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In recent years, the cross-dehydrogenative coupling (CDC) has demonstrated to be a powerful
synthetic tool to form C-C bonds from two C—H bonds. This high atom-economic transformation is an
attractive alternative to the classical substitution and coupling approaches for the benzylation and allyl-
ation of carbon centers, which rely on the reaction of adequately functionalized starting materials. This
review emphasizes the utility of the CDC through the coupling of benzylic and allylic C—H bonds with

Received 14th May 2020,
Accepted 26th May 2020

DOI: 10.1039/d0qo00587h

rsc.li/frontiers-organic

1. Introduction

Substitution reactions in the different variants (Sx1, Sx2, S'x,
Sni, AAN-E, SgAr, SyAr, etc.) constitute one of the fundamental
pillars in modern organic chemistry." Notwithstanding their
widespread use for synthetic purposes, proper functionali-
zation of the substrates is required. For instance, benzylation
and allylation reactions to form C-C bonds typically involve
benzylic and allylic substrates bearing good leaving groups, in
combination with carbon nucleophiles (carbanions) derived
from terminal alkynes (acetylides), arenes or alkenes (aryl or
alkenyl metals) and carbonyl compounds (enolates) [Table 1,
(a-c)]. In particular, the benzylation of aromatics has attracted
a great deal of attention because the resulting diarylmethanes
play an outstanding role in supramolecular chemistry, as well
as in the development of target pharmaceuticals to treat mani-
fold diseases; triarylmethanes are relevant to dye chemistry,
materials science and bioorganic chemistry.”> Diarylmethanes
are commonly prepared through Friedel-Crafts benzylation of
aromatics (from benzylic alcohols, acetates or chlorides) under
Bronsted or Lewis acid catalysis [Table 1, (d)],* or through tran-
sition-metal catalyzed cross-coupling reactions (i.e., Suzuki-
Miyaura, Negishi, Kumada, Stille or Hiyama) [Table 1, (b)];>
these methods are also applicable to allylation reactions. The
syntheses of diarylmethanes by benzylic C-H arylation with
aryl boronic acids via copper catalysis or with aryl bromides
via photoredox and Ni dual catalysis have been recently
reported.” Within the allylation reactions, the Tsuji-Trost reac-
tion is praiseworthy [Table 1, (c)]:* an intermediate n*-r-allyl
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C(sp)—H, C(sp?)—H and C(sp®)—H bonds.

palladium complex obtained from allylic esters or carbonates
is coupled with carbon nucleophiles, which are the anion of
an active methylene compound or Knoevenagel-type carba-
nions; the decarboxylative allylation can be considered a
subset of the Tsuji-Trost reaction, where the nucleophile (e.g:,
enolate) is generated in situ.® The transition-metal catalyzed
direct allylation of aromatic and vinylic C(sp*)-H bonds with
various allylic surrogates (e.g., acetates, carbonates, phospho-
nates, alcohols, halides, etc.) has been a subject of recent
interest;” the presence of a directing group (DG) is, however,
mandatory to attain a regioselective C(sp®)-H activation
[Table 1, (f)].

On the other hand, the cross-dehydrogenative coupling
(CDQ) is an efficient synthetic tool to access organic molecules
by the formation of C-C (or C-Het) bonds from two C-H (or
C-H and Het-H) bonds.® Within the recent past, the CDC has
become one of the most active research areas in organic syn-
thesis.” In particular, benzylic and allylic C-H bonds can be
coupled with C(sp)-H, C(sp’)-H and C(sp’)-H bonds leading
to more complex structural motifs in a straightforward and
atom-economic manner [Table 1, (a-c)]. For instance, the
coupling of benzylic C-H bonds with C(sp*)-H bonds provides
a novel entry into the much-demanded diaryl- and triarylmeth-
ane compounds. Moreover, diaryl ketones can be formed when
the coupling is conducted under oxidative conditions, with
this being an advantageous alternative to the Friedel-Crafts
aroylation of aromatics with aroyl halides, arenecarboxylic
acids or anhydrides under Lewis acid catalysis, where more
than one equivalent of catalyst is needed [Table 1, (e)]. The
straight coupling of C-H allylic bonds with the acidic a-C-H
bond of carbonyl compounds represents an effective alterna-
tive to the allylic substitution reactions, including the Tsuji-
Trost reactions [Table 1, (c)].
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Table 1 Functionalized and CDC partners for the benzylation (benzoylation) and allylation of different carbon centers

Functionalized partners CDC partners Products Section
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M' = Li, MgHal, 1/2 CuLi

M? = Li, MgHal, 1/2 CuLi or B(OH),, BF;K, SnR;, Si(OR); (TM-catalyzed cross-coupling reactions)

M? = Li, Na, K, etc., without or with Pd. (Tsuji-Trost)

X = Cl, OH, OAc (Brgnsted or Lewis acid, Friedel-Crafts)
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X = Cl, OH, OCOAr" (Bronsted or Lewis acid, Friedel-Crafts)
(f) R’
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LG = OH, OAc, OCO,R, OP(O)(OR), (TM-catalyzed C-H activation)
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It must be pointed up that, in contrast with the convention-
al methods implemented to carry out all the above substi-
tution or coupling reactions, which require pre-functionali-
zation of the starting materials, the CDC approach involves
only C-H bonds. Additionally, it circumvents the usage of
highly reactive organometallic reagents, making the process

N O

oy
:

R1
NS
sz\/o\H

more compatible with the presence of sensitive functional
groups and minimizing waste generation.

Furthermore, the possibility to develop catalytic asymmetric
CDC methods makes this an attractive synthetic route to chiral
non-racemic compounds.” However, this is still a challenging
and underdeveloped area of research.
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Scheme 1 Historical evolution of the CDC of benzylic and allylic C—H bonds (R = alkyl, Ar = aryl).
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From a historical point of view, the CDC concept was intro-
duced by the group of Li in 2004, when the first efficient
copper-catalyzed alkynylation of C(sp®)-H bonds adjacent to a
nitrogen atom was reported (Scheme 1).%* Soon after, the same
group described the coupling of N-unprotected indoles with
1,2,3,4-tetrahydroisoquinolines, under similar reaction con-
ditions (Scheme 1).%” Indeed, these can be considered two
pivotal contributions, where the benzylic C-H bond of 1,2,3,4-
tetrahydroisoquinolines was selectively coupled with terminal
alkynes or the C3-position of indoles; both processes were
catalyzed by copper(r) bromide in the presence of tert-butyl
hydroperoxide (TBHP) as an oxidant. Interestingly, when the
C3-position of the initial indole was blocked by a methyl
group, the C2-coupled product was obtained. With the group
of Li having laid the foundations of the CDC, this and other
groups have made every endeavor to contribute outstandingly
to this field. The pioneering research and subsequent remark-
able works are underlined in the timescale depicted in
Scheme 1.

In this review, we summarize the formation of C-C bonds
by the CDC of benzylic and allylic C-H bonds with C(sp)-H,
C(sp®)-H and C(sp’)-H bonds. The CDC coupling of the more
activated benzylic and allylic (Het)C-H bonds (Het = N, O
and S) has been extensively studied but is out of the scope of
this review.’

2. Alkynylation of benzylic C—H
bonds

The alkynylation of benzylic C-H bonds was reported for the
first time by the group of C.-J. Li in 2010."® Copper() triflate
was used to catalyze the CDC of benzylic C-H bonds and term-
inal alkynes via two consecutive single-electron transfer (SET)
processes, using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) as the stoichiometric oxidant, to form the benzylic
cation intermediate 1 (Scheme 2a). The reaction of this inter-
mediate with the in situ-generated copper(i) acetylide 2 gave
the corresponding alkynyl(diaryl)methanes in moderate-to-
good yields. The reaction was found to be sensitive to the
nature of the alkyne. Electronic changes in the aromatic ring
of the starting diarylmethane changed the effectiveness of the
reaction, and conjugation in the starting alkyne was necessary
in order to manifest reactivity.

It was not until 2019 when the group of Liu reported an
enantioselective version of the Sonogashira-type CDC of
benzylic C-H bonds with alkynes utilizing Cul as a catalyst
and cinchona-derived ligands (L1 and L2, Scheme 2b)."* The
use of an N-fluoroamide moiety in the benzylic substrate 3 was
the key to direct the intramolecular 1,5(6)-hydrogen atom
transfer (HAT) in the species 4 and to form the benzylic radical
5 (Scheme 2c), followed by enantioselective C-C coupling
[through reductive elimination of a Cu(ui)-chiral ligand inter-
mediate] and release of the CDC product. It is worth mention-
ing the excellent selectivities achieved in this reaction, given
its complexity. The absence of ligand or the presence of

This journal is © the Partner Organisations 2020

View Article Online

Review
(a) —(=——R?
Ph H R Ph
Cu(OTf)-toluene (1 mol%)
H DDQ (1.5 equiv.)
2
R PhCI, 120 °C, N, 24 h Rt R
15 examples
Ph
[Cu] 29 -83%
via ) ® * &
Ar R2
1 2
b
® R, _F 1
N RS
H—C=—R?® NH
P o) CullL1 (10mol%) 27~ 0 R
S /l' H  CsCOz(1.0equiv) | | \%
R2 THF, rt, 16 h k2
48 examples
49 - 98%, 86 — 97% ee
= additional
OMe structures:
N H B
z
SCOPh  “NH
7z NH  PAr, Ph Ph
NS g Z Z
L1: Ar=Ph Me Ph
L2: Ar = 3,5-(t-Bu),CgHs3 69%, 89% ee 72% (L2), 91% ee

(c) o) o] o]
R R’ R
7/ / 7/
. N f N . N
al L W F —= L o —=
via H [Cu(] H 15HAT ~_ H
R2 R? R2
3 4 5

Scheme 2 CDC of terminal alkynes and benzylic C—H bonds catalyzed
by copper in a (a) racemic and (b) enantioselective version; (c) 1,5-HAT
mechanism.

2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) inhibited the
reaction. Good-to-excellent yields were obtained in all cases.

