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Abstract 

The first project is described in Chapter 2, and details the synthesis of a series of 

mono- and multimetallic Pd(II) NNN-pincer complexes which—to the best of our 

knowledge—represent the first examples of these types of complexes being employed as 

catalysts in a Heck reaction.  Chapter 3 discusses the design and synthesis of a hybrid 

pincer/imidazolium salt ligand and its transition metal chemistry, with the ultimate goal 

of synthesizing heterobimetallic complexes for bifunctional catalysis.  The work in 

Chapter 4 strays away from the catalysis theme, and includes preliminary investigations 

into the synthesis of metal-organic frameworks (MOF) derived from the combination of a 

bis[palladium(II)] complex with a pyridine-appended ditopic macrocycle.  
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The ability to efficiently form carbon–carbon bonds is an important facet of modern 

synthetic organic chemistry.1  The discoveries of palladium-catalyzed cross coupling 

reactions, such as the Heck, Suzuki, Sonogashira, and Stille reactions, have enabled the 

efficient syntheses of many types of complex organic compounds.  However, the typical 

catalysts employed in these reactions (e.g. Pd(OAc)2, Pd(PPh3)4, PdCl2(PPh3)2)  sometimes 

suffer due to a lack of thermal stability and necessitate the use of excess phosphine 

stabilizing ligands.2  Transition metal complexes derived from tridentate six-electron donor 

“pincer ligands” (Figure 1.1) can provide stable and highly selective alternatives to 

traditional catalysts.3  Pincer ligands bind to the metal center via a central donor atom 

(traditionally an anionic carbon donor atom) along with two ortho pendant donor atoms 

(traditionally neutral phosphorus donor atoms).  Owing in part to this tridentate 

coordination, the resulting “pincer complexes” enjoy a high thermal stability, which has 

led to their widespread exploration in a number of cross coupling reactions.   

 

Figure 1.1. Schematic representation of a pincer complex.   

As illustrated in Figure 1.2, the last two decades have seen a dramatic surge in the 

number of reports of “palladium pincer complexes.”  In addition to their use in C–C 

coupling reactions, they have been studied in supramolecular chemistry, chemical sensing, 

and investigations of luminescence for light emitting devices.4  In addition to palladium, 

other transition metal complexes with pincer ligands have been extensively investigated in 
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catalysis and in other applications, but are beyond the scope of this review.   This chapter 

will highlight the synthesis and applications of some of the representative examples of 

Pd(II) pincer complexes.  Whereas research in the Dr. Bowman-James research group has 

concentrated on the supramolecular5-17 and transition metal18-24 chemistry of amide- and 

thioamide-based pincer ligands, the second part of this chapter will focus on the transition 

metal chemistry of NNN-pincer ligands. 

 

 

 

 

Figure 1.2.  Number of publications containing the concept “palladium pincer” arranged 

by publication year (source: SciFinder).25 

 

1.1  Properties and Synthesis of Pd(II) Pincer Complexes 

Pincer ligands and their corresponding metal complexes were first described in 

1976 by Moultan and Shaw (Figure 1.3).26  The study of these ligands was an extension of 

the earlier discovery that bulky monophosphine ligands (PBut
2R, R = alkyl or aryl) could 

be used to stabilize metals in unusual oxidation states, as well as promote ortho-

metalation.27,28  Pincer ligands are classified based on the identity of their donor atoms.  

For example, a phosphorus-carbon-phosphorus pincer ligand can be described as a ‘PCP’-
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pincer ligand.  Although the term “pincer complex,” as coined by van Koten in 1989,29 was 

first intended to describe these tridentate PCP-type ligands, the term can also be used to 

describe ligands derived from a variety of donor atoms, including phosphorus, carbon, 

nitrogen, sulfur, and selenium.  The most common oxidation state of palladium in pincer 

complexes is +2, although a number of studies have investigated the stability of Pd(IV) 

complexes with pincer ligands.30  The tridentate coordination of the pincer ligand imparts 

a strong chelate effect on the metal center which helps to prevent ligand exchange and 

results in the high thermal stability enjoyed by these complexes.31  Also, as a result of the 

tridentate pincer chelation, at least one site is available for coordinating additional ligands.   

 

Figure 1.3. Pd(II) PCP-pincer complex reported by Moulton and Shaw.26 

Two of the most direct methods to synthesize Pd(II) ECE-type (E = heteroatom) 

pincer complexes are 1) C–H activation by an electron deficient Pd(II) source (usually a 

tetrachloropalladate salt) and 2) oxidative addition of a C–X bond (X = Cl, Br, or I) to a 

Pd(0) source.  In 2006, our group reported the synthesis of a Pd(II) SCS-pincer complex 

from pincer ligand 1.2a (Y = CH) via the C–H insertion method (Scheme 1.1).19  Treatment 

of 1.2a with K2PdCl4 affords Pd(II) SCS-pincer complex 1.3 in 70% yield.  To satisfy the 

+2 oxidation state of palladium, the fourth coordination site is occupied by a chloride 

ligand.  Similarly, other monoanionic pincer ligands (e.g. phosphine-based PCP-, amine-

based NCN-, and thioether-based SCS-pincer ligands) often contain a negative donor 
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ligand in the fourth coordination site.  Alternatively, if the “Y” atom in the thioamide pincer 

ligand is nitrogen—as in ligand 1.2b—metalation occurs with deprotonation of one of the 

thioamide hydrogens to give Pd(II) SNS-pincer complex 1.4. 

Scheme 1.1.  Synthesis of pincer complexes by C–H insertion or single deprotonation.19 

 

 Alternatively, Pd(II) pincer complexes can be readily formed from  ligands 

containing a central C–X (X = halogen) bond using Pd(0) sources such as Pd(dba)2 (dba = 

dibenzylideneacetone), Pd2(dba)3 or Pd(PPh3)4 (PPh3 = triphenylphosphine).  This method 

has been successfully employed by the van Koten group to selectively introduce metals 

into the bifunctional ligand 1.5 (Scheme 1.2).32  Treatment of 1.5 with Pd2(dba)3·CHCl3 at 

-80 oC affords Pd(II) SCS-pincer complex 1.6 via oxidative addition of the C–Br bond to 

Pd(0).  The resulting Pd(II) complex is stabilized by the N-donor pendant group atoms to 

afford the air-stable NCN-pincer complex.  Alternatively, treatment of 1.5 with Pd(PPh3)4 

at 50 oC affords Pd(II) complex 1.7 via oxidative addition of the C–I bond to Pd(0). 

Scheme 1.2.  Synthesis of pincer complexes via oxidative addition of Pd(0) to a C–X 

bond.32 
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If a C–H or C–X direct metalation route is not possible—particularly if the ligand 

contains sterically demanding side arms—a transmetalation route can be employed.  In 

their synthesis of Pd(II) NCN-pincer complexes, Jung and coworkers describe a 

transmetalation route which proceeds via an in situ generated Li–C intermediate (Scheme 

1.3).33  When R = H, as in ligand 1.8a, direct palladation failed to give the corresponding 

pincer complex when treated with PdCl2.  However, if a bromide atom is introduced into 

the pincer ligand (R = Br), as in ligand 1.8b, halogen-lithium exchange occurs with n-BuLi.  

Transmetalation of this intermediate occurs in the presence of PdBr2 or PdCl2 to afford the 

desired NCN-pincer complex 1.9.    

Scheme 1.3.  Synthesis of a Pd(II) NCN-pincer complex by transmetallation.33   
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1.2 Pd(II) Pincer Complexes in Catalysis  

 Interest in pincer complexes grew in the mid-1990s, when numerous reports 

documented their applications as catalysts for a variety of reactions.   In 1994, Venanzi and 

coworkers demonstrated the use of Pt(II) PCP-pincer complex 1.10 for the preparation of 

trans- and cis-oxazolines 1.11 and 1.12 via an asymmetric aldol condensation (Scheme 

1.4).34   The first Heck coupling reaction in which a Pd(II) pincer complex was employed 

as the catalyst was reported by Milstein and coworkers in 1997.35  Since these two seminal 

reports, Pd(II) pincer complexes have been exploited as catalysts in a variety of reactions, 

including the Suzuki,36-41 Negishi,42-44 aldol,45-47 Michael,45,48-50 Sonogashira,51,52 

Hiyama,51,52 Stille,53 and asymmetric allylation reactions.54-58  Many excellent reviews and 

books have focused on the transition metal chemistry of pincer ligands as well as their 

catalytic applications.3  This section will highlight some of the representative examples of 

Pd(II) pincer complexes as catalysts for coupling reactions.   

Scheme 1.4.  Synthesis of oxazolines using chiral pincer complex 1.10.34 
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1.2.1 Mizoroki-Heck Reaction  

The Mizoroki-Heck reaction, discovered independently by Tsutomu Mizoroki 

(1971)59 and Richard F. Heck (1972),60 represents an important C–C coupling reaction used 

in industry for the synthesis of a variety of fine chemicals (e.g. ProsulfuronTM by Novartis, 

NaproxenTM by Albemarle, and SingulairTM by Merck).61  The prelude to the two seminal 

papers by Mizoroki and Heck came in the form of a series of seven letters published in J. 

Am. Chem. Soc. in 1968 by Heck.62  In these letters, Heck reports the arylation of olefins 

using an in situ-generated palladium species derived from stoichiometric amounts of 

Pd(OAc)2 or PdCl2.  However, the fact that the arylating agents were based on organo-

mercury, -tin, and -lead compounds, limited the practical applications of these reactions.   

Thus, the later reports by Mizoroki and Heck represented major improvements over these 

reactions in that they used catalytic amounts of palladium (1 mol %) and were able to 

employ aryl halides as the arylating agents.  Both groups used the model coupling reaction 

of 4-iodotoluene and styrene to access stilbene 1.13 (Scheme 1.5).  In the last 40 years, a 

number of variants of the Mizoroki-Heck reaction have been developed that employ 

different aryl halides, solvents, bases, and catalysts.63  Today, typical protocols for Heck-

type couplings utilize PdCl2 or Pd(OAc)2, in combination with an excess of phosphine 

ligand (Ph3P or o-Tol3P), and in the presence of a base (Et3N or NaOAc). 
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Scheme 1.5.  Examples of the first reported Heck reactions.59,60,64   

 

The first full mechanism for the Heck reaction was proposed in Heck’s 1972 

paper.60  In this mechanism, it was suggested that aryl halides oxidatively add to an in situ 

generated Pd(0) species formed from reduction of the Pd(II) source by the olefin.  In 1974, 

Dieck and Heck reported a variant of the Heck reaction that employed phosphine ligands 

in the synthesis of compound 1.14 (Scheme 1.5), and subsequently proposed a slightly 

different mechanism.64  In the first step of the catalytic cycle, the aryl halide oxidatively 

adds to Pd(0) to give Pd(II) complex 1.15 (Scheme 1.6).  This complex coordinates the 

olefin substrate to give complex 1.16, which is followed by syn insertion to give Pd(II) 

complex 1.17.  Complex 1.17 undergoes β-hydride elimination to generate the stilbene 

complex 1.18, which dissociates to give Pd(II) complex 1.19.  Base-assisted reductive 
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elimination/deprotonation furnishes the original Pd(0) catalyst.  The order of reactivity for 

aryl halides (ArI > ArBr > ArCl) suggests that oxidative addition is the rate limiting step, 

which reflects the relative abilities for different aryl halides to oxidatively add to 

palladium.65  Additionally, aryl halides that contain para-electron withdrawing groups have 

been found to be more active Heck substrates compared to aryl halides with para-electron 

donating groups.    

Scheme 1.6.  Pd(0)-Pd(II) catalytic cycle for the Heck reaction. 

 

Although the first palladium pincer complexes were reported by Shaw in 1976 

(Figure 1.3, vide supra),26 it was over 20 years until the catalytic activity of a pincer 

complex in the Heck reaction was reported.  In 1997, Milstein and coworkers investigated 
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Pd(II) PCP-pincer complexes 1.20, 1.21, and 1.22 (Scheme 1.7) in the Heck coupling of a 

variety of iodo- and bromo-arenes with styrene or methyl acrylate.35  Quantitative yields 

and turnover numbers (TON) of up to 500,000 were observed in the coupling of 

iodobenzene and methyl acrylate using complexes 1.20 and 1.21.    The Heck coupling of 

methyl acrylate with either bromobenzene or 4-bromoanisole also produced the Heck 

products in good yields (79-93%) using 1.21 as the catalyst, although longer reaction times 

were required.  

Scheme 1.7.  Heck coupling in the presence of Pd(II) PCP-pincer complexes.35   

 

 As an alternative to phosphine-derived catalysts, Crabtree and coworkers have 

investigated the coordination chemistry of Pd(II) with N-heterocyclic carbene (NHC)-

based pincer ligands (Figure 1.4).31,66  The authors reasoned that the strong electron 

donating character of carbenes relative to phosphines could help facilitate oxidative 

addition to the palladium center.  To this extent, they synthesized the bidentate and 

tridentate CN- and CNC-pincer complexes illustrated in Figure 1.4.  In contrast to 

conventional protocols for the Heck reaction which commonly employ phosphine ligands, 
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these reactions were not air sensitive.  Complex 1.23a (R = Me) showed good activity in 

the Heck coupling of iodobenzene and styrene using a catalyst loading of 0.2 mol %.  The 

coupling of bromobenzene with styrene was also accomplished with this complex, using 5 

mol % catalyst loading.  The catalyst 1.23b (R = n-Bu) was determined to be more efficient 

than 1.23a (R = Me), which the authors attributed to enhanced solubility.  Six successive 

reactions using complex 1.23b (R = n-Bu) (with additional substrates added after each 

conversion) were carried out with yields ranging from 98 to 87% (first and last runs 

respectively).  Complex 1.23b proved to be a robust catalyst for the coupling of aryl 

chlorides with styrene, although the additive tetrabutylammonium bromide (TBAB) was 

necessary for the conversion to take place (95% yield, 22 h, TON = 47,500).  The authors 

proposed that the Br- ion may help facilitate catalyst activation and prevent the active 

species from forming catalytically inactive palladium black. 

 

Figure 1.4.  Pd(II) CNC-pincer and CN palladacycles reported by Crabtree et al.31,66 

 The immobilization of pincer complexes onto polymer supports has been explored 

by Bergbreiter and coworkers,67 who prepared a series of Pd(II) complexes with an SCS-

pincer ligand (Figure 1.5).  As a control, SCS-pincer complex 1.25 was examined in the 

Heck reaction of aryl iodides and bromides with a variety of alkenes.  Using 0.1 mol % of 



13 
 

the catalyst, yields of 91-96% were obtained in the coupling of aryl iodides with a variety 

of alkenes.  Complex 1.25 was less successful as a catalyst for the Heck reaction using aryl 

bromides.  In the best result, a 30% conversion was observed after 20 hours using 2 mol % 

of complex 1.25 as the catalyst in the Heck coupling of p-bromoanisole and tert-butyl 

acrylate.   Polyethylene glycol (PEG) appended Pd(II) SCS-pincer complex 1.26 was 

successfully recycled three times in the coupling of iodobenzene with different olefins, 

with yields ranging from 85-95%. 

 

Figure 1.5.  Pd(II) SCS-pincer complexes prepared by Bergbreiter et al.67 

In 2004, the Bowman-James group investigated the catalytic activity of 

bis[palladium(II)] complex 1.27 (Figure 1.6) in the Heck reaction of 4-iodotoluene and 

styrene.18  The solid state structure of 1.27 reveals that the two Pd(II) SCS-pincer scaffolds 

are configured in an anti orientation, with a Pd···Pd separation of 6.74(2) Ǻ.  Remarkably, 

a catalyst TON of 94,300 was obtained after 48 hours using 1 x 10-3 mol % catalyst loading.  

As opposed to traditional PCP-pincer complexes, which are known to have decreased 

activity in the presence of Pd(0) scavengers such as Hg(0),68-70 no reduction in yield was 

observed when 1.27 was employed as the catalyst in the Heck reaction of 4-iodotoluene 

and styrene in the presence of Hg(0).  In order to further evaluate the role of thioamides in 
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pincer chemistry, the Bowman-James group later investigated the Heck reaction using 

Pd(II) SCS- and SNS-pincer complexes derived from acyclic ligands.19  Pd(II) complexes 

1.28 and 1.29 and Pt(II) complex 1.30 (Figure 1.6) were synthesized and investigated in 

the cross coupling reaction of 4-iodotoluene with styrene.  Similar to bis[palladium(II)] 

complex 1.27, the use of complex 1.28 as the catalyst resulted in 98% conversion to the 

stilbene products.  However, when Pd(II) SNS-pincer complex 1.29 was employed as the 

catalyst, only 59% conversion to the stilbene products was observed after 16 hours.  As 

anticipated, when Pt(II) complex 1.30 was used, no Heck product was observed.  

Figure 1.6. Thioamide-derived Pd(II) SCS- and SNS-pincer complexes prepared by the 

Bowman-James group.18,19   

Reports in the late 1990s that indicated Pd(II) pincer complexes were thermally 

stable and did not show visible signs of decomposition at the elevated temperatures 

required for the Heck reaction33,71-73 led some authors to propose a mechanism for Pd(II) 

pincer-mediated Heck reactions that involved a Pd(II)–Pd(IV) catalytic cycle.74-76  

Additional support for a Pd(II)–Pd(IV) cycle came from the isolation of unchanged Pd(II) 

pincer complexes following catalysis by Dupont and coworkers77 and the observation that 

different palladacycles gave different reaction rates by Shibasaki and coworkers.78  A shift 
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in sentiment began when several studies in the early 2000s showed that—under the harsh 

reaction conditions typically employed for the Heck reaction—Pd(II) SCS- and PCP-pincer 

complexes might not be the active catalysts.  In their study of polymer supported Pd(II) 

SCS-pincer complexes, Bergbreiter and coworkers found evidence that a catalytically 

active Pd(0) species was leached from the complex during catalysis.67  Interestingly, the 

authors determined that only <1% of the original complex decomposed during catalysis, 

thus providing a possible explanation for the aforementioned cases in which no Pd black 

was observed.  Similar results were obtained by Weck and Jones in their investigation of 

both soluble and insoluble supported Pd(II) SCS-pincer complexes.79  A follow-up study 

by the same group found that Pd(II) PCP-pincer complexes follow a similar fate, though 

the extent of Pd(II) decomposition was less.80  Eberhard and coworkers have investigated 

four electronically different Pd(II) PCP-pincer complexes and concluded that complexes 

which decompose more readily tend to have improved catalytic activity.70  The authors 

point out that the observation of induction periods or S-shaped kinetic curves means that 

more than one process is taking place during catalysis.  Additionally, positive poisoning 

tests employing Pd(0) scavengers such as Hg(0), CS2, thiophene, and PPh3 suggest that 

Pd(0) plays an active role in the catalytic cycle.80  Together, these results provide strong 

evidence that Pd(II) pincer complexes are precatalysts for a catalytically active Pd(0) 

species that follows the classical Pd(0)-Pd(II) cycle.81    

While an exact decomposition pathway is not known, Weck and coworkers have 

proposed the initial steps of a decomposition pathway using Pd(II) PCP- and SCS-pincer 

complexes in Heck coupling reactions (Scheme 1.8; Pd(II) PCP-pincer complex shown).82  

In the first step, a molecule of triethylamine coordinates the Pd(II) center of complex 1.31, 
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forcing one of the phosphine donor atoms to dissociate to give complex 1.32. This complex 

undergoes a β-hydride elimination to generate the Pd(II)-hydride complex 1.33.  Based on 

preliminary computations using a related SCS-pincer analogue of this complex, the authors 

speculate that the next step of the decomposition pathway could involve an intramolecular 

hydride transfer—and simultaneous Pd–C bond cleavage—to provide Pd(0).   

Scheme 1.8.  Initial steps in proposed mechanism for ligand dissociation, redrawn from 

Weck and coworkers.82 

 

1.2.2 Suzuki-Miyaura Coupling  

First reported in 1979,83 the Suzuki reaction features the coupling of an aryl halide 

with a boronic acid.  Its wide-spread use in industry has been spurred by the availability of 

boronic acids.84  Further, the use of halide-substitutes—or “pseudohalides”—has made the 

large-scale production of biaryl compounds using the Suzuki reaction very efficient (e.g. 

CI-1034, an Endothelin Antagonist, can be made on an 80 kg scale in 95% yield).85  

Many Pd(II) pincer complexes employed as catalysts in the Heck reaction are also 

efficient catalysts in the Suzuki reaction.  In one of the first examples, Bedford and 

coworkers studied the coupling of activated bromo- and chlorobenzene derivatives using 

Pd(II) PCP-pincer complexes 1.34a and 1.34b (Scheme 1.9).36  In this work, the authors 
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found similar activities for both catalysts although, on average, catalyst 1.34b performed 

better at a catalyst loading of 0.0001 mol %.  Conversions as high as 92% were achieved 

using 0.001 mol % of catalyst 1.34a in the coupling of 4-bromoacetophenone (R = COMe, 

X = Br) with phenylboronic acid.  When 1.34a was used in the coupling of 4-

chloronitrobenzene with phenylboronic acid, the biaryl product was observed in yields of 

up to 67%.  A study by Olsson and Wendt investigated the kinetics of the Suzuki reaction 

using Pd(II) PCP-pincer complexes.37  The authors reasoned that the absence of an 

induction period suggests that the Pd(II) complexes are active catalysts in the Suzuki 

reaction and remain intact throughout the catalytic cycle.  Further, mercury drop poisoning 

experiments did not significantly hinder the catalytic activities of these complexes.  Similar 

studies employing different pincer scaffolds have corroborated these results.38   

Scheme 1.9.  Suzuki coupling in the presence of Pd(II) PCP-pincer complexes.36   

 

Phosphine-free pincer catalysts have also been successfully employed in the Suzuki 

reaction.39-41  For example, Nishiyama and coworkers have studied the reactivity of chiral 

Pd(II) NCN-pincer complex 1.35 in the coupling of 1-napthylboronic acid and 2-alkyl or 

methoxy-1-iodonaphthalene at 50 oC (Scheme 1.10).40  Chirality was transferred to the 

product, though the selectivity was not high (39-49% ee).  However, based on the 

observation of any enantioselectivity, the authors proposed that the pathway includes a 
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Pd(II)-Pd(IV) redox cycle in which the Pd(II) pincer complex remains intact during the 

reaction.   

Scheme 1.10.  Enantioselective Suzuki coupling using chiral catalyst 1.35.40 

 

 Recently, Nishioka and coworkers reported the use of NHC-based Pd(II) CCN-

pincer complex 1.36 for a Suzuki coupling reaction in water (Scheme 1.11).41  When 4’-

bromoacetophenone was coupled phenyl boronic acid, a 94% conversion to the coupling 

product was observed after 16 hours.  When the less reactive 4’-chloroacetopheneone was 

used as the substrate, a 56% conversion to the coupling product was observed after 41 

hours.  Interestingly, the catalytic activity of 1.36 was not influenced by the presence of 

Hg(0).  Thus, the authors theorize that the pincer complex is an active catalyst, although 

they did not investigate the kinetics of the reaction (i.e. induction periods) and a mechanism 

for such a process was not proposed. 

Scheme 1.11.  Suzuki coupling in water using sugar appended complex 1.36.41 
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1.2.3  Negishi Reaction 

In a series of studies,42-44 Lei and coworkers have investigated the use of Pd(II) 

SNS-pincer complex 1.37 in the Negishi reaction of various primary and secondary alkyl 

zinc substrates with aryl halids (Scheme 1.12).  Notably, these reactions took place at 

temperatures as low as 0 oC.  An extremely high TON of 6.1 x 106 was observed when the 

reaction was carried out on a large scale (0.1 moles with respect to the alkyl zinc substrate).   

Scheme 1.12.  Negishi coupling employing Pd(II) SNS-pincer complex 1.37 as a direct 

catalyst.42 

 

In subsequent studies, Lei and coworkers studied the mechanism of the Negishi 

coupling of ethyl 2-iodobenzoate with cyclohexylzinc chloride.43  Interestingly, a small 

induction period was observed when 1.37 was employed as the catalyst.  Treatment of 1.37 

with excess cyclohexylzinc chloride (a reducing agent) led to the formation of the 

tetrameric complex 1.41, suggesting that the source of this induction period was not due to 

catalyst decomposition.  When 1.37 was treated with a more powerful alkylating agent, 

such as methylmagnesium bromide, formation of the electron rich intermediate anionic 

Pd(II) complex 1.40a was observed by both 1H and 13C NMR spectroscopies.  Interestingly, 

addition of ethyl 2-iodobenzoate to a solution of 1.37, pretreated with 

cyclohexylmagnesium bromide led to formation of the coupling product with no induction 

period, even at temperatures as low as -20 oC.  Thus, the authors proposed a mechanism 
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for the Pd(II) SCS-pincer mediated Negishi coupling, which is illustrated in Scheme 1.13.  

In the first step, deprotonation of the thioamide protons in 1.37 leads to bis-iminothiolate 

complex 1.38.  This complex can undergo alkylation to give complex 1.40, which 

subsequently undergoes oxidative addition to the Ar–I bond to afford hexacoordinate 

Pd(IV) complex 1.41.  Reductive elimination releases the product and regenerates bis-

iminothiolate complex 1.38, which can undergo subsequent alkylation or aggregate to form 

tetrameric complex 1.39.  The authors believe that the aforementioned induction period 

may be due to the tendency for 1.37 to form 1.39 in the presence of cyclohexylzinc 

chloride.   

Scheme 1.13.  Proposed mechanism for r.t. Pd(II) pincer-mediated Negishi coupling 

reaction, redrawn from Lei et al.43 

 

1.2.4 Enantioselective Aldol and Michael Type Reactions 

The asymmetric aldol and Michael reactions (Scheme 1.14) have been studied using 

chiral pincer complexes.  As previously mentioned, the first asymmetric aldol reaction 

using a pincer complex was performed using a Pt(II) complex (Scheme 1.4, vide supra).15  

Since then, Pd(II) complexes been able to achieve similar results.  Richards and Stark were 
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among the first to investigate aldol and Michael reactions using a chiral Pd(II) pincer 

complex using chiral Pd(II) SCS-pincer complex 1.42 (Figure 1.7).45,48  The model aldol 

coupling of benzaldehyde with methyl isocyanoacetate was carried out to in the presence 

of 1.42 and Hunig’s base to give oxazolines in a 4:1 trans to cis ratio.  Additionally, the 

Michael reaction between an α-cyanocarboxylate and methyl vinyl ketone was carried out 

to afford methyl vinyl ketone with enantioselecivities up to 34% ee.  Five years later, 

Nishiyama and coworkers investigated a chiral NCN-pincer complex in the the aldol 

reaction of α-cyanocarboxylate and benzaldehyde.46  Using complex 1.43, a promising 

selectivity of 57% ee was achieved.  In 2008, the Szabo group realized enantioselectivies 

as high as 86% ee using catalyst 1.44 for a sequential aldol condensation/hydrolysis of 

imines with methyl isocyanoacetate to afford α,β-diamino acids.47  More recently, the van 

Koten group has reported the synthesis and catalytic properties of immobilized pincer 

complexes, such as 1.45, in the Michael reaction of double ethyl cyanoacetate and methyl 

vinyl ketone.49  In this case, the catalytic activity of the immobilized catalyst was not 

diminished compared to the homogenous (monomeric) forms of the catalyst.  Earlier this 

year, Zhang and coworkers described the use of PNP-pincer complex 1.46 in the Michael 

addition of diphenylphosphine to β,γ-unsaturated α-keto esters with up to 93% ee.50   
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Scheme 1.14. (A) Generic aldol reaction between methyl isocyanoacetate and an aldehyde 

and (B) generic Michael reaction between methyl cyanopropanoate and methyl vinyl 

ketone.  

 

              

 

 

         

Figure 1.7. Pd(II) pincer complexes investigated in aldol or Michael type reactions.45-50 

 

 

 

(B) 

(A) 
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1.3 Amide-Based NNN-Pincer Complexes 

Recent efforts in the Bowman-James group have exploited amide-based NNN-

pincer ligands for anion recognition5-10,12-15,17 and for metal coordination.18-24  These 

ligands are an attractive scaffold in pincer chemistry due to their ease of synthesis and 

derivatization.  Although the first amide-based NNN-pincer ligand was synthesized in the 

1970s,86 their transition metal complexes were not extensively explored until the 1990s. 

Metalation of the pincer ligand is usually preceded by deprotonation of bis-amide ligand 

1.47 to afford the dianionic NNN-pincer ligand 1.48 (Scheme 1.15).  Due to their similarity 

to peptides, amide-based NNN-pincer ligands were initially investigated using a variety of 

first row transition metals, notably with Fe, Co, Ni, and Cu in different oxidation 

states.20,24,87-99  More recently, these ligands have been used to access stable Pd(II) 

complexes.21-23,102-106  

Scheme 1.15.  Formation of dianionic NNN-pincer ligand 1.48. 

