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A theoretical study on the addition of organomagnesium reagents (CHz;Mg*, CH3;MgCl, 2CH3;MgCl)
to the carbonyl group of chiral a-alkoxy carbonyl compounds (2-hydroxypropanal, 3-hydroxy-
butanone, and 3,4-di-O-methyl-1-O-(trimethylsilyl)-L-erythrulose) has been carried out. Analytical
gradients SCF MO and second derivatives at the PM3 semiempirical procedure and the ab initio
method at the HF/3-21G basis set level have been applied to identify the stationary points on
potential energy surfaces. The geometry, harmonic vibrational frequencies, transition vector, and
electronic structure of the transition structures have been obtained. The dependence of the results
obtained upon the computing method and the model system is analyzed, discussed, and compared
with available experimental data. The first step corresponds to the exothermic formation of a chelate
complex without energy barrier. This stationary point corresponds to a puckered five-membered
ring, determining the stereochemistry of the global process, which is retained throughout the
reaction pathway. The second and rate-limiting step is associated to the C—C bond formation via
1,3-migration of the nucleophilic methyl group from the organomagnesium compound to the carbonyl
carbon. For an intramolecular mechanism (addition of CHzMg* and CH3;MgClI to different carbonyl
compounds) the transition structure can be described as a four-membered ring. The inclusion of
a second equivalent of CH;MgCI, corresponding to an intermolecular mechanism, decreases the
barrier height, and the process can be considered as an assisted intermolecular mechanism: the
first equivalent forms the chelate structure and the second CH3;MgCI carries out the nucleophilic
addition to the carbonyl group. The most favorable pathway corresponds to an intermolecular
mechanism via an anti attack. The analysis of the results reveals that the nature of transition
structures for the intramolecular and intermolecular mechanisms is a rather robust entity. There
is a minimal molecular model with a transition structure which describes the essentials of the
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chemical addition process, and the corresponding transition vector is an invariant feature.

Introduction

Due to their unusual value as reagents for general
laboratory synthetic purposes, several studies have been
reported for Grignard compounds.t~” Development of
enantioselective synthesis has revolutionized the organic
chemist’s ability to prepare compounds in enantiopure
form. In particular, Grignard-type addition and reduc-
tion of chiral carbonyl compounds is one of the most
extensively used reactions in synthetic organic chemistry,
avoiding formation of undesirable diastereomers.8~1°

Although different theories based on coulombic, elec-
tronic, or orbital considerations have been proposed,®911.12
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the origin of stereoselectivity remains uncertain due to
the large number of different factors involved.®1%3 Two
models have been widely employed to predict the outcome
of nucleophilic additions: (i) the seminal work of Cram,415
based on the substrate’s bidentate ligation to the metal
countercation, chelation model 8101620 and (ii) the Fel-
kin—Anh model,'%2%22 based mainly on steric and/or
stereoelectronic arguments. However, the understanding
of nucleophilic addition to carbonyl compounds is still a
much debated area.?®=3! On the basis of the stereochem-
ical considerations, intermediate chelates were proposed
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Scheme 1. Schematic Representation for the
Chelate-Controlled Addition of an Organometallic
Reagent (M—R) to the Carbonyl Group of a Chiral

o-Alkoxy Carbonyl Compound?

RSCH R3 H3
2 R1 CH2 R CHZ R
R
H/,,, Hys Sk H P, =
\ — +
Re—0, O R,—O OM  R,—O oM
b
R syn anti

a Two diastereoisomers with different orientation of R with
respect to CH;R3 can be obtained. The syn diastereoisomer is
obtained when the nucleophilic attack of R takes place on the same
face of the plane, defined by the carbonyl group and the a-carbon
atom, where CHR3 is located in the chelate complex.

which were thought to react selectively from the sterically
less hindered sz face. In the case of chiral a-alkoxy
ketones, the formation of diastereoisomers with anti
conformation is consistently favored'® (Scheme 1). Sev-
eral theoretical works addressed this issue;2432-36 how-
ever, no conclusive interpretation has been obtained.813

Currently, quantum mechanical calculations are rec-
ognized as a useful tool in research related to elucidation
of molecular reaction mechanisms.®”* The understand-
ing at the molecular level of a reaction mechanism for a
given chemical reaction requires a detailed knowledge
of stationary points: reactants, transition structure (TS),
products, and possible intermediates on the potential
energy surface (PES). In particular, theoretical charac-
terization of TSs provides a source of information,
independent from experimental studies, concerning the
geometry, electronic structure, and stereochemistry along
the reaction pathway.*®

Recently, we have carried out a diastereoselective
synthesis of enantiomeric tertiary alcohols via nucleo-
philic additions to L-erythrulose derivatives**! with
considerable utility in the synthesis of several oxygenated
chiral natural products like carbohydrates, macrolide
antibiotics, and antitumor ansamycins.*>=%* Despite the
synthetic progress in the addition of C-nucleophiles such
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as Grignard reagents to chiral o-alkoxy carbonyl com-
pounds, fundamental questions on molecular reaction
mechanism still remain because the experimental data
are always based only on the diasteroisomeric product
ratio. Neither our previous experimental work*®4! nor
related calculations!032-354546 offer a conclusive solution
in understanding the mechanistic basis for these stereo-
selective reactions.

In conjuction with our interest in exploring new
possibilities in asymmetric synthesis, we describe herein
a theoretical study of the possible reaction pathways
associated with the addition of different organomagne-
sium reagents to the carbonyl group of different models
representing chiral a-alkoxy carbonyl compounds. The
intention is to illustrate the important interplay between
experimental and theoretical efforts in the elucidation
of such reactions, showing how theory may contribute
significantly to the unravelling of reaction mechanisms
in cases which are experimentally unfeasible or at least
very unattractive.

