molecules m\py

Review

Recent Advances in Synthesis of 4-Arylcoumarins

Jong-Wha Jung 1'*, Nam-Jung Kim >f, Hwayoung Yun 3*© and Young Taek Han **

1 College of Pharmacy, Research Institute of Pharmaceutical Sciences, Kyungpook National University,

Daegu 41566, Korea; jungj@knu.ac.kr
College of Pharmacy, Kyung Hee University, Seoul 02453, Korea; kimnj@khu.ac.kr
College of Pharmacy, Pusan National University, Busan 46241, Korea

= W N

College of Pharmacy, Dankook University, Cheonan 31116, Korea
Correspondence: hyun@pusan.ac.kr (H.Y.); hanyoungtaek@gmail.com (Y.T.H.);
Tel.: +82-51-510-2810 (H.Y.); +82-41-550-1431 (Y.T.H.)

1t These authors contributed equally to this work.

check for
Received: 26 August 2018; Accepted: 20 September 2018; Published: 20 September 2018 updates

Abstract: 4-Arylcoumarins (4-aryl-2H-1-benzopyran-2-one), also known as neoflavones, comprise a
minor subclass of naturally occurring flavonoids. Because of their broad-spectrum biological activities,
arylcoumarins have been attracting the attention of the organic and medicinal chemistry communities,
and are considered as an important privileged scaffold. Since the development of Pechmann
condensation, a classical acid-catalyzed condensation between phenol and {3-keto-carboxylic
acid, several versatile and efficient synthetic approaches for 4-arylcoumarins have been reported.
This review summarizes recent advances in the synthesis of the 4-arylcoumarin scaffold by classifying
them based on the final bond-formation type. In particular, synthetic methods executed under
mild and highly efficient conditions, such as solvent-free reactions and transition metal catalysis,
are highlighted.

Keywords: 4-arylcoumarins; Pechmann condensation; hydroarylation; cyclocarbonylation;
Wittig-type olefination; aldol-type olefination; cycloisomerization; transition-metal-catalysis

1. Introduction

The Flavonoid families, a broad collection of natural products with a C¢—C3-Cg carbon
framework, exhibit diverse and potent biological activities, and hence, are valuable research tools in
pharmacological and related sciences. The 15-carbon tricyclic skeleton of this family, aryl benzopyrone,
is considered an important natural privileged scaffold in the fields of synthetic and medicinal
chemistry [1]. Hence, various synthetic methodologies have been developed and continually improved
to provide natural, as well as synthetic flavonoids in a highly efficient and atom-economical fashion.

4-Arylcoumarins (4-aryl-2H-1-benzopyran-2-ones), also called as neoflavones, are a relatively
minor class of naturally-occurring flavonoids, as compared to isomeric flavones (2-aryl chromen-4-one)
and isoflavones (3-aryl chromen-4-one). However, these compounds have also attracted a great deal
of attention, and are considered important privileged structures because of their diverse biological
activities and high synthetic versatility [2-6]. As described in a very recent review [7], their biological
activities are mainly attributed to electrophilic lactone core. The electrophilic lactone moiety that gives
the coumarins the ability to form strong interactions with target proteins, such as covalent bonds or
hydrogen bonds, has been considered as an essential pharmacophore to express biological activities.
Liphophilic parts including 4-aryl moiety can also contribute to improving their biological activities,
target selectivity, or physico-chemical properties. In this connection, derivatizations of 4-arylcoumarins
to identify bioactive compounds have been focused on the modification of two aryl moieties (A and B
rings), rather than the 2-pyrone moiety.
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While classifying synthetic routes in this review, we have focused on the final bond formation of
the 4-arylcoumarin skeleton, rather than extensively covering the literature for the modification of
4-arylcoumarins and their biological activities. Generally, to synthesize the 4-arylcoumarin skeleton,
a bond between the 2-pyrone nucleus (C ring) and the 4-aryl group (B ring) or bonds in the C ring
have been connected at the final step. In this regard, we classified the synthetic routes on the basis of
the final bond-formation type, as shown in Figure 1, and reviewed recent advancements in each case.
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Figure 1. Representative synthetic routes toward 4-arylcoumarin.

First, this review introduces the synthetic methods for the formation of two bonds: the O(1)—C(2)
and A ring—C(4) bonds, in the C ring. Acid-catalyzed condensation between phenols and
3-keto-carboxylic acid derivatives, also known as Pechmann condensation, is one of the popular
approaches to furnish the 2-pyrone moiety of the 4-arylcoumarin in one pot (Section 2.1). Alternatively,
Lewis acid-promoted inter- and intramolecular hydroarylation can form the two bonds of the 2-pyrone
moiety when an aryl propiolate is used as synthetic equivalent for the electrophilic synthon instead
of the 3-keto carboxylic acid (Section 2.2). Transition-metal-catalyzed C-H functionalization and
subsequent intramolecular esterification between the phenolic compound and the arylpropionate or
its equivalent has also been utilized to construct the O(1)—C(2) and A ring—C(4) bonds (Section 2.3).

In addition to a summary of recent synthetic methods for the 2-pyrone moiety via the formation
of O(1)—C(2) and A ring—C(4) bonds, this review provides an update of other synthetic routes toward
the central 2-pyrone. Cyclocarbonylation as well as cyclocaboxylation can provide the 2-pyrone
structure of 4-arylcoumarins by connecting a carbonyl synthon with the 2-vinylphenol intermediate
(Section 3). A 2-hydroxybenzophenone intermediate with a two-carbon (C2 and C3) synthon can
also be used to synthesize 4-arylcoumarins via esterification along with olefin formation reactions,
such as Wittig-type reactions (Section 4.1) and aldol-type reactions (Section 4.2). Nucleophilic addition
of an acetylide to the 2-hydroxybenzophenone intermediate, and subsequent cycloisomerization,
also affords 4-arylcoumarin by forming the two aforesaid bonds (Section 4.3).

Most synthetic routes to the central 2-pyrone moiety of 4-arylcoumarins involve O(1)—C(2) ester
bond formation, as mentioned above. However, bond formation between the A ring and O(1), such as
intramolecular cyclization of phenylacrylic acids, can be an exceptional method for the construction of
the 2-pyrone moiety (Section 5).
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The formation of a bond between the C ring and the 4-aryl group (B ring) can be considered
a useful synthetic strategy, especially for the late-stage diversification of bioactive 4-arylcoumarins.
Moreover, transition-metal-catalyzed coupling reactions, such as Suzuki and Stille reactions, have been
widely used to introduce diverse aryl groups at the 4-position of 4-halocoumarins or activated
coumarin intermediates. In addition to activated coumarin intermediates, several 4H-coumarins
and their equivalents (such as cinnamate derivatives) have been used for the synthesis of
4-arylcoumarins by transition-metal-catalyzed coupling reactions such as Heck-type reactions
(Section 6.1). Several examples of 4-arylcoumarin preparation from 2-hydroxycinnamic acid derivatives
via transition-metal-catalyzed coupling reactions and concurrent lactonization are also discussed
(Section 6.2).

2. Synthetic Routes toward Central 2-pyrone of 4-arylcoumarin via O(1)-C(2) and A Ring-C(4)
Bond Formation

2.1. Pechmann Condensation

Pechmann condensation, named after the German chemist Hans von Pechmann [8], is one of the
most popular reactions for the synthesis of coumarins, including 4-arylcoumarins. This reaction starts
with the condensation between a phenol and a 3-keto-carboxylic acid, or its equivalent, under acidic
conditions. The immense interest in the biological and medicinal importance of coumarin derivatives
has triggered the development of various catalysts and reactions conditions in this regard. In addition,
the mechanism undelaying the Pechmann condensation, which is still controversial, has been discussed
in depth by both theoretical and experimental methods [9-11]. Recently, advances in the synthesis of
coumarins via the Pechmann condensation have been extensively reviewed [12]. Thus, the selected
syntheses of 4-arylcoumarins via the Pechmann condensation reported over the period 20002017 are
summarized here.

