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The conventional resonance model describes carbonyls, imines, and thiocarbonyls, as well as their protonated analogues, by a superposition of two valence bond structures. Ab initio Breathing-Orbital Valence Bond computations on formaldehyde, formimine, and thioformaldehyde as well as their protonated forms are performed to directly quantify the weights of their valence bond structures. Following a gas phase study that showed that protonation significantly increases the weight of the carbenic form relative to the polar-covalent bonded form (Braida, et al., Org Lett, 2008, 10, 1951), the present work estimates the influence of a polar protic solvent, modelized by water. Solvation effects are modeled explicitly by performing VB calculations on supersystems made of the organic substrate surrounded by four water molecules. It is shown that protonation significantly increases the polarity of the COX bond in all three cases (X ϭ O, NH, S) in solvated phase, in line with the known acceleration of nucleophilic additions on these compounds by acidic catalysis. Moreover, solvation significantly enhances the polarity of the COX bond in the protonated forms of formaldehyde and thioformaldehyde, but has practically no effect on the COX bond of protonated formimine.

Introduction

I t is common chemical knowledge that nucleo- philic reactions on carbonyl compounds are considerably fastened by acidic catalysis. A similar rate enhancement is also observed for imine and thiocarbonyl compounds. In the framework of Frontier Orbital Theory [START_REF] Fleming | Frontier Orbitals and Organic Chemical Reactions[END_REF], it is argued that protonation has the effect of lowering the lowest unoccupied molecular orbital (LUMO), actually a -type antibonding MO, thus favoring the stabilizing interaction with the highest occupied MO of the nucleophile. On the other hand, the conventional resonance model proposes an explanation based on Scheme 1, in which protonated carbonyls, imines, and thiocarbonyls are represented as a superposition of two mesomeric structures, one polar-covalent (I) and the other of carbenium type (II).

More precisely, Structure I in Scheme 1 is defined as a polar COO bond exactly similar to that of the unprotonated compound, that is, having the same polarity, whereas the -electron pair in Structure II is entirely localized on the X atom. According to this scheme, R 2 CAX (X ϭ O, NH, S) would lose some of its double bond character upon protonation, to the benefit of the carbenic form (II). Just how large is the weight of II relative to I has attracted the attention of experimentalists as well as theoreticians for several decades, especially in the carbonyl case [START_REF] Olah | Carbosulfonium and Carbazonium Ions from Onium Ions[END_REF][START_REF] Olah | [END_REF][4][5][6][7][8][9][10].

Various techniques have been used. On the experimental side, 17 O-NMR shifts have been used as indicators of carbonyl-oxygen -bond order [START_REF] Olah | Carbosulfonium and Carbazonium Ions from Onium Ions[END_REF][START_REF] Olah | [END_REF][4][5]. On the theoretical side, several criteria have been used, ranging from bond length considerations [6 -8] to calculated net charges [6, 8 -10], according to various definitions of electron density partitioning.

Very recently, we addressed the problem in a direct way by calculating the weights of I and II in the protonated compounds by means of ab initio valence bond (VB) calculations, using the high quality breathing orbital valence bond (BOVB) method [11]. The results of the calculation for the parent compounds H 2 CAX (X ϭ O, NH, SH) and its protonated form, recalled in Table III, clearly supported the conventional resonance model, by yielding a 28% weight for the carbenium form in protonated formaldehyde and 19% in both protonated formamine and thioformaldehyde. The effects of -donating substituents were also investigated, and were shown to further increase the weight of the carbonic structure II relative to the parent protonated compound. Now an important point to keep in mind is that all the above theoretical results [6 -11] refer to gas phase conditions, whereas acidcatalyzed nucleophilic reactions take place in protic solvents, mostly water.

In our VB study [11], we roughly estimated solvent effects by using a standard solvation model, the polarized continuum model (PCM), [12] and tentatively concluded that solvation does not fundamentally change the gas phase structural weigths. However, the latter proposal could not be considered as firmly established, as the PCM model does not take into account the explicit interactions between the substrate and the solvent molecules of the first solvation shell. Thus, to provide a more reliable estimation of solvent effects, the aim of the present work is to readdress the problem by performing a VB study of explicitly solvated neutral and protonated fomaldehyde, formamine, and thioformaldehyde, using a more realistic solvation model. In the present model, the substrate effectively interacts with explicit water molecules, to form a supersystem that is imbedded in a polarized continuum that figures out the outer solvation shells.

