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Lewis Acid Induced [2+2] Cycloadditions of Silyl Enol Ethers with a,p-
Unsaturated Esters: A DFT Analysis
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The Lewis acid (LA) induced cycloaddition of trimethysilyl
vinyl ether with methyl acrylate has been studied by DFT
methods at the BBLYP/6-31G* level. In the absence of an LA,
a [4+42] cycloaddition between the silyl enol ether and methyl
acrylate in the s-cis conformation takes place through an
asynchronous, concerted bond-formation process. This cyclo-
addition presents a large activation enthalpy of 21.1 kcalmol .
Coordination of the LA AICI; to the carbonyl oxygen atom of
methyl acrylate yields a change of molecular mechanism
from a concerted to a two-step mechanism and produces a
drastic reduction of the activation energy. This stepwise
mechanism is initialized by the nucleophilic attack of the
enol ether at the B-position of methyl acrylate in a Michael-
type addition. The very low activation energy (7.1 kcalmol™?)

associated with this nucleophilic attack can be related to the
increase of the electrophilicity of the LA-coordinated o,f-
unsaturated ester, which favors the cycloaddition through a
polar process. The subsequent ring-closure allows the forma-
tion of the corresponding [2+2] and [4+2] cycloadducts. While
the [4+2] cycloadduct is formed by kinetic control, the [2+2]
cycloadducts are formed by thermodynamic control. The
energetic results provide an explanation for the conversion
of [4+2] cycloadducts into the thermodynamically more
stable [2+2] ones. The cis/trans ratio found for the catalytic
[2+2] process is in agreement with the experimental out-
come.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Cycloaddition reactions are one of the most important
processes of both synthetic and mechanistic interest in or-
ganic chemistry.[!l In this type of reaction, two new ¢ bonds
are formed at the ends of two interacting © systems along
with the formation of a carbocycle system. These reactions
have been mechanistically classified as pericyclic reac-
tions,?! and the feasibility of the processes has been related
to the Woodward—Hoffmann rules.®l According to these
rules, thermal [2+2] cycloadditions are forbidden when they
proceed through a supra-supra concerted reaction path. Al-
though a concerted supra-antara process is allowed accord-
ing to the symmetry rules, in general it is expected to have
high activation energy because of large steric effects.

The [4+2] cycloaddition between 1,3-butadiene and eth-
ylene is an allowed supra-supra concerted process,? but it
only takes place under drastic conditions: after 17 h at
165 °C and 900 atm, it gives a yield of 78%.34 Appropri-
ate substitution on the diene or dienophile favors the cyclo-
addition. Different studies have shown that the substitution
changes the mechanism from a nonpolar, synchronous, con-
certed one to a polar, highly asynchronous bond-formation
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process. In some cases, the substitution is able to stabilize
the corresponding zwitterionic intermediate, and the cyclo-
addition takes place by a stepwise process.’! This polar
mechanism, which has also been found in [4+3],1 [3+2],[7]
and [2+2]® cycloadditions appears to be alternative to the
more accepted pericyclic model.

The thermal [2+2] cycloaddition of ketenes and related
compounds has been studied theoretically.[’) However, ther-
mal ethylene/ethylenel!? or acetylene/ethylenel'!l [2+2] cy-
cloadditions have received less attention theoretically. Re-
cently, a DFT study of the regioselective [2+2] cycload-
dition of the benzyne 1 with the ketene acetal 2 has been
reported (see Scheme 1).18 This formal [2+2] cycloaddition
is a polar, stepwise process characterized by the nucleophilic
attack of the ketene acetal 2 at the C1 position of the substi-
tuted benzyne 1. The electrophilicity index, w,['2! defined
within DFT, has been used to classify a series of reagents
currently present in Diels—Alder!'3] and related cycload-
dition reactions.l>®!4 A good correlation between the dif-
ference in electrophilicity of the reagents, Aw, and the polar
character of the process was found. The electrophilicity of
benzyne is 1.95eV. This value, which is larger than that
evaluated for acetylene, w = 0.54 ¢V, provides an explana-
tion of the reactivity of the benzyne derivatives toward nu-
cleophilic additions.'>! Note, however, that these polar cy-
cloadditions demand the participation of a good nucleo-
phile, such as enol ethers or ketene acetals.[®!
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Scheme 1.

