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Abstract: Recently palladium catalysts have been discovered
that enable the directing-group-free C—H activation of arenes
without requiring an excess of the arene substrate, thereby
enabling methods for the late-stage modification of complex
organic molecules. The key to success has been the use of two
complementary ligands, an N-acyl amino acid and an N-
heterocycle. Detailed experimental and computational mech-
anistic studies on the dual-ligand-enabled C—H activation of
arenes have led us to identify the catalytically active species and
a transition state model that explains the exceptional activity
and selectivity of these catalysts. These findings are expected to
be highly useful for further method development using this
powerful class of catalysts.

Introduction

The prevalence of aromatic cores in natural products and
bioactive molecules leads to a continued interest in the
development of methods to access such compounds efficient-
ly. In this context the use of C—H activation has been
identified as an enabling technology, often complementing
the selectivity patterns obtained in classic aromatic substitu-
tion reactions and allowing for the formation of otherwise
challenging bond types.!"

Many methods in this field rely on directing effects™ to
address the two critical challenges associated with C—H
activation: the low reactivity of C—H bonds and the control of
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regioselectivity.’! With unbiased substrates, catalyst design
has to be used to achieve the desired reactivity. Such
nondirected (non-chelate-assisted) methods offer an inher-
ently orthogonal selectivity pattern and potentially broader
applicability due to their independence from directing
groups.”) However, nondirected methods have faced a long-
standing challenge: in order to achieve reactivity, the arene
substrate had to be used in excess, often as (co)solvent.
Intensive studies over the last two decades have led to the
development of methods overcoming this limitation. As
a result of these studies, a variety of synthetic methods mostly
based on Ir- and Rh-catalysis has been reported, which have
proven particularly useful for late-stage C—heteroatom bond
formation.”*

In contrast, Pd-catalysis has remained underdeveloped
and until recently no general methods were available that
allowed for the arene-limited nondirected formation of aryl-
palladium species.

In 2017, Yu described the use of pyridones, which form 2:1
complexes with palladium, as ligands for the nondirected C—
H olefination (Fujiwara-Moritani reaction)”) of arenes
(Scheme 1).B In parallel, Ferndndez-Ibafiez described S,0-
ligands for a nondirected olefination.””’ While most substrates
were used in excess, this study also included selected arene-
limited examples. Later, the use of these ligands was extended
to a nondirected olefination of aniline derivatives. In a third
contemporary study, our group developed a dual-ligand-
based catalyst system for the nondirected C—H olefination of
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um.
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arenes.!'” Subsequent studies by Ritter, Yu, and us have
enabled arene-limited nondirected late-stage C—H cyanation
reactions."!! We have furthermore developed an arene-
limited nondirected C—H alkynylation and applied our
catalyst design to devise sterically controlled heteroarene
functionalizations.!'”

Recently, the nondirected C—H arylation of arenes was
enabled by several catalyst systems. Yu described dual-ligand-
based catalysts involving either the combined use of pyr-
idones and pyridines or the use of two electronically distinct
pyridines to achieve this target reaction.” In a conceptually
different approach Cori¢ described the use of spacial anion
control to enable this type of reaction.”

These studies indicate that the generation of aryl-
palladium species through nondirected C(sp?)-H activation
bears tremendous potential. A detailed understanding of the
catalytic systems and reaction mechanisms will be essential
for future developments. Our dual-ligand-enabled catalyst
systems rely on two complementary ligands acting in concert:
an N-acyl amino acid and an N-heterocycle. Interestingly,
while catalysts based on either of these ligand classes have
been studied extensively,>™! very little is known about their
combined use.”!!!

Herein we describe experimental and theoretical studies
on the mechanism of the dual-ligand-enabled nondirected
olefination of arenes. The results lead to a mechanistic model
that explains the role of each ligand in this process as well as
the observed trends in reactivity and selectivity. In light of the
rapid development this research field has experienced over
the past years, we expect that our studies will prove highly
valuable to guide future method development.

