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Abstract: Di(hetero)aryl ketones are important motifs present in natural products, pharmaceuticals
or agrochemicals. In recent years, Pd(Il)-catalyzed acylation of (hetero)arenes in the presence of an
oxidant has emerged as a catalytic alternative to classical acylation methods, reducing the production
of toxic metal waste. Different directing groups and acyl sources are being studied for this purpose,
although further development is required to face mainly selectivity problems in order to be applied in
the synthesis of more complex molecules. Selected recent developments and applications are covered
in this review.

Keywords: C-H activation; acylation; palladium; arenes; heteroarenes

1. Introduction

Transition-metal direct C-H functionalization has emerged as an efficient, atom-economical and
environmentally friendly synthetic tool for the preparation of complex multifunctional molecules,
which is a good alternative to traditional cross-coupling chemistry. However, this transformation
represents a significant challenge in chemical synthesis, largely due to the difficulties associated
with the chemoselective activation of relatively inert C-H bonds. Palladium (II) catalysis has been
widely used in C-H activation and functionalization of C(sp?)-H bonds of arenes, heteroarenes or
even simple alkenes [1,2]. In this context, Pd(Il)-catalyzed acylation of arenes in the presence of an
oxidant has emerged as an interesting tool for the synthesis of di(hetero)aryl ketones, important motifs
present in natural products, pharmaceuticals or agrochemicals. This procedure constitutes a catalytic
alternative to classical acylation methods, reducing the production of toxic metal waste, although it
still requires the use of a stoichiometric amount of an oxidant and, in some cases, additives such as
acids or metal salts.

A schematic general mechanism proposal is depicted in Scheme 1 that implies three distinct
fundamental steps. First, palladation of the arene or heteroarene 1 occurs to afford an arylpalladium(II)
intermediate I, via C-H activation. The regioselectivity of this step is generally controlled by the use
of a directing group (DG) [3] that provides the ortho-arylpalladium(Il) intermediate I. On the other
hand, the oxidant promotes de formation of an acyl radical II that, upon reaction with I, forms a Pd(IV)
intermediate III after oxidation. Reductive elimination would afford the ketone 3, recovering the Pd(II)
catalyst. The first example of Pd(II)-catalyzed acylation reaction with aldehydes was reported in 2009
by Cheng using 2-pyridine as directing group [4]. Since then, significant advances have been made
in the field, by the assistance of a wide variety of directing groups for the metalation (DG in 1) and
by the practical use of different precursors 2 for the acyl radical. The scope of the reaction is wide
regarding the both the (hetero)aromatic ring 1 and the acyl radical equivalent 2. The use of the directing
group on 1 allows the reaction to proceed with both electron-donating and electron-withdrawing
substituents on the aromatic ring, although better reactivity is generally obtained with electron-rich
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aromatic rings. Regarding the acyl radical equivalents 2, in most cases aoryl groups are (ArCO) are
introduced. Higher reactivities are generally observed when the aromatic ring of the acyl radical
equivalent 2 is substituted with electron donating groups, what would be in accordance with a more
nucleophilic radical intermediate II. The use aliphatic acyl equivalents, although possible, generally
provides much lower yields. The use of peroxides, such as t-butylhydroperoxide (TBHP), as oxidants
for the formation of the acyl radical is the most general, although more recently their generation via
photoredox catalysis [5] has also been studied for these reactions.
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Scheme 1. Schematic mechanistic proposal for Pd(II)-catalyzed acylation via C-H activation.

Although most reactions take place according to Scheme 1, the actual mechanism is still not clear.
For instance, the exact nature of species III formed after radical addition is not known in most cases.
Density Functional Theory (DFT) calculations [6] support that the oxidative addition of an acyl radical,
obtained by TBHP hydrogen atom abstraction from an aldehyde, to an arylpalladium (II) species would
generate a Pd(IV) intermediate through a very exergonic process. Reductive elimination would lead to
the acylated compound. An alternative aldehyde insertion mechanism was found to be unfavorable.
Kinetic isotopic effect experiments have also been used to try to establish the rate-determining step.
However, the results obtained for the Ky/Kp ratio in some cases support that the C-H bond cleavage
is involved in the rate-determining step [6] but not in other cases [7]. Alternatively, binding of the
substrate with palladium and the formation of an aroyl palladium 7 complex has been proposed [7].
Consequently, further studies are required for mechanistic understanding and further development is
necessary for this type of reactions in order to be applied in the synthesis of more complex molecules.
A review appeared in 2015 covering the major achievements in this field [8] and the topic has also been
included in a broader review [9]. Therefore, the present article will not attempt to provide exhaustive
coverage of the literature but it is intended to focus on significant recent advances in this type of Pd(II)
catalyzed reactions in arenes and heteroarenes and their applications.

