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Abstract In the presence of PdCl2[P(n-Bu)3]2 (10 mol%) and ZnEt2, 2-
furyl and 2-pyrrolylmethyl acetate were carboxylated with CO2 (1 atm),
affording doubly carboxylated products in good yields. In this dearoma-
tive transformation, ,-dicarboxylic acids were obtained selectively, in
contrast to our previous report in which ,-dicarboxylic acids were se-
lectively produced from 2-indolylmethyl acetates. In contrast, 5-thi-
azolylmethyl acetate and naphthylmethyl acetates predominantly un-
derwent single carboxylation.

Key words carboxylation, CO2, dearomatization, palladium, furan,
pyrrole

Catalytic carboxylation of stable heteroaromatics with
CO2

1 is a powerful tool for the synthesis of heteroaromatic
carboxylic acids.2–4 These carboxylic acids can be employed
as synthetic precursors for many biologically active mole-
cules because the carboxylic group is readily manipulated
into pharmacologically important amidine, lactam, and lac-
tone units. Among the reported routes for CO2 fixation into
heterocyclic compounds, one molecule of CO2 is generally
incorporated.2–4 However, we recently discovered that two
CO2 molecules could be incorporated into indole derivatives
simultaneously;5 2-indolylmethyl acetates were doubly car-
boxylated at the -and -positions via nucleophilic η1-allyl-
palladium and enamine species in the presence of the elec-
tron-rich palladium complex, PdCl2[P(n-Bu)3]2, and ZnEt2
(Scheme 1).5 Encouraged by this double carboxylation, we
then considered that the extended -position might also be
carboxylated when furan and pyrrole derivatives lacking
the aryl moiety were employed. Given that catalytic double
carboxylation using CO2 has been very limited,6 a new type
of catalytic double carboxylation of diverse substrates,
without using highly nucleophilic arylmagnesium or lithi-
um reagents, which are incompatible with several function-

al groups,7 is in high demand. We herein describe a catalyt-
ic double carboxylation of furan and pyrrole derivatives by
using our established Pd/ZnEt2 system5,8 through a dearo-
mative process.9 In cases in which dearomatization did not
proceed, which depended on the substrate employed, single
carboxylation proceeded predominantly. We explain herein
both catalytic transformations in detail.

Scheme 1  Our previous and current studies on double carboxylation

We first investigated the carboxylation of furan deriva-
tives (Table 1). 2-Furylmethyl acetate 1, which can be readi-
ly prepared from the corresponding 2-furfuryl alcohol, was
employed as a standard substrate. By following the previ-
ously established conditions,5 we utilized PdCl2[P(n-Bu)3]2
(10 mol%), an air- and moisture-stable Pd complex, and
ZnEt2 (3.0 equiv) in DMF under 1 atm of CO2 atmosphere.
When the reaction was conducted at room temperature,
doubly carboxylated compound 2 was obtained in 8% yield
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together with recovery of 1 in 23% yield (entry 1). The ob-
tained product was the ,-dicarboxylate 2, which high-
lighted the different reactivity compared with the double
carboxylation of 2-indolylmethyl acetate, in which ,-di-
carboxylates were selectively produced (see above).5 When
the reaction temperature was raised to 40 °C, the yield in-
creased to 44% (entry 2). However, further increasing the
temperature did not give any improvement (entries 3 and
4). In addition, a shorter reaction time (4 h) gave a lower
yield (entry 5). A higher pressure of CO2 (10 atm) resulted in
a similar yield (entry 6). Without the Pd catalyst, the car-
boxylation did not proceed and 1 was recovered in 56%
yield (entry 7). Changing the solvent from DMF to DMA in-
creased the yield and 2 was obtained in 50% isolated yield
(entry 8). Neither a higher temperature with DMA (60 °C) nor
changing the solvent to THF was effective (entries 9 and 10).

