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Abstract: Catalyst-controlled functionalization of unmodified
carbonyl compounds is a relevant operation in organic
synthesis, especially when high levels of site- and stereo-
selectivity can be attained. This objective is now within reach
for some subsets of enolizable substrates using various types
of activation mechanisms. Recent contributions to this area
include enantioselective transformations that proceed via
transiently generated noncovalent di(tri)enolate-catalyst coor-

dination species. While relatively easier to form than simple
enolate congeners, di(tri)enolates are ambifunctional in
nature and so control of the reaction regioselectivity becomes
an issue. This Minireview discusses in some detail this and
other problems, and how noncovalent activation approaches
based on metallic and metal free catalysts have been
developed to advance the field.

1. Introduction

Enolates stand as one of the most versatile reactive intermedi-
ates in organic synthesis.[1] Evenly accessible from carbonyl
compounds in the ketone and the carboxylic acid oxidation
states, they are rarely isolated because of their high reactivity.
Instead, C� H deprotonation upon treatment with stoichiometric
or catalytic base is commonly applied in situ. Enolates formed
upon irreversible deprotonation by stoichiometric strong base
have been investigated extensively, being instrumental to set
new paradigms and concepts in asymmetric C� C and C� X
bond-forming methodology development based on chiral
substrate-, auxiliary- and ligand-controlled strategies. The
discovery of chiral Lewis acid-catalyzed reactions of preformed
silyl enol ethers and silyl (thio)acetal ketenes as enolate
equivalents by Mukaiyama[2] represented a milestone towards
generalization of catalyst-controlled asymmetric variants.[3]

More recently, direct asymmetric and catalytic approaches were
shown viable using as catalysts either bifunctional metal
complexes[4] or small molecule organocatalysts,[5] considerably
expanding the chemistry of transiently generated enolate, or
equivalent enamine, intermediates.

In this context, enolates with conjugated C=C double bond
(s), that is di(poly)enolates or π-extended enolates, deserve
separate attention. While these species would retain the
nucleophilic character ascribed to enolates in general, they
present some unique additional features. Namely, they (i) may
be generated under comparatively smoother reaction condi-
tions, (ii) present two or more nucleophilic carbon centers
(multivalence reactivity), (iii) may act in tandem reaction
processes characterized by sequential donor/acceptor reactivity
(ambivalent reactivity), and (iv) give rise to adducts bearing
strategically positioned C=C unit(s) for further chemical diversi-
fication. Aimed at getting full advantage of these features, in

recent years considerable efforts have been devoted to the
development of catalytic enantioselective C� C and C� X bond-
forming reactions that proceed through either preformed
(indirect methods)[6] or transiently generated (direct methods)
di(poly)enolates and equivalents. As shown in Figure 1a,
substrate-catalyst interaction during the key bond-forming step
in direct methods may be covalent or noncovalent. The
dienamine mediated approach relies on the activation of the
unsaturated ketone or aldehyde substrate via covalent binding
to the chiral primary or secondary amine catalyst.[7] Covalent
substrate-catalyst binding also operates when switterionic
dienolate intermediates are involved, the latter generated
in situ upon coupling of an unsaturated aldehyde, ketone or
carboxylic acid derivative and a chiral nucleophilic catalyst,
mainly N-heterocyclic carbene (NHC) catalysts in the presence
of base,[8] or trialkylphosphines.[9] In both covalent approaches
main reaction control is intramolecular and the reactions usually
proceed at the remote carbon center (vinylogous reactivity)[10]

leading to (hetero)cyclic products through multistep bond-
forming cascades.

Complementing these covalent activation modes, enolizable
unsaturated carbonyl compounds A and B may undergo
deprotonation to afford linear dienolate species I in which the
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Figure 1. (a) Activation modes for enolizable carbonyl compounds in
asymmetric catalysis. (b) Direct C� H functionalization pathways via dienolate
intermediates (E=electrophile).
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chiral (protonated) catalyst and the reactive center(s) on the
enolate are not linked covalently, Figure 1b. Similarly, crossed
dienolates II may be formed as noncovalent reactive complex
from deprotonation of C. In the last couple of years, several
applications involving these types of noncovalent intermediates
have appeared in which chirality transfer to the product occurs
with remarkable levels or site-, regio- and stereocontrol. In
addition, the reaction outcomes from intermediates like I and II
are often divergent as compared to main pathways from
extended enamines and azolium/phosphonium enolates, thus
expanding the portfolio of direct enantioselective C� H function-
alizations. This Minireview focuses on these noncovalent
approaches and provides an overview of the major advances,
challenges and opportunities within the field of asymmetric
catalysis.

2. Early Studies with Preformed Metallic Di-
and Trienolates

The interest in π-extended enolates, dienolates in particular,
can be traced back more than half a century. Early investiga-
tions already revealed that many factors, including the substrate
substitution pattern (both steric and electronic effect), base/
metal employed, temperature and solvent, have their impact on
the reaction outcome. While mostly involving preformed
dienolates and nonasymmetric variants, some of the underlined
reactivity and selectivity issues are also relevant to modern
asymmetric and catalytic approaches. Here, some selected
contributions are highlighted.[11] Work in the late 50’s and 60’s

in the context of alkali metal alkoxide-promoted alkylation
reactions of Δ4-3-keto steroids and related cyclic conjugate
enones already revealed that the formed linear metal dienolate
may follow diverting reaction pathways leading to α-monoalky-
lated, α,α-dialkylated, γ-alkylated and isomerization products in
variable amounts.[12] Subsequent studies addressed the issue of
site-selective deprotonation of related cyclic and acyclic α,β-
unsaturated ketones possessing two enolizable flanks. While
crossed dienolates might be formed preferentially under kinetic
conditions using bulky metal amides,[13] linear(extended) dien-
olates are favored under thermodynamic control using bases
such as MOt-Bu, MH or MNH2 (M=Na, K).[14] As a general trend,
thus formed linear dienolates react mainly at Cα, occasionally at
the O atom, but hardly at Cγ under kinetic conditions
(Scheme 1).[15,16] The observed regiochemistry can be rational-
ized primarily in terms of the polarity (charge control, “hard-
ness”) of the participating reactants and their polarizability
(frontier orbital coefficients, “softness”).[17] Substituent groups at
the carbonyl α, β or γ position may also influence the observed
regioselectivity. Wagner introduced the allopolarization concept
as a refinement to help predicting the regioselectivity prefer-
ences in substituted dienolates and related systems.[18] By
defining the “polarity index” as the ratio of the partial charges
at two discrete reaction sites X and Y, it would follow that an
increase (decrease) in polarity of the dienolate would enhance
(diminish) charge control.

The reversibility of certain reactions is another factor that
may alter the regioisomer distribution. For example, reactions
potentially reversible, such as aldol, Mannich and Michael
reactions of both Li[19] and Zn[20] dienolates, were reported to
lead to the α-addition adducts at low temperature, but to
evolve to the thermodynamically more stable γ-addition
products under warming. Also additives may modify drastically
some inherent trends. In this respect, elegant work by
Yamamoto demonstrated that precomplexation of the carbonyl
substrates to a bulky aluminium salt (tris(2,6-diphenylphenox-
ide, ATPH 4) may override the innate α-regioselectivity by steric
shielding, leading to γ-addition cross aldol products exclusively
(Scheme 2).[14,21]

In comparison to dienolates, metal tri- and superior
extended enolates present one or more additional nucleophilic
sites, further complicating the reaction regioselectivity control.
For example, among the few studies with these intermediates,
work in the 80’s showed that aldol and Michael addition
reactions of lithium trienolate dianion 7 afford mixtures of the
three possible regioisomeric products 8/9, with α/γ/ɛ-product
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Scheme 1. Metal dienolate formation and reactivity trends.
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ratios depending on the reaction conditions and the substitu-
tion pattern of the trienolate and the acceptor (Scheme 3).[22]

