Traceless Directing Groups

Angéwandte

imeminalEdtiony Chemie

DOI: 10.1002/anie.201411701

Carboxylic Acids as Traceless Directing Groups for the Rhodium(III)-
Catalyzed Decarboxylative C—H Arylation of Thiophenes**

Yuanfei Zhang, Huaiqing Zhao, Min Zhang, and Weiping Su*

Abstract: A rhodium(II)-catalyzed carboxylic acid directed
decarboxylative C—H/C—H cross-coupling of carboxylic acids
with thiophenes has been developed. With a slight adjustment
of the reaction conditions based on the nature of the substrates,
aryl carboxylic acids with a variety of substituents could serve
as suitable coupling partners, and a broad variety of functional
groups were tolerated. This method provides straightforward
access to biaryl scaffolds with diverse substitution patterns,
many of which have conventionally been synthesized through
lengthy synthetic sequences. An illustrative example is the one-
step gram-scale synthesis of a biologically active 3,5-substituted
2-arylthiophene by way of the current method.

-rransition-metal-catalyzed functional-group-directed C—H
functionalization reactions have emerged as a powerful
method to construct C—C and C—X (X = heteroatom) bonds
and represent state-of-the-art methods for the modification of
organic molecules in terms of atom and step economy and
regioselectivity.!'! In these reactions, the directing groups are
essential for reaction acceleration and regioselectivity con-
trol.?! Nevertheless, the strategies using directing groups
suffer from limitations when the directing groups or substi-
tution patterns are not present in the target molecules. To
overcome these restrictions, the concept of removable
directing groups (also termed traceless directing groups) has
been put forward and developed for direct C—H functional-
ization.”” In this context, the traceless directing group strategy
has been applied to the C—H silylation, acyloxylation,
halogenation, and borylation of arenes using Ru,P Pd, =
and It catalysts. Although pioneering studies have demon-
strated that the installation of removable directing groups
endowed parent substrates with new reactivity and selectivity,
most of these methods required additional steps to remove
the undesired directing groups from the products. It is highly
desirable to exploit traceless directing group methods with
which C—H functionalization and removal of the directing
group can be achieved in a one-pot fashion.
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Serving as versatile arylating reagents through metal-
mediated decarboxylation to generate aryl-metal intermedi-
ates, aryl carboxylic acids can undergo cross-coupling
reactions with aryl halides,”” olefins,® (hetero)arenes,” and
even other aryl carboxylic acids;® in these processes, the
reaction takes place at the original aryl position of the
carboxylic acid group. The reaction that occurs by a tandem
carboxyl-directed C—H functionalization®/protodecarboxy-
lation!% sequence, however, would lead to the ortho-selective
formation of the decarboxylated cross-coupling products and
thus be complementary to the previously established ipso-
selective decarboxylative cross-coupling reactions. Such reac-
tions were pioneered by the groups of Satoh, Miura, Larrosa,
and GooBen.""! An interesting example reported by Larrosa
and co-workers"'? entails the use of an insitu installed
carboxylic acid as a traceless directing group for the facile
synthesis of meta-arylated phenols, a class of compounds that
are generally synthesized from the parent phenols through
lengthy synthetic sequences. This example clearly illustrates
that strategies using carboxylic acids as traceless directing
groups have great potential to streamline the syntheses of
diversely substituted arenes. However, to date, examples of
the use of carboxylic acids as traceless directing groups for
decarboxylative cross-couplings have been scarce.'!! Herein,
we report the first example of the application of a carboxylic
acid in a traceless directing group strategy for a C-H/C-H
cross-coupling reaction. With [(Cp*RhCl,),]/Ag,CO; as the
catalyst system, we have achieved the decarboxylative ortho-
arylation of aryl carboxylic acids with thiophenes (Sche-
me 1b). This method is compatible with diverse substitution
patterns on the aryl ring of the benzoic acid and a broad range
of functional groups. Its practical applicability was illustrated
by the gram-scale synthesis of a biologically active compound
that is hard to access through conventional synthetic routes.

The decarboxylative ortho arylation of aryl carboxylic
acids was designed based on the proposed mechanism

a) Previous work: ipso decarboxylative C-H arylation of heterocycles!”"l

R3
R" 0O 4
X Pd(OAC),/P(Cy)s RY X\
S OH _—
R2¥ * URa AgCO3 2l Y =
7 DME/DMSO, 120 °C RiT
X=0, S
b) This work: ortho decarboxylative C—H arylation of heterocycles
R' © R'
N X [(Cp*RhCly),] L H
H _ e .
RY; = Ag2C0; Rl
Z DMF, 100 °C ANK s
X=0, s | )R

Scheme 1. Two kinds of decarboxylative arylation reactions of aryl
carboxylic acids with heterocycles. Cp* = pentamethyl cyclopentadienyl,
Cy = cyclohexyl.
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Scheme 2. \Working hypothesis for the ortho-selective decarboxylative C—H arylation of aryl

carboxylic acids with thiophenes.

