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The molecular mechanism of the domino inter [4 + 2]/intra [3 + 2] cycloaddition reactions of
nitroalkenes with enol ethers to give nitroso acetal adducts has been characterized using density
functional theory methods with the B3LYP functional and the 6-31G* basis set. The presence of
Lewis acid catalyst and solvent effects has been taken into account to model the experimental
environment. These domino processes comprise two consecutive cycloaddition reactions: the first
one is an intermolecular [4 + 2] cycloaddition of the enol ether to the nitroalkene to give a nitronate
intermediate, which then affords the final nitroso acetal adduct through an intramolecular [3 + 2]
cycloaddition reaction. The intermolecular [4 + 2] cycloaddition can be considered as a nucleophilic
attack of the enol ether to the conjugated position of the nitroalkene, with concomitant ring closure
and without intervention of an intermediate. For this cycloaddition process, the presence of the
Lewis acid favors the delocalization of the negative charge that is being transferred from the enol
ether to the nitroalkene and decreases the activation energy of the first cycloaddition. The [4 + 2]
cycloaddition presents a total regioselectivity, while the endo/exo stereoselectivity depends on the
bulk of the Lewis acid used as catalyst. Thus, for small Lewis acid catalyst, modeled by BHj3, the
addition presents an endo selectivity. The [3 + 2] cycloaddition reactions present an total exo
selectivity, due to the constraints imposed by the tether. Inclusion of Lewis acid catalyst and solvent
effects decrease clearly the barrier for the first [4 + 2] cycloaddition relative to the second [3 + 2]
one. Calculations for the activation parameters along this domino reaction allow to validate the

results obtained using the potential energy barriers.

Introduction

Domino cycloadditions play a key role in organic
syntheses where construction of complex polycyclic struc-
tures with an adequate regio- and stereochemical control
is needed.'? In this process type, several bonds of the
target molecule are formed alongside a continuous se-
quence of reactions that does not require isolation of
intermediates, changes of reaction conditions, or addition
of reagents. The interest in this subject is shown by
numerous recent reviews.>~4

Among domino-type reactions, those involving nitro-
alkenes have been extensively developed for the stereo-
selective construction of polycyclic nitrogen-containing
compounds.* Denmark et al.> have recently described
the domino reactions of the nitroalkene | with the enol
ethers Il in the presence of the Lewis acids, MAPh, or
Ti(O-i-Pr),Cl; to give the nitroso acetals 111 (see Scheme
1). These domino reactions take place with a total
regioselectivity and with a high stereoselectivity to obtain
mainly a final cycloadduct along with formation of six
stereogenic centers, three of which are controlled by the
outcome of the first cycloaddition. The bulk of the Lewis
acid together with the use of a bulky chiral enol ether
determine the endo/exo stereoselectivity for the first
[4 + 2] cycloaddition.

(1) (a) Tietze, L. F.; Beifuss, U. Angew. Chem., Int. Ed. Engl. 1993,
32, 131. (b) Tietze, L. F. Chem. Ind. 1995, 453.

(2) Tietze, L. F. Chem. Rev. 1996, 96, 115.

(3) Winkler, J. D. Chem. Rev. 1996, 96, 167.

(4) Denmark, S. E.; Thorarensen, A. Chem. Rev. 1996, 96, 137.

(5) (@) S. E. Denmark, S. E.; Schnute, M. E.; Senanayake, C. B. W.
J. Org. Chem. 1993, 58, 1859. (b) Denmark, S. E.; Schnute, M. E.;
Marcin, L. R.; Thorarensen, A. J. Org. Chem. 1995, 60, 3205.
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Despite the obvious potential of these domino processes
and its many variations, the reaction pathways have not
been theoretically studied so far. A deep knowledge of
the molecular mechanism is fundamental, however, for
a rationalization of the experimental results.

The structural information obtained by theoretical
methods based on quantum mechanical calculations of
possible intermediates and transition structures (TSs)
provide powerful assistance for the study of organic
reaction mechanisms.® These methods are accepted as
available tools for the interpretation of experimental
results, since such data are rarely available from
experiments.®d

Recently, we have described a PM3 semiempirical
study for the domino reaction of the nitroalkene 1V with
the silylvinyl ether V to give the nitroso acetal VI (see
Scheme 2).” For this domino reaction, the presence of both
silyl and methyl ether in the alkene system increase the

(6) (a) Tapia, O.; Andrés, J. Chem. Phys. Lett. 1984, 109, 471. (b)
Willians, 1. H. Chem. Soc. Rew. 1993, 227. (c) Houk, K. N.; Gonzélez,
J.; Li, Y Acc. Chem. Res. 1995, 28, 81. (d) Wiest, O.; Montiel, D. C.;
Houk, K. N. J. Phys. Chem. A 1997, 101, 8378.
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nucleophilic character of the silylvinyl ether, allowing a
stepwise mechanism for the first cycloaddition, which is
enhanced with the inclusion of Lewis acid catalyst and
solvent effects. Moreover, the use of a nonchiral methyl
enol ether together a small Lewis acid catalyst, Al(CH3)s,
afford a large endo selectivity.

