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Abstract:



The Diels-Alder reaction of hexachlorocyclopentadiene with norbornadiene gives aldrin but theoretically three other diastereofacial isomers are possible. On oxidation these isomers can generate eight adducts one of which is known as dieldrin. All these, as well as the corresponding reactions with hexafluorocyclopenadiene were studied by semiempirical (AM1 and PM3) and hybrid density functional (B3LYP) methods. Besides the energy levels, the transition states were calculated for the reactions leading to the diastereofacial isomers of aldrin, which indicate that aldrin is the favored product of the reaction both from thermodynamic and kinetic point of view.
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1. Introduction


The Diels-Alder reaction has been extensively applied to both carbodienes and carbodienophiles as well as to heterodienes and heterodienophiles giving rise to a variety of carbocyclic and heterocyclic compounds [1]. We have performed numerous theoretical studies of Diels-Alder reactions by ab initio and density functional methods of this valuable polycyclic reaction [2]. Symmetrical reagents prefer a synchronous concerted pathway where the formation of the two new bonds is taking place at the same time.



An interesting theoretical study of the Diels-Alder reaction of polychlorinated cyclopentadiene to norbornadiene has been recently reported by Marchand et al. [3]. They employed semiempirical AM1 methods to study the transition states and energy levels of this, at one time industrially important reaction. They also applied low level ab initio (HF/3-21) calculations on these AM1 optimized structures to study the transition states of the exo and endo approaches of the diene to the dienophile.



We have undertaken the study of this reaction leading to aldrin and three other diastereofacial isomers using hybrid density functional methods with larger basis sets. The study of the corresponding fluoro derivatives was also investigated in order to compare the effects of these substituents on the reaction pathway. In addition we also studied the semiempirical energy levels of the eight dieldrin stereoisomers which can be obtained from the four aldrin isomers.




2. Results and Discussion


The reaction between hexachlorocyclopentadiene and norbornene gives aldrin, which can be oxidized with peracetic acid to dieldrin, both of which have been used as pesticides (Scheme 1). The systematic name of aldrin is 1,2,3,4,10,10-hexachloro-1,4,4α,5,8,8α-hexahydro-1,4-exo,endo-5,8-dimethanonaphtalen, and its structure and numbering are given in Fig. 1.


Figure 1. 1,2,3,4,10,10-hexachloro-1,4,4α,5,8,8α-hexahydro-1,4-exo,endo-5,8-dimethanonaphtalen.
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Scheme 1. The Diels-Alder reaction of hexachlorocyclopentadiene and norbornadiene and oxidation to dieldrin. 






Scheme 1. The Diels-Alder reaction of hexachlorocyclopentadiene and norbornadiene and oxidation to dieldrin.
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Since norbornadiene possesses diastereotopically non-equivalent π-faces two different approaches of the diene to the dienophile are possible. It has been shown experimentally that electrophilic species prefer the exo approach to the norbornadiene C=C double bond [4] but by allowing that an endo approach is also conceivable four isomeric products are possible (Scheme 2).
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Scheme 2. Exo and endo approaches of the diene to the dienophile and the four possible diastereofacial products. 






Scheme 2. Exo and endo approaches of the diene to the dienophile and the four possible diastereofacial products.
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The energy levels of the four possible isomers were initially calculated by the AM1 and PM3 semiempirical methods. They are given in Table 1, along with their relative values compared to aldrin (1). Both semiempirical methods predict aldrin to be the most stable isomer, and give comparable values for the energy levels of all four isomers.



Table 1. Relative stabilities of the endo-exo cycloadducts calculated with semiempirical methods.







	

	
AM1 structure

	
E(AM1)/ kcal/mol

	
ΔE(AM1)/ kcal/mol

	
E(PM3)/ kcal/mol

	
ΔE(PM3)/ kcal/mol






	
1

	
 [image: Ijms 07 00035 i001]

	
–2587.2

	
0.0

	
–2597.5

	
0.0




	
exo endo

aldrin




	
2

	
 [image: Ijms 07 00035 i002]

	
–2584.8

	
2.4

	
–2594.5

	
3.0




	
endo endo




	
3

	
 [image: Ijms 07 00035 i003]

	
–2576.4

	
10.8

	
–2589.4

	
8.1




	
exo exo




	
4

	
 [image: Ijms 07 00035 i004]

	
–2575.1

	
12.1

	
–2586.5

	
11.1




	
endo exo










The AM1 structures were used as starting points for density functional methods calculations of the reactants, products and transitions states.



