
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

 Catalysis 
 Science & 
Technology

www.rsc.org/catalysis

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Catalysis Science & Technology  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

a.
 Department of Chemistry and Biochemistry, Worcester Polytechnic Institute, 100 
Institute Road, Worcester, MA, United States. 

b.
 Department of Chemical Engineering, Worcester Polytechnic Institute, 100 
Institute Road, Worcester, MA, United States. 

†These authors have contributed equally to the manuscript.  
‡ DFT calculations. 
 
Electronic Supplementary Information (ESI) available: Detailed procedures for 
ligand preparation and catalytic experiments, results of catalytic experiments 
including standard deviations, details of DFT calculations. See 
DOI: 10.1039/x0xx00000x 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Non-Directed Aromatic C-H Amination: Catalytic and Mechanistic 
Studies enabled by Pd Catalyst and Reagent Design 

H. M. D. Bandara,
a†

 D. Jin,
a†

 M. A. Mantell,
a
 K. D. Field,

a‡
 A. Wang,

a
 R. P. Narayanan,

a
 N. A. 

Deskins,
b‡

 and M. H. Emmert
a
* 

This manuscript describes the systematic development of 

pyridine-type ligands, which promote the Pd catalyzed, non-

directed amination of benzene in combination with novel, 

hydroxylamine-based electrophilic amination reagents. DFT 

calculations and mechanistic experiments provide insights into the 

factors influencing the arene C-H amination protocol. 

Introduction 

Ligand design has the potential to access more active and 

selective catalysts and is thus situated to address core 

challenges in transition metal catalysis.
1
 However, despite 

their importance, the role of ligands in promoting kinetically 

challenging, non-directed C-H bond functionalizations
2,3

 in 

particular with Pd catalysts, is poorly understood. 

Consequently, the majority of such reaction protocols relies on 

screening as the major tool for identifying suitable ligands.
4
  

During the last decade, several types of ligands have been 

shown to promote Pd catalyzed C-H oxidations of simple 

arenes.
4
 Among these ligands, pyridines have found use in 

both oxygenations,
5,6

 olefinations,
7,8

 and arylations
9-11

 of 

simple arenes. In contrast, non-directed aromatic C-H 

aminations through organometallic intermediates are less 

developed, even though directed C-H aminations are well-

known.
12

 Notably, the majority of non-directed C-H aminations 

proceed through radical
13-15

 or cationic
16

 mechanisms, whose 

selectivities are mostly controlled by substrate preferences; in 

other cases, the role of the transition metal catalyst is not well 

understood.
17

,18 Among the known methods are systems that 

employ metal-free conditions,
19

 photoredox catalysis,
14

 Cu 

catalysis
18,20

, or a combination of Ag and Pd catalysis
13

 to 

achieve the desirable transformation. Based on the myriad of 

other C-H functionalizations of simple arenes which can be 

catalyzed by Pd-based systems,
5-11

 it is surprising that only one 

Pd-catalyzed method is known to affect the non-directed C-H 

amination of arenes (Scheme 1A).
21

  

 

 
Scheme 1. Previously Known, Only Example of Pd Catalyzed, Non-Directed C-H 

Amination of Simple Arenes (1A) and Herein Described Approach (1B). 

 

This only known example suffers from a significant background 

reactivity forming the amination product; furthermore, other 

Pd catalyzed side reactions under the established conditions 

produce large amounts of oxygenated byproduct (C-N to C-O 

product ratios up to 1:2). As demonstrated by this example, a 

major challenge in oxidative C-H aminations is the 

identification of suitable oxidant/amine combinations for 

organometallic C-H functionalization pathways, as amines are 

typically not stable in the presence of oxidants; an additional 

problem is that oxidants can undergo unwanted, catalyzed or 

non-catalyzed side reactions.
15,21

 Most importantly, due to 

such competing pathways, obtaining experimental mechanistic 

information on catalytic, non-directed C-H aminations through 

organometallic intermediates is difficult, which complicates 

the rational design of more efficient protocols. In order to 

address this gap in the knowledge we report herein the 

systematic development of Pd catalysts for non-directed C-H 
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aminations employing atom-economic oxidants that combine 

amine and oxidant in one reagent (Scheme 1B).
§,22-24

 

 

