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Abstract: A conceptually novel approach to hetero Diels—Alder adducts of carbonyl compounds is described
using as the key steps an antibody-mediated kinetic resolution of hydroxyenones followed by a ring-closure
process. Various (-hydroxyenones proved to be very good substrates for antibodies 84G3- and 93F3-
catalyzed retro-aldol reactions, allowing the preparation of highly enantiomerically enriched (up to 99% ee)
precursors of pyranones. An attractive feature of this methodology is the possibility to convert these acyclic-
enantioenriched f-hydroxyenones into tetrahydropyranones by a conventional Michael-type addition
procedure or into the corresponding dihydropyranones using an alternative palladium-catalyzed oxidative
ring closure. For the palladium-mediated cyclization, a biphasic system has been implemented that allows
the direct preparation of enantiopure dihydropyranones from the corresponding racemic aldol precursors
using a sequential antibody-resolution/palladium-cyclization strategy, without isolation of the intermediate
enantioenriched hydroxyenones. This bioorganic route is best applied to the preparation of hetero Diels—
Alder adducts otherwise derived from less nucleophilic dienes and unactivated dienophiles.

Introduction natural compoundsOnly more recently have Jacobsen et al.

he h iols Ald ion b bod developed a metal-catalyzed enantioselective HDA reaction
The hetero Diels Alder (HDA) reaction between carbodienes —y4ing the use of less nucleophilic dienes, bearing fewer than

and carbonyl compound; has been the focus of exten§ive Stum??\/vo oxygen substituents, combined with unactivated carbonyl
and has emerged asan |mportant target for a}symmetrlc Cataly,s'scompounds. These metal-catalyzed asymmetric HDA reactions
Sfuclcesses r.eEoOrlted n thlsr?realhaver:nostlg myolvels Th,? Teacuorhllow ultimate access to structurally diverse tetrahydropyranones.
g € thron-rch . |(;n(fesk31’1c d_as -m(_-:-th gxyr'] -(tr!met dy S| )éloxy)- Such transformations are successfully performed in the presence
utadiene (Danishefsky's diene) with both activated and unac- of chiral tridentate chromium(lll) catalysts leading to enantio-

tivated dlenoph|l_es, mclud_mg ketones. The prc_;ducts resultlr_lg enriched all syn products possessing up to three stereocénters.
from these reactions are dihydropyranones, which are attractivey .+ re also appears to have used the Diglisler reaction in

substrates for the synthesis of carbohydrates and numerous othe{he biosynthesis of several secondary metabdlises therefore

it is not surprising that numerous biocatalysts have been prepared
for the assembly of novel carbocyclic and heterocyclic products.
The immune system has proven to be a rich source of unique

T University of Oxford.
* GlaxoSmithKline.
(1) (a) Danishefsky, S. £hemtracts: Org. Chen1989 273. (b) Danishefsky,

S. J.Aldrichimica Actal986 19, 59. (c) Boger, D. L. I"Comprehensie
Organic SynthesjsTrost B. M., Ed.; Pergamon Press: Oxford, 1991; Vol.
5, p 451. (d) Waldmann, HSynthesisl994 535. (e) Jorgensen, K. A.
Angew. Chem., Int. EQ00Q 39, 3558. (f) Jargensen, K. Aur. J. Org.
Chem2004 2093. For recent reports of catalytic asymmetric HDA reactions

of aldehydes involving Danishefsky's diene and its analogues, see: (g)

