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Abstract: Coumarin (2H-chromen-2-one) derivatives have important uses in medicinal and synthetic
chemistry, for example, as fluorescent probes. These properties have prompted chemists to develop
efficient synthetic methods to synthesize the coumarin core and/or to functionalize it. In this context,
many metal-catalyzed syntheses of coumarins have been introduced; among them, copper-catalyzed
reactions appear to be very promising owing to the non-toxicity and cheapness of copper complexes.
In this mini-review, the results in this field are summarized. We hope to stimulate other applications
of these complexes in the preparation of coumarin derivatives.
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1. Introduction

The synthesis of coumarins and their derivatives has attracted considerable attention
from organic and medicinal chemists. In fact, coumarins display pharmacological proper-
ties. For instance, methoxsalen, warfarin (coumadin), and tioclomarol are commercially
available, coumarin-derived drugs [1-7]. Moreover, they are also employed as fluores-
cent probes, laser dyes, fluorescent chemosensors, light absorbers for solar cells, optical
brighteners, and organic light-emitting diodes (Figure 1) [8,9].

Cl
7 N S
(@] @]
(0] @]
- OO
Coumarin O O Cl
2H-chromen-2-one Methoxsalen Tioclomarol

OH Ph O Q N CO,Et
oC
N O” 0O
o o N 0" 0
Warfarin Coumarin 480 Coumarin 504T
Coumadin a laser dye a laser dye

Figure 1. Some commercially available coumarin derivatives.

Obviously, the synthesis of these compounds has received much attention. When
searching for the word “coumarins” in the most common literature databases, and filtering
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by year “2020-2021", a thousand references appear. Thus, only some of the most significant
papers are referenced in this introduction.

Coumarins can be synthesized by Pechmann, Perkin, Knoevenagel, Reformatsky, and
Wittig reactions [10-19]. In particular, eco-friendly [20,21] and asymmetric syntheses [22-24]
have become paramount in the field of organic synthesis in recent years. Catalysis is of
great importance for this purpose [25,26], especially when carried out with palladium
complexes [27]. In some reviews, many metal catalysts are discussed: Pt, Au, Co, Fe, Ni,
Rh, Ru, Zn. However, our literature screening showed that copper salts are scarcely used in
the synthesis of coumarins and often they are only a co-catalyst (see for example [28-30]).
Yet copper salts and complexes are very cheap and abundant catalysts, widely employed
in transition metal-catalyzed synthesis [31-33]. The synthesis of coumarins, using Cu-
catalyzed cyclization reaction or Cu-catalyzed functionalization of the coumarin core, on
the other hand, are selective, versatile, and provide high yields of the final product, which
can be easily recovered from the reaction crude. Moreover, among the thousand papers
on the synthesis of these compounds, there is not a single review on the Cu-catalyzed
synthesis of coumarins. This mini-review aims to fill this gap.

2. Synthesis of the Coumarin Core

The oldest known synthesis of coumarin core involving copper derivatives dates back
to 2006. Pechmann condensation is the acid-catalyzed reaction of acetoacetate and phenols,
with the process leading to the synthesis of coumarins. Dipyridine copper chloride was
found to be an efficient stoichiometric Lewis acid for this reaction (Scheme 1). The reason
why stoichiometric instead of catalytic amounts of such Lewis acid was needed was not
explained in the paper [34]. Electron-donating substituents and the use of microwave
irradiation increased yields and shortened reaction times.
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Scheme 1. Copper-promoted Pechmann condensation.

Later, Cejka and co-workers tested the applicability of Cu-benzene-1,3,5-tricarboxylate
as a solid acid MOF for use in a Pechmann reaction. In fact, Cu-benzene-1,3,5-tricarboxylate
has two active centers in close proximity to one another and the optimum pore size.
However, resorcinol and pyrogallol did not produce coumarins, because they were very
strongly adsorbed at the active sites of the MOFs, thus inhibiting the catalytic activity. On
the other hand, naphthol produced the expected benzo-coumarin in a 94-98% conversion
after 20 h, because it was less bound to the active sites owing to its higher bulkiness [35].

