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Abstract: The mechanism of Pd-catalyzed, Friedel-Crafts intermolecular acylation of arenes to
ketones was comprehensively investigated by using DFT calculations. The calculated results revealed
that this transformation was composed of several key steps: C-I1 bond oxidative addition, CO
insertion, reductive elimination and C-H bond functionalization. Of these steps, the last was
found to be the rate-determining step, and it occurred much more easily with strongly electrophilic
aroyl triflate compared to other resultant counterparts. In addition, our calculation provides a
rationale for experimental findings that simple Pd salts exhibit superior catalytic abilities compared
to phosphine-ligated Pd catalysts.
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1. Introduction

Aromatic ketones have attracted widespread attention as promising industrial materials and
pharmaceutical ingredients, and have been widely employed in the various fields, for example, natural
products and material science [1-3]. Several highly efficient methods for constructing valuable ketones
have been established in recent years, such as the classic Friedel-Crafts acylation and metal-catalyzed
acylation reactions [4-9]. In general, the classic Friedel-Crafts acylation reactions involve some
high-energy electrophiles nascent from reactive reagents (e.g., SOCl, and PCl3) [10]. Thus, they were
subject to harsh reaction conditions, low selectivity and non-atomic economy. Compared to the classic
Friedel-Crafts reactions, metal-catalyzed acylation reactions are rapidly evolving and widely used
for inactivated C-H bond functionalization, and have many advantages of high functional group
tolerance, atomic economy and mild reaction conditions. In this regard, transition metal-catalyzed
carbonylative cross-coupling reactions to ketones, in which monoxide was utilized as a carbonyl
source, have been extensively investigated and reported (Scheme 1) [11,12]. However, they were also
limited by requisites of pre-synthesized organometallic agents, substrates with directing groups and
activated substrate, especially in the intermolecular carbonylative events. As such, the development of
new, efficient methodologies to promote related acylation reactions is highly desirable.
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Scheme 1. Transition metal-catalyzed carbonylative cross-coupling reactions to ketones.
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Recently, Arndtsen B.A. and co-workers reported a novel approach to form ketones through
palladium-catalyzed intermolecular carbonylation of arene C-H bonds in the presence of CO as the
carbonyl sources [13]. These reactions exhibited high yields, very low palladium catalyst loadings and
high functional group tolerance, in which directing groups, pre-synthesized organometallic reagents
and ligands were not employed, and a strongly reactive electrophilic agent was generated in situ
(e.g., aroyl triflate). Such catalytic reductive carboxylation reactions are very important, because they
have provided a previously unexplored route for the preparation of ketones using readily available aryl
iodides, CO and arenes. This route also offers a straightforward and green alternative to Friedel-Crafts
reactions via carbon monoxide to generate in situ, high-energy electrophiles.

The experimental results reported by Arndtsen B.A. et al. demonstrated that the reactivity
was strongly dependent on whether ligands were employed or not in the carbonylative reactions
(Scheme 2). For example, Pd catalysts that contained phosphine ligands, such as P'Bug, resulted
in the carbonylative functionalization of benzene into ketone in low yields, whereas the simple Pd
salts without added ligands, such as PdCl,, resulted in higher yields (up to 99%). These findings
are very interesting and raise a number of underlying reaction mechanistic questions for the titled
reaction, which can be summarized as follows: (1) how was the aroyl triflate generated in situ?
(2) Is the in situ-generated aroyl triflate adequately reactive to functionalize the inactivated C-H bond
of arenes? (3) Why are simple Pd salts superior to the Pd catalysts containing phosphine ligands in
term of reactivity? To address these issues, we conducted DFT calculations to gain further insight
into the reaction mechanism with the aim of facilitating the development of synthetic catalysts for CO
incorporation, and to provide in-depth guidance for synthetic chemists on the related intermolecular
carbonylative coupling reactions.
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Scheme 2. Pd-catalyzed, Friedel-Crafts intermolecular acylation with arene to ketones.
2. Computational Details

