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ABSTRACT 

Palladium catalyzed cross-coupling reactions are a versatile tool in organic chemistry to 

produce small molecules. Current research interests involve the development of new catalyst 

systems for various palladium catalyzed reactions. Previous work has suggested the active 

species for palladium-catalyzed cross-coupling reactions to be a mono-ligated palladium(0) 

species when sterically demanding ligands are used. Therefore, the work focused on the 

synthesis of precatalysts with an established 1:1 L:Pd.  

Specifically, we were focused on the synthesis of mono-ligated palladium(II) precatalysts 

of general formula [(R3P)PdCl2]2, using di-tert-butylneopentylphosphine (DTBNpP), tert-

butyldineopentylphosphine (TBDNpP), and trineopentylphosphine (TNpP) as ligands. Under 

optimized conditions, both [(DTBNpP)PdCl2]2 and [(TNpP)PdCl2]2 were effective precatalysts 

for the Suzuki cross-coupling of a wide range of aryl bromides. Comparison studies with the air-

stable precatalysts versus the in situ generated catalyst showed the precatalysts to have improved 

conversions and higher rates of reaction under both inert and ambient atmospheres.  

The precatalyst activation pathways were investigated by 31P NMR spectroscopy. The 

spectra obtained from 31P NMR experiments revealed a side reaction resulting in a catalytically 

inactive palladacycle species. The results obtained from the mechanistic investigations led to 

further optimization of reaction conditions to decrease the amounts of catalytically inactive side 

products formed. 
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CHAPTER 1: SYNTHESIS AND STRUCTURAL PROPERTIES OF PALLADIUM(II) 

PRECATALYSTS 

1.1. Introduction 

1.1.1. Palladium Cross-Coupling Reactions 

Palladium-catalyzed cross-coupling reactions involve the formation of new carbon-

carbon and carbon-heteroatom bonds. Cross-coupling reactions involve the formation of a new 

bond between an aryl, alkenyl, or alkyl halide with a nucleophilic coupling partner. These 

reactions are classified by the nucleophilic coupling partner and the scientist associated with the 

development of the reaction, see Scheme 1.1. The 2010 Nobel Prize in Chemistry was awarded 

to Richard Heck, Ei-ichi Negishi, and Akira Suzuki for their contributions to palladium catalyzed 

cross-coupling reactions.  

 

Scheme 1.1: Common types of palladium catalyzed cross-coupling reactions.  
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Cross-coupling reactions are widely used in academia and the industry for the 

development of small molecules and materials.1-2 The general catalytic cycle for cross-coupling 

and the Heck reaction is shown in Scheme 1.2. All cross-coupling reactions require the initial 

formation of a catalytically active LnPd0 species. Most commonly, the active species is formed in 

situ from a palladium precursor such as Pd2(dba)3 or Pd(OAc)2 and free ligand. The first step in 

the cross-coupling catalytic cycle is the oxidative addition of aryl halide to the LnPd0 catalyst to 

form a LnPdII(Ar)(X) species. The next step in cross-coupling reactions is ligand substitution by 

a nucleophile followed by reductive elimination to give product and reform the active catalyst. In 

the Heck reaction, coordination of the alkene occurs after oxidative addition. Migratory insertion 

into the alkene bond then occurs followed by b-hydride elimination to release product. The 

resulting palladium hydride is deprotonated by base to reform the active catalyst.  

 

 

Scheme 1.2: General catalytic cycle for palladium catalyzed cross-coupling and Heck reactions.  
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1.1.2. Ligand Design for Palladium Cross-Coupling 

During the early development of cross-coupling reactions triphenylphosphine was the 

ligand of choice. The catalysts containing triphenylphosphine ligands worked well for the 

coupling of aryl iodide substrates and required high temperature conditions for the coupling of 

aryl bromides. However, the catalysts using triphenylphosphine as ligand were unable to couple 

aryl chloride substrates. Aryl iodides are more expensive and less commercially available as 

compared to aryl bromides and aryl chlorides. Therefore, research efforts became focused on 

optimizing catalyst activity to successfully couple aryl bromides and chlorides. Reports from 

Milstein and Osborn demonstrated that ligand electronic and steric properties had a significant 

effect on catalyst activity.3-5 These reports suggested that sterically hindered electron rich 

phosphine ligands improved catalyst performance.  

Due to the findings on ligand properties new research focused on ligand design and 

development for palladium cross-coupling became increasingly important, Figure 1.1.6-7  Fu 

demonstrated that the bulky trialkylphosphine ligands (t-Bu)3P and (Cy)3P gave catalyst systems 

that were effective in the Suzuki, Heck, Negishi, and Stille couplings of a wide scope of aryl 

bromides and chlorides under mild reaction conditions.5, 8-12 Hartwig applied the (t-Bu)3P ligand 

in the room temperature amination of aryl bromides and chlorides.13 Buchwald and coworkers 

developed a series of biaryl dialkylphosphine ligands that worked particularly well when applied 

to Suzuki and amination cross-coupling reactions.5, 14-15 Ferrocenyl dialkylphosphine ligands 

were developed by Hartwig and applied to a-arylation, amination, and C-O bond forming 

reactions.5, 16-17 The use of bulky N-heterocyclic carbenes (NHC’s) as ligands in cross-coupling 

reactions was well studied by Nolan and coworkers.5, 18-19 In addition to the discovery of 
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improved ligands for cross-coupling, studies to evaluate ligand properties led to the development 

of new methods to define ligand parameters.  

 

 

Figure 1.1: Examples of electron-rich bulky ligands. 

 

Several methods to quantify ligand steric and electronic properties have been developed. 

Tolman’s cone angle (q) is a well-known method to measure the steric bulk of trisubstituted 

phosphine ligands, and more recently has been applied to other ligand types.20 Tolman’s cone 

angles are measured from a CPK space filled molecular model with a preset P-M bond distance 

of 228 pm. The cone angle is the apex angle derived from a cylindrical cone that extended from 

the metal nucleus out to the van der Waals radii of the ligand atoms, Figure 1.2. Tolman 

measured the cone angles of the least sterically demanding conformer. This conformation gives 

the smallest possible value for the cone angle. After Tolman’s development of the cone angle 

new methods were established to improve on Tolman’s original reports. The advancement of 

computational chemistry provided the methods to obtain energy optimized structures. Calculated 

cone angles of optimized structures allow for a better assessment of the ligand steric impact.21 

Solid cone angles can be measured from crystallographic data. These cone angles are measured 
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by proposing the metal is a light source and measuring the percent shadow cast on a sphere by 

the ligand at an arbitrary distance,  but these cone angles may vary in solution from the observed 

solid-state measurement.22 Also implementing solid-state structures Nolan developed the percent 

buried volume (V%) method to measure the steric impact of ligands.23 The method measures the 

percent volume of a sphere that is occupied by the ligand where the sphere has a set radius with a 

metal atom at the core. The sphere is a representation of the metals coordination sphere. Similar 

to the solid cone angle, percent buried volume calculations are derived from solid-state structures 

and may not accurately represent the species in solution.  Additional methods have been 

developed to study the steric and electronic properties of ligands in addition to those 

mentioned.24-26  Several computational methods have been developed to study transition metal-

ligand interactions and properties as applied to catalysis.27-29  

 

 

Figure 1.2: Description of the cone angle (q). 

Cone Angle: θ

P

M 2.28Å
θ
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Mechanistic investigations on ligand effects during the catalytic cycle helped to 

determine the cause for needing electron rich and sterically hindered ligands.7 Fu demonstrated 

that the ratio of Pd:PR3  greatly influenced catalytic activity noting that an excess of 1.5 

equivalents of tri-tert-butylphosphine ligand caused a decrease in catalytic activity.30 Fu’s report 

suggested that the active catalyst species using tri-tert-butylphosphine ligand was a monoligated 

LPd complex. However, a report from Jutand showed that the steric nature of the ligand 

determines whether the active species is L2Pd or LPd showing that less sterically hindered 

ligands provided L2Pd as the active species.31 In the presence of bulky ligands, it has been 

accepted that the active catalyst species is a monoligated LPd complex.32 Ligands with steric 

bulk facilitate an equilibrium between L2Pd and LPd species. Added steric bulk potentially 

destabilizes the L2Pd species and therefore promotes ligand dissociation. In addition to steric 

properties, strong electron donating ligands facilitate oxidative addition and aid in stabilizing the 

low valent active species.33  

Due to the discussed findings in ligand development, research in the Shaughnessy group 

has focused on utilizing a series of neopentyl phosphine ligands for palladium-catalyzed cross-

coupling reactions. Specifically, di-tert-butylneopentylphosphine (DTBNpP), tert-

butyldineopentylphosphine (TBDNpP) and trineopentylphosphine (TNpP), Figure 1.3. The 

methylene group of the neopentyl substituent provides conformational flexibility as compared to 

tri-tert-butylphosphine (TTBP). The steric and electronic parameters of the neopentyl phosphines 

were quantified, Table 1.1.34-35 There was an increase in cone angle as a function of the 

neopentyl substituent. Previous reports demonstrated that palladium catalysts containing the 

neopentyl phosphines were effective for various cross-couplings of aryl bromides and 

chlorides.34-38  
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Figure 1.3: The structures of tri-tert-butylphosphine and neopentylphosphines.  

 

Table 1.1: Steric and electronic properties of neopentylphosphines. 

Ligand nRh-CO
 a (cm -1) qDFT

b (deg) qT
c (deg) HOMOd (eV) GAPe (eV) 

TTBP 1921 194 182 4.51 3.33 
DTBNpP 1939 198  4.50 3.27 
TBDNpP 1946 210  4.52 3.24 

TNpP 1950 227 180 4.46 3.16 
Table was adapted from reference (29). aCarbonyl stretching frequency measured in solution of 
in situ prepared trans-(L)2Rh(CO)Cl complex. bCone angle values determined from LDFT-
optimized LPd(0) structures using the STERIC program. cCone angle values determined by 
Tolman.20 d HOMO energy of LPd(0) at the B3LYP level. e HOMO-LUMO energy gap of 
LPd(0) at the B3LYP level.  

 

The in situ formed catalyst with DTBNpP coupled a large group of substrates with 

various electronic and steric properties.34-35 The catalyst derived using TNpP also coupled a wide 

substrate scope including more sterically hindered substrates to give products with up to four 

ortho-substituents at the new C-C, C-Y (Y = heteroatom) bond.37 Surprisingly, the catalyst with 

TBDNpP showed modest activity with yields between those observed when DTBNpP and TNpP 

ligands were used.  

Due to the instability of many trialkylphosphines in the presence of air, recent research 

has focused on the development of air-stable complexes to serve as pre-catalysts in palladium 
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catalyzed reactions.39 Shaughnessy and coworkers have developed a series of complexes 

containing the neopentyl phosphine ligands to serve as precatalysts for cross-coupling 

reactions.38 Monoligated and diligated Pd(II) and Pt(II) complexes of the general formulas 

[(L)MCl2]2 and (L)2MCl2 are well established and have been used in a variety of chemical 

processes including, but not limited to, catalysis reactions.40-46  Complexes of general formulas, 

[(R3P)PdCl2]2 and (R3P)2PdCl2 (R3P = DTBNpP, TBDNpP, TNpP) were synthesized and fully 

characterized. The complexes were stable in the presence of air and water. Herein, a description 

of the synthesis and structural analysis of the complexes is provided.  

1.2. Results and Discussion 

1.2.1. Synthesis of Palladium(II) Complexes 

All Pd(II) complexes were synthesized by reacting freshly prepared (CH3CN)2PdCl2 with 

free phosphine ligand at ambient temperature.47 The reaction of (CH3CN)2PdCl2 with 0.8 

equivalents of free phosphine in a 2:1 mixture of toluene:DCM gave complexes of general 

formula [(R3P)PdCl2]2 (1a-1c) in good yield (eq 1.1). The reaction of (CH3CN)2PdCl2 and 2 

equivalents of free phosphine gave bisphosphine species of general formula (R3P)2PdCl2 (2a-2c) 

(eq 1.2).  
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All complexes (1a-1c and 2a-2c) were characterized by 1H, 13C, 31P NMR spectroscopy, 

and elemental analysis. The 31P NMR chemical shifts for the monophosphine dimer species (1a-

1c) were significantly downfield as compared to those of the bisphosphine species (2a-2c), see 

Table 1.2. When the bisphosphine species (2a-2c) were dissolved in CDCl3, signals 

corresponding to free ligand and monophosphine dimer complex (1a-1c) were observed in the 

31P NMR spectra. These observations suggest that ligand dissociation in complexes 2a-2b occurs 

upon solvation in CDCl3. Ligand dissociation was not observed in the 31P NMR spectrum of 

complex 2c. In C6D6, the DTBNpP species 2a was the major species present with less than 5% of 

dimer. However, ligand dissociation is observed upon solvation of the TBDNpP species 2b in 

both CDCl3 and C6D6 to give dimer and free ligand, with the 2b as the major species present. 

The instability of the bisphosphine complexes is potentially due to the trans effect of two 

sterically hindered and strong s-donating phosphines causing the P-Pd bonds to be more labile.  

 

Table 1.2: 31P NMR chemical shifts of complexes 1a-1c and 2a-2c. 

[(R3P)PdCl2]2 d (ppm) (R3P)2PdCl2 d (ppm) 
1a 73.7 2a 43.6 
1b 49.6 2b 24.6 
1c 26.5 2c 3.2 
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1.2.2. Structural Characterization of Palladium(II) Complexes 

 High quality single crystals were obtained for complexes 1a, 1c, and 2a-2c by the slow 

diffusion of pentane into solutions of palladium complexes in DCM, Figures 1.4-1.8. Selected 

bond lengths and angles for the complexes are reported in Table 1.3. The crystal structure of 

complex 2a has been reported by our group previously and the data is included herein for 

comparison to the structures of 2b and 2c.38 Several single crystals of 1b were obtained from 

various conditions. All single crystals of 1b had modulated data that could not be solved for the 

structure. However, single crystals of the TBDNpP bisphosphine complex (2b) provided good 

crystal data allowing for us to observe the structural characteristics of the TBDNpP ligand at the 

palladium(II) metal center. 

 

Figure 1.4: ORTEP diagram of 1a. 
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Figure 1.5: ORTEP diagram of 1c. 

 

Figure 1.6: ORTEP diagram of 2a. 
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Figure 1.7: ORTEP diagram of 2b. 

 

Figure 1.8: ORTEP diagram of 2c. 
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Table 1.3: Selected bond lengths and angles of complexes 1a-1c and 2a-2c. 

 1a 1c 2a 2b 2c 
Pd1-P1 2.284(3) 2.2362(6) 2.4149 2.3893 2.3565 
P1-C1 1.838(9) 1.838(2)  1.900(2) 1.851(2) 
P1-C5    1.854(2)  
P1-C6 1.905(9) 1.840(2)   1.850(2) 
P1-C10 1.89(1)   1.852(2)  
P1-C11  1.839(2)   1.844(2) 
P1-C23   1.908(1)   
P1-C30   1.852(1)   
P1-C31   1.903(1)   
P1-C1-C2 126.7(7) 125.7(1)   124.3(2) 
P1-C5-C6    126.5(2)  
P1-C6-C7  121.9(1)   127.9(1) 
P1-C11-C12  123.9(2)   123.3(1) 
P1-C30-C28   126.2(1)   
C1-P1-C5    99.74(9)  
C1-P1-C6 102.8(4) 108.92(9)   105.79(9) 
C1-P1-C10 108.4(4)   106.86(9)  
C1-P1-C11  110.16(9)   105.22(9) 
C5-P1-C10    102.03(9)  
C6-P1-C10 109.9(4)     
C6-P1-C11  101.80(9)   107.17(9) 
C23-P1-C30   106.87(6)   
C23-P1-C31   109.05(6)   
C30-P1-C31   100.92(6)   
Pd1-P1-C1 111.8(3) 111.03(6)  120.16 109.15 
Pd1-P1-C5    110.25  
Pd1-P1-C6 104.9(3) 113.10(6)   111.71 
Pd1-P1-C10 117.9(3)   115.26  
Pd1-P1-C11  111.47(7)   117.06 
Pd1-P1-C23   120.14   
Pd1-P1-C30   112.59   
Pd1-P1-C31   105.53   
Pd1-P1-C1-C2 62.7(9) 170.9(1)   128.1 
Pd1-P1-C5-C6    47.7  
Pd1-P1-C6-C7  41.9(2)   145.1 
Pd1-P1-C10-C11    65.1  
Pd1-P1-C11-C12  56.3(2)   72.3 
Pd1-P1-C28-C30   64.5   
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Unlike the rigid tri-tert-butylphosphine, the neopentyl phosphines are conformationally 

flexible due to the methylene group of the neopentyl substituent. The flexibility of the neopentyl 

phosphine ligands allows for conformational changes to accommodate steric crowding.37 

Therefore, the conformational changes of the neopentyl ligands based on environment were of 

interest. Pd(0) complexes of general formula (R3P)2Pd with both TNpP and DTBNpP as ligands 

have been previously reported by our group, Figures 1.9 and 1.10.37-38 Comparison of the 

neopentyl dihedral angles in the Pd(0) complexes with the corresponding Pd(II) monophospine 

and bisphosphine complexes demonstrates the conformational flexibility of the neopentyl 

substituents. For DTBNpP, the neopentyl dihedral angle in the (DTBNpP)2Pd(0) complex was 

small (Pd1-P1-C1-C2 = 0.3(1)) with the neopentyl groups eclipsed to the Pd-P bond. However, 

in the presence of chloride ligands the neopentyl dihedral angles of DTBNpP expand to adapt a 

staggered conformation to the Pd-P-Cl square plane in the Pd(II) monophosphine complex (Pd1-

P1-C1-C2 (1a) = 62.7(9)) and the bisphosphine complex (Pd1-P1-C28-C30 (2a) = 64.5).  

