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ABSTRACT

Morokuma's energy partition scheme has been used to calculate the electrostatic (ES), polarization (PL),
exchange (EX), and charge transfer (CT) components of the total energy of interaction for various complexes
between nucleophiles (vinylamines, vinylol) and electrophiles (BH3, formaldehyde, Cl2, methylchloride, CH3*
and NH4*). Simple geometry variations have been made in order to determine their influence on the studied
complexes. When dealing with vinylamine, the role of nitrogen pyramidalization complexes has been studied. A
particular emphasis has been given to the case of formaldehyde complexes for the study of nucleophilic additions
to carbonyl compounds. The results showed that the classical HSAB concepts were generally not verified by our
analysis. Neither the ES component which can be related to the charge contribution, nor the component CT
which can be treated in terms of frontier MO interactions were sufficient to account for the actually calculated
features. The strong geometry dependence of the component EX, whose value is related to the overlap of the
occupied molecular orbitals of the two interacting species, was generally dominant when the studied complex did
not carry any formal charge.

Introduction
Conjugated nucleophiles such as enamines or enolates and their derivatives react with a wide variety of
electrophiles according to the general scheme of Figure 1.
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Figure 1. General reaction scheme. E stands for the electrophilic
moiety of a molecule, e.g. C in CH3Cl or in CH,0, and L is either
a leaving group (CI" in CH;Cl) or a migrating double bond (C=0
in CH,0).
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As the reaction proceeds, a bond is formed between carbon C, of the conjugated moiety and the electrophile, and
the charge changes on X and L depend on the actual system under study. In order to account for the observed
trends, various electronic models have been proposed on the basis of frontier MO analysis.! Most of them rely
on the fact that the X,C,C, nucleophilic unit can be regarded as a distorted allylic anion, thus the shape of its
HOMO, as well as that of the LUMO of the related electrophile are of crucial importance. In this perspective,
HSAB theory 2 provides a simple ground for rationalizing most of the experimental observations, as long as
only regioselectivity is concerned, i.e. attack of C, versus attack of X . This kind of approach relies more or less
on commonly accepted assumptions that can be summarized as follows : i) prior to bond formation, the actual
nature of the interaction between the nucleophile and the electrophile is supposed to result from a complex
mixture composed of an electrostatic component (charge control) and of the best possible overlap between the
frontier MOs of both partners (orbital control) ; usually, only the second factor can be qualitatively evaluated ;
if) in Figure 2(1a), one sees that the plane formed by NCC defines two that can be diastereotopic when suitable
substituents are present on the system. But even when the substituents do not afford diastereotopic faces, two
different half-spaces exist as long as the environment of N is not symmetrical with respect to the reference plane.
This can be illustrated with vinylamine for which the pyramidalized structure such as that displayed in Figure
2(1b) opposes the planar structure represented in Figure 2(1a). In the latter case, we can define a syn and an anti
half-space with respect to the N lone pair. This definition will be formulated later on in geometrical terms be seen

(vide infra).
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Figure 2. Geometrical parameters and relative arrangements of

the electrophilic moiety E used throughout the study. The syn

and anti terms only stand in the case of pyramidalized
vinylamine.

However, when looking at the available expc:rimental3 and theoretical data,! no clear-cut explanation of the -
observed facts arises, and in most cases, only ad hoc or a posteriori justification of the results is given. Thus, in
a previous semi-empirical study on the Michael-type addition of chiral secondary amines to enones, we were
able to relate the observed enantioselectivity to the energy of interaction between the two reactants. 12 In addition,
ab initio calculations carried out on the vinylamine-formaldehyde model complex showed that in all cases the syn
complex was preferred. However, the wave functions of the different cases considered did not exhibit any
notable difference. In order to get some insight into the nature of the electronic forces responsible for the
variations of the energy of interaction, we undertook an exploratory study on two model conjugted nucleophiles,
i.e. vinylamine ] and vinyl alcohol 2, that would afford complexes with, either neutral (BH, 3, CH,0 4, CL, §,
CH,Cl 7) or charged (CH,* 8, NH,* 9) electrophiles as those defined in Figure 3.
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Methodology