(Scheme 2), which consists of two catalytic cycles: 1) metal-
catalyzed carboxylic acid directed ortho arylation, and
2) silver-catalyzed protodecarboxylation. To achieve such
a decarboxylative ortho arylation, the reaction conditions
must ensure that the carboxylic acid directed ortho arylation
occurs prior to the Ag-catalyzed decarboxylation. Computa-
tional studies revealed that ortho-disubstituted aryl carbox-
ylic acids were more reactive towards the Ag-promoted
decarboxylation than ortho-monosubstituted ones.' As
a result, the introduction of an aryl group at the ortho
position of aryl carboxylic acids would lead to an increase in
reactivity towards decarboxylation compared with the orig-
inal aryl carboxylic acids, suggesting that the decarboxylative
ortho arylation of aryl carboxylic acids is viable. In spite of
this, the competition between ipso-selective and ortho-
selective decarboxylative arylation reactions should remain
as the ortho-monosubstituted aryl carboxylic acids are
capable of participating in protodecarboxylation."” Further-
more, several other unwanted side reactions, such as thio-
phene homocoupling and the protodecarboxylation of the
unreacted aryl carboxylic acids, potentially impede the
realization of the decarboxylative ortho arylation of aryl
carboxylic acids.

The reaction of 2,4-dimethoxybenzoic acid (1a) with 2-n-
butylthiophene (2a) was chosen as a model system for the
optimization of the reaction conditions. Taking into account
the previous studies on Pd"/Ag' systems,[**"d we assumed
that a Pd catalyst in combination with silver salts may work
for the ortho-selective decarboxylative arylation of aryl
carboxylic acids. However, such catalyst systems failed to
deliver the target product; instead, they gave rise to the
dimerization of 2-n-butylthiophene (see the Supporting
Information, Table S1). Therefore, we turned our attention
towards rhodium catalysts, considering that Rh™ catalysts
have been shown to be effective in many C—H bond
functionalization reactions.'%*!% Initially, we found that the
reaction did not afford any product in various solvents in the
absence of additional base using [(Cp*RhCl,),] as the catalyst
and Ag,CO; as the oxidant (Table 1, entries 1-4). Once
K,HPO, had been introduced as an additional base, we were

www.angewandte.org

k@ﬁ

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

pleased to find that the reaction
conducted in DMF afforded the
desired product in 63% yield
(entry 5). As we observed that the
reaction of potassium 2,4-dimethoxy-
benzoate with 2-n-butylthiophene
gave only 14% yield in the absence
of K,HPO, under otherwise identical
conditions, we speculate that
K,HPO, may act as a base to accept
protons generated during the C—H/
C—H cross-coupling process. The
yield increased to 70% when
1.5 equivalents of 2-n-butylthiophene
were used (entry 6). Despite the fact
that AgSbF helps to release a more
active cationic rhodium catalyst for
C—H bond activation,'*! AgSbF,

o
\K

Mn+
S

Table 1: Optimization of the reaction conditions.”!

(0]
(CP*RNClz)y] (2.5 mol%) H
ﬁ T T S
3a

Entry la/2a Base Solvent Yield [%]®
1 1:1.2 - dioxane 0

2 1:1.2 - DMF 0

3 1:1.2 - DMSO 0

4 1:1.2 - DCE 0

5 1:1.2 K,HPO, DMF 63

6 1:1.5 K,HPO, DMF 70

71 1:1.5 K,HPO, DMF 67

gl 1:1.5 K,HPO, DMF 76

9l 1:1.5 K,HPO, DMF 76

101 1:1.5 K,HPO, DMF 65

111l 1:1.5 K,HPO, DMF 82 (76)
12h 1:1.5 K,HPO, DMF 56

1348l 1:1.5 Na,CO, DMF 64

141l 1:1.5 NaOAc DMF 56

1508 1:1.5 CsOPiv DMF 29

[a] Reaction conditions: [(Cp*RhCl,),] (2.5 mol %), Ag,CO; (2 equiv),
base (1.5 equiv), solvent (2 mL), 100°C, 24 h. [b] Yield determined by GC
analysis using dodecane as an internal standard; yields of isolated
products given in parentheses. [c] With AgSbF, (10 mol %). [d] With
TEMPO (20 mol%). [e] With TEMPO (50 mol %). [f] [(Cp*RhCl,),]

(5 mol %). [g] [(Cp*RhCl,),] (2 mol%). [h] [(Cp*RhCL,),] (1 mol%).
Piv=pivaloyl, TEMPO =2,2,6,6-tetramethyl-|-piperidinoxyl.

did not display any beneficial effects on this reaction
(entry 7). Gratifyingly, TEMPO was observed to exert
a positive effect on the reaction outcome presumably as it
accelerates the oxidation of Rh' to Rh™ as an electron
transfer intermediate (entries8 and 9).' Interestingly,
increasing the catalyst loading decreased the yield whereas
lowering the catalyst loading to 2 mol % gave the best yield
(entries 10-12). In fact, GC-MS analysis revealed that
5mol% of [(Cp*RhClL,),] led to homocoupling of 2-n-
butylthiophene, which decreased the efficiency of the target

Angew. Chem. Int. Ed. 2015, 54, 38173821
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Subsequently, we investigated the substrate

