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Efficient Synthesis of Carboxylic Esters via Palladium(II)-Catalyzed Direct
Alkoxycarbonylation of Arenes with CO and Alcohols
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Abstract: An efficient palladium(II)-catalyzed procedure for the
alkoxycarbonylation of arenes and heteroarenes with atmospheric
pressure carbon monoxide and alcohols was developed to synthe-
size aryl carboxylic esters.
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Aryl carboxylic esters are valuable commodity chemicals
and useful synthetic building blocks for agrochemicals,
active pharmaceutical ingredients, and process chemicals.
Transition-metal-catalyzed carbonylation reactions in-
volving the coupling of aryl halides (ArX) or arylmetallic
compounds (ArM) with CO and various nucleophiles,
such as alcohols, amines, and carbon nucleophiles, have
been increasingly explored and received great success in
both academia and industry in the last several decades
(Scheme 1, A).!? However, these reactions require multi-
step sequences to prepare the starting materials (ArX or
ArM) and generate stoichimetric byproducts, which is not
environmentally friendly and atom economic. Evidently,
the direct C—H bond carbonylation of ArH would be an
ideal method to construct aryl carboxylic acids and their
derivatives in terms of atom- and step-economy.

Recently, great successes have been made in the palladi-
um(Il)-catalyzed direct transformation of unactivated
C—H bonds into a variety of functional groups through
the formation of C—C and C-X bonds.?> However, palla-
dium(II)-catalyzed direct carbonylation of C—H bonds
remains an outstanding challenge.* Palladium(II)-cata-
lyzed C—H carbonylation reactions were first reported by
Fujiwara and co-workers in 1980, in which the substrate
was used as the solvent and mixtures of regioisomeric
products were obtained in the case of substituted arenes.’
Little success has been made in this area, until 2004 Ori-
to and co-workers demonstrated the ortho-selective car-
bonylation of N-alkyl-w-arylalkylamines under
atmospheric pressure CO to obtain benzolactams.® In
2008, the Yu group demonstrated the ortho-carbonyl-
ation of benzoic and phenylacetic acids.” Ever since
then, the oxidative carbonylation of arenes with CO in
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the presence of nucleophiles has received tremendous
interests, and various other directing groups have been
reported.® However, despite of these successes, relative-
ly few examples of the direct alkoxylcarbonylation of
arenes with CO and alcohols to form carboxylic esters
have been reported yet (Scheme 1, B).®" Herein, we de-
scribe a novel and efficient palladium-catalyzed oxida-
tive alkoxycarbonylation to form esters with
atmospheric pressure CO and alcohol coupled with an
inexpensive terminal oxidant (Scheme 1, B).*t

Our studies commenced with examining the oxidative
alkoxycarbonylation of 2-phenylpyridine (1a) with atmo-
spheric pressure CO and n-pentanol in dioxane.!® A vari-
ety of oxidants and additives were screened, and the
results are shown in Table 1. Initially, we found that the
alkoxycarbonylation proceeded in 12% yield in the pres-
ence of BQ and NaHCO; (Table 1, entry 1). Further opti-
mization revealed that CuBr, is the ideal oxidant (Table 1,
entry 3). The choice of additives is crucial for the success
of this transformation, and NaOAc gave the best yield
(Table 1, entries 4—7). After extensive screening, we were
delighted to find that oxygen may promote the reac-
tion.®3™P When the alkoxycarbonylation reaction was

A) classic alkoxycarbonylation reactions: refs. 1 and 2
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Scheme 1 Palladium-catalyzed alkoxycarbonylation with CO and
alcohols
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conducted under an atmospheric pressure of the mixture
of CO and O, (about 4:1, v/v), the yield increased to 48%
(Table 1, entry 8). Various reaction parameters were stud-
ied next, and we found that the aryl carboxylic ester 2a
could be afforded in 80% yield under our optimized con-
ditions: 10 mol% Pd(OAc),, 1.0 equivalent CuBr,, 1.0
equivalent NaOAc, and 15 equivalents n-pentanol in 1,4-
dioxane under CO/O, (v/v, 4:1, 1 atm) at 100 °C (Table 1,
entry 10)."