The symmetry properties of this addition reaction can be followed by comparing the lengths of the new bonds being formed in the transition states. They are collected in Table 2 and Table 3 for the chlorine and the fluorine analogues, respectively. It is immediately apparent that for isomers 1 and 2 of either halogen derivatives the bonds being formed are very similar in lengths leading to the conclusion that the transition states and addition reactions follow a concerted, synchronous mechanism. These are the structures obtained from the endo approach of the diene to the dienophile. The case is different for the exo attack of the dienophile to the diene. In the chloro isomers 3 and 4 the difference in the lengths is 17.5 and 27.6 %, while for the fluoro analogues they are 7.8 and 27.8 %, respectively. The lower value for analogue 3F is interesting, leading to a possible explanation that there is a strong nodal interaction of the fluorine atom on carbon 10 and the hydrogen atom on carbon 9. The distance between these atoms in the transition state is 1.988 Å which confirms this strong hydrogen bond type of interaction.



Table 2. The lengths of the bonds being formed r(a1) and r(a2) in their transition states for the chlorine and fluorine isomers of aldrin calculated at the RB3LYP/6 31++G level.







	

	
Cl

	
F






	

	
r(a1)/Å

	
r(a2)/Å

	
r(a1)/Å

	
r(a2)/Å




	
1

	
2,359

	
2,378

	
2,394

	
2,397




	
2

	
2,330

	
2,360

	
2,374

	
2,362




	
3

	
2,611

	
2,153

	
2,486

	
2,294




	
4

	
2,840

	
2,055

	
2,881

	
2,080










Table 3. Pyrimidalization of the olefin bonds in the products and transition states of the chlorine and fluorine isomers calculated at the RB3LYP/6-31++G level.







	

	
Cl

	
F




	

	
ạ(ClCCCl)

	
β(HCCH)

	
γ(HCCH)

	
ạ(CFCCCF)

	
β(HCCH)

	
γ(HCCH)






	
1P

	
–174.65

	
119.32

	
175.05

	
–169.32

	
118.98

	
–175.17




	
1P

	
–174.66

	
119.32

	
175.05

	
–169.32

	
118.98

	
–175.17




	
1TS

	
–175.44

	
149.43

	
177.30

	
–170.31

	
152.42

	
–177.49




	
1TS

	
–175.10

	
149.89

	
177.26

	
–170.33

	
152.32

	
–177.51




	
2P

	
177.32

	
115.08

	
–175.99

	
–169.92

	
116.50

	
–175.91




	
2P

	
177.32

	
115.08

	
–175.99

	
–169.92

	
116.50

	
–175.91




	
2TS

	
144.69

	
147.81

	
–176.57

	
–173.25

	
152.29

	
–176.63




	
2TS

	
146.48

	
149.12

	
–176.55

	
–173.56

	
152.55

	
–176.52




	
3P

	
–174.86

	
114.88

	
175.20

	
–172.38

	
116.39

	
175.54




	
3P

	
–174.86

	
114.91

	
175.19

	
–172.39

	
116.39

	
175.53




	
3TS

	
–169.28

	
149.53

	
177.49

	
–166.90

	
142.16

	
178.30




	
3TS

	
–172.56

	
132.81

	
178.30

	
–167.21

	
146.31

	
178.02




	
4P

	
–174.51

	
112.33

	
–174.50

	
–172.34

	
114.02

	
–173.93




	
4P

	
–174.94

	
112.31

	
–174.51

	
–172.35

	
114.03

	
–173.94




	
4TS

	
–168.63

	
159.90

	
–173.24

	
–171.32

	
134.93

	
–174.26




	
4TS

	
–173.76

	
126.29

	
–174.89

	
–168.71

	
159.23

	
–173.23














Another geometrical feature of these compounds that was compared is the pyramidalization [5] of the halogens bonded to the olephinic carbons at 2 and 3 (angle α) and the hydrogens bonded to the olephinic carbons 4 and 8 (angle β) and 6 and 7 (angle γ). The changes in angle β should be the greatest, for α they should be smaller while angle γ is not directly involved and should experience smaller changes. It was hoped that these distortions from the ideal planar value can be used as a measure for the resistance to product formation: the resistance should be less significant for the transition state structures whose angle is closer to planar and greater when the deviation from planarity is larger. Except for structures 4, where the deformations for the two substituents indicate very deformed structures, the results of these comparisons cannot be used to predict the stability of the transition structures and the resistance to their formation. Apparently the dihedral angles are flexible and thus do not reflect accurately the stability of the overall structures.