Takasu et al.l'®! have reported recently that the catalytic
[2+2] cycloaddition reactions of silyl enol ether 4 with the
o,B-unsaturated esters 5 lead to the formation of a cyclobu-
tane ring with a high degree of trans stereoselectivity (see
Scheme 2). The results of stereochemical studies showed
that the cycloaddition proceeds in a nonstereospecific man-
ner, thus suggesting that the nucleophilic addition affords a
short-lived zwitterionic intermediate.['®]
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Scheme 2.

The role of Lewis acids (LAs) in cycloaddition reactions
has been widely studied. Coordination of the LA to the
electron-deficient reagent increases its electrophilicity no-
tably, thus favoring the cycloaddition through a more polar
process.['3] In the present work, the LA (AICl;) induced
[2+2] cycloaddition between trimethylsilyl vinyl ether (SVE,
7) and methyl acrylate (MA, 8) is studied by DFT methods
(see Scheme 3). Our purpose is to present these [2+2] cyclo-
additions as one case of the more general mechanism of the
polar cycloadditions characterized by a nucleophile/electro-
phile interaction. It is noteworthy that these pseudo-pericy-
clic reactions cannot be orbital symmetry forbidden.'" The
study is performed by applying an analysis based on reac-
tivity indexes defined in the context of DFT, and by explor-
ing the potential energy surface (PES).
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Scheme 3.
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The Electrophilicity Index

The global electrophilicity index, e, which measures the
stabilization in energy when the system acquires an ad-
ditional electronic charge, AN, from the environment, is
given by the simple expression of Equation (1)!'? in terms
of the electronic chemical potential, x«, and the chemical
hardness 7.

3974 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

w="- (1)

Both quantities may be expressed in terms of the one-elec-
tron energies of the frontier molecular orbital HOMO and
LUMO, ¢y and ¢, as u = (eg + e1)/2 and 17 = ¢ — &p,
respectively.['® The electrophilicity index encompasses both
the propensity of the electrophile to acquire an additional
electronic charge (driven by x2, the square of electronegativ-
ity) and the resistance of the system to exchange electronic
charge with the environment described by 7. A good elec-
trophile is in this sense characterized by a high value of u
and a low value of 7.

Beside the global electrophilicity index, it is possible to
define its local (or regional) counterpart condensed to
atoms.['”) The local electrophilicity index, c;, condensed to
atom k is easily obtained by projecting the global quantity
onto any atomic center k in the molecule by using the elec-
trophilic Fukui function (i.e. the Fukui function for nucleo-
philic attack, f;*). This gives Equation (2).!'°]

o = fi'o 2

Results and Discussions

DFT Analysis Based on Reactivity Indices

The electronic chemical potential, u, the chemical hard-
ness, 77, and the global electrophilicity, w, for SVE (7), MA
(8), and the MA-LA complex 13 are presented in Table 1.
The electronic chemical potential, x, of SVE, u =
—0.0881 au, is less than the electronic chemical potential of
the a,B-unsaturated ester MA, u = —0.1586 au, thereby indi-
cating that the net charge-transfer will take place from the
silyl enol ether to the o,B-unsaturated ester, in agreement
with the charge-transfer analysis (vide infra). Coordination
of the LA to the carbonyl oxygen atom of methyl acrylate
increases the electronic chemical potential of the MA-LA
complex to —0.2008 au.

Table 1. Global properties of the species considered in this work.[®!

HOMO LUMO " n w AN pax
13 -0.2854 —0.1161 -0.2008 0.1693 3.24 1.19
8 -0.2720 —0.0452 -0.1586 0.2268 1.51 0.70
7 -0.2197 0.0436 —0.0881 0.2632 0.40 0.33

[a] HOMO and LUMO energies, electronic chemical potential, and
chemical hardness are given in au, with global electrophilicity val-
ues in eV.

