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Abstract – This review article summarizes that the combined Brønsted-base 

system comprising LiO-t-Bu, CsF, and 18-crown-6 efficiently proceeds the direct 

carboxylation of electron-rich heteroarenes, such as benzothiophene and 

benzofuran, with CO2. Good functional group compatibility is displayed, allowing 

the use of Me, MeO, halogen, CN, ketone, and amide moieties. 3-Substituted 

indoles are also used for C-2 carboxylation, while double-carboxylation of 

2-alkylheteroarenes is achieved by LiO-t-Bu and CsF.
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1. INTRODUCTION

Heteroaromatic carboxylic acid derivatives are the core structures of biologically active compounds.1 For 

their synthesis, carboxylation of heteroaromatic substrates with CO2 is of significant importance since 

CO2 is a cheap, abundant, and non-toxic C1 source.2 Particularly, the direct conversion of the 
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heteroaromatic C(sp2)H bond is a powerful and straightforward protocol, compared to those of 

pre-functionalized chemical bonds (i.e., CLi, CMg, CB, CSi, CZn, CAl, and Chalogen), from 

both step and atom economy viewpoints.3 During the last decade, such a methodology was demonstrated 

by transition metal catalysts, such as Au, Cu, Rh, and Ni complexes, with a base or reducing reagent4 and 

by Lewis acids.5 The former proceeds the reactions of both electron-rich and -poor substrates under 

relatively mild conditions (room temperature to 80 °C); however, it usually requires the use of a precious 

metal and/or ligand.4 On the other hand, the latter is only effective for the conversion of electron-rich 

substrates, achieved through CO2 electrophilicity enhancement.5 High CO2 pressure conditions (~30 atm) 

are also required. 

The Brønsted-base system affords an alternative access for direct carboxylation, which involves the 

deprotonation of the heteroaromatic substrate followed by in situ trapping of the generated anionic 

species with CO2 (Figure 1).3a,6-11 The system is anticipated to broaden the substrate scope and functional 

group compatibility and to display different regioselectivity, based on a mechanistic process that differs 

from those of the above-mentioned reactions. To date, several Brønsted-base-mediated carboxylations 

have been achieved. Specifically, Kobayashi et al. reported that LiO-t-Bu proceeds the carboxylation of 

NH indoles (indole NH, pKa = 21) at the 3-position [Figure 1 (a)].6a They also applied the conditions to 

the carboxylation of NH pyrroles, whereby the pyrroles that possess an ester, imine, or phenyl 

functionality at the 2-position react with CO2 at the 5-position.6b Hu et al. demonstrated that Cs2CO3 

mediates the carboxylation of electron-poor azaarenes including multiple heteroatoms, such as 

benzoxazole, benzothiazole, oxazoles, and 1,3,4-oxadiazoles [Figure 1 (b)],7 while Ackermann et al. 

showed that the reactions occur under 1 atm pressure using KO-t-Bu [Figure 1 (b)].8 In these studies, the 

substrates contain relatively acidic protons (pKa ≤ 27) and are deprotonated smoothly to form 

nucleophilic anionic species. As an exception, Kanan et al. described that molten Cs2CO3 salt mediates 

the conversion of 2-furoic acid (C–H at the 5-position, pKa ~35) and benzene (pKa >40); however, harsh 

reaction conditions are needed and the detailed substrate scope was not noted [Figure 1 (c)].9-11 Thus, we 

became interested in the development of such a system, which enables the carboxylation of a wide range 

of low-acidic substrates. The combined Brønsted-base system LiO-t-Bu/CsF/18-crown-6, which has been 

reported to be potent in the reactions of electron-rich heteroarenes such as benzothiophene (pKa = 32) and 

benzofuran [pKa = 33.2; Figure 1 (d, i)],12-15 allowed the use of a variety of functional groups including 

Me, MeO, halogen, CN, ketone, and amide moieties. The system also achieved the double-carboxylation 

of 2-alkylheteroarenes [Figure 1 (d, ii)].16 This article reviews the results of this system. 
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Figure 1. Brønsted-base-mediated direct CH carboxylation of heteroarenes  
 

2. CARBOXYLATION OF ELECTRON-RICH HETEROARENES12 

At the beginning of our studies of electron-rich heteroaromatic carboxylation, we tested the 

hexamethyldisilazide (HMDS)–amide base system generated in situ for the reaction of benzothiophene 1a 

[Figure 2 (1)];17 however, no carboxylated product (2a-H) was obtained. The use of the carbonate bases 

