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Enantioenriched chiral 3,3-diaryl-substituted aldehydes are
valuable chiral building blocks for the preparation of
numerous natural products and pharmaceuticals (e.g. 4-
arylchroman-2-ones, sertraline, and tolterodine).[1] However,
asymmetric synthesis of these aldehydes is cumbersome and
challenging, because little distinguishes the two arenes steri-
cally or electronically, in particular, when the aryl moiety is
substituted at the para position. One catalytic way to
synthesize nonracemic 3,3-diarylpropanals and 3-alkyl-3-
arylpropanals is the amine-catalyzed addition of aromatic
nucleophiles to enals.[2] However, this approach is restricted
to electron-rich aromatic nucleophiles. In fact, the low
reactivity of electron-poor aromatic nucleophiles leads to no
conjugate addition products.

The enantioselective conjugate addition (ECA) of aryl
boronic acids to Michael acceptors has been employed as the
key step in the preparation of enantioenriched 3,3-disubsti-
tuted carbonyl compounds.[3–9] In this context, Carreira[7] and
Hayashi[8] recently reported the use of chiral dienes as ligands
for the rhodium-catalyzed ECA of aryl boronic acids to b-
aryl-substituted acrolein derivatives.[7–10] Miyaura et al. dem-
onstrated that chiraphos can be used as the auxiliary for Pd-
catalyzed b-arylations of 3-aryl-substituted enals.[11] Despite
these advances, there are very few examples of catalytic
asymmetric conjugate additions of aryl boronic acids to 3-
alkyl-substituted enals.[8, 9a,11b] In fact, the state of the art with
respect to the use of Pd catalysis is one example, giving the
corresponding product in poor yield (30%) and moderate e.r.
(74.5:25.5).[11c]

Based on our previous research on synergistic catalysis,[12]

we envisioned a general co-catalyzed ECA of aryl boronic
acids 1 to both b-aryl- and b-alkyl-substituted a,b-unsaturated
aldehydes 2 by combining transition-metal and chiral amine
catalysts (Scheme 1).[12–15] The corresponding products 3

would next be used in the total synthesis of natural products
and biologically active substances (e.g. 4-arylchroman-2-ones
or bisabolane sesquiterpenes, such as (R)-(�)-curcumene).

However, a,b-unsaturated aldehydes represent an espe-
cially challenging class of substrates in metal-catalyzed
conjugate additions of aryl boronic acids.[16] This is due to
the high reactivity of aldehydes, which can undergo compet-
itive 1,2 addition either to the starting enal (regioselectivity)
or to the product (enal vs. product, chemoselectivity). We
envisioned that the ability of a chiral amine to lower the
LUMO of an enal 2 by iminium activation[17] in combination
with transition-metal-catalyzed conjugate addition of aryl
boronic acids 1 to this intermediate may allow the enantio-
selective 1,4 addition over 1,2 addition to give the corre-
sponding chiral b-arylated products 3 (Scheme 2).[12]

Herein we report the co-catalyzed ECA of electron-rich
and electron-poor aryl boronic acids 1 to b-alkyl- and b-aryl-
substituted enals 2, by combining simple palladium and chiral
amine catalysts. Excellent 1,4 selectivity was achieved and the
corresponding chiral 3,3-disubstituted aldehydes 3 were
isolated in high yields with up to 95:5 e.r.

We began our studies by investigating the catalytic ECA
of phenyl boronic acid 1a to trans-2-hexenal 2a using
different metal complexes, chiral amines (4), and additives
(key results in Table 1). The reaction that was performed
without an amine catalyst was not successful (Table 1,
entry 1). The same reaction with the chiral amine catalyst
4a, but without Pd(OAc)2 as co-catalyst, did also not provide
the b-arylated product 3a (Table 1, entry 2). To our delight,

Scheme 1. Co-catalyzed b-arylation of enals 1 with possible side-
reaction pathways (1,2 additions) and further synthesis.
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when the chiral amine catalyst 4a (20 mol%) and Pd(OAc)2

(5 mol%) were used as co-catalysts together with Cs2CO3

(25 mol %) and MeOH (5 equiv) as additives in toluene, the
corresponding b-aryl-substituted aldehyde 3a was formed
with high conversion and 87:13 e.r. within 2 h (Table 1,
entry 3). No 1,2 addition products 3a’ or 3a’’ were observed.
The use of toluene as the solvent and Cs2CO3 and MeOH as
additives was essential in order to achieve high conversion

(Table 1, entries 3–7 and 15). Of the investigated metal
catalysts, Pd(OAc)2 and Pd(O2CCF3)2 were the most efficient
in combination with chiral amine 4a[18] (Table 1, entries 3, 14,
and 16). The use of [Rh(nbd)Cl]2 as metal co-catalyst also
gave product 3a. However, the e.r. was low and some 1,2
addition product 3a’ was also formed (Table 1, entry 12). The
highest enantiomeric ratios of 3a were achieved by combining
catalysts 4a or 4b with the palladium co-catalyst Pd(OAc)2

