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A novel and efficient copper-catalyzed decarboxylative alkynylselenation of indoles with Se powder and
propiolic acids has been developed. The outstanding advantages of this protocol not only nicely avoid
the use of prefabricated arylselenation reagent and address the facile over-selention issues, but also en-
rich the chemistry of selenium powder. Importantly, this reaction could be extended to pyrrole, and the
practical utility of this transformation has been demonstrated in gram-scale synthesis and late-stage in-
dolylselenation of Clofibrate-derived propiolic acid.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The incorporation of Se atom into organic small molecules
could substantially unfold their important biological functions in
antioxidant defense, regulation of inflammatory responses and
metabolism of thyroid hormones [1,2]. In discovery chemistry, it
has been realized that aryl alkynyl selenides are useful precur-
sors for the preparation of multifunctional vinyl selenides by well-
developed hydrofunctionalizations [3-6], and are valuable handles
in cyclization [7] and cross-coupling reactions [8]. In this case, it
has been of great interest to disclose concise and efficient proto-
cols for preparing these privileged compounds. Although numer-
ous attractive avenues for the construction of new Csp-Se bonds
have been developed, including the cross-coupling of alkynyl bro-
mides with ArSeSeAr [9,10], terminal alkynes with ArSeBr [11-13],
ArSeSeAr [14-19] or ArSeCN [20], and alkynylboronic acid [21,22]
with ArSeSeAr through various mechanistic processes. The exist-
ing preparation of electrophilic arylselenation reagent, 1 equivalent
ArSe-waste of ArSeSeAr and harsh reaction conditions would dra-
matically inhibit the research and development of new selenium-
containing pharmaceutical molecules.

Alkynyl carboxylic acids have been employed as terminal
alkyne surrogates in transition-metal catalyzed decarboxylative C-X
bonds coupling reactions [23-26]. Recently, Pan reported copper-
catalyzed decarboxylative arylselenation of aryl propiolic acids
with electrophilic diaryl diselenides (Scheme 1A) [27]. However,
the chemo-selectivity of these reactions was not well controlled.
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The unsaturated bonds in the product are liable to electrophilic
addition with the excess electrophilic arylselenation reagent, thus,
over-selenation pitfalls are facile to occur [28-32]. In addition,
some heteroaryl selenating reagents are difficult to access mainly
because of the lack of synthetic routes. On the other hand, the
use of Se powder as imput linkage is attractive and fantastic, since
it is bench-stable, inexpensive, and easy-to-handle. We assumed
that the decarboxylative arylalkynylation of Se powder could be
employed to avoid the above-mentioned limitations and insur-
mountable issues of over-arylselenation. As a rational design of
this strategy (Scheme 1B), copper-catalyzed decarboxylative sele-
nation of alkynyl carboxylic acids with Se powder to generate
the nucleophilic alknylselenocopper intermediates, which was then
coupled with nucleophilic heterocyclic compounds via analogous
Chan-Lam coupling. As a continuous study on the difunctionaliza-
tion of Se powder [33,34], herein, we describe a new protocol for
the preparation of arylalknyl selenides through copper-catalyzed
decarboxylative alkynylselenation of indole with Se powder and
propiolic acids with the formation of double C-Se bonds. Com-
pared with traditional alkynyl sources [35], the prominent reac-
tivity of propiolic acids shows a higher exploitability and flexi-
ble propensity for selective decarboxylative selenation. This trans-
formation not only enriched the chemical properties of selenium
powder, but also broadened the new application value of alkynyl
carboxylic acids.

