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Abstract: A catalyst generated from copper(I)
oxide and 4,7-diphenyl-1,10-phenanthroline for the
first time allows the catalytic protodecarboxylation
even of deactivated aromatic carboxylic acids,
giving rise to the corresponding arenes. Based on
DFT calculations, a reaction pathway is proposed
that accurately reflects the experimental results,
such as the observed reactivity order of the sub-
strates.
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The thermal decarboxylation of carboxylic acids is a
transformation long known in organic synthesis.[1] It is
of particular synthetic interest for the removal of car-
boxylate groups left behind as a result of the chosen
synthetic route. However, while the decarboxylation
of highly activated carboxylic acids, for example, b-
oxo acids, diphenylacetic acids, or polyfluorinated
benzoic acids proceeds reasonably well even in the
absence of a catalyst, the release of CO2 from simple
aromatic carboxylic acids is much harder to accom-
plish. In 1930, Shepard et al. discovered that halogen-
ated furancarboxylic acids can be decarboxylated at
very high temperatures in the presence of stoichio-
metric amounts of copper or copper salts
(Scheme 1).[2] This method was extended to activated
benzoic acids by Nilsson,[3] Shepard,[4] and Cohen,[5]

who all provided pieces of evidence that s-bonded ar-
ylcopper species must be involved in this process.
While the exact mechanism remained the subject of

discussion, experimental data revealed that the proto-
decarboxylation is almost unaffected by the copper
source employed, but strongly facilitated by the pres-
ence of bipyridine ligands at the copper and the use
of aromatic amines as solvents.[6]

Stoichiometric copper-mediated decarboxylation re-
actions were subsequently described for a considera-
ble range of benzoic acids, demonstrating the prepara-
tive use of the reaction in organic synthesis.[7] Howev-
er, significant drawbacks remained: most importantly,
the arenecarboxylic acids had to either be ortho-sub-
stituted with electron-withdrawing groups such as
nitro or halo, or to contain a heteroatom in order to
undergo decarboxylation with reasonable yields.
Moreover, although repeatedly proposed and claimed
in patents, we could not find a single example for the
decarboxylation of a non-activated benzoic acid deriv-
ative that was catalytic in copper.[8,9]

We became interested in catalytic decarboxylations
in the context of our work on copper/palladium-medi-
ated decarboxylative cross-couplings of carboxylic
acid salts with aryl halides.[10] This transformation rep-
resents an attractive new strategy for the synthesis of
biaryls using aromatic carboxylates as sources of aryl
nucleophiles instead of organometallic compounds.
Unfortunately, it is still limited by the insufficent ac-
tivity of the decarboxylation catalyst. Although the
best copper complex achieved more than 300 turn-
overs in the decarboxylation step for ortho-nitro-sub-
stituted carboxylic acids, its activity was modest for
meta- and para-substituted derivatives. A key step to
tackle the present substrate limitations of this reac-
tion thus lies in the development of new decarboxyla-
tion catalysts with significantly improved activity and
substrate scope. We herein describe our experimental
and theoretical studies that led to the discovery of a
new system that for the first time allows the decar-
boxylation even of deactivated aromatic carboxylic
acids using only catalytic amounts of copper.

Scheme 1. Cu-mediated decarboxylation of benzoic acids.
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We started our investigations with 10 mol% of a
catalyst generated from Cu2O and 1,10-phenanthro-
line in a mixture of NMP and quinoline. As expected
from our previous findings, 2-nitrobenzoic acid, an ex-
ample for an activated substrate, was protodecarboxy-
lated to give nitrobenzene in good yield, while the re-
sults were inferior for other carboxylic acids, and only
a single turnover was achieved for particular electron-
rich substrates such as 4-methoxybenzoic acid
(Table 1, entries 1 and 2). The challenge presented by
the latter substrate led us to select it as our model
compound for the screening of various combinations
of Cu sources, ligands, and solvents.
Initially, the results obtained were variable and un-

satisfactory, until we began to carefully deoxygenate

the reaction solvents. This led to modest, but reprodu-
cible catalytic turnovers that allowed further optimi-
zation (entry 3).
Among the copper sources tested, halide-free spe-

cies gave the best results, suggesting that the counter-
ion must not be too strongly coordinating (entries 3–
6). Likewise, added halide salts hampered the reac-
tion. Inorganic bases, were mostly tolerated but not
beneficial, Lewis acids and coordinating ligands hin-
dered the reaction (entries 7–9). The solvent system,
on the other hand, was found to be very important
for the reaction outcome: a combination of NMP and
quinoline was much more effective than either solvent
alone, and superior also to other pure solvents or sol-
vent mixtures (entries 10–16).