3. Arylation/alkenylation of benzylic
C-H bonds

3.1. Benzyl-alkenyl coupling involving toluene derivatives
and o,p-unsaturated carbonyl compounds

The regioselective synthesis of a-benzylated enones through
CDC was first reported by the group of Huang in 2015, using
toluene derivatives as coupling partners and thermally acti-
vated (>100 °C) di-tert-butyl peroxide (DTBP) in the presence of
5 mol% of a Cu(u) salt and salicylic acid."* The corresponding
tert-butoxyl radical was assumed to be responsible for the for-
mation of the benzylic radical 6 and to act as the terminal
oxidant of the reaction via the species 7 and 8. The CDC of
(E)-4-arylbut-3-en-2-one derivatives and substituted toluenes
was accomplished with different substitution patterns on the

Org. Chem. Front,, 2020, 7,1717-1742 | 1719
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Scheme 3 Reaction conditions for the CDC of benzylic and alkenyl C—H bonds.
aromatic ring of both CDC partners (Scheme 3a). Although Me Me
electron-donating, as well as electron-withdrawing groups, (ch:’((:glco)/j) [Pd"OAC]
proved to be effective, the corresponding p-benzylated enones i _pxylene
were isolated as by-products in some cases. Interestingly, K2S8,0g, TFA
salicylic acid was reported to enhance the performance of the Me 45°C,20h Me
reaction, perhaps acting as a ligand for copper and tuning its
redox potential. Me Me
Later on, a metal-free method was developed by Zhao, Liu [Pd'] Pd]
and coworkers to perform the intramolecular CDC reaction * Me |~
between diphenylmethane derivatives and acrylates, using Ve Me
2 equivalents of DDQ. The reaction was suggested to occur 10 Me 11
through the formation of the benzylic radical and oxidation of Me Ve Ve
the alkene via charge-transfer (CT) complex formation, fol- o Me
lowed by SET (9, Scheme 3b)."* The increase of the DDQ + O. .O
loading to 2.5 equivalents also allowed the formation of poly- Me Me
substituted indenes via a second SET event in a one-pot Me Me
process. with low concentration of TFA (20 mol%):  20:80 ratio
with high concentration of TFA (1 equiv.):  89:11 ratio

3.2. Benzyl-aryl(hetaryl) coupling

In 2007, the group of Lu presented a benzyl-aryl CDC involving
a simple and inactivated substrate such as p-xylene. The
process was carried out under palladium(u) acetate catalysis to
generate the corresponding diarylmethane or biaryl as the
major product, just by tuning the concentration of the present
trifluoroacetic acid (TFA), in the absence or presence of potass-
ium persulfate as an oxidant (Scheme 4).'* Thus, the benzylic
C-H bond became activated using a higher concentration of
TFA, whereas the aryl C-H bond was activated when using a
lower one; the actual effect of TFA on the reactivity remains
unclear. The reaction mechanism probably involved the for-
mation of a common aryl Pd(u) intermediate, which can be
converted into an aryl benzyl Pd(u) intermediate 10 or a diaryl
Pd(u) intermediate 11, after reaction with another molecule of
p-xylene. Subsequent reductive eliminations would lead to the
coupled products. The method was also applied to the coup-
ling of mesitylene and benzene, albeit leading to low product
yields.

1720 | Org. Chem. Front., 2020, 7,1717-1742

Scheme 4 Benzyl-aryl and aryl-aryl CDC of p-xylene.

The use of DDQ as a powerful oxidant in CDC processes
was exemplified by Pettus and co-workers in the metal-free
coupling between the benzylic C-H of a flavan with the aro-
matic C-H of 1,3,5-tribenzyloxybenzene.'® Apart from this par-
ticular case, a transition metal, such as iron, has always been
used as catalyst combined with DDQ. Thus, in 2009, the group
of Shi employed a combination of iron(u) chloride as a catalyst
and DDQ as an oxidant in 1,2-dichloroethane (DCE) as the
solvent, which was suitable for the coupling of the C-H bond
of substituted benzenes and the benzylic C-H bond of diaryl-
methanes, leading to triarylmethanes (Scheme 5).'® An elec-
tron-donor group (MeO or MeS) must be present at the ortho
or para position of the benzene ring relative to the C-H experi-
encing the coupling. It was assumed that the reaction is
initiated by iron-assisted SET oxidation, forming the benzylic
radical 12, which would be oxidized to a benzylic cation 13

This journal is © the Partner Organisations 2020
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Scheme 5 CDC of substituted benzenes and diarylmethanes leading to
triarylmethanes.

(Scheme 5). A subsequent Friedel-Crafts-type process, followed
by abstraction of the proton by the reduced hydroquinone,
would furnish the cross-coupled product with the regeneration
of the catalyst.

In 2014, the group of Bach reported a diastereoselective
DDQ-mediated CDC coupling of di- and trimethoxy-substi-
tuted alkylbenzenes with aromatic and heteroaromatic com-
pounds (Scheme 6)."” Alkylbenzenes bearing a stereogenic
center at the p-position were used as starting materials. This
peculiarity allowed to develop a diastereoselective reaction
based on the diastereotopicity of the benzylic hydrogens. From
the optimization studies, it was observed the need for FeCl, as
catalyst when using dimethoxy-substituted alkylbenzenes.
Although the scope was rather limited, good yields and good-
to-excellent diastereoselectivities were achieved when furan,

H NuH Nu
t-Bu DDQ (1.3 equiv.) Bu
rt, MeNO,
R + FeCl, (20 mol%) 4
R = 2,4-(OMe),, [for R = 2,4-(OMe),]
2,46-(OMe); OMe
S (@)
MeO OMe

t-Bu t-Bu

Ar EBU A Ar
R =2,4-(OMe),: 87%, 81:19 dr 45%,>95:5dr  67%, 73:28 dr

R =2,4,6-(OMe);: 48%, 77:23 dr 76%, >95:5dr  43%, >95:5 dr

Scheme 6 DDQ-mediated CDC of arenes with chiral alkylbenzenes;
selected examples.
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4
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Scheme 7 Coupling of alkoxybenzenes and toluene derivatives with
concomitant bromination.

2-methylthiophene or 1,3,5-trimethoxybenzene were used as
nucleophiles.

A CDC of alkoxybenzenes and toluene derivatives with
concomitant bromination was reported by the group of
Greaney, using stoichiometric amounts of copper(un) bromide
and dialkyl peroxides as oxidants, such as Luperox® 101
[2,5-bis(tert-butylperoxy)-2,5-dimethylhexane] or DTBP, with
moderate yields being obtained in most cases (Scheme 7).'® In
one case, the reaction was carried out using copper(u) chloride,
although the obtained yield of the related cross-coupled chlor-
ide was lower than in the case of using the bromide. The gene-
ration of a dibrominated intermediate 14 was proposed by
monobromination with copper(i) bromide and subsequent
dibromination induced by the generated copper(i) bromide
and the peroxide oxidant. Benzylic radicals produced from the
para-xylenes would react with the dibrominated intermediate
14, under the action of copper, to generate the new C-C bond.
It is interesting to note that an electron-withdrawing group
must be present at the meta-position relative to the reacting
C-H in the alkoxybenzene, otherwise, the reaction fails. This
explains why the bromine in the coupled product remains
unreactive. The role of the supposed organocopper intermedi-
ates was not established yet.

In 2011, Bi, Zhang and coworkers obtained benzoxazine
derivatives from N-p-tolylamides via a copper(n) triflate-
catalyzed annulation in the presence of Selectfluor
{1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]-octane
bis(tetrafluoroborate)}, triflimide and water.'® The process con-
sists of an intermolecular CDC reaction of benzylic methyl
C-H and aromatic C-H bonds, and subsequent intramolecular
C-O bond formation (Scheme 8). Spectroscopic experiments
suggested that this transformation could begin with the suc-
cessive activation of both, the benzylic methyl and the ortho-
directed aromatic C-H bonds, by an in situ-generated hydroxo
complex catalyst Cu(m)LOH, facilitating an intermolecular C-C
bond-coupling and an intramolecular C-O coupling reaction,
and giving the final benzoxazine via complex 15.

Hurst, Taylor and coworkers obtained acridanes following an
approach based on an intramolecular CDC between the benzylic
C-H bond and aryl C-H bond of 2-[2-(arylamino)arylmalonates
catalyzed by copper(n) in an open flask (Scheme 9).>° Other

Org. Chem. Front., 2020, 7,1717-1742 | 1721
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Scheme 8 Synthesis of oxazine derivatives from N-p-tolylamides using
a CDC approach.
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Scheme 9 Formation of acridanes via an intramolecular CDC process.
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Scheme 10 Formal CDC of diarylmethanols with aniline derivatives.

related xantenes and thioxantenes could be obtained following
the same procedure. The diester moiety resulting from the
CDC reaction can be used for further functionalizations.

The group of Gu and Tian were able to obtain symmetri-
cally- and unsymmetrically-functionalized triarylmethanols
employing a formal CDC reaction of diarylmethanols with
aniline derivatives (Scheme 10).>' The reaction proceeds in
TFA in the presence of potassium persulfate oxidant and a

1722 | Org. Chem. Front., 2020, 7,1717-1742

View Article Online

Organic Chemistry Frontiers

(a) | N l N
_N . Ru(PPh3)3Cl, (4 mol%) _N
Fc (0.1 equiv.
SR S AL T EE ()
Ar DTBP (4 equiv.) Ar
5 130°C 5
R

56 — 87%
ortho coupling

RuClj; (20 mol%)

H\(P Fc (0 1 equiv.)

Ar DTBP (4 equiv.)
BNDHP (0.1 equiv.) R

130°C
Het = 2-pyridyl, 2-pyrimidinyl, 1-pyrazolyl

() | X | X
_ N L3N =
starting
material
. : meta
Fc® product
Ar

Py

43 - 85%
meta coupling

e
L3N _N L3 N ¥
— N\ T = |/
Ru |
la L3
H
H
19 18
Ar
®
Fc W
L3=BNDHPorCl| prcH, <~ + (t-BuO),
2 Ar 2
Fc = Fe(CsHs), . SET

Scheme 11 Selective ruthenium-catalyzed ortho- and meta-benzyla-
tion of arenes and suggested catalytic cycle in the formation of the
meta product.

catalytic amount of palladium(u) acetate. The proposed reac-
tion pathway involves an acid-promoted formation of a
dibenzylic cation 13, which undergoes a Friedel-Crafts reac-
tion affording a triarylmethane 16. Subsequent oxidation gives
rise to the product.

