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Catalytic Enantioselective -Alkylation of o,3-Unsaturated Aldehydes by
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Bisabolane Sesquiterpenes
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B-Alkyl substituted aldehydes are constituents of biologi-
cally active natural products (e.g. (S)-citronellal) and valua-
ble chiral building blocks in asymmetric synthesis. For exam-
ple, they can be used as synthons for the total synthesis of
sesquiterpenes and polyketides.!! In this context, natural
products such as bisabolane sesquiterpenes (e.g., (S)-(+)-
curcumene 1, (S)-(+)-dehydrocurcumene 2, and (S)-(+)-tu-
merone) 3, which exhibit anti-cancer as well as antimicrobial
activities and are used as additives in perfumes, flavors, and
cosmetics,[*“? could be rapidly assembled according to ret-
rosynthetic analysis from (35)-p-methyl aldehyde (6k).
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Recently, major breakthroughs in transition-metal-cata-
lyzed enantioselective conjugate addition (ECA) of organo-
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metallic reagents to o,fB-unsaturated carbonyl compounds
have been achieved.”! In particular, the enantioselective
copper-catalyzed conjugate addition of organometallic re-
agents using different types of chiral ligand systems on the
metal provides high stereocontrol.l’! This research has
shown that the direct transition-metal-catalyzed enantiose-
lective 1,4-addition of an organometallic reagent to an a,f3-
unsaturated aldehyde 5 in the presence of a chiral ligand is
very challenging due to a competing 1,2-addition reaction,
which gives both the -aldehyde 6 and alcohol 7, respective-
ly (Scheme 1).10-]
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5 6 7

Scheme 1.

Based on our research on combination of aminocatalysis
and transition-metal catalysis,*® we found that the chiral
amine-catalyzed iminium activation” of an a,fB-unsaturated
aldehyde 2 can be combined with a copper-catalyzed conju-
gate addition of a silyl nucleophile to achieve the stereose-
lective C—Si-bond formation via transition state I
(Scheme 2).0!

According to these findings and a “retrocatalytic” analy-
sis, we envisioned that this type of dual catalysis!"” could be
applied to the asymmetric addition of a carbon nucleophile
(e.g., organozinc reagent R,Zn) to o,f-unsaturated alde-
hydes 5 and afford f-alkyl substituted aldehydes 6
(Scheme 3). Thus, the key to success would be the ability of
a chiral amine catalyst to lower the LUMO of an enal 5 by
iminium activation in combination with simultaneous
copper-catalyzed conjugate addition of an organometallic re-
agent to this intermediate and favor 1,4-addition over 1,2-
addition. If successful, we planned to employ this potential
co-catalytic stereoselective reaction as the key transforma-
tion for the total synthesis of sesquiterpenes such as 1-3.

Herein we present the asymmetric -alkylation of ao,f3-un-
saturated aldehydes by the one-pot combination of a simple
chiral amine and transition-metal catalyst without the use of
a glove box. Next, this novel co-catalytic p-alkylation was
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employed as the key step for the expeditious total synthesis
of bisabolane sesquiterpenes.

We began probing the reaction between Et,Zn and cin-
namic aldehyde 5a by using different copper salts and chiral
amines 8 as catalysts. We found that the highest 1,4-selectivi-
ty and enantioselectivity was achieved when copper(II) tri-
flate (Cu(OTf),, 10 mol %) was employed as the transition-
metal co-catalyst and THF as
the solvent at 60°C (Table 1)."!
Key results are shown in
Table 1. The reaction that was
performed without the chiral
amine co-catalyst 8 gave the
corresponding racemic alde-
hyde 6a and alcohol 7a in a H OTMS
ratio of 3:97 (Table 1, entry 1).
Thus, this reaction was highly
1,2-selective. The reaction per- I ><
formed in the presence of chiral
amine catalyst 8a without a 8d
copper-catalyst was also 1,2-se-
lective (6a/7a; 22:78; Table 1,
entry 2), however, (S)-6al"?! was
formed with an enantiomeric
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Table 1. Condition screening.!