Table 1. Optimization of the reaction conditions.[a]

Entry Substrate Cu source Ligand Additive Solvent T [8C] 2 [%]

1 1a Cu2O 3a - NMP/quinoline[b,c] 170 67
2 1b ” ” - ” ” 12
3 ” ” ” - NMP/quinoline[b] ” 35
4 ” CuOAc ” - ” ” 29
5 ” Cu2CO3 ” - ” ” 29
6 ” CuBr ” - ” ” 0
7 ” Cu2O ” K2CO3 ” ” 30
8 ” ” ” Sc ACHTUNGTRENNUNG(OTf)3 ” ” 0
9 ” ” ” PPh3 ” ” 11
10 ” ” ” - quinoline ” 28
11 ” ” ” - NMP ” 33
12 ” ” ” - mesitylene/quinoline[b] ” 20
13 ” ” ” - DMF/quinoline[b] ” 26
14 ” ” ” - DMPU/quinoline[b] ” 35
15 ” ” ” - diglyme/quinoline[b] ” 25
16 ” ” ” - DMSO/quinoline[b] ” 4
17 ” ” 3b - NMP/quinoline[b] ” 0
18 ” ” 3c - ” ” 42
19 ” ” 3d - ” ” 9
20 ” ” 3e - ” ” 7
21 ” ” 4a - ” ” 20
22 ” ” 4b - ” ” 31
23 ” ” 5 - ” ” 10
24 ” ” 3c - ” 160 11
25 ” ” ” - ” 180 80
26[d] ” ” ” - ” 170 82
27 1a ” 3a - ” ” 92

[a] Reaction conditions: 1.00 mmol benzoic acid, 0.10 mmol Cu, 0.10 mmol ligand, 2 mL degassed solvent, 12 h. Conversions
were determined by GC analysis using n-tetradecane as the internal standard.

[b] 3:1 mixture of solvents.
[c] Using non-degassed solvents.
[d] After 24 h.
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Chelating nitrogen ligands on the copper strongly
facilitate the transformation (Figure 1). Among the
unsubstituted ligands, 1,10-phenanthroline was most
effective, so that we decided to vary the steric and
electronic parameters of this ligand (entries 3, 17–23).
We observed that disubstitution in 2,9-positions re-
duced its activity, presumably due to steric hindrance.

Substituents in 4,7-positions were beneficial with the
understandable exception of hydroxy groups, for
which the dipyridone is the major tautomer. The best
results were finally achieved with 4,7-diphenyl-1,10-
phenanthroline, a particularly large p-system. An im-
proved conversion was already perceptible after 12 h,
and the catalyst still remained active until the starting
material was completely consumed. Thus, an excellent
yield of the desired product was obtained after 24 h at
170 8C, or alternatively after 12 h at 180 8C (en-
tries 24–26). These optimized conditions were effec-
tive also for 2-nitrobenzoic acid, but for this and
other activated derivatives, the use of 4,7-diphenyl-
1,10-phenanthroline offers little advantage, consider-
ing that full conversion can be achieved also with the
parent 1,10-phenanthroline ligand (entry 27).
We next set out to explore the generality of the cat-

alytic protocol using various aromatic and heteroaro-
matic carboxylic acids and were pleased to find that
all of them were decarboxylated in reasonable to
good yields. Selected results are summarized in
Table 2. For ortho-substituted derivatives, 1,10-phen-
anthroline sufficed as the ligand, while for non-acti-

Figure 1. Cu ligands evaluated in the protodecarboxylation
reaction.

Table 2. Scope of the transformation.[a]

Ar-COOH Ar-H Ligand Time [h] Yield [%]/(GC)[b]

