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Abstract: The conjugate addition of carbonyl anions catalyzed by thiazolium salts that is fully operative
under neutral aqueous conditions has been accomplished. The combination of a-keto carboxylates and

thiazolium-derived zwitterions produces reactive carbonyl

anions in a buffered protic environment that readily

undergo conjugate additions to substituted o, 8-unsaturated 2-acyl imidazoles. The scope of the reaction
has been examined and found to accommodate various o-keto carboxylates and g-aryl substituted
unsaturated 2-acyl imidazoles. The optimal precatalyst for this process is the commercially available
thiazolium salt 5, a simple analogue of thiamin diphosphate. In this process, no benzoin products from
carbonyl anion dimerization are observed. The corresponding 1,4-dicarbonyl compounds can be efficiently
converted into esters and amides by way of activation of the N-methylimidazole ring via alkylation.

Introduction

Chemical processes in nature catalyzed by enzymes are nop

only essential for the efficient implementation of life processes,
but also serve as elegant inspirations for the development o
new strategies regarding bond-forming reactibhghe bio-

chemical investigations of many fundamental enzymatic pro-

cesses have influenced recent advances in efficient chemica

transformations. A particularly intriguing biological pathway
involves the production of acetylCoA from pyruvic acij €q

1). This reaction efficiently convertsinto a carbonyl anion in
the presence of thiamin diphosphate contained withio-&eto
acid dehydrogenase active sit&.This elegant transformation

is the archetype of an Umpolung process: a polarity reversa
manifold that converts a normally electrophilic carbonyl carbon
atom into a nucleophilic speci€s!? Stoichiometric carbonyl,

proaches can efficiently construct the desired cartzarbon
ond under strongly basic conditions, but also require postre-
action manipulations to unmask the desired carbonyl functional-
ity. In contrast, a number of successful systems have been de-
veloped to access carbonyl Umpolung reactivity under catalytic
conditions promoted by heteroazolium carbetfe3® These
Ihighly nucleophilic heterocyclic zwitterions/carbenes possess
unigue reactivity characteristics and have recently been em-
ployed as catalysts for various reactions, including acyl transfer
processes’ 30 isocyanate trimerizatiori$,the addition of Ck
anions to aldehyde®,and the generation of homoenolatés3®
There are two established and mechanistically related reactions
Ithat employ catalytically generated carbonyl anions as nucleo-
philes. The first process involves aldehydes as the electrophile
and is called the benzoin reactiét6-3° The second type of

f

or acyl, anions have been traditionally accessed using protected19) Lever, 0. W.Tetrahedron1976 32, 1943-1985.

cyanohydrin&®-16 or metalated dithian€8:"-1° These ap-
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addition, called the Stetter reaction, employs conjugate acceptoraation a-keto acids in the presence of thiamin diphosphate-

and produces 1,4-dicarbonyl produttd! The continued de-

dependent enzymes address these criteria well (eq 1). Although

velopment of these two related reactions has received significantthe biochemical aspects of these enzymes have been studied
attention recently and offers new opportunities for unconven- extensively, significant potential exists to utilize this process

tional synthetic strategies.

for carbon-carbon bond-forming reactiofi€:5%-%2 The genera-

Many catalytic benzoin and Stetter reactions utilize aldehydes tion of carbonyl anions in this manner has been applied to both
as the nucleophilic precursor. These approaches can be comthe benzoin and the Stetter reaction. For example)evfi 5
plicated by the intrinsic high reactivity of the aldehyde because and Patéf have separately reported cross-benzoin reactions
the intermediate carbonyl anion produced during the reaction betweena-keto acids and aldehydes catalyzed by various
can undergo addition to the starting aldehyde, thereby affording decarboxylase enzymes. In a seminal study, Stetter demonstrated
self-condensation products. A successful strategy to minimize thato-keto acids add to unsubstituted vinyl ketones in organic
this potential problem is to generate an intramolecular system media catalyzed by thiazolium salts in the presence of an amine

by tethering the aldehyde functional group to the electrofhife.

