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THE KINETICS AND MECHANISM(S) OF NUCLEOPHILIC 
ATTACK BY CATECHOLATE ANION ON EPIBROMOHYDRIN-d2 

JOHN J .  CAWLEY* AND EDIZ ONAT 
Department of Chemistry, Villanova University, Villanova, Pennsylvania 19085, U. S. A. 

The reaction which forms hydroxymethylbenzodioxane from epibromohydrin and catecholate anion was examined by 
ultraviolet spectroscopy for the kinetics and by proton nuclear magnetic resonance spectroscopy to follow the fate of 
CD2 from reactant to product. Over the practical temperature range it was found that both CH2 positions in the 
epihalohydrin are attacked by catecholate anion to give product. Therefore, the difference in energy for the two 
pathways was small. The individual rate constants were obtained from the total rate constants. Further, the individual 
AH$ and AS$ values were calculated. It was found that the pathway of higher AH$ had the less negative AS$, which 
explains the subtlety of two mechanisms being operative over the available temperature range. Interestingly, it proved 
impossible to prepare epibromohydrin with two deuteriums at only one position in what appeared to be a relatively 
straightforward synthesis. 

INTRODUCTION 

In 1966, it was reported,' based solely on kinetic 
studies, that nucleophilic attack on epihalohydrins 
takes place exclusively at the ring CH2 position. At that 
time we had some very preliminary data,2 suggesting 
that nucleophilic attack took place at both the ring CH2 
and the chloro CH2 position in epichlorohydrin, with 
attack at the ring CH2 position predominating. 

In the period 1979-84, it was quantitatively 
that nucleophilic attack on such systems 

took place at both positions. One study3 also demon- 
strated that relatively more attack took place at the 
X-CH2 position as better leaving groups, X, were 
introduced. These were non-kinetic isotopic labeling 
studies; each labeling experiment was conducted at a 
single temperature. 

We then decided to concentrate our efforts on a 
single substrate, epibromohydrin, making a complete 
kinetic and isotopic labeling s t ~ d y . ~  In this way we 
hoped to discover the subtle differences between the two 
competing reactions. 

Our standard reaction, [equation (l)] has become the 
formation of hydroxymethylbenzodioxane6 because of 
the following reasons: the system lends itself well to UV 
spectroscopy for kinetics; it lends itself (in principle) to 
easy CD2 introduction at the ring CH2 position of 
epibromohydrin; since the product is a well defined 
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crystalline solid, and since it has two unique methylene 
environments, it lends itself well to NMR spectroscopy 
for following the fate of the CD2 from reactant to 
product. 

This work combined a kinetic and a deuterium 
labeling study at several temperatures to find the rela- 
tive proportions of each operative mechanism at these 
temperatures. Using UV spectroscopy for the kinetics 
(see Experimental), the observed rate constant for the 
appearance of product hydroxymethylbenzodioxane 
was obtained at three temperatures. Using deuterium 
labelling experiments, individual rate constants for the 
two pathways were obtained at the same three tempera- 
tures. From these it was possible to derive the reaction 
parameters A H $  and AS$ for the competing reactions, 
leading to a more detailed understanding of the 
mechanism of each of those competing reactions. 

EXPERIMENTAL 

Kinetics. The kinetics were followed by UV spectro- 
scopy using a Varian Cary Model 219 spectro- 
photometer. The solvent system was ethanol-water 
(1 : 1). To obtain activation parameters the kinetics 
were run at constant temperatures (If: 0.1 " C )  of 25, 40 
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5874 6800 A2" 
2300 2700 A276 
3400 3500 A292 

BrCH2CHBrCHzOH (3) 

Table 1 .  Molar absorptivities (I mol-' cm-I)  

E237 c276 E292 

Catechol 5874 2300 3340 
Catecholate anion 6800 2700 3500 
2-Hydroxymethyl-1 ,4-benzodioxane 455 2390 147 

Deuterium-hydrogen analysis. Proton spectra of the 
appropriate reactant and product were obtained using a 
Varian XL-200 NMR spectrometer. In the case of 2,3- 
dibromo-1, 1-dz-propan-1-01 [equation (3)], it was easy 
to see that the material was 99% dideuterated at the 
hydroxymethyl position. 