2. Acylation of Arenes

Asindicated, the first example of Pd(Il)-catalyzed acylation reaction was reported using 2-pyridine
as directing group, aldehydes as the acyl precursor, although an aldehyde insertion mechanism was
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proposed in a Pd(II)/Pd(0)/Pd(II) cycle, using air as the oxidant [4] (Scheme 2a). Later, the use of
TBHP as an oxidant was reported and a Pd(Il)/Pd(IV)/Pd(II) cycle was proposed [10]. Homogeneous
conditions are generally used for these reactions, using standard commercial Pd(II) pre-catalysts, such
as Pd(OAc),, Pd(TFA),, PdCIl,(CH3CN),, sometimes in the presence of additives. However, it has
been shown that a recyclable heterogeneous palladium complex under on-water conditions, using
toluenes as the acyl source (Scheme 2b), can replace homogeneous catalysts. Polymer supported
furan-2-ylmethanamine complex is stable and could be reused for 5 cycles without loss of efficiency [11].
x-Oxoacids have been also used as the acyl source in decarboxylative acylation reactions in the presence
of silver salts [12]. Generally these reactions require the use of high temperatures (80-140 °C) but more
recently it has been shown that aliphatic and aromatic aldehydes 5, x-oxoacids 8 and x-oxoaldehydes
9 can be reacted at room temperature in CH3CN, in presence of Pd(OAc), as catalyst and K,S,0g
(for 8 and 9) or TBHP (for aldehydes 5) as oxidants. The formation of an acyl radical intermediate is
proposed in all cases. Generally, good yields of 6 are obtained, although aldehydes required longer
reaction times (36 h) (Scheme 2c) [13]. Interestingly, when 2-pyrimidine was used as directing group
instead, mixtures of mono- and diacylated products were obtained.
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Scheme 2. Acylation of arenes using a pyridine-directing group.

If the pyridine-directing group is linked to the aromatic ring through a heteroatom [7], it can be
easily removed, so further transformations can be performed on the acylated compounds, significantly
increasing the synthetic applicability of these transformations. Along these lines, the effect of
the substitution on the pyridine ring was studied in the acylation of N-aryl-2-pyridinylamines 10
(Scheme 3) [14].
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Scheme 3. Pyridine as removable directing group. Effect of the substitution.
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The introduction of an electron donating group in C-4 of the pyridine ring (R*> = OMe) promotes
the reactivity of the Pd(II)-catalyzed C-H activation step. On the other hand, the amino nitrogen has to
be protected (R? = Boc, Ac, Bn, Moc, Piv) and Boc was selected as the most effective group. The reaction
was extended to a series of aldehydes obtaining 11 in moderate to good yields, although in most cases
significant amounts of the diacylated products were also obtained. Both protecting groups could
be efficiently removed to obtain amine 12, which could also be transformed into an acridanone [14].
Besides the use of simple 2-pyridinyl, other related directing groups based on nitrogen coordination
have been developed. As shown in Scheme 4, 3-carboline was used as directing group for the selective
acylation of ketones 13 with x-oxoacids 8 using K,5,0s as oxidant. Diketones 14 were obtained in
good yields, which could be derivatized to phthalizines 15. In this case, the pyridine nitrogen would
facilitate the metalation by the formation of a six-membered palladacycle [15].

e} Pd(OAc), (10 mol%)
)H(OH K;S,0g (2 equiv.)
Ar
DCE, 80 °C, 16 h
o
13 8 14 72-87% 16 82-92%

Scheme 4. 3-Carboline as directing group.

A very interesting application has been developed for the late stage functionalization of peptides,
as shown in Scheme 5. Using a picolinamide directing group it was possible to carry out the selective
acylation of phenylalanine-containing peptides 16 (from dipeptides to pentapeptides). The selective
palladation would be favored by the bidentate directing group through the formation of a palladacycle
intermediate such as IV that would later react with the acyl radical to generate a Pd(IV) intermediate.
Aromatic, heteroaromatic and aliphatic aldehydes 5 could be used, using dicumyl peroxide (DCP)
as oxidant in the presence of silver carbonate (TBHP gave lower yields). Under these conditions,
generally excellent yields of the selectively monoacylated peptides 17 were obtained, minimizing the
formation of diacylated compounds and with complete retention of stereochemistry [16].
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Scheme 5. Late stage functionalization of peptides using a picolinamide directing group.