(Table 1, entries 3 and 16, respectively).
With these results in hand, we decided to probe the scope

of the catalytic ECA of aryl boronic acids 1 to enals 2 using 4a
and Pd(OAc)2 as co-catalysts together with Cs2CO3 and
MeOH as additives in toluene (Table 2). The co-catalyzed

additions of aryl boronic acids 1 a–1e to b-alkyl-substituted
enals 2a–2d proceeded with excellent 1,4 selectivities and
good enantioselectivities to give the chiral aldehyde products
3a–3h in high yields with good e.r. (Table 2, entries 1–8). It is
noteworthy that aryl boronic acids 1 with both electron-
withdrawing and electron-donating substituents could be used
as donors.[19]

We next investigated the co-catalyzed ECA of aryl
boronic acids 1 to a wide range of b-aryl-substituted enals
(2e–2 i, Table 2, entries 9–17). The reactions proceeded
smoothly and gave the corresponding 3,3-diaryl-substituted
aldehydes 3 i-3q in high yields (77–81 %) with up to 95:5 e.r.

Scheme 2. Merging of iminium activation with transition-metal-cata-
lyzed nucleophilic activation.

Table 1: Screening of the catalytic ECA of 1a to b-alkyl-substituted enal
2a.[a]

Ent. Cat. Metal salt Base Solvent t
[h]

Conv.
[%][b]

Ratio
3a/
3a’[b]

e.r.[c]

1 – Pd(OAc)2 Cs2CO3 toluene 8 <2 n.d. n.d.
2 4a – Cs2CO3 toluene 8 <2 n.d. n.d.
3 4a Pd(OAc)2 Cs2CO3 toluene 2 98 >99:1 87:13
4 4a Pd(OAc)2 Cs2CO3 CH2Cl2 8 <2 n.d. n.d.
5 4a Pd(OAc)2 Cs2CO3 THF 6 10 n.d. n.d.
6 4a Pd(OAc)2 Cs2CO3 DMF 6 <2 n.d. n.d.
7 4a Pd(OAc)2 – toluene 8 10 n.d. n.d.
8 4a Pd(PPh3)4 Cs2CO3 toluene 8 30 0:100 n.d.
9 4a Ni(PPh3)4 Cs2CO3 toluene 8 <2 n.d. n.d.
10 4a Cu(OTf)2 Cs2CO3 toluene 8 <2 n.d. n.d.
11 4a CuCl Cs2CO3 toluene 8 <2 n.d. n.d.
12 4a [Rh(nbd)Cl]2 Cs2CO3 toluene 8 60 80:20 47:53
13 4a PdCl2 Cs2CO3 toluene 6 15 n.d. n.d.
14 4a Pd(CF3CO2)2 Cs2CO3 toluene 2 98 >99:1 85:15
15[d] 4a Pd(OAc)2 Cs2CO3 toluene 8 20 n.d. n.d.
16 4b Pd(OAc)2 Cs2CO3 toluene 3 98 >99:1 87:13
17 4c Pd(OAc)2 Cs2CO3 toluene 8 <2 n.d. n.d.

[a] Under N2 atmosphere. Final concentration 0.20m. See the Supporting
Information for details. [b] Determined by 1H NMR spectroscopy on the
crude reaction mixture. [c] Determined by chiral-phase HPLC analysis.
[d] No MeOH was added. Bn =benzyl, DMF= N,N-dimethylformamide,
nbd = 2,5-norbornadiene, TES = triethylsilyl, Tf = trifluoromethanesul-
fonyl, TMS= trimethylsilyl.

Table 2: ECA of aryl boronic acids 1 to enals 2 co-catalyzed by PdII and
chiral amine 4a.[a]

Ent. 1, Ar 2, R Product Yield[%][b] e.r.[c]

1 1a, C6H5 2a, nPr 3a 79 87:13
2 1b, 4-CH3C6H4 2a, nPr 3b 80 86:14
3 1c, 4-CF3C6H4 2a, nPr 3c 81 87:13
4 1d, 4-ClC6H4 2a, nPr 3d 79 89:11
5 1e, 4-BrC6H4 2a, nPr 3e 81 87:13
6 1d, 4-ClC6H4 2b, nBu 3 f 83 89:11
7 1d, 4-ClC6H4 2c, Et 3g 78 87:13
8[d] 1d, 4-ClC6H4 2d, Me 3h 80 83:17
9[e] 1b, 4-CH3C6H4 2e, Ph 3 i 80 94:6
10[e] 1c, 4-CF3C6H4 2e, Ph 3 j 79 93:7
11[e] 1d, 4-ClC6H4 2e, Ph 3k 81 93:7
12[e] 1e, 4-BrC6H4 2e, Ph 3 l 79 93:7
13[f ] 1a, C6H5 2 f, 4-MeOC6H4 3m 75 92:8
14[f ] 1a, C6H5 2g, 4-ClC6H4 3n 76 95:5
15[f ] 1a, C6H5 2h, 4-BrC6H4 3o 77 94.5:5.5
16[g] 1a, C6H5 2 i, 2-BnOC6H4 3p 70 90:10
17[g] 1d, 4-ClC6H4 2 i, 2-BnOC6H4 3q 71 91:9

