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A DFT Study of the Molecular Mechanisms of the Diels—Alder Reaction
between Cyclopentadiene and 3-Phenyl-1-(2-pyridyl)-2-propen-1-one —
Role of the Zn** Lewis Acid Catalyst and Water Solvent

Luis R. Domingo,*!?l Juan Andrés,”! and Claudio N. Alves!l*!
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The molecular mechanism of the Diels—Alder reaction be-
tween cyclopentadiene (1) and 3-phenyl-1-(2-pyridyl)-2-pro-
pen-1-one (2) in the absence and in the presence of a Zn?*
Lewis acid catalyst has been studied by quantum mechanical
calculations at the B3LYP/6-31G* level of theory. A con-
tinuum model was selected to represent the effects of the
water as solvent. For the uncatalyzed process, two channels,
endo and exo, were characterized, and the mechanism corre-
sponded to an asynchronous concerted reaction associated
with a [4+2] process. The presence of a Lewis acid catalyst
changed the mechanism drastically, the reaction taking place

by a polar stepwise mechanism. In the first step, a C—C sigma
bond was formed by the nucleophilic attack of 1 on the con-
jugate position of the Lewis acid coordinated a,B-unsaturated
ketone to give a zwitterionic intermediate, while the second
step was a ring-closure process by this intermediate to give
the final formally [4+2] cycloadduct. The theoretical results
have been compared with available experimental data and
an understanding of the role of Lewis acids and water solvent
emerges from analysis of the results.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

The Diels—Alder (DA) reaction represents a most power-
ful synthetic procedure for the preparation of six-membered
cyclic compounds.[!! Given the importance of this reaction,
intensive efforts have been directed toward the elucidation
of its molecular mechanism, and a plethora of experimental
and theoretical studies have appeared in the literature.”” To
be reasonably fast, DA reactions require opposite electronic
features in the substituents at the diene/dienophile pair.
Lewis acids (LA) are common catalysts for DA reactions,
enhancing the reaction rates and producing significant
changes in endolexo- and regioselectivities in comparison
with those of the uncatalyzed processes.[!-?4]

a,B-Unsaturated carbonyl compounds, as electron-poor
dienophiles, are activated by coordination of the carbonyl
oxygen atom to a LA catalyst. This coordination polarizes
the C—C double bond, increasing the electrophilicity of the
B-carbon. Bond-formation at the B-carbon hence preceded
that at the a-carbon. Consequently, the reaction mechanism
can change progressively from asynchronous and concerted
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to polar and stepwise with increasing ability of the electron-
withdrawing substituent to stabilize a negative charge. The
molecular mechanism of an LA-catalyzed DA reaction can
therefore be located on the border between highly asyn-
chronous but concerted mechanisms and stepwise processes
with a largely ionic character.?!

Several theoretical works have been devoted to the study
of the role of LAs on the molecular mechanisms of cyclo-
addition reactions.3~% These studies indicate that LAs
amplify the asynchronicity of the bond-formation process
and charge transfer, due to an increase in the electrophilic-
ity of the LA-coordinated dienophile. The corresponding
transition states (TSs) have highly polar natures and the
formally [4+2] cycloaddition processes become nucleophilic
attacks.[’! Although single, highly asynchronous TSs associ-
ated with concerted mechanisms have been found for most
LA-catalyzed DA reactions,*->° stepwise mechanisms with
the formation of zwitterionic intermediates through an anti
attack mode are also feasible.l¥) However, the syn reactive
channel is clearly favored over the stepwise anti one. In ad-
dition, the large barrier associated with the bond-rotation
of the anti intermediates to perform the ring-closure process
means that these intermediates exist in association/dissoci-
ation equilibria.l®

Solvent effects play relevant roles both in the stereoselect-
ivity and in the rates of DA reactions.>:”) Most of these
reactions are carried out in organic solvent because of the
low solubilities of the reagents in water.”®81 Recently,

1434—193X/02/0815—2557 $ 20.00+.50/0 2557



FULL PAPER

L. R. Domingo, J. Andrés, C. N. Alves

Engberts and co-workers have studied the effects of differ-
ent divalent cations of first row transition metals as LA
catalysts on the rates and endolexo stereoselectivities of DA
reactions between bidentate dienophiles and cyclo-
pentadiene in water.”:!1 The presence of LAs drastically
accelerates the reaction, but the rate-enhancing effect of the
water on the catalyzed reaction is less pronounced than the
corresponding effect on the uncatalyzed reaction.l'”) More-
over, water does not induce any clearly enhanced endo se-
lectivity in these reactions.

