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ABSTRACT

N-Acetyl ketimine generated from methyl 2-acetamidoacrylate was explored to develop an unprecedented domino aza-
Friedel-Crafts/lactonization reaction with naphthols and phenols (including 5-hydroxyindoles). This novel method
requires a catalyst loading of only 5 mol% of a phosphoric acid catalyst and provides a new series of 3-NHAc-naphtho-
and benzofuranone derivatives bearing tetra-substituted stereogenic centers in moderate-to-good yields. The
enantioselective variant using BINOL-derived phosphoric acids was also explored with 1-naphthol, providing the

desired product with moderate enantioselectivities (up to 99:1 following recrystallization).

The structural motifs of 3,3-disubstituted benzo- and naphthofuranone are common in a variety of medicinally effective
natural products.' They are also found as synthetic intermediates of valuable biologically active compounds that possess
interesting cytotoxic and pharmacological properties’ as well as in functionalized compounds with applications in
materials, supramolecular, and polymer chemistry.> Many of these structures feature a chiral quaternary stereocenter at
the C3 position of the heterocyclic ring (Figure 1).* In spite of all these interesting properties, limited strategies for the
preparation of these compounds have been investigated thus far.*f Hence, the development of a new alternative

methodology for the synthesis of diversely structured benzo- and naphthofuranones is urgently required.
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Figure 1. Representative Natural Products.

Dehydroalanine (Dha) is a unique and versatile noncanonical, yet naturally occurring, a,p-unsaturated amino acid
endowed with peculiar structural properties and various reactivity profiles due to the presence of both an a,f-
unsaturated ester functionality and an enamide moiety on the same carbon of the double bond.> Because of the multiple
functionalities of Dha, several electrophilic addition reactions onto the enamide moiety® as well as various Michael
additions’ and cycloadditions® across the o,B-unsaturated carbonyl system have been demonstrated, proving its function
as an important precursor to a variety of novel a-amino acids and modified peptides.” Compared to the well-known
nucleophilic conjugate addition chemistry of Dha, the 1,2-nucleophilic addition reactions engaging the enamide moiety
have received less attention, although it is known that enamides can also be considered as masked imines and be
converted to iminium ion electrophiles in the presence of Brensted acids and react with nucleophiles, i.e. aza-Friedel—-
Crafts reactions. !

In this context, in which an a-carboxyl-substituted enamide such as methyl 2-acetamidoacrylate, a Dha
commercially available is used, only nitrogen-containing arenes such as indoles and pyrroles have been targeted,
leading to quaternary a-amino acid-centered indoles and pyrroles by (enantio)selective aza-Friedel-Crafts reactions.!!
On the contrary, fully carbon-based aromatic compounds have faced less success, mainly due to intrinsic challenges
such as a lower nucleophilicity and regioselectivity issues. However, in the realm of catalytic aza-Friedel-Crafts

2 resulting in the direct

reactions, naphthol and phenol derivatives used as the donor are facing growing attention,!
preparation of densely functionalized and biologically important chiral compounds.

Herein, we report a new organocatalytic aza-Friedel-Crafts/lactonization domino reaction between naphthols and
ketimines derived from N-protected dehydroamino esters to provide 3,3-disubstituted naphthofuranones. In addition to
the domino aza-Friedel-Crafts lactonization, the domino reaction of naphthols and ketimines as well as the
corresponding reaction with phenols to give benzofuranone are described. To the best of our knowledge, the aza-
Friedel—Crafts reaction between dehydroalanine derivatives and naphthol/phenol has not been reported previously.

First, we investigated the reaction between 2-naphthol (1a) and methyl 2-acetamidoacrylate (2) using the same

reaction conditions as described for indole,'!?

which included modestly acidic diphenyl phosphate (DPP) as the
Broensted acid (5 mol%) and NaxSOs4 in toluene at 85 °C (Table 1, entry 1). The initial trials allowed us to achieve the
formation of the target lactone through an aza-Friedel-Crafts/lactonization reaction (i.e., 3a), in a good overall yield
after a reasonable reaction time, though the conversion was not complete, whereas the Friedel-Crafts product and O-
alkylation products were not isolated. Neither the replacement of Na2SO4 with 4 A molecular sieves (Table 1, entry 2)

nor starting with a slight excess of 2-naphthol (Table 1, entry 3) provided a better result. Polar solvents generally gave a
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lower conversion and yield (Table 1, entries 4 and 5), and toluene was found to be the best solvent for this reaction.
Decreasing the amount of catalyst to 1 mol% caused a marked decrease in the product yield (Table 1, entry 6). No
reaction was observed in the absence of catalyst (Table 1, entry 10). Finally, when PPA was replaced by TsOH, H3;BOs,
AcOH, or any other Brensted acid catalyst, the product yield was decreased to 0—11% (Table 1, entries 7-9). The
reaction was also performed at a scale of 1 mmol under standard conditions. Compared with the small-scale reaction
(Table 1, entry 11), this 1-mmol-scale reaction afforded the corresponding product 3a in a nearly maintained good yield
of 60%.

