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ABSTRACT: An example of using readily available, less
reactive aryl bromides as arylating reagents in the Pd(II)-
catalyzed intermolecular arylation of unactivated C(sp*)—H
bonds is described. This reaction was promoted by a crucial 8-
aminoquinolinyl directing group and a K,COj; base, enabling
regiospecific installation of an aryl scaffold at the S-position of
carboxamides. A mechanistic study by DFT calculations
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reveals a C(sp®)—H activation-led pathway featuring the oxidative addition as the highest energy transition state.

he direct functionalization of alkanes is fundamentally

important to organic synthesis.1 In particular, transition-
metal-catalyzed intermolecular arylation of alkanes, which
couples unactivated sp>-hybridized C—H bonds with aryl
moieties, is recognized as one of the most powerful strategies
to construct valuable arylated alkyl scaffolds.” Progress in the
field has been achieved via chelation-assisted C(sp®)—H
activation,>~ typlcally relylng on palladium catalysis reported
by Dauguhs, Yu,” Chen,® and others.” Iron- and nickel-
catalyzed versions were also developed by Nakamura and
Chatani.'® However, such a useful strategy continues to pose
significant challenges and these reactions are limited to relative
activated aryl substrates such as iodoarenes,®’“%&°°~410P
prefunctionalized arylboromc reagents, 7abe organozmc,loa and
hyperiodonium salts.”® To develop a general procedure, there is
a high demand to explore challenging transformations using
unreactive aryl partners.

Aryl bromides are an important class of arylating reagents
that are readily available, easy to handle, and cost-attractive.
Although palladium-catalyzed intramolecular C(sp®)—H bond
arylation with aryl bromides has been achieved (Scheme 1a),"!
methods using these electrophiles to convert unactivated
C(sp®)—H bonds to C(sp*)—aryl bonds by an intermolecular
coupling still remain to be disclosed. Herein, we report an
intermolecular arylation that uses aryl bromides to enable
regiospecific coupling with unactivated C(sp®>)—H bonds, by
the assistance of a directing group and Pd(II) catalytic system
(Scheme 1b)."* In general, the use of less reactive aryl bromides
could largely improve the practicality with broad applicability. It
provides an alternative approach for the arylation of alkanes and
enriches the limited types of C(sp*)—H bond activation.> >

As compared with the known iodoarene-based aryla-
tion,6 7d89b=d10b 5 considerable challenge for this new
transformation is that aryl bromides are less facile for the
oxidative addition (OA) to the formation of a high-valent Pd
species such as Pd(IV). Apart from the inherent unreactive
nature of aryl bromides, the electronic properties of Pd catalysts
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Scheme 1. Palladium-Catalyzed Arylation of Unactivated
C(sp®)—H Bonds with Aryl Bromides
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may have a prominent influence for insertion of the C(sp®)—Br
bonds. We assumed that a suitable directing group on the
substrates may not only assist the cleavage of C(sp*)—H bonds
but also adjust the electron density and steric situation around
the Pd center, allowing the OA to proceed smoothly, while an
appropriate base can accelerate the dissociation of the bromide
from Pd by replacement with the anion to deliver active
catalytic species (Scheme 1b).

To test our hypothesis, at the outset the effect of directing
groups was investigated by treatment of 4-bromoanisole with
various directing-group-possessing alkanes (Table 1). In the
presence of Pd(TFA), as a catalyst, K,CO; as a base, and
pivalic acid as an additive, the C(sp®>)—H bond arylation of
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Table 1. Evaluation the Effect of Directing Groups and Bases
for the C(sp*)—H Bond Arylation®?

