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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 mechanistic 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 efficiently. 

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 substitution reactions and allowing 

for the formation of otherwise challenging bond types.[1]  

Many methods in this field rely on directing effects[2] to address 

the two critical challenges associated with C–H activation: the low 

reactivity of C–H bonds and the control of regioselectivity.[3] With 

unbiased substrates, catalyst design has to be used to achieve 

the desired reactivity. Such nondirected (non-chelate-assisted) 

methods offer an inherently orthogonal selectivity pattern and 

potentially broader applicability due to their independence from 

directing groups.[4] 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.[5,6] 

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.  

 

 

Scheme 1. Overview of ligand systems used for the arene-limited nondirected 

C–H activation/functionalization of arenes with palladium 

In 2017, group of Yu et al. described the use of pyridones, which 

form 2:1 complexes with palladium, as ligands for the nondirected 

C–H olefination (Fujiwara-Moritani reaction)[7] of arenes (Scheme 

1).[8] In parallel, the group of Fernández-Ibáñez described S,O-

ligands for a nondirected olefination.[9] 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 arenes.[10] 

Subsequent studies by the groups of Ritter, Yu, and us have 

enabled arene-limited nondirected late-stage C–H cyanation 

reactions.[11] We have furthermore developed an arene-limited 

nondirected C–H alkynylation and applied our catalyst design to 

devise sterically controlled heteroarene functionalizations.[12] 

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 pyridones and 

pyridines or the use of two electronically distinct pyridines to 

achieve this target reaction.[13] In a conceptually different 

approach Čorić et al. described the use of spacial anion control to 

enable this type of reaction.[14] 

These studies indicate that the generation of aryl-palladium 

species through nondirected C(sp2)–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 



 

2 

 

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,[15-19] 

very little is known about their combined use.[9,11]  

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. [19-22] This notion was further supported by a 

computational study, in which Zhang and coworkers find that for 

PdII/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.[23] 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 

(kH/kD = 1.8±0.3) and competition (kH/kD = 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 obtained 

data analyzed using a non-linear least squares fit. As 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.[24]  

 

Figure 1. Determination of kinetic orders in both reactants. 

The order in arene that approaches unity corroborates to 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 component entering the 

catalytic cycle after the rate-limiting step.[23] We interpreted the 

observed orders to indicate that the C–H activation event is in 

principle reversible. While most 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-d5 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 in 

known to occur for more electron-rich substrates).[11,25] 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 activation is mostly suppressed.  

At this stage, we could establish that the C–H activation step is in 

principle reversible but nevertheless rate-determining (and since 

the reversion of C–H activation only occurs to a small degree also 

selectivity-determining) under the reaction 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 determine the composition of 

the active species. 

We studied the performance of catalysts generated upon 

combining different ratios of Pd(OAc)2, Ac-Gly-OH, and 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)2 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 observed with the previously 

optimized ratio of palladium and ligands (Entry 5).  

Table 1. Stoichiometry variation experiments.  

 
 

These results confirm that the formation of the catalytically 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.  
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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 (Figure 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-stoichiometry 

between palladium and both ligands gives superior results due to 

an increased catalytic activity, not merely due to an increased 

catalyst lifetime. The detrimental effect of adding larger 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, vide infra) may serve as resting state, thereby 

increasing the stability of the catalytic system.[18,24-28]  

 

Figure 2. Dependence of the initial rate on ligand quantities.  

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 PdII-

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 (κ2-(N,O)-2), the bidentate 

mono-anionic (κ2-(N,O)-1), and the bridging mono-anionic 

(µ-(O,O)-1) coordination.[29] 

The potential role of dinuclear Pd-species in Pd-pyridine, as well 

as Pd-N-acetyl amino acid systems, has been investigated 

intensively with both experimental and computational 

methods.[30,31] Depending on the system studied, dinuclear or 

higher-order complexes have been found both as on-cycle and as 

off-cycle species.[31]  

Kinetic measurements have been established as a highly useful 

tool to determine the nuclearity of active catalysts.[31] 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 3A). 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 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).[31] Here, the half order is caused by the fact that with 

increasing catalyst concentration the equilibrium shifts towards 

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 mononuclear complexes 

with one (active) and two (inactive) equivalents of a ligand. Such 

a case has for example been observed by Stahl and coworkers,[26] 

as well as Sanford and coworkers.[24] 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 concentration 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.  