The group of Shi and Zhao reported a ruthenium catalyst
bearing a 1,1’-binaphthyl-2,2"-dihydrogen phosphate (BNDHP)
ligand that, under the assistance of ferrocene and DTBP as an
oxidant, selectively promoted the meta C-H benzylation of
various arenes bearing pyridyl, pyrimidyl and pyrazolyl groups
(Scheme 11).”* The site selectivity for the ortho to the meta
position could be altered by simply modifying the ligand and
the ruthenium precursor.

Thus, when tris(triphenylphosphine)ruthenium(u) dichlor-
ide was employed as a ruthenium source, the “normal”
pyridyl-directed ortho-compound was preferentially obtained
(Scheme 11a), whereas the use of ruthenium trichloride
afforded the unusual meta-benzylated product (Scheme 11b).
The presence of BNDHP and ferrocene was found to be crucial
for the meta-benzylation to occur, and no product was

This journal is © the Partner Organisations 2020
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obtained in the presence of a radical scavenger such as
TEMPO. Therefore, it was suggested that ferrocene promotes
the generation of the benzylic radical 17 in a combination with
DTBP. The meta-benzylation reaction was justified by the for-
mation of a ruthenium complex 18 generated from ruthenium
trichloride, the pyridyl-containing substrate and BNDHP, in
the presence of ferrocene. The benzylic radical 17 formed by
H-abstraction of the toluene derivative would couple with this
complex, leading to an intermediate 19 that would undergo a
SET process promoted by the Fe(um) ion. Deprotonation and
aromatization would lead to complex 20 which, after ligand
exchange, would afford the coupled product (Scheme 11c).

C-H bonds in heteroaromatic compounds, such as those in
indoles, can be suitable partners of benzylic C-H bonds in
CDC processes. Thus, Zhang, Wen and coworkers reported
that N-pyrimidylindoles can be benzylated at the C2-position
of the indole ring with substituted toluenes, using copper(u)
acetate as a catalyst and DTBP as an oxidant (Scheme 12).*
Even an example of CDC using ethylbenzene and a 3-bromo-
substituted indole was included, though resulting in modest
yield (37%). The presence of benzaldehyde as an additive in
this reaction proved to be beneficial, probably helping to form
a Cu() catalyst 21 by reduction. This Cu(1) catalyst would be
oxidized to the active Cu(u) species 22 and a tert-butoxyl
radical. The pyrimidyl group would direct the C-H cupration
of the starting indole with the Cu(u) species, affording a metal-
lacycle intermediate 23. The benzylic radical 17, from the reac-
tion between toluene and the tert-butoxyl radical, could inter-
act with the metallacycle forming the final benzylation product
and again the Cu(1) species (Scheme 12).

Indoles, N-protected with an N,N-dimethylcarbamoyl
moiety, were alkylated at the C3-position with diarylmethanes
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?
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Cu(OAc),

r

Scheme 12 C2-Benzylation of 1-pyrimidyl-substituted indoles and
proposed catalytic cycle.
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using a CDC methodology developed by the group of Chen
(Scheme 13).>* The reaction involved the use of iron(u) chlor-
ide as a catalyst and DDQ as an oxidant in DCE as solvent. The
use of other N-protecting groups on the indole system gave no
reaction. The isolated yields were moderate to very high when
electron-withdrawing groups were present on the indole, but
no reaction or very low yields were observed when electron-
releasing groups were present. The proposed mechanism
involved the formation of a double benzylic cation and its reac-
tion with the indole, similar to the case of the formerly
described CDC of methoxy-substituted alkylbenzenes with dia-
rylmethanes (Scheme 5, vide supra).

The group of Guo achieved the coupling of the C2-position
of quinoline N-oxides with toluene derivatives, in moderate
yields, using a CDC methodology that employs dicumyl per-
oxide (DCP) as an oxidant in the absence of any metal
(Scheme 14).>° In addition, other examples of CDC of hetero-
cyclic N-oxides and toluene were explored using these reaction
conditions, such as some isoquinoline N-oxides or pyridine
N-oxide, all benzylated at the C2-position. The proposed reac-
tion mechanism involves the generation of the benzylic radical
17 by thermal decomposition of the peroxide. Subsequent
attack at the more electrophilic C2-position of the quinoline
N-oxide would form a radical intermediate 24 that would re-
aromatize affording the final benzylated compound.

Isoquinolines experienced CDC at the C1-position with
methyl arenes under yttrium(m) triflate catalysis in the pres-
ence of DTBP as an oxidant, as reported by the group of Liu,
affording C1-benzylated systems (Scheme 15a).”° A suggested
mechanism involves the formation of a benzylic radical 17 in
the presence of DTBP at 120 °C and its reaction with the iso-
quinoline, activated by N-coordination with the yttrium cata-

R! R2 R! R?
@\/Z . H\CP DCP (2 equiv.) m\@
Ar
@pll H Ar  110°C,24h ®N
) o
o 38 - 62% O
R! R2 R! R?
) - - H
— . Ar
®N AT—CHQ ’Il
do 17 o® 24

Scheme 14 C2-Benzylation of quinoline-N-oxides using a CDC
approach.
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lyst (25). Addition of the benzylic radical at the C1-position
and abstraction of hydrogen from intermediate 26, by the tert-
butoxyl radical, yields the final benzylated isoquinoline.

A metal-free Cl-benzylation of isoquinolines via a CDC
between the C1-H bond of isoquinolines and the benzylic C-H
bond of methyl arenes was reported by the group of Yang,
using iodine as a catalyst and DTBP as an oxidant
(Scheme 15b).>” Similar to the previous reaction, the proposed
mechanism would involve activation of the isoquinoline by
iodine (27) and reaction with the arylmethyl radical 17 gener-
ated with DTBP. Elimination of hydrogen iodide from the
intermediate 28 would afford the benzylated product.
Molecular iodine would be regenerated by the oxidation of the
iodide anion by the in situ generated tert-butyl hypoiodite
(Scheme 15b).

The group of Yuan and Qu demonstrated that quinoxalin-2
(1H)-ones can be benzylated at the C3-position with methyl-
arenes, in a rapid CDC process catalyzed by copper(i) chloride,
using tert-butyl perbenzoate (TBPB) as an oxidant under micro-
wave irradiation (Scheme 16).”® The reaction afforded moder-
ate-to-good yields of the benzylated products, with many sub-
stituents on the aromatic ring and at the N1 being tolerated.
However, the reaction failed when strong electron-withdrawing
groups (cyano or nitro) were present at the methylarene or at
the aromatic ring of the quinoxalinone. The reaction also
failed when using an N-unsubstituted quinoxalinone. The pro-
posed mechanism would start with the generation of the tert-
butoxyl radical after thermal homolysis of TBPB or a SET
process mediated by Cu(i). This radical would generate the
benzylic radical 17, which selectively would attack the C=N
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Scheme 16 C3-Benzylation of quinoxalines using a CDC approach and
proposed catalytic cycle.

bond of the quinoxalinone affording the more stable nitrogen
radical 29. Single-electron oxidation by Cu(u) would furnish
the nitrogen cation 30, which would lead to the final product
after proton loss (Scheme 16).

Boron-dipyrromethene (BODIPY) dyes were benzylated at
the 5-position of the pyrrole ring by Hao, Jiao, Boens and co-
workers, following a CDC-based methodology consisting of the
reaction of BODIPYs with toluene derivatives in the presence
of TBHP as an oxidant and a catalytic amount of copper(u)
acetate (Scheme 17).>° The reaction showed very high regio-
selectivity, giving rise exclusively to the 5-benzylated product.
When the amount of oxidant was increased, the corresponding
dibenzylated product was dominant, although in lower yields.
The proposed mechanism was very similar to the above-com-
mented copper(u)-catalyzed benzylation of quinoxalinones
(Scheme 16), involving the formation of a cationic intermedi-
ate 31.

The group of Duan reported the regioselective CDC of cou-
marins with benzylic C-H bonds. Thus, the C-H at the
C3-position of coumarins could be cross-coupled with the
benzylic C-H of toluene derivatives using copper(u) acetate as
a catalyst and TBPB as an oxidant (Scheme 18a).>° The pres-

Cu(OAc),
(10 mol%)
TBHP (4 equiv.) R!
100°C, 12 h
46 —70%

H Ar?

via
R'=H, Et
R2=H, Me

Scheme 17 C-5 benzylation of BODIPYs using a CDC approach.
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Scheme 18 C3-Benzylation of coumarins using a CDC approach.

ence of electron-withdrawing groups on the benzene ring of
the coumarin lowered considerably the final yield; the use of
ethylbenzene as related coupling partner gave only traces of
the final compound. The proposed mechanism is very similar
to that proposed for the above benzylation of quinoxalinones
(Scheme 16), involving now the generation of a cationic inter-
mediate 32. Following this methodology, other related hetero-
cycles were benzylated, such as some N-methylquinolin-2(1H)-
ones, a 4H-chromen-4-one, and even a non-heterocyclic
system, such as a naphthalene-1,4-dione, although the reac-
tion failed using an N-methylquinolin-4(1H)-one. Similarly, Tu
and Phan and coworkers found that VNU-20, an iron(m)-
organic framework, catalyzed the CDC of coumarins and
methyl arenes in the presence of DTBP as an oxidant and 1,4-
diazabicyclo[2.2.2]octane (DABCO), leading to 3-benzyl-substi-
tuted coumarins (Scheme 18b).*" Following this methodology,
coumarin and 6-methylcoumarin were cross-coupled with
4-bromotoluene, o-, m- and p-xylene, as well as mesitylene; the
final coupled products were obtained in good yields. The cata-
lyst was recovered by filtration and reused up to six times
without diminishing its activity.

3.3. Benzylarylation of alkenes to form oxindoles

The Lewis-acid promoted benzylarylation of alkenes to form
oxindoles, via CDC, was first reported by J.-H. Li’s group in
2013.>% The use of IrCl; as a catalyst and DTBP as an oxidant
facilitated the benzylarylation of N-arylacrylamides to form the
desired oxindoles. The method allowed the use of heteroaro-
matic and secondary or tertiary arylmethane partners, as well
as different substituents on the aromatic rings and on the
carbon-carbon double bond of the acrylamide. Unfortunately,
this strategy was not suitable for unprotected N-arylacrylamides
(Scheme 19a).