The intermolecular [4 + 2] cycloaddition of nitroethene
with electron-rich alkenes has been recently studied by
us.® This study points out that the cycloaddition can be
considered as a nucleophilic attack of the enol ether to
the nitroalkene with concomitant ring closure instead of
a concerted process along a pericyclic mechanism. For
these cycloadditions, the reactivity and the ortho/endo
selectivity increase with the electron-releasing character
of the substituent on the alkene. On the other hand, the
facial selectivity of the intermolecular [3 + 2] cycloaddi-
tion of ethene to cyclic nitronates has been recently
studied by Denmark et al.®

In the present paper, a density functional theory (DFT)
study for the domino inter [4 + 2]/intra [3 + 2] reaction
of the nitroalkene R1 with the enol ether R2 to yield the
nitroso acetal adducts P1 and P2 is carried out (see
Scheme 3). Our purpose is to contribute to a better
mechanistic understanding of this sort of domino pro-
cesses, specially by characterization of the stationary
points on the reactive potential energy surface (PES). The
effect of both Lewis acid and polar solvents have been
included in the study.

Computing Methods and Models

In recent years, theoretical methods based on the density
functional theory'® have emerged as an alternative to tradi-
tional ab initio methods in the study of structure and reactivity
of chemical systems. Diels—Alder reactions and related reac-
tions have been the object of several density functional studies

(7) Domingo, L. R.; Picher, M. T.; Andrés, J. J. Phys. Org. Chem.
1999, 12, 24.
(8) Domingo, L. R.; Arnd, M.; Andrés, J. J. Org. Chem. 1999, 64,

(9) Denmark, S. E.; Seierstad, M.; Herbert, B. J. Org. Chem. 1999,
884, 4.

(10) (a) Parr, R. G.; Yang, W. Density Functional Theory of Atoms
and Molecules; Oxford University Press: New York, 1989. (b) Ziegler,
T. Chem. Rev. 1991, 91, 651.

showing that functionals that include gradient corrections and
hybrid functional, such as B3LYP, together with the 6-31G*
basis set, lead to potential energy barriers (PEBs) in good
agreement with the experimental results.!* Thus, in the
present study, geometrical optimizations of the stationary
points along the PES were carried out using the gradient
corrected functional of Becke and Lee, Yang, and Parr (B3LYP)*?
for exchange and correlation, with the standard 6-31G* basis
set.!® The stationary points were characterized by frequency
calculations in order to verify that minima and transition
structures have zero and one imaginary frequency, respec-
tively. The optimizations were carried out using the Berny
analytical gradient optimization method.!* The transition
vectors (TV),® i.e., the eigenvector associated to the unique
negative eigenvalue of the force constants matrix, have been
characterized. All calculations were carried out with the
Gaussian 98 suite of programs.*6

We have used the simplified model R2 instead of chiral enol
ether I1. In Denmark’s enol ether 11, the bulky chiral append-
age has been replaced for a nonchiral methyl group. Optimized
geometries of all structures are available from the authors.
The electronic structures of stationary points were analyzed
by the natural bond orbital (NBO) method.’

As is known, the use of Lewis acids can lead to significant
changes in the nature of the molecular mechanism in com-
parison with the uncatalyzed process. This fact has led to a
huge amount of experimental work, in which a wide variety
of this type of catalysts have been employed.*® The effect of
catalysts in DA reactions has also been the object of several

(11) (a) Stanton, R. V.; Merz, K. M. J. Chem. Phys. 1994, 100, 434.
(b) Carpenter, J. E.; Sosa, C. P. THEOCHEM 1994, 311, 325. (c) Baker,
J.; Muir, M.; Andzelm, J. J. Chem. Phys. 1995, 102, 2036. (d) Jursic,
B.; Zdravkovski, Z. J. Chem. Soc., Perkin Trans 2 1995, 1223. (e)
Goldstein, E.; Beno, B.; Houk, K. N. J. Am. Chem. Soc. 1996, 118, 6036.
(f) Branchadell, V. Int. 3. Quantum Chem. 1997, 61, 381. (g) Shai, A,;
Branchadell, V.; Ortufio, R. M.; Oliva, A. J. Org. Chem. 1997, 62, 3049.
(h) Branchadell, V.; Font, J.; Moglioni, A. G.; Ochoa de Echaguen, C.;
Oliva, A.; Ortuno, R. M.; Veciana, J.; Vidal Gancedo, J. J. Am. Chem.
Soc. 1997, 119, 9992. (i) Garcia, J. I.; Martinez-Merino, V.; Mayoral,
J. A; Salvatella, L. 3. Am. Chem. Soc. 1998, 120, 2415. (j) Domingo,
L. R.; Arno, M.; Andrés, J. 3. Am. Chem. Soc. 1998, 120, 1617. (k)
Domingo, L. R.; Picher, M. T.; Zaragoza, R. J. J. Org. Chem. 1998, 63,
9183. (I) Morao, I.; Lecea, B.; Cossio, F. P. J. Org. Chem. 1997, 62, 2,
7033.

(12) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

(13) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab initio
Molecular Orbital Theory; Wiley: New York, 1986.