At the beginning of our study, we chose indole (1a), selenium
powder and phenylpropiolic acid (2a) as model substrates to ex-
plore the optimal reaction conditions. As illustrated in Table 1, the
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Scheme 1. Decarboxylative arylselenations.

reasonable choice of copper salt, solvent and base was found to be
a critical success for the transformation. Among numerous copper
catalysts, CuCl, displayed the highest catalytic activity, while CuBr,
and Cu(OAc), have relatively low performance (entries 1-3). It was
found that using other alcohols solvent other than ethyl alcohol af-
fected the transformation outcome (entries 4-6). In fact, common
organic solvents such as DMSO and toluene could not realize the
smooth conversion of the reaction (entries 7-11), and the target
product was not detected. If the reaction does not add a phase
transfer catalyst, the conversion efficiency decreases sharply (en-
try 12). When other carbonates were used instead of Cs,CO3, 3a
was not generated or the yield was significantly diminished (en-
tries 13-15). We speculated that the suitable base plays an impor-
tant role in the deprotonation of acetylenic acid and the activation
of Se powder under these reaction conditions. The expected decar-
boxylative arylselenation reaction hardly occurred in the absence
of copper catalyst and base (entries 16 and 17). In particular, the
lack of 1,10-phen significantly reduced the yield of 3a (entry 18).
Importantly, when the reaction is conducted under N, atmosphere
or elevating the reaction temperature all decrease the conversion
of substrates (entries 19 and 21). In addition, when the reaction
is carried out under O, atmosphere, the reaction efficiency is also
very good, but it is slightly lower than that under air (entry 20).

It is worth noting that a small amount of 1,2-
bis(phenylethynyl)diselane derived from the reaction of Se powder
with propiolic acids and decarboxylative homocoupling of propi-
olic acids have always been observed [36], while over-selenation,
decarboxylative addition or hydroamination of indole with pro-
piolic acids byproducts did not detect during the optimization of
reaction conditions [37]. Finally, the alkynylselenation of indole
with other typical arylacetylene sources, such as phenylacetylene
(2b), 1-bromo-2-phenylacetylene (2c), 2-phenyl-1-ethynylboronic
acid (2d), 2,2-dibromostyrene (2e), (2,2-dichlorovinyl)benzene
(2f), 1-Phenyl-2-(trimethylsilyl)acetylene (2g) and 2-methyl-4-
phenyl-3-butyn-2-ol (2h) were proved to be completely invalid
under otherwise identical reaction conditions. These results sug-
gested that CO,H group of propiolic acids plays a critical role in
promoting the multi-component selenation reactions [38]. It is
presumable that the coordination of CO,H group with the copper
center is beneficial to better substrate solubility and facilitates the
insertion of selenium powder with the triple bonds.
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Table 1
Reaction optimization.?
——Ph
Se™—
CuCly, phen, Cs,CO.
@ b oSe v Phmmx — T T N
N TBAI, EtOH, 50 °C, air N
1a 2 3a
Ph—==—CO,H Ph—=——-=H Ph——=——=8r Ph—==—B(OH),
2a 2b 2c 2d
@\;‘[ @\/il § )—=—siMe; < >—<: OH
Z Br F Cl
2e 2f 2g 2h
Entry  Alkyne [Cu] Solvent Base Yield (%)
1 2a CuCl, EtOH Cs,CO3 84
2 2a CuBr, EtOH Cs,CO3 33
3 2a Cu(OAc),  EtOH Cs,CO3 56
4 2a CuCl, 1-Propanol Cs,CO3 40
5 2a CuCl, Isopropyl alcohol Cs,CO3 27
6 2a CuCly Hexafluoroisopropanol Cs,CO4 trace
7 2a CuCl, DMSO Cs,CO3 0
8 2a CuCl, DMF Cs,C03 0
9 2a CuCl, DCE Cs,CO3 0
10 2a CuCl, Toluene Cs,CO3 0
11 2a CuCl, THF Cs,C03 0
12¢ 2a CuCl, EtOH Cs,CO3 4
13 2a CuCl, EtOH Li, CO3 trace
14 2a CuCl, EtOH Na,COs 7
15 2a CuCl, EtOH K,CO3 20
16 2a - EtOH Cs,CO3 0
17 2a CuCly EtOH - 0
184 2a CuCl, EtOH Cs,C03 11
19¢ 2a CuCl, EtOH Cs,CO4 trace
20f 2a CuCl, EtOH Cs,CO3 81
218 2a CuCl, EtOH Cs,C03 39
22 2b CuCl, EtOH Cs,CO3 0
23 2¢ CuCl, EtOH Cs,CO3 0
24 2d CuCl, EtOH Cs,CO3 0
25 2e CuCl, EtOH Cs,CO3 0
26 2f CuCl, EtOH Cs,CO3 0
27 2g CuCl, EtOH Cs,CO3 0
28 2h CuCl, EtOH Cs,C03 0
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2 Reaction conditions unless specified otherwise: 1a (0.2 mmol), Se (0.6 mmol),
2 (0.6 mmol), [Cu] (0.02 mmol), 1,10-phen (0.02 mmol), Cs,CO; (0.6 mmol), TBAI
(0.4 mmol), solvent (2.0 mL), under air, 50 °C, 24 h.

