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Abstract

:

DFT calculations on the photoisomerization of 2,6-dimethylpyrazine allowed us to confirm the role of benzvalene isomers in the isomerization of hexatomic heterocyclic compounds. 2,6-Dimethylpyrazine in the excited singlet states can be converted into the corresponding Dewar isomers. If the S2 state is populated, two Dewar isomers can be obtained, while the S1 state allows the formation of only one of the possible Dewar isomers. Both Dewar isomers can be converted into the benzvalene isomer, that is, the precursor of 4,5-dimethylpyrimidine, the reaction product. In fact, the benzvalene isomer can be obtained from the Dewar isomers in processes that occur without an activation energy, and it is the more stable benzvalene isomers that can be obtained from the Dewar isomers. CASSCF study indicates the presence of a conical intersection allowing the direct formation of the benzvalene isomer.
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1. Introduction


The photoisomerization of hexatomic heterocyclic compounds is an important research field, able to give, in some cases, noticeable synthetic procedures [1,2,3,4]. In order to explain the observed reactivity, several mechanistic hypotheses have been formulated. In this way, Dewar aromatic compounds, azaprefulvene intermediates, benzvalene intermediates, aziridines, and azaprismane intermediates, have been postulated in the reaction of this type of compounds. Figure 1 collects some of these mechanistic hypotheses.



In this study, we want to present the results of DFT and CASSCF study on the photochemical isomerization of 2,6-dimethylpyrazine.




2. Materials and Methods


Gaussian09 has been used for the discussions about the computed geometries [5]. All the computations were based on the Density Functional Theory (DFT) [6] and Time-Dependent DFT (TD-DFT) [7,8] by using the B3LYP hybrid xc functional [9]. Geometry optimizations and TD-DFT results from the Gaussian09 program have been obtained at the B3LYP/6-311G+(d,p) level of approximation. Geometry optimizations were performed with default settings on geometry convergence (gradients and displacements), integration grid and electronic density (SCF) convergence. Redundant coordinates were used for the geometry optimization as produced by the Gaussian09 program. Analytical evaluation of the energy second derivative matrix w.r.t. Cartesian coordinates (Hessian matrix) at the B3LYP/6-311G+(d,p) level of approximation confirmed the nature of minima on the energy surface points associated with the optimized structures. The transition states were calculated in S0 state.



Some computations were based on the Complete Active Space Multiconfiguration Self-Consistent Field (CASSCF) [10,11,12,13,14,15,16,17,18]. Geometry optimizations from the Gaussian09 program have been obtained at the CASSCF(6,6)/6-31G(d,p) level of approximation. Geometry optimizations were performed with default settings on geometry convergence (gradients and displacements), integration grid and electronic density (SCF) convergence.




3. Results and Discussion


The vapor phase isomerization of 2,6-dimethylpyrazine (1) has been described several years ago, showing that the only detectable product was 4,5-dimethylpyrimidine (3) (Scheme 1) [19]. To explain the observed behavior, a benzvalene intermediate had been postulated (Scheme 1). In fact, the possible isomerization of the corresponding Dewar isomers cannot be used to justify the observed reaction product (Scheme 2). Some years ago, a study appeared where, on the basis of a CASSCF study, the direct conversion of 1 into 3 without the presence of any intermediate, has been proposed [20,21].



We performed both DFT and CASSCF calculations on the above-described reaction, in order to explain the observed reactivity (Table 1). 2,6-Dimethylpyrazine shows in methanol UV absorptions at λ = 208 (592 kJ mol−1) and 277 nm (432 kJ mol−1) [22]. TD-DFT calculations at B3LYP/6-31G+(d,p) level of theory on Gaussian 09 gave an absorption in the gas phase at λ = 242 nm (495 kJ mol−1), due to a NHOMO-LUMO π→π* transition, and a n→π* transition (HOMO-LUMO transition) at 329 nm (363 kJ mol−1). Calculations at CASSCF(6,6)/6-31G(d,p) level of theory on Gaussian 09 gave an absorption in the gas phase at λ = 183 nm (654 kJ mol−1), and at 217 nm (553 kJ mol−1). The possible evolution of the singlet excited states calculated at DFT level of theory has been described in Figure 2.



Both S1 and S2 states can evolve to give the corresponding triplet state; however, that does not play an important role in the reactivity of the pyrazine derivative. The S2 state can be converted into the corresponding Dewar isomer 4 and 5 (Figure 3).



The Dewar isomer 4 can be interconverted into the starting material in a step without a transition state, showing that this isomer has a very short lifetime. On the contrary, the conversion of the Dewar isomer 5, which can be obtained from S2 but also from S1 excited singlet state, into 2,6-dimethylpyrazine necessitates overcoming a transition state with ΔE = 105 kJ mol−1 (ST1, Figure 2).



