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                                                               Abstract 
The conformational analysis of five -chloro- and -bromo-alkoxides had been done. The 

minima and the conformational transition states were determined. The anti conformer was found 

to be the most stable one. Its percentage is more than 99. -Methylation increases the 

nuclophilicity of oxygen .Consequently, it enhances the rate of the ring closure. In contrast to -

methylation which retards the rate of the ring closure. This observation could be attributed to the 

reactivity of alkyl halides in SN2 reactions. The rearrangements of g and g- conformers to 

carbonyl compounds are not feasible. Therefore, the main rearrangement that takes place in -

haloalkoxides is the formation of epoxides.  

Keywords: -Haloalkoxides; Rearrangement of  -Haloalkoxides; Formation of 

epoxides; G3 Calculations.     

Introduction
Glycols (1, 2-diols) are usually considered as synthons for carbonyl compounds 

when they are treated with H2SO4 acid[1]. Similarly, -halohydrins could be considered 

as synthons for epoxides when they are treated with NaOH solution.  The mechanism 

of the epoxides formation from -halohydrins via addition of an aqueous solution of 

sodium hydroxide had been established since a long time ago[2-7]. It is composed of 

two steps: a rapid step yields haloalkoxide and  a slow step  produces epoxide via an 

intra-molecular SN2 reaction[3].

Eliel and Wilen[8] reported that the relative rates of the ring closures for several 

substituted chloroethanols relative to that of chloroethanol. Some of these reported 

values are shown in scheme 1. These compounds were chosen because they would 

be investigated in the present work. Each compound is defined by the type, 1o, 2o or 

3o, of  - and -carbons; respectively. For example, (1,2) species means that the 

compound is XCH2CH(CH3)OH where -C is 1o while -C is 2o.

From the results in  scheme 1, one can conclude that mono-methylation of -C

enhances the ring closure rate more than the that of ß-C. The relative rates of (1,2) 

and (2,1) species are 21 and 5.5; respectively.  Di-methylation of -C or ß-C of species 

enhances the rate of the ring closure approximately to the same extent. The relative 

rates of (1,3) and (3,1) species are 252 and 248; respectively, scheme 1. This means 
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that the second methylation of ß-C is more efficient in increasing the ring closure than 

that of -C. The explanations of these observation are found in References 8 - 14. 

                 XCH2CH2(OH) XCH2CH(CH3)OH XCH2C(CH3)2OH

Definition:      (1, 1)  (1, 2)  (1, 3) 

(Krel) for X=Cl:  1  21  252  

 XCH(CH3)CH2(OH)  XC(CH3)2CH2(OH)

Definition: (2, 1)  (3,1)  

(Krel) for X=Cl:  5.5 248      

Scheme 1: The relative rates (Krel) of several substituted chloroethanols.  

Kostal and Jorgensen[15]  reported that the ring closure relative rates of (1,1), 

(1,2) and (1,3), in the gas phase, are 1: 0.7: 3.7 when X=Cl. Consequently,they 

attributed the observed experimental relative rates 1: 21: 252 to the solvent effect. The 

Kostal-Jorgensen  report[15] did not give an explanation to  their result that mono-

methylation of -C  hinders the rate of the ring closure  in the gas phase. It worths to 

note that most of the results of the present work had been obtained before the 

appearance of Kostal-Jorgensen report[15]. Our initial obtained results, in the gas 

phase, were in accordance with those observed in the liquid phase. Consequently, the 

present work had been continued rather than stopped. 

The present work will also investigate the ring closure relative rate for (2,1) and 

(3,1) -chloro-alkoxides in addition to those investigated by Kostal and Jorgensen[15].

This is done to investigate the effect of ß-methylation on the ring closure rates. In 

solvents, it is known that ß-methylation  enhances the ring closure rate since the 

ionization of C-X bond  is in the order 3o 2o 1o[16]. To check the importance of the 

leaving group X,  the corresponding  -bromo-alkoxides rearrangements to epoxides 

are also investigated in the gas phase.  