b Isolated yield.

¢ In the absence of TBAL
In the absence of 1,10-phen.

Under N, atomosphere.
Under O, atomosphere.
& At 60 °C.

d
e
f

Upon the optimization of feasible reaction conditions, a va-
riety of functionalized indoles were used for the current three-
component decarboxylative selenation (Scheme 2). Generally, vari-
ous substituted indoles reacted smoothly. The substituting position
and electronic nature of different substituents on the benzene ring
of indoles showed little difference toward the transformation effi-
ciency. It is worth noting that the nitro group is susceptible to re-
duction with Se powder, and can be tolerated on the indole ring to
give 3g in 77% yield [39]. The reaction efficiency was not affected
by the different substituents (methyl and ester) at the 2-position
of indole, and 3k, 3m and 3n are generated with excellent yields.
In addition, a substrate containing planar phenyl functional group
(31) can also be compatible and smoothly alkynylselenated as well.
It was found that the free N-H bond of indole plays a critical role,
and N-methylindole, N-acetylindole did not furnish the desired car-
boxylative alkynylselenation under our optimized reaction condi-
tions. According to these experimental results, indoles bearing un-
protected N-H bond for their generation the relatively stable car-
banion for cross-coupling [40].
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Scheme 2. Scope of indoles. Reaction conditions are the same as entry 1 in Table 1. Isolated yields after column chromatography are given.
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Scheme 3. Scope of propiolic acids. Reaction conditions are the same as entry 1 in Table 1. Isolated yields after column chromatography are given.

Next, a wide range of representative aryl-substituted propi-
olic acids were resoundingly converted into the expected indolyl
alkynyl selenides in moderate to excellent yields (Scheme 3). Cur-
rent mild reaction condition showed remarkable functional group
compatibility, such as alkyl (4a, 4b, 41), methoxyl (4c), halogen (4d,
4e, 4m), ester (4g), trifluoromethyl (4h, 4i) and trifluoromethoxy
(4k) had little effect on the reaction efficiency. Importantly, 3,4,5-
trimethoxyl, an important pharmacophore in biologically active
molecules, proceeded the transformation smoothly (4f). Remark-
ably, the sterically hindered substrate was a competent substrate
and afforded 41 with good efficiency. In addition to aryl ring sub-
stituents, naphthalene-substituted propiolic acid (4n) is also suit-
able for decarboxylative indolylselenation, and shows the broad
substrate scope of this method. Moreover, thiophene-substituted
propiolic acid worked as a viable substrate for decarboxylative
arylselenation, providing the corresponding product 40 in a step-
economic manner. The preparation of selenides bearing heteroaro-
matic compounds is of great significance to the discovery and de-
velopment of new drugs. Intriguingly, alkyl-substituted propiolic

4533

acid is feasible, which commonly displays low reactivity in pre-
vious copper-catalyzed cross-coupling reactions [41], and provided
4p in good yield, which highlights the versatility of this protocol.