These experimental studies offered the opportunity to
carry out a complementary theoretical analysis in order to
compare theory and experiment. In a previous paper we
have reported an AM1 study on the molecular mechanisms
of the uncatalyzed and Zn?>* LA-catalyzed DA reactions
between cyclopentadiene (1) and the bidentate 3-phenyl-1-
(2-pyridyl)-2-propen-1-one (2)!''l as model compounds with
the main group elements intervening in the DA reactions
reported by Engberts et al;[!9 the limitations and weak-
nesses of this semiempirical method for analysis of this type
of chemical reaction were emphasized. We now present the
first DFT!!?I study of the molecular mechanism of the unca-
talyzed and Zn>* LA-catalyzed DA reactions between 1
and 2 (see Schemes 1 and 2). Solvent effects have also been
considered, in order to elucidate the role of the water solv-
ent on these LA-catalyzed cycloadditions. Our purpose was
to contribute to a better understanding of the mechanistic
features of these LA-catalyzed processes, especially through
the location and characterization of all stationary points
involved in this type of cycloaddition reaction.

Results and Discussion

Firstly, the energetic aspects, geometrical parameters of
TSs, and their electronic structures in terms of bond orders
and natural charges were analyzed for the uncatalyzed pro-
cess in the gas phase. Next, the role of the LA catalyst was
interpreted. The results, including solvent effects, are dis-
cussed below.

Study of the Uncatalyzed Cycloaddition Between 1 and 2

Four planar conformations are possible for the a,B-unsat-
urated ketone 2 due to free rotation about the C6—C7 and
C7—C8 bond. These conformations are associated with s-
cis and s-trans arrangements of the a,B-unsaturated ketone
and syn and anti arrangements of the pyridyl nitrogen and
the carbonyl oxygen atoms. A conformational analysis for
2 indicated that the syn conformations are ca. 8 kcal/mol
higher in energy than the anti ones because of the strong
repulsion between the lone pairs of the oxygen and the ni-
trogen atoms in the syn planar conformation. In addition,
the anti s-trans conformer is 3.4 kcal/mol higher in energy
than the anti s-cis one. We consequently chose the anti s-cis
conformation for 2 in the uncatalyzed study (see Scheme 1).
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An exhaustive exploration of the potential energy surface
(PES) for the uncatalyzed cycloaddition allowed us to
identify several molecular complexes (MCs) associated with
very early stages of the reaction and situated in a very flat
region determining the access to the different reactive chan-
nels. MC formation could take place in different arrange-
ments of the reactants, with quite a large distance (of
around 4 A) between 1 and 2. Their presence on a very flat
surface on the PES made the location of the MC associated
with each reactive channel very difficult, and so the most
stable MC (3) was included (see Figure 1). Its formation
occurs with no appreciable barrier, 3 being 0.3 kcal/mol
more stable than the separated reactants 1 and 2.

7

Figure 1. Geometries of the molecular complexes 3 and 7
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The cycloaddition reaction between cyclopentadiene 1
and the o,B-unsaturated ketone 2 can take place by two
reaction pathways, corresponding to the endo and exo ap-
proach modes of the 1,3-diene system of 1 to the carbonyl
group in 2 (see Scheme 1). Analysis of the results found that
the cycloaddition takes place by an asynchronous concerted
mechanism associated with a [4+2] process. Thus, an MC
(3), two TSs (TS-en and TS-ex), and two cycloadducts (4
and 5) corresponding to the endo and exo channels, respect-
ively, were found and characterized. The stationary points
corresponding to the uncatalyzed reaction between 1 and 2
are presented in Scheme 1 together with the atom num-
bering, while the total and relative energies are summarized
in Table 1. The geometries of the MC 3 and the TSs are
presented in Figure 1 and 2, respectively.

