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Proline-catalyzed aldol reactions of tetrahydro-4

H-thipyranone with racemic 1,4-dioxa-8-thia-spiro[4.5]decane-6-carboxaldehyde and with

meso/

dl 1,4-dioxa-8-thiaspiro[4.5]decane-6,10-dicarboxaldehyde proceed with dynamic kinetic resolution and give single adducts in good yields with
excellent ee’s. The high enantiotopic group selectivity results from the high intrinsic diastereoface selectivity of the aldehydes. These reactions
significantly extend the scope of the enantioselective direct aldol reaction and constitute simple and efficient syntheses of useful tetrapropionate

synthons.

In a landmark paper in 2000, List, Lerner, and Barbas catalyzed aldol reactions df0 with the racemic aldehydes
described the first examples of proline-catalyzed enantio- (£)-9 or ()-19 and/ormeso19 proceed with a combination

selective direct intermolecular aldol reactidnshis report

of enantiotopic group selectivityand dynamic kinetic

prompted an extensive investigation by several groups of resolutiort to give adducts in good yields with excellent
the use of proline and its derivatives to catalyze aldol (and stereoselectivities. Conceptually, these reactions significantly

other) reactions.Although very high stereoselectivity has

extend the scope of the direct aldol reaction and constitute

been observed in several examples, a major limitation of this exceedingly simple and efficient syntheses of useful tetra-
process has been the rather narrow substrate scope. The vagtopionate synthons.

majority of examples to date have involved simple achiral

Proline-catalyzed enantioselective aldol reactions were first

reactants. In this contribution, we report that proline- reported in the 1970s in the context of the Haj@arrish—
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Eder—Sauer—Wiechert reaction (i.d.,— 2; Scheme 13.
Recent mechanistic studies have concluded that the reaction

(3) Willis, M. C. J. Chem. SocPerkin Trans. 11999, 1765—1784.

(4) Pellissier, H.Tetrahedron2003,59, 8291—8327.

(5) (a) Hajos, Z. G.; Parrish, D. R. Org. Chem1974 39, 1615-1621.
(b) Eder, U.; Sauer, G.; Wiechert, Rngew. Chemlnt. Ed. Engl.1971,
10, 496—497. Reviews: (c) Cohen, Ncc. Chem. Red976,9, 412—417.
(d) Drauz, K.; Kleemann, A.; Martens, Angew. Chem.Int. Ed. Engl.
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proceeds by intramolecular carboxylic acid catalyzed addition
of a proline enamine to the carbonyl grouijphe transition
state structure8 and 4 for additions to the two cyclic
carbonyl groups differ by aanti vs synorientation of the
enamine, and the enantiotopic group selectivity derives from
the greater stability of thanti orientationcombinedwith

the inherent preference for additibrans to the quaternary
methyl group’ The reaction has been applied to acydis
symmetric diketonésand dialdehyde$hut the stereoselec-

tivity is lower in these cases presumably because of poor

enantiotopic group selectivity in the enamine-forming &tep
and/or similar reactivity among the diastereomeric enanfines.
The transition state structures proposed for the proline-
catalyzed intermolecular aldol reaction (e.§.;— 6) are
similar to those for the intramolecular reaction, in this case
favoring addition from thee face of thes-carbon in aranti-
oriented enamine to the face of the aldehyde (c%).** It
is convenient to consider that face selectivity for addition to
the enamine is controlled by the absolute configuration of
the proline catalyst and the face selectivity for addition to
the aldehyde is dictated by the “closed” transition state. In
a similar reaction with a chiral aldehyde, the intrinsic

diastereoface selectivity can either reinforce or counteract

(6) (a) Allemann, C.; Gordillo, R.; Clemente, F. R.; Cheong, P. H.-Y;
Houk, K. N. Acc. Chem. Re2004,37, 558—569. (b) List, B.; Hoang, L.;
Martin, H. J. Proc. Natl. Acad. Sci. U.S.AR004 101, 5839-5842. (c)
Clemente, F. R.; Houk, K. NAngew. Chem.Int. Ed. 2004, 43, 5766—
5768.