Computational Details 

The computations have been carried out using Gaussian 09 program, version  

A.02[17]  All species are fully geometry optimized at MP2 (full)/GTBas1 and their G3-

enthalpies were calculated. The G3-enthalpies for the transition states were calculated 

via a procedure described in Ref. [18]. Relaxed potential energy surface (PES) scans 

are carried out at RHF/GTBas1 and in some cases at MP2 (full)/GTBas1 level to 

determine the stationary points. The quadratic synchronous transit algorithm (QST) [19]

was further carried out at MP2(full)/GTBas1 level to confirm that the transition states 

connect the right minima. When it is necessary, the Natural Bond Orbital, NBO, 

analysis have been done at MP2 (full)/GTBas1 level of theory. 
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Results and Discussion 
The G3 enhalpies and the enthalpies of formation for all minima, all transition 

states and the rearranged products are written in Appendix A. The optimized 

geometries ,the zero point energies, RHF/GTBas1 and MP2(FULL)/GTBas1 energies 

are available as supporting data. To get any information, contact the author via his E-

mail. -halo-alkoxides have three possible conformational minima: gauche, g, and its 

mirror image, g-, and anti. They have also three possible conformational transition 

states: g g--, g  anti and g-  anti. These transition states are represented as TSg,g-,

TSg,anti and TSg-,anti; respectively,Fig.1. These minima and transition states are obtained 

by of either the rotation of C-O or C-X bond around C1-C2 axis. The enthalpy of 

formation, Ho
f, of the minima are represented in figure 1, Table1.  Each minimum can 

rearrange to a new compound. For example anti can rearrange to epoxide while g and 

g- have the possibility to rearrange to carbonyl compounds. Since the main purpose of 

the present work is the measurement of the relative rates of ring closure, the Ho
f

values of the epoxides had been incorporated in table 1. 
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Figure 1: Possible conformational minima and transition states for -halo-alkoxides.
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Table 1: G3-enthalpy of formation, Ho
f, values (kcal/mol) of g, g- , anti and epoxides 

isomers

Species;Me-
groupsa,b

X=Cl; Ho
f (kcal/mol) X=Br; Ho

f (kcal/mol)

g g- anti epox g g- anti epox 

(1, 1);none -61.2 -61.2 -65.3 -78.3 -52.2 -52.2 a -76.2 
  (1, 2);R6 -386.3 -385.8 -390.7 -403.6 -376.5 -376.9 a -400.0 

(1, 3); R6&R8 -710.1 -710.1 -716.0 -729.5 -700.8 -700.8 a -725.6 
  (2, 1);R5 -384.6 -383.3 -388.4 -403.6 -375.2 -373.9 -379.7 -400.0 

(3, 1);R5&R7 -708.2 -708.2 -712.3 -729.5 -698.4 -698.4 -702.9 725.6 
a  anti conformer is not existing. It seems that as anti is formed, via rotation around C-C, it  is 

directly rearranges to epoxide.  

Conformational Minima: g, g- and anti conformers 

The most stable conformers are the anti ones. They are more stable than g and 

g- conformers for -chloro-alkoxides by 4-6 kcal/mol, (Table 1).  The stabilities of the 

anti conformers are due to the absence of the repulsive gauche interactions between 

C-O- and C-X ,(O-/X), bonds. These repulsive gauche interactions are present in g and 

g- conformers (Figure 1). Anti conformers for (1,1)- ,(1,2)- and (1,3)-bromo-alkoxides 

are not existing. It seems that these conformers rearrange directly to epoxides without 

activation energy. As an example, the scanning of the dihedral angle XCCO of the g

conformer of  1-bromo-2-methylpropyl-2-oxide (1,3-species) using RHF/GTBas1 give 

the figure shown  below. Going from the left to the right, the graph is as follows:  g 

TS g, g-  g-  TS g-, anti  anti. As anti is formed, it rearranges directly to epoxide with 

zero Eact  value. Scannig of XCCO angles of the g conformers of bromo-(1,1)- and 

(1,2)-bromo-alkoxides shows same behavior.

Figure 1 indicates that R5 and R7 are bonded to -C while R6 and R8 are bonded 

to ß-C.  When R5 and R7  are  same and R6 and R8 are also same in a species, then, 

the stabilities of g and g- conformers are the same. i. e. Erel value is zero. Examples 

are (1,1), (1,3), and (3,1) oxides. Both conformers have the same g-interactions. When 

the substituents of either -C or -C are different, such as (1,2) and (2,1) species, 
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then, g and g- stabilities differ from each other. The more stable conformer is that one 

contains less number of destabilizing g interactions. For example, the g interaction that 

exists in the g conformer of (1,2)-species is C-X and C-O bonds (X/O) while the  

gauche  interactions in (2,1) g conformer are  X/O and Me/O (Figure 2). i.e. Less 

repulsive interactions are present in 1,2-species This means that g conformer of (1,2) 

species is more stable than that of (2,1) species. The  Ho
f  for the two isomers are  -

386.3 and -384.6 kcal/mol; respectively, for X=Cl (Table 1). 