Theoretical Methods and Strategy

GEOMETRY OPTIMIZATIONS FOR THE SUBSTRATE-SOLVENT SUPERSYSTEMS

The geometry optimizations were performed at the level of density functional theory (DFT), using SCHEME 1. The conventional resonance model for formaldehyde, formamide and thioformaldehyde.

the standard B3LYP hybrid functional. The standard 6 -31G(d) basis set, of double-zeta ϩ polarization quality, was used throughout. All calculations are done within the CPCM polarizable conductor model framework [13] with water as the solvent, at a temperature of 300 K.

The basic strategy for building the final supersystem, made of the substrate surrounded by a small number of water molecules, is the following. We calculate geometry-optimized supersystems of increasing sizes, that is, involving one, two, three, and more water molecules. At the nth step, we compute the variation in substrate free solvation energy due to the incorporation of an nth explicit water molecule ⌬⌬G n solv using Eq. ( 1) below, where E CPCM corresponds to the CPCM free energies in solution, and Complex _n designates a supersystem of n water molecules surrounding the organic substrate.

⌬⌬G n solv ϭ E CPCM (Complex _n ) Ϫ E CPCM (Complex _nϪ1 ) Ϫ E CPCM (H 2 O) (1)
The process is stopped when the stabilization ⌬⌬G n solv is deemed negligible (less than 1 kcal/mol). Only the complexes where all water molecules directly interact with the organic substrate are selected, that is, complexes involving water chains are discarded. Applying this strategy led to three water molecules for protonated formaldehyde and for neutral thioformaldehyde, and to four water molecules for all other compounds. Then, for the sake of consistency, we retained the largest number of water molecules (i.e., four) for all solvated compounds.

THE BREATHING-ORBITAL VALENCE BOND METHOD

In VB theory [14,[START_REF] Shaik | A Chemist's Guide to Valence Bond Theory[END_REF], a many-electron wave function is expressed in terms of VB functions ⌽ K ,

⌿ ϭ K C K ⌽ K (2)
where each ⌽ K corresponds to a traditional VB structure, purely covalent or ionic. In the present work, the VB wave functions are calculated by the "breathing-orbital valence bond method" (BOVB) [START_REF] Hiberty | [END_REF], a method that has been extensively tested for its reliability and high accuracy [16c].

The coefficients and orbitals of the VB structures are optimized simultaneously, so as to minimize the total energy of the multistructure wave func-tion. During the optimization process, each VB structure is allowed to possess its specific set of orbitals, different from one VB structure to the other. In this manner, the orbitals can fluctuate in size and shape so as to fit the instantaneous charges of the atoms on which these orbitals are located. This specificity of the BOVB method ensures its accuracy by bringing some dynamic correlation to the wave function, without increasing the number of VB configurations. In this work, only the orbital on the substrate are "breathing," whereas the orbitals of the water molecules remain the same in the different VB structures. The system is treated at the VB level, whereas the other electrons, including those of the H 2 O molecules, are in delocalized molecular orbitals. However, all orbitals are optimized, so that the influence of the bonds and that of the solvent molecules on the system are accounted for. As is usually done, the importance of each VB structure ⌽ K is characterized by its Ͻ Ͻ weight Ͼ Ͼ W K , that is extracted from the coefficients, according to the standard Chirgin-Coulson formula [17], Eq. ( 3):

W K ϭ C K 2 ϩ L K C K C L ͗⌽ K ͉⌽ L ͘ (3) 
The VB structures that are considered in the present work are displayed in Figure 1. At variance with previous VB computations [18], the atomic orbitals (AO) that are used to define the VB structures are strictly localized on a single atom (C or X). This way, the distribution of electrons in the space is very clear. For example, VB structures 1 and 1 P that display a purely covalent bond (noted •-•), have one electron on C and another on X. VB structures having inverse polarity, of the type H 2 C Ϫ OO ϩ or H 2 C Ϫ OO 2ϩ H, are discarded for the sake of simplicity. All VB calculations were performed with the XMVB ab initio valence bond program of the Xiamen group [START_REF] Song | XMVB: An Ab Initio Nonorthogonal Valence Bond Program[END_REF]. The B3LYP/CPCM calculations were performed with the Gaussian 03 package of programs [20].

FIGURE 1.

Valence bond structures for the unprotonated species (1-2) and for the protonated species (1 P -2 P ).

Results

GEOMETRIES OF THE SUPERSYSTEMS AND SOLVATION FREE ENERGIES

The optimized geometries for the solvated neutral formaldehyde, formimine, and thioformaldehyde are displayed in Figure 2. In all cases, the X fragment (X ϭ O, NH, S) is surrounded by two water molecules which form hydrogen bonds in the molecular plane of the substrate. On the other hand, the carbon center is flanked by two further water molecules, on both sides of the molecular plane. The shortest distances between the carbon center and the solvent molecules are found for formaldehyde, in agreement with the larger polarity of the COX bond in this molecule relative to the other two. The large carbon-water distance in formimine, more than 3 Å, reflects the fact the two water molecules hardly stabilize the carbon center, as mentioned in the theoretical section.