Table 1. Optimization of the Reaction Conditions for aza-Friedel-Crafts/lactonization

O NHA Catalyst (5 mol%) O Me  NHAG
+
0 )\COZMG Solvent (0.25 M) O o o

OH Na,S0Oy (2 equiv)
1a 2 85°C, 60 h 3a
Entry Catalyst Solvent Yield®
1 DPP Toluene 64
2¢ DPP Toluene 21
3¢ DPP Toluene 48
4¢ DPP Toluene 13
5 DPP DMF 29
6 DPP CHsCN 37
7 TsOH Toluene 7
8 H3BO; Toluene NR
9 AcOH Toluene 11
10 / Toluene NR
11f DPP Toluene 60

“Reaction conditions: 1a (0.6 mmol), 2 (0.66 mmol), catalyst (0.03 mmol), NaxSO4 (1.2 mmol), and solvent (0.25
M), 85 °C, 60 h. "Isolated yield. *Molecular sieves 4 A (300 mg) instead of Na>SOs. “1a (0.66 mmol), 2 (0.6 mmol).
*Catalyst (1 mol%). "The reaction was carried out on a scale of 1 mmol. NR, no reaction.
The optimal reaction conditions (Table 2, entry 1) were then applied to various 2-naphthols, 1-naphthols, and phenols to
evaluate the scope and limitations of this unprecedented aza-Friedel-Crafts/lactonization reaction. As illustrated in
Table 2, the reaction could be accomplished with good generality. 2-Naphthols with electron-donating groups or
electron-withdrawing groups all provided the desired products in decent-to-good yields. (Table 2, entries 2 and 3). In
order to expand the reaction scope and the diversity of this procedure as well as further functionalization, we decided to
test dihydroxynaphthalene derivatives. It is worthwhile to note that when 2,7-dihydroxynaphthalene (1d) was subjected
to this procedure instead of 2-naphthol, the reaction proceeded smoothly, and the corresponding naphthofuran-2(1H)-
one (3d) was obtained in 67% yield (Table 2, entry 4). The scope of the reaction was further examined under the same
conditions by using more hindered naphthol derivatives such as 8-iodo-2-hydroxynaphthalene (1e) and 8-NHBoc-2-
hydroxynaphthalene (1f) as the substrates; however, no reaction occured with le whereas 1f yielded an unknown
product, along with recovered starting material and the expected products were not obtained (Table 2, entries 5 and 6).
1-Naphthol (1g) and substituted 1-naphthol on either the first or second aromatic ring (1h-j) also exhibited good
reactivity with Dha under the same reaction conditions, affording the corresponding lactones 3g—j in decent yields

(Table 2, entries 7-10). Hydroxyindoles can be regarded as naphthol analogs. Therefore, based on this concept, the
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direct functionalization of the generally less-reactive indole benzene ring could be achieved even by using C2- and C3-
unsubstituted hydroxyindoles as the nucleophiles.!* However, the C3 position is still the dominant reaction site for the
functionalization of free-(NH) 5-hydroxyindole with 2 under the above reaction conditions, and 3,3-
bis(indolyl)propanoate was the only product obtained.'* On the contrary, when 5-hydroxyindole with methyl substituent
at the indole nitrogen (1k) was tested, the alkylation in the carbocyclic ring of indole is recovered and the lacton 3k was
isolated in good yield (Table 2, entry 11). These results are in accordance with findings by others'> regarding the
existence of a key interaction between the N-H of the indole with the phosphoric acid in Friedel-Crafts alkylation
reaction. Finally, we tried to replace N-Ac by N-Boc or N-Cbz. However, these derivatives are very unstable and
decomposed quickly under the reaction conditions. Hence, it can be concluded that the scope of naphthols was very
good, but the scope of dehydroalanines was rather poor.

Encouraged by the above successful alkylation/lactonization of 1-naphthols and 2-naphthols with methyl 2-
acetamidoacrylate, to extend the scope of our findings, we further evaluated phenols as the aza-Friedel-Crafts donor to
deliver the 3-NHAc-benzofuranone core bearing a quaternary center at the C3 position. The optimized conditions were
evaluated using phenols 1l-0, which were decorated on the aromatic ring with various substituents with different
electronic and steric properties. In almost all cases, the desired product was successfully formed in moderate yield. With
the strongly electron-donating group 11 (Table 2, entry 12) or the weakly activating alkyl substituent 1m (Table 2, entry
13), the corresponding 3-amidolactones were formed smoothly in yields (up to 45%) and reaction times comparable to
the reference substrate (i.e., 3a). Unsubstituted phenol as well as 3-chlorophenol were inert for this reaction, with no
product formation. Conversely, substitution with two alkyl groups in the ortho positions (1n) dramatically diminished
the overall reactivity and led to the slow formation of only the uncyclized intermediate/Friedel-Crafts alkylation in the
para position (Table 2, entry 14). The obtained aza-Friedel-Crafts adducts are versatile intermediates that can be
readily converted to other chiral building blocks and natural products. For example, the lactone 30 (Table 2, entry 15)
can be considered an advanced intermediate for the synthesis of the antibiotic agent fumimycin.'® Diversification of
drug molecules or natural products to create analogs for screening or repurposing is now an established and vital
strategy for medicinal chemists.!” Toward this end and to demonstrate the late-stage diversification of existing
biologically active architectures, we successfully performed the reaction with (L)-(benzyloxy)carbonyltyrosine-z-butyl
ester (1p). The tyrosine derivative 3p was obtained selectively but as a 1:1 mixture of diastereomers, as confirmed by
NMR analysis although the diastereomers were not separated (Table 2, entry 16). We also tested other phenolic natural

