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1. Introduction Despite much progress being made for the synthe$is o

) ) ) dibenzopyranones, most of the existing methodsstiftm one
Dibenzopyranone scaffold is the key structure irumloer of ;. more” limitations including the use of prefunodized

natural produc_ts _which d_isplay unique biologicaliates.! qu precursors, expensive catalysts, multistep pro@sdurthe
example, Urolithin A (Figure al-a) was known to effeety  requirement of high or low temperature, and the egipknt of
inhibit cancer cell prollfgratloﬁ, Atenuisol (Figure 1-b) was oyic reagents. Therefore, it is highly desiraldedevelop novel
disclosed to show the high correlation with Fabldaifion and 1 athods for the synthesis of dibenzopyranones fieasily

whole cell antibacterial activit}# Sarolactone (Figure 1-c), a available starting materials using inexpensive lgata under
compound isolated frontypericum japonicumwas found t0  ild reaction conditions.

exhibit antimicrobial propertie$.Besides, dibenzopyranones can

serve as useful intermediates for the synthesis mainy o

pharmaceutically interesting compouhdss well as functional HO o

molecules in materials scienteThus, the development of O

efficient methods for the preparation of dibenzepymes has O

received increasingly attention in the past decad&Sypically, OH

dibenzopyranones are synthesized through Baeyeag#fill () Urolithin A (b) Altenuisol (¢) Sarolactone

oxidation of fluorenones (Scheme 1, path @) by oxidation of
benzylic C-H bonds in i8-benzof]chromenes (Scheme 1, path
b).> Alternative methods include cross-coupling of aoA
benzoates (Scheme 1, path °c)palladium-catalyzed C-H
activation/carbonylation of 2-arylphenols (Schemepath d)’
intramolecular lactonization of 2-halobiarylcarbbgy acid

Figure 1. Bioactive compounds containing dibenzopyranonéada

As part of our research interest in developing maldd
efficient catalyst systems for the construction aoeful
molecules; we have recently disclosed that the combination of
derivatives (Scheme 1, path efandem Suziki-Miyaura cross- COPPer powder and Selectfluor may generate aneagtyuOH
coupling/lactonization between 2-halobenzaldehydesl a-  SPecies (X = F or Bf which is easily able to undergo
hydroxyarylboronic acids (Scheme 1, path® fand otherd? oxycupration toward carbon-carbon multiple bonds amiice
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successive tandem reaction¥® For example, in 2014, we 1). The catalytic activity of a series of copped amn salts were
reported a Cu(0)/Selectfluor system-catalyzed @mesiynthesis studied for the reaction, and it was found that rtroatalytic
of 3-formyl-1-indenones from 1,5-enynes involving a performances were inferior to that of Cu(0) powdsttijes 6-13
cyclization/carbon-carbon bond cleavage sequencewliich  vs 2, Table 1). Among several solvent systems iiyatstd so far,
double oxycuprations of 1,5-enynes were thoughtetdhe key a combined solvent GJ@N/H,O= 200:1 (V/V) has proved to be
steps™® In 2015, we described a Cu(0)/Selectfluor systemthe most suitable medium for the reaction (entfidsl8 vs 2,
catalyzed facile synthesis of fluorinated fluoreesrfrom 1,6- Table 1). Controlled experiments indicated thabesitthe Cu(0)
enynes involving an oxycupration-triggered powder or Selectfluor was indispensable for the readentries
annulation/fluorination sequent®.Inspired by the finding that 19, 20 vs 2, Table 1). Using 2.0 equivalents of G#ier is just
the XCuOH species can easily undergo oxycupration tbwarfine for the reaction while the excessive or defiti use of
carbon-carbon multiple bonds, we envisioned thaaiy undergo  Seletfluor would lead to a lower yield 8& (entry 21 vs 2, Table
oxycupration toward C=0 bonds as well. On the basithisf  1). An attempt to use catalytic amounts of Selectflin the
assumption, it is reasonable to expect that diggyramones presence of dioxygen gas (balloon, 1 atm) only gal@w yield
might be synthesized from 2-arylbenzaldehydes tioan  of 2a (25%, entry 22, Table 1). When Selectfluor was aepd
oxycupration/C-H activation/oxidation sequence (ohd, path  with NFSI (N-fluorobenzenesulfonimide), the reaction did not
g). Herein we described our concept for the directlmsis of take place and the starting matedal was recovered (entry 23,
dibenzopyranones from 2-arylbenzaldehydes wusing th&able 1). Note that the use of 2 equivalents oC® is
Cu(0)/Selectfluor catalytic system as well as thdateel necessary for the reaction otherwise a lower yieldaofould be
mechanism studies. When our work approached coropléfay  obtained (entry 24 vs 2, Table 1). It was found theteasing the
et al'’”® reported a CuCl/TBHP system-catalyzed directreaction temperature gave a negative effect onyidld of 2a
transformation of 2-arylbenzaldehydes to dibenzapgnes in  (entry 25 vs 2, Table 1).

which 6 equivalents of TBHP act as the oxygen sotwcehe With the optimized reaction conditions in hand, weent
formation of pyranone scaffolds. investigated the substrate scope of the Cu(0)/8klec system-
e enenna R L - EE catalyzed double C-H activation/oxygen insertion @af
(@) previous synfhetic suategies arylbenzaldehydes (Table 2). As shown in Table Bnge of 2-
_ N pathd , ¢ "L o arylbenzaldehyde$ with various substituents could be converted
R )ATR? & ™ to dibenzopyranone2 in moderate to good yields (31-87%,
o 7 Table 2). Generally, both electron-donating and —dvékving
R path b N oH_ substituents in the aryl ring of were compatible with the
i N R LA W reaction conditions, among which include methyl, hogy, tert-
— butyl, halo (F, ClI, Br) and OGRgroups. It was found that the
SR X =NOj, 1, Br, CL H electronic nature of Rhas a significant effect on the reaction
il 0T pan ] Mle_@CHi 2_@0“ outcome in terms of the yieldFor instance, when 'Represents
Zx Iy Tl B(OH), electron-withdrawing group (e.g. F, CI, Br, and QCRhe
7777777777 KB e reaction proceeded more smoothly and gave higheld yof
(6) Our ConceRt (g 4 setectiiuor + 1,0} product in comparison with those cases thatidg electron-
it H o donating groupdb-2e vs 2f; 2h-2k vs 2|, Table 2). In contrast, it
Rl—;; H _ XCuOH _ % 1+; seemed that the electronic property Gftas little effect on the
X X =For BFs oxidation =

reaction outcome2h, 2m, 2n, 2s, 2v except2t, Table 2). When
1k was used, the reaction proceeded more smoothlysingu
CuCl as the catalyst instead of the Cu(0) powdet,tha desired
product 2k was obtained in 70% vyieldlk, Table 2). For
Scheme 1Strategies for the synthesis of dibenzopyranones substratelu, it is noteworthy that 50 °C is a required tempemat

for a better yield oRu (50%, Table 2). Interestingly, when 2'-

chlorobiphenyl-2-carbaldehydelw was used, the reaction

underwent a competitive cross-dechlorinative C-O tingp
2. Results and discussion reaction to give a dibenzopyranofla in 67% vyield while the
desired produc2w from the normal cross-dehydrogenative C-O
coupling reaction was not detectdav( Table 2).

Although there are a number of literatures on thelssis of
dibenzopyranone®:®*? to the best of our knowledge, very few
have focused on the synthesis of heterocyclobemanpyes?
To broaden the synthetic application of the preseethod, we
next attempted to synthesize heterocyclobenzopyesioWe
commenced the study with substratg@scontaining pyrazole
moieties due to the potential utilities of pyrazdlerivatives in
chemical, materials science and pharmaceuticalsféllt was
found that the reaction generally required a higaeperature

‘ JR? path g

We commenced the study with 2-phenylbenzaldehyaas
the model substrate, and the screening resultgsted in Table 1.
Whenlawas treated with Cu(0) powder (10 mol %), Selectfluor
(2.0 equiv), and NaHC{2.0 equiv) in CHCN/H,O (200/1, VIV)
at 25 °C for 24 h, dibenzopyranofa was indeed obtained in
46% vyield (entry 1, Table 1). Switching the baserfrlaHCQ
to K,COs, the reaction proceeded more smoothly to dlaen
92% vyield (entry 2, Table 1). Several other badds,GO;
KHCO,, and E{N) were investigated, and it was found that the
reaction failed to give the desired prod@et(entries 3-5, Table

Table 1. Optimization of reaction conditiofs

Entry Catalyst Oxidant Base Solvent Yield %
1 Cu Selectfluor NaHC® CH3CN/H,0 = 200:1 46

2 Cu Selectfluor K,COs3 CH3CN/H,O = 200:1 92(86°

3 Cu Selectfluor NZLO; CH;CN/H,0 = 200:1 n.r.

4 Cu Selectfluor KHC® CH;CN/H,0 = 200:1 trace



5 Cu Selectfluor EtB CHsCN/H;O = 200:1 trace
6 Cul Selectfluor KCO; CH;CN/H,O = 200:1 20

7 CuBr Selectfluor KCOs CH3CN/H,0 = 200:1 30

8 CuCl Selectfluor KCOs CH;CN/HO = 200:1 85

9 CuC} Selectfluor KCOs CH3CN/H,0 = 200:1 70
10 Cu(OAc) Selectfluor KCOs CHsCN/HO = 200:1 78
11 Cu(NQ), Selectfluor KCOs CH3CN/H,0 = 200:1 82
12 CusQ Selectfluor KCO; CHsCN/HO = 200:1 25
13 FeC} Selectfluor KCO; CH;CN/H,0 = 200:1 n.r.
14 Cu Selectfluor KCO; DMSO/H,0 = 200:1 n.r.
15 Cu Selectfluor KCOs dioxane/HO = 200:1 n.r.
16 Cu Selectfluor KCO; DCE/H,0 = 200:% n.r.