The geometries of the solvated protonated compounds are displayed in Figure 3. As can be seen, all the solvent-substrate distances are shorter than the corresponding distances in the neutral compounds. This is a sign of a strongest solvent-substrate interaction, which reflects the fact that protonation has the effect of increasing the polarity of the COX linkage, as can be seen from the significant weight of the carbenic form 2 P in all compounds in the gas phase (see Table I).

WEIGHTS OF THE VB STRUCTURES

The weights of the VB structures for the species in the gas phase have been calculated in our previ- ous study [11] and are recalled in Table I, columns 1 and 2. It is seen that the bond of H 2 CAX involves a major purely covalent component 1 combined with a minor ionic component 2, the ionic weight characterizing the polarity of the familiar polar-covalent bond CAX.

The same analysis performed on the protonated species (structures 1 P and 2 P , columns 3 and 4) shows that protonation affects the CX bond in a significant way, diminishing the weight of the covalent component 1 P and increasing that of the carbenic component 2 P , which can be interpreted as a participation of II in the resonating Scheme 1. In the last column of Table I, the polarity enhancement due to protonation is displayed, as defined through the Eq. ( 4) below:

p.e. (%) ϭ ͩ 2p 2 Ϫ 1 ͪ ϫ 100 (4)
The polarity enhancement is large in all cases, amounting to 53-60%.

The weights of the VB structures for the solvated species are displayed in Table II. Let us consider the neutral compounds first (columns 1 and 2). By comparing the weights of structures 1 and 2 in Table II to the weights of the same structures in Table I, it appears that solvation increases the weight of the carbenic form 2 relative to the covalent form 1 in all neutral compounds. In other words, solvation increases the polarity of the COX bond. The weight enhancement of 2 when going from gas phase to solution, as defined by: ( 2 solution / 2 gas phase Ϫ 1) ϫ 100 is large in formaldehyde (ϩ30%), even larger in thiformaldehyde (ϩ37%), but very small in formimine (ϩ3%), in harmony with the weak solvation effect at the carbon site of this latter compound.

Turning to the protonated species in the solvated phase, it can be seen that the weight of the protonated carbenic form, 2 P , is always increased relative to the unprotonated carbenic form 2 (compare column 4 to column 2 in Table II). This indicates that protonation increases the carbenic character of all three compounds in water, as was found in the gas phase. The polarity enhancement due to protonation is large in the three molecules under study, as can be appreciated by using Eq. ( 4). This ratio is in the range 45-61% in solvated phase, quite compa-

TABLE I ______________________________________________________________________________________________

Weights (in %) of VB structures for formaldehyde, formimine, thioformaldehyde, and their protonated species, in the gas phase. Last column: polarity enchancement (in %) due to protonation, as defined through equation ( 4).

Carbonyl, imine, thiocarbonyl

Protonated species 

X H 2 CAX (1) H 2 C ϩ OX Ϫ ( 

TABLE II ______________________________________________________________________________________________

Weights of VB structures for formaldehyde, formimine, thioformaldehyde, and their protonated species, explicity solvated by water molecules. Last column: polarity enchancement (in %) due to protonation, as defined through equation ( 5).

Carbonyl, imine, thiocarbonyl Protonated species rable to the values 53-60% in the gas phase. This result is in line with the experimental fact that nucleophilic additions on carbonyl, thiocarbonyl as well as on imine compounds are all considerably fastened by acidic catalysis, with a similar rate enhancement [START_REF] Fleming | Frontier Orbitals and Organic Chemical Reactions[END_REF]. The polarity enhancement appears to be slightly larger in the solvated phase for formimine and thioformaldehyde, whereas it is smaller for formaldehyde in solvated phase (44.6%) when compared with gas phase (60.0%). At variance with the two other species, neutral formaldehyde is already very polarized in solvated phase, so protonation does not increase the polarity as much as in the gas phase for this compound.