Besides pyridine, other nitrogen heterocycles have been used as directing groups, such as triazoles
The acylation of 2-aryl-1,2,3-triazoles has been accomplished with aldehydes [17]. More recently, when
1,4-diaryl-1,2,3-triazoles 18 were used, the acylation using aldehydes 5 [18] or oxoacids 8 [19] took
place selectively on the aromatic ring on C-4 of the triazole (Scheme 6). In the first case (Scheme 6a),
the yields of 19 were improved in the presence of a ligand such as X-Phos. The reaction using oxoacids
8 in the presence of silver oxide (Scheme 6b) does not seem to involve the formation of an acyl radical
intermediate, as no change in reactivity was found when the reactions were carried out in the presence
of radical scavengers such as 2,2,6,6-tetramethylpiperidin-1-yl-oxydanyl (TEMPO). A mechanism
(Scheme 6) is proposed in which coordination to the more electron rich N-3 atom of the triazole would
favor the ortho-palladation. The oxoacid 8 would generate an acylsilver intermediate, which would
transmetalate to generate an acylpalladium(Il) intermediate. Reductive elimination produces 19 and the
resulting palladium(0) species is reoxidized to Pd(Il), closing the catalytic cycle. In addition, the higher
directing ability of nitrogen over oxygen atom has been applied for the completely regioselective
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acylation of 3,5-diarylisoxazoles 20 with aldehydes, which are acylated at the ortho-position of the C-3
aromatic ring to obtain 21 [20] (Scheme 6c¢).
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Scheme 6. 1,2,3-triazole and oxazole as directing groups.

The use of tertiary amides as directing groups in ortho-metalation reactions is widely recognized
and employed [21,22]. Diethyl amides have been used in rhodium-catalyzed aroylation reactions
with aldehydes [23]. However, as tertiary amides may undergo insertion of palladium into the
N-C(O) bond [24], they have been used as aroyl sources in cross-coupling reactions. Besides, the weak
coordination of the amide and the electron deficient aryl ring makes them difficult substrates for
palladium catalyzed C-H activation. Despite this, two examples of decarboxylative acylation of
benzamides 22 with x-oxocarboxylic acids 8 were described almost simultaneously (Scheme 7) [25,26].
In both cases, dialkyl or cyclic amides could be used as directing groups. Diethyl amides (R? = Et) were
selected as the best candidates in the first case (Scheme 7a, [25]) using (NH4),S,Og as oxidant, while
dimethyl amides (R? = Me) were selected for extension in the second case (Scheme 7b, [26]). The mode
of activation of the amide is not clear. Control experiments suggest that the initial palladation is assisted
by initial coordination to the amide nitrogen, although DFT calculations showed that an O-coordinated
intermediate would be more favorable [25]. Besides, intermolecular KIE experiments (Ky/Kp = 2.5)
suggest that the C-H cleavage might be the rate determining step. In this case, O-coordination to the
amide is proposed [26].
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Scheme 7. Tertiary amides as directing groups. Acylation of benzamides.

Secondary amides, with a free NH group, have also been successfully used as directing
groups in the acylation reaction with aldehydes [27] or «x-oxoacids [26], leading to the formation of
hydroxyisoindolones through acylation and subsequent cyclization. More recently, toluene derivatives
7 have been used as acyl source for the acylation of N-methoxybenzamides 24 (Scheme 8a) [28].
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Scheme 8. Secondary amides as directing groups. Formation of isoindolinones.
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In this case, the mechanistic proposal differs from Scheme 1, although a coupling with an acyl
radical is also involved. In agreement with previous reports [27], it is proposed that the secondary
amide would be activated by TBHP, generating an amide nitrogen radical V, which forms intermediate
VI after electrophilic palladation. TBHP also oxidizes the toluene 7 to the acyl radical, forming a
high-valent Pd(IV) intermediate VII prior to a fast C-H activation. Hydroxyindolinones 25 would
be obtained through reductive elimination and subsequent cyclization, as depicted in Scheme 8a.
Amino acid-derived amides have also been used as bidentate directing groups (Scheme 8b) [29].
The mechanistic proposal is analogous to the one depicted in Scheme 8a, although in this case, C-H
activation is assisted by prior coordination of Pd(II) to both the nitrogen atom and the carboxylic oxygen
atom forming a palladacycle intermediate. The directing group on benzamides 26 is incorporated in
the oxazoloisoindolinones 27 through a cascade reaction, with complete diastereoselectivity.

Besides benzamides, anilides have also been successfully acylated with aldehydes [30-32]. Also,
an amide-directed metalation was applied in the selective C-7 acylation of indolines with aldehydes [33].
More recently, acylation of acetanilides 28 has been achieved with inexpensive benzylic alcohols 29
under aqueous conditions at 40 °C in the presence of a catalytic amount of TFA, obtaining very good
yields of ketones 30, with wide functional group tolerance (Scheme 9a) [34]. A bimetallic palladium
6-membered cyclopalladated complex could be obtained and used as catalyst for this reaction. Recently,
carbamates have also been used as directing groups for the acylation with a-oxoacids 8 (Scheme 9b)
obtaining 32 in moderate to good yields [35]. Carbamate directing group could be easily removed
obtaining amine 33 that could be derivatized to various heterocyclic systems, such as quinazoline
or phenylquinoline.