 

1.3.1 NNN2-Pincer Complexes with First Row Transition Metals 

Hirao was among the early pioneers of amide-based NNN-pincer chemistry.87,88  In 

an early study, Hirao and coworkers investigated catalytic oxygenation systems employing 

a wide variety of NNN-pincer ligands—including ligands 1.49 through 1.53 illustrated in 

Figure 1.8—in combination with different metal salts.  Notably, imidazolyl-substituted 

ligand 1.52 in combination with FeCl2 or Co(OAc)2 led to the epoxidation of 2-norbornene 
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to form exo-2,3-epoxynorbornane in 22% and 24% GLC yields, respectively.  Although 

the Fe(II) complex with ligand 1.52 was not isolated, evidence that the complex is formed 

in situ was provided by the observation that, in the absence of ligand 1.52, only a 4% yield 

of exo-2,3-epoxynorborane was observed.  Whereas the use of ligands 1.51 or 1.53 resulted 

in lower yields, the authors proposed that the imidazolyl moiety in 1.52 plays an important 

role in the catalysis.  When the oxygenation reaction was carried out with a combination 

of ligand 1.52 and Fe(III), Rh(III), Ru(III), Ni(II), Mn(II), or Cu(II), little or no product 

was observed.   

 

Figure 1.8.  Sample of NNN-pincer ligands investigated by Hirao and coworkers.87,88 

The isolation of high-valent metal complexes has been achieved in a number of 

cases by employing pincer ligands.  Specifically, ligands containing bis-amide 

functionalities have received interest in this area of study because deprotonation of the 

amide hydrogens results in two anionic nitrogen donor atoms, which can be used to 

facilitate the stabilization of metals in higher oxidation states.  Mukherjee and coworkers 

have investigated the coordination chemistry of ligand 1.49 with Co(III) and Fe(III) 
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(Scheme 1.16).89-91  Treatment of the sodium salt of deprotonated 1.49 with either 

Fe(MeCN)4(ClO4)2 and TBACl·H20 or Co(OAc)2·4H20 and TBA[MeCO2]·4H20 yields 

complexes 1.54 and 1.55, respectively, after oxidation by O2.  In a later report by the same 

group, Ni(II), Ni(III), and Ni(IV) complexes were synthesized from the same bis-amide 

ligand.  Treatment of ligand 1.49 with NiCl2
.6H20, followed by addition of TBACl·H20, 

affords air-stable complex 1.56.  A one-electron chemical oxidation was achieved when 

1.56 was treated with 1.2 equivalents of [Fe(η5-C5H5)2][PF6] to afford a Ni(III) complex.  

Alternatively, the treatment of Ni(II) complex 1.56 with three equivalents of ceric 

ammonium nitrate leads to a two-electron chemical oxidation to afford a Ni(IV) complex.  

In a separate study, the Mukherjee group explored the Ru(II) and Ru(III) chemistry with 

ligand 1.49.92 

Scheme 1.16.  Synthesis of iron, nickel, and cobalt NNN-pincer complexes.89-92 

 

Borovik and coworkers have explored the coordination chemistry of Cu(II) with a 

variety of amide-based NNN-pincer ligands.93-96  In one study, deprotonation of ligand 1.57 

followed by addition of Cu(OAc)2 yields Cu(II) complex 1.58 (Scheme 1.17).  In the solid 

state, 1.58 exists as a metallohelix, with the amide appendages oriented anti to each other 

on opposite sides of the Cu(II) coordination plane.  The addition of pyridine to 1.58 results 
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in a significant structural rearrangement, driven by the breaking both Cu–O(amide) bonds 

in 1.58.  Interestingly, the chirality of the resulting metallohelix extends to the crystal lattice 

of the complex, as extended helices stabilized by several edge-to-face π–π stacking 

interactions were observed.   

Scheme 1.17.  Synthesis of a helical Cu(II) NNN-pincer complex.94   

 

In 2000, Mukherjee and coworkers investigated the coordination complexes of 

NNN-pincer ligand 1.49 with Cu(II).91  Treatment of 1.49 with three equivalents of sodium 

hydride, followed by the addition of Cu(OAc)2·H20, affords dimer 1.59 (Scheme 1.18).  

Rather than forming a bis-chelate structure similar to the aforementioned Co, Fe and Ni 

complexes (Scheme 1.16, vide supra), the structure of 1.59 with Cu(II) is a hydroxo-

bridged dimer.  Copper hydroxide complexes are proposed intermediates in a number of 

reactions, including the hydrolysis of nitriles and fixation of CO2.  At the time, this 

structure represented one of the only examples of a hyrdroxo-bridged Cu(II) dimer, the 

first with NNN-pincer coordination.  The presence of a hydroxo bridge results in 

antiferromagnetic exchange between the two Cu(II) centers.   
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Scheme 1.18.  Synthesis of hydroxo-bridged dimeric Cu(II) complex 1.59.91   

 

Holm et al.97 and Tolman et al.98,99 have independently investigated the synthesis 

of Ni(II) and Cu(II) hydroxo complexes with NNN-pincer ligand 1.60.  In Holm’s work, 

treatment of 1.60 with Et4NOH and Ni(OTf)2 yields Ni(II)-hydroxo complex 1.61 (Scheme 

1.19).  The authors suggest that a monomer is formed rather than a dimer (see complex 

1.59, Scheme 1.18, vide supra) due to the increased sterics enforced on the Ni(II) binding 

site by the ortho-substitued phenyl amide appendages.  The hydroxide ligand can be 

exchanged with other anionic ligands, including Cl-, OMe-, SH-, CN-, OAc-, and CN-, in 

the presence of their tetraethylammonium salts.  Treatment of Ni(II)-cyano complex 1.62 

with [Fe(Me6tren)-(OTf)](OTf) yields heterobimetallic Ni(II)/Fe(III) complex 1.63.  

Conversely, 1.61 reacts with CO2 to form the η1-bicarbonate ligated complex 1.64.  In order 

to construct a synthetic mimic of carbon monoxide dehydrogenase (which features a 

bridged Ni/Fe active site) the group also synthesized a binucleating macrocyclic ligand 

containing NNN-pincer and tren nucleating sites.  Tolman and coworkers have studied the 

Cu(II) NNN-pincer chemistry with the same macrocyclic binucleating ligand in their 

synthesis of bimetallic Cu(II)/Cu(II), Cu(II)/Pd(II), and Cu(II)/Pt(II) complexes.  See 

Section 3.2 (vide infra) of this dissertation for further details of these studies by Holm and 

Tolman.   



28 
 

Scheme 1.19.  Stepwise synthesis of bridged Ni(II)/Fe(III) complex 1.63.97 Complexes 

1.61, 1.62, and 1.64 were isolated as Et4N
+ salts.  Complex 1.63 was obtained as the triflate 

salt.  

 

Copper superoxo complexes have also received increased attention in the last two 

decades, as they serve an important role as intermediates in aerobic oxidations.  Tolman 

and coworkers have reported an anionic Cu(II) superoxide complex with the sterically 

hindered pyridinecarboxamide ligand 1.65.99  Treatment of Cu(II)-MeCN complex 1.65 

with KO2 and 18-crown-6 yields superoxide complex 1.66 (Scheme 1.20), which is stable 

at -80 oC.  The reaction of superoxide complex 1.66 with [(TPMA)Cu(CH3CN)]OTf 

[TPMA = tris(2-pyridylmethyl)amine] affords bis[copper(II)] complex 1.67, which was 

characterized in situ by UV-Vis spectrosocpy.  This structure is exciting given the role that 

M-O2-M dimeric complexes play in a variety of biological catalytic cycles.100,101  

Preliminary investigations of superoxide complex 1.66 with phenol suggest that the anionic 

superoxide ligand assists in the conversion of 4-nitrophenol to 4-nitrophenoxide by acting 

as a base in the first deprotonation step.99   
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Scheme 1.20.  aConditions: [(tpma)Cu(CH3CN)]OTf, -80 oC.  Redrawn from Tolman et 

al.99 

 

In 2007, Bowman-James and coworkers reported the crystal structures of the 

ditopic tetraamide macrocycle 1.68 with Cu(II), Ni(II), Co(III), Fe(III), Cr2O7
2-, and ReO4

- 

(Scheme 1.21).20  The formation of the Cr2O7
2-, and ReO4

- structures 1.69 and 1.70 

coincides with protonation of the macrocycle tertiary amines in order to maintain a net 

neutral charge.  Alternatively, formation of homobimetallic Cu(II) and Ni(II) complexes 

1.71 and 1.72 is driven by the deprotonation of all four amide protons.  Each of the two 

Cu(II) atoms coordinates one of the pincer binding sites and an amide nitrogen of the 

opposing pincer binding site, resulting in an overall square-pyramidal coordination.  This 

coordination mode, along with π–π stacking between the two pyridyl moieties of the ligand, 

results in each complex folding in a “face-to-face” conformation in the solid state, similar 

to that of the Ni(II), Cr2O7
2- and ReO4

- structures.  The monometallic Co(III) and Fe(III) 

solid state structures of 1.73 and 1.74 are isomorphous.  Each metal ion in these complexes 

has a hexadentate coordination with the ligand.   
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Scheme 1.21.  Synthesis of mono- and bimetallic complexes from macrocyclic ligand 

1.68.20 

 

Recently, the Bowman-James group studied Ni(II) and Cu(II) dimeric complexes 

of ligands 1.75 and 1.76 (Scheme 1.22).24  Treatment of pyridyl ligand 1.75 with 

Ni(OAc)2·2H2O affords Ni(II) dimer 1.77.  The solid state structure of 1.77 reveals that the 

Ni(II) metal center is coordinated to the pyridine nitrogen of the pincer complex by a 

covalent bond to give it an octahedral geometry.  Likewise, treatment of ligand 1.75 with 
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Cu(OAc)2·H2O affords 1.78 as a dimer.  Interestingly, treatment of phenyl ligand 1.76 with 

Cu(OAc)2·4H2O yields dimeric complex 1.79, which features a very short           Cu–

C(phenyl) distance, indicative of a possible agostic interaction.  Further analysis of this 

complex by density functional theory (DFT) studies revealed that, rather than a Cu–

C(phenyl) agostic interaction, the complex is folded due to π–π stacking interactions 

between the phenyl groups and the connectivity of the two Cu(II) metal atoms.  

Scheme 1.22.  Synthesis of bimetallic complexes from NNN-pincer ligands 1.75 and 1.76.  

Redrawn from Begum et al.24  

 

1.3.2 NNN2- Palladium Complexes 

In contrast to the other metals already discussed, the complexation of the NNN-

pincer ligand with Pd(II) is usually accompanied by the coordination of a neutral ancillary 

ligand.  Hirao and coworkers have employed a Pd(II) NNN-pincer complex to synthesize 

a Pd(II)/Fe(II) heterobimetallic system (Scheme 1.23).102  Treatment of the NNN-pincer 

ligand with Pd(OAc)2 in acetonitrile affords Pd(II) complex 1.81.  As is common in the 

synthesis of Pd(II) NNN-pincer complexes in coordinating solvents such as acetonitrile, a 
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molecule of solvent resides in the fourth coordination site.  The utility of complex 1.81 as 

a metalloreceptor was demonstrated by the reaction of 1.81 with [3]ferrocenophene 1.80, 

which contains an appended pyridyl ligand.  The pyridyl nitrogen replaces the labile 

acetonitrile molecule in complex 1.81 to afford heterobimetallic complex 1.82.  Free 

rotation about the Pd–N(py) bond in 1.82 is hindered by the steric replusion between 

ferrocenophene and the amide appendages of the pincer complex.  

Scheme 1.23.  Synthesis of heterobimetallic Pd(II)/Fe(II) complex 1.82.102  

 

The lability of the acetonitrile molecule in 1.81 was further exploited by the Hirao 

group in 2001 in their synthesis of homobimetallic dimers 1.84a and 1.84b (Scheme 

1.24).103  Treatment of complex 1.81 with π-conjugated diimine ligand 1.83 results in the 

redox-active dimeric complex 1.84a. The 2:1 pincer to diamine ligand ratio was confirmed 

by X-ray crystallography.  Although the anti isomer formed in the solid state, the syn 

isomer 1.84b was determined by a van’t Hoff plot of lnKeq vs. T-1 to be favored 

enthropically by 1 kcal/mol (Keq was determined by 1H NMR spectroscopy).  The same 

group has used similar chemistry to construct chiral polymers based on the chelation of a 

Pd(II) NNN-pincer complex with an emeraldine base of  poly(o-toluidine).104  Complexes 

of this type could have several unique applications in materials and asymmetric catalysis. 
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Scheme 1.24.  Synthesis of anti and syn dimeric complexes from Pd(II) complex 1.81.103 

  

In 2006, Dell’Amico and coworkers reported the synthesis of complexes 1.85 and 

1.86 (Scheme 1.25) from the treatment of NNN-pincer ligand 1.49 (Figure 1.8, vide supra) 

with Pd(OAc)2 in acetonitrile.105  When 1.85 is dissolved in chloroform, the ancillary 

acetonitrile ligand dissociates and is replaced by the amide oxygen of an adjacent pincer 

complex, resulting in the formation of tetrameric complex 1.87.  Complex 1.87 is soluble 

in CDCl3, and was characterized by IR, 1H and 13C NMR spectroscopies, mass 

spectrometry, and XRD.   A similar structure was obtained in our group by Dr. Wang, who 

crystallized hexamer 1.88 from complex 1.86 in CHCl3 (Scheme 1.25).22  Interestingly, in 

contrast to 1.87, complex 1.88 is insoluble in noncoordinating solvents (i.e. CHCl3, 

CH2Cl2, benzene, toluene), making further spectroscopic analysis difficult.   
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Scheme 1.25.  Formation of tetrameric and hexamer structures from the dissociation of 

acetonitrile in complexes 1.85 and 1.86 in the presence of chloroform.22,105 

 

The small molecule recognition properties of complexes 1.85 and 1.86 have been 

studied by both the Dell’Amico105 and Bowman-James groups.21,23  Dell’Amico and 

coworkers found that the reaction of 1.85 with SEt2 or SeEt2 results in the formation of Pd-

pincer-YEt2 (Y = S or Se) complexes.  An equilibrium constant K = 15 was observed for 

the complexation of 1.85 with SEt2.  Likewise, the reaction of 1.85 with SeEt2 results in 

quantitative conversion to a Se-coordinated complex.  The SEt2-bound complex can also 

be formed from tetramer 1.86, suggesting that the binding preference for ancillary ligands 

follows the order SeEt2 > SEt2 > O(amide) > MeCN  for derivatives of complex 1.85.   

Recently, the Bowman-James group investigated the targeting of a sulfur mustard 

surrogate, 2-chloroethyl sulfide (CEES).23  Treatment of Pd(II) NNN-pincer complex 1.86 

with CEES in CDCl3 results in the exchange of acetonitrile with CEES (Scheme 1.26).  

This exchange was observed spectroscopically via 1H NMR in CDCl3, with an equilibrium 



35 
 

constant K = 15.  The equilibrium constant was not dramatically influenced by the 

introduction of electron-donating groups (i.e. -Me, -OMe) to the para position of the 

phenyl amide appendage.  The use of a naphthalene derivative of 1.86 led to a modest 

increase in the equilibrium constant (K = 76).  The most significant increase in K was 

obtained when the anthracene derivative of 1.86 was employed.  The solid state structures 

of CEES-Pd(II)-NNN-pincer complexes 1.89a, 1.90, and 1.91 show an alignment between 

the mustard surrogate and the walls of the amide-appended aromatic groups.  This 

alignment is particularly noticeable in Pd(II)-CEES complex 1.91, in which the walls run 

roughly the length of the CEES ligand, suggesting that van der Waals forces contribute to 

the increased K observed for the formation of this complex. 
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Scheme 1.26.  Binding properties of Pd(II) pincer complexes with 2-chloroethyl sulfide (a 

mustard gas surrogate).23 

 

In an elegant extension of this Pd(II)-CEES chemistry, Mishra and coworkers 

studied the immobilization of Pd(II)-CEES complex 1.89a with superparamagnetic carbon 

nanotubes (Scheme 1.27).106  Treatment of CEES-bound complex 1.89a with 3-

aminopropyl trimethoxysilane functionalized single wall nanotubes (SWNTs) affords the 

immobilized complex 1.92.  Immobilization was confirmed using both FT-IR and EPR 

analysis, and the morphology of these supramolecular structures was analyzed using both 

tunneling-electron microscopy (TEM) and atomic absorption spectroscopy (AAS).  A TON 
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of 1946 was obtained when complex 1.92 was employed as a catalyst in the oxidation of 

cyclohexane.  The recycling of 1.92 was carried out with an 8.1% decrease in conversion 

after five runs, suggesting that the catalyst slowly decomposes in the presence of the 

reaction conditions that were investigated (150 oC, 10 bar pressure of O2, 6 h).   

Scheme 1.27.  Synthesis of immobilized Pd(II) NNN-pincer complex 1.92.106   
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1.4 Concluding Remarks   

 It is surprising that, although pincer complexes were first synthesized in the 1970s 

as analogues to diphosphine Pd(II) complexes—which were at the time being researched 

as stable cross coupling catalysts—that the first reports of the use of pincer complexes in 

catalysis did not come for another two decades.  Nonetheless, the last 20 years (1995 to the 

present) have seen a remarkable amount of interest into the development of pincer 

complexes.  Most of the research in cross coupling reactions has been performed 

employing Pd(II) PCP-pincer complexes.  Less common relative to their PCP-pincer 

counterparts, amide-based NNN-pincer ligands and their metal complexes are an attractive 

tool for research due to the ease of synthesis of amide pincer ligands and the versatility of 

these ligands toward metal chelation.  Currently, there are no examples of the use of Pd(II) 

NNN-pincer complexes in the Heck reaction.  Thus, the bulk of the work contained in this 

doctoral thesis aims to build upon the current body of knowledge in the field of amide-

based NNN-pincer complexes by examining the use of novel Pd(II) NNN-pincer 

complexes as catalysts for the Mizoroki-Heck reaction.   
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Chapter 2 

Pd(II) Complexes Based on  

Acyclic and Macrocyclic Amide-Based NNN-Pincer Ligands 
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2.1. Abstract 

 Palladium(II) complexes derived from acyclic and macrocyclic NNN-pincer 

ligands were investigated.  Complexes 2.6a, 2.7, 2.8, 2.9, 2.11, and 2.12 are characterized 

using 1H and 13C nuclear magnetic resonance (NMR) spectroscopy, as well as positive 

mode high-resolution mass spectrometry electrospray ionization (HRMS-ESI) and X-ray 

diffraction (XRD) crystallography.  Due to the low solubility of complex 2.10, it is 

characterized only by XRD crystallography. Employing high temperatures, these 

complexes are effective catalysts in the Heck reaction between 4-iodotoluene and stryene.  

Complex 2.11 is the most effective catalyst, with a quantitative conversion to the Heck 

coupling products observed after 0.25 hours.  On the other hand, when complex 2.9 is 

employed as the catalyst, an induction period of 2.5 hours is observed before the detection 

of any product.  All of the complexes are compared in terms of their stabilities and 

induction periods.  Reasons for the observed differences in catalysis are discussed.  
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2.2. Introduction 

Many enzymes use cooperation between two metals to carry out reactions on 

unactivated small molecule substrates.1-3   For example, ureases4 (Figure 2.1) contain a 

dinuclear Ni(II) active site in which each metal independently activates the electrophile 

(urea) or nucleophile (hydroxide ion) in the first step of the hydrolysis of urea.  Due to the 

complex steric and electronic environments in the active sites of enzymes, reactions of 

small unactivated molecules can be achieved with high efficiency and selectivity.  

However—for good reason—the strict substrate specificity of enzymes restricts the 

number and types of substrates that can be used.     

                

 

 

 

Figure 2.1. ChemDraw representation of the active site of urease containing two Ni(II) 

centers.4 

Unlike biological systems, synthetic catalysts can exploit the properties of a broader 

range of metals and ligands.5-7  The search for functional analogues of biological systems 

has grown immensely since the 1990s, and has been driven in part by the solving of the X-

ray crystal structures of many bimetallic enzymes.8  In general, these synthetic bimetallic 

catalysts can be categorized into two groups: 1) those containing bridging ligands and 2) 

those containing ligands with isolated nucleating sites (Figure 2.2). Many of the first 
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synthetic models focused on metals such as Cu(I), Cu(II), Ni(II), Fe(II), Fe(III), and 

Mn(III).9,10  However, few cases exist in which the chemistry studied in these model 

systems has been transferred to a diverse set of organic substrates.   

 

Figure 2.2. Schematic representation of different ligand binding modes of multimetallic 

complexes. 

Alternatively, multinuclear complexes containing metals and ligands that do not 

naturally occur in enzymes provide new opportunities to develop reactions using diverse 

substrates.  In 1988, Robson and coworkers synthesized a bis[palladium(II)] complex 

containing bridging sulfur and oxygen atoms between the metal centers that was used to 

catalyze the hydration of acetonitrile to acetamide (Scheme 2.1).11  Complete conversion 

to acetamide was observed after 50 minutes after refluxing in a MeCN/H2O/THF (5:2:1) 

solvent mixture using a catalyst concentration of 4 x 10-4 M.  The acid/base dependence of 

the hydration in the presence of the bis[palladium(II)] complex led the authors to propose 

a mechanism in which both metals are necessary to carry out the transformation.  In contrast 

to a previously reported mononuclear Pt(II) complex-mediated nitrile hydration reaction, 

12 which involved attack by a free hydroxide nucleophile, the reaction rate was reduced in 

the presence of one equivalent of a hydroxide ion source.  Thus, the authors propose an 

intermediate complex in which acetonitrile and a hydroxide ion are bound to the Pd(II) 

metal centers.     
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Scheme 2.1. Hydration of acetonitrile to acetamide catalyzed by a bis[palladium(II)]  

complex.11  

 

Perhaps one of the most famous examples of a bis[palladium(II)] complex was 

reported by Herrmann and coworkers in 1997.13  Aptly named “Herrmann’s catalyst,” 

complexes of this type were among the first palladacycles to be investigated in Heck 

coupling reactions.  Using low catalyst loadings, quantitative conversions to the Heck 

coupling product were observed.  For example, the coupling of 4’-bromoacetophenone 

with butyl acrylate was realized after 24 h using just 0.0001 mol % catalyst loading.  

Complexes of this type were also found to be good catalysts for the coupling of aryl 

chlorides with different substituted olefins.  An 84% yield was observed in the coupling of 

4-chlorobenzaldehyde with butyl acrylate after 24 h using 0.2 mol % catalyst loading.  The 

authors theorized that the perceived air and thermal stability is responsible for the excellent 

catalytic activity, although they stopped short of proposing a Pd(II)/Pd(IV) catalytic cycle.  

A mechanistic discussion of the role of palladacycles in the Heck reaction can be found in 

Chapter 1 (Section 1.2.1) of this dissertation.    
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Scheme 2.2. Heck coupling of 4’-bromoacetophenone with butyl acrylate using 

Herrmann’s catalyst.13    

 

Examples also exist of multimetallic complexes employing isolated pincer 

nucleating sites within the same ligand.  In 2001, van Koten and coworkers reported the 

design and synthesis of tris(pincer)- and hexakis(pincer)-substituted benzene ligands that 

coordinate Pd(II).14  The tris[palladium(II)] complex was investigated in the double 

Michael reaction between ethyl α-cyanoacetate and methyl vinyl ketone (Scheme 2.3).  In 

a related study, the van Koten group demonstrated that a Pt(II) dendrimer can be efficiently 

recovered by a MPF-membrane, making these types of systems well suited for catalyst 

recycling applications.15   

Scheme 2.3. Double Michael addition catalyzed by a tris[palladium(II)] complex.14  
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In 2011, Tsukuda and coworkers reported bis[palladium(II)] complexes based on a 

macrocyclic NCN-bis(pincer) ligand (Scheme 2.4).16  The conditions in which these 

complexes are synthesized can be manipulated to isolate either the U- or Z-type isomer of 

the complex.  Both isomers were explored as catalysts in the Heck coupling of iodobenzene 

with styrene.  When the reaction was carried out using 1 x 10-3 mol % loading of the Z-

type isomer, the reaction yield was 30% after 24 hours.  Alternatively, a yield of 94% was 

obtained after 22 hours using larger catalyst loading (1 x 10-2 mol %) of the Z-type isomer.  

Similar yields were obtained using the U-type isomer.    

Scheme 2.4.  Heck reaction of iodotoluene and styrene using bis[palladium(II)] 

complexes.16   

 

As discussed in Chapter 1, our group has studied the transition metal chemistry of 

the binucleating macrocyclic ligands illustrated in Figure 2.3.17,18  In 2004, the Bowman-

James group reported the synthesis of a bis[palladium(II)] SCS-pincer complex, which is 

a capable catalyst for the Heck reaction of 4-iodotoluene and styrene.17  Three years later, 

the Bowman-James group reported the homobimetallic structures of Cu(II), Ni(II), Co(III), 

Fe(III), Cr2O7
2-, and ReO4

- with a tetraamide-based macrocycle.18  This work was an 
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extension of a series of studies that explored the anion recognition properties of tetraamide 

and tetrathioamide macrocycles.19-21  This synthetic background and curiosity about 

multimetallic synthetic catalyst systems represents the basis for the studies presented in 

this chapter.   

 

Figure 2.3. Tetraamide and tetrathioamide macrocycles previously investigated by the 

Bowman-James group for anion recognition and transition metal chelation.17-21   
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2.3 Results and Discussion  

2.3.1 Ligand Synthesis 

The ligands addressed in the discussion that follows are illustrated in Figure 2.4.  

Specifically, compounds 2.2, 2.3a, 2.3b, 2.4, and 2.5 were initially synthiszed as part of 

the Bowman-James’ group research into supramolecular host-guest chemistry.  The 

following discussion provides a historical perspective of the synthesis of these ligands.  In 

the case of 2.3a, 2.3b, and 2.4, the yields reported are those that I obtained when repeating 

others’ synthetic protocols.  Lastly, in order to investigate the coordination chemistry of 

Pd(II) with a simple acyclic pincer ligand containing aliphatic amide appendages, I 

synthesized the ethyl-appended NNN-pincer ligand 2.1. 

 

Figure 2.4.  Starting materials and ligands investigated in this chapter. 
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Mononucleating, acyclic NNN-pincer ligands containing aromatic amide 

appendages were discussed in Chapter 1 (Section 1.3) of this dissertation.  The synthesis 

of these ligands usually involves the reaction of derivatives of aniline with diester A or 

acid chloride B.  In order to obtain a catalytic and structural foundation for pincer 

complexes consisting of non-aromatic amide appendages, we synthesized the acyclic 

NNN-pincer ligand 2.1, which contains an ethyl amide appendage.  Ligand 2.1 was 

synthesized by bubbling ethylamine (large excess) through a methanolic solution of 

dimethyl 2,6-pyridinedicarboxylate A in a sealed tube at room temperature (Scheme 2.5).  

After the reaction mixture was stirred for 16 hours, TLC confirmed the consumption of 

starting material A.  The solvent was removed in vacuo to afford 2.1 as a white solid in 

83% yield.  Consistent with the formation of 2.1 is the appearance of a signal for the amide 

proton [H(amide)] (7.80-7.65 ppm), integrating to two protons in the compound’s 1H NMR 

spectrum in CDCl3.  Additionally, the positive ion mode ESI mass spectrum of 2.1 in 

acetonitrile contains a prominent ion peak at m/z 244.1038 [M + Na]+. 

Scheme 2.5.  Synthesis of acyclic ligand 2.1 from dimethyl 2,6-pyridinedicarboxylate A. 

 

Macrocyclic ligand 2.2 has previously been studied for both its metal coordination 

and anion recognition properties.  Wehner and coworkers first used the ligand to coordinate 

Cu(II) in 1974.22  Later, Fabbrizzi and coworkers used 2.2 to complex Ni(II), Ni(III), 

Cu(II), and Cu(III), and investigated the kinetics of metal complex formation.23  Ligand 
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2.2 was characterized structurally by Gerald Kut—a Ph.D. student in the Bowman-James 

group—in 2005,24 and was reported by Rybak-Akimova in 2006.25,26  Rybak-Akimova 

noted that, while large ditopic macrocycles usually coordinate solvent or water molecules, 

the small monotopic macrocycle is too small and rigid for solvent capture.  Additionally, 

they did not observe any anion recognition properties with 2.2. 

In our group, ligand 2.2 was initially isolated as an unwanted side product by Dr. 

Kut.24  More recently, Dr. Rowshan Begum—a postdoctoral fellow in the Bowman-James 

group—carried out a directed synthesis of 2.2.  Dr. Begum synthesized the ligand by 

simultaneously adding a solution of 2,6-pyridinedicarbonyl dichloride B in methanol and 

a solution of  both 3,3’-diamino-N-methyl dipropylamine and triethylamine in methanol 

dropwise to a flask containing methanol (Scheme 2.6).  Following column 

chromatography, 2.2 was isolated in 13% yield.   