(7) Bahmanyar, S.; Houk, K. Nl. Am. Chem. So2001,123, 12911—
12912,

(8) (a) Agami, C.; Platzer, N.; Sevestre, Bull. Soc. Chim. Fr1987,
358-360. (b) Agami, C.; Sevestre, H. Chem. SocChem. Commuri984,
1385—1386. For examples of kinetic resolution in proline-catalyzed
cyclization of chiral 1,5-diketones and keto aldehydes, see: (c) Agami, C.;
Levisalles, J.; Sevestre, H. Chem. So¢.Chem. Communl984, 418—
420. (d) Agami, C.; Platzer, N.; Puchot, C.; SevestreT étrahedronl 987,

43, 1091—1098.
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Int. Ed.2003,42, 2785—2788. (b) Mans, D. M.; Pearson, W.®tg. Lett.
2004,6, 3305—3308. (c) Kurteva, V. B.; Afonso, C. A. Metrahedron
2005,61, 267—273.

(10) For examples of low stereoselectivity in proline enamine formation
from Cs symmetric cyclohexanones, see: (a) Hayashi, Y.; Yamaguchi, J.;
Sumiya, T.; Hibino, K.; Shoji, MJ. Org. Chem2004,69, 5966—5973.
(b) Nyberg, A. I.; Usano, A.; Pihko, P. MBynlett2004, 1891—1896.

(11) Bahmanyar, S.; Houk, K. N.; Martin, H. J.; List, B. Am. Chem.
Soc.2003,125, 2475—2479.
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the face selectivity preferred by this closed transition state
(i.e., the influence of a chiral R fragment in T/$ resulting
in double stereodifferentiation and/or kinetic resolution. Only
modest levels of enantiotopic group selectivity have been
observed among the scattered examples of proline-catalyzed
aldol reactions with chiral aldehyde “acceptors” reported to
date!?1® We speculated that these reactions might show
significant enantiotopic group selectivity and double stereo-
differentiation if the aldehyde possessed sufficient dia-
stereoface selectivitif.

We have been developing stereoselective sequential two-
directional aldol reactions & and10 as the foundation of
a thiopyran-based synthetic route to polypropionéates.
Aldehyde9 emerged as a good candidate for enantiotopic
group selective direct aldol reaction because additions to its
carbonyl group show exclusive Felkin diastereoface selec-
tivity.15¢ A preliminary study established that proline-
catalyzed aldol reactions @D with simple achiral aldehydes
are highly diastereo- and enantioselecti%é¢n the event,
proline-catalyzed aldol reaction @D with (4)-9 under the
previously established conditiofisgave the expectéd
adduct11'® as a single diastereomer (Scheme 2), albeit in
poor yield (33%) and with disappointing enantioselectivity
(ca. 50% ee) (Table 1, entry 1).
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The aldol reaction 08 and10was dramatically improved
in the presence of added wat&t6and optimization of the
conditions with respect to solvent, concentration, stoichi-

(12) (a) Notz, W.; List, BJ. Am. Chem. SoQ000,122, 7386—7387.