0 Cat. 8 (25 mol%),
Cu(OTf), (10 mol %)

oA Ph

5a Et,Zn, 9 (20 mol%), 6a
THF, 60 °C
Entry Cat. Ligand t Conv. Ratio erld
[h] [%]® 6/7!
1 - 9a 12 91 3:97 50:50
2 8al - 9 29 2278 78:22
3 8a - 12 18 84:16 7:23
4 8a 9a 12 58 62:38 96:4
5 8b 9a 17 53 8:92 61:39
6 8¢ 9a 18 60 48:52 90:10
7 8d 9a 17 38 8:92 47:53
8 Se 9a 14 >98 19:90 47:53
9 8f 9a 15 75 12:88 62:38
10 gall 9a 12 45 58:42 95:5
11 8a 9b 12 38 76:24 87:13
12 8ald 9¢ 8 8 77:23 76:24
13 8a 9d 11 27 49:51 89:11
14 8a 9e 12 19 86:14 94:6
15 8a 9f 9 11 36:64 82:18
16 8altl 9a 16 72 34:66 88:12
17 8all 9a 23 24 76:24 91:9
18 8all - 4 23 16:84 71:29

[a] Under N, atmosphere. [b] Determined by GC analysis of the crude re-
action mixtures. [c] Determined by GC analysis and 'H NMR analysis of
the crude reaction mixtures. [d] Determined by chiral-phase GC analysis.
The enantiomeric excess (ee) value of 7a was 0% for all cases. [e] The re-
action was performed without Cu(OTf), catalyst.[f]8a (20 mol%).
[g] The ligand was premixed with the base KOrBu and the reaction per-
formed at RT. [h] Reaction run at RT. [i] CuTC (copper thiophene car-
boxylate, 2 mol %), 9a (4 mol %) at RT. [j] CuCl (10 mol %) at 50°C.

ratio (e.r.) of 78:22. To our delight, the combination of
chiral amine 8a™! and Cu(OTf), switched the 1,2-selective
reaction towards a 14-selective transformation (6a/7a;
84:16) and gave 6a with 77:23 e.r. (Table 1, entry 3).

To improve the conversion and enantioselectivity of the
asymmetric conjugate addition, we decided to employ Lewis
bases such as organic phosphines and N-heterocyclic car-
benes 9 as ligands for the copper catalyst.'Yl In most cases,
the reaction was 1,4-selective and gave 6a with good to high

O //\ +
N
N
% ~er %
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enantiomeric ratios. The highest conversion was achieved
when PPh; was employed as the additive. Of the screened
catalysts of type 8, the protected diarylprolinol 8a co-cata-
lyzed the asymmetric conjugate addition with the best enan-
tioselectivity. For example, aldehyde 6a was formed with up
to 96:4 e.r. (Table 1, entry 4). Lowering the catalyst loading
of 8a slightly decreased the e.r. of 6a to 95:5 (Table 1,
entry 10). With these results in hand, we decided to probe
the scope of the catalytic ECA of organozinc reagent R,Zn
to a,p-unsaturated aldehydes 5 using Cu(OTTf), as the metal
catalyst, 8a as the chiral amine, and 9a as the additive in
THF at 60°C (Table 2).

Table 2. The scope of the co-catalyzed ECA of R,Zn to enals 5.1

8a (25 mol%), R O OH
IR N NN N,
6 7

o)
RV\)LH

5

Cu(OTf), (10 mol %)
R»Zn, 9a (20 mol%),

THF, 60 °C
Entry R! R Product ¢ Yield 6 Ratio er!!
[h] [%]® 679
1 4-MeOCH, Et 6b 13 83 85:15 982
2 2-naphth Et 6c 16 62 64:36 9822
3 4-CIC4H, Et 6d 18 60 63:37  95:5
4 4-BrC¢H, Et Ge 13 47 7822 96:4
5 4-MeCgH,  Et 6f 13 44 7525 982
6 4-iPrC¢H, Et 6g 9 7 83:17 97:3
7 3-CIC(H, Et 6h 9 4 7921 97:3
8 3-MeOCH, Et 6i 179 80:20 982
9 4-MeOCH, Me!"  6j 16 76 91:9 982
10 3-MeC¢H, Mell 6k 14 65 93:7  97:3
11 nBu Melet 61 14 230 51:49  92:8
12 nBu Melt! 61 16 600! 80:20  83:17

[a] Under N, atmosphere. [b] Yield of pure isolated 6 after silica gel
column chromatography. [c] Determined by 'H NMR analysis of the
crude reaction mixture. [d] Determined by chiral-phase HPLC or chiral
GC analyses. The ee value of products 7 is 0%. [f] Reaction run at 22°C.
[g] Reaction run at 45°C. [h] Me,Zn added at 22°C. [i] Me,Zn added at
—78°C. [j] Yield determined by GC.

