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Abstract

The concept of merging enamine activation catalysis with transition metal cataly-
sis is an important strategy, which allows for selective chemical transformations
not accessible without this combination. The amine catalyst activates the carbonyl
compounds through the formation of a reactive nucleophilic enamine intermediate
and, in parallel, the transition metal activates a wide range of functionalities such
as allylic substrates through the formation of reactive electrophilic m-allyl-metal
complex. Since the first report of this strategy in 2006, considerable effort has been
devoted to the successful advancement of this technology. In this chapter, these find-
ings are highlighted and discussed.

Keywords Combined catalysis - Enamine catalysis - Transition metal catalysis -
Amino catalysis - Organocatalysis

1 Introduction

The use of a small organic molecule to transform a chemical reaction through a
catalytic approach (organocatalysis) has proved to be a very fruitful and widely
employed chemical strategy [1, 2]. In this context, the use of an amine catalyst for
the activation of ketones and aldehydes by the formation of enamine [3] or imin-
ium [4] intermediates allows for a wide range of chemical transformations to pro-
ceed. These strategies become even more interesting and further broadened when
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the amine catalyst is combined with a transition metal catalyst, allowing unprec-
edented chemical reactions to ensue [5]. In the case when the amine catalyst pro-
vides a nucleophilic enamine, the intermediate can react directly with an electro-
philic component activated by the transition metal catalyst [6, 7]. Specifically,
the amine-catalyzed enamine formation of carbonyl compounds proceeds through
the condensation reaction between the carbonyl component and the amine cata-
lyst providing a nucleophilic enamine intermediate (enamine catalysis). In paral-
lel, the transition metal can activate a wide range of substrates through various
activation modes (e.g., through the formation of a n-allyl-metal complex, through
a Tsuji-Trost type allylic activation [8]) providing an electrophilic intermedi-
ate (transition metal catalysis). By combining the catalytic cycles of these two
intermediates (combined catalysis), a wide range of novel reactions can proceed
(Scheme 1). For instance, the employment of gold catalysis for the electrophilic
m-activation of alkynes has proven compatible with nucleophilic enamine addi-
tion to the triple bond [9]. Generally, amine catalysts are stable in most reaction
conditions; however, when they are merged with metal catalysts, special caution
need to be taken when considering the metal used, for instance, the use of copper
might needed under inert atmosphere [10].

This chapter will discuss chemical transformation involving enamine and
metal catalysis. Moreover, reactions involving enamine catalysis in domino-, cas-
cade, sequential fashion or through iminium enamine activation, for instance in
dynamic kinetic asymmetric transformation, will also be highlighted [5-7, 11].
More specifically, chemical transformations such as direct a-allylic alkylations
and a-alkyl alkylations of carbonyl compounds, reactions employing alkynes or
non-activated olefins as substrates, reactions involving an oxidation step or the
preparation of various carbocyclic compounds through combined catalysis will
also be discussed. These catalytic reactions have generally several advantages,
such as avoiding the use of preformed activated carbonyl nucleophiles and dry
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Scheme 1 Illustration of combined enamine and transition metal catalysis, where the carbonyl com-
pound and the amine provide the enamine intermediate and the transition metal can activate a wide range
of substrates simultaneously, providing reactive electrophilic intermediates such as m-allyl-M complex, or
electrophilic activation of an alkyne moiety or an alkenyl
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solvents. Thus, the reactions can be performed in laboratories that do not have the
special equipment necessary for some types of organometallic chemistry (e.g.,
glove box) and are less moisture sensitive. In fact, sometimes a small amount of
water (e.g., 10 mol %) and oxygen are necessary for the transformations to occur
[10, 81].

2 a-Allylic Alkylation of Aldehydes and Ketones

The first demonstration of a successful combination of catalytic enamine activation
and transition metal catalysis was disclosed by Coérdova et al. [12]. This concept
has been shown to be a very powerful tool for a variety of chemical reactions [5].
With respect to the direct a-allylic alkylation (AAA) of aldehydes and ketones, the
research group managed to obtain the corresponding alkylated product in moderate-
to-high yields.

When investigating the enantioselective version, which was catalyzed by a chi-
ral amine catalyst (e.g., 4 and 7) in combination with an achiral or chiral ligand on
the metal catalyst, the corresponding a-allylated products 5 and 8 were obtained in
low yields with enantiomeric excesses (ee) of up to 88%. However, prolonged reac-
tion times led to a decrease in the ee of the aldehyde-derived products (Scheme 2).
These first examples of chiral amine/Pd-co-catalyzed enantioselective transforma-
tions were disclosed in this work but the reviewer requested that they not be specifi-
cally pointed out. Thus, they were put in the supporting information. However, the
group was able to develop a reaction that gave the a-allylic alkylated aldehydes in
high yields and ees using the same catalyst system [14]. It is noteworthy that, prior
to this seminal work, it was often believed that the Lewis acid (metal catalyst) would
most likely deactivate or inhibit the amine catalyst, and therefore it would be hard to
accomplish a cooperative catalyst system [13]. Moreover, new avenues within the
field of merging enamine and metal catalysis were opened.
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Scheme 2 Selected examples from the first efforts of enantioselective a-allylic alkylation (AAA) by
combined enamine and palladium catalysis for the generation of chiral ketone 5 and alcohol 8
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Scheme 3 Highly enantioselective a-allylic alkylation (AAA) by combined enamine and palladium
catalysis, and the proposed reaction mechanism

As mentioned above, the group later demonstrated a solid protocol for the gen-
eration of highly enantioselective alkylated products 12 by optimizing the previ-
ous protocol (Scheme 3) [14]. Interestingly, after a wide range of optimization
with respect to parameters such as solvent, temperature and reaction time, the
group found that having the right solvent system and temperature were critical in
order to obtain high reactivity and simultaneously high enantioselectivity. Con-
sequently, the optimal reaction conditions for the enantioselective transformation
turned out to be a 1:1 mixture of DMSO (providing the highest reactivity) and
DMF (providing highest enantioselectivity) at —20 °C for 48 h. The group also
highlighted the importance of degassing the solvent with nitrogen gas prior to
use for a successful reaction to occur, probably due to interference from the oxy-
gen present in the solvent. The authors suggest a plausible mechanism for the
chemical transformation, as depicted in Scheme 3. The transformation proceeds
by a condensation step between the aldehyde 9 and amine catalyst 7, providing
the chiral enamine I intermediate, which undergoes a nucleophilic addition to the
parallel generated electrophilic allylic intermediate II, generating the chiral cou-
pled intermediate III. After subsequent hydrolysis, the chiral amine catalyst 7 is
regenerated, and the chiral aldehyde 11 is obtained (Scheme 3). In 2007, List and
colleagues [15] disclosed a direct a-allylic alkylation reaction with a-branched
aldehydes as substrates. One of the key components was the employment of a
chiral phosphoric acid as the cocatalyst in combination with an achiral amine
catalyst. The authors termed the strategy as asymmetric counteranion-directed
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Scheme 4 Selected examples from the integrated enamine and metal catalysts for the preparation of five-
and six membered cyclization products, where the metal could be either palladium or iridium catalyst
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Scheme 5 Example of the stereoselective intramolecular a-allylic alkylation using aldehyde-linked
allenes providing carbocycle 20

catalysis (ACDC) based on their proposed mechanism of action, where the elec-
trophilic palladium species is charged, and a chiral counter anion surrounding the
species promotes the selective attack of an achiral enamine.

Furthermore, Saicic et al. employed the strategy of merging the enamine and
metal catalysis for the preparation of five- and six membered rings by using either
palladium [16] or iridium [17] catalysts (Scheme 4). The applicability of the intra-
molecular a-allylic alkylation stratagem was demonstrated for the stereoselective
synthesis of the natural product (+)-allokainic acid [18]. Afterwards, Dixon et al.
[19] disclosed the stereoselective intramolecular a-allylic alkylation using aldehyde
and ketone-linked allenes. After a thorough optimization study based on several
parameters such as amine and palladium catalysts, solvent and reaction time, the car-
bocyclic product 20 could be afforded in high yields and diastereoselectivities, and
with up to 82% ee (Scheme 5). Later, several other groups employed allene-based
substrates successfully in combination with gold- and enamine catalysis [20, 21].
All these reactions opened up new avenues and sparked great interest in the field,
leading to the invention of a plethora of various a-allylic alkylation transformations
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Scheme 6 Selected examples from the first report of the a-allylic alkylation of ketone 1 and aldehyde 23
with the allylic alcohol 21
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Scheme 7 Stereoselective a-allylic alkylation of branched aldehyde 27 and allylic alcohol 26

employing ketones and aldehydes with a wide range of functionalities, substrates,
catalysts and different conditions, providing the chemical community with a library
of important tools [22-28].

Another important milestone within the subject is the demonstration of the
employment of allylic alcohols as substrates for the reaction with aldehydes
and ketones established by Breit et al. [29]. Interestingly, although a chiral cata-
lyst was tried during the screening studies, only racemic allylic products were
obtained. However, the devised protocol provided allylic products in high yields
(Scheme 6). This influential work demonstrated that simple allylic alcohols
could be activated, thus avoiding the conversion to a better leaving group such
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as the transformation of the alcohol to an acetate or halide. Later, List et al. [15]
employed the more challenging branched aldehydes for similar chemical trans-
formation providing the corresponding product in high yield and with excellent
enantioselectivity. The catalytic reaction was proposed to proceed via the forma-
tion of the combined enamine and allylic intermediate IV (Scheme 7) [30].