Schaus, S. E.; Branalt, J.; Jacobsen, EJNOrg. Chem 1998 63, 403.
(h) Simonsen, K. B.; Svenstrup, N.; Roberson, M.; Jgrgensen, Kham—
Eur. J. 200Q 6, 123. (i) Yamada, T.; Kezuka, S.; Mita, T.; lkeno, T.
Heterocycles200Q 52, 104. (j) Leveque, L.; Le Blanc, M.; Pastor, R.
Tetrahedron Lett200Q 41, 5043. (k) Kezuka, S.; Mita, T.; Ohtsuki, N.;
Ikeno, T.; Yamada, TChem. Lett200Q 824. (I) Mihara, J.; Aikawa, K.;
Uchida, T.; Irie, R.; Katsuki, THeterocycle2001, 54, 395. (m) Aikawa,
K.; Irie, R.; Katsuki, T.Tetrahedron2001, 57, 845. (n) Doyle, M. P.;
Phillips, I. M.; Hu, W.J. Am. Chem. So@001, 123 5366. (0) Thompson,
C. F.; Jamison, T. F.; Jacobsen, E.INAmM Chem Soc 2001, 123 9974.
(p) Liu, P.; Jacobsen, E. Nl. Am Chem Soc 2001 123 10772. (q)
Kezuka, S.; Mita, T.; Ohtsuki, N.; Ikeno, T.; Yamada,Bull. Chem. Soc.
Jpn.2001, 74, 1333. (r) Long, J.; Hu, J.; Shen, X.; Ji, B.; Ding, K.Am.
Chem. Soc2002 124, 10. (s) Wang, B.; Feng, X.; Huang, Y.; Liu, H.;
Cui, X.; Jiang, Y.J. Org. Chem2002 67, 2175. (1) Kii, S.; Hashimoto,
T.; Maruoka, K.Synlett2002 931. (u) Du, H.; Long, J.; Hu, J.; Li, X.;
Ding, K. Org. Lett.2002 4, 4349. (v) Yamashita, Y.; Saito, S.; Ishitani,
H.; Kobayashi, SJ. Am. Chem. So2003 125 3793.

10.1021/ja043925d CCC: $30.25 © 2005 American Chemical Society

Diels—Alderase antibodies as a result of ingenious approaches
to elicit catalysts that are even able to promote disfavored
reaction pathways preferentially over the other possible reaction
outcomes. More recently, modified RNA fragments have also
been shown to be effective Dieté\lderase catalysts that seem
to operate through Lewis acid-type catalysis, a different
mechanistic mode to catalytic antibodfeSurprisingly, none

of these biopolymer catalysts were generated for hetero Diels
Alder reaction of carbonyl compounds, with the exception of a
polyclonal antibody preparation that was shown to catalyze the
cycloaddition of a carbodiene with ethyl glyoxylate with
moderate rate acceleratiénin this article, we describe a
conceptually novel approach to both enantioenriched dihydro-

(2) Dossetter, A. G.; Jamison, T. F.; Jacobsen, EANgew Chem, Int. Ed.
1999 38, 2398.
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pyranones and tetrahydropyranones based on the use of aldolasécheme 1. Aldolase Antibody Route to Hetero Diels—Alder
| antibody 84G3 or antibody 93F3. These antibodies were raised”dducts

by reactive immunization against a hapten featuring both a j’ j\/\

sulfone and a 1,3-diketone functionalitfhe key step involves R + R

the kinetic resolution of structurally diverse enone-derived aldol Tetrahydropyranones ‘ aldolase | antibody ~ Dihydropyranones
products with aldolase antibody 84G3 or 93F3, followed by the Q abB4GS or ab93F3 Q
cyclization of these various enantioenriched aldol products into /Eutt R + OMe oH o R'= OMe /Eﬁ

one or the other class of hetero Diellder adducts. This e o RWR' e

approach allows easy access to numerous adducts, including enantioenriched B-hydroxyenones

products otherwise derived from the combination of less

nucleophilic dienes with unactivated aldehydes. We present Specifically, we hypothesized that aldolase | antibodies are
herein full details of our studies, including an investigation of potential catalysts for the preparation of HDA adducts of
the scope and limitation of the aldolase | antibody route to carbonyl compounds, according to a stepwise pathway where
various enantioenriched aldol products derived from enones andan antibody-mediated aldol kinetic resolution will deliver
a discussion of how the ring-closure process controls the degreeenantioenriched aldol products and a ring closure on the
of oxidation of the cyclized product, leading either to enantio- S-carbon of the hydroxyenone would complete the cyclo-
enriched tetrahydropyranones or dihydropyranones. condensation. This hypothesis is based on the mechanistic
similarities between the first step of a stepwise hetero Biels
Alder reaction of carbonyl compounds and an aldolization
process. In this strategy, the presence of a leaving group such

Results and Discussion
Two mechanistic pathways can operate for Lewis acid-

mediatgd hetero DietsAlder reactions of Danishefsky-type ¢ the methoxy group on the2spydridized carbon positioned
carbodienes with carbonyl compourfd$hese two pathways g4 the carbonyl in the aldol products will lead upon cyclization
are a concerted nonsynchronous mechanism by analogy withy, the corresponding dihydropyranones. In the absence of this

the catalyzed all-carbon Dietslder reaction or the formation 4145 the enantioenriched tetrahydropyranones will be obtained
of a Mukaiyama-aldol intermediate, followed by an intra- j,stead (Scheme 1).