? 9 s [(CP*RhCl);] (2 mol%) scope with regard to the benzoic acids (Scheme 4).
/©/LOH ¥ @R Ag,COs, base Unlike for the thiophene component, the reaction
~o 1a 2 conditions had to be varied depending on whether
3 % < <5 electron-rich or electron-deficient carl?oxylic acic'is
H H H were used, presumably because of differences in
- s - s - s - o acidity and reactivity. Hence, the base was crucial to
° | e © W, ° el W, accomplish the reactions. Under the optimized
3a, 76% 3b, 81% 3¢, 84% 3d, 85% conditions, 4a was formed in only 15% yield.
~o ~o "o ~o Gratifyingly, when the reaction mixture was addi-
H H : tionally heated to 140°C for six hours in NMP, the
~o \S/ P ~o \S £ o \S/ ¢ So S yield increased to 73 %. This result further con-
Ph / % firmed our previous hypothesis and indicated that

3f, 73% 3g,83% 3h, 82%

30, 44%° 3p, 68%°

Scheme 3. Variation of the thiophene. Reaction conditions: 1a (0.2 mmol), 2

(1.5 equiv), [(Cp*RhCl,),] (2 mol %), TEMPO (20 mol %), Ag,CO; (2 equiv),
K,HPO, (1.5 equiv), DMF (2 mL), 100°C, 24 h. Yields of isolated products are
given. [a] Ta (1.5 equiv), 2 (0.2 mmol), [(Cp*RhCl),] (2.5 mol %), Ag,CO; (2 equiv),
Na,CO; (1.5 equiv). [b] 5 mmol scale, yield of isolated product: 1.11 g. [c] Ta

(3 equiv), 2 (0.2 mmol), [(Cp*RhCl,),] (5 mol %), Ag,CO; (4 equiv), K,HPO,

(3 equiv).

reaction. Other bases and silver salts were inferior to K,HPO,
and Ag,CO;, respectively (entries 13-15; see also Table S2).

With the optimized reaction conditions in hand, we
evaluated the substrate scope of the reaction with respect to
the thiophene component. As depicted in Scheme 3, methyl-
and phenyl-substituted thiophenes gave satisfying yields of
81 % and 84 %, respectively (3b and 3¢). Thiophenes bearing
keto, formyl, ester, alkenyl, chloro, or bromo substituents
could be smoothly transformed into the corresponding
products in good to excellent yields (3d-e, 3j-k). Surprisingly,
this reaction was also compatible with a nitrile group in spite
of its coordinating abilities as 3i was formed in 72 % yield.
Benzothiophenes were suitable substrate as well (31 and 3m).
Diarylation occurred swimmingly with moderate to excellent
yields (30-3q) when two possible reaction positions are
available on the thiophene. These reactions formed extended
mi-conjugated systems bearing thiophene subunits (30-3q), an
important family of optical materials in material science,™
and thus provide a complement to our previously reported
method.('?

Angew. Chem. Int. Ed. 2015, 54, 38173821
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the temperature was an important factor influencing
the overall yield. With this hypothesis in mind,
satisfying yields were obtained when methyl, chloro,
trifluoromethyl, or nitro substituents were present in
the carboxylic acid scaffold (4b-f). K,HPO, was an
ineffective base for 2,4-dichlorobenzoic acid. Luck-
ily, the corresponding products were formed when
Li,CO; was used as an additional base (4g-j). This
approach is especially attractive for the synthesis of
4h, 4i, and 4j because very few methods to access
this important class of compounds were previously
available. The absence of ortho substituents resulted
in the formation of the diarylated products in good
yields (41 and 4m). Heterocyclic carboxylic acids
were also suitable substrates (4n and 40). Further-
more, benzofuran, a different heterocycle, also
served as an arylating reagent and participated in
this transformation (4p).

The presence of the 2-arylthiophene structural
motif in natural products'®~! and biologically active
molecules® inspired us to explore the feasibility
of its preparation by utilizing the established
method. To our delight, this decarboxylative cross-
coupling method was applicable to the one-step and
gram-scale synthesis of an intermediate for a 17f3-
hydroxysteroid dehydrogenase type 1 inhibitor from
inexpensive and commercially available materials,'” which
furnished the isolated product in up to 80 % yield (Scheme 5).
Previously, this compound was synthesized in low overall
yields by way of a Suzuki reaction of two coupling partners,
that is, 5-(4-methoxyphenyl)thiophen-2-ylboronic acid and 1-
bromo-3-methoxy-5-methylbenzene, which both require
lengthy synthetic sequences for their preparation (Sche-
me 5).07°I Aside from step economy, our approach effectively
avoided the use of unwelcome bromine and strong bases or
acids and therefore provides rapid and convenient access to
such biologically active 3,5-substituted 2-arylthiophenes.

