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ABSTRACT 

 This thesis consists of two research projects. The first one focuses on the 

synthesis of a series of new, air- and moisture-stable palladium complexes with imine 

ligands based on N-arylated imidazoles and their application in Suzuki–Miyaura cross-

coupling reactions. Under optimized reaction conditions, coupling products from a 

wide range of aryl halides and aryl boronic acids were obtained in excellent yields.  

 The second project involves an investigation of a highly efficient and 

practical borylation reaction of aryl iodides with bis(pinacolato)diboron. By using 

Pd(OAc)2, CuI and PPh3 as ligand at room temperature under air in the presence of 

Cs2CO3, the protocol was proved to be general. Various functionalized arylboronates 

were obtained in moderate to excellent yields. In addition, a possible reaction 

mechanism was proposed. 
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PART I 

SYNTHESIS OF AIR-STABLE IMIDAZOLE-IMINE PALLADIUM 

COMPLEXES FOR SUZUKI–MIYAURA CROSS-COUPLING 

REACTION 

 

 

CHAPTER I 

INTRODUCTION 

 

 

1.1 Suzuki–Miyaura cross-coupling reaction   

 Suzuki–Miyaura cross-coupling reaction is the Pd-catalyzed reaction 

between aryl halide and arylboronic acid in the presence of base. Many important 

reactions for carbon–carbon bond formation have been continuously developed over 

the past four decades. Among these, Suzuki–Miyaura cross-coupling reaction is one of 

the most effective methods for constructing biaryl structures which are wide-spread in 

many naturally occurring bioactive products.1–4 

 

R1 B(R)2 + R2 X
Pd(0) (catalytic)

base, ligand
R1 R2 + X B(R)2

R = alkyl, allyl, alkenyl, alkynyl, aryl; R = alkyl, OH, O-alkyl; R = alkenyl, aryl, alkyl; X = Cl, Br, I, OTf
base = Na CO , Ba(OH) , K PO , Cs CO , K CO , TlOH, KF, CsF, Bu F, NaOH, M ( O-alkyl)  

 

Figure 1.1. General reaction scheme for the Suzuki–Miyaura cross-coupling reaction.5 
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1.2 General mechanism of Suzuki–Miyaura cross-coupling reaction 

 The mechanism of the Suzuki reaction is best viewed from the perspective 

of the palladium catalyst. The first step is the oxidative addition of palladium(0) 1 to 

the aryl halide to form the organopalladium species 2. Reaction with base gives inter-

mediate 3, which via transmetalation with the complex 5 forms the organopalladium 

species 4. Reductive elimination of the desired product restores the active palladium 

catalyst 1 which completes the catalytic cycle. 

 

LnPd(0)

LnPd
X

R2

(II)

R2-X

oxidative addition

LnPd
OR

R2

(II)

LnPd
R1

R2

(II)

M+(-OR)

M+X-

R1 B(R2)
OR

RO B(R2)
OR

R1 B(R)2 + M+(-OR)

organoboran base

transmetalation

R1 R2

reductive elimination

1

2

3

4

5  

 

Figure 1.2. General mechanism for the Suzuki–Miyaura cross-coupling reaction.5 

 

 In most cases, the oxidative addition is assumed to be the rate-determining 

step for the cross-coupling reaction when aryl chloride and aryl bromide were used as 

substrate. On the other hand, the transmetalation was found to be the rate-determining 

step, when using iodide substrates.6    

 The role of bases on the Suzuki–Miyaura cross-coupling reaction was 

never fully understood. According to the mechanism, the base (-OR) was first believed 

to react with R1–B(R2)2 to form species 5. This boron species becomes more 
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nucleophilic and more reactive towards the palladium complex in the transmetalation 

step.7–9 The retention of configuration of the coupling product shown in Scheme 1.1 

was reported by Matos and co-workers. They suggested that Boron "ate" complexes, 

formed via quaternization of the boron with a negatively charged base, were 

frequently involved in the transmetalation.8 

 

Boron "ate" complex 

 

Scheme 1.1. Boron ate complex.8 

 

 In 2011, the kinetic study for Suzuki–Miyaura cross-coupling reaction was 

explored by Duc and co-workers.9 They found an unexpected role of base in the 

reductive elimination that could be accelerated by base, presumably through the 

formation of a pentacoordinated anionic palladium intermediate 6 (Scheme 1.2).  

 

 

 

Scheme 1.2. Acceleration of reductive elimination step by the effect of base.9   

 

 The air-stable and readily commercial Pd(II) catalysts are commonly used 

in cross-coupling reactions. Notably, Pd(0) is believed to be the active catalyst in the 
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Pd-catalyzed cross-coupling reaction. The formation of active catalysts can be 

achieved by the reduction of a Pd(II) complex. For example, a phosphine ligand can 

convert Pd(OAc)2 to a Pd(0)-phosphine complex, without the need of isolation.10 The 

reduction of Pd(II) complex can also be achieved with amine, alkene, and 

organometallic reagents such as organoboron and organomagnesium compounds.11 

Figure 1.3 illustrates the reduction mechanism of Pd(II) to Pd(0) with various reagents.  

 

 

 

Figure 1.3. Mechanism for in situ reduction of Pd(II) to Pd(0).11 

 

 

1.3 Pd(0) nanoparticles with mercury poisoning test   

 Hg(0) is widely used to distinguish homogeneous and heterogeneous 

catalyses because of its ability to deactivate metal-particle heterogeneous catalysts, by 

adsorption on the metal surface.7, 12 The experiment is performed by adding Hg(0) to 

the reaction and is thus called "mercury poisoning test".  
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 Palladium complexes are one of the most versatile catalysts for the 

Suzuki–Miyaura cross-coupling reaction. However, they are known to aggregate 

easily and form Pd black, causing catalyst decomposition and a decrease of catalytic 

activity.13 

 The mercury poisoning test was additionally applied to investigate the 

formation of Pd(0) nanoparticles (NPs) in the Pd-catalyzed Suzuki–Miyaura cross-

coupling reaction.14, 15 For example, Singh and co-workers reported Pd(II) complexes 

of pyrazolated thio/selenoethers for the Suzuki–Miyaura cross-coupling reaction, and 

observed no conversion of product in the presence of excess Hg. This result implied 

that Pd(0) NPs, which might be the active species, were deactivated under identical 

conditions.16 

 

 

1.4 Advantages and disadvantages of Suzuki–Miyaura cross-coupling 

reaction 

 The Suzuki–Miyaura cross-coupling reaction has two significant 

advantages over other cross-coupling processes. Arylboronic acid reactants are readily 

available and react under mild conditions. In addition, the inorganic by-products are 

usually easy to remove. However, several existing Suzuki–Miyaura cross-coupling 

methods generally employ palladium complexes supported by phosphine ligands,17–22 

which are often sensitive to air oxidation and require careful handling.23 
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CHAPTER II 

OBJECTIVES 

 

 

 Despite the achievements of the modest to high yields of coupling 

products, all catalytic systems of previous works as will be presented in Chapter III 

require either high reaction temperatures or inert conditions.  

  As an effort to develop an improved Suzuki reaction protocol, this thesis 

has centered on the search for a catalytic system consisting of rigid phosphine-free 

ligands with nitrogen-based frameworks. The new imidazole-imine backbone was 

selected due to its structural rigidity, strong -donating property and low-cost. In 

addition, compared to phosphine ligands, the imidazole-imine ligands are easier to 

prepare and more resistant to air and moisture. Substituents on the nitrogen atom of 

the imine moiety also play important roles in tuning steric and electronic properties of 

the molecule.  

 In order to develop a convenient synthetic protocol for the Suzuki–

Miyaura cross-coupling reaction using the imidazole-imine ligands, the objectives of 

the first part in this thesis were: 

 To synthesize a series of new, air- and moisture-stable Pd complexes 

with imine ligands based on N-arylated imidazoles; 

 To investigate the catalytic activities of the Pd complexes on the 

Suzuki–Miyaura cross-coupling reaction; 

 To study the optimization of the Suzuki–Miyaura cross-coupling 

reaction; 

 To study the scope and functional group tolerance of substrates on the 

reaction. 
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CHAPTER III 

LITERATURE REVIEW 

 

 

3.1 Phosphine ligands for the Pd-catalyzed Suzuki–Miyaura cross-

coupling reaction 

 In 2000, Fu and co-workers17 discovered the versatile catalytic system 

between Pd2dba3 and P(tBu)3 for the Suzuki–Miyaura cross-coupling reaction of aryl 

halide and arylboronic acid in THF under inert atmosphere. Interestingly, the 

unreactive aryl chlorides, such as 4-chloroaniline, can undergo the cross-coupling 

reaction under this catalytic system. Moreover, a high selectivity for the following 

order of reactivity, I > Br > Cl, was observed (Scheme 3.1). 

 

 

 

Scheme 3.1. Pd2dba3/P(tBu)3-catalyzed Suzuki–Miyaura cross-coupling reaction.17 

 

 After that, Buchwald and co-workers18 developed general catalytic system 

for the preparation of tetra-ortho-substituted unsymmetrical biaryls using the Suzuki–

Miyaura cross-coupling reaction. They stated that under the reaction conditions 

composed of Pd2dba3 and phenanthrene-substituted phosphine ligand in toluene at 110 
oC for 24 h, unreactive substrates such as sterically hindered aryl bromide could be 

catalytically converted to corresponding compounds. The -coordination phenanthrene 

moiety of ligand was suggested to play an important role in improving catalytic 

efficiency (Scheme 3.2).  
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Scheme 3.2. Pd-catalyzed Suzuki–Miyaura cross-coupling reaction for the synthesis 

of sterically hindered biaryls.18 

 

 A new class of phosphine ligand based on phospha-adamantane 

framework for the Pd-catalyzed Suzuki–Miyaura cross-coupling reaction was later 

demonstrated by Capretta and co-workers (Scheme 3.3).19 The combination of 

Pd2(dba)3 and phosphine ligands based on phospha-adamantane framework was shown 

to promote the Suzuki–Miyaura cross-coupling reaction of aryl iodide, aryl bromide 

and aryl chloride with arylboronic acid under mild conditions. Although the authors 

reported that phosphine ligands based on phospha-adamantane framework are air-

stable in comparison with other reported phosphine ligand, however, the air-sensitive 

techniques were still required for setting up the reaction.  

 

 

 

Scheme 3.3. A phosphine ligand based on phospha-adamantane framework used in the 

palladium-catalyzed Suzuki–Miyaura cross-coupling reaction.19 



Fac. of Grad. Studies, Mahidol Univ.                                                      Ph.D. (Inorganic Chemistry) / 9 
   

 Eventhough, a DFT calculation of air stabilities of phosphine ligand was 

demonstrated,23 air-sensitive technique has still been required practically.     

 This oxygen sensitivity of catalyst is one of the crucial limitations that 

could hamper the development of the practical biaryl synthesis. Therefore, air- and 

moisture-stable ligands, which are easily prepared from inexpensive, commercially 

available starting materials, are needed for the improvement of the Pd-catalyzed cross-

coupling reactions. 

 

 

3.2 Phosphine-free ligands for the Pd-catalyzed Suzuki–Miyaura 

cross-coupling reaction 

 Catalytic system consisting of rigid phosphine-free ligands with nitrogen-

based frameworks such as, cyclometalated imine,24 diazabutadiene,25 guanidines,26 N-

heterocyclic carbenes27-31 and nitrogen-acyclic carbenes32 have been reported. The first 

cyclopalladated phosphine-free imine complex which showed high catalytic activity in 

Suzuki–Miyaura cross-coupling reaction of aryl bromide and arylboronic acid was 

reported by Milstein and Weissman in 1999.24 This reaction was performed under inert 

condition in o-xylene at 130 oC and resulted in modest yields of coupling products 

(Scheme 3.4).  

  

 

 

Scheme 3.4. Suzuki–Miyaura cross-coupling reaction of aryl bromide and arylboronic 

acid catalyzed by cyclopalladated phosphine-free imine complex.24 
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 In 2001, Nolan and co-workers25 developed the Suzuki–Miyaura cross-

coupling reaction using Pd(OAc)2/DAB-Cy in the presence of Cs2CO3 in dioxane at 80 
oC. This catalytic system consisting of Pd(OAc)2 and DAB-Cy exhibited excellent 

activity for coupling reaction between aryl bromide and aryl chloride with arylboronic 

acid (Scheme 3.5). 

  

 

 

Scheme 3.5. Suzuki–Miyaura cross-coupling catalyzed by Pd(OAc)2/diazabutadiene 

system.25 

  

 An interesting phosphine-free ligand based on guanidines developed for 

Suzuki–Miyaura cross-coupling reaction in aqueous solvent was reported by Zhang 

and co-workers.26 Furthermore, the tolerance towards a broad range of functional 

groups in substrates was observed in this catalytic system (Scheme 3.6).  

  

 

Scheme 3.6. Pd(OAc)2/guanidines-catalyzed Suzuki–Miyaura cross-coupling reaction 

in aqueous media.26 

 

 Additionally, one of unique N-heterocyclic carbene (NHC) ligands which 

are sterically demanding, and have restricted flexibility is bioxazoline (IBiox).29 It 

could act as an effective ligand for the coupling reaction of sterically hindered aryl 
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chlorides and arylboronic acid. The Pd(OAc)2/IBiox-catalyzed Suzuki–Miyaura cross-

coupling reaction was carried out under inert atmosphere in the presence of K3PO4 in 

toluene at 110 oC. It should be mentioned that this is the first report for the preparation 

of tetra-ortho-substituted biaryl compounds in the presence of a carbene ligand 

(Scheme 3.7). 

  

 
Scheme 3.7. Pd(OAc)2/IBiox-catalyzed Suzuki–Miyaura cross-coupling reaction of 

sterically hindered substrate.29  

 

 Another ligand based on nitrogen framework is nitrogen acyclic carbene 

(NAC) investigated by Hashmi and co-workers.32 The application of Pd(II)-NAC 

complexes was found on the Suzuki–Miyaura cross-coupling reaction of 

chlorobenzene and 2,5-dimethylphenylboronic acid. The reaction was carried out 

under inert condition in the presence of KOtBu in EtOH at room temperature. The 

addition of a nitrogen nucleophile (isonitrile ligand) coordinated to Pd(II)-NAC 

complex indicating an increasing of nucleophilicity of Pd metal. However, Pd(II)-

NAC complex showed the lower catalytic activity than Pd(II)-NHC complexes 

resulting in low coupling product yields This might originate from an improved 

stability and a longer catalyst lifetime of Pd(II)-NHC (Scheme 3.8).  
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Scheme 3.8. Pd(II)-NAC-catalyzed Suzuki–Miyaura cross-coupling reaction.32 

 

 Recent progress in the applications of imidazole-imine ligands has shown 

in a study of spectroscopic and water relaxivity properties of manganese(II) 

complexed with tetradentate imidazole-imine ligands (Scheme 3.9),33 as well as in the 

ethylene oligomerization catalyzed by nickel(II) complexes with imidazole-imine 

ligands (Scheme 3.10).34 

 

 
 

Scheme 3.9. Synthesis of manganese(II) complexed with tetradentate imidazole-imine 

ligands (copied from Literature33).  

  

 
 

Scheme 3.10. Nickel(II) complexes with imidazole-imine ligands (copied from 
Literature34). 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

 

This chapter begins with the synthesis of imidazole-imine palladium 

complexes 4a–4h, followed by their structural characterization based on 1H, 13C NMR 

spectroscopy, HRMS and elemental analysis. The NMR study of the complexation 

between the metal and free ligand was discussed. The structures of 4b and 4h were 

also confirmed by X-ray crystallography. The catalytic activity of 4a–4h on the 

Suzuki–Miyaura cross-coupling reaction was studied. Effects of catalyst loadings, 

reaction time, solvents, bases and substrate scope were subsequently investigated. 

Moreover, mercury poisoning test was carried out to examine the actual active species 

in catalysis. 

 

 

4.1 Synthesis of 1-(2,6-diisopropylphenyl)-1H-imidazole (1) 

 Compound 1 was prepared from a four-component condensation of a 2,6-

diisopropylphenylamine with formaldehyde, ammonium chloride and glyoxal.35 After 

purification, the product 1 was obtained in 35% yield (Scheme 4.1).  

 

 

 

Scheme 4.1. Synthesis of 1-(2,6-diisopropylphenyl)-1H-imidazole 1. 
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4.2 Synthesis of palladium complexes (4a–h) 

As an access to a series of imidazole-imine Pd complexes 4, the 1-(2,6-

diisopropyl-phenyl)-1H-imidazole compound 1 was deprotonated by n-butyl lithium at 

–30 oC, and reacted with N,N-dimethylformamide. After purification, product 2 was 

obtained in almost quantitative yield (99%). Compound 3, resulted from the 

condensation of 2 with corresponding primary amines was used, without further 

purifications, to react with Pd(COD)Cl2
36 for 1 h in CHCl3. The Pd(COD)Cl2 is 

commonly used as a palladium precursor due to its good solubility in organic solvents. 

Crystallization of Pd complexes was carried out by slow diffusion of hexane into 

CHCl3 solution to afford 4a–4h in a range of 66–97% yields (Scheme 4.2). Notably, 

complex 4d was obtained in the lowest yield (66%) compared to other Pd complexes. 

This might be caused by poor nucleophilicity of p-nitroaniline. The structural 

characterization of the ligands and complexes was carried out by 1H, 13C NMR 

spectroscopy, elemental analysis and HRMS.  

As mentioned above, free ligands 3a–3h can be complexed without 

purification. The change in the chemical shift of 1H NMR cannot be used to evaluate 

the complexation between metal and ligand. However, the coordination of Pd 

complexes 4a–4h was confirmed by HRMS and elemental analysis. Interestingly, 

ligand 3h which was insoluble in CH3CN could be isolated by using CH3CN as 

solvent instead of CHCl3 as described in the preparation of compound 3 (see Synthesis 

of 3h in the Experimental Section). To study the coordination behavior of the 

imidazole-imine moiety with Pd metal, complex 4h was chosen as the representative 

palladium complex because ligand 3h can be easily isolated by washing with cool 

acetonitrile. Therefore, the NMR study on the complexation was investigated only for 

2, 3h and 4h, as shown in Section 4.3.    
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4a; R1 = H, R2 = H, R3 = H (81%)
4b; R1 = iPr, R2 = iPr, R3 = H (71%)
4c; R1 = H, R2 = H, R3 = OCH3 (77%)
4d; R1 = H, R2 = H, R3 = NO2 (66%)

4e; R4 = CH3 (89%)
4f; R4 = Cy (97%)
4g; R4 = tBu (75%)
4h; R4 = 1-Ad (87%)

N

N N

iPriPr

R4

Pd
Cl Cl

N

N N

iPriPr

Pd
Cl Cl

R3

R1

R2

N

N O

H

2 3 4

iPriPr
N

N N

iPriPr

R

R-NH2

MeOH
refluxed, 24 h

Pd(COD)Cl2

CHCl3
rt, 1 h

N

N N

iPriPr

R

Pd
Cl Cl

1) n-BuLi, THF, 30oC

2) DMF

N

N

1

 

 

Scheme 4.2. Synthetic pathway for palladium complexes (4a–h). 

 

 

4.3 NMR study of complexation between Pd metal and ligand (3h) 

The 1H NMR spectrum of the starting material 2 shows a signal of the 

aldehyde proton at 9.80 ppm and two singlet signals of imidazole protons at 7.51 ppm 

and 7.11 ppm which can be ascribed to H-4 and H-5, respectively (Figure 4.1 and 4.2). 

The NMR data are consistent with those of similar compounds described in the 

literature.35, 37 These imidazole protons also gave 3J cross peaks with C-2 on the basis 

of HMBC correlation (Table 4.3). In addition, only H-5 exhibited HMBC cross peaks 

with C-7, leaving the position of this proton at C-5. This result was confirmed by the 

signal enhancement of H-5 that was observed upon irradiation of methyl protons (H-

12 and H-13) in an NOEDIFF experiment. According to the 1H-COSY NMR spectral 

data (Table 4.2), H-4 and H-5 appeared as distinct singlet signals and no cross-peak 

signal was found, suggesting no correlation between these two protons. However, the 

NOE enhancement of H-4 was detected upon irradiation of H-5 as shown in Figure 

4.1. Based on the HMBC and NOEDIFF results, H-4 and H-5 were attached on the 

neighboring carbon atoms and could thus be assigned as vicinal protons.  
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Table 4.1. Observed correlations in the HMQC spectrum of compound 2 (CDCl3). 

 

Carbon C (ppm) H of correlated proton (ppm) 

C-2 144.6 - 

C-4 132.0 7.51 (s, 1H, ArH) 

C-5 127.4 7.11 (br s, 1H, ArH) 

C-6 180.2 9.80 (s, 1H, CHO) 

C-7 132.5 - 

C-8 145.1 - 

C-9 123.9 7.28 (d, J = 7.7 Hz, 2H, ArH) 

C-10 130.0 7.49 (t, J = 7.7 Hz, 1H, ArH) 

C-11 28.3 2.21 [sept, J = 6.8 Hz, 2H, (CH)2] 

C-12, C-13 24.6, 23.3 1.12 [d, J = 6.8 Hz, 6H, (CH3)2], 

1.08 [d, J = 6.8 Hz, 6H, (CH3)2] 

 

Table 4.2. Observed correlations in the COSY-45 spectrum of compound 2 (CDCl3). 

 

H (ppm) H of correlated proton (ppm) 

7.49 (H-10) 7.28 (H-9) 

2.21 (H-11) 1.12 (H-12), 1.08 (H-13) 
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Table 4.3. Observed long-range C–H correlations in the HMBC spectrum of 

compound 2 (CDCl3). 

 

H (ppm) Carbon correlated withH (ppm) 

9.80 (H-6) 144.6 (C-2) 

7.51 (H-4) 144.6 (C-2), 127.4 (C-5) 

7.49 (H-10) 145.1 (C-8), 123.9 (C-9) 

7.28 (H-9) 145.1 (C-8), 132.5 (C-7) 

7.11 (H-5) 144.6 (C-2), 132.5 (C-7), 132.0 (C-4) 

2.21 (H-11) 145.1 (C-8), 132.5 (C-7), 123.9 (C-9), 

24.6 (C-12), 23.3 (C-13) 

1.12 (H-12), 1.08 (H-13) 28.3 (C-11), 145.1 (C-8) 

 

 The structures of the imidazole-imine palladium complexes 4a–h which 

were readily prepared from the reaction of ligands with Pd(COD)Cl2 in chloroform 

also exhibited some characteristic 1H NMR data and multiplicity of the two protons on 

the imidazole ring. Interestingly, their equivalent resonances were observed as doublet 

signals with low coupling constants ranging from 1.2 Hz to 1.6 Hz. For instance, the 

protons, H-4 and H-5, of complex 4h appeared at 7.79 ppm and 7.07 ppm (J = 1.6 Hz), 

respectively, as shown in Figure 4.2. Similarly, in case of the free imine ligand 3h, the 

protons also resonate as the doublet signals at 7.33 ppm and 6.94 ppm (J = 0.8 Hz) 

The appearance of a cross-peak signal of complex 4h in a 1H-COSY spectrum 

indicated the correlation between these imidazole protons (Table 4.5). The outcome of 

this study was also supported by the NOEDIFF results. Inspection of the NOEDIFF 

spectrum revealed the presence of NOE contacts which allow us to define the spatial 

relationship between the ligand protons, H-4 and H-5, as well as between the imine 

and H-16 methylene protons (Figure 4.1). Moreover, the 1H NMR data was also used 

to confirm the coordination of complex 4h. The upfield shift of the characteristic 

singlet signal of the imine proton, H-6, with respect to the free ligand (coord free 

=0.8 ppm) was observed. 
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Figure 4.1. Double arrows show the NOE contacts in aldehyde 2 and complex 4h. 

 

 

 

Figure 4.2. 1H NMR spectra of (a) aldehyde 2; (b) ligand 3h and; (c) complex 4h. 
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Table 4.4. Observed correlations in the HMQC spectrum of 4h (CDCl3). 

 

Carbon C (ppm) H of correlated proton (ppm) 

C-2 147.9 - 

C-4 129.5 7.79 (d, J = 1.6 Hz, 1H, ArH) 

C-5 124.1 7.07 (d, J = 1.6 Hz, 1H, ArH) 

C-6 147.7 7.20 (s, 1H, N=CH) 

C-9 145.8 - 

C-8 129.7 - 

C-10 124.9 7.37 (d, J = 7.7 Hz, 2H, ArH) 

C-11 132.1 7.61 (t, J = 7.7 Hz, 1H, ArH) 

C-12 28.5 2.27 [sept, J = 7.0 Hz, 2H, (CH)2] 

C-13, C-14 24.31, 24.30 1.20 [d, J = 7.0 Hz, 6H, (CH3)2], 1.14 [d, J = 7.0 

Hz, 6H, (CH3)2]. 

C-15 67.0 - 

C-16 42.1 2.09 [m, 6H, (CH2)3] 

C-17 29.5 2.18 [m, 3H, (CH)3] 

C-18 35.5 1.70 [m, 6H, (CH2)3] 

 

Table 4.5. Observed correlations in the COSY-45 spectrum of 4h (CDCl3). 

 

H (ppm) H of correlated proton (ppm) 

7.79 (H-5) 7.07 (H-4) 

7.61 (H-11) 7.37 (H-10) 

2.27 (H-12) 1.20 (H-13), 1.14 (H-14) 

2.18 (H-17) 2.09 (H-16), 1.70 (H-18) 
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Table 4.6. Observed long-range C–H correlations in the HMBC spectrum of 4h 

(CDCl3). 

