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A B3LYP/6-31G* study has been carried out for the reactions of methacrolein with cyclopentadiene,
parent nitrone, 1-pyrroline-1-oxide, and){C,N-diphenylnitrone, in which the coordination of a Lewis

acid (borane) and the solvent polarity (dichloromethane) have been taken into account. Calculated activation
parameters, regioselectivities (for 1,3-dipolar cycloaddition reactions)eadd/excstereoselectivities

show good agreement with available experimental data. Gas-phase calculations show a varied behavior
of the s-cig/s-transTS stability for noncatalyzed reactions (from the systemsis preference for the
cyclopentadiene reaction to the systemagitrans predilection encountered in the diphenylnitrone
cycloaddition). BH coordination leads to a preferential stabilizationsetfansTSs in the reactions of
cyclopentadieneexo approach) and diphenylnitrone but a larger stabilizatios-ofs structures in the
processes involving the parent nitrone or 1-pyrroline-1-oxide. Additionally, a rather systematic preferential
stabilization ofs-transstructures is induced by solvent polarity in most reactions. As a consequence, an
s-trans preference is predicted in solution for both thermal and catalyzed types of reactions in most
approaches. Such a conclusion is consistent with some experimental results suggesting a preference for
a particular conformation of the methacroleinewis acid complexes.

Introduction SCHEME 1. s-cigs-transEquilibrium of the
Methacrolein—Lewis Acid Complex

One of the most useful methods in Enantioselective Synthesis H H
is based on the use of chiral catalysts. In particular, a great CHs ~_ LA \‘)§ _LA
interest has been paid to reactions of methacrolein (2-methyl- o — o
prop-2-enal) as a substrate in Dielslder! and 1,3-dipolar CH3
cycloadditior#-3 reactions because of its low cost and mechanistic s-cis s-trans
simplicity, as well as the configurational stability of the LA = Lewis Acid

generated cycloadducts. However, the rational choice of catalysts
leading to high yields and stereoselectivities requires some insight into the reaction mechanisms, including the interactions
determining the stereoselectivity of the process.
* Departamento de Quica Inorgaica. A factor of complexity is introduced by the existence of an
* Departamento de Qmica Ordaica. equilibrium between two conformers of the methacrolein
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(namely, s-cis and s-trans Scheme 1). Thus, two different representative for a number of typical catalysts. On the other
enantiomeric adducts are obtained (in reactions with achiral hand, thes-cis conformation of methacrolein has been disre-
reactants) when the less-hindered face of a chiral methacrolein garded in a study on the reaction with cyclopentadiene catalyzed
catalyst complex is alternatively attacked throsgtisor s-trans by a boron heterocyclé.

conformations. Since high enantioselectivities have been achieved The methacrolein conformation in a reaction model is so
in a variety of catalyzed asymmetric reactions involving tightly related with the mode of anchoring to the asymmetric
methacrolein under kinetic control, a clear preference for a Lewis acid that a change in any of them can lead to the
conformation must be present in the corresponding TS and, configuration reversal of the major product. Thus, theoretical
hence, the determination of the most stable conformation of calculations on the anchoring modes of two types of asymmetric

Barba et al.

methacrolein in the corresponding TSs of Diefdder and 1,3-

Lewis acids (menthoxyaluminum dichlorid&substituted ox-

dipolar cycloaddition reactions has become an interesting matterazaborolidinoned} with aldehydes can only explain experi-

of study.

Literature data on the conformational stability of methacrolein
show a noticeable preference for thdransconformation in
different conditions (gas pha$e® solution? and Lewis acid
complexes). 10 Accordingly, a preference for thes-trans

mental results on DietsAlder reactions of methacrolein if the
s-cisconformation is assumed. However, such an assumption
has been called into question by a theoretical study on a
catalyzed reaction between cyclopentadiene ardstomoac-
rolein'® (for which the same reaction model as that of methac-

conformation has been assumed in a number of reaction modelsolein has been proposet).

for methacrolein in the DietsAlder reaction with cyclopenta-
diene by using chiral catalysté! However, it is well-known

The controversy over the reactivity sfcigs-transconforma-
tions also applies to 1,3-dipolar cycloaddition reactions between

that the most reactive conformer of a reactant does not o S-unsaturated aldehydes and nitrones. Thus, skeans
necessarily have the most stable conformation. Thus, recentconformation of methacrolein has usually been assumed in
theoretical calculations on the noncatalyzed reaction betweenreaction models derived from experimental studies on 1,3-
cyclopentadiene and methacrolein have shown that this dieno-dipolar cycloaddition reactions with a variety of nitrones

phile reacts preferentially through teecisconformation in gas-
phase condition3.

Unfortunately, the currently available information on the
conformational preference of methacrolein in catalyzed Biels

catalyzed by chiral complexes of different metét$!-16though

the s-cisconformation has been claimed in a stddy.
Currently, theoretical information on ttsecigs-transprefer-

ence ofa,-unsaturated aldehydes in 1,3-dipolar cycloaddition

Alder reactions is insufficient to obtain a neat conclusion. Thus, reactions is scarce. Thus, some conformations have systemati-
two theoretical papers dealing with the catalyzed reaction with

cyclopentadiene have recently been published, though we

(11) (a) Takemura, H.; Komeshima, N.; Takahashi, I.; Hashimoto, S.-i.;

consider that the problem has not been fully solved. Thus, we |kota, N.; Tomioka, K.; Koga, KTetrahedron Lett1987, 28, 5687-5690.
think that the two-step mechanism inferred for the reactions (b) Rebiere, F.; Riant, O.; Kagan, H. Betrahedron: Asymmetr499Q 1,

catalyzed by a cationic oxazaborolidine and;Bfay not be

(1) (@) Kagan, H. B.; Riant, OChem. Re. 1992 92, 1007-1019. (b)
Oh, T.; Reilly, M. Org. Prep. Proc. Int.1994 26, 129-158. (c) Dias, L.
C.J. Braz. Chem. S0d997, 8, 289-332. (d) Evans, D. E.; Johnson, J. S.
Diels—Alder Reactions. lComprehensie Asymmetric Catalysidacobsen,

E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer-Verlag: Berlin, 1999; Vol.
3, pp 117#1235. (e) Carmona, D.; Lamata, M. P.; Oro, L.@oord. Chem.
Rev. 200Q 200-202 717-772. (f) Hayashi, Y. Catalytic Asymmetric
Diels—Alder Reactions. IrCycloaddition Reactions in Organic Synthesis
Kobayashi, S., Jgrgensen, K. A., Eds.; Wiley-VCH Verlag: Weinheim,
Germany, 2001; pp-555.

(2) (@) Gothelf, K. V. Asymmetric Metal-Catalyzed 1,3-Dipolar Cy-
cloaddition Reactions. II€ycloaddition Reactions in Organic Synthesis
Kobayashi, S., Jgrgensen, K. A., Eds.; Wiley-VCH Verlag: Weinheim,
Germany, 2001; pp 211247. (b) Broggini, G.; Molteni, G.; Terraneo, A.;
Zecchi, G.Heterocycle2003 59, 823—-858.

(3) Karlsson, S.; Hgberg, H.-E.Org. Prep. Proc. Int2001, 33, 103—
172.

(4) Durig, J. R.; Qiu, J.; Dehoff, B.; Little, T. SSpectrochim. Acta, Part
A 1986 42, 89-103.

(5) Pi, Z.; Li, S.J. Phys. Chem. 2006 110, 9225-9230.

(6) Wang, Y.; Smedt, J. D.; Coucke, I.; Alsenoy, C. V.; Geise, HL.J.
Mol. Struct.1993 299 43—59.