In conclusion, we have developed a versatile catalyst
system for the decarboxylative ortho C—H arylation of aryl
carboxylic acids with thiophenes by a tandem Rh™-catalyzed
C—H arylation/Ag-catalyzed decarboxylative protonation
sequence. The success in the use of a carboxylic acid moiety
as a traceless directing group is, to large extent, ascribed to the
fact that the ortho-disubstituted products of the C-H/C-H
cross-coupling process undergo protodecarboxylation more
easily than the ortho-monosubstituted precursor carboxylic
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Scheme 4. Variation of the (hetero)aryl carboxylic acid. Reaction con-
ditions: 1 (0.2 mmol), 2 (2 equiv), [(Cp*RhCl,),] (2 mol %), TEMPO
(20 mol %), Ag,CO; (3 equiv), K,HPO, (1.5 equiv), NMP (2 mL),
100°C, 24 h, then stirring for a further 6 hours at 140°C. Yields of
isolated products are given. [a] Stirring for a further 6 hours at 160°C.
[b] [(CP*RhCL,),] (2 mol %), Li,CO, (1.5 equiv), DMF. [c] [(Cp*RhCl,),]
(4 mol %), Li,CO, (1.0 equiv), DMF. [d] 2 (4 equiv), [(Cp*RhCl,),]

(2 mol %), Ag,CO; (6 equiv), DMF.

| S\ Br i :NHz
~o o~

Step 1: nBuLi/~78 °C Step 1: Bromination
Step 2: Boron triethoxide Step 2: NaNO,/HCI
Step 3: HCI/H,O Step 3: Hypophosphorous ether
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. _Suzuki Loupling
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i A O O
s + o Current Work
1.24 g, 80%
o
10 mmol 5 mmol

Scheme 5. Gram-scale synthesis of an intermediate for a 173-hydroxysteroid dehydrogenase

type 1 inhibitor.

acids. This method is quite general and compatible with
a broad range of functional groups and substitution patterns
on the arene rings, offering a complement to the existing
methods for biaryl synthesis.

Received: December 4, 2014
Published online: February 4, 2015

Keywords: arylation - C—H activation - decarboxylation -
heterocycles - rhodium catalysis

3820

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] For recent reviews on C—H functionalization reactions, see:
a) T. W. Lyons, M. S. Sanford, Chem. Rev. 2010, 110, 1147-1169;
b) D. A. Colby, R. G. Bergman, J. A. Ellman, Chem. Rev. 2010,
110, 624-655; c) L. Ackermann, Chem. Rev. 2011, 111, 1315-
1345; d) F. W. Patureau, J. Wencel-Delord, F. Glorius, Aldrichi-
mica Acta 2012, 45, 31-41; e) G. Song, F. Wang, X. Li, Chem.
Soc. Rev. 2012, 41, 3651-3678; f) C. Liu, H. Zhang, W. Shi, A
Lei, Chem. Rev. 2011, 111, 1780-1824; g) R. Giri, B.-F. Shi,
K. M. Engle, N. Maugel, J.-Q. Yu, Chem. Soc. Rev. 2009, 38,
3242-3272;h) B.-J. Li, Z.-J. Shi, Chem. Soc. Rev. 2012, 41,5588 —
5598.

For an elegant review, see: G. Rousseau, B. Breit, Angew. Chem.
Int. Ed. 2011, 50, 2450-2494; Angew. Chem. 2011, 123, 2498 -
2543.

[3] a) H. Ihara, M. Suginome, J. Am. Chem. Soc. 2009, 131, 7502 -
7503; b) A.V. Gulevich, F.S. Melkonyan, D. Sarkar, V.
Gevorgyan, J. Am. Chem. Soc. 2012, 134, 5528—-5531; c) A. S.
Dudnik, N. Chernyak, C. Huang, V. Gevorgyan, Angew. Chem.
Int. Ed. 2010, 49, 8729-8732; Angew. Chem. 2010, 122, 8911 -
8914;d) T. A. Boebel, J. F. Hartwig, J. Am. Chem. Soc. 2008, 130,
7534-7535; ) C. Wang, H. Ge, Chem. Eur. J. 2011, 17, 14371 -
14374.

For reviews on decarboxylative cross-coupling reactions, see:
a) L. J. GooBen, N. Rodriguez, K. GooBen, Angew. Chem. Int.
Ed. 2008, 47, 3100-3120; Angew. Chem. 2008, 120, 3144-3164;
b) R. Shang, L. Liu, Sci. China Chem. 2011, 54, 1670-1687; ) J.
Cornella, I. Larrosa, Synthesis 2012, 653 -676; d) W. 1. Dzik, P. P.
Lange, L. J. GooBen, Chem. Sci. 2012, 3, 2671 -2678.

For selected examples of decarboxylative cross-coupling reac-
tions of carboxylic acids with aryl halides, see: a) L. J. GooBen,
G. Deng, L. M. Levy, Science 2006, 313, 662—664; b)L.J.
GooBen, N. Rodriguez, B. Melzer, C. Linder, G. Deng, L. M.
Levy, J. Am. Chem. Soc. 2007, 129, 4824 -4833; ¢) R. Shang, Y.
Fu, J.-B. Li, S.-L. Zhang, Q.-X. Guo, L.
Liu, J. Am. Chem. Soc. 2009, 131, 5738 —
5739; d) R. Shang, Y. Fu, Y. Wang, Q. Xu,
H.-Z. Yu, L. Liu, Angew. Chem. Int. Ed.
2009, 48, 9350-9354; Angew. Chem. 2009,
121, 9514-9518; e) M. Miyasaka, A.
Fukushima, T. Satoh, K. Hirano, M.
Miura, Chem. Eur. J. 2009, 15, 3674—
3677; f) R. Shang, Z.-W. Yang, Y. Wang,
S.-L. Zhang, L. Liu, J. Am. Chem. Soc.
2010, 732, 14391-14393; g) C. Feng, T.
Loh, Chem. Commun. 2010, 46, 4779 -
4781; h) R. Shang, D.-S. Ji, L. Chu, Y.
Fu, L. Liu, Angew. Chem. Int. Ed. 2011,
50, 4470-4474; Angew. Chem. 2011, 123,
4562 —4566.

