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Synthesis of Esterified/Fused Isocoumarins via Rh-Catalyzed C—H
Activation/Transannulative Coupling/Annulation of Phthalic Anhy-
drides with Cyclic 2-Diazo-1,3-diketones and Methanol
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Abstract A rhodium(III)-catalyzed cascade reaction of phthalic anhydrides with cyclic 2-diazo-1,3-diketones and methanol
for modular access to esterified cyclohexenone-fused isocoumarins has been developed. This strategy involves the process of
one C—C and two C—O bonds formation through C—H activation, transannulative coupling and subsequent annulation
process. Furthermore, no additive and base are needed in this transformation, and interestingly, the reaction could proceed well
under air atmosphere with broad substrate and good functional groups tolerance.
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1 Introduction have been established.™ A copper-catalyzed a-arylation of
1,3-cyclohexanedione with 2-bromobenzoic acids followed
by intramolecular esterification for the synthesis of fused
isocoumarins was firstly reported by McKillop group.P!
Subsequently, this methodology was further studied by the
groups of Bryson,!) Wang,[! and Fan.[¥] Recently, an im-
pressive transition metal-free a-arylation/ring annulation
and Rh-catalyzed direct C—H activation of ylides with
diazo compounds have been developed for efficient access
to fused isocoumarins.[!3 Despite these approaches being
efficient and reliable, developing more streamlined and

Isocoumarins, known as a privileged class of lactones,
are usually found in numerous biologically active mole-
cules including natural products with a broad range of bio-
activities such as anti-human immunodeficiency virus
(HIV), antibacterial, antitumor, antiinflammatory and anti-
diabetic uses.['?! Among them, ring-fused isocoumarins
are also commonly encountered as a core in natural prod-
ucts and pharmaceuticals and are widely used as key in-
termediates for the synthesis of bioimportant molecules.!
Due to their significance, numerous synthetic approaches
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practical methods from the available reagents for the syn-
thesis of diversified isocoumarins is highly desirable.

In the past several years, transition-metal-catalyzed di-
recting group-assisted C—H functionalization has emerged
as a powerful tool in organic synthesis because this elegant
strategy has advantages, such as enhanced reaction effec-
tiveness, excellent atom economy, and significant versatil-
ity and applicability.'¥! Diazo compounds have been
widely used as a powerful substrate for the rapid assembly
of fused heterocycles through transition-metal-catalyzed
cascade aryl C—H bond activation and subsequent annula-
tion.!'>) In this regard, we recently disclosed a cascade re-
action for access to fused isocoumarins using benzoic acids
and benzamides as starting materials (Scheme 1, a).l'" In
continuation of our efforts to enrich transition-metal cata-
lyzed cascade C—H activation/intramolecular cyclization
for heterocycle synthesis,!'”2% we herein reported a simple
and efficient strategy for the synthesis of cyclohexa-
none-fused/esterified isocoumarins through the Rh(III)-
catalyzed cascade C—H bond activation and sequential
intramolecular annulation of phthalic anhydrides with cy-
clic 2-diazo-1,3-diketones and methanol (Scheme 1, b).

O

XH

(X=0, NH)
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N R?
ﬁ 2[cp*RhCll,| O H
R! Y AN
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Scheme 1 Rh-catalyzed cascade C—H bond activation/annu-
lation for construction of cyclohexanone-fused isocoumarins

2 Results and discussion

Our investigation was first devised using cyclic 2-diazo-
1,3-diketone (1a) and S5-methylisobenzofuran-1,3-dione
(2b) in methanol as the model substrate to optimize the
reaction conditions (Table 1). Our initial studies using Rh
and Ru catalysts for the three-component reaction under air
atmosphere revealed that [Cp*RhCL ], was the best catalyst
to give the product 3b in 83% yield (Table 1, Entry 5),
whereas [(p-cymene)RuCl,], afforded the product albeit in
low yield (Table 1, Entry 4). Various Ni catalysts, includ-
ing Ni(COD),, Ni(PPhs),Cl, and Ni(OTf),, were then in-
vestigated, and the reaction hardly took place (Table, En-
tries 6 ~ 8). Decreasing or increasing the amount of
[Cp*RhCl]» could not give a better result (Table 1, Entries
10~13). Subsequent investigations on the solvent effect
showed that methanol, which was used both as solvent and
as one of the reactants, led to the best result (Table 1, En-
tries 14~19). Furthermore, there was no extra benefit of
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product yield by decreasing the reaction temperature or
reaction time as well as increasing the reaction time to 20 h
(Table 1, Entries 20~25). Thus, the reaction could be best
performed in methanol at reflux for 15 h in the presence of
[Cp*RhCl]» (2 mol%) under air atmosphere (Table 1, En-

try 5).
Table 1 Optimization of the reaction conditions”

(0}
Meﬁ ;]ij
Me
1a

catalyst (2 mol%)
solvent

Entry Catalyst Solvent  Temp./°C Time/h Yield”/%

1 Rh2(OAc)s MeOH  Reflux 15  Trace
2 Rha(oct)s MeOH  Reflux 15  Trace
3 (PPhs)sRuCl, MeOH  Reflux 15  Trace
4 [(p-cymene)RuCl.. MeOH  Reflux 15 51