[a] Under N2 atmosphere, 1 (1.5 equiv), Pd(OAc)4 (5 mol%), 4a
(20 mol%), Cs2CO3 (25 mol%), MeOH (5.0 equiv), and 2 (1 equiv) in
toluene at 22 8C. Final concentration 0.20m. See the Supporting
Information for details. [b] Yield of purified product 3 after column
chromatography on silica gel. [c] Determined by HPLC analysis on
a chiral stationary phase. [d] 1 (1.0 equiv), enal 2d (2 equiv). [e] Reaction
time was 3 h. [f ] Reaction time was 6 h. [g] Reaction time was 3 h and
temperature 50 8C. No 1,2 addition products (3’ or 3’’) were observed
(entries 1–17).
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The absolute configuration of chiral b,b-disubstituted alde-
hydes 3 was established by total syntheses (Schemes 3 and 4).
We began with the expeditious total synthesis of (R)-(�)-
curcumene (Scheme 3).[20] Thus, the initial co-catalyzed

asymmetric synthesis of aldehyde 3r (80 % yield with 83:17
e.r.) was followed by subsequent reduction, tosylation, and
nucleophilic displacement to give iodine 5 in 69% overall
yield (3 steps). Grignard addition of 6 to 5 gave (R)-
curcumene 7 in 61% yield with 84:16 e.r. Comparison with
the literature showed that the stereochemistry of 7 was (R)
( a½ �20

D¼�24.0 (c = 0.5, CHCl3); Ref. [20a]: a½ �20
D¼�37.5 (c =

2.9, CHCl3); Scheme 3).
After accomplishing the above total synthesis, we

embarked on the total synthesis of 4-arylchroman-2-ones
such as 10.[6a, 3q] Thus, the reaction of 4-chlorophenyl boronic
acid 1d with 2-OBn-substituted cinnamic aldehyde 2 i co-
catalyzed by amine 4a and Pd(OAc)2 gave the corresponding
3,3-diaryl-substituted aldehyde 3q in 71% yield. Next,
oxidation gave the corresponding acid 8 (Scheme 4), and
subsequent catalytic hydrogenation (H2, Pd/C in EtOAc)
afforded hydroxy acid 9. Interestingly, HRMS analysis of 9
showed that dechlorination had occurred under these con-
ditions. If desired, this side reaction can be circumvented by
the employment of PtO2 as the catalyst for the hydrogenation
step.[21] Acid-mediated lactonization by treatment of 9 with p-
toluenesulfonic acid in benzene gave the desired (R)-4-
phenylchroman-2-one 10[3q] (75% overall yield, 3 steps).
Comparison with the literature showed that the stereochem-
istry of 10 was also (R) ( a½ �20

D¼�38.2 (c = 0.2, CHCl3);
Ref. [3q]: a½ �20

D¼�45.1 (c = 0.98, CHCl3); Scheme 4).
With respect to the catalytic cycles of the palladium-co-

catalyzed conjugate addition, Miyaura and co-workers have
previously proposed a mechanism for the cationic PdII-
complex-catalyzed conjugate addition of aryl boronic
acids.[10,11a] However, these types of reactions can also be
catalyzed by neutral PdII complexes.[10a,22, 23] The addition of
MeOH significantly accelerated our co-catalyzed reaction,
and the experimental results show clearly that the reaction is
not catalyzed by a Pd0 intermediate (Table 1, entry 8). In

addition, the reaction was inhibited by the addition of
phosphine ligands. Based on these results, the above-cited
literature,[10, 11,22] the absolute configuration of products 3, and
our previous DFT calculations,[12a] we propose a mechanism
involving stereoselective addition of monocationic [ArPdII-
(OMe)L2]