(b) Sakthivel, K.; Notz, W.; Bui, T.; Barbas, C. F., Il. Am. Chem. Soc.
2001,123, 5260—5267. (c) Chowdari, N. S.; Ramachary, D. B.; Cordova,
A.; Barbas, C. FTetrahedron Lett2002,43, 9591—-9595. (d) Peng, L.;
Liu, H.; Zhang, T.; Zhang, F.; Mei, T.; Li, Y.; Li, YTetrahedron Lett.
2003 44, 5107-5108. (e) Liu, H.; Peng, L.; Zhang, T.; Li, Wew J. Chem.
2003,27, 1159—1160. (f) Cordova, Aletrahedron Lett2004,45, 3949—
3952. For examples with dynamic kinetic resolution, see: (g) Chowdari,
N. S.; Ramachary, D. B.; Barbas, C. F., I0rg. Lett. 2003,5, 1685—
1688. (h) Chan, V.; Kim, J. G.; Jimeno, C.; Carroll, P. J.; Walsh, Prg.
Lett.2004,6, 2051—2053. For examples with double stereodifferentiation,
see ref 12g and (i) lzquierdo, I.; Plaza, M. T.; Robles, R.; Mota, A. J.;
Franco, F.Tetrahedron: Asymmetrg001, 12, 2749—-2754. (j) Pan, Q.;
Zou, B.; Wang, Y.; Ma, DOrg. Lett.2004,6, 1009—1012.

(13) Kinetic resolution of racemic substrates is equivalent to an enan-
tiotopic group selective reaction; i.e., groups on enantiomeric substrates
are enantiotopic by external comparison. See: Mislow, K.; Rabai,dd.
Stereochem1969,1, 1—38.

(14) For a discussion of this design strategy, see: Ward, D. E.; Sales,
M.; Hrapchak, M. JCan. J. Chem2001,79, 1775—1785.
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s high enantiotopic group selectivity and high aldol stereo-
Table 1. Proline-Catalyzed Aldol Reactions 8fwith 10¢ selectivity to give the adductl as a single diastereomer
with excellent ee.

. - _ . _
10 solvent time  yield Aldol 11 is a versatile tetrapropionate synthon that can
entry [9IM) (equiv) (equivofH,0) (days) (%) [odo® be utilized as a precursor for bo#nti-synand syn-anti
1 1 3 DMSO 2 33 —22 stereotriads because of its differentiated 1,5-dione functional-
2 1 3 DMF 2 18 19 ity.1> We have previously showff that 11 is readily
i i g gﬁg 82()2) g ;; _?1’ isomerized tol3 allowing ready access tsyn-synstereo-
- . . . 6 . . .
5 0.5 3 DMSO (2) 9 19 triads. Surprlsm.gI.y‘, Raney nickel desullfurlzanon dfl was
6 9 3 DMSO (2) 9 47 —90 somgvx{hat capricious; howeve_r, reaction of the MOM ether
7 1 3 DMSO (4) 9 32 -39 derviative12 gave 14 in good yield.
8 1 3 DMSO (8) 2 36  —43 Encouraged by these results, we attempted to extend the
9 1 3 DMSO (16) 2 19 -4 process to desymmetrization of a meso dialdefjdear-
10 1 6 DMSO0 (8) 2 52 —46 boxylation of15'*¢ and protection of the resulting ketodiester
E i 1§ gﬁ:g EZ; i Zg ::é 16 gavel7 as a readily separable 1.6:1 mixture ef){17
13 ) 8 DMSO (8) 8 47 —39 andmeso-17, respectively (Scheme 3). LiAlk¢duction of
14¢ 1 6 DMSO (8) 2 38  —47
15/ 1 6 DMSO (8) 2 37 —47
162 1 6 DMSO (8) 2 56  —47h Scheme 3
aReactions at room temperature with 50 mgdadnd 0.5 equiv of (S)- o O 0O 0O O
proline.? Isolated yield of11.¢<At ambient temperature (ca. 23°Q);= 1. LDA (CH,OTMS),
1.0, CHC}; [a]p(max) for 11 = —47.9 Not determined®0.25 equiv of O ———» O o —»
(S-proline." 1.0 equiv of §-proline.9 1.0 g of9. " This sample was shown I 2 CICOMe | | TMSOTY
to be >98% ee by!H NMR of the derived12 in the presence of)- ST 79% S" 18 85%
Eu(hfc).
ol Vo ol \ o ol \ o

