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Abstract

:

The Aza-Wittig reaction plays an important role in organic transformations and has seen considerable development in the construction of cyclic and acyclic compounds in neutral solvents in the absence of catalysts with a high yield of products. Today, the use of iminophosphoranes (phosphazenes) has become a powerful tool in organic synthesis strategies directed toward the construction of nitrogenous heterocycles. These can react with carbonyl compounds, an excellent method for the construction of C=N double bonds via intermolecular and intramolecular Aza-Wittig reactions. In this study, we are interested in the theoretical study of the reaction path of the Aza˗Wittig reaction between trimethyl-iminophosphoranes (CH3)3P=NR, R = CH3 or Ph) for the two-substituent methyl and phenyl with acetaldehyde, including continuum solvation. Our calculations were carried out by means of ab initio calculations using DFT (Density Function Theory) with a dispersion correction term using the Grimme method in the program Gaussian09, using the functional B3LYP-GD3BJ with a 6-31G** base. The results obtained allowed us to highlight the mechanisms of the Aza-Wittig reaction in particular after the addition of the term of dispersion correction or van der Waals correction, which provides a new description of this reaction and its chemical path.
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1. Introduction


Phosphazenes (iminophosphoranes) of the simple structure R3P=NRʹ were first described by Staudinger and Meyer in 1919 [1], but their applications only began in the 1950s. There are different names to designate this chemical function P=N, such as iminophosphorane, phosphinimine, λ-phosphazene, or phosphinimide.



However, compared to extensive studies of the Wittig reaction [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17], little attention has been paid to the Aza-Wittig reaction. In 1997, Jugo Koketsu and colleagues [18] are the first to investigate the Aza-Wittig reaction of iminopnictoranes (H3NMH, M = P, As, Sb, and Bi) with formaldehyde (H2CO) at the MP2 level. They came to the conclusion that the Aza-Wittig reaction was more favorable for phosphorus for As, Sb, and Bi.



The Aza-Wittig reaction is arguably the most important reaction in the iminophosphorane reactivity panel. To elucidate the mechanism of Aza-Wittig reactions, it is important to isolate their intermediates, although such isolations are generally difficult due to their instability. This reaction consists of a nucleophilic attack of the iminophosphoranes on the carbonyl (or thio-carbonyl) derivatives, followed by the removal of phosphine oxide (or phosphine sulfide). This reactivity very clearly resembles that of phosphorus ylides (Scheme 1), thus giving its name.



The mechanism of the Aza-Wittig reaction is broadly known; we know in particular that it has two stages with fairly similar speeds. On the other hand, little experimental data are available on the intermediates (betaine or oxazaphosphetidine) of the reaction path, even if some special cases have been studied and characterized [12,13]



The greatest advances in the mechanism of the Aza-Wittig reaction have been made by theoretical studies of the reaction path using post Hartree–Fock methods such as Møller–Plesset at orders 2 and 4 and DFT [14,15,16]



As part of this work, we studied the reaction of Aza-Wittig for the two substituents of R, methyl and phenyl (CH3)3=NR with acetaldehyde (C2H4O) (see Figure 1). However, to our knowledge, no theoretical study on the DFT-D calculation (van der Waals dispersion correction) has been published on the Aza-Wittig reaction. The present work can provide theoretical information on this reaction.




2. Computational Methods


All the calculations reported in this paper were performed within density functional theory using the functional B3LYP [19,20] and B3LYP-GD3BJ (empirical dispersion) with a base 6-31G** [21]. Each point of the reaction path was fully optimized and verified to be a transition state (TSX) with imaginary frequency or stable species with real frequencies (i.e., RC “reagents”, “intermediate” INX and PC “products”). Frequency analysis was performed to obtain thermochemical information about the reaction processes at 298 K. All calculations are performed using the Gaussian-09 program, and the resulting surfaces were visualized using GaussView 6. IRC (intrinsic reaction coordinate) calculations were also performed to confirm the nature of the transition states.



