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Highly stereoselective 1,3-dipolar cycloadditions of methacrolein and nitrones could be realized by the use of his-titanium chiral Lewis acid
catalyst. Key to the success is the introduction of bulky N-substituent on nitrone to attenuate the undesired Lewis acid —nitrone complexation.

The Lewis acid-catalyzed asymmetric Dielslder reaction philes, such as 3-(2-alkenoyl)-2-oxazolidindrigamely, in

of methacrolein and dienes is one of the most important andthe chiral Lewis acid activation of such bidentate carbonyl
fundamental cycloaddition reactions, and enables the forma-substratesg-substitution of the carbonyl substrates is not
tion of one all-carbon quaternary stereocenter and additionalnormally amenable due to a problematit3strain between
stereocenters at one time depending on the substitutionthe template and the-substituent.

pattern of the diene (Scheme 1, ed4This attractive feature The results of research focusing on the useogs-

of this catalysis has promoted the development of various unsaturated aldehydes in the asymmetric 1,3-dipolar cy-
chiral Lewis acid catalysts over the past decades.

In sharp contrast to its prosperity in the field of asymmetric _

catalysis, methacrolein has rarely been employed in the h n h lein i 21 and )
asymmetric 1,3-dipolar cycloadditions of nitrone, another Scheme 1. Use of Methacrolein in [4f 2] and [3+ 2]

. o Cycloadditions
important class of cycloadditions (Scheme 1, ed Zhe R y R
main cause of this lack might be attributed to the long- 4+2] Me
standing substrate limitation of using bidentate dipolaro- - MeTCHO ] CHO (1
e
(1) For reviews on the Lewis acid-catalyzed asymmetric Didlgler R R
reactions, see: (a) Corey, E. J.; Guzman-PereAngew. Chemint. Ed.
1998,37, 388. (b) Corey, E. Angew. Chemint. Ed. 2002,41, 1650. o CHO [3+2] 3 N
(2) For reviews on the formation of quaternary stereocenters, see: (a) +

!+
Trost, B. M.; Jiang, CSynthesi2006, 369. (b) Christoffers, J.; Baro, A. R\%‘LX OHC\X—/ OHG™ \_7’
Adw. Synth. Catal.2005 347, 1473. (c) Christoffers, J.; Baro, A., Eds.

Quaternary Stereocenter€hallenges and Solutions for Organic Synthgsis
Wiley-VCH: Weinheim, Germany, 2005. (d) Douglas, C. J.; Overman, L. 3,4-endo 3,5-endo
E. Proc. Natl. Acad. Sci. U.S./2004,101, 5363.

10.1021/01702123n CCC: $37.00  © 2007 American Chemical Society
Published on Web 10/11/2007



cloadditions of nitrone appeared recently, which offered an
opportunity to implement the reaction of nitrone and meth-

acrolein by the judicious choice of Lewis acidsAlthough X

high endo selectivity was generally attained, these studies OO o, OkPr X
suffered from poor regioselectivity or the preferential forma- ,T]\ OO
tion of 3,5-endo isomer without exception. Thus, despite the OO © oo O

intriguing structure of vicinally substituted 3,4-endo adduct X ,_pro o

including one all-carbon quaternary center, the 3,4-endo (S,S)-1a - (X = H) OO
selective reaction still remains an elusive goal. It should also (8:8y1b (X =

be noted that chiral organocatalysts do not provide a solution
to this problem because of their poor ability to discriminate
the enantiotopic face of methacroléif.

Our approach to addressing this issue is the use of chiral
bis-titanium Lewis acid $,S)-la(Figure 1), which has
recently been revealed to catalyze various asymmetric
transformations including 1,3-dipolar cycloadditionsNf
benzyl nitrones and acrolethAlong the line of this research,
the reaction of methacrolein atdbenzylidenebenzylamine
N-oxide2 (R = CHyPh) was conducted in the presence of a
catalytic amount of$9-1a. The reaction was sluggish even Table 1. Comparison of the Reactivity and Selectivity of
at 0 °C, providing the cycloadduct only in disappointingly ~N-Substituted Nitronés

Figure 1. Chiral bis-titanium Lewis acidda and1b.

endo adducB was obtained exclusively, in contrast to the

previous reports from other groups. Intrigued by this unusual
outcome, we set out to realize a practical asymmetric 1,3-
dipolar cycloaddition reaction of methacrolein and nitrones.

