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ABSTRACT
Q R,CHCHO Q o
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1 up to 76% yield from 1
anti:syn = up to >100:1
up 10 >99.5% ee
A simple and efficient method for the synthesis of highly enantiomerically enriched P-hydroxy- o-amino acid derivatives has been developed.

Direct asymmetric aldol reactions of a glycine aldehyde (aminoacetaldehyde) derivative have been performed under organocatalysis using
L-proline or ( S)-5-pyrrolidine-2-yl-1 H-tetrazole. The reactions afforded  anti-f3-hydroxy- o-amino aldehydes in good yield with high diastereoselectivity
(dr up to >100:1) and high enantioselectivity (up to >99.5% ee), which were easily transformed into P-hydroxy- o-amino acid derivatives.

B-Hydroxy-a-amino acids are components of natural prod- -hydroxy-ccamino acid derivatives. One successful method
ucts with wide-ranging biological properties, including for the synthesis of optically pugghydroxy-a-amino acids
antibiotic, anticancer, and immunosuppressant activitits.  involves the use of threonine aldolases and serine hydroxy-
They are also precursors for pharmaceuticals and useful chiraimethyl transferase®:* These enzymes catalyze asymmetric
building blocks in organic synthesi€Consequently, tremen-  aldol reactions between glycine donor and aldehyde accep-
dous efforts have been directed toward the development oftors, reactions that constitute one of the simplest strategies
syntheses of optically purg-hydroxy-«-amino acids and  to accesg-hydroxy-o-amino acids. On the basis of these
their derivatives=# Nonetheless, demand still exists for enzyme-catalyzed aldol reactions, we examined reactions in
highly efficient diastereo- and enantioselective syntheses ofwhich we used glycine aldehyde derivatives as donors. Aldol
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reactions of these aldehyde donors proviiaydroxy-o.-
amino aldehydes that can be easily transformed fhkxy-
droxy-a-amino acids.

Although glycinate Schiff bases have been used as donors

Scheme 1. Direct Asymmetric Aldol Reactions df to Afford
B-Hydroxy-o-amino Aldehyde® and the Conversion d to
p-Hydroxy-a-amino Acid Ester8

in asymmetric aldol reactions for the synthesigdfydroxy- 1) NaClO,

i H i d h i Ao 2-methyl-2-butene
o-amino acid ester deriva'iivé‘:zf,e glycine glde'hyde deriva ' OH Nay P(V)d o OH
tives have not been examined as donors in direct asymmetric Catalyst ,BuoH H,0
aldol reactions previously. Asymmetric organocatalysis with ™ + RCHo (30 mol%) ' MeO q R
L-proline and other small molecules has received renewed© 0 f/leg\f-is-gmgrzie- 0 %
att_ention because gf its_broad applicability, simpllicity, and hexane
efficiency®1° Reactions involved in organocatalysis are also -20°C
environmentally benign. We previously reported the use of 1 3

2a,3a:R= CHMe2
2b, 3b: R = CHEt,
2¢, 3c: R = CH(nBu),

2d, 3d: R = c-CgHy;4
2e, 3e: R = c-C5H,
2f, 3f: R = CH(OMe),

naked aldehyde donors in organocatalytic afdof,Man-
nich? and Micha€l® reactions. Thus, the use of-amino
aldehydes in these reactions should provide the corresponding
reaction products. Here we report simple and efficient, direct

asymmetric aldol reactions of the glycine aldehyde derivative

1 (Scheme 1).

(3) (@) Makino, K.; Goto, T.; Hiroki, Y.; Hamada, YAngew. Chem.,
Int. Ed.2004 43, 882. (b) Mordant, C.; Dunkelmann, P.; Ratovelomanana-
Vidal, V.; Genet, J.-PChem. Commur2004 1296. (c) Ooi, T.; Taniguchi,
M.; Kameda, M.; Maruoka, KAngew. Chem., Int. E2002,41, 4542. (d)
Yoshikawa, N.; Shibasaki, M[etrahedron2002,58, 8289 and references
therein. (e) MacMillan, J. B.; Molinski, T. FOrg. Lett.2002,4, 1883. (f)
Evans, D. A,; Janey, J. M.; Magomedov, N.; Tedrow, JABgew. Chem.,
Int. Ed. 2001, 40, 1884. (g) Kobayashi, J.; Nakamura, M.; Mori, Y.;
Yamashita, Y.; Kobayashi, 3. Am. Chem. So2004,126, 9192. (h) Ooi,
T.; Kamada, M.; Taniguchi, M.; Maruokd, Am. Chem. So2004,126,
9685.