 

Figure 1.9: ORTEP diagram of the molecular structure for (DTBNpP)2Pd(0). 
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Figure 1.10: ORTEP diagram of the molecular structure for (TNpP)2Pd(0). 

Similar conformational changes were observed for the complexes with TNpP ligands. 

The dihedral angles in the (TNpP)2Pd complex (Pd-P1-C1-C2 = 34.2(3); Pd-P2-C6-C7 = 

34.9(3)) were larger than the dihedral angle observed in (DTBNpP)2Pd complex.  In the 

(TNpP)2Pd complex, all of the neopentyl substituents are pointed towards the palladium metal 

exerting maximal steric influence. In the Pd(II) complexes with TNpP ligand (1c, 2c) the 

dihedral angles are significantly larger than observed for (TNpP)2Pd (1c Np dihedral angles = 

170.9(1), 56.3(2), 41.9(2); 2c dihedral angles = 128.1, 145.1, and 72.3). In complex 1c, one 

neopentyl group is anti to the square plane (Pd-P1-C1-C2 (1c) = 170.9(1)) and the other two 

neopentyl substituents are in a gauche-type conformation. In complex 2c, one of the neopentyl 

groups is anti to the Pd-P bond.  
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The observed changes of the dihedral angles in the Pd(0) complexes versus the Pd(II) 

complexes (1a, 1c, 2a, 2c) demonstrates the conformational flexibility of the neopentyl 

substituents. The catalytic cycle of cross-coupling reactions involves both low coordinate (1-2 

coordinate) and 4-coordinate palladium species. It has been proposed that sterically hindered 

ligands facilitate ligand dissociation from L2Pd to low coordinate, 12-electron LPd species.32 

Low coordinate LPd species are highly reactive and have been demonstrated to have increased 

activity for oxidative addition when L is a bulky ligand such as TTBP.32 The 

bis(neopentylphosphine) Pd(0) structures reported by our group previously have small dihedral 

angles. These conformations have the neopentyl substituent pointed towards the palladium center 

and potentially stabilizing the low coordinate species. The square planar Pd(II) complexes (1a, 

1c, 2a, 2c) containing additional chloride ligands adapted to the added steric crowding through 

the expansion of the neopentyl dihedral angles. Similar conformational changes may occur 

during the catalytic cycle. It is difficult to specifically assign the neopentyl conformational 

changes occurring during the catalytic cycle but these results indicate that such changes are 

possible. Previous research demonstrated that TNpP ligated catalysts facilitate the cross-coupling 

of sterically hindered substrates, which was attributed to the conformational flexibility of the 

neopentyl substituent.37  

In addition to comparing the Pd(0) complexes with their Pd(II) analogues we were 

interested in observing the differences in Pd(II) bisphosphine complexes with varying ligands 

between DTBNpP, TBDNpP, and TNpP. Comparing the bisphosphine complexes 2a-2c it was 

noted that complex 2b has the smallest C-P-C angles. The mean C-P-C angle in 2b is 102.5 (2a 

= 105.7, 2c = 106.2). A decrease in the C-P-C angles results in an increased pyramidalization at 

phosphorus. It has been shown that increased pyramidalization of phosphorus results in a higher 
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s-character of the lone pair and weakens the s-donating ability of the ligand.48-50  The cause of 

the observed pyramidalization was unclear. It was postulated that steric repulsion from the trans 

configuration of TBDNpP ligands in 2b is the driving force to pyramidalize at phosphorus. To 

test that hypothesis, a reaction to exchange one of the TBDNpP ligands in 2b with a less 

sterically hindered ligand was proposed. It was expected that in a less sterically crowded 

environment the C-P-C angles of TBDNpP would increase. The bridge cleaving reaction 

between 1b and 4-picoline was conducted to form [(TBDNpP)PdCl2(4-picoline)] as product (eq 

1.3). Complete conversion to the product was confirmed by 31P NMR spectroscopy. X-ray 

quality crystals were obtained by cooling a concentrated solution of 1b in DCM with excess 4-

picoline, see Figure 1.11. The average C-P-C angle in [(TBDNpP)PdCl2(4-picoline)] is 103.3 

(C15-P1-C6 = 104.7(1), C6-P1-C10 = 107.2(1), C10-P1-C15 = 98.1(1)). Only a slight increase in 

the C-P-C angle was observed suggesting that the TBDNpP ligand has a more pyramidalized 

structure overall than the other neopentyl phosphines.  
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Figure 1.11: ORTEP diagram of [(TBDNpP)PdCl2(4-picoline)]. 

Selected bond lengths (Å) and angles (deg):  P1-Pd1 = 2.2758(9); N1-Pd1 = 2.104(2);P1-C6 = 
1.885(3); P1-C15 = 1.859(3); P1-C10 = 1.857(2); C15-P1-C6 = 104.7(1); C6-P1-C10 = 107.2(1); 

C10-P1-C15 = 98.1(1); P1-C15-C16 = 125.5(2); P1-C10-C11 = 126.2(2); Pd1-P1-C10 = 
112.36(8); Pd1-P1-C6 = 121.59(9); Pd1-P1-C15 = 110.13(9); C16-C15-P1-Pd1 = 25.6(3); C11-

C10-P1-Pd1 = -62.8(2). 

 

1.2.3. Equilibrium Analysis of Bridge Cleaving Reactions of Monophosphine Complexes with 

Free Phosphine Ligands. 

To further investigate the neopentylphosphine ligand properties, the bridge cleaving 

reaction of complexes 1a-1c with free phosphine ligands was studied (eq 1.4). Solutions were 

prepared to observe the reaction under equilibrium conditions. The equilibrium constants of the 

cleavage reaction measure the reverse ligand dissociation reaction of bisphosphine complexes 

2a-2c (eq 1.5). It has been shown that an increase in steric bulk increases the rate of ligand 

dissociation.20 Therefore, it was proposed that increase in steric bulk would be inversely related 

to an increase in equilibrium constant. Through analysis of the calculated cone angles of 
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DTBNpP, TBDNpP, and TNpP it was predicted that TNpP would have the smallest Keq with a 

steady increase in Keq for TBDNpP and DTBNpP.   

 

 

 

𝐾"# = 	
('())+',-.+ +

'() +',+-./ '() +  (1.5) 

 

31P NMR spectroscopy was used to measure the equilibrium concentrations for the 

reactions of [(R3P)PdCl2]2 (1a-1c) with free phosphine ligand to form the bisphosphine 

complexes (R3P)2PdCl2 (2a-2c), Table 1.4. Inversion recovery experiments were conducted on 

concentrated solutions of free phosphine to determine the T1 relaxation time for each ligand. 

Solutions of known concentrations of [(R3P)PdCl2]2, R3P, and trimethyl phosphate (internal 

standard) were prepared in the dry box. Experiments were conducted using an inverse-gated, 

proton-phosphorus decoupled pulse program setting the delay time to 3 x T1 for each ligand. All 

equilibrium experiments were conducted in CDCl3 and C6D6 and the results of the experiments 

are outlined in Tables 1.4 and 1.5. Surprisingly, the data suggests that TNpP has the strongest 

binding ability followed by the DTBNpP and lastly the TBDNpP.  
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Table 1.4: Measured concentrations for the dimer-monomer equilibrium reactions. 

entry ligand solvent [[(R3P)PdCl2]2]i [R3P]i [(R3P)2PdCl2]i Keq 
1 DTBNpP C6D6 0.0021 0.00078 0.017 232530.4325 
2 DTBNpP C6D6 0.00063 0.0017 0.021 248397.4359 
3 DTBNpP C6D6 0.00013 0.004 0.023 255040.8229 
4 TBDNpP C6D6 0.006 0.0012 0.0074 6078.888615 
5 TBDNpP C6D6 0.0046 0.0019 0.011 6609.502538 
6 TBDNpP C6D6 0.0032 0.0029 0.014 6914.735801 
7 TBDNpP C6D6 0.0023 0.004 0.015 6032.596361 
8 TNpP C6D6 0.0022 0.00026 0.017 2031221.719 
9 TNpP C6D6 0.001 0.00039 0.018 2019898.504 
10 TNpP C6D6 0.0023 0.00025 0.017 2003450.558 
11 TNpP C6D6 0.0015 0.00036 0.019 1850961.114 
12 DTBNpP CDCl3 0.0053 0.00085 0.0077 15756.41827 
13 DTBNpP CDCl3 0.0037 0.0017 0.011 12227.59904 
14 DTBNpP CDCl3 0.0022 0.0027 0.015 12870.78934 
15 DTBNpP CDCl3 0.001 0.0046 0.017 13989.20722 
16 TBDNpP CDCl3 0.0064 0.0033 0.0071 703.7337662 
17 TBDNpP CDCl3 0.0059 0.0044 0.0093 750.1331019 
18 TBDNpP CDCl3 0.0036 0.0074 0.012 735.2695588 
19 TBDNpP CDCl3 0.0024 0.011 0.015 753.0750223 
20 TNpP CDCl3 0.0035 0.00028 0.016 948170.5769 
21 TNpP CDCl3 0.0032 0.00032 0.018 952840.0615 
22 TNpP CDCl3 0.0025 0.0004 0.019 900277.3558 
23 TNpP CDCl3 0.0021 0.00047 0.019 825932.438 

 

There was a noted solvent effect in the equilibrium reactions. In all cases the equilibrium 

constants obtained in CDCl3 were increased by an order of magnitude compared to reactions 

using C6D6. The data suggests that in C6D6 the bisphosphine complex is more favored as 

compared to CDCl3. The cause for the observed solvent effect is currently unknown, but suggests 

that the bisphosphine complex has increased stability in benzene. Another possibility is that the 

monophosphine complex is relatively less stable in benzene. Originally, a continuous decrease in 

Keq was expected as the ligand steric bulk increased. The trend in calculated cone angles show a 



 21 

continuous increase in steric bulk of the neopentyl phosphine ligands, TNpP > TBDNpP > 

DTBNpP. However, that is the calculated trend for the Pd(0) complexes and likely differs in the 

Pd(II) complexes. In contrast, the trend of decreasing equilibrium constants is TNpP > DTBNpP 

> TBDNpP. 

 

Table 1.5: Calculated equilibrium constants from the measured equilibrium concentrations. 

ligand Solvent  Keq (M-1) DG Experimental 
(kcal/mol @ 298 K) 

DTBNpP C6D6 2.4 ± 0.2 x 105  -7.32 ± 0.06 
TBDNpP C6D6 6.4 ± 0.4 x 103  -5.18 ± 0.04 

TNpP C6D6 19.8 ± 0.8 x 105  -8.58 ± 0.03 
DTBNpP CDCl3 1.4 ± 0.2 x 104  -5.63 ± 0.07 
TBDNpP CDCl3 7.4 ± 0.2 x 102  -3.91 ± 0.02 

TNpP CDCl3 9.1 ± 0.5 x 105  -8.58 ± 0.03 
 

 In contrast to the calculated cone angles, the equilibrium data suggests that the TBDNpP 

ligand exerts the most steric bulk and the TNpP exerts the least. However, the trend in C-P-C 

angles observed from the crystal structures agrees with the observed equilibrium data. The 

average C-P-C angles of complexes 2a-2c (2a = 105.7, 2b = 102.5, 2c = 106.2) decrease in order 

of TNpP > DTBNpP > TBDNpP. As previously discussed, a decrease in C-P-C angles would 

increase the s-character of the phosphorus lone pair making it a weaker s-donor. A decrease in 

s-donation is proposed to cause a decrease in bond dissociation energy.  

1.3. Conclusions 

The air-stable neopentyl phosphine Pd(II) complexes of general formula [(PR3)PdCl2]2 

and (PR3)2PdCl2 were successfully prepared and characterized. Structural analysis of the 
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complexes demonstrated the conformational flexibility of the neopentyl substituents. An 

interesting trend was noted in the equilibrium constants measured via 31P NMR spectroscopy. 

The equilibrium reaction involving TBDNpP had the lowest Keq value confirming that the 

TBDNpP complex 2b is less stable in solution as compared to complexes 2a and 2c.   In 

complex 2b, the pyramidalization of phosphorus increases the s-character of the lone pair 

weakening the s-donating properties. The increased s-character of TBDNpP was proposed to 

contribute to the instability of 2b in solution. The isolation of [(TBDNpP)PdCl2(4-picoline)] 

demonstrated the pyramidal nature of the TBDNpP ligand. It is not clear why the TBDNpP 

ligand is more pyramidal than DTBNpP and TNpP. Further investigation to calculate the 

pyramidalization energy of the free ligands may provide more insight into the observed trends.  

1.4. Experimental  

General Method for the Synthesis of [(R3P)PdCl2]2: In a glovebox, (CH3CN)2PdCl2 (1 eq) and 

R3P (0.8 eq) were added to an oven dried flask. The flask was sealed and removed from the dry 

box. Anhydrous toluene (2 mL) and anhydrous methylene chloride (1 mL) were added to the 

reaction flask via syringe under N2 flow. The reaction was stirred under N2(g) at ambient 

temperature overnight. The crude reaction mixture was exposed to air and filtered over a plug of 

Celite to remove any undissolved solids. The solvent was removed under reduced pressure to 

yield the product as a solid. In some cases, the product was further purified via recrystallization 

from hot hexanes.  

[(DTBNpP)PdCl2]2 (1a): (CH3CN)2PdCl2 (100 mg, 0.4 mmol) and DTBNpP (80 µL, 0.3 mmol) 

were reacted following the general method to yield 116 mg (95%) of the product as an orange 

solid. 1H NMR (500 MHz, CDCl3): d 2.05 (d, JP-H = 13.5 Hz, 4H), 1.60 (d, JP-H = 14.4 Hz, 36H), 

1.44 (s, 18H). 13C NMR (125 MHz, CDCl3): d 39.0 (d, JP-C = 18.1 Hz), 34.4 (d, JP-C = 14.7 Hz), 
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33.7 (d, JP-C = 6.4 Hz), 31.4 (d, JP-C = 4.5 Hz), 30.9 (d, JP-C = 2.1 Hz). 31P{1H} NMR (202.5 

MHz, CDCl3): d 73.7 (s). Anal. Calcd for C26H58Cl4P2Pd2: C, 39.66; H, 7.43; Cl, 18.01. Found: 

C, 39.58; H, 7.42; Cl, 18.19. 

[(TBDNpP)PdCl2]2 (1b): (CH3CN)2PdCl2 (50 mg, 0.2 mmol) and TBDNpP (37 mg, 0.16 mmol) 

were reacted following the general method. Product was purified via recrystallization from 

hexanes to yield 40 mg (61%) of the product as a red-orange crystalline solid. 1H NMR (500 

MHz, C6D6): d 2.22 (dd, J = 13.0, 15.0 Hz, 4H), 1.84 (dd, J = 13.0, 15.0 Hz, 4H) 1.44 (d, JP-H = 

15.6 Hz, 18H) 1.44 (s, 36H). 13C NMR (125 MHz, C6D6): d 40.5 (d, JP-C = 21.2 Hz), 35.6 (d, JP-C 

= 23.4 Hz), 33.5 (d, JP-C = 6.7 Hz), 31.7 (d, JP-C = 4.2 Hz), 29.0 (d, JP-C = 2.7 Hz). 31P{1H} NMR 

(MHz, C6D6): d 49.59 (s). Anal. Calcd for C28H62Cl4P2Pd2: C, 41.24; H, 7.26; Cl, 17.39. Found: 

C, 41.07; H, 7.56; Cl, 17.51. 

[(TNpP)PdCl2]2 (1c): (CH3CN)2PdCl2 (100 mg, 0.4 mmol) and TNpP (76 mg, 0.3 mmol) were 

reacted following the general method to yield 121 mg (93%) of the product as an orange solid. 

1H NMR (500 MHz, C6D6): d 1.68 (d, JP-H = 13.2 Hz, 12H), 0.95 (s, 54H). 13C NMR (125 MHz, 

C6D6): d 38.7 (d, JP-C = 24.9 Hz), 33.2 (d, JP-C = 6.7 Hz), 32.7 (d, JP-C = 5.1 Hz). 31P{1H} NMR 

(MHz, C6D6): d 26.54 (s). Anal. Calcd for C30H66Cl4P2Pd2: C, 42.72; H, 7.89; Cl, 16.81. Found: 

C, 43.00; H, 8.04; Cl, 17.09. 

General Method for the Synthesis of (R3P)2PdCl2: In a glovebox, (CH3CN)2PdCl2 (1 eq) and R3P 

(2 eq) were added to an oven dried flask. The flask was sealed and removed from the dry box. 

Anhydrous toluene (2-3 mL) was added to the reaction flask via syringe under N2 flow. The 

reaction was stirred under N2 at ambient temperature overnight. The crude reaction mixture was 

exposed to air and filtered over Celite to remove any undissolved solids. The solvent was 
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removed under reduced pressure to the yield product as a solid. In some cases, the product was 

further purified via recrystallization from hot hexanes.  

(DTBNpP)2PdCl2 (2a):38 (CH3CN)2PdCl2 (50 mg, 0.2 mmol) and DTBNpP (103 µL, 0.4 mmol) 

were reacted following the general method to yield 100.1 mg (82%) of the product as a yellow 

solid. 1H NMR (500 MHz, C6D6): d 1.96 (m, 4H), 1.29 (vt, JP-H = 6.4 Hz, 36H), 1.17 (s, 18H). 

