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ABSTRACT: Recently, we realized the highly selective one-pot synthesis of 2, 

6-diarylpyridines by using a Pd-catalyzed dire C−H arylation approach via a transient 
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activator strategy. Although methylation reagent as a transient activator and Cu(I) salt 

or oxide were found prerequisite, details regarding the mechanism remained unclear. 

In this article, DFT calculations combined with experimental investigations were 

carried out to elucidate the principle features of this transformation. The results reveal: 

(1) the origin of the exquisite di-arylating selectivity of the pyridine under the 

transient strategy; (2) the possible demethylating reagent to be the counter anion of 

the pyridinium salt; (3) the reason why Cu2O is a better Cu(I) resource than others.  

KEYWORDS:  DFT study, C−H functionalization, N-methylation, transmetalation, 

copper. 

� INTRODUCTION 

  Arylpyridines are important synthetic motifs which are widely employed in a 

variety of bioactive natural products and pharmaceutical synthesis, as well as material 

sciences.1-6 As the synthesis of arylpyridines remains a compelling goal in modern 

chemical research,7-9 transition-metal-catalyzed direct C−H arylation, enabling 

one-step functionalization of pyridines, has become the most attractive method. 

However, this straight-forward transformation often suffers from low reactivity and 

poor selectivity, due to the electron deficiency and strong Lewis basicity of pyridines. 

In such situation, the transition-metal-catalyzed direct C−H arylation remains rather 

challenging and still necessary to be further explored.10-13 

  In order to improve the reactivity and selectivity, pre-activation strategy has been 

widely applied in pyridine arylation reactions.14-17 Although significant progress has 

been achieved by Fagnou, Hartwig, Charrette, Berman and other groups,18-22 the 
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problem arises as removing the pre-installed activating groups is required to afford the 

target products.23 In recent years, traceless or transient directing group strategies have 

been discovered and applied extensively in organic synthesis.24-30 Inspired by these 

precedent discoveries, we successfully developed a transient activator strategy to 

realize the highly selective Pd-catalyzed C−H 2,6-diarylation of pyridines.31 

Methylating reagent as the transient activator was found to define the success of the 

reaction, while Cu(I) source as the additive was also important. Generally, it is 

believed that N-methylation, C−H arylation and N-demethylation occur sequentially 

in a one-pot manner during the process.  

Scheme 1. Direct C−H Arylation of Pyridine via a Transient Activator Strategy 

The Proposed Mechanism Based on Experimental Results in Previous Work 
31
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Understanding of the Mechanism by DFT Calculations and Experiments in This Work  
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N NPh PhH C–H activation DemethylationC–H arylation

PdCu DFT calculations and experiments reveal:

The origin for the high diarylation selectivity
The rate-determining step
Identity of the N-demethylation reagent

N-methylation

(MeO)2SO2

 

 

  A putative mechanism is proposed in Scheme 1. The pyridinium salt derived from 

in situ N-methylation reacts with LCuCl (L=PPh3) in the presence of base to afford 

the pyridinium-Cu(I) complex I. Meanwhile, palladium complex II is generated via 

oxidative addition of Pd(0)L2 with PhBr. After transmetalation between I and II, the 

palladium intermediate III is furnished, which further gives rise to the monoarylation 

product IV by the subsequential reductive elimination. The N-methylpyridinium salt 

IV either undergoes demethylation to afford the monoarylated pyridine, or re-enters 

the catalytic cycle to give diarylated pyridinium salt V which eventually furnishes the 

major product 2, 6-diarylpyridine after demethylation. Interestingly, our reaction 

requires an elevated temperature of 150 ºC, much higher than the usual C−H 

functionalization reactions.32-35 Although experimental efforts have been made to 

understand the mechanistic details, some key issues are still not fully addressed, such 

as rate-limiting step, temperature dependence and ways to improve the yield of the 

reaction. 