17 Cu Selectfluor KCO; CH;CN/H,0 = 100:1 88
18 Cu Selectfluor KCO; CH;CN/H,0 = 500:1 89
19 - Selectfluor KCO; CH;CN/H,0 = 200:1 n.r.
20 Cu -- KCOs CHsCN/H,O = 200:1 n.r.
21 Cu Selectfluor KCO; CH3CN/H,0 = 200:1 1%, 7d
22 Cu Selectfluor KCO; CH;CN/H,0 = 200:1 28
23 Cu NFSI K.CO;5 CH3CN/H,0 = 200:1 n.r.
24 Cu Selectfluor KCO; CHsCN/H,0 = 200:1 7278
25 Cu Selectfluor KCO; CH3CN/H,0 = 200:1 64 66

®Reaction condiitonsta (0.3 mmol), catalyst (10 mol %), oxidant (2.0 equaolvent (3 mL) at 25 °C for 24 h unless otheewisted.
PDetermined by GC using dodecane as an internadaten

‘Isolated yield.

YDCE: 1, 2-dichloroethane.

.0 and 3.0 equivalents of Selectfluor were useshectively.

9Using 0.3 equivalents of Selectfluor in the presenicQ;, (balloon, 1 atm).

"NFSI: N-fluorobenzenesulfonimide.

"Using 0.5 and 1.0 equivalents of®0s, respectively..

“IThe reaction temperature is 50 and8Qrespectively.

(50 °C) for the efficient formation of in comparison with the application of2a as a synthetic intermediate in the synthesis of
lactonization ofl (Table 3 vs Table 2). Under the slightly 2'-hydroxybiphenyl-2-carboxylic acis, 6H-benzof]chromenes,
modified reaction conditions, a range of 3-methy-diphenyl- and 6-phenyl-Bl-benzof]chromen-6-0l7. was carried out. Thus,
1H-pyrazole-4-carbaldehyde8&3€) could be intramolecularly treatment of2a with 5% (W/W) NaOH solution in acetonitrile
lactonized to pyrazolobenzopyranonésin moderate to good for 6 h affordeds in 98% yield (eq. 2, Scheme 2)the reduction
yields catalyzed by the Cu(0)/Selectfluor systeB+12%,4a-4e, of 2a with NaBH, in ethanol for 3 h gavé in 92% yield (eq. 3,
Table 3). For substrapossessing two phenyl rings adjacent to Scheme 2j° the nucleophilic addition of PhMgBr ®a in THF
the formyl group, the cross-dehydrogenative C-O tingp  delivered? in 94% vyield (eq. 4, Scheme ¥).
reaction predominantly took place in the phenyg rsubstituted
with more strong electron-withdrawing groupkr4j, Table 3).
When 3f was used as the substrate, the reaction gave a
regioisomeric mixture o#f and4f' in a total yield of 62%with a
molar ratio of 1:0.41 determined by NMR analyséfs Table 3;
see in the Supporting Information). Similarly, thecamolecular
lactonization of3k resulted in a regioisomeric mixture 4k and
4Kk' in a total yield of 63% with a molar ratio of 1:8.@k, Table
3; see in the Supporting Information).

To further demonstrate the synthetic potentialha&f present
method, the intramolecular lactonizationlaf at the gram-scale
was also carried out (eq. 1, Scheme 2). Thus, 108 In (10
mmol) could give 1.49 g oRa in a yield of 76% under the
standard reaction conditions (eq. 1, Scheme 2addition, to
demonstrate the synthetic value of dibenzopyrandheshe
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Table 2.Investigation of substrate scope in the
Cu(0)/Selecfluor system-catalyzed double C-H
activation/oxygen insertion of 2-arylbenzaldehyd®$

Cu(0) (10 mol %)

X CHO Selectfluor (2.0 equiv)
RN K,CO3 (2.0 equiv) et N o
P e i
‘ \le CHiCNIH,0 = 20011 (VIV) AN ‘
>~ 25°C, 24 h, air R

o2 ‘i 3 ‘i S

2a (86%)

2b (81%) 2¢ (80%) 2d (73%) 2e (82%)

’@’i’i

2h (73%) 2i (77%) 2 (72%

cl
2g (76%)
o

2f (53%)
o

Br
2k (70%)° 2 (57%) 2n (76%) 20 (73%)

S

2p (62%) 2q (72%) 2r (81%) 25 (71%) 2t (31%)

2,08 T 080,

2u (50%)¢ 2v (87%) 2a (67%) 2w (0%)

#All reactions were carried out with(0.3 mmol), Cu(0) (10 mol % based on
1), Selectfluor (2.0 equiv), and,&O; (2.0 equiv) in solvent (C}N/H,O =
200:1 (VIV), 3 mL) at 25 °C for 24 h unless othessvhoted.

Plsolated yield.
‘Cu(0) powder was replaced with CuCl as the catalyst

The reaction temperature is 50 °C.

Table 3. Cu(0)/Selecfluor system-catalyzed double C-H
activation/oxygen insertion of 5-arylpyrazole-4-
carbaldehydes®®

e

3

Cu(0) (10 mol %)
Selectfluor (2.0 equiv)
K,CO3 (2.0 equiv)

CHZCN/H0 = 200:1 (VIV)
50 °C, 24 h, air

4d 55%)

— 2
\ R? R

\_/

N i
|
RY RY )

e}
I
O

\

o \Z\©

‘>o

|

N

féﬁ@

4a (67%) 4b (70%) 4c (72%) 4 (60%)

9 ;
°' voa

49 (66%) 4h (63%)

@

S

4j (45%)

4f
4f:4f' = 1:0.43 (62%)

o1 G

4i (50%) 4k:4k' = 1: 0.94 (63%)

#All reactions were carried out with(0.3 mmol), Cu(0) (10 mol % based on
1), Selectfluor (2.0 equiv), and,BO; (2.0 equiv) in solvent (C}€N/H0 =
200:1 (VIV), 3 mL) at 50 °C for 24 h unless othesvhoted.

P|solated yields.

(1)

0
CHO
O Standard conditions O ®
la

1.82 g (10 mmol) 76%)

va __5%NaOH COOH
CH4CN, 6 h ‘

(98%)

(2)

NaBHj, (2 equiv)
2a — (3)
CyHs0H, r.t. 3 h

(92%)

) PhMgBr (1 equiv)
a
THF, 0 °C

7 (94%)

(4)

Scheme 2Gram-scale synthesis & and its synthetic applications

To elucidate the mechanism of the double C-H
activation/oxygen insertion of 2-arylbenzaldehydespme
mechanistic experiments were carried out (Scheme 3).
According to our initial assumption (path g, Schefije we
believed that 2-arylbenzoic acid might be an intetiate for the
intramolecular lactonization ofl. When the preparative 2-
phenylbenzoic aci®® was subjected to the standard reaction
conditions,2a was indeed obtained in 95% vyield (eq. 5, Scheme
3). When la reacted under the standard reaction conditions
except using a C}EN/H,0' = 200:1 (V/V) solvent system, the
O"-incorporated produ@a-0'® (m/z = 198) was detected (eq. 6,
Scheme 3; also see Figure S1, Supporting Informgation the
other hand, wherla was subjected to the standard reaction
conditions except in the presence of- 4D, atmosphere (balloon,

1 atm), the &-incorporated produca-O'® (m/z = 198) was
also detected (eq. 7, Scheme 3; also see Figur&§forting
Information). These results suggest that both waterdioxygen
acted as the oxygen source in the formation of nomae
scaffolds. According to reported literatursthe *C NMR
signals of the'®O-attached carbons generally shift to upfield
compared to the norm&iO-attached ones. Based on this rule, it
has been found that the incorporaté@ in 2a-O'® (both in eq. 6
and eq. 7) predominantly resides in the ester axygearyl C-
0" 151.39 ppm;3 aryl C-O® 151.30 ppm) rather than the
carbonyl oxygen (see Figure S2 and S4, Suppontifagrhation).