Yamamoto and Kirai observed the synthesis of 4-arylcoumarins via Cu-catalyzed
hydroarylation with arylboronic acids [36]. Where previously they had added boronic
acids to alkynoates [37], here they added boronic acids to phenol-derived propiolates. The
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reaction was to have been successfully carried out if the aromatic hydroxy function was
protected as an MOM ether. In fact, the free OH unexpectedly led to the production of
4-methoxycoumarin in 37% yield as a by-product. The authors did not explain how this by-
product arose. Thus, the reaction proceeded in two steps: copper-catalyzed hydroarylation
of the triple bond, followed by deprotection of the MOM group and cyclization. The
best conditions and the prepared products are summarized in Scheme 2. Among them
there are seven natural products. Generally, the electron-withdrawing or steric-hindered
substituents that were acting on the arylboronic acid required a higher catalyst amount
and longer reaction times. Moreover, the functionalization of the 4-aryl moiety was also
successfully attempted.

Another approach is through the reaction between protected salicylaldehydes and
acetylenes. These reactions are induced in acetonitrile through exclusive 6-endo-dig cy-
clization. Reddy and co-workers prepared in situ salicylaldehyde imines with pyrrolidine
(25 mol%), and then cyclized them in 50-84% yields (16 examples) with ethoxyacetylene at
100 °C for 2 h, in the presence of Cul (10 mol%). In the proposed mechanism, the iminium
ion of salicylaldehyde is attacked by copper ethoxyacetylide, leading to a propargylamine.
The coordination of copper around the triple bond activated the cyclization of the phenoxy
group to produce vinyl ether. Finally, the addition of water facilitated the generation of the
products and restored the catalysts [38].

CuOAc (2-10 mol%)
1_OMOM B(OH) MeOH, 28 °C, 2-6 h

X 2 then HCI (6M)/MeOH, 00
| . reflux 3h |
sl - S Ao
R 72 Xy e 75-98% R
CO,Me R

R=H, 5-OH, 4-OH-5-MeO, 3,5-(MeO), = |
R'=H, 4-Me, 3-Me, 2-Me, 4-MeO, 4-Cl, 4-1, 4-CHO, 4-OH, NS

3-NO,, 3-OH-4-MeO, 3,4-(OCH,0) and 2-naphthy!| R

numbers refer to position on starting materials

Scheme 2. Synthesis of 4-arylcoumarins via Cu-catalyzed hydroarylation with arylboronic acids.

Later, Hwang and co-workers extended the scope of this reaction to every terminal
alkyne, starting with salicylaldehyde N-tosylhydrazones. The oxo group of the coumarin
nucleus was furnished by molecular oxygen. The reaction worked at room temperature
and therefore it was very function tolerable. In fact, 41 different coumarins were prepared
in 62-89% yields after 12-13 h; among them, diethynylbenzenes produced only mono
substitution and 1-ethynyl-4-(phenylethynyl)benzene reacted only on the terminal alkyne.
Furthermore, 2-hydroxyacetophenone-N-tosylhydrazone and 2-hydroxybenzophenone-
N-tosylhydrazone generated products in 27-56% (three examples) and aliphatic terminal
alkynes formed products in 26-42% yields (five examples). It should be noted that aliphatic
terminal alkynes are generally unreactive in the reactions catalyzed by other metal catalysts.
The reaction was scaled up to gram scale with comparable yields. The authors performed
further experiments to elucidate the mechanism and then proposed the pathway shown in
Scheme 3 [39].

Polyhydroxy benzenes reacted with dimethyl and diethyl but-2-ynedioate, leading to
the production of coumarins in 62-79% yields (eight examples) (CuO (5 mol%), in toluene,
at 110 °C, for 24 h). In the proposed mechanism, the highly activated benzene ring gave a
Michael addition to the Cu-complexed alkyne ester, followed by its lactonization with the
ortho phenolic moiety [40].
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Scheme 3. Copper-catalyzed synthesis of 3-substituted coumarins. Cu* = light excited copper atom.

