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Introduction

Coumestans are an important class of naturally occurring tet-
racyclic lactones with diverse biological properties and repre-
sent a valuable class of lead compounds for drug discovery.* For
example, wedelolactone, coumestrol, aureol, medicagol and
flemichapparin C are all naturally occurring coumestans
exhibiting a broad spectrum of activities including anticancer,
antibacterial, antifungal, antiosteoporosis, antihepatotoxic,
antioxidative, estrogenic and neuroprotective effects.> Accord-
ingly, coumestan derivatives have received significant attention
and many synthetic approaches have been reported in the past
decades.>*® In 2016, McGlacken and Xu independently
described a Pd(OAc),/Ag,0 and Pd(OAc),/AgOAc co-catalyzed
intramolecular cross dehydrogenative C-C coupling reaction
of 4-phenoxy-2-coumarins to provide coumestans and deriva-
tives (Scheme 1).>** These double C-H activation methods rep-
resented a rapid and efficient access to coumestans. Gogoi
disclosed a palladium-catalyzed cascade [3 + 2] reaction of 4-
hydroxycoumarins and in situ generated arynes® to give cou-
mestans; this protocol is attractive in terms of atom economy.
Tromp and McGlacken independently developed a palladium-
catalyzed intramolecular C-H bond functionalization method
by using preformed ortho-halogenated coumaryl ethers as
starting materials.*>* Zhao reported a FeCl;-mediated direct
intramolecular oxidative annellation protocol using 4-hydroxy-
3-arylcoumarins,* which is probably the most straightforward
strategy for constructing coumestans. Pappo and Tang
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of natural coumestans and derivatives in moderate to high yields. This transformation exhibited good
functional group compatibility and was amenable to substrates with free phenolic hydroxyl groups.

respectively offered a BBr;-mediated tandem demethylation/
lactonization reaction of 3-carboxylated benzofurans* or 2,3-
bis(2-methoxyphenyl)-3-oxopropanals to form the coumestan
nucleus (pyridinium dichromate was further needed to afford
final coumestans in Tang's work).* Larock developed a palla-
dium-catalyzed CO insertion (carbonylation) of 3-iodobenzo-
furans, followed by lactonization to afford coumestans.* Most
recently, based on Nogami and his own early work, Tilve re-
ported an oxidative cyclization method of 3-(2-hydroxyphenyl)
coumarins promoted by stoichiometric amount of Cu(OAc), in
diphenyl ether at 258 °C.**3"3" Although great progress has been
made, the above-mentioned methods still suffer from disad-
vantages such as the necessity of expensive palladium catalysts,
pre-halogenated or specified substrates, the use of excess
amount of the corrosive BBr; and environmentally hazardous
chromium-containing oxidant, as well as the need of extremely
high reaction temperature. Therefore, the development of
a general strategy that is facile, efficient, noble metal-free and
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compatible with polyphenolic substrates for the synthesis of
coumestans would still be desired.

Cross coupling reactions for C-O bond formation are among
the most important organic transformations because they
provide key steps in building new and complex compounds
either in inter- or intramolecular manner.” In recent years,
transition-metal catalyzed C-H bond activation and subsequent
C-0 bond formation represent a powerful tool for the modular
and facile synthesis of oxygen-containing aromatic heterocy-
cles,® such as benzoxazoles,* dibenzofurans,® benzoxazines,*
oxazinones® and oxadiazoles.** We envisaged that the coume-
stan motif could be effectively constructed through intra-
molecular cross dehydrogenative C-O coupling reaction of 2’-
hydroxyl-3-arylcoumarins (2), which could be readily obtained
through  Perkin condensation between  ortho-hydrox-
ybenzaldehydes (3) and 2-hydroxyphenylacetic acids (4)
(Scheme 2). As part of our continuing efforts on the green
synthesis of natural products with C6-C2-C6 and C6-C3-C6

Table 1 Optimization of the catalytic conditions®

View Article Online

Paper

frameworks,® we herein report a facile, efficient, noble metal-
free and polyphenolic group tolerated strategy for the
synthesis of coumestans.

Results and discussion

Initially, 2',4’-dihydroxyl-3-arylcoumarin (2a) was synthesized
through Perkin condensation and used as the model substrate
for the study of reaction conditions (Table 1). To our delight, the
C-O dehydrogenative coupling reaction of 2a took place in
DMSO at 135 °C catalyzed by 0.2 equiv. of Cu(OAc),/1,10-phen,
affording the desired product 1a in 56% yield (Table 1, entry 1).
Then, a series of commonly used solvents were examined.
Results showed that DMF and glycol were unworkable with no
1a detected (entries 2 and 3). However, when p-xylene was used,
1a was obtained in 69% yield (entry 4). Interestingly, when the
reaction was performed in DMSO/H,O (3 : 1, v/v), a 78% yield
was obtained (entry 5). Further screening of the solvent ratio
revealed that DMSO/H,0 (3 : 1, v/v) gave the best result, whereas
the 1:1, 2:1 or 4:1 (v/v) solvent ratio was less effective
(compare entries 5-8). Subsequently, different oxidants were
investigated, reaction performed under air gave similar result as
under oxygen atmosphere (compare entries 5 and 9), other
oxidants such as DTBP, TBHP, AgOAc, Ag,CO; and Cu(OAc), in
2-3 equivalent amount respectively, could also promote the
reaction, but lower yields were obtained (entries 10-14). The
choice of 1,10-phen as ligand was crucial for this reaction, other

