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Abstract: The multicomponent reaction of aldehydes, amines, and alkynes, known as A% coupling,
yields propargylamines, a valuable organic scaffold, and has received significant interest and atten-
tion in the last years. In order to fully realise the potential of the metal-based catalytic protocols
that facilitate this transformation, we summarise substrates, in situ and well-characterised synthetic
methods that provide this scaffold and attempt a monumental classification considering several vari-
ables (Metal, Coordinating atom(s), Ligand type and name, in-situ or well-characterised, co-catalyst,
catalyst and ligand Loading (mol%), solvent, volume, atmosphere, temperature, microwave, time,
yield, selectivity (e.e. d.r.), substrate name, functionality, loading (amines, aldehydes, alkynes), and
use of molecular sieves). This pioneering work creates a valuable database that contains 2376 entries
and allows us to produce graphs and better visualise their impact on the reaction.
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Creating molecular complexity from readily available starting materials and catalysts
is a long-standing and ongoing goal for synthetic chemists [1]. Synthetic methodologies that
use more than two substrates and a metal-based catalyst, a subcategory of the well-known
Academic Editors: Antonia lazzetti multicomponent reactions, involve complicated, possibly domino, organic transformations
and Alessia Ciogli and yield valuable organic scaffolds in one step. These methodologies are inexpensive,
produce minimal waste, and are atom- and energy-efficient, all significant advantages over
traditional catalytic industrial protocols. Moreover, many such industrial protocols employ
fossil fuels and well-characterised but expensive catalysts—considering the pressing need
to transition to “green” processes, a modular and selective polycomponent reaction starting
from readily available material is highly desirable.

At present, the catalysts used in these reactions are most often generated in situ. These
protocols have several disadvantages: high catalyst loadings (over 10 mol%) are required,
the identity and role of the catalyst are vague, and reaction monitoring is inaccessible.

® Likewise, some protocols require elevated temperatures that may cause the formation of
metal nanoparticles.

The reactivity, selectivity, and stability of traditional homogenous metal catalysts are
all highly dependent on the ligand environment and the interplay between the metal,
This article is an open access article  1igand(s), and reagents. Thus, ligand design is paramount when aiming to improve a
distributed under the terms and  catalyst’s performance [2,3]. For example, the number and nature of the coordinating
conditions of the Creative Commons ~ heteroatoms in a ligand affect rate and selectivity while the ligand’s rigidity imposes
Attribution (CC BY) license (https://  Tegioselectivity [4]. It is unclear whether these principles apply to polycomponent reactions
creativecommons.org/licenses /by / promoted by well-characterised species. Several studies on well-characterised catalysts,
40/). i.e., those in which the active species is known, suggest that these catalysts [5-13]:
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1. Facilitate the organic transformations in low loadings (1% or less), almost an order of

magnitude less than the in situ protocols; thus,

Exclude nanoparticle formation;

3. Give access to “clean” products and obviate the necessity for ICP-MS studies to trace
metal elements;

4. Permit (pre-)catalyst and/or substrate monitoring, thus establishing a thorough mech-
anistic investigation; and

5. Most importantly, give access to meaningful trial experiments.

N

Trial experiments include:

O  Addition of radical traps to identify or exclude radical paths;

O  Variation of reaction conditions (O, or N/ Ar atmosphere) to exclude the influence
of atmospheric oxygen;

O Substrate alteration defines reaction incompetence and provides meaningful informa-
tion to establish a reasonable catalytic cycle.

Compared to in situ based protocols, these significant advantages make evident the
need to invest in multicomponent approaches catalysed by well-characterised compounds.

One multicomponent reaction is the A® coupling (Scheme 1), named for its three
components: an aldehyde, an alkyne and an amine. This versatile reaction constitutes the
most straightforward paradigm for a multicomponent reaction. It combines two unique
catalytic concepts: C-H activation of the alkyne moiety and use or in situ formation of
imines or enamines. Furthermore, the ideally chiral propargylamines (PA) formed by
this reaction are essential precursors in organic synthesis for various products, including
isoindolines [14], oxazolidines [15], pyridines [16,17], and alkaloids [18-20] (Scheme 2). Due
to this importance, it is necessary to understand the catalyst’s role and develop protocols to
yield the final product in high enantiomeric excess. This review explores advances in the
A3 coupling using metal salts and in situ well-characterised compounds.

homogeneous metal based catalysed methods

Microwave Polymer
Silica lonic liquid
MOF hv MOC

High-vibration ball-milling
Nanoparticle scaffold

Scheme 1. The A® coupling reaction.

The C-H activation has gained significant interest and represents one of the eighth
main research milestones [21-23]. Similarly, imines and enamines are essential components
for several organic transformations and organic scaffolds of high interest [24-29]. The A3
coupling reaction forms a new C-C o bond via C-H activation of a terminal alkyne and
yields PAs in one step with one water molecule as a by-product. Late transition metal
catalysts effectively catalyse the A3 reaction. Mechanistic studies have identified the in
situ formation of a m complex between the metal salt and the triple bond of the alkyne
component. This intermediate partly shifts electron density from the alkyne to the metal
cation, weakening the C-H sp bond, thus allowing proton removal by a weak base. The
deprotonation of the 7t complex results in o activation and formation of the acetylide,
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which can be subsequently added to the imine [30,31]. Initial reports on the A3 coupling
reaction demonstrated that the reaction could be catalysed by silver [32], gold [33], and
copper [34] via a one-pot synthesis. Other studies demonstrated various metals, including
cadmium [35], cobalt [36], iron [37], mercury [38], indium [39], manganese [35], nickel [40],
tin [35], zirconium [41], and zinc [42-46] facilitate the A3 coupling. These reactions often
require an inert atmosphere, high temperatures, and long reaction times. Moreover, while
several plausible reaction mechanisms have been proposed, in situ conditions make it diffi-
cult to analyse the catalytic mechanism effectively: for example, some hypotheses assume a
monomeric active species [47-51], while others claim the active species is a paddlewheel
dimer that would make the formation of a catalytic monomer difficult [20,52]. In contrast,
other studies have suggested the existence of a dicopper catalyst instead of the monomeric
species [53]. A more comprehensive understanding of the A® catalytic mechanism would
facilitate asymmetric synthesis developments and advance other reactions involving alkyne
activation via a metal catalyst.
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Scheme 2. Natural and building blocks synthesised from PAs.

Notably, PAs can be formed at elevated temperatures without a metal catalyst [54],
whilst various other methodologies successfully yield PAs. Protocols that involve poly-
mers [55-57], silica [58,59], metal-organic cages [60], metal-organic frameworks (MOFs) [61,62],
high-vibration ball-milling [63], photoredox [64], ionic liquids [65], microwaves [48], and
nanoparticles [66,67] have been reported. Recent studies have developed a library of
organic ligands that can bind in situ with a metal salt to produce various PAs in high
yields and enantiomeric excess. While the scope of these reactions may be limited to
a specific subset of components such as aromatic amines, a clear trend has emerged re-
garding useful metal salts and ligands: remarkably, a copper salt and an atropoisomer
with a high barrier to rotation [68]. These atropoisomeric co-catalysts often have several
non-covalent stabilising interactions that activate the imine and metal acetylide, including
m-stacking rings [20,52,68-71], hydrogen bonding [72], and a combination of hard-soft
interactions [68,72].

Several reviews discuss the role of the metal salts and organic ligands [73-79] and
address catalyst design parameters. These include operational stability and a partially
saturated coordination environment fulfilled by ligands bearing two or three heteroatoms.
Given the extensive interest, the reaction gained, and the population of the reported
paradigms, this review aims to approach the A3 reaction and these multi-component pro-
tocols with a different perspective. In this work, we attempt a monumental classification
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of the reported protocols that discuss the A% coupling. This classification considers sev-
eral variables (temperature, catalyst, loading, yield, ee, type of ligand, etc.) It contains
2376 entries, which allows us to produce two-dimensional graphs and better visualise each
parameter’s effect on the reaction. In short, this review achieves the following:

e  Summarises substrates (Section 2) and methodologies that involve metal salts without
(Section 3) and with (Section 4) ligands and well-characterised compounds (Section 5),
reported until the first week of January 2021;

e Provides a database of 2376 entries with different variables: catalyst, coordinating
atoms and type, ligand name, type and code, in situ or well-characterised, temperature,
co-catalyst, catalyst loading, solvent, volume, atmosphere (open-air, Ny, Oy, Ar),
temperature, time, yield, stereoselectivity, ee and dr values, name and type of amines,
alkynes and aldehydes, and last, the use of molecular sieves. We have to note that this
classification discards the laboratory’s geographical information, which may impact
reaction conditions. All these entries contain solely homogeneous catalysts, whereas
reactions related to MOF, MCM, ball mill, and MW protocols are excluded from the list;

o  Within the database, 634 (26%) entries correspond to well-characterised compounds
and 1786 (74%) to in situ protocols, justifying the need for more data for the
well-characterised;

o  C(lassifies the ligands used in terms of their polydentate (bi-, tri-, etc.) and type of
heteroatoms (N/N, O/N, P/N, N/N/N, etc.);

e  Provides two-dimensional graphs (yield, e, loading) and heatmaps to visualise their
effect on yielding PAs and ee;

Visualises the comparison of well-characterised and in situ based protocols;
Concludes the findings, pros, and cons of this classification and visualisation.

To the best of our knowledge, the current classification is the first of its nature and
may apply to other polycomponent reactions. In these reactions, the formation of the
product is affected by several parameters; therefore, it is impossible to set rules and guides.
We envisage that this type of classification, by simplifying variables comparison and
visualisation, contributes to understanding the catalytic efficacy and mechanism, and the
impact of the surrounding chemical environment created by ligand, metal, and solvent and
other parameters.

2. Amines, Aldehydes and Alkynes

Our classification yielded 126 different amines, 120 different aldehydes, and 133 differ-
ent alkynes The database with the classification (Supplementary Material) can be found
online. The number of classified entries corresponds only to 0.12% of the almost two million
possibilities (2,010,960). Aldehydes are mainly classified into aromatic (87 out 120) and
aliphatic (31 out of 120), amines to primary aliphatic (14 out of 69) and aromatic (42 out of
69), secondary (52 out of 126), whilst alkynes to aromatic (73 out of 133) or aliphatic (58 out
of 133). Notably, the alkyne group contains propiolic acid derivatives (19 substrates, entries
32-35, 61-65, 111-120) that in situ form the corresponding alkyne, with(out) a catalyst. All
substrates were numbered based on the date of deposition of each article in our database;
thus, the classification did not follow a chronological order (Scheme 3). We are aware that
this classification may confuse the reader of this review since some substrates will not
follow the appropriate numbering. However, our effort to improve this listing has not been
successful because other variables should be taken into account and altered simultaneously;
therefore, we decided to retain the current numbering. In addition, phenylacetylene (80%),
piperidine (22%), and benzaldehyde (35%) are the most popular substrates
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Scheme 3. (upper) Total distribution of aldehydes (left), amines (middle), and alkynes (right).
(lower) The three most popular entries benzaldehyde (aldehydes, 35%, left), piperidine (amines, 22%,
middle), and phenylacetylene (alkynes, 80%, right).
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3. A3 Coupling with Metal Salts

The initial investigations of the transition-metal catalysed A3 coupling reaction to
form PAs involved common metal salts such as copper, silver, and gold, with copper being
the metal of choice due to its low cost.