Methods and Models

A complete application of the ab initio method is generally
prohibitive in terms of computational effort for any but the
smallest systems. Furthemore, semiempirical procedures are
intended for studying large molecular systems of organic
chemical interest. Semiempirical methods have progressed
over the past few years to a surprising level of accuracy and
reliability, considering the limitations of the underlying ap-
proximations.#”48 Semiempirical calculations have been made
by using the PM3* method, and ab initio calculations were
made at the HF/3-21G%° level. The calculations have been
performed with the GAUSSIAN92/DFT program.5t

The Berny analytical gradient optimization routines®?53
were used for optimization. The requested convergence on the
density matrix was 107° atomic units, and the threshold value
of maximum displacement was 0.0018 A and that of maximum
force was 0.000 45 hartree/bohr. The nature of each stationary
point was established by calculating and diagonalizing the
Hessian matrix (force constant matrix). An eigenvalue fol-
lowing algorithm® was used for locating the TSs, which were
characterized by means of a normal mode analysis, and the
unique imaginary frequency associated with transition vector
(TV)% has been charactized. The nature of all TSs was verified
by tracing the intrinsic reaction coordinate (IRC)% from the
TS to the two lower energy structures it connects by using the
second-order Gonzalez-Schlegel integration method.5"58

The control space, dominant components of TV, includes all
degrees of freedom defining the bond forming/breaking process
and is reported for the calculated TSs. In the terminology used
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R;=R,=R,=H Ia Is

R;=CH; R,=Rs=H IVa 1Vs
R =CH,0S8i(CHy); R,=CH; Ry=OCH;  VIla VIIs

Figure 1. Reactants, chelate complexes, TSs, and products for the anti (upper path) and syn (lower path) addition of CHsMg™"
to 1 (la and Is processes, respectively), 2 (IVa and IVs processes), and 3 (Vlla and VIls processes).

Chart 1. Definition of y and p Variables
Corresponding to the Main Components of the
Transition Vector in the Case of a 1:1 Reaction?

2 The numbering of the atoms is also shown. For the intermo-
lecular reaction process, 1:2 reaction, Mg and Cuyg) correspond to
the organomagnesium equivalent that carries out the addition
process.

by us in calculating TSs, the atoms participating in the
chemical interconversion are named as reactive space atoms
and the related degrees of freedom belong to the control space
of TV; those making the specificity of the substrates, bound
outside the active space, are named nonreactive atoms, and
the related degrees of freedom belong to the complementary
space of TV.59762 A representation of the variables y and p,
which are included in the control space in the case of an
intramolecular reaction mechanism, together with the num-
bering of the atoms directly involved in the chemical process,
are depicted in Chart 1.

The use of appropriate minimal molecular models sustaining
the actual chemical reaction is fundamental to generate
reliable data. These systems must contain the intrinsic
potentialities of the real system. In the present work two
organomagnesium reagents have been selected: CHsMg* and
CH3MgCl. For the latter, the addition of 1 and 2 equiv to the
substrate, which will correspond to an intramolecular and an
intermolecular addition mechanism, respectively, has been
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Chart 2. 2-Hydroxypropanal (1),
3-Hydroxybutanone (2), and
3,4-Di-O-methyl-1-O-(trimethylsilyl)-L-erythrulose
(3), the Systems Considered Here as Models
Representing the Real Substrate
(3,4-Di-O-benzyl-1-O-tert-(Butyldiphenylsilyl)-L-
erythrulose) Used by Us in the Reaction

HsC, CHs
H”III:..‘
H—O o)

3

studied. For representing the chiral a-alkoxy carbonyl com-
pounds, three systems have been considered in the conforma-
tion shown in Chart 2: 2-hydroxypropanal (1), 3-hydroxy-
butanone, (2) and 3,4-di-O-methyl-1-O-(trimethylsilyl)-L-
erythrulose (3) The latter compound can be considered as a
model representing the real substrate (3,4-di-O-benzyl-1-O-
(tert-butyldiphenylsilyl)-L-erythrulose) used by us*' in the
reaction. The reactions studied here are the addition of CHs-
Mg*, CH3MgCl, and 2CH3sMgCI to the carbonyl group of 1, 2,
and 3. These models are somewhat simpler than the com-
pounds used experimentally but likely embody the important
features for this discussion. The additions of CHzMg", CHs-
MgCl, and 2CH3;MgCl to 1 and 2 have been studied by using
PM3 and HF/3-21G theoretical methods; however, the large
size of system 3 prevents its study at the ab initio level.

The reaction pathways and the stationary points character-
ized in this work are summarized in Figures 1-3.

Results and Discussion

1. Energetics. In order to discriminate between
alternative reaction channels, a characterization of the
PESs including the localization of stationary points is
essential. An extensive exploration of the different PESs
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Ry=R,=R;=H IIa s
R;=CHj; R,=R;=H Va Vs
R=CH,0Si(CH;); R,=CH; R;=0CH; Villa VIlIs

Figure 2. Reactants, chelate complexes, TSs, and products for the anti (upper path) and syn (lower path) addition of CH;MgCl
to 1 (Ila and Ils processes, respectively), 2 (Va and Vs processes), and 3 (VIlla and VIlIs processes).