products such as tyrosol and estradiol but only acetylation of the alcoholic hydroxyl groups was observed.

Table 2. Evaluation of Substrate Scope

R2. RZ.
N (PhO),P(O)OH (4a) E(I\—ie‘t‘)\‘ Me NHAc

nys
dEj\ NHAC (5 mol%) (
* o}
& OH 2\COZMe Toluene, Na,SO, /::Io
N

o 85°C,60 h &,
R RT
1a-p 2 3a-p
Entry® Substrate Product Yield (%)"

® A° 64
! OH O o °
1a 3a



Me ' NHAc

=

51

49

67

Me  NHAc

35
40

a2 < %) L ¢ = « ¥
N | I e g < <t on <t
o
. < o 0 g :
< o T £ o < = 5 P
2 2 2 z 2 o0 z - I 7 = i ey -
< o g o < o o & Z o o & o 2 o 5 = {
z Qz P4 [} & = = ° C - n e
o s o @ ] vog 5 -t
o @ o o D 2 = © b= ) ]
B Ze S Y S : o 3
PO ED s O o 7 LI
o Z
g | d 3 9 g =3 2
g ) o 3 2 2 < =
I
o]

1m
Me
OH
(\

|
OH
NHBoc
OH
1f
IOH
19
MeO. O
OH
1h
e
OH
1i
1j
OH
1k
OMe
MeO f OH
11
L
OH
Me
1n
(@)
MeO

10
11
12
13
14
15



CbzHN.__CO,tBu CbzHN__CO,tBu

: : Me _NHAc
16 ., \Cf}o 14
1p 3p

“Reaction conditions: 1a—p (0.6 mmol), 2 (0.66 mmol), 4a (0.03 mmol), Na>xSO4 (1.2 mmol), and toluene (0.25 M), 85
°C, 60 h. "Isolated yield.

In order to gain some insights into the activation mode of catalyst 4a to substrates 1a and 2, we performed some
control experiments (Scheme 1). When 2-methoxynaphthalene (1q) or N-methyl-protected acetamidoacrylate (2b) was
utilized as a substrate for this reaction under the standard conditions (eq. 1-2), no reaction (NR) occurred, indicating
that the OH group of naphthol and the NH group of acetamidoacrylate play a crucial role in controlling the reactivity
(and forming N-acetylimine) via the formation of hydrogen bonds with the catalyst 4a. In addition, the basic

compounds 8-hydroxyquinoline (1r) and 3-aminophenol!'®

(1s) failed to participate in the reaction with N-methyl
acetamidoacrylate 2 (eq. 3—4), implying that the OH group on the catalyst also plays an important role in the reaction

via tautomer generation and a hydrogen-bonding interaction with the substrate.

O NHAc 4 (5 mol%)
— > AR eq. 1
O * /\COZMe Toluene, Na,SO,4 (ea- 1)
OoM 85°C, 60 h
1q 2
O NMeAc 4 (5 mol%)
_— NR (eq. 2)
‘ * /\COZMe Toluene, Na,SO,
OH 85 °C, 60 h
1a 2b
NHAc 4 (5 mol%)
OH - > NR (eq.3)
‘ _N + /\cone Toluene, Na,SO,
85°C, 60 h
1r 2
NH,
NHAc 4 (5 mol%)
_— NR (eq- 4)
* }\COQMe Toluene, Na,SO,4
OH 85°C, 60 h
1s 2

Scheme 1. Control Experiments

Based on the experimental results, a possible reaction pathway was suggested to explain the observed chemistry of
this Brensted acid-catalyzed domino aza-Friedel-Crafts/lactonization reaction of naphthol/phenol with methyl 2-
acetamidoacrylate (2) (Scheme 2). As exemplified by the formation of product, the active N-acetylimine A would be
generated from methyl 2-acetamidoacrylate (2) via tautomerization under the catalysis of 4a. In the transition state, 4a
is proposed to activate N-acetylimine A and naphthol 1 simultaneously via hydrogen-bonding interactions (dual
activation). Then, N-acetylimine A is directly trapped by the ortho position of phenol/naphthol 1, leading to the
formation of a transient intermediate B by an aza-Friedel-Crafts reaction. Finally, the observed product 3 would be
formed after aromatization of intermediate B and intramolecular lactonization. Not surprisingly, these results can be
partially rationalized by the bifunctional structure of the phosphoric acids acting both as a Brensted acid
(tautomerization to N-acylimine; the electrophilicity of which is heightened) and involved in the activation of protic
nucleophiles (naphthol), resulting in highly organized transition states and high levels of stereocontrol with BINOL-

derived phosphoric acids.
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Scheme 2. Proposal Dual Activation for the Aza-Friedel-Crafts/Lactonization of Naphthols and Phenols with 2-Acetamidoacrylate

