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Concerted and Stepwise Mechanisms in Metal-Free and Metal-Assisted
[4 4 3] Cycloadditions Involving Allyl Cations

Israel Fernandez,*™ Fernando P. Cossio,*!" Abel de Cézar,™ Agusti Lledés,'! and

Abstract: The thermal [4+3] cycload-
dition reaction between allenes and
tethered dienes (1,3-butadiene and
furan) assisted by transition metals
(Au', Au™, Pd", and Pt") was studied
computationally within the density
functional theory framework and com-

José Luis Mascarenas'?

cloaddition reaction is concerted and
takes place via transition structures
that can be even more synchronous
and more aromatic than their non-or-
ganometallic analogues. However, the
processes exhibit slightly to moderately
higher activation barriers than the

parent cycloaddition involving the hy-
droxyallylic cation. The bond polariza-
tion induced by the metal moiety is
clearly related to the interaction of the
transition metal with the allylic @* mo-
lecular orbital, which constitutes the
LUMO of the initial reactant. Finally,

pared to the analogous non-organome-
tallic process in terms of activation bar-
riers, synchronicity and aromaticity of
the corresponding transition states. It
was found that the metal-mediated cy-

Introduction

The [4C+3C] annelation of dienes and allyl cation deriva-
tives, constitutes a convenient way to prepare relatively
complex seven-membered rings from simple starting materi-
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replacement of the 1,3-butadiene by
furan caused the transformation to
occur stepwise in both the non-organo-
metallic and metal-assisted processes.

als."?! However, the standard methodologies, which mainly
involve oxy- and amino-allyl cations, usually present impor-
tant limitations, that is, unstable allyl cation precursors or
the need for stoichiometric activators,®! and the requirement
of conformationally restricted dienes (furans or cyclopenta-
dienes). To avoid these shortcomings, some of us recently
reported a novel metal (Pt and Au)-catalyzed [4C+3C] cy-
cloaddition between dienes and tethered allenes, which pro-
vides a short and stereoselective route to synthetically
useful bicyclo[5.3.0]decane skeletons like 5.1 Most proba-
bly, the reaction involves a concerted [443] cycloaddition
from the initially formed complex 3 to produce the metal—
carbene complex 4 and subsequent 1,2-H-shift with simulta-
neous coordination of the newly formed C=C double bond
to the metal (Scheme 1).5

Similar to other pericyclic reactions, such as [4+2] Diels—
Alder or [3+2] cycloadditions, it is very likely that both
metal-free and metal-catalyzed [4 + 3] transformations occur
through highly concerted and aromatic transition states. In
fact, the aromaticity of the transition states associated to
pericyclic reactions is a well-known issue that has been also
studied computationally,’® usually by using the magnetic nu-
clear independent chemical shift (NICS) values. In the
context of our ongoing interest in metal-mediated cycloaddi-
tions, we recently reported that both [34+2]® and [442]"
cycloadditions involving Fischer-type carbene complexes
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Scheme 1. Proposed reaction mechanism for the Au' or Pt"-catalyzed
[4+3] annulation.

occur concertedly via transition structures that are more
asynchronous and less aromatic than their non-organo-
metallic analogues—a behavior that is extensible to the re-
actions involving Lewis acid complexed acrylates.

Here, we present a comparison between classical oxyallyl
cation-diene cycloadditions and the analogous reaction in-
volving a metal moiety, in terms of activation barriers, syn-
chronicity, and aromaticity of the corresponding transition
states. Moreover, the factors that control the concertedness
of the process are analyzed theoretically.

Results and Discussion

We first analyzed the parent non-organometallic cycloaddi-
tion reaction, which involves the hydroxyallyl cation 3a. Al-
though similar processes were studied computationally by
Cramer and co-workers,'") no insight into the synchronicity
and aromaticity of the process has been reported so far. As
readily seen in Scheme 2, the cycloaddition reaction occurs
concertedly with a quite low energy barrier due to the high
resemblance between the starting reactant 3a and transition
state, TSa. Interestingly, the computed synchronicity (S,=
0.83) indicates that the transformation is quite synchronous.

OH

SN AG'=07
S
%10 AGg =-20.2

3a TSa 4a

5,=0.83
NICS(R,) =-14.4 ppm

Scheme 2. The [44 3] cycloaddition of cation 3a. Bond lengths are given
in A and energies (placed close to arrows) in kcalmol . The dummy
atom in the center of the rings being formed indicates the (3,41) ring
critical point of the electron density of the saddle point TS a.
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The deviation from the perfect synchronicity might be the
result of the different C—C bond orders in the saddle point,
that is, the bond development of the C3—C7 is higher
(Wiberg NBO bond order of 0.26) than for C1—C10 (NBO
bond order of 0.16; see Scheme 2 for the corresponding
bond lengths).!'!

We also computed the NICS values at the (3,+1) ring
critical point of the electron density to prove the aromaticity
of TSa. Given the unsymmetrical character of our cyclic sys-
tems, we needed to define the inner points unambiguously.
The (3,+1) ring critical point of the electron density, as de-
fined by Bader," is an unambiguous choice for the calcula-
tion of the NICS values, since only at this point is the elec-
tron density a minimum with respect to motion on the ring’s
plane and maximum with respect to motion perpendicular
to the plane defined by the ring. Thus, the calculated highly
negative isotropic NICS(R,) value (—14.4 ppm) confirms the
aromatic character of the saddle point.

The expected diamagnetic shielding o2 in the ring formed
in TSa was computed according to our previously described
model:!"*"!

2 21 -3/2
d _ CHo <= Ro 1
0, = 8J'Eme Rav |:1 + ( Rav ) :| ( )

In this expression, it is assumed that the diatropic ring cur-
rent is confined into a circumference of radius R,, and circu-
lates at a R, distance above the ring point. The maximum
value ofo?, denoted as ¢ ., is achieved when z=R,. For

zz° max’

R,=1466 A and R,=02A, it was found that o¢ =
—9.6 ppm, which accounts for approximately 67% of the
NICS at the ring point. In addition, it was found that the
ratio ¢ /o¢  behaves similarly to NICS/NICS,,,, along the
z axis; this confirms that the aromatic character of TSa can
be interpreted in terms of a diatropic ring current circulating
along the ring being formed by the concerted and symme-
try-allowed cycloaddition process (Figure 1 A).

