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A Mechanistic Rationale for the Mode Selectivity in the Intramolecular
Cyclization of Ethylene-Tethered Iminoketenimines: [2+2] versus [4+2]
Stepwise Cycloadditions

Mateo Alajarin,*1?l Pilar Sanchez-Andrada,*!?l Angel Vidal,?! and Fulgencio Tovar!?!
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A stepwise mechanism, via a zwitterionic intermediate, has
been established by ab initio and DFT calculations for the
intramolecular cyclization of N-(3-azabut-3-enyl)ketenimine
into its corresponding [2+2] cycloadduct. The control of the
mode selectivity ([2+2] versus [4+2] cycloaddition) in the in-
tramolecular cyclization of C-vinyl-N-(iminoethylene)keteni-

mines, which favors the [4+2] cycloadducts, also has been
rationalized by comparing the energies calculated for both
reaction pathways; the results have been confirmed by a
quantitative kinetic analysis.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Probably the most versatile chemical behavior of keteni-
mines is their participation in formal pericyclic processes,
such as [2+2] and [4+2] cycloadditions, electrocyclic ring
closures, and sigmatropic rearrangements.!”® Amongst
these reactions, the [2+2] and [4+2] cycloaddition processes
have attracted the most attention.

Ketenimines undergo [2+2] cycloaddition, mainly involv-
ing their cumulative C=C double bond, with compounds
containing carbon—heteroatom [C=X; e.g., imines, alde-
hydes, and (thio)ketones] or heteroatom—heteroatom (X=
X; e.g., azo and nitroso compounds) double bonds.’] The
intermolecular version of the [2+2] cycloaddition of keteni-
mines with the C=N bond of imines was first reported by
Regitz in 1979171 and studied one year later by Ghosez;®!
both groups concluded that only the introduction of elec-
tron-withdrawing substituents on the nitrogen atom of the
ketenimine, which enhances the electrophilic character of
the heterocumulene, allows the cycloaddition to occur.
Since then, these reaction remained unexplored until we re-
ported recently the intramolecular [2+2] cycloaddition be-
tween ketenimines and imines supported on an allylic or
ortho-benzylic scaffold,®~!'4 which allows the constraints
imposed to the intermolecular variant by the electronic nat-
ure of the substituents to be overcome.

On the other hand, ketenimines play different roles in
[4+2] cycloadditions.’! First, they can serve as the two-
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atom component, with either the C=N or C=C bond of
the ketenimine being involved in the cycloaddition process.
Secondly, ketenimines may act as the four-atom compo-
nent, either reacting across the dienic system formed by
their C=N bond and a conjugated C=C bond from a sub-
stituent on the nitrogen atom [N-vinyl(aryl) ketenimines],
or reacting as an all-carbon diene using their cumulative
C=C bond and a conjugated C=C bond on the sp>-hy-
bridized carbon atom terminus [C-vinyl(aryl) ketenimines].
Amongst all the reported examples of [4+2] cycloadditions
of ketenimines, only a few deal with ketenimines acting as
all-carbon dienes and imines as dienophiles.['>~18]

Our experimental findings on the study of the intramol-
ecular cyclization of different types of iminoketenimines
point out that the length and nature of the tether linking
both functional groups — imine and ketenimine — are cru-
cial in determining the chemical evolution of this class of
heterocumulenes.!”] Recently, we studied the reactivity of
iminoketenimines 1 bearing an ethylene tether, which is
more flexible than the rigid or semi-rigid tethers utilized in
previous experiments.l'8! Iminoketenimines 1 were trans-
formed into the oxidized [4+2] cycloadducts 2 by heating
in toluene under reflux; the formation of the corresponding
[2+2] cycloadducts 3 was not observed (Scheme 1).
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Scheme 1

Herein we disclose the results of a computational study
undertaken with the aim of explaining these latter exper-
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imental results, i.e., the control of the mode selectivity
([2+2] versus [4+2] cycloaddition) found in the cyclizations
of the ethylene-tethered iminoketenimines 1, which lead to
2 but not to 3. We will show that this study offers a rational
explanation of the experimental results. To the best of our
knowledge, no computational studies on the competing
[2+2] and [4+2] cycloadditions of imines with ketenimines
have been published to date.*”