Table 1 Optimization of Reaction Conditions®

RN X
| _N Pd(OAC)5 (10 mol%) |
oxidant, additive (0]
_— >
+ \M;\OH CO (1 atm)

1,4-dioxane, 24 h OCsHi+

1a 2a
Entry Oxidant Additive Alcohol  Time Yield
(equiv)  (°C) (%)
1 BQ NaHCO;, 5.0 130 12
2 Oxone NaHCO, 5.0 130 10
3 CuBr, NaHCO; 5.0 130 32
4 CuBr, NaBF, 5.0 130 <5
5 CuBr, KOAc 5.0 130 20
6 CuBr, NaOAc 5.0 130 34
7 CuBr, K;PO, 5.0 130 18
8¢ CuBr, NaOAc 10.0 130 48
9¢ CuBr, NaOAc 15.0 130 66
10¢ CuBr, NaOAc 15.0 100 80

# Reaction conditions: 1a (0.2 mmol), Pd(OAc), (10 mol%), oxidant
(1.0 equiv), additive (1.0 equiv), and n-pentanol in 1,4-dioxane (2
mL) under CO (1 atm).

® Isolated yield.

¢CO/0, =4:1 (v/v, 1 atm).

With the optimized conditions in hand, we then explored
the scope of pyridine derivatives. Generally, the reactions
proceeded smoothly at 100 °C, and the yield of the alk-
oxycarbonylation product varied from 38% to 95%, de-
pending on the nature of the pyridine derivatives (Table
2). The reaction delivered an array of carboxylic esters
with various functional groups, such as carboxylic esters
(Table 2, entries 4), methoxyl (Table 2, entries 5 and 10—
12), chloride (Table 2, entry 6, and fluoride (Table 2, entry
10). Heteroarene is also tolerated, albeit affording the de-
sired product in a reduced yield (Table 2, entry 9). Ethanol
and tert-amyl alcohol exhibited no reactivity under the
carbonylation reaction conditions. Under the optimal con-
ditions, substrates containing different directing groups,
including substituted pyridines and pyrimidine, were ex-
amined for this oxidative alkoxycarbonylation reaction.
All of them generate the carbonylation products in moder-
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ate to good yields under this protocol (Table 2, entries 10—
12). As mentioned previously, additives are crucial for
this reaction and Li,CO; was found to be a better additive
than NaOAc in the reaction of 1i (Table 2, entry 9). It is
interesting to note that the monocarbonylation products
were obtained in all cases. Even with pyrimidine as the di-
recting group, the monocarbonylation product 21 was
formed exclusively (Table 2, entry 12). Furthermore,
products 2b,d-2j,1 were all obtained with high regioselec-
tivities. In these cases, the alkoxycarbonylation occurs se-
lectively to the less sterically hindered site (Table 2,
entries 2, 4-6, and 10-12).

Finally, a plausible mechanism for the present palladi-
um(Il)-catalyzed alkoxycarbonylation of 2-phenylpyri-
dine (1a) is proposed on the basis of previous studies
(Scheme 2). Coordination of 1a to palladium acetate is
followed by C—H activation to form the dimeric pallada-
cycle 1.1 Subsequently, CO and alcohol coordinate to
palladium via ligand exchange and release of AcOH.
There are two possible pathways for the formation of car-
boxylic ester 2a from intermediate II: 1) migration inser-
tion of CO into the Pd—C bond to form intermediate III,
followed by C—O bond reductive elimination; or 2) migra-
tion insertion of CO into the Pd—OR bond to form inter-
mediate IV, followed by C—C bond reductive elimination.
Although theoretical studies have shown that migration
insertion of CO into Pd—OR bonds was preferred under
certain conditions,'? either of these pathways can be ruled
out at this stage.