The values of the relative energies of TS-en and TS-ex
with respect to 3 are 20.7 and 20.4 kcal/mol, respectively.
In the gas phase, therefore, this cycloaddition is slightly exo-
stereoselective. The lengths of the forming C1-C5 and
C4—C6 bonds in the endo TS-en are 2.083 and 2.362 A,
respectively, while the corresponding values in the exo TS-
ex are 2.102 and 2.373 A, respectively. The extent of the
asynchronicity of the bond formation can be gauged by the
difference between the lengths of the bonds being formed

Table 1. Total energies (au) and relative energiest® (kcal/mol, in
parentheses) for the stationary points corresponding to the cyclo-
addition reactions of cyclopentadiene, 1, with the unsaturated
ketone 2, and with the Zn?>* LA coordinated unsaturated ketone
6, in vacuo and in water, ¢ = 78.39

in vacuo in water
uncatalyzed process
1 —194.101064 —194.105079
2 —670.078854 —670.100048
3 —864.180570  (0.00) —864.200125  (0.00)
TS-en —864.147555  (20.72) —864.170146  (18.81)
TS-ex —864.148002  (20.44) —864.170125  (18.83)
4 —864.194607  (—8.81) —864.212003  (—7.45)
5 —864.196532  (—10.02) —864.213896  (—8.64)
Zn?* LA catalyzed process
6 —2601.616118 —2601.877789
7 —2795.724951  (0.00) 2795.968569  (0.00)
TS1-gls —2795.710493  (9.07) —2795.953896  (9.21)
TS1-g2s —2795.712518 (7.80) —2795.947328  (13.33)
TSl-ans —2795.707344  (11.05) —2795.948876  (12.36)
TS1-glr —2795.710097 (9.32) —2795.953518  (9.44)
TS1-g2r —2795.709102 (9.95) —2795.946834  (13.64)
TSl-anr —2795.711292 (8.57) —2795.947123  (13.46)
IN-gls —2795.712021 (8.11) —2795.961954  (4.15)
IN-g2s —2795.714610  (6.49) —2795.950076  (11.60)
IN-ans —2795.713852  (6.96) —2795.957910  (6.69)
IN-glr —2795.713198  (7.38) —2795.957078  (7.21)
IN-g2r —2795.713781 (7.01) —2795.963821 (2.98)
IN-anr —2795.713156  (7.40) —2795.955881  (7.96)
TS2-s —2795.706337  (11.68) —2795.958294  (6.45)
TS2-r —2795.707794  (10.77) —2795.958602  (6.25)
8 —2795.713930  (6.92) —2796.025138  (—35.50)
9 —2795.717423  (4.72) —2796.028042  (—37.32)

[a] Relative to the MCs 3 and 7.
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Figure 2. Selected geometrical parameters for the transition struc-
tures corresponding to the cycloaddition reaction between cyclo-
pentadiene (1) and the unsaturated ketone 2; the lengths of the
bonds directly involved in the reaction are given in angstroms

in the reaction: Ar = d(C4-C6) — d(C1—C5). These
values, Ar = 0.27 for TS-en and Ar = 0.28 for TS-ex, indic-
ate that both TSs correspond to concerted but asynchron-
ous bond-formation processes, whereas the forming C—C
bond at the B position of 3 is to a large extent being formed
as a consequence of the polarization of the C5—C6 double
bond due to the adjacent electron-withdrawing carbonyl
group.

The extent of bond formation along a reaction pathway
can also be described by the concept of bond order (BO).['?!
The BO values of the forming C1—C5 and C4—C6 bonds
in both TSs are 0.45 and 0.30, respectively. These data show
a similar bond formation in both the endo and the exo re-
active channels. Finally, natural population analysis
(NPA)!'%4 found that the values of the charge transferred
from 1 to 3 in both TSs are close to 0.3 e.