Computational Details

The calculations were performed using the GAUSSIAN
98 suite of programs.?!l Geometry optimizations were car-
ried out at the RHF, Becke3LYP,?27251 and MP2[26-30]
theoretical levels with the internal 6—31G* basis set.3!l All
the reported stationary points were fully optimized by ana-
lytical gradient techniques. Harmonic frequency calcu-
lations at each level of theory verified the identity of each
stationary point as a minimum or a transition state, and
were used to provide an estimation of the zero-point vi-
brational energies (ZPVEs). The ZPVEs obtained at the
HF/6-31G* and MP2/6-31G* levels were scaled by 0.8929
and 0.9646, respectively.’’l The ZPVEs obtained at the
B3LYP/6-31G* level were not scaled. Atomic charges were
calculated with the natural bond orbital method.[3373%

Results and Discussion

First we explored the potential energy surface associated
with the [2+2] intramolecular cycloaddition of the structur-
ally most simple iminoketenimine bearing an ethylene tether
connecting both nitrogen atoms, i.e., the transformation 4

H . /LH H

[N;/H TSla s H TS <\N__.....H
B B
/L.....uan
= NN N
H . H
4 INTa 5
Scheme 2

— 5 (Scheme 2), with the dual aims of analyzing whether
the [2+2] cycloaddition occurs by the same two-step
mechanism established for related reactions and of finding
an explanation for the apparent reluctance of this type of
iminoketenimine to experience [2+2] cycloadditions. The
chief geometrical features of the stationary points are re-
ported in Figure 1. The qualitative reaction profile of this
transformation is shown in Figure 2. With the aim of sim-
plifying the discussion, we will comment only on the results
obtained at the B3LYP/6-31G* theoretical level.

Energy

Reaction Coordinate

Figure 2. Qualitative reaction profile of the intramolecular [2+2]
cycloaddition of 4 and 6 to yield the cycloadducts 5 and 7, respec-
tively, at the B3LYP/6-31G* theoretical level

Figure 1. Computer plot of the stationary points found in the intramolecular [2+2] cycloaddition of 4 to yield 5; plain numbers correspond

to the geometrical parameters computed at the B3LYP/6-31G* level
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The transformation 4 — 5 takes place by the same two-
step mechanism described for other [2+2] cycloadditions
of iminoketenimines,!!!! which involves the formation of a
zwitterionic intermediate. The first step consists of the nu-
cleophilic attack of the iminic nitrogen atom on the sp-hy-
bridized carbon atom of the ketenimine, through TSla,
and, thus, leading to INTa. In the second step, the 47 con-
rotatory ring closure of INTa occurs through TS2a to give
the final bicyclic amidine 5. All attempts to find a concerted
pathway were unsuccessful.

The computed energy barriers are listed in Table I,
where, for comparative purposes, we have also included
those corresponding to the previously computed intramol-
ecular [2+2] cycloaddition of N-(4-azapenta-1,4-dienyl)ket-
enimine (6), which yields the azeto[2,1-b]pyrimidine 7 via
the dipolar intermediate INTb, and the corresponding tran-
sition structures TS1b and TS2b (Scheme 3).['!]

Table 1. Energy barriers (AE, kcal mol™') computed for the trans-
formations 4 — 5 and 6 — 7

Method AE,[ AE, AE
4—5

HF/6-31G*M] 35.75 28.19 —10.97
B3LYP/6-31G*[c] 24.40 16.90 —10.91
MP2/6-31G*d] 24.06 16.16 —17.82
6—7

HF/6-31G*Ib] 32.18 20.00 —24.38
B3LYP/6-31G*[c] 19.73 11.06 —22.57
MP2/6-31G*IPl 18.25 7.44 —30.34

[al See Figure 2 for the notation of the energy barriers. [®! Energies
computed on fully optimized HF/6-31G* geometries. The ZPVE
corrections computed at the same level and appropriately scaled
have been included. ! Energies computed on fully optimized
B3LYP/6-31G* geometries. The ZPVE corrections computed at the
same level have been included. [ Energies computed on fully opti-
mized MP2/6-31G* geometries. The ZPVE corrections computed
at the same level and appropriately scaled have been included.