  Theoretical methods represent alternative ways to tackle mechanistic problems in 

chemical reactions.36 Recently, great progress has been made via theoretical 

calculation on the mechanistic investigations of C−H bond functionalization by Houk, 

Wu, Lin and other groups.37-41  In this work, intensive density functional theory 

Page 4 of 28

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5 

 

(DFT) calculations are employed in combination with experimental characterizations. 

We aim to find the plausible answers to some mechanistic issues of the transient 

activator strategy for Pd-catalyzed C−H arylation of pyridine: (1) the origin for the 

high diarylation selectivity; (2) the rate-determining step of the reaction; (3) the 

identity of N-demethylation reagent in the final step, which could be solvent (DMAc: 

N,N-dimethylacetamide), ligand (PPh3) or counterion (MeOSO3
-); (4) the requirement 

of the high reaction temperature of 150 ºC. Herein, we detail the results of performed 

investigations on the above questions to acquire a better understanding of the inner 

workings relating to this direct arylation reaction. We hope that our explorations will 

provide an opportunity to improve the efficiency of arylpyridine synthesis and extend 

the current system to other N-heterocyclic compounds. 

� COMPUTATIONAL DETAILS 

  Full geometry optimizations were carried out using B3LYP42-43 exchange 

correlation functional in gas phase with mixed basis sets. In particular, the effective 

core potentials (ECPs)44 of Hay and Wadt with double-ζ valence basis sets (LanL2DZ) 

was applied for atoms of palladium, copper, bromine, and potassium, while the 

double-ζ split-valence 6-31G(d) basis set for the rest of atoms. Vibrational frequencies 

were calculated to confirm minima with all positive frequencies and transition states 

with only one imaginary frequency. Meanwhile, thermodynamic quantities like 

thermal corrections to enthalpy and Gibbs free energy were performed as the same 

level of theory. Intrinsic reaction coordinates (IRC)45-46 were applied to connect all 

stationary states. In order to obtain the reactive energetic profiles, single-point 
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calculations were carried out using M0647-48 functional based on the B3LYP optimized 

geometries. The M06 functional has been demonstrated to be particularly suitable for 

describing copper containing systems.49-52  In such calculations, mixed basis sets 

consisting of SDD for palladium, copper, bromine and potassium and 6-311+G (d, p) 

basis set for other atoms were applied. The solvation model density (SMD)53 

continuum method was used to account for the solvent effects in all single-point 

energy calculations. Consistent with the experimental conditions, N, 

N-Dimethylacetamide was selected as the solvent in our computation.  

  Natural Population Analysis (NPA) charge calculations for some selected species 

were employed at the M06//B3LYP single point level of theory within the SMD 

solvation model. The temperature-dependent enthalpy corrections and the entropy 

effects were computed at 298K and 1 atmosphere of pressure. All calculations were 

performed using Gaussian 09 suite of program.54 

� RESULTS AND DISCUSSION 

N-Methylation. On the basis of the catalytic mechanism proposed in Scheme 1, we 

first investigated the N-methylation of pyridine with (MeO)2SO2 to form the 

intermediate 2. This is a typical SN2 reaction, in which the free-energy barrier to 

complete the N-methylation via transition state TS1 was calculated to be 16.9 

kcal/mol according to Figure 1. The methyl group migrates from (MeO)2SO2 to 

pyridine by Walden inversion. TS1 features a nearly planar methyl group at the 

middle of pyridine and –OSO2OMe group from Figure 1. Once the bond between 

pyridine N atom and the methyl group is formed, the dissociation of this methyl group 
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from sulfate is accelerated. In fact, a relatively large exothermicity of 23.3 kcal/mol 

for the N-methylation reaction was found, which indicated that the reaction is 

thermodynamically favorable. 

Charge development for some key atoms deserves further discussion. Charges of 

pyridine and N-methylpyridine were investigated using Natural Population Analysis 

(NPA) approach. As shown in Scheme 2, along with methylation at the nitrogen atom 

of pyridine, hydrogen atoms on the pyridine ring become more acidic, esp. the 2, 

6-positions. The NPA charge of the hydrogen atoms increases from 0.198 to 0.250 

upon the formation of pyridinium salt. It is consistent with the experimental finding 

that the reactivity of pyridine is significantly enhanced after being methylated, 

especially at the ortho-positions.31  

 

Figure 1. Reaction energy profile of N-methylation of pyridine with (MeO)2SO2. 