13C NMR (125 MHz, C6D6): d 37.1 (t, JP-C = 6.7 Hz), 33.5 (br), 31.3, 31.1, 30.4 (t, JP-C = 4.5 

Hz). 31P{1H} NMR (MHz, C6D6): d 43.6. Anal. Calcd for C26H58Cl2P2Pd: C, 51.19; H, 9.58; Cl, 

11.62. Found: C, 50.73; H, 9.50; Cl, 11.89. 

(TBDNpP)2PdCl2 (2b): (CH3CN)2PdCl2 (50 mg, 0.2 mmol) and TBDNpP (92 mg, 0.4 mmol) 

were reacted following the general method. The crude mixture was purified via recrystallization 

from hexanes to yield 73 mg (57%) of the product as a yellow crystalline solid. 1H NMR (500 

MHz, C6D6): d 2.35 (m, 4H), 1.88 (m, 4H), 1.43 (m, 54H). 13C NMR (125 MHz, C6D6): d 38.8 (t, 

JP-C = 7.0 Hz), 34.3 (t, JP-C = 9.8 Hz), 33.6, 31.8, 29.6. 31P{1H} NMR (MHz, C6D6): d 24.6. 

Anal. Calcd for C28H62Cl2P2Pd: C, 52.71; H, 9.79; Cl, 11.11. Found: C, 52.98; H, 9.81; Cl, 

10.79. 

(TNpP)2PdCl2 (2c): (CH3CN)2PdCl2 (50 mg, 0.2 mmol) and TNpP (98 mg, 0.4 mmol) were 

reacted following the general method to yield 97.9 mg (73%) of the product as a yellow solid. 1H 

NMR (500 MHz, C6D6): d 2.20 (t, JP-H = 3.6 Hz, 12H), 1.26 (s, 54H). 13C NMR (125 MHz, 

C6D6): d 37.3 (t, JP-C = 9.4 Hz), 33.1 (t, JP-C = 2.8 Hz), 32.5. 31P{1H} NMR (202.5 MHz, C6D6): 

d 3.2. Anal. Calcd for C30H66Cl2P2Pd: C, 54.09; H, 9.99; Cl, 10.64. Found: C, 54.52; H, 10.20; 

Cl, 10.29. 
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Synthesis of [(TBDNpP)PdCl2(4-picoline]: 1b (70 mg, 0.09 mmol) was added to a vial and 

dissolved in 1 mL of DCM. The solution was orange in color. 4-picoline (17 µL, 0.18 mmol) 

were added to the solution and an immediate color change to yellow was observed. Conversion 

to product was determined by 31P NMR spectroscopy. X-ray quality crystals were obtained by 

cooling a concentrated solution of product in DCM with excess of 4-picoline (10 equivalents). 

Proton and phosphorus NMR spectra were obtained by dissolving a crystal in CDCl3. 1H NMR 

(500 MHz, CDCl3): d 8.92 (m, 2H) 6.34 (d, J = 5.8 Hz, 2H), 2.55 (dd, J = 15.0 Hz, 12.2 Hz, 2H), 

1.79 (dd, J = 14.8 Hz, 12.8 Hz, 2H), 1.67 (s, 18H), 1.57 (d, J = 14 Hz, 9H), 1.57 (s, 3H).  

31P{1H} NMR (202.5 MHz, CDCl3): d 36.1. 

General Method for 31P NMR spectroscopy equilibrium experiments: All solutions were prepared 

in the dry box in oven dried volumetric glassware. For all experiments, standard solutions of 

known concentration were first prepared for each component of the mixture. Trimethyl 

phosphate was used as an internal standard. For all experiments, a 0.13 M solution of trimethyl 

phosphate was freshly prepared by adding 15 µL of trimethyl phosphate to a 1 mL volumetric 

flask and was diluted to the mark with corresponding solvent (CDCl3 and C6D6). In all 

experiments, a 0.026 M solution of [(R3P)PdCl2]2 was prepared. For experiments using DTBNpP 

and TNpP 1 M solutions of free ligand were prepared. And for experiments using TBDNpP 

0.1M solutions were prepared. For all experiments, 100 µL of 0.13 M trimethyl phosphate and 

500 µL of 0.026 M [(R3P)PdCl2]2 were first added to an empty 1 mL volumetric flask. For each 

set of experiments four solutions were prepared with constant initial concentrations of trimethyl 

phosphate and [(R3P)PdCl2]2  and varied initial concentrations of free ligand, see Table 1.6 

below.  
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Table 1.6: Initial concentrations (M) of reagents for equilibrium reactions.  

entry ligand solvent [(MeO)3P=O]i [[(R3P)PdCl2]2]i [R3P]i 
1 DTBNpP C6D6 0.013 0.013 0.02 
2 DTBNpP C6D6 0.013 0.013 0.025 
3 DTBNpP C6D6 0.013 0.013 0.03 
4 TBDNpP C6D6 0.013 0.013 0.0098 
5 TBDNpP C6D6 0.013 0.013 0.013 
6 TBDNpP C6D6 0.013 0.013 0.0195 
7 TBDNpP C6D6 0.013 0.013 0.026 
8 TNpP C6D6 0.013 0.013 0.02 
9 TNpP C6D6 0.013 0.013 0.022 
10 TNpP C6D6 0.013 0.013 0.025 
11 TNpP C6D6 0.013 0.013 0.027 
12 DTBNpP CDCl3 0.013 0.013 0.01 
13 DTBNpP CDCl3 0.013 0.013 0.015 
14 DTBNpP CDCl3 0.013 0.013 0.02 
15 DTBNpP CDCl3 0.013 0.013 0.025 
16 TBDNpP CDCl3 0.013 0.013 0.0098 
17 TBDNpP CDCl3 0.013 0.013 0.013 
18 TBDNpP CDCl3 0.013 0.013 0.0195 
19 TBDNpP CDCl3 0.013 0.013 0.026 
20 TNpP CDCl3 0.013 0.013 0.017 
21 TNpP CDCl3 0.013 0.013 0.018 
22 TNpP CDCl3 0.013 0.013 0.02 
23 TNpP CDCl3 0.013 0.013 0.021 

  

31P NMR experiments were conducted to analyze the solutions. Inversion recovery experiments 

were conducted on concentrated solutions of free ligand to calculate the relaxation time, T1, for 

each ligand, values shown in Table 1.7. 31P NMR experiments were conducted on the solutions 

for equilibrium using a proton-phosphorus decoupled inverse gated pulse program setting the 

delay time, d1, to 3 x T1 for each ligand. 
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Table 1.7: Measured relaxation times (T1) and delay times (d1) used for the measurement of 

equilibrium constants via 31P NMR spectroscopy. 

entry ligand tnull
 (sec)a T1 (sec)b d1 (sec) 

1 DTBNpP 9 13 40 
2 TBDNpP 8 12 36 
3 TNpP 6 8 24 

a Measured from inversion recovery experiments. b T1 = tnull/ln(2). 
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CHAPTER 2: APPLICATION OF PALLADIUM(II) PRECATALYSTS TO CROSS-

COUPLING REACTIONS 

2.1. Introduction 

As previously mentioned in Chapter 1, research in the Shaughnessy group has focused on 

looking at various trialkylphosphine ligands containing neopentyl substituents for use in the 

palladium catalyzed cross-couplings of aryl halides. Specifically, di-tert-butylneopentyl 

phosphine (DTBNpP), tert-butyldineopentyl phosphine (TBDNpP), and trineopentyl phosphine 

(TNpP). The neopentyl phosphine ligands were applied to the in situ catalyzed Suzuki, Heck, 

Buchwald-Hartwig amination and Sonogashira cross-coupling reactions.1-4 The results from 

previous studies demonstrated that catalysts containing neopentyl phosphine ligands provide 

good yields for the coupling of various aryl bromides and chlorides under mild reaction 

conditions, see Scheme 2.1. Increased product yields were obtained in the coupling of sterically 

undemanding substrates when DTBNpP was used as the ligand as compared to TNpP. Yields for 

the coupling of sterically hindered substrates were improved when TNpP was used as ligand 

versus DTBNpP.2 In addition, all of the product yields obtained using TBDNpP as ligand fell 

between those observed when using the DTBNpP and TNpP ligands.1 The DTBNpP ligand was 

also applied to the a-arylation of ketones with aryl bromides and chlorides, see Scheme 2.1.5-6  
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Scheme 2.1: Selected results from previously published research using neopentyl phosphines for 

the in situ formed catalyst in cross-coupling reactions. 

 

Although trialkylphosphine ligands provide effective catalyst systems, a disadvantage is 

that most are reactive toward oxygen and pyrophoric in some cases. The use of pyrophoric 

ligands poses a safety hazard, especially in industrial scale reactions. In addition to air 

sensitivity, the in situ preparation of catalyst often results in less catalytically active species. The 

in situ formation of the active catalyst results in an equilibrium process between the more 

thermodynamically stable L2Pd species and the kinetically active LPd species. In cases when 

catalyst precursors such as Pd2(dba)3 are used, the presence of additional ligands can compete 

with catalyst formation.7 Research has shown that a 12 electron monoligated LPd species is the 

active catalyst in most cross-coupling reactions.8-9 In recent years, research in the field has been 
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geared towards the development of catalyst precursors that contain preformed Pd-ligand 

bonds.10-12  

Early preformed Pd species developed were of general formula L2Pd. Fu reported the use 

of (TTBP)2Pd for the Negishi coupling of a wide range of aryl and vinyl chlorides.13 Hartwig 

also applied the (TTBP)2Pd precatalyst for amination reactions noting a significant increase in 

activity of (TTBP)2Pd as compared to the in situ catalyst derived from Pd(dba)2.14 One initial 

drawback to the use of L2Pd catalysts was the difficult preparation of these complexes that 

involved air-sensitive and volatile starting materials.15 To address this issue, Colacot and 

coworkers developed a facile method for the preparation of L2Pd catalysts using the air-stable 

precursor Pd(COD)Br2 and free phosphine ligand in the presence of base.16 The L2Pd catalysts 

addressed the issues with competing ligands and formation of inactive catalytic species and 

various derivatives of L2Pd have been applied to cross-coupling reactions.11, 16-19 Although the 

L2Pd catalysts have shown enhanced reactivity in some cases, most are unstable in the presence 

of air. Additionally, ligand dissociation from the thermodynamically stable L2Pd species to the 

kinetically active LPd species is required for cross-coupling to occur.20-23 The need for ligand 

dissociation requires high reaction temperatures to form the active monoligated species. 

Therefore, the continued development in the field brought rise to air-stable palladium 

precatalysts with a set 1:1 Pd:L ratio.  

Various preformed palladium catalysts with a preset 1:1 Pd:L ratios containing 

trialkylphosphines or N-heterocyclic carbene ligands have been developed. Notable contributions 

include Organ’s24 PEPPSI precatalysts, Buchwald’s25 palladacycles, and various Pd(II) 

complexes including (L)Pd(allyl)(Cl) species from Nolan26, Colacot and Shaughnessy27 shown in 

Figure 2.1.  
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Figure 2.1: Selected examples of preformed Pd precatalysts containing the desired 1:1 ligand to 

palladium ratio. 

 

 Because the catalytically active LPd species are highly reactive and unstable, precatalysts 

with a 1:1 Pd:L ratio contain other ligands to aid in stabilization. Therefore, these types of 

precatalysts must be activated to generate the LPd species. The Buchwald palladacycles, shown 

in Figure 2.1, are air stable and easily prepared.25 The Buchwald palladacycles were shown to 

have increased activity over the in situ catalyzed amination of aryl chlorides.25, 28 Unlike, the 

L2Pd precatalysts, the Buchwald palladacycles are activated at room temperature under mild 

conditions. These precatalysts are activated in the presence of base through deprotonation of the 

amine ligand followed by reductive elimination to form indoline and the active LPd species, see 

Scheme 2.2.25 The Buchwald precatalysts showed superior activity in the room temperature 

Suzuki cross-coupling of a wide range of substrates, including 5-membered heterocyclic boronic 

acids, when XPhos was used as ligand.29  

 

Scheme 2.2: Buchwald palladacycle activation pathway. 
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Organ’s PEPPSI precatalysts are pyridine adducts that contain a N-heterocyclic carbene 

ligand.24 The PEPPSI catalysts are Pd(II) complexes that were proposed to be activated via 

double transmetallation of an organometallic reagent followed by reductive elimination to give 

the active LPd species.24 The PEPPSI precatalysts showed superior activity in the Suzuki cross-

coupling of a wide range of substrates including heterocycles and sterically hindered substrates.24 

The PEPPSI precatalysts have also been applied to aminations, Negishi, and Kumada type cross-

coupling reactions.12, 30-32   

The air-stable (DTBNpP)Pd(allyl)(Cl) precatalysts previously reported by Shaughnessy 

and Colacot showed increased activity compared to the in situ derived catalyst for amination 

reactions and the a-arylation of ketones under mild conditions.27, 33 However, it was found that 

the activation pathway for Pd(allyl) complexes involves a side reaction to undergo 

comproportionation to form a less catalytically active Pd(I) dimer. The proposed activation 

involves nucleophilic attack of the allyl ligand to reductively eliminate an allyl ether and form 

the monoligated active species that will react with unactivated precatalyst to form the Pd(I) 

dimer, see Scheme 2.3.27 
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Scheme 2.3: (L)Pd(allyl)(Cl) precatalyst activation/comproportionation pathway. 

 

As a continuation of the previous research utilizing neopentyl phosphines, the application 

of the precatalysts (1a-1c) discussed in Chapter 1 were applied to cross-coupling reactions. The 

complexes of general formula [(R3P)PdCl2]2 (PR3 = DTBNpP 1a, TBDNpP 1b, TNpP 1c) 

contain the desired 1:1 ligand to palladium ratio making them ideal candidates as precatalysts for 

cross-coupling. The neopentyl phosphine Pd(II) complexes are more thermally stable than the 

allyl complexes and stable in the presence of air, which is especially advantageous when the air 

sensitive DTBNpP and TBDNpP ligands are used.  
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2.2. Results and Discussion 

2.2.1. Synthesis of Palladium(II) Precatalysts 

Palladium(II) precatalysts of general formula [(R3P)PdCl2]2 were prepared as described 

previously in Chapter 1. The in situ derived catalyst from Pd2(dba)3 and TBDNpP was shown to 

be less effective than the catalysts containing TNpP or DTBNpP. Because of the modest 

reactivity of the catalyst derived using TBDNpP as ligand precatalyst 1b was not applied to 

cross-coupling reactions. Only the precatalysts containing DTBNpP (1a) and TNpP (1c) ligands 

were applied to cross-coupling reactions. 

2.2.2. Optimization of Conditions for Suzuki Cross-Coupling of Aryl Bromides 

The precatalysts (1a and 1c) were first applied to the Suzuki cross-coupling of aryl 

bromides. Various reaction conditions were screened using 1a to determine optimized conditions 

for coupling. Molander and coworkers have completed extensive research on the coupling of aryl 

bromides with organotriflouroborate salts using carbonate as base in refluxing methanol.34 These 

conditions were analyzed varying the amounts of 1a (eq 2.1) and the results are tabulated in 

Table 2.1. High yields were obtained for the cross-coupling of 4-bromoanisole and 

phenyltriflouroborate under these conditions, but complete conversion of starting material was 

not observed.  
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Table 2.1: Optimization of Suzuki cross-coupling using phenyltriflouroborate salts. 

entry cat. (mol%) base (eq) yielda 

1 2.0 3 89 

2 1.5 3 87 

3 1.0 3 79 

4 0.5 3 78 
              a GC yield. 

 

Reaction conditions were then optimized for the room temperature cross-coupling of 4-

bromoanisole with phenylboronic acid (eq 2.2). Specific conditions and yields are reported in 

Table 2.2. The highest yields were obtained with biphasic 1:1 mixtures of THF or acetonitrile 

with water and sodium carbonate as base (entries 1-12). A significant decrease in product yield 

was observed when alcohol solvents were used with carbonate base (entries 13-14). When 

sodium methoxide was used the yields obtained in THF and acetonitrile solvents were higher 

than those using alcohol but overall lower than the conditions when carbonate base was used 

(entries 15-18). The optimal yield was achieved using a biphasic solvent system of acetonitrile 

and water (1:1) and 1.5 equivalents of sodium carbonate as base (entry 11). 
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Table 2.2: Optimization conditions for the coupling of 4-bromoanisole and phenyl boronic acid.  

entry cat. (mol%) solvent base used base (eq) yielda 

1 2.0 THF:H2O Na2CO3 1.1 79 

2 1.5 THF:H2O Na2CO3 1.1 79 

3 1.0 THF:H2O Na2CO3 1.1 81 

4 1.0 THF:H2O Na2CO3 1.5 96 

5 1.0 THF:H2O Na2CO3 2.0 92 

6 1.0 CH3CN:H2O Na2CO3 2.0 92 

7 0.5 THF:H2O Na2CO3 1.1 90 

8 0.5 THF:H2O Na2CO3 1.5 96 

9 0.5 THF:H2O Na2CO3 2.0 95 

10 0.5 CH3CN:H2O Na2CO3 1.1 86 

11 0.5 CH3CN:H2O Na2CO3 1.5 100 

12 0.5 CH3CN:H2O Na2CO3 2.0 99 

13 0.5 MeOH Na2CO3 1.5 6 

14 0.5 EtOH Na2CO3 1.5 12 

15 0.5 MeOH NaOMe 1.5 6 

16 0.5 EtOH NaOMe 1.5 36 

17 0.5 CH3CN NaOMe 1.5 67 

18 0.5 THF NaOMe 1.5 75 

      aGC yield. 

