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ABSTRACT: An efficient synthesis of functionalized benzofurans is
achieved under mild and metal-free conditions from stable para-quinone
methides by treatment with phosphine, acyl chloride, and a base. This
one-pot phospha-1,6-addition/O-acylation/Wittig reaction is also
demonstrated under catalytic conditions with similar efficacy.

In recent times, p-quinone methides (p-QMs) have been
subjected to extensive investigation for their interesting

chemical and biological properties.1,2 A typical reaction of p-
QMs involves rearomatization via nucleophilic addition by a
variety of carbon nucleophiles3 such as malonates, oxindoles,
dicyanoolefins, imines, etc. (Scheme 1). Furthermore, ortho-

hydroxyphenyl substituted p-QMs could also participate in
cycloaddition reactions as a four-atom partner in diverse [4 +
n] cycloadditions with various coupling partners to generate
five-, six-, or seven-membered rings.4 However, to the best of
our knowledge there are a few reports regarding the 1,6-
addition of p-QMs by noncarbon nucleophiles.5

On the other hand, tertiary phosphines, being very good
nucleophiles, could generally add onto a wide variety of
Michael acceptors and the resultant phosphonium zwitterion
could be effectively trapped by a carbonyl electrophile that

could further participate in a Wittig reaction. This strategy has
been well-explored by our group in the recent past for the
generation of diverse heterocycles/heteroaromatics.6 Despite
the reactivity of p-QMs, we were surprised to see that the
application of the p-QMs in the phosphine-mediated reactions
has scarcely been explored.5h Therefore, in continuation of our
interest in developing novel strategies for the generation of
phosphorus ylides/phosphonium salts and their application
toward the synthesis of various heterocycles/heteroaromatics
via intramolecular Wittig reactions, we hoped to exploit the
electrophilicity of these p-QMs by subjecting them to tandem
phospha-Michael and intramolecular Wittig reactions. We plan
to start with a stable and well-explored p-QM bearing a
hydroxyl group. The proposed phospha-Michael reaction
would involve 1,6-addition of R3P to p-QM leading to
aromatization of the quinone. The suitably placed hydroxyl
group in the resultant phosphonium zwitterion would then be
acylated with various carbonyl electrophiles to result in
acylated species that would eventually be subjected to
intramolecular Wittig reaction to afford 3-arylbenzofurans,
which are considered as privileged heterocyclic scaffolds.7 In
this context, we report an efficient synthesis of functionalized
benzofurans from the p-QMs bearing an ortho-hydroxy group
through a 1,6-phospha-Michael addition/O-acylation/Wittig
pathway under mild and metal-free conditions.
We initiated our studies by treating the stable p-QM 1a with

PPh3 and PhCOCl, in the presence of Et3N, in THF at room
temperature. The reaction was not fruitful, as no consumption
of starting material was noticed even after 4 h (Table 1, entry
1). We then examined several other phosphines and discovered
that Et2PPh and PBu3 were efficient in promoting our expected
tandem phospha-Michael/O-acylation/Wittig reaction to
deliver the desired benzofuran 3aa in 85% and 95% yields,
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Scheme 1. Typical Reactivity Profile of p-QMs (a) and Our
Phospha-Michael/O-Acylation/Wittig Reaction (b)
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respectively (entries 4 and 5). Encouraged by these results,
different solvents (entries 6−9) were screened. It was
delightful to find that Et2O and toluene were most suitable
to furnish the benzofuran 3aa in 98% yield. Bases such as DBU
and TMG were also tested (entries 10 and 11), and they could
not enhance the yield of 3aa. After the effect of other
parameters such as molar equivalents of Et3N, reaction
concentration, and temperature was examined, the optimal
conditions were selected to be 0.3 mmol of 1a, 1.2 equiv of
PBu3, 1.1 equiv of PhCOCl (2a), and 1.2 equiv of Et3N in 0.75
mL of toluene at 30 °C.
With the optimal conditions for the formation of benzofuran