Results and Discussion

Initial studies. We began by focusing on the key C—H
activation step. Based on detailed mechanistic studies on Pd-
catalysis using N-acetyl amino acids as single ligands and the
regioselectivities observed in our synthetic methods, we
began with the working hypothesis that the C—H activation
step proceeds via a concerted C—H activation with base
assistance, likely in the BIES/eCMD regime.!"**!! This notion
was further supported by a computational study, in which
Zhang and co-workers find that for Pd"/pyridine-catalyzed
Fujiwara—Moritani reactions the C—H activation likewise
proceeds through a base-assisted concerted mechanism and
precedes the reaction of the catalyst with the olefin reaction
partner.”” Note that for our mechanistic studies we replaced
the malonate-derived ligand 2 used in our seminal report by
commercially available 6-methyl methylnicotinate (ligand 3),
which delivers nearly identical results. We first performed
parallel (ky/kp =1.84+0.3) and competition (ky/kp =1.9-2.0)
KIE experiments, which confirmed that the C—H activation is,
as expected, rate-determining (for details see the SI).

We proceeded to assess the kinetic orders of both reaction
partners. Initial rates were determined for different starting
concentrations of the respective components and the ob-
tained data analyzed using a non-linear least squares fit. As
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Figure 1. Determination of kinetic orders in both reactants.

shown in Figure 1, the best fits are obtained for an order in
arene of 0.9 and an order in olefin of 0.2.2¥

The order in arene that approaches unity corroborates the
finding from KIE measurements that the C—H activation step
is rate-determining. The small fractional order in olefin is
remarkable, since an order of zero is expected for a compo-
nent entering the catalytic cycle after the rate-limiting step.”!
We interpreted the observed orders to indicate that the C—H
activation event is in principle reversible. While most of the
material, once C—H activated, proceeds to product formation,
a small fraction undergoes reversion to the starting material.
Thus, while the C—H activation remains the key step for the
observed reactivity, the balance between olefination and
retro-C—H activation can be influenced by changes in the
olefin concentration.

To support this finding, we probed the reversibility of the
C—H activation step. For this purpose the deuterated
benzoate substrate 1b-ds was subjected to the catalyst system
without adding the olefin reaction partner (note that a change
of model substrate was required, since a background H/D
exchange is known to occur for more electron-rich sub-
strates).'"*] We observed substantial H/D exchange, proving
the reversibility of the C—H activation. We subjected the same
substrate to the reaction conditions in the presence of the
olefin and found that the H/D exchange in the remaining
substrate was strongly reduced. This shows that when the
product-forming pathway is accessible the retro-C—H activa-
tion is mostly suppressed.

At this stage, we could establish that the C—H activation
step is in principle reversible but nevertheless rate-determin-
ing (and since the reversion of C—H activation only occurs to
a small degree also selectivity-determining) under the reac-
tion conditions.

Stoichiometry variation experiments. We proceeded to
gather further knowledge about the nature of the catalytically
active species. Given that under the optimized reaction
conditions an excess of both ligands is employed, we began
with stoichiometry variation experiments in order to deter-
mine the composition of the active species.

We studied the performance of catalysts generated upon
combining different ratios of Pd(OAc),, Ac-Gly-OH, and
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Table 1: Stoichiometry variation experiments.

Pd(OAc); (10 mol %)
Ac-Gly-OH (0 - 30 mol %)

& CO,Et
Ligand 3 (O - 20 mol %) i 02

Ethyl acrylate (3 equiv)
AgOAc (3 equiv)
HFIP, 90 °C, 47 h 0”0
4b

Ratio
Pd/Ac-Gly-OH/Pyr

Yield [%]

1:0:0
1:1:0
1:0:1
1:1:1
1:3:2

NN W N
|

w

18:70:12
18:71:11

v AW N =~

ligand 3 in our model reaction (Table 1). We were pleased to
find that the reaction with substrate 1b does not proceed until
Pd(OAc), and both ligands are present (entries 1-4, Table 1,
with 1a a more complex behavior was observed, see the SI for
details). Notably, an improved reaction outcome was ob-
served with the previously optimized ratio of palladium and
ligands (entry 5).

These results confirm that the formation of the catalyti-
cally active species requires both ligands and palladium to be
present. The identical distribution of regioisomers observed
in entries 4 and 5 implies that under the optimized conditions
the same active species is formed as with a 1:1:1-ratio.