In the case of the dideuterated epibromohydrin 
[equation (4)], the methine hydrogen was used as the 
internal standard and the integrals of the two distinct 
methylene hydrogen environments were obtained. From 
these integrals the relative amounts of the two distinct 
dideuteromethylene environments were calculated. 

Similarly, in the case of dideuterated 2-hydroxy- 
methyl-1 ,Cbenzodioxane [equation (5)] , the methine 
hydrogen was used as the internal standard and the inte- 
grals of the two distinct methylene hydrogen environ- 
ments were obtained. Then the relative amounts of the 
two distinct dideuteromethylene environments were 
calculated. 

RESULTS AND DISCUSSION 

The kinetics were studied on undeuterated material; the 
studies to obtain the relative rate constants for attack at 
individual positions were run on dideuterated material. 
No corrections were made for the possibility of sec- 
ondary isotope effects. Both theory" and experiment 
suggest that the isotope effect, kH/ko will be inverse but 
close to 1 .O in the available temperature range. 

The dideuterated epibromohydrin was found to be 
79% dideuterated at the ring CH2 position and 21% at 
the bromo-CHz position. This result has analogy in the 
Payne rearrangement l 3  of epoxycarbinols in the pres- 
ence of base. One referee suggested the intermediacy of 
the anion of 1,3 dibromopropan-2-01 in the preparation 
of the epibromohydrin, to account for the partial 
scrambling. Using the equation 

a = k(0.79) + k,(0.21 
and O < m <  1 (6)  

where k, is the relative rate constant for addition of 
catecholate anion at the ring CHI position, k, is the 
relative rate constant for substitution by catecholate 
anion at the bromo-CH2 position and a is the relative 
integral related to the hydroxy-CH2 in the product, the 
values for ka and k, were obtained at three different 
temperatures. These experimental and some calculated 
values ( f 1070) are given in Table 2. 

where k, + k, = 1 
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Table 2. Relative rate constants at different temperatures Table 4. Energies, enthalpies and entropies of activation 

0 (calc.) 0.99 0.012 82 
25 0.97 0.034 29 
40 0.94 0.058 16 
60 0.90 0.10 9.0 

146 (calc. isokinetic) 0.5 0.5 1.0 
m (calc.) 4 . 2 ~  1 0 - ~  1.0 4.2 x 1 0 - ~  

From the kinetics, the total second-order rate con- 
stants, kT, at the three temperatures were obtained. 
From these data the apparent activation energy Ea( T )  
was calculated. The value, 13 kcal mo1-I 
(1 kcal = 4.184 kJ), is not unreasonable because, it 
reflects predominant attack in base to open a three- 
membered epoxide ring for which l 3  the activation 
energy, E,, is 16.6 kcalmol-'. The attack on 
epichlorohydrin ' by oxygen anions has an activation 
energy, Ea, of 16.7 kcal mol-', which suggests that 
ring opening predominates. If the studies could have 
been carried out above the isokinetic temperature, 
where halide displacement predominates, the value for 
the activation energy Ea would be expected to be closer 
to 21.9 kcal mol-', which is typical for an sN2 
process. l4 When we carried out a calculatio! using 
total rate constants, over the range 146-00 C, we 
obtained an apparent activation energy, EA( T ) ,  of 
19 kcal mol-'. 

The calculation of individual second-order rate con- 
stants, k, and k,, from the preceding data was under- 
taken, where k, is the second-order rate constant for 
addition to the ring CH2 position and k, is that for 
substitution at the bromo-CHZ position. The values 
( 2 3%) are summarized in Table 3. 

