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1. Introduction

In the investigation of efficient chemical transformations, from Saccharomyces cerisiaein the 1990s and is shown
the carbor-carbon bond-forming reactions play an outstand- in Figure 31* The thiamine cofactor is embedded in a narrow
ing role. In this context, organocatalytic processes have channel in the center of the enzyme. From the complex
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achieved considerable attentibBeside their facile reaction
course, selectivity, and environmental friendliness, new
synthetic strategies are made possible. Particularly, the
inversion of the classical reactivity (Umpolung) opens up
new synthetic pathwaysln nature, the coenzyme thiamine
(vitamin By), a natural thiazolium salt, utilizes a catalytic
variant of this concept in biochemical processes as nucleo-
philic acylations® The catalytically active species is a
nucleophilic carbené.

Carbenes belong to the most investigated reactive species
in the field of organic chemistry. As typical structural
features, all carbenes are neutral and possess a bivalent
carbon atom with an electron sextet. First evidence for the
existence of carbenes is found in the pioneering work of
Buchner and Curtius and Staudinger and Kupfer in the late
19th and early 20th centuPyBecause of their pronounced
reactivity, carbenes could not be isolated until recently and
were regarded as reactive intermedi&tés.

Since the first reports of stable nucleophilic carbenes by
Bertrand and co-worketsand Arduengo et &l.in the late
1980s and early 1990s, the broad application of N-hetero-
cyclic carbenes (NHCs) in organic synthesis has been
impressively demonstrated. Beside their role as excellent
ligands in metal-based catalytic reactidhsrganocatalytic
carbene catalysis has emerged as an exceptionally fruitful
research area in synthetic organic chemistryhis review
highlights the extensive applications and reaction pathways
of thiazol- (A), triazol- B), imidazol- (C), and imidazolin-
2-ylidenes D) as versatile synthetic methods (Figure 1).

2. Enzymes as Archetypes

In nature, realms of complex biochemical reactions are
catalyzed by enzymes, many of which lack metals in their
active site. Among them, nucleophilic acylation reactions are
catalyzed by transketolase enzydiem the presence of
coenzyme thiaminel( vitamin By).2 Inter alia, this coenzyme
is present in baker’s yeast and might serve as an example of
highly selective chemical reactions that are accomplished in
vivo. In 1954, Mizuhara et al. found that the catalytic active
species of the coenzyme thiamine is a nucleophilic carbene
(Figure 2)* The biochemistry of thiamine-dependent en-
zymes has been studied in detail, resulting in broad applica-
tions as synthetic tools.

An X-ray structure of a thiamine-dependent transketolase
enzyme was determined by Schneider et al. after isolation

surrounding of the heart of this enzyme, it seems to be
obvious that chemical reactions at the catalytically active
site in this channel proceed inevitably with high selectivities.
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Figure 2. Coenzyme thiamine (vitamin

In 1903, Lapworth postulated a mechanism for this reaction
in which an intermediate carbanion is formed by hydrogen
cyanide addition to benzaldehyde followed by deprotona-
tion .16 Here, the former carbonyl carbon features an inverted,

The aim of many organic chemists is to develop synthetic nucleophilic reactivity. This intermediate “active aldehyde”
catalysts that mimic this enzymatic system. Therefore, only exemplifies the "Umpolung” concept of Seebach and co-
the actually catalytically active site, without the necessity workers? In 1943, Ugai et al. recognized that thiazolium
of the huge enzyme proteins around it, is the goal, as well salts could also be used as catalysts in the benzoin condensa-
as to use it efficiently and selectively in organic reactions. tion” In 1958, on the basis of the work of Lapworth,

3. Benzoin Condensation
3.1. Breslow Mechanism

Breslow proposed a mechanistic model for the thiazolium
salt-catalyzed benzoin condensatiérin this mechanism,
the catalytically active species is thiazolin-2-ylideBea
carbene compound, which is formed in situ by deprotonation

The benzoin condensation catalyzed by N-heterocyclic Of the thiazolium sal2. The postulated catalytic cycle is
carbenes has been intensively investigated. First investiga-shown in Scheme 1.

tions date back to 1832 when'\Wer and Liebig discovered

Breslow assumed that the thiazolium sai$ deprotonated

the cyanide-catalyzed coupling of benzaldehyde to bertZoin. at its most acidic position to form the thiazolin-2-ylideBie
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Figure 3. Structure of the transketolase enzyme isolated from
Saccharomyces cersiae

Scheme 1. Catalytic Cycle of the Benzoin Condensation as
Proposed by Breslow

originally drawn as a mesomeric zwitterion. Nucleophilic
attack of the carbonyl function of an aldehyde¢hen gen-
erates the thiazolium salt addugt Deprotonation/reproto-
nation leads to the active aldehyde in the form of the reso-
nance-stabilized enaminol-type Breslow intermed@fEhis
nucleophilic acylation reage®t(equivalent to a #synthon

in the terminology of Seebach et al.) reacts again with an

electrophilic substrate such as the carbonyl group of a seconaz

aldehyde molecule. The intermediatesliminates benzoin
(8), and the original carbene cataly&is regenerated.

Lemal et al*® postulated an alternative mechanistic model
based on the facile formation of carbene dim@&rand this
was extended by lmez Calahorra and co-workers (Figure
4)2° These two competing models have been intensely

Enders et al.

R1
RZ__N R3
N S
To=T
3 S N R2
R1
9
Figure 4. Thiazolin-2-ylidene dimer.

R

synthetic concept for the preparation of numerattsydroxy-
ketones. Aliphatic aldehydes showed the best results with
catalystl0a whereas for aromatic substrates, the thiazolium
salts10b or 10c were better catalysts (Figure Y3

HL. ©R
s

"o s) x® 10a,R=Bn X=Cl

10b. R = Me, X =1

10 10c. R =Et, X = Br

Figure 5. Thiazolium salts utilized by Stetter et al.

3.2. First Asymmetric Benzoin Condensations

As the product of the benzoin condensation iscahy-
droxyketone8, a new stereogenic center is formed. Conse-
guently, many chemists have tried to develop heterazolium-
catalyzed asymmetric benzoin condensations and, later, other
nucleophilic acylation reactions (Scheme 2).

Scheme 2. Asymmetric Benzoin Condensation

0
(|) cat., base R j\/
R) R * R < R
R =Aryl :
4 y OH OH

(R)-8 (S)-8

In 1966, Sheehan and Hunneman presented the first results
of an asymmetric benzoin condensation utilizing the chiral
thiazolium saltl1 as precatalyst: However, the enantiomeric
excess of the synthesized benzoin was only 22%. Some years
later, they were able to obtain enantiomeric excesses of up
to 51% with modified thiazolium salts such &8 Unfor-
tunately, the products were formed in low yields (6%b).
Many years later, Dvorak and Rawal improved the protocol
of Sheehan and co-workers, obtaining 48% enantiomeric
excess (ee) with better yieldsMenthyl-substituted thiazo-
lium salts such a43 were developed by Takagi et al. and
catalyzed the formation of benzoin in a micellar two-phase
reaction system with an enantiomeric excess of 35% and an
improved yield of 20967 Zhao et al. combined the Sheehan
catalysts with the Takagi reaction conditions and obtained
moderate enantiomeric excesses of-87% and yields of
20—-30%28 On the basis of their mechanistic model, in 1993
Lépez Calahorra and co-workers synthesized bisthiazolium
alt catalysts such as compouhdj affording benzoin with
7% ee and a yield of 21% (Figure ¥).

3.3. Stable Carbenes

Side by side with the research on carbene-catalyzed
benzoin condensations, much effort has been devoted toward
the isolation of stable carbenes. The chemistry of nucleophilc

discussed. Finally, the carbene dimer mechanism could notcarbenes was intensively studied by Wanzlick et al. in the

stand up to the Breslow mechanidim.

Stetter et al. were the first to use thiazolium salts as
catalysts for the preparation of acyloin and benzoin com-
pounds on a preparative scale. They could utilize this

1960s% Until then, the divalent carbenes were considered
as highly reactive intermediates. In retrospective, Wanzlick
et al. had N-heterocyclic carbenes in their hands, but they
did not believe that they would be able to actually isolate
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o] Scheme 5. Synthesis of the Stable Carbene 22 Developed by
OJ( O Enders and Teles and Co-workers
0
HsC, Ph Ph
/(B/*kph 3 ,,® O N® o NeOCH, v N
HaC N HaC N N\ cloP CHzOH, 1t -
| R i 13 | )—OCHS;
\[ \> Bre \[ \> B Ph)\ N> 70% F'h/]\N
¥ ; F Ph
11 12 Ph
20 21
HaC, Ph
D Q A'80°C, 0.1 mbar N
: toluene, A
4 2 SolOMENe o <D
HCo @ 7~ CHs NO NS quant. Ph)\ N
s [y ¢ i
| \>H3C o s s Ph
s cl © © 22
Iy " ince Ard I's initial bl
Figure 6. Chiral thiazolium salts for the asymmetric benzoin Since Ar uengo etal’s 'mt'.a reports, numerous stable
condensation. N-hereocyclic carbenes of various types have been synthe-

sized®10:3435Applications in organocatalysis and metal-based
them. Only the dimeric forms, the electron-rich olefins, were catalysis have developed rapidly.
reported. It was more than 28 years later that Bertrand and Inspired by this success and based on our work on the
co-worker§ and Arduengo et #&3! presented carbene asymmetric Stetter reaction in the late 1980s, our research
compounds that were stable at room temperature. The besgroup together with Teles and co-workers studied the triazole

known representatives, the imidazolin-2-ylidenes, €l§,, heterocycle as an alternative carbene structure. In 1995, we
and derivatives, e.gl6, are today often called Wanzlick reported the synthesis of the triazolin-5-ylide2@starting
carbenes (Figure 7). from the triazole precurs@0.3¢ The crystalline carben22

was obtained fron20 by addition of sodium methanolate to
Ph CHg give the stable adduétl followed by a-elimination of meth-
N N anol, either at 80C under vacuum or in refluxing toluene.
[ )Q <j|: >Q Compound?2 proved to be stable at temperatures up to 150
N S °C in the absence of air and moistifeCompound22 was

Ph the first carbene to be commercially available (Scheme 5).
15 16
Figure 7. Typical Wanzlick carbenes. Scheme 6. Postulated Mechanism of the Formoin
Condensation Reported by Teles and Co-workers
However, the carbene character of Bertrand’s phosphi- Ph
nocarbend 7 was initially doubted, as its chemical reactivity N-N° o
appeared to resemble more a phosphaacetyllg@#eRecent P P Clos
studies seem to support its carbene character again (Schem P~ N
3)38 a
Scheme 3. Phosphinocarbene Reported by Bertrand and 1 _H$
Co-workers
i-PrN, i-PryN. NPh j’\
p . -— P=—Si(CH N~
i-Pr,N Si(CH3)3 ,‘_per' i )LN>Q : 23 b
17 18 U Ph o
.. . . . 22 N’N\ o
Thus, the imidazolin-2-ylidend5a synthesized by Ar- P —f
duengo et al. in 1991 is now referred to as the first Ph N~Ph
N-heterocyclic carbene to be isolated and characterized. Its Ph
preparation was achieved by deprotonation of the corre- N‘N\>_(_ OH “
sponding imidazolium salt9. Later on, Arduengo et al. ' il Ph
could also synthesize stable carbenes with less bulky P" A ol
substituents. It should be noted that the structure of these N =
carbenes is identical with that of the Wanzlick carbenes. \ Ph pr” N
Progress in laboratory methods was finally decisive for the N"’“'@ ?e/( Ph
successful isolation of these carbenes (Scheme 4). P& B
pn” N OH &
Scheme 4. Preparation of Stable Imidazolin-2-ylidenes by Ph H” “H
Arduengo and Co-workers IL 23
© o MHIE . A
[\> o =" [)a 15a, R = Ad Ph j’\ Ph
" N 15b, R = p-Me-Ph N'N>:( e S NN /OH
. 3 15¢, R = p-CI-Ph p L | \>_€3H
R 15d, R = Mes pr” N OH Ph)\N o°

19 15 15e, R =Cy Ph Ph
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The triazolin-5-ylidene22 turned out to be a powerful
catalyst for the conversion of formaldehyd3) to glycol-
aldehyde 24) in the “formoin reaction’® This reactivity is
a useful complement to the catalytic properties of thiazol-
ium salts, which mainly afford 1,3-dihydroxyacetone as
product (Scheme 6}.As triazolium ylides are more stable
than thiazolium ylides, the elimination of glycolaldehyde
occurs faster than the addition of the third formaldehyde
molecule.

An interesting application of the benzoin condensation
utilizing precatalysf1 was published by Dietrich and Lubell
in their synthesis of the enantiopure pyrrolizidinone amino
acid 27.4° Acyloin condensation of aspartgtealdehyde25
in tert-butyl alcohol at 80°C yielded the corresponding
a-hydroxyketone26 in good yield with no need of a base to
activate the catalyst (Scheme 7). The pyrrolizidone dipeptide
structure27 can be used to study conformatioactivity
relationships of biologically active peptides.

Scheme 7. Synthesis of the Enantiopure Pyrrolizidinone
Amino Acid 27 by Dietrich and Lubell

E 25 mol% 21,

t-BuOH, 80 °C
63%
CO,t-Bu
25

PhFHN O

CO,t-Bu
£-BuO,C

OH NHPHF
26

PhF HN Ph

3.4. Asymmetric Benzoin Condensations

The promising results of triazolium salt catalysis inspired
our research group to synthesize a variety of chiral triazolium
salts for the asymmetric benzoin condensatioBxtensive
investigations have shown that the enantiomeric excesses an
catalytic activities are highly dependent on the substitution
pattern of the triazolium system. The most active catalyst
(S59-28 provided benzoin§) in its (R)-configuration with
75% ee and a good yield of 66%. Remarkably, only low
catalyst loadings were necessary (1.25 mol %), which
indicated that the activity increased by almost 2 orders of
magnitude compared to that of the chiral thiazolium salts
used before. The application of the catalyst system to other
electron-rich aromatic aldehyddsgave the corresponding
a-hydroxyketones$ with enantiomeric excesses up to 86%.

Scheme 8. Asymmetric Benzoin Condensation by Enders

et al.
1.25 mol% 28, (0]
j K,COs, THF, rt, 60 h R
R R
22-72% OH
4 fh (R)-8
-N e
N| \> ClO, R = Ph, m-Me-Ph, p-Me-Ph,
LN m-MeO-Ph, p-MeO-Ph,

. bn
(7
°F.
HsC CHs
(S,S)-28

p-F-Ph, p-CI-Ph, p-Br-Ph

Enders et al.
Ph S
'®D
~ ]
N| N\> ClOg4 | N/%
LN Tf0
CH,4
’ CHs
3 CH3 TBSO
(S)-29 (R)-30
Ph
S ’ [S)
®
| ) -N” ClI
N® . © I\1 »
TfO N
o~ N
oTBS 0
Ph
(R)-31 (R)-32

Figure 8. Chiral heterazolium salts of EndersJ{29] and Knight
and Leeper [R)-30—(R)-32].

Electron-deficient aldehydes showed significantly lower
inductions (Scheme 8).

Attempts to apply catalys§S)-28to aliphatic aldehydes
resulted in very low enantiomeric excesses and vyields.
Utilizing triazolium salt §-29yielded only low enantiomeric
excesses of up to 26% and only moderate yields (Figufé 8).

In 1997, Leeper and co-workers introduced novel bicyclic
thiazolium salts for the asymmetric benzoin condensation.
Utilizing catalyst R)-30, an enantiomeric excess of 21%
accompanied by a yield of 50% was obtained. With an
optimized catalyst structurdR]-31 aliphatic butyroin could
be obtained with an enantiomeric excess of 33% (75%
yield)*3 Another thiazolium salt containing a norbornane
backbone gave benzoin in quantitative yields but only 26%
ee? By developing chiral, bicyclic triazolium salts, such
as compound R)-32, they could significantly improve
their results. Various aromatic acyloins were produced
with modest-to-good enantioselectivities {288% ee) (Fig-
yre 8)45
Scheme 9. Asymmetric Benzoin Condensation of Aromatic
Aldehydes by Enders et al.

10 mol% 33 ]
O 3
KOt-Bu, THF, rt, 16 h
J R)J\./R
R 8-100% "
4 \ N,gh (S)-8
/« » BF49 80-95% ee
0" N
t-Bu
(S)-33

Table 1. Scope of the Asymmetric Benzoin Condensation by
Enders et al.

T yield ee T yield ee

R (C) (W R (C) (%) (%)
Ph 18 83 90 m-Cl-Ph 18 92 62
PH 18 46 93 m-Cl-Ph 0 85 86
Pr 18 33 99 p-Me-Ph 18 16 93
p-F-Ph 18 81 83 m-Me-Ph 18 70 86
p-F-Ph 0 61 91 m-Me-Ph 0 36 91
p-Cl-Ph 18 80 64 p-MeO-Ph 18 8 95
p-Cl-Ph 0 44 89 o-furyl 0 100 64
p-Br-Ph 18 82 53 o-furyl —78 41 88
p-Br-Ph 0 59 91 o-naphthyl 18 69 80

a5 mol % 33. 2 2.5 mol %33.
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Figure 9. Transition states for the asymmetric benzoin condensation proposed by Enders et al. and Dudding and Houk.

Inspired by these results, another chiral bicyclic triazolium CH, CHa

salt was developed in our research group in 2002. Triazolium s o S B )Okrph
salt (9-33, derived from §-tert-leucine, was applied in the | p ©0 Tt | N/Z €% Ph
asymmetric benzoin condensati¥n(S)-Benzoin 8) was : N tBu : t-Bu OH
produced in a very good enantioselectivity (90% ee, 83% H3C/\CH3® HyC” CH (R)-8
yield). The condensation of numerous other aromatic alde- 35 35" 85%
hydes4 yielded the corresponding-hydroxyketone8 with 40% ee

exellent enantiomeric excesses up to 99%. As previously Figure 10. Axially chiral thiazolium salt used by Bach and co-
observed, electron-rich aldehydes gave higher asymmetricworkers.
inductions than the electron-deficient ones. Lower reaction )
temperatures (OC instead of room temperature) or lower _Further catalyst concepts range from &nd Q—symnltgetrlc
amounts of catalyst caused decreasing yields but slightly N-alkylbenzimidazolium and thiazolium salts, e.86,* to
enhanced enantiomeric excesses (Scheme 9, Table 1).  chiral rotaxanes tethering a thiazolium salt moiety3ds
The transition state84, shown in Figure 9, has been However, the enantlpselectl\_/lty optamed with the conceptu-
proposed to explain the observed absolute configuration. The@lly new G-symmetric enantiomerically pure bisthiazolium
Siface of the assumed Breslow-type intermediate would be S&lt 36 remained with 15% ee in a low range. Takaka and

steric shielded by theert-butyl group of the bicyclic catalyst. ~ Co-Workers have recently applied rotaxanes sucBam
The second aldehyde molecule would then attack the the asymmetric benzoin condensation; however, the enan-

hydroxyenamine from itReface, leading to angj-con- tiomeric excesses with up to 32% remained rather low
figured product, which is actually observed in the experi- (Figure 11)° )
ments. In addition, interactions of the phenyl substituent of __Davis and Forrestérand, later, Xu et &t showed that
the enol moiety (viar-stacking) as well as intermolecular thiazolium- and |m|.dazol|um—|on'based ionic liquids also
H-bridge activation of the aldehyde function with the Promote the benzoin condensation effectively. The room-
hydroxyl group of the Breslow intermediate may lead to a
preorganized transition state.

However, the [E/Z)-geometry of the Breslow intermediate

has not yet been determined but is relevant for the preori- (0 0»
entation of the second aldehyde molecule. As shown in S OH R 5 o R
transition state34, the correspondingH)-isomer would O ol ) KN/\(/\O)&
probably favor aSi—Skattack and, therefore, &)-config- HyC o ) o

uration in the product. An unfavorable steric interaction M€ N 2Br " . k« )
between the phenyl substituent of the enol moiety and the O = N\7 o 0
phenyl substituent of the attacking aldehyd&# probably HyC &s @
disfavors this transition state. The most favorable transition OH ® O
state has been determined to3® through computational 36 c O O
calculation by Dudding and HouK.In this transition state,
no sr-stacking occurs, but the substituent of the approaching R = 3,5-di-tert-butylpheny!
aldehyde resides in an open pocket of the catalyst with 37
minimum steric repulsion. Thus, the formation 8f-penzoin Figure 11. Conceptually new chiral thiazolium sal83 and 34.
would again be favored.
Besides the catalysis of the benzoin condensation with a
variety of central chiral N-heterocyclic carbenes, Bach and % HoC
co-workers recently utilized axially chiré-arylthiazolium
salts such a85 as precatalyst¥ The best results obtained RU_N® BFf N® B
I )
2 N

H3C.

with this catalyst were 85% yield and up to 40% ee of the

benzoin product §)-8. The rather low inductions were rRZ S

explained by the not-sufficiently-restricted rotation around 38 R'=H,Me CHs;

the stereogenic axis of the corresponding active carbene RZ=H, Me 39

intermediate (Figure 10). Figure 12. lonic liquids as catalysts for the benzoin condensation.
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Figure 13. Benzimidazolium salt used for the benzoin reaction in

water.

Scheme 10. Crossed Benzoin Condensation by Stetter and
Dambkes

10 mol% 10a,

o) 0
g . §  EwN.EOHA EtOH, A R? ]
R’ R2 R
4 4

\(ﬁ\m + ﬂ\rR2

R' = aryl, heteroaryl
R? = alkyl

®,Bn

J»Cl

Scheme 11. Selective Cross-Acyloin Condensation by Inoue
and Co-workers

10 mol% 43,
. 0 Et,N, EtOH, 60 °C L
+ —_ OH
R) H)J\H 74-100% (conv.) R
& 23 oFt o 42
. -
R=Me, Et, n-Pr, i-Pr, Ny Br 64-100% selectiviy
Cy, Ph, 2-furyl S>

43
temperature organic ionic liquid3 promoted the benzoin

Enders et al.

tion in aqueous reaction medi&The utilized vitamin B
catalyst gave good yields of the benzoin products, and the
reaction could be run to completion within 20 s.