(7) (a) Corey, E. J.; Loh, T.-P.; Roper, T. D.; Azimioara, M. D.; Noe,
M. C.J. Am. Chem. S0d992 114, 8290-8292. (b) Ishihara, K.; Gao, Q.;
Yamamoto, HJ. Am. Chem. Sod.993 115 10412-10413.

(8) Davenport, A. J.; Davies, D. L.; Fawcett, J.; Garratt, S. A.; Russell,
D. R.J. Chem. Soc., Dalton Tran200Q 4432-4441.

(9) (a) Corey, E. J., Loh, T.-P.; Sarshar, S.; Azimioara,iétrahedron
Lett. 1992 33, 6945-6948. (b) Carmona, D.; Cativiela, C.; Elipe, S.; Lahoz,
F. J.; Lamata, M. P.; oez-Ram de Viu, M. P.; Oro, L. A;; Vega, C.;
Viguri, F. Chem. Commurl997, 2351-2352. (c) Kindig, E. P.; Saudan,
C. M.; Bernardinelli, GAngew. Chem., Int. EA.999 38, 1219-1223.

(10) (a) Carmona, D.; Lamata, M. P.; Viguri, F.; Raglrez, R.; Oro, L.
A.; Balana, A. |; Lahoz, F. J.; Tejero, T.; Merino, P.; Franco, S.; Montesa,
1. J. Am. Chem. So@004 126, 2716-2717. (b) Carmona, D.; Lamata, M.
P.; Viguri, F.; Rodiguez, R.; Oro, L. A,; Lahoz; Balana, A. |.; Tejero, T.;
Merino, P.J. Am. Chem. So005 127, 13386-13398.

9832 J. Org. Chem.Vol. 71, No. 26, 2006

199-214. (c) Maruoka, K.; Murase, N.; Yamamoto, HOrg. Chem1993
58, 2938-2939. (d) Kindig, E. P.; Bourdin, B.; Bernardinelli, GAngew.
Chem., Int. Ed. Engl1994 33, 1856-1858. (e) Ishihara, K.; Yamamoto,
H. J. Am. Chem. Socl994 116 1561-1562. (f) Reilly, M.; Oh, T.
Tetrahedron Lett.1995 36, 221-224. (g) Carmona, D.; Cativiela, C.;
Garca-Correas, R.; Lahoz, F. J.; Lamata, M. P.pka, J. A.; Lpez-Ram
de Viu, M. P.; Oro, L. A.; San JOs&.; Viguri, F. Chem. Commurl996
1247-1248. (h) Davies, D. L.; Fawcett, J.; Garratt, S. A.; Russell, D. R.
Chem. Communl997 1351-1352. (i) Davenport, A. J.; Davies, D. L.;
Fawcett, J.; Garratt, S. A.; Lad, L.; Russell, D. Ghem. Commuri997,
2347-2348. (j) Bruin, M. E.; Kindig, E. P.Chem. Commurl.998 2635~
2636. (k) Carmona, D.; Lahoz, F. J.; Elipe, S.; Oro, L. Gxganometallics
1998 17, 2986-2995. (I) Ishihara, K.; Kurihara, H.; Matsumoto, M.;
Yamamoto, HJ. Am. Chem. So0d.998 120, 6920-6930. (m) Jones, G.
B.; Guzel, M.; Heaton, S. BTetrahedron: Asymmetr00Q 11, 4303~
4320. (n) Faller, J. W.; Grimmond, B. J.; D’Alliesi, D. G. D. Am. Chem.
Soc.2001 123 2525-2529. (0) Kindig, E. P.; Saudan, C. M.; Viton, F.
Adv. Synth. Catal2001, 343 51-56. (p) Kindig, E. P.; Saudan, C. M.;
Alezra, V.; Viton, F.; Bernardinelli, GAngew. Chem., Int. EQ001, 40,
4481-4485. (q) Corey, E. J.; Lee, T. WChem. Commur001, 1321~
1329. (r) Ryu, D. H.; Lee, T. W.; Corey, E. J. Am. Chem. So002
124, 9992-9993. (s) Faller, J. W.; Lavoie, A. R.; Grimmond, B. J.
Organometallic2002 21, 1662-1666. (t) Corey, E. J.; Shibata, T.; Lee,
T. W.J. Am. Chem. So2002 124, 3808-3809. (u) Sprott, K. T.; Corey,
E. J.Org. Lett.2003 5, 2465-2467. (v) Teo, Y.-C.; Loh, T.-POrg. Lett.
2005 7, 2539-2541. (w) Carmona, D.; Vega, C.; Gaa¢N.; Lahoz, F. J.;
Elipe, S.; Oro, L. A.Organometallic2006 25, 1592-1606. (x) Kubota,
K.; Hamblett, C. L.; Wang, X.; Leighton, J. LTetrahedron2006 62,
1139711401.

(12) Alves, C. N.; Carneiro, A. S.; Andse J.; Domingo, L. R.
Tetrahedron2006 62, 5502-5509.

(13) Salvatella, L.; Mokrane, A.; Cartier, A.; Ruiz-pez, M. F.J. Org.
Chem.1998 63, 4664-4670.

(14) Salvatella, L.; Ruiz-Lpez, M. F.J. Am. Chem. Sod999 121,
10772-10780.

(15) Wong, M. W.J. Org. Chem2005 70, 5487-5493.

(16) Viton, F.; Bernardinelli, G.; Kndig, E. P.J. Am. Chem. So2002
124, 4968-4969.

(17) Kezuka, S.; Ohtsuki, N.; Mita, T.; Ashizawa, T.; lkeno, T.; Yamada,
T. Bull. Chem. Soc. Jpr2003 76, 2197-2207.
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SCHEME 2. Reactions of Methacrolein with
Cyclopentadiene and Several Nitrones (Absolute

Configuration not Specified)
~
CH,
4

CHO
endo

CH CHO
ol

\'CHO

RS Re O

4,4-endo

CHO
O—3aCHs O
R'-N RN

R3 aRZ

5,5-endo 5,5-exo

parent nitrone: R'=R2=R3=H
1-pyrroline-1-oxide: R' - RZ = -CH,-CH,-CHy- ; R® = H
diphenylnitrone: R' = R® = Ph; R = H

cally been disregarded in two theoretical studesrénsforms
for the parent nitrong- methacrolein reactiot?, s-cisstructures
for the catalyzed parent nitrone acrolein processy Fortu-
nately, thes-cigs-transpreference has been regarded in other
two studies on the parent nitrorie acrolein reaction in gas-
phase conditions, and a predilection for gieisconformation
in the TS has been encounteféd®

In this work we present a theoretical study (by means of
BL3YP/6-31G* calculations) to establish the relative reactivity
of s-cis and s-trans conformations of methacrolein in both
Diels—Alder and 1,3-dipolar cycloaddition reactions. Since a
major aim of this study was to obtain conclusions for relevant

asymmetric-catalyzed reactions, special interest was paid to theg

methacrolein reactions involving counterparts often used in
experimental studies: cyclopentadiene for the Didliler
reaction as well as 1-pyrroline-1-oxide ar#)-C,N-diphenyIni-
trone (hereafter, diphenylnitrone) for the 1,3-dipolar cycload-
dition (Scheme 2). Furthermore, the reaction of methacrolein
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reactions. Solvent modeling (through a continuum model
representing dichloromethane) as well as coordination of a Lewis
acid (BHs) to methacrolein has also been included.

Methods

Geometries of energy minima and TSs were localized at the
B3LYP/6-31G* level by using the Gaussian 03 packagecause
of the good performance of such a methodology in recent theoretical
studies for pericyclic reactions of medium-size systéhid; was
regarded as a catalyst model because of the poor performance of
other Lewis acids (B& AlH3, AICI3) in a preliminary study, due
to their tendency to form strong electrostatic interactions with
aliphatic hydrogen atoms in the calculated ?5s.

