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Transition-metal-mediated carboxylation of N—H and C-H
bonds represents a nascent area in organic chemistry, because
these reactions enable the efficient construction of valuable
synthons.'!" Palladium-catalyzed N-carbonylation-oxidation
sequences are well-documented, but they often require high
catalyst loadings and the use of either gaseous carbon
monoxide or Group VI metal-carbonyl complexes? An
analogous transformation sequence is also promoted by
molybdenum and tungsten carbonyl amine species under
forcing temperatures.®! Important advances in C-carboxyla-
tion reactions have been made using ruthenium™! and nickel
complexes;¥ however, examples under mild conditions are
elusive. The carboxylation of allylstannanes,”’ organozincs,
and organoboronic esters"® have been described as a new
method to improve functional group tolerance, but the
stoichiometric consumption of an organometallic reagent
remains a disadvantage. The reactivity of allylstannanes and
organozinc compounds necessitates handling under an inert
atmosphere, while organoboronic esters are expensive. A
protocol has recently been developed for the C-carboxylation
of simple aromatic groups under very mild reaction con-
ditions. In this case the strongly basic [Au(IPr)(OH)]"
(IPr=1,3-bis(diisopropyl)phenylimidazol-2-ylidene'”)) com-
plex (pK,pmso=30.3(2)) was used,'! which contains an
N-heterocyclic carbene (NHC) ligand [Eq. (1)].

0:.-OH
H [Au(IPr)OH] aq HCI c
N + €O, \ (1)
} P KOH,THF, 20°C, 12 h \
=
Rp Rn/

As the initial C—H activation proceeds through a simple
protonolysis mechanism,!'” simple Brgnsted/Lowry acid/base
theory was used as an effective method to predict the
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feasibility and site selectivity of such a C—H bond function-
alization. In this earlier report, an alternative to the use of the
well-defined [Au(IPr)(OH)] was devised, which made use of
its synthetic precursor, namely [ Au(IPr)Cl], in the presence of
KOH to generate [Au(IPr)(OH)] in situ. The possibility to
perform this exact C—H bond functionalization with
[Cu(IPr)CI]™ was also demonstrated.!'!]

We have recently developed the synthetically versatile
analogue [Cu(IPr)(OH)] (1), for which a pK,pyso value of
27.7(2) was determined by potentiometric titrimetry.'! As the
pK,value for 1 was found to be inferior to that of
[Au(IPr)(OH)], we suspected on the basis of this simple
acid/base reactivity prediction method that the scope of the
C—H bond carboxylation might be more limited. However, in
view of the straightforward synthetic access to the precursor
to 1, we deemed the exploration of such a powerful and
simple functionalization protocol worthy of exploration.
Herein, we show that 1 is a highly regioselective catalyst for
the carboxylation of N—H and C—H bonds that possess a
pK.pmso value of less than 27.7.19

As 2-substituted N-carbamoylimidazoles represent an
important motif in natural product chemistry,'””! 2-methyl-
1H-imidazole (2a) was selected as the model substrate
(pK.pmso =19.2). A rudimentary screening of the reaction
parameters defined the optimized catalyst system as 3 mol %
of [Cu(IPr)(OH)] and 1.1 equivalents of CsOH in THF
(Table 1, entry 1). This solution was heated to 40°C under
1.5 bar of CO, for 12 hours, then quenched with iodomethane

Table 1: N-carboxylation of 2-methyl-TH-imidazole with NHC—copper(l)

catalysts.”!
NX + co, loul_ _Mel N§< P
N—H 2 N-C
~— base g/ \OMe
2a 3a
Entry  [Cy] Loading (mol%)  Base Yield [%]®
1 [Cu(IPr)(OH)] (1) 3.0 CsOH 94
2 - - CsOH 0
3 [Cu(IPr)(OH)] (1) 3.0 - 0
4 [Cu(IP)(OH)] (1) 1.5 CsOH 88
5 [Cu(IPr)Cl] 3.0 NaOH 72
6 [Cu(IPr)Cl] 3.0 KOH 84
7 [Cu(IPrCl] 3.0 CsOH 91
8 [Cu(IPrCl] 15 CsOH 69
9 [Cu(SIPrCI] 15 CsOH 28
10 [Cu(IMes)Cl] 1.5 CsOH 16
n [Cu(SIMes)Cl] 15 CsOH 23

[a] Conditions: 1 mmol 2a, 1.1 mmol base, p(CO,)=1.5bar, 40°C,
20 Hz, 2 mLTHF, t=8 h. [b] Yield of isolated product.
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to afford the stable N-methyl-2-methylimidazole carboxylate
(3a) in quantitative yield.

