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Introduction

Transition-metal-catalyzed organic reactions involving C�H
bond cleavage have attracted much attention from the point
of view of atom economy, and various catalytic processes
have been developed on the basis of different modes of acti-
vation of the ubiquitously available bond.[1] Among the
most promising activation strategies is the use of a metal-di-
recting group in an appropriate substrate to bring about re-
gioselective C�H functionalization. We demonstrated previ-
ously that some functionalized arenes undergo oxidative
coupling with alkenes in the presence of a Pd catalyst and a
Cu/air oxidant.[2] For example, benzoic acids react with sty-
rene and an acrylate to afford isocoumarin and phthalide
derivatives, respectively, through ortho vinylation directed
by the carboxy functionality and subsequent oxidative or
nonoxidative cyclization.[2a] Furthermore, we discovered re-
cently a more efficient atom-economical synthesis of such
O-containing heterocycles through the oxidative coupling of
benzoic acids with alkynes and alkenes in the presence of a
Rh catalyst system (Scheme 1).[3] Rh-based systems for oxi-
dative C�C coupling reactions[4] have been explored less
than those with Pd.[1q,5] In the course of our studies on Rh-
catalyzed C�H functionalization,[3,6] we discovered that sali-

cylaldehydes also react with internal alkynes under similar
conditions in the presence of a Rh catalyst to produce 2,3-
disubstituted chromone derivatives through vinylation at the
aldehyde C�H bond[6a,b,7] and subsequent oxidative cycliza-
tion. Chromone structures are found in a wide variety of
naturally occurring compounds that exhibit a broad range of
interesting biological activities.[8] They are also of interest
for their fluorescence properties.[9] We describe herein a
method for the synthesis of 2,3-disubstituted chromones
through the rhodium-catalyzed oxidative coupling of salicy-
laldehydes with internal alkenes.

Results and Discussion

In an initial attempt to carry out the desired coupling reac-
tion, salicylaldehyde (1a ; 0.5 mmol) was treated with diphe-
nylacetylene (2a ; 0.5 mmol) under conditions similar to
those employed for the coupling of benzoic acids with 2a.[3a]
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Scheme 1. Reactions of benzoic acids with alkynes and alkenes.
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Abstract: A direct oxidative coupling of salicylaldehydes with internal alkynes pro-
ceeds efficiently with cleavage of the aldehyde C�H bond to produce the corre-
sponding chromone derivatives. A rhodium catalyst in combination with a cyclo-
pentadiene ligand and a copper oxidant promote this straightforward annulation
reaction. Solid-state luminescence was observed for certain chromone products.
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In the presence of [{Cp*RhCl2}2] (0.005 mmol) and Cu-
ACHTUNGTRENNUNG(OAc)2·H2O (1 mmol) in o-xylene at 150 8C (bath tempera-
ture) under N2, 2,3-diphenylchromone (3a) formed in only
6% yield in 4 h (Table 1, entry 1; Cp*=h5-pentamethylcy-

clopentadienyl). A similar poor result was obtained when
[{RhCl ACHTUNGTRENNUNG(cod)}2] was used in place of [{Cp*RhCl2}2] (Table 1,
entry 2; cod=1,5-cyclooctadiene). Interestingly, the addition
of 1,2,3,4-tetraphenyl-1,3-cyclopentadiene (C5H2Ph4;
0.02 mmol) as a ligand in combination with [{RhCl ACHTUNGTRENNUNG(cod)}2]
led to a significant improvement in the yield of 3a to 88%
(Table 1, entry 3).[10] The phenylated cyclopentadiene ligands
C5H3Ph3 and C5HPh5 were less effective than C5H2Ph4

(Table 1, entries 4 and 5). The replacement of Cu-
ACHTUNGTRENNUNG(OAc)2·H2O with other oxidants, such as CuACHTUNGTRENNUNG(OCOCF3)2 and
AgOAc, led to a significant decrease in the yield (Table 1,
entries 6 and 7). The reaction did not proceed catalytically
in the presence of a catalytic amount of Cu ACHTUNGTRENNUNG(OAc)2·H2O in
air. Finally, the best result was obtained with the catalyst
system [{RhCl ACHTUNGTRENNUNG(cod)}2]/C5H2Ph4/Cu ACHTUNGTRENNUNG(OAc)2·H2O at 140 8C,
under which conditions 3a was produced in 92% yield
(Table 1, entry 8). A further decrease in the reaction tem-
perature to 120 8C led to a decrease in the efficiency of the
reaction (Table 1, entry 9).