Stationary points were characterized according to the correct
number of negative eigenvalues of the exact Hessian (zero for
energy minima and one for TSs) at the corresponding theoretical
level for each solvent model (gas phase or dichloromethane).
Thermodynamical properties (Gibbs free energies, enthalpies, and
entropies) have been calculated at 25 by using nonscaled
frequencies, though some activation entropies calculated at other
temperatures have also been included in the text. The activation
parameters reported in the paper refer togtteansconformation
of methacrolein as a reactant.

The energies of structures in solution were calculated by using
the Polarizable Continuum Models (PCM), representing dichlo-
romethane as the solvent. As a general rule, solvation calculations
were obtained by total optimization of the structures in the presence
of the PCM reaction field. However, despite exhaustive searches
most TSs corresponding to the Biatalyzed reactions between
methacrolein and all three nitrones could not be optimized by using
the solvent model, in agreement with the poor geometric perfor-
mance of the PCM method for large and flexible systéfss a
consequence, activation parameters fors®8Htalyzed 1,3-dipolar
cycloaddition reactions in solution have been obtained by means
of the PCM by using structure geometries optimized in the gas
phase (vibrational corrections corresponding to gas-phase calcula-
tions).

Results and Discussion

Theoretical calculations on isolated methacrolein show a clear
preference for the-transconformation, in qualitative agreement
with experimental results. Thus, the calculated energy differ-
ences (2.6 kcal mol in gas phase, 2.7 kcal ndl in
dichloromethane) are close to the experimental value obtained
by Durig et al (2.2 kcal mof?),* though significantly greater
than the experimental result reported by Geise and co-workers
(1.2 kcal mof?).6

(21) 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,;
tratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
.; 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.; Gill, P. M.

with the parent nitrone has also been drawn in comparison with W-; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

other theoretical studies (Scheme 2). Bathdo and exo

M.; Replogle, E. S.; Pople, J..A5aussian 03Gaussian, Inc.: Pittsburgh,
PA, 2003.

approaches have been considered in all cases, whereas ap- (22) (a) Gordillo, R.; Houk, K. NJ. Am. Chem. So2006 128 3543~

proaches leading to 4,4- as well as 5,5-disubstituted isoxazo-

lidines have been considered for the 1,3-dipolar cycloaddition

(18) Magnuson, E. C.; Pranata,Jl.Comput. Chen998 19, 1795
1804.

(19) Tanaka, J.; Kanemasa, Betrahedron2001, 57, 899-905.

(20) Silva, M. A.; Goodman, J. Mletrahedron2002 58, 3667-3671.

3553. (b) Hayden, A. E.; Xu, H.; Nicolaou, K. C.; Houk, K. Rrg. Lett.
2006 8, 2989-2992. (c) Jabbari, A.; Sorensen, E. J.; Houk, K.Qtg.
Lett. 2006 8, 3105-3107. (d) Padwa, A.; Crawford, K. R.; Straub, C. S.;
Pieniazek, S. N.; Houk, K. NJ. Org. Chem2006 71, 5432-5439.

(23) (a) Yamabe, S.; Minato, T. Org. Chem200Q 65, 1830-1841.
(b) Acevedo, O.; Evanseck, J. Drg. Lett.2003 5, 649-652. (c) Bakalova,
S. M.; Santos, A. GEur. J. Org. Chem2006 1779-1789.

(24) Li, H.; Jensen, J. HI. Comput. Chen2004 25, 1449-1462.
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TABLE 1. Activation Parameters (Gibbs Free Energies, Enthalpies, and Entropies) for the DielsAlder Reaction (in Both Thermal and
BHs-Catalyzed Conditions) between Cyclopentadiene and Methacrolein in Both Gas-Phase and Dichloromethane Solution, According to
B3LYP/6-31G* Calculations

gas phase (thermal) gas phase {Ridtalyzed) solution (thermal) solution (Bidatalyzed)
approach AGFa AHFa AS'P AG*a AHFa AS'P AG*F2 AHFa AS'P AGFa AH*a ASP
endo s-cis 32.9 19.7 —44.4 25.3 12.0 —34.5 324 19.2 441 23.4 10.6 —-325
endos-trans 344 20.9 —45.2 27.7 14.6 —33.7 33.2 19.8  —447 23.2 10.7 -31.4
exo s-Cis 31.8 18.1 —45.9 25.1 11.7 —34.8 31.1 176  —453 22.3 9.4 —32.8
exo s-trans 33.2 19.6 —45.4 26.1 13.2 —33.2 31.6 182 —449 21.4 9.3 —30.2

aEnergy given in units of kcal mot. P Entropy given in units of cal mol K.

Interesting results are obtained for calculations on thg-BH  experimental values (at 10Q) for the reactions of cyclopen-

methacrolein complex. Thus, &arrangement of the - €C= tadiene with crotonaldehyde—@9 + 2 cal mof* K1) or
O---B sequence is predicted, in agreement with the X-ray acrolein <36.5+ 0.5 cal mof K—1).27 A similar overestima-
diffraction data of different Lewis aciemethacrolein complexés!! tion of the magnitude of activation entropies has been found in

A synperiplanar arrangement of the<©---B—H sequence is other B3LYP/6-31G* calculations on the Dielglder cycload-
predicted for the complexes, in agreement with a theoretical dition, such as those corresponding to the reactions of butadiene
study on complexes between formyl compounds and boron with ethylene (calculated;42.8 cal mot! K1 at—273.15°C?8
Lewis acids?® The coordination of BH to methacrolein is and —40.6 cal moft K1 at 25°C;?° experimental,—30 cal
energetically favored (c& kcal moltin gas phase; cd.1 kcal mol~1 K1 at 400-600°C)% or acrolein (calculated;45.6 cal
mol~1in solution). Calculated energies indicate thatskeans mol~1 K1 at 25°C;3! experimental,—35.4 cal mof! K-1 at
preference is hardly altered by the coordination of ;Bbt 155-332°C) .32
solvent modeling. Calculated activation enthalpies for the cyclopentadi¢ne
Furthermore, the activation barriers for the interconversion methacrolein reaction show a preference for ¢éke approach
betweers-cisands-transconformers of methacrolein have been (by 1.5 kcal mot! in gas phase and 1.6 kcal mélin
calculated by means of the corresponding TSs. The calculateddichloromethane), in excellent agreement with the experimental
activation energy for isolated methacrolein shows a low value value for a solvent-free reaction mixture (1.5 kcal i3 Such
(9.5 kcal mot? in both gas phase and solution), indicating a anexopreference can be attributed to steric repulsion between
very fast interconversion even at low temperature. The inter- the cyclopentadiene methylene group and the methacrolein
conversion barrier is slightly increased by means of3BH methyl substituent in theendo TSs3* On the other hand,
coordination in the gas phase (10.9 kcal mplas well as in calculations show a greater entropy for #edoapproach in
solution (11.9 kcal mott). Therefore, the conformational comparison with that for thexo approximation (by 1.4 cal
interconversion of methacrolein (in isolated and in coordinated mol~* K= in gas phase and 1.1 cal mdlK~! in dichlo-
forms) is expected to be very fast in standard reaction conditions,romethane), in excellent agreement with the corresponding
in agreement with the rapistcigs-transequilibrium observed experimental value (by 0.2 0.1 cal mol't K~1in the solvent-
for SnCl-complexed E)-4-ethylhex-2-enal at-50 °C.26 free reaction mixture at 25C),32 though the close similarity
Activation parameters (Gibbs free energies, enthalpies, andbetween the compared figures may be due, in some measure,
entropies) for the DietsAlder reaction between cyclopentadiene to a lucky cancellation of errors.
and methacrolein are shown in Table 1, whereas the corre- TSs energies for the reaction between gas-phase cyclopen-
sponding TS geometries have recently been repériedoth tadiene+ methacrolein reaction show a clear preference for
thermal and catalyzed versions, activation barriers for the Biels thes-cisconformation (by 1.5 kcal mol for theendoapproach
Alder reaction are significantly higher than those for the and 1.4 kcal moi! for the exo approximation), in qualitative
conformational inverconversion of methacrolein (by at least 9.5 agreement with a previous theoretical stddjence, a noticeable
kcal mol?), indicating that the CurtirHammett principle is larger reactivity of thes-cis(vs that ofs-trang conformer (by
met and, hence, the product ratio is independent from the 4.2 kcal mot?) is found if the corresponding energy gap for
conformational energies of methacrolein in ground state. isolated methacrolein is taken into account. The larger reactivity
The calculated activation enthalpy for the most-favorb(  of thes-cisconformer of methacrolein is consistent with Houk’s
s-ci9 approach for the reaction of cyclopentadiene with meth- results on the butadiene acrolein reactiof® Thus, our results
acrolein in gas phase (18.1 kcal mYlis essentially identical ~ are consistent with the lower energy of LUMO for thecis
to the experimental value for crotonaldehyde in solution (7.6

