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Abstract: The development of efficient methods for the facile construction of important molecular
architectures is a central goal in organic synthesis. An unprecedented organocatalytic asymmetric cascade
Michael-alkylation reaction of o, 8-unsaturated aldehydes with bromomalonates has been developed. The
process, efficiently catalyzed by chiral diphenylprolinol TMS ether in the presence of base 2,6-lutidine,
serves as a powerful approach to the preparation of synthetically and biologically important cyclopropanes
in high levels of enantio- and diastereoselectivities. Remarkably, the power of the cascade process is fueled
by its high efficiency of the production of two new C—C bonds, two new stereogenic centers, and one
guaternary carbon center in one single operation, which otherwise is difficult to achieve by traditional
strategies. Moreover, the beauty of the cascade process is further underscored by the nature of the product
formation depending on the reaction conditions. With the alternation of base from 2,6-lutidine (1.1 equiv),
which is effective for the cyclopropanations, to NaOAc (4.0 equiv), the spontaneous ring-opening of
cyclopropanes takes place to lead to stereoselective (E) a-substituted malonate a,S-unsaturated aldehydes.
A possible reaction mechanism, which involves a Michael-alkylation—retro-Michael pathway, is proposed
and verified by experimental studies. This investigation represents the first example of an organocatalyst-
promoted ring opening of the cyclopropanes, whereas such reactions have been intensively explored by
Lewis acid-based catalysis.

1. Introduction of biologically and medicinally relevant substanée$More-

over, the strained three-membered ring can undergo a variety
of ring-opening reactions to generate new molecular skel@fons.
Therefore, the cyclopropanes have long served as a valuable
H)Iatform for the design of new asymmetric technologies. The
currently available methods for synthesis of cyclopropanes
clude intensively studied organometallic-based catalysis

and asymmetric versions of the SimerSmith reaction.

The identification of new synthetic methodologies that enable
facile construction of complex molecular scaffolds in an efficient
way from readily available starting materials remains a chal-
lenging goal in chemical synthesis. Cascade processes, in whic
several bond-forming steps take place in a single operation, have
received much attention in this regard because they address ond!

of the fundamental issues related to synthetic efficiency. ficant ad 5o h b q the devel ‘
Consequently, cascade reactions have been the subject of inten §|gn| icant advances also have been made in the developmen

research in recent years, as evidenced by the number of review§’f catalytic methods based on the reaction of ylides for electron-
that have appearédlhe catalytic asymmetric version of cascade deficient alkenes since the pioneering work by Cdrbptably,
reactions is particularly appealing as a result of more atom
economy. However, the state-of-the-art of cascade reactions is @
that there are a limited number of catalytic enantioselective
cascade reactions developed thus far.

The efficient preparation of three-membered ring systems is
of considerable synthetic interest. The rigid cyclopropane
scaffolds are important molecular architectures of a large number (4)

For reviews, see: (a) Wong, H. N. C.; Hon, M.-Y.; Tse, C.-W.; Yip, Y.-
C.; Tanko, J.; Hudlicky, TChem. Re. 1989 89, 165. (b) Donaldson, W.
A. Tetrahedror2001, 57, 8589. (c) Reissig, H.-U.; Zimmer, Rhem. Re.
2003 103 1151. (d) Fox, J. M.; Yan, NCurr. Org. Chem2005 9, 719.
For reviews, see: (a) Suckling, C.Angew. Chem., Int. Ed. Engl988
27,537. (b) Faust, RAngew. Chem., Int. E@001, 40, 2251. (c) Donaldson,
W. A. Tetrahedron2001, 57, 8589. (d) Reichelt, A.; Martin, S. FAcc.
Chem. Res2006 39, 433.

For reviews, see: (a) Doyle, M. P.; Forbes, D.Ghem. Re. 1998 98,
911. (b) Lebel, H.; Marcoux, J.-F.; Molinaro, C.; Charette, A.Ghem.
Rev. 2003 103 977. (c) Doyle, M. PAdv. Synth. Catal2006 348 2268.
For recent selected examples, see: (a) Davies, H. M. L.; Xiang, B.; Kong,

3

=

(1) (a) Posner, G. HChem. Re. 1986 86, 831. (b) Bunce, R. ATetrahedron (5)

1995 51, 13103. (c) Tietze, L. FChem. Re. 1996 96, 115. (d) Tietze, L.
F.; Modi, A. Med. Res. Re 200Q 20, 304. (e) Tietze, L. F.; Rackelmann,
N. Pure Appl. Chem2004 76, 1967. (f) Padwa, APure Appl. Chem.
2004 76, 1933. (g) Guo, H.; Ma, AAngew. Chem., Int. EQ00§ 45, 354.
(h) Pellissier, HTetrahedror2006 62, 1619. (i) Pellissier, HTetrahedron
2006 62, 2143. (j) Nicolaou, K. C.; Edmonds, D. J.; Bulger, P.Ahgew.
Chem., Int. Ed2006 45, 7134.

10886 = J. AM. CHEM. SOC. 2007, 129, 10886—10894

N.; Stafford, D. G.J. Am. Chem. So00Q 123 7461. (b) Trost, B. M.;
Shen, H. CAngew. Chem., Int. EQ001, 40, 2313. (c) Wender, P. A.;
Gamber, G. G.; Hubbard, R. D.; Zhang, L.Am. Chem. So@002 124,
2876. (d) Pohlhaus, P. D.; Johnson, JJSOrg. Chem2005 70, 1057.
(e) Pohlhaus, P. D.; Johnson, J.JSAm. Chem. SoQ005 127, 16041.
(f) Xu, G.-C; Liu, L.-P.; Lu, J.-M.; Shi, MJ. Am. Chem. So@005 127,
14522.
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recently Aggarwal and D4&i,Gaunt® and MacMillarii® have

the tendency of the nucleophilic Lewis- or Brgnsted-base

independently described elegant, organocatalyzed asymmetriccatalyst toward an undesirable alkylation reaction with the

cyclopropanations using the ylide chemistry.

In contrast to the use of the specific type of sulfur ylides, the
employment of readily available alkyl halides for a catalytic
Michael-alkylation reaction withw,3-unsaturated aldehydes to
produce cyclopropanes is an extremely challenging ¥&sk.

