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Abstract: A highly enantio- and diastereoselective intramolecular Stetter reaction has been developed.
Subjection of a,a-disubstituted Michael acceptors to an asymmetric intramolecular Stetter reaction results
in a highly enantioselective conjugate addition and a diastereoselective proton transfer. Available evidence
suggests the diastereoselective protonation occurs via intramolecular delivery to the sterically more hindered
face of the enolate. The scope of the trisubstituted Michael acceptors has been examined and found to be
broad with respect to the size of the a-substituent and nature of the Michael acceptor. Aliphatic and aromatic
aldehydes were examined and found to afford the desired product in good overall yield with high enantio-
and diastereoselectivity.

Introduction the catalyst, offers an alternative approach to the well-established

Umpolung reactivity of functional groups is a powerful —Cconjugate addition reaction manifold.
method for reversing the normal mode of reactivity and has ~ Over the last 30 years the asymmetric conjugate addition of
been widely employed by organic chemisfraditional meth- ~ nucleophiles tax,S-unsaturated carbonyl compounds has played
ods for the conversion of a|dehydes into Umpo]ung reagents an important role in the deVE'Opment of asymmetriC reactions.
involve the use of dithianes or protected cyanohydrin derivatives. More recently, the tandem reaction resulting from the conjugate
However, these methods are stoichiometric and often requireaddition of a nucleophile into a Michael acceptor followed by
strong bases to generate the acyl anion equivalent. Recentrapping of the anionic intermediate with an electrophile forming
advances in the catalyzed Umpolung reactivity of carbonyls by two contiguous stereocenters has been realized. A variety of
cyanide anion, heteroazolium carbenes, or metallophosphitescompatible electrophiles have been demonstrated, including
illustrate the synthetic capability of polarity reversal as a aldehyde$Pdketones, esters and nitrilés Pd—z-allyls 52
nontraditional approach to carbesarbon bond constructich. ~ halides and tosylaté," oxocarbenium ion&) and less fre-
Two examples of catalytic Umpolung reactivity that have seen quently, a proton sourc®l Useful catalytic examples, forming
substantial advances with respect to the generality of reactiontwo contiguous stereocenters in good levels of enantio- and
partners and catalyst employed are the berizaird Stetter diastereoselectivity, include the asymmetric 1,4-addition of
reactions. The Stetter reaction, where a Michael acceptor trapsOrganozinc reagents catalyzed by chiral copper complees

the acyl-anion equivalent generated by nucleophilic attack of of organoboronic acids and derivatives catalyzed by chiral
rhodium complexe$.Stoichiometric methods include the use

(1) (a) Seebach, DAngew. Chem., Int. Ed. Endl979 18, 239-258. (b) Eisch,
J.J. Organomet. Chenl995 500, 101-115.

(2) For reviews, see: (a) Enders, D.; BalensieferAtc. Chem. Re2004 (5) (a) Tomioka, K.; Nagaoka, Y. IComprehensie Asymmetric Catalysis
37, 534-541. (b) Johnson, J. &ngew. Chem., Int. EQ004 43, 1326~ Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 1999;
1328. (c) Pohl, M.; Lingen, B.; Mier, M. Chem. Eur. J2002 8, 5288— Vol. 3, Chapter 31.1. (b) Yamaguchi, M. @omprehensie Asymmetric
5295. Catalysis Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin,

(3) (a) Sheehan, J. C.; Hara,J.Org. Chem1974 39, 1196-1199. (b) Enders, 1999; Vol. 3, Chapter 31.2. (c) Sibi, M. P.; Manyem Tetrahedror200Q
D.; Kallfass, U.Angew. Chem., Int. EQ002 41, 1743-1745 and references 56,8033-8061 and references therein. (d) Alexakis, A.; BenhainE@.
therin. (c) Dinkelmann, P.; Kolter-Jung, D.; Nitsche, A.; Demir, A. S.; J. Org. Chem2002 3221-3236.
Siegert, P.; Lingen, B.; Baumann, M.; Pohl, M.;"N&w, M. J. Am. Chem. (6) For examples of copper-catalyzed 1,4-addition-aldol reactions, see: (a)
Soc.2002 124, 12084-12085. (d) Hachisu, Y.; Bode, J. W.; Suzuki, K. Kitamura, M.; Miki, T.; Nakano, K.; Noyori, RTetrahedron Lett1996
Am. Chem. Soc2003 125 8432-8433. For examples of the benzoin 37, 5141-5144. (b) Feringa, B. L.; Pineschi, M.; Arnold, L. A.; Imbos,
reaction with acyl silanes see: (e) Linghu, X.; Johnson, Angew. Chem., R.; de Vries, H. M. A.Angew. Chem., Int. Ed. Engl997, 36, 2620~
Int. Ed. 2003 42, 2534-2536. (f) Linghu, X.; Potnick, J. R.; Johnson, J. 2623. (c) Naasz, R.; Arnold, L. A.; Pineschi, M.; Keller, E.; Feringa, B. L.
S.J. Am. Chem. SoQ004 126,3070-3071. J. Am. Chem. S0d.999 121, 1104-1105. (d) Arnold, L. A,; Naasz, R,;