18.7 kcal mot?) and somewhat higher than the experimental  (28) Guner, V.; Khuong, K. S.; Leach, A. G.; Lee, P. S.; Bartberger, M.
result for acrolein (12.812.5 kcal moTl)_27 D.; Houk, K. N.J. Phys. Chem. 2003 107, 11445-11459.

The calculated activation entropy of the cyclopentadig¢ne 60&%3)6%;25“@”’ E. Beno, B.; Houk, K. N. Am. Chem. S04.996 118
methacrolein reaction<45.9 cal mof! K=1 at 25°C, —44.4 (30) Beltrame, PCompr. Chem. Kinet1973 9, 87—162.
cal mo! K—1 at 100°C) presents a greater magnitude than  (31) Garca, J. |.; Martnez-Merino, V.; Mayoral, J. A.; Salvatella, 1.
Am. Chem. Sod 99§ 120, 2415-2420.

(32) Kistiakowsky, G. B.; Lacher, J. R. Am. Chem. Sod 936 58,

(25) Feng, Y.; Liu, L.; Zhao, S.-W.; Wang, J.-T.; Guo, Q.-X.Phys. 123-1383.
Chem. A2004 108 9196-9204. (33) Kobuke, Y.; Fueno, T.; Furukawa, J.Am. Chem. So0d.97Q 92,
(26) Gung, B. W,; Yanik, M. MJ. Org. Chem1996 61, 947—-951. 6548-6553.
(27) Blankenburg, V. B.; Fiedler, H.; Hampel, M.; Hauthal, H. G.; Just, (34) Garca, J. |.; Mayoral, J. A.; Salvatella, lAcc. Chem. Re2000
G.; Kahlert, K.; Korn, J.; Miler, K.-C.; Pritzkow, W.; Reinhold: V.; Rilig, 33, 658-664.
M.; Sauer, E.; Schnurpfeil, D.; Zimmermann, . Prakt. Chem1974 (35) Loncharich, R. J.; Brown, F. K.; Houk, K. N. Org. Chem1989
316, 804-816. 54, 1129-1134.
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FIGURE 1. Geometries of TSs for the Bftatalyzed cyclopentadiene
+ methacrolein reaction, according to B3LYP/6-31G* calculations.
Lengths of incipieni-bonds (in A), as derived from gas phase (plain
text) and solution (italics) calculations, are also shown.

conformation (0.061 hartrees) in comparison with that of the
s-transform (—0.058 hartrees), though other effects might also
be involved.

The calculations of the TSs corresponding to the;BH
catalyzed cyclopentadient methacrolein reaction (shown in
Figure 1) in gas phase have provided interesting results. Thus,
BH;3 coordination leads to a significant decrease of the activation
barrier (by 6.78.0 kcal mot?), in agreement with the
experimental reduction of the reaction time observed for some
cyclopentadiene- methacrolein reactions catalyzed by Lewis
acids?®

The highexo preference predicted for thermal reactions is
significantly lowered by Lewis acid coordination in gas-phase
calculations. A preferential stabilization of tisetransTSs is
induced by Lewis acid coordination in the most stable approach
(ex0, though a larger stabilization of tisecisstructure is found
for the endoapproximation. Nevertheless, a preference for the
s-cisconformation of methacrolein in the TS is kept for both
endo(by 2.4 kcal mot?) andexo(1.0 kcal mofl) approaches,
in agreement with previous theoretical results on the butadiene
+ acrolein reactiofd3’

Some interesting trends can be observed by comparing gas
phase and solution calculations for the reaction between
cyclopentadiene and methacrolein. Thus, a slight decrease o
the activation barrier is noted (by 6:3.6 kcal mot?), in
agreement with the regression analysis between the kineti€ data
for the reaction in nine solvents (excluding acetic acid) and the
E$‘ solvent parameté? (log k at 80°C = (0.8554+ 0.057)+
(1.203+ 0.124)E¥, r = 0.96). Furthermore, a slight increase
of the exo preference is also found in solution, in agreement
with the experimental relationship occurring betweendehdd
exoselectivity and th€E1'\—‘ parameter for a set of 10 solvetfts

(36) (a) Hollis, T. K.; Robinson, N. P.; Bosnich, Brganometallics
1992 11, 2745-2748. (b) Odenkirk, W.; Rheingold, A. L.; Bosnich, B.
Am. Chem. Sod 992 114, 6392-6398.

(37) Birney, D. M.; Houk, K. N.J. Am. Chem. Sod.99Q 112 4127
4133.

(38) Reichardt, CSokents and Sekent Effects in Organic Chemistry
3rd ed.; Wiley-VCH: Weinheim, Germany, 2003.
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(log enddexoat 30°C = —(0.66+ 0.02)—(0.24+ 0.04)E$', r

= 0.89, aqueous mixtures being excluded). Interestingly, such
a decrease of thenddexo ratio by the solvent polarity is
opposite to results corresponding to other typical dienopFiles.
On the other hand, calculations indicate tBaransTSs are
preferentially stabilized in solution in comparison with treitis
counterparts, analogous to theoretical results on the cyclopen-
tadiene+ methyl acrylate reactioff.

Solvent modeling leads to some noticeable effects on the BH
catalyzed cyclopentadiernt methacrolein reaction in calcula-
tions. Thus, BH coordination leads to a significant decrease of
the activation barrier (by 2:144.7 kcal mof?). No significant
changes on thexo preference are found for botkcis and
s-transconformations. Finally, a strong preferential stabilization
of s-trans conformations can be observed. In fact, a larger
stability of s-trans conformations is predicted for the BH
catalyzed reaction in dichloromethane in ba&hdoand exo
approaches, in contrast with results corresponding to the gas-
phase reaction.

Some care should be taken for the extrapolation oéttrans
preference in the DietsAlder reaction of methacrolein to
experimental studies because of the roughness of the models
corresponding to the solvent (dielectric continuum) and the
Lewis acid (BH). The relative stability o§-transconformations
in theexoapproach (which is the most favored approximation,
according to theoretical and experimental results) can be
increased by raising the solvent polarity and/or the Lewis acidity
of the catalyst. As a consequence, the interpretation of experi-
mental results on catalyzed cyclopentadiefhenethacrolein
reactions by using a theoretical model requires a careful analysis
of the reaction conditions (such as catalyst or solvent).