Scheme 2.6. Synthesis of macrocyclic ligand 2.2 from 2,6-pyridinedicarbonyl dichloride 

B (carried out by Dr. Begum). 

 

As stated previously, a tetraamide meta-xylyl ditopic macrocycle was first reported 

by our group in 2001.19  The pyridine analog of this macrocycle with ethylene linkers, 

compound 2.3a, was reported two years later by our group.20  While 2.3a can be 

synthesized in one-pot (Scheme 2.7), the one-pot yield (6%) (conducted by Dr. Qi-Qiang 
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Wang, a postdoctoral fellow in the Bowman-James lab) is considerably lower than that 

reported in 2001 for the meta-xylyl derivative (50 or 55%).19  Recently, Wang and 

Bowman-James reported the synthesis of the secondary amine derivative of 2.3a in 15% 

yield from the one pot reaction of dimethyl 2,6-pyridine dicarboxylate and N-methyl-2-2’-

diaminodiethylamine.27 

Scheme 2.7. One-pot synthesis of 2+2 macrocyclic ligand 2.3a from 2,6-

pyridinedicarbonyl dichloride B, carried out by Dr. Wang. 

 

In their efforts to synthesize a mono-N-methyl substituted ditopic macrocycle to 

investigated CO2 fixation via carbamate formation, Wang and Bowman-James reported the 

stepwise synthesis of an unsymmetric ligand similar to ethylene-linked macrocyclic ligand 

2.3a.27  In this protocol, the cyclization step was reduced to a [1+1] reaction, minimizing 

unwanted adducts and simplifying the workup.   Dr. Wang was also able to apply this 

protocol to the synthesis of 2.3a.  In repeated experiments by Dr. Wang and myself, the 

two-step yield was higher than that of the one pot reaction.  In the first step of the reaction 

sequence—carried out by myself using Dr. Wang’s procedure—a solution of N-methyl-2-

2’-diaminodiethylamine (1 equiv) in methanol was added dropwise over a period of 2 hours 

to a refluxing solution of A (4 equiv) in methanol, and the reaction mixture was stirred at 
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reflux for 3 days (Scheme 2.8).  Subsequently, the crude products were purified via column 

chromatography to afford compound C as a white powder in 55% yield.  In the ring closing 

step—again, using Dr. Wang’s procedure—compound C (1 equiv) was added to a solution 

of N-methyl-2-2’-diaminodiethylamine in methanol and the reaction mixture was stirred at 

reflux for 3 days.  Upon cooling, the white precipitate that formed was filtered and dried 

to afford the desired product, 2.3a, as a white solid in 45% yield (25% yield over two steps).  

The positive mode ESI mass spectrum of 2.3a confirms the formation of the ditopic 

macrocyclic adduct, with a prominent ion peak at m/z 497.2620 [M + H]+.  The same 

procedure leads to formation of propylene-linked macrocyclic ligand 2.3b via compound 

D if 3-3’-diamino-N-methyl dipropylamine is used in both steps of the reaction sequence 

(compound D was synthesized by Thomas Robben—a graduate student in the Bowman-

James lab—and was used for the synthesis of 2.3b) (Scheme 2.8).  Conveniently, due to 

the solubility difference between the desired ditopic macrocyclic adduct and the side 

products formed during the reaction, no column is necessary in the final step of the 

synthesis of either 2.3a or 2.3b. 

Scheme 2.8. Stepwise synthesis of ditopic macrocyclic ligands 2.3a and 2.3b via 

intermediates C and D respectively. 
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The synthesis of ditopic three-quarter macrocycles can also be achieved from 

compounds C and D.  Using a modified protocol of one initially developed by Dr. Begum,28 

three-quarter macrocyclic ligand 2.4 was synthesized from C by bubbling ethylamine 

through a solution of C in methanol (Scheme 2.9).  After stirring at room temperature for 

16 hours, the solvent was removed in vacuo to afford 2.4 as a colorless oil.  Dissolving the 

oil in acetonitrile, followed by evaporation of the solvent in vacuo, led to the isolation of 

2.4 as a white solid in 96% yield.  Consistent with the formation of an unsymmetric ligand, 

the 1H NMR spectrum of 2.4 in CDCl3 displays two unique signals for H(amide) at 8.63 

and 8.49 ppm.  Alternatively, if the 1H NMR spectrum is recorded in DMSO-d6, no 

separation between the two amide resonances is observed.  Whereas the reaction of the 

tetraamide of intermediate D with Pd(OAc)2 did not afford an isolable product, its 

chemistry is not reported here.  Addition of one or two equivalents of Pd(OAc)2 to the 

propyl-linked ligand resulted in a dark black solution.  No evidence of the formation of a 

Pd(II) species was observed by mass spectrometry.   

Scheme 2.9.  Synthesis of three-quarter macrocyclic ligand 2.4 from intermediate C. 
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Jurczak and coworkers have reported the isolation of tritopic and tetratopic 

macrocycles during their synthesis of a tetraamide macrocycle from dimethyl 2,6-pyridine 

dicarboxylate, A, and 1,5-diaminopentane.29,30  Similarly, in 2009 the Bowman-James 

group reported the isolation of a compound similar to trinucleating tritopic macrocycle 

2.5.21  In that study, mono-, tri- and tetratopic macrocyclic adducts were isolated via 

column chromatography during the one-pot synthesis of a Boc-protected ditopic 

macrocycle in 5%, 10%, and 5% yields, respectively.  Recently, in unpublished work, Dr. 

Wang optimized the directed synthesis of tritopic macrocycle 2.5 in two steps from 

compound C (Scheme 2.10).  The positive mode ESI mass spectrum confirmed the 

formation of the tritopic macrocyclic adduct, with a prominent ion at m/z 745.3701 [M + 

H]+.  My attempts to synthesize the propylene-linked derivative of 2.5 were unsuccessful, 

possibly because the six total additional carbons make the ring-closing step more 

challenging.   

Scheme 2.10. Two-step synthesis of tritopic macrocyclic ligand 2.5 from intermediate C 

(conducted by Dr. Wang). 
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2.3.2 Synthesis of Pd(II) Complexes  

In a preliminary experiment in 2010, I synthesized Pd(II) NNN-pincer complex 

2.6b31 (Figure 2.5) and found it to be an efficient precatalyst  in the Heck reaction of 4-

iodotoluene and styrene.  Building on this result, we decided to synthesize a series of Pd(II) 

complexes based on mono- and multinucleating NNN-pincer ligands (Figure 2.5).  

Specifically, I synthesized complexes 2.6a, 2.7, and 2.8—which are based on acylic 

ligands—and complexes 2.10 and 2.11—which are based on ditopic macrocyclic ligands.  

To compliment this series of complexes, Dr. Begum synthesized mono[palladium(II)] 

complex 2.9 and Dr. Wang synthesized tris[palladium(II)] complex 2.12.    

 

Figure 2.5. Pd(II) NNN-pincer complexes investigated in the Heck reaction by our group. 
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Synthesis of Pd(II) Complexes from Acyclic Ligands 

The Pd(II) NNN-pincer complex 2.6a was prepared by treatment of a solution of 

ligand 2.1 in acetonitrile with one equivalent of Pd(OAc)2 (Scheme 2.11).  The 

coordination of Pd(II) was evident from a gradual change in the color of the reaction 

mixture from maroon to yellow.  After 5 hours, the yellow precipitate that formed was 

filtered and dried to afford 2.6a as a yellow solid in 60% yield.  The 1H NMR data for 2.6a 

is consistent with formation of 2.6a.  Most notably, absent from the spectrum is a signal 

corresponding to H(amide).  Further confirmation of the formation of 2.6a came from the 

ESI mass spectrum, which contains a prominent ion isotope peak at m/z 367.0376 [M + 

H]+.   

Scheme 2.11. Synthesis of Pd(II) NNN-pincer complex 2.6a. 

Single crystals of 2.6a suitable for X-ray diffraction were obtained from a saturated 

solution of the complex in acetonitrile.  The solid state structure of 2.6a (Figure 2.6) 

resembles Pd(II) NNN-pincer complexes bearing aromatic amide appendages previously 

reported by Dell’Amico31 and Bowman-James.32-34  The monoclinic unit cell contains a 

dimer pair in which the molecules are oriented anti to each other, with a Pd···Pd distance 

of 4.247 Å (see Figure A.2.24 in the Appendix).  The molecular structure of 2.6a confirms 

the NNN-pincer coordination of Pd(II).  The N1-Pd-N1S angle is 175.86o, while the N2-

Pd-N3 angle is 161.22o.  Similar distortion for this N(amide)-Pd-N(amide) angle is 

common in amide-based Pd(II) NNN-pincer complexes.31-34  Each of the Pd–N(amide) 



68 
 

bonds are slightly longer than the Pd–N(pyridine) bond (Pd–N3 2.0278 Å; Pd–N2 2.0298 

Å; Pd–N1 = 1.9202 Å).  The pyridine ring is almost coplanar with the average Pd(II) 

coordination plane (interplane angle is 6.26o).  As expected, the fourth coordination site of 

Pd(II) is occupied by a molecule of acetonitrile. 

 

Figure 2.6. Representation of the X-ray crystal structure of complex 2.6a showing all 

non-hydrogen atoms as 50% thermal ellipsoids. 

The coordination chemistry of the ditopic three-quarter macrocyclic ligand 2.4 was 

initially studied using two equivalents of Pd(OAc)2 (Scheme 2.12).  Ligand 2.4 was added 

to a solution of Pd(OAc)2 (2 equiv) in acetonitrile, and the reaction mixture was stirred at 

room temperature for 16 hours.  The resulting yellow solution was filtered and triturated 

with diethyl ether.  Over the course of one hour, single crystals emerged from the solution. 

The solvent was decanted and the crystals were dried to afford bis[palladium(II)] complex 

2.7 as a yellow solid in 62% yield.  Consistent with the coordination of two Pd(II) atoms 

was the disappearance of all four proton signals for H(amide) in the 1H NMR spectrum.  

Further, the aromatic region of the 1H NMR spectrum contains two triplets (which coalesce 

to form a multiplet) and four doublet of doublets, suggesting that the two Pd(II) atoms are 

nonequivalent.  These data correspond with the tertiary amine coordination of one of the 
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Pd(II) atoms.  Analysis of 2.7 by positive mode ESI-MS confirmed the presence of a 

bis[palladium(II)] species, with a prominent ion at m/z 721.0515 [M + H]+. 

Scheme 2.12.  Synthesis of Pd(II) complexes 2.7 and 2.8. 

 

The molecular structure of 2.7 unambiguously confirmed the coordination of two 

nonequivalent Pd(II) atoms.  The relative orientation of the two metal coordination planes 

observed in the solid state structure for 2.7 closely resembles that of previously reported 

dinuclear Cu(II) and Ni(II) complexes derived from ditopic macrocyclic ligands (see 

Scheme 1.21 in Chapter 1).18  Accordingly, the Pd1···Pd2 distance is close (3.360 Å) to the 

M···M distance observed in the dinuclear Cu(II) and Ni(II) complexes (3.303 Å and 3.516 

Å, respectively).  However, in the case of 2.7, the reason for this U-shape folding is not 

immediately clear.  Despite the relatively short Pd···Pd distance, the distance between the 

pyridine ring centroids (5.370 Å) is much greater than the analogous distance in the 

aforementioned Cu(II) and Ni(II) complexes (3.631 Å and 3.719 Å, respectively), which 

are held together by “face-to-face” π–π stacking interactions.  The angle formed between 

the two pyridine planes is relatively large (20.48o) compared to that of the dinuclear Cu(II) 
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(13.85o) and Ni(II) (13.21o) complexes.  Alternatively, one possible explanation for this 

folding is that it allows for the electron deficient pyridine rings to interact with the electron 

rich amide nitrogen or oxygen atom of the opposing pincer site (see Figure A.2.25 in the 

Appendix); interestingly, the N2···pyridine centroid distance is just 3.538 Å.  There is a 

considerable amount of distortion about Pd1; both the N3-Pd1-N1 (160.94o) and N2-Pd1-

N4 (165.26o) angles are much smaller than the expected 180o for an idealized square-planar 

geometry.  Due to the the unsymmetrical coordination of Pd1, the two Pd1–N(amide) 

distances are different from each other, with the Pd1–N2 bond distance being the shorter 

of the two by 0.112 Å.  Alternatively, the N-Pd-N angles and Pd–N bond distances for Pd2 

are similar to those observed in the solid state structure of 2.6a (vide supra). 

Another interesting aspect of 2.7 is that all of the molecules in the crystal lattice 

have the same chirality.  The intermolecular pyridine centroid···Pd1 distance is only 3.577 

Å.  However, the distance between the pyridine centroids of adjacent molecules is 5.440 

Å, which is longer than the suggested upper limit of 3.8 Å for parallel-displaced π–π 

stacking interactions.35  The adjacent molecules in the crystal lattice of 2.7 form an 

extended left-handed helix that extends to the adjacent cells.  This is evident from the 

perspective view illustrated in Figure A.2.26 in the Appendix.   

 

 



71 
 

 

Figure 2.7. Representation of the X-ray crystal structure of complex 2.7 showing all non-

hydrogen atoms as 50% thermal ellipsoids.   

  Whereas the coordination mode of the ligand differs for both of the Pd(II) atoms in 

bis[palladium(II)] complex 2.10, we theorized that the tetradentate ligand binds Pd(II) first 

due to the chelate effect.  Thus, we investigated the addition of two equivalents of 

Pd(OAc)2 to ligand 2.4 on an small scale in DMSO-d6, and monitored the progress of the 

reaction by 1H NMR spectroscopy (Figure 2.8).  Indeed, after the addition, the 1H NMR 

spectrum of the reaction mixture showed two signals integrating to one proton each 

corresponding to H(amide), indicating the formation of a mono[palladium(II)] species.  

After three hours, the bis[palladium(II)] complex was formed.   
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Figure 2.8. 1H NMR spectra of (A) three-quarter macrocycle ligand 2.4, (B) addition of 

Pd(OAc)2 (2 equiv) to 2.4 (5 min after addition), and (C) isolated mono[palladium(II)] 

complex 2.8. 

  Based on this result, the synthesis and isolation of the mono[palladium(II)] complex 

based on ligand 2.4 was attempted.  One equivalent of Pd(OAc)2 was added to a solution 

of 2.4 in acetonitrile.  After evaporation of the volatiles in vacuo, the resulting oil was 

washed with acetonitrile to give the mono[palladium(II)] complex 2.8 in 65% yield 

(Scheme 2.12).  The relative integrations of the amide (2H) and pyridine (6H) proton 

signals in the 1H NMR spectrum of 2.8 (Figure 2.8C) correspond to those observed in 

Figure 2.8B.  Further evidence of the formation of 2.8 was a prominent ion peak at m/z 

574.1385 (Figure 2.9) in the positive mode ESI mass spectrum of the complex, 

1H NMR, 500 MHz, 

DMSO-d6 

HOAc 

d,e 

d,e 

d,e 

a,h 
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b,c,f,g 
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(B) 
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corresponding to [M + H]+.  Furthermore, no ion peak was present corresponding to the 

bis[palladium(II)] species. 

 

 

 

 

 

 

 

Figure 2.9.  Positive mode ESI mass spectrum of complex 2.8.   

  Single crystals of 2.8 suitable for X-ray diffraction were grown from slow 

evaporation of a solution of the complex in acetonitrile.  The solid state structure of 2.8 

confirms the formation of a mono[palladium(II)] species (Figure 2.10).  The intramolecular 

pyridine ring centroid distance in 2.8 (4.096 Å) is 1.274 Å shorter than the analogous 

distance in 2.7.  The angle between the two pyridine planes in 2.8 is just 11.68o (compared 

to 20.48o for the analogous angle in 2.7).  While the Pd–N(amide) distances are shorter 

than those in 2.7, the Pd–N(pyridine) distance is slightly longer than the corresponding 

distance in 2.8.  The Pd–N(amine) distances in 2.7 and 2.8 are within 0.034 Å of each other.  

Not surprisingly, the extended helical packing that was observed in the crystal lattice for 

2.7 is not present in the crystal lattice for 2.8.   

 

 

 

 

m/z 

C25H30N8O4Pd2 [M + H]+ 

       C25H29N8O4Pd2Na [M + Na]+ 
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Figure 2.10. Representation of the X-ray crystal structure of complex 2.8 showing all non-

hydrogen atoms as 50% thermal ellipsoids.  

Synthesis of Pd(II) Complexes from Macrocyclic Ligands 

The coordination chemistry of macrocyclic NNN-pincer ligand 2.2 with Pd(II) was 

first investigated by Dr. Begum.  Dr. Begum synthesized complex 2.9 by adding one 

equivalent of Pd(OAc)2 to an acetonitrile solution of ligand 2.2.  In the X-ray crystal 

structure of 2.9 (obtained by Dr. Begum), the fourth coordination site is occupied by the 

N4 tertiary amine (Figure 2.11).  While the Pd–N(pyridine) bond distance is similar to the 

analogous distance in 2.6a, the average of the two Pd–N(amide) bond distances (2.011 Å) 

is shorter than that of 2.6a (2.029 Å).  When I repeated the synthesis of 2.9, the complex 

was isolated as a yellow powder in 77% yield (Scheme 2.13).   

Scheme 2.13.  Synthesis of Pd(II) pincer complex 2.9 (first described by Dr. Begum). 
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Figure 2.11. Representation of the X-ray crystal structure of complex 2.9 showing all non-

hydrogen atoms as 75% thermal ellipsoids. 

The bis[palladium(II)] macrocyclic complex 2.10 was synthesized by treating an 

acetonitrile suspension of ethylene-linked ditopic macrocyclic ligand 2.3a with two 

equivalents of Pd(OAc)2 (Scheme 2.14).  Over the course of the reaction, a yellow 

precipitate formed, which was filtered and dried to afford 2.10 in 88% yield.  Complex 

2.10 is not soluble at room temperature in deuterated organic solvents (CDCl3, CD3CN, 

MeOD, DMSO-d6) or in D2O, which made characterization by NMR spectroscopy 

impossible.  Due to this low solubility of the complex, analysis by mass spectrometry also 

was unsuccessful. 
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Scheme 2.14.  Synthesis of bis[palladium(II)] complexes 2.10 and 2.11 from ditopic 

ligands 2.3a and 2.3b. 

 

Attempts to crystallize 2.10 from refluxing solutions of DMSO or MeCN did not 

afford crystals. Surprisingly, when the complex was heated in CHCl3, single crystals 

suitable for X-ray diffraction were formed while slowly cooling the cloudy suspension to 

room temperature.  The solid state asymmetric unit contains a dimer pair (see Figure A.2.27 

in the Appendix), with each molecule having an inversion center.  The individual molecules 

fold in a chair-like conformation (Figure 2.12), similar to the folding of the (Z)-

bis(palladium) macrocyclic complex reported by Tsukuda and coworkers (Figure 2.3, vide 

supra).14  In addition to the N1-Pd-N3 distortion also observed in complexes 2.6a, 2.7, 2.8, 

and 2.9, the N2-Pd-N4 angle (162.6o) is considerably distorted from idealized square planar 

geometry.  An analogous distortion was observed in complexes 2.7 and 2.8 for the 

unsymmetrically-coordinated Pd(II) atom.  The intramolecular Pd···Pd distance of 5.577 Å 

is greater than that of bimetallic complex 2.7, which folds in a U-shape.  Complex 2.10 



77 
 

stacks with channels of chloroform molecules of solvation in between dimer pairs of the 

complex (see Figure A.2.28 in the Appendix). 

 

 

 

 

 

Figure 2.12.  Representation of the X-ray crystal structure of 2.10, showing all non-

hydrogen atoms as 50% thermal ellipsoids.   

In order to synthesize the propylene-linked ditopic Pd(II) NNN-pincer complex 

2.11, two equivalents of Pd(OAc)2 were added to an acetonitrile solution of ligand 2.3b 

(Scheme 2.14).  Unlike ethylene-linked complex 2.10, 2.11 did not precipitate from the 

crude reaction mixture.  Instead, evaporation of the solvent afforded 2.11 as a yellow solid 

in 70% yield.  The aromatic region of 1H NMR spectrum of 2.11 consists of one triplet and 

two doublet of doublets corresponding to the pyridine protons.  The presence of two 

palladium atoms was supported by the positive mode ESI mass spectrum, which displays 

a prominent ion peak at m/z 763.1010 [M + H]+.   

Crystals of complex 2.11 were obtained from slow evaporation of a saturated 

solution of the complex in acetonitrile.  While the X-ray crystal structure of 2.11 (Figure 

2.13) confirmed the presence of two Pd(II) atoms, we were surprised to find the Pd(II) 

atoms were not coordinated in the same manner as those in 2.10.  Each Pd(II) atom is 

coordinated to a pyridine and amide nitrogen from one pincer site, an amide nitrogen from 



78 
 

the opposite pincer site, and a tertiary amine.  This unique coordination results in a 

relatively twisted molecule; the angle that the average Pd(II) coordination plane forms with 

the coordinated pyridine (18.29o) is greater than the analogous angles in complexes 2.10 

and 2.6a (12.19o and 6.26o, respectively).  Despite the unique conformation of the 

molecule, the two Pd(II) atoms in 2.11 lie in a considerably less distorted square planar 

environment compared to those in bimetallic complex 2.10 (for 2.11: N1-Pd-N4 170.9o; 

N2-Pd-N3 171.0o).  Another distinctive feature of 2.11 is that the Pd–N(pyridine) bond 

distances in 2.11 are greater than those observed in any other complex reported in this 

Chapter (for a comprehensive list of the coordinated ligand distances for each complex, 

see Tables A.2.3 through A.2.9 in the Appendix).  The Pd···Pd distance in 2.11 of 5.314 Å 

is shorter in 2.11 than the analogous distance in 2.10 (5.577 Å).  Despite the relatively short 

intramolecular pyridine···pyridine centroid distance of 3.928 Å, the angle formed between 

the two pyridine planes is too large (36.47o) for face-to-face or edge-to-face π–π stacking 

interactions to be considered driving force for the folding observed in 2.11.   

 

Figure 2.13. Representation of the X-ray crystal structure of complex 2.11 showing all 

non-hydrogen atoms as 50% thermal ellipsoids. 
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To complement the series of monotopic and ditopic macrocycles, Dr. Wang 

investigated the coordination chemistry of tritopic macrocyclic ligand 2.5 with Pd(II).  Dr. 

Wang synthesized complex 2.12 by adding three equivalents of Pd(OAc)2 to an acetonitrile 

solution of ligand 2.5.  Crystals of complex 2.12 suitable for X-ray analysis were obtained 

by Dr. Wang from a concentrated solution of the complex in DMF.  The X-ray crystal 

structure of 2.12 (Figure 2.14) confirms the presence of three palladium atoms, all of which 

contain the same hybrid pincer/amine tetradentate coordination of the ligand.  The 

asymmetric unit contains two crystallographically-independent trinuclear molecules with 

virtually identical conformations (see Figure A.2.29 in the Appendix).  As opposed to 

bimetallic complexes 2.10 and 2.11, complex 2.12 does not contain a crystallographic 

center of inversion; for example, the Pd–N(pyridine) distances differ for each of the three 

Pd(II) atoms (1.937, 1.918, and 1.926 Å).  The angle formed between pyridine ring and the 

average coordination plane of Pd3B (6.14o) is relatively small compared to that of 

bimetallic complexes 2.10 (12.19o) and 2.11 (18.29o), and comparable to that of 

monometallic complex 2.6a (6.26o).   

 

 

 

 

 

 

 

Figure 2.14. Representation of the X-ray crystal structure of complex 2.12, showing all 

non-hydrogen atoms as 50% thermal ellipsoids.   
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2.3.4 Catalysis Studies 

The catalytic activity of these complexes was evaluated in the Heck reaction of 4-

iodotoluene and styrene.  After the complexes were recrystallized and dried, they were 

dissolved in N,N-dimethylacetamide (DMA) and the corresponding amount of catalyst was 

added to a DMA (5 mL) solution of 4-iodotoluene (1 equiv), NaOAc (1.1 equiv), 

tetrabutylammonium bromide (0.2 equiv) in a 25 mL three-necked flask.  Once the 

temperature of the oil bath reached 165 oC, neat styrene (1.4 equiv) was added, and aliquots 

were removed every 15 minutes and analyzed by 1H NMR spectroscopy.  The reaction 

products are trans and geminal 4-methylstilbene.  The ratio of the two products is the same, 

regardless of the catalyst used (ratio of trans to gem 4-methylstilbene = 5.25:1).  The results 

of these catalytic studies are summarized in Table 2.1.     

 Complete conversion to 4-methylstilbene was observed after one hour with 

monometallic complex 2.6a (Table 2.1, entry 1) and 0.5 h with bimetallic complex 2.7 

(Table 2.1, entry 2).  Figure 2.15 shows the time course of the Heck reaction using 

complexes 2.6a, 2.7, and 2.8, which are derived from acyclic ligands.  The most prominent 

induction period was observed with 2.8 (2.48 h), which contains just one Pd(II) atom that 

chelates a tetradentate ligand (Table 2.1, entry 3).  The induction period observed with 2.8 

can be attributed to the increased chelate effect imparted by the tetradentate pincer ligand 

relative to the chelate effect of the tridentate pincer ligand alone in complex 2.6a and 2.7.  

Whereas 2.7 contains a Pd(II) atom that is bound by a tridentate ligand, it would be 

expected to decompose first and is likely responsible for the observed catalytic activity.  

Together, the observation of induction periods and the varience in induction periods using 

complexes with tridentate or tetradentate ligands support the proposed mechanism of the 
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Table 2.1.  Heck coupling of 4-iodotoluene with styrene using complexes 2.6a, 2.7, 2.8, 

2.9, 2.10, 2.11, and 2.12.a 

 

 

 

 

 

 

 

 

 aReaction conditions: styrene (1.4 equiv), NaOAc (1.1 equiv), n-Bu4NBr (20 mol %), 1 x 10-1 mol 

% Pd, DMA, 165 oC. b1H NMR conversion by comparing the relative integrations for of trans and 

gem-methylstilbene to the starting material, 4-iodotoluene.     

Catalyst 
Time 
(h) 

Induction  
(h) 

Conversion  
(trans+gem)b 

2.6a 1 0.46 >99% 

2.7 0.75 -- >99% 

2.8 3 2.48 >99% 

2.9 48 2.86 95% 

2.10 0.5 -- >99% 

2.11 0.25 -- >99% 

2.12 0.75 0.19 >99% 
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Heck reaction, which involves decomposition of the Pd(II) pincer complex to form 

catalytically active Pd(0) (see Chapter 1), and is in line with the observation by Eberhard 

that catalytic activity is proportional to complex stability.36   

Figure 2.16 shows the time course of the Heck reaction using complexes 2.9, 2.10, 

2.11, and 2.12, which are derived from macrocyclic ligands.  The coupling reaction took 

48 h to reach 95% conversion to 4-methylstilbene using 2.9 (Table 2.1, entry 4).  The long 

induction period observed with complex 2.9 (2.86 h) can be explained by the multiple 

juxtopositional fixedness of the monotopic macrocyclic tetradentate ligand, which helps to 

stabilize the resulting Pd(II) complex via the “macrocyclic effect.”  Conversely, complexes 

2.10, 2.11, and 2.12—which are based on multitopic macroycles—exhibited catalytic 

activities more similar to that of the acyclic complexes derived from tridentate pincer 

ligands.  These floppy macrocyclic ligands do not have the same level of prearrangement 

as that seen with the monotopic ligand and thus would not be expected to benefit from the 

macrocyclic effect.  Notably, the Pd–N4 (tertiary amine) bond distance in 2.9 (2.054 Å) is 

shorter than the corresponding distance in 2.10 (2.120 Å), 2.11 (2.085 Å), and 2.12 

(average = 2.086 Å), suggesting that the Pd–N4 bonds in the latter complexes are more 

prone to substitution compared to the Pd–N4 bond in 2.9. 
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Figure 2.15. Time course showing the formation of trans- and gem-stilbene for acycles 

2.6a, 2.7, and 2.8.  

 

Figure 2.16. Time course showing the formation trans- and gem-stilbene for macrocycles 

2.9, 2.10, 2.11, and 2.12. 
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Palladium black was observed in all catalytic runs.  Thus, we performed 

experiments using 2.6a or 2.9 in DMA in the absence of the Heck reagents (4-iodotolune, 

styrene, NaOAc, and TBAB) to verify that the visual detection of palladium black was due 

to the Pd(II) pincer source.  The visual detection of Pd black—as indicated by a color 

change of the solution from yellow to dark grey/black—was observed after two hours in 

the case of 2.6a, but was not observed for 48 hours with 2.9.  Compared with the catalysis 

results, these data further suggest that the catalytic activity of these complexes is a function 

of their stabilities.   