Study of the Lewis Acid-Catalyzed Cycloaddition Between
1 and7

As stated in the introduction, this DA reaction is cata-
lyzed by the presence of divalent cations of the first row
transition metals. Our next step was to study the role of
these LAs in the reaction, with Zn?* serving as a model sys-
tem.
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An exhaustive exploration of the PES for the LA-cata-
lyzed cycloaddition also allowed us to identify several MCs
associated with very early stages of the reaction and located
on a very flat surface on the PES. The most stable MC (7)
was therefore included (see Figure 1). Its formation takes
place with no appreciable barrier, 7 being 4.9 kcal/mol more
stable than the separated reactants 1 and 6.

Analysis of the results indicated that the LA-catalyzed
cycloaddition takes place by a stepwise process. The first
step corresponds to the nucleophilic attack of the end of
the 1,3-diene system of 1 (atom C1) at the B-position of the
LA-coordinated unsaturated ketone 6 (atom C5), to give
an acyclic zwitterionic intermediate (IN). This nucleophilic
attack corresponds to a one-center addition. As C1 and C5
are prochiral carbon atoms, two pairs of enantiomeric ap-
proach modes are possible. Only the attack modes resulting
from the approach of 1 by its si and re faces to the si face
of 6, named as s and r, respectively, were considered. In
addition, three staggered conformations of 1 relative to 6
around the forming C1—C5 bond in these stereoisomeric
attack modes are feasible. These could be associated with
the 1 dihedral angle defined by the C2—C1—C5—C6 atoms:
two gauche (gl and g2, with a value of t close to £60°) and
one anti (an, with a value of 1 close to 180°). Six reactive
channels and their enantiomeric counterparts are therefore
feasible for this one-center addition (see Scheme 2). From
the IN-gls and IN-glr intermediates, a ring-closure process
associated with C4—C6 bond formation produces the final
endo and exo formal [4+2] cycloadducts 8 and 9, respect-
ively. Finally, the an and g2 intermediates can be related to
the g/ ones through a C1—-C5 bond rotation.

The stationary points corresponding to the LA-catalyzed
cycloaddition reaction between 1 and 6 are presented in
Scheme 2 together with the atom numbering, while the total
and relative energies are summarized in Table 1. The geo-
metry of MC 7 is given in Figure 1, while the geometries of
the TSs in the stepwise process are presented in Figures 2

TS1-ans
—

TS1-gls

and 4. The following stationary points were characterized:
an MC (7), six TSs corresponding to the one-center addi-
tion with the C1—CS5 bond formation (TS1-gls, TS1-g2s,
TS1-ans, TS1-glr, TS1-g2r, and TS1-anr), the correspond-
ing six zwitterionic intermediates (IN-gls, IN-g2s, IN-ans,
IN-glr, IN-g2r and IN-anr), two TSs associated with the
ring-closure processes with C4—C6 bond formation
(TS2-s and TS2-r), and two cycloadducts (8 and 9, see
Scheme 2).

Analysis of the energies of the TSs associated with the
one-center addition showed that they lie in a narrow range
(3.3 kcal/mol). While for the s channels the most favorable
attack corresponds to the g2 approach mode, via TS1-g2s,
for the r channels the most favorable attack corresponds to
the an approach mode, via TS1-anr, with formation of the
acyclic intermediates IN-g2s and IN-anr, respectively.
Formation of the final cycloadducts 8 and 9 demands a ring
closure of these acyclic intermediates. However, while the
ring-closure of the g/ intermediates IN-gls and IN-glr
takes place in a single step with a very low barrier (ca. 3.5
kcal/mol), a C1—CS5 bond rotation is necessary for the
acyclic intermediates IN-g2s and IN-anr to carry out the
subsequent C4—C6 bond formation. In consequence, the
feasibility of the g2s and anr reactive channels depends on
the relative energies of the TSs associated with the one-
center addition (TS1-g2s and TS1-anr) and the barriers for
the corresponding bond rotations. The barriers for C4—C6
bond rotation through TS-rot2 and TS-rot3 (see Scheme 2)
were estimated by scan calculations choosing the dihedral
angle t as the selected coordinate. The maxima of these
scans are ca. 6 kcal/mol higher than the IN-g2s and IN-anr
intermediates, the corresponding geometries presenting a
unique imaginary frequency associated with the dihedral
angle t. Therefore, since the barriers for the bond rotation
are higher than that for the dissociation process (ca. 1.2
kcal/mol), the IN-g2s and IN-anr intermediates are merely
in an equilibrium of association and dissociation and only

IN-ans AR

l TS-rotl 0.