+ A or neutral ArPdIIL A’ to chiral iminium
intermediates B (Scheme 5).[10, 23c] Here, we show the co-
catalyzed mechanism in which the neutral aryl–palladium(II)
species A’ is generated by transmetalation of the aryl boronic
acid (Scheme 5).[10,23c] In parallel, iminium intermediate B is
generated in situ by reaction of enals 2 with chiral amine
catalyst 4. Next, the catalytic cycles are merged and stereo-
selective addition of A’ to iminium intermediate B leads to
the C-bound-PdII/iminium intermediate C. Here, efficient
shielding of the Re face (R = aryl) of B by the bulky chiral
group of 4 leads to Si-facial nucleophilic attack at the b-
carbon atom via transition state D.[12a] Subsequent protonol-
ysis of the palladium�carbon bond of C and hydrolysis of the
iminium intermediate E leads to release of the PdII species,
the chiral amine co-catalyst, and the corresponding product 3
(Scheme 5). The presence of iminium intermediates B and E
was confirmed by direct HRMS analysis of the crude reaction
mixture.[24] It is noteworthy that deuterium-labeling experi-
ments with CD3OD instead of MeOH confirmed the presence
of deuterated products [D]-3. Thus, a C-bound-PdII/iminium
intermediate C was most likely present in the catalytic cycle.
In addition, this experiment confirms that MeOH was
a proton source for the C�Pd bond cleavage of C.

In summary, we have disclosed a co-catalyzed b-arylation
of a,b-unsaturated aldehydes with aryl boronic acids by
combining simple Pd and chiral amine catalysts. The reactions
are highly 1,4-selective and the corresponding aldehyde
products were obtained in high yields with good enantiomeric
ratios (up to 95:5 e.r.). The co-catalyzed asymmetric b-
arylation reaction allowed the use of both b-alkyl- and b-aryl-
substituted aldehydes as acceptors. The reaction was
employed for the short total syntheses of (R)-(�)-curcumene
and (R)-4-phenylchroman-2-one. It should also serve as an

Scheme 3. Asymmetric synthesis of (R)-(�)-curcumene 7. a) Cat. 4a
(20 mol%), cat. Pd(OAc)2 (5 mol%), Cs2CO3 (25 mol%), MeOH
(5 equiv), toluene, RT; b) 1) NaBH4, CH2Cl2, MeOH, 0 8C; 2) TsCl,
pyridine, CH2Cl2, RT, 5 h; 3) NaI, acetone, reflux, 2 h; c) 6, CuI, THF,
0 8C, 9 h.

Scheme 4. Asymmetric synthesis of (R)-4-phenylchroman-2-one 10.
a) 1d, cat. 4a (20 mol%), cat. Pd(OAc)2 (5 mol%), Cs2CO3

(25 mol%), MeOH (5 equiv), toluene, 50 8C, 3 h; b) NaClO2, CH2Cl2,
22 8C, 18 h; c) Pd/C, EtOAc, 22 8C, 18 h; d) p-toluenesulfonic acid,
benzene, 80 8C.
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efficient entry for diversity-oriented synthesis. Results in this
area and other total synthesis will be disclosed in due course.

Received: October 26, 2012
Published online: November 23, 2012

.Keywords: aldehydes · asymmetric catalysis · boronic acids ·
co-catalysts · total synthesis

[1] a) C. Selenski, T. R. R. Pettus, J. Org. Chem. 2004, 69, 9196;
b) P. G. Andersson, H. E. Schink, K. �sterlund, J. Org. Chem.
1998, 63, 8067; c) G. Chen, N. Tokunaga, T. Hayashi, Org. Lett.
2005, 7, 2285; d) W. M. Clark, A. M. Tickner-Eldridge, G. K.
Huang, L. N. Pridgen, M. A. Olsen, R. Mills, I. Lantos, N. H.
Baine, J. Am. Chem. Soc. 1998, 120, 4550; e) Y. Kato, K.
Niiyama, T. Nemoto, H. Jona, A. Akao, S. Okada, Z. J. Song, M.
Zhao, Y. Tsuchiya, K. Tomimoto, T. Mase, Tetrahedron 2002, 58,
3409; f) T. Itoh, T. Mase, T. Nishikata, T. Iyama, H. Tachikawa,
Y. Kobayashi, Y. Yamamoto, N. Miyaura, Tetrahedron 2006, 62,
9610; g) C. S. Brock, D. R. J. Hose, J. D. Moseley, A. J. Parker, I.
Patel, A. J. Williams, Org. Process Res. Dev. 2008, 12, 496.

[2] a) N. Paras, D. W. C. MacMillan, J. Am. Chem. Soc. 2002, 124,
7894; b) S. Lee, D. W. C. MacMillan, J. Am. Chem. Soc. 2007,
129, 15438.