(14) (a) Schlegel, H. B. J. Comput. Chem. 1982, 3, 214. (b) Schlegel,
H. B. Geometry Optimization on Potential Energy Surface. In Modern
Electronic Structure Theory; Yarkony D. R., Ed.; World Scientific
Publishing: Singapore, 1994.

(15) (a) Mclver, J. W. J.; Komornicki., A. 3. Am. Chem. Soc. 1972,
94, 2625. (b) Mclver, J. W. J. Acc. Chem. Res. 1974, 7, 72.

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A. Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,
Jr.; Stratmann, R. E.; Burant, J.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.;
Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford,
S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma,
K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith,
T.; Al-Laham, M. A,; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.;
Challacombe, M.; W. Gill, P. M.; Johnson, B.; Chen, W.; Wong, M. W.;
Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople,
J. A. Gaussian 98, Revision A.6, Gaussian, Inc., Pittsburgh, PA, 1998.

(17) (a) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys.
1985, 83, 735. (b) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev.
1988, 88, 899.
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semiempirical”!® and ab initio®?° theoretical studies. These
works predict that the catalyst produce a notable increase in
the asynchronicity of the TS. Experimentally, the reactions
between nitroalkenes and alkenes or enol ethers are usually
performed in the presence of Lewis acids. In our study, these
domino reactions are catalized by MAPh, an aluminum deriva-
tive with 69 atoms, or Ti(O-i-Pr),Cl,.5 However, the large
model system of this domino reaction together with the bulk
of these Lewis acids prevent the DFT study of the real catalyst
models. Thus, the role of the acidic catalyst on the molecular
mechanism has been studied using BH3 as a Lewis acid model .8
This system has been used by different authors for modeling
the presence of Lewis acids with good results.?* Moreover, the
results obtained for this BH; catalized domino reaction are
closer to those obtained for the PM3 study of the reaction
between the nitroethene 1V and the silylvinyl ether V, using
AI(CHs); as Lewis catalyst.”

The vast majority of chemical reactions are performed in
solution, and as solvent effects can yield valuable information
about the reaction mechanism, the need to increase our
knowledge about interactions between solvent and solute
remains crucial. The solvent effects have been considered by
B3LYP/6-31G* optimizations of stationary points using a
relatively simple self-consistent reaction field (SCRF)?? method,
based on the polarizable continuum model (PCM) of the
Tomasi’s group.? In this procedure, the solvent is assimilated
to a continuous medium characterized by the dielectric con-
stants (¢) that surrounds a molecular-shaped cavity in which
the solute is placed. As the solvent used in the experimental
work is dichloromethane we have used its dielectric constant,
€ = 8.93.% This methodology has been successfully used for
the study of related cycloaddition reactions.?®

Finally, values of relative enthalpies, entropies and free
energies have been estimated by means of the B3LYP/6-31G*
potential energy barriers along with the harmonic frequencies.
These frequencies have been scaled by 0.96. The activation
free energies have been computed at —78 °C, which is the
experimental temperature.® The enthalpy and entropy changes
are calculated from standard statistical thermodynamic for-
mulas.'32¢ These calculations have been carried out including
the Lewis acid catalyst and the solvent effect.

Results and Discussion

(a) Gas-Phase Calculations. The domino reaction
between R1 and R2 can take place along two competitive

(18) (a) Santelli, M.; Pons, J.-M. Lewis Acids and Selectivity in
Organic Synthesis; CRC Press: Boca Raton, 1996. (b) Dias, L. C. J.
Braz. Chem. Soc. 1997, 8, 289.

(19) (a) Branchadell, V.; Oliva, A.; Bertran, J. THEOCHEM 1985,
113, 197. (b) Branchadell, V.; Oliva, A.; Bertran, J. THEOCHEM 1985,
120, 85. (c) Branchadell, V.; Oliva, A.; Bertran, J. THEOCHEM 1986,
120, 117. (d) Garcia, J. I.; Mayoral, J. A.; Salvatella, L. 3. Am. Chem.
Soc. 1996, 118, 11680.

(20) (a) Birney, D. M.; Houk, K. N. 3. Am. Chem. Soc. 1990, 112,
4127. (b) Jursic, B. S.; Zdravkovski, Z. 3. Org. Chem. 1995, 59, 7732.
(c) McCarrick, M. A,; Wu, Y.-D.; Houk, K. N. J. Org. Chem. 1993, 58,
3330. (d) Yamabe, S.; Dai, T.; Minato, T. J. Am. Chem. Soc. 1995, 117,
10994. (e) Dai, W.-M.; Lau, C. W.; Chung, S. H.; Wu, D.-Y. J. Org.
Chem. 1995, 60, 8128. (f) Gonzéalez, J.; Sordo, T.; Sordo, J. A.
THEOCHEM 1996, 358, 23. (g) Venturini, A.; Joglar, J.; Fustero, S.;
Gonzalez, J. J. Org. Chem. 1997, 62, 3919.

(21) (a) Birney, D. M.; Houk, K. N. J. Am. Chem. Soc. 1990, 112,
4127. (b) McCarrick, M. A.; Wu, Y.-D.; Houk, K. N. J. Org. Chem. 1993,
58, 3330. (c) Venturini, A.; Joglar, J.; Fustero, S.; Gonzalez, J. J. Org.
Chem. 1997, 62, 2, 3919.