 

Figure 3. Determination of the kinetic order in [catalyst] (A) and [Pd(OAc)2] with 

fixed ligand quantities (B).  

To gain insights regarding the resting state, we determined the 

kinetic order of Pd(OAc)2, 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 
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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 

show that under our reaction conditions a catalytically active 

mononuclear species with a 1:1:1 stoichiometry is in equilibrium 

with a resting state having a 1:1:2 stoichiometry (Scheme 2).  

 

Scheme 2. Proposed active species and resting state. 

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 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 (log MW ∝ log D).[24,33] After preliminary 

studies to determine a suitable model system and set of internal 

standards (see SI for a detailed discussion), we used 19F-DOSY 

with 3,5-difluoropyridine as a 19F-labeled ligand to analyze the 

catalyst species in solution. Notably, the suitability of 19F-DOSY 

to determine monomer/dimer equilibria and molecular weights 

(MW) of complexes in solution has been established in the 

literature.[34] The 19F-NMR of a 1:1:2 Pd(OAc)2: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 oligonuclear complexes.  

 

Figure 4. 19F-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.[11c] 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 
19F-DOSY experiments, see the Supporting Information). 

In agreement with our findings from kinetic measurements and 

mass spectrometry, the above 19F-DOSY results thus indicate that 

mononuclear complexes are predominantly formed from the three 

catalyst components in HFIP. The NMR results thus corroborate 

to the identification of these mononuclear complexes as the 

relevant resting states and catalytically active species. 

 

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 information 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.[16,19,23,36] 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 

process.[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.[37] Structures were optimized with the 

hybrid functional PBE0-D3 and electronic energies calculated 

with the hybrid meta GGA functional PW6B95(-D3).[38] It should 

be noted that after identifying a reasonable reaction pathway in 

vacuum calculations, 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 

hydrogen bond acceptors are exposed. We ultimately found that 
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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 T = 363 K were 

obtained with COSMO-RS using the COSMOtherm program 

package.[39] 

An energy profile for the dual ligand-enabled C–H activation of 

benzene is shown in Figure 5.  

 

Figure 5: Reaction coordinate for the C–H activation step [free energy profile, 

ΔG363(sol) in kcal/mol computed with PW6B95-D3//PBE-D3/def2-

TZVP+COSMO-RS(HFIP)]. 

The resting state of the catalyst system 5, a complex with a 

stoichiometry of 1:1:2 (Pd:Ac-Gly-OH:pyridine), is significantly 

more stable than the active state 6 in which one pyridine is 

dissociated. The free energy of dissociation is +14.6 kcal/mol. The 

association of benzene 1c 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 +4.8 kcal/mol. The total energy barrier for the C–H 

activation of benzene thus amounts to ΔG‡
363(5→9) = 21.6 

kcal/mol. This comparably low activation barrier implies 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 kcal/mol, 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 activation 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). 

 

Figure 6. Computed barriers of activation for representative arenes and 

experimentally observed regioselectivities.  

The computed barriers reflect the experimentally observed 

relative reactivities well. Anisole (1d) is predicted to be the most 

reactive substrate, followed by benzene (1c) 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 tert-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 kcal/mol and 

21.1 kcal/mol respectively, the barrier of activation for the ortho 

position is substantially higher (23.8 kcal/mol), 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 kcal/mol and 25.7 kcal/mol), which fits with the 

experimental ratio of o:m:p = 13:70:17. Qualitatively, the 

computations confirm the experimental 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).[21,22]  

We continued our studies by probing various possible pathways 

for the carbopalladation step (Figure 7). 
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Figure 7: Reaction coordinate for the carbopalladation step [free energy profile, ΔG363(sol) in kcal/mol computed with PW6B95-D3//PBE-D3/def2-TZVP+COSMO-

RS(HFIP)]. 