Therefore, we can propose that the six electrons involved
in the cycloaddition give rise to an appreciable ring current,
which in turn, promotes a strong diamagnetic shielding at
the ring critical point, leading to the observed NICS values.
Although this method has been proved to work nicely in
confirming the aromaticity of the so-called in-plane aromatic
transition states,®*'! it has been repeatedly reported that
the isotropic NICS values might lead to misleading results
due to local contributions of the o framework.™ For this
reason, we also applied the anisotropy of the induced cur-
rent density (AICD) method, developed by Herges and co-
workers,I'"”) to visualize the delocalization of electrons that
are responsible for the aromaticity. As showed in Figure 1B,
the delocalization of the electrons can be clearly seen within
the seven-membered cyclic array, which produces the dia-
magnetic current responsible for the computed negative
NICS value.

The effect of the metal fragment in the analogue cycload-
dition reaction between meta stabilized allyl cations and bu-
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Figure 1. A) Analysis of the aromaticity of transition structure TSa ac-
cording to the ring current model. B) AICD plot of the transition state
TSa (isosurface value of 0.045).

tadiene was studied next. Table 1 shows the most relevant
data of these transformations involving Au', Au™, Pd", and
Pt" complexes. Similar to the process involving compound
3a, it was found that the metal-assisted cycloadditions are
concerted and occur via the transition states depicted in
Figure 2. One of the most striking differences between the
parent and the metal-mediated cycloadditions was revealed
by inspection of the structures of the corresponding transi-
tion states. As readily seen in Table 1 and Figure 2, the C1—
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C10 bond lengths are always shorter than the C3—C7 distan-
ces in TSb-i while the contrary is found in TSa. Moreover,
whereas the C1-C10 bond is clearly emerging in TSa
(2.670 A, NBO bond order of 0.16), it is nearly developed in
TSb-i (2.248-2.378 A, NBO bond order in the range of
0.28-0.35). This is mainly due to the bond polarization in-
duced by the presence of the metal moiety as indicated by
the charge of the Cl1 and C2 carbon atoms in the reactants
3a-i. For instance, the computed NBO charge for C1 varies
from +0.09 a.u. in the parent compound 3a to +0.23 a.u. in
3d (or +0.20 a.u. in the neutral complex 31i). Strikingly, the
NBO charge for C2 is +0.29 in 3a while a negative value of
—0.42 a.u. is found in 3d (—0.16 a.u. in complex 3i). The
close relationship between the bond polarization in the ini-
tial reactants 3, measured by the computed NBO charges on
C1 and C2 carbon atoms and the C1—C10 bond lengths of
the corresponding transition states, is nicely reflected in the
very good linear correlations that were found when both pa-
rameters were plotted (C1—C10 bond lengths vs. NBO
charge on Cl1: correlation coefficient of 0.96 and standard
deviation of 0.01; C1—C10 bond lengths vs. NBO charge on
C2: correlation coefficient of 0.97 and standard deviation of
0.05; Figure 3).

The above-mentioned changes induced by the metal
moiety in the geometry of the respective saddle points are
also translated into quite significant alterations in terms of
the computed barrier heights. For instance, from practically
a no-barrier process in the cycloaddition reaction of the
parent cation 3a (AG” 3=0.7 kcalmol™!; Table 1, entry 1),
a value of 12.1 kcalmol™' was found for the transformation
involving the Au' cationic complex 3e, which in any case
represents an activation barrier that should be easily sur-
mountable at room temperature. Interestingly, no systematic
differences were found between the considered metal chlor-
ides in terms of the computed activation barriers (variation
within ca. 2 kcalmol™'; Table 1, entries 2 and 8-10), which
suggests that the metal (Au, Pt, or Pd) has little effect in the
cycloaddition reaction. Thus, it is not surprising that similar
values of activation and reaction energies were found in the
series of Au' complexes bearing different o donor ligands,
such as phosphines (Table 1, entries 3-5) or N-heterocyclic
carbene (entry 7).

Interestingly, we have found that the characteristics of the
LUMO of reactants 3b-i, which corresponds to the 7t* mo-
lecular orbital of the allylic fragment (Figure 4), are clearly
determined by the metal moiety. Thus, by means of the
second-order perturbation theory of the NBO method, sta-
bilizing two-electron delocalizations from occupied d atomic
orbitals of the metal atom to the w* molecular orbitals of
the allylic fragment were found. For instance, for complex
3d, the computed associated second-order perturbation en-
ergies for these delocalizations are —3.2 and —2.6 kcalmol™!
for the d—a* (C3—C2) and d—n* (C1—C10) delocaliza-
tions, respectively. As the LUMO is involved in the cycload-
dition process (vide infra), the effect of the metal fragment
in this transformation is in part due to these stabilizing inter-
actions.
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Table 1. Computed data for the [4+ 3] cycloaddition reaction of compounds 3a—i. All values have been computed at the B3LYP/def-SVP level.

a z
3 2
]
7 \ / 10

3a-i TSa-i 4a—i
Entry z AG7 7 AGp ! r (C3—C7)¢ r (C1-C10)1 q(C1)l¥ q(C2)¥ Eromo” S, NICS(R)M
1 a, OH* 0.7 -202 2352 2.670 0.090 0.292 —6.90 0.83 —14.4
2 b, AuCl 4.0 -19.5 2382 2331 0.171 —0.410 —3.40 0.86 -17.6
3 ¢, [AuPH;]* 8.6 -39 2.493 2254 0.225 —0.439 —6.62 0.75 -171
4 d, [AuPMe;]* 10.7 —43 2.476 2259 0.230 —0.420 —6.39 0.85 -17.3
5 e, [AuPPh;]* 12.1 -36 2.468 2.264 0.227 —0.404 —6.14 0.87 -17.3
6 f, [AUNHC] 1! 10.5 —48 2.465 2265 0.240 —0.430 —6.27 0.85 -17.4
7 g, AuCl, 6.3 -10.5 2.405 2292 0212 —0.328 —4.10 0.78 -17.1
8 h, PdCl, 52 -17.5 2.379 2.364 0.199 —0.160 —-3.76 0.83 -17.3
9 i, PtCl, 4.8 —234 2.493 2.378 0.197 —0.160 -3.72 0.83 -16.3

[a] Activation barrier (AG7 4, in kcalmol™') values computed as AG” s = G(TS)—G(3). [b] Reaction energy (AGy s, in kcalmol ™) values computed as
AGr 5= G(4)—G(3). [c] Bond lengths in the transition state (A). [d] NBO charges of the carbon atom in the transition state [a.u.]. [e] LUMO energies

of reactants 3 [eV]. [f] NICS values [ppm] at the (3,4 1) ring critical point of the TS. [g] NHC: imidazol-2-ylidene.