The practical utility of the copper-catalyzed decarboxylative Se
insertion coupling reactions was directly demonstrated in an ef-
ficient gram-scale synthesis (Scheme 4A), and the target product
3a was isolated in a 77% yield. Pyrrole derivatives, as nitrogen-
containing heterocyclic compounds, widely exist in a series of
bioactive molecules and solar materials [42]. Simple pyrrole could
be successfully alkynylselenated under the slightly adjusted reac-
tion conditions (Scheme 4B). More importantly, Clofibrate-derived
propiolic acid, a hypolipidemic agent clinically used for atheroscle-
rosis (Scheme 4C), was examined under the standard reaction con-
dition and provided the desired product 5b in useful yield. To
examine the synthetic elaboration of alkynyl selenide a product
(Scheme 4D), 3a compound was selected to evaluate the known
N-methylation obtained the 5c. Upon treatment of 5¢ with thio-
phenol in the presence of CsOH [43], the hydrothiolated product
5d was isolated in 91%.
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A) Scale-up experiment:
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Scheme 4. Synthetic application.
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Scheme 5. Preliminary mechanism investigation.

Encouraged by the novel reactivity of propiolic acids underly-
ing this multi-component coupling, and we wanted to gain reli-
able insight into this mechanism and elucidate the role of each
substrate (Scheme 5). At first, 1.0 equiv. of TEMPO was added
(Eq. 1), the yield of 3a was dramatically reduced, while phenyl-
propiolic acid was completely consumed, and no TEMPO-captured
product was detected by HRMS and NMR. This result suggested
that a radical pathway could be excluded, and the reason for
the steep decrease in the product yield was that the coordina-
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tion of TEMPO with copper salt mainly inhibited the Se inser-
tion reaction [44]. Subsequently, the reaction of phenylpropiolic
acid with selenium powder under the standard reaction condi-
tions (Eq. 2), 1,2-bis(phenylethynyl)diselane and 1,4-diphenylbuta-
1,3-diyne were detected by HRMS. However, the reaction be-
tween indole and selenium powder was not observed, and 92%
of the raw indole was recovered (Eq. 3). The sluggishness of
this reaction indicates that decarboxylative selenation of propi-
olic acids followed by the alkynylselenation of indoles is likely to
be a possible pathway for the current transformation. This pro-
posed reaction path could be supported by the following step-
by-step reaction (Eq. 6). In addition, we also made two con-
trolled experiments to explain the effect of IBAL. We prepared
alkynyl iodide and tried a three-component reaction, but there
was no product except a large amount of indole raw material
and homo-coupling of (iodoethynyl)benzene byproduct (Eq. 4). Un-
der standard reaction conditions, the reaction of phenylpropar-
gylic acid and tetrabutylammonium iodide could not generate (io-
doethynyl)benzene (Eq. 5). These experimental results indicate that
(iodoethynyl)benzene is not a key intermediate. Finally, when stoi-
chiometric (phenylethynyl)copper was used as substrate in the ab-
sence of CuCl,, the expected product 3a was isolated in 42% (Eq.
7). Meanwhile, a catalytic amount of (phenylethynyl)copper was
used as catalyst under the optimized reaction conditions, the re-
action was carried out smoothly (Eq. 8). These results clearly show
that alkynylcopper is a competent intermediate in current transfor-
mation.

A plausible reaction mechanism for copper-catalyzed three-
component decarboxylative Se insertion coupling was proposed
based on the above important experimental results and precedent
literature (Scheme 6). Initially, the coordination of CuCl, with 1,10-
phen to generate an active copper catalyst A, then ligand exchange
with alkynyl carboxylic acids and decarboxylation to generate the
alkynylcopper species C and releases CO, [45]. Meanwhile, sele-
nium anions and selenates are formed by the disproportionate re-
action of selenium powder in the presence of base. The ligand ex-
change between intermediate C with Se?~ afforded D, which was
disproportionated with CuCl, or oxidation by O, to give Cu(lll)
species [46], and then reductive elimination to afford alkynylseleno
anion E. Subsequently, the recombination of E with copper catalyst
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Scheme 6. Proposed mechanism.

generates capable alknylselenocopper intermediate F. Then, the re-
action of F with indoles produces the critical intermediate G in
the presence of base [47,48]. Finally, the reductive elimination of
G provides the desired products in the presence of CuCl, and the
generation of CuX catalyst to fulfill the catalytic cycle.