3aa established, the substrate scope was then evaluated
(Scheme 2). First, various acyl chlorides 2a−2l were subjected
to a reaction with the p-QM 1a. It was interesting to note that
all the aromatic acyl chlorides, irrespective of their electronic
nature, afforded the desired benzofurans 3aa−3al in good to
excellent yields. Also, the positional effect of the substituents in
the aromatic acyl chlorides did not influence the yield of the
products. However, the aromatic acyl chlorides 2f and 2g
bearing p-CN and p-NO2 substitutions respectively resulted in
comparatively lower yields of the products 3af and 3ag even
after longer reaction times due to their poor solubility.
Delightfully, aliphatic acyl chloride such as n-butyl chloride
(2j) and heteroaromatic acyl chloride such as 2-thienyl
chloride (2k) were also applicable in the reaction to provide
the products 3aj and 3ak in good yields. Furthermore,
cinnamoyl chloride (2l) also participated in the reaction,
albeit providing a moderate yield of the benzofuran 3al. Next,
the scope of the differently substituted p-QMs was evaluated

and the data revealed that all the p-QMs generated diverse
benzofurans in good to excellent yields irrespective of the
nature and position of the substitution. Moreover, a naphthol
derived p-QM 1h was also subjected to our standard
conditions to generate naphtho(2,3-b)furan 3ha in 67%
yield. To demonstrate the synthetic utility of the protocol, a
1.0 mmol scale reaction was also carried out with the substrate
1a and 2a to result in 3aa in 93% yield.
After evaluation of the substrate scope, we also wished to

examine the effectiveness of our protocol by employing
catalytic phosphine. We have earlier reported a mild synthesis
of functionalized furans utilizing catalytic amounts of
phosphine oxide and Et3N. We demonstrated that TESCl
can promote the activation of the phosphine oxide 4, while
phenylsilane reduces the activated phosphine oxide to generate
free phosphine.8 Following our reported procedure, we carried
out the reaction of 1a with 2a in the presence of a catalytic
amount of 4 (10 mol %), TESCl (20 mol %), PhSiH3 (1.6
equiv), and Et3N in THF at 50 °C (Scheme 3). After 29 h, the

Table 1. Optimization of the Reaction Conditions for 3aaa

entry PR3 base solvent t (h) 3aa, yield (%)b

1 PPh3 Et3N THF 4 NRc

2 PCy3 Et3N THF 6 NRc

3 PEtPh2 Et3N THF 6 NRc

4 PEt2Ph Et3N THF 6 85
5 PBu3 Et3N THF 4 95
6 PBu3 Et3N CH2Cl2 7 −
7 PBu3 Et3N Et2O 3 98
8 PBu3 Et3N ClPh 3 85
9 PBu3 Et3N toluene 3 98
10 PBu3 DBU toluene 6 60
11 PBu3 TMG toluene 3 51
12d PBu3 Et3N toluene 4 95
13e PBu3 Et3N toluene 3 44
14d,f PBu3 Et3N toluene 1 93
15d,g PBu3 Et3N toluene 3 98

aUnless otherwise specified, all the reactions were carried out using 1a
(0.1 mmol), PR3 (1.2 equiv), PhCOCl (1.1 equiv), and base (2.4
equiv) in anhydrous solvent (0.5 mL) at 30 °C. bDetermined by 1H
NMR analysis of crude reaction mixture using 1,3-dinitrobenzene as
an internal standard. cNR = no reaction and starting metrials could be
recovered. d1.2 equiv of Et3N was used. e0.5 equiv of Et3N was used.
fReaction was performed at 50 °C. gReaction was carried out on 0.3
mmol scale in toluene (0.75 mL).

Scheme 2. Substrate Scope of Benzofurans 3a,b

aUnless otherwise specified, all the reactions were carried out using 1
(0.3 mmol), PBu3 (1.2 equiv), R2COCl (1.1 equiv), and Et3N (1.2
equiv) in dry toluene (0.75 mL) at 30 °C under argon atmosphere.
bIsolated yield. cRection was performed on the 1 mmol scale under
optimized reaction conditions.
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desired benzofuran 3aa could be isolated in 92% yield.
Encouraged by the result, two other acyl chlorides 2b and 2i,
having an EWG and an EDG respectively, were tested under
the same conditions. Delightfully, the catalytic protocol
worked well in each case affording the corresponding products
in excellent yields (3ab, CCDC 1943703).
Several control experiments have been carried out to

understand the reaction pathway. Unfortunately, our efforts
to isolate the intermediates failed, but the formation of
intermediate A was confirmed by HRMS analysis of the
reaction of p-QM 1 and PBu3. Also, we have been able to
observe the formation of phosphonium salt 6 (CCDC
1952659) which is devoid of an acyl group. We believe that
this might be formed from the intermediate C.9 However,
reversing the addition sequence like PBu3 and PhCOCl to p-
QM 1 in the presence of Et3N also provided the benzofuran 3
in similar yields. It indicates p-QM 1 exhibits more affinity
toward PBu3 irrespective of the addition sequence which
makes our reaction conditions more convenient. We have also
carried out the reaction with p-QM 1a and PhCOCl in the
presence of Et3N in CH2Cl2. The acylation of p-QM 5 was
observed with a 96% yield within 0.5 h. Compound 5 further
afforded the desired product 3aa in 98% yield by using the 1.2
equiv of PBu3 without a base (Scheme 4).