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 monodentate (10’) or is replaced by 

two acetate ligands (10’’) can enable substantially lower barriers 

for the subsequent carbopalladation (11’/11’’ with 22.0 kcal/mol 

and 22.9 kcal/mol respectively), which are very close to the 

activation barrier of the C–H activation. These findings are 

analogous to a report by Zhang and coworkers[23] and agree well 

with the broken orders kinetic in arene and olefin. This step gives 

carbopalladation products 12’ and/or 12’’ in an overall exergonic 

process. For intermediate 12’’ the subsequent steps (β-hydride 

elimination/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.[23] An alternative pathway 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 kcal/mol) , the analogous 

transition state 14’ starting form 13’ (22.7 kcal/mol) is 

energetically very close to the transition sates 11/11’ discussed 

above. We thus conclude that several pathways are likely to 

coexist for the carbopalladation/β-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.  

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-determining 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 

10’/10’’.[16,19,23]. 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 subsequent sequence of β-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.[23] Alternatively, the 

carbopalladation/β-H-elimination sequence towards 15 can also 

proceed via the intermediates 13’ and 14’ in a second 

energetically comparable pathway. Finally, the Pd(II)-hydride 
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species undergoes reductive elimination followed by a re-

oxidation to Pd(II) by the silver salt as terminal oxidant.[23] 

 

Scheme 3. Proposed catalytic cycle. 

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.[40] The regioselectivity was 

found to be very similar to the one observed under catalytic 

conditions (o:m:p = 20:59:21), indicating that the mechanism of 

the C–H activation step remained unaffected by the absence of 

silver.  

Conclusion 

We have conducted a combined experimental and computational 

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 for formation of the active state 6 from the 

resting state 5.[18,23,24] At the same time the formation of the resting 

state likely protects the catalyst against decomposition. 

The amide carbonyl group of Ac-Gly-OH facilitates the C–H 

activation step by acting as internal base.[15,19,41] 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 activation processes. By 

recreating the particularly suitable electronic 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 arenes.[21]  

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 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. 

Acknowledgements 

We thank the members of our NMR and MS departments for their 

excellent service. We also thank Dr. M. Letzel for the collection of 

mass spectrometry data. We gratefully acknowledge the financial 

support from the DFG, the Max Planck Society, the Fonds der 

Chemischen Industrie, and the WWU Münster. We thank Prof. F. 

Glorius for his generous support. 

Keywords: arenes • C–H activation • Fujiwara-Moritani reaction 

• reaction mechanisms • DFT calculations 

[1] a) L. McMurray, F. O’Hara, M. J. Gaunt, Chem. Soc. Rev. 2011, 40, 1885; 

b) J. Yamaguchi, A. D. Yamaguchi, K. Itami, Angew. Chem. Int. Ed. 2012, 

51, 8960; c) J. Wencel-Delord, F. Glorius, Nature chemistry 2013, 5, 369; 

d) R. D. Taylor, M. MacCoss, A. D. G. Lawson, J. Med. Chem. 2014, 57, 

5845; e) J. C. Fox, R. E. Gilligan, A. K. Pitts, H. R. Bennett, M. J. Gaunt, 

Chem. Sci. 2016, 7, 2706; f) T. Cernak, K. D. Dykstra, S. Tyagarajan, P. 

Vachal, S. W. Krska, Chem. Soc. Rev. 2016, 45, 546; g) J. F. Hartwig, J. 

