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ABSTRACT

Rh(Phebox-ip) cat.

MePh,SiH CeHs
Acetone 2R
CeH M
(] 5\/\C02R - e>([C02R
then H3O Me OH
R = Me, Et, i-Pr, Bn, t-Bu, Ph up to 98% ee
The conjugate reduction of cinnamates with hydrosilane and chiral Rh(Phebox- ip) catalyst in the presence of excess acetone is shown to

provide the corresponding intermolecular reductive aldol product in extremely high enantioselectivity (up to 98%). Several cinnamates and
crotonate substrates and several ketone acceptors were also examined.

The reaction sequence of conjugate reduction agf- using a chiral bis-phosphine/Cu(OAjatalyst In inter-
unsaturated carbonyl groups and subsequent aldol reactiormolecular reactions, Riant’s group achieved the coupling of
toward carbonyl functions as acceptors is commonly defined methyl acrylate and acetophenone derivatives with a dias-
as thereductie-aldol reactionwhich is promoted by certain  tereomer ratio of up to 92:8 and 95% ee for the erythro
metal-hydride species and organocatalytic hydride sourcesproduct with a chiral ferrocenyl-phosphine/[CuF(R}gh

in situ prepared. The initial reduction step generates 2MeOH catalysf,and Shibasaki's group found the coupling

intermediate enolate species, which attack carbonyl groupspf cinnamate and diethyl ketone with tol-BINAP/[CUF-
to give the corresponding aldol products. It is highly

advanj[ageous in synthesis to be able to generatg the corre- (2) Rh, Co, and Pd catalysts (nonasymmetric): [Rh]: (a) Revis, A.; Hilty,
sponding enolates from carbonyl compounds without the T. K. Tetrahedron Lett1987, 28, 4809-4812. (b) Matsuda, I.; Takahashi,

n ichiometric amoun f stron . More-K.; Sato, S.Tetrahedron Lett199Q 31, 5331-5334. (c) Taylor, S. J;
eed to use stoichiometric amounts of stro 9 bases ore Morken, J. PJ. Am. Chem. S0d.999 121, 12202-12203. (d) Zhao, C.-

over, use of chiral ligands can realize asymmetric induction x : Bass, J.: Morken, J. FOrg. Lett. 2001 3, 2839-2842. (e) Emiabata-

at thea- andS-carbon centers of product aldols. Given the gmilth'tz%é i/l<133K(i)||20_pi3%-‘;r '\(Afl)”;S: C.; Mh/?th\tlavr\r;\(ellr,] Wd BA; \JNhiTtehﬁad, 6’& AJ.
H ynlet . reira, M.; itehead, A. J.; Tocher, D. A,;
scope of acceptors, aldehydes are Commonly used in bot otherwell, W. B. Tetrahedron2004 60, 2673-2692. For hydrogen