TS2-s SZn
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L

TS1-anr
—
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T TS-rot2
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Scheme 2
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Figure 3. Selected geometrical parameters for the transition structures corresponding to the one-center addition of cyclopentadiene, 1,
to the Zn?>* LA-coordinated unsaturated ketone 6; the lengths of the bonds directly involved in the reaction are given in angstroms

the g/s and glr reactive channels are capable of operating
in this stepwise cycloaddition. The barrier heights for the
LA-catalyzed cycloaddition with respect to 7 are between
11 and 12 kcal/mol. Thus, in the gas phase, the presence of
an LA decreases the barrier for the catalyzed process by ca.
10 kcal/mol with respect to the uncatalyzed process.

The lengths of the forming C1—CS bonds in the TSs cor-
responding to the one-center addition are in the narrow
range of 1.95—2.05 A, while the distances between the C4
and C6 atoms in TS1-gls and TS1-glr are ca. 3.3 A. The ©
dihedral angles (C2—C1—C5—C6) for the TSs correspond-
ing to the one-center addition are: —66.2° (TS1-gls), 78.2°
(TS1-g2s), 177.4° (TS1-ans), 65.1° (TS1-glr), —73.0° (TS1-

Eur. J. Org. Chem. 2002, 2557—2564

g2r), and 170.5° (TS1-anr) (see Scheme 3). These values
correspond to the three staggered conformations of 1 relat-
ive to 6 around the forming C1—CS5 bond. Analysis of the
atomic motion along the unique imaginary frequency asso-
ciated with these TSs showed that they are mainly associ-
ated with the motion of the C1 and CS carbon atoms dur-
ing the C1—CS5 bond-formation process, in agreement with
one-center addition.

In order to understand the factors influencing the heights
of the activation barriers of the one-center additions we an-
alyzed the electronic structures of the different TSs. Ana-
lysis of the geometries of the more favorable TS1-g2s and
TS1-anr showed that they correspond to the approach of
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Figure 4. Selected geometrical parameters for the transition struc-
tures corresponding to the ring-closure process of the intermediates
IN-gls and IN-glr; the lengths of the bonds directly involved in
the reaction are given in angstroms
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Scheme 3. gauche and anti arrangements of cyclopentadiene
relative to the Zn>* LA-coordinated unsaturated ketone 6 at the
TSs associated with the one-center addition
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the m-system of the allylic cation moiety of 1 over the -
system of the phenyl substituent present at the C5 position
of 6 (see g2s and anr in Scheme 3). A molecular orbital
analysis of these TSs showed the presence of a favorable
interaction between the m-system of the allylic cation in 1
and the n-system of the neighboring phenyl framework in 6.
This interaction allows a stabilization of the positive charge
developing on the cyclopentadiene during the nucleophilic
attack (see later NPA analysis). In addition, the stronger
interaction at TS1-g2s than at TS1-anr explains why TS1-
g2s is 0.8 kcal/mol lower in energy than TS1-anr.

In the corresponding acyclic intermediates, the values of
the C1—CS5 bond lengths are in the 1.6—1.7 A range, while
the C4—C6 distances in IN-gls and IN-glr have values of
3.478 and 3.242 A, respectively, indicating that the C4 and
C6 atoms are not bonding. The C2—C3 and C3—C4 bond
lengths in these intermediates (ca. 1.4 A) agree with an al-
lylic arrangement for the C2—C3—C4 framework belonging
to the cyclopentadiene residue.l'¥! In the TSs corresponding
to the ring-closure process (TS2-s and TS2-r), the lengths
of the forming C4—C6 bonds are 2.227 and 2.182 A, re-
spectively. Analysis of the atomic motion along the unique
imaginary frequency of these TSs indicated that they are
mainly associated with the motion of the C4 and C6 carbon
atoms during the C4—C6 bond-formation process.