Results and Discussion  

Establishing C-H Amination Reactivity with Hydroxylamine-Based 

Reagents 

Our initial efforts towards this goal focused on designing and 

synthesizing hydroxylamine-derived amination reagents, which 

combine oxidant and amine source in one reagent. We 

hypothesized that these reagents could deliver the amine 

source directly to Pd upon oxidation. In comparison to 

previous trimolecular strategies involving reactions between 

catalyst, oxidant, and amine source,
15,21

 such a bimolecular 

strategy can be expected to suppress non-chemoselective 

reactivity between the catalyst and the oxidant in the absense 

of amine source, thus likely resulting in increased 

chemoselectivity of the reaction. Several such reagents (Table 

1) were synthesized
 
and evaluated for their ability to react in 

the C-H amination of benzene using a previously established C-

H acetoxylation/amination catalyst system (Pd(OAc)2/acridine 

1:1).
5,15

 

 

Table 1. Reaction Optimization.a 

 
Entry Additive OR' R Yield 

[%] 

1 - OAc Ac 11 

2 - OAc COCF3 21 

3 - OAc Ts 13 

4 - OTs Ts 10 

5 - O2CCF3 COCF3 22 

6 1 eq. AcOH OAc Ac 29 

7 5 mol % AgOAc OAc Ac 27 

8 1 eq. AcOH O2CCF3 COCF3 17 

9 5 mol % AgOAc O2CCF3 COCF3 22 

10 1 eq. AcOHb OAc Ac 0 

aConditions: benzene (0.50 mL, 5.6 mmol, 40 equiv), Pd(OAc)2 (3.1 mg, 14 

mol, 10 mol %), 1 (2.5 mg, 14 mol, 10 mol %), RNH-OR‘ (140 mol, 1.0 

equiv), 100 °C, 24 h. bNo Pd catalyst. 

 

 

Interestingly, in the absence of any additives, both reagents 

with trifluoroacetyl protecting groups on the N atom 

performed best (21% and 22%, respectively; entries 2/4). In 

contrast, in the presence of AgOAc or AcOH as additives, 

AcNH-OAc outperformed the fluorinated amination reagents 

(entries 6/7 vs. 8/9). Remarkably, the formation of PhOAc was 

limited to less than 1% in all reactions, suggesting that C-N 

bond forming reductive elimination outcompetes C-O bond 

formation under these reaction conditions. No C-N or C-O 

bond formation was observed in the absence of Pd(OAc)2 

(entry 10), suggesting that the novel amination reagents do 

not react with benzene in the absence of catalyst. Other Pd 

sources or phosphine ligands (see Table S1) only resulted in 

low yields of product (<10%). All reaction mixtures using 

Pd(OAc)2 as catalyst also showed formation of Pd black even 

after reaction times of less than 1 h and GCMS analysis of the 

reaction mixtures revealed the presence of biphenyl. This 

suggests that bimolecular catalyst decomposition
25

 is faster 

under these conditions than the reaction with the electrophilic 

amination reagent to form the desired aniline product. We 

reasoned that rational ligand development might be able to 

address this issue and aid in understanding why the unusual 

ligand acridine (1) provided substantially higher yields than all 

other ligands tested (Table S1). 

 

Exploring the Source of the "Acridine Effect": DFT Calculations 

Experimental and DFT work by others
[6,26]

 has suggested that 

the active species for C-H activation in Pd(OAc)2/pyridine 

catalyst systems for C-H oxygenation [through a Pd(II/IV) cycle] 

and C-H olefinations [through a Pd(0/II) cycle] is the 

monomeric species [Pd(OAc)2L] 2, which is in equilibrium with 

dimeric Pd2(OAc)4(L)2 species, which are off-cycle resting 

states. These dimers principally can occur as two geometrical 

isomers, syn-3 or anti-3. To quantify the influence of different 

ligands on the equilibrium between monomer [Pd(OAc)2(L)] 

and the two possible dimers syn-3 or anti-3, we calculated the 

enthalpies and geometries of this series of complexes at 100 

°C, using the solvent correction for AcOH to mimic catalytic 

conditions closely (see e.g. Table 1, entry 6). The differences 

between the monomers and dimers are the free reaction 

enthalpies associated with dimerization of 2, ΔGanti and ΔGsyn. 

