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ABSTRACT: The direct, catalytic arylation of simple arenes in
small excess with aryl bromides is disclosed. The developed
method does not require the assistance of directing groups and
relies on a synergistic catalytic cycle in which phosphine-ligated
silver complexes cleave the aryl C−H bond, while palladium
catalysts enable the formation of the biaryl products. Mechanistic
experiments, including kinetic isotope effects, competition experi-
ments, and hydrogen-deuterium exchange, support a catalytic cycle
in which cleavage of the C−H bond by silver is the rate-determining step.
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The functionalization of carbon−hydrogen bonds enables
the construction of carbon−carbon and carbon−heter-

oatom bonds from readily available starting materials.1 The
direct arylation of arenes with aryl electrophiles is a process by
which an sp2 C−H bond is transformed into a C−aryl linkage
in biaryl structures, which are common motifs in pharmaceut-
icals, agrochemicals, and organic materials (Scheme 1a).2

Despite the many reported catalytic methods for direct
arylation, the intermolecular arylation of simple arenes,
which do not contain strongly coordinating functional groups
that accelerate and control the site of C−H activation, remains
a longstanding synthetic challenge. Existing methods for direct
arylation in the absence of directing groups with transition-
metal catalysts either require a large excess of arene3 or require
activated substrates containing several electron-donating or
electron-withdrawing groups that facilitate C−H activation
(Scheme 1b, left).4

A strategy for the direct arylation of simple arenes was
published recently by Larrosa and co-workers. In this work, the
coordination of Cr(CO)3 to the arene π-system facilitated the
activation of aryl C−H bonds (Scheme 1b, right).5 However,
these methods require the separate installation of the Cr(CO)3
unit prior to the direct arylation and removal of this unit after
the arylation process. A few reports describe conditions for
direct arylation without such activation of the arene, but these
reactions lacking an excess of the arene include a specific
functional group that directs the C−H activation step,6 even if
the reaction occurs beyond the position ortho to this group.7

The most efficient undirected reactions occur with a diimine
ligand on palladium, but even these reactions have been
demonstrated to occur only with three arenes and only at the
positions ortho to a fluoro, a nitro, or a cyano group.8

We report a method for the direct arylation of a series of
arenes containing one or more substituents with commercially

available aryl bromides and transition-metal catalysts with a
small excess of the arene (1.5 to 5 equiv). This process stems
from our previous report of the direct allylation of simple
arenes with palladium and silver;9 a series of mechanistic data,
including kinetic isotope effects, competition experiments and
H/D exchange reactions, imply that this direct arylation
reaction occurs by a synergistic combination of a silver
complex that cleaves the C−H bond of the arene and a
palladium system that forms the biaryl product by trans-
metalation with an arylsilver intermediate and subsequent
reductive elimination (Scheme 1c).10

Our initial efforts to increase the efficiency of direct arylation
reactions focused on conditions comprising a combination of
silver and palladium for the reaction of 1-fluoronaphthalene
(1a) with 3-bromotoluene (2a) under conditions with just 1.5
equiv of the arene. We examined a series of reaction
parameters, including a range of silver- and palladium-catalysts,
ligands, bases, and solvents (see SI for details). These
experiments demonstrated that the biaryl product 3aa formed
selectively in 81% yield in the presence of 0.5 mol % of
Pd(OAc)2 and 5 mol % of commercially available Cy2PtBu as
ligand with Ag2O and Cs2CO3 as the silver component and
base (Table 1, entry 1).
The effect of reaction parameters on the direct arylation of

2a with 1a is shown in Table 1. The yields for the formation of
3aa decreased when the arylation reaction was catalyzed by
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complexes bearing ligands other than Cy2PtBu, including
aromatic and trialkylphosphines (Table 1, entries 2−6).
Reactions conducted with stoichiometric silver additives and
bases other than Ag2O and Cs2CO3 gave 3aa in yields that
were lower than those obtained under the standard conditions
(Table 1, entries 7−11). Reactions conducted without the

palladium catalyst, the silver additive, or Cy2PtBu formed 3aa
in only trace amounts (Table 1, entries 12−14).
Having established conditions for the direct arylation of aryl

bromides in which the arene is used in small excess, the scope
of reactions with a variety of substituted arenes was
investigated. As shown in Scheme 2, 4-substituted anisoles