base?” These mechanistically related systems provided the

An alternative approach is to utilize a carbonyl anion precursor impetus for us to initiate a study to fully explore this carbonyl
that does not possess an aldehyde, thus removing this reactiv@nion strategy in the broadest context possible. In general, the
moiety from the reaction completely. The identification and addition of nucleophiles tg-substituted conjugate acceptors is
development of such a precursor should consequently provideconsiderably more challenging than adding to related vinyl
the opportunity for a general intermolecular carbonyl anion ketones because they are far less reactive due to steric
process. In general, this strategy should allow for a broad congestior?® Furthermore, we anticipated that the investigation
inclusion of many classes of electrophiles, and the carbonyl of this reaction manifold with various classes of conjugate
anion generated in situ would not compete between addition to acceptors would expand the synthetic utility of this process. We
the desired substrate and addition to the aldehyde precursoralso predicted that the neutral aqueous environment of the
Our laboratory has recently reported that intermolecular con- original thiamin-dependent enzymes would ultimately be the
jugate addition reactions and additions to activated imines with best conditions to generate useful carbonyl anions. These
acylsilanes as the carbonyl anion precursors can be Catalyzed)uffel’ed catalytic conditions would have the potential to tolerate

by thiazolium-derived carbend%.*8 The use of these silicon-

base- or acid-labile functionality and/or protecting groups that

based carbonyl anion precursors avoids self-condensation, angould be present when combining complex and/or sensitive
we have demonstrated that acylsilanes undergo 1,2-silyl shiftsfragment®*~7* We report herein that simple analogues of

(Brook rearrangement¥)°1 in the presence of neutral Lewis

thiamin diphosphate catalyze the conjugate addition-&Eto

bases, which in turn generate competent carbonyl anions. Thesalts ) to a.5-unsaturated 2-acyl imidazole8) (under neutral
use of acylsilanes as carbonyl anions is well documented, andaqueous conditions to afford 1,4-dicarbonyl compounds in
this strategy can offer distinct advantages over aldehydes whenexcellent yield (eq 2).

employing this Umpolung reactivity patte?fr.>8

During our studies with acylsilanes, we initiated an investiga-
tion of additional carbonyl anion precursors that would undergo
Stetter-type reactions under catalytic conditions and avoid any
potential self-condensation problems. Interestingly, the combi-
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79, 1899-1902.

(43) Kerr, M. S.; de Alaniz, J. R.; Rovis, T. Am. Chem. SoQ002 124
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Results and Discussion

Our initial investigations focused on combiningketo acids
and thiazolium salts with a conjugate acceptor that would

(59) Kluger, R.; Chin, J.; Smyth, . Am. Chem. Sod.981, 103 884—888.

(60) Polovnikova, E. S.; McLeish, M. J.; Sergienko, E. A.; Burgner, J. T.;
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Biochemistry2003 42, 1820-1830.
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Science2004 306 872-876.
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Chem.200Q 2161-2170.
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Scheme 1
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Table 1. Investigation of Pyruvic Acid/Sodium Pyruvate as a
Carbonyl Anion?
Me (0] o
0 me 0 o 20mol% 5 Me
Ph/\)KEN) + Me)kf( % M» Ph | N (3)
Y/ 70°C \/)
6 N o] 7z N
entry X solvent base time (h) yield (%)°
1 H (1a) THF DBU 24 85
2 Na (Lb) THF DBU - -
3 Na MeOH DBU 2 89
4 Na MeOH/buffet  pH 12.0 12 93
5 Na MeOH/buffet  pH 9.4 15 94
6 Na MeOH/buffet  pH 7.2 8 92
7 Na MeOH/buffet pH 4.8 15 91
8 Na MeOH/buffet pH2.2 - -
9 Na MeOH/HO - 11 91

2 Reactions performed at 0.5 M with 1.3:1 (v:v) mixture of MeOH and

100 mM phosphate-based buffer solutiésolated yields after column
chromatographyt 100 mM phosphate-based buffer solutiéfRyrophos-

phoric acid-based buffer solutioh100 mM acetate-based buffer solution.