 

2.2.3. Substrate Scope for the Suzuki Cross-Coupling of Aryl Bromides 

Under the optimized conditions, the precatalysts 1a and 1c were applied to the Suzuki 

coupling of a variety of aryl bromides and aryl boronic acids, Table 2.3. The yields for the 

coupling of electron rich aryl bromide substrates (entries 1-5) with 1a were comparable to those 

obtained with the in situ derived catalyst. Low yields were obtained in the coupling of 2-

bromothiophene (entry 8). The cause for the decreased yields are unknown, but are likely due to 

the electron rich C2 of the thiophene ring. However, high yields were obtained for the coupling 
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of 3-bromothiophene because coupling occurs at the less electron rich C3 of the thiophene ring 

(entry 9). Reactions with precatalyst 1c gave higher yields as compared to 1a for the coupling of 

sterically hindered substrates (entries 12-13 and 15-17). Previous research has shown that the 

added conformational flexibility of TNpP allows for the accommodation of more sterically 

hindered substrates.2, 35 The increased flexibility of TNpP allows the neopentyl groups to swing 

out away from the substituents on the aryl substrate thereby decreasing steric strain. Overall, 

coupling reactions with palladium(II) precatalysts 1a and 1c provided comparable isolated yields 

as seen with the in situ prepared catalysts for the Suzuki cross-coupling of aryl bromides with 

aryl boronic acids. 
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Table 2.3: Substrate scope for the Suzuki cross-coupling of aryl bromides with precatalysts 1a 

and 1c.  

 

entry product catalyst T (°C) yielda entry product catalyst T (°C) yielda 

1 
 

1a 
1c 

23 
50 

90 
92 10 

 
1a 
1c 

23 
50 

72 
84 

2 
 

1a 
1c 

50 
50 

45 
77 11 

 
1a 
1c 

23 
23 

87 
90 

3 
 

1a 
1c 

23 
50 

84 
87 12 

 
1a 
1c 

50 
50 

57 
85 

4 
 

1a 
1c 

23 
23 

90 
80 13 

 

1a 
1c 

23 
23 

63 
87 

5 
 

1a 
1c 

23 
23 

35 
20 14 

 

1a 
1c 

23 
23 

85 
76 

6 
 

1a 
1c 

23 
23 

60 
63 15 

 

1a 
1c 

23 
50 

73 
85 

7 
 

1a 
1c 

50 
50 

NR 
NR 16 

 

1a 
1c 

23 
23 

71 
80 

8 
 

1a 
1c 

50 
50 

31 
65 17 

 

1a 
1c 

50 
23 

35b 
82 

9 
 

1a 
1c 

23 
23 

99 
71 18 

 

1a 
1c 

80 
80 

NR 
NR 

aYields reported are an average of two isolated yields. bGC Yield. 

2.2.4. Effects of Air on the Catalytic Activity of In Situ vs. Preformed Precatalysts in the Suzuki 

Cross-Coupling of 4-Bromoanisole 

Due to the air sensitivity of DTBNpP, cross-coupling reactions using the in situ formed 

catalyst must be conducted under inert atmosphere. Therefore, reactions to examine the effects 

atmospheric oxygen would have on the reactivity of precatalyst 1a versus the in situ formed 
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(DTBNpP)Pd were conducted. Under the optimized conditions for 1a, three general reactions 

were set up (eq 2.3). One was set up and run under nitrogen, the second was set up in air and run 

under nitrogen, and lastly a reaction was set up and run in the presence of air. The same 

conditions were applied to reactions containing the in situ prepared catalyst, using 0.5 mol% 

Pd2(dba)3 and 1.0 mol% DTBNpP. All reactions were stirred at room temperature for two hours. 

The crude reactions were analyzed via gas chromatography with mesitylene as the internal 

standard.  Table 2.4 shows the results of GC yields. The yields obtained using 1a were greater 

than 90%, with no significant decrease observed in the presence of air. In contrast, the yields 

obtained using in situ catalyst were less than 65% and decreased significantly in the presence of 

air. The air-stable precatalyst 1a is more efficient under aerobic conditions and reaches 

completion at a faster rate than the in situ system under both inert and aerobic conditions. The 

decreased rate observed for the in situ derived catalyst may be due to the incubation period 

required to form the active catalyst species. Additionally, acetonitrile coordination may compete 

with formation of the active catalyst and cause the observed rate decrease. 

 

 

Table 2.4: Effects of air for the Suzuki coupling of 4-bromoanisole with acetonitrile as solvent. 

Pd/L set up and run in N2 
set up in air and run under 

N2 
set up and run in air 

Pd2(dba)3/DTBNpPa 60 34 19 

[(DTBNpP)PdCl2]2 (1a)b 99 93 94 

GC yields reported. a 1.0 mol % Pd2(dba)3 and 2.0 mol% DTBNpP used. b 0.5 mol% used. 
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To further probe the potential effects of acetonitrile coordination, the same reactions were 

repeated using the less coordinating ethereal solvent THF in place of acetonitrile (eq 2.4). The 

results obtained with THF as the organic solvent are shown in Table 2.5. Increased rates and 

higher yields were observed for the in situ system. The results suggest that solvent has an effect 

on the rate. However, in the presence of air, the yield decreased significantly and were lower 

than those obtained with 1a.  

 

 

 

Table 2.5: Effects of air for the Suzuki coupling of 4-bromoanisole with THF as solvent. 

Pd/L Set up and run in N2 
Set up in air and run 

under N2 
Set up and run in air 

Pd2(dba)3/DTBNpPa 91 82 49 

[(DTBNpP)PdCl2]2 

(1a)b 99 99 99 

GC yields reported. a 1.0 mol % Pd2(dba)3 and 2.0 mol% DTBNpP used. b 0.5 mol% used. 

 

2.2.5. Reduction of Palladium(II) Species 

The precatalysts (1a and 1c) are Pd(II) complexes. The Pd(II) must be reduced to Pd(0) to 

enter the catalytic cycle.  There are various known paths to reduce Pd(II) complexes to Pd(0). 

Reduction reactions include reduction by an organometallic species and by alcohols (or amines) 

in the presence of base as shown in Scheme 2.4. The reduction of palladium (II) by an 
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organometallic species occurs through two subsequent transmetallations with the organometallic 

compound to form an LnPdR2 species that reductively eliminates to form the reduced LnPd0 

species and the homocoupled product R—R.36 Alcohols and amines aid in reduction of 

palladium (II) by coordination to the metal center followed by b-hydride elimination to form a 

palladium hydride complex, which is then deprotonated by base to form the active LnPd0.37  

 

 

 

Scheme 2.4: Pd(II) to Pd(0) reduction pathways. 

 

The Suzuki reaction involves an organometallic arylboronic acid as a nucleophile. 

Therefore, it was assumed that the boronic acid reduces the precatalyst complexes (1a and 1c) 

through the organometallic reduction mechanism shown in Scheme 2.2. The reduction route to 

form active catalyst must be considered to apply the precatalysts (1a and 1c) in other cross-

coupling reactions specifically, Buchwald-Hartwig amination, and the Heck reaction. The 

reduction process for precatalysts 1a and 1c were studied and will be discussed in detail in 

Chapter 3. 
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2.2.6. Optimization for Buchwald-Hartwig Amination 

 Buchwald-Hartwig amination reactions were optimized for the coupling of 4-

bromoanisole and aniline using precatalyst 1a (eq 2.5). Initial reactions (entries 1-4) at room 

temperature did not work or gave very low yields. These results suggest that the required 

reduction to Pd(0) may not be occurring. Unlike the Suzuki reaction, the amination reactions do 

not contain an organometallic species capable of reducing Pd(II). Also, the aryl amine coupling 

partner cannot undergo b-hydride elimination route to reduction. Therefore, the reducing agent 

isopropanol was added.  An increase in conversion and yields was observed upon addition of 

isopropanol (entries 5 and 7-8). Yields were diminished when potassium tert-butoxide was used 

as base (entry 6). High temperature conditions were required to obtain the complete conversion 

of the starting material (entry 5). The results obtained do not compare well to those when the 

catalyst was formed in situ.4 The previous reports for the amination reactions with the in situ 

formed catalyst demonstrated quantitative yields for coupling at room temperature. Therefore, 

future work geared toward optimizing to achieve complete conversion under more mild 

conditions is needed. 
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Table 2.6: Optimization of 1a for Buchwald-Hartwig amination of 4-bromoanisole and aniline.  

entry cat. (mol%) base, eq solvent additives °C conversiona yielda 

1 0.5 NaOt-Bu Toluene none 23 15 0 

2 1.0 NaOt-Bu Toluene none 23 24 13 

3 0.5 NaOt-Bu DME none 23 0 0 

4 0.5 NaOt-Bu DME none 50 0 0 

5 0.5 NaOt-Bu Toluene 1 mol% iPr-OH 80 100 93 

6 0.5 KOt-Bu Toluene 1 mol% iPr-OH 80 0 0 

7 0.5 NaOt-Bu Toluene 1 mol% iPr-OH 50 69 30 

8 0.25 NaOt-Bu Toluene 1 mol% iPr-OH 80 100 55 

9 0.25 NaOt-Bu Toluene 2 mol% iPr-OH 80 62 41 

10 0.25 NaOt-Bu Toluene 1 mol% iPr-OH 50 12 0 

11 0.25 NaOt-Bu Toluene 1 mol% iPr-OH 23 0 0 
         aConversions and yields were determined by GC. 

 

2.2.7. Optimization for the Heck Coupling 

Precatalyst 1a was used to optimize reaction conditions for the Heck coupling of 4-

bromoanisole and styrene (eq 2.6). The GC data obtained from the screened conditions is 

provided in Table 2.7. Similar to the amination reaction, there is not an organometallic coupling 

partner capable of reducing the Pd(II) precatalyst in Heck coupling reactions. Therefore, a 

method to reduce the 1a must be considered. When dicyclohexylmethyl amine was used as base 

high conversions were achieved using 2 mol% of Pd (entry 2). The amine base is capable of 

reducing Pd(II) to Pd(0) as noted in Section 2.2.5. However, there was no conversion of starting 

material observed when triethylamine was used as base under mild temperature (entry 3). 

Conversion of starting material was observed at 130 °C in the absence of a reducing agent 

(entries 8-9). The observed conversion under these conditions confirms that the precatalyst 

undergoes reduction. It is known that the DMF solvent decomposes to carbon monoxide and 
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dimethyl amine under high temperature conditions.38 Dimethyl amine can undergo the b-hydride 

elimination pathway to reduce the palladium. Additionally, the observed increase in yield with 

lower catalyst loading (entry 9) suggests that heterogenous palladium catalyzes the reaction 

under these conditions. Lower concentrations of elemental palladium would have a slower rate of 

aggregation to the inactive palladium black. Under mild temperature conditions using potassium 

carbonate and isopropanol as the reducing agent, no conversion was achieved (entries 4-6). But, 

conversion was observed under the same conditions at increased temperature (entries 7 and 13). 

Additionally, there was an observed increase in yield when 2 mol% of isopropanol was added 

(entry 13). A decrease in conversion was observed when cesium carbonate was used as base 

(entries 10-11). From the conditions tested, the optimal conditions appear to be using potassium 

carbonate base with DMF as solvent and isopropanol as the reducing agent (entry 13). 
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Table 2.7: Optimization of 1a for the Heck coupling of 4-bromoanisole and styrene.  

entry cat. (mol%) base, eq solvent additives °C conversiona yielda 

1 0.5 Cy2NMe, 1.0 Dioxane none 100 0 0 

2 1.0 Cy2NMe, 1.0 Dioxane none 100 89 78 

3 0.5 Et3N, 1.1 CH3CN none 50 0 0 

4 0.25 K2CO3, 2.0 DMF 1 mol% iPr-OH 23 0 0 

5 0.25 K2CO3, 2.0 DMF 1 mol% iPr-OH 50 0 0 

6 0.25 K2CO3, 2.0 DMF 1 mol% iPr-OH 80 0 0 

7 0.25 K2CO3, 2.0 DMF 1 mol% iPr-OH 100 85 81 

8 0.5 K2CO3, 2.0 DMF None 130 100 38 

9 0.25 K2CO3, 2.0 DMF None 130 100 99 

10 0.5 Cs2CO3, 2.0 DMF 1 mol% iPr-OH 100 <1 <1 

11 0.5 Cs2CO3, 2.0 DMF 5 mol% iPr-OH 100 35 0 

12 0.5 K2CO3, 2.0 DMF 1 mol% iPr-OH 100 23 28 

13 0.25 K2CO3, 2.0 DMF 2 mol% iPr-OH 100 98 85 

 aConversions and yields were determined by GC. 

 

2.2.8. Optimization for Sonogashira Coupling 

Reaction conditions were optimized for the Sonogashira cross-coupling of 4-

bromoanisole and phenylacetylene using precatalyst 1a (eq 2.7). The GC data obtained is 

reported in Table 2.8. The copper cocatalyzed Sonogashira reaction involves an organometallic 

coupling partner. When CuI is used as a cocatalyst, copper acetylide is formed via a base assisted 

pathway involving the initial formation of a p-alkyne copper complex. The copper acetylide can 

proceed through the reduction pathway via an organometallic reagent to form the active Pd(0) 

species and diyne as side product. Overall, yields higher than 65% were not achieved. The 
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highest yields were obtained using triethylamine as base in dioxane solvent (entries 1-2). When 

carbonate base was used, no conversion of starting material was observed (entries 3-4). The best 

results were obtained using triethylamine base and dioxane solvent (entries 1-2). A significant 

decrease was observed when DMF was used as solvent (entries 4-7). It is interesting to note that 

increased yields were not observed when isopropanol was added (entry 7). There are several 

literature examples which suggest that the active catalyst in Sonogashira reactions is a diligated 

L2Pd complex.39-40 The precatalyst 1a is a precursor to monoligated LPd and therefore may not 

be a very active catalyst for Sonogashira coupling. A good future project would be to apply the 

diligated Pd(II) precatalysts of general formula (R3P)2PdCl2 (2a-2c) discussed in Chapter 1 to 

Sonogashira reactions. Precatlaysts of formula (R3P)PdCl2 have been shown previously to be 

good precusors to the active (PR3)2Pd(0) catalyst for Sonogashira reactions.  

 

 

Table 2.8: Optimization of 1a for the Sonogashira coupling 4-bromoanisole and 

phenylacetylene. 

entry cat. (mol%) base, eq solvent additives °C conversiona yielda 

1 0.5 Et3N, 1.2 Dioxane none 23 67 48 

2 1.0 Et3N, 1.2 Dioxane none 23 68 64 

3 0.5 Na2CO3, 1.2 CH3CN none 23 0 0 

4 0.25 Na2CO3, 1.2 DMF none 130 0 0 

5 0.25 Et3N, 1.2 DMF none 80 8 0 

6 0.25 Et3N, 1.2 DMF none 23 6 0 

7 0.25 Et3N, 1.5 DMF 5 mol% iPr-OH 23 13 0 

 aConversions and yields were determined by GC. 
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2.3. Conclusions 

The palladium(II) complexes, [(DTBNpP)PdCl2]2 (1a) and [(TNpP)PdCl2]2 (1c) were 

effective precatalysts for the Suzuki cross-coupling of aryl bromides under mild reaction 

conditions and low palladium loading. It was proposed that the precatalysts form the active 

species in situ via reduction of the [(R3P)PdCl2]2 by the transmetallation of phenylboronic acid 

twice followed by reductive elimination to form the active (R3P)Pd species. The DTBNpP ligand 

provides enhanced reactivity toward electronically demanding substrates due to sigma donating 

properties. For sterically hindered substrates, using the TNpP precatalyst 1c gave higher yields as 

compared to 1a. For cross-coupling that does not involve an organometallic coupling partner 

conditions need to be optimized to allow for the initial reduction of the precatalyst to produce the 

active catalyst. In chapter 3 studies on the reduction routes to the active palladium catalyst via 

31P NMR spectroscopy will be discussed in detail. Once an efficient reduction route is 

established the precatalysts 1a and 1c may be optimized for cross-coupling reactions other than 

Suzuki cross-coupling. 

2.4. Experimental 

General procedure for the Suzuki cross-coupling of aryl bromides: In a dry box, a 1 dram vial 

was charged with precatalyst 1a or 1c (0.005 mmol), arylboronic acid (1.1 mmol), Na2CO3 (1.5 

mmol, 159.0 mg), and aryl halide (1 mmol). The vial was sealed and removed from the dry box. 

The vial was charged with CH3CN (1mL) and deoxygenated water (1mL) via syringe. The 

reaction mixture was stirred at room temperature, unless otherwise noted. Reaction completion 

was determined via GC analysis. The reaction mixture was extracted with ethyl acetate (25mL) 

followed by two subsequent washes with brine (25 mL ea.). The organic layer was dried over 
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Na2SO4 and concentrated in vacuo. The crude material was purified by flash chromatography on 

silica gel. 

4-Methoxybiphenyl (table 2.3, entry 1).1 4-Bromoanisole (1 mmol, 125 µL) and phenylboronic 

acid (1.1 mmol, 135 mg) were reacted following the general procedure to give the product as a 

white solid. (1a: 91%, 167 mg, 1c: 93%, 172 mg at 50°C). 1H NMR (500 MHz, CDCl3): δ 7.53-

7.48 (m, 4H), 7.37 (t, J = 7.7 Hz, 2H), 7.28-7.24 (m, 1H), 6.93 (d, J = 8.5 Hz, 2H), 3.76 (s, 3H); 

13C NMR (126 MHz, CDCl3): δ 159.3, 141.0, 133.9, 128.9, 128.3, 126.9, 126.8, 114.4, 55.4. 

4-Phenyl-N,N-dimethylaniline (table 2.3, entry 2).41 4-Bromo-N,N-dimethylaniline (1 mmol, 200 

mg) and phenylboronic acid (1.1 mmol, 135 mg) were reacted following the general procedure to 

give the product as a white solid. (1a (50°C): 45%, 89 mg, 1c (50°C): 78%, 153 mg). 1H NMR 

(500 MHz, CDCl3): δ 7.55-7.48 (m, 4H), 7.37 (t, J = 7.4 Hz, 2H), 7.23 (t, J = 8.3 Hz, 1H), 6.78 

(d, J = 8.3 Hz, 2H). 13C NMR (126 MHz, CDCl3): δ 150.2, 141.4, 129.5, 128.8, 127.9, 126.5, 

126.2, 113.0, 40.7. 