containing chloro and trifluoromethoxy groups underwent
arylation with 3-bromotoluene. These reactions formed biaryls
3ba−3ca in a nearly equimolar mixture of constitutional
isomers in good yield. A reaction with 1,4-nitroanisole led to
the formation of 3da in high selectivity, albeit in moderate
yield. Notably, 4-chlorobenzotrifluride and 2,2-difluorobenzo-
dioxole reacted smoothly under the developed reaction
conditions to form biaryls 3eb and 3fa in good yield and
excellent selectivity.
Biaryls containing a single fluorine atom are common motifs

in pharmaceuticals and agrochemicals,11 but methods to
prepare these structures by direct arylation with low
equivalents of arene have been limited to monofluorobenzenes
containing additional electron-withdrawing groups or fluoro-
arenes containing directing groups.6d−g,12 In contrast, our
developed method enables the direct arylation of several
substituted anisoles and of both electron-rich and electron-
poor fluorobenzenes selectively at the position ortho to the
fluorine atom (Scheme 2). Fluorobenzene (1g) itself has been
a challenging substrate with which to achieve C−H arylation
previously, often requiring this arene to be solvent.13 However,
our method enabled the synthesis of 3ga with just 5 equiv of
arene in 52% yield at 140 °C. Electron-donating functional
groups at the 2-, 3-, and 4-positions (1h−1j) were tolerated,
although reactions of such arenes required 5 equiv of arene. A

Scheme 1. Biaryls in Bioactive Compounds and Strategies
for their Synthesis via Direct Arylation

Table 1. Evaluation of Reaction Conditions for the Direct
Arylation of 1-Fluoronaphthalene (1a)

entry deviation on reaction conditions yield (%)a

1 none 81
2 Cy3P, instead of tBuPCy2 50
3 Cy2PPh, instead of tBuPCy2 41
4 tBu3P, instead of tBuPCy2 35
5 Ph3P, instead of tBuPCy2 10
6 (o-Tolyl)3P, instead of tBuPCy2 <5
7 AgOAc (1 equiv), instead of Ag2O 38
8 Ag2CO3, instead of Ag2O 43
9 AgNO3, instead of Ag2O 56
10 K2CO3, instead of Cs2CO3 24
11 Na2CO3, instead of Cs2CO3 20
12 without Pd(OAc)2 <5
13 without tBuPCy2 <5
14 without Ag2O <5

aDetermined by 19F NMR in CDCl3 with C6H5F as internal standard.

Scheme 2. Scope of Arenes that Underwent Direct
Arylationa

aSee SI for experimental details. bPerformed with 4-bromoanisole.
cPerformed with 4-bromoanisole for 48 h.
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range of fluorobenzenes bearing electron-withdrawing groups
at the 2-, 3-, and 4-positions, including trifluoromethyl,
fluorine, and benzoyl moieties also reacted. In this case, the
reactions occurred in high yields (3ka−3mb) with low
equivalents of arene (1.5−2 equiv).
The scope of aryl bromides that underwent direct arylation

with 1-fluoronaphthalene (1a) is shown in Scheme 3. Aryl

bromides containing electron-donating groups (2b−e) at the
para and meta positions, such as methoxy, morpholinyl,
phenoxy, and thiomethoxy, were tolerated, providing biaryl
products in good yields. The reactions of aryl halides
containing electron-withdrawing groups at the 4- and 3-
positions gave only moderate yields of their corresponding
biaryls (3af−3ah). A 3,4-dibustituted aryl bromide and 1-
bromonaphthalene reacted smoothly, leading to the synthesis
of 3ai and 3aj in good yields. The developed direct arylation
also allowed the synthesis of biaryls in high yield from sterically
demanding 2-substituted bromobenzenes, as shown for 3ak
and 3al.
Having stablished that the efficiency of this direct arylation

process is higher than that of the direct arylations published
previously, we performed a series of experiments to gain
insights into its reaction mechanism. To investigate if C−H
bond cleavage at the arene is rate determining, we compared
the initial rates of the direct arylation of 2-bromotoluene (2a)
with fluorobenzene (1g) and its deuterated analogue [2H]1g in
separate vessels (Scheme 4a). These experiments gave a
primary kinetic isotope effect with a value of 4.0 ± 0.3, a value

that is consistent with a mechanism in which C−H bond
cleavage is rate determining. To gain further insight into the
mechanism of the C−H bond cleavage, we conducted a
competition experiment between 1k and 1h. As shown in
Scheme 4b, the electron-poor arene 1k was the more reactive
substrate, which is consistent with a mechanism in which C−H
bond cleavage proceeds by a concerted metalation deprotona-
tion step.14