5 [Cp*RhCl:2]2 MeOH Reflux 15 83
6 Ni(COD)2 MeOH  Reflux 15 nr
7 Ni(PPh3):Cl2 MeOH  Reflux 15 nr
8 Ni(OTf) MeOH  Reflux 15 nr
9¢ [Cp*RhCL]2 MeOH  Reflux 15 60
104 [Cp*RhCL]2 MeOH  Reflux 15 62
11¢ [Cp*RhCL]2 MeOH  Reflux 15 71
12/ [Cp*RhCL]2 MeOH  Reflux 15 83
13 — MeOH Reflux 15 nr
14 [Cp*RhCL]2 DMF Reflux 15  Trace
15 [Cp*RhCL]2 DCM Reflux 15 35
16 [Cp*RhCL]2 MeCN  Reflux 15  Trace
17 [Cp*RhCL]z THF Reflux 15 54
18 [Cp*RhClL]2 Toluene  Reflux 15  Trace

1,4-Dioxane Reflux 15 Trace
MeOH 25 15 20
MeOH 50 15 45

20 [Cp*RhCL]:

]
]
]
]
]
19 [Cp*RhCL]2
]
21 [Cp*RhCL]2
]
]
]

22 [Cp*RhClL]2 MeOH  Reflux 1 15
23 [Cp*RhClL:]2 MeOH  Reflux 5 20
24 [Cp*RhClL:]2 MeOH  Reflux 10 76
25 [Cp*RhCl]: MeOH  Reflux 20 83

@ Reaction conditions: 2-diazo-5,5-dimethylcyclohexane-1,3-dione (1a, 0.5
mmol), 5-methylisobenzofuran-1,3-dione (2b, 0.5 mmol), methanol (0.5
mmol) and catalyst (2 mol%) were stirred in solvent (2 mL) under air atmos-
phere. nr=no reaction. ” Islated yields. ¢ 0.5 mol% catalyst was used. ¢ 1.0
mol% catalyst was used. ¢ 1.5 mol% catalyst was used. /2.5 mol% catalyst was
used.

With the optimized reaction conditions in hand, we next
set out to explore the generality of this this transformation
with a combination of various cyclic 2-diazo-1,3-diketones
1 with phthalic anhydrides 2 in methanol (Table 2). Gener-
ally, phthalic anhydride 2a reacted with cyclic 2-diazo-1,3-
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diketone (1a) in methanol under the standard condition
generated the corresponding product 3a in 82% yield.
Phthalic anhydrides 2 featuring either an electron-donating
(eg. Me) or electron-withdrawing group (eg. Cl, Br) on the
benzene ring worked well under the standard conditions,
generating the corresponding products 3b~3g in 71%~
88% yields. No significant effect was observed when the
position of the methyl group was altered (product 3c
showed 71% yield). It was noted that phthalic anhydrides
with strong electron-donating groups were also well com-
patible, giving the desired products 3d and 3e in 86% and
63% yields, respectively. Unfortunately, no desired prod-
ucts (3h and 3i) were obtained when mono-substituted
phthalic anhydride with a strong electron-withdrawing
group (NO,) and disubstituted phthalic anhydride (5,6-

difluoroisobenzofuran-1,3-dione) were chosen as sub-
strates. Subsequently, various cyclic 2-diazo-1,3-diones
bearing substituents such as monomethyl (1b), phenyl (1¢),
4-chloro-phenyl (1d) and hydrogen (1e) were investigated
under the standard conditions, generating the correspond-
ing products 3j, 3n, 3r and 3s in 79%, 64%, 56% and 75%
yields, respectively. Furthermore, a series of ester-
functionalized isocoumarins 3k~3v were obtained in sat-
isfactory yields (58%~83%) through the cross reaction of
different cyclic 2-diazo-1,3-diketones with phthalic anhy-
drides. The resultant products were characterized by infra-
red (IR), 'H NMR and 3C NMR spectroscopies, and
high-resolution mass spectrometry (HRMS) analysis. In
addition, product 3t was also unambiguously confirmed by
X-ray crystallographic analysis.

Table 2 Substrate scope®”

MeOH, reflux, 15 h

0
ﬁNz e N RS [CP*RNCL,], (2 mol%)
R! =
o) R

3f: 88% 39: 84% 3h: 0%

Me Cl Br
0} (0] o} (0} 0}
OMe OMe OMe OMe OMe
\ \ \ \ \
Me O” "0 © Me O” "0 © Me [O2NG) © Ph O” "0 © Ph (O ©) ©

3k: 74% 31: 83% 3m: 80%
Br
0 Me 0
OMe OMe
\ \
Ph O” "0 © Ph O” "0 ©
3p: 58% 3q: 65% cl

Me Cl
o o Me 0
OMe OMe OMe
\ \ \
O (0]
o "0 (o N6) © (O 2N ®)

3v: 78%

3t: 72% 3u: 68%

(6] OO

3i: 0% 3j: 79%

3n: 64% 30: 60%
Me
(0]
OMe OMe
\
O” "0 ©
3r: 56% 3s: 75%

X-ray structure of 3t
(30% for ellipsoid)
(CCDC 2174140)