K2CO3 and Cs2CO3 was also fruitless [Figure 2 (2)]. We next examined the use of the alkoxide base 

LiO-t-Bu [Figure 2 (3)], which afforded the target product in 11% yield. Addition of CsF afforded 2a-H 

in 46% yield, and further addition of 18-crown-6 increased the yield to 86% (Entries 1–5). On the other 

hand, the cesium salts CsCl and CsI were ineffective (Entries 6 and 7). The use of 15-crown-5 instead of 

18-crown-6 and NaO-t-Bu and KO-t-Bu instead of LiO-t-Bu slightly decreased the yield (Entries 8–10). 
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Finally, when the reaction was carried out at 160 C, the carboxylated product, methyl ester 2a, was 

isolated in 95% yield (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Optimization of the carboxylation of 1a.a aReactions conducted in 0.3 mmol scale. bYields 
determined by 1H-NMR using 1,1,2-trichloroethane as the internal standard.  

    

We discovered that the optimized reaction conditions are applicable to the carboxylation of a variety of 

heteroaromatic substrates (Figure 3). Indeed, benzothiophenes 1b–1g, respectively equipped with the 

functionalities Me, OMe, F, Cl, Br, and CN at the 5-position, afforded the carboxylated products in high 

yields (87–99%). Moreover, the compatibility of the C(sp2)Br bond in 2f provided some insight into the 

reaction mechanism (vide infra). Sterically hindered 3-methyl- and 3-bromobenzothiophene afforded 2h 

and 2i in 88 and 93% yields, respectively. 2-Phenylthiophene 2j and its derivatives 2k–2m, having the 

respective substituents OMe, Cl, and Br, were also suitable substrates, while 2-bromothiophene 2n 

afforded the product in 83% yield. Electrophilic keto and amide moieties in the respective substrates 2o 

and 2p were well compatible, while furan derivative 2q and benzofuran 2r were carboxylated in 

respective yields of 53 and 86%. 
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Figure 3. Scope of heteroarenes.a, b aCarboxylation conditions: 1 (0.30 mmol), CO2 (1 atm), LiO-t-Bu 
(0.90 mmol), CsF (0.90 mmol), 18-crown-6 (0.90 mmol), DMI (1.5 mL), 160 °C, 15 h. bIsolated yields. 

c180 °C. d3 h. eLiO-t-Bu (1.20 mmol), CsF (1.20 mmol), and 18-crown-6 (1.20 mmol). f1 h. g24 h.  

 

(Hetero)aromatic C(sp2)Br bonds are well compatible, as demonstrated by the reactions of 1f, 1i, 1m, 

and 1n. The results were somewhat unexpected, since tert-butoxides were previously reported to achieve 

one-electron transfer reactions and form aryl radical species from haloarenes.18 The reactivity was used 

for the biaryl coupling of haloarenes and CH arenes. Indeed, the reaction of 1f conducted under Ar 

atmosphere, instead of CO2, afforded a complex mixture (Scheme 1, Eq. 1), while the reaction of 1f with 

the pre-prepared carbonate base [LiOCO2-t-Bu], CsF, and 18-crown-6 under Ar afforded the carboxylated 

product 2f (Scheme 1, Eq. 2). Based on these results, under the specified reaction conditions, MO-t-Bu 

(M = Cs coordinated by 18-crown-6) reacts with CO2 and forms the weaker carbonate base 

[MOCO2-t-Bu] (Scheme 2, Eq. 1). Here, the equilibrium shifts toward the carbonate side, and the 

concentration of MO-t-Bu remains low,4k resulting in the inhibition of C(sp2)Br bond side reactions.19 

 

 

596 HETEROCYCLES, Vol. 103, No. 2, 2021



 

 

 

 

 

 

 

 

 

Scheme 1. Reactions of 1f with [LiO-t-Bu], CsF, and 18-crown-6 (Eq. 1) and [LiOCO2-t-Bu], CsF, and 
18-crown-6 (Eq. 2) under Ar  

    

The proposed mechanism is depicted in Scheme 2: Deprotonation of the substrate occurs either by the 

tert-butoxide base MO-t-Bu or the carbonate [MOCO2-t-Bu]. The formed carbanion species 3 reacts with 

CO2 and furnishes carboxylated product 4. The increased reactivity obtained by the combined 

Brønsted-base system was attributed to the formation of a cesium base by cation exchange, forming a 

stable LiF salt,20 and the complexation of cesium cations with 18-crown-6.21 

 

 

 

 

 

 

 

Scheme 2. Proposed mechanism  

 