? ANH o

§ Pd(OAc); (10 mol%)
X X f X X
R W/ . R OH  TBHP (4 equiv.) i " Ags
4 (e} = = =
TFA (30%), H,0,
40°C,8h
28 29 30 65-98%
0
b) Pd(OAc), 10 mol% Py
H o) (NH4),S,0g (2 equiv.) R207 "NH O NH, O
N. _ORZ? pTsOH (0. 75 equiv.) TBAF
R1-L ~ \H/ R3-I ~ CO.H o R N ‘ \fR3
T o + L DCE, 45°C, 24 h L _ THFE
31 8 3242-81% 33 R% = Me, 93%
R? = Et, 82%
R2 = Ph, 87%

Scheme 9. Acylation of acetanilides and N-aryl carbamates.

More recently, sulfonamides an N-sulfoximine amides have also been developed as directing
groups (Scheme 10). Sulfonamides 34 are acylated efficiently with aldehydes 5 in good yields in only
15 min [36]. Aliphatic aldehydes can also be used, although with lower yields. Only a change in the
solvent and an extension of the reaction time led to the direct formation of cyclic sulfonyl ketimines 36
in generally good yields (Scheme 10a). In the case of the N-sulfoximine benzamides 37, the reaction
could be efficiently performed with x-oxocarboxylic acids 8 at room temperature. The reactivity was
similar when electron withdrawing and electron donating groups were introduced in the sulfoximine
unit. (Scheme 10b). The directing group could be easily hydrolyzed to obtain the corresponding
carboxylic acid 39 or directly transformed in other heterocyclic systems, such as phthalazinone 40 [37].
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TBHP(2equiv.)

1,4-dioxane
100° C, 15 min

R’ Pd(OAc), (10 mol%)

34 5 N\ TBHP(2equiv.)
R?

DME

100°C, 2h o

HO
b) O,

a“y Ph

0 Pd(OAc), (10 mol%) \ o 3977%
- S=

o \//o N oH (NHg):S;0g (2equiv.) s
N NS + R diglyme, rt, 24 h = RI=R°=R"=H
‘ — % (0] \ y
1% \ NyH4-H,0 o)
R R? R2 \
37 8 NH
_N
38 37-85¢
37-85% L

40 93%

Scheme 10. Acylation of sulfonamides and N-sulfoximine amides.

Besides these examples, other nitrogen containing directing groups have been also used.
For instance, azobenzenes 41 have been selectively ortho-acylated with aldehydes [38], also using
aqueous conditions [39] and with o-oxoacids 8 [40], even at room temperature [41]. The acylated
compounds 42 could be very efficiently transformed into indazoles 43 (Scheme 11a). More recently,
a-hydroxyl ketones 44 have been identified as acylating agents (Scheme 11b). In most examples,
symmetrically substituted azoarenes are used, leading to the selective formation of monoacylated
compounds, although excellent selectivities could also be obtained when non-symmetrically substituted
azoarenes 41 were used, depending on the substitution pattern. This acylation reaction could be applied
to the synthesis of a liver(X) receptor agonist 43a. It is proposed that the hydroxyketone is oxidized
to the corresponding diketone, generating the acyl radical. Both acyl fragments are transferred, so
symmetrically substituted 44 have to be used to obtain selective reactions [42].

a)
(0] Pd(OAc), (5 mol%
~ ‘ OH K é‘, 0 )(21(5e uiVO)) yR" CuxCla,
SN ™S 2920 115 €QuUIV. NaBHq
11 R T
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41 8
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= ‘ o Pd(OAc), (10 mol%) y 1 zn
3 TBHP (6 equiv. o VTN NH,CI
N Noy ™, + g~ R (6 equiv.) RIT N 2
R4 R Acetone, 80 °C, = O
& OH  24h
R3
a1 44 42 15-91% 43a 99%

Scheme 11. Acylation of azoarenes.
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Nitrosoamines are also effective directing groups (Scheme 12). Thus, nitrosoanilines 45 could be
acylated with oxoacids 8 at room temperature, using 5 mol % of the palladium catalyst. Ketones 46 are
obtained in good yields, with wide functional group tolerance. The nitroso group could be removed or
transformed, as exemplified in Scheme 12 for the two step synthesis of indole 47 [43]. Related examples
have also been described [44,45]. The mechanism in these cases is still not clear but the formation of an
intermediate acyl radical from the ketoacid 8 is not proposed. Instead, palladation of nitrosoanilines 45
lead to an intermediate IX, which would react with ketoacid 8 to obtain a Pd(II)carboxylate such as X.
Decarboxylation would lead to an acyl-palladium(IV) intermediate XI after oxidation.