For the TSs corresponding to the nucleophilic attack of
1 at 6, the BO values for the forming C1—CS5 bond are ca.
0.5, while the BO values between the C4 and C6 atoms in
TS1-gls and TS1-glr are 0.0. These data indicate that only
the C1—C5 bond is being formed in these TSs. The BO
values of the C1—C5 bonds in the corresponding interme-
diates (ca. 0.8) indicate that these C—C single bonds are
already formed,['*?] whereas the C4—C6 BO values in the
gl intermediates IN-gls and IN-glr remain at 0.0. In these
intermediates, the BO values for the C2—C3 and C3—C4
bonds (ca. 1.5 and 1.4, respectively) point to an allyl struc-
ture for the C2—C3—C4 framework, allowing a favorable
stabilization of the positive charge developed on the cyclo-
pentadiene moiety during the nucleophilic attack.['4®! Fi-
nally, for the TSs corresponding to the ring-closure pro-
cesses TS2-s and TS2-r, the BO values of the forming
C4—C6 bonds are ca. 0.4.

NPA allowed us to evaluate the charge transferred during
this polar stepwise process, the atomic charges being shared
between the donor cyclopentadiene and the acceptor Zn>"-
coordinated unsaturated ketone 6. The negative charge
transferred from 1 to 6 in the one-center TSs and corres-
ponding intermediates during the nucleophilic attack is ca.
0.5 e and 0.7 e, respectively. These data show a large in-
crease in the charge transfer in the catalyzed process with
respect to the uncatalyzed one. Thus, the role of the LA
catalyst in the reduction of the barrier height can be under-
stood as a large increase in the electrophilicity of the LA-
coordinated unsaturated ketone,['] favoring cycloaddition
by a polar bond-formation process.[>*!4?l Finally, analysis
of the charge transfer in the more favorable TSs for the one-
center additions (0.51 e in TS1-gls, 0.55 e in TS1-g2s, 0.50
e in TS1-glr, and 0.54 e in TS1-anr) shows a greater charge
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transfer in the more favorable TS1-g2s and TS1-anr due to
the m-m interactions present in the g2s and anr arrangements
(see Scheme 3).

Study of the Solvent Effects on the Cycloadditions Between
1 and 2 and Between 1 and 6

Recent studies carried out for cycloaddition reactions of
strongly polar character have indicated that the inclusion
of solvent effects on the geometry optimization does not
substantially modify the gas-phase geometries.l!*1%4] In
consequence, solvent effects were considered by single-point
calculations at the gas-phase optimized geometries, with the
aid of a relatively simple self-consistent reaction field
(SCRF) method? based on the polarizable continuum
model (PCM) method of Tomasi.[>’] Table 1 reports the to-
tal and relative energies of the stationary points corres-
ponding to the uncatalyzed and Zn>"-catalyzed cycloaddi-
tion reaction between 1 and 2 in water.

The inclusion of solvent effects results in a greater stabil-
ization of the stationary points corresponding to the Zn>*-
catalyzed process (between 155 and 190 kcal/mol) than of
those for the uncatalyzed one (between 11 and 16 kcal/mol),
due to the cationic character of the former. On inclusion of
solvent effects the separated reactants are stabilized prefer-
entially, this stabilization being greater for the catalyzed
process due to the presence of positive charge on the Zn?*-
coordinated ketone 6. As a consequence, the inclusion of
water as a continuum model notably increases the barrier
height with respect to the separated reactants for the cata-
lyzed reaction. Similar results have been found for other
cationic cycloadditions, in which the inclusion of solvent
effects markedly increases the barriers relative to those
found in the gas phase.'¥ Nevertheless, if we consider the
formation of the MCs, the barrier for the LA-catalyzed pro-
cess remains ca. 10 kcal/mol lower than that for the uncata-
lyzed one (see Table 1). The increase in the barrier height
for the catalyzed process with the inclusion of water can be
explained by the strong charge transfer found in the TSs
and intermediates, which decreases the solvation with re-
spect to the separated reactants 1 + 6 and the MC 7. This
behavior can explain the unexpectedly weak effect of the
water solvent in these cationic LA-catalyzed cycloadditions,
and contrasts with the suggestion of Engberts et al. that
changes in charge separation during the activation process
of the catalyzed reaction are not significantly larger than
the corresponding changes in the uncatalyzed process.!']