   

                              

C1 C2

O3

X H8

C5
H7

H6

                          (1, 2)-g conformer                                           (2, 1)-g conformer 

Figure 2: g conformers of (1, 2) and (2,1) species 

Conformational transition states: TS g, g-, TS g, anti and TS g-, anti

The Ho
f of Conformational transition states: TS g, g-, TS g, anti and TS g-, anti are 

given in table 2. The G3-enthalpies of these transition states are within the Appendix. 

The stability of any TS mainly depends on the nature of the eclipsing bonds. For 

example, the eclipsing bonds in the TSg,g- transition state is C-X and C-O- bonds, X//O-,

Table 2: G3-enthalpy of formation, Ho
f, values (kcal/mol) of  TSg,g-  , TSg,anti  and     

TSg-, anti  transition states.  

a  It is TSg,epox because the anti conformer is not existing. b It is  TSg-,epox  because anti     
   conformer is not existing.  

which has the highest destabilizing value. Consequently, TSg,g- transition state is the 

least stable TS and has the highest Eact value, Table 3. Eact is calculated via equation 

1. As the number of the more repulsive eclipsing 

                                Eact= Ho
f(TS) - Ho

f(minimum)                    Eq. 1.  

interaction increases, the Eact value increases. For example, TS g-, anti for (1,2) species 

has three eclipsed interactions O-//H, Me//Cl and H//H while the eclipsed interactions 

for the corresponding (2,1)-TS are : O-//H, Me//H and H//H (Figure 1). Me//Cl is more 

repulsive than Me//H. Consequently, Eact values are 2.6 and 1.6 kcal/mol for 1,2- and 

Species;Me-
groupsa,b

X=Cl; Ho
f (kcal/mol) X=Br; Ho

f (kcal/mol)

TS g, g- TS g, anti TS g-, anti TS g, g- TS g, anti TS g-, anti

(1, 1);none -53.7 -59.4 -59.4 -45.0 -50.3a -50.3b

  (1, 2);R6 -379.3 -384.2 -383.2 -370.4 -374.9a -374.2b

(1, 3); R6&R8 -704.1 -707.6 -707.6 -695.1 -698.3a -698.3b

  (2, 1);R5 -376.3 -381.6 -381.7 -367.0 -372.0 -372.1 
(3, 1);R5&R7 -699.8 -705.0 -705.0 -690.0 -695.0 -695.0 

C1 C2

O3

X H8

H5
H7

C6
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2,1- transition states; respectively (Table 3). The Eact values for 1,2- and 2,1- TS g, anti

transition states for -chloro-alkoxides are 2.1 and 3.0 kcal/mol; respectively. This 

opposite to what had been observed for TS g-, anti transition states. In 1,2-TS,Me, X and 

O-  are eclipsed to hydrogen atoms while in 2,1-TS there is an  eclipsing interaction 

between Me group and O- (Figure 1), which is responsible for the higher Eact value. 

Thus, eclipsing interactions could be used for the explanations of most of Eact values.

Table 3: G3-Activation energy, Eact, values (kcal/mol) of  TSg,g- , TSg,anti  and TSg-, anti       

transition states.  

a  It is TSg,epox because the anti conformer is not existing. b It is  TSg-,epox  because anti     
   conformer is not existing.  

It is noted that the anti conformers for 1,1-, 1,2- and 1,3-bromo species are not 

existing because as the anti conformers are formed, they would directly rearrange to 

epoxides with zero activation energy. To explain this observation, the stabilities of anti 

conformers of 1,1-, 1,2- and 1,3- -chloro-alkoxides should be deeply investigated. This 

is done because the corresponding bromo anti conformers are not existing to be 

investigated.