One remarkable example of efficient regiocontrol with these
challenging nucleophiles relies on the ATPH precomplexation
strategy developed by Yamamoto. Thus, the cross-aldol reac-
tions of enolizable dienyl and trienyl aldehydes with both
aliphatic and aliphatic aldehydes precomplexed to ATPH yield
the ɛ-adducts exclusively.[14]

The development of Mukaiyama-type addition reactions
involving silyl di- and trienol ether derivatives have constituted
a tremendous step forward in controlling the reactivity and
regio- and stereoselectivity of multivalent enolate equivalents.
The reader is referred to authoritative reviews on the subject.[6]

Of interest, silyl di- and trienol ethers tend to react through the
distal (γ- or ɛ-carbon) rather than through the α-carbon. This
selectivity preference diverts from that of metallodienolates and
nicely correlates with the calculated HOMO orbital coefficients
and electrophilic susceptibilities at the different positions of silyl
dienol ethers vs the corresponding lithium dienolates.[23]

One important aspect in the chemistry of dienolate
intermediates refers to the starting carbonyl compound from
which they are generated. In principle, enolizable both α,β- and
β,γ-unsaturated (namely, conjugate and skipped) carbonyl
compounds may lead to the required dienolate species upon
deprotonation with a base reagent or catalyst, but each
substrate has their pros and cons. From the very beginning, it
became clear that deprotonation of α,β-unsaturated esters by
some common metal amide bases may be troublesome due to
competitive aza-Michael addition.[24] The use of bulkier amide
bases and hexamethylphosphoric triamide (HMPA) as an
additive, at low temperature, allowed to overcome this
shortcoming.[25] Another problem associated to conjugate enoyl
systems is their low carbon acidity unless an additional
activating group is positioned at Cγ,[26] which make them

reluctant towards smooth enolization, even in the presence of
stoichiometric base. In a recent example (Scheme 4), the
treatment of conjugated enone 10 with a mixture of Cy2BCl and
Et3N, followed by addition of aldehyde 13, failed to provide the
desired aldol product 14, suggesting that the boron dienolate
12 was not produced. By contrast, applying the same aldoliza-
tion conditions to the skipped enone 11 led to the aldol
product 14 in 91% yield.[27]

As anticipated, deprotonation of β,γ-unsaturated enoyl
systems is comparatively easier. In recent years various catalytic
approaches have been developed for the smooth, direct C� H
functionalization of such systems via transiently generated
di(tri)enolates with remarkable levels of chemo-, site-, regio-
and stereoselectivity. As will be outlined in the following
sections, one potential problem with these substrates is their
tendency to isomerize to the thermodynamically favored
conjugate systems.

3. Catalytic Methods

Key developments in the late 90’s and early 2000’s demon-
strated the feasibility of direct, enantioselective transformations
of unmodified carbonyl compounds mediated by their latent
metal enolates generated in situ using soft enolization
protocols.[28] These findings constituted a formidable step
forward in synthetic methodology as both substrate activation
and reaction stereoinduction were proven attainable under very
convenient conditions. This approach resulted equally suitable
to access latent metal dienolates, although the development of
useful protocols relying on these latter intermediates elapsed
owing in part to their attenuated reactivity and the need of
additional regiochemistry control. Some years latter, purely
organic chiral base catalysts were also demonstrated to be well
suited for promoting the direct and asymmetric C� H function-
alization of enolizable carbonyl compounds. Initially restricted
to substrates bearing acidic CH units with two adjacent
activating groups, organocatalytic reactions involving dienolate
intermediates become available progressively.

In the following, methods belonging to both categories,
namely those involving chiral metallic catalysts and chiral
organocatalysts, are ordered according to the type of starting
pronucleophilic carbonyl compound. It is important to note
that methods for in-ring functionalization of easily enolizable

Scheme 2. Substrate precomplexation to bulky Al-phenoxides may override
the innate α-reactivity of metal dienolates leading to γ-addition aldol
products.

Scheme 3. The regioselectivity issue in reactions involving dilithium di- and
trienolate dianions by Mestres.

Scheme 4. Recent example by Ito demonstrating that while deprotonation
of skipped enones is suitable that of conjugate enones is reluctant.
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five, and to a lesser extent six, membered heterocyclic
compounds, including oxazolones,[29] thiazolones,[30]

imidazolones,[30] pyrazolones,[31] γ-butenolides,[32] γ-
butyrolactams,[32a,33] oxindoles,[34] and dihydropyrimidinones,
Scheme 5, that involve aromatic enolate intermediates 15,
constitute a differentiated group and are not considered
here.[35]

Stabilized allylic carbanions related to di- and trienolates
may be derived from unsaturated compound classes other than
carbonyl compounds, including sulfones, phoshonates, nitro-
compounds or nitriles, particularly α,α-dinitriles.[36] Due to their
pioneering relevance, some key work on direct catalytic and
asymmetric C� H functionalization of simple unsaturated nitriles
is also described, as an exception.

3.1. Metal-catalysis

3.1.1. Ester dienolates

In 2006 Kanai and Shibasaki reported the enantioselective
intermolecular reductive aldol reactions of allenic esters 16 to
methyl ketones 17 using chiral Cu(I) complexes and pinacolbor-
ane as the reducing reagent (Scheme 6).[37] The main reaction
pathway of the reductively generated copper dienolate was
shown to be highly dependent on the chiral phosphine ligand,
allowing an effective control of the reaction regioselectivity.
Whereas (R)-DTBM-SEGPHOS (L1) induced preferential forma-
tion of γ-adduct 18 with perfect Z-selectivity and high stereo-

selectivity, TANIAPHOS-type ligands L2 favored exclusive for-
mation of the α-adduct as two epimers 19/20.

Soon after the same group documented the Mannich
reaction between butenoate ester 21 and N-phosphinoyl
aldimines 22 to proceed smoothly in the presence of several
metal aryloxides (Scheme 7).[38] The reaction scope was explored
in its racemic version mainly, employing bis(p-anisyl)barium
complex as the catalyst. Under the basic reaction conditions the
C=C double bond isomerized to the corresponding Morita-
Baylis-Hillman (MBH) adduct 23 spontaneously, unless the ester
γ-position was disubstituted, which led to a diastereomeric
mixture of α-product 24. Three enantioselective examples using
chiral aryloxy ligands L3 are reported, leading to enantioselec-
tivities in the range 77%-80% ee. Authors expand this catalytic
strategy based on barium dienolate intermediates to the aldol
addition reaction to aldehydes, which, again, proceeded
through a α-addition/isomerization path to produce conjugated
aldols 25 in good yields and high enantioselectivity.[39]

Isobutanal and n-propanal, two readily enolizable aldehydes,
were competent acceptors in this reaction although enantiose-
lectivities were slightly lower than for other aldehydes. Control
experiments showed that α-aldol adduct 26 formed at low
conversions, presented poor dr and ee values, and its formation
is reversible, which led to the conclusion that the subsequent
double bond isomerization took place under dynamic kinetic
asymmetric conditions to afford the most stable conjugate aldol
25 in high ee.

The system comprised of Cu(I)-chiral diphosphine complex
and Barton’s base (2-tert-butyl-1,1,3,3-tetramethylguanidine)
was shown by Yin to be able to promote the aldol addition of
allylic esters 27 to aromatic aldehydes with high γ-selectivity.
Thus obtained adducts, upon subsequent one-pot double bond
E to Z isomerization and transesterification in the presence of a
phosphine catalyst at 100 °C, led to the corresponding unsatu-
rated δ-lactone 28 in good yields and high enantioselectivity
(Scheme 8).[40] Aliphatic aldehydes are also competent reaction
partners yielding directly the lactone products 29 with similar
efficiency and selectivity. Authors confirmed that under theseScheme 5. In-ring C� H functionalization of enolizable heterocycles involving

aromatic di(poly-)enolate intermediates are not covered in this work.

Scheme 6. Cu(I)-catalyzed reductive aldol between allenic esters and methyl
ketones.