(22) (a) Tomasi, J.; Persico, M. Chem. Rev. 1994, 94, 2027. (b)
Simkin, B. Y.; Sheikhet, I. Quantum Chemical and Statistical Theory
of Solutions-A Computational Approach; Ellis Horwood: London, 1995.

(23) (a) Cances, M. T.; Mennunci, V.; Tomasi, J. J. Chem. Phys. 1997,
107, 3032. (b) Cossi, M.; Barone, V.; Cammi, R.; Tomasi, J. Chem. Phys.
Lett. 1996, 255, 327. (c) Barone, V.; Cossi, M.; Tomasi, J. J. Comput.
Chem. 1998, 19, 404.

(24) David, R. L. CRC Handbook of Chemistry and Physics, 76th
ed.; CRC Press: Boca Raton, FL, 1996.

(25) Cativiela, C.; Garcia, J. I.; Mayoral, J. A.; Salvatella, L. Chem.
Soc. Rev. 1996, 25, 209.

(26) Jorgensen, W. L.; Lim, D.; Blake, J. F. 3. Am. Chem. Soc. 1993,
115, 2936.

Domingo and Asensio

Table 1. Total Energies (au) and Relative Energies?
(kcal/mol, in Parentheses) for the Stationary Points of
the Domino Reactions between the Nitroalkene R1 and

the Enol Ether R2

B3LYP/6-31G*

R1 ~706.315 704

R2 —193.110 423

TS11 —899.402 569 (14.8)
TS12 —899.397 873 (17.7)
TS13 —899.378 395 (30.0)
TS14 —899.375 561 (31.7)
IN1 —899.454 098 (—17.6)
IN2 —899.462 802 (—23.0)
TS21 —899.425 034 (0.7)
TS22 —899.424 977 (0.7)
TS23 —899.413 156 (8.1)
TS24 —899.413 123 (8.2)
P1 —899.472 845 (—29.3)
P2 —899.470 080 (—27.6)

2 Relative to R1 + R2.

reactive channels that involve two consecutive cycload-
dition reactions (see Scheme 3). The first processes are
intermolecular [4 + 2] cycloadditions between R1 and R2
in two stereoisomeric possibilities to give two nitronate
intermediates, IN1 and IN2, while the second ones are
intramolecular [3 + 2] cycloadditions of these intermedi-
ates to give the final nitroso acetal adducts P1 and P2.

For the first intermolecular [4 + 2] cycloaddition, four
attack modes have been considered corresponding to the
endo and exo approaches of the methyl vinyl ether R2 to
nitroalkene R1 in two regioisomeric possibilities: the
ortho (head-to-head) and the meta (head-to-tail) ones.
However, the larger energies obtained for the meta
channels relative to the ortho ones, ca. 15 kcal/mol, allow
us to discard the study of these regioisomeric possibilities
for this domino reaction (see Table 1). Consequently, two
TSs have been considered, TS11 and TS12, correspond-
ing to the endo and exo attack modes of the ortho
approaches.

For the second intramolecular [3 + 2] cycloadditions,
two stereoisomeric attack modes are possible for each
intermediate. These attack modes are related to endo and
exo approaches of the unsaturated carboxylic ester to the
nitronate group. However, the endo approaches are ca.
7 kcal/mol more energetic that the exo ones, due to the
constraints imposed by the tether (see Table 1).° This fact
allows us to discard the study of the endo attack modes.
Thus, two TSs have been considered for the second
processes of this domino cycloaddition, TS21 and TS22,
corresponding to the exo approach of the unsaturated
ester to the nitronate group on the intermediates IN1
and IN2, respectively. The total and relative energies of
the different stationary points along this domino reaction
are presented in Table 1, while Figure 1 presents the
geometries of the TSs.

The PEBs associated with the first intermolecular
cycloaddition along TS11 and TS12 are 14.8 and 17.7
kcal/mol, respectively, the endo channel being the most
favorable one. Thus, the first processes in the gas phase
present a large endo stereoselectivity.® These intermo-
lecular cycloadditions that are conducive to the formation
of a pair of diastereomeric nitronates, IN1 and IN2, are
very exothermic processes, —17.6 and —23.0 kcal/mol,
respectively. The larger stability of IN2 relative to IN1
is due to an anomeric effect that appears between the
01 oxygen atom of the nitronate group and the 013
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TS11

TS21

TS22

Figure 1. Transition structures corresponding to the uncatalyzed domino reaction between the nitroalkene R1 and the enol
ether R2. The values of the bond lengths directly involved in the processes are given in angstroms.

oxygen atom of the methyl ether, which destabilizes the
equatorial arrangement of the methyl ether present in
IN1.27

These intermediates, after the corresponding confor-
mational interconversions, carry out the intramolecular
[3 + 2] cycloaddition reactions to give the final cycload-
ducts P1 and P2. Although along these cycloadditions
three chiral centers are formed, the constraints imposed
by the tether® allow the formation of only one isomeric
cycloadduct from each intermediate. The PEBs associated
with the second intramolecular cycloaddition along TS21
and TS22 are 18.3 and 23.7 kcal/mol, respectively.
Formation of P1 and P2 along this domino reaction are
very exothermic processes, —29.3 and —27.6 kcal/mol,
respectively.