 

H (ppm) Carbon correlated withH (ppm) 

7.79 (H-4) 124.2 (C-5), 147.9 (C-2) 

7.61 (H-11) 145.8 (C-9), 124.9 (C-10) 

7.37 (H-10) 145.9 (C-9), 129.7 (C-8), 28.5 (C-12) 

7.20 (H-6) 147.9 (C-2), 67.0 (C-15), 42.1 (C-16) 

7.07 (H-5) 147.9 (C-2), 129.7 (C-8), 129.5 (C-4) 

2.27 (H-12) 145.8 (C-9), 124.9 (C-10), 129.7 (C-8), 24.31 (C-13), 

24.30 (C-14) 

2.18 (H-17) 42.1 (C-16) 

2.09 (H-16) 67.0 (C-15), 35.5 (C-18), 29.5 (C-17) 

1.20 (H-13), 1.14 (H-14) 145.8 (C-9), 28.5 (C-12), 24.3 (C-13+C-14) 

 

 

4.4 X-ray crystal structure 

To further confirm the structure of the Pd complexes, crystals suitable for 

X-ray diffraction studies of 4b and 4h were obtained by slow diffusion of hexane into 

a chloroform solution. As shown in Figure 4.3 and 4.4, the solid state of both 

palladium complexes revealed a distorted square planar geometry around Pd(II) center 

with the angle sum of approximately 360o. The imidazole-imine ligand coordinates to 

Pd(II) in a bidentate binding mode through imidazole and imine nitrogen atoms as 

expected. The closest C---C distances between isopropyl aryl substituents on 

imidazole and imine substituents (2,6-iPrC6H3 and 1-adamantyl) are 3.993(13) Å (for 

4b) and 5.117(8) Å (for 4h). The Pd–N1(imine) bond distances are slightly more than 

the expected range38–40 and about 0.1 Å longer than those of Pd–N2(imidazole).41 All 

Pd–Cl bond lengths are similar and in the range of 2.26–2.27 Å, indicating comparable 

trans influence of imidazole and imine ligands. The N1–Pd–N2 bite angles of 4b and 

4h are 80.00(13)o and 80.04(9)o, respectively. Based on crystal data, 1-adamantyl 

substituent appears to be more sterically hindered than 2,6-iPrC6H3, as evidenced by 
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the unusually long Pd–N1 bond, larger N1–Pd–Cl2 angle of 101.33(7)o for 4h [cf. 

95.04(10)o for 4b], and smaller Cl1–Pd–Cl2 angle of 88.45(3)o [cf. to 92.26(5)o for 

4b]. 

 

 
 

Figure 4.3. ORTEP diagram of 4b with 30% probability ellipsoids and partial labeling 

scheme. Hydrogen atoms and a molecule of CHCl3 are omitted for clarity.  
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Figure 4.4. ORTEP diagram of 4h with 30% probability ellipsoids and partial labeling 

scheme. Hydrogen atoms are omitted for clarity.  

 

Table 4.7. Selected bond lengths (Å) and bond angles (o) for 4b and 4h. 

 

 Bond length (Å)  Bond angle (o) 

4b 4h 4b 4h 

Pd–N1 2.073(3) 2.120(2) N1–Pd–N2 80.00(13) 80.04(9) 

Pd–N2 2.007(3) 2.002(2) Cl1–Pd–Cl2 92.26(5) 88.45(3) 

Pd–Cl1 2.273(1) 2.270(1) N1–Pd–Cl2 95.04(10) 101.33(7) 

Pd–Cl2 2.258(1) 2.272(1) N2–Pd–Cl1 92.71(9) 90.60(7) 
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4.5 Screening of the effect of ligands on the Suzuki–Miyaura cross-

coupling reaction 

 To evaluate the catalytic activity of 4a–4h for the palladium-catalyzed 

Suzuki–Miyaura cross-coupling, a reaction between phenylboronic acid and p-

bromoanisole was used as the model reaction at room temperature under aerobic 

conditions (Table 4.8). Interestingly, quantitative yields of the coupling product were 

obtained when catalysts 4b and 4d were used. Mercury poisoning experiment showed 

that Pd(0) nanoparticles (NPs) involved in catalytic cycle (see Section 4.9). On the 

basis of these findings, it is apparent that the -acid property of the phenyl-substituted 

imine ligands enhances the reaction rates, especially with ligands 4b and 4d (entries 2 

and 4). It is possible that the phenyl ring with iPr group and nitro group may prevent 

the Pd(0)NPs aggregations, presumably by steric and electrostatic stabilization, 

respectivelty.42 However, compared to 4b, palladium complexes of the more sterically 

hindered imine ligands 4g and 4h afforded only moderate product yields (entries 7 and 

8). Complexes 4e–4h which were prepared with the alkyl substituents tend to result in 

lower yields than those with the aromatic ones. Moreover, appropriated steric bulks at 

the imine moiety are crucial to achieve good catalytic activities, as very large 

substituents such as tert-butyl and 1-adamantyl only showed low activities, 

presumably due to the difficult binding to Pd(0)NPs that leads to the deactivation of 

palladium via aggregations. 
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Table 4.8. Ligand screening for the Suzuki–Miyaura cross-coupling reaction between 

p-bromoanisole and phenylboronic acid.a 

 

 

a Reaction condition: Pd catalyst (1.5 mol %), p-bromoanisole (0.5 mmol), phenylboronic acid (0.6 

mmol), K2CO3 (1.1 mmol), MeOH (2 mL), H2O (0.5 mL), rt, 24 h. All reactions were carried out in air. 
b The yield was determined by GC analysis using hexamethylbenzene as a calibrated internal standard. 

      

In comparison, the catalytic activity of palladium complexes containing 

the imidazole-imine ligands are superior to those with commercially available ligands 

including bipyridine (bipy), phenanthroline, BINAP, and in the absence of ligand 

(Table 4.9). 

 

 

 

Entry Complexes  R Yieldb (%) 

1 4a  91 

2 4b 
iPr

iPr

 
>99 

3 4c  82 

4 4d NO2  >99 

5 4e  88 

6 4f 
 

83 

7 4g 
 

73 

8 4h 
 

69 
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Table 4.9. Study the effect of commercially available ligands on the Suzuki–Miyaura 

cross-coupling reaction of p-bromoanisole with phenylboronic acid.a 

 

ligand

 

 

Entry Pd source Ligand Premixing time (min) Yieldb (%) 

1 - - - 0 

2 Pd(COD)Cl2 - - 31 

3 Pd(COD)Cl2 3b 15 49 

4 Pd(COD)Cl2 bipy 15 13 

5 Pd(COD)Cl2 phen 15 0 

6 Pd(COD)Cl2 BINAP 15 23 

 

 
 

a Reaction condition: Pd(COD)Cl2 (1.5 mol %), ligand (1.5 mol %), p-bromoanisole (0.5 mmol), 

phenylboronic acid (0.6 mmol), K2CO3 (1.1 mmol), MeOH (2 mL), H2O (0.5 mL), rt, 24 h (catalysts 

were generated in situ). All reactions were carried out in air. 
b The yield was determined by GC analysis using hexamethylbenzene as a calibrated internal 

standard. 
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4.6 Optimization of reaction condition on Suzuki–Miyaura cross-

coupling reaction 

After the catalytic activity of complex 4a–4h were tested, various catalyst 

loadings, effect of reaction time, solvent (THF, DMF, acetonitrile, toluene, 

chloroform, acetone, DMSO, methanol and water), concentration and effect of base 

was subsequently investigated.  

Despite the fact that both catalysts 4b and 4d exhibited similar catalytic 

properties, 4b was chosen as the control catalyst for determining optimal conditions 

for palladium-catalyzed cross-coupling reaction of p-bromoanisole with phenylboronic 

acid due to the more complicated preparation of 4d. The catalyst loading was initially 

examined. It was found that highly efficient catalysis could still be maintained even at 

catalyst loading as low as 0.15 mol %  with a TON up to 666 (highest TON of 12,000 

with 0.001 mol % catalyst loading) (Table 4.10). Complex 4b also exhibited higher 

efficiencies in terms of yields/TONs than the majority of those reported for the similar 

N,N-bidentate palladium catalysts with 4-MeOC6H4Br as a substrate. For example, the 

catalytic system consisting of Pd(OAc)2/hydrazone43 and  Pd(OAc)2/guadinine26 were 

reported to have TONs up to 44.5 and 180, respectively. Also, the procedure using 

pyridyl-triazole ligands resulted in a TON up to 180.44 Another pyridyl-triazole based 

catalytic system recently reported by Sangtrirutnugul and co-workers45 exhibited a 

comparable activity (yields up to 85% with 0.1 mol % catalyst loading and a TON up 

to 850). An additional experiment under ambient conditions was carried out by 

varying the reaction time. The quantitative yield of 4-methoxybiphenyl could be 

achieved with the shortest reaction time of 4 h (Table 4.11).  
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Table 4.10. Catalytic activity of complex 4b on the Suzuki–Miyaura cross-coupling 

reaction of p-bromoanisole with phenylboronic acid.a  

 

 

 

Entry n mol % Yieldb (%) TON 

1 0.0001 0 0 

2 0.001 12 12,000 

3 0.01 85 8500 

4 0.1 99 990 

5 0.15 >99 666 

6 0.2 >99 500 

7 0.3 >99 333 

8 0.4 >99 250 

9 0.75 >99 133 

10 1.5 >99 66 

11 3 >99 33 
a Reaction condition: p-bromoanisole (0.5 mmol), phenylboronic acid (0.6 mmol), K2CO3 (1.1 mmol), 

MeOH (2 mL), H2O (0.5 mL), rt, 24h.  

b The yield was determined by GC analysis using hexamethylbenzene as a calibrated internal standard. 
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Table 4.11. Investigation of reaction time on the Suzuki–Miyaura cross-coupling 

reaction of p-bromoanisole with phenylboronic acid.a 

 

 

 

a Reaction condition: 4b (0.15 mol %), p-bromoanisole (0.5 mmol), phenylboronic acid (0.6 mmol), 

K2CO3 (1.1 mmol), MeOH (2 mL), H2O (0.5 mL), rt. 

 b The yield was determined  by GC analysis using hexamethylbenzene as a calibrated internal standard. 

 

The effect of solvent was also studied. The result in Table 4.12 showed 

that aprotic solvents such as THF, DMF, acetonitrile, toluene, chloroform, acetone, 

and DMSO afforded low product yields in the range of 2–27%. On contrary, higher 

coupling product yields were obtained in methanol. Interestingly, although the 

coupling reaction in H2O resulted in a low product yield, a small percentage of water 

in methanol has a beneficial effect on the reaction rate as found with other catalytic 

systems (Table 4.12 and 4.13).46–48 It was found that a 4:1 mixture of CH3OH:H2O at 

the p-bromoanisole concentration of 0.2 M provided the biaryl product in a 

quantitative yield. This might be a result of good stabilization and dispersion of Pd 

nanoparticles that could be explained by coordination bonds between the metal ions 

and hydroxyl group of methanol. It was reported that ionized OH group can act as a 

stabilizer for the size distributions in which the metal ion are dispersed in the methanol 

matrix.49, 50 Additionally, the enhanced catalytic activity in the presence of water could 

be explained by the effect of water on the acceleration of Pd reduction which was 

Entry Time (h) Yieldb (%) 

1 24 >99 

2 16 >99 

3 8 >99 

4 4 >99 

5 2 79 

6 1 60 
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studied by Hii and co-workers.51 The authors suggested that the reduction of 

palladium(II) acetate is accelerated by water, which can exchange with acetate anion 

to generate the Pd(II) hydroxide species. The Pd(II) hydroxide undergoes 

transmetalation with ArB(OH)2 to form Ar–Pd–Ar adduct, followed by the 

regeneration of Pd(0) (Scheme 4.3). On the other hand, a small amount of water 

presumably increases the solubility of the inorganic base used in the Suzuki–Miyaura 

cross-coupling reaction.   

  

 

 

Scheme 4.3. Water effect on the reduction of palladium acetate to Pd(0).51  
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Table 4.12. Screening of solvents for the Suzuki–Miyaura cross-coupling reaction of 

p-bromoanisole with phenylboronic acid.a 

 

 

a Reaction condition: 4b (0.15 mol %), p-bromoanisole (0.5 mmol), phenylboronic acid (0.6 mmol), 

K2CO3 (1.1 mmol), solvent (2.5 mL), rt, 4 h. 

b The yield was determined  by GC analysis using hexamethylbenzene as a calibrated internal standard. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Entry Solvent Yieldb (%) 

1 THF 18 

2 DMF 2 

3 CH3CN 4 

4 toluene 27 

5 CHCl3 24 

6 acetone 12 

7 DMSO 0 

8 MeOH 71 

9 H2O 6 



Fac. of Grad. Studies, Mahidol Univ.                                                      Ph.D. (Inorganic Chemistry) / 31 
   

Table 4.13. Effect of mixed MeOH and H2O in various ratios on the Suzuki–Miyaura 

cross-coupling reaction of p-bromoanisole with phenylboronic acid.a 

 

 

a Reaction condition: 4b (0.15 mol %), p-bromoanisole (0.5 mmol), phenylboronic acid (0.6 mmol), 

K2CO3 (1.1 mmol), rt, 4 h.  

b The yield was determined by GC analysis using hexamethylbenzene as a calibrated internal standard. 

 

   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Entry MeOH (ml) H2O (ml) Concentration (M) Yieldb (%) 

1 2.5 0 0.2 71 

2 2.0 0.5 0.2 >99 

3 1.5 1.0 0.2 57 

4 1.0 1.5 0.2 28 

5 0.5 2.0 0.2 15 

6 0 2.5 0.2 6 

7 0.5 0.125 0.8 67 

8 1 0.25 0.4 77 

9 4 1 0.1 78 

10 8 2 0.05 60 
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Table 4.14. Screening of bases for the Suzuki–Miyaura cross-coupling reaction 

between p-bromoanisole and phenylboronic acid.a 

 

 

 

Entry Base Yieldb (%) Entry Base Yieldb (%) 

1 LiOH 89 8 K3PO4 76 

2 NaOH 23 9 KF 21 

3 KOH 82 10 KI 0 

4 CsOH 95 11 KOMe 55 

5 Na2CO3 82 12 KOtBu 96 

6 K2CO3 >99 13 NEt3 48 

7 Cs2CO3 91 14 - 0 
a Reaction condition: 4b (0.15 mol %), p-bromoanisole (0.5 mmol), phenylboronic acid (0.6 mmol), 

K2CO3 (1.1 mmol), MeOH (2 mL), H2O (0.5 mL), rt, 4 h.  

b The yield was determined by GC analysis using hexamethylbenzene as a calibrated internal standard. 
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Scheme 4.4. pKa value of common bases.52 

 

 Next, in order to determine which base offered the best result of the 

coupling reaction under the optimized conditions: 0.15 mol % of 4b in the 4:1 

CH3OH:H2O solvent, the various bases were screened. As a result, p-bromoanisole 

was successfully coupled with phenylboronic acid in the highest product yield when 

K2CO3 was used as a base (Table 4.14). The data showed that the product yield was 

not dependent on the pKa of bases52 (Scheme 4.4). For examples, the coupling product 

yield of 96% obtained by using KOtBu as base is comparable to the yield afforded by 

using K2CO3 (>99%) (Table 4.14, entries 6 and 12), although the pKa of carbonate base 

(pKa = 10) is lower than that of tert-butoxide (pKa = 17). When comparing the 

reactions in the presence of the hydroxide base (pKa = 15.7) with that of the carbonate 

base (pKa = 10), the similar trend of the experimental result was expected. In contrast, 

the reaction using KOH gave 82% yield whereas the other afforded the quantitative 

yield (Table 4.14, entries 3 and 6). 

 Recently, Amatore, Jutand and Le Duc studied the effects of anionic bases 

(OH- and CO3
2-) and their countercations (Na+, Cs+, K+) on the Pd-catalyzed Suzuki–

Miyaura cross-coupling reaction.53 They revealed that the countercations kinetically 
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involved in the deceleration of the transmetalation step. A complexation of cation (M+) 

with the OH group in [Ar(PPh3)2Pd–OH] to form Pd-M+ species could account for the 

decelerating result, as shown in Scheme 4.5. This complexation would thus be 

competing with the transmetalation of [Ar(PPh3)2Pd–OH] by ArB(OH)2. Therefore, 

higher the affinity of the cation for [Ar(PPh3)2Pd–OH], slower the transmetalation 

reaction. Base on the kinetic data, the affinity of the cations for the OH group of 

[Ar(PPh3)2Pd–OH] decreases in the order of Na+ > Cs+ > K+. The authors mentioned 

that the experimental decelerating effect of the cation Cs+ on the kinetic of the 

transmetalation (Na+ > Cs+ > K+) was found to be inverted with respect to the expected 

one based on its ionic radius (Na+ > K+ > Cs+). No simple explanation of this trend is 

available. Furthermore, the CO3
2- anion can produce the OH- in the presence of water 

traces. Hydroxide anions that are generated from carbonate anion can accelerate 

transmetalation due to the high concentration of [Ar(PPh3)2Pd–OH], and promote the 

reductive elimination in the catalytic cycle54 (see Section 1.2 for additional details). 

This could be a reason why K2CO3 performed the best catalytic activity and gave the 

highest yield in the Suzuki–Miyaura cross-coupling reaction studied in this thesis.   

Although the reaction required water to generated OH- anions, the poor 

result was obtained when the amount of water increased (Table 4.13). The low 

solubility of organic substrates in water could be a possible reason. Therefore, there is 

a restriction on the amount of water added in the reaction in order to obtain the 

quantitative yield.  
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Scheme 4.5. Competitive complexation/transmetalation in the presence of cation M+.53  

 

 

4.7 Study of substrate scope for the Suzuki–Miyaura cross-coupling 

reaction between aryl halides and phenylboronic acid 

 Under the optimized reaction conditions, a wide variety of aryl halide 

substrates were highly reactive, generally giving the desired coupling products in 

quantitative yields (Table 4.15). The substrate scope was found to be remarkably 

broad, as the reaction tolerated both electron-donating and electron-withdrawing 

substituents affording good to excellent yields. For example, with the exception of 

ortho-methoxy substituent, the electron-donating methoxy groups at meta and para 

positions gave the corresponding coupling products in quantitative yields (entries 2–

5). Most aryl halides with an electron-withdrawing substituent resulted in excellent 

product yields i.e., more than 90% (entries 7–12), except for para-fluoro (65%), 

hydroxyl (84%), and phenyl (86%) groups (entries 13–15). When heterocyclic halides 

were used as substrates, moderate yields of the coupling products were obtained 

(entries 16–18), presumably due to nitrogen coordination and subsequent inactivation 

of the palladium catalyst. Based on the results thus far, no significant effect on product 

yields was observed from varying aryl bromide substrates, suggesting relatively fast 

oxidative addition. Moreover, no reaction was observed when p-chloroanisole was 

used as a substrate (entry 6). 
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Table 4.15. Study of substrate scope for the Suzuki–Miyaura cross-coupling reaction 

between aryl halides and phenylboronic acid.a 

 

 
 

a Reaction condition: 4b (0.15 mol %), aryl halide (0.5 mmol), phenylboronic acid (0.6 mmol), K2CO3 

(1.1 mmol), MeOH (2 mL), H2O (0.5 mL), rt, 24 h. All reactions were carried out in air.  
b Isolated yield. 
c GC yield.  
d No reaction was detected by TLC/GCMS 
e 1.5 mol % of 4b. 

Entry                            ArX Product Yieldb (%) 

1 
                           

5a 95 

2 
          

5b >99c 

 

3 
                 

5c >99 

4   

                        

5d 68 

5 
      

IMeO
 

5b 95c 

6 
        

5b 0d 

7 
         

5e 92 

8 
         

5f >99 

9 
    

BrMeOC
 

5g >99 
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Table 4.15 (cont.). Study of substrate scope for the Suzuki–Miyaura cross-coupling 

reaction between aryl halides and phenylboronic acid.a  

 

 
 

a Reaction condition: 4b (0.15 mol %), aryl halide (0.5 mmol), phenylboronic acid (0.6 mmol), K2CO3 

(1.1 mmol), MeOH (2 mL), H2O (0.5 mL), rt, 24 h. All reactions were carried out in air.  
b Isolated yield. 
c GC yield.  
d No reaction was detected by TLC/GCMS 
e 1.5 mol % of 4b. 

Entry                          ArX Product Yieldb (%) 

10 
     

5h 91 

11 
 

BrMeO2C
 

5i 97 

12 
          

BrNC
 

5j 98 

13 
               

5k 65 

14 
         

BrHO
 

5l 84 

15 
   

5m 86 

16 
                          

5n 60e 

17 
             

5o 41e 

18 
                        

5p 45e 
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4.8 Study of substrate scope for the Suzuki–Miyaura cross-coupling 

reaction between aryl halides and arylboronic acids 

  In Table 4.16, C–C coupling between the electron-rich 4-methoxyphenyl-

boronic acid and bromobenzene gave products in high yields (entries 1–3). However, 

the yields decreased with the electron-withdrawing 4-acetylphenylboronic acid 

substrate (entries 4 and 5). Furthermore, an electron-deficient acetyl substituent on 

aryl bromide afforded an increase in product yields, from 80% to 90% (entries 1 and 

6). It seems that although electronic properties of aryl halides do not significantly 

affect the reaction rates, the presence of electron-withdrawing substituent on 

phenylboronic acid apparently decreases product yields. One possible reason is that 

electron-deficient arylboronic acids are less nucleophilic and, as a consequence, 

transmetalate slower than electron-neutral/rich analogues.55 A drop of the coupling 

product yield observed when the poorly nucleophilic arylboronic acids were used 

indicated that the transmetalation might be the rate determining step in this Suzuki–

Miyaura cross-coupling reaction.    
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Table 4.16. Study of substrate scope for the Suzuki–Miyaura cross-coupling reaction 

between aryl halides and arylboronic acids.a 

 

 
 

Entry              ArX      ArB(OH)2 Product Yieldb (%) 

1 
                   

Br
   

B(OH)2MeO
 

5b 80 

2 
                 

          

5c 75 

3 
                

Br
 

                 
B(OH)2

OMe

 

5d 85c 

4 
                

Br
 

2

3  
5g 64c 

5 
    

5q 68c 

6 
   

2
 

5q 90c 

a Reaction condition: 4b (0.15 mol %), aryl halide (0.5 mmol), arylboronic acid (0.6 mmol), K2CO3 (1.1 

mmol), MeOH (2 mL), H2O (0.5 mL), rt, 24 h. All reactions were carried out in air.  
b Isolated yield. 
c 1.5 mol % of 4b. 
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4.9 Mercury poisoning test 

It should be noted that, formation of palladium black was not observed 

with catalyst 4b during the course of the reactions. However, to elucidate whether 

Pd(0) nanoparticles are involved in the reaction, mercury poisoning test with 4b was 

also carried out. A coupling reaction between p-bromoanisole and PhB(OH)2 in the 

presence of excess Hg (Hg:Pd = 400:1) under the reaction conditions described for 

entry 2 (Table 4.15) showed a decrease of product yield (down to 33%). The drop in 

the coupling product yield implies that the cross-coupling reactions were catalyzed, to 

some extent, by heterogeneous Pd(0) nanoparticles.14, 15 Pd(0) that is obtained from 

Pd(II) reduction might first dissociate from the ligand followed by the Pd aggregration 

to form the Pd(0) nanoparticles. The ligands consequently coordinate to stabilize the 

Pd(0) nanoparticles and prevent the catalyst aggregation (see Section 4.5 for additional 

details). Furthermore, a previous study on the catalytic active of Pd(0) species in the 

Suzuku–Miyaura cross-coupling reaction has shown that O2 can prevent Pd(0) 

nanoparticle aggregation (Figure 4.5),51 probably by inhibiting the formation of Pd–Pd 

bond through the reoxidation of some palladium species.56 This could be a reason why 

this catalytic system can be operated in air.  

 

 
  

Figure 4.5. Process of catalyst activation and deactivation by aggregation.51 
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CHAPTER V 

CONCLUSION 

 

 

 In summary, a new class of palladium complexes (4a–4h) was prepared by 

the reaction between Pd(COD)Cl2 and corresponding imidazole-imine ligands. 

Complexes (4a–4h) were characterized by 1H, 13C NMR spectroscopy, HRMS and 

elemental analysis. According to X-ray crystallographic studies, 4b and 4h revealed 

the similar square planar structure using the N donor of the imidazole ring and imine 

moieties to coordinate to the Pd metal.  

 The palladium complexes 4b and 4d were found to be effective catalysts 

for the Suzuki–Miyaura cross-coupling reaction. Complex 4b was chosen as the 

controlled catalyst for the cross-coupling reaction of aryl halides and arylboronic acid 

because of the complicated preparation of 4d. An efficient protocol for the aerobic Pd-

catalyzed Suzuki–Miyaura cross-coupling reaction was successfully developed by 

using K2CO3 (2.2 equiv) as a base in the presence of MeOH (2 mL) and H2O (0.5 mL) 

as a solvent at room temperature under air atmosphere for 4 h (for 0.5 mmol scale of 

aryl halide substrates). It was found that the coupling product yield was not affected 

by the pKa of bases. The use of imidazole-imine supporting ligands offers substantial 

improvements including air-stability and catalytic efficiency. Given that high product 

yields could be achieved for a wide range of substrates with the catalyst loading as low 

as 0.15 mol % under mild reaction conditions in air. Under optimized reaction 

conditions, coupling products from a wide range of aryl halides and arylboronic acids 

were obtained in excellent yields.  