The co-catalytic ECA of
Et,Zn to enals 5 with an aryl
substituent at the f§ position
proceeded with good 1,4-selec-
tivities and high enantioselec-
tivity to give the corresponding
B-alkylaldehyde products 6a—6i
(Table 2, entries 1-8). The high-
est selectivities for the co-cata-
lytic asymmetric reactions were
achieved when 3-substituted
enals 5 with a 3- or 4-MeOPh
group was used as the sub-
strates (Table 2, entries1 and
8). The co-catalytic transforma-
tions using Me,Zn as the re-
agent was 14-selective and
gave the corresponding product
6 with a high e.r. value. For ex-
ample, the ECA of Me,Zn to

i

W

+)-Tumerone 3
51% yield
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enals 5b and 5f gave the corresponding aldehydes 6j and
6k with 98:2 and 97:3 e.r., respectively (Table 2, entries 9
and 10). The co-catalytic asymmetric conjugate addition of
dialklzinc reagent Me,Zn did also work for aliphatic enals §
as acceptors but gave lower e.r. values (Table 2, entries 11
and 12).

Finally the methodology was applied to the short total
synthesis of (S)-(4)-curcumene 1, (E)-(S)-(+)-3-dehydrocur-
cumene 2, and (S)-(+)-tumerone 3 (Scheme 4), which have
been popular targets for the synthetic community. However,
there have been fewer enantioselective syntheses to date of
tumerone 3. Our syntheses began with the synthesis of al-
dehyde (S)-6k!"? (97:3 e.r.), derived by co-catalytic ECA of
Me,Zn to enal Sf The subsequent reduction of 6k, tosyla-
tion and nucleophilic displacement gave iodine 11 in 65 %
overall yield (three steps). Grignard addition of 10 to 11
gave curcumene 1 in 57 % yield. The synthesis of dehydro-
curcumene 2 began with a Wittig reaction between aldehyde
6k and 12 to give enone 13 in 64% yield. A subsequent
Wittig reaction gave dehydrocurcumene 2 in 68 % yield. Tur-
merone 3 was rapidly assembled in 51 % overall yield in a
one-pot procedure involving a Grignard addition of 10 with
aldehyde 6k followed by oxidation with tetrapropylammoni-
um perruthenate (TPAP).'® Thus, this synthesis was com-
pleted in two purification steps from a,B-unsaturated alde-
hyde 5f and delivered the target compound with 97:3 e.r.

The absolute configuration at C3 of (-alkyl aldehyde 6k
was S (R=Ar) as established by the above enantioselective
total synthesis. Thus, employing (S)-8a as the chiral co-cata-
lyst gave the corresponding (3-branched aldehydes (S)-6. We
also investigated the crude reaction with HRMS!"” and
found that iminium intermediates II (Scheme5) were
formed by condensation between chiral amine 8a and enals
5 (Figure 1). In addition, the iminium intermediate formed
between product 6a and the chiral amine catalyst 8a was
observed. Moreover, the ability of chiral amine 8a to switch
the 1,2-selectivity of the copper-catalyzed organozinc addi-
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13: 64% yield

%:hg,P\)K

N
w

+)-Dehydrocurcumene 2
68% yield

MgBr
el
|

- =

D/kA

11: 65% yield

/@/k/\/k
(S)-(+)-Curcumene 1
57% yield

e)

Scheme 4. a) Me,Zn, cat. 8a, cat. Cu(OTTY),, cat. 9a, THF, 60°C. b) NaBH,, CH,Cl,, MeOH, 0°C; c) TsCl, pyri-
dine, CH,Cl,, RT, 5h; d) Nal, acetone, reflux, 2 h; ¢) 10, Cul, THF, 0°C, 5h; f) 12, CHCl,, reflux, 16 h;
¢) Ph;PMeBr, BuLi, Et,0; h) 10, THF, 0°C, 1 h; i) tetrapropylammonium perruthenate (TPAP), N-methylmor-
pholine-N-oxide (NMO), CH,CL,, MS (4 A), 3 h.
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Figure 1. HRMS (ESI) of the crude reaction mixture.

Scheme 5. Proposed reaction mechanism.
tion to a 1,4-selective reaction in the presence of 9a also

supports that the reaction proceeds via a chiral iminium in-
termediate (Table 1, entries 1 and 4). DFT calculations have
also shown that the direct addition of a copper-activated nu-
cleophile to an enal is much higher in energy than the same
addition to the corresponding iminium species even when
the amine serves as a ligand on the copper.'”!