In addition, reaction ofain the presence of both,&'® and*0,
was also carried out, and the tW®-incorporated produca-
(0™, (m/z = 200) was not detected, suggesting that tiggnal

0 in the formyl group ofla can not be substituted B0 (eq. 8,
Scheme 3). Furthermore, an attempt to run the iogactf la
under an argon atmosphere was carried out, andethaion
gave2a in 36% vyield (eq. 9, Scheme 3). In contrast, whan
was subjected to the standard reaction conditionspxusing a
dried solvent, the reaction could still gi2ain 69% yield (eq. 9,
Scheme 3). Note that the reaction could also prosesabthly
and give2a in 60% yield by using preparative HOClFas a
catalyst (eq. 10, Scheme 3). Finally, the measuneroé the
intermolecular KIE on the basis of the competitiv®©Coupling
betweenla and la-ds was carried out (eq. 11, Scheme 3). The



intermolecularky/ky of la to 1a-ds; was determined to be 1.42
(Figure S3, see Supporting Information), suggestingt the
cleavage of the C-H bond is the rate-determining.ste

o
COOH
Standard conditions O Q

2a (95%)

%30

(m/z =196)

Cu (10 mol %) 8
Selectfluor (2 .0 equiv)
KZCO3 (2.0 equiv)

CH3CN:H,0'® = 200:1(VV) O
25°C, 241 8
2a-O
(m/z 198)

015
e

2a-0'®
(m/ 2=198)

Cu (10 mol %)
Selecmuor (2 0 quJI\/)
_ KyCOz (2.0equiv)
CH3CN/H20 200:1 (VIV)
180, (balloon l atm)
°c, 24

2a
(m/z =196)

[ord
Cu (10 mol %)
Selectfluor (2.0 equiv)
K,CO; (2.0 equiv)
CH3CN:H,0'® = 200: l(VN)
180, (balloon 1atm)
25°C,24h

O

2a- (018)2
(m/z = 200)
(not detected)

©

(8)

1
(m/z 196)

(rn/z 198)

Standard conditions
except under Ar atmosphere
yield = 36%

Standard conditions

a
except using dried CH3CN
yield = 69%

(9)

HOCUF (10 mol %)
Selectfluor (2.0 equiv)

K,CO3 (2.0 equiv)
CH3CN:H,0 = 200:1(V/V)
25°C,24h

2a
(yield = 60%)

la (10)

Cu (10 mol %) 9

Selectfluor (2 equiv) O

CHO
K2CO3 (2 equiv;
2a

? +

2a-d,

N 1)

P

O CHO i
{1, CHaCN/H,0 = 200:1 (VIV)
P air, 25°C, 3h

X
1a (0.2 mmol) la-ds (0.2 mmol) ky/kp =1.42

Scheme 3Preliminary mechanistic experiments

On the basis of the abovementioned mechanistic estuaiid
previous report$®©!® a possible mechanism for the
Cu(0)/Selectfluor system-catalyzed double C-H
activation/oxygen insertion of 2-phenylbenzaldetsyda was
proposed in Scheme 4. Firstly, the redox reactietween the
Cu(0) powder and Selectfluor may generate an inteiate F-
Cu-BF, (9) and release a bad®."'*° Then intermediat® may
be further converted into XCuOH1, X = F or BR) in the aid
of base10 and/or KCO,.***® Once the active XCuOH species
was generated, the reaction may proceed via two lpessi
pathways to form producka. One pathway (path A) might
involve an oxycupration ofll toward the C=0O bond idia
followed by a fasp-H elimination of the resulting intermediate
12to give an intermediat® Intermediate8 may be converted to
intermediatel 3 in the presence dfl (also see eq. 5, Scheme 3).
Intermediate 13 might undergo intramolecular cross-
dehydrogenative C-O coupling reacfioht? to afford
dibenzopyranone2a and regenerate intermediafiEl in the
presence of Selecfluor and bad® @nd/or KCO;)."° On the
other hand, the direct proton abstraction fromftirenyl group
in 1laby 11 may form an intermediat®4 (path B). The oxidation
of 14 with dioxygen followed by a rearrangement of theltasy
intermediate15 would deliver an intermediat&6,***° which
may be further converted to an intermedidfe In presence of
Cu(l) species, 17 might decompose to produce artnmgdiate
18 and hydroxy radicd?® Intermediate 18 may undergo
annulation to give an intermediat8, which finally delivered the
product 2a after the abstraction of a proton by the hydroxy

radical®

ﬂ a

F-Cu-BF, BF,

9

ﬂN/\cl
cu) + [/”1\7255' —
F
Selectfluor

FCu-BF, + H,0 HO( CUX(X F or BFy)
9

(NG
O »ocux B-H elimination
fast
0 e O :

11 la
pathB Selectfluor + base
HO o]
2 O ocux ( O
i O !
13 2a

O cux

14
02/\_‘

1
So L

OCuXH
0 s
O 9% o

17

ocu(lly

Sh
*OH

18

Cu(l)zl

Scheme 4Proposed mechanism

3. Conclusion

In summary, we described an efficient method for the
synthesis of dibenzopyranones and pyrazolobenzopges
directly from 2-arylbenzaldehydes and 5-arylpyrazéi
carbaldehydes catalyzed by the Cu(0)/Selectfluostesy.
Preliminary mechanistic studies disclosed that hegter and
dioxygen acted as the oxygen source in the formatd
pyranone scaffolds. The present method for thetoact®on of
dibenzopyranones has several advantages includinigl m
reaction conditions, the use of inexpensive compa¢alyst, easy
availability of the starting materials, and capiie# for the
synthesis of heterocyclobenzopyranones.

4. Experimental section
4.1 General methods

Unless otherwise stated, all reagents were purchased f
commercial suppliers and used without purificatioNtelting
points are uncorrected. Th#d and *C NMR spectra were
recorded on a Bruker AVANCE Il 500 at 26 in CDC} at 500
MHz, 125 MHz, respectively, with TMS as internal startd
Chemical shifts §) are expressed in ppm and coupling constants
J are given in Hz. The IR spectra were recorded on BifRF
spectrometer. GC-MS experiments were performed with an
Agilent 6890N GC system equipped with a 5973N mass-
selective detector with El source; high resolutioasm spectra
(HRMS) were obtained on a TOF MS instrument with Elrseu

4.2 Typical experimental procedure for the synthesis othe
starting materials 2-arybenzaldehydes 1 (or 5-
arylpyrazole-4- carbaldehydes3

These compounds were synthesized according toténatlire
procedure’ Typical procedure: 2-bromobenzaldehyde (0.92 g, 5
mmol), phenylboronic acid (0.67 g, 5.5 mmol), sadliu
conbonate (0.53 g, 5 mmol), and Pd(OCA¢).028 g, 0.125
mmol) were added to a flask (50 mL) equipped withighh
vacuum PTFE valve-to-glass seal. The flask was ap¢émehe
vacuum, pumped for 2-3 minutes and backfilled withreert Ar
gas. The reaction mixture was stirred at room teatpes
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overnight. Upon completion, the reaction mixture wl#sted
with CH,Cl, (3x20 mL) and the organic layer was dried over
N&aSQ,, concentrated under the reduced pressure to gdala
brown oil, which was further purified via column
chromatography on Silica gel (eluent: petroleuneetEtOAc =
20:1) to give 2-phenylbenzaldehytia (0.86 g, 95%).

4.3 Typical experimental procedure for the synthesis o2 or

1 (or 3, 0.3 mmol), Cu(0) powder (1.92 mg, 10 mol %),
Selectfluor (212.6 mg, 0.6 mmol),,€O; (82.8 mg, 0.6 mmol)
and CHCN (3 mL) were added to a 10-mL flask. Then the
reaction mixture was stirred at 25 °C (50 °C3pfor 24 h. Upon
completion, the resulting mixture was diluted with £LH (10
mL) and filtered through Celite. After evaporatidintloe solvent
under vacuum, the residue was
chromatography on silica gel (100-200 mesh) usiagoteum
ether-EtOAc (20/1, V/V) as eluent to give p@réor 4).

4.3.1 6H-benzo[c]chromen-6-one(2a).”*> Prepared from
biphenyl-2-carbaldehyde; isolated as white soll@l§5ng, 86%),
m.p. 85-86°C (lit.?> m.p. 88-89°C); IR (KBr, cm’): v = 1733,
1602;'H NMR (500 MHz, CDCJ): 6 8.43 (ddJ; = 7.5 Hz,J, =

1.0Hz, 1H), 8.15 (dJ = 8.5 Hz, 1H), 8.09 (ddJ, = 8.0 Hz,J, =

1.5 Hz, 1H), 7.87-7.84 (m, 1H), 7.63-7.59 (m, 1H), 7529
(m, 1H), 7.41-7.35 (m, 2H)**C NMR (125 MHz, CDG)): 6

161.2, 151.4, 134.8 (2C), 130.6, 130.5, 128.9, €,2422.8,
121.7, 121.4, 118.1, 117.8; GC-MS (EIl, 70 eV ): ré#) € 196
(100) [M1].

4.3.2 3-fluoro-61-benzof]chromen-6-one Zb). Prepared from
4'-fluorobiphenyl-2-carbaldehyde; isolated abite solid (52.1
mg, 81%), m.p. 155-15C; IR (KBr, cm’): v= 1757, 1614H
NMR (500 MHz, CDCJ): 6 8.38 (dd,J; = 8.0 Hz,J, = 1.0 Hz,
1H), 8.05-8.02 (m, 2H), 7.85-7.82 (m, 1H), 7.58)(t 7.5 Hz,
1H), 7.11-7.07 (m, 2H)}*C NMR (125 MHz, CDGC)): 6 163.5
(d, J = 250.0 Hz), 160.7, 152.3 (d,= 12.5 Hz), 135.0, 134.3,
130.7, 128.8, 124.4 (d,= 10.0 Hz), 121.5, 120.6, 114.7 (=
2.5 Hz), 112.4 (d) = 22.5 Hz), 105.1 (d] = 25.0 Hz); HRMS
(EN) for C;H,FO, [M™]: caled. 214.0430, found 214.0427.