We next studied the initial rates of reactions conducted
with varied catalyst compositions (Figure 2). The initial rate
with varied loading of the pyridine-derived ligand (Fig-
ure 2A) increased sharply up to a plateau in the range
between 0.1 and 0.2 equivalents. Similarly, for Ac-Gly-OH
a maximum in catalytic activity is reached at 0.1 equivalents
(Figure 2B). The addition of further ligand leads to decreased
activities for both ligands.

These results show that a catalyst with a 1:1:1-stoichiom-
etry between palladium and both ligands (ratios given as
Pd(OAc),/Ac-Gly-OH/ligand 3) gives superior results due to
an increased catalytic activity, not merely due to an increased
catalyst lifetime. The detrimental effect of adding larger

Pd(OAc), (10 mol %)
Ac-Gly-OH (20 or x mol %)

, CO,Et
Ligand 3 (10 or x mol %)

quantities of either ligand can be interpreted as the result of
a shift in catalyst speciation away from the active 1:1:1
complex and towards species containing a second equivalent
of either ligand. Under the optimized reaction conditions,
where a 1:3:2 ratio between the components is employed,
a 1:1:2-species (presumably with the pyridine ligand, see
below) may serve as resting state, thereby increasing the
stability of the catalytic system.['2+2¢]

At this stage, we could establish that the C—H activation
occurs through a catalyst with a 1:1:1 stoichiometry between
palladium and the two ligands. We could further show that
additional ligand leads to catalytically inactive species, which
might serve as resting states.

Nuclearity of the active species. While the data obtained
so far established the stoichiometry of the catalyst, its
nuclearity remained to be investigated. It is well documented
that Pd"-catalysts for C—H activation can adopt a variety of
forms, such as monomers, dimers, trimers, and oligomers. The
question of nuclearity becomes particularly relevant when N-
acetyl amino acids are used as ligands, since they can interact
with palladium through a number of known binding modes,
the most common of which are the bidentate di-anionic (k-
(N,0)™), the bidentate mono-anionic (k*-(N,0)™"), and the
bridging mono-anionic (u-(0,0)") coordination.””!

The potential role of dinuclear Pd-species in Pd-pyridine,
as well as Pd-N-acetyl amino acid systems, has been inves-
tigated intensively with both experimental and computational
methods.’"¥!! Depending on the system studied, dinuclear or
higher-order complexes have been found both as on-cycle and
as off-cycle species.*!

Kinetic measurements have been established as a highly
useful tool to determine the nuclearity of active catalysts.”"
We thus measured the influence of catalyst loading on the
initial rate of the reaction using two different approaches.
First, we varied the loading of all catalyst components
keeping the ratio between them constant (Figure 3 A). The
results were analyzed using a non-linear least squares fit and
the order in catalyst was determined to be 0.5. Such a half
order in catalyst can have different causes. One common
scenario is the occurrence of equilibria between mononuclear
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Figure 2. Dependence of the initial rate on ligand quantities.

Angew. Chem. Int. Ed. 2021, 60, 15641-15649 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH www.angewandte.org 15643

AgOACc (3 equiv)
1a HFIP, 90 °C, 4 - 20 min 4a
(0.1 mmol or x)
(A) j O(B)
1:2 y=ax® ’ y=ax®
—1.04 @=0.0043 £ 0.0004 = a=10.038 + 0.009
c £08 -
= b=0.50 £ 0.001 £ b=091+0.05 ot
5081 R? =099 /,% 2 R2=0.99 ',/f
2 s £06 y
2061 -7 = e
o --% ] }’
w W $ © 0.4 P
Soa)  ° 3 13
2 0.2 Order in catalyst 202 Order in Pd(OAc),
co. =05 = =09
0 0
0 005 01 015 02 025 O 0.05 0.1 0.15 02
catalyst (mol/L) Pd(OAc), (mol/L)

Figure 3. Determination of the kinetic order in [catalyst] (A) and
[Pd(OACc),] with fixed ligand quantities (B).