For the intermolecular [4 + 2] cycloaddition, the length
of the C4—C11 forming bond (2.005 and 1.987 A, for TS11
and TS12, respectively) and the length of the O1-C12
forming bond (2.383 and 2.344 A, for TS11 and TS12,
respectively) indicate that these cycloadditions are asyn-
chronous processes.®

For the intramolecular [3 +2] cycloaddition, the length
of the C3—C9 forming bond (2.027 and 2.014 A, for TS21
and TS22, respectively) and the length of the O5—C10
forming bond (2.260 and 2.269 A, for TS21 and TS22,
respectively) show a smaller asynchronicity in the bond
formation than for the intermolecular [4 + 2] cycloaddi-
tions.

The extent of the asynchronicity for these cycloaddi-
tions can be measured by means of the difference between

(27) Perrin, C. L.; Armstrong, K. B.; Fabian, M. A. J. Am. Chem.
Soc. 1994, 116, 715.

Table 2. Wiberg Bond Orders at the Transition
Structures TS11, TS12, TS21, and TS22

TS11 TS12 TS21 TS22
0O1-N2 1.26 1.25 N2—-05 1.37 1.14
N2-C3 1.23 1.21 N2—-C3 1.21 1.22
C3-C4 121 1.22 05-C10 0.27 0.31
01-C12 0.17 0.17 C3-C9 0.46 0.46
C4-C11 0.68 0.66 C9-C10 1.43 1.41

C12-013 1.18 1.15

the distances of the two o-bonds that are being formed
in the reaction, indicating that the first [4 + 2] cycload-
ditions are more asynchronous processes than the second
[3 + 2] ones.

A more balanced measure of the extent of bond
formation or bond breaking processes along a reaction
pathway is provided by the concept of bond order (BO).
This theoretical tool has been used to study the molecular
mechanism of chemical reactions.?® VValues of the BO can
be used to evaluate the asynchronicity of the bond
formation processes, and it allows us to understand the
nature of the cycloaddition processes. Thus, the Wiberg
bond indices® have been computed by using the NBO
analysis as implemented in Gaussian 98. The results are
given in Table 2.

Analysis of the BO values for the C4—C11 (0.68 and
0.66, for TS11 and TS12, respectively) and O1-C12 (0.17
and 0.17, for TS11 and TS12, respectively) forming bonds

(28) (a) Varandas, A. J. C.; Formosinho, S. J. F. J. Chem. Soc.,
Faraday Trans. 2 1986, 282. (b) Lendvay, G. THEOCHEM 1988, 167,
331. (c) Lendvay, G. J. Phys. Chem. 1989, 93, 4422. (d) Lendvay, G. J.
Phys. Chem. 1994, 98, 6098.

(29) Wiberg, K. B. Tetrahedron 1968, 24, 1083.
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for the intramolecular [4 + 2] cycloadditions indicate that
these processes are very asynchronous. While the C4—
C11 bond formation processes are very advanced in these
TSs, the O1—-C12 ones are not at all. This analysis also
indicates that the most favorable endo TS is slightly more
advanced and more asynchronous than the exo one. The
BO values of the C12—013 single bond (1.18 and 1.15
for TS11 and TS12, repectively) indicate a s-delocaliza-
tion of the lone pair of the O13 oxygen atom at these TSs,
what increases the nucleophilic character of the dieno-
phile.®

For the [3 + 2] cycloadditions, the BO values of the
0O5—C10 (0.27 and 0.31, for TS21 and TS22, respectively)
and C3—C9 (0.46 and 0.46, for TS21 and TS22, respec-
tively) forming bonds indicate that these [3 + 2] cycload-
ditions are less asynchronous and earlier processes than
the [4 + 2] ones.

The natural population analysis for these TSs allows
us to understand the electronic nature of these cycload-
ditions processes. The atomic charges in the TSs corre-
sponding to the [4 + 2] cycloadditions have been shared
by both the donor enol ether and the acceptor nitroalkene
system, while for the TSs corresponding to the [3 + 2]
cycloadditions have been shared by fragmentation of the
TSs along the C7—C8 single bond.2°

The values of the charge transferred at TS11 and TS12
from dienophile to heterodiene system are 0.40 and 0.38
e, respectively, while the charge transferred at TS21 and
TS22 from dipole to dipolarophile system are 0.07 and
0.08 e, respectively. The large values found for the TSs
corresponding to the [4 + 2] cycloadditions indicate that
they have a large zwitterionic character.® Thus, both BO
and transfer charge analysis indicate that the [4 + 2]
cycloaddition processes between the nitroalkene and the
enol ether can be undertaken as a nucleophilic attack of
the 3 carbon of the enol ether to the conjugated position
of the nitroalkene, with concomitant ring closure and
without participation of zwitterionic intermediates to give
the corresponding nitronates.® Moreover, the slightly
larger transfer charge at TS11 than at TS21 points out
the favorable interaction that appears along the endo
approach.g The lower charge transferred along the second
cycloadditions, together the lower asynchronicity of the
processes, indicate that these 1,3 dipolar cycloadditions
are associated with pericyclic processes where the HOMO,
associated mainly with the dipole nitronate residue,
interacts with the LUMO, associated mainly with un-
saturated ester fragment, along the intramolecular con-
certed processes.’