O/ e catalyst, ligand O or°

o [: ol oxidant, solvent o/

2a 1a OH

Catalyst (0.2

Entry equiv.) Ligand (0.2 equiv.) Oxidant Solvent Yield” (%)
1 Cu(OAc), 1,10-Phen Air DMSO 56
2 Cu(OAc), 1,10-Phen Air DMF ND¢
3 Cu(OAc), 1,10-Phen Air Glycol ND*
4 Cu(OAc), 1,10-Phen Air p-xylene 69
5 Cu(OAc), 1,10-Phen Air DMSO/H,0 (3:1) 78
6 Cu(OAc), 1,10-Phen Air DMSO/H,0 (1: 1) Trace
7 Cu(OAc), 1,10-Phen Air DMSO/H,0 (2 : 1) 32
8 Cu(OAc), 1,10-Phen Air DMSO/H,0 (4 : 1) 53
9 Cu(OAc), 1,10-Phen 0, DMSO/H,0 (3: 1) 78
107 Cu(OAc), 1,10-Phen DTBP® DMSO/H,0 (3 : 1) 19
114 Cu(OAc), 1,10-Phen TBHP DMSO/H,0 (3: 1) 23
124 Cu(OAc), 1,10-Phen AgOACc® DMSO/H,0 (3: 1) Trace
134 Cu(OAc), 1,10-Phen Ag,CO," DMSO/H,0 (3: 1) Trace
144 Cu(OAc),’ 1,10-Phen — DMSO/H,0 (3: 1) Trace
15 Cu(OAc), Bipyridine Air DMSO/H,0 (3:1) Trace
16 Cu(OAc), Triethylamine Air DMSO/H,0 (3: 1) ND°
17 Cu(OAc), Proline Air DMSO/H,0 (3: 1) ND*
18 Cul 1,10-Phen Air DMSO/H,0 (3 :1) 76
19 Cu,0 1,10-Phen Air DMSO/H,0 (3 : 1) Trace
20 Cu(OTf), 1,10-Phen Air DMSO/H,0 (3 : 1) 67
21 Cu(TFA), 1,10-Phen Air DMSO/H,0 (3: 1) Trace

“ Reaction conditions: 2a (1 mmol), catalyst (0.2 mmol), ligand (0.2 mmol) and an oxidant in a specific solvent (4 mL) at 135 °C for 18 h. ? Isolated
yield. © No desired product. ¢ The reaction was performed under argon. * DTBP (3.0 equiv.) was added./ TBHP (3.0 equiv.) was used. ¢ AgOAc (2.0
equiv.) was used. " Ag,COj; (2.0 equiv.) was used. * Cu(OAc), (2.0 equiv.) was used.
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ligands, such as bipyridine, triethylamine and proline were
unworkable in this transformation (entries 15-17). In addition,
a screening of catalysts revealed that Cu(OAc), gave the best
results in this reaction, while Cul or Cu(OTf), was also appli-
cable (entries 18, 20). However, Cu,O and Cu(TFA), were found
to be inferior, giving only trace amount of desired product 1a
(entries 19, 21). Therefore, the optimal conditions for the
synthesis of coumestans via intramolecular cross dehydrogen-
ative C-O coupling reaction were as follows: 2a (1.0 equiv.) and
Cu(OAc),/1,10-phen (0.2 equiv.) in DMSO/H,O (3 : 1, v/v) were
stirred at 135 °C under air.

With the optimized reaction conditions in hand, we then
probed the generality of this methodology for the synthesis of
diverse coumestans (Table 2). Satisfyingly, this intra-molecular
oxidative C-O forming reaction displayed good functional
group tolerance. Substrates bearing different groups on the D
ring, such as -OH, -OMe, 3,4-dimethoxyl, 3,4,5-trimethoxyl, 3,4-
methylenedioxyl were examined and all of them reacted
smoothly to give the desired products in moderate to high yields
(Table 2, 1a-f). Substrate with a naphthyl group (2g) also
successfully led to the desired product 1g in 70% yield. More-
over, substrates with -OH, -Me, -OMe, dimethoxyl, -Cl on the A
ring also performed well, furnishing the desired coumestans
1h-r in 37-87% yields. It is worth noting that this trans-
formation exhibited good polyhydroxyl group tolerance,
substrates bearing two phenolic hydroxy groups either on ring A

Table 2 Scope of the reaction®?