The employment of allylic alcohols in the a-allylic alkylation by combined catal-
ysis (enamine and transition metal catalysis) has also been expanded by several other
groups [31]. For example, Bandini et al. [32] used gold as the co-catalyst, Yasuda
et al. [33] and Yoshida et al. [34, 35] used palladium as co-catalyst, and Zhou et al.
[36] employed p-ketocarbonyl compounds as substrates.

The strategy of combined catalysis serves as a powerful tool allowing the stereo-
divergent synthesis (diastereo- and enantiodivergent catalyzed reactions) of various
valuable compounds with multiple stereocenters, and further expands and diversify
the chemical space [37, 38]. In this context, Carreira’s group disclosed an elegant
strategy for the stereodivergent preparation of a-allylated aldehydes 34 by the con-
current combined activation of the nucleophile and electrophile using distinct cata-
lysts. Remarkably, by simple alteration of the employed catalyst combinations, vari-
ous aldehydes 34 could be generated with excellent stereoselectivities and efficiency
(Scheme 8) [39]. The allylic alcohols 30 were activated by the chiral iridium com-
plex catalyst (Ir/olefin), which was combined with a Brgnsted acid promoter, and
the branched aldehydes 27 by the chiral cinchona-alkaloid-derived primary amine
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“P-N \ >99% ee \

OO Y 20:1dr. N
(R)}33 O 31‘(R)—33

[Ir(cod)Cl], (2 mol%), (R)-33 or (S)-33 (8 mol%)

31 or 32 (10 mol%), ClsCCO,H (50 mol%)
32 1,2-dichloroethane (0.5 M), R.T., 24 h 31
(R)-33 4 OH (S)-33

Ph +
(S,R)-34 H Ph)\/ (R,S)-34
80% yield 78% yield
>99% ee 27 >99% ee
20:1 d.r. 15:1dur.

NH, 32 (S) -33
%N X OO
(S,5)-34
32 71% yield
>99% ee
20:1 d.r.

Scheme 8 Combined enamine and transition metal catalysis for highly efficient and selective stereodi-
vergent synthesis
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catalysts 31 and 32, respectively, forming chiral enamine intermediates. Interest-
ingly, by following a similar stereodivergent strategy, and changing the chiral amine
catalyst to a silyl protected secondary diarylprolinol and using dimethylhydrogen
phosphate as the promoter, the Carreira group was able to prepare a-allylated linear
aldehydes with high ee [40]. As a proof of concept, the strategy was employed for
the enantioselective preparation of the antidepressant (—)-paroxetine. In the same
year, the steroedivergent total synthesis of A°-tetrahydrocannabinols was also dis-
closed [41]. The preeminence of the disclosed strategy could also be employed for
the stereodivergent a-allylation of protected a-amino and a-hydroxyacetaldehydes,
providing important structural products for further use [42].

Later, Jgrgensen et al. expanded the strategy by employing a,pB-unsaturated alde-
hydes [43]. In this latter report, the authors developed a protocol for the preparation
of both linear 40 and branched 39 products, which could be controlled by the type of
transition metals and allylic substrates employed. The linear product could be gen-
erated by the use of allyl acetate 37 as the starting material and palladium as the
metal catalyst, whilst, the branched product was achieved by using allylic alcohol 38
and iridium catalyst, respectively. The products were generated with good yields and
excellent regio- and stereoselectivity (Scheme 9) [43]. Moreover, in 2011, Alexakis
et al. [44] employed allylic alcohols by a one-pot procedure in the combined iridium
and chiral amine catalysts. The chemical strategy proceeds by sequential iridium-
catalyzed isomerization and subsequently stereoselective enamine addition provid-
ing acyclic a,p-chiral aldehydes.

3 Combined Enamine and Metal Catalysis Using Alkynes
as Substrates
In the context of employing alkynes as substrate, in 2007, Ding and Wu [45]

reported the employment of alkynes integrated with silver and enamine combined
catalysis for the preparation of cyclic product 44 through a multicomponent reaction

Branched products

Linear products

OH
o QPN "Noac
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ent-7 (20 mol%) |
[(Ir(cod)CI),] (3 mol%)
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39 (BuO),PO,H (75 mol%) 35 o 40
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2201 E/Z 5201 E/Z
201 dur. 20:1 bil
>20:1 b/l >20:1 ylo
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Scheme 9 Combined enamine and transition metal catalysis for the highly efficient and selective diaste-
reodivergent asymmetric y-allylation
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Scheme 10 Multicomponent reaction providing the cyclic product 44

(Scheme 10). Shortly after, Kirsch et al. [46] disclosed the direct carbocyclization
of aldehydes with alkynes by a combined gold and amine catalysts system. Interest-
ingly, by altering the amine catalyst employed, the generation of the final product
could be controlled, providing either product 48 or 49. Product 48 proceeds through

o)

)\HJ\ MeO,C~ CO,Me

0 48 R=H

|| 46 82% yield
[(Ph3PAu)301BF4 (10 mol%)

6-18 h, 70 °C, CDCls
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45 j\ o)
N
H
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49,R = Me
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MeO PAr,
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Ar = 3,5-tBu-4-MeOC6H2 52a R = Et, 59 yleld, 72 ee
52b R = Me, 47 yield, 41% ee
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52d R = Ph, 66 yield, 36% ee

45

Scheme 11 Selected examples from the direct a-functionalization of aldehydes and alkynes, and the
enantioselective version of the chemical transformation
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5-exo-dig cyclization transformation and the product 49 through cyclization, fol-
lowed by a double-bond migration step (Scheme 11). Furthermore, within this topic,
Ratovelomanana-Vidal, Michelet and coauthors have been very fruitful and devel-
oped several chemical transformation employing alkynes as substrates, and various
metals integrated with enamine catalysis providing various carbocyclic products.
Here, they successfully employed Indium catalyst [47-49], copper catalyst [S0-52],
and iron catalyst [53]. However, it was not until 2012 that they demonstrated an
enantioselective version of the chemical transformation, providing the chiral cyclo-
pentanes 52 in moderate-to-high yields and ee (Scheme 11) [52].

Moreover, the group of Nishibayashi has extensively employed propargylic alco-
hols [54-56] and esters [57] together with aldehydes and a combination of amine
catalyst and the transition metal ruthenium or copper for the propargylic alkylation
and allylation reactions. For instance, in 2010, they demonstrated the well-designed
enantioselective propargylic alkylation with propargyl alcohol 53 and aldehydes 54.
Fascinatingly, the reaction proceeds via enamine nucleophilic addition to the ruthe-
nium-allenylidene complex (V), providing the propargylic alkylated products 56
with high yields and enantioselectivity, and with the two diastereomers (syn-56 and
anti-56) (Scheme 12) [54].

Gold has proven valuable as a transition metal catalyst in activating alkyne moie-
ties. In this context, Alexakis et al. [58] and Wang et al. [59] have fruitfully combined
gold and enamine catalysis for the reactions of alkynes with aldehydes. The first
report demonstrates the enantioselective acetalization/cyclization transformation.
The one-pot reaction between isovaleraldehyde 57 and nitroenyne 58 in the presence
of ethanol, a catalytic amount of chiral amine 7, and gold catalysts provided tetrahy-
drofuranyl ether 60 in high yield and diastereoselectivity (Scheme 13). Interestingly,
the one-pot approach provided higher yield compared to the sequential approach
[58]. In the report from Huang et al. for the direct a-vinylidenation between the
aldehyde 6 and alkyne compound 61, provided a mixture of the a-allenyl aldehyde
63 and a-alkynylated aldehyde 65. The reaction generally favored the a-allenylated
product; however, the reaction provided the product with high yields (up to 88%)
and worked smoothly for a wide range of aldehydes (Scheme 13) [59]. In 2015,
Dong and colleagues devised a protocol for the catalytic a-alkenylation of ketone
with internal alkynes by the employment of bifunctional ligand-assisted approach
combined with rhodium catalysis [60]. A thorough optimization of the reaction

enamine  allenylidend

OH Ar mtermedlate complex
N Ar ‘H
Ph 5N H otms Il
55 (5 mol%) NaBH :
Ji ——>Ph” Y OH * Ph Y 0H
[(Cp*RuCl(SMe)),] (5 mol%) B H
AT TH T NHBF (10 mol%) Ar1 o A At
toluene, 40-140 h, r.t. syn-56 anti-56
Ar = 3,5-(CF3)-CeHg 96% ee 87% ee
Ar! = 4-CIl-Ph 90% yield
2.2:1 syn:anti

Scheme 12 Enantioselective propargylic alkylation of propargylic alcohol and aldehydes
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Scheme 13 Enantioselective one-pot gold and enamine catalysis acetylation/cyclization reaction and the
direct a-vinylidenation of aldehyde 6

conditions allowed the authors to control the selective generation of the a,p- or §,y-
unsaturated ketones. Moreover, recently, Gong’s group demonstrated an asymmet-
ric a-allylation approach of aldehyde with alkynes by combining hydridopalladium
and enamine catalysis [61]. The catalytic system comprised of an achiral palladium
complex, primary amine 67 and a chiral phosphoric acid 33. The reaction tolerated a
wide range of alkynes 65 and aldehydes 66, with various functionalities. The chemi-
cal transformation proceeds through the electrophilic m-allylpalladium intermedi-
ates (VII and VIII) combined with nucleophilic enamine intermediate. The reaction
provided the chiral a-quaternary aldehydes 68 in high yields and enantioselectiv-
ity (Scheme 14). Furthermore, ynals have also been coupled with aldehydes for the
preparation of stereoselective propargylic alcohols through a cross-aldol reaction
employing combined enamine and copper catalysis [62].