Activation barriers for the 1,3-dipolar cycloaddition reaction
between the parent nitrone and methacrolein are shown in Table
2. Results obtained for the thermal parent nitrénmethacrolein
reaction show a very strong preference for 5,5- (rather than 4,4-)
cycloadducts (by 1:85.2 kcal mof?), in qualitative agreement
with a previous theoretical study (thougkransTSs were not
included in that work}® Such a preference for the 5,5-
regioisomers is consistent with previous theoretical results for
the reactions of the parent nitrone with acrol@iand acryloni-
trile.A*

The source of the preference for the 5-regioisomers in 1,3-
dipolar cycloaddition reactions between nitrones and moderately
electron-deficient dipolarophiles has been a matter of debate.
Thus, a possible explanation has been attributed to the control
of the regioselectivity by HOM@yolarophie~ LUMO gipole interac-

1Iions.42 However, our calculations on efficiemt-frontier mo-

lecular orbitals show a significantly lower energy gap for the
HOMOyipole— LUMO gipolarophileinteraction ¢-cis 0.167 hartrees;
s-trans 0.170 hartrees) in comparison with that for the (HO-
MOuipolarophile 1)—LUMO gipole interaction §-cis 0.247 hartrees;
s-trans 0.254 hartrees). Such results would predict the favored
formation of the 4,4-cycloadduct, in sound contradiction to the
results indicated by our TSs energies.

(39) Cativiela, C.; Gara, J. |.; Mayoral, J. A.; Salvatella, IChem. Soc.
Rev. 1996 25, 209-218.

(40) (a) Ruiz-L@ez, M. F.; Assfeld, X.; Gafey J. |.; Mayoral, J. A.;
Salvatella, L.J. Am. Chem. S0d.993 115 8780-8787. (b) Assfeld, X.;
Ruiz-Lopez, M. F.; Gara, J. |.; Mayoral, J. A.; Salvatella, L1. Chem.
Soc., Chem. Commu995 1371-1372.

(41) Rastelli, A.; Gandolfi, R.; Amadé/. S. Adv. Quantum Chen200Q
36, 151-157.

(42) Sims, J.; Houk, K. NJ. Am. Chem. S0d.973 95, 5798-5800.
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TABLE 2. Activation Energies (Gibbs Free Energies, Enthalpies, and Entropies) for the 1,3-Dipolar Cycloaddition Reaction (Gas-Phase,
Solution, and BHs-Catalyzed Versions) between the Parent Nitrone and Methacrolein, According to B3LYP/6-31G* Calculations

gas phase (thermal) gas phase {Ridtalyzed) solution (thermal) solution (Btdatalyzed)

approach AGFP AH*b AS ¢ AGFb AH*P AS © AG*b AH*P ASFe AG*ab AH*ab
4.,4-endo s-cis 24.1 10.8 —44.6 17.2 2.3 —49.8 27.5 14.3 —44.3 23.1 8.2
4,4-endo s-trans 25.6 12.4 —44.3 194 6.7 —42.4 27.3 14.2 —44.0 195 6.9
4,4-ex0 s-cis 26.7 13.5 —44.3 21.1 8.3 —43.1 28.8 15.6 —44.3 20.6 7.7
4,4-ex0 s-trans 26.1 13.0 —44.1 22.7 9.3 —44.9 28.3 15.1 —-44.1 21.1 7.7
5,5-endo s-cis 18.9 55 —44.8 13.7 —-1.5 —51.1 22.2 9.2 —-43.7 20.4 5.2
5,5-endo s-trans 22.4 9.7 —42.7 18.5 5.9 —42.3 22.9 10.3 —42.3 17.3 4.7
5,5-ex0 s-cis 23.8 10.7 —43.8 21.6 7.9 —45.8 25.6 12.7 —43.3 22.4 8.8
5,5-exo s-trans 24.4 11.4 —43.7 22.4 8.7 —45.8 25.6 12.6 —43.5 21.6 7.9

aCalculated at gas-phase optimized geometfi&nergy given in units of kcal mot. ¢ Entropy given in units of cal mol KL,

lectivity of the nitrone+ methacrolein reaction in terms of GO

stabilizing interactions allows the explanation of experimental

1.937 data on reactions of substituted nitrones showing a 5-preference
: with carbonyl- or cyano-substituted alkeffelsut a 4-predilec-

tion with dipolarophiles bearing other electron-withdrawing
substituents (such as nitroethylefiejnyl sulfoxides?6 phenyl

vinyl sulfone?* or ethenesulfonic acid derivative¥).

A net preference for thendo (vs exg approach can be
observed for calculations on the gas-phase reaction involving
the parent nitrone (by 0-54.9 kcal mot?1). The highendo
preference in 1,3-dipolar cycloaddition reactions of nitrones with
some dipolarophiles has been attributed in some cases to the
existence of attractiv&econdary Orbital InteractiongSOl)
between the nitrone nitrogen atom and the dipolarophile
substituent in thendoTS 3184548though such an explanation
has been questioné#*® Thus, a noticeable repulsion (rather
than an attraction) should be expected in our case from the
atomic coefficients and energies of the efficientfrontier
molecular orbitals for the HOM&ole—LUMO gipolarophileinterac-
tion as well as a very low stabilization corresponding to the
FIGURE 2. Geometries of thendoTSs for the parent nitrone- (HOMO-Laipotarophild —LUMOipole interaction g-cisapproach is
methacrolein reaction, according to B3LYP/6-31G* calculations. Some illustrated in Scheme 3s-trans approximation shows very
selected distances (in A), as derived from gas phase (plain text) andsjmilar results). The lack of attractive SOI in this cycloaddition
solution (italics) calculations, are also shown. reaction is consistent with our previous results on Diglider
reactions pointing to the negligible role of such interactiét®s.

“

1.923 2.817
871 2.842
—%

5,5- endo s-cis 5,5- endo s-trans

A different source for the preferential formation of 5,5- An int " | bet Its for th i
substituted cycloadducts in 1,3-dipolar cycloaddition reactions n interesting analogy between our results for the paren
has been proposed in a theoretical study on the reactions ofhitrone+ methacrolein reaction and a theoretical study for the
fulminic acid with crotonaldehyde and acroléihAccording reactions of the parent nitrone with several vinylborane deriva-
to that work, the preference for the 55-approach can be tives can be founé: Thus, the preferences for 5,5- (or 5-)
attributed to the occurrence of a stabilizing (possibly electro- "€giochemistry ancendo stereoselectivity, predicted in both
static) interaction between the dipole oxygen and the carbonylic studies, can be attributed to the existence of attractive interac-
carbon from the dipolarophile. The relatively short distances in
the calculated TSs geometries corresponding to the gas-phase (44) Bimanand, A. Z.; Houk, K. NTetrahedron Lett1983 24, 435-
parent nitronet+ methacrolein reaction are consistent with the 435(345)P dwa A Fi L - Koshier K. F. Rod A Kong G. S

. . . . . adawa, A.; Fisera, L.; Koenler, K. F.; Rodriguez, A.; Kong, G. o.
existence of attractive interactions betwger_] the nitrone oxygen, Org. Chem1984 49, 276-281.
and the carbonylic carbon of methacrolein in the 5,5-TSs (e.9.,  (46) (a) Koizumi, T.; Hirai, H.; Yoshii, EJ. Org. Chem1982 47, 4004-
Onitrone---caldehyde: 2.624 A for the 5,%ndo s-trand'S, Figure 4005. (b) Loui_s, C,; Hooté;leC. Tetrahedron: AsymmetrdQ95 6, 2149-

2). Instead, larger interatomic distances are found for the 2152 () Louis, C.; HoOtéleC. Tetrahedron: Asymmetry997 8, 109-
interacti_ons involving the nitrone carbon and the carbonylic =~ (47) chanet-Ray, J.; Vessie R.; Zaoual, A. Heterocyclesl987, 26,
carbon in the 4,4-TSs (e.g.nfone**Caidenyde= 2.817 A for ~ 101-108. _ ' ) _

the 4,4endo s-transT'S, Figure 2). These behavior differences Tet(:l:h)e(gr)oﬁgg' 5Té; 3'??%‘1(‘70?[‘3':12-? (E)‘JJgéééig"rﬁ]fiChGF- (:Lc-)?ré\f;g'”% T\)/i _
can be _attrlbu_ted to the greater asynchron!cny of 4,4-TSs (|_n Faggi, C.; Goti, AMolecules200Q 5, 637—647. (c) Banerji, A.; Sengupta.
comparison with 5,5-structures) that leads to increased separatiorp. J. Indian Inst. Sci2001, 81, 313-323. .

between the atoms involved in electrostatic interactions and, (49) Burdisso, M.; Gandolfi, R.; Gnanger, P.; Rastelli, Al. Org. Chem.