It is fully realized that the development of general catalytic
asymmetrico-alkylation processes has been a long-standing
challenge to organic chemisfsSuch processes are plagued by

(6) For selected examples, see: (a) Doyle, M. P.; Wang, L. C.; Loh, K. L.
Tetrahedron Lett.1984 25, 4087. (b) Corey, E. J.; Myers, A. G.
Tetrahedron Lett1984 25, 3559. (c) Doyle, M. P.; Bagheri, V.; Wandless,
T.J.; Harn, N. K,; Brinker, D. A.; Eagle, T.; Loh, K. LJ. Am. Chem. Soc.
199Q 112 1906. (d) Doyle, M. P.; Pieters, R. J.; Martin, S. F.; Austin, R.
E.; Oalmann, C. J.; Mueller, B. Am. Chem. Sod 991 113 1423. (e)
Evans, D. A.; Woerpel, K. A.; Hinman, M. M.; Faul, M. M. Am. Chem.
Soc.1991, 113 726. (f) Protopopova, M. N.; Doyle, M. P.; Mueller, P.;
Ene, D.J. Am. Chem. So@992 114 2755. (g) Denmark, S. E.; O’'Connor,
S. P.J. Org. Chem1997, 62, 3390. (h) Davies, H. M. L.; Stafford, D. G.;
Doan, B. D.; Houser, J. Hl. Am. Chem. S0d.998 120, 3326. (i) Lo, M.
M.-C.; Fu, G. C.J. Am. Chem. S0d.998 120, 10270. (j) Nagashima, T.;
Davies, H. M. L.J. Am. Chem. So2001, 123 2695. (k) Hu, W.; Timmons,
D. J.; Doyle, M. p.Org. Lett.2002 4, 901. (I) Nagashima, T.; Davies, H.
M. L. Org. Lett.2002 4, 1989. (m) Liao, W.-W.; Li, K.; Tang, YJ. Am.
Chem. Soc2003 125, 13030. (n) Risatti, C. A.; Taylor, R. EAngew.
Chem., Int. Ed2004 43, 6671. (0) Moreau, B.; Charette, A. B. Am.
Chem. Soc2005 127, 18014. (p) Johansson, M. J.; Gorin, D. J.; Staben,
S. T.; Toste, F. DJ. Am. Chem. So005 127, 18002. (q) Bykowski, D.;
Wu, K.-H.; Doyle, M. P.J. Am. Chem. So2006 128 16038. (r) Yang,
Z.; Xie, X.; Fox, J. M. Angew. Chem., Int. EA2006 45, 3960. (s)
Thompson, J. L.; Davies, H. M. L1. Am. Chem. So@007, 129, 6090.
For selected examples, see: (a) Charette, A. Bte,& J. Am. Chem.
Soc 1995 117, 12721. (b) Mash, E. A.; Gregg, T. M.; Kaczynski, M. A.
J. Org. Chem1996 61, 2743. (c) Denmark, S. E.; O'Connor, S. P.; Wilson,
S. R.Angew. Chem., Int. EA.998 37, 1149. (d) Charette, A. B.; Juteau,
H.; Lebel, H.; Molinaro, CJ. Am. Chem. S0d998 120, 11943. (e) Kaye,
P. T.; Molema, W. EChem. Commurnl998 2479. (f) Charette, A. B,;
Marcoux, J.-F.; Molinaro, C.; Beauchemin, A.; Brochu, C.; Isabel) E.
Am. Chem. So@00Q 122, 4508. (g) Balsells, J.; Walsh, P.J.0rg. Chem
200Q 65, 5005. (h) Sugimura, T.; Futagawa, T.; Yoshikawa, M.; Katagiri,
T.; Miyashige, R.; Mizuguchi, M.; Nagano, S.; Sugimori, S.; Tai, A.; Tei,
T.; Okuyama, TTetrahedror200], 61, 7495. (i) Charette, A. B.; Molinaro,
C.; Brochu, CJ. Am. Chem. So2001, 123 12168. (j) Wipf, P.; Kendall,
C.; Stephenson, C. R. J. Am. Chem. So€001, 123 5122. (k) Charette,
A. B.; Beauchemin, A.; Francoeur, $.Am. Chem. So2001, 123, 8139.

() Long, J.; Yuan, Y.; Shi, YJ. Am. Chem. So003 125, 13632. (m)

Aggarwal, V. K.; Fang, G. Y; Meek, Grg. Lett.2003 5, 4417. (n) Lorenz,

J. C.; Long, J.; Yang, Z.; Xue, S.; Xie, Y.; Shi, ¥. Org. Chem2004 69,

327. (0) Du, H.; Long, J.; Shi, YOrg. Lett.2006 8, 2827.

Corey, E. J.; Chaykovsky, MIl. Am. Chem. Sod.965 87, 1353.

For a review, see: (a) Li, A.-H.; Dai, L.-X.; Aggarwal, V. IChem. Re.

1997 97, 2341. For recent examples, see: (b) Tang, Y.; Huang, Y.-Z.;

Dai, L.-X.; Sun, J.; Xia, WJ. Org. Chem1997, 62, 954. (c) Aggarwal,

V. K.; Smith, H. W.; Jones, R. V. H.; Fieldhouse, Rhem. Commun.

1998 1785. (d) Aggarwal, V. K.; Alsono, E.; Fang, G.; Ferrara, M.; Hynd,

G.; Porcelloni, M.Angew. Chem., Int. EQ001, 40, 1433. (e) Jiang, H.;

Deng, X.; Sun, X.-L.; Tang, Y.; Dai, L.-XJ. Org. Chem2005 70, 15202.

(f) Zheng, J.-C.; Liao, W.-W.; Tang, Y.; Sun, X.-L.; Dai, Li-Xid. Am.

Chem. Soc2005 127, 12222. (g) Deng, X.; Cai, P.; Ye, S.; Sun, X.; Liao,

W.; Li, K.; Tang, Y.; Wu, Y.-D.; Dai, L.-X.J. Am. Chem. So2006 128,

9730. (h) Aggarwal, V. K.; Grange, Ehem. Eur. J2006 12, 568.

(10) (a) Papageorgiou, C. D.; Ley, S. V.; Gaunt, MAAgew. Chem., Int. Ed.
2003 42, 828. (b) Bremeyer, N.; Smith, S. C.; Ley, S. V.; Gaunt, M. J.
Angew. Chem., Int. E@004 43, 2681. (c) Papageorgiou, C. D.; Cubillo,
de Dios, M. A;; Ley, S. V.; Gaunt, M. Angew. Chem., Int. EQ004 43,
4641. (d) Johansson, C. C. C.; Bremeyer, N.; Ley, S. V.; Owen, D. R,
Smith, S. C.; Gaunt, M. JAngew. Chem., Int. EQ006 45, 6024.

(11) Kunz, R. K.; MacMillan, D. W. CJ. Am. Chem. SoQ005 127, 3240.

(12) The utilization of stabilized carbanions for asymmetric cyclopropanations

@

—~

(8)
©)

using chiral precursors has been described; for selected examples, see: (a)

McClure, D. E.; Arison, B. H.; Baldwin, J. I. Am. Chem. Sod 979
101, 3666. (b) Quinkert, G.; Schwartz, U.; Stark, H.; Weber, W.-D.; Adam,
F.; Baier, H.; Frank, G.; Duer, G.Liebigs Ann. Chem1982 1999. (c)
Gao, Y.; Sharpless, K. Bl. Am. Chem. S0d.988 110, 7538. (d) Pirrung,

M. C.; Dunlap, S. E.; Trinks, U. Fdelv. Chim. Actal989 72, 1301. (e)
Burgess, K.; Ho, K. KJ. Org. Chem1992 57, 5931. (f) Ramaswamy, S.;
Prasad, K.; Repic, Ql. Org. Chem1992 57, 6344. (g) Moye-Sherman,
D.; Jin, S.; Ham, |.; Lim, D.; Scholtz, J. M.; Burgess, &. Am. Chem.
S0c.1998 120, 9435. (h) Langer, P.; Freifeld, Org. Lett.2001, 3, 3903.
Kazuta, Y.; Matsuda, A.; Shuto, 8. Org. Chem2002 67, 1669.