Methyl acrylate (8) has an electrophilicity value of
1.51 eV, a value that falls in the range of strong electrophiles
within the w scale.'3] Coordination of the LA (AICl5) to
the carbonyl oxygen atom of MA increases the electrophi-
licity of the MA-LA complex notably, to 3.24 eV. This fact
increases the Aw for the LA-catalyzed [2+2] cycloaddition,
and an acceleration of the reaction will be expected along
a more polar process. The SVE has a low electrophilicity
value, w = 0.40 eV, and we will assume that it behaves as a
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strong nucleophile.'* The large Aw for the LA-catalyzed
[2+2] cycloaddition, 2.84 eV, indicates that this cycload-
dition will take place with a large polar character. Note that
the Aw for the cycloaddition between SVE and MA-LA
complex is larger than that for the [2+2] cycloaddition be-
tween benzyne possessing a fused four-membered ring and
a ketene acetal, Aw = 1.7 eV, which has recently been char-
acterized as a polar stepwise cycloaddition.[®]

The analysis of the local electrophilicity of the o,B-unsat-
urated ester MA and the MA-LA complex, together with
the analysis of the nucleophilic Fukui functions, f;~, at SVE
allows us to characterize the more favorable two-center in-
teraction along an asynchronous bond-formation process,
and, in consequence, the more favorable regioisomeric reac-
tive channel.'”! The values of these local indexes are sum-
marized in Scheme 4. MA has a larger electrophilic acti-
vation at the C1 carbon (0.63 eV) than at the C2 and C3
carbons (0.30 eV; see Scheme 4). Therefore, the C1 carbon
atom, which corresponds to the B-conjugated position of
a Michael acceptor,?? is the more favorable center for a
nucleophilic attack. Coordination of the LA to the carbonyl
oxygen atom decreases the selectivity between the C1 and
C3 carbon atoms of the MA-LA complex, but the CI car-
bon atom remains the more electrophilic site of the mole-
cule. The w; at the C1 carbon atom of the MA-LA com-
plex, 1.22 eV, is twice the value of w,, at the C1 carbon atom
of MA, 0.63 eV. For the SVE, the analysis of the Fukui
functions for an electrophilic attack, f;~, indicates that the
C5 carbon atom corresponds to the more nucleophilic site
of the molecule. In consequence, along a polar cycload-
dition the more favorable reactive channel will correspond
to that associated with a two-center interaction between the
C1 carbon atom of MA-LA and the C5 carbon atom of
the SVE, with formation of the 1,2-disubstituted cyclobu-
tanes. This analysis is in complete agreement with the re-
gioselectivity observed experimentally.[6]
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Scheme 4.

Analysis of the PES of the Cycloadditions Between
Trimethylsilyl Enol Ether and Methyl Acrylate

Methyl acrylate can adopt two planar conformations —
s-trans (8) and s-cis (9) — with 9 being 0.7 kcalmol™! more
stable than 8 (see Table 2). The reactions between the silyl
enol ether 7 and MA in the two conformations have been
considered. Analysis of the PES for these reactions indi-
cates that they are concerted cycloaddition reactions that
allow the formation of the corresponding [2+2] and [4+2]
cycloadducts (see Scheme 5). For the reaction of the silyl
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enol ether 7 with MA in the s-trans conformation 8, two
stereoisomeric reactive channels with formation of the cis
or trans 1,2-disusbtituted cyclobutanes are feasible. Thus,
three TSs (TSa, TSh, and TSc), two [2+2] cycloadducts (10
and 11), and one [4+2] cycloadduct (12) have been located
and characterized. The stationary points corresponding to
the [2+2] and [4+2] cycloaddition reactions between SVE
and MA in the s-trans 8 and the s-cis 9 conformations are
shown in Scheme 5 together with the atom numbering. The
total and relative energies are summarized in Table 2. The
geometries of the TSs are given in Figure 1.

Table 2. Total [au] and relativel [kcalmol '] energies, E, and en-
thalpies, H, in vacuo, and total (E, [au]) and relativeld! (AE,,
[kcalmol']) energies in dichloromethane for the cycloaddition re-
actions between enol ether 7 and MA and the MA-LA complex.