In conclusion, we have developed an efficient protocol for
the preparation of aryl carboxylic esters via palladium(II)-
catalyzed oxidative alkoxycarbonylation of arenes and
heteroarenes with atmospheric pressure CO and alcohol.!?
The reaction shows high regioselectivity and reactivity
(up to 95% yield). Moreover, this protocol might be fur-
ther explored to the alkoxycarbonylation of other synthet-
ically useful substrates.
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Scheme 2 Plausible mechanism
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Table 2 Palladium(II)-Catalyzed Alkoxycarbonylation of Aromatic C—H Bonds with CO and Alcohol?

_N Pd(OAC), (10 mol%)

CuBr,, NaOAc
+ Y on 2

3

7 CO/O; (4:1, 1 atm)
R— | 1,4-dioxane, 100 °C
N
1
Entry Substrate Product Time (h) Yield (%)°
1 ©/ COXCsHis 24 80
la 2a
Py \C[Py
2 \©/ CO,CsHi 48 63
1b 2b
o jod
3 CO,CsH11 72 91
1c 2¢
Py Py
CO2CsH14
4 24 55
COgMe MEOQC
1d 2d
MeO. Py MeO\ii[Py
|
5 \©/ Z N C0,Cati1 24 70
le 2e
Cl Py CI\@[PY
6 \©/ CO,CsHr1 & 38
1f
Py
7 72 87
1g
| N
N/
8 O 96 95
1h 2h
S,
S Py
L) ~
9 24 58¢
CO2C5H111
1i
2i
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Table 2 Palladium(II)-Catalyzed Alkoxycarbonylation of Aromatic C—H Bonds with CO and Alcohol® (continued)

~
| N Pd(OAC), (10 mol%)
CuBry, NaOAc
+ WOH 2
= 3 CO/Oy (4:1, 1 atm)
R— | 1,4-dioxane, 100 °C
AN
1 2
Entry Substrate Product Time (h) Yield (%)°
F F
7 =
MeO
10 MeO N e XN 48 76
1j 2j
cl %
= = |
MeO. X
1 MeO N N 48 70
CO2CsH14
1k 2K
MeO. Py Meo\©ipy
12 \©/ CO5CsH14 24 77
11 21

 Reaction conditions: 1a (0.2 mmol), Pd(OAc), (0.02 mmol), CuBr, (0.2 mmol), NaOAc (0.2 mmol), and n-pentanol (3.0 mmol) in 1,4-dioxane
(2 mL) under CO/O, (1 atm, v/v=4:1) at 100 °C.

b Isolated yields.

¢ NaOAc was replaced by Li,COs.

Acknowledgment P.; Lei, A. J. Am. Chem. Soc. 2008, 130, 9429. (h) Liu, Q.;
. . . ) . . Li, G,; He, J.; Liu, J.; Li, P.; Lei, A. Angew. Chem. Int. Ed.
Financial support from the National Science Foundation of China 2010, 49, 3371.
(21002087, 21272206), the Fundamental Research Funds for the (3) For selected recent reviews, see: (a) Colby, D. A.; Bergman,
Central Universities (2010QNA3033), Zhejiang Provincial NSFC R.G.; Ellman, J. A. Chem. Rev. 2010, 110, 624. (b) Mkhalid,
(Z12B02000), Qianjiang Project (2013R10033), and Specialized I A. I; Barnard, J. H.; Marder, T. B.; Murphy, J. M.;
Research Fund for the Doctoral Program of Higher Education Hartwig, J. F. Chem. Rev. 2010, 110, 890. (c) Engle, K. M.;
(20110101110005) is gratefully acknowledged. Mei, T.-S.; Wasa, M.; Yu, J.-Q. Acc. Chem. Res. 2012, 45,

788. (d) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110,
1147. (e) Li, B.-J.; Shi, Z.-J. Chem. Soc. Rev. 2012, 41,
5588. (f) Zhao, D.; You, J.; Hu, C. Chem. Eur. J. 2011, 17,
5466.