To the best of our knowledge, prior to our initial investigation, only a single
study was described by Arai and co-workers using chiral phase-transfer
catalyst for cyclopropanation from,3-ketones but with modest enanti-
oselectivity: Arai, S.; Nakayama, K.; Ishida, T.; Shioiri, Tetrahedron
Lett. 1999 40, 4215.

(13)

electrophilica-alkyl halides that consequently kills the catalyst
activity 16 This is particularly problematic using amine-promoted
o-alkylation of enolizable carbonyl compounds with alkyl
halidest” The high tendency ol-alkylation of the secondary
amino group of the catalyst with alkyl halides leads to poisoning
the catalyst. However, it is noteworthy that there is no such a
problem in the case of MacMillan’s amine-catalyzed cyclopro-
panation process using sulfur ylidésMoreover, several side
reactions and the racemization of the product further complicate
the process® To date, very few catalytic asymmetricalky-
lation methods have been described. Asymmetric phase-transfer
catalyzed alkylation of a glycine derivative with alkyl halides
has been intensively studied with great sucéégsga and co-
workers employed chiral oligoamines as catalysts for the indirect
a-benzylation of preformed cyclohexanone lithium enolafes.
List et al. reported a study of aB)to-methyl proline-promoted
intramolecular alkylation of halo aldehyd¥sMore recently,
MacMillan?® and Sib#! have independently described new
elegant organocatalytic enantioselectivalkylation of alde-
hydes and ketones using radial chemistry.

In this paper, we detail a new amine-catalyzed cascade
Michael-alkylation process to generate highly functionalized
chiral cyclopropanes in one-pot transformatféré® By the
careful design of the substrates and optimization of the reaction
conditions, we have demonstrated that the use of bromoma-
lonates as nucleophile and electrophile (eg., alkylation reagent)
reacting witha,S-unsaturated aldehdyes and chiral diphenyl-
prolinol TMS ether as promoter in the presence of 2,6-lutidine
as acid scavenger, enables the cascade Michael-alkylation
process to proceed efficiently. The tandem reactions afford chiral
cyclopropanes with high levels of enantio- (988% ee) and
diastereoselectivities>30:1 dr) and in high yields without
intoxicating the catalyst. Significantly, the cascade reactions

(14) During our investigation, Hansen and co-workers reported an organocata-
lyzed asymmetric cyclopropanation reactiorng$-unsaturated ketones with
bromonitromethane but with modest enantioselectivities and yields: Hansen,
H. M.; Longbottom, D. A.; Ley, S. VChem. Commur2006 4838 and
McCooey and co-workers described an organocatalyzed asymmetric
cyclopropanation reaction of nitro-olefins with chloromalonate but with
modest enantioselectivities and yields using H-bonding mediated cataly-
sis: McCooey, S. H.; McCabe, T.; Connon, SJ.JOrg. Chem200§ 71,

7494. However, the utilization ofy,-unsaturated aldehydes reactions

halostabilized carbanions for cyclopropanations have not yet reported.

The use of chiral auxiliaries fax-alkylation reactions, see reviews: (a)

Evans, D. A. InAsymmetric Synthesi#lorrison, J. D., Ed.; Academic

Press: New York, 1983; Vol. 3, Chapter 1, p 1. (b) Job, A.; Janeck, C. F.;

Bettray, W.; Peters, R.; Enders, Detrahedron2002 58, 2253.

(16) (a) Stork, G.; Brizzolara, A.; Landesman, H.; Szmuszkovicz, J.; Terrell,
R. J. Am. Chem. Sod963 85, 8829. (b) House, H. O.; Liang, W. C.;
Weeks, P. DJ. Org. Chem1974 39, 3102.

(17) To date, only a single study of an amine-catalyzed intramolecular
a-alkylation of aldehydes has been reported by List, and Vognola: Vignola,
N.; List, B. J. Am. Chem. So2004 126, 450.

(18) For reviews, see: (a) O'Donnel, M. Batalytic Asymmetric Synthesis

Ojima, |., Ed.; Wiley-VCH: New York, 2000. (b) Maruoka, K.; Ooi, T.

Chem. Re. 2003 103 3013.

(19) Imai, M.; Hagihara, A.; Kawasaki, H.; Manabe, K.; Koga,JXAm. Chem.
Soc.1994 116, 8829.

(20) Beeson, T. D.; Mastracchio, A.; Hong, J.-B.; Ashton, K.; MacMillan, D.
W. C. Science2007, 316, 582.

(21) Sibi, M. P.; Hasegawa, Ml. Am. Chem. So2007, 129, 4124.

(22) Recent reviews of organocatalysis, see: (a) Berkessel, A.; Groger, H.
Asymmetric Organocatalysis-From Biomimetic Concepts to Applications
in Asymmetric SynthesisViley-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2005. (b) Dalko, P. I.; Moisan,Angew. Chem.,

Int. Ed.2004 43, 5138. (c) Special Issue on Asymmetric Organocatalysis:
Acc. Chem. Re004 37, 487. (d) List, B.Chem. Commur2006 819.

(e) Lelais, G.; MacMillan, D. W. CAldrichimica Acta2006 39, 79. (f)
Taylor, M. S.; Jacobsen, E. Mngew. Chem., Int. EQ006 45, 1520.

(23) A review of organocatalytic cascade reactions, see: Enders, D.; Grondal,
C.; Huitl, M. R. M. Angew. Chem., Int. EQ®007, 46, 1570.

(15)

J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007 10887
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provide fully substituted and highly functionalized chiral
cyclopropanes, which contain two stereogenic centers and on
quaternary carbon center. Moreover, surprisingly, in the opti-
mization of reaction conditions of the organocatalytic cascade
Michael-alkylation reaction, a significant amount of the byprod-
ucts, a-substituted malonate,S-unsaturated aldehydes, are

observed when NaOAc is used as base. Through an intensive

study aimed at the optimization of reaction conditions, we were
able to develop a novel one-pot process for the synthesis of the
(E) a-substituted malonate,s-unsaturated aldehydes in high
stereoselectivity. A mechanistic investigation reveals that the

o,B-unsaturated aldehydes are generated from the subsequent

ring opening of cyclopropanes via a retro-Michael reaction. The
studies also show that both the organocatalyst diphenylprolinol
TMS ether and the base NaOAc play essential roles in the
formation of the products.