ARTICLES
Scheme 2
7 9 20 mol% 5 Me. O
/\A . )J\[(ONa MeOH/pH 7.2 buffer m
Ph” X Ph Me et e PR
70°C,21h Ph Ph

o
1b 78%

base problem was to remove the acidic proton onaHeeto
acids by forming the corresponding sodium carboxylates. The
use of sodium saltslp) in methanol created much more robust
reaction conditions (Table 1, entry 3) that provided homoge-
neous reactions conditions. While there are a number of
commercially available thiazolium salts with various counterions
and substitution around the heterocyclic core, thiazokbunas
superior in terms of conversion and product yields in aqueous
media. Replacing the thiazolium salt with alternative hetero-
azolium salts as possible catalysts (e.g., imidazolium or tria-
zolium salts) does not afford product, underscoring the delicate
balance of reactive components for this process.

Driven by our goal to realize this process under aqueous
conditions, DBU was replaced with aqueous pH 12 buffer (Table
1, entry 4). Gratifyingly, the reaction proceeds in excellent yield
(93%) in a buffered aqueous methanol solution a0 The
methanol was added initially for solubility purposes, and
elevated temperature is necessary to induce the reaction; gas
evolution, presumably carbon dioxide, initiates at approximately
63 °C.”> Lower temperatures significantly reduce the rate of

ultimately provide synthetically valuable products. At the onset, product formation, and the reaction does not proceed to 100%
unsaturated ester, amides, and related conjugate acceptors wergnversion over extended periods of time. An examination of
not viable substrates under a variety of conditions. Additionally, various phosphate buffers indicated that the overall process is
substrates possessing ester termini complicated later studiesperative at pH 7.2 to afford the desired 1,4-dicarbonyl
under aqueous environments. Consequently, we imposed twocompound? (entry 6). Under these neutral aqueous conditions,
key requirements during this search to make the overall only the carboxylate saltlp) is an effective carbonyl anion,
transformation valuable: (1) the conjugate acceptor possessegresumably because the absence of the proton keeps the balance
substitution at thes-position, and (2) the products be easily of pH within a level that an effective concentration of the
converted into an ester equivalent. Initial studies suggested thatthiazolium zwitterion is present. In general, sodium carboxylate
unsaturated imidazole substrates were competent conjugatex-keto salts preformed the best under our optimized reaction

acceptors meeting all of our key requiremef#t& Another

conditions. Surprisingly, the reaction proceeds at pH 4.8 (entry

attractive feature of these substrates was that they are easily7) or without any external base (entry 10), although longer times
synthesized on a large scale by a simple aldol condensation ofare necessary. Reducing the catalyst loading to 10 or 5 mol %
2-acetyl-1-methylimidazole and the corresponding aromatic does afford product, but 100% conversion is not achieved.

aldehydes (Scheme 1).

After considerable experimentation using pyruvic adid)(
and 20 mol % thiazolium salb, we observed that3-
unsaturated 2-acWl-methyl-imidazole (e.g.3) as the electro-

phile while using DBU* as the base afforded an excellent yield

of the carbonyl anion addition produ@t(Table 1, entry 1).

Subsequent studies found that optimization of this mixed

Bronsted acid/base system was limited tofghghenyl substrate

(6). For example, substitutggiaryl substrates gave low conver-
sions of the carbonyl addition products when using pyruvic acid
and DBU. An operationally simple solution to the Bronsted acid/

(66) Guo, Z. W.; Goswami, A.; Mirfakhrae, K. D.; Patel, R. Retrahedron:
Asymmetryl999 10, 4667-4675.

(67) Stetter, H.; Lorenz, GChem. Ber1985 118 1115-1125.

(68) Perlmutter, PConjugate Addition Reactions in Organic SyntheBisrga-
mon Press: Oxford, U.K., 1992.

