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ABSTRACT: Green Friedel−Crafts acylation reactions belong to
the most desired transformations in organic chemistry. The
resulting ketones constitute important intermediates, building
blocks, and functional molecules in organic synthesis as well as
for the chemical industry. Over the past 60 years, advances in this
topic have focused on how to make this reaction more economically
and environmentally friendly by using green acylating conditions,
such as stoichiometric acylations and catalytic homogeneous and
heterogeneous acylations. However, currently well-established
methodologies for their synthesis either produce significant
amounts of waste or proceed under harsh conditions, limiting applications. Here, we present a new protocol for the
straightforward and selective introduction of acyl groups into (hetero)arenes without directing groups by using available olefins
with inexpensive CO. In the presence of commercial palladium catalysts, inter- and intramolecular carbonylative C−H
functionalizations take place with good regio- and chemoselectivity. Compared to classical Friedel−Crafts chemistry, this novel
methodology proceeds under mild reaction conditions. The general applicability of this methodology is demonstrated by the
direct carbonylation of industrial feedstocks (ethylene and diisobutene) as well as of natural products (eugenol and safrole).
Furthermore, synthetic applications to drug molecules are showcased.

■ INTRODUCTION

Carbonylation reactions are widely used in industrial
production of fine and bulk chemicals as well as organic
synthesis since they can efficiently introduce the synthetically
versatile carbonyl group and easily expand carbon chains.1−3 In
terms of production scale, carbonylation reactions nowadays
constitute the largest industrial applications in the area of
homogeneous catalysis. In addition to the well-known
Monsanto4 or Cativa processes,5 which produce acetic acid
by the carbonylation of methanol, carbonylative transforma-
tions of simple olefins have been shown to be core processes in
industry for the production of aldehydes (hydroformylation,
such as “oxo process”)6 and esters (alkoxycarbonylation, such
as “Lucite α process”).7,8 Since the original work of Reppe in
the past century,9 carbonylation of alkenes with various
nucleophiles such as H2O and alcohols (O-nucleophiles),10−13

thiols (S-nucleophiles),14 and amines and amides (N-
nucleophiles)15−19 have been extensively studied, and nowa-
days a plethora of catalysts is available for producing all kinds of
carboxylic acid derivatives (Scheme 1a). On the other hand, the
use of C-nucleophiles, which creates important C−C bonds, has
been investigated to a lesser extent. Since the pioneering work
by Heck and co-workers in the 1970s,20 enormous efforts have
gone into the synthesis of ketones through the carbonylations
of organometallic reagents as the C-nucleophiles, such as
organic zinc, boron, tin, silanes, etc.21−23

Unfortunately, all these procedures generate stoichiometric
amounts of metal salts as waste. Obviously, the most ideal

bond-formation modecarbonylation directly utilizing C−H
as the nucleophilewould be more straightforward to
construct a synthetically versatile carbonyl group with high
efficiency and selectivity. Based on the Mayr scale on the
nucleophilicity of various (hetero)arenes (Scheme 1b),24 we
had the idea to apply (Het)Ar−H as the nucoleophile in the
Reppe type carbonylation of olefins.
Among the various carbonyl compounds, (hetero)aromatic

ketones are important motifs for industrial chemistry and drug
discovery, the synthesis of advance materials and polymers.25 At
present, the most common approach for the introduction of a
carbonyl group to (hetero)arenes is the well-known Friedel−
Crafts acylation reactions (Scheme 1c, path I).26 In general, this
method utilizes unstable and corrosive acyl halides or
anhydrides, resulting in stoichiometric amounts of corrosive
waste, and substantial amounts of Lewis acids are required for
the activation of the acyl substrate. To overcome this problem,
Arndtsen, Skrydstrup, and Gu independently developed a
strategy to utilize aryl halides as the electrophiles in
carbonylation of (hetero)arenes (Scheme 1c, path II).27−30

Additionally, examples based on ruthenium cluster catalyzed
C−H carbonylation of heteroarenes were also investigated.
However, these methodologies require directing groups or
specific activation on heteroarenes (Scheme 1c, path III).31−37

To the best of our knowledge, Reppe type carbonylation
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utilizing indoles and pyrroles as C-nucleophiles has thus far
been only achieved with alkynes reported by Alper as well as
our group.38,39 Therefore, selective carbonylation of olefins
with simple (hetero)arenes is basically unknown, even though
the potential products that would arise from such reactions
have broad utility in organic synthesis.
Based on our long-standing interest in carbonylation

reactions,40 we report herein a novel protocol for the general
and efficient synthesis of ketones via selective carbonylation of
ubiquitous available olefins to the corresponding acyl palladium
complex and subsequent reaction with simple (hetero)arenes
(Scheme 1c, path IV).