Typically, the Pechmann condensation is catalyzed by a classical acid such as sulfuric
acid, hydrochloric acid, hydrofluoric acid, phosphoric acid, or trifluoroacetic acid. In contrast,
recently reported methods claim milder conditions which generate less toxic waste. From this point
of view, the development of a solvent-free variant of the Pechmann reaction is an apparent trend
toward the synthesis of 4-arylcoumarins. Establishing solvent-free reactions simplified not only the
experimental procedure, but also the work-up procedure, thus saving labor and reducing pollution.
In particular, the non-chromatographic purification of products, such as simple recrystallization, is in
good accordance with the principle of green chemistry.

The conditions developed for the synthesis of 4-arylcoumarins through solvent-free Pechmann
condensation are summarized in Table 1. Sugino and Tanaka reported a simple operation and easy
work-up procedure using p-TsOH, so that wastes were minimized (Entry 1) [13]. Sharma et al. also
reported the use of p-TsOH, with grinding at room temperature (Entry 2) [14]. The moisture absorbed
during the grinding made the reaction mixture homogeneous, and the product could be isolated
by dilution with ice-cold water. A microwave-accelerated variant of the reaction in the presence of
p-TsOH has been investigated (Entry 3) [15]. Sulfamic acid [16] and meglumine sulfate [17] were found
to be efficient and mild acids for the synthesis of 4-arylcoumarins (Entries 4-6). Microwave-accelerated
reaction in the presence of meglumine sulfate was also compared with the corresponding thermal
reaction. Efforts aimed at identifying a readily available and inexpensive organic acid revealed that
trichloroacetic acid would be as an efficient catalyst (Entry 7) [18]. Selectfluor™, a well-known
fluorinating agent, is reported to be an efficient catalyst for the synthesis of 4-arylcoumarins as it
is acidic (Entry 8) [19]. Metal halides such as ZrCly [20], VCl; [21], SnCly [22], CuCl,, CuBr; [23],
BaCl, [24], and LiBr [25] were investigated for use in a mild and solvent-free Pechmann condensation
to provide 4-arylcoumarins (Entries 9-14). Ultrasound was found to synergistically accelerate the
condensation in the presence of BiCls [26] (Entry 15). Thermal and microwave-accelerated reactions
were compared in the presence of a highly efficient and recyclable catalyst, CoPy,Cl, [27] (Entries 16,
17). Sc(OTf); [28] and Mg(NTf,), [29] served as efficient catalysts for the synthesis of 4-arylcoumarins
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under solvent-free conditions (Entry 18-19). Unlike most Lewis acids, which are deactivated in the
presence of aqueous or protic solvents, Sc(OTf); and Mg(NTf;), are known to be stable and work
well even in water. In fact, Mg(NTf,), recovered by a simple extraction with water catalyzed the
same Pechmann condensation without significant loss of catalytic activity after several runs [29].
Pechmann condensations could also be catalyzed by Bi(NO3)3-5H,O [30], CAN [31], and Y(NO3)3 [32]
(Entries 20-23). Among them, CAN-catalyzed reactions under thermal and microwave conditions
were also compared [31]. Cu(CH3CN)4PFg [33], and MnSOy [34] were also found to be efficient Lewis
acids for the synthesis of coumarins (Entries 24,25). Moradi and Belali reported the use of molybdate
sulfuric acid in the synthesis of 4-substituted coumarins via the Pechmann condensation (Entry 26) [35].
Molybdate sulfuric acid has the advantage of being insoluble in organic solvents, making the work-up
procedure easy (filtration). Goswami reported organo- and nano-cocatalytic conditions, i.e., the use
of pyridine dicarboxylic acid and nanocrystalline zinc oxide, for the synthesis of coumarins via the
Pechmann condensation (Entry 27) [36]. Nanosized WO3-ZrO, particles were prepared by solution
combustion synthesis using urea as the fuel and applied to the Pechmann condensation [37] (Entry 28).

Table 1. Solvent-free Pechmann condensation for the synthesis of 4-arylcoumarins.

N 0.__0
OH 0 0 . R
N Conditions a4
R * OEt

Entry R Catalyst (mol%) Temp. (°C) Time Yield (%)
1[13] 3-OH p-TsOH (5) 60 10 min 92
2[14] 3-OH, 2,3-di-OH, 3,5-di-OH p-TsOH (200) rt 10 + 80 min 2 82-90
3[15] 3-OH, 2,3-di-OH p-TsOH (5) MW b 30s 82-92
4[16) 3-OH, 3,5-di-OH, 2-Me-3-OH H,NSO3H (50) 130 40-45 min 40-45
5[17] 3-OH, 2,3-di-OH, 3,5-di-OH Megluminesulfate © 100 45-50 min 88-90
6[17] 3-OH, 2,3-di-OH, 3,5-di-OH Megluminesulfate MW d 6~7 min 88-92
7[18] 3-OH, 3,5-di-OH Cl13CCO,H (30) 100 90 min 79

8 [19] 3-OH, 3,5-di-OH, 2-Me-3-OH Selectfluor™ (50) 120 3045 min 85-93

3-OH, 2,3-di-OH, 3,5-di-OH, )

9[20] o Me3.OH ZrCly (10) rt 10 min 90-94
10 [21] 3-OH, 3,5-di-OH, 2-Me-3-OH VCls (10) 50-55 2h 84-92
2-OH, 3-OH, 2,3-di-OH, )

11 [22] 3,5-d1-OH, 7-Me-3.OH SnCly-5H,0 (5) 25 5-15 min 86-94

3-OH, 2,3-di-OH, 3,5-di-OH, .
12 [23] 3 Me.5.0L CuCl, or CuBr; (10) 80 10-20 min 80-97
13 [24] 3-OH, 3-Me-5-OH BaCl, (10) 100 50-55 min 80-85
14 [25] 3-OH, 2,3-di-OH, 3,5-di-OH LiBr (10) 75 15-30 min 78-86
15 [26] 3,5-di-OH, 3-Me-5-OH BiCl; (20) uUse 35-40 min 76-78
16 [27] 3-OH CoPy,Cl, (1) rt 3h 92
17 [27] 3-OH CoPy,Cl, (1) MW f 2.5 min 9
18 [28] 3,5-di-OH Sc(OTf); (10) 80 2h 89
19 [29] H, 3-OH, 3,5-di-OH Mg(NTf,), (1) 80 35-60 min 85-96
20 [30] 3-OH, 3,5-di-OH Bi(NO3)3-5H,0 (5) 80 30 min 78-88

3-OH, 2,3-di-OH, 2-Me-3-OH, .
21[31] 3.5-4i.OH CAN 110 10-15 min 92-96

3-OH, 2,3-di-OH, 2-Me-3-OH )

.2, , , s §
22[31] 3.5-4i OH CAN MW 3 min 94-97
23 [32] 3,5-di-OH, 3-Me-5-OH Y(NO3)3-6H,0 (10) 90 45-70 min 80
24 [33] 3-OH Cu(CH3CN)4PF (10) rt 20 min 82
25 [34] 3-OH, 3-OMe, 3-Me-5-OH MnSOy4-H,0 (20) 100 50-100 min 75-90
26 [35] 3-OH, 2,3-di-OH, 3,5-di-OH MSA 8(5) 100 40-45 min 94-95
3-OH, 3-OMe, 3,5-di-OH, pyridine dicarboxylic

271501 3,5-di-Me, I-naphthol acid (5) + ZnO (5) reflux 47h 76,85-88
28 [37] 2-OH, 3-OH, 2,3-OH, 1-naphthol WO;-ZrO, 1 MW i 90-150 s 82-90

2 Grinding time + time for which the reaction mixture was maintained at rt. ® Irradiated for 30 s at 400 W in a
microwave oven. ¢ 16 mg/mmol. ¢ Microwave irradiated at 60-70 °C with a power of 60 W. ¢ Irradiated in an
ultrasound bath (33-35 kHz, 85 W). f The reaction mixture was placed in a microwave oven on a silica gel solid
support and irradiated at 300 W. 8 Molybdate sulfuric acid. I 10 wt% WO3 in WO3-Zr02, 100 mg/mmol. ! Exposed
to microwaves for successive irradiation of 30 s each with a cooling and mixing interval of 30 s.