Based on the absolute configuration of B-alkyl aldehydes
6, these results and our previous DFT calculations,'” we
propose that the in situ generated L-Cu"-alkyl complex 14
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approaches the less sterically hindered Si face (R=Ar) of
the chiral iminium intermediate III and performs the selec-
tive 1,4-addition of the carbon nucleophile at its f§ carbon to
give intermediate IV (Scheme 5). Subsequent hydrolysis of
iminium intermediate I'V regenerates the chiral catalyst 8 as
well as the active copper catalyst complex 14. Aqueous
work up gives the desired f-alkyl aldehyde product 6.

In summary, we disclose the first example of enantioselec-
tive B-alkylation of a,f-unsaturated aldehydes by combina-
tion of aminocatalysis and transition-metal catalysis. The co-
catalyzed asymmetric 1,4-addition gave the corresponding [3-
alkyl aldehydes with up to 98:2 e.r. Thus, simple bench-
stable chiral amines can be used as catalyst in combination
with a copper salt without the use of a glove box to achieve
catalytic asymmetric addition of dialkylzinc reagents to
enals with high enantioselectivity. The novel co-catalytic re-
action was utilized as the key step for the expeditious total
synthesis of bisabolane sesquiterpenes. Further development
of this class of co-catalytic asymmetric conjugate additions
and its application in total synthesis is ongoing in our labo-
ratories.

Acknowledgements

Financial support was provided by the Mid Sweden University and The
Swedish National Research Council (VR). L. L. is grateful for repatria-
tion funding from VR. We are grateful to Hakan Norberg for help in set-
ting up the lab. The Berzelii Center EXSELENT is financially supported
by VR and the Swedish Governmental Agency for Innovation Systems
(VINNOVA).

Keywords: aldehydes - alkylation - asymmetric conjugate
additions - enantioselectivity - co-catalysis - zinc

[1] a)J. ApSimon, The Total Synthesis of Natural Products, Vol.5,
Wiley, New York, 1983, p. 35; b) T. Kitahara, Y. Furusho, K. Mori,
Biosci. Biotechnol. Biochem. 1993, 57, 1137, ¢) K. Tanaka, M. Nur-
uzzaman, M. Yoshida, N. Asakawa X. S. Yang, K. Tsubaki, K. Fuji,
Chem. Pharm. Bull. 1999, 47, 1053; d) S. Hanessian, S. Giroux, V.
Mascitti, Synthesis 2006, 1057; e) B. ter Horst, B. L. Feringa, A.J.
Minnaard, Chem. Commun. 2010, 46, 2535; f) S.-Y. Wang, T.-P. Loh,
Chem. Commun. 2010, 46, 8694.

[2] a) F.J. McEnroe and W. Fenical, Tetrahedron 1978, 34, 1661;
b) N. P. Damodaran, S. Dev, Tetrahedron 1968, 24, 4113; c) C. Fu-
ganti, S. Serra, J. Chem. Soc. Perkin Trans. 1 2000, 3758; d) A. E.
Wright, S. A. Pomponi, O.J. McConnell, S. Kohmoto, P. J. McCar-
thy, J. Nat. Prod. 1987, 50, 976; ¢) N. Fusetani, M. Sugano, S. Matsu-
naga, K. Hashimoto, Cell. Mol. Life Sci. 1987, 43, 1234; f) K. A. El
Sayed, M. Yousaf, M. T. Hamann, M. A. Avery, M. Kelly, P. Wipf, J.
Nat. Prod. 2002, 65, 1547; g) R. H. Cichewicz, L.J. Clifford, P.R.
Lassen, X. Cao, T. B. Freedman, L. A. Nafie, J. D. Deschamps, V. A.
Kenyon, J. R. Flanary, T. R. Holman, P. Crews, Bioorg. Med. Chem.
2005, 13, 5600.

For reviews, see: a) A. H. Hoveyda, N. M. Heron in Comprehensive
Asymmetric Catalysis (Eds.: E. N. Jacobsen, A. Pfaltz, H. Yamamo-
to), Springer, Berlin, 1999, p. 431; b) E. Nakamura, S. Mori, Angew.
Chem. 2000, 112, 3902; Angew. Chem. Int. Ed. 2000, 39, 3750; c¢) M.
Kotora, R. Betik in Catalytic Asymmetric Conjugate Reactions (Ed.:
A. Cérdova), Wiley-VCH, Weinheim, 2010, p. 71; d) A. Alexakis, C.
Benhaim, Eur. J. Org. Chem. 2002, 3221; e) A. Alexakis, J-E. Bick-