 

 
Figure 1. Graphic Representations DFT structures for 2 [Pd(OAc)2L] (L = 1, 4, 5). 

Geometry in analogous projections (Gaussian 09, B3LYP, 6-311+G(2d,p), LANL2Dz for 

Pd, AcOH,  100 °C). Ball-and stick model with H omitted for clarity. 

 

Interestingly, all analogous monomers 2 [Pd(OAc)2(L)] (L = 1, 4, 

5) show a similar geometry (Figure 1), in which one acetate 

ligand occupies two coordination sites in a K2 fashion; the 

other acetate ligand binds in a K1 fashion. Binding of the L-

type ligands (acridine 1, quinoline 4, or pyridine 5) is in a K1-

fashion as expected from a monodentate L-type ligand and the 

only notable feature is that the more sterically bulky ligands 

show a large dihedral angle between plane of the aromatic 

rings and the plane defined by the square planar Pd complex. 

In order to calculate the reaction enthalpies associated with 

dimerization of 2, ΔGanti and ΔGsyn, the geometries and 

energies of anti-3 and syn-3 were determined. For the purpose 
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of this discussion, the free energy of the corresponding 

monomers 2 are defined as 0 kcal/mol. 

 

 
Scheme 2. Free energies ΔG of monomeric Pd(OAc)2(L) (2) reacting to give dimeric 

Pd2(OAc)4(L)2 species (3) in AcOH at 373 K (100 °C; Gaussian 09, B3LYP, 6-311+G(2d,p), 

LANL2Dz for Pd). aThe free energy of the monomer is defined as 0 kcal/mol in all 

calculations. The values for the most thermodynamically favourable species are shown 

in bold. 

 

Interestingly, the energies of syn-3 and anti-3 are distinctly 

different for each ligand, with the bulkier ligands 1 and 4 

favoring the syns-dimers over the anti-dimers. In contrast, for 

simple pyridine (5) as ligand the anti-dimer is favored over the 

syn-dimer by 3.7 kcal/mol. This change in preference can be 

explained by the fact that the steric bulk of ligands 4 and 1 

force the corresponding anti-dimers to exhibit a chair 

conformation (see Figure 2), while the syn-dimers take on a 

boat conformation,
27

 which is the typically observed 

conformation for Pd dimers bridged by acetate ligands.
28

 

 

  

 
Figure 2. Graphic Representations DFT structures for the syn- and anti-dimers of 

[Pd(OAc)2(4)]2. Geometry in analogous projections (Gaussian 09, B3LYP, 6-311+G(2d,p), 

LANL2Dz for Pd, AcOH,  100 °C). Ball-and stick model with H omitted for clarity. 

 

Overall, the resulting computed values for ΔGanti and ΔGsyn 

(Scheme 2) that are calculated on the basis of the energy 

differences between 2 monomers and each dimer (see SI for 

details) show that the more sterically bulky ligands 1 and 4 

strongly favor the formation of the monomeric species 

Pd(OAc)2(L) (2) by 12 to 8 kcal/mol. In the parent system with 

pyridine (5) as ligand, the dimer anti-3 is energetically 

comparable to the monomeric species 2 (ΔGanti = +0.4 

kcal/mol). This suggests that a higher concentration of the 

catalytically active monomeric species can be expected with 

more sterically bulky ligands, which might be one reason why 

ligand 5 (pyridine) does not perform as well as the annulated 

ligands 1 and 4 in non-directed C-H amination (see SI, Table S1) 

 

Exploring the Source of the "Acridine Effect": Probing Ligand 

Influence on C-H Activation Activity by H/D Exchange 

To experimentally evaluate if the predicted preference for the 

active species 2 would translate into higher C-H activation 

activity under catalytically relevant conditions, H/D exchange 

experiments in AcOH-D4 were performed using pyridine (5), 

quinoline (4), and acridine (1) in combination with Pd(OAc)2 as 

catalysts (Scheme 3). 

 

 

Scheme 3. H/D Exchange with Ligands 1, 4 and 5 in AcOH-D4. TON = turnover number. 