4 Reactions with Non-activated Olefins

The reaction with simple non-activated olefins without pre-activation is a real chal-
lenge due to their inert nature making them resistant to most chemical reactions [63].
Within this theme, Dong and colleagues disclosed the intermolecular C-alkylation
of 1,2-diketones 70 with simple olefins 71 by employing the recyclable and directing
group aminopyridine 72 [64]. The aminopyridine reacts with the ketone, forming an
enamine intermediate, and the rhodium catalyst promotes C—H vinyl bond activa-
tion. Noteably, the reaction tolerated a wide range of simple olefins with various
ketones, providing alkylated products 73 in moderate-to-high yields (Scheme 15).
It is noteworthy that the directing group can be cleaved and recycled; moreover, the
reaction could be performed in one pot [64]. The same group further expanded their
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Scheme 14 Asymmetric a-allylation of aldehydes with alkynes by merging chiral hydridopalladium and
enamine catalysis

72 (1.0 equiv.)
OH Rh(PPh3):Cl (10mol%) ¢ N—NH
i _di [ —
O . /\R alumina, 1,4-dioxane, 130 °C N
73a R = SiMe3, 80% yield
73b R =H, 75% yield

70 71 73¢R='Bu, 65% yield
73d R = Bu, 51% yield

Pyl
~
w

Scheme 15 Intermolecular C-alkylation of 1,2-diketones 70 with simple olefins 71 employing an amine
group as a recyclable directing group

strategy, devising an elegant protocol for the regioselective a-alkylation of ketones
with olefins [65]. The chemical reaction ensued by oxidative addition of the enam-
ine and the C-H bond (IX), migratory insertion (X), migratory insertion into the
olefin (XI), reductive elimination of the C—-C bond (XII) and then further enam-
ine hydrolysis provided the alkylated products 78 (Scheme 16). By using the sim-
ple ethylene 75 together with various functionalized ketones 74, the products 78
were afforded in moderate-to-high yield (Scheme 16). The practical protocol was
scalable and also worked well with other simple olefins [65]. Interestingly, very
recently, the same group demonstrated an intermolecular direct branched-selective
a-alkylation, providing p-branched ketones with excellent branched selectivity in an
atom- and step economic approach [66]. Kang and colleagues also demonstrated the
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76 (5 mol%), 77 (25 mol%) ;
R? R
74 75 TsOHeH,0 (10 mol%) 78 |
toluene (0.2 M), 130 °C, 48 h \ N . N
/\ RZ /_\G
\ ML
——~|v||_ — M”'I:*f‘_> Mm._
R! IX R XI RT Xl

Scheme 16 Regioselective a-alkylation of ketones 74 with ethylene 75 through combined rhodium and
amine catalysts

synergistic employment of combined rhodium and simple chiral amine catalysts in
the enantioselective Michael addition of cyclic ketones with a,B-unsaturated 2-acyl
imidazoles [67]. Furthermore, Gong’s group devised a chemical reaction in the first
enantioselective a-allylation of aldehydes with terminal alkenes using asymmetric
counter-anion catalysis and palladium-catalyzed allylic C-H activation combined
with enamine catalysis [68]. The coupling between a-branched aromatic aldehydes
79 and terminal alkenes 80 delivered the chiral allylated products 82 in high yield,
and with moderate-to-high enantioselectivity (Scheme 17). Additionally, very
recently, the same group employed a combination of palladium catalyst integrated
with the chiral amine 85 to prepare y-coupled product 86 (Scheme 18) [69]. In 2014,

NH,
33 (R)-TRIP (3 mol%) /ﬁ\
3AM.S., DMBQ (1.5 equiv.)  Ph
0, 0,
)cio N [Td(PPh3)4] @3 mfl %) 81 ‘(40 mol%) RA\/>_/’/CHO
Ar 82a Ar = 4-MeCgHy, R = Ph , 65% yield, 88 % ee Ar
79 80 82b Ar = 4-CICgHy4, R = Ph , 89% yield, 74 % ee 82

82c Ar = Ph, R = 4-tBuCgHy, 90% yield, 90 % ee
82d Ar = Ph, R = 4-MeOCgH,, 79% vyield, 90 % ee

Scheme 17 Enantioselective a-allylation of aldehydes 79 and terminal alkenes 80

Pd(CH3CN),Cl, (10 mol%) < ) ﬁph o

PhCO,H (0.5 equiv.) H

)K/\ EtOH, 80°C,72h 85 (40 mol%)
\ 86a R' = Me, 74% yield, 4.9:1 d.r., 91% ee ON
86b R' = CF3, 63% yield, 1.3:1 d.r., 90% ee |

1
86¢ R = 4-MeCgH,, 98% vyield, 3.1:1 d.r., 92% ee 86
86d R' = 4-CICgH,, 89% yield, 2.6:1 d.r., 92% ee

Scheme 18 Enantioselective addition of cyclic ketones 83 to unactivated alkenes 84 generating the
y-addition products 86
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Lei and colleagues reported a strategy for the C—H and C—H oxidative coupling of
allylarenes with unactivated ketones by combining palladium and an enamine cata-
lytic approach in the presence of the oxidant p-benzoquinone [70].

5 Transition Metal- and Amine-Catalyzed Carbocyclization Reactions

Ensuing the vide supra highlighted work by the groups of Saicic et al. and Kirsch
et al., combining enamine and transition metal catalysis for the generation of car-
bocyclic products through intramolecular transformation. The strategy has been
further expanded through an intermolecular version. In this context, Dixon and
coworkers demonstrated a chemical transformation for the production of carbocy-
cles [71]. The cascade process proceeds through the formation of iminium inter-
mediate XIII, which undergoes Michael addition with XIV, forming enamine and
a transition metal activated intermediate XV, and, lastly, after protonolysis and
hydrolysis of intermediate XVI, product 89 is afforded (Scheme 19). The chemi-
cal transformation generated the corresponding cyclopentenes 89 in moderate-
to-high yield. Furthermore, several other groups have disclosed various chemical
strategies with various substrates for the generation of these types of carbocy-
clopentenes in multisubstitution fashion. For instance, Wang’s group demon-
strated a chemical reaction for the preparation of 2,5-dihydropyrroles 92 [72], and
that of Cérdova for the preparation of cyclopentenes 93 [73] and dihydrofurans
95 through a dynamic kinetic asymmetric transformation (DYKAT) approach
(Scheme 20) [74]. The strategy was further extended by Cérdova and colleagues
through the use of heterogeneous transition metal catalysts [75-80] or the inte-
gration of an oxidation step [76]. The group further investigated the mechanism
of palladium and amine co-catalyzed carbocyclization reaction through combined
density functional theory (DFT) calculations and experiments [81]. In 2013,
Cérdova and colleagues devised a highly efficient protocol for the preparation
of polysubstituted carbocycles with a quaternary carbon stereocenter [82]. The

o}
O Pyrrolidine 14 (20 mol%), ps-BEMP (10 mol%)
. . MeOC COMe 0T, (5 mol%), PPhg (20 mol%), MeOH, rt. R
‘ [ 89a R = 2,5-dihydrothiophene-2-CH,CH,CH, 75% vyield
X 89b R = 1,2-(MeO)2-CeH3-4-CHZCH20H2 75% yleld
89c R = CH3 71% yield eOzC COzMe
87 88 89d R = CH,CH, 94% yield

d 0 e /
Il c
)ﬁ MeO,C™ 7 cone R \/\ polCd T g [Cu]

X
MeO,C CO,Me MeOzCX CO,Me
VI

XV

Scheme 19 Combined iminium, enamine and copper cascade catalysis
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Ts
92a R = Ph, 52% yield, 99% ee
92b R = 2-CICgHy, 80% yield, >99% ee
92¢ R = 2-MeCqH,, 68% yield, >99% ee
92d R = Pr, 44% yield, 87% ee

DMAP (10 mol%)

Cat. 7 (20 mol%) PACly (5 mol%)

H0 (1.0 equiv.)
., 1| toluene, 0 °C, 36 h
NaOAc (1.0 e g ; ’
(L0 eauv)| s NHTs O%Ph
Cat. 7 (20 mol%) N OTPEhS

[Pd(PPhg),] (5 mol%) o 94 (20 mol%) Q
CH3CN, r.t. PdCl; (5 mol%) H
-— + X - .
X = CH(CO,Me)CN R/\AH N PhCO,H (20 mol%) -

CHClzor THF, 4 °C R

H

R

“ 90 91
NC' CO,Me X=0 95aR =4-NOyCgHy, 77% yield, 93% ee
93a R =4-BrCgHg, 59% yield, 7:1 d.r., 95% ee 95b R = CgHs, 57% yield, 99% ee
93b R = 4-NO,CgHy4, 60% yield, 12:1 d.r., 86% ee 95¢ R = 4-MeCgH,, 51% yield, 99% ee
93¢ R = Me, 56% yield, 3:1d.r,, 92% ee 95d R = Pr, 40% vyield, 91% ee

93d R = 4-NO,CgH,, 55% yield, 7:1 d.r.,.89% ee

Scheme 20 Preparation of various multifunctionalized carbocyclopentenes

OAc Cat. 7 (20 mol%), [Pd,(dba)s] (5 mol%) o\yH
o e P dppe (10 mol%), CH4CN, 22 °C =
R/\AH 97a R = CgHg 74% yield, 93:7 d.r., 99% ee R
CO,Me 97b R = 4-BrCgH, 82% yield, 937 d.r., >99% ee
97¢ R = 4-MeOCgH, 86% yield, 93:7 d.r., 99% ee ~ MeO,C CN
90 16 97d R = Pr 70% yield, 80:20 d.r., 99% ee 97

Scheme 21 Enantioselective dynamic cascade reaction for the preparation of polysubstituted carbocycles
including quaternary carbon stereocenter

carbocyclic products 97 were afforded with high yields and diastereoselectivity
and excellent enantioselectivity (Scheme 21).