A series of experiments summarized in Table 2 probed our
initial mechanistic hypothesis that silver-complexes cleave the

aryl C−H bond during the arylation process (Scheme 1c). To
do so, we conducted H/D exchange reactions with 1,3-
difluorobenzene (1l) and 10 equiv of D2O in tert-amyl alcohol-
d1. In the presence of 0.5 equiv of Ag2O, 40% mol of tBuPCy2,
and stoichiometric Cs2CO3, [2H]1l formed with 84%
incorporation of deuterium into the 2-position (entry 1). A

Scheme 3. Scope of Aryl Bromides that Underwent Direct
Arylation with 1aa

aSee SI for experimental details. bWith 1.0 mol % of Pd(OAc)2, 10
mol % of tBuPCy2, and 4 equiv of 1a for 48 h. cReaction performed at
140 °C for 48 h.

Scheme 4. Determination of KIE and Competition
Experimenta

aSee SI for experimental details.

Table 2. Evaluation of Reaction Conditions for the
Deuteration of 1l

entry deviation from above conditions yield (%)a

1 none 83
2 with Pd(OAc)2 (5 mol %) and Ag2O 71
3 without Ag2O <5
4 without ligand <5
5 with Pd(OAc)2 (5 mol %) without Ag2O <5

aDetermined by 19F and 1H NMR in CDCl3.
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lower degree of deuterium incorporation in 1l was observed in
the presence of Pd(OAc)2 (entry 2). Reactions conducted in
the absence of Ag2O or ligand led to only trace levels of H/D
exchange (entries 3−4). Moreover, Pd(OAc)2 in the presence
of ligand without silver additive did not catalyze H/D exchange
with 1l. These results imply that a phosphine-ligated silver
complex, instead of a palladium-species, cleaves the C−H bond
during the rate-determining step of the arylation reaction.
In summary, we have developed a catalytic method for the

direct arylation of simple arenes with commercially available
aryl bromides and a catalyst system comprising a combination
of silver and palladium that react synergistically. This method
does not require directing groups and allows the arylation
reaction to proceed with one of the smallest excesses of arene
for any direct arylation with arenes lacking a directing group.
Mechanistic experiments imply that C−H bond cleavage
occurs by a phosphine-ligated silver complex, presumably by a
concerted metalation-deprotonation step, and that this step of
the catalytic cycle is rate determining. Current work in our
laboratory is being conducted to fully understand the
mechanism of the proposed catalytic cycle involving reactions
of both Ag and Pd and to use this knowledge for the
development of further improved, undirected, C−H bond
functionalization reactions.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.0c05254.

Experimental procedures and spectroscopic data on the
reaction products (PDF)

■ AUTHOR INFORMATION
Corresponding Author
John F. Hartwig − Department of Chemistry, University of
California Berkeley, Berkeley, California 94720, United
States; orcid.org/0000-0002-4157-468X;
Email: jhartwig@berkeley.edu

Authors
Adrian Tlahuext-Aca − Department of Chemistry, University
of California Berkeley, Berkeley, California 94720, United
States

Sarah Yunmi Lee − Department of Chemistry, University of
California Berkeley, Berkeley, California 94720, United
States; orcid.org/0000-0003-4531-9392

Shu Sakamoto − Department of Chemistry, University of
California Berkeley, Berkeley, California 94720, United
States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.0c05254

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully acknowledge financial support from the NIH
(R35 GM130387 to J.F.H. and F32-GM113404 to S.Y.L.). We

thank the College of Chemistry’s NMR facility for resources
provided and the staff for their assistance. Instruments in CoC-
NMR are supported in part by the NIH (S10OD024998).
A.T.A Thanks UC MEXUS-CONACYT for a Postdoctoral
Research Fellowship.