Ab initio calculations were achieved with the 6-31G** basis set® using the Monstergauss program,> which
includes the energy partition scheme of Morokuma.6 For each type of complex, the total energy of interaction,
called TOT in Tables 1-3, appears as the classical sum of variouscontributions : electrostatic (ES), polarization
(PL), exchange (EX), and charge transfer (CT) contributions. The formalism of this decomposition as well as the
meaning of these various terms is well documented.” The values reported here are corrected from the basis set
superposition error according to the computational procedure developped by Carri et al.® Tt is noteworthy that
some qualitative link can be made with the aforementioned HSAB theory : following a crude and first
approximation, we may say that the ES contribution amounts to the essential of the so-called "charge effect”,
while the CT contribution can be related to a summation over the perturbation terms arising from the frontier
occupied MOs of each species and the empty MOs of the other one. Indeed, one must be aware of the fact that in
our calculation, the four terms now deal with the complete set of electrons, and the total wavefunction of both
partners as well as that of the complex’, while in qualitative approaches, only a few terms are selected, and very
often in an arbitrarily fashion. In Tables 1-3, the sum ES + PL + EX + CT,which is called Z; 4 is generally
very close to the total complexation energy which is the difference between the calculated energy of the complex
and that of the isolated partners. When discrepancies are found between Z; 4 and TOT, as in the case of Cl,
complexes, it reveals that the energy partition does not take into account all the electronic factors. It is also clear
that the lack of electron correlation inherent to our type of calculation leads us to only propose results that are only
of semi-quantitative grade.
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Figure 3. Geometries and energies of the species 1-8. All bondlengths are in A.
Unless noted, energies are in hartrees (1 hartree 627.50959 kcal.mole'1).
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The geometries of the various species considered in our study were optimized using the 631G** basis, and
ae reported in Figure 3. The structure of 1p! and its pyramidalization have been described in detail elsewhere.'*
The geometrical parameters of lpyr were set equal to those of optimal 1p! , except for the relative position of the
N substituents for which tetrahedral valence angles were imposed (Figure 3, upper right). The CCNH dihedral
angles were fixed in such a way that the fourth tetrahedral direction, arbitrarily assigned to the N lone pair
direction of maximum electronic density, lies in a plane perpendicular to the CCN one, as displayed. The
geometrical parameters and the calculated energies are reported. It is noteworthy that in the optimal structure of 2,
the O-H hydrogen lies in the plane of the heavy atoms and adopts the Z geometry with respect to the OCC
linkage, in agreement with previous theoretical studies.?
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Figure 4. Relative arrangements in the various complexes. All
distances between C; and the nearest electrophilic center have
been set at 3 A. X = C(CH,0, CH;*) or B(BH;) ; Y = O(CH,0)
or H(BH;,CH3*).

In a second step, the complexes of vinylamine with compounds 3-8 were studied. Various geometries were
explored : i) for structures 3, 4, 7, the planar electrophile was fixed in a plane parallel to that of the CCN linkage
(Figures 1 and 2), the electrophilic center (i.e. B or C) was set at the vertical of C3, at a distance of 3 A. Then,
diehedral angles HBC;C,, OCC,C, and HCC,C, were fixed at 180°, respectively for 3, 4, and Z, such as to
afford a staggered arrangement of the substituents around the Cs-incipient bond. The calculation was then

repeated keeping all geometrical parameters frozen, but upon pyramidalization of the N atom in a syn or anti

fashion with respect to the electrophile. These requirements are schematically shown in Figure 4.). ii) When
dealing with Cl, §, the CI-Cl bond was aligned with C;, such as the C3-nearest Cl distance was of 3 A, and then,
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N was pyramidalized to afford both syn and anti geometries. iii) The same procedure was repeated for complexes
with § and §, and the C3-C and C;-H distances were set equal to 3 A, with the geometries displayed such in

Figure 4. The resulting calculated data are given in Table 1.

