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Inspired by recent pioneering contributions on the use of chiral ever, in both the above cases the formation of quaternary stereogenic
phosphoric acid catalystsand our own studies in asymmetric  centers has not been described.
aminocatalysigd, we have recently developed the concept of In 1985 Murahashi et al. reported a Pd(0)-catalyzed direct
asymmetric counteranion directed catalysis (ACB&gcordingly, a-allylation of carbonyl compounds in whidi-benzyl allylamine
reactions that proceed via cationic intermediates can be conductedvas used as the allylating reagéhfThis reaction was found to
highly enantioselectively when a chiral counteranion is introduced proceed only in the presence of an acid cocatalyst. We envisioned

into the catalyst.As proof of principle, we have developed efficient
asymmetric transfer hydrogenations @f3-unsaturated carbonyl

a catalytic cycle for an asymmetric version of this reaction involving
a chiral phosphoric acid cocatalyst(eq 2). Accordingly, an initial

compounds that are catalyzed by salts consisting of an achiral condensation of a secondary allylamine with the aldehyde should

ammonium ion and a chiral phosphate counteraffdiVe reasoned
that this concept could be applied not only to purely organic

lead to an enamonium phosphate &ltvhich upon reaction with
Pd(0) leads to a cationie-allyl-Pd-complex, an enamine, and the

catalysts, but to organometallic systems as well. Here we describechiral phosphate counteranion. This assen®lynay lead to the

an example in the area of Pd-catalysis: We found that the
combination of a Pd(0) catalyst with a chiral phosphoric acid can
mediate highly enantioselective Tsujirost-typea-allylation$ of

a-allylated iminium ionD via the nucleophilic attack of the enamine
onto the s-allyl-Pd-complex in the coordination sphere of the
phosphate anion. This species may not be considered solely as a

branched aldehydes with an allyl amine (eq 1). These reactionschiral counteranion in this hypothetical catalytic cycle but rather a

proceed via well-established cationieallyl Pd(Il) complexes and
our reaction is the first enantioselective versiomhere the
enantiodifferentiation is achieved by introducing a chiral counter-

anion/anionic ligand rather than a more commonly used neutral

ligand?®
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The enantioselective construction of all-carbon quaternary stereo-

chiral anionic ligand for palladium, effectively inducing asymmetry
in the critical carbor-carbon bond-forming step.
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Initial experiments revealed the validity of our hypothesis and

genic centers is a challenging task in organic synthesis owing to chjral phosphoric acids were indeed capable of inducing asymmetry

the involved steric repulsion between the carbon substitdents.
Asymmetric alkylations ofa-branched carbonyl compourifls
constitute an attractive solution to this problem, and the palladium-
catalyzed asymmetric allylic alkylation has proven particularly
useful. However, thex-allylation of a-branched aldehydes and
ketones still remains a considerable challenge. While a few &irect
and several preformed enolate-based metiééiare known for
ketone substrates, catalytic asymmettiallylations ofa-branched
aldehydes are unknown. @imva et al. described a combination
of Pd and enamine catalysis for the direetllylation of carbonyl
compounds# Recently, MacMillan and co-workers reported an
enantioselective aminocatalytic direatallylation of aldehydes
applying the newly developed SOMO activation condéptow-
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in the Pd-catalyzed-allylation of 2-phenyl propinonaldehydia
with N-benzyl allyl amin€-’ After optimizing the reaction conditions
(see Supporting Information), which included solvent, temperature,
and allylamine as well as phosphoric acid cocatalyst structure, good
yields and high enantioselectivity were achieved, and the prelimi-
nary scope of the reaction was investigated (Table 1). The improved
conditions involved treating an aldehyfievith N-benzhydry! allyl
amine @) as the allylating species in the presence of a phosphoric
acid cocatalyst (TRIP) (1.5 mol %) and Pd(BRH3 mol %) in
methyltert-butyl ether (MTBE) containing molecular sieves (5A).
Our reaction requires both TRI&nd Pd.