Scheme 2. NPA charge analysis to rationalize the H atomic acidity change at the 

2-position of pyridine before and after N-methylation. 

C
N H

C
N H

N-methylation
+0.198 +0.250

+0.131+0.053

1 2  
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C–H Arylation. The following step is the C−H arylation of the corresponding 

N-methylpyridinium salt. In comparison to pyridine, the pyridinium salt has increased 

proton acidity of C−H bond,31 and therefore increased C−H arylation reactivity. It is 

proposed that this process consists of copper-induced activation of C−H bond and 

palladium catalyzed arylation. With regard to the C−H activation step, two possible 

pathways need to be systematically evaluated, which mainly differ in the role of base 

according to precedent studies on base-assisted C−H activation reactions.55-56 In 

consistency with our arylation selectivity, we only investigated the activation of C2−H 

in this section. 

  In pathway I (Figure 2, the black line), a double salt KCl·LCuCO3K 4 with the 

structure shown in Figure 2, is generated first via ligand exchange of chloride with 

carbonate (K2CO3). The reaction is thermodynamically favored due to the large 

exothermicity (-10.9 kcal/mol) and the absence of energy barrier height. The leaving 

of KCl from the double salt gives LCuCO3K 5, with which a concerted 

metalation-deprotonation (CMD)57 process of 2 occurs subsequently. It is indicated 

that the proton transfers from the C2-position of pyridinium salt to the carbonate via a 

distorted six-membered ring transition state TS2 which produces the copper(I) 

N-methylpyridinium intermediate 6. The overall free-energy barrier for this 

base-assisted pathway I is calculated to be 17.4 kcal/mol. 

  On the contrary, another C−H activation pathway II (Figure 2, the blue line) does 

not need to generate the double salt 4. Instead, K2CO3 as base directly participates the 

C−H activation without the assist of CuCl. Basically, pathway II is believed involving 
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two processes: (a) proton abstraction from pyridinium salt with potassium carbonate, 

(b) transmetalation to give the copper(I)-pyridinium complex. First, via a 

six-membered ring transition state TS3, proton transfer occurs at the C2-position of 

the pyridinium ring with the oxygen atom of carbonate, which affords the potassium 

N-methylpyridinium intermediate 7. Calculations demonstrate that the free-energy 

barrier of this step is 14.4 kcal/mol. After that, intermediate 7 undergoes 

transmetalation with copper (I) salt to form 6 via the transition state TS4, with a 

relatively low free-energy barrier of 1.5 kcal/mol. As shown in Figure 2, the overall 

free-energy barrier for the pathway II is calculated to be 14.5 kcal/mol, which is much 

lower than pathway I. Thus, the kinetically favored pathway II is more likely 

responsible for C−H activation process, whereas K2CO3 acts as a base at the very first 

beginning. 

Meanwhile, we have also examined the direct C−H activation between LCuCl and 

N-methylpyridium salt in the absence of any additional bases. The corresponding 

energy barrier is found to be 45.4 kcal/mol (see SI, Figure S1). It is much higher than 

the base-assisted pathway II, which is rationalized as the carbonate is a stronger base 

than chloride. In such situation, our computation clearly demonstrates the importance 

of K2CO3 as the base in the C−H activation step with the current system. 
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3.02

 

Figure 2. (a) Energy profile for the C−H activation of N-methylpyridine, involving two 

base-assisted pathways. (b) Computed structures of transition states with select bond distances 

shown in Å. 