2. Results and Discussion

2.1. Organocatalytic Asymmetric Cyclopropanation. 2.1.1
Design Plan. In order to successfully develop an amine-

€

Scheme 1. Organocatalytic, Enantioselective Cascade

Michael-Alkylation Reactions

L]

0
( N
WY Q\. — \] #
| H Q P
;
R 1 catalyst 7 OR? ‘_R °
Br Br
Y ore R20
R! o)
A O g, 2B,
Re face attack Michael
addition
0,
- ‘e
R20,C. _°
alkylation (o]
R20,C k1 - OR2
3 R B
OR?
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as nucleophile, it enables participation in the conjugate addition

promoted asymmetric cascade Michael-alkylation reaction of to an activatedy,-unsaturated aldehyde by an amine catalyst
a,B-unsaturated aldehydes with alkylhalides, we surmise that through an iminiumA (Scheme 1). On the other hand, once
the key issue is to design alkylhalides. In the cascade conjugatethe nucleophilic enamin€ is produced, it undergoes the second
addition-alkylation, the alkylhalides have an ambiphilic func-  catalytic cycle alkyaltion reaction. The resulting tertiary bromide
tion (Scheme 1). They serve as nucleophile for the initial from the Michael addition process cannot form an enol form,
Michael addition reaction with.,-unsaturated aldehydes. They which should readily undergo an intramolecutesalkylation

also function as the electrophile for the subsequent alkylation reaction to produce a cyclopropane. On the basis of our previous
process. As discussed above, in view of the challenges associatedtudies, we presume that the use of amine organocatalysts
with the tendency oN-alkylation, other side reactions, and consisting of sterically bulky side chains such as diarylprolidinol
diastreoselectivity, we envision that the utilization of bromo- diaryl etherd —IlI 2327and MacMillan’s imidazolidinondyV 22
malonates2 will kill two birds with one stone (Scheme 1). The  would be ideal promoters for the cascade process (Figure 1). It

favorable enol form2B, renders the—-Br to be a very poor
leaving group as a result of the-pr conjugation with the sp
hybridized carbon and thus overcomes the problem of the
possibleN-alkylation with an amine catalyst, whereas serving

(24) Recent selected examples of organocatalytic domino reactions, see: (a)
Dudding, T.; Hafez, A. M.; Taggi, A. E.; Wagerle, T. R.; Lectka,Qrg.
Lett. 2002 4, 387. (b) Ramachary, B. D.; Chowdari, N. S.; Barbas, C. F.,
Ill. Angew. Chem., Int. Ed2003 42, 4233. (c) Ramachary, D. B.;
Anebouselvy, K.; Chowdari, N. S.; Barbas, C. F., 11.0rg. Chem2004

69, 5838. (d) Ramachary, D. B.; Chowdari, N. S.; Barbas, C. F.Sithlett
2003 1910. (e) Yamamoto, Y.; Momiyama, N.; Yamamoto, H.Am.
Chem. Soc2004 126 5962. (f) Huang, Y.; Walji, M. C.; Larsen, H.;
MacMillan, D. W. C.J. Am. Chem. So005 127, 15051. (g) Yang, J.
W.; Fonseca, M. T. H.; List, BJ. Am. Chem. So@005 127, 15036. (h)
Marigo, M.; Schulte, T.; Franzen, J.; Jgrgensen, KJAAm. Chem. Soc.
2005 127, 15710. (i) Enders, D.; Huttl, M. R. M.; Grondal, C.; Raabe, G.
Nature 2006 441, 861. (j) Wang, Y.; Liu, X.-F.; Deng, LJ. Am. Chem.
Soc.2006 128, 3928. (k) Marigo, M.; Bertelsen, S.; Landa, A.; Jgrgensen,
K. A. J. Am. Chem. So@006 128 5475. (I) Rios, R.; Sunden, H.; Ibrahem,
I.; Zhao, G.-L.; Eriksson, L.; Qulova, A.Tetrahedron Lett2006 47, 8547.
(m) Brandau, S.; Maerten, E.; Jgrgensen, KJAAm. Chem. So2006
128 14986. (n) Rios, R.; Sunden, H.; Ibrahem, I.; Zhao, G.-L.iddwa,

A. Tetrahedron Lett2006 47, 8679. (0) Rios, R.; Sunden, H.; Ibrahem,
I.; Zhao, G.-L.; Eriksson, L.; Qolova, A.Tetrahedron Lett2006 47, 8547.

(p) Enders, D.; Htil, M. R. M.; Runsink, J.; Raabe, G.; Wendt, Bngew.
Chem., Int. Ed2007, 46, 467. (q) Wang, B.; Wu, F.; Wang, Y.; Liu, X.;
Deng, L.J. Am. Chem. So@007, 129, 768. (r) Sunden, H.; Ibrahem, |.;
Zhao, G.-L.; Eriksson, L.; Qolova, A.Chem. Eur. J2007, 13, 574.
Recently, we have developed organocatalytic cascade Michael-aldol/Michael
processes, see: (a) Wang, W.; Li, H.; Wang, J.; Zu].LAm. Chem. Soc.
2006 128 10354. (b) Li, H.; Wang, J.; Xie, H.; Zu, L.; Jiang, W.; Duesler,
E. N.; Wang, W.Org. Lett.2007, 9, 965. (c) Zu, L.; Wang, J.; Li, H.; Xie,
H.; Jiang, W.; Wang, WJ. Am. Chem. So2007, 129, 1306. (d) Li, H.;
Wang, J.; E-Nunu, T.; Zu, L.; Jiang, W.; Wei, S.; Wang, Whem.
Commun.2007, 507. (e) Li, H.; Zu, L.-S.; Xie, H.-X.; Wang, J.; Jiang,
W.; Wang, W.Org. Lett.2007, 9, 1833. (f) Li, H.; Zu, L.-S.; Xie, H.-X.;
Wang, J.; Jiang, W.; Wang, WAngew. Chem., Int. EQ2007, 46, 3732.
During, the submission of the manuscripty@ava, and co-workers reported
a similar organocatalytic enantioselective cyclopropanation: Rios, R.;
Sunde, H.; Vesely, J.; Zhao, G.-L.; Dziedzic, P.{ @ova, A.Adv. Synth.
Catal. 2007, 349, 1028.

(25

(26)
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Figure 1. Structures of organocatalysts screened.
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has been demonstrated that they are effecitve activators to
efficently promote cascade reactions through iminium and
enamine chemistry with high stereoselectivity’ Furthermore,
their steric hindrance may prevent tidalkylation of the
pyrrolidine ring with bromomalonates It is expected that the
initial enantioselective Michael addition reaction, well-controlled
by the chiral diarylprolidinol diaryl ether, should lead to a highly
enantiomeric enriched nucleophile enami@ge which is in-
tramolecularly trapped by the resulting electrophile alkylbromide
to form a cyclic three-membered ring. This enables achievment
of high levels of stereoselectivity for the entire process since
we believe that the catalyst is involved in both iminium and
enamine steps, as shown in Scheme 1.

(27) For a review of diaryl prolinol ethers catalysis, see: (a) Palomo, C.; Mielgo,
A. Angew. Chem., Int. EQR006 45, 7876. And leading references using
chiral diaryl prolinol ethers, see: (b) Marigo, M.; Wabnitz, T. C,;
Fielenbach, D.; Jgrgensen, K. Angew. Chem., Int. EQR005 44, 794.