TSb

“ Tge

TSh

Figure 2. Chief geometric features of transition structures associated with [44 3] cycloaddition reaction of com-
plexes 3b—i. Bond lengths are given in A. Chlorine atoms are represented as larger spheres. See Scheme 2

legend for additional details.
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In terms of the computed
synchronicity, the data in
Table 1 clearly show that the
concerted metal-assisted cyclo-
additions exhibit moderate to
high synchronicities (S, values
in the range of 0.75-0.87). In
fact, a value of about 0.9 can
be reached in complexes 3b or
3e, thus indicating that the
metal-mediated transforma-
tions can be even more syn-
chronous than the correspond-
ing parent reaction of the hy-
droxyallylic cation 3a. This be-
havior is clearly different to
other metal-assisted cycloaddi-
tions like [3+42] or [442] pro-
cesses, ™ which occur with
lower values of synchronicity
with respect to the correspond-
ing non-organometallic reac-
tions. Perhaps this fact is relat-
ed to the bonding of the metal
to the central atom of the allyl-
ic moiety, since this carbon
atom bears no LUMO coeffi-
cient at the parent allyl cation.
The effect of the solvent in the
cycloaddition process was com-
puted next by using the SCRF
approach under the Onsager—
Kirkwood formalism!" with se-
quential single-point calcula-
tions at the gas phase opti-
mized geometries of the parent
compound 3a and complexes
3d and 3i. The data compiled

Chem. Eur. J. 2010, 16, 12147 -12157
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Figure 3. Plot of the (C1—C10) bond lengths in TSa-i versus the NBO
charges of the C1 (@) and C2 (o) carbon atoms.

Figure 4. LUMO of complex 3d (isosurface value of 0.040).

in Table 2 indicate that the activation barriers of the cyclo-
addition reaction are slightly larger in solution than in the
gas phase for the cationic species 3a and 3d. This was ex-
pected because the large cationic character of the reactants
diminishes along the reaction coordinate, thereby resulting
in lower solvation energies for the transition structures with
respect to the starting products. On the contrary, slightly
lower barrier energies were found for the neutral complex
3i, thus indicating a higher solvation energy in the corre-
sponding saddle point TSi than in the initial complex 3i.
From the above data, it can be safely concluded that the
effect of the solvent in the cycloaddition reaction is not es-

Table 2. Calculated AG” 4 [kcalmol™!] for the cycloaddition reaction of
3a,d,i in different solvents. All values were calculated at the B3LYP/
def2-SVP level.

& (solvent) AG7 55 AG7 54 AG7 8
(complex 3a) (complex 3d) (complex 3i)

1.00 (gas phase) 0.7 10.7 4.8

7.43 (THF) 0.9 11.8 4.1

35.67 (acetone) 1.0 12.0 4.0

Chem. Eur. J. 2010, 16, 12147 -12157
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pecially relevant in terms of the computed activation
barriers.

The effect of the metal moiety in the aromaticity, which
had been already assessed for the analogous non-metallic
cycloaddition, was also addressed. Likewise, the magnetic
properties of the corresponding transition structures were
computed by using the nucleus-independent chemical shifts
(NICSs) at the (3,41) ring critical point of the electron den-
sity. The position of the ring critical points of TSb-i are in-
dicated in Figure 2 and the NICSs at these points are com-
piled in Table 1. All transition structures exhibit high nega-
tive NICSs values (ranging from —16.3 ppm in TSi to
—17.6 ppm in TSb), which can be attributed to the strong
diamagnetic shielding due to the strong aromatic character
of these TSs. If we assumed that, in transition states, bond-
ing equalization and synchronicity characterize aromatic
structures,'® it is not surprising that the NICS values ob-
tained for saddle points TSb-i are slightly higher than that
found for the parent cycloaddition reaction involving TSa.
This becomes obvious when the bond lengths of the newly
forming carbon—carbon bonds (C3—C7 and C1—C10) in the
respective TSs are compared. Table 1 and Figure 2 clearly
show a higher bond equalization in the saddle points TS b—i
compared to TSa, which is translated to a higher value of
aromaticity (measured by the NICS values).

We should point out that no correlation between the
NICS values and the activation barriers was found. This
result indicates that the gain in stability by aromaticity does
not play a major role in controlling the barrier heights of
the studied processes. We have reported a similar finding in
different double group transfer reactions, ™" in which the
strain (i.e., the energy needed to promote the reactants from
their equilibrium geometries to the geometries they adopt in
the transition sates), controls the process despite the highly
aromatic character of the corresponding saddle points. The
so-called strain is also the major contributor in controlling
the activation barriers of other pericyclic reactions like
[342] or [442] cycloadditions,”*¥ so we can speculate that
this factor plays also an important role in controlling the
barrier energies of the [4 4 3] cycloaddition reactions consid-
ered in this report.

Cycloadditions with furan as diene: Finally, we were inter-
ested in the effect of the metal fragment when the cycload-
dition of the tethered allenes occur with furan as diene in-
stead of 1,3-butadiene. Therefore, we first computed the cy-
cloaddition reaction of the parent oxyallylic cation, 3j. Con-
trary to cation 3a, the transformation 3j—4j is not concert-
ed but proceeds stepwise through the formation of the o
complex 5j (Scheme 3).

Similar to 3j, the Pt" complex 3k also evolves to the final
carbenoid complex 4k through a stepwise reaction mecha-
nism via the formation of the corresponding ¢ complex Sk.
As readily seen in Scheme 4, both steps of the transforma-
tion are more difficult for complex 3k than for cation 3j, if
we take into account the computed barrier energies. More-
over, the second reaction step of the metal-assisted process

— 12151
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4 TS2-

Scheme 3. Stepwise [4+3] cycloaddition of cation 3j. Bond lengths are
given in A and energies (placed close to arrows) in kcalmol™'. See
Scheme 2 legend for additional details.