Am. Chem. Soc. 2016, 138, 2; h) D. C. Blakemore, L. Castro, I. Churcher, 

D. C. Rees, A. W. Thomas, D. M. Wilson, A. Wood, Nature chemistry 

2018, 10, 383. 

[2] M. C. Whisler, S. MacNeil, V. Snieckus, P. Beak, Angew. Chem. Int. Ed. 

2004, 43, 2206. 

[3] a) A. R. Dick, M. S. Sanford, Tetrahedron 2006, 62, 2439; b) X. Chen, K. 

M. Engle, D.-H. Wang, J.-Q. Yu, Angew. Chem. Int. Ed. 2009, 48, 5094; 

c) O. Daugulis, H.-Q. Do, D. Shabashov, Acc. Chem. Res. 2009, 42, 

1074; d) D. A. Colby, R. G. Bergman, J. A. Ellman, Chem. Rev. 2010, 

110, 624; e) T. W. Lyons, M. S. Sanford, Chem. Rev. 2010, 110, 1147; f) 

L. Ackermann, Chem. Rev. 2011, 111, 1315; g) J. Wencel-Delord, T. 

Dröge, F. Liu, F. Glorius, Chem. Soc. Rev. 2011, 40, 4740; h) C. S. Yeung, 

V. M. Dong, Chem. Rev. 2011, 111, 1215; i) K. M. Engle, T.-S. Mei, M. 

Wasa, J.-Q. Yu, Acc. Chem. Res. 2012, 45, 788; j) T. Brückl, R. D. Baxter, 

Y. Ishihara, P. S. Baran, Acc. Chem. Res. 2012, 45, 826; k) G. Rouquet, 

N. Chatani, Angew. Chem. Int. Ed. 2013, 52, 11726; l) Z. Chen, B. Wang, 

J. Zhang, W. Yu, Z. Liu, Y. Zhang, Org. Chem. Front. 2015, 2, 1107; m) 

A. Dey, S. Agasti, D. Maiti, Org. Biomol. Chem. 2016, 14, 5440; n) T. 

Gensch, M. N. Hopkinson, F. Glorius, J. Wencel-Delord, Chem. Soc. Rev. 

2016, 45, 2900; o) H. J. Davis, R. J. Phipps, Chem. Sci. 2017, 8, 864. 

[4] a) N. Kuhl, M. N. Hopkinson, J. Wencel-Delord, F. Glorius, Angew. Chem. 

Int. Ed. 2012, 51, 10236; b) S. R. Neufeldt, M. S. Sanford, Acc. Chem. 

Res. 2012, 45, 936; c) J. F. Hartwig, M. A. Larsen, ACS Cent. Sci. 2016, 

2, 281; d) P. Wedi, M. van Gemmeren, Angew. Chem. Int. Ed. 2018, 57, 

13016. 



 

8 

 

[5] a) T. Ishiyama, J. Takagi, K. Ishida, N. Miyaura, N. R. Anastasi, J. F. 

Hartwig, J. Am. Chem. Soc. 2002, 124, 390; b) J.-Y. Cho, M. K. Tse, D. 

Holmes, R. E. Maleczka, M. R. Smith, Science 2002, 295, 305; c) T. 

Ishiyama, J. Takagi, J. F. Hartwig, N. Miyaura, Angew. Chem. Int. Ed. 

2002, 41, 3056; d) C. Cheng, J. F. Hartwig, Science 2014, 343, 853; e) 

H. U. Vora, A. P. Silvestri, C. J. Engelin, J.-Q. Yu, Angew. Chem. Int. Ed. 

2014, 53, 2683; f) Y. Saito, Y. Segawa, K. Itami, J. Am. Chem. Soc. 2015, 

137, 5193. 

[6] a) K. M. Waltz, Science 1997, 277, 211–213; b) L.-C. Campeau, Q. Chen, 

D. Gauvreau, M. Girardin, K. Belyk, P. Maligres, G. Zhou, C. Gu, W. 

Zhang, L. Tan, P. d. O’Shea, Org. Process Res. Dev. 2016, 20, 1476. 