All calculations were performed with the G09 package [14]. The geometric optimization of all
complexes was carried out at the B3LYP/6-31G(d) level [15-19] of theory in which effective core
potential(ECP) type basis set SDD [20,21] was applied on Pd, Ag and I atoms. With the same level
of theory and basis set, vibrational analysis was performed to confirm all the stationary points as
local minima or transition states and provide the thermal corrections to the single point energies in
solution. Intrinsic reaction coordination (IRC) calculations were used to verify the connections among
the transition states and its reactant and product [22]. The solvent effect from dichloroethane was
considered based on single-point calculations of the gas phase stationary points using a SMD [23]
continuum solvation model and by the M06 functional [24-26] with SDD basis set for Pd, Ag and
I and 6-311++G(d,p) [27] basis set for the rest of the atoms. This computational method (B3LYP
for optimization)//(M06 for single point energy in solution) has proved more reliable in energy
for metal-catalyzed reactions [28-32], especially for systems containing transition metal elements
and weak intermolecular interactions [24-26]. Unless otherwise stated, all discussed energies in
what follows refer to solvation free energy (AGg, kecal mol 1) values, which were estimated as
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AGgol = AEsoisMD) + AG(gas)correction, Where AEgqsyp) refers to the calculated solvation single point
energy and AGgas)correction refers to the calculated thermal correction in the gas phase for Gibbs free
energies. 3D structures for the optimized stationary points were prepared using CYL view [33].

3. Results and Discussion

In light of the experimental mechanistic studies, three potential reaction pathways for
Pd-catalyzed, Friedel-Crafts intermolecular acylation of arenes to ketones were tentatively proposed
by Arndtsen B.A. and co-workers. As seen from Scheme 3, initially, the Pd-catalyzed, Friedel-Crafts
intermolecular acylation reaction undergoes the oxidative addition of C—I bond of aryl iodides with
(CO)Pd(0) to generate the intermediate A, (CO),IPd(II)Ar. Subsequent C-C bond formation may take
place through the CO insertion into the Pd—C bond of Pd(Il) intermediate A to give a palladium-aroyl
intermediate B. Next, a substitution reaction between the aromatic silver and the palladium-aroyl
intermediate B could occur to furnish intermediate C, followed by a reductive elimination to
yield the product of ketone and regenerate the (CO),Pd(0) catalyst (Path I). Alternatively, silver
trifluoromethanesulfonate reacts with intermediate B to give the monoxide coordinated Pd-COAr
intermediate D. After formation of intermediate D, it may be sufficiently electrophilic to palladate
benzene (Path II), or directly undergoes reductive elimination to give an aroyl triflate electrophile that
reacts with arene to form the final product ketones and Pd(0) catalyst (Path III). Here, we report our
DEFT studies of all reaction mechanisms shown in the Scheme 3. We first investigated the formation of
the palladium-aroyl intermediate A, (CO),IPdAr, via C-I1 bond oxidative addition with (CO),Pd(0)
catalyst, followed by the CO insertion reaction to give intermediate B. Then, three alternative reaction
pathways to afford the products of ketones were examined and compared. Finally, the aforementioned
mechanistic issues were discussed in detail.
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Scheme 3. Proposed reaction mechanism for Pd-catalyzed, Friedel-Crafts intermolecular acylation.
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3.1. Mechanism

3.1.1. Mechanism of Forming Palladium-Aroyl Intermediate B from Reaction between (CO),Pd(0) and
Aryl lIodide

For the formation of palladium-aroyl intermediate B, two possible reaction scenarios were
examined when considering whether one CO is dissociative or associative over the course of reaction.
The corresponding potential energy surfaces are depicted in Figure 1. The calculated results show that
although extrusion of one CO molecule for the complexation of (CO)3;Pd and aryl iodide is endergonic
by 7.8 kcal mol !, its overall activation free energy required in the C-I bond oxidative addition reaction
is lower than that in the case associated with one CO by 3.4 kcal mol~! (23.2 vs. 26.6 kcal mol ! for
TS1 vs. TST1’). Furthermore, the resultant intermediate A from the oxidative addition reaction with
the dissociation of CO was also more stable than its counterpart by 10.9 kcal mol ! (4.4 kcal mol~! vs.
15.3 kcal mol~! for A vs. A’). Subsequently, insertion of CO into the Pd-C bond of intermediate A
and A’ via TS2 and TS2’ requires overcoming reaction barrier of 6.5 and 15.9 kcal mol ! with respect
to the intermediate A to give palladium-aroyl intermediate B and B’, respectively. This indicates
that intermediate A with two CO molecular ligands undergoes the insertion reaction is energetically
favorable than intermediate A’ with three CO molecules. However, we noted that the formation of
palladium-aroyl intermediate B’ is exergonic by 11.2 kcal mol~!, which is much larger in energy than
that (1.3 kcal mol!) of palladium-aroyl intermediate B. As such, one CO molecule was extruded
before the C-I oxidative addition and then one CO molecule was incorporated after CO insertion
into the Pd-C bond, which is important to provide the kinetic and thermodynamic driving forces
during the course of reactions. The more energetically-favorable mechanism of dissociation than the
associative one may lie in the fact that extrusion of an electron-deficient group of CO in the dissociative
mechanism leads the coordinated palladium atom with more electrons, thus benefiting the oxidative
addition process.
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Figure 1. Computed reaction potential surfaces of formation of palladium-aroyl intermediate
(associative mechanism in blue vs. dissociative mechanism in black).