(c) Hayashi, Y.; Gotoh, H.; Hayashi, T.; Shoji, Mngew. Chem., Int. Ed.
2005 44, 4212. (d) Chi, Y.; Gellman, S. HOrg. Lett.2005 7, 4253. (e)
Chi, Y.; Gellman, S. HJ. Am. Chem. So2006 118 6804. (f) Chi, Y.;
English, E. P.; Pomerantz, W. C.; Horne, W. S.; Joyce, L. A.; Alexander,
L. R.; Fleming, W. S.; Hopkins, E. A.; Gellman, S. B.. Am. Chem. Soc.
2007, 127, 6050.
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Table 1. Catalyst Screening for the Enantioselective Cascade Michael-Alkylation Reaction of trans-4-Nitro Cinnamaldehyde (1a) with
Dimethyl a-Bromomalonate (2a)?@

0 10 mol% lo}
I + Meo: Br _cat, MeOC i MeO,C Cozl\éeH -4-NO.
| MeO,C CHngk' rt MeOzc: 1 + \S=< e
CeH4-4-NO 2 4-NO2CgH, OHC H
1a o4 2 a (1.1eq) 3a 4a
entry cat. t(h) % yield® % ee® dr? ratio 3a:4a?
1 | 9 88 92 >30:1 17:1
2 1l 9 85 89 >30:1 14:1
3 1l 28 20 né >30:1 nd
4 \% 28 <5 nd® nd® nd®
5 \% 4 79 26 >30:1 >30:1
6 \Y| 2 89 35 >30:1 >30:1

a Reaction conditions: unless otherwise specified, a mixtuéag0.12 mmol), and.a (0.14 mmol, 1.2 equiv), TEA (0.13 mmol, 1.1 equiv) and catalyst
(0.012 mmol, 0.1 equiv) in CkCl, was stirred for a specified time period at rt; also see Experimental Section and Supporting Inforiiatitated yields.
¢ Determined by chiral HPLC analysis (Chiralpak AS-HPDetermined by*H NMR. € Not determined.

N and 3). MacMillan’s chiral imidazolidinonB/ -promoted reac-
i tion is also sluggish (entry 6). Even after 28 h, only a small
amount of product €5%) is observed based ohid NMR
analysis. These results are consistent with the general observa-
tion that the diarylprolinol silyl ethe?&2” are better promoters
for cascade reactions than MacMillan’s chiral imidazolidinone,
presumbably because the imidazolidinones, possessing bulky
side chains at each end, are more sterically hindered. The same
reason may be for the more bulkg){bis[3,5-difluorometh-
ylphenyl]prolinol TMS etherl(l ). Interestingly, when catalysts
L-proline V and §)-pyrrolidine diamineVI are exploited, the
- cascade processes take place very rapidly and are accomplished
\ within 4 h with excellent diastereoselectivity 80:1) (entries

Q 10 and 11). Remarkably, desired prodBatis obtained almost
exclusively, but with poor ee (26 and 35%, respectively). The
low enantioselectivity is probably due to the small side chains

2.1.2. Optimization of Reaction Conditions.As discussed  of the catalysts, which cannot effectively block one face over
above, a critical issue, which needs to be addressed in developthe other. The above studies show that (1) the catalyst activities
ing a catalytic asymmetric approach to the cascade Michael-yary significantly and (2) the steric effect imposed by these
alkylation reaction, is the identification of proper organocata- catalysts plays a key role in catalytic activity and stereoselec-
lysts. Consequently, our initial studies focus on screening tjvity, which is why catalystd andll are identified in the list

different amine-based organocatalysts. On the basis of theof catalysts probed as the best promoters for the cascade
previous successful experience in the use of chiral diarylprolinol yeactions.

Figure 2. X-ray crystal structure of compounth.

silyl ethers, which are effective promoters for activatiorgi-
unsaturated aldehydes for cascade reacfidfis’we initially
explored a model reaction fans-4-nitro cinnamaldehydel )
with dimethyl a-bromomalonate 2a) in CH,Cl, using ©)-

diphenylprolinol TMS ethel as a catalyst (Table 1, entry 1).

On the basis of the outcomes obtained from the above
investigation, we choose&)-diphenylprolinol TMS etherl, as
the catalyst used in further studies of the cascade Michael-
alkylation process aimed at optimizing reaction conditions by
focusing on surveying the reaction medium, the nature of bases,

A base TEA (1.1 equiv) is used as a HBr scanvager. Remark- g the reaction temperature.

ably, it is found that the process proceeds smoothly to give
cyclopropanation produ@a as a major product. The reaction
is completed withi 9 h in 88%yield and high enantioselectivity

(92% ee) and excellent diastereoselectivig30:1 dr). Unex-

pectedly, we observe that in addtion to the desired pro8aict
a byproductda with E-stereoconfiguration is obtained with a

ratio of 17:1. The structure of compouda is determined by

X-ray crystal structural analysis (Figure Z)Encouraged by

the promising results, we probe prolinol ethérsandlll for

Solvents play an important role in governing the rates and
enantio- and diastereoselectivity of a reaction. Therefore, we
probe the effects of reaction medium on theromoted cascade
Michael-alkylation process (Table 2). We observe that the
solvents have a meaningful impact on the efficiencies of these
reactions. Reactions performed in less polar halogenated solvents
such as CHCl; and CI(CH).Cl (entries 1 and 2) generally
afford the better results in terms of reaction yield, ee, and dr,
and significantly only a minimal amount of compou#dd is

the cascade reaction under the same reaction conditions. Wh"%rmed. However, a pronounced amount of bypoddatis

the ©-diphenylprolinol TES etherl() affords comparable

results, no reaction proceeds poorly for the more st&jibis-
[3,5-difluoromethylphenyl]prolinol TMS ethedl() (entries 2

(28) The X-ray crystal structure of compou#dis also available from CCDC-

obtained when the reactions are carried out in toluene and
xylenes (entries 3 and 4). The outcomes vary dramatically with
the utilization of polar solvents. No reaction occurs in DMF
(entry 6), whereas the processes take place igGDHand EtOH

631930. These data can be obtained free of charge via www.ccde.cam.ac.uk.(entries 5 and 7) with high dr=30:1) and a higher ratio of
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Table 2. Solvent Effect on the I-Catalyzed Enantioselective Domino Michael-Alkylation Reaction of trans-4-Nitro Cinnamaldehyde (1a) with
Dimethyl a-Bromomalonate (2a)?@

o} 10 mol% CHoO

MeO,C,
I + g B MeOL MeG,C Cozh(ll):H44—N02
| MeO,C S°'_IYE"A" it Me02C: l * \§:<
CeH4-4-NO 2 4-NO,CgHy OHC H
1a o4 2 a (1.1eq.) 3a 4a
entry solvent t(h) 9% yield® % ee® dr? ratio 3a:4a?
1 CH.Cl; 9 88 92 >30:1 171
2 CI(CH)Cl 8 93 91 >30:1 171
3 toluene 24 70 92 >30:1 5:1
4 xylenes 24 71 91 >30:1 7:1
5 CHCN 8 54 73 >30:1 >30:1
6 DMF 48 nr nd nd® nd®
7 EtOH 6 90 82 >30:1 25:1

aReaction conditions: unless specified, see footmodé Table 1 and Experimental Section and Supporting Informatidsolated yields¢ Determined
by chiral HPLC analysis (Chiralpak AS-HJ.Determined by*H NMR. € Not determined.