4.3.3 3-chloro-6H-benzo[c]chromen-6-ongc). Prepared from
4'-chlorobiphenyl-2-carbaldehyde; isolated as whkitéd (55.3
mg, 80%), m.p. 132-13%; IR (KBr, cni'): v= 1757, 1606'H
NMR (500 MHz, CDCJ): 6 8.41 (dd,J;, = 8.0 Hz,J, = 1.0Hz,
1H), 8.09 (dJ = 8.0 Hz, 1H), 8.01 (d] = 8.5 Hz, 1H), 7.88-7.84
(m, 1H), 7.64-7.61 (m, 1H), 7.40 (@~ 2.0 Hz, 1H), 7.34 (dd,
Ji; = 8.5 Hz,J, = 2.0Hz, 1H);"*C NMR (125 MHz, CDG)): ¢
160.6, 151.6, 136.0, 135.1, 134.1, 130.8, 129.5.112123.8,
121.7, 121.0, 118.0, 116.8; HRMS (El) for8,CIO, [M™]:
calcd. 230.0135, found 230.0131.

4.3.4 3-bromo-6H-benzo[c]chromen-6-on2d). Prepared from
4'-bromobiphenyl-2-carbaldehyde; isolated as whitid (60.3
mg, 73%), m.p. 140-14C; IR (KBr, cm?): v= 1752, 1612H

NMR (500 MHz, CDCJ): ¢ 8.41 (d,J = 7.5 Hz, 1H), 8.10 (d] =

8.0 Hz, 1H), 7.94 (dJ = 8.5 Hz, 1H), 7.86 (tJ = 8.0 Hz, 1H),
7.63 (t,J = 7.5 Hz, 1H), 7.56 (dJ = 1.5 Hz, 1H), 7.49(dd}, =

8.0 Hz,J, = 1.5Hz, 1H);**C NMR (125 MHz, CDCJ): 6 160.5,
151.6, 135.1, 134.1, 130.8, 129.3, 127.9, 124.3.8,2121.7,
121.1, 121.0, 117.2; HRMS (El) forI,BrO, [M]: calcd.

273.9629, found 273.9635.

4.3.5 3-(trifluoromethoxy)-6H-benzo[c]chromen-6-one2¢)(
Prepared from 4'-(trifluoromethoxy)biphenyl-2-cdd®hyde;
isolated as white solid (68.9 mg, 82%), m.p. 86%87IR (KBr,
cm'): v= 1724, 1609'*H NMR (500 MHz, CDCJ): 6 8.37 (dd,
J, = 8.0 Hz,J, = 1.0 Hz, 1H), 8.06 (ddl, = 8.5 Hz,J, = 3.5 Hz,

purified by column
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2H), 7.86-7.83 (m, 1H), 7.62-7.59 (m, 1H), 7.22-7.19 (H); 2
BC NMR (125 MHz, CDCJ: ¢ 160.4, 151.8, 150.2, 135.1,
133.8, 130.7, 129.3, 124.2, 121.7, 120.9, 120.4 £d257.5 Hz),
116.9, 116.7, 110.1; HRMS (EI) for E,F,0; [M']: calcd.
280.0347, found 280.0353.

4.3.6 3-(tert-butyl)-6H-benzo[c]chromen-6-on&f)( Prepared
from 4'tert-butylbiphenyl-2-carbaldehyde; isolated as white
solid (40.1 mg, 53%), m.p. 154-186; IR (KBr, cmi’): v =
1722, 1621;'H NMR (500 MHz, CDCJ): § 8.40 (dd,J; = 8.0
Hz, J, = 0.5 Hz, 1H), 8.10 (d] = 8.5 Hz, 1H), 7.99 (dd}, = 6.0
Hz, J, = 3.0 Hz, 1H), 7.84-7.80 (m, 1H), 7.56 Jt= 8.0 Hz,
1H), 7.40-7.38 (m, 2H), 1.39 (s, 9HYC NMR (125 MHz,
CDCly): 6 161.5, 154.8, 151.3, 135.0, 134.8, 130.6, 128.2,412
122.0, 121.5, 121.1, 115.4, 114.6, 35.1, 31.1; HRMEH for
C,/H1¢0, [M™]: caled. 252.1150, found 252.1146.

4.3.7 4-chloro-6H-benzo[c]chromen-6-on2g). Prepared from
3'-chlorobiphenyl-2-carbaldehyde; isolated as wkibéd (52.6
mg, 76%), m.p. 184-18&; IR (KBr, cni'): v= 1741, 1605'H
NMR (500 MHz, CDC)): 6 8.43 (dd,J; = 8.0 Hz,J, = 1.0Hz,
1H), 8.09 (d,J = 8.0 Hz, 1H), 8.04 (d] = 2.5 Hz, 1H), 7.89-7.86
(m, 1H), 7.67-7.63 (m, 1H), 7.45 (dd, = 8.5 Hz,J, = 2.5 Hz,
1H), 7.33 (d,J = 9.0 Hz, 1H);"*C NMR (125 MHz, CDGJ)): 6
160.5, 149.8, 135.0, 133.6, 130.8, 130.3, 130.B.62122.6,
121.8, 121.4, 119.4, 119.2; HRMS (El) forg8,ClO, [M']:
calcd. 230.0135, found 230.0138.

4.3.8 9-methyl-6H-benzo[c]chromen-6-or2)*® Prepared from
5-methylbiphenyl-2-carbaldehyde; isolated as whakds(49.2
mg, 78%), m.p. 94-9%C (lit.”® m.p. 101-103C); IR (KBr, cm

Y: v = 1729, 1615'H NMR (500 MHz, CDC)): 6 8.25 (d,J =
8.0 Hz, 1H), 8.02 (dd}, = 7.5 Hz,J, = 1.5 Hz, 1H), 7.87 (s, 1H),
7.48-7.45 (m, 1H), 7.38-7.30 (m, 3H), 2.55 (s, 3¥3;, NMR
(125 MHz, CDCJ): 6 161.2, 151.4, 145.9, 134.7, 130.5, 130.2,
130.1, 124.4, 122.7, 121.8, 118.8, 118.1, 117.72;28C-MS
(El, 70 eV ):m/z(%) = 210 (46) [M].

4.39 3-fluoro-9-methyl-6H-benzo[c]chromen-6-one  2i).(
Prepared from  4'-fluoro-5-methylbiphenyl-2-carbaigde;
isolated as white solid (52.7 mg, 77%), m.p. 152-iG; IR
(KBr, cm'): v = 1730, 1621'H NMR (500 MHz, CDC)): ¢
8.24 (d,J = 8.5 Hz, 1H), 8.01(dd}, = 9.5 Hz,J, = 4.5 Hz, 1H),
7.81 (s, 1H), 7.38 (d] = 8.0 Hz, 1H), 7.08-7.04 (m, 2H), 2.56
(s, 3H);**C NMR (125 MHz, CDGJ)): 6 163.5 (d,J = 250.0 Hz),
160.8, 152.4 (dJ = 12.5 Hz), 146.2, 134.2, 130.7, 130.0, 124.3
(d,J = 10.0 Hz), 121.7, 118.1, 114.7 (H= 2.5 Hz), 112.2 (dJ

= 225 Hz), 105.1 (dJ = 25.0 Hz), 22.3; HRMS (El) for
C1HsFO, [M™]: calcd. 228.0587, found 228.0584.

4.3.10  3-chloro-9-methyl-6H-benzo[c]chromen-6-one 2j). (
Prepared from  4'-chloro-5-methylbiphenyl-2-carbalgte;
isolated as white solid (52.9 mg, 72%), m.p. 170-iC; IR
(KBr, cm'): v = 1735, 1617H NMR (500 MHz, CDC)): ¢
8.25 (d,J = 8.5 Hz, 1H), 7.95 (d] = 8.5 Hz, 1H), 7.83 (s, 1H),
7.40 (d,J = 8.0 Hz, 1H), 7.34 (d] = 1.0 Hz, 1H), 7.29 (dd}, =
8.5 Hz,J, = 2.0 Hz, 1H), 2.56 (s, 3H)C NMR (125 MHz,
CDCly): 6 160.6, 151.7, 146.2, 135.8, 134.0, 130.7, 13(28,9,
123.7, 121.8, 118.5, 117.9, 116.8, 22.3; HRMS (R f
C1HCIO, [M™]: calcd. 244.0291, found 244.0295.

4.3.11  3-bromo-9-methyl-6H-benzo[c]chromen-6-one2k).(
Prepared from 4'-bromo-5-methylbiphenyl-2-carbajdkh
isolated as white solid (60.7 mg, 70%), m.p. 178-iC; IR
(KBr, cm™: v = 1741, 16144 NMR (500 MHz, CDC)): 6
8.28 (d,J = 8.0 Hz, 1H), 7.91 (d] = 8.5 Hz, 1H), 7.87 (s, 1H),
7.53 (d,J = 2.0 Hz, 1H), 7.46 (dd}, = 8.5 Hz,J, = 2.0 Hz, 1H),
7.42 (d,J = 8.5 Hz, 1H), 2.58 (s, 3H)C NMR (125 MHz,
CDCly): 6 160.5, 151.8, 146.2, 134.1, 130.8, 130.6, 127.3,912



123.6, 121.8, 121.0, 118.7, 117.3, 22.3; HRMS (R f
C14HoBrO, [M™]: calcd. 287.9786, found 287.9790.

