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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 recent years, N-heterocyclic carbenes (NHCs) have
been successfully utilized in a variety of applications.
They are effective ligands in organometallic chemistry,
nucleophilic reagents in multicomponent coupling
reactions  as well as catalysts in organocatalytic reactions.1

One attractive feature of NHCs is their ability to catalyze
the polarity reversal, or Umpolung2, of various carbonyl
compounds (Figure 1). Umpolung reactivity can be a
valuable synthetic strategy because it offers unconventional
methods to traditional bond forming reactions.  In many
important biological transformations nature elegantly
transforms ! -keto acids into the corresponding carbonyl
anions via an NHC derived from thiamine pyrophosphate, a
coenzyme of vitamin B1.  Inspired by these chemical
processes, investigators have sought to employ NHCs to
access this unconventional and highly useful mode of
reactivity.  Recently, important advances in NHC-catalyzed
acyl anion addition reactions have been made and the first
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reports of NHC-catalyzed homoenolate reactivity of !," -
unsaturated aldehydes have been published.
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Figure 1. Umpolung reactivity catalyzed by NHCs.

Generation of  acyl  anions.  The benzoin
condensation3 and Stetter4 reaction are two well known
Umpolung processes in which an NHC can be used to
generate an acyl anion via the polarity reversal of an
aldehyde (Figure 2). Acyl anions have been successfully
added to aldehydes (benzoin condensation, eq 1) as well as
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!," -unsaturated conjugate acceptors as in the Stetter
reaction (eq 2).
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Figure 2. Reactions catalyzed by NHCs.

Significant energy has been expended to render both the
benzoin condensation and Stetter reaction asymmetric by
utilizing chiral NHCs.  To date, the results for the
asymmetric benzoin5 and intermolecular Stetter reaction6

have been modest.  Self-condensation and reversibility are
less problematic in an intramolecular platform and have
thus facilitated the realization of a highly enantioselective,
intramolecular Stetter reaction.  In a seminal paper, Enders
and coworkers demonstrated  aldehydes can be added to !," -
unsaturated systems in an intramolecular fashion with high
yields and good levels of enantioselectivity using chiral
NHC catalysts derived from triazolium salt 2 (Scheme 1).7  

Scheme 1. Enantioselective intramolecular Stetter reaction.
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The Rovis laboratory has recently disclosed that
triazolinyilidene carbene 3 affords enhanced yields and
enantioselectivities in transforming 1 to 4 (Scheme 1).8

The carbene catalyst is generated in situ by the
deprotonation of the corresponding triazolium salt and its
activity significantly depends on the substitution of the
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phenyl ring: 4-methoxy-phenyl catalyst 3 gives the best
results when compared to the 4-chloro-phenyl and
unsubstituted analogs.

  Generally, high yields and excellent enantioselectivities
of the cyclized products (4 ) were reported.  In the
investigation of the reaction scope, the oxygen atom
between the aryl and alkyl portions was varied to sulfur,
nitrogen and carbon.  Both sulfur and nitrogen variants
afforded the ketone product with good enantiomeric excess,
although the yields were slightly reduced.  A low yield of
product (35%) was obtained with the carbon tether,
however, the yield was increased to 90% when a different
triazolinylidene carbene derived from phenylalanine was
employed.  In most cases, there was no epimerization of
the newly formed stereocenter.

Kerr and Rovis have also reported that a similar carbene
catalyst can be employed in the formation of quaternary
stereocenters with the intramolecular addition of an aldehyde
to a "," -disubstituted Michael acceptor (5, Scheme 2).9

Interestingly, the pentafluorocatalyst 6 was found to be
optimal, suggesting slight mechanistic differences between
the "," -disubstituted and " -monosubstituted systems.
Benzofuranones, benzothiophenones and indanones were all
prepared in excellent yields and enantioselectives.  The
methodology was successfully applied to the formation a
six-membered ring, however the yield was only moderate
(55%).  Aliphatic substrates were also investigated and
found to give high yields (63-90%) and excellent levels of
enantioselectivity (84-99%). 

Scheme 2. Enantioselective synthesis of quaternary
stereocenters via an intramolecular Stetter reaction.
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Most recently, de Alaniz and Rovis have demonstrated
that both high enantioselectivity and diastereoselectivity
can be obtained when chiral triazolinyilidene carbenes are
used as catalysts with !,! -disubstituted Michael acceptors
(8, Scheme 3).  The viability of a diastereoselective process
was realized after a deuterium labeling experiment provided
evidence that an intramolecular proton transfer occured.
Formation of the carbene in situ proved to be problematic
as the base required cause epimerization of the newly
formed stereogenic center.  The  highest
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diastereoselectivities were obtained when the free carbene 9
was introduced directly into the reaction. 

Scheme 3. Highly enantioselective and diastereoselective
intramolecular Stetter reaction.
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Intramolecular platforms can also be used to successfully
control the benzoin reaction between aldehydes and ketones.
For example, Suzuki and coworkers have applied this
strategy in the synthesis o f  functionalized
preanthraquinones (13, Scheme 4).10  Deprotonation of
thiazolium salt 12 generates an NHC which catalyzes the
coupling of the aldehyde and ketone contained within 11 .
Interestingly, this work demonstrates the use of ketones as
suitable electrophiles in benzoin-type processes.
Furthermore, excellent diastereoselectivities were observed
with substrates possessing additional stereogenic centers.
The utility of the resulting products was demonstrated by
deprotection of the isoxazole functionality. 