The parent acid was isolated as a white solid in 88 % yield
after acid hydrolysis of the solution containing the catalyst,
but underwent spontaneous decarboxylation (28% in 3 h at
22°C). Under otherwise analogous reaction conditions, no
conversion of 2a was observed in the absence of
[Cu(IPr)(OH)], and no catalyst turnover was observed in
the absence of CsOH. Traces of oxygen led to the decom-
position of 1 within one hour and must therefore be strin-
gently excluded during loading. Catalyst loading could be
decreased to 1.5 mol% with a slight erosion of the yield
(Table 1, entry4). Treatment of [Cu(IPr)Cl] insitu with
alternative alkali metal hydroxide reagents could also medi-
ate the N-carboxylation of 2a (Table 1, entries 5-7). The
effect of the base was evaluated and reaction plots indicate
that although NaOH and KOH are effective bases, CsOH is
most effective in generating the active species when carbox-
ylation reactions are conducted at 40°C." In reactions where
the active species is generated in situ, catalyst turnover was
only observed after approximately three hours and the
profiles of CO, consumption in time suggest that the kinetics
of the carboxylation reaction are relatively independent of
the IPr—copper(I) source beyond the induction time
(Figure 1).

26
CO, pressure / bar

0 100 200 300 400
time / min

Figure 1. Reaction profiles for the N-carboxylation of 2-methyl-1H-
imidazole with 1 at 40°C: well-defined complex (bottom, —),
complex generated in situ (top, ----- ).

The use of other NHC ligands (Figure 2) gave significantly
lower yields of 3a under analogous reaction conditions
(Table 1, entries 9-11). The IPr ligand appears optimum at
this stage.

The scope of N-carboxylation under the optimized
reaction conditions is outlined in Table 2. The imidazole,
indole, and pyrazole derivatives were transformed cleanly and
quantitatively to the corresponding methyl esters (Table 2,
entries 1-3). No further purification step had to be used after
the simple work-up (extraction, separation, and conversion
into ester).™ Competitive O and C reactivity has been
reported to render regioselective carbamoylation of indoli-
nones and pyrrolones problematic.’® It was, therefore,
gratifying to observe 3e as the only product (Table 2,
entry 4). Substrates possessing N—H bonds with pK, values
above 27.7 fail to undergo carboxylation, thereby supporting
the usefulness of the prediction based on the pK, value. This
method was then extrapolated to the carboxylation of C—H
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Figure 2. NHC ligands used in this study. IMes =1,3-bis(2,4,6-trime-
thylphenyl)imidazol-2-ylidene, SIMes =1,3-bis(2,4,6-trimethylphenyl)
imidazolin-2-ylidene.

bonds (Table 3). Gas chromatography analysis showed that
the conversion of heteroaromatic compounds 4a-4c¢ under
the aforementioned reaction conditions was lethargic (16—
29%). However, simply increasing the temperature to 65°C
significantly improved the catalyst turnover to afford Sa-Sc¢
in quantitative yields (Table 3, entries 1-3). It is worth noting
that the C2-selective carboxylation of 4¢ is distinct from the
Friedel-Crafts mechanism, which promotes C3 selectivity,””
thus highlighting the complementarily of this method to the
classical transformation. Polyfluorinated arenes 4d-4e were
also found to undergo clean conversion into the correspond-
ing carboxylic acids under these reaction conditions (Table 3,
entries 4 and 5). Moreover, the presence of two activated
C—H bonds in 4e allowed facile synthesis of the symmetrical
terephthalic acid Sf when 2.2 equivalents of CsOH were
employed (Table 3, entry 6).

Preliminary mechanistic studies suggest that the catalytic
cycle is very similar to the one proposed for the gold-
catalyzed carboxylation reaction""! (Scheme 1), where proto-
nolysis of 2-methyl-1H-imidazole (2a) by

7 o
O/C\ e : NTN /H
N 3
K-3a Q\:’L/ %C‘uj‘\ [ e o,
OH
1
KOH H0

o//i\ \,/ [\me

N
.
Scheme 1. Proposed catalytic cycle for the N-carboxylation of 2-methyl-

1H-imidazole with [Cu(IPr) (OH)] (1).
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Table 2: N—H-carboxylation of N-heterocycles with [(Cu(IPr)(OH)].

