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Copper-catalysed asymmetric C—C bond-forming reactions using organometallic reagents have developed into a powerful tool for

the synthesis of complex molecules with single or multiple stereogenic centres over the past decades. Among the various acceptors

employed in such reactions, those with a heterocyclic core are of particular importance because of the frequent occurrence of

heterocyclic scaffolds in the structures of chiral natural products and bioactive molecules. Hence, this review focuses on the

progress made over the past 20 years for heterocyclic acceptors.

Introduction

The copper-catalysed asymmetric addition of organometallic
reagents to various acceptors is a useful strategy for C—C bond-
forming reactions [1-4]. These important transformations have
been thoroughly developed in the last few decades and were
widely used in the synthesis of chiral natural products and bio-
active molecules [5-8]. The majority of these molecules has a
crucial commonality, namely the presence of heterocyclic units
containing nitrogen, oxygen, sulphur, or other heteroatoms.
These units are also often responsible for the key bioactivities
that such molecules exhibit [9-11]. This has motivated the de-

velopment of various strategies that target the synthesis of

chiral heterocyclic motives [12-14]. Among these, methodolo-
gies based on the copper-catalysed asymmetric addition of
organometallics are especially valuable because of i) the
compatibility between copper catalysts and heteroatoms present
in the starting materials that often show inhibitory effects in
combination with other metal-based catalysts, and ii) the avail-
ability and cost-efficiency of copper(I) salts and most organo-
metallics.

This review aims to provide an overview on the copper-based

catalytic systems that enable the direct application of hetero-
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cyclic acceptors in highly enantioselective C—C bond-forming
reactions with organometallics. The work highlighted in this
minireview is divided into two sections, based on the position
where the bond is formed. The first part focuses on acceptors in
which the reacting unsaturated double bond is embedded into
the heterocyclic ring, while the second part deals with acceptors
in which the reacting unsaturated double bond is located outside
of the heterocyclic unit (e.g., alkenyl-substituted heterocycles).
The organometallics discussed in this minireview include
organoaluminium, organozinc, organozirconium, organo-

lithium, and Grignard reagents.

Review

Copper-catalysed C—C bond-forming
reactions at the heterocycle

The direct synthesis of chiral heterocyclic molecules from
pyridine, quinolone, or indole derivatives is advantageous due
to the abundance of such building blocks. Unfortunately, estab-
lishing catalytic enantioselective methods for the synthesis of
these compounds resulting in high yield and enantioselectivity
has proven challenging. As a result, significant effort has been
invested into copper-catalysed asymmetric conjugate addition
reactions using organometallics.

In 2005, Feringa and co-workers reported on the copper-cata-
lysed asymmetric conjugate addition (ACA) of dialkylzinc
reagents to N-substituted 2,3-dehydro-4-piperidones 1 in order
to access useful chiral piperidine derivatives (Scheme 1A) [15].
They found the catalytic system based on the chiral phosphor-
amidite L1 and a copper salt to be the most efficient one to

achieve an enantioselectivity of up to 96% ee.

Interestingly, piperidones with different carbamate protecting
groups (Me, Et, Ph, tosyl, and Bn, respectively) were tolerated,
and a high enantioselectivity could also be obtained with
several other dialkylzinc reagents (e.g., iPrpZn and n-Bu,Zn, re-
spectively). Later, T. Shibata and K. Endo prepared the same
product (2¢) with a higher enantioselectivity (97% ee) by using
the multinuclear phosphorus ligand catalyst L2 [16].
Organoaluminium reagents are also commonly used organo-
metallics in copper-catalysed ACA reactions. For example, in
the work of Feringa and co-workers, the methylation reaction
using Me,Zn resulted in a low yield of 44% due to the difficult
purification of the crude product [15]. However, the same
authors showed later that the copper-catalysed ACA of Me3Al
to Boc-protected 4-piperidone can be used as a key step in the
total synthesis of the natural product (+)-myrtine with 14%
overall yield (Scheme 1B) [17]. For this application, the highest
yield (73%) and enantioselectivity (96% ee) were obtained

using the chiral ligand L3 and a copper salt as the catalyst.

Beilstein J. Org. Chem. 2020, 16, 1006—1021.