3.1.2. Mechanism for the Formation of Ketones Derived from Aromatic Silver

When considering that aromatic silver was successfully synthesized and can also be involved
in the C-H arylation of electron-deficient arenes as found in the experiments reported by some
workers [34,35], the reaction of arylsilver with intermediate B’ was initially calculated (Path I). As
seen in Figure 2, the formation of ketones is very facile, both kinetically and thermodynamically, and
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consists of exergonic ion exchange process (all attempts were failed to locate transition state) and
reductive elimination with a small reaction barrier of 3.6 kcal mol 1. However, this calculated finding
leaves us an open-ended question: can the arylsilver be produced easily under the experimentally used
reaction conditions? Here, we conducted a computational study of the reaction between aryl iodide and
AgOTf with or without phosphine ligand. Both of them indicated that the generation of arylsilvers is
prohibited by the extremely high reaction barriers of about 44 kcal mol ! (Figures S1 and S2), and thus,
arylsilver is less likely involved in the C—H bond activation of arenes. In order to verify our calculations,
we further investigated the feasibility of forming analogous arylsilvers, such as those reported by
Sanford and Larrosa groups [34,35], which showed that AgOPiv or AgCO,Ad with phosphine
ligands plays an important role in the C-H cleavage step for the formation of related arylsilvers.
Accordingly, our calculations revealed that AgOPiv or AgCO,Ad with phosphine ligands can easily
react with substituted arenes, associated with accessible reaction barriers (See Figure S3 of Supporting
Information). NBO analysis indicated that the C—-H bond of arene substituted by electron-deficient
moiety, such as F group, is more polarized (Table S1). As such, the presence of electron-deficient
substituents on the arenes might account for the facile formation of these experimentally synthesized
and characterized arylsilvers. Collectively, our calculated results demonstrated that although the
ion exchange and reductive elimination processes take place efficiently for the formation of ketones
(Figure 2), the generation of intermediate arylsilver requires very large reaction heights, and thus, the
mechanism of forming an aroy] triflate electrophile derived from aromatic silver could be safely ruled
out for the titled reaction.
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Figure 2. Reaction potential surfaces for the formation of ketones derived from aromatic silver.

3.1.3. Mechanism for the Formation of Ketones Involving Palladate Benzene

As shown in Figure 3, anion exchange between palladium-aroyl intermediate B’ and AgOTf is an
energetically downbhill process to generate the palladium-aroyl intermediate D bearing triflate moiety,
[(CO)PA(II)(COPh)OT{], and then it may undergo activation of the C—-H bond of benzene as a sufficient
electrophile to yield intermediate E (Path II) as suggested by Arndtsen B.A. et al. The calculated results
show that such C-H activation proceeds via a four-membered transition state TS4 or TS4’, and is
characterized by a relatively high reaction barrier of 35.8 and 38.4 kcal mol ™!, respectively. Finally,
the C-C bond formation to produce the ketones via reductive elimination is relatively facile and
requires an activation free energy of 3.7 kcal mol~!. Taken together, the calculations revealed that
C-H bond activation of benzene by palladium-aroyl intermediate D bearing triflate moiety is the
rate-limiting step for the formation of ketones, which is less likely to occur with respect to that via
aroyl triflate (Path III, vide infra).
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Figure 3. Calculated reaction potential surfaces for the formation of ketones catalyzed by

palladium-aroyl intermediate.