(69) Katritzky, A. R.; Nichols, D. A.; Siskin, M.; Murugan, R.; Balasubramanian,

M. Chem. Re. 2001, 101, 837—892.
(70) Kobayashi, S.; Manabe, Kcc. Chem. Re®002 35, 209-217.
(71) Lindstrom, U. M.Chem. Re. 2002 102, 2751-2771.

(72) Hayakawa, S.; Michiue, T.; Okamoto, M.; Hatakeyama, S.; Ohta, S.

Heterocyclesl988 27, 457-473.

(73) Evans, D. A.; Fandrick, K. R.; Song, H.<. Am. Chem. So@005 127,
8942-8943.

(74) 1,8-Diazabicyclo[5.4.0Jundec-7-ene.

The possibility of the imidazole ring of the substrate/product
acting as an internal base for the reaction was addressed by
subjectingtrans-chalcone to the same reactions conditions as
in Table 1. Interestingly, using sodium pyruvate, 20 mol %
thiazolium5 in MeOH/pH 7.2 phosphate buffer mixture afforded
78% of the 1,4-dicarbonyl compound (Scheme 2). In a second
control experiment, DBU was replaced witMe-imidazole
as the base under the organic media conditions (Table 1, entry
3), and no product was observed.

With these neutral aqueous conditions identified for additions
to B-substituted conjugate acceptors, pyruvdie) (vas exam-
ined as the acyl nucleophile reagent. Generally, the reaction
affords high yields of the corresponding 1,4-diketones when
[-aryl substituents are employed (Table 2, eq 4). The process
is not affected to an appreciable degree by electron-rich or
electron-poor aromatic rings in thg-position. Conjugate
acceptors with heterocycles appended indp®sition also work
well (entries 9 and 10). Electrophilic substrates wialkyl

(75) Carbon dioxide evolution is observed at’€3under the reaction conditions.
10 mol % of the thiazolium salt affords good yields of products, $1100%
conversion over 24 h.
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Table 2. Catalytic Reactions with Sodium Pyruvate (1b) and Table 4. Conjugate Additions of a-Keto Carboxylates@
B-Aryl 2-Acylimidazoles? R.__O
0 o] 20 mol% 5 fo)
Me (o) Me Me
fo) Me 0 20 mol% 5 fe) Me / ONa pH 7.2 buffer /
/ pH 7.2 buffer I Ph X N, R Ph N
RN N e NN R N @) W ' 70°, MeoH I )®
1) 70°C, MeOH W 6 N 18-24
b © 817
: : entry  a-keto carboxylate product® yield (%)
entry R time (h) yield (%)b product
1 4-MePh 12 87 8 v Me °o
B 18
2 4-MeOPh 11 87 9 ! Me/\)]\COQNa \/I)k 2%
3 4-CIPh 7 87 10 Ph M
4 4-BrPh 20 71 11 o PP o
5 2-MeOPh 16 87 12 2 L m 19 90%°¢
6 2-CIPh 18 95 13 Ph™  "CO.Na Ph M
7 2-BrPh 16 89 14 Me o
8 2-CRPh 18 76 15 Me O o
9 2-furyl 24 80 16 3 PPN Ve 20 2%
10 2-thiophene 24 90 17 Me CO:Na Ph M
. . . Q )\

a Reactions performed at 0.5 M with 1.3:1 (v:v) mixture of MeOH and 4 O o 96%
100 mM phosphate-based buffer solutiditsolated yields after column N COoNa o 2 o
chromatography. \_0 Ph ™
Table 3. Reactions with Crotyl-2-acylimidazole Acceptors? o /\ o