Furans are known to react with electrophiles at the 5-
position rather than the 3-position through electrophilic
substitution (i.e., Friedel–Crafts reaction). However, in our
catalytic system, the first carboxylation was unlikely to be
an electrophilic substitution because the carboxylation did
not proceed without the Pd catalyst (Table 1, entry 7). Addi-
tionally, we believe that the reaction proceeded through a
first carboxylation of η1-allylpalladium species followed by
a second carboxylation of the resulting enol intermediate
(see below) (Scheme 2). The first carboxylation has gained
much interest because the unprecedented nucleophilic ad-
dition of η1-allylpalladium species takes place at the 5-posi-
tion through -conjugation.

Scheme 2  Exclusion of Friedel–Crafts type carboxylation

This catalytic system has been expanded to the double
carboxylation of pyrrole derivatives that also have 6 elec-
tron systems (Scheme 3). According to our previous report,5
an electron-donating substituent at the nitrogen atom is
expected to be preferred due to the enhancement of the nu-
cleophilicity of the enamine intermediate. Thus, N-ben-

zylpyrrole derivative 3 was initially employed as a sub-
strate. However, product 4 was obtained in only 2% yield,
even at longer reaction times, without recovery of 3, which
was probably due to its instability, and this promoted the
elimination of the acetate moiety.

Therefore, different protecting groups with electron-
withdrawing ability were investigated under the optimal
conditions (Scheme 4). Fortunately, the carbamate protec-
tion with C(O)Ot-Bu (Boc) and C(O)OMe increased the yield
of 6 up to 43% with ,-selectivity, but these protecting
groups were partially eliminated under the purification
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Table 1  Screening the Conditions for Double Carboxylation of 2-Furyl-
methyl Acetate

Entry Solvent Temp. (°C) Time (h) Yield (%)a

2 2′ Recovered 1

 1 DMF r.t. 16  8 trace 23

 2 DMF 40 16 40 (44) 3 (5)  0

 3 DMF 60 17 21 0  0

 4 DMF 80 18  0 0  0

 5 DMF 40  4 19 trace trace

 6b DMF 40 16 44 trace  2

 7c DMF 40 16  0 0 56

 8 DMA 40 18 49 (50) trace  0

 9 DMA 60 16 39 2  0

10 THF 40 18  9 0  0
a Yields were determined by 1H NMR analysis by using 1,1,2,2-tetrachlo-
roethane as an internal standard. Isolated yields are given in parentheses.
b The reaction was conducted under 10 atm of CO2.
c Without PdCl2[P(n-Bu)3]2.
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process using basic silica gel column chromatography (NH
silica gel). Even though the yields were moderate, we suc-
cessfully demonstrated a new type of double carboxylation
of nitrogen-containing heteroaromatics.

We next examined other heteroaromatics in this car-
boxylation with CO2. The use of 2-thiophenylmethyl acetate
afforded the doubly carboxylated product in only 2% yield
(data not shown), whereas carboxylation of 5-thiazolyl-
methyl acetate 7 afforded the singly carboxylated product
in 38% yield at slightly higher temperature (60 °C) without
generation of the doubly carboxylated product 9 (Scheme 5).

Scheme 5  Carboxylation of 5-thiazolylmethyl acetate 7

The observed mono-selectivity was attributed to the
difficulty of breaking the aromaticity of the thiazole ring.
The terminal η1-allylpalladium species did not react at ei-
ther the - or -position through a dearomative process. In
fact, 1- and 2-naphthalenemethyl acetates, which are stable
aromatics but susceptible to the initial oxidative addition to
Pd(0), underwent single carboxylation predominantly, af-
fording -carboxylated products 11a and 11b in 51% and
44% yield, respectively, without forming the dearomative
product 11a′ (Scheme 6). Although the yields were moder-
ate due to the generation of methylnaphthalenes 12a and
12b, this is the first example of palladium-catalyzed car-
boxylation of benzylic carboxylates.10,11

Scheme 6  Single carboxylation of naphthalene derivatives

We next propose two reasonable catalytic cycles
(Scheme 7). In the carboxylation of 2-furylmethyl acetate 1
and 2-pyrrolylmethyl acetate 5, initially, the oxidative addi-
tion of 1 or 5 to Pd(0)Ln would result in the formation of η3-
allylpalladium I. Transmetalation between I and ZnEt2 gives
the nucleophilic η1-allylethylpalladium II,12 which reacts
with CO2 at the -position through dearomatization of the
furan or the pyrrole ring, giving palladium carboxylate III,
bearing either an enol or an enamine moiety. The nucleo-

philic enol or the enamine can then undergo the second
carboxylation with CO2 after transmetalation with ZnEt2,13

giving oxocarbenium or iminium intermediate V, which
could undergo rearomatization followed by protonation by
acidic work-up and methyl esterification to afford 2 or 6.