For the [4 + 2] cycloadditions, the dominant TV
components correspond to the 01—-C12 and C4—C11 bond
distances, while for the [3 + 2] cycloadditions the
dominant TV components correspond to the O5—C10 and
C3—C9 bond distances. These distances are associated
with the two o-bonds that are being formed in these
cycloaddition processes. The imaginary frequency values
for TS11, TS12, TS21, and TS22 are 426i, 440i, 433i,
and 420i cm™1, respectively. These low values indicate
that these TSs are associated with the motion of heavy
atoms. Moreover, for the [4 + 2] cycloadditions, the most
favorable endo TS presents a lower value than the exo
one. The previously discussed asynchronicity in the bond
formation for the [4 + 2] cycloaddition processes is also

(30) This sharing for IN1 and IN2 gives a total charge for each
fragment of ca. 0.0 e.
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confirmed by the fact that the imaginary frequencies of
TS11 and TS12 have a larger participation on the motion
of the C4—C11 forming bond than for the O1—-C12 one.

(b) Effects of Lewis Acid Catalyst. As was stated
in the Introduction, the domino reactions between the
nitroalkenes and enol ethers take place in the presence
of Lewis acids. So our next step was the study of the role
of Lewis acid on these domino cycloadditions, using
borane (BH3) as a model system of the Lewis acid
catalysts (see Computing Methods and Models). The BH3
can be coordinated to an oxygen atom of the nitro group
belonging to the nitroalkene R1 in an endo or exo
orientation. Previous calculations of DA reactions ren-
dered that the exo BHs-coordinated is favored over the
endo one.?%

The stationary points along the two reactive channels
studied in gas phase were optimized coordinating the BH3
to one oxygen atom of the nitro or nitronate groups. Thus,
one reactant, R1-B, two intermediates, IN1-B and
IN1-B, two cycloadducts, P1-B and P2-B, and four TSs,
TS11-B, TS12-B, TS21-B, and TS22-B, have been
considered. The geometries of BHs-coordinated TSs are
depicted in Figure 2, while Table 3 presents the values
of the total and relative energies corresponding to these
BH;-coordinated stationary points.

The presence of Lewis acid decreases the PEBs for the
first [4 + 2] cycloadditions in 6.6 and 8.3 kcal/mol,
compared with those for the uncatalyzed processes. This
behavior of the Lewis acid catalysts has been found in
the [4 + 2] cycloaddition reaction between nitroethene
and methyl vinyl ether,® and it can be understood from
a frontier molecular orbital (FMO) analysis in terms of
a stronger interaction between the HOMOyienophite—LU-
MO eterodiene- These [4 + 2] cycloadditions can be consid-
ered as inverse electron demand Diels—Alder reactions.
The presence of BH; coordinated to nitroalkene decreases
the LUMOyeterodiene €nergy, and therefore, there is a
decrease of the HOMOienophite— LUMOheterodiene €NEFgY gap,
which is in agreement with the lowering of PEBs for the
catalyzed reactions.®

There is a more noticeable change on structural
features for the BHs-coordinated TSs. The Lewis acid
catalyst enhances significantly the asynchronicity of the
endo TS, due to the increase of the O1—-C12 distance.
Thus, the values of the geometrical asynchronicity, Ar,
for TS11-B and TS12-B are 0.50 and 0.35, respectively.
This fact is also observed in the BO analysis, where a
slightly decrease of the O1—-C12 BO is observed.

The NPA at TS11-B and TS12-B shows a decrease of
charge transfer (0.05e) from the enol ether to BH;-
coordinated nitroalkene relative to uncatalyzed processes.
However, the most noticeable effect of the Lewis acid
catalyst is the delocalization of the negative charge that
is being transferred at TSs. A partial charge analysis at
TS11-B and TS12-B shows that the BH; fragment
accepts 0.29 e from the 0.35 and 0.33 e transferred from
the enol ether to the nitroalkene. This fact allows a
stabilization of the corresponding TSs, lowering the PEBs
associated with these cycloadditions and increasing the
asynchronicity of the processes. Thus, the role of the
Lewis acid catalyst can be understood as an increase of
the electrophilic character of the nitroethene due to a
stabilization of the corresponding TS through a delocal-
ization of the negative charge that is being transferred
along the nucleophilic attack of the enol ether.



Cycloaddition Reactions of Nitroalkenes with Enol Ethers

J. Org. Chem., Vol. 65, No. 4, 2000 1081

Figure 2. Transition structures corresponding to the BHs-catalyzed domino reaction between the nitroalkene R1 and the enol
ether R2. The values of the bond lengths directly involved in the processes are given in angstroms. The values in parentheses

correspond to the reaction in dichloromethane.