Molecules 2018, 23, 2417 5 of 28

As an alternative approach, Pechmann condensation using solid supports has been devised
(Table 2). Silica-supported solid catalysts such as silica chloride [38], silica-supported sulfuric
acid [39,40], silica gel-supported zirconyl chloride ocatahydrate [41], silica-supported boric trisulfuric
anhydride [42], and SnCly grafted on silica gel [43] have been applied successfully for the synthesis
of 4-arylcoumarins via the Pechmann condensation (Entry 1-6). Silica supports have the advantages
of good accessibility, excellent chemical and thermal stability, and large surface area for easy
functionalization. In addition, ASA [44] has been reported as the catalyst for Pechmann condensation
reactions, similar to silica-supported sulfuric acid (Entry 7).

Table 2. Solvent-free Pechmann condensation with solid-supported catalysis.

N O O
OH o o0 . R
X Conditions NS
R + OEt =
Entry R Catalyst (mol%) Temp. (°C) Time Yield (%)
1[38] H, 3-OH, 3,5-di-OH, 3-OMe Si0,-C12 80 1-3h 67-93
2[40] 3-OH, 2,3-di-OH H,50,-5i0, ° MW ¢© 5-7 min 80-84
3[39] 3-OH, 2,3-di-OH, 3,5-di-OH H,50,-5i0, 4 rt 5+ 10 min ® 80-90
4[41] 3-OH, 3,5-di-OH, 3-methyl-5-OH  ZrOCl,-8H,0/SiO; (10) 90 40-80 min 80-94
5 [42] 2,3-di-OH, 3,5-di-OH BTSA-SiO, f (40) 85 1-25 min 89-90
3-OH, 2,3-di-OH, 3,5-di-OH, .

y 7 4y 797 ’ ! g - —
6 [43] o Me.3.OH SnCl,-SiO; 8 (5) 120 3-5h 84-91
7 [44] 3-OH ASA D 100 140 min 91
8 [45] 3-OH PVSA ' (10) rt 25h 91
9 [46] 3-OH XSA rt 20 min 96
10 [47] 3-OH CSA k rt 20 min 96
11 [47] 3-OH CSA k Mw ! 2 min 97

, 2,3-di-OH, 3,5-di-OH, n
12 [48] 3-methyl-5-OH MNESA ™ (0.3) 120 3-6h 66-71

) 3-OH, 2,3-di-OH, 3,5-di-OH, v-Fe,03@HAp-Ag NPs .
13 [49] > Me-3.OH N 80 30-42 min 85-96
14 [50] 3-OH, 3,5-di-OH, 2-Me-3-OH Alum ° (40) 80 2-25h 90-95

2 200 mg/mmol, SiO,-Cl was prepared by refluxing thionyl chloride in the presence of a silica gel. ® 100 mg/mmol.
¢ Irradiated at 180 W in a microwave oven. ¢ 100 mg/mmol. ¢ Grinding time + time for which the reaction mixture
was kept at rt. f Silica supported boric trisulfuric anhydride. 8 SnCly grafted on silica gel. ' Alumina sulfuric
acid, 20 mg/mmol. ! Polyvinyl sulfonic acid. J Xanthan sulfuric acid, 80 mg/mmol. ¥ Cellulose sulfuric acid,
100 mg/mmol. ! The mixture was placed in a microwave oven on a silica gel solid support and irradiated at 300 W.
M Fe30,@SiO,@Et-PhSO3H = Ethane sulfonic acid organic-inorganic hybrid nanocomposite based on Fe30,@SiO,
coreshell magnetic nanoparticles. * Ag supported on hydroxyapatite-core-shell magnetic y-Fe,O3 nanoparticles.
© KAI(SO4),+12H,0.

Both synthetic polymers and biopolymers have been investigated for use in the synthesis of
4-arylcoumarins. PVSA [45], an aliphatic polymeric sulfonic acid, could be easily recovered from
a water filtrate after completion of the reaction, as it is highly soluble in water and lower alcohols
(Entry 8). XSA [46] is based on the biodegradable polymer xanthan, which is readily available from a
renewable agro resource (Entry 9). Thermal and microwave-accelerated reactions were compared in
the presence of CSA (Entries 10, 11) [47].

Magnetic solid-supported catalysts were prepared and explored for the synthesis of
4-arylcoumarins. An apparent advantage of these catalysts is the ease of recovery using an
external magnet. MNESA was recovered and reused in seven cycles without significant loss of
activity (Entry 12) [48]. The recovered y-Fe,Os@Hap-Ag NPs were reused in ten consecutive cycles
(Entry 13) [49]. KAL(SO4)2-12H,0 (alum) is a solid Lewis acid with mild acidity, and it is insoluble in
organic solvents. Dabiri et al. and Azizian et al. independently reported the synthesis of coumarins
via the Pechmann condensation in the presence of alum as a solid acid catalyst (Entry 14) [50,51].

It is noteworthy that substituents strongly affect the Pechmann condensation. Although recent
advances in the development of methods for the Pechmann condensation provided milder conditions
with less toxic wastes, substituents are still limited to hydroxy, alkoxy, or alkyl substituents in many
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cases. Thus, the issue of applying Pechmann condensation for the preparation of 4-arylcoumarins
possessing various substituents by using a green condition should be resolved in the future.

2.2. Hydroarylation of Phenylpropiolate

Lewis acid-promoted hydroarylation of arylpropiolates is an alternative method of Pechmann
condensation for the synthesis of 4-arylcoumarins. Recently, several improved versions of the reaction
have been reported, as summarized in Table 3.

Table 3. Synthesis of 4-arylcoumarins via hydroarylation of phenylpropiolate.

0._0
O TN
OH - R
X Conditions s
i Z OBt —— —
R— + =
=
R'
R'

Entry R R’ Cat. (mol%) Solvent Temp (°C) Time Yield (%)

3-OH, 3,5-di-OH,
1[52] 3 4-methylenedioxy H InCl3(~12) Free 90 2h 21-55

3-OH, 3,5-di-OH, .
2 [53] 3,5.di-OMe H ZnCl, (5) Free 100 5min-12h 54-95

) H, 3-OH, 3-OMe, 4-Me, H, Me, Hi4P5sNaW300119 _

3 [54] 40Me, OMe (05) Free 130 2h 66-90
4[55] 4-t-Bu? H FeCl3 (20) CH3NO, 80 72h 53

3-OMe, 3,5-di-Me, FeCl; (20) + AgOTf
5[56] 1-naphthol H (60) + TFA P DCE 60 15h 75-80
6[57] H, 2-F, 3-NO;, 4-C1 H Yb(OTf); (10) Free MW ¢ 2 min 91-98
7 [58] H, 3-OH, 3,5-di-OH H WD/SiO, Free MW ¢ 10 min 54-99

2 The substrate is 4'-tert-butylphenyl phenylpropiolate prepared by the esterification of 4-tert-butylphenol and
phenylpropiolic acid. ® 0.25-0.5 mL/mmol. ¢ Microwave irradiated with a power of 200 W. ¢ Silica-supported
Wells-Dawson heteropolyacid (HgP2W1gOg2-24H,0). € Microwave irradiated with a power of 840 W.