In a third step, the complexes formed by vinylamine and CH,O were explored. This time, the complex were
fixed in planar, syn or anti geometries, keeping all the preceding geometrical requirements, and the calculations
were carried out for 8 (C,C4C angle, Figure 2) values of 80° and 100°. The calculated energies of interaction are
given in Table 2.

It is noteworthy that attempts to optimize the geometry of both partners at fixed d and 6 do not yield
significant energy changes, both in total and individual contributions. For example, with the data of table 2
(SYN, 8=90°), one gets : E(non relaxed) = -246.94087 au and : E(relaxed) = -246.94308 au, thus leading to an
energy change of only 1.40 kcal.mole™!, while in the meantime, the ES, PL, EX, and CT contributions remain
practicaily unchanged within a margin of less than 1%. This shows that our choice of frozen geometries does not
imply important restriction on the generality of the results.

Table 1. Complexes of vinylamine (1pl and lpyr) with compounds 3, 5-8, in

planar, syn, and anti geometries. All geometries correspond to d=34, 6 =90°, as
defined in Figure 2(1a).All values are in kcal/mole. The reported energy given in the
last line (TOT) corresponds to the difference between the total energy of the complex
and that of the isolated species. For the ES, PL, EX, and CT terms, a negative value
has the usual meaning of a stabilizing (attractive) contribution.

BH, CL CH,CI CH,* NH,*
plail. syn | anti | plar{ syn| anti| plan{ syn| anti| plan} syn| anti |plan| syn| anti
ES | -32] -28} -3.2] 4.0] -36] -3.9] -3.3] -33] -2.5] -11.94 -13.4 -5.1 | -6.7] -8.1] -1.6
PL | -0.3] 03] -03] -04] -04] 03] -03| -02] -0.2] -3.8]-38] -3.7 |-14]-14}-13
EX|35] 33| 36| 66| 64] 66} 68| 66} 69} 24 ] 23] 24 |04 03] 04
CT | -25] 22} -26] -3.3] -3.0] -3.3] -1.1] -09] -1.1] -14.§ -124 -14.2]-26} -23 | -2.6
Z1-4] 25| -20] -25] -1.1] -06] 097 2.1 | 22| 3.1 | -27.§ -27.4 -206]-10.3 -11.5 -5.1
TOT} 2.2} -16] 2.1] 03} 03} 0.1 ] 28] 26} 38 -29.8| -284 -22.1]1-991 -11.]] 4.8

Table 2. Complexes of vinylamine (Ipl and 1pyr) with
CH,0, atd = 3A. All values are in kcal/mole. A negative
value has the usual meaning of a stabilizins contribution

PLANAR SYN ANTI
0 80° | 90° |100° | 80° | 90° | 100° | 80° | 90° | 100°
ES 26 |27 |28)-33]31]-30]-16]-17]-19
PL 04 |-031-02[-04]-03]-02]-04]-02]-02
EX 78 |54 |43 |76 52| 41 ]80]54]42
CT 21 |12 (a2 aa f-ia -0 12 13 ]-12
214 |37 |12 o1 {2807 01|48 |22] 11
TOT {44 |18 |07 |34 ]12]03[55]28]16
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At last, the calculations of the second step have been repeated replacing the vinylamine moiety by vinyl
alcohol, and keeping all the remaining geometrical arrangements constant at 8 = 90°. The corresponding data are
given in Table 3.

Table 3. Complexes of vinylol 2 with compounds 3-8, at d=3A. For the definition of ©, see Figure
2(1a). All energy values are in kcal/mole. A negative value has the usual meaning of a stabilizing
contribution.