3.5. Crossed Benzoin Condensations

An obvious extension of the benzoin reaction is the cross-
coupling of different aldehydes or of aldehydes and ketones.
In crossed acyloin condensations, usually a mixture of all
possible symmetric and asymmetric acyloi@is-8" and
41'—41" is obtained. Stetter and Ddkes could show that,
in some special cases, an excess of aliphatic aldehytle (R
= i-Bu) in combination with an aromatic or heteroaromatic
aldehyde (R = 0-CI-Ph, thiophenyl) (3:1) could yield
selectively one of the two asymmetric acylo#® (Scheme
10) 55 This chemoselective outcome can be explained by the
reaction of the more stable Breslow intermediate, derived
from the aromatic aldehyde, with the more reactive aliphatic
aldehyde. A crossed acyloin condensation of aliphatic
aldehydes could also be achieved with this method but can
be explained by statistical argumeftBecause the yields
are based on the minor aldehyde, which must mainly give
the crossed acyloin for statistical reasons, no direct crossed
condensation is obtained.

A selective cross-acyloin condensation of formaldehyde
(23) and another aldehyd® to yield exclusively 1-hydroxy-
2-ones42 was reported by Inoue and co-workéfsAmong
different screened catalysts, 3-ethylbenzothiazolium bromide
43 in combination with an alcohol as solvent showed the
best results with respect to reactivity and selectivity (Scheme
11). In the proposed catalytic cycle, the carbene catalyst
initially selectively attacks the aldehyde because of the
stabilizing effects of the R-groups in the Breslow intermedi-
ate6 (Scheme 1). The following selective attack to formal-
dehyde was explained by the higher electrophilic character

condensation of benzaldehyde, when treated with smallin comparison with the other aldehyde.

quantities of triethylamine, with 80% conversion after 1

week. Recently, the first example of simpleNtalkyl-3-
methylimidazolium salts, e.g39 (EMIMBY), as precatalysts

Miiller and co-workers could obtain enantiopuxehy-
droxyketones, benzoins, and acyloins using the thiamine-
dependent enzymes benzaldehyde lyase (B¥dr)benzoyl-

in the benzoin condensation has been demonstrated. Severdbrmate decarboxylase (BF)Mostly aromatic aldehydes
aliphatic and aromatic aldehydes could be utilized to yield were linked to acetaldehyde chemo- and stereoselectively.

the corresponding-hydroxyketones (Figure 12).

In 2002, the first asymmetric crossed benzoin condensation

A short time ago, the first benzoin reaction in water was reported by the same grotfMixed benzoingt1 were

catalyzed by benzimidazolium salts was presehtédlong
hydrophobic N-alkyl chain as id0 was proven to give the

obtained with high selectivities and enantiomeric excesses
utilizing thiamine diphosphate (ThDP)-dependent enzymes

best yields, since it was considered to play an important role by taking advantage of the aldehyde donacceptor be-

in the micelle formation. Because the obtairedhydroxy- havior (Scheme 12).

ketones can simply be filtered without need for further = The crossed benzoin condensation is not limited to

purification, this protocol seems to be quite interesting from aldehyde-aldehyde coupling; the reaction between aldehydes

the viewpoint of green chemistry (Figure 13). and aldimines is also possible. Murry et al. developed a
Almost simultaneously, the research group of Degani thiazolium-catalyzed 10a) addition of aldehydegl to N-

developed a very fast microwave-assisted benzoin condensaacylimines, which is analogous to an azabenzoin condensa-

Scheme 12. Enzymatic Asymmetric Cross-Benzoin Condensation
BAL, ThDP, Mg?*,

0 0 : . Q
J + ﬂ KPi buffer, DMSO, 30 °C R2
R R2 R
OH
4’ 4 conversion, selectivity, ee up to > 99%

R' = Ph, 3-CN-Ph, 4-Br-Ph, 4-CF;-Ph, (S)-41°
3,4-dimethoxyphenyl, 3,5-dimethoxyphenyl,
3,4,5-trimethoxyphenyl,

R2 = 2-CI-Ph, 2 6-difluorophenyl, 2,3,5-trifluorophenyl,
2,3,4,5,6-pentafluorophenyl
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Scheme 13. Azabenzoin Reaction by Murry et al.
10 mol% 10a,

HaC . Et;N, DCM,
o] R® 0O 35-60 °C, 0.5-24 h RZ O
I+ A A, R L

R S, N R 58-98% N~ R®

oo H o H

4 44 HsC. ® Bn 45

N e
HO S) cl

10a

Scheme 14. Cyanide Catalyzed Crossed Silyl Benzoin
Condensation by Johnson and Co-workers

30 mol% KCN,
10 mol% 18-crown-6,

fj\ . j) Et,0, 25 °C OSiR;
R OSR, R? :
51-95% RY . CN
46 4
R' = alkyl, aryl 0
R? = alkyl, aryl, heteroaryl ; R2
R = Me, Et, Ph — R
OSiR,
a7

Scheme 15. Synthesis ai-Aminoketones by Mattson and
Scheidt

o) 30 mol% 38", HC s oM
o) L_pp DBU, CHCIs, i-ProH
U + N ey ——— | = ;
R' “SiR; l 51-94% H,e” N R
R2 HiCo s o CH;
46 48 I 2 49
R' = alkyl, aryl H;C N‘CH
R? = aryl, heteroaryl 3g ° 0 )
R = Me, (Me)Ph, R R
HN._Ph
P=Ph
o]
50
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Table 2. Scope of then-Amidoketones 45 Synthesized by Murry
et al.

entry R R? R3 time  yield (%)
1 4-pyridinyl  Ph H 30 min 86
2 4-pyridinyl  Ph Me 30 min 93
3 4-pyridinyl  Ph Cy 30 min 98
4 4-pyridinyl  Ph Ph 30 min 88
5 4-pyridinyl  Ph p-F-Ph 30 min 90
6 4-pyridinyl  Ph p-MeO-Ph 30 min 97
7 4-pyridinyl  Ph OBn 15 min 96
8 4-pyridinyl  Ph Q-Bu 15 min 85
9 Ph Ph ®@Bu 24 h 75
10 mBr—Ph Ph Q@Bu 8h 86
11  p-MeO-Ph  Ph ®Bu 48 h 68
12 p-CN-Ph Ph @Bu 15 min 80
13 2-furyl Ph Q-Bu 24 h 73
14  3-pyridinyl Ph @-Bu 24 h 93
15 Me Ph @-Bu 24 h 62
16 BnOCH Ph QG-Bu 24 h 75
17 PhCH=CH Ph Cy 24 h 80
18  4-pyridinyl p-F-Ph Cy 30 min 76
19  4-pyridinyl p-MeO-Ph Cy 30 min 84
20  4-pyridinyl H Ph 24h 58

A nonenzyme-catalyzed crossed benzoin condensation
should be mentioned, although so far not catalyzed by
N-heterocyclic carbenes. Johnson and co-workers have
recently reported crossed silyl benzoin condensations cata-
lyzed by cyanide. The acylsilane$6 serve as superior
acylanion precursors, which avoid the usual problem of self-
condensatiof? a-Siloxyketonegt7 could be synthesized via
a Brook rearrangement with complete regiocontrol with the
catalyst system KCNB-crown-6 (Scheme 14). By applying
La(CN); as a catalyst, alkyl- and,S-unsaturated substrates
could also be use®.An enantioselective version was also
developed by the same group using chiral metallophosphites
as Umpolung catalysfs.

Mattson and Scheidt were able to use a similar strategy
with the catalytic addition of acylsilane to imines48in

tion.®* Arylsulfonylamides44 served as precursors for the a synthesis ofi-aminoketone$0.55 By employing a readily

N-acylimines and were generated by elimination. The available thiazolium salB8 as carbene precursor, the direct
proposed mechanism is analogous to that for the benzoinformation of N-phosphinylated aminoketones was made
reaction with in situ generation of the Breslow intermediate possible (Scheme 15). The formation of benzoin was

and attack on th&l-acylimine acceptor. Different biochemi-
cally relevanto-amidoketoneg5 could be synthesized with

completely avoided. In the proposed catalytic cycle, after
Brook rearrangemefif,an enolsilane is formed and under-

this strategy (Scheme 13, Table 2). Electron-deficient alde- goes conversion to the Breslow intermedia® in the
hydes performed much better in this reaction than electron- presence of an alcohoi-PrOH).

rich ones. Aliphatic aldehydes (entry 15) as well @g-

A successful asymmetric variant of the azabenzoin reaction

unsaturated aldehydes (entry 17) were shown to be suitablehas recently been presented by Miller and co-workers, who

Scheme 16. Enantioselective Intermolecular Aldehydelmine Cross-coupling by Miller and Co-workers
H,C 15 mol% 51,

0 R?
| +
J WP
O/ \o H
4 44

o) PEMP, DCM, rt R 0O

1 T
up to 90% R\[]/\NJ\R?’
o H

(S)-45
up to 87% ee
44 (>98% after recrystallization)

HsC._OBn
Ho:
Hsec N \n/\NHBoc
o)
| ESS
g e
\=N._ CHjs

(S,S,S,5)-51
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Table 3. Enantioselective Synthesis ai-Amidoketones by Miller successfully used by Suzuki et al. for a diastereoselective
and Co-workers intramolecular crossed aldehydietone benzoin reaction in
yield ee the course of an elegant synthesis of preanthraquin@nes.
R R® R®  tme (%) (%) By employing the highly functionalized isoxazolb as
p-Cl-Ph Ph Ph 2h 100 78 substrate, the tetracyclie-hydroxyketoneb6 was obtained
p-Cl-Ph  p-MeO-Ph Ph  2h 90 87 by base-promoted cyclocondensation in good yield. The high
0-NOzPh  p-MeO-Ph Ph 15min 77 82 diastereoselectivity was induced by the pre-existing stereo-
8:28%‘5“ %r'\]"eo'Ph ::E: §5hm'” g? ;g centers in the substrates (Scheme 19).
p-Cl-Ph 2,4-dimethoxyphenyl  Ph 1lh 80 81 ) )
Ph Ph Ph 2h 15 83 Scheme 19. Intramolecular Crossed Benzoin Reaction by
Suzuki and Co-workers
employed chiral peptidic thiazolium salts such as the o-n Qe
compound §SS9-51 (see Scheme 16J.They observed 9 20 mol A9s. DB,
that the structure and stoichiometry of the base significantly T-
influenced the activity of the catalyst. The hindered base H,c” " 04 °
pentamethyl piperidine (PEMP) gave the highest ee values Coet © HsC_ o Et
(Scheme 16, Table 3). 55 7 g R
You and co-workers have recently shown that aromatic HO s~ Br
aldehydest can also be coupled to unactivated imirks 10¢
(R?, R® = aryl) to form a-aminoketoneg5 under thermo-
dynamic controP® In contrast, in the investigations of Murry In order to develop a general method, our group started

et al. and Miller and co-workers, the product was formed jnyestigations on simple aldehyde ketori¥sas substrates
under kinetic control, as the imine must react faster with ¢r the carbene-catalyzed crossed intramolecular benzoin
the Breslow intermediate than with another aldehyde mol- ¢ondensation. Independently, both our group and Suzuki and
ecule. By utilizing the thiazolium chloridk0a a wide range o workers reported that various five- and six-membered
of substrates was successfully used in this reaction with cycjic acyloins58 can indeed be obtained as their racemic
varying yields (Scheme 17). Studies to understand the nixyres by employing commercially available thiazolium
reaction mechanism revealed at least a partial thermodynamicsjis as precatalysts (Scheme ?0Jhe tetralone58a was
control, as the desired product was also formed with benzoin yptained in a significantly higher yield than tetralo5éb

as substrate. with interchanged functionalities. This may be due to the

Scheme 17. Intermolecular Aldehyde-Imine Cross-coupling activating effect of the aromatic aldehyde in the precursor

by You and Co-workers of 58a Substrates lacking the obviously favorable benz-
20 mol% 10a ) annulation in the resulting acylom58d)_ showed only
0 s EtN, EtOH, 70°C, 2 d ) R . moderate yields because the competing intermolecular reac-
Ao r2XNR a.85% RWH\N/R tion was also observed. The quindsewas isolated starting
R ? o H from the corresponding dialdehyde. Thehydroxyketone
4 52 sC_ ©,Bn 45 is only formed as an intermediate and undergoes air oxidation
Jg o to the quinoneéb8e during workup.
R', R R®= aryl HO s~ Cl The next goal, of course, has been to develop an enantio-
10a selective variant. Unfortunately, the chiral bicyclic triazolium
salt (§)-33, that had been found to be an excellent catalyst
3.6. Intramolecular Crossed Benzoin for the enantioselective intermolecular benzoin condensation,
Condensations proved to be ineffective in the intramolecular reaction.

Searching for alternative catalysts, our group synthesized the
novel triazolium salts59 and 60 starting from easily
‘accessible enantiopure polycycjidactams. The precatalyst
'59 led to excellent results in the intramolecular crossed
benzoin condensation of aldehyde ketoB&sas shown in
Scheme 21. The acyloi8 bearing a quaternary stereocenter
were synthesized with very good vyields and excellent
enantiomeric excess (93®8% ee)® The precatalys0, easy
available from the very cheap chirality source L-pyroglutamic
acid, proved to be even more active and the yields were
consistently excellent, albeit accompanied by lower enan-
Scheme 18. Intramolecular Acyloin Condensation by tiomeric excesses (634% ee). The substrates of the
Cookson and Lane enantioselective intramolecular crossed benzoin conden-
sation were varied to widen the scope of the reaction.

1 o2R3 10 mol% 55, R? R3 R% P L . ;
R R Et.N. CH.CN. 80 °C  Rf 1 Promising results were achieved with substrates where the
H H ol b >~ R + R . . .
aldehyde and the ketone function are interchanged and with

In contrast to the previously described intermolecular
condensation reaction, intramolecular crossed benzoin reac
tions have been developed for a much shorter time. In 1976
Cookson and Lane reported a cyclization of glutaric alde-
hydes53 with thiazolium salts as precatalystsgf to the
corresponding hydroxylcyclopentanorie$ and54'.5° Un-
fortunately, asymmetric dialdehydes3p—c) only yielded
the isomerico-ketoles54'b—c and 54'b—c (Scheme 18).

Synthetic thiazolium saltslQ¢), developed by Stetter and
his co-workers, similar to thiamine its€ff, have been

O gz O N s 0" HO -° substrates where a five-membered ring is formed. The
= o o2 3 1t e stereochemical outcome was explained by the transition state
HsC zif EZ’EH_R': ‘jﬁ/g’ shown in Scheme 21. THsi-face of the Breslow intermedi-
55 ¢R' R?=Me R*=H ate, which is formed as it€}-isomer, is sterically shielded

dR',R®=Me, R?=H by the tetrahydronaphthalene residue of the tetracyclic
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Scheme 20. Thiazolin-2-ylidene Catalyzed Intramolecular Crossed Benzoin Reactions

0
10alc,Et;N or DBU, R HsC. o R?
[e) t-BuOH or DMF N
\S R1 OH / » (€]
HO s~ X
57 58 10a, R?2=Bn, X =Cl
Enders et al. Suzukietal. 10¢, R*=Et X =Br
0 o)
CH, HO_ R o CH 0
OH @ii/r OH wcm
OH
58a, 95% (10c) 58b, 28-52% (10c) 58a, 89% (10c) 58¢c, 73% (10c)
R' = Me, Ph
o) 0 o
CH CHs §
3 OH OH
OH
58c, 41% (10C) 58d. 32% (103) 58d, 21-42% (10C)
R' = Me, CH,Bn HsC,
HO
58e, quant. (10c) le}
R'=H 58f, 65% (10c)

catalyst. TheReface of the intermediate would attack the philc acylation to the substrate class of Michael accepfors.
ketone function at itqReface (R= Bn). Furthermore, a  Since then, the catalytic 1,4-addition of aldehyde® an
favorable prearrangement might be caused by the activationacceptor bearing an activated double bd&licarries his

of the ketone function by an intramolecular H-bridge. Thus, name. The Stetter reaction enables a new catalytic pathway
the (§-configuration of the new stereocenter would be for the synthesis of 1,4-bifunctional moleculég such as
preferred, which is the case. Encouraged by our report, 1 4-diketones, 4-ketoesters, and 4-ketonitiféd The reac-
Suzuki and co-workef$ published their results utilizing  tion can be catalyzed by a broad range of thiazolium salts.
Rovis’ aminoindanol-derived chiral triazolium s&1’” as stetter and co-workers found that the benzyl-substituted
catalyst for the asymmetric intramolecular crossed bezoin thjazolium saltlOagave the best results for the addition of
condensation. They could widen the scope to aliph&8cl( aliphatic aldehydes, whered§b and 10c were chosen for
and biaryl aldehydeketones $8g). The observed facial  he addition of aromatic aldehydes. Any one of these three
selectivity with 58g was opposed to that of all other sub- a5 tound to be suitable for additions with heterocyclic

strates. The authors assumed that this unexpected revers Idehydes. Salt0d was utilized witha,8-unsaturated esters
was caused by changes in the enol geometry of the Breslow(Figure 14') ’

intermediate.
Suzuki and co-workers could also apply this approach to

. . : HyC. @R
the asymmetric synthesis of 4-chromanones, which are char- * N’ 10a,R =Bn, X =Cl
acteristic features in natural products, such@se(icomol / P X© 10b,R = Me, X = |
(Scheme 2258 HO S 10c, R =Et, X =Br
Starting from the corresponding aldehydestoness5, our 10 10d, R = (CH,),OFt, X = Br

group could develop a general N-heterocyclic carbene- Figure 14. Thiazolium salts10 for the intermolecular Stetter
catalyzed protocol for the asymmetric synthesis of various reaction.
3-hydroxy-4-chromanone33 (Scheme 23, Table 4y.The
application of three different triazolium salts as precata-  With linear-chain aldehydes, yields in the range of
lysts, previously developed in our research group, enabledg0—80% are usually obtained:-Branched aliphatic alde-
the adaptation to the _steric and electr_onic demands of thehydes cause lower yields. Unsaturated aldehydes with
catalyst system. Again, the tetracyclic cataly®Y-59 conjugated or isolated double bonds can be employed as well
was shown to be suitable for a broad range of substrates.s g/dehydes with isolated triple bonds. For the synthesis of
Activated substrates only required short reaction times and 1 4_giketones, most.,B-unsaturated ketones can serve as
could be converted with the help of the bulkier catal{t ( 4cceptors. Aromatic and heterocyaligg-unsaturated ketones
33, resulting, in most cases, in better inductions. are particularly well-suite This versatile method has found
. broad application in the synthesis of organic key intermedi-

4. Stetter Reaction ates and diverse natural products. In the catalytic cycle, the
. aldehyde4 is activated by the carbene under generation of
4.1. Intermolecular Stetter Reactions the Breslow intermediat® and subsequent nucleophilic

In the early 1970s, Stetter and co-workers succeeded inattack of the acyl anion equivalent to the Michael acceptor
transferring the concept of the thiazolium-catalyzed nucleo- 66 (Scheme 24).
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Scheme 21. Asymmetric Intramolecular Crossed Benzoin Condensation by Enders et al. and Suzuki and co-workers

0 0
59-61 (10-20 mol%), R
N . KOt-Bu or DBU, THF OH
57 58
Enders et al. Suzuki et al.
Ph Ph
I ;9
N-N Ph NN
1Y e N-N B
N BF4 ! » e N BFll
ey = N~ BF,
/ 0
“_—0TIPS
(R,S)-59 (S)-60 (S,R)-61
o] 0
R HO, e.CHgo CH, o)
‘OH
58a, yield 43-93% (S)-58b (R)-58a (R)-58¢c
ee 93-98% (59) ee 67%, yield 68% ee 96%, yield 70% ee 60%, yield 69%
ee 63-79% (60) o
0 CH
R = Me, Et, n-Pr, CH 3
n-Bu, ~-Bu, Bn Rl ""OH
OH
(S)-58¢ (R)-58d
ee 74%, yield 95% ee 96%, yield 44% (S)-58¢g
\ R = Me, Et, i-Pr
t :
/ Q ] ee 39-90%, yield 47-74%
Re-attack el-R
N

Si-attack

Scheme 22. Enantioselective Synthesis of the Eucomol Core by Suzuki and Co-workers

0 1
| 15 mol% 61, 0 : OH O
d Et;N,THF, r.t., 25h (:ﬁﬁ?}\':h : /@EK/TH
56% i \©\
O/\([)I/\Ph 0 L HO 0 OMe
62 Npeh (R)-63 : (S)-64
N7\ 88% ee ' (S)-eucomol
| > o
N BF4
0
(S.R)-61

First attempts of an asymmetric Stetter reation were donewith Michael acceptors have been obser¥@davhich might
in our research group in 1989 with the investigation of chiral be a possible reason for their failure in catalysis.
thiazolium salts such a&l as precatalysts. The reaction of
n-butanal 68) with chalcone §9) in a two-phase system gave
the 1,4-diketon&0with an enantiomeric excess of 39% but In 1995, Ciganek reported an intramolecular version of
a low yield of only 4% (Scheme 25}.The catalytic activity the Stetter reactiof?. 2-Formylphenoxycrotonates and
of thiazolium as well as triazolium salts in the Stetter reaction formylphenoxyacrylateg2 have been shown to be highly
persisted in being rather low. Triazolium salts have been active substrates for the Stetter reaction. The reactivity of
shown to possess a catalytic activity in the nonenantio- the substrates was considerably enhanced, which may be due
selective Stetter reactiGibut in some cases, stable adducts to entropic factors (Scheme 26). The reaction also proceeds

4.2. Intramolecular Stetter Reactions
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Scheme 23. Asymmetric Synthesis of 4-Chromanones'&3y Table 4. Scope of the N-Heterocyclic Carbene-Catalyzed

Enders et al. Synthesis of 4-Chromanones 63

(0] o} time vyield ee (%)

, ' Jr2 o &mgésso,THF R? RL R2 precat. T (h) (%) (config.)
/s *[OH H Et (R959 5°C 48 88 94(9
33 0 24-93% 3 0 H Me (R9-59 rt 118 70 90 (S
R4 65 R 63 H Me (RS-59 5°C 48 62 93(9
; H i-Bu (R9-59 rt 40 78  92(9
Ph 71-99% ee H i-Bu (RS-59 5°C 24 46 95(9
Ph N-N Ph H Cy (R9-59 rt 72 53  94(9
';‘—';‘ o B N—N® 2,4-dibromo Et R,S9-59 0°C 18 92 76(9
A Y BF, )\N BF, N 2.4-dibromo Et §33 18 82 86®
Q N %, 3 N BF, 2,4-dibromo i-Bu (R9-59 0°C 24 93 92(9
\—Q / 2,4-dibromo i-Bu (9-33 5°C 24 84 B81R
t-Bu “—OTIPS 2-nitro i-Bu (R9-59 5°C 19 54 89(9
2-nitro i-Bu (9-33 5°C 65 5P 99R)
(S)-33 (R,S)-59 (5)-60 2,4-ditert-butyl Me [R9-59 rt 65 30 82(9
24-ditertbutyl  Me (RS-59 45°C 24 50 78(9
Scheme 24. Stetter Reaction 2,3-methylendioxo n-Pr (RS-59 rt 72 24  91(9
2 1 2,3-methylendioxo n-Pr (RS-59 45°C 72 43 88(9
R N,R 0 RZ R 2,3-methylendioxo n-Pr (9-60 rt 48 6F 7109

E/ )Q + RaJ * E/ ) OH a Reaction with 20 mol % precat. and 19 mol % KHMDReaction

R s R DNg = with 10 mol % precat. and 9 mol % KHMDS Reaction with 12 mol

§ 4 i R4 % precat. and 9 mol % KHMDS.