Intramolecular Heck Reaction in 1,4-dioxane 

The potential for developing a tandem one-pot RCM/Heck reaction was studied by 

attempting the intramolecular Heck reaction of 2.13 in 1,4-dioxane (Scheme 2.15), which 

we have found in preliminary studies to be a suitable solvent for the RCM reaction in the 

synthesis of 2.13.  Although the use of 1,4-dioxane in metathesis reactions is rare, similar 

ethereal solvents are known to be suitable for RCM reactions.37  Conversely, there is no 

precedent for a Pd(II) pincer complex-mediated cross coupling reaction in 1,4-dioxane.  

These reactions were performed on a 0.25 mmol scale with respect to 2.14.  Substrate 2.14 

(1 equiv), NaOAc (1.1 equiv), tetrabutylammonium bromide (0.2 equiv), and either 2.6a 

or 2.6b (10 mol %) were dissolved in 1,4-dioxane (2.5 mL) in a sealed tube and the mixture 

was stirred at 165 oC for 6 h.  Following evaporation of the solvent from the reaction 

mixture, the crude products were purified via silica gel flash column chromatography to 

afford the expected product 2.14 in 73% yield.  When 2.6b was employed as the catalyst, 

a 55% yield was obtained.  
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Scheme 2.15.  The intramolecular Heck reaction of compound 4.2 using Pd(II) NNN-

pincer complexes 2.6a and 2.6b.  aIsolated yields. 
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2.4 Concluding Remarks  

In this chapter, the chemistry of Pd(II) complexes synthesized from acyclic 

and macrocyclic amide-based NNN-pincer ligands was discussed.  In the simplest 

case, tridentate NNN-pincer ligand 2.1 deprotonates to form the distorted square-

planar Pd(II) complex 2.6a.  Alternatively, if an amine functional group is tethered 

one or both of the amides, the donor ligand coordinates Pd(II) in a tetradentate 

fashion, as seen in complexes 2.7–2.12.  The catalytic activities of these complexes 

were evaluated in the Mizoroki-Heck reaction of 4-iodotoluene and styrene.   To the 

best of our knowledge, this work represents the first examples of amide-based Pd(II) 

NNN-pincer complexes being investigated in the Heck reaction.  Pincer complexes 

synthesized from acyclic tridentate pincer ligands did not show an induction period 

on our sampling time scale.  Induction periods were observed using complexes 2.8—

which is stabilized by a chelate effect—and 2.9—which is stabilized by the 

macrocyclic effect.  Together, these results support earlier work on PCP- and SCS-

pincer complexes36 which suggests that Pd(II) pincer complexes decompose under 

the harsh conditions employed for Heck reaction to generate catalytically active 

Pd(0).  On the other hand, multimetallic complexes 2.10, 2.11, and 2.12—which 

were synthesized from floppy macrocyclic ligands—do not benefit from the 

mmacrocyclic effect and were thus were much more efficient in generating the 

active catalyst.  Pd(II) pincer complexes 2.6a and 2.6b were demonstrated to mediate the 

intramolecular Heck reaction of 2.13 in 1,4-dioxane.  Whereas the pincer-ligated Pd(II) 

complex prevents undesired interferences between Ru(II) (in the form of Grubbs catalyst) 
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and Pd(II), studies are currently underway to apply this reaction to a one-pot RCM/Heck 

protocol.   
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2.5 Materials and Methods  

2.5.1 General 

Pd(OAc)2 was purchased from Aldrich. Other chemicals were reagent grade and were used 

as received without further purification.  Pd(II) complex 2.6b31 were synthesized using 

previously described procedure.  The starting material for intramolecular Heck reactions 

(2.13) was prepared in two steps from N,N-Diallyl-2-bromobenzenesulfonamide according to 

a previously described procedure.38  All reactions were carried out under ambient conditions.  

Flash column chromatography was performed using 32-63 mm silica gel (Sorbent).  

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 400 

spectrometer or a Bruker Avance 500 spectrometer. Chemical shifts of the 1H and 13C 

resonances are expressed in ppm, and referenced to the residual solvent signal. Mass 

spectral data were obtained from the Mass Spectrometry Laboratory at the University of 

Kansas on a LCT Premier Mass spectrometer.  Single-crystal XRD data were obtained at 

the Small-Molecule X-ray Crystallography Laboratory at the University of Kansas by Dr. 

Victor Day. 

2.5.2 Synthesis of Ligands 

 

Ligand 2.1. To a solution of dimethyl 2,6-pyridinedicarboxylate (0.390 g, 2 mmol) in 15 

mL methanol was bubbled ethylamine for one minute and the reaction was stirred at room 

temperature.  After 16 h, the starting material was consumed, as indicated by TLC.  Solvent 

was evaporated in vacuo and product was dried to afford 2.1 as a white solid (0.369 g, 
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1.665 mmol, 83%).  1H NMR (500 MHz, CDCl3) δ 8.36 (d, J = 7.8 Hz, 2H), 8.02 (t, J = 

7.7 Hz, 1H), 7.80 – 7.65 (br, 2H), 3.59 – 3.54 (m, 4H), 1.30 (t, J = 7.3 Hz, 6H); 13C NMR 

(126 MHz, CDCl3) δ 163.6, 149.1, 139.2, 125.1, 34.7, 15.2; HRMS (ESI+) m/z: [M + Na]+ 

calculated for C11H15N3NaO2 244.1057; found 244.1038.  

 

 

Intermediate C.  Using a procedure previously reported by Dr. Wang,27 a solution of N-

methyl-2,2’-diamino diethylamine (3.51 g, 3.86 mL, 30 mmol) in MeOH (100 mL) was 

added dropwise over 2h to a solution of dimethyl 2,6-pyridinedicarboxylate (23.4 g, 120 

mmol) in MeOH (150 mL) and stirred at reflux for 3 d.  Unreacted dimethyl-2,6-

pyridinedicarboxylate was collected after gravity filtration and the filtrate was concentrated 

and purified via flash chromatography using 90:10 DCM-MeOH to afford C as a white 

solid (7.36 g, 16.6 mmol, 55%).  1H NMR (500 MHz, CD3OD) δ  8.07 (dd, J = 7.7, 1.1 Hz, 

1H), 8.02 (dd, J = 7.8, 1.1 Hz, 1H), 7.94 (t, J = 7.8 Hz, 1H), 3.86 (s, 3H), 3.47 (t, J = 6.4 

Hz, 4H), 2.65 (t, J = 6.4 Hz, 4H), 2.34 (s, 3H); 13C NMR (126 MHz, MeOD) δ 166.7, 
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165.8, 151.6, 147.6, 140.4, 128.6, 126.5, 57.0, 53.8, 42.8, 38.5; HRMS (ESI+) m/z: [M + 

H]+ calculated for C21H26N5O6 444.1878; found 444.1898.   

 

Ligand 2.3a. Using a procedure previously reported by Dr. Wang,27 compound C (0.886 

g, 2 mmol) was added to a methanolic solution of N-methyl-2,2’-diaminodipropylamine 

(0.234g, 2 mmol) and the resulting solution was refluxed for 3 d.  Upon cooling, a white 

precipitate formed, which was filtered and dried to afford the product as a white solid 

(0.456 g, 0.918 mmol, 45%). 1H NMR (500 MHz, CD3OD) δ 8.00 (d, J = 7.24 Hz, 4H), 

7.92 (t, J = 8.52 Hz, 2H), 3.56 (t, J = 5.38 Hz, 8H), 2.81 (t, J = 5.33 Hz, 8H), 2.49 (s, 6H); 

13C NMR (126 MHz, CD3OD) δ 165.6, 149.8, 140.3, 125.4, 57.0, 42.5, 38.6; HRMS (ESI+) 

m/z: [M + H]+ calculated for C24H33N8O4 497.2625; found 497.2620.  
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Ligand 2.3b. This ligand was prepared from compound D (provided by Thomas Robben) 

in the same manner as ligand 2.3a (0.597 g, 1.080 mmol, 51%). 1H NMR (500 MHz, 

CDCl3) δ 8.67 – 8.56 (br, 4H), 8.27 (d, J = 7.8, 4H), 7.98 (t, J = 7.8, 2H), 3.55 (q, J = 6.5, 

8H), 2.57 – 2.43 (br, 8H), 2.25 (s, 6H), 1.93 – 1.82 (br, 8H); 13C NMR (126 MHz, CD3OD) 

δ 164.2, 149.3, 139.0, 125.0, 56.7, 42.3, 38.9, 27.1; HRMS (ESI+) m/z: [M + H]+ calculated 

for C28H41N8O4 553.3246; found 553.3250.  

 

Ligand 2.4. Using a modified protocol of one initially developed by Dr. Begum,28 a sealed 

tube was charged with C (223 mg, 0.5 mmol), which was dissolved in methanol, and EtNH2 

was bubbled through the solution for one minute and stirred at room temperature.  After 

16 h, the solvent was evaporated in vacuo to give a clear oil.  After dissolving the oil in 
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MeCN and evaporating 3x, the desired product was obtained as a hygroscopic white 

powder (0.224 g, 0.477 mmol, 96%).  1H NMR (500 MHz, CDCl3) δ 8.63 (t, J = 5.8, 2H), 

8.49 (t, J = 5.9, 2H), 8.22 (dd, J = 7.8, 1.1 Hz, 2H), 8.16 (dd, J = 7.8, 1.1 Hz, 2H), 7.89 (t, 

J = 7.8 Hz, 2H), 3.52 (q, J = 6.1, 4H), 3.41 (quint, J = 7.2, 4H), 2.60 (t, J = 6.1, 4H), 2.32 

(s, 3H), 1.16 (t, J = 7.3, 6H); 13C NMR (126 MHz, CDCl3) δ 164.3, 163.6, 149.1, 148.6, 

139.0, 125.0, 124.6, 56.4, 43.1, 37.6, 34.6, 14.9; HRMS (ESI+) m/z: [M + H]+ calculated 

for C23H32N7O4 470.2511; found 470.2490. 

2.5.3 Synthesis of Complexes 

    

 

 

Complex 2.6a.  Ligand 2.1 (0.056 g, 0.25 mmol, 1 equiv) and Pd(OAc)2 (0.056 g, 0.25 

mmol, 1 equiv) were dissolved in acetonitrile (10 mL) and the mixture was stirred for 5 h.  

The resulting precipitate was filtered to afford the product as a crystalline yellow solid 

(0.056 g, 0.15 mmol, 60%).  This solid was recrystallized from acetonitrile to yield large 

yellow crystals which were used for XRD and catalysis studies.  1H NMR (500 MHz, 

DMSO-d6) δ 8.15 (t, J = 7.8 Hz, 1H), 7.54 (d, J = 7.8 Hz, 2H), 3.07 (q, J = 7.0 Hz, 4H), 

1.07 (t, J = 7.0 Hz, 6H); 13C NMR (126 MHz, DMSO-d6) 168.8, 152.8, 141.3, 123.7, 39.5, 

15.5; HRMS (ESI+) m/z: [M + H]+ calculated for C13H17N4O2Pd 367.0386; found 

367.0376. 
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Complex 2.7.  Ligand 2.4 (0.024 g, 0.050 mmol, 1 equiv) was added to a solution of 

Pd(OAc)2 (0.022 g, 0.10 mmol, 2 equiv) in acetonitrile (5 mL), and the reaction mixture 

was stirred for 16 h.  The resulting yellow solution was filtered through a pipette containing 

celite.  Diethyl ether was added to the filtrate, which formed a crystalline solid suitable for 

XRD studies over the course of 1 h (0.056 g, 0.077 mmol, 62%).  1H NMR (500 MHz, 

MeCN-d3) δ 8.03 – 7.96 (m, 1H), 7.52 (dd, J = 7.8, 1.2 Hz, 1H), 7.44 (dd, J = 7.8, 1.0 Hz, 

1H), 7.37 (dd, J = 7.8, 1.2 Hz, 1H), 7.32 (dd, J = 7.8, 1.0 Hz, 1H), 4.04 – 4.01 (m, 1H), 

3.56 – 3.44 (m, 4H), 3.30 – 3.26 (m, 1H), 3.19 – 3.06 (m, 2H), 2.93 (s, 3H), 2.86 – 2.79 

(m, 2H), 2.45 – 2.37 (m, 2H), 0.98 (t, J = 7.1 Hz, 3H), 0.89 (t, J = 7.1 Hz, 3H); 13C NMR 

(126 MHz, MeCN-d3) δ 170.7, 169.0, 168.8, 166.8, 154.6, 152.8, 152.1, 142.0, 141.3, 

124.2, 124.1, 123.7, 66.1, 61.3, 49.0, 43.6, 43.3, 41.2, 40.6, 15.5, 15.4; HRMS (ESI+) m/z: 

[M + H]+ calculated for C25H31N8O4Pd2 721.0537; found 721.0515.   



94 
 

 

 

 

 

 

Complex 2.8.  A solution of ligand 2.4 (0.114 g, 0.25 mmol, 1 equiv) in acetonitrile (20 

mL) was slowly added to a solution of Pd(OAc)2 (0.056 g, 0.25 mmol) in acetonitrile (10 

mL).  After stirring for 5 min, the solution became yellow.  The reaction mixture was 

allowed to stir for an additional 16 h, at which a yellow precipitate was observed.  The 

solvent was evaporated and the resulting yellow oil was washed with acetonitrile to afford 

the product as a yellow powder (0.083 g, 0.16 mmol, 65%).  Recrystallization from 

acetonitrile afforded crystals suitable for XRD studies.  1H NMR (500 MHz, DMSO-d6) δ 

9.60 (t, J = 5.9, 1H), 9.21 (t, J = 6.1, 1H), 8.17 – 8.12 (m, 4H), 7.56 (dd, J = 7.9, 1.1 Hz, 

1H), 7.53 (dd, J = 7.8, 1.1 Hz, 1H), 3.99 – 3.94 (m, 2H), 3.58 – 3.52 (m, 2H), 3.47 – 3.40 

(m, 2H), 3.28 – 3.17 (m, 2H), 2.91 (s, 3H), 2.88 – 2.82 (m, 4H) 1.16 (t, J = 7.2 Hz, 3H), 

1.06, (t, J = 7.0 Hz, 3H); 13C NMR (126 MHz, DMSO-d6) δ 169.3, 166.1, 163.4, 162.6, 

154.0, 152.3, 148.6, 148.2, 141.6, 140.0, 124.1, 124.0, 123.5, 67.6, 58.6, 48.4, 42.9, 41.1, 

36.8, 33.6, 15.6, 15.0; HRMS (ESI+) m/z: [M + H]+ calculated for C23H30N7O4Pd 574.1389; 

found 574.1385. 
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Complex 2.9.  Using a procedure first carried out by Dr. Begum, ligand 2.2 (39 mg, 0.139 

mmol, 1 equiv) was added to a solution of Pd(OAc)2 (31 mg, 0.139 mmol, 1 equiv) in 

acetonitrile (5 mL).  The orange mixture was stirred at r.t. for 16 h.  The volatiles were 

evaporated in vacuo, and the crude product was washed with diethyl ether (3 x 5 mL) to 

afford 2.9 as a yellow solid (41 mg, 0.107 mmol, 77%). 1H NMR (500 MHz, DMSO-d6) δ 

8.15 (t, J = 7.9 Hz, 1H), 7.61 (d, J = 7.8 Hz, 2H), 3.65 – 3.60 (m, 2H), 3.38 – 3.30 (m, 2H), 

3.12 (t, J = 12.4 Hz, 2H), 3.01 – 2.94 (m, 2H), 2.69 (s, 3H), 2.12 – 2.04 (m, 2H), 1.83 (d, J 

= 16.5 Hz, 2H); 13C NMR (126 MHz, DMSO-d6) δ 169.7, 151.8, 141.5, 123.3, 60.4, 43.8, 

43.1, 25.7; HRMS (ESI+) m/z [M + H]+ calculated for C14H19N4O2Pd 381.0538; found 

381.0529.  
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Complex 2.10.  Ligand 2.3a (0.098 g, 0.2 mmol, 1 equiv) was added to an acetonitrile (20 

mL) solution of Pd(OAc)2  (0.088 g, 0.4 mmol, 2 equiv).  The resulting yellow mixture was 

stirred for 1 d.  The solvent was removed in vacuo to give the product as a yellow solid 

(0.125 g, 0.176 mmol, 88%).  Crystals suitable for XRD analysis were grown from a 

saturated solution of the complex in CHCl3.  Due to the low solubility of the complex in a 

number of solvents, including CDCl3, CD3CN, DMSO-d6, DMF, and D2O, however, NMR 

and mass spectrometric data were unable to be obtained.   

 

 

 

 

 

Complex 2.11.  Ligand 2.3b (0.053 g, 0.096 mmol, 1 equiv) and Pd(OAc)2 (0.043 g, 0.192 

mmol, 2 equiv) were suspended in acetonitrile (10 mL) and the reaction mixture was stirred 

for 16 h at r.t.  The solvent was concentrated and the resulting yellow solution was filtered 
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through a small pipette containing celite.  Yellow crystals of the product were obtained 

from slow evaporation of this acetonitrile solution (0.050 g, 0.067 mmol, 70%).  1H NMR 

(500 MHz, DMSO-d6) δ 8.15 (t, J = 7.8 Hz, 2H), 7.61 (dd, J = 7.8, 1.2 Hz, 2H), 7.58 (dd, 

J = 7.7, 1.2 Hz, 2H), 3.93 – 3.89 (m, 2H), 3.49 – 3.46 (m, 2H), 3.22 – 3.17 (m, 2H), 2.82 

(s, 3H), 2.69 – 2.59 (m, 2H), 2.40 – 2.33 (m, 2H), 1.83 – 1.72 (m, 2H); 13C NMR (126 

MHz, DMSO-d6) δ 170.4, 169.5, 151.1, 151.0, 141.6, 123.9, 123.4, 60.6, 48.2, 44.1, 43.3, 

27.1, 26.3, 22.5; HRMS (ESI+) m/z: [M + H]+ calculated for C28H37N8O4Pd2 763.1007; 

found 763.1010.  

 

 

 

 

 

Complex 2.12.  Using a procedure first carried out by Dr. Wang, ligand 2.5 was added to 

a solution of Pd(OAc)2 in DMF (5 mL).  After 1 d, a yellow precipitate was observed.  This 

precipitate was filtered and washed with diethyl ether and MeCN and dried to afford 2.12 

as a yellow solid (48 mg, 0.046 mmol, 68% yield).  HRMS (ESI+) m/z for C37H46N12O7Pd3 

[M + MeOH]+ 1088.0717, found: 1088.0659.  Parts-per-million error = (1.0 x 106 |observed 

mass – theoretical mass|)/(theoretical mass) = (1.0 x 106 |1088.0659 – 

1088.0717|)/(1088.0717) = 1.0 x 106 x 5.33 x 10-6 = 5.33 ppm. 
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2.5.4 Catalysis Studies 

All chemicals—4-iodotoluene, NaOAc, TBAB, and DMA—were purchased from 

Sigma Aldrich and used without further purification.  All reactions were performed under 

air.  4-iodotoluene (2 mmol, 436 mg), NaOAc (2.2 mmol, 180 mg), TBAB (0.4 mmol, 129 

mg), and Pd(II) NNN-pincer complex (2 x 10-3 mmol/Pd) were added to a 25 mL three-

necked round bottom flask equipped with a reflux condenser and placed in an oil bath.  

DMA (5 mL) was added to the flask and the temperature of the oil bath was raised to 165 

oC.  Styrene (2.8 mmol, 234 μL) was added when the solvent began to reflux (T = 0).  The 

reaction was monitored via TLC and aliquots were taken every 15 minutes for NMR 

analysis.  The samples were analyzed via 1H NMR spectroscopy on a Bruker Avance 500 

spectrometer.  The yield was calculated by comparing the integration of the olefinic doublet 

proton signal (2H) of the trans-methylstilbene product and the olefinic doublet proton 

signal (1H) of the gem-methylstilbene product to the aromatic doublet proton signal (2H) 

for the 2-carbon of 4-iodotoluene.    
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2.5.5 Intramolecular Heck Reactions in 1,4-dioxane 

To a solution of compound 2.13 (72 mg, 0.25 mmol, 1 equiv) in 1,4-dioxane (2.5 

mL) in a 15 mL sealed tube was added NaOAc (23 mg, 0.275 mmol, 1.1 equiv), TBAB (16 

mg, 0.05 mmol, 0.2 equiv), and complex 2.6a (9 mg, 0.025 mmol, 0.1 equiv) or 2.6b 

(11mg, 0.025 mmol, 0.1 equiv).  The mixture was stirred at 165 oC for 6 h.  Subsequently, 

the reaction vessel was cooled to 25 oC and 1,3,5-mesitylene (30 mg, 34.7 μl, 0.25 mmol, 

1 equiv) was added.  A 0.2 mL aliquot was withdrawn from the crude reaction mixture 

(containing internal standard) and added to a vial containing 0.5 mL of CDCl3.  The 

samples were analyzed via 1H NMR spectroscopy on a Bruker Avance 500 spectrometer.  

Following analysis via 1H NMR spectroscopy, the contents of the NMR tube was returned 

to the crude reaction mixture, and the solvents were evaporated in vacuo.  The crude 

products were purified via column chromatography (5:1 to 5:4 hexanes/ethyl acetate) to 

afford compound 2.14 as a white solid (0.038 g, 0.18 mmol, 73% yield using 2.6a; 0.028 

g, 0.14 mmol, 55% yield using 2.6b).  1H NMR (500 MHz, CDCl3) δ 7.70 (d, J = 7.73 Hz, 

1H), 7.46 (t, J = 7.75 Hz, 1H), 7.38 (t, J = 7.61 Hz, 1H), 7.13 (d, J = 7.58 Hz, 1H), 6.59 (t, 

J = 3.45 Hz, 1H), 6.44 (d, J = 3.69 Hz, 1H), 4.51 (d, J = 11.9 Hz, 1H), 4.07 (dd, J = 11.9, 

4.1, 1H), 3.30 (t, J = 3.7, 1H);  13C NMR (126 MHz, DMSO-d6) δ 139.9, 135.4, 134.8, 

134.4, 131.9, 130.1, 127.6, 125.7, 63.3, 42.5.  
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Chapter 3 

Novel Route to Heterobimetallic Palladium(II)–Silver(I) and –Gold(I) 

Complexes with NHC-Tethered Pincer Ligands 
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3.1 Abstract 

Novel N-heterocyclic carbene (NHC)-tethered palladium(II) NNN-pincer 

complexes containing either silver(I) or gold(I) have been synthesized.  Treatment of 

dimethyl 2,6-pyridinedicarboxylate with 1-(3-aminopropyl) imidazole, followed by single 

or double alkylation with methyl iodide, gives hybrid NNN-pincer/imidazolium NHC 

precursor ligands 3.3 and 3.5, respectively.  Palladation of the NNN-pincer site of these 

two ligands proceeds to give unsymmetrically substituted Pd(II) complex 3.6 and 

symmetrically substituted Pd(II) complex 3.10.  Complex 3.10 was converted to Pd(II) 

NNN-pincer/NHC complex 3.11 in the presence of AgOAc, leaving an imidazolium NHC 

precursor available to coordinate other metals.  The ability of 3.11 to form a 

heterobimetallic complex was demonstrated by the reaction that occurs with Ag2O to form 

Pd(II)/Ag(I) complex 3.12.  The formation of 3.12 was observed using 1H, 13C, and 13C 

DEPT NMR spectroscopies and positive mode ESI mass spectrometry.  However, the 

structure could not be unambiguously confirmed due to crystallization difficulties.  

Preliminary catalytic investigations indicate that complexes 3.6, 3.7, 3.10, and 3.11 are 

efficient catalysts for the Heck coupling reaction of 4-iodotoluene and styrene; though 

longer reaction times are observed when either complex 3.7 or 3.11—both of which contain 

tetradentate ligands—are employed as the Pd-catalyst.  This study provides a new platform 

from which to build heterobimetallic complexes containing Pd(II). 
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3.2 Introduction 

Catalysis typically involves lowering the activation energy, Ea, of a chemical 

transformation by lowering the HOMO-LUMO gap between two substrates in order to 

promote a desired reaction.  Over the last half-century, most of the efforts in catalyst 

development have focused on the activation of only one of the substrates—either the 

nucleophile or electrophile—in a given reaction.  In practice, this has led to the 

development of very useful reactions (e.g. carbon–carbon bond formation, polymerization 

reactions, hydrogenation reactions) that have garnered widespread use in industry and 

earned multiple Nobel Prizes.1  However, catalytic systems that contain two independent 

catalysts in solution can have the added advantage of activating two separate substrates, 

which in turn results in a two-pronged approach to lowering the HOMO-LUMO gap.2  Ito 

and coworkers have described a two-component catalyst system involving Rh(acac)(CO)2 

and Pd(Cp)(π-C3H5) to construct optically active compounds from activated nitriles 

(Scheme 3.1).3  Synergy was achieved by combining two known interactions; whereas α-

cyano esters undergo Michael and aldol reactions in the presence of catalytic amounts of 

RhH(CO)(PPh3)3, allylic carbonates are activated in the presence of Pd to form 

electrophilic π-allylpalladium(II) complexes.  Notably, in the absence of the Pd-catalyst, 

no product formation was observed.  Alternatively, in the absence of the Rh-catalyst, the 

yield was high (97%), but the product of the reaction was completely racemic.  When used 

together, these two catalysts propel the nucleophilic attack of a π-allylpalladium(II) complex 

via a Rh(I)-activated enolate complex.  Under the optimized conditions in which both 

catalysts were employed, the product was formed in 93% yield with excellent 

enantioselectivity (99% ee).  Similar approaches have been utilized for Pd(0)- and Cu(I)-
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catalyzed triazole formation4 and, most famously, the Pd(0)- and Cu(I)-catalyzed 

Sonogashira cross-coupling reaction.5  Alternatively, catalysts having multiple active sites 

in the same molecule can be used to achieve different goals that can assist in cooperative, 

regenerative, and sequential catalysis.6  These heterobimetallic systems have the potential 

benefit of achieving synergy via proximity. 

Scheme 3.1.  Pd(II)/Rh(I) two-component catalyst system employed for the alkylation of 

nitriles.3 

 

 

 In 2002, Brown and van Koten described heterobimetallic complexes which were 

synthesized by reacting 3-bis(diphosphinomethyl)ferrocene with [(C2H4)2RhCl]2 to afford 

a hybrid ferrocene/Rh(I) PCP-pincer complex (Scheme 3.2A).7  Since then, examples in 

which ferrocene and ruthenocene-type complexes are incorporated to the backbone of PCP 

and SCS pincer ligands have been extensively studied.8,9  For example, complexes 

incorporating both Pd(II) and Ru(II) in the same molecule have proved to be competent 

catalysts in the cross coupling reaction of trans-2-phenylvinylboronic acid with vinyl 

epoxide (Scheme 3.2B).  Interestingly, the catalytic activity of the heterobimetallic 

Pd(II)/Ru(II) complex (GC yield after 10 h = 86-95%) is higher than that of the related 

monometallic Pd(II) SCS pincer (GC yield after 10 h = 13%).  As the authors suggest, this 

enhancement is likely due to the decreased electron density on the Pd(II) metal center in 

the heterobimetallic complex, which results in faster transmetalation from boron 

derivatives during the rate determining step of the catalytic cycle.   
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Scheme 3.2. (A) Synthesis of a ferrocene-derived Rh(II) PCP-pincer complex7 and (B) 

cross-coupling reaction between trans-2-phenylvinylboronic acid and vinyl epoxide using 

a heterobimetallic Pd(II)/Ru(II) catalyst.9 

 

 

 

 

 

 

 In their efforts to develop new oxidation catalysts, amide-based NNN-pincer 

complexes have recently been studied as mimics for carbon monoxide dehydrogenase by 

Holm,10 and in later reports by Tolman.11,12  In 2010, Holm reported the use of a 

binucleating macrocycle to selectively bind two metals with bridging ligands (Figure 3.1).  

The binucleating ligand binds Ni(II) at the pincer site and Fe(II) at the triamine site to 

afford complexes with Ni···Fe distances ranging from 3.7 to 4.8 Å, depending on the 

bridging ligand.  To gain insight into biological oxidation mechanisms, these complexes 

were used as carbon monoxide dehydrogenase enzyme mimics.  In 2013, Tolman reported 

bimetallic Cu(II), and heterobimetallic Cu(II)/Pd(II) and Cu(II)/Pt(II) complexes with the 

same ligand (Figure 3.1).11,12   

 

(A) 

(B) 
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Figure 3.1. Examples of homo- and heterobimetallic complexes with macrocyclic NNN-

pincer ligands.10-12  

Another efficient method of synthesizing heterobimetallic complexes is to utilize 

the unique binding properties of N-heterocyclic carbene (NHC) ligands, as they form stable 

complexes with a variety of catalytically-relevant transition metals.  The synthesis of NHC 

metal complexes is discussed at the beginning of Section 4.3.2 of this Chapter.  Although 

NHC ligands are strong σ-donors, they are weak π-acceptors compared to traditional 

carbenes (Figure 3.2), and thus the metal–ligand bond is denoted by a single bond.  Also, 

in contrast to traditional carbenes, NHCs usually act as spectator ligands for transition 

metals and thus do not partake in chemical reactions.   