■ RESULTS AND DISCUSSION
Recently, several innovative and selective C−H functionaliza-
tion reactions of unfunctionalized (hetero)arenes have been
disclosed.41−50 Notably, good regio- and chemoselectivities
were observed in some of these reactions without the necessity
of additional directing groups. Meanwhile, considering prior
reports of alkoxycarbonylation and aminocarbonylation by our
group, we questioned whether the direct C−H carbonylation of
(hetero)arenes with easily available olefins can be developed to
a general methodology. At the outset of our studies, the
palladium-catalyzed carbonylation of 1-octene with N-methyl-
indole as nucleophile was chosen as the benchmark system. To
ensure sufficient reactivity p-TsOH was added as acid
cocatalyst. Compared to other C−H functionalization reac-
tions, the control of selectivity is crucial in this transformation.
Apart from the different isomers resulting from the attack on
the (hetero)arene, olefin insertion might lead to linear and
branched products. In order to control this selectivity, we

studied the ligand effect in detail (Table S1). For
alkoxycarbonylation reactions it is well-known that bidentate
phosphines preferentially form linear products from both
internal and terminal olefins.51−53 Hence, different bidentate
ligands were tested with our model substrates. To our delight,
Xantphos was identified as the most effective ligand to afford
the product 3a in excellent yield (determined by GC) of 92%
and selectivity (l:b = 88:12). Notably, the carbonylation was
selectively performed at the C3 position on indole with >20:1
regioselectivity.
Having a reliable C−H carbonylation protocol in hand, we

explored the reactivity of different olefins (Scheme 2). Both
short and longer chain aliphatic olefins were able to give good
yields and good linear selectivities (3a to 3e, 54% to 89% yields,
l:b up to 92%). Increasing the steric bulk of a terminal olefin led
to higher linear selectivity of products in moderate to good
yields (3f to 3h). Interestingly, cyclic olefins including
cyclohexene and norbornene were found to be suitable
substrates to afford the corresponding ketones in high yields
(3i and 3j). Applying aromatic olefins as the substrates under
the acidic reaction conditions, Friedel−Crafts alkylation was
observed as the main side reaction, nevertheless, the desired
ketones were obtained in 33%−48% yields with excellent linear
selectivity (3k to 3n, l:b up to 98%). Furthermore, alkenes
bearing −CN, −OAc, −COOMe, and −Cl were compatible
with the conditions and gave the corresponding ketones in
moderate yields with 84−95% linear selectivity (3o to 3r). In
addition to terminal olefins, also 2-octene gave the desired
product 3s with 89% branched selectivity. Gratifyingly, 1,1-
disubstituted olefins were found to be suitable substrates under
similar conditions to afford the corresponding carbonylative
products in good yields and excellent selectivity (3t and 3u).
Tetrasubstituted olefins are known to be highly challenging
substrates. However, tetramethylethylene was converted to the
corresponding ketone 3u successfully (81% yield and >99:1
linear selectivity). Finally, when (−)-β-citronellene was used as
the substrate, the internal bond remained intact and only the
double bond in the terminal position was selectively
carbonylated to the linear ketone (3v). To note, all the C−H
carbonylation preferentially occurred at the C3 position on the
indole with regioselectivities >20:1.
Next, we examined the substrate scope by employing

structurally diverse arenes and heteroarenes. Benzyl (Bn)
protected indole also led to regioselective C3 carbonylation in
excellent yield (4a). Various substituents including −OMe
(4b), −Me (4c), −Ph (4d), −CN (4e and 4f), −F (4g and 4h),
−Cl (4i and 4j), and −Br (4k) at different positions of the
indole nucleus are well compatible with this methodology and
give the desired ketones in 41%−97% yield exclusively at C3.
Interestingly, when this position was blocked by a methyl
group, the carbonylation product was obtained in good yield
(80%) at the C2 position selectively (4l). To demonstrate a
broader scope of substrates, C−H functionalization of diverse
N-, O-, and S-containing heteroaromatics was investigated. The
carbonylation of N-methylpyrrole and N-benzylpyrrole with
industrially important ethylene afforded the corresponding 2-
propionylpyrrole (4m and 4n) in good yields. In addition,
furans, containing substituents at various positions, underwent
this transformation smoothly with excellent regioselectivity at
the C2 position (4o to 4q). Interestingly, similarly to 1,3-
dimethylindole, 2,5-dimethylfuran, with both the C2 and C5
positions blocked by methyl groups, participated in this
transformation at the C3 position selectively, and a synthetically

Scheme 1. (a) Reppe Type Carbonylation with Various
Nucleophiles. (b) Nucleophilicity of Representative
(Hetero)arenes. (c) State of the Art Work and Our Proposal
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useful yield was obtained (4r). Furthermore, 2-methylthio-
phene, 3-methoxythiophene, and 3,4-dimethoxythiophene were
found to be suitable substrates and underwent this carbon-
ylation smoothly with excellent regioselectivity (4s to 4u). Last
but not least, electron-rich arenes also showed good reactivity
as well. For example, benzenes bearing methoxy groups at
various positions are well-tolerated and the corresponding
products are obtained in moderate yields (4v and 4w).
Similarly, 1-methoxynaphthalene proved to be suitable and
furnished a moderate yield of the desired product (4x).
As shown in Scheme 3 carbonylation reaction of N-