 Mercury poisoning test suggested that the Suzuki–Miyaura cross-coupling 

reaction was catalyzed, to some extent, by Pd(0) NPs. Furthermore, the role of O2 for 

preventing Pd(0) NPs aggregation through the reoxidation of some palladium species 

was proposed to support a reason why this reaction can be performed in air. 
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CHAPTER VI 

EXPERIMENTAL SECTION 

 

 

6.1 General methods  

All reagents were purchased from commercial sources (Aldrich, Merck 

and Fluka) and used without further purification. n-BuLi was titrated with 

diphenylacetic acid to confirm the correct concentration. DMF was distilled from 

CaH2, stored over 4 Å molecular sieves, and handled under argon atmosphere. Thin 

layer chromatography (TLC) was purchased on Merck siliga gel 60 F254 aluminium 

sheets. Column chromatography was performed using Merck silica gel 60 (70–230 

mesh.). NMR spectra were recorded on a Bruker DPX-300 (300 MHz) and Bruker 

AscendTM 400 (400 MHz) spectrometer. The chemical shifts (δ) for 1H are given in 

ppm and referenced to the residual proton signal of the deuterated solvent. The 

chemical shifts (δ) for 13C are referenced relative to the signal from the carbon of the 

deuterated solvent. The high resolution mass spectra were recorded on HR-TOF-MS 

Micromass model VQ-TOF2 spectrometer. The elemental analyses were performed by 

Perkin Elmer Elemental Analyzer 2400 CHN. Gas chromatography analysis was 

performed on Agilent Technologies 6890N with FID detector and HP-1 capillary 

column (polymethylsiloxane, 25 m, 0.32 mm, 0.17 m film thickness). Gas 

chromatography-mass analysis was performed on Agilent Technologies 7890A with 

5975C inert XL MSD with Triple-Axis detector and HP-5 capillary column 

(polydimethylsiloxane with 5% phenyl group, 20 m, 0.25 mm, 0.25 m film thickness) 

using helium as a carrier gas. 
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6.2 Synthesis of 1-(2,6-diisopropylphenyl)-1H-imidazole-2-carboxal-

dehyde 

 

6.2.1 Synthesis of 1-(2,6-diisopropylphenyl)-1H-imidazole (1) 

 

 
                   1 

 

In a 100 mL round-bottomed flask equipped with a magnetic stir bar was 

charged with 2,6-diisopropylaniline (3.5 g, 20 mmol, 1.0 equiv) in MeOH (20 mL). 

The solution of glyoxal dihydrat (1.16 g, 20 mmol, 1.0 equiv) in water (3.3 mL) was 

added to the reaction flask. After stirring at room temperature for 16 h, a yellowish 

mixture was formed. NH4Cl (2.14 g, 40 mmol, 2.0 equiv) and 37% aq formaldehyde 

(3.2 mL, 40 mmol, 2.0 equiv) was subsequently added. The mixture was diluted with 

MeOH (80 mL) and the resulting mixture was refluxed for 1 h. The reaction was 

allowed to cool to room temperature. 85% aq H3PO4 (2.8 mL) was carefully added to 

reaction flask. The resulting mixture was stirred at refluxing temperature for 16 h. 

After removal of the solvent, the brown residue was poured onto ice (30 g) and 

neutralized with 40% aq KOH solution until the pH 9. The mixture was extracted with 

ether (3 × 20 mL). The combined organic phase was washed with water (2 × 20 mL), 

brine (1 × 20 mL) and dried over Na2SO4. The solvent was removed under reduced 

pressure. The crude product was purified by column chromatography (SiO2,ethyl 

acetate) and recrystallized by using MeOH and water to afford product 1 (1.59 g, 35%) 

as a white solid. The NMR spectra of 1 agree with the literature data.35  

 

 



Jadsada Ratniyom                                                                                              Experimental Section / 44 
 
 

 

1 

 

1H NMR (300 MHz, CDCl3):  7.48 (s, 1H, ArH), 7.46 (t, J = 7.9 Hz, 1H, ArH), 7.28 

(s, 1H, ArH), 7.27 (d, J = 7.4 Hz, 2H, ArH), 6.96 (s, 1H, ArH), 2.41 (sept, J = 6.9 Hz, 

2H, CH), 1.15 [d, J = 6.9 Hz, 12H, (CH3)4]. 

13C NMR (75 MHz, CDCl3):  146.5 (2 × C), 138.5 (CH), 132.8 (C), 129.8 (CH), 

129.3 (CH), 123.7 (2 × CH), 121.5 (CH), 28.1 (2 × CH), 24.4 (2 × CH3), 24.3 (2 × 

CH3).  

HRMS (ESI): calcd. for C15H21N2 [M+ + H] 229.1705; found: 229.1727.  

Anal. Calcd. for C15H20N2: C, 78.90; H, 8.83; N, 12.27. Found: C, 79.91; H, 9.38; N, 

12.30. 

 

6.2.2 Synthesis of 1-(2,6-diisopropylphenyl)-1H-imidazole-2-carboxal-

dehyde (2) 

 

 
                           1                                       2 

 

In a 100 mL round-bottomed flask equipped with a magnetic stir bar was 

charged with 1-(2,6-diisopropylphenyl)-1H-imidazole (855 mg, 3.74 mmol, 1.0 

equiv), closed with three-way, evacuated and backfilled with argon (this procedure 

was repeated three times). Dry THF (20 mL) was added via syringe. Then n-BuLi 

(1.17 M in hexane, 3.9 mL, 4.48 mmol, 1.2 equiv) was slowly added at –30 oC. The 

reaction mixture was allowed to warm to room temperature and stirred for 3 h. The 

color of solution changed from yellow to brown. Dry DMF (0.45 mL, 5.61 mmol, 1.5 
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equiv) was added under argon atmosphere and continually stirred for 16 h. The 

saturated NH4Cl solution was added to reaction flask and poured into the separatory 

funnel. The aqueous phase was extracted with CH2Cl2 (3 × 10 mL), washed with brine 

(1 × 10 mL) and dried over Na2SO4. The combined organic phase was concentrated 

under vacuum. The crude product was purified by column chromatography (SiO2, 

CH2Cl2) to afford the pure product 2 (955 mg, 99%) as a white solid.  

 

1

34

6

7
8

9

5

10

11

12

N

N

iPr

CHO

H

H
2

13

 

2 

 

1H NMR (400 MHz, CDCl3):  9.80 (s, 1H, CHO), 7.51 (s, 1H, ArH), 7.49 (t, J = 7.7 

Hz, 1H, ArH), 7.28 (d, J = 7.7 Hz, 2H, ArH), 7.11 (br s, 1H, ArH), 2.21 [sept, J = 6.8 

Hz, 2H, (CH)2], 1.12 [d, J = 6.8 Hz, 6H, (CH3)2], 1.08 [d, J = 6.8 Hz, 6H, (CH3)2].  

13C NMR (75 MHz, CDCl3):  180.2 (CH), 145.1 (2 × C), 144.6 (C), 132.5 (C), 132.0 

(CH), 130.0 (CH), 127.4 (CH), 123.9 (2 × CH), 28.3 (2 × CH), 24.6 (2 × CH3), 23.3 (2 

× CH3).  

HRMS (ESI): calcd. for C16H21N2O [M+ + H] 257.1654; found: 257.1631. 

Anal. Calcd. for C16H20N2O: C, 74.97; H, 7.86; N, 10.93. Found: C, 75.88; H, 8.20; N, 

11.04. 

 

 

 

 

 

 

 

 



Jadsada Ratniyom                                                                                              Experimental Section / 46 
 
 

Table 6.1. Observed correlations in the HMQC spectrum of 2 (CDCl3). 

 

Carbon C (ppm) H of correlated proton (ppm) 

C-2 144.6 - 

C-4 132.0 7.51 (s, 1H, ArH) 

C-5 127.4 7.11 (br s, 1H, ArH) 

C-6 180.2 9.80 (s, 1H, CHO) 

C-7 132.5 - 

C-8 145.1 - 

C-9 123.9 7.28 (d, J = 7.7 Hz, 2H, ArH) 

C-10 130.0 7.49 (t, J = 7.7 Hz, 1H, ArH) 

C-11 28.3 2.21 [sept, J = 6.8 Hz, 2H, (CH)2] 

C-12, C-13 24.6, 23.3 1.12 [d, J = 6.8 Hz, 6H, (CH3)2], 

1.08 [d, J = 6.8 Hz, 6H, (CH3)2] 

 

Table 6.2. Observed correlations in the COSY-45 spectrum of 2 (CDCl3). 

 

H (ppm) H of correlated proton (ppm) 

7.49 (H-10) 7.28 (H-9) 

2.21 (H-11) 1.12 (H-12), 1.08 (H-13) 
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Table 6.3. Observed long-range C–H correlations in the HMBC spectrum of 2 

(CDCl3). 

 

H (ppm) Carbon correlated withH (ppm) 

9.80 (H-6) 144.6 (C-2) 

7.51 (H-4) 144.6 (C-2), 127.4 (C-5) 

7.49 (H-10) 145.1 (C-8), 123.9 (C-9) 

7.28 (H-9) 145.1 (C-8), 132.5 (C-7) 

7.11 (H-5) 144.6 (C-2), 132.5 (C-7), 132.0 (C-4) 

2.21 (H-11) 145.1 (C-8), 132.5 (C-7), 123.9 (C-9), 

24.6 (C-12), 23.3 (C-13) 

1.12 (H-12), 1.08 (H-13) 28.3 (C-11), 145.1 (C-8) 

 
NOE data of compound 2 

 

1
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6.3 Synthesis of Pd(COD)Cl2 

 

 
 

In a 100 mL round-bottomed flask equipped with a magnetic stir bar was 

charged with PdCl2 (1.0 g, 5.64 mmol, 1.0 equiv) in MeOH (30 mL). Cyclooctadiene 

(2.1 mL, 16.92 mmol, 3.0 equiv) was added with a syringe, capped with a stopper, and 

stirred for 4 days at room temperature. The color of the suspension changed from red 

to yellow. The yellow solid was collected on a glass-frit, washed with methanol, and 

dried under vacuum to afford the Pd(COD)Cl2 (140.7 mg, 87%) as yellow powder. 

The NMR spectra of Pd(COD)Cl2 agree with the literature data.36 

1H NMR (400 MHz, CDCl3):  6.34 [s, 4H, (CH)4], 2.99–2.90 [m, 4H, (CH2)2], 2.60–

2.56 [m, 4H, (CH2)2].  

13C NMR (100 MHz, CDCl3):  116.7 (4 × CH), 31.0 (4 × CH2). 

Anal. Calcd. for C8H12Cl2Pd: C, 33.65; H, 4.24. Found: C, 33.58; H, 4.17. 

 

 

6.4 General procedure for the preparation of palladium complexes 

(4a–h) 

In a 50 mL round-bottomed flask equipped with a magnetic stir bar and a 

reflux condenser was charged with 1-(2,6-diisopropylphenyl)-1H-imidazole-2-

carboxaldehyde (1.0 equiv) and the corresponding primary amine (1.0 equiv). Then, 

MeOH (6 mL) was added into the reaction vial. The reaction mixture was refluxed for 

16 h and concentrated under reduced pressure to afford the target imine ligand (the 

imine ligand was used in the next step without further purification). (Note: If the 

starting material is p-nitroaniline, a Dean-Stark trap will be used and the reaction 

mixture will be refluxed for 48 h) In a 10 mL vial equipped with magnetic stir bar was 

charged with Pd(COD)Cl2 (1.0 equiv) and the corresponding imine ligand (1.0 equiv) 

under air condition. Chloroform (0.05 M) was added as solvent into the reaction vial. 

The resulting red-orange solution was stirred at room temperature for 1 h. The solvent 
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was evaporated. The crude product was recrystallized three times by using chloroform 

and hexanes to give pure palladium complexes. 

 

 
 

Scheme 6.1. Synthesis of palladium complexes (4a–4h). 

 

 6.4.1 Synthesis of palladium complex (4a)  

(1-(2,6-Diisopropylphenyl)-1H-imidazol-2-yl)methylene)aniline ligand 

was prepared from 2 (76.9 mg, 0.3 mmol, 1.0 equiv) and aniline (27.4 L, 0.3 mmol, 

1.0 equiv) in MeOH (6 mL, 0.05 M). The crude imine ligand was reacted with 

Pd(COD)Cl2 (86.2 mg, 0.3 mmol, 1.0 equiv) in chloroform (6 mL, 0.05 M) following 

the General procedure for the preparation of palladium complexes to afford complex 

4a as a red crystalline (124 mg, 81%).  
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4a 

 

1H NMR (400 MHz, CDCl3):  7.84 (d, J = 1.4 Hz, 1H, ArH), 7.59 (t, J = 8.0 Hz, 1H, 

ArH), 7.49 (s, 1H, N=CH), 7.40–7.36 (m, 5H, ArH), 7.30–7.27 (m, 2H, ArH), 7.25 (d, 

J = 1.4 Hz, 1H, ArH), 2.35 [sept, J = 6.9 Hz, 2H, (CH)2], 1.21 [d, J = 6.9 Hz, 6H, 

(CH3)2], 1.19 [d, J = 6.9 Hz, 6H, (CH3)2].  

13C NMR (75 MHz, CDCl3):  151.5 (CH), 147.5 (C), 146.7 (C), 145.8 (2 × C), 132.2 

(CH), 130.3 (CH), 129.6 (C), 129.5 (CH), 128.7 (2 × CH), 126.0 (CH), 124.9 (2 × 

CH), 123.7 (2 × CH), 28.6 (2 × CH), 24.6 (2 × CH3), 24.2 (2 × CH3).  

HRMS (ESI): calcd. for C22H25Cl2N3PdNa [M+ + Na] 532.0351; found: 532.0352.  

Anal. Calcd. for C22H25Cl2N3Pd: C, 51.94; H, 4.95; N, 8.26. Found: C, 49.95; H, 5.02; 

N, 7.72. 

 

6.4.2 Synthesis of palladium complex (4b)  

(1-(2,6-Diisopropylphenyl)-1H-imidazol-2-yl)methylene)-2,6-diisopropy-

laniline ligand was prepared from 2 (76.9 mg, 0.3 mmol, 1.0 equiv) and 2,6-

diisopropylamine (56.6 L, 0.3 mmol, 1.0 equiv) in MeOH (6 mL, 0.05 M). The crude 

imine ligand was reacted with Pd(COD)Cl2 (86.2 mg, 0.3 mmol, 1.0 equiv) in chloro-

form (6 mL, 0.05 M) following the General procedure for the preparation of palladium 

complexes to afford complex 4b as a red crystalline (127 mg, 71%). 
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N

N N

Pd
Cl Cl

 

4b 

 

1H NMR (300 MHz, CDCl3):  7.88 (d, J = 1.2 Hz, 1H, ArH), 7.57 (t, J = 7.9 Hz, 1H, 

ArH), 7.47 (s, 1H, N=CH), 7.35–7.26 (m, 3H, ArH), 7.14 (d, J = 7.9 Hz, 2H, ArH), 

3.27 [sept, J = 6.9 Hz, 2H, (CH)2], 2.34 [sept, J = 6.7 Hz, 2H, (CH)2], 1.42 [d, J = 6.9 

Hz, 6H, (CH3)2], 1.21 [d, J = 6.7 Hz, 6H, (CH3)2], 1.18 [d, J = 6.7 Hz, 6H, (CH3)2], 

1.06 [d, J = 6.9 Hz, 6H, (CH3)2].  

13C NMR (75 MHz, CDCl3):  207.0 (C), 153.8 (CH), 146.8 (C), 145.7 (2 × C), 142.6 

(C), 140.6 (2 × C), 132.3 (CH), 130.3 (CH), 129.6 (C), 128.9 (CH), 126.3 (CH), 124.8 

(3 × CH), 123.3 (3 × CH), 28.7 (CH), 24.7 (2 × CH3), 24.2 (2 × CH3), 23.8 (2 × CH3), 

23.2 (2 × CH3).  

HRMS (ESI): calcd. for C28H37Cl2N3PdNa [M+ + Na] 616.1291; found: 616.1291.  

Anal. Calcd. for C28H37Cl2N3Pd: C, 56.72; H, 6.29; N, 7.09. Found: C, 56.85; H, 6.74; 

N, 7.15.                

 

6.4.3 Synthesis of palladium complex (4c) 

(1-(2,6-Diisopropylphenyl)-1H-imidazol-2-yl)methylene)-4-methoxyani-

line ligand was prepared from 2 (76.9 mg, 0.3 mmol, 1.0 equiv) and p-anisidine (36.9 

mg, 0.3 mmol, 1.0 equiv) in MeOH (6 mL, 0.05 M). The crude imine ligand was 

reacted with Pd(COD)Cl2 (86.2 mg, 0.3 mmol, 1.0 equiv) in chloroform (6 mL, 0.05 

M) following the General procedure for the preparation of palladium complexes to 

afford complex 4c as a red crystalline (124 mg, 77%).  
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4c 

 

1H NMR (300 MHz, CDCl3):  7.82 (d, J = 1.3 Hz, 1H, ArH), 7.60 (t, J = 7.8 Hz, 1H, 

ArH), 7.41 (s, 1H, N=CH), 7.37 (d, J = 7.8 Hz, 2H, ArH), 7.29–7.26 (m, 2H, ArH), 

7.22 (d, J = 1.3 Hz, 1H, ArH), 6.87 (d, J = 9.0 Hz, 2H, ArH), 3.81 (s, 3H, OCH3), 2.35 

[sept, J = 6.9 Hz, 2H, (CH)2], 1.21 [d, J = 6.9 Hz, 6H, (CH3)2], 1.18 [d, J = 6.9 Hz, 6H, 

(CH3)2].  

13C NMR (75 MHz, CDCl3):  160.7 (C), 149.7 (CH), 147.7 (C), 145.8 (2 × C), 140.0 

(C), 132.1 (CH), 130.0 (CH), 129.7 (C), 125.5 (CH), 125.3 (2 × CH), 124.9 (2 × CH), 

113.8 (2 × CH), 55.6 (CH3), 28.6 (2 × CH), 24.5 (2 × CH3), 24.2 (2 × CH3). 

HRMS (ESI): calcd. for C23H27Cl2N3OPdNa [M+ + Na] 562.0457; found: 562.0457.  

Anal. Calcd. for C23H27Cl2N3OPd: C, 51.27; H, 5.05; N, 7.80. Found: C, 50.62; H, 

5.12; N, 7.45. 

 

6.4.4 Synthesis of palladium complex (4d) 

(1-(2,6-Diisopropylphenyl)-1H-imidazol-2-yl)methylene)-4-nitroaniline 

ligand was prepared from 2 (76.9 mg, 0.3 mmol, 1.0 equiv) and p-nitroaniline (41.4 

mg, 0.3 mmol, 1.0 equiv) in MeOH (6 mL, 0.05 M). The crude imine ligand was 

reacted with Pd(COD)Cl2 (86.2 mg, 0.3 mmol, 1.0 equiv) in chloroform (6 mL, 0.05 

M) following the General procedure for the preparation of palladium complexes to 

afford complex 4d as a orange solid (110 mg, 66%).  
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2

 

4d 

 

1H NMR (300 MHz, CDCl3):  8.21 (d, J = 9.0 Hz, 2H, ArH), 7.85 (d, J = 1.2 Hz, 1H, 

N=CH), 7.62-7.57 (m, 2H, ArH), 7.49 (d, J = 9.0 Hz, 2H, ArH), 7.37 (d, J = 7.8 Hz, 

2H, ArH), 2.41 [sept, J = 6.8 Hz, 2H (CH)2], 1.22–1.18 [m, 12H, CH3)4].  

13C NMR (75 MHz, CDCl3):  153.1 (CH), 150.9 (C), 147.6 (C), 147.3 (C), 146.0 (C), 

132.3 (CH), 130.9 (CH), 129.9 (C), 129.6 (C), 126.9 (CH), 125.1 (2 × CH), 125.0 (2 × 

CH), 124.1 (2 × CH), 28.6 (2 × CH), 24.8 (2 × CH3), 24.3 (2 × CH3).  

HRMS (ESI): calcd. for C22H24Cl2N4O2PdNa [M+ + Na] 577.0202; found: 577.0202.  

Anal. Calcd. for C22H24Cl2N4O2Pd: C, 47.72; H, 4.37; N, 10.12. Found: C, 46.83; H, 

4.40; N, 9.46. 

 

6.4.5 Synthesis of palladium complex (4e) 

 (1-(2,6-Diisopropylphenyl)-1H-imidazol-2-yl)methylene)methylamine 

ligand was prepared from 2 (64 mg, 0.25 mmol, 1.0 equiv) and 40% w/w methylamine 

solution(22 L, 0.25 mmol, 1.0 equiv) in MeOH (4 mL, 0.05 M). The crude imine 

ligand was reacted with Pd(COD)Cl2 (71.8 mg, 0.25 mmol, 1.0 equiv) in chloroform 

(5 mL, 0.05 M) following the General procedure for the preparation of palladium 

complexes to afford complex 4e as a yellow solid (99.3 mg, 89%).  

 

N

N N CH3

Pd
Cl Cl

 

4e 
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1H NMR (300 MHz, CDCl3):  7.68 (d, J = 1.4 Hz, 1H, ArH), 7.59 (t, J = 7.8 Hz, 1H, 

ArH), 7.45 (m, 1H, N=CH), 7.37 (d, J = 7.8 Hz, 2H, ArH), 7.14 (d, J = 1.4 Hz, 1H, 

ArH), 3.70 (s, 3H, CH3), 2.31 [sept, J = 6.8 Hz, 2H, (CH)2], 1.20–1.16 [m, 12H, 

CH3)4]. 

13C NMR (75 MHz, CDCl3):  152.8 (CH), 147.2 (C), 145.8 (2 × C), 132.1 (CH), 

129.7 (C), 129.6 (CH), 124.8 (3 × CH), 49.1 (CH3), 28.5 (2 × CH), 24.7 (2 × CH3), 

24.1 (2 × CH3).  

Anal. Calcd. for C17H23Cl2N3Pd: C, 45.71; H, 5.19; N, 9.41. Found: C, 45.77; H, 5.21; 

N, 9.22. 

 

6.4.6 Synthesis of palladium complex (4f) 

(1-(2,6-Diisopropylphenyl)-1H-imidazol-2-yl)methylene)cyclohexylamine 

ligand was prepared from 2 (128 mg, 0.3 mmol, 1.0 equiv) and cyclohexylamine (34.4 

L, 0.3 mmol, 1.0 equiv) in MeOH (6 mL, 0.05 M). The crude imine ligand was 

reacted with Pd(COD)Cl2 (86.2 mg, 0.3 mmol, 1.0 equiv) in chloroform (5 mL, 0.05 

M) following the General procedure for the preparation of palladium complexes to 

afford complex 4f as a red crystalline (149.9 mg, 97%).  

 

N

N N

Pd
Cl Cl

 

4f 

 

1H NMR (300 MHz, CDCl3):  7.69 (d, J = 1.4 Hz, 1H, ArH), 7.60 (t, J = 7.8 Hz, 1H, 

ArH), 7.36 (d, J = 7.8 Hz, 2H, ArH), 7.28 (m, 1H, N=CH), 7.14 (d, J = 1.4 Hz, 1H, 

ArH), 4.29 (m, 1H, CH), 2.30–2.20 [m, 4H, (CH)2, CH2], 1.81–1.65 [m, 4H, (CH2)2], 

1.41 (m, 2H, CH2), 1.19–1.10 [m, 12H, (CH3)4], 1.04–0.99 (m, 2H, CH2). 
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13C NMR (75 MHz, CDCl3):  148.7 (CH), 147.9 (C), 145.6 (2 × C), 132.1 (CH), 

129.6 (C), 129.4 (CH), 124.9 (2 × CH), 124.6 (CH), 65.5 (CH), 33.8 (2 × CH2), 28.4 

(2 × CH), 25.1 (CH2), 25.0 (2 × CH2), 24.2 (4 × CH3).  

HRMS (ESI): calcd. for C22H31Cl2N3PdNa [M+ + Na] 538.0820; found: 538.0820.  

Anal. Calcd. for C22H31Cl2N3Pd: C, 51.33; H, 6.07; N, 8.16. Found: C, 47.16; H, 6.05; 

N, 7.20. 

 

6.4.7 Synthesis of palladium complex (4g) 

(1-(2,6-Diisopropylphenyl)-1H-imidazol-2-yl)methylene)-tert-butylamine 

ligand was prepared from 2 (64 mg, 0.25 mmol, 1.0 equiv) and tert-butylamine (26.4 

L, 0.25 mmol, 1.0 equiv) in MeOH (4 mL, 0.05 M). The crude imine ligand was 

reacted with Pd(COD)Cl2 (71.8 mg, 0.25 mmol, 1.0 equiv) in chloroform (5 mL, 0.05 

M) following the General procedure for the preparation of palladium complexes to 

afford complex 4g as a red crystalline  (93.9 mg, 75%). 

 

N

N N

Pd
Cl Cl

 

4g 

 

1H NMR (300 MHz, CDCl3):  7.78 (d, J = 1.4 Hz, 1H, ArH), 7.61 (t, J = 7.8 Hz, 1H, 

ArH), 7.37 (d, J = 7.8 Hz, 2H, ArH), 7.26 (m, 1H, N=CH), 7.11 (d, J = 1.4 Hz, 1H, 

ArH), 2.26 [sept, J = 6.7 Hz, 2H, (CH)2], 1.54 [s, 9H, (CH3)3], 1.19 [d, J = 6.7 Hz, 6H, 

(CH3)2], 1.12 [d, J = 6.7 Hz, 6H, (CH3)2]. 

13C NMR (75 MHz, CDCl3):  147.7 (CH), 147.6 (C), 145.6 (2 × C), 132.2 (CH), 

129.6 (CH), 129.5 (C), 124.9 (2 × CH), 124.4 (CH), 66.7 (C), 29.6 (3 × CH3), 28.4 (2 

× CH), 24.3 (2 × CH3), 24.2 (2 × CH3). 

Anal. Calcd. for C20H29Cl2N3Pd: C, 49.14; H, 5.98; N, 8.60. Found: C, 49.28; H, 6.03; 

N, 8.48. 
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6.4.8 Synthesis of ligand (3h) 

 (1-(2,6-Diisopropylphenyl)-1H-imidazol-2-yl)methylene) adamantylamine 

ligand 3h was prepared from 1-(2,6-diisopropylphenyl)-1H-imidazole-2-carbox-

aldehyde (744 mg, 2.9 mmol, 1.2 equiv) and 1-adamantylamine (366 mg, 2.416 mmol, 

1.0 equiv) in CH3CN (1mL). The product began to precipitate out of solution. After 16 

h, the white solid was collected and washed with cold acetronitrile to afford the 

corresponding ligand 3h as a white powder in 68% yield (643.7 mg).  