intermolecular and intramolecular aldol reactiGnsHow- mediated catalysis: (g) Jang, H.-Y.; Huddleston, R. R.; Krische, M. J.
; m. Chem. SoQ002 124, 15156-15157. (h) Marriner, G. A.; Garner, S.
e."?r’ there arg a .feW examples .Wlth ketones as acceptorsg; Jang, H.-Y.; Krische, M. JJ. Org. Chem2004 69, 1380-1382. (i)
giving ester derivatives bearirfijtertiary alcohol$.Recently, Jung, C.-K.; Garner, S. A.; Krische, M. Qrg. Lett.2006 8, 519-522. (i)
Lam’s group reported an intramolecular reductive aldol of Har&,_ ? (;3-: *FF;SC_he,(y)- Vﬁrg-,\lzeté 2(\)/86 % 5637;{5362- chhaldehgde
. . . mediated catalysis: illis, M. C.; Woodward, R. L.Am. Chem. Soc.
w-keto-o,5-unsaturated esters_ produqng flve.— and six- 2005 127, 18012-18013. [Co]: () Isayama, S.. Mukaiyama, Them.
memberegs-hydroxylactones with enantioselection to 83%  Lett. 1989 2005-2008. (m) Baik, T.-G.; Luis, A. L.; Wang, L.-C.; Krische,
M. J.J. Am. Chem. So001, 123 5112-5113. (n) Wang, L.-C.; Jang,
H.-H.; Roh, Y.; Lynch, V.; Schultz, A. J.; Wang, X.; Krische, M.J.Am.
(1) (@) Matsuda, I. IrModern Rhodium-Catalyzed Organic Reactions  Chem. So2002 124, 9448-9453. Review: (0) Huddleston, R. R.; Krische,
Evans, P. A, Ed.; Wiley-VCH: Weinheim, Germany, 2005; Chapter 6, pp M. J. Synlett2003 12—-21. [Pd]: (p) Kiyooka, S.-I.; Shimizu, A.; Torii, S.
111-128. For the organocatalytic case: (b) Yang, J. W.; Fonseca, M. T.; Tetrahedron Lett.1998 39, 5237-5238. (q) Miyabe, H.; Asada, R;
List, B. J. Am. Chem. So2005 127, 15036-15037. Takemoto, Y.Tetrahedron2005 61, 385-393.
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(PPh):J-2EtOH catalyst giving 829 k. very recenty, [
Shibasaki's group has accomplished the highly enantiose-Tame 1. Asymmetric Reductive Aldol Reaction of Ethyl
lective reductive aldol reaction of allenic esters to ketones cinnamate and Acetofe

in up to 99% ed® Thus, reductive aldol reactions with )
Rh(Phebox-ip) cat.

ketones are still develqping and have room for .irrlnprovement hydrosilane CeHs
for substrate scope, yields, and enantioselectivity. MeCOMe R
. . . . CeHs A~ Me
We have developed a highly enantioselective reductive COEt —m Me CO,Et
aldol reaction with acrylates using aldehydes as acceptors then HO* OH
by chiral rhodium-bis(oxazolinylphenyl) catalysts, Rh- 1 2

(Phebox), which show several excellent profiles such as

exceptionaknti-selectivity, lower catalyst loading<(l mol Vhydrosilane/acetone (mmol) yield - ee

%), and catalyst recoverabilifWe have, therefore, taken entry hydrosilane (mL, acetone) % &
on a difficult and significant challenge using ketones as 1  Me:PhSiH 1.5/1.6/1.0¢ 29 94
acceptors. 2 3.0/3.0/1.0¢ 23 93
3b 1.5/1.6/1.0° 71 92

4¢ 1.0/1.3/2.7 (0.2 mL) 78 95

5¢ 1.0/1.3/6.8 (0.5 mL) 72 95

6° 1.0/1.3/13.6 (1.0 mL) 60 96

7¢ MePhySiH 1.0/1.3/2.7 (0.2 mL) 83 97

8  Et,MeSiH 1.0/1.3/2.7 (0.2 mL) 33 95

9¢  (EtO).MeSiH 1.0/1.3/2.7 (0.2 mL) 19 91

10c¢  TMDS? 1.0/1.3/2.7 (0.2 mL) 54 94

Rh(Phebox-ip) a2 Rh(Pheboxp) cat. (0.01 mmol, 1 mol %), toluene (2.0 mL) as a solvent,

50°C, 0.5 h, yield based on acetoréNo toluene ¢ No toluene, yield based
on 1l 9TMDS: tetramethyldisiloxane.

The reaction was carried out at 30 by addition of Meg-
PhSiH (1.6-3.0 equiv) into a mixture of ethyl cinnamate ) ) ) ]
(1.5-3.0 equiv) and acetone (1.0 mmol, yield based on dihydrocinnamate. After several trials, concentrated condi-
acetone) in toluene solvent (2 mL) with the catalyst Rh- tions with no solvent were found to imprO\_/e _the. yield to
(Pheboxip) (1 mol %) (Table 1, entries 1 and 2). The 71% (entry 3). Eventually, basgd on the optimization of tk_le
reactions finished within 0.5 h and resulted in enantioselec- duantity of acetone toward the cinnamate (1.0 mmol) (entries
tivities of 93-94%, but the yields of the aldol produgt ~ #~©) 2.7-13.6 equiv of acetone (0:2L.0ml) operated well
were disappointingly very low, where the conjugate reduction t© 9ive 606-78% yields with 95-96% ee. MePISiH, among

of the cinnamate predominately proceeded to produce theother hydrosilanes, attained the highest ee of 97% with a
yield of 83% (entry 7), whereas alkyl- and alkoxysilanes

resulted in lower yields (entries-8L0).