4 Reaction conditions: cyclic diazo compounds (1, 0.5 mmol), phthalic anhydrides (2, 0.5 mmol), and [Cp*RhCl;], (2 mol%) were stirred in methanol (2 mL) at

reflux for 15 h under air atmosphere. ? Islated yields.
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In order to investigate the efficiency and utility of this
method, a gram-scale reaction of 1a (5 mmol) and 2b (5
mmol) was carried out under the standard conditions, and
the desired product 3b was obtained in 79% (1.24 g) yield
(Scheme 2, a). The result showed promise for this synthetic
method as a useful tool in practical synthetic contexts.
Furthermore, in addition to methanol, the applicability of
ethanol and n-propanol were examined under the standard
condition (Scheme 2, b). The desired products 3w and 3x
were successfully obtained in 80% and 16% yields, respec-
tively. To our delight, when 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) and tert-butanol were used as the sub-
strate and solvent, the unexpected decarboxylative product
3y was isolated in 17% and 23% yields, respectively
(Scheme 2, c).

a) Gram-scale synthesis

[Cp*RNCly]2 (2 mol%)

Having established the substrate scope, several control
experiments were then performed to explore the prelimi-
nary mechanism (Scheme 3). Firstly, ortho-substituted
methyl benzoates, such as 2-(methoxycarbonyl)benzoic
acid (4) and dimethyl phthalate (5), were employed to this
transformation, no desired product 3aa was obtained
(Scheme 3, a, b). Additionally, when the mixture of meth-
anol/ethanol (V' I V=1 I 1) was used as solvent under the
standard condition (Scheme 3, c), the mixture products of
3a and 3w were isolated in 63% yield (the ration of 3a/3w
is 4 I 1). These results indicated that the reaction proceed-
ed through initial C—H activation with carboxylic group
as directing group, followed by transesterification of the
phthanlic acid by methanol.

OMe

Mer;ﬁ o

2b (5 mmol)
Usmg other alcohols as solvent

1a (5 mmol)

MeOH, reflux, 15 h \

Me O
Me 0" "0

3b (1.24 g, 79%)

0O

. G [CP*RhCl,], (2 mol%) OR
Me ROH, reflux, 15 h \
Me (0]

Usmg HFIP or tBuOH as solvent

[Oe]

3w: R =Et, 80%
3x: R ="Pr, 16%

Me

O

[Cp*RhCl,], (2 mol%)

+ O
Me HFIP or 'BuOH, reflux, 15 h \
Me

0~ o
3y: HFIP, 17%
‘BuOH, 23%

Me

Scheme 2  Further studies

) o] 0
N2 meO [CP*RNCly], (2 mol%)
+
Me HO MeOH, reflux, 15 h
O Me
Me 0
1a

4
) o 0
N2 MeO [Cp*RACl,], (2 mol%)
+
Me MeO MeOH, reflux, 15 h
M (e} Me
© 0
1a

3a, 0% yield

(0]
OMe/OEt

ﬁ ;\’j@ [CP*RNCl,], (2 mol%)
Me MeOH/EtOH, reflux, 15 h |
e o X0 (6]

Me
63% (3a/3w = 4:1)

Scheme 3 Control experiments
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On the basis of the above experiment results and litera-
ture reports,?!! a plausible mechanism is proposed for the
formation of product 3a (Scheme 3). Initially, under the
direction and assistance of the oxygen atom of the carbonyl
group, the Rh-catalyst A activates the a-C(sp?)—H bond of
phthalic anhydride (2a) to generate the five-membered
rhodacycle intermediate B by deprotonation. Subsequently,
the cyclic 2-diazo-1,3-diketone (1a) coordinates with in-
termediate B to form the intermediate C by releasing N,.
Then, migratory insertion of carbene into Rh—C bond
completes the C—C coupling and affords the six-mem-
bered intermediate D. Protonolysis of intermediate D leads
to intermediate E, and releases the Rh(IlI)-catalyst, which
starts a new catalytic cycle. In the next stage of this cas-
cade process, intermolecular transesterification and subse-
quent nucleophilic addition with the in situ generated in-
termediate F by using methanol as a nucleophile. Finally,
the desired product 3a was formed with release of water
through S-elimination.

3 Conclusions

In conclusion, an efficient and simple procedure has
been developed to allow the modular assembly of esteri-
fied cyclohexenone-fused isocoumarins from available
cyclic 2-diazo-1,3-diketones, phthalic anhydrides, and
methanol. The transformation likely proceeds through
Rh(IIT)-catalyzed cascade C—H activation, transannulative
coupling, and subsequent annulation process. Moreover,
the use of methanol as solvent and reactant enables the
formation of one C—C and two C—O bonds under air
atmosphere, without any additive as well as base.

transesterification/
nucleophilic addition

4 Experimental section

4.1 General comments

Reactions were monitored by using thin-layer chroma-
tography (TLC) on commercial silica gel plates (GF 254).
Visualization of the developed plates was performed under
UV lights (GF 254 nm). Flash column chromatography
was performed on silica gel (200~300 mesh). 'H NMR
and '3C NMR spectra were recorded on 300 MHz and 500
MHz spectrometers. HRMS analysis with a quadrupole
time-of-flight mass spectrometer yielded ion mass/charge
(m/z) ratios in atomic mass units (Agilent 6220). IR spectra
were measured as dry films (KBr) (IRPrestige-21), and the
peaks are reported in terms of wave number (cm™'). The
melting points were measured using SGWX-4 melting
point apparatus.