Table 3. Organocatalytic Enantioselective Domino Michael-Alkylation Reaction of trans-4-Nitro Cinnamaldehyde (1a) with Dimethyl
o-Bromomalonate (2a)@

(? MeO,C 10 mol% CHO CoM
3 e
. >7Br catl MeO,C MeO,C 5 CoH,4-NO,
| CH,Cly, 1t + —
MeO,C 2 MeO,C
CeH4-4-NO 2 4-NO,CeHy OHC H
1a 64 2 a (1.1eq) 3a 4a
entry base t(h) 9% yield® % ee® drd ratio 3a:4a?
1 TEA 9 88 92 >30:1 17:1
2 DIPEA 36 <5 nd® nd® nc®
3 2,6-lutidine 23 90 91 >30:1 >30:1
4f 2,6-lutidine 5.5 93 94 >30:1 >30:1
5 DABCO® 9 65 94 >30:1 25:1
6 NaOAc 55 93 nc® nd® 1:3

2 Reaction conditions: unless specified, see footaoté Table 1 and Experimental Section and Supporting Informatidsolated yields® Determined
by chiral HPLC analysis (Chiralpak AS-HJ.Determined by*H NMR. ¢ Not determined! At 0 °C. 90.7 equiv used? 1a:2a with ratio of 1.5:1 used.2.0
equiv used! Referred to a mixture o3a and4a.

3ada but with a lower ee than those of nonpolar solvents of the steric effect of the malonate ester compon@mnsveals
employed (entries 14). that generally high yields and outstanding enantioselectivities
The effect of bases on the processes is evaluated next. Inare obtained. A sole exception is a highly hinderd? ester,
general, the organic bases except DIPEA furnish the productswhich requires a longer reaction time and gives the product in
with respected results (Table 3, entriesS). It is unclear why lower than usual yield but without deteriorating enantio- and
no reaction occurs when DIPEA is used as a base (entry 2).diastereoselectivities (entry 4). Significant structural variation
Among the bases probed, 2,6-ludidine is the best choice for of o, f-unsaturated aldehydes can be applicable to the powerful
the process (entry 3). In this instance, high yield (90%) and cascade processes to furnish the desired pro@ustth highly
high ee (91%) is achieved without formation of proddet respected results (entries 1 andB). The electronic nature
Lowering the reaction temperature to°C leads to further of the substituents of aromatic systems af3-unsaturated
imporvement in both yield (93%) and enantioselectivity (94% aldehydesl apparently has limited influence on the stereo-
ee) (entry 4). However, interestingly, the reaction time is chemical outcome (entries 1, and-52). Independent of the
significantly shortened. More surprisingly, when 2 equiv of base electronic characteristics of the substituents [electron withdraw-
NaOAc is used, the major product obained is byprodaawith ing (entries 1, and-58), donating (entries-910), neutral (entry
a ratio of 3:1 (entry 6). 11), and heterocyclic (entry 12)] are the reaction yields and
2.1.3. Scope of the Cascade Michael-Alkylation Reactions.  enantio- and diastereoselectivities. The similar trend is observed
The optimal reaction conditions, uncovered in the exploratory for the steric effect as well (entries 5, 7, and 10). Also significant
effort, are exploited to probe the scope of the organocatalyst is that thel -promoted domino processes tolerate the less reactive
I-catalyzed cascade Michael-alkylation reactions. As revealed alkyl o.,5-unsaturated aldehydes (entries 13 and 14). Both good
in Table 4, the tandem process serves as a general approach tgields (68 and 74%) and excellent levels of enantioselectivities
the preparation of highly functionalized chiral cyclopropanes. (95 and 96% ee) are seen, albeit with relatively longer reaction
Remarkably, in the cascade process two newOdonds, two times. Finally, we probe the structural effectdn the cascade
new stereogenic centers, and one quaternary carbon center arprocess (entries 15 and 16). Switching the leaving group from
efficiently assembled in a single operation with high levels of —Br to —Cl does not influence the yield (95%), ee (94%), and
enantioselectivities (9698% ee) and excellent diastereoselec- dr (>30:1) (entry 15). A relative longer reaction time (16 h) is
tivities (>30:1 dr in all cases). Moreover, under the optimized expected since -Cl is a poorer leaving group than -Br. The use
reaction conditions, no byproducdsare observed. The study of ketone ester C\COCHBrCQBn instead of malonates for
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Table 4. Catalyst | Promoted Domino Michael-Alkylation
Reactions of a,-Unsaturated Aldehydes (1) with
o-Bromomalonates (2)@

? R?0.C, 10 mol% | R20,c_ _.CHO
1 + Br  "CH,Cl,, 0°C
RS R?0,C 260utidine ROLT N
1 2 dr > 30:1 3a-n
entry R R? 3 t(h) % yield® % ee¢
1 4-NO,CeH4 Me 3a 55 93 94
2 4-NO,CeH4 Et 3b 6.5 87 94
3 4-NO,CeH4 Bn 3c 8 88 93
4 4-NO,CeH4 i-Pr  3d 34 42 90
5 2-NO;CgHa Me 3e 20 89 96
6 4-FGH, Me af 16 84 97
7 2-CIGsHa Me 3g 20 94 98
8 4-CRCeHy Me 3h 16 84 95
9 4-MeOGH,  Me 3i 24 85 94
10 2-MeOGHs  Me 3] 24 72 96
11 Ph Me 3k 21 88 96
12 2-furanyl Me 3l 43 87 92
13 EF Me 3am 52 68 93
14 n-CsHy:® Me 3n 52 74 96
15f 4-NO,CgHa Me 3a 16 95 94
169 4-NO,CgHa Bn 30 37 66 96

aReaction conditions: unless specified, see Experimental Section and

Supporting Information® Isolated yields¢ Determined by chiral HPLC
analysis (Chiralpak AS-H and Chiralcel GIH) and dr by!H NMR. 9 Ee
determined after converted to corresponding enone wigPPEGHCOPh.
e2 equiv of 1 used.f Dimethyl a-chloromalonate used.Ketone ester
CH3COCHBrCQBn used 4:1 dr and the major isomer is COORIs to
CHO group.

Scheme 2. Proposed Model for the Rationalization of Observed
Stereochemistry of Products 3

N
U o
\ R<“0,C. N
Br / R202C><L 1
1 \_/ 3 R

Re face attack

Figure 3. The X-ray crystal structure of compouidderived from3k.