Scheme 7. Ba(II)-catalyzed Mannich and aldol additions of allylic esters with
concomitant double bond isomerization by Shibasaki.
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catalytic conditions the parent conjugated (vinyl) esters 30 are
unreactive, probably because of the inability of the catalytic
system for deprotonating them to generate the required metal
dienolate intermediate.

3.1.2. Amide dienolates

Reactions involving catalytically generated amide dienolate
intermediates in the presence of a chiral metal complex and an
amine base have also been developed. Yin described the
asymmetric Mannich reaction between β,γ-unsaturated N-acyl
pyrazoles 31 and N-Boc aldimines 32 to smoothly proceed
under chiral Cu(I)-diphosphine complex/Et3N catalysis to afford
the γ-addition products 33 in high yields, essentially perfect
regioselectivity and high enantioselectivities (Scheme 9).[41]

According to the authors, increasing the steric hindrance of the
metal dienolate by using bulky 3,5-disubstituted pyrazole
moiety in combination with bulky phosphine ligands (L1, L6) on

the Cu(I) catalyst were critical design elements for cancelling
the competitive α-addition pathway. Remarkably, this catalytic
approach was also productive with the doubly unsaturated N-
acyl pyrazole substrates 31 (n=1) which led to the bisvinylo-
gous ω-amino amide adducts 34 efficiently, provided that the
catalyst loading is upgraded from 1 to 5 mol%. In this latter
case, some adjustment of the reaction conditions and the chiral
ligand was also necessary to attain high selectivity over the
newly formed remote stereocenter.

In subsequent studies, the same group found that the
required metal dienolates can be generated from the parent
conjugated amide systems provided that the Cγ position bears
a F, Cl or Br substituent. The weakly electron-withdrawing
halogen atoms in 35 seem to acidify the Cγ-H group without
reducing significantly the nucleophilicity of this carbon in the
formed dienolate. This way, vinylogous Mannich adducts 36
with contiguous halogen and amino functionality were pro-
duced in good yields, diastereomeric ratios from moderate to
very high and generally high enantioselectivity (Scheme 10).[42]

Apart from C� C bond formation reactions, the catalytic
nonasymmetric C� N bond formation involving metal dienolates
as nucleophiles has been reported. Huang and Zhang described
a metal-catalyzed α-amination of α,β-unsaturated N-acyl pyr-
azoles using azodicarboxylates as electrophilic reagents.[43]

While the development of an enantioselective variant remains
pending,[44] authors showed that preferential formation of α-
amination product is feasible by using Zn(OAc)2/DIPEA as the
catalyst and γ-amination product by using AgOAc/TMG, instead.
A plausible explanation of this regiodivergent behavior of Zn(II)
versus Ag(I) was provided based on the ability of the former to
form chelate dienolate complexes.[45]

Shibasaki and coworkers developed a Cu(I)/diphosphine
catalyzed direct asymmetric aldol addition reaction of α-vinyl
thioamides 37 and aliphatic aldehydes to give rise the α-
addition aldol products 38 in high yields, syn/anti ratios
typically over 20 :1 and high enantioselectivity (Scheme 11a).
The use of a phenolic additive was crucial for attaining high
stereoselectivity and the reaction is believed to proceed
through a chair-like transition state TS1.[46] In a related work, the
same group developed a direct Cu(I)-catalyzed aldol reaction of
allylic 7-azaindoline amides 39 with both aliphatic and
aromatic/alkynyl aldehydes, which yielded the complementary
syn (40) and anti (41) adducts, respectively (Scheme 11b).[47]

Scheme 8. Cu-catalyzed direct vinylogous aldol-isomerization-lactonization
cascade to unsaturated δ-lactones by Yin.

Scheme 9. Cu(I)-catalyzed vinylogous and bisvinylogous Mannich reaction
involving pyrazole amide di- and tri-enolates by Yin.

Scheme 10. Cu(I)-catalyzed vinylogous Mannich reaction of in situ formed
halogen-substituted pyrazole amide dienolates.
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3.1.3. Nitrile (aza)dienolates

In a series of papers Shibasaki’s group has reported the Cu-
catalyzed C� H functionalization of allylic nitriles 42 with various
electrophiles based on generation of an active carbon nucleo-
phile by cooperative catalysis between a Lewis acid and a
Brønsted base under mild reaction conditions.[48] Coordination
to nitrile group of a Cu(I) salt (soft Lewis acid) facilitates
concomitant Cα-H deprotonation by a lithium aryloxide (hard
base) to form the required aza-dienolate intermediate.[49] In a
first realization, the addition of these species to N-phosphinoyl
ketoimines 43 was reported to take place at Cα preferentially.
Concomitant C=C double bond isomerization then affords the
quaternary aza-MBH adducts 44 with good yields, high Z/E
ratios and high enantioselectivities using a chiral diphosphine
ligand (Scheme 12).[48a] Unexpectedly, extension of this ap-
proach to ketones as acceptors followed a divergent reaction
path and afforded the γ-addition adducts 45 exclusively. The
reaction needed polar solvents in order to provide practical
yields of the tertiary carbinols, enantioselectivities from good to

excellent and total Z selectivity.[48b] Refinement of this binary
catalyst system by incorporating a hard Lewis base (phosphine
oxide) as third component led to significant improvement on
the isolated yields and enantioselectivities, even at reduced
catalyst loading (down to 1 mol% or below).[48c]

Surprisingly, applying the above catalytic activation of allylic
nitriles to aldehydes as acceptors was nontrivial. The reaction
outcomes were dependent on both the reaction times and the
nature of the aldehyde (Scheme 13).[50] The reaction of acryloni-
trile with α,β-unsaturated aldehydes at � 40 °C led to a time-
dependent mixture of α- and γ-addition products, plus the
isomerized MBH-type adduct 47, suggesting the α-addition
reaction is reversible and the α-adduct is not stable; with
aromatic aldehydes, the γ-addition product 46 predominated.
In contrast, the reaction with aliphatic aldehydes afforded the
α-addition product 48 exclusively. The method was applied to a
rapid enantioselective synthesis of δ-valerolactone, which was
implemented in the enantioselective synthesis of 49, a key
intermediate for the preparation of the protein serine/threonine
phosphatases as well as DNA topoisomerase II inhibitor
fostriecin.

3.1.4. Ketone dienolates

Research on direct enantioselective C� C bond forming reactions
involving metallic ketone dienolates remains less developed
and are restricted to ketones with a single enolizable flank. Early
examples with preformed metal dienolates established, once
again, that the regioselectivity of alkylation reaction is multi-
variable. For instance, the favorable α-reaction regioselectivity
inherent to most alkali metal (e.g. Li+, Na+) dienolates
alkylation may be reversed to favor γ-reaction using Cu, Ge, Sn
or Zn dienolates. The use of in situ generated Pd(II) dienolates
as intermediates turned out to be a useful strategy to shift the
regiochemistry of these reactions in favor of the γ site.[51] In this
context, Buchwald developed a Pd-catalyzed γ-arylation
(vinylation) of either α,β- or β,γ-unsaturated ketones 50 with
the corresponding aryl- or vinyl bromides (e.g. 51) in the
presence of Cs2CO3 and a diphosphine ligand, the nature of
which influenced both reaction chemo- and regioselectivity
strongly (Scheme 14).[52] Using 4 mol% of 1,2-bis

Scheme 11. Copper-catalyzed direct enantio- and diastereoselective aldol
additions of α-vinyl (thio)amides by Shibasaki.

Scheme 12. Cu(I)-catalyzed asymmetric Cα-Mannich- and Cγ-aldol-type re-
actions of allylic nitriles developed by Shibasaki’s group. Dpp: diphenylphos-
phinoyl.

Scheme 13. Acceptor-dependent α vs γ regioselectivity in Cu-catalyzed
enantioselective aldol-type additions of allyl nitriles to aldehydes by
Shibasaki.