A trifluoromethyl group could generally improve the physical, chemical, and bio-
logical properties of an already important organic molecule. Thus, the copper-catalyzed
synthesis of coumarins was extended with direct trifluoromethylation. The reaction started
with aryl propiolates and Togni’s reagent I, and was tolerant of many activating functions,
but did not take place with inactivated 1-methoxy-4-(3-phenoxyprop-1-yn-1-yl)benzene.
The substrates that bore a meta-methyl group on the phenoxy moiety led to a mixture of 7-
and 5-methyl isomers (ratio = 5:2), while an ortho-methyl group produced only traces of
the product for steric reasons. The authors proposed a radical mechanism for the reaction,
and supported their assertion with controlled experiments (Scheme 4) [41].
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R=H, 4-Me, 4-MeO, 4-t-Bu, 4-F, 4-Cl, 4-Br, 4-1, 3-Me (numbers refer to starting material)
R'=Ph, 4-MeCgHy, 4-FCgH4 4-CICgH,4 4-MeOCgH, 2-MeOCgH, cyclopropyl

Scheme 4. Synthesis of trifluorocoumarins.
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3. Coumarin Functionalization

The functionalization of coumarins is also important, in particular when another
heterocycle is formed, because pharmaceutically important molecules are always complex
molecules, in which a coumarin skeleton is only one of the pharmacophores. In this section,
we summarize the few reactions involving copper salts, classified by the type of new
function they possess.

In the previous section, many reactions were induced using naphthols, thus leading
to the production of benzo[g]coumarins. Moreover, Quayle and co-workers prepared
many chlorobenzo-coumarins, starting with the trichloroacetates of allylcoumarins, using
their BHQ benzannulation reactions (see Scheme 5 for a representative example of this
process). Benzo[c], benzo[f], and benzo[l]Jcoumarins were obtained in 38-94% yields (eight
examples) [42].

Cu-NHC (5 mol %)
1,2-dichloroethane
2 h,200°C

microwave reactor - d Cucb
(@] (@]
Cu-NHC

Scheme 5. One typical example of the BHQ synthesis of chlorobenzo-coumarins.

The copper-catalyzed synthesis of furocoumarins has been studied in greater depth
because they have fungicidal activity, insecticidal, anti-HIV, and anticancer properties.

In 2007, Cheng and Hu reported the copper-catalyzed cyclization and oxidation
of 3-(alk-1-ynyl)-4Hchromen-4-ones (MeSOzH (1.5 equiv), H,O (10 equiv) in DMEF, at
90 °C for 1 h, then CuCl; (2.1 equiv) for 20 h). Furo[3,2-cJcoumarins were recovered in
37-89% yields (10 examples). The CuCl, played the dual role of cyclization promoter and
oxidant. However, oxidation also took place in the presence of catalytic amounts of CuCl,
in an open flask with air oxygen [43]. In fact, in a subsequent paper, the same authors
modified the reaction conditions (H,O (11 equiv), CuCl (20 mol%)) and obtained the same
furocoumarins in 45-81% yields [44]. In one experiment to set up the reaction in the first
paper [43], the authors recovered a mixture of 3-chloro-2-phenyl-4H-furo[3,2-c]Jchromen-4-
one (40%) and the expected furocoumarin (35%). Therefore they found the best conditions
for the chlorination reaction (CuBr (10 mol%), CuCl;, (4.2 equiv), H,O (10 equiv), in DMF,
at 75 °C, for 10 h) [44]. The chlorinated furocoumarins were recovered in 35-86% yields
(11 examples). The authors proposed a mechanism whereby, after the Michael addition
of water to chromenone in wich the proton or copper acted as a Lewis acid, the alkynyl
copper complex underwent cyclization. The protonation or chlorination of the resulting
alkenyl copper, and its subsequent oxidation by oxygen, led to the creation of the product.