methylindole with diisobutene takes place to give the
corresponding pure ketones 3w in high yields. Notably, this

industrially important olefin consists of a mixture of 2,4,4-
trimethyl-1-pentene and 2,4,4-trimethyl-2-pentene (ratio of
4:1), which is obtained by dimerizing butenes. Nevertheless, we
succeeded to convert this mixture in both cases in excellent
selectivity (l:b > 99:1; C3:C2 > 50:1). Gratifyingly, in most
cases shown in Scheme 2, N-methyl- or N-benzylpyrroles are
carbonylated highly selectively at the C2 position because of
the natural reactivity of pyrrole. We speculated that it is
possible to change the position of C−H bond functionalization
by additional steric and/or electronic control (Scheme 4).
Accordingly, pyrroles N-substituted with sterically hindered
groups (5a, 5b, and 5c) gave mainly carbonylation products at
the C3 position. This switch in selectivity is attributed to the

Scheme 2. Substrate scope of Different Olefins and (Hetero)arenesa

aGeneral reaction conditions: (hetero)arene 1 (0.5 mmol), olefin 2 (1.0 mmol), PdCl2 (2.0 mol %), Xantphos (4.0 mol %), p-TsOH (10 mol %),
CO (40 bar), toluene (1 mL), 18 h. Isolated yield. The ratios of isomers were determined by GC analysis. Green shading, the original double bond in
olefin. Red shading, double bond is well tolerated. (a) For 4m: N-methylpyrrole (20 mmol), ethylene (2.0 g), Pd2(dba)3 (0.1 mol % Pd), Xantphos
(0.2 mol %), p-TsOH (0.4 mol %), CO (40 bar), toluene (20 mL), 120 °C, 48 h. GC yield. The ratios of isomers were determined by GC analysis.
(b) For 4n: N-benzylpyrrole (2.0 mmol), ethylene (0.2 g), PdCl2 (2.0 mol %), Xantphos (4.0 mol %), p-TsOH (10 mol %), CO (40 bar), toluene (4
mL), 90 °C, 18 h. Isolated yield. The ratios of isomers were determined by GC analysis.
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sterically demanding nature of the bulky groups that shields the
C2 position from reaction with the palladium catalyst, forcing
the reactive pyrrole to palladate at C3. Noteworthily, in the case
of 5a, the tert-butyl group can be easily removed and thereby
serves as a traceless directing group.
In addition, introduction of an electron withdrawing group

(such as acyl 5d and ester group 5e) allows reversing the
reactivity of the pyrrole and yields selective C3 acylation.
Remarkably, this catalyst system can also be applied for the

intramolecular acylation to 1-teralone derivatives. Thus,
substituted allylbenzenes, e.g., eugenol methyl ether (4-allyl-
1,2-dimethoxybenzene) and safrole, a class of natural products
extracted from essential oil, underwent this transformation
selectively to give the corresponding C−H carbonylation−
annulation products in good yields (Scheme 5, 6a and 6b).
These products can be further converted to aminonaphthalene
8 according to a reported method.54 Compound 8 is an

intermediate in the synthesis of the antitumor/antiviral alkaloid,
norallonitidine. The present method provides an alternative
route for such pharmaceutically active compounds.
Allylic alcohols were also found to be versatile substrates in

this novel carbonylation transformation. For example, indoles
first underwent a Pd catalyzed allylic substitution reaction at the
C3 position. Subsequently, intramolecular carbonylation
afforded directly the tricyclic ketone in good yield (75% yield
of 7a) (Scheme 6). To the best of our knowledge, this is the
most convenient synthesis of this key intermediate, which has
been applied for the synthesis of tetracyclic necrostatin-21, a
novel necroptosis inhibitor.55 Interestingly, when using 2-
cyclohexen-1-ol, the polycyclic ketone 7b containing a six
membered ring was identified as the only product in this
reaction. This annulation process works well and provides a
facile method for the generation of complex polycyclic ring
products.
In general, different mechanisms are possible for this novel

acylation reaction: (1) Pd(II) precursor is presumably reduced
in situ to a Pd(0) species in the presence of an excess amount
of phosphine ligands.56 In the presence of acid, the key hydride
complex [LPd−H]+ is generated.57 After coordination of the
alkene to this complex followed by migratory insertion into the
Pd−H bond, the corresponding alkyl complex [LPd−
CH2CH2R]

+ is obtained, which is transformed into the
corresponding acyl complex [LPd−CO−CH2CH2R]

+ via CO
coordination and insertion. Finally, inter- or intramolecular
nucleophilic attack of (hetero)arene on the acyl carbonyl leads
to the formation of the desired ketone and regeneration of the
[Pd−H]+ species (Scheme 7a, hydride mechanism). (2)
Alternatively, the intermediate acyl complex forms the
corresponding acyl halide or acid, which then undergoes a
traditional Friedel−Crafts-like reaction (Scheme S2).27−30 (3)
In contrast, this reaction may also proceed via C−H activation
mechanism (Scheme S3).58 In the last case, a PdII catalyst
would initially activate the arene C−H bond to give the aryl
palladium complex, followed by CO insertion to give the Pd
acyl species. Subsequently, olefin coordination, insertion, and
finally protolysis take place to give the desired product and
regenerate the Pd catalyst. In order to understand this novel
carbonylation reaction, the mechanism of the palladium-
catalyzed carbonylation cycle was investigated in more detail
and several control experiments were performed.
As we discussed above, we assumed that related Friedel−