Scheme 7  Proposed catalytic cycle

In a similar manner, 5-thiazolylmethyl acetate 7 can ox-
idatively add to Pd(0)Ln to afford VI, which is transmetalat-
ed with ZnEt2, affording VII. Intermediate VII would be in
equilibrium with VII′ through η3-allylpalladium VII′′. Of
two η1-allylethylpalladium intermediates (VII and VII′), ter-
minal VII seemed to be more stable than internal VII′, but
- or -carboxylation would not proceed from VII because
braking the aromaticity of the thiazole nucleus would be
difficult. Therefore, η1-allylethylpalladium VII′, stabilized
by two double bonds (alkene and imine), would attack CO2
at the -position to give palladium carboxylate VIII, which
is reduced by ZnEt2 to regenerate Pd(0)Ln together with re-
lease of zinc carboxylate IX. It would then be hydrolyzed,
affording singly carboxylated compound 8.

In summary, we have developed a catalytic carboxyl-
ation of heteroaromatic compounds with CO2. Double or
single carboxylation occurred, depending on the substrate
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employed. Even though yields were moderate due to the
competing -hydride elimination, this methodology could
open new routes to the synthesis of carboxylated heterocy-
cles from CO2.

Funding Information

This work was financially supported by the Japan Society for the Pro-
motion of Science (Grant-in-Aid for Scientific Research, No.
18K05096), the Naito Foundation, the Takeda Science Foundation, and
the Sumitomo Foundation.Japan Society for the Promotion of Science (18K05096)

Supporting Information

Supporting information for this article is available online at
https://doi.org/10.1055/s-0037-1612414. Supporting InformationSupporting Information

References and Notes

(1) For recent reviews on CO2 incorporation reactions, see:
(a) Sakakura, T.; Choi, J.-C.; Yasuda, H. Chem. Rev. 2007, 107,
2365. (b) Cokoja, M.; Bruckmeier, C.; Rieger, B.; Herrmann, W.
A.; Kühn, F. E. Angew. Chem. Int. Ed. 2011, 50, 8510. (c) Tsuji, Y.;
Fujihara, T. Chem. Commun. 2012, 9956. (d) Zhang, L.; Hou, Z.
Chem. Sci. 2013, 4, 3395. (e) Kielland, N.; Whiteoak, C. J.; Kleij, A.
W. Adv. Synth. Catal. 2013, 355, 2115. (f) Cai, X.; Xie, B. Synthesis
2013, 45, 3305. (g) Maeda, C.; Miyazaki, Y.; Ema, T. Catal. Sci.
Technol. 2014, 4, 1482. (h) Börjesson, M.; Moragas, T.; Gallego,
D.; Martin, R. ACS Catal. 2016, 6, 6739. (i) Zhang, Z.; Ju, T.; Ye, J.-
H.; Yu, D.-G. Synlett 2017, 28, 741. (j) Tortajada, A.; Juliá-
Hernández, F.; Börjesson, M.; Moragas, T.; Martin, R. Angew.
Chem. Int. Ed. 2018, 57, 15948. (k) Song, J.; Liu, Q.; Liu, H.; Jiang,
X. Eur. J. Org. Chem. 2018, 696. (l) Hong, J.; Li, M.; Zhang, J.; Sun,
B.; Mo, F. ChemSusChem 2019, 12, 6.