molecular Michael-type addition. To a great extent, the mech- . . .
. . . Preparation of Enantioenriched f-Hydroxyenones.To test
anism that operates is a function of the catalyst and solvent , . . . . .
system along with the structural features of the reactants this hypothesis, we investigated the capacity of aldolase |
"antibodies 84G3 and 93F3 to deliver enantioenriched aldol
roducts derived fromo,S-unsaturated methyl ketones and
p Yy
33. %he?Bi[t))JCAgenﬁsOOtlh2,C 833[2(0% Tgimbg% Md Ro.; DicTI«_er\‘Z;Jr:, T. bJ.; various aldehydes (Table 1). We first undertook preliminary
B K D L A o T e T watangbe,  work on selected synthetic forward aldol reactions in the
:\l?ttg32380334g 13%57- 8(e) Stocking, E. M.; Williams, R. MAngew. Chem.,  presence of these aldolase | antibodies. These experiments
nt. . 2 .
(4) (a) Hilvert, D.; Hill, K. W.; Nared, K. D.; Auditor, M. T. MJ. Am. Chem. revealed that only traces or no aldol products were formed
Soc.1989 111, 9261. (b) Xu, J. A; Deng, Q. L; Chen, J. G.; Houk, K. following extended incubation with the antibo®yVe therefore
N.; Bartek, J.; Hilvert, D.; Wilson, I. ASciencel999 286, 2345. (c) Chen, . . . .
J.; Deng, Q.; Wang, R.; Houk, K. N.; Hilvert, lChemBioChen200Q 1, turned our attention to the antibody-catalyzed kinetic resolution
255. (d) Heine, A.; Stura, E. A.; Yli-Kauhaluoma, J. T.; Gao, C. S.; Deng, -
Q. L.; Beno, B. R.; Houk, K. N.; Janda, K. D.; Wilson, |. &ciencel998 of aldol prOdu.Ct fc) 1a, and W.e found that the tr.eatment of
279 1934. (e) Gouverneur, V. E.; Houk, K. N.; de Pascual-Teresa, B.; aldol (+)-1a with aldolase antibody 84G3 or antibody 93F3
Beno, B.; Janda, K. D.; Lerner, R. Sciencel993 262 204. (f) Braisted, i ; i i g
A C.. Schultz, P. GJ. Am. Chem 04990 112 7430, (g) Romesberg, resulted in the.rapld for.matlon of anisaldehyde. Gratlfylngly,
the retro-aldolization did not go beyond 50% conversion,