S . . em. 199Q 55, 3427-2429.
hence, a lesser stabilization. The interpretation of the regiose (50) Garca, J. I.: Mayoral, J. A.; Salvatella, Eur. J. Org. Chem2005

85—-90.
(43) Toma, L.; Quaderelli, P.; Perrini, G.; Gandolfi, R.; Valentin, C. D.; (51) Rastelli, A.; Gandolfi, R.; Sarzi-Amad#/.; Carboni, B.J. Org.
Corsaro, A.; Caramella, F.etrahedron200Q 56, 4299-4309. Chem.2001, 66, 2449-2458.
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SCHEME 3. Interactions betweenz-Efficient Frontier
Molecular Orbitals Corresponding to the Parent Nitrone +
Methacrolein Reaction Endo s-cisApproach)?

E =-0.228 hartrees

E =-0.024 hartrees

HOMO ('3‘51’7“4'0
-0.391 '0'1.18/ () H
H '/ N2 0397 \/J/ ) )
o048 H '/ N® ' 4,4- endo s-cis*® 5,5- endo s-cis ¢
/6 3 e \C /‘\oéo.szs
H J O /0 N 0 FIGURE 3. Geometries of 4,&ndo s-cis(left) and 5,5endo s-cis
20.344 SN, = N (right) TSs for the gas-phase Bldatalyzed parent nitron¢ methac-
Z \\' 2.0.2390 SN rolein reaction, according to B3LYP/6-31G* calculations. Some selected
H O —H ~ NN geometric parameters are also shown.
Sg——c 00364 H\O 0 s H
H/‘ O\CH3 /g g\'ogljf stabilizing dihydrogen bon&%between a negatively charged
0.341 -0.183 N 38 o3 o borane hydrogen atom and a positive-N hydrogen in two
LUMO : - . )
E = -0.061 hart HOMO-1 structures (Figure 3). Thus, the occurrence of such bonding
e artrees E =-0.271 hartrees interactions for both 4,&ndo s-cisand 5,5endo s-CisTSs is

consistent with the corresponding short 4 distances (2.065
and 1.992 A, respectively), the low enthalpy activation values
(a negative figure is found for the 5¢rdo s-cisapproach),
tions involving an electron-deficient atom e ** Caidehydeand and_tlhe Eilnomalous results of activation 1ent[(l)p|esfc5i£) cal
Onitrone...Caldehydeinteractions in thls paper;n@one’"Bdipolarophile m0| K y out Of the _42/_46 Cal mOI’ K I’ange Of a”

and Qirone **Baipolarophile in the aforementioned work). Such a other TSs). )

similarity of interactions had been previously proposed by us Some interesting effects can be observed by means of solvent

for the Diels-Alder reactions of butadiene with vinylborane ~Modeling on the parent nitrone methacrolein reaction. Thus,
and BR-coordinated acroleidt arise of the activation barrier of the thermal reaction by solvent

A major point of interest is the-cigs-trans preference in polarity i_s observed, in agreement with other theoretical stud_ies

the gas-phase parent nitrosemethacrolein reaction. Thus, a on 1,3-d|polar cyclc_)addltlc_)n reactions of the parent nitrone _W|th
: L ' several dipolarophile® This result can be attributed to the high

very high preference can be found for thrdo s-msapproach solvation energy of the 1,3-dipole in ground state due to its
for both 4,4- and 5,5-approaches that can _be attrlbgted to thehighly polarized structure The increase of the activation barrier
occurrence of an N—H---O=C electrostatic attraction, as by means of solvent modeling for the parent nitrorte
indicated by the corresponding-+O distances in both 4,4- . e e
endo s-cis(2.467 A) and 5,%ndo s-cis(2.322 A) structures methacrolein reaction is high in both 4efdo s-cig(3.5 kcal

. ; o ho | ¢ h mol~) and 5,5endo s-cis(3.3 kcal mot?) approaches, in
(Flg_ure 2), In addition to the lower LUMO energy of methac- agreement with the existence of specific electrostatic interactions
rolein noted for the DietlsAlder reaction. Because of the

. N— _ o : . in bothendo s-cisTSs (H--O distances do significantly increase,
existence of N—H---O=C electrostatic interactions in both g re 2) whereas it is only moderate in all other structures
endo s-cisTSs, it must be concluded that the parent nitrone (0.5-2.1 kcal motl). Solvent polarity induces a raise of the

should not be considered a good model frsubstituted g gopreference for the-transconformation but a decrease of
nitrones. A dichotomic behavior on tisecigs-transselectivity such a preference for the-cis form (because of the strong
can be fo“”‘_j for thexoapproaches. Thus, whereassatrar_ls destabilization of bottendo s-cisTSs) in solution. A strong
preference is found for the 4gko approaches, arscis preferential stabilization of ths-transTSs by solvent polarity
predilection is observed for the 5S¢« approximations (both ¢4 thus be observed (but a negligible variation was observed
by 0.6 kcal mot?). This dichotomic behavior agrees with that 5 the 4,4exoapproach), leading to thecigs-transstability
reported for the fulminic acie- acrolein cycloaddition reaction,  eyversal in the case of the dehdoapproximation.
which was attributed to the larger stabilizationsa€is (rather Solvent modeling on the Bitcatalyzed reaction between
thans-trang TSs by means of electrostatic interactions, such parent nitrone and methacrolein leads generally to very little
an effect being larger for @C=Q interactions (5,5-TSs) rather  yariations of the free energy barriers in comparison with the
than G--C=O0 interactions (4,4-TSs). corresponding thermal reactions. Nevertheless, very high values
Several effects can be observed for thesRidordination to of the activation barriers are found for 4efdo s-cisand 5,5-
the parent nitrone- methacrolein reaction in gas-phase condi- endo s-ciapproaches, presumably due to the weakening of the
tions. Thus, a significant decrease of the activation barriers (by corresponding dihydrogen bonds (see length changes in Figure
2.0-6.9 kcal mofl) can be found, in agreement with the 2).
decrease of the HOM§ole—LUMO gipolarophile €NErYY gap, as The incorporation of solvent effects in the Blatalyzed
usually found in normal electron demand cycloaddition reac- parent nitronet methacrolein reaction shows interesting results.
tions. Interestingly, the coordination of the Lewis acid leads to Thus, a preferential stabilization eko(rather tharendg and
a decrease of the 5,5-preference (a 4,4-preference is found foi5,5- (rather than 4,4-) TSs can be observed in most approaches.
the exo s-cisapproaches). Such a result may be attributed to Interestingly, it can be found that a systematic differential
the rise in asynchronicity induced by the Lewis acid coordination stabilization of thes-trans (rather thans-cig TSs leads to a
that simultaneously weakens the stabilizing interaction of the

5,5-TSs.
. . 53) Domingo, L. REur. J. Org. Chem200Q 2265-2272.
Inspection of TSs geometries for the Behtalyzed parent §54g Cosém,gF. P.: Morao, |.: J%o, H.; Schleyer, P. v. R.Am. Chem.

nitrone + methacrolein reaction reveals the existence of Soc.1999 121, 67376746.

