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Abstract

This work presents a revised total synthesis of two pharmacologically relevant benzofurans
using newly developed environmentally friendly methodologies. In particular, we focused
on establishing improved synthetic routes to stilbene dimers under milder and more
sustainable reaction conditions. During our investigations, we optimized an efficient
Sonogashira coupling carried out in water, which, followed by a Suzuki-like reaction
conducted in dimethyl carbonate (DMC) in the absence of any transition metals, served as
the key step for the synthesis of the benzofuran core.

Keywords: resveratrol dimers; anigopreissin A; dehydro-δ-viniferin; natural products;
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1. Introduction
Stilbene dimers, which are widely found in both natural and synthetic compounds,

have attracted considerable research interest due to their broad spectrum of pharmacologi-
cal activities, including antibacterial, antifungal, anti-inflammatory, antioxidant, antiviral,
and antineoplastic effects [1–4]. Among these, dehydro-δ-viniferin (Figure 1, compound 1)
a natural benzofuran derivative of trans-δ-viniferin (4), exhibits lower antimicrobial activ-
ity than the parent compound [5,6]. Its partially methylated forms (2) display similar or
slightly reduced activity [6], whereas the biological properties of its fully permethylated
analogue (3) remain unknown; anigopreissin A (5), a resveratrol dimer naturally found in
Anigozanthos preissii, Musa Cavendish, and Macropidia fuliginosa [7], shows moderate antimi-
crobial effects against S. aureus and S. pyogenes [8]. In addition, permethylated anigopreissin
A (6), the fully protected analogue of anigopreissin A, exhibits notable cytotoxic activity
across a broad range of human tumour cell lines [9,10].

Building on our previous work, which focused on the biomimetic synthesis of natural
compounds featuring a dihydrobenzofuran core [11,12], such as ε-viniferin, the present
work focuses on the use of milder and more eco-friendly reaction conditions to prepare
benzofuran systems, such as both permethylated dehydro-δ-viniferin and anigopreissin A
(stilbene dimers 3 and 6 in Figure 1). Our work began with the synthesis of permethylated
dehydro-δ-viniferin (3). During our investigations, the key Sonogashira coupling was
performed in water and optimized conditions were subsequently applied to the synthesis
of permethylated anigopreissin A, previously prepared by our group [13]. Moreover, a
recently developed transition-metal (TM) free Suzuki-like reaction [14] was employed
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for the C-3 functionalization of the benzofuran core; this methodology, up to now, never
applied to benzofuran systems, involves the use of the green solvent dimethyl carbonate,
and proceeds in the absence of any transition-metal catalyst. The reaction mechanism is
not yet known, although a radical pathway was ruled out.
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Figure 1. Stilbene dimer.

2. Materials and Methods
2.1. General Procedures

All reagents were purchased by TCI (Tokyo, Japan), Sigma-Aldrich (St. Louis, MA,
USA) or AlfaAesar (Haverhill, MA, USA) companies and were used without further pu-
rification unless otherwise stated. All reactions were carried out in oven-dried glassware
unless otherwise noted. Flash column chromatography was performed using silica gel
(60–200 mesh). 1H NMR spectra were recorded at room temperature on Varian 400 spec-
trometer with CDCl3 as the solvent unless otherwise stated. Chemical shifts (δ) are reported
in parts per million and referenced internally to the residual solvent signal of CDCl3 at δ
7.26. Data for 1H NMR are reported as follows: chemical shift, multiplicity (s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants (J, in Hz), and
integration.

2.1.1. General Procedures of Sonogashira Coupling in Water

A flame-dried round-bottom flask was charged with a magnetic stirring bar and was
purged three times with argon. The septum was briefly opened, and the reaction flask
was charged with aryl iodide (1.0 equiv.) and purged again with argon, a separate flash
containing water was purged with argon for 15 min and 8 mL/mmol of water from the
second flask was transferred to the first flask containing aryl iodide, then SDS (0.07 equiv.),
K2CO3 (1.5 equiv.) and alkyne (1.2 equiv.) were added, the reaction mixture was stirred
for 15 min at 50 ◦C before adding PdCl2(PPh3)2 (0.035 equiv.) and CuI (0.07 equiv.), the
reaction mixture was heated to 90 ◦C under argon for 6.5 h. After cooling, the mixture was
diluted with AcOEt and washed with a saturated aqueous solution of NH4Cl and brine.
The organic layer was dried over anhydrous Na2SO4, filtered, and concentrated under
reduced pressure. The crude was purified by column chromatography (petroleum ether:
AcOEt, 8:2) to afford the desired product.
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2.1.2. General Procedure for the “Standard” Sonogashira Coupling

