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Abstract: Non-empirical free energy calculations on lithium and sodium gen4ichloroallyl and dicbloromethyl 
systems show that the dimeric structurea are favoured for both speciea, but to a significantly leaser extent than in the 
analogous difluoro systems previously studied. The two dichlommethyl systems show geometric and energetic 
features very close to those found in the larger systems, whose vinylic part is not directly involved in the dimerization 
process. In both cases about the same dimerization free energies are computed for the lithium and sodium systems (ca. 
-24 kcal mol-‘). Dicbloromethyl is then used as a model for dichlomallyl to investigate., for two different dimerization 
equations, the structural and energetic effects of the interaction with the counterion of a diicrete number of water 
molecules (used as a model for ether). The sign of the energy diffetences obtained by taking into account this 
interaction is reversed, and, in the case of lithium, the equilibrium is now clearly in favour of the monomeric species 
(by ca. 16 or 20 kcal mol-l, depending on the equation considered). The inclination to dime&e of the sodium systems 
is less clearly set, because smaller approximate AG valuea are e&mated (close to zero or ca 7 kcal mol-I, depending 
again on the equation considered). This picture contrasts the results previously published for the analogous difluom 
compounds, for which approximate AG values ranging from -13 to -18 kcal mol-l had been obtained. 

INTRODUCTION 

Metallated gemdihalo ally1 systems behave as ambident nucleophiles toward carbonyl compounds, and 

exhibit an interesting and variable regiochemistry, which has been explored by Seyferth, Mat&, and coworkers.’ 

An interpretation (or prediction for the monohalo substituted systems) of the regiochemical behaviour had been 

attempted in our earlier studies, by examining the structural and electronic features of the monomeric systems 

associated to different counterions Both experimental3 and theoretical” studies on lithium alkyls suggest that 

these species are likely to be present in solution as aggregates (dimers or higher oligomers). For the 

unsubstituted allylic system this possibility is suggested, in the case of a lithium counterion, by the experimental 

work by Winchester, Bauer and Schleyer: their results indicate that while allyllithium exists, in the usual reaction 

conditions, as an asymmetric dimer, allylsodium and allylpotassium seem to be present as symmetric monomers.’ 

The presence of two halogen atoms bound to the a carbon might in principle alter this situation, by giving rise to 

interactions which are not present in the unsubstituted systems. In order to get some insight into the reactivity of 

these dihalo systems, it would be helpful to assess, at least in a qualitative way, which is the more likely 

aggregation status for the reactant systems. As a first step, the monomers and dimers of the gem-difluoro ally1 

and methyl anions, in association with lithium or sodium counterions, were recently studied by ab initio 

theoretical methods, in order to estimate their inclination to dimer&z6 In the present paper the investigation is 

extended to the metallated dichloro ally1 systems, whose regioselectivity has been studied experimentally in this 
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laboratory.2b’c The actual reactions are often carried out in tetrahydrofuran (THF), and a significant role in the 

dimerization process can be thought to be played by the oxygenated solvent, which interacts directly with the 

cation and can be released to some extent when aggregation takes place. In Paper I these effects were taken into 

account in an approximate way, through a model study of the simpler metallated difluoromethyl anions: it was 

concluded that in both lithium and sodium difluoro systems the dimeric forms are favoured with respect to the 

monomeric, although the interaction with the solvent molecules signilicantly reduces this preference. The same 

approach will be followed in the present study, with two main purposes: (i) to compare the effects of the 

different double substitution on the carbanionic carbon (F vs. Cl); (ii) to define an acceptable model for the 

investigation of the energy hypersurface relevant to the electrophilic attack by a carbonyl compound, which will 

be subsequently undertaken as the next step in the study of the regiochemistry of these systems. 

METHOD 

The computations were performed at the same theoretical level of Paper I, using the same basis set. 

Therefore, the stable structures were determined by complete RHF/6-31G(d)’ optimization of the geometrical 

parameters using gradient methods.* The critical points determined without constraints were characterized by 

analytical computation and diagonalization of the relevant Hessian matrices (vibrational frequencies calculation). 

Some energy differences were recomputed at the MP2 level of theory,’ using the 6-31G(d) basis set, in 

correspondence of the RHF optimized geometries. The calculations were performed using the GAUSSIANgS1Oa 

and GAUSSIAN92tob systems of programs, on a VAX Station 3200 + 3150 cluster and on an IBM RISC- 

6000/550 computer, respectively. In the Figures of the following Section the more important interatomic 

distances and angles are reported in Angstroms and degrees, respectively. 