In summary, we have developed a concise and straightforward
copper-catalyzed decarboxylative alkynylselenation of indoles with
propiolic acids using Se powder as selenating reagent. The key suc-
cess of these multicomponent reactions was found to be the gener-
ation of nucleophilic alkynylseleno anions as the competent inter-
mediate to suppress the unwished electrophilic polyselenation side
reactions of propiolic acids. The transformation featured the use of
air as an oxidant and alcohol as a greent solvent, prominent func-
tional group compatibility and late-stage indolylselenation of small
bioactive compounds, which would advance the research and de-
velopment of selenium-containing drug molecules.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

Financial support from the National Natural Science Foundation
of China (Nos. 81803484, 21602158), Zhejiang Provincial Natural
Science Foundation (No. LY19B020011), Public Welfare Science and
Technology Project of Wenzhou (Nos. Y20190132, Y20180233) are
greatly appreciated.

4535

Chinese Chemical Letters 33 (2022) 4531-4535

References

[1] G. Mugesh, W.W. Mont, H. Sies, Chem. Rev. 101 (2001) 2125-2180.
[2] C.W. Nogueira, G. Zeni, J.B.T. Rocha, Chem. Rev. 104 (2004) 6255-6285.
[3] J.V. Comasseto, PH. Menezes, H.A. Stefani, G. Zeni, A.L. Braga, Tetrahedron 52
(1996) 9687-9702.
[4] M.J. Dabdoub, M.L. Begnini, P.G. G Jr, Tetrahedron 54 (1998) 2371-2400.
[5] A. Sun, X. Huang, Synthesis (Mass) 6 (2000) 775-777.
[6] M. Tiecco, L. Testaferri, A. Temperini, et al., Eur. J. Org. Chem.
3447-3458.
[7] F. Manarin, J.A. Roehrs, RM. Gay, et al,, J. Org. Chem. 74 (2009) 2153-2162.
[8] A.L. Stein, EN. Bilheri, G. Zeni, Chem. Commun. 51 (2015) 15522-15525.
[9] A. Sharma, R.S. Schwab, A.L. Braga, T. Barcellos, M.W. Paixdo, Tetrahedron Lett.
49 (2008) 5172-5174.
[10] S. Ahammed, S. Bhadra, D. Kundu, B. Sreedhar, B.C. Ranu, Tetrahedron 68
(2012) 10542-10549.
[11] T. Hayama, S. Tomoda, Y. Takeuchi, Y. Nomura, Chem. Lett. (1982) 1249-1250.
[12] A.L. Braga, C.C. Silviera, A. Reckziegel, P.H. Menezes, Tetrahedron Lett. 34 (1993)
8041-8042.
[13] RJ. Cohen, D.L. Fox, R.N. Salvatore, J. Org. Chem. 69 (2004) 4265-4268.
[14] LW. Bieber, M.F. da Silva, PH. Menezes, Tetrahedron Lett. 45 (2004)
2735-2737.
[15] D.S. Rampon, R. Giovenardi,
7066-7070.
[16] B. Movassagh, M. Navidi, Chin. Chem. Lett. 23 (2012) 1035-1038.
[17] M. Godoi, E.W. Ricardo, T.E. Frizon, et al., Tetrahedron 68 (2012) 10426-10430.
