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1. Introduction

This review covers reactions where iminium ions are likely
to be active intermediates in the catalytic cycle. The focus
of the review is on synthetically useful protocols and small-
molecule catalysts. We will, thus, exclude enzymatic iminium
catalysis unless it provides mechanistic or conceptual
analogues to the small-molecule catalysts under discussion.
The subset of reactions where the initially formed iminium
ion loses a proton to form an active enamine intermediate
are also excluded from this review, although we will briefly
discuss these reactions in view of their historical importance
to iminium catalysis. In addition, examples of reactions for
which competing mechanistic scenarios have been estab-
lished, such as the Mannich and Knoevenagel reactions, will
be included only when there are good reasons to believe that
these reactions take place via an iminium mechanism.

Several accounts and partial reviews of the subject have
appeared recentfyl® The Knoevenagél and Mannick®
reactions have also been extensively reviewed. The coverage
of this review extends until March 2007.

The review is organized as follows. We will first introduce
the concept of iminium catalysis. To illustrate the evolution
of iminium catalysis over the years, we will give an overview
of the history, retracing the footsteps of the field that dates
back more than a century. We will then conclude section 2
by a short discussion of the structural requirements of
iminium catalysis. Subsequent section illustrate the individual
reactions in the following order: cycloadditions, conjugate
addition reactions, reactions involving both iminium and
enamine intermediates, domino processes, and reactions with
saturated compounds.

2. Iminium Catalysis

2.1. Iminium lons

The condensation of aldehydes or ketones with primary
amines typically results in equilibrium where a considerable
amount of the imine is present (Schemé“®1This reaction
was discovered in 1864 by Schiffand the resulting imines
are also called Schiff bases. These primary amine-derived
imines are basic 6. ca. 7)?* and they readily exist as
iminium ions in acidic solution.
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Scheme 1. Formation of Iminium lons and Imines
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lation. Examples of possible modes of iminium activation
are provided in Scheme 2.

The iminium-activated reaction will be catalytic only if
the amine catalyst is released in the final hydrolysis or
elimination step. As an example, nucleophilic addition of
hydride ion to the &N double bond is the basis of reductive
amination processes. These reactions proceed via iminium
intermediates and are properly called iminium-activated
reactions. However, they are not iminium-catalyzed, since
. ) the amine becomes trapped in the reduction step.

With secondary amines, aldehydes and ketones may also \yit the exception of the cycloaddition reaction, each of
condense to form iminium cations. In this case, deprotonation ,age iminium-catalyzed reaction types were discovered, at

to form imines Iis meoslsibk(aj, and als Squh’ these i'.Ei”i“m least in some form, prior to World War I1. In the following
cations can only be isolated as salts of strong acids. For gigessjon, we will briefly outline the history of the fietd.
iminium catalysis, both primary and secondary amines can

be used, although the secondary amines tend to dominate) 5 istrical Development of Iminium Catalysis
the field. The primary amines always require an external acid
cocatalyst, and the use of acid cocatalyst is also very common No specific date can be given for the introduction of the
with secondary amines. The structural requirements of the concept of iminium catalysis. Instead, the history of iminium
amine catalysts are discussed in further detail in section 2.3.catalysis is characterized by serendipitous discoveries and
Iminium salts are more electrophilic than the correspond- intervening theoretical advances. Scheme 3 illustrates the key
ing aldehydes or ketones (see below). For this reason, thedevelopments of the field.
reversible formation of the iminium salt activates the  Perhaps the earliest recorded example of an iminium-
carbonyl component toward nucleophilic attack. This type catalyzed process is the Knoevenagel condenséfion
of activation is similar to that induced by Lewis or Brgnsted mediated by primary or secondary amines. The idea that the
acids. It should be emphasized that the activation provided Knoevenagel reaction might proceed via iminium catalysis
by iminium ion formation is very general, and many different emerged slowly. Knoevenagel himself suggested a possible
types of nucleophileelectrophile interactions can be envis- role for the aldehyde-derived imines or aminals in this
aged. This includes cycloadditions, nucleophilic additions, reaction?* It is known, however, that the Knoevenagel-type
attacks by bases (resulting in deprotonation and enaminereactions can also be catalyzed by tertiary amine bdses.
formation), and retroaldol type processes such as decarboxy-The iminium mechanism is, thus, only one of the mechanistic

Inkeri Majander was born in 1982 in Kuusankoski, Finland. She received
her M.Sc. (Tech.) degree in Organic Chemistry from the Helsinki University
of Technology in early 2007. After graduation, she joined the research
group of Dr. Petri Pihko as a Ph.D. student and continued working on
the fields of catalyst design and organocatalysis.
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Scheme 2. Different Activation Modes of Iminium Catalysts
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possibilities. In 1931, Blanchard et al. suggested that positive consistent with the imine/iminium mechanism proposed by
ions are involved in the catalysis of the Knoevenagel reaction Pedersen.

with secondary amine8.Twenty years later, Crowell and The first iminium-catalyzed conjugate addition reaction
Peck presented kinetic evidence for imine/iminium interme- 55 reported in 1937 by Langenbeck and co-worR&ts.
diates in the Knoevenagel-type condensatféniéoday, the  piperidinium acetate and sarcosimérpethylglycine) were
contribution of iminium catalysis to the Knoevenagel reaction o nd to be effective catalysts for the conjugate addition of

is generally recognizet. water to crotonaldehyde. In the presence of glycine, only
The first reaction where iminium ions were postulated as polymeric resins were obtained. Langenbeck noted that the
active intermediates is the decarboxylation bketocar- aldol product is in equilibrium with the starting material.

boxylic acids. In 1907, Pollak reported that different proteins He also made a cautious suggestion that the reaction might
and extracts such as albumin and casein as well as differenforoceed via enamine intermediates.
amino acids and ammonium salts catalyzed the decarboxy- otner noteworthy milestones in the field of iminium-

lation of acetoacetic acfl.Pollak also suggested that imines  catalyzed conjugate additions include the proline-catalyzed
are likely intermediates in these reactions. In 1922, Widmark partial deracemization of a thianone intermedi2@sn the

and Jeppsson studied the aniline-catalyzed version of this\yoodward synthesis of erythromyéfrand the use of alkali
reacuopz.8 They also identified that the reaction has a definite yetal salts of proline in the conjugate addition of malonates
pH optimum between pH 3 and 4. by Yamaguchi and co-worke?§. The discovery of the

In 1934, Pedersen suggested that the amine-catalyzedminium-catalyzed transimination reaction by Cordes and
decarboxylation of-ketoacids takes place via a mechanism Jencks in 1962 also represents another landmark in the
that involves iminium activatiof?3°Four years later, West-  history of iminium catalysi§’ These reactions are further
heimer and Cohen proposed a mechanism similar to that ofdiscussed in section 7.1. In the 1960s and 1970s, the attention
Pedersen to explain the catalysis of the retroaldol of diacetoneof the research community shifted to iminium catalysis of
alcohol with primary and secondary amirfésin 1959, the deprotonation reaction, i.e., enamine formation. Thanks
Hamilton and Westheimer corroborated these findings with to the elaborate studies on iminium-catalyzed enamine
their studies on carboxylase enzyfeJsing ®0O-enriched formation reaction by the groups of WestheirfetHine °
acetoacetic acid as the substrate, they found that the producSpencef? Yasnikov#! and many other& the role of iminium
acetone had lost nearly all of t&. These results were fully  ions in enamine catalysis is now widely known.
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Scheme 3. Historical Development of Iminium Catalysis
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Figure 1. Collection of different amines and amine salts that have been successfully used as iminium catalysts.

Iminium-catalyzed cycloadditions were not discovered In addition to the imidazolidinone catalyst family, other
until the turn of the century. In 1976, Baum and Viehe cyclic amines, mainly substituted pyrrolidines, have been
reported that iminium salts provide significant acceleration employed as iminium catalysts. Proline and its derivatives
in the Diels-Alder reactiorf® However, it was not until 2000  have been very popular, especially for a variety of ring-
that MacMillan and co-workers disclosed a more general forming and domino reactions. The diarylprolinol silyl ethers
catalysis strategy for the DielsAlder reaction, using enan-  (e.g., 38 and 39), discovered by the Jgrgengérand
tioselective iminium catalysi&. MacMillan and co-workers ~ Hayasht® groups, have also enjoyed increasing popularity.
were also the first to describe the iminium catalysis concept Primary amine catalysts have been less popular than
in modern terms, using the term “LUMO-lowering catalysis” secondary amines. They have, however, been advantageous
to describe the catalysis strategy common to both Lewis acidsin the reactions ofx-substituted enals, which appear to be
and chiral amine catalysts. The simplicity of MacMillan’s too hindered to give acceptable rates or selectivities with
imidazolidinone catalyst famify and the generality of the  chiral secondary amine catalysts. Aromatic amines, such as
concept set in motion the discovery of a whole range of the hindered aniline derivativ&l*® as well as diamines such
enantioselective iminium-catalyzed processes. These reacas BINAM 40,°°5! have been successfully employed. In
tions are covered in more detail in subsequent sections.  addition, a highly interesting chiral triaming2 has been

introduced as a catalyst for the DielAlder reactior??
2.3 Structure —Activity Relationships Because of the tight interaction between the iminium cation
and the counteranion, chiral counteranions can also influence
the enantioselectivity of iminium-catalyzed processes. In fact,
it has been proven to be possible to useaghiral amine
component such as morpholine together with a bulky, chiral
phosphoric acid TRIP6.5354

Although full, systematic studies into structaractivity
relationships in different types of iminium catalysts are not
available, insights into the reactivity of different catalyst types
might be gained by inspection of successful iminium catalyst
structures (Figure 1). Perhaps the widest variety of amine
c.atallys.ts_has been employed in c_ycloaddition reactions..The2.4_ Structural Studies of Iminium lons
first iminium-catalyzed cycloadditions were reported with
imidazolidinone29,* and the imidazolidinone catalyst family Most structural studies on iminium systems have focused
has proved to be a very general and robust platform for a on retinal chemistry, especially the linkage between retinal
variety of different iminium-catalyzed reactioh3he cyclo- 54 and a lysine residue in opsin proteins such as rhodopsin
additions require the use of a relatively strong acid cocatalyst.and bacteriorhodopsft-%® In addition to retinal itself,

For imidazolidinones, the acid of choice is typically HCI, cinnamaldehydel7 has been commonly used as a model
CR;COOH (TFA), or HCIQ. In general, the strength and compound® %2 A number of these studies emanate from the
the nature of the acid cocatalyst appear to have a markedgroup of Childs and co-workers.

influence on the reactivity of the iminium catalyst. According A general feature that emerges from th& NMR studies

to NMR studies, iminium ions exist as contact ion pairs in of unsaturated imines is the observed downfield shift (ca.
aprotic solventé® The relative strengths of the iminium 5—10 ppm) at € in iminium salts compared to the parent
cation—counteranion interactions in different solvents are, unsaturated aldehydes. This feature might reflect the in-
however, very difficult to predict, and therefore, the effects creased electrophilicity of the iminium cation at @mpared

of different acid cocatalysts on reactivity cannot be easily to the parent aldehyde. In these studies, secondary amines
generalized. have effected somewhat larger chemical shift changes at the
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Table 1.13C NMR Shifts of Some Cinnamaldehyde and Retinal
Derivatives

O 47:X=H R1®R? 49:R'" R2=Me, X=H
L, AEx=d N 50: R!, R? = Me, X = CI
H1 51: R', R? = Me, X = OMe
§| 52: R'=Ph, R2 = Me, X = Cl
53:R'"=Bu,R% X=H
X
X
X 54:X=0
P 55: X = NPh(Me)*
H 18 | 56: X = NH(Bu)*
éc atCt 5(: at & (3(: atCG
entry compound (ppm) (ppm) (ppm)
165 aldehyde47 193.4 128.5 152.5
265 aldehyde48 193.9 129.6 151.5
361 4% 171.3 117.8 162.0
481 57 171.2 118.3 160.3
561 512 170.8 115.0 162.0
652 52 169.6 116.4 164.8
761 53 172.1 120.5 159.2
855 54 190.7 129.0 154.5
957 55 160.6 118.1 171.3
1075 56° 163.6 120.1 162.3

a Counteranion CI@r. ® Counteranion CFEO;,~. € Counteranion Cl,
13C NMR data for56 with TfO~ as the counteranion has also been
reported?’

C? and C positions than primary amines (Table 1, entries
1, 3, and 7). This small difference may be connected with

the observed higher activity of secondary amine catalysts

when compared to primary amines. A phenyl substituent on

the nitrogen also increased the shift changes as compared to

two alkyl substituents (entries 2, 4, and 6). Similar trends
were also observed with retin?&>” However, it should be
kept in mind that the data available for the simpler systems

is not very extensive, and these conclusions should be

regarded with appropriate caution.
Unfortunately, a direct comparison of the iminium com-

pounds with Lewis acid complexes was not feasible, as there

Chemical Reviews, 2007, Vol. 107, No. 12 5421

Scheme 4. Diels-Alder Reaction of Iminoacetylene4®
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were no reports where identical carbonyl substrates would @dductsl9 that could be further hydrolyzed to the bicyclic
have been used. Childs et al. have published an interesting®Sterss8 (Scheme 4). The amidium moiety was found to be

NMR study of Lewis acie-crotonaldehyde complexes,
howevers?

X-ray crystal structures have been reported for only three
simple iminium salts:49, its p-methoxy derivative (R R?
= Me, X = MeO), and525162 Recently, Ogilvie and co-
workers also reported the crystal structure for the iminium
ion of cinnamaldehyde and the hydrazide cataBktsee
section 3.1.2%* However, sufficient structural data is not
available to allow a reliable and meaningful comparison
between iminium salts and unactivated aldehydes.

3. Cycloadditions

3.1. Diels —Alder Reactions
3.1.1. Historical Noncatalytic Precedents

As mentioned above (section 2.2), the concept of iminium
activation ofa,5-substituted carbonyl compounds in Diels
Alder reactions was introduced by Baum and Viehe in
19762 Their method, however, was not catalytic, as the
acetylenic iminium ether$7 had been prepared beforehand.
Reactions betweeh7 and cyclopentadiene afforded cyclo-

more activating than any carbonyl functionality when
conjugated with the multiple bond. In addition to the Diels
Alder reactions, [3-2]-cycloadditions involvingl7 and
diethyl azoacetate or munchnone were also reported.

Jung and co-workers reported an enantioselective version
of this reaction type in 198%.Chiral 2-alkylpyrrolidines or
3-alkylmorpholines were condensed with acryloyl chloride
to form an amide and converted in situ to the corresponding
silyl triflates 59 (Scheme 5). Good yields and stereoselec-
tivities were obtained with all the auxiliaries. However,
hydrolysis of the auxiliaries proved difficult, requiring two
separate steps and notably lowering the final yields.

Griesbeck’s synthesis of pentafulver@sn the same year
provides another early example of iminium-activated cyclo-
additions®” Two equivalents of pyrrolidine were used in the
reaction. Depending on the substitution of the starting
material 62, the reaction yielded the desired pentafulvene
64 (62—71% vyield), a Diels-Alder product65 (89%), or a
combination of these tw66 (58%) (Scheme 6). The author
did not comment on the mechanism leading to the formation
of the undesired DietsAlder products.

In 1995, Baldwin and co-workers proposed an iminium-
accelerated DielsAlder reaction taking place in the bio-
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Scheme 7. Proposed DietsAlder Key Step in the
Biosynthesis of Himgraviné®
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Scheme 9. Enantioselective DielsAlder Reaction between
Enals and Acyclic Diene$*
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synthesis of himgraviné8, one of theGalbuliminatype |
alkaloids (Scheme 7} Later, this strategy was further

Erkkila et al.

Scheme 10. Mechanistic Explanation for the Selectivity in
the Organocatalytic Diels-Alder Reaction**

(0] Me

Z-30

model, the catalyst and the aldehyde selectively form an
E-iminium ion E-30 where the hydrogen atom in the
o-position is able to avoid the unfavorable interactions with
the geminal methyl groups of the catalyst (Scheme 10). The
diene approaches the iminium ion preferably fromshface.
This allows the diene to avoid the large benzyl substituent
stacked on top of the double bond. The position of the benzyl
group is presumably favored hy-stacking between the
electron-rich benzyl group and the electron-poor iminium
cation.

The above model has been criticized in light of more
powerful density functional theory (DFT) ab initio calcula-
tions (B3LYP/6-31G(d)). On the basis of their computational
results, Houk and co-workers suggested that the most stable
conformation ofE-30 is the compound where the benzyl
group is not stacked on top of the double bond but is situated
almost orthogonally against it (Figure 2)’* According to

MW O

[e) N= :_ Me~ NL L
@Ew o} gx
MacMillan Houk

Figure 2. Suggestions for the most favored conformation of the
iminium ion E-30.4471

1

their model, this arrangement allows favorable & 7-in-
teractions between the aromatic ring and one of the geminal
methyl groups. In other respects, the calculations supported
MacMillan’s conclusions.

The covalent nature of the iminium catalysts has promoted
efforts toward the development of polymeric and solid
supported versions of the cataly$t€onsequently, several
research groups have prepared derivatives of the imidazo-
lidinone catalys29 mounted on solid supports. The first of

eXplOited in the biomimetic Syntheses of the related alkaloids these was disclosed by Cozzi and co-workers in ZQO'I]By

himbacine, himbeline, and himandraviffe.

3.1.2. Diels-Alder Reactions of Enals

The first organocatalytic DietsAlder reaction reported
by MacMillan and co-workers in 2000 set in motion the

prepared an analo@3 of catalyst29 starting from §)-
tyrosine, which allowed the catalyst to be linked to a poly-
(ethylene glycol) (PEG) polymer from theehydroxyl group
in the benzylic moiety. PEG is soluble in water and in many
organic solvents, but it precipitates from diethylether. This

development of iminium-catalyzed cycloaddition and re- facilitates its isolation from the reaction mixtures and

kindled the interest in the field in generdl.The chiral
imidazolidinone catalys29 activated enal28 to react with
dienes by iminium ion formation (Scheme 8), affording cyclic
productsexc69 and ende69 with good enantioselectivity

recycling of the catalyst.

Catalyst73 was tested mostly in the DietAlder reaction
between acroleiry0 and cyclohexadien&1, yielding the
cycloadduc72 (Table 2, entries 1 and 2). Enantioselectivities

(83—96% enantiomeric excess (ee)). The diastereoselectivitywere comparable to those obtained w29 and diastereo-

was poor with cyclopentadiene, but acyclic dienes as well selectivities were slightly better (entry 8). However, the yields
as cyclohexadiene afforded good selectivities (Scheme 9).remained lower, especially when using the recycled catalyst
These dienes required catalyst loadings up to 20 mol %, (entry 2). In a subsequent article, the authors explained this

however.
MacMillan explained the selectivity trends of catal$
with a MM3 force field simulatiorf* According to their

by the observation that the imidazolidinone moiety itself is
being destroyed under the reaction conditions containing acid
and an enal® The more reactive the enal, the more extensive
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Table 2. Comparison of Recyclable Iminium Catalysts for the o
Diels—Alder Reaction#4 72,7476
O)‘J\/

0 catalystHX
5-20 mol% oiJ )11
"
70 71

04,0
- ' GRS

endo-72 0 N/\/N o o°
Q 0. Bu M o 11(Llo)1\/
0, Me E, N ™
N N 77-HX
N)/ H Figure 3. Starting material for a nanostructured organocatdfyst.
bl i when hydrophilic liquids were used, although they could be
29-HCI 0 improved by adding water to the mixture. Cataly29

13-TFA afforded72 with a slightly lower yield and better diastereo-

& /_@_o 0 selectivity in the ionic liquid than in an ordinary solvent
N N (Table 2, entry 5 vs entry 8). The diastereoselectivity in the
oo N;\_b reactions with cyclopentadiene was poor, as was the case
N H with the free catalyst. The products could be isolated from
the ionic liquid by a simple extraction with diethylether, after

74-HCl 75-HCI which the ionic liquid along with the catalyst could be
o recycled. The activity of the catalyst remained high until the
N—g/ second cycle, after which it started deteriorating notably
/’—1\ (entry 6).
L Most recently, in 2006, Zhang and co-workers reported a

recyclable fluorous catalyst6.® Generally, the catalyst
performed in the test reactions as well as the primary catalyst

catalyst yield endo/exo % e
1 23010 mol % 67% o1 02 29 (entry 7 vs entry 8). Both produ@? and catalys?6 could
> 73b((1or?n°0| (%) 50%‘: 16:1 87 be isolated after the reaction using a fluorous solid-phase
3 74 (20 mol %) 30% 131 98 extraction technique. The catalyst was recovered in 86% yield
4 75 (20 mol %) 83% 14:1 90 and 97% purity. The results were compared to the recovery
5 29 (5 mol %) 76% 17:1 93 of catalyst29 by acid—base extraction (65% recovery yield,
6 29°¢ (5 mol %) 70% 17:1 87 74% purity).
7 76 (10 mol %) 83% 12:1 92 : } ; ;
8 295 mol %) 820% 1] 94 Gin and co-workers introduced a nanostructured solid

organocatalyst for the DielsAlder reaction in 2003778
2Endo ee” The catalyst was reused from two previous reactions. Various salts of the imidazolidinone derivativéwere found
© The catalyst was contained in [Bmim]2F to display liquid crystal (LC) behavior in solution (Figure
3). Radical photo-cross-linking of the molecules in LC
was the degradation. Interestingly, the degradation productsformations afforded nanostructures containing built-in imi-
did not appear to interfere with the enantioselectivity of the dazolidinone catalyst moieties. The catalyst was tested in
remaining catalyst. the Diels-Alder reaction between crotonaldehyde and cyclo-
Pihko and co-workers had a different approach to this pentadiene. However, there were no major differences
challenge, attaching the catalyst to the support through theinstereoselectivities between the free catalfsind catalysts
nitrogen atom in the 3-positiotf. Two different versions of  cross-linked either isotropically or in LC formations. Catalyst
the catalyst were prepared. Cataly®t was attached to 29 performed equally well under the reaction conditions.
JandaJel polymer, aritb was attached to silica gel. It was Ying and co-workers reported a Dielé&lder reaction
hoped that the more polar environmen&fwould stabilize between cinnamaldehyde and cyclopentadiene using an
the transition state of the reaction. JandaJdel catalyist imidazolidinone catalyst supported on solid mesocellular
yielded produc?2 with good diastereoselectivities but only  foam (MCF) in 20062° The nature of the MCF surface was
modest yields. The enantioselectivity clearly exceeded thatfound to affect the reaction. Catalysts with tetramethylsilane
obtained with amine29 (Table 2, entry 3 vs entry 8). (TMS)-capped or polymer-coated surfaces afforded better
However, the yields were better in reactions with cyclopen- enantioselectivities (8387% ee) than surfaces with free
tadiene (58-73%). Recycling o74was also possible at least  silanol groups (7374% ee). The polymer-coated catalyst
once without a notable decrease in yields and selectivities.also was recyclable at least once without a decrease in the
The silica-supported catalygb was fairly active, and good  ee. In addition, Liang and Fecbet reported installing the
yields were obtained with a variety of dienes (entry 4). The imidazolidinone catalys9 on a polyaryl ether dendrimer
diastereoselectivity was comparable to that of cata®@st and testing it in the DielsAlder reaction between cin-
and the enantioselectivity was slightly lower. Catakstvas namaldehyde and cyclopentadieéfie.
found to be active at as low as 3.3 mol % quantities under In order to improve the efficiency of the iminium catalysts,
certain conditions. The spent catalyst could be readily Tomkinson, Platts, and co-workers have studied the influence
recovered by filtration. of the so-calledx-effect in iminium-catalyzed DielsAlder
In 2004, Kim and co-workers reported studies on cat- reaction$ 8 The a-effect is related to the increase in
alyst29in an ionic liquid?® The hydrophobic ionic liquids  reactivity of a nucleophilic center due to an adjacent
[Bmim]PFs and [Bmim]Sbk proved to be the most suitable heteroatom at the-position8* Usually, the nucleophilicity
liquids. The yields and enantioselectivities remained lower and the Brgnsted basicity of a molecule correlate with each
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Table 3. Comparison of Catalysts Having ana-Heteroatom in selectivity, with stronger acids generally affording better
the Diels—Alder Reaction®? results®
i Catalyst HCI o The authors also carried otit NMR studies to investigate
HJ\|L + @ o M0mel Ph ﬁbﬁk the rates of the DietsAlder reaction catalyzed b§5.8” The
Ph 0~ H ph H conversion of85 and cinnamaldehyde to the iminium ion
47 18 endo-78 exo-78 was complete in 6 min when the reaction mixture ¢8D,)
contained 5% water. Both the iminium formation and the
Catalyst Time (h) Yield hydrolysis were fast, leaving the actual Dieklder reaction

to be the rate-determining step. For comparison, in the case
, of the imidazolidinone catalysts such2 both the iminium
1 N 79 48 22% ion and carbon bond formations were thought to affect the
rate®

" Recently, Ogilvie and co-workers also disclosed an im-
2° PhoyNopp 48 33% proved catalys86 with an extra methyl group in thid-ben-
" zylic side chain (Table 4, entry 2j.Compared to catalyst
85, 86 afforded slightly better yields and enantioselectivities.
A PM3 semiempirical analysis suggested that the methyl
group makes the transition state leading to the minor endo-
product more disfavored. In addition, an X-ray crystal
structure of the iminium ion 086 and cinnamaldehyde was
reported, revealing full conjugation over the hydrazide
iminium system.

