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ABSTRACT 

  Since the discover of polyacetylene in the mid-19th century, organic conductive polymers have 

received a great deal of attention, especially in recent times. The emerging technologies, such as 

lithium batteries, organic semiconductors, solar cells, and luminescent probes, just to name a few, 

stimulate chemists to invent more advanced functional materials in order to fulfill the 

requirements. Concurrently, the understanding and development of conductive metallapolymers 

have flourished thanks to the maturity of organic synthesis and polymer chemistry. More and more 

studies demonstrate that the beneficial synergistic effect brought by metallapolymers can be 

applied in a wide range of fields. 

  The Ozerov group has been working with diarylamido (PNP) pincers as well as bis(pincer) 

complexes. Their physical and chemical features, such as the ligand-based redox behavior, 

numerous available modifications of functional groups and preference for coplanar coordination, 

are in common with many conventional ligands used in metallapolymers. Unavoidably, it spurred 

to think of an idea: could we incorporate these PNP complexes into conductive metallapolymers? 

  To put this idea into practice, first we examined the possibility of conjugation extension from the 

fourth coordination site of pincer group 10 metal complexes (MePNP)MCl. We successfully found 

a synthetic method to construct homo- and heterobimetallic ynediyl-bridged complexes. The 

bridged pincer dimer could be treated as a mixed-valence (MV) model. Physical methods such as 

cyclic voltammetry (CV), light absorption spectroscopy, electron paramagnetic resonance (EPR) 

spectroscopy and theoretical calculation using density functional theory (DFT) were used to study 

the electron delocalization phenomenon between two (MePNP)M moieties bridged by a μ-

ethynediyl linker. With different chelated metals, we found the order of redox coupling is Pt > Ni 



iii 

> Pd. The results are consistent with those obtained with N,N′-bis(salicylidene)ethylenediamine

(salen) ligated group 10 complexes and further expand the knowledge from a monoatomic metal 

“stepping stone” to bimetallic ynediyl bridges. 

  Another direction involves extension of the π-system of the PNP ligand backbone.  To this end, 

we envisioned bis(pincers) connected by π-conjugated linkers as promising candidates. We chose 

diphenyl ether, biphenyl, phenylene, and indolocarbarzole as the central bis(pincer) backbones and 

were able to synthesize and characterize bis(pincer) complexes. The mixed valence study showed 

that the π-delocalization was as good as in the organic analogues while the stability of the oxidized 

species was enhanced, leading to the successful isolation of their single crystals and X-ray 

crystallography characterization. 

  The combination of these two projects led to the exploration of a polymerization pathway derived 

from metal-to-metal bridging linkage. Bis(pincer) Pd complexes were selected to build up μ-

ethynediyl-connected metallapolymers. Preliminary results of polymerization showed the highest 

Mn among the metallapolymers we obtained could be up to 18000, corresponding to 16 repeating 

units. On the other hand, the tetrametallic pincer complexes were also successfully synthesized. 

Lastly, the CV and UV-vis-NIR absorption spectra of tetrametallic complexes and 

metallapolymers were collected to understand the detailed electronic properties. 
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NOMENCLATURE 

ACN Acetonitrile 

Ar Aryl 

BArF
4 Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 

COD Cyclooctadiene 

Cp Cyclopentadiene 

CV Cyclic voltammetry 

DCM Dichloromethane 

DFT Density functional theory 

DMF Dimethylformamide 

DPPF 1,1'-Bis(diphenylphosphino)ferrocene 

EPR Electron paramagnetic resonance 

Et Ethyl 

Fc Ferrocene 

G Gauss 

HOMO Highest occupied molecular orbital 

iPr isopropyl 

IVCT Inter-valence charge transfer 

L Ligand 

LDA Lithium diisopropylamide 

LLCT Ligand to ligand charge transfer 

LMCT Ligand to metal charge transfer 

LUMO Lowest unoccupied molecular orbital 
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MLCT Metal to ligand charge transfer 