Finally, a series of chiral phosphoric acids (4b—g) with different substituents at the 3,3-positions of the binaphthyl
ring were prepared and tested in the reaction of 1-naphthol (1g) and N-acetylated dehydroalanine methyl ester (2).
Although there are some reported examples of organocatalytic enantioselective aza-Friedel-Crafts reactions of phenolic

° only moderate-to-scarce enantiomeric excess values have been obtained (Table 3),

compounds with ketimines,'
presumably due to the low reactivity of ketimines and more difficult control of facial selectivity. However, 3g could be
enantioenriched to er 99:1 by one single recrystallisation (Table 3, entry 1). This study represents the first example of
catalyzed asymmetric Friedel-Crafts alkylation of this class on unreactive pyruvate-derived ketimine substrates with

naphthol.

Table 3. Chiral Brensted Acid Catalyzed Asymmetric Aza-Friedel-Crafts/Lactonization Domino Reaction of 1-
Naphthol

Me
4b-g (5 mol%) NHAc

O NHAc
+
OH /J\COZMe Toluene, Na,SO,

O 85°C, 60 h

1g 2 39

OO R b: Y = OH, R = 1-naphthyl
0. 0 c: Y = OH, R = 9-phenanthryl
o™y  d:Y=0H, R=246-(-Pr)3CeH;
OO e:Y = OH, R = 3,5-(CF3),CgH3
R f: (S§)-VAPOL hydrogenphosphate

g: Y = NHTf, R = 9-phenanthryl

(S)-4
Entry? Catalyst Yield (%)° er®d
1 4b 48 82:18 (99:1)°
2 4c 52 84:16
3 4d 7 68:32
4 4e 39 51:49
5 4f 4 53:47
6 4g 20 50:50

“Reaction conditions: 1g (0.6 mmol), 2 (0.66 mmol), 4b—g (0.03 mmol), Na>xSO4 (1.2 mmol), and toluene (0.25 M), 85
°C, 60 h. ®Isolated yield. ‘Determined by chiral HPLC on a Chiralpak OD-H column. “The absolute configuration was
determined relatively by comparison of polarimetry data with related molecules of known stereochemistry?’. ¢ In the

mother liquor by recrystallisation with /Pr.O/acetone 7:1, Crystals were racemic.



In conclusion, we have successfully developed a domino aza-Friedel-Crafts/lactonization reaction of readily
available phenols and naphthols with aliphatic ketimines generated in sifu from methyl 2-acetamidoacrylate under the
influence of a phosphoric acid catalyst. This reaction is a rare example of the Friedel-Crafts reaction involving
ketimines possessing alkyl substituents and is also an attractive method for the synthesis of 3-NHAc-benzofuran-2-ones
and naphthofuranone derivatives that have a quaternary stereogenic center at the C3 position. This atom-economical
and environmentally friendly procedure uses an inexpensive nonmetal catalyst with low loadings and establishes a new
type of Friedel-Crafts alkylation between naphthols/phenols with electron-rich alkenes. Applications of this

methodology to other reactions and natural products synthesis are currently under investigation in our laboratory.

Experimental section

General Methods. All reactions were run in air unless otherwise noted. Column chromatography purifications were
performed in flash chromatography conditions using 230-400 Mesh silica gel. Analytical thin layer chromatography
(TLC) was carried out on silica gel plates (Silica Gel 60 F254). 'H NMR and '3C NMR spectra were recorded on 200 or
400 spectrometer, using CDCl3, DMSO-ds and CD3OD as solvent. Chemical shifts (5 scale) are reported in parts per
million (ppm) relative to the central peak of the solvent. Coupling constants (J values) are given in hertz (Hz). IR
spectra were obtained on FT-IR spectrometer, absorbance are reported in cm™'. Melting points were determined on
capillary melting point apparatus and are uncorrected. Enantiomeric excesses were determined on a HPLC instrument
(chiral column OD-H; mobile phase n-hexane/ iPrOH 85:15, flow 1.0 mL min-1, A = 220 nm). Optical rotation analysis
are performed using a Perkin-Elmer 241 polarimeter using a sodium lamp (A 589 nm, D-line); [a]p?® values are reported
in 107! deg cm? g'!; concentration (c) is in g for 100 mL. HRMS analysis was performed using a Q-TOF microTM mass
spectrometer.