The stabilities of anti conformers of 1,1-, 1,2 and 1,3- -chloro-alkoxide

The anti conformers of ClCH2CH2O-, (1,1), ClCH2CH(CH3)O-, (1,2) and 

ClCH2C(CH3)2O-, (1,3) species  are shown in figure 3 which indicates  the anti bonds in 

each compound. The stabilizing HC interactions are usually take place between 

   

Species;Me-
groupsa,b

X=Cl; Eact (kcal/mol) X=Br;  Eact (kcal/mol)

TS g, g- TS g, anti TS g-, anti TS g, g- TS g, anti TS g-, anti

(1, 1);none 7.5 1.8 1.8 7.2 1.9a 1.9b

  (1, 2);R6 7.0 2.1 2.6 6.1 1.6a 2.7b

(1, 3); R6&R8 6.0 2.5 2.5 5.7 2.5a 2.5b

  (2, 1);R5 8.3 3.0 1.6 8.2 3.2 1.8 
(3, 1);R5&R7 8.4 3.2 3.2 8.4 3.4 3.4 
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Figure 3: Anti conformers of 1,1-, 1,2- and 1,3- -chloro-alkoxides. 

anti bonds.The HC interactions in these species are shown in table 4.The results 

indicate that replacement of an -H by a  methyl group would  increase the stability of 

the anti conformer via the HC between the hydrogens of the methyl group with the anti 

bonds to them (Table 4). For example, in 1,2-anti conformer, C6-H9, C6-H10 and C6-H11

bonds are anti to  C2-H8, C1-C2 and C2-O3 bonds, (Figure 3); respectively.  The HC 

interactions between these anti bonds stabilize 1,2-anti conformer by 11.6 kcal/mol 

(Table 4). 1,3 species even has more stabilizing HC interactions because it contains 

two methyl groups. The stabilizing energy is about 23 kcal/mol, (Table 4).  

Rearrangements of the anti conformers to epoxides are exothermic processes, 

Figure 4. According to Hammond postulate[3]. i. e. Early transition states are formed. 

Any factor stabilizes the anti conformer should stabilize the  TS. NBO analysis 

indicates that the similar HC interactions produces 12.6 kcal/mol in the TS of 1,2-

species. This means that HC interactions produce more stabilization energy in the TS 

than the substrate. i. e. Lower Eact and the rate of ring closure would be faster in 1,2-

species than 1,1. Similar HC interactions are expected to exist  in the corresponding 

anti conformers of -bromo-alkoxides. The question is: why bromo- anti conformers 

are not existing as chloro-ones. The answer is Br is a better leaving group than Cl 

which increases the rate of ring closure in bromo-species to an extent that anti is not 

existing. The importance of the leaving ability is clear  in case of  -bromoethoxide (1,1 

species) which has not a methyl group.
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Table 4 :Stabilization energy (Estab) results from the main Hyperconjugation (HC)a in 

the anti  minima of ClCH2CR1R2O-.

(1,1,Cl) anti; C6=C8=H (1,2,Cl) anti; R1=H;R2=CH3 1,3-anti conformer 

Donor Accepc. Estab
d Donor Accepc. Estab

d Donor Accepc. Estab
d

C2-O3 *C1-Cl  5.85 C2-O3 *C1-Cl 6.42 C2-O3 *C1-Cl  7.16 
LP(3)O3 *C1-C2 22.24 LP(3)O3 *C1-C2 21.11 LP(3)O3 *C1-C2 21.06 
LP(3)O3 *C1-Cl 9.93 LP(3)O3 *C1-Cl 10.69 LP(3)O3 *C1-Cl 12.67 
LP(2)O3 *C2-H6 21.60 LP(2)O3 *C2-C6 20.41 LP(2)O3 *C2-C6 17.77 
LP(2)O3 *C2-H8 21.60 LP(2)O3 *C2-H8 17.54 LP(2)O3 *C2-C8 17.78 
LP(3)O3 *C2-H6 6.24 LP(3)O3 *C2-C6 2.18 LP(3)O3 *C2-C6 4.94 
LP(3)O3 *C2-H8 6.23 LP(3)O3 *C2-H8 10.64 LP(3)O3 *C2-C8 4.94 

   C2-H8 *C6-H11 4.30 C2-C6 *C8-H13 2.32 
      C2-C8 *C6-H9 2.32 
   C6-H9 *C1-C2 4.07 C6-H9 *C2-C8 3.82 
   C6-H10 *C1-C2 4.07 C6-H10 *C1-C2 4.19   
   C6-H11 *C2-O3 3.45 C6-H11 *C2-O3 3.59 
      C8-H12 *C2-C6 3.82 
      C8-H13 *C1-C2 4.19   
      C8-H14 *C2-O3 3.59 
  a (HC) means hyperconjugation. It is obtained from MP2(FULL)/6-31G* NBO analysis.   

b NBO means natural bond orbital. c kcal/mol.  