 

Remarkably, the turnover numbers (TONs) after 2 h for ligands 

5, 4, and 1 clearly follow the trend predicted by DFT 

calculations, with acridine (1) being the most active and 

pyridine (5) the least active ligand. This suggests that initial C-H 

activation reactivity in these systems is correlated to the 

relative concentration of active catalytic species 2 in solution. 

In contrast, long-term H/D exchange reactivity as described by 

the TONs after 24 h does not match the trend observed for 

short-term activity. As Pd black is observed in all 24 h 

reactions, we conclude from these data that catalytic systems 

with acridine (1) are more prone to catalyst decomposition 

than the other two systems, but that decomposition occurs 

regardless in all cases. 

 

Tricylic Ligands: Synthesis and Activity in H/D Exchange 

Due to the acceleration of the initial activity observed in H/D 

exchange with acridine (1) as the ligand, we synthesized a 

series of more electron-donating, tricyclic ligands 6-9, which 

would be expected to vary the steric bulk around the N ligation 

site (Scheme 4). Initial evaluations of these ligands were 

performed by H/D exchange in AcOH-D4 to gain insight into 

their C-H activation reactivity. All ligands showed 2 h TONs 

comparable to pyridine (5) and quinoline (4); however, ligands 

6 and 9 did not result in significantly improved yields after 24 

h. These low activities suggest fast catalyst decomposition, 
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which is also accompanied by the observation of Pd black after 

only 30 min in these H/D exchange reaction mixtures.  

In order to rationalize the low activity of the very bulky ligand 

9, we considered the DFT-derived geometry of the putative 

active catalyst [Pd(OAc)2(9)] (Figure 3). Both the space-filling 

model and the ball-and stick model of this lowest energy 

configuration suggest significant steric interactions between 9 

and the acetate ligands, which might accelerate the 

equilibrium dissociation of 9 from [Pd(OAc)2(9)]. Such 

dissociation would most likely lead to catalyst decomposition 

and reduced long-term activity, which provides a 

rationalization for both the very small increase in H/D 

exchange activity after 2 h (4 vs. 6 TONs) and the observation 

of fast Pd black formation even after 2 h. 

 

 

Scheme 4. H/D Exchange with Ligands 6-9 in AcOH-D4. 

 
Figure 3. Graphic Representations of [Pd(OAc)2(9)] Geometry in analogous projections 

(Gaussian 09, B3LYP, 6-311+G(2d,p), LANL2Dz for Pd, AcOH,  100 °C). Left to right: 

Space-filling model, ball-and-stick model, ball-and stick with H omitted for clarity. 

 

In order to understand potential side reactions occurring with 

the other ligands, we investigated each reaction mixture after 

24 h by GCMS. Interestingly, no traces of any modifications 

were observed for ligand 7; however, reaction mixtures 

containing 6 and 8 showed significant amounts of 

dehydrogenated ligands (Figure 4) suggesting that ligand 

modification might result in lower activities. 

 

C-H Amination with New Tricyclic Ligands 

Having established that C-H activation is relatively slow, but 

possible with the annulated ligands 6-9, we evaluated their 

potential to promote the C-H amination of benzene, using 

either AcNH-OAc or F3CC(O)NH-OAc as amination reagents 

(Scheme 5). Remarkably, all new ligands performed better 

than acridine (1) under all tested conditions, suggesting that 

electron-rich alkyl substituents contribute to C-H amination 

reactivity. This trend is in contrast to the diminished C-H 

activation behaviour observed in H/D exchange (see Scheme 4 

above) and implies that catalytic steps beyond C-H activation 

are influenced by these ligands. As the novel ligands are more 

electron-rich than acridine (1), they can be expected to 

promote the oxidation of the Pd-aryl intermediate. These data 

overall suggest that C-H activation might not be the rate-

determining step in the established C-H amination protocol. 

 

 

Figure 4. Oxidative Decomposition Products of Ligands 6 and 8. 

 

Both AcOH and AgOAc as additives were beneficial in the 

presence of 6-9, in analogy to previous observations with 1 as 

ligand (see Table 1 above). Reactions employing 5 mol % 

AgOAc consistently provided better yields than reactions in the 

presence of AcOH or higher/lower AgOAc loadings (up to 47% 

with AcONHAc and up to 52% with AcO-NHCOCF3).  

 

 

Scheme 5. Ligand Effects on C-H Amination of Benzene with Different Additives. 