BH, 0 ClL, CH,Cl CH,* NH/*

0 180 |90 | 100°] 80° | 900 | 1007 80° | 90° | 1007 80° | 90° | 100°] 80 |90 |100°] 80° | 90° {1000
ES [-31]-27)-21]|-27]-25|-23]42]|-35]28[-31]-24]-21]-69 {-61]-51]-34] 30| 26
PL {-02|-02]-02]-03]{-02}-02]-03}-03]|-02]-02]-02]-02]-35]-34[-35]-13] -1.2] -13
EX 143 {34 |33 |77 )52 )41 (83 |65 |57 [85]66 |61 {30 123 {22 los]| 03 0.3
ICT | -27) 22| -1.7 -111-1.1] -10]-35]|-28] 22]|-13]-09]-07]-12.8}-11.6]-99 |-24] 23] -19
14| -17| -1.7| 07|36 |14 |06 |03 [-01]05 |39 ]|31 |31 |-202]-188]-163]|-66] 62 -5.5
T -121-131 04142 (20 ) 1.1 113 |08 |12 |46 |38 |37 |-21.0]-194]|-166|-63] -58] -52

For all types of complexes, we deliberately adopted the classical spatial arrangements that are generally
assumed in qualitative discussion, without attempting further optimization. The "intermolecular distance” of 3 A
ensured us to have some results that would be quite meaningful in comparison with the previous ones.!2< In fact,
we were only able to tentatively rationalize the correlation that we had previously obtained between the energy of
interaction and the enantioselectivity of the reaction studied. It must be clear that we do not pretend to analyze the
actual electronic changes occuring during the reaction paths. In other words, we have restricted ourselves to
answer the following questions : i) is the classical description of nucleophile and electrophile approach in terms of
charge and frontier MOs legitimate? ii) Are the electronic trends simple enough so that one can propose models
that would be of general and practical use ? The preceding points provide a guideline for the following discussion
of the results.

Complexes of vinylamine with compounds 3-8

Planar structures (6 = 90°) Upon examination of Tables 1 and 2, several dominant features come to the fore.

First of all, the complexes can be divided into three classes, depending on whether the complexation is
exothermic (with BH,, CH3*, and NH4+), practically athermic (with Cl,), or endothermic (with CH,O and

CH,CI). It is quite obvious that when dealing with charged electrophiles, an attractive complex is formed, but for

1pl/3, only a weak electrostatic attraction is found, although 3 has a strong Lewis acid character. The weakly
repulsive approach of 1pl with CH,O (4) has already been reported. !¢ For halogenated methyl derivatives,
attractive complexes with the incoming charged nucleophile have been observed in the gas phase,10 while a
repulsive approach is observed in the present study. The case of CL, might seem paradoxical in the sense that the
electron rich extremity of this molecule is likely to interact in a repulsive fashion with a nucleophilic center, but it
is less surprising when one recalls that Cl, yields complexes with alkenes (vide infra).1! In fact, only little
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information can be extracted from these bulk thermodynamical data. They result from complex balances between
terms of opposite signs as it will be shown below along with the detail of the calculated energy decomposition.
The complexation with CH,O, which has been the subject of many previous studies,!2 is noteworthy, and will be

treated separately (vide infra).

Attractive complexes of Ipl with 3 , Z,and 8. As expected, the charged complexes 1pl/7 and 1pl/8 have large
ES contributions, but the CT terms largely differ. The classical important two-electron term arising from the high-
energy occupied 1-MOs of Ipl (two 1 MOs including the HOMO) and the low-energy empty © MO of the carbon
of 7 has no equivalent when dealing with § for which no low-lying empty MO is available. A qualitative result
thus emerges : the 1pl/8 complex is essentially of electrostatic nature, while the 1pl/7 complex is dominated by
both electrostatic and charge-transfer interactions. The role of the CT term can be emphasized by the fact that in
the 1pl/3 complex it drops o -2.5 kcal.mole™}, in a similar way to the 1pl/ complex. A qualitative argument can
be advanced : the empty © MO of 3 lies at higher energy than that of CH3¥, hence the 2-electron term
perturbation arising from the * MOs of 1pl, of the form 8E =~ S*/AE, becomes weak due to a large denominator.
A last remark must be made regarding the EX terms that vary according to the sequence