Wang and colleagues disclosed a chemical transformation for the preparation
of spirocyclopentene oxindoles through combined palladium and chiral amine
catalysis by employing alkyne-based substrates 198 [83]. In contrast, Cérdova
and colleagues employed allyl acetate-based substrates 100, proceeding through
a DYKAT process that generated polysubstituted spirocyclic oxindoles 102 [84].
Both the protocols presented provided structurally interesting compounds with
high-to-excellent stereoselectivity and efficiency (Scheme 22). Furthermore, the
group of Jgrgensen employed a decarboxylative [4 + 2] cycloaddition strategy by
merging palladium and amine catalysts for the preparation of vinyl tetrahydro-
quinolines [85]. Coupling between vinyl benzoxazinanones and a,f-unsaturated
aldehydes, ensuing through iminium ion and enamine activation by the amine
catalyst and simultaneous palladium-n-allyl complex activation of the vinyl ben-
zoxazinanone, provided vinyl tetrahydroquinolines in good-to-high yields and
with excellent stereoselectivity (up to 92% yield, >98% ee and > 20:1 d.r.).

Furthermore, the group of Rios also successfully disclosed various strategies
for the preparation of carbocycles type molecules. For instance, through the enan-
tioselective ring expansion of vinyl cyclopropanes, providing highly substituted
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o Cat. 7 (20 mol%), PdCl; (5 mol%)
PhCO,H (20 mol%), MTBE, r.t.
.
RA\AH O 99aR = C4Hg 84% vield, 8:1 d.r., >99% ee
H 99b R = 2-BrCgH, 64% yield, 8:1 d.r., >99% ee
99c¢ R = 3-MeCgH, 87% yield, 8:1 d.r., 99% ee
90 98 99d R = 2-furyl 88% yield, 17:1 d.r., 98% ee
99e R = Pr 67% yield, >20:1 d.r., 97% ee

Ar\P,Ar

|
OAc Ar
101 (10 mol%) Ar = 4-MeOCgH,4
/ Cat. 7 (20 mol%), Pdy(dba)z CHCI3 (5 mol%)

. CH3CN, 40°C, 6 h
R/\AH 102a R = H 86% yield, 77:23 d.r., 99% ee
(o} 102b R = 4-MeOCgH,4 87% yield, 71:29 d.r., 98% ee
N 102c R = 4-BrCgH,4 84% yield, 72:28 d.r., 97% ee
i3n 102d R = Pr 89% yield, 84:16 d.r., 97% ee
920 100 102e R = naphthyl 81% yield, 73:27 d.r., 98% ee 102

Scheme 22 Stereoselective preparation of spirocyclic oxindoles through combined palladium and chiral
amine catalysts

N CHO
0O R
110a R = CgHs 56% yield, 6.5:1 d.r., >99% ee
110b R = 4-MeCgH, 90% yield, 7:1 d.r., >99% ee

110c R = 4-CICgH, 71% yield, 4:1 d.r., >99% ee |
110d R = 4-FCgH, 75% yield, 7:1 d.r., >99% ee ©<§©
o \ “CHO

In(OAc)3 or x OR
Zn(acac), (10 mol%)| | P 104a R = CgHs 87% yield, 7:1 d.r., 99% ee
PHCO,H (50 mol%) | N7 104b R = 4-BrCgH, 95% yield, 121 d.r., 99% ee
oN S DCE, rt. o Y 104c R = 4-MeCgH, 88% yield, 10:1 d.r., 99% ee
| 103 104d R = Me 94% yield, 12:1 d.r., 94% ee
MeO,C
CN, 107 o Cat. 7 (20 mol%)
MeOQC\@r,, Cat. 7 (20 mol%) RMH Pd,(dba); (5 mol%)
7 CHO  Pdy(dbals (5 mol%) % EtOAc
EtOAc, rt. o\
108a R = CgHs 99% yield, 25:3:2:1 d.r., 99% ee Ph "\
108b R = 3-BrCgH, 70% yield, 17:4:2:1 d.r., 97% ee Cat 7 (20 mol% \
108¢ R = 4-MeCgHj 70% yield, 20:1:1 d.r., 99% ee ~-CHO at 7 (20 mol%) Nos\  ph
108d R = Me 79% yield, 3:3:1 d.r., 89% ee Yb(OTf)3 (20 mol%) N cHO
e 2-NO,PhCO,H (30 mol%) N=
R

" 1,2-DCE (4-15 days), 50 °C
106aR = C5H5 79% vyield, 7.3:2:1 d.r.,, >99% ee
106b R = 4-BrCgH, 72% yield, 5:3:1 d.r., 98% ee
106c R = 4-MeCgH, 76% yield, 5:3:1 d.r., 99% ee

CHO 106d R = Me 76% yield, 8.2:1.3:1 d.r., 96% ee
P
N R

112a R = CgHs 74% yield, 92% ee

112b R = 4-BrCgH, 57% yield, 82% ee
112¢ R = 4-OMeCgH,4 59% yield, 87% ee
112d R = Bu 20% yield, 89% ee

Scheme 23 Various chemical strategies for the preparation of various carbocyclic compounds

spirocyclopentanes 104 [86], formal ring contraction for the generation of spiropyra-
zolones 106 [87], the asymmetric synthesis of cyclopentanes with four stereogenic
centers 108 [88], the enantioselective acetyl aza-arene addition to a,f-unsaturated
aldehydes affording chiral 2-acyl pyridines and pyrazines 110 [89], or, very recently
disclosed, the highly enantioselective cascade reaction for the synthesis of dihy-
droacridines 112 (Scheme 23) [90].
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_ CuBr (10 mol%) o
o ot toluene/Et,0 (2:1) R
HL . | NaHCO3, 23 °C H
H
Lo oo
R N//g\
t-Bu/kN 1o
9 113 N 115a R" = CgHy3, 90%, yield 94% ee
114TCA (10 m0|%) 115b R1 =Bn, 87%, yleld 94% ee
115¢ R" = CH(CH3),, 68% yield 90% ee
Cu(OAc); (30 mol%)
o 4AMS., 0, o
% , MO~ R  EtOAc 10h,23°C MR
H OH SNV :
R N =
9 116 )\é
” 118a R" = Me, R = Bn, 72%, yield 93% ee
118b R' = CgHy3, R = C3Hy, 76%, yield 96% ee
118¢ R" = CgHy3, R = Bn, 77%, yield 93% ee
117-TFA (20 mol%)
o -oTf Cu'Br (5 mol%) o)
I Etzo NazCO3 23°C K Ph
H * P> pn HOON S
R1 R1
119 ,@ ph  121aR'=Me, 82%, yield 94% ee
t-Bu 121b R = CH(CH3),, 75%, yield 99% ee
120TEA (10 mol%) 121¢ R" = C3HOTBS, 83%, yield 96% ee
t Bu’< BrCu”I \
xvu xvm

Scheme 24 Enantioselective a-arylation, a-alkenylation and a-vinylation

6 Miscellaneous Reactions

The group of MacMillan have devised several protocols by integrating enamine
and copper catalysis; for instance, the enantioselective a-arylation of aldehydes
integrated with iodonium salts [91], enantioselective a-alkenylation of aldehydes
with boronic acids [92], and in the enantioselective a-vinylation of aldehydes
merged with vinyl iodonium triflate salts [93]. All the presented chemical trans-
formations provided the coupled products 115, 118 and 121 in high yield and
high-to-excellent enantioselectivity (Scheme 24). The reaction cycle proceeds via
coupling between the chiral enamine intermediate XVII and copper intermedi-
ate XVIII. Interestingly, during the catalytic cycle, the copper catalyst is altered
between Cu(I)/Cu(III).