Maruoka and co-workers developed an exo-selective
binaphtyl-derived diamine cataly8%.8° Thus far, most of
s )\N'O - 6 2894 the organocatalysts have been endo-selective in the-Diels

A Wg 83 ¢ Alder reaction 87 catalyzed the reaction between cyclopen-
tadiene and cinnamaldehyde with good yields and stereo-
selectivities at=20 °C (Table 4, entry 3). Shorter reaction
times were obtained by raising the temperature, but this also
deteriorated the enantioselectivity. In addition, the reaction
was successful with no other dienes but cyclopentadiene, and
the use of other dienophiles instead of cinnamaldehyde
lowered the yields.

Recently, Bonini and co-workers published a study that
other. Thea-effect describes the anomalously high nucleo- used an aziridine derivativ@8 as an organocatalyst for the
philicity observed with nucleophiles bearing anhetero- Diels—Alder reaction (Table 4, entry 4Y.The yield and ee
atom. Since the formation of the iminium ion involves a of the reaction were only moderate, and the reaction was
nucleophilic attack of the amine catalyst to the aldehyde or tested with no more than one diene and two different
ketone, increasing the nucleophilicity of the catalyst might aldehydes, crotonaldehyde and cinnamaldehyde. However,
increase the concentration of the active iminium species andknowing the high reactivity of aziridines, it is interesting

3b )\ ,HTOEt 6 90 %

4 )\N Ot 6 5 %
“/T 82 ’

|
6 /LN'N\[]/OH 6 98 %
Ao 84

219:1 MeOH/HO as the solvent; in other entries, MeOHn 19:1
MeOH/H,0, the yield was 74%.

improve the overall catalytic activity. that these compounds could nevertheless be used as relatively
Tomkinson and Platts reported that hydrazines catalyze €fficient organocatalysts. . _
the Diels-Alder reaction between cinnamaldehy4ie and To improve the reaction rate, Mossed Alexakis also

cyclopentadienel8 faster than simple amines (Table 3, Performed the organocatalytic Diei#der reaction under
entries 1 and 4 vs entries 2 andP3An electron-withdrawing ~ Microwave irradiatiort: The reaction time was shortened
group at thes-position made the hydrazine catalyst even to just 1 h. However, both the yield and_the enantioselectivity
more efficient (entry 3 vs entry 4). Aa-nitrogen activated ~ Were lowered by 17 and 15%, respectively (entry 5 vs entry
the catalyst more than an-oxygen (entry 5). The optimal 6). Similar results were also obtained by traditional heating.

substituents on the nitrogen atoms were isopropyl and methyl, Different iminium catalysts for the DietsAlder reaction

as in compound4 (entry 6). The diastereoselectivities of are compar_ed in Tal?le 4, using the reaction between
the catalysts were at best modest (2-4112.0 endo/exo). It cyclopentadiene and cinnamaldehyde as the standard. Com-

should be noted, however, that comparable rates for the sam@2r€d to MacMillan’s benchmark cataly-HCI, catalysts
test reaction have been obtained with catalysts lacking the > 21086 also offer similar yields and selectivities (entries

: : : 1 and 2 vs entry 6). The polymer-supported catalyst
a-nitrogen®® and as such, the-effect is not the only possible ; : o
explanation for these results. affords the lowest yield but the best enantioselectivity in the

T ) _ ) reaction (entry 7). Cataly&9 immersed in the ionic liquid
Lemay and Ogilvie published a Diet\lder reaction  afforded good yields but only moderate selectivities as

catalyzed by the camphor-derived hydrazine cateBfst compared to the other catalysts in the table (entr$#8)75

The catalyst structure with its-heteroatom anfi-carbonyl  The primary amine cataly89 affording moderate yield and

groups corresponds to the optimal catalyst described by selectivity (entry 9) will be discussed in further detail in a
Tomkinson and Platts and co-workét$? Diastereoselec-  following sectionf?

tivities in the reactions betwegnsubstituted cinnamaldehyde , ,

derivatives and cyclopentadiene remained poor, but the The 3.1.3. Diels-Alder Reactions of Enones
enantioselectivities were good (Table 4, entry 1). The acid Northrup and MacMillan reported an asymmetric Diels
cocatalyst had a great effect on the yield and the enantio-Alder reaction for enones in 2002In the preliminary tests
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Table 4. Representative Catalysts and Conditions for the DielsAlder Reaction*4:64:86.8992,74,75

(o] catalyst-HX o
5-20 mol%
Wy ) — Az A58
07 H Ph H
Ph
47 18 endo-78 exo-78
o i S
O %:% $_N' .
O Y Al
o0=“—N N N7 2
7Ph  OH ~ Ph H
R H N ™
,:g H
R = H: 85-TfOH <\J
R = Me: 86-TfOH 87-0.8p-TSA 88-HCIO, 74-HCI 29-HCI 89-2HCI
catalyst reaction time solvent yield endo/exo % ee
1 85(20 mol %) n/a at 20C° H0O 96% 1:2 88/90
2 86 (20 mol %) n/a at 23C° H0 94% 1:2.8 93/95
3 87 (12 mol %) 160 h at-20°C CRPh 80% 1:13 91/92
4 88 (10 mol %) 48 h at 18C H.O 74% 1.7:1 57/66
5 29 (5 mol %) 1l hat65Ct 5% H,0/MeOH 82% 1:1.2 78/78
6 29 (5 mol %) 21 hat23C 5% HO/MeOH 99% 1:1.3 93/93
7 74 (20 mol %) 24 hatrt ChCN 70% 1:1.2 99/99
8 29 (5 mol %) Thatrt 5% HO/[Bmim]PFs 99% 1:1.1 82/76
9 89 (5 mol %) 36hatrt 5% KO/dioxane 75% 9:1 78/17

2ee of the endo/exo diastereom@Reaction times were not availabfeThe reaction was irradiated in a MW reactor at 50 W power.

Scheme 11. Enantioselective DielsAlder Reaction between
Enones and Cyclopentadien®

Scheme 12. Enantioselective DietsAlder Reaction between
Dienes and Ethyl Vinyl Ketone®®

(0] Me (0] Me
(0] N o N
| ) Ph H O | Ph H O "
R 92-HClo, Me 04 92Hclo, Me o X
9 20 mol% IE , 20 mol% \*@\
7 R
78-89% yield o R! 79-92% yield R
6:1-25:1 endo:exo X >100Z3 endo.exo
61-92% ee endo-93 P 85-98% ee nclo-08
@ _ | 6 examples — 5 examples endo-
R R = Me, Ph
18 R'2 = aliphatic o5 X = Me, OMe, NHCbz

with catalyst29, no enantioselectivity was observed and the - . : .
yield remained at 20%. A successful reaction required the selectivity observgd with methyl-substituted an(_j small cyclic
introduction of a new cataly€? that had a (5-methyl)furyl ketones was attributed to the fact that there is not a large
group in the 2-position instead of the two methyl groups. In enough size dlﬁergnce betyvegn the substituents qf the ketone.
general 92 catalyzed the reactions between cyclopentadiene CONS€aduently, neither théis-isomer nor thetransisomer
and different ketone81 with good yields and selectivities &S favored. On the other hand, the isopropyl substituent is
(Scheme 11). However, when thé-8ubstituent was methyl, p_resumably too _Iarge for the active site of the Cata_'ySt_'”
the ee of the product dropped to 61%. Wheh Ras either conformat_mn. The excepthnfi_lly poor 24% vyield in
isopropyl, no enantioselectivity was observed, and the yield (€ reaction points to the possibility of a noncatalytic
remained at 24%. A drop in ee was also observed with small Packground reaction.
cyclic ketones, such as cyclopentenone (48% ee) and Gordillo and Houk determined activities of cataly23
cyclohexenone (63% ee). However, the enantioselectivity and 92 in the reaction between cyclopentadiene and an
was good with larger rings. The diene part of the reaction enone’! These theoretical results affirmed the observations
had more freedom concerning its structure. A variety of by MacMillan. It is possible to find several iminium
simple diene5 reacted with ethyl vinyl keton®4 with conformers and transition states for the reaction, but in all
good yields and stereoselectivities (Scheme 12). cases, the diene approaching from the least-hindered direction
Northrup and MacMillan rationalized the selectivity trends is favored. A similar explanation was also invoked by
of catalyst92 with a MM3 force field simulatior?® Accord- MacMillan based on the MM3 models. CatalyZ® forms
ing to the model, the ketone preferentially formscia- an iminium ion with a ketone only with difficulty because
iminium ion with the catalyst, because of the unfavorable of severe steric hindrances. The poor 20% vyield obtained
interactions in théransisomer between the benzyl side chain with catalyst29 was possibly due to the slow background
of the catalyst and the'Rsubstituent of the ketone. The poor reaction with no iminium activation.
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Scheme 13. First Asymmetric Intramolecular
Organocatalytic Diels—Alder Reaction®*

e} Me

N
o N)\é
> Ph H
H 33-HCI
= 20 mol%
99% yield
Z >99:1 endo:exo
72% ee
BnO
97 endo-98
0} Me O Me 0 Bn
N N~ P N)\'<
Ph H Ph H Ph H
29 99 100

Scheme 14. Asymmetric Intramolecular Diels-Alder
Reactions of Various Triene§®

o} Me
fj\/\/ /fi‘N
X N)\é
H
Ph H o R
= 33 TFA/HCIO4
20 mol% H
=
70-85% yield S
R 1:2.5-20:1 endo:exo \
101 92-97% ee X
5 examples
endo-102

R = aromatic, aliphatic
X= CH2Y CH2CH2, (0]

3.1.4. Intramolecular Diels—Alder Reactions

Selkda and Koskinen succeeded in the first intramolecular

organocatalytic DielsAlder reaction in 2005, using the
trienealdehyd®7 as the starting materiét.The reaction was

tested with four different imidazolidinone catalysts (Scheme

13). Austin and MacMillan had previously utilize83 in
enantioselective alkylations of indol&sCatalysts29 and
99 afforded the desired product only with poor enantio-
selectivity. Catalyst83 and 100 had no major differences
in the close proximity of the active center. In spite of this,
catalyst33was significantly more active (99% vs 54% yield)
and more selective (72% ee vs 47% ee) th@@in identical
reaction conditions.

MacMillan and co-workers also studied intramolecular
Diels—Alder reactions using similar triend€1 as starting
materials (Scheme 14).The bicyclic aldehydeg02 were

Erkkila et al.
Scheme 15. Type Il Intramolecular Asymmetric
Diels—Alder Reaction%
Q Me
r2>N
N)\é
(0] Ph H 0 Ph
= 33-p-TSA
H 20 mol%
65% yield
99:1 endo:exo
PR™ 98% ee
103 104

tethered to the 3-position of the diene could also be
performed (Scheme 15). Cataly3&3 (20 mol %) as g@-TSA
salt afforded product04in excellent stereoselectivity.

In 2006, Christmann and co-workers suggested the pos-
sibility of using the intramolecular DietsAlder methodology
in kinetic enrichment of the diertg,Z-105(Figure 4)% Only

R

O\/WV\J/ o S TN
NS
X A E,Z-105 R
E,E-105
R = aliphatic

Figure 4. Diene isomers for purification by an intermolecular
Diels—Alder reaction®®

the undesired side produgfE-105would react in the Diels
Alder reaction, leaving th&,Z-isomer unaffected. Using this
strategy, a variety of purg,Z-diene enals were synthesized
and utilized in the synthesis of lepidopteran sex pheromones.

3.1.5. Diels—Alder Reactions Catalyzed by Primary
Amines

All amine catalysts discussed so far have been secondary
amines, and all of them have a common limitation. The
catalytically active nitrogen atom is located in a sterically
hindered environment, imposing strict demands on the
structure of the substrate aldehyde or ketone. The activation
of a-substituted enals is particularly difficult, probably
because of the poor generation of the iminium i&#.This
likely caused the 0% yield in the DietsAlder reaction with
an isopropyl-substituted keto¥d€see section 3.1.3) as well
as the poor conversion in the catalytic cyclopropanation of
methacroleiff (see section 6.1.1) as reported by MacMillan
and co-workers.

In 2005, Ishihara and Nakano were the first to succeed in
the organocatalytic DietsAlder reaction ofo-acyloxyacro-
leins 106 by using sterically less-hindered primary amines

obtained as products. MacMillan and co-workers reported as catalysts (Table 5}.The triamine catalys#2 could be

better enantioselectivities than Sdkand Koskinen. The

prepared from the dipeptide of phenylalanine and leucine.

differences in the results of the two groups despite the similar A year later, the group disclosed another primary amine
substrates could be attributed to the use of different acid catalyst for the Diels Alder reaction, the aromatic diamine

cocatalysts. Selka and Koskinen had used HCI salts in the
reaction, while MacMillan and co-workers used TFA or
HCIO, salts. The reaction was highly endo-selective with
p-monosubstituted enals, whilg-disubstitution afforded
modest exo-selectivity. However, catalst(as an HCI salt)
was highly exo-selective with A-disubstituted enal (1:20

BINAM 405051 A superacid TiNH was used as the
cocatalyst, as the stereoselectivities suffered from the use
of a weaker acid.

Catalyst42 (10 mol %) afforded Diels Alder cycloadducts
with good yields and enantioselectivities (typically-880%
ee). Catalys#0 afforded slightly lower yields, but only 5

as compared to 1:2.5 endo/exo ratio obtained with catalystmol % of the catalyst was required (Table 5). The Diels

33). In other aspects, cataly3® was inferior to33, although

Alder reactions were mostly exo-selective, but as an excep-

occasionally comparable results were obtained. A type Il tion, cyclohexadiene afforded excellent endo-selectivities

intramolecular Diels-Alder reaction with the dienophile

(13:1-99:1 endo/exo).
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Table 5. Enantioselective Primary Amine Catalysts in the
Diels—Alder Reaction®®52 @

0} catalyst-HX
0.0 ) 5-10 mol%
H \[// + diene cycloadduct ., = aliphatic H,oN NH
106 @ 89
A:R = CgHy-p-OMe ) . . -
B:R = Cq H4 i Figure 6. Mechanistic explanation for the selectivity exhibited by
C:R= CeH4 -p-OTIPS catalyst89 in the Diels-Alder reaction?

WN OO Scheme 16. Asymmetric DielsAlder Reaction as a Part of

NH \3 NH, B-Amino Acid Synthesig®

@\/E N NH; 5 o, Me
v (I %

HH_ /“ N
Ph

422 8CgF5SO4H 40-1.9TfH,NH
10 mol% 5 mol% 110-HCI N-Cbz o HnCP?
cat R diene  yield endo/exo % de 20 mol% ) OH
1 42 A cP 97% 1:6 80 68% yield CE
2 42 A DMB 92% 92 Cbz- 14:1 endo:exo OH
3 40 A CP 48% 1:13 94 NH | 89% ee 11 112
4 40 B CP 88% 1:12 91 ~Z _|
5 40 C cP 76% 1:13 94 i
6 40 B DMB 88% 70
7 40 C DMB 85% 85 100
aCP= cyclopentadiene, DMB-= 2,3-dimethylbutadiene.ee of the
main diastereomer. Increasing the size of the acid counteranion was observed
to deteriorate the stereoselectivity. Monoalkylated catalysts
WO such as39 afforded the best results (Table 4, entry 9), but
NP @ the nonalkylated catalyst was also active (96% vyield, 4.8:1
H o ) - endo/exo, 79% endo ee). On the other hand -dialkylated
ONH,HN® 18 catalysts were not very enantioselective{22% endo ee).
‘ The ee’s of the endo products (291%) were generally
Q O better than those of the exo products-@%). 89 also
catalyzed the DielsAlder reaction between methacrolein
107 O and cyclopentadiene with a modest 34% ee. Surprisingly,

the reaction was exo-selective, and the ee’s of the diaster-

Figure 5. Possible transition state07 for catalyst40.50 -
eomers were of the same order of magnitude.

Ishihara and Nakano explained the selectivity trends of — . .
catalyst40 with a model where one of the amino groups 3.1.6. Applications in Natural-Product Synthesis
forms an iminium ion or a hydrogen bond-activated imine  Wipf and Wang applied the organocatalytic Dielslder
with the aldehyde and the other forms an ammonium salt reaction for the synthesis of th&amino acid112% The
with Tf,NH. The authors presented two possible transition- asymmetric Diels-Alder reaction was the first step in the
state models, both having a hydrogen bond between thesynthesis route (Scheme 16). The organocatalytic method
ammonium group ofl0 and the acyloxy group df06. One was tested in parallel with a method utilizing tH-BINOL
of these models is presented in Figure 5. The necessity ofcomplex of the Lewis acid Sc(OTf) The yield and the
the hydrogen bonding is supported by the fact that a Biels diastereoselectivity were slightly lower in the organocatalytic
Alder reaction with methacrolein, where a similar hydrogen method, but the Lewis acid method required an oxazolidinone

bonding is not possible, resulted in only 62% ee. derivative of the aldehyde to be used as the starting material.
Ha and co-workers described the use of 1,2-diamino-1,2- The authors expressed satisfaction with both of the methods.
diphenylethane derivatives as catalysts in the Didlsler The organocatalytic asymmetric Dielélder reaction was

reaction soon after the study by Ishihara and NaRanbese first utilized in natural-product total synthesis by Kinsman
compounds also contained at least one primary amino group.and Kerr in 2003?° Their target molecule wasH)-hapalin-

Ha and co-workers suggested that the primary amine anddole Q116(Scheme 17). Cataly&9 transformed the achiral
the aldehyde form an imin&08 that is activated by the  starting materiald13 and 114 into the chiral cycloadduct
protonated secondary amino group through a hydrogen bondl15with a 35% yield under optimized conditions. The poor
(Figure 6). The alkyl group R adopts a conformation that yield was thought to result from the excess reactivity of diene
minimizes the unfavorable interactions with one of the phenyl 114 leading to the formation of unwanted side products. This
rings. Together with the other phenyl group, it prevents the also excluded the use of the alternative Lewis acid catalysis.
diene from approaching from the other face of the double However, this synthetic route was still attractive, considering
bond. Although this mechanism formally demands only 1 how rapidly and enantioselectively the simple starting
equiv of acid, selectivities suffered when2 equiv were materials were transformed into the highly complex cyclo-
used. However, the model by Ha and co-workers suggestsadduct115.

that the diprotonated iminium in its most-stable conformation ~ An intramolecular Diels-Alder reaction was applied to
should lead to the formation of the opposite enantiomer. the synthesis of the natural product solanapyronéd 2D
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Scheme 17. Asymmetric DielsAlder Reaction in the Total
Synthesis of @)-Hapalindole Q%°

H
0 0, Me
=
N
N Ph H
N .
N 29-HCI
40 mol%
113 7 NTs
35% yield =
6:1 endo:exo ,&
93% ee (endo) H "0

114

116
(+)-hapalindole Q

Scheme 18. Intramolecular Enantioselective DielsAlder

Reaction in the Syntheses of Solanapyrone D and
UCS1025/&5:100

o} Me
i
a N)""é
Ph H

(0]
HNF 118-TfOH
20 mol%
| 71% yield
>20:1 endo:exo
| 90% ee
117 119
0} (0]

gﬁ:

121 120
UCS1025A solanapyrone D

(Scheme 189° The opposite enantiomdrl 8 of catalyst33
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Scheme 19. Enantioselective [82]-Cycloaddition Reaction'%3

o} Me
i Py
H | N “
1 Ph H
R 29-HCIO,/TfOH 0 R2
122 E
20 mol%
H 53
66-98% yield g R
R2 4:1-99:1 endo:exo R
m 90-99% ee (endo) endo-124
N 14 examples
0"®@R? .
R'=H, Me
123 R2 = aromatic, aliphatic
R3 = aliphatic

Table 6. Comparison of Catalysts in the Asymmetric
[3+2]-Addition 73:103.104

0 Ph catalyst-HX 9 pn Q@  pn
3 20 mol% :
H | £e N, H H
O'@)‘Bn ) _,N —Bn . ,N—Bn
R © R" O RV O

122 123 endo-124 exo-124
Q Q Bu
0. Me N ‘
N >,
,T )% N )
H
N ,
N
Ph : H OTMs
o]
29-HCIO4 73-HBF4 38-TfOH
cat. R yield endo/exo %ee
1 29 H 80% 6:1 92
2 73 H 71% 6:1 87
3 29 Me 98% 16:1 94
4 73 Me 59% 13:1 87
5 7 Me 26% 9:1 88
6 38 Me 92% 24:1 95
7 38! H 79% 13:1 86

2Endo ee’ The catalyst was reused from two previous reactions.
¢5 mol % of the catalyst was usetil0 mol % of the catalyst was
used.

of (—)-ovalicin1°2 However, the enantioselectivity obtained
was poor £€10% ee), and a strategy based on the use of a
chiral auxiliary was adopted instead.