Syn/Anti

Syn/Syn

R;=R,=R;=H
R;=CH; R,=Ry=H
R;=CH,08i(CH;); Ry=CH; R3;=0CH;

IHaa IMlas IIsa Illss
VIaa VIas VIsa Vlss
IXaa IXas IXsa IXss

Figure 3. Reactants, chelate complexes, TSs, and products for the anti (two upper paths) and syn (two lower paths) addition of
CH3MgCl to 1 (Illaa, lllas, lllsa, and Illss processes, respectively), 2 (Vlaa, Vlas, Vlsa, and Vlss processes), and 3 (I1Xaa,
IXas, 1Xsa, and 1Xss processes) with the participation of 2 equiv of CH3sMgCI. The relative orientation of the methyl group of the
chelating CH3zMgClI can be anti (first and third paths) or syn (second and fourth paths) with respect to the CH,R3 group of the

model.

has rendered two minima (chelate complexes and prod-
ucts) and one TS. In Table 1 we present the calculated
energies of the chelate complexes, TSs, and products
relative to reactants for the different reaction pathways.
The following stationary points are found: the reactants,
the chelate complexes (Ch) for the syn and anti attacks,
the TS associated with 1,3-migration of the methyl group,
and the corresponding products (P). The addition whithin

an intramolecular mechanism of the two organomagne-
sium compounds, CHsMg" and CH3;MgCI, to the molec-
ular models 1, 2, and 3 gives rise to the Ia, Is, lla, lls,
IVa, IVs, Va, Vs, Vlla, Vlls, Vllla, and Vs processes
(see Figures 1 and 2). For an intermolecular mechanism,
corresponding to the participation of 2 equiv of CH;MgCl,
there are four competitive pathways: attack on anti and
metal-chelated anti conformations (lllaa, Vlaa, and
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Table 1. Relative Energies (kcal/mol) to Reactants of the Corresponding Chelates (Ch), Transition Structures (TS), and
Products (P)2

PM3 HF/3-21G
Ch TS (barrier height) P Ch TS (barrier height) P

la —78.71 —35.34 (43.37) —72.74 (5.97) —100.79 —51.78 (49.01) —96.23 (4.56)

Is —78.76 —34.35 (44.41) —75.03 (3.73) —100.77 —50.11 (50.66) —95.53 (5.24)

lla —48.45 —18.88 (29.57) —60.56 (—12.11) —52.77 —29.91 (22.86) —85.26 (—32.49)

ls —50.32 —18.15 (32.17) —62.61 (—12.29) —52.02 —28.13 (23.89) —84.58 (—32.56)

lllaa —51.79 —28.65 (23.14) —72.80 (—21.01) —74.87 —65.09(9.78) —145.75(—70.88)
lllas —49.12 —25.50 (23.62) —70.61 (—21.49) -77.71 —66.74 (10.97) —149.92(—72.21)
llisa —53.95 —27.45 (26.50) —69.69 (—15.74) —86.13 —75.01 (11.12) —147.85 (—61.72)

Ilss —51.50 —25.04 (26.46) —67.89 (—16.39) —89.44 —71.68 (17.76) —148.34 (—58.90)

IVa —79.51 —33.70 (45.81) —67.79 (11.72) —106.41 —53.22 (53.19) —91.38 (15.03)

1Vs —79.71 —33.10 (46.61) —70.74 (8.97) —106.39 —50.46 (55.93) —91.62 (14.77)

Va —47.27 —15.58 (31.69) —54.61 (—7.34) —54.99 —29.70 (25.29) —80.49 (—25.50)

Vs —48.61 —14.57 (34.04) —57.43 (—8.82) —54.11 —26.67 (27.44) —80.11 (—26.00)

Vlaa —49.41 —22.28 (27.13) —67.84 (—18.43) —80.95 —58.11 (22.84) —140.31 (—59.36)

Vlas —46.33 —19.37 (26.96) —65.70 (—19.37) —83.65 —60.51 (23.14) —139.43 (—55.78)

Visa —55.90 —22.16 (33.74) —67.94 (—12.04) —92.23 —68.85 (23.38) —143.79 (—51.56)

Viss —52.88 —20.44 (32.44) —65.71 (—12.83) —94.40 —61.85 (32.55) —144.20 (—49.80)

Vlila —87.79 —38.19 (49.60) —74.62 (13.17)

Vils —85.31 —37.71 (47.60) —76.13 (9.18)

Villa —49.76 —12.31 (37.45) —55.42 (—5.66)

Vills —47.24 —11.71 (35.53) —57.70 (—10.46)

IXaa —41.83 —9.90 (31.93) —54.79 (—12.96)

IXas —41.23 —8.75 (32.48) —52.93 (—11.70)

IXsa —51.26 —13.06 (38.20) —60.88 (—9.62)

1Xss —50.28 —13.59 (36.69) —59.50 (—9.22)

a Relative energies (kcal/mol) to Ch for TS (barrier height) and P in parentheses. For the PM3 results, heats of formation (hartrees)
of the reactants are as follows: 1 =0.169 146; Il = —0.193 521; 111 = —0.243 680; 1V = 0.154 497; V = —0.208 171; VI = —0.258 330; VII
= —0.043 010; VIIl = —0.405 678; IX = —0.455 837. For 3-21G results, total energies (hartrees) of the reactants are: 1 = —502.912 481;
Il = —960.562 903; 111 = —1655.814 261; IV = —541.745 449; V = —999.395 871; VI = —1694.647 229.

IXaa processes), attack on syn and metal-chelated anti
conformations (l11sa, Vlsa, and 1Xsa), attack on anti and
metal chelated syn conformations (lllas, Vlas, and
IXas), and attack on syn and metal-chelated syn confor-
mations (Il1ss, Vlss, and IXss) (see Figure 3).

