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The direct and diverse functionalization of important
molecular motifs, especially with good predictability in
complex molecules, is a demanding challenge. Many fields,
especially the pharmaceutical industry, demand quicker
access to diversely functionalized derivatives, which makes
direct coupling reactions with complete and switchable
selectivity highly desirable. Transition-metal catalysis is one
of the most prominent methods to achieve such a goal, and
expands retrosynthetic disconnections to inert C�H and C�O
bonds.[1] Phenol is not only a cheap chemical commodity but
also a ubiquitous core structure in natural products (such as
lignin), drugs, and materials (Scheme 1). Thus, transition-

metal-catalyzed direct reactions of free phenols at any
position are of great interest. Herein, we highlight recent
breakthroughs that now allow predictable site-selective and
direct functionalization of free phenols by cleaving either the

C�O bond (ipso position) or one of the C�H bonds (ortho,
para, and, most recently, meta positions).

Based on the rational design of C�O activation by a “pull
and push” concept,[2a] Shi and co-workers realized the first
successful cross-coupling reactions of free naphthols with aryl
Grignard reagents[2b] and boroxines[2c] (Scheme 2). In the first
case, the strong C�O bond was weakened by the coordination
of the oxygen atom to two Lewis-acidic Mg2+ ions (“pull”).
More interestingly, in the second case, borate formation not
only activated the C�O bond but also the C�B bond (“mutual
activation”). In both cases, the C�O bond activations were
demonstrated by the increased bond lengths in the crystal
structures of the intermediates. Additionally, it is also
essential to use Cy3P (Cy = cyclohexyl) as a ligand, which
“activates” the Ni catalyst through providing a suitable
environment and high electron-density for oxidative addition
(“push”). Although only one nonfused phenol was applied,
these studies explored the intrinsic reactivity of C�O bonds
and revealed a new approach to directly functionalize
phenols. In addition, the pioneering report on transition-
metal-free fluorination by Ritter and co-workers also de-
serves much attention.[2d]

For a long time, transition-metal-free electrophilic sub-
stitutions and directed ortho metalation (DoM) of free
phenols have been widely utilized in organic synthesis.
However, the application of transition-metal catalysis for
selective and diverse ortho-C�H activation has been limited
by the instability of the four-membered metallacycles and
competitive oxidative side reactions. Inspired by the pioneer-
ing work of Trost and Toste,[3a] who realized the Pd0-catalyzed
direct synthesis of coumarins from electron-rich phenols and
alkynes in formic acid, there are a few recent reports
describing the use of different activation strategies and
various kinds of transition-metal catalysts (Scheme 3). For
example, the research groups of Maiti[3b] and Shi[3c] independ-
ently developed PdII-catalyzed annulations to produce cou-
marins in the presence of a base and an oxidant. Under these
two sets of conditions, C�H activation might be the rate-
limiting step, and all kinds of phenols, whether electron-rich,
-neutral, or -poor, underwent the reactions smoothly.[3d] In the
system developed by Maiti and co-workers, benzofurans were
also efficiently generated when styrenes and unactivated
alkenes were employed. Another novel strategy to generate
benzofurans from free phenols with internal alkynes was
discovered independently in 2013 by the research groups of

Scheme 1. Free phenol motifs present in important structures.
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Sahoo[3d] and Shi[3e] (Scheme 3). In the study by Sahoo and co-
workers, bidentate N ligands played a pivotal role in effecting
the PdII catalysis. The mechanistic study suggested a sequence
involving insertion of the alkyne into bis(aryloxo)-PdII com-
plexes, intramolecular C�H activation, and a subsequent
reductive elimination to generate the benzofuran product. In
the report by Shi and co-workers, cationic Cu(OTf)2 was
found to undergo reversible electrophilic cupration to form
the intermediate, which further undergoes insertion and
reductive elimination to generate the C�O bond. Notably,
Yi and co-workers developed a robust RuII-catalyzed selec-
tive ortho-C�H alkylation and alkenylation of free phenols
with alcohols, in which H2O was the by-product (Scheme 3).[3f]

The kinetic isotopic effect indicated that the C�H activation is
a rapid and reversible step. In the reports by the research
groups of Maiti, Shi, and Yi, the excellent ortho selectivity
might arise from the interaction of the cationic catalysts with
the electron-rich C2-position and the oxygen atom in the
phenol, with the possibility of forming aryloxo–metal com-
plexes. More importantly, these methods were applied to

selectively functionalize many complex phenols, which are
highly useful for late-stage derivations (Scheme 1). In addi-
tion to these studies, another two elegant strategies by
Bedford et al.[3g] and Lei and co-workers[3h] are also highly
important for the ortho-functionalization of free phenols.

In contrast to many examples of ortho selectivity,
transition-metal-catalyzed para- (Scheme 4) or meta-C�H
activation of free phenols is far less common. While the
established Friedel–Crafts reactions afford mixtures because
of the minor difference in the electron density between the
ortho and para positions, the use of transition metals played
a key role in recognizing the slightly higher reactivity to
achieve high para selectivity.[4] Impressively, Gaunt and co-
workers reported one nice example of the CuII-catalyzed
para-selective phenylation of free phenol as well as ani-
soles.[4a] Another beautiful example was achieved by Zhou
and co-workers, who realized the para-selective arylations of
phenols with aryl iodides bearing different directing groups
(DGs).[4b] In both reactions, highly reactive sterically crowded
transition-metal complexes with high valence, which hamper

Scheme 2. Direct ipso cross-coupling reactions of free phenols by Shi and co-workers.

Scheme 3. Selective ortho-C�H activation of free phenols.

Scheme 4. Selective para arylation of free phenols by the research groups of Gaunt and Zhou.
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the ortho reaction, might be generated and could be pivotal
for the high para selectivity.

Strikingly, an unprecedented approach to the meta
functionalization of free phenols was recently described by
Larrosa and co-workers that was based on an innovative
traceless directing group relay strategy (Scheme 5).[5a,b] The
use of the Kolbe–Schmidt reaction to install a carboxylic
group at the ortho or para position, followed by a convergent
directed C�H arylation and then decarboxylation resulted in
an overall clean one-pot meta arylation of free phenols. This
original procedure could be efficiently extended to a number
of iodoarenes and substituted phenols. Limited efficiency or
no reaction was observed when employing ortho-substituted
aryl iodides or phenols with para substituents, both of which
hampered activation of the C�H bond. Despite the harsh
reaction conditions, the present method proved itself power-
ful enough to generate meta-arylated free phenols, as
exemplified by preparing a g-secretase inhibitor in a concise
route. This provides an alternative to recent great achieve-
ments by Yu and co-workers for the direct meta-selective
functionalization of phenol derivatives.[5c]

With the advent of the traceless directing group relay
strategy by Larrosa and co-workers, all the positions of free
phenol moieties have now been addressed by transition-metal
catalysis. Many kinds of catalytic systems can be chosen to
directly and selectively functionalize free phenols at the
position of choice. However, although some specific trans-
formations have been realized, many limitations still exist,
such as limited scope, high catalyst loading, and harsh
reaction conditions. Much more research work is required
to render these transformations broadly applicable routine
operations of organic synthesis. This will enable the program-
mable and diversity-oriented introduction[1] of different
(functional) groups to free phenols, especially at a late stage
of drug synthesis, to find many applications. Moreover, we

believe that the highlighted transformations of phenols will
act as role models, inspiring direct reactions with positional
control of other important core motifs.
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Scheme 5. One-pot meta arylation of free phenols by Larrosa and co-workers.
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