5 o} 22 76%

Me._ O s

0 Me 0 o 0 Me \\ CO:Na

/ OX mol% 5 Nl S Ph M
Me” X N+ Me — Me
| conditions | (5) Me o) N

N7 0 70°C N~ N 3 o
6 j)l\co N N o 23 c
X conditions time (h) yield (9%)7 <\/k S 1%

entry
1 H THF, 70 mol% DBU, 26 35 . oo
30 mol%5 7 = o} 24
2 Na THF, pH 7.2 buffer, 28 23 MCO N /\/n 95%
,Na
40 mol%5 Ph M
o] FsC.__O
aReactions performed at 0.4 Misolated yields after column chroma- o 25 NR?
tography. 8 FsC CO,Na o "

substituents deliver low levels of 1,4-dicarbonyl products (Table  agee Table 2 for detail$.IM = N-methyl imidazole< Performed in

3, eq 5), and efforts are underway to understand this divergenceMeOH with DBU. 4 NR = no reaction.

in reactivity. Under organic solvent conditions (THF, DBU),

pyruvic acid adds to the crotyl derived imidazole substrate in acids witho-branching give low conversions of 1,4-dicarbonyl
only 35% yield. Potentially, the presence of enolizable protons products, presumably due to steric congestion around the
on the electrophilic component of the reaction with DBU upsets carbonyl carbon. Interestingly, the use of sodium trifluoromethyl
the balance of acids and bases in solution. Switching the solventpyruvate (Table 4, entry 8) does not afford any appreciable level
to THF and pH 7.2 buffer to remove the amine base from of product and importantly did not exhibit any GQ@as
solution did not provide an improved yield of the addition emissions. Thisx-keto carboxylate is presumably forming a
product, but instead afforded a lower yield. The use of methanol hydrate or hemiketal under the reaction conditions, and this
was avoided because the methanol addition product is isolatedprohibits carbene addition to the ketoffe.

in good vyield (not shown) with either methanol/DBU or The heightened reaction temperatures for the transformations

methanol/pH 7 buffer conditions. above provide good to high levels of products in a minimal
We have also explored the impact of structural variations on time period. However, a survey of altered reaction conditions
the carbonyl anion for this process (Table 4, eq 6). Masketo was conducted to promote the reaction at lower temperatures.

acids are commercially available and can be easily converted !t was established in our related studies that the newly formed
to the corresponding sodium salés’8 Generally, alkyl and aryl stereogenic center of the addition products undergoes epimer-
keto carboxylates work well in this reaction. In some cases ization under the standard reaction conditions (pH 7.2 buffer,
(entries 2 and 6), our original organic media conditions (MeOH, methanol, 70C). To investigate the possibility of a stereocon-
DBU, thiazolium salt) provide much higher yields than the trolled variant of this bond-forming process, a modified approach
buffered aqueous conditions. The reason for this is currently Was investigated. Using unsaturated acylimidaz8teand10a
not well understood, although variation in solubilities of as the conjugate acceptors, a variety of Lewis acids and solvents
substrates and products between 100% methanol and a bufferetvere screened under a host of reaction conditions. We envi-
aqueous/methanol combination may play a role. Currently, keto sioned that both the acylimidazole substrate and dHeeto
carboxylate have coordination sites that could interact with an
(76) Hurd, C. D.; McNamee, R. W.; Green, F. D.Am. Chem. Sod.939 61, electron-deficient metal and promote a beneficial effect. While

2979-2980. a broad survey of Lewis acids has not been successful to date
(77) Nimitz, J. S.; Mosher, H. Sl. Org. Chem1981, 46, 211—213. y
(78) Garciaraso, A.; Deya, P. M.; Saa, J. 0.0rg. Chem1986 51, 4285~

4287. (79) Broicher, V.; Geffken, DTetrahedron Lett1989 30, 5243-5244.
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Table 5. Catalytic Reactions with Pyruvate (1b) in Ethylene o] =\ o
Glycol? S__N—R oe
o Me O X ¥e - R
Me 30 Ir:T;gIU/o 5 Me o R2 eject I addition o]
R No —_—— R N 6) ' catalyst
| \/) ethylene glycol I\/) R
N 23°C N o o
entry R time (h) yield (%)° product X HO, O@
1 4-MePh 8a) 10 90 8 SHO Ry R! l S
2 4-CIPh (.03 8 86 10 <\/| e o on \/)
N R
aReactions performed at 0.4 M in ethylene glycol at°Z3 ° Isolated @R
yields after filtration and water wash.
. loss of
Scheme 3 2 9 addition  on O,
Me 0o ° Ve Me (e} o Ve Me (o] o | X R! S
A MeOTf ] aorb \/) CO.
e \b CH,CI P |\N> Ph X R? _— 2
7 N7 e Oon ON-7 26, X = OMe R

27, X = morpholine
a[a] MeOH, DABCO, 78%,; [b] morpholine, DMAP, 94%.