Starting Materials. Naphthalen-2-ol (1a), 6-methoxynaphthalen-2-ol (1b), 6-bromonaphthalen-2-ol (1¢), naphthalene-
2,7-diol (1d), naphthalen-1-ol (1g), 4-methoxynaphthalen-1-ol (1h), 4-chloronaphthalen-1-ol (1i), naphthalene-1,5-diol
(1j), 3,5-dimethoxyphenol (1l), p-cresol (1m), 2,6-dimethylphenol (1m), methyl 2-acetamidoacrylate (2), diphenyl
phosphate (4a) and (S)-VAPOL hydrogenphosphate (4f) are commercially available. 8-iodonaphthalen-2-ol (1e),?! tert-
butyl (7-hydroxynaphthalen-1-yl)carbamate (1f),2! 1-methyl-1H-indol-5-01 (1k),2> 4-(allyloxy)-3-methoxyphenol
(10),'® tert-butyl ((benzyloxy)carbonyl)-L-tyrosinate (1p),? 4b,2* 4¢,% 4d,%° 4¢*” and 4g> are synthetized as reported in
literature.

General procedures for Aza-Friedel-Crafts/Lactonization of Naphthols and Phenols with 2-Acetamidoacrylate.
A vial was charged with the appropriate naphthol or phenol derivatives (1a-p) (0.6 mmol), methyl 2-acetamidoacrylate
(2) (94 mg, 0.66 mmol), Na2SO4 (170 mg, 1.2 mmol), the appropriate phosphoric acid (0.03 mmol) and toluene (2.4
mL). The vial was immersed in a preheated (85 °C) oil bath and stirred at this temperature for 60 h. The solvent was
evaporated under reduced pressure and the residue obtained was purified by flash chromatography.
N-(1-Methyl-2-oxo-1,2-dihydronaphtho/2, 1-b]furan-1-yl)acetamide (3a). The title compound was prepared according
to the general procedure using naphthalen-2-ol (1a) (86 mg, 0.6 mmol) and methyl 2-acetamidoacrylate (2). The
product was purified by flash chromatography (cyclohexane/ EtOAc 1:1) to give 3a (98 mg, 64%) as white amorphous
solid. '"H NMR (CDCls) & 1.75 (s, 3H), 1.88 (s, 3H), 7.34-7.58 (m, 4H), 7.82-7.92 (m, 3H). *C NMR (CDCl3) § 21.9,
23.2, 58.0, 111.8, 120.8, 121.5, 124.6, 127.7, 128.3, 129.7, 130.7, 131.3, 150.7, 170.0, 176.8. IR (film): 3372, 3056,
1811, 1652 cm™'. HRMS (ESI) m/z calcd for C1sH1aNO3 (M + H)* 256.0968; Found 256.0980.
N-(7-Methoxy-1-methyl-2-oxo-1,2-dihydronaphtho[2, 1-b]furan-1-yl)acetamide (3b). The title compound was prepared
according to the general procedure using 6-methoxynaphthalen-2-ol (1b) (104 mg, 0.6 mmol) and methyl 2-
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acetamidoacrylate (2). The product was purified by flash chromatography (gradient from cyclohexane/ EtOAc 6:4 to
cyclohexane/ EtOAc 1:1) to give 3b (87 mg, 51%) as beige solid. 'H NMR (DMSO-ds): 5 1.70 (s, 3H), 1.81 (s, 3H),
3.86 (s, 3H) 7.28 (dd, J1=9.0 and J>= 2.5 Hz, 1H), 7.40 (d, /= 9.0 Hz, 1H), 7.43 (s, 1H), 7.85 (d, J=9.0 Hz, 1H), 7.92
(d, J=9.0 Hz, 1H), 9.35 (br s, 1H). 3C NMR (DMSO-ds): 8 21.8, 23.5, 55.7, 57.6, 108.4, 112.3, 120.7, 122.4, 123.3,
123.6, 129.1, 132.6, 148.8, 156.6, 169.3, 176.8. m.p. 131-135 °C. IR (film): 3258, 1820, 1648 cm!. HRMS (ESI) m/z
calcd for C16H16NO4 (M + H)*286.1074; Found 286.1052.

N-(7-Bromo-1-methyl-2-oxo-1,2-dihydronaphtho/[2, 1-b]furan-1-yl)acetamide (3c). The title compound was prepared
according to the general procedure using 6-bromonaphthalen-2-ol (1¢) (133 mg, 0.6 mmol) and methyl 2-
acetamidoacrylate (2). The product was purified by flash chromatography (cyclohexane/ EtOAc 1:1) to give 3¢ (98 mg,
49%) as white solid. 'H NMR (DMSO-ds): & 1.72 (s, 3H), 1.81 (s, 3H), 7.52-7.99 (m, 4H), 8.30 (s, 1H), 9.41(br s, 1H).
BC NMR (DMSO-de): & 21.7, 23.2, 57.4, 113.3, 118.0 122.4, 124.0, 126.8, 130.0, 131.0, 131.8, 132.4, 150.8, 169.5,
176.5. m.p. 242-245 °C. IR (film): 3291, 1815, 1648 ¢cm™'. HRMS (ESI) m/z calcd for CisHiz:BrNOs (M + H)*
334.0073; Found 334.0088.