[Cu(IPr)(OH)] (1) generates the copper(I)-imida-

N'H . Rs\ﬂ 0 zole species A. Nucleophilic addition of the
R3/[ R+ co, [Cu(IPr)OH] (1) (3 mol%)  Mel ﬁ N—C imidazole ligand to the electron-deficient carbon
R CsOH,THF, 40°C, 8 h R=g2  ome atom of CO, effects insertion to give the corre-
2 3 sponding carboxylate complex B. The cycle pro-
Entry Substrate pK, @ (N—H) Product (Yield [%6])® TOF[h'Jd ceeds with a salt metathesis involving KOH to
H conte regengrate 1, with conc.urlTent precipitation of
: ‘ N> b 185 IN’ 3b(88) 175 potassium 2-methyl-1H-imidaxole-1-carboxylate
Br)i N ' Br N/) . (K-3a).
H CO,Me In summary, we have demonstrated the ability
2 @N/ C ¢ 2c 164 ©:N/ <:> ¢ 3c(93) 19.1 of NH(; coppe.r(I) hydrox1de. complexes to enable
N N the regioselective carboxylation of N—H and C—H
H COzMe bonds that are predicted to be suitably acidic by
N N
3 )\/\<‘N 2d 19.8 J/\<N 3d (85) 16.6 Brgnsted/Lowry theory. The copper-based system
Br Br permits a significant range of N—H and C—H
H CO,Me carboxylation reactions. Current efforts are
4 [N>:o 2e 15.0 [N>:0 3e (90) 203 focused on understanding how variation in the
o o composition of the catalyst can influence this
potentially quite powerful transformation.
5 N 2f 37.0 N 3f(0) -
H CO,Me
NH. oy coMe Experimental Section
6 © 2g 30.6 @ 3g (0) - Representative general procedure for the catalytic car-

boxylation with NHC-Cu' complexes: A reaction tube

[a] pK, values taken from Ref. [16]. [b] Yields of the isolated product are the average of
three runs. [c] Turnover frequency determined after 1 h, defined as mol of ester per mol

of Cu per hour.

Table 3: C—H-carboxylation of aromatic substrates with [Cu(IPr) (OH)].
[Cu(IPr)OH] (1)

o}
|°°
H + co, (3 mol%) aq HCI C C/\/
CSOH,THF ; OH
65°C,8h
4 5
Entry Substrate pK,FI(C—H)  Product (Yield [%])®!

O,

1 @EN)—H 4a 2438
S

21 ©:N/>—H 4b 273

O,

©:N/>_C02H 5a (90)
S

@[ )—COH
N

5b (82)
(@] (0]
3 [N)—H 4c 277 [Nf>—COzH 5¢ (77)
F F
F F
4 4d 261 5d (85)
H CO,H
F F
H CO,H
F F F F
5 4e 231 Se (93)
F F F F
H H
H COH
F F F F
6 4e  23.1 5f(80)
F F F F
! COH

[a] pK, values taken from Ref. [16]. [b] Yields of the isolated product are
the average of three runs. [c] See Ref. [19]. [d] Catalysis conducted with
2.2 equiv of CsOH.
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was charged with a solution of [Cu(IPr)(OH)] (14.0 mg,
0.03 mmol), CsOH (164.9 mg, 1.1 mmol), and tetrade-
cane (0.1 mL, 0.19 mmol) in THF (1.7 mL) under 1.5 bar
of CO,. The mixture was incubated for about 15 min at
40°C with vigorous stirring (1450 rpm). A solution of the
aromatic substrate (1 mmol) in THF (0.3mL) was
introduced through a CO,-flushed syringe. The reaction
was run at 40°C for 12 h, then quenched with iodo-
methane (62 pL, 1 mmol; or 1 mmol HCl in the case of carboxylic acid
formation). The product mixture was concentrated under reduced
pressure. The residue was dissolved in EtOAc (6 mL), washed with
15% aqueous NaCl (3 x4 mL), and dried over Na,SO,. Volatiles were
removed under reduced pressure to afford the methyl carboxylate.

Received: July 7, 2010
Revised: August 24, 2010
Published online: September 30, 2010

Keywords: carbene ligands - carboxylation -
C—H activation - copper catalysts - N heterocycles

[1] a) D. A. Colby, R. G. Bergman, J. A. Ellman, Chem. Rev. 2010,
110, 624—-655; b) K. Godula, D. Sames, Nature 2006, 312, 67,
c) M. Lafrance, N. Blaquiere, K. Fagnou, Eur. J. Org. Chem.
2007, 811 -825.