 

A slight excess of ligand (15 mol % instead of 10 mol %) 

provided another raise in the yields, achieving up to 50% and 

53% of C-H amination product, respectively. Notably, very little 

formation of PhOAc was observed in all of these reactions 

(<5%), suggesting that C-N bond formation is preferred over C-

O bond formation under the established conditions. All 

optimal yields in this study were obtained with ligand 7, from 

which we conclude oxidative stability combined with moderate 

steric bulk around the ligation site and the presence of four 
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electron-donating alkyl substituents is most beneficial for C-H 

amination.  

 

Amination Reagents and Arene Substrate Scope 

A study of the amination reagent scope (see Scheme 6) 

revealed that the reaction is generally possible with other 

protecting groups on N. However, sterically more bulky 

protecting groups than Ac (e.g. in 
i
PrC(=O)NH-OAc) diminish 

the obtained yields significantly. In these reactions the yields 

of the C-C coupling product Ph-Ph are substantially higher than 

observed with either F3CCONH-OAc or AcNH-OAc as reagents, 

which suggests that reaction of the amination reagent with the 

Pd-aryl intermediate is slowed by steric bulk on N, which leads 

to preferential biaryl coupling (see mechanistic proposal, 

Scheme 8 wide infra). 

 

 
Scheme 6. Amination Reagent Scope. Conditions: benzene (60 equiv), Pd(OAc)2 (15 

mol %), 7 (18 mol %), RNH-OAc (140 mol, 1.0 equiv), 100 °C, 24 h. Yield were 

determined by calibrated NMR or calibrated GC analysis. 

 

Additional studies employed various simple arenes as 

substrates (for details see SI, Table S12). Interestingly, 

electron-rich arenes such as anisol and veratrol formed 

preferentially the biaryl coupling product under standard 

conditions (see Scheme 5 above) with only traces of C-H 

amination product (<1%). This suggests that in these cases 

with relatively fast C-H activation
3
 the concentration of Pd-aryl 

species is high, favouring the bimetallic mechanism of C-C 

bond formation. In contrast, relatively electron-poor 

substrates such as PhCO2Et and PhBr formed significant 

amounts of the C-H amination product (14% (o:m:p = 1:2:7) 

and 12% (o:m:p = 1:3:7), respectively); in these cases, the 

biaryl coupling product was not detected. However, the 

highest yield achieved in this substrate scope study was 21% 

for toluene as substrate (o:m:p = 1:3:7), which suggested that 

further mechanistic studies are needed to work towards a 

rational design of more active and selective C-H amination 

catalysts and reagent. 

 

Product Inhibition Study 

In order to gain insight into reasons for the relatively low yields 

(<55%) in the established non-directed C-H amination, we 

tested the catalytic system for its sensitivity to product 

inhibition: C-H amination yields were determined in the 

absence and presence of 50% added PhNHAc (Scheme 7). 

Remarkably, all tested ligand/additive systems showed a 

strongly decreased yield of newly formed PhNHAc in the 

presence of PhNHAc. In addition to the observed formation of 

biphenyl representing product decomposition, this 

observation suggests that the product interacts with the 

catalyst and thus inhibits turnover. 

 

 

 

Scheme 7. Product Inhibition Study. 

 

Proposed Mechanism of C-H Amination 

Based on the above described studies, we propose the 

following about the reaction mechanism of the established C-H 

amination (Scheme 8): (i) Sterically bulky ligands promote 

catalyst initiation and by favoring the formation of the 

monomeric complex [Pd(OAc)2L] 2. According to literature 

studies,
6,26,29,30

 this is the catalytically active species for C-H 

activation of benzene. (ii) Catalyst inhibition by product can 

occur, possibly through coordination of product to form an off-

cycle species such as [Pd(OAc)2(L)(PhNHR)].  

 

 
Scheme 8. Proposed Mechanism of Pd Catalyzed C-H Amination with Hydroxylamine-

Derived Amination Reagents. Potential ligand binding sites at Pd with unknown ligands 

are shown as ligands X. 