Another explanation could be summarized as follows: Methyl group is an 

electron-donating group. This donation increases the electron density on oxygen 

(Table 5), which makes it stronger nucleophile and faster ring closure.

Table 5: Atomic charges of (O)  of the anti conformers of -chloro-aloxide. 

Rearrangement of anti conformers to epoxides 

The potential energy surface, PES, for the rearrangement of the anti conformers 

to epoxides is shown in figure 4. The results in Figure 4 indicate that the Eact values for 

the -chloro-alkoxides are in the order 3,1>2,1>1,1>1,2>1,3. This order in accordance 

with the previously discussed fact which states that the replacement of an -H by a 

methyl group stabilizes the anti conformer less than its TS. The Eact values for 2,1- and 

3,1- -chloro-alkoxides are 4.6 and 6.3 kcal/mol; respectively (Figure 4). The 

corresponding values for 2,1- and 3,1- -bromo-alkoxides are 1.3 and 2.6 kcal/mol; 

respectively (Figure 4). These figures support that  the better leaving Br facilitates the 

ring closure more than Cl. 

Anti conformer; 
-Chloro-aloxide 

Oxygen charge 
Mulliken NBO 

(1, 1);none -0.886 -1.007 
(1, 2);R6 -0.898 -1.010 

(1, 3); R6&R8 -0.914 -1.012 
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a Eact (kcal/mol) = Ho
f (TS) - Ho

f (anti). b entropy change (Cal/Mol- Kelvin).
It is the difference between the entropies of the TS and anti conformer. 

c Erel (kcal/mol) = Ho
f (epox) - Ho

f (anti). d anti rearranges to epoxide with 
   zero activation energy. anti and TSanti, eox are not existing.    

Figure 4: G3-PES  for the rearrangement of anti conformers to epoxides. 

Application of the Eyring equation[20 ] (Eq. 2.) gives that relative rates of 1,1-, 

1,2- and 1,3- - chloro-alkoxies are 1.0: 2.1: 5.0.

                                      k = (kBT/h) exp ( S# /R) exp (- H#/RT)              Eq. 2.   

This order correlates with the fact that -methylation increases the nucleophilicty 

of oxygen. This increase in the nucleophilicity would increase the ring closure rate. As 

had been previously mentioned, the relative rate order in solvents is 1: 21: 252. This 

large difference between the two scales could be attributed to the solvent effect. 

Application of the Eyring equation[20 ] (Eq. 2.) gives that relative rates of 1,1-, 

2,1- and 3,1- - chloro-alkoxies are 1.0: 0.1: 0.01. These numbers are as a result to the 

reactivity  order of alkyl halides in SN2 reaction. This reactivity order is 1o> 2o> 3o. This 

means that -methylation retards the ring closure in the gas phase. The relative rate in 

solvents is 1.0: 5.5: 248.The difference between effect of -mono-methylation to the -

mono-methylation (21 and 5.5) could be attributed to the fact the ring closure takes 

place in SN2 mechanism.           

Species;Me- 
groups 

X=Cl X=Br 
Eact

a Sb Erel
c Eact

a Sb Erel
c

(1, 1);none 2.9 -0.411 -13.0 non-existingd    
(1, 2);R6 2.5 -0.312 -12.9   non-existingd    

(1, 3); R6&R8 2.0 -0.215 -13.5  non-existingd    
(2, 1);R5 4.6 0.690 -15.2 1.3 -0.769 -20.3 

(3, 1);R5&R7 6.3 1.889 -17.2 2.6 -0.094 -22.7 
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Rearrangement of g and g- to carbonyl compounds 

g and g- conformers have the possibility to rearrange to carbonyl compounds  by 

migrating either R6 (g conformer) or R8 (g- conformer)  from C2 to C1 (Figure 5). Both 

migrating groups are anti to the leaving group X. Four transition states are resulted. 

These are bridged-H6, bridged-H8, bridged-Me(6) and bridged-Me(8) (Figure 6). The 

substrate, the Eact values for each TS and the Erel values for the obtained carbonyl 

                

C1 C2

X

R6

R8

R5
R7

O

         

C1 C2

X R6

R5R7

O3

R8

                            g                                                      g-

Figure 5: Flow of electrons in the rearrangement of g and g- to carbonyl compounds. 

compounds are present in table 6. The results clearly indicate that  the Eact values for 

bridged-H transition states are much smaller than those of bridged-Me ones. This 

means that migration of hydrogen is much easier than the migration of methyl group. 