Solvent-free condensation reactions in the presence of a catalytic amount of indium chloride or
zinc chloride have been explored (Entries 1, 2) [52,53]. H14PsNaW3p0110, a heteropolyacid with a
Preyssler structure, has also been investigated as an efficient catalyst (Entry 3) [54]. This catalyst is
recyclable, and both air- and moisture stable.

Li et al. developed an intramolecular alkenylation of arenes to be applied for the synthesis
of 4-arylcoumarins during the course of their study on the addition of electron-rich arenes to
aryl-substituted alkynes in the presence of FeCl; (Entry 4) [55]. The proposed mechanism is quite
different from that of some other hydroarylations that proceed via aromatic C-H activation. This is
suggested to be a Friedel-Crafts-type process, which involves the formation of aryl-substituted alkenyl
cation intermediate 3, followed by electrophilic aromatic substitution, to produce intermediate 4
(Scheme 1). Kutubi et al. developed FeCl;/ AgOTf-catalyzed cascade reactions (Entry 5) [56] involving
hydroarylation, inspired by the work of Li et al., in which FeCl3 was used as a catalyst without
additives [55].
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Scheme 1. Synthesis of 4-arylcoumarins via FeClz-catalyzed intramolecular alkenylation of arenes.

Microwave-accelerated reactions have also been reported. Fiorito et al. a reported
Yb(OTf)3-promoted reaction under microwave irradiation (Entry 6) [57]. Bennardi et al. reported
microwave-assisted synthesis using silica-supported Wells-Dawson acid as a heterogeneous catalyst
under solvent-free conditions (Entry 7) [58].

The use of ionic liquids was also reported for the synthesis of 4-arylcoumarins [59,60]. Song et al.
reported hydrophobic ionic liquids that dramatically enhanced the activity of metal triflates in the
intramolecular Friedel-Crafts alkenylation of aromatic compounds. The optimized conditions in
a mixture of [bmim][SbF4] and methylcyclohexane, in the presence of Hf(OTf)s, were successfully
extended to the synthesis of 4-phenylcoumarins [59]. Mechanistic studies confirmed that the reaction
proceeds via a vinyl cationic intermediate [60].

2.3. Transition-Metal-Catalyzed C—H Bond Functionalization

Trost and Toste reported a seminal report on the atom-economic synthesis of coumarins, including
4-arylcoumarins, in the presence of palladium catalysts in formic acid (Scheme 2) [61,62]. The proposed
mechanism involves the formation of palladium phenoxide 12 from hydridopalladium carboxylate 8
and phenol 5, or alternatively, the formation of vinylpalladium intermediate 9 from 8 and alkynoate 6,
wherein Pd(0) is the precatalyst, rather than Pd(II) species.

Et0. O 10% Pd(OAc),
20% NaOAc

MeO OH I 0% RaOR
\© * HCO,H
35°C

5 OMe 6 69%
0
H-Pd-OCH
8
Q H MeO 0 MeO OH
HCO-Pd
%\cozEt
Ph — Pd —_— = CO,Et
OMe OMe Ph
9 10 PhTN 110
CO,Et
or T
MeO o . .
Py M
MeO 0-Pd-H \E;/[ M e W/H
Pd
=
- OMe | — CO,Et
OMe Ph—==—CO,Et OMe Ph
12 13 14

Scheme 2. Pd-catalyzed formation of 4-arylcoumarins via C-H insertion.
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Jia et al. also reported a method for hydroarylation with the activation of the C-H bond for
addition to multiple C—C bonds (Scheme 3A) [63,64]. Direct functionalization of the C—-H bond for
the synthesis of 4-arylcoumarins 16 proceeds through electrophilic metalation of the aromatic C-H
bond (15), leading to C—C bond formation, followed by regio- and stereoselective addition to alkynes.
In this case, the requirement of a large excess of TFA as the solvent to keep the cationic Pd(II) species
is noteworthy. Following this, intermolecular versions of the one-step methods were also reported
(Scheme 3B,C) [65,66]. Intriguingly, Tunge and Foresee argued that the hydroarylation proceeds not
via C-H bond activation, but via aromatic electrophilic substitution [67].

A
O~ 20 Pd(OAc), 00
R (1-3mol%) R-- R = 2-Me, 4-Me,
Z>H [ —————— FANF 4-t-Bu, 3,5-di-Me,
TFA, CH,Cl, 3,4,5-tri-OMe,
30m-5h 3,5-di-Me-4-Br,
60-91% 2-CHO-5-OMe
15 16
B
EtO.__O  Pd(OAc), OO
(1mol%) g
R + TFA
H 18h-21h
50-93%
6 18
R = 3,4-methylenedioxy, 3-OMe, 3,5-di-Me, 3,4,5-tri-OMe
c
HO.__O Pd(OAc),
(5 mol%)
~-OH ’ ‘
R-L + TFA
Z>H 18h-42h
50-93%

19
20

R = 3,4-methylenedioxy, 3-OMe, 3,4-di-Me, 3,5-di-Me,

or 1-naphthol
Scheme 3. Pd-catalyzed intramolecular (A) and intermolecular (B,C) hydroarylation of C—C triple
bonds for the preparation of 4-arylcoumarins.

Gold [68] and platinum [67] were also found to be efficient catalysts for the preparation of
4-arylcoumarins through C-H bond functionalization. Shi and He reported an intramolecular addition
reaction for the synthesis of 4-arylcoumarin 23 in the presence of AuCl; pretreated with 3 equiv. of
AgOTf (Scheme 4A) [68]. The use of silver salts was suggested to help generate a more electrophilic
Au(IIl) species. Oyamada and Kitamura also reported PtCl, and K,PtCly as efficient catalysts in the
presence of AgOTf as an additive for the synthesis of coumarin 25 (Scheme 4B) [67]. The mechanism is
supposed to be similar to that for the Pd(Il)-catalyzed reaction of propiolates with phenols to afford
coumarins [65].
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Scheme 4. Synthesis of 4-arylcoumarins via Au (A)- and Pt (B)-catalyzed intramolecular addition.

A
O 0 5 mol% AuCly e e
R—— 3 equiv. AgOTf R—-
Sl oo Y
DCE, 50-70 °C
44-99%
22 23
R = H, 4-t-Bu, 4-OMe, 4-Ph, 4-Br, or 1-naphthol
B
HO___O 2-5 mol% K,PtCly N o.__0O
8-10 mol% AgOTf R
~-OH | | - . !
R—!(/\[ + TFA/CH,CI, or DCE
Z>H X))
50-84%
24
20 25

R = 3,4-methylenedioxy, 3-OMe, 3,4-di-Me, 3,5-di-Me,or 1-naphthol
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Rh-catalyzed C-H bond activation has also been applied to the synthesis of 4-arylcoumarins.
Gadakh et al. developed a Rh-catalyed ortho-C—H bond activation of phenolic acetate 26 with acrylate 27
in HCO,H [69]. This methodology worked well even in the presence of a strong electron-withdrawing
group. HCO,H served as a reducing agent to produce Rh(I) species in the presence of NaOAc
(Scheme 5). Ortho-metalation of phenolic acetate 26 provides rhodacycle intermediate 29. Coordinative
insertion of alkenic ester 30 gives intermediate 31, followed by 3-hydride elimination to release the
alkenated product 32. Finally, intramolecular cyclization produces coumarin 28.