RESULTS 

The first purpose of this study was to get some information about the position of the equilibrium shown 

in eq 1 (where M=Li or Na). 
2 (CH$HCC&)-M+ __I ((CH&HCCQ-M+h 

(1) 

The more stable structures of the dichloroallyllithium and sodium monomers (Figure la and lb) as well as 

those of their corresponding dimers (Figure 2 and 3, respectively) can be compared. The counterion is bound to 

the CCI, terminus of the monomeric ally1 system, and mediates the interaction between the two components in 

the dimers. Thus, while the Ccl, groups and the cations are involved in bonding interactions, the vinyl groups 

are projected ‘outwards’ and do not participate directly. The same structural feature was found in Paper I for the 

difluoro dimers. (A complete involvement of the allylic moieties is found if the two components of the dimers 

have a bridged structure, with the counterion interacting with both termini of the system: compare the MNDO 

structure of the allyllithium dimer reported in ref.5). As a consequence, the CaC@ bond is a slightly shortened 

single bond, while the CgCy bond length is close to that of a double bond. Therefore, these geometrical 

parameters in the two lithiumdichloroallyl components are close to those of the monomers. 
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<CI’CNa=76.7 

b 

l-i 

Figure 2 

&ICNa =193.4 
<Cl’CNa=103.1 

As in Paper I, such a result poses the question if trends to dimerization of Li vs. Na systems can be 

assessed by studying the simpIer dihalomethyl systems, in which the non interacting vinyl groups are replaced by 

hydrogen atoms. Therefore, the next step was the comparative study of the monomerdimer equilibrium in the 

H-CQM systems (where M=Li or Na, eq 2). 

2 (I-ICC12)-M+ - WCWM+k (2) 
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Only one stable structure of the Li monomer was found, belonging to the C, point group (Figure 4a). Its 

geometry is similar to that of la, in which only one chlorine atom interacts sign&antly with lithium. Another 

structure of Cs symmetry was found to correspond to a saddle point, and its structure is not reported. In 

contrast with lithium, the sodium monomer optimixed in the Cs symmetry (Figure 4b) is an energy minimum; 

however another minimum exists (of Ct symmetry), which is slightly more stable (Figure 4c). Both have 

geometrical parameters rather close to those of the dichloroallylsodium monomer lb; only the Cl atom in 4c 

seems to have lost its interaction with Na to a large extent. Optimization of the dimers produced the structures 

shown in Figures 5a and Sb, respectively. 
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C 

2.267 

<CICLi = 68.2 
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cCI’CNa= 75.0 
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Figure 4 

C 

a b 

Comparison of the geometrical parameters of the dimers (in 2 and 5a; in 3 and Sb) confirms that the two vinyl 

groups affect in a negligible way the the central part of these structures. The more sign&ant differences are 

found in the M-C distances indicated by dashed lines, which arc shorter in the methylic systems. As done in 

Paper I, the basis set superposition error (BSSE)” was computed: the results reported in Table 1 show an 

overestimation of the dimerixation energies by ca. 11%. Comparison of these BSSE-corrected figures provides 

an information, complementary to that obtained from the geometries, that encourages the choice of the simpler 

model system for further study: indeed, the moderate structural differences between dichlotoallyl and 

dichloromethyl systems are found to affect the energy differences to a limited extent (Table 1). 

The fret energy AG of the process was also calculated, by use of the standard formulae” (at T=183 I$). 

The entropy contribution is significant, reducing by ca. 9 kcal mol-1 the values of the BSSE-corrected energy 

differences. These two corrections to the AE values closely parallel those computed in Paper I for the 

fluorinated systems. It can also be noted that the two sets of AG values relevant to the dichloroallyl and 
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dichloromethyl systems compare well, the differences being less than 1 kcal mol-1 for Li and ca. 2 kcal mol-1 for 

Na. Up to this point, the lithium and sodium systems are described as inclined toward dimerization about to the 

same extent. These results contrast those obtained at the same stage in Paper I: indeed, in the case of the 

fluorinated systems, those associated to Li+ appeared to be more inclined to dimerize than those associated to 

Na+ by ca. 5 kcal mol-l. 

