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ABSTRACT: With a strategy that makes use of palladium
activation of both C−I and vicinal C−H bonds of diary-
liodonium salts, an unprecedented approach in diarylation of
coumarins was reported. As such, a wide range of 4,5-
benzocoumarins with potential fluorescence properties have
been synthesized in good yields. A series of experiments
suggested that the formation of two carbon−carbon bonds
proceeded in a synergetic manner.

Diaryliodonium salts (Ar2IX), owing to their favorable
safety profile, ease of handling, and air and moisture

stability, are particularly attractive arylating reagents in organic
synthesis.1 In recent years, a growing interest has been focused
on the exploration of their unique reactivities that facilitate
novel reaction pathways.2 An outstanding example is the site-
selective arylation of indoles with iodonium salts. By using
Ar2IX, the research groups of Sanford,3 Gaunt,4 Ackermann,5

and Greaney6 reported arylations at the C2, C3, and/or N-
positions selectively of indoles depending on the reaction
conditions employed (A−D, (1), Scheme 1). Additionally,
dearomative arylations of 3-substituted indoles were achieved
by several research groups with iodonium salts (E, (1), Scheme
1).7 Besides indoles, the highly electron-deficient nature of

Ar2IX with the excellent leaving ability of aryl iodide enables
efficient arylation of various nucleophiles including arenes,
alkenes, amides and so on.1,8 However, in nearly all iodonium
arylation reactions to date, the reactivity pattern is limited to
only C−I bond activation in the catalytic reaction pathways.9

Although, transition-metal-catalyzed C−H functionalization of
coumarins to synthesize 4-arylcoumarins is well documented,10

Pd-catalyzed dual or multiple functionalization of coumarin
derivatives with coupling substrates has been rarely studied.
Palladium catalyzed C−H bond activation assisted by

hypervalent iodine oxidants to generate C−C bonds directly
(termed cross-dehydrogenative coupling reactions) has
achieved much progress.11 Loh and co-workers demonstrated
that diphenyliodonium salts could be employed as superior
oxidants in the iron-catalyzed oxidative C−H functionalization
of activated alkenes.12 In this context, we therefore hypothe-
sized that diaryliodonium salts could play dual roles in the
reaction as both powerful arylation reagents and also the
oxidants, thereby leading to the construction of multiple
carbon−carbon bonds in an extremely efficient manner. In
connection with our continuous interest in developing
multiarylations with diaryliodoniums in one operation,13 we
herein reported an unprecedented diarylation of coumarins
(2H-chromen-2-ones) via simultaneous C−I and vicinal C−H
bond activations of diaryliodonium salts for the synthesis of 4,
5-benzocoumarins as a new π-expanded coumarin framework14

((2), Scheme 1).
We began our study using diphenyliodonium triflate (2a),

coumarin (1a) by examining the metal catalysts, solvents, and
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Scheme 1. Metal Catalyzed Activations of Diaryliodonium
Salts in Arylations
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reaction temperature. We were pleased to find that 10 mol %
palladium acetate catalyzed the formation of the diarylation
product in DMF (dimethylformamide) at 100 °C; 3aa was
obtained in 90% isolated yield with excess diphenyliodonium
salts 2a (3 equiv) after 24 h (see the Supporting Information).
The solvent has a determinative effect on the reactivity; an
amide scaffold embedding in the solvent structures is necessary
according to the solvents screened. It is a remarkable fact that
when iodobenzene or 1,2-diiodobenzene was used in
replacement of diphenyliodoniums, no reaction occurred
under the standard conditions (Scheme 2).

We subsequently examined the structural diversity of various
coumarin derivatives by assessing the substitution effect on the
coumarin motif. As shown in Scheme 3, substituents including
halogens, alkoxy, phenyl, and methyl groups regardless of
substituted positions on the aromatic ring of the coumarin
nucleus (6-, 7-, or 8-position) are well tolerated in the
diarylation. Gratifyingly, the reaction is compatible with bromo
and OTf substituents, which allows further functionalizations
by using conventional coupling processes. Moreover, coumarins
with double substituents on the aromatic ring of 1 also reacted
well, albeit in very low yields (19% of 3ar and 14% of 3as,
Scheme 3). Interestingly, the coumarin derivative 1f bearing a
free hydroxyl group furnished the desired product 3af in 50%
yield without formation of O-phenyled products.15 3ah bearing
an alkyl chain was prepared in 50% yield with consideration of
the solubility in organic solvents which is crucial in material
science. Four π-expanded frameworks of 3al, 3an, 3at, and 3au
were readily synthesized in good yields from corresponding
substrates with this procedure (Scheme 3).
X-ray diffraction analysis was performed on the product 3aq