MeO._O 2.5 mol% Rhy(OAc), OO
XN OAc 1.5 eq. NaOAc R-L
R . x ——— A
2 H 98% HCO,H
100 °C, 10-11 h
_Q0,
26 27 72-80% 28
R = H, 4-NO,
HCO,H
Rh(l) <——2— Rhy(OAc), ‘
o
X \\( X OH
R—,/ \\\O R_u/
Rh‘lL ZCco,Me
|
29 H Rh(L)H

| )

OA
I X O\\( R_| N ¢
R—— o) o CO,Me

Scheme 5. Synthesis of 4-arylcoumarins via Rh-catalyzed C-H bond activation.

AR _COMe —
HOT PH  Rh-L
s y

30 Ph 3

3. Cyclocarbonylation and Cyclocarboxylation toward Central 2-Pyrone of the 4-Arylcoumarin

Recently, lactonization by direct cyclocarbonylation or cyclocarboxylation has been demonstrated
to be a powerful strategy for constructing the pyrone moiety of coumarins [70,71]. Cyclocarbonylation
of 2-vinylphenol using a transition-metal catalyst is an atom-economical and environmentally attractive
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method for 4-arylcoumarin synthesis. In 2012, Alper et al. reported a novel method for the synthesis of
coumarins via palladium-catalyzed intramolecular oxidative cyclocarbonylation, in which a terminal
alkene was directly coupled with a phenol (Scheme 6) [72]. The Pd-catalyzed cyclocarbonylation of
2-vinylphenol 32 afforded 4-arylcoumarin 33 under 100 psi CO, with 1,4-benzoquinone as the oxidant.
A possible mechanism for the Pd-catalyzed cyclocarbonylation is depicted in Scheme 6. Palladium
phenoxide intermediate 34 is produced from 32 by ligand exchange. Consequently, phenoxycarbonyl
palladium complex 35 is generated by CO insertion into the Pd-O bond. Thereafter, alkene insertion
into the Pd-CO bond of 35 affords alkylpalladium 36. Finally, 4-arylcoumarin 33 is formed by p-hydride
elimination. The resulting Pd(II) hydride complex is reduced to a Pd(0) species, which is regenerated
to the active Pd(Il) catalyst by the oxidant.

CO (100 psi)
OH 10 mol% Pd(QAc), 0._0
10 mol% dppb O
1,4 benzoqumone =
CH3CN, 110 °C, 20 h
85%
HX, oxidant L 33
PdO
»)' <L/ X
L. X L. X
("pat (“pat
L X L H

-HX
X
/

o—Pd@—L 0.0
|O L) |O L
Pd®)
T
g .

36
co#
— ¥

S° i /X
o—Pd@—L o)L PdSD—L
CC™, L C Y
X —_—

oxidant = O, or 1,4-benzoquinone

34

Scheme 6. Synthesis of 4-arylcoumarins via Pd-catalyzed cyclocarbonylation.

More recently, Wang et al. described a rather mild cyclocarbonylation of 2-vinylphenols 37 in
the presence of Cp*Co(Ill) catalyst (Scheme 7) [73]. With AgoCO3 and Cu(OAc),-H,O as co-oxidants,
the reaction could sufficiently be proceeded under a balloon pressure of CO. A plausible mechanism
of the reaction is depicted in Scheme 7. After the generation of the active catalyst Cp*Co(II)Ln,
2-vinylphenol 37 undergoes ligand replacement to form cobalt phenoxide intermediate 38. Thereafter,
cyclometalated species 39 might be formed via a concerted metalation deprotonation (CMD) pathway
based on the kinetic isotope effect studies, not a process of an intramolecular electrophilic attack and
subsequent deprotonation. CO insertion into 39 and subsequent reductive elimination of 40 afford
4-arylcoumarin 41.
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R! OH CO (balloon pressure) R! o)
10 mol% Cp*Co(CO)l,
1 equiv. Ag,CO4 P =H,R%2=
1 equiv. Cu(OAc), H,O =H,R?= CN
22
O o-xylene, 30 °C, 20 h O LRSS
67-79 % =OMe, R™=H

Cp*Ca'lLn AgCO3 Cp*Co
P Cu(OAG),H,0 o

39 R2

Scheme 7. Synthesis of 4-arylcoumarins via Cp*Co(Ill)-catalyzed cyclocarbonylation.

Utilizing carbon dioxide (CO;) as a C1 synthon for organic synthesis has received much
attention from the synthetic community, because it is a user-friendly and abundant source [74-76].
Hence, the direct carboxylation of alkenyl C-H bonds with CO; is a highly attractive method for
straightforward coumarin synthesis. In 2013, Iwasawa et al. reported 4-arylcoumarin synthesis
via an unprecedented palladium-catalyzed direct carboxylation of the alkenyl C-H bond of
a-phenyl-2-hydroxystyrene 42 with CO, [77]. Scheme 8 shows the mechanism of the Pd-catalyzed
alkenyl C-H carboxylation. Firstly, the cyclometalated intermediate 43 is formed by the coordination
of Pd(OAc);, Cs;CO;3 and two molecules of 42 via a chelation-assisted alkenyl C-H bond cleavage.
Subsequently, palladium carboxylate intermediate 44 is generated by the reversible nucleophilic
carboxylation of 43. Participation of the third 42 and the base regenerates the alkenyl palladium
species, along with the formation of 4-arylcoumarin 45. The reaction could be applied to the synthesis
of various functionalized 4-arylcoumarins in good yields.
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R! OH
O R'=H, OMe
R2 R?=H, Me, OMe
R3=H, Me, OMe, CF3, CN, Br

R4
O R*=H, Me

CO; (1 atm) diglyme
5 mol% Pd(OAc), | 100 °C  75-90%
3 equiv. Cs,CO3 | 6-12h

R4

- 45 R3

+ CsHCO;
CsOH

Scheme 8. Synthesis of 4-arylcoumarins via Pd-catalyzed cyclocarboxylation.

In 2017, Zhi et al. reported a transition-metal-free and redox neutral lactonization by
cyclocarboxylation of 2-alkenylphenol 46 to afford 4-arylcoumarin 47 [71] (Scheme 9). They stated
that the yield varies depending on the para substituent on the phenol ring. When R! and R? were
H, the product was generated in 38% yield, with the ortho- and para carboxylated byproducts of the
phenol ring. However, improved yields could be obtained when R! was a methoxy or methyl group.

OH O O
O CO, (1 atm) O
R 3.5 equiv. £-BUOK g1 =

_—

DMF, 150 °C
24 h

38-71%
R? R?
46 Ry, Ry = H or OMe 47

Scheme 9. Synthesis of 4-arylcoumarins via transition-metal-free cyclocarboxylation.
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4. Synthetic Routes toward Central 2-Pyrone of 4-Arylcoumarin via C(3)—C(4) Double Bond and
O(1)—C(2) Ester Bond Formation

4.1. Wittig-Type Olefinations

Wittig-type reactions, with the concurrent esterification of 2-hydroxybenzophenones,
have been widely used for the synthesis of 4-arylcoumarins because of their generality and
effectiveness in the formation of the C(3)-C(4) double bond and O(1)-C(2) ester bond of the
4-arylcoumarin skeleton. Lepoittevin et al. reported the preparation of 7-methoxy-4-arylcoumarin
50 from 2-hydroxybenzophenone 48 by the Wittig reaction in the synthesis of (R)- and
(5)-4-methoxyalbergione [78]. In 2013, Aidhen et al. have also reported the synthesis of
4-arylcoumarin 51 as an intermediate for MK-0633 [79] under conditions similar to those reported
by Lepoittevin (Scheme 10A). These one-pot synthesis for the target molecules are proceeded
under reflux conditions in toluene solvent. When 2-hydroxybenzophenones were treated with
the stable phosphorane ethyl-2-(triphenylphosphoranylidene)acetate, the Wittig reaction firstly
occurred to form «,3-unsaturated esters. Consequently, an intramolecular lactonization provided
functionalized 4-arylcoumarines. Lipshutz et al. and Cui et al. demonstrated the synthesis of
4-arylcoumarins via a Wittig-type reaction using DMAP as the catalyst [80,81], which possibly
promoted the lactonization (Scheme 10B). In 2009, Kumar et al. reported an interesting 4-arylcoumarin
synthesis via esterification and subsequent intramolecular Wittig cyclization (Scheme 10C) [82].
2-Hydroxybenzophenone 56 was first esterified with ylide 57, which was prepared by using carbonyl
diimidazole and methylenetriphenylphosphorane. Then, the corresponding phosphorane intermediate
underwent intramolecular Wittig cyclization to afford 4-arylcoumarin 58. Taylor et al. described that
4-arylcoumarin 60 could be obtained from 2-hydroxybenzophenone 59 through Peterson olefination.
The method gave a higher product yield in a short time, plausibly because of the formation of a
phenoxide intermediate [83] (Scheme 10D).