To a stirred solution of aryl-iodide (1.0 equiv.) in Et3N (0.3 M), PdCl2(PPh3)2

(0.1 equiv.), CuI (0.1 equiv.) and alkyne (3.0 equiv.) were added. The reaction mixture was
warmed to 50 ◦C and stirred until the starting iodide disappeared. AcOEt was added to
the mixture, which was washed with a saturated aqueous solution of NH4Cl, dried over
Na2SO4, and concentrated under reduced pressure. The crude was purified by column
chromatography (petroleum ether: AcOEt, 8:2) to afford the desired product.

2.1.3. General Procedures for the Transition-Metal-Free Suzuki-like Coupling [14]

A mixture of aryl iodide (1.0 equiv), phenylboronic acid (2.0 equiv), and K2CO3

(4.0 equiv) in DMC (0.07 M) was heated in a 4 mL vial at 125 ◦C for 18 h. The solvent
was removed under reduced pressure and the residue was purified by silica gel column
chromatography using hexane: Et2O (6:4) as an eluent to give the coupling product.

2.1.4. General Procedure for the Pd-Catalyzed Suzuki Coupling

To a solution of aryl iodide (1.0 equiv.) in DMF: H2O (4:1), aryl boronic acid (1.4 equiv.),
NaHCO3 (1.6 mmol) and PdCl2(PPh3)2 (0.1 equiv.) were added. The solution was heated
at 80 ◦C for 16 h. After cooling, the mixture was diluted with AcOEt and washed with a
saturated aqueous solution of NH4Cl, brine, and water. The organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure. The crude was purified by
column chromatography (Hexane: AcOEt, 8:2) to afford the desired product.

3. Results
3.1. Synthesis of Permethylated Dehydro-δ-Viniferin (3)

Permethylated dehydro-δ-viniferin (3) was synthesized according to the proposed
retrosynthetic analysis shown in Scheme 1. The benzofuran core can be obtained through
a one-pot Sonogashira coupling-heteroannulation reactions [15–24]; the substituent at
C-3 can be introduced via a Suzuki coupling, and the stilbene moiety can be installed by
olefination. Therefore, several attempts were carried out to obtain the benzofuran core in a
single Sonogashira/heteroannulation reaction while simultaneously using environmentally
sustainable reaction conditions.

 
Scheme 1. Synthesis of permethylated dehydro-δ-viniferin.

To this end, compared with the initial conditions (entry 1, Table 1), efforts were made
towards non-toxic reaction solvent.
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Table 1. Optimization of Sonogashira/Heteroanulation reaction.

Entry Substrate
(equiv.) Solvent Conditions T (◦C) Time

(h) 10 or 10′ (Yield)

1 9 (3.0 eq.) Et3N PdCl2(PPh3)2 (10% mol),
CuI (10% mol) 50 ◦C 18 h 10 (83%)

2 9′ (2.0 eq.) *DES:H2O, 1:1 PdCl2(PPh3)2(10% mol)
CuI (10% mol) 100 ◦C 24 h 10′ (56%)

3 9′ (2.0 eq.) *DES PdCl2(PPh3)2(10% mol),
CuI (10% mol), Et3N (3.0 eq.) 100 ◦C 24 h 10′ (40%)

4 9′ (2.0 eq.) H2O PdCl2(PPh3)2(10% mol),
CuI (10% mol), Et3N (3.0 eq.) 100 ◦C 24 h 10′ (71%)

5 9′ (1.5 eq.) H2O
XPhos(20% mol.),
Pd(OAc)2 (10% mol)
CuI (10% mol), Et3N (3.0 eq.)

80 ◦C 18 h 10′ (0%)

6 9′ (1.5 eq.) H2O PdCl2(PPh3)2 (10% mol),
CuI (10% mol), Et3N (3.0 eq.) 100 ◦C 15 h 10′ (40%)

7 9′ (1.2 eq.) H2O
PdCl2(PPh3)2 (3.5% mol),
CuI (7% mol),
SDS (7% mol) K2CO3(1.5 eq)

90 ◦C 6.5 h 10′ (96%)

8 9 (2.0 eq.) H2O PdCl2 (1% mol),
Pyrrolidine(5.0 eq) 50 ◦C 24 h 10 (0%)