Table 3. Total Energies (au) and Relative Energies
(kcal/mol, in Parentheses) for the Stationary Points of
the Catalyzed Domino Reactions between the
BHs-Coordinated Nitroalkene R1 and Enol Ether R2, in
Vacuo, B,2 and in Dichloromethane, SP

B3LYP/ B3LYP/

6-31G* 6-31G*
R1-B —732.954 594 R1-S —732.966 770
R2 —193.110 423 R2-S —193.112 393

TS11-B —926.051933  (8.2) TS11-S —926.068890  (6.4)
TS12-B —926.050 058  (9.4) TS12-S —-926.067217  (7.5)
INI-B  —926.094 606 (—18.6) IN1-S —926.117622 (—24.1)
IN2-B  —926.105616 (—255) IN2-S —926.123975 (—28.1)
TS21-B —926.062756  (1.4) TS21-S —-926.078237  (0.6)
TS22-B —926.072193 (—4.5) TS21-S —926.084181 (—3.1)
P1-B  —926.104355 (-24.7) P1-S  —926.117635 (—24.1)
P2-B  —926.112260 (-29.6) P2-S  —926.122747 (—27.3)

a Relative to R1-B + R2. P Relative to R1-S + R2-S.

For the intramolecular [3 + 2] cycloadditions the
presence of Lewis acid increases the PEB for TS21-B in
2.7 kcal/mol, while for TS22-B is similar to that found
for the uncatalyzed process. The behavior of the Lewis
acid catalyst in the intramolecular [3 + 2] cycloaddition
reactions is similar to that found in the domino reaction
between the nitroethene IV and the silyl vinyl ether V
in the presence of AI(CHs)s,” and it can be understood by
a FMO analysis. The 1,3 dipolar cycloaddition reactions
of nitrone with unsaturated esters are controlled by a
strong HOMOipole—LUMOyiporarofite interaction.® For this
intramolecular [3 + 2] cycloaddition the HOMO, mainly
associated to the nitronate group, interact with the
LUMO, mainly associated to the unsaturated ester. Thus,
the presence of BH; coordinated to nitronate group
decreases the HOMOyipoie €NErgy; this fact increases the
HOMOdip0|e_LUMOdip0|ar0phi|e energy gap and, conse-
quently, increases of PEBs for the second step of these
catalyzed reactions.”

(c) Study of the Solvent Effects. Solvent effects on
[4 + 2] cycloadditions are well-known3! and have received
considerable attention, especially in the past few years,
because these studies can clarify the role of the solvent
on related pericyclic reactions.”®32 The next step in our
investigation was to study the solvent effects on the basic
features of the molecular mechanism for these domino
cycloadditions. The geometries of these TSs, including the
selected geometrical parameters are depicted in Figure
2, while Table 3 presents the relative energies. In Figure
3a, the potential energy profiles for this domino reaction
are presented.

The inclusion of the solvent effects appears to be
quantitatively significant. Solvent effects decrease the
energies of all stationary points along the domino reac-
tion between 7 and 12 kcal/mol relative to the gas-phase
calculations. This stabilization is larger for the TSs and
intermediates corresponding to the [4+2] cycloadditions
than for the [3 + 2] ones, because of the larger polar
character of the former process. In consequence, while
the PEBs for TS11-S and TS12-S decrease to 6.6 and
7.5 kcal/mol, for TS21-S and TS22-S they increase to
23.1 and 24.9 kcal/mol, respectively, due to a larger
stabilitation of intermediates than the TSs of the second
stage.

(31) (a) Pindur, U.; Lutz, G.; Otto, C. Chem. Rev. 1993, 93, 741. (b)
Li, C.-J. Chem. Rev. 1993, 93, 2023. (c) Blokzijl, W.; Engberts, J. B. F.
N. Angew. Chem., Int. Ed. Engl. 1993, 32, 1545.

(32) (a) Blake, J. F.; Jorgensen, W. L. J. Am. Chem. Soc. 1991, 113,
7430. (b) Ruiz-Lopez, M. F.; Assfeld, X.; Garcia, J. I.; Mayoral, J. A.;
Salvatella, L. J. Am. Chem. Soc. 1993, 115, 8780. (c) Jorgensen, W.
L.; Lim, D.; Blake, J. F.; Severance, D. L. J. Chem. Soc., Faraday Trans.
1994, 90, 1727. (d) Davidson, M. M.; Hillier, I. H.; Hall, R. J.; Burton,
N. A. 3. Am. Chem. Soc. 1994, 116, 9294. (e) Cativiela, C.; Dillet, V_;
Garcia, J. I.; Mayoral, J. A.; Ruiz-Lopez, M. F.; Salvatella, L.
THEOCHEM 1995, 331, 37. (f) Domingo, L. R.; Picher, M. T.; Andrés,
J.; Moliner, V.; Safont, V. S. Tetrahedron 1996, 52, 10693.
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Figure 3. Energy profiles for the domino reactions between
the nitroalkene R1-S and the enol ether R2-S, including Lewis
acid catalyst and solvent effects: (a) potential energies and
(b) free energies at —78 °C.