Parallel to this work, Guo and Duan and coworkers devel-
oped a copper(i)-oxide catalyzed procedure using TBPB as an
oxidant (Scheme 19b), with the process occurring via radical
33.% This approach proved to be tolerant to different substitu-
ents on the acrylamide and selective to primary arylmethane
derivatives, since the use ethylbenzene as CDC partner gave
only traces of the product. Interestingly, the kinetic isotopic
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effect (KIE) experiments using toluene-dg suggested that the
benzylic C-H abstraction is the rate-determining step (RDS).
Later on, the same group observed that careful choice of the
substituents of the acrylamide carbon-carbon double bond
allowed to reverse the regioselectivity of the reaction, forming
dihydroquinolones under the same reaction conditions
(Scheme 19¢).>* Placement of an aryl substituent at the
B-position of the acrylamide favored the attack of the benzylic
radical to the a-position, leading to 34, with the stabilized
radical adjacent to the aryl substituent. Subsequent 6-endo-trig
cyclization and oxidation, followed by deprotonation of the
aromatic ring, gave the observed dihydroquinolone derivatives.

4. Aroylation of aromatics with
toluene derivatives*>

The Pd-catalyzed CDC coupling of 2-aryl pyridines with
toluene derivatives was successfully reported under different
oxidative conditions, to obtain 2-(pyridin-2-yl)diaryl ketones in
synthetically useful yields. The first example was described by
Patel and coworkers in 2012, using 10 mol% Pd(OAc),, TBHP
as the terminal oxidant and toluene derivatives as reactants
and solvent (Scheme 20a).>® Importantly, the reaction was
inhibited in the presence of TEMPO, suggesting the intermedi-
acy of radicals. It is noteworthy that polymethylated arenes
gave selectively monoaroylated products, without affecting the
other methyl groups. This seminal contribution prompted
other research groups to develop more sustainable method-
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Scheme 20 Pd-Catalyzed CDC coupling of 2-aryl pyridines with
toluene derivatives and proposed reaction mechanism.

ologies for similar transformations. The reaction temperature,
the excess of toluene derivatives, the catalyst loading, the
nature and amount of the terminal oxidant, and the recyclabil-
ity of the catalyst were some of the issues to be addressed in
future protocols.

Almost at the same time, Sun and coworkers reported
the same transformation under very similar conditions
but using only 2 equivalents of the toluene derivative and
2 mol% Pd(OAc), in dimethyl sulfoxide (DMSO) as a solvent
(Scheme 20b).>” Opposite to what was observed by Patel’s
group, these authors were able to detect the oxidation of
toluene to benzaldehyde with TBHP, even in the absence of
Pd(OAc),. Once again, polymethylated arenes reacted only at
one methyl group and this result was attributed to a more
difficult second oxidation, due to the electron-withdrawing
effect of the initially formed carbonyl group. The reaction
showed excellent tolerance to electron-withdrawing and elec-
tron-donating groups in the 2-aryl pyridines and toluene
derivative substrates. However, 2-(o-tolyl)pyridine and p-nitro-
toluene gave only traces of the corresponding product, prob-
ably because of the steric hindrance of the former substrate
and the difficult methyl oxidation of the electron-poor latter
substrate.

Regarding the reaction mechanism, the group of Patel
initially proposed the formation of a benzyl intermediate that
was further oxidized. However, soon after, it was demonstrated
by the group of Sun (and other groups involved in similar
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Scheme 21 CDC coupling of 2-aryl pyridines with toluene derivatives
using (a) a Pd(i) complex anchored to a PS resin or (b) supported palla-
dium nanoparticles (NPs).

transformations) that TBHP can oxidize the toluene derivative
to the benzaldehyde, further transformed into the aroyl radical
35 that enters the catalytic cycle. It is, then, generally accepted
that the reaction starts with a chelation-directed ortho C-H
activation in the 2-phenylpyridine to give the corresponding
palladacycle 36 (Scheme 20c).*® Next, the oxidative addition of
the in situ formed acyl radical to the palladacycle generates
either a Pd(iv)** or a dimeric Pd(m) intermediate*® 37 which,
after reductive elimination, regenerates the Pd(u) catalyst
affording the 2-(pyridyn-2-yl)diaryl ketone product.

The CDC coupling of 2-aryl pyridines with toluene deriva-
tives was also recently reported by Mandapati, Parvathaneni
and coworkers, using a Pd(un) complex anchored to a poly-
styrene (PS) resin (Scheme 21a).** The catalyst used was very
stable and easy to recover and reuse in four consecutive cycles,
without affecting its activity or selectivity. The reaction was
performed in the absence of solvents, using on-water con-
ditions, very low palladium loading and exhibiting a broad
substrate scope. Therefore, this protocol represents a green
and economical alternative to other existing methodologies.

Other green replacements for Pd(OAc), in this reaction are
supported palladium nanoparticles (NPs in Scheme 21b).** In
a recent protocol developed by Zhaorigetu, Bao and coworkers,
it was demonstrated that Pd(0) NPs can be used as the catalyst
because they are easily oxidized under aerobic conditions to
Pd(u). The easy recyclability of this robust catalyst, which main-
tained its activity after five cycles, is an important advantage of
this heterogeneous catalytic system.

The group of Patel also demonstrated that 2-aryloxy pyri-
dine substrates, with an O-linker between the pyridyl and the
aryl ring, are suitable substrates for the Pd-catalyzed aroylation
with toluene derivatives (Scheme 22a).>® Furthermore, it was
shown that ketone oxime ethers can also serve as efficient
directing groups for the Pd-catalyzed C-H aroylation reaction
(Scheme 22b), affording 1,2-diacyl arenes after oxime hydro-
lysis, which are versatile building blocks in heterocyclic
chemistry.

ortho-Acylazoarenes are also readily available by Pd(u)-cata-
lyzed aroylation of azoarenes with aryl methanes, using TBHP

This journal is © the Partner Organisations 2020
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Scheme 23 Pd(i)-Catalyzed aroylation of azoarenes with aryl
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(12 equivalents) as the terminal oxidant, as reported by Lu,
Zheng and coworkers (Scheme 23a).** The reductive treatment
of one acylated azobenzene with Zn/NH,Cl furnished the
corresponding indazole, which is a known liver-X receptor
agonist. Similar results were obtained by Wu, Cui and co-
workers with only 4 equivalents of TBHP in CH;CN
(Scheme 23Db), but the diacylated products were obtained by
using 15 equivalents of the same oxidant at 80 °C and the
toluene derivatives as solvents (Scheme 23c).**

In 2014, Patel’s group examined the Pd-catalyzed aroylation
of 2,3-diarylquinoxalines (Scheme 24).*> It was found that out
of the four available ortho C(sp*)-Hs in the substrate, only one
C-H was selectively functionalized. The reaction was accom-
plished either with aromatic aldehydes or alkylbenzenes as
aroyl precursors, observing that the former reacted faster than
the latter. In line with their mechanistic experiments, it was
proposed that, at least partially, the in situ formation of an
aroyl radical was required to follow a reaction pathway similar
to that described in Scheme 20c.

A Pd-catalyzed aerobic oxidative C-H aroylation of arenes
with toluene derivatives was developed by Jiao and coworkers,
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using either 2-pyridine (Scheme 25a) or a methylated oxime
(Scheme 25b) as directing groups and molecular oxygen as the
terminal oxidant. The reaction proceeded under very mild reac-
tion conditions, exhibiting a broad substrate scope.*® It was
proposed that substoichiometric ~N-hydroxyphthalimide
(NHPI) facilitated the formation of the aroyl radical 35
(Scheme 25c¢), which was the active radical reactant in the pal-
ladium catalytic cycle. Experiments with '*0, demonstrated
that the oxygen atom of the formed carbonyl group comes
from molecular oxygen. Moreover, it was also concluded from
kinetic isotopic experiments that the C-H activation should be
irreversible and the RDS.

The ortho-acylation of 2-arylbenzoxazoles and 2-aryl-
benzothiazoles with toluene derivatives was successfully devel-
oped by the group of Xuan in 2015, using Pd(OAc), as a cata-
lyst and TBHP as a stoichiometric oxidant (Scheme 26a).*”
Mechanistically, it was proposed that the aroyl radical is pre-
generated and oxidatively added to the in situ formed pallada-
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Scheme 26 Pd(i)-Catalyzed ortho-acylation of 2-arylbenzoxazoles and
2-arylbenzothiazoles with toluene derivatives.

cycle. The reaction conditions were compatible with a wide
range of functionalities, except with strong electron-withdraw-
ing groups, such as nitro and acetyl groups on the toluene
derivative, most likely because the oxidation of the latter was
much more difficult. Notably, using this methodology, the
authors prepared a potent bioactive benzothiazole derivative in
only four steps from vanillin.

The same Pd-catalyzed CDC was studied by the group of
Chakraborti, but using O, (balloon) as the stoichiometric
oxidant and NHPI as an organocatalyst.*® Under these con-
ditions, a lower Pd(OAc), loading was required and the reac-
tions were finished in a shorter time at a lower temperature
(Scheme 26b). Importantly, the bis-aroylated products were
obtained when the reactions were run for a longer time
(ca. 8 h). Kinetic isotope effect studies revealed that C—H
bond activation is the RDS, and radical inhibition experi-
ments supported a radical pathway. In addition, it was
shown that an external base does not participate in the
deprotonation during the C-H activation, and the lack of
catalytic efficiency of PdCl, or Na,PdCl, was ascribed to the
poor basicity of the chloride anion. Accordingly, it was pro-
posed that the chelation-directed C-H bond activation to
form the palladacycle 39 is assisted by acetate-mediated
deprotonation through a six-membered chair-like transition
state 38 (Scheme 26c¢).