+
PtCly
-8.5 S
—_—
O"v
3k 5k
TS1-k
+15.5
. PtCl, 093
4k

Scheme 4. Stepwise [4+ 3] cycloaddition of Pt" complex 3k. Bond lengths
are given in A and energies (placed close to arrows) in kcalmol™. See
Scheme 2 legend for additional details.

is exothermic, which is different to that for the non-organo-
metallic cation 3j. Despite these differences, it is clear that
the presence of the metal moiety does not alter the topology
of the reaction coordinate, which is mainly dominated by
the diene in the considered cycloaddition reactions.

This is in agreement with previous calculations reported
by Harmata and Schreiner!’” and by Cramer and co-work-
ers!'” who concluded that reactive and strongly electrophilic
allylic cations and nucleophilic dienes tend to react through
stepwise mechanisms, while less electrophilic cations and
less nucleophilic dienes tend to react through concerted pro-
cesses. We examined this hypothesis by computing the elec-
trophilicities w* of allylic species 6a and 6b, as well as the

www.chemeurj.org
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w =14 64 eV w*=7.43 eV
OH “PtCl,
Me. 4. __Me Me. . __Me
s 1 eb
H Me 82 H Me
4 A
E AN=0.75 ‘ AN=0.21
MeU 7a Mew 7a
w=153eV w=0.12 eV
w'=14.64 eV w'=7.43 eV
OH “PICl,
Me. A _Me Me. _A. _Me
TR SR
H, Me 6a H | Me 6b
| AN=0.76 | AN=0.24
O, o]
MeU 7b Me‘@ 7b
w =163 eV w=0.16 eV

Scheme 5. Electrophilicities (w*), nucleophilicities (w~) and charge trans-
fers (AN) computed for the intermolecular interaction between allylic
systems 6ab and dienes 7ab. Dotted lines indicate the connection be-
tween these interactions and those present in 3a (6a+7a), 3i (6b+7a),
3j (6a+7b) and 3k (6b+7b).

nucleophilicities w~ of dienes 7a and 7b (Scheme 5). These
intermolecular systems incorporate the main geometric and
electronic features of reactants 3a, 3i, 3j, and 3k
(Scheme 4).

The electrophilicities were computed by using the follow-
ing formula:*"

ot =5 2)

where ¢4 and 7 are the chemical potential and hardness of
species 6a,b, respectively. Similarly, the nucleophilicity in-
dexes of species 7a,b (denoted as A) with respect to electro-
philes 6a,b (denoted as B) were calculated by using the fol-
lowing conceptually related expression:*!]

- 1 (ua — #B)2
o 3
A—B 2 (7]A + 773)2 Na ( )

The charge transfers AN, _g from nucleophiles A to electro-
philes B were estimated by the following equation:?

)

The chemical potentials and hardness of the involved spe-
cies were calculated within the following approxima-
tions: 20223

_I+A  enomo—€Lumo (5)
27 2
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n=1-A= ¢&ymo — Enomo (6)

In these latter equations, / and A stand for the ionization
potential and electron affinity, respectively, and eyomeo and
e umo are the orbital energies of the corresponding frontier
orbitals.

As seen in Scheme 5, cationic species 6a is much more
electrophilic than neutral reactant 6b. In addition, 2-methyl-
furan 7b is more nucleophilic toward both 6a and 6b than
1,3-pentadiene 7a. Accordingly, the AN values are slightly
higher in the case of 7b. Therefore, we can conclude that in
the case of the more nucleophilic furane dienes there is a
higher charge transfer with respect to both electrophiles
6ab, a result which parallels the stepwise character of
[3+4] reactions involving the furan moiety, although the dif-
ferences on going from 7a to 7b are quite low.

In order to gain a deeper understanding of the reasons for
this transit from concerted to stepwise cycloadditions, we
analyzed in more detail the behavior of the parent reactions
involving hydroxy reactants 3a and 3j. If the stepwise mech-
anism is considered, the first step consists of a nucleophilic
attack of C7 to C3, with an electronic displacement to gen-
erate an enol moiety (Figure 5). In the case of a concerted
[:4;+ 2] cycloaddition, interaction between both C3—C7
and C1—C10 pairs is required, through the corresponding
MOs in which appropriate symmetries ensure a cyclic elec-
tronic delocalization associated with an aromatic transition
structure (Figure 5).

Concerted Mechanism
[x4s+ 2] Cycloaddition

Stepwise Mechanism
[5-exo-trig] Nucleophilic Addition

Figure 5. Main two-electron interactions involved in concerted and step-
wise [4+ 3] cycloadditions of reactants 3a and 3j.

The potential energy surfaces corresponding to the re-
spective reactions, as well as the stationary points and one
early point along the respective intrinsic reaction coordi-
nates, are shown in Figure 6.

A relaxed scan of the possible reaction paths (Figure 6 A)
for 3a reveals a smooth surface in which only TSa can be
found as a saddle point connecting 3a and the [4+3] prod-
uct 4a through an intramolecular concerted mechanism.
This result contrasts with those found by Cramer and Bar-
rows, who found a stepwise mechanism in the intermolecular
[4+3] reaction between 2-hydroxyallyl cation and 1,3-buta-
diene."™ A similar inspection of the projected potential
energy surface for the 3j—4j transformation (Figure 6B)
reveals a stepwise mechanism with intermediate 5j connect-
ing reactant and product via TS1j and TS2j.

Chem. Eur. J. 2010, 16, 12147 -12157
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A) d(C1-C10)/ A

E}
keal mol™
0

d(C1-C10) / A

Figure 6. Potential energy hypersurfaces (B3LYP/def2-SVP//B3LYP/6-
31G* level) projected on the C1—C2 and C3—C4 bond lengths associated
with the [4+3] cycloaddition reactions of: A) 3a, and B) 3j. The station-
ary points corresponding to transition structures and intermediates are
shown as spheres.