A tentative mechanism as depicted in Scheme 5 could be
considered for the formation of benzofurans 3. The addition of
phosphine and PhCOCl to the p-QM 1 results in the
formation of O-acylated phosphonium salt species C, via the
zwitterionic species A which is equilibrium with p-QM 1. The
catalytic amount of PBu3 would form phosphonium salt B with
an acyl chloride to accelerate the O-acylation reaction.10

Deprotonation of C by Et3N generates reactive phosphorus
ylide D which upon intramolecular Wittig reaction furnishes

the desired benzofurans 3. The formation of intermediate C
from 1 via zwitterion A justifies the utility of only 1.2 equiv of
Et3N in promoting an O-acylation as well as a Wittig reaction.
Alternatively, phosphonium salt B from PBu3 and PhCOCl
reacts with p-QM 1 to form 5 in the presence of Et3N. Further
1,6-addition of PBu3 to 5 followed by proton trasfer and
intramolecular Wittig reaction leads to benzofuran 3 via ylide
D.
In conclusion, we have efficiently exploited the reactivity of

p-QMs to generate a series of benzofurans by employing a one-
pot sequential phospha-1,6-addition/O-acylation/Wittig reac-
tion. All the products have been obtained in good to excellent
yields under mild and metal-free conditions in short reaction
times. Further, we have also demonstrated the efficacy of our
protocol by employing catalytic phosphine. Further studies to
synthesize other heterocycles from p-QMs are currently
underway in our laboratory.
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Scheme 3. Synthesis of Benzofurans 3 under Catalytic
Conditionsa,b

aUnless otherwise specified, all the reactions were carried out using 1a
(0.3 mmol), 4 (10 mol %), TESCl (20 mol %), PhSiH3 (1.6 equiv),
R2COCl (1.1 equiv), and Et3N (1.2 equiv) in anhydrous THF (0.75
mL) at 50 °C under an argon atmosphere. bIsolated yield.