The first step corresponds to the formation of a stable
chelate complex without energy barrier. This result is
in agreement with experimental work reported by Eliel
et al.® and Reetz et al.,®* showing that the a-chelate is
a true reaction intermediate. The second and rate-
limiting step is the 1,3-migration of the CH; group of the
nucleophile from the chelate complex via TS to products.
It is important to note that the z-complex was not found
as a stationary point on PES. The m-complexation step
in the a-chelation process has been suggested by Corco-
ran and Ma.®> Our results confirm that this step can be
discarded, in agreement with related theoretical®>*¢ and
experimental studies.%6-6°

For the addition of CHzMg* to 1, la, and Is processes,
the chelate complexes are the most stable systems (79
and 100 kcal /mol below the reactants for PM3 and HF/
3-21G methods, respectively) and the barrier heights are
in the range 43—44 kcal/mol and 49—50 kcal/mol for PM3
and HF/3-21G, respectively. The product of the syn
attack (Is) is more stable than the product of the anti
attack (la) at semiempirical approach while an opposite
result is found at the ab initio level. The addition of CHz-
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MgCI to the carbonyl group of 1, Ila, and lls processes
presents barrier heights of 30—32 kcal/mol (PM3) and
23—24 kcal/mol (HF/3-21G). In this case, the products
are the most stable species (12 and 33 kcal/mol below
the chelate complexes for PM3 and HF/3-21G methods,
respectively). In these four cases, both methods render
that the anti attack is the most favorable pathway. In
the case of 2:1 stoichiometry (addition of 2 equiv of CH3-
MgCI to the carbonyl group of 1; Illaa, Illas, Illsa, and
I11ss processes) the barrier heights are predicted to be
lower than in the case of 1:1 stoichiometry (23—27 and
10—18 kcal/mol for PM3 and HF/3-21G methods, respec-
tively). For the anti attack case (Illaa and lllas
processes) the most favorable pathways are those with a
lower energy barrier and a larger stability for the
products than the syn attack (I11sa and Illss processes).

For the additions of CHz;Mg™", CH3zMgCl, and 2 equiv
of CH;MgCI to 2, IVa, 1Vs, Va, Vs, Vlaa, Vlas, Vlisa,
and VIlss processes, the barrier height increases for all
cases with respect to the above results as shown in Table
1. It is important to note that subtle structural differ-
ences determine the barrier heights. Once the chelate
is formed, the aldehyde reacts faster than the ketone.
The stability of the chelate complexes is predicted to be
0.8—5.6 kcal/mol larger for this model than for the 1
chelate system at the ab initio level, likely reflecting the
lower Lewis basicity of an aldehyde than that of a ketone.
The aldehyde is more reactive because its lower basicity
makes the complex less stable than the ketone. However,
PM3 results do not show this trend, due to the poor
description of noncovalent interactions.

The inclusion of protective groups on Cy, C,, and O3
centers in a-alkoxy ketones, which will correspond to the
additions of CHs;Mg*, CH3zMgCl, and 2CH3;MgClI to 3
(Vlla, Vllis, Vllla, Vllls, 1Xaa, 1Xas, 1Xsa, and 1Xss
processes), increases the barrier heights (1—6 kcal/mol)
and decreases the products stability (0.2—3.6 kcal/mol)
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Table 2. Calculated Product Ratio for the
Diastereomers Obtained by Means of an Anti Attack of
the Organomagnesium Reagent Methyl Group with
Respect to Those Obtained by Means of a Syn Attack?

PM3 HF/3-21G
| 85:15 94:6
1 99:1 85:15
i 929:1 92:8
v 79:21 99:1
\Y 98:2 97:3
VI >09:1 85:15
VI 3:97
VIl 4:96
IX >99:1

2 The results obtained with the different model systems used
are shown. The experimental product ratio,*! obtained with an
excess of methylmagnessium chloride and 3,4-di-O-benzyl-1-O-
(tert-butyldiphenylsilyl)-L-erythrulose, is >99:1.

with respect to the preceding cases. The calculated
energetics indicate that the anti nucleophilic attacks,
IXaa and IXas processes, present lower energy barriers
and higher stabilities for the corresponding products than
the syn attacks, 1Xsa and IXss processes.

The ratio between the product obtained by means of
an anti attack with respect to that obtained by a syn
attack can be calculated, assuming a Boltzmann’s dis-
tribution of the TS leading to the two diastereomers, by
using the following equation3?

anti/syn = Xe’AEa’ RT) Ze’AES’ RT (1)

where anti and syn refer to the TS conformation and AE,
and AE; are the relative energies of the TSs for the anti
and syn attack, respectively, with respect to the corre-
spondant chelate complexes. In Table 2 we show the
results obtained for the different processes studied here,
together with the experimental ratio (>99:1, anti:syn)
obtained by us.* Although some differences can be
detected when comparing the results obtained with
semiempirical and ab initio methods, both offer the same
trends and are in qualitatively good agreement with the
experimental value. When using 3 as molecular model,
we find that the product ratio is inverted with respect to
the experimental result if an intramolecular mechanism
(VI and V111 processes) is considered. However, if the
mechanism is intermolecular (IX), the experimental
product ratio is theoretically reproduced.

The possibility of an interconversion between the
chelate complexes must be investigated. If this process
takes place, then an equilibrium could be established
between both chelate complexes, and according to the
Curtin—Hammet principle, the product ratio would de-
pend only on the relative energy of the two TSs. How-
ever, the estimated barriers for the interconversion
between chelate complexes are higher than the corre-
sponding barriers for addition and this fact would prevent
such an equilibrium from being established.