Furthermore, the power of the enamine/transition metal combined catalysis
have also made it possible to address the challenging a-arylation reactions of car-
bonyl compounds [94, 95]. Here, Dong’s group demonstrated the direct mono-o-
C-H arylation of cyclopentanones 122 with aryl bromides 123 [96]. The devised
chemical transformation overcome the challenges with the direct addition to the
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>

HoN
124 (30 mol%)
pyrrolidine 14 (30 mol%)
Pd(OAc), (2.5 mol%),

O P(o-tol)3 (5 mol%), NaO;Ac (1.0 equiv.) o
+ Ar—Br 1,4-dioxane, 110 °C, 12 h é//-\r
N ?r
Xs=Pd'-L TN @Pd'\' T
R/év X XY L
XIX XX
OMe 0
W\
0 OMe O -0
\
OMe
125a 80% yield 125b 61% yield 125¢ 75% yield
(@)
@COZMe o : COMe ©/C02Me
7\ 125d 70% yield h\\: 125e 83% yield \\ 125f 56% yield
4.7:1 d.r. 5.8:1d.r OBn14:14d.r.
>20:1r.r. 71rr. 3.6:1r.r.

Scheme 25 Selected examples from the direct a-arylation through combined enamine and palladium
cooperative catalysis

carbonyl moiety, self-aldol condensation, and with multiarylation promises. This
was possible through the combined enamine and palladium cooperative catalysis
proceeding through the intermediates XIX and XX, providing arylated products
125 with high selectivity and yield (Scheme 25). The chemical reaction tolerated
a wide range of cyclopentanones and aryl moieties with various functionalities
(Scheme 25). Moreover, the practicality of the devised protocol was also demon-
strated by successfully scaling up the reaction to gram-scale, which provided the
arylated product in high yield (72%) [96].

In 2018, Shi and colleagues devised an asymmetric version of the a-arylation
reaction of aldehydes 9 employing 2-Indolylmethanols 126 as arylation agents
(Scheme 26) [97]. Nevertheless, the transition metal used was gold, and the arylated
products 128 were afforded in moderate-to-good yields and enantiomeric ratios (up
to 69% yield and 82% ee) (Scheme 26). Furthermore, a desymmetrization strategy
also employed cyclohexanones [98] and cyclobutanones [99] for the enantioselec-
tive synthesis of a-arylated products. In a report from Jia and colleagues, the com-
bined catalyst system employed was palladium acetate (Pd(OA),) with proline 4
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OTBDMS
¢]
N Ar

H A H R
0,
HCJ)\ . RWBH Ar= 3,5-b?sz(-tlri$‘I2uoon)rr2ce)R1yl)phenyl R A\ Ar
H Z>N A TFA (20 mol%), MeCN, HFIP AN
R H PPhsAuCI (5 mol%), 50 °C H
9 126 128aR'=Me, R = H, Ar = Ph, 60% yield, 82% ee 128

128b R' = H, R = H, Ar = Ph, 63% yield, 72% ee
128c R" = H, R = 6-OMe, Ar = Ph, 69% yield, 72% ee
128d R" = Me, R = 5-Cl, Ar = Ph, 57% yield, 72% ee

Scheme 26 Asymmetric a-arylation of aldehydes and 2-Indolylmethanols

Proline 4 (10 mol%), Pd(OAc), (5 mol%)
N X o) PPh3 (12 mol%), AcOH (1.5 equiv.)
RH—(:[ /(j K3POy (1.5 equiv.), MeOH, 85 °C
= N 130a R? = Bn, X =Br, 91% yield, 97% ee
R2 130b R%2=Bn, X = |, 83% yield, 93% ee
130c R? = Bn, X = Cl, 50% yield, 60% ee

R1

=|=
N\ / Br
(0] Pd(OAc), (5 mol%), 1,4-dioxane, 85 °C 0
\\L_’JY Y = 0: (S,S)-BDPP (5 mol%)
132 (10 mol%), K3POy4 (1.5 equiv.);
R2 Y = NTs: Pyrrolidine 14 (10 mol%),
131 NaOAc (1.0 equiv.), 133 (10 mol%)

Mé
134a 98% yield, 86% e 134b 85% yield, 97% ee 134c 84% yield, 91% ee

Cl
(0} o) O
H H Me

134d 72% yield, 88% ee 134e 67% yield, 90% ee 134f 64% yield, 90% ee

Scheme 27 Combined palladium and amine catalyzed enantioselective a-arylative desymmetrization of
cyclohexanones 129 and of cyclobutanones 131

as the amine catalyst, which provided optically active morphan derivatives con-
taining a-carbonyl stereocenter 130. The a-arylated compounds were afforded
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in high-to-excellent yields and enantioselectivities (up to 96% yield and 99% ee)
(Scheme 27). Furthermore, the scale-up test of the chemical reaction provided the
product 130 in 97% yield and with 98% ee [98]. This was further confirmed by Lu
and collegueas, who reported that desymmetrization of the cyclobutanones 131 pro-
ceeded through an enantioselective intramolecular a-arylation, which provided the
structurally interesting compounds 134 found in many bioactive natural products
(Scheme 27). The reaction tolerated both O- and N-tethered aryl bromides, and an
array of substrate scope was demonstrated successfully with a wide range of func-
tionalities [99].

Additionally, the rare transition metal Niobium (Nb) as NbCls have fruitfully
been merged with a primary amine’s enamine activation in the well-known Bigi-
nelli reaction [100]. Moreover, the stereoselective reaction presented by Xu and col-
leagues generates dihydropyrimidiones in moderate to good enantioselectivity (up to
84% ee) and with moderate-to-excellent efficiency (up to 99% yield) [101]. A further
interesting strategy is the integration of oxidation steps in the enamine and transition
metal combined catalysis [102]. In this regard, the group of Luo disclosed the merg-
ing of aerobic oxidation and enamine catalysis for the enantioselective synthesis of

o 0 o) NH, Q 0
1M s + RY P 137 TfOH (20 mol%) R1MR3
R R O 'NH " m-nitrobenzoic acid (20 mol%) R2 I/N‘CO Ré
R2 OH CuCl (10 mol%), air, CH5CN, r.t. On 2
135 136 138

N-selectivity
O O
7 OMe
~ TOEt N~cbz
N~cbz
OH

138a 97% yield, 96% ee 138b 98% yield, 94% ee 138c 81% yield, 88% ee

0 o
N~Cbz
OH

138d 58% yield, >99% ee 138e 58% yield, >99% ee 138f 83% yield, 89% ee

Scheme 28 Combined transition metal and enamine catalysis integrated with aerobic oxidation
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0] CU(OAC)20H20(1O mOl%) O ~CsH,OMe-4
N )OJ\/H pyrrolidine 14 (30 mol%) HN~6t
N. - CO,R
RO CgH,OMe-4  DDQ (1.0 equiv.) 2
X CHCI3, 0°C tor.t. X
139 140 141
- .CgH4OMe-4 .CgH,OMe-4
o HN/CGH40Me4 o pn-CeHaOMe o HN--emaPMe

OEt Moa Moa
() o) o)
o 0 s

141a 83% yield, 2:1 d.r. 141b 72% yield, 1:1 d.r. 141c 63% yield, 4:1 d.r.

/CGH4OM8-4 - -
o) HN,CsH4oMe 4 o HN,CBH4OMe 4

o HN
OEt
OtBu N
0 o) o)

141d 51% yield, 1:3 d.r. 141e 75% yield, 5:1 d.r. 141f 80% vyield, 2:1 d.r.

Scheme 29 Combined transition metal and enamine catalysis in the cross-dehydrogenative coupling
reaction

B-ketocarbonyls through an a-amination step [103]. The reaction showed a favored
N-selectivity and ensue through the enamine XXI addition to the oxidized inter-
mediate XXII (Scheme 28). The chemical transformation tolerated a wide range
of functionalities and provided the a-aminated products 138 with moderate-to-
high yields and enantioselectivities (Scheme 28). Continuing this subject, a similar
strategy can be employed in the cross-dehydrogenative coupling reactions, through
a combination of copper and pyrrolidine catalysts and an oxidant [104]. Although
the reaction worked smoothly and provided the products 141 with moderate-to-high
yields and with moderate diastereoselectivity, the asymmetric version provided very
low enantioselectivity (up to 15%) (Scheme 29). The authors proposed a chemi-
cal transformation to proceed via a radical single electron transfer (SET) activating
substrate 140 combined with enamine activation of the cyclic ketones 139 [104].
Moreover, several other reports have also demonstrated the enamine and transition
metal combined catalysis involving an oxidation step [105], such as the report by
Xu and colleagues in the catalytic enantioselective oxidative a-C—H and N,O-ket-
alization of ketones by merging primary amine and copper catalysts [106], oxida-
tive coupling merging vanadium and enamine catalysis by Sud and colleagues [107].
Furthermore, several other groups have demonstrated the successful employment of
a combined copper or iridium and enamine catalysis strategy in the highly stereose-
lective a-alkylation of aldehydes [108], in the enantioselective alkylation of cyclic
N-acyl hemiaminals with aldehydes [109], in the multifunctionalization of unacti-
vated cyclic ketones [110], and in the a-amination of aldehydes [111].
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7 Conclusion

To date, the chemical community has witnessed the fruitful growth of the power-
ful strategy of combining enamine and transition metal catalysis. Starting from the
first examples in 2006, demonstrating the possibility of overcoming any inhibition
or quenching by concomitantly merging simple amine catalysts, providing nucleo-
philic enamine coupled with transition metal activated electrophilic intermediate.
Endeavors to further expand the strategy have allowed a plethora of novel chemical
reactions with a wide range of simple starting materials to proceed in atom- and
step-economic manner. Furthermore, we have seen novel strategies adopting the
stereodivergent preparation of a wide range of important compounds with multiple
stereocenters and with diversified functionalities, which additionally expands the
chemical space. We believe this strategy will continue emerging into new innova-
tive reactions allowing the coupling of more challenging components with indefinite
chemical transformations.

