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ABSTRACT: Nickel-catalyzed heteroarylation of the inactive
methyl C(sp®)—H bond of aliphatic amide with heteroarenes is
described. The method takes advantage of chelation assistance
by an 8-aminoquinolinyl moiety. The synthetic reaction has
good tolerance toward functional groups, and it can be used in
the construction of various kinds of alkyl-substituted
heteroarenes.
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26 examples, yields up to 92%

he thiophene structure has received much attention in
organic synthesis because of its rigidity and distinct
electronic nature that allow fine-tuning of its molecular
properties.” Compared to other phenyl-type substituents, the
thiophene structures often show higher bioactivity.” They are
widely found in pharmaceuticals,” agrochemicals,* and organic
catalysts.” Moreover, oligothiophenes make up a particularly
important class of organic materials. They are components that
are used in organic electronic devices for applications such as
solar cells, field-effect transistors, and fluorescent biosensors.’
Starting from readily available (hetero)aromatic scaffolds, the
coupling of two prefunctionalized substrates over a transition-
metal catalyst is a typical method for the synthesis of substituted
thiophenes (Scheme 1a).” However, the method has short-
comings because the prefunctionalization of substrate with

Scheme 1. Types of Transition-Metal-Catalyzed
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organometallic reagents is tedious and the generation of metal
halide as waste is undesirable.® As an alternative, the direct cross-
coupling strategy is more promising (Scheme 1b). The method
makes use of a prefunctionalized arene that bears a leaving group
with a C—H bond, and the most used metal catalyst is palladium.”
The method, however, is unselective and requires a directing
group or large excess of arene to activate the relatively inert
bonds.'® Nonetheless, such limitations make the research
challenging when the compatibility of the functional group is
an issue of concern in the synthetic approach. Recently, there
were the reports on the study of decarboxylative (hetero)-
arylation catalyzed by transition metal.""

For the development of new material devices such as OLEDs
(organic light-emitting diodes), alkyl-substituted heteroarenes
bearing one or multiple alkyl components were aggressively
pursued in the past decade,® and tremendous progress has been
made to prepare these organic semiconductors (see the
Supporting Information) that have flexible side chains, such as
cross-coupling reactions,””' polymerization,’® and metalization®"
with functionalized alkyl-substituted heteroarenes (Figure 1).
Also, among pharmaceutical companies, there have been projects
to collect heteroaromatic molecules that are decorated with
branched alkyl chains into a medicinal compound database.'”
Consequently, extensive efforts were devoted to rapid and direct
construction of C(spz)—C(sps) bonds." In practice, intermo-
lecular heteroarylation of alkanes catalyzed by a transition metal
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Figure 1. Functionalized alkyl-substituted heteroarenes.
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is a frequently used method. In the approach, the activated
C(sp®>)—H bonds couple with aryl moieties to form alkyl-
substituted heteroarenes scaffolds.'* The method, however, is
limited to relatively active aryl substrates such as iodoarenes,"’
hyperiodonium salts, "¢ arylboron reagents,17 and organozinc
reagents. 12b,13,18

As coupling partners in cross-coupling reactions, aryl bromides
are more useful than aryl iodides or organometallic reagents
because they are less expensive, nontoxic, and easy to handle.
Despite reports on the arylation of the C(sp*)—H bond with
aromatic halide, such as the palladium-catalyzed intermolecular
arylation with aryl bromides reported by Zeng,'”* the use of aryl
bromides to convert inactive C(sp®)—H bonds to C(sp’)—
heteroaryl bonds via intermolecular coupling still remains to be
explored."” Recently, the methods using removable directing
groups for the formation of C(sp*)—C(sp®) bonds have made a
significant impact on the field of organic chemistry.">*’
Significant progress was first achieved via the chelation-assistance
approach developed by Daugulis.">* A nickel-catalyzed system
was also reported by Chatani'>* in which phenyl bromide was
used but there was no arylation product. Herein, we report the
site-selective coupling of heteroaryl bromides with C(sp*)—H
bonds to achieve intermolecular heteroarylation. The reaction is
conducted over a nickel-based catalyst and is assisted by a
removable bidentate directing group. In general, the use of less
reactive aryl bromides could enhance the practicality and hence
broaden the applicability of the method.

We began our investigation by using aliphatic amides 1a and
2,5-dibromothiophene as substrates for the optimization of
reaction conditions (Table 1). After initial screening of catalysts,
the heteroarylated product 2a was obtained in 74% yield by using
catalytic amounts of NiBr, and MesCOOH using excess Na,CO;
in DMF under an atmosphere of N, (entry 2). It was noticed that

Table 1. Optimization of Reaction Conditions”

l"‘\; =
G W+ N NS o
2 : o
1a 3 equiv 2a

entry catalyst ligand additive yield” (%)
1 NiBr, MesCOOH 24
2 NiBr, MesCOOH TBAI 74
3 Ni(COD), MesCOOH TBAI 64
4 Ni(OTf), MesCOOH TBAI 66
S NiCl, MesCOOH TBAI 62
6 NiF, MesCOOH TBAI 67
7 Ni(acac), MesCOOH TBAI 69
8 Ni(OAc), MesCOOH TBAI )
9 NiBr, PPh; TBAI 54
10 NiBr, PCy, TBAI 51
11 NiBr, pHOCH,COOH  TBAI 65
12 NiBr, PhCOOH TBAI S8
13 NiBr, MesCOOH TBAB 49
14 NiBr, MesCOOH AgO S1
15 NiBr, MesCOOH Cul 30
16 NiBr, MesCOOH CuBr 37
17 NiBr, MesCOOH AgNO; 56

“Reaction conditions: amide (0.2 mmol), thiophene (0.6 mmol),
catalyst (0.02 mmol), ligand (0.04 mmol), base (0.4 mmol), additive
(0.4 mmol) in solvent (0.5 mL) at 160 °C for 24 h in 10 mL screw-
capped vials. “Isolated yield.
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without an additive such as TBAI there was poor yield of 2a
(entry 1). Further investigation showed that the reaction was
improved by using benzoic acid as ligand (entries 9—12). The
screening of additives showed that a change from TBAI to the
others led to lower yields (entries 13—17). In the study, the use of
base and solvent was also optimized (see the Supporting
Information).