(3) (a) Laschat, SAngew. Chem., Int. Ed. Endl996 35, 289. (b) Pohnert,

(9) A mixture of para-nitrobenzaldehyde and a large excess (700 equiv) of

F. E.; Spiller, B.; Schultz, P. GSciencel998 279, 1929.
®) (Tézla)r;g\?vsoTW'NT : ¥5r§56g®n'sB'L£$g' '\(A:‘?"K';,'ﬁ%gsgc"éggéafo% 15‘5’%(,2) auguring an efficient kinetic resolution process (entry 1). Given
Chem. Soc1999 121, 3614. (c) Tarasow, T. M.; Eaton, B. Biopolymers our encouraging results in the resolution of ald&){la, we
1998 48, 29.
(6) Hu, Y. J; Ji, Y. Y. Wu, Y. L; Yang, B. H.; Yeh, MBioorg. Med. Chem. St Out to study the range @thydroxyenones that could be
Lett. 1997, 7, 1601, _ resolved using antibodies 84G3 and 93F3. We focused our study
@) fg)) \é\fg?r?gt’eijt; LF?T."EL’OF;QAE?""Lrgﬁférch'.:;’fbée;fgfgg2,:7. qjllli?rzj on aldol products derived from the combination of seven
ghemhsfoEw%G_%l&bll?%). éc)lﬁhgng, gri; Hof;mggg,?Tl.;l geéggrl, RdA.; representative enones and six aldehydes. In total, 12 racemic
B;Pk;;:éylz’., III aHrei%se’, A Zho-ngr,né.; :cr)?f.m:n, T.;_’ Gra’matikc.J\Sa,) S.; aldols were prepared in one step from the corr_esponding donpr
Bjornestedt, R.; List, B.; Anderson, J.; Stura, E. A.; Wilson, I. A.; Lerner,  enones and acceptor aldehydes. Indeed, the direct aldol reaction
R. A. Sciencel997, 278 2085. (e) Hoffman, T.; Zhong, G.; List, B.; Shabat, bet . Idehvd d lithi lat ful
D.; Anderson, J.; Gramatikova, S.; Lerner, R. A,; Barbas, C. F.JIlAm. €tween various alaenyaes ana lithium enolates was Successiu
l(\DAhe[?- 39%39%1_2/8”3335% n(f)JL_ISLtéE;-érS'Elbgt; g;rgggng, E-: Iﬂmg{- J. for the preparation of all racemic aldols)-1a—I with excellent
Chem. Soc1999 121, 7283. (g) Zhong, ‘D.;.Le.}ner,. R. A. Barbas, C. F., chemical yield$® The racemic aldolsH)-1a—| were then
I Jngew, Chem., Int. Eﬂ?_%?ngl}f%éﬁég‘zEsdfr‘h?vnglc-?; Sun. i subjected to kinetic resolution with antibody 84G3 and/or 93F3
(i) Sinha, S. C.; Sun, J.; Miller, G. P.; Barbas, C. F., lll; Lerner, R. A. in PBS at pH 7.4 and at room temperature. Analysis by high-
?Fgéihﬁg-lé’gg _1Eé}r?§r3-R0)/fhgg§Ba%? ghﬁbaﬁh'ggvb'sé’hgaAT&”ES”' performance liquid chromatography (HPLC) indicated that a
1998 37, 2481. (k) Maggiotti, V.; Resmini, M.; Gouverneur, ¥Angew. reaction is taking place with most aldol products. Conversion
Chem., Int. Ed.2002 41, 1012. (I) Baker-Glenn, C.; Ancliff, R
Gouverneur, VTetrahedron2004 60, 7607.
(8) (a) Danishefsky, S. J.; Larson, E.; Askin, D.; Kato, NAm. Chem. Soc.
1985 107, 1246. (b) Roberson, M.; Jepsen, A. S.; Jorgensen, K. A.
Tetrahedron2001, 57, 907. (c) Corey, E. J.; Cywin, C. L.; Roper, T. D.
Tetrahedron Lett1992 33, 6907. (d) Schaus, S. E.; Brénalt, J.; Jacobsen,
E. N. J. Org. Chem1998 63, 403. (e) Mujica, M. T.; Afonso, M. M.;
Galindo, A.; Palenzuela, J. Aletrahedron1996 52, 2167. (f) Ghosh, A.
K.; Mathivanan, P.; Cappiello, J.; Krishnan, Ketrahedron: Asymmetry
1996 7, 2165. (g) Qian, C.; Wang, LTetrahedron Lett200Q 41, 2203.
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MVK, penten-3-one, or 4-methylbutanone was incubated in the presence
of 10 mol % of ab38C2 or ab84G3. No trace of the desired aldol product
was observed by HPLC upon extended reaction time when MVK or penten-
3-one were used as donors. Only traces of aldol product could be detected
for the reaction ofpara-nitrobenzaldehyde with 4-methylbutanone in the
presence of ab84G3.

(10) See Supporting Information for full experimental details.
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Table 1. [-Hydroxyenones Obtained via Kinetic Resolution with 84G3 or 93F3

: Time Absolute
Entry Product Antibody Conversion® ee(%)P configurations

84G3 0.25 h, 51% 99
1 /@/’\/N\/\ 1a 93F3 1.25h, 51% 98 9
Meo 9 G 12 h, 50%
84G3 , 50% 40
2 7 93F3 12 h, 50% . (s
1b
MeO

OH O
0/.C . -
. P 84G3 77 h, 50%
OH Te
MeO o
4 = 84G3 168 h, 0% - -
9
1d
MeO OH O
P 84G3 21 h, 50% 99
5 N7 93F3 21 h, 50% 99 5
(@) 1e
MeO
oH o 84G3 44 h, 47% 74 A
6 A 1f 93F3 44 h, 49% 75

o 84G3  42h, 34% 73 -
7 Ph .19 93F3 42h, 46% 72

OH O
84G3 1h, 55% 99
° O/WJ\)\ h gaFs  1h 51% 98 @
MeO

OH o
1i 84G3 1h, 60% 974 0]
Z 93F3 1h, 57% -
9
MeO OH o
_~_ 1 84G3 06 49% 99 o)
10 A 93F3 0.6h, 55% 99
MeO OH O
P 84G3 40h, 94% 0° -
X OMe
11
MeO OH O Tk