During the controlled experiments that sought to elucidate the mechanism of a one-
pot synthesis of the furocoumarins through sequential Pd/Cu-catalyzed alkynylation and
intramolecular hydroalkoxylation of 3-bromo-4-hydroxycoumarins, the authors found that
Cul was responsible for the hydroalkoxylation step (Cul (15 mol%), THE, reflux, 18 h,
then K,CO3/H0). In fact, 4-hydroxy-3-(phenylethynyl)coumarin generated the expected
furocoumarin in a 91% yield. Unfortunately, authors did not report any other examples of
this cyclization [45].

In a paper on the copper-catalyzed oxidative synthesis of benzofurans from phenols
and internal alkynes, one reaction was carried out with 4-hydroxycoumarin as the phenol.
The reaction with diphenylacetylene produced the corresponding furocoumarin in a 68%
yield [46].

The reaction of two molecules of 4-hydroxycoumarins with aldehydes in the presence
of CuBr; as the catalyst produced furo[3,2-c]Jcoumarins derivatives. The authors performed
some controlled experiments and then proposed the mechanism depicted in Scheme 6 [47].
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Scheme 6. Copper-catalyzed oxidative synthesis of furocoumarins.

In another study, 2-methylfuro[3,2-c]Jcoumarins (48-82% yields, 13 examples) were
prepared through the copper-catalyzed reaction of 4-hydroxycoumarins and terminal
arylpropargyl acetates (DIPEA (1 equiv), CuBr (5 mol%), DMSO, microwave irradiation,
100 °C, 20 min). On the other hand, by simply changing the solvent from dimethyl sulfoxide
to 1,2-dichloroethane, the isomeric 2-methylene-2,3-dihydrofuro[3,2-cJcoumarins were
instead recovered (36-85% yields, four examples). Alkylpropargyl acetates generated only
a trace of the expected product under the standard reaction conditions, but by increasing
the temperature and loading the catalyst, the corresponding methylenecoumarin was
recovered in 41% yields and also in DMSO. Moreover, internal alkynes are unreactive. With
this experimental evidence, the authors identified the formation of a copper—allenylidene
complex [48].

Another approach to the synthesis of furo[3,2-cJcoumarins was published by Yan, Lin,
and co-workers. They studied the copper-catalyzed reaction between ketoxime carboxy-
lates and 4-hydroxycoumarins. Many examples of linear and cyclic ketoxime carboxylates
worked well in this reaction. Phenylacetaldehyde O-acetyl oxime, however, produced the
desired 5-phenyl furo[3,2-c]coumarin in only a 7% yield. Moreover, the dehydrogenation
of the polycyclic compound from cyclic ketoximes was efficiently performed. The authors
conducted some controlled experiments and then proposed the mechanism depicted in
Scheme 7 [49].
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Scheme 7. Synthesis of furo[3,2-c]Jcoumarins from ketoxime carboxylates.

At the same time, Phan and co-workers carried out the same reaction. They used
CuBr; as the catalyst in a much lower amount (1 mol%), with toluene as the solvent at a
higher temperature (120 °C). Eighteen products were recovered in 49-89% yields. They
proposed the same mechanism depicted in Scheme 6, with the only difference being the
involvement of a AcOCu'"! species in the first radical step [50].

Coumestans (6H-benzofuro[3,2-c]benzopyran-6-ones) were prepared through C-H
activation with copper (II) acetate using 3-(2-hydroxyaryl)coumarins. Despite the high
temperature that they employed, the reaction was largely substituent tolerant. The authors
carried out some controlled experiments and then proposed the mechanism depicted in
Scheme 8 [51].

In the previous section, the reaction of polyhydroxy benzenes with dimethyl and
diethyl but-2-ynedioate was described. If 4-hydroxy coumarin was used as the substrate
under the same reaction conditions, coumarinopyrones were obtained in 96% and 95%
yields from dimethyl and diethyl but-2-ynedioate, respectively, after 2.5 h [40].