Table 1. Total’ and Relativeb Energies 

E AE AE(BSSE)C AWd 

Li dichloroallyl 

monomer la -1041.721711 0.0 0.0 0.0 

dimer 2 -2083.503048 -37.4 -32.9 -23.9 

Ll dichloromethyl 

monomer 4a -964.843151 0.0 0.0 0.0 

dimer 5a -1929.746002 -37.5 -33.3 -24.3 

Na dlchloroallyl 

monomer lb -1196.110626 0.0 0.0 0.0 

dimer 3 -2392.277991 -35.6 -31.7 -23.2 

Na dichloromethyl 

monomer (C.J 4b -1119.229884 0.0 0.0 0.0 

monomer (C,) 4c -1119.230070 -0.1 

dimer 5b -2238.521088 -38.5 -34.6 -25.3 

(a) Hartrees; (b) kcal mol-r; (c) BSSE correction included; (d) computed at T=183 K. 

As done in Paper I, the effect of electron correlation on the dimerization energies was estimated only for eq 2 

through MP2/6-31G(d) computations. The dimerization energies so obtained are -51.2 and -47.8 kcal mol-1, for 

lithium or sodium, respectively. Correlation effects thus appear to favour the dimers by 13.7 or 9.3 kcal mol-1. 

However, these values are not corrected for the BSSE, which is in general expected to be larger, at this 

computational level, than that detected at the RI-IF level.r3 

It was necessary at this point to determine to what extent the oxygenated solvent molecules can affect the 

picture obtained so far. The interaction between the solvent molecules and the systems under study was shown 

in Paper I to be important from the energetic point of view. We were forced by the limitations of our resources 

to model the ether molecules by Hz0 molecules. This simplification appeared to be acceptable when studying 

the difluoro systems. Nevertheless the same test carried out in Paper I was repeated here, by studying the 

interaction of the dichloromethyl iitbium or sodium monomer either with one molecule of dimethyl ether or with 

one water molecule. The complexes of dimethyl ether and water with dichloromethyllithium and 

dichloromethylsodiurn are shown in Figures 6 and 7, respectively. The structures shown in Figures 6b and 7b 

were obtained by constrained optimixations (the nature of these constrains is d&ussed ln Paper I), because 

unconstrained optimization of the water complexes gives rise to unavoidable spurious interactions of the water 



12516 C. CANEPA and G. TONACHINI 

y;-2&233q H...““.,,:c/; 
119.2 2.012_..--’ 

..Li,,,,,.,..,,“,“,,,,“,,,.. , &&6 
_..- 1’ 

1.794 

/ 

_.-- 

yf~” 

t 

5.285 

t ? 

C ..---- 
_*.- \ 

k 

H 

a 

Figure 6 

b 

<CICNa = 77.4 
<Cl’CNa=110.2 

-dXNa = 76.9 
<CI%Na=ll 1.6 
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Figure 7 
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hydrogens with high-electron density centers. From a geometrical point of view, the more important feature that 

can be observed is the virtually unchanged Li-0 or Na-0 distance. The compiexation energies are reported in 

Table 2. 

Table 2. R,O-MCCl$ Complexes: Interaction Energies* 

AEb AE(BSSE)C 

M%O-LiCCl,H 6a -1118.945157 -23.4 -20.6 

H20.LiCCl,H 6b -1040.891249 -23.4 -20.9 

Me*O-NaCC&H 7a -1273.322021 -17.2 -14.2 

H20-NaCClaH 7b -1195.269087 -17.7 -15.3 

(a) kcal mol-l; E(OM+-154.064744 H; @) without BSSE correction; (c)with 

BSSE correction. 

It can be noted that oxygen interacts more strongly with lithium than with sodium (by ca. 6 kcal mol-t). This 

feature can be expected to affect the description of the dimerixation process in the presence of ether (or water) 

molecules with respect to that obtained above for eq 1. The values obtained for the interaction with dimethyl 

ether and water are very close. Therefore, both structural and energetic data suggest that modelling the ether 

molecule by water can be reasonable. 
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On the basis of these explorative calculations, an estimate of the relative tendency to dimerize of the lithium and 

sodium systems was attempted, through the study of the following model equilibria (where M=Li or Na): 

2 (HCCl,M+.3H,O) 4 (HCCl,M+),.4H20 + 2HzO 
(3) 

2 (HCCl;M+.3HzO) 0 (IYICC~~M+)~~H~O + 4HzO 
(4) 

The structure of the monomer, in which the metal cation is interacting with three water molecules, is shown in 

Figure 8a for Li, and in Figure 8b for Na. The constraints on the orientation of the water hydrogens were 

applied also to these optimizations. It can be noted that both cations, while tetra-coordinated by the negative 

carbon and the three oxygen atoms, have completely lost their interactions with the two chlorine atoms.14 

