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A Theoretical Study of the Stereoselectivities of the Diels—Alder Addition of
Cyclopentadiene to Ethyl-(S)-lactyl Acrylate Catalyzed by Aluminium Chloride
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We have studied the AlCls-catalyzed cycloaddition of ethyl-
(S)-lactyl acrylate (ELA) and cyclopentadiene (CPD) by MP2
and DFT (B3LYP) methods using the 6-31G(d,p) basis set,
with or without solvent effects. Four types of dienophile-
Lewis acid (LA) complexes were considered — two types of
ELA-AICl;, ELA-2AICl; and ELA-AICL,*. The stereochemical
predictions of these models were compared with available
experimental data. The participation of lactate-bound
ELA-AICl; complexes is insignificant because of their rela-
tively high TS energies. The diastereofacial selectivities ex-
hibited by the chelated ELA-AICl,* complex do not agree

with experimental data, suggesting that this type of complex
is not very probable, even with ligands having an appropri-
ate carbonyl orientation. Our results show the dominating
role of ELA-2AICI; in the catalyzed reaction, in agreement
with experimental data. The observed diastereofacial stereo-
selectivities are due to a delicate equilibrium of electrostatic
and steric interactions in the different transition states be-
tween the two LA groups and between these two groups and
the cyclopentadiene moiety.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Chiral auxiliaries are widely used as chemical blocks able
to induce chirality into several known synthetic strate-
gies.l'3 Two interesting families of compounds, which have
been used for more than 20 years, are oxazolidinones 1 and

imidazolidinones 2.1+
hi bt
2
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1 2

Oxazolidinones or imidazolidinones can be used as chiral
auxiliaries in ionic,!'%!314 radicall’>1% or even in dynamic
kinetic resolution (DKR) reactions.?*?7I The majority of
these reactions undergo acid catalysis and Evans and co-
workers have proposed a mechanism to account for the re-
action, as shown in Scheme 1.[>-8:11.12]

The “unexpected” stereochemistry, considering the steric
effects of the ring substituent, can be understood by as-
suming that the reacting conformer is the one in which the
two carbonyl groups are coplanar as a result of their com-
plexation with the Lewis acid (Scheme 1).1'?! Subsequently,
it was assumed that this was the explanation for all reac-
tions in which this stereochemistry was obtained (almost all
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cases). In the cases in which the “expected” stereochemistry
was obtained, the explanation was always that no chelation
took place with the attack from the less hindered face yield-
ing the other possible epimer (Scheme 1).

Recently, we proposed an alternative mechanism to ex-
plain some of the observations in DKR reactions in which
the stereochemistry can be explained in terms of the inter-
actions between the leaving group and the attacking amine
(Figure 1)?82°1 without any need for the high-energetic
amide bond rotation. Based on this concept, we introduced
small modifications into the chiral auxiliary*”! which maxi-
mized its performance in DKR reactions.

Considering the great importance of chiral auxiliaries
based on oxazolidinone or imidazolidinone moieties, we are
still engaged in improving the understanding of the mecha-
nisms involved in all types of reactions in which these auxil-
iaries are used. Since many of the mechanisms proposed in
the literature are based on the original mechanism proposed
by Evans (Scheme 1), it became very important to us to
decide on their validity since none of the many published
papers is able to give a final answer to such an important
and interesting problem.

The main problem we find when modelling the chelated
complex is its ionic character, which makes it impossible to
compare with the energy of the reagents or products. We
know that the amide bond rotation is highly energetic and
that the energy difference between the two extreme con-
formers is more than 7 kcalmol'.12%3% This means that a
larger energy stabilization, due to complex formation, is
needed to shift the conformation from the anti to the paral-
lel carbonyl orientation. Since we cannot theoretically eval-
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Scheme 1. Use of oxazolidinones as chiral auxiliaries in cycloaddition and free-radical reactions. Bottom: mechanism proposed by Evans

et al.l?! to explain the results of their cycloaddition reactions.
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Figure 1. Reaction mechanism proposed by us as an alternative to Caddick’s mechanism, based on theoretical results.[>%-3]

uate such stabilization (ionic complex), we decided to look
for a similar system, able to complex with aluminium salts,
but having a parallel carbonyl conformer of low energy. If
the Evans-type chelate formation lowers the energy relative
to the open-chain complexes, then it should be formed since
no substantial energy increase would occur due to a shift
in the conformation.

Searching the literature we found that the chiral dieno-
phile ethyl-(S)-lactyl acrylate [ELA, (S)-1-(ethoxycarbonyl)-
ethyl acrylate] (3) and cyclopentadiene (CPD) undergo a
stereoselective Diels—Alder (DA) cycloaddition reaction in
the absence of a catalyst (Scheme 2).3! The presence of two
diastereotopic faces of different polarity in ELA ensures a
reasonably high diastereoselectivity of up to 85:15. The
moderate endolexo selectivity is in the range of 1.68 (63:37)
to 3.22 (76:24), being dependent on solvent polarity.B!! Our
recent computational studies on this reaction*?! have repro-
duced the observed trends in both endo/exo and dia-
stereofacial selectivities.