In the above calculations, CuCl is chosen as the additive. In our previous work, we 

found that Cu2O exhibited similar efficiency to afford arylation products but with 

superior diarylation selectivity comparing to CuCl.31 Herein, the C−H activation 

reaction involving Cu2O is further discussed, while the role of PPh3 is also 

investigated. As summarized in Figure 3, two putative C−H activation pathways were 

computed, with and without PPh3, respectively. K2CO3 is not included in the present 

simulation. Similar to the previous base-assisted C−H activation, the current step also 
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features a CMD mechanism. In the first pathway III (Figure 3, the black line), the 

oxygen atom of Cu2O directly abstracts the most acidic proton of pyridinium to form 

the intermediate 8 via the transition state TS6 with a 12.2 kcal/mol barrier. In the 

second pathway IV (Figure 3, the blue line), the deprotonation occurs in the presence 

of LCu2O to give the intermediate 6 via the transition state TS5. In the presence of 

ligand PPh3, the free-energy barrier is further reduced to 10.7 kcal/mol, revealing the 

necessity of PPh3 to enhance the reactivity. The advantage in kinetics by 3.8 kcal/mol 

implys the superiority of basic Cu2O in the presence of PPh3 for C−H activation 

compared to CuCl in pathway II. These computational results revealed the Cu2O is an 

additive superior to CuCl. In addition, a series of deuterium incorporation 

experimental results for pyridinium salt i as demonstrated in Table 1 further supported 

above conclusion: Nearly no deuterium incorporation was observed when the 

pyridinium salt i was treated with CuCl alone in D2O (Table 1, entry 1), while 44% 

deuterium incorporation product (ia and iaa) could be achieved with the assistance of 

K2CO3 (Table 1, entry 2), moreover, the percentage was significantly increased to 

92% when replacing CuCl with Cu2O (Table 1, entry 3).  
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Figure 3. Reaction energy profiles of the C−H activation of N-methylpyridium with Cu2O and 

LCu2O. 

Table 1. Deuterium Incorporation Study a 

N N
D2O 100 oC

1 h

metal, base

D

(CH3O)SO3
- (CH3O)SO3

-

i ia

+
N D

(CH3O)SO3
-

iaa

D

 

entry additive base D incorporation (%) 

1b CuCl - N.D. 

2b CuCl K2CO3 44 

3 Cu2O K2CO3 92 

a Reaction condition: i (0.25 mmol, 1.0 equiv.), additive (0.125 mmol, 0.5 equiv.), base (0.25 

mmol, 1 equiv.), D2O (0.3 mL), 100 °C for 1 h under N2. Yields were determined by 1H NMR 

analysis of a crude product with CH2Br2 as internal standard. b 0.25 mmol additive was used. 

The next step after C−H activation is the palladium catalyzed arylation which 

includes oxidative addition, transmetalation and reductive elimination. Figure 4(a) 

shows the energy profile for the complete catalytic cycle. The oxidative addition of 

PhBr to L2Pd(0) is a concerted process via a three-membered ring transition state TS7, 
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which requires 17.9 kcal/mol to generate the Pd(II) intermediate 10. Subsequently, the 

complex 10 releases one ligand (PPh3) and interacts with complex 6 to form the 

metastable adduct 11. With a low energy barrier of 1.5 kcal/mol, the transmetalation 

then occurs easily via a four-membered ring transition state TS8, which finally gives 

the intermediate 12. Interestingly, our calculation results suggest that in TS8 dPd−Br is 

elongated to 2.78 Å and dCu−C changes to 2.71 Å, from 2.65 Å and 1.96 Å in the 

intermediate 10 and intermediate 6, respectively. Thus, the ligand transfer of 

N-methylpyridinium from Cu to Pd is facilitated. From 12, reductive elimination takes 

place via a three-membered ring transition state TS9 with the free-energy barrier of 

6.7 kcal/mol, leading to 2-phenyl-N-methylpyridinium salt and recovering the catalyst 

9 (L2Pd). The palladium catalytic cycle is exergonic by 39.5 kcal/mol, which indicates 

the whole process is thermodynamically favorable. All structures of transition states 

involved in the palladium catalytic cycle are illuminated in Figure 4(b).  
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2.80

 

Figure 4. (a) Energy profile calculated for the Palladium catalytic cycle. (b) Computed structures 

of transition states with selected bond distances shown in Å. 