Despite the fact that examples of high yield and enantioselectiv-
ity have been reported for conjugate additions of both
organoaluminium and organozinc reagents, these reagents also
present major drawbacks, namely their commercial availability
and atom efficiency, given that only one alkyl group is trans-
ferred from the organometallic reagent to the Michael acceptor.
In contrast, Grignard reagents are very favourable organometal-
lics in terms of both their availability and atom efficiency. On
the other hand, Grignard reagents are significantly more
reactive than organoaluminium and organozinc reagents,
rendering the catalytic control of both the regio- and enantiose-
lectivity in addition reactions challenging. Nevertheless,
Harutyunyan and co-workers introduced the first general cata-
lytic methodology to access a wide variety of chiral piperidones
in 2019, using Grignard reagents (Scheme 1C) [18]. Therein, a
new catalytic system based on the ligand L4/Cu complex
promoted the addition of Grignard reagents to N-Cbz-pyridone
and N-Cbz-2,3-dihydropyridone Michael acceptors with high
enantioselectivity and yield. It is worth mentioning that in
copper-catalysed additions of Grignard reagents to N-Cbz-
pyridone, the use of a Lewis acid (BF3-OEt,) together with the
copper catalyst is essential for achieving a high yield as well as
a high regio- and enantioselectivity (up to 99% ee).

Although organoaluminium, organozinc, and Grignard reagents
were all successfully applied in the ACA of 2,3-dehydro-4-
piperidones, an introduction of the vinyl group was not success-
ful until 2012, when Alexakis and co-workers disclosed that
vinylalanes could be used in the copper-catalysed ACA to
N-substituted-2,3-dehydro-4-piperidones [19]. Optimisation
studies revealed that the combination of the ligand L5 and
Cu(II) naphthenate constituted the most efficient catalytic
system, allowing the synthesis of the corresponding products
with good yield and enantiomeric purity (up to 83% yield and
97% ee). Furthermore, a large variety of vinylalanes was inves-
tigated, and the product 21 was further derivatised into a chiral
bicyclic structure (5, Scheme 2A). In addition, simple vinyl alu-
minium reagents and commercial alkylaluminium reagents were
examined in this methodology, providing the corresponding
products with a moderate yield but high enantioselectivity
(Scheme 2B).

In 2009, Feringa and co-workers presented the first highly enan-
tioselective 1,2-addition of dialkylzinc reagents to an N-acyl-4-
methoxypyridinium salt using a copper/phosphoramidite cata-
lytic system (Scheme 3) [20,21]. The authors highlighted that
the N-acylpyridinium salts were unstable species and that their
instability affected the regioselectivity of the dearomatisation
process upon the nucleophilic addition of the organozinc
reagents. To solve this problem, the intermediate of the N-acyl-

4-methoxypyridinium salt must be formed in situ and added
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Scheme 1: Copper-catalysed ACA of organometallics to piperidones. A) addition of organozinc reagents; B) addition of organoaluminium reagent in

the total synthesis of (+)-myrtine; C) addition of Grignard reagents.

slowly to the solution of the Cu(OTf),/L6 complex and dial-
kylzinc reagent at =78 °C. Several dialkylzinc reagents were
found to be effective as nucleophiles in this reaction, in most

cases providing the products with a high enantioselectivity and

a moderate yield. An exception was found with diisopropylzinc,
for which only 56% ee could be obtained. The methodology
was also successfully applied to the total synthesis of the natural

alkaloid (R)-coniine.
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Scheme 2: Copper-catalysed ACA of alkenylalanes to N-substituted-2,3-dehydro-4-piperidones.
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Scheme 3: Copper-catalysed asymmetric addition of dialkylzinc reagents to N-acyl-4-methoxypyridinium salts formed in situ.
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Organozirconium compounds are another class of organometal-
lic reagents that have been used widely in the synthesis of com-
plex molecules. Recently, Fletcher and co-workers demon-
strated the applicability of a hydrozirconation in the ACA reac-
tion to non-heterocyclic conjugated substrates [22-26], while
the Sebesta group was the first to report the copper-catalysed
addition of organozirconium reagents to N-substituted 2,3-
dehydro-4-piperidones (Scheme 4A) [27]. In the latter work, the
organozirconium reagents were generated first in situ by the
hydrozirconation of alkenes. Subsequently, the L.1/Cu catalytic
system was used to test different organozirconium reagents. The
results showed that with N-substituted 2,3-dehydro-4-
piperidones, several products could be obtained with an enan-
tiomeric ratio of up to 92:8, but with yields not exceeding 22%.
Interestingly, this methodology could also be applied to the
lactams 7, leading to the corresponding products with up to
81% yield and an enantiomeric ratio of up to 82:18
(Scheme 4B).