These data confirm that attack at the ring CH2 pos- 
ition is dominant over the available temperature range. 
Further, they prove that although both rates increase 
with increasing temperature, attack at the bromo-CHz 
position increases more rapidly, indicating a larger acti- 
vation energy Ea(u) for attack at the bromo-CH2 pos- 
ition. The values (& 2%) for Eas, enthalpy, entropy and 
free energy of activation are summarized in Table 4. 

Ea Am ASS AGS 
(kcal/mol) (kcal/mol) (e.u.) (Kcal/mol) 

from k, 13 12 - 34 22 
from k, 20 19 - 18 24 

The apparent enthalpy, entropy and free energy of 
activation, based on the activation energy, E,( T ) ,  were 
not calculated because they are meaningless. Previously 
Chapman et al. Is has stated that calculating activation 
parameters based on the kinetics of base-catalyzed ring 
opening of unsymmetrical epoxides is of no value unless 
one knows the product distribution. Then one can cal- 
culate individual rate constants and, from them, indi- 
vidual activation parameters, which are meaningful. In 
the same way, when one has a bifunctional electrophile 
where different nucleophilic attacks yield identical pro- 
duct, one must sort out the individual pathways, 
obtaining individual rate constants, and then the 
reaction parameters will be meaningful. Because 
Konecny' failed to do this in the epichlorohydrin 
system, he concluded that the sigma pathway was not 
operative when, in fact, it was the minor pathway and 
the alpha pathway was predominant but not exclusive. 

In the present study, the activation parameters for 
the alpha pathway match well with those'6s17 for ring 
opening of epoxides in base; the activation parameters 
for the sigma pathway also match well with those" for 
bimolecular substitution, especially if the alkyl halide 
has a neighboring heteroatom. 

The competitive mechanisms based on the data now 
become clear. For the sigma pathway, the catecholate 
anion attacks the bromo-CH2 of epibromohydrin in the 
rate-determining step [equation (7)] , which leads 
directly to epoxide. For the alpha pathway, the 
catecholate anion attacks the ring CH2 position in the 
rate-determining step, which leads by way of the inter- 

Table 3. Total and individual rate constants 

0 (calc.) 1.3 x 10-5 1.3 x 10-5 1.6 x lo-' 

40 3.1 x 1 0 - ~  2 -9  x 1 0 - ~  1-8 x 1 0 - ~  
60 1 . o ~  10-3 9.2 x 1 0 - ~  1.0 x 1 0 - ~  

25 9.2 x 10-5 8.9 x 10-5 3.1 x 

146 (calc.) 8 . 0 ~  lo-' 4.0 X lo-' 4.0 x l o w 2  
00 (calc.) 6.2 x 10' 2.6 x lo5 6.2 x 10' 
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(9) 

mediate shown in equation (8) to  the &me epoxide. 
Then the anion of the epoxide [equation (9)] 
intramolecularly attacks the ring C H  position to give 
the alkoxy anion, which becomes product after pro- 
tonation. This intramolecular attack on the ring C H  
position of the epoxide, leading preferentially to  a six- 
rather than a seven-membered ring, is interesting 
because the attack is on the more substituted carbon. In 
intermolecular attacks on epoxides in basic solution I9 
usually the site of attack is the less substituted carbon. 

In summary, we have made a complete kinetic study 
of the reaction of epibromohydrin and catecholate 
anion; we have also carried out isotopic labeling exper- 
iments at several temperatures. We have found that 
attack at the ring CH2 position, the alpha pathway, pre- 
dominates at attainable temperatures, but that attack at 
the bromo-CHz position, the sigma pathway becomes 
more competitive at  the higher temperatures. The 
enthalpies of activation are reasonable for the indi- 
vidual mechanism offered. The entropies of activation 
are also reasonable for the individual mechanism 
offered. Since the entropy of activation for the alpha 
pathway is approximately twice as negative as that for 
the sigma pathway, the sigma pathway becomes 
important very quickly at higher teyperatures and is 
predicted to  predominate above 146 C,  the calculated 
isokinetic temperature. 
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