low yield with a moderate enantioselectivity of 75% ee Me R R
(Table 1, entry 1). However, the sterically congested 3,4- /ItCHo (188,33]1@ Ph N‘o N O,N h
, : : o CHiCh0°C OHC\X—/ OHC“-\—7’
(3) For reviews, see: (a) Gothelf, K. V.; Jgrgensen, KChem. Rew. -
1998,98, 863. (b) Gothelf, K. V.; Jgrgensen, K. Bhem. Commur2000, Ph._N. Me Me
1449. (c) Gothelf, K. V. InCycloaddition Reactions in Organic Synthesis 2 R 3.4-endo 3 3,5-endo
Kobayashi, S., Jgrgensen, K. A., Eds.; Wiley-VCH: Weinheim, Germany, endo selective®
2002; Chapter 6, p 211. (d) Kanemasa, SClycloaddition Reactions in 3,4-endo/3,5-endo = >20/1°
Organic SynthesjsKobayashi, S., Jargensen, K. A., Eds.; Wiley-VCH:
Weinheim, Germany, 2002; Chapter 7, p 249. (e) Pellissietdttahedron entry R catalyst yield (%) ee (%)?
2007,63, 3235.
(4) For some recent examples employing bidentate dipolarophiles, see: 1 PhCH, (S,S)-1a 10 75
(a) Sibi, M. P.; Ma, Z.; Jasperse, C. R.Am. Chem. So2004,126, 718. 9 Phy,CH (8,S)-1a 58 90
(b) Suga, H.; Nakajima, T.; Itoh, K.; Kakehi, Lrg. Lett.2005,7, 1431. 3 Ph,CH (S’S) 1b 80 93
(c) Palomo, C.; Oiarbide, M.; Arceo, E.; Garcia, J. M.; Lépez, R.; Gonzalez, 2 el
A.; Linden, A. Angew. Chemint. Ed. 2005,44, 6187. (d) Evans, D. A.; 4 1-NpCH, (S,9)-1b 24 78
Song, H.-J.; Fandrick, K. ROrg. Lett.2006,8, 3351. 5 (2-tolyl):CH (S,S)-1b trace
(5) For an approach that circumvented this problem by using acrylimides,
see: Sibi, M. P.; Ma, Z.; ltoh, K.; Prabagaran, N.; Jasperse, Qr§. aThe reaction of nitrones and methacrolein (3 equiv) was performed in
Lett. 2005,7, 2349. the presence of 10 mol % 08(S)-1in CH,Cl,. ® Determined by'H NMR
(6) (a) Viton, F.; Bernardinelli, G.; Kiindig, E. B. Am. Chem. Soc spectroscopyt Isolated yield 4 Determined by HPLC analysis with use of
2002,124, 4968. (b) Mita, T.; Ohtsuki, N.; Ikeno, T.; Yamada, Qtg. chiral columns after the reduction of the aldehyde moiety.

Lett. 2002, 4, 2457. (c) Ohtsuki, N.; Kezuka, S.; Kogami, Y.; Mita, T.;
Ashizawa, T.; lkeno, T.; Yamada, Bynthesi®003, 1462. (d) Kezuka, S.;

Ohtsuki, N.; Mita, T.; Kogami, Y.; Ashizawa, T.; lIkeno, T.; Yamada, T.
Bull. Chem. Soc. Jpr2003, 76, 2197. (€) Shirahase, M.; Kanemasa, ., On the basis of the premise that poor reactivity of the

Oderaotoshi, YOrg. Lett.2004,6, 675. (f) Carmona, D.; Lamata, M. P.; . . . .. .
Viguri, F.: Rodrjgl?eZ’ R.:Oro, L. A B(;Rana, A I.; Lahoz, F. J.; Tejero, Lewis acid-catalyzed 1,3-dipolar cycloadditions of nitrone

(T) l\(/:Ierino, P.;grarcco, S.;thlangl.esei;ql..Am. FCh?emdsOQOMF'elZ% 271L6-A is due to the unfavorable interaction of Lewis acid and
g) Carmona, D.; Lamata, M. P.; Viguri, F.; Rodriguez, R.; Oro, L. A.; : : : :
Lahoz, F. J.. Balana, A. .. Tejero, T.. Merino, 2.Am. Chem. So@005, electro_n_ega_tlve oxygen qf mtr_oﬁ@ewe assumed that kmepc
127, 13386. (h) Carmona, D.; Lamata, M. P.; Viguri, F.; Ferrer, J.; @arci  destabilization of a Lewis aciehitrone complex by steric
N.; Lahoz, F. J.; Martin, M. L.; Oro, L. AEur. J. Inorg. Chem2006, P _ i i H
3155. (i) Carmona, D.; Lamata, M. P.; Viguri, F.; Rodriguez, R.; Fischer, repulsu_)n be_tween thig sub_shtuent on mtrone. and the Ilgand
T.; Lahoz, F. J.; Dobrinovitch, I. T.; Oro, L. Adw. Synth. Catal2007, of Lewis acid catalyst might be an effective approach to
349, 1751. ] increase the reactivity (Scheme 2).