H
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6 INTb 7
Scheme 3

First of all, the data presented in Table 1 reveal increases
in the energy barriers associated with both the first and
second steps of the transformation 4 — 5 when compared
with those of 6 — 7. This situation can be explained on
electronic and geometrical grounds. The electrophilic
character of the heterocumulenic moiety in ketenimine 6 is
greater than that in 4 because of the presence of the C=C
bond linked to the ketenimine nitrogen atom, which allows
a certain degree of enamine-like resonance (Scheme 4).11!]
Consequently, this effect decreases the first reaction barrier
in 6 — 7 in relation to that in 4 — 5, where the aliphatic

2638 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tether connecting the nitrogen atoms lacks this type of elec-
tronic delocalization.
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Scheme 4

With regard to the second step, several concurrent effects
may be argued to explain why TS2b is earlier than TS2a.
As far as the geometry of these transitions states is con-
cerned, the o torsional angle between the two terminal in-
teracting carbon atoms (as defined in Figure 3) is a relevant
geometrical parameter that should be taken into consider-
ation. All the reported calculations for the transition struc-
ture corresponding to the 4m conrotatory ring closure of
butadiene have shown a prominent nonplanarity of its car-
bon skeleton; the calculated dihedral angle o has a value of
22° at the MP2/6-31G* level.[**] This nonplanarity provides
the optimal interaction between the four orbitals of the mo-
lecular skeleton. We have found a similar situation in the
formation of the four-membered ring of bicyclic com-
pounds 5 and 7. The values we calculated for the dihedral
angle o in both transition states TS2a and TS2b are close
to 36°. By comparing the differences in ® values between
transition structures TS2a and TS2b and their intermedi-
ates INTa and INTb, respectively, it is remarkable that the
difference between INTa and TS2a (Ao = 23.5°) is higher
than that found between INTb and TS2b (A® = 16.7°; see
Table S1 of the Supporting Information). Therefore, in re-
aching the second transition state, INTa must modify the
angle o to a greater extent than must INTb.

exo endo

RZ\ﬁ/R‘

oy=imine-HOMO plane

® = C5-N4-C1-C2
£ =R.-C2-C1-N4

o= ketenimine-LUMO plane

Figure 3. Schematic representation of the interaction between the
ketenimine and imine functions showing their LUMO and HOMO
planes and some of the dihedral angles that are discussed in the text

The conformational changes that take place along the re-
action coordinate on the five-membered ring could affect
the energy barrier of this second step. Thus, the envelope
conformation of the preformed five-membered ring in the
dipolar intermediate INTa becomes more planar upon re-
aching the transition structure TS2a, which places the C—H
bonds in a more-eclipsed disposition and, consequently, this
conformation must be higher in energy than that of INTa.
In contrast, the preformed pyrimidine ring of the zwitterion
INTD adopts a sofa conformation, which does not vary sig-
nificantly upon approaching the transition state TS2b.
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Summarizing up to now, this study predicts higher energy
barriers for both the first and second reaction steps in the
intramolecular cyclization of iminoketenimines 4 leading to
5 relative to those previously reported for the transform-
ation 6 — 7. Nevertheless, the value of the energy barrier
computed for the first step (24.4 kcal mol™!) apparently
allows the formation of the intermediate INTa under the
usual experimental conditions and, since the energy com-
puted for its 4w conrotatory ring closure is only 16.9 kcal
mol ™!, its forward evolution along the reaction coordinate
until the cycloadduct if formed.

With these results in our hands, we still sought an expla-
nation for why the iminoketenimines 1 do not undergo
[2+2] cycloaddition, but yield instead the [4+2] cycload-
ducts. To this goal, we have explored the potential energy
surface associated with both types of cycloaddition reac-
tions in the iminoketenimine 8, a simplified model of 1,
where the vinyl group mimics one of the phenyl groups pre-
sent in 1, namely, the one involved in the [4+2] cyclization
process (Scheme 5). In Scheme 6 we show the three different
reaction paths that we have explored for the transformation
of the iminoketenimine 8: one leading to the [4+2] cycload-
duct 10 and two others connecting it with the [2+2] product
9. The computed energy barriers are listed in Table 2, and
the qualitative reaction profiles for the transformations 8
— 9 and 8 — 10 are illustrated in Figure 4. The principal
geometrical features of the stationary points are represented
in Figure 5.