<CICU =108.7 Ii 

<Cl'CLi=108.4 
cCICNad05.2 
<Cl'CNa=l04.4 

a 

Figure 8 

b 

The complexation energies are -51.9 and -43.4 kcal mol-1 for 8a and 8b, respectively. These data can be 

compared with those reported in Table 2: it can be seen that there is no additivity in the interaction energies. As 

was already observed in Paper I, the stabilizing interaction per HZ0 molecule can be estimated to be about two 

thirds of the value found in the case of a single Hz0 molecule. Then, in correspondence of each of the 

monomers 8a and Sb, two dimeric structures were determined, in which lithium or sodium are surrounded by a 

different number of water molecules. In one case four HZ0 molecules are kept to coordinate the cations in the 

dimers, and two are released (eq 3): the optimized structures are shown in Figure 9a and b, for Li and Na, 

respectively. In the other case, only two Hz0 molecules still interact with the cations in the dimers, while four 

are released (eq 4); the optimum structures of these dimers are reported in Figure 10a and b. The dimerization 

energies relevant to eqs 3 and 4 are reported in Table 3. They are unfavourable to dimerization in all cases, more 

so for the lithium systems (compare the AE data relevant to 6b, 7b, &r and Sb) and for eq 4, in correspondence 

of which more oxygen-cation interactions go lost. Moreover, it can be observed that all of the energy difference 

terms are much more positive than in the case of the difluoro systems discussed in Paper I.r5 The constraints 

imposed on the water hydrogens prevent from computing a vibrational entropy contribution to the AG. 

Nevertheless a translational contribution (AStrans) can be estimated: this was the dominant term in the AS 

calculated for eq. 2, due to a substantial cancellation of the vibrational and rotational terms. The computations 

follow the scheme outlined in Paper I: a “AH” term is computed by adding to the AE values either RT or 3RT, 

for eqs 3 or 4 respectively (An=l, 3). 
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Then a AStrans term is computed for water, in one case, and for THF, in a second case. Although the entropic 

contribution works in favour of the dimerization process (more significantly in the case of eq 4), for the lithium 

systems these approximate AG values are large and positive. 

Table 3. Dimerization Energies’ of Dichloromethyl Systems (eqs 3 and 4) 

Eb AE AE(BSSE) AWd AGc.C 

3HzO-Li-monomer &I -1192.958142 0.0 0.0 0.0 0.0 

4HzO*Lidimer 9a -2233.873772 13.2 20.5 15.9 14.8 

2HzO*Lidimer 1Oa -2081.826015 29.7 35.1 19.5 17.0 

3H20-Na-monomer 8b -1347.331283 0.0 0.0 0.0 0.0 

4H20*Nadimer 9b -2542.642278 -0.8 5.2 0.5 -0.6 

2H20*Nadimer lob -2390.589849 18.7 23.0 7.4 4.9 

(a) kcal mol-1; @) Hartree; (c) AH computed as AE +hRT; T=183 K; (d) -TAS translational 
contribution computed for water; (e) -TAS translational contribution computed for THF. 

In the case of sodium a preference for the monomer is clearly indicated only in the case of eq 4, while in 

correspondence of eq 3 values close to zero are obtained. 
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CONCLUSIONS 

The lithium and sodium gemdichlorocarbenoids studied in this paper show negative dimerization free 

energies when no oxygenated solvent molecules are taken into account in the calculations. In the AG computed 

for the dimerization process, the negative energy term is dominating over the entropic contribution. These AG 

values are about the same for the lithium and sodium systems, and show that these molecules are less inclined to 

dimerize than their fluorinated counterparts studied in Paper I. Constrained water molecules were then used to 

simulate ether solvent molecules in a ‘supermolecule’ approach. The dimerization energies obtained in these 

computations are reversed in sign, indicating that the monomer is preferred. Although the translational entropy 

term works now in favour of the dimers, as already observed in Paper I, in the case of lithium it is outweighed by 

the energy term: therefore, an approximate estimate of the free energy difference is clearly still in favour of the 

monomers. The inclination to dimerize is leas clearly set for sodium, because an approximate AG value close to 

zero is otained for eq 3, while for eq 4 a result similar to lithium is obtained, although the monomer is favoured 

by a smaller positive AG value. This result is in sharp contrast with the data collected in Paper I, in which the 

translational entropy term was larger than the energy term, thus dictating a preference of the difluoro system for 

the dimeric form. 
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