Scheme 4. Synthesis of Benzofuran via Compound 5

Scheme 5. Plausible Mechanism for the Formation of 3
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3716. (e) Loṕez, A.; Parra, A.; Jarava-Barrera, C.; Tortosa, M.
Copper-catalyzed silylation of p-quinone methides: new entry to
dibenzylic silanes. Chem. Commun. 2015, 51, 17684. (f) Molleti, N.;
Kang, J. Y. Synthesis of Diaryl Diazaphosphonates via 1,6-Hydro-
phosphonylation of p-Quinone Methides with N-Heterocyclic
Phosphine−Thioureas. Org. Lett. 2017, 19, 958. (g) Dong, N.;
Zhang, Z.-P.; Xue, X.-S.; Li, X.; Cheng, J.-P. Phosphoric Acid
Catalyzed Asymmetric 1,6-Conjugate Addition of Thioacetic Acid to
para-Quinone Methides. Angew. Chem., Int. Ed. 2016, 55, 1460.
(h) Starnes, W. H.; Lauff, J. J. Oxidation inhibitors VII. Reaction of a
quinone methide with tri-n-butylphosphine. J. Org. Chem. 1970, 35,
1978. (i) Fan, Y. J.; Zhou, L.; Li, S. Catalytic asymmetric 1,6-
conjugate addition of in situ generated para-quinone methides with
tritylthiol. Org. Chem. Front. 2018, 5, 1820−1824.
(6) (a) Kao, T.-T.; Syu, S.; Jhang, Y.-W.; Lin, W. Preparation of
Tetrasubstituted Furans via Intramolecular Wittig Reactions with
Phosphorus Ylides as Intermediates. Org. Lett. 2010, 12, 3066.
(b) Syu, S.-e.; Lee, Y.-T.; Jang, Y.-J.; Lin, W. Preparation of Functional
Benzofurans, Benzothiophenes, and Indoles Using Ester, Thioester,
and Amide via Intramolecular Wittig Reactions. Org. Lett. 2011, 13,
2970. (c) Fan, Y.-S.; Das, U.; Hsiao, M.-Y.; Liu, M.-S.; Lin, W.
Chemoselective Intramolecular Wittig Reactions for the Synthesis of
Oxazoles and Benzofurans. J. Org. Chem. 2014, 79, 11567. (d) Lee, Y.-
T.; Jang, Y.-J.; Syu, S.-e.; Chou, S.-C.; Lee, C.-J.; Lin, W. Preparation
of functional benzofurans and indoles via chemoselective intra-
molecular Wittig reactions. Chem. Commun. 2012, 48, 8135. (e) Lee,
C.-J.; Chang, T.-H.; Yu, J.-K.; Reddy, G. M.; Hsiao, M.-Y.; Lin, W.
Synthesis of Functionalized Furans via Chemoselective Reduction/
Wittig Reaction Using Catalytic Triethylamine and Phosphine. Org.
Lett. 2016, 18, 3758. (f) Chen, Y.-R.; Reddy, G. M.; Hong, S.-H.;
Wang, Y.-Z.; Yu, J.-K.; Lin, W. Four-Component Synthesis of
Phosphonium Salts: Application Toward an Alternative Approach to
Cross-Coupling for the Synthesis of Bis-Heteroarenes. Angew. Chem.,
Int. Ed. 2017, 56, 5106. (g) Yang, S.-M.; Wang, C.-Y.; Lin, C.-K.;
Karanam, P.; Reddy, G. M.; Tsai, Y.-L.; Lin, W. Diversity-Oriented
Synthesis of Furo[3,2-c]coumarins and Benzofuranyl Chromenones
through Chemoselective Acylation/Wittig Reaction. Angew. Chem.,
Int. Ed. 2018, 57, 1668.
(7) (a) Ito, J.; Takaya, Y.; Oshima, Y.; Niwa, M. New oligostilbenes
having a benzofuran from Vitis vinifera ‘Kyohou’. Tetrahedron 1999,
55, 2529. (b) Li, Y.-t.; Yao, C.-s.; Bai, J.-y.; Lin, M.; Cheng, G.-f. Anti-
inflammatory effect of amurensin H on asthma-like reaction induced
by allergen in sensitized mice. Acta Pharmacol. Sin. 2006, 27, 735.
(c) Convertini, P.; Tramutola, F.; Iacobazzi, V.; Lupattelli, P.;
Chiummiento, L.; Infantino, V. Permethylated Anigopreissin A
inhibits human hepatoma cell proliferation by mitochondria-induced
apoptosis. Chem.-Biol. Interact. 2015, 237, 1. (d) Yang, W.; Chen, X.;
Pan, J.; Ge, H.; Yin, K.; Wu, Z.; Li, X.; Sha, D.; Xu, Y. Malibatol A
protects against brain injury through reversing mitochondrial
dysfunction in experimental stroke. Neurochem. Int. 2015, 80, 33.
(e) Chawla, H. P. S.; Grover, P. K.; Anand, N.; Kamboj, V. P.; Kar, A.
B. Antifertility agents. IV. 2,3-Diphenylbenzo- and 5,6-polymethyle-
nebenzofurans, 1,2-diphenylnaphthofurans, and some related com-
pounds. J. Med. Chem. 1970, 13, 54. (f) Fan, X.; He, H.; Li, J.; Luo,
G.; Zheng, Y.; Zhou, J.-K.; He, J.; Pu, W.; Zhao, Y. Discovery of 4,6-
bis(benzyloxy)-3-phenylbenzofuran as a novel Pin1 inhibitor to

suppress hepatocellular carcinoma via upregulating microRNA
biogenesis. Bioorg. Med. Chem. 2019, 27, 2235.
(8) Lee, C.-J.; Chang, T.-H.; Yu, J.-K.; Madhusudhan Reddy, G.;
Hsiao, M.-Y.; Lin, W. Synthesis of Functionalized Furans via
Chemoselective Reduction/Wittig Reaction Using Catalytic Triethyl-
amine and Phosphine. Org. Lett. 2016, 18, 3758.
(9) See Supporting Information for control experiments, HRMS of
intermediate A, and crystal data of compound 6.
(10) Vedejs, E.; Diver, S. T. Tributylphosphine: A Remarkable
Acylation Catalyst. J. Am. Chem. Soc. 1993, 115, 3358.

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b03001
Org. Lett. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03001/suppl_file/ol9b03001_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.9b03001