0 0 $)
n I
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Me-\ o Pd(OAc); (5 mol%) Mes N o 1. KOtBu ol
(NH,4)2S,0g (20 mol%) 2. NiRaney / H, N
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F Z i, 18 h Z =
45 8 46 85-93% a7
N
N., -0 N
N N O

‘N

\

1L 2
R = Ar R1©/
1
46 O 45
Pd''L,
N
NN
R = (o]
NN Pd
R+ I VoIX
A O L 0o
Pd__Ar J\n/Ar
x HO
[¢] o 8
CO; N N\N
(NH2)25205 R1—:(/\( )
A O
Pd O
X
o Ar
o)

Scheme 12. Nitrosoamine as directing group.

To finish this section, an important contribution is depicted in Scheme 13. Recently, the combination
of visible light photoredox catalysis with transition metal catalysis has attracted much attention, as it
can open opportunities for new reactivity [46]. In this context, it has been shown that the acylation
reaction of acetanilides 28 [47] (Scheme 13a) and azoarenes 41 [48] (Scheme 13b) can be carried out at
room temperature using a combination of a photoredox catalyst with a palladium(lI) catalyst. In both
cases, the reaction would work on a Pd(II)/Pd(IV) catalytic cycle, analogous to the one depicted in
Scheme 1. This cycle would be coupled with the corresponding photocatalytic cycle, through which
the acyl radical is generated from the oxoacid 8. The presence of the acyl radical has been supported
by TEMPO trapping experiments and the presence of oxygen (air) is required. In both cases, several
photoredox catalysts were screened and Eosin Y and the acridinium salt perchlorate PC-A (Fukuzumi
salt) were selected as the best candidates. In both cases, yields of the ketones 30 and 42 are competitive
with the ones obtained in the presence of an oxidant (Schemes 8 and 10), with the advantage of using
milder conditions in the absence of an excess of oxidant. The proposed mechanism is illustrated
in Scheme 13a for the reaction of acetanilides 28. Palladium catalytic cycle would start by a C-H
activation to form palladacycle XII, which reacts with the acyl radical to afford a Pd(Ill) intermediate
XIIL. A one electron oxidation via superoxide radical anion generates a Pd(IV) intermediate XIV.
Reductive elimination leads to 30 and regenerates the Pd(II) catalyst. The photocatalytic cycle starts
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with the visible irradiation of Eosin Y to take it to the excited state (Eosin Y*). One electron oxidation
of the ketoacid 8 generates the acyl radical, after loss of CO; and Eosin Y radical anion (Eosin Y™).
Electron transfer by molecular oxygen regenerates Eosin Y and produces superoxide radical anion
(detected by Electron Spin Resonance (ESR)), who acts as an oxidant in the palladium cycle.

(0}
a
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A \”/ + o X X
R R R'T | SR
> 0 > 0 3 W green LED _— _—
0, PhCl, 1t 15 h
28 30 70-82%
i H
ANH Ar N
R 7(
o < O 28
‘1/~ Pd(OAc),
R 30
y
. T
N = o
RI-L \H/ Pd - xu
LA O OAc
Pd XV
. _Ar ACO// . _Ar
i Ar 1
d AcO (Zf )
H CO, 0 MO o2 '
HO)H(N rI-C e
8 o) = \\O
0 . _Pd
F}*Q)HTAr Eosin Y™~ 0, AcO >ﬁAr
(0]
o Eosin Y* X
hv Eosin Y 0,
b)

Pd(TFA), (5 mol%) / Me

- Q oH PC-A (2 mol%) —-R!
RI-M Y \\R1 sz Me M
- i e
P J 0 1.5 W blue LED I
8

toluene, rt, 16 h

4

42 58-84%

Scheme 13. Photoredox/palladium catalyzed acylation of acetanilides and azoarenes.