Oxygen-containing heterocyclic compounds are ubiquitous in
natural products and medicines, with many of them being
chiral. Copper-catalysed ACA reactions of organometallics
have also been employed to synthesize such chiral oxygen-con-
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taining heterocyclic compounds. Feringa’s group reported the
highly regio- and enantioselective copper-catalysed direct
conjugate addition of Grignard reagents to chromones and
coumarins (Scheme 5) [28,29]. A variety of Grignard reagents,
including linear and secondary alkylmagnesium reagents and
various chromones and coumarins, were tolerated by the cata-
Iytic system, providing the products with a high yield and enan-
tioselectivity. It was also demonstrated that the addition prod-
ucts could be used for further transformations in order to access
various derivatives, such as 12 and 13, derived from the trap-
ping and Baeyer—Villiger oxidation of 11, respectively, or com-
pound 16, obtained via the ring opening reaction of 15 with an
amine (Scheme 5). Taking the enolate intermediate derived
from the addition of EtMgBr to coumarin as an example, it was
shown that upon the treatment with an amine, this enolate pro-
duced the final chiral amide product with a good yield (82%)
and ee (96%).

While the methodology for the ACAs of Grignard reagents to
chromones and coumarins has been established successfully,
quinolones remained challenging substrates for such transfor-
mations until very recently. It was not until 2019 that this prob-
lem was solved, when the Harutyunyan group employed a cata-
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Scheme 4: Copper-catalysed ACA of organozirconium reagents to N-substituted 2,3-dehydro-4-piperidones and lactams.
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Scheme 5: Copper-catalysed ACA of Grignard reagents to chromones and coumarins and further derivatisation of the corresponding products.

lytic system based on L4/Cu, which efficiently catalysed the
ACA of Grignard reagents to N-protected quinolones 17 at
room temperature (Scheme 6) [18]. Initially, the methodology
was developed for additions to N-Cbz-4-quinolone-based sub-
strates, and the catalytic system was demonstrated to facilitate
the addition of a wide variety of reagents, including linear, a-,
B-, and y-substituted, as well as aryl Grignard reagents. The
subsequent broadening of the quinolone scope revealed that
substrates bearing Me, Br, CFj3, ether, amide, and ester substitu-
ents, respectively, were also tolerated successfully. In addition,
the catalytic system was applied to the synthesis of the natural
product (+)-angustureine with an excellent outcome (92% yield,
97% ee) (Scheme 6A). When the method was applied to the
ACA of Grignard reagents to N-substituted 2-quinolones, their
lower reactivity led to a lower conversion. Performing the reac-
tion in the presence of TMSBr resolved this and allowed the
reaction to proceed for various Grignard reagents and sub-

strates with an excellent enantioselectivity (Scheme 6B).

The copper-catalysed ACA of organometallics has also been

applied to lactams, which are useful building blocks for synthe-

tic chemistry. In 2004, Pineschi and co-workers successfully
introduced the methodology of copper-catalysed ACAs of
organoaluminium and organozinc reagents to lactams
(Scheme 7A) [30]. They found that with a phenylcarbamate
protecting group on the nitrogen atom, the addition of Et,Zn
and Me3Al could be promoted by the L.1/Cu catalytic system,
leading to the corresponding alkylated products with 95% and
68% enantioselectivity, respectively. Furthermore, the interme-
diate formed upon this ACA could be trapped with acetalde-
hyde and allyl bromide or allyl acetate to form valuable com-
pounds with high ee and dr values. Later, Harutyunyan’s
research group showed that also non-activated lactams with
alkyl-protected groups could undergo ACA reactions with
EtMgBr, with 93% ee (22¢, Scheme 7A) [31]. The research
group of Alexakis was able to push this chemistry further when
they developed a new methodology that allowed to access the
chiral lactams 26 with moderate yield and high enantioselectivi-
ty (up to 96% ee). Therein, the copper(Il) naphthenate/L5-cata-
lysed ACA of alkenylaluminium and alkylaluminium reagents
to the B-substituted unsaturated conjugated lactams 25 was util-
ized (Scheme 7B) [32].
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Scheme 6: Copper-catalysed ACA of Grignard reagents to N-protected quinolones.
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Scheme 7: Copper-catalysed ACAs of organometallics to conjugated unsaturated lactams.

Chiral lactones are yet another interesting class of heterocyclic
substrates that have attracted great attention because of their
usefulness in both organic synthesis and medicinal chemistry.
The copper-catalysed ACA of organozinc reagents to 5,6-
dihydro-2-pyranone is one of the best methods to obtain chiral
lactones. During the past two decades, the research groups of
Chan, Hoveyda (who applied an approach depending on the
trapping by an aldehyde), Mauduit, and Wang reported a variety
of methods employing the chiral ligands L9-L13 that, in com-
bination with copper, efficiently catalysed the ACA of diethyl-
zinc to 5,6-dihydro-2-pyranone (Scheme 8), providing access to
chiral B-substituted lactones with high enantioselectivity and

conversion [33-37].