Our results show that the anti attacks and the inter-
molecular mechanisms are energetically favorable, in
agreement with the cyclic, or chelate, Cram model.'#1%
According to this model, if a group on the adjacent chiral
center is capable of chelation, i.e., if it contains an oxygen
or nitrogen moiety in the a- or 5-position, the substituent
containing the oxygen or nitrogen atom is held in an
approximately coplanar arrangement by simultaneous
chelation with the metal counterion and the nucleophile
attacks from the least hindered face. This model is
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especially operative in the case of o-alkoxy and o-hydroxy
carbonyl compounds.

2. Structure. The selected geometrical parameters
for the different model systems are supplied as support-
ing information. The completely optimized geometries
are available from the authors upon request. An analysis
of the results reveals slight differences depending on the
computational level and model system used, but similar
geometric variables have been found.

The chelate structures are puckered five-membered
rings; the metal is coordinated to the lone pair of the
carbonyl oxygen, and the methoxy oxygen is not pyra-
midalized. Similar structures have been found for re-
lated chelates using the X-ray method”™ and related
theoretical calculations.?®467* There is a correlation
between reactivity and stereoselectivity that demostrates
the mechanistic importance of chelation, as the chelate
structure is maintained throughout the reaction path.

The intramolecular conversion of the chelate complex
to the product takes place via the corresponding TS with
retention of the chelate configuration. For CHz;Mg" and
CH3MgCI systems, the nucleophilic methyl group of the
organomagnesium compound is located over or above the
chelate ring at TS structure. The steric interactions with
the a-substituted group, CH;R3, are avoided in the cases
of anti attack, which is consistently favored. On the other
hand, the steric interactions between the nucleophilic
methyl group and the R; group increase with the size of
R;: an aldehyde hydrogen in 1, a methyl group in 2, and
a [(trimethylsilyl)oxy]methyl group in 3. This fact can
explain the difference of barrier heights, from the chelate
complex to the TS, increasing in the order 2-hydroxypro-
panal < 3-hydroxybutanone < 3,4-di-O-methyl-1-O-(tri-
methylsilyl)-L-erythrulose for both PM3 and HF/3-21G
methods.

The inclusion of a CH3;MgCl second molecule lends
support to an assisted intermolecular mechanism, where
the first molecule forms the chelate structure and the
second CH3MgCl molecule carries out the nucleophilic
addition to the carbonyl group. This fact is in agreement
with experimental data reported by Reetz et al.®*

3. Bond Orders. In order to calculate the progress
of the chemical processes, Pauling bond orders’? (BO)
were calculated for TSs, chelate complexes, and products
through the following expression

BO = exp[[R(1) — R(TS)]/0.3] @)

where R(TS) represents the length corresponding to a
bond in the TS, chelate complex, or product and R(1)
represents the reference bond length. For the breaking
bond (Mg—Cug). the bond order at chelate complexes was
set to 1 by using as R(1) the equilibrium distances in
chelate complex; analogously, for the forming bond
(Cmgy—Ca), the bond order at products was set to one by
using as R(1) the equilibrium length in products and for
the C;-O; bond, which evolves from double to single, the
bond order at products was set to one by using as R(1)
the equilibrium length of the single bond in products. The
progress of the chemical process at TS was then evalu-

(70) Reetz, M. T.; Harms, K.; Reif, W. Tetrahedron Lett. 1988, 29,
5881—-5884.

(71) Jonas, V.; Frenking, G.; Reetz, M. T. Organometallics 1993, 12,
2111.

(72) Pauling, L. 3. Am. Chem. Soc. 1947, 69, 542.
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Table 3. Percentages of Evolution of the Reaction at
TSs, Calculated through Eq 3, for the Forming Bond
Cvg)—Ci1, the Breaking Bond, Mg—Cmyg), and the C1—0;
Bond, which Evolves from Double to Single

PM3 HF/3-21G
Cmg—C1 Mg—Cmg) C1—O1 Cpvg—C: Mg—Cqmg C1—O1
la 10.84 7997 39.19 925 3152 4161
Is 10.72 80.10 40.06 8.57 28.36 41.73
Ila 6.49 81.38 2451 5.53 31.66 26.12
lls 6.32  81.84 2477 525 2956 26.35

Illaa 11.35 38.37 41.09 3.61 15.53 23.12
Illas  11.04 36.80 40.00 4.61 21.37 31.01
Illsa  11.78 47.65 41.45 2.70 24.15 14.86
Illss 11.60 49.33 40.74 2.38 25.55 5.67
IVa 11.21 82.68 41.82 10.47 32.16 47.63
Vs 10.23 81.58 41.36 9.83 29.14 47.82
Va 6.82 83.37 26.27 6.72 33.21 33.30
Vs 5.97 83.10 2451 5.95 30.51 32.71
Vliaa 6.57 80.49 29.60 4.92 19.69 35.51
Vlas 6.34 79.51 28.96 3.76 12.69 33.18
Visa 6.37 81.27 30.11 1.71 9.97 11.36
Vliss 6.42 81.88 30.11 4.64 29.61 28.86
Vlila 12.38 84.81 42.35
Vlls 10.45 82.74 39.02
Villa 7.45 85.56 26.37
Vills 6.14 84.02 23.60
IXaa  10.94 37.16 46.04
IXas 11.07 35.68 43.79
IXsa 6.84 80.47 31.38
IXss 7.04 81.14 31.38

ated for each one of these three bonds through the
following expression

BO(TS) — BO(Ch)
BO(P) — BO(Ch)

% evolution = x 100 (3)

where BO(TS), BO(Ch), and BO(P) represent the calcu-
lated bond orders for TS, chelate complexes, and prod-
ucts, respectively. Calculated percentages of evolution
at TSs are reported in Table 3.