However, the reaction is limited t&)-alkenes as Michael
0 acceptors, because only this configuration is active engugh.
Aliphatic substrates lacking a heteroatom in jheosition

R R7 - . . .
. of the acceptor were also utilized as substrates in this reaction
R 0 R® with catalyst R)-75. As a result of the greater conformational
66 2 freedom, an increase of the electrophilic character of the
R4 NF R Michael acceptor was necessary to enable the formation of
RS O the corresponding cycloalkanones. An activation with one
67 ester substituent for a five-membered rifi¢)(and two ester

substituents for a six-membered ring7{ was found to be
in the absence of triethylamine as base. The catalyst isadequate. Enantioselectivities up to 95% and chemical yields
presumably activated by DMF taking the place of the amine. up to 97% could be obtained (Figure 15).

In 1996, our research group observed an activity of Rovis and co-workef§ and, later, Hamada and co-
triazolium salts, e.g.,§9-28, as precatalysts in this in-  worker$’ also accepted the challenge of generating quater-
tramolecular Stetter reaction. The enantioselective synthesisnary stereocenters. The substitution pattern of the phenyl ring
of various 4-chromanonesR)-73 was performed with  of the catalyst was found to be a decisive factor. In this case,
enantiomeric excesses of 414% and yields of 2273% the N-pentafluorophenyl-substituted catalyBtS)-80 proved
(Scheme 2752 to be the most effective for the conversion of tfig-

In order to compare the NHC catalyst efficiency, the disubstituted substrateg3 to the corresponding cyclized
cyclization of the salicylaldehyde derived substrage(R* products79 with up to 99% enantiomeric excess (Scheme
= H) to the corresponding chromanon®has, meanwhile, 29, Table 6). A variety of heteroatoms such as oxygen and
become a benchmark reaction. After these first results, notsulfur tethering the aldehyde and Michael acceptor was
much attention was paid to this important reaction. However, suitable. E)-Isomers provided uniformly higher yields and
during the last few years, Rovis and co-workers have enantioselectivities than the correspondiZy-¢onfigured

achieved significant progre8s.Using 20 mol % of the
aminoindanol-derived triazolium saltt or the phenylalanine-

substrates. The generation of analogue six-membered rings
proved to be a challenging target. Only strongly activated

based sal75, a broad range of different chromanones as substrates as a ketone Michael acceptor provided the desired

well as their aza-, thia-, and carbacyclic analogi@sould
be obtained with enantiomeric excesses of-82% and
yields of 63-95% (Scheme 28, Table 5).

product in moderate yield, albeit with 99% ee.
The method could be extended to substrates with aliphatic
backbones. As with the aromatic substrat&y;dlkenesdl

Scheme 25. First Attempts of an Asymmetric Stetter Reaction by Enders et al.

20 mol% 71,
HSC/\)]\H + Ph/\)J\Ph

60 mol% KQCO3,
68 69

CHCI;/H,0, 60 °C, 2d
H3prh
4%

H;C

};Ph

I} cf

(S)-71

70

HaC 39% ee

H;C
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Scheme 26. Intramolecular Stetter Reaction by Ciganek (0}
2 2
<|) CO,R , © COR H H  CO,Et
X Z 10a, DME 6N x_CO,Et >
| 30-94% | CO,Et
= LiF n 76 77
R! o™''n R1 3 (0]
72 73 Figure 15. Aliphatic substrates in the intramolecular Stetter

reaction by Rovis and co-workers.
R'=H, 8-MeO, 6-Cl, [5,6]-Ph

R2 = Me, Et HyC

Bn Scheme 29. Generation of Quaternary Stereocenters by

@
N
/N e ' -
n =0: 10-40 mol% 10a, reflux HO S) Cl Rovis and Co-workers

n =1:7-14 mol% 10a, Et;N, o

0
20 mol% 80, R?
25°Cor120°C 10a RK@% base ,to?uene, 1,24 h R1w
) . 11-85% EWG
Scheme 27. First Asymmetric Intramolecular Stetter xW\EWG ’ X

i Ar
Reaction by Enders et al. 78 R N"‘iQ 79
O COR* 20 moi% 28, s 0 ?02R2 1 BF? 82-99% ee
SO S O o
22-73% O
0 h R0 D
'®
72 NN cio? R (R.5)-80
R = H 8-MeO. 7-MeO II\N> ee =41-74% Ar = pentafluoropheny!
, , , Py
R2 =$2ﬂe§ » 6-Cl, [5.61-Ph (\\ Table 6. Scope of Subtrates and Effect of Substrate Geometry
i b 0 (n = 0)
Hz'/“CH3 RE R? X EWG  base yield (%) ee (%)
3
(5.5)-28 H Et O COMe E&N 96 97
' Br Et O COMe Eg&N 92 89
Scheme 28. Asymmetric Intramolecular Stetter Reaction by E E: g 88%2 Eggﬂ gg g;
Rovis and Co-workers
H n-Pr S CGQMe KOt-Bu 83 98
O COR’ 20 mol% 74 KHMDS O COR? H nPr S  CQMe KOt-Bu 85 89
) xylglf t, 24 h ' 2 J H CHCHPh S COMe KOt-Bu 91 99
AN el 67X N
| | H CH,CH,Ph S CQMe KOt-Bu 92 84
% X 63-95% 71// X H Ph S COMe KOt-Bu 15 82
! R' s ] H COMe S  CQMe KOt-Bu 85 96
72’ 73 H Me CH, COEt EtN 95 99
Ar oh 82-97% ee H Ph O COMe EN 55 99
-N~ BF I
NN 4 N,Ne aUtilizing of the (2)-isomer.>n = 1, 10 equiv of E4N.

I \
N | er®
o\)'o,: BF4 Scheme 30. Asymmetric Intramolecular Stetter Reaction

Bn with Aliphatic Substrates
(R,S)-74 (R)-75 ? 20 mol% 75 or 80, 0
Ar = p-MeO-Ph f R! R2 KHMDS ,toluene, t, 24 h [@— .
A 63.06% e
Table 5. Scope of the Asymmetric Intramolecular Stetter X o X
Reaction by Rovis and Co-workers 81 Ar g2 O
R! R? X precat.  yield (%) ee (%) N,N\; . N%h 80-99% ee
H Et O RS-74 94 94 Ly BF NN
6-Me Et O RS-74 80 97 N BFS
8Me Et O R9-74 90 84 o
8MeO Et O R9-74 95 87 2 Bn
H Me S R9-74 63 96
H Me NMe RS-74 64 82 (R,S)-80 (R)-75
H Me N._ X COMe (RS-74 72 84 Ar = pentafluorophenyl
H Et CH (R.9-74 35 94 Recently, the same group was able to extend the scope of
H Bt Ch (R-75 90 92 the intramolecular Stetter reaction for an enantio- and
a Reaction with 10 mol % cat. and 10 mol % KHMDS. diastereoselective variant utilizimg/s-disubstituted acceptors

8388 The key challenge was to secure a diastereoselective
_ _ proton transfer onto the hypothetic enolate intermediate. It
gave bett(_ar results. The corresponding thioethers proved_ Qyas shown that hexamethyldisiloxane (HMDS; formed from
be not suitable as substrates. In contrast, by tethering withthe base KHMDS) deteriorates the diastereoselectivity. This
an electron-withdrawing sulfone instead of sulfide, the problem was overcome by using the free carbene catalyst
product82 could be obtained in 98% yield and 80% ee. (R)-85, i.e., HMDS was removed in high vacuum prior to
Nitrogen-containing substrates were also included in the the reaction (Scheme 31). The free carbele85 afforded
scope of substrates, although with a slight decrease of thethe chromanone84 with enantiomeric excesses of up to
yield (Scheme 30, Table 7). 95% and diastereomeric ratios of up to 35:1 (Table 8).
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Table 7. Substrate Scope for the Synthesis of 82 by Rovis and
Co-workers

Chemical Reviews, 2007, Vol. 107, No. 12 5619

Table 8. Scope ofa,S-Disubstituted Acceptors in the
Intramolecular Stetter Reaction

X R! R? precat. yield (%) ee (%) EWG R yield (%) ee (%) dr (%)
CH; Me Ph R9S-80 85 96 COMe Me 94 95 30:1
SO, n-Pr OMe ®-75 98 80 CO.Et Et 95 92 35:1
NAc Me Me R9-80 65 95 CO.Et n-Bu 53 94 12:1
CH; Me 4-pyridinyl R9-80 85 96 CO,Et Bn 80 84 20:1
CH; Me p-NO.-Ph R9-80 90 84 COMe allyl 95 83 13:1
CH; Me Me R9-80 81 95 95 94 10:1
CH; Me (CHy)2Ph R9-80 63 99 ;%

CH; n-Bu Ph R9-80 71 98 O

Scheme 31. Enantio- and Diastereoselective Intramolecular
Stetter Reaction by Rovis and Co-workers

? 20 mol% 85,
(j EWG-.. toluene, rt, 24 h
1 ! o,
5 /\/)\R“x 80-95%

80 95 18:1
5%

o EWG-, COMe Me 85 55 10:1

H :
0

Table 9. Effect of the Pre-existing Stereocenters in 89

83 Ar 84 R R?  yield (%) trans/cis eetrans (%) ee cis (%)

N‘N\>Q 55-95% ee 4-Me  Et 97 50:50 98 94
é\ 10:1-35:1 dr 4-Ph  Et 926 50:50 98 96
3-Me Et 90 50:50 90 95
Bn 3-i-Pr Et 95 53:47 84 96

(R)-85 5-Bn Me 95 15:85 <5 <5
Cy Me 4 3.5:96.5 20 6

Ar = p-CF3-Ph

aConversion.

Aliphatic aldehydes were also shown to be viable sub-

strates with>80% yield and good enantio- and diastereo- cyclopentanone80. The inseparableis- andtrans-diaster-

selectivities. eomers were obtained in an equimolar mixture, albeit with
The syn selective formation of the new stereocenters washigh ee’s (84-98%). The corresponding 2,5-disubstituted

assumed to arise from a diastereoselective proton transfeizyciopentanones were generated with preference of the cis

of two possible enolate rotame8§ or 87. The hypothetical  gijastereomer with low ee, indicating the reaction was
intramolecular proton transfer was supported by the fact that g \pstrate controlled (Table 9).

double-bond isomers afford the complementary diastereo- . -
selectivity (Scheme 32). Liu and Rovis could also utilize the concept of desym-

In related investigations, the Rovis group examined the metrization for the enantio- and diastereoselective synthesis
effect of pre-existing stereocenters in the intramolecular of hydrobenzofuranone82 in an intramolecular Stetter
asymmetric Stetter reaction with the catalyR gj-61 reaction (Scheme 34§.Cyclohexadienone81 were utilized
(Scheme 335 The racemic substratesc-89, containing as substrates, providing2 with three contiguous stereo-
one stereogenic center, were utilized in a parallel kinetic centers. Moreover, the very short reaction time demonstrates
resolution for the synthesis of 2,3- and 2,4-disubstituted the potential of this reaction.

Scheme 32. Proposed Transition States for the Diastereo- and Enantioselective Stetter Reaction

87

Scheme 33. Pre-existing Stereocenters in the Intramolecular Stetter Reaction

0] 20 mol% 61, 0 0
H 20 mol% KHMDS, 6})
5 O toluene, rt ‘“\»]/ORQ ““YORz
D —————————————— +
4 /\/\)J\ORZ 74-97% [} 0 - 0
R" 3 Ph R! R!
rac-89 ® trans-90 cis-90
N/N
Y .
N BFg4
(o]

(S,R)-61
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Scheme 34. Asymmetric Synthesis of Hydrobenzofuranones

(0} 0O
R R! 10 mol% 74, KHMDS, R R!
toluene, rt, < 5 min H
62-94% 0]
R? 0\=0 A RS
r
; 91 N’Ne BF? 92
R' =H, CH,OMe, alkyl N 95:5 - 100:0 dr
R2 = CH,0Ac, alkyl, aryl 82-99%ee

5
o\)

(R,S)-74
Ar = p-MeO-Ph

The concept of axial chirality was utilized by Bach and
co-workers with the menthol-derived triazolium s&b
(Figure 10) in the asymmetric intramolecular Stetter reaction
and intermolecular benzoin condensattétysing 20 mol
% of this catalyst, they were able to isolate the Stetter product
73 (Rt H, R? Me) with 50% ee in 75% yield.
Presumably, an atropisomerization during the reaction di-
minishes the stereoselectivity.

L OCHs OO o HeC._OBn
TN o WS Ph, Ph
: B° HcC N N7 NHBoc ) o BFs
o H ~N___N-«

Y\ o] Mes—N~zN-Mes

Phe N/ "o

e \=N._CH;
(5)-93 (S,5.5,5)-94 95

Figure 16. Chiral heterazolium salts for the Stetter reaction by
Miller and co-worker&' and Matsumoto and Tomoika.

Applying the concept of small peptide catalysts to the
intramolecular asymmetric Stetter reaction, the Miller gPdup

Enders et al.

Table 10. Substrate Scope for the Sila-Stetter Reaction by
Scheidt and Co-workers

entry R R? R3 R* yield (%)
1 Ph Me Ph Ph 77
2 Ph Me Ph p-Cl-Ph 82
3 Ph Me Ph p-MeO-Ph 80
4 Ph Me  1-naphthyl Ph 72
5 Ph Me p-Br-Ph Ph 66
6 Ph Me p-Cl-Ph Ph 74
7 Ph Me o-Cl-Ph Ph 68
8 Ph Me p-Me-Ph Ph 84
9 Ph Me mMeO-Ph Ph 75
10 Ph Me p-MeO-Ph Ph 77
11 Ph Me p-OH-Ph Ph 50
12 p-Cl-Ph Me Ph Ph 82
13 p-Me-Ph  Me Ph Ph 70
14 Ph Ph Ph Ph 61
15 Me Ph Ph Ph 70
16 Cy Ph Ph Ph 63
17 Ph Me  COEt OEt 65
18 Ph Me H OEt 72
19 Ph Me H Me 75
20 p-Cl-Ph Me Ph Me 63
21 p-Cl-Ph Me Ph t-Bu 48

an appropriate scaffold. The incorporation of Taz into peptide
sequences yielded catalys$$SS5)-94, which led to the
product 73 in a promising yield of 67% and 73% ee.
Matsumoto and Tomoika recently showed that chiral C
symmetric dihydroimidazolium salts, such 8§, are also
efficient precatalysts in the asymmetric intramolecular Stetter
reaction with aliphatic substrates, such & (the corre-
sponding methyl ester was uséd)Jsing substoichiometric
amounts of base, a racemization could be suppressed and
the cyclohexanone derivative could be obtained with 76%
ee and 74% vyield (Figure 16).

A one-pot sequential multicatalytic process, a Pd-catalyzed
allylic amination—thiazolium salt-catalyzed Stetter reaction
cascade, was developed by Hamada and co-wofk&rsmc-

replaced a histidine residue of amino acid derivatives with tionalized racemic dihydroquinolinon&8 were obtained
thiazolylalanine (Taz) derivatives. An initial screening with  directly in a single-pot reaction starting from 2-amino-

72 (R* = H, R? = t-Bu) as the substrate and 20 mol % of

benzaldehyde derivativé$ andy-acetoxyo,5-unsaturated

the catalyst §-93 afforded the corresponding chromanone carbonyl compounds97 using commercially available

73 with up to 80% ee and 40% yield. In oder to improve the thiazolium saltlOaas catalyst for the second step (Scheme
yield and selectivity of the reaction, Taz was embedded in 35).

Scheme 35. One-Pot Sequential Multicatalytic Process

1 mol% 10a, 1)
<|) Pd(OAC),, PPhs,
i-PrNEt, -BuOH, 50 °C Acc
+ ACO/\/\ACC E:ﬁﬁ/\
98-99% N
NHMs |
96 o7 HeC, 9B Ms
A e N
Acc = CO,Et, CO,t-Bu, CN HO S Cl
10a
Scheme 36. Sila-Stetter Reaction by Scheidt and Co-workers
30 mol% 10c, DBU, THF, 1
0 0 i-PrOH, 60 °C, 12-24 h R o
D NS
R “SiMe,(R?) RS R* R3 R4
46 66 NI 99

HO

/\I» Bre

N

S
10c
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Scheme 37. Mechanistic Proposal for the Sila-Stetter
Reaction

R
N®
F-
5\/)
J s
R2
X A 2
Elos® s\f R'” “SiMe;
100 46
MesSiO o MesSi0 g2
OH g2 RN R#Y Y
R
E hj@ S\./) S\/)
R" ™ 101 102

RP0SiMe;

104 R*0OH
OH R?

103

Scheme 38. Acylation of Nitroalkenes by Scheidt and
Co-workers

OSiEt; © ® o

s I Me,N- F, RL _O

RSl )—CHs 4 o No, DCM.—407C 1
N 56-80% Re”~NO2

HsC

CHj

106 107 108
R' = p-CI-Ph o
R? = Cy, n-Pent, i-Pr, HiC ™ 107: Q—NO C>= 2
. 2
OBn (20:1 dr)

(1:1 dr)

4.3. Special Intermolecular Stetter Reactions

Chemical Reviews, 2007, Vol. 107, No. 12 5621

which is in equilibrium with102and is presumably desily-
lated to the Breslow intermedial®3 because of the added
alcohol and the present 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU). The reduced electrophilicity of the acylsilane (in
comparison with an aldehyde) favors the conjugate addition,
and the key carboncarbon bond is formed1Q4). The
catalytic cycle is closed with the collapseldi4to regenerate
the carbenel00 and to produce the produd05 (Scheme
37).

In a further contribution, Scheidt and co-workers could
transfer this concept to a direct nucleophilic acylation of
nitroalkenesl07for the preparation gf-nitroketonesl 08°%°
Because of the rapid base-induced decomposition of the
nitroalkene under these conditions, the Breslow intermediate
was generated in situ from the corresponding thiazolium-
carbinol 106 An activation of the nitroalkene by thiourea
addition led to higher yields of thg-nitroketones (Scheme
38).

Scheidt and co-workers could also carry out Stetter
reactions under neutral aqueous condititria.a biomimetic
fashion, a thiazolium catalyst, when added to the keto group
of pyruvate (12, led via decarboxylation to the Breslow
intermediatel 03. Reaction with substituted,-unsaturated
2-acylimidazoles114 gave the usual Stetter produtf3
(Scheme 40). Stetter and Lorenz were the first who success-
fully employed o-ketoacids instead of aldehydes in a
thiazolium salt-catalyzed Stetter reaction (Scheme®89).

Scheme 40. Stetter Reaction in Aqueous Solution by Scheidt
and Co-workers

o 114, MeOH, H3C\N
- OH pH 7.2-buffer, /\>
°o 3 g  70°C,20h 0 Oy
— HCT Y
-N 1 3
R1 S R RZ
12 103’ CH, 13

In the intermolecular Stetter reaction, self-condensation
of the donor aldehyde can, in principle, take place besides
Epe dgsired 1,4—addition, leading to benzoins as side products4.4. Stetter —Paal—Knorr Reactions
o circumvent this problem, Scheidt and co-worRérs
devised a strategy that employs acylsilanes as acyl anion The 1,4-dicarbonyl compoundd4 7resulting from Stetter
precursor$? The thiazolium-catalyzed reaction of the acyl- reactions are useful precursors for the synthesis of hetero-
silanes46 and the conjugate accept@s proceeded smoothly  cycles?® They have been used by Ner and co-workers
to give the corresponding 1,4-dicarbonyl compou@ésn (Table 11§° and Bharadwaj and Scheidt (Table ¥2)in
good yields (Scheme 36, Table 10). Interestingly, electron- efficient one-pot StetterPaat-Knorr protocols for the
donating and electron-withdrawing groups on either side of synthesis of highly substituted pyrrol&$9.1°1 Mtiller et al.
the a,f-unsaturated system had no significant influence on could synthesize tetrasubstituted pyrroles in a one-pot, three-
the reaction outcome. The reaction is tolerant to an unpro- step, four-component process. A couplirigomerization-

tected phenol (entry 11) at the accep@f as well as to
enolizable groups at the acylsilane (entries 15 and 16).