http://www.angewandte.org

GDCh
~—

active species that are in equilibrium with inactive dimeric
species(for a derivation of the kinetic orders expected for the
different scenarios and experiments discussed here, see the
SI).PY Here, the half order is caused by the fact that with
increasing catalyst concentration the equilibrium shifts to-
wards the inactive species thereby reducing the positive
impact of an increasing catalyst amount. For the same reason,
in case of catalytically active di- or oligonuclear species,
kinetic orders above unity would be observed. An alternative
mechanistic scenario involves equilibria between mononu-
clear complexes with one (active) and two (inactive) equiv-
alents of a ligand. Such a case has, for example, been observed
by Stahl and co-workers,” as well as Sanford and co-
workers.”" The half order in this case originates from the fact
that when the catalyst concentration is increased one not only
increases the concentration of palladium, but the concen-
tration of the free ligand is concomitantly increased, which in
turn shifts the equilibrium towards the inactive state (see the
SI for derivation of the expected kinetic orders). Importantly,
the results in Figure 3A already establish that the active
species is mononuclear, the different models only differing in
the assignment of the inactive state.

To gain insights regarding the resting state, we determined
the kinetic order of Pd(OAc), by varying only this component
and providing a constant excess of both ligands (Figure 3B).
For equilibria between mono- and oligonuclear species, a half
order in catalyst would again be expected in this experimental
design, since for these types of equilibria the square root
dependence stems from the concentration of the metal rather
than its relative concentration to the ligands. In contrast, for
mononuclear complexes with varying metal-to-ligand ratios,
the experimental setup in Figure 3B is expected to yield
a kinetic order close to unity, since now the concentration of
the central metal would increase without a concomitant
detrimental shift towards the resting state. The data shown in
Figure 3B thus allow us to exclude di- or oligonuclear species
as the resting states of our catalytic system, but are fully
compatible with a resting state involving a 2:1 ratio between
the ligand and palladium. We could thus establish the
nuclearity of both the active state and the resting state of
our catalyst through kinetic measurements, which we inter-
pret to indicate that under our reaction conditions a catalyti-
cally active mononuclear species with a 1:1:1 stoichiometry is
in equilibrium with a resting state having a 1:1:2 stoichiometry
(Scheme 2).

Notably, when we studied our catalyst system through
mass spectrometry, mononuclear species corresponding to the
active state and the resting state could be observed, while no
indication of oligonuclear species was obtained (see the
Supporting Information for details). While the observation of
a complex in the gas phase alone does not necessarily coincide

Pd(OAc), B . ) )
& d:Ac-Gly-OH:Pyr Pd:Ac-Gly-OH:Pyr
=1:12 - Pyr =1:1:1
Ac-Gly-OH ——
+ -2 HOAc resting state +Pyr active state
2 Pyr (1:1:2) (1:1:1)

Scheme 2. Proposed active species and resting state.
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with relevance for catalysis,[32] these data agree well with the
conclusions from our kinetic studies.

NMR studies. Diffusion-ordered NMR spectroscopy
(DOSY) has emerged as a powerful tool to determine the
molecular weight of complexes in solution since the diffusion
constant (D) is proportional to the MW (logMW x
log D).?*3! After preliminary studies to determine a suitable
model system and set of internal standards (see SI for
a detailed discussion),*" we used "F-DOSY with 3.5-
difluoropyridine as a '’F-labeled ligand to analyze the catalyst
species in solution. Notably, the suitability of "F-DOSY to
determine monomer/dimer equilibria and molecular weights
of complexes in solution has been established in the
literature.® The YF-NMR of a 1:1:2 Pd(OAc),/Ac-Gly-OH/
3,5-difluoropyridine mixture in HFIP gave a complex but
well-resolved spectrum, showing the presence of several
pyridine-containing complexes. The MW calculated for these
species lie within a range marked in red in Figure 4. The
observed range of MW agrees well with the presence of
mononuclear Pd-species, but is incompatible with oligonu-
clear complexes.

3.00 4 -
_. 275 o
g .
> X 2 MW (mononuclear 1:1:2 complex): 452 g/mol
% 2.50 ] = N MW (mononuclear 1:1:1 complex): 337 g/mol
g s

‘8
225 | w,
L \
‘@
2.0 . . : : — :
9.7 96 95 9.4 9.3 9.2 9.1
log D (m?/s)

Figure 4. ’F-DOSY NMR. Log-log plot of molecular weight (MW) as
a function of mobility (D). Blue circles =standards. The range of log D
values for the palladium complexes is shown as red area.