N-Demethylation. Once the 2-aryl-N-methylpyridinium salt is formed, two possible 

processes might further take place with our system. One features a direct 

demethylation reaction to generate the monoarylated pyridine, while the other is 

assumed to re-enter the catalytic cycle of diarylation. Generally, many methods have 

been reported to demethylate the N-methylpyridinium salts.58-59 Among them, the 

most common way is the SN2-type nucleophilic attack on pyridinium salts with 

elevated reaction temperature.60 In our system, there are multiple potential 

nucleophiles, such as the ligand PPh3, the solvent DMAc and the counterion of the 

pyridnium salts (MeOSO3
-). Moreover, a higher temperature of 150 ºC is required in 
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the demethylation step with our system. In order for a better understanding of the 

detailed mechanism, a careful exploration of the demethylation step is highly desired. 

Thus, the demethylation processes were then simulated based on density functional 

theory, with the corresponding energetic profiles plotted in Figure 5. Clearly, the 

lowest energy barrier (∆G = 33.5 kcal/mol) is observed in the case of PPh3, which has 

been reported as an efficient demethylating reagent.58 In the current system, however, 

PPh3 is unlikely the main demethylation reagent because only 0.2 equivalents (based 

on the pyridine) was employed and hence seriously inadequate. On the other hand, 

DMAc is also less likely due to the high energy barrier (40.6 kcal/mol). Therefore, we 

believe that the counter anion (MeO)SO3
- actually acts as the demethylating reagent. 

Indeed, our calculation shows that the activation energy is 2.3 kcal/mol lower than the 

case of DMAc. To further support our hypothesis, we designed a series of coupling 

reaction between 4-tolyl iodide and N-methyl-2-phenylpyridinium salts ii bearing 

different counter anions. Impressively, different yields of arylation products were 

observed, which have good correlations with free-energy barriers of the 

N-demethylation of the corresponding diaryl pyridinium salts: the lower energy 

barrier led to higher yield (as shown in Table 2).  

Table 2. The Effect of Counter Anions of the Pyridinium ii on Yield a 

 

entry Y- yield (%) b ∆Gcal [∆Hcal] (kcal/mol) c  

1 I- 83 27.7 [20.7] 

2 NO3
- 67 33.4 [22.7] 
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3 CF3COO- 61 34.7 [22.4] 

4 TsO- 47 37.0 [25.8] 

5 CH3OSO3
- 41 39.1 [27.9] 

a Reaction conditions: ii (0.5 mmol, 1 equiv.), 4-tolyl iodide (1.0 mmol, 2 equiv.), Pd(PhCN)2Cl2 

(5 mol%), TFP (10 mol%), Cu2O (0.25 mmol, 0.5 equiv.), PivOK (1.0 mmol, 2 equiv.), 150 °C, 16 

h, under N2; TFP = tri-2-furylphosphine; b Isolated yields; c The calculated free-energy barriers for 

N-demethylation of the diaryl pyridinium salts. See the SI, figure S2. 

 

Figure 5.  (a) Energy profiles calculated for the demethylation reactions with different 

demethylating reagents. (b) The computed structures of transition states with selected bond 

distances shown in Å. 

Rate-determining Step and Site-selectivity. The overall free-energy profile of the 
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reaction is shown in Figure 6. For clarification, all energy barrier heights are scaled in 

accord with the reactant 1 and (MeO)2SO2. As demonstrated in Figure 6, the barrier of 

the demethylation step is much higher than the others. Thus, the calculation result 

well explains why our system requires such a high reaction temperature which differs 

from the previous reports, and N-demethylation is proposed to be the rate-determining 

step.32–35 Since it has been reported that the electron-donating group on the 

pyridinium ring would greatly slow down the N-demethylation process,58 

4-dimethylaminopyridine (DMAP) was further tested as the substrate with our system 

(Table 3). As expected, DMAP exhibited a relatively low reactivity, with only 36% 

yield of diarylated product obtained after 24 h. If the reaction time was prolonged to 

three days, the yield was successfully increased to a moderate level of 65%. The 

free-energy barrier for demethylation of the corresponding N-methyl diarylated 

pyridinium salt is calculated as high as 43.4 kcal/mol (see SI, Figure S3), which 

possibly accounts for the requirement of a longer reaction time. In a word, the 

experimental results help to support N-demethylation as the rate-determining step.  