4.2. Aldol-Type Olefinations

The conversion of 2-hydroxybenzophenones to 4-arylcoumarins can be achieved by aldol-type
olefination, such as the Kostanecki-Robinson reaction and Knoevenagel condensation, with subsequent
lactonization. The Kostanecki-Robinson reaction has been used for coumarin [84,85] or chromone [86]
synthesis by O-acylation of 2-hydroxyarylketones with an aliphatic anhydride, followed by aldol
condensation. In 2011, Lee et al. published a synthesis method for 4-arylcoumarins 62 based on the
DBU-mediated Kostanecki reaction [87] (Scheme 11A). A previous approach to 4-arylcoumarins by
the Kostanecki-Robinson reaction had several drawbacks, including harsh reaction conditions and
low yields. However, the DBU-mediated Kostanecki-Robinson reaction of 61 in acetonitrile proceeded
at room temperature and gave the product in moderate yield. In 2011, Seijas et al. introduced
a solvent-free synthesis of 4-arylcoumarins via the Knoevenagel condensation [88] (Scheme 11B).
2-Hydroxybenzophenones 63 underwent microwave-promoted Knoevenagel condensation with
ethyl malonate or methyl malonate, followed by lactonization. Decarboxylation of the subsequent
intermediate led to the construction of 4-arylcoumarins 64. However, the existence of a second alcohol
in the phenol ring furnished O-methylated or O-ethylated byproducts depending on the alkylmalonate.
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Scheme 10. Synthesis of 4-arylcoumarins via Wittig-type reaction (A,B), intramolecular Wittig

olefination (C), and Peterson olefination (D).

R2

R1

Ac,0, DBU

B — e

MeCN
rt or reflux
8-30 h

53-89%

2
OH CH,(CO,R%),, R 0.__0O
O 0.5equiv. DBU R _—

_—
MW, 180 °C
7 min
63 R® (R* = Me or Et) 64 R3
55-77%

R'=H R?=H
R'=5-Me, R2=H
R'=5-F, R? = 4'Cl
R' = 4,6-di-Me, R? = 4-Me

R'=H, OMe, CI
R?=H, OMe
R3=H, Me, t-Bu

Scheme 11. Synthesis of 4-arylcoumarins via Kostanecki-Robinson reaction (A) and Knoevenagel

condensation (B).
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4.3. Cycloisomerization

In 2012, Reddy et al. proposed an interesting method for the formation of the C(3)-C(4)
double bond and O(1)-C(2) ester bond of 4-arylcoumarins by acetylide addition and subsequent
cycloisomerization [89] (Scheme 12). Treatment of 2-hydroxybenzophenone 65 with ethoxyacetylide
provided propargyl alcohol intermediate 67. Subsequent quenching with ammonium chloride induced
6-endo selective cycloisomerization of 67 and a series of reactions to afford 4-arylcoumarin 66. It is
notable that transition-metal catalysts were not required in the corresponding reaction, unlike the
conventional cycloisomerization of alkynes to prepare heterocyclic compounds.

MeO OH MeO 0__0O
O O EtO——= , n-BuLi O =
THF, -78 °C to rt
6h
66

74%

l !

(\/

H
MeO OH 0
O /> OFEt MeO o) glit
Z4
\, H" O =

\Meoo oet
{l

O GOH

Scheme 12. Synthesis of 4-arylcoumarins via cycloisomerization.

O
XI

5. Oxidative Cyclization toward Central 2-Pyrone of the 4-Arylcoumarin by A Ring—O(1)
Bond Formation

Most of the reported syntheses of 4-arylcoumarins require phenol derivatives as the starting
materials, indicating that methodologies featured with intermolecular linking of aryl groups (A ring)
and carboxylic acids are scarcely reported. In 2013, Li et al. reported the synthesis of 4-arylcoumarins
69 via phenyliodine diacetate (PIDA)/I;-mediated oxidative cyclization of substituted phenylacrylic
acids 68; in other words, this reaction facilitates intermolecular assembly between aryl groups and
carboxylic acids [90] (Scheme 13).

OO o. o
R Phi(OAC),, I, R
NP 2 2 A _J  R'=H, Me,Cl Br etc
B —

CH,Cl,, hv R2 = H, Me, Cl, Br, etc

N 41-92% “

R? \R2
68 69

Scheme 13. Synthesis of 4-arylcoumarins by oxidative cyclization.

6. Synthesis of 4-Arylcoumarins by Introduction of An Aryl group at the 4-Position

6.1. Transition-Metal-Catalyzed Introduction of 4-Aryl Group

Recently, numerous synthetic approaches for 4-arylcoumarins via the direct functionalization of
coumarin intermediates have been reported. These methodologies mainly involve transition-metal-
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catalyzed reactions, and are widely applicable to the synthesis of natural or synthetic 4-arylcoumarins,
partly because they are suitable for the introduction of various substituents on the 4-aryl moieties.
Initially, Pd(0) species were used as the transition-metal catalysts in these reactions. In 1988,
Wattanasin first demonstrated the feasibility of Pd(0)-catalyzed Stille coupling for the synthesis
of 4-arylcoumarins 71 from 4-triflated coumarin 70 and aryl stannane species [91] (Scheme 14A).
Following this report, another version of Stille coupling for the synthesis of 4-arylcoumarins 73 using
4-tosylated coumarins 72 instead of 4-triflated coumarins was reported; this reaction allowed easy
access to highly functionalized 4-arylcoumarins [92] (Scheme 14B). Ciattini et al. reported a similar
route to various 4-arylcoumarins 75 using 4-stannylcoumarins 74, which is the reverse version of the
aforementioned reactions [93] (Scheme 14C). More recently, it was reported that 4-chlorocoumarin
76 underwent Stille coupling with arylstannyl species, in the presence of a highly active palladium
catalyst 78, to afford 4-arylcoumarin 77 [94] (Scheme 14D).

A
o0.__0O
Cry
OTf

Ar-Sn(n-alkyl),

Pd(PPh3)4 Ar = 4-F-Ph, 3-
L|CI dioxane pyridyl

reflux, 6 h
79-89%
70 71
B
Ar-SnBujz Ar = aryl, heteroaryl
: SN O O Pd(PPh3)4 | ‘-S{O o .
R —, .
ONF L|CI dioxane FNF HOUOME
reflux R=H, 5
OTs Op°
72 5-74% 73 A NH
c Ar-X
NP G, &
R— o L ST Ar = aryl, heteroaryl
o X= Br, OTf
DMF, 60 °C R =H, OM
SnMe3 e
51-81%
74 75
Ar-SnBu3 Ar = 3,4-di-

R = 2,6-(CH3),CgH3
76 77 L = PEt;

Scheme 14. Synthesis of 4-arylcoumarins via Pd(0)-catalyzed Stille reaction using 4-triflated coumatins
(A), 4-tosylated coumarins (B), 4-stannylcoumarins (C) and 4-chlorocoumarin (D).