3.2. [3+2]-Cycloadditions

The [3+2]-addition between enals and nitrones is another
major class of organocatalytic cycloadditions. MacMillan and
co-workers reported an organocatalytie{g-addition soon
after publishing the DielsAlder reaction in 2000% The
imidazolidinone29 catalyzed both of these reactions. The

was used as a triflate salt in this reaction. In addition, Lambert [3+2]-addition afforded isoxazolidinek24 with moderate-
and Danishefsky prepared the opposite enantiomer oft0-good yields and good selectivities (Scheme 19, Table 6).

compoundl119 under the same conditioA¥. The bicyclic

Benaglia and co-workers applied the polymer-supported

compound was subsequently used as a building block in thecatalyst73 to the [3+2]-addition in 20042 Previously, the

total synthesis of the telomerase inhibitor UCS102B621.

catalyst had been used successfully in the Didlsler

Recently, Christmann and co-workers also used the samereaction, in which it had proved to be slightly inferior to

building block in the synthesis of a maleimide analogue of catalyst29 in terms of yields and selectivity (Table #)7?

UCS1025A°t Enantiomeric119 was prepared using only  The same tendency could be observed in tHeBaddition

10 mol % of the catalyst in an acceptable yield (74%) and reactions (Table 6, entries—#). Catalyst73 was recycled

ee (84%) that could be further increased by recrystallization. by precipitating from B and filtering. The diastereose-
Recently, Mulzer and co-workers tested the imidazolidi- lectivity and the yield in particular decreased after two cycles,

none catalysP9in the Diels-Alder key step in the synthesis

likely due to the degradation of the catalytic imidazolidinone
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Scheme 20. Enantioselective {82]-Additions of Cyclic
Aldehydeg05.106

125

R1m J

UVQ

H
127-2HCI
10 mol%

38-76% yield

1:32-1:99 endo:exo H
37-92% ee (exo)
N. 7 examples ekso-128
Q'@ R?
@126 R':2 = aromatic, aliphatic

moiety under the reaction conditions. Nevertheless, the
enantioselectivity remained constant (entry 5).

Most recently, Nevalainen and co-workers also published
[3+3]-additions of nitrones using the triflate salt of the
prolinol derivative38 as the catalyst (Table 6, entries 6 and
7).1%4 A smaller amount (510 mol %) of the catalyst was
sufficient for catalyzing the cycloaddition, as compared to
catalysts29 and 73. Interestingly, increasing the amount of

the catalyst decreased the reaction rates and yields, possibly

by promoting polymerization or decomposition of the starting
materials. A short series of reactions using cyclic nitrones
was also reported.

Karlsson and Hgberg reported a [82]-addition between
the cyclic aldehyde 1-formylcyclopented25and a variety
of nitrones 126 in 2002 (Scheme 209>1% First, the
imidazolidinone catalysR9 was tested in the reaction, but

the product was obtained in poor yields and as a racemate.

This is not surprising considering that aldehyd25 is
o-substituted. However, diamirl27was found to catalyze
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Scheme 21. Asymmetric [3-2]-Addition with Azomethine
Iminesto’

H)gm
R' 0 2 0 2
129 131.7FA CFs A S
10 mol% H N N
RA_H | 63-95% yield RV N RN
T 1:4.3-1:49 endo.exo
O 82-96% ee o 0]
N
10 examples ex0-132 endo-132
0 R' = aliphatic
130 R2 = aromatic

Scheme 22. Enantioselective Conjugate Addition of
Malonates to Enones and Enal$8

o O 0
1 _ O
R Q\( @ CO,i-Pr
R2 H ORDb n r
" 34 CO,i-Pr
133 134 5 mol% 136
) (0}
58-91% yield
35-77% ee R!
8 examples LPrOSC
[0} [0} - 2 W 2
A Rt Lo
i-PrO 0i-Pr R2 = aromatic, aliphatic CO,i-Pr
135 n=1,2 137

study and studies on proline salt-catalyzed conjugate addition

the reaction effectively and selectively. The yields and PY Yamaguchi and co-workers in the 1990s, the field has
enantioselectivities varied notably between different nitrone 9rOWn extensively during the past 5 years with the introduc-
starting materials, but the diastereoselectivities were generallytion of new catalysts and substrate classes. The following
good. Longer reaction times and higher temperatures de-discussion is divided into five sections according to the
creased the ee of the product. The authors suspected thaf@rdness of the nucleophile, starting with the soft nucleo-
aldehydel25could form cyclopentenylnitrone in the reaction Philes (C-nucleophiles) and progressing toward harder nu-
mixture. This nitrone could react further with nitroh26in cleophiles that are more difficult to add in a 1,4-fashion.

a nonstereoselective fashion, and during workup, the product

would hydrolyze into racemid28 The reaction was also
tested with a sterically more demanding 4,4-dimethyl-1-
formylcyclopentene. The desired product was formed, but
only with modest yields and enantioselectivities (38% yield,
37% ee).

In 2006, Chen and co-workers reported & P3-cycload-
dition reaction between enalk?9 and cyclic azomethine
imines130(Scheme 213%7 Catalyst131 afforded the bicyclic
products132 with good yields and stereoselectivities. The

4.2. C-nucleophiles

4.2.1. 1,3-Dicarbonyl Compounds

The first iminium-catalyzed conjugate addition using
malonate nucleophiles was reported by Yamaguchi and co-
workers in 1998° They described the addition of dimethyl
malonate 25 to hexenal24 being readily promoted by
pyrrolidine derivatives as well as some amino acids, includ-
ing proline. Their most active catalyst was the lithium salt

acid cocatalyst was important regarding the enantioselectiv-0f proline 26 that was used to catalyze the addition of

ity, although higher yields were obtained without the acid.
The substituents on the enaljRieeded to be aliphatic. In
the case of cinnamaldehyde, the decomposition of the
azomethine imind30and the formation of a new one from
cinnamaldehyde (R= Ph) were observed. The substituents
(R? of imine 130 in Scheme 21 were all aromatic. An
aliphatic imine (R = n-Pr) was also tested in the reaction,
and in this case, the imidazolidinone catal?& afforded

the best results (40% yield, 1:19 endo:exo, 77% ee).

4. Conjugate Additions

4.1. Introduction

A number of nucleophiles can be added to enals and
enones in 1,4-fashion. After the seminal Langenbeck 1937

dimethyl malonate to aliphatig3-substituted enals and
cinnamaldehyde, as well as ¢osubstituted enals, methac-
rolein and 1-formylcyclopentene (see Scheme 3 on the
historical development of iminium catalysis in section 2.2).
The yields were good, but no enantioselectivities were
reported. Later, the method was further optimized and a
proline rubidium salt34 was identified as a more-potent
catalystt®® With the aid of this enhanced catalyst, diisopropyl
malonatel35was selectively added to both cyclic and acyclic
pB-substituted enones in good yields (Scheme 22). The
enantioselectivities varied from 35% ee to 77% ee depending
on the structure of the enone, with aliphatic enones providing
the best selectivities.

In 1994, Kawara and Taguchi reported that chiral proline-
derived ammonium hydroxideist1 catalyzed the formation
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Scheme 23. Asymmetric Conjugate Addition of Malonates to Scheme 24. Plausible Explanation for the Opposite Facial

Enoneg® Selectivity Exhibited by Catalysts 34 and 14108109
0 o O\‘\ o 0 140
N T oM RO,C.0-COR @
| ] H o NMes i ® ®NMe,
( 141 1 RO,C i MegN _ . 145
Ph n a,n= Ph H .
138 139 141b,n =2 COR Q&ﬁ CO,R
10 mol%
142 144 CO,R

21-96% yield

22-71% ee Q
8 examples Rb® @O o Q\(O
0o 0 COR \6 N

RO/U\)J\OR §= 1M3 o " CoRr QZ% - oRe 1T
140 143 P 146 ,,rCOzR
of Michael adductsl42 and 143 of cyclopentenone and RO2C COR CO,R
cyclohexenone as well as 4-phenyl butanone from dibenzyl 140
malonate (Scheme 23)° Moderate yields and enantiose- _ _
lectivities were obtained. Generally, catalyigtla(n = 1) Scheme 25. Catalyst 36 Promotes Asymmetric Conjugate
provided better results. However, the acyclic enone behavedddition of Dibenzyimalonate
poorly with both of the catalysts, with catalybtla(n = 1) Me
affording better selectivity but a very low yield (21% vyield, 2 K(N/\""“/O
68% ee vs 53% yield, 22% ee). The reactions typically took wH — N
one week to complete. Using an excess of acidic additive ) Ph H OH 0
(hexafluoropropanol) was found to be crucial for obtaining 148 R 36 .
good enantioselectivity. 10 mol% R
In 1996, Yamaguchi's group revisited their malonate : Bn0O,C R2
conjugate addition methodolod3$? The group screened a s yield CO,Bn
number of L-proline metal and tetraalkylammonium salts as 0 15 oxam ples
catalysts. The highest asymmetric inductions were afforded j\/\k - o 150
by rubidium prolinate, while the proline ammonium salts B" OBn R, = dliphatic
149 R< = aromatic, aliphatic

provided the fastest reaction rates. Interestingly, the group
also observed that the size of the catalyst countercation ) )
governed the facial selectivity of the reaction. As already Nates to acyclic enones, with the malonate as the sotvent.
noted by Kawara and Taguch? opposite facial selectivities ~ 1ne ester functionality of the malonate nucleophile had a
were induced by metal salts and alkyl ammonium salts of significant effect on t_)oth the efﬁc!ency and th.e selectivity
proline. The increase of the size of the cation from lithium Of the reaction. While the reactions of sterically more-
to rubidium reversed the absolute configuration of the product hindered malonates proceeded slowly and gave poor yields,
from Sto R The ammonium salts displayed an enantiomeric theé medium-sized malonates, such as dibenzyl maldmge
trend: increasing the size of the alkyl chains reversed the afforded excellent yields and enantioselectivities.
configuration fromR to S Yamaguchi and co-workers ~ The products were obtained in generally good yields and
explained the selectivity trends in a similar fashion as Kawara Selectivities with the optimal malonate nucleophild9

and Taguchi, suggesting a reaction mechanism involving an(Scheme 25). However, with aliphatic and more sterically
iminium salt. With optimized reaction conditions, Yamaguchi demanding enals, the yields dropped significantly. The
and co-workers extended the conjugate addition methodologyreactions also failed to proceed if steric bulk was introduced
to include ditert-butyl malonates as nucleophilic reaction next to the ketone functionality. However, the group managed
partners. The vyields with the dért-butyl malonate were  to perform a reaction between malonate and cyclohexenone
comparable to those obtained with the dimethyl malonate. in 78% yield and 83% ee.

However, the use of bulkier nucleophiles afforded better Ley and co-workers aspired to avoid the use of dibenzyl
selectivities. malonate in order to achieve good stereoselection and
Although the same absolute configuration of the proline reaction raté!? In 2005, they published the application of

framework was used in this reaction and in the Yamaguchi the tetrazole analogue of proliB& to the conjugate addition
and co-workers reactions, the opposite facial selectivity was reactions of dimethyl and diethyl malonates. The catalyst
obtained. This was explained by the face control of the had been previously successfully used in enamine-catalyzed
approaching nucleophile (Scheme 24). In the case of thetransformations? as well as in the conjugate additions of
ammonium hydroxide catalyst, the malonate nucleophile nitroalkanes!* The catalyst was shown to promote the
favors the vicinity of the ammonium cation and, thus, reaction efficiently and selectively, and only a slight excess
approaches the iminium double bond from giéace. This of the nucleophile was required. Under these conditions, the
type of electrostatic activation was later used by MacMillan homologated proline tetrazole catalyst analogue failed to
and co-workers in the iminium-catalyzed cyclopropanation provide any selectivity. The method was applied to four aro-
reaction (section 6.1.1.) On the other hand, with the rubidium matic and heteroaromatic enones as well as to cyclohexenone
salt, the malonate nucleophile approaches fronré¢hface, in good yields and enantioselectivities (Scheme 26).
avoiding the steric bulk of the side chain. In 2006, Jgrgensen and co-workers published studies on
Jargensen and co-workers reported in 2003 that a phenyl-the malonate conjugate addition methodology with eHals.
alanine-derived cataly86 promotes the addition of malo-  Prior to this, only scattered examples of malonate additions
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Scheme 26. Enantioselective Conjugate Addition of
Dimethyl Malonate to Enals!?
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Scheme 29. Iminium-Catalyzed Conjugate Addition of
Wielend—Miescher Ketonée-16
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Scheme 28. Iminium-Catalyzed Asymmetric Synthesis of S ~ " — R'=aliphatic 170 R
(—)-Paroxetine and {+)-Femexoting!® OH R? = aromatic, aliphatic

FiC O cF3CF3 168 ;3==Oh’e;ero-subst|tuted

N O femexotine 160. Addition of dibenzyl malonatel49 to

N H OoTms  CFs cinnamaldehyde go-fluorocinnamaldehyde established one

| P 39 of the two required stereocenters in 80% or 72% yield and

156 10 mol% BnOAC 91% or 86% ee, respectively (Scheme 28). Following the
= synthesis of these essential building blo&ks, a reductive

BnO,C l =

amination-cyclization sequence yielded the respective chiral

157 lactams158 that could be converted to the desired natural
products by known transformations.

In 2000, Bui and Barbas studied proline-catalyzed Rob-

inson annulation reactions. In this context, they discovered

that some of the catalyst$62—165 only catalyzed the

Ph conjugate addition o161to methyl vinyl ketone70to form
166 (Scheme 29) but failed to promote the formation of the
bicyclic annulation product#23 (see section 6.1.3, Scheme
95) 116 The authors did not report the yields of these reactions,
however.

In 2001, Cravotto and co-workers disclosed that piperidine
3 and acetic anhydride can promote the conjugate addition
of the cyclic diketone, 4-hydroxycoumard®8, to enals such
as carvone, 2-cyclohexanone, and ethyl vinyl ketBhe.
However, this method was not catalytic, leading to the
to enals had been reported. The group succeeded in transintramolecular cyclization of the product. Two years later,
forming aromaticf-substituted enald53 into the corre- in 2003, Jgrgensen and co-workers discovered that the
sponding malonate derivativé8§5in uniformly good yields addition of 4-hydroxycoumarin to acyclic enons&7 could
and enantioselectivities with cataly@9 (Scheme 27). be catalyzed by the imidazolidine cataly€9!8 4-hydroxy-
However, with halogen-substituted cinnamaldehyde deriva- coumarin168 was reliably added to several benzylidene-
tives, the yields were slightly lower. acetone derivatives as well as to four other heteroaromatic

The group applied their method in the enantioselective or aliphatic 5-substituted enones (Scheme 30). Uniformly
formal total syntheses of—()-paroxetine159 and t)- good yields and enantioselectivities were obtained. The

R = Ph or p-F-CgHy

(-)-femoxetine 160
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Scheme 31. Possible Origin of Stereoselectivity Exhibited by the

Erkkila et al.
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reaction times ranged from a couple of days up to 2 weeks.
Several other 1,3-dicarbonyl compounds were applied to the
reaction with benzylideneacetone without significant change
in the efficiency or the selectivity of the reaction.

Jorgensen proposed that the catalytic activity and selectiv-
ity of the reaction might not result from the formation of an
iminium ion and suggested that aminal speci&R is the
actual catalytic intermediate (Scheme 31). However, this
mechanism would lead to the formation of the enantiomer
of the observed product. Later, Chin and co-workers sug-
gested that the breakdown of the catalyst in the reaction
conditions could better account for the selectivityThis
would lead to the formation of diaminE73 and a nucleo-
phile—acid complex. DFT (B3LYP/6-31G*) calculations
supported the authors’ suggestion that the catalytically active
species would, thus, be the diimine intermedidié4
Nonetheless, the iminium intermedidtél formed from the
original catalyst complex could also explain the observed
facial selectivity.

Chin and co-workers studied aryl diamines for the
synthesis of warfarinl75 (Figure 7, Scheme 32}? The
iminium-catalyzed addition of hydroxycoumarin to phenyl-
butenone leads to the formation of warfarin in one step.
Chin’s group based their studies on the proposal that the

175
warfarin

Figure 7. Structure of warfarin.

Scheme 32. Asymmetric Conjugate Addition of
4-Hydroxycoumarines to Enone&?!
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Scheme 33. Conjugate Addition of Nitroalkanes to Methyl
Vinyl Ketone28
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chiral vicinal diimine174is the catalytically active species
within the reaction. They found that, while the more-basic
alkyl diamines were more active iminium catalysts than the
less-basic aryl diamines, the best stereochemical induction
was delivered by increasing the bulkiness of the aryl
component. Jorgensen and co-workers have also utilized
diphenyl diamine and cyclohexyldiamine in their synthesis
of warfarin1?0

In 2007, Chen and co-workers applied cata§3to the
addition of 4-hydroxycoumaria77to 5-substituted enones
176 (Scheme 32)?* They had utilized the catalyst in the
conjugate addition of dicyanoolefins to enones in their prior
studiest?? The productsl78 were provided in high yields
and excellent enantioselectivities by the catalyst combined
with a TFA cocatalyst. In addition to 4-hydroxycoumarin
(X = 0) and its derivatives, hydroxythiocoumariX € S,
R® = H) and methylhydroxycarbostyrilX(= NMe, R® =
H) were also tested as reaction partners. Both exhibited a
slightly lower reactivity than 4-hydroxycoumarin. 4-Hy-
droxycoumarins have also been reported to add to enals in
a 1,2-fashion, resulting in a Knoevenagel-type condensation
when stoichiometric amounts of piperidirgeare used to
promote the reactiot’

Iminium activation has also been utilized in the additions
of B-ketoesters to enonB% 12> and enal¥%1?’in the context
of domino reaction sequences. These reactions will be
discussed in section 6.1.

4.2.2. Nitroalkanes

An early example of an iminium-catalyzed nitroalkane
conjugate addition was published by McMurry and Melton
in 1971128 They exploited the conjugate addition of a
nitroalkanesl81 to an enonel80 while preparing starting
materialsl83for the synthesis of 1,4-diketones (Scheme 33).
The nitro group was later transformed into a carbonyl.
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Scheme 34. Proline Rubidium Salt 34 Promotes Jorgensen proposed that the observed stereoselectivity
Enantioselective Conjugate Addition of Nitroalkaned® could be explained by an iminium intermediate in which the
0 o benzyl group of the catalyst stacks on the side of the enone
— Q\( side chain and shields the face on the enone from the
(9 | H ORb 0 attack. This model is in accordance with Northrup and
ntt t~7 ORI 34 MacMillan’s model for the Diels-Alder reaction of enoné%
184 5-10 mol% L LR and similarly explains the diminished reactivity of the enones
o‘ ml k" SNO2 with large R groups.
212210/{" eye|eld " J,Rz Three years later, the same group reported the tetrazole
NO2 14 examples s derivative197 of the imidazolidinine catalys6 as an equally
¢ R2 — 186 viable catalyst for the conjugate addition of nitroalkah¥és.
( ) R'?2 = aliphatic Compared to their original cataly36, catalyst197 afforded
" nt?=12 very similar results in terms of yields and selectivities (Table
185 7, entry 4). However, the reaction times were halved in most

) . - _ cases, and a broader scope of nitroalkanes exhibited good
Diisopropylamine catalyzed the additions of 1-nitropropane turnover in the reaction. Nonetheless, the diastereoselectivi-
181aand the more complex nitroalkati81bto methyl vinyl ties with nonsymmetric nitroalkanes remained poor.

ketone. Later, Bglokon and co-\_/v_orkers.reported a prolinol-  Around the same time, Ley and co-workers showed that
catalyzed enant|os§lect|ve addition fdiitro methyl ester e proline tetrazole derivativ? also catalyzes the conjugate
to crotonaldehydé: addition nitroalkanes to cyclohexenone, cyclopentenone, and

Since the early examples, the development of conjugatevarious acyclic enonéd? In accordance with the related
additions of nitroalkanes has been parallel and alike to that proline-catalyzed conjugate addition developed by Hanessian
of malonates. In 1994, Yamaguchi and co-workers reported and Phani3? the Ley method also required the use of an
the Michael addition of nitroalkanes35to both cyclic and amine additive 188 (Figure 8). While the yields were
acyclic g-substituted enoned84!3° The reaction was  moderate, enantioselectivities were excellent with the cyclo-
catalyzed by proline rubidium s&®4 and intermediated by  hexenone adducts and good with phenylbutenone adducts
an iminium ion (Scheme 34). The yields were generally good, (Table 7, Entry 5). Additionally, cyclopentenone, some
while the enantioselectivities varied from moderate to good. electron-withdrawing and electron-donating phenylbutenone
Bulkier nitroalkanes afforded better results. In a more derivatives, and a couple of aliphatic acyclic enones were
extensive study, Yamaguchi et al. also demonstrated that theransformed to the corresponding Michael adducts in good
proline framework tolerates substitution at both the 3- and yields and moderate-to-high stereoselectivities. On the basis
4-positions, with the carboxylate group in the 2-position of kinetic studies, the group proposed that the reaction
governing the selectivit}! proceeds via iminium specié¥.

Hanessian and Pham utilized proline as a catalyst in the Tsogoeva and co-workers studied small peptides (Figure
conjugate addition of nitroalkanes to cyclic enones in the 9) as catalysts for the addition of nitroalkanes to cyclopen-
presence of an amine additi¥®.Instead of rubidium salt,  tanone and cyclohexanone. In 2004, they reported that, in
they used proline35 to provide Michael adducts with  the presence of amine additiié38 the proline tripeptide
enhanced yields compared to the rubidium prolinate catalyst192 catalyzes the addition of 2-nitropropane to cyclohex-
34 (Table 7, entry 2). Use of an amine additive was required. enone in CHGin 77% ee and 80% yieltf® Slightly higher
The highest enantioselectivities were obtained with cyclo- ee was obtained in acetone, but the yield was somewhat
hexenone (up to 93% ee). Addition of nitropropane to an lower. Similar results were obtained with four other cyclic
acyclic enone, chalcone, was reported to afford 68% ee.and acyclic nitroalkanes. In the same year, Tsogoeva and
Interestingly, the catalyst system was shown to exhibit a Jagtap introduced two histidine-based dipeptitiésand196
pronounced nonlinear effect in the presence of tlaas as catalysts for the transformati&i. These catalysts exhib-
2,5-dimethylpiperazine additivel88 (Figure 8). In the ited only moderate stereoselectivities (up to 60% ee) in
absence of the additive, the relationship between the catalysicooperation with several chiral and achiral amine additives.
ee and the product was linear. In addition, proline-derived dipeptidEd3 and tetrapeptide

Attempts to further refine and extend the substrate scope194were studied as catalyst¥.However, neither of these
of the nitroalkane addition reaction have led to the introduc- catalysts could match the results obtained with the earlier
tion of several new catalysts. In 2002, Jergensen and co-reported proline tripeptid&92 Nevertheless, both catalysts
workers reported a conjugate addition to acyghsubstituted promoted additions of seven acyclic anq cyclic nitroalkanes
enonesl89 catalyzed by the chiral aming6 illustrated in 0 cyclohexenone and cyclopentenone in good-to-excellent
Scheme 3838 Using 2-nitropropane as a solvent, a diaster- Yields and up to 88% ee’s.
eomeric mixture of the catalys86 afforded the correspond- In 2006, Hanessian and co-workers introduced a new
ing products in good yields and selectivities with aromatic catalyst, 4,5-methano-proline 198 In the presence of the
enones (Table 7, entry 3). However, when the size of the R amine additivel88 the catalyst promoted the reaction of
substituent was increased to ethyl of isopropyl, the yields cyclopentenone and cyclohexenone with nitroalkéfeEhe
dropped dramatically. Heteroaromatic and aliphatic enonesreaction times were significantly longer than those with
gave only moderate yields. Variation of the nitroalkane proline catalysts, but the enantioselectivities and yields were
structure had little effect on the selectivity of the reactions, clearly superior (Table 7, entry 6). Reactions with prochiral
but conversions were slightly retarded, especially with nitroalkanes produced only exiguous diastereoselectivity,
nitromethane and nitrocyclopentane. Prochiral nitroalkanes slightly favoring the syn diastereomer. However, enantiose-
showed none or only a very modest diastereoselectivity in lectivities of the minor anti diastereomers were consistently
the reaction. higher than those of the syn diastereomers.
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Table 7. Results Obtained with Different Catalysts in Conjugate Additions of Nitroalkanes
2R
(>
N
H
acceptor Catalysts o]
34-37
197-198 R
lJ\lOz J SRz N NO2
R3,4 R3,4
nucleophile
Group Catalyst Acceptor Nucleophile No of Yield
examples ee

1 Yamaguchi®™ O\(O 0 o) NO, 13 47-91

o o,
VY @ RJ\IL Q o 29-68% ee
34 R2 n R3 H

2 Hanessian™ 0 0 NO, 15 30-88%

2000 N @ N o, 62-93% ee
OH .
35 O RSJ\H

3 Jorgensen™ Me 0 NO, 19 52-100%

2002 f( ﬁw(o R1J\|L - 34-99% ee
Ph H OH R?
36
4 Jorgensen™ N,Me 0 NO, 11 48-93%
2005 R 71-92% ee
Aty i Yo
Ph H HN-N T n R H
197 r?”