Under the optimized conditions (Table 1, entry 8), 2-hy-
droxy-4-methoxybenzaldehyde (1b) reacted effectively with

2a to produce 7-methoxy-2,3-diphenylchromone (3b ;
Table 2, entry 1). This protocol provides a simple and useful
route to 7-alkoxy- and 7-hydroxy-2,3-diphenylchromone de-
rivatives, which are of particular interest because of their
biological activities.[8a–d] The 3-methoxy-, 5-chloro-, and 5-
nitro-2-hydroxybenzaldehydes 1c–e underwent oxidative
coupling with 2a to afford the corresponding chromones
3c–e (Table 2, entries 2–4). The reaction of 2-hydroxy-1-
naphthaldehyde (1 f) with 2a also proceeded smoothly, al-
though a separable mixture of the expected product 2,3-di-
phenyl-5,6-benzochromone (3 f) and a decarbonylative cou-
pling product, 2,3-diphenylnaphtho ACHTUNGTRENNUNG[2,1-b]furan (4), was ob-
tained in this case (Table 2, entry 5).

Table 3 summarizes the results for the coupling of 1a with
several internal alkynes 2b–f. The methyl-, methoxy-, and
chloro-substituted diphenylacetylenes 2b–d and bis(2-thie-
nyl)acetylene (2e) were used in place of 2a to form the 2,3-
diaryl chromones 3g–j in good yields (Table 3, entries 1–4).
1-Phenylpropyne (2 f) reacted with 1a to afford 3-methyl-2-
phenylchromone (3k) in moderate yield, along with a minor
amount of an isomer of 3k (Table 3, entry 5). Diphenylace-
tylene (1a) also reacted with 8-hexadecyne (2g) to give 2,3-
diheptylchromone (3 l ; Table 3, entry 6). In contrast to these
internal alkynes, phenylacetylene underwent oxidative dime-
rization rather than cross-coupling with 1a under similar
conditions to form 1,4-diphenyl-1,3-butadiyne in 72% yield.

Preliminary fluorescence analysis of the chromones indi-
cated that 3h and 3 i show solid-state luminescence (lmax,em-
ACHTUNGTRENNUNG(3h)=439 nm; lmax,emACHTUNGTRENNUNG(3 i)=485 nm). In particular, the emis-
sion of compound 3h was of a comparable strength to that
of tris(8-hydroxyquinolino)aluminum (Alq3), which is a
well-known green emitter. In contrast, 3a, 3g, and 3 j were
not fluorescent.

A plausible mechanism for the reaction of salicylaldehyde
(1a) with alkynes 2 is illustrated in Scheme 2, in which neu-
tral ligands are omitted for clarity. The coordination of the
phenolic oxygen atom to an RhIIIX3 species gives a rhodium-
ACHTUNGTRENNUNG(III) phenolate A. Directed C�H rhodation to form a rho-
dacycle intermediate B[11] is then followed by alkyne inser-
tion and reductive elimination to form a chromone 3. The
resulting RhIX species is oxidized by the copper(II) salt to

Abstract in Japanese:

Table 1. Oxidative coupling of salicylaldehyde (1a) with diphenylacety-
lene (2a).[a]

Entry Ligand T [8C] t [h] Yield [%][b]

1[c] – 150 4 6
2 – 150 2 2
3 C5H2Ph4 150 2 88
4 C5H3Ph3 150 7 43
5 C5HPh5 150 2 0
6[d] C5H2Ph4 150 2 0
7[e] C5H2Ph4 150 4 31
8 C5H2Ph4 140 2 92 (86)
9 C5H2Ph4 120 12 73