The Lewis acid (LA) catalysis of the same reaction leads
to substantial improvements in the endo/exo selectivities of
up to 32 (97:3).31 Also interesting is the experimental ob-
servation that, depending on the LA, diastereofacial selec-
tivities were inverted. In the cases of BF5-Et,O, AIR,Cl,_,
1780
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Scheme 2. Diels—Alder reaction of ELA and CPD.

and ZrCly, the (18,2S) adducts (Scheme 3) were mostly
formed, similar to the case of the uncatalyzed reaction.
However, upon TiCly or SnCly catalysis, the preferred prod-
uct has the inverse configuration.*!! Helmchen and co-
workers suggested that the observed inversion is presumably
due to the fact that the dienophile has two basic sites (car-
bonyl groups), enabling both mono- and bidentate com-
plexation, changing the accessibility of the re and si
faces.?1-33 This concept is, in all aspects, similar to the one
proposed by Evans et al.['?l to explain the stereoselectivity
observed in Diels—Alder reactions using dienophiles con-
nected to oxazolidinone rings. In this paper we compare
computational results on the stereoselectivity of the Diels—
Alder cycloaddition of ELA and CPD catalyzed by alumin-
ium trichloride obtained with different computational
methods. A special emphasis is given to the stereoselective
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Scheme 3. Absolute stereochemical designations of reactants and products. The conjugated dienophile planes of ELAC and ELAT,
respectively, coincide with the picture plane and the si and re diastereotopic faces face up, respectively.

performance of bis- and monometal cyclic complexes, aim-
ing at establishing a direct comparison between this and
Evans’ auxiliary.

Computational Details

Full geometry optimizations were performed by em-
ploying MO theory* (MP2) or density functional theory
(B3LYPP3)) with the 6-31G** basis set. All important struc-
tures were also calculated at the B3LYP/6-31G** level of
theory with the Onsager solvation model using dichloro-
methane as solvent.[**37 The medium-size 6-31G* basis set
is usually considered sufficient for reliable optimization of
geometries of reactants and transition structures in DA re-
actions. The polarization function on hydrogen atoms is in-
cluded in the present study for a better description*®] of
possible hydrogen bonding interactions involved in the DA
mechanisms to be considered, thus enhancing the reliability
of envisaged energy differences determining stereoselectiv-
ity. All calculations were carried out with the Gaussian 03
suite of programs!®*”! using default optimization criteria. Lo-
cated B3LYP transition structures were verified by calculat-
ing the analytical vibrational frequencies, ensuring the pres-
ence of a unique imaginary frequency. Some of the transi-
tion structures were verified by IRC calculations*”! as well.
Zero-point energies and thermal corrections were calculated
from unscaled vibrational frequencies. Reported activation
energies include the zero-point correction to energy. Acti-
vation free energies are given for 298.15 K. Reported stereo-
selectivity ratios were obtained by the summation of the
calculated product percentages. Electronic surfaces were
calculated using the Gaussian 03 package and displayed
with GaussView 3.09.

Nomenclature Issues

The conformation of the acryloyl fragment of the dien-
ophile is designated with C for s-cis and T for s-trans,
respectively. Products are labelled in the traditional
way,#1-431 with the corresponding reaction number and
either N, for endo adducts, or X, for exo adducts, respec-
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tively. The absolute stereochemical designations of this no-
menclature are given in Scheme 3. Cycloaddition transition-
state structures are labelled according to the respective reac-
tion product.

The chiral lactyl fragment of ELA is polar. Therefore, the
diastereotopic faces of this dienophile are electrostatically
nonequivalent. To distinguish between the two acrylate
faces of ELA we refer to the face of COOEt as the polar
one and to the face of H (CHj3) as the nonpolar one.

Results and Discussion

Ligand Coordination

As stated in the introduction, ELA has two ester car-
bonyl groups capable of binding LAs. For this reason, we
consider four possible types of ELA-AICI; complexes (Fig-
ure 2). Three of these exhibit monodentate coordination of
Al to ELA, two with a molar ratio of 1:1 (monometal, MA
and ML), and one with a molar ratio of 1:2 (bis-metal, M2)
with a molecule of LA coordinated to each of the carbonyl
oxygen atoms. We also consider the cyclic (bidentate) mono-
metal complex of ELA (MAL) involving the cation AICI,*,
as originally proposed by Evans et al.l'?l As explained in
the introduction, we have a special interest in this type of
complex since, in contrast to Evans’ auxiliary, in the case

0 OAICI
EtOJ\ro\ﬂ/\ EtO)K(OT]/\
OAICI 0
MA ML
°
OAIC, AlCl;  OFEt
X O 0=
mo)ﬁ/ s CLAI®
OAICH 5= O
¥
M2 MAL

Figure 2. Aluminium chloride complexes of ELA in the s-cis con-
formation.
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of ELA, it should be easily formed owing to the absence of
strong energetic demands (less than 3 kcalmol™! according
to our conformational search). Nevertheless, based on the
reaction’s stereochemical outcome, Helmchen and co-
workers suggest that this type of complex is not formed,??!
and the products obtained originate from complex M2.