2.2. Investigation of Organocatalytic Ring Opening of
Cyclopropanes. 2.2.1. Optimization of Reaction Conditions
for One-Pot Synthesis of a-Substituted Malonate a.f-
Unsaturated Aldehydes 4.As mentioned above, in the study
of base effects on the catalytic cascade Michael-alkylation
reactions, we serendipitously discovered that the use of NaOAc
(2.0 equiv) as base in the presence of 10 mol % cathlgstults
in byproducta,S-unsaturated aldehydéa as a major product
(Table 5, entry 1). The surprising observation prompts us to
conduct a detailed investigation of the process since this could
result in a new approach to the preparation of synthetically
interesting functionalized,3-unsaturated aldehydes We
hypothesize that the optimization of reaction conditions of the
cascade process may leaddg-unsaturated aldehydesas
desired major product with cyclopropangsis byproduct.

Based on our previous study, our first notion is that the types

the cascade Michael-alkylation reaction shows that the variant of bases and their amounts m|ght govern the fate of pro(_ﬂjcts

can participate in the process with the achievement of high

and 4. Accordingly, we carry out experiments of screening

enantioselectivity (96% ee) and respected yield (66%) (entry several bases and their amounts using a reactiomaof-4-

16). It is noted that a new chiral center is produced with 4:1 dr
and the product of COOBn and CHO group with cis
relationship is a major one. The result is consistent with that
obtained from Cordova’'s worké

2.1.4. Outcome of Stereoconfiguration of Cyclopropana-
tion Products 3. A model, as shown in Scheme 2, is proposed
to rationalize the observed stereochemistry of the prodBicts
resulting from the $)-diphenylprolinol TMS ethet-catalyzed
cascade Michael-alkylation reactions. ReactionSp (with the
o,B-unsaturated aldehyde affords the iminium i8n which
allows forre face attack of the end@B,, leading to formation
of enamineC with an (§-configured stereocenter. This is
consistent with the observations of the earlier stu#fié32’The
diastereotopic differentiation of the nucleophile is directed from
the catalyst, yielding a diastereomeric ratio=o80:1. Experi-
mentally, the absolute configuration of the prodgk is
determined and confirmed by a single-crystal X-ray analysis
based on its derivativé (Figure 3)?°

(29) The X-ray crystal structure of compoubH is also available from CCDC-

nitro cinnamaldehydelg) with dimethyla-bromomalonatea)

in the presence of 10 mol % catalyst (Table 5). When 4 equiv
of NaOAc is used under the same reaction conditions in-CH
Cl, using a racemic diphenylprolinol TMS ethlerwe find that

the ratio of4a:3ais dramatically increased from 3:1 t030:1

in almost quantitative yield (entry 2). As a matter of fact, we
do not observe produ@a More significantly, the process is
highly stereoselective and affords the proddefavorably with

(E) geometry. Encouraged by the results, we screen other
inorganic bases includingZ0O; and NaCQO;, and the outcomes
turn out to be interesting (entries 3 and 4). The major product
obtained is3arather tharta. We find that KCO; and NaCO3
have poorer solubility in CkCl, than NaOAc. This indicates
that the nature of the base is important for the ring-opening
reactions.

We choose the use of NaOAc as the base for further
evaluation of the process. Examination of other organocatalysts
V—=VIII (Figure 1 and Table 5, entries-8) indicates that the
catalysts play a crucial role in the cascade process. No reaction

640204. These data can be obtained free of charge via www.ccde.cam.ac.uk.occurs wheVIll with —OH group is used (entry 8). The result
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Table 5. Optimization of Reaction Conditions for One-Pot Synthesis of a,5-Unsaturated Aldehydes 42

10 mol%
Q MeO,C, i £HO
' * g ooemecal MeO,C( g MeO,C. O 4o,
| Me02C solvent, rt MeOZC + \S:<
1a “CeHi4NO, 2 base 4-NO,CeH, oHd W
-3 E-4a
entry catalyst base (equiv) solvent t(h) % yield of 4a? ratio of 3a:4a® ratio of E-4a:Z-4a°
1 racemid NaOAc (2.0) CHCl» 9 70 1:3 nd
2 racemid NaOAc (4.0) CHCI, 8 98 <1:30 19:1
3 racemid K,CO;3(4.0) CHCl, 24 <10 >10:1 nd
4 racemid Na,COs(4.0) CHCly 24 <10 13:1 nd
5e racemicV NaOAc (4.0) CHCl; 8 0 nd! nd?
6° VI NaOAc (4.0) CHClI, 8 <5 >30:1 nd
7° Vil NaOAc (4.0) CHCl» 8 <5 >30:1 nd
8 Vil NaOAc (4.0) CHCl; 19 0 nd nd?
9 racemid NaOAc (4.0) toluene 18 7 8:1 7:1
10 racemid NaOAc (4.0) CHCN 18 31 1:1.7 20:1

aReaction conditions: unless specified, a mixture2af(0.12 mmol), andla (0.13 mmol), a base and catalyst (0.012 mmol) in,CH was stirred for
a specified time period at rf.Isolated yields¢ Determined byH NMR. 9 Not determined¢ The major product obtained is the cyclopropanation
product ()-3a

Table 6. Catalyst I-Catalyzed One-Pot Synthesis of a,3-Unsaturated Aldehydes 42

, 10 mol% CO,R? oHc_ R
/\j . R“0,C racemic cat | R20,C o R, o '
RIS R20,C CH,Cly, rt 2 ,
1 2 NaOAc OHC H CO,5R
(4.0 equiv.) E-4 Z-4

entry Rt R? 4 t(h) % yield (E)? EZ

1 4-NO,CgH4 Me 4a 8 98 19:1

2 4-NO,CgH4 Et 4b 20 90 10:1

3 4-NO,CgH4 Bn 4c 32 76 8:1

4 4-NO,CgHa i-Pr 4d 120 72 9:1

5 2-NO,CgHg4 Me 4e 41 95 E/Z mixture) 2.3:11

6 4-FGHg4 Me 4f 22 91 15:1

7 4-CNGH4 Me 49 48 81 14:1

8 4-CRCgHgy Me 4h 22 87 20:1

9 4-MeOGH4 Me 4 24 85 >30:1
10 2-MeOGH;4 Me 4 24 45 €) and 55 ) 1:1.1
11 3-MeO-4-AcOGH3 Me 4k 24 95 20:1
12 Ph Me 4] 24 90 15:1
13 H Me 4m 24 <5 ncf
148 n-CsH11 Me 4n 48 <5 ncf

aReaction conditions: unless specified, see Experimental Section and Supporting Inforiiatitated yields¢ Determined byH NMR. 9 Not determined.
€ Major product is cyclopropanes, and we also perform the experiments of their corresponding pure cyclopropanes for ring-opening reactiossmeehe pre
of NaOAc (2 equiv) and catalys$t(10 mol %). No ring-opening reactions for both cases are observed.

implies that the TMS group has an important role in the activity aldehydesl and bromomalonate2 (Table 6). The cascade
of a,f-unsaturated aldehydes for the formation of iminiums. processes between the various aldehyldasd bromomalonates
Catalysts prolinev, pyrrolidine VI, and pyrrolidine diamine