(4) (a) Stetter, H.; Kuhimann, H. I®rganic ReactionsPaquette, L. A., Ed.; Minnaard, A. J.; Feringa, B. L1. Am. Chem. So2001, 123 5841-5842.
Wiley: New York, 1991; Vol. 40, pp 407496. (b) Enders, D.; Breuer, For an example of a halide and tosylate trap, see: (e) Mizutani, H.; Degrado,
K.; Runsink, J.; Teles, J. Hdelv. Chim. Actal996 79, 1899-1902. (c) S. J.; Hoveyda, A. HJ. Am. Chem. So@002 124, 779-781. (f) Degrado,
Kerr, M. S.; Read de Alaniz, J.; Rovis, J. Am. Chem. SoQ002 124, S. J.; Mizutani, H.; Hoveyda, A. Hl. Am. Chem. So@001, 124, 755~
10298-10299. (d) Kerr, M. S.; Rovis, TSynlett2003 1934-1936. (e) 756. For examples of a ketone, ester, and nitrile trap, see: (g) Agapiou,
Kerr, M. S.; Rovis, TJ. Am. Chem. So2004 126, 8876-8877. (f) Pesch, K.; Cauble, D. F.; Krische, M. JJ. Am. Chem. SoQ004 126, 4528-
J.; Harms, K.; Bach, TEur. J. Org. Chem2004 2025-2035. (g) Mennen, 4529. For an example of oxocarbenium trap, see: (h) Alexakis, A.; Trevitt,
S.; Blank, J.; Tran-Dube, M. B.; Imbriglio, J. E.; Miller, S. Chem. G. P.; Bernardinelli, GJ. Am. Chem. So001, 123 4358-4359. For an
Commun2005 195-197. For examples of the Stetter reaction with acyl example of a proton trap, see: (i) Degrado, S.; Mizutani, H.; Hoveyda, A.
silanes, see: (h) Mattson, A. E.; Bharadwaj, A. R.; Scheidt, KJ.AAm. H. J. Am. Chem. So002, 124, 13362-13363. (j) Augustin, M.; Palais,
Chem. Soc2004 126, 2314-2315. L.; Alexakis, A. Angew. Chem., Int. E®005 44, 1376-1378.
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of chiral auxiliaries? chiral nucleophile$,and chiral radical
sources? However, the majority of these examples are confined
to cyclic Michael acceptors, in which the double bond is part

of the ring. In these cases, the constraints imposed by the ring
system govern the diastereoselective trapping reaction, where

Scheme 1. Proposed Mechanistic Cycle

—_—

the electrophile approaches from the less hindered face. Exten-

sion of such protocols to include acyclic enones is limited, in
part due to the lack of diastereocontrol resulting from the freely
rotating acyclic system. The concerted addition of hydroxyl-

amine to electron-deficient alkenes is one elegant approach that

addresses this problethDespite the previous example, there

are few protocols that are able to control the absolute and relative
stereochemistry of both new stereocenters in acyclic systems,

with only two catalytic examples. Hoveyda and co-workers
reported the Cu-catalyzed asymmetric conjugate addition of
alkylzinc reagents to acyclic aliphatic enor¥é$hey observed
excellent diastereoselectivity when an intramolecular trap was
used to generate cyclic products; however, the use of benzyl
bromide as the electrophilic trap for the zinc-enolate resulted
in poor diastereoselectivity (3.2:1). The most general catalytic
protocol was recently reported by Sibi and co-workers, who
found that a variety of alkyl radicals add tqS-disubstituted
imide substrates in the presence of a chiral Lewis acid, followed
by a diastereoselective hydrogen atom trankfer.