Figure 3 shows the optimized structures of the most
stable conformers of the complexes formed between ELA
(s-cis, ELAC, and s-trans, ELAT) and AICl;. Our calcula-
tions predict stable 1:1 ELA-AICl; complexes of compar-
able energy. The acrylate carbonyl oxygen of the dienophile
is slightly more basic than the lactate one due to its a,p-
conjugation with the double bond. Therefore, MA com-
plexes are somewhat more stable than ML ones (Figure 3).
In all complexes there are close Cl--*H(C) contacts (nontra-
ditional hydrogen bondsP”#¥) with the hydrogen atom at
the asymmetric center of the chiral auxiliary and/or the vi-
nyl hydrogen atom.
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Figure 3. Structure, selected interatomic distances in A (gas phase)
and stabilization free energies (AG/kcalmol™) of ELA complexes
with AlCl; determined at the B3LYP/6-31G** level of theory (On-
sager values printed in italics). [a] Relative energies due to the ionic
character of these complexes.

Coordination of a second LA molecule (M2C and M2T,
Figure 3) brings about additional stabilization to the com-
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plexes, the energetic effect of the two coordination sites be-
ing almost additive. This result indicates that there are no
specific electronic interactions between the two metal atoms
via the organic ligand.

The number of possible complexes that can form be-
tween ELA and Lewis acids is further increased by the rela-
tively free rotations around the single C—C and C-O bonds
of the dienophile, as well as about the carbonyl-LA coordi-
nation bond(s), which results in small energy differences be-
tween the possible rotational isomers. The s-cis/s-trans con-
formational equilibrium of the acryloyl fragment of the
studied dienophile is of special importance to the analysis
of its enantioselective reactions since the interconversion of
the two conformers results in the interchange of the re and
si faces of the dienophile (Scheme 3). The s-cis isomer of
ELA, ELAC, is more stable than the s-trans, ELAT, as ob-
served in other acrylates, but unlike other unsaturated car-
bonyl compounds.*>! The free-energy difference between
ELAC and ELAT is about 0.5 kcalmol*,32! while the elec-
tronic energy barrier to the internal rotation about the C—
C single bond is 7 kcalmol !, similar to the values found
for acrylic acid and methyl methacrylate (ca.
8 kcalmol ").[43:46] In the lactate monocomplexes (ML) this
energy difference remains similar. In the acryloyl mono-
complexes (MA), however, as well as in the 2:1 complexes
(M2), the s-cis conformers are practically isoenergetic with
the s-trans ones, without any significant change in the acti-
vation free energy for interconversion. Consequently, coor-
dination of an AICl; molecule to the acrylate carbonyl
group of ELA shifts the s-cis/s-trans equilibrium towards
the s-trans conformer, as previously found for other chiral
acrylates. As expected, MAL-type complexes do not exhibit
this behavior, since the LA moiety is far from the enolate
group, the energy difference between the two conformers
being more than 1 kcalmol .

Solvent effects, in spite of having an important effect on
the relative energies, do not reveal major structural changes.
The main contacts remain, with small corrections to the
contact distances. As expected, for the acryloyl complexes
the contribution of s-frans conformers substantially in-
creases due to their larger dipole moment, being consider-
ably more stable than the s-cis ones.

Reactivity

The original work of Helmchen and co-workers?! is lim-
ited to the study of LA concentrations up to 1.1 equiv. In
their second paper*3 this limit was increased up to
2.5 equiv. The main problem we face when analyzing these
two papers is that almost all the useful data regarding
stereoselectivity is obtained from the first one. The second
one only gives information on diastereofaciality. Since, ac-
cording to the results of Helmchen and co-workers, with
1 equiv. of LA the reaction has to proceed through complex
MA and, with more than 2 equiv. of LA, through complex
M2, one has to be specially careful when comparing theo-
retical data with his experimental values. Effectively, com-
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Table 1. Experimental® and computed (B3LYP/6-31G**) product stereoselectivity ratios for the DA reaction between ELA and CPD.[#

Noncatalyzed Catalyzed
Selectivity Calcd.[PIB2 Exp.[FI311 Calcd.[MB2Exp [el31] Caled.®!  Caled.®!  Caled.®!  Caled.®)  Caled.[d  Exp.?
MA M2l M2 MAL MAL
endolexo 28:72 63:37 63:37 76:24 65:35 84:16 68:32 56:44 60:40 93:7831
endo llendo 2  15:85 20:80 11:89 42:58 20:80 14:86 3:.97 81:19 78:22 36:64531
(22:78)t)
exo 1lexo 2 11:89 15:85 28:72 32:68 42:58 40:60 9:93 82:18 69:31 -