3.1. Copper Salts

The initial investigations of the A® coupling reaction incorporated Cu(I) salts. In an
initial study by Li [34], a combination of two different metal sources, CuBr and RuCl;, was
used to add phenylacetylene to an imine formed from aniline and aromatic or aliphatic
aldehyde derivatives (Scheme 4). Notably, the reaction involved acetylide addition to
an imine, a more challenging substrate than the more electronegative iminium made via
secondary amines. To the best of our knowledge, this work remains one of the most efficient
A3 coupling protocols involving aniline.

Similarly, Igbal and co-workers reported a procedure using solely CuCl to synthesise
quinoline derivatives [80]. In the reported method, an aniline or other substituted ary-
lamines (e.g., 4-methoxy aniline), aromatic aldehyde, and alkyne were sequentially added
and reacted at 70 °C for up to 10 h, yielding a PA intermediate that subsequently cyclised
into the functionalised quinoline product (Scheme 5). The proposed in situ generated
Cu-acetylide intermediate reacts with the imine leading to the formation of the correspond-
ing PA. After a propargyl-allenyl isomerisation cyclisation process, the desired quinoline
derivative was formed under copper-catalysed conditions (mechanism not shown).

In the same year, CuBr was used to catalyse the addition of alkynes to enamines,
producing Pas [52]. Various alkynes were used while the enamine substrate was kept
relatively constant: secondary amine (dibenzylamine, diallylamine) and aliphatic aldehyde.
Authors proposed that the enamine tautomerises to an iminium, which subsequently reacts
with the activated alkyne (Scheme 6). It is worth noting that in the presence of R-(+)-Quinap
(5.5 mol%) in toluene and at room temperature within 24 h, the corresponding enantiomeric
PAs were synthesised in high yields and good to high enantiomeric excess, % ee (Scheme 6),
these results will be discussed in detail in the related chapter.
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/ Catalytic conditions
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ArNH, : 60 °C, Ny, 5
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Scheme 4. (Upper): catalytic conditions and representative PAs with a range of yields and number
of entries. (Lower): highest and lowest yielding PA. Coloured entries corresponding to the starting
materials are provided whenever possible to facilitate correlation with the provided database. The
following Schemes have a similar structure, and explanations will be provided if necessary.

fCataIytic conditions\:
7 NNH, | CuCl@0mol%) |

== THF, reflux
/ 10 hr '
R pr— L A ’
, =R ) ="
== >—:—R
RCH=0 a1,16, b 10, R g
R= Ph. Ar. jPr 20,36,58,79,121,
Ul CH(C 7,36, 64, 68 9-48%
R= Alkyl, CHOH)R, © 7+ 2% %% 6 examples
R=MeO, H, NO
_____________________ 2 i Cyclization
R3
MeO MeO.
SN G G
S5 Z
NH NH Rz\ N R'
NN Cascade product
\H\/OH Ph % OH 31-48%
10 examples
% 48%

Scheme 5. Cyclisation cascade to form quinoline derivatives via PA intermediates.

The use of scaffolds containing secondary and tertiary amines were exploited to
diastereoselectively synthesise PAs using a CuBr catalyst without an atropoisomer or other
ligand [81]. High yields were achieved with aliphatic and aromatic alkynes and aldehydes.
The proposed mechanism involved a diamine component complexing with the CuBr dimer
to form a restrictive catalytic site, similar to the ligands discussed later in this review. In
a later step, these PAs were converted to allenes using a Cul catalyst. Of note, the same
substrates produced PAs with high yields and diasteromeric ratio (dr) when Znl was
incorporated under reflux conditions (Scheme 7).

Similarly, the combination of two different Cu(II) salts and amino alcohol as the amine
component facilitated a cascade reaction that led to the formation of chiral oxazolidines [83].
In the optimised reaction, the combination of CuBr, and CuCl,, each 10% loading, with
the presence of the chiral plenylglycinol as the precursor and in solvent-free conditions,
resulted in the target products in good yields (up to 90%) and excellent diastereomeric ratio
(dr > 20/1) with a wide range of substrates (Scheme 9).



Catalysts 2022, 12, 660 7 of 59

:'Catalytic conditions
+ CuBr (5 mol%)
i

N
'

rt. - 60 °C, Ar

ArNH,
— \..Toluene 24 hr

>
3
Z
wT

—R
R 66-98%
31 examples

Y-

+

RCH=0

R= Alkyl, Cyclohexyl, R= Ph, Ar, Alkyl
a 16,18, b 1,7,8,13,17,20,24,55, 59,89,90, ¢ 1,4,6

N(allyl), NBn,

Pr \ Pr \
X /\
/\Ph CH(OEt),
98% 66%

O
ZN
OO PPh,

(5.5mol%)
Ph Ph
Pr/% c—HeX/
NAll, NBn,
99% (77% ee) 79% (88% ee)

Scheme 6. PA access from premade enamines and synthesis of optically pure enantiomers.
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Scheme 7. Diastereoselective control of PA product using diamine substrates Post catalysis, the PAs
could be converted to the corresponding allenes (bottom right).

The unique structural features of cyclic PAs incorporating scaffolds with two terminal
amines and formaldehyde were exploited using a microwave-assisted CuCl catalyst in
1,4-dioxane to form functionalised, N-containing heterocycles [82]. While the substrates
for this reaction were restricted due to the cyclisation cascade, the produced substituted
heterocycles demonstrate the applicability of the A® coupling reaction, especially when
considering the chemoselectivity of the unsymmetrical dialkynylation (Scheme 8).



Catalysts 2022, 12, 660 8 of 59

! Catalytic conditions R
— 1 '
=R I CuCl (20 mol%) | [
and/or v 1,4-dioxane ; Ne N
= R? . 70 °C, 30 min ' C
M e e mmemm—o oo " H2
R NH, // \
I or NH; g2 39-96% R
R NH, NH, 33 examples
R' R?= Ph, Ar,
Cyclopropyl, Alkyl SiMez
R= Ph, Me, Et a32,b 1-3,8,10,14,21,

39,41-47,70,101, ¢ 104-111

/%Ph /%@OMe
N N
> > S
(I Sy
90% 43%

Scheme 8. Formation of cyclic divalent PAs from diamines with the appropriate component choice.
Chemoselective alkynylation forms unsymmetrical products.
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Scheme 9. Formation of monocyclic oxazolidines from chiral amino alcohols.

Dos Santos and co-workers demonstrated that different alkynols could be used as
a substrate with a CuCl catalyst to produce the corresponding hydroxy-PAs. The re-
sulting hydroxy-PAs were achieved in moderate to high yields and could be converted
in subsequent steps to alkaloids under a simple reduction process and intramolecular
cyclisation [18] (Scheme 10).
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Scheme 10. A3 coupling with alkynols and further formation of alkaloids after a reductive/cyclisation
cascade reaction.

Similarly, the use of propynal derivatives with a Cul catalyst yields 3-amino-1,4-
diynes [84]. Interestingly, when subjected to the A® coupling (propynal, amine, alkyne),
asymmetric 3-amino-1,4-diynes were accessed in moderate to high yields (Scheme 11).

....................

cul (10 mol%)

R\N/R PPhs (10 mol%) | R\N/R
: 80°C,0,

i DCE, 18hr
/H\ \------------------_= /H\
47-718% R R'=Ph Ar cyclohenyl R 49-55%

7 examples R2= Phenyl, Alkyl 11 examples

R,NH= morpholine, piperidine
ab 44,45,49,95,96,98,99, b 1,9,13,16, 47, ¢ 5,11,87

\\

Ph
78% 85%

Scheme 11. The use of propargyl derivatives allows access to symmetric and asymmetric 3-amino-
1,4-diynes.

Using propiolic acid and its derivatives, PAs can be formed following a decarboxylative
coupling path. This variation of the A3 coupling could be achieved at elevated temperatures
without a metal-based catalyst but only when formaldehyde was incorporated as the
aldehyde component [54] and with various aromatic and aliphatic aldehydes when Cul is
involved as a catalyst [85] (Schemes 12 and 13).
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Scheme 12. The A3 decarboxylative coupling without catalyst.
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Scheme 13. The A3 decarboxylative coupling in the presence of Cul.

The apparent advantage of this method is the increased stability of the alkynyl car-
boxylic acids. However, the applicability of this offshoot of the A3 coupling still needs to
be explored.

The Cu(]) salts presented thus far have catalysed the A3 coupling reaction with various
substrates. High yields have been achieved with more challenging substrates, such as
primary amines and aliphatic alkynes, and creative choice of substrates has even allowed
access to highly diastereoselective reactions. Nevertheless, many of these experiments
are limited in scope; for example, the copper/ruthenium catalytic system presented by Li,
while notable for its use of aniline derivates, limited the other substrates to phenylacetylene
and aldehydes without x-hydrogens [83].

Many more recent studies have shifted attention to Cu(Il) salts due to their ease
of handling and lower costs, although their use without a chiral ligand has not been
extensively explored. Larsen reported a Cu(OTf), catalyst for the A3 coupling of the
electron-deficient (tosylated) nitrogen sources with alkyl, aryl, and heteroaryl aldehydes.
This catalyst was able to catalyse the A3 variant, the ketone-alkyne-amine coupling reaction
(KA2), which substitutes a ketone for an aldehyde [86] (Scheme 14). While initial screenings
used a pre-formed imine component, it was later found that the three-component, one-pot
reaction provided a higher yield (63% vs. 79%) and at a rate 20 times faster (results not
shown). This observation suggests that the reaction proceeds via imine protonation to form
an iminium intermediate instead of imine-copper coordination. To gain insights into the
identity and function of the catalyst, a mixed catalyst study was performed. The addition
of Cu(l) salts, the assumed catalytic species, did not increase the rate while doubling
the concentration of Cu(OTf), doubled the reaction rate. These results cast doubt on the
assumed Cu(I) active species and highlight the importance of the counterion in affecting
the chemical environment to allow for effective catalysis.
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Scheme 14. Larsen et al. [86] used a Cu catalyst to catalyse the A3 coupling reaction with electron-
deficient amines.

Delpiccolo and co-workers employed a variety of substrates using a Cu(OTf), cat-
alyst [87]. An aliphatic alkyne and cyclic secondary amine were used with differently
substituted aromatic aldehydes. These data indicate that a small substituent at the ortho
or para position increases yield compared to an unsubstituted aromatic aldehyde, while
a substituent at the meta position decreases yield. Moreover, adding a nitro group to the
aromatic aldehyde led to a significant drop in yield, while 4-methoxybenzladehyde and
4-fluorobenzaldehyde had approximately equal yields. Substitution of halides at the para
position resulted in interesting trends: 4-chlorobenzaldehyde led to a precipitous drop
in yield, while 4-bromobenzaldehyde restored high yield but resulted in an allene side
product (Scheme 15). The synthesis of PAs in the solid phase was also reported, starting
with the immobilised 4-formylbenzoic acid by anchoring to Wang resin. The synthesis
of five different p-HOOC- or p-MeOOC-substituted PAs was achieved in media to good
isolated yields, from 10% to 65% (Scheme 15).

3.2. Silver and Gold Salts

Initial studies of the A3 coupling reaction also investigated the efficacy of silver and
gold salts as catalysts [32,33]. The first silver-catalysed A3 coupling reaction was reported
by Li in 2003 [32] and the optimised catalytic protocol incorporated water, as the solvent,
at 100 °C with 1.5-3 mol% loading of Agl. The PAs were synthesised in moderate to
high yields, with aliphatic aldehyde components being the highest-yielding substrate. In
contrast, aromatic aldehydes required prolonged times and produced PAs in lower yields.
Moreover, only trace amounts of product were obtained when acyclic amines were used
(Scheme 16).