whose structure drawing is presented in Figure 1. The results
showed cyclization of the phenyl ring to the coumarin
framework by forming a five-membered ring with two
carbon−carbon bonds. The three-dimensional structure of
4,5-benzocoumarin has demonstrated that the molecule is fairly
planar (right, Figure 1).
Next, various diaryliodonium salts were investigated as aryl-

transfer partners. As shown in Table 1, both symmetrical and
unsymmtrical diaryliodonium salts bearing a wide variety of
functionalities, for examples, halogens, methyl, and electron-
donating groups such as methoxyl- or an electron-withdrawing
group of a trifluoromethyl substituent on the aromatic ring,
worked well in the reaction to provide the corresponding 4,5-
benzocoumarins. The structure of 3ba was confirmed by 2D-
NMR analyses (see the Supporting Information). It indicated
that the carbon site of the C−I bond attacked the 4-position of
1a. Steric factors severely affected the reactivity, and almost no
reaction took place with bis(2,4,6-trimethylphenyl)iodonium
triflate 2j as an arylating reagent. Unsymmetrical aryl-mesityl

iodonium reagents in the diarylation of 1a readily transferred a
broad range of meta- and para-substituted aryl rings to the
desired products (Table 1, entries 10−13). It is noteworthy to
mention that when the unsymmetrical salt of [(4-MeOC6H4)-
(4-NO2C6H4)I]OTf was used in this protocol, 3fa was formed
in 84% yield exclusively (Table 1, entry 14).
To gain further insight into the mechanism, we prepared

monophenylated coumarin derivatives 4 and 5 (Scheme 4).
Palladium-catalyzed intramolecular aryl−aryl dehydrogenative
coupling reactions of 4 and 5 were conducted in the presence
of a variety of oxidants (I of (1), Scheme 4). No desired
product of 3aa was formed in these reactions. Moreover, we
performed the oxidative aromatic couplings (Scholl reaction) of
4 and 5 mediated by a strong Brønsted acid of TfOH or a

Scheme 2. Diarylation of Coumarin 1a

Scheme 3. Scope of Diverse Coumarins in Diarylationa,b

aUnless otherwise specified, reaction conditions: 1 (0.5 mmol), 2a
(1.5 mmol, 3.0 equiv), Pd(OAc)2 (0.05 mmol), and DMF (2.0 mL) at
100 °C for 24 h. bIsolated yield.

Figure 1. X-ray derived structural views of 3aq.
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Lewis acid of FeCl3 with additional oxidants of DDQ; however,
no reaction occurred in these cases (II of (1), Scheme 4).
These results implied that the cleavage of C−I/C−H bonds
and formation of C−C bonds proceeded in a simultaneous
manner. In contrast, when 5-halogen (Cl and Br) substituted
coumarins 6 were subjected to the standard conditions, 3aa was
obtained in 29% and 33% yields, respectively. Although it is
premature to draw a conclusive mechanism at this stage, the
results disclosed above suggested a possible pathway involving
double Pd(II/IV) cycles.16 We therefore proposed a catalytic
mechanism as shown in Figure 2. The reaction is initiated by
cleavage of the hypervalent iodine−aryl bond to generate
palladium species 7. On the other hand, iodonium species
could act as Lewis acids in association with an activation of the
carbonyl group of coumarin (1a).17 Oxidative attack at C4 with

a synergetic activation of the vicinal C−H bond of coumarin 1a
formed arylpalladacycle 8 in strongly coordinating solvent such
as DMF.18 Reductive elimination forges one aryl−aryl bond.
Second oxidative addition of 9 with the assistance of [Ph2I]OTf
gave palladium(IV) complex 10, another reductive elimination
regenerate the catalyst (7) with the formation of two carbon−
carbon bonds of 3aa.
In summary, we have developed a palladium-catalyzed

diarylation of coumarins by using diaryliodonium salts in the
synthesis of 4,5-benzocoumarin derivatives. This method
features simultaneous C−I and vicinal C−H bond activations
of diaryliodonium salts. More importantly, the advantages of
the present reaction system are as follows: (1) no ligands, (2)
no assisted groups, (3) no additional oxidants, and (4) direct
formation of two C−C bonds. The application of this method
in preparation of the relevant pigments is being actively
explored. Further studies on the mechanism of this reaction are
also underway in our laboratory.