9 9 (2.0 eq.) H2O:DMSO, 1:1 PdCl2(PPh3)2 (4% mol),
CuI (20% mol), K2CO3(3.0 eq) 140 ◦C 24 h 10 (0%)

10 9 (2.0 eq.) *DES PdCl2(PPh3)2 (10% mol),
CuI (10% mol), Et3N (3.0 eq) 100 ◦C 24 h 10 (0%)

11 9 (2.0 eq.) *DES Pd/C (10 wt. %),
Et3N (3.0 eq) 100 ◦C 20 h 10 (28%)

12 9 (2.0 eq.) DES:H2O, 1:1 PdCl2(PPh3)2 (10%mol)
CuI (10% mol), Et3N (3.0 eq) 100 ◦C 72 h 10 (80%)

13 9 (2.0 eq.) H2O PdCl2(PPh3)2 (10% mol),
CuI (10% mol), Et3N (3.0 eq) 100 ◦C 22 h 10 (70%)

14 9 (1.2 eq.) H2O
PdCl2(PPh3)2 (3% mol)
CuI (7% mol),
SDS (7% mol) K2CO3(1.5 eq)

90 ◦C 6.5 h 10 (92%)

*DES: ChCl:gly/1:2.

The starting reaction conditions (entry 1), previously employed for the synthesis of
anigopreissin A analogues [13] afforded the desired product in 83% yield using anhydrous
triethylamine as the solvent and three equivalents of the alkyne. An optimization of the
reaction conditions was carried out on both substrate 9 (R=Me, Table 1) and substrate 9′

(R=H, Table 1) in order to perform the reaction under more eco-friendly conditions.
Copper-free Sonogashira coupling conditions under aerobic aqueous conditions [25]

were therefore applied (entry 8); unexpectedly, these conditions did not afford the desired
product. Several Sonogashira coupling attempts in deep eutectic solvents (DESs) [26] were
carried out (entries 10–12), but without satisfactory results. Finally, performing the reaction
in water in the presence of catalytic amounts of a surfactant [27], SDS (0.07 equiv), using a
slight excess of alkyne (1.2 equiv) allowed the desired product to be obtained in 92% yield.
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The same reaction conditions, when applied to substrate 9′, led to the expected product in
96% yield. Moreover, the reaction time was significantly shortened, decreasing from 18 h
(entry 1) to 6.5 h under aqueous conditions (entries 7,14).

Compound 10, obtained as described above, was subjected to an iodination reaction
using NIS/TFA to afford the halogenated compound 11 (a, Scheme 2). The latter was then
submitted to a transition-metal-free Suzuki reaction [14], yielding the desired compound 12
in yields comparable to those obtained using a conventional palladium-catalyzed Suzuki
coupling (see Supplementary Materials). Subsequent reduction and olefination in MeTHF
led to the target compound 6, so that it was synthesized in only 6 steps with an overall
yield of 31%.

Scheme 2. Total synthesis of permethylated dehydro-δ-viniferin (3); Reagents and conditions:
(a) NIS, TFA, ACN, 0 ◦C to r.t., 20 h, 89%; (a’) NaI, NCS, TFA, H2O, 80 ◦C, 2 h, 0%; (b) 3,5-
dimethoxyphenyl boronic acid, K2CO3, DMC, 125 ◦C, 16 h, 78%; (b’) PdCl2(PPh3)2, NaHCO3

DMF:H2O, 1:1, 80 ◦C, 16 h, 82%; (c) (i) DIBAL, DCM, 0 ◦C, 3 h; (ii) DMP, DCM, 0 ◦C, 2 h, 88%.
(d) diethyl (3,5-dimethoxybenzyl)phosphonate, t-BuOK, MeTHF, 56%.

3.2. Synthesis of Permethylated Anigopreissin A (6)

The synthetic methodology developed for the preparation of permethylated dehydro-
δ-viniferin (3) was applied to the synthesis of permethylated anigopreissin A (Scheme 3), a
compound that exhibits notable cytotoxic activity across a broad range of human tumour
cell lines [9,10].