E AE H AH Ey AE,,
7 —562.524023 —562.365705 —562.525637
8 -306.466612 —306.370437 —-306.469382
9 -306.467760 -306.371598 —-306.470420
13 -1929.753867 —-1929.648083 -1929.763292
14 -1929.753262 -1929.646928 —1929.761966
TSa  -868.931896 369 -868.675518 38.0 -868.941283  33.7
TSb  -868.930533 37.7 -868.674407 38.7 -868.940900  34.0
TSe  -868.960366 19.7 -868.703634 21.1 -868.962184 21.3
10 -869.022629 -20.1 -868.762096 -16.3 -869.025501 -19.1
11 -869.020414 -18.7 -868.759874 -14.9 -869.023412 -17.8
12 -869.010436 -11.7 -868.749733 7.8 -869.011856 -9.9
TS1-1 -2492.263013 9.3 -2491.995610 11.4 -2492.275031 8.7
TS1-2 2492261759 10.1 -2491.994582 12.1 -2492.274276 9.2
TS1-3 -2492.269799 5.1  -2492.002493 7.1 -2492.279448 5.9
TS1-4 -2492.265685 7.7 -2491.998466 9.6 -2492.276388 7.9
IN-1 2492265936 7.5 -2491.998688 9.5 -2492.279022 6.2
IN-2 2492266188 7.3  -2491.997403 10.3 -2492.281968 4.4
IN-3 -2492.273801 2.6 -2492.004691 5.7 -2492.284463 2.8
IN-4 2492269833 5.1 -2492.001030 8.0 —2492.282527 4.0
TS2-1 -2492.263020 9.3  -2491.995391 11.5 -2492.277627 7.1
TS2-2 -2492.262847 9.4 2491994919 11.8 -2492.278912 6.3
TS2-3 -2492.266004 7.5 2491998299 9.7 -2492.279997 5.6
TS2-4 -2492.273564 2.7 -2492.004675 5.7 -2492.282141 43
TS2-5 -2492.262068 9.9 2491994691 12.0 -2492.275461 8.5
TS2-6 -2492.269052 5.5 -2492.000310 8.5 -2492.279657 5.8
15 2492310279 -20.3 -2492.039592 -16.2 -2492.319091 -18.9
16 -2492.310101 -20.2 -2492.039432 -16.1 -2492.318169 -18.3
17 -2492.276594 0.8 -2492.006305 4.7 -2492.282146 4.3
18 -2492.272935 3.1 -2492.002650 7.0 -2492.279766 5.8
[a] Relative to 7 plus 8 or 9, and to 7 plus 13 or 14.
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Scheme 5.

The activation enthalpies associated with the [2+2] cyclo-
additions between the SVE and the s-trans conformation of
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Figure 1. Transition structures involved in the [2+2] cycloadditions
(TSa and TSb) and the [4+2] cycloaddition (TSc) between the silyl
enol ether 7 and the s-trans and s-cis conformations of methyl acry-
late. The interatomic distances between centers directly involved in
the bond-forming processes are given in A.

MA (8) are 38.0 (TSa) and 38.7 (TSb) kcalmol ™!, respec-
tively. These unfavorable energies prevent the [2+2] cycload-
dition between SVE and 8. The formation of cyclobutanes
10 and 11 is an exothermic process by -16.3 and
—14.9 kcalmol™!, respectively. The trans-1,2-disubstituted
cyclobutane 10 is therefore 1.4 kcalmol! more stable than
the cis one (11). The activation enthalpy associated with the
[4+2] cycloaddition between the s-cis conformation of MA
(9) and the SVE via TSe is 21.1 kcalmol™'. This activation
energy is lower than that computed for the acrolein + ethyl-
ene [4+2] cycloaddition reaction (AE = 24.0 kcalmol 1)1
as a consequence of the larger nucleophile character of SVE
than ethylene. The [4+2] cycloaddition is exothermic by
~7.8 kcalmol .

The geometries of the TSs are presented in Figure 1. The
lengths of the C1-C5 and C2-C6 forming bonds at the TSs
associated with the [2+2] cycloadditions are 1.641 and
2.938 A (TSa), and 1.625 and 2.906 A (TSb). The lengths
of the C1-C5 and O4-C6 forming bonds at the TS associ-
ated with the [4+2] cycloaddition, TSe¢, are 1.841 and
2.473 A, respectively. The extent of the asynchronicity of
the bond formation can be measured by means of the differ-
ence between the lengths of the two ¢ bonds that are being
formed in the reaction, i.e Ar = d(C1-C5) — d(C2-C6).
These values, Ar = 1.30 for TSa, Ar = 1.28 for TSb, and Ar
= (.62 for TSc, indicate that these TSs correspond to highly
asynchronous bond-formation processes, where the C1-C5
forming bond at the B-position of MA is being formed to
a large extent as a consequence of the large polarization of
the C1-C2 double bond of MA. The TSs associated with
the [2+2] cycloaddition processes are more asynchronous
than that associated with the [4+2] one.