Crafts acylations with the corresponding acid or acyl chloride as
the possible intermediates might take place under our reaction
conditions. However, when nonanoic acid or the corresponding
acyl chloride was applied under the standard conditions with
and without palladium catalyst, no desired product was
observed (Scheme 7b). Therefore, we exclude a traditional
Friedel−Crafts acylation, which is not related to this carbon-
ylation of (hetero)arenes with olefins.
In order to prove the nature of the active catalyst, next the

carbonylation of ethylene and N-methylpyrrole was carried out
with different Pd(II) and Pd(0) precatalysts (Scheme 7c).
When using PdCl2, an induction period of around 1 h was
observed, indicating that Pd(II) is not the true active species.
Meanwhile, almost no induction period was observed for
Pd2(dba)3, and the substrate conversion started immediately.
These results indicate that no initial C−H activation of the
heterocycle takes place; instead it is most likely that this
reaction goes through the hydride mechanism in Scheme 1.

Scheme 3. Selective Carbonylation of Diisobutenea

aReaction conditions: N-methylindole (0.5 mmol), diisobutene (1.0
mmol), PdCl2 (2.0 mol %), Xantphos (4.0 mol %), p-TsOH (10 mol
%), CO (40 bar), toluene (1 mL), 160 °C, 24 h. Isolated yield. The
ratios of isomers were determined by GC analysis.

Scheme 4. Reversing the Carbonylation of Substituted
Pyrroles and Cyclohexene

aReaction conditions: N-tbutylpyrrole (0.5 mmol), cylohexene (1.0
mmol), PdCl2 (2.0 mol %), Xantphos (4.0 mol %), p-TsOH (10 mol
%), CO (40 bar), toluene (1 mL), 100 °C, 18 h. Isolated yield. The
ratios of isomers were determined by GC analysis. bReaction
conditions: substituted pyrrole (0.5 mmol), cylohexene (1.0 mmol),
PdCl2 (2.0 mol %), Xantphos (4.0 mol %), p-TsOH (10 mol %), CO
(40 bar), toluene (1 mL), 140 °C, 18 h. Isolated yields. The ratios of
isomers were determined by GC analysis. cReaction conditions:
substituted pyrrole (0.5 mmol), cylohexene (1.0 mmol), PdCl2 (2.0
mol %), Xantphos (4.0 mol %), p-TsOH (10 mol %), CO (40 bar),
toluene (1 mL), 160 °C, 18 h. Isolated yields. The ratios of isomers
were determined by GC analysis.
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To understand this mechanism in more detail, we carried out
B3PW9159 density functional theory computations both in the
gas phase and under the consideration of toluene solvation
based on solute electron density (SMD).60 In our computation
we used the cationic [LPd−H]+ (L = Xantphos) complex as
active catalyst as well as ethene, CO, and N-methylpyrrole as
substrates. All results and the full potential energy surfaces are

given the Supporting Information. Since the results in the gas
phase and toluene solution are qualitatively similar (Schemes
S5 and S6), we present only the results in toluene solution. In
addition, we carried out single-point calculations by adding
GD3BJ dispersion correction and by using the M06 functional
in combination with triple-ζ basis sets for Pd (Table S6). It is
found that GD3BJ dispersion (Scheme S7) lowers the energy
barrier. However, the regioselectivity is highly overestimated by
about 6 × 103. As we are much more interested in the
difference of the barriers between different reaction pathways as
well as to distinguish the selectivity between the C2- and C3-N-
methylpyrrole, therefore, we used the B3PW91-SCRF results
for discussion and comparison.
As shown in Figure 1, the simplified potential energy surface

can be divided into two parts; the first part is the formation of
the ethyl complex via ethene coordination and Pd−H migratory
insertion as well as the formation of the acyl complex via CO
coordination and insertion to the alkyl complex. The second
part is the selective C−H activation via C−C coupling between
the acyl carbon and the C2 (or C3) carbon of N-methylpyrrole
as well as the H transfer from N-methylpyrrole to Pd center
resulting in the formation of the corresponding ketone and the
[LPd−H]+ regeneration.
At first, it is noted that no stable complex of side-on ethene

coordination could be located. All attempts to optimize ethene
coordination result in the spontaneous ethene insertion and the
formation of the ethyl complex [LPd(C2H5)]

+, which is slightly
endergonic by 0.5 kcal/mol. Next, CO coordination leading to
[LPd(CO)(C2H5)]

+ is exergonic by 1.9 kcal/mol. Starting from
LPd(CO)(C2H5)]

+, [LPd(−CO−C2H5)]
+ formation from CO

insertion has free energy barrier of 4.9 kcal/mol and is
exergonic by 22.5 kcal/mol. Totally, the formation of acyl

Scheme 5. Intramolecular Carbonylation to 1-Tetralone Derivatives and Synthetic Applicationa

aReaction conditions: substituted allylbenzene (0.5 mmol), PdCl2 (2.0 mol %), Xantphos (4.0 mol %), p-TsOH (10 mol %), CO (40 bar), toluene
(1 mL), 100 °C, 18 h. Isolated yields. The ratios of isomers were determined by GC analysis. For procedures of synthetic applications please see the
Supporting Information.