[3] For selected examples of rhodium-catalyzed 1,4 additions of aryl
boronic acids, see: a) M. Sakai, H. Hayashi, N. Miyaura,
Organometallics 1997, 16, 4229; b) Y. Takaya, M. Ogasawara,
T. Hayashi, M. Sakai, N. Miyaura, J. Am. Chem. Soc. 1998, 120,
5579; c) T. Hayashi, K. Yamasaki, Chem. Rev. 2003, 103, 2829;
d) P. Maule�n, J. C. Carretero, Org. Lett. 2004, 6, 3195; e) M. T.
Reetz, D. Moulin, A. Gosberg, Org. Lett. 2001, 3, 4083; f) M.
Kuriyama, K. Tomioka, Tetrahedron Lett. 2001, 42, 921; g) M.
Kuriyama, K. Nagai, K. Yamada, Y. Miwa, T. Taga, K. Tomioka,
J. Am. Chem. Soc. 2002, 124, 8932; h) T. Hayashi, K. Ueyama, N.
Tokunaga, K. Yoshida, J. Am. Chem. Soc. 2003, 125, 11508; i) R.
Shintani, K. Ueyama, I. Yamada, T. Hayashi, Org. Lett. 2004, 6,
3425; j) C. Defieber, J. F. Paquin, S. Serna, E. M. Carreira, Org.
Lett. 2004, 6, 3873; k) Y. Otomaru, K. Okamoto, R. Shintani, T.
Hayashi, J. Org. Chem. 2005, 70, 2503; l) Y. Iguchi, R. Itooka, N.
Miyaura, Synlett 2003, 1040; m) A. Duursma, R. Hoen, J.
Schuppan, R. Hulst, A. J. Minnaard, B. L. Feringa, Org. Lett.
2003, 5, 3111; n) K. Kurihara, N. Sugishita, K. Oshita, D. Piao, Y.

Yamamoto, N. J. Miyaura, Organomet. Chem. 2007, 692, 428;
o) Y. Yamamoto, K. Kurihara, N. Sugishita, K. Oshita, D. Piao,
N. Miyaura, Chem. Lett. 2005, 34, 1224; p) T. Thaler, L. N. Guo,
A. K. Steib, M. Raducan, K. Karaghiosoff, P. Mayer, P. Knochel,
Org. Lett. 2011, 13, 3182; q) J. C. Allen, G. Kociok-Kçhn, C. G.
Frost, Org. Biomol. Chem. 2012, 10, 32; r) P. Maule�n, J. C.
Carretero, Chem. Commun. 2005, 4961; for a binaphthol-cata-
lyzed asymmetric conjugate arylboration to enones, see: s) H. M.
Turner, J. Patel, N. Niljianskul, J. M. Chong, Org. Lett. 2011, 13,
5796.

[4] For selected Cu-catalyzed 1,4 additions of aryl metals to enones,
see: a) K.-S. Lee, K. M. Brown, A. W. Hird, A. H. Hoveyda, J.
Am. Chem. Soc. 2006, 128, 7182; b) M. A. Kacprzynski, S. A.
Kazane, T. L. May, A. H. Hoveyda, Org. Lett. 2007, 9, 3187;
c) T. L. May, M. K. Brown, A. H. Hoveyda, Angew. Chem. 2008,
120, 7468; Angew. Chem. Int. Ed. 2008, 47, 7358.

[5] For reviews on rhodium-catalyzed asymmetric 1,4 additions, see:
reference [3c] and a) G. Berton, T. Hayashi in Catalytic Asym-
metric Conjugate Reactions (Ed.: A. C�rdova), Wiley-VCH,
Weinheim, 2010 ; b) P. Tian, H.-Q. Dong, G.-Q. Lin, ACS Catal.
2012, 2, 95; c) H. J. Edwards, J. D. Hargrave, S. D. Penrose, C. G.
Frost, Chem. Soc. Rev. 2010, 39, 2093; d) R. Shintani, T. Hayashi,
Aldrichimica Acta 2009, 42, 31; e) C. Defieber, H. Gr�tzmacher,
E. M. Carreira, Angew. Chem. 2008, 120, 4558; Angew. Chem.
Int. Ed. 2008, 47, 4482; f) J. B. Johnson, T. Rovis, Angew. Chem.
2008, 120, 852; Angew. Chem. Int. Ed. 2008, 47, 840; g) T.
Hayashi, Synlett 2001, 879.

[6] For selected Rh-catalyzed 1,4 additions of aryl boronic acids to
electron-deficient olefins (for example, enones), see Ref. [1c]
and: a) R. Shintani, K. Okamoto, T. Hayashi, Org. Lett. 2005, 7,
4757; b) F. Lang, D. Li, J. Chen, L. Li, L. Cun, J. Zhu, J. Deng, J.
Liao, Adv. Synth. Catal. 2010, 352, 843; c) E. Drinkel, A.
Briceno, R. Dorta, Organometallics 2010, 29, 2503; d) H. Grugel,
T. Minuth, M. K. Boysen, Synthesis 2010, 3248; e) T. Minuth,
M. M. K. Boysen, Org. Lett. 2009, 11, 4212; f) R. Mariz, A.
Briceno, R. Dorta, Organometallics 2008, 27, 6605; g) W.-L.
Duan, H. Iwamura, R. Shintani, T. Hayashi, J. Am. Chem. Soc.
2007, 129, 2130; h) R. T. Stemmler, C. Bolm, Synlett 2007, 1365;
i) P. Kas�k, V. B. Arion, M. Widhalm, Tetrahedron: Asymmetry
2006, 17, 3084; j) E. Piras, F. L�ng, H. R�egger, D. Stein, M.
Wçrle, H. Gr�tzmacher, Chem. Eur. J. 2006, 12, 5849; k) R.
Shintani, W.-L. Duan, T. Nagano, A. Okada, T. Hayashi, Angew.
Chem. 2005, 117, 4687; Angew. Chem. Int. Ed. 2005, 44, 4611;
l) B. T. Hahn, F. Tewes, R. Frçhlich, F. Glorius, Angew. Chem.