5 Ley O«{N\ 0 NO, 10 47-84%
2005™ N N R NO 94-98% ee
2006™ H HN-N < 2

37 S n R3"ORY
R?’
Q 32 21-97%
@ 0-91% ee
6 Hanessian® &f,@\(o 0 NO, 10 50-94%
N @ R37OR* 60-91% ee
2006 OH
198

As a summary of the developments in the additions of different catalysts as well as their representative scopes have
nitroalkanes to enones, the results obtained with severalbeen collected in Table 7. Arvidsson and co-workers
developed a histidine-based vari@dtl of the imidazolidine

to enals199.14° Prior to this, only the groups of Yamaguchi

[H ]\ catalyst110 for the conjugate addition of nitroalkan260
N
H

and Ley had reported few examples of reaction with enals.

188

Catalyst201 promoted the addition of nitroethane to cin-

namaldehyde in 93% conversion, 1:1 anti/syn selectivity, and
Figure 8. Amine additivetrans-2,5-dimethylpiperazine. 82% ee for both diastereomers. Additions with symmetric
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Scheme 35. Asymmetric Conjugate Addition of Scheme 36. Asymmetric Conjugate Addition of Nitroalkanes
Nitroalkanes!33 to Enals!40
Me o} Me
N %N
R? | —/ rq%««/(o o] W N)<
2 Ph H  oOH H — (4 H
R 36 f J\[ ~NH
189 ) 1 N=/ o)
20 mol% R R
O.N 199 201-2HCI
50-100% yield 2 R? 20 mol% . H
4-869 N
?o 2Szf’mf>‘|3es 36-74% vyield 2 R
NO, o 191 141 anti-syn RZ RS
K — R!=alphatic NO 19-48% ee 202
R2 = aromatic, aliphatic 2 _ 1 4examples
190 R2OR3
) ] ) 200 R' = aromatic, aliphatic,
nitroalkanes, such as nitromethane and 2-nitropropane, R23 = Me, H

afforded the corresponding produ@62 in only moderate
yields and selectivities, as illustrated in Scheme 36. Reactions |n 2006, Ying and co-workers reported studies on the

were performed in the presence of 4-fold excess of nitro- catalyst29 immobilized on the siliceous mesocellular foam
alkane under neat conditions. With electron-withdrawing (MCF) as well as on polymer-coated MCF to form catalyst
substitutients on the phenyl ring of the substrate, a substantialz1079 The yields obtained in the FriedeCrafts reactions
amount of 1,2-addition was observed. In the case of yjith the immobilized catalys210 were similar to those
a-methylcinnamaldehyde, only the product resulting from optained with the corresponding unsupported cata®@st
1,2-addition was detected. (Scheme 39). Depending on the nature of the surface, the
4.2.3. Aromatic Compounds stereoselectivities varied because of strong interactions
e between the silica surface and the catalyst. Alteration of the
In contrast with the additions of malonates and nitro- position of the linker group was shown to enhance enantio-
alkanes, the studies on conjugate additions of aromatic carborselectivity when the position was changed from the phenyl
nucleophiles have focused on additions to enals. Soon aftergroup to the amide group in the case of unsupported catalysts;
introducing the chiral imidazolidinon29 as a powerful however, with the polymer-supported catalysts, the selectivity
Diels—Alder catalyst* MacMillan and co-workers demon-  dropped. The best recyclabilities were observed with the
strated that the same catalyst also is active in the Friedel polymer-coated catalysts. The catalyst has also been applied
Crafts alkylation of pyrrole$* The reaction ofN-meth- to Diels—Alder reactions (discussed in section 3.1.1).
ylpyrrole with severa3-substituted enal203 afforded the Banwell and co-workers used the imidazolidine catalyst
corresponding FriedeiCrafts adduct205in good yields and 29 in intramolecular Michael addition of pyrroles in 2004.
enantioseletivities (7290% vyield, 8793% ee) in all cases  Instead of the usual enal substrate, they employed unsaturated
(Scheme 37). The pyrrole co294 was shown to tolerate  acetals that readily liberated the iminium, forming aldehyde
substitution at the 2- and 3- positions as well as different in situ. Six- and seven-membered rings were formed in good

N-protecting groups without a change of activity. yields (75-83%) and high enantioselectivities (896% ee)
The same methodology was successfully used by Heden-with this method, although the five-membered ring failed to
stram and co-workers in the conjugate addition WNf form .43 Later in 2006, they utilized a related intramolecular

methylpyrrole to a cyclie,,S-disubstituted aldehyde 1-formyl-  pyrrole addition in the total synthesis of some alkaloid natural
cyclopenten®06 (Scheme 38)#? Although MacMillan and products including €)-rhazinilam (Scheme 40%* When
co-workers’s catalys?9 gave moderate diastereoselectivity substrat®11was subjected to cataly®9, it cyclized to form
(27:73) in the reaction, the product was more or less racemic.the bicyclic aldehyd@12in 81% yield. After the setting up

A successful reaction required the introduction of diamine of the core structure, all of the desired natural prod@t&-
catalyst127, which Karlsson and Hgberg had earlier used 216could be obtained after a series of subsequent reactions.
in the [3+2]-addition of the pentacyclic enal$25 (see In light of the promising results obtained with the pyrrole
section 3.2, Scheme 2871% The acid cocatalyst had a addition, MacMillan and co-workers explored the applicabil-
strong influence on both the diastereo- and enantioselectivityity of the methodology to the FriedelCrafts alkylation of

of the reaction. Adding two equivalents of the strong acid the significantly less activated indole framewdfiCatalyst

HI to the free amind 27 afforded the best selectivity of 97:3 29 exhibited poor rates and enantioselectivities in the reaction
trans/cis and 62% ee, with a 55% yield after NaBH between crotonaldehyde aNdmethylindole. However, with
reduction. a newtert-butyl-substituted variar@3 of the imidazolidinone

BocHN, HN/\\N
: " -
N i L
g H
?\( O\(N i H2N\./U\N/qr\O/H HaN N OH
H o [On Y 0 N/Y
n H OH \—NH
192, n =1 195 196
193 n=0
194, n =2

Figure 9. Peptide catalysts for conjugate additions of nitroalkanes to eriéhé%



5436 Chemical Reviews, 2007, Vol. 107, No. 12

Scheme 37. Asymmetric FriedetCrafts Alkylation of
Pyrrolest#t

Erkkila et al.

Scheme 40. Asymmetric Syntheses of-|-Rhazinilam and
Related Alkaloids!4

QO Me
0 N
N)< 0
H | Ph H H)
R! 29 TFA/ITCA/CNA |
203 20 mol%
68-90% yield
3 87-97% ee
R 12 examples
R2 VA \; R' = aromatic, aliphatic
N R2:3 = aliphatic 205
P P =H, Me, allyl
204
Scheme 38. Enantioselective Conjugate Addition of Pyrrole
to a Cyclic Enal'#?
O\/Q
N
H H Cf X = 0.-OH 215:(—)-leuconolam R = CHO 213: (-)-rhazinal
1272 HI )/ X =B-OH 216:(+)-epi-leuconolam R =H 214: (-)-rhazinilam
206 10 mol%

Scheme 41. Asymmetric Alkylation of Indole&?

55% yield
97:3 trans:cis

. O, Me
(/ \\ 62% ee (trans) Me o) N
208
ITI N

Me
33-TFA

2
207 20 mol% R

Scheme 39. Heterogenenous Catalyst for Conjugate

70-94% yield
Addition of Pyrroles to Enals™

;
217 R
R
R2 A\
89-97% ee 3
A 12 examples R N
P
R3 N R' = aromatic, aliphatic
P

R2 = H, Me, OMe 219

72-TFA i
{4\ 5-20 mol% X
H N =~y “ph 218 R*=H,Cl
| | N P = H, Me, Bn, allyl
ph M N.
a7 207 Me . .
209 level based on transition-state conformers of the Friedel

Crafts addition to pyrrolé?¢ In the case of catalys29, the
° N " dimethyl substituents on the catalyst framework led to
e . . . . .
Y)l N displacement of the benzyl side chain for the reactive site
N P due to stabilizing G-H interaction between one of the methyl
H H " substituents and the phenyl ring of the benzyl group. In the
OR| case of Friedet Crafts reactions, this leads to impaired facial
O'Si\/\/ 210 29 selectivity. However, in DielsAlder reactions, good selec-
OR 0 tivities were obtained even with cataly2®,** even though
catalyst, the desired reaction could be conducted with high 33 Was f409L;I’]d to be more selective in intramolecular
yield and excellent enantiocontrol (Scheme 41). The acid reactl_ons?. >In the case of qataly§13, the bulky_tert-but_yl
cocatalyst was shown to significantly affect the rate of the Substituentrestricts the motion of the benzyl side chain, and
reaction. By far the fastest reaction times were observed with thUS, increased enantioselectivity is observed.
the TFA salt of the catalyst. The reaction performed equally ~ King and Denhart with their co-workers at BMS extended
well with both electron-deficient aliphatic enals and cin- the choice of the enal partner in the indole alkylation to
namaldehyde. Variation of the indole substitution was also unsubstituted acroleid0'4” (Scheme 42) and to the cyclic
tolerated. MacMillan and co-workers capitalized their indole enal 1-formylcyclopenten206'8 (Scheme 43). The reactions
alkylation strategy in the total synthesis of flustramind®5 between acrolein and several substituted ind@®2% fol-
(see section 6.1.2, Scheme 9%),where the conjugate lowed by in situ reductive amination, provided homo-
addition of 3-alkylamino-substituted indole was followed by tryptamines223in rather low yields when catalyzed by either
an immediate domino cyclization to establish the flustramine tert-butyl- or methylfurylimidazolidinone catalyst33 and
ring structure. This reaction will be discussed in more detail 92. The methylfuryl catalys®2 was found to be successful
in the domino section of this review. in the addition of indole or 5-iodoindole to the cyclic enal,
Houk and co-workers explained MacMillan and co- whereas33failed to catalyze the reaction. The prod@eb
workers’ observations of different activities of cataly&& (R = 1) could be prepared in a 21 g quantity. This is an
and 33 with theoretical calculations on B3LYP/6-31G(d) interesting example of the use of secondary amine catalysts

Me
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Scheme 42. Synthesis of Homotryptamines from Acrolein
and Various Indolest4”
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Scheme 44. Pyrrolidine-Catalyzed Conjugate Addition of
Indoles to Enoned>®

H H CatTFA ez y N Q
<

f reductive
10 mol-% amination _ "X R 63-HCIO,4
226 20 mol%

11 examples
14-37% yield

A~ 69-92% yield X
H 222 223 11 examples N R
22 R = hetero-substituted A\ 3 R2
Cat=330r92 N R R" = aromatic, aliphatic
R2 R?®=H, Me 228
227

0 Me (0] Me
NI N
N)\é N 7 / Scheme 45. Asymmetric Conjugate Addition of Indoles to
Ph H Ph H o] Enones®!
33 92
Scheme 43. Enantioselective Indole Additions to a Cyclic
Enalt48

2312 TfOH

N R1H
i N ¢ )/ R2 R!
H H 0 0 229 30 mol%

2 examples \
39-75% yield |

35-99% yield
47-89% ee
mR“ 17 examples
N R' = aliphatic
H

84-85% ee HN R2 = aromatic, aliphatic 232
225 230 R3=H, OMe, Br
224 R=H, I R*=H, Me

) ) ) ) ee) over the reaction between indole and an acyclic aliphatic
with a-substituted enals. Typicallyp-substituted enals  onone226 (R! = i-Pr).
display low reactivity with secondary amines. A major breakthrough in asymmetric conjugate addition
In 2006, Bonini and co-workers utilized aziridine carbinol  of indole to enones was achieved by Chen and co-workers
catalysts such &8 (Figure 10) in the alkylation di-meth- in 2007151 They postulated that formation of the iminium
ylpyrrole and N-methylindole with crotonaldehyde and jon between an enone and a secondary amine would be
cinnamaldehyde as well as in the Dielslder reaction of  unfavored because of steric hindrance. Thus, a number of
these aldehydes with cyclopentadiéhBreviously, this type  primary amines were tested in the reaction between indole
of rigid iminium catalyst has been tested in the formal aza- and an enone. 9-Amino-9-deoxpi-cinchonine 231
[3+3]-cycloadditiont4® Preformed TFA salts of the catalysts CFRSO;H salt was identified as the most active iminium
promoted the FriedelCrafts alkylations in moderate yields  catalyst for these types of reactions. The catalyst promoted
and up to 75% ee. reactions between indoleg30 and both aromatic and
Xiao and co-workers showed that some aliphgtisub- aliphatic enoneg29in varying yields and moderate-to-good
stituted enones as well as an aromatic en@2@6 when enantioselectivities (Scheme 45). The reactions typically took
reacted with indole227, afford the corresponding racemic 2—6 days to complete in subambient temperatures2®
Friedel-Crafts adduct®28 They used a catalytic amount °C). While the increment of the size of the Broup from
of the HCIQ, salt of pyrrolidine63 (Scheme 4433 With methyl to ethyl or butyl retarded the reaction rate, it had a
aliphatic enones, the reaction times were usually betweenbeneficial effect on the enantioselectivity, causing it to rise
10 and 15 h and the yields were uniformly good{&2%). from 65% ee to 81% ee in the cases of indole addition to
Reaction times were significantly longer with the aromatic 4-phenylbuten-2-one and 5-phenylpenten-3-one, respectively.
enones, especially whel-methylindole was used as the Soon after the report from Chen and co-workers, a similar
nucleophile. Also the yields were slightly compromised. catalyst system was proposed by Melchiorre and co-
Utilizing the imidazolidinone catalys®2, Xiao and co-  workers!®2 They described that 9-amino-9-deogpi-hy-
workers were able to reach very modest enantiocontrol (28% droquinine231coupled with chiral acid cocatalysts facilitates
the addition of indole234 to aromatic and aliphatic enones
O O tion of enones$* N-Bocphenylglycine cocataly&35 exhib-
ited the most beneficial effect in achieving high stereose-

233 Similar counterion-directed catalysis had earlier been
disclosed by List and co-workers for the transfer hydrogena-
OH lectivities (Scheme 46). With the new catalyst, Melchiorre

N could reduce the catalyst loadings while the reaction times
88 TFA remained comparable to Chen and co-workers’ conditions.
Figure 10. Aziridine carbinol catalyst used by Bonini and co- However, the yields and enantioselectivities were substan-

workers tially better and more uniform.
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Scheme 46. Asymmetric Conjugate Addition of Indoles to Scheme 49. Asymmetric Conjugate Addition of
Enones Utilizing an Amino Acid Cocatalyst>? Electron-Rich Benzenes to Enals®
[0} Me
2 N
H)Hl\ _ )\6
N
g a R Ph H o
33-HCI
H
R™ 0 243 10 mol%
" 231 235 RWJKL -
233 66-97% yield
40 mol% R3 o R? 84-99% ee ’X\N R3
56-99% yield N ge 25 examples Cor L,
3 70-96% ee N X . X RRLS

R 19 examples \ AN Rr3— R’ =aromatic, aliphatic

Ve R® N ; R? = H, aromatic, aliphatic 245

N R'2 = aromatic, aliphatic =X RZ_.’ 3_ c, atphatl

\ R3= H. OMe. CI 236 244 R® = H, aromatic, aliphatic,

R® R45 = H Me' hetero-substituted

234 =
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Scheme 47. Asymmetric Conjugate Addition of Furans to Scheme 50. Iminium-Catalyzed Asymmetric Synthesis of

153
Enals (+)-Curcuphenoltsé
[0} Me
0 N 0 O%N,Me
H)i ] N)Q L T N)Ulé
PhH Ph H Q
9 238-TFA/CNA 118-HCI
20 mol% 9 10 mol% A
W
R 90% yield . /@\
0, ~
p ] q,n 90% ee n N OMe
6} ~N ] Bn
— Bn
[ j 247
237a, R =Me
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Scheme 48. Asymmetric Conjugate Addition of Thiophenes H
and Furanes®?

0} Me
)OH\ iN’ /@Ek/\)\
HY )%
N
Ph H 0 OH

240 33 TFA/CNA 9y
20 mol% (+)-curcuphenol 248
. X 1
R2 J T o ield R=Q X R 243 (R = CO,Me). Also in these cases, the yields and
R~y 11 examples R2 gnant|oselect|V|t|es were generally excellent when the reac-
§_/ tions were conducted at10 or —20 °C, although the
241 R' = aromatic, aliphatic 242 reactions took up to 80 h to complete. However, at room
R?=H, Me, OMe temperature, the reaction rates were considerably higher and
;3 :oH'sMe the selectivities were only slightly decreased.

In 2005, the iminium-catalyzed FriedeCrafts reaction
. ) between crotonaldehyd® and dibenzyle-anisidine 246
MacMillan and Brown have also reported the conjugate \yas used in the total synthesis of }.curcupheno48 by
addition of furans237aand 237b to crotonaldehyde with  kim and co-workers as illustrated in Scheme B0The
catalyst 238 (Scheme 47)*° They also expanded the catalyst118 established the required stereogenic center in
methodology to include thiophenes as nucleophiles. The usetheir target molecule in 90% edhe product was then
of 33as the catalyst yielded several Michael adducts in high reduced to the corresponding alcohol and deprotected. After
yields and enantioselectivities (Scheme 48). Additionally, the following transformations including Sandmeyer-type bro-
methodology was exploited in the domino reaction sequence, mination and a Negishi-type coupling as key steps, they were

which will be discussed in section 6.1:3. able to isolate the desired natural product in 22% overall
Paras and MacMillan have extended the iminium-catalyzed yje|q.

Friede-Crafts reactions to substrate systems with other
electron-rich aromatic framework® The catalyst33 was
used to promote the conjugate addition of electron-rich
benzenes to linear aromatic and aliphatic enals. Dimethyl-
anisidine 244 and N-phenylpyrrolidine 244 were trans-

4.2.4. Silyl Enol Ethers

MacMillan and co-workers reported in 2003 that 5-silyl-
oxyfurans250could be used as nucleophiles in Mukaiyama
formed to the correspondingfC adduct45in good yields Michael-type reactions to afford products with the butenolide
(68—90%) and selectivities (8792% ee) regardless of the architecture251%7 The 2,4-dinitrobenzoic acid (DNBA) salt
nature of the ena243 (Scheme 49). A more diverse set of of catalyst33 promoted reactions with aliphatfzsubstituted
N-diprotected substituted anilines were added to aldehydeenals and cinnamaldehyde in up to 99% ee at subambient
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Scheme 51. Enantioselective MukaiyamaMichael Reaction
of Silyloxyfurans!®7
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Y 11 examples
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Scheme 52. Enanatioselective MukaiyamaMichael
Reaction of Silyloxyoxazole¥3
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o 2 examples 255
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temperatures—20 to —70 °C) with good yields (Scheme
51). Alteration of the siloxyfuran substitution pattern was
tolerated without change of selectivity or efficiency of the
reaction. Also, siloxyoxazole®53 could be utilized in the
Mukaiyama-Michael reactions, as illustrated in Scheme
52153 These reactions are promoted by tryptophane-derived
catalyst254in good yields and high enantioselectivities. This
reaction has also been used in context of domino reaction
sequences (section 6.2}.

Robichaud and Tremblay utilized this methodology to
develop a short, stereoselective synthesis of compaétin
(Scheme 533)°8 The key step consists of an iminium-
catalyzed MukaiyamaMichael reaction of fura@57to enal
256 to provide theo,S-unsaturated lacton258 with 82%
ee and 31:1 syn/anti selectivity. This adduct was then readily
converted to the core ring system of compa@B0 via
diastereoselective cyclization, conjugate addition, and a final
ring-closing metathesis.

In 2005, Wang and co-workers also reported that silyl
enol ethers263 could also be used as nucleophiles in
Mukaiyama-Michael-type reaction®® Several aromatic
TMS enol ether263were added to crotonaldehyde as well
as to cinnamaldehyde and its derivati\&?2 in moderate
yields and high enantioselectivities (Scheme 54).

4.2.5. Other Nucleophiles

A vinylogous Michael addition was published by the
groups of Chen and Deng in 2008. Dicyanoolefins266
add to aromatic and aliphatitzsubstituted enal265in the
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Scheme 53. Iminium-Catalyzed Asymmetric Synthesis of
Compactints8
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Scheme 54. Enantioselective MukaiyamaMichael Reaction
of Enals and Silyl Enol Ethers'®®

33-DNBA
30 mol%

56-75% yield
85-97% ee
11 examples

264

R' = Me, aromatic
R2 = H, Me, hetero-substituted

263

presence of a catalytic amount of thara-nitrobenzoic acid
(PNBA) salt of 163 Interestingly, catalys29 failed to
promote this reaction, whereas catalg& provided very
fast reaction rates but led to racemic product. In general,
163 catalyzed the reactions with aromatic olefins in good
yields and excellent enantioselectivities with only one
detectable diastereomer (Scheme 55). Steric hindrance in
aliphatic enals as well as substitution in the aromatic enals
decreased their reactivity without affecting the enantiose-
lectivity. Aliphatic olefins reacted with crotonaldehyde in
slightly diminished yields and selectivities (#87%, 68-
82% ee). No catalytic activity ofl63 was observed in
additions to enones.

Later, in 2007, the Chen and Deng groups applied the
quinine-derived catalys#3 for the conjugate addition of
dicyanoolefins to enonéd? The catalyst had earlier been
tested in the FriedelCrafts reaction of indoles with enones,
where it had performance inferior to cataly21 and had
thus been discardé® The reactions were performed in
tetrahydrofuran (THF) at 0C with amine TFA salt3 and
afforded the vinylogous Michael produ@g1in good yields
and high enantioselectivities (Scheme 56). Two equivalents
of the acid cocatalysts per free amine were required for the
optimal performance of the catalyst. Not unlike the enone
substrates, in this case, the products were also obtained as
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Scheme 55. Enantioselective Vinylogous Michael Addition of

Dicyanoolefing60
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Scheme 56. Asymmetric Conjugate Addition of
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Scheme 58. Iminium-Catalyzed Transfer Hydrogenation of
Enals!62
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4.3. H-Nucleophiles

In 2004, List and co-workers reported a novel strategy to
the transfer hydrogenation of en&tdThey found that several
secondary ammonium salts catalyze conjugate addition of a
hydride too-nitrocinnamaldehyde. The hydride was delivered
by a commercially available Hantzsch es2&i7, mimicking
the reductive cofactor NADH found in enzymatic processes.
After identifying dibenzylammonium trifuoroaceta2&8as
the most active iminium catalyst for this reaction type, they
were able to reduce number of aromatic and aliphatic
pB-substituted enals in uniformly high yields 826% yield),
as illustrated in Scheme 58.