[a] All selectivities include the contribution of the eight possible transition states. [b] Gas phase. [c] Hexane, 273 K. [d] CH,Cl,, 298 K.
[e] CH,Cl,, 273 K. [f] CH,Cl,, 228 K. [g] CH,Cl,, 209 K, 2.5 equiv. of CH3AICI,.[3%

plexes MA and ML have to be compared with experimental
results for 1.1 equiv. of LA,BY while complexes M2 and
MAL have to be compared with experimental results ob-
tained with 2.5 equiv. of LA.3! Another point which has
to be considered is that while our study was made with only
aluminium trichloride, in their second paper Helmchen and
co-workers used ethylaluminium dichloride. Nevertheless,
we believe that this difference will not affect the results
much.

We first present and discuss the results of calculations at
the B3LYP/6-31G** level of theory (Table 1, Figure 4) as
this functional has been shown to predict, in many cases,
exceptionally well the activation parameters and stereo-
selectivities of DA reactions. However, considering the high
asynchronicity predicted by the B3LYP/6-31G** calcula-
tions, we also consider minimizations at the MP2/6-31G**
level of theory in order to decide between a concerted and
a two-step mechanism.

Table 1 allows a comparison between calculated (B3LYP/
6-31G**) and experimentally observed selectivities, with or
without solvent effects.

The results from the B3LYP computational model of DA
addition of ELA-AICI; to CPD, with coordination of AlCl;
to the lactate oxygen atom of ELA (MLC, Figure 3), are
not given in Table 1 as, although the complexes MA (at the
acrylate oxygen atom) and ML (at the lactate oxygen atom)
are of similar energy (Figure 3), the TSs derived from the
latter have significantly higher energies (ca. 7 kcalmol™)
than the ones derived from the acrylate complexes, as a re-
sult of the absence of conjugation to the acrylate double
bond. This prediction obviously renders the participation
of lactate-bound LA complexes of ELA insignificant in the
catalytic reaction considered.

Let us start our discussion with the gas-phase values. A
feature of immediate interest in the reaction proceeding via
MA complexes at the B3LYP/6-31G** level of theory is the
increased asynchronicity of the catalyzed cycloaddition rel-
ative to the uncatalyzed one. While the asynchronicity ratio
d2/dl (dl and d2 are the lengths of the forming bonds) for
the uncatalyzed addition of ELA to CPD is about 1.20, LA
catalysis by a single AICl; molecule leads to an increase in
this value to about 1.35-1.40. This finding is consistent with
the expected increased asynchronicity of the DA reaction
under LA catalysis!*” due to the increased polarization of
the dienophile double bond. The calculated product per-
centages indicate an increased contribution of the s-trans
TSs and their respective products in the catalyzed reaction

Eur. J. Org. Chem. 2006, 1779-1789
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Figure 4. Transition-state structures for the DA addition of
ELA-2AICI; (M2C and M2T) to CPD determined at the B3LYP/
6-31G** level of theory. Relative activation free energies with re-
spect to NC2 (gas phase) or NT2 (solvent; values printed in italics)
are given in kcalmol!. Close contacts (nontraditional hydrogen
bonds) between the diene and the LAs shorter than 3.6 A are in-
cluded (calculated in the gas phase).

(ca. 33%) relative to the uncatalyzed case (ca. 3%),3%
which results mainly from the increased contribution of
NT1 (ca. 12%) and XT1 (ca. 14%).

The calculated activation energies of the studied DA ad-
dition, catalyzed by a single AlCIl; molecule coordinated to
the acrylate carbonyl group, are lower by more than
10 kcalmol™! than those obtained for the uncatalyzed reac-
tion. Earlier theoretical work on LA catalysis of the DA
reaction of acrolein and butadiene!*!! showed approximately
the same reduction in the activation parameters with either
BF; or AICI; (ca. 9-10 kcalmol ™).
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Compared with the known experimental data on the
AlCls-catalyzed addition of ELA to CPD, with a 1.1:1 ratio
of Lewis acid to ELA,Y our B3LYP/6-31G** computa-
tional results with MA as dienophile show underestimated
endolexo selectivity (see Table 1). Comparison of calculated
product stereoselectivities for catalyzed versus uncatalyzed
addition of ELA to CPD (Table 1) shows, in disagreement
with experiment, decreased endo diastereofacial ratios un-
der catalysis. Even so, the theoretical prevision still overesti-
mates the experimental results. Summarizing, computations
involving MA as dienophile underestimate the endo/exo ra-
tio and slightly overestimate the diastereofacial selectivity.

Let us consider now the catalyzed addition of ELA to
CPD via a 2:1 complex, with a molecule of AlCl; coordi-
nated to each carbonyl group of the dienophile (M2). The
transition-state structures of this DA reaction, together
with the relative activation free energies, are shown in Fig-
ure 4.