4-Flouro-4¢-methoxybiphenyl (table 2.3, entry 3).42 4-Bromoanisole (1 mmol, 125 µL) and 4-

flourophenylboronic acid (1.1 mmol, 154 mg) were reacted following the general procedure to 

give the product as a white solid. (1a: 89%, 180 mg, 1c (50°C): 88%, 177 mg). 1H NMR (500 

MHz, CDCl3): δ 7.48-7.43 (m, 4H), 7.10-7.05 (m, 2H), 6.96-6.93 (m, 2H), 3.81 (s, 3H). 13C 

NMR (126 MHz, CDCl3): δ 162.3 (d, 1JC-F = 249.9 Hz) , 159.3, 137.1 (d, 4JC-F = 2.9 Hz), 133.0, 

128.3 (d, 3JC-F = 8.3 Hz), 115.7 (d, 2JC-F = 23.7 Hz), 114.4, 55.5. 

4-Methoxybiphenyl (table 2.3, entry 4).1 4-Bromobenzene (1 mmol, 105 µL) and 4-

methoxyphenylboronic acid (1.1 mmol, 135 mg) were reacted following the general procedure to 

give the product as a white solid. (1a: 93%, 172 mg, 1c: 93%, 172 mg at 50°C). 1H NMR (500 
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MHz, CDCl3): δ 7.66-7.61 (m, 4H), 7.52-7.49 (m, 2H), 7.41-7.38 (m, 1H), 7.07-7.05 (m, 2H), 

3.90 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 159.3, 141.0, 133.9, 128.9, 128.3, 126.9, 126.8, 

114.4, 55.4. 

4-Hydroxybiphenyl (table 2.3, entry 5).43 4-Bromophenol (1 mmol, 173 mg) and phenylboronic 

acid (1.1 mmol, 135 mg) were reacted following the general procedure for the reaction set up. 

The crude reaction mixture was added to a flask containing 25 mL of 3M HCl. The organic layer 

was diluted with ethyl acetate and washed 2x with brine. Recrystallization from hot toluene gave 

the product as a white solid. (1a: 36%, 61 mg, 1c (50°C): 23%, 38 mg). 1H NMR (500 MHz, 

CDCl3): δ 7.54 (d, J = 8.0 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 7.41 (t, J = 8.0 Hz, 2H), 7.31 (t, J = 

7.5 Hz, 1H), 6.91 (d, J = 8.6 Hz, 2H), 4.71 (s, 1H). 13C NMR (126 MHz, CDCl3): δ 155.3, 141.0, 

134.3, 128.9, 128.6, 126.93, 126.92, 115.9. 

2-Phenylpyridine (table 2.3, entry 6).44 2-Bromopyridine (1 mmol, 135 µL) and phenylboronic 

acid (1.1 mmol, 135 mg) were reacted following the general procedure to give the product as a 

colorless oil. (1a (50°C): 62%, 96 mg, 1c (50°C): 65%, 100 mg). 1H NMR (500 MHz, CDCl3): δ 

8.70-8.69 (m, 1H), 8.00-7.98 (m, 2H), 7.74-7.72 (m, 2H), 7.49-7.46 (m, 2H), 7.43-7.39 (m, 1H), 

7.23-7.20 (m, 1H). 13C NMR (126 MHz, CDCl3): δ 157.7, 149.9, 139.6, 129.1, 128.9, 127.1, 

122.3, 120.7. 

2-(4-Methoxyphenyl)thiophene (table 2.3, entry 8).45 2-Bromothiophene (1 mmol, 97 µL) and 4-

methoxyphenylboronic acid (1.1 mmol, 167 mg) were reacted following the general procedure to 

give the product as a white solid. (1a (50°C): 35%, 66 mg, 1c (50°C): 65%, 123 mg). 1H NMR 

(500 MHz, CDCl3): δ 7.53 (d, J = 8.6 Hz, 2H), 7.20-7.18 (m, 2H), 7.05-7.03 (m, 1H), 6.91 (d, J 
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=  8.6 Hz, 2H), 3.81 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 159.4, 144.5, 128.1, 127.5, 127.4, 

124.0, 122.3, 114.5, 55.54. 

3-Phenylthiophene (table 2.3, entry 9 ).46 3-Bromothiophene (1 mmol, 94 µL) and phenylboronic 

acid (1.1 mmol, 135 mg) were reacted following the general procedure to give the product as a 

colorless crystalline solid. (1a: 99%, 158 mg, 1c: 72%, 115 mg). 1H NMR (500 MHz, CDCl3): δ 

7.56 (d, J = 7.8 Hz, 2H), 7.39-7.31 (m, 5H), 7.25 (t, J = 7.8 Hz, 1H). 13C NMR (126 MHz, 

CDCl3): δ 142.5, 136.0, 129.0, 127.3, 126.6, 126.5, 126.4, 120.4. 

4-Phenylacetophenone (table 2.3, entry 10).1 4-Bromoacetophenone (1 mmol, 200 mg) and 

phenylboronic acid (1.1 mmol, 135 mg) were reacted following the general procedure to give the 

product as a white solid. (1a: 72%, 141 mg, 1c (50°C): 85%, 168 mg). 1H NMR (500 MHz, 

CDCl3): δ 8.02 (d, J = 8.3 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 7.61 (d, J = 7.2 Hz, 2H), 7.46 (t, J = 

7.7 Hz, 2H), 7.29 (t, J = 7.7 Hz, 1H), 2.62 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 197.9, 145.9, 

140.0, 136.1, 129.1, 129.0, 128.4, 127.4, 127.3, 26.8. 

4-Cyanobiphenyl (table 2.3, entry 11).1 4-Bromobenzonitrile (1 mmol, 182 mg) and 

phenylboronic acid (1.1 mmol, 135 mg) were reacted following the general procedure to give the 

product as a white solid. (1a: 87%, 156 mg, 1c: 90%, 161 mg). 1H NMR (500 MHz, CDCl3): δ 

7.75-7.69 (m, 4H), 7.63-7.61 (m, 2H), 7.53-7.50 (m, 2H), 7.46-7.44 (m, 1H); 13C NMR (126 

MHz, CDCl3): δ 145.6, 139.1, 132.6, 129.2, 128.7, 127.7, 127.3, 119.0, 110.9. 

2-Methylbiphenyl (table 2.3, entry 12).1  2-Bromotoluene (1 mmol, 121 µL) and phenylboronic 

acid (1.1 mmol, 135 mg) were reacted following the general procedure to give the product as a 

colorless liquid. (1a (50°C): 60 %, 101 mg, 1c (50°C): 84 %, 140 mg). 1H NMR (500 MHz, 
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CDCl3): δ 7.56-7.53 (m, 2H), 7.49-7.47 (m, 3H), 7.41-7.38 (m, 4H), 2.43 (s, 3H). 13C NMR (126 

MHz, CDCl3): δ 142.2, 142.1, 135.5, 130.5, 129.4, 128.3, 126.9, 126.0, 20.6. 

2,2¢-Dimethylbiphenyl (table 2.3, entry 13).2 2-Bromotoluene (1 mmol, 121 µL) and 2-

tolylboronic acid (1.1 mmol, 150 mg) were reacted following the general procedure to give the 

product as a colorless liquid. (1a: 65%, 119 mg, 1c: 86%, 168 mg). 1H NMR (500 MHz, CDCl3): 

δ 7.23-7.18 (m, 6H), 7.10-7.08 (m, 2H), 2.04  (s, 6H).13C NMR (126 MHz, CDCl3): δ 141.8, 

135.9, 130.0, 129.5, 127.3, 125.7, 20.0. 

2-Methoxy-2¢-methylbiphenyl (table 2.3, entry 14).47 2-Bromoanisole (1 mmol, 125 µL) and 2-

tolylboronic acid (1.1 mmol, 150 mg) were reacted following the general procedure to give the 

product as a colorless liquid. (1a: 86%, 170 mg, 1c: 77%, 154 mg). 1H NMR (500 MHz, CDCl3): 

δ 7.33-7.20 (m, 1H), 7.23-7.11 (m, 5H), 7.00-6.97 (m, 1H), 6.94-6.92 (m, 1H).13C NMR (126 

MHz, CDCl3): δ 156.8, 138.8, 137.0, 131.2, 129.8, 128.7, 127.5, 125.6, 120.6, 110.9, 55.5, 20.1. 

1-Phenylnapthalene (table 2.3, entry 15).47 1-Bromonapthalene (1 mmol, 139 µL) and 

phenylboronic acid (1.1 mmol, 135 mg) were reacted following the general procedure to give the 

product as a colorless oil. (1a: 74%, 151 mg, 1c: 86%, 175 mg). 1H NMR (500 MHz, CDCl3): δ 

7.89 (d, J = 8.3 Hz, 1H), 7.83 (d, J = 8.3 Hz, 1H), 7.78 (d, J = 8.3 Hz, 1H), 7.46-7.34 (m, 

9H).13C NMR (126 MHz, CDCl3): δ 140.9, 140.5, 134.0, 131.8, 130.3, 128.5, 128.4, 127.8, 

127.4, 127.1, 126.2, 125.9, 125.6. 

1-(2-Tolyl)naphthalene (table 2.3, entry 16).2 1-Bromonapthalene (1 mmol, 139 µL) and 2-

tolylboronic acid (1.1 mmol, 150 mg) were reacted following the general procedure to give the 

product as a colorless oil. (1a: 74%, 162 mg, 1c: 80%, 175 mg). 1H NMR (500 MHz, CDCl3): δ 

7.87-7.81 (m, 2H), 7.48-7.42 (m, 3H), 7.31-7.23 (m, 6H), 2.00 (s, 3H) .13C NMR (126 MHz, 
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CDCl3): δ 140.4, 140.0, 137.0, 133.7, 132.2, 130.6, 130.1, 128.4, 127.8, 127.6, 126.8, 126.3, 

126.2, 125.9, 125.8, 125.6, 20.3. 

2,4,6-Trimethylbiphenyl (table 2.3, entry 17).2 2-Bromomesitylene (1 mmol, 153 µL) and 

phenylboronic acid (1.1 mmol, 135mg) were reacted following the general procedure to give the 

product as a colorless liquid. (1a: %, mg, 1c: 82%, 161.7mg) 1H NMR (500 MHz, CDCl3): δ 

7.57 (t, J=7.5 Hz, 2H), 7.48 (t, J=7.5 Hz, 1H), 7.32 (d, J=7.5 Hz, 2H), 7.12 (s, 2H), 2.51 (s, 3H), 

2.19 (s, 6H) ;  13C NMR (126 MHz, CDCl3): δ 141.3, 139.3, 136.7, 136.1, 129.5, 128.6, 128.3, 

126.7, 21.2, 20.9. 
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CHAPTER 3: MECHANISTIC INVESTIGATIONS ON THE REDUCTION ROUTE OF 

PALLADIUM(II) PRECATALYSTS 

3.1. Introduction 

The precatalysts of general formula [(R3P)PdCl2]2 (R3P = DTBNpP 1a, and TNpP 1c) 

were applied to various cross-coupling reactions. The precatalysts 1a and 1c were effective in the 

Suzuki cross-coupling of aryl bromides, but proved to be inefficient precatalysts for Buchwald-

Hartwig aminations, Heck coupling, and Sonogashira coupling reactions. Pd(II) complexes 

require preactivation to form a Pd(0) species to enter the catalytic cycle. To improve the 

efficiency of the precatalysts 1a and 1c in cross-coupling reactions, the activation pathways must 

be better understood. The well understood activation pathways previously discussed in Chapter 2 

are shown below in Scheme 3.1.  

 

 

Scheme 3.1: Pd(II) precatalyst activation pathways. 
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It was assumed that under Suzuki cross-coupling conditions the precatalysts 1a and 1c 

were activated via the organometallic pathway. When the precatalyst 1a was applied to 

Buchwald-Hartwig amination and the Heck reaction, the addition of isopropanol as a reducing 

reagent improved the product yields. However, to achieve good conversions for the amination 

and Heck reactions harsh conditions were required. A better understanding of the activation 

mechanism for the precatalysts 1a and 1c could provide insight to allow for coupling under more 

mild reaction conditions for aminations and possibly the Heck reaction.  

3.2. Results and Discussion 

3.2.1. Investigation of Precatalyst Activation Pathways 

The precatalysts 1a and 1c are precursors to the more active monoligated (PR3)Pd species. 

Because of the low stability of LPd species they cannot be easily observed under experimental 

conditions. However, the thermodynamically stable L2Pd species can be observed and have been 

previously prepared and applied as precursors to LPd in cross-coupling reactions. The (PR3)2Pd 

species (R3P = DTBNpP, and TNpP) have been synthesized and fully characterized by our 

group.1-2  Because the 31P NMR chemical shifts for (PR3)2Pd are known, 31P NMR spectroscopy 

can be used to study the activation of precatalysts 1a and 1c. Under conditions that form the 

monoligated (PR3)Pd species there is an expected equilibrium to form the (PR3)2Pd. The 

observation of (PR3)2Pd would indicate that reduction of the precatalyst occurs.  

To investigate the precatalyst activation for the Pd(II) precatalysts 1a and 1c, the reduction 

pathway occurring under Suzuki cross-coupling conditions was studied. It was originally 

hypothesized that precatalysts 1a and 1c undergo transmetallation with the aryl boronic acid 

substrate followed by reductive elimination to generate the Pd(0) species. The 

[(DTBNpP)PdCl2]2 precatalyst 1a was subjected to a set of three different conditions (eq 3.1). 
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Condition A was used as the control. Under Condition A the precatalyst 1a was reacted with 

sodium carbonate and solvent (CH3CN:H2O) and no reduction was expected to occur. In 

Condition B phenylboronic acid, base, and solvents were present. Under these conditions the 

observation of (DTBNpP)2Pd was expected. Finally, Condition C contained all reactants used 

under Suzuki cross-coupling conditions. Because the (DTBNpP)2Pd is more thermodynamically 

stable than (DTBNpP)Pd, it is expected to be the resting state of the catalytic cycle. Under 

Condition C the observation of (DTBNpP)2Pd would indicate that either the species is the resting 

state of the catalytic cycle or that the catalytic reaction has reached completion.  

 

 
 

31P NMR spectra from each set of reaction conditions shown in equation 3.1 were 

collected at 1 h and 24 h time points, the data obtained is shown in Table 3.1. In the 31P NMR 

spectra for Conditions A-C, species with chemical shifts in the 92-94 ppm range were observed. 

The observation of peaks in that region of the spectrum suggest the formation of a palladacycle 

species.3-5 Additionally, under all conditions no signals corresponding to 1a or (DTBNpP)2Pd 

were observed. For Condition A, after 1 h the major species observed was a palladacycle species 

(entry 1). At the 1 h time point, a small amount of an unknown compound with a chemical shift 

of 56.6 ppm was observed (entry 1). Over time, the unknown species was completely converted 

to the palladacycle (entry 2). In the presence of phenyl boronic acid, complete conversion to a 
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palladacycle species was observed after 1 h (entries 3-4). In contrast to what was expected, the 

(DTBNpP)2Pd species was not observed under Condition B. After 1 h with Condition C, a 

palladacycle was present and an unknown species with chemical shift of 52.2 ppm was observed 

(entry 5). Over time, the species at 52.2 ppm was converted to palladacycle (entry 6). Hartwig 

and co-workers have reported oxidative addition species generated from catalysts containing tri-

tert-butylphosphine and di-tert-butyl-cyclohexylphosphine with corresponding 31P chemical 

shifts in the 50-65 ppm range.6 Therefore, it was postulated that the signal observed at 52.2 ppm 

corresponds to the oxidative addition product. 

Table 3.1: 31P NMR data for the precatalyst activation studies 

Entry Condition Time     Unknown 

1 A 1 h 0% 0% 0% 84% d = 56.6 
ppm (16%) 

2 A 24 h 0% 0% 0% 100% 0% 

3 B 1 h 0% 0% 0% 100% 0% 

4 B 24 h 0% 0% 0% 100% 0% 

5 C 1 h 0% 0% 0% 18% d = 52.2 
ppm (82%) 

6 C 24 h 0% 0% 0% 100% 0% 

Data is reported in %Phosphorus obtained via integration.  

3.2.2. Isolation of Palladacycle Species 

The results obtained from the studies outlined in section 3.2.1 did not elucidate the method 

for reducing the palladium(II) precatalyst. The data did reveal the formation of an unknown 

palladacycle species under conditions A-C and a new unknown species under condition C, which 

was hypothesized to be the oxidative addition product. Isolation and characterization of the 
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unknown species is required to determine the cause for the observed results. The data showing a 

species in the palladacycle region strongly suggests that such a complex is present, however it is 

unclear from only 31P NMR spectra what the full structure consists of.  

A palladacycle species was isolated from 50 mg scale reactions under Conditions A and B 

(eq 3.2). The same product was obtained for both reactions and the palladacycle was fully 

characterized by 1H, 13C, and 31P NMR spectroscopy. In addition, X-ray quality single crystals of 

the complex were obtained and the structure was confirmed by X-ray crystallography to be a 

chloride bridged palladacycle dimer, Figure 3.1. 