Chemistry—A European Journal 
Minireview
doi.org/10.1002/chem.202100756

10232Chem. Eur. J. 2021, 27, 10226–10246 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 09.07.2021

2140 / 205760 [S. 10232/10246] 1

http://orcid.org/0000-0001-9809-2799


(diphenylphosphino)ethane (dppe) in toluene at 100 °C, the γ-
arylation product was obtained exclusively. An enantioselective
tandem γ-arylation/aza-Michael addition version using DTBM-
SEGPHOS (L1) was implemented to afford bicyclic indole
derivatives 52.

Liu and Feng reported that complexes comprised of
ytterbium and a chiral diamide N,N’-dioxide ligand are able to
catalyze the tandem isomerization/α-Michael addition of β,γ-
unsaturated 2-acyl imidazoles 53 to deliver dimeric adducts 54/
55 in the presence of Et3N as cocatalyst (Scheme 15).[53] The
bidentate coordination ability of these particular ketones
proved crucial for achieving good stereocontrol (ee up to
>99%; dr up to >19 :1), but also to facilitate isomerization of
the double bond, so that from a single starting material dual
reactivity, nucleophilic and electrophilic, may be achieved under
the same reaction conditions. Control experiments showed that
Et3N cocatalyst does not play a significant role during the
enolization process, but rather it facilitates double bond isomer-
ization to occur with high E/Z selectivity. The α-selective
reactivity of these Yb dienolate intermediates generated in situ
could also be applied against other acceptors, including Michael

acceptors and ketoimines successfully, giving access to adducts
56–58.

The above examples with not exception involve linear
extended metal dienolates and the preferential α- or γ-reactivity
could be modulated by careful substrate design, including
nature and position of substituents, and to some extent by the
nature of the catalyst as well, including the metal. Such
regioselectivity problems are not encountered in methods
involving crossed metal dienolates, which generally lead to α-
addition adducts, although direct catalytic and asymmetric
developments are less common. In a recent work, Trost
demonstrated that the introduction of unsaturation adjacent to
the carbonyl drastically improves the reactivity of α-branched
ketones in Zn-catalyzed Mannich reactions with N-carbamoyl
imines (Scheme 16).[54] These reactions would proceed through
transiently formed crossed dienolates, as shown in TS3. For
example, the Zn(II) catalysed Mannich reactions of α-fluoro
enones (and ynones) 59 with N-carbamoyl aldimines 60 to yield
β-tetrasubstituted β-fluoamines 61 proceeded in good to
excellent yields and enantioselectivity.[54a] Control experiments
showed that while both α-alkyl[54b] and α-fluoro α‘-unsaturated
ketones reacted efficiently, the parent saturated ketones (simple
enolate needs to be formed) were unreactive under the same
catalytic conditions.

3.2. Brønsted base catalysis

Most common chiral organic bases are weak, therefore unable
to activate substrates with pKa values above 17.[55] For example,
deprotonation of unfunctionalized enolizable carbonyl com-
pounds is beyond the capability of the majority of chiral BB
catalysts. Carbonyl compounds with a β,γ-unsaturation would
be slightly more acidic, increasing the chances to deliver the
corresponding di-(tri)enolate transiently. Also, the use of bifunc-
tional BB/H-bond catalysts or stronger BB catalysts may broaden
the pool of enolizable substrates within reach. H-Bond donor
groups installed within the catalyst structure may synergistically
coordinate to the carbonyl oxygen atom and assist during
deprotonation. On the other hand, the potential of organic
superbases is clear, as early work by Verkade’s group using

Scheme 14. Pd-catalyzed tandem γ-arylation/aza-Michael route to fused
indoles from β,γ-unsaturated cyclohexanones by Buchwald.

Scheme 15. Rare earth/N,N-dioxide catalysed α-selective Michael and Man-
nich addition reactions of β,γ-unsaturated 2-acylimidazoles by Feng.

Scheme 16. Direct, catalytic and α-selective Mannich reactions of unsatu-
rated α-fluoroketones involving crossed Zn(II)-dienolates by Trost.
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nonionic bases like C1 (measured pKa about 32[56]) nicely
demonstrated. For example, the reaction between allylic esters
and aldehydes took place within 3 hours at temperatures from
� 63 to � 94 °C in the presence of C1 (20–40 mol%) to afford
aldol products 62 from exclusive Cα addition (Scheme 17).
When the allylic nitriles were employed instead of esters, the
reaction also proceed through Cα but led to the corresponding
MBH-type adducts 63 as subsequent C=C bond isomerization
occurred spontaneously.[57] In the following section main
advances in this area are presented.

3.2.1. Ester dienolates

The carbon acidity of simple carboxylic esters is low and so
their activation by common chiral BB catalysts is not feasible. In
contrast, β,γ-unsaturated esters might be within reach, leading
to dienolates as transient species. This was the case in the study
by Zhao and co-workers, who demonstrated that whereas
phenyl 2-phenylacetate 67 was not competent pronucleophile
for the Mannich addition to N-tosyl imines 65 promoted by
tertiary amine/urea bifunctional catalyst C2, γ-arylbutenoate 64
did work efficiently (Scheme 18).[55] Syn-configured adducts 66,
derived from reaction at the Cα of the transiently formed
dienolate intermediate, were obtained in good yields and
stereoselectivity. The nature of the O-aryl group on esters has
big impact on the outcome of the reaction, with best results
attained using 2-methyl naphth-1-yl group. In comparison, less
sterically hindered aryl esters (OPh) provided poorer levels of
stereocontrol, while highly demanding aryls, like 2,6-dimeth-

ylphenyl esters, gave high enantio- and diastereoselectivity but
a low reactivity (30% of desired product was obtained).

As compared to aryl esters, alkyl esters tend to be less
reactive. Taking advantage of the cooperative activation by a
second ester group in diester glutaconate, Quintard and co-
workers developed a bifunctional catalyst promoted direct
addition of alkyl diesters 68 to nitroolefins 69.[58] The one-pot
treatment of the resulting adducts with Zn in acetic acid
provided the corresponding cyclic trisubstituted pyrrolidines 70
in generally good yields and high enantio- and diastereoselec-
tivity (Scheme 19). Given the symmetric structure of the
transiently formed dienolate species from these particular
diesters, the α/γ regioselectivity issue is irrelevant.

3.2.2. Thioester dienolates

In comparison to the parent oxoesters, carbon acidity of
thioesters is slightly higher. Tang reported the base catalyzed γ-
selective amination of β,γ-unsaturated 1-naphthyl thioesters 71
with ditertbutyl diazoesters 72 (Scheme 20).[59] The reactions
employing C2 symmetric guanidine catalyst C5 proceeded at
low temperature with high yields and enantioselectivity leading
to product 73. The reaction was stereospecific and the Z-
configured thioester Z-71 afforded the γ-aminated products
ent-73 with opposite configuration at the newly formed C� N
stereocenter. The effectiveness of these reactions is strongly
influenced by the nature of the radical attached to sulfur: alkyl

Scheme 17. Organocatalytic aldol addition reactions of acrylic ester and
nitrile using Verkade’s strong bases.

Scheme 18. Direct urea/tertiary amine catalysed Mannich reaction of β,γ-
unsaturated aryl esters proceeding through Cα as reported by Zhao.

Scheme 19. Tandem Michael addition/reduction/cyclisation involving sym-
metrical dienolates as key intermediates.

Scheme 20. Stereospecific γ-amination of β,γ-unsaturated thioesters cata-
lysed by chiral guanidine C5.
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thioesters performed poorly, while aryl thioesters gave usually
much better yields and selectivities. Density functional calcu-
lations favored a “side-on” mechanism (TS4) with the catalyst
working bifunctional rather than the alternative hetero-Diels-
Alder (TS5) pathway. This catalytic γ-amination process was also
extendable to β,γ-unsaturated N-acyl oxazolidinones.