In order to analyze the origins of these different profiles,
we first studied the molecular orbitals of reactants 3a and
3j. These MOs are shown in Figure 7 and Figure 8, respec-
tively. Since the chemical meaning of expansion coefficients
in split-valence basis sets is difficult to determine, the re-
spective orbital energies and expansion coefficients were re-
calculated by using the AM1 semiempirical Hamiltonian, so
that the values could be used consistently (see below). From
the main features of these figures, we can distinguish be-
tween MOs ¢, ¢,, and ¢; associated with the diene moieties
and ¢, ¢,, and @5, which are mainly delocalized within the
allyl moieties of 3a and 3j. We can also observe that the
main two-electron interactions, which are in principle com-
patible with a concerted symmetry-allowed [4 4 3] cycloaddi-
tion, are ¢, —@,, ¢;—@s, and ¢;—@;. Given the electrophilic
character of the allyl moieties, the latter interaction will be
lower than the other two, corresponding to the HOMO-
LUMO and HOMO-1-LUMO+1 two-electron interac-
tions.

According to the second-order perturbation theory,? the
contribution to the increase in energy on going to the reac-
tant to the concerted TS associated with the intramolecular
[443] cycloaddition can be decomposed into two terms.
One is associated with the four-electron repulsion E{ be-
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EleV

LUMO+1
e=-0.140

Figure 7. Significant molecular orbitals of reactant 3a, computed at the
RHF/AM1 level of theory.

El/eV
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LUMO+2
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LUMO

-0.191 -0.224

Figure 8. Significant molecular orbitals of reactant 3j, computed at the
RHF/AM1 level of theory.

tween the interacting carbon atoms, and the other is associ-
ated with the stabilizing two-electron interactions between
these centers, which can in turn be decomposed as the con-
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tributions of electron transfer from the diene A (Figure 5)
to the allyl cation B, denoted as EY . and the reverse elec-
tron transfer from B to A E\ . in order to complete the
cyclic electronic circulation:

ECON = Egg)N + Efls + EgLA (7)
The four-electron term can be calculated as:

E(é‘())N = —2(B11081.10 + B37537) (8)

where f3;; and S;; are the resonance and overlap integrals be-
tween i and j carbon atoms, respectively. These integrals are
connected by the Mulliken approach:

ﬁi,j =

i, )

In Equation (9)—since we are considering only carbon
atoms—p}; = 8} = —178.01 kcalmol ', which is the term opti-
mized in the AM1 semiempirical Hamiltonian for a 2p
carbon atom.

The overlap integrals S;; in Equations (8) and (9) can be
calculated by using the Mulliken formula® for two interact-
ing p-AOs:

2 p2 33 44

Sij=|-1-&Rij——3 15 15

J

exp(—CR;;)

(10)

In Equation (10) R;; is the distance between atoms i and j
and, according to the AM1 code,® £=3.185 A1,

According to second-order perturbation theory, the two-
electron term corresponding to the A—B donation is given
by the following expression:

2
(C$ZC§2[37,3 + C%C(fzﬁw,l)

2  _ @ 2
EAﬂB - EC’?ZH(ﬂz + EC’MH% =-2 €, — &
2 2 P2 (11)
o o
5 (0710?%7,3 + C15C(1p3ﬁ10,1)
Ep, — Egy

Similarly, the two-electron term corresponding to the B—
A donation is given by the following expression:

_ 5 2
EO _E®O o (C$JC§]ﬁ7,3 + C%C(flﬁw,l) (12)
BoA = Ly oy, = I

In Equation (11) and (12), ¢, and ¢,, MOs, with ¢, and ¢,
orbital energies as well as ¢;” and ¢/" expansion coefficients
at atoms i and j, are denoted according to Figure 6 and
Figure 7.

If the stepwise mechanism outlined in Figure 5 is consid-
ered, the first step associated with the nucleophilic attack of
the diene subunit to the allyl moiety is given by:
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Egp = E?T)P +EG + E! (13)

Because during this stage only atoms C7 (of the nucleo-
phile) and C3 (of the electrophile) are involved, the repul-
sive term of the first term on the right-hand side of Equa-
tion (13) reduces to:

E(SA}IEP = *2ﬁ7,357‘3 (14)

The two-electron stabilizing term associated with the nu-
cleophilic attack is therefore:

(C$2C§Zﬁ7.3)z (15)

Eq =-2
Nu £, — &4

P2 2

Finally, the electrostatic term corresponding to this nucle-
ophilic addition is, in atomic units:

ECou] — qiqf
w Z R (16)
jeB

where ¢; and g; are the charges of the respective atoms.”’!

We have evaluated the values of Ecoy and Egpp for the
values of R;; corresponding to the early stages of the con-
certed and stepwise processes of 3a and 3j. We used Equa-
tions (7)—(16) and the values of the expansion coefficients
and orbital energies gathered in Figures 7 and 8. The point
charges (including the attached hydrogen atoms when neces-
sary) were determined from the natural bonding analysis of
each structure. The results thus obtained are shown in
Figure 9.

According to our results, the stepwise mechanism is the
preferred one along most of the potential energy surfaces
associated with the initial stages of both 3a—4a and 3j—4j
processes. This is due to the highly electrophilic character of
the cationic allyl moiety of both reactants (Scheme 5), which
results in low contributions of the EY , terms, thus hamper-
ing the cyclic electronic circulation required to complete the
pericyclic mechanism. The most important two-electron sta-
bilizing contribution stems from E{, which is also the most
important contribution to ES ; in the concerted process. In
the case of 3k, the Coulombic term also contributes to a
permanent preference for the stepwise mechanism, with the
exception of one region associated with high values of the
distance between C3 and C7 and low values for the C1-C10
distance (Figure 9B)—a geometry pattern that is not acces-
sible to the intramolecular processes studied in this work. It
is important to note that in the neighborhood of TSa, the
concerted mechanism turns out to be the preferred one (Fig-
ure 9A), in nice agreement with our computational results
for intramolecular [4+3] cycloadditions in which the dis-
tance between C3 and C7 is shorter than that between C1
and CI10. In the case of intermolecular processes taking
place through less restricted conformational spaces, the re-
action would be stepwise, as it was found by Cramer and
Barrows in their study on the intermolecular [4 +3] cycload-
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Figure 9. Plots of the interaction energies associated with the initial
stages of the concerted (Eqoy) and stepwise reactions (Egrp) of: A) 3a,
and B) 3j. The energy values have been computed according to Equa-
tions (7)—(16); see main text for details. The terms R, and R;; corre-
spond to distances between the carbon atoms shown in Figure 5. In both
diagrams, the neighborhood of the intramolecular transition structures is
highlighted within a blue ellipse.

dition between 2-hydroxyallyl cation and 1,3-butadiene.l'™
Our model also suggests that in reactants possessing less
electrophilic allyl moieties the region of the preferred con-
certed mechanism would be more extended.