The natural population analysis (NPA) allows us to eval-
uate the charge transfer (CT) along the nucleophilic attack
of the SVE to MA. The natural charges at the TSs appear
to be shared between the donor SVE and the acceptor MA.
The CT from SVE to MA at the TSs are: 0.42 ¢ at TSa,

3976 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0.40 e at TSh, and 0.33 e at TSec. These values, which indi-
cate that these species have some zwitterionic character, are
in agreement with the large dipole moment of the TSs asso-
ciated with the [2+2] cycloadditions, namely 7.66 D (TSa)
and 8.47 D (TSb). The TS associated with the [4+2] cyclo-
addition, TSc, presents a lower CT and a lower dipole mo-
ment (3.17 D) as a consequence of the back-donation along
the O4-C6 bond formation.

As these cycloadditions have a large polar character, and
solvent effects can have some incidence on the energies, the
solvent effects have been considered by B3LYP/6-31G* sin-
gle-point calculations on the gas-phase stationary points
using a relatively simple polarizable continuum model. The
total and relative energies are summarized in Table 2. Sol-
vent effects stabilize all stationary points between 1.0 and
6.5 kcalmol™!. The TSs associated with the [2+2] processes
are stabilized more than the reagents due to the large zwit-
terionic character of the former. In consequence, the in-
clusion of the solvent effects decreases the gas-phase barri-
ers for the [2+2] cycloadditions by around 4 kcalmol™!. A
different behavior is found for the [4+2] cycloaddition,
where the activation barrier increases by 1.5 kcalmol ! as a
consequence of a larger stabilization of the reagents than
TSc.

Analysis of the PES of the Cycloadditions Between
Trimethylsilyl Enol Ether and the Methyl Acrylate—AICl;
Complex

Analysis of the results indicate that the LA-catalyzed
[2+2] cycloaddition between SVE and the MA-LA complex
takes place along a stepwise process, the first step being the
nucleophilic attack of SVE to the MA-LA complex. For
this step, which corresponds to a two-center addition, se-
veral approach modes are feasible, related to the attack of
SVE to the s-cis and the s-trans conformation of MA and
the formation of the cis- and trans-1,2-disubstituted cyclo-
butanes. All four possibilities have been considered. In ad-
dition, for the channels associated with the attack of SVE
to the MA-LA complex in the s-cis conformation, two reac-
tive channels associated with the formation of the six-mem-
bered heterocarbocycle have also been considered.?”! Thus,
four TSs associated with the nucleophilic attack of SVE to
the MA-LA complex (TS1-1, TS1-2, TS1-3, and TS1-4),
four zwitterionic intermediates (IN-1, IN-2, IN-3, and IN-
4), and six TSs corresponding to the cyclization step (TS2-
1, TS2-2, TS2-3, TS2-4, TS2-5, and TS2-6) and their corre-
sponding cycloadducts, have been located and characterized
on the PES. The stationary points corresponding to the cy-
cloaddition between SVE and the MA-LA complex are
shown in Scheme 6 together with the atom numbering, total
and relative energies are summarized in Table 2, and the
geometries of the TSs are given in Figures 2 and 3.

The activation enthalpies associated with the nucleo-
philic attack of SVE at the C1 carbon of the MA-LA com-
plex in the s-cis and s-trans conformations are between 7.1
and 12.1 kcalmol™!. The attack on MA-LA complex in the

WWW.eurjoc.org Eur. J. Org. Chem. 2005, 3973-3979
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Figure 2. Transition structures involved in the LA-catalyzed cyclo-
addition between the silyl enol ether 7 and the MA-LA complex
in the s-trans conformation (13). The interatomic distances between
centers directly involved in the bond-forming processes are given
in

s-cis conformation is 2-5 kcalmol™! more favorable than the
attack on the s-trans one. The activation enthalpy associ-
ated with TS1-3 (7.1 kcalmol ') is 14.0 kcalmol ! lower in
energy than that associated with TSe. Therefore, coordina-
tion of the LA to the carbonyl oxygen atom of MA pro-
duces a drastic acceleration of the reaction. This result is in
complete agreement with the increase of Aw for the cata-
lytic reaction (see above), and with the fact that the reaction
takes place at a very low temperature (-78 °C).['®I The zwit-
terionic intermediate IN-3 is located about 1.4 kcalmol™
below TS1-3.