Scheme 4. Synthesis of functionalized preanthraquinones.
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A limitation of the intermolecular Stetter reaction is
often self-condensation of the highly reactive aldehyde.  To
overcome this potential problem, the Scheidt laboratory has
developed a method that utilizes acylsilanes as acyl anion
precursors.  Due to the attenuated electrophilicity of an
acylsilane compared to that of an aldehyde, no self-
condensation of the acyl anion precusor is observed.

An NHC generated in situ from commericially available
thiazolium salt 12 was used to catalyze the addition of an
acylsilane (14) to and !," -unsaturated system (15, Scheme
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5).11  The proposed mechanism involves the addition of the
NHC to the acylsilane followed by Brook rearrangement
(1,2-silyl shift).  This is the first evidence of an NHC-
catalyzed Brook rearrangement.  An alcohol additive is
necessary (e.g. i-PrOH) in order for the reaction to be
catalytic in thiazolium salt.  

A variety of chalcone derivatives were evaluated to
examine the effect electron withdrawing and donating
substituents would have on the reaction.  In all cases high
yields of the 1,4 adduct were obtained.  Additionally, both
alkyl and aryl acylsilanes are operative acyl anion
precursors.

Scheme 5. NHC-catalyzed addition of acylsilanes to !," -
unsaturated systems.
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In a related reaction, a variety acylsilanes (14) were
successfully added to protected imines (17) to affored ! -
aminoketones (19) in excellent yields (Scheme 6).12  The
reaction is tolerant of both electron donating and
withdrawing substitiuents on the aryl group of the imine.
It was demonstrated that a diastereoselective reduction of the
ketone is possible and deprotection of the phosphoryl group
occured with ease. 

Scheme 6. Acylsilane additions to imines.
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Generation of homoenolates.  Recently it has
been reported that NHCs have been utilized to access
homoenolate reactivity from !," -unsaturated aldehydes. 
The Bode and Glorius labs independently were the first to
report the cyclization of a homoenolate generated under
catalytic conditions and an aldehyde in the stereoselective
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synthesis of #-butyrolactones.13,14 The proposed
mechanism involves addition of the NHC to the !," -
unsaturated aldehyde followed by proton shift to generate
homoenolate equivalent 24.  A suitable catalyst effects a
nucleophilic attack of the " -carbon to the electrophilic
aldehyde to form an alkoxide.  Tautomerization followed by
intramolecular trapping of the newly formed activated
carboxylate regenerates the catalyst.  Both groups found
that NHCs derived from thiazolium salts were not effective
catalysts to carry out the desired transformation and only
benzoin products were observed when these catalysts were
employed.  Imidazolium salt 22 was determined to be the
optimal NHC precursor for generation of the desired
annulation product.

Scheme 7. Synthesis of #-butyrolactones from NHC
generated homoenolates and aldehydes.
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Bode and coworkers demonstrated a variety of enals (20)
can be employed as homoenolate precursors and generally
good yields of lactone (23) are observed.  Interestingly, the
cis to trans ratio of the resulting lactone is dependent on
catalyst structure; imidazolium salt 22  predominately
forms the cis stereoisomer.  Generally, no additional
precautions were taken in order to prevent dimerization or
benzoin formation.  The methodology is currently limited
to aromatic and !," -unsaturated electrophilic aldehydes
(21).  

Scheme 8. NHC-catalyzed reaction of an unsaturated
aldehyde with a ketone.
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Burstein and Glorius obtained similar results in their
synthesis of #-butyrolactones, demonstrating the
annulation reaction of cinnamaldehyde with aromatic
aldehydes.  Additionally, they were able to employ ketone
27  as an electrophile to generate the more highly
substituted lactone 28 with moderate diastereoselectivities
(Scheme 8).  It was also noted that NHCs derived from
triazolium salts were unsuccessful catalysts to effect the
transformation. 

Shortly after the reports by Bode and Glorius, Chan and
Scheidt disclosed that !," -unsaturated aldehydes (28) can be
easily converted into saturated esters (30).15  The proposed
mechanism is similar to Scheme 7 and involves the
protonation of the catalytically generated homoenolate at
the " -carbon followed by tautomerization then regeneration
of the catalyst by nucleophilic attack of an alcohol.
Optimzation of the reaction found that 2,6-substituted
phenols were the best proton sources.  Although benzyl
alcohol was the favored nucleophile, a variety of alcohols
were successful, including, secondary alcohols.  The
reaction is tolerant of a range of !," -unsaturated aldehydes,
including both electron withdrawing and donating
substituents on the phenyl ring of cinnamaldehyde as well
as aliphatic aldehydes.  Even ! -branched and "," -
disubstituted aldehydes give high yields of product in most
cases.  Preferential reaction with the (R)-stereoisomer of a
racemic mixture of 1-phenylethanol was observed when a
chiral imidazolium salt was used as the catalyst, suggesting
the NHC is involved in the acylation event. 

Scheme 9. Conversion of !," -unsaturated aldehydes into
saturated esters.
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NHC catalysis is an efficient strategy to access the
highly useful and nontraditional Umpolung reactivity from
carbonyl containing precursors.  Recent advances have
demonstrated that NHC-catalyzed processes can generate
useful synthetic compounds.  The generation of carbonyl
anion and homoenolate equivalents has succesfully
demonstrated the potential of NHCs as organic catalysts in
unconventional bond-forming reactions.  Future
investigation will certainly expand the utility of NHCs and
lead to the discovery of additional highly useful
transformations.
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