Although the copper-catalysed ACA of Et;Zn to 5,6-dihydro-2-
pyranone has been reported, the reactivity and commercial
availability of the former renders the ACA of Grignard reagents
a more attractive methodology. Feringa and co-workers were
the first to report copper-catalysed ACAs of alkyl Grignard
reagents to pyranones and 5,6-dihydro-2-pyranone (Scheme 9)
[38]. In the presence of the Cu/L7 catalytic system, several
alkyl Grignard reagents underwent ACAs to form the chiral
lactones with high enantioselectivity. Importantly, the authors
showed how the conjugate addition products could be further
derivatised to lead to versatile chiral building blocks, such as a
B-alkyl-substituted aldehyde (66% yield, 94:6 er) or a f-bromo-
y-alkyl-substituted alcohol (71% yield, 93:7 er).
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The asymmetric allylic alkylation (AAA) is a very useful
method that allows the enantioselective formation of C-C
bonds, and copper-catalysed AAAs using Grignard, organo-
lithium, organoaluminium, and organozirconium reagents have
been reported. In 2015, Fletcher and co-workers presented the
copper-catalysed AAA of racemic 3,6-dihydro-2H-pyrans using
alkylzirconocenes in the presence of the Cu/L14 catalytic
system (Scheme 10A) [39]. Several alkylzirconocenes were ex-
amined, resulting in the respective products with 45-93% ee
and 20-33% yield. The same group also described the copper-
catalysed desymmetrisation of heterocyclic meso compounds
via the AAA reaction, once again using alkylzirconocenes as
nucleophiles (Scheme 10B). In this reaction, two seven-mem-
bered heterocyclic bisphosphates (O- and N-containing, respec-
tively,) underwent Cu/L15-catalysed AAAs and provided the
corresponding chiral products with good yield and high enantio-
selectivity (92-93% ee) [40].

Ring opening reactions where carbon—carbon bonds are formed
upon the addition of organometallics to heterocyclic acceptors,
resulting in products that are not heterocyclic, provide an alter-

native strategy to generate important building blocks with two

Cp,ZrHCI, DCM, L14
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stereocentres, starting from heterocyclic substrates. The copper-
catalysed ring opening of oxygen-bridged heterocyclic
acceptors with trialkylaluminium reagents was explored by the
group of Alexakis in 2009 (Scheme 11) [41]. Various chiral
phosphoramidite ligands, in combination with a copper salt,
were found to be efficient catalysts for this transformation, with
the best results obtained with the ligand L16.

Feringa and co-workers elaborated the copper-catalysed ring
opening reaction of oxabicyclic alkene substrates using organo-
lithium reagents, finding excellent anti selectivities and enantio-
selectivity (Scheme 12) [42]. During the optimisation studies,
they discovered that when the Lewis acid BF3-OEt; was em-
ployed in combination with the Cu/L1 catalyst system, the anti
diastereoisomer could be obtained with 97% enantioselectivity.
In addition, this methodology tolerated n-BuLi, iBuLi, n-HexLi,
and EtLi, providing a full conversion and high anti selectivity
and enantioselectivity in all cases.

Alexakis and co-workers exploited the copper-catalysed asym-
metric ring opening of polycyclic meso hydrazines with

organoaluminium reagents (Scheme 13) [43]. This reaction fol-
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Scheme 10: Copper-catalysed AAA of an organozirconium reagent to heterocyclic acceptors.
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Scheme 11: Copper-catalysed ring opening of an oxygen-bridged substrate with trialkylaluminium reagents.
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lowed a classical allylic substitution pathway. Interestingly, the
organoaluminium reagents in this reaction did not only act as
alkyl donors but could also activate the leaving group. After
testing several kinds of phosphoramidite ligands with copper
salts, the catalyst system L17/CuTc was selected for further
studies. The solvent was found to play a crucial role in this
reaction, with MTBE as the solvent of choice. Various
organoaluminium reagents and protecting groups were exam-
ined, providing the products with good yield (up to 90%) and ee
(up to 95%).