[2] For Pd-catalyzed carbamoylation with CO, see: a) E. M. Bec-
calli, G. Broggini, M. Martinelli, S. Sottocornola, Chem. Rev.
2007, 107, 5318 -5365, and references therein; b) B. Gabriele, G.
Salerno, D. Brindisi, M. Costa, G. P. Chiusoli, Org. Lett. 2000, 2,
625-627; c) B. Gabriele, R. Mancuso, G. Salerno, M. Costa, J.
Org. Chem. 2003, 68, 601-604; d) B. Gabriele, G. Salerno, R.
Mancuso, M. Costa, J. Org. Chem. 2004, 69, 4741 -4750; e) B.
Gabriele, P. Plastina, G. Salerno, R. Mancuso, M. Costa, Org.
Lett. 2007, 9, 3319-3322. For Pd-catalyzed carbamoylation with
Group VI metal carbonyl amine complexes, see: W. Ren, M.
Yamane, J. Org. Chem. 2009, 74, 8332 —-8335.

[3] W. Ren, M. Yamane, J. Org. Chem. 2010, 75, 3017 —3020.

Angew. Chem. Int. Ed. 2010, 49, 8674-8677


http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1002/ejoc.200600674
http://dx.doi.org/10.1002/ejoc.200600674
http://dx.doi.org/10.1021/cr068006f
http://dx.doi.org/10.1021/cr068006f
http://dx.doi.org/10.1021/ol9913789
http://dx.doi.org/10.1021/ol9913789
http://dx.doi.org/10.1021/jo026532a
http://dx.doi.org/10.1021/jo026532a
http://dx.doi.org/10.1021/jo0494634
http://dx.doi.org/10.1021/ol071332c
http://dx.doi.org/10.1021/ol071332c
http://dx.doi.org/10.1021/jo901486z
http://dx.doi.org/10.1021/jo1002592
http://www.angewandte.org

[4] a) S. Saito, S. Nakagawa, T. Koizumi, K. Hirayama, Y. Yama-
moto, J. Org. Chem. 1999, 64, 3975-3978; b) M. Takimoto, Y.
Nakamura, K. Kumura, M. Mori, J. Am. Chem. Soc. 2004, 126,
5956-5957; ¢) L. Pdpai, G. Schubert, I. Mayer, G. Besenyei, M.
Aresta, Organometallics 2004, 23, 5252-5259; d) C. M. Wil-
liams, J. B. Johnson, T. Rovis, J. Am. Chem. Soc. 2008, 130,
14936 -14937.

[5] M. Shi, K. M. Nicholas, J. Am. Chem. Soc. 1997, 119, 5057 - 5058.

[6] a) C.S. Yeung, V. M. Dong, J. Am. Chem. Soc. 2008, 130, 7826 —
7829; b) H. Ochiai, M. Jang, K. Hirano, H. Yorimitsu, K.
Oshima, Org. Lett. 2008, 10, 2681 —2683.

[7] For Rh-catalyzed carboxylation: K. Ukai, M. Aoki, J. Takaya, N.
Iwasawa, J. Am. Chem. Soc. 2006, 128, 8706 -8707.

[8] For Cu-catalyzed carboxylation: a) T. Ohishi, M. Nishiura, Z.
Hou, Angew. Chem. 2008, 120, 5876 —-5879; Angew. Chem. Int.
Ed. 2008, 47, 5792-5795; b) J. Takaya, S. Tadami, K. Ukai, N.
Iwasawa, Org. Lett. 2008, 10, 2697 —2700.

[9] S. Gaillard, A. M. Z. Slawin, S. P. Nolan, Chem. Commun. 2010,
46, 2742 -2744.

[10] For the use of NHC ligands in late-transition-metal catalysis, see:
S. Diez-Gonzalez, N. Marion, S. P. Nolan, Chem. Rev. 2009, 109,
3612-3676.

[11] L I. F. Boogaerts, S. P. Nolan, J. Am. Chem. Soc. 2010, 132, 8858 —
8859.

[12] a) T. R. Cundari, T. V. Grimes, T. B. Gunoe, J. Am. Chem. Soc.
2007, 129, 13172-13182; b)J. E. Bercaw, N. Hazari, J. A.
Labinger, P. F. Oblad, Angew. Chem. 2008, 120, 10089 -10091;
Angew. Chem. Int. Ed. 2008, 47, 9941-9943; c) S. K. Meier,
K.J. H. Young, D.H. Ess, W.J. Tenn III, J. Oxgaard, W. A.
Goddard III, R. A. Periana, Organometallics 2009, 28, 5293 -

Angewandte

inemationaldiion. CEMi@

5304; d) Z.-M. Sun, J. Zhang, R.S. Manan, P. Zhao, J. Am.
Chem. Soc. 2010, 132, 6935-6937.