Early work by Li [33] demonstrated that Au(I) and Au(Ill) salts (AuCl, Aul, AuBrs;, and
AuCls) could be used to catalyse the reaction with a variety of substrates. The optimised
reaction used an AuBrj catalyst under an inert atmosphere in water. The reaction produced
high yields even with 0.25% catalyst loading. Moreover, unlike the silver or copper salts
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screened by Li, the gold catalyst worked well with aliphatic and aromatic aldehydes
(Scheme 17).

 Catalytic conditions'

R } Cu(OTf); (10 mol%) ; R
/ i 80-120 °C, inert ! /
R-NH | Toluene 6-72hr ! RN
+ RCH=Q ———-—-—~—— > ——R
— R R 9-99%
_ 25 examples

R= Ph, Aryl, 2-oxoacid,
Amines= Pyrrolidine, Aliphatic a1,2,4,9-11,18-20,35-39,
R= Aryl, Alkyl, Cycloalkyl b1,2,10,15-19, ¢ 3,19

! Catalytic conditions
R , Agl (1.5-3mol%) R
/ . ° ' /
R-NH : 100 °C, Ny ' R—N
v =Rt Watr2hr — R
RCH=0 o R 47-99%
12 examples
R= Cycloalkyl, Aryl, Alkyl a 1-6,10,19,25,27,43,

R= Ph, Napththyl 67,74,75,b 1,8,13, ¢ 1,4,6
Amines= Piperidine, Pyrrolidine SIS, B S ES ¢,

N N
Cl
AN AN
Ph Ph
99% 47%

Scheme 16. Optimised conditions for Ag(I) salts.

According to our extensive classification, gold was the only group XI catalyst able
to catalyse the A3 coupling reaction when a-oxyaldehydes were used as substrate [88].
Using higher catalytic loadings (5 mol%), the reaction at room temperature under an inert
atmosphere produced good yields with a moderate preference for one diastereomer. This
diastereoselectivity most likely resulted from the coordination of the iminium intermediate,
thereby biasing acetylide addition (Scheme 18). Interestingly, while Ag(I) catalysts were
unable to catalyse the A% coupling reaction when an a-hydroxyaldehyde was used as a
substrate, they were more effective than gold catalysts when x-alkylaldehydes were used.
However, this variation was not extensively studied (results not shown).
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iCatalytic conditions
i AuBrz (1 mol%)

N

R I 70-100°C,N, ! R
/ " Water, 12 hr : R—N
R-NH __  c----t@RR 020l _ — =
—R > —
* R 16 examples
RCH=0 53-99%
R= Aryl, Alkyl, a1,3,10,17,18,24,25 43,

R= Ph, Cyclohexyl, b1,2,11,12, ¢ 1-3
R= Piperidine, All, Bn

N N
AI’)\ CioHz1 %
09% Ph 53% Ph

Scheme 17. Optimised conditions for Au(IIl) salts.

iCatalytic conditions’ O

O ' Aul (5 mol%) E(B 0 N
' 25°C, N 1{Bn)vie
N T2 : N
i Water, 18 h : N
H + Ph L ater, e hr ____. _ R Ph
- > 35-93%
(Bn)MeO\l/CHO R=Ph, alkyl 7 examples
R
BnO HO o
N > XA
CsH14 Ph CgHyq4 Ph %\O Ph
93% 35% 65%
d.r. 82:18
CsHq4 Q/Bn Ph
® //,Au | |
N-
LN
- 73:27 d.r. -

Scheme 18. Au(I) catalysed A3 reaction of x-oxyaldehydes and the proposed bimetallic mechanism
that explains the observed diastereoselectivity.

Complimenting the reported homogenous catalysts, a heterogeneous gold catalyst
was developed by Corma in which the partially charged and electron-deficient gold atoms
were stabilised on nanocrystalline ZrO, or CeO; [89]. As mentioned before, this review
focuses on homogeneous metal-based methodologies; therefore, Corma’s work is beyond
the scope; however, it is interesting to note that these Au nanoparticles produced PAs in
high yields, while also showing high diastereoselectivity when a chiral amine was used.
In this study, a direct correlation was found between the formation of the Au(IIl) species,
while no clear trend was observed for the Au(I) or Au(0) species. Notably, high yields were
maintained even when an aliphatic alkyne or aldehyde were used together, although all
amine substrates were secondary, and most were cyclic.
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3.3. Other Metals

Of the metals outside group XI reported to catalyse the A3 coupling reaction, zinc
and iron have been the most extensively studied, although indium, cadmium, cobalt, and
nickel have all demonstrated promising catalytic activity. The use of a diethylzinc catalyst
to alkynylated a C-N 7 bond was reported by Vallee, where the more electrophilic nitrones
were used in place of imines to access N-propargyl-hydroxylamines in high yields [43]. The
reaction required high catalyst loadings (20 mol%) and was carried out at room temperature
under a nitrogen atmosphere. The reaction proceeded slowly in dichloromethane but was
considerably improved using toluene, with time to completion varying from 1.5 to 30 h
(Scheme 19).

R’ o !Catalytic conditions ;
k\@ 0 Et,Zn(20 mol%)

7

Y 20N,
R? | Toluene, 1.5-30 hr . 1
o LUIVELE [ A L L N R
> X
R

R™=— R'=Ar, R%=Akyl,Ph,Bn  42-97%
R= Aryl, Alkyl, Carboxyl, 20 examples

Ether, TMS
HOL - HO\N,Ph
Ph Ph
A X o
97% 42% O(t-Bu)

Scheme 19. Use of Et;Zn catalyst to add a terminal alkyne to a nitrone, as reported by Vallee and
co-workers.

A more traditional A% coupling reaction was reported by Bolm, who first used a
dimethylzinc catalyst to alkynylate pre-formed and protected imines and then applied the
catalyst to the three-component reaction [44]. High temperatures, reaction times of 24 h,
and extremely high catalyst loadings (150 mol%) were necessary to alkynylate the protected
electron-withdrawing imines (R'CH=N-PG). The three-component reaction, which was
conducted at room temperature, required 48-96 h and even higher catalyst loadings of
250-350 mol%. Moreover, the reported yields varied considerably, with an average of 67%
yield for the protected imines and 64% for the one-pot reaction (Scheme 20).

More recent studies have focused on zinc salts in place of organic zinc derivatives.
Chandak [46] explored the solvent-free A® coupling reaction catalysed by Zn(OTf), in a
study that lends itself to easy comparison to the above-discussed exploration of Cu(OTf),
as a catalyst [87] (Scheme 15). The Zn(OTf); required lower catalytic loading (5 mol%) and
catalysed the reaction in green, solvent-free conditions with high yields (Scheme 21). As
with the Cu(OTf), catalyst, the electronic effects on the aromatic aldehyde did not alter the
yield significantly. However, the zinc catalyst appears less sensitive to steric constraints
than the copper catalyst. Of note, the zinc catalyst produced high yields when an aromatic
alkyne was used, while the copper catalysts had the highest yields with an aliphatic alkyne;
it should be mentioned, however, that the scope of alkyne used in both cases was limited.

Catalytic studies by Wang [90] and Li [37] have shown that PAs can be accessed in
high yields by using FeCl; in high loading (10 mol%). In both cases, the optimised reactions
required high temperatures. However, the use of an inert atmosphere and toluene solvent
by Wang and co-workers resulted in the corresponding PAs in average yields 10-20%
higher than those achieved with solvent-free and open-air conditions in the later study
of Li and co-workers (Schemes 22 and 23). These differences may be accounted for by
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variation in substrates, although it is challenging to conclude the exact substrate effects
without further evidence.

1 Catalytic conditions
R i PG

NN Me»Zn(1.5 equiv) HN”

“pg!  50-70°C, N,
+ \.._Toluene 24 hr __, R’
> X
R

R—= Rz Ar, Alkyl, Napthyl, 15-95%
PG=Ts, Ms, Ns, P(O)Ph, 37 examples
R= Aryl, Alkyl, TMS

‘ \
' 1
1

Ts Ts
HN” HN”
X
S = N Ph
95% 15%
CF,

J
-
I

R'=Aryl, alkyl, naphthyl

Mer : MeO: :
HN HN
% CrHis %
Ph Ph

92% 45%
Scheme 20. Dimethylzinc-mediated alkynylation of imines for the synthesis protected propargylic amines.

3.4. Proposed In Situ Mechanisms

Significant advances have been made in understanding the catalytic mechanism using
various organic ligands. Cu(I) and Cu(Il) catalysts are most often employed in these
studies due to their low cost, stability, and versatility. By understanding the catalytic
mechanism, the hard-soft, HOMO-LUMO, and non-covalent interactions can be tailored
to match specific combinations of catalyst, solvent, and substrates, thereby extending the
applicability of the A® coupling reaction and other metal-catalysed C-H activated additions.
The proposed in situ catalytic cycles follow a similar path to the one in Scheme 24. This
path involves the following steps:

1. A monomeric metal species forms a 7-complex with the terminal alkyne;

2. The Csp-H bond is activated. Studies have indicated the activation of the Cgsp-H
bond via IR and NMR spectroscopy [30,31]. The coordinating metal labilises the
terminal hydrogen, allowing a weak base such as the amine component and/or anion
to deprotonate and form the active acetylide;

The newly formed acetylide attacks the imine (or the iminium intermediate);

4. Decomplexation releases the PA and regenerates the metal catalyst.

w
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onTmmmsmesmnnenaas . R
/R ' Catalytic conditions ! R—N/
R-NH ' Zn(OTf), (5 mol%) — o
+ =R 100 °C neat ! o
1 s : R - 0,
RCH=0 : ~1 hr ! 75-96%
heleelekekelebebeldedoedelololokebobe - 20 examples
R= H, Ph, Aryl, Alkyl, R= Ph, MesSi,
___________ Amines= Morpholine, Piperidine, Pyrrolidine _
A X
Ph Ph
75%
96%

X : A
D)\ Ph | CeHiz 1
Br » Br :

82% S 2% .
N 5 N E
A : AN :
Ph ! CeHi7
MeO ' MeO o .
85% ' 86% ,

Scheme 21. Zn(OTf), catalysis of the A3 coupling reactions. Dashed line boxes denote comparable

products from the Cu(OTf), catalysed reaction [84].

Catalytic conditions
FeCls (10 mol%)

120°C, Ar R

R /
/ —
R-NFA ,_.Jolene,24hr  ; R—N
+ = R > >TR
RCH=0 R 70-98%
18 examples
R= Alkyl, Aryl, H, R=Ph, Aryl a1,2,10,16,18,19,23,30,32,
Amines= Bn,N, Morpholine, Piperidine b 1,2,16,20,38,43,80, ¢ 1,6,11
O
Bn);N
(Bn), — . > (BN
- N \;Ph
——Ph
98% 70%
82%

Scheme 22. Iron-catalysed A3 coupling reaction under argon atmosphere and toluene solvent.
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Catalytlc conditions :

FeCl; (10 mol%) ! R
/R . 70 °C, neat . R—N/
RENA L 14he ' — =
* R > R 32-81%
RCH=0 14 examples
R= Alkyl Aryl, R= Ph, Alkyl, TMS a1,15-18,32,43,62,

Q o

81% 60% 32%

Scheme 23. Tron-catalysed A3 coupling reaction in open air and absence of solvent.

R'——H
R (M] M]
0 RI—==H
R‘l
\ e
H [M]
LR M—=—R'
R2 h\l@ \_/
R4
o) -OH R?
Ronn + L ONgR?

Scheme 24. The proposed in situ single metal catalysed mechanism for synthesizing PAs.

