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a-Alkylations of carbonyl compounds are central carbon SN
carbone-bond forming reactions in organic synthesissymmetric o
variants generally rely on the use of chiral auxiliaries, and a variety )H HOS R?
of efficient examples have been reported in the last three detddes. H , —HO 3 R kx
Despite its potential as a broadly useful synthetic methodology, 2 R \% }( 4
the development of a general catalytic asymmetrialkylation . M
reaction has proven extremely challenging, and the only two SN ¢ SN X~

. . . +H,0

reported strategies are limited in scope. For example, the very useful 4 H HJ\./\RZ
asymmetric phase-transfer catalysis approach is most commonly s, 1 - HX &
applied in the synthesis of-amino acids via alkylation of a glycine \'ﬂ/ _ Q
derivative® The other notable but indirect strategy developed by NC X H)J\_/\RZ 5
Koga et al’ uses chiral oligoamines as catalysts for thbenzy- R2 R!
lation of preformed cyclohexanone lithium enolates. Although chiral 7 6
o-branched aldehydes are particularly valuable synthetic intermedi-
ates, neither direct nor indirect catalytic asymmetrialkylations commercially available §)-o-methyl proline 8) significantly
of aldehydes are known. Here, we describe the first, efficient, and improved both the rate and the enantioselectivity of the reaction.
highly enantioselective intramolecular direct aldehgdalkylation Treating aldehyd® with catalyst8 (10 mol %) in chloroform at
reactions. —30 °C in the presence of triethylamine furnished cyclopentane

Even stoichiometrici-alkylations of preformed aldehyde enolate  carbaldehydelO in excellent yield (92%) and enantioselectivity
equivalents are very difficult to control, and several side reactions (95% ee) (eq 2).
usually occur. For example, in the reactions of metal enolates or
enamines of aldehydes with alkyl halides, self-aldolization, Caniz- mR
I

zaro or Tischchenko reactions, and N- or O-alkylations are OHC COz"L OHC,,,
competing processés.Designing a catalytic asymmetric-alky- Etozc-U __ H(10mol%) Et0,C', )
lation of aldehydes is further complicated by the susceptibility of NEt; (1eq), CHCl; g5 ¢

I A EtO,C ¢ 230°C. 24h 2~ 10
the nucleophilic Lewis- or Brgnsted-base catalyst toward an ’ R=H: 80% 68% ce
unproductive alkylation reaction with the electrophile. In addition, R = Me (8): 92%, 95% ee

racemization of the product could be a serious problem.

Based on our previous successful use of enamine catalysis as a Next, we studied the scope of this novel reaction (eq 3, Table
powerful strategy in asymmetric syntheXid! we wondered  1). Varying the leaving group~l, —Br, —OTSs) furnished product
whether this approach could be extended to a catalytic asymmetric10 in similar high enantioselectivities, although the cyclization of
a-alkylation reaction of aldehydes (or ketones). Fully aware of the tosylate 12 was particularly slow. Replacing ethyl with benzyl
potential benefits but also of the many difficulties we would likely  groups as in estet3 furnished the corresponding produd#y in
encounter, we decided to pursue this formidable challenge. In our almost identical enantioselectivity and yield. If structural isomer
reaction design, we envisioned a catalytic cycle (eq 1) involving 15 was treated with catalys, aldehydel6 was obtained in 93%
an initial reversible enamine formation from amibhand aldehyde yield and 83% ee. Running this reaction in mesitylene instead of
2 (a). Enamine intermediaté should then react with alkyl halide  chloroform further improved the enantioselectivity to 97% ee. Much
4 to furnish iminium sal6 (b), while the potential N-alkylation of  to our delight, we found that extending this new reaction to the
the amine catalyst itself to give catalytically inactive tertiary synthesis of heterocycles worked equally well. Thus, subjecting
ammonium sal? should not occur. Hydrolysis of s&t(c) would amino aldehydd 7 to the reaction conditions furnisheg§){N-tosy!
finally regenerate catalydtand provide thex-branched aldehyde  prolinal (18) in high enantioselectivity. Furthermore, we were able
product @) along with 1 equiv of acid HX to be trapped by to extend our methodology to alternative cyclization modes such
stoichiometrically added base. as the 3-exo-tet cyclization of aldehyd® to cyclopropane?0in

We initially investigated the intermoleculeralkylation reaction high yield and enantioselectivity.
of cyclohexanone and propionaldehyde with benzylbromide cata- The ee’s of the produced cyclic aldehydes were determined via
lyzed by proline in the presence of triethylamine, but unsurprisingly conversion to the corresponding enones using an in situ Herner
we only identified products of proline benzylation. We then studied Wadsworth-Emmons reaction followed by chiral stationary phase
the intramolecular alkylation of aldehyd® under the same HPLC analysis.
conditions and to our excitement found this reaction to furnish ~ The absolute configuration of prolindl8 was determined by
aldehydel0 in good yield and promising 68% ee (eq 2). After measuring the optical rotation of its known alcohol reduction
optimizing the reaction conditions, and screening several proline product!? At this point, a detailed mechanistic explanation of the
derivatives and other amines as alternative catalysts, we found thatenantiodifferentiation appears premature. However, the results are
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Table 1. (S)-a-Methyl Proline-Catalyzed Direct Asymmetric
Intramolecular a-Alkylation of Aldehydes