A detailed analysis of these data shows that the
methodology employed has a great influence on the
results obtained. PM3 results show that in the TS the
Cmg—Ci1 bond formation is in the range of 6—12%
evolution, while for the Mg—Cg bond breaking the
range is very wide (35—85%), depending on the molecular
mechanism and the size of the molecular model used. A
comparison of PM3 data with ab initio results show a
similar degree of formation for the Cyg)—C; bond (2—
10%) but a lower percentage of breaking for the Mg—
C(mg) bond (10—33%). The evolution of the C,—0O, bond
at TS is smaller than 50%: PMa3 results indicate a range
between 23.60 and 46.04%, while for HF/3-21G the range
is 5.67—47.82%.

For the intramolecular mechanism of addition, both in
the PM3 and the ab initio methods, the influence on these
results of the relative orientation at the TS between the
methyl group of organomagnesium reagent and the
a-carbon methyl group of the substrate (anti or syn
attacks) is hardly pronounced (less than 3% in all cases).
However, for the intermolecular mechanism, significant
differences have been detected. For example, at the PM3
level, IXaa and IXas processes show a 35—37% of Mg—
Cmg bond breaking, while IXsa and IXss processes
render 80—81%.

With respect to the organomagnesium reagent, for the
intramolecular mechanism the degree of forming and
breaking bonds is roughly independent of the model
representing the substrate. However, in the case of an
intermolecular mechanism, differences can be detected;

J. Org. Chem., Vol. 61, No. 10, 1996 3473

Table 4. Hessian Unique Negative Eigenvalue (au),

Imaginary Frequency (cm~1) Obtained from a Normal

Mode Analysis, Force Constants (F, au), and Hessian

Eigenvector Components (C) for the TS. Addition of
CHzMg™" to 2-Hydroxypropanal, 1

PM3 HF/3-21G
la Is la Is
—0.06152 —-0.05651  —0.05574  —0.02535
Eig 657.66i 640.92i 554.55i 548.70i
freq F C F C F C F C
C,—0, 059 0.15 059 0.13 048 0.17 048 0.11
2z 0.00 —0.84 0.00 —0.86 0.01 —0.73 0.02 —0.80

P 0.10 -0.19 0.10 —-0.11 0.11 —-0.30 0.11 -0.29
0:-C;—C; 464 —0.07 464 —-0.04 1.10 —0.06 1.13 —0.08
0,-C;—C,—0, 0.69 -0.10 043 0.11 056 —-0.15 0.53 0.17

Table 5. Hessian Unique Negative Eigenvalue (au),
Imaginary Frequency (cm~') Obtained from a Normal
Mode Analysis, Force Constants (F, au), and Hessian
Eigenvector Components (C) for the TS. Addition of
CH3MgCI to 2-Hydroxypropanal, 1

PM3 HF/3-21G
la Is la Is
—0.04895 -—-0.07119 —0.07394 —0.079 01
Eig 505.95i 468.81i 384.11i 411.34i
freq F C F C F C F C
C1—0 0.72 0.1 0.72 0.10 0.63 0.10 0.63 0.10
2 0.01 -0.84 0.01 -0.83 0.01 —0.76 0.01 —0.75

P 0.10 —0.20 0.10 —0.18 0.09 —0.17 0.09 —0.28
0:-C;—C; 453 —-0.09 4.65 —0.00 0.99 —-0.18 1.03 —0.14
0;-C;—C,-0, 0.78 —-0.10 0.46 0.10 0.55 —-0.14 052 0.03

for instance, at PM3 results, a significant increase of
Mg—Cg bond breaking appears from 111 (37—49%) to
VI (79—82%).

In the intramolecular mechanism, the CH;MgCl orga-
nomagnesium reagent retards the progress of the forma-
tion of the Cyu5—C; bond and the evolution of the C;—0,
bond with respect to CHz;Mg" and increases the progress
of the breaking of Mg—Cwg bond.

4. Transition Vector. The TV renders very concisely
the essentials of the chemical process under study. The
corresponding TV as well as force constants for the
variables defining the control space, imaginary frequency,
and the unique negative eigenvalue are reported in
Tables 4—12. The TSs are well associated with the
forming/breaking bonds as can be seen from the main
components of the TVs as well as going down from the
TS following the reaction path by using the IRC proce-
dure. The results provide good hints for a qualitative
and semiquantitative analysis.

The normal mode analysis of TS structures yields a
relatively low imaginary frequency (468i—707i cm™1, for
PM3 results and 111i—570i cm™2, for HF/3-21G results).
For all model systems, the negative eigenvalue arises
from the cross terms in the force constant matrix;
diagonal force constants are all positive, and the values
for force constants associated to y and p are positive and
very low. An analysis of the TV shows that the major
componets are y and p distances and the O1-C1-C2—
02 dihedral angle. The minimal set of coordinates
capable of producing the TS are these variables. This
result is obtained after reducing the size of the control
space followed by the diagonalization of the correspond-
ing Hessian matrix.