With the optimized conditions in hand, we studied the scope
of thiophenes. As expected, thiophene bromides show great
compatibility under the reaction conditions, and the reaction
tolerates a variety of functional groups with both steric and
electronic variations, such as the halides, methyl, acyl, aldehyde,
ester, bithiophene, and benzothiophene. As shown in Scheme 2,

Scheme 2. Screening the Scope of Thiophenes”
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“Reaction conditions: amide (0.2 mmol), thiophene (0.6 mmol),
NiBr, (0.02 mmol), MesCOOH (0.04 mmol), Na,CO; (0.4 mmol),
TBAI (0.4 mmol) in DMF (0.5 mL) at 160 °C for 24 h in 10 mL
screw-capped vials. “Isolated yields of major products. “The number in
parentheses is the isolated yield when 6 equiv of 2,5-dibromothio-
phene was used. “Three equivalents of 3-bromothiophene was used.
“The isolated product was 2b when (5-bromothiophene-2-yl)boronic
acid was used.

electron-deficient substrates are well tolerated, and the reaction
shows a predominant preference for the generation of
monoheteroarylated products (2a,d—i) with good yields (41—
74%). The electron-rich thiophene substrate shows higher
reactivity, giving higher yields of mono- and diheteroarylated
products (2b,c). It is noted that steric hindrance only has a slight
influence on the transformation (2h—j). In addition, an effort
using (S-bromothiophene-2-yl)boronic acid as substrate only
results in the heteroarylated product 2b.

We then examined the scope of aliphatic amides under the
optimized conditions. As shown in Scheme 3, the use of
substituted propanamides bearing linear and cyclic chains results
in a good yield of heteroarylated products (2m,0). Surprisingly,
with a 2,2-diphenyl-substituted substrate, product 2p is obtained
in excellent yield (89%). Notably, there is difference in the mono-
to-di (m:d) ratio between aliphatic amide 2m (m:d = 2:1) and
phenyl-substituted amide 2n (m:d = 1:2). The observation
suggests that the phenyl could benefit from activation of the inert
C(sp®)—H bond. The reactions show great regioselectivity that
the methyl groups are preferred over the methylene and benzene
groups, a phenomenon like that reported in our previous work.”'

To further elucidate the viability of this C(sp®)—H
heteroarylation method, we studied the N-heteroaryl substrates
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Scheme 3. Screening the Scope of Aliphatic Amides”
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“Reaction conditions: amide (0.2 mmol), thiophene (0.6 mmol),
NiBr, (0.02 mmol), MesCOOH (0.04 mmol), Na,CO; (0.4 mmol),
TBAI (0.4 mmol) in DMF (0.5 mL) at 160 °C for 24 h in 10 mL
screw-capped vials. “Isolated yields of major products. “The number in
parentheses is the isolated yield with time extended to 48 h.

that are closely related to thiophenes (Figure 2). Preliminary
results indicated that the direct application of the method under
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Figure 2. N-Heteroarylated products.

the optimized condition is successful, and the desired N-
heteroarylated products are obtained in moderate yields (3a—d).

To further test the practicality of this method, the reaction was
conducted on gram scale, and the desired product 2a was
obtained in 64% yield (Scheme 4). According to our previous

Scheme 4. Gram-Scale Synthesis and Removal of the
Directing Group
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work, the corresponding carboxylic acid 4 is easy to obtain®' and
can be readily transferred to the corresponding isocyanates as
suggested by Fevig.”** Furthermore, the heteroarylated products
can be used as substrates for the Suzuki or other cross-coupling
reactions (Scheme 4). For example, the bromide thiophene
products 2a can undergo the Suzuki protocol to give the arylated
product 6 with excellent yield (91%).**

Several competition and radical-trapping experiments were
carried out in an attempt to determine the reaction mechanism
(Scheme S). The intermolecular kinetic isotope effect for sp* C—
H heteroarylation is 6.4, and the result indicates that the cleavage
of C—H bond is a rate-determining step. The addition of 3 equiv
of 2,6-di-tert-butyl-4-methylphenol (BHT) as radical scavenger
does not inhibit the reaction. The addition of 3 equiv of 2,2,6,6-
tetramethyl-1-piperidinoxyl (TEMPO); however, substantially
reduces the yield but does not completely suppress the reaction,
and there is no detection of 2,2,6,6-tetramethyl-1-(thiophene-2-
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Scheme S. Deuterium Labeling and Radical-Trapping
Experiments
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yloxy)piperidine by GC—MS. To verify whether the reaction
activity was lowered by the oxidation property of TEMPO, and
the cyclometalation process was hindered as such, we added di-
tert-butyl peroxide (DTBP) under the standard conditions and
observed that the reaction gives the product in a lower yield.
According to the results, we deduce that the reaction does not
proceed via a radical mechanism but via one that is similar to that
proposed by Chatani and Ge."**"*

In summary, we report the development of a low-cost nickel
catalyst system that takes advantage of chelation assistance by an
8-aminoquinolinyl moiety. This method for the heteroarylation
of the sp® C—H bond with aliphatic amides has good tolerance
toward different functional groups and represents a facile
alternative for the construction of alkyl-substituted heteroarenes.
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