(4) (a) Silvestri, M. G.; Desantis, G.; Michell, M.; Wong, C.-Hop.
Stereochem2003,23, 267. (b) Kimura, T.; Vassilev, V. P.; Shen, G.-J.;
Wong, C.-H.J. Am. Chem. S0d.997,119, 11734. (c) Tanaka, F.; Oda,
M.; Fuijii, I. Tetrahedron Lett1998,39, 5057.

(5) Reviews: (a) Dalko, P. I.; Moisan, lAngew. Chem., Int. E@001,
40, 3726. (b) Jarvo, E. R.; Miller, S. Jetrahedron2002,58, 2481. (c)
Allemann, C.; Gordillo, R.; Clemente, F.; Cheong, P. H.-Y.; Houk, K. N.
Acc. Chem. Re004,37, 558. (d) Notz, W.; Tanaka, F.; Barbas, C. F.,
IIl. Acc. Chem. Ref004,37, 580.

(6) (a) Northrup, A. B.; Mangion, I. K.; Hettche, F.; MacMillan, D. W.
C. Angew. Chem., Int. EQR004 43, 2152. (b) Torii, H.; Nakadai, M.;
Ishihara, K.; Saito, S.; Yamamoto, Angew. Chem., Int. EQR004, 43,
1983. (c) Hartikka, A.; Arvidsson, P. Tetrahedron: Asymmetr2004,
15, 1831. (d) Halland, N.; Braunton, A.; Bachmann, S.; Marigo, M.;
Jorgensen, K. AJ. Am. Chem. So@004,126, 4790. (e) Brochu, M. P.;
Brown, S. P.; MacMillan, D. W. CJ. Am. Chem. So2004,126, 4108. (f)
Mathew, S. P.; Iwamura, H.; Blackmond, D. &ngew. Chem., Int. Ed.
2004,43, 3317. (g) Brown, S. P.; Brochu, M. P.; Sinz, C. J.; MacMillan,
D. W. C.J. Am. Chem. So2003 125 10808. (h) Zhong, GAngew. Chem.,
Int. Ed.2003,42, 4247. (i) Momiyama, N.; Torii, H.; Saito, S.; Yamamoto,
H. Proc. Natl. Acad. Sci. U.S.R2004,101, 5374. (j) Cobb, A. J. A.; Shaw,
D. M,; Ley, S. V. Synlett2004, 558.

(7) (@) Joly, G. D.; Jacobsen, E. Bl. Am. Chem. So2004,126, 4102.
(b) Okino, T.; Hoashi, Y.; Takemoto, YJ. Am. Chem. So2003, 125,
12672. (c) Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, Kngew. Chem.,
Int. Ed. 2004,43, 1566. (d) Uraguchi, D.; Terada, M. Am. Chem. Soc.
2004,126, 5356. (e) Thadani, A. N.; Stankovic, A. R.; Rawal, V.Roc.
Natl. Acad. Sci. U.S.A004,101, 5846. (f) Denmark, S. E.; Bui, Proc.
Natl. Acad. Sci. U.S.A004,101, 5439.

(8) (a) Mase, N.; Tanaka, F.; Barbas, C. F., Ahgew. Chem., Int. Ed.
2004,43, 2420. (b) Mase, N.; Tanaka, F.; Barbas, C. F.,@ig. Lett.
2003, 5, 4369. (c) Cordova, A.; Notz, W.; Barbas, C. F.,JllO0rg. Chem.
2002 67, 301. (d) Chowdari, N. S.; Ramachary, D. B.; Cordova, A.; Barbas,
C. F., lll. Tetrahedron Lett2002, 43, 9591. (e) Sakthivel, K.; Notz, N.;
Bui, T.; C. F. Barbas, C. F., llJ. Am. Chem. So2001,123, 5260.

(9) (@) Chowdari, N. S.; Suri, J. T.; Barbas, C. F., Drg. Lett.2004,

6, 2507. (b) Notz, W.; Tanaka, F.; Watanabe, S.; Chowdari, N. S.; Turner,

J. M.; Thayumanavan, R.; Barbas, C. F., lllOrg. Chem2003 68, 9624.
(c) Cordova, A.; Watanabe, S.; Tanaka, F.; Notz, W.; Barbas, C. FJ.III.
Am. Chem. So2002,124, 1866. (d) Chowdari, N. S.; Ramachary, D. B.;
Barbas, C. F., [ll.Synlett2003, 1906.