1a o-NO2-C6H4-COOH 2a 3a 12 87 (92)
1b p-MeO-C6H4-COOH 2b 3c 24 80 (81)
1c o-MeO-C6H4-COOH 2b 3a 12 24 (24)
1d o-F-C6H4-COOH 2c 3a 12 n.d. (79)
1e o-PhNH-C6H4-COOH 2d 3a 12 82 (100)
1f o-CHO-C6H4-COOH 2e 3a 12 76 (91)
1g o-MeC(O)-C6H4-COOH 2f 3a 12 87 (100)
1h o-MeS(O)2-C6H4-COOH 2g 3a 12 60 (68)
1i o-i-PrOC(O)-C6H4-COOH 2h 3a 12 82 (97)
1j o-Et2NC(O)-C6H4-COOH 2i 3a 12 85 (88)
1k m-NO2-C6H4-COOH 2a 3c 24 89 (93)
1l m-Me-C6H4-COOH 2j 3c 24 n.d. (60)
1m p-NO2-C6H4-COOH 2a 3c 16 68 (73)
1n p-CN-C6H4-COOH 2h 3c 16 83 (93)
1o p-CHO-C6H4-COOH 2e 3c 16 65 (80)
1p p-MeC(O)-C6H4-COOH 2f 3c 16 75 (78)
1q p-MeC(O)N-C6H4-COOH 2k 3c 16 76 (80)
1r p-Et-C6H4-COOH 2l 3c 24 n.d. (92)
1s p-CF3-C6H4-COOH 2m 3c 16 n.d. (22)
1t p-Cl-C6H4-COOH 2n 3c 16 n.d. (72)
1u p-HO-C6H4-COOH 2o 3c 12 75 (93)
1v 2-thienyl-COOH 2p 3a 12 n.d. (58)
1w 2-furyl-COOH 2q 3a 12 n.d. (62)
1x 1-naphthyl-COOH 2r 3a 12 83 (100)
1y 2-NO2-5-MeO-C6H3-COOH 2s 3c 16 90 (93)

[a] Reaction conditions : 1.00 mmol carboxylic acid (1a–y), 0.05 mmol Cu2O, 0.10 mmol 1,10-phenanthroline (3a) or 4,7-di-
phenyl-1,10-phenanthroline (3c), respectively, 1.5 mL NMP, 0.5 mL quinoline, 170 8C, isolated yields.

[b] GC yields were determined using n-tetradecane as the internal standard and were calibrated for each product.
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vated derivatives, 4,7-diphenyl-1,10-phenanthroline is
required. Although the reaction temperature is high,
the conditions are sufficiently mild to be tolerated by
a number of functional groups including ethers, esters,
nitro, cyano, hydroxy, and aldehyde functions to allow
a wide applicability in organic chemistry. While the
decarboxylation could not be pushed to completion
for all substrates even when extending the reaction
time, we never detected more than traces of side
products arising from homocoupling or substitution
reactions. The work-up procedure is simple: the reac-
tion mixtures are diluted with ether, washed with
aqueous hydrochloric acid, and the products are ob-
tained in pure form after removal of the solvent by
distillation. Unfortunately, some of the test substrates
led to products with such low boiling points that they
could not be separated from the diethyl ether even
when distilling over a Vigreux column, so that the
yield could only be determined by quantitative gas
chromatography.
Aliphatic derivatives such as 5-phenylvaleric acid

did not decarboxylate under these conditions. This is
not surprising as their decarboxylation is known to
proceed via a different mechanism involving redox
processes.[11]

The mechanism of the uncatalyzed thermal decar-
boxylation of benzoic and substituted benzoic acids
was the matter of a series of theoretical investigations
starting in the late 1980s.[12] Very recently, BelBruno
et al. reinvestigated and resummarized these results.[13]

Although the levels of theory applied in those publi-
cations were quite different, the transition states of
the aryl�CO2 bond cleavage were localized for the
pure acids as well as for water-assisted reactions. Evi-
dently, the values obtained for the barriers of activa-

tion differ strongly, but even for activated ortho-sub-
stituted carboxylic acids and with the best levels of
theory (B3LYP/6-311G**), they are remain higher
than 59 kcalmol�1 for the decarboxylation of the pure
acids and 40 kcalmol�1 for the water-assisted systems,
explaining why high temperatures are required.
In order to substantiate the catalytic effect of cop-

per(I), gain a better understanding of the reaction,
and potentially enable a more rational ligand design,
we modeled the copper-catalyzed decarboxylation
step with the help of DFT calculations.[14] As the cata-
lytic reaction performs better under anaerobic condi-
tions, we exclusively investigated copper(I) species.
The experimental finding that the addition of halides
hampers the reaction led us to conclude that coordi-
nating anions and carboxylate ions compete for coor-
dination to copper(I). Thus, a species of the type
(phen)Cu ACHTUNGTRENNUNG(O2C-Ar) is likely to be the best precursor
for a successful decarboxylation (Table 3). To eluci-
date the electronic influence of the aryl substituents
R on DG� and DGR, we calculated these values for
substituted benzoic acids with R=MeO, Me, H, F,
NO2 in ortho- or para-positions. The results of the cal-
culations are summarized in Table 3.
As can be seen from the calculated free reaction

energies, the decarboxylation of all derivatives is en-
dothermic and endergonic at 298 K. In analogy to
non-catalyzed reactions,[12e,13] ortho-substitutents able
to withdraw electron density through the s-backbone
(NO2>F>MeO>Me) significantly reduce DGR,
while para-substituents have less of an influence. This
trend is even stronger for the free enthalpies of acti-
vation. As in the case of DGR, the influence of para-
substituents is far less pronounced but follows the
same order. Our calculations confirm the experimen-