[3

—

— 8787

www.chemeurj.org


http://dx.doi.org/10.1271/bbb.57.1137
http://dx.doi.org/10.1055/s-2006-926376
http://dx.doi.org/10.1039/b926265b
http://dx.doi.org/10.1039/c0cc03211e
http://dx.doi.org/10.1016/0040-4020(78)80198-7
http://dx.doi.org/10.1016/0040-4020(68)88174-8
http://dx.doi.org/10.1039/b006141g
http://dx.doi.org/10.1021/np50053a042
http://dx.doi.org/10.1007/BF01945540
http://dx.doi.org/10.1021/np020213x
http://dx.doi.org/10.1021/np020213x
http://dx.doi.org/10.1016/j.bmc.2005.06.020
http://dx.doi.org/10.1016/j.bmc.2005.06.020
http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C3902::AID-ANGE3902%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C3902::AID-ANGE3902%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1099-0690(200210)2002:19%3C3221::AID-EJOC3221%3E3.0.CO;2-U
www.chemeurj.org

CHEMISTRY

A EUROPEAN JOURNAL

[4

[5

[6

[7

=

—_

—

—

8788 ——

A. Cérdova, I. Ibrahem et al.

vall, N. Krause, O. Pamies, M. Dieguez, Chem. Rev. 2008, 108, 2796,
f) S. R. Harutyunyan, T. den Hartog, K. Geurts, A. J. Minnard, B. L.
Feringa, Chem. Rev. 2008, 108, 2824; g) G.-L. Zhao, A. Cérdova in
Catalytic Asymmetric Conjugate Reactions (Ed.: A. Cérdova),
Wiley-VCH, Weinheim, 2010, p. 145; h) T. Jerphagnon, M. G. Pizzu-
ti, A.J. Minnaard, B. L. Feringa, Chem. Soc. Rev. 2009, 38, 1039;
i) L. T. May, M. K. Brown, A. H. Hoveyda, Angew. Chem. 2008, 120,
7468; Angew. Chem. Int. Ed. 2008, 47, 7358, and references therein;
for indirect Cu-catalyzed methods to B-alkyl aldehydes, see: j) A. W.
Hird, A. H. Hoveyda, Angew. Chem. 2003, 115, 1314; Angew. Chem.
Int. Ed. 2003, 42, 1276; k) R. Des Mazery, M. Pullez, F. Lopez, S. R.
Harutyunyan, A.J. Minnaard, B.L. Feringa, J. Am. Chem. Soc.
2005, 127, 9966; 1) M. Fafianas-Mastral, B. L. Feringa, J. Am. Chem.
Soc. 2010, 132, 13152; for reviews on Rh-catalyzed ECA, see: m) G.
Berthon, T. Hayashi in Catalytic Asymmetric Conjugate Reactions
(Ed.: A. Cérdova), Wiley-VCH, Weinheim, 2010, p. 1; n) C. Walter,
G. Auer, M. Oestreich, Angew. Chem. 2006, 118, 5803; Angew.
Chem. Int. Ed. 2006, 45, 5675; o) T. Hayashi, K. Yamasaki, Chem.
Rev. 2003, 103, 2829; p) T. Hayashi, Bull. Chem. Soc. Jpn. 2004, 77,
13.

For catalytic ECA of organozinc reagents to enals, see: a) J. A. Mar-
shall, M. Herold, S. H. Eidam, P. Eidam, Org. Lett. 2006, 8, 5505—
5508; b)S. Brise, S. Hofener, Angew. Chem. 2005, 117, 8091;
Angew. Chem. Int. Ed. 2005, 44, 7879; c) S. Ay, M. Nieger, S. Brise,
Chem. Eur. J. 2008, 14, 11539. For Rh-catalyzed ECA see: d) J. F.
Paquin, C. Defieber, C.R.J. Stephenson, E. M. Carreira, J. Am.
Chem. Soc. 2005, 127, 10850; e) T. Nishimura, T. Sawano, T. Haya-
shi, Angew. Chem. 2009, 121, 8201; Angew. Chem. Int. Ed. 2009, 48,
8057.

Recently, a Cu-catalyzed asymmetric conjugate addition of organo-
zinc reagents to enals with lower enantioselectivity was reported.
See. L. Palais, L. Babel, A. Quintard, S. Belot, A. Alexakis, Org.
Lett. 2010, 72, 1988.