Single-point energy calculations were also carried out for all species involved in the reaction at gas phase B3LYP-GD3BJ/6-31G** optimized geometries in THF (tetrahydrofuran) solvent using the integral equation formalism polarizable continuum model (IEFPCM).




3. Results and Discussion


3.1. Reaction of Methylimino(trimethyl)phosphorane with Acetaldehyde


Using DFT calculations at the B3LYP/6-31G** and B3LYP˗GD3BJ/6˗31G** level, it was shown that the reaction of the Aza-Wittig continues through (CH3)3P = NCH3 + O=CH2CH3 → RC → TS1 → IN1 → TSr → IN2 → TS2 → PC → (CH3)3P = O + CH3N=CH2CH3, where RC and PC represents a reactive and product complex, TS represents a transition state, and IN represents an intermediate state Scheme 2.



In our work, we found that the Aza-Wittig reaction between iminophosphorane and aldehyde is strongly exothermic and involves a stable [2 + 2] cycloaddition–cycloreversion sequence, with two intermediates IN1 and IN2 (Figure 2).



The first TS1 transition structure was located at only 10.44 and 8.73 kcal/mol, for B3LYP and B3LYP-D3, above the reactants, which corresponds to a supra–supra geometry (see Table 1). This first cycloaddition [2 + 2] turns out to be quite asynchronous (Table 2), with a calculated synchronicity of 0.93 and 0.94. This observation is consistent with the analysis performed by McEwen for the similarity reaction of Wittig on the binding order using a semi-empirical method, which showed that the new C–C bond is formed at about 40% in the TS, while the P–O binding is still negligible at this stage [22,23]. The addition barrier is high in the B3LYP functional compared to the addition barrier in B3LYP-D3, after incorporation of dispersion corrections.



We also found an IN1 reaction intermediate of oxazaphosphetidine, in which the P=O bond was 1.84. Our results also indicated that IN2 is a fairly stable reaction intermediate.



In the intermediary of IN1, the coordination geometry around phosphorus was approximately a trigonal bipyramid, with oxygen derived from the aldehyde group found at the apical position. This then underwent pseudo-rotation on a low barrier to give an IN2 isomer with the iminophosphorane nitrogen in the apical position (IN2) (see Table 3).



The IRC calculations performed for the three TSs (TS1, TSr, TS2) showed that the localized TSs are well connected to the intermediates and final products. Indeed, optimizing the geometry of the last structure obtained on the IRC curve in the intermediate direction to IN1, IN2, and products gave a structure identical to the intermediate IN1, IN2, and final product.



The cycloreversion step [2 + 2] of the reaction took place from IN2 to TS2 had an activation energy greater than that calculated for the first step in Table 4; the incorporation of dispersion correction in functional B3LYP decreased the energy of activation corresponding to cycloaddition–cycloreversion of oxazaphosphetidine. With the effects on the molecular structure of the products being minor, this difference can be explained by the emergence of a dipole–dipole interaction between the two reagents at the addition. Note that the addition of the dispersion correction in the Hamiltonian more precisely in the exchange and correlation equation, for the functional B3LYP, slightly stabilized the structures of intermediates via cycloaddition. Thus, the addition process is more favored kinetically.



On the other hand, for the energy calculation including dispersion correction, B3LYP-D3/6˗31G** (THF) seems to underestimate the energy barriers by −0.69 kcal/mol compared to that calculated at B3LYP-D3/6-31G**. The energy values for the addition steps with addition of solvent and dispersion correction were estimated to be −13.57 kcal/mol. Lower energy barriers suggest that the inclusion of dispersion correction and solvent had a significant effect on the reaction. For the second stages, the energy values were −15.86 kcal/mol.