[13] For a straightforward synthesis of [Cu(IPr)Cl], see: C.A.
Citadelle, E. Le Nouy, F. Bisaro, A.M.Z. Slawin, C.S.J.
Cazin, Dalton Trans. 2010, 39, 4489 —4491. This complex is also
commercially available from Strem and Aldrich.

[14] G.C. Fortman, A. M. Z. Slawin, S.P. Nolan, Organometallics,
2010, 29, 3966 -3972.

[15] See the Supporting Information for details.

[16] For a tabulation of pK, values see the Bordwell table found at
http://www.chem.wisc.edu/areas/reich/pkatable/index.htm and
primary references cited therein.

[17] D.J. Brown, The Chemistry of Heterocyclic Compounds, Wiley-
VCH, Weinheim, 2004.

[18] a) W. G. Rajeswaran, L. A. Cohen, Tetrahedron 1998, 54, 11375 -
11380; b) Y. Hamashima, T. Suzuki, H. Takano, Y. Shimura, M. J.
Sedeoka, J. Am. Chem. Soc. 2005, 127, 10164 -10165.

[19] During the preparation of this manuscript, the metal-free
carboxylation of aromatic heterocycles was reported: O. Vechor-
kin, N. Hirt, X. Hu, Org. Lett. 2010, 12, 3567-3569. No
conversion of benzothiazole was achieved once using CsOH as
the base under these reaction conditions (DMF, 125°C). Con-
versely, the use of Cs,CO; as the base under our reaction
conditions (THF, 65°C) led to a 34 % conversion of benzothia-
zole. For a treatise on the superior base behavior of Cs,COs, see:
T. Flessner, S. Doye, J. Prakt. Chem. 1999, 341, 186—190.

[20] a) C. M. Park, S. Y. Kim, W. K. Park, N. S. Park, C. M. Seong,
Bioorg. Med. Chem. Lett. 2008, 18,3844 -3847; b) K. Nemoto, S.
Onozawa, N. Egusa, N. Morohashi, T. Hattori, Tetrahedron Lett.
2009, 50, 4512-4514.

Angew. Chem. Int. Ed. 2010, 49, 8674-8677

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

8677


http://dx.doi.org/10.1021/jo982443f
http://dx.doi.org/10.1021/ja049506y
http://dx.doi.org/10.1021/ja049506y
http://dx.doi.org/10.1021/ja8062925
http://dx.doi.org/10.1021/ja8062925
http://dx.doi.org/10.1021/ja9639832
http://dx.doi.org/10.1021/ja803435w
http://dx.doi.org/10.1021/ja803435w
http://dx.doi.org/10.1021/ol800764u
http://dx.doi.org/10.1021/ja061232m
http://dx.doi.org/10.1002/ange.200801857
http://dx.doi.org/10.1002/anie.200801857
http://dx.doi.org/10.1002/anie.200801857
http://dx.doi.org/10.1021/ol800829q
http://dx.doi.org/10.1039/c0cc00018c
http://dx.doi.org/10.1039/c0cc00018c
http://dx.doi.org/10.1021/ja103429q
http://dx.doi.org/10.1021/ja103429q
http://dx.doi.org/10.1021/ja074125g
http://dx.doi.org/10.1021/ja074125g
http://dx.doi.org/10.1002/ange.200804455
http://dx.doi.org/10.1002/anie.200804455
http://dx.doi.org/10.1021/om900039s
http://dx.doi.org/10.1021/om900039s
http://dx.doi.org/10.1039/c0dt00128g
http://dx.doi.org/10.1016/S0040-4020(98)00679-6
http://dx.doi.org/10.1016/S0040-4020(98)00679-6
http://dx.doi.org/10.1021/ja0513077
http://dx.doi.org/10.1021/ol101450u
http://dx.doi.org/10.1002/(SICI)1521-3897(199902)341:2%3C186::AID-PRAC186%3E3.0.CO;2-6
http://dx.doi.org/10.1016/j.bmcl.2008.06.064
http://dx.doi.org/10.1016/j.tetlet.2009.05.076
http://dx.doi.org/10.1016/j.tetlet.2009.05.076
http://www.angewandte.org