The presence of signals for heavier mononuclear species
can tentatively be ascribed to species such as a 1:2:2 complex
between palladium and the ligands, which both Ritter et al.l'
and ourselves (see the Supporting Information) could observe
by mass spectrometry. Qualitatively, these NMR experiments
show that the speciation behavior of our catalyst system is
more complex than can be derived from kinetic data alone,
likely involving several inactive species in equilibrium with
the active catalyst (for a more detailed discussion on the
interpretation of the "F-DOSY experiments, see the Support-
ing Information).

In agreement with our findings from kinetic measure-
ments and mass spectrometry, the above ""F-DOSY results
thus indicate that mononuclear complexes are predominantly
formed from the three catalyst components in HFIP. The
NMR results thus corroborate the identification of these
mononuclear complexes as the relevant resting states and
catalytically active species.
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Experimental data on the mechanism of C—H activation.
Based on the above experimental results, the following
statements can be derived regarding the mechanism of dual-
ligand-enabled C—H activation:

a) The C—H activation step, although in principle reversible,
is rate-limiting and selectivity-determining under the
reaction conditions.

b) Palladium and both ligands are part of the catalytically
active species.

c) The active species is mononuclear and has a stoichiometry
of 1:1:1 between palladium and the ligands.

d) The active species is in equilibrium with a mononuclear
resting state that has a 1:1:2 stoichiometry between
palladium, Ac-Gly-OH, and the pyridine-derived ligand.
Further mononuclear inactive species are likely involved
in this equilibrium.

Experimental methods cannot deliver detailed informa-
tion about the subsequent steps of the catalytic cycle, since
these steps occur after the rate-limiting step. In analogy to
literature reports we expected the reaction to continue with
a ligand exchange, bringing the olefin into the coordination
sphere of the Ar-Pd species."*!*?! Given that we observe
a small broken order in the olefin, these steps must, as
observed in previous studies, proceed through activation
barriers that are lower but in the same order of magnitude
than that of the C—H activation step and do not contribute
significantly to the rate or selectivity of the overall pro-
cess,[19:36]

DFT studies. In order to obtain further insights into the
reactivity and selectivity determining transition state, we
proceeded to study the C—H activation step computationally.

We started the theoretical investigation by determining
the free energy of intermediates and transition states using
benzene (1c¢) as substrate. Computational studies were
performed using the TURBOMOLE program.””! Structures
were optimized with the hybrid functional PBEO-D3 and
electronic energies calculated with the hybrid meta GGA
functional PW6B95(-D3).¥ It should be noted that after
identifying a reasonable reaction pathway in vacuum calcu-
lations, we initially encountered difficulties in our attempts to
include a solvation model. Simple solvation models led to
a relative destabilization of species in which potential hydro-
gen bond acceptors are exposed. We ultimately found that
a combination of explicit solvation for very strong hydrogen
bond acceptors and an implicit solvation with COSMO-RS,
which is known to better reflect the solvation of hydrogen
bond acceptors than simpler models, led to satisfactory results
(see the SI for details). This agrees well with our NMR-studies
in which a strong interaction between catalytically relevant
species and the solvent was demonstrated. Solvation free
energies at 7=363 K were obtained with COSMO-RS using
the COSMOtherm program package.””

An energy profile for the dual-ligand-enabled C—H
activation of benzene is shown in Figure 5.

The resting state of the catalyst system 5, a complex with
a stoichiometry of 1:1:2 (Pd/Ac-Gly-OH/pyridine), is signifi-
cantly more stable than the active state 6 in which one
pyridine is dissociated. The free energy of dissociation is
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Figure 5. Reaction coordinate for the C—H activation step [free energy
profile, AGsg;(sol) in kcal mol™ computed with PW6B95-D3//PBE-D3/
def2-TZVP -+ COSMO-RS(HFIP)].