Differently substituted phenyl as well as the 2-naphthyl and
2-thiophenyl derived aldehydes afforded the allylated products in

10.1021/ja074678r CCC: $37.00 © 2007 American Chemical Society
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Table 1. Preliminary Scope of the Catalytic Asymmetric and HPLC departments for performing analyses and Simone Marcus
a-Allylation of Aldehydes for technical support.
R3
R3 . Supporting Information Available: Experimental procedures,
" I éngéT:Tq"; ((1550Tn0<l|{’°/)) 1 compound characterization, NMR-spectra, and HPLC and GC traces.
3)4 (9. (] 1 . S . . .
J\ " )\ MS 5A, MTBE, 40 °C, 8-24 h R>\ This material is available free of charge via the Internet at http://
R2”SCHO Ph™ "N R2”NCHO pubs.acs.org.
. then 2N HCI, Et,O
1 3 (1 equiv.) r.t., 30 min 2 References
t R! R? R? ield (% a (1) (a) Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, Kkngew. Chem., Int.
entry yield (%) o Ed. 2004 43 1566-1568. (b) Uraguchi, D.; Terada, M. Am. Chem.
1 Me Ph H 2a 85 98.5:1.5 Soc.2004 126, 5356-5357. For reviews see: (c) Akiyama, T.; Itoh, J.;
2 Me 4-Me-GH H 2b 89 97:3 Fuchibe, K.Adv. Synth. Catal2006 348 999-1010. (d) Connon, S.J.
3 Me 3-Me-g§H4 H 2c 84 98:2 Angew. Chem., Int. E®006 45, 3909-3912 and references therein.
4 : (2) List, B. Chem. Commur2006 819-824 and references therein.
4 Me  3-F-GH, H 2d 85 98:2 (3) Mayer, S.; List, BAngew. Chem., Int. EQ006 45, 4193-4195.
5b Me 2-F-GHq H 2e 74 97:3 (4) For earlier attempts, see: Lacour, J.; Hebbe-VitonCWem. Soc. Re
6 Me 44-Bu-CgH4 H 2f 76 97.5:2.5 2003 32, 373-382.
7 Me  2naph Ho2 1 973 O ) oL 2 Uit B3 Am. Chem. SoG007 126, 7408 7409, -
8 Me 2-th|(3pheny| H 2h 80 93:7 (6) For revie'ws"see:‘ (a) 'Tros't, B. M.'; Vrankeﬁ, D. L. @em. Ré. 1996
T, 96, 395-422. (b) Trost, B. M.Chem. Pharm. Bull2002 50, 1—14. (c)
9 H 2i 45 95:5 Trost, B. M.; Crawley, M. L.Chem. Re. 2003 103 2921-2943.
(7) Chiral phosphates have been used before in the Pd-catalyzed asymmetric
. hydrocarboxylation of olefins. See: Alper, H.; Hamel, N.Am. Chem.
1¢ Me  c-hex H 2 65 85:15 Soc.199Q 112, 2803-2804.
11de Me Ph Me 2k 40 96:4 (8) For the application of chiral phosphoric acids in metal mediated asym-
1de Me Ph Ph 21 82 91:9 metric transformations see: (a) Lacasse, M.-C.; Poulard, C.; Charette, A.
B. J. Am. Chem. So2005 127, 12440-12441. (b) Komanduri, V.;
. . Krische, M. J.J. Am. Chem. SoQ006 128 16448-16449. Al :
aFrom GC or HPLCP Reaction run at 50C. ¢ Reaction run at 116C (Cr)lsﬁes\,e”yn’ D. BI.T;] Adaﬁns’on,"[)_; A?ndtsaen, B. Mrg. Lett_zégqsgfe
in toluene.d Reaction run at 60C. ¢ Reaction run for 72 h. 4165-4168.
(9) For reviews see: (a) Douglas, C. J.; Overman, LPEac. Natl. Acad.

. ; . : . . Sci. U.S.A.2004 101, 5363-5367. (b) Christoffers, J.; Baro, AAdv.
good yields (7+89%) and enantiomeric ratios (93:7 t98:2) Synth. Catal2005 347, 1473-1482. (c) Trost, B. M.. Jiang, Gynthesis
(entries +8).18 The allylated product of 2,3-dihydro-1-indanone 2006 369-396.

; ; in hi ; ; (10) For a direct intramoleculax-alkylation of aldehydes see: (a) Vignola,
derived aldehyde?() was obtained in high er but in moderate yield N.: List, B. J. Am. Chem. So®004 126 450-451. For tin enolate-
(entry 9). 2-Alkylpropionaldehydes can also be used but rather harsh based approaches see: (b) Doyle, A. G.; Jacobsen, Enew. Chem.,
reaction conditions are necessary, and the enantioselectivity obtained , ,, 'nt. Ed. 2007 46, 3701-3705 and the references therein. =

. o . (11) For theo-allylation using phase transfer catalysts see: Ooi, T.; Maruoka,
so far is only moderate (entry 10). Substitution at the 3-position of K. Angew. Chem., Int. EQ007, 46, 4222-4266 and references therein.