[a] Reaction conditions: 1a (0.5 mmol), 2a (0.5 mmol), [{RhCl ACHTUNGTRENNUNG(cod)}2]
(0.005 mmol), ligand (0.02 mmol), CuACHTUNGTRENNUNG(OAc)2·H2O (1 mmol), o-xylene
(2.5 mL), N2 atmosphere. [b] The yield of 3a was determined by GC. The
value in parentheses indicates the yield after purification.
[c] [{Cp*RhCl2}2] was used in place of [{RhCl ACHTUNGTRENNUNG(cod)}2]. [d] Cu ACHTUNGTRENNUNG(OCOCF3)2

was used in place of Cu ACHTUNGTRENNUNG(OAc)2·H2O. [e] AgOAc (2 mmol) was used in
place of CuACHTUNGTRENNUNG(OAc)2·H2O.

Scheme 2. Plausible mechanism for the reaction of 1a with alkynes 2.
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regenerate RhIIIX3.
[12] Although the exact role of the

C5H2Ph4 ligand is not clear at the present stage, it may sup-
port the unstable RhI species during the reoxidation step to
prolong the lifetime of the catalyst. The C�H bond-cleavage
step from A to B may be promoted effectively by the metal-
directing hydroxy oxygen atom. We confirmed that an O-
protected salicylaldehyde, 2-methoxybenzaldehyde, did not
react with 2a at all. In the reaction of 1 f with 2a (Table 2,
entry 5), partial decarbonylation occurred to form 4. Al-
though the specific details of the decarbonylation step are
not identifiable at present, steric peri repulsion appears to
promote the side reaction.

Conclusions

In summary, we have demonstrated that salicylaldehydes un-
dergo oxidative coupling with internal alkynes in the pres-

ence of a rhodium catalyst, a
cyclopentadiene ligand, and a
copper oxidant to give selec-
tively the corresponding 2,3-dis-
ubstituted chromone derivatives
with cleavage of the aldehyde
C�H bond. Rh-based catalyst
systems are less common than
Pd catalysts for oxidative C�C
coupling reactions. We expect
this and related catalyst systems
to be applicable to other cou-
pling reactions. Studies are
under way toward the further
development of this catalysis.

Experimental Section

General

GC analysis was carried out with a sili-
con OV-17 column (i.d. 2.6 mmO
1.5 m) or a CBP-1 capillary column
(i.d. 0.5 mmO25 m). GC–MS analysis
was carried out with a CBP-1 capillary
column (i.d. 0.25 mmO25 m). The
structures of all products were deter-
mined unambiguously by 1H and
13C NMR spectroscopy with the aid of
NOE, COSY, HMQC, and HMBC ex-
periments.

Diaryl acetylenes 2b–e[13] and 1,2,4-tri-
phenyl-1,3-cyclopentadiene[14] were
prepared according to published pro-
cedures. Other starting materials and
reagents were purchased. Copies of
the 13C NMR spectra of 3 j and 3 l are
provided in the Supporting Informa-
tion.

Syntheses

General procedure for the oxidative
coupling of salicylaldehydes with inter-

nal alkynes: The salicylaldehyde 1 (0.5 mmol), the internal alkyne 2
(0.5 mmol), [{RhCl ACHTUNGTRENNUNG(cod)}2] (2.5 mg, 0.005 mmol), C5H2Ph4 (7.4 mg,
0.02 mmol), Cu ACHTUNGTRENNUNG(OAc)2·H2O (199 mg, 1 mmol), 1-methylnaphthalene
(�50 mg, as an internal standard), and o-xylene (2.5 mL) were placed in
a 20-mL two-necked flask. The resulting mixture was stirred under N2 at
140 8C (bath temperature) for 2–8 h. GC and GC–MS analysis of the mix-
ture confirmed the formation of 3 (and 4). The product was isolated by
chromatography on silica gel with hexane/ethyl acetate. Solid products
were recrystallized from hexane/ethyl acetate.