H Ha
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[N H <\N—|'""H <\N dins|
[ and/or
H /)_ H N/ Z
10

N=—=—==___ N L

Scheme 5

Table 2. Energy barriers (AE, kcal mol™!) computed for the trans-
formations 8 — 9 and 8 — 10

AE™ AE, AE; AE. P AEY.
Method endo exo endo exo
HF/6-31G*[] 36.02 32.98 27.94 26.85 15.55 —8.13 —45.65
B3LYP/6-31G*4l 22,77 20.77 16.31 14.37 6.38 —6.28 —42.00
MP2/6-31G*l€l 22,12 20.49 12.15 10.75 772 —14.71 —=50.80

[l See Figure 4 for the notation of the energy barriers. ! Energy
barrier computed for the transformation of 8 into the most stable
[2+2] cycloadduct, endo-9. 1 Energies computed on fully optim-
ized HF/6-31G* geometries. The ZPVE corrections computed at
the same level and appropriately scaled have been included. 9! En-
ergies computed on fully optimized B3LYP/6-31G* geometries. The
ZPVE corrections computed at the same level have been included.
[l Energies computed on fully optimized MP2/6-31G* geometries.
The ZPVE corrections computed at the same level and appropri-
ately scaled have been included.

exo-TS2¢

endo-INTc
AElendD AE

Reaction Coordinate

Figure 4. Qualitative reaction profiles of the intramolecular [2+2]
and [4+2] cycloadditions of 8 to yield the cycloadducts 9 and 10,
respectively, computed at the B3LYP/6-31G* level of theory
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(from exo-TS2c)
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Figure 5. Computer plot of the stationary points found in the intramolecular [2+2] and [4+2] cycloadditions of 8 to yield 9 and 10,
respectively; plain numbers correspond to the geometrical parameters computed at the B3LYP/6-31G* level

An intensive search along the potential energy surface of
8 revealed a series of stepwise mechanisms and, once again,
all attempts to find concerted reaction pathways were un-
successful. Most interestingly, this search allowed us to es-
tablish that both the [2+2] and [4+2] cycloadducts 9 and
10 are formed from common zwitterionic intermediates.

Because the ketenimine function of 8 is monosubstituted
at its terminal carbon atom, the nucleophilic attack of the
iminic nitrogen atom can take place by two alternative
paths, depending on the endo or exo positioning of the vinyl
group with regard to the forming C—N bond. Conse-
quently, two diastereoisomeric transition states were lo-
cated: namely, exo-TS1c and endo-TSlc.

2640 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The transition structure exo-TSle is earlier than endo-
TSlc; the latter exhibits a shorter N4—C1 bond length
(1.788 vs. 1.739A). The optimal angle!'!] of attack of the
iminic nitrogen atom to the LUMO plane of the ketenimine
moiety, { (RI—C2—C1—N4), is 0° (see Figure 3). This tor-
sional angle & is slightly greater in endo-TSlc (32 vs. 24°;
see Table S2 of Supporting Information), which indicates a
higher departure from the most favorable trajectory during
the cyclization step leading to endo-INTe, the transition
state of which is only 2 kcal mol~! higher in energy than
its exo counterpart.

Following on from both these transition structures, the
respective zwitterionic intermediates, endo-INTe and exo-

WWW.eur;joc.org Eur. J. Org. Chem. 2004, 2636—2643
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INTe, are formed, the most stable, by 3.1 kcal mol ™!, being
exo-INTe. This relative stability probably is due to the
more-congested steric environment of the endo zwitterion
nearby the methylene proton H7. This situation is also ap-
parent when analyzing some of the geometrical parameters
of both intermediates, such as the value of the ® torsional
angle, which is greater in endo-INTe (22°) than in exo-INTe
(17°), and the length of the C1—N4 bond, which is slightly
shorter in exo-INTc. By comparison with the analogous po-
lar intermediate INTa that we analyzed above, it is note-
worthy that the C1—C2 and C5—N4 bonds are larger, and
the C1—N4 bond shorter, for both endo- and exo-INTc;
these phenomena are due, most probably, to the conju-
gation of the vinyl group with the azabutadiene moiety,
C2=C1—N4=CS5. This hypothesis is also supported by the
difference in natural charges between C2 and C5 in INTa
[AXg (C>—C3) = 0.71] being higher than those in endo- and
exo-INTe (0.58 and 0.62, respectively; see Table S2 of Sup-
porting Information).