3.2.3. Amide dienolates

Since the introduction of pyrazoleamides as active pronucleo-
philes in asymmetric catalysis by Barbas,[60] these substrates
turned out quite valuable for both metallic catalysis, vide supra,
and organocatalysis. Dienolates transiently generated from
deprotonation of allyl pyrazoleamides 74 by bifunctional base
catalyst engaged in a tandem aldol/cyclisation process with
isatins 75, with relief of pyrazole (Scheme 21). Using as low as
1 mol% Takemoto’s catalyst C6, the corresponding spirocom-
pounds 76 were obtained in very high yields and good
enantioselectivity.[61]

Huang group reported the tandem intermolecular Michael/
intramolecular oxa-Michael addition between skipped N-enoyl
pyrazoles 77 and α,β-unsaturated ketoesters 78 to afford
dihydropyrans 79 (Scheme 22).[62] Authors proposed a coopera-
tive coordination of the chiral catalyst to both dienolate and
ketoester groups (TS6). The same group demonstrated that
nitroolefins 69 are also well suited electrophiles leading to the

γ-addition Michael adducts 80 in good yields and very high
stereoselectivity for all tested aromatic nitroolefins (R2=Ar). A
low yield (28%) was reported for an aliphatic nitroolefin.
Subsequent treatment of thus obtained adducts with 20 mol%
tetramethylguanidine (TMG) afforded the corresponding tetra-
substituted cyclobutanes 81 as single diastereomer.[63]

3.2.4. Ketone dienolates

Direct aldol addition reactions of allylic ketones to activated
ketones as acceptors can be triggered by chiral tertiary amine/
H-bond bifunctional catalysts. These reactions proceed almost
exclusively through the Cγ of the transiently generated ketone
dienolate, thus providing an entry to remotely functionalized
enone products. Huang, Jiang and coworkers have described
the reaction between acyclic allyl ketones 82 and active
ketones, both cyclic (e.g. isatins 75)[64] or acyclic (e.g. α-CF3

ketones and α-keto esters and phosphonates, 83),[65] to provide
aldols 85 and 86 in high yields, good E/Z ratios, and
enantioselectivities from good to excellent (Scheme 23). No
examples involving ketones with two enolizable flanks were
reported. More recently, Mukherjee extended the procedure to
pyrazole-2,3-diones 84 as acceptors to produce pyrazolone
derivatives 87 bearing a tertiary carbinol in good yields and
enantioselectivities from moderate to high.[66]

Transiently generated ketone dienolates also react through
the Cγ against Michael acceptors to deliver cyclic products
upon intramolecular trapping of the anionic intermediate. Hong
and coworkers reported the direct reaction between allylic
ketones 88 and nitroolefins 89 catalyzed by cinchona/squar-
amide bifunctional catalysts, to produce tetrasubstituted cyclo-
butanes 90 (Scheme 24).[67] The reaction is believed to occur via
a tandem C� C/C� C bond forming process that commences
with the Michael addition of the in situ formed dienolate to

Scheme 21. Asymmetric organocatalytic synthesis of spiroindoles through
tandem γ-selective aldol addition/lactonization by Wu.

Scheme 22. γ-Selective Michael reactions of β,γ-unsaturated N-acyl pyrazoles
triggered by bifunctional tertiary amine/H-bond catalysts by Huang.

Scheme 23. Organocatalytic γ-selective aldol additions involving acyclic
ketone dienolates and active ketones as acceptors by Jiang.
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nitroolefin (stereomodel shown), followed by a subsequent
intramolecular Michael cyclisation. The reaction was highly
efficient with aromatic nitroalkenes, but the aliphatic ones led
to diminished yields (54-66%). In a parallel development, Yang
and Fang documented a Michael/heteroMichael tandem cata-
lytic reaction between allylic ketones and unsaturated 1,2-
diketones 91 that afford tetrasubstituted dihydropyrans 92
under otherwise similar bifunctional tertiary amine/thiourea
catalysis.[68] Once again, reactions involving either substrate
with aliphatic substituents led to somewhat eroded yield or/
and enantioselectivity. In another example, Albrecht described
the addition/cyclisation reaction involving allyl ketones and
cyclic unsaturated N-tosyl imines 93 to yield benzofuran-fused
tetrahydropyridines 94 in good yields and high selectivities.[69]

Alternatively, Palomo group described that in the presence
of bifunctional BB/H-bond catalysts like C11 reactions of
transiently generated ketone dienolates, both cyclic and acyclic,
with Michael acceptors proceeded through the Cα preferentially
(Scheme 25).[70] For example, the reactions with (mainly aro-
matic) nitroolefins afforded adducts 95 with high regio- and
stereoselectivity regardless the aromatic or aliphatic nature of
the ketone R flank. As illustrated by the hydrogenation reaction

leading to 96, simple reduction of the resulting adducts gives
access to products derived from a formal enantioselective C� H
functionalization of dissymmetrical alkyl alkyl ketones, a yet
unconquered transformation using direct chemical
approaches.[71] Among several subtypes of allyl ketones that
successfully engaged in this catalytic reaction, α’-hydroxyke-
tones are worth of mention, since aftermath oxidation of the
ketol moiety in adducts 97 smoothly affords the corresponding
α-branched carboxylic acids 98.

The behavior of alkynyl allyl ketones in the above reaction is
tricky and strongly dependent on the substitution pattern of
the allylic system. While unsubstituted allyl ketones 99 (R1, R2=

H) invariably led to the MBH-type products 101 via spontaneous
double bond isomerization, adducts from β-substituted ketones
(R1¼6 H) showed to be resistant towards such isomerization,
affording 100 as a mixture of diastereomers (Scheme 26). In
addition, the reaction outcome of γ-substituted ketones 99
(R1=H, R2¼6 H) was catalyst-dependent: catalyst C11 led to
mixtures of both 100 and 101, but the newly developed bulky
catalyst C12 led to nonisomerized product 100 cleanly.[72]

Cα selective addition of transiently generated acyclic ketone
dienolates is prevalent in reactions with activated ketimines, as
described by Ma group.[73] Using nonsymmetrical thiourea
catalysts C13, the Mannich reaction between aryl allyl ketones
82 and cyclic N-sulfonyl iminoesters 102 afforded adducts 103
with high yields and selectivities (Scheme 27). When applied to
alkyl allyl ketones diminished yields and both diastereo- and
enantioselectivity were obtained. It was observed that the
nature of the catalyst, specifically the stereochemical matching
of the two chiral saccharide and diamine moieties, have a big
influence not only on reaction stereoselectivity, but also on the
α/γ ratio.

Scheme 24. Organocatalytic tandem Michael/Michael processes initiated
with γ-addition of transiently formed ketone dienolates.

Scheme 25. Organocatalytic asymmetric α-selective Michael additions of
transiently formed ketone dienolates by Palomo.

Scheme 26. Catalyst- and substrate-dependent reaction regioselectivity as
reported by Palomo for transient dienolates from allyl alkynyl ketones.

Scheme 27. The glycosyl-thiourea/amine catalysed α-selective Mannich
reaction between allyl ketones and activated ketimines by Ma.
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The realization of highly enantioselective and α-selective
reactions involving α-branched dienolate intermediates remains
undeveloped; not only the attenuated reactivity and enantiofa-
cial discrimination over a trisubstituted prochiral carbon are
challenging,[74] but also the preference for the sterically less
demanding γ-reactivity vs the more demanding α-reactivity
needed to be addressed. Despite these difficulties, the α-
selective addition of α-vinyl substituted cycloalkanones 104
(n=0,1,2 or 3) to several acceptors was feasible to carry out
under the action of bifunctional tertiary amine/squaramide
catalysis giving rise adducts in good yields and high enantiose-
lectivity (Scheme 28).[75] Catalyst screening led to identify bulky
catalysts C14 and C16 as best suited for the addition reaction
to vinyl bis(sulfones) 105, while the 3,5-dinitrophenyl analog
C15 proved optimum for the addition to either nitroolefins or
formaldehyde. Under the present conditions acyclic α-branched
dienolate precursors were ineffective substrates. Quantum
calculations of purely intrinsic electronic parameters (e.g.
charge distribution and Fukui nucleophilicity index) of the
allegedly formed dienolate species failed in predicting the
differences in reactivity of cyclic vs. acyclic enones. More

relevant proved computing the transition state activation
barriers of model reactions, which correlated well with the
observed cyclic/acyclic reactivity difference. TS10 was identified
as optimal transition state that correctly predicts the sense of α
vs.γ site selectivity and reaction enantioselectivity.