 

N

N N

iPr
1

2

4

5
6

7

8

9

10

11

12

13

14

15

181716

16

16
17

17

18

18

 

3h 

 

1H NMR (400 MHz, CDCl3):  8.00 (s, 1H, N=CH), 7.43 (t, J = 7.6 Hz, 1H, ArH), 

7.33 (d, J = 0.8 Hz, 1H, ArH), 7.22 (d, J = 7.6 Hz, 2H, ArH), 6.94 (d, J = 0.8 Hz, 1H, 

ArH), 2.33 [sept, J = 6.8 Hz, 2H, (CH)2], 1.94 [m, 3H, (CH)3], 1.67–1.54 [m, 6H, 

(CH2)3], 1.48–1.47 [m, 6H, (CH2)3], 1.10 [d, J = 6.8 Hz, 6H, (CH3)2], 1.07 [d, J = 6.8 

Hz, 6H, (CH3)2].  

13C NMR (100 MHz, CDCl3):  145.6 (2 × C), 145.1 (C), 144.3 (CH), 133.9 (C), 

129.8 (CH), 129.2 (CH), 124.0 (CH), 123.4 (2 × CH), 57.9 (C), 42.7 (3 × CH2), 36.4 

(3 × CH2), 29.3 (3 × CH), 28.1 (2 × CH), 24.7 (2 × CH3), 23.2 (2 × CH3).  

HRMS (APCI): calcd. for C26H36N3 [M+ + H] 390.2909; found: 390.2920. 
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Table 6.4. Observed correlations in the HMQC spectrum of 3h (CDCl3). 

 

Carbon C (ppm) H of correlated proton (ppm) 

C-2 145.1 - 

C-4 129.8 7.33 (d, J = 0.8 Hz, 1H, ArH) 

C-5 124.0 6.94 (d, J = 0.8 Hz, 1H, ArH) 

C-6 144.3 8.00 (s, 1H, N=CH) 

C-8 133.9 - 

C-9 145.6 - 

C-10 123.4 7.22 (d, J = 7.6 Hz, 2H, ArH) 

C-11 129.2 7.43 (t, J = 7.6 Hz, 1H, ArH) 

C-12 28.1 2.33 [sept, J = 6.8 Hz, 2H, (CH)2] 

C-13, C-14 24.7, 23.2 1.10 [d, J = 6.8 Hz, 6H, (CH3)2], 

1.07 [d, J = 6.8 Hz, 6H, (CH3)2] 

C-15 57.9 - 

C-16 42.7 1.48–1.47 [m, 6H, (CH2)3] 

C-17 29.3 1.94 [m, 3H, (CH)3] 

C-18 36.4 1.67–1.54 [m, 6H, (CH2)3] 

 

Table 6.5. Observed correlations in the COSY-45 spectrum of 3h (CDCl3). 

 

H (ppm) H of correlated proton (ppm) 

7.43 (H-11) 7.22 (H-10) 

2.33 (H-12) 1.10 (H-13), 1.07 (H-14) 

1.94 (H-17) 1.48–1.47 (H-16), 1.67–1.54 (C-18) 
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Table 6.6. Observed long-range C–H correlations in the HMBC spectrum of 3h 

(CDCl3). 

 

H (ppm) Carbon correlated withH (ppm) 

8.00 (H-6) 145.1 (C-2), 57.9 (C-15), 42.7 (C-16) 

7.43 (H-11) 145.6 (C-9), 123.4 (C-10) 

7.33 (H-4) 145.1 (C-2), 124.0 (C-5)  

7.22 (H-10) 145.6 (C-9), 133.9 (C-8), 129.2 (C-11), 28.1 (C-12) 

6.94 (H-5) 145.1 (C-2), 133.9 (C-8), 129.8 (C-4) 

2.33 (H-12) 145.6 (C-9), 133.9 (C-8), 123.4 (C-10), 24.7 (C-

13), 23.2 (C-14) 

1.94 (H-17) 57.9 (C-15), 36.4 (C-18) 

1.48-1.47 (H-16) 57.9 (C-15), 36.4 (C-18), 29.3 (C-17) 

1.67-1.54 (H-18) 42.7 (C-16), 29.3 (C-17) 

 

6.4.9 Synthesis of palladium complex (4h) 

(1-(2,6-Diisopropylphenyl)-1H-imidazol-2-yl)methylene)adamantylamine 

ligand was prepared from 2 (89.7 mg, 0.35 mmol, 1.0 equiv) and 1-adamantylamine 

(52.9 mg, 0.35 mmol, 1.0 equiv) in MeOH (7 mL, 0.05 M). The crude imine ligand 

was reacted with Pd(COD)Cl2 (100 mg, 0.35 mmol, 1.0 equiv) in chloroform (7 mL, 

0.05 M) following the General procedure for the preparation of palladium complexes 

to afford complex 4h as a red microcrystalline (86.7 mg, 87%). 

 

  

4h 
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1H NMR (400 MHz, CDCl3):  7.79, (d, J = 1.6 Hz, 1H, ArH), 7.61 (t, J = 7.7 Hz, 1H, 

ArH), 7.37 (d, J = 7.7 Hz, 2H, ArH), 7.20 (s, 1H, N=CH), 7.07 (d, J = 1.6 Hz, 1H, 

ArH), 2.27 [sept, J = 7.0 Hz, 2H, (CH)2], 2.18 [m, 3H, (CH)3], 2.09 [m, 6H, (CH2)3], 

1.70 [m, 6H, (CH2)3], 1.20 [d, J = 7.0 Hz, 6H, (CH3)2], 1.14 [d, J = 7.0 Hz, 6H, 

(CH3)2].  

13C NMR (75 MHz, CDCl3):  147.9 (C), 147.7 (CH), 145.8 (2 × C), 132.1 (CH), 

129.7 (C), 129.5 (CH), 124.9 (2 × CH), 124.1 (CH), 67.0 (C), 42.1 (3 × CH2), 35.5 (3 

× CH2), 29.5 (3 × CH), 28.5 (2 × CH), 24.31 (2 × CH3), 24.30 (2 × CH3).  

Anal. Calcd. for C26H35Cl2N3Pd; C, 55.09; H, 6.22; N, 7.41. Found: C, 55.16; H, 6.59; 

N, 7.31. 

 

Table 6.7. Observed correlations in the HMQC spectrum of 4h (CDCl3). 

 

Carbon C (ppm) H of correlated proton (ppm) 

C-2 147.9 - 

C-4 129.5 7.79 (d, J = 1.6 Hz, 1H, ArH) 

C-5 124.1 7.07 (d, J = 1.6 Hz, 1H, ArH) 

C-6 147.7 7.20 (s, 1H, N=CH) 

C-9 145.8 - 

C-8 129.7 - 

C-10 124.9 7.37 (d, J = 7.7 Hz, 2H, ArH) 

C-11 132.1 7.61 (t, J = 7.7 Hz, 1H, ArH) 

C-12 28.5 2.27 [sept, J = 7.0 Hz, 2H, (CH)2] 

C-13, C-14 24.31, 24.30 1.20 [d, J = 7.0 Hz, 6H, (CH3)2], 1.14 [d, J = 7.0 

Hz, 6H, (CH3)2] 

C-15 67.0 - 

C-16 42.1 2.09 [m, 6H, (CH2)3] 

C-17 29.5 2.18 [m, 3H, (CH)3] 

C-18 35.5 1.70 [m, 6H, (CH2)3] 
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Table 6.8. Observed correlations in the COSY-45 spectrum of 4h (CDCl3). 

 

H (ppm) H of correlated proton (ppm) 

7.79 (H-5) 7.07 (H-4) 

7.61 (H-11) 7.37 (H-10) 

2.27 (H-12) 1.20 (H-13), 1.14 (H-14) 

2.18 (H-17) 2.09 (H-16), 1.70 (H-18) 

 

Table 6.9. Observed long-range C–H correlations in the HMBC spectrum of 4h 

(CDCl3). 

 

H (ppm) Carbon correlated withH (ppm) 

7.79 (H-4) 124.2 (C-5), 147.9 (C-2) 

7.61 (H-11) 145.8 (C-9), 124.9 (C-10) 

7.37 (H-10) 145.9 (C-9), 129.7 (C-8), 28.5 (C-12) 

7.20 (H-6) 147.9 (C-2), 67.0 (C-15), 42.1 (C-16) 

7.07 (H-5) 147.9 (C-2), 129.7 (C-8), 129.5 (C-4) 

2.27 (H-12) 145.8 (C-9), 124.9 (C-10), 129.7 (C-8), 24.31 (C-13), 

24.30 (C-14) 

2.18 (H-17) 42.1 (C-16) 

2.09 (H-16) 67.0 (C-15), 35.5 (C-18), 29.5 (C-17) 

1.20 (H-13), 1.14 (H-14) 145.8 (C-9), 28.5 (C-12), 24.3 (C-13 + C-14) 

 

NOE data of complex (4h) 

 

4h 
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6.5 X-ray crystallography 

 Crystallographic analyses of complexes 4b and 4h were carried out at the 

Mahidol crystallographic facility. Diffraction measurements were made on a 4 K 

Bruker SMART57 CCD area detector diffractometer using graphite-monochromated 

Mo Kα radiation (λ = 0.71073 Å). Crystals were mounted in paratone oil and held at 

room temperature during data collection. Cell constants and an orientation matrix for 

data collection were obtained from a least-square refinement using the measured 

positions of reflections in the range 0.998o <  < 28.4o (for 4b) and 0.998o <  < 29.1o 

(for 4h). The frame data were integrated by the program SAINT58 and corrected for 

Lorentz and polarization effects. The structure was solved by the maXus 

crystallographic software package,59 using direct methods (SIR97)60 and refined by 

full-matrix least-squares method on (Fobs)58 using the SHELXTL-PC V 6.12 software 

package.61 

 X-ray quality crystals of 4b and 4h were grown by layer diffusion of 

hexanes onto the CHCl3 solution of the palladium complexes at room temperature. 

 Complex 4b crystallizes in the orthorhombic Pbca space group with each 

asymmetric unit cell containing one molecules of 4b and one distorted CHCl3 

molecule. The CHCl3 molecule was modeled with Cl5 and Cl6 atoms each occupying 

a half-occupancy with no hydrogen. Large thermal ellipsoids were observed for 

isopropyl groups. All non-hydrogen atoms were refined anisotropically while the 

hydrogen atoms were placed in calculated positions and not refined.  

 Complex 4h crystallized in the monoclinic P21/c space group with each 

asymmetric unit containing one molecule of 4h. Large thermal ellipsoids were 

observed for isopropyl groups. All non-hydrogen atoms were refined anisotropically 

while the hydrogen atoms were placed in calculated positions and not refined. 
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Table 6.10. Crystal data for 4b and 4h. 

 

 4b•CHCl3 4h 

empirical formula C29H37Cl5N3Pd C26H35Cl2N3Pd 

FW 711.27 566.87 

cryst color, habit orange, cube orange, cube 

cryst size (mm) 0.35×0.25×0.20 0.30×0.25×0.20 

cryst system Orthorhombic Monoclinic 

space group Pbca (#61) P21/c (#14) 

a (Å) 13.6508(2) 14.2165(6) 

b (Å) 21.1682(4) 11.9991(3) 

c (Å) 23.4645(4) 18.7543(7) 

 (deg) 90.00 90.00 

(deg) 90.00 125.0801(14) 

 (deg) 90.00 90.00 

volume (Å3) 6780.50(2) 2618.09(16) 

 range (deg) 0.998–26.4 0.998–29.1 

Z 8 4 

T/K 298 298 
Dcalc (g/cm3) 1.392 1.438 
 (mm-1) 0.963 0.931 
no. of reflns 6914 7035 
no. of params refined 353 289 
refln/param ratio 19.6 24.3 
final residuals R1

a; wR2
b 0.0557; 0.1852 0.0478; 0.1126 

goodness of fit indicatorc 1.331 0.987 
max.shift/error in final LS cycle 0.001 0.001 
a R = ||Fo| - |Fc||/|Fo|.  

b wR2 = [w(Fo
2 – Fc

2)2]/w(Fo
2)2)]1/2, where w = [2(Fo

2) + (aP) 2 + bP]-1.  

 c GOF = [w( |Fo| – |Fc| )2 / (Nobs – Nparam)]1/2. 
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6.6 General procedure for screening of palladium complexes on the 

Suzuki–Miyaura cross-coupling reaction (Table 4.8) 

 In the air condition, a 10 mL vial equipped with a magnetic stir bar was 

charged with Pd complexes (1.5 mol %), hexamethylbenzene (0.05 mmol, 0.0081 g, 

0.1 equiv) phenylboronic acid (0.6 mmol, 0.073 g, 1.2 equiv), K2CO3 (1.1 mmol, 0.153 

g, 2.2 equiv) and p-bromoanisole (0.5 mmol, 0.062 mL, 1.0 equiv). MeOH (2 mL) and 

water (0.5 mL) were mixed and added to the reaction mixture. The reaction vial was 

capped and vigorously stirred at room temperature for 24 h. The resulting milky 

solution was extracted with CH2Cl2 (3 × 10 mL), washed with water (2 × 10 mL), 

brine (1 × 10 mL) and dried over Na2SO4. Solvent was then evaporated. The reaction 

was monitored by GC-FID to determine the yield of the product based on integration 

relative to hexamethylbenzene as an internal standard.   

 The GC conditions are as follows: initial temperature: 150 oC (1min), ramp 

1 at 5 oC/min to 200 oC, ramp 2 at 35 oC/min to 325 oC, hold at 325 oC (1min). 

Retention times: hexamethylbenzene internal standard (2.9 min), product 5b (4.5 min), 

p-bromoanisole substrate (1.8 min), phenylboronic acid substrate (13.3 min).  

 

 

6.7 General procedure for the investigation of the effect of catalyst 

loading, base, solvent, time and substrate scopes on the Suzuki–

Miyaura cross-coupling reaction (Table 4.9–4.16) 

 

 
 

 In the air condition, hexamethylbenzene (0.05 mmol, 0.0081 g, 0.1 equiv), 

aryl halide (0.5 mmol, 1.0 equiv), arylboronic acid (0.6 mmol, 1.2 equiv), base (1.1 

mmol, 2.2 equiv) and solvent was subsequently added into a 10 mL vial equipped with 

a magnetic stir bar. The 5 mM Pd catalyst solution in MeOH was added as indicated in 

the tables. The reaction vial was capped and vigorously stirred at room temperature for 
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desired time as indicated. The resulting milky solution was extracted with CH2Cl2 (3 × 

10 mL), washed with water (2 × 10 mL), brine (1 × 10 mL) and dried over Na2SO4. 

The combined organic phase was then concentrated to afford the crude coupling 

product. The reaction was monitored by GC-FID based on integration relative to 

hexamethylbenzene as an internal standard. The crude product was finally isolated by 

column chromatography (0–10%: ethyl acetate/hexanes) to afford the desired product.   

 

 

6.8 Analytical data of biphenyl compounds (5a–p) 

 

6.8.1 Synthesis of biphenyl (5a) 

5a was prepared from bromobenzene (53 L, 0.5 mmol, 1.0 equiv) and 

phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the General procedure for 

the investigation of substrate scope on Suzuki–Miyaura cross-coupling reaction. The 

crude product was purified by column chromatography (SiO2, hexanes) to afford 5a as 

a white solid (73.4 mg, 95% yield).   

 

 

5a 

 

1H NMR (300 MHz, CDCl3):  7.65 (d, J = 7.6 Hz, 4H, ArH), 7.49 (t, J = 7.7 Hz, 4H, 

ArH), 7.37 (m, 2H, ArH).  

13C NMR (75 MHz, CDCl3):  141.2 (2 × C), 128.7 (4 × CH), 127.2 (4 × CH), 127.1 

(2 × CH).  

EI-MS (m/z, relative intensity): 155 (14), 154 (M+, 100), 153 (42), 152 (29). 

CAS Number: 92-52-4. 

 

6.8.2 Synthesis of 4-methoxybiphenyl (5b) 

5b (Table 4.15, entry 2) was prepared from 4-bromoanisole (62 L, 0.5 

mmol, 1.0 equiv) and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the 
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General procedure for the investigation of substrate scope on Suzuki–Miyaura cross-

coupling reaction. The yield of product 5b was determined by GC method (>99%). 

The crude product was purified by column chromatography (SiO2, 0–10% ethyl 

acetate/hexanes) to afford 5b as a white solid (89.3 mg, 97% yield).   

5b (Table 4.15, entry 5) was prepared from 4-iodoanisole (117 mg, 0.5 

mmol, 1.0 equiv) and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the 

General procedure for the investigation of substrate scope on Suzuki–Miyaura cross-

coupling reaction. The yield of product 5b was determined by GC method (95%).   

5b (Table 4.16, entry 1) was prepared from bromobenzene (52.5 L, 0.5 

mmol, 1.0 equiv) and 4-methoxyphenylboronic acid (91.2 mg, 0.6 mmol, 1.2 equiv) 

following the General procedure for the investigation of substrate scope on Suzuki–

Miyaura cross-coupling reaction. The crude product was purified by column 

chromatography (SiO2, 10% CH2Cl2/hexanes) to afford 5b as a white solid (74.0 mg, 

80% yield).  

 

 

5b 

 

1H NMR (300 MHz, CDCl3):  7.57–7.52 (m, 4H, ArH), 7.44 (t, J = 7.5 Hz, 2H, 

ArH), 7.35–7.28 (m, 1H, ArH), 7.00 (d, J = 8.8 Hz, 2H, ArH), 3.88 (s, 3H, OCH3).  

13C NMR (75 MHz, CDCl3):  159.1 (C), 140.8 (C), 133.7 (C), 128.7 (2 × CH), 128.1 

(2 × CH), 126.7 (2 × CH), 126.6 (CH), 114.2 (2 × CH), 55.3 (CH3).  

EI-MS (m/z, relative intensity): 185 (14), 184 (M+, 100), 169 (46), 141 (45), 115 (33).  

CAS Number: 613-37-6.  

 

6.8.3 Synthesis of 3-methoxybiphenyl (5c) 

5c (Table 4.15, entry 3) was prepared from 3-bromoanisole (63.3 L, 0.5 

mmol, 1.0 equiv) and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the 

General procedure for the investigation of substrate scope on Suzuki–Miyaura cross-

coupling reaction. The crude product was purified by column chromatography (SiO2, 

0–10% ethyl acetate/hexanes) to afford 5c as a colorless oil (100.8 mg, 99% yield).   
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5c (Table 4.16, entry 2) was prepared from bromobenzene (52.5 L, 0.5 

mmol, 1.0 equiv) and 3-methoxyphenylboronic acid (91.2 mg, 0.6 mmol, 1.2 equiv) 

following the General procedure for the investigation of substrate scope on Suzuki–

Miyaura cross-coupling reaction. The crude product was purified by column 

chromatography (SiO2, 10% ethyl acetate/hexanes) to afford 5c as a colorless oil (68.8 

mg, 75% yield).   

 

 

5c 

 

1H NMR (300 MHz, CDCl3):  7.62 (d, J = 7.6 Hz, 2H, ArH), 7.47 (t, J = 7.4 Hz, 2H, 

ArH), 7.42–7.36 (m, 2H, ArH), 7.22 (d, J = 8.1 Hz, 1H, ArH), 7.16 (m, 1H, ArH), 6.94 

(d, J = 8.1 Hz, 1H, ArH) 3.90 (s, 3H, OCH3).  

13C NMR (75 MHz, CDCl3):  159.9 (C), 142.7 (C), 141.0 (C), 129.7 (CH), 128.7 (2 

× CH), 127.3 (CH), 127.1 (2 × CH), 119.6 (CH), 112.8 (CH), 112.6 (CH), 55.2 (CH3).  

EI-MS (m/z, relative intensity): 185 (15), 184 (M+, 100), 154 (23), 153 (20), 141 (32), 

115 (30). 

CAS Number: 2113-56-6. 

 

6.8.4 Synthesis of 2-methoxybiphenyl (5d) 

5d (Table 4.15, entry 4) was prepared from 2-bromoanisole (62 L, 0.5 

mmol, 1.0 equiv) and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the 

General procedure for the investigation of substrate scope on Suzuki–Miyaura cross-

coupling reaction. The crude product was purified by column chromatography (SiO2, 

hexanes) to afford 5d as a colorless oil (62.3 mg, 68% yield).  

5d (Table 4.16, entry 3) was prepared from bromobenzene (52.5 L, 0.5 

mmol, 1.0 equiv) and 2-methoxyphenylboronic acid (91.2 mg, 0.6 mmol, 1.2 equiv) 

following the General procedure for the investigation of substrate scope on Suzuki–

Miyaura cross-coupling reaction. The crude product was purified by column 

chromatography (SiO2, hexanes) to afford 5d as a colorless oil (78.6 mg, 85% yield).   
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5d 

 

1H NMR (300 MHz, CDCl3): 7.64 (d, J = 7.2 Hz, 2H, ArH), 7.51 (t, J = 7.4 Hz, 2H, 

ArH), 7.42 (t, J = 7.3 Hz, 3H, ArH), 7.15–7.06 (m, 2H, ArH), 3.89 (s, 3H, OCH3). 

13C NMR (75 MHz, CDCl3):  156.4 (C), 138.5 (C), 130.8 (CH), 130.7 (C), 129.5 (2 

× CH), 128.5 (CH), 127.9 (2 × CH), 126.9 (CH), 120.8 (CH), 111.2 (CH), 55.5 (CH3).  

EI-MS (m/z, relative intensity): 185 (14), 184 (M+, 100), 183 (21), 169 (54), 168 (15), 

141 (37), 139 (17), 115 (37). 

CAS Number: 86-26-0.   

 

6.8.5 Synthesis of 4-nitrobiphenyl (5e) 

5e was prepared from 4-bromonitrobenzene (101 mg, 0.5 mmol, 1.0 equiv) 

and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the General procedure 

for the investigation of substrate scope on Suzuki–Miyaura cross-coupling reaction. 

The crude product was purified by column chromatography (SiO2, 10% ethyl 

acetate/hexanes) to afford 5e as a light yellow solid (91.6 mg, 92% yield).   

 

 

5e 

 

1H NMR (300 MHz, CDCl3): 8.33 (d, J = 9.0 Hz, 2H, ArH), 7.76 (d, J = 9.0 Hz, 2H, 

ArH), 7.67–7.64 (m, 2H, ArH), 7.56–7.47 (m, 3H, ArH).  

13C NMR (75 MHz, CDCl3):  147.5 (C), 147.0 (C), 138.6 (C), 129.0 (2 × CH), 128.8 

(CH), 127.6 (2 × CH), 127.3 (2 × CH), 124.0 (2 × CH).  

EI-MS (m/z, relative intensity): 200 (13), 199 (M+, 97), 169 (35), 153 (28), 152 (100), 

151 (30), 141 (28). 

CAS Number: 92-93-3. 
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6.8.6 Synthesis of 4-(trifluoromethyl)biphenyl (5f) 

5f was prepared from 4-bromobenzotrifluoride (80 L, 0.5 mmol, 1.0 

equiv) and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the General 

procedure for the investigation of substrate scope on Suzuki–Miyaura cross-coupling 

reaction. The crude product was purified by flash column chromatography (SiO2, 10% 

ethyl acetate/hexanes) to afford 5f as a white solid (118.2 mg, 99% yield). 

 

 

5f 

 

1H NMR (300 MHz, CDCl3):  7.61–7.55 (m, 4H, ArH), 7.49 (m, 2H, ArH), 7.39–

7.27 (m, 3H, ArH).  

13C NMR (75 MHz, CDCl3):  144.7 (C), 139.8 (C), 129.3 (d, J = 32.2 Hz, C), 129.0 

(2 × CH), 128.2 (CH), 127.4 (2 × CH), 127.3 (2 × CH), 125.7 (q, J = 3.7 Hz, 2 × CH), 

124.3 (d, J = 270.4 Hz, CF3). 

19F NMR (282 MHz, CDCl3):  62.3 (s, 3F). 

EI-MS (m/z, relative intensity): 223 (13), 222 (M+, 100), 201 (10), 151 (20). 

CAS Number: 398-36-7. 

 

6.8.7 Synthesis of 1-(biphenyl-4-yl)ethanone (5g) 

5g (Table 4.15, entry 9) was prepared from 4-bromoacetophenone (99.5 

mg, 0.5 mmol, 1.0 equiv) and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) 

following the General procedure for the investigation of substrate scope on Suzuki–

Miyaura cross-coupling reaction. The crude product was purified by column 

chromatography (SiO2, 10% ethyl acetate/hexanes) to afford 5g as a white solid (102.5 

mg, 99% yield). 

5g (Table 4.16, entry 4) was prepared from bromobenzene (52.5 L, 0.5 

mmol, 1.0 equiv) and 4-acetylphenylboronic acid (98.4 mg, 0.6 mmol, 1.2 equiv) 

following the General procedure for the investigation of substrate scope on Suzuki–

Miyaura cross-coupling reaction. The crude product was purified by column 

chromatography (SiO2, CH2Cl2) to afford 5g as a white solid (62.4 mg, 64% yield).   
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5g 

 

1H NMR (300 MHz, CDCl3):  8.06 (d, J = 8.6 Hz, 2H, ArH), 7.71 (d, J = 8.6 Hz, 2H, 

ArH), 7.66 (d, J = 8.1 Hz, 2H, ArH), 7.50 (t, J = 7.2 Hz, 2H, ArH), 7.43 (t, J = 7.2 Hz, 

1H, ArH), 2.66 (s, 3H, COCH3).  