 

Figure 3.2.  Comparison of the bonding orbitals in Fischer, Schrock, and N-heterocyclic 

carbene metal complexes.  Adapted from Frenking et al.13  
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 The Peris group has used a unique triazolyl ligand, 1,2,4-trimethyltriazolyl-

diylidene (ditz), to investigate the properties of its complexes with Rh(I), Ir(I), Ir(III), 

Pd(II), and Ru(II).14-16  Heterobimetallic complexes containing Rh(I) and Ir(III) were found 

to catalyze a tandem reaction sequence involving the oxidative cyclization of 2-

aminophenyl ethyl alcohol, followed by alkylation of the resulting indole.15  However, this 

tandem reaction sequence was also carried out using a homobimetallic Ir(I) catalyst based 

on the ditz ligand.  In 2009, Peris and coworkers investigated a Pd(II)/Ir(I) catalyst for its 

use in a tandem reaction sequence employing an Ir(I)-catalyzed dehalogenation/hydrogen 

transfer to form 1-phenylethanol (Scheme 3.3).16 In this case, the heterobimetallic 

Pd(II)/Ir(I) complexes are more active (GC yield = >99%) than their  homobimetallic 

counterparts (GC yield = 0% for bispalladium(II) and bisiridium(I) complexes with the ditz 

ligand). 

   

Scheme 3.3.  Tandem dehydrogenation/cross coupling reactions catalyzed by a 

Pd(II)/Ir(III) complex.16   

 

 Straub and coworkers have also used NHCs for the synthesis of heterobimetallic 

complexes (Scheme 3.4).17  Metal-NHC complexes were synthesized by selective 

deprotonation at the thiol-functionalized triazoline ligand, followed by the addition of 
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PdCl2 to give the Pd(II)-NHC complex as a mixture of two diastereomers.  They were able 

to synthesize a heterobimetallic Au(I)/Pd(II) complex as a mixture of two diastereomers 

by using a strong base (NaOMe).  Additionally, they synthesized a heterobimetallic 

Cu(I)/Pd(II) complex and isolated it as a single isomer.  The solid-state structure of the 

Pd(II)/Cu(I) complex was solved and the Pd···Cu distance was found to be 3.41 Å.   

Scheme 3.4. Synthesis of a thiol-functionalized Pd/Cu Complex via stepwise 

deprotonation (purple ball = Cu; orange ball = Pd).17  

 

 

 

 NHC ligands have also been combined with other multidentate ligands to allow 

selective incorporation of metals.  A chiral Ni(II)/Pd(II) salen/NHC-complex has been 

reported by Peters.18,19  In the first step of the synthesis, the introduction the metals into 

these hybrid ligands proceeds via the selective incorporation of Pd(II) or Ni(II) into the 

salen ligand site.  Formation of a Ag(I)-NHC complex was followed by the transmetalation 

of Ag(I) with other metals to form heterobimetallic complexes.  It was shown that the 

heterobimetallic Ni(II)/Pd(II) complexes were efficient catalysts in the 1,4-addition of 

oxindole to trans-nitrostyrene (Scheme 3.5).  Although quantitative conversion of the 

oxindole was observed, each of the diastereomers were formed as racemic mixtures.18  

Aiming to enhance the rigidity of the complex and decrease the M···M distances, Peters 

and coworkers have investigated the coordination chemistry of macrocyclic derivatives of 

these ligands for asymmetric catalysis applications.19  Kato and coworkers have 
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investigated similar homobimetallic Mn(III) salen-based complexes and observed 

asymmetry transfer.20 

Scheme 3.5.  The 1,4-addition of oxindole to trans-nitrostyrene catalyzed by a 

heterobimetallic Pd(II)/Ni(II) complex.18   

 

 Earlier this year, Huynh and coworkers reported the synthesis of digold(I) and 

Co(III)/Au(I) complexes using a hybrid NNN-pincer/NHC-precursor ligand similar to 

those described in this chapter.21  In the first step of their synthesis, the ligand was 

metallated using Ag2O to give a Ag(I)-biscarbene complex (Scheme 3.6).  This complex 

was treated with [AuCl(tht)] (tht = tetrahydrothiophene) in the presence of a 

noncoordinating solvent (dichloromethane) to afford mononuclear and dinuclear Au(I)-

biscarbene complexes.  The metallacycle architecture of the dinuclear complex results in 

the strong coordination of a BF4
- anion, as evidenced by a downfield shift of the NNN-

pincer amide proton [H(am)] signals (0.45-0.83 ppm) in the 1H NMR spectrum of the 

complex.  The association of the anion was also observed in the X-ray molecular structure 

of the complex, which contains a single BF4
- ion in the center of the metallocycle, 

surrounded by eight hydrogen bonds.  Addition of CoCl2·6H2O to the dinuclear Au(I) 
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complex under oxidative conditions afforded the heterobimetallic Co(III)/Au(I) complex, 

which exists as a helicate in the solid state.     

Scheme 3.6.  Synthesis of homobimetallic Au(I) and heterobimetallic Au(I)/Co(III) 

complexes.21 

 

 Our group has developed applications for anion recognition and binding using 

amide and thioamide macrocyclic ligands.22-27  As an extension of this work, a macrocyclic 

SCS-pincer Pd(II) complex was synthesized by our group in 2004 (Figure 3.3A) and 

investigated in the Heck coupling reaction of 4-iodotoluene and styrene to form trans- and 

gem-stillbene (Figure 3.3B).28  In 2006, a series of acyclic thioamide and iminothiolate 

SCS and SNS Pd(II) and Pt(II) complexes were prepared and the Pd(II) complexes were 
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used as catalysts for the same Heck reaction.29  Recently, we found that Pd(II) NNN-pincer 

complexes can also serve as efficient catalysts in the Heck reaction (Chapter 2), with 

catalytic activities comparable to those of the aforementioned Pd(II) SCS-pincer  

complexes.  These studies served as an incentive to design derivatives of NNN-pincer 

ligands capable of binding two separate metals in order to probe modern C–C bond forming 

reactions.  

 

 

 

 

 

 

Figure 3.3. (A) Macrocyclic and acyclic Pd(II) pincer complexes designed by the 

Bowman-James group and (B) Heck coupling of 4-iodotoluene and styrene.28,29 

 

 

 

 

 

(B) 

(A) 
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3.3 Results and Discussion  

3.3.1 Ligand Synthesis 

Amide-based NNN-pincer ligands and their Pd(II) complexes have been described 

previously by our group.30-32  In most cases, the complexes can be synthesized using a two-

step protocol starting from dimethyl 2,6-pyridinedicarboxylate.  Motivated by the ease with 

which one can vary the amide appendages in these ligands, we sought to design a platform 

from which to synthesize heterobimetallic complexes by combining the pincer binding site 

with another attractive class of ligands: NHCs. The incorporation of both ligands into one 

molecule should allow for the assembly of multimetallic complexes (Figure 3.4).   

 

 

 

 

 

Figure 3.4. Scaffold design of hybrid NNN-pincer/NHC heterobimetallic complexes.  

The unsymmetrically substituted hybrid ligand 3.3 was synthesized in two steps 

from dimethyl 2,6-pyridinedicarboxylate A and 1-(3-aminopropyl) imidazole B (Scheme 

3.7) using a protocol similar to one previously reported by our group for analogous 

unsymmetrically substituted amide-based NNN-pincer ligands.33  In the first step, a 

solution of B (1 equiv) was added dropwise to a refluxing solution of A (4 equiv) in 

methanol.  The resulting clear solution was stirred at reflux for 3 days.  Upon cooling, the 
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precipitate that was formed was filtered, washed with cold methanol, and dried to provide 

pure A (as determined by 1H NMR spectroscopy), which was recycled for future reactions.  

Following filtration, removal of the filtrate solvent in vacuo, followed by column 

chromatography—to separate the single and double substitution products—gave the mixed 

amide ester 3.1 in 37% yield, as confirmed by 1H NMR spectroscopy.  

In the second step, ethylamine was bubbled through a solution of 3.1 in methanol 

at room temperature (Scheme 3.7).  The reaction was monitored by TLC and the starting 

material was consumed after 48 hours.  The volatiles were removed and the resulting oily 

residue was dissolved in acetone and triturated with hexanes to afford a white precipitate.  

The suspension was filtered, and the resulting white solid was dried to afford 

unsymmetrically substituted bisamide 3.2 in 82% yield.  As expected for an 

unsymmetrically substituted ligand, the 1H NMR spectrum of 3.2 displays two triplet 

proton signals corresponding to the nonequivalent amide protons at 8.84 and 8.76 ppm. 

Scheme 3.7.  Synthesis of unsymmetrically substituted hybrid pincer/NHC-precursor 

ligand 3.3. 
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Compound 3.2 was converted to the imidazolium salt by N-alkylation of the 

imidazole moiety with iodomethane.  A solution of 3.2 and iodomethane in ethanol was 

stirred at reflux for 48 hours.  After cooling the reaction mixture, the white precipitate that 

formed was filtered and dried to afford the unsymmetrically substituted hybrid 

pincer/NHC-precursor ligand 3.3 in 61% yield.  Ligand 3.3 was characterized by 1H and 

13C NMR spectroscopies, and positive ion mode ESI-MS (in MeCN).  Notably, in the 1H 

NMR spectrum of 3.3 (Figure 3.5), Hh is shifted downfield compared to the corresponding 

proton signal in the 1H NMR spectrum of 3.2.  This shift originates from the deshielding 

effect of the resonance-stabilized imidazolium cation.  The three unique pyridine proton 

signals (Ha, Hb, and Hc) and two unique amide proton signals (Hd and He) are characteristic 

of an unsymmetrically substituted ligand. 

Figure 3.5. Aromatic region of the 1H NMR spectrum (400 MHz, CDCl3) of 

unsymmetrically substituted hybrid pincer/NHC-precursor ligand 3.3. 

Symmetrically substituted hybrid pincer/NHC-precursor ligand 3.5 was 

synthesized in 66% yield over two steps (Scheme 3.8) using a similar procedure to the one 

described for 3.3.  In the first step, A (1 equiv) and B (2 equiv) were dissolved in methanol 

CHCl3  
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and stirred at reflux for 7 days.  Following evaporation of the solvent, the crude products 

were purified via flash column chromatography on silica to give bisamide 3.4 as a clear 

oil.  The oil was dissolved in acetone and triturated with diethyl ether, which resulted in 

the formation of a white precipitate.  Following filtration of the suspension, 3.4 was 

recovered as a white solid in 82% yield.   

In the second step, N-Alkylation of the imidazolium moiety in 3.4 with 

iodomethane in refluxing ethanol afforded the symmetrically substituted hybrid 

pincer/NHC ligand 3.5 in 77% yield (Scheme 3.8).  An excess of iodomethane (>5 equiv) 

was necessary to drive the reaction to completion.  The 1H NMR spectrum of 3.5 in DMSO-

d6 features a characteristic signal for the acidic imidazolium proton [H(im)] at 9.16 ppm.  

If the product is not washed with cold acetone, a light-yellow solid is isolated, likely due 

to iodine impurities from iodomethane.  However, no impurities were observed in the 1H 

NMR spectrum of this light-yellow solid.   

Scheme 3.8.  Synthesis of symmetrically substituted hybrid pincer/NHC-precursor ligand 

ligand 3.5. 

 

 

 

 

 



119 
 

3.3.2 Synthesis of Pd(II) NNN-Pincer Complexes   

The methods for preparing pincer and NHC complexes with transition metals are 

similar.  NHC-metal complexes are traditionally prepared in one of three ways: 1) from 

imidazolium salts via a mild internal base (e.g. Pd(OAc)2),
34 2) via an external base (e.g. 

NaOAc, Et3N, KHMDS, NaH) in the presence of a metal halide,35 or 3) via transmetalation 

from NHC complexes of Ag(I).36  Whereas the pKa values of amide and imidazolium salt 

protons are similar, a potential problem arises in utilizing these hybrid ligands for selective 

and sequential formation of heterobimetallic complexes.  The pKa value for an amide 

proton adjacent to an electron withdrawing substituent, such as pyridine, is estimated to be 

21,37 while the pKa value of the acidic proton in an unsaturated imidazolium salt can range 

from 18.6 to 24.37 

The coordination chemistry of the unsymmetrically substituted hybrid pincer/NHC-

precursor ligand 3.3 was initially explored with Pd(OAc)2.  It was hoped that the tridentate 

coordination of the NNN-pincer ligand would drive the metalation of the pincer site by 

virtue of the chelate effect, leaving an available imidazolium NHC precursor to bind other 

metals.  An equimolar solution of 3.3 and Pd(OAc)2 was stirred in acetonitrile for 24 hours 

at room temperature (Scheme 3.9).  Over the course of the reaction, the dark maroon 

solution eventually yielded a yellow precipitate.  This precipitate was filtered, washed with 

diethyl ether, and dried to afford unsymmetrically substituted Pd(II) NNN-pincer complex 

3.6 as a yellow solid in 87% yield.  The 1H NMR spectrum of 3.6 is consistent with the 

NNN-pincer coordination of Pd(II).  Specifically—in line with our previous observations 

(Chapter 2, vide supra)—the disappearance of the two amide proton signals is indicative 

of the formation of a Pd(II) NNN-pincer complex.  Further confirmation of the Pd(II) 
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species came from the positive mode ESI mass spectrum, which features a prominent ion 

isotope pattern centered at m/z 461.0920 [M – I + NCCH3]
+.  

Scheme 3.9. Synthesis of Pd(II) complex 3.6. 

 

 

 

 

 

Crystals of 3.6 suitable for single crystal X-ray diffraction were obtained from slow 

diffusion of diethyl ether into a saturated solution of the complex in acetonitrile at room 

temperature.  The molecular structure of 3.6 (Figure 3.6) supports the NMR and HRMS 

data, and unequivocally confirms the NNN-pincer coordination of Pd(II).  The palladium 

center in 3.6 has a distorted square planar coordination geometry.  Unlike the Pd(II) NNN-

pincer complexes we studied in Chapter 2, the fourth coordination site in 3.6 is occupied 

by an iodide ligand, which the soft Pd(II) center prefers over acetonitrile.  The pincer ligand 

coordinates the metal center through one Pd–N(pyridine) bond (1.943 Å) and two relatively 

longer Pd–N(amide) bonds (2.057 and 2.046 Å).  Consistent with the greater trans 

influence of the iodide ligand compared to acetonitrile, the Pd–N(pyridine) distance in 3.6 

(1.943 Å) is slightly longer than that of the ethyl amide appended Pd(II) NNN-pincer 

complex 2.6a studied in Chapter 2 (1.920 Å).  While the N1-Pd-I bond angle is close to the 

expected 180o (177.47o), to accommodate the metal ion, the N2-Pd-N3 bond angle is 

159.5o.  This distortion was also present in previously reported Pd(II) NNN-pincer 

complexes.31,32,38  Intermolecular parallel-displaced π–π stacking interactions result in the 
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formation of dimer pairs in the crystal lattice of 3.6, which contain an intermolecular 

pyridine···pyridine  centroid distance of 3.582 Å (see Figure A.3.30 in the Appendix).   

 

 

 

 

Figure 3.6. Representation of the X-ray crystal structure of complex 3.6 showing all non-

hydrogen atoms as 50% thermal ellipsoids.   

Ag(I)-NHC complexes can undergo transmetalation with a variety of other metals 

to generate a variety of NHC complexes.39,40  Thus, we chose to explore the coordination 

chemistry of the imidazolium NHC precursor in 3.6 with AgOAc.  It was theorized that 

reaction of 3.6 with AgOAc would provide a Pd(II)/Ag(I) heterobimetallic complex 

containing a 1:1 metal ratio.  Reactions were initially carried out on a small scale in NMR 

tubes so that the reaction progress could be monitored by 1H NMR spectroscopy.  Complex 

3.6 (1 equiv) was treated with AgOAc (1 equiv) in DMSO-d6 at room temperature (Figure 

3.7).  However, instead of witnessing the disappearance of the signal for the acidic 

imidazolium proton H(im)—which would result from the formation of a Ag(I)–carbene 

bond—a reaction product was observed in a roughly 1:1 ratio with 3.6 (Figure 3.7B).  The 

new signal for H(im) 0.22 ppm downfield compared to 3.6 is consistent with the 

replacement of the iodide ligand with a hydrogen bond acceptor such as acetate, as in the 

proposed complex 3.6-OAc.  To drive the formation of this new complex, a second 

equivalent of AgOAc was added to the NMR tube, resulting in the disappearance of all 
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proton signals for 3.6 (Figure 3.7C).  The proposed complex 3.6-OAc is not stable, 

however, and when the reaction progress was assessed after 16 hours, a set of signals 

corresponding to a new reaction product was observed (Figure 3.7D).  Interestingly, no 

signal corresponding to H(im) was present among this new set of signals, suggesting that 

H(im) was deprotonated and a metal–carbene bond was formed.  At this point, an aliquot 

was withdrawn from the NMR tube and diluted in acetonitrile for ESI-MS analysis.  No 

peak envelope containing Ag(I) was present in the ESI mass spectrum of this reaction 

product.  These results would suggest the formation of a Pd–C bond to form the Pd(II) 

complex 3.7, possibly via transmetalation from the proposed complex 3.6-AgOAc. 
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Figure 3.7.  Top: schematic representation of the reaction of 3.6 with AgOAc. Bottom: 

Aromatic region of the 1H NMR spectra (400 MHz) in DMSO-d6 of (A) 3.6, (B) 3.6 plus 

AgOAc (1 equiv), (C) 3.6 plus AgOAc (2 equiv), (D) 3.6 plus AgOAc (2 equiv) after 16 

h. 

On a larger scale, AgOAc (2.1 equiv) was added to a solution of complex 3.6 in 

acetonitrile, which resulted in the formation of a grey suspension in a yellow solution 

(A) 

(B) 

(C) 

(D) 
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(Scheme 3.10). After stirring for 16 hours, the precipitate was filtered, and the solvent was 

removed in vacuo to afford complex 3.7 as a yellow powder in 79% yield.  In addition to 

the disappearance of H(im) in 1H NMR spectrum of 3.7, the 13C NMR spectrum contains 

a signal at 166.4 ppm, providing further support for the formation of a Pd–C(carbene) bond.   

Scheme 3.10. Synthesis of Pd(II) complex 3.7. 

 

Crystals of 3.7 suitable for single crystal X-ray diffraction were obtained from the 

slow evaporation of an acetonitrile solution of the complex at room temperature.  The 

molecular structure of 3.7 (Figure 3.8) supports our conclusions from the NMR 

spectroscopic and MS data for the formation of 3.7.  Complex 3.7 contains a relatively long 

Pd– N1 bond (1.961 Å), which is consistent with the increased trans influence of the 

carbene ligand relative to acetonitrile and iodide (Pd–N1 is 1.920 and 1.943 Å for 2.6a and 

3.6, respectively).  Similar to what was observed for complex 3.6, the N2-Pd-N3 bond 

angle in 3.7 (159.85o) is smaller than the idealized angle of 180o.  Another distinctive 

feature of 3.7 is that the plane of the imidazolium ring forms a dihedral angle of 51.38o 

with the average coordination plane of Pd(II).     
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Figure 3.8. Representation of the X-ray crystal structure of complex 3.7 showing all non-

hydrogen atoms as 50% thermal ellipsoids.  

Unlike Pd(II) NNN-pincer complex 3.6, the 1H NMR signals for the enantiotopic 

protons in 3.7 are magnetically nonequivalent.  Whereas a resonance similar to 5.06 ppm 

in the 1H NMR spectrum of 3.7 (Figure 3.9) also appears in the 1H NMR spectra of 

complexes 3.11, 3.12, and 3.13 (see Figures A.3.20, A.3.24, and A.3.27, respectively, in 

the Appendix), we suspect that this signal corresponds to the proton gamma to the amide 

nitrogen (closest to the NHC).  The observed coupling constant for this signal (2JH,H = 13.4 

Hz) is consistent with the geminal coupling of aliphatic protons.41  The two protons beta to 

the amide nitrogen coalesce and appear as a multiplet (1.82 – 1.74 ppm).  Of the three 

remaining protons belonging to the propylene linker, it is not immediately clear which 

corresponds to the triplet of doublets proton signal at 1.88 ppm.  However, due to the fact 

that the coupling constant (2JH,H = 12.6 Hz) does not match that of the signal at 5.06 ppm, 

this signal likely represents one of the enantiotopic protons on the carbon alpha to the 

amide nitrogen.  The close proximity of this proton to the Pd(II) metal center (see Figure 
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A.3.31 in the Appendix) may be responsible for the upfield nature of this signal compared 

to the corresponding triplet proton signal in the 1H NMR spectrum of 3.6 (3.54 ppm).   

Figure 3.9.  Aliphatic region of the 1H NMR spectrum (500 MHz, DMSO-d6) of complex 

3.7.   

With the synthesis and characterization of the unsymmetrically substituted Pd(II) 

complex 3.7 in hand, we speculated that submitting the symmetrically substituted hybrid 

pincer/NHC-precursor ligand 3.5 to a similar protocol would result in an available 

imidazolium NHC precursor to coordinate additional metals.  Toward this goal, we 

monitored the addition of one equivalent of Pd(OAc)2 to a solution of 3.5 in CD3CN 

(Figure 3.10).  The reaction was conducted in an NMR tube and monitored by 1H NMR 

spectroscopy.  However, rather than selectively forming the desired product, three different 

species were observed, distinguishable by the presence of three singlet H(im) resonances 

(9.26, 8.92, and 8.85 ppm) (Figure 3.10A).  Additionally, the presence of the triplet proton 

signal for H(amide) at 9.31 ppm indicated that the starting material, 3.5, had not been 

consumed.  We suspected the two new H(im) signals in the 1H NMR spectrum of the 

DMSO  

H2O  
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reaction mixture corresponded to reaction products involving Pd(II) coordination to the 

pincer site, as they were not accompanied by an additional amide resonance.  The positive 

mode ESI mass spectrum of an aliquot of the NMR-scale reaction—diluted in 

acetonitrile—confirmed the formation of a new Pd(II) species.  However, attempts to 

obtain crystals of the new Pd(II) species were unsuccessful, resulting in the isolation of a 

dark red oil.   

To determine whether the distribution of singlet H(im) resonances in Figure 3.10A 

was due to the coordination of different counterions in the fourth coordination site of the 

new pincer complex, we added an excess of tetrabutylammonium acetate (TBAOAc) to a 

solution of Pd(OAc)2 (1.2 equiv) and ligand 3.5 (1 equiv) in DMSO-d6.  The 1H NMR 

spectrum of this reaction showed the formation of one major species, suggesting the 

formation of acetate-bound Pd(II) complex 3.8 (Figure 3.10B).  Comparison of the 

chemical shift of proton signal for H(im) to the H(im) signals in the crude reaction mixture 

(Figure 3.10A) revealed that 3.8 is a minor product in the initial reaction.  The addition of 

excess tetrabutylammonium iodide (TBAI) to the same NMR tube resulted in the 

appearance of a new set of signals resembling that of the major product from the initial 

reaction, suggesting iodide coordinates palladium to form complex 3.9 (Figure 3.10C).  

The observation that 3.9 (X = I) as the major product is in line with the formation of 3.6 

(X = I) from ligand 3.3, described earlier.   
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Figure 3.10.  Top: schematic illustration of the reaction of 3.5 with Pd(OAc)2. Bottom: 

Aromatic region of the 1H NMR spectra in DMSO-d6 of (A) the mixture that results from 

addition of Pd(OAc)2 to 3.5, (B) the addition of Pd(OAc)2 (1.2 equiv) and TBAOAc 

(excess) to 3.5 and (C) addition of TBAI to the contents of the mixture analyzed in spectra 

(B) (        = 3.5;       = 3.8;       = 3.9).   

(A) 

(B) 

(C) 
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On a larger scale, TBAI (3 equiv) and Pd(OAc)2 (1 equiv) were added to a solution 

of ligand 3.5 in acetonitrile, but the work-up proved troublesome and we were unable to 

crystallize 3.9 out of the reaction mixture.  This result was possibly due to the presence of 

excess iodide, which leads to the consumption of palladium in the form of PdI2, as indicated 

by the dark red color of the solution.  Attempts to add an excess of Pd(OAc)2 (up to 3 

equiv) to 3.5 in acetonitrile also did not lead to an isolable product.  Based on these 

experiments, an alternate route was pursued.   

We theorized that exchanging the iodide counter ions in 3.5 with triflate counter 

ions would help us avoid the complicated mixture of reaction products discussed above.  

Using this approach, the desired Pd(II) NNN-pincer complex 3.10 was obtained in two 

steps (in one-pot) from ligand 3.5 (Scheme 3.11).  Treatment of 3.5 with AgOTf (2 equiv) 

in acetonitrile resulted in the formation of a flaky light yellow precipitate—characteristic 

of silver iodide—which was removed by filtration.  The 1H NMR spectrum of the crude 

reaction mixture filtrate was similar to that of 3.5 in that the amide and imidazolium salt 

protons were still intact (Figure 3.11).  Following addition of Pd(OAc)2 to the same pot, 

the solution turned yellow within five minutes.  After stirring for three hours, the volatiles 

were removed in vacuo to afford 3.10 as a yellow solid in 89% yield.  The 1H NMR 

spectrum of 3.10 displays a singlet proton signal at 9.16 ppm for H(im).  The signal for the 

two unbound triflate counterions that appears at 79.13 ppm in the 19F NMR spectrum of 

3.10 is in agreement with the reported chemical shift for a free triflate anion.42 
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Scheme 3.11. Synthesis of complex 3.10. 

 

 

 

 

 

 

Figure 3.11.  The 1H NMR spectrum of the crude reaction mixture of 3.5 after the addition 

of AgOTf (2 equiv).   

Single crystals of 3.10 suitable for X-ray diffraction were obtained by vapor 

diffusion of diethyl ether into a solution of the complex in acetonitrile.  The molecular 

structure of 3.10 shows the expected NNN-pincer coordination of Pd(II), with a molecule 

of acetonitrile occupying the fourth coordination site (Figure 3.12).  The Pd–N bond 

1H NMR, 400 MHz, 

DMSO-d6 

H2O  DMSO  

MeCN 
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distances are shorter than those observed for 3.6, but very similar as those observed in 2.6a, 

which also features an acetonitrile ligand (Chapter 2, vide supra).  The N2-Pd-N3 bond 

angle is distorted (161.26o), although to a lesser extent than the corresponding angle in 

complexes 3.6 and 3.7.  Whereas the N1-Pd-N1S bond angle is exactly 180o, the molecular 

structure of 3.10 has a C2 axis of symmetry along the Pd–N1 bond (see Figure A.3.32A in 

Appendix).  The imidazolium cations stack anti to each other on opposite sides of the Pd(II) 

coordination plane.  The crystal lattice of 3.10 contains of a dimer pair of enantiomers (see 

Figure A.3.32B in Appendix).  The presence of two triflate counterions was also confirmed 

by this solid state structure.   

 

Figure 3.12. Representation of the X-ray crystal structure of Pd(II) complex 3.10 showing 

all non-hydrogen atoms as 50% thermal ellipsoids.  The two triflate counter ions are 

omitted for clarity. 

The symmetrically substituted tetradentate Pd(II) complex 3.11 was prepared in a 

similar manner to unsymmetrically substituted tetradentate Pd(II) complex 3.7.  An 

acetonitrile solution of 3.10 was treated with two equivalents of AgOAc, and the reaction 

mixture was stirred overnight at room temperature (Scheme 3.12).  The Ag(I) species 

slowly decomposed over time to yield a grey precipitate, which was filtered, and the 
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solvent of the filtrate was removed in vacuo.  The resulting hygroscopic yellow solid was 

dissolved in acetonitrile and stirred for 2 hours, after which a yellow precipitate formed.  

This precipitate was filtered and washed with diethyl ether (3 x 5 mL) to afford 3.11 as a 

yellow solid in 79% yield.   

Scheme 3.12.  Synthesis of complex 3.11. 

 

The NMR data are consistent with the formation of 3.11; most notably, in the 1H 

NMR spectrum, the ratio of the integration for the proton para to pyridine nitrogen relative 

to H(im) is 1:1 (Figure 3.13), compared to 2:1 for the analogous ratio of protons in 3.10.  