Three different groups independently developed the Pd-
catalyzed ortho-aroylation of acetanilides with toluene deriva-
tives at the end of 2012, using Pd(OAc), as a catalyst and TBHP
as the terminal oxidant. Furthermore, it was proposed in all
cases the in situ formation of the aroyl radical, which is added
to the six-membered ring palladacycle to obtain a Pd(m) or a
Pd(v) intermediate 40 (Scheme 27). Similar results were
obtained by Weng, Zhang and coworkers using 20 mol% cata-
lyst in the toluene derivative as the solvent (Scheme 27a),*® by
Kwong’s group in chlorobenzene with 10 mol% Pd(OAc),
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Scheme 27 Pd-Catalyzed ortho-aroylation of acetanilides with toluene
derivatives.

(Scheme 27b),”° or even by Yin and Sun in DMSO with only
5 mol% catalyst (Scheme 27¢).>"

The use of directing groups (DGs) is generally required to
facilitate C-H bond activation. It is even more synthetically
attractive if the DG can be easily removed or conveniently
transformed after the desired modification. In this context, the
N-nitroso group has been examined by Luo, Kwong and co-
workers as a traceless DG in the Pd-catalyzed CDC of
N-nitrosoanilines with toluene derivatives. Eventually, N-alkyl-
2-aminobenzophenones were obtained in good yields under
mild conditions, with concomitant N-N(O) bond cleavage
(Scheme 28a).>* In addition, convenient access to 2-acylindoles
was developed by van der Eycken and coworkers via Pd-cata-
lyzed CDC between N-pyrimidyl indoles and toluene deriva-
tives, followed by removal of the directing group.”® The reac-
tion conditions were compatible with a range of functional
groups and the pyrimidyl moiety was easily removed by reac-
tion with sodium ethoxide at 100 °C (Scheme 28b). A signifi-
cant reactivity enhancement was observed using pivalic acid

N™ ~o p M Pd(OAc), (10 mol%)
H TBHP (12 equiv.), 80 °C
* Ar 23 examples
R 53 -82%
(b) PdBr, (10 mol%)
PivOH (0.5 equiv.) r
mH H H y TBHP (5 equiv.) %
N . \(# PhMe/PhCl, 120 °C N

21 examples >/\ N
N \
traces to 73% \\)

Deviation from ) NaOEt
optimal conditions Yield DMSO, 100 °C
none 73%

with Pd(OAc), 7%

without PivOH 51% OMe
with TFA as additive 0% 73% 4

Scheme 28 Pd-Catalyzed CDC of (a) N-nitrosoanilines or (b)
N-pyrimidyl indoles with toluene derivatives.
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(PivOH) as an additive, while other additives or reaction con-
ditions were less effective. However, the authors did not study
the possibility of Pd(OPiv), being the catalytically active
species.

A CDC between electron-deficient N-heterocycles and
toluene derivatives was accomplished by Patel and coworkers
using AICI; as the catalyst and TBHP as a terminal oxidant, in
the absence of noble metals.>® The reaction was highly regio-
selective, affording C1-aroylated isoquinolines in good yields
(Scheme 29a) and exclusively C2-aroylated quinolines or qui-
noxalines (Scheme 29b). Effective inhibition of the reaction
with TEMPO supported a radical pathway and kinetic isotopic
experiments suggested that the C(sp®)-H bond cleavage was
not the RDS. According to these observations and literature
precedents, it was proposed that oxidation of the toluene
derivative provides the aroyl radical 35. Coordination of AlCl;

(a)
H H AICl3 (25 mol%)
| NN . \ﬁy TBHP (3 equiv), 95°C | NN
= N
R/ Ar 13 examples A N
H 52 -70%
[e) Ar
C[ same conditions q
20 examples
X =CH, N 46 -79%
(c) Ar
TBHP TEMPO
Ar-Me  ------- - \\ TEMPO-COAr
AN
N‘\
AICI * CAICI
3 s :
more eIectroph/I/c site Ar o
HAT
AICI; RO
AN AN R=tBuorH
=N ~N +ROH
H
Ar o

Scheme 29 CDC between electron-deficient N-heterocycles and
toluene derivatives to afford (a) Cl-aroylated isoquinolines and (b) C2-
aroylated quinolines or quinoxalines. (c) Plausible reaction mechanism.
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to the N-atom of the heterocycle makes the heterocyclic ring
further electron-deficient, facilitating the addition of the
nucleophilic aroyl radical to the more electrophilic position of
the heterocycle, in a Minisci-like addition. Rearomatization of
this radical intermediate 41 is possible by HAT, providing the
observed product and regenerating the AICl; for the next cata-
Iytic cycle (Scheme 29c). The loading of AICl; was rather high
(25 mol%), probably because the product competes with the
starting material for the coordination of the catalyst. However,
the protocol is still very cost-effective and sustainable because
AlCl; is inexpensive and much less toxic than palladium-based
catalysts.

5. Alkylation of benzylic C—H bonds

5.1. Non-enantioselective alkylation of benzylic C-H bonds

Various examples of benzylic alkylation, mainly at the
a-position of carbonyl compounds, have been described. The
most recurrent partners are malonate derivatives, since the car-
bonyl a-C-H is specially activated.

In 2007, Z. Li, C.-J. Li and coworkers described, for the first
time, a Fe(u)-catalyzed protocol at 80 °C that utilized stoichio-
metric amounts of DTBP as the terminal oxidant
(Scheme 30a).>® A tentative mechanism was proposed invol-
ving a Fe(u)/Fe(m) cycle and the activation of the propanodione
by the Fe(m) species, although no evidence was shown to
support it. The scope proved to be broad in the use of several
1,3-propanodione derivatives, albeit only secondary benzylic
C-H bonds were suitable for this reaction.

One year later, the group of Powell reported the same reac-
tion in the absence of solvent at 60 °C, using a Cu(u)/phenan-
throline catalytic system (Scheme 30b).”® They observed a com-
petitive kinetic isotope effect of 1.6 utilizing a 1:1 mixture of
ethylbenzene and (1,1-D,-ethyl)benzene, which supported the
formation of a benzylic radical during the reaction. Later on,
Li and coworkers developed a double catalytic Cu(i)/Fe(u)
system, involving this time catalytic amounts of NHPI and
oxygen as a terminal oxidant (Scheme 30c).”” Higher tempera-
tures were needed in order to obtain good yields. The NHPI/
0,/Cu system was assumed to be responsible for the formation
of the benzylic radical or the benzhydrol, while the role of iron
was to form the iron-enolate intermediate. Under these reac-
tion conditions, less activated derivatives as indane also
reacted, albeit in low yields.

o (0] (a) 16 examples, 25 — 87% (b) 10 examples, 48 — 75% : L4: :

. Ph Ph |
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R! R | N 1
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Scheme 30 Cu- and Fe-mediated CDC reactions between 1,3-dicarbonyl compounds and toluene derivatives.
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It was not until 2012 when the group of Li developed a Fe(u)
protocol suitable for primary benzylic C-H bonds by increas-
ing the temperature and reaction time (Scheme 30d).>® The
role of the iron catalyst was investigated using p-xylene in the
presence of stoichiometric Fe(dbm);. The formation of the
product in a similar yield indicated the role of Fe(u) as a Lewis
acid to activate the dicarbonyl substrate. As expected, Fe(i)
was also found to be responsible for the benzylic H abstraction
from the toluene derivative.

The group of Song developed a double CDC of 1,3-dicarbo-
nyl compounds and arylmethane derivatives (Scheme 31).>°
The optimized conditions required the use of a Fe(u) catalyst
and stoichiometric DDQ at high temperatures. In general,
good yields were obtained for malonate derivatives. However,
the presence of amide or ether moieties in the arylmethane
inhibited the reactivity of the 1,3-dicarbonyl compound under
the reaction conditions. As expected, the more sterically hin-
dered the arene moiety was, the higher the temperature
required in order to get the desired product, albeit in low
yields. The direct coupling of diethyl malonate with diphenyl-
methane under the optimized conditions gave the CDC
product in 70% yield; that is why the authors proposed a
mechanism based on two iron-catalyzed cycles: formation of
the diarylmethane derivative and subsequent coupling with
the 1,3-dicarbonyl compound.

In the first cycle, DDQ was proposed to perform two SET
processes with the toluene derivative, facilitated by Fe(u), to
give the benzylic carbocation 42, which was trapped by a
second molecule of the toluene derivative; final rearomatiza-
tion of the formed carbocation 43 gave the diarylmethane com-
pound. The second cycle was proposed to occur similarly, this
time being the diarylmethyl carbocation 13 trapped by the
iron-enolate intermediate 44 (Scheme 31).

O (o]
R‘ R2 FeCl, (20 mol%)
DDQ (4 equiv.)
@A ®/ 70-120 °C, 24 h
25 examples
R3 = Me, t-Bu 22 - 86%

Ar'”" AR

Ar'

Scheme 31 CDC of two arylmethanes and a 1,3-dicarbonyl compound.
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Scheme 32 Mechanically-induced Fe-catalyzed CDC.

The group of Su described a mechanical activation variant
of this type of CDC in 2016 (Scheme 32).°° The mechanical
activation of the Fe(mr) species allowed to conduct the reac-
tion under solvent-free conditions. Given that radical scaven-
gers as TEMPO inhibited the reaction, a radical mechanism
similar to the above described in the second cycle of the
double CDC was proposed for the formation of the benzylic
carbocation, via two SET events from DDQ. The reaction con-
ditions were also suitable when the 1,3-dicarbonyl compound
was replaced by indole derivatives. As expected, coupling at
the C-3 position of the corresponding indole was observed in
moderate yield. As a control experiment, the reaction was
carried out under the optimized conditions in the presence
of CH,Cl, at room temperature and using regular stirring
instead of mechanical energy input; only traces of product
were obtained.

In 2010, the group of Klussmann developed a metal-free
CDC coupling between xanthene or 9,10-dihydroacridine
derivatives and carbon nucleophiles, such as ketones or
esters (Scheme 33a).°" During control experiments of a metal-
catalyzed oxidative coupling, the authors realized that only
catalytic amounts of a strong acid were needed to promote
the reaction in high yields. Weaker acids gave much lower
reaction rates and acetic acid was incapable of promoting the
reaction. The authors postulated the autoxidative formation
of xanthene hydroperoxide that would react with the carbon
nucleophile via acid-catalyzed C-O bond cleavage. The iso-
lation of xanthene peroxide under the reaction conditions,
and the formation of the CDC product from xanthene hydro-
peroxide in the absence of oxygen, supported the proposed
mechanism.
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Scheme 33 Metal-free catalyzed CDC reactions between xanthene or
9,10-dihydroacridine derivatives and carbon nucleophiles.
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Scheme 34 Comparative analysis of methods for the reaction of tetrahydroisoquinolines with azaarenes or 4-nitroisoxazoles.