■ REFERENCES
(1) (a) Godula, K.; Sames, D. C−H Bond Functionalization in
Complex Organic Synthesis. Science 2006, 312, 67−72. (b) Lyons, T.
W.; Sanford, M. S. Palladium-Catalyzed Ligand-Directed C−H
Functionalization Reactions. Chem. Rev. 2010, 110, 1147−1169.
(c) Davies, H. M. L.; Du Bois, J.; Yu, J.-Q. C−H Functionalization in
Organic Synthesis. Chem. Soc. Rev. 2011, 40, 1855−1856.
(d) Gutekunst, W. R.; Baran, P. S. C−H Functionalization Logic in
Total Synthesis. Chem. Soc. Rev. 2011, 40, 1976−1991. (e) McMurray,
L.; O’Hara, F.; Gaunt, M. J. Recent Developments in Natural Product
Synthesis Using Metal-catalysed C−H Bond Functionalisation. Chem.
Soc. Rev. 2011, 40, 1885−1898. (f) Yamaguchi, J.; Yamaguchi, A. D.;
Itami, K. C−H Bond Functionalization: Emerging Synthetic Tools for
Natural Products and Pharmaceuticals. Angew. Chem., Int. Ed. 2012,
51, 8960−9009. (g) Kuhl, N.; Hopkinson, M. N.; Wencel-Delord, J.;
Glorius, F. Beyond Directing Groups: Transition-Metal-Catalyzed C−
H Activation of Simple Arenes. Angew. Chem., Int. Ed. 2012, 51,
10236−10254. (h) White, M. C. Adding Aliphatic C−H Bond
Oxidations to Synthesis. Science 2012, 335, 807−809. (i) Wencel-
Delord, J.; Glorius, F. C−H Bond Activation Enables the Rapid
Construction and Late-stage Diversification of Functional Molecules.
Nat. Chem. 2013, 5, 369−375. (j) Hartwig, J. F. Evolution of C−H
Functionalization from Methane to Methodology. J. Am. Chem. Soc.
2016, 138, 2−24. (k) Hartwig, J. F.; Larsen, M. Undirected,
Homogeneous C−H Bond Functionalization: Challenges and
Opportunities. ACS Cent. Sci. 2016, 2, 281−292. (l) Cernak, T.;
Dykstra, K. D.; Tyagarajan, S.; Vachal, P.; Krska, S. W. The Medicinal
Chemist’s Toolbox for Late Stage Functionalization of Drug-like
Molecules. Chem. Soc. Rev. 2016, 45, 546−576. (m) Wedi, P.; van
Gemmeren, M. Arene-Limited Nondirected C−H Activation of
Arenes. Angew. Chem., Int. Ed. 2018, 57, 13016−13027.
(2) (a) Alberico, D.; Scott, M. E.; Lautens, M. Aryl−Aryl Bond
Formation by Transition-Metal-Catalyzed Direct Arylation. Chem.
Rev. 2007, 107, 174−238. (b) Campeau, L.-C.; Stuart, D. R.; Fagnou,
K. Recent Advances in Intermolecular Direct Arylation Reactions.
Aldrichimica Acta 2007, 40, 35−41. (c) Ackermann, L.; Vicente, R.;
Kapdi, A. R. Transition-Metal-Catalyzed Direct Arylation of
(Hetero)Arenes by C−H Bond Cleavage. Angew. Chem., Int. Ed.
2009, 48, 9792−9826. (d) Simonetti, M.; Cannas, D. M.; Larrosa, I.
Biaryl Synthesis via C−H Bond Activation: Strategies and Methods.
Adv. Organomet. Chem. 2017, 67, 299−399.
(3) (a) Campeau, L.-C.; Parisien, M.; Jean, A.; Fagnou, K. Catalytic
Direct Arylation with Aryl Chlorides, Bromides, and Iodides:
Intramolecular Studies Leading to New Intermolecular Reactions. J.
Am. Chem. Soc. 2006, 128, 581−590. (b) Yanagisawa, S.; Sudo, T.;
Noyori, R.; Itami, K. Direct C−H Arylation of (Hetero)arenes with
Aryl Iodides via Rhodium. J. Am. Chem. Soc. 2006, 128, 11748−
11749.
(4) (a) Lafrance, M.; Rowley, C. N.; Woo, T. K.; Fagnou, K.
Catalytic Intermolecular Direct Arylation of Perfluorobenzenes. J. Am.
Chem. Soc. 2006, 128, 8754−8756. (b) Lafrance, M.; Shore, D.;
Fagnou, K. Mild and General Conditions for the Cross-Coupling of
Aryl Halides with Pentafluorobenzene and Other Perfluoroaromatics.
Org. Lett. 2006, 8, 5097−5100. (c) Rene,́ O.; Fagnou, K. Room-
Temperature Direct Arylation of Polyfluorinated Arenes under
Biphasic Conditions. Org. Lett. 2010, 12, 2116−2119. For a review:
He, M.; Soule,́ J.-F.; Doucet, H. Synthesis of (Poly)fluorobiphenyls
through Metal- catalyzed C−H Bond Activation/Arylation of
(Poly)fluorobenzene Derivatives. ChemCatChem 2014, 6, 1824−
1859.
(5) (a) Ricci, P.; Kram̈er, K.; Cambeiro, X. C.; Larrosa, I. Arene−
Metal π-Complexation as a Traceless Reactivity Enhancer for C−H