When a Michael acceptor bearing a single substituent alpha
to the electron-withdrawing group is employed, an enantio-
selective protonation event may result in the controtedte-
reocenters. Recently, tandem 1,4-addition/enantioselective pro-
tonation catalyzed by rhodium complexes has been repéited.
In a related process, the radical conjugate addition-toeth-
ylacrylates andx-methylacrylamides followed by an enantio-
selective hydrogen atom transfer has been devel&ped.

In the above examples it is believed that the diastereoselective

transfer event is governed by the newly fornfedtereocenter,
where the electrophile approaches from the less hindered face
of the enolate. Zimmermahand Fleming®@ have conducted
extensive studies involving the addition of a variety of elec-

(7) For examples of Rh-catalyzed 1,4-addition-aldol reaction, see: (a) Taylor,

S. J.; Duffey, M. O.; Morken, J. Rl. Am. Chem. So@00Q 122, 4528—

4529. (b) Yoshida, K.; Ogasawara, M.; Hayashi,JT.Am. Chem. Soc.

2002 124, 10984-10985. (c) Cauble, D. F.; Gipson, J. D.; Krische, M. J.

J. Am. Chem. So@003 125 1110-1111 and references therein.

For selective examples of 1,4-addition/tandem reactions with chiral

auxiliaries, see: (a) Chernaga, A. N.; Davies, S. G.; Lewis, C. N.; Todd,

R. S.J. Chem. Soc., Perkin Trans.1999 3603-3608. (b) Miller, D. B.;

Raychaudhuri, S. R.; Avasthi, K.; Lal, K.; Levison, B.; Salomon, RJG.

Org. Chem.199Q 55, 3164-3175.

For selective examples of conjugate addition/tandem reactions of chiral

nucleophiles, see: (a) Hanessian, S.; Gomtsyan, A.; Malekl. Ndrg.

Chem.200Q 65, 5623-5631. (b) Enders, D.; i&juez, J.; Raabe, &ur.

J. Org. Chem200Q 893-901.

(10) For example of tandem radical reactions, see: Sibi, M. P.; Ché@nAin.
Chem. So0c2001, 123 9472-9473.

(11) For examples of concerted conjugate addition to Michael acceptors, see:
(a) Niu, D.; Zhao, KJ. Am. Chem. S0d.999 121, 2456-2459. (b) Sibi,
M. P.; Liu, M. Org. Lett.200Q 21, 3393-3396. (c) Sibi, M. P.; Prabagaran,
N.; Ghorpade, S. G.; Jasperse, CJPAm. Chem. So2003 125 11796~
11797.

(12) Sibi, M. P.; Petrovic, G.; Zimmerman, J. Am. Chem. So@005 127,
2390-2391.

(13) (a) Reetz, M. T.; Moulin, D.; Gosberg, Arg. Lett. 2001, 25, 4083-
4085. (b) Navarre, L.; Darses, S.; Genet, JARgew. Chem., Int. EQ004
43, 719-723. (c) Moss, R. J.; Wadsworth, K. J.; Chapman, C. J.; Frost, C.
G. Chem. CommurR004 1984-1985. (d) For a related enantioselective
hydrophosphination of methacrylonitrile, see: Sadow, A. D.; Haller, |.;
Fadini, L.; Togni, A.J. Am. Chem. So@004 126, 14704-14705.

(14) (a) Giese, B.; Hoffmann, U.; Roth, M.; Velt, A.; Wyss, C.; Zehnder, M;
Zipse, H.Tetrahedron Lett1993 34, 2445-2448. (b) Taber, D. F.; Gorski,
G. J.; Liable-Sands, L. M.; Rheingold, A. DTetrahedron Lett1997, 38,
6317-6318. (c) Sibi, M. P.; Asano, Y.; Sausker, J.Aigew. Chem., Int.
Ed. 2001, 40, 1293-1296 and references therein. (d) Sibi, M. P.; Sausker,
J. P.J. Am. Chem. So®002 124, 984-991.
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trophiles to carborcarbon double bonds adjacent to a stereo-
genic center, where the electrophile approaches from the less
hindered face, according to the general model (eq 1).
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Recent work from our laboratory has shown that chiral
triazolinylidene carbenes are competent catalysts for the asym-
metric intramolecular Stetter reaction with,S-unsaturated
esters, ketones, and nitrilé&! In addition, we have demon-
strated the use of chiral triazolinylidene carbenes for the
formation of quaternary stereocenters starting véifi-disub-
stituted Michael acceptof§.We report herein that subjection
of a,o-disubstituted Michael acceptors to an asymmetric in-
tramolecular Stetter reaction results in a highly enantioselective

conjugate addition and a diastereoselective intramolecular proton
transfer.