4. A3 Coupling with In Situ Formed Catalysts

One of the most common ligands used to promote enantioselectivity in the A® coupling
reaction is those containing one, two, or three heteroatoms. High yields and ee have
been achieved with bi- and tridentate such as Binam [91-93], Box (bis(oxazoline)) [51],
Pybox (bis(oxazolinyl)pyridines) [47,50,51,63,88,94-96], Phebim [97], Pybim [41,49,97], and
their derivatives.

In 2002, Li reported the first highly enantioselective Cu(I)-catalysed direct alkyne-
imine addition [47]. This pioneering work explored both Box and PyBox ligands and found
that a PyBox ligand combined with Cu(OTf) provided the highest yields and enantioselec-
tivities with a toluene solvent at a moderately elevated temperature of 40 °C (Scheme 25).
Li’s pioneering work demonstrated that such ligands could be used to achieve high yields
and enantioselectivity, but left open questions regarding ligand design, reaction conditions,
and substrate scope. Use of a ligand to catalyse the A® coupling reaction has two functions:
activating the catalyst and promoting enantioselectivity. Advances in ligand design have
increased yields and enantioselectivities, while simultaneously lowering reaction tempera-
ture and time, employing milder conditions and, in some cases, green solvents. Herein, we
summarise the advances in ligand design, focusing on homoligands (i.e., ligands where
all coordinating atoms are the same), heteroligands (i.e., ligands that involve two or more
coordinating atoms), and attempting a comparison of the developed ligands.
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i Catalytic conditions :
v PyBox (10 mol%)
! Cu(OTf) (20 mol%) !

R 120-35 °C, N, Toluene R
R-NH i orH0,2496hr ; RN
+ =R > =R
RCH=0 R 18-96%
ee 18-96

R= Aryl, Ph, R= Ph, R= Ph, Aryl 17 examples

% Ar 35 °C in toluene 35°C inHO
Ph yield=83%, ee=96 yield=77%, ee=80
O AN O AN 4-BrCgH, yield=83%, ee=96 yield=82%, ee=83
{\‘ ’\} > = PN 4CICeH, yield=92%, ee=91 yield=77%, ee=84
PR 4-MeCgHg4 yield=93%, ee=94 yield=68%, ee=91
Ph PyBox Ph
Z Z ~ |
Ph ~ | Ph Phe AN _Ph
~ Pd N N
ph. O \N O. Ph | N '}l | |
Ph [

J— OH o Z

O,N R

O,N
A
o CC
> =
N ar _N
OO Nx A OO PPh,

Scheme 25. (upper) The first in situ generated A3 coupling example using a PyBox ligand [47]. (lower)
Representative examples of prominent ligands used to facilitate the A% coupling in situ protocols.

4.1. Monodentate Ligands
P-Ligands

In addition to the commonly used N-Ligands, several groups have attempted to
use P-homoligands to catalyse the A3 coupling reaction. Wang combined triphenyphos-
phine, tricyclohexylphosphine, or 1,1’-Bis(diphenylphosphino)ferrocene (DPPF) with an
FeCls metal salt [90]. These P-Ligands were noted to accelerate the reaction and achieve
moderately high yields (Scheme 26).

Catalytic conditions
P-Ligand (10 mol%)
FeCl; (10 mol%)

. N

/R 120 °C, Toluene /R
R-NH ‘. 24hr .. / R—N

+ =—ph > = pp
RCH=0 R 70-98%

R= Aliphatic, R=H, Aryl, Alkyl 18 examples

'
' '
' '
' '
' '
' '
' '
' '
' '
' '
' = '
H Q P 1
' '
' '
' '
' '
' '
' '
' '
' '
| '

Yield 96% Yield 82% Yield 83%

Scheme 26. Iron catalysed ligand-free A3 coupling reaction in the presence of phosphines.
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Similarly, Li employed the monodentate triphenylphosphine ligand with CoCl, to
accelerate the reaction [36]. In this work, the two ligands coordinated to the cobalt salt,
thereby acting as a bidentate ligand. While other P-mono and bidentate ligands, including
Binap, were tested, none achieved yields as high as triphenylphosphine. Several alkyl
and aryl-substituted propargyl amines were synthesised under the proposed catalytic
conditions (Scheme 27).

....................

Catalytic conditions |

.
'

}  CoCl(PPhy), ! R
R : (10 mol%) ' R—N
R-NH : 70 °C, Ny, Toluene ! > — R
fE R e GEELAEE > R 60-98%
RCH=0 R= Aryl, Aalkyl, 30 examples

R= Aryl, Alky, TMS a 1-4,6,8,10,11,16-19,27,28,32,42,43,56,59,
R= Alkyl, Bn, Allyl b 1,8, 15,43,83-85, ¢ 1-4,6,11

65% 98% 60%

Scheme 27. Cobalt-catalysed transformation of alkynyl C-H bond into propargyl amine derivatives
via an A3 coupling reaction.

Arndtsen used several additional monodentate P-ligands combined with L-Boc-Proline
to yield PAs with high ee values [98]. In this work, the flexibility afforded by the mon-
odentate phosphine ligands and amino acid combination allowed for tuning the catalyst to
accommodate more challenging substrates. This work synthesised several chiral aniline-
substituted derivatives in good isolated yields and high ee (Scheme 28).

As described previously (see Scheme 11), more recently, Jang reported a unique appli-
cation of the A% coupling reaction with phosphine ligands to synthesise both symmetrical
and unsymmetrical 3-amino-1,4-diynes [84]. Their optimisation studies found that N- and
carbene ligands were not as effective as the monodentate triphenylphosphine ligand alone.
The proposed methodology leads to the corresponding symmetrical and unsymmetrical
3-amino-1,4-diyne derivatives depending on the starting alkyne.

4.2. Bidentate Ligands

The bidentate ligand Binam and its derivatives have been used with Cu and Ag
catalysts to form PAs stereoselectively. The atropoisomeric Binam is structurally similar to
Binol, an O-ligand discussed below.

4.2.1. Homobidentate Ligands N,N-Ligands/Binam

The Binol analogue 1,1’-bi-2-naphthylamine (Binam) has had an important role in
asymmetric synthesis and constitutes one of the most well studied C2-symmetric ligands
to induce enantioselectivity. Use of Binam to catalyse the A® coupling reaction was first
reported by Dell’Anna in 2004 [92]. In this preliminary work, several Binam catalysts
containing aromatic rings attached to the coordinating amine were tested, with the highly
electron-withdrawing pentafluorobenzene moiety achieving the highest yields and ee.
Notably, the inclusion of pyridine moieties as part of the ligand scaffold could not catalyse
the reaction; the authors hypothesised that introducing two additional coordinating N-
atoms rendered the Cu catalyst inactive. Celentano later applied the same ligand to explore
the substrate scope of the reaction (Scheme 29) [91].
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______________________

' Catalytic conditions i
P-Ligand (5 mol%)
CuPFg (2.5 mol%)

' L-Boc-Proline (10 mol%)

ArNH, % 0-25°C,DCM, 36 hr : ArNH
y o eI - —R
RCH=0 R= Aryl, Alkyl R 65-96%
R= Azl, Alkzl ee 85-99%

14 examples
a1,8,13,89,b 1,2,4,7,10,11, ¢ 7,9,21,24,119,120

o O, & Ar .
H--N~ (P-Ligand)CuX
BN
R™NH RTH —
P
(Ligand-P)Cu——
Ph—NH
——Ph
Yield 79% Yield 55%
ee 99% ee 85%
P(o-tolyl)s P(1-napthy),

___________________________________________

S

P(o-tolyl); P(1-napthy);

3
~

Scheme 28. L-Boc-proline catalysed enantiomerical synthesis of propargyl amines catalysed by
Cu | PF in the presence of P-ligands.

In a later study, Ishihara used several bidentate Binam ligands to catalyse the A3
coupling reaction but ultimately identified that aminoaryloxy ligands derived from the
commercially available Binol yielded higher ee. Unlike the Binol derivatives discussed later,
which coordinate to the metal catalyst using an oxygen atom and require moieties at the
3,3’ position, this catalyst induces chirality by employing an aminoaryloxy moiety [93]. A
proposed transition state model hypothesised that the nitrogen atoms coordinate with Cu
in a bidentate fashion while the oxygen serves as a hinge (Scheme 30).

4.2.2. Homobidentate Ligands O,0-Homoligands/Binol

0,0-homoligands, notably Binol, have been used to catalyse the A® coupling reaction.
Pedro employed a Zn catalyst with Binol derivatives to synthesise PAs with high yield,
ee, and substrate scope [42]. In this work, Pedro noted that successful reactions involved
a Binol derivative with moieties at the 3,3’ positions; high yields and ee were obtained
when either bromide or 3,5-trifluormethylphenyl substituents were used. Ultimately, the
group decided to use the aromatic moiety, noting that the more sterically hindered ligand
achieved higher enantioselectivities (Scheme 31).
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/Catalytic conditions
Binam (10 mol%)

ArNHy ! Cu(OTH) (10 mol%) | Ar-NH
+ ==—R:; 25° Toluene — g
ArCH=O  __===-"-- 2ar......... » Ar 10-98%

R= Aryl, Alkyl, COOMe, TMS ee 0-82%
a1,2,4,10,19,37,38,56,59,112, b 1,8,10,15,30, 35 examples
¢ 1,7,9,36,55,61,112,122

HN

c Yield 10%
ee 0%
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{Catalytic conditions |
Ligand (10 mol%) |
Cu(OTH), (5 mol%) |

ArNH, | 25°C,Nz, DCM ! ANy
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RCH=0 > g
0-73%
R= Aryl, Furyl, R=Aryl, TMS ee 0-82%
10 examples

si-face
favored TS

T™S

Yield 0%

Scheme 30. Enantioselective alkynylation to aldimines catalyzed by chiral 2,2’-di(2-aminoaryloxy)-

1,1'-binaphthyl-Copper(I) complexes.

Pu employed Binol derivatives with a combination of zinc and titanium to achieve high
yields and enantioselectivities [45]. Herein, Binol derivatives were designed to incorporate a
dimorpholinylmethyl moiety at the 3,3" positions, facilitating chiral induction by restricting
substrate entry and allowing additional coordination between the heteroatoms and the
metal salt. The importance of the 3,3 position for chiral induction was emphasised, and

ligands without both moieties could not achieve significant ee (Scheme 32).
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Scheme 32. Zn-Binol-catalysed asymmetric addition of alkyl and aryl Alkynes to N-(Diphenyl-
phosphinoyl)imines.
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4.2.3. Heterobidentate PN-Ligands
4.2.3.1. Quinap

In 2002, Knochel reported the first copper-catalysed asymmetric alkyne addition to
enamines, an early variant of the modern A3 reaction. The PN -ligand Quinap was used to
achieve enantioselectivity in this work [52]. Since this pioneering work, P,N-ligands have
been explored by several groups and optimisation of ligand design to increase yield and
ee at low temperatures with low catalyst loading is an ongoing area of investigation. Our
meta-analysis reveals that PN-ligands are the third most frequently employed. The efficacy
of these ligands can be explained in part by incorporating hard and soft coordinating atoms,
nitrogen and phosphorous, respectively.

Unlike the more modern A3 coupling, Knochel's first report of the Quinap-catalyzed
enantioselective A3 coupling reaction used pre-formed enamine substrates and several
alkynes (Scheme 33, left). Following this proof-of-principle study, Knochel expanded the
scope of the asymmetric A3 coupling reaction using Quinap in two studies [20,99]. First,
several combinations of amine, alkyne, and aldehyde were used with a copper catalyst and
Quinap (Scheme 33, right). Subsequently, trimethylsilylacetylene and dibenzylamine were
used to explore the aldehydes amenable to this methodology. Knochel demonstrated that
the Quinap catalyst could be recycled and reused up to three times.