(4) Forselected recent reviews on C—H bond carbonylation, see:
(a) Ref. 2a. (b) Chatani, N.; Inoue, S.; Yokota, K.;
Tatamidani, H.; Fukumoto, Y. Pure Appl. Chem. 2010, 82,

Supporting Information for this article is available online at
http://www.thieme-connect.com/ejournals/toc/synlett.

References and Notes

(1) For pioneering work, see: (a) Schoenberg, A.; Bartoletti, I.; 1443. (¢) Jia, C.; Kitamura, T.; Fujiwara, Y. Acc. Chem. Res.
Heck, R. F. J. Org. Chem. 1974, 39, 3318. (b) Schoenberg, 2001, 34, 633.
A.; Heck, R. F. J. Org. Chem. 1974, 39, 3327. (5) Fujiwara, Y.; Kawauchi, T.; Taniguchi, H. J. Chem. Soc.,
(2) For selected recent reviews and leading references on Pd- Chem. Commun. 1980, 220.
catalyzed carbonylation reactions, see: (a) Liu, Q.; Zhang, (6) Orito, K.; Horibata, A.; Nakamura, T.; Ushito, H.; Nagasaki,
H.; Lei, A. Angew. Chem. Int. Ed. 2011, 50, 10788. (b) Wu, H.; Yuguchi, M.; Yamashita, S.; Tokuda, M. J. Am. Chem.
X.-F.; Neumann, H.; Beller, M. Chem. Soc. Rev. 2011, 40, Soc. 2004, 126, 14342.
4986. (c) Brennfiihrer, A.; Neumann, H.; Beller, M. Angew. (7) Giri, R.; Yu, J.-Q. J. Am. Chem. Soc. 2008, 130, 14082.
Chem. Int. Ed. 2009, 48, 4114. (d) Barnard, C. F. J. (8) For selected examples of Pd-catalyzed C—H bond
Organometallics 2008, 27, 5402. () Munday, R. H.; carbonylation using other directing groups, see:
Martinelli, J. R.; Buchwald, S. L. J. Am. Chem. Soc. 2008, (a) Houlden, C. E.; Hutchby, M.; Bailey, C. D.; Ford, J. G.;
130, 2754. (f) Ben-David, Y.; Portnoy, M.; Milstein, D. Tyler, S. N. G.; Gagné, M. R.; Lloyd-Jones, G. C.; Booker-
J. Am. Chem. Soc. 1989, 111, 8742. (g) Zhao, Y.; Jin, L.; Li, Milburn, K. 1. Angew. Chem. Int. Ed. 2009, 48, 1830.

