuo (µ), and HOMO and 
LUMO energies (EHOMO and ELUMO, respectively). Linear regression coefficients are shown in 
Tables 4.  
 
Table 4. Linear regression coefficients (r) between several calculated independent variables and 
∆G╪.a,b 

Method VM, cm3 mol-1 d(O-O), pm d(C-C), pm ω, º µ, D EHOMO, eV ELUMO, eV
AM1 0.8849 -0.9634 0.9083 -0.5913 -0.7531 0.9762 0.7673 
PM3 0.8849 -0.9832 0.9157 -0.2298 -0.5021 0.9434 0.9755 
B3LYP/6-31G(d) 0.8848 -0.8272 0.9328 0.2958 -0.8540 0.8341 0.5353 
a r > 0.93 were bold for clarity 
b notice that positive r values indicate proportional variation, whereas negative values indicate 
inverse  correlation. 
 
 As previously assigned by Richardson, correlations with the ∆G╪ values have the advantage 
that they are directly related to the experimental decomposition rate constants.12 Very good 
correlation between the d(O-O), calculated by semiempirical methods, and ∆G╪ is observed. The 
linear regression coefficient in this case is higher than those obtained for strain energy and ω by 
means of MM2 calculation (0.715 < r < 0.956).12 Contrarily, d(C-C) calculated by B3LYP/6-
31G(d) correlates better with the free energy of activation than d(O-O).  
 Good correlations of both EHOMO and ELUMO are only obtained with the PM3 method, 
whereas AM1 data show good correlation only with EHOMO and both orbital energies calculated 



Issue in Honor of Prof. Waldemar Adam                                                                 ARKIVOC 2007 (viii) 257-272 

ISSN 1424-6376                                                       Page 263                                                       ©ARKAT USA, Inc. 

by B3LYP/6-31G(d) method do not correlate linearly with ∆G╪. No appreciable linear 
correlation is observed for VM and µ. Moreover and more important, the ω values calculated by 
any of the methods used do not show appreciable linear correlation with ∆G╪. These results 
conflict with those obtained by Richardson, who used force field parameterizations based on the 
experimental ω values for two dialkyl peroxides and two 1,2-dioxetanes in order to determine 
1,2-dioxetanes dihedral angles theoretically by MM2 calculations.12 However, this correlation 
might be due mainly to the parameterization with the experimental X-ray data.  
 Activation parameters for the thermal decomposition of structurally different 1,2-dioxetanes 
have been reported by different research groups, which results in discrepant and not well 
comparable experimental data. In order to circumvent this problem, we have further optimized 
the geometry of compounds 1 - 7 (hereafter called ‘methyl series’) by means of HF/6-31G(d), 
MP2/6-31G(d), and B3LYP/6-31+G(d,p) methods, since the activation parameters for the 
complete series of methyl-substituted 1,2-dioxetanes have been obtained by one research 
group.19,20 Output data are shown in Table S6-S8. Good linear correlation coefficients are 
obtained between the d(O-O) as well as d(C-C) calculated by semiempirical methods (i.e., AM1 
and PM3) and ∆G╪ (r > 0.97, Table 5). Carbon-carbon distances calculated by means of Hartree-
Fock, MP2 and DFT methods, with the 6-31G(d) and 6-31+G(d,p) basis sets, also show very 
good linear correlation with the activation parameter (r > 0.97), whereas very poor correlations 
are obtained on utilizing the d(O-O). Interestingly, for the MP2/6-31G(d) method a positive, 
although low (r = 0.766), coefficient is obtained, whereas the coefficients for the HF and DFT 
methods are negative and still lower (Table 5).  
 
Table 5. Linear regression coefficients (r) between several calculated independent variables and 
∆G╪ for the methyl seriesa 

Method d(O-O), pm d(C-C), pm ω, º µ, D EHOMO, eV ELUMO, eV
AM1 -0.9734 0.9867 0.3663 0.8967 0.9746 -0.3569 
PM3 -0.9853 0.9850 -0.1322 0.8605 -0.5377 0.9751 
B3LYP/6-31G(d) -0.3620 0.9774 -0.0571 -0.4814 0.8931 0.9459 
HF/6-31G(d) -0.3979 0.9773 0.8464 -0.9120 0.9323 -0.6797 
MP2/6-31G(d) 0.7658 0.9894 -0.1858 -0.7189 0.9488 0.7739 
B3LYP/6-31+G(d,p) -0.6660 0.9760 0.7792 -0.1178 0.8871 0.9480 
a r > 0.95 were set as bold for clarity. 
 