In the postulated catalytic cycle, the carbene catdl@ét
initially attacks the acylsiland6. Via 1,2-silyl migration
(Brook rearrangement), the intermedial®l is formed,

Stetter reactionPaal-Knorr sequence was developed be-
tween an aryl halidd 15, a terminal propargyl alcohdl16

an aldehyde, and a primary amitfé.In an analogous
manner, the pyrroles were synthesized by Scheidt and co-
workers as a consecutive reaction of their sila-Stetter

Scheme 39. Thiazolium Catalyzed Reaction ak-ketoacids with Enones by Stetter and Lorenz

5-8 mol% 10a, Et3N,

0 0 . o}

J\ + HQCQL EtOH or dioxan, r.t., 12 h R?
R' ~CO,H R2 41-87% R’

o}

1 109 110 H,C K’Bn 11
R! =alkyl, aryl J

2_ \ e
R2 =alkyl HO s) cl

10a
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Table 11. Synthesis of Pyrroles 119 by Miler and Co-workers
(AcOH, A)

Enders et al.

Table 13. Synthesis of Furans 118 by Miler and Co-workers
(HCI, AcOH, A)

R R? R3NH, yield (%) Rt R? yield (%)
Ph p-CN-Ph NHCI 70 Ph p-CN-Ph 79
p-MeO-Ph p-CN-Ph NH,CI 60 o-furyl p-CN-Ph 74
p-F-Ph 4-pyridinyl  NHCI 54 p-F-Ph 4-pyridinyl 46
n-pentyl p-CN-Ph NH,CI 59 Ph S 42
(CHy)sOH p-CN-Ph  NHCI 53 >
Ph p-CN-Ph BnNH 60 N
2-furyl p-CN-Ph BnNH 55 2-pentyl p-CN-Ph 64
Ph p-CN-Ph EtCQCH,NH, 54
CHs CHs P-CN-Ph NHCOCHNH, 56 Table 14. Synthesis of Furans 118 by Scheidt and Co-workers
e = (ACOH)
Ph p-CN-Ph HOCHCH,NH, 57 R! R2 yield (%)
n-pentyl p-CN-Ph i-PrNH; 59 Ph Ph 81
Et Ph 82
Table 12. Synthesis of Pyrroles 119 by Scheidt and Co-workers Et 3,4-dichlorophenyl 81
(TSOH, 4 A'MS) Et p-Br-Ph 84
: , . _ Me Ph 74
R R R yield (%) Me p-Me-Ph 83
Ph Ph Ph 66
MePh oh - 7 In an analogous fashion, but by_gmploying a crossed
P azabenzoin condensation as the initial step, Frantz et al.
p-Cl-Ph Ph Ph 61 converted theira-ketoamides45 into the corresponding
substituted imidazoled420 by treatment with a primary
Cy Ph Ph 69 aminel®® Several di- and trisubstituted imidazot&20could
M be synthezised by this one-pot procedure with differing
e Ph Ph 71 . N ) I,
yields. Chiral imidazoles could also be obtained by utilizing
Ph p-Me-Ph Ph 70 chiral amines or amino acids (Scheme 42).
- CLPh - s A furt'her extension of this rea}ction was shoyvn in the
P synthesis of oxazole421 and thiazoles122 by in situ
p-Cl-Ph p-MeO-Ph Ph 69 treatment with triphenylphosphine/iodine or Lawesson’s
reagent, demonstrating a rapid access to imidazoles, oxazoles,
Ph Ph p-Cl-Ph 57 and thiazoles with analogous substitution patterns utilizing
- - -Br.Ph 7 the same starting materials (Sgheme 43). N
The Stetter-Paal-Knorr reaction could also be utilized
Ph Ph p-OH-Ph 61 for the synthesis of extended heterocyclic systéthBoly-
0o 1,4-diketones, such d25 were obtained from the reaction
Ph Ph HsN 0,CCHje 62 of diformylarenes, e.9.123 and bis-Mannich bases, e.g.,
124. After ring closure, alternating copolymer$2g) are
Ph Ph Me 70 produced (Scheme 44).
o o CHRCHD: * 4.5. Polymer-Supported Stetter Reactions
o o o o In order to carry out Stetter (and other) reactions in a
Ph Ph Cy 63 parallel fashion and with minimal purification, it is necessary
o to immobilize the NHC catalysts. This strategy should also
Ph Ph /5\3 54 allow for catalyst recycling and was first adressed by our
PhY research groul® Yadav et al. reported a microwave-
o accelerated Stetter reaction of thiazolium salts dispersed onto
Ph Ph J\/CHS 56 the surface of alumin¥® Thus, treatment of aliphatic,
HsC aromatic, and heteroaromatic aldehydes wiffrunsaturated
Ph Ph p-NH,-Ph 70 ketones under solvent-free conditions afforded the corre-

aUsed instead of fNH,.

protocol. Simple addition of a primary amine in the presence
of an acid after full conversion into the 1,4-dicarbonyl
compoundl17 gave the pyrroled19in good yields. They
are important structural motifs in natural products. Upon
addition of acid, Mller and co-workers and Scheidt and co-
workers could apply this methodology for the synthesis of
furans 118 (Table 13, Miier and co-workers; Table 14,
Scheidt and co-workers) (Scheme 4%).

sponding 1,4-diketones in high yields.

Starting from the thiazol&27, Barrett and co-workers have
synthesized a gel-supported thiazolium iodl@8via a ring-
opening metathesis polymerization (ROMP), which was
successfully applied to Stetter reactions and afforded the
products in high yields and purity (Scheme 4%).

Further investigations with resin-bound (Wang resirj-
unsaturated carbonyl compounti®din the Stetter reaction
were reported by Raghavan and Anuradhand Kobayashi
et al1®® Numerous 1,4-diketonek30could be obtained after
cleavage from the solid phase, demonstrating the broad
applicability of this method (Scheme 46).
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Scheme 41. One-Pot Synthesis of Pyrrols and Furans
OH

RBr + =

Ph
115 116

1. (PhsP),PdCl,,
Cul, EtsN, A
2. R'CHO, 20 mol% 10b

Miiller et al.

20 mol% 10c,

0 0 DBU, i-PrOH, R _O HOACc, A or o
J + /\)J\ THF, 70 °C U HCI, HOAc, A R' Ph
R SiMe; RN “ppy R2 Ph U
; ; Scheidt et al. R2
46 69 117 118
R3NH, and
TsOH, 4A MS or
H:C. e R HOAc, A
NG
I\ <} R®
HO S) * RN _ph
10b, R = Me, X = | U
10c, R = Et, X = Br r?
119
Scheme 42. Synthesis of Substituted Imidazoles by Frantz et al.
5-20 mol% 10b,
HsC Et;N, solvent H
o R0 e [ RANG R
b+ PN g
R’ S NR 22-83% o
oo H R 0
H3C @/Me
4 44 N 45
1 B%
R' = aryl, heteroaryl HO s |
R? = aryl, heteroaryl, BhnOCH,, RNH, R2
= 10b 2 N
PhCH=CH AcOH I Y—Re
R®=H, Ph, Cy T AN
R* = H, (CHp)sPh, (CH,),0H, R
CH,Py, CH,CH(OCHG),, 120

ann

L X

H;C'“Ph’ HO,C™"Bn
(>98% ee)

Scheme 43. One-Pot Synthesis of Oxazoles 121 and Thiazoles 122

N
\ 3
PPhs, I, Io>_ R

HsC ) 1.5 mol% 10b,

j) 5\ j\ EtsN, toluene, 50 °C 121

R s N7 R R N
oo H I H—R3
4 44 —— R”°S
Lawesson’s
R = 4-piridinyl reagent 122
R2= Ph
R%=Cy
4.6. Natural Product Synthesis In 1979, Trost et al. reported an intramolecular Stetter

reaction with134 as one of the key steps in their synthesis

Despite the unrivaled easy access to 1,4-dicarbonyl of (4)-hirsutic acid C 136), a tricyclic sesquiterperié? In

compounds, only a few examples of the application of Stetter o :
reactions in the synthesis of natural products have beenthe tricyclic ketonel 35 four of the seven chiral centers of

reported so fati0 In 1975, Stetter and Kuhimann reported 136were formed with the correct relative configyr_ation and
the synthesis ofisjasmon and dihydrojasmon (Scheme 47). allowed to control the formation of the remaining three
After the catalytic nucleophilic acylation, the corresponding (Scheme 48).

1,4-diketones were cyclized in good overall yieldscis- The research group of Roth could successfully apply the
jasmon (339 and dihydrojasmon1(33b). Stetter reaction in the preparation of various 1,4-diketones



5624 Chemical Reviews, 2007, Vol. 107, No. 12

Scheme 44. Synthesis of Heterocyclic Polymers with the
Stetter Reaction

0 o)
n \\—Q—// HsC_ e Bn

2]
123 /E °
HO s~ ¢
(0] 0] 10a
n (Hao)zN\_>_©_<_/N(CH3)2
124
(<]
lCN or 10a
0 0
1O, — O
2n X lon
125 126
X=NH, O, S

Scheme 45. Synthesis of the ROMP Gel-Supported
Thiazolium lodide 128

S_ 1.Cp-H, 180 °C ﬁb
Z \ /] 2 Mel 80°C
g /S
HaC HC— ]

N& o
HC |

b4

127
Ph

ROMP

128

138 which served as precursors in the synthesis of a number
of HMC-CoA reductase inhibitord 39 and 140 (Scheme

49)112

Enders et al.

ketone (32 furnished the dion&4Q, which upon cyclization
yields the corresponding cyclopentenone as key intermediate
for the synthesis 0141 (Scheme 50).

Scheme 48. Synthesis of Hirsutic Acid C by Trost et al.

CN
_ 2.3 eq. 10b, CN
Et;N, 2-propanol, A H.CO.C
/ 67% s
H3;CO,C
s (l) HsC %’Me 1(:5
N i
HO s !
10b

hirsutic acid C (136)

Harrington and Tius employed a diastereoselective inter-
molecular Stetter reaction and a ring-closing metathesis
reaction as key steps in their elegant synthesis of roseophilin
(143 .1** The 1,4-dicarbonyl functionality ii42 served as
a precursor for the central pyrrole unit of the natural product
(Scheme 51).

Gree and co-workers developed an interesting application
of the intermolecular Stetter reaction for the synthesis of
haloperidol146.1%° In the key step, room-temperature ionic
liquids (RTILs) of the imidazolium type were employed
successfully as solvents in the Stetter reaction. However,
addition of the thiazolium catalysiOa was necessary,
because the ionic liquid itself only produced small amounts
of the 1,4-addition product45 (15%) (Scheme 52).

5. a® to d® Umpolung
The reactions described in the previous chapters belong

Galopin used an intermolecular Stetter reaction in his to the class of &-d' Umpolung, according to the terminology

synthesis of {)-transsabinene hydrate141), a flavor
chemical found in essential oils from mint and hef¥sThe
Stetter reaction of isovaleraldehydEe39) and methylvinyl-

of Seebach® A classical example for this type of reaction
is the Benzoin reaction (reaction of-ducleophiles with
aldehydes, section 3) or the Stetter reaction (reactiort-of d

Scheme 46. Solid-Phase Synthesis of 1,4-Diketones by Raghavan and Anuradha
1. 10a or 10c, o R

dioxane/EtOH, A

55-72% i 0

(0]
(0] 2
q AN, § 0 2.TRADCMA N R
O_I R2
s
129 £

4

HC @R
R' = aryl, heteroaryl /\I» @
HO S

RZ = alkyl, aryl, heteroaryl

10a, R=Bn, X=ClI
10c, R=Et, X=Br

Scheme 47. Synthesis dfis-Jasmon (133a) and Dihydrojasmon (133b) by Stetter and Kuhlmann
1. 10 mol% 10c, Et;N, 80 °C 0 R

2. NaOH, H,0, EtOH, A

0 (0]
R\)l ' HZC*)J\CH3

131a,b 132
aR=3— Et o
b R = n-pentyl

H;C

62-69% U\C,_b

o Et 133a,b
! g o
s Br

10c
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Scheme 49. Synthesis of HMC-CoA Reductor Inhibitors by Roth and Co-workers

? o 15 mol% 10a or 10c, O R? CH,
/©) . R1/\HJ\(CH3 EtN, 70°C ohy
R2 CH 66-80% 1
F 3 £ R'" O
4 137 H3C ea R®

4
R'" = Ph, 2-pyridinyl, HO ) X°
3-pyridinyl, 4-pyridinyl, 10a, R =Bn, X = CI
R? = CO,Me, CO,NHPh 10c, R = Et, X = Br

OH OH
Ca?
N CHo H,C 140

Scheme 50. Synthesis of{)-trans-Sabinene Hydrate by Scheme 51. Synthesis of Roseophilin by Harrington and
Galopin Tius
0]
1 mol% 10a
, H
o} 0 EtsN, EtOH CH, o \/\(\/)/\C 2
He J + He - 5 CH 10 mol% 10a,
CHs 82% 2 Et;N, dioxane,
CHs BzO , 70°C, 23 h
HsC. eBn HC  "CHs “i-Pr - Bz0
139 132 N 140 7%
HO S) Cl @ Bn
HO, CHy ) o
142
CH,
HsC

(t)-trans-sabinene hydrate (141)

nucleophiles with Michael acceptors, section 4). In carbene- —
catalyzed reactions,,f-unsaturated aldehydes, however, do
not show a similar reactivity as compared to their saturated
aldehyde counterparts because of the favored homoenolate
reactivity during the reaction course (Figure 17). The
homoenolate447 can be considered a&ducleophiles and,

thus, constitute ana-d® Umpolung. roseophilin (143)
5.1. Cross-Condensation of Enals and Aldehydes The resulting zwitterionic intermediaté0then tautomerized
or Imines to the conjugated Breslow intermedidltd7". This in turn

attacks the aldehydé as a d-nucleophile under formation

of the alcoholatel51 The tautomerization oi51 to the
acylimidazolium intermediat&52is followed by an intramo-
lecular attack of the alcoholate oxygen atom at the carbonyl

An application based on the catalytic generation of a
homoenolate intermediate is the formationyebutyrolac-
tones through the reaction aff-unsaturated aldehydé48
with aldehydesA (Scheme 53), which was first published )
simultaneously by the research groups of Glorius (Table f_unct|on to afford they-butyrolactonel59and the regenera-
15)17 and Bode (Table 16} In both approaches, the ton of the catalyst (Scheme 54).
commercially available N-heterocyclic bisarylimidazolium  Glorius and co-workers accentuated that a sterically
salt 19d was used, emphasizing the need for disubstituted demanding precatalyst, such #8d, is the key to success
imidazolium-based catalysts, since the use of thiazolium saltsfor the generation of a homoenolate species within this
as precatalysts only afforded the formation of the benzoin methodology:°® In the case of the addition of the catalyst to

product in poor yields. The resulting disubstitutedbuty- an aromatic aldehyde, a benzoin or Stetter reaction is
rolactones were generated in moderate-to-good yields, favor-suppressed by an efficient shielding of the nucleophilic center
ing the formation of thecis-diastereomers. of the resulting Breslow intermedia Moreover, the same

In the postulated catalytic cycle, the,-unsaturated  effect is responsible for the favored formation of the
aldehydel48is attacked by the in situ formed carbetsd. homoenolate species (Figure 18).
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Scheme 52. Synthesis of Haloperidol by Geeand Co-workers

Enders et al.

10a, Et;N,

[bmim][BF 4], 80 °C

(l) 0 20 mol%
+ HchLOCHa

144

J»C.

p— CO,CH,

® Bn
145

F
o)
146  OH

Table 15. Results of Burstein and Glorius: 5 mol % 19d, 10 mol
% KO t-Bu, THF, 16 h

entry R R? yield (%) cis/trans
1 p-Cl-Ph Ph 53 81:19
2 p-Br-Ph Ph 49 80:20
3 p-COMe-Ph Ph 70 79:21
4 p-FsC-Ph Ph 44 77:23
5 m-F-Ph Ph 52 78:22
6 m-CIl-Ph Ph 61 79:21
7 m-Br-Ph Ph 60 79:21

Table 16. Results of Bode and Co-workers: 8 mol % 19d, 7 mol
% DBU, THF/t-BuOH (10:1), 3-15 h

entry R R? yield (%) cis/trans
1 Ph p-Br-Ph 79 4:1
28 Ph p-COMe-Ph 87 5:1

3 p-MeO-Ph  p-Br-Ph 76 4:1
4P p-MeO-Ph  Ph 65 4:1
5a.c TIPSGEC p-COMe-Ph 41 31

6 TIPSGCC TIPSG=CCH=CH 83 5:1
7° 1-naphthyl  1-naphthyl-CHCH 67 5:1

aConcentration= 0.1 M. ® Performed with 15 mol %49d, 14 mol
% DBU. ¢ The enal was added over a period of 3 h.

In further investigations, Glorius and co-workers also
made use of this concept in order to generptbutyro-
lactones 154 bearing quaternary stereocentres by using
several electron-deficient keton&s3as electrophiles as well
as a variety of nonaromatie,-unsaturated aldehydds!8
as homoenolate equivalents (Scheme 55 Tablé'®T).is

noteworthy that, in most cases, improved diastereomeric

ratios were obtained using nonaromatigs-unsaturated

Scheme 53. Generation of-Butyrolactones by Burstein and
Glorius and Bode and Co-workers

0 19d, base, Q
| 0] solvent, rt
+ l - 0 + (0]
| R? 32-87% A
R o R R RT R?
148 4 ~\e C cis-149 trans-149
es’N\7N‘Mes
19d
Scheme 54. Postulated Catalytic Cycle for the
Carbene-Catalyzed Formation ofy-Butyrolactones
o° Mes”'___h“\ OH  Mes
1 R1W
R ’\vl:w 1)
- \OH Mes
’\/lﬁj
Mes—~y N,Mes
‘:;‘
15d (?L
RZ
& 4
R2
R2 I)Oir Mes
R1 e\l

Jeey,

152 Mes”

aldehydes as compared to the previously utilized cinnam- Of the four possible diastereomers, mainly the two epimers
aldehydes. 154and154 were obtained, in which the methyl group was
Further investigations revealed theimethyl-unsaturated  oriented trans relative to the*group. In addition, Glorius
aldehydes148 could also be utilized as substrates. A and co-workers focused on the development of an enantio-
sterically less demanding precatalyi&5was deployed for  selective version of the latter reaction by using chiral
this transformation since the previously used precata9dt heterazolium salts such aS){33, (SR)-74, and §)-156as
did not show any activity, presumably due to steric interac- precatalystd!”11°The salts §-33 and §R)-74 showed no
tions of the methyl group and the mesityl unit of the catalyst. catalytic activity, whereas the imidazolium sal§){156

Q OH BZ o /OH RZ o (0] RZ
R1/\)k/\/N R1 N R1/\)J\/N
ol o ||
(,’N\/) ,N\/) ,N\/)
RZ R2 R2
147 147 147"

Figure 17. Homoenolate reactivity.
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Table 17. Generation ofy-Butyrolactones from Ketones by
Glorius and Co-workers

1 2 3 i 0,
shielded shielded entry? R R R precat. vyield (%) dr
e e 1° Ph H Ck 19d 84 66:34
OH 1o OH 2 Ph H Ck (9-156 70 74:26
acessible N *  mMeO-Ph H Ck  1od 92 66:34
ph XN P XX # mMeNPh H CkR  19d 74 70:30
\/) N\/) 5¢ Ph H COMe 19d 55 58:42
N 6  Ph H CQMe 19d 78 50:50
7 mMeO-Ph  H CQMe 19d 94 47:53
111y, "y, 8 mMe;N-Ph H CQMe 19d 98 44:56
9 Me H Ck 19d 82 81:19
10 Pr H Ck 19d 90 84:16
, 11 i-Pr H Ck 19d 66 93:7
6 147 12 Me H CQMe 19d 87  68:32
Figure 18. Possible sterical influence of the catalyst on the 13 Pr H CGQMe 19d 71 67:33
nucleophilicity. 14 i-Pr H CQMe 19d 72 65:35
1 Ph Me CkK 156 83 62:30:6:2
Scheme 55. Conditions for the Generation of 16"  p-CI-Ph Me CR 156 71 63:29:6:2
y-Butyrolactones from Ketones by Glorius and Co-workers 17 PhCH=CH Me CRK 156 82 32:66:2:0
o 5 mol% 19d, 155 o o aGeneral reaction conditions: 5 mol % DBU, THF, rt, 16 h.
] o 9Is6DBU. ., R2, b Reaction conditions: 10 mol % Ki@Bu, THF, rt, 16 h.c Reaction
R + /Lk EEE—— o LT O conditions: 5 mol % DBU, THF, 60C, 16 h.9 Reaction conditions:
| Ph” “R3 ("'Ph R 5 mol % DBU, DMF, 75°C, 16 h.
R R' RS R" Pn
148 153 154 154° O 0
0 Q ?'R1 - \"O
+ R2 o + R o 2") CHjz
, o” "R X
R RsPh - "'CF3
R 157a R' = Ph, R? = H (36%) 158a X = CH, (55%)
- 157b R"2 = -(CH,)4 (41% 158b X = NH (23%)
154 154 (CH2)4™ (41%) 188¢ X = NAG (26%)
Figure 19. Product scope for the intramolecular homoenolate
S o addition by Glorius and co-workers.
[\e C o |
Mes~NoN-Mes  H,c"NsN~cH, Scheme 56. Synthesis g8-Lactones by Glorius and
Co-workers
19d 155
(l) o 5mol% 19d, Et;N, O o
Ph {-\r f . )J\ . toluene, 60°C, 16h O“‘R2 + O..‘ph
N-N@ BFe N/Ne Cle o o » Ph” "R I L
I \ 4 \ — ]
N> | N> N; (N Ch 148 153 e o R R
NS — ~
O\)\tBu Y i © o Ch, ° Mes~NoN-Mes (g r)-159 (S,5)-159
TfO 19d
(S)-33 (SR)-74 (S)-156 Table 18. Substrate Scope for the Synthesis @-Lactones by
Glorius and Co-workers
Ar = p-MeO-Ph RL R? yield (%) dr
appeared to be an efficient precatalyst for this reaction. By Me Ck 34 60:40
utilizing 5 mol % of (§-156, advanced diastereoisomeric P; Ch 215 53545
ratios fora,B-unsaturated aldehydes as substrates (entry 2) 'l;hr EE 33 ?Ojgg
could be obtained with this method. However, the resulting i-Pr COMe > 71:29

ee values of 12%164) and 25% (54), respectively, were
unsatisfyingly low. An enantioselective procedure with better
asymmetric inductions for this novel carbecarbon bond
formation has not been reported so far. Furthermore, aninteresting reaction outcome revealed that less polar solvents,
intramolecular variant for the generatiomebutyrolactones  higher temperatures, and triethylamine as a base seemed to
was also reported by the same research group. Different bi-favor the formation of th@-lactonesl59 (Scheme 56, Table
and tricyclicy-lactones157158 could be synthesized in a  18).
straightforward synthetic method in four or less steps (Figure The authors explained the observed formation of
19). the -lactones via the following mechanistic model (Scheme

It was observed by Glorius and co-workers that, under 57).
certain reaction conditions, an isomeric side product, The upper mechanism differs as compared to the mech-
the correspondings-lactone 159, was formed during the  anism for the formation of the/-lactones in terms that
reaction course of the homoenolate condensation with homoenolatd47" tautomerized to enolates1, which later
electron-deficient ketones. Further investigations of this on attacks keton&53 to generate the zwitterionic species

a Reaction was performed with 10 mol ¥®d and 10 mol % DBU.
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Scheme 57. Suggested Mechanism for the Formation of
p-Lactones
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Table 19. Substrate Scope for the Carbene-Catalyzed
Generation of y-Lactams by He and Bode

Rt R? yield 161 (%) cis/trans

Ph p-Me-Ph 70 4:1
Ph m-Me-Ph 69 31
Ph 2-furyl 73 1.71
Ph PhCH=CH 61° 8:1

Ph PhCH=C(Me) 62 5:1
m-CFs-Ph p-Me-Ph 70 3:2
p-CF-Ph p-Me-Ph 70 351
Me(CO) p-Me-Ph 65 3.5:1
TIPSG=C p-Me-Ph 5% 10:1

a performed with 2 equiv of60at 75°C, 63 h.? Reaction at room
temperature¢ Performed with addition of 1 equiv df48to 3 equiv of
160 over a period of 3 h.