© Georg Thieme Verlag Stuttgart - New York Synlett 2013, 24,2274-2278

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



2278

B. Liu, B.-F. Shi

LETTER

©

(10

(b) Giri, R.; Lam, J. K.; Yu, J.-Q. J. Am. Chem. Soc. 2010,
132, 686. (c) Yoo, E. J.; Wasa, M.; Yu, J.-Q. J. Am. Chem.
Soc. 2010, 132, 17378. (d) Haffemayer, B.; Gulias, M.;
Gaunt, M. J. Chem. Sci. 2011, 2, 312. (¢) Wrigglesworth, J.
W.; Cox, B.; Lloyd-Jones, G. C.; Booker-Milburn, K. I. Org.
Lett. 2011, 13, 5326. (f) Lopez, B.; Rodriguez, A.; Santos,
D.; Albert, J.; Ariza, X.; Garcia, J.; Granell, J. Chem.
Commun. 2011, 47, 1054. (g) Guan, Z. H.; Chen, M.; Ren,
Z.-H.J. Am. Chem. Soc. 2012, 134, 17490. (h) Ferguson, J.;
Zeng, F.; Alwis, N.; Alper, H. Org. Lett. 2013, 15, 1998.
(i) Liang, Z.; Zhang, J.; Liu, Z.; Wang, K.; Zhang, Y.
Tetrahedron 2013, 69, 6519. (j) Rajeshkumar, V.; Lee, T.;
Chuang, S.-C. Org. Lett. 2013, 15, 1468. (k) Lu, Y.; Leow,
D.; Wang, X.-S.; Engle, K. M.; Yu, J.-Q. Chem. Sci. 2011, 2,
967. (1) Li, H.; Cai, G.-X.; Shi, Z.-J. Dalton Trans. 2010, 39,
10442. (m) Zhang, H.; Liu, D.; Chen, C.-Y.; Liu, C.; Lei, A.-
W. Chem. Eur. J. 2011, 17,9581. (n) Xie, P.; Xie, Y.; Qian,
B.; Zhou, H.; Xia, C.; Huang, H. J. Am. Chem. Soc. 2012,
134,9902. (o) Ferguson, J.; Zeng, F.; Alper, H. Org. Lett.
2012, 14, 5602. (p) Zhang, H.; Shi, R.; Gan, P.; Liu, C.;
Ding, A.; Wang, Q.; Lei, A. Angew. Chem. Int. Ed. 2012, 51,
5204. (q) Zeng, F.; Alper, H. Org. Lett. 2013, 15, 2034.
For selected examples of Rh- or Ru-catalyzed C—H bond
carbonylation, see: (a) Inoue, S.; Shiota, H.; Fukumoto, Y.;
Chatani, N. J. Am. Chem. Soc. 2009, 131, 6898. (b) Du, Y.;
Hyster, T. K.; Rovis, T. Chem. Commun. 2011, 47, 12074.
(c) Hasegawa, N.; Charra, V.; Inoue, S.; Fukumoto, Y.;
Chatani, N. J. Am. Chem. Soc. 2011, 133, 8070. (d) Chatani,
N.; Fukuyama, T.; Kakiuchi, F.; Murai, S. J. Am. Chem. Soc.
1996, 118, 493. (e) Fukuyama, T.; Chatani, N.; Tatsumi, J.;
Kakiuchi, F.; Murai, S.J. Am. Chem. Soc. 1998, 120, 11522.
(f) Chatani, N.; Asaumi, T.; Ikeda, T.; Yorimitsu, S.; Ishii,
Y.; Kakiuchi, F.; Murai, S. J. Am. Chem. Soc. 2000, 122,
12882. (g) Tlili, A.; Schranck, J.; Pospech, J.; Neumann, H.;
Beller, M. Angew. Chem. Int. Ed. 2013, 52, 6293. (h) Guan,
Z.-H.; Ren, Z.-H.; Spinella, S. M.; Yu, S.; Liang, Y.-M.;
Zhang, X.-M. J. Am. Chem. Soc. 2009, 131, 729. (i) Lang,
R.; Wu,J.; Shi, L.; Xia, C.; Li, F. Chem. Commun. 2011, 47,
12553.

For selected pyridine-directed C—H activation, see:

(a) Chen, X.; Goodhue, C. E.; Yu, J.-Q. J. Am. Chem. Soc.
2006, 128, 12634. (b) Hull, K. L.; Lanni, E. L.; Sanford, M.
S.J. Am. Chem. Soc. 2006, 128, 14047. (¢) Li, Y.; Li, B.-J.;
Wang, W.-H.; Huang, W.-P.; Zhang, X.-S.; Chen, K.; Shi,
Z.-J. Angew. Chem. Int. Ed. 2011, 50, 2115. (d) Deng, G.;
Zhao, L.; Li, C.-J. Angew. Chem. Int. Ed. 2008, 47, 6278.