 

 

 

 

Figure 3.1: ORTEP diagram of the chloride-bridged palladacycle species.  
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3.2.3. Isolation of the Oxidative Addition Product 

To support the hypothesis that the species with chemical shift of 52.2 ppm observed in the 

31P NMR spectrum of Condition C is the oxidative addition product, experiments to isolate the 

species were attempted. Initially, following a literature procedure, (DTBNpP)2Pd was reacted 

with excess 4-bromoanisole in toluene at 70 °C (eq 3.3).6 The 31P NMR spectrum obtained from 

the reaction revealed only the presence of palladacycle and oxidized phosphine ligand. No 

formation of the oxidative addition product was observed under these conditions. It has been 

shown in the literature that Pd(II) isobutyl phosphine complexes form palladacycle species upon 

treatment of heat.5 Therefore, the elevated temperatures were attributed to the cause for 

palladacycle formation that was observed. Due to these results, a different method with milder 

reaction conditions was sought to isolate the oxidative addition product and avoid palladacycle 

formation.  

 

 

 

In an attempt to observe the oxidative addition product, stoichiometric amounts of the 

[(DTBNpP)PdCl2]2 precatalyst was reacted with excess 4-bromoanisole, and limited amounts of 

phenyl boronic acid and base (eq 3.4). Species with chemical shifts of 94.41, 52.53, and 49.96 

ppm were observed in the 31P NMR spectrum of the crude reaction mixture. Single crystals were 
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obtained from the crude reaction mixture via vapor diffusion and the structure was confirmed by 

X-ray crystallography to be a bromide bridged palladacycle, Figure 3.2. 

 

 

 

 
Figure 3.2: ORTEP diagram of the bromide-bridged palladacycle complex.  

 

The bridging bromide ligands on the palladacycle suggests that the oxidative addition 

product forms and then converts to the palladacycle. It was hypothesized that the aqueous 

carbonate base deprotonates the neopentyl substituent to form palladacycle.  Therefore, base-free 

conditions were sought to isolate the oxidative addition product without palladacycle formation.  
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Following a literature procedure, [(COD)Pd(CH2TMS)2] was reacted with DTBNpP and 4-

bromoanisole in pentane (eq 3.5).7 

 

 
 

Over the course of the reaction a yellow precipitate was formed, consistent with the 

literature example. The yellow solid was collected by filtration and dissolved in CDCl3. The 31P 

NMR spectrum was collected with the major species having a chemical shift of 52 ppm (99%) 

and a minor peak at 94 ppm (1%) corresponding to the palladacycle. 1H and 13C NMR spectra 

were also collected and supported the isolation of the oxidative addition species. X-ray quality 

single crystals were obtained by cooling a concentrated acetonitrile solution of the product, the 

structure confirms that the oxidative addition dimer species was isolated, see Figure 3.3. 

 

Figure 3.3: ORTEP diagram of the DTBNpP oxidative addition dimer. 
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The experiments described to this point provide no useful data regarding the reduction of our 

precatalyst, but a new side reaction to form a palladacycle was discovered. The side reaction 

forms a palladacycle species that is expected to be catalytically inactive for Suzuki cross-

coupling reactions. To confirm that the palladacycle is inactive for Suzuki cross-coupling, the 

chloride bridged palladacycle was used as the precatalyst for the coupling of 4-bromoanisole and 

phenylboronic acid (eq 3.6). GC analysis of the crude reaction determined that this species is 

much less active in Suzuki-coupling. 

 

 

It was proposed that the observed side reaction to yield palladacycle may be facilitated by the 

solvation of the precatalyst in CH3CN. Acetonitrile is known to coordinate to metal centers and 

typically serves as a labile ligand. There are known reactions where  s-donating ligands undergo 

bridge splitting reactions with similar palladium dimers to give a solvated monomeric species.5, 8 

To investigate the effect of acetonitrile on the precatalyst, it was dissolved in deuterated 

chloroform and 31P NMR spectrum was collected. A few drops of acetonitrile were added to the 

solution and a color change from an orange to yellow colored solution was observed upon the 

addition of acetonitrile. A second 31P NMR spectrum was collected and a new species with a 

chemical shift of 64 ppm was observed, consistent with the formation of a solvated monomeric 

species [(DTBNpP)Pd(NCCH3)Cl2] (eq 3.7). Isolation of single crystals of 
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[(DTBNpP)Pd(NCCH3)Cl2] was attempted from several conditions but was unsuccessful, likely 

due to the labile nature of the acetonitrile ligand.  

 

 

 

3.2.4. Solvent Effects on Palladacycle Formation 

To further probe solvent effects, time studies were conducted on the Suzuki cross-coupling of 

4-bromoanisole and phenylboronic acid varying organic solvent under the optimized conditions 

(eq 3.8). The solvents used for the studies were acetonitrile, THF, and toluene. Aliquots of the 

reaction mixtures were taken at various time points and analyzed by gas chromatography and the 

data was plotted with respect to time, Figure 3.4.  
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Figure 3.4: Plot of GC yields vs. time for Suzuki cross-coupling varying solvent.  

 

The rate of reaction was slowest in acetonitrile and a modest increase was observed in THF. 

The fastest rate was observed using toluene with quantitative conversion obtained in 5 minutes. 

Due to the increased rate observed in toluene, further experiments were conducted to investigate 

the cause of the observed solvent effects.  

3.2.5. 31P NMR Experiments of Suzuki Cross-Coupling under Conditions with Toluene as Solvent 

To probe possible solvent effects, the experiments illustrated in equation 3.1 were repeated 

using toluene as the organic solvent in place of CD3CN (eq 3.9). 31P NMR spectra were obtained 

for all conditions at 1 h and 24 h time points, Table 3.2. Similar to the results obtained using 

CD3CN, the palladacycle was the major species observed under Condition A (entries 1-2). In 

contrast, after 1 h with Condition B (entry 3) the major species present was the (DTBNpP)2Pd 

complex with small amounts of palladacycle and free phosphine ligand. After 24 h with 
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Condition B (entry 4), the (DTBNpP)2Pd species had decomposed in solution to yield a mixture 

of palladacycle, DTBNpP, and phosphine oxide. Under Condition C (entries 5-6), the 

(DTBNpP)2Pd) species persisted in solution with little palladacycle and free phosphine present. 

The results obtained with toluene as solvent validate the effect solvent has in controlling the 

unfavorable side reaction to form palladacycle species. 

 

 

 

Table 3.2: 31P NMR data for the precatalyst activation studies in toluene. 

Entry Condition Time     Unknown 

1 A 1 h 0% 0% 0% 89% d = 58.4 
ppm (11%) 

2 A 24 h 0% 0% 0% 100% 0% 

3 B 1 h 88% 0% 0% 12% 0% 

4 B 24 h 0% 32% 14% 54% 0% 

5 C 1 h 100% 0% 0% 0% 0% 

6 C 24 h 56% 18% 0% 26% 0% 

Data is reported in %Phosphorus obtained via integration. 

3.2.6. Proposed Mechanisms for the Formation of Palladacycle based on Solvent 

 The experiments discussed up to this point provide preliminary information about what is 

occurring during the Suzuki cross-coupling reactions using the precatalyst [(DTBNpP)PdCl2]2. 
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The data outlined in sections 3.2.1-3.2.3 show that when acetonitrile is used as solvent, a major 

side reaction is occurring to form a palladacycle. In the absence of aryl bromide, a reduction 

product is not observed when [(DTBNpP)PdCl2]2 was reacted with boronic acid and base. Under 

cross-coupling conditions, the major species observed with acetonitrile present after one hour is 

the species with chemical shift 52.2 ppm. The isolation and characterization of [(DTBNpP)Pd(4-

MeOC6H4)Br]2 confirms that it was the species observed at 52.2 ppm. The observation of the 

oxidative addition product also confirms that palladium reduction occurs under the conditions for 

coupling. However, under the conditions with only aryl boronic acid no reduction was observed 

after 1 h. It was proposed that the 1M concentration of aryl halide in the coupling reaction makes 

the organic solvent more toluene-like and allows for reduction to occur. To test that hypothesis, 

the reaction under condition B from equation 3.1 was repeated using 1M toluene in acetonitrile 

as solvent. The 31P{1H} spectrum of the reaction mixture obtained showed palladacycle as the 

major product (93%) and the minor product was the reduced bis-phosphine complex (7%). The 

results suggest that the polarity of the organic solvent plays a role in the observed formation of 

palladacycle. 

The coupling of 4-bromoanisole with phenyl boronic acid reaches completion after 2h 

when acetonitrile solvent is used as determined by GC analysis. Therefore, the observation of the 

oxidative addition species at 1 h reaction time suggests that the oxidative addition product is the 

resting state of the catalytic cycle. It was hypothesized that a side reaction to form palladacycle 

from the oxidative addition product competes with the transmetallation step in the catalytic cycle 

thereby causing the oxidative addition product to be the resting state.  

 In contrast to the observations obtained in acetonitrile, reduction products were observed 

when toluene was used as solvent in the presence of only aryl boronic acid and under cross-
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coupling conditions. The coupling of 4-bromoanisole and phenyl boronic acid reaches 

completion in less than 10 minutes, therefore the resting state of the catalytic cycle when toluene 

is solvent was not determined. However, the increased rate observed in toluene and lower 

percent of palladacycle formation suggest that under these conditions competing reactions to 

form palladacycle occur at a slower rate as compared to the steps involved in the catalytic cycle.   

The data outlined led to the question of why the solvent affects the reaction efficiency. 

There seemed to be two logical explanations to the observed phenomena. One is that the 

coordinating ability of acetonitrile leads to a monomeric species, [(DTBNpP)Pd(NCCH3)Cl2], 

with an acetonitrile ligand. The coordination of acetonitrile potentially competes with the 

transmetallation step and thereby facilitates palladacycle formation. Secondly, the solvent 

polarity was considered. Acetonitrile is a polar solvent and under biphasic conditions may have a 

higher concentration of hydroxide ions through diffusion from the aqueous layer. Conversely, 

non-polar toluene would be expected to have a lower concentration of hydroxide ions in the 

organic layer. Higher concentrations of hydroxide could increase the rate of palladacycle 

formation if hydroxide serves as the base to deprotonate the C-H bond and form the palladacycle. 

Additionally, acetonitrile coordination and polarity potentially play dual roles in the formation of 

palladacycle formation. Using the data discussed plausible mechanism pathways were proposed 

both for the reduction pathways under Condition B in and for the catalytic conditions when 

acetonitrile is used as solvent.  

 The proposed mechanism for the formation of palladacycle under Condition B in 

acetonitrile solvent is shown in Scheme 3.2. The initial equilibrium between precatalyst dimer 

and solvated monomeric species is assumed to be shifted to the acetonitrile complex. According 

to literature, the second step is ligand exchange between chloride ion and hydroxide ion to form 
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a palladium hydroxide species which then undergoes coordination with the phenylboronic acid 

followed by transmetallation to release B(OH)3 and form a three coordinate 

(DTBNpP)Pd(Cl)(Ph) species.9-10 Path A is the expected pathway for reduction, following the 

second ligand exchange with hydroxide anion and transmetallation to form the three coordinate 

(DTBNpP)Pd(Ph)2 species, which undergoes reductive elimination to the catalytically active 

(DTBNpP)Pd species. It is proposed that coordination of acetonitrile to the 

(DTBNpP)Pd(Cl)(Ph) species in solution competes with the second hydroxide ligand exchange 

that is required for the second transmetallation step. Two possible pathways were proposed for 

the formation of palladacycle. Path B (Scheme 3.2) follows intramolecular deprotonation of the 

C-H bond by the arene ligand to give protonated arene and palladacycle. Path C (Scheme 3.2) 

involves initial ligand exchange with hydroxide anion followed by intramolecular deprotonation 

of the C-H bond by the hydroxide anion to form an aryl coordinated intermediate and water. The 

aryl ligand is protonated causing dissociation of arene followed by the recoordination of chloride 

to form the palladacycle. 
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Scheme 3.2: Proposed mechanism scheme for palladacycle formation and reduction pathways. 

  

The formation of palladacycle proposed in the mechanism (Paths B and C) is the key step 

to determining the effect of solvent coordination. It was predicted that acetonitrile coordination 

competes with the second transmetallation step required for reduction to occur. To test the 

proposed pathway, reactions under Condition B were scaled up and 4-methoxyphenyl boronic 

acid was used in place of phenyl boronic acid. Two reactions were set up, one using acetonitrile 

as solvent and the other with toluene (eq 3.10). Reactions were stirred at ambient temperature for 

1 h and an aliquot of the organic layer was obtained. GC analysis of the crude reaction was done 

using an internal standard, tetradecane, and a calibrated method to detect amounts of anisole 
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formed. When acetonitrile was used as solvent, an 87% conversion to anisole was observed, and 

when toluene was solvent an 8% conversion to anisole was observed. 

 

 

 

The observed increase in formation of anisole from conditions with acetonitrile solvent 

supports the proposal that the three-coordinate Pd-anisyl complex formed by transmetallation 

from anisylboronic acid decomposes at a faster rate than the second transmetallation in 

acetonitrile. It is unclear from these results whether Path B or Path C occurs to deprotonate C-H 

and form the carbon-palladium bond. To determine which pathway is followed, a reaction using 

Condition B was conducted using deuterated reagents, deutero 4-methoxyphenyl boronic acid, 

deuterated water and deuterated acetonitrile (eq 3.11). If Path C is followed it is expected that 

deuterium would be incorporated at the para-position of anisole. If Path B is followed no 

incorporation of deuterium to anisole is expected. The reaction was conducted following the 

same procedure and 2H NMR spectroscopy was conducted on the crude reaction material. The 

2H NMR spectrum showed no deuterium resonances in the aromatic region. The results support 

the proposed Path A where the aryl ligand acts as base to follow an intramolecular deprotonation 

step to form the new carbon-palladium bond. 
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 From the data observed in the reactions for Condition B, a mechanism for the catalytic 

conditions with acetonitrile solvent was proposed, Scheme 3.3. The mechanism is based on the 

assumption that palladacycle formation (Path B, Scheme 3.2) versus the pathway for reduction 

(Path A, Scheme 3.3) are competitive and both occur to some extent under catalytic conditions. 

From the formation of the catalytically active (DTBNpP)Pd species, oxidative addition occurs to 

form the dimeric palladium aryl species. It is proposed that the dimeric oxidative addition 

species is in equilibrium with a solvated species. Similar to Path B in Scheme 3.2, solvent 

coordination competes with transmetallation and facilitates Path D for palladacycle formation. 

The bromide-bridge palladacycle structure obtained from the reaction shown in Figure 3.2 aids in 

supporting this hypothesis.  

 



 81 

 

Scheme 3.3: Proposed mechanism for the Suzuki cross-coupling of aryl bromides with 

acetonitrile as solvent. 

 

To further support the proposed solvent effect, the oxidative addition product was 

dissolved in acetonitrile and in toluene. 31P NMR experiments were conducted following the 

decomposition of oxidative addition product in solution at 30 minute time points over 8 hours. 

The data obtained is shown in Figure 3.5. The data confirms that in acetonitrile solvent the 

oxidative addition product decomposes to palladacycle at a faster rate initially than in toluene. 

There was an incubation time observed for the decomposition in acetonitrile, but the decay 

followed a first-order trend. Additionally, the only species observed in acetonitrile were 

[(DTBNpP)Pd(4-MeOC6H4)Br]2 and palladacycle. In toluene, there was a slower rate of 
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decomposition for the first 5 hours in solution. At the 5 h time point, the decomposition reaction 

was accelerated. New unknown species were also observed in the spectra obtained from toluene 

(unknown species chemical shift in ppm = 59, 55, 49, 45). It is possible that the formation of the 

unknown species facilitates the decomposition causing the observed acceleration in rate. These 

results suggest that acetonitrile plays an active role in the formation of palladacycle, or that 

toluene suppresses it. Because there is no boronic acid or base present the observed formation of 

palladacycle in acetonitrile is not solely due to the inhibition of transmetallation steps. Overall, 

the observations confirm that acetonitrile facilitates the unwanted side reaction pathways (Path B 

and Path D) to produce catalytically inactive palladacycle species.  

 

 

Figure 3.5: Plot of palladacycle formation vs time from the decomposition of the oxidative 

addition product in acetonitrile and toluene.  
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3.2.7. Results Obtained with TNpP Precatalyst 

 Due to the observations discussed up to this point with the DTBNpP precatalyst, similar 

reactions were conducted to test whether the precatalyst with TNpP ligand behaved similarly 

with respect to solvent. Initially, a screening of reaction rate as a function of solvent for the 

cross-coupling of 4-bromobenzonitrile with [(TNpP)PdCl2]2 was conducted (eq 3.12). The 

results obtained show that reaction rate is increased when toluene is used as solvent, Figure 3.6.  

 

 

 

 

Figure 3.6: Plot of GC yields vs. time for Suzuki cross-coupling of 4-bromobenzonitrile varying 

solvent. 
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Due to the similar trend in rate as a function of solvent system observed for the 

[(TNpP)PdCl2]2 precatalyst, 31P NMR experiments were conducted under the specified 

Conditions A-C using both acetonitrile and toluene (eq 3.13). The 31P NMR spectra obtained for 

Condition A were complex in both solvents.  The formation of palladacycle was observed, but 

the presence of several unknown species made analysis difficult. Therefore, only the data 

obtained for spectra under Conditions B and C are provided in Table 3.3. Spectra from Condition 

B followed the same trend observed for the [(DTBNpP)PdCl2]2 precatalyst. Results from 

Condition B in acetonitrile (entries 1-2) showed 100% conversion to palladacycle species was 

observed after 1 h. In toluene (entries 3-4) 100% of the reduced (TNpP)2Pd complex was 

observed at 1 h. Over time the (TNpP)2Pd complex decomposed to give free phosphine and 

palladacycle species. Under Condition C in acetonitrile (entries 5-6) the major product observed 

at both time points was a species that most likely corresponds to oxidative addition product. 