4.2 General procedure for the synthesis of ester-
functionalized fused isocoumarins 3

A mixture of cyclic 2-diazo-1,3-diketones (1, 0.5 mmol),
phthalic anhydrides (2, 0.5 mmol), and [Cp*RhCl], (0.01
mmol) in methanol (2 mL) was stirred at reflux in an oil
bath preheated to 80 ‘C for 15 h under air atmosphere.
After the reaction completed (as determined using TLC),
the reaction mixture was cooled to room temperature, ex-
tracted with dichloromethane (10 mL X 3), and then
washed with brine. The organic layers were combined,
dried over Na,SO,, filtered, and then evaporated under
vacuum. The residue was purified using flash column
chromatography with a silica gel (200~300 mesh), using
ethyl acetate and petroleum ether (V' : V=1 : 6~1 : 8) as
the elution solvent to give the desired products 3.

e}
[Cp*RNCl] 0
H 2a O
Cp*RhCl,
C—H HCl
metalation
e}
O

Scheme 3 Proposed mechanism
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Methyl  3,3-dimethyl-1,6-dioxo-2,3,4,6-tetrahydro-1H-
benzo[c]chroene-7-carboxylate (3a): White solid (123 mg,
82% vyield). mp. 111~112 ‘C; 'H NMR (300 MHz,
CDCl;) 0: 9.16 (d, J=8.4 Hz, 1H), 7.79 (t, J/=7.8 Hz, 1H),
7.49 (d, J=7.2 Hz, 1H), 3.97 (s, 3H), 2.80 (s, 2H), 2.53 (s,
2H), 1.17 (s, 6H); *C NMR (125 MHz, CDCl;) 6: 197.0,
169.6, 168.9, 159.0, 136.6, 135.5, 135.5, 135.0, 127.6,
127.4, 116.9, 110.5, 53.6, 53.5, 53.3, 42.9, 32.3, 28.5; IR
(KBr) v: 2914, 1755, 1667, 1610, 1438, 1365, 1288, 1139,
825, 530 cm™ !; HRMS (APCI) caled for Cy7H705 [M+
H]" 301.1071, found 301.1074.

Methyl 3,3,9-trimethyl-1,6-dioxo-2,3,4,6-tetrahydro-1H-
benzo[c]chromene-7-carboxlate (3b): White solid (130 mg,
83% vyield). m.p. 112~113 ‘C; 'H NMR (300 MHz,
CDCl) o: 8.98 (s, 1H), 7.31 (s, 1H), 3.97 (s, 3H), 2.79 (s,
2H), 2.52 (s, 5H), 1.17 (s, 6H); 3C NMR (125 MHz,
CDCl) 0: 197.3, 169.9, 169.1, 159.1, 147.2, 136.6, 135.0,
128.5, 127.6, 114.4, 110.5, 53.6, 53.3, 42.9, 32.3, 28.5,
22.7; IR (KBr) v: 2968, 1741, 1672, 1614, 1460, 1379,
1209, 1026, 864, 540 cm™ !; HRMS (APCI) caled for
CisH100s [M+H]" 315.1230, found 315.1233.

Methyl 3,3,8-trimethyl-1,6-dioxo-2,3,4,6-tetrahydro-1H-
benzo[c]chromene-7-carboxylate (3c¢): White solid (111
mg, 71% yield). m.p. 137~138 “C; 'H NMR (300 MHz,
CDCl3) d: 9.02 (d, J=8.4 Hz, 1H), 7.63 (d, /=8.4 Hz,
1H), 3.99 (s, 3H), 2.78 (s, 2H), 2.51 (s, 2H), 2.39 (s, 3H),
1.16 (s, 6H); *C NMR (125 MHz, CDCl;) 6: 197.2, 169.5,
168.2, 159.6, 137.9, 136.0, 135.7, 132.5, 126.9, 116.8,
110.6, 53.3, 53.2, 42.8, 32.4, 28.5, 19.2; IR (KBr) v: 2968,
1728, 1666, 1618, 1481,1438, 1355, 1143, 1095, 831, 543
cm” !; HRMS (APCI) caled for C;sH;9Os [M + H] *
315.1230, found 315.1232.

Methyl 9-methoxy-3,3-dimethyl-1,6-dioxo-2,3,4,6-tetra-
hydro-1H-benzo[c]chromene-7-carboxylate (3d): White
solid (142 mg, 86% yield). m.p. 74~75 °C; '"H NMR (500
MHz, CDCL) ¢: 8.71 (d, J=2.5 Hz, 1H), 7.02 (d, J=2.5
Hz, 1H), 3.97 (s, 3H), 3.96 (s, 3H), 2.79 (s, 2H), 2.52 (s,
2H), 1.17 (s, 6H); *C NMR (126 MHz, CDCl;) 6: 197.4,
169.8, 169.3, 165.2, 158.8, 138.7, 137.5, 110.3, 109.6,
56.4, 53.6, 53.3, 43.0, 32.3, 28.5; IR (KBr) v: 2958, 1748,
1681, 1616, 1572, 1444, 1386, 1251, 881, 768, 545 cm ™ ;
HRMS (ESI) caled for CigHi9Os [M+H]" 331.1176,
found 331.1174.

