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N-Heterocylic carbenes (NHCs) are efficient organic catalysts that can be used to access
unconventional reactivity of various carbonyl compounds. Acyl anion equivalents can be generated
through the addition of an NHC to an aldehyde or acylsilane. Formation of a homoenolate equivalent
is possible through the addition of an NHC to an !," -unsaturated aldehyde.

In recentyears,N-heterocycliccarbenegNHCs) have
beensuccessfullyutilized in a variety of applications.
They are effective ligands in organometallicchemistry,
nucleophilic reagentsin multicomponent coupling
reactionsaswell as catalystsin organocatalytiodeactions.
Oneattractivefeatureof NHCs s their ability to catalyze
the polarity reversal,or Umpolund, of various carbonyl
compounds(Figure 1). Umpolung reactivity can be a
valuable synthetic strategy becauiseffers unconventional
methodsto traditional bond forming reactions. In many
important biological transformationsnature elegantly
transforms! -keto acidsinto the correspondingarbonyl
anions via an NHC derived from thiamipgrophosphatea
coenzymeof vitamin B;. Inspired by these chemical
processednvestigatorshave soughtto employ NHCs to
accessthis unconventionaland highly useful mode of
reactivity. Recently,importantadvancesn NHC-catalyzed
acyl anionadditionreactionshavebeenmadeandthe first

(1) Forrecentreviewssee: a)HerrmannW. A. Angew.Chem.Int.
Ed. 2002, 41, 1291-1309. b) Bourissou,D.; Guerret, O.; Gabbai,F. P.;
Bertrand,G. Chem.Rev.2000, 100, 39-91.c) EndersD.; Balensiefer,T.
Acc.Chem.Res.2004, 37, 534-541.d) Nair, V.; Bindu, S.; Sreekumar,
V. Angew.Chem.Int. Ed. 2005, 44, 1907-1907.

(2) SeebachD. Angew.Chem.Int. Ed.1979, 18, 239-258.

reportsof NHC-catalyzechomoenolateeactivity of 1" -
unsaturated aldehydes have been published.
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Figure 1. Umpolung reactivity catalyzedby NHCs.

Generation of acyl anions. The benzoin
condensatiochand Stettef reactionare two well known
Umpolungprocessesn which an NHC can be usedto
generatean acyl anion via the polarity reversalof an
aldehyde(Figure 2). Acyl anionshave been successfully
addedto aldehydegbenzoincondensationgql) aswell as

(3) Breslow,R. J. Am.Chem.Soc.1958, 79, 3719-3726.
(4) StetterH. Angew.Chem.Int. Ed. 1976, 15, 639-712.



I," -unsaturatedconjugateacceptorsas in the Stetter
reaction (eq 2).
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Figure 2. Reactionscatalyzedby NHCs.
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Significantenergyhasbeenexpendedo renderboth the
benzoincondensatiorand Stetterreactionasymmetricby
utilizing chiral NHCs. To date, the results for the
asymmetricbenzoifi and intermolecularStetterreactiofd
havebeenmodest. Self-condensatiomnd reversibility are
less problematicin an intramolecularplatform and have

thusfacilitatedthe realizationof a highly enantioselective,

intramolecular Stetter reactionn a seminalpaper,Enders
and coworkers demonstrated aldehycsbe addedto !," -

unsaturated systems in ariramolecularfashionwith high

yields and good levels of enantioselectivityusing chiral

NHC catalystsderivedfrom triazoliumsalt2 (Schemet).’

Scheme 1. Enantioselectiveintramolecular Stetter reaction.
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The Rovis laboratory has recently disclosedthat
triazolinyilidene carbene3 affords enhancedyields and
enantioselectivitiesn transforming1 to 4 (Schemel).?
The carbenecatalyst is generatedin situ by the
deprotonatiorof the correspondingdriazolium salt andits
activity significantly dependson the substitution of the

(5) a) Sheehan). C.; Hara, T. J. Org. Chem.1974, 39, 1196-1199.
b) Knight, R. L.; Leeper/[F.J.J. Chem.Soc.,PerkinTrans.1 1998, 1891-
1893.c) Dvorak,C. A.; Rawal,V. H. Tet.Lett. 1998, 39, 2925-2928.

(6) EndersD.; Balensiefer,T. Acc. Chem.Res.2004, 37, 534-541.

(7) EndersD.; Breuer,K.; Runsink,J.; Teles, J. H. Helv. Chim. Acta
1996, 79, 1899-1902.

(8) Kerr, M. S.; de Alaniz, J. R.; Rovis, T. J. Am. Chem.Soc.2002,
124,10298-10299.

phenylring: 4-methoxy-phenylkcatalyst3 givesthe best
results when comparedto the 4-chloro-phenyl and
unsubstitute@nalogs.