Oxidative addition products containing TNpP are known to be stable in solution, unlike those 

with DTBNpP ligand.1 However, the observation of oxidative addition products under catalytic 

cross-coupling conditions suggests the oxidative addition product is the resting state of the 

catalytic cycle, similar to the results obtained with DTBNpP precatalyst. In addition, the rate of 

palladacycle formation with TNpP ligand is much slower than seen for DTBNpP ligand. Under 

Condition C with toluene (entries 7-8) the major species observed is the reduced bis-phosphine 

Pd(0) and minor species is the free phosphine, no palladacycle was observed.   
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Table 3.3: 31P NMR data for [(TNpP)PdCl2]2 precatalyst activation studies 

Entry Solvent Condition Time    Other 

1 CH3CN B 1 h 0% 0% 100% 0% 

2 CH3CN B 48 h 0% 0% 100% 0% 

3 Toluene B 1 h 100% 0% 0% 0% 

4 Toluene B 48 h 65% 11% 24% 0% 

5 CH3CN C 1 h 0% 0% 4% d = 5.21 
ppm (96%) 

6 CH3CN C 48 h 0% 0% 6% d = 5.21 
ppm (94%) 

7 Toluene C 1 h 74% 26% 0% 0% 

8 Toluene C 48 h 76% 24% 0% 0% 

Data is reported in %Phosphorus obtained via integration. 

 

3.2.8. Catalyst Lowering  

Due to the increased rate of reaction and decreased rate of palladacycle formation observed 

using toluene as organic solvent, cross-coupling of 4-bromoanisole with the [(DTBNpP)PdCl2]2 

precatalyst was optimized to reduce precatalyst loadings (eq 3.14). Quantitative conversion of 4-

bromoanisole was obtained with pre-catalyst loadings reduced by a factor of 20 at room 

temperature (50 factor decrease at elevated temperature) for reactions using toluene as solvent, 

Table 3.4.  
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Table 3.4: GC yields obtained from the cross-coupling of 4-bromoanisole to lower precatalyst 

loading.  

Entry  mol% [(DTBNpP)PdCl2]2 Yieldc (rxn time) 
1  0.5 98 (5 min) 
2  0.25 99 (20 min) 
3  0.10 96 (20 min) 
4  0.05 99 (20 min) 
5  0.025 93 (30 min) 
6  0.01 11 (120 min) 
7  0.01a 90 (60 min) 96 (24 h) 
8  0.005a 62 (60 min) 77 (24 h) 
9  0.005b 38 (60 min) 43 (24 h) 
a reaction at 50 °C. breaction at 80 °C. cGC yield. 

Likewise, the coupling of bromomesitylene with the [(TNpP)PdCl2]2 with toluene as solvent 

was optimized to reduce precatalyst loading (eq 3.15). Quantitative conversion of 

bromomesitylene was achieved with lower amounts of precatalyst, Table 3.5. However, with the 

[(TNpP)PdCl2]2 optimization, higher catalyst loadings as compared to the [(DTBNpP)PdCl2]2 

precatalyst were required. It was postulated that the higher stability of oxidative addition 

products and slower rate of palladacycle formation observed with TNpP ligand causes the TNpP 

precatalyst to have a smaller solvent effect on reactivity.  

 

Table 3.5: GC yields obtained from the cross-coupling of bromomesitylene to lower precatalyst 

loading. 

Entry  mol% [(TNpP)PdCl2]2 Yield (rxn time) 
1  0.5 98 (5 min) 
2  0.25 99 (20 min) 
3  0.10 96 (20 min) 
4  0.05 99 (20 min) 
5  0.025 93 (30 min) 

Reaction ran at room temperature. GC yields reported. 



 87 

To demonstrate the utility of the precatalysts, a select group of substrates were coupled 

using lower precatalyst amounts under the optimized conditions with toluene solvent. Isolated 

yields obtained for the substrates were compared to those under the original conditions discussed 

in Chapter 2. For each substrate, comparable or increased yields were obtained under the new 

optimized reaction conditions, Table 3.6.  

Table 3.6: Suzuki cross-coupling of select substrates under new optimized conditions.  

 

entry product PR3 precatalyst (mol %) T (°C) yield T (°C)a yielda 

1 
 

DTBNpP 0.01 23 96b 23 90 

2 
 

DTBNpP 0.01 50 80 50 45 

3 
 

DTBNpP 0.01 50 80 23 60 

4  DTBNpP 0.01 50 30 23 35 

5 
 

TNpP 0.05 23 65 23 82 

6 
 

TNpP 0.05 50 70 23 87 

7 
 

TNpP 0.05 50 84 23 76 

8 

 

TNpP 0.05 50 33b 80 NR 

aTemperature and yields from reactions conducted using acetonitrile solvent and 0.5 mol% of 
precatalyst, from Chapter 2. bGC yield. 
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3.2.9. Alternate Methods of Reduction  

 The mechanistic investigations on precatalyst activation for the Suzuki cross-coupling of 

aryl bromides provided important information on the properties of the [(R3P)PdCl2]2 precatalysts 

1a and 1c. It was found that the precatalysts form palladacycle species that are inactive in the 

Suzuki cross-coupling reaction. The rate of formation of the unwanted palladacycle species was 

dependent on solvent. The precatalysts 1a and 1c were determined to be activated via the 

organometallic reagent pathway. To apply the precatalysts to other cross-coupling reactions other 

activation pathways must be considered. Cross-coupling reactions such as Buchwald-Hartwig 

amination and Heck coupling do not involve organometallic species. Therefore, additional 

precatalyst activation pathways that do not require an organometallic reagent were investigated.   

 To study the reduction pathway by an amine, [(DTBNpP)PdCl2]2 1a (10 mg) was 

dissolved in C6D6 (0.8 mL) and N,N-diisopropylethylamine (5 µL) was added under inert 

conditions. The solution was analyzed by 31P NMR spectroscopy at 1 h and 24 h time points. 

After one hour, the major species present was 1a.  Over time, 1a was converted to a palladacycle 

species. The same reaction was repeated using CD3CN as the solvent and under those conditions 

full conversion to palladacycle was observed after 1 h. Under both solvent conditions no 

reduction was observed and only palladacycle was formed. The increased rate of palladacycle 

formation in CD3CN further supports that the coordinating solvent facilitates the formation of 

palladacycle species, rather than the solubility of aqueous base.  

 In addition to reduction by an amine, reduction by an alcohol in the presence of a base 

was conducted. The precatalyst 1a (10 mg), NaOtBu (115 mg), and isopropanol (2 µL) were 

dissolved in C6D6 (0.8 mL). After 1 h, at ambient temperature, the reduced (DTBNpP)2Pd 

species was observed as the major product as well as a palladacycle species as the minor product. 
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These results support the observed increase in yield for the amination reaction discussed in 

Chapter 2. These results also show that reduction will occur under room temperature conditions. 

However, elevated temperatures were required to achieve good yields for the amination. These 

preliminary studies provide data that can be used to further optimize the precatalysts 1a and 1c 

for use in amination reactions.  

 Another route for the reduction of Pd(II) species has been extensively studied by 

Amatore, Jutand, and coworkers.11 They have shown that triarylphosphines such as triphenyl 

phosphine can undergo reductive elimination in the presence of oxide ligands, such as acetate, to 

produce phosphine oxide and the activated catalyst species. Studies on this reduction route have 

not been conducted thus far but could be a viable option to explore for furthering the research 

project. An experiment to react the precatalysts 1a and 1c in the presence of triphenylphosphine 

and an oxide ligand could be conducted to determine if reduction occurs. Triphenylphosphine is 

air stable, commercially available and inexpensive. Therefore, the use of triphenylphosphine as 

an additive for precatalyst activation is an attractive possibility. 

3.3. Conclusions 

The results obtained from the discussed experiments reveal an unexpected sensitivity of 

our catalyst systems in the presence of base. The methylene bridge in the neopentyl substituent 

provides conformational flexibility but also allows an agostic interaction between the C—H bond 

of the terminal methyl groups with the metal center in three coordinate complexes. We propose 

that the acetonitrile solvent facilitates the formation of palladacycle. The results also suggest that 

aryl ligands on the palladium center will deprotonate neopentyl substituent to form palladacycle 

when no other base is present. Because, many reduction pathways for Pd(II) complexes involve 

base there is a challenge to reduce the precatalysts and avoid the formation of unwanted 



 90 

palladacycle species. However, such challenges can be addressed as shown in the Suzuki 

reaction using 1a and 1c under optimized conditions in toluene. Under the proper conditions the 

precatalysts were very effective for the cross-coupling of aryl bromides. For future work, the 

activation of these precatalysts may be further studied to determine the optimal conditions for 

activation.  

3.4. Experimental 

General procedure for the precatalyst activation studies (equations 3.1, 3.10, and 3.14): In a dry 

box, solid reagents were added to an oven-dried 1.5 dram vial. The vial was equipped with a stir-

bar and sealed with a septum cap. Liquid reagents (aryl bromide), organic solvent (CD3CN or 

toluene, 1mL) and water (1mL) were added via syringe under inert atmosphere. Reactions were 

stirred at ambient temperature for 1 h. After 1 h, stirring was stopped and the biphasic mixture 

was allowed to separate. The organic reaction layer was extracted via syringe and transferred to a 

NMR tube that had been sealed under N2. 31P{1H} NMR spectra were obtained at 1 h and 24 h 

time points, see Tables  3.1-3.3 for data. The 24 h sample was only of the organic solution from 

the same sample obtained at 1 h. See below for reagent amounts under each condition.  

Condition A: [(DTBNpP)PdCl2]2 (10 mg, 0.01 mmol), and Na2CO3 (159 mg, 1.50 mmol) were 

reacted following the general procedure.  

Condition B: [(DTBNpP)PdCl2]2 (10 mg, 0.01 mmol), phenylboronic acid (135 mg, 1.10 mmol), 

and Na2CO3 (159 mg, 1.50 mmol) were reacted following the general procedure. 

Condition C: [(DTBNpP)PdCl2]2 (10 mg, 0.01 mmol), phenylboronic acid (135 mg, 1.10 mmol), 

4-bromoanisole (125 µL, 1.00 mmol), and Na2CO3 (159 mg, 1.50 mmol) were reacted following 

the general procedure. 
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Condition A: [(TNpP)PdCl2]2 (10 mg, 0.01 mmol), and Na2CO3 (159 mg, 1.50 mmol) were 

reacted following the general procedure.  

Condition B: [(TNpP)PdCl2]2 (10 mg, 0.01 mmol), phenylboronic acid (135 mg, 1.10 mmol), 

and Na2CO3 (159 mg, 1.50 mmol) were reacted following the general procedure. 

Condition C: [(TNpP)PdCl2]2 (10 mg, 0.01 mmol), phenylboronic acid (135 mg, 1.10 mmol), 4-

bromobenzonitrile (182 mg, 1.00 mmol), and Na2CO3 (159 mg, 1.50 mmol) were reacted 

following the general procedure. 

Isolation of palladacycle from Condition A: In dry box, [(DTBNpP)PdCl2]2 (50 mg, 0.06 mmol) 

and Na2CO3 (159 mg, 1.50 mmol) were added to an oven-dried 1.5 dram vial. Acetonitrile (1 

mL) and water (1 mL) were added via syringe and reaction was stirred at ambient temperature 

overnight. The crude reaction mixture was diluted with EtOAc (~25 mL) and washed 2X with 

brine. The organic layer was collected, dried over Na2SO4, and concentrated to dryness in vacuo 

to yield a white solid, 44 mg. 1H NMR (500 MHz, CDCl3): d 1.19 (s, 12 H), 1.43 (d, JP-H  = 13.5 

Hz, 36H), 1.81 (d, JP-H  = 8.7 Hz, 4H), 2.36 (s, 4H). 13C NMR (125 MHz, CDCl3): d 30.2 (d, JC-P 

= 4.6 Hz), 32.6 (d, JC-P = 12.8 Hz), 35.6 (d, JC-P = 17.0 Hz), 37.7 (d, JC-P = 22.7 Hz), 43.4 (d, JC-P 

= 10.9 Hz), 47.9 (br) .31P{1H} NMR (202.5 MHz, CDCl3): d 93.01. 

Isolation of palladacycle from Condition B: In dry box, [(DTBNpP)PdCl2]2 (50 mg, 0.06 mmol) 

phenylboronic acid (135 mg, 1.1 mmol), and Na2CO3 (159 mg, 1.5 mmol) were added to an 

oven-dried 1.5 dram vial. Acetonitrile (1 mL) and water (1 mL) were added via syringe and the 

reaction was stirred at ambient temperature overnight. The crude reaction mixture was diluted 

with EtOAc (~25 mL) and washed 2X with brine. The organic layer was collected, dried over 

Na2SO4, and concentrated to dryness in vacuo to yield a white solid. The product was determined 
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to be the same as the product obtained from Condition A via X-ray crystallography. 1H NMR 

(500 MHz, CDCl3): d 1.19 (s, 12 H), 1.43 (d, JP-H  = 13.5 Hz, 36H), 1.81 (d, JP-H  = 8.7 Hz, 4H), 

2.36 (s, 4H). 13C NMR (125 MHz, CDCl3): d 30.2 (d, JC-P = 4.6 Hz), 32.6 (d, JC-P = 12.8 Hz), 

35.6 (d, JC-P = 17.0 Hz), 37.7 (d, JC-P = 22.7 Hz), 43.4 (d, JC-P = 10.9 Hz), 47.9 (br) .31P{1H} 

NMR (202.5 MHz, CDCl3): d 93.01. 

Oxidative addition from (DTBNpP)2Pd(0): In a dry box, (DTBNpP)2Pd(0) (100 mg, 0.17 mmol) 

was added to an oven dried 25 mL Shlenk flask. 4-Bromoanisole (105 µL, 0.84 mmol) and 

toluene (10 mL) were added via syringe under inert atmosphere. The reaction was stirred in a 70 

°C oil bath for 3 h. The crude reaction was filtered while hot and the toluene solvent was 

removed on a rotary evaporator to yield a red oil. The oil was taken up in pentane and a white 

precipitate formed. The white precipitate was collected via filtration and analyzed via 31P{1H} 

NMR spectroscopy in CDCl3. Only a palladacycle and oxidized phosphine species were 

identified, no oxidative addition product was observed. 

Oxidative addition from [(DTBNpP)PdCl2]2: In a dry box, [(DTBNpP)PdCl2]2 (50 mg, 0.06 

mmol), phenylboronic acid (30 mg, 0.20 mmol), and Na2CO3 (35 mg, 0.33 mmol) were added to 

an oven dried 1.5 dram vial. 4-Bromoanisole (45 µL, 0.36 mmol), toluene (1 mL) and water (1 

mL) were added via syringe under inert atmosphere. The reaction was stirred at ambient 

temperature overnight. The crude reaction mixture was diluted with EtOAc (~25 mL) and 

washed 2X with brine. The organic layer was collected, dried over Na2SO4, and solvent was 

removed on a rotary evaporator. The crude product was dissolved in CDCl3 and analyzed by 

31P{1H} NMR spectroscopy. The observations are reported in section 3.2.3. 
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Oxidative addition from [(COD)Pd(CH2TMS)2]: [(COD)Pd(CH2TMS)2] was freshly prepared 

following a literature procedure.7 In a dry box, [(COD)Pd(CH2TMS)2] (300 mg, 0.77 mmol) was 

added to an oven dried 1.5 dram vial. The vial was sealed and removed from the dry box. A 

separate oven dried Schlenk flask was charged with DTBNpP (210 µL, 0.81 mmol). Pentane (15 

mL) and 4-bromoanisole (300 µL, 2.40 mmol) were added via syringe to the Schlenk flask under 

inert atmosphere. The solution in the Schlenk flask was stirred vigorously at ambient temperature 

and [(COD)Pd(CH2TMS)2] was added quickly under high nitrogen flow. The Schlenk flask was 

sealed and the reaction was stirred at ambient temperature overnight. A yellow precipitate 

formed. The precipitate was collected by vacuum filtration to yield 240 mg, 61% of product. 1H 

NMR (500 MHz, CD3CN): d 7.12 (d, J = 8.6 Hz, 2H), 6.60 (d, J = 8.6 Hz, 2H), 3.68 (s, 3H), 

2.08 (d, J = 10.6 Hz, 2H), 1.28 (d, J = 14 Hz, 18H), 1.20 (s, 9H). 13C NMR (126 MHz, CDCl3): d 

156.8, 136.9, 129.6, 113.3, 55.3, 37.1 (d, JC-P  = 16.3 Hz), 34.1 (d, JC-P  = 5.6 Hz), 32.1, 30.7 (br).  

Solvent effects on the Suzuki coupling of 4-bromoanisole: In a dry box, [(DTBNpP)PdCl2]2 (4 

mg, 0.005 mmol), Na2CO3 (159.0 mg, 1.500 mmol), and phenylboronic acid (135 mg, 1.100 

mmol) were added to an oven-dried 1.5 dram vial. 4-Bromoanisole (125 µL, 1.000 mmol), 

organic solvent (1 mL) and water (1 mL) were added via syringe under inert atmosphere. The 

reaction mixture was stirred at room temperature. At each time point a 25 µL aliquot of the 

organic layer was collected via syringe and transferred to a GC vial containing 1% glacial acetic 

acid (5 µL) in methylene chloride (0.5 mL). GC analysis was conducted on samples obtained at 

1, 5, 10, 15, 30, 45, 60 minute time points.  

Solvent effects on Suzuki coupling of 4-bromobenzonitrile: In dry box, [(TNpP)PdCl2]2 (4 mg, 

0.005 mmol), Na2CO3 (1.500 mmol, 159.0 mg), 4-bromobenzonitrile (182 mg, 1.000 mmol), and 

Phenylboronic acid (1.100 mmol, 135 mg) were added to an oven-dried 1.5 dram vial. Organic 
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solvent (1 mL) and water (1 mL) were added via syringe under inert atmosphere. The reaction 

mixture was stirred at room temperature. At each time point a 25 µL aliquot of organic layer was 

collected via syringe and transferred to a GC vial containing 1% glacial acetic acid (5 µL) in 

methylene chloride (0.5 mL). GC analysis was conducted on samples obtained at 1, 5, 10, 15, 30, 

45, 60 (min) time points.  