Acknowledgements Open access funding provided by Mid Sweden University.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if changes were made.

References

1. Dalko PI, Moisan L (2001) Enantioselective organocatalysis. Angew Chem Int Ed
40(20):3726-3748

2. MacMillan DWC (2008) The advent and development of organocatalysis. Nature
455(7211):304-308

3. Mukherjee S, Yang JW, Hoffmann S, List B (2007) Asymmetric enamine catalysis. Chem Rev
107(12):5471-5569

4. Erkkild A, Majander I, Pihko PM (2007) Iminium catalysis. Chem Rev 107(12):5416-5470

5. Afewerki S, Cérdova A (2016) Combinations of aminocatalysts and metal catalysts: a powerful
cooperative approach in selective organic synthesis. Chem Rev 116(22):13512-13570

6. Wang H, Deng Y (2015) Cooperative enamine-lewis acid catalysis. In: Peters R (ed) Cooperative
catalysis. Wiley-VCH, Weinheim, pp 111-144

7. Afewerki S, Cérdova A (2017) Cooperative lewis acids and aminocatalysis. In: Mlynarski J (ed)
Chiral lewis acids in organic synthesis. Wiley-VCH, Weinheim, pp 345-374

8. Trost BM, Van Vranken DL (1996) Asymmetric transition metal-catalyzed allylic alkylations.
Chem Rev 96(12):395-422

9. Lauterbach T, Asiri AM, Hashmi ASK (2014) Advances in organmetallic intermediates of gold
catalysis. In: Pérez PJ (ed) Advances in organometallic chemistry, vol 62. Academic Press, Cam-
bridge, pp 261-297

10. Afewerki S, Breistein P, Pirttild K, Deiana L, Dziedzic P, Ibrahem I, Cérdova A (2012) Cata-
lytic enantioselective p-alkylation of & #x03B1;, B-unsaturated aldehydes by combination of
transition-metal- and aminocatalysis: total synthesis of bisabolane sesquiterpenes. Chem Eur J
17(32):8784-8788

11. Deng Y, Kumar S, Wang H (2014) Synergistic-cooperative combination of enamine catalysis with
transition metal catalysis. Chem Commun 50:4272-4284

12. Ibrahem I, Cérdova A (2006) Direct catalytic intermolecular a-allylic alkylation of aldehydes by
combination of transition-metal and organocatalysis. Angew Chem Int Ed 45(12):1952-1956

@ Springer


http://creativecommons.org/licenses/by/4.0/

Topi

cs in Current Chemistry (2019) 377:38 Page230f27 38

—_
(98]

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Qiu R, Chen Y, Yin S-F, Xu X, Au C-T (2012) A mini-review on air-stable organometallic
Lewis acids: synthesis, characterization, and catalytic application in organic synthesis. RSC Adv
2:10774-10793

Afewerki S, Ibrahem I, Rydfjord J, Breistein P, Cérdova A (2012) Direct regiospecific and highly
enantioselective intermolecular a-allylic alkylation of aldehydes by a combination of transition-
metal and chiral amine catalysts. Chem Eur J 18(10):2972-2977

Mukherjee S, List B (2007) Chiral counteranions in asymmetric transition-metal catalysis: highly
enantioselective Pd/Brgnsted acid-catalyzed direct o-allylation of aldehydes. ] Am Chem Soc
129(37):11336-11337

Bihelovic F, Matovic R, Vulovic B, Saicic RN (2007) Organocatalyzed cyclizations of
n-allylpalladium complexes: a new method for the construction of five- and six membered rings.
Org Lett 9(24):5063-5066

Vulovic B, Bihelovic F, Matovic R, Saicic RN (2009) Organocatalyzed Tsuji-Trost reaction: a new
method for the closure of five- and six-membered rings. Tetrahedron 65(50):10485-10494

Vulovic B, Gruden-Pavlovic M, Matovic R, Saicic RN (2014) Substrate stereocontrol in the intra-
molecular organocatalyzed Tsuji-Trost reaction: enantioselective synthesis of allokainates. Org Lett
16(1):34-37

Li M, Datta S, Barber DM, Dixon DJ (2012) Dual amine and palladium catalysis in diastereo- and
enantioselective allene carbocyclization reactions. Org Lett 14(24):6350-6353

Ballesteros A, Moran-Poladura P, Gonzalez JM (2016) Gold(I) operational in synergistic cataly-
sis for the intermolecular a-addition reaction of aldehydes across allenamides. Chem Commun
52:2905-2908

Fernandez-Casado J, Nelson R, Mascarefias JL, Lopez F (2016) Synergistic gold and enam-
ine catalysis: intermolecular a-alkylation of aldehydes with allenamides. Chem Commun
52:2909-2912

Weix DJ, Hartwig JF (2007) Regioselective and enantioselective iridium-catalyzed allylation of
enamines. J] Am Chem Soc 129:7720-7721

Sato T, Tomioka K (2009) Catalytic asymmetric intramolecular allylation of aldehyde. Hetero-
cycles 77(1):587-593

Zhao X, Liu D, Xie F, Liu Y, Zhang W (2011) Efficient palladium-catalyzed asymmetric allylic
alkylation of ketones and aldehydes. Org Biomol Chem 9:1871-1875

Zhao X, Liu D, Guo H, Liu Y, Zhang W (2011) C-N bond cleavage of allylic amines via hydro-
gen bond activation with alcohol solvents in Pd-catalyzed allylic alkylation of carbonyl com-
pounds. J Am Chem Soc 133(48):19354-19357

Cattopadhyay K, Recio A III, Tunge JA (2012) Palladium-catalyzed, pyrrolidine mediated aryl-
methylation of ketones and aldehydes with coumarinyl(methyl) acetates. Org Biomol Chem
10:6826-6829

Yoshida M, Terumine T, Masaki E, Hara S (2013) Direct asymmetric a-allylation a branched
aldehydes by two catalytic systems with an achiral Pd complex and a chiral primary «-amino
acid. J Org Chem 78(21):10853-10859

Huo X, Quan M, Yang G, Zhao X, Liu D, Liu Y, Zhang W (2014) Hydrogen-bond activated
palladium-catalyzed allylic alkylation via allylic alkyl ethers: challenging leaving groups. Org
Lett 16(6):1570-1573

Usui I, Schmidt S, Breit B (2009) Dual palladium- and proline-catalyzed allylic alkylation of
enolizable ketones and aldehydes with allylic alcohols. Org Lett 11(6):1453-1456

Jiang G, List B (2011) Direct asymmetric «-allylation of aldehydes with simple allylic alco-
hols enabled by the concerted action of three different catalysts. Angew Chem Int Ed
50(40):9471-9474

Huo X, Yang G, Liu D, Liu Y, Gridnev ID, Zhang W (2014) Palladium-catalyzed allylic alkyla-
tion of simple ketones with allylic alcohols and its mechanistic study. Angew Chem Int Ed
53(26):6776-6780

Chiarucci M, di Lillo M, Romaniello A, Cozzi PG, Cera G, Bandini M (2012) Gold meets
enamine catalysis in the enantioselective a-allylic alkylation of aldehydes with alcohols. Chem
Sci 3:2859-2863

Yasuda S, Kumagai N, Shibasaki M (2012) Direct asymmetric a-allylation of ketones with
allylic alcohols via Pd/enamine cooperative function. Heterocycles 86(1):745-757

@ Springer



38 Page240f27 Topics in Current Chemistry (2019) 377:38

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Yoshida M, Masaki E, Terumine T, Hara S (2014) Asymmetric a-allylation of o branched alde-
hydes with allyl alcohols by synergistic catalysis using an achiral palladium complex and a chi-
ral primary amino acid. Synthesis 46(10):1367-1373

Yoshida M (2017) Asymmetric a-allylation of a-substituted p-ketoesters with allyl alcohols. J
Org Chem 82(23):12821-12826

Zhou H, Zhang L, Xu C, Luo S (2015) Chiral primary amine/palladium dual catalysis for asym-
metric allylic alkylation of p-ketocarbonyl compounds with allylic alcohols. Angew Chem Int
Ed 54(43):12645-12648

Krautwald S, Carreira EM (2017) Stereodivergence in asymmetric catalysis. ] Am Chem Soc
139(16):5627-5639

Beletskaya IP, Ndjera C, Yus M (2018) Stereodivergent catalysis. Chem Rev 118(10):5080-5200
Krautwald S, Sarlah D, Schafroth MA, Carreira EM (2013) Enantio- and diastereodivergent
dual catalysis: a-allylation of branched aldehydes. Science 340(6136):1065-1068

Krautwald S, Schafroth MA, Sarlah D, Carreira EM (2014) Stereodivergent a-allylation of lin-
ear aldehydes with dual iridium and amine catalysis. ] Am Chem Soc 136(8):3020-3023
Schafroth MA, Zuccarello G, Krautwald S, Sarlah D, Carreira EM (2014) Stereodivergent total
synthesis of A%-tetrahydrocannabinols. Angew Chem Int Ed 53(50):13898-13901