[7] a) Y. Fujiwara, I. Moritani, S. Danno, R. Asano, S. Teranishi, J. Am. Chem. 

Soc. 1969, 91, 7166; b) Y. Fujiwara, R. Asano, I. Moritani, S. Teranishi, 

J. Org. Chem. 1976, 41, 1681; c) C. Jia, W. Lu, T. Kitamura, Y. Fujiwara, 

Org. Lett. 1999, 1, 2097; d) L. Zhou, W. Lu, Chem. Eur. J. 2014, 20, 634–

642. 

[8] P. Wang, P. Verma, G. Xia, J. Shi, J. X. Qiao, S. Tao, P. T. W. Cheng, M. 

A. Poss, M. E. Farmer, K.-S. Yeung, J.-Q. Yu, Nature 2017, 551, 489. 

[9] a) K. Naksomboon, C. Valderas, M. Gómez-Martínez, Y. Álvarez-Casao, 

M. Á. Fernández-Ibáñez, ACS Catal. 2017, 7, 6342; b) K. Naksomboon, 

J. Poater, F. M. Bickelhaupt, M. Á. Fernández-Ibáñez, J. Am. Chem. Soc. 

2019, 141, 6719. 

[10] a) H. Chen, P. Wedi, T. Meyer, G. Tavakoli, M. van Gemmeren, Angew. 

Chem. Int. Ed. 2018, 57, 2497; b) C. Santiago, H. Chen, A. Mondal, M. 

van Gemmeren, Synlett 2021, published online, DOI: 10.1055/s-0040-

1706014. 

[11] a) L.-Y. Liu, K.-S. Yeung, J.-Q. Yu, Chem. Eur. J. 2019, 25, 2199; b) H. 

Chen, A. Mondal, P. Wedi, M. van Gemmeren, ACS Catal. 2019, 9, 1979; 

c) D. Zhao, P. Xu, T. Ritter, Chem 2019, 5, 97. 

[12] a) A. Mondal, H. Chen, L. Flämig, P. Wedi, M. van Gemmeren, J. Am. 

Chem. Soc. 2019, 141, 18662; b) H. Chen, M. Farizyan, F. Ghiringhelli, 

M. van Gemmeren, Angew. Chem. Int. Ed. 2020, 59, 12213; c) A. Mondal, 

M. van Gemmeren, Angew. Chem. Int. Ed. 2021, 60, 742. 

[13] a) L.-Y. Liu, J. X. Qiao, K.-S. Yeung, W. R. Ewing, J.-Q. Yu, Angew. Chem. 

Int. Ed. 2020, 59, 13831; b) B. Yin, M. Fu, L. Wang, J. Liu, Q. Zhu, Chem. 

Commun. 2020, 56, 3293. 

[14] J. Dhankhar, E. González-Fernández, C.-C. Dong, T. K. Mukhopadhyay, 

A. Linden, I. Čorić, J. Am. Chem. Soc. 2020, 142, 19040. 

[15] B.-F. Shi, N. Maugel, Y.-H. Zhang, J.-Q. Yu, Angew. Chem. Int. Ed. 2008, 

47, 4882. 

[16] K. M. Engle, D.-H. Wang, J.-Q. Yu, J. Am. Chem. Soc. 2010, 132, 14137. 

[17] a) M. H. Emmert, A. K. Cook, Y. J. Xie, M. S. Sanford, Angew. Chem. Int. 

Ed. 2011, 50, 9409; b) R. D. Baxter, D. Sale, K. M. Engle, J.-Q. Yu, D. G. 

Blackmond, J. Am. Chem. Soc. 2012, 134, 4600; c) Y.-F. Yang, X. Hong, 

J.-Q. Yu, K. N. Houk, Acc. Chem. Res. 2017, 50, 2853. 