0_0 0_0 0_0
ometry, and protocol allowed efficient preparation 1 Owo O)YQ_/U\O OWO
(56%, >98% ee) on a gram scale (Table 1). We conclude | \s} | | s/: | | |

that the reaction is under kinetic control and proceeds with S

dynamic kinetic resolution rather than simple kinetic resolu- 17 (a/meso=1.6) ()17 (80%) meso 7 (30%)
tion because: (i)£)-11(>98% ee) is re-isolated ir 85% LiAIH4¢90% LiAIH, *96%
yield and>90% ee after exposure t8)- or (R)-proline (48 w0 M\ on vo I\ on
h, wet DMSO); (ii) racemi® is recovered from the reaction; 1. LiAIH, 0_0 0_0
and (iii) (S)-98 readily racemizes under the reaction condi- 2. Swem :

tions. Previously reported examples of dynamic kinetic s~ s
resolutio?%"and of isomerization of aldehyd@%"9during (2)-18 meso-18
proline-catalyzed intermolecular aldol reactions have resulted v swern | 829% Swermn PO%
in products with modest stereoselectiity Thus it is ¢

noteworthy that the reaction of-)-9 and10 proceeds with o/ o\
|
(

ol Vo 0

1 O C | 1 OO I (8)-proline o) o?
(15) (a) Ward, D. E.: Man, C. C.; Guo, Cetrahedron Lett1997,38, W KL)Q - A
2201-2202. (b) Ward, D. E.; Guo, C.; Sasmal, P. K.; Man, C. C.; Sales, Ng e wet DMSO

M. Org. Lett.2000,2, 1325—-1328. (c) Ward, D. E.; Sales, M.; Man, C. C.; S Keq=0.3
Shen, J.; Sasmal, P. K.; Guo, £.Org. Chem2002,67, 1618—1629. (d) 19 (d/meso=3.5) (219 meso-19
Ward, D. E.; Sales, M.; Sasmal, P. B. Org. Chem.2004, 69, 4808—
4815. (S)-proline )

(16) Ward, D. E.; Jheengut, etrahedron Lett2004 45, 8347-8350. meso-19 S HO 0

(17) The relative and absolute configurations of the product correspond 44 . or wet DMSO, 1. LIB(Bu);H
to reaction of an (aS)-aldehyde via a TS analogou¥.tdhe favored 19 n, 48 h 07)
addition to the aldehydee face (cf.7) corresponds to the favored Felkin 2. NaBH,

o h - . 68% S
Se(lﬁcltg/;.ty for an ¢S)-aldehyde but is anti-Felkin for anR)-aldehyde (e.g., 20 (92% ce) 70%

(18) Ward, D. E.; Akinnusi, O. T.; Alarcon, I. Q.; Jheengut, V.; Shen,

J.; Quail, J. W.Tetrahedron: Asymmetr004,15, 2425—2430. HO HO oo 1 HO HO [\ OH
(19) For an example of a proline-catalyzed intramolecular aldol cycliza- > Ra-Ni H 0.0

tion with dynamic kinetic resolution involving (in part) isomerization by : —_— ~

aldehyde enolization, see: Woodward, R. B.; Logusch, E.; Nambiar, K. s~ s” 21 55% : 22

P.; Sakan, K.; Ward, D. E.; Au-Yeung, B.-W.; Balaram, P.; Browne, L. J.;
Card, P. J.; Chen, C. H.; Chénevert, R. B.; Fliri, A.; Frobel, K.; Gais, H.-
J.; Garratt, D. G.; Hayakawa, K.; Heggie, W.; Hesson, D. P.; Hoppe, D.;

Hoppe, |.; Hyatt, J. A.; Ikeda, D.; Jacobi, P. A.; Kim, K. S.; Kobuke, Y.; i i
Kojima, K.; Krowicki, K.; Lee, V. J.; Leutert, T.; Malchenko, S.; Martens, mesel7followed by careful Swern oxidation of the product