Table 5 shows that the negatively charged iminophosphorane nitrogen was attracted to the carbon atom of the positive charge aldehyde in TS1 because there was a wide region of negative electrostatic potential around the nitrogen atom, which confirmed the negative charge in the carbon; this charge decreased in the intermediate oxazaphosphetidine IN1. These potential electrostatic surfaces also support the initial stages of the reaction path in which a nucleophilic attack of nitrogen against the carbon aldehyde occurred.




3.2. Reaction of Phenylimino(trimethyl)phosphorane with Acetaldehyde


Structure, geometric data and relative energies corresponding to the reaction of phenylimino(trimethyl)phosphorane ((CH3)3P=NPh) with acetaldehyde (CH3C=O) at B3LYP and B3LYP˗D3/6˗31G** are given in Table 6, Table 7 and Table 8.



The first transition state TS had an almost planar structure TS1, in which the dihedral angle ΦPNCO = −7.29 and −8.33 (for B3LYP-D3); for the second transition state, TS2 took the values of ΦPNCO = 1.77 and 8.90. As shown in Figure 3, the second TS barrier was lower compared to TS1, which may explain kinetically why the reaction with phenyl as a substituent in the Aza-Wittig reaction was more stable and why the reaction took place rapidly in the second elimination step, i.e., cyclorevision of imine. Therefore, the Aza-Wittig reaction can be much more kinetically favorable for CH3 in the first cycloaddition step and less favorable in the cycloreversion step, in contrast to the case where the phenyl substituent is bonded in imionphosphrane, with regard to the thermodynamic stability reaction with CH3 which is more favored over phenyl.



The relative energies, enthalpy, and free energy for intermediates and transition states were more stable for functional B3LYP-D3 compared to B3LYP, without dispersion correction. Neglecting dispersion correction with solvent appeared to lead to a huge overestimation of the activation barriers by a single point at B3LYP-D3/6-31G** (THF). Thus, inclusion of dispersion correction significantly lowered the activation barriers for the reaction (see Figure 3).



The activation energies of addition and elimination are reported in Table 9. The addition TS1 have an energy high than the elimination TS2 (the direct barriers to the decomposition of the IN2 are less than the return barrier IN1). This means that the oxaphosphetane formation step must be irreversible.



Table 10 shows that the negatively charged iminophosphorane nitrogen was attracted to the positive charge of the carbon atom of aldehyde in TS1, because there was a wide region of negative electrostatic potential around the nitrogen atom, which confirmed the negative charge in the carbon; this charge decreased in the intermediate oxazaphosphetidine IN1. These potential electrostatic surfaces also support the initial stages of the reaction path in which a nucleophile attack of nitrogen against the carbon aldehyde occurred.





4. Conclusions


The Aza-Wittig reaction of trimethyliminophosphorane (CH3)3P=NR for both methyl and phenyl substituents was investigated by means of ab initio calculations using DFT and DFT˗D (dispersion correction) on the basis of 6-31G**. We conclude in this study that the Aza-Wittig reaction between phosphazenes and aldehydes takes place via a [2 + 2] cycloaddition–cycloreversion mechanism, with oxazaphosphetidines being the reaction intermediates. The two processes [2 + 2] are associated with thermally authorized asynchronous processes.