The Dewar isomer 4 could be converted in a step without a transition state into the benzvalene intermediate 14 that showed the same energy as 4 (Figure 2 and Scheme 3). Furthermore, the Dewar isomer 4 can be converted into the benzvalene isomer 15 (Figure 2 and Scheme 3), but this step showed a transition state of 159 kJ mol−1 (ST2, Figure 2). Finally, 4 can be converted, without a transition state into the benzvalene isomer 2 (Figure 2 and Scheme 3). Considering the energy level of all the possible benzvalene isomers, the formation of 2 is clearly favored.



Scheme 4 collects the possible rearomatization reactions of the benzvalene intermediates 2, 14, and 15. In red the broken bonds are evidenced. The aromatization reactions occurred without a transition state. Benzvalene 14 can give 2,5-dimethylpyrazine (16), while 15 can be transformed into 2,4-dimethylpyrimidine (13). All these compounds were not found in the reaction mixture. Only benzvalene 2, the isomer showing the lowest energy, can be converted into 4,5-dimethylpyrimidine (3), the observed reaction product. This scheme is in agreement with the observed reactivity.



Both the excited singlet states of 2,6-dimethylpyrazine (1) can allow the formation of the Dewar isomer 5. This isomer can return to the starting material, but this step has an activation energy of 105 kJ mol−1 (ST1, Figure 2). The Dewar isomer 5 can be a precursor of several benzvalene isomers (Scheme 5). In particular, benzvalene isomer 2 and 15 can be obtained.



The formation of 2 and 15 from 5 does not require high transition state. The conversion of 5 into 15 showed a transition energy of 1 kJ mol−1, while that of 5 into 2 has a transition state at 2 kJ mol−1 (Figure 4). This is an early transition state with a structure similar to the starting material. Additionally, in this case, the formation of 2 is favored considering that it is the most stable compound. The low value of the transition states energy could be in agreement with the transposition nature of the reaction. Furthermore, we consider that two sp2 carbon atoms in a cyclobutene ring disappeared, and also the other cyclobutene ring was not present in the products.



On the other hand, the CASSCF study offers a completely different possible evolution of the first excited singlet state. The results we obtained are summarized in Figure 5.



In this case, we can observe a conical intersection that allows the direct formation of 2. The benzvalene isomer 2 can be converted into the product, on the basis of the process described in Scheme 4, with a transition state (TS2) with an energy barrier of 153 kJ mol−1.



The structure of the compound at the conical intersection is reported in Figure 6.




4. Conclusions


DFT calculations allow us to present a complete description of the reactivity of 2,6-dimethylpyrazine. This compound, in the excited singlet states, can be converted into the corresponding Dewar isomers. If the S2 state is populated, both Dewar isomers can be obtained, while S1 state allowed the formation of only the Dewar isomer 5. Both Dewar isomers can be converted into the benzvalene isomer 2, which is the precursor of 4,5-dimethylpyrimidine, the reaction product. The CASSCF study proposed a very different scenario, where a conical intersection from the S1 state allowed the direct formation of 2.
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Figure 1. Proposed photoisomerization routes for hexatomic heterocycles. 
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Scheme 1. Photoisomerization of 2,6-dimethylpyrazine. 
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Scheme 2. Possible isomerization reactions of the Dewar 2,6-dimethylpyrazine isomers. 
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Figure 2. Photochemical isomerization of 2,6-dimethylpyrazine. 
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Figure 3. Dewar isomers in the photoisomerization of 2,6-dimethylpyrazine. 
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Scheme 3. Benzvalene isomers from 4. 
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Scheme 4. Rearomatization processes of benzvalene isomers. 
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Scheme 5. Benzvalene isomers from 5. 
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Figure 4. Transition state of the conversion of 5 into 2. 
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Figure 5. CASSCF evolution of the singlet excited state of 2,6-dimethylpyrazine. 
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Figure 6. Structure of 2,6-dimethylpyrazine at the conical intersection. 
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Table 1. Total energy of the optimized structures.






Table 1. Total energy of the optimized structures.





	Compound
	Energy [H]





	1
	−342.98486740



	4
	−342.82721911



	5
	−342.8747959



	14
	−342.82708190



	15
	−342.8835509



	2
	−342.9375535



	16
	−342.8744626



	13
	−342.9818826



	3
	−342.9885549



	ST1
	−342.9843104



	ST2
	−342.8314078



	ST3
	−342.7664741



	ST4
	−342.8747059
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