4.3.12 3-(tert-butyl)-9-methyl-6H-benzo[c]chromeniteo @I).
Prepared from 4'-tert-butyl-5-methylbiphenyl-2-c@dehyde;
isolated as white solid (45.5 mg, 57%), m.p. 1246-i2; IR
(KBr, cm'): v = 1740, 1611H NMR (500 MHz, CDC)): ¢
8.27 (d,J = 8.0 Hz, 1H), 7.97 (d] = 8.5 Hz, 1H), 7.87 (s, 1H),
7.38-7.36 (m, 3H), 2.56 (s, 3H), 1.39 (s, 9 NMR (125

7
133.3, 130.9, 130.1, 124.8, 123.4, 122.8, 122.7,91117 .4;
HRMS (EI) for G H,CIO, [M™]: calcd. 230.0135, found
230.0138.

4.3.18  8-chloro-3-fluoro-6H-benzo[c]chromen-6-one 2r)(
Prepared from  4-chloro-4'-fluorobiphenyl-2-carbélgde;
isolated as white solid (60.4 mg, 81%), m.p. 208-21; IR
(KBr, cm): v = 1746, 1608'H NMR (500 MHz, CDC)): ¢
8.37 (d,J = 2.0 Hz, 1H), 8.03-8.00 (m, 2H), 7.79 (dg,= 8.5

MHz, CDCL): ¢ 161.5, 154.6, 151.5, 145.8, 134.9, 130.6, 129.7,Hz, J, = 2.0 Hz, 1H), 7.14-7.10 (m, 2H)'C NMR (125 MHz,

122.3,121.8, 121.6, 118.7, 115.5, 114.6, 35.0,,2R.3; HRMS
(EI) for C,gH150, [M]: calcd. 266.1307, found 266.1301.

4.3.13 9-fluoro-6H-benzo[c]chromen-6-one2nf).>* Prepared
from 5-fluorobiphenyl-2-carbaldehyde; isolated asitavlsolid
(41.2 mg, 64%), m.p. 159-16C (lit.>* m.p. 157-159C); IR
(KBr, cm™): v = 1738, 1604 H NMR (500 MHz, CDC)): &
8.44 (dd,J; = 9.0 Hz,J, = 5.5 Hz, 1H), 7.97 (dd}, = 8.0 Hz,J,

= 1.5 Hz, 1H), 7.75 (dd}, = 9.5 Hz,J, = 2.0 Hz, 1H), 7.56-7.52
(m, 1H), 7.40-7.35 (m, 2H),7.30-7.27 (m, 1HC NMR (125
MHz, CDCk): 6 167.0 (d,J = 255.0 Hz), 160.2, 151.7, 137.8 (d,
J =10.0 Hz), 134.0 (d] = 10.0 Hz), 131.3, 124.7, 123.0, 118.0,
117.9 (d,J = 1.3 Hz), 117.4 (d) = 2.5 Hz), 117.0 (d) = 225
Hz), 108.2 (dJ = 22.5 Hz); GC-MS (El, 70 eV jn/z(%) = 214
(100) [M1].

4.3.14 9-chloro-6H-benzo[c]chromen-6-one2n).>® Prepared
from 5-chlorobiphenyl-2-carbaldehyde; isolated astevisolid
(52.6 mg, 76%), m.p. 172-17¢€ (lit.>* m.p. 182-184C); IR
(KBr, cm™): v = 1735, 1602 H NMR (500 MHz, CDC)): 6
8.34 (d,J = 8.5 Hz, 1H), 8.08 (d] = 2.0 Hz, 1H), 8.01 (ddJ, =
8.0 Hz,J, = 1.5 Hz, 1H), 7.55-7.51 (m, 2H), 7.39-7.35 (m, 2H);
¥C NMR (125 MHz, CDG)): 6 160.3, 151.7, 141.9, 136.4,
132.3, 131.2, 129.3, 124.8, 122.9, 121.8, 119.B.011117.1;
GC-MS (El, 70 eV )m/z(%) = 230 (100) [M].

4.3.15 8-fluoro-6H-benzo[c]chromen-6-on2o). Prepared from
4-fluorobiphenyl-2-carbaldehyde; isolated as whitdids (46.9
mg, 73%), m.p. 139-14°C; IR (KBr, cm®): v= 1717, 1608H
NMR (500 MHz, CDCJ): 6 8.13 (dd,J; = 9.0 Hz,J, = 5.0 Hz,
1H), 8.05 (dJ = 3.0 Hz, 1H), 8.00 (ddl}, = 7.5 Hz,J, = 1.0 Hz,
1H),7.57-7.53 (m, 1H), 7.37 (d,= 2.0 Hz, 1H), 7.33 (dd}, =
8.5 Hz,J, = 2.0 Hz, 1H);*C NMR (125 MHz, CDGJ)): ¢ 162.5
(d, J = 248.8 Hz), 160.1 (d] = 2.5 Hz), 150.9, 131.3 (d,= 2.5
Hz), 130.4, 124.8, 124.3 (d,= 7.5 Hz), 123.2 (d) = 8.8 Hz),
123.0 (d,J = 22.5 Hz), 122.6, 117.9, 117.4, 116.2 {&5 22.5
Hz); HRMS (El) for GsH,FO, [M']: calcd. 214.0430, found
214.0428.

4.3.16  3-chloro-8-fluoro-6H-benzo[c]chromen-6-one 2p)
Prepared from  4'-chloro-4-fluorobiphenyl-2-carbéigde;
isolated as white solid (46.2 mg, 62%), m.p. 193-i@; IR
(KBr, cm'): v = 1733, 1607'H NMR (500 MHz, CDC)): ¢
8.08 (dd,J; = 8.5 Hz,J, = 2.5 Hz, 1H), 8.03 (dd}, = 8.5 Hz,J,
= 2.5 Hz, 1H), 7.93 (dJ = 8.5 Hz, 1H), 7.59-7.55 (m, 1H), 7.37
(d, J = 2.0 Hz, 1H), 7.33 (dd}, = 8.5 Hz,J, = 2.0 Hz, 1H);"*C
NMR (125 MHz, CDC}): § 162.7 (d,J = 250.0 Hz), 159.5 (d]
= 3.8 Hz), 151.1, 136.0, 130.6 @= 3.8 Hz), 125.3, 124.3 (d,
= 7.5 Hz), 123.6, 123.3 (d,= 23.8 Hz), 122.9 (d] = 7.5 Hz),
118.1, 116.4 (dJ = 23.8 Hz), 116.1; HRMS (EI) for,gH:CIFO,
[M™]: calcd. 248.0040, found 248.0045.

4.3.17 8-chloro-6H-benzo[c]chromen-6-orgg). Prepared from
4-chlorobiphenyl-2-carbaldehyde; isolated as whiabds(49.8
mg, 72%), m.p. 171-17Z; IR (KBr, cm®): v= 1720, 1601H
NMR (500 MHz, CDCJ): ¢ 8.38 (d,J = 2.0 Hz, 1H), 8.08 (d] =
8.5 Hz, 1H), 8.03 (ddJ, = 8.0 Hz,J, = 1.5 Hz, 1H), 7.79 (dd},

= 8.5 Hz,J, = 2.0 Hz, 1H), 7.54-7.50 (m, 1H), 7.40-7.36 (m,
1H); °C NMR (125 MHz, CDG)): 4 160.0, 151.2, 135.2, 135.1,

CDCL,): 6 163.7 (dJ = 250.0 Hz), 159.7, 152.1 (d= 12.5 Hz),
135.4, 135.0, 132.8, 130.2, 124.4 Jds 10.0 Hz), 123.3, 121.9,
114.0 (d,J = 3.8 Hz), 112.8 (d] = 22.5 Hz), 105.4 (d] = 25.0
Hz); HRMS (EI) for GsHsCIFO, [M™]: calcd. 248.0040, found
248.0037.

4.3.19 8-bromo -6H-benzo[c]chromen-6-or2=)( Prepared from
4-bromobiphenyl-2-carbaldehyde; isolated as whakds(58.6
mg, 71%), m.p. 162-16%C; IR (KBr, cm®): v = 1735, 1598H
NMR (500 MHz, CDCJ): ¢ 8.56 (d,J = 2.0 Hz, 1H), 8.05 (ddl,

= 8.0 Hz,J, = 1.5 Hz, 1H), 7.94 (dd}, = 8.5 Hz,J, = 2.5 Hz,
1H), 7.82—7.78 (m, 1H), 7.55-7.52 (m, 1H), 7.41-7186 ZH):
*C NMR (125 MHz, CDG): ¢ 159.9, 151.2, 138.0, 133.7,
133.2, 130.9, 124.9, 123.5, 122.81, 122.78, 122.¥8,0, 117.4;
HRMS (El) for GsH.BrO, [M']: calcd. 273.9629, found
273.9626.