(3) Cu and In catalysts (nonasymmetric): [Cu]: (a) Ooi, T.; Doda, K;
Sakai, D.; Maruoka, KTetrahedron Lett1999 40, 2133-2163. (b) Chiu,
P.; Leung, S. KChem. Commur2004 2308-2309. Review: (c) Chiu, P. _
Synthesis2004 2210-2215. [In]: (d) Shibata, I.; Kato, H.; Shida, T.;

Iasgg%;\gg B?bé}f_ (;Mr;qgem Cngggm; Egslzgl(ﬁt ‘2‘80 Zligééfi(g?g'w”ra’ Table 2. Asymmetric Reductive Aldol Reaction of Several
5 Y ita, M.; i, ASy . ;

(4) Rh and Ir catalysts (asymmetric): (a) Taylor, S. J.; Duffey, M. O; Cinnamates and Acetone
Morken, J. PJ. Am. Chem. So200Q 122 4528-4529. (b) Zhao, C.-X.; Rh(Ph i
Duffey, M. O.; Taylor, S. J.; Morken, J. Rrg. Lett.2001, 3, 1829-1831. (Phebox-ip) cat.

(c) Russell, A. E.; Fuller, N. O.; Taylor, S. J.; Aurriset, P.; Morken, J. P. wﬂzzrgas CefHa-p-X

Org. Lett. 2004 6, 2309-2312. (d) Fuller, N. O.; Morken, J. FSynlett X-CeH 2R

2005 1459-1461. PRG-I Ncop ———— M oo
(5) References 2a (intermolecular) and 3b (intramolecular). For hydrogen- then HzO* Me OH

mediated intramolecular aldol reaction between ketone and enone, see: (a) R = Me, i-Pr, Bn, t-Bu, Ph

Huddleston, R. R.; Krische, M. @rg. Lett.2003 5, 1143-1146. (b) Koech, X =H. CFa Cl. OMe

P. K.; Krische, M. JOrg. Lett.2004 6, 691-694. (c) Jang, H.-Y.; Krische, il 4

M. J. Acc. Chem. Re004 37, 653-661. 3
(6) Lam, H. W.; Joensuu, P. MOrg. Lett. 2005 7, 4225-4228.

Nonasymmetric: Lam, H. W.; Murry, G. J.; Firth, J. Drg. Lett.2005 7, .

5743-5746. Lam, H. W.; Joensuu, P. M.; Murray, G. J.; Fordyce, E. A. entry 3 R X 4 yield (%) ee (%)

F.; Prieto, O.; Luebbers, TOrg. Lett.2006 8, 3729-3732. 1 3a Me H 4a 83 96
(7) Deschamp, J.; Chuzel, O.; Hannedouche, J.; RiarAn@ew. Chem. .

Int. Ed. 2006 45, 1202-1297. 2 8b  iPr H 4b 82 98
(8) (a) Zhao, D.; Oisaki, K.; Kanai, M.; Shibasaki, Metrahedron Lett. 3 3c  Bn H 4c 82 96

2006 47, 1403-1407. (b) Zao, D.; Oisaki, K.; Kanai, M.; Shibasaki, W. 4 3d t-Bu H 4d 36 97

Am. Chem. SoQ006 128 14440-14441. 5 3¢ Ph H de 28 <1
(9) (a) Nishiyama, H.; Shiomi, T.; Tsuchiya, Y.; Matsudal.lAm. Chem.