MV Mixed-valence 

NBS N-bromosuccinimide

nBu n-butyl

NIR Near infrared 

NMR Nuclear magnetic resonance 

OAc Acetate 

OTf Triflate 

Ph Phenyl 

RT Room temperature 

tBu tert-butyl 

THF Tetrahydrofuran 

XRD X-ray diffraction
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CHAPTER I 

 INTRODUCTION AND LITERATURE REVIEW 

1.1 Redox Non-innocent Ligands and Pincer Complexes 

1.1.1 Redox Non-Innocent Ligands and Stable Metal-Organic Radicals 

  Redox non-innocent ligands are capable of expanding the redox sphere beyond the metal center. 

In other words, during reduction/oxidation of the complex, partial or total redox events could 

happen on the ligand. This phenomenon can be demonstrated by a classical system, nickel(II) 

bis(dithiolene) complex1,2 in Figure I-1. The three stable oxidation states of Ni 

bis(stilbenedithiolate) complexes could be isolated, causing a confusion on how to assign the 

oxidation state of Ni in this type of complexes, although geometrically one can think about Ni(II) 

square planar at first glance. Recently, spectroscopic evidence obtained from X-ray absorption 

together with DFT calculations confirmed that they are all higher ligand valence “inverted” 

complexes and can be assigned as Ni(II).3,4 In other words, during the oxidation, the radical anion 

is generated on the thiolate ligand without oxidizing the Ni(II) to Ni(III) or Ni(IV). The ligand 

non-innocence reactivity was illustrated by the observation of addition of alkenes to the ligand 

instead of interacting with the metal (Figure I-2).2,5  

Figure I-1. Sequential oxidation of nickel(II) bis(stilbenedithiolate). 
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Figure I-2. Addition of the ethylene to Ni[S2C2(CF3)2]2. 

 

    Redox non-innocent behavior of ligands is also observed in biochemistry, where some 

metalloenzymes utilize the metal and the ligand radical synergistically to catalyze chemical 

reactions. For example, galactose oxidase,6 which contains copper(II) tyrosinyl radical on one of 

the peptide sequences, is capable of catalyzing oxidation of primary alcohols into aldehydes with 

turnover frequency up to 800 s-1. Efficient reactivity is due to the fast hydrogen atom transfer 

(HAT) from the α-hydrogen of hydroxyl group to the tyrosinyl radical, followed by the catalyst 

regeneration with dioxygen. 

 

 

Figure I-3. Simplified mechanism of alcohol oxidation by galactose oxidase. 

 

  Compounds which contain a radical or multiple radicals are often highly reactive and cannot be 

easily characterized or isolated. Nevertheless, radical species are of interest because they appear 
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as intermediates in many chemical or biological process. Some radical compounds, however, are 

exceptionally stable which makes it possible to characterize, isolate or store them. A pioneer 

landmark discovery of this area is Gomberg’s trityl radical (Figure I-4).7  The trityl radical can 

dimerize under deoxygenated environment. The equilibrium is facile due to the intradimer bond is 

only ca. 11 kcal/mol,8 resulting that this radical is persistent and easy to observe but can never be 

isolated as a pure radical form. The stability of trityl radical is attributed to its steric protection 

from three propeller phenyl rings as well as spin delocalization via π orbitals. The steric protection 

can be further enhanced by using the perchlorophenyl rings. In this way, the dimerization will be 

blocked and the radical will be isolable.9,10 

 

 

Figure I-4. Gomberg’s trityl radical dimerization equilibrium. 

 

  Another strategy to stabilize radical species is via coordination to metals. Taking advantage of 

the mixing between metal d orbitals with the orbital of unpaired electron, the attached radical can 

form electronic isomers/valence tautomers that enhance the stability. This method led to the 

successful isolation of the oxyl and aminyl radical complexes by Tanaka11 and Grützmacher,12 

respectively (Figure I-5). Notably, single crystals of those radical complexes were obtained and 

the solid state structures were determined by X-ray crystallography. Ru−O• bond length in this 

oxyl radical complex was measured 2.043(7) Å, which is clearly shorter than its H2O adduct 

2.099(3) Å. Meanwhile, the Rh−N• bond length was measured 1.936(3) Å comparing to the neutral 
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Rh−N bond 2.045(3) Å before oxidation. These are very impressive milestones that help advance 

the understanding of the physical properties of radicals. 