13C NMR (75 MHz, CDCl3):  197.7 (C), 145.7 (C), 139.8 (C), 135.8 (C), 128.9 (2 × 

CH), 128.8 (2 × CH), 128.2 (CH), 127.2 (2 × CH), 127.1 (2 × CH), 26.6 (CH3).  

EI-MS (m/z, relative intensity): 196 (M+, 50), 181 (100), 153 (35), 152 (58), 151 (16).  

CAS Number: 92-91-1. 

 

6.8.8 Synthesis of biphenyl-4-carbaldehyde (5h) 

5h was prepared from 4-bromobenzaldehyde (92.5 mg, 0.5 mmol, 1.0 

equiv) and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the General 

procedure for the investigation of substrate scope on Suzuki–Miyaura cross-coupling 

reaction. The crude product was purified by column chromatography (SiO2, 10% ethyl 

acetate/hexanes) to afford 5h as a light yellow solid (82.9 mg, 91% yield).   

 

 

5h 

 

1H NMR (300 MHz, CDCl3): 10.09 (s, 1H, CHO), 7.98 (d, J = 8.2 Hz, 2H, ArH), 

7.77 (d, J = 8.2 Hz, 2H, ArH), 7.66 (d, J = 6.8 Hz, 2H, ArH), 7.54–7.44 (m, 3H, ArH). 

13C NMR (75 MHz, CDCl3):  191.8 (CH), 147.0 (C), 139.5 (C), 135.1 (C), 130.1 (2 

× CH), 128.9 (2 × CH), 128.4 (CH), 127.5 (2 × CH), 127.2 (2 × CH). 

EI-MS (m/z, relative intensity): 183 (13), 182 (M+, 96), 181 (100), 153 (38), 152 (63), 

151 (18). 

CAS Number: 3218-36-8. 
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6.8.9 Synthesis of methyl biphenyl-4-carboxylate (5i) 

5i was prepared from methyl 4-bromobenzoate (107.5 mg, 0.5 mmol, 1.0 

equiv) and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the General 

procedure for the investigation of substrate scope on Suzuki–Miyaura cross-coupling 

reaction. The crude product was purified by column chromatography (SiO2, hexanes) 

to afford 5i as a white solid (103.1 mg, 97% yield).   

 

 

5i 

 

1H NMR (300 MHz, CDCl3): 8.14 (d, J = 8.2 Hz, 2H, ArH), 7.69 (d, J = 8.4 Hz, 2H, 

ArH), 7.65 (d, J = 7.5 Hz, 2H, ArH), 7.50 (t, J = 7.3 Hz, 2H, ArH), 7.42 (t, J = 7.1 Hz, 

1H, ArH), 3.97 (s, 3H, CO2CH3).  

13C NMR (75 MHz, CDCl3):  166.8 (C), 145.4 (C), 139.8 (C), 130.0 (2 × CH), 128.8 

(2 × CH), 128.8 (C), 128.0 (CH), 127.1 (2 × CH), 126.9 (2 × CH), 52.0 (CH3). 

EI-MS (m/z, relative intensity): 212 (M+, 65), 182 (13), 181 (100), 153 (28), 152 (60), 

151 (17). 

CAS Number: 720-75-2. 

 

6.8.10 Synthesis of biphenyl-4-carbonitrile (5j) 

5j was prepared from 4-bromobenzonitrile (91 mg, 0.5 mmol, 1.0 equiv) 

and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the General procedure 

for the investigation of substrate scope on Suzuki–Miyaura cross-coupling reaction. 

The crude product was purified by column chromatography (SiO2, 10% ethyl 

acetate/hexanes) to afford 5j as a white solid (88.3 mg, 98% yield).  

  

 

5j 
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1H NMR (300 MHz, CDCl3): 7.76 (d, J = 8.6 Hz, 2H, ArH), 7.71 (d, J = 8.6 Hz, 2H, 

ArH), 7.62 (d, J = 6.9 Hz, 2H, ArH), 7.54–7.45 (m, 3H, ArH). 

13C NMR (75 MHz, CDCl3):  145.5 (C), 139.0 (C), 132.4 (2 × CH), 129.0 (2 × CH), 

128.5 (CH), 127.5 (2 × CH), 127.1 (2 × CH), 118.8 (C), 110.7 (C). 

EI-MS (m/z, relative intensity): 179 (M+, 100), 178 (24), 151 (12).  

CAS Number: 2920-38-9.   

 

6.8.11 Synthesis of 4-fluorobiphenyl (5k) 

5k was prepared from 1-bromo-4-fluorobenzene (55 mg, 0.5 mmol, 1.0 

equiv) and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the General 

procedure for the investigation of substrate scope on Suzuki–Miyaura cross-coupling 

reaction. The crude product was purified by column chromatography (SiO2, hexanes) 

to afford 5k as a white solid (56.1 mg, 65% yield). 

 

 

5k 

 

1H NMR (300 MHz, CDCl3): 7.62–7.58 (m, 4H, ArH), 7.50 (t, J = 7.5 Hz, 2H, 

ArH), 7.40 (t, J = 7.2 Hz, 1H, ArH), 7.18 (t, J = 8.7 Hz, 2H, ArH). 

13C NMR (75 MHz, CDCl3):  162.5 (d, J = 244.9 Hz, CF), 140.2 (C), 137.3 (d, J = 

3.2 Hz, C), 128.8 (2 × CH), 128.7 (d, J = 8.0 Hz, 2 × CH), 127.2 (CH), 127.0 (2 × 

CH), 115.6 (d, J = 21.3 Hz, 2 × CH). 

19F NMR (282 MHz, CDCl3):  115.8 (s, F). 

EI-MS (m/z, relative intensity): 173 (13), 172 (M+, 100), 171 (36), 170 (25). 

CAS Number: 324-74-3. 

 

6.8.12 Synthesis of biphenyl-4-ol (5l) 

5l was prepared from 4-bromophenol (86.5 mg, 0.5 mmol, 1.0 equiv) and 

phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the General procedure for 

the investigation of substrate scope on Suzuki–Miyaura cross-coupling reaction. The 
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crude product was purified by column chromatography (SiO2, 10% ethyl 

acetate/hexanes) to afford 5l as a white solid (71.5 mg, 84% yield). 

   

 

5l 

 

1H NMR (300 MHz, CDCl3): 7.58 (d, J = 8.6 Hz, 2H, ArH), 7.52 (d, J = 8.5 Hz, 2H, 

ArH), 7.45 (t, J = 7.7 Hz, 2H, ArH), 7.34 (t, J = 7.3 Hz, 1H, ArH), 6.94 (d, J = 8.4 Hz, 

2H, ArH), 5.08 (br s, 1H, OH). 

13C NMR (100 MHz, CDCl3): 155.1 (C), 140.8 (C), 134.0 (C), 128.7 (3 × CH), 

128.4 (3 × CH), 115.7 (3 × CH). 

EI-MS (m/z, relative intensity): 171 (13), 170 (M+, 100), 141 (22), 115 (28). 

CAS Number: 92-69-3. 

 

6.8.13 Synthesis of p-terphenyl (5m) 

5m was prepared from 4-bromobiphenyl (86.5 mg, 0.5 mmol, 1.0 equiv) 

and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the General procedure 

for the investigation of substrate scope on Suzuki–Miyaura cross-coupling reaction. 

The crude product was purified by column chromatography (SiO2, hexanes) to afford 

5m as a white solid (98.8 mg, 86% yield). 

 

 

5m 

 

1H NMR (300 MHz, CDCl3):  7.73–7.71 (m, 4H, ArH), 7.69 (d, J = 7.4 Hz, 4H, 

ArH), 7.51 (t, J = 7.4 Hz, 4H, ArH), 7.41 (t, J = 7.34 Hz, 2H, ArH).  

13C NMR (75 MHz, CDCl3):  140.7 (2 × C), 140.1 (2 × C), 128.8 (4 × CH), 127.5  

(4 × CH), 127.3 (2 × CH), 127.0 (4 × CH). 

EI-MS (m/z, relative intensity): 231 (19), 230 (M+, 100), 228 (13). 

CAS Number: 92-94-4. 
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6.8.14 Synthesis of 3-phenylpyridine (5n) 

5n was prepared from 3-bromopyridine (48.2 L, 0.5 mmol, 1.0 equiv) 

and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the General procedure 

for the investigation of substrate scope on Suzuki–Miyaura cross-coupling reaction. 

The crude product was purified by column chromatography (SiO2, 10% ethyl 

acetate/hexanes) to afford 5n a colorless liquid (46.2 mg, 60% yield). 

 

 

5n 

 

1H NMR (300 MHz, CDCl3):  8.88 (s, 1H, ArH), 8.62 (d, J = 4.4 Hz, 1H, ArH), 7.91 

(d, J = 8.0 Hz, 1H, ArH), 7.61 (d, J = 7.3 Hz, 2H, ArH), 7.51 (t, J = 7.4 Hz, 2H, ArH), 

7.46-7.37 (m, 2H, ArH).  

13C NMR (75 MHz, CDCl3):  148.3 (CH), 148.2 (CH), 137.7 (C), 136.6 (C), 134.3 

(CH), 129.0 (2 × CH), 128.0 (CH), 127.1 (2 × CH), 123.5 (CH).  

EI-MS (m/z, relative intensity): 155 (M+, 100), 154 (50), 127 (14), 102 (11). 

CAS Number: 1008-88-4. 

 

6.8.15 Synthesis of 3-phenylquinoline (5o) 

5o was prepared from 3-bromoquinoline (68 L, 0.5 mmol, 1.0 equiv) and 

phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the General procedure for 

the investigation of substrate scope on Suzuki–Miyaura cross-coupling reaction. The 

crude product was purified by column chromatography (SiO2, 0–10% ethyl 

acetate/hexanes) to afford 5o as a white solid (41.8 mg, 41% yield). 

 

 

5o 
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1H NMR (300 MHz, CDCl3):  9.21 (s, 1H, ArH), 8.32 (s, 1H, ArH), 8.18 (d, J = 8.5 

Hz, 1H, ArH), 7.90 (d, J = 8.1 Hz, 1H, ArH), 7.77–7.22 (m, 3H, ArH), 7.62–7.52 (m, 

3H, ArH), 7.46 (t, J = 7.2 Hz, 1H, ArH).  

13C NMR (75 MHz, CDCl3):  149.9 (CH, C), 147.3 (C), 137.8 (C), 133.8 (C), 133.2 

(CH), 129.3 (CH), 129.2 (CH), 129.1 (2 × CH), 128.1 (CH), 128.0 (CH), 127.4 (2 × 

CH), 127.0 (CH). 

EI-MS (m/z, relative intensity): 206 (16), 205 (M+, 100), 204 (53), 176 (14). 

CAS Number: 1666-96-2. 

 

6.8.16 Synthesis of 5-phenylpyrimidine (5p) 

5p was prepared from 5-bromopyrimidine (79.5 mg, 0.5 mmol, 1.0 equiv) 

and phenylboronic acid (73 mg, 0.6 mmol, 1.2 equiv) following the General procedure 

for the investigation of substrate scope on Suzuki–Miyaura cross-coupling reaction. 

The crude product was purified by column chromatography (SiO2, 20% ethyl 

acetate/hexanes) to afford 5p as a white solid (34.7 mg, 45% yield). 

 

N

N  

5p 

 

1H NMR (300 MHz, CDCl3):  9.23 (s, 1H, ArH), 8.98 (s, 2H, ArH), 7.62–7.49 (m, 

5H, ArH). 

13C NMR (75 MHz, CDCl3):  157.4 (CH), 154.8 (2 × CH), 134.3 (C), 134.2 (C), 

129.4 (2 × CH), 129.0 (CH), 126.9 (2 × CH). 

EI-MS (m/z, relative intensity): 157 (12), 156 (M+, 100), 155 (17), 102 (64). 

CAS Number: 34771-45-4. 

 

6.8.17 Synthesis of 1-(4'-methoxybiphenyl-4-yl)ethanone (5q) 

5q (Table 4.16, entry 5) was prepared from 4-bromoanisole (62 L, 0.5 

mmol, 1.0 equiv) and 4-acetylphenylboronic acid (94 mg, 0.6 mmol, 1.2 equiv) 
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following the General procedure for the investigation of substrate scope on Suzuki–

Miyaura cross-coupling reaction. The crude product was purified by column 

chromatography (SiO2, 10% ethyl acetate/hexanes) to afford 5q as a white solid (77.2 

mg, 68% yield). 

5q (Table 4.16, entry 6) was prepared from 4-bromoacetophenone (99.5 

mg, 0.5 mmol, 1.0 equiv) and 4-methoxyphenylboronic acid (91.2 mg, 0.6 mmol, 1.2 

equiv) following the General procedure for the investigation of substrate scope on 

Suzuki–Miyaura cross-coupling reaction. The crude product was purified by column 

chromatography (SiO2, CH2Cl2) to afford 5q as a white solid (101.2 mg, 90% yield). 

 

 

5q 

 

1H NMR (300 MHz, CDCl3):  8.02 (d, J = 8.2 Hz, 2H, ArH), 7.66 (d, J = 8.2 Hz, 2H, 

ArH), 7.60 (d, J = 8.9 Hz, 2H, ArH), 7.02 (d, J = 8.4 Hz, 2H, ArH), 3.87 (s, 3H, 

OCH3), 2.64 (s, 3H, COCH3).  

13C NMR (75 MHz, CDCl3):  197.6 (C), 159.8 (C), 145.2 (C), 135.1 (C), 132.1 (C), 

128.8 (2 × CH), 128.2 (2 × CH), 126.5 (2 × CH), 114.3 (2 × CH), 55.2 (CH3), 26.5 

(CH3). 

EI-MS (m/z, relative intensity): 226 (M+, 66), 212 (18), 211 (100), 183 (11), 168 (19), 

139 (25). 

CAS Number: 13021-18-6. 

 

 

6.9 Mercury poisoning test for the Suzuki–Miyaura cross-coupling 

reaction 

 The reaction vial charged with an excess of Hg (Hg:Pd = 400:1) was added 

hexamethylbenzene (0.05 mmol, 8.1 mg, 0.1 equiv), phenylboronic acid (0.6 mmol, 73 

mg, 1.2 equiv), K2CO3 (1.1 mmol, 0.153 g, 2.2 equiv), p-bromoanisole (0.5 mmol, 

0.062 L, 1.0 equiv), MeOH (2 mL) and water (0.5 mL), followed by 0.00075 mmol 
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of Pd catalyst 4b (0.15 mol %). After 24 h, the mixture was extracted by CH2Cl2 (3 × 

10 mL), washed with water (2 × 10 mL), brine (1 × 10 mL), dried over Na2SO4, and 

solvent was concentrated to afford the crude 4-methoxybiphenyl product. The yield 

was determined by GC method. A 33% yield was obtained in the presence of excess 

Hg.  
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PART II 

SYNTHESIS OF ARYLBORONATES THROUGH THE 

SYNERGISTIC Pd/Cu-CATALYZED MIYAURA BORYLATION 

REACTION 

 

 

CHAPTER VII 

INTRODUCTION 

 

 

 Arylboronic acids and their esters are important and useful reagents that 

are widely used in organic synthesis for functional group transformations.3, 62–65 They 

play a key role as a coupling partner in the Suzuki–Miyaura cross-coupling reaction. 

The most commonly used organoboron nucleophiles for Suzuki–Miyaura cross-

coupling reactions are arylboronic acids, arylboronate esters and aryltrifluoroborates 

(Table 7.1). The advantages of these organoboron compounds in cross-coupling 

reactions include their high stability and low toxicity. Arylboronic acids and esters are 

typically produced by the reaction of trialkyl borates with either organolithium or 

Grignard reagents. However, these methods are incompatible with sensitive functional 

groups (e.g. aldehyde, ketone, nitrile and etc) and require rigorous anhydrous reaction 

conditions (Scheme 7.1). 

 

 

 

 

 

 

 



Jadsada Ratniyom                                                                                                               Introduction / 78 
 

Table 7.1. Organoboron compounds typically used in Suzuki–Miyaura cross-coupling 

reaction.66 

 

Transmetalation 
reagent  

Abbreviated 
notation  

General comments  

organoboronic acid RB(OH)2 most common commercial organoboron 

compounds 

organoboronate esters RB(OR′)2 usually more stable to protodeboronation 

and more soluble in organic solvent than 

organoboronic acid 

organotrifluoroborates RBF3
- usually more stable to protodeboronation 

than organoboronic acid, but B–F bond 

can be hydrolyzed 

 

  

X

R

X = Cl, Br, I

R'Li Li
R

B(OR'')2
R

B(OR'')3

 

 

X
R

X = Cl, Br, I

R'MgX MgX
R

B(OR'')2
R

B(OR'')3

 

 

Scheme 7.1. Classical methods for C–B bond formation. 

 

 Due to these disadvantages, several alternative routes to synthesize 

borylation products have been developed as will be presented in Chapter IX. Many of 

them used transition-metal-catalyzed borylation reactions. For example, synthetic 

chemist found the use of Pd- and Ni-catalyzed borylation reactions of aryl halides 

have been used in the preparation of arylboronates.62, 66–72 The C–H borylations of 

aromatic substrates catalyzed by iridium have been reported.73–85 The Cu-catalyzed 
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borylation for the synthesis of arylboronates was found to be efficient and 

economical.86, 87 Also, transition-metal-free borylations have been studied.88–90 
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CHAPTER VIII 

OBJECTIVES 

 

 

 Due to the significant roles of the arylboronates in organic synthesis, 

various borylation protocols were developed as can be seen in the next Chapter. 

However, they require an inert atmosphere and have either prolong reaction times or 

high reaction temperatures. Therefore, the second part in this thesis aims: 

 To develop a new transition-metal catalytic system for the Miyaura 

borylation reaction for which an air-sensitive technique is not required; 

 To screen reaction conditions for the Miyaura borylation reaction under 

atmospheric condition; 

 To expand the substrate scope of the optimized Miyaura borylation 

reaction. 
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CHAPTER IX 

LITERATURE REVIEW 

 

 

9.1 Palladium and nickel-catalyzed Miyaura borylation of aryl halides 

 Pd-catalyzed borylation reactions have been developed as alternative 

routes to construct borylation products. One of the earliest transition metal-catalyzed 

borylations was discovered by Miyaura in 1995.62 Pd-catalyzed Miyaura borylation 

was performed with an aryl halide and bis(pinacolato)diborane (B2Pin2) in the 

presence of Pd(dppf)Cl2 in DMSO at 80 oC (Scheme 9.1). 

 

 

 

Scheme 9.1. Pd-catalyzed Miyaura borylation reaction.62 

 

 The mechanism for Pd-catalyzed borylation reaction proposed by Miyaura 

is shown in Figure 9.1. It starts with the oxidative addition of Pd(0) complex with aryl 

halide to obtain the Ar–Pd(II)–X species 8. The displacement of the halide group with 

base affords the reactive acetoxopalladium(II) complexe 9, Ar–Pd(II)–OAc. The high 

reactivity of acetoxopalladium(II) complex 9 attributes to the weak Pd–O bond, which 

consists of a soft acid and a hard base on the basic of HSAB concept. Then B2pin2 

undergoes transmetalation with 9 to generate the Ar–Pd(II)–Bpin species 10. The 

reductive elimination finally takes place to produce the borylation product and 

regenerate the catalyst.  
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Figure 9.1. Proposed mechanism for Pd-catalyzed Miyaura borylation reaction.62 

 

 A modified borylation reaction, which was reported by the same group67 

can be operated in less toxic solvent such as dioxane instead of DMSO. The aryl 

triflates were good substrates for optimized Pd-catalyzed borylation. Furthermore, the 

addition of 1 equivalent of dppf ligand could suppress formation of the palladium 

black formation (Scheme 9.2).  

 In 2001, Miyaura highlighted that the cross-coupling reaction of aryl 

chlorides with bis(pinacolato)diboron could be achieved with the use of the electron-

rich PCy3 ligand68 (Scheme 9.3). Bis(pinacolato)diboron is one of the most popular 

borylation reagents predominantly due to excellent aqueous and chromatographic 

stabilities of the resulting arylboronates, as well as its high solubility in organic 

solvents.66 
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Scheme 9.2. Palladium-catalyzed borylation of aryl triflates with bis(pinacolato)-

diborane.67 

 

 

 

Scheme 9.3. Borylation of aryl chlorides with bis(pinacolato)diboron catalyzed by 

palladium-tricyclohexylphosphine complex.68 

 

 After the Palladium-catalyzed Miyaura borylation was reported, the 

improvements of borylation conditions were intensively investigated. Until 2007, the 

first general catalytic system for the borylation of aryl chlorides was introduced by 

Buchwald and co-workers.69 In this work, a highly active catalytic system consisting 

of Pd(OAc)2/SPhos for borylation of aryl chlorides was employed at room temperature 

(Scheme 9.4). 

  

 

 

Scheme 9.4. Preparation of arylboronate esters using Pd(OAc)2/SPhos catalytic 

system.69 
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 One of major challenges in borylation reactions is the low product yield of 

highly sterically demanding aryl halides. Classical methods often suffer from difficult 

purification, and are usually incompatible with a variety of functional groups. Tang 

investigated the borylation of sterically hindered aryl bromides in the combination 

with Bedford Pd precursor (Scheme 9.5),70 and found that borylation method can be 

carried out under low catalytic loading with aryl bromide substrates. On contrary, this 

combination failed to catalyze sterically demanding aryl chlorides. The authors 

suggested that the oxidative addition of aryl chlorides might be more difficult than that 

of aryl bromides, presumably due to the π-acidity of the phosphine ligand.  

 

 

Scheme 9.5. Palladium-catalyzed borylation of highly sterically hindered aryl 

bromides using the Bedford Pd precursor.70 

  

 In 2011, Sawamura and co-workers demonstrated an efficient borylation of 

aryl chlorides and bromides using silica-supported phosphine Silica-SMAP (silicon-

contained monodentate trialkyphosphane) as a ligand (Scheme 9.6).71 The sterically 

demanding aryl halides were able to undergo this catalytic reaction. This immobiliza-

tion allowed only one phosphine ligand associating to the metal center, generating the 

possible activated catalyst as presented in the dotted rectangle shown in Scheme 9.6. 
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Scheme 9.6. A silica-supported compact phosphine ligand used in the palladium-

catalyzed borylation of 2,6-disubstituted aryl chlorides.71 

 

 Owing to the relatively high cost of palladium, less expensive metals, such 

as nickel, become an attractive alternative to palladium catalysts. Therefore, a new 

generation of borylation methodologies based on Ni catalysts has attracted intense 

research interest.  

 The first example of Ni-catalyzed borylation of a 2,6-disubstituted aryl 

chloride was published in 2011 by Yamakawa and co-workers.72 The author employed 

NiCl2(PMe3)2 to catalyze the reaction. The substrate scope was further expanded to 

functionalized aryl chlorides, including sterically challenging substrates, which could 

perform the coupling reaction in THF at 100 °C in the presence of CsF, and 

TMSOCH2CF3 as additive (Scheme 9.7).72 Remarkably, cesium 2,2,2-trifluoro-

ethoxide that was generated in situ from the combination of CsF and TMSOCH2CF3 

significantly improved the product yields of this NiCl2(PMe3)2-catalyzed borylation 

reaction. 
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Scheme 9.7. NiCl2(PMe3)2-catalyzed borylation of aryl chlorides in the combination 

with CsF and TMSOCH2CF3.72 

 

 

9.2 Iridium-catalyzed borylation of arenes 

 Another important borylation method is the Ir-catalyzed C–H borylation 

for aromatic substrates. Cp*Ir(PMe3)(H)(Bpin) complexes prepared by Smith and co-

workers in 1999 were the first catalysts for direct borylation of arenes.73, 74 (Scheme 

9.8). 

 

 

 

Scheme 9.8. Cp*Ir(PMe3)(H)(Bpin)-catalyzed borylation of arene with HBpin.73  

 

 Three years later, the same research group discovered a selective 

borylation of arene with HBpin catalyzed by (Ind)Ir(COD) and 1,2-bis(diphenyl-

phosphino)ethane (dppe) ligand at 150 oC. PhBpin was obtained in 95% yield after 2 h 

(Scheme 9.9).75 
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Scheme 9.9. Borylation of arenes with HBpin catalyzed by the combination of 

(Ind)Ir(COD) and phosphine ligands.75 

 

 Moreover, Miyaura and Ishiyama introduced the catalytic borylation using 

a combination of [Ir(COD)Cl]2 and the air-stable bipyridine (bipy) ligand. B2pin2 was 

used as boron source in this catalytic borylation. The reaction was carried out using 

the catalytic amount of Ir catalyst and bipyridine ligand at 80 oC.76 Furthermore, 

Miyaura, Ishiyama, Hartwig and co-workers reported Ir-catalyzed borylation reactions 

conducted at room temperature.77 [Ir(COD)(OMe)]2 and various bipyridine ligands as 

catalysts were examined for the reactions of arenes with B2pin2. Under the 

optimization in the presence of 1.5 mol % of [Ir(COD)(OMe)]2 and 3 mol % of 4,4-

di-tert-butylbipyridine (dtbipy) at room temperature in hexane, the borylation product 

was obtained in excellent yield (Scheme 9.10). The substrate scope of 

[Ir(COD)(OMe)]2-catalyzed borylation, including heterocyclic substrates,78–82 

substituted ferrocenes83 and polycyclic aromatic compounds84 was further studied.85 
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Scheme 9.10. [Ir(COD)(OMe)]2/dtbipy-catalyzed borylation reaction of arene and 

B2pin2.
77 

 

 

9.3 Copper-catalyzed borylation of aryl halides 

 In addition to Pd, Ni and Ir catalysts, inexpensive copper catalyst can also 

enable borylation of aryl halides.  