EX @) = EX (2) >> EX (8). The EX contribution is essentially caused by short-range repulsion due to the
overlap of the electronic distribution of one molecule with that of its partner.’2 The bonding frameworks of 3 and
7 are comparable in shape, but for 8, the electronic distribution of the bonds is located much farther, hence
yielding a much smaller overlap with 1pl. It is noteworthy that the 1pl/7 complex is the one having the most
important PL term. This strong polarization is caused by the close vicinity of the positively charged atoms of 7
and the very polarizable 7 system of 1pl. The last feature is corroborated by the fact that in the 1pl/8 complex,
this term decrease is mainly due to the fact that now only one partially charged atom (among five) interacts at
short distance with 1pl .

Complex formed between Ipl and CI, (§5). With the exception of the very weak PL term, the ES, EX, and CT
terms are of comparable magnitude. The aforementioned repulsion between the electron lone pairs electrons of Cl,
and those of 1pl is important, as shown by the high value of EX ( 6.6 kcal.mole™!), but this repulsion is
practically cancelled by the sum ES + CT. The calculated SCF charges along the Cj.....Cl-Cl direction are : Cy
(-0.4151) C1 ( +0.009) C1 (-0.054), indicating that some electrostatic interaction is present. The small excess of
negative charge on the extreme Cl atom shows that some charge-transfer from the nucleophile takes place.
However, it would be premature to draw a conclusion given our level of theory which does not include electron
correlation.

Repulsive complex of Ipl with 6. The dominant repulsive EX contribution of 6.8 kcal.mole ! mainly arises from
the three C-H bonds that are directed towards the nucleophilic moiety (see Figure 4). A comparison with the
complexes derived from BH, and CH3+ for which the three C-H or B-H bonds of comparable length lie farther
from the vinylamine plane is straightforward. The electrostatic term is important, while charge-transfer is weak,
indicating that, at this distance, and without relaxation of the C-Cl bond, little electron transfer occurs through the

2-electron interactions arising from the occupied MOs of 1pl and the empty MOs of § (little transfer is expected
from @ to 1pl). This is in good agreement with the classical trends encountered in Sy2 reactions of halogenated
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methyl derivatives, where electron transfer from the nucleophile to the electrophile is rather progressive, and
maximized in the transition state.

Influence of N pyramidalization in complexes of Ipl and lpyr with 3, 5-8. First of all, it is worth emphasizing
the fact that upon N-pyramidalization, rehybridization of N takes place. The pure N p orbital which was involved
in conjugation with the C,C; & bond acquires s character, thus yielding a directional hybrid pointing in the
direction opposite to the half-space containing the NH bonds (see Figure 2). Namely, in what is a so-called syn
geometry, the electrophile lies in the same half-space as that of the maximum extension of the electronic density of
this hybrid, while it lies in the opposite half-space in the case of an anti geometry. For the rest of the discussion,
it is practical to retain this classification of the complexes and accordingly, we will begin to treat the cases of BH,,

CH3*, and NH4+. Moreover, as seen in Tables 1 and 2, the PL terms which remain practically constant upon N
distorsion will not be taken into account.

Upon comparison of the complexes with CH3+ and NH4+, we see that the electrostatic terms ES vary
significantly with N-pyramidalization, the best stabilization being found in syn complexes. This point clearly
shows that the main electrostatic interaction comes from the positive atoms of the electrophile and the negative
density which is concentrated around N. On the other hand, the positive hydrogens of both partners tend to avoid
themselves. The case of BH, , for which the ES contribution of the anti geometry is greater than that of the syn
geometry, is not paradoxical when one considers that the hydrogens bear some hydride character. The calculated
SCF charges of BH, are +0.2314 on B and -0.0771 on the H atoms, while they are + 0.0782 on C and + 0.3072
on the H atoms of CH3+, that is to say the observed reverse trend. The repulsive EX terms do not exhibit
important changes in the same conditions, nevertheless slightly more repulsion is found when the NH bonds
point towards those of the electrophile, i.e. in the anti geometry. However, an interesting variation is found in the
CT terms that are greater in the anti geometry than in the syn geometry, for all the entries of Tables 1 and 2. An
explanation of this feature can be proposed by considering the HOMO/LUMO interactions as displayed in a very
qualitative fashion in Figure 5. As schematically drawn, when the HOMO of vinylamine interacts with the LUMO
of the electrophile symbolized by a p AO, a secondary negative overlap appears with the hybrid orbital centered
on N.