 Average standard deviation from linear regression analysis of the methyl series (d(C-C) vs. 
activation parameters) is 0.8 kJ mol-1 for ∆G╪ (Table S9). Interestingly, within the methyl series, 
both d(C-C) and d(O-O) predicted by semiempirical methods show good correlation with 
activation parameters (Table 5). However, Adam and Baader have reported the activation 
parameters for cis/trans 3,4-dimethyl-1,2-dioxetanes and the cis isomer was found to be slightly 
more stable than the trans isomer.19 This result diverges from that reported for other 3,4-n-alkyl-
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substituted symmetric derivatives (i.e., ethyl, propyl and butyl), whose trans isomers are more 
stable, but was confirmed later by Baumstark and collaborators.34,35 Unfortunately, none of the 
parameters calculated in this study indicate that the cis isomer is more stable than the trans-3,4-
dimethyl-1,2-dioxetane, pointing out the deficiency also of these rather sophisticated theoretical 
methods in predicting and rationalizing experimental stability trends for 1,2-dioxetanes.  
 As previously indicated, semiempirical methods predict that activation parameters are 
linearly correlated with both d(C-C) and d(O-O), but are not able to predict torsion angles in 
bisadamatylidene-1,2-dioxetane (Table 3). On the other hand, data obtained by ab initio and 
hybrid methods show good correlations only between the d(C-C) and free activation energies, 
(Table 4) with the additional advantage that calculated dihedral angles are in considerable 
agreement with reported X-ray data (Table 3 and S4). The linear correlation coefficients for d(C-
C) obtained for the methyl series (Table 5) are considerably higher than those calculated for the 
whole series (1-30, Table 4), mainly due to the puckered compounds 28, 29 and 30. Linear 
regression coefficients between orbital energies and ∆G╪ higher than 0.95 are only observed for 
semiempirical methods. No appreciable linear correlation is observed for VM and µ. 
 Since semiempirical methods cannot accurately predict ω, and d(O-O) calculated by ab intio 
and DFT methods do not show good correlation with ∆G╪, one may ask if there is a relation 
between d(O-O) and ω that would explain the thermal stability of 1,2-dioxetanes. In this way, an 
attempt was made to obtain a factor able to model the empirical dependence between d(O-O) and 
ω. The ω value of the dioxetane ring for the unsubstituted 1,2-dioxetane 1 was forced to vary 
using the B3LYP/6-31G(d) method and the resulting d(O-O) determined. However, this 
approach proved to be unfruitful since changes in dihedral angles are compensated by variation 
in the distance of the C-O bonds (d(C-O)) and the CCO angles (θ). In other words, if a given 
variable was constrained (d(C-O)s or θs) the other changes, making it impossible to measure 
isolated effects.  
 Although we do not report calculations on the decomposition mechanism of 1,2-dioxetanes 
in this work, our theoretical calculations on the structure of these compounds can be utilized also 
to get some insight to the substituent influence on the decomposition mechanism. As noticed 
before, calculated d(C-C) correlate well with the experimental ∆G╪ values, however, in an 
‘inverse’ manner (more stable derivatives show longer and therefore weaker C-C bonds). 
Whereas, with the exception of the PM3 method, theoretical structural data indicate that 
substituent influence on the O-O bond distance is very low as can be seen from the almost 
constant d(O-O) values for all derivatives studied (Tables S1, S3, S6 – S8). This surprising fact 
may explain, at least partially, the lack of correlation between d(O-O) and the experimental 
activation parameters (Tables 4 and 5). The trends observed for d(C-C) confirm, now in a 
quantitative and general manner, the mechanistic interpretations made 20 years ago for the 
methyl series19, which were based on qualitative considerations with respect to the relative 
strength of the C-C and O-O bonds in the dioxetane ring. The larger and therefore weaker C-C 
bond in stable, highly substituted 1,2-dioxetanes causes the decomposition mechanism of these 
derivatives to be more simultaneously concerted (synchronized C-C and O-O bond cleavage). 
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Contrarily, the shorter and therefore stronger C-C bond in unstable less substituted dioxetanes 
shifts the decomposition pathway to a biradical-like process (O-O bond cleavage much more 
advanced than C-C bond cleavage). This conclusion, associated to the fact that higher stability is 
associated with higher excitation quantum yields for most derivatives (for specific exceptions see 
Scheme 2 and 3 as well as the associated discussion below), leads to the conclusion that efficient 
chemiexcitation should be associated to a concerted decomposition pathway, while, in biradical-
like dioxetane decomposition excitation efficiency is low. This interpretation has already been 
given for the methyl series, but it appears from our structural calculations that it can be applied 
also to other 1,2-dioxetane derivatives. In other words, using the still controversial merged 
mechanism1,5,13,15, postulated thirty years ago by Waldemar Adam,18 and quantum chemical 
structural data it is possible to rationalize and may be also predict quantum yield trends for many 
1,2-dioxetane derivatives.  
 