3. CARBOXYLATION OF 3-SUBSTITUTED INDOLES13 

We next applied this protocol to the C-2 carboxylation of indole derivatives bearing an 

electron-withdrawing substituent at the 3-position (Figure 4). Indole 2-carboxylic acid derivatives are also 

present in a variety of natural compounds and biologically active compounds.22 In our system, the 

carboxylation of 3-cyanoindole 5a and its derivatives 5b–5h possessing various functionalities at the 

5-position smoothly proceeded in high yields (85–99%). The 6- and 7-chloro-substituted indoles 5i and 5j 

provided the products in 94 and 93% yields, respectively, and benzyl, methoxymethyl, phenyl, and 

2-pyridyl substitutions were allowed on the indole nitrogen atom. Electrophilic functionalities other than 
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the cyano group were next examined. The formyl substituent, which is susceptible to nucleophilic 

addition, was tolerated and a series of substrates (5o–5u) could be used. Benzoyl-, phenylsulfonyl-, 

phenylsulfinyl-, and chloride-substituted indoles also reacted to form the target products (6v–6y, 

respectively) in good yields (66–91%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Scope of 3-substituted indoles.a, b aCarboxylation conditions: 5 (0.30 mmol), CO2 (1 atm), 
LiO-t-Bu (0.90 mmol), CsF (0.90 mmol), 18-crown-6 (0.90 mmol), DMI (1.5 mL), 120 °C, 15 h. 

bIsolated yields. c140 C. d130 C. e150 C. f160 C. g180 C.  

 

The tolerance of the formyl group displayed by 5o–5u intrigued us to examine the applicability of other 

formyl substituted heteroarenes (Figure 5). Notably, the reactions achieved with the respective 

benzothiophene, benzofuran, and pyrrole substrates 7a–7c retained the formyl moiety. In these reactions, 

the self-condensation product was not observed. The compatibility of the formyl group was attributed to 

the lower reactivity (electrophilicity) of the formyl moiety attached to the electron-rich heteroaryl ring, 

over that of CO2, and/or in situ protection by the hemiacetal alkoxide base.23 
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Figure 5. Scope of 3-formyl-substituted heteroarenes other than the indoles.a, b aCarboxylation 
conditions: 7 (0.30 mmol), CO2 (1 atm), LiO-t-Bu (0.90 mmol), CsF (0.90 mmol), 18-crown-6 

(0.90 mmol), DMI (1.5 mL), 60 °C, 15 h. bIsolated yields. c80 C. d130 C.  

 

4. DOUBLE-CARBOXYLATION OF 2-ALKYLHETEROARENES16 

Next, we became interested in developing the carboxylation of 2-alkylheteroarenes. Before starting the 

project, we observed that the in situ generated amide base underwent deprotonative coupling of 

2-methylbenzothiophene 9a with benzophenone 10, yielding the stilbene derivative 11 [Figure 6 (a)].17b 

Thus, we predicted the formation of monocarboxylated product 13 [Figure 6 (b)]. However, contrary to 

this assumption, 12a-H, which was double-carboxylated at the benzylic and -positions, was the major 

product during the course of the Brønsted base evaluation [Figure 6 (b)]. Such a direct 

double-carboxylation of two CH bonds has been regarded as difficult to develop. This is because the 

initial carboxylation imposes steric hindrance and lowers the nucleophilicity of the molecule, rendering 

the second carboxylation insufficient.24-27 Thus, the examples were limited to specific substrates.24 We 

therefore decided to establish the reaction conditions and investigate the scope of the substrates. 
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Figure 6. (a) Stilbene formation of 2-methylbenzothiophene 9a with benzophenone 10 by an in situ 
generated amide base and (b) double-carboxylation of 9a with CO2 by a combined Brønsted base. 

aReactions conducted in 0.3 mmol scale. bYields determined by 1H-NMR using 1,1,2-trichloroethane as 
an internal standard. cReaction conducted at 150 C.  

 

A survey of the reaction conditions revealed that the combination of LiO-t-Bu and CsF was the most 

productive [Figure 6 (b)], and the reaction of 9a provided 12a-H in a high yield of 83% with a small 

amount of 13 (2% yield; Entry 2). In this reaction, the addition of 18-crown-6 decreased the yield of 

12a-H (Entry 3). The use of other alkali metal salts and alkoxides was not very effective (Entries 4–8). 

On the other hand, when the reaction with LiO-t-Bu and CsF was carried out at 150 C, 12a-H was 

furnished in 94% yield (Entry 9). The product was converted to a dimethyl ester (12a) and isolated in 

83% yield (Figure 7). 