(7) For a B3LYP/6-31G study, see: Barba, C.; Carmona, D.; @adci . . . . . .
I.; Lamata, M. P.; Mayoral, J. A.; Salvatella, L.; Viguri, . Org. Chem. With this consideration in mind, thB-benzyl group on
20((33),Z1), 39831\}v i 23 M Machillan. . W. SAm. Ch nitrone was replaced by a sterically more demanding

a) Jen, W. S.; Wiener, J. J. M.; MacMillan, D. W. £.Am. Chem. . . P

Soc. 2000, 122, 9874. (b) Karlsson, S.; Hogberg, H.-Eetrahedron: N-diphenylmethy| g_roup, which was _ant|C|p_ate_d_ not to
Asymmetry2002,13, 923. (c) Karlsson, S.; Hogberg, H.-Eur. J. Org. change the electronic property of the dipole significaftly.

Chem 2003 2782. (d) Chow, S. S.; Nevalainen, M.; Evans, C. A.; Johannes,

C. W. Tetrahedron Lett2007,48, 277. (e) Rios, R.; lbrahem, I.; Vesely, To our delight, the reaction proceeded smoothly and the

J.; Zhao, G.-L.; Cérdova, ATetrahedron Lett2007,48, 5701. cycloadduct was obtained in a remarkably higher yield of
24%97) Sakakura, A.; Suzuki, K.; Ishihara, Rdv. Synth. Catal2006,348, 58%, maintaining the preferential formation of one regio-

(10) (a) Hanawa, H.; Hashimoto, T.; Maruoka, K. Am. Chem. Soc.
2003,125, 1708. (b) Hanawa, H.; Uraguchi, D.; Konishi, S.; Hashimoto, (11) For a similar strategy with achiral bulky Lewis acid, see: Kanemasa,
T.; Maruoka, K.Chem.—Eur. J2003,9, 4405. (c) Kano, T.; Hashimoto, S.; Ueno, N.; Shirahase, M.etrahedron Lett2002,43, 657.

T.; Maruoka, K.J. Am. Chem. Soc2005, 127, 11926. (d) Kano, T.; (12) Tamura, O.; Kanoh, A.; Yamashita, M.; Ishibashi, Trétrahedron
Hashimoto, T.; Maruoka, KJ. Am. Chem. So2006,128, 2174. 2004,60, 9997.
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I gatect® 1-Cyclopentenyl and L-methyl-L-propenyl groups

RJN@ did not improve the yield.

To strengthen the synthetic utility of 1,3-dipolar cycload-
ditions of N-diphenylmethyl nitrones, the procedure for the
effective removal of the diphenylmethyl group in the
isomer; additionally, a high enantioselectivity of 90% was cycloadduct was then surveyed. After several unfruitful
observed. Further improvement could be realized by the attempts utilizing hydrogenation conditions, we succeeded
introduction of 6,61,-BINOL into the bis-titanium Lewis  in cleaving the C—N bond oxidatively as shown in Scheme
acid catalyst ((S,S)-1b) and, in this case, the cycload8luct 3.4 Thus, after the reduction of the aldehyde moiety of the
could be obtained in 80% yield with almost complete

stereoselectivity (93% ee, endo/exo>20/1, 3,4-endo/3,5- _

Scheme 2. Kinetic Destabilization of Lewis AciétNitrone could be successfully incorporated into the products with
Complex by Steric Repulsion 91% ee and 88% ee, respectively (entries 8 and 9). The
Me Me modest yields observed in some cases imply the intervention
}Yo b _OMLn of the Lewis acid inhibition by the substrate as well as the
g+ o e H* 0 product inhibition, since prolongation of the reaction time
R,_,jrh@) '

endo = >20/1). The reaction with less hindered-(1- Scheme 3. Removal of theN-Diphenylmethyl Group
naphthylmethyl) nitrone led to a poor conversion (entry 4), DPM DPM 4y NBS H
and more sterically demandimrbis(2-tolyl)methyl nitrone PhaNog NaBHs pho Ny CHoCL/MZO, 1t Ph\@o
was inert under the reaction condition (entry 5). OHCTKJ MeOH, it i 2) p-TsOH
. . . . Me 9% pd Me CHCNHO ity Me
The generality of this reaction was then examined employ- 81% (2 sleps) 4

ing variousN-diphenylmethyl nitrones as illustrated in Table

2. The reaction system was applicable to nitrones bearing
cycloadduct, the alcohol was treated with 1.1 equiv of

_ N-bromosuccinimide in CKCl, followed by acidic hydrolysis

) ) ” of thus formed hemiaminal, which gav-unprotected
Table 2. Asymmetric 1,3-Dipolar Cycloadditions of