A thorough study of the mechanism of the Stetter reaction
has not, to our knowledge, been conducted. In its absence, the
most reasonable mechanism, Scheme 1, is an adaptation of the
related, and much better studied, benzoin reaction.

According to the proposed mechanism, intermedlateuld
result from nucleophilic attack of the carbene into the aldehyde.
Subsequent proton transfer would afford acyl-anion equivalent
2. Carbon-carbon bond formation results from nucleophilic
attack of acyl-anion equivaler2 into a Michael acceptor,

(15) (a) Zimmerman, H. EAcc. Chem. Re4987, 20, 263—268. (b) Zimmerman,
H. E.; Wang, POrg. Lett.2002 15, 2593-2595. For an intramolecular
proton transfer, see: (c) Berrada, S.; MetznefT&rahedron Lett1987,
28, 409-412.
(16) (a) Fleming, I.; Lewis, J. d. Chem. Soc., Perkin Trans.1D92 3257
3266 and references therein. For related examples that study the approach
of electrophiles on carbercarbon double bond adjacent to a stereogenic
center, see: (b) Paddon-Row, M. N.; Rondan, N. G.; Houk, KJ.NAm.
Chem. Soc1982 104, 7162-7166. (c) Yamamoto, Y.; Maruyama, K.
Chem. Soc., Perkin Trans.1B84 904-905. (d) Kawasaki, H.; Tomioka,
K.; Koga, K. Tetrahedron Lett1985 26, 3031-3034. (e) Mohrig, J. R.;
Rosenberg, R. E.; Apostol, J. W.; Bastienaansen, M.; Evans, J. W.; Franklin,
S. J.; Frisbie, D. C.; Fu, S. S.; Hamm, M. L.; Hirose, C. B.; Hunstad, D.
A.; James, T. L.; King, R. W.; Larson, C. J.; Latham, H. A.; Owen, D. A,;
Stein, K. A.; Warnet, RJ. Am. Chem. S0d.997, 119, 479-486.
For the mechanism of the thiamine-catalyzed benzoin condensation reaction,
see: (a) Breslow, RI. Am. Chem. So&958 80, 3719-3726. (b) Breslow,
R.; Kim, R. Tetrahedron Lett1994 35, 699-702. (c) White, M.; Leeper,
F. J. Org. Chem.2001 66, 5124-5131. Mechanism of the cyanide-
catalyzed reaction, see: (d) Lapworth, A.Am. Chem. Sod903 83,
995. (e) Linghu, X.; Bausch, C. C.; Johnson, JJ.SAm. Chem. So@005
127, 1833-1840.
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generating enolat8. Enolate protonation followed by catalyst Table 1. Optimization of the Reaction Conditions

turnover generates the desired product. o o& 20 mol % cat. 9y QO

Results and Discussion df\’\"e oluene. 23 °C. 24 1 dﬁ)"'\"e ©)}
Our research on the enantio- and diastereoselective intramo- 10" 1°

lecular Stetter reaction began during investigations involving ¢, ™ s Base  HMDS Yield (%) co(%) dr (%)

the intramolecular Stetter reaction of deuterioaldehyd@/e o

observed a diastereoselective deuteron transfer proceeding with ﬁ\FN\ BE 20mole . gsgg 90 3:1t013:1