With the optimized conditions in hand, we proceeded to survey the substrate scope, wherein the product 

was isolated in dimethyl ester form (Figure 7). Substrates 9b, 9c, 9i, and 9j, containing electron-donating 

methyl and methoxy groups, reacted smoothly. Halogens (F, Cl, and Br), cyano, and tert-butyl ester 
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afforded products 12d–12h, respectively, in good yields (74–87%). The reactions of 

2-ethylbenzothiophene (9k) and 2-propylbenzothiophene (9l) were also sufficient and afforded the target 

products in 81 and 76% yields, respectively. Substrate 9m, which carries two benzothiophene units, 

afforded the triple-carboxylated product 12m in 31% yield and the double-carboxylated product 12m’ in 

26% yield. Heteroaromatic substrates other than benzothiophene were subsequently used. The thiophene 

derivatives possessing aryl moieties (9n and 9o) and those equipped with benzoyl and N-methyl-N-

phenylamide functionalities (9p and 9q, respectively) afforded satisfactory results. Moreover, 

2-methylbenzofuran 9r and 2-methyl-5-phenylfuran 9s reacted efficiently and furnished the desired 

products in 92 and 77% yields, respectively. 2-Methylindoles 9t–9v were also employed successfully.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Scope of 2-alkylheteroarenes.a, b aCarboxylation conditions: 9 (0.30 mmol), CO2 (1 atm), 
LiO-t-Bu (1.50 mmol), CsF (1.50 mmol), DMI (1.5 mL), 150 °C, 13 h. bIsolated yields. c160 °C. d140 °C. 

e100 °C. f130 °C. g180 °C. hDMI (2.0 mL).  
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Mechanistically, two different pathways, A and B, are presumed to be involved (Figure 8). In both cases, 

the benzylic C(sp3)H bond is initially deprotonated by the cesium base and forms benzyl anion 15. In 

pathway A, 15 undergoes the first carboxylation at the benzylic position, followed by deprotonation, and 

the second carboxylation at the -position to form product 19. Alternatively, pathway B comprises 

carboxylation first at the -position and subsequently at the benzylic position. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Proposed mechanisms  

 

Experiments were next conducted to obtain insight into the reaction mechanism (Schemes 3 and 4). Both 

substrates 13 and 14, which are carboxylated at the benzylic and -positions, respectively, reacted with 

CO2 under the established reaction conditions to afford 12a. The results did not distinguish between 

pathways A and B. Next, 2-isopropylbenzothiophene 23 and 2,3-dimethylbenzothiophene 25 were 

subjected to the reactions, affording mono-carboxylated products 24 and 26, respectively, at the benzylic 

position. These results favor pathway A over pathway B. 
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Scheme 3. Reactions of mono-carboxylated substrates 13 and 14.a, b aReactions were conducted in 
0.3 mmol scale. bIsolated yields.  

 

 

 

 

 

 

 

 

Scheme 4. Reactions of 23 and 25 at the benzylic position.a, b aReactions were conducted in 0.3 mmol 
scale. bIsolated yields.  

 

5. CONCLUSION 

In summary, we revealed the unique reactivity of the combined Brønsted-base system for the direct 

carboxylation of heteroaromatic compounds, covering the carboxylation of electron-rich heteroarenes and 

3-substituted indoles and the double-carboxylation of 2-alkylheteroarenes. Various functional groups, 

such as Me, MeO, MeS, halogen, CN, ketone, amide, and NO2 moieties, are also allowed. 

 

ACKNOWLEDGEMENTS 

This work was financially supported by JSPS KAKENHI Grant Number 19H03346 (Y.K.), JSPS 

KAKENHI Grant Number 19K06967 (M.S.), the Environment Research and Technology Development 

Fund (JPMEERF20202R02) of the Environmental Restoration and Conservation Agency of Japan (M.S.), 

the Uehara Memorial Foundation (M.S.), the Tokyo Biochemical Research Foundation (M.S.), the 

Research Foundation for Pharmaceutical Sciences (M.S.), Daicel Corporation (M.S.), and the Platform 

603HETEROCYCLES, Vol. 103, No. 2, 2021



Project for Supporting Drug Discovery and Life Science Research funded by the Japan Agency for 

Medical Research and Development (AMED; M.S., K.N.K., and Y.K.). 

REFERENCES AND NOTES 

1. (a) J. J. Li, 'Heterocyclic Chemistry in Drug Discovery,' Wiley, New Jersey, 2013; (b) J. J. Li and E. 