Shortly after this, the same group demonstrated that the
transfer hydrogenation of enals could also be facilitated in
enantioselective fashioti® They employed an imidazolidi-
none trifluoroacetate sal83 as a chiral catalyst for the
addition of hydride, delivered now by the modified Hantzsch
ester281, to g-disubstituted aromatic ena®82 under mild
conditions to produce the corresponding saturated aldehydes
(Scheme 59). The authors found the reaction to be enantio-
convergent: the geometry of the double bond had no
influence in the stereochemical outcome of the reaction. Both

single diastereomers. This reaction was also applied tothe Z- and E-isomers of the starting material delivered the
domino reactions. These are discussed in section 6.1.3.
An iminium-catalyzed ene reaction has been recently At the same time, a similar reduction protocol was
reported by Hayashi and co-workéf$.They found that
silylprolinol ethers promote the ene conjugate addition of They found that the benzylic side chain of the imidazolidi-
cyclopentadiene to cinnamaldehyde instead of the expectedhone catalyst was not necessary for good stereocontrol in
Diels—Alder reaction. Thus, several aromafiesubstituted
enals272 were transformed to the corresponding Michael 284 Treatment of a diverse set gtdisubstituted aliphatic

adducts274 and275in high yields and enantioselectivities

same enantiomer of the product.

independently reported by MacMillan and co-work&rs.

the reaction and, thus, presented a new alternative catalyst

and aromatic enal833with catalyst284and Hantzsch ester

(Scheme 57). However, the products were always obtained277 in chloroform at—20 °C produced the corresponding
as mixtures of two regioisomeg/4 and 275

saturated aldehydes in high ee’s and yields (Scheme 60).
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Scheme 60. Asymmetric Transfer Hydrogenation of Enal$* Table 8. Comparison of Catalysts for Transfer Hydrogenation of
Ena|s‘33,163,164

Q Me
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S R H o R!
284 TFA 286
283 20 mol% H
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The hydride could be delivered even to an enal with a bulky e s %
R tert-butyl group without a loss of enantiocontrol (97% ee),
and the reactions could be performed at room temperature.
The starting enals could consist of a mixture Bf and
Z-isomers since the catalyst rapidly isomerized the resulting Entry  Product Catalyst  Yield % ee
iminium salts, resulting in similar enantioconvergence that
was also reported by List and co-workers.
A conceptually new iminium catalyst was introduced when 1
Mayer and List utilized a chiral phosphate salt (TR4®)
of morpholine44 as a catalyst in the transfer hydrogenation
reaction of enal83 The counterionof the iminium ion was
the source of all asymmetric induction. The catalyst trans-
ferred a number of aromatf:disubstituted enaf@86as well
as citral and farnesal to the corresponding saturated aldehydes 2
288 in moderate-to-good yields (630%) and high enan-
tioselectivities (96-99% ee). In comparison, the imidazo-
lidinone-type iminium catalysts have only produced modest
enantioselectivites in conjugate reductions of sterically
unhindered aliphatic substrates (Table 8). A drawback of this
new catalyst was the long reaction time, even when the
reactions were performed at slightly elevated reaction tem- 3 jf]v\)\ 33TCA  58% 40
H
H =

CatHX
10 mol%

33-TCA 77% 90
284-TFA 79% 93

44TRIP nd. nd.

33-TCA 83% 94

284TFA nd. nd.

NO, 44 TRIP 90% 98

peratures. 284TFA 82% 40
Following the studies of List and co-workers and Mac- °
Millan and co-workers, Zhao and ‘@ova utilized the 44TRIP 71% 90

Jargensen diphenyl prolinol cataly38 in a similar trans-
formation in the context of reductive Mannich-type conden-
sationst®® This reaction will be discussed in section 6.2. Scheme 61. Asymmetric Transfer Hydrogenation of
Additionally, Christmann and co-workers have disclosed a Enoneg®

Wittig olefination—transfer hydrogenation sequence for the 0 0 Me
synthesis of lepidopteran sex pheromotfeShey applied N
List and co-workers’ achiral dibenzylamine catalg3i8 as {:z ] r% o]
a TfOH salt for the iminium-mediated reduction step. ( "R oh N \

Recent independent reports from the groups of MacMillan 289 92-TCA o
and List added enones to the substrate scope of the 20 mol%
hydrogenation reaction. MacMillan and co-workers’ ap- _ {:2
proaché relies on a variant of their imidazolidinone catalyst oo yield (YR
92, which previously had been shown to catalyze Diels O HH O 12 examples " H
Alder reactions of enoné8.The imidazolidinone trichloro- - 291

t-BuO Ot-Bu __1 R = aliphatic, aromatic,
| | COMe, CO,Me, OBn
n=12,3

acetate92 readily catalyzed the conjugate reduction of a
variety of cyclicg-substituted enonez89in good yields and
enantioselectivities (Scheme 61).

List and co-workers showed that the reduction of enones 290
can also be conducted in the presence of a catalytic amount :
of L-valine t-butyl ester45 with the help of a chiral 4.4. S-Nucleophiles
counteranionR)-TRIP 46.5 The optimized conditions were In 2005, an iminium-catalyzed thio-Michael addition was
effective for both cyclic and acyclig-substituted enones reported by Jgrgensen and co-workers in the context of
(Scheme 62). High enantioselectivities and yields were domino reaction sequenc&s$Aliphatic and aromatig-sub-
observed with all presented substrates, although in the casestituted enal94 gave the corresponding Michael adducts
of cyclopentenones, the vyields are slightly diminished 296when reacted withert-butyl and benzyl mercapté295
(68—78%). (Scheme 63). After a NaBHeduction, the corresponding
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Scheme 62. Asymmetric Transfer Hydrogenation of Enones Scheme 65. Transition States of Two Intramolecular
Using the Chiral Acid Cocatalyst Trip>* Aza—Michael Reactiong73.174

Ot-Bu N N
(\ y/ HoN H HN—N

0
292 45.(R)-TRIP

o]
20 mol%
66-85% yield (3—H \2 RN 2N
88-96% ee " R \ f R
12 examples 203 300 R — N

o}
R = aromatic, aliphatic R R 302
n=123 Yamamoto
(o
Scheme 63. Asymmetric Conjugate Addition of Thiol&” H oH
FsC CF3 35

H | — @ 0 ®.
N N— PA\
R o N f — Ry
294 CF; 0 \
. N
39-PhCOH 303 RO 304 205 o
10 mol% H
R R Cordova

73-87% yield $” R
89-97% ee R? Scheme 66. Asymmetric AzaMichael Reaction of Enalg’®
8 examples
2 _ 296 o Me
RzgséH R' = aromatic, aliphatic 0 %"j
2= g i e R
R = aliphatic HJ\|L o /\ ” /é
Scheme 64. Intramolecular Asymmetric Aza-Michael R Ph 118.p-TSA 0
i 72
Reactiort 306 20 mol% H)KL
0 Me
N ; P~
69-92% vyield \
s 87-97% ee ETBSR
H 9 examples
0 \ ;H )(1 P\H,OTBS _ 308
H R = aliphatic
| OMe 298-HCl o 7 H P = Cbz, Boc, Fmoc
P 307
j\ 20 mol% R™ N OMe
RN OMe 70-85% yield @Eom N . . .
so7 34-53% ee 200 iminium reaction cascadé&: Following a proline-tetrazole
3 examples catalyzedO-nitrosoaldol reaction of a cyclic enone with
R = aromatic, nitrosobenzene, the resulting aminooxy anion cyclized to
omati y Y/
aliphatic generate bicyclic produc®02in high (up to 99%) ee’s. In

) . . the following year, Cadova and co-workers demonstrated
alcohols were obtained with good yields and excellent that an analogous intramolecular conjugate addition can be
enantioselectivities (8997% ee). facilitated after a proline-catalyzed Mannich reaction (Scheme

Later, more examples of thiol additions to eAgid*and 65)174 Since these reactions are essentially domino reactions,
enone¥’® were reported in the context of domino reactions. they are discussed in detail in section 6.1.4.
These reactions will be discussed in detail in section 6.1.3. |, 2006, MacMillan and co-workers demonstrated that the

. direct enantioselective conjugate addition of nitrogen is

4.5. N-Nucleophiles possible withN-silyloxy carbamate nucleophil@)7 (Scheme

An intramolecular conjugate addition of nitrogen nucleo- 66).7° The best selectivities were obtained in Cki@—20
philes to enals via iminium ion intermediate was first “C. The PTSA salt of their previously reported catalys8
published by Takasu and co-workéfdThey applied the ~ Promoted the reaction in uniformly high yields and enantio-
modified first-generation oxazolidinone cataly208 to selectivities.
the ring-closure of dopamine derivat®97. The reac- This concept was also utilized by @lwva and co-workers
tions proceeded very slowly and took up to 10 days to who described diphenylprolinol silyl ethe88 as potential
complete. The cyclized produck99could then be isolated ~ catalysts in the amine conjugate addition reactféisome-
as acetals in high yields but modest enantioselectivities what lower yields were obtained, while the enantioselectivi-
(Scheme 64). ties remained good.

In 2004, Yamamoto and co-workers investigated intramo- In early 2007, Jgrgensen and co-workers reported the
lecular additions to enones in the context of enamine addition of N-heterocyclic nucleophiles to aliphatic enals
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Scheme 67. Asymmetric Conjugate Addition of Triazoles Scheme 69. Langenbeck’s Early Discovery: The Addition of
and Tetrazoles to Enal77:178 Water to Crotonaldehyde Is Catalyzed by Secondary
Amines®

CF
39.PhCOH ~ 2 | 9 3 317
10 mol% H)i H)i H ‘ — H
. z HO

Ph 45-87% yield N N

}
TN S -t ? K
NH \H’ R = aliphatic 312 313 O-prc_)tec_ted hydrc_)xylamines failed to form the conjugate-
0 a1 addition intermediate.
0. Me
N)\é 4.6. O-Nucleophiles
N
H

Perhaps the earliest example of an oxa-Michael addition
to enals was reported by Langenbeck in 183Xs illustrated
in Scheme 69, treatment of crotonaldehgdeith water in
the presence of a catalytic amount of piperidinium aceate

33

Scheme 68. Chiral Isoxazolidines by a Domino Reactidff

O or sarcosine317 provided the corresponding-hydroxyal-
dehydell. Although seemingly oblivious of the mechanism
H O behind the transformation, Langenbeck was the first to
| ” OTMS demonstrate that a simple secondary amine can catalyze the
314 R 28 addition of water to an enal. This process very likely qulyes
20 mol% HO~ Oy -P the condensation of amine and enal to produce an iminium
~<_/ ion, which then goes to the observed aldol product by
75-04% yield R conjugate addition of water.
P_ _OH 90-99% ee 316 In 1997, Brossmer and Arntz of the DuPont Company
N 11 examples patented the use of ion-exchange res88€ incorporating
315 E = (a:rgzmgtri)% aliphatic secondary amine and carboxylic acid groups in the hydration

of acrolein?®® Simultaneously, the use of iminodiaci8&8—
321was also patented for the same purpté&he catalyst

30977 Catalyst 39 in cooperation with a benzoic acid  types are presented in Figure 11. According to the inventors,
cocatalyst promoted the additions of triazoBd0 and
tetrazole311 in good yields and high enantioselectivities PN

. . 2 . pl2 =
(Scheme 67). The reaction rates were considerably slower B N B IR A SCCHH

pl= 2=
and the yields were slightly lower in the case of tetrazole 3;3; ;,;f,‘,’g':;,f = PO || .
additions. These products were isolated after reduction with O’ S
NaBH,. Only aliphatic-substituted enals could be used as HO2C o~~~ -COH 555
acceptors; the reaction of triazole with cinnamaldehyde gave H
only low conversions €20%). On the basis of B3LYP/ 32

6-311G(d,p) DFT calculations, they suggested that the _ _ _ _
reaction proceeds via dconfigured iminium species that ~ Figure 11. Amino acid catalysts for hydration of acrolei#f:181
is attacked by thél-heterocycle from the unshieldeelface, ) o o
while the phenyl rings of the side chain block the approach the catalyst systems offered improved activity and selectivity
for the si face. over traditional acid catalysis, allowing higher conversions
A similar reaction was later reported by Vicario and co- and, thus, better space-time yields. Consistent with an
workers'” Unlike Jorgensen’s group, they utilized the iminium-catalysis hypothesidl-alkylated iminodiacids were
imidazolidinone catalys33 in additions of tetrazol&11to found to be nonactive in the hydration reaction. Interestingly,
aliphatic enals. After subsequent reduction with NaBtHe these catalyst systems have a close resemblance to the
products were isolated in good yields and enantioselectivities Sarcosine catalyst utilized by Langenbeck.
(67—97% yield, 76-99% ee). Almost a century after Langenbeck’'s seminal report,
Cordova and co-workers published an organocatalytic Maruoka and co-workers disclosed a related study of
synthesis of 5-hydroxyisoxazolidin@46from enals314and  conjugate addition of alcohols to ena#$Only 5 mol % of
carbamate-protected hydroxylamings5 (Scheme 68)7° @ biphenyldiamine catalyS25was reported to catalyze the
Prolinol 38 was used as the catalyst, and the yields and reaction with a variety of linear aliphatic ensi3at 0°C
enantioselectivities of the reaction were excellent. The softer in good yields when the alcohol nucleoph824 was used
nitrogen atom of the hydroxylamir@15 attacks the &C- as the solvent (Scheme 70).
bond of the iminium ion, and the harder oxygen atom traps Ramachary and Mondal expanded the catalysis strategy
the aldehyde as a hemiacetal. The hemiacetal formationto the hydroxyalkylation of enoné& In a manner similar
seems to push the reaction forward. In contrast to the resultsto Maruoka and co-workers’ approach, pyrrolidine methyl
obtained with the MacMillan catalyst, under these conditions, sulfonate63 catalyzed the addition of methanol and ethanol



5444 Chemical Reviews, 2007, Vol. 107, No. 12 Erkkila et al.

Scheme 70. Addition of Alcohols to Enal$? Scheme 73. Enantioselective Conjugate Addition of

l Aldehydes to Enone&®
0 NHMe
R 325 o N

323 5 mol% o Q
H 1
41-87% yield R H o
8 examples R?20” 'R! 335
326 333 R1 o)
- 20 mol%
R?-OH R'2 = aliphatic °
H

30-93% yield B
324 Q 50-82% ee g2
. 10 examples
Scheme 71. Addition of Alcohols to Enonéé§? H 336
0 R2 R':2 = aliphatic
[ ) 334
O N
e gt 63-MeSO3H o and, thus, requires use of a high excess of the nucleophile
327 5 mol% (sometimes used as a solvent). Good conversions have been
| R achieved also by subjecting the products to subsequent
‘150-99% yileld Sao- ) (domino) reaction sequences. For example, salicylaldehydes
5 examples . have been added to enfs18” and cyclic enoné& utilizing
R2-OH R' = aromatic, aliphatic 329 this method. Applications of this latter method are discussed

R2 = Me, Et, n-Pr

in section 6.1.3.

328
5. Iminium —Enamine Manifold

There are several amine-catalyzed reactions that do not
easily fall into specific mechanism types, or it is conceivable
that one or two mechanisms cooperate. The reactions most
likely proceed via enamines, but the possibility that enone-
or enal-derived iminium ions are active intermediates cannot

Scheme 72. Asymmetric Addition of Oximes to Enaf$*

FiC CF,
ﬁ CF,
H/?KL N O
H 0
R
330

OTMS
39-PhCO,H CFs be excluded. Reactions of this type are discussed below.
10 mol% H Melchiorre and Jgrgensen reported that conjugate additions
, o” "R of aldehydes334 to enones333 are readily promoted by
60-75% yield T ‘s s 189 ] .
_OH 88.97% o6 N pyrrolidine derivative335%°In most cases, high yields and
N i good enantioselectivities were obtained (Scheme 73). The

)| 8 examples - <
Ph Ph presence of both aldehyde and enone functionalities allows

R = aliphatic speculation over the reaction mechanism. Poor conversion

331 332 ;
of an enone with a bulky Rgroup led authors to study

) ) linearity between the ee of the catalyst and the ee of the
to several acyclic and cyclic enon&27 (Scheme 71).  product in that particular reaction. They observed a negative
Additionally, a wider variety of alcohol$28 as well as  noplinear effect. However, with other enones, no deviation
benzyl thiol were shown to add to 3-nonen-2-one. As in the fom linearity was observed. To account for the nonlinear
Maruoka study, alcohol nucleophil@28were used as the  gffect, the authors stated that involvement of an iminium
solvent. When pyrrolidin3 was used without an acid in  jhtermediate cannot be excluded.
the conjugate addition reaction of 3-hexen-2-one, the reaction  Gg|iman and co-workers investigated the effect of imida-

led to the formation of a dimerization product of the enone. zgjiginone catalys29 on an intramolecular aldehyéenone
The mechanism of the formation of this unexpected side gystem similar to that of Melchiorre and Jargensé#?Shey
product was speculated to be an amine-catalyzed Basavaiah sedpara-ethyl ester-substituted catect887 as the cocata-

Baylis—Hillman reaction. , » lyst (Figure 12). The catalyst combination produced the
Finally, an enantioselective conjugate additiorDafiucleo-

philes, in the form of aromatic oximes, to enals was achieved 0  Me OH
by Jgrgensen and co-workers in early 288Tn the presence N

of catalyst39, severalg-substituted enal830 were trans- )/ Eto\n/@
formed to the corresponding Michael addu8& in good ” K OH
yields and high enantioselectivities when 3 equiv Ef 0

benzaldehyde oxim&31 was used as a nucleophile in a

highly concentrated toluene solution (Scheme 72). Mesity-

laldehyde oxime and salicylaldehyde oxime were also testedFigure 12. Imidazolidinone catalys29 and a catechol additivA8°

as nucleophiles, but their use led to longer reaction times

and lower conversions. desired Michael adducts in good-to-high yields and enantio-
It should be noted that the reaction equilibrium of the selectivities that were consistently higher than Jgrgensen’s.

conjugate addition of oxygen nucleophiles in general is poor The authors stressed the presence of an enamine in the

29 337



Iminium Catalysis Chemical Reviews, 2007, Vol. 107, No. 12 5445

Scheme 74. Intramolecular Enantioselective Michael Scheme 75. Intramolecular Asymmetric Michael Additions
Addition 191 in Natural Product Synthesist?2
Q Me B N
N o]
P NN
N _ _ | 0
Ph H H
0 Me_ O H |9
R 29-HCl N ﬁ/op
9 @ )., 343
10 mol% N \ i |
85-99% yield | Ph
X 8:1-49:1 anti:syn R | " 342 l
80-97% ee _Z_
H(H 6 examples HO——
o L 339 —
338
R = H, aliphatic, aromatic l
X = CH,, N-Ts
(0] 345
344
N . L ]
o
X o]
340

reaction mechanism but did not comment on the possible OH
coexistence of iminium species. However, they were able H m,_,
to generate the catalyst aldehytEnamine complex quan- © 0 OH
titatively by mixing the saturated aldehyde with the catalyst ()-brasoside 346 ()ittoralisone 347
in the presencefat A molecular sieves.

In 2004, Hechavarria Fonseca and List described the Scheme 76. Enantioselective Intramolecular Reaction of
intramolecular Michael reaction (Scheme 74), where-€0C ~ Cyclic Enones with Aldehyded®
bond is formed between thecarbon of saturated aldehyde

0
and the carbon at thg-position of an enal or enorié! The >53\(o
authors suggested that the observed reaction may be result N H O
O R H
350

of either enamine catalysis or dual enamtiireine activation. H HN
They reported six examples of this reaction with excellent

yields and high enantioselectivities. The observed absolute fgg'TlF‘;
mol7

configurations of the products are in agreement with an g

iminium mechanism. 89-100% yield
Mangion and MacMillan utilized the intramolecular 30-95% fe

Michael-addition strategy in the total syntheses of brasoside T examples

346 and littoralisone347.192 Exposure 0f342to L-proline

35 provided lactol345 in 91% yield and 10:1 cis/trans 348 R = aliphatic

selectivity. Extended reaction times led to complete conver-
sion to the thermodynamically favored trans isomer. Interest-
ingly, the observed diastereoselectivity was cis, whereas the
analogous reaction published by Hechavarria and List 74). As discussed above, the diastereoselectivity of the
provided the trans products. This difference can be attributedreaction may be explained by electrostatic interactions.
to the electrostatic interaction of the carboxylate side chain  An intramolecular amine-catalyzed reaction between an
with the enolate. The authors did not comment on the aldehyde and an enal has been described by Hong and co-
reaction mechanism, but both iminium and enamine mech- workers!®* Unlike the intramolecular reactions between these
anisms are possible. The observed configuration of the functionalities discussed above, this reaction resulted in a
product is consistent with an iminium mechanism, as Baylis—Hillman-type adduct (Scheme 78). The optimized
illustrated in Scheme 75. The possibility of enamine activa- reaction was performed in the presence of imida’i&
tion, however, cannot be excluded. Interestingly, the reaction did also proceed in the absence
Hayashi and co-workers have also studied amine-catalyzedof imidazole, but with a reversed facial selectivity. The
intramolecular additions between aldehydes and cyclic andauthors suggested two alternative reaction pathways to
acyclic enone$?® Catalyst349 (10 mol %) yielded the  explain the observed results. They proposed that, in the
bicyclic products350and351in uniformly high yields and absence of imidazole, the amine catalyst forms an iminium
selectivities regardless of the nature of the R-group (Schemeion with the enal part of the molecule. This iminium ion
76). With acyclic ketone substrate352 they obtained then loses a proton to generate the correspongliegamine
opposite diastereoselectivities (Scheme 77) to those reporteccompound®® This enamine would then react from its
by Hechavarria Fonseca and List with catalg8t(Scheme 2-position with the aldehyde. Alternatively, the imidazole