For selected examples of decarboxylative
Heck-type reactions, see: a) A. G. Myers,
D. Tanaka, M. R. Mannion, J. Am. Chem.
Soc. 2002, 124, 11250-11251; b)D.
Tanaka, S.P. Romeril, A. G. Myers, J.
Am. Chem. Soc. 2005, 127, 10323-10333;
c) P Hu, J. Kan, W. Su, M. Hong, Org. Lett. 2009, 11,2341 -2344;
d) Z. Sun, P. Zhao, Angew. Chem. Int. Ed. 2009, 48, 6726-6730;
Angew. Chem. 2009, 121, 6854—-6858; e) Z. Sun, J. Zhang, P.
Zhao, Org. Lett. 2010, 12,992 -995; f) M. Zhang, J. Zhou, J. Kan,
M. Wang, W. Su, M. Hong, Chem. Commun. 2010, 46, 5455—
5457; g) Z. Fu, S. Huang, W. Su, M. Hong, Org. Lett. 2010, 12,
4992-4995; h) S.-L. Zhang, Y. Fu, R. Shang, Q.-X. Guo, L. Liu,
J. Am. Chem. Soc. 2010, 132, 638—-646; i) J. Zhou, G. Wu, M.
Zhang, X. Jie, W. Su, Chem. Eur. J. 2012, 18, 8032-8036.

For selected examples of decarboxylative C—H arylation reac-
tions of (hetero)arenes, see: a) J. Cornella, P. Lu, I. Larrosa, Org.

2

—

[4

—

[5

—

[6

—_

[7

—_—

Angew. Chem. Int. Ed. 2015, 54, 38173821


http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1039/c2cs15281a
http://dx.doi.org/10.1039/c2cs15281a
http://dx.doi.org/10.1021/cr100379j
http://dx.doi.org/10.1039/b816707a
http://dx.doi.org/10.1039/b816707a
http://dx.doi.org/10.1039/c2cs35096c
http://dx.doi.org/10.1039/c2cs35096c
http://dx.doi.org/10.1002/anie.201006139
http://dx.doi.org/10.1002/anie.201006139
http://dx.doi.org/10.1002/ange.201006139
http://dx.doi.org/10.1002/ange.201006139
http://dx.doi.org/10.1021/ja902314v
http://dx.doi.org/10.1021/ja902314v
http://dx.doi.org/10.1021/ja3010545
http://dx.doi.org/10.1002/anie.201004426
http://dx.doi.org/10.1002/anie.201004426
http://dx.doi.org/10.1002/ange.201004426
http://dx.doi.org/10.1002/ange.201004426
http://dx.doi.org/10.1021/ja8015878
http://dx.doi.org/10.1021/ja8015878
http://dx.doi.org/10.1002/chem.201103171
http://dx.doi.org/10.1002/chem.201103171
http://dx.doi.org/10.1007/s11426-011-4381-0
http://dx.doi.org/10.1039/c2sc20312j
http://dx.doi.org/10.1021/ja900984x
http://dx.doi.org/10.1021/ja900984x
http://dx.doi.org/10.1002/anie.200904916
http://dx.doi.org/10.1002/anie.200904916
http://dx.doi.org/10.1002/ange.200904916
http://dx.doi.org/10.1002/ange.200904916
http://dx.doi.org/10.1002/chem.200900098
http://dx.doi.org/10.1002/chem.200900098
http://dx.doi.org/10.1021/ja107103b
http://dx.doi.org/10.1021/ja107103b
http://dx.doi.org/10.1039/c0cc00403k
http://dx.doi.org/10.1039/c0cc00403k
http://dx.doi.org/10.1002/anie.201006763
http://dx.doi.org/10.1002/anie.201006763
http://dx.doi.org/10.1002/ange.201006763
http://dx.doi.org/10.1002/ange.201006763
http://dx.doi.org/10.1021/ja027523m
http://dx.doi.org/10.1021/ja027523m
http://dx.doi.org/10.1021/ja052099l
http://dx.doi.org/10.1021/ja052099l
http://dx.doi.org/10.1021/ol9007553
http://dx.doi.org/10.1002/anie.200901097
http://dx.doi.org/10.1002/ange.200901097
http://dx.doi.org/10.1021/ol100001b
http://dx.doi.org/10.1039/c0cc01029d
http://dx.doi.org/10.1039/c0cc01029d
http://dx.doi.org/10.1021/ol102158n
http://dx.doi.org/10.1021/ol102158n
http://dx.doi.org/10.1021/ja907448t
http://dx.doi.org/10.1002/chem.201200829
http://dx.doi.org/10.1021/ol902304n
http://www.angewandte.org

8

=

[9

—

(10]

(1]