Conclusion

From the computational study reported here the following
conclusions can be drawn. 1) The studied thermal metal-
mediated [4+43] cycloaddition reactions are concerted and
take place via transition structures that can be even more
synchronous and more aromatic than their non-organome-
tallic analogues. 2) Despite that, the processes exhibit slight-
ly to moderate higher activation barriers than the parent cy-
cloaddition involving the hydroxyallyl cation. 3) The metal
moiety induces a bond polarization in the initial reactants,
which is related to the interaction of the transition metal
with the allylic 7t* molecular orbital (LUMO). 4) Finally, the
replacement of the 1,3-butadiene by furan causes the trans-
formation to occur stepwise in both the non-organometallic
and metal-assisted processes, the latter being more difficult
based on the computed activation barriers. 5) In [4+3] reac-
tions involving highly electrophilic allyl moieties there is a
general preference for stepwise mechanisms with the excep-
tion of the region associated with intramolecular processes.
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Computational Details

All the calculations reported here were obtained with the GAUSSIAN 03
suite of programs.”” Electron correlation was partially taken into account
by using the hybrid functional usually denoted as B3LYP!*! with the
double-¢ quality plus polarization def2-SVP basis sett® for all atoms.
Zero point vibrational energy (ZPVE) corrections were computed at the
B3LYP/def2-SVP level and were not scaled. Reactants and cycloadducts
were characterized by frequency calculations,”® and have positive defi-
nite Hessian matrices. Transition structures (TSs) show only one negative
Eigenvalue in their diagonalized force constant matrices, and their associ-
ated Eigenvectors were confirmed to correspond to the motion along the
reaction coordinate under consideration by using the intrinsic reaction
coordinate (IRC) method.”"! Nonspecific solvent effects were described
by using the self-consistent reaction field (SCRF) approach in its Onsag-
er-Kirkwood formalism.*? Nucleus independent chemical shifts (NICS)!”!
were evaluated by using the gauge invariant atomic orbital®®! (GIAO)
approach, at the GTAO-B3LYP/def2-SVP//B3LYP/def2-SVP level.

The synchronicity®*! of the reactions was quantified by using a previ-

ously described approach.”® For a given concerted reaction, “synchronic-
ity” is defined as:’*")

S [0B,~8Bav|
2 oty (17)
S =1-_=__
vy 2n—2

where 7 is the number of bonds directly involved in the reaction (in this
case, n=7) and OB; stands for the relative variation of a given bond
index B; at the transition state (TS), according to the following formula:

B® — B}
0B, = pr—pic (18)

where the superscripts R and P refer to the reactants and the product, re-
spectively. The average value of 0B;, denoted as 0B,y, is therefore:

OBay =n"'> 0B, (19)

i=1

The Wiberg bond indices®™ B, and donor-acceptor interactions were
computed by using the natural bond orbital (NBO)**! method. The ener-
gies associated with these two-electron interactions were computed ac-
cording to the following equation:

pge __y FIF8) 20)

dop*X — (ONEN N
Epk — €

where F is the DFT equivalent of the Fock operator, and ¢ and ¢* are
two filled and unfilled natural bond orbitals with ¢, y, e,% energies, re-
spectively; n, stands for the occupation number of the filled orbital.

Acknowledgements

The authors thank financial support from the Spanish MICINN and
CAM (grants CTQ2007-67528, Consolider-Ingenio 2010, CSD2007-00006,
S2009/PPQ-1634, and Ramén y Cajal contract to LF.), the Gobierno
Vasco-Eusko Jaurlaritza (grant IT-324-07 to FP.C.), and Xunta de Galicia
(grant INCITE(09209122PR to J.L.M.).

[1] For reviews on [4+3] cycloaddition chemistry, see: a)J. H. Rigby,
F. C. Pigge, Org. React. 1997, 51, 351; b) M. Harmata, Adv. Cycload-
dit. 1997, 4, 41; c) M. Harmata, Recent Res. Dev. Org. Chem. 1997, 1,
523; d) M. Harmata, Tetrahedron 1997, 53, 6235; ¢) J. K. Cha, J. Oh,

12156 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Curr. Org. Chem. 1998, 2, 217; f) M. Harmata, Acc. Chem. Res.
2001, 34, 595; g) M. Harmata, Adv. Synth. Catal. 2006, 348, 2297.
Some recent examples: a) G. Prié, N. Prévost, H. Twin, S. A. Fer-
nandes, J. F. Hayes, M. Shipman, Angew. Chem. 2004, 116, 6679;
Angew. Chem. Int. Ed. 2004, 43, 6517; b) J. Huang, R. P. Hsung, J.
Am. Chem. Soc. 2005, 127, 50; c)J. E. Antoline, R. P. Hsung, J.
Huang, Z. Song, G. Li, Org. Lett. 2007, 9, 1275, and references
therein.

Catalytic examples of direct [4C+3C] cycloadditions are very rare

and essentially limited to the use of furan as the 4C partner; see:

a) M. Harmata, S. K. Ghosh, X. Hong, S. Wacharasindhu, P. Kirch-

hoefer, J. Am. Chem. Soc. 2003, 125, 2058; b) M. Harmata, J. A.

Brackley III, C. L. Barnes, Tetrahedron Lett. 2006, 47, 8151; c) see

also reference [2].

B. Trillo, F. Lopez, M. Gulias, L. Castedo, J. L. Mascarefias, Angew.

Chem. 2008, 120, 965; Angew. Chem. Int. Ed. 2008, 47, 951.

a) B. Trillo, F. Lopez, S. Montserrat, G. Ujaque, L. Castedo, A.