Table 3. DFT calculations on the decarboxylation step.[a]

R DH� [kcalmol�1] DG� [kcalmol�1] DHR [kcalmol
�1] DGR [kcalmol

�1]

o-NO2 26.78 27.15 9.85 0.75
o-F 30.80 31.42 17.02 6.73
o-OMe 30.60 30.69 19.28 8.47
o-Me 33.99 34.01 25.65 13.65
p-NO2 35.70 36.05 23.90 12.09
p-F 35.94 35.82 27.48 15.85
p-OMe 35.87 35.94 28.76 17.49
p-Me 36.58 34.01 28.81 13.65
H 36.08 36.12 27.99 16.42

[a] Conditions : Gaussian03;[15] B3LYP;[16] 6-31G*;[17] for H, C, N, O, F; Stuttgart RSC 1997 ECP (ECP10MDF)[18] for Cu; T=
298 K.
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tal findings in that the reactivity of the benzoic acids
is dominated by short-range inductive effects trans-
mitted via the s-backbone, while long-range meso-
meric effects through the p-system play only a minor
role for their reactivity. They thus help to understand
why both methoxy and nitro groups facilitate the re-
action, especially when in ortho-position.
The geometries of all calculated structures are de-

tailed in the Supporting Information. In the calculated
transition states, both CO2 and [(phen)Cu]+ are
bound through the lone pair of the phenyl anion. No-
tably, carboxylates with electronegative ortho-sub-
stituents (NO2>F>MeO) decarboxylate via an early
transition state, as manifested in a short CO2�phenyl
bond (ca. 1.89 Q) and a long Cu�phenyl bond (ca.
2.03 Q) (Figure 2). In contrast, all other derivatives
show a long CO2�phenyl bond (ca. 2.04 Q) and a
short Cu�phenyl bond (ca. 1.98 Q), indicating a late
transition state, as expected for strongly endothermic
reactions.

In summary, a general protocol for the Cu-cata-
lyzed decarboxylation of non-activated aromatic car-
boxylic acids has been developed. The reaction path-
way has been investigated with the help of DFT cal-
culations, leading to the conclusion that the reaction
proceeds via a substitution of CO2 against Cu and a
subsequent hydrolytic cleavage of the Cu�C bond.
The proposed mechanism correctly predicts the ob-
served reactivity order for the substrates. In current
work, we are exploiting the computational pathway
outlined herein to guide our search for more active
second generation decarboxylation catalysts bearing
other N,N-chelating ligands.

Experimental Section

General Methods

Reactions were performed under a nitrogen atmosphere in
oven-dried glassware containing a teflon-coated stirrer bar

and dry septum. All solvents were purified by standard pro-
cedures and deoxygenated by three freeze-pump-thaw
cycles prior to use. All reactions were monitored by GC
using n-tetradecane as an internal standard. Response fac-
tors of the products with regard to n-tetradecane were ob-
tained experimentally by analyzing known quantities of the
substances. GC analyses were carried out using an HP-5 ca-
pillary column (phenyl methyl siloxane 30 mR320R0.25,
100/2.3–30–300/3) and a time program beginning with 2 min
at 60 8C followed by 30 8Cmin�1 ramp to 300 8C, then 3 min
at this temperature. Column chromatography was performed
using a Combi Flash Companion-Chromatography-System
(Isco-Systems) and RediSep packed columns (12 g). NMR
spectra were obtained on Bruker AMX 400 systems using
CDCl3 as solvent, with proton and carbon resonances at
400 MHz and 100 MHz, respectively. Mass spectral data
were acquired on a GC-MS Saturn 2100 T (Varian).

Catalytic Decarboxylation Exemplified in the
Synthesis of Anisole (2b)

An oven-dried vessel was charged with 4-methoxybenzoic
acid (1b) (152 mg, 1.00 mmol), Cu2O (7.2 mg, 0.05 mmol),
and 4,7-diphenyl-1,10-phenanthroline (3c) (33 mg,
0.10 mmol). After purging the vessel with alternating
vacuum and nitrogen cycles, a degassed solution of NMP
(1.5 mL) and quinoline (0.5 mL) was added via syringe. The
resulting mixture was stirred for 24 h at 170 8C, poured into
aqueous HCl (5N, 2 mL), and extracted repeatedly with di-
ethyl ether. The combined organic layers were washed with
brine, dried over MgSO4, filtered, and the solvent was re-
moved by distillation over a Vigreux column affording 2b as
a clear, colorless liquid; yield: 86 mg (80%). Its spectroscop-
ic data matched those reported in literature for anisole,
CAS: [100–66–3]

Acknowledgements

We thank M. Arndt and D. Ohlmann for technical assistance
and gratefully acknowledge the financial support by Saltigo
GmbH.