Later in 2012, a similar reaction was developed by Jiao and
coworkers for 9,10-dihydroacridines but using TEMPO as a
mediator (Scheme 33b).®> A variety of carbon nucleophiles
were tolerated including nitroalkanes, ketones, esters and
nitriles. Unfortunately, diphenylmethane and its derivatives
were found to be unreactive under the optimized reaction con-
ditions. KIE experiments suggested that the benzylic C-H
bond cleavage is involved in the RDS (ky/kp = 4 for N-methyl-
9,10-dideuterioacridine).

The group of Yang designed an oxidative CDC reaction of
methylazaarenes and 1,2,3,4-tetrahydroisoquinolines. They
used a cooperative copper/Brgnsted acid system in the pres-
ence of oxygen as the terminal oxidant (Scheme 34a).*> Good
yields were obtained for a series of 6-substituted 2-methyl-
quinolines. Later, in 2016, the group of Li and Xie reported an
alternative metal-free process using 4-acetamido-2,2,6,6-tetra-
methylpyridine-1-oxoammonium salt [4N-T(BF,)] as catalyst in
stoichiometric amounts, occurring via species 45, which was
used in up to 5 cycles without loss of activity (Scheme 34b).%*
Interestingly, the optimal solvent for this transformation was
found to be water. The possible mechanism involves a hydride
abstraction from the N-protected tetrahydroisoquinoline, to
form the iminium salt, and its coupling with the enamine unit
of the 2-methylquinoline to furnish the CDC product. The
iminium salt was isolated, and its combination with 1 equi-
valent of the quinoline gave the desired product, suggesting its
formation during the reaction.

Similar to the Cu-catalyzed method described above, in
2017, the group of Zhang developed a Cu(i)-mediated CDC
using this time 3,5-dimethyl-4-nitroisoxazole as the coupling
partner (Scheme 34c).®® Water was also used as the optimal
solvent and good substrate scope was reported. According to
the copper-catalyzed CDC of tetrahydroisoquinolines, the
mechanism of which was clarified by Klussmann and co-
® the authors proposed the tetrahydroisoquinoline
oxidation by the Cu(i)/O, system to give the iminium ion 46,
which is trapped by the formed nitronate anion 47.

Recently, the group of Singh developed a metal-free homo-
coupling of methyl arenes for the synthesis of 1,2-diaryl-
ethanes, using persulfate as an oxidant in aqueous acetonitrile
medium (Scheme 35).°” The conditions are simple, generating
innocuous KHSO, as stoichiometric residue. The scope was

workers,®
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Scheme 35 Persulfate-mediated homocoupling of methyl arenes for
the generation of bibenzyl derivatives; selected examples.

broad for different substitution patterns and substituents
except for nitro groups. Interestingly, this solvent combination
was found to be crucial for the success of the reaction, since
no traces of product were obtained when the reaction was run
separately in acetonitrile or water. The presence of TEMPO
inhibited the reaction, thereby revealing the generation of the
benzylic radical in the process, presumably via HAT from the
thermally cleaved sulfate radical anion. This is a much more
advantageous approach to 1,2-diarylethanes than the dehalo-
genative coupling of benzyl halides, which implies the use of
stoichiometric amounts of sodium metal (the Wurtz reaction).®®

Following their previous work,”® in 2015, the group of
Chatani reported a palladium-catalyzed regioselective CDC
between aliphatic amides and toluene derivatives
(Scheme 36).”° The chelation-assisted mechanism was found
to be essential to attain the excellent enantioselectivities
recorded. The simultaneous use of an acid and a base was
found to be beneficial for the reaction. Moderate-to-good
yields were recorded for toluene and its derivatives. The role of
the perfluorinated compound was to generate the benzylic
radical 17 and, subsequently, the benzyl iodide 48. A series of
deuterium-labeled experiments were carried out in order to
elucidate the mechanism of this reaction and the reversibility
of each step. As a result, the authors postulated that the for-
mation of the benzyl iodide facilitates its oxidative addition to
the palladacycle 49 to give the intermediate 50; subsequent
reductive elimination and protonation to release the palladium
catalyst gives the final product.
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Scheme 36 Chelation-assisted Pd(i)-catalyzed CDC of aliphatic amides
and toluene derivatives. Proposed reaction mechanism.

5.2. Enantioselective alkylation of benzylic C-H bonds

To develop enantioselective CDC reactions involving benzylic
C-H bonds entails special challenges because, in most cases,
carbocations and other planar intermediates are formed. To
control the attack of the CDC partner to only one face of the
intermediate requires a deep knowledge of the system and a
great experience in enantioselective reactions. For this reason,
comparatively, there are few asymmetric CDC examples in the
literature, some of which are discussed in this section.

In this regard, in 2009, the group of Cozzi published a
seminal contribution describing an enantioselective CDC
between aldehydes and benzylic C-H bonds of different
nature, such as those in xanthene, flavonoid and indole deriva-
tives (Scheme 37).”" Not only the choice of the organocatalyst
but also the nature of its counterion were found to be crucial
in order to obtain good enantioselectivities.

An enantioselective version of the CDC of arylmethanes
with 1,3-dicarbonyl compounds was developed by the group of
Gong in 2010, using a chiral Lewis acid-bonded nucleophile to
control the stereochemistry (Scheme 38).”> Up to five different
chiral bis(oxazoline) derivatives were screened to finally
furnish the products in good-to-excellent enantioselectivities
and yields. Only 1 equivalent of DDQ was used, in contrast to
the examples described above. 3-Indolyl(aryl)methane deriva-
tives were chosen as coupling partners in this reaction. An oxa-
zoline was selected as the optimal chiral ligand, obtaining the
corresponding products in excellent yields and enantio-
selectivities. Contrary to the previous examples, where high
temperatures were needed, the reaction proceeded at 0 °C for
24 h. The absence of the electron spin resonance (ESR) signal
characteristic of DDQ, when this was measured in the presence
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Scheme 37 Enantioselective CDC of benzylic C—H bonds of different
nature with alkyl aldehydes at low temperature.
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Scheme 38 Enantioselective Cu-catalyzed CDC of 3-benzylindoles
with 1,3-dicarbonyl compounds and indoles, under solvent-free con-
ditions, and proposed reaction mechanism.

of a 3-benzyl indole, dibenzyl malonate and the copper
complex, indicated that cationic rather than radical species
were involved in the reaction. In addition, DFT calculations
suggested that the reactive intermediate carbocation is, most
likely, in its iminium ion form (51), with the charge deloca-
lized over the conjugated system (Scheme 38), rather than a
benzylic carbocation, as usually depicted.
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Scheme 39 Enantioselective CDC between f-aryl aldehydes and
nitromethane.

In 2011, the group of Hayashi developed a one-pot enantio-
selective CDC of f-arylaldehydes and nitromethane
(Scheme 39).”* While there are many examples in the literature
describing the a-functionalization of aldehydes, a different
strategy was applied to achieve p-functionalization. The use of
an amine-type catalyst favoured the enamine formation. The
presence of aryl groups at the p-position facilitated the DDQ-
promoted oxidation of this enamine to the corresponding
iminium ion 52. This fact was proved by mixing 3-phenylpro-
pionaldehyde, the organocatalyst and DDQ; cinnamaldehyde
was isolated. The subsequent attack of the nitronate 53 to the
iminium ion, in the presence of a base, occurred at the
B-position, and the final release of the organocatalyst gave the
substituted aldehyde with, generally, good yields and excellent
enantioselectivities.

In 2013, 1-indanones and 1-tetralones were also success-
fully used by the group of Feng in the CDC with xanthene,
mediated by a Ni(u)/Fe(u) bimetallic catalytic system
(Scheme 40).”* The reaction performed well with Fe(n) as the
only catalyst, in the presence of an N-proline-derived N,N'-
dioxide chiral ligand, giving the racemate in high yield; in con-
trast, low conversion and excellent enantioselectivity were

o]
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attained with only Ni(u) as a catalyst. For this reason, the
authors decided to combine both catalysts. Careful optimiz-
ation of the nickel/iron/ligand ratio led to good yields and
excellent enantioselectivities for the CDC products.
1-Indanones bearing an ester substituent gave the CDC pro-
ducts in excellent yields using L6*. However, this ligand gave
only traces of the desired product when 1-tetralones were used.
A modification of the ligand was required in order to promote
the reaction, obtaining the corresponding tetralone-derived
CDC products in good yields and excellent enantioselectivities.

In 2017, visible light was successfully used in the coupling
of xanthenes and the a-C-H of alkyl aldehydes by the group of
Pericas (Scheme 41).”> Cooperative photocatalysis and organo-
catalysis allowed the authors to develop this reaction in an
enantioselective version, demonstrating the efficiency of
merging these two catalytic strategies. The use of [Ru(bpy);]
(PF¢), as photocatalyst and BrCCl; as oxidative quencher,
observed by Stern-Volmer plot measurements, allowed the
access to the highly reactive trichloromethyl radical 54. It was
proposed that this species is responsible for the abstraction of
the hydrogen atom from the xanthene (RDS, KIE = 4.0), gener-
ating the corresponding radical 55, which is further oxidized
to the dibenzylic carbocation 56 with regeneration of the
photocatalyst. The formation of the C-C bond between the car-
bocation 56, and the enamine of the aldehyde and the organo-
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Scheme 40 Cooperative bimetallic catalytic system for asymmetric
CDC reactions between xanthene and 1-indanone or 1-tetralone
derivatives.
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catalyst cat4* (57) was found to be the selectivity-determining
step, with a computed energy difference between diastereo-
meric transition states of AAG* = 1.7 kcal mol™?. Final hydro-
lysis of the formed iminium ion 58 and reduction of the alde-
hyde using NaBH, would give the CDC alcohol products.
Generally, good diastereoselectivities and moderate-to-excel-
lent enantioselectivities were found. Interestingly, the opposite
configuration at the a-carbon of the aldehyde was achieved by
changing the organocatalyst from cat4* to cat5*, although with
moderate diastereo- and enantioselectivities (Scheme 41).