Methylimino(trimethyl)phosphorane is more reactive than phenylimino(trimethyl)phosphorane and less reactive in the second stage of elimination, i.e., cyclorevision of imine. Intermediate oxazaphosphetidines are four-membered rings in which the nitrogen atom is pyramidal. However, the energy barriers associated with the rotational movement are localized between the two intermediates; therefore, only the second stage leads to the imines and phosphine oxides. The addition of the dispersion correction brings a new description of the reaction and the path of the chemical reaction, because it makes it possible to find a better description of the dispersion interactions in the description of the corrected functions using the DFT method.
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Scheme 1. Scheme showing two possible paths of the Aza-Wittig reaction mechanism. 
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Figure 1. Optimized geometries of the reagents used in the Aza-Wittig reaction mechanism with (A)–(C) representing phosphazene with phenyl, phosphazene with methyl, and acetaldehyde, respectively. 
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Scheme 2. Mechanism of Aza-Wittig reaction (methylimino(trimethyl)phosphorane with acetaldehyde). 
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Figure 2. Potential energy diagram of the reaction of Aza-Wittig of methylimino(trimethyl)phosphorane with acetaldehyde in gas phase B3LYP, B3LYP-D3 and with solvent B3LYP˗D3 (tetrahydrofuran (THF)). 
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Figure 3. Potential energy diagram of the reaction of Aza-Wittig of phenylimino(trimethyl)phosphorane with acetaldehyde in gas phase B3LYP, B3LYP-D3 and with solvent B3LYP˗D3 (THF). 
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Table 1. Relative energies, enthalpy, and Gibbs free energy (kcal/mol) calculated using DFT, at B3LYP and B3LYP-D3 with a base of 6-31G** (D: dispersion corrections of Grimme).
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Structures

	
(B3LYP)

	
(B3LYP-D3)




	
∆E (kcal/mol)

	
∆G (kcal/mol)

	
∆H (kcal/mol)

	
∆E (kcal/mol)

	
∆G (kcal/mol)

	
∆H (kcal/mol)






	
Reactants (RC)

	
0.00

	
000

	
0.00

	
0.00

	
0.00

	
0.00




	
TS1

	
10.44

	
14.77

	
10.28

	
8.73

	
12.17

	
8.52




	
IN 1

	
−6.63

	
−0.05

	
−5.01

	
−8.23

	
−2.46

	
−6.62




	
TSr

	
−0.71

	
6.44

	
−0.98

	
−3.63

	
2.75

	
−2.85




	
IN2

	
−6.63

	
−0.05

	
−5.01

	
−8.23

	
−2.46

	
−6.62




	
TS2

	
12.75

	
17.97

	
12.80

	
11.20

	
16.06

	
11.32




	
Products (PC)

	
−30.27

	
−29.31

	
−29.53

	
−27.94

	
−26.90

	
−27.15
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Table 2. Bond lengths (in Å) and dihedral angles (in degrees) of the Aza-Wittig reaction of Me3P=NCH3. RC, reactive complex; TS, transition state; IN, intermediate; PC, product complext.
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	B3LYP/6-31G**

B3LYP-D3/6-31G**
	dP–N

Ångström
	dC–O

Ångström
	dP–O

Ångström
	dN–C

Ångström
	ΦPNCO





	Reactants (RC)
	1.58

1.58
	1.22

1.22
	3.63

3.45
	3.07

2.84
	−2.42

−0.50



	TS1
	1.64

1.63
	1.28

1.28
	2.69

2.70
	1.76

1.76
	−7.30

−6.75



	IN1
	1.72

1.71
	1.40

1.40
	1.84

1.84
	1.47

1.46
	−6.73

−6.95



	TSr
	1.81

1.81
	1.42

1.43
	1.73

1.73
	1.45

1.45
	−11.76

−11.66



	IN2
	1.72

1.71
	1.40

1.40
	1.84

1.84
	1.47

1.46
	−6.75

−6.95



	TS2
	2.42

2.41
	1.69

1.69
	1.59

1.59
	1.36

1.36
	8.58

10.20



	Products (PC)
	4.13

3.89
	3.76

3.53
	1.51

1.51
	1.27

1.27
	−2.11

−2.01
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Table 3. Optimized geometries of structures involved in the reaction pathway.






Table 3. Optimized geometries of structures involved in the reaction pathway.