4.3.20 8-methoxy -6H-benzo[c]chromen-6-ora).{ Prepared
from 4-methoxybiphenyl-2-carbaldehyde; isolatedvaste solid
(21.0 mg, 31%), m.p. 153-15& (lit." m.p. 149-151°C); IR
(KBr, cm™): v = 1710, 1613!H NMR (500 MHz, CDC)): &
8.07 (d,J = 9.0 Hz, 1H), 8.01 (dd}, = 8.0 Hz,J, = 1.0 Hz, 1H),
7.84 (d,J = 2.5 Hz, 1H), 7.47-7.41 (m, 2H), 7.38 (d4,= 8.0
Hz,J, = 1.0 Hz, 1H), 7.36-7.33 (m, 1H), 3.96 (s, 3HE NMR
(125 MHz, CDC})): § 161.2, 160.2, 150.6, 129.4, 128.2, 124.6,
124.3, 123.5, 122.6, 122.2, 118.3, 117.7, 111.48;56C-MS
(El, 70 eV ):m/z(%) = 226 (38) [M].

4.3.21 8-methoxy-3-(trifluoromethoxy)-6H-benzo|c]ahen-6-
one Qu). Prepared from 4-methoxy-4'-
(trifluoromethoxy)biphenyl-2-carbaldehyde; isolateas white
solid (46.5 mg, 50%), m.p. 90-9¢; IR (KBr, cmi'): v = 1733,
1615;'H NMR (500 MHz, CDCJ): 6 7.94 (dd,J, = 8.5 Hz,J, =
5.0 Hz, 2H), 7.74 (d) = 3.0 Hz, 1H), 7.38 (dd}; = 9.0 Hz,J, =
3.0 Hz, 1H), 7.18-7.16 (m, 2H), 3.93 (s, 3H}c NMR (125
MHz, CDCL): ¢ 160.5, 160.3, 150.7, 149.2, 127.0, 124.4,
123.42, 123.39, 122.0, 120.4(d,= 256.3 Hz), 117.0, 116.9,
111.4, 110.0, 55.8; HRMS (El) for ;§,F;0, [M™]: calcd.
310.0453, found 310.0457.

4.3.22 7-fluoro -6H-benzo[c]chromen-6-on@v). Prepared
from 3-fluorobiphenyl-2-carbaldehyde; isolated asitavisolid
(55.9 mg, 87%), m.p. 149-15C; IR (KBr, cmi'): v = 1729,
1606;'H NMR (500 MHz, CDC)): ¢ 8.03 (dd,J, = 8.0 Hz,J, =
1.5 Hz, 1H), 7.93 (dJ = 8.0 Hz, 1H), 7.82-7.78 (m, 1H), 7.52—
7.49 (m, 1H), 7.36-7.33 (m, 2H), 7.28-7.25 (m, 1¥; NMR
(125 MHz, CDC}): ¢ 163.6 (d,J = 266.3 Hz), 156.7 (d] = 5.0
Hz), 151.6, 137.4, 136.2 (d,= 11.3 Hz), 131.2, 124.7, 123.3,
117.7,117.6 (dJ) = 5.0 Hz), 117.1 (d) = 2.5 Hz), 116.4 (d) =
22.5 Hz), 110.2 (dJ = 6.3 Hz); HRMS (EIl) for GH-FO, [M™]:
calcd. 214.0430, found 214.0435.

4.3.23 3-methyl-1-phenylchromeno[4,3-c]pyrazol-4(1iHgo
(4a).** Prepared from 3-methyl-1,5-diphenydpyrazole-4-
carbaldehyde; isolated as brown solid (55.5 mg, 6194). 222—
224°C (lit.** 226-227°C); IR (KBr, cm'): v = 1729, 1621H
NMR (500 MHz, CDC)): 6 7.64—7.60 (m, 3H), 7.58-7.54 (m,
2H), 7.46-7.39 (m, 2H), 7.11 (dd, = 8.0 Hz,J, = 1.5 Hz, 1H),
7.06=7.01 (m, 1H), 2.67 (s, 3HJC NMR (125 MHz, CDGJ)): 6
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158.0, 153.3, 150.8, 141.7, 139.4, 131.1, 130.9,92126.9,
123.9, 122.5, 118.1, 111.9, 106.4, 12.9; GC-MS {8leV ):m/z
(%) = 276 (22) [M].

4.3.24 7-fluoro-3-methyl-1-phenylchromeno([4,3-c] pyraz
4(1H)-one 4b). Prepared from 5-(4-fluorophenyl)-3-methyl-1-

phenyl-H-pyrazole-4-carbaldehyde; isolated as brown solid

(61.8 mg, 70%), m.p. 224-22€; IR (KBr, cm'): v = 1743,
1624;"H NMR (500 MHz, CDCJ): § 7.65-7.61 (m, 3H), 7.57—
7.53 (m, 2H), 7.13 (dd}; = 9.0 Hz,J, = 2.5 Hz, 1H), 7.09 (dd}
=9.0 Hz,J, = 5.5 Hz, 1H), 6.81-6.76 (m, 1H), 2.67 (s, 3HE
NMR (125 MHz, CDC)): § 163.7(d,J = 251.3 Hz), 157.5, 154.6
(d, J = 12.5 Hz), 150.9, 141.2, 139.2, 130.3, 130.0,9,2624.0
(d, J = 12.5 Hz), 111.8 (d) = 22.5 Hz), 108.6 (d] = 2.5 Hz),
1055 (d,J = 21.3 Hz), 105.4; HRMS (El) for §H;FN,O,
[M]: calcd. 294.0805, found 294.0808.

4.3.25 7-chloro-3-methyl-1-phenylchromeno[4,3-c]pyplaz

4(1H)-one 4¢). Prepared from 5-(4-chlorophenyl)-3-methyl-1-

66%), m.p. 195-197C; IR (KBr, cm"): v = 1735, 1609;H
NMR (500 MHz, CDCJ): ¢ 8.19 (dd,J, = 8.0 Hz,J, = 1.5 Hz,
1H), 7.54-7.51 (m, 1H), 7.45-7.41 (m, 4H), 7.39-7184 TH);
*C NMR (125 MHz, CDG): ¢ 157.8, 153.0, 149.4, 144.9,
138.9, 136.3, 131.9, 130.7, 129.4, 129.1, 128.8.9,2125.4,
124.5,122.9, 117.5, 114.7, 106.2; HRMS (El) festG:CIN,O,
[M™]: calcd. 372.0666, found 372.0661.

4.3.30 7-bromo-1,3-diphenylchromeno[4,3-c]pyrazolH)-bne
(4h). Prepared from 5-(4-bromophenyl)-1,3-diphenp-1
pyrazole-4-carbaldehyde; isolated as brown solid.9(7&g,
63%), m.p. 200-202C; IR (KBr, cm"): v = 1739, 1590;H
NMR (500 MHz, CDCJ): 6 8.19 (dd,J; = 7.5 Hz,J, = 1.5 Hz,
1H), 7.55-7.51 (m, 3H), 7.45-7.41 (m, 4H), 7.38-7181 §H):
¥C NMR (125 MHz, CDG)): 6 157.8, 153.0, 149.4, 144.9,
138.8, 132.0, 131.8, 130.7, 129.4, 129.1, 125.%.9.2124.7,
1245, 1229, 117.5, 114.6, 106.2; HRMS (El)
CxH11BrN,0, [M™]: caled. 416.0160, found 416.0155.

for

phenyl-H-pyrazole-4-carbaldehyde; isolated as brown solid 4.3.31 9-chloro-1,3-diphenylchromenol[4,3-c]pyraz¢l#)-one

(67.1 mg, 72%), m.p. 170-17Z; IR (KBr, cm): v = 1745,
1621;'H NMR (500 MHz, CDCJ): § 7.64—7.61(m, 3H), 7.55—
7.53 (m, 2H), 7.38 (s, 1H), 7.01 @= 2.0 Hz, 2H), 2.66 (s, 3H);
¥C NMR (125 MHz, CDG): ¢ 157.2, 153.5, 150.9, 140.9,
139.1, 136.8, 130.3, 123.0, 126.8, 124.4, 123.3.2,11110.4,
106.0, 12.8; HRMS (El) for GHy;CIN,O, [M']: calcd.
310.0509, found 310.0505.

4.3.26 7-(tert-butyl)-3-methyl-1-phenylchromeno[4]Bycazol-
4(1H)-one 4d). Prepared from 5-(fert-butylphenyl)-3-methyl-

(4i). Prepared from 5-(2-chlorophenyl)-1,3-diphenid-1
pyrazole-4-carbaldehyde; isolated as brown solid.9(58g,
50%), m.p. 172-173C; IR (KBr, cm"): v = 1746, 1610;H
NMR (500 MHz, CDC)): ¢ 8.22 (dd,J; = 7.5 Hz,J, = 1.5Hz,
1H,),7.53-7.50 (m, 1H), 7.48-7.44 (m, 1H),7.43-7r8410H);
¥C NMR (125 MHz, CDG)): 6 157.2, 153.1, 149.1, 142.9,
138.9, 134.21, 132.1, 131.5, 130.6, 130.0, 12928.8, 127.2,
126.9, 124.8, 124.4, 122.8, 117.5, 114.7, 107.8M8REI) for
CxH13CIN,O, [M™]: calcd. 372.0666, found 372.0669.