For examples of combination of catalytic enamine activation and
transition-metal catalysis, see: From our group: a)I. Ibrahem, A.
Cérdova, Angew. Chem. 2006, 118, 1986; Angew. Chem. Int. Ed.
2006, 45, 1952; b) G.-L. Zhao, F. Ullah, L. Deiana, S. Lin, Q. Zhang,
J. Sun, I. Ibrahem, P. Dziedzic, A. Cérdova, Chem. Eur. J. 2010, 16,
1585; ¢) S. Lin, G. L. Zhao, L. Deiana, Q. Zhang, J. Sun, H. Leijon-
marck, A. Cérdova, Chem. Eur. J. 2010, 16, 13930; d) I. Ibrahem,
J.S. M. Samec, J. E. Béckvall, A. Cérdova, Tetrahedron Lett. 2005,
46, 3965. For other examples see: e) Z. Shao, H. Zhang, Chem. Soc.
Rev. 2009, 38, 2745; f) F. Bihelovic, R. Matovic, B. Vulovic, R. N.
Saicic, Org. Lett. 2007, 9, 5063; g) S. Mukherjee, B. List, J. Am.
Chem. Soc. 2007, 129, 11336; h) Q. Ding, J. Wu, Org. Lett. 2007, 9,
4959; i) J. Binder, B. Crone, T. T. Haug, H. Menz, S. F. Kirsch, Org.
Lett. 2008, 10, 1025; j) T. Yang, A. Ferrali, L. Campbell, D. J. Dixon,
Chem. Commun. 2008, 2923; k) D. Liu, F. Xie, W. Zhang, Tetrahe-
dron Lett. 2007, 48, 7591; 1) B. Montaignac, M. R. Vitale, V. Michel-
et, V. Ratovelomanana-Vidal, Org. Lett. 2010, 12, 2582; m) D. Liu,
F. Xie, W. Zhang, Tetrahedron Lett. 2007, 48, 7591-7594; n) K. L.
Jensen, P. T. Franke, C. Arréniz, S. Kobbelgaard, K. A. Jgrgensen,
Chem. Eur. J. 2010, 16, 1750; o) C. Yu, Y. Zhang, S. Zhang, J. He,
W. Wang, Tetrahedron Lett. 2010, 51, 1742.

For other types of selected examples of combination of metal and
organocatalysis, see: a) M. Nakoji, T. Kanayama, T. Okino, Y. Take-

8

—_

[9

—

(10]

(1]

(12]
(13]

(14]

(15]

(16]

(17]

moto, Org. Lett. 2001, 3, 3329; b) G.S. Chen, Y.-J. Deng, L.-Z.
Gong, A.-Q. Mi, X. Cui, Y. Z. Jiang, M. C. K. Choi, A.S. C. Chan,
Tetrahedron: Asymmetry 2001, 12, 1567; c) M. Nakoji, T. Kanayama,
T. Okino, Y. Takemoto, J. Org. Chem. 2002, 67, 7418; d) B. G. Jeller-
ichs, J.-R. Kong, M. J. Krische, J. Am. Chem. Soc. 2003, 125, 7758;
e) D. A. Nicewicz, D. W. A. MacMillan, Science 2008, 322, 77,
f) G. L. Hamilton, E.J. Kang, M. Mba, D.F. Toste, Science 2007,
317, 496; g) M. Rueping, A.P. Antonchick, C. Brikmun, Angew.
Chem. 2007, 119, 7027; Angew. Chem. Int. Ed. 2007, 46, 6903; h) O.
Abillard, B. Breit, Adv. Synth. Catal. 2007, 349, 1891.

For reviews on multicatalyst cascades, see : a) S. F. Mayer, W. Krou-
til, K. Faber, Chem. Soc. Rev. 2001, 30, 332; b) L. Veum, U. Hane-
feld, Chem. Commun. 2006, 825.

For reviews on the use of catalytic iminium activation in organic
synthesis, see: a) P. 1. Dalko, L. Moisan, Angew. Chem. 2004, 116,
5248; Angew. Chem. Int. Ed. 2004, 43, 5138; b) A. Erkkild, L
Majander, P. M. Pihko, Chem. Rev. 2007, 107, 5416; c) A. M. Walji,
D. W. C. MacMillan, Synlett 2007, 1477; for organocatalytic ap-
proaches to f(-branched aldehydes, see: d) H. Adolfsson, Angew.
Chem. 2005, 117, 3404; Angew. Chem. Int. Ed. 2005, 44, 3340; e) A.-
N. R. Alba, X. Companyd, R. Rios, Chem. Soc. Rev. 2010, 39, 2018.
I. Ibrahem, S. Santoro, F. Himo, A. Cérdova, Adv. Synth. Catal.
2011, 353, 245.