Angew. Chem. Int. Ed. 2015, 54, 38173821

Lett. 2009, 11, 5506 -5509; b) C. Wang, L. Piel, F. Glorius, J. Am.
Chem. Soc. 2009, 131, 4194-4195; c) F. Zhang, M. F. Greaney,
Angew. Chem. Int. Ed. 2010, 49,2768 —-2771; Angew. Chem. 2010,
122, 2828-2831; d) H. Zhao, Y. Wei, J. Xu, J. Kan, W. Su, M.
Hong, J. Org. Chem. 2011, 76, 882-893; e) J. Zhou, P. Hu, M.
Zhang, S. Huang, M. Wang, W. Su, Chem. Eur. J. 2010, 16, 5876 —
5881; f) P. Hu, M. Zhang, X. Jie, W. Su, Angew. Chem. Int. Ed.
2012, 51, 227-231; Angew. Chem. 2012, 124, 231 -235.

P. Hu, Y. Shang, W. Su, Angew. Chem. Int. Ed. 2012, 51, 5945—
5949; Angew. Chem. 2012, 124, 6047 —6051.

For reviews on transition-metal-catalyzed carboxylic acid
directed C—H bond functionalization reactions, see: a) K. M.
Engle, T.-S. Mei, M. Wasa, J.-Q. Yu, Acc. Chem. Res. 2012, 45,
788-802; b) T. Satoh, M. Miura, Chem. Eur. J. 2010, 16, 11212 -
11222; for selected examples, see: ¢) L. Chu, X.-C. Wang, C. E.
Moore, A. L. Rheingold, J.-Q. Yu, J. Am. Chem. Soc. 2013, 135,
16344-16347; d) P.S. Thuy-Boun, G. Villa, D. Dang, P.F.
Richardson, S. Su, J.-Q. Yu, J. Am. Chem. Soc. 2013, 135,
17508 -17513; e) E-N. Ng, Z. Zhou, W.-Y. Yu, Chem. Eur. J.
2014, 20, 4474 -4480; f) W. Liu, L. Ackermann, Org. Lett. 2013,
15,3484 -3486; g) S. Mochida, K. Hirano, T. Satoh, M. Miura, J.
Org. Chem. 2011, 76, 3024 -3033.

a) L. J. GooBen, C. Linder, N. Rodriguez, P. P. Lange, A. Fromm,
Chem. Commun. 2009, 7173-7175; b) P. Lu, C. Sanchez, J.
Cornella, 1. Larrosa, Org. Lett. 2009, 11, 5710-5713; c)J.
Cornella, C. Sanchez, D. Banawa, 1. Larrosa, Chem. Commun.
2009, 7176 -7176.

a) A. Maehara, H. Tsurugi, T. Satoh, M. Miura, Org. Lett. 2008,
10, 1159-1162; b) S. Mochida, K. Hirano, T. Satoh, M. Miura,
Org. Lett. 2010, 12, 5776-5779; c)J. Cornella, M. Righi, I.
Larrosa, Angew. Chem. Int. Ed. 2011, 50, 9429—-9432; Angew.
Chem. 2011, 123,9601-9604; d) J. Luo, S. Preciado, I. Larrosa, J.
Am. Chem. Soc. 2014, 136, 4109-4112; e) S. Bhadra, W. L. Dzik,
L.J. GooBen, Angew. Chem. Int. Ed. 2013, 52, 2959-2962;
Angew. Chem. 2013, 125, 3031 -3035; f) Y. Quan, Z. Xie, J. Am.
Chem. Soc. 2014, 136, 15513 -15516.

L. Xue, W. Su, Z. Lin, Dalton Trans. 2010, 39, 9815-9822.

a) H. Zhao, Y. Shang, W. Su, Org. Lett. 2013, 15, 5106-5109;
b) Y. Shang, X. Jie, H. Zhao, P. Hu, W. Su, Org. Lett. 2014, 16,
416-419; c) J. Dong, Z. Long, F. Song, N. Wu, Q. Guo, J. Lan, J.
You, Angew. Chem. Int. Ed. 2013, 52, 580—-584; Angew. Chem.
2013, 7125,608-612; d) Y. Huang, D. Wu, J. Huang, Q. Guo, J. Li,
J. You, Angew. Chem. Int. Ed. 2014, 53, 12158 -12162; Angew.
Chem. 2014, 126, 12354-12358; e) X. Qin, H. Liu, D. Qin, Q.
Wu, J. You, D. Zhao, Q. Guo, X. Huang, J. Lan, Chem. Sci. 2013,
4, 1964-1969; f) J. Wencel-Delord, C. Nimphius, H. Wang, F.
Glorius, Angew. Chem. Int. Ed. 2012, 51, 13001 —13005; Angew.
Chem. 2012, 124, 13175-13180; g) V. P. Reddy, R. Qiu, T.
Iwasaki, N. Kambe, Org. Lert. 2013, 15, 1290-1293; h) J. M.