Scheme 5. Proposed catalytic cycle.

915Angew. Chem. 2013, 125, 912 –916 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/jo048703c
http://dx.doi.org/10.1021/jo981259r
http://dx.doi.org/10.1021/jo981259r
http://dx.doi.org/10.1021/ol0507367
http://dx.doi.org/10.1021/ol0507367
http://dx.doi.org/10.1021/ja973882j
http://dx.doi.org/10.1016/S0040-4020(02)00280-6
http://dx.doi.org/10.1016/S0040-4020(02)00280-6
http://dx.doi.org/10.1016/j.tet.2006.07.075
http://dx.doi.org/10.1016/j.tet.2006.07.075
http://dx.doi.org/10.1021/op700246g
http://dx.doi.org/10.1021/ja025981p
http://dx.doi.org/10.1021/ja025981p
http://dx.doi.org/10.1021/ja0767480
http://dx.doi.org/10.1021/ja0767480
http://dx.doi.org/10.1021/om9705113
http://dx.doi.org/10.1021/ja980666h
http://dx.doi.org/10.1021/ja980666h
http://dx.doi.org/10.1021/cr020022z
http://dx.doi.org/10.1021/ol010219y
http://dx.doi.org/10.1016/S0040-4039(00)02130-4
http://dx.doi.org/10.1021/ja0261933
http://dx.doi.org/10.1021/ja037367z
http://dx.doi.org/10.1021/ol048421z
http://dx.doi.org/10.1021/ol048421z
http://dx.doi.org/10.1021/ol048240x
http://dx.doi.org/10.1021/ol048240x
http://dx.doi.org/10.1021/jo047831y
http://dx.doi.org/10.1021/ol035106o
http://dx.doi.org/10.1021/ol035106o
http://dx.doi.org/10.1246/cl.2005.1224
http://dx.doi.org/10.1021/ol200841x
http://dx.doi.org/10.1039/c1ob06586f
http://dx.doi.org/10.1021/ja062061o
http://dx.doi.org/10.1021/ja062061o
http://dx.doi.org/10.1021/ol071331k
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/10.1021/cs200562n
http://dx.doi.org/10.1021/cs200562n
http://dx.doi.org/10.1039/b919762c
http://dx.doi.org/10.1002/ange.200703612
http://dx.doi.org/10.1002/anie.200703612
http://dx.doi.org/10.1002/anie.200703612
http://dx.doi.org/10.1002/ange.200700278
http://dx.doi.org/10.1002/ange.200700278
http://dx.doi.org/10.1002/anie.200700278
http://dx.doi.org/10.1021/ol051978+
http://dx.doi.org/10.1021/ol051978+
http://dx.doi.org/10.1002/adsc.200900792
http://dx.doi.org/10.1021/om100248u
http://dx.doi.org/10.1021/ol901579g
http://dx.doi.org/10.1021/om800793q
http://dx.doi.org/10.1021/ja0671013
http://dx.doi.org/10.1021/ja0671013
http://dx.doi.org/10.1002/chem.200501470
http://dx.doi.org/10.1002/ange.200501305
http://dx.doi.org/10.1002/ange.200501305
http://dx.doi.org/10.1002/anie.200501305
http://dx.doi.org/10.1002/ange.200905712
http://www.angewandte.de


2010, 122, 1161; Angew. Chem. Int. Ed. 2010, 49, 1143; m) J.-F.
Paquin, C. R. J. Stephenson, C. Defieber, E. M. Carreira, Org.
Lett. 2005, 7, 3821.

[7] J.-F. Paquin, C. Defieber, C. R. J. Stephenson, E. M. Carreira, J.
Am. Chem. Soc. 2005, 127, 10850.

[8] T. Hayashi, N. Tokunaga, K. Okamoto, R. Shintani, Chem. Lett.
2005, 34, 1480.

[9] For two examples of the use of chiral BINAP complexes as
ligands for Rh-catalyzed conjugate additions to b-alkyl-substi-
tuted enals, see: a) R. Itooka, Y. Iguchi, N. Miyaura, J. Org.
Chem. 2003, 68, 6000; and to b-aryl-substituted enals, see: b) N.
Tokunaga, T. Hayashi, Tetrahedron: Asymmetry 2006, 17, 607.