In 1996, a Pd(0)-catalyzed Suzuki reaction for the synthesis of 4-arylcoumarins 80 using
4-halocoumarin 79 and aryl boronic acids was reported [95] (Scheme 15A). This methodology yielded
diverse 4-arylcoumarins in moderate to good yields, and it has been used in the synthesis of various
4-arylcoumarins and their fluorescent derivatives [96]. Wu et al. showed that 4-tosylated coumarins 81
could be used as manageable synthetic equivalents of 4-triflated coumarins for the coupling reaction
with aryl boronic acids (Scheme 15B), similar to the Stille reaction for 4-arylcoumarins [3]. In the case of
using aryl trifluoroborates, instead of aryl boronic acids, the Suzuki coupling reaction was also found
to be working in another report [97] (Scheme 15C). Zhang and his colleagues reported the synthesis
of diverse 4-arylcoumarins 87 via site-specific arylation to the 4-carbon linked with triflate group
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despite the presence of a 3-bromo group in coumarins 86 [98] (Scheme 15D). Such chemoselectivity, i.e.,
preference for the trifloxy group over the bromo group on the coumarin skeletons, was also observed
by Langer and his colleagues, who reported regioselective arylation to the 4-carbon linked with triflate
group, rather than the 7-triflate group on the coumarin skeleton [99,100] (Scheme 15E,F). Recently,
the Suzuki reaction was used in the synthesis of 3-hydroxymethyl-4-arylcoumarins 93, in an effort to
identify 4-arylcoumarins with biological activities [101] (Scheme 15G).
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\
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919
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Ar-BF;K
Pd(PPhj),
032003

o}

pe)

\

toluene
50°C,12h

48-92%

OTs

Ar-B(OH),
Pd(PhCN),Cl,
NaHCO3

D 0__0
L
MeOH
OTf
rt, 30 min
86
E
O O
OTf
F
THi

66-98%

Ar-B(OH),
Pd(PPh3),
K3POy4
—_—
dioxane
65°C,5h

88 70-95%

Ar-B(OH),
Pd(PPhs);
K,COs

|
=
T
O o.__0O
Ty
OTf
90

toluene
65°C,5h

64-82%

G Ar-BF;K

Et,

N

—_—

~°

NS

o)

X =Cl, Br, OTf

R =H, OMe

Ar = Ph, MeO-Ph,
etc

R

Ar

80

O

ONF

(0]
R =H, Me, OMe
Ar = Ph, F-Ph,
CF3-Ph, etc

R

Ar

82

(o)

N o)

R =H, Me, F, Cl
Ar = Ph, F-Ph,
Me-Ph

R

NS

Ar

85

Ar = Ph, MeO-Ph,
NO,-Ph, etc

—z\o
w O

Ar
87

O

Ar = Ph, MeO-Ph,
F-Ph, CI-Ph,
etc

8

Ar
89

TfO O

Ar = Ph, Me-Ph,
Et-Ph, F-Ph,
etc

l’i\ Og

91

Ar = Ph, MeO-Ph

@]

=
aq. toluene F-Ph, etc
Cl  OH 100 °C Ar  OH
_090,
92 68-92% 93

Scheme 15. Synthesis of 4-arylcoumarins via Pd(0)-catalyzed Suzuki reaction using 4-halocoumatins
(A), 4-tosylated coumarins (B,C), 4-triflated coumarins (D-F) and 4-chlorocoumarin (G).

In 2001, another Pd(0)-catalysis involving the use of organozinc reagents as synthetic equivalents
for the 4-aryl synthons, known as the Negishi-type coupling reaction, was reported by Wu et al.
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In this methodology, 4-tosylated coumarins were also used, indicating that they can be used in
most variants of Pd(0)-catalyzed cross-coupling reactions for the synthesis of 4-arylcoumarins [102]
(Scheme 16A). Rieke et al. reported the synthesis of 4-arylcoumarins 97 by the Negishi-type reaction
of 4-coumarinylzinc bromide 96 with aryl halides [103] (Scheme 16B). Recently, Rao et al. reported
triarylbismuth compounds 100 as synthetic equivalents for the 4-aryl synthon [104] (Scheme 16C).
In 2013, Rao’s group also reported a similar approach for the successful preparation of 4-aryl
coumarins 102 by using 4-chlorocoumarins 101 [105] (Scheme 16D). Indian researchers found that
Pd(PPhgz);(saccharinate), 105 could be used as a general catalyst in both Suzuki and Negishi coupling
reactions for the synthesis of 4-arylcoumains 104 [106] (Scheme 16E).

@ﬂ;f cy
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Pd(PPh3),
—_—
THF
50 °C
71-91%

R =H, Me
Ar = Ph, 2-thiophenyl

Ar-X
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E—— Ar = aryl, heteroaryl
THF
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. C(Ojo R = H, Me, OMe, etc
e
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> 2 3 O
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O:II
105 o

Scheme 16. Pd(0)-catalyzed introduction of the 4-aryl group via Negishi-type reactions (A,B) and
another-type reactions (C-E).

Ni(II)-catalyzed cross-coupling reactions have been also used for the synthesis of 4-arylcoumarins.
In 2001, Wu et al. first reported that 4-diethylphosphonooxycoumarins 106 and aryl zinc agents
could be used as synthetic equivalents for the cross-coupling reaction toward 4-arylcoumarins [107]
(Scheme 17A). Other Chinese researchers reported that a Ni(Il)-catalyzed cross-coupling reaction of
4-mesylated coumarins 108 with aryl halides also successfully yielded the desired 4-arylcoumarins
109 [108] (Scheme 17B). Hu et al. found that a Ni(II)-catalyzed Suzuki reaction of 4-tosylated coumarins
110 with aryl boronic acids provided the corresponding 4-arylcoumarins 111, especially at room
temperature [109] (Scheme 17C). They also developed a more air-stable catalytic system, including
Ni(PCy3),Bry for the synthesis, and reported the results elsewhere [110] (Scheme 17D). Recently,
another Ni(II)-catalyzed synthetic route to 4-arylcoumarin 115 using 4-carbamoyloxycoumarin 114
and phenyl boroxin 116 was reported [111] (Scheme 17E).
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Scheme 17. Ni(I)-catalyzed cross-coupling reactions for 4-arylcoumarin synthesis using
4-diethylphosphonooxycoumarins (A), 4-mesylated coumarins (B), 4-tosylated coumarins (C,D) and
4-carbamoyloxycoumarin (E).

In 2006, Wu et al. reported several strategies for the Rh(I)-catalyzed Suzuki cross-coupling reaction
toward the synthesis of 4-arylcoumarins. They successfully synthesized the desired coumarins by
using aryl boronic acids [112] and potassium aryltrifluoroborates [113] (Scheme 18).

Ar-B(OH),
RhCI(PPh3),
dppf, CsF
—
toluene
50°C,12h

R 0._0O R=H,F,Cl,Me
R 00 60-99% Ar = Bh
P - 4-MeO-Ph
4-Ch-Ph
OTs Ar-BFsK Ar 4-F-Ph

RhCI(PPh;),
17 dppf, K,HPO, 118

toluene
80°C,12h
54-94%

Scheme 18. Synthesis of 4-arylcoumarins via Rh(I)-catalyzed cross-coupling reaction.