Complexation of a second LA molecule to the lactate
oxygen of ELA leads to a further reduction in the activation
energies by about 1-2 kcalmol! relative to the MA reac-
tion. This decrease is comparable to the one calculated for
the MLC reaction relative to the uncatalyzed case (ca.
3 kcalmol ™), that is, the effect of AICl; coordination to the
two carbonyl groups on the TS energies is approximately
additive, similar to the case of the above discussed relative
stabilization of the dienophile-AICl; complexes. However,
more interesting are the stereoselectivity changes brought
about by the second coordination. As is evident from the
calculated product percentage ratios, the complexation of a
second AICl; molecule to ELA increases both the endo/exo
and diastereofacial (N2 vs. N1) selectivities, while the exo
diastereofacial (X2 vs. X1) selectivity remains practically
unchanged (Table 1). The computational prediction of a
moderate enhancement of the endo diastereofacial (N2 vs.
N1) selectivity in the DA cycloaddition that proceeds via
complex M2 relative to the uncatalyzed case is in agreement
with the experimentally observed trend upon catalysis in
CH,Cl, (Table 1, columns 5 and 9). If one compares the
calculated selectivity ratio with that experimentally ob-
served, quite a good agreement can be found for a LA con-
centration of 2.5 equiv.

The predicted total endol/exo ratio for ELA-2AICI; ad-
dition to CPD is about 84:16, also correctly reproducing
the experimentally (Table 1, columns 5 and 11) observed
trend of increase upon catalysis. The underestimated theo-
retical value shows similar behavior to that previously ob-
served for the uncatalyzed reaction,?? which confirms our
previous conclusion of the poor performance of B3LYP for
predicting endolexo ratios. The correct prediction of stereo-
selectivity trends upon LA catalysis via M2 may be consid-
ered an indication of the major role of the doubly metal-
coordinated dienophile in the actual reaction for high con-
centrations of LA. Nevertheless, considering the nonexist-
ence of experimental endolexo ratios for LA concentrations
over 1.1 equiv., the participation of MA complexes in the
overall reaction, for such concentrations, cannot be com-
pletely ruled out based only on the theoretical predictions.
1784
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The relative contribution (ca. 45%) of the s-trans TS is
also increased in the 2:1 complexes, largely due to the signif-
icantly enhanced contribution of NT2 (ca. 27%).

The experimental resultsi®*'-33] strongly support the thesis
of major participation of double-complex transition states.
Nevertheless, a stoichiometry of LA/ELA of 2:1 does not
allow for a distinction between M2 or MAL. Helmchen and
co-workers circumvented this problem, comparing the be-
havior of the aluminium catalysts with the titanium ones.
Assuming that they should be similar, it was argued that
while titanium can form chelates of MAL type, depending
on LA concentration, aluminium catalysts only form com-
plexes of MA and M2 types. While this argument is accept-
able, we need to have stronger ones if we want to extrapo-
late to other systems. With this in mind, we consider the
catalysis of ELA addition to CPD via chelate-type com-
plexes with aluminium chloride (MAL, Figure 2). The pre-
dicted product distributions determined by B3LYP/6-
31G** calculations are given in Table 1, while the TSs and
their relative activation free energies are shown in Figure 5.

Comparison of stereochemical predictions for the cyclic
ELA-AICl,* model and reported experimental data
(Table 1) unambiguously shows that the chelated model
does not agree with the experimental data regarding dia-
stereofacial selectivity. In fact, the prediction of an endo 1/
endo 2 ratio of 81:19 is opposite to the experimental prefer-
ence of 22:78. The prediction of an endo/exo ratio of 56:44,
even if it should not be considered too literally, is also quite
different from the experimental 93:7, also suggesting that
this type of complex should not be involved in the studied
reaction.

The inclusion of solvent effects does not change the
above conclusion. Solvent effects slightly decrease the endo/
exo ratio, but substantially increase the diastereofacial se-
lectivity of the M2 transition states. On the other hand,
there are no major changes when considering MAL transi-
tion states.

Mechanistic Aspects

The most asynchronous TSs for ELA addition to CPD
are found for the ELA-2AICIl; complexes (Figure 4) and the
cyclic ELA-AICL,"-chelated complexes (Figure 5) with com-
puted asynchronicity ratios (d2/dl) approaching 1.5 at the
B3LYP/6-31G** level of theory. Full B3LYP/6-31G** IRC
calculations of the lowest-energy TS geometry with
ELA-2AICI; (NC2, Figure 4) show the reaction to be con-
certed. Although the IRC profile obtained has a shoulder
on the product side and some instability of the DFT solu-
tion in this region is clearly apparent (in the form of errati-
cally changing optimization directions), all attempts to op-
timize an intermediate in the region of the shoulder failed
and led to the product. In the case of the cyclic ELA-AICI,*
complex, the IRC calculations performed at the B3LYP/6-
31G** level of theory, starting from the lowest-energy TS
(NC1, Figure 5), also indicate concertedness of the reaction
when calculated in the gas phase.