84G3  12h, 97% of
N = 93F3 12h, 98% -
12 1l -
MeO

210 mol % antibody, room temperature, PBS/MeCN 9/1, pH 74mol % antibody, room temperature, pH 7.4, all ee measured at about 50% conversion.
€20 mol % antibody for this experimerftl mol % ab 84G3, PBS/toluene, room temperat@ee measured at 60% conversibae measured at 75%
conversion.

slowed considerably at approximately 50% for most aldol of the molecule originally derived from the acceptor, although
products, suggesting that these reactions were highly enantio-faster conversions were observed for aldols derived from the
selective (entries 210), but went far beyond 50% for aldol less electrophilic aldehydes as expected for a retro-aldolization
productslk andll (entries 11 and 12). It should be noted that, process.

upon incubation of these two substraték and 1l with To ensure that catalysis proceeded as anticipated and to probe
antibodies 84G3 or 93F3, no aldehyde that should have resultedthe synthetic scope of these reactions, the unconverted aldol
from a retro-aldol reaction or other products such as the targetproducts were recovered at approximately 50% conversion and
cyclized adducts were observed in the antibody crude mixture. studied using chiral phase HPLC. Comparison of the HPLC trace
The data also suggested that the antibodies do not accept aldobf the recovered aldol products with those of racemic standards
products derived from,S-unsaturated ketones possessing long indicated that the catalyst was highly enantioselective for most
chain substituentg} to the carbonyl group (entry 4). The substrates, allowing the recovery of tH®{or (9-aldols with
presence of an ethyl or a propyl group in place of a methyl ee values ranging from 40 to 99%. For substiHteecovered
group on that position slowed the antibody-catalyzed retro- with an enantiomeric excess of only 40%, a control experiment
aldolization considerably (entries—B), and no reaction was revealed that this apparent lack of efficiency was not due to
observed with the aldokf)-1d (entry 4). The aldol products  the inability of the antibody to discriminate between the two
derived from 4-methylbutenone were all accepted by antibodies enantiomers but was the result of partial racemization of the
84G3 and 93F3 (entriesB). These experiments revealed that substrate upon the extended reaction time required to reach 50%
84G3 and 93F3 tolerated more structural variations for the part conversion. For substrates not prone to racemize under the

J. AM. CHEM. SOC. = VOL. 127, NO. 5, 2005 1483
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Scheme 2. Cross-Metathesis of f-Hydroxyenone la with Dodecene

HO O HO O _
_— 3 eq. dodecene _— CI]/
10mol % Ru-catalyst 3 9 o =
MeO (5)-1291% ee (S)-1d 90% ee |

DCM, reflux MeO
85% yield 3 PO

Table 2. Kinetic Parameters for Selected Retro-Aldol Reactions

reaction conditions, the lower ee values were obtained for aldol

products derived from nonconjugated aldehydes. In contrast, Substrates AD Kea (min~) Kn (M)
excellent levels of enantiocontrol were observed for aldol (+)-1a 84G3 0.45 46
products derived from various conjugated aldehydes. We also ~ (+)-12 93F3 0.40 51

()-1b 84G3 0.03 116
found that the aldol productsk and 1l recovered at 60 and (+)-1g 84G3 0.006 352
75% conversion, respectively, were racemic mixtures, suggesting  (+)-1h 84G3 2.7 59
that these antibody-mediated reactions were nonspecific. For  (£)-1h 93F3 41 66

(£)-1 84G3 2.2 40

these two substrates, we suggest that a Michael addition
involving a reactive nucleophilic residue of the antibody
competes with the desired retro-aldolization process. Indeed
observation that the aldol compoundl possessing the more X -
exposed Michael-type acceptor could not be kinetically resolved 1d @lso suggests that capping the double bond@ivith a
supports this argument. For compoutid we hypothesize that methyl group does not. prgvent its reaction Wth dodecene: This
a Michael-type addition process followed by elimination of sequential retr'o-aldoI|zat|on/cross-metathe5|s process is ex-
methanol also led to a covalently modified antibody, suggesting {fémely versatile and allows numerous structural variations,
that this substrate acted as an irreversible inhibitor for antibody &Wing the preparation of various enantioenriched aldol
84G3 and 93F3. Control experiments supported this hypothesisprOdUCt?' that could be regarded as valuable precursors for the
as the presence of aldol compounts or 1l inhibited the ~ SYnthesis of many natural product targets.