A qualitative model for the substituent influence on 1,2-dioxetane stability 
Another controversial point is the importance of the initial ω on thermal stability.1,36,37 CASSCF 
and DDCI methods indicate that rotation about the C-C bond, i.e., enlarging the ω, is a 
fundamental variable in the mechanism of unimolecular 1,2-dioxetane decomposition.13,30 In 
order to clarify this point, we use here an empirical model for the qualitatively description of 
substituents effects on thermal stability of 1,2-dioxetanes. This model considers the influence of 
the position of the substituents (caused by steric interaction between ‘bulky’ substituents) on the 
structural parameters of the dioxetane ring. For simplicity, we consider only two directions: (i) 
up and down shift of substituents, which corresponds to a disrotatory movement around the z-
axis, leading to an increase in d(C-C) and a decrease in d(O-O) (Scheme 1A). (ii) Front and back 
shift through the paper plan, which corresponds to a disrotatory movement around the x axis, 
leading to an increase in the dihedral angle ω and thereby to an increase in the O-O bond length 
without alteration of d(C-C) (Scheme 1B).  
 

 
 

Scheme 1 
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 We shall illustrate the validity of this approach using 3,3,4,4-tetraethyl-1,2-dioxetane (21), 
bisadamantylidene-1,2-dioxetane (30), dispirocyclohexyl-1,2-dioxetane (31) and 3,4-dimethyl-
cyclohexyl-1,2-dioxetane (32). The structure of bisadamantylidene-1,2-dioxetane was 
constructed using experimental bond distances and angles (Table 3, Scheme 2A). As previous 
suggested by dreiding models, the α-hydrogen atoms of both adamantly-substituents should 
suffer large nonbonding repulsion, which should best be relieved by movement ii leading to 
puckering the four membered ring.3 However, steric repulsion between more distant hydrogen 
atoms (β-H) of the adamantly moieties should lead to steric compression of the peroxidic ring by 
movement i, consequently increasing d(C-C) and decreasing d(O-O) (Scheme 2A). Similar 
effects are observed for 21 (Scheme 2B), however, in this case, a large number of conformational 
degrees of freedom is involved in order to relieve alkyl group repulsion and thus the peroxidic 
bond is compressed to a lower extent in 21 than in 30. In other words, α-H repulsion (movement 
ii) is still an important factor whereas β-H interactions (movement i) are much less important in 
the most stable conformation of 21 (Scheme 2B). 
 Steric repulsion effects by β-H (movement i) on the peroxidic ring of dioxetane 31 (Scheme 
3A) are not observed whereas α-H interaction (movement ii) results in a slight increase of d(O-
O) along with ω in agreement with the much lower stability of this derivative. On the other hand, 
if steric repulsion effects should occur in derivate 32, these should be much lower than even in 
21, as there is no interaction possible between β-hydrogen atoms; movement i does not occur and 
substituent interaction not affect d(O-O) and d(C-C) notably. However, movement ii should be 
important, leading to an increase in the dihedral angle, reinforced considerably by the 
preferential chair conformation of the cyclohexane ring system. (Scheme 3B). This interpretation 
is in agreement with the experimentally observed ∆G╪ of 1,2-dioxetane 32 and indicates that in 
this specific case the higher degree of puckering in the peroxidic ring may be responsible for its 
lower thermal stability.  
 However, it appears that the ω alone is not an important factor for dioxetane stability, since 
higher angles are the result of the combination of x- and z-axis rotation in order to access the 
more stable conformation of a given derivative. In the case of 30, the combination of steric 
compression (movement i) and twisting due to nonbonding α-hydrogen atom interactions 
(movement ii) leads to the experimentally determined dihedral angle of 21.3º, however this 
dioxetane is extremely stable as further rotation around the C-C bond is avoided by α-hydrogen 
atom interactions. This effect is reduced systematically on going to the derivatives 21, 31 and 32, 
consequently, spirodicyclohexyl-1,2-dioxetane is more likely to rotate over the C-C bond than 
bisadamantylidene-1,2-dioxetane and is therefore less stable.  
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Scheme 2 
 