Lledds, J. L. Mascarefias, Chem. Eur. J. 2009, 15, 3336; b) I. Alonso,

B. Trillo, F. Lopez, S. Montserrat, G. Ujaque, L. Castedo, A. Lledds,

J. L. Mascareiias, J. Am. Chem. Soc. 2009, 131, 13020; c) D. Benitez,

E. Tkatchouk, A.Z. Gonzalez, W. A. Goddard, F. D. Toste, Org.

Lett. 2009, 11, 4798; d) P. Mauleon, R. M. Zeldin, A. Z. Gonziélez,

FE. D. Toste, J. Am. Chem. Soc. 2009, 131, 6348.

a) H. Jiao, P.von R. Schleyer, J. Phys. Org. Chem. 1998, 11, 655;

b) P. von R. Schleyer, H. Jiao, Pure Appl. Chem. 1996, 68, 209, and

references therein.

[7] Z. Chen, C.S. Wannere, C. Corminboeuf, R. Puchta, P.vonR.
Schleyer, Chem. Rev. 2005, 105, 3842.

[8] I. Fernandez, M. A. Sierra, E. P. Cossio, J. Org. Chem. 2006, 71,
6178.

[9] a) I. Fernandez, M. A. Sierra, F. P. Cossio, J. Org. Chem. 2008, 73,
2083; b) see also the featured article: M. A. Sierra, 1. Ferndndez,
FE. P. Cossio, Chem. Commun. 2008, 4671.

[10] a) C.J. Cramer, S. E. Barrows, J. Phys. Org. Chem. 2000, 13, 176;
b) C.J. Cramer, S. E. Barrows, J. Org. Chem. 1998, 63, 5523.

[11] We also tried to compute the [4+3] cycloaddition reaction in the
corresponding neutral oxyallyl species in a similar way to 3a. How-
ever, we found that this compound only exists as a biradical species
and is the corresponding cyclopropanone that is ca. 14 kcalmol™
lower in energy. A similar result has been quite recently found by
Houk, Hsung and co-workers in a similar system: E. H. Krenske,
K.N. Houk, A.G. Lohse, J. E. Antoline, R. P. Hsung, Chem. Sci.
2010, 7, 387. This biradical species 3a’ can also undergo the cycload-
dition process with an activation barrier of 5.6 kcalmol .

[12] R.E. W. Bader, Atoms in Molecules-A Quantum Theory, Clarendon
Press, Oxford, 1990, pp. 12-52.

[13] a) I. Morao, B. Lecea, F. P. Cossio, J. Org. Chem. 1997, 62, 7033;
b) F. P. Cossio, I. Morao, H. Jiao, P. von R. Schleyer, J. Am. Chem.
Soc. 1999, 121, 6737; c) . Fernandez, M. A. Sierra, F. P. Cossio, J.
Org. Chem. 2007, 72, 1488; d)I. Fernandez, F.P. Cossio, M. A.
Sierra, Organometallics 2007, 26, 3010; ¢) G. Frenking, F. P. Cossio,
M. A. Sierra, 1. Fernandez, Eur. J. Org. Chem. 2007, 5410; f) L
Fernandez, F. P. Cossio, F. M. Bickelhaupt, Chem. Eur. J. 2009, 15,
13022.

[14] H. Fallah-Bagher-Shaidaei, C.S. Wannere, C. Corminboeuf, R.
Puchta, P. von R. Schleyer, Org. Lett. 2006, 8, 863.

[15] a) R. Herges, D. Geuenich, J. Phys. Chem. A 2001, 105, 3214; b) D.
Geuenich, K. Hess, F. Kohler, R. Herges, Chem. Rev. 2005, 105,
3758.

[16] a) P.von R. Schleyer, H. Jiao, M. N. Glukhoutsev, J. Chandrasekhar,
E. Kraka, J. Am. Chem. Soc. 1994, 116, 10129; b) P. von R. Schleyer,
H. Jiao, Pure Appl. Chem. 1996, 68, 209, and references therein.

[17] D. H. Ess, K. N. Houk, J. Am. Chem. Soc. 2008, 130, 10187.

[18] A.E. Hayden, K. N. Houk, J. Am. Chem. Soc. 2009, 131, 4084.

[19] M. Harmata, P. R. Schreiner, Org. Lett. 2001, 3, 3663.

[20] a) R. G. Parr, L. Szentpaly, S. Liu, J. Am. Chem. Soc. 1999, 121,
1922; b) A. T. Maynard, M. Huang, W. G. Rice, D. G. Covell, Proc.
Natl. Acad. Sci. USA 1998, 95, 11578.

2

—

—
(53
—

[4

—_

[5

—

[6

—_

Chem. Eur. J. 2010, 16, 12147 -12157


http://dx.doi.org/10.1016/S0040-4020(97)00051-3
http://dx.doi.org/10.1021/ar000064e
http://dx.doi.org/10.1021/ar000064e
http://dx.doi.org/10.1002/adsc.200600294
http://dx.doi.org/10.1021/ja044760b
http://dx.doi.org/10.1021/ja044760b
http://dx.doi.org/10.1021/ol070103n
http://dx.doi.org/10.1021/ja029058z
http://dx.doi.org/10.1016/j.tetlet.2006.09.036
http://dx.doi.org/10.1002/ange.200704566
http://dx.doi.org/10.1002/ange.200704566
http://dx.doi.org/10.1002/anie.200704566
http://dx.doi.org/10.1002/chem.200900164
http://dx.doi.org/10.1021/ja905415r
http://dx.doi.org/10.1021/ol9018002
http://dx.doi.org/10.1021/ol9018002
http://dx.doi.org/10.1002/(SICI)1099-1395(199808/09)11:8/9%3C655::AID-POC66%3E3.0.CO;2-U
http://dx.doi.org/10.1021/cr030088+
http://dx.doi.org/10.1039/b807806h
http://dx.doi.org/10.1002/(SICI)1099-1395(200003)13:3%3C176::AID-POC232%3E3.0.CO;2-V
http://dx.doi.org/10.1021/jo9806005
http://dx.doi.org/10.1039/c0sc00280a
http://dx.doi.org/10.1039/c0sc00280a
http://dx.doi.org/10.1021/jo970347t
http://dx.doi.org/10.1002/ejoc.200700547
http://dx.doi.org/10.1021/ol0529546
http://dx.doi.org/10.1021/jp0034426
http://dx.doi.org/10.1021/cr0300901
http://dx.doi.org/10.1021/cr0300901
http://dx.doi.org/10.1021/ja00101a035
http://dx.doi.org/10.1021/ja800009z
http://dx.doi.org/10.1021/ja809142x
http://dx.doi.org/10.1021/ol016611t
http://dx.doi.org/10.1021/ja983494x
http://dx.doi.org/10.1021/ja983494x
http://dx.doi.org/10.1073/pnas.95.20.11578
http://dx.doi.org/10.1073/pnas.95.20.11578
www.chemeurj.org