Cu(OAc),, 20 mol%
1,10-phen, 20 mol%
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DMSO/H,0 (3:1)
HO' 135°C,18h
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% The reactions were carried out as follows: 3-arylcoumarins (2, 1.0
mmol), Cu(OAc), (20 mol%) and 1,10-phen (20 mol%) in DMSO/H,0
(viv = 3 : 1) at 135 °C for 18 h under air atmosphere. ? Isolated yields.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

or ring D smoothly provided 1a, 1g, 1h, 1i, 1j, 1n in acceptable
yields (53-81%). Furthermore, the structural correctness of
these products was unambiguously confirmed by the X-ray
single crystal analysis of 1e (Fig. 1).*°

To explore the synthetic utility of this copper-catalyzed
intramolecular C-O forming protocol, the synthesis of natural
coumestans, coumestrol (1s) and 9-methoxy-coumestrol (1t) has
been carried out. As shown in Scheme 3, m-bromophenol (8)
reacted with glyoxylic acid in aqueous NaOH successfully gave 2-
bromo-4-hydroxymandelic acid (7) in 92% yield. Reduction of 7
using SnCl,/HCI afforded 2-bromo-4-hydroxyphenylacetic acid
(5s) in 80% yield. Then 2,4- dihydroxyphenylacetic acid (4s)
could be readily obtained through hydroxylation in the presence
of oxine-copper/NaOH, whereas 2-hydroxy-4-
methoxyphenylacetic acid (4t) was obtained via Me,SO, meth-
ylation followed by oxine-copper/NaOH hydroxylation. Subse-
quently, Perkin condensation of 4s+3b and 4t+3b gave 2/,7-
diacetylated 3-arylcoumarin intermediates 9s and 9t. Deacety-
lation of 9s and 9t in 10% aqueous NaOH followed by acidifi-
cation with diluted HCI respectively provided the 2'-hydroxyl-3-
arylcoumarin intermediates (2s, 2t) in 91% and 89% yields.
Finally, coumestrol (1s) and 9-methoxy-coumestrol (1t) were
achieved under our optimized reaction conditions in 48% and
63% yields, respectively.Inspired by the above results, we then
turned our attention towards the synthesis of three other
natural coumestans, namely 8,9-dimethoxy-coumestrol (1u),
medicagol (1v), and flemichapparin C (1w). As illustrated in
Scheme 4A and 4B, starting from phenylacetic acids (6u and 6v),

le

Fig.1 X-ray single crystal structure of le.

HO.__COOH COOH
~ B 1.NaOH
() ., §Ho 240l Br  SnCly2H,0/HCI Br
Z COOH ~gog —an
OH T, I,
8 7 5s

COOH

CHO
OH OH

AcO. ) ?/ oH
O ~ 3b 4s
O Acs0, EtsN COOH COOCH,
AcO Rl 110°c,6n o Br
Cu(llyOH-
88%

HO. 0. _0
‘ Z
-

1s: coumestrol R = OH, 48%
1t: 9-methoxy-coumestrol R = OCH3,63%

Cu(ll)/OH-

Me,SO,
83% | 8%

9s: R =OAc, 9t: R = OCH3

1. NaOH
2.HCI

HO. 0. 0O Cu(OAc),, 20 mol%
O 1,10-phen, 20 mol%
> - .
O DMSO/H,0 (3:1, viv)
HO R 135°C,18h

26: R = OH, 91%
2t R = OCHj, 89%

Scheme 3 Synthesis of coumestrol (1s) and 9-methoxy-coumestrol
(1t).
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Scheme 4 Synthesis of 8,9-dimethoxy-coumestrol (1u), medicagol
(1v) and flemichapparin C (1w).

the ortho- hydroxylated phenylacetic acid intermediates (4u and
4v) could be obtained through bromination and hydroxylation.
Perkin condensation of 4u+3b, 4v+3b, and 4v+3c successfully
provided acetylated 3-arylcoumarin intermediates (10, 11v, and
11w) which could then be deacetylated in 10% aqueous NaOH,
and acidified with diluted HCI to afford the corresponding 2'-
hydroxyl-3-arylcoumarin intermediates (2u, 2v, and 2w) in 71%,
78%, and 70% yields. Finally, the 8,9-dimethoxy-coumestrol
(1u), medicagol (1v) and flemichapparin C (1w) were assem-
bled under optimized conditions in 61%, 36%, and 49% yields,
respectively.

To gain more insight into the effect of water in the solvent of
this protocol, control experiments were carried out by using 2j
as substrate (Scheme 5). As expected, the reaction performed
smoothly under the standard conditions, affording the desired

Cu(OAc), 20 mol%
1,10-phen 20 mol%

DMSO/H,0
OCH, 135°C, 18h HcO  OCHy
2j
HO. 0._0
O Cu(OAC), 20 mol%
~ OCH3  1,10-phen 20 mol% 2)
O . (
HO' OCHj bMso
OCH, 135°C, 18h
2
_s_oO 0._0 Cu(OAc), 20 mol%
O 1,10-phen 20 mol%
Z 3)
5 O OCH; DMSO/H,0

135°C, 18h

Scheme 5 Control experiments.
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coumestan product 1j in 53% yield (eqn (1)). However, when
anhydrous DMSO was used as the solvent, an interesting
methylthiomethyl ether product (1jj) was obtained in 47% yield
(eqn (2)). Interestingly, 1jj could not proceed to afford the
desired product 1j under the standard conditions (eqn (3)).
These results suggested that 1jj might not be the intermediate
of the reaction and the effect of water in the reaction is probably
coming from the inhibition of the methylthiomethyl function-
alization of hydroxyl group.**

To further explore the reaction mechanism, the electron
paramagnetic resonance (EPR) experiment was carried out by
using 2a as the substrate. Results showed that no obvious EPR
signals were observed in the reaction mixture (see Scheme S17).
Moreover, it was also found that the addition of the typical
radical scavengers including TEMPO and BHT (3.0 equiv.) did
not significantly reduce the yields of this reaction, the desired
product (1a) was obtained in 68% and 59% yields, respectively
(see Scheme S2%). Therefore, a radical process may not be
involved in the reaction pathway.