Copper-catalysed conjugate addition
reactions to alkenyl-substituted heterocycles

Chiral heterocyclic aromatic compounds are crucial motifs in
natural products and bioactive molecules, and in recent years,
many strategies have been reported for their highly enantiose-
lective synthesis. However, while catalytic asymmetric C—C
bond formations by ACAs of organometallics is a routine pro-
cedure for additions to common Michael acceptors, such as

CuBr-SMe,/L7
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enones and enoates, examples of catalytic asymmetric addi-
tions to N-heteroaromatic alkenyl compounds are less de-
veloped. This deficiency is largely due to the intrinsically low
reactivity of alkenyl-substituted heterocycles towards nucleo-
philic addition compared to common Michael acceptors. A way
to lift this barrier was introduced in 2016 by Harutyunyan and
co-workers, who developed a general methodology for the
direct and facile access to a variety of chiral heterocyclic aro-
matic compounds by the ACA of Grignard reagents to conjug-
ated N-heteroaromatic alkenyl compounds (Scheme 14) [44].
The key of the presented method was the enhancement of the
reactivity of the heteroaromatic alkenyl substrates by Lewis
acid activation in combination with readily available and highly
reactive Grignard reagents and a copper catalyst bound to a
chiral diphosphine ligand. Using this methodology, various
chiral heteroaromatic products were obtained with high enantio-
selectivity (up to 99% ee) and yield (up to 95%). Remarkably,
both alkyl and aromatic Grignard reagents provided a high yield
and enantioselectivity in this methodology. Furthermore, the
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Scheme 14: Copper-catalysed ACA of Grignard reagents to alkenyl-substituted aromatic N-heterocycles.
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same group reported a one-pot conjugate addition to alkenylhet-
eroarenes with subsequent trapping of the resulting azaenolate

with reactive Michael acceptors in a follow-up study [45].

While pyridines are among the most important classes of
heterocyclic moieties that occur in many bioactive molecules,
such as natural products, pharmaceuticals, and agrochemicals,
the initial report by the Harutyunyan group did not include
alkenylpyridines in the substrate scope. The reason for this was
the markedly lower reactivity of alkenylpyridines towards
nucleophilic addition as compared to other alkenylheteroarenes.

For the same reason, the synthesis of chiral pyridine derivatives
has always been considered a challenge in organic chemistry

research. In an attempt to overcome this reactivity issue, the

CuBr-SMe,/L7
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same authors decided to use the trimethylsilyl-based Lewis acid
TMSOTT in order to allow the covalent activation of the
alkenylpyridine via pyridinium formation. This strategy turned
out successful, and optimisation studies identified reaction
conditions that allowed highly enantioselective ACAs of
Grignard reagents to alkenylpyridines (Scheme 15) [46]. Using
the optimised conditions (Cu/L7/TMSOTT), a large variety of
pyridine-based chiral compounds was synthesized. Apart from
allowing the introduction of different linear, branched, cyclic,
and functionalised alkyl chains at the B-position of the
alkenylpyridines, the catalytic system also showed a high func-
tional group tolerance, and thus allowing straightforward chem-
ical transformations of the addition products, including, for ex-
ample, reductions, cycloadditions, and coupling reactions
(Scheme 15B).

P
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Scheme 15: Copper-catalysed ACA of Grignard reagents to B-substituted alkenylpyridines.
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Meldrum’s acid and its derivatives are versatile reagents in
organic synthesis that can be transformed into a wide range of
compounds. In 2006, the group of Fillion described the highly
enantioselective synthesis of all-carbon benzylic quaternary
stereocentres via a conjugate addition of dialkylzinc reagents to
alkylidene Meldrum’s acids, resulting in the ACA products with
high enantiopurity (Scheme 16) [47-52]. Different kinds of
Meldrum’s acid derivatives were tolerated in this reaction, and
the products could undergo various chemical transformations
(Scheme 16A). Later on, this methodology was also demon-
strated to enable the 1,6-addition of dialkylzinc reagents to
functionalized alkylidene Meldrum’s acids, providing the re-
sulting products 60 with moderate yields (65%) and enantiose-
lectivity (70% ee) (Scheme 16B).

Conclusion

The aim of this review was to give the reader an overview on
the progress made over the past two decades in the field of
copper-catalysed C—C bond-forming reactions between hetero-
cyclic acceptors and organometallics. Many excellent method-
ologies have been reported to date, and the key to the success of
these transformations lies in the capability of chiral copper cata-
lysts to activate both the organometallics and heterocyclic

(A) 1,4 addition

%0 © 0d ©
|
Cl
58a 58b

82% yield, 89% ee  93% vyield, 78% ee
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acceptors for the reaction. The development of a wide variety of
chiral ligands allowed an impressive scope of heterocycles to
undergo reactions with organometallics. However, the current
state of the field is certainly incomplete, and future develop-
ments in substrate and organometallics scope can be expected.

Funding

Financial support was received from the European Research
Council (ERC Consolidator to S. R. H.; Grant No. 773264,
LACOPAROM), the China Scholarship Council (CSC, to Y.
G.), and the Netherlands Organisation for Scientific Research
(NWO, Vici grant 491 724.017.003).