(2) For Lewis-acid-catalyzed carboxylation of heteroaromatic com-
pounds, see: (a) Nemoto, K.; Onozawa, S.; Egusa, N.; Morohashi,
N.; Hattori, T. Tetrahedron Lett. 2009, 50, 4512. (b) Nemoto, K.;
Onozawa, S.; Konno, M.; Morohashi, N.; Hattori, T. Bull. Chem.
Soc. Jpn. 2012, 85, 369. (c) Nemoto, K.; Tanaka, S.; Konno, M.;
Onozawa, S.; Chiba, M.; Tanaka, Y.; Sasaki, Y.; Okubo, R.; Hattori,
T. Tetrahedron 2016, 72, 734.

(3) For weak-base-mediated carboxylation of heteroaromatic com-
pounds, see: (a) Schlosser, M.; Marull, M. Eur. J. Org. Chem. 2003,
1569. (b) Inamoto, K.; Asano, N.; Nakamura, Y.; Yonemoto, M.;
Kondo, Y. Org. Lett. 2012, 14, 2622. (c) Yoo, W.-J.; Capdevila, M.
G.; Du, X.; Kobayashi, S. Org. Lett. 2012, 14, 5326. (d) Li, S.; Ma, S.
Adv. Synth. Catal. 2012, 354, 2387. (e) Xin, Z.; Lescot, C.; Friis, S.
D.; Daasbjerg, K.; Skrydstrup, T. Angew. Chem. Int. Ed. 2015, 54,
6862. (f) Yoo, W.-J.; Nguyen, T. V. Q.; Capdevila, M. G.;
Kobayashi, S. Heterocycles 2015, 90, 1196. (g) Banerjee, A.; Dick,
G. R.; Yoshino, T.; Kanan, M. W. Nature 2016, 531, 215. (h) Miao,
B.; Li, S.; Li, G.; Ma, S. Org. Lett. 2016, 18, 2556. (i) Kee, C. W.;
Peh, K. Q. E.; Wong, M. W. Chem. Asian J. 2017, 12, 1780.

(4) For transition-metal-catalyzed C(sp2)–H carboxylation of het-
eroaromatic compounds, see: (a) Boogaerts, I. I. F.; Nolan, S. P.
J. Am. Chem. Soc. 2010, 132, 8858. (b) Zhang, L.; Cheng, J.;
Ohishi, T.; Hou, Z. Angew. Chem. Int. Ed. 2010, 49, 8670.
(c) Boogaerts, I. I. F.; Fortman, G. C.; Furst, M. R. L.; Cazin, C. S. J.;

Nolan, S. P. Angew. Chem. Int. Ed. 2010, 49, 8674. (d) Inomata, H.;
Ogata, K.; Fukuzawa, S.; Hou, Z. Org. Lett. 2012, 14, 3986.
(e) Suga, T.; Mizuno, H.; Takaya, J.; Iwasawa, N. Chem. Commun.
2014, 14360. (f) Park, D.-A.; Ryu, J.-Y.; Lee, J.; Hong, S. RSC Adv.
2017, 7, 52496.

(5) For our recently developed double carboxylation, see: Mita, T.;
Ishii, S.; Higuchi, Y.; Sato, Y. Org. Lett. 2018, 20, 7603.

(6) For catalytic double carboxylation reactions using CO2, see:
(a) Takimoto, M.; Kawamura, M.; Mori, M.; Sato, Y. Synlett 2005,
2019. (b) Fujihara, T.; Horimoto, Y.; Mizoe, T.; Sayyed, F. B.; Tani,
Y.; Terao, J.; Sakaki, S.; Tsuji, Y. Org. Lett. 2014, 16, 4960.
(c) Tortajada, A.; Ninokata, R.; Martin, R. J. Am. Chem. Soc. 2018,
140, 2050.