A reaction in which two transiently generated ketone
dienolates, each reacting through Cα, are involved in consec-
utive steps, is reported by Li and Fang (Scheme 29).[76] The
reaction involves aryl-substituted allyl ketones 109 and alkynyl-
1,2-diketones 110 as acceptor under PTC conditions to produce
tetrasubstituted cyclopentenones 111 after an intermediate C!
O acyl transfer. Attempts to render the process asymmetric by
means of chiral ammonium salt C17·Br led to suboptimal
enantiocontrol so far.

The isomerization of carbon-carbon double bonds within
otherwise untouched carbon skeletons may lead to formation
of new stereocenters. Very recently, Paton and Dixon reported a
bifunctional iminophosphorane C18-catalyzed enantioselective
synthesis of α,β-unsaturated cyclohexanones 113 through a
facially selective 1,3-prototropic shift of β,γ-unsaturated prochi-
ral isomers 112 (Scheme 30).[77] The key and enantioselectivity-
determining step in this downstream derivatization process is
the reprotonation at Cγ of a thiourea-stabilized dienolate
intermediate in which the catalyst basic site acts as a proton
shuttle.

Relying on a dual covalent/noncovalent activation strategy,
Xu and coworkers developed an enantioselective Michael
addition of allylic ketones 82 to enals 114 that afford the γ-
addition adducts 115 in good yields and very high stereo-
selectivity (Scheme 31).[78] Authors found that concomitant
activation of the enal via iminium ion formation and the
nucleophile via H-bond-stabilized chiral dienolate was key to
achieve both good conversion and efficient γ/α regioselectivity.
Apparently, coordination of bis(sulfonamide) catalyst to dien-
olate anion causes shielding of the α position, thus favoring γ-
attack as in TS13. Starting from skipped cyclohexenones
authors merged this process with a subsequent NHC-catalyzed

Scheme 28. Organocatalytic α-selective 1,2- and 1,4-additions of α-vinyl
cycloalkanones leading to quaternary stereocenters developed by Palomo.

Scheme 29. Sequential Cα/Cα coupling of intermediate ketone dienolates
leading to tetrasubstituted cyclopentenones from acyclic precursors.

Scheme 30. A thiourea/iminophosphorane catalytic approach to the enan-
tioselective isomerization of .β,γ-cyclohexenones by Paton and Dixon.
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intramolecular Stetter reaction to provide a new entry to Hajos-
Wiecher-type ketone skeleton enantioselectively.[79]

3.2.5. Aldehyde dienolates

The low γ-carbon acidity of the majority of α,β-unsaturated
carbonyl compounds makes deprotonation at this position by
weak BB catalysts, such as tertiary amines, extremely difficult.
Xu and coworkers conceived that the relatively active α-aryl
α,β-unsaturated aldehydes may be an exception, particularly if
reactive electrophiles are employed. Relying on a cinchona
alkaloid/indanolamine-derived bifunctional thiourea catalyst
C21 they developed a tandem Michael/Henry reaction se-
quence between α-aryl α,β-unsaturated aldehydes 116 and
aromatic nitroolefins for the construction of pentasubstituted
cyclohexenes 117 (Scheme 32).[80] Although the reactions
required from 4 to 8 days for completion and a 20 mol%
catalyst loading, highly enantioenriched products with diaster-
eoselectivities ranging from 3 :1 to >20 :1 were obtained.
Interestingly, epimeric cycloadduct 118 could be obtained with

similar efficiency by shifting to squaramide catalyst C22. The
opposite nitroolefin face selectivity was explained by assuming
two alternative approaching models TS14 and TS15, respec-
tively.

Variants of this reaction between aldehyde-derived dien-
olates and nitroolefins were developed subsequently, which
opened straightforward routes to substituted tetrahydro diben-
zothiophenes 120/121 (X=S) and cyclohexenes 123
(Scheme 33).[81] In the latter development two mol-equivalents
of nitroolefin and two consecutive aldehyde dienolate-medi-
ated intermolecular addition steps, first one α-selective and the
second one γ-selective (TS17), are involved.

3.3. “Out of the ring” dienolates from heterocyclic
pronucleophiles

Some unsaturated heterocycles, particularly lactones and
lactams, are prone to undergo “out of the ring” deprotonation
to yield dienolate intermediate species of aromatic character.
This activation strategy has been implemented successfully for
the exocyclic asymmetric C� H functionalization of heterocyclic
pronucleophiles using both metal and metal-free catalytic
approaches. In this context, two almost contemporary papers
described the γ-functionalization of α-alkyliden-2-oxindoles via
transiently generated dienolate intermediates. Qing and co-
workers developed a substrate controlled Mannich reaction of
α-alkyliden-2-oxindoles with chiral N-sulfinoyl aldimines medi-
ated by titanium dienolates,[82] while Feng group reported the
catalyst-controlled direct Michael reaction between α-alkyliden-
2-oxindoles 124 and chalcones and related enones 125, using
as catalysts Yb(III)-N,N’-dioxide chiral complexes (Scheme 34).[83]

The reactions proceeded at the Cγ position of the intermediate
dienolate affording Z-configured products 126 preferentially
with excellent enantiocontrol.

Complementing the metal-catalyzed approach described
above, metal-free methods based on chiral base-promoted
deprotonation of several “enolizable” alkylidene-heterocycles

Scheme 31. γ-Selective Michael addition of transiently generated bis
(sulfonamide)-stabilized dienolates from allyl ketones by Xu.

Scheme 32. Diastereodivergent organocatalytic synthesis of substituted
cyclohexenes involving aldehyde dienolates by Xu.

Scheme 33. Tandem dienolate-mediated addition/Henry reaction towards
cyclohexene systems by Zhao.
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have appeared. Xu and coworkers described the catalytic
vinylogous aldol-type addition of alkylidene azlactones 127 to
α-keto esters 128 followed by cyclisation to deliver densely
functionalized α,β-unsaturated δ-lactones (dihydropyranones)
129 featuring a quaternary stereocenter in good yields and
excellent enantioselectivities (Scheme 35).[84] Later, Singh and

coworkers developed a variant using aryl trifluoromethyl
ketones 130 as acceptors.[85] The reaction is believed to proceed
through intramolecular O-acylation of the anionic aldolate with
concomitant azlactone ring opening. Strikingly, TS models with
opposite coordination geometries between the protonated
catalyst and the Nu/Elec reactants were proposed in each
work.[86]

Alternative activation approaches have been documented
for the exocyclic functionalization of alkylidene oxazolones 132.
Jiang and Chan described deprotonation in the presence of a
tert-leucine-derived urea/quaternary ammonium salt C26 under
PTC conditions and subsequent γ-selective addition to 4-nitro-
5-styrylisoxazoles 133 to give rise enantioenriched α-amino-
cyclohexenones 134 featuring two and three contiguous
tertiary stereocenters in high stereoselectivity (Scheme 36).[87]

On the other hand, Lian and Xu developed the γ-selective allylic
alkylation of this type of dienolates using catalytically activated
MBH-type carbonates 135.[88]

Structures containing the 2-oxindole core are widespread
among medicinally relevant compounds, sparking the develop-
ment of asymmetric and catalytic syntheses of this class of
compounds. In this context, organocatalytic methods have
recently appeared that allow the direct C� H functionalization at
the 2’ position of the oxindole side-chain at C3 involving
transiently generated dienolate species. Starting from enoliz-
able 3-alkyliden 2-oxindoles 137, Curti, Rassu, Casiraghi and
coworkers described the cinchona alkaloid/thiourea C28 cata-
lyzed vinylogous Michael reaction of these pronucleophiles and
nitroolefins to render compounds 138 (Scheme 37).[89] Products
from dienolate γ-addition were detected exclusively and, with
the exception of aliphatic nitroolefins which turned to be less
reactive and selective, adducts were obtained with high yields
and essentially perfect enantio- and diastereocontrol. Expansion
of this chemistry allowed to access chiral 2-oxindole derivatives
such as 139–142 with specific variations at the C3 side-chain.
For example, the complementary Z-configured isomer 139,[90]

Scheme 34. Ytterbium(III)-catalyzed γ-functionalization of 3-alkylidene-2-ox-
indoles by Feng. DMAP: 4-dimethylaminopyridine.