Methyl 9-hydroxy-3,3-dimethyl-1,6-dioxo-2,3,4,6-tetra-
hydro-1H-benzo[c]chromene-7-carboxylate (3e): White
solid (99 mg, 63% yield). m.p. 74~75 °C; 'H NMR (500
MHz, DMSO-dy) J: 8.46 (d, J=2.5 Hz, 1H), 6.91 (d, J=
2.5 Hz, 1H), 3.79 (s, 3H), 2.79 (s, 2H), 2.47 (s, 2H), 1.06
(s, 6H); 3C NMR (126 MHz, DMSO-ds) J: 197.8, 170.7,
169.1, 164.7, 158.8, 139.3, 137.6, 116.2, 112.0, 109.8,
107.7, 53.5, 53.0, 42.3, 40.9, 40.7, 40.5, 40.4, 40.2, 40.0,
39.9, 32.3, 28.3; IR (KBr) v: 3417, 2960, 1740, 1636,
1614, 1584, 1396, 1248, 996, 768, 553 cm'; HRMS (ESI)
caled for C,7H,706 [M+H]" 317.1020, found 317.1018.

Methyl  9-chloro-3,3-dimethyl-1,6-dioxo-2,3,4,6-tetra-
hydro-1H-benzo[c]chromene-7-carboxylate (3f): White
solid (147 mg, 88% yield). m.p. 108~109 C; 'H NMR
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(300 MHz, CDCl3) o0: 9.23 (s, 1H), 7.46 (s, 1H), 3.98 (s,
3H), 2.80 (s, 2H), 2.53 (s, 2H), 1.17 (s, 6H); *C NMR
(125 MHz, CDCl3) d: 196.6, 170.0, 168.2, 158.4, 142.7,
138.1, 136.3, 127.9, 127.3, 115.2, 109.7, 53.8, 53.1, 42.9,
32.3, 28.5; IR (KBr) v: 2981, 1745, 1730, 1681, 1606,
1458, 1388, 1193, 910, 842 cm™'; HRMS (APCI) calcd for
Ci7H16C10s [M+H]" 335.0684, found 335.0684.

Methyl  9-bromo-3,3-dimethyl-1,6-dioxo-2,3,4,6-tetra-
hydro-1H-benzo[c]chromene-7-carboxylate (3g): White
solid (158 mg, 84% yield). m.p. 100~101 C; 'H NMR
(300 MHz, CDCl3) o: 9.38 (s, 1H), 7.60 (s, 1H), 3.96 (s,
3H), 2.80 (s, 2H), 2.52 (s, 2H), 1.17 (s, 6H); *C NMR
(125 MHz, CDCl3) d: 196.6, 170.0, 168.1, 158.5, 137.8,
136.2, 131.4, 130.6, 130.4, 115.6, 109.6, 53.8, 53.1, 42.9,
32.3, 28.5; IR (KBr) v: 2991, 1748, 1739, 1661, 1622,
1586, 1398, 11433, 928, 856 cm '; HRMS (APCI) calcd
for C7H,6BrOs [M+H]" 379.0182, found 379.0180.

Methyl 3-methyl-1,6-dioxo-2,3,4,6-tetrahydro-1H-benzo-
[c]chromene-7-carboxylate (3j): White solid (113 mg, 79%
yield). m.p. 137~138 “C; 'H NMR (300 MHz, CDCI;) :
9.18 (d, /=38.1 Hz, 1H), 7.81 (t, J/=7.8 Hz, 1H), 7.49 (d,
J=7.2 Hz, 1H), 3.98 (s, 3H), 3.01~2.90 (m, 1H), 2.77~
2.62 (m, 2H), 2.47~2.30 (m, 2H), 1.19 (d, J=6.0 Hz,
3H); *C NMR (125 MHz, CDCls) d: 197.0, 169.9, 169.7,
158.9, 136.6, 135.5, 135.1, 127.7, 127.4, 116.9, 111.1,
53.6,47.5,37.2,28.0, 21.1; IR (KBr) v: 2954, 1747, 1737,
1660, 1608, 1450, 1340, 1193, 816, 696 cm '; HRMS
(APCI) caled for Ci¢His0s [M+H]" 287.0916, found
287.0912.

Methyl  3,9-dimethyl-1,6-dioxo0-2,3,4,6-tetrahydro-1H-
benzo[c]chromene-7-carboxylate (3k): White solid (111
mg, 74% yield). m.p. 114~115 ‘C; 'H NMR (300 MHz,
CDCl) o: 8.97 (s, 1H), 7.30 (s, 1H), 3.96 (s, 3H), 2.97~
2.89 (m, 1H), 2.73~2.60 (m, 2H), 2.50 (s, 3H), 2.42~
2.30 (m, 2H), 1.17 (d, J=5.7 Hz, 3H); 3*C NMR (125
MHz, CDCls) d: 197.2, 170.0, 169.8, 158.9, 147.1, 136.5,
135.1, 128.5, 127.6, 114.5, 111.0, 53.5, 47.6, 37.2, 28.0,
22.7, 21.1; IR (KBr) v: 2947, 1757, 1672, 1598, 1379,
1203, 1134, 1033, 866, 533 cm™'; HRMS (APCI) calcd for
Ci7H70s [M+H]" 301.1071, found 301.1075.