152 Finally, a cyclization to thé-lactonel59liberates the
catalyst and closes the catalytic cycle. Employing a similar
strategy, He and Bode developed a technique for the
synthesis ofy-lactams 161 via the condensation of a
homoenolate to imind60 (Scheme 58, Table 193°

In this approach, a variety of functionalizeds-unsatu-
rated aldehyde$48were converted witiN-4-methoxyben-
zenesulfonyl imine460into their corresponding-lactams
161in good yields and in favor of theis-diastereomers. In

order to enable the addition of the carbene to the aldehyde,

the undesired nucleophilic addition of the catalyst to the
imine has to be reversible. To fulfill this task, different imines
have been screened, revealing tRailkyl andN-aryl imines
were unreactive and more electrophilic imines such as
N-tosyl andN-phosphinoyl inhibited the catalyst through the
formation of stable catalyst-imine adductd-4-methoxy-
benzenesulfonyl imines were found to be the most suit-

Enders et al.

able ones, providing the desiredlactams in up to 75%
yield.

5.2. Protonation and Nucleophile Trapping

Since N-heterocyclic carbene catalysts are such a powerful
tool for generating homoenolate species frayf-unsaturated
aldehydes, further applications for these reactive intermedi-
ates have been developed. In 2005, Chan and Scheidt
reported the protonation of a nucleophilic homoenolate where
the resulting activated carbonyl unit is trapped by a nucleo-
phile (Scheme 59, Table 2& By simply employing an
excess of phenol as a Brgnsted acid, they succeeded in
overcoming the difficulties of decoupling the electrophiles
from their corresponding nucleophiles (primary or secondary
alcohols), leading to a broad scope of the accordant esters
162 in good-to-excellent yields.

Scheme 59. Carbene-Catalyzed Reaction of f-Unsaturated
Aldehydes with Alcohols by Chan and Scheidt

5 mol% 155", DBU,

PhOH (2 eq.), R*OH (5 eq.),

R* O toluene, 100°C, 2-6h 29
R1)\H 56-90% RPK(U\OR4
R® R®
148" Q . 162

® Cl
H,ec N N~ch,
165"

Table 20. Substrate Scope and Yields for the Carbene-Catalyzed
Reaction of o, f-Unsaturated Aldehydes with Alcohols

yield yield
Rl R? R® R* 162(%) R R?2 R® R* 162(%)
Ph H H Et 72 n-Pr H H Bn 90
Ph H H Ph 56 p-Cl-Ph Ph H Bn 82
Ph H H Cy 57 Ph Ph Ph Bn 86
Ph H H Bn 82

Sohn and Bode showed that the fate of the generated
homoenolate correlates with the character of the catalytic
base disposed in the reactitf. Strong bases such as
KOt-Bu promote the carboencarbon bond formation, as
observed in enalaldehyde cross-condensations, while weaker
bases such as diisopropylethylamine (DIPEA) allow proto-
nation of the homoenolate and the formation of an activated
carbonyl unit (Scheme 60).

It is emphasized that the problem of distinguishing the
reaction course mostly occurred when the imidazolium salt
IMes-HCI 19d is used as the precatalyst. In contrast, opti-
mization studies revealed that the combination of the pre-
catalyst166 and DIPEA in tetrahydrofuran (THF) required
no further additives, enabled milder reaction conditions, and
avoided the formation of enakldehyde cross-condensation
products (Figure 20).

Scheme 58. Carbene-Catalyzed Generation gf-Lactams by He and Bode

0 0. .0 15 mol% 19d, DBU, 0, 0
| Ny’ BUOH, 60 °C, 15 h 4
+ N N
| § 61-75%
R H,CO R2 o RT R2
148 160 M\e 161  OCH;

Mes’N\7N‘Mes

19d
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Scheme 60. Effect of the Catalytic Base on the Reaction
Course of the Homoenolate

0
15 mol% KO¢t-Bu ol
10 mol% 19d o Ph —
0 EtOH (3 eq.) \e Cl
| 1M THF, 40 °C @ 164
ph/\) ————— Mes~N-sN-Mes Ph
. H O
0,
5 mol% DIPEA Ph)\/U\OEt
165

Inspired by the possibility of protonation and nucleophilic
trapping of homoenolates, Zeitler developed a method for
the stereoselective preparation &){configureda,s-unsa-
tured esterd68starting from propargylic-derived aldehydes

CFN\
N—Mes
(l;lk/

<]
BF,

166
Figure 20. Tetrazolium precatalyst employed by Sohn and Bode.

167 (Scheme 61323 The method is based on the generation
of an activated carboxylaté71, which results from the
tautomerization of the intermediate alleriolQ.

Applying this method, Zeitler could obtain a variety of
different alkyl, aryl, and heteroaryl functionalized,S-

unsaturated esters in good yields and with preference for the

(E)-configured isomers. Different carbene catalysts were
tested in this reaction with regard to theii/Z)-stereoselec-
tivity. The sterically hindered imidazolium salt IMe$iCl

19d was found to be the most selective catalyst, providing
the product in selectivities greater than 95E32).

Already in 2004, Chow and Bode had developed a
procedure for the diastereoselective formatiofi-bifydroxy-
esters by employing the thiazolium s8B as a precatalyst
(Scheme 62)?* The key step in the catalytic cycle of this
reaction is the generation of an activated carboxylatg
which can then be converted into the desjfeldydroxy ester
174. In order to obtain the acyl imidazolium intermediate
173 a nucleophilic attack of the catalyst at the aldehyde
unit of the substrate followed by an epoxide opening is
required.

It is worth mentioning that the substrate scope in this
application is not limited to epoxide aldehydes. Chow and

Chemical Reviews, 2007, Vol. 107, No. 12 5629

Bode were also able to converf3-aziridinylaldehyded75
into their correspondingy-tosyl-3-aminoested 76in moder-
ate yields under the same conditions (Scheme 63).

Scheme 62. Diastereoselective SynthesisfHydroxyesters
by Chow and Bode

o) 10 mol% 38, DIPEA OH O
0| R°0H (3 eq.), DCM, 30 °C, 15 h )\)j\
RVﬂ) 79-89% R ™" "OR?
R2 ° R2
172 174
OH O Bn . dr=7:1->10:1
@ Cl
| A AN ]
H / CHs;
R'=Ph, Cy R S
R?=Me,H 173 CHs ,fen c
R® = Me, Et, i-Pr, Bn r/\/g’CHa
S
38
Scheme 63. Diastereoselective Synthesis of
N-Tosyl-#-aminoester by Chow and Bode
N | tOH, ,30°C, 15
53%
175 176
B e
N® Cl
= )—CHs
S
CH3
38

Shortly after Chow and Bode had published their method
for the carbene-catalyzed formation @fhydroxyesters,
Rovis and co-workers presented an alternative way for the
generation of saturated estd®2 starting froma-haloalde-
hydes177 (Scheme 64, Table 213° The transformation of
the a-haloaldehyde&77into dehalogenated acylation agents
was envisioned to proceed via the Breslow intermedid&
which contains g3-leaving group. After the formation of
the enol179 and tautomerization to the intermediate acyl
azolium 180, reaction with an alcohol afforded the esters
162 and regenerated the catalyst. Secondary and sterically
hindered bromides (entry 4) were shown to be suitable
substrates. By utilizing the chlorinated analogues as sub-
strates, lower yields were obtained (entry 3). The range of
nucleophiles included primary alcohols as well as secondary
ones. Phenols and anilines (entry 12) could also be utilized.

Scheme 61. Stereoselective Preparation oE)-Configured o, f-Unsaturated Esters by Zeitler
5 mol% 19d, DMPA,

(0}
0 1 °
Re—— R'OH (3 eq.), toluene, 60 °C /\)]\ 1
45-90% R™™" "OR
167 168
)
R = alkyl, aryl, heteroaryl N/_\Ne % E/Z > 95:5
R'OH = Et, Me, Bn, i-Pr Mes™ "~z " ~Mes
19d
OH ° OH H O Mes] R'OH
R—= _H_H_¢ - N ®
N\ N,Mes R :g\ng/Ies R)\)H//\N/)
- H N
Mes/N\% Mes’N\) Mes”
169 170 171
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Scheme 64. Method Developed by Rovis and co-workers for Table 22. Substrate Scope for the Enantioselective Synthesis of

the Generation of Saturated Esters a-Chloroesters
0 20 mol% 166, R20H (1eq.), 0 Rt R? yield (%) ee (%)
R1\H EtsN (1eq.), toluene, 25 °C R1\)J\OR2 Bn H 79 93
Br 55-99% p-MeO-PhCH H 76 90
o Ph(CH)s H 68 89
177 _Ng Cl 162 CyCH, H 65 93
N/ Ph Bu H 65 89
Bn 4-Me 71 89
166 Bn 4-MeO 71 91
OH OH 0 Bn 2-Me 62 90
R R R! N Bn 2-Cl 75 91
{ j)\("‘; — GVKQWNQ — GJK@W Q] Bn 3,4-dimethyl 80 89
Br_ N- N- N-
oy N Br pr N Br N
178 179 180 In 2005, the enantioselective synthesisosthloroesters
. — 183 was developed by the same grddpThe desymmetri-
Eﬁﬁoﬁaés#ybdsérsate Scope and Yields for the Esterification of zation of the prochiralo-dichloroaldehydesl81 in the

presence of the chiral triazolium safR)-80 provided the

time yield time yield correspondingt-haloester §-183i d yields and -
v B R2 (h) (% A R? hY (% _ p ()¢ in good yields and enan
ety WKL) entry M (%) tiomeric excesses (Scheme 65, Table 22).
% g Bn 4 60 7 Bn Ph(Cha 473 The key step in the catalytic cycle is the enantioselective
n Bn 4 80 8 Bni-Pr 24 66 - f1h d chl 585 (Sch 66
3 Bn Bn 4 65 9 Bn Cy 24 66 protonation of the generated chloroeno (Scheme 66).
4 Cy Bn 24 99 10 Bn Ph 24 55 Important additives for the reaction afe3-crown6 and
5 Bn Me 4 78 11  Bn i 24 65 2,6-dibromo-4-methyl-phenol to ensure a homogeneous
Hacd\ reaction mixture and to suppress an undesired background

epimerization. Furthermore, it is noteworthy that the substrate
6 BnEt 4 78 12 Bn Ph 24 91 scope of the reaction is limited to aldehydes lacking beta-

aperformed with the corresponding chloriderformed with branching.
R?NH; instead of ROH.

5.3. Diels —Alder Reactions

Employment of a chiral carbene in this method allowed Rovis  In 2006, Bode and co-workers applied the carbene-
and co-workers the successful desymmetrizatiomete mediated generation of homoenolates in the first NHC-
hydrobenzoin witt-bromocyclohexanecarboxaldehyde. The catalyzed Diels-Alder reaction?” In this enantioselective
corresponding monoacylated diol could be obtained in 75% azadiene DielsAlder reaction, a catalytically generated and
yield and 83% ee. highly reactive dienophile undergoes a LUMQ-controlled

Scheme 65. Enantioselective Synthesis afChloroesters by Rovis and Co-workers
10 mol% 80, KH,

0 OH 182 (10eq), 18-crown-6 (0.5 eq.), (o] = iy
R1>g + Rz_,(j/ toluene, rt, 19 h R1j)1\0 P
|
65-86%
cl” i Z °
181 182

B o]
' (S)-183
H3CQOH (1.2eq) 76-93% ee
Br /Ar
N-N°®

KQ»
N BF?
o)

Ar = pentafluorophenyl
(S,R)-80

Scheme 66. Proposed Reaction Course for the Enantioselective SynthesisxeChloroesters

s
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Scheme 67. Enantioselective Azadiene Diet#\lder Reaction by Bode and Co-workers

0P , Q" 10 mol% 189, DIPEA, o\\s,,O ? 9%
/@/ N N RW toluene:THF (10:1), rt /©/ \,\&LRZ
HaCO J\/AR1 0 52-90% HsCO X VR1
186 187 Mes 188
N-N@ ee = 97-99%
[ » dr> 50:1
ﬁ“ ©&F,
(S,R)-189
Table 23. Synthesis of 188 by Bode and Co-workers good-to-excellent yields and excellent enantioselectivities
R R2 yield (%) ee (%) (config.) favoring thecis-stereoisomer.
oh OEt % 99%.9 A variability of the imine protection group is claimed, but
Ph OEt 90 99R.R? so far only examples obarg—methoxybenzesuIfqnyl as
p-MeO-Ph OEt 81 99%.9 N-protection have been published. The reaction is tolerant
p-Me(CO)-Ph OEt 55 99%,9 to a variety of electron-deficient and electron-rich unsaturated
2-furyl OEt 71 996.9 imine substrates, which all provided enantiomeric excesses
g'rf’ r 8'_5éu 7583 3%3’3 of >99%. The observed diastereoselectivity can probably
Ph Me 51 99(5:3 be explained by a prefered formathn of an endo transition
n-Pr Me 71 998,3 state, as shown in Scheme 69. This upper transition state
p-MeO-Ph Ph 52 983, model also explains the observeis-stereoselectivity as it

210 mol % of §R)-189 was used as catalyst. arises from theZ)-enolate.

Scheme 68. Postulated Cascade for the Dienophile o/—\ cI° CFN\N—Ph C’éN\N—Mes
Formation Mes— NS N~Mes N/ - N~/ o
[Azadiene Diels-Alder Reaction] o » cl
: | 19d 166" 166
R~
=N N
~N_ _N- o] Ar Mes
R R 187 " .
H 0° R \6 N-NE N/Ne’

R1Mﬁ@ 190

N

I Y o R
Vi OH R N Cl N ci®
o N=-N RMN

or 0191 R,N“N
H OH R
R1Mﬁ° \H‘” /’ (S,R)-74 (S,R)-189
o ,N=r~f> aibton Ar = p-MeO-Ph
194 R transfer of R Figure 21. Screened caralysts for the azadiene Didider
B F N; reaction.
2 R'N“N Scheme 69. Transition State of the Azadiene DietsAlder
192 Reaction
0.0
cyclization with N-protectedr,3-unsaturated imine$86to SNy R
form the corresponding DietsAlder productsl88(Scheme MeOCeHq \ !
67, Table 23). The dienophiles mentioned above are gener- .
ated in situ during the reaction course via the following ‘/<N_ﬁ-\A’ /
proposed catalytic cycle (Scheme 68). o N >=—LH
The homoenolat&92can be transformed to the dienophile \—/ )’Z_KRZ
193 or 194 via protonation or an intramolecular proton B
transfer. Efforts to trap the generated dienophile with the \©
imines 186 were only fruitful in the case of an electron-

deficient enal, such a&j-4-oxo-2-butenoate. Bode and co-

workers underlined the need for a more sterically demanding Very recently, Bode and co-workers published an exten-
catalyst, since the tested catalji€td was inactive and the  sion for homoenolate trapping via HeterDiels—Alder
triazolium-derived catalystd66 and §R)-74 did not reactions'?® In this method, the reactive enolate dienophile
provide satisfying results (Figure 21). This obstacle was results from the racemia-chloroaldehyde precursogc-
overcome by the development of the cataly$&8' and 195 and can further react with the heterodiet@6 in the
(R9-189, both bearing a mesityl group as one of the manner of an oxodiene DietAlder reaction (Scheme 70,
N-substituents at the triazolium unit and, therefore, providing Table 24).
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Scheme 70. Oxodiene DietsAlder Reaction by Bode and
Co-workers

o o 0.5 mol% 189", o
Et,N, EtOAc, rt ]
l R! + RZJ\/\R3 0 R
70-95% PN s
Cl R R
Mes
rac-195 196 N-N@ 197
) ee = 83-99%
N c® dr>20:1
o
(S,R)-189"

Table 24. Substrate Scope of the Oxodiene Diet#lder Reaction
by Bode and Co-workers

R R? R® dr  yield (%) ee (%) (config.)
Ph Me CQMe >20:1 88 996,93
Ph Ph CGMe 8:1 91 996,93
Ph p-Br-Ph  CQMe 6:1 80 996,93
Ph Cy CQMe >20:1 76 866,93
Ph 2-furyl CQMe 8:1 94 996,93
n-nonyl Me CQMe >20:1 71 998.,3
n-nonyl Ph CGMe >20:1 90 9986.9
OTBS Ph CGMe 31 80 97R,9
Ph CQEt p-Me-Ph 74 97 68,9
Ph CQEt n-Pr 84 98 (.9
Ph CQEt Cy 85 95,9
n-nonyl CQEt p-Me-Ph 76 99 (S.S
OTBS CQEt p-Me-Ph 83 B R,9

@ Reactions were performed with 2 mol % 189, the dr value was
not determined.

Enders et al.

5.4. Cross-Condensation of Enals and 1,2-Diones

In 2005, Nair et al. published the development of a method
for the carbene-catalyzed stereoselective synthesis of spiro
y-butyrolactoned?® The reaction of 1,2-cyclohexanedione
201 with a variety ofa,S-unsaturated aldehydd€8led to
a broad range of-spirolactone®02 (Scheme 72

Scheme 72. Carbene-Catalyzed Reaction of
1,2-Cyclohexanediones with Unsaturated Aldehydes by Nair
et al.

i o B
, ,
(0] + 1/\) B
R 60-74%

— e

201 148 N N.©
Mes™"'~"""Mes

R' = Ph, p-Tol, p-Br-Ph, p-CI-Ph, 19d

p-F-Ph, p-CF3-Ph, p-MeO-Ph

The yields of 66-78% were appropriate, yet the reaction
was slow (12 h) but exceptionally selective by forming one
diastereoisomer only. Moreover, Nair et al. demonstrated the
applicability of this method with different 1,2-diones such
as isatin derivative203 (Scheme 73). The observed yields
of the corresponding spiroannulated oxindoRB35 were
higher (85-92%) than the ones obtained with the spirolac-
tones202 However, a mixture of both diastereocisomeres
was formed.

5.5. Cross-Condensation of Enals and Enones
Very recently, another interesting discovery was reported

Different enones bearing electron-withdrawing groups as by the Nair research grodg The reaction of a homoenolate
well as aromatic and aliphatic enoates were tested in the147 with an o,3-unsaturated keton@9 did not lead to the
reaction, all providing comparable yields and enantioselec- expected 5-ketocyclopentanon€06, but instead to the
tivities as obtained in the azadiene Dielslder reaction. cyclopentene207. This observation was used for the
However, outstanding for the oxodiene reaction is the development of a new NHC-catalyzed cyclopentannulation
remarkably low catalyst loading of 0.5 mol %. Furthermore, method (Scheme 74).
it is notable that the reverse configured catalyg5(-189 Nair et al. could apply this novel method for the synthesis
provides the correspondiris-cyclization product200with of diverse cyclopenteneg7 utilizing different unsaturated
respect to the opposite absolute configuration, thereforealdehydes and ketones (Scheme 75, Table 25). Interestingly,
making this method highly applicable in asymmetric organic only one diastereomer was formed in all cases, which shows
synthesis (Scheme 71). the remarkable diastereoselectivity of this reaction.