Figure 1. Proposed reaction pathway.

enol ether formation of the pendant ketone moiety or trapping

in lowering the reaction temperature in these carbonyl anion of the activated ester by the ketone to deliver furan heterocycles.

conjugate additions, a change in solvent from methanol to

Our proposed reaction pathway is similar to the benzoin-type

ethylene glycol allowed the reaction to proceed cleanly and in processes involving thiamine-dependent enzymes (Figure 1). The
good yield at room temperature. In these reactions, the dicar-interaction of a thiazolium zwitterion/ylidé X generated in situ

bonyl products§ and10) precipitate directly from solution and
are obtained by a simple filtration followed by washing with

with an a-keto carboxylate generates tetrahedral intermediate
(II'). The observation that sodium trifluoropyruvate as the hy-

water and drying in vacuo. In these cases, the product isolateddrate under aqueous conditions does not undergo nucleophilic

is >95% pure as judged bfH NMR (500 MHz).

Under the full organic media reactions conditions (MeOH,
DBU, 70 °C), the 1,4-dicarbonyl products (e.®.and 10) do
not precipitate from the solution and most likely undergo
reversible interactions with the thiazolium zwitterion/carbene
derived from5. To probe this hypothesis, we conducted the
organic reaction conditions on substr&& and 10a at 23°C
with and without the addition of the products as an additive
(Table 5, eq 6). We observed that product inhibition is occurring

additions to electrophiles (Table 4, entry 8) is evidence that the
addition to the ketone carbon initiates the catalytic cycle. The
loss of carbon dioxide affords the enanamine/carbon nucleophile
speciesll ,82-85which in very select cases has been isol&t&d.

Our considerable efforts to generate and study this species have
not been successful to date. A contributing factor in this pursuit
is the potential follll to revert to an aldehyde and thiazolium
zwitterion| when there are no electrophiles present in solution.
This situation is present in the thiazolium-catalyzed benzoin

under the organic reactions conditions where the products doreaction in which the addition of a nucleophilic thiazolium to
not precipitate from solution. For example, at all reaction times an aldehyde (givindll ) is reversibleé384 Slow gas evolution

the conversion oBato 8 is higher when no additive (product

is observed during these reactions at approximately@&by

8) is in the reaction solution. The rate of product formation in way of an oil bubbler directly attached to the reaction flask.
both experiments also slows as the reaction progré8Jéss The interaction of the electron-rich enamiiie with the unsatu-
effect can also be explained by product inhibition, and presum- rated electrophile induces carbecarbon bond formation at the
ably these observations account for the lack of 100% conversiondesireds-position. A subsequent deprotonation of the resulting
at room temperature. Product inhibition would also explain the tertiary alcohollV initiates the formation of the ketone moiety
requirement of increased reaction temperatures when usingin the product and releasesmportantly, products arising from
methanol and DBU and operative lower temperatures in ethylenethe addition of the nucleophilic thiazolium species to the
glycol where8 and 10 precipitate from solution. In the latter ~ conjugate acceptor are not obserf&d! Further investigations
case when the products precipitate from solution, the carbeneinto the generation and determination of the level of reactivity

catalyst has minimal interactions with the resulting carbonyl

groups of the product, and thus limited product inhibition occurs

when using ethylene glycol (Table 5, entries 1, 2).
TheN-methyl imidazole architecture of the carbonyl addition

products allows for smooth access to activated ester reactivityggf1

by way of an imidazolium intermediate (Scheme 3). The
nucleophilic lone pair on the imidazole ring provides a handle
for selective functionalization with activated electrophiles. For
example, treatment of diketofewith methyl trifluoromethane-
sulfonate (MeOTf) followed by either methanol or morpholine
affords high yields of the methyl este2q, 78%) or amide 27,
94%), respectively38lIn these processes, we do not observe