Similar to what was observed in the aliphatic region of the 1H NMR spectrum of 

unsymmetrically substituted tetradentate Pd(II) complex 3.7, the enantiotopic protons of 

the propylene linker arm in 3.11 are magnetically nonequivalent.  In the 13C NMR 

spectrum, a new signal appears at 165.7 ppm, which is consistent with the literature value 

for a carbene bonded to Pd(II)43 and similar to the signal observed for the carbene in 3.7 

(166.4 ppm).  The unbound triflate anion appears at 79.13 ppm in the 19F NMR spectrum, 

also in line with 3.7.  Further confirmation of the formation of 3.11 came from the positive 

mode ESI mass spectrum (in MeCN), which displays a prominent ion peak at m/z 514.1188 

[M – OTf]+. 
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Figure 3.13.  Aromatic region of the 1H NMR spectrum of complex 3.11 in DMSO-d6. 

Single crystals of 3.11 suitable for X-ray diffraction were obtained by slow 

diffusion of diethyl ether into a saturated solution of 3.11 in acetonitrile.  The molecular 

structure of 3.11 (Figure 3.14) confirmed the hybrid NNN-pincer/NHC coordination of 

Pd(II), as well as the presence of an unbound imidazolium NHC precursor and triflate 

counterion.  The Pd–N bond lengths are very similar to those of 3.7, but longer than those 

of complexes 3.6 and 3.10.  The N2-Pd-N3 and N1-Pd-C13 angles are also similar to the 

corresponding angles in 3.7.  The angle that the Pd(II) coordination plane forms with the 

imidazolium plane is 53.08o—only slightly larger than the analogous angle in 3.7 

(51.38o)—suggesting that the added steric bulk of the opposite amide-appended 

propylimidazolium arm does not interfere with the Pd–C(carbene) bond formation.  The 

potential influence that the amide-appended propylimidazolium arm has on this angle is 

obvious from perspective view of 3.11 shown in Figure A.3.33 of the Appendix.      

1H NMR, 500 MHz, 

DMSO-d6 
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Figure 3.14. Representation of the X-ray crystal structure of Pd(II) complex 3.11 showing 

all non-hydrogen atoms as 50% thermal ellipsoids.  The triflate counter ion is omitted for 

clarity. 

3.3.3 Synthesis of Heterobimetallic Complexes  

    With the intent of developing a protocol that could be used to synthesize 

heterobimetallic complexes, we investigated the addition of excess (5 – 10 equiv) silver(I) 

oxide (Ag2O) to complex 3.11 using deuterated derivatives of well-known solvents for 

Ag(I)-NHC complex formation.15,20,21,34,36  The reactions were carried out on a small scale 

and monitored by 1H NMR spectroscopy.  The conversion of 3.11 to the new product was 

determined by comparing the integrations for the triplet proton signals para to the pyridine 

nitrogens in 3.11 and the reaction product.  Based on spectral data, we propose the structure 

of the reaction product to be the bis-carbene complex, 3.12.  However, as multiple attempts 

to acquire single crystals for X-ray diffractions were unsuccessful, we were unable to 

unequivocally confirm the structure of this molecule. 

Although the solubility of Ag2O in water is high compared to that in organic 

solvents, initial attempts in D2O at 40oC resulted in trace product formation (Table 3.1, 

entry 1).  Addition of Ag2O to 3.11 in CD3CN at room temperature led to the formation of 
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a new set of aromatic peaks corresponding to the reaction product (Table 3.1, entry 2).  

Notably, the signals corresponding to this product did not include a signal for H(im), 

suggesting the new product contains the desired Ag(I)-NHC coordination.  Further 

improvement of the reaction yield was observed at higher temperatures using CD2Cl2 or 

CD3CN (Table 3.1, entries 3 and 5).  Unfortunately, multiple attempts to crystallize the 

product from the reaction mixture in these solvents were unsuccessful.  Although some 

have reported the synthesis of Ag(I)-NHC complexes in the presence of molecular 

sieves,44-46 no improvement in the conversion was observed when the reaction was carried 

out in the presence of 3Å molecular sieves in CD3CN.  However, when the reaction was 

carried out in DMSO-d6, the reaction proceeded almost quantitatively (Table 3.1, entry 6). 

Table 3.1.  Optimization of silver(I) oxide addition to 3.11. aYield determined by 

comparing the signals for the protons para to the pyridine nitrogen in 3.11 and 3.12 by 1H 

NMR spectroscopy.  

 

Entry Solvent 
Temperature 

(oC) 
Yielda 

1 D2O 40 Trace 

2 CD3CN 25 53 

3 CD3CN 45 78 

4 CD2Cl2 25 0 

5 CD2Cl2 40 76 

6 DMSO-d6 25 98 
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On a larger scale, Ag2O (4.2 equiv) was added to a solution of 3.11 in DMSO and 

stirred at room temperature for 24 hours (Scheme 3.13).  Subsequently, after the excess 

Ag2O (black precipitate) was filtered, the addition of a small amount of acetone to the 

filtrate enabled it to be miscible with diethyl ether, which was triturated into the filtrate 

until it became cloudy.  The resulting cloudy mixture was stored at 0 oC for 24 hours, which 

resulted in the formation of a yellow crystalline solid.  The solvents were decanted, and the 

solid was dried to afford 3.12 in 30% yield.  The 1H NMR spectrum of 3.12 in DMSO-d6 

was unchanged from that of the in situ generated complex.  The most convincing evidence 

for the formation of Ag(I)-biscarbene complex 3.12 came from its 13C NMR spectrum.  

The signal for the C(carbene) bonded to Ag(I) appears at 177.3 ppm, compared to 141.8 

ppm for the analogous carbon in the imidazolium NHC precursor 3.11.  This chemical shift 

is in line with previously reported values for Ag(I)-biscarbene complexes.47  Conversely, 

Ag(I)-monocarbene complexes are known to exhibit a 13C NMR resonance significantly 

upfield from their biscarbene counterparts.47,48  The signal for the C(carbene) bonded to 

Pd(II) appears at 164.8 ppm, which is similar to the chemical shift for the analogous carbon 

in 3.11 (165.7 ppm).  The positive mode ESI mass spectrum also corroborates the formation 

of 3.12, with prominent ion isotope patterns for both the monomer (m/z 620.0126 [3.11 – 

H – OTf + Ag]+) and dimer (m/z 1135.1176 [2(3.11 – H – OTf) + Ag]+) adducts of the 

Ag(I)-carbene formation (Figure 3.16).  Similar ESI-MS observations of both mono- and 

biscarbene adducts have been reported for Ag(I)-NHC complexes.39  Attempts to 

crystallize 3.12 using a variety of solvents (DCM, MeCN, MeOH at r.t. or 0oC) did not 

yield X-ray quality crystals.   
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Scheme 3.13. Synthesis of Pd(II)/Ag(I) complex 3.12.  

 

Transmetalation [Ag(I)  Au(I)] was carried out by the addition of AuClMe2S to 

a solution of 3.12 in DMSO-d6 to form 3.13 (Scheme 3.15).  Whereas the addition of one 

equivalent of AuClMe2S to 3.12 only resulted in partial transmetalation (Figure 3.15B), 

two equivalents of AuClMe2S were necessary for the reaction to achieve near completion 

(Figure 3.15C), as observed by 1H NMR spectroscopy.  Akin to 3.12, both the monomer 

(m/z 710.0745 [3.11 – H – OTf + Au]+) and dimer (m/z 1225.1749 [2(3.11 – H – OTf) + 

Au]+) adducts of the Au(I)-NHC complex were observed in the positive mode ESI mass 

spectrum (Figure 3.16).  Complex 3.13 decomposed while attempting recrystallization 

from a solution of DMSO-d6 at room temperature.  Further studies are necessary to confirm 

the molecular the structure of 3.13. 
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Figure 3.15. Selected region of the 1H NMR spectra of (A) complex 3.12, (B) complexes 

3.12 + 3.13, and (C) complex 3.13 (    = complex 3.12;     = complex 3.13). 

 

 

 

 

1H NMR, 500 MHz, 

DMSO-d6 

(A) 

(B) 

(C) 
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Figure 3.16. (A) Chemdraw representations of the monomer and dimer isomers of 

complexes 3.12 and 3.13 observed in the mass spectrum and (B) isotopic patterns observed 

in the positive mode electrospray ionization mass spectra of 3.12 and 3.13 (in MeCN). 
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3.3.4 Application in Heck Catalysis 

In Chapter 2 of this dissertation, we demonstrated that tri- and tetradentate Pd(II) 

NNN-pincer complexes are efficient catalysts in the Heck coupling reaction of 4-

iodotoluene and styrene.  Induction periods and longer reaction times were observed when 

either complex 2.8 or 2.9—both of which contain a tetradentate ligands—was employed 

the catalyst (Table 2.1, entries 3 and 4; for induction periods, see Figures 2.15 and 2.16, 

vide supra).  Organ and coworkers have proposed a Pd(0)/Pd(II) catalytic cycle for the 

Heck reaction in which the palladium atom remains coordinated to the NHC throughout 

the cycle.49  Additionally, Glorius and coworkers have recently shown that NHCs can 

stabilize Pd(0) nanoparticles.50  Thus, we were curious to see whether the presence of a 

Pd–C (NHC) bond would facilitate—or hinder—the formation of a catalytically active 

Pd(0) species from tetradentate Pd(II) complexes 3.7 and 3.10.  We again selected the Heck 

reaction of 4-iodotoluene and styrene for this preliminary investigation.  For comparison, 

we also investigated the Heck coupling reaction using Pd(II) complexes 3.6 and 3.10, 

which contatin tridentate pincer ligands. The reactions were performed on a 2.0 mmol scale 

with respect to 4-iodotoluene.  To a 25 mL three-necked flask was added 4-iodotoluene (1 

equiv), NaOAc (1.1 equiv), tetrabutylammonium bromide (20 mol %), Pd-catalyst (1 x 10-

1 mol %), and N,N-dimethylacetamide (DMA, 5 mL), and the mixture was heated to 165 

oC.  Once the solvent began to reflux, neat styrene (1.4 equiv) was added (T = 0) and 

aliquots were removed every 15 minutes thereafter for 1H NMR spectroscopic analysis.   

Whereas both trans- and gem-stilbene isomers were produced during the reaction, 

the ratio of isomers was the same, regardless of which Pd-catalyst was employed (ratio of 

trans- to gem-stilbene = 5.25:1).  Quantitative conversion to the stilbene isomers was 
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observed after only 0.5 h using either 3.6 or 3.10 (Table 3.2, entries 1 and 3, respectively).  

As expected, based on our previous studies using related aliphatic amide appended Pd(II) 

NNN-pincer complexes (Chapter 2), no activation period was observed on our sampling 

time scale using these complexes.  Conversely, longer reaction times were observed with 

complexes 3.7 and 3.11 (Table 3.2, entries 2 and 4, respectively).  This was also expected, 

based on our investigations of Pd(II) complex 2.8, which also contains a tetradentate 

ligand.  Interestingly, an induction period was only observed on our sampling time scale 

using complex 3.7 (Figure 3.17).  Although the reaction took the longest to reach 

completion when 3.8 was employed as the catalyst, no induction period was observed.  

While the reason for this discrepancy is not currently understood, it is plausible that the 

additional imidazolium salt/NHC precursor ligand aids in stabilizing Pd(0) after complex 

decomposition, prolonging the formation of a catalytically active species.  Thus, further 

studies are necessary to determine the fate of Pd throughout the catalytic cycle, and 

ultimately to determine if it remains bound to the carbene ligand during catalysis.  

Interestingly, when the coupling reaction was carried out with catalyst 3.11 in the presence 

of Ag2O (0.2 equiv), quantitative conversion to the coupling products was observed after 

0.75 hours (Table 3.2, entry 5), compared to 1.75 hours (Table 3.2, entry 4) when Ag2O 

was not used.  More work is necessary to determine the reason for this improved catalytic 

activity.   
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Table 3.2. Heck coupling of 4-iodotoluene with styrene using complexes 3.6, 3.7, 3.10, 

and 3.11 as catalysts.a  

 

 

Catalyst 
reaction 

time  
(h) 

Induction 
(h) 

conversion (%) 
(trans+gem)b 

3.6 0.5 -- >99 

3.7 1.25 0.68 >99 

3.10 0.5 -- >99 

3.11 1.75 -- 98 

3.11c 0.75 -- >99 

  aReaction conditions: styrene (1.4 equiv), NaOAc (1.1 equiv), n-Bu4NBr (20 mol %), 1 x 

10-1 mol % catalyst, DMA, 165 oC.   b1H NMR conversion obtained by comparing the relative 

integrations for of trans and gem-methylstilbene to the starting material, 4-iodotoluene.   cPlus 

Ag2O (0.2 equiv). 
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Figure 3.17.  Time course of the formation of trans- and gem-stilbene using catalysts 3.6, 

3.7, 3.10, and 3.11. 
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3.4 Concluding Remarks  

Novel hybrid Pd(II) NNN-pincer/NHC complexes containing either Ag(I) or Au(I) 

have been studied.  The formation of the Pd(II) complexes was characterized using 1H, 13C, 

and 13C DEPT NMR spectroscopies, positive mode HRMS-ESI, and single crystal XRD 

crystallography.  Symmetrically substituted tetradentate Pd(II) complex 3.11, which 

contains an available imidazolium NHC precursor, provides a novel platform from which 

to construct a variety of heterobimetallic complexes.  Pd(II)/Ag(I) complex 3.12 and 

Pd(II)/Au(I) complex 3.13 were characterized by NMR spectroscopy and mass 

spectrometry.  Preliminary catalytic investigations indicate tri- and tetradentate Pd(II) 

complexes 3.6, 3.7, 3.10, and 3.11 are efficient catalysts for the Heck coupling reaction of 

4-iodotoluene and styrene.   

Future work will likely focus on establishing the solid state structure of 

heterobimetallic Pd(II)/Ag(I) complex 3.12, as well as investigating the scope of metals 

that can be paired with Pd(II) via transmetallation.  Further work could also focus on the 

synthesis of different unsymmetrically- and symmetrically-substituted ligands, in addition 

to 3.3 and 3.5.  For example, the incorporation of a benzyl group onto the pendant imidazole 

(e.g. via N-alkylation of the imidazole functional handle in symmetrically substituted 

compound 3.4 with benzyl bromide) might aid in the synthesis of the subsequent Pd(II) 

complex, while avoiding the introduction of triflate counter ions into the ligand.  

Additionally, a pendant benzyl group would be expected to aid in both the stability and 

crystallization of the subsequent Ag(I)-NHC complex.  Ultimately, these types of 

complexes could be investigated in cooperative catalysis applications. 
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3.5 Materials and Methods 

3.5.1 General 

Pd(OAc)2, Ag2O, AgOAc, AgOTf, and AuS were purchased from Aldrich. Other 

chemicals were reagent grade and were used as received without further purification.  

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 400 

spectrometer or a Bruker Avance 500 spectrometer. Chemical shifts of the 1H and 13C 

resonances are expressed in ppm, and referenced to the residual solvent signal.  Chemical 

shifts of the 19F resonances are expressed in ppm and referenced to trifluorobenzene 

(provided by the KU NMR lab) as an external standard.  Mass spectral data were obtained 

from the Mass Spectrometry Laboratory at the University of Kansas on a LCT Premier 

Mass spectrometer.  Single-crystal XRD data were obtained at the Small-Molecule X-ray 

Crystallography Laboratory at the University of Kansas by Dr. Victor Day. 

3.5.2 Synthesis of Ligands 

 

Methyl 6-((3-(1H-imidazol-1-yl)propyl)carbamoyl)picolinate (3.1).  To a flask 

containing a refluxing methanolic (100 mL) solution of dimethyl 2,6-pyridinedicarboxylate 

(7.48 g, 40 mmol, 4 equiv) was added a methanolic (100 mL) solution of 1-(3-

aminopropyl)imidazole (1.25 g, 1.19 mL, 10 mmol, 1 equiv) in a dropwise fashion over 2 
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h.  After 3 d, the solvent was evaporated in vacuo, and the crude reaction mixture was 

purified via column chromatography (90:10 to 80:20 DCM/MeOH) to afford the product 

as a white powder (1.08 g, 3.7 mmol, 37%). 1H NMR (500 MHz, CDCl3) δ 8.45 – 8.34 (br, 

1H), 8.36 (d, J = 7.8 Hz, 1H), 8.22 (d, J = 7.8 Hz, 1H), 8.01 (t, J = 7.8 Hz, 1H), 7.62 (s, 

1H), 7.06 (s, 1H), 7.00 (s, 1H), 4.06 (t, J = 7.0 Hz, 2H), 4.01 (s, 3H), 3.50 (q, J = 6.6 Hz, 

2H), 2.18 – 2.11 (m, 2H); 13C NMR (126 MHz, CDCl3) δ 165.1, 164.1, 150.1, 146.6, 138.9, 

137.3, 129.8, 127.6, 125.6, 119.0, 53.2, 44.7, 36.8, 31.4; HRMS (ESI+) m/z: [M + H]+ 

calculated for C14H17N4O3 289.1290; found 289.1290.   

 

N2-(3-(1H-imidazol-1-yl)propyl)-N6-ethylpyridine-2,6-dicarboxamide (3.2). To a 

sealed tube containing a solution of mixed amide ester 3.1 (0.58 g, 2 mmol) in methanol 

(10 mL) was bubbled ethyl amine for 2 min.  The reaction was stirred at r.t. for 48 h.  The 

solvent was evaporated to afford a clear oil.  After 2washing with acetone and hexanes, the 

product was deposited as a white solid (0.49 g, 1.63 mmol, 82%).  1H NMR (500 MHz, 

CDCl3) δ 8.84 (t, J = 5.2, 1H), 8.76 (t, J = 5.2, 1H), 8.59 – 8.48 (br, 1H), 8.37 (dd, J = 7.8, 

1.2 Hz, 1H), 8.32 (dd, J = 7.8, 1.2 Hz, 1H), 8.02 (t, J = 7.8 Hz, 1H).7.16 – 7.02 (br, 2H), 

4.22 (t, J = 6.4, 2H), 3.55 – 3.49 (m, 4H), 2.21 (t, J = 6.3, 2H), 1.24 (t, J = 7.2, 3H); 13C 

NMR (126 MHz, CDCl3) δ 164.6, 163.8, 149.6, 148.7, 138.9, 125.2, 124.8, 46.2, 36.9, 
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34.7, 30.6, 15.2; HRMS (ESI+) m/z: [M + H]+ calculated for C15H20N5O2 302.1612; found 

302.1601; [M + Na]+ calculated for C15H19N5NaO2 324.1436; found 324.1426.  

 

Ligand 3.3. To an ethanolic (10 mL) solution of unsymmetrically substituted bisamide 3.2 

(0.346 g, 1.15 mmol) was added iodomethane (0.185 g, 81 uL, 1.30 mmol) in a sealed tube, 

and the reaction was sealed and stirred at reflux for 48 h.    The white solid that precipitated 

was filtered and washed with diethyl ether to afford the product as a white solid (0.31 g, 

0.53 mmol, 61%). 1H NMR (500 MHz, CDCl3) δ 10.08 (s, 1H), 9.34 (t, J = 6.0 Hz, 1H), 

9.19 (t, J = 5.7 Hz, 1H), 8.35 (dd, J = 7.8, 1.1 Hz, 1H), 8.22 (dd, J = 7.7, 1.1 Hz, 1H), 7.98 

(t, J = 7.7 Hz, 1H), 7.55 (s, 1H), 7.15 (s, 1H), 4.44 (t, J = 5.6 Hz, 2H), 3.94 (s, 3H), 3.64 – 

3.57 (m, 4H), 2.44 (t, J = 5.7 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H); 13C NMR (126 MHz, 

CDCl3) δ 165.0, 163.6, 150.1, 148.7, 138.7, 137.9, 125.5, 124.6, 122.9, 122.7, 48.6, 37.0, 

36.6, 34.7, 29.1, 15.7; HRMS (ESI+) m/z: [M – I]+ calculated for C16H22N5O2 316.1768; 

found 316.1768. 
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N2,N6-bis(3-(1H-imidazol-1-yl)propyl)pyridine-2,6-dicarboxamide (3.4). To a solution 

of dimethyl 2,6-pyridinedicarboxylate (4.7 g, 24 mmol) in methanol (250 mL) was added 

1-(3-Aminopropyl)imidazole (6.0 g, 5.72 mL, 48 mmol) and the solution was refluxed for 

7 days.  Solvent removal in vacuo and purification by flash column chromatography 

(DCM-MeOH; 90:10) gave 3.4 as a clear oil.  The oil was taken up in acetone and triturated 

with diethyl ether to afford a white suspension, which was filtered to give the product as a 

white solid (7.49 g, 19.6 mmol, 82% yield).  1H NMR (500 MHz, CDCl3) δ 8.89 (t, J = 6.0 

Hz, 2H), 8.03 (d, J = 7.7 Hz, 2H), 7.76 (t, J = 7.8 Hz, 1H), 7.30 (s, 2H), 6.75 (s, 2H), 6.73 

(s, 2H), 3.79 (t, J = 6.8 Hz, 4H), 3.17 (q, J = 6.5 Hz, 4H), 1.83 (quin, J = 6.7 Hz, 4H); 13C 

NMR δ (126 MHz, CDCl3) 163.8, 148.3, 138.3, 136.8, 127.8, 124.2, 118.7, 44.2, 36.3, 

30.7; HRMS (ESI+) m/z [M + H]+ calculated for C19H24N7O2 382.1986; found 382.1967; 

HRMS (ESI+) m/z [M + Na]+ calculated for C19H23N7NaO2 404.1811; found 404.1767.        
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Ligand 3.5. To an ethanolic (25 mL) solution of symmetrically substituted bisamide 3.4 

(0.95 g, 2.5 mmol, 1 equiv) was added iodomethane (1.07 g, 0.467 mL, 7.5 mmol, 3 equiv) 

in a sealed tube, and the reaction was sealed and stirred at 50 oC for 48 h.    A white solid 

precipitated out, which was filtered, washed with cold acetone and diethyl ether to afford 

the product as a white solid (1.28 g, 1.92 mmol, 77%).  1H NMR (500 MHz, DMSO-d6) δ 

9.38 (t, J = 6.2 Hz, 2H), 9.16 (s, 2H), 8.23 – 8.19 (m, 3H), 7.83 (s, 2H), 7.71 (s, 2H), 4.26 

(t, J = 7.0 Hz, 4H), 3.84 (s, 6H), 3.43 (q, J = 6.4 Hz, 4H), 2.14 (q, J = 6.8 Hz, 4H); 13C 

NMR (126 MHz, DMSO-d6) δ 163.4, 148.4, 139.6, 136.7, 124.4, 123.5, 122.3, 46.9, 35.8, 

35.7, 30.1; HRMS (ESI+) m/z [M – I]+ calculated for C21H29IN7O2 538.1422; found 

538.1428.  
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3.5.3 Synthesis of Metal Complexes   

 

Complex 3.6.  Ligand 3.3 (0.400 g, 0.90 mmol, 1 equiv) was dissolved in an acetonitrile 

(15 mL) solution of Pd(OAc)2 (0.201 g, 0.90 mmol, 1 equiv) and the reaction was stirred 

at r.t. for 24 h.  The precipitate that formed was filtered and washed with diethyl ether to 

afford the complex as a dark yellow solid (0.427 g, 0.780 mmol, 87%). 1H NMR (500 MHz, 

DMSO-d6) δ 9.19 (s, 1H), 8.18 (t, J = 7.8 Hz, 1H), 7.80 (s, 1H), 7.64 (s, 1H), 7.59 – 7.57 

(m, 2H), 4.16 (t, J = 6.7 Hz, 2H), 3.82 (s, 3H), 3.54 (t, J = 6.3 Hz, 2H), 3.49 (q, J = 6.9 

Hz, 2H), 2.03 (t, J = 6.5 Hz, 2H), 0.95 (t, J = 6.8 Hz, 3H); 13C NMR (126 MHz, DMSO-

d6) δ 170.6, 169.7, 151.6, 151.0, 140.42, 136.7, 123.8, 123.7, 123.2, 122.5, 47.1, 44.7, 43.0, 

35.6, 31.1, 15.8; HRMS (ESI+) m/z [M + MeCN – I]+ calculated for C18H23N6O2Pd 

461.0912; found 461.0920.    
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Complex 3.7. Complex 3.6 (0.104 g, 0.19 mmol, 1 equiv) was dissolved in MeCN (10 mL) 

and AgOAc (0.066 g, 0.4 mmol, 2.1 equiv) was added.  The solution was shaken and 

allowed to sit without stirring for 16 h.  The AgI and colloidal silver that was formed was 

filtered and to the filtrate was added diethyl ether to precipitate the product as a yellow 

solid.  The complex was recrystallized from slow diethyl ether evaporation into a 

concentrated solution of the complex in MeCN to afford the complex as a crystalline 

yellow solid after 2 d (0.069 g, 0.150 mmol, 79%).  Notably, 3.7 is stable as a solid in air 

for at least 18 months, as monitored by 1H NMR spectroscopy in DMSO-d6.  
1H NMR (500 

MHz, DMSO-d6) δ 8.21 (t, J = 7.8 Hz, 1H), 7.69 – 7.65 (m, 2H), 7.53 (d, J = 1.9 Hz, 1H), 

7.48 (d, J = 1.8 Hz, 1H), 5.06 (td, J = 13.4, 5.4 Hz, 1H), 4.24 (ddd, J = 18.4, 13.2, 5.2 Hz, 

2H), 3.88 (s, 3H), 3.85 – 3.68 (m, 1H), 2.74 – 2.67 (m, 1H), 1.88 (td, J = 12.6, 4.1 Hz, 1H), 

1.82 – 1.74 (m, 2H), 0.82 (t, J = 7.0 Hz, 3H); 13C NMR (126 MHz, DMSO-d6) δ 170.6, 

169.8, 166.4, 151.5, 150.8, 141.6, 123.6, 123.5, 122.6, 122.5, 45.9, 43.1, 40.8, 36.2, 29.6, 

16.3; HRMS (ESI+) m/z [M + H]+ calculated for C16H20N5O2Pd 420.0652; found 420.0650.    
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Complex 3.10. To an acetonitrile (15 mL) solution of ligand 3.5 (1.00 g, 1.5 mmol, 1 equiv) 

was added AgOTf (0.77 g, 3.0 mmol, 2 equiv).  A yellow suspension (AgI) was observed 

immediately upon addition.  The mixture was stirred 5 min before being filtered.  To the 

filtrate was added Pd(OAc)2 (0.336 g, 1.5 mmol, 1 equiv) and the solution was stirred for 

16 h.  The clear-yellow solution was filtered and the solvent was evaporated in vacuo (3x 

with addition of acetonitrile each time to evaporate the acetic acid) to afford the product as 

a yellow solid (1.142 g, 1.335 mmol, 89%).  Crystals suitable for XRD analysis were grown 

from slow ether diffusion into concentrated MeCN solution of the complex.  1H NMR (500 

MHz, DMSO-d6) δ 9.16 (s, 2H), 8.22 (t, J = 7.8 Hz, 1H), 7.85 (t, J = 1.7 Hz, 2H), 7.70 (t, 

J = 1.7 Hz, 2H), 7.63 (d, J = 7.8 Hz, 2H), 4.21 (t, J = 6.9 Hz, 4H), 3.84 (s, 6H), 3.12 (t, J = 

6.3 Hz, 4H), 2.08 (s, 3H), 2.02 (t, J = 6.6 Hz, 4H); 13C (126 MHz, DMSO-d6) δ 169.7, 

152.3, 141.7, 136.8, 124.3, 123.5, 122.4, 47.2, 41.1, 35.7, 30.6; 19F NMR (471 MHz, 

DMSO-d6) δ -79.13 (s, 6F); HRMS (ESI+) m/z [M – OTf – MeCN]+ calculated for 

C22H27F3N7O5PdS 664.0776; found 664.0775. 
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Complex 3.11. To a solution of complex 3.10 (0.770 g, 0.9 mmol, 1 equiv) in acetonitrile 

(5 mL) was added AgOAc (0.300 g, 1.8 mmol, 2 equiv) and the reaction was stirred for 16 

h.  The silver precipitate that formed was filtered and the solvent of the filtrate was 

concentrated in vacuo.  After stirring the concentrated solution of crude product in 

acetonitrile for 2 h, a yellow precipitate formed, which was filtered, washed with diethyl 

ether (3 x 5 mL) to afford the complex as a yellow powder (0.475 g, 0.715 mmol, 79%).  