i i Bl - For a nonasymmetric direct-allylation of aldehydes see: Kimura, M.;
the aI_IyI group has also been |_nvest_|gated, 3-methyl and 3 phgnyl Horino, X« Niukai. R Tanaka, S : Tamard. ¥. Am. Ghem. So@001
substituted products were obtained in 96:4 and 91:9 er respectively 123 1040110402.

i or reviews about allylic alkylation of ketone enolates see: (a) Tunge, J.
(entries 11, 12). (12) For reviews about allylic alkylation of k I (2) Tunge, J
' . . . . A.; Burger, E. C.Eur. J. Org. Chem2005 1715-1726. (b) Braun, M.;
A short application of our method in a formal synthesis of Meier, T. Angew. Chem., Int. E€006 45, 6952-6955. (c) Braun, M.-

(+)-cuparene has also been developed. Rh-catalyzed hydroacylation gegr,sTt-ISynéetl\tAZgog 66(1;]676-50&580612 adl\g%rhgsl 282':5 (d) Erenetnna,
of aldehyde2b gave cuparenone, which can be converted into B. M. xﬂqzj_j‘ Am. g]ﬁem?g](')égﬁ 1427' 62384&2847. ) ‘ére;e,:ﬁ%:
cuparene via Reetz dimethylation (eql?,)_ T.; Hartwig, J. F.J. Am. Chem. So2005 127, 17192-17193. ()
Belanger, E.; Cantin, K.; Messe, O.; Tremblay, M.; Paquin, J-FAm.
Chem. Soc2007, 129 1034-1035.
(13) For a catalytic enantioselective allylic alkylation of enamines, see: (a)
o N\ 1 ste| N Weix, D. J.; Hartwig, J. FJ. Am. Chem. SoQ007, 129, 7720-7721.
b Rh(dppe),Cl (1 mol %) S —p> N (3) For auxiliary-based approaches see: (b) Hiroi, K.; Abe, J.; Suya, K.; Sato,
p-xylene, 160 °C, 12h O (Ref. 19) S. Tetrahedron Lett.1989 30, 1543-1546. _(c) Hiroi, K.; Abe, J.
30% Tetrahedron Lett199Q 31, 3623-3626. (d) Hiroi, K.; Koyama, T.; Anzai,
K. Chem. Lett199Q 235-238. (e) Hiroi, K.; Abe, J.; Suya, K.; Sato, S.;
Cuparenone (+)-Cuparene Koyama, T.J. Org. Chem1994 59, 203-213.
(14) Ibrahem, I.; Codova, A.Angew. Chem., Int. ER006 45, 1952-1956.
. X . . (15) Beeson, T. D.; Mastracchio, A.; Hong, J.-B.; Ashton, K.; MacMillan, D.
In conclusion, we have developed a highly enantioselective W. C. Science2007, 316, 582-585.
- i - - (16) (a) Murahashi, S.-1.; Makabe, Yetrahedron Lett1985 26, 5563-5566.
a-allylation of o braqched aldehyc_ies tha_t creates all carbo!w (b5 Murahashi, -1 Makabe, V.. Kunita KI. Org. Chem1988 53
quaternary stereogenic centers. This reaction represents the first 44894495,

example of a catalytic enantioselectixeallylation of a-branched an gr?é %@%% i(flasldﬁthﬁdgaj N-greenzré’gfé{g&a;“% Pfd(lr’?gfe’ps(?g‘r’f’{b
. ) - . 6) W B versi
aldehydes. The phosphoric acid cocatalyst (TRIP) plays a dual a-allylated aldehyd@a in 89:11 er was obtained.

catalytic role: as Brgnsted acid it acts as the proton source while (18) The initial reaction product is the corresponding imine as confirmed by
h It . te b i ti th t ion/li d GC—MS. Consequently, if the reaction of aldehyteis worked up with
the resulting conjugate base functions as the counteranion/ligan NaBH;, rather than by acidic hydrolysis, the corresponding amine is

for the cationicr-allyl-Pd-intermediate. To our knowledge, this is obtained:

the first time that a chiral anionic ligand is applied for achieving Ph

asymmetric induction in a pall_adiu_m-gatalyzed allylic alkylation Ph)\N/\/ /

reaction. We are aware of the implications of our results for other Me H3(1equiv) Me: H

transition metal-catalyzed reactions and continue to explore ACDC A N Ph

as a powerful new strategy for asymmetric catalysis PO RTRIP (15 mor o) P T
ay y ysis. 1a Pd(PPhs), (3.0 mol %) 4 Ph

then NaBH, (82%, 98.5:1.5 er)
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