N-(8-hydroxy-1-methyl-2-oxo-1,2-dihydronaphtho[2, 1-b]furan-1-yl)acetamide (3d). The title compound was prepared
according to the general procedure using naphthalene-2,7-diol (1d) (96 mg, 0.6 mmol) and methyl 2-acetamidoacrylate
(2). The product was purified by flash chromatography (cyclohexane/ EtOAc 2:8) to give 3d (109 mg, 67%) as pink
solid. 'H NMR (DMSO-ds): 8 1.69 (s, 3H), 1.83 (s, 3H), 7.05-7.07 (m, 1H), 7.18-7.20 (m, 2H), 7.79-7.83 (m, 2H),
9.33 (br s, 1H), 9.97 (br s, 1H). *C NMR (DMSO-ds): § 21.9, 22.9, 57.5, 103.7, 108.5, 117.6, 120.0, 125.9, 130.2,
130.4, 131.5, 150.8, 157.1, 169.3, 177.1. m.p. > 250 °C. IR (film): 3265, 1816, 1656 cm™'. HRMS (ESI) m/z calcd for
CisH14aNO4 (M + H)* 272.0917; Found 272.0945.

N-(3-Methyl-2-oxo0-2,3-dihydronaphtho[1,2-b]furan-3-yl)acetamide (3g). The title compound was prepared according
to the general procedure using naphthalen-1-ol (1g) (86 mg, 0.6 mmol) and methyl 2-acetamidoacrylate (2). The
product was purified by flash chromatography (cyclohexane/ EtOAc 1:1) to give 3g (67 mg, 44%) as white solid. 'H
NMR (DMSO-ds) 6 1.61 (s, 3H), 1.83 (s, 3H), 7.40 (d, J= 8.0 Hz, 1H), 7.58-7.67 (m, 2H), 7.76 (d, J = 8.0 Hz, 1H),
7.97-8.01 (m, 2H), 9.20 (br s, 1H). 1*C NMR (DMSO-ds) & 21.9, 23.8, 57.4, 119.4, 120.0, 120.9, 124.5, 125.2, 127.2,
127.4, 128.8, 134.2, 148.2, 169.6, 176.7. m.p. 240-241 °C. IR (film): 3371, 1813, 1650 cm™". [a]*’p: -162 (¢ 1.647 in
MeOH) (Determinated in the mother liquor after recrystallisation with /Pr2O/acetone 7:1 of product obtained using 4b
as catalyst). HRMS (ESI) m/z caled for Ci1sH14NOs (M + H)* 256.0968; Found 256.0997.
N-(5-Methoxy-3-methyl-2-oxo-2,3-dihydronaphtho[1,2-b]furan-3-yl)acetamide (3h). The title compound was prepared
according to the general procedure using 4-methoxynaphthalen-1-ol (1h) (104 mg, 0.6 mmol) and methyl 2-
acetamidoacrylate (2). The product was purified by flash chromatography (gradient from cyclohexane/ acetone 8:2 to
cyclohexane/ acetone 6:4) to give 3h (111 mg, 65%) as off-white solid. 'H NMR (DMSO-ds): § 1.60 (s, 3H), 1.84 (s,
3H), 3.98 (s, 3H), 6.83 (s, 1H), 7.53-7.70 (m, 2H), 7.92 (d, J = 8.0 Hz, 1H), 8.19 (d, J = 8.0 Hz, 1H), 9.04 (br s, 1H).
BC NMR (DMSO-ds): & 22.0, 23.8, 56.5, 58.0, 98.6, 120.2, 120.8, 122.8, 124.8, 125.4, 126.5, 127.9, 141.7, 152.7,
169.5, 177.0. m.p. 226-230 °C. IR (film): 3312, 1809, 1660 cm™'. HRMS (ESI) m/z calcd for CisHisNO4 (M + H)"
286.1074; Found 286.1075.