3a : 2,3-Diphenylchromone: m.p.: 151–153 8C (lit. :[15] 152 8C); 1H NMR
(400 MHz, CDCl3): d =7.21–7.45 (m, 11H), 7.54 (d, J=8.0 Hz, 1H), 7.71
(ddd, J=8.8, 7.3, 1.4 Hz, 1H), 8.30 ppm (dd, J=8.0, 1.4 Hz, 1H);
13C NMR (100 MHz, CDCl3): d =118.0, 123.0, 123.5, 125.1, 126.4, 127.6,
128.1, 128.2, 129.6, 130.0, 131.2, 132.8, 133.3, 133.7, 156.1, 161.5,
177.3 ppm; HRMS (EI): m/z calcd for C21H14O2: 298.0994; found:
298.0987.

3b : 7-Methoxy-2,3-diphenylchromone: m.p.: 222–223 8C (lit. :[16] 215 8C);
1H NMR (400 MHz, CDCl3): d =3.92 (s, 3H), 6.93 (d, J=2.2 Hz, 1H),
7.00 (dd, J=8.8, 2.2 Hz, 1H), 7.20–7.39 (m, 10H), 8.19 ppm (d, J=

8.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=55.8, 100.0, 114.5, 117.4,
122.8, 127.5, 127.8, 128.0, 128.2, 129.5, 129.9, 131.2, 132.9, 133.4, 157.8,

Table 2. Oxidative coupling of salicylaldehydes 1b–f with 2a.[a]

Entry 1 t [h] Product Yield [%][b]

1 2 90 (84)

2 2 86 (70)

3 2 93 (78)

4[c] 8 52 (46)

5 4

49 (45)

37 (34)

[a] Reaction conditions: 1 (0.5 mmol), 2a (0.5 mmol), [{RhCl ACHTUNGTRENNUNG(cod)}2] (0.005 mmol), C5H2Ph4 (0.02 mmol), Cu-
ACHTUNGTRENNUNG(OAc)2·H2O (1 mmol), o-xylene (2.5 mL), 140 8C, N2 atmosphere. [b] The yield of 3 was determined by GC.
The value in parentheses indicates the yield after purification. [c] The reaction was carried out at 150 8C.
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161.0, 164.1, 176.7 ppm; HRMS (EI): m/z calcd for C22H16O3: 328.1099;
found: 328.1089.

3c : 8-Methoxy-2,3-diphenylchromone: m.p.: 173–178 8C; 1H NMR
(400 MHz, CDCl3): d=4.01 (s, 3H), 7.18–7.36 (m, 10H), 7.42–7.45 (m,
2H), 7.84 ppm (dd, J=8.0, 1.5 Hz, 1H); 13C NMR (100 MHz, CDCl3):
d=56.4, 114.2, 117.1, 122.8, 124.5, 124.7, 127.6, 128.1, 128.2, 129.7, 130.0,
131.2, 132.9, 133.2, 146.5, 148.9, 161.1, 177.3 ppm; MS (EI): m/z=328
[M]+ ; elemental analysis: calcd (%) for C22H16O3: C 80.47, H 4.91;
found: C 80.35, H 4.89.

3d : 6-Chloro-2,3-diphenylchromone:
m.p.: 175–180 8C (lit. :[17] 178–179 8C);
1H NMR (400 MHz, CDCl3): d=7.19–
7.39 (m, 10H), 7.50 (d, J=8.8 Hz,
1H), 7.65 (dd, J=8.8, 2.6 Hz, 1H),
8.25 (d, J=2.6 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d=119.7, 123.0,
124.5, 125.7, 127.8, 128.1, 128.3, 129.5,
130.3, 131.0, 131.1, 132.4, 132.9, 133.9,
154.4, 161.7, 176.2 ppm; HRMS (EI):
m/z calcd for C21H13ClO2: 332.0604;
found: 332.0608.

3e : 6-Nitro-2,3-diphenylchromone:
m.p.: 214–216 8C; 1H NMR (400 MHz,
CDCl3): d=7.21–7.42 (m, 10H), 7.69
(d, J=9.2 Hz, 1H), 8.54 (dd, J=9.2,
2.6 Hz, 1H), 9.16 (d, J=3.0 Hz, 1H);
13C NMR (100 MHz, CDCl3): d=

119.7, 123.2, 123.5, 123.6, 128.0, 128.2,
128.3, 128.5, 129.6, 130.7, 131.0, 131.7,
132.3, 144.8, 158.9, 162.0, 176.0 ppm;
MS (EI): m/z=343 [M]+ ; elemental
analysis: calcd (%) for C21H13NO4: C
73.46, H 3.82, N 4.08; found: C 73.29,
H 3.82, N 4.12.