3. Acylation of Heteroarenes

The Pd(Il)-catalyzed oxidative acylation of heteroarenes has been less developed than the acylation
of arenes covered in the previous section. In some cases, it is possible to take advantage of the electronic
properties of the heteroaromatic ring (mainly electron rich), so the C-H palladation step can be
performed without the need of a directing group. However, directing groups are frequently used
to overcome the electronic bias and direct the metalation to other positions in the ring. Among
them, the most frequently used are nitrogen-based directing groups (2-pyridine, 2-pyrimidine). The
acylation of indole derivatives has received much attention. It has been shown that the Pd(II)-catalyzed
acylation of N-alkylindoles with aldehydes in the presence of TBHP occurs selectively at the C-3
position, through an acyl radical insertion into the initially generated 3-indoly-Pd(Il) intermediate [49].
However, C-2 selective acylation of indoles has been described using 2-pyrimidine or 2-pyridine as a
directing group on nitrogen and x-oxocarboxylic acids [50] and aldehydes [51]. More recently, using
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2-pyrimidine as directing group, it has been shown that the acylation of indoles 48 can be achieved
with both aliphatic and aromatic aldehydes 5 at the C-2 position (Scheme 14a) [52]. The directing
group can be efficiently removed leading to 2-acylindoles 51. Besides, a second metalation at C-7 can
also take place, so 2,7-diacylated indoles 50 can be obtained in good yields, using a larger excess of
aldehyde. If the reaction is carried out sequentially with different aldehydes 5, non-symmetrically
substituted diacylindoles 50 could also be obtained (Scheme 14 b) [52]. In a similar way, diketones
52 (Scheme 14c) [53] and toluene derivatives 7 (Scheme 14d) [54] have been used as acyl surrogates.
In all cases, the oxidative formation of an acyl radical from 5, 7 or 52 is proposed, so the mechanistic
proposal would be in accordance with the general mechanism shown in Scheme 1. In all cases, high
temperatures and long reaction times are required but it has been shown that the use of an acid additive
(pivalic acid, Scheme 14d) increases the reaction rate, presumably by generating more electrophilic
palladium species and, consequently, facilitating the C-H activation event. However, the acid may also
have a detrimental effect by protonation of the substrate. Both with toluenes 7 and aromatic aldehydes
5, the introduction of electron donating groups on the aromatic ring leads to increased yields of 49,
which would be in accordance with a more nucleophilic acyl radical. However, the opposite trend was
observed with diketones 52. Interestingly, when other directing groups, such as sulfonylpyridyl, Boc
or N,N-dimethylcarbamoyl, were tested, no reaction took place [54], which is in contrast with related
rhodium-catalyzed acylation reactions [55].

N PdCl, (10 mol%)
R1/(:E\> + R2CHO _ TBHP Bequiv) % _ NaOEt %
=
'iL 5 (1.5 equiv) DMSO 100 °C

Toluene 90°C

A Q

48 49 45-80% 51
b) . Ar
48 +  ArCHO PdCl, (10 mo! %) A\
] TBHP (5 equiv.) N o]
5 (3 equiv) )\
Toluene A Non” [:l
90°C, 24 h \§)
50 50-72%

c)
PdCly (5 mol%)

o TBHP (4 equiv. R2
" ey e e
R I THF ~N b
0
200 s 100 °C, 24 h N@
equiv \
49 46-77%
d
) PdBr, (10 mol%) 7 N\
CHs TBHP (5 equiv.) N —R2
PivOH (0.5 equiv.)  R'—0 A\
48 + ‘ ! = N
% Toluene/PhCl (3: 1) ) 0
R? 120°C, 24 h N \/\;
49 32-73%

Scheme 14. Pyrimidine-directed C-2 acylation of indoles.

Dual visible light photoredox/palladium catalysis has been also developed for the acylation
of indole, using pyrimidine as directing group and aldehydes as the acyl source. Thus, indoles 48
could be efficiently acylated at room temperature in excellent yields with a wide variety of aromatic,
heteroaromatic and aliphatic aldehydes 5 (Scheme 15a) [56]. The reaction was carried out both in batch
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and into a continuous-flow micro reactors, under blue LED light, using fac-[Ir(ppy)s] as photoredox
catalyst and TBHP as the oxidant. In general, much shorter reaction times (2 h vs. 20 h), decreased
catalyst loading and higher yields were obtained when the reaction was carried out in a continuous-flow
reactor (Scheme 15a). Almost simultaneously, a dual catalytic system that uses a ruthenium photoredox
catalyst was reported, also at room temperature with consistently good yields (Scheme 15b) [57]. As in
the previously discussed examples (Scheme 13), the Pd(Il)/Pd(IV) cycle for the C-H activation and
acylation would be combined with the photoredox cycle but in these cases, the presence of an oxidant
(TBHP) is also necessary. A mechanistic proposal is depicted in Scheme 15. In the presence of light, Ir**
or Ru?* are excited to Ir>** or Ru?**. Single electron transfer to TBHP produces the t-butoxy radical
that, in turn, abstracts a hydrogen from the aldehyde 5 to generate the acyl radical. The addition of the
acyl radical to palladium (II) intermediate XV generates a Pd(IIl) intermediate XVI, which is oxidized
by Ru®* or Ir** closing the photocatalytic cycle and generating Pd(IV) intermediate XVIL Reductive
elimination produces 49 and regenerates de Pd(II) catalyst.