N-(5-Chloro-3-methyl-2-oxo-2,3-dihydronaphtho[ 1,2-b]furan-3-yl)acetamide (3i). The title compound was prepared
according to the general procedure using 4-chloronaphthalen-1-ol (1i) (107 mg, 0.6 mmol) and methyl 2-
acetamidoacrylate (2). The product was purified by flash chromatography (gradient from cyclohexane/ acetone 8:2 to
cyclohexane/ acetone 7:3) to give 3i (80 mg, 46%) as orange solid. '"H NMR (DMSO-ds): & 1.63 (s, 3H), 1.84 (s, 3H),
7.63 (s, 1H) 7.74-7.79 (m, 2H), 8.05-8.24 (m, 2H), 9.18 (br s, 1H). '3C NMR (DMSO-ds): & 21.9, 23.4, 57.6, 120.4,
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120.6, 121.8, 124.9, 125.5, 126.3, 128.4, 128.9, 130.6, 147.7, 169.8, 176.1. m.p. 236-238 °C. IR (film): 3262, 1816,
1656 cm™'. HRMS (ESI) m/z calcd for C1sHi12CINNaOs (M + Na)* 312.0398; Found 312.0374.
N-(6-hydroxy-3-methyl-2-oxo-2,3-dihydronaphtho[ 1,2-b]furan-3-yl)acetamide (3j). The title compound was prepared
according to the general procedure using naphthalene-2,7-diol (1j) (96 mg, 0.6 mmol) and methyl 2-acetamidoacrylate
(2). The product was purified by flash chromatography (cyclohexane/ EtOAc 4:6) to give 3j (68 mg, 42%) as brown
solid. 'H NMR (DMSO-de): 6 1.59 (s, 3H), 1.82 (s, 3H), 6.94 (dd, J = 7.0 and 1.5 Hz, 1H), 7.30 (d, J = 8.5 Hz, 1H),
7.38 —7.45 (m, 2H), 7.96 (d, J = 8.5 Hz, 1H), 9.16 (br s, 1H), 10.4 (br s, 1H). 1*C NMR (DMSO-ds): § 21.9, 23.8, 57.5,
109.4,111.4,118.3, 118.8, 120.8, 125.4, 125.7, 128.1, 148.2, 154.1, 169.5, 176.8. m.p. > 250 °C. IR (film): 3268, 1821,
1659 cm™'. HRMS (ESI) m/z calcd for CisH1aNOs (M + H)* 272.0917; Found 272.0925.
N-(1,6-dimethyl-2-oxo-1,6-dihydro-2H-furo[3,2-eJindol-1-yl)acetamide (3k). The title compound was prepared
according to the general procedure using I-methyl-1H-indol-5-0l (1k) (88 mg, 0.6 mmol) and methyl 2-
acetamidoacrylate (2). The product was purified by flash chromatography (cyclohexane/ EtOAc 1:1) to give 3k (76 mg,
49%) as beige solid. 'H NMR (DMSO-d): 8 1.60 (s, 3H), 1.78 (s, 3H), 3.79 (s, 3H), 6.41 (d, J = 3.0 Hz, 1H), 7.00 (d, J
= 8.5 Hz, 1H), 7.38 (d, J = 8.5 Hz, 1H), 7.43 (d, J = 3.0 Hz, 1H), 9.15 (br s, 1H). 3C NMR (DMSO-ds): 6 21.8, 23.2,
33.2,57.2, 96.8, 104.8, 110.3, 119.4, 122.7, 132.6, 134.8, 146.2, 169.1, 177.2. m.p. > 250 °C. IR (film): 3274, 1811,
1633 cm™'. HRMS (ESI) m/z calcd for C1aH1sN203 (M + H)* 259.1077; Found 259.1065.
N-(4,6-Dimethoxy-3-methyl-2-oxo-2, 3-dihydrobenzofuran-3-yl)acetamide (31). The title compound was prepared
according to the general procedure using 3,5-dimethoxyphenol (11) (92 mg, 0.6 mmol) and methyl 2-acetamidoacrylate
(2). The product was purified by flash chromatography (cyclohexane/ EtOAc 1:1) to give 31 (52 mg, 33%) as beige
solid. '"H NMR (CDCl): & 1.68 (s, 3H), 1.96 (s, 3H), 3.80 (s, 6H) 6.19 (d, J = 2.0 Hz, 1H), 6.22 (br s, 1H), 6.34 (d, J =
2.0 Hz, 1H). BC NMR (CDCl): § 22.1, 22.2, 55.5, 55.7, 56.4, 89.5, 94.7, 107.5, 154.8, 156.2, 162.2, 169.1, 175.7. m.p.
195-197 °C. IR (film): 3292, 1805, 1644 cm™. HRMS (ESI) m/z calcd for Ci3HisNOs (M + H)" 266.1023; Found
266.1049.

N-(3,5-dimethyl-2-oxo-2,3-dihydrobenzofuran-3-yl)acetamide (3m). The title compound was prepared according to the
general procedure using p-cresol (Im) (65 mg, 0.6 mmol) and methyl 2-acetamidoacrylate (2). The product was
purified by flash chromatography (cyclohexane/ EtOAc 1:1) to give 3m (59 mg, 45%) as orange oil. 'H NMR (CDCls):
5 1.59 (s, 3H), 1.93 (s, 3H), 2.34 (s, 3H), 6.94 (bs, 1H), 7.00 (d, J = 8.0 Hz, 1H), 7.04 (s, 1H), 7.10 (d, /= 8.0 Hz, 1H).
BC NMR (CDCl): 8 21.1, 22.0, 24.1, 57.0, 110.6, 122.7, 129.6, 130.0, 134.0, 151.0, 169.5, 176.3. IR (film): 3285,
1813, 1658 cm™'. HRMS (ESI) m/z calcd for C12H1aNO3 (M + H)* 220.0968; Found 220.0946.