Generally highyields and excellentenantioselectivities
of the cyclized products (4) were reported. In the
investigation of the reaction scope,the oxygen atom
betweenthe aryl andalkyl portionswas variedto sulfur,
nitrogenand carbon. Both sulfur and nitrogen variants
afforded theketoneproductwith good enantiomericexcess,
althoughthe yields wereslightly reduced. A low yield of
product (35%) was obtained with the carbon tether,
however theyield wasincreasedo 90% when a different
triazolinylidenecarbenederivedfrom phenylalaninewas
employed. In most casestherewas no epimerizationof
the newly formed stereocenter.

Kerr andRovis havealso reportedthat a similar carbene
catalystcan be employedin the formation of quaternary
stereocenters with the intramolecular addition o&laiehyde
toa"," -disubstitutedMichael acceptor(5, Scheme2).
Interestingly,the pentafluorocatalysé was found to be
optimal, suggestinglight mechanistidifferencesbetween
the "," -disubstitutedand " -monosubstitutedsystems.
Benzofuranones, benzothiophenoaes indanonesvereall
preparedin excellentyields and enantioselectives. The
methodologywas successfullyappliedto the formation a
six-membereding, howeverthe yield was only moderate
(55%). Aliphatic substratesvere also investigatedand
foundto give high yields (63-90%)andexcellentlevels of
enantioselectivity (84-99%).

Scheme 2. Enantioselectivesynthesisof quaternary
stereocentergia an intramolecularStetterreaction.
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Most recently,de Alaniz and Rovis have demonstrated
that both high enantioselectivityand diastereoselectivity
canbe obtainedwhen chiral triazolinyilidene carbenesre
usedascatalystswith !,! -disubstitutedMichael acceptors
(8, Schemed). Theviability of a diastereoselectivprocess
was realizedhfter a deuteriumlabeling experimentprovided
evidencethat an intramolecularproton transfer occured.
Formationof the carbenedn situ provedto be problematic
as the base requiredcauseepimerizationof the newly
formed stereogenic center. The highest

(9) Kerr, M. S.;Rovis, T. J. Am.Chem.Soc.2004, 126, 8876-8877.



diastereoselectivities were obtainetienthe free carbene9
was introduced directly into the reaction.

Scheme 3. Highly enantioselectiveand diastereoselective
intramolecularStetterreaction.
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Intramolecular platforms can alé® usedto successfully

control the benzoin reaction between aldehyatetketones.
For example, Suzuki and coworkershave applied this
strategy in the synthesis of functionalized
preanthraquinone$l3, Scheme4).® Deprotonationof

thiazolium salt 12 generatean NHC which catalyzeshe
couplingof the aldehydeandketonecontainedwithin 11.

Interestingly this work demonstratethe use of ketonesas

suitable electrophiles in benzoin-type processes.

Furthermoregxcellentdiastereoselectivitiewereobserved
with substrategpossessingadditional stereogeniaenters.
The utility of the resulting productswas demonstratedby
deprotection of the isoxazole functionality.

Scheme 4. Synthesisof functionalized preanthraquinones.
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A limitation of the intermolecularStetterreactionis
often self-condensation of theghly reactivealdehyde. To
overcomethis potentialproblem the Scheidtiaboratoryhas
developeda methodthat utilizes acylsilanesas acyl anion
precursors. Due to the attenuatedelectrophilicity of an
acylsilane comparedto that of an aldehyde,no self-
condensation of the acyl anion precusor is observed.

An NHC generatedn situ from commericiallyavailable
thiazolium salt 12 wasusedto catalyzethe additionof an
acylsilane 14) to and!," -unsaturatedystem(15, Scheme

(10) Hachisu,Y.; Bode, J.; Suzuki,K. J. Am. Chem.Soc.2003, 125
8432, 8433.

5).* Theproposednechanisninvolves the addition of the
NHC to the acylsilanefollowed by Brook rearrangement
(1,2-silyl shift). This is the first evidenceof an NHC-
catalyzedBrook rearrangement.An alcohol additive is
necessary(e.qg. i-PrOH) in order for the reactionto be
catalyticin thiazoliumsalt.

A variety of chalconederivativeswere evaluatedto
examinethe effect electron withdrawing and donating
substituentsvould haveon the reaction. In all caseshigh
yields of the 1,4 adductwere obtained. Additionally, both

alkyl and aryl acylsilanesare operative acyl anion
precursors.

Scheme 5. NHC-catalyzedaddition of acylsilanesto !," -

unsaturatedsystems.
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In a relatedreaction,a variety acylsilanes(14) were
successfullyaddedto protectedimines (17) to affored! -
aminoketoneg19) in excellentyields (Scheme6).*> The
reaction is tolerant of both electron donating and
withdrawing substitiuentson the aryl group of the imine.