1H NMR (500 MHz, DMSO-d6) δ 9.00 (s, 1H), 8.23 (t, J = 7.8 Hz, 1H), 7.72 (m, 2H), 7.65 

(s, 1H), 7.60 (s, 1H), 7.53 (d, J = 2.2 Hz, 1H), 7.47 (d, J = 1.5 Hz, 1H), 5.09 (td, J = 13.4, 

5.2 Hz, 1H), 4.23 (td, J = 13.7, 13.1, 5.2 Hz, 2H), 4.17 – 3.99 (m, 2H), 3.92 (dt, J = 13.4, 

7.2 Hz, 1H), 3.82 (s, 3H), 3.78 (s, 3H), 2.63 (dt, J = 12.4, 5.8 Hz, 1H), 1.93 – 1.71 (m, 4H), 

1.62 (dt, J = 13.7, 7.1 Hz, 1H); 13C (126 MHz, DMSO-d6) δ 171.3, 169.9, 165.7, 151.0, 

150.8, 141.8, 136.6, 123.9, 123.7, 123.4, 122.7, 122.2, 122.0, 46.8, 45.9, 43.8, 40.9, 36.8, 

35.7, 31.0, 29.6; 19F NMR (471 MHz, DMSO-d6) δ -79.13 (s, 3F); HRMS (ESI+) m/z [M – 

OTf]+ calculated for C21H26N7O2Pd 514.1178; found 514.1188.  
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Complex 3.12.  Complex 3.11 (0.100 g, 0.151 mmol, 1 equiv) was dissolved in a minimum 

amount of DMSO and Ag2O (0.147 g, 0.634 mmol, 4.2 equiv) was added.  After stirring 

for 24 h, the suspension was filtered to remove excess Ag2O, and to the filtrate was added 

acetone and diethyl ether.  The resulting cloudy solution was cooled to 0 oC for 24 h, after 

which the solvents were decanted to afford a yellow crystalline solid (0.058 g, 0.045 mmol, 

30%).  1H NMR (500 MHz, DMSO-d6) δ 8.16 (t, J = 7.79 Hz, 2H), 7.68 (d, J = 7.80 Hz, 

2H), 7.62 (d, J = 7.78 Hz, 2H), 7.49 (d, J = 1.74 Hz, 2H), 7.43 (d, J = 3.37 Hz, 2H), 7.30 

(d, J = 1.48 Hz, 2H), 7.29 (d, J = 1.51, 2H), 5.05 (td, J = 3.02, 13.38, 2H), 4.19 – 4.17 (m, 

4H), 4.04 – 3.89 (m, 6H), 3.71 (s, 6H), 3.69 (s, 6H), 2.56 – 2.48 (m, 2H), 1.86 – 1.70 (m, 

8H), 1.57 – 1.49 (m, 2H); 13C NMR (126 MHz, DMSO-d6) δ 177.3, 170.0, 168.7, 164.5, 

150.0, 149.5, 140.4, 122.6, 122.6, 122.5, 121.6, 121.4, 120.5, 47.6, 44.7, 42.9, 39.7, 36.9, 

35.5, 31.5, 28.4; HRMS (ESI+) m/z [M – OTf – R]+ calculated for C21H25AgN7O2Pd 

620.0150; found 620.0126; HRMS (ESI+) m/z [M – OTf]+ calculated for 

C42H50AgN14O4Pd2 1135.1259; found 1135.1176.  Parts-per-million error = (1.0 x 106 

|observed mass – theoretical mass|)/(theoretical mass) = (1.0 x 106 |1135.1176 – 

1135.1259|)/(1135.1259) = 1.0 x 106 x 7.31 x 10-6 = 7.31 ppm.  
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Complex 3.13.  To a solution of 3.12 (20 mg, 0.016 mmol) in a minimum amount of 

DMSO-d6 was added AuClMe2S (9 mg, 0.031 mmol, 2 equiv) and the reaction was 

monitored by 1H NMR and ESI-MS.  1H NMR (500 MHz, DMSO-d6) δ 8.24 – 8.20 (m, 

1H), 7.74 – 7.33 (m, 6H), 5.18 – 5.08 (m, 1H), 4.28 – 4.20 (m, 2H), 4.05 – 3.95 (m, 3H), 

3.73 (s, 3H), 3.71 (s, 3H), 2.65 – 2.45 (m, 1H), 1.87 – 1.77 (m, 4H), 1.69 – 1.60 (m, 1H);  

13C (126 MHz, DMSO-d6) δ 171.0, 169.8, 168.3, 165.7, 151.1, 150.8, 141.5, 123.7, 123.7, 

122.6, 122.3, 121.5, 48.3, 46.0, 44.0, 40.7, 37.7, 36.6, 32.5, 29.4; HRMS (ESI+) m/z [M – 

OTf – R]+ calculated for C21H25AuN7O2Pd 710.0765; found 710.0745; HRMS (ESI+) m/z 

[M – OTf]+ calculated for C42H50AuN14O4Pd2 1225.1874; found 1225.1749.  Parts-per-

million error = (1.0 x 106 |observed mass – theoretical mass|)/(theoretical mass) = (1.0 x 

106 |1225.1749 – 1225.1874|)/(1225.1874) = 1.0 x 106 x 1.02 x 10-5 = 10.2 ppm. 

 

 



156 
 

3.5.4 Heck Reaction General Procedure  

All chemicals—4-iodotoluene, NaOAc, TBAB, and DMA—were purchased from 

Sigma Aldrich and used without further purification.  All reactions were performed under 

air.  4-iodotoluene (2 mmol, 436 mg), NaOAc (2.2 mmol, 180 mg), TBAB (0.4 mmol, 129 

mg), and Pd(II) NNN-pincer complex (2 x 10-3 mmol/Pd) were added to a 25 mL three-

necked round bottom flask equipped with a reflux condenser and placed in an oil bath.  

DMA (5 mL) was added to the flask and the temperature of the oil bath was raised to 165 

oC.  Styrene (2.8 mmol, 234 μL) was added when the solvent began to reflux (T = 0).  The 

reaction was monitored via TLC and aliquots were taken every 15 minutes for NMR 

analysis.  The samples were analyzed via 1H NMR spectroscopy on a Bruker Avance 500 

spectrometer.  The yield was calculated by comparing the integration of the olefinic doublet 

proton signal (2H) of the trans-methylstilbene product and the olefinic doublet proton 

signal (1H) of the gem-methylstilbene product to the aromatic doublet proton signal (2H) 

for 4-iodotoluene.    
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Figure 3.18.  Representative 1H NMR spectra in CDCl3 of aliquots taken at 15 minutes, 

30 minutes, and 45 minutes after addition of styrene using complex 3.11 (1 x 10-1 mol%) 

as the catalyst and Ag2O (0.2 eq) as an additive. 
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Chapter 4 

Pd(II) Coordination Polymers Based on a   

Pyridine-Appended Tetraamide Macrocyclic Ligand  
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4.1 Abstract 

A coordination polymer constructed via the self-assembly of pyridine-appended 

tetraamide macrocycle 4.1 with Pd(II) is studied.  The coordination chemistry of Pd(II) 

when nitrogen donor atoms is investigated using Pd(II) pincer complexes in the presence 

of pyridine, pyrazine, and 4,4-bipyridine.  The structure of the 4,4-bipyridine dimer of 

phenyl appended amide-based Pd(II) NNN-complex 2.6b was characterized via X-ray 

crystallography.  Coordination dimers of complexes 2.6a and 2.6b with 4.1 were studied 

with 1H NMR spectroscopy.  Coordination dimer 4.6b (from 2[2.6b] + 4.1) was 

characterized via X-ray crystallography.  Notably, macrocycle 4.1 undergoes a 

conformational shift upon binding 2.6b to afford complex 4.6b.  Subsequently, a novel 

bis[palladium(II)] NNN-dipincer complex was synthesized for future use with 4.1.   The 

formation of coordination polymers with macrocycle 4.1 was studied using PdCl2 or 

Pd(OAc)2.  Formation of a polymeric species in these cases was evidenced by a significant 

broadening of the 1H NMR signals corresponding to the macrocycle.   
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4.2 Introduction  

The field of supramolecular chemistry is a fast-growing one that ranges from the 

study of host-guest interactions to the design of polymers that can operate as functional 

materials.1  The study of metallo-supramolecular polymers (MSPs) has gained a significant 

amount of interest over the last two decades.2  Compared with organic polymers, the 

reversible nature of MSPs leads to unique functions, such as self-healing, viscosity, and 

recycling.3  The type of MSPs based on repeating metal/organic subunits are called metal-

organic frameworks (MOF).4  The structures of MOFs can be one-, two-, or three 

dimensional, with higher dimensionalities arising from H-bonding or π-π stacking, in 

addition to metal-ligand coordination. The porous nature of MOFs is typically due to the 

organic linkers, which can vary in length.5  This characteristic has led to numerous reports 

of their use in the storage of gases6 and other small molecules.7   Additionally, MOFs have 

enjoyed applications in heterogenous catalysis,8 separations,9 chemical sensing,10 and 

biomedicine.11 

Recently, macrocyclic organic linkers have been employed in MOF synthesis.12,13  

Macrocycles can introduce a second level of porosity into the framework of the MOF, 

resulting in many interesting properties from the resulting hybrid materials.  MOFs 

employing oxygen-based (crown ether,14 cyclodextrin,15 calixarene,16 cucurbituril,17 and 

pillararene18) and nitrogen-based (cyclam19 and porphyrin20) macrocycles have been 

reported.  The use of nitrogen-based macrocycles as organic linkers in MOF synthesis has 

led to many new applications, including selective CO2 uptake over N2
21 and as an absorbent 

for many volatile organic molecules, including methanol, ethanol, acetone, THF, dioxane, 

and benzene.22   
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Our group has extensively studied the anion recognition properties of various amide 

and thioamide macrocycles.23,24a-e  Depending on the size and geometry of the anion guest, 

a variety of exciting structures can be obtained from these versatile hosts.  Our group has 

also explored the transition metal chemistry with these macrocyclic ligands.25  Thus, we 

thought it would be a worthy endeavor to expand our macrocyclic host-guest chemistry to 

the fast-growing field of coordination polymers.   

Recently, Dr. Telikepalli—a postdoc in the Bowman-James group—optimized the 

synthesis of a small library of macrocycles with urea or amide pendant functionalities, 

making these macrocycles amenable to the synthesis of coordination polymers.  These 

functionalities can be tailored to access a variety of macrocycles.  Due to the ease of 

synthesis of the propyl-linked macrocycle derivatives, ligands 4.1 and 4.2 were chosen for 

initial investigations (Figure 4.1).   

 

Figure 4.1.  Examples of functionalized tetraamide macrocycles synthesized by Dr. 

Telikepalli.  

Of these ligands, 4.1—which contains an appended pyridine—showed the most 

promise in initial tests with metal ions.  Dr. Telikepalli found that treatment of 4.1 with 

AgNO3 in DMF afforded coordination polymer 4.3 as a crystalline solid after 3 days 
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(Scheme 4.1).  The two-dimensional network is held together by a series of Ag–N(pyridine) 

and Ag–O(amide) bonds (Figure 4.2).  Pi stacking extends the geometry of this structure 

over a three-dimensional framework.  Interestingly, the tetrahedral arrangement of the Ag 

metal centers results in a dense, non-porous coordination polymer network.  Unfortunately, 

despite the reproducible crystallization of 4.3 from DMF, no change was observed in 

solution by 1H NMR (conducted by Dr. Pedro Metola).  Thus, we chose to investigate a 

different approach in order to synthesize stable and predictable coordination polymers from 

macrocycle 4.1.    

Scheme 4.1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.  Packing diagram of the X-ray crystal structure of 4.3. 
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4.3   Results and Discussion 

The objective of the work presented in this chapter was to synthesize macrocycle-

based MOFs to use for anion recognition or small molecule capture.  Initial tests probed 

the binding of Pd(II) NNN-pincer complexes 2.6a and 2.6b with pyrazine and 4,4-

bipyridine.  Subsequently, pyridine-appended tetraamide macrocycle 4.1 was studied for 

its propensity to form coordination polymers with Pd(II).  In order to investigate the effect 

of different Pd sources on the properties of the resulting supramolecular polymers, we 

compared the coordination properties of 4.1 with Pd(II) NNN-dipincer complex 4.9 (first 

approach) or PdX2 (X = OAc or Cl) (second  approach). These two approaches are 

illustrated in Figure 4.3.   

 

 

 

 

 

 

 

 

  

Figure 4.3.  Schematic representation of the synthesis of MOFs from macrocycle 4.1. 
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4.3.1 Coordination of Pd(II) NNN-pincer Complexes with Aromatic N-donor Ligands 

The synthesis and catalytic activity of Pd(II) NNN-pincer complexes 2.6a and 2.6b 

were described in Chapter 2 of this dissertation.  The formation of coordination dimers 

with pyrazine or 4,4-bipyridine was studied using 2.6a and 2.6b (Scheme 4.2).  Upon 

addition of pyrazine (0.5 equiv) to a yellow solution of 2.6a (1 equiv) in MeCN-d3, a yellow 

precipitate immediately formed.   Likewise, a yellow precipitate was observed immediately 

following the addition of 4,4-bipyridine (0.5 equiv) to a yellow MeCN-d3 solution of either 

complex 2.6a (1 equiv) or complex 2.6b (1 equiv).   

 

Scheme 4.2. Reaction of 2.6a and 2.6b with pyrizine or 4,4-bipyridine. 

Conversely, the addition of pyrazine to a solution of 2.6b in MeCN-d3 resulted in a 

yellow solution.  The 1H NMR spectrum—recorded immediately after this addition—is 

shown in Figure 4.4.  Upon binding pyrazine, the signals for the aromatic backbone protons 

CHa-b of the pincer complex shift downfield.  Due to the electron withdrawing effect of 

pyrazine, this shift is expected.  Accordingly, a new set of aromatic signals corresponding 

to bound pyrazine, CHf-g, appears and overlaps with the signals corresponding to CHa.  

Such upfield shifts have been observed by our group in a previous study, in which the 
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binding of a sulfur mustard surrogate, 2-chloroethyl sulphide (CEES), to 2.6b resulted in 

an upfield shift of the CEES protons.26  This shift was attributed to the shielding effect of 

aromatic amide pendant groups (see Section 1.3.2 in Chapter 1).      

 

 

 

  

Figure 4.4. Top: reaction of pyrazine with 2.6b with aromatic proton assignments. Bottom: 

aromatic region of the 1H NMR spectrum (400 MHz, 298 K, MeCN-d3) of 2.6b (A) before 

and (B) after the addition of pyrazine.  

(A) 

(B) 
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To elucidate the structure of the precipitates that were observed above, we 

attempted to grow crystals of 2.6b in the presence of 4,4-bipyridine.  Similar to when the 

reaction was conducted in MeCN-d3, the addition of 4,4-bipyridine to a DMF solution of 

2.6b afforded a yellow suspension (Figure 4.5A).  Upon heating this suspension to 115 oC, 

a yellow solution evolved.  Over the course of 1 h, a gradual reduction in the temperature 

of the oil bath to 25 oC afforded yellow crystals suitable for X-ray analysis.  The X-ray 

crystal structure confirms the formation of 4,4-bipyridine dimer 4.5 (Figure 4.5B).  The 

Pd–N distances are similar to those we observed for similar NNN-pincer complexes in 

Chapter 2.  Interestingly, the C(12)-C(13)-C(13)-C(12) torsion angle of the 4,4-bipyridine 

linker is 29.5o, approximately 5o smaller than the reported torsion angle for free 4,4-

bipyridine.  With intermolecular C···C distances as short as 3.29 Å, parallel-displaced π-π 

stacking interactions of the phenyl amide substituents results in a very dense packing 

network (see Figure A.4.10 in the Appendix).  Extrapolating this result to the experiments 

performed above, it is reasonable to assume that dimers were formed in the two other cases 

in which precipitates were observed (2.6a with pyrazine or 4,4-bipyridine; Scheme 4.2, 

vide supra).  Presumably, the steric bulk of the phenyl amide substituents in 2.6b prevents 

dimerization in the presence of pyrazine. 
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Figure 4.5. (A) The reaction of 4,4-bipyridine with complex 2.6b to form dimer 4.5 and 

(B) X-ray crystal structure of 4.5. 

Dr. Metola investigated the relative ability for anions to coordinate Pd(II) pincer 

complex 2.6b in the absence or presence of pyridine (Scheme 4.3).  Complex 2.6b was 

dissolved in DMSO-d6, titrated with the corresponding tetrabutylammonium (TBA) salt, 

and analyzed via 1H NMR spectroscopy.  In the absence of pyridine, exchange of the 

ancillary acetonitrile ligand in 2.6b with either dihydrogenphosphate or terephthalate 

anions was observed.  However, in the presence of pyridine—which assumes the fourth 

coordination site—only terephalate displaces the pyridine ligand, as observed by the 

disappearance of the signal corresponding to bound pyridine.  This result was encouraging, 

(B) 

(A) 
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as it suggested that coordination polymers containing Pd–N(pyridine) bonds might be 

stable in the presence of phosphine anions.   

Scheme 4.3.  Reaction of 2.6b with the corresponding TBA salts of either 

dihydrogenphosphate or terephthalate (carried out by Dr. Metola).  The resulting Pd(II) 

pincer complexes were observed via 1H NMR, but have not been fully characterized.   
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4.3.2 Coordination of Pd(II) NNN-pincer Complexes 2.6a and 2.6b with Macrocyclic 

Ligand 4.1 

1H NMR studies were employed to investigate the coordination of complexes 2.6a 

and 2.6b with the pendant pyridines in macrocycle 4.1.   Examination of the 1H NMR 

spectrum upon addition of two equivalents of 2.6a to a solution of 4.1 in DMSO-d6 revealed 

a downfield shift of approximately 0.3 and 0.7 ppm for the pendant pyridine protons, CHc 

and CHd, respectively (Figure 4.6). Further, a slight broadening of proton signals was 

observed in the aliphatic region of the 1H NMR spectrum. These changes correspond to the 

binding of 2.6a to the pendant pyridine of macrocycle 4.1 to afford coordination dimer 

4.6a.  Attempts to grow crystals of 4.6a were unsuccessful.  

Likewise, the addition of two equivalents of complex 2.6b to a solution of 

macrocycle 4.1 in DMSO-d6 resulted in a downfield shift of pyridine proton signals in the 

resulting  1H NMR spectrum, corresponding to the formation of coordination dimer 4.6b 

(Figure 4.7).  Due to the abundance of aromatic protons in 4.6b, a precise designation of 

all peaks was not possible. However, if the integrations of all the aromatic proton signals 

are summed and normalized to the well-defined amide signals (4H), we get the expected 

number of protons (44H).  Crystals of 4.6b suitable for X-ray analysis were obtained after 

crystallization from a MeCN/DMF solvent mixture.  For comparison, crystals of 4.1 for X-

ray analysis were also grown (crystallization in MeOH).  The X-ray crystal structure of 

4.6b reveals that coordination of 2.6b to 4.1 results in a conformation shift from the chair-

like conformation of macrocycle 4.1 (Figure 4.8).  The macrocycle in dimeric complex 

4.6b has a flat geometry, with the pendant pyridines pointed anti to each other.  
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Additionally, both pyridines are oriented perpendicular to the plane of the macrocycle to 

accommodate the sterics imparted by the phenyl appendages of 2.6b.     

 

 

Figure 4.6. Top: Reaction of 2.6a with 4.1 with assignments for the pendant pyridine 

protons.  Bottom: 1H NMR (500 MHz, 298 K, DMSO-d6) of 4.1 (A) before and (B) after 

adding complex 2.6a (2 equiv).   

(A) 

(B) 
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Figure 4.7. Top: Reaction of 2.6b with 4.1 with assignments for the pendant pyridine 

protons.  Bottom: 1H NMR (500 MHz, 298 K, DMSO-d6) of 4.1 (A) before and (B) after 

adding 2.6b (2 equiv).   

 

 

 

(A) 

(B) 
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Figure 4.8. X-ray crystal structures of macrocycle 4.1 (left) and coordination dimer 4.6b 

(right). 

Anion titrations of the coordination dimers 4.6a and 4.6b with TBAH2PO4 and 

(TBA)2C8H4O4 were performed by Dr. Metola in DMSO-d6 (Scheme 4.4).  The presence 

of a first order binding curve in the case of TBAH2PO4 with 4.6b suggests that 4.6b is a 

receptor for phosphate, without compromising the stability of the Pd–N(pyridine) bond.  

This result agrees with Dr. Metola’s earlier observation that phosphate does not displace 

pyridine in the pyridine-ligated derivative of complex 2.6b (Scheme 4.3, vide supra).  

Conversely, sigmoidal curves were observed for reaction of 4.6a with TBAH2PO4 and 4.6a 

or 4.6b with (TBA)2C8H4O4.  The source of irregularities in these binding curves is 

currently under investigation.   
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Scheme 4.4.  

 

4.3.3 Self-Assembly of Coordination Polymers: First Approach 

In order to extend the family of metallo-cross linkers to amide-based Pd(II) NNN-

pincer complexes—and ultimately to investigate the coordinative crosslinking ability of 

macrocycle 4.1—we took on the synthesis of bis[palladium(II)] NNN-dipincer complex 

4.9 (Scheme 4.5).  Treatment of a methanolic solution of tetramethyl pyrazine-2,3,5,6-

tetracarboxylate (4.7) with ethyl amine afforded NNN-dipincer ligand 4.8 as a white solid 

in 52% yield.  This compound was characterized by 1H, 13C, and 13C-DEPT NMR 

spectroscopy, as well as positive ion mode ESI-MS.  Treatment of an acetonitrile 

suspension of 4.8 with two equivalents of Pd(OAc)2 resulted in a maroon solution.  After 

stirring for 16 h, the solvent was evaporated in vacuo to afford complex 4.9 as a dark red 

solid in 86% yield.  The 1H NMR spectrum of 4.9 features two signals integrating to two 

and three protons for the CH2 and CH3 ethylene protons, respectively.  The tridentate 

coordination of the pincer ligand to Pd(II) was evidenced by a disappearance of the amide 

NH triplet signal, present at 8.78 ppm in ligand 4.8.  The coordination of acetate in the 

fourth coordination site was evidenced by a signal at 2.03 ppm in the 1H NMR spectrum 

and signals at 180.6 and 20.3 ppm in the 13C NMR spectrum.  In the negative ion mode 
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ESI mass spectrum of complex 4.9 in methanol, a prominent ion peak corresponding to [M 

– H]- is present at m/z 693.0019.   

Scheme 4.5.  

 

Crystals of complex 4.9 for X-ray analysis were obtained from MeOH.  The offset 

array packing observed for 4.9 (see Figure A.4.11 in the Appendix) is similar to the packing 

of Pd(II) NNN-pincer complex 2.6a, discussed earlier in this dissertation (see Figure 

A.2.24 in the Appendix).  Both crystallographically-independent Pd centers are disordered, 

resulting in a partial occupancy of 66/34 and 53/47 for Pd1 and Pd2 respectively.  This 

disorder may be due to the co-crystallization of two different conformations of the 

complex, or the co-crystallization of molecules with different ligands in the fourth 

coordination site.  Interestingly, the ligand does not appear to be acetonitrile or methanol.  

In a more recently obtained crystal structure—obtained by Jess Lohrman—the molecule in 

the fourth coordination site was not disordered and was determined to be acetate.  The 

counter ions in this structure are two protons.   
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Figure 4.11. Perspective view of the X-ray crystal structure of complex 4.9.   

4.3.4  Self-Assembly of Coordination Polymers: Second Approach 

As detailed in the introduction, the objective of this approach was to synthesize a 

coordination polymer containing macrocycle 4.1 and Cl- or OAc- salts of Pd(II).  We 

reasoned that the use of a metal with a square-planar coordination geometry might provide 

a more porous coordination framework relative to the MOF obtained from the reaction of 

4.1 with AgNO3, which features a tetradehdral coordination of the metal center, as well as 

coordination of a carbonyl oxygen, in addition to the pyridine nitrogen, of 4.1.   

Complete conversion to a new species was observed via 1H NMR following the 

titration of 1.25 equivalents of PdCl2 into a solution of macrocycle 4.1 in DMSO-d6.  

Formation of a coordination polymer was evidenced by significant broadening of the 

macrocyclic signals relative to parent compound 4.1.  Additionally, a significant downfield 

shift (ca. 0.3 ppm) was observed for signals corresponding the pendant pyridine protons of 

the proposed coordination polymer, CHa and CHb, relative to 4.1.  Based on these results, 
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we propose the identity of the new species corresponds to MOF 4.11a, in which PdCl2 is 

chelated to the pendent pyridine nitrogens (Figure 4.14).  Crystal growth of 4.11a was 

attempted from slow diffusion of MeOH or MeCN into a 0.027 mM DMSO solution of the 

complex.  After one day, small crystals were observed in the case of the MeOH/DMSO 

mixture.  Although these crystals did not diffract, over the course of a few months thin 

yellow sheets were formed.  Recommendations for further study of this material are 

provided in the next section. 

One concern in employing Pd(OAc)2 to form a coordination polymer with ligand 

4.1 was that the acetate ligands might deprotonate the amide hydrogens, resulting in the 

formation of a Pd(II) NNN-pincer complex with the resulting dianionic ligand.  

Fortunately, this was not observed.  Treatment of a DMSO-d6 solution of 4.1 with 

Pd(OAc)2 resulted in a 1H NMR spectrum almost identical to that of 4.11a (Figure 4.17).  

In addition to the downfield shifts of CHa and CHb and overall broadening of the signals,   

the ratio of integrations for the amide (4H) and pendant pyridine (4H) proton signals remain 

1:1, indicating that the Pd(II) atoms coordinate to the pendant pyridine nitrogen to generate 

coordination polymer 4.11b rather than forming a pincer complex.   

 

 

 

 



183 
 

 

 

Figure 4.14. Top: Reaction of PdCl2 with 4.1 with assignments for the pendant pyridine protons.  

Bottom: 1H NMR (500 MHz, 298 K, DMSO-d6) of after adding different amounts of PdCl2 to 4.1.  

(A) 0 equiv, (B) 0.25 equiv, (C) 0.50 equiv, (D), 0.75 equiv, (E) 1.00 equiv, and (F) 1.25 equiv. 

 

 

 

(A) 

(B) 

(C) 

(D) 

(E) 

(F) 
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4.4 Conclusions 

 A new family of pyridine-appended tetraamide macrocycles has been studied.  

Pd(II) pincer complexes 2.6a or 2.6b, joined by nitrogen-containing aromatic ligands 

(pyrazine, 4,4-bipyridine, or macrocycle 4.1) resulted in stable coordination dimers which 

were characterized by 1H NMR and X-ray crystallography.  In order to apply this 

methodology to the synthesis of a coordination polymer, we designed and synthesized an 

NNN-dipincer complex, 4.9.  Current studies are underway to investigate the substitution 

of the acetate ligand of this dipincer complex with the appended pyridine in 4.1 to form a 

coordination polymer.  We have also demonstrated that the combination of macrocycle 4.1 

with PdX2 (X = Cl or OAc) salts results in a useful method to synthesize coordination 

polymers, as observed from a significant broadening of the signals the resulting 1H NMR 

spectra, as well as the formation of flat sheets.  The design and study of tetraamide 

macrocycle-containing coordination polymers could lead to many novel applications 

resulting from the well-documented separate benefits of both macrocycles and MOFs.  The 

next steps should be aimed at characterizing these coordination polymers (e.g. size 

exclusion chromatography, atomic force microscopy (AFM), scanning electron 

microscopy (SEM), and combined X-ray crystallography/molecular modeling) as well as 

identifying their small molecule absorption properties.   
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4.5 Materials and Methods 

4.5.1 General  

Chemicals and reagents were purchased from Sigma Aldrich Corporation and used 

without further purification.  Macrocycle 4.1 was synthesized and provided by Dr. 

Telikepalli.  Pd(II) NNN-pincer complex 2.6a was prepared using a procedure reported 

previously in this dissertation.27  Pd(II) NNN-pincer complex 2.6b was prepared using a 

modified version of a previously reported procedure.28-30  1H NMR spectra were recorded 

on a Bruker DRX 400 MHz NMR spectrometer, 500 MHz Bruker DRX spectrometer 

equipped with a X-channel broadband observe probe, or a 500 MHz Bruker AVIII 

spectrometer equipped with a cryogenically-cooled carbon observe probe.  Electrospray 

ionization-mass spectrometry (ESI-MS) was performed on a LCT Premier Mass 

spectrometer at the Mass Spectrometry Laboratory at the University of Kansas.  Single-

crystal XRD data were obtained at the Small-Molecule X-ray Crystallography Laboratory 

at the University of Kansas by Dr. Victor Day. 

4.5.2 Coordination of complexes 2.6a and 2.6b with pyrazine and 4,4-bipyridine  

Precipitate tests 

A yellow solution of complex 2.6a (10 mg, 0.027 mmol) or 2.6b (10 mg, 0.022 

mmol) in MeCN-d3 (3 mL) was treated with pyrazine (0.5 equiv) or 4,4-bipyridine (0.5 

equiv).  In the case of 2.6a with pyrazine and 4,4-bipyridine or 2.6b with 4,4-bipyridine, a 

yellow precipitate was observed immediately following the addition.  Further, upon 

filtration of the precipitate, a clear filtrate was observed. In the case of 2.6b with pyrazine, 
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a yellow solution was observed after addition.  Approximately 0.6 mL was taken for 1H 

NMR analysis on a 400 MHz Bruker NMR spectrometer.    