References

[1] M. B. Smith, J. March, in: Advanced Organic Chemis-
try, Wiley, New York, 5th edn., 2001, pp 732–734.

[2] A. F. Shepard, N. R. Wilson, J. R. Johnson, J. Am.
Chem. Soc. 1930, 52, 2083–2090.

[3] a) M. Nilsson, Acta Chem. Scand. 1966, 20, 423–426;
b) M. Nilsson, C. Ullenius, Acta Chem. Scand. 1968, 22,
1998–2002.

[4] A. Cairncross, J. R. Roland, R. M. Henderson, W. A.
Shepard, J. Am. Chem. Soc. 1970, 92, 3187–3189.

[5] T. Cohen, R. A. Schambach, J. Am. Chem. Soc. 1970,
92, 3189–3190.

[6] T. Cohen, R. W. Berninger, J. T. Word, J. Org. Chem.
1978, 43, 837–848.

Figure 2.Molecular structure of the transition state of the
Cu-catalyzed decarboxylation of 2-fluorobenzoic acid.

Adv. Synth. Catal. 2007, 349, 2241 – 2246 K 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim asc.wiley-vch.de 2245

COMMUNICATIONSCopper-Catalyzed Protodecarboxylation of Aromatic Carboxylic Acids

http://asc.wiley-vch.de


[7] a) H. G. Rule, F. R. Smith, J. Chem. Soc. 1937, 1096–
1103; b) P. H. Leake, Chem. Rev. 1956, 56, 27–48; c) J.
March, J. Chem. Educ. 1963, 40, 212–213.

[8] Activated carboxylic acids, such as malonic, arylacetic
acids can be decarboxylated with catalytic amounts of
Cu(I): a) O. Toussaint, P. Capdevielle, M. Maumy, Syn-
thesis 1986, 1029–1031; b) O. Toussaint, P. Capdevielle,
M. Maumy, Tetrahedron 1984, 40, 3229–3233; c) O.
Toussaint, P. Capdevielle, M. Maumy, Tetrahedron Lett.
1987, 28, 539–542.

[9] R. Pfirmann, H. Schubert, Eur. Pat. Appl. EP741122,
1996.

[10] a) L. J. Gooßen, G. Deng, L. M. Levy, Science 2006,
313, 662–664; b) L. J. Gooßen, N. Rodr�guez, B.
Melzer, C. Linder, G. Deng, L. M. Levy, J. Am. Chem.
Soc. 2007, 129, 4824–4833.

[11] R. A. Snow, C. D. Degenhardt, L. A. Paquette, Tetrahe-
dron Lett. 1976, 4447–4450.

[12] a) P. Ruelle, J. Chem. Soc., Perkin Trans. 2 1986, 12,
1953–1959; b) P. Ruelle, J. Comput. Chem. 1987, 8,
158–169; c) P. I. Nagy, D. A. Smith, G. Alagona, C.
Ghio, J. Phys. Chem. 1994, 98, 486–493; d) P. I. Nagy,
W. J. Dunn III, G. Alagona, C. Ghio, J. Phys. Chem.
1993, 97, 4628–4642; e) J. Li, T. B. Brill, J. Phys. Chem.
A 2003, 107, 2667–2673.

[13] K. Chuchev, J. J. BelBruno, Theochem. 2007, 807, 1–9.
[14] For computational details, see the Supplementary In-

formation.
[15] Gaussian 03, Revision C.02, Gaussian Inc., Wallingford

CT, 2004 ; for full citation, see Supporting Information.
[16] a) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B. 1988, 37,

785–789; b) A. D. Becke, Phys. Rev. A 1988, 38, 3098–
3100.

[17] C. Hariharan, J. A. Pople, Theor. Chim. Acta 1973, 8,
213–222.

[18] M. Dolg, U. Wedig, H. Stoll, H. Preuss, J. Chem. Phys.
1987, 86, 866–872.

2246 asc.wiley-vch.de K 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Adv. Synth. Catal. 2007, 349, 2241 – 2246

COMMUNICATIONS Lukas J. Gooßen et al.

http://asc.wiley-vch.de