5; Pd(TFA). (5 mol %)

PivOH (0 5 equw}

o N*

DG
base (3.5 equiv) §_O0M9
tert-Amyl-OH =

12090 24 h

DGe= o~ “m/ E)L -CeFs l K
(0]
I, ndd 11, nd¢ I, -:2 v, ndﬂ'
o] o] fo) c
E)LH = W‘L)L” T ‘QAN
N__= l N__= H O
v, 85% VI, nde Vil, nde
entry’ DG base yield (3a)
1 v K,CO; 80%
2 v KHCO, 79%
3 v Na,CO, 19%
4 v K,PO, 14%
S \% KOAc 18%
6 \% KF 27%
7 \% CsF 36%
8 A" Cs,CO; nd*
9 v NaO'Bu nd®
10 A% AgOAc nd®

“Reaction conditions: 1 (0.1 mmol), 2a (0.4 mmol), Pd(TFA), (0.005
mmol), base (0.35 mmol), PivOH (0.05S mmol), tert-Amyl-OH (0.2
mL), 120 °C, 24 h. *'H NMR yield using 1,1,2,2- tetrachloroethane as
an internal standard. “K,CO; was employed as the base. “Not
detected. °GC yield. /Pd(TFA), (0.01 mmol) and tert-Amyl-OH (0.5
mL) were used in these entries.

monodentate amides (I and II) does not occur. N,N-Bidentate
picolinamide (III) provides the S-selective arylation product in
a trace amount of yield. Gratifyingly, the use of carboxamide
bearing an 8-aminoquinolinyl moiety (V), a hi §h127 useful
bidentate directing group discovery by Daugulis,” "~ signifi-
cantly improves the transformation, affording the p-arylated
product 3a in 85% NMR yield. This may be ascribed to the
rigid and planar bidentate structural feature of 8-amino-
quinolinyl, assisting the reaction to occur. In contrast, N-
methyl-protected and N-naphthalenyl carboxamides (VI and
VII) fail to give the arylation products.

The catalyst screening shows that Pd(TFA), is superior to
Pd(OAc),, PdCl,, Pd(PPh,),Cl,, and Pd(dba), in the
reaction.'* Note that the base heavily influences the conversion.
K,CO; and KHCO; proved to be suitable bases in this case
(Table 1). Other bases such as Na,CO;, K;PO,, KOAc, and
CsF give lower performance. Whereas Cs,CO;, NaO'Bu, and
AgOAc inhibited the reaction. These results indicate that a
combination of potassium and carbonate is required to improve
the transformation; it may accelerate the dissociative
replacement of the bromide in the catalysis. Replacing pivalic
acid with AcOH, TfOH, and CF;CO,H results in lower
yields."* A high concentration favors the conversion. Note that
with the exception of a different Pd(II) catalyst, our optimized
arylation conditions are analogous to those of the C(sp*)—H
alkylation described by Daugulis, where the correspondmg
arylation products from aryl bromides were not obtained.*®

The scope of the sp* C—H bond arylation is illustrated in
Scheme 2. Various electron-rich and -deficient aryl bromides
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Scheme 2. Pd-Catalyzed Intermolecular Arylation of
C(sp®)—H Bonds with Aryl Bromides®®
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“Reaction conditions: 1 (0.3 mmol), 2 (1.2 mmol), Pd(TFA), (0.015
mmol), K,CO; (1.05 mmol), PivOH (0.15 mmol), tert-Amyl-OH (0.5
mL), 120 °C, 36 h. Qn = quinolin-8-yl. * Isolated yield. ¢ 24 h. # 130
°C. ° 140 °C.

allow regiospecific coupling with unactivated C(sp*)—H bonds,
giving f-arylated products (3a—30) in good to excellent yields
(52—85%). A broad range of functional groups such as fluoride,
chloride, alkoxyl, aldehyde, alkoxycarbonyl, hydroxyl, cyano,
nitro, and amide are well tolerated. Interestingly, the use of 1,4-
dibromobenzene provides an unexpected product 31 in which
one of the bromo substituents is retained, which provides an
opportunity for postsynthetic functionalization. Synthetically
valuable heteroaromatic scaffolds, including benzodioxolyl,
pyridyl, thienyl, and indolyl, are successfully incorporated into
the alkyl scaffolds of carboxamides (3p—3s).