It is important to note that while the atoms participat-
ing in the TSs are always the same, those entering in
the complementary space are not. If these latter do not
modulate in the first order the force constants in the
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Table 6. Hessian Unique Negative Eigenvalue (au), Imaginary Frequency (cm~1) Obtained from a Normal Mode

Analysis, Force Constants (F, au), and Hessian Eigenvector Components (C) for the TS. Addition of 2CHzMgCI to
2-Hydroxypropanal, 1

PM3 HF/3-21G
Illaa Ilas Illsa Ilss Ilaa Illas Isa Illss
—0.102 47 —0.096 91 —0.106 23 1-0.032 93 —0.007 06 —0.041 98 —0.049 82 —0.011 60
Eig 518.30i 513.85i 565.02i 564.91i 306.75i 385.03i 286.93i 275.40i
freq F C F C F C F C F C F C F C F C
C1—0g 0.84 0.16 0.85 0.16 0.82 0.13 0.80 0.10 0.75 0.07 0.70 0.13 0.79 0.11 0.80 0.06
C1—Cmg) 0.08 —-0.65 0.08 —-0.67 0.08 -—-0.68 0.08 -0.49 0.05 -0.64 005 -0.68 0.05 -0.70 0.04 -0.74
01—Mg 049 -0.11 048 -0.11 051 -0.07 051 -0.07 0.06 -0.13 0.06 —-0.29 0.05 -0.08 0.06 -—0.23
0,—C1—C; 406 —-0.05 4.09 -005 481 -007 444 -0.01 193 -0.03 182 -0.02 205 -0.04 200 -0.04

0,-C;—C,—-0, 0.73 -0.07 0.75 -0.07 0.71 0.12 0.72 0.23 057 -0.16 0.71 -0.03 142 0.07 1.56 0.22

Table 7. Hessian Unique Negative Eigenvalue (au),
Imaginary Frequency (cm~1) Obtained From a Normal
Mode Analysis, Force Constants (F, au), and Hessian
Eigenvector Components (C) for the TS. Addition of
CHzMg™* to 3-Hydroxybutanone, 2

technical viewpoint. It aids the establishment of the
search of TSs.

Conclusions

PM3 HF/3-21G Quantum chemical characterization of TSs may be

IVa Vs IVa IVs rationalized to discuss the nature of molecular mecha-

—0.10052 —0.07976 —0.07344 —0.02376 nism -for Ol‘ganic reaction.& The theory of nUCIEOphi“C

Eig 680.78i 671.40i 570.89i 569.03i addition of organometallic reagents to carbonyl com-
freq F C F c F c F c pounds is still a much debated subject, particularly with
C,—0, 056 013 056 0.15 045 015 044 009 respect to the origin of stereosglectivi_ty. The following
¥ 0.01 —0.85 0.00 —0.85 0.02 —0.74 0.02 —0.82 factors are found to be dominant in the molecular

o 0.12 -0.26 0.12 —-0.20 0.11 -0.29 0.10 —0.31
0,—-C,—C» 5.07 —0.05 5.20 -0.07 1.22 —-0.09 1.26 —0.04
0,;-C;—C>,—0, 0.65 —0.13 044 0.12 055 -0.18 0.53 0.15

mechanism for the carbonyl addition of organomagne-
sium reagents to chiral a-alkoxy carbonyl compounds:
(i) The formation of syn and anti chelate complexes is

Table 8. Hessian Unique Negative Eigenvalue (au),
Imaginary Frequency (cm~1) Obtained from a Normal
Mode Analysis, Force Constants (F, au) and Hessian
Eigenvector Components (C) for the TS. Addition of
CH3MgCl to 3-Hydroxybutanone, 2

the first step in the addition process and takes place
without energy barrier. The magnesium is coordinated
to the lone pair of the carbonyl oxygen and to the methoxy
oxygen. The chelate complexes can be described as
puckered five-membered rings.

PM3 HF/3-21G (if) Syn and anti chelate intermediates are stable
Va Vs Va Vs structures, restricting bond rotation and increasing
—-0.04295 —0.03968 —0.05420 —0.088 93 stereochemistry. The aldehyde chelate is less stable than

Eig 523.59i 499.38i 428.24i 434.36i the ketone chelates.
freq F C F ©€ F C© F ¢ (i) The chelate conformation is maintained throughout
C1—04 069 012 069 0.11 057 0.10 057 0.11 the reaction path, being the thermodynamic controls for
% 0.01 -083 0.01 -0.83 0.02 -0.73 0.02 -0.79 the syn and anti pathway dominated by the relative

I3 0.12 -0.24 0.11 -0.26 0.09 —-0.22 0.09 -0.16
0:—-C1—C> 489 —-0.06 513 —-0.06 1.09 —-0.10 1.14 -0.05
0,-C;—C,-0, 0.76 —0.17 0.46 0.08 0.56 —0.08 0.51 0.16

control space, the TV is invariant. The invariance is to
be understood in terms of preservation of the reactive
fluctuation patterns associated with the chemical inter-
conversion processes. In this respect, the TS presents
similar geometric properties for the different model
systems. One of the interesting results obtained is a sort
of geometric invariance of the fragments participating
in a TS geometry. This fact has been found by us8%.6273
and other workers.” Structural invariance of the TS
structure fragments is an important result from the

stability between the corresponding chelate complexes
and products. Cram’s model based on chelation-con-
trolled carbonyl addition can explain the energetic re-
sults.

(iv) C—C bond-forming stage is the second and rate-
limiting step for the addition process. TSs are four-
membered rings, corresponding to the 1,3-intramolecular
migration from chelate complex to products.