Two transition structures, endo- and exo-TS2¢, are as-
sociated with the C2—C5 bond formation; they correspond
to the conrotatory ring closures of endo- and exo-INTc,

endo
2

respectively, both of which lead to the cycloadduct 9. Be-
cause of the pyramidalization of the bridgehead nitrogen
atom (N4) of the bicyclic compound 9, two diastereoiso-
meric [2+2] cycloadducts, namely exo-9 and endo-9, are
formed, one from each diastereoisomeric transition struc-
ture, endo-TS2¢ and exo-TS2¢, respectively (Figure 5). Note
that in 9, the endo and exo prefixes now indicate the posi-
tioning of the vinyl group toward the concave and convex
sides of the molecule, respectively. Bicyclic compound endo-
9 is slightly lower in energy (only 0.7 kcal mol~!) than exo-
9. Both diastereoisomeric [2+2] cycloadducts are intercon-
verted by inversion of the bridgehead nitrogen atom (N4),
with concomitant ring inversion, at a very low energetic
cost (4.92 kcal mol™! for the conversion of endo-9 into
ex0-9).

The vinyl group in the intermediate exo-INTe¢ is in an
outward®”! disposition with respect to the future C2—C5
bond, which will be formed through exo-TS2¢. In contrast,
the vinylic fragment in endo-INTec is placed inward. Accord-
ing to the torquoelectronic theory,*®! the relative energies
of both transition structures, endo-TS2¢ and exo-TS2¢, will
depend mainly on the inward or outward disposition of the

kendo k ex0-9

§ == endoINTe = o
k_e]miu k\B; 10
klex" exo

8 =— ex0oINTe —2—» endo9 @
K5

ﬂi’i{%{ﬁ?ﬁl — k(8] — (K% k§™, ky) [endo-INTe] = ¢ 3)

d [exo-INT

ﬁ%——c] ~ kP9 [8] — (k%4 k£°) [exo-INTe] = 0 4
t

[9 (viaexoINTQ)]  k§™ [exo-INTe]  k§ k™ (TG %ky)
[10] Iy [endo-INTc] ks {0 R4 5™

exp[—(AES+AE{™ )/ RT][exp(-AES%/ RT) + exp(—AE,"*/RT) + exp(~ AE,/RT)]
= (5)

exp[~(AE; + AE{" ) /RT][exp(~ AES?/ RT) + exp(-AE{/RT)]

9 (via endo-INTd k§"¥ [endo-INTc¢ kg
Lt AR il Lo 2 epl(aBraB/RT] (6)
[10] k3 [endo-INTc] ky
d d
AE_Eln o_ AElen o AEif]’tldo (7)
AE-EIXOZ AElexg_ AEIIC;:O (8)
Ky T
®

k= p [exp—(AE/RT)]
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vinyl group, which is considered to be a weak donor sub-
stituent (cg° = —0.03).131 Therefore, the conrotatory mode
with the vinyl group inward is destabilized relative to the
outward positioning, which accounts for the higher stability
of exo-TS2¢ relative to endo-TS2¢ (5.06 kcal mol'). Houk
et al. studied the effects of the substituents on the rates
and stereoselectivities of the conrotatory ring opening of
cyclobutenes,* computing a difference of 4.9 kcal mol !
(MP2/6-31G*//HF-3—21G level) between the energy bar-
riers of the inward and outward conrotations of 3-vinylcyclo-
butene; this value is very close to the one computed here at
the B3LYP/6-31G* level for the energy difference between
exo- and endo-TS2c.

Alternatively, the polar intermediate endo-INTc is con-
nected to the [4+2] cycloadduct by a second route, namely
a disrotatory 6w ring closure occurring via the saddle point
TS3. The energetic cost for this pathway is considerably
lower than the one associated with its conrotatory 4w ring
closure leading to 9, since TS3 is 9.94 kcal mol~! lower in
energy than endo-TS2c. The total enthalpy associated with
the formation of the [4+2] cycloadduct is —42.0 kcal
mol ™!, while that corresponding to the formation of 9 is
—6.3 kcal mol~!. Accordingly, the [4+2] cycloadduct 10 is
the product of both kinetic and thermodynamic control in
the cyclization of zwitterionic endo-INTec.

We have calculated the relative ratio of products 9 and
10 that this theoretical treatment predicts by performing a
quantitative kinetic analysis that considers the system rep-
resented by Equations (1) and (2). From the computational
results, we can assume that [exo-INTc] << [9] and [endo-
INTc] << [9] + [10], and, consequently, the steady-state
approximation* can be applied [Equations (3) and (4)
yielding Equations (5) and (6)].