351
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Scheme 77. Enantioselective Intramolecular Reaction of Scheme 80. Possible Iminium-Mediated Mechanism of
Acyclic Enones with Aldehyded®? Baylis—Hillman Reaction!%
S = = )
CO
QW : P [ O o
N N be N Ny
H HN R R. OH | :
0] H Al — [\Jl\ = H CO,Et
N
H COLEt
349 TFA ) " o 2 7N
10 mol% X \NJ NN = 362
<
93-100% yield N N— 355 L 361 _ 1[
>95:5-89:11 syn:anti
96->99% ee 353
352 4 examples _PMP ® Cog'tﬂp C()/zpl_:wp
i N HY AL
R = Me, Ph H COEt™ : = AR
X< 5. COMe | H)\(\C%Et [ 2
N>
: 365 364 N
Scheme 78. Proline-Catalyzed Intramolecular = 363
Baylis—Hillman Reaction%4
o The domino reactions discussed here can be divided into
0 N N two classes according to the type of the last reaction step.
H H 25 OH (/_/7 o The most common case is one where the intermediate formed
| . Hglss OH in the first reaction step reacts further in an intramolecular
), 10 mol% H fashion, creating a ring. These reactions are categorized as
H  46-79% yield ) intramolecular, even if some of the previous steps have been
o 43-96% ee n intermolecular.
2 examples 356 . - . . .
354 —1 o These intramolecular domino reactions can be divided into
n=t several distinct reaction types according to their likely
Scheme 79. Intermolecular Asymmetric Baylis-Hillman ,m(?c_hamsms (SCheme 81,)' Eor exam'ple, In an enamine
Reactiort9 iminium-type | domino cyclization, the final cyclization step
takes place via iminium activation. An alternative possibility
i Q\(O N is that these reactions proceed via an enamibiels—Alder
H H oH ¢ mechanism. In contrast, in an iminiunenamine-type Il
| 35 / o un-PMP o PVP e X L . ;
RI”OR2 20t HN s s cyclization, the final cyclization step is typically an erol
m (] . s .
357 0 : R)k/lCCOZW R)TCOZRS exo aldol-type step. The type lll double iminium/enamine
oot yicld R OR2 R2OR! reactions can be seen as a subtype of the type | reactions.
PMP~ 6 examples £-359 7.350 However, in this type, both reaction steps likely are iminium-
I i activated, whereas in the type I, only the second step is
H” > Co.R3 R'=H, Me N . )
2 R2 = aliphatic iminium-activated. Furthermore, several of these reactions
358 R3=Et, i-Pr do not neatly fall into either of these categories. For this

. - . o reason, the domino reactions of this section are discussed in
mlght act as a nUCleOphlllC Catalyst addlng to the iminium the order of increasing ring size and Comp|exity_
ion, forming an enamine, which then reacts with the
aldehyde. , 6.1. Intramolecular Domino Reactions
Barbas and co-workers reported a proline-catalyzed Bay-
lis—Hillman-type a-addition of PMP protectedx-imino 6.1.1. Three-Membered Rings
esters358to S-substituted enal857in 2007 (Scheme 7958

The reaction also required the presence of imida3ékeas : . S
an additive. As illustrated in Scheme 80, the reaction '€POrted a cyclopropanation reaction based on iminium

presumably proceeds via iminium-catalyzed conjugate ad- activation?” A nucleophilic ylide367reacts with an iminium

dition of imidazole to form enamine species, which then react gnb369 forrr|1ed ;‘]rom the .alder%?fe% alnd thehcataly?t.
with the imino ester. Elimination of the added imidazole then >t0sequently, the enamine addition closes the cyclopro-

restored the enal double bond. In the presence of 30 mol %P2n€ ring, eliminating dimethylsulfide in the process. Vari-
proline, reactions proceeded in moderate yields and high©US cyclopropanes were prepared in good stereoselectivities
enantioselectivities that favd-stereoisomer and moderate yields. The stereocontrol of the reaction is

based on electrostatic interactions, as illustrated in Scheme
6. Domino P 82. The negatively charged acid functionality draws near
- Lomino Frocesses the positively charged sulfur end of the ylide, directing the
In a domino process, the first reaction provides a starting Cyclopropanation to proceed from the side of the acid
material or an intermediate that is ready for the second functionality.
reaction. Several consecutive reactions can be coupled in a Another example of an iminium-catalyzed cyclopropana-
domino fashiort?” Since the nucleophilic addition to ans- tion reaction is the nitrocyclopropanation of cyclohexenone
unsaturated iminium ion generates a reactive enamine372 published by Ley and co-worket® They utilized a
intermediate, domino reactions where both iminium and proline tetrazole catalysB74 that previously had been
enamine intermediates are active can be envisaged. Ansuccessful in the addition of nitroalkanes to enoré®
excellent review on organocatalytic domino reactions has After an extensive study on the catalyst system and the
been recently published by Enders and co-worRers. reaction conditions, they were able to produce compound

6.1.1.1. Cyclopropanationin 2005, Kunz and MacMillan
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Scheme 81. Distinct Modes of Iminium-Mediated Domino Reactions
A: Generic reaction type: Enamine-iminium/Enamine-Diels-Alder

R2NH Diels-Alder
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R\N,R
R2
1/; |
. R!
Xey

enamine

B: Generic reaction type: Iminium-enamine

R.

@ .R
o I
H K|
HJ\u R2NH o) Hj R! _ iminium

—_—

R']

C. Double iminium/enamine

A

®
0 N|R
RMNH X R)bl_,
|
|

Scheme 82. Asymmetric Cyclopropanation Stereocontrolled
by Electrostatic Interactions®”

/?KL W i %m-(g@
®

o ™ 369
20 mol%
H L ‘
63-85% yield P> o .
®@ 1:6-1:72 anti:syn R
S/YRZ 89-96% ee 367 ~
[ o 9 examples L O R? a
367
R"2 = aromatic, aliphatic

375in 80% vyield and 77% ee with the aid of a morpholine
additive with only a small excess of bromonitrometh&ii&
(Scheme 83).

6.1.1.2. Epoxidation.The first iminium-catalyzed epoxi-

2
RVE
R. @ R

iminium
X. @

Yu R

R

R
R_
i enamine Z—/(
N-R g 1R
exo-enamine
endo-lmlnlum
R1

Scheme 83. Enantioselective Cyclopropanation Using
Bromonitromethane!®®

O
Z > ,,(/
HN— N
374 (0] H
372 15 mol% :
80% yield |~""NO2
77% ee =
H
A~

375

/
-N
R@R

Br N02
373

tivities in the reactions witl#-disubstituted enals were lower
than those with3-monosubstitution, especially with-di-
methyl substitution.

In their initial publication, Jgrgensen and co-workers had
performed the reactions in GAI,. A follow-up study dem-
onstrated that the same reaction could also be conducted in
a mixture of water in ethandf® The enantioselectivity of
the reaction was slightly reduced but remained at good levels
(85—96% ee). Also, diastereoselectivities were deteriorated
(1:1-1.6 syn/anti). Significantly lower yields (3%66%)
were explained by a partial acetalization of the product.

Subsequently in 2006, ‘@dova and co-workers reported
that also the simpler prolinol cataly8&8 as well as the
diamine380is a viable epoxidation catalyst (Figure £8).

dation reaction was reported by Jgrgensen and co-workerdn addition, the oxazolidinone cataly&9 produced good

in 2005 (Scheme 84%° A prolinol derivative39 catalyzed
the addition of hydrogen peroxid®¥7to f-substituted enals

diastereoselectivities, but enantioselectivities were very low
with this catalyst. The same tendency was observed with

376in excellent stereoselectivities and moderate yields. In diamine381

addition to hydrogen peroxide, organic peroxides could also An alternative epoxidation strategy was proposed by
be used as oxidants, without impairing the enantiocontrol, MacMillan and co-workers later that ye#?. Utilizing their
although conversions were clearly diminished. Stereoselec-well-established imidazolidinone catalys18 as a HCIQ
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Scheme 84. Asymmetric Epoxidation of Enal§®

o}
H | Ar / \
Ar ne N
R TMSO
376 10 mol% N
60-90% yield
1:9-1:49 syn:anti 378 07 R
94-98% ee 0
HO~OH 8 examples H
377 L |
R = aromatic, aliphatic ‘
0]
H
)oi
R
anti-379

salt, they used in situ produced iodosobenzene to attack enals
382via a domino iminium-enamine cascade (Scheme 85).

Slow release of iodosobenzene from NsNIB83 in the

presence of acid was found to be optimal when compared
to the use of pure iodosobenzene. Under the optimized
conditions, both aromatic and aliphafiesubstituted enals

382 were converted to the corresponding epoxi888 in
high enantioselectivites (8@7% ee) and yields.

Pihko and co-workers developed assubstituted aniline
catalyst that readily transformed- or o,-substituted
aliphatic enal886to the corresponding epoxid8884° 2,6-

Erkkila et al.
Scheme 86. Aniline-Catalyzed Epoxidation ofx-Acroleins*®
i-Pr
Q ; NH,
i-Pr
41-TFA

386 10 mol%
R«
J 67-99% yield H 0 K
(1:1-3:1 syn:anti) L
t-BUO—-OH 11 examples 288
387 R = aliphatic

Scheme 87. Diphenyl Prolinol 148 Promotes Enantioselective
Epoxidation of Enoneg®

RV?H'\ N

OH
R2 163
389 10 mol% Q
27-87% yield RAOH
14-80% ee " R2
10 examples
t-BuO-OH 390
387

R"2 = Me, aromatic

substituents that force the iminiunisystem to twist out of

conjugation. This would then destabilize the imine or
iminium ion, allowing hydrolysis and regeneration of the
catalyst. Optimized reaction conditions delivered a variety

Diisopropylaniline41 was found to be the most active aniline ~ of racemic epoxide888in excellent conversion that could
catalyst in this transformation. The activity of the catalysts be isolated after an optional in situ NaBkduction in good
was suggested to be enhanced by the large isopropylyields (Scheme 86).
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6.1.1.2.a. Epoxidation of EnonesApplications for diaryl
proline-catalyzed enone epoxidation have been developed
by Lattanzi and later by Zhao. Lattanzi reported in 2005 that
chalcone derivatives as well as 4-aryl 2-butanone can be
epoxidated in the presence of diphenylprolirid3 and
TBHP 387 in hexanes (Scheme 8% The products were
obtained in generally varying yields and stereoselectivites
(16—98% vyield, 6-92% ee). In following publications,
Lattanzi reported that higher enantioselectivites can be
realized by the use of variously substituted diphenyl prolinols.
The best results were obtained witietadimethyl-substi-
tuted catalysB91 (Figure 14)2°* Furthermore, addition of
extraparamethoxy grouB92led to shortened reaction times
while retaining the selectivits?®

Zhao and co-workers also studied the diarylprolinols in
the epoxidation of chalcone derivatives. In accordance with
the results reported by Lattanzi, they reported tmeta
disubstitution is beneficial to the selectivity of the reactiéh.
On the basis of this observation, they introduced a recyclable
dendritic proline-based cataly394. Later, they studied the
effect of 4cis-subsitution of the pyrrolidine core structure
and reported high yields and stereoselectivities for various
chalcone epoxidation products wig93207

In both Lattanzi’'s and Zhao and co-workers’ studies, the
products were obtained in opposite facial selectivity com-
pared to epoxidations of enals catalyzed by TfBolinol
derivatives. On the basis of this observation, both authors
suggest that the reaction mechanism does not involve
iminium ions at all. They claim that opposite facial selectivity
should be obtained if an iminium intermediate would be
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Figure 14. Prolinol-based epoxidation catalys3§1—394204-207
Scheme 88. Possible Origin of Opposite Stereoselectivity Scheme 89. Asymmetric Aziridination of Enalg1®
with Catalysts 38 and 16301203
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N R2= Cbz, Boc \
attack from below attack from above 0
"N
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0 0 R R1
398
%, H R
=0 0 Scheme 90. Asymmetric Domino ReductiorCyclization?11
R R
present. It should be noted, however, that opposite diaster- Q NfMe
eomeric selectivities were similarly obtained with TMS ] ﬁ r m
diphenyl prolinol38 and unprotected prolindl63in Cordova N)\é !
and co-workers’ studies involving en&i. As such, the Ph 33:0
selectivity patterns with enones could also be explained by 20 mol%

—

an iminium activation paradigm where the free alcohol of

the prolinol acts as a directing unit, as has been observed 86-98% yield
i i i i ini i 1:12-1:50 syn:anti
with the proline acid side chain in the organocatalytic aldol O HH O 72-97% oo

reaction?®® and, thus, invites the peroxide to attack on the 3 9 examples
same face (Scheme 88). Additionally, similar hydrogen EtO | ] OEt -

bonding has been suggested by Sharpless and Verhoeven to N R = aromatic, aliphatic l
explain the epoxide orientation in the Henbest epoxid&fion. H R? = F, OMe /fz

In the case of TMS-protected prolinol, the controlling 2 n=12 QT
hydrogen bond is missing and the side chain provides only H N
steric bulk, thus directing the peroxide to approach from g \)
above. However, since no iminium ions have been detected 0. g2
in these studies, the ion-pair mechanism favored by Lattanzi anti-402

and Zhao and co-workers remains a viable possibility.

6.1.1.3. Aziridination. In 2007, Cadova and co-workers ~ acetate group. The reaction produced aziridi3&8 in
disclosed an aziridination reaction of enals that is analogousreéasonable yields and good stereoselectivities.
to the epoxidation reactioft? They employed the prolinol . .
derivative38 as the catalyst in the reaction while the nitrogen 6.1.2 Five-Membered Rings
in the aziridine ring was provided by an acylated hydroxy-  6.1.2.1. Carbocyclic. List and co-workers reported a
carbamat&96. The reaction proceeds via conjugate addition domino conjugate reductieraddition reaction using enone
of the hydroxycarbamate to the iminium intermediate to form enals400and the imidazolidinone cataly38 (Scheme 903!
the enaming97, as illustrated in Scheme 89. The aziridine The first step was an iminium-activated conjugate reduction
ring is then closed analogously to the cyclopropanation andin which the Hantzsch est@i77 served as the hydride donor.
epoxidation paradigms, assisted by the departure of theThe sterically less-hindered aldehyde formed the iminium
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Scheme 91. Asymmetric Synthesis of+)-Flustramine B145 Scheme 92. Tetrahydrothiophenes by an Enantioselective
o Me Domino Reaction According to Jgrgensen and Co-worker$®
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403 R MeOH
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+ enolization (slow)
Br N\ -
N H Me Br N,
N | Boc
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406 405 41
. _BBY 44-74% yleld
(-)-flustramine B gz_ggo;z Sé'gd 90-96% ee
7 examples 8 examples

ion chemoselectively and was reduced, leading to enamine

formation. The enamine then underwent a conjugate additionScheme 93. Asymmetric Synthesis of Tetrahydrotiophenes
to the ketone moiety, affording the bicyclic prod4g2in According to Wang and Co-workers*2

good yields. The reaction also was successful with starting

materials that did not contain an aromatic. In the case of a O

formation of a six-membered ring, the yields and selectivities O

were hardly affected (85% yield, 1:12 syn/anti, 95% ee). K | N

However, in the case of a five-membered ring, the enan- H OoTMs O
tioselectivity suffered notably (95% vyield, 1:24 syn/anti, a2 T 38:PhCOOH Et0

72% ee). 10 mol% T'V'SO N
6.1.2.2. Heterocyclicln 2004, MacMillan and co-workers 0 55-96% yield H

. . X X . 1:6-1:18 dr
published an interesting synthesis route t9-flustramine EtOJ\L 94-99% ee
SH

B 406 using a double iminium-activated domino reaction as 13 examples

the key step (Scheme 9% The first step of the reaction

was a standard iminium-activated enantioselective conjugate M3 R = CH,OBn, aromatic

addition to the enal70. The intermediate404 cannot

rearomatize because of the newly formed quaternary carbon o . M
center. The formed cyclic iminium ion is instead quenched T OEt
intramolecularly by the tethered amino group. In situ NaBH Hk[}
reduction affords produetO5with a moderate yield and good RV S
enantioselectivity. Prior to this, several amine-protecting M5
groups were screened, as well as different substituents at

the 5-7-positions of the indole moiety. The yields and mechanistic considerations are supported by the fact that

enantioselectivities were generally good {88% yield, products411 were obtained in notably lower ee’s than
89-99% ee). Preparation of furanoindolines by the corre- products409. The aldol step with benzoic acid was promoted
sponding domino strategy was also reported«(80% vyield, by chiral catalyst39, leading to enantioenrichment of the
82—93% ee). products. Under basic conditions, the asymmetric induction

In 2006, Jgrgensen and co-workers reported a dominowas solely derived from the primary conjugate addition step.
Michael-aldol reaction using enals and a ketothid7 The yields of both products were of the same order of
(Scheme 92)% The first step of the sequence was an magnitude, and only one diastereomer of each of the products
iminium-activated enantioselective conjugate addition to the was formed in the reaction.
enal. However, the fate of the resulting enamine intermediate Recently, Wang and co-workers also disclosed a method
depended on whether the reaction was carried out underfor preparing tetrahydrothiophenekl5 using a domino
acidic or basic conditions. The authors suggest that basicdouble Michael reaction between the eddl2 and trans
conditions promote the hydrolysis of the enam#@8 as ethyl-4-mercapto-2-butenoadd 3 (Scheme 9332 The prod-
well as the formation of the thermodynamically most stable ucts were obtained in good yields and excellent ee’s. Enals
enol 410, leading to produc#t1l On the other hand, with 412 were mostly aromatic, but an alkyl-substituted £R
benzoic acid, the ketone reacts with the newly formed CH,OBnN) enal was reported to perform almost equally well
enamine, leading to the formation of produt29. These in the reaction (62% vyield, 1:7 dr, 94% ee).
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Scheme 94. Proline-Catalyzed Dimerization of Aldehydé¥®
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Scheme 95. All-Proline-Catalyzed Robinson Annulatioh®
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from the chiral amine auxiliary. In a DietsAlder reaction
mechanism, the auxiliary should have a stronger effect on
the stereochemistry. However, swapping the amine from

ously observed the dimerization of aldehyd#7 in low proline to diethylprolinol did have a relatively large effect,

yields in the presence of the milk whey protédactoglo- ~ ¢&using a drop of 35% in the é&. _ _
bulin. Subsequently, they discovered that the simple amino Bui and Barbas disclosed an all-proline-catalyzed Robin-
acid proline35 proved to be even better at activating the SON annulation in 2008° The conjugate addition step and
reaction. The reaction was also expanded to other aldehydesthe cyclization step were performed separately in the
The mechanism involves the formation of-@namine419 traditional method, with the first step being acid-catalyzed.
that supposedly reacts with the iminium ie@i8 of the The method by Bui and Barbas enabled the fII’S.t step to be
aldehyde and proline. Strictly speaking, the reaction is not catalyzed by proline as well (Scheme 95). Swaminathan and
catalytic, as an excess of proline was used at all times. CO-workers used a similar approach in preparing spiroene-
However, it is an early and interesting example of a reaction diones from methyl vinyl ketone and cyclic ketoaldehyéfés.
type that will be encountered several times during this review. In general, 1 equiv of proline was used, affording products
The reaction was moderately enantioselective, but the in modest yields (4349%) and enantioselectivities{34%
absolute configurations of the products were not reported. ee).
The group did not comment on the reaction mechanism. Barbas and co-workers also reported an amine-catalyzed
However, one of the authors suggested in a subsequent articlglimerization of enoned24in 2002 (Scheme 96}° Pyrro-
that similar proline-catalyzed reactions proceed through alidine 63 was found to be the best catalyst for this
domino conjugatealdol—addition route instead of a one- transformation. Proling5 and ©)-1-(pyrrolidinylmethyl)-
phase pericyclic on#4In the same article, the configuration ~ pyrrolidine 381 were also tested as catalysts for the dimer-
of the major isomer was presented @421 ization. The formation of the prochirako426was favored
Watanabe had been a member of the group of Liu and under most conditions. The best exo-selectivities were
Asato, who reported the aldehyde dimerizations in 1992 obtained when water was used as the solvent. The formation
(Scheme 9431314 years later, in 2006, he and his co-workers Of the endo-product was modestly enantioselective. The
revisited this proline-catalyzed reaction. The dimerizations cycloadducende426 (R = —SPh) was obtained in 23% ee
were tested with several enals using 1.5 equiv of proline, using proline as the catalyst. The authors themselves did not
but the results remained similar to those reported in the comment on the reaction mechanism. Both stepwise as well
original article (42-89% yield, 26-62% ee). Using proline- ~ as concerted mechanisms could be operating as depicted
derived alcohols or esters as catalysts further lowered theabove in Scheme 81A.
ee. The authors suggest that the modest enantioselectivity is A couple of months earlier, Tanaka and co-workers had
an indicator of a domino reaction mechanism, where the also reported an amine-activated formal Diefdder reaction
stereochemistry is determined at theand y-carbons far between nitroalkenes and enor&sAssuming that the

In addition, Cedova and co-workers reported an organo-
catalytic synthesis of 5-hydroxyisoxazolidines from enals and
carbamate-protected hydroxylamirié$This reaction was
already discussed in the section regarding conjugate additions
of N-nucleophiles (see section 4.5, Scheme 68).

6.1.3. Six-Membered Rings

6.1.3.1. Carbocyclic.In 1992, Liu and co-workers pub-
lished the dimerization of enat, 252 416, and417 into
cyclic products421 (Scheme 943* The group had previ-

o R o R
):@o):@o

ex0-426 endo-426
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Scheme 97. Enantioselective Domino Knoevenagédformal Scheme 98. Domino KnoevenageFormal Diels—Alder
Diels—Alder Reaction?18 Reaction Using Indandiones as Starting Material3!®
0 _ _
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Q R? 0 R"2 = aromatic L 0 _
o_ — 0
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o 12 _ : ‘
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429

cis-442

trans-433 434 cis-433 catalyzed by prolin®5) as well as for nonsymmetric {R«
R?) ones (36-99% vyield, 6:1-99:1 cis/transcatalyzed by

reaction mechanism is a double conjugate addition insteadpyrrolidine 63).
of a one-step DielsAlder reaction, it is likely that the final Ramachary and Barbas also described a proline-catalyzed
cyclization step is iminium-activated. One equivalent of domino synthesis of spirotriones that consisted of a Wittig
proline 35 or diamine381 was used, but it was noted that KnoevenagetDiels—Alder sequencé?! In this reaction
the reaction also proceeded with only 30 or 50 mol % of the sequence, the enone is formed in situ from an aromatic
amine. aldehyde and phosphorane. The reaction was fully diaste-

In 2003, Barbas and co-workers achieved an amino acid-reoselective if the cyclohexane ring of the spirolactone
catalyzed synthesis of spirotrioneis-433in one pot from contained no substituents. An unsymmetrically substituted
three starting materials (Scheme 9P)A variety of amine spirolactone afforded a 1:1 mixture of diastereomers. The
catalysts were screened for the reaction. The thiaprdite authors had also tested an aldol reaction as one of the reaction
was found to be the most active, and it also afforded good steps before deciding in favor of the Wittig reaction.
enantioselectivity. The first reaction step involves Meldrum’s However, the aldol reaction was dismissed because of the
acid 429 that reacts with aldehydé28 forming the Kno- formation of unwanted side products. Obtaining asymmetric
evenagel adduct32 This step is likely to be iminium-  products also was possible by using two different aromatic
catalyzed. Following this, the enone and the catalyst form aldehydes in the WittigKnoevenagetDiels—Alder se-
an enamine431 that reacts witrd32 in a formal Diels- guence. The selectivity of the reaction was controlled simply
Alder reaction. This reaction may be an actual DigMdder by the order of addition of the reactants. The diastereose-
reaction or, more likely, an enamir@ninium-activated lectivity remained high ¥ 100:1), but the enantioselectivity
double conjugate addition. Prod4i&3is obtained as a single  was only moderate (4270% ee).
cis-diastereomer with good yields and enantioselectivities. In 2004, Jgrgensen and co-workers reported a domino
In addition to ketone produc#33 acetal434 was also cyclization between enonet3and-ketoesteA44 (Scheme
obtained in some of the reactions. Proline was an excellent99)123 The first step is the enantioselective iminium-activated
catalyst for the preparation of prochiral{R R?) products conjugate addition catalyzed by the imidazolidB& Two
(85—99% vyield, 2 examples). However, proline afforded stereogenic centers are formed in intermeditg but the
chiral (Rt = R?) trans-433 products in only 34% ee. one positioned in thew-position of thef-ketoester moiety

Barbas and co-workers also expanded the domino se-epimerizes readily. However, only one of these diastereo-
quence to include 1,3-indanediones as starting matétrs. meric intermediates cyclizes, forming the stable six-
Analogous to the previous domino sequence, indanedionemembered ringtrans446 with all the large substituents
437 and aldehydd@36form a Knoevenagel addudB9that equatorial. The authors presumed this step to be base-
reacts with enamind38in a formal Diels-Alder reaction. catalyzed but did not completely exclude the possibility of
Various amine catalysts, including thiaprolid@0, were enamine catalysis. The stereoselectivities of the reaction were
screened, but no satisfactory ee was obtained. For this reasorgood, but the yields varied depending on the starting
the studies were directed at the preparation of diastereopurematerials. For instance, the yields remained poor{#4%)
products. After the formal DielsAlder step, both cis- and  when R was not benzyl (R= Me, Et).
trans-productg42were observed, but the kineti@ns-442 Jargensen and co-workers published an extension to this
readily epimerized through an amine-catalyzed retroconjugatereaction that alloweg-diketones angs-ketosulfones to be
addition mechanism via intermedia4d1 (Scheme 98). No  used as Michael donors in addition {é-ketoesterd?*
epimerization occurred in the absence of the catalyst. GoodHowever, aliphatic substituents on these compounds were
yields and diastereoselectivities were obtained for both not tolerated, affording only trace yields. Results were only
symmetric (R = R?) products (66-98% vyield, 99:1 cis/trans,  reported with phenyl-substituted diketones and ketosulfones.
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Scheme 99. Enantioselective Cyclization of Enones and
P-Ketoesterd?3
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Diastereoselectivities were excellent with both compounds,
but yields and enantioselectivities were better with the
ketosulfones (4895% yield, 96-99% ee) than with the
diketones (41+87%, 64-91% ee). Gryko has reported a
proline-catalyzed version of this reaction, usjiigiketones
and methyl vinyl ketone as starting materi&s.In this
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Scheme 101. Enanatioselective Domino Cyclization of Enals
and p-Ketoesterg?”
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of the aldol step, deprotonation of the hydroxyl group by a
stronger base ¥CO; triggered the epoxidation. The excellent
diastereoselectivity observed in this reaction ensues from the
fact that, for the epoxide formation to proceed, both the
chloride and hydroxyl groups need to be in axial positions.
In addition, the conformation having the!-Rubstituent
equatorial is strongly favored. The reaction affords epoxides
451 with moderate yields and good enantioselectivities. If
intermediate449is treated with triethylamine and a drying
agent instead of CO;, a molecule of water is eliminated
by an E1cB mechanism, yielding the condensation product
450

In 2006, Jargensen and co-workers reported an extension
of their studies on domino cyclizations wifhketoesters?’