(iv) The reactivity for chiral a-alkoxy carbonyl com-
pounds decreases in the following order: 2-hydroxypro-
panal > 3-hydroxybutanone > 3,4-di-O-methyl-1-O-
(trimethylsilyl)-L-erythrulose. Nevertheless, the increasing
of the model size results in an increase of the barrier

Table 9. Hessian Unique Negative Eigenvalue (au), Imaginary Frequency (cm~1) Obtained from a Normal Mode
Analysis, Force Constants (F, au), and Hessian Eigenvector Components (C) for the TS. Addition of 2CHzMgCl to
3-Hydroxybutanone, 2

PM3 HF/3-21G
Vlaa Vlas Visa Viss Vlaa Vlas Vlsa Vlss

—0.08267 —0.08756 —0.50363 —0.09818 —0.04843 —0.02069 —0.01404 —0.03698
Eig 550.83i 546.80i 568.69i 570.41i 422.79i 388.22i 111.64i 430.49i
freq F C F C F C F C F C F C F C F C
Ci1—0; 0.96 0.16 0.96 0.16 0.97 0.04 0.97 0.16 0.65 0.12 0.66 0.11 0.81 0.06 0.66 0.12
C1—Cmvg) 0.07 —-0.69 0.07 —-0.66 0.06 —-049 0.06 -0.70 0.05 -0.82 0.05 -0.73 005 -0.78 0.05 -0.85
0;—Mg 045 -0.10 045 -0.10 0.48 -0.11 0.47 -0.08 0.10 -0.36 0.07r —-0.30 0.03 -0.47 0.08 -0.20
0,—C1—C; 569 -0.02 584 -0.02 570 -0.16 549 -0.05 175 -0.06 179 -0.07 188 -0.01 170 -—0.04

0;—C;—C>—0, 091 -0.05 0.94 -0.06 0.92 0.06 0.94 0.10 0.89 —-0.04 094 -0.15 256 0.15 1.82 0.14
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Table 10. Hessian Unique Negative Eigenvalue (au),
Imaginary Frequency (cm~1) Obtained from a Normal
Mode Analysis, Force Constants (F, au), and Hessian
Eigenvector Components (C) for the TS. Addition of

CHzMg™* to
3,4-Di-O-methyl-I-O-(trimethylsilyl)-L-erythrulose, 3
PM3
Vlla Vlls

—0.07966 —0.10487
Eig 707.14i 694.26i
freq F C F C
C1—0; 0.55 0.17 0.56 0.17
% 0.02 —0.79 0.02 —0.80
P 0.14 —0.30 0.12 —0.23
0:—-C1—C; 6.89 —0.08 6.72 —0.10
0:;—C;—C>—0 1.13 —0.08 1.23 0.09

Table 11. Hessian Unique Negative Eigenvalue (au),
Imaginary Frequency (cm~1) Obtained from a Normal
Mode Analysis, Force Constants (F, au), and Hessian
Eigenvector Components (C) for the TS. Addition of

CH3MgCl to
3,4-Di-O-methyl-1-O-(trimethylsilyl)-L-erythrulose, 3
PM3
Villa Vills

—0.052 47 —0.047 02
Eig 550.66i 535.84i
freq F C F C
C1—0Og 0.68 0.10 0.70 0.11
x 0.02 —0.83 0.02 —0.80
o 0.14 —0.24 0.12 —-0.23
0,—C1—C; 7.05 —0.01 6.98 —0.08
0;—C1—C>—0; 1.16 —0.08 121 0.15

Table 12. Hessian Unique Negative Eigenvalue (au),
Imaginary Frequency (cm~1) Obtained from a Normal
Mode Analysis, Force Constants (F, au), and Hessian
Eigenvector Components (C) for the TS. Addition of

2CH3z;MgCI to
3,4-Di-O-methyl-1-O-(trimethylsilyl)-L-erythrulose, 3
PM3

IXa IXs IXa IXs
—0.10831 —0.09432 —-0.39542 —0.11119

Eig 536.31i 531.73i 573.65i 570.96i
freq F C F C F C F C
C,—0:1 091 0.16 091 0.16 101 0.18 1.01 0.17
C1—Cmg) 0.07 —0.63 0.07 —0.66 0.05 —0.53 0.05 —0.70
0,—Mg 0.50 —-0.19 0.50 —-0.10 0.51 —0.10 0.50 -—0.08

0,-C,—C» 7.07 —0.03 7.13 —-0.04 9.23 -0.13 9.13 —0.06
0;-C;—C—0; 395 —0.05 393 0.03 294 -0.11 293 0.06

height. The size of the substituent on C, is the dominant
factor in the relative energy barriers, but not with respect
to the stereoselectivity control.

(v) For the nature of the Grignard reagent, the barrier
heights are lower for CH3;MgCl than for the cationic
species, CHzMg*t. The inclusion of a second CH3;MgCI
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second molecule disminishes the barrier height, and the
process can be described as an assisted intermolecular
mechanism: the first molecule forms the chelate struc-
ture and the second CH;MgCIl molecule carries out the
nucleophilic addition to carbonyl group. The chelate
formation is fast, being the rate-limiting step the addition
of the second CH3;MgCI molecule to the chelate complex,
in agreement with the experimentally determined first-
order Kinetics in organometallic.? The most favorable
pathway corresponds to an anti attack via an inter-
molecular assisted mechanism. These theoretical results
are in agreement with experimental data of Reetz et al.?*
and with the diastereoisomeric excess obtained by us.*

(vi) There are differences in absolute values for barrier
height between the chelate complex and the correspond-
ing TS and the relative stability of the products obtained
with PM3 semiempirical and ab initio methods. How-
ever, the tendencies are similar.

(vii) The geometry and TV for TSs are fairly invariant.
PM3 semiempirical results are very close to those of HF/
3-21G. This is good news for increasing the size of the
model.

(viii) There exists a minimal molecular model with a
TS which describes the essentials of the chemical inter-
conversion step in a given molecular mechanism and the
corresponding TV that encodes the fundamental informa-
tion relating reactive fluctuations patterns and is an
invariant feature. Theoretical calculations of these type
of stationary points on PES permit the actual determi-
nation of geometric structures and corresponding force
constants.
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