Sandmeier T, Krautwald S, Zipfel HF, Carreira EM (2015) Stereodivergent dual cata-
Iytic a-allylation of protected a-amino- and a-hydroxyacetaldehydes. Angew Chem Int Ed
54(48):14363-14367

Neasborg L, Halskov KS, Tur F, Mgnsted SMN, Jgrgensen KA (2015) Asymmetric y allylation
of o,p-unsaturated aldehydes by combined organocatalysis and transition-metal catalysis. Angew
Chem Int Ed 54(35):10193-10197

Quintard A, Alexakis A, Mazet C (2011) Access to high levels of molecular complexity by one-pot
iridium/enamine asymmetric catalysis. Angew Chem Int Ed 50(10):2354-2358

Ding Q, Wu J (2007) Lewis acid- and organocatalyst-cocatalyzed multicomponent reactions of
2-alkynylbenzaldehydes, amines, and ketones. Org Lett 9(24):4959-4962

Binder JT, Crone B, Haug TT, Menz H, Kirsch SF (2008) Direct carbocyclization of aldehydes
with alkynes: combining gold catalysis with aminocatalysis. Org Lett 10(5):1025-1028
Montaignac B, Vitale MR, Michelet V, Ratovelomanana-Vidal V (2010) Combined InCI3- and
amine-catalyzed intramolecular addition of a-disubstituted aldehydes onto unactivated alkynes.
Org Lett 12(11):2582-2585

Montaignac B, Vitale MR, Ratovelomanana-Vidal V, Michelet V (2010) InCI3/CyNH2 cocata-
lyzed carbocyclization reaction: an entry to a-disubstituted exo-methylene cyclopentanes. J Org
Chem 75(23):8322-8325

Praveen C, Montaignac B, Vitale MR, Ratovelomanana-Vidal V, Michelet V (2013) Enantioselec-
tive merger of aminocatalysis with t-Lewis acid metal catalysis: asymmetric preparation of carbo-
and heterocycles. ChemCatChem 5(8):2395-2404

Montaignac B, Vitale MR, Ratovelomanana-Vidal V, Michelet V (2011) Cooperative copper(I) and
primary amine catalyzed room-temperature carbocyclization of formyl alkynes. Eur J Org Chem
20-21:3723-3727

Montaignac B, Ostlund V, Vitale MR, Ratovelomanana-Vidal V, Michelet V (2012) Copper(I)-
amine metallo-organocatalyzed synthesis of carbo- and heterocyclic systems. Org Biomol Chem
10:2300-2306

Montaignac B, Praveen C, Vitale MR, Michelet V, Ratovelomanana-Vidal V (2012) Enantioselec-
tive metallo-organocatalyzed preparation of cyclopentanes bearing an all-carbon quaternat stereo-
center. Chem Commun 48:6559-6561

Praveen C, Levéque S, Vitale MR, Michelet V, Ratovelomanana-Vidal V (2014) Synergistic iron-
and-amine catalysis in carbocyclizations. Synthesis 46(10):1334-1338

Ikeda M, Miyake Y, Nishibayashi Y (2010) Cooperative catalytic reactions using organocatalysts
and transition-metal catalysts: enantioselective propargylic alkylation of propargylic alcohols with
aldehydes. Angew Chem Int Ed 49(40):7289-7293

Ikeda M, Miyake Y, Nishibayashi Y (2012) Cooperative catalytic reactions using organocatalysts
and transition metal catalysts: propargylic allylation of propargylic alcohols with o, B-unsaturated
aldehydes. Organometallics 31(9):3810-3813

Motoyama K, Ikeda M, Miyake Y, Nishibayashi Y (2011) Cooperative catalytic reactions using
lewis acids and organocatalysts: enantioselective propargylic alkylation of propargylic alcohols
bearing an internal alkyne with aldehydes. Eur J Org Chem 11:2239-2246

@ Springer



Topics in Current Chemistry (2019) 377:38 Page250f27 38

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Yoshida A, Ikeda M, Hattori G, Miyake Y, Nishibayashi Y (2011) Cooperative catalytic reactions
using organocatalysts and transition metal catalysts: enantioselective propargylic alkylation of pro-
pargylic esters with aldehydes. Org Lett 13(4):592-595

Belot S, Vogt KA, Besnard C, Krause N, Alexakis A (2009) Enantioselective one pot organo-
catalytic Michael addition/gold-catalyzed tandem acetalization/cyclization. Angew Chem Int Ed
48(47):8923-8926

Wang Z, Li X, Huang Y (2013) Direct a-vinylidenation of aldehydes and subsequent cascade: gold
and amine catalysts work synergistically. Angew Chem Int Ed 52(52):14219-14223

Mo F, Lim HN, Dong G (2015) Bifunctional ligand-assisted catalytic ketone o-alkenylation
with internal alkynes: controlled synthesis of enones and mechanistic studies. ] Am Chem Soc
137(49):15518-15527

Su Y-L, Li L-L, Zhou X-L, Dai Z-Y, Wang P-S, Gong L-Z (2018) Asymmetric «-allylation of
aldehydes with alkynes by integrating chiral hydridopalladium and enamine catalysis. Org Lett
20(8):2403-2406

Gomez-Bengoa E, Garcia JM, Jiménez S, Lapuerta I, Mielgo A, Odriozola JM, Otazo I, Razkin J,
Urruzuno I, Vera S, Oiarbide M, Palomo C (2013) Asymmetric synthesis of propargylic alcohols
via aldol reaction of aldehydes with ynals promoted by prolinol ether-transition metal-Brgnsted
acid cooperative catalysis. Chem Sci 4:3198-3204

Dong Z, Ren Z, Thompson SJ, Xu Y, Dong G (2017) Transition-metal-catalyzed CH alkylation
using alkenes. Chem Rev 117(13):9333-9403

Wang Z, Reinus BJ, Dong G (2012) Catalytic intermolecular C-alkylation of 1,2 diketones with
simple olefins: a recyclable directing group strategy. ] Am Chem Soc 134(34):13954-13957

Mo F, Dong G (2014) Regioselective ketone a-alkylation with simple olefins via dual activation.
Science 345(6192):68-72

Xing D, Qi X, Marchant D, Liu P, Dong G (2019) Branched-selective direct a-alkylation of cyclic
ketones with simple alkenes. Angew Chem 131(13):4410-4414

Qurban S, Gong J, Du Y, Kang Q (2018) Rhodium(III)/amine synergistically catalyzed enanti-
oselective Michael addition of cyclic ketones with a, B-unsaturated 2-acyl imidazoles. Org Chem
Front 5:2870-2874

Wang PS, Lin HC, Zhai YJ, Han ZY, Gong LZ (2014) Chiral Counteranion strategy for asymmet-
ric oxidative C(sp3)-H/C(sp3)-H coupling: enantioselective a-allylation of aldehydes with terminal
alkenes. Angew Chem Int Ed 53(45):12218-12221

Shen H-C, Zhang L, Chen S-S, Feng J, Zhang B-W, Zhang Y, Zhang X, Wu Y-D, Gong L-Z (2019)
Enantioselective addition of cyclic ketones to unactivated alkenes enabled by amine/Pd(II) coop-
erative catalysis. ACS Catal 9(2):791-797

Tang S, Wu X, Liao W, Liu K, Liu C, Luo S, Lei A (2014) Synergistic Pd/enamine catalysis:
a strategy for the C—H/C-H oxidative coupling of allylarenes with unactivated ketones. Org Lett
16(13):3584-3587

Yang T, Ferrali A, Campbell L, Dixon DJ (2008) Combination iminium, enamine and copper(I)
cascade catalysis: a carboannulation for the synthesis of cyclopentenes. Chem Commun
25:2923-2925

Sun W, Zhu G, Hong L, Wang R (2011) The marriage of organocatalysis with metal catalysis:
access to multisubstituted chiral 2,5-dihydropyrroles by cascade iminium/enamine-metal coopera-
tive catalysis. Chem Eur J 17(50):13958-13962

Zhao GL, Ullah F, Deiana L, Lin S, Zhang Q, Sun J, Ibrahem I, Dziedzic P, Cérdova A (2010)
Dynamic kinetic asymmetric transformation (DYKAT) by combined amine- and transition-metal-
catalyzed enantioselective cycloisomerization. Chem Eur J 16(5):1585-1591

Lin S, Zhao GL, Deiana L, Sun J, Zhang Q, Leijonmarck H, Cordova A (2010) Dynamic kinetic
asymmetric domino oxa-Michael/carbocyclization by combination of transition-metal and amine
catalysis: catalytic enantioselective synthesis of dihydrofurans. Chem Eur J 16(47):13930-13934
Deiana L, Afewerki S, Palo-Nieto C, Verho O, Johnston EV, Cérdova A (2012) Highly enantiose-
lective cascade transformations by merging heterogeneous transition metal catalysis with asymmet-
ric aminocatalysis. Sci Rep 2:851