 

(iii) Electron-rich arene substrates favour the formation of 

biaryl products instead of C-H amination products, but 

electron-poor arenes favour formation of the C-H amination 
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product. This suggests that C-H amination products and biaryls 

are formed through a common intermediate, most likely a Pd-

aryl species 10. Fast C-H activation (such as in electron-rich 

arenes) would lead to accumulation of 10, favouring bimetallic 

biaryl formation as described previously.
25

 (iv) The best results 

for C-H amination are obtained with F3CNH-OAc, the most 

oxidizing amination reagent. In combination with the 

observation that steric bulk of the protecting group favors 

biaryl formation at the expense of C-H amination, this suggests 

that the amination reagent directly interacts with the Pd-aryl 

intermediate. (v) The alkyl substituted ligands 6-9 promote C-H 

amination better than acridine (1), but are less active in H/D 

exchange. In combination with the observed effects of 

different amination reagents suggests that oxidation of the Pd-

aryl intermediate is rate-determining under the established 

conditions, which is promoted by the more electron-donating 

ligands 6-9. Scheme 8 visually summarizes all these results into 

one mechanistic proposal.
§§,31 

 

Mechanistic Studies 

In order to investigate if C-H bond cleavage occurs in the 

reaction, we determined the kinetic isotope effect (KIE) under 

intermolecular competition conditions (Scheme 9).
32

 To this 

end, a 1:1 mixture of benzene and benzene-D6 was employed 

and the KIE was determined by GCMS analysis of the product 

peak. Under all conditions, a primary KIE (>2) was observed, 

suggesting that C-H activation occurs in the catalytic cycle 

leading to C-H amination. However, this experiment does not 

require that C-H cleavage is the rate determining step.
32

 

 

 

Scheme 9. Competition Kinetic Isotope Effect with Pd(OAc)2/7. 

 

Other data discussed further above (H/D exchange 

dependence on ligands; reactivity dependence on amination 

reagents) indeed suggests that the rate-determining step of 

the developed protocol is the oxidation of the Pd-aryl 

intermediate formed by C-H activation. As such, the C-H 

cleavage process could be reversible. We hypothesized that 

quantifying the deuterium (D) incorporation into benzene 

recovered from the reaction in the presence of AcOH-D4 

should provide insight into the reversibility of C-H activation. If 

C-H cleavage is irreversible, we would expect no D 

incorporation into the recovered starting material, as all Pd-

aryl species would go on to either form biaryl or C-H aminated 

products. In contrast, if C-H cleavage is a reversible reaction, 

followed by irreversible oxidation of the Pd-aryl species, 

significant D incorporation into recovered benzene can be 

expected. In this case, if the Pd-aryl intermediate (10; see 

Scheme 8 above) formed by C-H activation can readily undergo 

exchange of ligated AcOH with AcOH-D4, then D incorporation 

would occur through the microscopic reverse of C-H activation, 

i.e. by protonation of the aryl ligand by bound AcOH-D4. Thus, 

in order to elucidate if C-H activation is indeed reversible 

under the reaction conditions, a C-H amination reaction was 

performed in the presence of 0.60 equivalent (84 μmol) of 

AcOH-D4 (Scheme 10). 

 

 
Scheme 10. Deuterium Incorporation into Benzene Recovered from Reaction Mixture 

with Pd(OAc)2/7 Catalyst System. 

 

The resulting isotope distribution of recovered benzene was 

calculated by deconvoluting fragmentation data obtained by 

GCMS analysis (see SI for details). Notably, this analysis 

showed that 0.30 equiv. (42 μmol) of benzene molecules had 

been transformed into C6H5D, suggesting that C-H activation is 

indeed reversible under the established C-H amination 

conditions and that the rds takes place after C-H cleavage. 

In an effort to better understand if the proposed Pd-aryl 

complex 10 (Scheme 8 above) is a feasible intermediate of C-H 

amination, we synthesized organometallic complex 11 

(Scheme 11). We considered 11 to be a good model for 10, as 

it contains a non-cyclometalated aryl ligand, an acetate ligand 

(similar to the proposed intermediate 10) as well as two L-type 

ligands (AcOH/X in 10) which are combined into the chelating 

ligand 4,4'-di-tert-butyl-2,2'-bipyridyl (
t
Bu2bipy). We further 

hypothesized that if 11 is a good model complex for 10, it 

should allow the observation of several pathways shown in the 

proposed mechanism above (Scheme 8), such as protonation 

by AcOH (the microscopic reverse of C-H activation), biaryl 

formation, as well as C-N bond formation. Furthermore, we 

expected to gain initial insights into the effect of catalytic 

additives (e.g. AcOH, AgOAc) and the chemoselectivity of C-N 

vs. C-O bond formation. 