The second step of these cycloadditions is the ring-clo-
sure of the corresponding zwitterionic intermediates. This
process takes place with formation of the second c-bond

Eur. J. Org. Chem. 2005, 3973-3979 www.eurjoc.org
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Figure 3. Transition structures involved in the LA-catalyzed cyclo-
addition between the silyl enol ether 7 and the MA-LA complex
in the s-cis conformation (14). The interatomic distances between
centers directly involved in the bond forming processes are given
in

between the more electrophilic and nucleophilic centers of
these zwitterionic intermediates. Since the negative charge
of these zwitterionic intermediates is mainly localized at the
C2 carbon atom and the O4 oxygen atom of the MA resi-
due, the subsequent bond-formation can take place by two
alternative channels corresponding to the ring closure be-
tween the C6 carbon atom of the vinyl ether and the C2
carbon atom or the carbonyl O4 oxygen atoms of MA, with
formation of the formal [2+2] and [4+2] cycloadducts,
respectively. Note that along the channels associated with
the attack of MA on the s-trans conformation the forma-
tion of the six-membered cycloadducts is geometrically not
feasible.

Analysis of the energetic results given in Table 2 shows
that the intermediate IN-3, which has an inappreciable bar-
rier, yields the [4+2] cycloadduct 17 via TS2-4. However,
formation of 17 is endothermic by 4.7 kcalmol!. In conse-
quence, although the [4+2] cycloadduct 17 is the product of
kinetic control, it reverts to reagents with a very low barrier
of 1.0 kcalmol'. Note that the [4+2] cycloadduct is not
observed experimentally. On the other hand, the intermedi-
ate IN-3, with a barrier of 4.0 kcalmol™!, yields the [2+2]
cycloadduct 15 via TS2-3. In this case, the exothermic char-
acter of the process (—16.2 kcalmol ') makes the reaction
essentially irreversible. The relative enthalpies of the TSs
associated with the formation of the frans-1,2-disubstituted
cyclobutane 15 via TS1-3 and TS2-3 are 2.5 and
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2.3 kcalmol™' lower in energy than those associated with
the formation of the cis-1,2-cyclobutane 16 via TS1-4 and
TS2-5, respectively. These energetic results are in reasonable
agreement with the greater formation of the trans isomers
than the cis ones.['®]

The geometries of the TSs are presented in Figures 2 and
3. The lengths of the C1-C5 forming bonds at the TSs asso-
ciated with the nucleophilic attack of SVE on the MA-LA
complex are 1.835A (TS1-1), 1.911 A (TS1-2), 1.953 A
(TS1-3), and 1.905 A (TS1-4), while the distance between
the C2 and C6 or O4 atoms are larger than 3 A. These
geometrical parameters indicate that these TSs correspond
to a two-center addition associated with a Michael-type ad-
dition of the vinyl ether to the B-conjugated position of
the MA-LA complex. At the zwitterionic intermediates, the
lengths of the C1-C5 bonds are 1.56 and 1.60 A, while the
distances between the C2 and C6 or O4 atoms remain larger
than 2.8 A. Finally, at the TSs associated with the ring-clo-
sure process with formation of the [2+2] cycloadducts the
lengths of the C2-C6 forming bonds are 2.877 A (TS2-1),
2.847 A (TS2-2), 2.873 A (TS2-3), and 2.790 A (TS2-5),
while at the TSs associated with the formation of the [4+2]
cycloadducts the length of the O4-C6 forming bond are
2.076 A (TS2-4) and 2.153 A (TS2-6).

The NPA allows us to evaluate the CT along the nucleo-
philic attack of the SVE on the MA-LA complex. The nat-
ural charges at the TSs are shared between the donor SVE
and the acceptor MA-LA complex. The charge transferred
from the SVE to the MA-LA complex is 0.52 ¢ at TS1-1,
0.46 ¢ at TS1-2, 0.43 ¢ at TS1-3, 0.46 ¢ at TS1-4, 0.75 ¢ at
IN-1, 0.74 e at IN-2, 0.75e at IN-3, and 0.74 ¢ at IN-4.
These values indicate that these species have a large zwitter-
ionic character. The CT increases along the nucleophilic at-
tack of SVE on the MA-LA complex, with a maximum
value at the corresponding intermediates. These values are
in agreement with the large dipole moment of these inter-
mediates of between 12 and 15 D. The increase of the
charge transfer in the LA-catalyzed process is in agreement
with the larger electrophilicity value of the MA-LA com-
plex than MA (see above).