All of the above-mentioned reactions require 4-halocoumarins or other activated coumarins,
and involve transition metal-catalyzed coupling with synthetic equivalents of the 4-aryl synthon for the
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preparation of the corresponding 4-arylcoumarins. Recently, simple coumarins that do not have halo or
metal species at the 4-position were reported to be successfully transformed into 4-arylcoumarins via a
Pd(II)-catalyzed oxidative Heck coupling reaction. In 2012, Khoobi et al. reported that the coupling
reaction of 4H-coumarins 119 with aryl boronic acids furnished the corresponding 4-arylcoumarins
120 in good yields [114] (Scheme 19A). Li et al. concurrently reported a similar but independent
work using nitrophenanthroline as a ligand [115] (Scheme 19B). More recently, Min et al. reported a
novel and regioselective Pd(Il)-catalyzed coupling reaction of 4H-coumarins 123 with simple arenes,
involving C-H activation subject to an oxidative Heck coupling reaction [116,117] (Scheme 19C).

A Ar-B(OH),
N O. _O Pd(OAc),, _02 N (0] O
R—: phenanthroline R—: R =H, Me, OH, etc
A _— N Ar = Ph, Me-Ph,
DMF Et-Ph, Br-Ph
H 100 °C, 24 h Ar
119 68-88% 120
B Ar-B(OH),
N 0.__0 Pc’il(CO)AC)z, 0, X 00 Rr= H, Me, OH, NEt,
R-— Z'phen R-+—
1 | OMe, N02
P _ NS
DMF Ar = Ph, Me-Ph,
Y 80°C 24 h Ar MeO-Ph, CI-Ph
’ etc
121 42-97% 122
c R2-Ph (125)

O~ 20 Pd(OPiv),

1
R4 AgOPiv, CsOPiv R’ R'=H,F,Cl,
NS OMe, OH, etc
H PivOH R?=F, Cl, CF;,
100 °C, 6-12 h NO,, Mo, otc
41-83%
123 124

Scheme 19. Synthesis of 4-arylcoumarins via oxidative Heck coupling reaction of the 4H-coumarin
with aryl boronic acids (A,B) and simple arenes (C).

Regioselective arylation at the 4-position of coumarin was also reported by Khoobi et al., who used
coumarin-3-carboxylic acids and coumarins as the starting materials [118]. They also proposed the
plausible mechanism of the reaction, which mainly involved protodecarboxylation and Pd(Il)-catalyzed
oxidative Heck coupling (Scheme 20).

Ar-B(OH),
Pd(OAC),

R A 0.0 phenanthroline R A 0.0
o > e R =H, Br, Me,
Z " >co,H  DMF NP OMe. NO,
100 °C, 24 h

H Ar Ar = F-Ph, CI-Ph
10-80% Br-Ph, Me-Ph
125 126 Et-Ph, NO,-Ph

Scheme 20. Synthesis of 4-arylcoumarins via protodecarboxylation-induced Heck reaction.
6.2. Domino Reactions Assisted by Transition Metal Catalysis

Recently, domino reactions initiated and assisted by transition-metal catalysis were reported
for 4-arylcoumarin synthesis. These methodologies are based on cascade reactions involving the
Pd(Il)-catalyzed oxidative Heck-type arylation of 2-hydroxycinnamate derivatives, followed by
concurrent cyclization. Thus, these approaches could be efficient tools for 4-arylcoumarin synthesis
from 2-hydroxycinnamic acid derivatives by the introduction of a 4-aryl groups. In 2005, Cacchi et al.
reported the first domino reaction for the synthesis of 4-arylcoumarin 128 using aryl halides as the
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4-aryl sources in a molten n-BugyNOAc/n-BuyNBr mixture via a Heck reaction/cyclization sequence of
2-hydroxycinnamate 127 [119] (Scheme 21A). A similar approach toward 4-arylcoumarin 130 using
aryldiazo compounds as the 4-aryl sources was also reported and applied for the total synthesis of
(R)-toleterodine [120] (Scheme 21B). Wang et al. reported that diaryliodonium(III) salts 133 could
be used as synthetic equivalents for the 4-aryl synthon in domino reactions for the synthesis of
4-arylcoumarin 132 [121]. In 2016, a method using Pd(II) oxide impregnated on magnetite as the
catalyst (heterogenous palladium catalyst) was reported by an independent group for the synthesis of
132 via a Heck-arylation/cyclization process [122] (Scheme 21C). Another domino reaction involving
the Cu(I)-catalyzed 1,4-addition of an arylboronic acid to alkyne 134 and sequential cyclization was
also reported by Yamamoto and his colleague [123] (Scheme 21D).

Ar-X
A Y OH PA(OAC), “ o Ar = F-Ph, MeO-Ph,
R1—: , ™ R1-L Me-Ph, Etc
NN ORY pBuNoAc WA x=Br
o n-BtMNBr Ar R'=F, Cl, CHO, etc
100°C, 8 h R? = Me, n-Bu
127 35-98% 128
B Ar-NzBF4
OH Pd(OAC), o. _O Ar = Ph, MeO-Ph,
R A CaCO, O Br-Ph, NO,-Ph
N~ OBt —— = R | ] R=H, Me, OMe,
MeOH Br, Cl
O 60 °C, 2-5 h Ar
129 41-91% 130
C 133 A A
~ Al
. X
DMF
N OH 80°C,3h O~ 20 Ar=Ph, F-Ph, Br-Ph,
R—- 40-95% R-- CI-Ph, etc
NG OFt A \NF  X=OTf,BF,, etc
R=H, F, Br, etc
131 PdO-Fe;04 132
e
EtOH
80°C,5h
40-98%
5 Ar-B(OH),
~OH Cu(OAc) P N O~#° Ar=Ph, CPh, I-Ph,
| EE—— v - -
R — " PP 215 Ph, MeO-Ph,
\\ CouMe 28 Cetohreflux Ar R=F,Cl I, etc
134 75-98% 135

Scheme 21. Introduction of 4-aryl group via sequential domino reactions involving Pd(II)-catalyzed
oxidative Heck-type arylation (A-C) and Cu(I)-catalyzed 1,4-addition (D).

7. Conclusions

4-Arylcoumarins are considered biologically-important scaffolds for the development of bioactive
probes and in drug discovery. Since the Pechmann condensation was first utilized for the synthesis of
4-arylcoumarins, various synthetic routes have been developed to improve the yields, efficiency,
and scope of the reaction. This review discusses recent advances in the synthetic methods for
4-arylcoumarins by classifying them based on the final bond-formation type. We hope that this
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review will be helpful for readers who are interested in developing novel bioactive 4-arylcoumarins
and new related synthetic methods.
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Abbreviations

The following abbreviations are used in this manuscript:

Ac Acetyl

ASA Alumina sulfuric acid

BTSA Boric trisulfuric anhydride

bmim 1-Butyl-3-methylimidazolium

Bu Butyl

CAN Ceric ammonium nitrate

COD 1,5-Cyclooctadiene

Cp Cyclopentadienyl

CSA Cellulose sulfuric acid

Cy Cyclohexyl

DBU 1,8-Diazabicyclo[5.4.0Jundec-7-ene
DCE 1,2-Dichloroethane

DMA Dimethylacetamide

DMF N,N-Dimethylformamide

DMAP 4-(N,N-dimethylamino)pyridine
dppe 1,2-Bis(diphenylphosphino)ethane
dppb 1,4-Bis(diphenylphosphino)butane
dppf 1,1'-Bis(diphenylphosphino)ferrocene
Et Ethyl

Me Methyl

MSA Molybdate sulfuric acid

MW Microwave

Ph Phenyl

Piv Pivaloyl

PVSA Polyvinyl sulfonic acid

Tf Trifluoromethanesulfonyl

TFA Trifluoroacetic acid

THF Tetrahydrofuran

T™MS Trimethylsilyl

Ts p-Toluenesulfonyl

Us Ultrasound

XSA Xanthan sulfuric acid
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