VIl only catalyze Michael-alkylation reactions to give cyclo-
propanation produc3a (which was observed earlier) but give

reaction conditions, no ring-opening proddetis formed. The

reaction stereoselectivities.

reaction takes place in toluene and £ but with unsatisfied

I as catalyst and NaOAc (4.0 equiv) as base in,Clklto
determine the scope of the process.
2.2.2. Scope of |-Catalyzed One-Pot Synthesis af -

Unsaturated Aldehydes 4.The optimized protocol has been

demonstrated to be general to a variety cgff-unsaturated

10892 J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007

2 proceed smoothly to furnish the desired produciis overall
good yields and high stereoselectivities. The investigation of
the structural variation of the ester part threveals that
poor enantioselectivities (Table 1, entries 5 and 6). Under the increasing steric hindrance slows down the reaction and lessens
the reaction yields (entries—#4). This is consistent with the
above studies display that the both pyrrolidine and silyl ether results of the cyclopropanations we have observed due to the
moieties in catalyst are essential for catalyst activities and steric effect. In addition, the stereoselectivity drops as well as
the size increases. It seems that the stereochemical outcome and
Finally, we survey the solvent effect on the process as well reaction yield are immune to the electronic properties of the
(Table 5, entries 9 and 10). It is realized that although the substituents om,3-unsaturated aromatic aldehydg&swhich

possess electron-withdrawing (entries 1, an@pand -donating
results. Therefore, the above investigation leads us to selecting(entry 9) groups, a combination of electron-withdrawing and
-donating (entry 11) groups, and neutral (entry 12) groups at
the para positions. However, the substitution patterns have
significant influence on the reaction yields and stereoselectivity.
The substituents at meta and para positions have limited effects
(entries 1, 68, 9, and 11). However, the ortho-positioned
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Scheme 3. Proposed Reaction Mechanism for the Formation of Product 4
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groups create significant steric effect, and they not only decreasebecause it can facilitate the formation of enamineThis
the reaction rate, they also dramatically depreciate Etie presumption is confirmed by the study. In the absence of
selectivity (entries 5 and 10). We also find that the less reactive NaOAc, indeed only 27% conversion is observed under the same
alkyl a,p-unsaturated aldehydes cannot undergo the ring- reaction conditions (entry 2). Interestingly, no conversion is
opening reactions (entries 13 and 14). Only cyclopropanation observed when TEA is used (entry 3). In contrast to NaOAc,
products are obtained. TEA somehow hinders the ring-opening reaction. This result is

2.2.3. Mechanistic Insights How the productg are formed in agreement with the observation that the predominant product
in the |-catalyzed cascade reactions betwegf-unsaturated is a cyclopropanation on84) (17:1 of3a:4a) with TEA (Table
aldehydes and bromomalonates prompts us to undertake &3, entry 1), whereas a major product is ring-opening af& (
mechanistic study. A possible reaction mechanism has been(1:3 of 3a:48@ obtained from NaOAc (Table 3, entry 6).
proposed (Scheme 3). The pathway involves a Michael- Moreover, the catalydtis key for the formation oft based on
alkylation—deprotonation (enamineyetro-Michael reaction the proposed reaction mechanism (Scheme 3). It activates the
sequence. After the Michael-alkylation reaction, the cyclopro- aldehyde group if3 to produce enamin@, which is subject to
pane intermediaté is deprotonated in the presence of a base subsequent retro-Michael reaction to give risd.tAs expected,
to give an enaming&, which subsequently undergoes a retro- without catalyst, no transformation from4)-3ato 4a occurs
Michael reaction to afford produet. It understands that the (entry 4). Additional evidence further proves the observation.
major product with (E) stereoconfiguration resulting from the  The addition ofo,5-unsaturated aldehydkes, which competes
stereoselective retro-Michael process is consistent with the with cyclopropyl aldehyd8afor the catalyst, results in slower
geometry of the starting materialrans-a,S-unsaturated conversion (entry 5). Therefore, the above experiments dem-
aldehyde. onstrate that the proposed Michael-alkylatiortro-Michael

To verify the proposed mechanism, we designed several mechanism is a plausible pathway for the formation of products
experiments. We hypothesize that if the reaction undergoes a4. It is noteworthy that this is the first example of an
retro-Michael process frorf, the treatment of pure produst organocatalyst-promoted ring-opening of the cyclopropanes,
in the presence of catalylsshould lead to produet Therefore, whereas such reactions have been intensively explored by Lewis
an experiment is carried out by the reaction of put¢-8awith acid-based catalysfs
NaOAc (2.0 equiv) and 10 mol % racemic cataliysh CDCl;
at rt. After 6.5 h,'H NMR analysis reveals that produés is
formed in 100% conversion (Table 7, entry 1). It is expected |, conclusion, a new organocatalytic, highly enantio- and
that without the base NaOAc, the process should be slower yiastereoselective cascade Michael- -alkylation process, catalyzed
by readily available §-diphenylprolinol TMS ether, has been
achieved. The simplicity and practical nature of the asym-

o metric protocols presented here is underscored by the use of

10 mol% H simple starting materials and the generation of synthetically

cat = useful, highly optically active, and heavily functionalized

3. Conclusion

Table 7. Design of Experiments for the Verification of Proposed
Michael-Alkylation—Retro-Michael Mechanism

MeO,C_ CO,Me

“, - CO,Me i . .
cHO CDCl3, 1t, 6.5 h CO,Me cyclopropanes. The merit of the cascade process in one single
O2N 4)3a ON operation is highlighted by its high efficiency of the produc-
4a tion of two new C-C bonds, two new stereogenic centers, and
entry catalyst additive base (equiv) 9% conversion® one quaternary carbon center, which otherwise are difficult to
1 racemid none NaOAc (2) 100 access by traditiqnal strategies. Moreover, the power of the
2 racemid none none 27 cascade process is further fueled by the nature of the product
i racemid  none T’\'IEAO(E) @ 00 formation, depending on the reaction conditions. When the
none none al C . FRT . . . .
5 racemicl 1a (0.5 equiv) NaOAc (2) 87 switch of base from 2,6-lutidine (1.1 equiv), which is effective

aDetermined by*H NMR.

for cyclopropanations, to NaOAc (4.0 equiv), the subsequent
ring-opening of cyclopropanes takes place to lead to stereose-
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lective E) a-substituted malonate,s-unsaturated aldehydes. is then kept stirring at rt until the reaction is complete. The pure product

The mechanistic study proves the cascade Michael-alkytation is obtained after purification by column chromatography on silica gel,
retro_Michae| process_ E/Z ratio is determined byH NMR.
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4). To the mixture of bromomalonate es&(0.12 mmol), 2,6-lutidine ~ Science Foundation (CHE-0704015), and the ACS-PRF (G1-
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mixture is then stirred at the same temperature for a specified period X8 X-ray diffractometer was purchased via an NSF CRIF:MU
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chromatography on silica gel, and ee and dr are determined by chiral
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(Table 6). To the mixture of bromomalonate est2r(0.13 mmol), is available free of charge via the Internet at http://pubs.acs.org.
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