antibody-catalyzed retro-aldolization of compoung){La. Kinetic Data. To gain more.detaile.d ipformaFion on the
To assign the absolute configurations of the recovered aldol antibody-catalyzed transformations, kinetic studies were per-

products, the enantiopure produtfs 1h, and1j were synthe- formed at room temperature on selected substrates (Table 2).

sized by independent chemical asymmetric syntheses based OIl]:or these reactions, the background retro-aldolization reaction
the use of Evans-type chiral oxazolidin€<ompoundlLg was was uqdetgctable even after an extended peric_)d of time.
prepared enantiopure from the corresponding hydroxyesterDet.erm'nat'on Ofkeatkuncar Was .therefore. not possﬂqle. The

obtained by Baker's yeast reduction of the ketoe¥teFhe antibody-catalyzed transformations leading to enantioenriched

absolute configurations of all other compounds were assignedaIdOI compoul_wds fOHO_W MichaeksMenten kmepcs with some
by analogy. of these reactions rapidly catalyzed by the antibody as reflected

The data summarized in Table 1 demonstrated that the\évf'ftizi:;aé Vs&ﬁﬁswl;l?cktlothtlalr;gré:nﬁ zz%g; I:ng?p lc(jaerzi\’/etge
aldolase type | antibodies 84G3 and 93F3 were able to y P J

kinetically resolve varioug-hydroxyenones but cannot mediate from 4-methoxycinnamaldehyde are processed by antibodies
their cycl%zation y y 84G3 and 93F3 is remarkable, a highly desirable feature since

Expanding the Repertoire of EnantioenrichedB-Hydroxy- both the allylic alcohol and the enone may be used for further

B ic aldol products derived f I hai functional manipulation. The antibody-catalyzed retro-aldol
enonesbecause racemic aldol products derived Irom fong chain o 5 s were inhibited by the addition of an equimolar amount

enones are not _acc_ep_ted_ by antibodies 84G3 or 93F3, the nee%f 2,4-pentadione as expected for a covalent catalytic mechanism
to overcome this limitation became apparent and led us to involving the reactive amine programmed in ab84G3 and

examine differeqt possibilities to fino! a general solution to this 59323 The rate constants suggest that the best rate accelera-
problem. We discovered .that subjecting the aldol .plroduct tions are obtained for aldol products derived from the less
(9-1ato a cross-metathesis react_}é)m_vas th? most efficient reactive aldehydes. These kinetic data suggest that this bio-
way to elongate the alkenyl chain in a single-step process organic approach will be the most efficient for the preparation

V\gthhout eglm?/(;zauor:j c;r cl)(tflt;r unde|S|tr_abIe fs'dlg Ireact(ljon? of adducts derived from unactivated aldehydes that are more
(Scheme 2). yve undertoo € resolution of aldol proGuct eyt to obtain using metal-catalyzed hetero Dieklder
(+)-1a, and this procedure allowed us to prepare a sample of reactions

e”a”“‘foe nr|f:hed8)-1aW|th an ee of 91% as ver|f|gd by Ch'@l Cyclization into Tetrahydropyranones. The enantioenriched
HPLC.®This cqmpound$}-1awas used as a starting material aldol products1f—h obtained by kinetic resolution in the
for_the pre_paratlon of aldol produtd that could not be res_olvgd presence of antibody 84G3 or 93F3 were subsequently converted
using antibody 8463.°r 93F3. Upon cross-metatheOS|s with 3 into the corresponding tetrahydropyranones (Table 3). A major
equiv of dodecene n the presence of 10 mol A’.Of the concern for the cyclization step is the potential sensitivity of
Ry-cata(ljyst% the deswe(: aldol producg1d was 9bta'f‘ed. the aldol productslf—h to elimination or epimerization.
with 85% yield and 90% ee. No detectable epimerization Common reagents such as TFA or Amberlyst-15 failed to afford
the cyclized compound or led to full or partial racemization.