Soc.2005 127, 6972-6973. (b) Ito, J.; Shiomi, T. Nishiyama, Hdy. 6 8f Et CFs  4f 64 97

Synth. Catal2006 348 1235-1240. (c) Shiomi, T.; Ito, J.; Yamamoto, 7 3g Et Cl 4g 62 97

Y.; Nishiyama, H.Eur. J. Org. Chem.2006 5594-5600. The chiral 8 3h Et OMe 4h 81 96

rhodium—bis(oxazolinylphenyl) catalysts, Rh(Phebox), can readily be
prepared by reaction with the corresponding bis(oxazolinyl)benzenes and 2 Rh(Pheboxp) cat. (0.01 mmol, 1 mol %), no solvent, acetone (0.2
rhodium chloride; see: (d) Kanazawa, Y.; Tsuchiya, Y.; Kobayashi, K.; mL, 2.7 mmol),3 (1.0 mmol), silane (1.3 mmol), 50C, 0.5 h, yield based
Shiomi, T.; Itoh, J.; Kikuchi, M.; Yamamoto, Y.; Nishiyama, Khem. on 3. P Acetone (0.4 mL).

Eur. J.2006 12, 63—71.
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Next, substituted cinnamat8a—h were subjected to the  of acrylates and aldehydé&sthe relative configuration of
reductive aldol reaction under the optimized condition with major diastereomer 8 is assumed as agrythro form of
MePhSiH similar to entry 7 of Table 1 to give the (2R,3S).
corresponding aldol products—h in up to 83% yield and In place of cinnamate, benzyl acrylate and crotonate were
with enantioselectivities up to 98% (Table 2). Methyl, gypjected to the reaction with acetone under the same

isopropyl, and benzyl cinnamates gave similarly high yields ¢qnditions of entry 7 of Table 1 (Scheme 1). Although the
and enantioselectivities of 9®8% (entries +3), whereas

bulky tert-butyl and phenyl estergdd and 4e) influenced _
the reaction to provide lower yields (36% and 28%,

respectively) (entries 4 and 5). Thert-butyl ester4d kept Scheme 1
the high enantioselectivity of 97% (entry 4), but the phenyl 1 mol%
esterderesulted in a racemic mixture (entry 5). The electron- ;r;f:zﬂxap;?;)' R
withdrawingp-CF; andp-ClI substituents on the cinnamates M2eCOMé
decreased the product yields compared to that optheO RA~co.en Me>(ER
. 2! CO,Bn
group (entries 68). 50°C.05h Me”
Cyclohexanone was employed as an acceptor togjine o Ret then Hs0* 1 ReH 20% 57% co
i 3] = = o o
96% ee and 82% vyield (Table 3, entry 1). Surprisingly, 10 R-Me 12 R Me 76% 95% co
|
Table 3. Asymmetric Reductive Aldol Reaction of Ethyl reaction with acrylat® resulted in 57% ee in a yield of 20%
Cinnamate and Other Ketorfes of 11, benzyl crotonatd 0 fortunately increased the percent
Rh(Phebox-ip) cat. ee up to 95% in 76% vyield of2.
I\Rﬂfpc%sr:izl;l Cots On the basis of the absolute configuration of the product
CeHs Aot e RBKE%OZEt 2, the intermediat&- or Z-enolate derived from the conjugate
then HyO* R2 OH reduction of ethyl cinnamates attacks from Si¢ace carbon
1 atom to acetone to generd®eabsolute configuration at the
5 RIRZ= (CHy)s o-position of the aldol products.
CeHs 6 R:=R2=E2t In conclusion, we have successfully accomplished the
. - T R =Me R =Et challenging intermolecular reductive aldol reaction of ke-
o"ts 3:5 CO,Et 8 R'=Me, R"=Ph tones as acceptors with cinnamates and crotonate under
Me” S 8 optimal concentrated condition to attain good to high yields
and an extremely high level of enantioselectivity. This
entry ketone product yield(%) dr  ee (%) process can provide a new synthetic access to optically active
1 cyclohexanone 5 89 96 B-hydroxy dihydrocinnamates and related esters by one-pot
2 EtCOEt 6 ca. 5 coupling of readily availablen,3-unsaturated esters and
3 MeCOEt 7 66 59:41  96/96 ketones®
4 MeCOPh 8 90 96:4  97/38

aRh(Pheboxp) cat. (0.01 mmol, 1 mol %), no solvent, ketone (3.0 Acknowledgment. This work was partly supported by