■ ASSOCIATED CONTENT
*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.5b02938.

Conditions optimization, experimental details and
characterization data (PDF)
Crystallographic data for the 3aq (CIF)

■ AUTHOR INFORMATION
Corresponding Authors

*E-mail: jianweihan@sioc.ac.cn.
*E-mail: wanglimin@ecust.edu.cn.
Author Contributions
§X.W. and Y.Y. contributed equally.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is dedicated to Professor Henry N. C. Wong (The
Chinese University of Hong Kong) on the occasion of his 65th
birthday. This work was supported by grants from the National
Nature Science Foundation of China (NSFC Nos. 21272069,

Table 1. Scope of Diverse Iodonium Salts in Arylationa

entry Ar1(Ar2) X product yieldb (%)

1 (4-BrC6H4)2 OTf 3ba 58
2 (4-FC6H4)2 OTf 3ca 65
3 (4-ClC6H4)2 OTf 3da 72
4 (4-tBuC6H4)2 OTf 3ea 88
5 (4-MeOC6H4)2 OTf 3fa 95
6 (4-MeC6H4)2 OTf 3ga 87
7 (3-MeC6H4)2 OTf 3ha 90
8 (4-CF3C6H4)2 BF4 3ia 88
9 (Mesityl)2 OTf 3ja 0
10 3-MeC6H4(Mesityl) OTf 3ha 53
11 4-BrC6H4(Mesityl) OTf 3ba 54
12 4-ClC6H4(Mesityl) OTf 3da 30
13 4-MeC6H4(Mesityl) OTf 3ga 62
14 4-MeOC6H4(4-NO2C6H4) OTs 3fa 84

aUnless otherwise specified, reaction conditions: 1a (0.5 mmol),
iodonium salt (1.5 mmol, 3.0 equiv), Pd(OAc)2 (0.05 mmol) and
DMF (2.0 mL) at 100 °C for 24 h. bIsolated yield.

Scheme 4. Palladium Catalyzed Coupling Reactions of 4, 5,
and 6

Figure 2. Proposed mechanism for Pd(OAc)2 catalyzed diarylation of
coumarin.

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b02938
Org. Lett. 2015, 17, 5654−5657

5656



21472213, 21202186) and the Fundamental Research Funds
for the Central Universities, Key Laboratory of Organofluorine
Chemistry, Shanghai Institute of Organic Chemistry, Chinese
Academy of Sciences. We thank Prof. Dr. Xiao-Shui Peng and
Dr. Chun-Kit Hau (The Chinese University of Hong Kong) for
X-ray crystallographic assistance.