J. Corey, 'Drug Discovery: Practices, Processes, and Perspectives,' Wiley, New Jersey, 2013.  

2. For examples of reviews of CO2 fixation, see: (a) Q. Liu, L. Wu, R. Jackstell, and M. Beller, Nat. 

Commun., 2015, 6, 5933; (b) K. Huang, C.-L. Sun, and Z.-J. Shi, Chem. Soc. Rev., 2011, 40, 2435; 

(c) A. Tortajada, F. Juliá-Hernández, M. Börjesson, T. Moragas, and R. Martin, Angew. Chem. Int. 

Ed., 2018, 57, 15948; (d) M. Börjesson, T. Moragas, D. Gallego, and R. Martin, ACS Catal., 2016, 6, 

6739; (e) I. Tommasi, Catalysts, 2017, 7, 380; (f) L. Zhang and Z. Hou, Chem. Sci., 2013, 4, 3395; 

(g) T. Fujihara and Y. Tsuji, Beilstein J. Org. Chem., 2018, 14, 2435; (h) Y. Tsuji and T. Fujihara, 

Chem. Commun., 2012, 48, 9956; (i) M. Brill, F. Lazreg, C. S. J. Cazin, and S. P. Nolan, Top. 

Organomet. Chem., 2015, 53, 225; (j) Y. Zhang and S. N. Riduan, Angew. Chem. Int. Ed., 2011, 50, 

6210; (k) F. Manjolinho, M. Arndt, K. Gooßen, and L. J. Gooßen, ACS Catal., 2012, 2, 2014; (l) C. 

S. Yeung and V. M. Dong, Top. Catal., 2014, 57, 1342; (m) T. Janes, Y. Yang, and D. Song, Chem. 

Commun., 2017, 53, 11390; (n) Y.-Y. Gui, W.-J. Zhou, J.-H. Ye, and D.-G. Yu, ChemSusChem, 

2017, 10, 1337; (o) J. Hong, M. Li, J. Zhang, B. Sun, and F. Mo, ChemSusChem, 2019, 12, 6.  

3. (a) J. Luo and I. Larrosa, ChemSusChem, 2017, 10, 3317; (b) D. M. Dalton and T. Rovis, Nat. Chem., 

2010, 2, 710; (c) L. Ackermann, Angew. Chem. Int. Ed., 2011, 50, 3842.  

4. (a) I. I. F. Boogaerts and S. P. Nolan, J. Am. Chem. Soc., 2010, 132, 8858; (b) L. Zhang, J. Cheng, T. 

Ohishi, and Z. Hou, Angew. Chem. Int. Ed., 2010, 49, 8670; (c) I. I. F. Boogaerts, G. C. Fortman, M. 

R. L. Furst, C. S. J. Cazin, and S. P. Nolan, Angew. Chem. Int. Ed., 2010, 49, 8674; (d) H. Inomata, 

K. Ogata, S. -I. Fukuzawa, and Z. Hou, Org. Lett., 2012, 14, 3986; (e) H. Mizuno, J. Takaya, and N. 

Iwasawa, J. Am. Chem. Soc., 2011, 133, 1251; (f) T. Suga, H. Mizuno, J. Takaya, and N. Iwasawa, 

Chem. Commun., 2014, 50, 14360; (g) T. Suga, T. Saitou, J. Takaya, and N. Iwasawa, Chem. Sci., 

2017, 8, 1454; (h) R. Huang, S. Li, L. Fu, and G. Li, Asian J. Org. Chem., 2018, 7, 1376; (i) Z. Cai, 

S. Li, Y. Gao, and G. Li, Adv. Synth. Catal., 2018, 18, 4005; (j) L. Song, G.-M. Cao, W.-J. Zhou, 

J.-H. Ye, Z. Zhang, X.-Y. Tian, J. Li, and D.-G. Yu, Org. Chem. Front., 2018, 5, 2086; (k) L. Song, 

L. Zhu, Z. Zhang, J.-H. Ye, S.-S. Yan, J.-L. Han, Z.-B. Yin, Y. Lan, and D.-G. Yu, Org. Lett., 2018, 

20, 3776; (l) L. Fu, S. Li, Z. Cai, Y. Ding, X.-Q. Guo, L.-P. Zhou, D. Yuan, Q.-F. Sun, and G. Li, 

Nat. Catal., 2018, 1, 469; (m) C. Pei, J. Zong, S. Han, B. Li, and B. Wang, Org. Lett., 2020, 22, 

6897.  

5. (a) G. A. Olah, B. Török, J. P. Joschek, I. Bucsi, P. M. Esteves, G. Rasul, and G. K. S. Prakash, J. 