1-phenyl-H-pyrazole-4-carbaldehyde; isolated as brown solid 4.3.32 9-bromo-1,3-diphenylchromeno[4,3-c]pyrazolH)-bne

(54.8 mg, 55%), m.p. 210-2FZ; IR (KBr, cni'): v = 1734,
1622;*H NMR (500 MHz, CDCJ): § 7.62-7.58 (m, 3H), 7.57—
7.53 (m, 2H), 7.44 (d] = 2.0 Hz, 1H), 7.09 (dd}, =8.5 Hz,J, =
1.5 Hz, 1H), 7.04 (d] = 8.5 Hz, 1H), 2.67 (s, 3H), 1.30 (s, 9H);
3C NMR (125 MHz, CDCJ): ¢ 158.2, 155.4, 153.4, 150.7,
141.9, 139.4, 130.0, 129.8, 126.8, 122.0, 121.4,.7,1109.1,
106.0, 35.1, 30.9, 12.8; HRMS (EI) fop6,0N,0, [M]: calcd.
332.1525, found 332.1529.

4.3.27 9-chloro-3-methyl-1-phenylchromeno[4,3-c]pyplaz

4(1H)-one 4e). Prepared from 5-(2-chlorophenyl)-3-methyl-1-

(4j). Prepared from 5-(2-bromophenyl)-1,3-diphenp-1
pyrazole-4-carbaldehyde; isolated as brown solid.3(56g,
45%), m.p. 198-199C; IR (KBr, cm'): v = 1735, 1609;H
NMR (500 MHz, CDCJ): 6 8.22 (dd,J; = 7.5 Hz,J, = 1.5 Hz,
1H,), 7.66 (dJ = 8.0 Hz,1H), 7.54-7.50 (m, 1H), 7.43-7.34 (m,
10H); “¥C NMR (125 MHz, CDG): ¢ 157.2, 153.1, 149.0,
144.4, 138.9, 133.2, 132.1, 131.6, 130.6, 129.4.112128.8,
127.5, 125.0, 124.5, 124.0, 122.9, 117.6, 114.8,8 0HRMS
(EI) for C,;H15BrN,O, [M]: caled. 416.0160, found 416.0167.

4.3.33 3-(4’-bromophenyl)-7-chloro-2-phenylchromend{4

phenyl-H-pyrazole-4-carbaldehyde; isolated as brown solid c]pyrazol-4(2H)-one 4k) and 7-bromo -3-(4’-chlorophenyl)-1-

(55.9 mg, 60%), m.p. 108-11C; IR (KBr, cm"): v = 1795,
1676;'H NMR (500 MHz, CDCJ): 6 7.44 (dd,J, = 8.0 Hz,J, =
0.5 Hz, 1H), 7.41-7.36 (m, 1H), 7.32-7.29 (m, 3H), 273
(m, 3H), 2.64 (s, 3H)*C NMR (125 MHz, CDG)): 6 154.6,
153.6, 152.0, 145.7, 138.5, 134.2, 131.6, 131.3.8,2129.0,
128.5, 128.3, 126.8, 124.7, 108.2, 107.7, 13.9; HRHEI$ for
C17H1:CIN,O, [M™]: caled. 310.0509, found 310.0512.

4.3.28 1,3-diphenylchromeno[4,3-c]pyrazol-4(1H)-od) (and
2,3-diphenylchromeno[4,3-c] pyrazol -4(2H)-oréf'} (4f.4f' =
1:0.41). Prepared from  1,3,5-triphenyHipyrazole-4-
carbaldehyde; isolated as brown solid (62.9 mg, 2R (KBr,
cm®): v= 1736, 1609'H NMR (500 MHz, CDC)): 6 8.23-8.20
(m, 2H, 4f), 7.69-7.63 (m, 3.64H, 2H fotf, 1.64H for 4f'),
7.54-7.34 (m, 12.69H, 9H faif, 3.69H for4f'), 7.11-7.04 (m,
1.41H, 1H for4f, 0.41H for4f'); *C NMR (125 MHz, CDG)): ¢
157.8, 157.3, 153.2, 153.1, 152.6, 149.2, 146.2.8,4139.6,
139.1, 131.2, 130.60, 130.57, 130.5, 130.4, 130179.95,
129.4, 129.24, 129.17, 128.9, 128.4, 128.3, 12127,0, 125.9,
124.4, 123.9, 122.8, 122.5, 117.9, 117.4, 114.8,6,1106.1,
104.9; HRMS (EI) for GH1,N,0, [M]: calcd. 338.1055, found
338.1051.

4.3.29 7-chloro-1,3-diphenylchromeno[4,3-c]pyraz¢l#)-one
(4g). Prepared from 5-(4-chlorophenyl)-1,3-diphenid-1
pyrazole-4-carbaldehyde; isolated as brown solid.§7fg,

phenylchromeno[4,3-c]pyrazol-4(1H)-one 4k{) (4k:4k' =
1:0.94). Prepared from 5-(4-bromophenyl)-1,3-diphenp-1
pyrazole-4-carbaldehyde; isolated as Brown solid.4(861g,
63%); IR (KBr, cm"): v = 1743, 1612;H NMR (500 MHz,
CDCly): & 8.19 (d,J = 8.5 Hz, 2H,4k), 8.11 (d,J = 8.5 Hz,
0.94H,4k"), 7.69-7.60 (m, 6H4k), 7.53 (d,J = 8.5 Hz, 1.88H,
4kK'), 7.48-7.42 (m, 5.82H, 3H falk, 2.82H for4k'), 7.36-7.30
(m, 4.76H, 1H fork, 3.76H for4k'), 7.19 (ddJ, = 8.5 Hz,J, =
2.0 Hz, 0.94H4k’), 6.92 (d,J = 8.5 Hz, 0.94H4k"); °C NMR
(125 MHz, CDC})): 6 157.1, 156.6, 153.3, 153.2, 151.6, 148.6,
145.1, 142.3, 139.2, 138.7, 136.2, 135.7, 132.0,.8,3130.8,
130.5, 130.2, 129.5, 129.2, 128.9, 128.6, 127.4,.012125.8,
125.6, 125.1, 125.0, 124.9, 123.8, 123.4, 121.7,8,1113.3,
110.4, 105.8, 104.7; HRMS (EI) for ,&i;,BrCIN,O, [M™]:
calcd. 449.9771, found 449.9775.

4.4 Synthesis of 2'-hydroxy-(1,1'-biphenyl)-2-carboxyk acid
5

2a (58.8 mg, 0.3 mmol) and MeCN (3 mL) was added to a
flask (10 mL), then NaOH aqueous solution (5% (W/WnL)
was dropped. After stired for 3 h at room tempemtuhe
reaction mixture was wished with GEl, (3x5 mL ) and filtered
through Celite. After evaporation of the solventdenvacuum,
the residue was purified by column chromatographgitica gel



(100-200 mesh) using petroleum ether-EtOAc (10/1, VA¥)
eluent to give puré.

4.41  2-hydroxy-(1,1'-biphenyl)-2-carboxylic  acid (5).”°
Prepared from la-benzof]chromen-6-one; isolated as white
solid (63.0 mg, 98%), m.p. 90-8C (lit.>> 93°C); *H NMR (500
MHz, CDCL): ¢ 8.41 (d,J = 7.5 Hz, 1H), 8.13 (dJ = 8.0 Hz,
1H), 8.07 (dJ = 8.0 Hz, 1H), 7.84 (t) = 7.5 Hz, 1H), 7.60 (1J

= 7.0 Hz, 1H), 7.49 (&) = 8.0 Hz, 1H), 7.39-7.34 (m, 2H)'C
NMR (125 MHz, CDC)): 6 161.2, 151.3, 134.82, 134.77, 130.6,
130.4, 128.9, 124.5, 122.8, 121.7, 121.3, 118.1.,811

4.5 Synthesis of &1-benzofc]chromen 6

2a (58.8 mg, 0.3 mmol), NaBH(17.1 mg, 0.45 mmol) and
EtOH (3 mL) was added to a flask (10 mL) and stirad6ftn at
room temperature. The reaction mixture was wisheld @i,Cl,
(3x5 mL ) and filtered through Celite. After evapgtion of the
solvent under vacuum, the residue was purified blnoo
chromatography on silica gel (100-200 mesh) usiagoteum
ether-EtOAc (10/1, V/V) as eluent to give pére

451 6H-benzo[cJchromen 6). Prepared from 8-

benzof]chromen-6-one; isolated as white solid (50.3 m@oB2
m.p. 130-132C; 'H NMR (500 MHz, CDCJ): ¢ 7.52—7.50 (m,
1H), 7.42-7.40 (m, 2H), 7.29-7.26 (m, 2H), 7.12 (@d= 7.5
Hz, J, = 1.5 Hz, 1H), 7.02-6.99 (m, 1H), 6.95 M= 8.5 Hz,
1H), 4.48-4.42 (m, 2H)°C NMR (125 MHz, CDCJ): 6 152.9,
138.9, 136.5, 130.9, 130.8, 129.4, 129.3, 128.8.5,2127.8,
120.8, 116.4, 63.7.

4.6 Synthesis of 6-phenyl-Bl-benzofc]chromen-6-ol 7

Underan atmosphere of Ar ga®a (58.8 mg, 0.3 mmol) and
THF (3 mL) was added to a flask (10 mL), then PhM¢§B4
mL) was dropped. After stired for 3 h at room tenapare, the

reaction mixture was quenched with saturated ammoniumSe

chloride solution and diluted with GBI, (3x5 mL) and filtered
through Celite. After evaporation of the solventlenvacuum,
the residue was purified by column chromatographgitica gel
(100-200 mesh) using petroleum ether-EtOAc (6/1, VA%)
eluent to give puré.