 

 
Scheme 11. Reactivity of Isolated Pd-aryl Complex 11 with Amination Reagent 

AcNH-OAc in the Presence of Different Catalytically Beneficial Additives. 
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To evaluate 11 for reactivity in the presence of hydroxyl-based 

amination reagents, a 1:1 mixture of 11 and AcNH-OAc was 

heated to 85 °C in C6D6 (Scheme 11). In the absence of any 

additives, bitolyl 15 (32%) was the major product along with 

small amounts of toluene (13; 5%). Interestingly, the presence 

of AcOH, a promoter of C-H amination reactivity (see Table 1 

and Scheme 5 above), considerably depressed the formation 

of the dimerization product 15 to 7%, albeit again in the 

absence of any other functionalized products. This suggests 

that the role of AcOH in the catalytic C-H amination reaction 

mixture may be to suppress biaryl formation. 

Excitingly, in the presence of AgOAc, the most efficient 

additive in catalytic C-H aminations, 7% of C-N bond formation 

product 12 was obtained; even higher yields of 12 (14%) were 

observed in the presence of pentafluoropyridine (C6F5N), 

which had shown promise as a catalytic additive in early 

optimizations with acridine (1) (see SI, Table 1). These data 

suggest that both AgOAc or C6F5N promote C-N bond 

formation over biaryl formation, potentially through providing 

an additional ligand for a high-oxidation state Pd species. 

Notably, less than 1% of oxygenation product 14 was obtained 

under any of the reaction conditions shown in Scheme 11, 

suggesting that C-N bond formation outperforms C-O bond 

formation with model complex 11. 

Overall, the described mechanistic studies suggest that C-H 

bond cleavage in the established C-H amination protocol 

occurs before reaction of the Pd catalyst with the amination 

reagent and that C-H activation is reversible. Furthermore, 

stoichiometric studies provide insight into the roles of catalytic 

additives and point towards a mechanism inherently favouring 

C-N over C-O bond formation. 

 

Conclusions 

In conclusion, we describe herein a catalytic system that 

enables the chemoselective synthesis of aniline derivatives by 

Pd catalyzed C-H amination of benzene, using hydroxylamine 

derivatives as concurrent oxidant and amine source. 

Preliminary mechanistic investigations suggest that the steric 

bulk of tricyclic pyridine-type ligands promotes C-H activation 

reactivity by favouring the reactive, monomeric catalyst 

[Pd(OAc)2L] (2) over the corresponding dimeric Pd species. 

Based on this result, a series of electron-donating, alkyl 

substituted tricyclic ligands (6-9) was developed, which 

enhance the activity of the resulting catalysts towards C-H 

amination. KIE studies indicate that concerted C-H bond 

cleavage occurs in the catalytic cycle; however, the 

observation of D incorporation in recovered starting material 

(benzene) suggests that C-H activation is reversible under C-H 

amination conditions and that a step after C-H bond activation 

of rate determining. The documented product inhibition 

provides another reason for why non-directed C-H aminations 

are less developed than non-directed C-H oxygenations or 

olefinations, as the products of C-H amination catalysis may 

deactivate the catalyst by coordination. Moreover, 

stoichiometric studies provide initial insights into the effects of 

additives on C-H amination catalysts. 

Notes and references 

§ Similar reagents have previously been employed by others 
directed, Pd catalyzed and Ferrocene catalyzed aromatic C-H 
aminations; see ref. 22-24. 
§§ As an intramolecular C-H amination reaction with 
hydroxylamine-derived reagents has been documented to likely 
proceed through a Pd(0/II) mechanism, a Pd(0/II) catalytic cycle 
is an alternative possibility for the herein discussed reactivity. 
However, the stoichiometric reactions detailed in Scheme 11 are 
more consistent with oxidation of a Pd(II)-aryl species by the 
amination reagents. 
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The systematic development of pyridine-type ligands and electrophilic amination reagents is described, 

which promote aromatic Pd catalyzed, non-directed C-H aminations. 
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