Scheme 6. Carbonylation of Allylic Alcohols with N-
Methylindolesa

aReaction conditions: N-methylindole (0.5 mmol), allylic alcohol (1.0
mmol), PdCl2 (2.0 mol %), Xantphos (4.0 mol %), p-TsOH (10 mol
%), 4 Å molecular sieves (20 mg), CO (40 bar), toluene (1 mL), 105
or 140 °C, 18 or 20 h. Isolated yields. For procedures of synthetic
applications, please see the Supporting Information.
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complex is exergonic by 23.9 kcal/mol, indicating a kinetically
very facile and thermodynamically very favored process.
Starting from the acyl complex [LPd(−CO−C2H5)]

+ and N-
methylpyrrole, the C−C coupling between the acyl carbon and
the C2 carbon has a barrier of 43.9 kcal/mol and is endergonic
by 41.1 kcal/mol, while the C−C coupling between the acyl
carbon and the C3 carbon has a barrier of 46.7 kcal/mol and is
endergonic by 46.1 kcal/mol. Alternatively, we also computed

the barrier of the OSO2CH3 anion stabilized C−C coupling as

well as the concerted metalation deprotonation (CMD) step.61

As given in Table S7, the barrier of OSO2CH3 anion stabilized

C−C coupling (43.5 kcal/mol) is close to that of our proposed

route (43.9 kcal/mol), while the concerted metalation

deprotonation mechanism has a much higher barrier (49.1

kcal/mol).

Scheme 7. (a) Proposed Mechanism. (b) Control Experiments Applying Nonanoic Acid and Nonanoyl Chloride. (c) Gas
Consumption versus Time for the Carbonylation of N-Methylpyrrole with Ethylene with PdCl2 or Pd2(dba)3 (0.5 mol % Pd
Catalyst)
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The subsequent C−H transfer resulting in the formation of
the corresponding ketone and the [LPd−H]+ regeneration is
found barrierless and exergonic by 38.7 and 45.0 kcal/mol for
the C2 and C3 carbon, respectively. Totally, the acyl complex is
the resting state and the C−C coupling step is rate-
determining. The overall reaction is exergonic by 21.5 and
22.8 kcal/mol for the formation of 2-propionyl-1-methylpyrrole
and 3-propionyl-1-methylpyrrole, respectively. The energy
difference between the two transition states is 2.8 kcal/mol
(4.3 kcal/mol in gas phase); and the computed rate constant
ratio k(C2−H)/k(C3−H) of C−C bond coupling based on
standard transition state theory is 1.1 × 102. This indicates the
selective activation of the C2−H carbon from kinetic aspect.
The computed selectivity is in agreement with the experimental
observation.
On the basis of the optimized transition state structures

(Figure 2), it is hard to get information on origin of the
observed regioselectivity, since the bond parameters between
the acyl group and the Pd center are very similar on one hand;
and on the other hand, the forming C−C distance for C2
carbon coupling is even longer than that for C3 carbon
coupling (2.027 vs 1.965 Å).

To understand the regioselectivity in favoring of the C2
carbon of N-methylpyrrole, we dissected the electronic
activation energy of the C2/C3 transition states by using the
proposed activation strain model (ASM)62−64 (Figure S1 and
Table S8). It is found that the C−C2 transition state has lower
strain energy than the C−C3 transition state; and this energy
difference determines the regioselectivity.

■ CONCLUSION

In our work, we developed a novel type of catalytic acylation
reaction complementary to the classic Friedel−Crafts method-
ologies. Key for the success is the use of a PdCl2/Xantphos
catalyst, which allows for selective carbonylation of (hetero)-
arenes with olefins. Using ethene and N-methylpyrrole as
substrates, the regioselectivity comes from the kinetic differ-
entiation in the C−C coupling step as revealed by detailed
B3PW91-SCRF density functional theory computations. This
novel transformation can be applied to an array of privileged
heteroaromatic scaffolds and permits the acylation with
industrially important aliphatic olefins (more than 50 examples,
30−99% yield and up to >99% linear selectivity). The
applicability of this methodology is further highlighted by the
synthesis of active pharmaceutical intermediates and the

Figure 1. Simplified B3PW91-SCRF (SMD/toluene) potential energy surface of carbonylation of ethylene and N-methylpyrrole (kcal/mol).