(10) (a) Betancort, J. M.; Sakthivel, K.; Thayumanavan, R.; Tanaka, F.;

Barbas, C. F., llISynthesi®004, 1509. (b) Mase, N.; Thayumanavan, R.;
Tanaka, F.; Barbas, C. F., l1lOrg. Lett.2004,6, 2527. (c) Betancort, J.
M.; Barbas, C. F., ll1.Org. Lett.2001,3, 3737.

3542

First, we examined the aldol reaction bfwith isobu-
tyraldehyde under various conditions (Table 1). A mixture
of aldehydel (2 mmol), isobutyraldehyde (5 equiv with
respect tal), andL-proline (30 mol % with respect ti) in
DMSO (4 mL) was stirred at room temperature (rt) for 16 h
(entry 1). The desired aldol produza was obtained in 62%
yield with high diastereoselectivity (¢ 10:1) and enantio-
selectivity (95% ee); side products were the dehydration
product of2a and the self-aldol product of aldehyde We
previously demonstrated that,a-disubstituted aldehydes
were less reactive than-monosubstituted aldehydes as
donors in theL-proline-catalyzed aldol reactiofs.In the
reaction ofl and isobutyraldehyde, onlyacted as the donor.
No formation of self-aldol product of isobutyraldehyde and
of a,a-dimethyl{3-hydroxy--amino aldehyde was observed.
The reactions in DMF and iN-methylpyrrolidone (NMP)
also gave good results in terms of yield, dr, and ee (entries
2 and 3). The same reaction in NMP afforded a higher yield
(86%) of 2a than the reaction in DMSO primarily as a
consequence of suppression of side products formation.
Although a longer reaction time was required, the reaction
performed in NMP at £C provided excellent diasterose-
lectivity (dr = >100:1) and enantioselectivity-©9.5% ee)
(entry 4). When higher concentrations were used, a shorter
reaction time afforded the same yield with excellent diastero-
and enantioselectivities (entries 5 and 6). Aldehgdeould
be used without purification in additional transformations.
Oxidation of the crude aldol produ@a with NaCIGO, and
then esterification afforde8a (Scheme 1) in good yield with
high diastereo- and enantioselectivities (73% frbpdr >
100:1,>99.5% ee) (entry 7). The reaction in the presence
of (S)-5-pyrrolidine-2-yl-1H-tetrazofecii (4) also afforded
2ain excellent yield with excellent diastereo- and enantio-
selectivities (entry 8), whereas reaction with another aldol
catalyst, §-(+)-1-(2-pyrrolidinylmethyl)pyrrolidine/9)-(+)-
camphorsulfonic aciék¢gave2ain low yield when the same
reaction time was used, albeit with99% ee foranti-2a.

Slow addition of the donor aldehyde was not required to
obtain 2a in good yield when 510 equiv of the acceptor
aldehyde with respect to the donor aldehyldeas used in
the reaction with_-proline or4; the formation of the self-
aldol product of aldehyd# was minimized. This result stands
in contrast to the aldol reactions afoxyaldehydes: aldol
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Table 1. Direct Asymmetric Aldol Reactions of Glycine Aldehyde DerivatiVend Isobutyraldehyde in Various Conditions to Afford
2a and Its Conversion t8a

entry catalyst solvent concn@ temp time yield (%)P dr (anti:syn)® ee (%)4
1 L-proline DMSO 0.5M rt 16 h 62 (2a) 10:1 (2a) 95 (2a)
2 L-proline DMF 05M rt 48 h 75 (2a) 5:1 (2a) 88 (2a)
3 L-proline NMP 0.5M rt 3 days 86 (2a) >10:1 (2a) 94 (2a)
4 L-proline NMP 05M 4°C 6 days 93 (2a) >100:1 (2a) >99 (2a)
5 L-proline NMP 1.0M 4°C 3 days 91 (2a) >100:1 (2a) >99 (2a)
6 L-proline NMP 20M 4°C 36 h 87 (2a) >100:1 (2a) >99.5 (2a)
7 L-proline NMP 20M 4°C 36 h 73 (3a) >100:1 (3a) >99.5 (3a)
8 4¢ NMP 20M rt 16 h 76 (3a) >100:1 (3a) 99.5 (3a)

a Concentration of aldehydgin the reaction mixture? Yield of 2a or of 3a (from 1) as indicated in parentheses. See Scheni®iastereomeric ratio
of 2a without purification or of purified3a. The dr was determined B NMR. Anti isomer= (25*,3S*)-isomerd Enantiometic excess of &3S)-2zor
of (2S,3S)-3a. The ee of $3S)-2avas determined by chiral-phase HPLC analysis of the corresponding oxime prepar&tétizylhydroxylamine. The
ee of (2S,3S)-3wvas determined by chiral-phase HPLC analy%iSatalyst4 = (S)-5-pyrrolidine-2-yl-1H-tetrazole.