3:1 selectivity (eq 2). Following the Stetter reactiorbdfy 2H o 73N\7%‘F’h KHMDS

NMR, we noted the formation of three new deuterium reso-

nances, two of which corresponded to deuteration of the enolate ;\FN\ _ l(ﬁMmgs% 60 3 12:1

after carbor-carbon bond formation as suggested by the Bt 7Nb\.{N‘Ph

proposed mechanism (Scheme 1). The third resonance cor-

responded to the proterdeuteron exchange with the conjugate =N _ _ 88 %0 151

acid of the base, hexamethyldisilazane (HMDS). The experiment 5 N N~ph

was repeated in the absence of HMDS (removed under high "oThe

vacuum)!® and only the two resonances corresponding to 4 Q:N\ _ _ o4 05 301

deuteration at the diastereomedepositions of the Michael ol 4 % P-CFsPh

acceptor were observed. More importantly, this protocol led to
an increase in diastereoselectivity of deuteron transfer from 3:1

Q:N
e \
to 9:1 (eq 2). 5] FMNNer
o o oo 9 — — 80 299 150:1

H
D 20 mol % cat : D
/\/\ toluene = + D-N(SiMe); @ a Enantiomeric excess of the major diasteromer and diastereomeric ratio
COEt , 3°C, 24 o determined by HPLC or GC analysis using a chiral stationary phase.

Table 2. Epimerization of Product by the Reaction Conditions

catalyst diastereoselectivity (a-D
ZKOHHI\I/IOIIDZO _N BF4 \ y 3:1 y (D) o] CO,Et ] CO,Et
N‘Ph N‘Ph 7 91 4. 20 mol % X P
B qp e Y~ “Me
O

R " Me  (4)
toluene, 23 °C, 24 h
Having realized the viability of a diastereoselective deuteron 11 11
transfer, we turned our attention to prochiral trisubstituted ?% f‘io
Michael acceptors. The cyclization afmethyla,f-unsaturated —
ethyl ester10 was chosen as a model substrate for our Entry Base e (%) dr(%)*
investigation. Cyclization 010 under standard reaction condi-
tions of 20 mol % salt and 20 mol % KHMDS in toluene 1
afforded the desired product in good enantioselectivity although

the diastereoselectivity varied from 3:1 to 13:1 (Table 1, entry ;\F
O

ee
dr

N BF4 20 mol % o4 3.1

KHMDS

1). The reaction conducted in the presence of 100 mol % HMDS 2
resulted in 12:1 diastereoselectivity albeit in lower yield (entry

2). To our gratification, the reaction run in the absence of HMDS

resulted in an increase in diastereoselectivity without loss of 3
enantioselectivity (entry 3). Further catalyst optimization re-

vealed an increase in enantio- and diastereoselectivity when

using the slightly more electron-deficient carbe®é® It is Q/ _
important to note at this time that the aminoindanol catefyst b Mok, -99 1301

95 28:1
~p-CF4Ph

¢

also developed in our lab, can be used to afford the opposite
enantiomeric series of the desired product in high enantio- and
diastereoselectivity with slightly lower yields (entry 5), resulting 5 — ZOHI‘\“,[%% 95 20:1
from its somewhat diminished reactivity relative to that8of
For this reason, we chose to develop this methodology, utilizing .
the pyrrolidinone-based cataly8t 6 — ledun. 0 L5
As highlighted in Table 1, the source of variable diastereo-
selectivity in entry 1 is unclear but suggests that there is a factor detef;?#ég?; ﬂcpi)g%fsgg t:ﬁaﬂg{gru(l'lizt‘ggmglzrt'gtgfé:srgg%gc ratio
involved which is not understood. In an effort to elucidate if carbene was subjected 1d (—99% ee, 150:1 dr).
the basic reaction conditions affect the diastereoselectivity, the
enantio- and diastereoenriched prodiittvas subjected to the  of 20 mol % salt and 20 mol % KHMDS epimerized the product
reaction conditions (Table 2). The standard reaction conditions from 30:1 to 3:1 diastereoselectivity without loss of enantiose-
lectivity (entry 1). Subjection of produdtl to 20 mol % carbene

(18) See Experimental Section for generation of the free carbene. ; 0 ;
(19) We have shown that varying the electronic nature of the catalyst can have 71:_’ n the_ abs_enc_e of HMDS or 20 mol A)_ HMDS_ r_eSUIted_m
an affect on reactivity and selectivity; see ref 4c. minor epimerization with no loss of enantioselectivity (entries