Eur. J. Org. Chem. 2006, 1779-1789
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B3LYP/6-31G** level of theory. Relative activation free energies
with respect to NC1 are given in kcalmol . Results obtained with
the solvent model are printed in italics.

Figure 5.

Transition-state optimizations with the Onsager solvent
model show a slight increase in the asynchronicity of some
structures. This means that, at this level of theory, we are
at the border between a concerted and a two-step mecha-
nism. To further ensure our confidence in the concertedness
of the reaction, we performed complete geometry optimiza-
tions of some representative TSs of both complexes —
ELA-2AICl; and ELA-AICL,* — at the MP2/6-31G** level
of theory. Not surprisingly, MO calculations predict signifi-
cantly more synchronous structures than DFT, with d2/d1
lower than 1.2, which may be considered a very decisive
argument in favor of the concerted DA addition of ELA to
CPD upon AICl; catalysis. This prediction is in agreement
with the experimental results and theoretical predictions for
similar systems.*® This means that one has to be careful
when modeling DA transition states, using DFT theory,
with strongly polarized dienophiles.

Origins of Stereoselectivity

Searching the literature, we can conclude that, still today,
there is a strong debate around the phenomena condition-
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ing endolexo selectivity.?84%-5% Our own attempts to under-
stand these phenomena brought us to the conclusion that
it is still necessary to carry out more in-depth studies on a
variety of simpler systems if we want to understand com-
plex ones as that discussed in this paper. Electronic, electro-
static and steric effects are all important factors and it is
our understanding that it would not be correct to attempt
to justify this kind of selectivity based only on one of these
factors. These conclusions, together with the observation of
the poor performance of the B3LYP computational model,
the main theory used in this work, do not allow us to dis-
cuss endolexo selectivity in any depth. Nevertheless, by con-
sidering only the diastereofacial selectivity, we believe that
a few conclusions can be drawn, especially when comparing
the behavior of M2 and MAL.

The origin of diastereofacial selectivity in the uncata-
lyzed reaction is mainly electrostatic and arises from weak
stabilizing CH---O=C interactions between the diene and
the dienophile moieties in the energetically favoured TSs.??]
The addition of a single molecule of AlCl; preferentially
affords the complex at the acrylate oxygen atom. This com-
plexation strongly increases the reactivity of the double
bond, lowering the transition-state energy by about
10 kcalmol™!, as already reported. The accepted justifi-
cation for this difference relies on the lowering of the
LUMO energy of the dienophile, but we can also see that
electrostatic effects have to be considered since the attack-
ing diene can establish one or more close contacts between
its hydrogen atoms and the chlorine atoms in the Lewis acid
(Figure 6).

Experimental data show that complexation with a single
molecule of AICl; does not seem to affect the diastereofa-
cial selectivity much, while considerably increasing the endo/
exo selectivity. Complexation with a second molecule of LA
substantially increases the diastereofacial selectivity, while
no data has been published for the endo/exo ratio. Our cal-
culations do not reflect this observation, as can be seen in
Table 1. Very similar diastereofacial values were obtained
for noncatalyzed and catalyzed systems that proceed
through MA or M2. Nevertheless, if we think that the TS
energy of the highest experimentally observed diastereofa-
cial selectivity is only around 1 kcalmol™' more than that
of the lowest observed selectivity and that this difference is
derived from the relative energies of four TS structures, the
theoretical error becomes easily acceptable. This statement
makes even more sense if the reaction is strongly dependent
on solvent effects, as has been shown experimentally.3!-33!
Even considering these limitations, if we compare the non-
catalyzed and the catalyzed TSs, interesting conclusions can
be reached.

Comparison of the endo transition states reveals two
main differences between those resulting from the bis-com-
plexes M2 (Figure 4), the monocomplexes (MA) or the un-
catalyzed systems (Figure 6). The first difference regards the
higher probability of complexed s-frans transition states.
The second difference is the order of increasing energy,

being NC2<NCI<NTI<NT2 for the uncatalyzed
TSs, NC2<NTI<NT2<NC1 for MA TSs and
WWW.eurjoc.org 1785
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Figure 6. endo transition-state structures for the DA addition of
ELA and ELA-AICI; to CPD determined at the B3LYP/6-31G**
level of theory. Relative gas phase activation free energies with re-
spect to NC2 are given in kcalmol . Close contacts (nontraditional
hydrogen bonds) between the diene and the dienophile or the LAs
shorter than 3.6 A are included.

NC2<NT2<NT1<NC1 for M2 TSs. This means that while
in the uncomplexed and the MA systems the attack from
the polar face is always less energetic than the attack from
the nonpolar face, in M2 s-trans the opposite is true. These
differences seem to be a result of a delicate equilibrium be-
tween steric repulsive and electrostatic attractive forces be-
tween the diene hydrogen atoms and the chlorine atoms of
the LA.