+14.6 kcalmol . The association of benzene 1¢ to form the
pre-reactive complex 8 is slightly endergonic (+2.2 kcal
mol™). From here, the formation of the CMD-transition
state 9 requires an additional free energy of activation of
+4.8kcalmol™'. The total energy barrier for the C—H
activation of benzene thus amounts to AG ;;(5—9)=
21.6 kcalmol™!. This comparably low activation barrier im-
plies that the C—H activation should in principle also be
possible at temperatures substantially below the optimized
90°C. We thus studied the outcome of our reaction at reduced
temperatures (See the SI for details). At 40°C turnover of the
catalyst was observed, proving that at this temperature all
steps of the catalytic cycle can take place. The increased
optimal reaction temperature can likely be attributed to the
need to outcompete catalyst decomposition pathways in order
to obtain high yields.

The formation of the aryl-palladium intermediate 7 is
endergonic with respect to the catalyst resting state by
8 kcalmol ™!, which agrees well with the observation that the
C—H activation step is generally reversible.

Since our kinetic data implied that the C—H activation
step is rate- and selectivity-determining, the relative activa-
tion barriers of this step for different positions of substituted
arenes should correlate with the experimentally observed
regioselectivities and reactivities of these arenes. We thus
studied a series of arenes with varied steric and electronic
properties (Figure 6).
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Figure 6. Computed barriers of activation in kcalmol™' for representa-
tive arenes and experimentally observed regioselectivities.

The computed barriers reflect the experimentally ob-
served relative reactivities well. Anisole (1d) is predicted to
be the most reactive substrate, followed by benzene (1¢) and
tert-butylbenzene (1e), the electron-poor methyl benzoate
(1f) being the least reactive. Indeed, we experimentally
observe a large degree of overreaction with anisole, leading to
low isolated yields. No reliable ratios of regioisomers can be
reported, since the primary products undergo overreaction to
a different degree, which substantially alters the observed
ratios. We thus focused on fert-butylbenzene (1e) and methyl
benzoate (1f) as substrates. In both of cases the relative
barriers of activation correlate well with the observed
regioselectivities. For 1e the barriers of activation for the
meta and para positions are 21.0 kcalmol ™' and 21.1 kcal

mol ', respectively, the barrier of activation for the ortho

4
== 30.4 kcal

R
MeO 0O N 5
A0 i i
S0 ,
v Pd ' '
2= A\ H Y
@ Pyr H 4
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position is substantially higher (23.8 kcalmol ), which agrees
well with the experimentally observed ratio of m/p =58:42
(no ortho product being formed). Analogously, the barrier of
activation for the meta position of methyl benzoate (23.4 kcal
mol ') is computed to be substantially lower than those for
the ortho and para positions (24.4 kcalmol™' and 25.7 kcal
mol '), which fits with the experimental ratio of o/m/p=
13:70:17. Qualitatively, the computations confirm the exper-
imental observation that this catalyst system favors the
electron-rich positions of a given substrate. This can also be
rationalized considering the bond orders in the transition
states, which are consistent with a highly synchronous yet
somewhat electrophilic concerted C—H activation mechanism
(BIES/eCMD, for further discussion, see the SI).??!
We continued our studies by probing various possible
pathways for the carbopalladation step (Figure 7).
In order for the reaction to proceed to product formation,
a ligand exchange bringing the acrylate into the coordination
sphere of palladium is required, leading to intermediate 10.
We found that the transition state for a carbopalladation from
intermediate 10 was substantially above the transition state of
C—H activation, which would be incompatible with the C—H
activation as rate-determining step. However, further ligand
exchange processes in which Ac-Gly-OH becomes mono-
dentate (10") or is replaced by two acetate ligands (10”) can
enable substantially lower barriers for the subsequent carbo-
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Figure 7. Reaction coordinate for the carbopalladation step [free energy profile, AGyq;(sol) in kcalmol™ computed with PW6B95-D3//PBE-D3/