LUMO | Ssyn|>]S anti|

-
HOMO

1,///

iy,

C3---C2--N C3---C2--N

syn complex anti complex

Figure 5. Schematic HOMO/LUMO interactions in the case of
pyramidalized vinylamine. The p-type MO labelled LUMO
symbolizes either an empty p MO (CH3*, BHjy) or the lowest

antibonding MO of adequate symmetry for other compounds.
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The latter is greater in the case of a syn geometry, thus favoring the anti geometry.!3The last point is conflicting
with the trends exhibited by the ES contributions since it goes the reverse way. This shows that an explanation
which would only take into account the frontier orbitals analysis would lead to a wrong conclusion. As an end
result, the preference syn > planar >> anti observed for complexes with 7 and 8 mosily arises from electrostatic
differential interactions and not from classical MO considerations. The planar = anti > syn preference for the
complexes derived from 3 results from a complex balance between terms of comparable magnitude, but of
opposite signs.

The complexes of Cl, have ES and CT contributions in favour of planar or anti geometries, while the EX
contribution slightly favours the syn geometry. The differences are not significant, so that no clear-cut preference
emerges. The case of CH,Cl is less ambiguous : both ES and EX contributions are in favour of a syn complex.
The latter EX contribution can be regarded as some kind of steric effect, as anticipated in the discussion of the
planar complex. As previously shown, the CT term is slightly in favour of the anti complex, but once all of these
terms are taken into account, the preferential sequence syn = planar > anti is observed, though less pronounced
than in the case of charged electrophiles. Here again, the bulk effect results from a balance where no leading term
can be extracted.

In conclusion, we can put forward three kinds of arguments : i) the electrostatic interactions play a
fundamental role and generally tend to place the so-called pyramidalized N lone pair close to the positive charges
born by the electrophile (or far from the negative charges, as in the case of BH,) ; ii) a weak but systematic and
sizeable MO effect, that can be roughly described in terms of HOMO/LUMO interaction, is in favour of anti
complexes ; iii) the repulsion arising from the electronic densities of both moieties is generally in favour of syn
complexes, that is to say : "steric interactions” are minimal.

Complexes of vinylamine with CH,O (4)

Nucleophilic attacks to carbonyl compounds is a key issue in chemistry, and has been the subject of
numerous studies. Most of the classical models used to predict both reactivity and stereochemistry rely on the
examination of complexes formed by the reactants. In this general perspective, we have tried to gain insights into
the actual electronic nature of these complexes.

In their study of hydride addition to CH,0, Biirgi and Dunitz have shown that the nucleophile approaches
the carbonyl group with a 0 angle greater than 90°, the latter angle varying as the reaction proceeds ; a simple MO
explanation of this result has been proposed.!22< On the other hand, a previous theoretical study of the reaction
of CH,O with vinylamine by one of us '° has shown that the complex leading to the product has a "compact
geometry”, different from those which have been studied in the present work. The latter point is not
contradictory, since, as in the above discussion, our study is limited to the electronic aspects of complexation and
does not presume of the reaction path leading to the products. In addition to the already discussed planar, syn,
and anti geometries having 0 fixed at 90°, the data of Table 2 include the values of 80° and 100° for this
parameter, with the constraints fixed in the methodological part.