Figure 2. Optimized transition state structures of C−C coupling between the acyl carbon and the C2 (left)/C3 (right) carbon of N-methylpyrrole
(only the central part is presented; and the other parts are omitted for clarity).
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selective construction of polycyclic ring compounds. We believe
that these procedures can broaden the currently known
methods for carbonylation reactions in organic synthesis.
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(10) Roesle, P.; Dürr, C. J.; Möller, H. M.; Cavallo, L.; Caporaso, L.;
Mecking, S. Mechanistic Features of Isomerizing Alkoxycarbonylation
of Methyl Oleate. J. Am. Chem. Soc. 2012, 134, 17696−17703.
(11) Li, H.; Dong, K.; Jiao, H.; Neumann, H.; Jackstell, R.; Beller, M.
The scope and mechanism of palladium-catalysed Markovnikov
alkoxycarbonylation of alkenes. Nat. Chem. 2016, 8, 1159−1166.
(12) Dong, K.; Fang, X.; Gülak, S.; Franke, R.; Spannenberg, A.;
Neumann, H.; Jackstell, R.; Beller, M. Highly active and efficient
catalysts for alkoxycarbonylation of alkenes. Nat. Commun. 2017, 8,
14117−14123.
(13) Nobbs, J. D.; Low, C. H.; Stubbs, L. P.; Wang, C.; Drent, E.; van
Meurs, M. Isomerizing Methoxycarbonylation of Alkenes to Esters
Using a Bis(phosphorinone)xylene Palladium Catalyst. Organometallics
2017, 36, 391−398.
(14) Hirschbeck, V.; Gehrtz, P. H.; Fleischer, I. Regioselective
Thiocarbonylation of Vinyl Arenes. J. Am. Chem. Soc. 2016, 138,
16794−16799.
(15) Liu, H.; Yan, N.; Dyson, P. J. Acid-free regioselective
aminocarbonylation of alkenes. Chem. Commun. 2014, 50, 7848−7851.
(16) Li, H.; Dong, K.; Neumann, H.; Beller, M. Palladium-Catalyzed
Hydroamidocarbonylation of Olefins to Imides. Angew. Chem., Int. Ed.
2015, 54, 10239−10243.
(17) Zhang, G.; Gao, B.; Huang, H. Palladium-Catalyzed Hydro-
aminocarbonylation of Alkenes with Amines: A Strategy to Overcome
the Basicity Barrier Imparted by Aliphatic Amines. Angew. Chem., Int.
Ed. 2015, 54, 7657−7661.
(18) Liu, J.; Li, H.; Spannenberg, A.; Franke, R.; Jackstell, R.; Beller,
M. Selective Palladium-Catalyzed Aminocarbonylation of Olefins to
Branched Amides. Angew. Chem., Int. Ed. 2016, 55, 13544−13548.
(19) Xu, T.; Sha, F.; Alper, H. Highly Ligand-Controlled
Regioselective Pd-Catalyzed Aminocarbonylation of Styrenes with
Aminophenols. J. Am. Chem. Soc. 2016, 138, 6629−6635.
(20) Schoenberg, A.; Bartoletti, I.; Heck, R. F. Palladium-catalyzed
carboalkoxylation of aryl, benzyl, and vinylic halides. J. Org. Chem.
1974, 39, 3318−3326.
(21) Liu, Q.; Zhang, H.; Lei, A. Oxidative Carbonylation Reactions:
Organometallic Compounds (R-M) or Hydrocarbons (R-H) as
Nucleophiles. Angew. Chem., Int. Ed. 2011, 50, 10788−10799.
(22) Wu, X.-F.; Neumann, H.; Beller, M. Palladium-catalyzed
carbonylative coupling reactions between Ar-X and carbon nucleo-
philes. Chem. Soc. Rev. 2011, 40, 4986−5009.
(23) Sumino, S.; Fusano, A.; Fukuyama, T.; Ryu, I. Carbonylation
Reactions of Alkyl Iodides through the Interplay of Carbon Radicals
and Pd Catalysts. Acc. Chem. Res. 2014, 47, 1563−1574.
(24) Mayr, H.; Kempf, B.; Ofial, A. R. π-Nucleophilicity in Carbon−
Carbon Bond-Forming Reactions. Acc. Chem. Res. 2003, 36, 66−77.
(25) Siegel, H.; Eggersdorfer, M., Ketones. In Ullmann’s Encyclopedia
of Industrial Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA: 2000.
(26) Sartori, G.; Maggi, R. Advances in Friedel-Crafts Acylation
Reactions; CRC Press: 2009.
(27) Lian, Z.; Friis, S. D.; Skrydstrup, T. C-H activation dependent
Pd-catalyzed carbonylative coupling of (hetero)aryl bromides and
polyfluoroarenes. Chem. Commun. 2015, 51, 1870−1873.
(28) Tjutrins, J.; Arndtsen, B. A. An Electrophilic Approach to the
Palladium-Catalyzed Carbonylative C−H Functionalization of Hetero-
cycles. J. Am. Chem. Soc. 2015, 137, 12050−12054.
(29) Gu, L.; Jin, C.; Liu, J. Metal-free, visible-light-mediated
transformation of aryl diazonium salts and (hetero)arenes: an efficient
route to aryl ketones. Green Chem. 2015, 17, 3733−3736.
(30) Gu, L.; Jin, C.; Liu, J.; Zhang, H.; Yuan, M.; Li, G. Acylation of
indoles via photoredox catalysis: a route to 3-acylindoles. Green Chem.
2016, 18, 1201−1205.
(31) Moore, E. J.; Pretzer, W. R.; O’Connell, T. J.; Harris, J.;
LaBounty, L.; Chou, L.; Grimmer, S. S. Catalytic and regioselective
acylation of aromatic heterocycles using carbon monoxide and olefins.
J. Am. Chem. Soc. 1992, 114, 5888−5890.