Solvent effects stabilize all stationary points between 3.5
and 10.1 kcalmol . The TSs and intermediates are stabi-
lized more than the reagents due to the large zwitterionic
character of the former. However, the solvent effect has a
lesser effect in the activation energy due to the large sol-
vation of the MA-LA complex (5.9 kcalmol™). In conse-
quence, the inclusion of solvent effects decreases the gas-
phase barrier by around 1 kcalmol!. In dichloromethane,
formation of the [4+2] cycloadduct 17 remains
4.3 kcalmol™!' above the reactants, while the [2+2] cycload-
duct 15 is 18.9 kcalmol ! below the reactants.

Conclusions

The LA-induced [2+2] cycloaddition of trimethysilyl vi-
nyl ether with methyl acrylate has been studied by DFT
methods at the B3LYP/6-31G* level. In the absence of an
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LA, a [4+2] cycloaddition between the silyl enol ether and
methyl acrylate in the s-cis conformation takes place
through an asynchronous, concerted bond-formation pro-
cess. This cycloaddition has a large activation enthalpy of
21.1 kcalmol .

Coordination of the LA to the carbonyl oxygen atom of
MA changes the mechanism and produces a drastic acceler-
ation of the reaction. The LA-catalyzed cycloaddition takes
place along a polar, stepwise mechanism initiated by the
nucleophilic attack of the SVE at the conjugated B-position
of MA. This large acceleration can be related to the increase
of the electrophilicity of the LA-coordinated a,B-unsatu-
rated ester, which favors the cycloaddition by a polar pro-
cess. The ring-closure of the zwitterionic intermediates as-
sociated with the addition of the enol ether to the MA-
LA complex in the s-cis conformation takes place with an
inappreciable activation energy to give the [4+2] cycload-
ducts. However, while the formation of the [4+2] cycload-
ducts is kinetically favored, formation of the [2+2] cycload-
ducts is thermodynamically very favored. The ratio of for-
mation of the cis- and frans-cyclobutanes found for the cat-
alyzed process is in reasonable agreement with the experi-
mental outcome.

The present study shows that these polar cycloadditions
are promoted by a nucleophile/electrophile interaction be-
tween the electron-rich m-system of the silyl enol ether and
the electron-deficient m-system of the methyl acrylate—Lewis
acid complex, while formation of the formal [m,n] cycload-
ducts is decided at the ring-closure step. Both kinetic or
thermodynamic controls can be responsible for the pseudo-
periselectivity observed experimentally.

Computational Methods

DFT calculations were carried out using the B3LYP[?3 exchange-
correlation functionals, together with the standard 6-31G* basis
set.?* The optimizations were carried out using the Berny analyti-
cal gradient optimization method.[>>! The stationary points were
characterized by frequency calculations in order to verify that the
transition structures had only one imaginary frequency. The intrin-
sic reaction coordinate (IRC)®! path was traced in order to check
the energy profiles connecting each transition structure to the two
associated minima of the proposed mechanism by using the second-
order Gonzalez—Schlegel integration method.*”l The electronic
structures of stationary points were analyzed by the natural bond
orbital (NBO) method.?®! All calculations were carried out with
the Gaussian 98 suite of programs.*’) The values of the relative
enthalpies were calculated based on the total energies and the ther-
mochemical analysis at the B3LYP/6-31G* level. The thermal con-
tributions to the vibrational energy were scaled by 0.96.3% The en-
ergies were computed at —78 °C, and the enthalpies were calculated
with the standard statistical thermodynamic formulae.”* The sol-
vent effects, modeled as a continuum model, were considered by
B3LYP/6-31G* single-point calculations on the gas-phase opti-
mized geometries using a relatively simple self-consistent reaction
field (SCRF)B! based on the polarizable continuum model (PCM)
of Tomasi’s group.*?! Since these cycloadditions are carried out in
dichloromethane, we selected its dielectric constant at 298.0 K (e =
8.93).
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