604 HETEROCYCLES, Vol. 103, No. 2, 2021



Am. Chem. Soc., 2002, 124, 11379; (b) K. Nemoto, H. Yoshida, N. Egusa, N. Morohashi, and T. 

Hattori, J. Org. Chem., 2010, 75, 7855; (c) K. Nemoto, S. Onozawa, M. Konno, N. Morohashi, and 

T. Hattori, Bull. Chem. Soc. Jpn., 2012, 85, 369; (d) K. Nemoto, S. Tanaka, M. Konno, S. Onozawa, 

M. Chiba, Y. Tanaka, Y. Sasaki, R. Okubo, and T. Hattori, Tetrahedron, 2016, 72, 734; (e) S. 

Tanaka, K. Watanabe, Y. Tanaka, and T. Hattori, Org. Lett., 2016, 18, 2576; (f) K. Nemoto, H. 

Yoshida, Y. Suzuki, N. Morohashi, and T. Hattori, Chem. Lett., 2006, 35, 820.  

6. (a) W.-J. Yoo, M. G. Capdevila, X. Du, and S. Kobayashi, Org. Lett., 2012, 14, 5326; (b) W.-J. Yoo, 

T. V. Q. Nguyen, M. G. Capdevila, and S. Kobayashi, Heterocycles, 2015, 90, 1196.  

7. O. Vechorkin, N. Hirt, and X. Hu, Org. Lett., 2010, 12, 3567.  

8. S. Fenner and L. Ackermann, Green Chem., 2016, 18, 3804.  

9. (a) A. Banerjee, G. R. Dick, T. Yoshino, and M. W. Kanan, Nature, 2016, 531, 215; (b) G. R. Dick, 

A. D. Frankhouser, A. Banerjee, and M. W. Kanan, Green Chem., 2017, 19, 2966; (c) A. W. 

Lankenau and M. W. Kanan, Chem. Sci., 2020, 11, 248; (d) K. Kudo, M. Shima, Y. Kume, F. Ikoma, 

S. Mori, and N. Sugita, Sekiyu Gakkaishi, 1995, 38, 40.  

10. Heteroaromatic substrates having phenol-OH or aniline-NH2 moieties as a directing group were also 

used for the carboxylations in the presence of t-butoxide bases (KO-t-Bu or NaO-t-Bu), forming 

lactones and lactams, respectively. (a) Z. Zhang, T. Ju, M. Miao, J.-L. Han, Y.-H. Zhang, X.-Y. Zhu, 

J.-H. Ye, D.-G. Yu, and Y.-G. Zhi, Org. Lett., 2017, 19, 396; (b) Z. Zhang, L.-L. Liao, S.-S. Yan, L. 

Wang, Y.-Q. He, J.-H. Ye, J. Li, Y.-G. Zhi, and D.- G. Yu, Angew. Chem. Int. Ed., 2016, 55, 7068; 

(c) Z. Zhang, T. Ju, J.-H. Ye, and D.-G. Yu, Synlett, 2017, 28, 741.  

11. For recent studies of the base mediated Kolbe-Schmitt type reactions using phenol derivatives, see: 

(a) J. Luo, S. Preciado, P. Xie, and I. Larrosa, Chem. Eur. J., 2016, 22, 6798; (b) Y. Sadamitsu, A. 

Okumura, K. Saito, and T. Yamada, Chem. Commun., 2019, 55, 9837.  

12. M. Shigeno, K. Hanasaka, K. Sasaki, K. Kumada-Nozawa, and Y. Kondo, Chem. Eur. J., 2019, 25, 

3235.  

13. M. Shigeno, I. Tohara, K. Kumada-Nozawa, and Y. Kondo, Eur. J. Org. Chem., 2020, 1987.  

14. As a related study, Kanan et al. recently reported that heteroaromatic compounds such as 

benzothiophene, thiophene, and indole derivatives are carboxylated by Cs2CO3/TiO2 at high 

temperatures (200–280 C) under CO2 (< 8 atm). See: (a) T. M. Porter and M. W. Kanan, Chem. Sci., 

2020, 11, 11936; König et al. also lately described that the photoredox catalyst comprising 

2,3,6,7-tetramethoxyanthracen-9(10H)-one with Cs2CO3 proceeds the carboxylation of electron-rich 

heteroarenes and naphthalenes at 25 °C. See: (b) M. Schmalzbauer, T. D. Svejstrup, F. Fricke, P. 

Brandt, M. J. Johansson, G. Bergonzini, and B. König, Chem, 2020, 6, 2658.  