! Catalytic conditions ‘: / Catalytic conditions !
i CuBr(5mol%) | i+ CuBr (5 mol%)
R ! Quinap (5.5 mol%) | R ! Quinap (5.5 mol%) ! R
R—N, 1 25°C, Ar, Toluene ! R—lel i 25°C, Ar, Toluene | RN
e RO L.....24%p b =R Mo...24088hr 0 F{/—— R
_ - 43-99%
T2 9% R=AWl Alkyl RCH=0 R=Aryl, Alkyl, ce 32.96%
ee82-98% i Alkyl Aryl, SiMey -r-zmemzemesoees . R=Alkyl, Aryl, 17 examples
21 examples R=En : | N ! R=Bn, Allyl
216,18, b 1,7,8,13,20,24, | ZN | 216152376, b 1,7-10,
55,88-91, ¢ 4,6,19 - 1 c4645

_ Lu/\
N <
O/\ i 3 N
SiMe3 Ph % Ph

Yield 99% Yield 87% Ph Yield 84%

ee 92% dr 96:4 ee 32%
Scheme 33. Two different methods for PA synthesis with the use of Quinap.

4.2.3.2. Pinap

The use of Quinap in asymmetric A3 coupling reactions was further explored by
Carreira, who introduced the Quinap analogue Pinap [100]. This analogue is more amenable
to chemical modifications that could enhance ligand efficacy and has the advantage of
being more easily synthesised and resolved (Scheme 34). In these reactions, the stereogenic
centre in the phenethyl group is proposed to induce the observed product configuration
via subtle remote effects.

Carreira and co-workers later expanded the scope of Pinap and addressed two critical
disadvantages of previous methodologies: long reaction times (>48 h) and versatility of the
amine [101]. Specifically, while N,N’-dibenzylamine facilitated high yields and enantios-
electivities, removal of these protecting groups proved costly or technically demanding.
These challenges were overcome by incorporating 4-piperidone hydrochloride hydrate as
the amine component and using DCM as the solvent. The use of 4-piperidone allowed
facile conversion of the tertiary PA to a primary product via ammonium chloride and
amino-methylated polystyrene resin in ethanol at 100 °C (Scheme 35).



Catalysts 2022, 12, 660 24 of 59

. .
'

Catalytic conditions
CuBr (5 mol%)

I Bn
/BN | Pinap (5.5mol%) |
Bn=NH i 25°C, Ar, Toluene . — -
=R 120he____. ;
RCH=0 » R 72-88%
a16,23,b1,8,10,¢c 6 ee 90-99%
6 examples
B, NBn, NBn,
N A\ T
nBu T™S Ph
Yield ee% Yield ee% Yield ee%
74% 91(R) 84% 98(R) 88% 90(R)
72% 94(S) 82% 99(S) 82% 95(S)

N\ /
z—=

Scheme 34. Biaryl PN ligands for asymmetric catalysis of propargyl amine derivatives synthesis
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Scheme 35. Enantioselective synthesis of primary PAs using 4-piperidinone as a convenient protect-

ing group.



Catalysts 2022, 12, 660

25 of 59

4.2.3.3. StackPhos and StackPhim

A significant innovation in PN-ligand design was introduced by Aponick in 2013 [69].
In this seminal work, Aponick describes a new paradigm of biaryl atropisomer design:
in place of incorporating large substituents to destabilise the rotational transition state,
the barrier to biaryl rotation could be increased by stabilising the chiral ground state
conformation. This principle led to the design of StackPhos, a ligand with an imidazole
system containing one nitrogen atom able to coordinate to the metal salt and the other
attached to a perfluorinated phenyl ring moiety that is structurally located by 7-stack
with the naphthalene component. This chiral conformation was confirmed via x-ray
crystallography. The use of StackPhos in the A® coupling reaction achieved high yields and
enantioselectivities at low temperatures and short reaction times (24 h) with aliphatic and
aromatic aldehydes (Scheme 36).

CuBr (5 mol%)

Fn iStackPhos (5.5 mol%) JBn
Bn—NH i 0°C, Ny Toluene : Bn—N
+ =—TMS  _____ 24-96hr _____. ' ——R
RCHO _ R 10 examples
R=Alkyl, Aryl, Thiophenyl 2 1,6,16,18,19,29,30, 15-95%
s 61,b1889,¢612 ... ee89-97%
NBn, NBn, NBn,
T™S ™S T™MS
FsC
Yield 95% Yield 92% Yield 15%
ee 97% ee 89% ee 95%

Scheme 36. Enantioselective A3-Coupling employing a chiral imidazole-based biaryl PN-ligand
(StackPhos).

Aponick also used StackPhos to synthesise unsymmetric skipped diynes [102]. The
enantioselective synthesis of 1,4-diynes containing divergent groups, i.e., those with differ-
ent electronic or steric effects, remains challenging due to the unwanted formation of side
products. A robust methodology to access these compounds is highly desirable since this
motif is commonly seen in natural products, for example, in the chlorinated lipid family
taveuniamides. While previous reports have used the A% coupling to synthesise skipped
diynes [84] (Schemes 11 and 29), this work by Aponick describes the first enantioselective
preparation of amino skipped diynes with broad substrate scope and similar substituents
and several applications in natural product synthesis (Scheme 37).

Later on, the StackPhos catalyst was also used to synthesise alkynediols which could
subsequently undergo gold-catalysed cyclisation. In this work, StackPhos could not gen-
erate 1,4-aminoalcohols in adequate enantioselectivities, which prompted the design of
StackPhim: StackPhim replaces the five-membered aromatic heterocycle in StackPhos
with two new chiral centres [68]. In comparing StackPhos with StackPhim, StackPhos
resulted in higher yields, but StackPhim resulted in higher enantioselectivities. These
results indicate that chiral induction is affected by ligand axial chirality and backbone
chirality; in this case, StackPhos has axial but not backbone chirality and is, therefore, a
more promiscuous catalyst. The scope and utility of StackPhim were demonstrated on
several A3 reactions synthesising 1,4-aminoalcohols and their subsequent gold-catalysed
cyclisation (Scheme 38).
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Scheme 38. Cu/StackPhim-catalysed enantioselective synthesis of amino alkynyl diols.

Guiry and co-workers further reported the synthesis and application of StackPhim
(Scheme 39, upper) [71]. Noting that ligands such as StackPhos and Quinap required a
resolution step involving palladium to isolate the enantiomerically pure ligands, incor-
porating the chiral imidazoline in StackPhim can act as an inbuilt resolution unit. Of
note, StackPhim, as used by Guiry’s team, required less catalyst and ligand loading than
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Aponick’s work, although the reaction times were longer. The scope of StackPhim as a
chiral ligand was further expanded by Guiry in later work [103]. This study used the more
challenging propargylic alcohol with a wide range of aldehydes and amines (Scheme 39,
lower), yielding the corresponding PAs in moderate to excellent yields and ee.

, Catalytic conditions
i CuBr (5 mol%)

JBn ! StackPhim (6 mol%) JBn
Bn—NH i 0°C, Ny, Toluene EBn—N/
+ =R ‘... 24hr .. ; }%—R
RCH=0 > R 3_08%
R=Alkyl, Ph a1,16,18,23,24,43,62,63, ee 65-98%
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’;JBFIZ NBnZ
\(\ Ph/\
T™S T™S
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ee 98.1% ee 65.1%
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: \ O i
. :
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' CuBr (1 mol%) :
R 1 StackPhim (1.2 mol%) R
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¥ }<OH .24ahr ! >%<OH
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R= Cycloamines, Bn, Allyl
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D S D\
OH of OH
Yield 49%
Yield 99% ve 32% Yield 90%
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Scheme 39. Diastereofacial approach for the synthesis of axially chiral P,N-ligand towards A3
coupling process (upper). Catalytic enantioselective A3 coupling between aromatic, alkenylic, and
alkynylic aldehydes with propargylalcohol and cycloamines (lower).

4.2.3.4. Pyrinap

The most recent novel P,N-ligand used in the A% coupling reaction was reported by
Ma [104]. Building on the Binap scaffold, while desiring a more flexible ligand that could
accept a range of substrates, Ma produced the Pyrinap, which incorporates both the axial
chirality seen in Quinap and the backbone chirality seen in Pinap. Notably, while Pyrinap
deviates from the biaryl motif seen in Quinap and Pinap to promote axial chirality, the
barrier of rotation for Pyrinap was higher than the similar ligands Pinap, StackPhim, and
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StackPhos. The novel Pyrinap catalyst was used on a wide range of substrates and applied
to several unique natural product scaffolds (Scheme 40). Additionally, this methodology
was applied to the synthesis of (S)-(-)-N-acetylcolchinol, a tubulin polymerisation inhibitor
(Scheme 40, lower).

N

fCataIytic conditions .
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_ R=Aryl, Alkyl a1,2.46,8,10,12,16,18,21,23,31,34,37,39,
R=Ph, Alkyl. Propragyl 40,49,55,78,85,116-119, b 1,2,4,8,15,19,36-

R=Cycloamines, Alkyl, Allyl, Bn  39,46,80,121-127, ¢ 1-4,6,11,12,26,123-126
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(1.489)
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95% ee OMe

MeO' OMe

OMe
(S)-(-)-N-acetylcolchinol
47% yield, 97% ee

Scheme 40. Pyrinap ligands for enantioselective syntheses of amines.

4.2.4. Heterobidentate N,O-Ligands

In 2003, Hoveyda and Snapper reported a protocol for chiral PAs” enantioselective
synthesis with up to 90% ee [41]. This method involved the Zr-catalyzed (Zr(Oi-Pr),-HO:i-
Pr) addition of mixed alkynylzinc reagents to arylimines in the presence of chiral amino
acid-based ligands (Scheme 41). The subsequent oxidative removal of the o-anisidyl group
afforded the free amine, which could be acylated to yield the corresponding product in 90%
ee, thus providing an efficient way to obtain optically enriched secondary alkynylamines.

In 2006, five Au(IIl) salen-based complexes were incorporated into the A% coupling
reaction [105]. Authors used or modified already known protocols to synthesise these
complexes and characterised them with IH-NMR, IR, and FAB-MS. The protocol is envi-
ronmentally friendly; only 1% catalyst loading is required, in aqueous solutions, at 40 °C
and inert atmosphere (Scheme 42). The reaction completes in 24 h, and with chiral pro-
linol derivatives as the amine component, excellent diastereoselectivities (up to 99:1) are
obtained. Notably, the protocol was extended to synthesising PA-modified artemisinin
derivatives with intact delicate endoperoxide moieties. Subsequent cytotoxicity studies
of these artemisinin derivatives exhibited IC50 values up to 1.1 uM against a human
hepatocellular carcinoma cell line (HepG2).

The following year, Li, Chan et al. [106] synthesised a family of chiral tridentate N-
tosylated aminoimine ligands incorporated along with Cu(OTf), and Me,Zn in toluene for
the room temperature enantioselective addition of phenylacetylene to N-aryl arylimines.
This protocol was applied to a limited number of PAs and yielded the corresponding
products in moderate to good yields (42-89%) and good ee (73-92%) (Scheme 43).
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Scheme 41. Zr catalysed the enantioselective synthesis of propargyl amines starting with alkynylzinc
and arylimines.
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Scheme 42. Gold(ITT) salen complex-catalysed synthesis of PAs via a A3 coupling reaction.