[18] B. Movassagh, A. Yousefi, B.Z. Momeni, S. Heydari, Synlett 25 (2014)
1385-1390.
[19] B. Mohan, J.C. Park, K.H. Park, ChemCatChem 8 (2016) 2345-2350.
[20] N. Mukherjee, D. Kundu, B.C. Ranu, Adv. Synth. Catal. 359 (2017) 329-338.
[21] D. Kundu, N. Mukherjee, B.C. Ranu, RSC Adv. 3 (2013) 117-125.
[22] B. Mohan, C. Yoon, S. Jang, K.H. ParK, ChemCatChem 7 (2015) 405-412.
[23] S. Rui, L. Lei, Sci. China: Chem. 54 (2011) 1670-1687.
[24] K. Park, S. Lee, RSC Adv. 3 (2013) 14165-14182.
[25] M.A. Idris, S. Lee, Synthesis (Mass) 52 (2020) 2277-2298.
[26] C. Chen, J. Wu, G. Yan, D. Huang, Tetrahedron Lett. 61 (2020) 151415-151430.
[27] E. Cui, J. Chen, Z. Mo, et al., Org. Lett. 20 (2018) 925-929.
[28] A.V. Moro, C.W. Nogueira, N.B.V. Barbosa, et al., ]J. Org. Chem. 70 (2005)
5257-5268.
[29] M. Godoi, D.G. Liz, E.W. Ricardo, et al., Tetrahedron 70 (2014) 3349-3354.
[30] A.A. Heredia, A.B. Pefiéfiory, Beilstein J. Org. Chem. 13 (2017) 910-918.
[31] J. Chen, S.X. Su, D.C. Hu, et al., Asian J. Org. Chem. 7 (2018) 892-896.
[32] Y. Wang, L. Liu, G. Wang, H. Ouyang, Y. Li, Green Chem. 20 (2018) 604-608.
[33] D. Hu, M. Liu, H. Wu, W. Gao, G. Wu, Org. Chem. Front. 5 (2018) 1352-1355.
[34] X. Gao, L. Tang, L. Huang, et al., Org. Lett. 21 (2019) 745-748.
[35] R.A. Rather, T. Ara, Tetrahddron 96 (2021) 132386-132389.
[36] D.X. Liu, EL. Li, HX. Li, et al., Eur. J. Org. Chem. (2014) 4817-4822.
[37] M. Zeng, J.W. Xue, H. Jiang, et al., J. Org. Chem. 86 (2021) 8333-8350.
[38] Z. He, R. Zhang, M. Hu, et al., Chem. Sci. 4 (2013) 3478-3483.
[39] Y. Li, Y. Wang, T. Yang, Z. Lin, X. Jiang, Green Chem. 23 (2021) 2986-2991.
[40] WJ. Yoo, M.G. Capdevila, X. Du, S. Kobayashi, Org. Lett. 14 (2012) 5326-5329.
[41] Y. Li, ].Q. Shang, X.X. Wang, et al., Org. Lett. 21 (2019) 2227-2230.
[42] LS. Young, P.D. Thornton, A. Thompson, Nat. Prod. Rep. 27 (2010) 1801-1839.
[43] AH. Yu, RH. Qiu, N.Y. Tan, LF. Peng, X.H. Xu, Chin. Chem. Lett. 22 (2011)
687-690.
[44] B.L. Ryland, S.D. McCann, T.C. Brunold, S.S. Stahl, J. Am. Chem. Soc. 136 (2014)
12166-12173.
[45] X. Li, F. Yang, Y. Wu, Y. Wu, Org. Lett. 16 (2014) 992-995.
[46] AE. King, LM. Huffman, A. Casitas, et al, J. Am. Chem. Soc. 132 (2010)
12068-12073.
[47] L. Jiang, J. Qian, W. Yi, et al., Angew. Chem. Int. Ed. 54 (2015) 14965-14969.
[48] Z. Wang, Z. Yin, X.F. Wu, Chem. Commun. 54 (2018) 4798-4801.

(2004)

TL. Silva, et al., Eur. J. Org. Chem. (2011)