 The first methodology using inexpensive Cu catalyst in borylation of aryl 

halides and pinacolborane at room temperature was reported by Ma and co-workers.86 

They carried out the cross coupling reaction of aryl iodides and pinacolborane (HBpin) 

under the condition of CuI (10 mol %) and sodium hydride in THF at room 

temperature (Scheme 9.11).86 The result showed that aryl bromide afforded the poor 

conversion. For example, 4-bromoanisole coupled with pinacolborane at room 

temperature after running the reaction for 48 h gave only 20% yield. Increasing the 

reaction temperature to 70 °C did not fully promote the coupling reaction. However, 

both electron-rich and electron-deficient aryl iodides were achieved under this 

borylation conditions. Not surprisingly, highly reductive ability of pinacolborane and 

sodium hydride was found to be problematic for functionalized aryl iodides. For 

examples, when 4-acetylphenyl iodide is used as a substrate, -hydroxy-4-

iodophenylethane (reduction product) will be obtained instead of the borylation 

product. In addition, the authors also proposed a possible mechanism of this Cu-

catalyzed borylation in the presence of NaH as shown in Figure 9.2. 
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Scheme 9.11. Copper-catalyzed borylation of aryl iodides with pinacolborane in the 

presence of NaH.86 
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Figure 9.2. A proposed mechanism for copper-catalyzed borylation of aryl iodides 

with pinacolborane.86 
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 In 2009, Marder, Lin and co-workers investigated a catalytic system for 

the borylation of aryl halides with alkoxy diboron reagents under mild conditions.87 

Electron-rich aryl iodides and sterically hindered aryl bromides were successfully 

catalyzed to the corresponding arylboronates at room temperature (Scheme 9.12). Not 

only B2pin2 gave excellent results, but also B2neop2 provided the corresponding Ar-

Bneop compounds in good yields. According to DFT calculations and spectroscopic 

data, a catalytic cycle for copper-catalyzed borylation of aryl halides was presented in 

Figure 9.3. 
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Scheme 9.12. Copper-catalyzed borylation of aryl halides with alkoxy diboron 

reagents.87 
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Figure 9.3. A possible catalytic cycle for the copper-catalyzed borylation of aryl 

halides.87 

 

 

9.4 Transition-metal free for borylation reaction of aromatic 

compounds 

 In 2010, the novel metal-free conversion of arylamines to arylboronates 

was demonstrated by Wang and co-workers.88 They prepared arylboronates by the 

reaction of B2pin2 and arylamines in the presence of tert-butyl nitrile (Scheme 9.13). 

In 2012, the substrate scope for the transformation of arylamine to arylboronates was 

further investigated by the same group.89 Additionally, a possible mechanism 
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involving SET between aryldiazonium ion and tetra-coordinated boron complex has 

been proposed (Figure 9.4).    

 

 

 

Scheme 9.13. Conversion of arylamine to arylboronates.88  
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Figure 9.4. A possible mechanism for conversion of arylamine to arylboronates.89 

  

 Recently, Zhang and Wu reported an unexpected borylation of aryl iodides 

promoted by Cs2CO3 and MeOH system.90 The protocol is one of the rare cases for 

transition-metal-free borylations in the presence of B2pin2 as the boron source. This 

method could be exploited to synthesize the corresponding arylboronic esters in 

moderate to high yields (Scheme 9.14). In order to investigate the mechanism of this 

protocol, TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl], the well-known 

radical scavenger, was added into the reaction mixture. However, efficient borylation 

was regained in the presence of 4 equivalents of TEMPO. They claimed that the 

radical-mediated mechanism could be ruled out and cesium cation was able to promote 

the cleavage of the C–I bond.91 
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Scheme 9.14. Cs2CO3/MeOH-catalyzed borylation reaction.90  
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CHAPTER X 

RESULTS AND DISCUSSION 

 

 

In this Chapter, a development of a new transition-metal catalytic system 

for Miyaura borylation that can be conveniently performed without the need of air-

sensitive techniques is described. Various palladium and copper catalysts were 

screened to optimize the reaction condition under air atmosphere. Effects of co-

catalysts, bases, solvents, reaction time and solvent concentration on Pd/Cu-catalyzed 

Miyaura borylation reaction were examined. Furthermore, the substrate scope was 

investigated with aryl iodide including aryl bromide and aryl chloride. Various 

functionalized arylboronates were obtained in moderate to excellent yields. The 

possible reaction mechanism of Pd/Cu-catalyzed Miyaura borylation reaction was also 

discussed. 

 

 

10.1. Screening of reaction conditions for the Pd/Cu-catalyzed 

Miyaura borylation reaction 

 To achieve the goal of this project, phenyl iodide and 

bis(pinacolato)diboron was initially used as substrate in a catalytic combination 

between Pd(OAc)2 and CuI. For the present borylation under ambient conditions, a 

moderate yield was obtained (Table 10.1, entry 1). The yields of the product 8a 

declined to 13% in the absence of PPh3 and 30% with only Pd(OAc)2 (Table 10.1, 

entries 2 and 3). A catalytic systems consisting of only CuI/PPh3 or CuI was found 

ineffective for this borylation (Table 10.1, entries 4 and 5). Moreover, no reactions 

were observed in the absence of both Pd(OAc)2 and CuI (Table 10.1, entries 6 and 7). 

The effect of the amount of air-stable PPh3 ligand on the reaction was subsequently 

investigated. Interesting result showed that decreasing the amount of PPh3 positively 

affected the yield of 8a (Table 10.1, entries 8–13). A 60% yield of borylation product 

was afforded even with the use of 2 mol % of PPh3 in the presence of 0.5 mL of water 
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(Table 10.1, entry 13). The amount of CuI was next examined (Table 10.1, entries 13–

18). An improved product yield (65%) upon using 20 mol % of CuI was observed 

(Table 10.1, entry 16). In order to increase the yield, various Pd sources were screened 

to examine their effects on the reaction (Table 10.1, entries 19–22). Notably, 

Pd(PPh3)4 delivered a higher product yield (79%). However, this reagent requires an 

inert gas for storing and handling, whereas Pd(OAc)2 is air- and moisture-stable and 

hence does not require any air-sensitive technique, which is the main interest of this 

research. Thus, the conditions constituted of Pd(OAc)2 (2 mol %), CuI (20 mol %),  

and PPh3 (2 mol %) was chosen for further evaluation of the other effects.  
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Table 10.1. Screening of reaction conditions for the Pd/Cu-catalyzed Miyaura 

borylation of iodobenzene and bis(pinacolato)diboron.a 

 

I
O

B
O

B
O

O

(1.5 equiv)

KO Bu (1.5 equiv)
THF (2 mL)

rt, 24 h
atmospheric conditions

B
O

O

(1.0 equiv)

+

Pd source
CuI, PPh3

6a 7 8a

 

 

Entry Pd source  CuI (mol %) PPh3 (mol %) Yieldb (%) 

1 Pd(OAc)2 10 13 51 

2 Pd(OAc)2 10 - 13 

3 Pd(OAc)2 - - 30 

4 - 10 13 28 

5 - 10 - 4 

6 - - - 0d 

7 - - 13 0d 

8c Pd(OAc)2 10 30 57 

9c Pd(OAc)2 10 18 58 

10c Pd(OAc)2 10 13 62 

11c Pd(OAc)2 10 10 60 

12c Pd(OAc)2 10 5 60 

13c Pd(OAc)2 10 2 60 

14c Pd(OAc)2 2.5 2 47 

15c Pd(OAc)2 5 2 56 

16c Pd(OAc)2 20 2 65 

17c Pd(OAc)2 30 2 65 

18c Pd(OAc)2 50 2 63 

19c PdCl2 20 2 53 

20c Pd(PPh3)2Cl2 20 2 55 

21c Pd2dba3 20 2 56 

22c Pd(PPh3)4 20 2 79 

a Reaction conditions, unless otherwise stated: Pd source (0.012 mmol), CuI, PPh3, aryl iodide (0.6 

mmol), bis(pinacolato)diboron (0.9 mmol), KOtBu (0.9 mmol), THF (2 mL), air, room temperature, 24 

h. 
b Yield was determined by GC integration relative to hexamethylbenzene as an internal standard.  
c 0.5 mL of water was added. 
d No reaction was detected by TLC/GCMS. 
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10.2 Study of co-catalyst for the Miyaura borylation reaction 

A variety of co-catalysts were screened. Various copper salts and other 

metal sources were investigated. The results are summarized in Table 10.2. CuCl and 

Cu(OTf)2 gave a product yield similar to that obtained with CuI (65%). In contrast, 

other metal co-catalysts, such as NiCl2, Ni(OAc)2, ZnCl2, AgOAc, and Ag2CO3 and  

 

Table 10.2. Screening of co-catalysts for the Miyaura borylation reaction.a 

 

 

 

Entry Co-catalyst Yieldb (%) 

1 CuCl 65 

2 CuBr 58 

3 CuI 65 

4 CuCN 3 

5 CuBr2 62 

6 Cu(OAc)2 51 

7 CuO 47 

8 Cu(OTf)2 65 

9 Ni(OAc)2·4H2O 14 

10 NiCl2·6H2O 19 

11 ZnCl2 15 

12 AgOAc 13 

13 Ag2CO3 15 

14 - 27 
a Reaction conditions: Pd(OAc)2 (0.012 mmol), co-catalyst (0.12 mmol), PPh3 (0.012 mmol), aryl iodide 

(0.6 mmol), bis(pinacolato)diboron (0.9 mmol), KOtBu (0.9 mmol), THF (2 mL), H2O (0.5 mL), air, 

room temperature, 24 h. 
b Yield was determined by GC integration relative to hexamethylbenzene as an internal standard. 
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the absence of co-catalyst gave poor results. CuI was chosen as a co-catalyst to avoid 

the interference of other anionic species in the reaction. Moreover, it was stated in the 

previous reports that copper played a key role as a promoter in the transmetalation 

step92, 93 (see Section 10.6 for additional details). 

 

 

10.3 Investigation of effects of base, solvent, reaction time and concen-

tration for the Pd/Cu-catalyzed Miyaura borylation reaction 

Then, the effects of inorganic bases and equivalency were studied (Table 

10.3, entries 1–13). The highest product yield was obtained with the use of 1.5 

equivalent of Cs2CO3. In contrast, the absence of base resulted in a drastically lower 

yield of 8a (Table 10.3, entry 14). In addition, the product yields tend to be 

independent of the pKa values of bases used in this Pd/Cu-catalyzed borylation 

(Scheme 4.4). For examples, the borylation product obtained by using K2CO3 was 

afforded in the higher yield than the reaction that was performed by using KOtBu 

(Table 10.3, entries 3 and 5), although tert-butoxide has a higher pKa (pKa = 17) than 

the carbonate (pKa = 10). Similarly, the acetate anion which possesses the lowest pKa 

in this Table 10.3 led to the higher yield of 8a than stronger bases, such as hydroxide 

bases (pKa = 15.7) (Table 10.3, entries 9 and 11). 
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Table 10.3. Screening of bases for the Pd/Cu-catalyzed Miyaura borylation reaction.a 
 

 
 

Entry Base Yieldb (%) Entry Base Yieldb (%) 

1 LiOtBu 57 8 NaOH 58 

2 NaOtBu 59 9 KOH 57 

3 KOtBu 65 10 CsOH·H2O 53 

4 K3PO4 74 11 KOAc 69 

5 K2CO3 75 12 KOMe 67 

6 Cs2CO3 82 13 NEt3 65 

7 Ag2CO3 26 14 - 5 
a Reaction conditions: Pd(OAc)2 (0.012 mmol), CuI (0.12 mmol),  PPh3 (0.012 mmol), aryl iodide (0.6 

mmol), bis(pinacolato)diboron (0.9 mmol), base (0.9 mmol), THF (2 mL), H2O (0.5 mL), air, room 

temperature, 24 h. 
b Yield was determined by GC integration relative to hexamethylbenzene as an internal standard. 

 

The optimized reaction conditions furnished 8a with various types of 

solvents (Table 10.4). A quantitative yield can be obtained when using acetonitrile as 

solvent (Table 10.4, entry 8). This result suggests that lone-pair electrons of the 

nitrogen atom in CH3CN would help stabilize the palladium active species.94 In 

addition, the reaction was performed by using a mixture of water (0.5 mL) and 

acetonitrile (2 mL). As a result, the yield slightly declined to 91% (Table 10.4, entry 

10). By varying the reaction time, a quantitative yield was also obtained after 2 h 

(Table 10.5, entry 6).  
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Table 10.4. Screening of solvents for the Pd/Cu-catalyzed Moyaura borylation 

reaction.a 

 

 
 

Entry Solvent (mL) Yieldb (%) 

1 dioxane (2 mL) 68 

2 DMF (2 mL) 73 

3 MeOH (2 mL) 72 

4 THF (2 mL) 67 

5 THF: H2O (2: 0.5 mL) 82 

6 EtOH (2 mL) 70 

7 DMSO (2 mL) 75 

8 CH3CN (2 mL) 97 

9 H2O (2 mL) 16 

10 CH3CN: H2O (2: 0.5 mL) 91 
a Reaction conditions: Pd(OAc)2 (0.012 mmol), CuI (0.12 mmol), PPh3 (0.012 mmol), aryl iodide (0.6 

mmol), bis(pinacolato)diboron (0.9 mmol), Cs2CO3 (0.9 mmol), solvent (2 mL), air, room temperature, 

24 h. 
b Yield was determined by GC integration relative to hexamethylbenzene as an internal standard.  

 

This borylation reaction was also applied to various ratios of 

acetonitrile/water so that this protocol could meet the character of green chemistry 

(Table 10.6). Poor yields were obtained if the volume of water increased, and the use 

of only water afforded a very low yield. Moreover, the product yield was found to be 

independent of the amount of solvent (Table 10.7).  
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Table 10.5. Effect of reaction time on the Pd/Cu-catalyzed Miyaura borylation 

reaction.a 

 

 
 

Entry Time (h) Yieldb (%) 

1 48 93 

2 24 97 

3 16 96 

4 8 96 

5 4 95 

6 2 97 

7 1 67 

8 0.5 65 
a Reactions were carried out under air condition at room temperature for the time indicated with 

Pd(OAc)2 (0.012 mmol), CuI (0.12 mmol), PPh3 (0.012 mmol), aryl iodide (0.6 mmol), bis(pinacolato)-

diboron (0.9 mmol), Cs2CO3 (0.9 mmol), CH3CN (2 mL).  
b Yield was determined by GC integration relative to hexamethylbenzene as an internal standard.  
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Table 10.6. Effect of water concentrations in CH3CN on the Pd/Cu-catalyzed Miyaura 

borylation reaction.a 

 

 
 

Entry CH3CN (mL) H2O (mL) Yieldb (%) 

1 2.5 0 72 

2 2.0 0.5 91 

3 1.5 1 81 

4 1.0 1.5 47 

5 0.5 2 17 

6 0 2.5 18 
a Reaction conditions:  Pd(OAc)2 (0.012 mmol), CuI (0.12 mmol), PPh3 (0.012 mmol), aryl iodide (0.6 

mmol), bis(pinacolato)diboron (0.9 mmol), Cs2CO3 (0.9 mmol), air, room temperature, 2 h. 
b Yield was determined by GC integration relative to hexamethylbenzene as an internal standard.  
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Table 10.7. Effect of solvent concentrations on the Pd/Cu-catalyzed Miyaura 

borylation reaction.a 

 

 

 

Entry n (mL) Yieldb (%) 

1 8 97 

2 6 96 

3 4 97 

4 2 97 

5 1 94 
a Reaction conditions: Pd(OAc)2 (0.012 mmol), CuI (0.12 mmol), PPh3 (0.012 mmol), aryl iodide (0.6 

mmol), bis(pinacolato)diboron (0.9 mmol), Cs2CO3 (0.9 mmol), CH3CN (n mL), air, room temperature, 

2 h. 
b Yield was determined by GC integration relative to hexamethylbenzene as an internal standard.  

 

 

10.4 Investigation of substrate scope on the Pd/Cu-catalyzed Miyaura 

borylation reaction 

On the basis of the above optimization results, the following reaction 

conditions: a mixture of Pd(OAc)2 (2 mol %), CuI (20 mol %), PPh3 (2 mol %), and 

Cs2CO3 (1.5 equiv) in acetonitrile (2 mL) stirred at room temperature for 2 h which 

provide 8a in 97% yield, was chosen for further studies.  

Under the optimal reaction conditions, the scope of the substrates was next 

examined. Only aryl iodides were effective substrates, whereas aryl chlorides and 

bromides gave the corresponding product in the very low yields (Table 10.8, entries 1 

and 2). This result suggests that this protocol can be useful for chemoselective 

borylation at C–I bond if other halogen substituents are present. 
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Table 10.8. Investigation of substrate scope on the Pd/Cu-catalyzed Miyaura 

borylation reaction.a 

 

 

 

Entry X Yieldb (%) 

1 Cl 2 

2 Br 5 

3 I 97 (90)c (91)d 
a Reaction conditions: Pd(OAc)2 (0.012 mmol), CuI  (0.12 mmol), PPh3 (0.012 mmol), aryl iodide (0.6 

mmol), bis(pinacolato)diboron (0.9 mmol), Cs2CO3 (0.9 mmol), CH3CN (2 mL), air, room temperature, 

2 h. 
b Yield was determined by GC integration relative to hexamethylbenzene as an internal standard.  
c The reaction was operated under inert atmosphere. 

d The reaction was carried out in the presence of excess Hg. 

 

 

10.5 Study of substituent groups on aryl iodide substrates 

The present method could be applied successfully to a variety of aryl 

iodides bearing various types of functionalities. The results are summarized in Table 

10.9. The scope of aryl iodide derivatives was found to be remarkably broad. Excellent 

yields were obtained for substrates with both electron-donating and electron-

withdrawing substituents (Table 10.9, entries 2 and 3). The borylation reaction 

performed in air showed good tolerance for various functional groups, including 

hydroxide (8d), trifluoromethyl (8e), ketone (8f), amide (8g), and ester (8h) groups 

(Table 10.9, entries 4–8). 

Interestingly, excellent chemoselectivity was observed upon using 1-

chloro-4-iodobenzene (6i) and 1-bromo-4-iodobenzene (6j), as only mono-borylated 
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products 8i and 8j were obtained (Table 10.9, entries 9 and 10). The remaining 

halogen and substituent groups are ready for further transformations. This advantage 

could find general usage in organic synthesis and polymerization. Introducing alkyl or 

dialkyl groups at ortho positions of aryl iodides (6k and 6l) resulted in moderate yields 

(Table 10.9, entries 11 and 12), presumably because of the steric hindrance of the 

ortho-substituents can hamper the oxidative addition step of the catalytic cycle. 

Additionally, the heteroaromatic iodide (6m) also gave the corresponding product 

(8m) in high yield (Table 10.9, entry 13). 
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Table 10.9. Screening of aryl iodides for the Pd/Cu-catalyzed Miyaura borylation 

reaction.a 

 

 

 

Entry Aryl iodide                 Product Yieldb (%) 

1 

                        

76 (97)c 

2 

    

92 

3 

      

93 

4 

        8d  

76 

5 

   

I

6e

F C

     

66 

6 

    

I
O

      

91 

7 

  

89 

a Reaction conditions, unless otherwise stated: Pd(OAc)2 (0.012 mmol), CuI (0.12 mmol), PPh3 (0.012 

mmol), aryl iodide (0.6 mmol), bis(pinacolato)diboron (0.9 mmol), Cs2CO3 (0.9 mmol), CH3CN (2 

mL), air, room temperature, 24 h. 
b Isolated yield.   
c GC yield. 
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Table 10.9 (cont.). Screening of aryl iodides for the Pd/Cu-catalyzed Miyaura 

borylation reaction.a 

 

 

 

Entry Aryl iodide Product Yieldb (%) 

8 

       

81 

9 

                 

96 

10 

                 

70 

11 

                                

50 

12 

                                

31 

13 

                

S

I

                    

63 

a Reaction conditions, unless otherwise stated: Pd(OAc)2 (0.012 mmol), CuI (0.12 mmol), PPh3 (0.012 

mmol), aryl iodide (0.6 mmol), bis(pinacolato)diboron (0.9 mmol), Cs2CO3 (0.9 mmol), CH3CN (2 

mL), air, room temperature, 24 h. 
b Isolated yield.   
c GC yield. 
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10.6 Proposed plausible mechanism of the Pd/Cu-catalyzed Miyaura 

borylation reaction 

The mechanism of this transformation is assumed to involve oxidative 

addition of the aryl iodide and Pd(0) to form the Pd(II) complex 10, as presented in 

Figure 10.1. Complex 10 reacts with an alkoxide base to form ArPd(II)–OR species 

11, which is more reactive than the ArPd(II)–X adduct.62 Copper iodide acting as a 

transmetalating agent reacts with the base and ligand to form the L–Cu–OR 

intermediate 12.87 Ligand exchange has been reported to occur between 12 and 

bis(pinacolato)diboron  to afford intermediate 13.87 Subsequently, 11 and 13 undergo 

the transmetalation to form complex 14, which induces regeneration of the copper 

intermediate 12. Finally, reductive elimination of 14 produces a new C–B bond of the 

corresponding borylation product.  

Effects of copper on the Miyaura borylation remain unclear. However, 

according to the proposed mechanism, the role of copper in borylation reaction is 

assumed to be a Bpin-tranfer agent in the transmetalation step.92, 93  

To test whether oxygen in the air participates in the catalytic Pd/Cu-

catalyzed borylation reaction, the optimized Miyaura borylation under inert 

atmosphere was operated under the same condition described in Table 10.8 (entry 3). 

A borylated product between iodobenzene and B2pin2 in the absence of air was 

obtained in 90% yield, whereas the same reaction in air could reach 97% yield. This 

result indicated that the borylation protocol developed in this thesis is resistant to the 

air atmosphere and the copper may prevent catalyst deactivation, probably by 

adsorption of O2 on the Cu(I) species. The Cu(I)O2 species may represent in another 

resonance structures, i.e., Cu(II)O2
-, [Cu(I)O2 ↔ Cu(II)O2

-].95, 96  

Notably, the palladium black was observed in the reaction. To prove 

whether Pd(0) nanoparticles (Pd(0)NPs) are the actual active catalyst in the borylation 

system developed in this thesis, the mercury poisoning test was carried out under the 

same reaction condition described in Table 10.8 (entry 3). A decrease in the coupling 

product yield (down to 91%) was observed in the excess of Hg. This result suggested 

that the borylation products were catalyzed, to some extent, by molecular palladium 

catalyst and the appearance of black particles might occur from the residual Pd 

catalyst.  
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Figure 10.1. Proposed plausible mechanism of the Pd/Cu-catalyzed Miyaura 

borylation reaction. 
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CHAPTER XI 

CONCLUSION 

 

 

 An efficient Pd/Cu-catalyzed protocol for Miyaura borylation of aryl and 

heteroaryl iodides has been successfully developed. Under the optimized reaction 

conditions, a mixture of Pd(OAc)2 (2 mol %), CuI (20 mol %), PPh3 (2 mol %) and 

Cs2CO3 (1.5 equiv) in acetonitrile (2 mL) allowed the facile synthesis of arylboronate 

8a in almost quantitative yield (97%) (for 0.6 mmol scale of phenyl iodide). The 

product yield of this borylation reaction was independent of the pKa of bases and 

solvent concentrations. The synergistic catalysis could be performed in air at room 

temperature. Therefore, this method serves as an inexpensive and convenient synthetic 

route to afford arylboronates. The chemoselectivity of C–I bond was observed in this 

catalytic combination. The reaction conditions are also compatible with various 

sensitive functional groups including electron-withdrawing and electron-donating 

groups and gave high product yields.  

 Moreover, the mercury poisoning test revealed that this borylation occur 

through the molecular palladium catalyst. The roles of copper in this Pd/Cu-catalyzed 

Miyaura borylation reaction were proposed as the Bpin-tranfer agent and the catalyst 

deactivator. 
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CHAPTER XII 

EXPERIMENTAL SECTION 

 

 

12.1 General methods  

All reagents were purchased from commercial sources (Aldrich, Merck 

and Fluka) and used without further purification. Thin layer chromatography (TLC) 

was purchased on Merck siliga gel 60 F254 aluminium sheets. Column 

chromatography was performed using Merck silica gel 60 (70–230 mesh.). NMR 

spectra were recorded on a Bruker AscendTM 400 (400 MHz) spectrometer. The 

chemical shifts (δ) for 1H are given in ppm and referenced to the residual proton signal 

of the deuterated solvent. The chemical shifts (δ) for 13C are referenced relative to the 

signal from the carbon of the deuterated solvent. The chemical shifts (δ) for 11B are 

reported relative to external BF3·OEt2 (δ = 0 ppm). Gas chromatography analysis was 

performed on Agilent Technologies 6890N with FID detector and HP-1 capillary 

column (polymethylsiloxane, 25 m, 0.32 mm, 0.17 m film thickness). Gas 

chromatography-mass analysis was performed on Agilent Technologies 7890A with 

5975C inert XL MSD with Triple-Axis detector and HP-5 capillary column 

(polydimethylsiloxane with 5% phenyl group, 20 m, 0.25 mm, 0.25 m film thickness) 

using helium as a carrier gas. 
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12.2 General procedure for reaction condition optimization of the 

Pd/Cu-catalyzed Miyaura borylation reaction 

 

 
       6(a–m)      7    8(a–m) 

 

Under atmospheric condition, a 10 mL screw cap vial equipped with a 

magnetic stir bar was charged with hexamethylbenzene (0.06 mmol, 9.7 mg, 0.1 

equiv) and the Pd source (0.012 mmol, 2 mol %). Triphenylphosphine and the copper 

source were added in the specific amount as indicated in the tables. Bis(pinacolato)-

diboron (0.9 mmol, 228 mg, 1.5 equiv), base (0.9 mmol, 1.5 equiv), aryl halide (0.6 

mmol, 1.0 equiv), and solvent (2 mL) was subsequently added into the reaction vial. 

The reaction vial was capped and stirred at room temperature for the desired time as 

indicated to generally give a dark mixture. The reaction mixture was diluted with 5 

mL of dichloromethane, washed with water (2 × 15 mL), brine (1 × 15 mL), and dried 

over Na2SO4. The organic layer was concentrated in vacuo to afford the crude product. 