Methyl 9-chloro-3-methyl-1,6-dioxo-2,3,4,6-tetrahydro-
1 H-benzo[c]chromene-7-carboxylate (31): White solid (132
mg, 83% yield). m.p. 154~155 ‘C; 'H NMR (300 MHz,
CDCl) 0: 9.24 (s, 1H), 7.46 (s, 1H), 3.98 (s, 3H), 2.92~
3.00 (m, 1H), 2.62~2.76 (m, 2H), 2.33~2.41 (m, 2H),
1.19 (d, J=6.0 Hz, 3H); *C NMR (125 MHz, CDCl;) &:
196.7, 170.8, 168.1, 158.1, 142.5, 136.2, 127.9, 127.4,
115.2, 110.3, 53.8, 47.4, 37.2, 279, 21.1; IR (KBr) v:
2968, 2375, 1759, 1666, 1571, 1435, 1274, 1143, 1033,
808 cm '; HRMS (APCI) caled for Ci6H4C105 [M+H]"
321.0527, found 321.0524.

Methyl 9-bromo-3-methyl-1,6-dioxo-2,3,4,6-tetrahydro-
1H-benzo[c]chromene-7-carboxylate (3m): White solid
(145 mg, 80% yield). m.p. 142~143 °C; 'H NMR (300
MHz, CDCls) d: 9.41 (s, 1H), 7.62 (s, 1H), 3.97 (s, 3H),
2.92~2.98 (m, 1H), 2.62~2.75 (m, 2H), 2.32~2.41 (m,
2H), 1.19 (d, J=6.0 Hz, 3H); '3C NMR (125 MHz, CDCl;)
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0: 196.6, 170.8, 168.1, 158.5, 137.9, 136.3, 131.4, 130.7,
130.5, 115.6, 110.2, 53.8, 47.4, 37.2, 27.9, 21.1; IR (KBr)
v: 2945, 1748, 1643, 1526, 1358, 1212, 1178, 1057, 829,
541 cm '; HRMS (APCI) calced for Ci¢H 4BrOs [M+H]"
365.0021, found 365.0027.

Methyl 1,6-dioxo-3-phenyl-2,3,4,6-tetrahydro-1H-benzo-
[c]chromene-7-carboxylate (3n): White solid (111 mg,
64% yield). m.p. 142~143 “C; 'H NMR (300 MHz,
CDCl;) 0: 9.21 (d, J=8.4 Hz, 1H), 7.83 (t, /=7.8 Hz, 1H),
7.51 (d, J/=7.2 Hz, 1H), 7.28~7.40 (m, 5H), 3.98 (s, 3H),
3.55~3.63 (m, 1H), 3.16~3.19 (m, 2H), 2.91~2.95 (m,
2H); 3C NMR (125 MHz, CDCI5) é: 196.2, 170.0, 169.6,
158.8, 141.6, 136.6, 135.7, 135.0, 129.5, 128.0, 127.8,
127.6,127.0, 116.9, 111.3, 53.6, 46.3, 38.2, 36.7; IR (KBr)
v: 2960, 1741, 1689, 1620, 1445, 1342, 1280, 1134, 813,
556 cm '; HRMS (APCI) caled for CyH;705 [M+H]"
349.1072, found 349.1074.

Methyl 9-methyl-1,6-dioxo-3-phenyl-2,3,4,6-tetrahydro-
1H-benzo[c]chromene-7-carboxylate (30): White solid
(109 mg, 60% yield). m.p. 153~154 C; 'H NMR (300
MHz, CDCls) d: 9.00 (s, 1H), 7.39~7.28 (m, 6H), 3.96 (s,
3H), 3.58~3.50 (m, 1H), 3.16~3.14 (m, 2H), 2.97~2.89
(m, 2H), 2.51 (s, 3H); '3C NMR (125 MHz, CDCI;) 4:
196.3, 170.0, 158.8, 147.3, 141.7, 136.6, 134.9, 129.5,
128.7, 128.0, 127.7, 127.0, 114.4, 111.2, 53.6, 46.3, 38.2,
36.7, 22.8; IR (KBr) v: 2955, 2375, 1745, 1674, 1456,
1373, 1209, 1020, 859, 696 cm '; HRMS (APCI) calcd for
C2H 1905 [M+H]" 363.1230, found 363.1233.

Methyl 8-methyl-1,6-dioxo-3-phenyl-2,3,4,6-tetrahydro-
1H-benzo[c]chromene-7-carboxylate (3p): White solid
(105 mg, 58% yield). m.p. 148~149 C; 'H NMR (300
MHz, CDCL) ¢: 9.07 (d, /=8.4 Hz, 1H), 7.66 (d, J=8.4
Hz, 1H), 7.46~7.26 (m, 5H), 4.00 (s, 3H), 3.51~3.62 (m,
1H), 3.14~3.16 (m, 2H), 2.99~2.84 (m, 2H), 2.41 (s,
3H); 3C NMR (125 MHz, CDCI;) &: 196.3, 169.5, 168.7,
159.3, 141.7, 138.0, 136.3, 135.8, 132.5, 129.5, 128.0,
127.0, 127.0, 116.9, 111.4, 58.9, 53.4, 46.3, 38.3, 36.6,
19.3, 18.8; IR (KBr) v: 2935, 1732, 1674, 1608, 1490,
1342, 1280, 1033, 837, 565 cm !; HRMS (APCI) calcd for
C2H 1905 [M+H]" 363.1230, found 363.1232.