	
 [image: Chemproc 03 00047 i001]

	
 [image: Chemproc 03 00047 i002]




	
Reactants (RC)

	
TS1
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IN1

	
TSr
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IN2

	
TS2
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Products (PC)
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Table 4. Activation energy corresponds to cycloaddition–cycloreversion of oxazaphosphetidine for B3LYP, B3LYP-D3.
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	     Δ   G  B 3 L Y P  ≠     
	     Δ   G  B 3 L Y P − D  ≠     





	RC → TS1
	14.77
	12.17



	IN2 → TS2
	18.01
	18.52
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Table 5. Maps of total electron density and calculated electrostatic potential for TS1 and intermediates IN1; regions of highest electron density distribution are displayed in intense red (−16.31 kcal/mol) and regions of density distribution lower electronics in intense blue (+16.31 kcal/mol).
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	IN1
	 [image: Chemproc 03 00047 i009]










[image: Table] 





Table 6. Bond lengths (in Å) and dihedral angles (in degrees) of the Aza-Wittig reaction of methylimino(trimethyl)phosphorane with acetaldehyde (CH3)3P=NPh.
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	B3LYP/6-31G**

B3LYP-D3/6-31G**
	dP–N

Ångström
	dC–O

Ångström
	dP–O

Ångström
	dN–C

Ångström
	ΦPNCO





	Reactants (RC)
	1.59

1.59
	1.22

1.22
	3.60

3.46
	3.12

2.89
	−3.38

0.72



	TS1
	1.65

1.64
	1.29

1.29
	2.55

2.57
	1.74

1.73
	−7.29

−8.33



	IN 1
	1.73

1.72
	1.40

1.40
	1.84

1.84
	1.47

1.47
	−5.42

−5.35



	TSr
	1.93

1.91
	1.45

1.45
	1.68

1.68
	1.44

1.43
	−4.88

−5.37



	IN2
	1.92

1.90
	1.44

1.44
	1.68

1.69
	1.44

1.44
	−3.55

−3.71



	TS2
	2.60

2.50
	1.62

1.58
	1.59

1.60
	1.38

1.39
	1.77

8.90



	Products (PC)
	4.05

3.75
	3.21

2.97
	1.51

1.51
	1.28

1.28
	9.05

11.62
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Table 7. Optimized geometries of structures involved in the reaction pathway.
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Reactants (RC)

	
TS1
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Table 8. Relative energies, enthalpy, and Gibbs free energy (kcal/mol) calculated using DFT, at the theoretical level B3LYP and B3LYP-D3 with a base of 6-31G**.
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Structures

	
(B3LYP)

	
(B3LYP-D3)




	
∆E (kcal/mol)

	
∆G (kcal/mol)

	
∆H (kcal/mol)

	
∆E (kcal/mol)

	
∆G (kcal/mol)

	
∆H (kcal/mol)






	
Reactants (RC)

	
0

	
0

	
0

	
0.00

	
0.00

	
0.00




	
TS1

	
15.88

	
19.05

	
15.59

	
13.76

	
16.30

	
13.40




	
IN 1

	
1.69

	
7.36

	
3.03

	
−0.11

	
3.69

	
1.15




	
TSr

	
2.18

	
9.21

	
3.00

	
0.23

	
6.08

	
0.99




	
IN2

	
0.66

	
7.51

	
2.15

	
−1.30

	
4.37

	
0.14




	
TS2

	
10.23

	
14.87

	
10.24

	
8.85

	
13.31

	
8.98




	
Products (PC)

	
−24.35

	
−23.29

	
−23.67

	
−22.55

	
−21.48

	
−21.89
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Table 9. Activation energy corresponding to cycloaddition–cycloreversion of oxazaphosphetidine for functional B3LYP, B3LYP-D3.
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	     Δ   G  B 3 L Y P  ≠     
	     Δ   G  B 3 L Y P − D  ≠     





	RC → TS1
	19.05
	16.30



	IN2 → TS2
	7.35
	8.93
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Table 10. Maps of total electron density and calculated electrostatic potential for TS1 and intermediates IN1; regions of highest electron density distribution are displayed in intense red (−16.31 kcal/mol) and regions of density distribution lower electronics in intense blue (+16.31 kcal/mol).
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