The yield of the product was determined by GC analysis based on integration relative 

to hexamethylbenzene as an internal standard. The crude product was finally isolated 

by column chromatography.  

 The GC conditions are as follows: initial temperature: 110 oC (1 min), 

ramp 1 at 5 oC/min to 140 oC, ramp 2 at 35 oC/min to 325 oC, hold at 325 oC (1 min). 

Retention times: hexamethylbenzene internal standard (6.4 min), product 8a (4.9 min).  

 

 

12.3 Analytical data for borylation compounds (8a–m) 

 

12.3.1 4,4,5,5-Tetramethyl-2-phenyl-1,3,2-dioxaborolane (8a) 

 Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 
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mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 

0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 

mg, 0.9 mmol, 1.5 equiv), iodobenzene (67 L, 0.6 mmol, 1.0 equiv) and CH3CN (2 

mL) was stirred at room temperature for 24 h. The crude product was purified by 

column chromatography on silica gel (hexanes to 10% ethyl acetate/hexanes) to afford 

the title compound as a colorless liquid (90.2 mg, 74% yield). The NMR spectra of 8a 

agree with the literature data.62, 97, 98  

 

 

8a 

 

1H NMR (400 MHz, CDCl3):  7.88 (d, J = 6.9 Hz, 2H, ArH), 7.50 (m, 1H, ArH), 

7.42 (m, 2H, ArH), 1.35 [s, 12H, (CH3)4]. 

13C NMR (100 MHz, CDCl3):  134.7 (2 × CH, C), 131.2 (CH), 127.6 (2 × CH), 83.7 

(2 × C), 24.8 (4 × CH3). 

11B NMR (128 MHz, CDCl3):  31.2 (s).   

EI-MS (m/z, relative intensity): 204 (M+, 30), 189 (74), 188 (21), 118 (68), 105 (100), 

104 (42). 

 

12.3.2 2-(4-Methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolan 

(8b)  

 Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 

mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 

0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 

mg, 0.9 mmol, 1.5 equiv), 4-iodoanisole (140.4 mg, 0.6 mmol, 1.0 equiv) and CH3CN 

(2 mL) was stirred at room temperature for 24 h. The crude product was purified by 

column chromatography on silica gel (10% ethyl acetate/hexanes) to afford the title 

compound as a colorless oil (128.9 mg, 92% yield). The NMR spectra of 8b agree 

with the literature data.69, 72, 88  
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8b 

 

1H NMR (400 MHz, CDCl3):  7.78 (d, J = 8.6 Hz, 2H, ArH), 6.91 (d, J = 8.7 Hz, 2H, 

ArH), 3.83 (s, 3H, OCH3), 1.35 [s, 12H, (CH3)4]. 

13C NMR (100 MHz, CDCl3):  162.2 (C), 136.5 (2 × CH), 113.3 (2 × CH, C), 83.6 (2 

× C), 55.1 (CH3), 24.9 (4 × CH3).  

11B NMR (128 MHz, CDCl3):  30.7 (s).   

EI-MS (m/z, relative intensity): 234 (M+, 62), 219 (38), 148 (45), 135 (89), 134 (100), 

133 (22). 

 

12.3.3 4,4,5,5-Tetramethyl-2-(4-nitrophenyl)-1,3,2-dioxaborolane (8c)  

Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 

mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 

0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 

mg, 0.9 mmol, 1.5 equiv), 1-iodo-4-nitrobenzene (149.4 mg, 0.6 mmol, 1.0 equiv) and 

CH3CN (2 mL) was stirred at room temperature for 24 h. The crude product was 

purified by column chromatography on silica gel (CH2Cl2) to afford the title 

compound as a yellow solid (138.7 mg, 93% yield). The NMR spectra of 8c agree with 

the literature data.62, 72 

 

 

8c 

 

1H NMR (400 MHz, CDCl3):  8.18 (d, J = 8.5 Hz, 2H, ArH), 7.96 (d, J = 8.5 Hz, 2H, 

ArH), 1.36 [s, 12H, (CH3)4]. 
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13C NMR (100 MHz, CDCl3):  149.8 (C), 135.6 (2 × CH), 122.4 (2 × CH, C), 84.6 (2 

× C), 24.8 (4 × CH3). 

11B NMR (128 MHz, CDCl3):  30.2 (s).   

 EI-MS (m/z, relative intensity): 249 (M+, 5), 234 (100), 163 (64), 150 (31), 149 (8), 

104 (11), 85 (9), 58 (11). 

 

12.3.4 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenol (8d)  

Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 

mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 

0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 

mg, 0.9 mmol, 1.5 equiv), 4-iodophenol (132 mg, 0.6 mmol, 1.0 equiv) and CH3CN (2 

mL) was stirred at room temperature for 24 h. The crude product was purified by 

preparative TLC (10% ethyl acetate/hexanes) to afford the title compound as a white 

solid (100.4 mg, 76% yield). The NMR spectra of 8d agree with the literature data.69, 

89  

 

 

8d 

 

1H NMR (400 MHz, CDCl3):  7.70 (d, J = 8.5 Hz, 2H, ArH), 6.82 (d, J = 8.5 Hz, 2H, 

ArH), 6.21 (br s, 1H, OH), 1.34 [s, 12H, (CH3)4]. 

13C NMR (100 MHz, CDCl3):  158.6 (C), 136.9 (2 × CH), 114.9 (2 × CH, C), 83.8 (2 

× C), 24.7 (4 × CH3).  

11B NMR (128 MHz, CDCl3):  30.8 (s).   

EI-MS (m/z, relative intensity): 220 (M+, 43), 205 (50), 134 (45), 121 (100), 120 (99), 

119 (19). 
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12.3.5 4,4,5,5-Tetramethyl-2-(4-(trifluoromethyl)-phenyl)-1,3,2-dioxa-

borolane (8e)  

Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 

mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 

0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 

mg, 0.9 mmol,1.5 equiv), 4-iodobenzotrifluoride (163.2 mg, 0.6 mmol, 1.0 equiv) and 

CH3CN (2 mL) was stirred at room temperature for 24 h. The crude product was 

purified by preparative TLC (40% dichloromethane/hexanes) to afford the title 

compound as a white solid (108.1 mg, 66% yield). The NMR spectra of 8e agree with 

the literature data.74, 76, 88, 99  

 

 

8e 

 

1H NMR (400 MHz, CDCl3): 7.95 (d, J = 7.8 Hz, 2H, ArH), 7.64 (d, J = 7.9 Hz, 2H, 

ArH), 1.38 [s, 12H, (CH3)4]. 

13C NMR (100 MHz, CDCl3): δ 135.0 (2 × CH, C), 132.8 (q, J = 32.0 Hz, C), 124.3 

(q, J = 4.0 Hz, 2 × CH), 124.2 (q, J = 270.0 Hz, CF3), 84.3 (2 × C), 24.8 (4 × CH3).  

19F NMR (376 MHz, CDCl3): 63.1(s, 3F) 

11B NMR (128 MHz, CDCl3):  30.7 (s).   

EI-MS (m/z, relative intensity): 272 (M+, 9), 257 (100), 256 (24), 186 (81), 173 (84), 

172 (22), 85 (12), 58 (12). 

 

12.3.6 1-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)etha-

none (8f)  

Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 

mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 

0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 
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mg, 0.9 mmol, 1.5 equiv), 4'-iodoacetophenone (147.6 mg, 0.6 mmol, 1.0 equiv) and 

CH3CN (2 mL) was stirred at room temperature for 24 h. The crude product was 

purified by preparative TLC (30% acetone/hexanes) to afford the title compound as a 

white solid (138.4 mg, 91% yield). The NMR spectra of 8f agree with the literature 

data.62, 88  

 

 

8f 

 

1H NMR (400 MHz, CDCl3): 7.91 (d, J = 8.0 Hz, 2H, ArH), 7.87 (d, J = 8.2 Hz, 2H, 

ArH), 2.58 (s, 3H, COCH3), 1.33 [s, 12H, (CH3)4]. 

13C NMR (100 MHz, CDCl3):198.3 (C), 138.9 (2 × C), 134.8 (2 × CH), 127.2 (2 × 

CH), 84.1 (2 × C), 26.6 (CH3), 24.9 (4 × CH3).  

11B NMR (128 MHz, CDCl3):  30.8 (s).   

EI-MS (m/z, relative intensity): 246 (M+, 18), 231 (100), 231 (100), 160 (27), 147 

(61), 131 (15), 103 (11), 85 (7). 

 

12.3.7 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzamide (8g)  

Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 

mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 

0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 

mg, 0.9 mmol, 1.5 equiv) 4-iodobenzamide (147.6 mg, 0.6 mmol, 1.0 equiv) and 

CH3CN (2 mL) was stirred at room temperature for 24 h. The crude product was 

purified by recrystallization (CH2Cl2/hexanes) to afford the title compound as a white 

solid (132.5 mg, 89% yield). The NMR spectra of 8g agree with the literature data.72  

 

 

8g 
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1H NMR (400 MHz, CDCl3):  7.87 (d, J = 8.0 Hz, 2H, ArH), 7.79 (d, J = 8.1 Hz, 2H, 

ArH), 6.31 (br s, 2H, CONH2) 1.34 [s, 12H, (CH3)4]. 

13C NMR (100 MHz, CDCl3  169.5 (C), 135.5 (2 × C), 135.0 (2 × CH), 126.5 (2 × 

CH), 84.2 (2 × C), 24.9 (4 × CH3).  

11B NMR (128 MHz, CDCl3):  30.8 (s).   

EI-MS (m/z, relative intensity): 247 (M+, 23), 232 (60), 231 (21), 214 (75), 213 (21), 

204 (11), 190 (9), 186 (12), 162 (12), 161 (72), 148 (100), 147 (28), 143 (62) 131 (22), 

130 (48), 129 (17), 103 (22), 58 (18).  

 

12.3.8 Methyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate 

(8h) 

 Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 

mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 

0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 

mg, 0.9 mmol, 1.5 equiv), methyl 4-iodobenzoate (157.2 mg, 0.6 mmol, 1.0 equiv) and 

CH3CN (2 mL) was stirred at room temperature for 24 h. The crude product was 

purified by preparative TLC (1:5 ether/hexanes) to afford the title compound as a 

white solid (132.5 mg, 81% yield). The NMR spectra of 8h agree with the literature 

data.72, 100  

 

 

8h 

 

1H NMR (400 MHz, CDCl3): 8.03 (d, J = 8.2 Hz, 2H, ArH), 7.88 (d, J = 8.2 Hz, 2H, 

ArH), 3.92 (s, 3H, CO2CH3), 1.36 [s, 12H, (CH3)4]. 

13C NMR (100 MHz, CDCl3  167.0 (C), 134.6 (2 × CH), 132.2 (2 × C), 128.5 (2 × 

CH), 84.1 (2 × C), 52.0 (CH3), 24.8 (4 × CH3).  

11B NMR (128 MHz, CDCl3):  30.8 (s).   
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EI-MS (m/z, relative intensity): 262 (M+, 17), 247 (72), 246 (18), 176 (87), 163 (100), 

162 (26), 131 (18), 103 (17). 

 

12.3.9 2-(4-Chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (8i)  

Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 

mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 

0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 

mg, 0.9 mmol, 1.5 equiv), 1-chloro-4-iodobenzene (143.1 mg, 0.6 mmol, 1.0 equiv) 

and CH3CN (2 mL) was stirred at room temperature for 24 h. The crude product was 

purified by column chromatography on silica gel (hexanes) to afford the title 

compound as a colorless oil (136.6 mg, 96% yield). The NMR spectra of 8i agree with 

the literature data.87, 88 

 

 

8i 

 

1H NMR (400 MHz, CDCl3):  7.74 (d, J = 8.3 Hz, 2H, ArH), 7.35 (d, J = 8.3 Hz, 2H, 

ArH), 1.34 [s, 12H, (CH3)4]. 

13C NMR (100 MHz, CDCl3  137.5 (C), 136.1 (2 × CH), 128.0 (2 × CH, C), 84.0 (2 

× C), 24.8 (4 × CH3). 

11B NMR (128 MHz, CDCl3):  31.1 (s).   

EI-MS (m/z, relative intensity): 238 (M+, 30), 225 (28), 224 (16), 223 (84), 222 (19), 

152 (58), 141 (32), 140 (20), 139 (100), 138 (42), 85 (15), 59 (10). 

 

12.3.10 2-(4-Bromophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(8j)  

Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 

mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 
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0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 

mg, 0.9 mmol, 1.5 equiv), 1-bromo-4-iodobenzene (169.7 mg, 0.6 mmol, 1.0 equiv) 

and CH3CN (2 mL) was stirred at room temperature for 24 h. The crude product was 

purified by column chromatography on silica gel (hexanes) to afford the title 

compound as a light yellow liquid (119.4 mg, 70% yield). The NMR spectra of 8j 

agree with the literature data.87, 88 

  

 

8j 

 

1H NMR (400 MHz, CDCl3):  7.67 (d, J = 8.0 Hz, 2H, ArH), 7.51 (d, J = 8.4 Hz, 2H, 

ArH), 1.35 [s, 12H, (CH3)4]. 

13C NMR (100 MHz, CDCl3):  136.3 (2 × CH), 130.9 (2 × CH, C), 126.2 (C), 84.0 (2 

× C), 24.8 (4 × CH3).  

11B NMR (128 MHz, CDCl3):  31.4 (s).   

EI-MS (m/z, relative intensity): 284 (M+, 38), 283 (19), 282 (40), 269 (92), 268 (34), 

267 (94), 266 (23), 198 (68), 196 (70), 185 (91), 184 (55), 183 (100), 182 (50), 104, 

(24), 103 (33), 77 (19), 59 (15). 

 

12.3.11 4,4,5,5-Tetramethyl-2-o-tolyl-1,3,2-dioxaborolane (8k) 

Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 

mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 

0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 

mg, 0.9 mmol,1.5 equiv), 2-iodotoluene (76.4 L, 0.6 mmol, 1.0 equiv) and CH3CN (2 

mL) was stirred at room temperature for 24 h. The crude product was purified by 

preparative TLC (5% ethyl acetate/hexanes) to afford the title compound as a white 

solid (68 mg, 52% yield). The NMR spectra of product 8k agree with the literature 

data.87, 88 
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8k 

 

1H NMR (400 MHz, CDCl3):  7.85–7.83(m, 1H, ArH), 7.40–7.36 (m, 1H, ArH), 

7.24–7.21 (m, 2H, ArH), 2.61 (s, 3H, CH3), 1.41 [s, 12H, (CH3)4]. 

13C NMR (100 MHz, CDCl3):  144.8 (C), 135.8 (CH, C), 130.8 (CH), 129.7 (CH), 

124.7 (CH), 83.4 (2 × C), 24.9 (4 × CH3), 22.2 (CH3).  

11B NMR (128 MHz, CDCl3):  30.8 (s).   

EI-MS (m/z, relative intensity): 218 (M+, 29), 203 (41), 161 (92), 160 (42), 119 (100), 

118 (88), 117 (43), 91 (18), 85 (11). 

 

12.3.12 2-(2,6-Dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaboro-

lane (8l) 

 Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 

mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 

0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 

mg, 0.9 mmol,1.5 equiv), 2-iodo-1,3-dimethylbenzene (86.5 L, 0.6 mmol, 1.0 equiv) 

and CH3CN (2 mL) was stirred at room temperature for 24 h. The crude product was 

purified by preparative TLC (5% ethyl acetate/hexanes) to afford the title compound 

as a white solid (43.5 mg, 31% yield). The NMR spectra of 8l agree with the literature 

data.89 

 

B
O

O
CH3

CH3  

8l 

 

1H NMR (400 MHz, CDCl3):  7.14 (t, J = 7.6 Hz, 1H, ArH), 6.96 (d, J = 7.6 Hz, 2H, 

ArH), 2.41 [s, 6H, (CH3)2], 1.40 [s, 12H, (CH3)4]. 
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13C NMR (100 MHz, CDCl3): 141.7 (3 × C), 129.1 (CH), 126.4 (2 × CH), 83.6 (2 × 

C), 24.9 (4 × CH3), 22.2 (2 × CH3). 

11B NMR (128 MHz, CDCl3):  33.6 (s).   

EI-MS (m/z, relative intensity): 232 (M+, 29), 175 (100), 174 (33), 133 (51), 132 (63), 

131 (29), 105 (12), 91 (13). 

 

12.3.13 4,4,5,5-Tetramethyl-2-(thiophen-3-yl)-1,3,2-dioxaborolane 

(8m)  

Following the General procedure for reaction condition optimization of 

Pd/Cu-catalyzed Miyaura borylation reaction, a mixture of Pd(OAc)2 (2.7 mg, 0.012 

mmol, 0.02 equiv), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 mmol, 

0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron (228 

mg, 0.9 mmol, 1.5 equiv), 3-iodothiophene (61 L, 0.6 mmol, 1.0 equiv) and CH3CN 

(2 mL) was stirred at room temperature for 24 h. The crude product was purified by 

column chromatography on silica gel (0–5% ethyl acetate/hexanes) to afford the title 

compound as a white solid (79.3 mg, 63% yield). The NMR spectra of 8m agree with 

the literature data.69, 101, 102 

 

 

8m 

 

1H NMR (400 MHz, CDCl3):  7.95 (dd, J = 2.6, 0.9 Hz, 1H, ArH), 7.44 (dd, J = 4.8, 

0.9 Hz, 2H, ArH), 7.36 (dd, J = 4.8, 2.7 Hz, 1H, ArH), 1.35 [s, 12H, (CH3)4]. 

13C NMR (100 MHz, CDCl3): 136.4 (C), 132.0 (CH), 125.3 (2 × CH), 83.6 (2 × C), 

24.8 (4 × CH3). 

11B NMR (128 MHz, CDCl3):  29.3 (s).   

EI-MS (m/z, relative intensity): 210 (M+, 33), 195 (22), 152 (13), 124 (100), 111 (77), 

110 (43), 85 (18). 
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 12.4 Mercury poisoning test for the synergistic Pd/Cu-catalyzed 

Miyaura borylation reaction (Table 10.8, entry 3) 

 Under air, the reaction vial charged with an excess of Hg (Hg:Pd = 400:1) 

was added hexamethylbenzene (0.06 mmol, 9.7 mg, 0.1 equiv), Pd(OAc)2 (0.012 

mmol, 2.7 mg, 2.0 mol), CuI (22.8 mg, 0.12 mmol, 0.2 equiv), PPh3 (3.1 mg, 0.012 

mmol, 0.02 equiv), Cs2CO3 (293.2 mg, 0.9 mmol, 1.5 equiv), bis(pinacolato)diboron 

(228 mg, 0.9 mmol, 1.5 equiv), iodobenzene (67 L, 0.6 mmol, 1.0 equiv) and CH3CN 

(2 mL) and was stirred at room temperature for 2 h. The mixture was diluted with 

dichloromethane (5 mL), washed with water (2 × 15 mL), brine (1 × 15 mL), and dried 

over Na2SO4. The organic layer was concentrated in vacuo to afford the crude product 

8a. The yield of the product was determined by GC method. A 91% yield was 

obtained in the presence of excess Hg. 
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APPENDIX A 

CALIBRATION CURVES 

 

 

 
 

Figure 13.1. Calibration curve for the Suzuki-Miyaura cross-coupling reaction. 

 

 

 

Figure 13.2. Calibration curve for the Pd/Cu-catalyzed Miyaura borylation reaction. 
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APPENDIX B 

NMR SPETRA OF LIGANDS 

 

 

1. NMR spectra of compound (1) 

 

 
1 

1H NMR in CDCl3 

 

 

Figure 13.3. NMR spectra of compound 1.  
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13C NMR in CDCl3 

 
 

Figure 13.3 (cont.). NMR spectra of 1.  
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2 NMR spectra of compound (2) 

 

 
2 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.4. NMR spectra of compound 2. 
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APPENDIX C 

NMR SPECTRA OF PALLADIUM COMPLEXES  

 

 

 
4a 

1H NMR in CDCl3 

 

 

Figure 13.5. NMR spectra of complex 4a. 

 

 

 

 

 

 



Fac. of Grad. Studies, Mahidol Univ.                                                    Ph.D. (Inorganic Chemistry) / 141 

 

13C NMR in CDCl3 

 
 

Figure 13.5 (cont.). NMR spectra of complex 4a. 
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4b 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.6. NMR spectra of complex 4b. 
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4c 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.7. NMR spectra of complex 4c. 
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4d 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.8. NMR spectra of complex 4d 
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N

N N CH3
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Cl Cl

 

4e 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.9. NMR spectra of complex 4e.  
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4f 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.10. NMR spectra of complex 4f.  
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4g 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.11. NMR spectra of complex 4g.  
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3h 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.12. NMR spectra of compound 3h.  
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4h 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.13. NMR spectra of 4h.  
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APPENDIX D 

NMR SPECTRA OF BIPHENYL COMPOUNDS (5a–p) 

 

 

 

5a 

1H NMR in CDCl3 

 

 

Figure 13.14. NMR spectra of compound 5a.  
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13C NMR in CDCl3 

 
 

Figure 13.14 (cont.). NMR spectra of compound 5a.  
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5b 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.15. NMR spectra of compound 5b.  

 

 



Fac. of Grad. Studies, Mahidol Univ.                                                    Ph.D. (Inorganic Chemistry) / 153 

 

5c 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.16. NMR spectra of compound 5c.  
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5d 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.17. NMR spectra of compound 5d.  
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5e 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.18. NMR spectra of compound 5e.  
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5f 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.19. NMR spectra of compound 5f.  
 

 



Fac. of Grad. Studies, Mahidol Univ.                                                    Ph.D. (Inorganic Chemistry) / 157 

19F NMR in CDCl3 

 

 

Figure 13.19 (cont.). NMR spectra of compound 5f.  
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5g 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.20. NMR spectra of compound 5g.  
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5h 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.21. NMR spectra of compound 5h.  
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5i 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.22. NMR spectra of compound 5i.  
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13C NMR in CDCl3 

 

 

Figure 13.22 (cont.). NMR spectra of compound 5i.  
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5j 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.23. NMR spectra of compound 5j.  

 

 



Fac. of Grad. Studies, Mahidol Univ.                                                    Ph.D. (Inorganic Chemistry) / 163 

 

5k 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.24. NMR spectra of compound 5k.  
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19F NMR in CDCl3 

 
 

Figure 13.24 (cont.). NMR spectra of compound 5k.  
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5l 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.25. NMR spectra of compound 5l 

.  

 



Jadsada Ratniyom                                                                                                                                                                       Appendices /   166

 

5m 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.26. NMR spectra of compound 5m.  
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5n 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.27. NMR spectra of compound 5n.  
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N  

5o 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.28. NMR spectra of compound 5o.  
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N

N  

5p 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 
 

Figure 13.29. NMR spectra of compound 5p.  
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5q 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.30. NMR spectra of compound 5q.  

 



Fac. of Grad. Studies, Mahidol Univ.                                                    Ph.D. (Inorganic Chemistry) / 171 

 

APPENDIX E 

NMR SPECTRA OF BORYLATION COMPOUNDS (8a–m) 

 

 

 
8a 

1H NMR in CDCl3 

 

 

Figure 13.31. NMR spectra of compound 8a.  
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13C NMR in CDCl3 

 
11B NMR in CDCl3 

 

 

Figure 13.31 (cont.). NMR spectra of compound 8a.  
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8b 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.32. NMR spectra of compound 8b.  
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11B NMR in CDCl3 

 
 

Figure 13.32 (cont.). NMR spectra of compound 8b.  
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8c 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.33. NMR spectra of compound 8c.  
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11B NMR in CDCl3 

 
 

Figure 13.33 (cont.). NMR spectra of compound 8c.  
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8d 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.34. NMR spectra of compound 8d.  
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11B NMR in CDCl3 

 
 

Figure 13.34 (cont.). NMR spectra of compound 8d.  
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8e 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.35. NMR spectra of compound 8e.  
 



Jadsada Ratniyom                                                                                                                                                                       Appendices /   180

19F NMR in CDCl3 

 

 
11B NMR in CDCl3 

 
 

Figure 13.35 (cont.). NMR spectra of compound 8e.  
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8f 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.36. NMR spectra of compound 8f.  
 

 



Jadsada Ratniyom                                                                                                                                                                       Appendices /   182

11B NMR in CDCl3 

 
 

Figure 13.36 (cont.). NMR spectra of compound 8f.  
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8g 
1H NMR in CDCl3 

 

13C NMR in CDCl3 

 

 

Figure 13.37. NMR spectra of compound 8g.  
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11B NMR in CDCl3 

 
 

Figure 13.37 (cont.). NMR spectra of compound 8g.  
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8h 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.38. NMR spectra of compound 8h.  
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11B NMR in CDCl3 

 

 

Figure 13.38 (cont.). NMR spectra of compound 8h.  
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8i 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.39. NMR spectra of compound 8i.  
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11B NMR in CDCl3 

 
 

Figure 13.39 (cont.). NMR spectra of compound 8i.  
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8j 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.40. NMR spectra of compound 8j.  
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11B NMR in CDCl3 

 

 

Figure 13.40 (cont.). NMR spectra of compound 8j.  
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8k 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.41. NMR spectra of compound 8k.  
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11B NMR in CDCl3 

 
 

Figure 13.41 (cont.). NMR spectra of compound 8k.  
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8l 

1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.42. NMR spectra of compound 8l.  
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11B NMR in CDCl3 

 
 

Figure 13.42 (cont.). NMR spectra of compound 8l.  
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8m 
1H NMR in CDCl3 

 
13C NMR in CDCl3 

 

 

Figure 13.43. NMR spectra of compound 8m.  