Based on the above results and previous literatures,’*> two
plausible mechanisms for the intramolecular cross dehydro-
genative C-O coupling are proposed (Scheme 6). In path I, the
copper complex A was generated from 2 and Cu(u) catalyst.
Then, with a ligand assisted concerted metalation-
deprotonation (CMD), complex B was formed. The decom-
plexation of complex B delivered a six-membered Cu(u) species
C, followed by reductive elimination to afford the cyclized
product 1 with concomitant formation of Cu(0), which is
reoxidized to Cu(u) under air to complete the catalytic cycle. In
path II, w-complex D was formed via intermediate A, nucleo-
philic attack of the phenolic OH results in production of the
cyclized intermediate E, which then undergoes B-hydride
elimination to generate the product 1 and Cu(0).

Conclusions

We have developed a practical and efficient copper-catalyzed
intramolecular cross dehydrogenative C-O coupling reaction
for the synthesis of coumestans from readily available 2'-
hydroxyl-3-arylcoumarins. This protocol delivers natural cou-
mestans and derivatives in moderate to excellent yields. Mild

This journal is © The Royal Society of Chemistry 2019
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and noble metal-free conditions, high efficiency, and good
tolerability for phenolic hydroxyl groups make this approach
a useful strategy for the construction of coumestan analogues.

Experimental section
General information

All reagents used in the synthesis were obtained commercially
and used without further purification unless otherwise speci-
fied. The reactions were monitored by thin-layer chromatog-
raphy (TLC) on glass-packed precoated silica gel plates and
visualized in an iodine chamber or with a UV lamp (254 nm).
The "H NMR and *C NMR spectra were recorded using TMS as
the internal standard on a Bruker BioSpin GmbH spectrometer
at 400, 500, and 100, 125 MHz, respectively, and the coupling
constants are reported in hertz. The high-resolution mass
spectra (HRMS) were obtained using a Shimadzu LCMS-ITTOF
mass spectrometer. Flash column chromatography was per-
formed using silica gel (200-300 mesh) purchased from Qing-
dao Haiyang Chemical Co. Ltd. EPR spectra were recorded on
a Bruker A300 spectrometer. X-ray diffraction data were
collected at 100 K on an in-house Oxford Diffraction Xcalibur
Nova diffractometer (Cu-Ka radiation). The data were processed
using the program CrysAlis Pro.

General procedure for the synthesis coumestans (1)

An oven-dried vial was charged with corresponding substrate (2,
1 mmol), Cu(OAc), (0.2 mmol, 20 mol%), 1,10-phen (0.2 mmol,
20 mol%), DMSO (3 mL) and H,O (1 mL). The vial was sealed
under air and heated to 135 °C with stirring for 18 hours. After
cooling down, the mixture was diluted with H,O (20 mL) and
extracted with EtOAc (20 mL x 3). The organic layer was dried,
filtered and concentrated to give the crude product which was
directly applied to a flash column chromatography using EtOAc/
petroleum ether as the eluent to give the corresponding cou-
mestans (1).

9-Hydroxy-6H-benzofuro[3,2-cjchromen-6-one (1a).'” 196.7 mg,
78.0% yield, white solid. "H NMR (400 MHz, DMSO-d,) 6 10.17 (s,
1H), 8.03 (dd, J = 7.8, 1.3 Hz, 1H), 7.77 (d, J = 8.4 Hz, 1H), 7.69
(ddd, j = 8.7, 7.3, 1.6 Hz, 1H), 7.59 (dd, J = 8.4, 0.6 Hz, 1H), 7.53-
7.45 (m, 1H), 7.22 (d,J = 1.9 Hz, 1H), 7.00 (dd, J = 8.5, 2.1 Hz, 1H).
3C NMR (100 MHz, DMSO-d,) 6 158.3, 157.7, 157.2, 156.4, 152.5,
131.6, 124.9, 121.3, 121.1, 117.0, 114.4, 112.2, 105.4, 98.7. HRMS-
ESI (m/z): [M + H]  calculated for C;sHoO,, 253.0495, found
253.0494.

6H-Benzofuro[3,2-c|chromen-6-one (1b).** 165.4 mg, 70.0%
yield, white solid. 'H NMR (400 MHz, DMSO-de) 6 8.10 (dd, ] =
7.8, 1.4 Hz, 1H), 8.03-7.97 (m, 1H), 7.92 (d, J = 7.9 Hz, 1H), 7.75
(ddd,J = 8.7, 7.4, 1.6 Hz, 1H), 7.64-7.50 (m, 4H). *C NMR (100
MHz, DMSO-d) 6 160.1, 157.6, 155.4, 153.7, 133.0, 127.6, 125.9,
125.6, 123.3, 122.4, 121.4, 117.7, 112.8, 112.5, 105.6. HRMS-ESI
(m/z): M + H]" calculated for C;5HoOs;, 237.0546, found
237.0539.