The diastereoselective and asymmetric CDC of carbonyl com-
pounds with other oxygen-containing heterocycles has been
recently reported by several research groups.”® In this case,
however, the coupling involves the highly activated allylic OC-H
of 2H-chromenes and the benzylic OC-H bond of isochromanes.

6. Alkynylation of allylic C—H bonds

The first example of a CDC between an allylic C-H bond and a
terminal alkyne was reported by Almasalma and Mejia in 2018
(Scheme 42).”” The process was catalyzed by a copper complex
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Scheme 42 Thermal or photochemical copper-catalyzed alkynylation
of allylic C—H bonds and suggested catalytic cycles.
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generated from [Cu(MeCN),|PFs and terpyridine (L8) as a
ligand. An excess of the alkene was used in order to avoid the
side dimerization reaction of the alkyne. This approach
implied a thermal process using DTBP as an oxidant (con-
ditions A).””* However, very recently, in 2020, the same group
developed an improved methodology using a photocatalyzed
approach at room temperature in which TBHP was used as the
oxidant (conditions B).””” The cross-coupling was successful
with cyclic and acyclic allylic substrates, and aromatic and ali-
phatic terminal alkynes. Concerning the substrate scope, some
complementarity was found between the thermal and the
photocatalyzed methodologies. The postulated mechanism is
depicted in Scheme 42. The initially generated copper(i) cata-
lyst [L8Cu(1)]" is transformed into complex [L8Cu(u)OR]" in a
thermally or photochemically promoted pathway. The latter
copper(n) complex reacts with the allylic radical, 59 generated
from the alkene and alkoxyl radicals, giving a copper(u) inter-
mediate 60; the latter undergoes a ligand exchange with the
copper acetylide 61 and leads to the final product after reduc-
tive elimination, regenerating the catalyst [L8Cu(1)]".

7. Arylation/alkenylation of allylic
C-H bonds

The first direct indolation of 1,3-diarylpropenes at the allylic
position was achieved by the group of Bao, using a palladium
catalyst and DDQ as an oxidant (Scheme 43).”® Indoles selec-
tively reacted at the 3-position and the formation of the
N-allylation product was not observed. Both electron-withdraw-
ing and electron-donating groups were tolerated on the indole.
Mixtures of regioisomers were obtained when monosubsti-
tuted or asymmetrically disubstituted 1,3-diarylpropenes were
used. A mechanistic proposal involves a hydride abstraction
from the allylic position of the alkene by DDQ, followed by
reaction of the generated allylic cation with PdCl, and indole
to give a n-allylpalladium intermediate 62 (Scheme 43) which,
after reductive elimination and deprotonation, would form the
final product.

The CDC approach has been shown to provide an efficient
route to a-functionalized BODIPY dyes, which are difficult to
prepare by common synthetic methods. Jiao, Boens and co-
workers reported the a-regioselective allylation of BODIPYs by

PdCl, (5 mol%), DDQ (1.2 equiv.) HN

H
N
'b ;x MeCN, 0°C, 2h R X

H 4
. + \
R H via H Ar? Ar' Ar?
NS
o 1)\/é\A 2 ;2 /)
d P|d 16 examples
R=H, Me 62 Cl |ar 40 - 94%

Scheme 43 Palladium-catalyzed coupling of indoles with 1,3-
diarylpropenes.
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TBHP (5 equiv.)
n 90°C, 12 h

15 examples
39 -63%
(n=0,1)

via

Scheme 44 CDC of BODIPYs and cyclic alkenes.

reaction with alkenes (mainly cyclopentene and cyclohexene)
using a catalytic amount of Bu,NI and TBHP as an oxidant
(Scheme 44).”° Lower yields were obtained with BODIPYs
bearing electron-withdrawing groups on the Ar substituent.
Under the same reaction conditions, but extending the reac-
tion time to 24 h, products allylated at the a-position of both
nitrogen atoms were formed. A mechanism was suggested,
starting with the oxidation of iodide to hypoiodite or iodite
anions by reaction with TBHP, followed by a hydrogen-atom
abstraction from the alkene to generate an allylic radical. The
latter then adds to BODIPY at the carbon atom « to nitrogen,
leading to radical 63 (Scheme 44) which, after hydrogen
abstraction and rearomatization, affords the final product.

A rhodium-catalyzed CDC of heteroarenes with allylic C-H
bonds of alkenes was developed by the group of Glorius
(Scheme 45).%° Several 2-substituted thiophenes and furans
gave the 5-allylated products in moderate-to-excellent yields,
showing a high functional group tolerance. Benzofuran was
allylated mainly at the 2-position, whereas benzothiophene
reacted at the 2- and 3-positions without any selectivity.
N-Substituted pyrrole and indole could be also functionalized
selectively at the 3-position. Several alkenes were used as reac-
tion partners. When R' was an aryl group and R* an alkyl
group, the selective heteroarylation at the carbon atom bonded
to R*> was observed. However, with terminal alkenes, such as
allylbenzene and 2-allylnaphthalene, the regioselectivity for
the branched or the linear products depended on the hetero-
arene used. When R' and R* were alkyl groups, a 1:1 mixture
of regioisomeric products was formed. The synthetic potential
of this methodology was demonstrated by the successful allyla-
tion of pharmaceutical compounds.

The palladium-catalyzed CDC reaction between terminal
alkenes and polyfluorinated arenes led to the synthesis of a

[CP*RACly], (5 mol%)
AgBF,4 (20 mol%)
- AgOAC (2.2 equiv.)
/\/(J)\ DCE, 60 °C R?
RTS R? 43 examples
X=0,8,N-R) 34-93%

Scheme 45 Heteroarylation of alkenes at the allylic position by CDC.
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/ n
H (b)
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n=2-5 el R/Q/Q y

Scheme 46 Allylic C—H arylation of alkenes with electron-deficient
arenes.

variety of linear coupling products in moderate-to-good yields
and with very high regioselectivities. Two similar approaches
were described which use palladium acetate as a catalyst and
differ mainly in the oxidant (Scheme 46). In the first approach,
reported by the group of Yang (Scheme 46a),*'® silver carbon-
ate was used as an oxidant and racemic 1,1’-bi-2-naphthol
(rac-BINOL) as a ligand for palladium, to control the regio-
selectivity of the process. The formation of Heck-type side pro-
ducts in small amounts was observed in some cases, especially
with aliphatic alkenes.

The second approach was reported by the group of Jiang
(Scheme 46b)*'? and used molecular oxygen as an oxidant,
which is convenient from the environmental point of view
since it avoids the generation of hazardous waste. Additives
such as silver oxide and pivalic acid considerably improved
both the yields and selectivities. Small amounts of side pro-
ducts resulting from a Wacker oxidation pathway were
detected. Both routes gave good results with aliphatic alkenes
and allylarenes bearing electron-withdrawing or electron-
donating groups. Concerning the arene partner, reactions with
substrates containing 2 to 5 fluorine atoms proceeded success-
fully. The proposed mechanism involves the generation of a
n-allylpalladium complex 64 (Scheme 46), which leads to the
final product after reductive elimination.

A metal-free CDC procedure to perform the allylation of 1,4-
naphthoquinones and 4-hydroxycoumarins with 1,3-diarylpro-
penes was reported by Cheng and coworkers (Scheme 47).%?
The process was mediated by DDQ and it took place at room
temperature. Both 2-substituted-1,4-naphthoquinones and
4-hydroxycoumarins exclusively reacted at the 3-position.
A SET process is assumed to occur, given the dramatic drop in
the reaction yield observed when TEMPO was used as an addi-
tive. Mixtures of a- and y-isomers were formed with non-sym-
metric 1,3-diarylpropenes, suggesting that allylic radicals
could be involved in the mechanism of the reaction. The
corresponding cyclization products, pyranonaphthoquinones
and pyranocoumarins, were obtained in moderate-to-good
yields when an extra equivalent of DDQ was added after com-
pletion of the coupling reaction and stirring was continued for
one hour.

Org. Chem. Front, 2020, 7,1717-1742 | 1735


https://doi.org/10.1039/d0qo00587h

Published on 26 May 2020. Downloaded on 2/15/2026 8:20:25 PM.

Review

o}
R /\J\
AT Ar2
H DDQ, DCE, 1t
o

R = OH, -PrNH 10 examples
pyrrolidin-1-yl 62 - 96%

(o]
R
Ar2(Ar")
° ~

Ar'(Ar?)

H Ph

H
HO
/\/é\ HO, \ Ph
S TR Ph
o
o DDQ, DCE, rt

R o)

4 examples R
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Scheme 47 CDC of naphthoquinones or coumarins with 1,3-
diarylpropenes.

8. Alkylation of allylic C—H bonds

The catalytic allylic alkylation of alkenes with 1,3-dicarbonyl
compounds via a CDC reaction was first developed by Li and
coworkers.®® After screening different reaction conditions, the
authors found a combination of Cu(1) and Co(u) catalysts
which, in the presence of an excess of TBHP, furnished the
desired products in useful synthetic yields, albeit requiring an
excess of the alkene (Scheme 48). Although the role of each
metal (cobalt and copper) was not clarified, the mechanistic
studies supported the formation of a z-allyl copper or allyl
cobalt complex 65 through the allylic H-abstraction.

Cheng and Bao reported the CDC between activated methyl-
ene compounds and 1,3-diaryl allylic substrates. The reaction
was promoted by stoichiometric amounts of DDQ, under
metal-free conditions at room temperature, affording the
expected products in very good yields (Scheme 49).%*
Mechanistically, the formation of a charge-transfer complex
(deep green color) between the 1,3-diaryl allylic substrate and
DDQ was proposed, followed by HAT to form an allylic cation
66. Deprotonation of the 1,3-dicarbonyl substrate by the
phenolate derived from DDQ would produce the corres-
ponding enolate 67, which is finally added to the former allylic
cation to give the product.