Table 4 presents the energy values for the four possible diastereofacial isomers which are also given graphically in Fig. 2. The energies follow the semiempirical calculations showing that isomer 1 is thermodynamically most stable, while isomer 4 is by more than 17 kcal/mol less stable. In Table 4 the energies of the transition states are also presented. The optimized transition state structures are also given in Fig. 3 which can be downloaded as mol files. The pattern is very similar for the transition state energies: the activation energy for 1 is around 24 kcal/mol while for 4 it is by about the same value higher. The calculations performed with polarizations functions on the heavy atoms (B3LYP 6-31+G*) lower the energy by 2-3 kcal/mol but the general pattern is conserved. From these data it can be concluded that with this model chemistry isomer 1 is both thermodynamically and kinetically the favored product of this reaction. To the best of our knowledge we were unable to find in the literature experimental evidence for the presence of isomer 2 although from these calculations it is quite possible that traces of it are formed when obtaining aldrin.


Figure 2. Relative energies of the chloro derivatives (1-4) calculated by various methods.



[image: Ijms 07 00035 g002]





Figure 3. Transition states of the chloro derivatives optimized at the RB3LYP/6 31++G level (available as mol files).



[image: Ijms 07 00035 g003]






Table 4. Energy levels (ΔEf), relative energies (ΔE) and transition state energies (ΔE#) for the aldrin analogues (the value given in bold is with the zero point correction energy).







	

	

	
Cl

B3LYP/6-31++G

	
Cl

B3LYP/6-31+G*

	
F

B3LYP/6-31++G




	

	
Structure

	
ΔEf/ kcal/mol

	
ΔE / kcal/mol

	
ΔE# / kcal/mol

	
ΔEf/ kcal/mol

	
ΔE / kcal/mol

	
ΔE# / kcal/mol

	
ΔEf/ kcal/mol

	
ΔE / kcal/mol

	
ΔE# / kcal/mol






	
1

exo endo

aldrin

	
 [image: Ijms 07 00035 i005]

	
–30.0

–26.1

	
0.0

0.0

	
23.9

24.7

	
–26.9

–22.8

	
0.0

0.0

	
25.9

26.8

	
–45.4

–41.2

	
0.0

0.0

	
13.0

14.0




	
2

endo endo

	
 [image: Ijms 07 00035 i006]

	
–28.1

–24.2

	
1.9

1.9

	
27.2

27.9

	
–24.9

–20.9

	
1.9

1.9

	
29.2

30.0

	
–45.0

–40.8

	
0.9

0.7

	
13.9

14.7




	
3

exo exo

	
 [image: Ijms 07 00035 i007]

	
–14.6

–10.9

	
15.4

15.2

	
36.5

36.9

	
–12.2

–8.3

	
14.7

14.4

	
37.7

38.5

	
–37.0

–32.8

	
8.9

8.8

	
21.9

22.8




	
4

endo ex

	
 [image: Ijms 07 00035 i008]

	
–12.6

–8.9

	
17.4

17.2

	
41.17

41.4

	
–10.5

–6.6

	
16.4

16.2

	
42.7

43.4

	
–35.0

–31.0

	
13.5

12.8

	
26.5

26.8
















The epoxidation of the double bonds of products 1-4 was studied by semiempirical methods. Since there are two double bonds in these products theoretically the epoxidation can lead to eight different products. The results of the epoxidation of the C-6 C-7 double bond (originating from norbornadiene) is given in Table 5, while the epoxidation of the C-2 C-3 double bond (originating from the hexachlorocyclopentadiene) is given in Table 6. The results are presented graphically in Fig. 4 and Fig. 5. From all these results it can be concluded that the epoxidation is thermodynamically preferable at the C-6 C-7 double bond. It is also apparent that the semiempirical methods predict that the most stable isomer is 1a, which is actually the structure of dieldrin.


Figure 4. Relative stabilities of the endo-exo isomers of dieldrin calculated with AM1 and PM3 (epoxidation of the C-6 C-7 double bond).