From Equations (5) and (6) and the data reported in
Table 2, we estimated the product selectivity in the trans-
formation 8 — 9 and/or 10. Thus, at 298 K, we calculated
values of 5.26 X 107%:2.65 X 107*:1 for the ratio of 9 (via
endo-INTc) to 9 (via exo-INTe) to 10; i.e., 99.97% of the
[4+2] cycloadduct 10 versus 0.03% of the [2+2] cyclo-
adduct 9. It is remarkable that product 9 is predicted to be
formed exclusively via exo-INTe, but not via endo-INTe.
This finding is due to the higher energetic cost for reaching
endo-TS1c relative to that of exo-TSl¢ and because inter-
mediate endo-INTc only transforms into the [4+2] cycload-
duct 10 since AE,(endo) >> AE;s.

Iminoketenimines 1, which were utilized in the exper-
imental study, should lead to a unique zwitterionic inter-
mediate since the exo and endo modes of attack are equiva-
lent because both substituents on the terminal carbon atom
of the ketenimine moiety are identical (two phenyl groups).
The predicted ratio of final products can be calculated from
the expression [2+2]/[4+2] = ky/k;, and, therefore, will de-
pend only on the difference between the values AE, and
AE;. Consequently, our theoretical approach predicts that
the iminoketenimines 1 should yield exclusively the corre-
sponding [4+2] cycloadducts; the formation of the [2+2]
cycloadducts should be negligible.

2642 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

It can be argued, not without sense, that a vinyl group is
not a good model of a phenyl unit, especially in the 671
ring closure step leading to the [4+2] cycloadduct, where it
cannot account for the loss of aromaticity that follows the
participation of a C=C bond belonging to a real phenyl
group. For a more reliable approach, we optimized, at the
B3LYP/6-31G* level of theory, the zwitterion INTd, arising
from C-phenyl iminoketenimine 11, and located the tran-
sition structures TS2d and TS3d corresponding to its two
cyclization modes, 4n and 6m-electrocyclic ring closures,
that lead to the corresponding [2+2] and [4+2] cycload-
ducts, respectively (Scheme 7).
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(\I\?flﬁ 47-ERC (\ )\H 6n-ERC
2

t
»{ i
NJ\rPh AEy
’PI‘IS3d

TS2d INTd

Scheme 7

As presumed, the calculated energy barrier (AE3) for the
6m electrocyclization of INTd is higher than that previously
obtained for its vinyl analogue endo-INTe (12.53 vs. 6.38
kcal mol™!); what is more relevant, however, is that AE5 is
still 3.6 kcal mol~! lower than the energy barrier (AE,)) of
the 4 electrocyclization of INTd, despite the preservation
of the aromaticity of the phenyl group in this last step. By
translating these data to the kinetic equations, a product
selectivity of 99.8:0.2 is predicted in favor of the [4+2]
cycloadduct.

In summary, this computational study explains satisfac-
torily the experimental outcomes obtained previously, es-
pecially the preference of the iminoketenimines 1 to un-
dergo [4+2] cycloaddition reactions exclusively instead of
their alternative [2+2] modes.

Conclusion

The present computational calculations have established
the mechanism of the intramolecular cyclization of N-(im-
inoethylene) ketenimines into their corresponding [2+2]
cycloadducts. The reaction path is stepwise and involves a
zwitterionic intermediate. The mechanism and the mode-
selective course of the intramolecular cyclizations of C-phe-
nyl-substituted iminoketenimines, which lead exclusively to
the corresponding [4+2] cycloadducts, have been rational-
ized. Both the [2+2] and [4+2] cycloadducts are formed
from common polar intermediates, and the energetic cost
for the 4r electrocyclic ring closure of the zwitterion yield-
ing the [2+2] cycloaddition product is higher than that of
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its 6w disrotatory ring closure leading to the [4+2] cycload-
duct. The quantitative kinetic analysis for estimating the
relative ratio of cyclization products provides a good agree-
ment with the experimental results.

Supporting Information: Tables S1—S4, including the
chief geometric and energetic features, first frequencies, and
natural charges of all stationary points discussed in the text;
Cartesian coordinates of local minima and transition struc-
tures discussed in the text (see also footnote on the first
page of this article).
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