reactions ofx-oxyaldehydes with isobutyraldehyde afforded Procedures developed here were easily performed on a
the desired aldol products in moderate yields (along with a semipreparative scale. The aldol reaction to affdadvas

significant amount of the self-aldol product afoxyalde- performed on a 10.5 mmol scale (2 g of aldehyideand
hyde), even after slow addition (over 36 h) of the donor the resulting aldol products were further transformed to
o-oxyaldehyde? (2S,3S)-5940 mg, 60% froml).

The use of phthalimidoacetaldehydg yas a key for this To study the scope of the reaction, we used a series of

reaction. The enamine intermediates in the reactions of acceptor aldehydes. Results of reactions witt-disubsti-

N-protected glycine aldehydes may react via one or both tuted aldehyde acceptors are shown in Table 2. Reactions

pathways shown in Scheme 2. Protection of ¢hamino with 2-ethylbutyraldehyde, cyclohexanecarboxaldehyde, and
cyclopentanecarboxaldehyde provided aldol products’@t 4

s and these product aldehydes were transformed to the corre-

Scheme 2. Possible Pathways of an Enamine Intermediate in SPonding methyl esters in good yields {625% from1) with

the Reaction witto-Amino Aldehydes high enantioselectivities (94—98% ee) (entries 1, 3, and 4).
, E , ‘ The diastereoselectivities of the aldol reactions were also
RyF BB oy PENH R. R A h high (dr >10:1 to 15:1): The reaction with di-n-butylac-
H\ HH = o pana E‘\H‘)—» EW/“ etaldehyde, an aldehyde bearing a bulky group, was slow at
E = ; = ° .
l\]lP (\p H)S P NP 4 °C and was performed at room temperature (entry 2). This
+ree G2 NPg, 9 9 case also provided the desired product with high enantiose-

lectivity (93% ee). The reaction with-dimethoxy acetal-
dehyde, available in aqueous solution, afforded the desired
group of glycine aldehyde as a phthalimide allowed the aldol product with low diastereoselectivity, but 86% ee in
selective reaction via path a. Aldehytiean be synthesized the presence of water (entry 5). Thus, the aldol reaction of
in large scale in two steps; reaction of allylamine with 1 was efficient for the synthesis of a broad range of
phthalic anhydrid€ followed by ozonolysis provides a enantiomerically enricheg-branched3-hydroxy-a-amino
crystalline product that is stable for at least several months acid derivatives. In all reactions in Table 1, again ofily
at room temperatureert-Butyloxycarbonyl (Boc) and ben-  acted as the donor.
zoyl-protected glycine aldehyde derivatives were less optimal ~ Aldehyde reaction partner selection was key in order to
as donors in this reaction as compared to phthalimidoacetal-assign donor and acceptor roles to aldehydes in the aldol
dehyde (1). reaction. Aldol reactions betweeh and a-nonbranched

To determine the relative stereochemistry and absolutealdehydes such as isovaleraldehyde and hexanal afforded
configuration, aldol produc2a was transformed into 3-hy-  3-hydroxy-y-amino aldehyde8 under conditions identical
droxyleucine (5) via oxidation of the aldehyde with Na@lO to those used in Table 2 (Scheme 3). No formation of
and deprotection of the phthalimide with hydrazine. Aldol _
2a obtained from the.-proline-catalyzed reaction afforded Asy(/lnqzr)n(;)r)gloa(;(i?(l)é,Kieg;agfb?/’ilﬁléhwks‘?ié; %g':;‘f”ff’éﬁéfa,??‘é’;’ﬂg”,
(2S,3S)-5¢¢12as determined byH NMR spectra and by  p."3.; Joullie, M. M. Tetrahedron1996, 52, 11673. (c) Hale, K. J.:
optical rotation, and the data were identical with the literature Manaviazar, S.; Delisser, V. Metrahedrori994 50, 9181. (d) Kanemasa,

. . S.; Mori, A.; Tatsukawa, ATetrahedron Lett1993,34, 8293. (e) Corey,

values. The stereochemical course of the aldol reaction t0g ;| ge b.-H.; Choi, STetrahedron Lett1992,33, 6735. (f) Caldwell,
afford (2S,3S)-2&s in accordance with the transition states C. G.; Bondy, S. SSynthesisi990, 34.