(7) For strong-base-mediated lithiation followed by carboxylation,
see: (a) Katritzky, A. R.; Akutagawa, K. Tetrahedron Lett. 1985,
26, 5935. (b) Conway, S. C.; Gribble, G. W. Heterocycles 1992, 34,
2095. (c) Kondo, Y.; Yoshida, A.; Sakamoto, T. J. Chem. Soc.,
Perkin Trans. 1 1996, 2331. (d) Kondo, Y.; Yoshida, A.; Sato, S.;
Sakamoto, T. Heterocycles 1996, 42, 105. (e) Fukuda, T.; Mine, Y.;
Iwao, M. Tetrahedron 2001, 57, 975. (f) Liu, Y.; Gribble, G. W. Tet-
rahedron Lett. 2001, 42, 2949. (g) Herbert, J. M.; Maggiani, M.
Synth. Commun. 2001, 31, 947. (h) Liu, Y.; Gribble, G. W. Tetrahe-
dron Lett. 2002, 43, 7135. (i) Wu, J.; Yang, X.; He, Z.; Mao, X.;
Hatton, T. A.; Jamison, T. F. Angew. Chem. Int. Ed. 2014, 53, 8416.

(8) For our achievements with Pd-catalyzed allylic carboxylation
reactions, see: (a) Mita, T.; Higuchi, Y.; Sato, Y. Chem. Eur. J.
2015, 21, 16391. (b) Mita, T.; Tanaka, H.; Higuchi, Y.; Sato, Y.
Org. Lett. 2016, 18, 2754. (c) Higuchi, Y.; Mita, T.; Sato, Y. Org.
Lett. 2017, 19, 2710.

(9) For reviews on dearomatization reactions, see: (a) Pape, A. R.;
Kaliappan, K. P.; Kündig, E. P. Chem. Rev. 2000, 100, 2917.
(b) Roche, S. P.; Porco, J. A. Jr. Angew. Chem. Int. Ed. 2011, 50,
4068. (c) Zhuo, C.-X.; Zhang, W.; You, S.-L. Angew. Chem. Int. Ed.
2012, 51, 12662. (d) Zhuo, C.-X.; Zheng, C.; You, S.-L. Acc. Chem.
Res. 2014, 47, 2558. (e) Ding, Q.; Zhou, X.; Fan, R. Org. Biomol.
Chem. 2014, 12, 4807. (f) Denizot, N.; Tomakinian, T.; Beaud, R.;
Kouklovsky, C.; Vincent, G. Tetrahedron Lett. 2015, 56, 4413.
(g) Roche, S. P.; Tendoung, J.-J. Y.; Tréguier, B. Tetrahedron 2015,
71, 3549. (h) Zi, W.; Zuo, Z.; Ma, D. Acc. Chem. Res. 2015, 48, 702.
(i) Liang, X.-W.; Zheng, C.; You, S.-L. Chem. Eur. J. 2016, 22,
11918.

(10) For catalytic benzylic carboxylation of benzylic halides, carbox-
ylates, and ammoniums, see: (a) León, T.; Correa, A.; Martin, R.
J. Am. Chem. Soc. 2013, 135, 1221. (b) Correa, A.; León, T.;
Martin, R. J. Am. Chem. Soc. 2014, 136, 1062. (c) Moragas, T.;
Gaydou, M.; Martin, R. Angew. Chem. Int. Ed. 2016, 55, 5053.

(11) For Pd-catalyzed carboxylation of benzyl chloride, see: Zhang,
S.; Chen, W.-Q.; Yu, A.; He, L.-N. ChemCatChem 2015, 7, 3972.

(12) For reviews on nucleophilic η1-allylpalladium species, see:
(a) Tamaru, Y. J. Organomet. Chem. 1999, 576, 215. (b) Marshall,
J. A. Chem. Rev. 2000, 100, 3163. (c) Szabó, K. J. Chem. Eur. J.
2004, 10, 5268. (d) Szabó, K. J. Synlett 2006, 811. (e) Zanoni, G.;
Pontiroli, A.; Marchetti, A.; Vidari, G. Eur. J. Org. Chem. 2007,
3599. (f) Spielmann, K.; Niel, G.; de Figueiredo, R. M.;
Campagne, J.-M. Chem. Soc. Rev. 2018, 47, 1159.

(13) For base-mediated carboxylation of enamides under transition-
metal-free conditions, see: Zhang, Z.; Zhu, C.-J.; Miao, M.; Han,
J.-L.; Ju, T.; Song, L.; Ye, J.-H.; Li, J.; Yu, D.-G. Chin. J. Chem. 2018,
36, 430.
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2019, 30, A–D