ORCID® iDs

Yafei Guo - https://orcid.org/0000-0001-8720-3887
Syuzanna R. Harutyunyan - https://orcid.org/0000-0003-2411-1250

References

1. Harutyunyan, S. R.; den Hartog, T.; Geurts, K.; Minnaard, A. J.;
Feringa, B. L. Chem. Rev. 2008, 108, 2824-2852.
doi:10.1021/cr068424k

2. Alexakis, A.; Backvall, J. E.; Krause, N.; Pamies, O.; Dieguez, M.
Chem. Rev. 2008, 108, 2796—2823. doi:10.1021/cr0683515

X

o O

Cu(OTf)»/L1

DME, 40 °C to rt H

Et
Ar>\R

58d

(B) 1,6 addition ><
OXO Cu(OTf),/L1 o 9
u 2
+ Et,Zn - =
"o 2 DME, 40 °C to rt 0" o
| iPr iPr

Ph Ph Et

59 60

Scheme 16: Copper-catalysed ACA of organozinc reagents to alkylidene

65% yield, 70% ee

Meldrum’s acids.

1019


https://orcid.org/0000-0001-8720-3887
https://orcid.org/0000-0003-2411-1250
https://doi.org/10.1021%2Fcr068424k
https://doi.org/10.1021%2Fcr0683515

3. Jerphagnon, T.; Pizzuti, M. G.; Minnaard, A. J.; Feringa, B. L.
Chem. Soc. Rev. 2009, 38, 1039—1075. doi:10.1039/b816853a

4. Schmid, T. E.; Drissi-Amraoui, S.; Crévisy, C.; Baslé, O.; Mauduit, M.
Beilstein J. Org. Chem. 2015, 11, 2418-2434. doi:10.3762/bjoc.11.263

5. Bates, R. W.; Sridhar, S. J. Org. Chem. 2008, 73, 8104-8105.
doi:10.1021/jo801433f

6. Brown, M. K.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130,
12904—12906. doi:10.1021/ja8058414

7. Chin, Y.-J.; Wang, S.-Y.; Loh, T.-P. Org. Lett. 2009, 11, 3674-3676.
doi:10.1021/01901480s

8. Pereira, C. L.; Chen, Y.-H.; McDonald, F. E. J. Am. Chem. Soc. 2009,
131, 6066—6067. doi:10.1021/ja9009265

9. Rani, R.; Granchi, C. Eur. J. Med. Chem. 2015, 97, 505-524.
doi:10.1016/j.ejmech.2014.11.031

10. Vinogradov, M. G.; Turova, O. V.; Zlotin, S. G. Org. Biomol. Chem.
2019, 77, 3670-3708. doi:10.1039/c80b03034k

11.Sharma, V.; Kumar, P.; Pathak, D. J. Heterocycl. Chem. 2010, 47,
491-502. doi:10.1002/jhet.349

12.Chung, Y. K;; Fu, G. C. Angew. Chem., Int. Ed. 2009, 48, 2225-2227.
doi:10.1002/anie.200805377

13. Fustero, S.; Moscardo, J.; Jiménez, D.; Pérez-Carrién, M. D.;
Sanchez-Roselld, M.; del Pozo, C. Chem. — Eur. J. 2008, 14,
9868-9872. doi:10.1002/chem.200801480

14. Takahashi, K.; Midori, M.; Kawano, K.; Ishihara, J.; Hatakeyama, S.
Angew. Chem., Int. Ed. 2008, 47, 6244—6246.
doi:10.1002/anie.200801967

15.Sebesta, R.; Pizzuti, M. G.; Boersma, A. J.; Minnaard, A. J.;
Feringa, B. L. Chem. Commun. 2005, 1711-1713.
doi:10.1039/b417727d

16.Endo, K.; Ogawa, M.; Shibata, T. Angew. Chem., Int. Ed. 2010, 49,
2410-2413. doi:10.1002/anie.200906839

17.Pizzuti, M. G.; Minnaard, A. J.; Feringa, B. L. Org. Biomol. Chem. 2008,
6, 3464—-3466. doi:10.1039/b807575a

18.Guo, Y.; Harutyunyan, S. R. Angew. Chem., Int. Ed. 2019, 58,
12950-12954. doi:10.1002/anie.201906237

19. Mdiller, D.; Alexakis, A. Org. Lett. 2012, 14, 1842—1845.
doi:10.1021/013004436

20. Fernandez-lbafez, M. A.; Macia, B.; Pizzuti, M. G.; Minnaard, A. J.;
Feringa, B. L. Angew. Chem., Int. Ed. 2009, 48, 9339-9341.
doi:10.1002/anie.200904981