In order to gain insights into the origin of high diarylation selectivity, we further 

carried out more computational investigations on the related steps. After the first 

reaction cycle, the monoarylated N-methylpyridinium salt is supposed to either 

undergo the demethylation to afford the monoarylated pyridine or re-enter the second 

catalytic arylation cycle to produce 2, 6-diaryl-N-methylpyridinium salt. According to 

Figure 6, the barrier height for demethylation of the monoarylated pyridinium salt is 

much higher than the other steps. Therefore, re-entering the catalytic cycle is more 
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favored. Furthermore, the barrier of demethylation process for diarylation product is 

found slightly lower than that for the monoarylated counterparts (38.3 vs. 39.4 

kcal/mol), possibly due to the releasing of more strain in the former case.58 Hence, we 

can conclude that the demethylation process prefers to occur after the diarylation, 

rather than the monoarylation, which deciphers the observed di-/mono-arylation 

selectivity with this transient activator strategy. 

Table 3. The Effect of Reaction Time on Yield a 

 

entry reaction time (h) yield (%) b 

1 24 36 

2 48 59 

3 72 65 

a iii (0.5 mmol), 4-tolyl iodide (1.5 mmol), PdCl2 (5 mol %), PPh3 (10 mol %), K2CO3 (4.0 equiv), 

(MeO)2SO2 (0.8 equiv), Cu2O (0.5 equiv), DMAc (2.5 mL), 150 oC, 4Å MS (100 mg), 150oC, 

under N2; 
b Isolated yields. 
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Figure 6. The overall energy profile calculated for the direct C−H arylation of pyridine. 

� CONCLUSIONS 

In this work, by using DFT calculations combined with experimental investigations, 

we disclose the detail mechanism of Pd-catalyzed C−H arylation of pyridine via the 

transient activator strategy. The whole process comprises three key steps, including 

N-methylation, C−H arylation, and N-demethylation. The N-methylation enhances the 

acidity of protons on pyridine significantly, thereby improving the arylation reactivity. 

The resulting pyridinium salt reacts with LCuCl in the presence of the base (K2CO3) 

to give copper(I) pyridinium intermediate. Herein, two possible pathways for C−H 

activation step were calculated. The concerted metalation-deprotonation with K2CO3 

followed by transmetalation with Cu(I) species, with a lower free-energy barrier of 

14.5 kcal/mol, is therefore the more favorable pathway. From the resulting Cu(I) 

pyridinium species, the transmetalation with palladium and the subsequent reductive 

elimination occur to give the first monoarylation product. Between the following two 

competitive pathways, the calculation results suggest that monoarylation product 

undergoes the second arylation first rather than being directly demethylated. 

Selectively affording the diarylation product is more favored in the aspect of 

energetics, which is well consistent with our previous explorations. In addition, 

according to our calculations and experimental investigations, we believe that the 

counter anion Y- (MeOSO3
-) is more likely to be the demethylation reagent.  

� SUPPORTING INFORMATION 
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Supplementary experimental data. 

Energy profile for the C-H activation of N-methylpyridine with CuCl (or CuCl-L) 

without base-assisted. 

Energy profiles for the N-demethylation reactions of the three diaryl pyridinium 

salts. 

Energy profiles of the rate-determining step of DMAP diarylation reaction. 

Cartesian coordinates，computed total energies，enthalpy and Gibbs free energy of 

optimized structures. 
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