3 f : 2,3-Diphenyl-5,6-benzochromone:
m.p.: 192–194 8C (lit. :[15] 188 8C);
1H NMR (400 MHz, CDCl3): d=7.27–
7.38 (m, 8H), 7.44–7.47 (m, 2H), 7.59–
7.64 (m, 2H), 7.73 (ddd, J=8.4, 7.0,
1.5 Hz, 1H), 7.92 (d, J=7.7 Hz, 1H),
8.12 (d, J=9.2 Hz, 1H), 10.10 ppm (d,
J=8.4 Hz, 1H); 13C NMR (100 MHz,
CDCl3): d=116.7, 117.6, 125.3, 126.5,
127.2, 127.7, 128.1, 128.2, 128.3, 129.3,
129.5, 130.0, 130.7, 130.8, 131.2, 132.9,
133.1, 135.6, 157.3, 159.0, 179.0 ppm;
HRMS (EI): m/z calcd for C25H16O2:
348.1150; found: 348.1135.

4 : 2,3-Diphenylnaphtho ACHTUNGTRENNUNG[2,1-b]furan[18]

was obtained as an oil: 1H NMR
(400 MHz, CDCl3): d =7.22–7.29 (m,
4H), 7.36–7.40 (m, 1H), 7.52–7.56 (m,
8H), 7.73 (dd, J=12.8, 8.8 Hz, 2H),
7.90 ppm (d, J=8.0 Hz, 1H);
13C NMR (100 MHz, CDCl3): d=

112.2, 119.5, 123.1, 123.6, 124.2, 125.9,
126.0, 126.2, 127.8, 128.2, 128.3, 128.4,
128.9, 129.4, 130.5, 130.9, 130.9, 134.7,
150.1, 151.4 ppm; HRMS (EI): m/z
calcd for C24H16O: 320.1201; found:
320.1205.

3g : 2,3-Bis(4-methylphenyl)chromone:
m.p.: 145–146 8C; 1H NMR (400 MHz,
CDCl3): d=2.33 (s, 3H), 2.34 (s, 3H),
7.07–7.12 (m, 6H), 7.31 (d, J=8.1 Hz,
2H), 7.39–7.43 (m, 1H), 7.51 (d, J=

8.4 Hz, 1H), 7.68 (ddd, J=7.4, 7.0,
1.5 Hz, 1H), 8.28 ppm (dd, J=8.0,

1.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=21.3, 21.4, 117.9, 122.5,
123.5, 124.9, 126.4, 128.8, 129.0, 129.5, 130.0, 130.5, 131.0, 133.5, 137.2,
140.3, 156.0, 161.3, 177.5 ppm; MS (EI): m/z=326 [M]+ ; elemental analy-
sis: calcd (%) for C23H18O2: C 84.64, H 5.56; found: C 84.44, H 5.51.

3h : 2,3-Bis(4-methoxyphenyl)chromone: m.p.: 158–161 8C; 1H NMR
(400 MHz, CDCl3): d=3.80 (s, 3H), 3.81 (s, 3H), 6.78–6.88 (m, 4H),
7.14–7.17 (m, 2H), 7.37–7.42 (m, 3H), 7.52 (d, J=8.4 Hz, 1H), 7.68 (ddd,
J=8.4, 7.0, 1.5 Hz, 1H), 8.28 ppm (dd, J=8.0, 1.5 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d=55.2, 55.3, 113.5, 113.9, 117.8, 121.6, 123.5, 124.8,

Table 3. Oxidative coupling of 1a with alkynes 2b–g.[a]

Entry 2 t [h] Product Yield [%][b]

1 2 98 (88)

2 2 92 (90)

3[c] 6 83 (75)

4 4 78 (73)

5 4 40 (36)[d]

6 2 27 (23)