Scheme 35. Dienolates from alkylidene oxazolones en route to unsaturated
α-amino γ-lactones by Xu and Singh, independently.

Scheme 36. Asymmetric Michael additions and allylic alkylations of dien-
olates transiently generated from alkylideneoxazolones.

Scheme 37. 3-Alkylidene-2-oxindoles as dienolate precursors and their
enantioselective γ-addition to different electrophiles.
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products with a quaternary stereocenter (140, 141)[91] or
adducts from a formal allylic alkylation reaction (142).[92]

Addition to β,γ-unsaturated α-ketoesters has also been
described.[93]

In the above examples dienolates generated from alkyliden-
2-oxindole have a single γ, or two equivalent γ and γ’, site(s)
available, so site selectivity is not an issue. Bencivenni et al
scrutinized alkyliden-2-oxindole substrates with two nonequiva-
lent γ and γ’ reactive sites. They observed that, regardless the E/
Z configuration of the substrate C=C double bond, the reaction
catalyzed by C29 at room temperature afforded mixtures of
addition products from both γ and γ’ sites, although isolated
product always had Z configuration.[94] These observations were
rationalized based on easy E/Z equilibration of starting material
through σ bond rotation (s-cis/s-trans) in the intermediate
dienolate. However, by performing the reactions at � 20 °C the
E/Z isomerization was suppressed and the reaction took place
at the γ site exclusively, each geometrical isomer of starting
material leading to different addition products stereospecifi-
cally. Kinetic studies that included isotopic and concentration
effects indicated that deprotonation is the rate-determining
step of the reaction, and that the thiourea moiety of the catalyst
interacts faster with nitrocompound than with oxindole. From
these data authors propose dienolate, and not dienol, as the
actual reaction intermediate (TS21, Figure 2) and justify the
lowering of the E/Z isomerization rate as the concentration of
nitroolefin reagent increases.

3.4. Aza-dienolates from o-allyl azaarenes

Nitrogen-stabilized allylic anions (aza-dienolates) may be
formed via deprotonation of o-allyl azaarenes. While this
activation mechanism might constitute an approach for the
catalytic side-chain C� H functionalization of azaarenes, the
realization of this idea in a direct and regio- and enantioselec-
tive manner has remained very much unexplored. Using
ethereal solvents, 20 mol% LiH2PO4 and a newly developed
bifunctional dipeptide-based amine/urea catalyst C30, Jiang
and coworkers reported the vinylogous (γ-selective) direct aldol
reaction of o-allyl quinolones 143 and isatins 75 (R3=Me) to
give 144 via intermediate aza-dienolate (Scheme 38).[95] In this
study authors found that extension of the method to acyclic
trifluoromethyl ketones, e.g. 130, was not straightforward as
yields dropped drastically. However, shifting to PTC conditions

and using de novo developed ammonium salt C31 allowed the
reaction with these latter ketones to work nicely.

Very recently, Yin reported the vinylogous (γ-selective)
aldol-type addition of o-allylazaarenes 143 to aromatic alde-
hydes in the presence of a chiral Cu-bisphosphine catalyst and
Barton’s base as cocatalyst (Scheme 39).[96] It is interesting that
by varying the chiral bisphophine ligand authors managed to
control preferential formation of γ-hydroxyl o-vinylazaarenes
with either E (146/147) or Z (148) configuration in yields from
moderate to excellent and very high regio- and stereoselectiv-
ity.

3.5. Trienolates

Direct asymmetric and catalytic C� H functionalizations of
enolizable substrates involving transiently generated trienolate
species are essentially undeveloped. As compared with the
parent enolates, extended trienolates are expected to present
attenuated nucleophilicity, while regioselectivity, α vs. γ or ɛ,
remains challenging. In the realm of metal catalysis, the work
by Yin in bisvinylogous Mannich reaction involving copper

Figure 2. Model proposed by Bencivenni et al. for the above catalytic
reactions involving 3-alkylidene-2-oxindole-derived dienolates as intermedi-
ates.

Scheme 38. Enantioselective vinylogous aldol additions of azadienolates
from o-allyl azaarenes with activated ketones by Jiang.

Scheme 39. Ligand-dependent azadienolate mediated vinylogous aldol-type
reactions of o-allyl azaarenes by Yin.
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trienolates derived from doubly unsaturated pyrazole amides,
noted above (Scheme 12), is, as far as we know, the only single
example. Within organocatalytic strategies, very recently Pal-
omo’s group reported the first example of Cα-selective addition
of transiently formed trienolates from doubly unsaturated
thioester and ketones 149, using as acceptors nitroolefins
(Scheme 40).[97] During initial screening of various Brønsted base
catalysts, it was observed that, besides the α-addition adduct
153, variable amounts of the isomerized starting material 151,
the MBH-type thioester/ketone product 154, and cyclohexene
150 were also obtained. Using cinchona-derived squaramide
catalyst C7 in dichloromethane at room temperature, the
Michael addition adduct 153 could be obtained as the major
product. Reaction optimization led to the discovery of a highly
stereoselective domino process involving consecutive addition/
isomerization events by combined action of chiral bifunctional
catalyst C7 and MTBD as achiral stronger base cocatalyst. In this
way tetrasubstituted cyclohexenes 150 were obtained in one-
pot from minimally functionalized starting materials.

3.6. Reactions involving electrophile-catalyst chiral complexes

In the methods above the transiently generated dienolate forms
a chiral noncovalent complex with the catalyst prior to reacting
with a suitable electrophile. Methods based on a complemen-
tary strategy have also been developed in which an achiral
dienolate species reacts with a covalently activated catalyst-
electrophile chiral complex. For example transiently generated
dienolates of different nature are able to react with α,β-
unsaturated aldehydes, the latter activated in the form of chiral

iminium species, to provide C� H functionalized carbonyl and
related products enantioselectively. Thus, Albrecht developed
an enantio- and diastereoselective entry to carboannulated
naphthalene-1(4H)-one derivatives 159 through a tandem
addition/intramolecular aldol condensation starting from naph-
thoquinone 156 (Scheme 41).[98] A similar strategy by Wu and
Chi that ends up with an intramolecular Mannich addition
reaction served to prepare tetrasubstituted cyclohexene carbal-
dehydes 160,[99] while Li, Cheng and coworkers described the
enantioselective Michael addition reaction of dienolates from
alkylidene oxindoles 137 to enals.[100] In this same context,
Zanardi’s group explored the reactivity of doubly unsaturated
enolizable malononitriles against enals under dual activation of
both nucleophile and electrophile. Indeed, they observed that
the α,α‘-dicyano dienes 158 may follow divergent deprotona-
tion pathways: (i) deprotonation at the remote ɛ position (linear
extended π-system formation) with subsequent Michael addi-
tion leading to adducts 162, which could then be cyclisized via
intramolecular Stetter reaction, or (ii) deprotonation at the γ’
site (crossed extended π-system formation), followed by formal
[4+2] cyclisation to adducts 163.[101]

On the other hand, addition of transiently generated
dienolates to MBH carbonates was shown feasible upon
activation of these latter by Lewis base (nucleophilic) catalysts.
For instance, Huang and Jiang reported[102] the α-selective
addition of allyl aryl ketones 82 (R1=aryl) to MBH carbonates
164 in the presence of 10 mol% (DHQD)2PYR to afford adducts
165 in generally good yields and high selectivity (Scheme 42).
The tBuO� anion detached upon coupling of the tertiary amine
catalyst with the MBH adducts is postulated to act as a base for
dienolate formation. Related developments using enolizable
allyl sulfones[103] and 3,5-dimethyl-4-nitroisoxazoles[104] as pronu-
cleophiles have also been documented.