. A ; 13 (13) Bahmanyar, S.; Houk, K. NDrg. Lett.2003,5, 1249.
SqueSted for other prOIme Catalyzed aldol reactiofis: (14) Diastereomeric ratio of the aldol products decreased by epimerization
at C2 when they were stored or when they were purified by silica gel column
(11) Palucki, M.; Hughes, D. H.; Yasuda, N.; Yang, C.; Reider, P. J. chromatography. See refs 9b,c. Column chromatography did not completely
Tetrahedron Lett2001,42, 6811. separate the anti and syn isomers3of

Org. Lett., Vol. 6, No. 20, 2004 3543



Table 2. Direct Asymmetric Aldol Reactions of Glycine Aldehyde Derivatitend Conversion of Aldol Produc®to
B-Hydroxy-a-amino Acid Estergd

2 3
entry R product dr (anti:syn)b product yield (%)° dr (anti:syn)d ee (%)®
1 CHEL, 2b >10:1 3b 75 >10:1 94
2f CH(nBu)2 2c 10:1 3c 68 7:1 93
3 C-C6H11 2d 15:1 3d 73 5:1 98
4 c-CsHq 2e 14:1 3e 62 16:1 989
5N CH(OMe), 2f 5:1 3f 69 11 86 (syn, 68)

aUnless otherwise noted, a mixture {2 mmol), acceptor aldehyde (@20 mmol), and.-proline (0.6 mmol) inN-methylpyrrolidone (NMP) (1 mL)
was stirred at £C for 16—48 h for the aldol reaction. See Schemé Riastereomeric ratio 02 determined by'H NMR analysis of the reaction mixture
without purification.c Isolated yields oB (from 1). @ Diastereomeric ratio o8 after purification using silica gel column chromatography, determinetHoy
NMR analysist* €Enantiomeric excess afnti-3 determined by chiral-phase HPLC analysis, unless noted othevReaction was performed at room
temperatured Ee of anti-2edetermined by HPLC analysis of the corresponding oxime preparedQvitenzylhydroxylamine? Reaction mixture included
water. See text.

o-amino acid derivatives using,a-disubstituted aldehyde

Scheme 3. Direct Asymmetric Aldol Reactions to Afford acceptors. Of note, the use of a glycyl aldehyde (aminoac-
f-Hydroxy-y-amino Aldehydes etaldehyde) is versatile from a synthetic perspective because
Q the aldehyde functionality resident in the products can be
H)H L-Proline @ readily transformed through oxidation or reduction or can
0 J\ NMP serve as an electrophilic handle for a wide variety of other

0N

H 2 " h transformation8>1*While we have focused our efforts here

on the preparation gi-hydroxy-c-amino acids, we envision

that this new class of aldol reactions will provide expedient
entry to amino- and aza-sugar syntheses using a two-step
protocol involving another organocatalytic addition or a
Mukaiyama aldol addition step. Given our development of
naked aldehyde chemistry in Michael and Mannich reaction
manifolds as welfd82-d.9.10the application of amino alde-
hydes through organocatalysis has tremendous synthetic
promise. These studies will be reported in due course.

6a: R=CHMe, 89% (dr=6:1,97% ee)
6b: R = nBu 92% (dr = 6:1, 95% ee)

pB-hydroxy-a-amino aldehydes was detected. In these in-
stances, aldehydkacted as the acceptor. Slow addition of
aldehydel to isovaleraldehyde in the presence of the catalyst
did not change the outcome of the reaction.

In conclusion, using easily accessible reagents and inex-
pensive chiral catalysts, we have developed a simple,
scalable, and environmentally safe synthetic route to highly

th
enantiomerically enrichednti-5-hydroxy-a-amino acid de-
rivatives. While asymmetric aldol reactions of glycinate
Schiff base and its silicon enolate using chiral quaternary
ammonium salt catalyst&" and chiral zirconium catalysi
provided excellent results for providiffghydroxy-a-amino
acid derivatives when-monosubstituted aldehyde acceptors
and arylaldehyde acceptors were used, respectively, our aldo
reaction ofl was efficient to affordy-branched3-hydroxy- 0L0485417
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