It was demonstrated that a diastereoselective reductithe of
ketone is possible and deprotection of the phosphyodp
occured with ease.

Scheme 6. Acylsilane additionsto imines.
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Generation of homoenolates. Recentlyit has
beenreportedthat NHCs have been utilized to access
homoenolatereactivity from !," -unsaturatedaldehydes.
The BodeandGloriuslabsindependentlyvere the first to
report the cyclization of a homoenolategeneratedunder
catalyticconditionsand an aldehydein the stereoselective

(11) Mattson,A. E.; Bharadwaj,A. R.; Scheidt,K. A. J. Am. Chem.
Soc.2004, 126, 2314-2315.
(12) Mattson,A. E.; ScheidtK. A. Org. Lett.2004, 6, 4363-4366.



synthesisof #butyrolactones®* The proposed
mechanisminvolves addition of the NHC to the " -

unsaturatealdehydefollowed by protonshift to generate
homoenolateequivalent24. A suitable catalysteffectsa

nucleophilic attack of the " -carbonto the electrophilic
aldehyde to form an alkoxide. Tautomerizatfollowed by

intramoleculartrapping of the newly formed activated
carboxylateregeneratethe catalyst. Both groups found

that NHCs derived fronthiazolium salts were not effective
catalyststo carry out the desiredtransformationand only

benzoinproductswereobservedvhen thesecatalystswere
employed. Imidazoliumsalt 22 was determinedo be the

optimal NHC precursorfor generationof the desired
annulation product.

Scheme 7. Synthesisof #-butyrolactonesfrom NHC
generatechomoenolatesnd aldehydes.
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Bode and coworkerdemonstratea variety of enals(20)
canbe employedas homoenolateprecursorsand generally
good yields of lactone28) are observed. Interestingly,the
cis to transratio of the resulting lactoneis dependenbn
catalyst structure; imidazolium salt 22 predominately
forms the cis stereoisomer. Generally,no additional
precautionsveretakenin orderto preventdimerizationor
benzoinformation. The methodologyis currently limited
to aromatic and !," -unsaturatecelectrophilic aldehydes
(21).

Scheme 8. NHC-catalyzedreactionof an unsaturated
aldehydewith a ketone.
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(13) Sohn,S. S.; Rosen,E. L.; Bode,J. W. J. Am. Chem.Soc.2004,
126, 14370-14371.

(14) Burstein,C.; Glorius, F. Angew.Chem.Int. Ed.2004, 43, 6205-
6208.

Bursteinand Glorius obtainedsimilar resultsin their
synthesis of #-butyrolactones, demonstrating the
annulationreaction of cinnamaldehydewith aromatic
aldehydes.Additionally, they wereableto employ ketone
27 as an electrophile to generatethe more highly
substitutedactone28 with moderatediastereoselectivities
(Scheme8). It was also notedthat NHCs derived from
triazolium saltswere unsuccessfutatalyststo effect the
transformation.

Shortly after the reportsby Bodeand Glorius, Chanand
Scheidt disclosed that' -unsaturated aldehydez8] canbe
easily convertednto saturatecesters(30).”* The proposed
mechanismis similar to Scheme7 and involves the
protonationof the catalytically generatechomoenolateat
the" -carbonfollowed by tautomerizatiorthen regeneration
of the catalyst by nucleophilic attack of an alcohol.
Optimzation of the reaction found that 2,6-substituted
phenolswere the bestproton sources. Although benzyl
alcoholwasthe favorednucleophile a variety of alcohols
were successful,including, secondaryalcohols. The
reactionis tolerantof a rangeof !," -unsaturatecldehydes,
including both electron withdrawing and donating
substituent®n the phenylring of cinnamaldehydaswell
as aliphatic aldehydes. Even ! -branchedand " -
disubstituted aldehydes givegh yields of productin most
cases. Preferentiakeactionwith the (R)-stereoisomeof a
racemicmixture of 1-phenylethanolvas observedwhen a
chiral imidazolium salt was used as ttegtalyst,suggesting
theNHC is involvedin the acylationevent.

Scheme 9. Conversionof !," -unsaturatedaldehydesinto
saturatedesters.
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NHC catalysisis an efficient strategyto accessthe
highly useful and nontraditionalUmpolung reactivity from
carbonyl containing precursors. Recentadvanceshave
demonstratedhat NHC-catalyzedprocessesan generate
usefulsyntheticcompounds. The generationof carbonyl
anion and homoenolate equivalentshas succesfully
demonstrated the potentiaf NHCs as organiccatalystsin
unconventional bond-forming reactions. Future
investigatiorwill certainlyexpandthe utility of NHCs and
lead to the discovery of additional highly useful
transformations.

(15) Chan,A.; ScheidtK. Org. Lett.2005, 7, 905-908.