Synlett 2013, 24, 2274-2278

(11)

(12)
(13)

(e) Jia, X.; Zhang, S.; Wang, W.; Luo, F.; Cheng, J. Org.
Lett. 2009, 11, 3120. (f) Tsai, A. S.; Tauchert, M. E.;
Bergman, R. G.; Ellman, J. A. J. Am. Chem. Soc. 2011, 133,
1248. (g) Li, W.; Arockiam, P. B.; Fischmeister, C.;
Bruneau, C.; Dixneuf, P. H. Green Chem. 2011, 13, 2315.
(h) Chen, Q.; Ilies, L.; Yoshikai, N.; Nakamura, E. Org. Lett.
2011, /3, 3232. (i) Kim, J.; Chang, S. J. Am. Chem. Soc.
2010, /32, 10272. (j) Li, B.; Wu, Z.-H.; Gu, Y.-F.; Sun, C.-
L.; Wang, B.-Q.; Shi, Z.-J. Angew. Chem. Int. Ed. 2011, 50,
1109. (k) Shi, B.-F.; Maugel, N.; Zhang, Y.-H.; Yu, J.-Q.
Angew. Chem. Int. Ed. 2008, 47, 4882. (1) Morimoto, K.;
Hirano, K.; Satoh, T.; Miura, M. Org. Lett. 2010, 12, 2068.
(m) Norinder, J.; Matsumoto, A.; Yoshikai, N.; Nakamura,
E. J. Am. Chem. Soc. 2008, 130, 5858. (n) Kozhushkov, S.
L; Yufit, D. S.; Ackermann, L. Org. Lett. 2008, 10, 3409.
(o) Feng, C.-G.; Ye, M.; Xiao, K.-J.; Li, S.; Yu, J.-Q. J. Am.
Chem. Soc. 2013, 135,9322. (p) Yan, Y.; Feng, P.; Zheng,
Q.-Z.; Liang, Y.-F.; Lu, J.-F.; Cui, Y.; Jiao, N. Angew.
Chem. Int. Ed. 2013, 52, 5827, and references therein.
General Procedure for Alkoxycarbonylation of 1 with
CO and Alcohols

A mixture of substrate 1 (0.2 mmol), Pd(OAc), (10 mmol%),
CuBr, (0.2 mmol), NaOAc (0.3 mmol), alcohol (3.0 mmol),
and dioxane (2.0 mL) in a 50 mL Schlenk tube (purged with
CO/O, =4:1) was heated at 100 °C for 24 h. The reaction
mixture was cooled to r.t. and concentrated in vacuo. The
residue was purified by chromatography on silica gel to
afford the desired product 2.

Pentyl 4-Methyl-2-(pyridin-2-yl)benzoate (2b)
Compound 2b was prepared in 63% yield according to the
general procedure as an oil. "H NMR (400 MHz, CDCl,): §
=8.64(d,J=4.8Hz, 1 H),7.77(d,J=7.6 Hz, 1 H), 7.72 (d,
J=17.6Hz,1H),7.41(d,J=7.6Hz,1H),7.34(s, 1 H),7.27
(d,/J=7.6 Hz, 2 H), 4.04 (t, /= 6.8 Hz, 2 H), 2.43 (s, 3 H),
1.41-1.35 (m, 2 H), 1.25-1.19 (m, 2 H), 1.11-1.04 (m, 2 H),
0.83 (t,J= 7.2 Hz, 3 H). 3*C NMR (100 MHz, CDCL,): 6 =
168.6, 159.2, 149.0, 141.6, 141.2, 135.9, 130.7, 130.1,
128.9, 123.0, 121.9, 55.0, 28.0, 22.3, 21.4, 13.9. HRMS (EI-
TOF): m/z calcd for C,iH,NO, [M*]: 283.1572; found:
283.1573.

Macgregor, S. A.; Neave, G. W. Organometallics 2003, 22,
4547.

While this manuscript was under revision, a Pd-catalyzed
direct C—H activation—carbonylation of 2-arylphenols was
reported: Luo, S.; Luo, F.-X.; Zhang, X.-S.; Shi, Z.-J.
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