The data displayed in Table 2 exhibit simple important trends. First of all, the overall complexation energy
is strikingly geometry dependent. N-pyramidalization {eads to the following sequence for the relative complex
stabilities : syn > planar > anti. The 6-dependence, in each of these geometries, yields the sequence :
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0 =100° >0 =90° > 0 = 80°. It is worth attempting to solve both sequences in terms of the attractive and
repulsive electronic contributions, as in the previous sections. A preliminary remark can be made : PL terms are
generally small and almost constant , so that their role will not be treated. More surprisingly, the CT contributions
are sizeable but remain practically constant when compared with the ES and EX contributions. This indicates that
at any rate, in our types of complexes, no clear-cut explanation based on frontier MOs can be proposed. The latter
point does not rule out the role of occupied-MO/empty-MO interactions, but shows that the cancellation of
competing terms might occur, in such a way that no conclusion could be drawn on this ground. We are left with
ES and EX terms exhibiting systematic trends that can be directly analyzed.

10 9
E (kcal.mole-1) Figure 6
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In Figure 6, the variations of ES and EX are displayed as a function of 6 for the syn, planar, and anti
geometries. Two main features are revealed : i) the splitting of the curves relative to the repulsive term EX (upper
part) is very weak, thus indicating that syn, planar, and anti complexes behave similarly upon 6 variation. The
greatest repulsion is found in hindered geometries, i.e .when 8 = 80° ; when 6 increases, the repulsion sharply
drops. The origin of this effect is clearly found in the short-range repulsion arising between the electronic density
of CH,O and the part of the electronic density of vinylamine which is involved. This short-range (compact) aspect
is confirmed by the fact that it is practically not N-pyramidalization dependent, the geometry change occuring far
away from the zone of maximum repulsion. ii) A reverse tendency is exhibited by the attractive ES terms (lower
part), although the variation is less pronounced than when dealing with the EX term. Now, a weak 6-dependence
is observed while a neat effect results from N-pyramidalization, and the stabilization decreases according to the
sequence syn > planar > anti.

We thus see that two types of competing variations are found upon geometry changes : EX is strongly
©-dependent in favour of the 8 = 100° geometry ; ES mostly varies with N-pyramidalization, but on a smaller
range, in favour of the syn geometry. The algebraic sum of these two terms clearly shows that the syn complex
having 6 = 100° is preferred. However, it is noteworthy that this result does not arise from MO interactions (via
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the CT term), but from a complex balance between the electrostatic (ES) and repulsive (EX) terms, the latter ones
being related to what is generally called "steric interactions".

Complexes of vinylol 2 with compounds (3, 5-8)

The optimal geometry of 2 being planar, the only parameter that has been varied is 6 with the same

constraints similar to those of planar vinylamine. The calculated results are given in Table 3. At a first glance, the
separation between attractive and repulsive complexes is roughly the same as in the complexes displayed in Table
1, with the exception of the 5/2 complex which is more repulsive than in the previous case. Indeed, 1pl or 1pyr
and 2 are isoelectronic and therefore bear strong electronic analogy. However the electronic charge is more
pronounced on the O atom in 2 : the SCF charge is -0.6302 by comparison to -0.3862 on N in ]pl. Since the PL
terms are either small or practically independent of 0, they will be omitted in the ensuing discussion that will
follow the attractive/repulsive classification which is only of practical use.
Attractive complexes with 3, 7 and 8. The ES and CT terms undergo the same type of variation, that is to say a
better stabilization according to the sequence : 6 = 80° >0 = 90° > 6 = 100°. For reasons similar to those
encountered in the discussion of the Ipl complexes, both ES and CT terms are very important for 7, while they
drop for 8 where they are of the same order of magnitude as for 3. On the other hand, the EX contributions
exhibit a reverse trend, being in favour of the 8 = 100° geometry. Thus, we are left with competing interactions
whose balance depends on the actual nature of the complex : for 7 and §, the ES and CT terms dominate over EX
and act in favour of 6 = 100°, while for 3 EX is large enough to overcome this trend, and then shift, to the
preferred value of 8 = 90°.