Seidel reported a protocol involving copper iodide and an easily accessible hybrid
ligand possessing both a carboxylic acid and a thiourea moiety a few years later [72]. PAs
are obtained with up to 96% ee, and catalyst loadings can be as low as 1 mol% (Scheme 44).
In the absence of directing groups, pyrrolidine-derived PAs can be transformed to the
corresponding allenes without loss of enantiopurity, which is a significant improvement
compared to the previous effort demonstrated in 2013 [81].
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Scheme 43. Chiral tridentate N-tosylated aminoimine ligands Cu(II) complex-catalysed enantioselec-
tive addition of phenylacetylene to N-aryl arylimines.
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Scheme 44. Enantioselective A3 Reactions of Secondary Amines with a Cu(I)/Acid—Thiourea
Catalyst Combination.

Recently, Khare reported an efficient three component coupling protocol of aromatic
aldehyde, deoxy sugar-based alkyne (a-2-deoxy propargyl glycoside), and heterocyclic
amine that yielded chiral PAs with good to excellent in a stereoselective manner [107]. The
method uses Cul as the catalyst and bifunctional ligand l-proline and is applicable in many
substrates (Scheme 45).
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Scheme 45. Copper-mediated A3-coupling reaction for the preparation of enantioselective deoxy
sugar-based chiral PAs using bifunctional ligand L-proline.

4.2.5. Heterobidentate N,S-Ligands

Naeimi reported the only paradigm in this category in 2014 [108]. In this work, a
novel thiosalen ligand based on a thioether has been prepared and readily coordinated
with copper(I) salts (CuCl, CuBr, Cul, and CuCN). The new organometallic catalyst was
used for the direct and enantioselective alkynylations of imines in an A3-coupling reaction.
In this reaction, the corresponding PAs were obtained as single products in excellent yields
and with good enantioselectivities, as shown in Scheme 46.

O ! Catalytic conditions !
[ j ! Catalyst (10-15 mol%} ©
! DCM,1t80°C, ! K/N
= ppi HAMS 3Sdays i ) —=—Ph

> R
RCH=0 78-93%
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O O
ee 43% ee 69%
€}

_N
C; PPh3 |

Scheme 46. An asymmetric A3-coupling reaction catalysed by thioether-based copper(I) Schiff
base complex.

4.3. Tridentate Ligands

Tridentate ligands such as PyBim and PyBox incorporate an aromatic pyridine ring
with an additional ligand to activate the metal. The flanking oxazoline moieties restrict
substrate access and confer product stereoselectivity.

4.3.1. Pybox

Since Li’s initial report in 2002, PyBox ligands have been extensively explored. Chan
attempted to increase the yield of Li’s original ligand by using a surfactant [94]. Fur-
thermore, Chan introduced a ligand wherein the isopropyl moieties in Li’s initial ligand
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were replaced with an indene-analogue and used a CuPFg catalyst [50]. Similarly, Boysen
replaced these moieties with D-Glucosamine, increasing the ligand size and introducing
secondary coordination effects (Scheme 47) [96]. Despite these efforts, the increased ligand
complexity did not increase reaction yield or scope.
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Scheme 47. Cu/PyBox catalytic system for the enantioselective addition of alkynes to imines.
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Singh further expanded the scope and downstream versatility of the enantioselective
A® coupling reaction using PyBox ligands [95]. PAs were generated in high yields and
enantioselectivities using a PyBox catalyst, room temperature, and a Cu(I) salts. Later
experiments explored alkynylation/lactamisation cascades to easily synthesise enantiomer-
ically enriched isoindolinones on the gram scale or synthesise (indol-2-yl)methanamines in
two additional steps [14,51]. Notably, attempts to employ Box-type ligands either failed to
catalyse the reaction or led to the corresponding products in low yields (Scheme 48).

i Catalytic conditions
i iPr-pybox-diPh (10 mol%) :

Ar—NH, CUPFG (10 mol%) E Ar—NH
= R 0-25°C, Ar, CHCl3 : — R
+ —_ ' —
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ee 77-98%
R AL Al 33 examples

Cl

Yield 94% Yield 93%
ee 96% (R) ee 98% (S)
Z | i
Ph._ ° ’ N \ O _Ph
Ph N N\><Ph E
iPr P

Scheme 48. Enantioselective one-pot three-component synthesis of Pas with iPr-pybox-diPh ligand.

4.3.2. Pybim

Pybim ligands incorporate the main structural motif of PyBox ligands, but introduce
additional complexity by replacing the oxazoline oxygen with a nitrogen atom and thereby
introducing a dual functionality. This functionality can create a secondary coordination
effect and potentially increase yield and ee.

Toru used several PyBim ligands to catalyse the A> component reaction, ultimately
selecting a ligand with a benzoate secondary coordination sphere [97]. Notably, the use of
the tridentate PheBim, a PyBim analogue that replaces the pyridine nitrogen with a carbon
atom, did not lead to high yields and ee. PheBim ligands form a o-bond with the metal
centre, thus improving the thermostability of the complex (Scheme 49).

PyBim ligands were further explored by Nakamura, who used a surfactant to increase
yield and ee [49]. In this methodology, the addition of a tert-Butyl substituent to the nitrogen
atom of the imidazoline ligand combined with sodium dodecyl sulfate increases yield by
promoting hydrophobic-hydrophobic interactions and allowing the reaction to proceed in
the water. Using a hydrophobic ligand and a surfactant allowed the reaction to occur on
tap or seawater with retention of high yield and ee (Scheme 50).

4.3.3. Acid-Thiourea

As described above, Seidel reported in 2015 an enantioselective A3 coupling protocol
that involved secondary amines, Cu(I) salts, and a hybrid acid-thiourea co-catalyst [72].
The efficacy of a series of co-catalysts was examined, and the best outcome was derived
from the co-catalyst shown in Scheme 44. This work noted that the carboxylate could
conceivably interact with copper to form a cuprate complex or serve as the counterion to
an intermediate iminium species. These roles could be fulfilled by iodide, which appeared
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to be involved in the enantiodetermining step. Notably, pyrrolidine-based PAs lacking
directing groups can be transformed into allenes without enantiopurity loss.

Catalytic conditions
PyBim (10 mol%)

(CuOTf),etoluene (10 mol%)

O
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Scheme 49. Cu-PyBim catalysed A3 coupling between aldehydes, arylamines, and alkynes for the
enantioselective synthesis of PA derivatives.
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Scheme 50. Direct enantioselective three-component synthesis of optically active Pas in water.

4.4. NHC (Carbenes)

While N-Heterocyclic carbenes (NHCs) have been widely used as ligands in transition
metal catalysis, NHCs have been used almost exclusively with Ag catalysts in the A3
coupling reaction. Unlike more transient carbene species, NHCs contain a singlet ground-
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state electronic configuration, which allows o-donor ability via the sp>-hybridized lone pair
on the carbon into the metal [109].

The first use of an NHC with a Ag(I) catalyst was reported by Wang in 2008 [110].
In this work, successful ligands employed bulky moieties on the imidazolium salt (i.e.,
Bn > Me), and the greatest yields were achieved when the catalyst was placed on a
polystyrene polymer support. Notably, the polystyrene-supported catalyst could be eas-
ily recovered and reused without significant loss of yield or catalyst leaching even after
multiple cycles (Scheme 51).
! Catalytic conditions )
PS-NHC-Ag(l) (2 mol%)
R—NH 25-50 °C, neat

_________ R | —
+ =R >TR

RCH=0 a 1-3,10,16,18,19,30,32,59, 85-98%
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R= Aryl, Alkyl, TMS € 1:6,11,15,92,96 24 examples
R= Cycloamines, Ph, Bn, Alkyl
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Ph :
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Scheme 51. A3 coupling reactions catalysed by a reusable PS-supported NHC-Ag(I) under solvent-
free reaction conditions.

In a later study, Navarro and co-workers used well-known and commercially available
NHC ligands to catalyse the A3 coupling reaction at room temperature, air, and less than
three hours [111]. With amenable substrates, reaction times could be reduced to 20 min
with yields up to 96% at catalyst loadings of 1 mol% (Scheme 52).
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Scheme 52. N-heterocyclic carbene-Ag(I) complexes as catalysts for A3 reactions.

Longo recently synthesised and applied NHC-Ag and Au complexes to the A% cou-
pling reaction [112]. These complexes achieved high yields on the model system employed,
and the Au-based complexes achieved higher yields than the previously reported Ag
catalysts. DFT analysis attributed the higher reactivity to the CI substituent on the NHC
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complex, suggesting that the electron-withdrawing Cl substituents create an electropositive
metal centre. In turn, the nucleophilic alkyne can more readily coordinate with the catalyst
at the start of the catalytic cycle (Scheme 53).
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RCH=0 R=H, Cyclohenyl, Ph R 83-99%
3 examples

a1,210,17,18,19,63, b 1,2,27,88, ¢ 1,3,6,11,14

() ()

N N N
'\ ©/'\Ph
Yield 96% Yield 99% Yield 83%

HO” “Ph 5

'

Scheme 53. NHC-silver and gold complexes active in A3 coupling reaction.

5. A3 Coupling with Well-Characterised Compounds

Well-characterised compounds that facilitate the synthesis of PAs will be presented in
this chapter in chronological order. Knochel’s pioneer work from 2002 [52] reported the
enantioselective synthesis of PAs by copper-catalysed addition of alkynes to enamines. This
protocol yields enantiomerically enriched, functionalised, and protected PAs under mild
conditions. As discussed previously in this review, the catalytic system combines copper(I)
sources and Quinap ligand (see Section 4.2.3.1). Notably, the authors first examined the
efficacy of CuBr in synthesising PAs and subsequently introduced the chiral Quinap ligand
into the catalytic protocol to enantiomerically access PAs. All catalytic reactions were con-
ducted with in situ mixing of the reactants and the catalytic system; this example should be
placed in the in situ sections of this review (see Section 4); however, the authors determined
a crystal structure of a dimeric compound [Cu(I);(p2-Br),(quinap)z] (1, Scheme 54).

The first example of a well-characterised silver compound for the A® coupling was
reported in 2011 by Zou et al. [113] Authors isolated and fully characterised a family
of N-heterocyclic carbene (1-cyclohexyl-3-arylmethylimidazolylidene) silver halides, and
subsequently tested their catalytic efficacy in the A3 coupling reaction. These well-defined
species were found to promote the reaction of 3-phenylpropionaldehyde, phenylacetylene,
and piperidine in only 2 h, 3% loading, and at 100 °C. From these studies, it is evident
that the halide variation (Cl vs. Br) has a slight effect on performance, while the scope of
the reaction was limited to only a few examples. The dimeric compound [AgCl(CyNaph-
NHC)] (2, Scheme 55) was found to be the best pre-catalyst. Lastly, the authors proposed a
slightly different mechanism considering the halide’s presence without performing any
experiment for mechanistic understanding.
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Scheme 54. (upper) Copper/Quinap-catalyzed the enantioselective synthesis of PAs by adding
alkynes to enamines. (lower) The crystallographically characterised pre-catalyst.

A vyear later, Sun et al. [114] reported the synthesis and characterisation of a one-
dimensional zig zag coordination polymer built from 1,4-bis(4,5-dihydro-2-oxazolyl)benzene
(bdob) and Ag(I) nitrate and formulated [Ag(NO3)(bdob)] (3, Scheme 56). Compound 3
was found to promote the A% coupling reaction in the open air at 1.9% catalyst loading
and room temperature in the absence of additives. The authors identified the scope and
limitations of their approach. The method applies to a good range of alkynes, aldehydes
and amines; however, reactions with primary amines and aromatic aldehydes did not yield
the desired product. Mechanistic understanding studies, compound stability, catalyst or
reaction monitoring, and catalyst recovery efforts are not reported; therefore, the formation
of molecular catalytically active species may not be excluded.