Pd(OAc), (10 mol%)

fac-[Ir(ppy)s] (2 mol%) R R?
Boc-Val-OH (20 mol%) m
TBHP (4.0 equiv.) Z~N o)
a) )\
Blue LED 7N

» CH4ON, 1t, N\\)

N 20 h (batch), 2 h (flow)
| P ji 49 22-81% (Batch)
,}\ + RTOH 44-89 % (Flow)
~ N
N\\) Pd(OAc), (10 mol%) "
== Ru(bpy)sCl,6H,0 (2.5 mol%) N R?
48 5 b) TBHP (3.0 equiv.) I/ N
Blue LED,
CHSCN, rt N)\ N
16-46 h \:)
49 40-92%
o
0 N
)\
N
WAr N>/_\
>/—N Pd(OAC), \_)— 48
49 N
Pd”OAC
N
OAc N xv
©\/\>\|ﬁd'\’/ N\_)\
N>_; NA ~ {BuOH fBuO’
N
4 o) Ar H Ar
NG Xvii . BN
& ="
1P (a) \ o 5
RU (o) m urORe
BlueLED( N Td\?fAr
Ir** (a) >/_N o

|r3+* (a) Ru3+ ) N _\>

RUZ* (b)
XVl
tBuOOH

tBuO’
+HO"

Scheme 15. Photoredox/palladium catalyzed C-2 acylation of indoles.
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Other directing groups have also been used for C-2 acylation. As shown in Scheme 16, the amine
directed palladation of indoles 53 was possible through the formation of a six-membered ring
palladacycle. Kinetic isotopic effect (KIE) experiments suggested that the cleavage of the C-H would
be rate determining. The acylation takes place efficiently with a variety of aromatic «-oxoacids 8,
obtaining the indolo[1,2-a]quinazolines 54 after condensation. The reaction takes also place in the
presence of TEMPO and other radical scavengers, suggesting that an acyl radical is not involved.
The authors propose an alternate Pd(II)/Pd(0) mechanism, in which the oxidant is required for the
reoxidation of the palladium catalyst [58].

3
0 Zz%
OH Pd(OAc), (5 mol%) Ar _
X X X
R1{I\> Rl TN (NS00 @ cauiv) R*% R T
~ —_— N N
\ NH; diglyme, 78 °C 0 N
74 H.N—” ‘
@ 2 @ \ 2,
'R ="R? R
53 8 54 43-85%

Scheme 16. Amine directed acylation/cyclization. Access to indolo[1,2-a]quinazolines.

C-4 position of indoles 55 can also be selectively acylated using a ketone carbonyl group in C-3
as directing group (Scheme 17) [59]. The metalation takes place with complete regioselectivity at the
C-4 position, through the formation of a six-membered palladacycle, which would be more favorable
than C-2 metalation that would imply a more strained five-membered palladacycle. The choice of the
protecting group on the nitrogen atom is also critical for reactivity.

Pd(OAC), (10 mol%)

0 Ph o AgTFA (0.3 equiv.),
.\ OH KQSZOg (20 equiv‘)
A\ 2
R Re— TFA (3equiv.), HFIP
N =~ 0 80 °C, 48 h \
T Ts
55 8 56 28-78%

Scheme 17. Ketone directed selective C-4 acylation of indoles.

In contrast with the examples discussed for indoles, only a few examples of acylation of pyrroles
have been described. When 2-pyrimidine was used as directing group, mixtures of C2-acylated
pyrrole and the corresponding 2,5-diacylated product were obtained in modest yields [53]. Diacylated
pyrroles have also been obtained using 2-pyridine as directing group on pyrrole, under conditions
optimized for indole systems [51]. However, we have recently shown that the use of 2-pyrimidine
as directing group, and the use of an acidic additive (PivOH), allows the C-2 acylation of pyrrole 57
with aldehydes 5 in moderate to good yields (Scheme 18) [60]. However, in most of the cases, a minor
amount of the corresponding 2,5-diacylated pyrrole was also obtained. We reasoned that a change
in the directing group, introducing a substituent at C-3, could result in a steric interaction that may
prevent the adoption of the required conformation to assist the second palladation. In fact, when
3-methyl-2-pyridinyl was used as directing group (58), monoacylated pyrroles 60 were obtained with
complete selectivity. Both directing groups could be easily removed, so selected acylated pyrroles have
been used as intermediates in the synthesis of Celastramycin analogues, such as 62 and in an improved
synthesis of Tolmetin 61.
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\ o COH
m Pd(OAc), (10 mol% (\
X N X H (OAc)2 (10 mol%) CH
3

= It — N
h . \// TBHP (4 equiv.) ° X\( /

N
1 N
< 7 R Piv(OH) (0.75 equiv.) — ® 61 Tolmetin
Toluene, 60 °C, 1.5-7 h \
Y
J e
57 X=N 5 59 X = N 14-72%
68 X=C-CHs 60 X = C-CH3 11-78%

N
H3CO 0 H

Scheme 18. Pyrimidine and 6-methylpyridine-directed acylation of pyrroles.