For example, the formation  of propanal from  the g conformer of 1-chloro-2- propoxide 

(1,2 species;X=Cl) require 20.5 kcal/mol as activation energy (Table 6), Me-bridged 

TS. However, the formation of acetone from  the g- conformer of 1-chloro-2-propoxide 

require 11.3 kcal/mol as activation energy (Table 6), (H-bridged TS).

                                         

 TS bridged-H6    TS bridged-H8

                                                 
 TS bridged-(Me)6  TS bridged-(Me)8

Figure 6: Bridged-H and bridged-Me transition states that formed in the rearrangement 

of g and g- to carbonyl compounds. 
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Table 6: Active energy,Eact, values (kcal/mol ) of different  transition states and the 
relative energy, Erel, values (kcal/mol) for the resulted carbonyl compounds.  

Carbonyl compounds are usually not formed from alkoxides because the 

percentage of the g conformer is very small. The percentage of the anti conformer of 2-

chloroethoxide is 99.8. This value is ccalculated via equations 3 and 4. Where 

T=298.15 K, So=Rln2 and Ho=4.1 kcal/mol (Table 1), in favor of the anti conformer. 

The G3 enthalpies and the enthalpies of formation for the substrates, the TS and the 

formed carbonyl compounds are written in tables 9A, 10A and 11A in  Appendix A. 

                Go = Ho - T So                            Eq. 3 

                K=exp(- Go/RT)                                Eq. 4  

Conclusion
The most stable conformers of -haloalkoxides is the anti conformers. Their 

percentage is  more than 99. The conformers g and g- are not convertible to each other 

at room temperature because the required activation energy range is 6-8.4 kcal/mol 

(Table 3). However, g and g- conformers can isomerize to anti at room temperature 

because the activation energy range is 1.6-3.2 kcal/mol (Table 3). The main 

rearrangement that takes place in -haloalkoxides is the ring closure to form epoxides. 

-Methylation enhances the rate of ring closure because the presence of the methyl 

groups on -C increases the nucleophilicity of oxygen since the methyl is an electron - 

donating group. However, -methylation retards the ring closure in accordance to the 

reactivity of alkyl halides in SN2 reactions. 
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Species;Me-
groups 

X=Cl X=Br  
Eact Erel Eact Erel

g in which R6=H and it is anti to X 
g(1, 1);none 10.9 -48.7 7,4 -53.7 

(2, 1);R5 12.1 -44.4 9.6 -48.6 
(3, 1); R5&R7 14.8 -42.1 10.6 -47.5 

g in which R6=CH3 and it is anti to X 
(1, 2);R6 20.5 -42.8 16.3 -48.5 

(1, 3);R6&R8 19.2 -45.0 15.3 -50.4 
g- in which R8=H and it is anti to X 

(1, 1);none 10.9 -48.7 7.4 -53.7 
(1, 2);R6 11.3 -51.5 7.7 -56.1 
(2, 1);R5 13.9 -45.8 9.9 -51.1 

(3, 1);R5&R7 14.8 -42.1 10.6 -47.5 
g- in which R8=CH3 and it is anti to X

(1, 3); R6&R8 19.2 -45.0 15.3 -51.1 
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Appendix  A 

                Table 1A: G3- enthalpy (a.u.) and entropy, S, values (Cal/Mol- Kelvin)  
                                 of g conformers. 

                Table 2A: G3- enthalpy (a. u.) entropy, S, values (Cal/Mol- Kelvin)     
                                     of g- conformers. 
       

   
                   Table 3A: G3- enthalpy (a.u.) and entropy, S, values (Cal/Mol- Kelvin)  
                                     of anti conformers. 
   

                Table 4A: G3- enthalpy (a.u.) and entropy, S, values (Cal/Mol- Kelvin)  
                                 of epoxides. 
        