In 2015, Chen and Lao reported a dicopper(I) complex, [Cu(I)2(pip)2] (4, Scheme 57),
where pip is the (2-picolyliminomethyl)pyrrole anion, which was found to promote the A3
coupling with a very low loading (0.4%) [115]. The reaction is completed within 2 h at 110 °C
in toluene solvent and applies to a wide range of PAs (31 examples). Notably, the scope of the
protocol does not include/omits primary aromatic amines and propargylic alcohols.
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Scheme 55. (upper) The crystallographically characterised N-heterocyclic carbene-Ag(I) halides of
1-cyclohexyl-3-arylmethylimidazolylidenes pre-catalyst. (lower) Selected PA examples.
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Scheme 56. (left) The crystallographically characterised Ag-precatalyst (right) scope and limitations
of the method.
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Scheme 57. (left) The crystallographically characterised pre-catalyst (right) the scope and limitations
of the method catalysed by the dimeric complex.

In 2017, the first use of a tetrametallic Cu(I) complex to promote the A3 coupling was
reported by Garcia and Ocando-Mavérez [116]. The authors synthesised and characterised
a copper(I) complex with tert-butyldiallylphosphine ligands. Single X-ray diffraction
studies identified a cubane-like structure of the copper complex of formula [CuCl{«! (P)-'Bu-
P(CH,CH = CHy),}]4 (5). However, variable temperature NMR studies indicated a dynamic
behaviour in solution generated by the cubane chair isomerisation due to the low stability
of the cube-like structure caused by the strong strain of the CuyCly core for steric reasons.
Compound 5 catalyses efficiently (17 examples) the A3-coupling reaction of aromatic and
aliphatic aldehydes with cyclic amines and phenylacetylene, yielding the corresponding
Pas under mild reaction conditions and the absence of solvent (Figure 1 upper). Later
this year, the same team reported the use of a known mononuclear compound [Cu{l-
phenyl-2,5-bis(2-thienyl)phosphole},Cl] (6) [117] as a pre-catalyst in the A3 coupling [118].
Compound 6 promotes single and double A3-coupling reactions to synthesise mono- and
bis-Pas, respectively (Figure 1, lower). The protocol has a broad scope, including aromatic
and aliphatic aldehydes with cyclic amines and phenylacetylene, low pre-catalyst loading,
high stability, and no need to use either purified reagents or a glovebox.

In 2017, our groups communicated their first effort to develop Cu(Il) compounds as
pre-catalysts for the A® coupling reaction [55]. Among a family of air-stable benzotriazole-
based coordination compounds, we identified that compound [Cu'l(L),(CF3S03),] (7) was
the most efficient pre-catalyst (Figure 2 upper). The protocol uses relatively mild conditions
and provides results for a good range of substrates, mainly when aliphatic aldehydes
and secondary amines are employed. Furthermore, it eliminates the need for expensive
metal salts, inert atmosphere, and high loadings and uses 2-propanol, an environmentally
friendly solvent [119]. We have also attempted to elucidate the reaction mechanism from
an inorganic perspective; through a thorough synthesis and study of targeted coordination
compounds, we evaluated how factors such as coordination geometry, anion, and ligand
tuning affect the catalytic activity.
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Figure 1. Novel tetramer copper(I) complexes containing diallylphosphine ligands. Compound 5
(upper) Compound 6 (lower).
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Figure 2. Compound 7 (upper) and compound 8 (lower).
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One year later, inspired by the successful Ag-based paradigms described above, we
elucidated the efficacy of Ag-benzotriazole compounds in promoting the A® coupling [120].
From our studies, we identified compound [Ag(L)(BF4)(Et,O)] (8) as the optimum pre-
catalyst, affording several PAs in very good to excellent yields that are comparable or
superior to other reported Ag'-based methods (Figure 2 lower). The protocol involves
easy synthetic conditions and avoids the use of an inert atmosphere or environmentally
harsh solvents. Notably, compound 8 surpasses compound 7 in catalytic efficacy since only
0.5 mol% pre-catalyst loadings is required. However, in both cases, the A3 coupling reaction
is completed at elevated temperatures, a drawback that prohibits us from monitoring the
reaction or identifying the active catalyst; therefore, we decided to explore and identify
other systems that would permit reaction completion at room temperature.

In 2020, Peewasan and Powell reported a dimeric Cu(ll) complex formulated as
[Cua(HsL)(NO3)2]NO3-solv (9) [121], which was found to catalyse the A® coupling reaction.
The protocol proceeds at room temperature for 24 h in i-PrOH and 1% catalyst loading with
a good scope; however, no products were obtained when the aromatic and/or aliphatic
primary amines were used. In addition, the stability of 9 was monitored using ESI-TOF
mass spectrometry (Figure 3). These solution studies confirmed that the dimer retains its
structure and that one coordinated nitrate is removed from one Cu centre, thus resulting
in a free reactive site on copper. This allows a possible mechanism for the A3 coupling
reaction of this system to be proposed.

e ¥ LR

ecceoce

9

Figure 3. The crystallographically characterised pre-catalyst compound 9.

In 2020, our group presented a Cu(Il) based protocol that efficiently catalyses the A3
coupling reaction in the open air and at room temperature using a salen-type compound
{Cu(I)L} (10) (Scheme 58 upper) [122]. Notably, similar systems were reported before
our work, but these protocols required elevated temperatures [123]. Our protocol has a
good scope, unsuitable for primary amines or aromatic aldehydes, though the reaction is
completed within 72 h, while the catalyst is recoverable and retains its structure. Vital to the
success of this protocol is the use of the phenoxido salen-based ligand, which orchestrates
topological control permitting alkyne binding with concomitant activation of the C-H
bond and simultaneously acting as a template temporarily accommodating the abstracted
acetylenic proton, and continuously generating, via in situ formed radical and a Single Elec-
tron Transfer (SET) mechanism, a transient Cu(I) active site to facilitate this transformation,
as shown in Scheme 58. The proposed mechanism results from control experiments that
included cyclic voltammetry, single-crystal X-ray diffraction, and theoretical studies.
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Scheme 58. The crystallographically characterised complex 10 and the possible reaction mechanism
for A3 coupling. Reproduced from ref. [124] with permission from the Royal Society of Chemistry.

In the same year, Singh reported a family of Cu(Il) complexes that efficiently catalysed
the A3 coupling reaction at elevated temperatures, in toluene solvent, with very low
catalyst loading and an extended scope [124]. Among this family of complexes, compound
[Cu(IT)(HL)(CIO4)] (11), shown in Figure 4, achieved the highest yields, leading the authors
to suggest a possible mechanism that involved a Cu(I)-acetylide intermediate.

[ XX T X

Figure 4. The crystallographically characterised pre-catalyst compound 11.

In our last effort to identify efficient Cu(Il) based A3 protocols, we incorporated the
bidentate 1-(2-pyridyl)benzotriazole (pyb) ligand to synthesise compound [Cu(OTf),(pyb),]
2CH3CN (12) (Scheme 59 upper) [125]. Compound 12 enables the synthesis of a wide
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range of PAs by the A3 coupling reaction at room temperature in the absence of additives.
The Nprigging atom of this hybrid ligand imposes exclusive trans coordination at Cu and
allows ligand rotation, while the overall structure of the ligand, in particular, the presence
of the Npyridine atom, modulates charge distribution and flux, thus orchestrating structural
and electronic pre-catalyst control permitting alkyne binding with simultaneous activation
of the C—H bond through an in situ catalytically active [Cul(OTf)(pyb)] species. This
notion is not feasible in the cis-[Cul(OTf),(bpy),], indicating that the stereochemistry of
the pre-catalyst and the nature of the N,N’-bidentate ligand are parameters to be taken
into account when designing such catalysts. We performed various experiments, including
cyclic voltammetry, theoretical calculations, and reactions in the open air and under Ar
or N, atmosphere, to understand the reaction mechanism; the proposed mechanism that
involves two different pathways is shown in Scheme 59 lower.
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Scheme 59. The crystal structure of compound 12 (upper) and the proposed mechanism for the
A3 coupling (lower), reproduced with permission from ref. [126] Chemistry—A European Journal;
published by John Wiley and Sons, 2021.

6. Visualisation and Comparisons

The extended classification allows us to identify popular general aspects of the syn-
thetic protocols suggesting that the protocols involving in situ generated catalytic species
are the dominant synthetic method (74-26%) (Figure 5A), Cu is the most prevalent metal
centre used for this transformation (68%) (Figure 5B), bidentate ligands are the most com-
mon ligands used followed by tridentate analogues (Figure 5C), whereas ligands containing
N or P heteroatoms are the most common (Figure 5D), 42% of the experiments have been
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characterized

(26%)

carried out in the open air (Figure 5E), non-coordinating solvents such as toluene and
dichloromethane are the most popular choice (Figure 5F). Finally, almost half of the ex-
periments have been conducted at room temperature (Figure 5 lower), whereas lower

temperatures have been used to improve the enantioselectivity.
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Figure 5. (upper) Distribution for in situ and well-characterised entries (A), metal distribution (B),
type of ligand distribution (C), (middle) ligand distribution (D), atmosphere distribution (E), solvent

distribution (F), (lower) temperature distribution.
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6.1. Solvent

We attempt to visualise the impact of the solvent on the yield and the chirality of the fi-
nal product (Figure 6). From these data, it is evident that non-coordinating solvents improve
yield and ee; therefore, it is wise to envisage solvents such as chloroform, dichloromethane,
and toluene as the best to use for the A3 coupling reaction.
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Figure 6. (upper) Solvent effects on yield and ee. Catalysts with more than 5 entries, solvents with
more than 50 entries, and yields greater than 0 shown (lower) yield (left) and ees (right) of solvents.
Statistical analysis performed using Student’s t-test (p = 0.97, 0.0006) (p = 3.92 x 10~7, 0.003). Symbol
Meaning: ns p > 0.05, *** p < 0.001, **** p < 0.0001 (For the last two choices only).

6.2. Metals

As previously mentioned, a variety of metal salts have been used to catalyse the A3
coupling reaction. Of these, the most frequently used are Cu (1634 entries), Ag (189 entries),
Zn (182 entries), Au (82 entries), and Fe (77 entries). Across these conditions, Au showed a
significantly higher yield than Cu (p = 0.0067) and all other metals but has been in limited
use, possibly due to its high cost (Figure 7, left). Moreover, only Cu and Zn have catalysed
the enantioselective A® coupling reaction, with Cu performing significantly better than zinc
(p = 0.013, Figure 7, right).

To provide an insight into the effects of different metal salts and ligands on A2 yield
and enantioselectivity, salts with more than 50 instances were selected for and analysed
(Figure 8). Comparison of metal salt yields revealed that CuPFg had the highest yield
(median = 90%), ZnEt; had the lowest yield (median = 65.5%), and CuBr was the most
widely used (276 entries, 20 references). Out of the 15 salts with over 50 entries, only 7
had been used to catalyse the enantioselective A3 coupling reaction, highlighting the many
unexplored salts used in asymmetric A® reactions. In addition, CuBr had the highest ee
(median = 92%) and ZnEt; had the lowest ee (median = 73%) of the salts used in enantios-
elective reactions. Bulk analysis of reactions obfuscates tuning of catalysts and ligands,
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and so we further selected metal salts with more than 50 instances and yields greater than
50%. These results did not significantly alter the median or standard deviations for each
salt, suggesting that different combinations of metal salt, ligand, and substrate can lead to

different yields and ee.
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Figure 7. (left) Yields of different metals with more than 50 entries (right) ee of enantioselective A3
reactions (ee > 0). Statistical analysis performed using Student’s t-test (p = 0.013). Symbol Meaning;:
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Figure 8. (upper) Yields (left) and ee (right) of different metal salts with more than 50 entries. (lower)
Yields (left) and ee (right) of different metal salts with more than 50 entries and yield greater than 50%.