The first iodination step starting from commercially available compound 14 was car-
ried out in water using NCS and NaI [28,29]. Several Sonogashira coupling attempts were
performed on compound 15 in water under the previously optimized conditions; however,
none of these reactions afforded satisfactory yields. In contrast, the Sonogashira coupling
performed on the methylated compound 16 provided the desired product with a yield
of 78%, whereas the same reaction carried out under classical conditions (Section 2.1.3)
afforded the product a 54% yield. Subsequent iodocyclization, carried out in DMC, a
green solvent that, to the best of our knowledge [9,10], has never been reported for this
type of transformation [30–33], led directly to the formation of the iodinated benzofu-
ran 18. Unexpectedly, the Pd-free Suzuki-like coupling did not proceed on this substrate
(e, Scheme 2), the lack of reactivity may be attributed to the presence of substituents at
the C-2 and C-4 positions, which make the C-3 position particularly hindered similar to
an o,o-disubstituted system and therefore less reactive toward this type of transformation.
To the best of our knowledge, these conditions have never been applied to benzofuran
systems, nor to o,o-disubstituted substrates [14]; however, the classical palladium-catalyzed
Suzuki reaction (f, Scheme 2) afforded the product in good yields. Finally, reduction to
aldehyde 20 followed by olefination/isomerization led to the formation of the desired
compound 2 with an overall yield of 32% in nine steps.
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Scheme 3. Total synthesis of permethylated anigopreissin A (6) Reagents and conditions: (a) NaI, NCS,
pTSA, H2O, 80 ◦C, 2 h, 99%; (b) MeI, K2CO3, DMF, r.t., 17 h, 99%, (b’) (CH3O)3PO, K2CO3, 250 ◦C,
1 h, 51% (c) PdCl2(PPh3)2, CuI, SDS, K2CO3, H2O, 80 ◦C, 4 h, 78% (d) I2, DMC, r.t., 15 h, 91%; (e) 3,5-
dimethoxyphenyl boronic acid, K2CO3, DMC, 125 ◦C, 16 h, 0%; (e’) 3,5-dimethoxyphenylboronic acid,
NaHCO3, PdCl2(PPh3)2, DMF/H2O, 80 ◦C, 16 h, 84%; (f) (i) DIBAL, DCM, 0 ◦C, 3 h; (ii) DMP, DCM,
0 ◦C, 2 h, 85%; (g) (p-methoxybenzyl)triphenylphosphonium bromide, LiOH•H2O, LiBr, i-PrOH,
reflux, 3 h, then I2, heptane/DCM (7:3), r.t., 24 h, 64%.

4. Conclusions
In conclusion, we optimized an efficient Sonogashira coupling performed in water,

which was subsequently applied to the synthesis of permethylated dehydro-δ-viniferin (3)
and permethylated anigopreissin A (6). Moreover, a recently developed transition-metal-
free Suzuki-like reaction was efficiently employed for the C-3 functionalization of the
benzofuran core for the synthesis of compound 3. Finally, permethylated anigopreissin
A was synthesized employing an iodination and Sonogashira reaction in water, and an
iodocyclization performed in DMC. Overall, permethylated dehydro-δ-viniferin (3) was
synthesized in six steps with a yield of 31% and permethylated anigopreissin A (6) in nine
steps with a yield of 32%.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/org7020017/s1, experimental procedures, analytical data
for all compounds and NMR spectra. Figure S1. 1H NMR (400 MHz, CDCl3) of 10 (method A);
Figure S2. 13C NMR (100 MHz, CDCl3) of 10 (method A); Figure S3. 1H NMR (400 MHz, CDCl3) of 10
(method B); Figure S4. 1H NMR (400 MHz, CDCl3) of 10’; Figure S5. 1H NMR (400 MHz, CDCl3) of 11;
Figure S6. 13C NMR (100 MHz, CDCl3) of 11; Figure S7. 1H NMR (400 MHz, CDCl3) of 12; Figure S8.
1H NMR (400 MHz, CDCl3) of 13; Figure S9. 13C NMR (100 MHz, CDCl3) of 13; Figure S10. 1H NMR
(400 MHz, CDCl3) of 3; Figure S11. 13C NMR (100 MHz, CDCl3) of 3; Figure S12. 1H NMR (400
MHz, CD3OD) of 15; Figure S13. 13C NMR (100 MHz, CD3OD) of 15; Figure S14. 1H NMR (400 MHz,
CDCl3) of 16; Figure S15. 1H NMR (400 MHz, CDCl3) of 17; Figure S16. 1H NMR (400 MHz, CDCl3)
of 18; Figure S17. 13C NMR (100 MHz, CDCl3) of 18; Figure S18. 1H NMR (400 MHz, CDCl3) of 19;
Figure S19. 1H NMR (400 MHz, CDCl3) of 20; Figure S20. 1H NMR (400 MHz, CDCl3) of 6; Figure S21.
13C NMR (100 MHz, CDCl3) of 6 [13,34–37].
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