Scheme 71. Oxodiene DielsAlder Reaction with Both Enantiomers of the Catalyst

0
0 Ph
0.5mol% (RS-188'| 72% b’ Nv"~co e
0 0 or (S,R)-189", (5.5)-200
Et,N.EtOAc, 1t '
‘\/\Ph + Ph)J\/Y OMe  =b 99% ee, 4.5:1 dr
Cl 0
rac-198 199 o
(1.2 equiv) (1.0 equiv) ~
. 0~ " ph
Mes 70% /,
N/N/'X'es N Ph """CO,Me
(R.R)-200

(S,R)-189" (R,S)-189°

99% ee, 4.5:1 dr
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Scheme 73. Carbene-Catalyzed Reaction of Isatin Derivatives with Unsaturated Aldehydes by Nair et al.

R3
O o) O
R! S [ 6 mol%19d, 4
o . @/Q BBUTHR M 120~ (o
N 85 - 98% \©\ 0
R? R® . N
o/—\ cCI R2
203 204 Mes~Nx N>Mes 205
R'=H, Br 19d dr1:1
R? = Me, Pr, allyl, propagyl
R®=H, OMe
Scheme 74. Unexpected Outcome of the Reaction aff-Unsaturated Ketones with Homoenolates
3
OH R (0] R
O ~X— R1/WN + /HJ\RS -
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R2 R R RZ
206 147 69 207

Scheme 75. Scope and Conditions for the Reaction of
o,B-Unsaturated Ketones with Homoenolates by Nair et al.

Scheme 76. Postulated Catalytic Cycle for the Reaction of
o,f-Unsaturated Ketones with Homoenolates

3 2
0 o 6 mol% 19d R RO
' DBU, THF, rt, 8h
7 [ e
_ 0,
- R2 55 - 88% R 4
s e R?
148 69 / \N Cl 207
Mes™"'X~"""Mes
19d
v
Table 25. Substrate Scope for the Reaction od,f-Unsaturated Rainer
Ketones with Homoenolates 148
R? R? R3 yield (%)
0-MeO-Ph 2-thienyl p-Cl-Ph 88 Mes
Ph 1-naphthyl p-Cl-Ph 76
p-MeO-Ph p-CN-Ph p-Me-Ph 85
p-MeO-Ph Ph p-Cl-Ph 76
p-MeO-Ph Ph Ph 88
Ph Ph Ph 78
p-MeO-Ph p-F-Ph p-Cl-Ph 78 RZ
p-MeO-Ph p-Cl-Ph p-Cl-Ph 76
p-MeO-Ph 2-thienyl Ph 86 R J
p-MeO-Ph 2-furyl p-Cl-Ph 70
p-MeO-Ph Me p-Cl-Ph 55 2110
Me 2-thienyl p-Cl-Ph 73

In the postulated catalytic cycle, the generated homoeno- 2
late 147 attacks the unsaturated ketdfeas a d-nucleophile D_Rs
in the manner of a Michael addition to form the zwitterionic .+
enolate208 After proton transfer, an intramolecular aldol 207
reaction to form209and subsequetlactonization via210
regenerates the catalyst and forms the bicyclic lac&iie lead to intermediates that undergo facile transformation.
which is then converted into the trisubtituted cyclopentene While Nair et al. reported that chalcone substrates gave trans
207 under the loss of CO(Scheme 76). configured products, Bode and co-workers obtained cis
Very recently, Bode and co-workers developed an enan- Products with higher ee’s when employing3-unsaturated
tioselective extension of Nair et al.’s method for the synthesis enones like212 Mechanistic evidence supports a cascade
of cyclopentenes via the cross-condensation of enals andsequence, which differs in the first steps with the one reported
enones (Scheme 78t by Nair et al. involving an intramolecular aldehy¢leetone
By employing theN-mesityl-substituted chiral triazolium ~ crossed-benzoin condensation and an oxy-Cope rearrange-
precatalystl89, Bode and co-workers were able to achieve MeNt as shown in Scheme 78.
high yields and excellent ee’s. The substrate scope is limited Nair et al. also investigated the reaction of homoenolates
to enones bearing an aromatic substituent, because only thos&47 with tropone 218).1%2 Surprisingly, the reaction took
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Scheme 77. Enantioselective Cross Condensation of Enals
and Enones by Bode and Co-workers

10 mol% 189",

2
o o DBU,CICH,CH,CI, R
+ R2 0-23 °C, 40h
. | I 25-93% R
R MeOZC COzMe
148 212 Mes 213
N-N® S, 1901 cie:
R = n-Pr, Ph, p-Br-Ph, | » 4:1-20:1 cis:trans
p-CF3-Ph, o-furyl, N 96-99% ee
R? = Ph, p-MeO-Ph, p-Br-Ph O
o-furyl,
(S,R)-189"

place in the way of an [83] annulation, leading to a bicyclic
O-lactone219 instead of the expected-spirolactone217
(Scheme 79).

Investigations of the scope of the 48] annulation

revealed that the reaction is tolerant to a broad range of

substituted cinnamon aldehyd®48 providing the bicyclic
O-lactone 219 in moderate-to-good yields (Scheme 80).
Interestingly, alkylated allylic substrates {RCy) could also
be converted into their correspondifigactone219by this
method.

The postulated mechanism for this reaction is partly similar

Enders et al.

of the homoenolat&47to tropone 218), an intramolecular
attack of the enolate oxygen at the carbonyl unit regenerates
the catalyst and forms the bicyclic lacto@23 Then, the

Scheme 80. Carbene-Catalyzed Reaction of Tropone with
o,f-Unsaturated Aldehydes by Nair et al.

o}
0 o  7mol% 19d, 0
| KOtBu, THF, rt, 12h
+ \ R
© R/\) 27-63%
o//\ ¢
148 Mes—NxN~Mes 219
19d

R = OMe, Cy, o-Tol, p-Tol, 0-MeO-Ph,
m-MeO-Ph, p-MeO-Ph, p-CI-Ph

initially formed lactone223 undergoes isomerization to its
presumably more stable for@19 (Scheme 81).

5.6. Miscellaneous

Fu and co-workers have recently found that, besidgs
unsaturated aldehydes,5-unsaturated este24 can also
act as suitable precursors for the generation of homoenolate
intermediates In a carbene-catalyzed Heck-type cycliza-
tion, they were able to implement a broad substrate scope
including conjungated esters, amides, and nitriles to convert

to the mechanism reported for the reaction of homoenolatesthem into the corresponding cycloalkanes and heterocycles

with a,3-unsaturated aldehydes. After the conjungate addition

225 (Scheme 82).

Scheme 78. Catalytic Cycle for the Reaction of,#-Unsaturated Ketones with Homoenolates by Bode and Co-workers
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Scheme 79. Unexpected Outcome of the Reaction of Tropone with Homoenolates
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Scheme 81. Proposed Catalytic Cycle for the Reaction of Tropone with,f-Unsaturated Aldehydes
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Scheme 82. Carbene-Catalyzed Heck-type Cyclization by Fu Scheme 83. Proposed Mechanism for the Heck-type
and Co-workers Cyclization by Fu and Co-workers
10 mol% 20 3
E ’ EWG 0
we K3POy, glyme, 80 °C |
| 0 EtO” ™= Ph
X 48-94% , . N
1
Z‘Q/): Phe__N z4), R | )—Ph
= N-Ph ’ P4 N
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EWG = CO,Et, COLAllyl, CO,N(Me)OMe, CN Ph>=N 0

Z= CHz, 0 Ph""N .Na

X =Br, Cl, OTs T B0 o] &h

=12 N
n=1, 22 Cx‘/ ri >—Ph
@ 3N

The proposed mechanism for this reaction differs from base—H Ph

the already reviewed ones in the way that the addition of | Et0,C 228

the carbene takes place at position 3 of the unsaturated este i &

226 (Scheme 83). The Michael addu2R7 undergoes a

tautomerization t@28 which in turn performs an intramo- EtO Ph

lecular nucleophilic substitution to form the cycloalk&#9 ﬁ N>_Ph

A base-catalyzed-elimination then regenerates the catalyst ,rghhf

and creates the produ280 "

Another interesting approach in applying nucleophilic
carbene catalysts for the formation of heterocyclic com- ¢ Transesterification Reactions
pounds was reported by Louie and co-workéfsHer
research group developed a straightforward cyclotrimeriza- The first contribution to esterificatio®® promoted by
tion for a variety of isocyanate231to convert them into  N-heterocyclic carbenes was reported by the research group
their corresponding isocyanura32in excellent yields and ~ of Smith in 19943 The transfer of an alkoxycarbony! unit
with remarkably low catalyst loadings (0.080.1 mol %) from 2-alkoxycarbonylimidazolium sal&34to benzyl alco-
(Scheme 84). Different catalysts were tested in the reaction,hols was performed in the presence of 1,4-diazabicyclo-
with the result thaR33 was the most suited one because it [2.2.2]octane (DABCO) at room temperature (Scheme 85).
only generates the trimerization prod@32 in high yields A drawback of this application is the fact that the
with the lowest catalyst loading. alkoxycarbonyl is carried by the imidazolium s&B4

229
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Scheme 84. Carbene-Catalyzed Cyclotrimerization by Louie alcohols (see Table 27). Later on, an extension for the
and Co-workers conversion of secondary alcohols into their corresponding

0 esters was developed by the Nolan grétiihe use of 1,3-
0.1 mol% 233, THF, rt, 1h RLNJ\N—W o
R'-N=C=0 85-99% )\ ,& Scheme 86. Transesterification Developed by Nolan and
231 ’ 0% N0 co-workers and Hedrick and Co-workers
-Pr i-Pr R - %st# 1ﬂse or 15i, 5
i \ 3 : 2
QNKN@ 2 roSore * ROOH RANors *  RPOH
237 238 — 237 238"
R = Cy, allyl, Ph, -Pr  i-Pr 4_N’r_\Nﬁ "
R R
o-Me-Ph, p-MeO-Ph 233 \Q/
d _
Table 26. Conditions and Substrate Scope for the 1:2' 24 - (I\:nes
Transesterification of Primary Alcohols by Nolan and 15i R4=_M)s;

Co-workers; Conditions: 0.5-1.0 mol % 15d or 2.5-5.0 mol %
15e, 4 AMS

cat. yield dicyclohexylimidazolin-2-ylidenelGe as catalyst made the
R R? R3 (mol %)  time (%) reaction of a variety of different alcohols possible, including
PhOCH  Me Bn 15e(25) 30min 99 aliphatic, cyclic, and aromatic ones, with diverse eskag

PhCH=CH Me Bn 15e(2.5) 180min 97 to the corresponding transesterificated produt#4 with
Me CH,=CH geraniol 15d(1.0) 60min 99 moderate-to-excellent yields (Scheme 87, Table 28).
Me CH,=CH 0 15d(0.5) 15min 100 It was found that a sterically more demanding environment
@[ j\/ at the a-position of the alcohols reduced the reaction rate
0 % and required longer reaction times. The conversion of tertiary
alcohols was also possible with this method; however,
Table 27. Conditions and Substrate Scope for the prolonged reaction times and higher catalyst loadings (20
Transesterification of Primary and Secondary Alcohols by mol %) were needed.

Hedrick and Co-workers; Conditions: 3.7—4.4 mol % 15d or

3.7-4.6 mol % 15i In 2005, an interesting contribution to the field of

transesterification reactions was made by Movassaghi and

Rt R? R® cat. (mol%)  time yield (%) Schmidt, when reporting the amidation of unactivated esters
Ph Me Et 15d (4.4) 20 h 85 237 with amino alcohol242 promoted by N-heterocyclic
Ph Me  i-Pr 15d(3.7) 20h 11 carbenes (Scheme 88, Table 29).

Ph  Me Et 15i (4.6) 20h 79

With this method, Movassaghi and Schmidt were able to
obtain the amidation produ2é3in excellent yields, utilizing
different amino alcohol242and aliphatic or aromatic esters
Therefore, a stoichiometric amount of the imidazolium salts 237 bearing different functionalities. It is also remarkable
had to be used and prepared separately for this transformaithat chiral amino alcohols were also suitable for this method
tion. since no epimerization was observed during their reaction.

Almost simultaneously, the research groups of Nolan and The reaction outcome may be explained via the following
Hedrick independently reported in 2002 on the first carbene- proposed mechanism (Scheme 89).
promoted transesterification that required only catalytic In the initial step, a nucleophilic activation of the hydroxyl
amounts of a carberi&’ In the case of Nolan and co-workers’ group of the amino alcohd®42 promoted by the carbene
work, low catalyst loadings (055 mol %) of the aryl- or catalystl5d, is followed by the transesterifiction to the ester
alkyl-substituted imidazolium based saltSd or 15e were 244 The latter is then converted in situ to the amR#3
utilized accompanied with high yields of the transesterifi- via a N— O acyl transfef?°
cation produc237 under mild conditions and short reaction Suzuki et al* and Maruoka and co-workéfd made
times (Scheme 86, Table 26). further progress in the field of carbene-catalyzed transes-

Remarkably, this method enabled a selective protection terifications by developing enantioselective acylations. By
of primary alcohols in the presence of secondary alcohols. employing the G-symmetric chiral imidazolium salt846
This was observed during an experiment where benzyl and vinyl acetate244, Suzuki et al. were able to report
alcohols was exclusively acetylated with vinyl acetate in the moderate enantiomeric excesses (up to 58% ee) in the first
presence of 2-butanol. In the case of Hedrick and co-workers,carbene-catalyzed kinetic resolution of secondary alcohols
the yields for the esterification products were slightly lower (Scheme 90).
and the reaction times were significantly longer, but by  Suzuki et al. also found out that more sterically demanding
employing the methyl-substituted imidazolium-based catalyst catalysts do not show better selectivities in this application.
15i, they were able to widen the substrate scope to secondaryLater on, the research group of Maruoka reported about an

Ph Me  i-Pr 15i (3.7) 20 h 72

Scheme 85. Carbene-Catalyzed Transesterification Developed by Bakhtiar and Smith

BnOH (1 eq.),
[\ e DABCO (1 eq.), —\
HSC/N ~ N\CHS acetone, rt jjj\ Bn H C/N ~ ’\(T\CH
l o 68-76% R” 0 MR (-
o7 R H TfO
234 235 236

R = alkyl, benzyl
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Scheme 87. Transesterification of Secondary Alcohols 240 by Nolan and Co-workers

o OH 5Amol% 15e, o RZ
4A M.S,, rt, 30 min 4
+ L, 4AMS.t30min . ,
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Scheme 88. Amidation of Unactivated Esters with Amino Alcohols by Movassaghi and Schmidt
5.0 mol% 15d
fL OH ail j}\ OH R?0H
-+
R'” “OR? ROHN 16-100% R N7
— R3
237 242 243 238

15d

Mes’NKN‘Mes

Scheme 89. Proposed Mechanism for the Amidation of Unactivated Esters with Amino Alcohols by Movassaghi and Schmidt
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Table 28. Scope of the Transesterification of Secondary Alcohols
by Nolan and Co-workers

R? R® yield (R' = Me) (%) vyield (R = Et) (%)
Ph Me 93 75
Ph Ph 92 56
cyclopentyl 96 92
2-methylcyclohexyl 67 47

Table 29. Scope of the Carbene-Catalyzed Amidation by
Movassaghi and Schmidt

Rt R? R® n yield (%)
Bn Me H 1 100
p-CN-Ph Me H 1 96
Me Bn H 1 95
Bn Me (S-prolinok 99

aThe reaction was performed witB)¢prolinol as amino alcohd@42

improvement in the carbene-catalyzed kinetic resolution of

secondary alcohols. By employing a more sterically demand-

ing acylation agent, such as vinyl diphenyl acetat,
Maruoka and co-workers were able to obtain selectivities
up to 96% ee (Scheme 91, Table 30).

several carbene catalysts in the presence of benzyl alcohol
and dimethyl methylphosphonate revealed the alkyl-substi-
tuted imidazolium carbentseto be superior in this reaction
over their less nucleophilic aryl-substituted imidazolium
carbene counterparts. Since the transesterification is an
equilibrium process, it is not surprising that product removal
from the reaction mixture, which was achieved by applying
4 A molecular sieves (MS) to remove the generated
methanol, has a positive effect on the obtained yields. It was
also mentioned that a rise in temperature favors the conver-
sion, although accompanied by a decrease in selectivity since
the diester was obtained as well.

Utilizing the N-heterocyclic carbene cataly4®d and254,
Scheidt and co-workers reported a unique conversion of
allylic, benzylic, and propargylic alcohol853 into their
unsaturated ester counterp&8y (Scheme 93)# A catalyst
screening revealed the sequence to be sensitive to azolium
structure-based catalysts, since different imidazolium and
thiazolium salts showed either no catalytic activity or
incomplete conversion. However, utilizing triazolium salt
254, the authors obtained high yields in a faster reaction. A
possible catalytic cycle for the observed reactivity is shown

Recently, Singh and Nolan reported an extension of their in Scheme 94.

protocol for the transesterification of secondary alcohols to
phosphorus ester@50 (Scheme 92)*2 The screening of

The catalytic cycle starts with an oxidation of the alcohol
256 to its corresponding aldehyde48 The latter is then
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Scheme 90. N-Heterocyclic Carbene-Promoted Kinetic Resolution of Secondary Alcohols by Suzuki et al.
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OH 0 3 mol% 246, OJ\CH OH
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Scheme 91. N-Heterocyclic Carbene-Promoted Kinetic Resolution of Secondary Alcohols by Maruoka and Co-workers

o

5 mol% 249,
/CJ)\H . j)\ THF, -78 °C c_))I\CHF'h2 T
RVORZ 7 PhHC” ~O7SCH, iR R'” R
3 3
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HyC CHs  84.96% ee
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Table 30. Substrate Scope for the Kinetic Resolution of
Secondary Alcohols by Maruoka and Co-workers

ester R)-248(%)

R R? R3 time (h) (yield (%))
Ph Me Ph 3 93 (33)
Ph Me  1-naphthyl 3 96 (32)
Ph Et 1-naphthyl 0.5 92 (33)
p-MeO-Ph Me  1-naphthyl 2 94 (30)
1-naphthyl Me Ph 15 93 (35)
1-naphthyl Me  1-naphthyl 6 95 (27)
PhCH=CH Me Ph 35 84 (27)

Scheme 92. Transesterification of Phosphorus Esters by
Singh and Nolan

5 mol% 15e, BnOH (1 eq.),

Q 4AMS,THF, 2h, rt 0 9
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Me™\ "OMe 71% Me™ \ "OBn Me™ '\ "OBn
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15e

Scheme 93. Tandem Oxidation of Unsaturated Alcohols to
Esters by Scheidt and Co-workers

10 mol% 19d or 255, DBU,
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17N 1J\ _R
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258 o/=\ o  oN=\ | 23
Mes’N%/N‘Mes H3C’N§/N‘CH3
19d 254

R = vinyl, aryl, propagyl
R2 = alkyl

attacked by the carberb5 to yield the tetrahedral inter-
mediate 257. A tautomerization of specie57 to the
homoenolate equivale@68was not observed. Furthermore,

unsaturated alcohols to their corresponding esters by simply
oxidizing them in situ with manganese(lV) oxide. The
method is not limited to unsaturated esters. Employing the
same conditions, Scheidt and co-workers were also able to
utilize saturated aldehydes to obtain the corresponding
saturated esters in high yields. An enantioselective application
of this tandem reaction was also aimed at by the authors.
The use of a chiral catalyst, such as the triazolium sa8)¢

189 allowed the generation of a chiral acyltriazolium
intermediate, which could be successfully employed as an
acylation agent in the desymmetrizationroésediols 260
Under optimized reaction conditions, Scheidt and co-workers
obtained up to 80% ee with a good yield of 58% (Scheme
95). However, in 2004, Rovis and co-workers reported a
similar study regarding the desymmetrization wwiese
hydrobenzoin witlo-bromocyclohexanecarboxaldehyde (see
section 5.2)2°

7. Polymerization Reactions

The concept of transesterifications was used for polymer-
izations by Hedrick and colleagues. Much effort has gone
into the development of biodegradable polymers in order to
synthesize resorbable biomaterials and commodity thermo-
plastics from renewable resources. Until now, the synthesis
of poly(lactide) by ring-opening polymerization (ROP) of
lactide was induced by a variety of metal catalysts through
a coordinatior-insertion mechanism. In 2001, Hedrick and
co-workers reported the first organocatalytic approach to the
living ROP of lactide using strong basic amines such as
4-(dimethylamino)pyridine (DMAP) or 4-pyrrolidinopyridine
(PPY) as transesterification cataly$t.Another metal-free
approach was published shortly afterward by the use of
nucleophilic phosphines, e.g., P(BupPhPMe, PhhPMe, or
PPh, as transesterification cataly3$t§. They could also
accomplish the ring-opening polymerization of lactide with
Bredereck-type reagents in the presence or absence of alcohol
initiatorst” and guanidine and amidine organocataly4ts.

the tetrahedral species undergoes a fast oxidation to theWhen screening other potential nucleophilic catalysts, they

activated acyltriazolium speciggb9, which is acylated to

discovered N-heterocyclic carbenes to be very active cata-

regenerate the catalyst, and the desired esterification productysts!*° The imidazole-based catalysts showed much higher
260is formed. With this one-pot tandem oxidation, Scheidt activities toward ROP than the thiazolium-based analogues.
and co-workers were able to convert a variety of different Less sterically demanding carbenes were found to be more
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Scheme 94. Possible Catalytic Cycle for the Tandem Oxidation of Allylic Alcohols to Esters by Scheidt and Co-workers
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Scheme 95. Desymmetrization ofneseDiols by Scheidt and Scheme 97. Thermal Decomposition of Silver Carbene

Co-workers Complexes by Hedrick and Co-workers
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Scheme 96. Proposed Mechanism of the Organocatalytic
ROP of L-lactide

to generate270. The melt condensation ¢f70 was per-
formed under vacuum using a heating ramp to 28D
(Scheme 98).