Deiana L, Jiang Y, Palo-Nieto C, Afewerki S, Incerti-Pradillos CA, Verho O, Tai CW, Johnston
EV, Cérdova A (2014) Combined heterogeneous metal/chiral amine: multiple relay catalysis for
versatile eco-friendly synthesis. Angew Chem Int Ed 53(13):3447-3451

@ Springer



38 Page260f27 Topics in Current Chemistry (2019) 377:38

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

Deiana L, Ghisu L, Cérdova O, Afewerki S, Zhang R, Cérdova A (2014) Efficient and highly enan-
tioselective aerobic oxidation-Michael-carbocyclization cascade transformations by integrated
Pd(0)-CPG nanoparticle/chiral amine relay catalysis. Synthesis 46(10):1303-1310

Xu C, Deiana L, Afewerki S, Incerti-Pradillos C, Cérdova O, Guo P, Cérdova A, Hedin N (2015)
The use of porous palladium(II)-polyimine in cooperatively catalyzed highly enantioselective cas-
cade transformations. Adv Synth Catal 357(9):2150-2156

Deiana L, Ghisu L, Afewerki S, Verho O, Johnston EV, Hedin N, Bacsik Z, Cordova A (2014)
Enantioselective heterogeneous synergistic catalysis for asymmetric cascade transformations. Adv
Synth Catal 356(11-12):2485-2492

Xu C, Afewerki S, Tai CW, Cérdova A, Hedin N (2016) Cyclopalladated azo-linked porous poly-
mers in C—C bond forming reactions. ChemistrySelect 1(18):5801-5804

Santoro S, Deiana L, Zhao G-L, Lin S, Himo F, Cérdova A (2014) Mechanism of palladium/amine
cocatalyzed carbocyclization of aldehydes with alkynes and its merging with “Pd Oxidase Cataly-
sis”. ACS Catal 4(12):4474-4484

Ma G, Afewerki S, Deiana L, Palo-Nieto C, Liu L, Sun J, Ibrahem I, Cérdova A (2013) A palla-
dium/chiral amine co-catalyzed enantioselective dynamic cascade reaction: synthesis of polysubsti-
tuted carbocycles with a quaternary carbon stereocenter. Angew Chem Int Ed 52(23):6050-6054
Sun W, Zhu G, Wu C, Hong L, Wang R (2012) “Organo-Metal” synergistic catalysis: the 1 + 1>2
effect for the construction of spirocyclopentene oxindoles. Chem Eur J 18(44):13959-13963
Afewerki S, Ma G, Ibrahem I, Liu L, Sun J, Cordova A (2015) Highly enantioselective control of
dynamic cascade transformations by dual catalysis: asymmetric synthesis of polysubstituted spiro-
cyclic oxindoles. ACS Catal 5(2):1266-1272

Leth LA, Glaus F, Meazza M, Fu L, Thggersen MK, Bitsch EA, Jgrgensen KA (2016) Decar-
boxylative [4+ 2] cycloaddition by synergistic palladium and organocatalysis. Angew Chem Int Ed
55(49):15272-15276

Meazza M, Rios R (2016) Synergistic catalysis: enantioselective ring expansion of vinyl cyclopro-
panes combining four catalytic cycles for the synthesis of highly substituted spirocyclopentanes
bearing up to four stereocenters. Chem Eur J 22(29):9923-9928

Meazza M, Kamlar M, Jasikova L, Forméanek B, Mazzanti A, Roithova J, Vesely J, Rios R (2018)
Synergistic formal ring contraction for the enantioselective synthesis of spiropyrazolones. Chem
Sci 9:6368-6373

Zhang K, Meazza M, Izaga A, Contamine C, Gimeno MC, Herrera RP, Rios R (2017) Synergis-
tic catalysis: asymmetric synthesis of cyclopentanes bearing four stereogenic centers. Synthesis
49(01):167-174

Meazza M, Sitinova G, Poderi C, Mancinelli M, Zhang K, Mazzanti A, Torres RR (2018)
Synergistic catalysis: highly enantioselective acetyl aza-arene addition to enals. Chem Eur J
24(50):13306-13310

Meninno S, Meazza M, Yang JW, Tejero T, Merino-Gomez P, Rios R (2019) Synergistic catal-
ysis: highly enantioselective cascade reaction for the synthesis of dihydroacridines. Chem Eur J
25(32):7623-7627

Allen AE, MacMillan DWC (2011) Enantioselective a-arylation of aldehydes via the productive
merger of iodonium salts and organocatalysis. ] Am Chem Soc 133(12):4260-4263

Stevens JM, MacMillan DWC (2013) Enantioselective a-alkenylation of aldehydes with boronic
acids via the synergistic combination of copper(Il) and amine catalysis. J Am Chem Soc
135(32):11756-11759

Skucas E, MacMillan DWC (2012) Enantioselective a-vinylation of aldehydes via the synergistic
combination of copper and amine catalysis. J Am Chem Soc 134:9090-9093

Palucki M, Buchwald SL (1997) Palladium-catalyzed a-arylation of ketones. J Am Chem Soc
119(45):11108-11109

Hamann BC, Hartwig JF (1997) Palladium-catalyzed direct a-arylation of ketones. Rate accelera-
tion by sterically hindered chelating ligands and reductive elimination from a transition metal eno-
late complex. J Am Chem Soc 119(50):12382-12383

Xu Y, Su T, Huang Z, Dong G (2016) Practical direct a-arylation of cyclopentanones by palla-
dium/enamine cooperative catalysis. Angew Chem Int Ed 55(7):2559-2563

Xu M-M, Wang H-Q, Mao Y-J, Mei G-J, Wang S-L, Shi F (2018) Cooperative catalysis-enabled
asymmetric a-arylation of aldehydes using 2-indolylmethanols as arylation reagents. J Org Chem
83(9):5027-5034

@ Springer



Topics in Current Chemistry (2019) 377:38 Page 27 of27 38

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Liu R-R, Li B-L, Lu J, Shen C, Gao J-R, Jia Y-X (2016) Palladium/L-proline catalyzed enantiose-
lective a-arylative desymmetrization of cyclohexanones. J Am Chem Soc 138(16):5198-5201
Wang M, Chen J, Chen Z, Zhong C, Lu P (2018) Enantioselective desymmetrization of
cyclobutanones enabled by synergistic palladium/enamine catalysis. Angew Chem Int Ed
57(10):2707-2711

Nagarajaiah H, Mukhopadhyay A, Moorthy JN (2016) Biginelli reaction: an overview. Tetrahedron
Lett 57(47):5135-5149

Cai Y-F, Yang H-M, Li L, Jiang K-Z, Lai G-Q, Jiang J-X (2010) Xu L-W (2010) Cooperative and
enantioselective NbCls/primary amine catalyzed biginelli reaction. Eur J Org Chem 26:4986-4990
Twilton J, Le C, Zhang P, Shaw MH, Evans RW, MacMillan DWC (2017) The merger of transition
metal and photocatalysis. Nat Rev Chem 1(7):0052

Xu C, Zhang L, Luo S (2014) Merging aerobic oxidation and enamine catalysis in the asymmetric
& a-amination of p-ketocarbonyls using N-hydroxycarbamates as nitrogen source. Angew Chem
Int Ed 53(16):4149-4153

Xie J, Huang Z-Z (2010) Cross-dehydrogenative coupling reactions by transition-metal and amino-
catalysis for the synthesis of amino acid derivatives. Angew Chem Int Ed 49(52):10181-10185
Shu X-Z, Yang Y-F, Xia X-F, Ji K-G, Liu X-Y, Liang Y-M (2010) Platinum-catalyzed cross-dehy-
drogenative coupling reaction in the absence of oxidant. Org Biomol Chem 8:4077-4079

Xu C, Zhang L, Luo S (2015) Catalytic asymmetric oxidative a-C—H N, O ketalization of ketones
by chiral primary amine. Org Lett 17(17):4392-4395

Sud A, Sureshkumar D, Klussmann M (2009) Oxidative coupling of amines and ketones by com-
bined vanadium- and organocatalysis. Chem Commun 22:3169-3171

Xiao J (2012) Merging organocatalysis with transition metal catalysis: highly selective a-alkylation
of aldehydes. Org Lett 14(7):1716-1719

Sun S, Mao Y, Lou H, Liu L (2015) Copper(Il)/amine synergistically catalyzed enantioselective
alkylation of cyclic N-acyl hemiaminals with aldehydes. Chem Commun 51:10691-10694

Li Y, Zhang R, Bi X, Fu J (2018) Multitfunctionalization of unactivated cyclic ketones via synergis-
tic catalysis of copper and diarylamine: access to cyclic a-enaminone. Org Lett 20(4):1207-1211
Huo H, Fu C, Wang C, Harms K, Meggers E (2014) Metal-templated enantioselective enamine/H-
bonding dual activation catalysis. Chem Commun 50:10409-10411

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

@ Springer



	EnamineTransition Metal Combined Catalysis: Catalytic Transformations Involving Organometallic Electrophilic Intermediates
	Abstract
	1 Introduction
	2 α-Allylic Alkylation of Aldehydes and Ketones
	3 Combined Enamine and Metal Catalysis Using Alkynes as Substrates
	4 Reactions with Non-activated Olefins
	5 Transition Metal- and Amine-Catalyzed Carbocyclization Reactions
	6 Miscellaneous Reactions
	7 Conclusion
	Acknowledgements 
	References