2-Pyridine has been used for the acylation of carbazoles 63 (Scheme 19) [61] with various aromatic
and aliphatic aldehydes 5. When only one equivalent of the aldehyde 5 was used, a mixture of mono-
and diacylated carbazoles were obtained in low yields. However, the use of 4 equivalents of 5 led to the
selective formation of diacylated carbazoles 64 in generally high yields in the case of aromatic aldehydes.
Lower yields were obtained with aliphatic aldehydes. Interestingly, when 3,6-dihalogenated carbazoles
63 (X = Br, I) were used, monoacylated carbazoles 65 were selectively obtained.

R' R’
O i Pd(OAC), (10 mol%) O
TBHP (4 equiv.
O N *OREH DCE(, 80q°c,z)3h O N R?
74 ':‘ rRZ X0 ’\\l

— —

64 27-94%

63 5
X
X O o Pd(OAC), (10 mol%) O
O TBHP (4 equiv.) O —
X
N o T H DCE, 80°C, 8 h \ ¥re
)N peCe N ©
y R \

63 X=Br,| 5 65 51-74%

Scheme 19. Pyridine-directed acylation of carbazoles.

2-Pyridine has also been introduced at the C-2 position of benzothiophenes 66 and benzofurans
67 to obtain the C-acylated derivatives 68 and 69 using aromatic aldehydes (Scheme 20a) [62] or
x-oxoacids 8 (Scheme 20b) [63] as the acyl sources. In the latter case, a Pd(0) pre-catalyst is employed
that would be oxidized in situ.

The examples of heteroarene acylation shown so far involve electron rich heteroaromatic rings that,
in principle, could be more easily metalated with an electrophilic Pd(II) catalyst. However, selective
C-8 palladium catalyzed acylation of quinolines has also been accomplished (Scheme 21) [64] using
an N-oxide as the directing group. The formation of an N-oxide chelated palladacycle would favor
the regioselective acylation of quinoline N-oxides 70 with a variety of aromatic x-oxoacids 8. Besides,
quinolines with electron donating groups gave better yields of acylquinolines 71 than those with
electron withdrawing groups. Intermolecular KIE experiments indicate that the C-H bond cleavage
would be rate determining. Besides, the reaction of quinoline N-oxide with stoichiometric PdCl,
gave a chloride-bridged palladacycle dimer XVIII. This complex XVIII was reacted with an oxoacid
8 in the presence of oxidant, which suggests the formation of a five membered palladacycle in the
catalytic cycle.
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a)

Pd(OAC), (5 mol%),

(0]
X \ // + R1//

PhCI, 120 °C, 20 h

66 X=S 5 68 X = S 84-94%
67 X=0 69 X = 0 82-97%
b) o Pd(PPhs), (10 mol%)
OH A 2 equiv.
66 X = S + 920 (2 equiv.) 68 X = S 64-93%
67 X=0 L2 o} K5S,04 (2 equiv.) 69 X = 0 73-973%
R 1,4-dioxane/HOA¢C/DMSO
8

Scheme 20. Pyridine-directed acylation of benzofurans and benzothiophenes.

PdCl, (10 mol%) P
O;j K»S,05 (2.0 equiv) - |
|
DCE 8000 CI_Pd...Q
2
70 8 71 35-95% XVl

Scheme 21. N-oxide directed C-8 acylation of quinolines.
4. Conclusions and Outlook

As has been shown through selected examples, the oxidative Pd(II)-catalyzed acylation is an
effective alternative to the classical acylation methods. This methodology has been successfully applied
to the acylation of arenes and heteroarenes, using different acyl sources. In most cases, a directing
group is necessary to favor the initial palladation. Although highly selective reactions have been
accomplished under relatively mild conditions, further development is required, also regarding the
mechanistic aspects, to face selectivity problems in order to be applied in the synthesis of more complex
molecules. Reactivity problems are also apparent as, in many cases, long reaction times and relatively
high temperatures are required. Besides, the use aliphatic acyl equivalents, if possible, generally
provides much lower yields. The use of other techniques, such as microwave (MW) irradiation or
the combination of this metal catalyzed reaction with photoredox catalysis may indeed open new
opportunities for development. In addition, the demand of more sustainable processes would foster the
translation of homogeneous catalytic systems into heterogeneous catalysts that may be recovered and
reused. Although there are interesting examples in related Pd(II)-catalyzed alkenylation reactions using
metal-organic framewrks (MOFs) [65], the use of heterogeneous systems for acylation reactions is still
underdeveloped. On the other hand, the use of other more abundant and less toxic 3d transition metals
on [66], such as nickel [67] or cobalt [68] for these acylation reactions would be of a great importance.
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