A protocol for repetitive ROPs was developed by using

propargation an ionic liquid (1-ethyl-3-methylimidazolium tetrafluoro-
o} cycle : -
H:CW)J\ borate, [emlm][B_E;]) as a .precat_alys.t reservoir in a p_hase-
o e transfer polymerization with an immiscible THF solution of
O\H/LCH3 monomer and initiator. The living ROP was started by the
o] in situ activation of the carbene in the ionic liquid which
262 : migrates to the organic phase. Addition ofs;N][BF ]
BOH terminated the polymerization due to the regeneration of the
_ 4 precatalyst. Separation of the polymer from the ionic liquid
.. oo phase enabled the reuse |!’1. further_ ROPs. _ o
5 R'O. OH Because NHCs are sensitive to air and moisture, an in situ
15d ) CHs generation of the active species is advantageous. Besides the

264 established deprotonation of the heterazolium salt, another
approach was established by Hedrick and co-workers with
active for lactone polymerization than their sterically de- the thermal generation of N-heterocyclic carbenes (Scheme
manding analogue’? Various biodegradable polyesters were 99)°* The ROP of L-lactide was performed in the presence
synthesized with the 1,3-dimethylimidazol-2-yliden carbene of benzyl alcohol as initiator at a temperature of €&

15din THF at 25°C. Polymers such as poly(L-lactide), poly-  Another method to generate active NHC catalysts is the
(e-caprolactone), or polgbutyrolactone) could be synthe-  reversible formation of alcohol addudféIn the on-demand

sized (Scheme 965! The same group demonstrated a further |iving polymerization of lactide, the alkoxytriazolin&y6
alternative to generate N-heterocyclic carbenes for ROP with were shown to reversibly dissociate at 80 to generate

the thermal decomposition of the silver carbene complexesan intiating/propagating alcoh#® The ring-opening
265at 90°C to compound66 (Scheme 97)2 polymerization, a monomer-activated mechanism, can

Poly(ethylene terephthalate) (PER)(Q) was synthesized be activated/deactivated with temperature on demand,
in the ionic liquid 272, which functioned as the reaction making it ideally suited for the preparation of block
medium and, at the same time, as a precatalyst that wascopolymers and complex macromolecular architectures
activated 273 with KOt-Bu. Dimethyl terephthalate (DMT)  (Scheme 100)¢
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Scheme 98. Synthesis of PET by Hedrick and Co-workers
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Scheme 99. Thermal Generation of N-Heterocyclic Carbenes
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at higher temperatures. Future applications are, e.g., injectable
hydrogels in drug-delivery systents.

Recently, the same group could further extend the substrate
scope for the living ROP to new classes of monomers such
as cyclic carbosiloxanez84'>® and trimethylene carbonate
285 (Figure 22)169 Polysiloxanes are commonly used in a

Utilizing a three-step strategy, Hedrick and co-workers variety of applications such as in medicine, microelectronics,
could further demonstrate the usefulness of carbene-catalyzear coatings. In further investigations, Hedrick and co-workers

ROP with the ring-opening polymerization gflactones for

reported the stereoselective polymerizationaaf andmese

the synthesis of an amphiphilic triblock copolymer with a |actide catalyzed by sterically encumbered N-heterocyclic

central hydrophilic sequené®’ In the first step, an ROP of

the benzyl ester lactor80and-lactone281with ethylene
glycol (269 as initiator and the triazolcarbe@ as catalyst

carbene86aand286b (Figure 23)6?
Highly isotactic polylactide was obtained from thac-

was used. The resulting malolactonate chains can furtherl@ctide monomer at low temperatures, and the formation of

initiate as difunctional macroinitiators the ROP of L-lactide heterotactic polylactide was preferred with theselactide
(262) in a second Step_ In the last Step, the benzy] ester monomer. Once again, a monomer-activated mechanism was

functions of282 are cleaved by catalytic hydrogenation to postulated. In the case ic-lactide €62), D- and L-lactide

yield the symmetric triblock copolyest2B83(Scheme 101).
Some of the unique properties 283 are a “flower’-type
micelle formation at £C and a reversible gelkol transition

are equally activated. A stereoselective attack by the terminal
alkoxide of the last inserted monomer led to an isotactic
enchainment of the polymer chain (Scheme 102).

Scheme 100. Postulated Mechanism of the On-Demand Living Polymerization by Hedrick and Co-workers

H
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Scheme 101. Application to the Synthesis of a Triblock Copolymer by Hedrick and Co-workers
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Heterotactic polylactide (Figure 24) is formed franese 8.1. Ring-Opening Reactions of Three-Membered
lactide because of a preferred attack of the oxygen of the Rings
polymer chain end to the monomer with the same stereogenic
configuration adjacent to it as the last stereogenic center of An early contribution to the field of ring-opening reactions

the polymer chain. was reported by Nguyen and co-workéfsin 2001, they
reported the ring-opening alkylation afeseepoxides290
CH CHs 0 with trialkylaluminium catalyzed by imidazolidine-derived
Ol A _Si. IH Bn. carbeneg33 a trialkylaluminum imidazolidine comple292,
Et,Si H{i' HaC O}n O‘Pko/\/ko"" and the Wanzlick-type olefin293 (Scheme 103).
$ 284 285 An unexpected observation was made, namely, besides the

employed carbenes, a catalytic activity was also observed
when utilizing the corresponding imidazolium salt precursor
294 in the absence of a base. A reasonable mechanism for

Figure 22. Further products of the carbene-catalyzed ROP by
Hedrick and co-workers.

Ph Ph this reaction was not proposed, and because of the above-
= mentioned catalytic activity of the imidazolium salts, the role
R1-N_N-g1 of the carbene catalysts still remains unclear.

Recently, Wu and co-workers reported two different
methods for the carbene-catalyzed ring-opening of aziridines

286a R' = Mes 295 to the corresponding 1,2-difunctionalized compounds
(R)-286b R" = CH(Me)Ph 296.1%3 |n their first protocol, the aziridine ring was opened
Figure 23. New sterically encumbered NHCs by Hedrick and co- by silylated nucleophiles such as TM§NMSCI, and TMSI
workers. in the presence of the catalysbd (Scheme 104, Table 31).
. . . Unsymmetrically substituted aziridines (entries 4 and 6) are
8. Ring-Opening Reactions regioselectively attacked by the nucleophile on the less-

The scope of the electrophiles used in reactions catalyzedsubstituted aziridine carbon, a@97 was not formed.
by nucleophilic carbenes are not necessarily limited to A catalyst loading as little as 1 mol % turned out to be
carbonyl compounds or Michael acceptors. Recently, few sufficient to obtain the desired prod26in excellent yields
examples were reported with the transformation of epoxides,and in the expected trans configuration. However, efforts
aziridines, or cyclopropanes in ring-opening reactions pro- for the application of TMSCfas a nucleophile for the ring-
moted by carbene catalysts. opening were less fruitful. A mechanism for this reaction
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Scheme 102. Proposed Chain-End Control Mechanism farac-Lactide
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was not proposed, but the authors assumed that the observe8cheme 104. Carbene-Catalyzed Ring-Opening of Aziridines
reactivity originates from an activation of the TMSX £X by Wu et al.
N3, Cl, 1) via the formation of a pentavalent silicecarbene S mg;&;sa. 1 \ )
complex (Scheme 105). : LL e .,"'RTNHR >R<r"
In the second method reported by Wu et al., the ring- L 89-99% i YN
; S . . . - R27x R2"'NHR
opening of aziridine99was made possible with anhydrides R =\
295 e 296 207

as nucleophiles and the imidazolium-based carlidsteas

catalyst (Scheme 106, Table 32). The desired products were

obtained in their anti configuration. Asymmetrically substi-

Ho\)LO\)Lo\)\\o\)x\o\)\o\eL \)Lo\)\\o\Rz

CH, CH, GCHy, OCH; CHy CHy CHs CH,

289

Figure 24. Synthesis of heterotactic polylactide by Hedrick and
co-workers.

Scheme 103. Alkylation ofmeseEpoxides with
Trialkylaluminium by Nguyen and Co-workers

5mol % 233 or 292-294, o
(o @
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Et:Al (2 eq.).toluene, rt
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Table 31. Substrate Scope for the Ring-Opening of Aziridines by
Wu et al.

entry R R R X time  yield296(%)
1 cyclohexyl Ts 15h 99
2 cyclohexyl Bh N 15h 96
3 cyclopentyl Ts Cl  25h 98
4 Bn Ts Cl 15h 89
5 cyclohexyl Ts | 0.5h 95
6 n-Bu Ts I 0.3h 98

Scheme 105. Pentavalent SiliconCarbene Complex

K\N —Mes

R3 Me CH3
\NA-) R2 N3 SI CH3
CH
R1)>T\/ 3
295 298

tuted aziridines were mostly converted by a regioselective
attack of the nucleophile at the less-hindered aziridine carbon.
By utilizing the phenyl-substituted aziridirZ99 (entries 2
and 4), a less-regioselective attack was observed. The
formation of product301 was thought to be caused by
electronic effects. Further investigations by the authors
revealed that an electron-withdrawing group, such as the
employedN-tosyl group, is crucial for the reaction outcome
since nonactivated aziridines, such\abenzylaziridines, did

not show any activity. A mechanistic model for the reported
reaction was also proposed by the authors (Scheme 107).
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Scheme 106. Carbene-Catalyzed Ring-Opening of Aziridines by Wu et al.

5mol % 15d,
(R3CO),0 (1.2 eq.),
DMF, 80°C

70-99%

KN‘Mes

156d

Mes"N

Table 32. Substrate Scope of the Carbene-Catalyzed
Ring-Opening of Aziridines

entry R R? R®  time (h) yield300(%)
1 cyclohexyl Me 8 96
2 Ph H Me 8 70300301 (9:1)p
3 n-hexyl H Me 8 80
4 Ph H Ph 3 70300301 (10:1)f
5 n-Bu H Ph 3 99
6 n-hexyl H Ph 3 98

@ Ratio of the products.

Scheme 107. Proposed Mechanism for the Ring-Opening
Reaction of Aziridines with Anhydrides Promoted by
N-Heterocyclic Carbenes
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Scheme 108. Method for the Ring-Opening of Aziridines
under Aerobic Conditions by Chen and Co-workers
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Scheme 109. Observed Formation of the Carboxylated
1,2-Aminoalcohols 309
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N-heterocyclic carbenes under aerobic conditions (Scheme
108). Unexpectedly, the authors observed the formation of
the carboxylated 1,2-amino alcohoB98 instead of the
p-aminoketones309, which would result from the ring-
opening via an acyl anion generated during the reaction
course (Scheme 109).

It was emphasized that the reported aerobic conditions are
crucial for the reaction outcome since the performance under
inert conditions mainly resulted in the benzoin product. Using
asymmetric aziridines, a high regioselectivity was observed
due to the preferential attack of the zwitterinonic alcoholate
300 at the sterically less demanding aziridine carbon atom.
The authors suggested the following mechanism for the
observed reactivity (Scheme 110).

In the initial step, the aldehydd is attacked by the
nucleophilic carbene catalydt5d, resulting in the zwit-
terinonic alcoholat&10, which promotes the ring-opening
via an attack at the less-hindered aziridine carbon atom.
Afterward, the specie812 tautomerized to the enaminol
ether313 which might be oxidized by dioxygen to afford

carbene at the anhydride resulting in the generation of thethe hydroperoxide anio14 The aniorB14is then reduced

carboxylate303 In the next step, the aziridine rirf9is

by another equivalent of the enamiol ett&¥3 affording

opened via a nucelophilic attack of the carboxylate anion two molecules of the zwitterionic specig$s The latter then

303 Then an attack of the nitrogen anion of the spesigs
at the carbonyl function of the acylimidazolium intermediate

304 regenerates the catalyst and results in the formation of

the bis-acylated produB06.The latter can then be converted
into 300 via hydrolysis.

Another interesting approach to the ring-opening of
aziridines was developed by Chen and co-work&rslis

closes the catalytic cycle by eliminating the carbene unit and
generating the observed produsit6.

Very recently, Sohn and Bode developed a method for
the carbon-carbon bond cleavage of conformationally
strained formyl cyclopropyl units317 catalyzed by N-
heterocyclic carbenes, leading to esters and thioeSts
(Scheme 111, Table 33%

research group reported a method for the chemoselective A broad range of substitution pattern at the trisubstituted

ring-opening of aziridines with aldehydes promoted by

cyclopropanes318 was suitable for the N-heterocyclic
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Scheme 110. Proposed Catalytic Cycle for the Carbene-Catalyzed Ring-Opening of Aziridines by Chen and Co-workers
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Scheme 111. Ring-Opening of Formyl Cyclopropanes 318 by
Sohn and Bode
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Table 33. Substrate Scope for the Ring-Opening of Formyl
Cyclopropanes

R EWG NuH T(°C) ee (%) yield (%)
Ph PhCO MeOH 23 89 90
n-Pr t-BuCO MeOH 40 93 95
Ph  PhCO n-CHs(CH)uSH 23 88 99
Ph PhCO HO 23 88 92

O, NHTs

Mes 'O
02

o s

&W)(R\- 313

@ Mes
314

be attacked by a nucleophile to furnish the desired &aér
This mechanism was proposed on the basis of a reaction
performed in the presence of an excess of deuterated
methanol. The obtained mixture of diastereomeric products
contained a single deuterium in theposition of the benzoyl
function, as would be expected if the reaction proceeded
under the proposed mechanism. However, if the reaction was
guenched at partial conversion, the observed recovered
deuterated aldehyde unit indicates the existence of an
alternative pathway including a reversible attack of the
catalyst and a hydride shift, which would lead to the same
result.

9. 1,2-Additions

A reaction type not covered so far in this review is the
carbene-catalyzed 1,2-addition of nucleophiles to carbonyl
compounds such as aldehydes, ketones, aldimines, or
ketimines. This reaction type stands out from the carbene

carbene-catalyzed ring-opening reaction. Beside alcohols ageactions described so far, because the reaction course is not
nucleophiles, thiols were also highly reactive, leading to the dependent on the generation of'a dr a d-nucleophile. In
corresponding thioesters. Interestingly, the synthesis of thecontrast to the reactions reviewed up to this point, the original
corresponding acid was also possible in high yields and goodreactivity/polarity of the carbonyl function stays untouched,
enantioselectivities when employing water as the nucleophile. whereas the carbene catalyst accelerates the generation and/
The proposed catalytic cycle for this transformation is shown or the attack of the nucleophile.

in Scheme 112.

The reaction starts with a nucleophilic attack of the catalyst 9.1. 1,2-Additions to Aldehydes and Ketones

319 at the aldehyde function of the substr&20 to form
the adduct321, which is converted to the corresponding
Breslow intermediat822 The following ring-opening leads
to the enolate323 which then reacts to the more stable
catalyst-bound enola&4via a rapid proton transfer. Further
protonation gives the activated carboxyl&®25 which can

In 2004, Blanrue and Wilhelm were the first to contribute
to the field of carbene-catalyzed 1,2-additidffsThe suc-
cessful cyanosilylation of the aldehyddsto the nitriles
327was achieved by using the imidazolium carbodithioates
328—-330as carbene precursors in dichloromethane (DCM)
as solvent at room temperature (Scheme 113).
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Scheme 112. Plausible Catalytic Cycle for the Carbene-Catalyzed Ring-Opening of Formyl Cyclopropanes by Sohn and Bode
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Scheme 113. Cyanosilylation of Aldehydes by Blanrue and Table 36. Conditions for the Cyanosilylation of Aldehydes 4 by
Wilhelm Song et al.: 0.5 mol % 15g, TMSCN (1 equiv), 10 min
10 mol% 328-330, time yield time yield
0 TMSCN (2 eq.), OTMS RE T (min) (%) Rt T (min) (%)
DCM, rt, 15-40 h
) | - s ] Ph rt 10 91 BnCH rt 10 93
R 45-99% R"™ "CN nPr rt 10 95 t-Bu t 10 87
4 327
R = aklyl, aryl Table 37. Conditions for the Cyanosilylation of Aldehydes by

Suzuki et al.: 20 mol % 19h, 20 mol % KOt-Bu, TMSCN (1.1

o\ equiv)

BN N=Bn h/N\ N~pp ( : time yield time yield

I\ l R T () (%) R T () (%)
s® s7>s°

S s N p-MeO-Ph 1t 05 69 nPr rt 05 81
0-MeO-Ph rt 05 93 Cy rt 05 81
328 329 330 2-naphtyl rt 05 94 tBu rt 05 65
1% 53% PhCH=CH rt 05 75
Table 34. Conditions for the Cyanosilylation of Aldehydes 4 by
Aoyama and Co-workers: 10 mol % 19d, 9 mol % KO-Bu, be converted to the cyanosilylated produg23 in moderate-
TMSCN (1.2 equiv) to-excellent yields and under mild conditions.
R! T time yield (%) Although the yields obtained in the application described
BnCH, rt <5 min 90 above were exceptionally high in some cases, a drawback
Cy rt <5 min 93 of this approach is its slow reactivity. Almost simultaneously,
t-Bu rt 20h 98 several research groups reported independently their solutions
t-BuCh; rt 20h 96 for overcoming this problem. The applications developed by
E_T:_Ph rr?ﬂux gé’min gg the research groups of Aoyama (Table _W)Maruoka
p-MeO-Ph reflux 3h 92 (Table 35):¢8 Song (Table 36%° and Suzuki (Table 37}°

all focused on the employment of different imidazolium-
Table 35. Conditions for the Cyanosilylation of Aldehydes 4 by based precatalysts. The reaction conditions differed in terms

Maruoka and Co-workers: 1 mol % 15e, TMSCN (1.2 equiv) of the employed catalyst and its loading as well as the
reaction temperature and the tested substrates (Scheme 114).

1 q H 0, . . .

R T time (h) yield (%) However, beside these differences, nearly all reactions
ERCH:CH g:g 8-2 gg progressed to completion withis1 h, and the observed
BnCH, 0°C 05 99 yields were all in the same range.

Although all of the employed catalysts turned out to be
suited for this cyanosilylation, the catalyifigused by Song

Catalyst328 was found to be the most efficient one. A et al. was found be the most active one, affording high yields
broad range of alkyl- and aryl-substituted aldehydes could with the lowest catalyst loading (0.5 mol %) and the fastest




5646 Chemical Reviews, 2007, Vol. 107, No. 12 Enders et al.

Scheme 114. Different Conditions for the Cyanosilylation of Scheme 116. Proposed Mechanism (2) by Aoyama and

Aldehydes Co-workers
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Scheme 115. Proposed Mechanism (1) by Aoyama and 327
Co-workers
— Scheme 117. Enantioselective Attempt for the
NHC 1-N _N-~pR1 2 Carbene-Catalyzed Cyanosilylation of Aldehydes by Suzuki
MesSicN —— | RTOYTR l RCHO card y y y ydes by
Me;Si--CN

1) 20 mol% 249°, KOtBu,
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82%
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(o) H 2
g SiMe, R27>CN 335 C|° O (F-335
R2"CN O Q 22% ee
e

333 327
NN
conversions (10 min), even with sterically demanding HsC CH,3
substrates. An interesting synthetic aspect of this application (R.R)-249°

is the straightforward conversion of the generated silylether
into its corresponding alcohol by simply adding acid to the
reaction mixture.

Scheme 118. Cyanophosphorylation Reaction of Aldehydes
by Aoyama and Co-workers

Two plausible mechanisms were suggested for the ob- gg‘ggb 1130" KOt-Bu,
served reaction¥” In the first one, the active intermediate ? THF 0‘(’(5 Se%i)r; o f’ OFt
is a postulated hypervalent silicad®2 resulting from the R1J —— 1 "OEt
addition of the carbene catalyst to the trimethylsilylcyanide 83-98% R' “CN
(TMSCN). This active intermediate then enables the nucleo- 4 ¢l o //\ 337
philic attack of the cyanide to the aldehyde (Scheme 115). Mes— N N~Mes

The second mechanism is based on the supposition 19d

that a zwitterionic alcoholate811 is generated via an
attack of the carbene catalyst at the aldehyde. This activeTable 38. Substrate Scope For the Cyanophosphorylation of
intermediate then reacts with TMSCN to form the silylether Aldehydes

334 under the formation of a cyanide nucleophile. Next, an entry R yield (%) entry R yield (%)
attack of the cyanide anion at the silylet/334 regenerates 1 tBu 98 5  PhCH=CH 19
the catalyst, and the desired prod82%is formed (Scheme 2 Cy 94 6 Ph 94
116). 3 vinyl 90 7  p-MeO-Ph 90
Moreover, Suzuki et al. reported an enantioselective 4 BnCh; 91 8  pCl-Ph 92

application of this metho#f® By using the sterically de-
manding imidazolium saR49, the substrat835could only and aliphatic cyanohydrin@-phosphonate837 could be

be converted to the cyanoalcoh®86 with a low enantio- synthesized (Scheme 118). This new transformation was
meric excess of 22% (Scheme 117). However, to the best ofaccomplished with a low catalyst loading of 5 mol % with
our knowledge, this is the only literature precedence where mostly excellent yields (Table 38). Utilizing ketones such
an enantiomeric excess was obtained in a carbene-catalyzeds acetophenone or methyl vinyl ketone as substrates afforded
cyanosilylation reaction so far. little or none of the desired products.