The recent studies focused on finding environmentally
friendly reaction conditions. A conjugate addition catalyzed
by 39 afforded the acyclic intermedia#®4in high ee, which
upon addition of acid went through ester hydrolysis, decar-
boxylation, and aldol ring-closure455 was obtained in
acceptable yields and generally good ee’s (Scheme 101). The
reactions were performed in neat conditions, without any
additional solvent. Interestingly, performing the first part of
the reaction in beer (sic!) instead of water afforded the
conjugate addition intermediate in a slightly better yield and
ee (90% vs 98% yield and 94% vs 96% ee).

Enders and co-workers have published a method for
preparing tetrasubstituted carbaldehydts3 from three
achiral starting materials (Scheme 162)Catalyst38 was
able to catalyze every step of the reaction. First, the catalyst
and aldehyd&57 form an enamine that adds to nitroalkene
458 Then the catalyst forms an iminium ion with ed&9,
and the newly formed nitroalkarf1 adds to iminium460

approach, the stereochemistry is determined later, at thein @ conjugate fashion. Finally, the resulting enan2
enamine-catalyzed aldol step. This seemed to result inundergoes an intramolecular aldol addition with the aldehyde,

somewhat lower enantioselectivities (480% ee), although
the yields were generally acceptable {3#8%). In addition,
diketones with different aromatic substituents afforded
products with good regioselectivity (1:14 or higher).
Jargensen and co-workers also reported a domino Miehael
aldol—epoxidation/elimination reaction (Scheme 189)lhe
Michael and aldol steps proceeded in the usual imirium
enamine-activated manner, yielding the intermedid@with

forming the cyclic productt63

The chemoselectivity of the first step of the reaction was
explained by nitroalkené58being a better Michael acceptor
than enal459 The final product463 also is a Michael
acceptor, but the nitroalkane reacts preferentially with the
sterically less-hindered iminium intermediad®0 in the
second step. The enantioselectivities were excellent, and the
diastereoselectivities were fairly good with an average of

a single stable stereocenter. The authors presumed the aldal:5 555R. Only two diastereomers were formed in the
step to be base-catalyzed and reversible. After the completionreaction, out of the numerous possibilities. These differ in
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Scheme 102. Cyclic Carbaldehydes via an Asymmetric Scheme 103. Asymmetric Triple Domino Reaction Coupled
Triple Domino Reaction??? with a Lewis Acid-Catalyzed Diels—Alder Reaction??3
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the configuration of the nitro group at the 5-position. The Scheme 104. Formal [3-3]-Dimerization of

yields were generally modest, and lower yields were obtained Crotonaldehydee

if the Re-substituent on the enal was aliphatic {Z9% O\(O

yield). Besides aromatic aldehydes, acrolein also afforded N ®

good results (50% yield). The substituent on nitroalkéb@ o H 35 OH NHR, NRa INR 0

was required to be aromafi¢2 100 mol% HMH ¢ .
Recently, Enders and co-workers reported an extensionHJ\k 69% viold ’ e H)iﬁ“

to the three-step domino sequence that includes a Lewis acid- 80% Z':(Sy,,) ( 469 RoN

catalyzed Diels-Alder reaction performed in the same pet. 95% ee (ant)) | R,NH 470

One of the starting materials possesses a diene moiety able

to react in the DielsAlder reaction. The first part of the

sequence is identical to the previously reported carbaldehyde
synthesis, yielding intermedia#&7. Catalyst38 was not able O OH O OH ®NR, OH
to catalyze the DielsAlder reaction, possibly because of H
the steric hindrance of the highly substituted aldehyde HJ\O " HJ\@ H
intermediate. However, the Diet\lder reaction could be R,N
activated by adding an excess of the Lewis acidAMEl syn-472 anti-472
after completion of the organocatalytic part of the sequence.
The reaction afforded the tricyclic produt8with moderate
yield and excellent stereoselectivity (Scheme 103). A total  Chen and co-workers studied asymmetric conjugate addi-
of eight stereocenters were formed in a single operation. Thetions of vinylogous enolates ofi,o-dicyanoalkenes to
Diels—Alder reactions leading to the formation of three enoneg?2The aim of the work was to perform double con-
6-membered rings(= 2) were fully diastereoselective. On  jugate additions catalyzed by the primary amd®eaffording
the other hand, the reactions leading to the formation of one cyclic dicyanoketones of the tyg5as products. However,
5-membered ringr( = 1) yielded two diastereomers. In. most reactions stopped after the first step, likely because of
additipn, one diastereomerd5R) originated from the earlier  steric reasons, affording conjugate addition prodaits
reaction steps. These reactions have been discussed in section 4.2.5. On
Hong and co-workers have also published iminium- the other hand, small dicyanoalkenes reacted with 4-phen-
activated domino cyclizations of enals, using typically 1 ylbutenone even further than expected, cleaving malononitrile
equiv of amine, such as proline or pyrroliditfé22>Among in a final retro-Michael-type transformation, yielding cyclic
these were formal [24]-additions similar to those previously enones476 as products (Scheme 105). The reaction had
reported by Liu and Asato (see Schemes 81C and’90). excellent stereoselectivities but modest yields. The final
However, in these studies, two different enals were also reaction steps could also be promoted by smaller primary
coupled selectively, instead of performing only dimerizations. amines such as BnNHn a separate step, which enabled
In addition, formal [3+3]-cycloadditions were disclosééf the use of larger dicyanoalkenes as reaction substrates. In
The authors suggest that these reactions proceed through addition, with 2-cyclohexylidenemalononitrile, the reaction
Morita—Baylis—Hillman-type mechanism involving a total  stopped after the two Michael steps, affording ketdii®
of three amine molecules in the second addition step (Schemeas the product (63% vyield, 98% ee).
104). This reaction type only prevails with relatively small Jargensen and co-workers published a domino double
enals, such as crotonaldehyde. Larger enal substrates favoMichael reaction using activated methylene compounds as
the simpler [2-4]-addition pathway. the nucleophiles (Scheme 138j.The methylene compound

471

a 1:1 mixture
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Scheme 105. Primary Amine-Catalyzed Asymmetric Triple Domino Reaction Using Dicyanoalken&3
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Scheme 106. Enantioselective Double Michael Reactions of
Malononitriles 227
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Scheme 107. Proline-Catalyzed Reaction of

9-Tosyl-3,4-dihydrof-carboline with Enoneg?°
N o

N
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50 mol%

76-91% yield
92-99% ee
3 examples

54-89% vyield
97-99% ee
NC._CN 7 examples

478 l 485

R"-2 = aromatic, aliphatic H "
R3 = aliphatic )
EWG = CN, NO; R’ R?

487 O

but modest yield and varying diastereoselectivity-{53%
yield, 1:1.5-1:49 dr, 98-99% ee, 4 examples). The best
diastereoselectivities were obtained with bulky substituents.

6.1.3.2. HeterocyclicOhsawa and co-workers reported a
proline-catalyzed asymmetric addition reaction between
9-tosyl-3,4-dihydrg3-carboline484and different ketones in
2003228 The proline reacts first with the ketone, forming an
enamine that reacts with the imine moiety of the carboline.
With enones such ad85 the initial amine adduct86
undergoes a conjugate addition to the simultaneously formed
iminium ion (Scheme 107%°

H H

R" 77 R2 R R?

EWG CO,R® NC" CN
483 482

first reacts with the iminium ion of the catalyst and eA@r.
The intermediate adduet79 is able to add to yet another In 2005, Hsung and co-workers disclosed a formal
intermediate iminium ion480 forming a product that intramolecular aza-f83]-cycloaddition using vinylogous
immediately cyclizes via an intramolecular aldol reaction. amides488(Scheme 108)*° Several G- and G-symmetric
Product482was obtained with an excellent enantioselectivity catalysts were tested in the reaction, including catedgst
and as a single diastereomer. Generating products with twoand imidazolidinone29 and33. However, diphenylprolinol
different R-substituents regioselectively was also possible 163 proved to be the best catalyst with a 60% yield and a
if Rt was bulkier than Rand if the enal bearing the?R 62% ee R) in the test reaction. The yields and enantiose-
substituent was added to the reaction mixture after the first lectivities were of the same order of magnitude with all the
reaction had proceeded to completion {%5P% vyield, tested amide488 except for the one having a shorter carbon
97—-99% ee, 2 examples). The possibility of using methylene tether of only three atom#& & 1). This amide afforded only
compounds with two different electron-withdrawing groups a 20% ee. The enantioselectivity was opposite, leading to
was also investigated. Cyano- and nitroesters affortB1 the formation of §-492 in one occasion. £symmetric

as the main diastereomer with excellent enantioselectivity catalysts also favored the formation of tt®-product.
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Scheme 108. Formal Iminium-Catalyzed Intramolecular
[3+3]-Cycloaddition4°
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The authors observed that tAé&=-isomerism of amidd88

had no effect on the ee of produt®2 Possible racemization
through electrocyclic ring opening and closure could also
be excluded. The NMR spectra indicated that the intermediate
491 consisted of only two diastereomers. This led the authors
to believe that the stereochemistry was determined in the
earlier 1,4-addition step. The selectivity was also studied by
computer simulations. In addition, a vinylogous amide
containing a methyl group in the-position of the aldehyde

was synthesized. In this case, the reaction was slow and, H

although the diastereoselectivity was good, the product was
racemic. This was probably due to the noncatalytic back-
ground reaction.

Balailae and co-workers reported a proline-catalyzed
domino Knoevenageicyclization reaction in 2006. They
used aromatic aldehyde$93 activated methylene com-
poundsA94, and dimedond95as starting materials (Scheme
109)2%9The authors suggest that the first step is an iminium-

Erkkila et al.
Scheme 109. Proline-Catalyzed Domino
Knoevenaget-Cyclization?3°
Ji§
N
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24 examples 496 0
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Scheme 110. Thiochromenes by an Enantioselective Domino
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Scheme 111. Chromenes by an Enantioselective Domino
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20-95% yield S >R2
J 83-98% ee R O R
H I X 14 examples 503
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activated Knoevenagel condensation between the aldehyde

and the methylene compound, followed by a conjugate

enantioselectivities. @dova and co-workers have also ob-

addition by dimedone. This intermediate would then undergo tained comparable results under similar reaction condititins.

a cyclization, affordingd97 as the product. The product is

Simultaneously, Calova and co-workers reported the

obtained as racemate, but the yields are good and only apreparation of chromenes03 by a corresponding domino
small amount of catalyst is required for the reaction to reaction starting from 2-hydroxybenzaldehy&6g (Scheme

proceed.

In 2006, Wang and co-workers disclosed a method for
preparing thiochromene$00 using a domino reaction
catalyzed by89.6° Thiol 499reacts with the iminium ion of

111)185The acid cocatalyst proved to be essential for a high
enantioselectivity in this reaction as well. The ee of a test
reaction was increased from 9% to 88% by the addition of

2-nitrobenzoic acid, ah4 A molecular sieves improved the

enal 498 in a conjugate fashion, after which the formed yields.

enamine adds to the benzaldehyde moiety (Scheme 110). An Also in 2006, Arvidsson and co-workers published a
acid cocatalyst improved both yields and enantioselectivities. similar reaction sequence catalyzed 8§ (10 mol %)186

The optimized reaction conditions also included addition of The chromene products were obtained in modest yields
4 A molecular sieves and using toluene as the solvent. The(14—70%) and moderate enantioselectivities{20% ee).
reaction afforded thiochromenes with good vyields and A variety of acids and bases were tested as additives, but
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Scheme 112. Dihydroquinolines by an Enantioselective Scheme 113. Proline-Catalyzed Formal Imine-Diels—Alder
Domino Reactior?3! Reactior?32
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9 | i { <
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13 examples Cbz 510 R"2 = aromatic

507 R3 = allyl, homoallyl, aromatic
1 . 0]
R" = aromatic
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R?" "N R

the results were not satisfactory. 4-chlorobenzoic acid R3
increased the ee 20% (to 72% ee) in the test reaction, but 512

with concomitant reduction in the yield. @ova and co- _ )
workers had encountered the same difficulty, but they Scheme 114. Organocatalytic Hantzsch Reactiéf?

compensated for it by applying molecular sieves and chang- 0o 0 O\(O
ing the solvent from chloroform to toluene. Most recently, 1J\/U\— N
. . . R

Wei and co-workers also reported a domino synthesis of 513 H 35 OH )
chromenes using TES-protected diphenylprolinol as the 10 mol% R® Q
catalystt®” The reaction afforded chromenes with good yields j\ NH4OAc R
and enantioselectivities (5328% yield, 75-99% ee). Enals H™ R? 83-96% yield
with electron-withdrawing substituents were found to give 514 14 examples N
the best results. ? 515

Recently, Wang and co-workers also published a similar — . '
domino reaction sequence for preparing 1,2-dihydroquino- | 22 - ?ﬁihﬁi‘igiﬁ'ﬁ’fﬁam
lines 507 from enals504 and N-protected 2-aminobenzal- 495 - (conte

dehydes5052%! The products were obtained in very good
yields and ee’s (Scheme 112). However, the eb@in the reaction mechanism, the authors suggested that the
Scheme 112 are all aromatic. Alkyl-substituted enafs¥R  enamine of the catalyst and the enone would undergo a
Me, CH,OBnN) reacted well with tosyl-protected 2-aminoben- Diels—Alder reaction with the imine. This is a valid
zaldehyde, affording 86% yield and 992% ee. The base  suggestion, but we feel that there also is a possibility that
additive was noted to be essential for obtaining good yields. this reaction might proceed in a stepwise manner, via an
In addition 4 A molecular sieves were found to facilitate  jminjum-activated domino mechanism as depicted in Scheme
the final dehydration step. 113.

Cordova and co-workers also disclosed a version of this  Kumar and Maurya published a proline-catalyzed unsym-
reaction using 2-mercaptobenzaldehydes and cyclic enonesnetric Hantzsch reaction (Scheme 13%)The reaction was
as starting materials instead of enéllsThe reaction was  tested in both ethanol and water, but the best results were
catalyzed by prolinol508 or diamine 346 (Figure 15),  obtained in neat conditions. The authors suggest that the

reaction begins with a proline-catalyzed Knoevenagel con-

O\\ densation between the aldehy&i4 and either of the
O\\ N dicarbonyl compound$13 or 495 Simultaneously, the
N OH H N amine salt forms an enamine with the other dicarbonyl
508 381 G compound. Finally, the intermediates react with each other
: A . [ Michael-type reaction. Without any catalyst, polyhy-
Figure 15. Catalysts for preparation of tetrahydrothioxan- n a

droquinolines and adduct of the aldehyde and dimedone was
obtained. The chemoselectivity of the reaction was excellent,
affording tricyclic tetrahydrothioxanthenones as the products. Put the product was formed as a racemate.
However, the enantioselectivity of this reaction was only 6.1.4. Other Rina Sizes
moderate at best (38%7% ee). Recently, the same group ™ Y
also reported a corresponding route to tetrahydroxanthenones Harmata and co-workers disclosed a formaH-f3-
starting from 2-hydroxybenzaldehydes and endffe$he cycloaddition reaction between 2,5-disubstituted furaha
products were obtained in good ee’'s {&88.% ee) but modest  and silyloxypentadienals1623* The bicyclic product$19
yields (51-56%). were obtained with good stereoselectivities and acceptable
Aznar and co-workers reported a proline-catalyzed formal yields (Scheme 115). The reaction most likely proceeds via
imino—Diels—Alder reactior?®> The formation of the prochiral  a stepwise domino mechanism. When a 2-monosubstituted
cis-product512 was strongly favored under all conditions. furan was used as the starting material, the reaction stopped
Preparation of chiral products with different aryl groups was at the intermediatés18, and an alkylation product was
also attempted, but the products were obtained racemic.obtained. Unsubstituted furan afforded only trace yields of
Nevertheless, the diastereoselectivity was excellent. As forproducts. 3,4-fused 2,5-diphenylisobenzofuran afforded a

thenoned’!
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Scheme 115. Formal Asymmetric [3-4]-Cycloaddition?34 Scheme 117. Enantioselective Domino Imine
O Me - _ Aldol —Conjugate Addition174
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Scheme 116. Asymmetric Domind-Nitroso
Aldol —Conjugate Additionl73
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523 R' = H, Me, Ph, -OCH,CH,O- poorest yields (1632%). A-substituted enone did not react
R2 = aromatic past the first step, affording the Mannich add&26 as the
n=1,2 only product (40% vyield, 94% ee).

mixture of endo- and exo-products (56% yield, 3.7:1 endo/ 6.2. Intermolecular Domino Reactions
exo) with modest enantioselectivities (12% endo ee, 68% garpas and co-workers reported a domino Knoeveragel

exo ee). conjugate addition reaction in 206¥.The main subject of
Yamamoto and co-workers reported a dom@daitroso the article was amine-catalyzed conjugate additions of
aldol-conjugate addition reaction using cyclic enois&d acetones27to alkylidene malonates. However, it was noted
and aromatic nitroso compound2l (Schemes 65 and  that the diamine381 also catalyzed the formation of the
116)*"*The pyrrolidine-based tetrazole catalg3tforms an  alkylidene malonates from benzaldehydeand diethyl
enamine that adds to the oxygen atonbafl. The authors  malonate526in the same pot. The reaction sequence afforded
suggest that the resulting iminium i@01 exists in a boat 528 with a moderate yield and ee (Scheme 118).
form, with the aminoxy group being in an axial position on  Shortly after, List and co-workers expanded the Knoev-
the convex side of the boat. This places the nitrogen atom enaget-conjugate addition methodology to various aldehydes
in an optimal position for a conjugate addition to the iminium  530and Meldrum’s acid29, using proline35 as the catalyst
moiety. The aldol part of this reaction could also be promoted (Scheme 11938 Products532were obtained racemic; ee’s
by a silver catalyst. However, no metal, acid, or base catalyst < 594 were reported. In addition to acetone, the reaction
seemed to be able to promote the subsequent cyclizationwas also performed with cyclopentanone and cyclohexanone.
On the contrary, the organocatalytic reaction afforded These products were obtained in moderate yields-{&6)
bicyclic products with moderate yields and excellent enan- and as single diastereomers.
tioselectivities. In the case of heptenoné (RH, n = 2), In 2002, Barbas and co-workers also disclosed a proline-
better yields were achieved with a proline cataB5(51%) catalyzed trimerization of acetaldehyB®@323 The first step
than with tetrazol@7 (14%). Shortly afterward, Hayashi and  of the sequence is a standard enamine-activated asymmetric
co-worker$® as well as Adolfsson and ‘@ova and co-  aldol reaction. However, the authors suggest that the
workerg®® also reported this reaction type in their articles intermediate iminium io34would not be hydrolyzed after
discussing organocatalytic-aminoxylations. the first step but would instead react further in a Mannich-
In the following year, Cedova and co-workers published type condensation. Optimized reaction conditions afforded
an analogous formal aza-Diel#lder addition, in which 535with a poor yield but a good ee (Scheme 120).
imines were used instead of nitroso compounds (Schemes Nakamura and Yamamoto reported a doméinmethyl-
65 and 1173’4 The imines were formed in situ from enation-Diels—Alder reaction between cyclic keton&87
formaldehydeés23and aniline$24 The reaction was proline-  and diene$41in 2002 (Scheme 122° The first reaction
catalyzed, affording azabicycloketon885 as products in  step consists of the diamir&36 forming an enamin&38
varying yields and high enantioselectivities. Cyclopentenone with the ketone and the MOM (methoxymethyl) chloride.
as the enone ang-halogen-substituted anilines gave the The enamine attacks intramolecularly to the MOM chain.
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Scheme 119. Domino KnoevenageAldol Reaction?38
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Scheme 122. Enantioselective Domino Conjugate
Addition —Halogenationt>*
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MacMillan and co-workers published a domino conjugate
addition—halogenation reaction in 2005 (Scheme 122).
Heteroaromatic nucleophiled37 and 544—547 add in a
conjugate fashion to the iminium ion of eri3and amine
catalystc49 Afterward, the same catalyst forms an enamine
that will react with electrophiles, such as the chlorination
reagent548 Product550 is formed with high stereoselec-
tivities and generally good vyields.