6286 J. AM. CHEM. SOC. = VOL. 127, NO. 17, 2005
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2 and 5). On the other hand, subjection of prodittto 20 Table 3. Scope of the Enantio- and Diastereoselective
mol % carben@ or 9, possessing an electron-withdrawing group 'Mtramolecular Stetter Reaction

on the triazolinylidene carbene, resulted in negligible erosion 20 mol %

of diastereoselectivity and no erosion of enantioselectivity g EwG QNNW) OF.Ph R Og EIWG
(entries 3 and 4). The thermodynamic diastereomeric ratio was ﬁ":]\) Z R, Bn g - W ]:5) R ()
determined to be 1.5:1 (entry 6). These results illustrate that . _- ~
varying degrees of epimerization can occur under the basic

reaction conditions, although the free carbene protocol leads to

"
Y

toluene, 23 °C, 24 h <Ny

Entry Substrate Product Yield (%) ee (%)* dr (%)°

minimal epimerization of the resultant prod@&tn addition, I DA

the electronic nature of the chiral triazolinylidene carbenes can ©\) /10 Me i 1';'Me o o5 301

be tuned to reduce the amount of epimerization of the desired o o

product. Utilization of the free carbene affords reproducible high o coft O, COE

enantio- and diastereoselectivity, and therefore all subsequent T ey

reactions were performed utilizing these conditions. 2 d 12 13 9 92 351
With these optimized conditions in hand, a series of prochiral 8 COEt | COt

ZR
of the enantio- and diastereoselective Stetter reaction (Table 3). 3¢ . B

The reaction displays impressive generality with respect to o cog ©5‘jjoza

nature and size of the-substituted Michael acceptors. Moderate |
Yodc
(@)

trisubstituted Michael acceptors were prepared to test the scope d
53 94 12:1
O

steric bulk can be tolerated at the-position of various
o-disubstitutedy,S-unsaturated esters (entriesH). Alkylidene
lactone and cyclopentanone each afford the desired product in 9 COMe COMe
high enantio- and diastereoselectivity (entries7§. Further- ZT N
more, aliphatic aldehydes are also viable substrates, affording 3 d 18 ©f:}j)‘9 %5 8 I
the desired product irr80% yield with good enantio- and
diastereoselectivity (entries-4.0).
Stereochemical Model for Selectivity d

The relative stereochemistry of the newly formed contiguous
stereocenters was assigned as syn on the basis of single-crystal ,O/;:>
analysis forl1 and21.2% This stereochemistry could arise from d Z

a diastereoselective proton transfer event from two possible -

80 84 20:1¢

95 94 10:1

o~ 23 80 95 18:1
enolate rotamers that result from the highly enantioselective
carbon-carbon bond formatior80 or 31 (Scheme 2). It is also o Gove 0y GoMe
conceivable that thet-hydroxy-o-azolium anion adds to the d ZMe ©5‘j) “Me
Michael acceptor in concerted fashion, analogous to the reverse 8 o 24 o 25 8 55 10
Cope elimination mechanism seen with hydroxylamine addi- %o o
tions?2? 74 )9
' ) L. . (e] z B
The latter rotamer is governed by electrostatic interaction = 7
. . 26 H 27 94 99 50:1
between the enolate and the azolium, where protonation from o Pn o0
the less hindered face would result in the observed stereochem- N o N
istry. The former rotamer is in accord with the Zimmerman Oy Z °© : °
model where the electrophile may be expected to approach from 10 28 H 29 80 88 15:1
the less hindered face (eq®¥)%2However, an intermolecular
protonation of30 would afford the minor diastereomer. Zim- a Enantiomeric excess of the major diasteromer and diastereomeric ratio

etermined by HPLC or GC analysis using a chiral stationary phase.
merman has shown that in designed systems a pendant pyr'd”’]é‘Catalyst added in two portions, see Supporting Informatiddiastereo-

delivers a proton to the sterically more hindered face of enolates meric ratio determined byH NMR.
by intramolecular proton transfét.We hypothesize that the
reaction proceeds by the Zimmerman mogdelto afford 32,
via an intramolecular proton transfer. Intramolecular proton
transfer (intermediat8 in Scheme 1) should be faster than a Ph’“\ N
bimolecular protonation event. In addition, rotarB&has severe
A3 strain and requires protonation from another molecule, o R
presumably from intermediatg 2, or 3 (Scheme 1).