If one compares the complexes MAC with MAT and
M2C with M2T (Figure 3), it is easy to conclude that the
distance between the reactive double bond and the acrylate
LA is larger in the s-trans conformers. This is the main
reason why the complexation with a molecule of the LA
attached to the acrylate carbonyl group shifts the s-cis/s-
trans equilibrium to the s-trans side. When the CPD attacks
the double bond, the acrylate LA moves to get the best
interaction with the attacking group, reaching a position in
one or the other face of the double bond in order to reduce
the steric repulsion and keep the electrostatic attraction at
a maximum (Figure 4 and Figure 6). As we said in the in-
troduction, ELA has two faces of different polarity as a
result of the carboxy moiety. When the acrylate LA moves
1786
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in the direction of the ELA’s polar group, the electrostatic
repulsion increases, forcing an increase in the steric repul-
sion between the CPD ring and the acrylate LA. This is the
main reason why the energy difference between MA-NC1
and MA-NC2 (Figure 6) increases compared with the un-
catalyzed system. The average distance between the CPD
hydrogen atoms and the LA is shorter in MA-NC1, mean-
ing stronger steric repulsion. In the s-trans structures a sim-
ilar situation exists, but with smaller and opposite results.
This is because, while in the s-cis structures the LA lies on
the opposite face to that of the attacking diene, in the s-
trans structures both groups lie on the same face of the
dienophile (reduction of the steric repulsion and electro-
static attraction at a maximum). The result of this is that
when CPD attacks the double bond in MA-NC1, the LA
group is forced inside the polar and more crowded concav-
ity. In MA-NT?2 the CPD attack forces the LA group to
move outside of this concavity, slightly reducing the steric
and electrostatic repulsions. The final result is that, while
the energy difference between the s-cis TSs increases on go-
ing from the uncatalyzed to the MA structures, the opposite
is observed for the s-trans TSs.

When introducing a second LA molecule, the LA—car-
boxy-group repulsion is replaced by LA-LA repulsion, with
a similar result to that discussed above. On the other hand,
the system has another source of steric repulsion with the
attacking CPD. The main result is that structures M2-NC2
and M2-NTT1 (attack from the polar face, Figure 4) are less
stabilized. The energy difference between the two s-cis
structures is now only 1.6 kcalmol™, the energy difference
between the two s-trans structures being inverted, with M2—
NT2 more stable than M2-NT1. The destabilizing factors
are, in M2-NC1, the steric repulsion between the CPD ring
and the acrylate LA and the electrostatic repulsion between
the two LA moieties (Figure 7). In M2-NC2, the main de-
stabilizing factor is the steric repulsion between each of the
LA groups and the CPD ring due to its position on the
crowded face. Nevertheless, M2-NC?2 is still relatively more
stable (but not as much as MA-NC2) due to positive elec-
trostatic attractions between the CPD ring and the two LA
groups. In M2-NT1, the steric repulsion between the CPD
ring and the LA groups plus the electrostatic repulsion be-
tween the two LA moieties (Figure 7) overcomes the elec-
trostatic attractions between the CPD ring and the LA
groups, rendering this TS more unstable than M2-NT2.
This last structure is the one that “feels” the destabilizing
phenomena least, having a very similar energy to that of
M2-NC2.

The above analysis becomes very important when trying
to rationalize the calculated results for MAL complexes. As
we said in the introduction, the main objective of this work
was to evaluate the probability of formation of chelates with
bidentate ligands when aluminium salts are used. Consider-
ing the conformation of the free ligand (ELA) in which the
two carbonyl groups have a suitable orientation to form cy-
clic complexes, ELA should have a high probability of
forming such types of complexes, as long as the LA allows
1t.
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Figure 7. Electronic isodensity surfaces mapped with the electro-
static potentials (0.0004 ¢ 'au 3) of selected TSs in the DA addition
of CPD to ELA-2AICl;. Repulsive electrostatic contacts between
the two LA moieties are marked in black.

The values shown in Table 1 predict inverse diastereofa-
cial selectivity to that experimentally observed. Considering
that the two diastercofacial predictions for M2 and MAL
are separated by more than 2 kcalmol !, we can be quite
confident that the chelated form will not have an important
role in the reaction mechanism. The theoretical stereochem-
ical outcome of the chelated TSs (Figure 5) is a result of
the additional positive charge on aluminium, which signifi-
cantly reduces the electrostatic stabilization caused by hy-
drogen-bond formation with the chlorine atoms (see the
electronic surface in Figure 8). Also, since the lactyl car-
bonyl group is not free to interact with the attacking diene,
steric requirements seem to dominate the predicted dia-
stereofacial selectivity of the cyclic dienophile-LA complex.
The attack on the re face, relative to the a-acrylate carbon
atom of the dienophile is accompanied by dienophile dis-
tortion (Figure 8) as this concave face is sterically hindered.
No such distortion is necessary upon attack on its convex
si face, thus originating the calculated energy difference.