[18] A. Kubota, M. H. Emmert, M. S. Sanford, Org. Lett. 2012, 14, 1760. 

[19] G.-J. Cheng, Y.-F. Yang, P. Liu, P. Chen, T.-Y. Sun, G. Li, X. Zhang, K. 

N. Houk, J.-Q. Yu, Y.-D. Wu, J. Am. Chem. Soc. 2014, 136, 894. 

[20] a) V. I. Sokolov, L. L. Troitskaya, O. A. Reutov, J. Organomet. Chem. 

1979, 182, 537; b) B. Biswas, M. Sugimoto, S. Sakaki, Organometallics 

2000, 19, 3895; c) M. E. Günay, C. J. Richards, Organometallics 2009, 

28, 5833; d) M. E. Günay, G. Ilyashenko, C. J. Richards, Tetrahedron 

Asymmetry 2010, 21, 2782; e) K. M. Engle, P. S. Thuy-Boun, M. Dang, 

J.-Q. Yu, J. Am. Chem. Soc. 2011, 133, 18183–; f) N. Dendele, F. Bisaro, 

A.-C. Gaumont, S. Perrio, C. J. Richards, Chem. Commun. 2012, 48, 

1991; g) D. G. Musaev, T. M. Figg, A. L. Kaledin, Chem. Soc. Rev. 2014, 

43, 5009; h) G.-J. Cheng, P. Chen, T.-Y. Sun, X. Zhang, J.-Q. Yu, Y.-D. 

Wu, Chem. Eur. J. 2015, 21, 11180; i) B. E. Haines, D. G. Musaev, ACS 

Catal. 2015, 5, 830. 

[21] a) L. Wang, B. P. Carrow, ACS Catal. 2019, 9, 6821. B) B. P. Carrow, J. 

Sampson, L. Wang, Isr. J. Chem. 2020, 60, 230. 

[22] T. Rogge, J. C. A. Oliveira, R. Kuniyil, L. Hu, L. Ackermann, ACS Catal. 

2020, 10551. 

[23] S. Zhang, L. Shi, Y. Ding, J. Am. Chem. Soc. 2011, 133, 20218. 

[24] A. K. Cook, M. S. Sanford, J. Am. Chem. Soc. 2015, 137, 3109. 

[25] D. Munz, M. Webster-Gardiner, R. Fu, T. Strassner, W. A. Goddard, T. B. 

Gunnoe, ACS Catal. 2015, 5, 769. 

[26] B. A. Steinhoff, I. A. Guzei, S. S. Stahl, J. Am. Chem. Soc. 2004, 126, 

11268. 

[27] a) B. A. Steinhoff, S. S. Stahl, Org. Lett. 2002, 4, 4179; b) M. J. Schultz, 

R. S. Adler, W. Zierkiewicz, T. Privalov, M. S. Sigman, J. Am. Chem. Soc. 

2005, 127, 8499. 

[28] Y.-H. Zhang, B.-F. Shi, J.-Q. Yu, J. Am. Chem. Soc. 2009, 131, 5072. 

[29] a) K. M. Engle, Pure Appl. Chem. 2016, 88, 119; b) J. Gair, B. E. Haines, 

A. S. Filatov, D. G. Musaev, J. C. Lewis, ACS Catal. 2019, 9, 11386. 

[30] a) R. Giri, J. Liang, J.-G. Lei, J.-J. Li, D.-H. Wang, X. Chen, I. C. Naggar, 

C. Guo, B. M. Foxman, J.-Q. Yu, Angew. Chem. Int. Ed. 2005, 44, 7420; 

b) N. R. Deprez, M. S. Sanford, J. Am. Chem. Soc. 2009, 131, 11234; c) 

D. C. Powers, M. A. L. Geibel, J. E. M. N. Klein, T. Ritter, J. Am. Chem. 

Soc. 2009, 131, 17050; d) D. C. Powers, D. Benitez, E. Tkatchouk, W. A. 