Furthermore, compounds with nitrogen heterocycles fused with the coumarin skeleton
are important both as dyes and drugs. For instance, in a study on how fluorescent probes
can be used for the detection of Cu?*, Wang and co-workers found that aqueous acetonitrile
facilitated the cyclization of a coumarin-derived hydrazone, leading to a strong fluorescent
product (Scheme 9) [52].
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Scheme 8. Copper-mediated synthesis of coumestans.
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Scheme 9. Cyclization of a coumarin-derived hydrazone.

Pyrrolocoumarins (which are pyrano[3,2-e]indolines) were prepared from 5-(2-
trimethylsilylethynyl)6-aminocoumarins in 82%, 98%, and 99% yields for amino, methy-
lamino, and ethylamino derivatives, respectively (Cul (50 mol%) in DMF at reflux, for 1 h).
The authors carried out some experiments to try and elucidate the mechanism, but they
did not come to a definitive conclusion [53].

In another synthesis by the same research group, copper (II) acetate was found to
promote the cyclization of 5-allyl-6-(N-sulfonylamino)coumarins into tetracyclic sultams.
The authors envisaged the mechanism depicted in Scheme 10. In that mechanism, copper
salts were both the catalyst and the oxidant [54].

In another study, 3-arylcarbonyl coumarins and 3-methylindole were allowed to react
in the presence of CuBr; in order to synthesize coumarin-fused 9H-pyrrolo[1,2-a]indoles.
The reaction was scalable, and 1.06 g was prepared in a 97% yield. The reaction did
not suffer from the steric hindrance of coumarin substituents, and electron-withdrawing
substituents gave higher yields than electron-donating substituents. Unfortunately, both
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alkylcarbonyl coumarins and every substituted indole, except for 3-methyl, were unreactive.
The authors proposed the reaction mechanism depicted in Scheme 11 [55].

(|l

Cu(OA 1
u(OAc), (1 equiv) ACOCU/’

H Cs,CO3 (1 equiv)

MeCN, 120 °C, 12 h N

O}

Scheme 10. Copper-catalyzed cyclization of 5-allyl-6-(N-sulfonylamino)coumarins.
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(numbers refer to coumarin)

Ar=Ph, 4-MeOCgH4 4-MeCgHy 4-CF3CgH4 4-FCgH,4 4-BrCgHy 3,4-(MeO),CgH3 2-thienyl
Scheme 11. Copper-catalyzed synthesis of coumarin-fused 9H-pyrrolo[1,2-a]indoles.

The copper-catalyzed cyclization of 4-(phenylamino)-2H-chromen-2-ones to 6H-
chromeno[4,3-b]quinolin-6-ones was performed using DMF. Controlled experiments demon-
strated that the CH group of the cyclic product arose from one of the DMF methyl groups
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(Scheme 12). Neither the position nor the electronic effect of the substituents, both on the
aniline and coumarin moieties, had much effect on the yields [56].

The one-pot Cu-catalyzed reaction of 4-chloro-3-formylcoumarins with two benzy-
lamine equivalents led to the generation of 1-benzyl-2-phenyl-1,2-dihydro-5H-chromenol[4,3-
d]pyrimidin-5-ones, which showed green or blue fluorescence when irradiated with a UV
lamp. The reaction worked well with electron-donating substituted benzylamines, worse
with weak electron-withdrawing groups, and did not work at all with strong electron-
withdrawing substituents, such as CF;, NO,, or pyridinemethanamine. The reaction
was scalable and up to 1.19 g could be obtained (with a 68% yield). The use of two dif-
ferent benzylamines led to a mixture of cross-coupled and homo-coupled products. A
plausible mechanism was proposed by the authors after some controlled experiments
(Scheme 13) [57].