a Energies and 2pAtomic Coefficients (Calculated at B3LYP/6-31G*
Level) are Shown

(52) Custelcean, R.; Jackson, J.Ghem. Re. 2001, 101, 1963-1980.
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TABLE 3. Activation Parameters (Gibbs Free Energies, Enthalpies, and Entropies) for the 1,3-Dipolar Cycloaddition Reaction (Gas-Phase,
Solution, and BHs-Catalyzed Versions) between 1-Pyrroline-1-oxide and Methacrolein, According to B3LYP/6-31G* Calculations

gas phase (thermal) gas phase {Ridtalyzed) solution (thermal) solution (Btdatalyzed)

approach AGFP AH*b AS ¢ AGFb AH*P AS © AG*b AH*P ASFe AG*ab AH*ab
4.,4-endo s-cis 25.9 12.8 —46.1 16.8 1.5 —455 30.0 16.5 —45.6 21.1 5.8
4,4-endo s-trans 25.4 12.0 —47.0 17.3 4.0 —46.7 28.7 14.9 —46.5 19.3 6.0
4,4-ex0 s-cis 28.5 15.6 —45.1 21.3 8.4 —45.4 315 18.0 —45.3 22.7 9.8
4,4-ex0 s-trans 28.0 15.1 —45.2 21.7 8.7 —46.0 31.2 17.5 —46.0 22.6 9.5
5,5-endo s-cis 22.2 9.2 —45.7 15.0 1.6 —46.9 26.2 12.6 —45.8 18.8 5.4
5,5-endo s-trans 24.3 11.6 —44.7 18.5 6.4 —42.7 25.8 12.6 —44.4 18.3 6.2
5,5-ex0 s-cis 26.7 13.7 —45.7 22.2 9.6 —44.4 29.8 16.4 —45.0 24.3 11.7
5,5-exo s-trans 27.4 14.6 —45.0 23.4 11.0 —43.8 29.3 15.8 —45.3 23.8 11.3

aCalculated at gas-phase optimized geometA&nergy given in units of kcal mot. ¢ Entropy given in units of cal mol K.

-

FIGURE 5. Geometry of diphenylnitrone, according to B3LYP/6-
31G* calculations. The torsion angle of the,€CprimN—O arrange-
ment, as derived from gas-phase (plain text) and solution (italics)
calculations, is also shown.

interconversion of methacrolein, in agreement with the Curtin
Hammett principle.

Theoretical results for the thermal 1-pyrroline-1-oxide
methacrolein reaction in gas phase show a preference for 5,5-
(vs 4,4-) andendo (vs exg approaches, as observed for the
reaction of the parent nitrone. Furthermore, a significanis
predilection for 5,5-approximations (6-2.1 kcal mot?) is
found, whereas a slighs-transpreference (0.5 kcal mol) is
observed in 4,4-approaches, analogous to results corresponding
to the reaction of the parent nitrone @xo approachesefndo
results being seriously affected by electrostatic interactions).

Some interesting results are found for the Btatalyzed
1-pyrroline-1-oxidet methacrolein reaction, in comparison with
the corresponding thermal process. Thus, a significant decrease
of the activation barriers can be observed {4267 kcal mot?),
in agreement with experimental data showing a yield rise when
Lewis acids are used as catalysts under the same conditiehs.
An increase of theenddexo selectivity can be also observed
(by 0.5-1.4 kcal mot?), leading to very high ratios, in
agreement with experimental results on catalyzed reactions
showing total stereoselectivit)P16.55Furthermore, a significant
differential stabilization of the-cisTSs (by 0.2-2.2 kcal mot?)
can be found.

FIGURE 4. Geometries of the TSs corresponding to the thermal C_alcu'at'(_)ns on the thermal 1-pyrro||_ne-1-OX|demethac-
1-pyrroline-1-oxide+ methacrolein reaction, according to B3LYP/6-  rolein reaction including solvent modeling show a preference
31G* calculations. Lengths of the incipientbonds are shown, as  for 5,5- (rather than 4,4-) anendo (rather thanexg TSs, in
obtained from gas-phase (plain text) and solution (italics) calculations. agreement with experimental data showing the exclusive forma-
tion of the 5,5endostereoisomet® Solvent modeling induces
preference for the-transconformation in all approaches (except the preferential stabilization of theetrans(excepting a negligible
for the 4,4exoapproximation). variation corresponding to the 4gkoapproach). As a result, a
Results on activation energies for the reaction between preference fos-transTSs is found for all approaches in solution.
1-pyrroline-1-oxide and methacrolein are presented in Table 3, Some trends can be observed for the incorporation of solvent
whereas the corresponding TS geometries for thermal conditionsmodeling on the Bhtcatalyzed 1-pyrroline-1-oxide- meth-
are presented in Figure 4. The calculated activation barriers areacrolein reaction. Thus, a rise of the activation barrier, as well
generally somewhat higher than those corresponding to theas a decrease of the 4,4- aantlopreferences is generally found.

5,5- $xo s-Cis 5,5- exo s-trans

parent nitrone (but a slight decrease was found for theeddb Interestingly, a significant relative stabilization of teerans
s-trans structure). Nevertheless, such activation energies are
significantly greater than those corresponding tosHogds-trans (55) Viton, F. Dissertation, University of Geneva, 2002.

9838 J. Org. Chem.Vol. 71, No. 26, 2006



Conformational Preferences of Methacrolein

JOC Article

TABLE 4. Activation Parameters (Gibbs Free Energies, Enthalpies, and Entropies) for the 1,3-Dipolar Cycloaddition Reaction (Gas-Phase,
Solution, and BHs-Catalyzed Versions) between Diphenylnitrone and Methacrolein, According to B3LYP/6-31G* Calculations

gas phase (thermal)

gas phase {Ridtalyzed)

solution (thermal) solution (Btdatalyzed)

approach AGFP AH*b AS ¢ AGFb AH*P AS © AG*b AH*P ASFe AG*ab AH*ab
4,4-endo s-cis 32.3 18.3 —46.8 23.9 8.7 —-51.0 33.9 20.2 —46.1 21.1 5.8
4,4-endo s-trans 31.0 17.2 —46.3 21.8 7.5 —48.0 32.3 18.5 —46.1 19.3 6.0
4,4-ex0 s-cis 33.9 20.2 —46.0 26.7 12.4 —47.9 35.6 21.8 —46.0 22.7 9.8
4,4-ex0 s-trans 32.0 18.4 —45.6 25.2 11.8 —45.0 33.5 20.1 —45.2 22.6 9.5
5,5-endo s-cis 29.4 16.0 —44.9 24.5 10.9 —45.7 32.0 18.4 —45.5 18.8 5.4
5,5-endo s-trans 28.7 14.9 —46.1 23.2 9.8 —45.1 29.9 16.3 —45.4 18.3 6.2
5,5-ex0 s-cis 32.9 194 —45.5 28.9 15.4 —45.1 36.0 20.8 -51.0 24.3 11.7
5,5-ex0 s-trans 315 23.9 —51.0 27.3 13.9 —44.9 33.2 19.5 —45.9 23.8 11.3

aCalculated at gas-phase optimized geometA&nergy given in units of kcal mot. ¢ Entropy given in units of cal mol K.

TSs can be encountered, leading to a systemsticans
preference for all approaches.