The reaction did also work in other solvents using 8a as the chiral
amine catalyst and the conditions of Table 1 (toluene: 6a 98%
conv., 53:47 (6a/7a) and 88.5:11.5 e.r.; CH,ClL,: 39% conv., 42:58
(6a/7a), 89.5:10.5 e.r.).

G. L. Zhao, A. Cordova, Tetrahedron Lett. 2006, 47, 7417.

For a review on the use of protected chiral prolinols as organocata-
lysts, see: A. Mielgo, C. Palomo, Chem. Asian J. 2008, 3, 922.

For an excellent review on the improvement of asymmetric catalysis
by employment of additives and cocatalysts, see: E. M. Vogl, H.
Groger, M. Shibasaki, Angew. Chem. 1999, 111, 1672; Angew. Chem.
Int. Ed. 1999, 38, 1570.

a) A. L. Meyers, R. K. Smith, Tetrahedron Lett. 1979, 20, 2749; b) S.
Nave, R. P. Sonawane, T. G. Elford, V. K. Aggrawal, J. Am. Chem.
Soc. 2010, 132, 17096; c) C. Fuganti, S. Serra, A. Dulio, J. Chem.
Soc. Perkin Trans. 1 1999, 279; d) B.J. Rowe, C. D. Spilling, J. Org.
Chem. 2003, 68, 9502; e¢) A. Zhang, T. V. RajanBabu, Org. Lett.
2004, 6, 3159. A. Kamal, M. S. Malik, S. Azeeza, S. Bajee, A. A.
Shaik, Tetrahedron: Asymmetry 2009, 20, 1267. For the total synthe-
sis of Curcumene see: f) T. Nishimura, Y. Yasuhara, T. Sawano, T.
Hayashi, J. Am. Chem. Soc. 2010, 132, 7872; g) H. G. Schmalz, C. B.
de Koning, D. Bernicke, S. Siegel, A. Pfletschinger, Angew. Chem.
1999, 111, 1721; Angew. Chem. Int. Ed. 1999, 38, 1620; h) S. Serra,
C. Fuganti, E. Brenna, Chem. Eur. J. 2007, 13, 6782.

S. V. Ley, J. Norman, W. P. Griffith, S. P. Marsden, Synthesis 1994,
639.

For an excellent article on deciphering reaction mechanisms of imi-
nium activated reactions with enals, see: C. A. Marquez, F. Fabbret-
ti, J. O. Metzger, Angew. Chem. 2007, 119, 7040; Angew. Chem. Int.
Ed. 2007, 46, 6915.

Received: March 11, 2011
Published online: July 5, 2011

www.chemeurj.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2011, 17, 87848788