Jadsada Ratniyom                                                                                                                                                                       Appendices /   196

11B NMR in CDCl3 

 

 

Figure 13.43 (cont.). NMR spectra of compound 8m.  
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APPENDIX F 

X-RAY DATA OF PALLADIUM COMPLEXES 

 

 

1. X-ray data of complex (4b) 

 

Table 13.1. Fractional atomic coordinates (×104) and equivalent isotropic displace-

ment parameters (Å2×103). Ueq is defined as 1/3 of the trace of the orthogonalised UIJ 

tensor. 

 

Atom x y z U(eq) 
Pd1 260.3(2) 1001.58(15) 4900.43(15) 42.51(19) 
C17 2260(3) 1504.9(19) 4379.2(17) 45.2(10) 
C18 2298(3) 2171(2) 4298(2) 59.0(12) 
C26 2998(3) 440(3) 4628(2) 69.3(15) 
C11 -780(4) 1425(3) 2523(2) 71.9(14) 
C22 3074(3) 1147(2) 4520(2) 54.3(11) 
C23 1410(3) 2552(2) 4174(3) 69.7(14) 
C21 3980(3) 1456(3) 4562(2) 69.8(15) 
C19 3228(4) 2446(3) 4352(3) 71.8(15) 
C20 4052(4) 2094(3) 4469(3) 74.0(15) 
C27 3477(4) 232(4) 5175(3) 109(3) 
C24 1335(5) 3134(3) 4540(4) 119(3) 
C12 -424(6) 2082(3) 2339(4) 112(2) 
C28 3371(5) 52(3) 4131(4) 115(2) 
C14 888(7) -658(3) 2960(3) 120(3) 
C13 -1801(4) 1304(4) 2263(3) 102(2) 
C25 1369(6) 2738(5) 3546(4) 135(3) 
C16 144(9) -1186(4) 2836(5) 176(5) 
C15 1909(9) -906(5) 2927(5) 200(6) 
N1 1335(2) 1189.9(16) 4299.6(14) 42.2(8) 
N2 -367(2) 623.5(16) 4206.1(15) 43.5(8) 
N3 -263(2) 413.8(18) 3291.8(16) 50.7(9) 
C1 1112(3) 997.0(18) 3801.0(19) 42.3(9) 
C2 184(2) 684(2) 3744.3(18) 40.5(9) 
C5 133(3) 395(2) 2717.5(19) 53.6(11) 
C3 -1188(3) 294(2) 4050(2) 58.5(12) 
C10 715(4) -114(3) 2563(2) 68.2(13) 
C4 -1125(3) 173(2) 3488(2) 66.2(13) 
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Table 13.1 (cont.). Fractional atomic coordinates (×104) and equivalent isotropic 

displacement parameters (Å2×103). Ueq is defined as 1/3 of the trace of the 

orthogonalised UIJ tensor. 

 

Atom x y z U(eq) 
C9 1088(4) -102(3) 2016(3) 89.5(19) 
C6 -88(4) 902(3) 2355(2) 60.9(13) 
C7 329(5) 891(3) 1819(3) 86.0(19) 
C8 915(4) 385(4) 1650(3) 93(2) 
Cl2 1084.4(10) 1439.7(8) 5635.4(6) 84.9(5) 
Cl1 -1041.4(8) 757.1(6) 5462.9(5) 61.1(3) 
Cl3 3568(2) 2002.8(16) 846.5(14) 189.7(14) 
Cl4 3601(3) 3169(2) 1305(2) 248(2) 
C29 2744(5) 2570(3) 1074(3) 105(2) 
Cl5 2020(10) 2170(12) 1483(10) 480(20) 
Cl6 2170(7) 2585(6) 1680(5) 235(7) 
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Table 13.2. Anisotropic displacement parameters (Å2×103). The anisotropic 

displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

 

Atom U11 U22 U33 U23 U13 U12 
Pd1 44.7(3) 40.6(3) 42.2(3) 0.56(13) 2.21(13) -7.08(12) 
C17 46(2) 50(2) 40(2) -0.6(18) 3.6(18) -16.4(19) 
C18 57(3) 56(3) 64(3) -5(2) 7(2) -10(2) 
C26 47(2) 68(3) 93(4) 30(3) -10(2) -2(2) 
C11 93(4) 70(3) 53(3) -5(3) -7(3) 14(3) 
C22 45(2) 64(3) 54(3) 10(2) -3(2) -14(2) 
C23 58(3) 54(3) 97(4) 13(3) 12(3) -6(2) 
C21 47(2) 85(4) 78(4) 4(3) -9(2) -13(2) 
C19 67(3) 58(3) 90(4) -4(3) 15(3) -23(3) 
C20 53(3) 82(4) 87(4) -4(3) 4(3) -24(3) 
C27 83(4) 133(6) 112(5) 64(5) -25(4) -9(4) 
C24 98(4) 72(4) 189(9) -33(5) 17(5) 12(4) 
C12 145(6) 79(5) 113(6) -3(4) 3(5) 6(4) 
C28 159(6) 68(4) 117(6) 15(4) 31(5) 2(4) 
C14 202(8) 80(5) 77(5) -10(4) -6(5) 63(6) 
C13 79(4) 125(6) 103(5) -20(5) -10(4) 30(4) 
C25 110(5) 164(8) 133(7) 50(6) 3(5) 36(6) 
C16 323(16) 64(5) 142(10) 13(6) 48(9) 7(8) 
C15 252(12) 201(11) 146(9) -32(8) -74(10) 147(10) 
N1 39.1(16) 44.4(19) 43(2) 5.3(16) 1.8(15) -5.2(14) 
N2 39.9(16) 43.3(19) 47(2) -0.2(16) 1.9(14) -4.2(14) 
N3 52(2) 50(2) 50(2) -6.4(18) -0.7(16) -9.9(16) 
C1 39.7(19) 39(2) 49(3) 2.1(18) 1.0(19) -0.8(16) 
C2 36.9(19) 44(2) 40(2) -5.6(19) -4.0(17) 1.2(16) 
C5 52(2) 65(3) 45(3) -13(2) -8.1(19) -4(2) 
C3 52(2) 63(3) 61(3) -3(2) 0(2) -19(2) 
C10 76(3) 72(3) 57(3) -21(3) -7(3) 12(3) 
C4 60(3) 69(3) 69(3) -15(3) -3(2) -24(2) 
C9 93(4) 105(5) 70(4) -30(4) -5(3) 33(4) 
C6 64(3) 72(3) 47(3) -10(2) -5(2) -1(2) 
C7 114(5) 95(5) 48(3) 3(3) 8(3) 10(4) 
C8 103(4) 128(6) 47(3) -13(4) 10(3) 13(4) 
Cl2 93.4(9) 109.5(12) 51.8(8) -12.2(7) -1.9(6) -48.4(8) 
Cl1 58.0(6) 64.5(7) 60.9(7) 1.6(6) 17.6(5) -8.3(5) 
Cl3 228(3) 179(3) 162(2) 13(2) -4(2) 116(2) 
Cl4 245(4) 233(4) 265(5) -33(3) -124(4) 18(3) 
C29 106(5) 103(5) 104(5) -2(4) -23(4) 44(4) 
Cl5 142(7) 810(40) 490(30) 520(30) 22(10) -34(14) 
Cl6 163(8) 344(13) 198(7) 171(8) 83(6) 165(10) 
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Table 13.3. Bond lengths. 

 

Atom Atom Length (Å) Atom Atom Length (Å) 
Pd1 N2 2.007(3) C14 C16 1.538(13) 
Pd1 N1 2.073(3) N1 C1 1.276(5) 
Pd1 Cl2 2.2583(13) N2 C2 1.325(5) 
Pd1 Cl1 2.2731(11) N2 C3 1.371(5) 
C17 C22 1.385(6) N3 C2 1.351(5) 
C17 C18 1.424(6) N3 C4 1.363(6) 
C17 N1 1.440(5) N3 C5 1.453(6) 
C18 C19 1.402(6) C1 C2 1.436(5) 
C18 C23 1.485(7) C5 C10 1.388(7) 
C26 C27 1.507(8) C5 C6 1.401(7) 
C26 C28 1.516(9) C3 C4 1.345(7) 
C26 C22 1.522(7) C10 C9 1.381(8) 
C11 C6 1.509(7) C9 C8 1.362(9) 
C11 C12 1.534(9) C6 C7 1.381(9) 
C11 C13 1.543(8) C7 C8 1.394(9) 
C22 C21 1.401(6) Cl3 C29 1.730(7) 
C23 C24 1.504(8) Cl4 C29 1.808(8) 
C23 C25 1.526(10) Cl4 Cl6 2.474(12) 
C21 C20 1.371(8) C29 Cl5 1.616(14) 
C19 C20 1.377(7) C29 Cl6 1.622(12) 
C14 C15 1.491(13) Cl5 Cl6 1.01(4) 
C14 C10 1.501(9) 
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Table 13.4. Bond angles. 

 

Atom Atom Atom Angle (˚) Atom Atom Atom Angle (˚) 
N2 Pd1 N1 80.00(13) C2 N2 Pd1 112.6(2) 
N2 Pd1 Cl2 175.00(9) C3 N2 Pd1 140.3(3) 
N1 Pd1 Cl2 95.04(10) C2 N3 C4 106.4(4) 
N2 Pd1 Cl1 92.71(9) C2 N3 C5 124.9(3) 
N1 Pd1 Cl1 172.61(10) C4 N3 C5 128.7(4) 
Cl2 Pd1 Cl1 92.26(5) N1 C1 C2 116.3(4) 
C22 C17 C18 122.9(4) N2 C2 N3 110.2(3) 
C22 C17 N1 118.8(4) N2 C2 C1 118.0(4) 
C18 C17 N1 118.3(4) N3 C2 C1 131.8(4) 
C19 C18 C17 115.6(4) C10 C5 C6 124.0(5) 
C19 C18 C23 122.1(4) C10 C5 N3 118.5(5) 
C17 C18 C23 122.3(4) C6 C5 N3 117.5(4) 
C27 C26 C28 110.6(5) C4 C3 N2 107.9(4) 
C27 C26 C22 113.6(5) C9 C10 C5 116.1(5) 
C28 C26 C22 112.5(5) C9 C10 C14 122.2(5) 
C6 C11 C12 113.2(5) C5 C10 C14 121.6(5) 
C6 C11 C13 109.9(5) C3 C4 N3 108.3(4) 
C12 C11 C13 109.0(5) C8 C9 C10 122.4(5) 
C17 C22 C21 118.0(4) C7 C6 C5 116.9(5) 
C17 C22 C26 121.5(4) C7 C6 C11 120.5(6) 
C21 C22 C26 120.5(4) C5 C6 C11 122.6(5) 
C18 C23 C24 112.9(5) C6 C7 C8 120.5(6) 
C18 C23 C25 111.0(5) C9 C8 C7 120.1(6) 
C24 C23 C25 109.7(6) C29 Cl4 Cl6 40.9(4) 
C20 C21 C22 120.8(5) Cl5 C29 Cl6 36.5(13) 
C20 C19 C18 122.2(5) Cl5 C29 Cl3 102.6(9) 
C21 C20 C19 120.3(4) Cl6 C29 Cl3 126.8(5) 
C15 C14 C10 112.6(9) Cl5 C29 Cl4 125.8(12) 
C15 C14 C16 110.6(8) Cl6 C29 Cl4 92.1(7) 
C10 C14 C16 109.7(7) Cl3 C29 Cl4 99.1(4) 
C1 N1 C17 118.5(3) Cl6 Cl5 C29 72.1(12) 
C1 N1 Pd1 113.2(3) Cl5 Cl6 C29 71.4(12) 
C17 N1 Pd1 128.4(3) Cl5 Cl6 Cl4 115.5(12) 
C2 N2 C3 107.1(4) C29 Cl6 Cl4 46.9(4) 
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Table 13.5. Hydrogen atom coordinates (Å×104) and isotropic displacement 

parameters (Å2×103). 

 

Atom x y z U(eq) 
H26 2306 368 4659 83 
H11 -834 1416 2931 86 
H23 860 2277 4232 84 
H21 4551 1220 4670 84 
H19 3293 2894 4300 86 
H20 4683 2294 4477 89 
H27A 3391 -215 5221 131 
H27B 3195 449 5495 131 
H27C 4164 327 5153 131 
H24A 755 3373 4455 143 
H24B 1901 3399 4495 143 
H24C 1303 2983 4925 143 
H12A 208 2162 2504 135 
H12B -877 2401 2463 135 
H12C -373 2092 1932 135 
H28A 3295 -388 4219 138 
H28B 4050 141 4059 138 
H28C 2993 153 3798 138 
H14 784 -515 3344 144 
H13A -2043 898 2378 123 
H13B -1744 1318 1856 123 
H13C -2248 1627 2388 123 
H25A 782 2977 3479 162 
H25B 1365 2367 3311 162 
H25C 1930 2992 3455 162 
H16A -499 -1005 2862 211 
H16B 196 -1534 3097 211 
H16C 255 -1334 2455 211 
H15A 2377 -585 3023 240 
H15B 2029 -1053 2546 240 
H15C 1971 -1253 3188 240 
H1 1560 1064 3492 51 
H3 -1669 201 4337 70 
H4 -1551 -42 3226 79 
H9 1499 -443 1891 107 
H7 214 1237 1564 103 
H8 1198 372 1276 111 
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Figure 13.44. X-ray structure of 4b 
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2. X-ray data of complex (4h) 

 
Table 13.6. Fractional atomic coordinates (×104) and equivalent isotropic displace-

ment parameters (Å2×103). Ueq is defined as 1/3 of the trace of the orthogonalised UIJ 

tensor. 

 

Atom x y z U(eq) 
Pd1 7161.8(2) 1294.17(15) 5554.58(15) 19.97(8) 
Cl1 8068.5(7) 2417.9(6) 6744.1(5) 30.41(19) 
Cl2 6322.4(9) 2835.3(6) 4715.2(6) 43.6(3) 
N1 6394(2) 12.3(17) 4604.5(16) 18.5(5) 
N2 8064(2) -19.3(17) 6294.9(16) 21.0(5) 
N3 8586(2) -1757.5(18) 6337.0(17) 19.9(5) 
C17 5390(3) 107(2) 3684.2(19) 19.1(6) 
C4 9312(3) -1319(2) 7153(2) 25.5(7) 
C2 7826(3) -946(2) 5821(2) 20.3(6) 
C23 3925(3) -825(2) 2262(2) 24.9(7) 
C5 8695(3) -2845(2) 6044(2) 20.8(6) 
C18 4402(3) 659(2) 3665(2) 22.2(7) 
C9 8274(3) -4790(2) 5834(2) 24.4(7) 
C25 5751(3) 827(2) 3198(2) 23.2(7) 
C24 2948(3) -268(2) 2245(2) 26.0(7) 
C11 9894(3) -1896(2) 5588(2) 31.3(8) 
C26 4959(3) -1024(2) 3214(2) 23.3(7) 
C20 3761(3) 1602(2) 2265(2) 26.3(7) 
C19 3385(3) 856(2) 2724(2) 25.1(7) 
C21 4722(3) 1022(2) 2261(2) 26.3(7) 
C6 9334(3) -2906(2) 5696(2) 25.2(7) 
C3 8982(3) -238(2) 7118(2) 24.1(7) 
C1 6892(3) -935(2) 4927(2) 21.2(6) 
C10 8140(3) -3757(2) 6109(2) 20.6(6) 
C14 7427(3) -3676(2) 6471(3) 35.0(9) 
C7 9434(3) -3950(2) 5429(3) 34.9(9) 
C22 4283(3) -99(2) 1788(2) 31.2(8) 
C8 8907(3) -4880(2) 5494(2) 32.0(8) 
C16 8041(5) -4172(5) 7360(3) 85.6(18) 
C12 9259(4) -1577(3) 4636(3) 45.7(10) 
C13 11171(3) -2077(3) 5992(3) 40.5(9) 
C15 6260(4) -4229(5) 5853(4) 85.1(18) 
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Table 13.7. Anisotropic displacement parameters (Å2×103). The anisotropic 

displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

  

Atom U11 U22 U33 U23 U13 U12 
Pd1 21.94(14) 10.44(11) 21.65(14) -1.75(8) 9.10(11) -1.46(8) 
Cl1 35.9(5) 17.7(3) 25.7(4) -6.8(3) 10.8(4) -7.6(3) 
Cl2 57.8(6) 11.4(3) 29.4(5) 1.0(3) 6.4(5) 1.1(3) 
N1 18.4(13) 12.9(10) 22.2(14) -3.1(9) 10.5(12) -1.5(9) 
N2 21.2(14) 14.4(11) 24.7(15) -3.8(10) 11.6(13) -2(1) 
N3 18.9(14) 14.8(11) 23.1(14) -0.1(10) 10.4(12) 1.6(9) 
C17 20.6(16) 13.4(12) 18.8(15) -1.2(11) 8.8(14) -0.5(11) 
C4 22.1(17) 23.4(15) 23.8(17) 2.7(12) 9.1(15) 5.1(12) 
C2 21.6(17) 11.9(11) 28.0(18) -1.8(11) 14.6(15) -0.1(11) 
C23 26.5(18) 18.7(14) 22.4(18) -7.4(12) 9.9(15) -0.7(12) 
C5 20.9(17) 15.8(13) 22.7(17) 0.8(11) 10.9(15) 6.0(11) 
C18 27.2(18) 14.2(13) 25.4(18) -0.4(11) 15.2(15) 1.8(11) 
C9 25.9(18) 19.1(14) 24.9(17) 0.6(12) 12.7(15) 0.7(12) 
C25 25.2(18) 19.2(13) 26.8(18) -0.5(12) 15.9(16) -1.2(12) 
C24 22.3(18) 22.9(14) 24.0(18) -0.3(12) 8.1(15) -2.7(12) 
C11 39(2) 23.7(15) 43(2) -0.9(14) 30(2) -0.4(14) 
C26 23.2(17) 15.0(13) 25.7(18) -4.9(12) 10.6(15) 0.3(11) 
C20 29.7(19) 21.8(14) 22.1(17) 2.6(12) 11.7(15) 3.3(13) 
C19 21.5(17) 19.4(13) 33(2) -0.6(13) 15.0(16) 2.1(12) 
C21 28.3(19) 24.9(14) 25.3(18) 1.3(13) 15.2(16) -3.3(13) 
C6 23.7(18) 20.3(14) 30.6(19) -2.5(12) 15.1(16) -0.6(12) 
C3 20.6(17) 22.0(14) 24.0(17) -4.3(12) 9.6(15) -0.5(12) 
C1 22.3(17) 14.9(12) 23.6(17) -3.7(11) 11.6(15) -2.0(12) 
C10 18.1(16) 18.1(13) 20.4(16) -0.2(11) 8.1(13) 1.7(11) 
C14 45(2) 22.3(15) 57(3) -4.3(15) 41(2) -0.5(14) 
C7 47(2) 28.8(16) 46(2) -7.5(15) 37(2) -2.0(15) 
C22 35(2) 30.9(16) 24.6(19) -4.9(14) 15.0(17) 0.1(14) 
C8 43(2) 18.8(14) 42(2) -8.1(14) 29(2) 0.6(14) 
C16 108(5) 125(4) 65(4) 23(3) 73(4) 31(4) 
C12 43(3) 41.0(19) 47(3) 13.6(18) 22(2) -3.3(18) 
C13 32(2) 45(2) 40(2) 6.5(17) 18(2) -4.0(16) 
C15 52(3) 118(4) 110(5) -42(4) 61(4) -28(3) 
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Table 13.8. Bond lengths. 

 

Atom Atom Length (Å) Atom Atom Length (Å) 
Pd1 Cl1 2.2695(8) C5 C6 1.391(4) 
Pd1 Cl2 2.2721(8) C5 C10 1.396(4) 
Pd1 N1 2.120(2) C18 C19 1.525(4) 
Pd1 N2 2.002(2) C9 C10 1.397(4) 
N1 C17 1.482(4) C9 C8 1.373(4) 
N1 C1 1.291(3) C25 C21 1.526(4) 
N2 C2 1.340(3) C24 C19 1.539(4) 
N2 C3 1.356(4) C11 C6 1.527(4) 
N3 C4 1.367(4) C11 C12 1.515(5) 
N3 C2 1.360(4) C11 C13 1.528(5) 
N3 C5 1.458(3) C20 C19 1.535(4) 
C17 C18 1.535(4) C20 C21 1.537(4) 
C17 C25 1.542(4) C21 C22 1.532(4) 
C17 C26 1.541(4) C6 C7 1.386(4) 
C4 C3 1.367(4) C10 C14 1.514(4) 
C2 C1 1.421(4) C14 C16 1.490(6) 
C23 C24 1.525(4) C14 C15 1.525(6) 
C23 C26 1.545(4) C7 C8 1.389(4) 
C23 C22 1.525(4) 
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Table 13.9. Bond angles. 

 

Atom Atom Atom Angle (˚) Atom Atom Atom Angle (˚) 
Cl1 Pd1 Cl2 88.45(3) C10 C5 N3 118.7(3) 
N1 Pd1 Cl1 169.79(6) C19 C18 C17 109.9(2) 
N1 Pd1 Cl2 101.33(7) C8 C9 C10 120.4(3) 
N2 Pd1 Cl1 90.60(7) C21 C25 C17 110.0(3) 
N2 Pd1 Cl2 173.25(7) C23 C24 C19 108.3(2) 
N2 Pd1 N1 80.04(9) C6 C11 C13 112.5(3) 
C17 N1 Pd1 127.52(16) C12 C11 C6 110.8(3) 
C1 N1 Pd1 111.5(2) C12 C11 C13 110.7(3) 
C1 N1 C17 121.0(2) C17 C26 C23 109.1(2) 
C2 N2 Pd1 112.1(2) C19 C20 C21 109.6(2) 
C2 N2 C3 107.7(2) C18 C19 C24 109.6(2) 
C3 N2 Pd1 139.08(19) C18 C19 C20 109.5(3) 
C4 N3 C5 126.2(2) C20 C19 C24 109.7(3) 
C2 N3 C4 107.5(2) C25 C21 C20 109.3(3) 
C2 N3 C5 125.8(3) C25 C21 C22 109.5(2) 
N1 C17 C18 108.5(2) C22 C21 C20 109.4(3) 
N1 C17 C25 107.8(2) C5 C6 C11 123.4(3) 
N1 C17 C26 113.5(2) C7 C6 C5 116.6(3) 
C18 C17 C25 110.8(2) C7 C6 C11 119.9(3) 
C18 C17 C26 108.0(2) N2 C3 C4 108.6(3) 
C26 C17 C25 108.3(2) N1 C1 C2 116.8(2) 
C3 C4 N3 107.1(3) C5 C10 C9 117.3(3) 
N2 C2 N3 109.2(3) C5 C10 C14 123.2(2) 
N2 C2 C1 118.9(2) C9 C10 C14 119.5(2) 
N3 C2 C1 131.9(3) C10 C14 C15 110.3(3) 
C24 C23 C26 110.0(3) C16 C14 C10 111.2(3) 
C24 C23 C22 110.0(2) C16 C14 C15 111.0(4) 
C22 C23 C26 110.3(3) C6 C7 C8 121.4(3) 
C6 C5 N3 117.7(2) C23 C22 C21 109.0(2) 
C6 C5 C10 123.6(2) C9 C8 C7 120.5(3) 
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Table 13.10. Hydrogen atom coordinates (Å×104) and isotropic displacement 
parameters (Å2×103). 

 

Atom x y z U(eq) 
H45 7298(4) 344(3) 333(3) 83.0(18) 
H30 4145(5) 1425(3) 2060(2) 85.1(18) 
H38 5833(4) 2288(3) 755(3) 84.9(18) 
H43 9535(4) 1228(3) 346(3) 85.0(19) 
H41 8292(4) 2883(3) 692(3) 86.1(19) 
H42 9657(4) 2290(3) 521(3) 89.4(19) 
H47a 8220(30) 490(20) -487(5) 154(4) 
H47b 9167(7) 300(30) -153(10) 154(4) 
H47c 8330(40) -198(8) -249(14) 154(4) 
H40a 6890(30) 3403(17) 520(20) 178(5) 
H40b 6350(50) 3005(4) 60(4) 178(5) 
H40c 5750(30) 3357(19) 530(20) 178(5) 
H31a 4110(20) 2395(5) 2550(30) 174(4) 
H31b 4660(50) 2084(11) 3070(5) 174(4) 
H31c 5200(20) 2165(14) 2480(20) 174(4) 
H46a 9040(17) 180(20) 951(17) 165(4) 
H46b 7970(30) 140(20) 1197(8) 165(4) 
H46c 8360(40) -383(4) 775(10) 165(4) 
H33 5766(8) -510(4) 1651(3) 149(4) 
H32a 3259(8) 1260(30) 3145(4) 154(4) 
H32b 2767(15) 1647(15) 2650(20) 154(4) 
H32c 2930(20) 918(17) 2580(20) 154(4) 
H39a 6350(60) 2368(5) 1688(4) 198(5) 
H39b 6950(30) 2980(30) 1547(9) 198(5) 
H39c 5810(30) 2990(30) 1525(8) 198(5) 
H34a 5210(60) -1530(20) 1910(30) 252(8) 
H34b 5210(60) -1330(40) 2553(17) 252(8) 
H34c 4472(10) -1019(16) 2120(50) 252(8) 
H35a 7070(30) -1070(60) 2442(18) 300(10) 
H35b 7040(30) -1220(40) 1790(40) 300(10) 
H35c 7386(11) -558(14) 2000(50) 300(10) 
H54 6531(3) 1055.8(19) 1509(2) 51.5(12) 
H52 3307(3) 172(2) 710(2) 70.2(15) 
H53 3413(4) -44(3) 1729(2) 78.3(17) 
H58 6487(5) -435(4) 3105(3) 106(2) 
H60 5232(5) 1226(4) 3430(3) 103(2) 
H59 6170(5) 381(4) 3716(3) 110(2) 
H65 2364(5) 2721(3) 758(3) 118(3) 
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Figure 13.45. X-ray structure of 4h. 
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