[10] For nonenantioselective conjugate additions of aryl boronic
acids to enals, see: a) T. Nishikata, Y. Yamamoto, N. Miyaura,
Organometallics 2004, 23, 4317; b) T. Nishikata, Y. Yamamoto,
N. Miyaura, Angew. Chem. 2003, 115, 2874; Angew. Chem. Int.
Ed. 2003, 42, 2768.

[11] a) T. Nishikata, Y. Yamamoto, N. Miyaura, Tetrahedron Lett.
2007, 48, 4007; for the Pd-catalyzed conjugate addition to n-
hexenal, which gave the product in 30% yield and 49% ee, see:
b) F. Gini, B. Hessen, A. J. Minnaard, Org. Lett. 2005, 7, 5309.

[12] a) I. Ibrahem, S. Santoro, F. Himo, A. C�rdova, Adv. Synth.
Catal. 2011, 353, 245; b) S. Afewerki, K. Pirttil�, P. Breistein, L.
Deiana, P. Dziedzic, I. Ibrahem, A. C�rdova, Chem. Eur. J. 2011,
17, 8784; c) I. Ibrahem, P. Breistein, A. C�rdova, Angew. Chem.
2011, 123, 12242; Angew. Chem. Int. Ed. 2011, 50, 12036.

[13] For selected examples of the combination of catalytic enamine
activation and transition-metal catalysis, see: a) I. Ibrahem, A.
C�rdova, 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. C�rdova, Chem. Eur. J.
2010, 16, 1585; c) S. Lin, G.-L. Zhao, L. Deiana, Q. Zhang, J. Sun,
H. Leijonmarck, A. C�rdova, Chem. Eur. J. 2010, 16, 13930; d) I.
Ibrahem, J. S. M. Samec, J. E. B�ckvall, A. C�rdova, Tetrahe-
dron Lett. 2005, 46, 3965; e) F. Bihelovic, R. Matovic, B. Vulovic,
R. N. Saicic, Org. Lett. 2007, 9, 5063; f) S. Mukharjee, B. List, J.
Am. Chem. Soc. 2007, 129, 1136; g) Q. Ding, J. Wu, Org. Lett.
2007, 9, 367; h) J. Binder, B. Crone, T. T. Haug, H. Menz, S. F.
Kirsch, Org. Lett. 2008, 10, 1025; i) T. Yang, A. Ferrali, L.
Campbell, D. J. Dixon, Chem. Commun. 2008, 2923; j) D. Liu, F.
Xie, W. Zhang, Tetrahedron Lett. 2007, 48, 4959; k) B. Montai-
gnac, M. R. Vitale, V. Michelet, V. Ratovelomanana-Vidal, Org.
Lett. 2010, 12, 2582; l) D. Liu, F. Xie, W. Zhang, Tetrahedron Lett.
2007, 48, 7591 – 7594; m) K. L. Jensen, P. T. Franke, C. Arr�niz,

S. Kobbelgaard, K. A. Jørgensen, Chem. Eur. J. 2010, 16, 1750;
n) C. Yu, Y. Zhang, S. Zhang, J. He, W. Wang, Tetrahedron Lett.
2010, 51, 1742; o) A. Allen, D. W. C. MacMillan, J. Am. Chem.
Soc. 2011, 133, 4260; p) E. Skucas, D. W. C. MacMillan, J. Am.
Chem. Soc. 2012, 134, 9090; q) I. Ibrahem, J. Rydfjord, P.
Breistein, A. C�rdova, Chem. Eur. J. 2012, 18, 2972; r) W. Sun, G.
Zhu, L. Hong, R. Wang, Chem. Eur. J. 2011, 17, 13958.

[14] For reviews, see: a) Z. Shao, H. Zhang, Chem. Soc. Rev. 2009, 38,
2745; b) A. E. Allen, D. W. C. MacMillan, Chem. Sci. 2012, 3,
633.

[15] For reviews on multicatalyst cascades, see: a) S. F. Mayer, W.
Kroutil, K. Faber, Chem. Rev. 2006, 106, 332; b) L. Veum, U.
Hanefeld, Chem. Commun. 2006, 825.

[16] M. Ueda, N. Miyaura, J. Org. Chem. 2000, 65, 4450.
[17] For selected reviews on the use of catalytic iminium activation in

organic synthesis, see: a) P. I. Dalko, L. Moisan, Angew. Chem.
2004, 116, 5248; Angew. Chem. Int. Ed. 2004, 43, 5138; b) A.
Erkkil�, I. Majander, P. M. Pihko, Chem. Rev. 2007, 107, 5416;
c) A. M. Walji, D. W. C. MacMilan, Synlett 2007, 1477.

[18] For a review on the use of protected chiral prolinols as
organocatalysts, see: A. Mielgo, C. Palomo, Chem. Asian J.
2008, 3, 922.