CH,
=CO,H
N 8(1omol%)  one,
OHC— /=X ' ®)
Y NEt, (1 eq), -30°C, Y
24h, CHCI,
Entry Substrate Product Yield (%) ee (%)?
OHC X OHC,,
(1
EtO,Ci:. EtO,C';
EtO,C EtO,C
9(X=1) 10 92> 95
@) 11 (X = Br) 10 90° 94
3) 12 (X = OTs) 10 200 91
OHC I OHC,,,
4) 94 95
BnO,Cr:. BnO,C'
BnO,C BnO,C
13 14
OHC Br OHC,,
(5) 92¢ 96
93 84
", CO,Et
Et0,C CO,Et EtO,C ~2
15 16
OHC I OHC,,
®) D O 5 91
TsN TsN
17 18
OHC,,,
%) OHC™ 7 I 70° 86

0L COEt EtO,C CO,Et

19 20

aDetermined by chiral stationary phase HPLC analysis after in situ
Horner-Wadsworth-Emmons olefination to the corresponding enone (e.g.

(MeO)POCHCOMe, LiOH).P At 0 °C, 5 mol %8, 89% yield and 91%
ee was obtained.15 mol %8. 920 mol %8, 48 h.© 20 mol %8, —15°C,

mesitylene, 216 h.After in situ reduction to the corresponding alcohol

(NaBH,;, MeOH).

consistent with related proline-catalyzed reactions and with previous
mechanistic proposal8:13The considerable increase in enantiose-

lectivity observed by switching fromS-proline to its o-methyl

derivative8 is remarkable. It has earlier been demonstrated that in

proline-catalyzed aldolizations tteyn versusanti-enamine con-
formation plays an important role in the enantiodifferentiafion.
The a-geminal disubstitution in cataly8tmight shift this equilib-

rium toward theanti-enamine because of 1,3-allyllic strain interac-

tions occurring in the correspondisgn-conformer. Ultimately, it

may be thisanti-preference which translates into the observed high
enantioselectivity in the transition state. Exactly how the enantio-
differentiation occurs mechanistically remains to be determined.
Currently, we speculate a triethylammonium carboxylate to be
involved in the ionic activation of the leaving group in the

cyclization.

In summary, we have discovered the first catalytic asymmetric
a-alkylation of aldehydes. Our process furnishes chiral substituted
cyclopentanes, cyclopropanes, and pyrrolidines in high yields and
ee’s. The catalyst is commercially available in both enantiomeric

forms, and the reaction conditions are simple and practical. Most
remarkably, racemization, aldolization, or catalyst alkylation do not
occur to any significant extend, further illustrating the power,
mildness, and profound selectivity of enamine catalysis.
Currently, we are expanding the scope of our new asymmetric
alkylation to other cyclization modes and to an intermolecular
variant. First results will be communicated in due course.

Acknowledgment. This paper is dedicated to Professor Manfred
T. Reetz on the occasion of his 60th birthday. We thank Jo Van
Betsbrugge of BioQuadrant Pharmaceutical Intermediates Inc.,
Canada, for the generous gift of proline derivatives. Support by
the Max-Planck-Institut fu Kohlenforschung and technical as-
sistance by L. Goossen, A."bong, and H. Hinrichs is gratefully
acknowledged.

Supporting Information Available: Experimental procedures,
spectra, and HPLC data (PDF). This material is available free of charge
via the Internet at http:/pubs.acs.org.

References

(1) Caine, D. InComprehensie Organic SynthesisTrost, B. M., Ed.;
Pergamon Press: New York, 1991; Vol. 2, Chapter 1.1. and references
therein.

(2) (a) Meyers, A. |.; Williams, D. R.; Druelinger, Ml. Am. Chem. Soc.
1976 98, 3032-3033. (b) Meyers, A. |.; Williams, D. R.; Erickson, G.
W.; White, S.; Druelinger, MJ. Am. Chem. S0d981, 103 3081-3087.

(c) Lutomski, K. A.; Meyers, A. |. IPAsymmetric Synthesislorrison, J.
D., Ed.; Academic Press: New York, 1983; Vol. 3, Chapter 3, p 213.

(3) Job, A,; Janeck, C. F.; Bettray, W.; Peters, R.; EndersTdxahedron
2002 58, 2253-2329.