X H 2 CAX (1)
H 2 C ϩ OX Ϫ (2) 
H 2 CAX ϩ H (1 P ) H 2 C ϩ OXH ( 2 
As we did for the neutral compounds, we can estimate the effect of solvation on the protonated compounds by comparing the weights of structures 1 P and 2 P in Table II (solvated phase) to the weights of the same structures in Table I (gas phase). It is seen that the weight of the carbenic form 2 P is always larger in solvated phase than in the gas phase, for the three compounds. However, the increase of weight 2 P due to solvation (( 2p solution / 2p gas phase Ϫ 1) ϫ 100) is significant only for formaldehyde (ϩ18%) and thioformaldehyde (ϩ39%), but almost negligible, less than 6%, for formimine. Thus, the results for formaldehyde and thioformaldehyde contradict some of the conclusions of our previous study [11], claiming that solvation effects on the weights of the VB structures were weak for all three compounds. This former conclusion, which was based on the use of a crude solvation model, is only valid for the formimine case.

The above analysis has been performed in terms of the purely covalent VB structures 1 and 1 P , and the carbenic forms 2 and 2 P , which are all welldefined in the framework of VB theory. Now chemists rarely consider purely covalent bonds in the case of polar molecules and are more familiar with the concept of polar covalent bond, which however need to be rigorously defined. In our previous study, the polar covalent bond was defined as the bond of the neutral compound H 2 CAX in the gas phase. Accordingly, the polar covalent structure I in Scheme 1 for the protonated species was defined as having exactly the same polarity as the neutral compound. Extending this definition to the solvated phase, let us define structure I of a protonated species in any phase as a VB structure displaying a polar bond identical to that of the unprotonated species H 2 CAX in the gas phase (e.g., 68% covalent and 32% ionic in the H 2 CAO case). Thus, the weight of I, (I), measures that part in the bond of [H 2 CXH] ϩ that is unchanged relative to the neutral species H 2 CAX in the gas phase. This is readily estimated through Eq. ( 5): ͑I, any phase͒ ϭ ͑1 P , any phase)/ ͑1, gas phase) (5) where (I), (1 P ), and (1) refer to the weights of structures I, 1, and 1 P , respectively. With this definition, the contribution of II to the resonating Scheme 1 is simply the complement of (I) to unity, and represents the extra carbenic character that is brought by protonation and/or solvation, according to the classical Scheme 1.

The results of this analysis are displayed in Table III. In the gas phase, it appears that the bond in protonated formaldehyde can be viewed as a combination of 72% of polar-covalent bond, unchanged relative to formaldehyde, and 28% of carbenium structure. Protonated formimine and thioformaldehyde also exhibit a significant, albeit smaller, contribution of the ionic resonance structure II (19%). For each compound, the increase of the carbenium structure weight ((II)) from gas phase to solution, quantifies the polarity enhancement of protonated compounds due to solvent effect. The weight of structure II is considerably enhanced in solvated phase for protonated formaldehyde and thioformaldehyde, amounting to 42% and 39% respectively. On the other hand, solvation does not significantly affect the electronic structure of protonated formimine, in which the contribution of the carbonic form amounts to 22%, hardly changed relative to the gas phase.

Conclusion

The above valence bond calculations show that the traditional resonance model (Scheme 1) for the protonated formalehyde, formimine, and thioformaldehyde is well founded, and this conclusion holds in the gas phase as well as in water phase. In agreement with this model, the calculations show that the electronic structure of the protonated species is a resonating combination of I, displaying a polar bond analogous to that of the unprotonated compound, and the carbenic form II, displaying a pure carbenium character. Solvation by a protic solvent like water further reinforces the participation of the carbenic form II in the cases of formaldehyde and thioformaldehyde, but hardly changes the electronic structure of formimine relative to the gas phase. This finding is in agreement with the net charges that are found at the carbon site in the neutral compounds, very small in the formimine case, and significantly positive in formaldehyde and thioformaldehyde. Generalizing, one might tentatively predict that the conventional resonance model of Scheme 1 is valid for all carbonyl, imine and thiocarbonyl compounds in solvated phase, and that for carbonyl and thiocarbonyl solvation effects further increase the participation of the carbenic form when the carbon atom bears a significant positive net charge.

FIGURE 2 .FIGURE 3 .

 23 FIGURE 2. Optimized geometries of the neutral formaldehyde, formimine, and thioformaldehyde in water. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

TABLE III _____________________________________________________________________________________________ Weights (in %) of the polar covalent form I vs carbenic form II for protonated formaldehyde, formimine, thioformaldehyde, in gas phase and solvated phase.

 III 

		H 2 CAO ϩ H/H 2 C ϩ OOH	H 2 CϭN ϩ H 2 /H 2 C ϩ ϪNH 2	H 2 CϭS ϩ H/H 2 C ϩ ϪSH
		(I)/(II)	(I)/(II)	(I)/ (II)
	Gas phase	71.8/28.2	80.8/19.2	81.2/18.8
	Water phase	58.4/41.6	77.7/22.3	61.3/38.7
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