Moreover, the inclusion of solvent effects does not
modify the endo/exo stereoselectivity found in the first
cycloaddition of this domino reaction, which experimen-
tally is controlled by the bulk of both Lewis acid catalyst
and the quiral substituent on the enol ether.>® Finally, a
comparison of the geometrical parameters given in Figure
2 shows that the inclusion of solvent effects on the
geometry optimization increases ca. 0.1 A the lengths of
the two ¢ forming bonds along the [4 + 2] cycloadditions
relative to the gas-phase geometries; for the [3 + 2]
cycloadditions there is not a substantial change.

(d) Study of the Kinetic and Thermodynamic
Parameters. Finally, the values of the relative enthal-
pies, entropies, and free energies, corresponding to the
two reactive channels, including the Lewis acid catalyst
and solvent effects, have been estimated by means of the
potential energy computed at the B3LYP/6-31G* level
with inclusion of solvent effects along with the B3LYP/
6-31G* gas-phase harmonic frequencies. The free ener-
gies have been computed at —78 °C, which is the
experimental temperature for these domino reactions.®
The energetic results are summarized in Table 4, while
the free energy profiles are presented in Figure 3b.

The most relevant feature of the free energy profiles
relative to the potential energy profiles, Figure 3b rela-
tive to Figure 3a, is the increase of the relative free
energies due to the intramolecular nature of the first
cycloaddition. Moreover, although the first cycloadditions
present lower activation free energies than the second
ones, the latter have lower relative free energies than
the former, 0.8 and 4.9 kcal/mol, justifying the domino
character of these reactions.
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Table 4. Relative? Enthalpies (AH, in kcal/mol),
Entropies (AS, in kcal/mol-K), and Free Energies (AG, in
kcal/mol) Computed at —78 °C and 1 Atm for the Domino
Reactions between the BH3-Coordinated Nitroalkene R1

and the Enol Ether R2 Including Solvent Effects

AH AS AG
TS11 7.5 —48.3 16.9
TS21 8.5 —47.8 17.9
IN1 —21.0 —54.7 —10.3
IN2 —24.9 —56.6 —13.8
TS12 3.6 —64.2 16.1
TS22 0.0 —66.7 13.0
P1 —19.4 —69.2 -5.9
P2 —22.5 —68.7 —-9.1

2 Relative to R1-B + R2.

A different behavior is found with the inclusion of the
zero-point energy and thermal contributions to the
potential energy barriers for the two modes of cycload-
dition reactions. While for the [4 + 2] cycloadditions the
activation enthalpies increase ca. 1 kcal/mol relative to
the PEB, for the [3 + 2] ones there is not an appreciable
modification.

The relative entropies play a more relevant role to the
changes of the free energies along this domino reaction.
While for the intermolecular processes the activation
entropies are —48.3 and —47.8 kcal/mol-K, for the in-
tramolecular ones are —9.7 and —10.1 kcal/mol-K. These
results are similar to those found in related inter and
intramolecular cycloadditions, and are responsible for the
increase of the activation free energies relative to the
PEBs, that is larger for the intermolecular one.

A comparison of the relative free energies for the two
intermolecular [4 + 2] cycloadditions shows that the
calculated activation parameters do not modify the
selectivity found in this domino reaction.

The changes of free energy for the formation of P1-S
and P2-S along this domino reaction are —5.9 and —9.1
kcal/mol, respectively; both processes being very exother-
mic: —19.4 and -22.5 kcal/mol, respectively. We again find
that the decrease of the free energy for the global process
is mainly a consequence of the decrease of the entropy
along the first cycloadditions.

Conclusions

The molecular mechanism of the domino inter [4 +
2]/intra [3 + 2] cycloaddition reactions of nitroalkenes
with enol ethers to give nitroso acetal adducts has been
characterized using density functional theory methods
with the B3LYP functional and the 6-31G* basis set. Both
Lewis acid catalyst, modeled by BH3, and solvent effects
have been included in this study in order to take into
account the experimental environment.

This domino process comprises two consecutive cy-
cloaddition reactions: the first one is an intermolecular
[4 + 2] cycloaddition of the enol ether to the nitroalkene
to give a nitronate intermediate, whereas the second one
is an intramolecular [3 + 2] cycloaddition to afford the
final nitroso acetal adduct.

The intermolecular [4 + 2] cycloaddition can be con-
sidered as a nucleophilic attack of the enol ether to the
conjugated position of the nitroalkene, with concomitant
ring closure and without intervention of an intermediate.
For this process, the presence of a Lewis acid coordinated
to the nitro group favors the delocalization of the negative
charge that is being transferred from the enol ether to
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the nitroalkene and decreases the activation energy of
the cycloaddition process. The [4 + 2] cycloaddition
presents a total regioselectivity, while the endo/exo
stereoselectivity depends on the bulky of the Lewis acid
catalyst. Thus, for small Lewis acid catalyst the addition
presents an endo selectivity. The [3 + 2] cycloaddition
reaction presents a total exo selectivity, due to the
constraints imposed by the tether. Inclusion of Lewis acid
catalyst and solvent effects decrease the barrier for the
first [4 + 2] cycloaddition and increase that for the second
[3 + 2] one due to a large stabilization of the intermedi-
ate.

Finally, calculations for the activation parameters
along this domino reaction allow to validate the results
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obtained using the potential energy barriers in the study
of the selectivity of these domino reactions.
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