def2-TZVP -+ COSMO-RS (HFIP)].
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palladation (11'/11” with 22.0 kcalmol ' and 22.9 kcalmol !,
respectively), which are very close to the activation barrier of
the C—H activation. These findings are analogous to a report
by Zhang and co-workers®! and agree well with the broken-
orders kinetic in arene and olefin. This step gives carbopalla-
dation products 12’ and/or 12” in an overall exergonic process.
For intermediate 12” the subsequent steps (f-hydride elim-
ination/reductive elimination) were found to be highly
exergonic and proceed through very low activation barriers
by Zhang et al., leading to the conclusion that the formation
of 12 and/or 12" occurs irreversibly.”! An alternative path-
way for the carbopalladation in which the pyridine remains on
palladium was likewise studied. Starting from 7 intermediates
13 and 13’ can be generated through ligand exchange
processes. While the transition state for the carbopalladation
14 starting from 13 is too high for a productive pathway
(30.4 kcalmol '), the analogous transition state 14’ starting
form 13’ (22.7 kcalmol™") is energetically very close to the
transition sates 11/11’ discussed above. We thus conclude that
several pathways are likely to coexist for the carbopallada-
tion/B-hydride elimination sequence.

Proposed catalytic cycle. Based on experimental and
computational data presented above, as well as analogies to
related literature reports, we propose the catalytic cycle
shown in Scheme 3.

Pd(OAC Pyr\ OO
+Ac(—GIy-)02H ~ 2 HOAc \/\Pé\” ]7 further inactive
Pyr species
+2 Pyr Y N
o)\
resting state
(1:1:2)
5
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Scheme 3. Proposed catalytic cycle.
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The C—H activation of the arene by active species 6 is
preceded by an equilibrium with the resting state 5 and likely
further catalytically inactive species. The arene coordinates to
palladium forming pre-reactive complex 8. The regio-deter-
mining C—H activation proceeds through a concerted 6-
membered transition state to form the Ar-Pd intermediate 7.
Subsequent ligand exchange processes bring the olefin and
acetate into the coordination sphere of palladium giving
intermediate 107/10"."*1%1' A subsequent carbopalladation
through a second comparably high transition state gives
intermediate 12" in the first overall exergonic step. It has
already been established for the analogous 12" that a subse-
quent sequence of [-hydride elimination giving 15 and
product liberation can take place through a pathway involving
very low barriers, such that the formation of 12/12" is
irreversible.” Alternatively, the carbopalladation/p-H-elim-
ination sequence towards 15 can also proceed via the
intermediates 13’ and 14’ in a second energetically compara-
ble pathway. Finally, the Pd"-hydride species undergoes
reductive elimination followed by a re-oxidation to Pd" by the
silver salt as terminal oxidant.

The involvement of the silver salt (only) after the product
forming step of the catalytic cycle was probed experimentally:
In a stoichiometric reaction without silver salt the HFIP-
benzoate 1b could be functionalized in 39% yield.*! The
regioselectivity was found to be very similar to the one
observed under catalytic conditions (o/m/p =20:59:21), in-
dicating that the mechanism of the C—H activation step
remained unaffected by the absence of silver.

Conclusion

We have conducted a combined experimental and com-
putational investigation of the arene-limited nondirected C—
H olefination of arenes by dual-ligand-enabled palladium
catalysis.

Our investigations have revealed that both ligands play an
essential role at various stages of the catalytic cycle. The
electron-poor nature of the pyridine leads to a relatively weak
N—Pd bond that favors formation of the active state 6 from
the resting state 5.1%%2% At the same time the formation of
the resting state likely protects the catalyst against decom-
position.

The amide carbonyl group of Ac-Gly-OH facilitates the
C—H activation step by acting as internal base.">*#! The
bidentate nature of this ligand additionally brings the pyridine
into the cis position relative to the substrate. As a result the
C—H activation step proceeds through a transition state that
closely resembles those encountered in directed C—H activa-
tion processes. By recreating the particularly suitable elec-
tronic and geometric situation on the catalyst as in directed
pathways, but without requiring a directing group on the
substrate, the cooperative action of both ligands enables
highly efficient nondirected C—H functionalizations of are-
nes.?!!

Dual ligand catalysis has only recently been recognized as
a design principle for the nondirected C—H activation of
arenes, leading to catalysts with unprecedented activities and
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selectivities. The tremendous potential of such catalysts in
late-stage modification is reflected by a rapidly increasing
number of applications of dual ligand catalysis. We expect
that the insights into the underlying mechanism presented
herein will provide the theoretical foundation for the rational
development of novel catalysts and synthetic methods.
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