Concerted and Stepwise Mechanisms in Cycloadditions

[21] P. Jaramillo, P. Pérez, R. Contreras, W. Tiznado, P. Fuentealba, J.
Phys. Chem. A 2006, 110, 8181.

[22] a) R. G. Parr, W. Yang, Density Functional Theory of Atoms and
Molecules, Oxford Science Publications, Oxford, 1989; b)J. G.
Malone, J. Chem. Phys. 1933, 1, 197.

[23] J. W. Mclver, Jr., A. Komornicki, J. Am. Chem. Soc. 1972, 94, 2625.

[24] a) L. Salem, J. Am. Chem. Soc. 1968, 90, 543; b) L. Salem, J. Am.
Chem. Soc. 1968, 90, 223.

[25] M. J. S. Dewar, E. G. Zoebisch, E. F. Healy, J. J. P. Stewart, J. Am.
Chem. Soc. 1985, 107, 3902.

[26] R.S. Mulliken, C. A. Rieke, D. Orloff, H. Orloff, J. Chem. Phys.
1949, 17, 1248.

[27] S. Vivanco, B. Lecea, A. Arrieta, P. Prieto, I. Morao, A. Linden, F. P.
Cossio, J. Am. Chem. Soc. 2000, 122, 6078.

[28] Gaussian 03, Revision D.01, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgom-
ery,Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S.S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A.D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A.D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-
slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.

FULL PAPER

Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wall-
ingford CT, 2004.

[29] a) A.D. Becke, J. Chem. Phys. 1993, 98, 5648; b) C. Lee, W. Yang,
R. G. Parr, Phys. Rev. B 1988, 37, 785; c) S. H. Vosko, L. Wilk, M.
Nusair, Can. J. Phys. 1980, 58, 1200.

[30] E. Weigend, R. Alhrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297.

[31] C. Gonzdlez, H. B. Schlegel, J. Phys. Chem. 1990, 94, 5523.

[32] a) L. Onsager, J. Am. Chem. Soc. 1936, 58, 1486; b) M. W. Wong,
K.B. Wiberg, M.J. Frisch, J. Am. Chem. Soc. 1992, 114, 523;
¢) M. W. Wong, K. B. Wiberg, M. J. Frisch, J. Am. Chem. Soc. 1992,
114, 1645.

[33] K. Wolinski, J. F. Hilton, P. Pulay, J. Am. Chem. Soc. 1990, 112,
8251.

[34] a)M.J.S. Dewar, J. Am. Chem. Soc. 1984, 106, 209; b) W.T.
Borden, R.J. Loncharich, K. N. Houk, Annu. Rev. Phys. Chem.
1988, 39, 213.

[35] Leroy has proposed the term “asynchronism” in similar contexts.
See: G. Leroy, M. Sana, Tetrahedron 1975, 31, 2091.

[36] A. Moyano, M. A. Pericés, E. Valenti, J. Org. Chem. 1989, 54, 573.

[37] a) B. Lecea, A. Arrieta, G. Roa, J. M. Ugalde, F. P. Cossio, J. Am.
Chem. Soc. 1994, 116, 12314; b) B. Lecea, A. Arrieta, X. Lopez,
J. M. Ugalde, F. P. Cossio, J. Am. Chem. Soc. 1995, 117, 12314.

[38] K. B. Wiberg, Tetrahedron 1968, 24, 1083.

[39] a) J.P. Foster, F. Weinhold, J. Am. Chem. Soc. 1980, 102, 7211;
b) A. E. Reed, F. Weinhold, J. Chem. Phys. 1985, 83, 1736; c) A. E.
Reed, R. B. Weinstock, F. Weinhold, J. Chem. Phys. 1985, 83, 735;
d) A. E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88, 899.

Received: June 16, 2010
Published online: September 13, 2010

Chem. Eur. J. 2010, 16, 12147 -12157

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

— 12157


http://dx.doi.org/10.1021/jp057351q
http://dx.doi.org/10.1021/jp057351q
http://dx.doi.org/10.1063/1.1749274
http://dx.doi.org/10.1021/ja00763a011
http://dx.doi.org/10.1021/ja01005a001
http://dx.doi.org/10.1021/ja00299a024
http://dx.doi.org/10.1021/ja00299a024
http://dx.doi.org/10.1063/1.1747150
http://dx.doi.org/10.1063/1.1747150
http://dx.doi.org/10.1021/ja9945360
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1139/p80-159
http://dx.doi.org/10.1039/b508541a
http://dx.doi.org/10.1021/ja01299a050
http://dx.doi.org/10.1021/ja00028a019
http://dx.doi.org/10.1021/ja00031a017
http://dx.doi.org/10.1021/ja00031a017
http://dx.doi.org/10.1021/ja00179a005
http://dx.doi.org/10.1021/ja00179a005
http://dx.doi.org/10.1021/ja00313a042
http://dx.doi.org/10.1146/annurev.pc.39.100188.001241
http://dx.doi.org/10.1146/annurev.pc.39.100188.001241
http://dx.doi.org/10.1016/0040-4020(75)80200-6
http://dx.doi.org/10.1021/jo00264a014
http://dx.doi.org/10.1021/ja00154a034
http://dx.doi.org/10.1016/0040-4020(68)88057-3
http://dx.doi.org/10.1021/ja00544a007
http://dx.doi.org/10.1063/1.449360
http://dx.doi.org/10.1063/1.449486
http://dx.doi.org/10.1021/cr00088a005
www.chemeurj.org