J.: Matthews, S. R.; Ong, B. S.: Press: J. B.; RajanBabu, T. V.: Rousseau, di0l meso-18gave meso-19in good yield. Reaction o010

G.; Sauter, H. M.; Suzuki, M.; Tatsuta, K.; Tolbert, L. M.; Truesdale, E. with mese19 under the optimized conditions ga26 (a 3:1

A.; Uchida, |.; Ueda, Y.; Uyehara, T.; Vasella, A. T.; Vladuchick, W. C.; . . . 0
Wade, P. A.; Williams, R. M.; Wong, H. N.-Gl. Am. Chem. Sod981, mixture of anomers in §Dg) as the only aldol adduct in 68%

103, 3210—3213. yield and 92% ee. The addu20 exists exclusively in the
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hemiacetal form, suggesting that the stereocenter originatinghemiacetal groups i20 were sequentially reduced to give
from C-6 in19 could be set under thermodynamic control. 21 which gave22 on desulfurization (Scheme 3).

Gratifyingly, reaction ofLO with the readily available 3.5:1 In summary, proline-catalyzed direct aldol reaction§ @f
mixture of (+)-19and meso-19, respectively, producgd with the chiral aldehyde8 and19 are highly diastereo- and
in the same yield and ee as when usingso-13alone?! enantioselective. The aldol adduct4 and 20 are useful

Rapid proline-catalyzed isomerization mieso-1%o give a tetrapropionate synthod3The remarkable stereoselectivity
3.5:1 equilibrium mixture of £)-19 and meso-19, respec- in these reactions is attributable to combination of the high

tively, was established biH NMR. propensity for addition to the aldehyde face imposed by
The selective formation 020 from mesoi19 is readily the (S)-proline catalyst together with the high Felkin dia-
explained by preferential aldol reaction 1 with the (aS)- stereoface selectivity intrinsic to these aldehydes that results

aldehyde group ofmeso-19in analogy to the reaction with  in a strong kinetic preference for the “matched” reaction (i.e.,
(£)-9).r” However,20 might also arise by preferential aldol  high enantiotopic group selectivity}.Because the proline-
reaction ofLOwith (S,S)-1%ollowed by rapid isomerization  catalyzed isomerization of the aldehydes is much faster than
and hemiacetal formation. We are unable to distinguish thesethe aldol, the reactions proceed with dynamic kinetic
possibilities; however, in either scenario, the reactiod®f  resolution!® This design strategy should be applicable to
with 19 occurs with an unusual combination of enantiotopic other substrates in enantioselective direct aldol reactions and
group selectivity together with dynamic kinetic and thermo- significantly expands the scope of this important process.
dynamic resolution. To the best of our knowledge, examples

of such reactions have not been previously described. This Acknowledgment. We thank J. Wilson Quail of the
remarkable process Simu|taneous|y generates four StereogenigaSkatChewan Structural Sciences Center for determination
centers with excellent diastereo- and enantioselectivity. The Of the X-ray structures of%)-20 and (+)-21. Financial
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(20) For examples of desymmetrization msodialdehydes by aldol

reaction, see ref 9 and (a) Oppolzer, W.; De Brabander, J.; Walther, E.; rting Information Available: Experimental pro-
Bernardinelli, G.Tetrahedron Lett1995, 36, 4413—4416. (b) Oppolzer, Supporting ormatio allable: perimental pro

W.; Walther, E.; Balado, C. P.; De BrabanderTétrahedron Lett1997, cedures and spectroscopic data for all new compounds
3%80%;(%2#(0) De Br?band_er, J; OtppolzetrﬁwiLahedIr3n|1997,53% . synthesized and X-ray crystallographic data 26rand 21
- . For examples using reactions other than aldol, see ref 3. . . I . .
(21) For kinetic resolution afmeso/dimixtures, see: Ward, D. E.; How, in CIF format. This material is available free of charge via
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