21. Alexakis, A.; Amiot, F. Tetrahedron: Asymmetry 2002, 13, 2117-2122.
doi:10.1016/s0957-4166(02)00531-1

22.Rideau, E.; You, H.; Sidera, M.; Claridge, T. D. W.; Fletcher, S. P.
J. Am. Chem. Soc. 2017, 139, 5614-5624. doi:10.1021/jacs.7b02440

23.Gao, Z.; Fletcher, S. P. Chem. Sci. 2017, 8, 641-646.
doi:10.1039/c6sc02811j

24.Schéfer, P.; Sidera, M.; Palacin, T.; Fletcher, S. P. Chem. Commun.
2017, 53, 12499-12511. doi:10.1039/c7cc07151e

25. Ardkhean, R.; Roth, P. M. C.; Maksymowicz, R. M.; Curran, A;
Peng, Q.; Paton, R. S.; Fletcher, S. P. ACS Catal. 2017, 7, 6729-6737.
doi:10.1021/acscatal.7b01453

26.Wang, J. Y. J.; Palacin, T.; Fletcher, S. P. Org. Lett. 2019, 21,
378-381. doi:10.1021/acs.orglett.8003520

27.Némethova, |.; Bilka, S.; Sebesta, R. J. Organomet. Chem. 2018, 856,
100-108. doi:10.1016/j.jorganchem.2017.12.042

28.Vila, C.; Hornillos, V.; Fafianas-Mastral, M.; Feringa, B. L.
Chem. Commun. 2013, 49, 5933-5935. doi:10.1039/c3cc43105¢

29. Teichert, J. F.; Feringa, B. L. Chem. Commun. 2011, 47, 2679-2681.
doi:10.1039/c0cc05160h

Beilstein J. Org. Chem. 2020, 16, 1006—1021.

30. Pineschi, M.; Del Moro, F.; Gini, F.; Minnaard, A. J.; Feringa, B. L.
Chem. Commun. 2004, 1244—1245. doi:10.1039/b403793f

31. Rodriguez-Fernandez, M.; Yan, X.; Collados, J. F.; White, P. B.;
Harutyunyan, S. R. J. Am. Chem. Soc. 2017, 139, 14224—14231.
doi:10.1021/jacs.7b07344

32. Cottet, P.; Mller, D.; Alexakis, A. Org. Lett. 2013, 15, 828—-831.
doi:10.1021/01303505k

33.Liang, L.; Su, L.; Li, X.; Chan, A. S. C. Tetrahedron Lett. 2003, 44,
7217-7220. doi:10.1016/s0040-4039(03)01788-x

34.Tian, M.; Pang, Z.-b.; Li, H.-f.; Wang, L.-I. Tetrahedron: Asymmetry
2017, 28, 330-337. doi:10.1016/j.tetasy.2017.01.011

35.Yan, M.; Zhou, Z.-Y.; Chan, A. S. C. Chem. Commun. 2000, 115-116.
doi:10.1039/a908467¢

36.Brown, M. K.; Degrado, S. J.; Hoveyda, A. H. Angew. Chem., Int. Ed.
2005, 44, 5306—-5310. doi:10.1002/anie.200501251

37.Clavier, H.; Coutable, L.; Toupet, L.; Guillemin, J.-C.; Mauduit, M.
J. Organomet. Chem. 2005, 690, 5237-5254.
doi:10.1016/j.jorganchem.2005.04.027

38.Mao, B.; Fafanas-Mastral, M.; Feringa, B. L. Org. Lett. 2013, 15,
286-289. doi:10.1021/01303141x

39. Rideau, E.; Fletcher, S. P. Beilstein J. Org. Chem. 2015, 11,
2435-2443. doi:10.3762/bjoc.11.264

40.Jacques, R.; Pullin, R. D. C.; Fletcher, S. P. Nat. Commun. 2019, 10,
No. 21. doi:10.1038/s41467-018-07871-x

41.Ladjel, C.; Fuchs, N.; Zhao, J.; Bernardinelli, G.; Alexakis, A.
Eur. J. Org. Chem. 2009, 4949-4955. doi:10.1002/ejoc.200900662

42.Bos, P. H.; Rudolph, A.; Perez, M.; Fafianas-Mastral, M.;
Harutyunyan, S. R.; Feringa, B. L. Chem. Commun. 2012, 48,
1748-1750. doi:10.1039/c2cc16855¢

43. Palais, L.; Bournaud, C.; Micouin, L.; Alexakis, A. Chem. — Eur. J.
2010, 716, 2567—-2573. doi:10.1002/chem.200902417

44.Jumde, R. P.; Lanza, F.; Veenstra, M. J.; Harutyunyan, S. R. Science
2016, 352, 433—-437. doi:10.1126/science.aaf1983