3.1.4. Mechanism for the Formation of Ketones Delivered by Aroyl Triflate

From the palladium-aroyl intermediate D, [(CO),Pd(II)(COPh)OT{], an alternative pathway is
responsible for the formation of aroyl triflate and regeneration of the catalyst to enter the catalytic
cycle. Additional calculations were conducted by considering the possible reductive elimination of
the palladium-aroyl intermediate D, [(CO),Pd(II)(COPh)OTf] and the C-H bond activation of arenes
by the electrophilic attack of resultant aroyl triflate (depicted as path III in Figure 4). Calculations
indicated that the reductive elimination of the palladium-aroyl intermediate D requires the reaction
barrier of 18.4 kcal mol ! via three-membered transition state TS6 with C-O and O-Pd bond distance
of 1.8 A and 2.3 A, respectively. It is noted that incorporation of one monoxide into (CO),Pd(0) catalyst
leads a more stable, three monoxide-coordinated (CO)3Pd(0) catalyst, thereby providing an additional
driving force for such reductive elimination process. As a result, the generation of aroyl triflate and the
(CO);Pd(0) catalyst is exergonic by 7.9 kcal mol ! with respect to species D. From species aroyl triflate,
C-H bond functionalization of benzene to give the product of ketones and to release trifluoromethane
sulfonic acid was conducted computationally. This electrophilic attack process requires an activation
free energy of 32.1 kcal mol~! via the four-membered transition state TS7, and is further exergonic
by 6.3 kcal mol~!. For clarity, the full potential free energy surface of all elementary reaction steps
including C-I oxidative addition, CO insertion, reductive elimination and C-H bond functionalization
were combined together and provided in Figure 5. When considering the whole channels, the C-H
bond functionalization of benzene via the resultant aroyl triflate is the rate-limiting step in the Path IIL
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Figure 4. Reaction potential surfaces for the formation of ketones delivered by resultant aroy] triflate.
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As discussed above, Pd-catalyzed, Friedel-Crafts intermolecular acylation to ketones may take
place via one of three potential pathways (Path I, II, and III). Our calculations indicated that after the
formation of the palladium-aroyl intermediate D via C-I bond oxidative addition and CO insertion into
Pd-C bond, the electrophilic reaction (C-H bond activation) of the resultant aroyl triflate with arene
as the rate-determining step (Figure 5) is more energetically favorable than path Il by 3.7 kcal mol !
(Figure 4). However, our NBO analysis, which indicated that the O atom of OTf group in the
palladium-aroyl intermediate D carries a larger negative charge than that of aroyl triflate species
(—0.63 vs. —0.58), and thus, the former is more electrophilic to functionalize the C-H bond of benzene.
This is in contrast to the calculated results shown in Figures 4 and 5. Therefore, we envisioned that the
larger steric repulsion between the palladium-aroyl intermediate D and benzene should be considered
in the electrophilic attacking reaction and might translate into the corresponding higher reaction height.
Evidently, intermolecular carbonylation of the arene C-H bonds proceeds through the unprecedented
palladium-catalyzed formation of aroyl triflates. This is consistent with the experimental findings that
the experimental build up and isolation of aroyl triflates can react with benzene and give the desired
ketone products. As such, the mechanism for the titled catalytic reaction via path III is most likely
responsible for the formation of ketones.