In 2005, Aoyama and co-workers reported the first Song et al. described a novel method for the trifluoro-
cyanophosphorylation reaction of aldehydes catalyzed by methylation of carbonyl compound338 by employing
N-heterocyclic carbenég! By applying the precataly€t9d N-heterocyclic carbenes as a catalyst and TMS&§ a
and diethyl cyanophosphonate (DEPC) as a cyanide sourcedrifluoromethylation agent’? The employment of the ada-
and phosphorylation agent, a variety of different aromatic mantyl-substituted imidazolium carbet&aled to a broad
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Scheme 119. N-Heterocyclic Carbene-Catalyzed
Trifluoromethylation of Aldehydes and Ketones by Song et

Chemical Reviews, 2007, Vol. 107, No. 12 5647

Table 41. Scope of the Cyanosilylation of Ketones by Maruoka
and Co-workers (1 mol % 15e, TMSCN (1.2 equiv), THF, 0°C)

al. R! R? time (h) yield (%)
1. 0.5 mol% 15a, TMSCF; (3 eq.), Ph Me 05 %
o THF, 1t, 20 min-24 h , Ph Bu 1 87
J_ . 2H o PhCH=CH Me 1 93
R' "R? 62-100% R'" “CF, n-heptyl Me 1 90
338 =\ 339 CO.Et Me 1 89
_N. N- cyclohexyl 2 99
Ad \6 Ad 2-dimethylcyclohexyl 0.5 99
15a Table 42. Scope of the Cyanosilylation of Ketones by Song et al.

(0.5 mol % 15g, TMSCN (1.1 equiv), DMF, rt)

Table 39. Scope of the Trifluoromethylation by Song et al.

- - R R? time (h) yield (%)
yield yield
entry R R (%) entry R RZ (%) COEt Ph 0.5h 79
Ph Me 1h 80
1 n-heptyl H 9 9 pNO-Ph H 75 p-NO,-Ph Me >h 81
2 Cy H 81 10 p-COMe-Ph H 85 Bn Me 2h 84
3 HyCs » H 71 11 p-CN-Ph H 87 Ph t-Bu 0.5h 81
Ph Ph 2h 83
G CH BrCH; Ph 2.5h 86
4  BnCH H 80 12 pCOH-Ph H 84 cyclohexyl 25h 79
5 PhCH=CH H 89 13 p-NO,Ph Me 75 2-dihydronaphthyl 2h 83
6 Ph H 73 14 COOEt ChBn 54
7  p-MeO-Ph H 81 15 COOEt Me 62 , N o
8 p-Cl-Ph H 86 Scheme 120. Different Conditions for the Cyanosilylation of
Ketones
Table 40. Scope of the Cyanosilylation of Ketones by Aoyama 0 15e, 159 or 19d,
and Co-workers (5 mol % 19d, 4 mol % KOt-Bu, TMSCN (1.5 J TMSCN, solvent NE DTS
equiv), DMF, rt) R'"” "R? R'” "R2
R? R? time yield (%) N N
p-Cl-Ph Me 10 min 91 338 340
p-MeO-Ph Me 1h 90 _ e _ _
Bn Me 5 min 94 o cl & N N
Ph i-Pr 1h 89 Mes~NsN-Mes  Cy~ ~Ccy  tBu~ ~t-Bu
PhCH=CH Me 20 min 87 \5 K
2-dihydronaphthyl 5min 90 194 15e 159

range of substituted trifuoromethylation produ@&39 in
good-to-excellent yields (Scheme 119, Table 39).

This application was shown to be suitable for the trifluo-
romethylation of aldehydes as well as ketones Ardtto
esters. Moreover, this reaction is outstanding for trifluoro-
methylation reactions, because the conditions are mild and,
therefore, tolerant to a variety of functional groups. More
importantly, it displays a greater catalytic efficiency com-
pared to the reported protocols for Lewis base-catalyzed
trifluoromethylation, as only 0:51.0 mol % of the com-
mercially available catalyst5ais sufficient.

Since the nucleophilic 1,2-addition to aldehydes promoted
by carbene catalysts turned out to be such a sophisticated
reaction, efforts were made to broaden the scope of this
method. Several research groups independently published
their contributions to the field of 1,2-addition of TMSCN to
ketones338 The results obtained by the groups of Aoyama
(Table 40)t73 Maruoka (Table 428 and Song (Table 42%°
are summarized in Scheme 120.

All research groups utilized the imidazolium-based cata- and co-workers’ resulted in the highest yields and Song et

TMSCN

R1-N N“R1

15

@ K\N—
1,N§(

Scheme 121. Proposed Mechanism for the Cyanosilylation of
Ketones

R1

<]
ch‘“;Si_CHg

341

H,C' CN

o]
REJJ\R3

338

lysts15e 15g and19dsince these showed the best activities al.’s required the lowest catalyst loading.
The observed reactivity can be explained via the following
of aldehydes. The reported reaction conditions differ slightly proposed mechanism (Scheme 1¥%)t was proposed that
in terms of the used catalyst loading, the temperature, andthe active intermediate is a pentavalent silic& generated
the solvent. The described methods show different advan-by the addition of the carben#5 to the TMSCN. The
tages that can be ascribed mainly to the different types of zwitterionic species341 then reacts with the ketong48
the employed catalysts. In the version of Aoyama and co- under the formation of the addud42 By elimination of
workers, the reaction rate was the fastest, whereas Maruokahe catalyst, the desired product is obtained.

during the course of their investigations of the cyanosilylation
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Table 43. Scope of the Cyanosilylation by Aoyama et al. (a)
Aldimines: 5 mol % 19d, 4 mol % KOt-Bu, TMSCN (1.2

equiv), THF, rt; (b) Ketimines: 5
TMSCN (1.5 equiv), DMF, rt, the

mol % 19d, 4 mol % KO t-Bu,
n H20

Enders et al.

10. Miscellaneous

In 2006, Chan and Scheidt reported a further interesting
application of N-heterocyclic carbenes with the hydroacy-

R R? X time yield (%) lation of activated ketone8457®> This new reaction is
Ph H Ts 45 min 97 enabled by a chemoselective reduction and acylation of
p-Cl-Ph H Ts 30 min 84 o-keto ester845to their corresponding-acylhydroxyesters
p-MeO-Ph H Ts 5h 98 347 (Scheme 128
fy H Ts 1h 8/ The process is tolerant to a variety of electron-rich and

-naphthyl H Ts 30 min 87 e . .

1-phenethyl H Ts 6 h 82 electron-deficient aromatic aldehydésThe observed yields
t-BUCH2 H Ts 5h 86 were generally lower if electron-deficient aldehydes were
Ph H Boc 30 min 80 employed. However, no conversion was observed if non-
Ph Me Ts 30 min 93 aromatic aldehydes were used. The substrate scope was also
p-Me~Ph Me Ts 3h 99 examined with regard to the activated ketoBéS. Different
p-MeO-Ph Me Ts 1lh 59 . -
Ph Ph Ts 4h 88 aromatic and heteroaromatic esters were screened and
i-Pr iPr Ts 5 min 84 provided high yields in all investigated cases. Furthermore,
PhCH=CH Ph Ts 2h 98 it was reported that changing the reaction media to protic

Table 44. Scope of the Cyanosilylation of Aldimines and
Ketimines by Maruoka et al. (1 mol % 15e, TMSCN (1.2 equiv),

solvents affected the outcome, since onlydheydroxyesters
346were obtained. The unusual reactivity was explained via
the proposed catalytic cycle shown in Scheme 124.

THF, 1) After the inital attack of the carber55 at the aldehyde
time vyield time vyield 4, the resulting tetrahedral intermedi@48acts as a reducing
RO R X () (%) R R X (h) (%) agent by promoting a hydrid transfer to theketo function
Ph H Ts 4 92  1l-naphthyl H Ts 2 92 of the esteB45 The generated-hydroxyester846are then
EECHCH ﬂ Eg % . 285% F;hh l\|<|/|ee En %1-5 ‘;% acylated by the acyltetrazolium specigs0, revealing the
Cy H Ts 5 8 Et Et Bn 2 69 desired producB47 and regenerating the cataly&55

Scheme 122. Strecker Reaction of Aldimines and Ketimines

Recently, the research group of Smith widened the scope
of reaction pathways utilizing N-heteroclyclic carbenes by
employing them as catalysts in the Steglich rearrangement

X 15e or 19d of O-acylcarbonate851 to their correspondin@-acylazlac-
N J NC_NHX y p y
A, Ecthohet L tones352 (Scheme 125)76
R" R R" R By developing this new reaction, Smith and co-workers
M ® B were able to obtain the formation of a new-C bond and
[~\e Cl [\

a quaternary stereogenic center under ambient reaction
conditions and low catalyst loadings { mol %). In control
experiments, no conversion was observed if@kacylcar-
bonate351 was treated with either a base or the triazolium
o —r P salt166", which indicates the need of an in situ generated
9.2 1,2-Additions to Aldimines and Ketimines carbene species during the reaction. A postulated catalytic
Encouraged by the good results achieved with the carbene-<cycle that explains the observed reactivity was also reported
catalyzed 1,2-additions of TMSCN to aldehydes and ketones,(Scheme 126).
the research groups of Aoyakid'’* (Table 43) and The cycle involves an initial nucleophilic attack of the
Maruoka®® (Table 44) have recently reported the successful carbene353 at the carbonyl moiety of the substra@él,
transfer of this concept to the cyanosilylation of aldimines resulting in the acyl transfer intermediaBb5 and the
and ketimines343. The reaction conditions were analogous corresponding enolat&54. ThenC-acylation at thex-posi-
to their former reported contributions, and the use of their tion of the enolate854 forms a new C-C bond and closes
1,2-addition approved precatalysts provided the addition the catalytic cycle by regenerating the catalys8
products344in high yields (Scheme 122). Very recently, Pan and co-workers reported the develop-
Other imine protection groups such as benzgrt- ment of a novel intramolecular nucleophilic substitution
butoxycarbonyl, and 2,4,6-triisopropylbenzenesulfonyl were reaction promoted by N-heterocyclic carbef&sPan and
tested as well, butl-tosyl was found to be the best protection co-workers could apply this methodology for the facile
group, providing the highest yields. construction of benzopyron&s7 and benzofuranoneb8

Mes~N<sN-Mes Cy"N\O/N“Cy

19d 15e

Scheme 123. Hydroacylation of Activated Ketones by Chan and Scheidt

0
M

o (0] 10-15 mol% 254, OH R
T4 RZJ\WORs DBU, solvent, rt " OR® o %( o
1 S =N H 2
R 0 Y 0 R%
HyC" N~ N~CH, o)
4 345 346 347
254
R'=aryl CH.CI, not observed 70-87%
R? = aryl, heteroaryl MeOH 71-96% not observed
R® = alkyl
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Scheme 124. Proposed Mechanism for the Hydroacylation of Activated Ketones

1
R "0
e
H
O = o
L 347 ~N.__N~ )
H;C K CH;3 R
e 355
S
H
0 e
346 o] QHs 0] Me OH Me
I !
R™ Y "N Rd\TN‘N — RNy
N7 N—7 N
H,C™® Me™® Me
350 348 349
OH 0]
RZH OR?® RZJ\H’ORS
o o
346 345
Scheme 125. Carbene-Catalyzed O- to C-Acyl Transfer by Scheme 126. Proposed Mechanism for the
Smith and Co-workers Carbene-Catalyzed O- to C-Acyl Transfer
2
iR 0 =N OR?
SR 0.5 mol% 166", R,0—4 N.__N-ph 5
RH/< KHMDS, THF, rt R 1 0
O R
~ 67-84% N & \f{
N %o b X 353 o
/N\@ BF4 R3 \( \‘(
R® N—Ph R3
N
351 352 351
166"
R' = Me, i-Pr, CH,/-Pr, Bn
R? = Me, Bn, Ph
R? = p-MeO-Ph Ph o
P'“Nea R1\T/<
The process is based on an intramolecular reaction of a W or? % N
. . - . N N=
carbonyl anion equivalent (Breslow intermediate), generated \{
by the carbene catalyst, with a suitable leaving group Y R?
(Scheme 127). 355 354

This application is special because of the dependence of
the formed products on the utilized substrate.afda phenyl benzaldehydeg! via a N-heterocyclic carbene-mediated
group, the observed product was not the expected benzopytandem reactio#’® The cyclization reaction could alterna-
rone357, but an unexpected formation of the benzofuranone tively be run starting from the benzoir&or by a direct
product358 was observed (Scheme 128). For this unusual conversion from the aldehydds The formal [3+2] cycliza-
reactivity, the authors proposed the following reaction tion product365was the only product to be formed instead

mechanism (Scheme 129). of the corresponding 1,4-ketoester via a tandem retrobenzoin
Under the reaction conditions, an ion p&i9 may be condensation/Stetter reaction starting fr8mrhe Michael
formed, which rearranges to the more stable cai6a A acceptor proved to be the decisive factor. No formation of

nucleophilic attack of the carbene catalyst at the aldehydethe corresponding-butyrolactone was observed when utiliz-
function of the catior860is followed by the conversion to  ing acceptors other than methyl acrylate like methyl meth-
the Breslow intermediat862 The latter undergoes an acrylate, crotonate, or cinnamate (Scheme 130).
intramolecular attack at the carbon cation, leading to the The precise reaction mechanism could not be clarified yet.
intermediate863and closing the catalytic cycle by generating The y-butyrolactone formation can either result from a
the observed produ@&58 and the catalyss'. tandem transesterification/intramolecular Michael addition

In 2005, Zhai and co-workers reported a one-step assemblyia 367 (path A) or from a tandem Michael addition/
of functionalizedy-butyrolactone8365 from benzoins8 or lactonization via the intermediaB88 (pathB) (Scheme 131).
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Scheme 127. Carbene-Catalyzed Nucleophilic Substitution Reaction by Pan and Co-workers

0 25 mol% 10b, 0 0
N H DBU, xylene, A N or N CH,
R1—: ot R4 P R4 P Ph
N S o o
R2 H:C,_ e ,CHs
N
356 / 3 oe 357 358
R'= Br, MeO HO s~ ! 45-72% 45-86%
R%Z=H, Ph 10b R2=H R2= Ph

Scheme 128. Observed Formation of the Benzofuranone Product

0 Q OH 0

Me CH

H + © 3

o | Ol (™ | P
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Scheme 129. Postulated Mechanism for Benzofuranone Scheme 130. One-Step Assembly of Functionalized
Formation y-Butyrolactones by Zhai and Co-workers
Q o o ope 22MOI% 191 OH
(5] -
dH . dH g . HzC/ﬁ]/ KOt-Bu, 4A MS, THF, rt R)\WR
@ 0,
O/]\/OTS o™ CHzeOTS R 27-72% o
Ph Ph e 1°
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356 359 (10-20eq.)  HyC "~z ~CH;

l 19i
0 R =H, p-Br-Ph, o-CI-Ph, m-CI-Ph, Q
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CH, o Me R
CH; B R
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¥ CH,

360
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o Scheme 131. Proposed Mechanism for the Synthesis of
3

- ] y-Butyrolactones by Zhai and Co-workers
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A nucleophilic acylation of arylfluoride869with aromatic |, C&\H/OCHa HO R
aldehyde870by imidazolin-2-ylidene catalysis to yield the * o R
benzophenone derivatived¥1 was reported by Suzuki et 364 0
all’® Nitrobenzenes and other fluoroarenes with electron- 368

withdrawing groups were shown to be suitable for this

reaction. An application of this new synthetic route was In the proposed reaction mechanism, the imidazolin-2-
demonstrated for the synthesis of heterocy&iesThe ylidene 15i forms the Breslow intermediatd76 with an
cyclization of difluorobenzophenon&y1with an aqueous  aromatic aldehydel. The activated aldehyde attacks the
solution of sodium hydroxide by replacement of the two heteroaren&77 at the fluorine-bearing carbon to form the
fluorine atoms ortho to the carbonyl group &71 yielded adduct378 A re-aromatization occurs by the loss of a
xanthoneg72 An analogous replacement of a chlorine atom fluoride anion to yield the tetrahedral intermedia#, which

(X2 = CI) caused much lower yields. Furthermore, the broad is then deprotonated to recycle the catalysitand to form
applicability of this methodology was demonstrated in the the product380. (Scheme 133).

synthesis of the acridong73 and the imidazol derivative Miyashita and co-workers developed a general method for
374 starting from371 (Scheme 132). the carbene-catalyzed aroylation of 4-chloropyrimidine de-
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Scheme 132. Carbene-Catalyzed Nucleophilic Acylation of Arylfluorides by Suzuki et al.

(o}
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| \/\
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1,4-dioxane, A
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X'=F;X2=F,Cl
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Scheme 133. Proposed Catalytic Cycle for the Acylation of
4-Fluoronitrobenzene (377)
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Scheme 134. Carbene-Catalyzed Aroylation of
4-Chloropyrimidine Derivatives by Miyashita and
Co-workers
2
IR
al O 30 mol% 19i or 155, O
\ NaH, THF or DMF,
| N + ‘\ r.t.-reflux, 5-60 min | SN
LA S 32-99% LA
==~ °'N” 'R R2 e CNTOR
381 & e | 382
~N__N~
HaC~ Nz N~CH;
R'=H, Me, Ph 19i

R? = H, 2-F, 3-F, 4-F, 4-Cl,
4-Br, 4-Me, 2-MeO,
3-Meo, 4-MeO, 4-NO, ® |e

HaC~N\zN~CH,
155

rivatives (Scheme 134§! By the employment of the two
imidazolium based precatalyst8i and155 they were able
to generate a broad number of differétphenyl-4-aroyl-
pyrazolopyrimidinesN-phenyl-4-aroyltriazolopyrimidines,

establish a method for the generation Nf(a-aroylben-
zylidene)anilines384 by the reaction of thé&\-phenylbenz-
imidoyl chlorides383 with aromatic aldehyded (Scheme
135)1®2 By employing the catalytic system NaH ad®i,

the desiredN-(a-aroylbenzylidene)aniline884 could be
obtained in excellent yields, and afterward, they could be
easily converted into their corresponding 1,2-diketo ana-
logues385.

11. Conclusions

More than 20 years ago, when one of us discussed with
his predecessor on the chair at RWTH Aachen, the late
Professor Hermann Stetter, the possibility to develop an
asymmetric version of his name reaction, we did not foresee
the breathtaking development of the chemistry of N-hetero-
cyclic carbenes and its implications for organometallic
chemistry and a rapidly growing new field, which is now
called organocatalysis. We did not foresee that, after a first
false report from Aachen in the 1960s (dichlorocarbene),
Arduengo would isolate a stable N-heterocyclic carbene in
1991 and the dreams of Wanzlick would come true. We did
not foresee that our research group would indeed bottle a
carbene and even make it commercially available (Figure
25).

Organocatalysis and this chapter on the catalysis with
N-heterocyclic carbenes has its roots back in the early days
of organic chemistry, when Liebig and Wier investigated
the benzoin reaction. From its very beginning, the field was
highly competitive. In a letter of May 30, 1832, to Berezelius,
Liebig wrote:

“Mit W@ hler bin ich im Begriff, in Feindschaft zu geraten;
ich sehe, dass das Schicksal es wassagt, etwas zu tun,
was der andere nicht schon getaritteaoder zu tun im
Begriffe ist; alle Originalitda geht dabei zum Teufel. So
schigt er mir neuerdings eine gemeinschaftliche Arbegiu
das Q der bitteren Mandel vor, und noch ehe ich

N-phenyl-4-aroylpurines, and 4-aroylquinazoles, which are seinen Brief erhielt, hatte ich allen Apothekern meiner
important motifs in many pharmaceutical compounds becauseBekanntschaft Auftrag gegeben, mir Bittermaritieta

of their biological activities. Miyashita et al. could also

verschaffen.”
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Scheme 135. Carbene-Catalyzed Aroylation di-Phenylbenzimidoyl Chlorides by Miyashita et al.

N,Ph
| | 33 mol% 19i, NaH,
| X Cl + | X THF, r.t.-reflux, 1-20h
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4-NO,
385

“Wdhler is about to become an enemy, | realized that fate and skill, namely, Joerg Tiebes, Heike Gielen, Klaus Breuer,
has refused us to do something the other wouldréerdone Ulrike Kallfass and Tim Balensiefer. The fruitful cooperation
already or was about to do; all one’s originality gets ruined. with Dr. J. H. Teles and colleagues, BASF AG, is gratefully
Thus, he has recently proposed a cooperation on the bitter acknowledged. Our own contributions have been supported
almond oil, and prior to receing his letter | had already by the Fonds der Chemischen Industrie and the Deutsche
ordered all the chemists | know to procure me bitter almond Forschungsgemeinschaft. We thank Degussa AG, BASF AG,
oil.” Bayer AG, and the former Hoechst AG for the donation of

Liebig and Wdnler became good friends, and the result chemicals.
was the seminal joint paper on the benzoyl compouhds,
which became a milestone of our science and the develop-13 Note Added after ASAP Publication
ment of aromatic compounds. Besides this classical benzoin _ )
condensation, the development of asymmetric inter- and This paper was published on the Web on October 23, 2007,
intramolecular benzoin reactions as well as intramolecular With errors in Table 23. The corrected paper was posted on
Stetter reactions became the first benchmarks in the rapidlythe Web on October 30, 2007.
growing field of NHC organocatalysis. In the last few years,
the enormous catalytic potential of N-heterocyclic carbenes 14. References

has enabled a great variety of organic reactions, such as
nucleophilic acylations, transesterifications, polymerizations,
p-alkylations, hydroacylations, 1,2-additions, ring-opening
reactions, and sila-Stetter reactions. The clarification of the
underlying reaction mechanisms has enabled a deep under-
standing of the catalytic role of the carbenes and led to further
asymmetric carbene-catalyzed reactions, such as intramo-
lecular aldehydeimine cross-couplings and Dietd\lder
reactions. It can be foreseen that new reaction partners for
the NHCs and low catalyst loadings will broaden the
remarkable potential of N-heterocyclic carbene-catalyzed
reactions and will generate polyfunctionalized molecules of
great synthetic importance.

Figure 25. 1,3,4-Triphenyl-4,5-dihydroH-1,2,4-triazol-5-ylidene,
a commercially available carbene.
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