Finally, the copper-catalyzed click chemistry between azido derivatives and triple
bond-containing compounds was successfully conducted to prepare conjugate prod-
ucts that were between coumarins and nucleotides or nucleosides. One example was
the reaction of some modified nucleotides that bore alkynyl side chains with terminal
triple bonds (5-(octa-1,7-diynyl)-2-deoxyuridine, 5-(octa-1,7diynyl)-2’-deoxycytidine, 3H-
furo[2,3-d]pyrimidin-2-one nucleoside and 7H-pyrrolo-[2,3-d]pyrimidin-2(3H)-one nucleo-
side) with 3-azido-7-hydroxycoumarin. In this way, some fluorescent dyes were prepared
in 61-85% yields (CuSO,4-5H,0, Na-ascorbate, THF-H,O-t-BuOH (3:1:1), at r.t.). The
reaction was also successfully induced with small modifications to oligonucleotides [58].

N

Cu(OAC), H,O (15 mol%)

KOAG (1 equiv) Cu(l)
TBPB I/// ,|
(3 equiv) R N
Me. .Me “Q2 balloo Me\@\4 H
) X
CHO CHO
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150 °C, 24 h

MeNHCHO
HO,S0 } ©

NaHSO;,
| | o (12eqU|v) O\
\
R// N /;
H |
N

R=H, 4-Br, 4-Me, 4-Et, 4-MeO, 4-EtO, 4-Cl, 4-F, 4-COEt
2-Me, 2-MeO, 2,4-Me, (with respect to amino group) and
1-naphthyl, 1-tetrahydronaphthyl

R'=H, 6-Me, 6-MeO, 6-Cl (numbers refer to coumarin)

56-81%

Scheme 12. Copper-catalyzed synthesis of 6H-chromenol[4,3-b]quinolin-6-ones.
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Scheme 13. Copper-catalyzed synthesis of fluorescent chromeno[4,3-d]pyrimidin-5-ones.

Another example was the reaction of 3-[(2-propynylamino)methyl]coumarins with
azidothymidine (Na-ascorbate (20 mol%), CuSO4-5H,0 (3 mol%), H,O-THF (1:1), at r.t.,
for 24 h). The resulting triazole derivatives were isolated in 64-76% yields (five examples).
These conjugates could be potential drugs against HIV-1, given that modelling studies
have shown interesting hydrogen bond interactions of these compounds with the receptor
cavity of HIV-1 protease and reverse transcriptase [59].

4. Conclusions

The presence of the coumarin skeleton in many natural products, drugs, and dyes,
and the myriad of applications in medical and biomedical science, has driven chemists to
develop new and superior methods for their synthesis. On the other hand, modifications of
the coumarin core can lead to the synthesis of new compounds with a very broad spectrum
of biological activities. The coumarins chemistry is definitely very versatile due to the
presence of several reactive sites in the molecule. Therefore, chemists could also find new
strategies for the functionalization of the preformed ring.

Both of the two main strategies for the synthesis of functionalized coumarins—(i) the
cyclization of a suitably substituted benzene ring, and (ii) the formation of new C-C and
C-X bonds on the coumarin core, which involves metal catalysis—have been discussed in
this mini-review. However, this review demonstrates that the impact of copper catalysis on
these strategies is still underestimated, despite the low cost and low toxicity of these salts.
The synthesis of coumarins, through Cu-catalyzed cyclization reaction or Cu-catalyzed
functionalization of the coumarin core, on the other hand, are selective, versatile, and
provide high yields in the final product, and these yields can be easily recovered from the
reaction crude. Studies are still needed to develop procedures that facilitate the synthesis
of the coumarin skeleton, and more are needed to help understand its functionalization, in
order to produce these important compounds in a sustainable manner.

We hope our review will receive significant attention and contribute to the further
development of this topic.
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Abbreviations

MOM  Methoxymethyl

MOF Metal-organic framework
BHQ Bull, Hutchings, Quayle
NHC N-Heterocyclic carbene
DIPEA  Diisopropylethyl amine
DMF Dimethylformamide
DMSO  Dimethylsulfoxide

TBPB t-Butyl peroxybenzoate
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