3.2. Why are Pd Salts Superior to the Ligated Pd Complexes in Catalytic Activities?

It was experimentally shown that a non-ligated palladium catalyst is superior to the Pd catalyst
bearing the phosphine ligands in term of the reactivity of intermolecular carbonylation of arene
C-H bonds. For instance, carbonylative C—H functionalization of arenes to form ketones was not
observed in the presence of Pd('Bug),, whereas simple palladium salt (PdCl,) catalysts proceeded to
the related carbonylative C-H functionalization reactions smoothly with high yields. Intrigued by
this unusual ability, we have conducted computational studies to elucidate the origins of reactivity
discrepancy of these two Pd catalysts. As seen from Figure 6, transformation of the resultant aroyl
triflate to phosphine coordinated palladium-aroyl intermediate G is very facile, both kinetically
and thermodynamically, and is associated with an accessible reaction barrier of 21.4 kcal mol !
at ambient temperature and is exergonic by 4.3 kcal mol~!. Thus, forming the aroyl triflate as a
strong electrophilic intermediate to functionalize C-H bond of arenes from the palladium-aroyl
intermediate with phosphine ligand is difficult (see the detailed computational results of reaction
mechanism mediated by Pd(PtBus); in Figure 54 [36]). This is mainly attributed to the fact that
P'Bug group as an electron-donating group could inject more electrons into the palladium atom, and
thus, the oxidative addition of electrophilic aroyl triflate prefers to take place on a Pd(0) catalyst
with more electron-donating ligands to give to the palladium-aroyl intermediate. On the other
hand, the calculation shows that the functionalization of C-H bond of arene mediated by aroyl
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triflate or palladium-aroyl intermediate requires a very high reaction barrier of about 44 kcal mol !
and is thermodynamically unfavorable. In contrast, reductive elimination to generate electrophilic
aroyl triflate is facilitated by a Pd catalyst with electron-withdrawing group. Indeed, as seen from
Figure 7, with assistant of HOTf and CO, palladium-aroyl intermediate G could easily be transformed
to a CO-bound palladium-aroyl intermediate H by protonated phosphine and ligand exchange
processes. This process affords CO-coordinated species H, which is more stable than phosphine
coordinated palladium-aroyl intermediate G by 7.7 kcal mol ~!. The subsequent step corresponds to
the reductive elimination of species H to produce strongly electrophilic aroyl triflate and regenerate
three CO-coordinated palladium catalysts (Pd(CO)3). Evidently, the reductive elimination process of a
CO-bound palladium-aroyl intermediate H requires a small reaction barrier of 15.5 kcal mol !, and
is further exergonic by 11.7 kcal mol~?, as shown in Figure 7, indicating that Pd catalyst containing
electron-deficient group (CO) preferentially proceeds the reductive elimination instead of oxidative
addition process (see electronic densities of Pd atom for phosphine or CO-coordinated palladium-aroyl
intermediates in Table S2 of Supporting Information). This is because CO, as an electron-deficient
ligand, could reduce the electron density of palladium-aroyl intermediate H, being benefical to the
reductive elimination of palladium-aroyl intermediate, rather than the corresponding reversible
oxidative addition of aroyl triflate with Pd catalyst. It is generally assumed that the experimental
generation of Pd(CO); catalyst using simple Pd salts in the presence of CO is thermally facile; as such,
the simple palladium salts with no added ligands would efficiently catalyze the intermolecular
functionalization of benzene with CO, aryl iodide and a triflate source.
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Figure 6. Calculated reaction potential energy surface of transformation between aroyl triflate or
palladium-aroyl intermediate and the related C-H functionalization.
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4. Conclusions

In summary, three potential reaction pathways for Pd-catalyzed, Friedel-Crafts intermolecular
acylation of arenes to ketones were systematically conducted by DFT calculations. The computational
results indicated that an acylation reaction involving the aroyl triflate is the most preferred pathway
where the arene C-H bond functionalization step was mediated by the strongly electrophilic aroyl
triflate (Path III). It is noteworthy that not only the presence of CO is highly important as the carbonyl
source, but also the dissociation and association of CO with Pd center provides the important kinetical
and thermodynamic driving forces for the whole reaction. That is, the dissociation of CO molecule
before oxidative addition increases the electron density and reduces the steric effect, which benefits C-I
bond cleavage mediated by Pd catalyst. In contrast, the re-coordination of the CO molecule with the
Pd atom after reductive elimination provides more thermodynamically driving force for the generation
of electrophilic aroyl triflate. In addition, the calculation indicated that simple Pd salts possess unusual
catalytic ability with respect to the ligated Pd catalyst (Pd(P'Bus);). This is in accordance with the
experimental findings, likely owing to the presence of the electron-deficient group of CO that reduces
the electron density of the Pd(II) complex and facilitates reductive elimination to provide the strong
electrophilicity of aroyl triflate available for the subsequent C-H activation of arenes.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344/9/2/141/s1.
1. Computed reaction energy profile between aryl iodide and AgOTf with or without phosphine ligand in Arndtsen
B.A. and co-workers’ experiment, 2. Computed reaction energy profile of AgOPiv or AgCO2Ad with phosphine
ligands reacting with substituted arenes reported by Sanford and Larrosa groups, 3. Computed reaction energy
profile of on the main process catalyzed by the Pd(PR3);, 4. NBO analysis of several structures, 5. Cartesian
coordinates of all structures.
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