             Table 5A: G3- enthalpy (a.u.) and entropy, S, values (Cal/Mol- Kelvin)  
                             of  the g,g-,transition states, TSg,g-

Species;Me-
groupsa,b

X=Cl X=Br 
G3-enthalpy S G3-enthalpy S 

(1, 1);none -613.761601 67.488 -2727.270608 70.309 
(1, 2);R6 -653.042155 72.725 -2766.550873 75.443 

(1, 3); R6&R8 -692.321484 77.892 -2805.829952 80.567 
(2, 1);R5 -653.037394 72.945 -2766.545465 75.829 

(3, 1);R5&R7 -692.314526 77.872 -2805.821817 80.766 

Species;Me-
groupsa,b

. X=Cl X=Br 
G3-enthalpy S G3-enthalpy S 

(1, 1);none -613.773633 69.894 -2727.282193 72.859 
  (1, 2);R6 -653.053313 76.393 -2766.560655 79.326 

(1, 3); R6&R8 -692.330989 81.845 -2805.839128 84.758 
  (2, 1);R5 -653.050583 75.802 -2766.558552 78.843 

(3, 1);R5&R7 -692.327893 81.144 -2805.835289 84.179 

Species;Me-
groupsa,b

X=Cl X=Br 
G3-enthalpy S G3-enthalpy S 

(1, 1);nonec -613.773633 69.894 -2727.282193 72.859 
(1, 2);R6 653.052572 76.089 -2766.561286 79.021 

(1, 3); R6&R8
c -692.330989 81.845 -2805.839127 84.758 

(2, 1);R5 -653.048516 76.296 -2766.556418 79.269 
(3, 1);R5&R7

c -692.327893 81.144 -2805.835289 84.179 

Species;Me-
groupsa,b

X=Cl X=Br 
G3-enthalpy S G3-enthalpy S 

(1, 1);none -613.780161 70.086 non-existing 
(1, 2);R6 -653.060361 76.402 non-existing 

(1, 3); R6&R8 -692.340369 82.045 non-existing 
(2, 1);R5 -653.056750 75.978 -2766.565660 79.485 

(3, 1);R5&R7 -692.334543 81.119 -2805.842374 84.694 

Species;Me-
groupsa,b

X=Cl X=Br 
G3-enthalpy S G3-enthalpy S 

(1, 1);none -613.800877 79.343 -2727.320485 82.634 
(1, 2);R6 -653.080885 85.005 -2766.598041 88.857 

(1, 3); R6&R8 -692.361854 90.058 -2805.878567 94.197 
(2, 1);R5 -653.080885 85.015 -2766.598041 88.858 

(3, 1);R5&R7 -692.361854 90.049 -2805.878567 94.189 
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            Table 6A: G3- enthalpy (a.u.) and entropy, S, values (Cal/Mol- Kelvin)  
                           of  g,anti transition states,TSg,anti.   

                   a It is TSg,epox because the anti conformer is not existing.  

Table 7A: G3- enthalpy (a.u.) and entropy, S, values (Cal/Mol- Kelvin)  
               of g-,anti transition states, TSg-,anti.

Species;Me-
groups 

X=Cl X=Br 
G3-enthalpy S G3-enthalpy S 

(1, 1);nonec -613.770731 67.407 -2727.279122a 70.305a

(1, 2);R6 -653.048406 72.922 -2766.556887a 75.822a

(1, 3); R6&R8
c -692.326964 78.017 -2805.835096a 80.848a

(2, 1);R5 -653.045934 73.211 -2766.553587 76.196 
(3, 1);R5&R7

c -692.322862 78.399 -2805.829826 81.608 
                          a It is  TSg-,epox  because anti conformer is not existing.  

Table 8A: G3- enthalpy values (a. u.) and enthalpy of formation ( Ho
f, kcal/mol) and 

entropy (S, Cal/Mol- Kelvin) values of the anti, epoxide transition states (TSanti,epox).

  a O3, R6 and R8 are bonded to C2. b X4, R5 and R7 are  bonded to C1. c g and g - give
epoxide directly, see the text.  d (2,2)species. 

                Table 9A: G3- enthalpy (a.u.) and enthalpy of formation, ( Ho
f, kcal/mol)  

                                 values of the bridged-H and Me transition states. 