4.6.1 6-phenyl-6H-benzo[c]chromen-6-@).(Prepared fromi8-
benzof]chromen-6-one; isolated as white solid (77.4 mgpR4
m.p. 81-83°C; '"H NMR (500 MHz, CDCJ): § 8.01-7.98 (m,
2H), 7.63 (s, 1H), 7.55-7.52 (m, 2H), 7.48-7.44 (m,, THj2—
7.37 (m, 3H), 7.32-7.27 (m, 2H), 7.12-7.09 (m, 1H)41dd,J,

= 8.0 Hz,J, = 1.0 Hz, 1H), 6.92 (dd}, = 8.0 Hz,J, = 1.0 Hz,
1H); *C NMR (125 MHz, CDGJ): ¢ 151.3, 143.0, 135.4, 129.4,
128.7, 128.5, 128.1, 127.7, 127.5, 126.8, 126.3.112123.0,
121.7,121.1, 117.8, 99.2.

4.7 Mechanistic Studies
4.7.1  Preparation of (1,1'-biphenyl)-2-carboxylic acid 8

8 was synthesized according to reported literaffire.
Procedure: To a solution of phenylboronic acid (éhfol) in

dry THF (4.5 mL) was added a prepared suspension o
PdCL(PPh), in dry THF (0.5 mL, 0.1 M). The suspension was
stirred and a N&O; agueous solution (5 mL, 0.8 M) was added.

The reaction mixture was stirred under Ar atmosphar@ min.
at room temperature. Finally, methyl 2-iodobenzda&4uL, 2
mmol) was added and the reaction mixture was heat8a &C
for 12 h under Ar atmosphere. The resultant mixturas
extracted with EtOAc (3x10 mL). The combined layers ewver
washed with brine (1x5 mL), dried over anhydrous MgSO
filtered and concentrated under reduced pressure. résidue

f

9

was purified by column chromatography (hexane/EtOAc =
95:5 (V/V) to provide the corresponding methyl estas pale
yellow oils.

A NaOH aqueous solution (7 mL, 1 M) was added to a
stirring mixture of the desired ester (1.8 mmolMeOH (7 mL)
under Ar atmosphere. The reaction mixture was heat&d °C
for 12 h. Upon completion, the reaction mixture was
concentrated under reduced pressure. The residuguweached
with 6 M HCI until pH < 3 and was extracted with EtOAc {8x
mL). The combined layers were washed with brine (115, m
dried over anhydrous MgSQfiltered and concentrated under
reduced pressure to afford the desired pure bRugérboxylic
acids8

4.7.1.1 (1,1-biphenyl)-2-carboxylic acid8)( Prepared from
methyl biphenyl-2-carboxylate6; isolated as PinkdsdH NMR
(500 MHz, CDCJ): § 11.39 (s, 1H), 7.97 (d] = 7.5 Hz, 1H),
7.61-7.57 (m, 2H), 7.36-7.36 (m, 7HJC NMR (125 MHz,
CDCly): 6 173.4, 143.4, 141.0, 132.1, 131.2, 130.7, 129.8,512
128.1, 127.4, 127.2.

4.7.2  Subjection of 8 to the standard reaction conditions

8 (0.3 mmol), Cu(0) powder (1.92 mg, 10 mol %), Stlecr
(212.6 mg, 0.6 mmol), }CO; (82.8 mg, 0.6 mmol) and GBN
(3 mL) were added to a 10-mL flask. Then the reactioxture
was stirred at 25 °C for 24 h. Upon completion, tesulting
mixture was diluted with CKCl, (10 mL) and filtered through
Celite. After evaporation of the solvent under vaouuhe
residue was purified by column chromatography oitasibel
(100-200 mesh) using petroleum ether-EtOAc (20/1, VA¥)
eluent to give pur@a (55.9 mg, 95%).

4.7.3 Reaction of 1a in CHCN-H,0"® (200:1, V/V)

la (0.3 mmol), Cu(0) powder (1.92 mg, 10 mol %),
lectfluor (212.6 mg, 0.6 mmol),,€O; (82.8 mg, 0.6 mmol)
and CHCN:H,0" = 200:1 (V/V, 3 mL) were added to a 10-mL
flask. Then the reaction mixture was stirred at @5f6r 24 h.
Upon completion, the resulting mixture was sampled¥G6-MS
analysis (see Figure S1).

4.7.4 Reaction of 1a under the standard reaction

conditions except in the presence dfO, atmosphere

la (0.3 mmol), Cu(0) powder (1.92 mg, 10 mol %),
Selectfluor (212.6 mg, 0.6 mmol),,€O; (82.8 mg, 0.6 mmol)
and CHCN:H,0O = 200:1 (V/V, 3 mL) were added to a 10-mL
flask. The flask was opened to the vacuum, pumped2{d
minutes and backfilled with*0, gas using a balloon. Then the
reaction mixture was stirred at 25 °C for 24 h. Upompletion,
the resulting mixture was sampled for GC-MS analysise
Figure S2).

4.7.5 Reaction of 1la under the standard reaction
conditions except in the presence dfO, atmosphere

and H,0'®

la (0.3 mmol), Cu(0) powder (1.92 mg, 10 mol %),
Selectfluor (212.6 mg, 0.6 mmol),,€O; (82.8 mg, 0.6 mmol)
and CHCN:H,0"™ = 200:1 (V/V, 3 mL) were added to a 10-mL
flask. The flask was opened to the vacuum, pumped2{8d
minutes and backfilled with®0, gas using a balloon. Then the
reaction mixture was stirred at 25 °C for 24 h. Upompletion,
the resulting mixture was sampled for GC-MS analytifas
been found that the twO-incorporated produ@a-(0'%), (m/z

= 200) was not detected.
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4.7.6 Reaction of 1a under the standard reaction Supplementary Material
conditions except under an argon atmosphere
Supplementary data (charts for mechanistic stuakesell as

la (0.3 mmol), Cu(0) powder (1.92 mg, 10 mol %), copies of 'H & **C NMR spectra of the compounds) associated

Selectfluor (212.6 mg, 0.6 mmol),,€O; (82.8 mg, 0.6 mmol)
and CHCN:H,0O = 200:1 (V/V, 3 mL) were added to a 10-mL
flask equipped with a high-vacuum PTFE valve-to-glasal.
Then the resultant mixture in the sealed tube wasefr by
immersion of the flask in liquid N When solvent was
completely frozen, the flask was opened to the vaciigh
vacuum) and pumped for 2-3 minutes, with the flagl s
immersed in liquid M The flask was then closed and warmed
until solvent completely melted. This process waeated three
times and after the last cycle the flask was bdekffiwith an
inert Ar gas. Then the reaction mixture was stirre@s°C for
24 h. Upon completion, the resulting mixture was teiuwith
CH,CI, (10 mL) and filtered through Celite. After evapdawatof
the solvent under vacuum, the residue was purifiedddumn
chromatography on silica gel (100-200 mesh) usiagoteum
ether-EtOAc (20/1, V/V) as eluent to give pu2a (21.2 mg,
36%).

4.7.7 Reaction of 1a under the standard reaction
conditions except using dried CHCN

The procedure is similar to the one described 8 ekcept
using a dried CECN. The reactiorgave pure2a in 69% yield
(40.6 mg).

4.7.8 Reaction of 1a under the standard reaction
conditions except using HOCuUF as a catalyst

1a (0.3 mmol), HOCuF (10 mol %, prepared accordinguo o
previous work'd, Selectfluor (212.6 mg, 0.6 mmol),, &0,
(82.8 mg, 0.6 mmol) and GBN:H,O = 200:1 (V/V, 3 mL) were
added to a 10-mL flask. Then the reaction mixturs stared at
25 °C for 24 h. Upon completion, the resulting migtwas
diluted with CHCI, (10 mL) and filtered through Celite. After
evaporation of the solvent under vacuum, the resigas
purified by column chromatography on silica gel@@2D0 mesh)
using petroleum ether-EtOAc (20/1, VIV) as eluent teegiure
2a(35.3 mg, 60%).

4.7.9 Determination of intermolecular kinetic isotope
effect of 1a and lads

To a 25-mL Schlenk flask equipped with a high-vacuum
PTFE valve-to-glass seal was sequentially added; (37.4 mg,
0.2 mmol),1a (36.4 mg, 0.2 mmol), Cu(0) powder (2.56 mg, 10
mol %), Selectfluor (283.5 mg, 0.8 mmol, 2 equand CHCN
(3.5 mL) were added to a 10-mL flask. Then the ieaanixture
was stirred at 25 °C for 6 h. Upon completion, thgulteng
mixture was diluted with CKCl, (10 mL) and filtered through
Celite. After evaporation of the solvent under vaouuhe
residue was purified by column chromatography oitasibel
(100-200 mesh) using petroleum ether-EtOAc (10/1, V&%)
eluent to give the mixture d?a and 2a-d,. Based on théH
NMR spectral analyses, the kinetic isotope effechisulated to
beky/kp = 1.42 £ 0.2 (see Figure S3).
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