Scheme 40. Trienolate-mediated asymmetric one-pot transformation of
doubly unsaturated ketones/thioesters into substituted cyclohexenes by
Palomo. MTBD: 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene.

Scheme 41. Direct addition reaction of various in situ generated dienolates
with transiently generated chiral iminium ion from aldehydes.
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Yin and coworkers demonstrated the feasibility of in situ
generation of achiral dienolates with concomitant activation of
allylic electrophile reagent with a chiral metal complex catalyst
for enantioselective C� H functionalization. These authors
described the Ir-catalyzed asymmetric vinylogous allylic alkyla-
tion of unsaturated lactones 167 and 168 with allylic carbonates
166 using TMG as the achiral base (Scheme 43).[105] The γ-
alkylation products are obtained with very high site- and
stereoselectivities using phosphoramidite chiral ligands L13 and
L14, respectively.

4. Miscellaneous

Recently, an original strategy was devised by Du and Chen that
uses transiently generated palladium(II) di- and trienolates as
umpolung allylic alkylation reagents (Scheme 44). Under oxida-
tive conditions (e.g. O2 atmosphere) these intermediates may
evolve into electron-deficient π-allylpalladium complexes,
which then react with substituted 2-oxindoles 171 and related
pronucleophiles through the remote Cγ (Cɛ in the case of
doubly unsaturated ketones) site affording the corresponding
quaternary stereocenters as in 172 with excellent
enantioselectivity.[106] Just in the opposite direction, Zhao group
reported the switch from alkoxide-π-allyl to metal dienolate
reactivity by using Pd� Ti relay catalysis. Based on this
umpolung strategy, vinylethylene carbonates 173 reacted with
aurones 176 as special class of α,β-unsaturated cyclic ketones
to yield spiro-heterocycles, such as 177, with three contiguous
stereocenters in high diastereoselectivity, but moderate
enantioselectivity.[107]

Alkynylogous enolates, the alkynyl analogs of metal dien-
olates, which might present the alkynyl and allenyl tautomeric
forms 178 and 179, could be generated in situ from the
corresponding alkynyl or allenyl esters. The reactivity of
transiently formed alkynylogous enolates have been explored
to a limited extent. Feng et al documented direct aldol
reactions of allenyl esters 180 with isatin 181 via in situ formed
chiral Au(I) allenyl enolates,[108] while Yin reported copper-
catalyzed direct aldol reactions of alkynyl esters 183 to various
aromatic and aliphatic aldehydes via transiently generated
Cu(I)/diphosphine alkynyl enolates (Scheme 45).[109] In both

Scheme 42. α-Selective coupling reaction of in situ formed ketone dien-
olates with chiral amine-activated MBH carbonates 164 by Huang and Jiang.

Scheme 43. Ir-catalyzed vinylogous allylic alkylation of β,γ-unsaturated
lactones by Yin.

Scheme 44. Umpolung strategies for the generation of ester and aldehyde
metal dienolates in situ and their coupling with donor and acceptor
reagents.

Scheme 45. Alkynylogous enantioselective aldol reactions of homopropar-
gylic esters under Au(III) and Cu(I) catalysis.

Chemistry—A European Journal 
Minireview
doi.org/10.1002/chem.202100756

10242Chem. Eur. J. 2021, 27, 10226–10246 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 09.07.2021

2140 / 205760 [S. 10242/10246] 1

http://orcid.org/0000-0001-9809-2799


cases the reactions proceeded through Cγ, furnishing the
corresponding allenyl carbinols (chiral 2,3-allenols) 182 and
184/185 in good yields and excellent enantio- and diastereose-
lectivity.

Johnson reported a dienolate mediated three-component
reductive coupling reaction between dimethyl phosphite 186,
benzylidene pyruvates 78 and aldehydes catalyzed by bifunc-
tional thiourea/iminophosphorane catalysts C34 to afford
densely functionalized O-phosphorylated aldol adducts 187
(Scheme 46).[110] Dienolates are generated in situ via base-
promoted Pudovik addition of dialkylphosphite to unsaturated
keto ester and subsequent phospha-Brook rearrangement, then
reacting with aldehydes through the Cα exclusively and with
good enantio- and diastereoselectivity.

Azadienolates 189 generated in situ from deprotonation of
isatin-derived nitrones 188 in the presence of chiral bifunctional
BB catalysts may react with nitroolefins and activated ketimines
190 to afford the corresponding γ-selective Michael addition
adducts 191 or 1,3-dipolar cycloadducts 192, respectively
(Scheme 47).[111]

Very recently, two enzymatic processes, the carbon-carbon
cyclization of oxepinone 193 to furnish fused bicyclic β-lactone
structure during vibralactone 194 biosynthesis,[112] and the
decarboxylation of 3-methylglutaconyl CoA to generate 3,3-
dimethylacrylyl-CoA in an alternative biosynthetic pathway to
isovaleryl-coenzyme A,[113] have been proposed to proceed

through enzyme-coordinated dienolate intermediates
(Scheme 48).

5. Conclusions and Outlook

Catalytic, site- and enantioselective functionalization of β,γ-
unsaturated enolizable carbonyl compounds via transiently
generated dienolates is nowadays feasible using both metallic
and nonmetallic catalysts. Alone, or more often in combination
with an organic base, metal complexes based on Cu(I), Ba(II),
Zn(II), Yb(III), La(III), Ir(III), Pd(II) and Au(III), can trigger these
reactions through tightly coordinated metal-dienolate non-
covalent intermediates. Although the reaction outcome in the
majority of metal-catalyzed reactions leads to adducts from the
dienolate γ-carbon attack (vinylogous reactivity), examples in
which the complementary α-addition product is obtained are
also known. The γ vs. α reactivity preference is very much
substrate-dependent, but catalyst fine tuning is important to
maximize or, in some instances, even reverse it. Likewise, purely
organic chiral catalysts, particularly bifunctional Brønsted base/
H-bond catalysts, have been demonstrated to be useful in
promoting highly enantioselective direct addition and coupling
reactions of β,γ-unsaturated enolizable compounds to electro-
philes that proceed through intermediate dienolate species.
Once again, the preferential α- or γ-reaction pathway depends
mainly on the substrate structure and substitution pattern, but
organocatalysts structure has its impact. As compared to
methods involving dienolate intermediates, examples dealing
with trienolates remain very much unexplored yet and need
further investigation. Similarly, most current protocols require
nonconjugate (skipped) unsaturated substrates, and the con-
jugate analogs, while relatively more accessible and stable,
remain challenging substrates because of lower carbon acidity.

Scheme 46. Asymmetric organocatalytic reducting coupling reactions be-
tween benzylidene pyruvates and aldehydes by Johnson.

Scheme 47. Catalytic asymmetric addition reactions involving nitrone-
derived azadienolates as intermediates.

Scheme 48. Recently reported enzymatic transformations involving dieno-
late intermediates.
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Development of stronger base catalysts may offer new oppor-
tunities in this regard. Although base-promoted deprotonation
is the most general access to di-(tri)enolate intermediates,
alternative approaches, including reductive variants starting
from doubly unsaturated systems, may deserve some future
attention. Finally, the methods covered here[114] constitute a
nice complement to related activation approaches relying on
covalent substrate-catalyst coordination, such as in enamine-
and acylammonium enolate mediated strategies.
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