Goddard, T. Ritter, J. Am. Chem. Soc. 2010, 132, 14092; e) J. J. Gair, B. 

E. Haines, A. S. Filatov, D. G. Musaev, J. C. Lewis, Chem. Sci. 2017, 8, 

5746. 

[31] D. E. Hill, Q. Pei, E. Zhang, J. R. Gage, J.-Q. Yu, D. G. Blackmond, ACS 

Catal. 2018, 8, 1528. 

[32] J. Halpern, Science 1982, 217, 401. 

[33] a) E. O. Stejskal, J. E. Tanner, J. Chem. Phys. 1965, 42, 288; b) D. Li, I. 

Keresztes, R. Hopson, P. G. Williard, Acc. Chem. Res. 2009, 42, 270. 

[34] a) H. B. Jang, H. S. Rho, J. S. Oh, E. H. Nam, S. E. Park, H. Y. Bae, C. 

E. Song, Org. Biomol. Chem. 2010, 8, 3918; b) H. Subramanian, C. P. 

Jasperse, M. P. Sibi, Org. Lett. 2015, 17, 1429. 

[35] a) J. Chem. Soc., Perkin Trans. 2 2002, 186; b) H. F. Motiwala, M. 

Charaschanya, V. W. Day, J. Aubé, J. Org. Chem. 2016, 81, 1593; c) Q. 

Liu, H. Wu, L. Zhang, Y. Zhou, W. Zhang, X. Pan, Z. Zhang, X. Zhu, 

Polym. Chem. 2016, 7, 2015; d) Z. Li, Y. Han, F. Jin, Z. Gao, Z. Gao, L. 

Ao, F. Wang, Dalton Trans. 2016, 45, 17290. 

[36] Y.-F. Yang, G.-J. Cheng, P. Liu, D. Leow, T.-Y. Sun, P. Chen, X. Zhang, 

J.-Q. Yu, Y.-D. Wu, K. N. Houk, J. Am. Chem. Soc. 2014, 136, 344. 

[37] TURBOMOLE V7.4 2019, a development of University of Karlsruhe and 

Forschungszentrum Karlsruhe GmbH, 1989-2007, TURBOMOLE GmbH, 

since 2007, available from http://www.turbomole.com. 

[38] a) J. P. Perdew, M. Ernzerhof, K. Burke, Phys. Rev., B Condens. Matter 

1996, 105, 9982; b) C. Adamo, V. Barone, J. Chem. Phys. 1999, 110, 

6158; c) Y. Zhao, D. G. Truhlar, J. Phys. Chem. A 2005, 109, 5656. 

[39] a) R. 1. COSMOtherm, © 2019 COSMOlogic GmbH & Co. KG, a Dassault 

Systèmes company.; b) A. Klamt, J. Phys. Chem. 1995, 99, 2224; c) A. 

Klamt, V. Jonas, T. Bürger, J. C. W. Lohrenz, J. Phys. Chem. A 1998, 

102, 5074; d) F. Eckert, A. Klamt, AIChE J. 2002, 48, 369. 

[40] M. D. Lotz, N. M. Camasso, A. J. Canty, M. S. Sanford, Organometallics 

2017, 36, 165. 

[41] D.-H. Wang, K. M. Engle, B.-F. Shi, J.-Q. Yu, Science 2010, 327, 315. 

 



 

9 

 

 

Entry for the Table of Contents 

 

 

 

 

A mechanistic study of the dual ligand-enabled directing group-free C–H activation of arenes with palladium-catalysts and the arene 

as limiting reagent is described. A detailed experimental and computational investigation supports a 1:1:1 complex of palladium and 

the two complementary ligands as the active species that enables a partially rate-limiting concerted C–H activation as part of a 

Pd0/PdII-cycle. 

Institute and/or researcher Twitter usernames: @PhilippWedi, @vanGemmerenLab, @WWU_Muenster 

 