8-Methoxy-6H-benzofuro[3,2-c|chromen-6-one (1c).¥ 221.0 mg,
83.0% yield, white solid. "H NMR (400 MHz, DMSO-d,) 6 8.11 (dd,
= 7.8, 1.4 Hz, 1H), 7.86 (d, ] = 9.1 Hz, 1H), 7.80 (ddd, J = 8.7, 7.3,

This journal is © The Royal Society of Chemistry 2019
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1.6 Hz, 1H), 7.67 (d, ] = 7.9 Hz, 1H), 7.60-7.53 (m, 1H), 7.44 (d, ] =
2.6 Hz, 1H), 7.18 (dd, J = 9.1, 2.7 Hz, 1H), 3.93 (s, 3H). *C NMR
(100 MHz, DMSO-dg) & 160.5, 157.8, 157.7, 153.5, 150.1, 132.9,
125.5, 124.2, 122.3, 117.7, 115.8, 113.5, 112.5, 105.7, 103.4, 56.2.
HRMS-ESI (1m/2): [M + H]" calculated for C,6H;,04, 267.0652, found
267.0652.

8,9-Dimethoxy-6 H-benzofuro[3,2-c]Jchromen-6-one (1d).*”
210.4 mg, 71.0% yield, white solid. "H NMR (400 MHz,
DMSO-dq) 6 7.95 (d, J = 7.7 Hz, 1H), 7.71-7.64 (m, 1H), 7.60-
7.51 (m, 2H), 7.48 (t,J = 7.5 Hz, 1H), 7.30 (s, 1H), 3.86 (s, 6H).
13C NMR (100 MHz, CDCl;) 6 158.8, 158.4, 152.9, 150.3, 149.5,
148.1, 131.1, 124.6, 121.2, 117.4, 115.3, 112.9, 106.3, 102.2,
95.4, 56.5, 56.4. HRMS-ESI (m/z): [M + H]" calculated for
C,,H;305, 297.0758, found 297.0756.

8,9,10-Trimethoxy-6 H-benzofuro[3,2-c[chromen-6-one (1e).
215.3 mg, 66.0% yield, white solid. "H NMR (400 MHz, DMSO-
de) 68.10 (dd,J = 7.7, 1.4 Hz, 1H), 7.76-7.68 (m, 1H), 7.59 (d, ] =
8.4 Hz, 1H), 7.50 (t,J = 7.6 Hz, 1H), 7.13 (d, ] = 6.5 Hz, 1H), 4.21
(s, 3H), 3.90 (s, 3H), 3.82 (s, 3H). >C NMR (100 MHz, DMSO-dj)
6 159.8, 157.7, 153.2, 152.8, 141.8, 140.6, 139.5, 132.7, 125.5,
122.2,119.4, 117.6, 112.5, 105.8, 96.7, 61.5, 56.7. HRMS-ESI (m/
z): [M + H]' calculated for C;3H;506, 327.0863, found 327.0854.

8,9-Methylenedioxy-6 H-benzofuro[3,2-c]chromen-6-one (1f).
109.3 mg, 39.0% yield, white solid. 'H NMR (400 MHz, DMSO-
dg) 6 8.01 (d, ] = 7.5 Hz, 1H), 7.70 (t,] = 7.7 Hz, 1H), 7.60 (d, J =
10.7 Hz, 2H), 7.50 (t, ] = 7.5 Hz, 1H), 7.33 (s, 1H), 6.18 (s, 2H).
3C NMR (100 MHz, CDCl;) 6 159.2, 158.3, 152.9, 151.0, 147.9,
146.3, 131.2, 124.7, 121.3, 117.5, 116.9, 112.9, 106.5, 102.1,
100.3, 94.1. HRMS-ESI (m/z): [M + H]" calculated for C;6HoOs,
281.0444, found 281.0444.

11-Hydroxy-8H-benzo[f]benzofuro[3,2-c|chromen-8-one (1g).
211.6 mg, 70.0% yield, white solid. "H NMR (400 MHz, DMSO-
de) 6 10.22 (s, 1H), 9.12 (d, J = 8.4 Hz, 1H), 8.22 (d, J = 9.0 Hz,
1H), 8.12 (d, ] = 7.9 Hz, 1H), 7.85 (dd, ] = 15.4, 8.0 Hz, 2H), 7.70
(dd, J = 15.3, 8.2 Hz, 2H), 7.35 (s, 1H), 7.04 (d, J = 8.3 Hz, 1H).
13C NMR (100 MHz, DMSO-d) 6 160.1, 158.2, 157.7, 156.9,
153.1, 133.1, 130.5, 129.5, 129.4, 127.1, 126.9, 125.5, 121.6,
117.7,115.1, 114.3, 107.1, 106.2, 99.2. HRMS-ESI (m/z): [M + H]"
calculated for C,oH;,0,, 303.0652, found 303.0645.