[19] However, our reactions with heteroaryl boronic acids (e.g. furan-
2-yl, thiophenyl-2-yl, and thiophenyl-3-yl boronic acids) gave
trace amounts of products. In comparison to the above results,
the addition of E-styryl boronic acid to enal 1a gave the
corresponding (R,E)-3,5-diphenylpent-4-enal in 24% conver-
sion (20% isolated yield) with 89:11 e.r. after 6 h under the same
reaction conditions as described in Table 2.

[20] a) A. Zhang, T. V. RajanBabu, Org. Lett. 2004, 6, 3159; b) C.
Fuganti, S. Serra, A. Dulio, J. Chem. Soc. Perkin Trans. 2 1999,
279; for the synthesis of bisabolane sesquiterpenes, see
Ref. [12b] and references therein.

[21] N. Chen, J. Xu, Tetrahedron 2012, 68, 2513.
[22] S. Lin, X. Lu, Org. Lett. 2010, 12, 2536.
[23] Neutral PdII species generated from Pd(OAc)2 can also catalyze

the Michael addition of aryltrialkoxysilanes. See: a) C. S. Cho, S.
Motofusa, K. Ohe, S. Uemura, S. S. Shim, J. Org. Chem. 1995, 60,
883; b) C. S. Cho, S. Motofusa, K. Ohe, S. Uemura, Bull. Chem.
Soc. Jpn. 1996, 69, 2341; for the addition to enals, see: c) S. E.
Denmark, N. Amishiro, J. Org. Chem. 2003, 68, 6997.

[24] C. A. Marquez, F. Fabbretti, J. O. Metzger, Angew. Chem. 2007,
119, 7040; Angew. Chem. Int. Ed. 2007, 46, 6915.

.Angewandte
Zuschriften

916 www.angewandte.de � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2013, 125, 912 –916

http://dx.doi.org/10.1002/ange.200905712
http://dx.doi.org/10.1002/anie.200905712
http://dx.doi.org/10.1021/ol051533l
http://dx.doi.org/10.1021/ol051533l
http://dx.doi.org/10.1021/ja053270w
http://dx.doi.org/10.1021/ja053270w
http://dx.doi.org/10.1246/cl.2005.1480
http://dx.doi.org/10.1246/cl.2005.1480
http://dx.doi.org/10.1021/jo0207067
http://dx.doi.org/10.1021/jo0207067
http://dx.doi.org/10.1016/j.tetasy.2006.01.036
http://dx.doi.org/10.1021/om0498044
http://dx.doi.org/10.1002/ange.200350888
http://dx.doi.org/10.1002/anie.200350888
http://dx.doi.org/10.1002/anie.200350888
http://dx.doi.org/10.1016/j.tetlet.2007.04.038
http://dx.doi.org/10.1016/j.tetlet.2007.04.038
http://dx.doi.org/10.1021/ol052222d
http://dx.doi.org/10.1002/adsc.201000908
http://dx.doi.org/10.1002/adsc.201000908
http://dx.doi.org/10.1002/chem.201100756
http://dx.doi.org/10.1002/chem.201100756
http://dx.doi.org/10.1002/ange.201105458
http://dx.doi.org/10.1002/ange.201105458
http://dx.doi.org/10.1002/anie.201105458
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/10.1021/ol7023554
http://dx.doi.org/10.1021/ol800092p
http://dx.doi.org/10.1039/b802416b
http://dx.doi.org/10.1021/ol100729t
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/10.1002/chem.200903405
http://dx.doi.org/10.1016/j.tetlet.2010.01.096
http://dx.doi.org/10.1016/j.tetlet.2010.01.096
http://dx.doi.org/10.1021/ja2008906
http://dx.doi.org/10.1021/ja2008906
http://dx.doi.org/10.1021/ja303116v
http://dx.doi.org/10.1021/ja303116v
http://dx.doi.org/10.1002/chem.201103083
http://dx.doi.org/10.1039/b901258n
http://dx.doi.org/10.1039/b901258n
http://dx.doi.org/10.1039/c2sc00907b
http://dx.doi.org/10.1039/c2sc00907b
http://dx.doi.org/10.1039/b512366f
http://dx.doi.org/10.1021/jo000187c
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/asia.200700417
http://dx.doi.org/10.1002/asia.200700417
http://dx.doi.org/10.1021/ol048790v
http://dx.doi.org/10.1016/j.tet.2012.01.031
http://dx.doi.org/10.1021/ol100767u
http://dx.doi.org/10.1021/jo00109a019
http://dx.doi.org/10.1021/jo00109a019
http://dx.doi.org/10.1246/bcsj.69.2341
http://dx.doi.org/10.1246/bcsj.69.2341
http://dx.doi.org/10.1021/jo034763r
http://dx.doi.org/10.1002/ange.200700266
http://dx.doi.org/10.1002/ange.200700266
http://dx.doi.org/10.1002/anie.200700266
http://www.angewandte.de