 This approach can also be utilized in a tentative to rationalize the triplet quantum yields 
obtained in the thermal decomposition of dioxetanes 21, 30, 31, 32 and 33, specifically the much 
lower yields observed for 33 (Schemes 2 and 3). It should be mentioned here that a general 
explication for quantum yield trends in dioxetane decomposition has never been given, neither in 
experimental work nor in any theoretical approach.1,3-7 The only tendency observed 
experimentally is that more stable dioxetanes possess higher quantum yields.4,19,38,39  In a 
theoretical approach Tanaka and Tanaka conclude that C-C-bond rotation is necessary for 
efficient excited state formation.14 However, no attempt has been made up to now to correlate 
quantum yields and structural data using this approach. If one considers that C-C-bond rotation is 
necessary for efficient excited state formation, this is only possible in the case of the 
bisadamantyl-substituted 1,2-dioxetane 30 if C-C bond cleavage accompanies the O-O bond 
cleavage (‘merged’ mechanism) in order to minimize α–hydrogen interaction between the two 
adamantly-substituents. The high quantum yields observed for the decomposition of this 
dioxetane corroborate with the occurrence of the merged mechanism in its decomposition and 
the still higher yields obtained for the tetraethyl derivative 21 as well as 31 and 32 might be 
understood by the greater facility for rotation of these derivatives as compared to 30 (Schemes 2 
and 3). Furthermore, and more importantly, the considerably lower yields (ΦT = 1%).40,41 
observed in the decomposition of the tricyclic 1,2-dioxetane 33 (Scheme 3C) might be 
rationalized by the impossibility of C-C-bond rotation in this derivative, even when this bond is 
considerably elongated, due to conformational restrictions introduced by the two condensed 
cyclohexyl rings. Additionally, this derivative shows very low thermal stability even so its 
peroxidic ring shows small dihedral angle (ω ~ 8o), indicating again that the dihedral angle alone 
is not an indicative for stability and also showing that dioxetane decomposition must not 
necessarily proceed by C-C-bond rotation, however this movement might be necessary for 
efficient excited state formation.  
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Scheme 3 
 
 A final comment on 3,3-substituited derivatives is appropriate since the stabilization effect 
caused by two geminal substituents cannot be easily explained by this model, even if one 
considers the Thorpe-Ingold effect.42,43 The following data are of interest:34 3,3-dimethyl,  
3-methyl-3-ethyl, 3-methyl-3-n-propyl, and 3-methyl-3-n-butyl-1,2-dioxetane have free 
activation energies of ca. 100 kJ mol-1, this value is slightly increased for 3-methyl-3-i-propyl 
(102 kJ mol-1), 3-methyl-3-t-butyl (104 kJ mol-1), and 3,3-diethyl-1,2-dioxetane (103 kJ mol-1) 
(Table S5). A considerable increase in thermal stability is only observable for the di-isopropyl 
substituted derivative 34 (Scheme 4, 113 kJ mol-1), which shows a higher free energy of 
activation value than the tetrasubstituted 1,2-dioxetane 7 (108 kJ mol-1, Table S5).  
 