Crystallization of 4,4-bipyridine dimer 4.5 

 

A 25 mL round bottom flask was charged with dimer complex 4.5 (20 mg, 0.043 

mmol) and DMF (5 mL).  The resulting suspension was heated to 165 oC, at which point 

the temperature was held for 10 min before cooling to r.t. at a rate of ca. 10 oC every 30 

min.  While heating, the suspension became a yellow solution at 115 oC. Upon reaching 

r.t., the yellow solution was stored for 5 d, affording crystals suitable for X-ray diffraction 

analysis.   

4.5.3  Crystallization of 4.1  

 Macrocycle 4.1 (10 mg, 0.014 mmol)—provided by Dr. Telikepalli—was dissolved 

in a minimum amount of MeOH (approximately 15 mL) and filtered through a pad of celite.  

Crystals suitable for X-ray analysis were obtained after 8 weeks. 
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4.5.4. 1H NMR and crystallization of 4.6a and 4.6b.   

 

A DMSO-d6 solution of complex 2.6a (10.3 mg, 0.028 mmol) or 2.6b (12.6 mg, 

0.110 mmol) was added to a DMSO-d6 solution of ligand 4.1 (10 mg, 0.014 mmol).  1H 

NMR studies of the binding were performed on a Bruker NMR spectrometer (500 MHz).  

For each measurement, a 0.6 mL aliquot of the mixture was taken for 1H NMR analysis.   

In the case of 4.6b, crystal growth was induced from addition of a solution of complex 2.6b 

(46 mg, 0.099 mmol) in MeCN (10 mL) to a solution of 4.1 (36.5 mg, 0.050 mmol) in DMF 

(3 mL).  Crystals suitable for X-ray crystallographic analysis were obtained overnight.  
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4.5.5 Synthesis of NNN-Dipincer Ligand 4.8 

 

To a 15 mL sealed tube containing a suspension of tetramethyl pyrazine-2,3,5,6-

tetracarboxylate 4.7 (1 g, 3.00 mmol) in methanol (10 mL) was bubbled ethyl amine for 2 

min.  The tube was sealed and the mixture was stirred for 16 h.  The solvent was evaporated 

in vacuo to afford the product as a white solid (566 mg, 1.56 mmol, 52%).  1H NMR (500 

MHz, DMSO-d6) δ 8.79 (t, J = 5.78 Hz, 4H), 3.36 – 3.30 (m, 8H), 1.16 (t, J = 7.21 Hz, 

12H); 13C NMR (126 MHz, DMSO-d6) δ 163.1, 145.3, 33.8, 14.6; HRMS (ESI+) m/z [M + 

H]+ calculated for C16H25N6O4: 365.1932; found 365.1922.  

4.5.6 Synthesis of Pd(II) NNN-Dipincer Complex 4.9 

 

To a suspension of NNN-pincer ligand 4.8 (300 mg, 0.824 mmol, 1 equiv) in MeCN 

was added Pd(OAc)2 (369 mg, 1.65 mmol, 2 equiv) and the reaction was stirred at r.t. for 
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16 h.  The solvent was evaporated in vacuo and crystals were grown from slow evaporation 

of a saturated solution of the complex in methanol to afford the product as a dark red 

crystalline solid (491 mg, 0.709 mmol, 86%).  1H NMR (500 MHz, CD3OD) 3.24 (br, 8H), 

2.03 (s, 6H), 1.19 (t, J = 6.84 Hz, 12H); 13C NMR (126 MHz, CD3OD) 180.6, 168.1, 149.3, 

43.3, 23.0, 14.2; HRMS (ESI-) m/z [M – H]- calculated for C20H27N6O8Pd2: 692.9959, 

found: 693.0019. 

4.5.7  In situ preparations of 4.11a and 4.11b 

 To a DMSO-d6 solution of 4.1 (2.7 mM) solution in an NMR tube was added 0.25 

equiv portions of a stock DMSO-d6 solution of PdCl2 (0.1 M). Following each addition, the 

1H NMR spectrum of the resulting species was recorded on a Bruker NMR spectrometer 

at 500 MHz.  Complete conversion to a new species was observed following the titration 

of 1.25 equivalents of PdCl2 into a solution of macrocycle 4.1.  In the case of Pd(OAc)2, 2 

equiv was added to 0.5 mL of a 2.7 mM solution of 4.1. 
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A.2 Supporting Information for Chapter 2 
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A.2.1 NMR Spectra of Ligands 

 

Figure A.2.1. 1H NMR spectrum (500 MHz, CDCl3) of 2.1. 

 

Figure A.2.2. 13C NMR spectrum (126 MHz, CDCl3) of 2.1. 
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Figure A.2.3. 1H NMR spectrum (500 MHz, CD3OD) of C. 

 

Figure A.2.4. 13C NMR spectrum (126 MHz, CD3OD) of C. 
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Figure A.2.5. 1H NMR spectrum (500 MHz, CD3OD) of 2.3a. 

 

Figure A.2.6. 13C NMR spectrum (126 MHz, CD3OD) of 2.3a. 
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Figure A.2.7. 1H NMR spectrum (500 MHz, CDCl3) of 2.3b. 

 

Figure A.2.8. 13C NMR spectrum (126 MHz, CDCl3) of 2.3b. 
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Figure A.2.9. 1H NMR spectrum (500 MHz, CDCl3) of 2.4. 

 

Figure A.2.10. 13C NMR spectrum (126 MHz, CDCl3) of 2.4. 
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A.2.2 NMR Spectra of Metal Complexes 

  

Figure A.2.11. 1H NMR spectrum (500 MHz, DMSO-d6) of 2.6a. 

 

Figure A.2.12. 13C NMR spectrum (126 MHz, DMSO-d6) of 2.6a. 
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Figure A.2.13. 1H NMR spectrum (500 MHz, MeCN-d3) of 2.7. 

 

 

Figure A.2.14. 13C NMR spectrum (126 MHz, MeCN-d3) of 2.7.  
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Figure A.2.15. 1H NMR spectrum (500 MHz, DMSO-d6) of 2.8. 

 

Figure A.2.16. 13C NMR spectrum (126 MHz, DMSO-d6) of 2.8.  
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Figure A.2.17. 1H NMR spectrum (500 MHz, DMSO-d6) of 2.9. 

 

Figure A.2.18. 13C NMR spectrum (126 MHz, DMSO-d6) of 2.9.  
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Figure A.2.19. 1H NMR spectrum (500 MHz, DMSO-d6) of 2.11. 

 

Figure A.2.20. 13C NMR spectrum (126 MHz, DMSO-d6) of 2.11.  
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Figure A.2.21. 1H NMR spectrum (500 MHz, DMSO-d6) of 2.12. 
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Figure A.2.22.  1H NMR spectrum (500 MHz, CDCl3) of 2.14. 

 

Figure A.2.23. 13C NMR spectrum (126 MHz, CDCl3) of 2.14.  
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A.2.3 Supplementary Information for XRD Studies  

Table A.2.1. Crystallographic data collection and structure refinement for acyclic Pd(II) 

complexes. 

  

 2.6a 2.7 2.8 

Formula C13H16N4O2Pd C25H32N8O5Pd2 C23H31N7O5Pd 

Formula weight 366.70 737.39 591.95 

Crystal size (mm3) 0.10×0.08×0.06 0.05×0.05×0.01 0.05×0.02×0.01 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/n P21/n P21 

a (Å) 10.0785 (3) 9.9325(2) 10.3291(13) 

b (Å) 9.5776 (3) 14.5669(3) 16.4812(19) 

c (Å) 15.0689 (5) 18.8776(3) 14.8115(18) 

 (o) 90 90 90 

 (o) 96.622 (1) 97.0880(10) 102.801(10) 

 (o) 90 90 90 

V (Å3) 1444.86 (8) 2710.45(9) 2458.5(8) 

Z 4 4 4 

calcd (g cm-3) 1.686 1.807 1.599 

 (Å) 1.54178 1.54178 1.54178 

T (K) 100(2) 100(2) 100(2) 

F(000) 736 1480 1216 

 (mm-1) 10.431 11.153 6.510 

Abs corr Multi-scan Multi-scan Multi-scan 

Max, min trans 1.000, 0.771 1.000, 0.779 1.000, 0.761 

  range (o) 5.02-69.77 3.84-69.37 3.06-69.71 

Reflns collected 12677 23541 16832 

Indep reflns 2657 4938 6703 

R(int) 0.0161 0.0418 0.0609 

Data/restr/param 2657 / 0 / 246 4938 / 0 / 384 6703 / 1 / 656 

a R1; 
 wR2 0.0171; 0.0492 0.026; 0.065 0.0707;0.1797 

GOF (F2) 0.990 1.046 1.099 

Largest diff. peak 

and hole (e Å-3) 

0.35, -0.67 0.088, -1.05 1.770, -1.385 
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Table A.2.2.  Crystallographic data collection and structure refinement for macrocyclic 

Pd(II) complex 2.11. 

 2.11 

Formula C28H48N8O11Pd2 

Formula weight 885.54 

Crystal size (mm3) (0.03×0.02×0.01) 

Crystal system Monoclinic 

Space group C2/c 

a (Å) 27.4773(10) 

b (Å) 8.1586(3) 

c (Å) 14.8972(5) 

 (o) 90 

 (o) 98.820(3) 

 (o) 90 

V (Å3) 3300.1(2) 

Z 4 

calcd (g cm-3) 1.782 

 (Å) 1.54178 

T (K) 100(2) 

F(000) 1808 

 (mm-1) 9.415 

Abs corr Multi-scan 

Max, min trans 1.000, 0.845 

  range (o) 3.26-69.78 

Reflns collected 13619 

Indep reflns 2989 

R(int) 0.0493 

Data/restr/param 2989 / 38 / 272 

a R1; 
 wR2 0.0598; 0.1384  

GOF (F2) 1.154 

Largest diff. peak 

and hole (e Å-3) 
3.69, -0.88 
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Table A.2.3. Coordinated ligand distances (Å) in acyclic Pd(II) complex 2.6a. 

 

 2.6a  

Pd‒N(1) 1.920(15) 

Pd‒N(2) 2.0298(15) 

Pd‒N(3) 2.0278(15) 

Pd‒N(1s) 2.011(15) 

 

 

 
Table A.2.4.  Selected distances (Å) in acyclic Pd(II) complex 2.7. 

 

 2.7 

Pd‒N(2) 1.923(2) 

Pd‒N(3) 1.962(2) 

Pd‒N(1) 2.074(2) 

Pd‒N(4) 2.100(2) 

Pd(2)‒N(6) 1.924(2) 

Pd(2)‒N(7) 2.015(2) 

Pd(2)‒N(5) 2.036(2) 

Pd(2)‒N(1s) 2.012(2) 

Pd-Pd(2) 3.360(2) 

N(2)-N(6) 4.195(3) 

  

 

 

Table A.2.5.  Selected distances (Å) in acyclic Pd(II) complex 2.8. 

 

 2.8 

Pd‒N(7) 1.938(14) 

Pd‒N(13) 1.914(12) 

Pd‒N(4) 1.993(17) 

Pd‒N(16) 2.134(15) 

N(7)-N(22) 3.361(2) 
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Table A.2.6.  Coordinated ligand distances (Å) in macrocyclic Pd(II) complex 2.9. 

 2.9 

Pd‒N(2) 1.927(2) 

Pd‒N(3) 2.008(2) 

Pd‒N(1) 2.013(2) 

Pd‒N(4) 2.054(2) 

 

 
Table A.2.7.  Selected distances (Å) in macrocyclic Pd(II) complex 2.10. 

 

 2.10   

Pd‒N(2) 1.937(7)  

Pd‒N(3) 1.974(8)  

Pd‒N(1) 2.052(8)  

Pd‒N(4) 2.120(10)  

Pd–Pd 5.579(2)  

 

 

Table A.2.8.  Selected distances (Å) in macrocyclic Pd(II) complex 2.11. 

 

 2.11  

Pd‒N(1) 2.059(6) 

Pd‒N(2) 2.018(6) 

Pd‒N(3) 2.022(5) 

Pd‒N(4) 2.085(16) 

Pd–Pd 5.134(7) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



212 
 

Table A.2.9.  Selected distances (Å) in macrocyclic Pd(II) complex 2.12. 

 
 2.12  

Pd(1)‒N(1) 2.107(8) 

Pd(1)‒N(2) 1.955(8) 

Pd(1)‒N(3) 1.933(6) 

Pd(1)‒N(4) 2.072(6) 

Pd(2)‒N(7) 1.936(7) 

Pd(2)‒N(2) 1.951(8) 

Pd(2)‒N(8) 2.042(8) 

Pd(2)‒N(5) 2.103(8) 

Pd(3)‒N(9) 2.087(8) 

Pd(3)‒N(10) 1.970(1) 

Pd(3)‒N(11) 1.925(8) 

Pd(3)‒N(12) 2.084(8) 

Pd(1)–Pd(2) 6.422(9) 

Pd(1)–Pd(3) 6.548(9) 

Pd(2)–Pd(3) 6.356(9) 
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Figure A.2.24.  (A) Side view and (B) top view of the dimer pair of 2.6a (orange ball = 

palladium). 

 

 
Figure A.2.25.  Perspective view of 2.7, shown approximately along the Pd2-N6 axis 

(red ball = pyridine centroid). 

 

 

(A) (B) 
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Figure A.2.26.  Side view of a portion of the crystal lattice for 2.7 (red ball = N2 pyridine 

centroid; orange ball = palladium).  Intermolecular pyridine centroid–Pd1 distance 

is 3.577 Å; corresponding interplane angle is 4.27o. 

 

 
Figure A.2.27. Perspective view of dimer pair of 2.10. 
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Figure A.2.28.  Perspective view of the stacking in complex 2.10. 

 

 

 

 

 

 

 

 

Figure A.2.29. Perspective view of dimer pair of 2.12. 
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A.2.4 Mass Spectra  

 

Figure 2.30.  HRMS (ESI+) of ligand 2.1.  

 

 

Figure 2.31.  HRMS (ESI+) of intermediate C. 

 

 

Figure 2.32.  HRMS (ESI+) of ligand 2.3a.   

 

 

[M + Na]+ 

C11H15N3NaO2 

Calc. m/z = 244.1057 

[M + H]+ 

C21H26N5O6 

Calc. m/z = 444.1878 

[M + H]+ 

C24H33N8O4 

Calc. m/z = 497.2625 

[M + 2H + Cl]+ 

C24H34ClN8O4 

Calc. m/z = 533.2392 
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Figure 2.33.  HRMS (ESI+) of ligand 2.3b. 

 

 

Figure 2.34. HRMS (ESI+) of ligand 2.4.   

 

 

Figure 2.35.  HRMS (ESI+) of complex 2.6a.  

 

 

[M + H]+ 

C28H41N8O4 

Calc. m/z = 553.3246 

[M + H]+ 

C23H32N7O4 

Calc. m/z = 470.2511 

[M + H]+ 

C25H31N8O4Pd2 

Calc. m/z = 721.0537 
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Figure 2.36.  HRMS (ESI+) of complex 2.7. 

 

Figure 2.37.  HRMS (ESI+) of complex 2.8.  

 

 

Figure 2.38.  HRMS (ESI+) of complex 2.11.   

 

 

 

 

 

[M + H]+ 

C28H37N8O4Pd2 

Calc. m/z = 763.1007 

[M + H]+ 

C25H31N8O4Pd2 

Calc. m/z = 721.0537 

[M + Na]+ 

C25H30N8NaO4Pd2 

Calc. m/z = 743.0361 

[M + H]+ 

C23H30N7O4Pd 

Calc. m/z = 574.1389 
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A.3 Supporting Information for Chapter 3 
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A.3.1 NMR Spectra of Ligands 

 

Figure A.3.1. 1H NMR spectrum (500 MHz, CDCl3) of 3.1. 

 

Figure A.3.2. 13C NMR spectrum (126 MHz, CDCl3) of 3.1. 
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Figure A.3.3. 1H NMR spectrum (500 MHz, CDCl3) of 3.2. 

 

Figure A.3.4. 13C NMR spectrum (126 mHz, CDCl3) of 3.2. 
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Figure A.3.5. 1H NMR spectrum (500 MHz, CDCl3) of 3.3. 

 

Figure A.3.6. 13C NMR spectrum (126 mHz, CDCl3) of 3.3. 
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Figure A.3.7. 1H NMR spectrum (500 MHz, CDCl3) of 3.4. 

 

Figure A.3.8. 1H NMR spectrum (126 MHz, CDCl3) of 3.4. 
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Figure A.3.9. 1H NMR spectrum (500 MHz, DMSO-d6) of 3.5. 

 

Figure A.3.10. 13C NMR spectrum (126 MHz, DMSO-d6) of 3.5. 
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A.3.2 NMR Spectra of Metal Complexes 

 

Figure A.3.11. 1H NMR spectrum (500 MHz, DMSO-d6) of 3.6. 

 

Figure A.3.12. 13C NMR spectrum (126 MHz, DMSO-d6) of 3.6. 
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Figure A.3.13. 13C NMR DEPT spectrum (126 MHz, DMSO-d6) of 3.6. 
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Figure A.3.14. 1H NMR spectrum (500 MHz, DMSO-d6) of 3.7. 

 

Figure A.3.15. 13C NMR spectrum (126 MHz, DMSO-d6) of 3.7. 
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Figure A.3.16. 13C NMR DEPT spectrum (126 MHz, DMSO-d6) of 3.7. 
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Figure A.3.17. 1H NMR spectrum (500 MHz, DMSO-d6) of 3.10. 

 

 

Figure A.3.18. 13C NMR spectrum (126 MHz, DMSO-d6) of 3.10. 
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Figure A.3.19. 19F NMR spectrum (471 MHz, DMSO-d6) of 3.10. 
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Figure A.3.20. 1H NMR spectrum (500 MHz, DMSO-d6) of 3.11. 

 

 

Figure A.3.21. 13C NMR spectrum (126 MHz, DMSO-d6) of 3.11. 
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Figure A.3.22. 13C NMR DEPT spectrum (126 MHz, DMSO-d6) of 3.11. 

 

 

Figure A.3.23. 19F NMR spectrum (471 MHz, DMSO-d6) of 3.11. 
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Figure A.3.24. 1H NMR spectrum (500 MHz, DMSO-d6) of 3.12. 

 

Figure A.3.25. 13C NMR spectrum (126 MHz, DMSO-d6) of 3.12. 
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Figure A.3.26. 13C NMR DEPT spectrum (126 MHz, DMSO-d6) of 3.12. 
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Figure A.3.27. 1H NMR spectrum (500 MHz, DMSO-d6) of 3.13. 

 

Figure A.3.28. 13C NMR spectrum (126 MHz, DMSO-d6) of 3.13. 
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Figure A.3.29. 13C DEPT NMR spectrum (126 MHz, DMSO-d6) of 3.13. 
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A.3.3 Supplementary Information for XRD Studies  

 

  

 

 

Figure A.3.30.  Perspective view of the stacking in complex 3.6 along the Pd–N1 bond 

(orange ball = Pd). 

 

Figure A.3.31.  Perspective view of 3.7 showing the diastereotopic protons in the 

propylene linker. 

                   

 

Figure A.3.32.  (A) Perspective view of complex 3.10 along the Pd–N1 bond and (B) 

perspective view of the stacking in 3.10 (orange ball = Pd).   
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Figure A.3.33.  Perspective view of complex 3.11 along the Pd–N1 bond axis (orange ball 

= Pd; white VDW space fill = selected hydrogen atoms).   

 

 

Table  A.3.1. Selected Bond Distances (Å) in Pd(II) complexes 3.6, 3.7, 3.10, and 3.11. 

 3.6, L = I 3.7, L = C15 3.10, L = N1S 3.11, L = C13  

Pd‒N1 1.943(8) 1.9607(18) 1.926(5) 1.961(2) 

Pd‒N2 2.057(7) 2.0299(17) 2.024(4) 2.024(3) 

Pd‒N3 2.046(8) 2.0522(18) 2.024(4) 2.056(3) 

Pd‒L 2.030(2)  2.016(2) 2.003(5) 2.010(3) 
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Table A.3.2. Crystallographic data collection and structure refinement for complexes 3.6 

and 3.7. 

 (3.6)  (3.7) 

Formula C16H20IN5O2Pd C16H19N5O2Pd 

Formula weight 547.67 419.76 

Crystal size (mm3) 0.04×0.01×0.01 
0.08×0.07× 

0.06 

Crystal system Monoclinic Monoclinic 

Space group P21/n P21 

a (Å) 14.3180(10) 11.4125(17) 

b (Å) 7.8954(6)  9.0341(14) 

c (Å) 16.6415(16) 15.501(2) 

 (o) 90 90 

 (o) 101.627(6) 91.791(2) 

 (o) 90 90 

V (Å3) 1842.7(3) 1597.4(4) 

Z 4 4 

calcd (g cm-3) 1.974 1.745 

 (Å) 1.54178 1.54178 

T (K) 100(2) 100(2) 

F(000) 1064 848 

 (mm-1) 21.453 9.546 

Abs corr Multi-scan Multi-scan 

Max, min trans 1.000, 0.764 1.000, 0.761 

  range (o) 3.72-69.82 5.67-68.29 

Reflns collected 10540 10797 

Indep reflns 3240 2863 

R(int) 0.0553 0.0171 

Data/restr/param 3240 / 6 / 228 2863 / 0 / 294 

a R1; 
 wR2 0.0494; 0.1294 0.0207;0.0560 

GOF (F2) 1.089 1.107 

Largest diff. peak 

and hole (e Å-3) 

1.702, -0.797 0.404, -0.575 
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Table A.3.3. Crystallographic data collection and structure refinement for complexes 3.10 

and 3.11. 

 (3.10)  (3.11) 

Formula C29H36F6N10O8PdS2 C23H27.5F3N7.5O5PdS 

Formula weight 937.20 684.49 

Crystal size (mm3) 0.37 x 0.11 x 0.08 0.20×0.09×0.04 

Crystal system Monoclinic Monoclinic 

Space group C2/c P-1 

a (Å) 26.290(9) 8.9399(3) 

b (Å) 20.107(7) 10.4834(3) 

c (Å) 7.805(3) 14.9913(7) 

 (o) 90 95.4870(10) 

 (o) 103.851(6) 102.8420(10) 

 (o) 90 94.5980(10) 

V (Å3) 4006(2) 1356.11(7) 

Z 4 4 

calcd (g cm-3) 1.554 1.676 

 (Å) 1.54178 1.54178 

T (K) 100(2) 100(2) 

F(000) 1904 694 

 (mm-1) 5.484 6.868 

Abs corr Multi-scan Multi-scan 

Max, min trans 1.000, 0.439 1.000, 0.713 

  range (o) 6.09-68.08 3.04-69.93 

Reflns collected 12064 15863 

Indep reflns 3548 4750 

R(int) 0.0467 0.0166 

Data/restr/param 3548 / 0 / 264 4750 / 0 / 381 

a R1; 
 wR2 0.0515;0.1449 0.0330;0.0839 

GOF (F2) 1.086 1.086 

Largest diff. peak 

and hole (e Å-3) 

0.877, -1.395 2.438, -0.545 
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A.3.4 Mass Spectra 

 

Figure A.3.34.  HRMS (ESI+) of ligand 3.1. 

 

 

Figure A.3.35.  HRMS (ESI+) of ligand 3.2.  

 

 

Figure A.3.36.  HRMS (ESI+) of ligand 3.3.  

 

 

[M + H]+ 

C14H17N4O3 

Calc. m/z = 289.1290 

[M + H]+ 

C15H20N5O2 

Calc. m/z = 302.1612 

[M + Na]+ 

C15H19N5NaO2 

Calc. m/z = 324.1436 

 

[M – I]+ 

C16H22N5O2 

Calc. m/z = 316.1768 
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Figure A.3.37.  HRMS (ESI+) of ligand 3.4.  

 

 

Figure A.3.38.  HRMS (ESI+) of ligand 3.5.  

 

 

Figure A.3.39.  HRMS (ESI+) of complex 3.6.  

 

 

 

 

 

 

[M + Na]+ 

C19H23N7NaO2 

Calc. m/z = 404.1811 

[M + H]+ 

C19H24N7O2 

Calc. m/z = 382.1986 

 

[M – I]+ 

C21H29IN7O2 

Calc. m/z = 538.1422 

[M + MeCN – I]+ 

C18H23N6O2Pd  

Calc. m/z = 461.0912 
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Figure A.3.40.  HRMS (ESI+) of complex 3.7. 

 

Figure A.3.41.  Expanded region of the HRMS (ESI+) of complex 3.7. 

 

Figure A.3.42.  Expanded region of the HRMS (ESI+) of complex 3.7. 

 

[M + H]+ 

C16H20N5O2Pd  

Calc. m/z = 

420.0652 

[2M + Na]+ 

C32H38N10NaO4Pd2  

Calc. m/z = 

863.1049 
[3M + Na]+ 

C48H57N15Na 

O6Pd3  

Calc. m/z = 

1281.1633 

[M + H]+ 

C16H20N5O2Pd  

Calc. m/z = 

420.0652 

[2M + Na]+ 

C32H38N10NaO4Pd2  

Calc. m/z = 

863.1049 
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Figure A.3.43.  Expanded region of the HRMS (ESI+) of complex 3.7. 

 

Figure A.3.44.  HRMS (ESI+) of complex 3.10.  

 

 

Figure A.3.45.  HRMS (ESI+) of complex 3.11.  

[M – OTf – MeCN]+ 

C22H27F3N7O5PdS  

Calc. m/z = 664.0776 

[M – OTf]+ 

C21H26N7O2Pd  

Calc. m/z = 514.1178 

[3M + Na]+ 

C48H57N15Na 

O6Pd3  

Calc. m/z = 

1281.1633 
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Figure A.3.46.  HRMS (ESI+) of complex 3.12.  

 

 

Figure A.3.47.  HRMS (ESI+) of complex 3.13.  

 

  

 

 

 

 

 

 

 

 

 

 

[M(3.11) + Ag – OTf – H ]+ 

C21H25AgN7O2Pd  

Calc. m/z = 620.0126 

[(M(3.11) – H – 

OTf)2 + Ag]+ 

C42H50AgN14O4Pd2  

Calc. m/z = 

1135.1259 

[M(3.11) + Au 

– OTf – H]+ 

C21H25AuN7O2Pd  

Calc. m/z = 710.0745 

[(M(3.11) – H – 

OTf)2 + Au]+ 

C42H50Au 

N14O4Pd2  

Calc. m/z = 

1225.1874 
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A.4 Supporting Information for Chapter 4 
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A.4.1 Self-Assembly of Coordination Polymers using Pd(OAc)2. 

 

 

Figure A.4.1. Top: Reaction of Pd(OAc)2 with 4.1 with assignments for the pendant 

pyridine protons.  Bottom: 1H NMR (500 MHz, 298 K, DMSO-d6) of 4.1 (A) before and 

(B) after adding Pd(OAc)2 (2 equiv).   

 

(A) 

(B) 
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A.4.2 NMR Spectra of 4.8 and 4.9 

 

Figure A.4.2. 1H NMR spectrum (500 MHz, DMSO-d6) of 4.8. 

 

 

Figure A.4.3. 13C NMR spectrum (126 MHz, DMSO-d6) of 4.8. 
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Figure A.4.4. 13C DEPT NMR spectrum (126 MHz, DMSO-d6) of 4.8. 
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Figure A.4.5. 1H NMR spectrum (500 MHz, CD3OD) of 4.9. 

 

Figure A.4.6. 13C NMR spectrum (126 MHz, CD3OD) of 4.9. 
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Figure A.4.7. 13C DEPT NMR spectrum (126 MHz, CD3OD) of 4.9. 
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A.4.3 Mass Spectra 

 

Figure A.4.8.  HRMS (ESI+) of NNN-dipincer ligand 4.8.   

 

Figure A.4.9.  HRMS (ESI-) of Pd(II) NNN-dipincer complex 4.9. 

 

 

 

 

 

 

 

 

[M + H]+ 

C16H25N6O4  

Calc. m/z = 365.1932 

[M + EtNH2 + H]+ 

C18H32N7O4  

Calc. m/z = 410.2510 

[M – H]- 

C20H27N6O8Pd2  

Calc. m/z = 692.9959 
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A.4.4 Supporting Information for XRD Studies 

 

Figure A.4.10. Perspective view of the packing of 4,4-bipyridine dimer complex 4.5.  

 

Figure A.4.11. Perspective view of the packing of complex 4.9.  

 

 

 

 