— occupied-virtual m.o.overlap (CT)
nmnn €lectrostatic (ES)
«~nnr Tepulsion occupied-occupied m.o. overlap (EX)

01
Figure 7. Schematic view of the various types

of interactions existing between vinylol and an
electrophile symbolized by an empty p-MO,
with the same conventions as in Figure 5. The
CT, ES, and EX contributions are displayed
with different types of lines.
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In Figure 7, the various parameters that are of concern for the ES, CT, and EX terms are schematically recalled .
The electrostatic (ES, dashed line) leading term is self-evident. The EX term is only recalled in a symbolic
fashion, and results from the repulsion between electronic distributions of both partners, and is therefore
precisely defined with difficulty. The HOMO/LUMO interaction is more classical : the HOMO of 2 interacts with
the empty pMO of 3 or 7 in order to optimize the overlap between these two orbitals ; the primary overlap occurs
with C;, but a decrease of 6 to 80° increases the positive overlap with C,. The latter motion is nevertheless
restricted by a negative overlap with O1 which increases when 6 decreases.

Complexes with 3 and §. The complexation of 2 by Cl, (8 leads to a complex balance : here again, the ES and
CT terms are in favour of a complex with 8 = 80°, while the EX form is in favour of 8 = 100° as ususal, and
finally a compromise is found at @ = 90°. The case of CH;Cl is not as complex : the geometry is ruled by the
dominant amplitude of the EX term which tends to remove the steric constraint and leads to a preferential
geometry with 6 = 100°.

Complexes with CH,O (4). As for vinylamine, a neat overall preference for 6 = 100° is observed. As in most
cases, the ES term is still in favour of 6 = 80°, although the 80°-100° relative energy remains small
(=0.4kcal.mole ). The CT form is almost constant, as was observed for vinylamine, indicating again that the
HOMO (2)/LUMO(4) interaction is not dominant and that cancelling effects arising from other types of MOs are
to be taken into account. The most striking feature is found in the EX term which is very repulsive for 8 = 80°
and drops steeply upon 0 increase. We thus reach the same conclusion than for vinylamine complexes :
complexation by CH,0 is ruled by two competing terms, ES (attractive), which is slightly in favour of 8 = 80°,
and EX (repulsive), which strongly dominates and leads to a neat preference for 6 = 100°. The essential of the
analysis previously made for 1pl and 1pyr complexes remains valid and does not need to be repeated in the
present case.

Conclusion

A complex balance between three kinds of terms that exhibit sizeable variation upon geometry change,
namely ES, CT (both attractive in the present cases), and EX (repulsive) is observed. General trends can be
emphasized : i) ES is always in favour of the geometry having the smallest distance between opposite dominant
electrosatic charges, which is rather trivial ; i) CT is of a more complex nature and can be explained in simple

terms of HOMO (nucleophile) / LUMO (electrophile) interaction only when the electrophile bears a truly positive
charge and has an empty p-type LUMO, i.e . for BH, (3) and CH,*(2).This simple kind of explanation fails for

CH,O where CT is practically independent of geometry changes, either via 8 variation or N-pyramidalization, due
to cancellation by competing effects. iii) The EX term is always the contribution to energy whose variation is the
most geometry-dependent. In all cases, it is less repulsive in the geometry that avoids what is commonly called
"steric hindrance". The magnitude of this term is determined by that of the overlap between the occupied orbitals
of the two interacting entities. It is therefore very sensitive, not only to the intermolecular distance, but also to the
relative orientations of the atomic orbitals at the "interaction site" and to the magnitude of their molecular orbital
coefficient, and its variation is difficult to predict with precision.

Atlthough simple results are found, either as a function of 8 or of N-pyramidalization, and in general
agreement whith what is called “"chemical intuition", this exploration of the various electronic contributions to
energy which only deals with complexes and does not presume of the further reaction path, clearly shows that,
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they cannot in reality be explained by simple arguments, be they based on electrostatic forces and/or on MO
considerations. Both indeed play a role, but it is not determinant in most cases. We thus reach the deceptive
conclusion that the electronic aspects ruling the stereochemistry of these types of very commonly invoked
complexes remain complex and subtle, and that no leading contribution appears evident.
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