Methyl 2-acetamido-2-(4-hydroxy-3,5-dimethylphenyl)propanoate (3n). The title compound was prepared according to
the general procedure using 2,6-dimethylphenol (1n) (122 mg, 0.6 mmol) and methyl 2-acetamidoacrylate (2). The
product was purified by flash chromatography (gradient from cyclohexane/ EtOAc 6:4 to cyclohexane/ EtOAc 1:1) to
give 3n (56 mg, 35%) as white solid. '"H NMR (DMSO-ds): & 1.70 (s, 3H), 1.87 (s, 3H), 2.16 (s, 6H), 3.52 (s, 3H), 6.99
(s, 2H), 8.21 (br s, 1H), 8.26 (s, 1H). 3C NMR (DMSO-ds): 6 17.3, 23.0, 24.0, 52.3, 61.0, 124.2, 126.4, 131.1, 153.3,
169.6, 173.2. m.p. 207-209 °C. IR (film): 3386, 1714, 1660 cm™'. HRMS (ESI) m/z calcd for C14H20NO4 (M + H)"
266.1387; Found 266.1384.

N-(5-(allyloxy)-6-methoxy-3-methyl-2-oxo-2, 3-dihydrobenzofuran-3-yl)acetamide (30).'°* The title compound was
prepared according to the general procedure using 4-(allyloxy)-3-methoxyphenol (10) (108 mg, 0.6 mmol) and methyl
2-acetamidoacrylate (2). The product was purified by flash chromatography (gradient from cyclohexane/ EtOAc 8:2 to
cyclohexane/ EtOAc 4:6) to give 30 (70 mg, 40%) as white solid. 'H NMR (DMSO-ds): 5 1.47 (s, 3H), 1.80 (s, 3H),
3.79 (s, 3H), 4.50 (d, J = 5.5 Hz, 1H), 5.24 (dd, J = 10.5 and 1.5 Hz, 1H), 5.38 (dd, J = 17.5 and 1.5 Hz, 1H), 5.99 -
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6.06 (m, 1H), 6.85 (s, 1H), 6.94 (s, 1H), 8.94 (br s, 1H). 3C NMR (DMSO-ds): & 22.0, 24.1, 56.6, 56.9, 70.5, 97.1,
109.2, 117.9, 121.2, 134.4, 145.1, 147.2, 150.7, 169.3, 177.0. m.p. 182-184 °C. IR (film): 3276, 1721, 1648 cm'.
HRMS (ESI) m/z calcd for CisHisNOs (M + H)* 292.1179; Found 292.1205.

tert-butyl (25)-3-(3-acetamido-3-methyl-2-oxo-2,3-dihydrobenzofuran-5-yl)-2-(((benzyloxy)carbonyl)amino)propanoate
(3p). The title compound was prepared according to the general procedure using fert-butyl ((benzyloxy)carbonyl)-L-
tyrosinate (1p) (223 mg, 0.6 mmol) and methyl 2-acetamidoacrylate (2). The product was purified by flash
chromatography (gradient from cyclohexane/ EtOAc 7:3 to cyclohexane/ EtOAc 4:6) to give 3p (40 mg, 14%) as
colorless oil. 'H NMR (CD3;OD):  1.39 (s, 9H), 1.40 (s, 9H), 1.51 (s, 3H), 1.52 (s, 3H), 1.88 (s, 3H), 1.89 (s, 3H),
2.89-2.95 (m, 2H), 3.04-3.10 (m, 2H), 4.28-4.33 (m, 2H), 5.03 (s, 2H), 5.04 (s, 2H), 6.99-7.03 (m, 2H), 7.13-7.21 (m,
4H), 7.28-7.31 (m, 10H). '3C NMR (CD;OD): & 18.6, 21.0, 21.1, 25.3, 35.3, 35.4, 54.4, 54.7, 55.1, 64.6, 64.7, 80.0,
80.1, 108.4, 108.5, 121.2, 121.4, 125.7, 125.9, 126.0, 126.1, 126.5, 128.6, 128.7, 128.8, 131.8, 132.0, 135.2, 135.3,
150.4, 155.4, 169.3, 169.5, 169.6, 174.8. IR (film): 3363, 1721, 1697 cm™!. HRMS (ESI) m/z calcd for C2sH31N207 (M
+ H)" 483.2126; Found 483.2139.

Procedure for 1 mmol scale synthesis of compound 3a. A vial was charged with naphthalen-2-ol (1a) (144 mg, 1
mmol), methyl 2-acetamidoacrylate (2) (172 mg, 1.2 mmol), Na2SO4 (284 mg, 2 mmol), diphenyl phosphate (4a) (12.5
mg, 0.05 mmol) and toluene (4 mL). The vial was immersed in a preheated (85 °C) oil bath and stirred at this
temperature for 60 h. The solvent was evaporated under reduced pressure and the residue obtained was purified by flash
chromatography (cyclohexane/ EtOAc 1:1) to give 3a (153 mg, 60%). The chemical-physical data are in accordance as

reported above.

Supporting Information.

Copies of 'H and 1*C NMR spectra for all new compounds and HPLC traces of 3g.
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