Tmo')’l(l-o mmol), MePBSiH (1.3 mmol), 50°C, 0.5 h, yield based on 5 Grant-in-Aid for Scientific Research from the Ministry

(10) Typical procedure: Table 1, entry 7: the rhodium complex, Rh-

. . L. . (Pheboxip)(OAc),(H20) (5.4 mg, 0.01 mmol), was placed in a 10 mL flask.
diethyl ketone reacted with diminished yield (entry 2). The Under an"argon atmosphere, ethyl cinnamate (176 mg, 1.0 mmol) and
reasons why the aldol reaction was prevented in this caseacetone (0.20 mL) were added. Methyldiphenyisilane (258 mg, 1.3 mmol)

. . - . was slowly added at 50C by syringe, and the mixture was stirred for 0.5
could not be identified. The active site of the CatalySt MaY . The reaction was monitored by TLC examinatiBneca. 0.8 for the silyl

not be able to supply a sufficient space for the ethyl ketone ether of the aldol product (eluent: EtOAc/hexanel:2). To the mixture

was added EtOH (1 mL) and ag HCI (1 mL, 4 N) at®©, then the mixture
skeleton. On the other' hand, ethyl met,hyl ketone and was stirred at roorr(l temp))eratur(gfom &1; TR ca. ()).4 for the aldol product
acetophenone were subjected to the reaction to produce the (eluent: EtOAc/hexane 1:2). The mixture was treated with aq NaHEO
aldols in gOOd to excellent yields (entries 3 and 4)_ Ethyl (ca. 15 mL) and extracted with EtOAc (35 mL). The combined organic
. .. i layer was washed with saturated brine (5 mL), then dried oveS®a
methyl ketone gave a lower diastereoselectivity of 59:41. after concentration, the residue was purified by silica gel column chro-

However, both isomers have high enantiomeric excesses ofmatography with EtOAc/hexane as eluent to give the aldol pro2lic83

0 % yield (196 mg, 0.83 mmol) as a colorless 8 NMR: 6 0.99 (t,J =

up to 96% (entry_3). When ace_to_phenone was emplqyed as; 5 nz, 3H), 1.31 (s, 3H), 1.34 (s, 3H), 2.69 (dti= 9.0, 6.3 Hz, 1H),

an acceptor, a diastereoselectivity of 96:4 was obtained t03.00 (m, 2H), 3.02 (s, 1H), 3.95 (d,= 7.2 Hz, 2H), 7.12-7.30 (m, 5H)
i i % Vi i 0 i ppm.13C NMR: 6 14.1, 26.9, 29.2, 33.9, 57.8, 60.35, 71.0, 126.0, 128.0,

give the adducs in 90./0 yield with .97/0 ee for the major 128.6, 138.9, 174.9 ppm. IR (neaty: 3458 (broad, @H), 1720 (G=0)

isomer (entry 4). In this context, Riant et al. reported sim- ¢yt El-HRMS: [M* — (H.0)] miz found 218.1300, calcd (GH1605)

ilarly high diastereoselectivity (92:8) and enantioselec- %ﬁéﬁ%&]iostfar (9 1.% CHC/IE)' Chromﬁt&gﬂg% 5DAE/:E‘L)

. o . : -H; eluent: hexane/2-propano : .5 mL/min);

t|V|tY_ (95 /o.ee.) for the erythro 'Somépn the b_aS|S of ou-r retention time: 22.3 min (minor), 26.3 min (major); 97% ee. Determination
previous finding on the asymmetric reductive coupling of absolute configuration, see the Supporting Information.
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