Support for the intramolecular proton transfer was gained by
examining isomeric Michael acceptdfsAccording to the
Zimmerman modeBO0 or the electrostatic modé&ll (where the

Scheme 2. Possible Enolate Rotamers

Bn h
/H

electrophlle approaches from the less hindered face in an
intermolecular fashion), the relative diastereoselectivity should
be independent of the olefin geometry of the Michael accéffor.

(20) The exact mode of the epimerization is still under investigation. On the other hand, an intramolecular proton transfer should

(21) See Supporting Information for crystal structure data. ; ; ; ; i

(22) For examples of the reverse Cope elimination mechanism of hydroxylamine result II’_] oppos!te relative dIaStereose_leCtIVIty for tEQE\(S (Z)
additions, see ref 11. trisubstituted Michael acceptor, assuming proton transfer is faster

J. AM. CHEM. SOC. = VOL. 127, NO. 17, 2005 6287
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Scheme 3. Intramolecular Protonation vs Bond Rotation

than bond rotation. Substrat88 and35 were subjected to the
reaction conditions and found to provide complementary dia-
stereoselectivity. TheH)-isomer proved highly enantio- and
diastereoselective, affordir@yt in 42:1 diastereoselectivity (eq
8a), while the Z)-isomer preferentially afforde®6 in 1:6
diastereoselectivity, albeit low enantioselectivity (eq 8b).

o CO,Me (¢] H CO,Me

' coMe 20mol % 8 : COMe
z - > H (8a)

o 33 toluene, 23 °C, 24 h 34

80 % yield, 92 % ee
diastereoselectivity 42:1

COMe O COMe

o H
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Z “COMe — A (8b)
o~ 35 toluene, 23 °C, 24 h O 36
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diastereoselectivity 1:6
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Experimental Section

General Procedure for the Asymmetric Intramolecular Stetter
Reaction. A flame-dried round-bottom flask was charged with triazo-
lium salt (0.2 equiv) and 2 mL of toluene. To this solution was added
KHMDS (0.5 M in toluene, 0.2 equiv) via syringe, and the solution
was stirred at ambient temperature for 5 min. Toluene and HMDS were
removed in vacuo by placement under high vacuum foP%Tluene
(3 mL) was added, followed by a solution of the substrate (1 equiv,
0.12 mmol) in 2 mL of toluene; the resulting solution was allowed to
stir at ambient temperature for 24 h. The reaction was quenched with
15% AcOH/toluene (2 mL), and the resulting solution was purified by
flash column chromatography and eluted with a suitable solution of
hexane and ethyl acetate (typically 6:1). Evaporation of solvent afforded
analytically pure product.

(2S,3'R)-(4-Oxo-chroman-3-yl-2-deuterio)acetic Acid Ethyl Ester
(6). According to the general procedure, 13.0 mg (0.031 mmolj of
and 61.0uL (0.031 mmol) of KHMDS and 35.0 mg (0.148 mmol) of
5 were reacted for 24 h. Workup afforded 31.5 mg (90%) of the desired

The control of the relative diastereoselectivity suggests enolateproduct as colorless oil in 90% ee and 9:1&ir(1:1 hexane to ethyl

protonation must occur prior to bond rotation (Schemé*3).
Intramolecular protonation of enola8® or 31 would result in
the observed diastereoselectivity. Bond rotation of eifiteor

31 would access a common enolate intermediate that would

result in the same relative diastereoselectivity.

Conclusion

acetate)= 0.7; [0]% = +5.27 (CHCl); HPLC analysis: Chiracel
AD column 97:3 hexanes to 2-propanol 0.5 mL/min. Minor enantio-
mer: 22.95 min. Major enantiomer: 32.22 mitj NMR (400 MHz,
CDCl;) ¢ 7.86 (1H, d,J = 7.9 Hz), 7.45 (1H, ddJ = 8.6, 8.6 Hz),
6.99 (1H,ddJ=7.5, 7.5 Hz), 6.94 (1H, d] = 8.3 Hz), 4.57 (1H, dd,
J=5.3,11.1 Hz), 4.27 (1H, dd = 11.6, 11.6 Hz), 4.16 (2H, §l =

7.0 Hz), 3.3 (1H, m), 2.90 (0.2H, dd,= 4.8, 16.9 Hz), 2.38 (1H, m),
1.25 (3H, t,J = 7.0 Hz);*3C NMR (100 MHz, CDC}) 6 192.8, 171.6,