 
Scheme 4 
 
 On the basis of the fact that no significant 3,3-substituent effect is observed in alkyl-
substituted dioxetane, except for the di-i-propyl derivative, we decide to optimize the geometry 
of its lowest energy conformer by means of B3LYP/6-31G(d), given that this method has proved 
to be adequate to describe ω. The theoretical output predicts ω = 16.3º and therefore a 
completely puckered structure (Scheme 4). Both isopropyl groups are constrained by the two 
hydrogen atoms bonded to C4 (Scheme 4, view A) and by themselves (Scheme 4, view B). 
Although, steric hindrance caused by hydrogen atoms is very small, in this case a combination of 
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rotational restrictions (iPr/iPr, iPr/H4, and iPr/H4) appears to be responsible for the stabilization 
effect of ca. 10 kJ mol-1 in this dioxetane as compared to other 3,3-disubstituted derivatives.  
 
 
Conclusions 
 
The following conclusions are obtained in this work:  
1. Since the semiempirical PM3 and AM1 methods do not adequately describe dihedral angles 
for bisadamantylidene-1,2-dioxetane (30), it is questionable if they are able to accurately predict 
ω for less stable derivatives, e.g., parent 1,2-dioxetane or tetramethyldioxetane. In this context, it 
should be considered that AM1 and PM3 methods are both based on the Neglect of Differential 
Diatomic Overlap (NDDO) integral approximation, but with an automatic parameterization 
procedure for PM3.44 These methods were designed to reproduce heats of formation and 
structures of a large number of organic molecules. However, their use for geometry optimization 
of small rings and molecules with neighboring lone-pair to lone-pair interactions is still 
controversial.45  
2. Among the methods used in this work, the hybrid DFT B3LYP/6-31G(d) method appears to 
be the most adequate for structural calculations on 1,2-dioxetanes as it is able to correctly predict 
the structure of the adamantly-substituted dioxetane 30. However, it should be mentioned that 
the adequateness of DFT methods to access the properties of unoccupied orbitals is still matter of 
discussion in the literature.46 
3. Good linear correlation with negative coefficients are obtained between the O-O-bond 
distances calculated by AM1 and PM3 and experimental activation parameters (more stable 
dioxetanes show shorter O-O bonds), however, it might be suspected that these could be due to 
artifacts caused by the lack of theses methods to predict dihedral angles.  
4. C-C-bond distances, calculated by any of the methods used show very good correlation with 
experimental dioxetane stability data leading to positive coefficients (more stable dioxetanes 
show longer C-C bonds).  
5. Dihedral angles, as well as other calculated parameters, do not lead to satisfactory linear 
correlations with activation parameters.  
6. High level quantum chemistry calculations on the series of methyl-substituted 1,2-dioxetanes 
also show good linear correlations only between ∆G╪ and d(C-C).  
7. The substituent effect on dioxetane structure and stability is rationalized using a qualitative 
model based on the steric interaction between substituents. This model is utilized to explain 
stability trends in some highly substituted 1,2-dioxetanes. The qualitative predictions made using 
this model are confirmed by theoretical structural parameters. The model is also used to explain 
tendencies in the triplet excitation yields of this series of 1,2-dioxetanes.  
8. The calculated relative values for C-C and O-O-bond distances, combined with experimental 
excitation quantum yields, allow to postulate that concerted 1,2-dioxetane decomposition should 
be associated to high chemiexcitation efficiency.  
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Abbreviations and Symbols 
 
d(O-O):   distance of the peroxidic bond, formed by O1 and O2. 
d(C-C):   distance of the carbon-carbon bond, formed by C3 and C4. 
d(C-O):   distance of the carbon-oxigen bond, formed by C3 and O2 or C4 and O1. 
d(O-O/d(C-C): ratio between d(O-O) and d(C-C). 
VM:    molar volume calculated from solvent exclusion surface. 
ω, ∠(COOC):  dihedral angle between C3-O1-O2-C4. 
θ, ∠(CCO):  angle between C4-C3-O2 or C3-C4-O1. 
µ:     dielectric constant. 
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