Methyl 9-bromo-1,6-dioxo-3-phenyl-2,3,4,6-tetrahydro-
1H-benzo[c]chromene-7-caroxylate (3q): White solid (138
mg, 65% yield). m.p. 96~97 C; 'H NMR (300 MHz,
CDCls) 0: 9.44 (s, 1H), 7.64 (s, 1H), 7.41~7.29 (m, 5H),
3.98 (s, 3H), 3.54~3.62 (m, 1H), 3.17~3.19 (m, 2H),
2.85~3.00 (m, 2H); '3C NMR (125 MHz, CDCl;) é:
1959, 170.5, 168.1, 158.3, 141.3, 137.8, 136.1, 131.6,
130.9, 130.5, 129.5, 128.1, 126.9, 115.7, 110.4, 53.9, 46.1,
38.1, 36.7; IR (KBr) v: 2902, 1735, 1643, 1562, 1434,
1311, 1232, 1043, 704, 511 cm !'; HRMS (APCI) calcd for
C2iH 6BrOs [M~+-H]" 427.0179 found 427.0176.

Methyl 3-(4-chlorophenyl)-9-methyl-1,6-dioxo-2,3,4,6-
tetrahydro-1H-benzo[c]chromene-7-carboxylate 3r):
White solid (110 mg, 56% yield). m.p. 157~158 C; 'H
NMR (300 MHz, CDCls) ¢: 9.00 (s, 1H), 7.35 (d, /=28.4
Hz, 3H), 7.22 (d, /=8.4 Hz, 2H), 3.97 (s, 3H), 3.67~3.42
(m, 1H), 3.13 (d, /=7.8 Hz, 2H), 2.99~2.77 (m, 2H), 2.53
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(s, 3H); 3C NMR (125 MHz, CDCl;) 6: 195.9, 169.7,
169.3, 158.7, 147.4, 140.0, 136.6, 134.8, 133.8, 129.6,
128.8, 128.4, 127.7, 114.5, 111.3, 53.6, 46.2, 37.7, 36.6,
22.8; IR (KBr) v: 2954, 1745, 1674, 1604, 1492, 1375,
1203, 1016, 875, 563 c¢cm '; HRMS (APCI) calcd for
C2oH 5ClOs [M+H]" 397.0841, found 397.0846.

Methyl 1,6-dioxo-2,3,4,6-tetrahydro-1H-benzo[c]chro-
mene-7-carboxylate (3s): White solid (102 mg, 75% yield).
m.p. 94~95 °C; '"H NMR (300 MHz, CDCls) §: 9.15 (d,
J=8.4 Hz, 1H), 7.80 (t, J=7.8 Hz, 1H), 7.48 (d, J=7.3
Hz, 1H), 3.97 (s, 3H), 2.94 (t, J=6.3 Hz, 2H), 2.66 (t, J=
6.6 Hz, 2H), 2.20~2.13 (m, 2H); '*C NMR (125 MHz,
CDCls) d: 197.0, 170.4, 169.7, 158.8, 136.6, 135.5, 135.2,
127.8,127.4,117.0, 111.5, 53.6, 39.3, 29.3, 20.2; IR (KBr)
v: 2914, 1732, 1683, 1585, 1450, 1359, 1284, 1186, 1078,
800 cm '; HRMS (APCI) caled for CisHi30s [M+H]"
273.0761, found 273.0760.

Methyl 9-methyl-1,6-dioxo-2,3,4,6-tetrahydro-1H-benzo-
[c]chromene-7-carboxylate (3t): White solid (103 mg, 72%
yield). m.p. 152~153 °C; 'H NMR (300 MHz, CDCl;) 6:
8.97 (s, 1H), 7.31 (s, 1H), 3.96 (s, 3H), 2.93 (t, J=6.3 Hz,
2H), 2.66 (t, J=6.6 Hz, 2H), 2.51 (s, 3H), 2.20~2.13 (m,
2H); '3C NMR (125 MHz, CDCl3) é: 197.2, 170.5, 169.8,
158.9, 147.2, 136.5, 135.2, 128.5, 127.8, 114.5, 111.5,
53.6,39.4,29.4,22.7, 20.5; IR (KBr) v: 2947, 1737, 1670,
1608, 1483, 1284, 1138, 1091, 1039, 846 cm !; HRMS
(APCI) caled for Ci6HisOs [M+H]" 287.0916, found
287.0915.