http://dx.doi.org/10.1021/cr0683515
http://dx.doi.org/10.1021/cr068424k
http://dx.doi.org/10.1039/b816853a
http://dx.doi.org/10.1002/ange.200802910
http://dx.doi.org/10.1002/ange.200802910
http://dx.doi.org/10.1002/anie.200802910
http://dx.doi.org/10.1002/ange.200390299
http://dx.doi.org/10.1002/anie.200390328
http://dx.doi.org/10.1002/anie.200390328
http://dx.doi.org/10.1021/ja053020f
http://dx.doi.org/10.1021/ja053020f
http://dx.doi.org/10.1002/ange.200601747
http://dx.doi.org/10.1002/anie.200601747
http://dx.doi.org/10.1002/anie.200601747
http://dx.doi.org/10.1021/cr020022z
http://dx.doi.org/10.1021/cr020022z
http://dx.doi.org/10.1246/bcsj.77.13
http://dx.doi.org/10.1246/bcsj.77.13
http://dx.doi.org/10.1021/ol062154a
http://dx.doi.org/10.1021/ol062154a
http://dx.doi.org/10.1021/ol062154a
http://dx.doi.org/10.1002/ange.200501732
http://dx.doi.org/10.1002/anie.200501732
http://dx.doi.org/10.1002/chem.200801676
http://dx.doi.org/10.1021/ja053270w
http://dx.doi.org/10.1021/ja053270w
http://dx.doi.org/10.1002/ange.200904486
http://dx.doi.org/10.1002/anie.200904486
http://dx.doi.org/10.1002/anie.200904486
http://dx.doi.org/10.1021/ol100441r
http://dx.doi.org/10.1021/ol100441r
http://dx.doi.org/10.1002/ange.200504021
http://dx.doi.org/10.1002/anie.200504021
http://dx.doi.org/10.1002/anie.200504021
http://dx.doi.org/10.1002/chem.200902818
http://dx.doi.org/10.1002/chem.200902818
http://dx.doi.org/10.1002/chem.201001992
http://dx.doi.org/10.1016/j.tetlet.2005.04.047
http://dx.doi.org/10.1016/j.tetlet.2005.04.047
http://dx.doi.org/10.1039/b901258n
http://dx.doi.org/10.1039/b901258n
http://dx.doi.org/10.1021/ol7023554
http://dx.doi.org/10.1021/ja074678r
http://dx.doi.org/10.1021/ja074678r
http://dx.doi.org/10.1021/ol7020669
http://dx.doi.org/10.1021/ol7020669
http://dx.doi.org/10.1021/ol800092p
http://dx.doi.org/10.1021/ol800092p
http://dx.doi.org/10.1039/b802416b
http://dx.doi.org/10.1016/j.tetlet.2007.08.119
http://dx.doi.org/10.1016/j.tetlet.2007.08.119
http://dx.doi.org/10.1021/ol100729t
http://dx.doi.org/10.1016/j.tetlet.2007.08.119
http://dx.doi.org/10.1016/j.tetlet.2007.08.119
http://dx.doi.org/10.1016/j.tetlet.2007.08.119
http://dx.doi.org/10.1002/chem.200903405
http://dx.doi.org/10.1016/j.tetlet.2010.01.096
http://dx.doi.org/10.1021/ol016567h
http://dx.doi.org/10.1016/S0957-4166(01)00276-2
http://dx.doi.org/10.1021/jo0260645
http://dx.doi.org/10.1021/ja0301469
http://dx.doi.org/10.1126/science.1161976
http://dx.doi.org/10.1126/science.1145229
http://dx.doi.org/10.1126/science.1145229
http://dx.doi.org/10.1002/ange.200702439
http://dx.doi.org/10.1002/ange.200702439
http://dx.doi.org/10.1002/anie.200702439
http://dx.doi.org/10.1002/adsc.200700216
http://dx.doi.org/10.1039/b105493g
http://dx.doi.org/10.1039/b512366f
http://dx.doi.org/10.1002/ange.200400650
http://dx.doi.org/10.1002/ange.200400650
http://dx.doi.org/10.1002/anie.200400650
http://dx.doi.org/10.1021/cr068388p
http://dx.doi.org/10.1002/ange.200500827
http://dx.doi.org/10.1002/ange.200500827
http://dx.doi.org/10.1002/anie.200500827
http://dx.doi.org/10.1039/b911852g
http://dx.doi.org/10.1002/adsc.201000908
http://dx.doi.org/10.1002/adsc.201000908
http://dx.doi.org/10.1016/j.tetlet.2006.08.063
http://dx.doi.org/10.1002/asia.200700417
http://dx.doi.org/10.1002/(SICI)1521-3757(19990601)111:11%3C1672::AID-ANGE1672%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1521-3773(19990601)38:11%3C1570::AID-ANIE1570%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/(SICI)1521-3773(19990601)38:11%3C1570::AID-ANIE1570%3E3.0.CO;2-Y
http://dx.doi.org/10.1016/S0040-4039(01)86405-4
http://dx.doi.org/10.1021/ja1084207
http://dx.doi.org/10.1021/ja1084207
http://dx.doi.org/10.1039/a808772e
http://dx.doi.org/10.1039/a808772e
http://dx.doi.org/10.1021/jo0351318
http://dx.doi.org/10.1021/jo0351318
http://dx.doi.org/10.1021/ol048790v
http://dx.doi.org/10.1021/ol048790v
http://dx.doi.org/10.1016/j.tetasy.2009.05.006
http://dx.doi.org/10.1021/ja1034842
http://dx.doi.org/10.1002/(SICI)1521-3757(19990601)111:11%3C1721::AID-ANGE1721%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3757(19990601)111:11%3C1721::AID-ANGE1721%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3773(19990601)38:11%3C1620::AID-ANIE1620%3E3.0.CO;2-1
http://dx.doi.org/10.1002/chem.200700735
http://dx.doi.org/10.1055/s-1994-25538
http://dx.doi.org/10.1055/s-1994-25538
http://dx.doi.org/10.1002/ange.200700266
http://dx.doi.org/10.1002/anie.200700266
http://dx.doi.org/10.1002/anie.200700266
www.chemeurj.org