(by 0.5-2.9 kcal mof?), in agreement with experimental data
indicating the exclusive formation of 5,5-adducts at room

The calculated geometry for diphenylnitrone shows a coplanar temperaturé®@5®Such a result can be again attributed to the

arrangement of th€-phenyl substituent relative to the nitrone
functional group, whereas a skew disposition is found for the
N-phenyl group (Figure 5), in agreement with experimental
data®® Such features indicate the full conjugation of the
C-phenyl group, but only partial conjugation of tiNephenyl
substituent, both effects being kept in all TSs.

formation of stabilizing @-C=0 interactions (rather than to
steric control% A high endooverexopreference (by 1.63.5
kcal moi?) is also found in all cases, in agreement with the
total experimentagéndoselectivity19255Furthermore, a prefer-
ence for thes-transconformation is found for all approaches,
in contrast with results corresponding to the parent nitrone,

Results on activation parameters for the reaction betweenWhere ars-cispreference is generally observed. Such a behavior
diphenylinitrone and methacrolein are presented in Table 4. Thedifference might be attributed to low nitroneC=O stabilizing

calculated activation enthalpy for the most favored approach
(14.9 kcal mot?) is close to the experimental value for the
N-methyl-C-phenylnitrone+ methyl methacrylate reaction in
toluene (15.7 kcal mol). Conversely, a significant discrepancy
can be found for activation entropies (calculated}6.1 cal
mol~t K1 at 25°C, —45.9 cal mol! K~1 at 85°C; experimental
value of the aforementioned reaction at the-820 °C range,
—32.4 cal mof! K715 analogous to the results for the
cyclopentadiene- methacrolein Diels Alder reaction.

Gas-phase activation barriers for the diphenylnitrohe
methacrolein reaction are relatively high (2833.9 kcal
mol™?), indicating that the CurtinHammett principle is met.
These activation barriers are significantly larger than those
corresponding to 1-pyrroline-1-oxide (by 4:@.2 kcal mot?),
in agreement with kinetic data for the reactions with ethyl
crotonate in solution (showing a greater reactivity of 1-pyrroline-
1-oxide by 2.2 kcal mol?).57

The lower reactivity of diphenylnitrone in comparison with

interactions (favoring-cisconformations) in the diphenylnitrone

+ methacrolein reaction because of the charge delocalization
through theC-phenyl substituent. We can observe that the
preference for thes-trans conformation in this cycloaddition
reaction (by 0.71.9 kcal mof?) is lower than that for isolated
methacrolein (2.7 kcal mot); in that way the methacroleitcis
conformer is indeed more reactive than #wransform (by
0.7-1.9 kcal mot?), as encountered for the Dielé\lder
cyclopentadiene methacrolein reaction.

Some of the trends observed for the Bebordination to
methacrolein in the reaction with diphenylnitrone are very
similar to those corresponding to the parent nitrone. Thus, the
preferential stabilization of the 5,5-TSs leads to a regioselectivity
reversal, which is consistent with experimental results for the
diphenylnitrone+ methacrolein reaction involving different
Lewis acidst0a55.60 Fyrthermore, a higrendo preference is
predicted for the catalyzed reaction, in agreement with experi-
mental results showing a totatnddexo selectivityl10.16.60

Perturbation Theory (unrelated to the reaction thermodynamics)observed for all approaches of the diphenylnitrone reaction
since the substitution of nitrone by phenyl groups leads to a (excepting the 4,&xo approximation), in contrast with the
rise of the HOMO energy and, hence, to a decrease of thePreferential stabilization ob-cis conformations in reactions

HOMOnirone— LUMO gipolarophilegap> However, the high activa-
tion barriers of the diphenylnitrone reaction can instead be

involving other nitrones. As a result, aatranspreference is
predicted for all approaches.

attributed to the gradual loss of conjugation between the nitrone  Whereas theoretical calculations on the parent nitréne

group and the&-phenyl substituent (as revealed 5 NMR)>°
throughout the process.
Theoretical results on the gas-phase diphenylnitrene

methacrolein cycloaddition show a clear preferenceefodo
s-cisTSs in both 4,4- and 5,5-approaches (due to the existence
of electrostatic interactions), our computations on the diphe-

methacrolein reaction show a preference for the 5,5-cycloadductsnylnitrone + methacrolein reaction indicate a predilection for

(56) Gothelf, K. V.; Hazell, R. G.; Jgrgensen, K. Acta Chem. Scand.
1997 51, 1234-1235.

(57) Huisgen, R.; Seidl, H.; Bning, |. Chem. Ber1969 102 1102-
1116.

(58) Peez, P.; Domingo, L. R.; Aurell, M. J.; Contreras, Retrahedron
2003 59, 31173125.

(59) (a) Thenmozhi, M.; Sivasubramanian, S.; Balakrishnan, P.; Boykin,
D. W. J. Chem. Res., Synop986 340-341. (b) Jargensen, K. Ahem.
Phys.1987 114, 443-448.

theendo s-transtructure. Thus, it can be inferred that the parent
nitrone is not a good model of diphenylnitrone for 1,3-dipolar
cycloaddition reactions, in contrast with the assumptions usually
made in theoretical studiég>361

(60) Kanemasa, S.; Ueno, N.; Shirahase Tdtrahedron Lett2002 43,
657—660.

(61) Marakchi, K.; Kabbaj, O. K.; Komihal. Fluor. Chem2002 114
81-89.
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Results obtained from the solvent modeling on the diphe- solvent modeling induces a rather systematic preferential
nylnitrone + methacrolein reaction show the same trends as stabilization of s-trans structures for both thermal (all four
those from the reaction of the parent nitrone (excepting the lack reactions) and catalyzed (Diel#lder) reactions. The prefer-

of anomalous results derived from the NH---O=C electro- ential stabilization of thes-trans conformation by solvent
static interactions, due to the-phenyl substitution). Thus, a  polarity’? and coordination of a Lewis adilhas already been
slight increase of the activation barriers is found (by-132L reported in experimental studies on the cyclopentadi¢ne

kcal mol?), in agreement with experimental data on solvent menthyl acrylate reaction.
effects on theN-methyl-C-phenylnitrone + ethyl acrylate
reaction®’ A slight increase in the relative stabilities of the 5,5-,
endo,ands-transTSs is also found.

Some interesting results can be found for the solvent modeling

on the BH-catalyzed diphenylnitroné methacrolein reaction. diene® 1-pyrroline-1-oxid€l®® and diphenylnitron® through
Thus, a significant decrease of the activation barriers as well

as the relative stabilization of the 5,5- arddoTSs can be the same side of the chiral catalyshethacrolgm complex. .
observed. Interestingly, despite the systematic differential Nevertheless, some care should be taken |n_the extrapolation
stabilization of thes-cisTSs, ars-transpreference is observed of the theoretical results of our study to experimental systems

Thes-transpreference predicted for methacrolein in catalyzed
Diels—Alder and 1,3-dipolar cycloaddition reactions in solution
is consistent with experimental data on reactions catalyzed by
an Ir(lll) catalyst showing a preferential attack of cyclopenta-

in all cases. because of the simplicity of borane as a Lewis acid and the use
of a dielectric continuum as a solvent. Thus, a less&nans
Conclusions preference (or even askcis predilection) might be expected
) o for mild Lewis acids and apolar solvents. On the other hand,
Thes-cigs-transpreference of methacrolein in Dieté\lder other effects, such as the steric hindrance of the catalyst or the

and 1,3-dipolar cycloaddition reactions derives from a delicate formation of specific interactions between the methacrolein
balance between the larger stability of gx#ransconformer of complex and the counterpart reactant, can also significantly

ground-stat_e me_thacrolein a_nd the larger reactivity of_the affect thes-cigs-transconformational preference.
correspondings-cis conformation. As a consequence, varied

behavior is found in gas-phase calculations (from the systematic
s-cis preference of cyclopentadiene to the systemsiicans
predilection of diphenylnitrone). Dichotomous behavior is found
in BHs-catalyzed reactions:s-trans TSs are preferentially
stabilized in processes involving cyclopentadiezg@pproach)

and diphenylnitrone, bus-cis geometries are more stabilized

in reactions of parent nitrone and 1-pyrroline-1-oxide. However,
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