3-Hydroxy-6H-benzofuro[3,2-c]chromen-6-one (1h). 204.3 mg,
81.0% yield, white solid. "H NMR (400 MHz, DMSO-d,) 6 10.78 (s,
1H), 7.88-7.79 (m, 2H), 7.78-7.71 (m, 1H), 7.49-7.35 (m, 2H),
6.94-6.81 (m, 2H). **C NMR (100 MHz, DMSO-d,) 6 162.4, 161.1,
157.9, 155.7, 154.9, 126.7, 125.7, 123.7, 123.6, 120.8, 114.4, 112.4,
104.3, 103.5, 102.2, 40.6, 40.4, 40.2, 39.9, 39.7, 39.5, 39.3. HRMS-
ESI (m/z): [M + H]' calculated for C;5Ho0,, 253.0495, found
253.0493.

3-Hydroxy-6H-benzofuro[3,2-c]chromen-6-one (1i). 163.7 mg,
58.0% yield, white solid. '"H NMR (400 MHz, DMSO-d¢) 6 10.86
(s, 1H), 7.92 (d, J = 8.6 Hz, 1H), 7.77 (d,J = 9.0 Hz, 1H), 7.37 (d,J
= 2.6 Hz, 1H), 7.09 (dd, J = 9.0, 2.7 Hz, 1H), 7.04-6.91 (m, 2H),
3.90 (s, 3H). 1*C NMR (100 MHz, DMSO-dq) 6 162.3, 161.6, 157.9,
157.6, 155.6, 149.6, 124.5, 123.7, 114.7, 114.3, 113.1, 104.4,
103.6, 103.3, 102.4, 56.2. HRMS-ESI (m/z): [M + H]" calculated
for C;6H;,0s, 283.0601, found 283.0595.