Water stabilizes TS1-gls and TS1-glr more effectively
than TS1-g2s and TS1-anr corresponding to the one-center
addition, and so only the g/s and g/r reactive channels are
operative in these stepwise processes. Finally, in water, the
catalyzed cycloaddition is slightly more endo-stereoselective
than its uncatalyzed counterpart. These results are in agree-
ment with the experimental observation that water does not
induce a clear enhancement of endo selectivity for these re-
actions.l!%

Eur. J. Org. Chem. 2002, 2557—2564

Conclusions

The molecular mechanisms of the uncatalyzed and the
Zn?>* LA-catalyzed Diels—Alder reactions between cyclo-
pentadiene and 3-phenyl-1-(2-pyridyl)-2-propen-1-one in
water have been characterized by quantum mechanical cal-
culations at the B3LYP/6-31G * level of theory. For the un-
catalyzed cycloaddition, two reactive channels, endo and
exo, on the PES were characterized, the mechanism corres-
ponding with an asynchronous concerted reaction associ-
ated with a [4+2] process. The presence of an LA catalyst
changes the mechanism drastically, the reaction now taking
place by a polar stepwise process. The first step is the nucle-
ophilic attack of the cyclopentadiene at the conjugate posi-
tion of the Zn?" LA-coordinated unsaturated ketone to
give an acyclic zwitterionic intermediate. Because of the
prochiral nature of the carbon atoms involved in the one-
center addition and the free rotation of the forming C—C
bond, six pairs of enantiomeric reactive channels with sim-
ilar energies are possible. Because of the large energies re-
quired for bond-rotation in the intermediates formed in the
first step, however, only the g/s and g/r reactive channels
are capable of operating in this stepwise cycloaddition. A
ring-closure process from the corresponding intermediates
produces the final endo and exo formal [4+2] cycloadducts.
Finally, water, modeled by a continuum model, has only a
weak solvent effect on the barrier height for the Zn>* LA-
catalyzed cycloaddition relative to that obtained in the gas
phase, and does not induce a clear enhancement of the endo
selectivity relative to the uncatalyzed process.

Experimental Section

Computational Methods and Models

DFT calculations were carried out with the B3LYP!'% exchange-
correlation functional, together with the standard 6-31G* basis
set.l'”) The optimizations were carried out by the Berny analytical
gradient optimization method.!'8 The stationary points were char-
acterized by frequency calculations in order to verify that the trans-
ition structures had one, and only one, imaginary frequency. The
electronic structures of the stationary points were analyzed by the
natural bond orbital (NBO) method.['"! All calculations were car-
ried out with the Gaussian 98 suite of programs.l?]

Since the LA-catalyzed reaction presented asynchronous TSs and
acyclic intermediates, diradical structures could, in principle, have
been involved. This was ruled out by determination of the wave
functions of the TSs and intermediates by unrestricted DFT theory.
UB3LYP/6-31G* calculations, using the keyword STABLE in
Gaussian 98, predicted the same structures as those obtained from
the restricted B3LYP/6-31G* calculations, indicating that the re-
stricted DFT solutions were stable, and thus allowing the presence
of diradical species to be ruled out.[5a:6:21]

The solvent effects of the water were examined by B3LYP/6-31G*
single-point calculations at the gas-phase stationary points involved
in the reaction with the aid of a relatively simple SCRF[?? based
on Tomasi’s group’s PCM.1?31 We used the dielectric constant of
water at 298.0 K; ¢ = 78.39.
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Two models were selected. The first one corresponded to the uncat-
alyzed reaction between 1 and 2 (see Scheme 1); for this molecular
system no restriction has been done. In the second model, the influ-
ence of the LA catalyst was then modeled, taking into account the
formation of a complex between the carbonyl oxygen and the pyri-
dyl nitrogen atoms of the bidentate 2 and the Zn>* cation. Two
discrete water molecules were included around this cation to com-
plete the coordination sphere of four!''! (compound 6, Scheme 2).
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