(11) For recent reviews on cross-metathesis, see: (a) Connon, S. J.; Blechert, . . X
S.Angew. Chem., Int. EQ003 42, 1900. (b) Chatterjee, A. K.; Morgan,  Direct cyclization of the recovered aldol produci®)-(Lf and

(£)-1j 93F3 3.2 37

"therefore occurred upon metathesis. The formation of compound

J. P.; Scholl, M.; Grubbs, R. Hl. Am. Chem. So@00Q 122, 3783. (c _ B f
Chatterjee, A. K.; Choi, T.-L.; Sanders, D. P.; Grubbs, RIHAm. Chénz. (R-1g was gccompllshed . successfu_lly in the presence of
Soc.2003 125 11360. TMSOTf andiPrNEt, affording the desired HDA adductR)¢

1484 J. AM. CHEM. SOC. = VOL. 127, NO. 5, 2005
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Table 3. Cyclization of Enantioenriched Aldol Products into Tetrahydropyranones
(0]

w aorb
R! Z conversion > 95% .-
Ry ©

1

Conditions: (a) TMSOTf, Pr,NEt, DCM; (b) H,,
RhCI(PPhg); in toluene then TMSOTT, iPr,NEt, DCM

aldol ee (%) conditions product ee (%)
(R)-1f Ry = CH,Ph({-OMe) 83 a (R)-2f Ry = CH,Ph(p-OMe) 83
(R)-1g Ry = CH,CH,Ph 72 a R)-2g R; = CH,CH,Ph 72
(9-1h Ry = CH=CHPh{-OMe) >99 b R)-2h Ry = CH;CH,Ph({p-OMe) >99

Table 4. Ring Closure of (+)-1a in Different Solvent Systems

o}
OH O oxidative ring closure
Z I
Pd(ll) catalyst, O,, CuCl o
MeO (#1a
MeO (+)-2a
entry solvent reoxidant (mol %) additive TI°C th Pd cat (mol %) conv. %? (yield %)
1 DME CuCl (10) NaHPO, 50 20 PdCi (10) 100(50)
2 PBS CuCl (10) - 50 21.5 PdCi(10) 50
3 DMF/PBS (1/1) CucCl (10) - 50 17 PdCl (10) 50
4 DMF/PBS (1/9) CuCl (10) - 50 215 PdCl(10) 100
5 toluene/PBS (1/1) CucCl (18) - 50 18.5 PdCI(10) 65
6 toluene/PBS (1/1) CuCl (20) - 50 72 PdCl (10) 100(68)
7 toluene/HO (1/1) CuCl (20) - 50 21.5 PdCJ(10) 83

aConsumption of starting material B4 NMR; 10 mol % only. PBS= phosphate-buffered saline pH 7.4.

2f and R)-2g with enantiomeric excesses of 72 and 83%, racemization. To avoid, if at all possible, the isolation of the
respectively, suggesting that no racemization had occurred undeantibody-resolved aldol products before the cyclization, we
these conditions. However, the direct cyclization was not feasible adapted our original procedure using){laas model compound
for substrate$)-1h because a competitive elimination occurred (Table 4). We discovered that the oxidative cyclization of aldol
instead. For this substrate, a two-step sequence involving(+)-laproceeded using PBS as the reaction solvent, albeit more
chemoselective hydrogenation of the allylic alcohol, followed slowly, auguring the possibility to establish a one-pot antibody/
by cyclization, afforded the hetero Diet&\lder adduct R)-2h PdCL process to access the desired enantioenriched dihydro-
with an enantiomeric excess greater than 99%. pyranones directly from the racemic aldol precursors (entry 2).
Cyclization into Dihydropyranones. The major issue cloud-  We therefore investigated the compatibility of this reaction with
ing our initial strategy to access dihydropyranones in addition various solvent systems, including solvent mixtures that could
to tetrahydropyranones was the inability of antibodies 84G3 and possibly tolerate the simultaneous presence of the two catalysts.
93F3 to kinetically resolve aldol products derived from 4-meth- This study revealed that the reaction is best performed in a
oxybutenone. This limitation suggested the need to develop anmixture of DMF/PBS (1/9) (entry 4) or a biphasic mixture of
alternative procedure for the ring-closure process if one wantstoluene/PBS (1/1) (entry 6). Under biphasic conditions, the
to broaden the scope of this antibody route for the preparation reaction is slower and requires up to 20 mol % CuCl and 20
of enantioenriched dihydropyranones. To restore the oxidation mol % PdC} as well as extended reaction time to reach
state of the sphybridized carbon positionefl to the ketone completion. We were pleased to find that under these modified
group, we reasoned that an oxidative ring closure can be usedconditions, no racemization was observed if the starting aldol
as an alternative to the intramolecular Michael-type addition product is enantioenriched. For the biphasic solvent system, the
reaction described above. We have recently reported that ause of PBS in place of water is advantageous as reflected by
palladium(ll)-mediated oxidative cyclization was effective for the higher conversion into the desired adduct (entries 6 and 7).
the preparation of structurally diverse 2,3-dihydtd-gyran- As an attempt to implement a one-pot retroaldolization/
4-ones from the correspondingthydroxyenoned? The best cyclization process, we studied the compatibility of the antibody
results were obtained using palladium(ll) chloride/copper(l) with palladium dichloride. As matters transpired, it became
chloride/oxygen in DME, which are the reaction conditions apparent that although the antibody tolerated well the presence
traditionally applied for a Wacker-type oxidation. Under these of PdCL for the kinetic resolution process, the palladium-
conditions, a series gf-hydroxyenones were converted into mediated oxidative cyclization did not proceed in the presence
the corresponding dihydropyranones with good yields. The use of the proteint? Inspired by the antibody-route to multigram
of enantiopure aldol precursors also allowed the preparation of . —
the corresponding dihydropyranones without any detectable (13) g}?ra?]“gfgg{ai’éa?";’r'fﬁgggy?as”g‘g'gg“g(g)g%‘fa't{éegL‘J"égg':ﬁ;geﬁﬁgmggg"gﬂ