45.Lanza, F.; Pérez, J. M.; Jumde, R. P.; Harutyunyan, S. R. Synthesis
2019, 571, 1253—-1262. doi:10.1055/s-0037-1611657

46.Jumde, R. P.; Lanza, F.; Pellegrini, T.; Harutyunyan, S. R.
Nat. Commun. 2017, 8, 2058. doi:10.1038/s41467-017-01966-7

47 Fillion, E.; Wilsily, A. J. Am. Chem. Soc. 2006, 128, 2774-2775.
doi:10.1021/ja056692¢e

48.Dumas, A. M.; Fillion, E. Acc. Chem. Res. 2010, 43, 440—454.
doi:10.1021/ar900229z

49. Wilsily, A.; Fillion, E. J. Org. Chem. 2009, 74, 8583—-8594.
doi:10.1021/j0901559d

50. Wilsily, A.; Fillion, E. Org. Lett. 2008, 10, 2801-2804.
doi:10.1021/01800923q

51. Fillion, E.; Wilsily, A.; Liao, E.-T. Tetrahedron: Asymmetry 2006, 17,
2957-2959. doi:10.1016/j.tetasy.2006.11.009

52. Wilsily, A.; Lou, T.; Fillion, E. Synthesis 2009, 2066—2072.
doi:10.1055/s-0029-1216845

1020


https://doi.org/10.1039%2Fb816853a
https://doi.org/10.3762%2Fbjoc.11.263
https://doi.org/10.1021%2Fjo801433f
https://doi.org/10.1021%2Fja8058414
https://doi.org/10.1021%2Fol901480s
https://doi.org/10.1021%2Fja9009265
https://doi.org/10.1016%2Fj.ejmech.2014.11.031
https://doi.org/10.1039%2Fc8ob03034k
https://doi.org/10.1002%2Fjhet.349
https://doi.org/10.1002%2Fanie.200805377
https://doi.org/10.1002%2Fchem.200801480
https://doi.org/10.1002%2Fanie.200801967
https://doi.org/10.1039%2Fb417727d
https://doi.org/10.1002%2Fanie.200906839
https://doi.org/10.1039%2Fb807575a
https://doi.org/10.1002%2Fanie.201906237
https://doi.org/10.1021%2Fol3004436
https://doi.org/10.1002%2Fanie.200904981
https://doi.org/10.1016%2Fs0957-4166%2802%2900531-1
https://doi.org/10.1021%2Fjacs.7b02440
https://doi.org/10.1039%2Fc6sc02811j
https://doi.org/10.1039%2Fc7cc07151e
https://doi.org/10.1021%2Facscatal.7b01453
https://doi.org/10.1021%2Facs.orglett.8b03520
https://doi.org/10.1016%2Fj.jorganchem.2017.12.042
https://doi.org/10.1039%2Fc3cc43105c
https://doi.org/10.1039%2Fc0cc05160h
https://doi.org/10.1039%2Fb403793f
https://doi.org/10.1021%2Fjacs.7b07344
https://doi.org/10.1021%2Fol303505k
https://doi.org/10.1016%2Fs0040-4039%2803%2901788-x
https://doi.org/10.1016%2Fj.tetasy.2017.01.011
https://doi.org/10.1039%2Fa908467c
https://doi.org/10.1002%2Fanie.200501251
https://doi.org/10.1016%2Fj.jorganchem.2005.04.027
https://doi.org/10.1021%2Fol303141x
https://doi.org/10.3762%2Fbjoc.11.264
https://doi.org/10.1038%2Fs41467-018-07871-x
https://doi.org/10.1002%2Fejoc.200900662
https://doi.org/10.1039%2Fc2cc16855c
https://doi.org/10.1002%2Fchem.200902417
https://doi.org/10.1126%2Fscience.aaf1983
https://doi.org/10.1055%2Fs-0037-1611657
https://doi.org/10.1038%2Fs41467-017-01966-7
https://doi.org/10.1021%2Fja056692e
https://doi.org/10.1021%2Far900229z
https://doi.org/10.1021%2Fjo901559d
https://doi.org/10.1021%2Fol800923q
https://doi.org/10.1016%2Fj.tetasy.2006.11.009
https://doi.org/10.1055%2Fs-0029-1216845

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.16.90

Beilstein J. Org. Chem. 2020, 16, 1006—1021.

1021


http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.16.90

	Abstract
	Introduction
	Review
	Copper-catalysed C–C bond-forming reactions at the heterocycle
	Copper-catalysed conjugate addition reactions to alkenyl-substituted heterocycles

	Conclusion
	Funding
	ORCID iDs
	References