[14

—

[15]

[16]

(17]

Angéwandte

imeminalEdtiony Chemie

Neely, T. Rovis, J. Am. Chem. Soc. 2014, 136, 2735-2738; i) G.
Zhang, L. Yang, Y. Wang, Y. Xie, H. Huang, J. Am. Chem. Soc.
2013, 735, 8850-8853; j) F. Pan, Z.-Q. Lei, H. Wang, H. Lij, J.
Sun, Z.-J. Shi, Angew. Chem. Int. Ed. 2013, 52, 2063 -2067,
Angew. Chem. 2013, 125, 2117-2121; k) K. Muralirajan, K.
Parthasarathy, C.-H. Cheng, Angew. Chem. Int. Ed. 2011, 50,
4169-4172; Angew. Chem. 2011, 123, 4255-4258; 1) F. Xie, Z.
Qi, X. Li, Angew. Chem. Int. Ed. 2013, 52, 11862 -11866; Angew.
Chem. 2013, 125, 12078-12082; m) T. litsuka, K. Hirano, T.
Satoh, M. Miura, Chem. Eur. J. 2014, 20, 385-389; n) T.-J. Gong,
B. Xiao, W.-M. Cheng, W. Su, J. Xu, Z.-J. Liu, L. Liu, Y. Fu, J.
Am. Chem. Soc. 2013, 135, 10630-10633; 0) X. Zhang, F. Wang,
Z.Qi, S. Yu, X. Li, Org. Lett. 2014, 16, 1586—1589.

a) L. Tebben, A. Studer, Angew. Chem. Int. Ed. 2011, 50, 5034 —
5068; Angew. Chem. 2011, 123, 5138-5174; b) S. Kirchberg, R.
Frohlich, A. Studer, Angew. Chem. Int. Ed. 2009, 48, 4235 -4238;
Angew. Chem. 2009, 121, 4299 —4302.

a) A. Kraft, A. C. Grimsdale, A. B. Holmes, Angew. Chem. Int.
Ed. 1998, 37, 402-428; Angew. Chem. 1998, 110, 416-443;
b) A. R. Murphy, J. M. J. Fréchet, Chem. Rev. 2007, 107, 1066 —
1096; c) M.-H. Yoon, A. Facchetti, C. E. Stern, T. J. Marks, J.
Am. Chem. Soc. 2006, 128, 5792-5801; d) C. B. Nielsen, A.
Angerhofer, K. A. Abboud, J. R. Reynolds, J. Am. Chem. Soc.
2008, 730, 9734 —-9746.

a) F. Bohlmann, M. Ahmed, M. Grenz, R. M. King, H. Rob-
inson, Phytochemistry 1983, 22, 2858 -2859; b) S. Nakamura, M.
Kondo, K. Goto, M. Nakamura, Y. Tsuda, K. Shishido, Hetero-
cycles 1996, 43, 2747-2756; c) K. C. Nicolaou, P. G. Bulger, D.
Sarlah, Angew. Chem. Int. Ed. 2005, 44, 4442—-4489; Angew.
Chem. 2005, 117, 4516-4563; d) C. D. Jones, M. G. Jevnikar,
A.J. Pike, M. K. Peters, L.J. Black, A.R. Thompson, J.F.
Falcone, J. A. Clemens, J. Med. Chem. 1984, 27, 1057 -1066;
e) G. W. Bemis, M. A. Murcko, J. Med. Chem. 1996, 39, 2887 —
2893; f) K. G. Pinney, A.D. Bounds, K. M. Dingeman, V.P.
Mocharla, G. R. Pettit, R. Bai, E. Hamel, Bioorg. Med. Chem.
Lett. 1999, 9, 1081-1086; g) S. Sasaki, N. Cho, Y. Nara, M.
Harada, S. Endo, N. Suzuki, S. Furuya, M. Fujino, J. Med. Chem.
2003, 46, 113-124; h) J. S. Carey, D. Laffan, C. Thomson, M. T.
Williams, Org. Biomol. Chem. 2006, 4, 2337 —2347.

a) E. Bey, S. Marchais-Oberwinkler, M. Negri, P. Kruchten, A.
Oster, T. Klein, A. Spadaro, R. Werth, M. Frotscher, B. Birk,
R. W. Hartmann, J. Med. Chem. 2009, 52, 6724-6743; b) J. H.
Chan, J. S. Hong, R. N. Hunter III, G. F. Orr, J. R. Cowan, D. B.
Sherman, S. M. Sparks, B. E. Reitter, C. W. Andrews III, R. J.
Hazen, M. St Clair, L. R. Boone, R. G. Ferris, K. L. Creech, G. B.
Roberts, S. A. Short, K. Weaver, R. J. Ott, J. Ren, A. Hopkins,
D. 1. Stuart, D. K. Stammers, J. Med. Chem. 2001, 44, 1866—
1882; c¢) B. M. Trost, C. Pissot-Soldermann, 1. Chen, Chem.
Eur. J. 2005, 11, 951-959.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