ACS Central Science Research Article

DOI: 10.1021/acscentsci.7b00368
ACS Cent. Sci. 2018, 4, 30−38

37

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acscentsci.7b00368
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00368/suppl_file/oc7b00368_si_001.pdf
mailto:Matthias.Beller@catalysis.de
http://orcid.org/0000-0002-3105-4840
http://orcid.org/0000-0002-9460-7908
http://orcid.org/0000-0001-5709-0965
http://dx.doi.org/10.1021/acscentsci.7b00368


(32) Chatani, N.; Fukuyama, T.; Kakiuchi, F.; Murai, S. Ru3(CO)12-
Catalyzed Coupling of Heteroaromatic C−H/CO/Olefins. Regiose-
lective Acylation of the Imidazole Ring. J. Am. Chem. Soc. 1996, 118,
493−494.
(33) Chatani, N.; Ie, Y.; Kakiuchi, F.; Murai, S. Ru3(CO)12-
Catalyzed Reaction of Pyridylbenzenes with Carbon Monoxide and
Olefins. Carbonylation at a C−H Bond in the Benzene Ring. J. Org.
Chem. 1997, 62, 2604−2610.
(34) Fukuyama, T.; Chatani, N.; Kakiuchi, F.; Murai, S. A New
Synthetic Method for the Preparation of Indenones from Aromatic
Imines. Ru3(CO)12-Catalyzed Carbonylation at an ortho C−H Bond
in the Aromatic Imines. J. Org. Chem. 1997, 62, 5647−5650.
(35) Fukuyama, T.; Chatani, N.; Tatsumi, J.; Kakiuchi, F.; Murai, S.
Ru3(CO)12-Catalyzed Site-Selective Carbonylation Reactions at a C−
H Bond in Aza-Heterocycles. J. Am. Chem. Soc. 1998, 120, 11522−
11523.
(36) Chatani, N.; Fukuyama, T.; Tatamidani, H.; Kakiuchi, F.; Murai,
S. Acylation of Five-Membered N-Heteroaromatic Compounds by
Ruthenium Carbonyl-Catalyzed Direct Carbonylation at a C−H Bond.
J. Org. Chem. 2000, 65, 4039−4047.
(37) Ie, Y.; Chatani, N.; Ogo, T.; Marshall, D. R.; Fukuyama, T.;
Kakiuchi, F.; Murai, S. Direct Carbonylation at a C−H Bond in the
Benzene Ring of 2-Phenyloxazolines Catalyzed by Ru3(CO)12. Scope,
Limitations, and Mechanistic Aspects. J. Org. Chem. 2000, 65, 1475−
1488.
(38) Zeng, F.; Alper, H. Pd-Catalyzed Direct Coupling of Indoles
with Carbon Monoxide and Alkynes: Selective Synthesis of Linear α,β-
Unsaturated Ketones. Org. Lett. 2013, 15, 2034−2037.
(39) Liu, J.; Li, H.; Dühren, R.; Liu, J.; Spannenberg, A.; Franke, R.;
Jackstell, R.; Beller, M. Markovnikov-selective Palladium Catalyst for
Carbonylation of Alkynes with Heteroarenes. Angew. Chem., Int. Ed.
2017, 56, 11976−11980.
(40) Wu, X.-F.; Fang, X.; Wu, L.; Jackstell, R.; Neumann, H.; Beller,
M. Transition-Metal-Catalyzed Carbonylation Reactions of Olefins
and Alkynes: A Personal Account. Acc. Chem. Res. 2014, 47, 1041−
1053.
(41) Yeung, C. S.; Dong, V. M. Catalytic Dehydrogenative Cross-
Coupling: Forming Carbon−Carbon Bonds by Oxidizing Two
Carbon−Hydrogen Bonds. Chem. Rev. 2011, 111, 1215−1292.
(42) Neufeldt, S. R.; Sanford, M. S. Controlling Site Selectivity in
Palladium-Catalyzed C−H Bond Functionalization. Acc. Chem. Res.
2012, 45, 936−946.
(43) Ackermann, L. Carboxylate-Assisted Ruthenium-Catalyzed
Alkyne Annulations by C−H/Het−H Bond Functionalizations. Acc.
Chem. Res. 2014, 47, 281−295.
(44) Sun, C.-L.; Shi, Z.-J. Transition-Metal-Free Coupling Reactions.
Chem. Rev. 2014, 114, 9219−9280.
(45) Liu, C.; Yuan, J.; Gao, M.; Tang, S.; Li, W.; Shi, R.; Lei, A.
Oxidative Coupling between Two Hydrocarbons: An Update of
Recent C−H Functionalizations. Chem. Rev. 2015, 115, 12138−12204.
(46) Shin, K.; Kim, H.; Chang, S. Transition-Metal-Catalyzed C−N
Bond Forming Reactions Using Organic Azides as the Nitrogen
Source: A Journey for the Mild and Versatile C−H Amination. Acc.
Chem. Res. 2015, 48, 1040−1052.
(47) Della Ca’, N.; Fontana, M.; Motti, E.; Catellani, M. Pd/
Norbornene: A Winning Combination for Selective Aromatic
Functionalization via C−H Bond Activation. Acc. Chem. Res. 2016,
49, 1389−1400.
(48) Gensch, T.; Hopkinson, M. N.; Glorius, F.; Wencel-Delord, J.
Mild metal-catalyzed C-H activation: examples and concepts. Chem.
Soc. Rev. 2016, 45, 2900−2936.
(49) Hartwig, J. F. Evolution of C−H Bond Functionalization from
Methane to Methodology. J. Am. Chem. Soc. 2016, 138, 2−24.
(50) Zhu, R.-Y.; Farmer, M. E.; Chen, Y.-Q.; Yu, J.-Q. A Simple and
Versatile Amide Directing Group for C−H Functionalizations. Angew.
Chem., Int. Ed. 2016, 55, 10578−10599.
(51) van Leeuwen, P. W. N. M.; Kamer, P. C. J.; Reek, J. N. H.;
Dierkes, P. Ligand Bite Angle Effects in Metal-catalyzed C−C Bond
Formation. Chem. Rev. 2000, 100, 2741−2770.