[image: Ijms 07 00035 g004]





Figure 5. Relative stabilities of the endo-exo isomers of dieldrin calculated with AM1 and PM3 (epoxidation of the C-2 C-3 double bond).



[image: Ijms 07 00035 g005]






Table 5. Relative stabilities of dieldrin endo-exo isomers calculated with AM1 and PM3 (epoxidation of the C-6 C-7 double bond).







	

	
AM1 structure

	
E(AM1) / (kcal/mol)

	
ΔE(AM1)/ (kcal/mol)

	
E(PM3) / (kcal/mol)

	
ΔE(PM3)/ (kcal/mol)






	
1a

	
 [image: Ijms 07 00035 i009]

	
–2667.6

	
0.0

	
–2677.7

	
0.0




	
1b

	
 [image: Ijms 07 00035 i010]

	
–2666.7

	
0.9

	
–2675.8

	
1.8




	
2a

	
 [image: Ijms 07 00035 i011]

	
–2649.7

	
17.9

	
–2660.5

	
17.1




	
2b

	
 [image: Ijms 07 00035 i012]

	
–2663.3

	
4.3

	
–2673.2

	
4.4




	
3a

	
 [image: Ijms 07 00035 i013]

	
–2656.3

	
11.3

	
–2668.1

	
9.6




	
3b

	
 [image: Ijms 07 00035 i014]

	
–2656.9

	
10.7

	
–2669.7

	
7.9




	
4a

	
 [image: Ijms 07 00035 i015]

	
–2653.6

	
14.0

	
–2664.3

	
13.3




	
4b

	
 [image: Ijms 07 00035 i016]

	
–2628.8

	
38.8

	
–2645.7

	
32.0










Table 6. Relative stabilities of dieldrin endo-exo isomers calculated with AM1 and PM3 (epoxidation of the C-2 C-3 double bond).







	

	
AM1 structure

	
E(AM1) / (kcal/mol)

	
ΔE(AM1)/ (kcal/mol)

	
E(PM3) / (kcal/mol)

	
ΔE(PM3)/ (kcal/mol)






	
1c

	
 [image: Ijms 07 00035 i017]

	
–2635.3

	
32.3

	
–2660.0

	
17.7




	
1d

	
 [image: Ijms 07 00035 i018]

	
–2642.1

	
25.5

	
–2666.6

	
11.1




	
2c

	
 [image: Ijms 07 00035 i019]

	
–2635.1

	
32.5

	
–2655.1

	
22.6




	
2d

	
 [image: Ijms 07 00035 i020]

	
–2636.2

	
31.4

	
–2661.1

	
16.6




	
3c

	
 [image: Ijms 07 00035 i021]

	
–2640.5

	
27.1

	
–2661.5

	
16.1




	
3d

	
 [image: Ijms 07 00035 i022]

	
–2630.8

	
36.8

	
–2658.6

	
19.0




	
4c

	
 [image: Ijms 07 00035 i023]

	
–2639.4

	
28.2

	
–2658.6

	
19.0




	
4d

	
 [image: Ijms 07 00035 i024]

	
–2629.6

	
38.0

	
–2655.5

	
22.2










The two most stable structures 1a and 1b according to the semiempircal methds were optimized at the B3LYP 6-31++G and 6-31+G* levels. Again 1a was more stable, the energy difference being 4,0 and 4,8 kcal, respectively. This only indicates that in the reaction mixture besides dieldrin some other isomers may be present but further calculations with ab initio methods should be undertaken in order obtain more accurate energy values for all isomers.












Computational Methods


All calculations were performed with Gaussian 98 and 03 suites of programs [6,7]. The visualization of the molecules was done with Gauss View [8]. All optimizations were carried out without using any symmetry or other geometry restrictions. Besides the semiempirical AM1 [9] and PM3 [10], the model theory used was restricted Becke’s exchange with Lee, Yang and Parr correlation (B3LYP) density functional [11] with the 6-31++G basis set and for some of the structures with polarization functions on heavy atoms with B3LYP/6-31+G*, a model chemistry giving excellent results for energy barrier estimation of pericyclic reactions [12]. Frequency calculations were carried out with the same basis set for optimization on all structures in order to determine the nature of the stationary points and to obtain zero-point energies. All optimized transition state structures have one and only one imaginary frequency whose motion is along the formation of the new C–C bonds.
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