Catalysts 2022, 12, 660

47 of 59

g

Yield

6.3. Ligands

Ligand effects on yield and ee were analysed by comparing the ligands with greater
than 25 entries (Figure 9). Unlike the metal salts, the highest yielding ligands did not corre-
late with high ee. For example, the highest yielding ligand, (2-picolyliminomethyl)pyrrole
(median yield = 96.5%), showed no enantioselectivity, while the ligand StackPhos showed
94% median ee with only 79% median yield. These results reinforce the idea that catalyst
and ligand selection can be tuned according to the substrate to produce the desired product.
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Figure 9. (left) Yields of ligands with more than 25 entries. (right) ee of ligands with more than 25 entries.
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Ligands were categorised according to their coordinating atom and analysed to exam-
ine the effects of different coordinating atoms on PA yield and ee (Figure 10). Overall, the
employed ligands had similar median yields of 82.4 & 5.6% but divergent enantioselectivi-
ties (median of 79.6 + 14.4%).

g

Cogrdinating aiom Coordinating atom

Figure 10. (left) Yield of enantioselective A3 reactions (ee > 0). Statistical analysis performed using
Student’s t-test (p = 0.0098) (right) ee of enantioselective A3 reactions (ee > 0). Statistical analysis
performed using Student’s t-test (p = 1.56 x 10~1). Symbol Meaning: ** p < 0.01, **** p < 0.0001 (For
the last two choices only).

Since the ligand classes with the highest ee employed a phosphorous or nitrogen
coordinating atom, we further explored the effect of multiple coordination spheres (i.e.,
monodentate, bidentate, tridentate) on yields and enantioselectivities (Figure 11). Our
analysis revealed that bidentate N-ligands (e.g., Pybim) had significantly lower yields and
enantioselectivities than tridentate counterparts (e.g., Pybox). Moreover, introducing a
secondary coordination sphere (e.g., Binam) resulted in a reduction in yields and ee.
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100

The PN-ligands employed to catalyse the asymmetric A3 reaction have been exclu-
sively bidentate ligands without a secondary coordination sphere (Figure 12). We extended
our analysis to these ligands since several new P,N-ligands have been synthesised in recent
years (e.g., Pyrinap). Intriguingly, we found no significant increase in yield when compar-
ing the most recently employed ligand, Pyrinap, and the first-employed ligand, Quinap.
While Pyrinap did show a significant increase in ee compared to Quinap, in comparison

with similar advanced P N-ligands StackPhim /StackPhos showed no significant increase in
enantioselectivity.
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Figure 11. (upper) Distribution of N-homoligands by coordination. (left) Comparison of yield and ee
for N-homoligands. Significance calculated using Student’s t-test (p = 0.004, 1.74 x 10~%%) (right).
(Lower) Comparison of yield N-homoligands with secondary coordination sphere, the significance
was calculated using Student’s t-test (p = 0.0074, 0.0011) (left) Comparison of ee N-homoligands
with secondary coordination sphere. Significance calculated using Student’s t-test (p = 1.55 x 10~%,

0.00015) (right). Symbol Meaning: ** p < 0.01, *** p < 0.001, **** p < 0.0001 (For the last two
choices only).

6.4. Substrates

The yield, enantioselectivity, and speed of the A3 coupling reaction are influenced
by both the metal catalyst and the substrate selection. In this review, we have classified
substrates according to their functionality: aromatic (e.g., aniline), cyclic (e.g., morpholine),
aliphatic (e.g., pivalaldehyde), and hybrid (e.g., 2-phenylpropanal).
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6.4.1. Amines

Our database reveals that 140 cyclic, 15 aliphatic, 588 aromatic, and 110 hybrid amines
have been used as substrates in the A% coupling reaction. Of these, 592 have been primary,
and 261 have been secondary. Comparison of these amines (Figure 13) reveals a wide
variation in the yields and enantioselectivities, likely due to the catalyst, solvent, and
temperature effects. Despite the heavy use of aromatic amines, our database reveals
a significant increase in PA yield when using cyclic amines (Figure 13B, p = 0.00019)
although this trend is not observed when looking at enantioselective reactions. As has
been previously observed, secondary amines have a significantly higher yield and ee than
primary amines (Figure 13D), likely due to the differences in reactivities of the imine and
iminium intermediates.

6.4.2. Aldehydes

Our database reveals that 19 cyclic, 673 aromatic, 114 aliphatic, and 47 hybrid aldehy-
des have been used as substrates in the A% coupling reaction. The broad distribution of
aromatic aldehydes (Figure 14) highlights the importance of reaction conditions in dictating
both yield and enantioselectivity. Comparison of median yields and ee (Figure 14 lower)
reveals that the cyclic aldehydes, despite being sparsely used, have a significantly higher
yield and ee than the widely used aromatic class.
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Figure 12. ee vs. yields of PN-ligands. Statistical analysis performed using Student’s t-test (p = 0.085,
0.27;p =281 x 10~°,0.37). Symbol Meaning: ns p > 0.05, *** p < 0.0001 (For the last two choices only).
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6.4.3. Alkynes

Similarly, our database revealed 5 cyclic, 612 aromatic, 228 aliphatic, and 8 x-2-deoxy
sugar aldehydes used as substrates. As observed with the aldehyde and amine components,
the aromatic alkynes have a broad distribution of yields and ee. The cyclic alkynes (e.g.,
1-ethynylcyclohex-1-ene) had lower yields and ee than aromatic and aliphatic alkynes;
notably, there was a significant difference observed in the yields of aliphatic and aromatic

alkynes but not in the ee (Figure 15 lower). These suggest that the effect a substrate has on
yield does not affect the enantioselectivity of the reaction.
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Figure 13. (A) Yield of amines with different functionalities; statistical analysis performed using Stu-
dent’s t-test (p = 0.0002). (B) ee of amines with different functionalities; statistical analysis performed
using Student’s t-test (p = 0.19). (C) Distribution of amines with enantioselectivites greater than 0,
(D) comparison of primary vs. secondary amines on yield and ee. Statistical analysis for C and D

wasperformed using Student’s t-test (p = 1.42 x 1075, 3.54 x 10°) (right). Symbol Meaning: ns
p > 0.05, *** p < 0.0001 (For the last two choices only).



Catalysts 2022, 12, 660

51 of 59

Yield

Alkyne
functionality
Cyclic
«  Aliphatic
a-2-deoxy sugar
*  Aromatic

ee
[ ]

.

°
% .

)
Ve ©
20| i.
L
L]
.
L] ]
Ll
=
100 . d 100
%0 90|
80|
70
60
50|
40 50
30|
40|
Cyclic Aliphatic Hybrid Aromatic

Aldehyde functionality

?T@?

Cyclic Aliphatic Hybrid Aromatic

Aldehyde functionality

Figure 14. (upper) Distribution of aldehydes with enantioselectivites greater than 0. (lower, left)
Yield of aldehydes with different functionalities. Statistical analysis performed using Student’s ¢-test
(p = 0.0045); (lower, right) ee of aldehydes with different functionalities. Statistical analysis performed
using Student’s t-test (p = 0.015). Symbol Meaning: * p < 0.05, ** p < 0.01 (For the last two choices only).
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Figure 15. (upper) Distribution of alkynes with enantioselectivites greater than 0. (lower) Yield
of alkynes with different functionalities. Statistical analysis was performed using Student’s ¢-test
(p = 0.023) ee of aldehydes with different functionalities. Statistical analysis was performed using
Student’s t-test (p = 0.015). Symbol Meaning: ns p > 0.05, * p < 0.05 (For the last two choices only).
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6.5. Well-Characterised vs. In Situ
The interest in PAs originates from their chiral nature; however, only in 40% of the
database has the enantioselectivity of the final product been determined. Achieving high ee
values may result from several parameters, i.e., catalyst, substrate, solvent, temperature etc.;

however, the graph of the yield and enantioselectivity as a function of the catalyst loading
and solvent used supports the use of non-coordinating solvents promotes high yields and

ee. By comparing in situ (blue) and well-characterised (brown) protocols, we determine
the most popular and efficient aldehydes, amines and alkynes, projected according to their
efficiency. The graph contains entries that appear more than 20 times in the knowledgeable

database (Figures 16 and 17). The direct comparison of the two methods (in situ vs. well-
characterised) is vague since more entries for the well-characterised protocols are required
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Figure 16. (upper left) Enantioselectivity distribution in 2376 entries. (upper right) Yield comparison
of aldehydes between well-characterised—in situ. (lower) Yield comparison of alkynes between well-
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Figure 17. General comparison of yield and ee for well-characterised and in situ protocols. Yields
and ee of well-characterised vs. in situ catalysts. Statistical analysis was performed using Student’s
t-test (p = 1.47 x 10~11,0.58). (A) Aldehydes yields and ee of well-characterised vs. in situ catalysts.
Statistical analysis was performed using Student’s t-test (p = 1.84 x 10~7,0.83). (B) Alkynes Yields
and ee of well-characterised vs. in situ catalysts. Statistical analysis was performed using Student’s
t-test (p = 8.91 x 10714, 0.52). (C) Amines Yields and ee of well-characterised vs. in situ catalysts.
Statistical analysis performed using Student’s t-test (p = 1.77 x 1073, 0.56) (D). Symbol Meaning: ns
p > 0.05, *** p < 0.0001 (For the last two choices only).

However, from a first glance, when each substrate is grouped (Figure 17B-D), it seems
that yield improves significantly with the use of the well-characterised species, while in
situ protocols provide higher enantioselectivities. This discrepancy may vary if more
well-characterised examples are reported.

7. Summary and Concluding Remarks

The A3 coupling reaction has become a popular organic transformation in the last
two decades; interest is driven by the value of the organic scaffold and the simplicity of
the catalytic protocol. For the in situ methods, by fine-tuning the number and nature of
the coordinating heteroatoms in the ligand, it is now possible to obtain PAs in a highly
enantioselective manner. On the other hand, for the well-characterised protocols, due to
the simplicity of the method (i.e., available and inexpensive starting materials, the limited
number of by-products that aid in identifying PA formation), the A3 coupling reaction
has become a model reaction on which to test the catalytic efficacy of new complexes.
This review summarises all homogenous metal-based catalysed protocols that promote
the A3 coupling reaction reported until the first week of January 2021. Our meta-analysis
avoids the traditional summarising method and allows immediate visualisation and under-
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standing of this complex molecular transformation. We created a database that contains
several variables, and its use provides some useful trends regarding the type of the catalyst,
best yields, and ee; however, more data and systematic, especially mechanistic, studies
are required to extract safe conclusions. For example, our consistent efforts in developing
methods with Cu(II) well-characterised species recently provided an extraordinary protocol
with low catalyst loading, and efficiency at room temperature and short time, in contrast to
other reports [126]. This evidence confirms the complexity of this research problem and
simultaneously indicates that several parameters, not only limited to the design/selection
of the ligand (e.g., N,N, or PN), should be considered when new catalytic systems are
developed. We envisage that this paradigm will assist synthetic groups, contribute to
the development of new catalyst-ligand combinations for the A reaction, and pave the
way for future synthetic developments and applications in other organic transformations.
Moving forward, we envisage that the proper use and expansion of this classification will
provide the inorganic, organic, catalytic, and synthetic communities with new knowledge
to transition into a machine learning process.

Supplementary Materials: The database with the classification (excel form) can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ catal12060660/s1.
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