Finn, M. G.; Lerner, R. A,; Barbas, C. F., [Ill. Am. Chem. Sod.998
(12) Reiter, M.; Ropp, S.; Gouverneur, Q@rg. Lett 2004 6, 91. 120, 2963.
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Scheme 3. Direct Conversion of (+)-1a into Enantiopure compounds. This strategy represents the first aldolase | antibody
Dihydropyranone (S5)-2a route to enantioenriched HDA adducts of carbonyl compounds
via a stepwise pathway with an aldol product as the key
OH O 1.1 mol % ab84G3 in PBS/toluene d intermediate. The substrate limitation resulting from the inability
o] of antibodies 84G3 and 93F3 to kinetically resolve racemic aldol

/Q)\M (50% conversion) R
o . . .
MeO (©)-1a 2 Pcﬁ'g,ﬁ:&;gg,’s‘r’o © Meo/© (S)-2a products derived from long chain enones was solved using a

(0]

(100% conversion) cross-metathesis reaction with the appropriate olefinic partner.
97% ee . . o .
A remarkable feature of this approach is that it is particularly
scale preparation of other enantioenriched aldol proddets, efficient for the preparation of adducts otherwise derived from

finally opted for a biphasic PBS/toluene or PBS/chlorobenzene |ess activated dienes and dienophiles for which only limited
system using the following procedure. In a typical reaction, a successes were obtained using the more traditional metal-
solution of the antibody in PBS was added to a solution of the catalyzed hetero DietsAlder reaction. Another key feature of
racemic aldol in either toluene or chlorobenzene. The mixture this antibody approach is the possibility to access both tetra-
was shaken, and when the desired ee was reached as monitoregydropyranones and a representative dihydropyranone. This was
by HPLC, the reaction mixture was cooled, allowing separation achieved by modifying the reaction conditions for the ring-
of the organic layer containing the enantioenriched aldol product closure process. Applications of this route to hetero Bidlsler

from the frozen aqueous antibody solution. To the organic layer adducts for the synthesis of natural products are now in progress.
was then added PBS, PdChand CuCl, and the reaction was ) )

heated at 50C and left stirring until complete conversion of ~_ Acknowledgment. This study was supported in part by the
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tive conversion of the enantioenriched aldol product into the

desired dihydropyranon&2awith no detectable epimerization  tion (PDF) including procedures, spectroscopic data for all new

(Scheme 3). compounds, full description of independent asymmetric syn-
Conclusions theses for absolute configuration assignment including X-ray

In summary, we have developed a bioorganic approach for data, antibody screening, procedure for the determination of

the preparation of hetero DietdAlder adducts of carbonyl enantiomeric excesses, and detailed antibody kinetics. This
material is available free of charge via the Internet at
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