More recently, a catalytic copper-mediated CDC using stoi-
chiometric DDQ was developed by the group of Huang for the
allylation of less activated carbonyl systems, such as ketones or

o o
1 2
R %R CuBr (2.5 mol%) OH
H o\, CoCly (10 mol%) Xy M)
—_— - / H
* /6W TBHP (2equiv.) | % i
R
L
RV 65 12 examples
(5 equiv.) M: Cu or Co 31-71%

Scheme 48 Copper/cobalt-catalyzed CDC between 1,3-dicarbonyl
compounds and alkenes.
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Scheme 49 DDQ-promoted CDC between activated alkenes and 1,3-
dicarbonyl compounds.

@ A)H\ Cu(OTH, (5 mol%) Ph O
Ph Ph DDQ (1 equiv.) Ph X ; R
— R h
*o H,0 (1.5 equiv.) R2__ o
H MeCN, rt, 24 h
R 13 examples (R = alkyl)
RTL, 62 - 95%
T 10 examples (R = H)
R" = H or alkyl 73 -93%
(b) H

H
T3, o
O@@ ¥ HQ§ H,O/MeCN
S

rt,24 h

Scheme 50 DDQ-promoted Cu-catalyzed CDC between (a) 1,3-diphe-
nylpropene and aldehydes or ketones or between (b) hydrogenated gra-
phene and tetrahydrothiophen-3-one.

aldehydes (Scheme 50a).*® 1,3-Diphenylpropene was selected
as a coupling partner, giving the corresponding products in
good-to-excellent yields. The proposed mechanism is similar
to the one described above, with the copper salt acting as a
Lewis acid to promote the enolization of the corresponding
aldehyde or ketone, and favouring the nucleophilic attack to
the formed allylic cation.

Similar reaction conditions were applied in the field of
materials science by the group of Pumera, which developed a
C-H functionalization of hydrogenated graphene with tetra-
hydrothiophen-3-one (Scheme 50b).*® Different techniques,
such as X-ray photoelectron spectroscopy (XPS) or Fourier-
transform infrared spectroscopy (FTIR) were used to confirm
the mentioned functionalization.

Later on, the group of Dong established a regioselective
protocol to convert olefins into nitriles using copper cata-
lysis and DTBP (Scheme 51).8” Generally, good yields and
diastereoselectivities were observed. Two different pathways
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Scheme 51 Copper-catalyzed formation of homoallyl nitriles. (a) and
(b) Proposed pathways for the generation of the radical at the a-position
to the nitrile. (c) Plausible explanation for the &-selectivity.

were proposed for the generation of the radical 68: via HAT
from the methyl radical (Scheme 51a) or ligand exchange on
the copper salt and final copper reduction (Scheme 51b).
Intramolecular coordination of the copper center to the triple
bond of the nitrile group in the intermediate 69 was proposed
in order to account for the observed regioselectivity
(Scheme 51c). The formation of radical intermediates was
supported by the detection of TEMPO-Me and by a radical-
clock experiment.

The direct alkylation of allylic C-H bonds was also achieved
by the group of Shi via palladium catalysis and was employed
in intra/intermolecular processes. Thus, different aromatic and
allylic substrates containing 1,3-dicarbonyl moieties experienced
an intramolecular annulation, in the presence of 1,2-bis(benzyl-
sulfinyl)ethane/palladium(u) acetate as a catalyst and benzo-
quinone as an oxidant, to afford indane and tetrahydro-
naphthalenes or cyclopenta- and cyclohexanones (Scheme 52a).%®

Pd(OAc),
(10 mol%)

View Article Online

Review

The reaction was carried out in toluene as a solvent under an
oxygen atmosphere. Under the same reaction conditions, the
intermolecular direct allylic alkylation of allylarenes with
1,3-dicarbonyl compounds was achieved (Scheme 52b).%® It
was assumed that a z-allylpalladium species 70 was always the
key intermediate, formed via an electrophilic allylic C-H bond
cleavage by palladium(u) catalysis. Nucleophilic attack by the
1,3-dicarbonylic system, or its enolate, yielded the final
product. The formed palladium(0) was re-oxidized by benzo-
quinone. It is interesting to note that no base was required in
any case, the quinone showing a crucial role as a proton accep-
tor as well as an oxidant.

In addition, the group of White used 1,2-bis(phenylsulfi-
nyl)ethane/palladium(u) acetate catalyst, in combination with
DMSO and 2,6-dimethylbenzoquinone (DMBQ)/acetic acid, to
achieve an allylic C-H alkylation reaction between a wide
range of aromatic and heteroaromatic allylic compounds with
activated methylenes, such as methyl nitroacetate; linear
(E)-o-nitro-5-aryl-4-pentenoates were obtained with high stereo-
selectivities (E/Z selectivities >20: 1) and with regioselectivities
up to 20:1 (Scheme 53).5° The resulting nitroesters proved to
be useful in asymmetric conjugate addition reactions, to give
optically enriched o,a-disubstituted amino acid precursors,
and in the synthesis of amino esters by selective reduction.
As in the case above, m-allylpalladium species should be
involved.

H VARV
)\%) o doney
Ar Pd(OAc), N CO,Me
(10 mol%) Ar/\/o\q
+
ON. COMe  DMBQ(1.5equiv) NO,
2 2/
AcOH (0.5 equiv.
\?/ i ( quiv.) 24 examples
H dioxane/DMSO (4:1 v/v) 50 - 70%

45°C, 24 h

Scheme 53 Allylic alkylation of allylarenes with methyl nitroacetate
using a CDC approach.
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Scheme 52 (a) Intra- and (b) intermolecular allylic alkylation using a CDC approach.
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9. Conclusions and outlook

Concluding this review, we can say that the classical benzyla-
tion and allylation reactions of carbon centers have been sub-
stantially upgraded with the incorporation of the CDC to the
organic chemist toolkit, whereby benzylic and allylic C-H
bonds can be straightforwardly coupled with C(sp)-H, C(sp*)-H
and C(sp®)-H bonds without any previous installation of func-
tional groups. These reactions are commonly conducted under
transition-metal catalysis in the presence of a stoichiometric
amount of an oxidant under thermal activation. Among them,
the alkynylation of benzylic and allylic C-H bonds, typically
under copper catalysis, has been marginally studied in com-
parison with the arylation or the alkylation counterparts.
Copper catalysis also prevails in the arylation and hetarylation
of benzylic C-H bonds (not of allylic C-H bonds), with the
latter normally occurring at the a-position to nitrogen; other
metals, such as palladium, ruthenium or iron have also come
into play to a lower extent, whereas the metal-free oxidant-pro-
moted protocols are scarce. The aroylation of aromatics with
toluenes, leading to diaryl ketones, has been almost exclusively
performed under palladium catalysis by C-H activation in the
presence of a directing group. The alkylation of benzylic and
allylic C-H bonds usually involves methylene-active carbonyl
partners and it is catalyzed by copper, iron or palladium; the
sole action of organic or inorganic oxidants has been found to
be effective in a few cases.

There is no room for doubt about the CDC outperforming
the classical routes to accomplish the benzylation or allylation
of carbon centers in terms of simplicity, atom economy and
functional group compatibility. Furthermore, the fact that
toluene derivatives and alkenes are abundant and commer-
cially available starting materials for benzylation and allylation
reactions, respectively, opens an array of possibilities for their
CDC transformation into more complex molecules with
diverse proven or potential applications. In spite of the fact of
the clear advantages of the CDC, there are some issues that
need attention in order to make the approach more attractive
from the sustainable point of view, namely: (a) the relatively
high metal loading used for some noble-metal catalysts, (b)
the large excess of the oxidant deployed in many cases and the
incorporation of molecular oxygen (or air) instead, (c) to
replace the chlorinated solvents, often used in the CDC proto-
cols, with green ones or solvent-free conditions, (d) the devel-
opment of heterogeneous reusable catalytic systems (barely
documented for these reactions), (e) the process activation by
visible light to the detriment of the thermal, frequently harsh,
conditions applied, and (f) the introduction of asymmetric ver-
sions for CDC of benzylic and allylic C-H bonds. We are aware
that the latter issue is an arduous task, yet underrepresented
within the collection of manifold CDCs. That is why efforts
must be devoted to search for efficient catalytic asymmetric
(preferably enantioselective)] methods that successfully
combine the inherent advantages of the CDC reactions with
achieving high enantiomeric (and/or diastereomeric) product
ratios.
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atm
BINOL
BNDHP
BODIPY
bpy

cat
CDC
CP

CT
dbm
DABCO
DCE
DCM
DCP
DDHQ
DDQ
DG
DFT
DMBQ
DMF
DMSO
DTBP
equiv.
ESR

Fc
FTIR
HAT
HetAr
KIE

LG
Luperox® 101
M

MOF
MW
NHPI
NPs

OA
PINO
PS

rac
RDS

RE

rt
Selectfluor

SET
TBHP
TBPB
TEMPO
TFA
tfacac
T™

4-Acetamido-2,2,6,6-tetramethylpyridine-1-
oxoammonium salt

Atmosphere

1,1"-Bi-2-naphthol
1,1’-Binaphthyl-2,2’-dihydrogen phosphate
Boron-dipyrromethene

2,2"-Bipyridine

Catalyst

Cross dehydrogenative coupling
Cyclopalladation

Charge transfer

Dibenzoylmethide
1,4-Diazabicyclo[2.2.2]octane
1,2-Dichloroethane

Dichloromethane

Dicumyl peroxide
2,3-Dichloro-5,6-dicyanohydroquinone
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
Directing group

Density functional theory
2,6-Dimethylbenzoquinone
N,N-Dimethylformamide

Dimethyl sulfoxide

Di-tert-butyl peroxide

Equivalent

Electron spin resonance

Ferrocene

Fourier-transform infrared spectroscopy
Hydrogen atom transfer

Hetaryl or heteroaryl

Kinetic isotopic effect

Leaving group
2,5-Bis(tert-butylperoxy)-2,5-dimethylhexane
Metal

Metal-organic framework

Microwaves

N-Hydroxyphthalimide

Nanoparticles

Oxidative addition

Phthalimide-N-oxyl

Polystyrene

Racemate or racemic

Rate-determining step

Reductive elimination

Room temperature
1-Chloromethyl-4-fluoro-1,4-
diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)
Single electron transfer

tert-Butyl hydroperoxide

tert-Butyl perbenzoate
2,2,6,6-Tetramethylpiperidine 1-oxyl
Trifluoroacetic acid
Trifluoroacetylacetonate

Transition metal
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