3821


http://dx.doi.org/10.1021/ol902304n
http://dx.doi.org/10.1021/ja8100598
http://dx.doi.org/10.1021/ja8100598
http://dx.doi.org/10.1002/anie.200906921
http://dx.doi.org/10.1002/ange.200906921
http://dx.doi.org/10.1002/ange.200906921
http://dx.doi.org/10.1021/jo102175f
http://dx.doi.org/10.1002/chem.201000529
http://dx.doi.org/10.1002/chem.201000529
http://dx.doi.org/10.1002/anie.201106451
http://dx.doi.org/10.1002/anie.201106451
http://dx.doi.org/10.1002/ange.201106451
http://dx.doi.org/10.1002/anie.201200153
http://dx.doi.org/10.1002/anie.201200153
http://dx.doi.org/10.1002/ange.201200153
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1002/chem.201001363
http://dx.doi.org/10.1002/chem.201001363
http://dx.doi.org/10.1021/ja408864c
http://dx.doi.org/10.1021/ja408864c
http://dx.doi.org/10.1021/ja409014v
http://dx.doi.org/10.1021/ja409014v
http://dx.doi.org/10.1002/chem.201304855
http://dx.doi.org/10.1002/chem.201304855
http://dx.doi.org/10.1021/ol401535k
http://dx.doi.org/10.1021/ol401535k
http://dx.doi.org/10.1021/jo200509m
http://dx.doi.org/10.1021/jo200509m
http://dx.doi.org/10.1021/ol902482p
http://dx.doi.org/10.1039/b916646g
http://dx.doi.org/10.1039/b916646g
http://dx.doi.org/10.1021/ol8000602
http://dx.doi.org/10.1021/ol8000602
http://dx.doi.org/10.1021/ol1027392
http://dx.doi.org/10.1002/anie.201103720
http://dx.doi.org/10.1002/ange.201103720
http://dx.doi.org/10.1002/ange.201103720
http://dx.doi.org/10.1021/ja500457s
http://dx.doi.org/10.1021/ja500457s
http://dx.doi.org/10.1002/anie.201208755
http://dx.doi.org/10.1002/ange.201208755
http://dx.doi.org/10.1021/ja509557j
http://dx.doi.org/10.1021/ja509557j
http://dx.doi.org/10.1039/c0dt00491j
http://dx.doi.org/10.1021/ol4024776
http://dx.doi.org/10.1021/ol403311b
http://dx.doi.org/10.1021/ol403311b
http://dx.doi.org/10.1002/anie.201207196
http://dx.doi.org/10.1002/ange.201207196
http://dx.doi.org/10.1002/ange.201207196
http://dx.doi.org/10.1002/anie.201406445
http://dx.doi.org/10.1002/ange.201406445
http://dx.doi.org/10.1002/ange.201406445
http://dx.doi.org/10.1039/c3sc22241a
http://dx.doi.org/10.1039/c3sc22241a
http://dx.doi.org/10.1002/anie.201205734
http://dx.doi.org/10.1002/ange.201205734
http://dx.doi.org/10.1002/ange.201205734
http://dx.doi.org/10.1021/ol400230y
http://dx.doi.org/10.1021/ja412444d
http://dx.doi.org/10.1021/ja404414q
http://dx.doi.org/10.1021/ja404414q
http://dx.doi.org/10.1002/anie.201208362
http://dx.doi.org/10.1002/ange.201208362
http://dx.doi.org/10.1002/anie.201100229
http://dx.doi.org/10.1002/anie.201100229
http://dx.doi.org/10.1002/ange.201100229
http://dx.doi.org/10.1002/anie.201305902
http://dx.doi.org/10.1002/ange.201305902
http://dx.doi.org/10.1002/ange.201305902
http://dx.doi.org/10.1002/chem.201303847
http://dx.doi.org/10.1021/ja405742y
http://dx.doi.org/10.1021/ja405742y
http://dx.doi.org/10.1021/ol500186j
http://dx.doi.org/10.1002/anie.201002547
http://dx.doi.org/10.1002/anie.201002547
http://dx.doi.org/10.1002/ange.201002547
http://dx.doi.org/10.1002/anie.200901072
http://dx.doi.org/10.1002/ange.200901072
http://dx.doi.org/10.1002/(SICI)1521-3773(19980302)37:4%3C402::AID-ANIE402%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1521-3773(19980302)37:4%3C402::AID-ANIE402%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1521-3757(19980216)110:4%3C416::AID-ANGE416%3E3.0.CO;2-N
http://dx.doi.org/10.1021/cr0501386
http://dx.doi.org/10.1021/cr0501386
http://dx.doi.org/10.1021/ja060016a
http://dx.doi.org/10.1021/ja060016a
http://dx.doi.org/10.1021/ja7112273
http://dx.doi.org/10.1021/ja7112273
http://dx.doi.org/10.1016/S0031-9422(00)97716-1
http://dx.doi.org/10.1002/anie.200500368
http://dx.doi.org/10.1002/ange.200500368
http://dx.doi.org/10.1002/ange.200500368
http://dx.doi.org/10.1021/jm00374a021
http://dx.doi.org/10.1021/jm9602928
http://dx.doi.org/10.1021/jm9602928
http://dx.doi.org/10.1016/S0960-894X(99)00143-2
http://dx.doi.org/10.1016/S0960-894X(99)00143-2
http://dx.doi.org/10.1021/jm020180i
http://dx.doi.org/10.1021/jm020180i
http://dx.doi.org/10.1039/b602413k
http://dx.doi.org/10.1021/jm901195w
http://dx.doi.org/10.1021/jm0004906
http://dx.doi.org/10.1021/jm0004906
http://dx.doi.org/10.1002/chem.200400558
http://dx.doi.org/10.1002/chem.200400558
http://www.angewandte.org