3-Hydroxy-8,9,10-trimethoxy-6 H-benzofuro[ 3,2-c[chromen-6-
one (1j). 181.4 mg, 53% yield, white solid. "H NMR (400 MHz,
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DMSO-dg) 6 10.77 (s, 1H), 7.95 (d, J = 8.5 Hz, 1H), 7.13 (s, 1H),
6.95 (dd, J = 8.5, 2.2 Hz, 1H), 6.93 (d, J = 2.0 Hz, 1H), 4.19 (s,
3H), 3.90 (s, 3H), 3.81 (s, 3H). *C NMR (100 MHz, DMSO-dj)
0 162.1, 160.9, 158.0, 155.4, 152.6, 141.2, 139.9, 139.5, 123.6,
119.7, 114.3, 104.4, 103.5, 102.5, 96.5, 61.5, 61.5, 56.7. HRMS-
ESI (m/z): [M + H]" calculated for C;3H;50, 343.0812, found
343.0803.
2-Methyl-6 H-benzofuro[3,2-c]chromen-6-one (1k).** 145.1 mg,
58.0% yield, white solid. "H NMR (400 MHz, DMSO-d) 6 7.96 (d, J
= 7.3 Hz, 1H), 7.90-7.79 (m, 2H), 7.59-7.44 (m, 4H), 2.43 (s, 3H).
3C NMR (100 MHz, CDCl;) 6 160.0, 158.2, 155.5, 151.9, 134.5,
133.0, 126.6, 125.1, 123.6, 121.8, 121.5, 117.2, 112.3, 111.7, 105.8,
20.9. HRMS-ESI (m/z): [M + H]' calculated for C;6H;,03, 251.0703,
found 251.0701.
3-Methoxy-6H-benzofuro[3,2-c[chromen-6-one (11)."* 202.3 mg,
76.0% yield, white solid. "H NMR (400 MHz, DMSO-d) 6 8.00 (d, J
= 8.7 Hz, 1H), 7.97-7.91 (m, 1H), 7.87 (dd, J = 6.9, 1.7 Hz, 1H),
7.57-7.46 (m, 2H), 7.22 (d, ] = 2.3 Hz, 1H), 7.11 (dd, ] = 8.8, 2.4 Hz,
1H), 3.91 (s, 3H). "*C NMR (100 MHz, CDCl;) 6 168.2, 165.5, 162.6,
160.4, 159.9, 131.7, 130.6, 128.3, 125.7, 118.5, 117.3, 110.3, 107.7,
106.9, 61.3. HRMS-ESI (m/z): [M + H]" calculated for C,cH;,0,,
267.0652, found 267.0650.
2-Chloro-6H-benzofuro[3,2-clchromen-6-one (1m).*" 108.3 mg,
40.0% yield, white solid. "H NMR (400 MHz, CDCl;) 6 8.20-8.11 (m,
1H), 8.02 (d,J = 2.3 Hz, 1H), 7.69 (d, J = 8.1 Hz, 1H), 7.58-7.43 (m,
4H). *C NMR (100 MHz, CDCl;) 6 158.6, 157.4, 155.7, 151.9, 131.9,
130.3, 127.3, 125.5, 123.2, 122.0, 121.4, 118.9, 113.7, 111.9, 106.6.
HRMS-ESI (m/z): [M + H]" calculated for C;5HgClO;, 271.0156,
found 271.0156.
9-Hydroxy-3-methoxy-6H-benzofuro[3,2-clchromen-6-one
(1n).** 223.0 mg, 79.0% yield, white solid. "H NMR (400 MHz,
DMSO-d¢) 6 10.07 (s, 1H), 7.95 (d, J = 8.7 Hz, 1H), 7.72 (d, ] =
8.4 Hz, 1H), 7.32-7.14 (m, 2H), 7.10 (d, ] = 8.7 Hz, 1H), 6.97 (d,J
= 8.4 Hz, 1H), 3.90 (s, 3H). >C NMR (100 MHz, DMSO-d)
6 162.8, 159.6, 157.9, 157.7, 156.6, 155.0, 122.9, 121.2, 114.9,
114.6, 113.5, 105.9, 103.3, 102.1, 99.2, 56.5. HRMS-ESI (m/z): [M
+ H]" calculated for C;6H;,05, 283.0601, found 283.0598.
3,8,9-Trimethoxy-6 H-benzofuro[3,2-c]chromen-6-one (10).*
225.1 mg, 69.0% yield, white solid. 'H NMR (400 MHz, DMSO-
de) 6 7.93 (d, J = 8.4 Hz, 1H), 7.58 (s, 1H), 7.35 (s, 1H), 7.21 (s,
1H), 7.11 (d,J = 8.1 Hz, 1H), 3.89 (d,J = 10.3 Hz, 9H). "*C NMR
(100 MHz, CDCl;) 6 162.5, 159.8, 158.8, 154.9, 150.0, 149.1,
148.0, 122.3, 115.6, 113.0, 106.3, 103.9, 102.3, 101.5, 95.6, 56.6,
56.4, 55.8. HRMS-ESI (m/z): [M + H]" calculated for C;3H;50s,
327.0863, found 327.0861.
3,8,9,10-Tetramethoxy-6H-benzofuro[3,2-clchromen-6-one
(1p). 238.7 mg, 67.0% yield, white solid. '"H NMR (400 MHz,
DMSO-dg) 6 7.90 (d, J = 8.7 Hz, 1H), 7.09 (s, 1H), 7.02 (d, J =
10.0 Hz, 2H), 4.19 (s, 3H), 3.88 (s, 3H), 3.86 (s, 3H), 3.81 (s, 3H).
BC NMR (100 MHz, DMSO-dg) 6 163.1, 160.3, 157.8, 155.1,
152.6, 141.3, 140.0, 139.4, 123.2, 119.5, 113.5, 105.5, 103.0,
101.9, 96.4, 61.5, 61.4, 56.6, 56.5. HRMS-ESI (m/z): [M + H]"
calculated for C;9H;5,05, 357.0969, found 357.0964.
3,8-Dimethoxy-6H-benzofuro[3,2-clchromen-6-one (1q).
228.1 mg, 77.0% yield, white solid. '"H NMR (400 MHz,
DMSO-dg) 6 7.99 (d, J = 8.7 Hz, 1H), 7.80 (d, J = 9.0 Hz, 1H),
7.39 (s, 1H), 7.23 (s, 1H), 7.12 (dd, J = 12.5, 5.6 Hz, 2H), 3.96
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(s, 3H), 3.91 (s, 3H). *C NMR (100 MHz, CDCl;) 6 162.9,
161.2, 158.6, 157.6, 155.5, 149.9, 124.4, 122.8, 115.2, 113.1,
112.1,106.1, 103.4, 101.4, 100.0, 56.0, 55.8. HRMS-ESI (m/2):
[M + H]" calculated for C,,H;305, 297.0758, found 297.0756.

1,3,8,9-Tetramethoxy-6 H-benzofuro[3,2-c]chromen-6-one
(1r)*% 131.8 mg, 37.0% yield, white solid. "H NMR (400 MHz,
DMSO-dq) 6 7.51 (s, 1H), 7.31 (s, 1H), 6.76 (s, 1H), 6.64 (s, 1H),
4.00 (s, 3H), 3.88 (d, J = 6.3 Hz, 9H). *C NMR (100 MHz, DMSO-
dg) 6 162.6, 160.1, 155.3, 145.7, 143.2, 143.1, 142.8, 142.0, 129.8,
122.4, 117.8, 113.3, 112.9, 110.2, 100.8, 61.3, 60.9, 56.8, 56.4.
HRMS-ESI (m/z): [M + H]' calculated for C;oH;,0,, 357.0969,
found 357.0965.

3,9-Dihydroxy-6H-benzofuro[3,2-clchromen-6-one (coumes-
trol, 1s).>* 1s was obtained from 2s following general procedure.
128.7 mg, 48.0% yield, white solid. Mp 361-364 °C. 'H NMR
(400 MHz, DMSO-d,) 6 10.70 (s, 1H), 10.04 (s, 1H), 7.87 (d, ] =
8.5 Hz, 1H), 7.70 (d, J = 8.4 Hz, 1H), 7.17 (d, J = 1.7 Hz, 1H),
7.01-6.86 (m, 3H). *C NMR (100 MHz, DMSO-d,) 6 161.8, 159.9,
158.1, 157.5, 156.4, 155.1, 123.2, 121.1, 115.1, 114.5, 114.3,
104.6, 103.5, 102.5, 99.2. HRMS-ESI: m/z [M + H]" calculated for
C15Ho05 269.0444, found 269.0446.