15. The conventional stepwise protocol, comprising deprotonation to prepare a carbanion species 

605HETEROCYCLES, Vol. 103, No. 2, 2021



followed by reaction with CO2, required the use of strong bases such as n-BuLi or LDA. For 

examples, see: (a) D. Matecka, D. Lewis, R. B. Rothman, C. M. Dersch, F. H. E. Wojnicki, J. R. 

Glowa, A. C. DeVries, A. Pert, and K. C. Rice. J. Med. Chem., 1997, 40, 705; (b) B. Pieber, T. 

Glasnov, and C. O. Kappe, RSC Adv., 2014, 4, 13430; (c) S. E. Baillie, T. D. Bluemke, W. Clegg, A. 

R. Kennedy, J. Klett, L. Russo, M. de Tullio, and E. Hevia, Chem. Commun., 2014, 50, 12859; (d) A. 

M. B. S. R. C. S. Costa, F. M. Dean, M. A. Jones, D. A. Smith, and R. S. Varma, J. Chem. Soc., 

Chem. Commun., 1980, 1224.  

16. M. Shigeno, K. Sasaki, K. Kumada-Nozawa, and Y. Kondo, Org. Lett., 2019, 21, 4515.  

17. For our studies on deprotonative functionalizations of CH bonds using an in situ generated amide 

base, see: (a) M. Shigeno, A. Kajima, K. Nakaji, K. Nozawa-Kumada, and Y. Kondo, Org. Biomol. 

Chem., 2021, 19, 983, K. Nakaji, K. Nozawa-Kumada, and Y. Kondo, Org. Lett., 2019, 21, 2588; (c) 

M. Shigeno, Y. Fujii, A. Kajima, K. Nozawa-Kumada, and Y. Kondo, Org. Process Res. Dev., 2019, 

23, 443; (d) M. Shigeno, T. Okawa, M. Imamatsu, K. Nozawa-Kumada, and Y. Kondo, Chem. Eur. 

J., 2019, 25, 10294; (e) M. Shigeno, K. Nakaji, A. Kajima, K. Nozawa-Kumada, and Y. Kondo, 

Chem. Pharm. Bull., 2019, 67, 1179; (f) H. Taneda, K. Inamoto, and Y. Kondo, Chem. Commun., 

2014, 50, 6523; (g) K. Inamoto, H. Okawa, S. Kikkawa, and Y. Kondo, Tetrahedron, 2014, 70, 

7917; (h) K. Inamoto, H. Okawa, H. Taneda, M. Sato, Y. Hirono, M. Yonemoto, S. Kikkawa, and Y. 

Kondo, Chem. Commun., 2012, 48, 9771; Also see, (i) M. Shigeno, Y. Kai, T. Yamada, K. Hayashi, 

K. Nozawa-Kumada, C. Denneval, and Y. Kondo, Asian J. Org. Chem., 2018, 7, 2082.  

18. (a) S. Yanagisawa, K. Ueda, T. Taniguchi, and K. Itami, Org. Lett., 2008, 10, 4673; (b) C.-L. Sun 

and Z.-J. Shi, Chem. Rev., 2014, 114, 9219; (c) V. P. Mehta and B. Punji, RSC Adv., 2013, 3, 11957; 

(d) E. Shirakawa and T. Hayashi, Chem. Lett., 2012, 41, 130; (e) T. L. Chan, Y. Wu, P. Y. Choy, and 

F. Y. Kwong, Chem. Eur. J., 2013, 19, 15802.  

19. Krenske, O’Brien, et al. employed [t-BuOCO2Na] in the catalytic Wittig reactions, whereby 

NaO-t-Bu was suggested to be slowly released. See: E. E. Coyle, B. J. Doonan, A. J. Holohan, K. A. 

Walsh, F. Lavigne, E. H. Krenske, and C. J. O’Brien, Angew. Chem. Int. Ed., 2014, 53, 12907.  

20. Wang, Zhang, Uchiyama, et al. noted that the use of both LiO-t-Bu and CsF afforded a t-butyl ether 

product from an aryl ammonium salt in a higher yield than that formed from sole LiO-t-Bu. See, (a) 

D.-Y. Wang, Z.-K. Yang, C. Wang, A. Zhang, and M. Uchiyama, Angew. Chem. Int. Ed., 2018, 57, 

3641; Also see, (b) L. A. Oparina, S. I. Shaikhudinova, L. N. Parshina, O. V. Vysotskaya, Th. Preiss, 

J. Henkelmann, and B. A. Trofimov, Russ. J. Org. Chem., 2005, 41, 656.  

21. (a) C. Spiteri, S. Keeling, and J. E. Moses, Org. Lett., 2010, 12, 3368; (b) S. Yoshida, Y. Hazama, Y. 