(52) Birkholz, M.-N.; Freixa, Z.; van Leeuwen, P. W. N. M. Bite angle
effects of diphosphines in C-C and C-X bond forming cross coupling
reactions. Chem. Soc. Rev. 2009, 38, 1099−1118.
(53) Fang, X.; Cacherat, B.; Morandi, B. CO- and HCl-free synthesis
of acid chlorides from unsaturated hydrocarbons via shuttle catalysis.
Nat. Chem. 2017, 9, 1105−1109.
(54) Hong, W. P.; Iosub, A. V.; Stahl, S. S. Pd-Catalyzed Semmler−
Wolff Reactions for the Conversion of Substituted Cyclohexenone
Oximes to Primary Anilines. J. Am. Chem. Soc. 2013, 135, 13664−
13667.
(55) Wu, Z.; Li, Y.; Cai, Y.; Yuan, J.; Yuan, C. A novel necroptosis
inhibitornecrostatin-21 and its SAR study. Bioorg. Med. Chem. Lett.
2013, 23, 4903−4906.
(56) Amatore, C.; Jutand, A.; Thuilliez, A. Formation of
Palladium(0) Complexes from Pd(OAc)2 and a Bidentate Phosphine
Ligand (dppp) and Their Reactivity in Oxidative Addition. Organo-
metallics 2001, 20, 3241−3249.
(57) Kiss, G. Palladium-Catalyzed Reppe Carbonylation. Chem. Rev.
2001, 101, 3435−3456.
(58) Jia, C.; Kitamura, T.; Fujiwara, Y. Catalytic Functionalization of
Arenes and Alkanes via C−H Bond Activation. Acc. Chem. Res. 2001,
34, 633−639.
(59) Becke, A. D. Density-functional thermochemistry. III. The role
of exact exchange. J. Chem. Phys. 1993, 98, 5648−5652.
(60) Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal
Solvation Model Based on Solute Electron Density and on a
Continuum Model of the Solvent Defined by the Bulk Dielectric
Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113,
6378−6396.
(61) Lapointe, D.; Fagnou, K. Overview of the Mechanistic Work on
the Concerted Metallation−Deprotonation Pathway. Chem. Lett. 2010,
39, 1118−1126.
(62) Legault, C. Y.; Garcia, Y.; Merlic, C. A.; Houk, K. N. Origin of
Regioselectivity in Palladium-Catalyzed Cross-Coupling Reactions of
Polyhalogenated Heterocycles. J. Am. Chem. Soc. 2007, 129, 12664−
12665.
(63) Schoenebeck, F.; Houk, K. N. Ligand-Controlled Regioselec-
tivity in Palladium-Catalyzed Cross Coupling Reactions. J. Am. Chem.
Soc. 2010, 132, 2496−2497.
(64) Fernandez, I.; Bickelhaupt, F. M. The activation strain model
and molecular orbital theory: understanding and designing chemical
reactions. Chem. Soc. Rev. 2014, 43, 4953−4967.

ACS Central Science Research Article

DOI: 10.1021/acscentsci.7b00368
ACS Cent. Sci. 2018, 4, 30−38

38

http://dx.doi.org/10.1021/acscentsci.7b00368