. . ) isoxazolidine4 in 81% yield.
Methacrolein and Various Nmon%: b DPM The relative and absolute stereochemistry of the cycload-

o Me (1omol %) i N, duct was unequivocally determined by X-ray crystallographic
RVKKDPM * /\CH o CHzCIzh \X_}D aqalysi; of the deprotected cycloa_dddtf'stfter.the complex-
0°c,24h  OHCT R ation with (+)-(S)-camphorsulfonic acid (Figure ).

endo/ exo = >20/ 10
3,4-endo/3,5-endo = >20/1°

entry R! yield (%) ee (%)
1 Ph 80 93
2 2-tolyl 67 99
3 3-tolyl 74 9%
4 4-tolyl 75 88
5 2-naphthyl 51 95
6 4-MeOCgH, 49 94
7 4-CICsH,4 46 88
8¢ Q\ 48 88
4
9 Mew = ,f‘ 65 91

aThe reaction of nitrones and methacrolein (3 equiv) was performed in
the presence of 10 mol % o§©)-1b in CH,Cl,. b Determined byH NMR . . .
spectroscopyt Isolated yieldd Determined by HPLC analysis with use of ~ Figure 2. X-ray structure Of4'_(+)'(S)‘Camph0r5U|f0n|C ?‘C|d_
chiral columns after the reduction of the aldehyde moieBerformed with complex. Hydrogen atoms are omitted for clarity. Thermal ellipsoids
20 mol % of §,S)-1b. are shown at the 50% probability level.

electronically neutral aromatic groups irrespective of the Further extension of this catalytic system was achieved
substitution patterns or the ring size, and the cycloadductsby employing crotonaldehyde as the dipolarophile. As in the
were obtained in high yields with an excellent level of - - - -

. lecti . 2 El . . fth (13) Use ofC-isopropyl nitrone (R= i-Pr) led to the formation of 3,5-
enam'o_se _eCt'On (e_nt”es _5) ectronic pmpert'_e‘§ ot the isomer in low yield, suggesting the dominance of the steric factor over the
aromatic rings on nitrone slightly affected the reactivity and ele(cltzt;nLic Contro:\./I Bl v K | esiat. M. Marchand

. . . . aurent, ., belmans, ., Kemps, L.; iat, M.; Marchand-
th_ese _reacuons _prowdeq Fhe cyclogdducts in moderate yleldstnaert’ J.Synthesi003, 570.
with high enantioselectivities (entries 6 and 7). To further  (15) CCDC-6557064:(+)-(S-camphorsulfonic acid complex) contains
expand the utility of our methodology, nitrones incorporating the supplementary crystallographic data for this paper. These data can be

) . . A obtained free of charge from The Cambridge Crystallographic Data Centre
alkenyl groups at th&-terminus of nitrone were investi-  via www.ccdc.cam.ac.uk/ data_request/cif.
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Table 3. Asymmetric 1,3-Dipolar Cycloadditions of
Crotonaldehyde and Nitrores

_ (S,S)-1a DPM

10 mol %

1 Q +Me oo —'( w )—>NaBH4 R0
RUN pon cg%gz EtOH _

20-24 h HO—  Me
endo/exo = >20/1°
rs = >20/1°

entry R! yield (%)° ee (%)?
1 Ph 82 (36)° 87 (63)
2 4-tolyl 93 89
3 4-MeOCgH, 83 88
4 t-Bu 50 89
5 i-Pr 83 92

aThe reaction of nitrones and crotonaldehyde (1.5 equiv) was performed
in the presence of 10 mol % o8(S)-1ain CHyCly. P Determined by*H
NMR spectroscopyt Isolated yield after the reduction of the aldehyde
moiety in situ, considering the possibility of epimerization at the C4 position.
d Determined by HPLC analysis with use of chiral columhBerformed
with N-benzyl nitrone under otherwise identical conditions.

case of the reaction with methacrolein, useNafliphenyl-
methyl nitrone was apparently advantageous providing the
single isomer of the cycloadduct in 82% with 87% ee (entry

4808

1, Table 3), while the reaction witN-benzyl nitrone gave
the cycloadduct in 36% yield with 63% ee (entry 1 in
parentheses). As a clear superiority &,%)-1bwas not
observed in this case, the generality was investigated with a
simpler catalyst (S,S)-1a.

In summary, we have succeeded in 3,4-endo selective
asymmetric 1,3-dipolar cycloadditions of nitrones and meth-
acrolein by the use of chiral bis-titanium Lewis acids. The
clear advantage of using-diphenylmethyl nitrones was also
demonstrated in the reaction with crotonaldehyde. This
strategy offers a new benchmark reaction for the chiral Lewis
acid catalyzed asymmetric 1,3-dipolar cycloadditions of
nitrones.
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