In conclusion, we have demonstrated a highly enantio- and 161.9, 136.2, 127.6, 121.7, 120.7, 118.0, 70.4, 61.2, 42.6, 3Q12<(t,
diastereoselective intramolecular Stetter reaction on a variety20.1 Hz), 14.4; IR (NaCl, CkCl,) 1738, 1694, 1600 crt; HRMS
of trisubstituted Michael acceptors. We are able to control both (FAB*) calcd for GaH13DO4 235.0954, Found 236.1034.
newly formed stereocenters in a relative and absolute sense using (2R,3'S)-(4-Oxo-chroman-3-yl)-propionic Acid Ethyl Ester (11).

catalytic amounts of chiral triazolinylidene carbenes. The initial
carbon-carbon bond formation proceeds in excellent enantio-

selectivity, and available evidence suggests that proton transfer” ; W
r product as a white solid in 95% ee and 30:1Rir(1:1 hexane to ethyl

occurs at the sterically more hindered face in an intramolecula

fashion. The relative diastereoselectivity can be controlled by

According to the general procedure, 13.0 mg (0.031 mmoB ahd
61.0uL (0.031 mmol) of KHMDS and 38.0 mg (0.153 mmol) &0
ere reacted for 24 h. Workup afforded 35.7 mg (94%) of the desired

acetate)= 0.7; [a]*> = +7.85 (CHCls); HPLC analysis: Chiracel
OB-H column 97:3 hexanes to 2-propanol 0.3 mL/min. Minor enan-

the olefir] geometry of thg Michael 'aCC.eptOr, and varying the o0 98 1 min. Major enantiomer: 54.9 min. GC analysis: CP Wax
electronic nature of the chiral triazolinylidene carbene can lead 52cB column 130°C at 3 mL/min. Minor diastereomer: 16.7 min,

to increased enantio- and diastereoselectivity.

(23) Further support for the intramolecular proton-transfer event was gained by
conducting the reactions at various concentrations. Lowering the reaction

concentration from 0.3 to 0.02 M increased the diastereoselectivity from

Major diastereomer: 19.0 mitH NMR (400 MHz, CDC}) ¢ 7.86
(1H, d,J = 7.9 Hz), 7.45 (1H, m), 6.99 (1H, m), 6.94 (1H, 3= 8.3
Hz), 4.59 (1H, ddJ = 5.3, 11.3 Hz), 4.34 (1H, dd] = 11.7, 11.7
Hz), 4.16 (2H, qJ = 7.0 Hz), 3.26 (1H, ddd]) = 5.3, 5.3, 12.2 Hz),

10:1 to 30:1. The reactions were monitored by GC analysis over the course 3 10 (1H, dq,J = 6.0, 7.1 Hz), 1.25 (3H, tJ = 7.1 Hz), 1.2 (3H, d,

of 24 h and the diastereoselectivity remained constant for each reaction,
suggesting that a bimolecular event leads to a slight degradation of

selectivity. However, it cannot be ruled out that higher concentration leads
to a greater amount of epimerization.

(24) As mentioned above, itis also possible thataHgydroxy-o-azolium anion

adds to the Michael acceptor in concerted fashion, analogous to the reverse

Cope elimination mechanism seen with hydroxylamine additions.
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(25) A control experiment was run in the absence of KB#lt, and the enantio-
and diastereoselectivity of the reaction was not affected. The KR
was removed by passing a solution of toluene containing the carbene and
KBF, salt, which was prepared according to general procedure, through a
Gelman 0.45um filter.



Catalytic Intramolecular Stetter Reaction ARTICLES

J=7.2 Hz);"®*C NMR (100 MHz, CDC}) 4 192.6, 174.9, 161.8,136.1,  Research Laboratories, GlaxoSmithKline, Amgen, Johnson &
127.6,121.7,122.2,117.9,68.7, 61.1, 47.8, 36.6, 14.4, 13.7; IR (NaCl, Johnson, and Eli Lilly. T.R. is a Fellow of the Alfred P. Sloan
CH;Cl;) 1723, 1701, 1600 cnt; HRMS (FAB) calcd for GaH104 Foundation. We also thank Mark S. Kerr and Susan Miller for
248.1049, Found 249.1119. solving the X-ray structure of1 and21.
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