Sumida, T. Yano, and T. Hosoya, Molecules, 2015, 20, 10131; (c) C.-X. Guo, W.-Z. Zhang, N. 

Zhang, and X.-B. Lu, J. Org. Chem., 2017, 82, 7637.  

606 HETEROCYCLES, Vol. 103, No. 2, 2021



22. (a) L. Khurana, H. I. Ali, T. Olszewska, K. H. Ahn, A. Damaraju, D. A. Kendall, and D. Lu, J. Med. 

Chem., 2014, 57, 3040; (b) N. Ramkumar and R. Nagarajan, J. Org. Chem., 2014, 79, 736; (c) M.-Z. 

Zhang, Q. Chen, and G.-F. Yang, Eur. J. Med. Chem., 2015, 89, 421.  

23. For the in situ protection protocol of carbonyls, see: K. Yahata and H. Fujioka, Chem. Pharm. Bull., 

2014, 62, 1.  

24. For examples of direct double-carboxylations of two CH bonds, see: (a) B. R. Van Ausdall, N. F. 

Poth, V. A. Kincaid, A. M. Arif, and J. Louie, J. Org. Chem., 2011, 76, 8413; (b) X. Wang, Y. N. 

Lim, C. Lee, H.-Y. Jang, and B. Y. Lee, Eur. J. Org. Chem., 2013, 1867; (c) T. Kito and I. Hirao, 

Bull. Chem. Soc. Jpn., 1971, 44, 3123; (d) H. Mizuno, J. Takaya, and N. Iwasawa, J. Am. Chem. Soc., 

2011, 133, 1251. Also see the references 4a, 4c, and 9a.  

25. For double-carboxylations of unsaturated bonds, see: (a) T. Fujihara, Y. Horimoto, T. Mizoe, F. B. 

Sayyed, Y. Tani, J. Terao, S. Sakaki, and Y. Tsuji, Org. Lett., 2014, 16, 4960; (b) A. Tortajada, R. 

Ninokata, and R. Martin, J. Am. Chem. Soc., 2018, 140, 2050; (c) M. Takimoto, M. Kawamura, M. 

Mori, and Y. Sato, Synlett, 2005, 2019; (d) W.-Z. Zhang, M.-W. Yang, X.-T. Yang, L.-L. Shi, H.-B. 

Wang, and X-B. Lu, Org. Chem. Front., 2016, 3, 217; (e) S. Dérien, J.-C. Clinet, E. Duñach, and J. 

Périchon, Tetrahedron, 1992, 48, 5235.  

26. For the stepwise protocols that involve deprotonation to form an unstable dicarbanion species and 

the subsequent reaction with CO2, see: (a) A. J. Martínez-Martínez, A. R. Kennedy, R. E. Mulvey, 

and C. T. O’Hara, Science, 2014, 346, 834; (b) M. Schlosser, L. Guio, and F. Leroux, J. Am. Chem. 

Soc., 2001, 123, 3822; (c) H. Kitajima, K. Ito, Y. Aoki, and T. Katsuki, Bull. Chem. Soc. Jpn., 1997, 

70, 207; (d) P. V. Bedworth and J. M. Tour, Macromolecules, 1994, 27, 622; (e) P. E. Eaton, C.-H. 

Lee, and Y. Xiong, J. Am. Chem. Soc., 1989, 111, 8016.  

27. For double-carboxylations using one or two functionalized -bonds, see: (a) M. Juhl, S. L. R. 

Laursen, Y. Huang, D. U. Nielsen, K. Daasbjerg, and T. Skrydstrup, ACS Catal., 2017, 7, 1392; (b) 

T. Mita, S. Ishii, Y. Higuchi, and Y. Sato, Org. Lett., 2018, 20, 7603; (c) T. Mita, H. Masutani, S. 

Ishii, and Y. Sato, Synlett, 2019, 30, 841.  

 

 

Masanori Shigeno was born in Shiga in 1983, and received his BSc (2005) and PhD 

degrees (2009) from Kyoto University under the guidance of Professor Masahiro 

Murakami. He was a JSPS fellow under the Japanese Junior Scientists Program from 

2008 to 2009. In 2009, he joined Professor Masahiko Yamaguchi’s group at Tohoku 

University as an assistant professor. He had opportunity to work under the direction 
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