Solvent effects fully confirm our interpretation of steric
and electrostatic interactions in the gas phase. In the case
of M2 complexes (Figure 4), NT2 and XT2 contribute, in
dichloromethane, more than 95% to the overall diastereofa-
cial selectivity. Any diene attack on the polar face (NC2,
XC2, NT1 and XT1) is of relatively high energy since elec-
trostatic attractions are minimized, while steric effects, be-
ing very important in such TSs, dictate the final calculated
energies. Also, the high energies calculated for NC1 and
XC1 with the solvent model, show that, in agreement with
our previous discussion, s-cis structures are too crowded to
properly accommodate the attacking diene and the acrylate
LA. In spite of large differences in the relative energies, the
inclusion of solvent did not substantially change any of the
calculated transition states, with only small changes to reac-
tion asynchronicity and minimal adjustments to the lengths
of the electrostatic contacts.
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Figure 8. ELAC-AICI," and selected TSs (gas phase) for its ad-
dition to CPD determined at the B3LYP/6-31G** level of theory.
Ring-distortion angles are defined by the terminal atoms of the
hydrocarbon chains and the chiral carbon atom in the chelate ring
itself. Electronic isodensity surface as in Figure 7.

The results obtained for MAL transition states (Figure 5)
also confirm the previous discussion. In this case, since elec-
trostatic attraction has a minimal contribution to the over-
all energy in any of the eight TSs, the inclusion of solvent
only contributes to an increase of the s-trans conformations,
as expected. Both the diastereofacial selectivity and the
endolexo relation remain very similar to the gas-phase val-
ues, also suggesting that chelated transition states shall not
be involved in the reaction mechanism.

Note that our general predictions are in full agreement
with the results of Helmchen and co-workers and with their
suggested mechanisms. In fact, they suggest that chelated
complexes should not exist since this would decrease the
diastereofacial selectivity, by comparison with the titanium
behavior. Since titanium or aluminium chelates are chemi-
cally quite different (aluminium chelates need a counterion
to neutralize the positive chargel!?l), we have to consider
some different scenarios. If the chelate is more stable than
any other complex, then as soon as one adds some amount
of aluminium salt to the reaction, the diastereofacial selec-
tivity should be reduced. At higher concentrations the dia-
stereofacial selectivity should finally be inverted giving high
values; endolexo selectivity, according to our calculations,
should never be high. If the acrylate monocomplex has a
higher stability than the chelate, then initially one should
observe an improvement in the diastereofacial selectivity
and, as soon as the chelate started to form, a decrease
should be observed, finally leading to inversion of the con-
figuration; endol/exo selectivity should initially increase and,
finally, should be reduced to near 1. A scenario involving
the coexistence of several complex types is also possible but,
in such a situation, to account for the observed experimen-
tal diastereofacial selectivity and also the endo/exo relation,
the amount of chelated complex has to be very low and the
reaction can be considered as proceeding through M2 or a
mixture of M2 and MA. In any case, MAL-type complexes
should not be considered since they would always give a
1787
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diastercofacial selectivity/concentration chart opposite to
that of Helmchen and co-workers.[??]

The interesting conclusion drawn from the above dis-
cussion is that if chelated complexes are not formed with
ligands of low energetic demands, they should also not be
formed with ligands that demand high energy for confor-
mational change. If this is true, then the mechanisms pro-
posed by Evans et al. and extensively used thereafterl!2-31-53]
may need a different analysis and, perhaps, a few adjust-
ments. We aim to contribute, in the near future, further
work in this field.

Conclusions

DFT and MO computational results are presented for
the AICl5-catalyzed DA addition of ELA to CPD via four
types of ELA-LA complexes — two types of ELA-AICl;,
ELA-2AICl; and ELA-AICI,*. Verification of mechanistic
and energetic results supplied by the discussed computa-
tional models is provided by comparison of their respective
stereochemical predictions with available experimental data.
Our results (both activation parameters and diastereoselec-
tivity ratios) show the dominating role of the doubly metal-
coordinated dienophile, ELA-2AICI;_in the catalyzed reac-
tion. The observed diastereofacial selectivity is mainly a re-
sult of the electrostatic and steric repulsions between the
two LA moieties, which fully agree with the results obtained
using solvation models. These interactions force the TS
structures to exist as very hindered conformations in which
a delicate equilibrium between electrostatic and steric ef-
fects between the CPD hydrogen atoms and the chlorine
atoms of the LAs dictates the final calculated selectivities.
In the absence of a second LA molecule (MA structures),
the scenario changes considerably with the system becom-
ing more similar to the uncatalyzed one. When considering
solvent effects, the system becomes simpler, with only two
s-trans transition states being responsible for the observed
stereoselectivity.

The computational predictions for the bidentate model,
ELA-AICL,*, find no support from the experimental results.
Therefore, we are left to conclude that the DA additions of
ELA complexes with aluminium salts to dienes do not in-
volve chelates. The calculation of the TS structures at the
MP2/6-31G** level of theory confirms the proposal of a
concerted mechanism.

Supporting Information: Tables with B3LYP results, B3LYP and
MP2 Cartesian coordinates and total energies of transition struc-
tures.
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