Methyl 8-methyl-1,6-dioxo-2,3,4,6-tetrahydro-1H-benzo-
[c]chromene-7-carboxylate (3u): White solid (97 mg, 68%
yield). m.p. 99~100 C; 'H NMR (300 MHz, CDCI;) 6:
9.04 (d, J/=8.4 Hz, 1H), 7.64 (d, J/=8.4 Hz, 1H), 4.00 (s,
3H), 2.92 (t, J=6.3 Hz, 2H), 2.66 (t, J=6.6 Hz, 2H), 2.40
(s, 3H), 2.25~~2.06 (m, 2H); '*C NMR (125 MHz, CDCI;)
0: 197.2, 169.6, 169.6, 159.4, 137.9, 136.0, 135.7, 132.7,
127.1, 116.9, 111.6, 53.4, 39.3, 29.2, 20.3, 19.2; IR (KBr)
v: 2947, 1735, 1604, 1438, 1274, 1195, 1124, 1072, 777,
671 cm '; HRMS (APCI) caled for Ci¢Hi50s [M+H]"
287.0916, found 287.0914.

Methyl 9-chloro-1,6-dioxo-2,3,4,6-tetrahydro-1H-benzo-
[c]chromene-7-carboxylate (3v): White solid (119 mg,
78% yield). m.p. 147~148 °C; 'H NMR (300 MHz,
CDCls) d: 9.23 (s, 1H), 7.45 (s, 1H), 3.97 (s, 3H), 2.95 (t,
J=6.3 Hz, 2H), 2.67 (t, J=6.6 Hz, 2H), 2.22~2.14 (m,
2H); '3C NMR (125 MHz, CDCl3) é: 196.6, 171.4, 168.2,
158.1, 142.7, 138.0, 136.4, 127.9, 127.5, 115.3, 110.7,
53.8,39.2,29.4,20.1; IR (KBr) v: 2972, 1768, 1645, 1609,
1475, 1311, 1239, 1128, 873, 536 cm '; HRMS (APCI)
caled for C;sH;2ClOs [M + H] ©  307.0371, found
307.0373.

Ethyl 3,3-dimethyl-1,6-dioxo-2,3,4,6-tetrahydro-1 H-
benzo[c]chromene-7-carboxylate (3w): White solid (125
mg, 80% yield). m.p. 101~102 ‘C; 'H NMR (300 MHz,
CDCls) 0: 8.98 (s, 1H), 7.31 (s, 1H), 3.97 (s, 3H), 2.79 (s,
2H), 2.52 (s, 5H), 1.17 (s, 6H); 3C NMR (125 MHz,
CDCls) d: 197.3, 169.9, 169.1, 159.1, 147.2, 136.6, 135.0,
128.5, 127.6, 114.4, 110.5, 53.6, 53.3, 42.9, 32.3, 28.5,
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22.7; IR (KBr) v: 2968, 1741, 1672, 1614, 1460, 1379,
1209, 1026, 864, 540 cm™ !; HRMS (APCI) caled for
CisH100s [M+H]" 315.1230, found 315.1233.

Propyl  3,3-dimethyl-1,6-diox0-2,3,4,6-tetrahydro-1H-
benzo[c]chromene-7-carboxylate (3x): Colorless oil (26
mg, 16% yield). 'H NMR (500 MHz, CDCl;) 6: 9.16 (dd,
J=8.4, 1.1 Hz, 1H), 7.81 (dd, J=8.4, 7.5 Hz, 1H), 7.49
(dd, J=7.4, 1.1 Hz, 1H), 4.36 (t, J=6.5 Hz, 2H), 2.80 (s,
2H), 2.53 (s, 2H), 1.82~1.75 (m, 2H), 1.17 (s, 6H), 0.99
(t, J=17.5 Hz, 3H); 3C NMR (126 MHz, CDCl;) J: 197.1,
169.4, 168.9, 159.0, 137.1, 135.6, 135.5, 135.0, 127.5,
127.4,116.8, 110.5, 68.3, 53.3,42.9, 32.3, 28.5, 22.2, 10.8;
IR (KBr) v: 2964, 1746, 1677, 1618, 1588, 1456, 1364,
1241, 823, 767, 541 cm '; HRMS (ESI) calcd for
C1oH2,05 [M+H]" 329.1384, found 329.1391.

3,3-Dimethyl-3,4-dihydro-1H-benzo[c]chromene-1,6-
(2H)-dione (3y): Yellow solid (20 mg, 17% yield from
HFIP and 28 mg, 23% yield from #~BuOH). m.p. 125~
126 °C; 'H NMR (500 MHz, CDCl;) &: 9.05 (d, J=8.3
Hz, 1H), 8.29 (d, J=7.6 Hz, 1H), 7.83~7.77 (m, 1H),
7.53 (t, J=17.5 Hz, 1H), 2.80 (s, 2H), 2.52 (s, 2H), 1.18 (s,
6H); 3C NMR (126 MHz, CDCl;) J: 197.4, 168.4, 161.2,
136.1, 134.3, 130.0, 128.8, 126.2, 120.2, 111.0, 53.3, 43.0,
32.4, 28.5; IR (KBr) v: 2960, 1738, 1688, 1615, 1417,
1370, 1319, 1246, 1031, 776, 533 cm '; HRMS (ESI)
caled for CysH;s0; [M+H]243.1016, found 243.1024.

Supporting Information Copies of NMR spectra of
products and X-ray structure data of compound 3t. The
Supporting Information is available free of charge via the
Internet at http://sioc-journal.cn.
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