Species;Me-groups 
X=Cl X=Br 

G3-enthalpy S G3-enthalpy S 
(1, 1);none -613.770731 67.407 -2727.279122a 70.305a

(1, 2);R6 -653.049930 73.007 -2766.558149a 75.833a

(1, 3); R6&R8 -692.326964 78.017 -2805.835096a 80.848a

(2, 1);R5 -653.045818 73.388 -2766.553444 75.802 
(3, 1);R5&R7 692.322862 78.399 -2805.829826 81.608 

Species;Me-
groupsa,b

X=Cl X=Br 
G3-enthalpy Ho

f S G3-enthalpy Ho
f S 

(1, 1);none -613.775530 -62.4 69.675 non-existing c

(1, 2);R6 -653.056294 -388.2 76.090 non-existing c

(2, 1);R5 -653.049341 -383.8 76.668 -2766.563723 -378.4 78.716 
(1, 3); R6&R8 -692.337253 -714.0 81.830 non-existing c

(3, 1);R5&R7 -692.324498 -706.0 83.008 -2805.838329 -700.3 84.600 

Species;Me-
groupsa,b

X=Cl X=Br 
G3 (enthalpy) Ho

f G3 (enthalpy) Ho
f

g in which R6=H and C2- R6 bond is anti to C1-X bond. 
(1, 1);none -613.756238 -50.3 2727.270312 -44.8 

(2, 1);R5 -653.031284 -372.5 -2766.545315 -366.9 
(3, 1);R5&R7 -692.304330 -693.4 -2805.818336 -687.8 

g in which R6=CH3 and C2- R6 bond is anti to C1-X bond. 
(1, 2);R6 -653.020637 -365.8 -2766.534717 -360.2 

(1, 3); R6&R8 692.300419 -690.9 -2805.814706 -685.5 
g- in which R8=H and C2- R8 bond is anti to C1-X bond. 

(1, 1);none -613.756238 -50.3 -2727.270312 -44.8 
(1, 2);R6 -653.026448 -374.5 -2766.549072 -369.2 
(2, 1);R5 -653.026448 -369.4 -2766.540690 -364.0 

(3, 1);R5&R7 -692.304330 -693.4 -2805.818336 -687.8 
g- in which R8=CH3 and C2- R8 bond is anti to C1-X bond. 

(1,3); R6&R8 692.300419 -690.9 -2805.814706 -685.5 
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Table 10A: G3- enthalpy values (a. u.) and enthalpy of formation ( Ho
f, kcal/mol) 

values of the aldehydes (A) and the ketones (K) that resulted from g and g-

conformers.

Table 11A: The structures and the names of the aldehydes (A) and  the ketones (K) 
that resulted  from the rearrangements of g and g- conformers. 

C1 C2

H
H

H

O3

X

Hecl

               

C1 C2

O3

H

Hecl

H

X

CH3

                

C1 C2

O3

X

H
H

H

H3C(ecl)

         ecl-H-Ethanal.                            ecl-H-Propanal.                    ecl-Me-Propanal.              
               A-1                                              A-2                                           A-3                                    
       

                                                         

C1 C2

O3

H

Hecl

X

CH3
CH3

                                                             ecl-H-2-methylPropanal                       
                                                                        A-4                                                         

C2

CH3C1

Hecl

H H

O3

X4

C2

C1

H

H

O3

CH3

X4

H3C(bis)

        

C2

CH3C1

Hecl

CH3 H

O3

X4

     ecl-H-Propanone.               bis-Me-Butanone.                ecl-H-Butanone.  
              K-1                                        K-2                                    K-3  

Species;Me-
groupsa,b 

X=Cl X=Br 
G3-enthalpy Ho

f C=O G3-enthalpy Ho
f C=O 

g in which R6=H and C2- R6 bond is anti to C1-X bond. 
 (1,1, g) -613.851127 -109.9 A-1 -2727.367806 -105.9 A-1 
(2,1, g) -653.121320 -429.0 A-3 -2766.638012 -425.1 A-3 
(3,1, g) -692.395011 -750.3 A-4 -2805.910930 -745.9 A-4 

g in which R6=CH3 and C2- R6 bond is anti to C1-X bond. 
(1,2, g) -653.121510 -429.1 A-2 -2766.637986 -425.0 A-2 
(1,3; g) -692.402645 -755.1 K-2 -2805.919394 -751.2 K-2 

g- in which R8=H and C2- R8 bond is anti to C1-X bond. 
 (1,1, g-) -613.851127 -109.9 A-I -2727.367806 -105.9 A-1 
(1,2; g-) -653.134569 -437.3 K-1 -2766.650619 -433.0 K-1 
(2,1, g-) -653.121509 -429.1 A-2 -2766.637985 -425.0 A-2 
 (3,1, g-) -692.395011 -750.3 A-4 -2805.910930 -745.9 A-4 

g- in which R8=CH3 and C2- R8 bond is anti to C1-X bond. 
(1,3; g-) -692.402645 -755.1 K-2 -2805.920491 -751.9 K-3 