ACS Catalysis pubs.acs.org/acscatalysis Letter

https://dx.doi.org/10.1021/acscatal.0c05254
ACS Catal. 2021, 11, 1430−1434

1433

https://pubs.acs.org/doi/10.1021/acscatal.0c05254?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05254/suppl_file/cs0c05254_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+F.+Hartwig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4157-468X
mailto:jhartwig@berkeley.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrian+Tlahuext-Aca"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Yunmi+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4531-9392
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shu+Sakamoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05254?ref=pdf
https://dx.doi.org/10.1126/science.1114731
https://dx.doi.org/10.1126/science.1114731
https://dx.doi.org/10.1021/cr900184e
https://dx.doi.org/10.1021/cr900184e
https://dx.doi.org/10.1039/c1cs90010b
https://dx.doi.org/10.1039/c1cs90010b
https://dx.doi.org/10.1039/c0cs00182a
https://dx.doi.org/10.1039/c0cs00182a
https://dx.doi.org/10.1039/c1cs15013h
https://dx.doi.org/10.1039/c1cs15013h
https://dx.doi.org/10.1002/anie.201201666
https://dx.doi.org/10.1002/anie.201201666
https://dx.doi.org/10.1002/anie.201203269
https://dx.doi.org/10.1002/anie.201203269
https://dx.doi.org/10.1126/science.1207661
https://dx.doi.org/10.1126/science.1207661
https://dx.doi.org/10.1038/nchem.1607
https://dx.doi.org/10.1038/nchem.1607
https://dx.doi.org/10.1021/jacs.5b08707
https://dx.doi.org/10.1021/jacs.5b08707
https://dx.doi.org/10.1021/acscentsci.6b00032
https://dx.doi.org/10.1021/acscentsci.6b00032
https://dx.doi.org/10.1021/acscentsci.6b00032
https://dx.doi.org/10.1039/C5CS00628G
https://dx.doi.org/10.1039/C5CS00628G
https://dx.doi.org/10.1039/C5CS00628G
https://dx.doi.org/10.1002/anie.201804727
https://dx.doi.org/10.1002/anie.201804727
https://dx.doi.org/10.1021/cr0509760
https://dx.doi.org/10.1021/cr0509760
https://dx.doi.org/10.1002/anie.200902996
https://dx.doi.org/10.1002/anie.200902996
https://dx.doi.org/10.1016/bs.adomc.2017.03.002
https://dx.doi.org/10.1021/ja055819x
https://dx.doi.org/10.1021/ja055819x
https://dx.doi.org/10.1021/ja055819x
https://dx.doi.org/10.1021/ja064500p
https://dx.doi.org/10.1021/ja064500p
https://dx.doi.org/10.1021/ja062509l
https://dx.doi.org/10.1021/ol0619967
https://dx.doi.org/10.1021/ol0619967
https://dx.doi.org/10.1021/ol1006136
https://dx.doi.org/10.1021/ol1006136
https://dx.doi.org/10.1021/ol1006136
https://dx.doi.org/10.1002/cctc.201402020
https://dx.doi.org/10.1002/cctc.201402020
https://dx.doi.org/10.1002/cctc.201402020
https://dx.doi.org/10.1021/ja405936s
https://dx.doi.org/10.1021/ja405936s
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c05254?ref=pdf


Arylation. J. Am. Chem. Soc. 2013, 135, 13258−13261. (b) Ricci, P.;
Kram̈er, K.; Larrosa, I. Tuning Reactivity and Site Selectivity of
Simple Arenes in C−H Activation: Ortho-Arylation of Anisoles via
Arene−Metal π-Complexation. J. Am. Chem. Soc. 2014, 136, 18082−
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