3-Hydroxy-9-methoxy-6 H-benzofuro[3,2-c]lchromen-6-one(9-
methoxy-coumestrol, 1t).> 1t was obtained from 2t following
general procedure. 177.8 mg, 63.0% yield, white solid. "H NMR
(400 MHz, DMSO-dg) 6 10.76 (s, 1H), 7.87 (d, ] = 8.6 Hz, 1H), 7.79
(d, J = 8.6 Hz, 1H), 7.50 (d, J = 2.1 Hz, 1H), 7.10 (dd, J = 8.6,
2.2 Hz, 1H), 7.02-6.88 (m, 2H), 3.87 (s, 3H). *C NMR (100 MHz,
DMSO-dg) 6 161.9, 160.5, 159.3, 158.0, 156.4, 155.3, 123.3, 121.0,
116.4,114.3,113.9, 104.6, 103.6, 102.4, 97.8, 56.4. HRMS-ESI (m/
z): [M + H]" calculated for C;6H;,05, 283.0601, found 283.0602.

3-Hydroxy-8,9-dimethoxy-6 H-benzofuro[3,2-c[chromen-6-
one(8,9-dimethoxy-coumestrol, 1u).** 1u was obtained from 2u
following general procedure. 190.5 mg, 61.0% yield, white solid.
'H NMR (400 MHz, DMSO-d,) 6 10.70 (s, 1H), 7.84 (d, ] = 8.5 Hz,
1H), 7.55 (s, 1H), 7.33 (s, 1H), 7.05-6.83 (m, 2H), 3.87 (s, 6H). °C
NMR (100 MHz, DMSO-dg) 6 161.6, 159.9, 158.1, 155.0, 149.8,
149.3,148.2,123.1, 115.1, 114.3, 104.7, 103.5, 102.7, 101.9, 97.2,
56.6, 56.4. HRMS-ESI (m/z): [M + H]" calculated for C;,H;30s,
313.0707, found 313.0704.

3-Hydroxy-8,9-methylenedioxy-6 H-benzofuro[3,2-c[chromen-
6-one (medicagol, 1v).*® 1v was obtained from 2v following
general procedure.106.6 mg, 36.0% yield, white solid. "H NMR
(400 MHz, DMSO-dg) 6 10.73 (s, 1H), 7.83 (dd, J = 8.5, 2.8 Hz,
1H), 7.56 (d, ] = 3.3 Hz, 1H), 7.28 (d, ] = 3.5 Hz, 1H), 6.92 (dd, J =
11.0, 5.1 Hz, 2H), 6.16 (s, 2H). *C NMR (100 MHz, DMSO-dj)
6 161.2, 159.8, 157.5, 154.5, 149.8, 146.9, 145.8, 122.6, 116.3,
113.8, 104.1, 103.0, 102.4, 102.1, 98.7, 94.7. HRMS-ESI (m/z): [M
+ H]" calculated for C,sHoOg, 297.0394, found 297.0391.

3-Methoxy-8,9-methylenedioxy-6H-benzofuro[ 3,2-c]chromen-
6-one (flemichapparin C, 1w).** 1w was obtained from 2w
following general procedure. 152.0 mg, 49.0% yield, pale yellow
solid. Mp 270-272 °C. *H NMR (400 MHz, DMSO-d,) 6 7.92 (d, ] =
8.5 Hz, 1H), 7.58 (s, 1H), 7.30 (s, 1H), 7.20 (s, 1H), 7.09 (d, J =
8.2 Hz, 1H), 6.16 (s, 2H), 3.90 (s, 3H). *C NMR (100 MHz, DMSO-
de) 6 163.2, 160.6, 156.1, 155.9, 150.5, 147.9, 140.0, 137.7, 119.5,
114.4,110.4, 103.7,101.4, 98.3, 97.7, 92.5, 56.15. HRMS-ESI (m/2):
[M + H]' calculated for C,,H;,0,, 311.0550, found 311.0550.
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8,9,10-Trimethoxy-3-((methylthio)methoxy)-6 H-benzofuro[3,2-
c|chromen-6-one (1jj). 124.7 mg, 31.0% yield, pale yellow solid.
'H NMR (400 MHz, DMSO-d) 6 8.03 (d, ] = 8.7 Hz, 1H), 7.29 (d, J
= 2.3 Hz, 1H), 7.16 (dd, J = 8.7, 2.3 Hz, 1H), 7.13 (s, 1H), 5.46 (s,
2H), 4.20 (s, 3H), 3.90 (s, 3H), 3.82 (s, 3H), 2.23 (s, 3H). >*C NMR
(100 MHz, DMSO-ds) 6 160.6, 160.4, 157.9, 154.9, 152.7, 141.4,
140.2, 139.5, 123.3, 119.6, 114.9, 106.3, 104.2, 103.5, 96.6, 72.9,
61.5, 56.7, 14.4. HRMS-ESI (m/z): [M + H]' calculated for
C,oH1605S, 403.0846, found 403.0853.
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