In the same article, MacMillan and co-workers also
reported a domino reductierhalogenation reaction, in which
a molecule of HF or HCI is formally added to ers$11%*

The first step of the sequence was an iminium-activated
conjugate reduction, in which the Hantzsch e2@0served

as the hydride donor. The entire sequence could be catalyzed
by imidazolidinone552 H and F were syn (3:1 syn/anti),
and H and Cl were anti (1:8 syn/anti) in the major products.
The stereocenters could also be controlled separately, if the
second catalys29was added along with the halogen transfer
reagent554 after the first reaction went to completion
(Scheme 123). However, a fourfold amount of the catalyst
was required as compared to the first catalyst. Therefore,
the stereochemistry of the second addition was controlled
by the catalyst instead of the substrate. The yields and
enantioselectivities were of the same order of magnitude in
both single- and double-catalyst methods. Slightly better
diastereoselectivities were obtained if two different catalysts
were used.

Simultaneously with the MacMillan study, Jgrgensen and
co-workers disclosed a domino reaction between an29l
a thiol 295 and an azodicarboxylateb6 (Scheme 124367
The reaction was catalyzed by the prolinol-derivaB@The
authors had started their work by studying the iminium-
activated enantioselective conjugate addition of the thiol to

Subsequently, a molecule of methanol is cleaved when thethe enal. The next task was to subject the formed enamine

enamine converts to the iminium i0640. The resulting

intermediate for reaction with the azodicarboxylate electro-

2-methylene iminium ion is able to react with the diene added phile. According to Jargensen, hydrolysis of the iminium

to the reaction mixture, forming spiranorie®2 This reaction

ion derived from the first step was slow, leading to a low

is not strictly catalytic, because a stoichiometric amount of concentration of the free catalyst. In fact, the rate of the first
the diamine is used. Nevertheless, the reaction is a goodstep was observed to accelerate when the addition reaction
example of iminium activation, as the unactivated 2-meth- was included as a part of a domino sequence. The final
ylenecyclohexanone was completely unreactive toward dienesproduct557was sterically very demanding, and the hydroly-

in the reaction conditions.

sis of the catalyst became more favored. The diastereose-
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Scheme 123. Enantioselective Formal Addition of HF to an

Erkkila et al.

Scheme 125. Asymmetric Domino Conjugate

Enall4 Reduction—Mannich Reaction65
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RI0Ly | 5 examples anti-557 under the definition of iminium catalysis. In general, these
N s e reactions can be divided into three subgroups: (i) iminium-
ssg 2y R'#°=alphatic promoted 1,2-additions to carbonyl compounds that are

followed by elimination of the formed Mannich base, (ii)
iminium-promoted amination of carbonyl compounds that
proceed via transimination of the iminium catalyst complex,
and (iii) cleavage of the €X a-bond of iminium, forming

a carbonyl compound (a special case of this type of enamine
formation is the cleavage of the- a-bond, often leading

to enamine-promoted reactions). All these reactions lead to
formation of a G=C or C=N double bond either in the
product or at the intermediate state (Scheme 126).

lectivity of the reaction was good, and the enantioselectivity
was excellent. The reaction was tested with simple aliphatic
starting materials (R® = Me, Et or Bn).

In 2006, Caodova and co-workers published a domino
reductior-o-addition of enals (Scheme 12%}.The first step
was a conjugate reduction using the Hantzsch &stérand
the second was a Mannich-type addition of the resulting
enamine to electrophilibl-protectedx-iminoglyoxylate559
The prolinol-derivative38 was used as the catalyst in 10 P
mol % quantities. Moderate yields and good stereoselec—Y'l' Transamination
tivities were achieved in the reaction (540% yield, In 1962, Jencks and co-workers described an aniline-
1:10-1:50 syn/anti, 9599% ee, 4 examples). The diaste- catalyzed semicarbazone (imine) formation from benzalde-
reoselectivity of the reaction could be reversedRfproline hydes12 that proceeds via transamination of the iminium
was added along with the imine electrophile in the second ion formed between the starting material and the aniline
reaction step (80% yield, 5:1 syn/anti, 96% ee). catalyst13 illustrated in Scheme 12%.They performed

exhaustive kinetic experiments to confirm the existence of
7. Iminium-Catalyzed Reactions of Saturated the iminium intermediate. .
Carbony! Compounds More than 40 years later, Dawson and cq—wquers utilized

anilines as iminium catalysis in oxime ligatiéft. They

In addition to the cyclo- and conjugate additions to enals applied the aniline catalyst to the ligation of two unprotected
and enones, there are several other reaction modes that falpeptides561 and 562 at pH 4.5 (Scheme 128). The time



Iminium Catalysis

Scheme 127. Aniline-Catalyzed Imine Formatio#’
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required to reach 50% conversion was only 25 min, whereas

in the absence of the aniline catalyst, the same conversion

was achieved in 310 min.
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Lam and co-workers reported that the pyrrolidium acetate-
catalyzed condensation of 2-hydroxybenzaldehydes with
Meldrum’s acid followed by subsequent lactonization can
be used in the synthesis of coumariBrcarboxylic acids
(Scheme 1313%* The reactions proceeded cleanly, providing
product in good yields (6298%). Similar solid-phase
syntheses of coumarir3-carboxylic acids have been dis-
closed by Watson and ChristianséhThey used an identical
catalyst system, but the malonate was attached to the Wang
resin. In a similar fashion, amine-catalyzed Knoevenagel
condensation has been utilized in the proline-catalyzed
synthesis of of alkylidene and arylidene malonates by
Cardillo and co-workers*®

In 2002, Shevelev and co-workers published a synthesis
of dinitrothiochromane&75 from aromatic aldehydeS73
and the sulfonyl esteb674 derived from TNT (Scheme
132)2*° The Knoevenagel-type condensation was promoted
by piperidine, affording products in varying yields.

Inokuchi and Kawafuchi have reported d&hlselective
Knoevenagel condensation of aldehydes and acetoacetic
derivatives (Scheme 133% They investigated the effect of
acylated substituents on tl&#Z selectivity of Knoevenagel
condensation in the presence of catalytic amounts of pip-
eridine 3 and acetic acid cocatalyst. Bulky-ketoamides
derived from 2,2,6,6-tetramethylpiperidine (e §j7,7) were

Subsequently, Dawson and co-workers investigated the us§qengified to be highly favorabie for obtaining the desired

of aniline in hydrazone formation between two unprotected
peptides565 and 566 (Scheme 129*? The reaction rates

E-stereochemistry of the product. However, only cyclic
aldehydes gave the desired selectivity. Interestingly, the

were compared in the absence and in the presence of th&yeinreb amide analogues 677 favored theZ-isomers.

aniline catalyst. On the basis of this and the interception of Earlier, Tanikaga and co-workers had already reported
catalyst starting material iminium complex by reducing 10 E_gelective condensations of activated methylene compounds
the corresponding alkylated aniline, the authors proposed ayith aldehydeg>! The authors explained that the geometry
similar transamination of an iminium intermediate as Jencks qf the condensation products is determined at the elimination
had suggested earlier. step of the amine catalyst for the intermediate. They also
were able to isolate the amine intermediates.

Shang and co-workers investigated proline-catalyzed Kno-
evenagel condensations in imidazolium-based ionic liquids.
In these conditions, the presence of 10 mol % of proline
promoted the reaction between diethyl malonate and several

In 1894, Knoevenagel reported that condensation betweenaromatic aldehydes in high yields. The use of [emim}BF
formaldehyde and two molecules of diethyl malonate can as the solvent produced higher yields with benzalde-
be promoted by the presence of a catalytic amount of hydes with an electron-withdrawing group than the use of
diethylamine or piperidin& Two years later, he published [bmim][BF,]. However, reactions with furfural were com-
an analogous reaction between benzaldeHyated dimethyl  pleted faster in [bmim][BR].%?
malonate25.24 In addition to condensation produg0 An interesting Knoevenagel-type condensation of benz-
resulting from the reaction with two molecules of the aldehydel with N-methylpyrrole 207 was published by
malonate, the condensation between aldehyde and oneBenaglia and co-workers in 206% Pyrrolidine HBR, salt
malonate molecule to affor869 was also promoted by promoted the formation 0679 in wet THF in 66% yield,
piperidine at ®C (Scheme 130). Knoevenagel subsequently while corresponding trimes80 was isolated in 19% vyield
suggested a mechanism where the amine catalyst forms as a side product (Scheme 134). They also applied other
covalent intermediate with the aldehyde. This intermediate aromatic aldehydes with similar results, whereas aliphatic
would then react with malonate either once on tvfte. aldehydes granted only small amounts of the product.

Since these early publications, this reaction type, generally Interestingly, when the reaction was performed with cin-
known as the Knoevenagel reaction, has been under extensiv@amaldehyde, no evidence of formation of the conjugate
investigation. Not all Knoevenagel condensations proceed addition product was observed, although MacMillan and co-
via iminium intermediates since the reaction can also be workers had earlier reported that this reaction proceeds
catalyzed by tertiary amines and other bases that arereadily in the presence of a chiral oxazolidinone TFA salt
incapable of iminium ion formation. The Knoevenagel 29.*!Instead, the condensation product correspondirsg €
reaction has been subject to extensive reviews, and awas obtained in 30% yield.
comprehensive review was published in 19925 In the Several heterogeneous amine catalysts have been devel-
following discussion, amine-catalyzed Knoevenagel reactionsoped for Knoevenagel reactiofisSammelson and Kurth
where iminium intermediate is plausible are discussed. The have covered these types of Knoevenagel reactions in their
coverage is limited to those reactions published in 1992 review in 2001. As such, the following discussion is limited
2007. to reactions published since 2061.In a typical reaction,

7.2. Iminium Catalysis Followed by Elimination of
the Amine

7.2.1. Knoevenagel Condensations
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Scheme 128. Aniline-Catalyzed Oxime Ligatio#f!
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tion of aromatic aldehydes with nitroalkar®@s0On the basis
of their observation that imines are present on the silica after

aldehydes condense with activated carbonyl compounds suclit has been treated with benzaldehyde, they proposed that

as malonates, cyanoacetatesfetetoesters to produce the

corresponding condensation products (Scheme 135).
A mesoporous silica-supported propylamine catabhgt

the reaction proceeds via iminium intermediates.
Cheng and co-workers studied a mesoporous silica-
supported propylamine catalyst in the reaction between ethyl

(Figure 16) was utilized by Sartori’s group in the condensa- cyanoacetate and ketones and benzaldet¥déey reported
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Scheme 134. Pyrrolidine-Catalyzed Condensation of Scheme 136. Knoevenagel Condensation of Hagemann’s
Benzaldehyde withN-Methylpyrrole 253 Esterg’0
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Scheme 135. Typical Knoevenagel Condensation O\\
10) N
] e
H R primary or
secondary 381
amine catalyst EWG
X substrates have been performed as well. lonic-liquid-sup-
j\/ R ported benzaldehyde participates readily in the condensation
X EWG with malonates and cyanoacetate esters with 2 mol % of
EWG =electron-  — piperidine?%s Considerably higher amounts of the piperidine
withdrawing group catalyst are required if the nucleophile is bound on solid

support, as shown by Zhang and Rana. They reported the
reaction betweepara-tolualdehyde and Wang resin-bound
p-acetoacetamino acid to be promoted by 50 mol % of the
amine catalyst and heated to 83.256 A similar reaction
with polymer-bound cyanoacetatamide also required an equal
amount of piperiding%”

Peng and Song have performed microwave- and ultra-
sound-accelerated KnoevenagBloebner reactions between
malonic acid and aromatic aldehydes in aqueous ntétlia.
Scott and co-workers studied calorimetrically piperidine-
catalyzed Knoevenagel condensations between aromatic
aldehydes and activated methylene compoudftisThe
formation of the iminium intermediate was observed to be
the major contribution to the exothermic nature of the
condensation reaction.

Knoevenagel condensation of Hagemann's esters with
aromatic aldehydes can be catalyzed by pyrrolid3&87°
Ramachary and co-workers applied this method to the
synthesis 0686 (Scheme 136). The products were isolated
in moderate yields. The authors suggested that the reaction
proceeds either as a iminium-catalyzed Knoevenagel reaction
where the ketoester reacts either as its enol form or as an

30Ii_d-pthasstzaeorlesitn N Bsyn(tjhesize dlibrarieskof caffe(;c acid gnamine catalyst complex. Additionally, diamigel cata-
erivatives.™ In turn, Bandgar and Co-WOrkers used mor- ;a4 the reactions, affording similar results. However,
pholine absorbed on silica gel as a catalyst for the synthesis;

. ) : isomerization to the aromatic product was observed with
of variousa,S-unsaturated nitroalkenes in good-to-excellent

ields f b ldehvde derivati d nitroalk para-cyano- orpara-nitro-substituted benzaldehydes.
ylelds from benzaldehyde derivatives and nitroalkanes. = gaqq0n and co-workers reported a domino reaction com-
Likewise, Macquarrie and co-workers have used amine-

taini ilic&d and Sulli q posed of a catalytic Knoevenagel condensation and simul-
conkalnlnﬂ mesct)_?or(()jus S('j!gf q anl 'Iu van i%é €0°  taneous hydrogenaticit They used ethylenediammonium
WOrKers have utlized modified polysiisesquioxanesn diacetate as the catalyst for the condensation step. Several
Knoevenagel condensations. The groups of F&rand

64 ; X aromatic and aliphatic aldehydes and ketonones were con-
Katz>* have also studied Knoevenagel reactions promoted yonged with a cyanoacetate ethyl ester to yield saturated
by heterogeneous catalysts.

X . . substituted cyanoacetate esters in high yields—[AD%).
As an alternative to crafting the Knoevenagel amine y gy (%)

I lid . th 4 Recently, Ramachary and co-workers disclosed similar
catalyst onto a solid support, reactions with supported \,jine_catalyzed Knoevenagel condensation cyanoacetates

588 with cyclic and acyclic ketoneS87 where the formed
OH
Q 7 NH “:BQZ;&O‘;_ @3siMe iy O/\NO olefin 589 is reduced in situ by the Hantzsch ester to the
2 NH .
HN corresponding hydrogenated prod&e@o (Scheme 137372
581 chitosan 582 583 584 A range of products could be isolated with high yields.

Figure 16. Heterogeneous amine catalysts capable of iminium Asymmetric and chiral ketones induced varying stereose-
catalysis for Knoevenagel condensatigps58-260 lectivities (1.4:1-10:1) depending on the bulkiness of the

varying (50-99%) yields and clean reactions. Similar
catalysts were described by Hagiwara and co-workers for
the condensation of ethyl cyanoacetate with aldehydes in
water?®’ In addition to primary and secondary amine catalysts
capable of iminium catalysis, they also reported that tertiary
amines work in this reaction. However, the reaction times
were substantially longer, which may indicate a change in
the reaction mechanism. The primary amines promoted
condensation of ethyl cyanoacetate and malononitrile with
13 different aldehydes in good yields withir-% h. Much
shorter reaction times were published by Rajender Reddy
and co-workers, who investigated the use of chitosan
hydrogel582 as an iminium Knoevenagel catalyst (Figure
16)2%8 High conversions in reactions between aromatic
aldehydes and malononitrile, ethyl cyanoacetate, and diethyl
malonate were obtained. The reactions took only minutes to
complete. In addition, Tamami and Fadavi have investigated
the use of polyacrylamine-based primary amine cat&igst

in the Knoevenagel condensation of different aldehydes with
malononitrile, cyanoacetamide, and cyanoethylacététe.
Simpson and co-workers used piperazi8d on Merrifield’s



5464 Chemical Reviews, 2007, Vol. 107, No. 12 Erkkila et al.

Scheme 137. Proline-Catalyzed Knoevenagel Condensation Scheme 139. Knoevenagel-Mediated Synthesis of Substituted
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r - Scheme 140. Piperidine-Catalyzed Synthesis of Coumarin
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R'? = aliphatic, aromatic EWGL _EWG2 N followed by isoaromatization led to formation of anilines
EWG'2 = CN, NO2, CO,Et, \[ @[ H—R?2 602
$03CeHsMe R N The classical Knoevenagel condensation has often been
596 597 used in the synthesis of coumarin derivativ&sln 2004,

Reddy and co-workers disclosed a novel catalytic route for
ketone. Interestingly, the authors also reported that Hantzschthe synthesis of coumarin 3{aryl)sulfonamides (Scheme
ester, in the absence of iminium-forming amine catalyst, can 140)27¢ They employed either catalytic amounts of benzyl-
promote the reaction in some cases. amine and acetic acid to the condensation of substituted

Ramachary and Reddy also reported a Knoevenagel con-salicyl aldehydes with anilinosulfonyl acetic acids or catalytic
densation between aldehyd®81 and activated methylene amount of piperidine in ethanol to condense salicylalde-
compoundss92, followed by an in situ domino reduction hydes with methylanilinesulfonyl acetates. Several cou-
by the simultaneously formed side produ25 (Scheme marin derivatives were synthesized, but no yields were
138)2?"3 The reaction also proceeded without any additional reported.
catalyst, as diamin&93 and side producb97 were suffi- The classical Knoevenagel condensation is often used as
ciently active to catalyze the Knoevenagel condensation. a key C-C bond-forming reaction in the total synthesis of
However, addition of proline catalyst increased the reaction natural products and bioactive compounds. Recent examples
rate. include the syntheses of ptilomycalin?d, maculalactones

Ramachary and co-workers have also disclosed an orga-A—C 278 a precursor of leucettamine 2’ dual 5-lipoxyge-
nocatalytic approach to substituted anilines that utilized nase and cycloozygenase inhibité¥s,3,4-methylene-
Knoevenagel condensation in its first step (Scheme 439). dioxymethamphetamine and its metabol#&s potential
After condensation of two molecules ffketoeste599with antimalarial agent PfA-M282 protein tyrosine phosphatase
aldehyde 598 a six-membered ring was formed after 1B inhibitor?83 para-aryl thiocinnamided$* HIV protease
dehydration, eliminating one of the ester functionalities in inhibitor PNU-14069G8 and a potent selective glycine-site
the process. Subsequent reaction with nitrosobeng@ie  NMDA receptor antagonist® Also, the Knoevenagel strat-
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Scheme 141. Amine-Catalyzed Condensation as the First
Step in Domino KnoevenagetHetero-Diels—Alder Reaction
in Synthesis of Natural Product$8®
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egy has been utilized in the synthesis of barbituric acid-
terminated oligomets’

Tietze and co-workers have employed iminium-mediated

Knoevenagel reactions in several syntheses of active natural

products and drug®228 The central benzoquinolizidine
stucture of these compounds is typically formed by a

Knoevenagel condensation catalyzed by the diamine EDDA

607, followed by a reverse electron demand hetero-Diels
Alder reaction between the Knoevenagel addii@and an
enol ethe609 (Scheme 141). In 2004, the Tietze group also
published the syntheses of ametine and tubulo®the.

Iminium-promoted Knoevenagel reactions have also been

utilized widely in the context of domino reaction protocols.
These reactions were discussed above in section 6.

7.2.2. Knoevenagel-Mannich

Knoevenagel-type (aldol) condensations of aldehydes with

ketones or aldehydes have been investigated widely. This
reaction type proceeds through a Mannich-type intermediate.

617°° that loses the amine via elimination. The enolizable
aldehyde can then react either as its & or its enamine
adduct616 (Scheme 142). This reaction has been reviewed
thoroughly, typically focusing on the Mannich-base-forming
step of the reactiof?!

Condensation reactions between two aldehydes have bee

promoted by primary and secondary amine catakfSis.

Cross-condensation reactions between simple alkyl aldehyde

and formaldehyde, in turn, are typically performed using
secondary amines and acid cocatalysts under relatively drasti

conditions, including high temperature, high pressure, and

rapid distillation of the product from the reaction mixtufé.
These a-methylenation reactions have only rarely been
performed with more complex aldehyc@$1n these cases,
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Scheme 142. Mechanistic Possibilities for the
Knoevenaget-Mannich Reaction
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via a KnoevenagetMannich-type condensation involving
an iminium ion.

Ishikawa and co-workers have reported self-condensation
of aldehydes catalyzed by pyrrolidirgS (Scheme 143%

In the presence of 5 mol % of pyrrolidir@ and 2 mol %

of benzoic acid cocatalyst, they were able to transform
several unbranched aliphatic aldehyd#® to the corre-
sponding enal620in good-to-high yields. The reactions took
typically 12—-48 h to complete. The authors suggested a
mechanism where the enol form of the aldehyde attacks the
iminium adduct of another aldehyde molecule.

Erkkila and Pihko recently disclosed an amitininium-
catalyzed method far-methylenation of aldehydes (Scheme
144)2% 10 mol % of propionic acid salt of pyrrolidiné3
promoted condensation ofmonosubstituted aldehydé21
with formaldehyde523 The authors suggested that this
Peaction proceeds via a MannieKnoevenagel-type mech-
anism, where the formaldehyde forms an iminium ion with
Pyrrolidine salt®?

.3. Cleavage of C —X a-Bond

Iminium ions with saturatedr-carbons readily lose an
electrophile at thei-carbon. The most common example of
this reaction is the formation of enamines via loss of proton.

stoichiometric amounts of the amine and long reaction times These reactions have been studied extensively (cf. section
have often been required. All these reactions likely proceed 2.2), and they are reviewed elsewhere in this issue.
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Scheme 145. Mechanism of Iminium-Catalyzed
Decarboxylations
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reasons, we expect that the fast pace of discovery in iminium-
catalyzed reactions will continue for some time.

9. Abbreviations

(0] (0] RNH,
/U\/U\OH - [

623

R

624

— .

625

o

CNA
CSA
DBA
DCA
DNBA
DPP

A common electrophile is carbon dioxide. The amine-
catalyzed decarboxylation ¢f-ketoacids623 proceeds by
the following mechanism (Scheme 145). After formation of
the iminium 624, carbon dioxide cleaves to form enamine gppa
625, which is then hydrolyzed to the corresponding ketone. ewa

As discussed in section 2.2, these reactions were probablyONBA
the first reactions for which discrete iminium species were PEG
suggested as key intermediates. These reactions have beeMP

cyanoacetic acid
camphorsulfonic acid
dibromoacetic acid
dichloroacetic acid
2,4-dinitrobenzoic acid
diphenyl phosphate
ethylenediamineacetic acid
electron-withdrawing group
ortho-nitrobenzoic acid
poly(ethylene glycol)
p-methoxyphenyl

subject to intense studies. Guthrie and Jordan have compare
different primary amines as catalysts and identified ami-
noacetonitrile as the most powerful catalyst in a series of
primary amines (other amines studied included butylamine,
trifluoroethylamine, aniline, ang-aminobenzoatef? Ogino

and co-workers have demonstrated that cyclic and acyclic
1,3-diamines exhibit significant catalytic activity on the
decarboxylation of oxaloaceta®®.Surprisingly, the amine-
catalyzed decarboxylation, although an extremely facile
reaction, has found very little use in the synthetic community,
although decarboxylation reactions @fketoacids derived
from f(-ketoesters are relatively common procedures in
[-ketoester chemistry.

7.4. Other Iminium-Catalyzed Reactions

In addition to the reactions discussed above, an important
iminium-catalyzed reaction in nature is the isomerization of
retinals54, a key reaction in visiod?° Recently, Janda and
co-workers investigated the nornicotine-induced isomeriza-
tion of enals and enones, including retin®sThey reported
that the product of retinal isomerization is &lretinal, a

para-nitrobenzoic acid

BHP tert-butyl hydroperoxide
TFA trifluoroacetic acid
3,3-bis(2,4,6-triisopropylphenyl)-1'binaphthyl-2,2-
dihydrogen phosphate
p-TSA para-toluenesulfonic acid
TCA trichloroacetic acid
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