Encouraged by these results, the variation of the alkyl
substituents on the carboxamides was probed next. Interest-
ingly, ethanecarboxamide generates diarylated product 3t in
excellent yield (91%). Replacing the ethyl substituent with n-
butyl and phenylethyl groups results in monoarylation products
3u and 3v. We were pleased to find that cycloalkyl-bearing
carboxamides are suitable substrates in the transformation.
Compared with cyclopropanecarboxamide (3w), cyclobutyl-
substituted carboxamide furnishes the f,'-diarylated com-
pound 3x in good yield (84%). In contrast, the formation of
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mixed mono- and diarylated products (3y and 3z) in a 6.5:1
ratio was observed when using cyclohexanecarboxamide.

To reveal a feasible pathway between two distinct OA/
C(sp®)—H activation sequences (Scheme 1b), density func-
tional theory (DFT) was performed using the reaction of la
with bromobenzene as a model."* The 8-aminoquinolinyl
group on the substrate initially serves as an L- and X-type
ligand to bind to Pd(1I) by a proton abstraction, followed by
the cleavage of the S-C(sp’)—H bond via a concerted
metalation—deprotonation (CMD) mechanism (Scheme 3).

Scheme 3. Proposed Mechanism with DFT Study”
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“The values are given in kcal mol L.

It is worth noting that the following OA step was found to have
the overall highest energy transition state TS-3 (Figure 1, path
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Figure 1. Free energy profiles for competing paths A and B.

B), which implies a difficult OA process for insertion of aryl
bromide into Pd(II). Then the C(sp®)—phenyl bond can be
formed by a reductive elimination. The K,COj; base facilitates
the dissociative replacement of the bromide with the carbonate
by an endothermic process, giving a carbonate-bound species
Int-8, which liberates the arylation product 3c by two
consecutive ligand exchanges.

2250

In contrast, the reaction by path A has the overall highest
energy transition state TS-3’ of 32.0 kcal/mol for the C(sp®)—
H activation step, which is 26.4 kcal/mol higher than that of the
related OA in path B (Figure 1)."* Such a bigger energy gap
(AAG* = 264 kcal/mol) suggests that the transformation
through path B is energetically more feasible and is probably
involved in the reaction. A controlling experiment by treatment
of the bicyclic PA(II) species 4 with aryl bromide also evidences
the feasibility of this reaction pathway (eq 1).

OMe
i ? & (o]
2a (4.0
6},’ 2a( BHUI\I‘_L o Q“~NJK|< (11
’N“‘F'Id tert-Amyl-OH Qn. o H
NCMe  120°C.24h H H
4 5 19% 6, <5% 1b, 40%

To demonstrate its utility in synthesis, we explored the
possibility of using this method for the concise synthesis of
valuable derivatives. Owing to its good compatibility with the
hydroxyl group, the arylation of ethanecarboxamide 1b and 4-
bromophenol allows easy production of the arylation product
3aa, and then the 8-aminoquinolinyl on the auxiliary can be
removed in H,SO,/MeOH (Scheme 4). The resulting methyl
ester 7 can undergo the cross-coupling and ring-opening
processes, giving rlse to the cardioselective f-blocker drug
molecule Esmolol 9."

Scheme 4. Synthesis of Drug Molecule Esmolol
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In summary, we have developed an efficient intermolecular
arylation of unactivated C(sp*)—H bonds with aryl bromides.
The ability to use less reactive, cost-attractive aryl bromides is a
particular feature of this protocol. Further benefits include
complete f-site selectivity, a broad substrate scope, and high
compatibility with various important functional groups. The use
of an 8-aminoquinolinyl directing group and an appropriate
K,CO; base is crucial to achieve this reaction. With a
mechanism unlike that of the intramolecular arylation of aryl
bromides (Scheme 1a),''® the present transformation may
occur by an energetically feasible C(sp®>)—H activation-led
pathway, having the highest energy transition state for the OA
step. Kinetic experiments to investigate the effect of
substitutions are ongoing.
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Detailed optimization data; experimental procedures; character-
ization data of all new compounds; detailed optimized
geometries and free energies. This material is available free of
charge via the Internet at http://pubs.acs.org.
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