■ REFERENCES
(1) (a) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2008, 108, 5299−
5358. (b) Silva, L. F., Jr.; Olofsson, B. Nat. Prod. Rep. 2011, 28, 1722−
1754. (c) Yusubov, M. S.; Zhdankin, V. V. Curr. Org. Synth. 2012, 9,
247−272.
(2) For selective examples, see: (a) Kita, Y.; Morimoto, K.; Ito, M.;
Ogawa, C.; Goto, A.; Dohi, T. J. Am. Chem. Soc. 2009, 131, 1668−
1669. (b) Dohi, T.; Ito, M.; Yamaoka, N.; Morimoto, K.; Fujioka, H.;
Kita, Y. Angew. Chem., Int. Ed. 2010, 49, 3334−3337. (c) Ozanne-
Beaudenon, A.; Quideau, S. Angew. Chem., Int. Ed. 2005, 44, 7065−
7069. (d) Phipps, R. J.; Gaunt, M. J. Science 2009, 323, 1593−1597.
(e) Xu, Z.-F.; Cai, C.-X.; Liu, J.-T. Org. Lett. 2013, 15, 2096−2099.
(f) Xiao, B.; Fu, Y.; Xu, J.; Gong, T.-J.; Dai, J.-J.; Yi, J.; Liu, L. J. Am.
Chem. Soc. 2010, 132, 468−469. (g) Ciana, C. L.; Phipps, R. J.; Brandt,
J. R.; Meyer, F. M.; Gaunt, M. J. Angew. Chem., Int. Ed. 2011, 50, 458−
462. (h) Toh, Q. Y.; McNally, A.; Vera, S.; Erdmann, N.; Gaunt, M. J.
J. Am. Chem. Soc. 2013, 135, 3772−3775.
(3) Deprez, N. R.; Kalyani, D.; Krause, A.; Sanford, M. S. J. Am.
Chem. Soc. 2006, 128, 4972−4973.
(4) Phipps, R. J.; Grimster, N. P.; Gaunt, M. J. J. Am. Chem. Soc.
2008, 130, 8172−8174.
(5) Ackermann, L.; Dell’Acqua, M.; Fenner, S.; Vicente, R.;
Sandmann, R. Org. Lett. 2011, 13, 2358−2360. For an early example
of N-arylation of indole, see: Zhou, T.; Chen, Z.-C. Synth. Commun.
2002, 32, 903−907.
(6) Modha, S. G.; Greaney, M. F. J. Am. Chem. Soc. 2015, 137, 1416−
1419.
(7) (a) Eastman, K.; Baran, P. S. Tetrahedron 2009, 65, 3149−3154.
(b) Zhu, S.; MacMillan, D. W. C. J. Am. Chem. Soc. 2012, 134, 10815−
10818. (c) Wu, K.-J.; Dai, L.-X.; You, S.-L. Org. Lett. 2012, 14, 3772−
3775. (d) Kieffer, M. E.; Chuang, K. V.; Reisman, S. E. Chem. Sci.
2012, 3, 3170−3174. (e) Guo, F.; Wang, L.; Wang, P.; Yu, J.; Han, J.
Asian J. Org. Chem. 2012, 1, 218−221. (f) Liu, C.; Zhang, W.; Dai, L.-
X.; You, S.-L. Chem. - Asian J. 2014, 9, 2113−2118.
(8) (a) Wagner, A. M.; Hickman, A. J.; Sanford, M. S. J. Am. Chem.
Soc. 2013, 135, 15710−15713. (b) Phipps, R. J.; McMurray, L.; Ritter,
S.; Duong, H. A.; Gaunt, M. J. J. Am. Chem. Soc. 2012, 134, 10773−
10776.
(9) Chen et al. reported a three-component cascade annulation
involving vicinal C-H activation of diaryliodoniums; see: Wang, Y.;
Chen, C.; Peng, J.; Li, M. Angew. Chem., Int. Ed. 2013, 52, 5323−5327.
Gaunt et al. reported cascades of alkenes to carbocylces involving
vicinal C−H activation of diaryliodoniums; see: Zhang, F.; Das, S.;
Walkinshaw, A. J.; Casitas, A.; Taylor, M.; Suero, M. G.; Gaunt, M. J. J.
Am. Chem. Soc. 2014, 136, 8851−8854.
(10) (a) Jafarpour, F.; Hazrati, H.; Mohasselyazdi, N.; Khoobi, M.;
Shafiee, A. Chem. Commun. 2013, 49, 10935−10937. (b) Min, M.;
Hong, S. Chem. Commun. 2012, 48, 9613−9615. (c) Li, Y.; Qi, Z.;
Wang, H.; Fu, X.; Duan, C. J. Org. Chem. 2012, 77, 2053−2057.
(11) (a) Mei, T.-S.; Leow, D.; Xiao, H.; Laforteza, B. N.; Yu, J.-Q.
Org. Lett. 2013, 15, 3058−3061. (b) Shang, S.; Zhang-Negrerie, D.;
Du, Y.; Zhao, K. Angew. Chem., Int. Ed. 2014, 53, 6216−6219.
(c) Narayan, R.; Manna, S.; Antonchick, A. P. Synlett 2015, 26, 1785−
1803 and the references therein.
(12) Lu, M.-Z.; Loh, T.-P. Org. Lett. 2014, 16, 4698−4701.
(13) (a) Yang, Y.; Han, J.; Wu, X.; Xu, S.; Wang, L. Tetrahedron Lett.
2015, 56, 3809−3812. (b) Yang, Y.; Han, J.; Wu, X.; Mao, S.; Yu, J.;
Wang, L. Synlett 2014, 25, 1419−1424.
(14) For a review, see: Tasior, M.; Kim, D.; Singha, S.; Krzeszewski,
M.; Ahn, K. H.; Gryko, D. T. J. Mater. Chem. C 2015, 3, 1421−1446.

(15) (a) Jalalian, N.; Petersen, T. B.; Olofsson, B. Chem. - Eur. J.
2012, 18, 14140−14149. (b) Yang, Y.; Wu, X.; Han, J.; Mao, S.; Qian,
X.; Wang, L. Eur. J. Org. Chem. 2014, 2014, 6854−6857. (c) Xu, Z. F.;
Cai, C.-X.; Jiang, M.; Liu, J.-T. Org. Lett. 2014, 16, 3436−3439.
(16) For mechanism references, see: (a) Stambuli, J. P.; Incarvito, C.
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