(80) See Supporting Information for details.

of nucleophilic species such #$ are currently ongoing.
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Conclusions Experimental Section

In summary, we have developed a robust catalytic car- General Procedure for the Thiazolium-Catalyzed Carbonyl
bonyl anion reaction that is fully operative over a broad range Addition to Unsaturated Imidazoles. A screw-capped tube was
of pH values. Under neutral aqueous ConditionS, the combina- Charged with 3—benzyl—5—(2—hydroxyethyl)—4—methyl—thiazolium chloride
tion of o-keto carboxylates and thiazolium salts produces (® (22 mg, 0.08 mmol, 20 mol %J-keto carboxylate sodium salt
reactive carbonyl nucleophiles that readily undergo conjugate 72 mmoll)' anda'ﬁ'””sat“rlated'ketu'memy“m'dﬁm'ehS“bStr?fte
additions to versatilg-substituted unsaturated 2-acyl imidazoles. (0.40 mmol). Next, methanol (450L) and pH 7.2 phosphate buffer

NS . . (350uL, 100 mM) were added via syringe to the screw-capped tube.
The reaction is tolerant of aryl substitution on the conjugate The resulting mixture was heated to 70 and allowed to stir for the

acceptors and accommodates a variety of functionality on the gjiotted time (8-24 h). Upon 100% conversion of the reaction (as
carbonyl anion precursors. When the conjugate acceptor pos-judged by thin-layer chromatography, 90% ether/hexanes), the reaction
sesses enolizable protons, the reaction affords 1,4-dicarbonylwas cooled to room temperature, diluted with ethyl acetate (10 mL),

products, but the isolate yields are currently in the-35% and transferred to a separatory funnel. Saturated sodium chloride (10
range. Typical reaction conditions require heat at°@for mL), saturated sodium bicarbonate (10 mL), argDH10 mL) were

efficient conversion to products, and product inhibition is added, and the aqueous layer was extracted with ethyl acetate(3
observed in the system. Specialized conditions that promote theML)- The combined organic extracts were dried over sodium sulfate,
precipitation of the products allow for the reaction to afford fllte.red, and conc_gntrated in vacuo on a rotary evaporator. Th_g resulting
100% conversion and high yields at 23. The 1,4-dicarbonyl residue was purified by flash column chromatography on silica gel.
products can be efficiently converted into esters and amides Acknowledgment. This work is dedicated to the memory of
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ring. Mechanistic investigations indicate that loss of carbon mentor, and exemplary scientist. Financial support for this work
dioxide is necessary for the reaction to proceed and that thehas been partially provided by Northwestern University and the
process can be enhanced by modifying the solvent of the NSF (CHE-0348979). K.A.S. gratefully acknowledges Amgen,
reaction. This study details that-keto acids anda-keto Abbott Laboratories (New Faculty Awards), 3M (Nontenured
carboxylates undergo nucleophilic conjugate addition to sub- Faculty Award), and Boehringer-Ingelheim for research support,
stituted acceptors efficiently under mild conditions using and FMCLithium for providing organolithiums used in this
commercially available thiamin analogues as catalysts. Further-research. M.C.M. acknowledges Abbott Laboratories for a
more, the operation of this process over a wide range of aciditiesgraduate fellowship, and B.C.M. thanks Sigma-Aldrich for a
(pH 4—12) can be useful with acid- and base-sensitive substratesSummer Undergraduate Research Fellowship.

as well as reaction methodology that incorporate acid-pro-
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forming processes. JA0520161

Supporting Information Available: Detailed experimental
procedures and spectral data for all compounds. This material
is available free of charge via the Internet at http://pubs.acs.org.
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