Deuterium labeled formation of palladacycle: The same procedure was followed as described for 

the isolation of palladacycle under Condition B. 4-Methoxyphenylboronic acid was 

recrystallized from D2O to exchange the B–(OH)2 group for B–(OD2). Deuterium labeled solvent 

and boronic acid were used. The crude organic material was observed via 2H NMR spectroscopy 

in methylene chloride. The results are discussed in section 3.2.6. 

General procedure for the Suzuki cross-coupling of aryl bromides: In a dry box, a 1 dram vial 

was charged with arylboronic acid (1.1 mmol), Na2CO3 (1.5 mmol, 159.0 mg), and aryl halide (1 

mmol). The vial was sealed and removed from the dry box. The vial was charged with toluene 

(1mL) and deoxygenated water (1mL) via syringe. Diluted solutions of Pd-dimer complexes (1a 

20 µL of a 0.005 M solution and 1c, 500 µL of a 0.001 M solution ) were added via syringe to 

the reaction vial. Reaction completion was determined via GC analysis. The reaction mixture 

was extracted with ethyl acetate (25mL) followed by two subsequent washes with brine (25 mL 

ea.). The organic layer was dried over Na2SO4 and concentrated in vacuo. The crude material 

was purified by flash chromatography on silica gel. 

4-Methoxybiphenyl.12 4-Bromoanisole (1 mmol, 125 µL) and phenylboronic acid (1.1 mmol, 135 

mg) and 1a were reacted following the general procedure at. GC yield is reported in Table 3.7. 
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4-Phenyl-N,N-dimethylaniline. 13 4-Bromo-N,N-dimethylaniline (1 mmol, 200 mg) and 

phenylboronic acid (1.1 mmol, 135 mg) and 1a were reacted following the general procedure to 

give the product as a white solid, 80%, 156 mg.  

4-Hydroxybiphenyl.14 4-Bromophenol (1 mmol, 173 mg) and phenylboronic acid (1.1 mmol, 135 

mg) and 1a were reacted following the general procedure for the reaction set up. The crude 

reaction mixture was added to a flask containing 25 mL of 3M HCl. The organic layer was 

diluted with ethyl acetate and washed 2x with brine. Recrystallization from hot toluene gave the 

product as a white solid, 30%, 50 mg.  

2-Phenylpyridine.15 2-Bromopyridine (1 mmol, 135 µL) and phenylboronic acid (1.1 mmol, 135 

mg) and 1a were reacted following the general procedure to give the product as a colorless oil, 

80%, 124 mg.  

2,2¢-Dimethylbiphenyl.1 2-Bromotoluene (1 mmol, 121 µL) and 2-tolylboronic acid (1.1 mmol, 

150 mg) and 1c were reacted following the general procedure to give the product as a colorless 

liquid, 70%, 128 mg. 

2-Methoxy-2¢-methylbiphenyl.16 2-Bromoanisole (1 mmol, 125 µL) and 2-tolylboronic acid (1.1 

mmol, 150 mg) and 1c were reacted following the general procedure to give the product as a 

colorless liquid, 84%, 162 mg. 

2,4,6-Trimethylbiphenyl.1 2-Bromomesitylene (1 mmol, 153 µL) and phenylboronic acid (1.1 

mmol, 135mg) and 1c were reacted following the general procedure to give the product as a 

colorless liquid, 65%, 128 mg.  



 96 

2,4,6-Triisoprooylbiphenyl: 2,4,6-triisopropylbromobenzene (1 mmol, 253 µL) and 

phenylboronic acid (1.1 mmol, 135mg) and 1c were reacted following the general procedure. GC 

yield of 33%.  
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Figure A1: 1H NMR (500 MHz, CDCl3) spectrum of [(DTBNpP)PdCl2]2 (1a). 

 

Figure A2: 13C NMR (126 MHz, CDCl3) spectrum of [(DTBNpP)PdCl2]2 (1a). 
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Figure A3: 31P {1H} NMR (205 MHz, CDCl3) spectrum of [(DTBNpP)PdCl2]2 (1a). 

 

Figure A4: 1H NMR (500 MHz, CDCl3) spectrum of [(TBDNpP)PdCl2]2 (1b). 
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Figure A5: 13C NMR (126 MHz, CDCl3) spectrum of [(TBDNpP)PdCl2]2 (1b). 

 

Figure A6: 31P {1H} NMR (205 MHz, CDCl3) spectrum of [(TBDNpP)PdCl2]2 (1b). 
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Figure A7: 1H NMR (500 MHz, CDCl3) spectrum of [(TNpP)PdCl2]2 (1c). 

 

Figure A8: 13C NMR (205 MHz, CDCl3) spectrum of [(TNpP)PdCl2]2 (1c). 
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Figure A9: 31P {1H} NMR (205 MHz, CDCl3) spectrum of [(TNpP)PdCl2]2 (1c). 

 

Figure A10: 1H NMR (500 MHz, CDCl3) spectrum of (DTBNpP)2PdCl2 (2a). 
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Figure A11: 13C NMR (126 MHz, CDCl3) spectrum of (DTBNpP)2PdCl2 (2a). 

 

Figure A12: 31P {1H} NMR (205 MHz, CDCl3) spectrum of (DTBNpP)2PdCl2 (2a). 
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Figure A13: 1H NMR (500 MHz, CDCl3) spectrum of (TBDNpP)2PdCl2 (2b). 

 

Figure A14: 13C NMR (126 MHz, CDCl3) spectrum of (TBDNpP)2PdCl2 (2b). 
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Figure A15: 31P {1H} NMR (205 MHz, CDCl3) spectrum of (TBDNpP)2PdCl2 (2b). 

 

Figure A16: 1H NMR (500 MHz, CDCl3) spectrum of (TNpP)2PdCl2 (2c). 
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Figure A17: 13C NMR (126 MHz, CDCl3) spectrum of (TNpP)2PdCl2 (2c). 

 

Figure A18: 31P {1H} NMR (205 MHz, CDCl3) spectrum of (TNpP)2PdCl2 (2c). 
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Figure A19: 31P {1H} NMR (205 MHz, CDCl3) spectrum of [(TBDNpP)PdCl2(4-picoline). 

 

Figure A20: 1H NMR (500 MHz, CDCl3) spectrum of [(TBDNpP)PdCl2(4-picoline). 
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Figure A21: 1H NMR (500 MHz, CDCl3) spectrum of 4-methoxybiphenyl. 

 

Figure A22: 13C NMR (126 MHz, CDCl3) spectrum of 4-methoxybiphenyl. 
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Figure A23: 1H NMR (500 MHz, CDCl3) spectrum of 4-phenyl-N,N-dimethylaniline. 

 

Figure A24: 13C NMR (126 MHz, CDCl3) spectrum of 4-phenyl-N,N-dimethylaniline. 
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Figure A25: 1H NMR (500 MHz, CDCl3) spectrum of 4-fluoro-4`-methoxybiphenyl. 

 

Figure A26: 13C NMR (126 MHz, CDCl3) spectrum of 4-fluoro-4`-methoxybiphenyl. 
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Figure A27: 1H NMR (500 MHz, CDCl3) spectrum of 4-hydroxybiphenyl. 

 

Figure A28: 13C NMR (126 MHz, CDCl3) spectrum of 4-hydroxybiphenyl. 
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Figure A29: 1H NMR (500 MHz, CDCl3) spectrum of 2-phenylpyridine. 

 

Figure A30: 13C NMR (126 MHz, CDCl3) spectrum of 2-phenylpyridine. 
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Figure A31: 1H NMR (500 MHz, CDCl3) spectrum of 2-(4-methoxyphenyl)thiophene. 

 

Figure A32: 13C NMR (126 MHz, CDCl3) spectrum of 2-(4-methoxyphenyl)thiophene. 
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Figure A33: 1H NMR (500 MHz, CDCl3) spectrum of 3-phenylthiophene. 

 

Figure A34: 13C NMR (126 MHz, CDCl3) spectrum of 3-phenylthiophene. 
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Figure A35: 1H NMR (500 MHz, CDCl3) spectrum of 4-phenylacetophenone. 

 

Figure A36: 13C NMR (126 MHz, CDCl3) spectrum of 4-phenylacetophenone. 
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Figure A37: 1H NMR (500 MHz, CDCl3) spectrum of 4-cyanobiphenyl. 

 

Figure A38: 13C NMR (126 MHz, CDCl3) spectrum of 4-cyanobiphenyl. 
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Figure A39: 1H NMR (500 MHz, CDCl3) spectrum of 2-methylbiphenyl. 

 

Figure A40: 13C NMR (126 MHz, CDCl3) spectrum of 2-methylbiphenyl. 
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Figure A41: 1H NMR (500 MHz, CDCl3) spectrum of 2,2`-dimethylbiphenyl. 

 

Figure A42: 13C NMR (126 MHz, CDCl3) spectrum of 2,2`-dimethylbiphenyl. 
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Figure A43: 1H NMR (500 MHz, CDCl3) spectrum of 2-methoxy-2`-methylbiphenyl. 

 

Figure A44: 13C NMR (126 MHz, CDCl3) spectrum of 2-methoxy-2`-methylbiphenyl. 
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Figure A45: 1H NMR (500 MHz, CDCl3) spectrum of 1-phenylnaphthalene. 

 

Figure A46: 13C NMR (126 MHz, CDCl3) spectrum of 1-phenylnaphthalene. 
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Figure A47: 1H NMR (500 MHz, CDCl3) spectrum of 1-(2-tolyl)naphthalene. 

 

Figure A48: 13C NMR (126 MHz, CDCl3) spectrum of 1-(2-tolyl)naphthalene. 
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Figure A49: 1H NMR (500 MHz, CDCl3) spectrum of 2,4,6-trimethylbiphenyl. 

 

Figure A50: 13C NMR (126 MHz, CDCl3) spectrum of 2,4,6-trimethylbiphenyl. 
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Figure A51: 1H NMR (500 MHz, CDCl3) spectrum of the chloride bridged palladacycle. 

 

Figure A52: 13C NMR (126 MHz, CDCl3) spectrum of the chloride bridged palladacycle. 



 129 

 

Figure A53: 31P{1H} NMR (202.5 MHz, CDCl3) spectrum of the chloride bridged palladacycle. 

 

Figure A54: 1H NMR (500 MHz, CD3CN) spectrum of [(DTBNpP)Pd(4-MeOC6H4)Br]2. 
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Figure A55: 13C NMR (126 MHz, CDCl3) spectrum of [(DTBNpP)Pd(4-MeOC6H4)Br]2. 

 

Figure A54: 31P{1H} NMR (202.5 MHz, CD3CN) spectrum of [(DTBNpP)Pd(4-MeOC6H4)Br]2. 
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Table A1: Crystallographic data and structure refinement parameters for [(DTBNpP)PdCl2]2, 1a.  

Formula C26H58Cl4P2Pd2 g (deg) 90 
Formula Weight 787.26 V (Å3) 3381.3(6) 
T (K) 294 Z 4 
Wavelength (Å) 0.71073 Dcacld (g•cm-3) 1.546 
Space group C2/c µ (mm-1) 1.489 
Crystal System monoclinic F(000) 1616.0 
a (Å) 12.3509(13) qmax (deg) 30.88 

b (Å) 13.0798(13) Reflection collected 35631 
c (Å) 20.961(2) unique reflections 9895 
a (deg) 90 R1, wR2 (I > 2s(1)) 0.0390, 0.0667 
b (deg) 93.081(6)   

 

 

Table A2: Crystallographic data and structure refinement parameters for [(TNpP)PdCl2]2, 1c. 

Formula C30H66Cl4P2Pd2 g (deg) 90 
Formula Weight 843.37 V (Å3) 3906.46(19) 
T (K) 173(2) Z 4 
Wavelength (Å) 0.71073 Dcacld (g•cm-3) 1.434 
Space group C2/c µ (mm-1) 1.294 
Crystal System monoclinic F(000) 1744.0 
a (Å) 18.5111(5) qmax (deg) 30.12 

b (Å) 9.29595(3) Reflection collected 34418 
c (Å) 22.8156(6) unique reflections 9882 
a (deg) 90 R1, wR2 (I > 2s(1)) 0.0387, 0.0719 
b (deg) 92.6603(14)   
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Table A3: Crystallographic data and structure refinement parameters for (TBDNpP)2PdCl2, 2b. 

Formula C28H62Cl2P2Pd g (deg) 90 
Formula Weight 638.02 V (Å3) 3333.5(3) 
T (K) 223(2) Z 4 
Wavelength (Å) 0.71073 Dcacld (g•cm-3) 1.271 
Space group P21/c µ (mm-1) 0.828 
Crystal System monoclinic F(000) 1360.0 
a (Å) 14.7618(5) qmax (deg) 28.33 

b (Å) 12.4641(5) Reflection collected 49751 
c (Å) 18.6300(7) unique reflections 9892 
a (deg) 90 R1, wR2 (I > 2s(1)) 0.0251, 0.0644 
b (deg) 103.4697(16)   

 

 

Table A4: Crystallographic data and structure refinement parameters for (TNpP)2PdCl2, 2c. 

Formula C30H66P2Cl2Pd g (deg) 71.9727(14) 
Formula Weight 1332.14 V (Å3) 1861.34(10) 
T (K) 294(2) Z 2 
Wavelength (Å) 0.71073 Dcacld (g•cm-3) 1.188 
Space group P-1 µ (mm-1) 0.744 
Crystal System triclinic F(000) 712.0 
a (Å) 9.5548(3) qmax (deg) 35.03 

b (Å) 12.0904(4) Reflection collected 94302 
c (Å) 17.1981(5) unique reflections 9829 
a (deg) 80.17788(14) R1, wR2 (I > 2s(1)) 0.0563, 0.1156 
b (deg) 87.7444(15)   
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Table A5: Crystallographic data and structure refinement parameters for        

[(TBDNpP)PdCl2(4-picoline)]. 

Formula C20H38Cl2NPPd g (deg) 90 
Formula Weight 499.12 V (Å3) 4790.1(3)  
T (K) 173(2) Z 8 
Wavelength (Å) 0.71073 Dcacld (g•cm-3) 1.389 
Space group C2/c µ (mm-1) 1.069 
Crystal System monoclinic F(000) 2080.0 
a (Å) 15.6678(5)  qmax (deg) 30.05 

b (Å) 9.8556(3)  Reflection collected 91625 
c (Å) 32.4413(10) unique reflections 9636 
a (deg) 90 R1, wR2 (I > 2s(1)) 0.0270, 0.0609 
b (deg) 107.0185(14)   

 

 

Table A6: Crystallographic data and structure refinement parameters for chloride bridged 

palladacycle. 

Formula C26H56Cl2P2Pd2 g (deg) 90.073(1) 
Formula Weight 714.34 V (Å3) 789.45(10) 
T (K) 173 Z 1 
Wavelength (Å) 0.71073 Dcacld (mg•m-3) 1.503 
Space group P1 µ (mm-1) 1.423 
Crystal System triclinic F(000) 368 
a (Å) 8.3447(6) qmax (deg) 32.0 

b (Å) 9.1194(7) Reflection collected 16484 
c (Å) 10.7353(8) unique reflections 9956 
a (deg) 102.903(1) R1, wR2 (I > 2s(1)) 0.0142, 0.0376 
b (deg) 97.322(1)   
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Table A7: Crystallographic data and structure refinement parameters for 

 [(DTBNpP)Pd(4-MeOC6H4)Br]2. 

Formula C40H72Br2O2P2Pd2 g (deg) 90 
Formula Weight 1019.52 V (Å3) 4514.7(3)  
T (K) 223(2) Z 4 
Wavelength (Å) 0.71073 Dcacld (g•cm-3) 1.500 
Space group P21/c µ (mm-1) 2.668 
Crystal System monoclinic F(000) 2080.0 
a (Å) 14.4844(4)  qmax (deg) 30.01 

b (Å) 18.1158(5) Reflection collected 87319  
c (Å) 17.2145(5)  unique reflections 9850 
a (deg) 90 R1, wR2 (I > 2s(1)) 0.0245, 0.0578 
b (deg) 91.8356(15)   

 

Table A8: Data obtained from the decomposition of [(DTBNpP)Pd(4-MeOC6H4)Br]2 overtime. 

Data is reported in % phosphorus determined via integration of 31P NMR spectra.  

entry time (h) 
CD3CN Toluene(d8) 

% oxad % palladacycle % oxad % palladacycle % other (ppm) 
1 0.5 100 0 97 1 2 (49) 
2 1.0 100 0 94 4 2 (49) 
3 1.5 72 28 90 5 5 (49) 
4 2.0 63 37 86 7 7 (49) 
5 2.5 57 43 82 8 10 (49) 
6 3.0 49 51 79 10 11 (49) 
7 3.5 42 58 75 12 13 (49) 
8 4.0 37 63 67 15 15 (49); 3 (45) 
9 4.5 31 69 55 21 17 (49); 7 (45) 

10 5.0 29 71 34 34 18 (49); 14 (45) 
11 5.5 27 73 3 60 11 (49); 26 (45) 
12 6.0 26 74 0 83 1 (58); 2 (55); 14 (45) 
13 6.5 22 78 0 87 2 (59); 2 (58); 5 (55); 4 (45) 
14 7.0 20 80 0 90 1 (59); 2 (58); 7 (55) 
15 7.5 19 81 0 90 3 (58); 7 (55) 
16 8.0 17 83 0 90 3 (58); 7 (55) 

 

 