(4) Evans, D. A. InAsymmetric SynthesiMorrison, J. D., Ed.; Academic
Press: New York, 1983; Vol. 3, Chapter 1, p 1.

(5) For other highly effective auxiliaries, see: (a) Whitesell, J. K.; Whitesell,

M. A. J. Org. Chem1977, 42, 377. (b) Helmchen, G.; Wierzchowski, R.

Angew. Chem., Int. Ed. Endl984 23, 60. (c) Oppolzer, W.; Dudfield,

P.; Stevenson, T.; Godel, THelv. Chim. Acta1985 68, 212. (d)

Kawanami, Y.; Ito, Y.; Kitagawa, T.; Taniguchi, Y.; Katsuki, T.;

Yamaguchi, M.Tetrahedron Lett1984 25, 857—860. (e) Myers, A. G.;

Yang, B. H.; Chen, H.; McKinstry, L.; Kopecky, D. J.; Gleason, JJL.

Am. Chem. Socl997 119 6496-6511.

For reviews, see: (a) Maruoka, K.; Ooi,Chem. Re. 2003 103 3013—

3028. (b) O’Donnel, M. InCatalytic Asymmetric Synthesi®jima, |.,

Ed.; Wiley-VCH: New York, 2000. Also see: (c) Dolling, U.-H.; Davis,

P.; Grabowski, E. JJ. Am. Chem. Sod 984 106, 446. (d) Lygo, B.;

Wainwright, P. G.Tetrahedron Lett1997 38, 8595. (e) Corey, E. J.;

Xu, F.; Noe, M. CJ. Am. Chem. Sod997, 119, 12414. (f) Park, H.-G;

Jeong, B.-S.; Yoo, M.-S.; Lee, J.-H.; Park, M.-K,; Lee, Y.-J.; Kim, M.-

J.; Jew, S.-SAngew. Chem., Int. E®2002 41, 3036.

(7) Imai, M.; Hagihara, A.; Kawasaki, H.; Manabe, K.; Koga, KXAm. Chem.
Soc.1994 116, 8829-8830.

(8) House, H. O.; Liang, W. C.; Weeks, P. D.Org. Chem1974 39, 3102.

(9) Stork, G.; Brizzolara, A.; Landesman, H.; Szmuszkovicz, J.; Terrell, R.
J. Am. Chem. Sod.963 85, 8829-8830.

(10) For the first proline-catalyzed asymmetric intermolecular aldol-, Mannich-,
Michael-,o-amination-, and intramolecular enolexo aldolization reactions,
see: (a) List, B.; Lerner, R. A.; Barbas, C. F., 10. Am. Chem. Soc.
200Q 122 2395-2396. (b) List, B J. Am. Chem. So@00Q 122 9336~
9337. (c) List, B.; Pojarliev, P.; Martin, H. Drg. Lett.2001, 3, 2423~
2425. (d) List, BJ. Am. Chem. So2002 124, 5656-5657. (e) Pidathala,
C.; Hoang, L.; Vignola, N.; List, BAngew. Chem2003 115, 2891. For
reviews: (f) List, B.Synlett2001, 1675-1686. (g) List, B.Tetrahedron
2002 58, 5572-5590. (h) Giger, H.; Wilken, JAngew. Chem., Int. Ed.
2001, 40, 529-532. (i) Movassaghi, M.; Jacobsen, E. Stience2002
298 1904.

(11) (a) Northrup, A. B.; MacMillan, D. W. CJ. Am. Chem. So2002 124,
6798-6799. (b) Codova, A.; Notz, W.; Barbas, C. F., . Org. Chem.
2002 67, 301-303. (c) Bggevig, A.; Kumaragurubaran, N.; Jgrgensen,
K. A. Chem. Commun2002 620-621. For pioneering studies on the
use of amino acids as asymmetric catalysts of the intramolecular aldol
reaction, see: (d) Eder, U.; Sauer, G.; WiechertARgew. Chem., Int.
Ed. Engl.1971 10, 496. (e) Hajos, Z. G.; Parrish, D. R. Org. Chem.
1974 39, 1615.

(12) Nicolaides, E. D.; Tinney, F. J.; Kaltenbronn, J. S.; Repine, J. T.; DeJohn,
D. A, et al.J. Med. Chem1986 29, 959-971.

(13) (a) Bahmanyar, S.; Houk, K. Nl. Am. Chem. So@001, 123 9922
9923. (b) Bahmanyar, S.; Houk, K. N. Am. Chem. SoQ001, 123
11273-11283. (c) Bahmanyar, S.; Houk, K. N.; Martin, H. J.; List,B.
Am. Chem. So003 125 2475-2479. (d) Hoang, L.; Bahmanyar, S.;
Houk, K. N.; List, B.J. Am. Chem. SoQ003 125, 16—-17.

JA0392566

6

~

J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004 451