[a] Reaction conditions: 1a (0.5 mmol), 2 (0.5 mmol), [{RhCl ACHTUNGTRENNUNG(cod)}2] (0.005 mmol), C5H2Ph4 (0.02 mmol), Cu-
ACHTUNGTRENNUNG(OAc)2·H2O (1 mmol), o-xylene (2.5 mL), 140 8C, N2 atmosphere. [b] The yield of 3 was determined by GC.
The value in parentheses indicates the yield after purification. [c] The reaction was carried out at 150 8C.
[d] An isomer of 3k was also formed in 15% yield.
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125.4, 125.6, 126.3, 131.2, 132.3, 133.4, 155.9, 158.9, 160.8, 161.1,
177.6 ppm; MS (EI): m/z=358 [M]+ ; elemental analysis: calcd (%) for
C23H18O4: C 77.08, H 5.06; found: C 76.87, H 5.02.

3 i : 2,3-Bis(4-chlorophenyl)chromone: m.p.: 175–180 8C; 1H NMR
(400 MHz, CDCl3): d =7.14–7.17 (m, 2H), 7.26–7.35 (m, 6H), 7.41–7.47
(m, 1H), 7.53 (d, J=8.4 Hz, 1H), 7.70–7.74 (m, 1H), 8.28 ppm (dd, J=

7.5, 1.3 Hz, 1H); 13C NMR (100 MHz, CDCl3): d =117.9, 121.9, 123.3,
125.4, 126.4, 128.6, 128.7, 130.8, 131.0, 131.4, 132.5, 133.9, 134.0, 136.6,
155.9, 160.4, 176.9 ppm; HRMS (EI): m/z calcd for C21H12Cl2O2:
366.0214; found: 366.0210; elemental analysis: calcd (%) for
C21H12Cl2O2: C 68.68, H 3.29, Cl 19.31; found: C 68.58, H 3.27, Cl 19.47.

3j : 2,3-Bis(2-thienyl)chromone: m.p.: 147–148 8C; 1H NMR (400 MHz,
CDCl3): d=7.02–7.07 (m, 2H), 7.18 (dd, J=5.1, 3.7 Hz, 1H), 7.40–7.57
(m, 5H), 7.68–7.73 (m, 1H), 8.24 ppm (dd, J=8.0, 1.7 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d=114.2, 117.7, 122.9, 125.2, 126.3, 127.4, 127.7,
128.4, 129.9, 131.6, 131.8, 132.8, 133.9, 134.6, 155.5, 157.1, 177.1 ppm;
HRMS (EI): m/z calcd for C17H10O2S2: 310.0122; found: 310.0117.

3k : 3-Methyl-2-phenylchromone[19] was obtained as an oil: 1H NMR
(400 MHz, CDCl3): d=2.17 (s, 3H), 7.37–7.41 (m, 1H), 7.45 (d, J=

8.0 Hz, 1H), 7.50–7.54 (m, 3H), 7.62–7.67 (m, 3H), 8.26 ppm (dd, J=8.1,
1.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=11.7, 117.5, 117.8, 122.5,
124.7, 125.8, 128.4, 128.9, 130.2, 133.3, 133.4, 156.1, 161.0, 178.8 ppm;
HRMS (EI): m/z calcd for C16H12O2: 236.0837; found: 236.0817.

3 l : 2,3-Diheptylchromone was obtained as an oil: 1H NMR (400 MHz,
CDCl3): d =0.82–0.92 (m, 6H), 1.29–1.58 (m, 18H), 1.71–1.79 (m, 2H),
2.52 (t, J=7.8 Hz, 2H), 2.69 (t, J=7.8 Hz, 2H), 7.31–7.39 (m, 2H), 7.60
(ddd, J=8.4, 7.5, 1.7 Hz, 1H), 8.19 ppm (dd, J=7.7, 1.6 Hz, 1H);
13C NMR (100 MHz, CDCl3): d =14.1, 14.1, 22.6, 22.7, 24.7, 27.6, 29.0,
29.2, 29.4 (overlapped), 29.8, 31.7, 31.8 (overlapped), 117.5, 121.4, 122.9,
124.3, 125.9, 132.8, 155.9, 165.6, 177.9 ppm; HRMS (EI): m/z calcd for
C23H34O2: 342.2559; found: 342.2555.
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