 

 

Figure I-5. Ru(II) oxyl radical complex 4 and Rh(I) aminyl complex 5. 

 

1.1.2 Valence Tautomerism 

  In the previous section, we mentioned the electronic isomer/valence tautomerism arising from 

the mixing of orbitals between a radical and a metal. The nature of this observation could be 

illustrated by cobalt catecholate derivatives.13 In Figure I-6, the low-spin Co(III) complex was 

found as the ground state under lower temperature with a semiquinone radical anion and a neutral 

catecholate ligand. Upon raising the temperature, one electron from the neutral catecholate 

transfers to Co, thereby “reducing” Co(III) to Co(II). The ground state under this circumstance 

becomes two semiquinone radical anions with high-spin Co(II). The oxidation state determination 

method was again X-ray absorption/emission spectroscopy. 
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Figure I-6. Valence tautomerization of a cobalt diamino bis(catecholate) complex. 

 

  The example demonstrated above belongs to the discrete localized oxidation state. That is, the 

assignment of Co(II, III) with ligand oxidation states is distinct. Another model complex was 

demonstrated with bis(salicylidene) ethylenediamine (salen) ligand.14 In 2007, Shimazaki et al. 

prepared group 10 salen complexes and investigated their oxidation products in detail. The 

oxidized Ni salen complex exhibited valence tautomerization between Ni(II)−phenoxyl radical and  

Ni(III)−phenolate species according to its ESR and X-ray absorption spectrum. In fact, the Ni(III) 

involved is minimal in this case, so it can still be claimed that the major form is Ni(II)−phenoxyl 

radical. The Pd complex, on the other hand, did not show significant difference in the Pd XPS data 

between neutral and mono-cation state. It is safe to conclude that Pd(II)−phenoxyl radical is the 

only existing state. Lastly, the oxidized Pt salen complex exhibited charge distribution in which 

the oxidation state of Pt becomes hard to determine. In this complex, the measured 4f5/2 and 4f7/2 

binding energies of the neutral Pt(II) complex were 76.0 and 72.6 eV, respectively. On the other 

hand, the 4f5/2 and 4f7/2 binding energies collected from the mono-oxidized form were 76.3 and 

72.9 eV, respectively. The difference between them was only 0.3 eV. Typically, the 4f5/2 and 4f7/2 

binding energies of a Pt(III) or Pt(IV) complex would have at least 2 eV difference comparing to 
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a Pt(II) complex.  As the result, the authors tended to assign the valence tautomers with non-integer 

oxidation states, of which Pt had +2.14 to +2.5. All in all, the valence tautomerization is an 

important study for understanding the metal-radical interaction. 

 

Figure I-7. The electronic properties of salen radical cation complexes. 

 

1.1.3 Pincer Ligands and Complexes 

  A pincer ligand under a broad definition contains a central donor and two side arms which 

strongly prefer three-coordinated meridional fashion while chelating with metals.15–17 Pioneer 

pincer ligands were synthesized by Shaw18,19 and van Koten et al.20 They reported carbanion center 

pincers with amines or phosphines as side arms that could be utilized to coordinate to group 9 or 

group 10 metals (Figure I-8). 
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Figure I-8. Examples of pincer complexes from the 1970s. 

 

 

  A nomenclature of pincer ligands was suggested by Peris and Crabtree15 according to their 

symmetry (palindromic and non-palindromic) and the nature of binding motifs (neutral and anionic 

as L and X). There is also a common naming feature of pincer ligands according to their donor 

atoms. For example, the ligands showing in Figure I-8 would all be called PCP ligands. Summary 

of types and simplified examples are illustrated in Figure I-9.  

 

 
 

Figure I-9. Nomenclature and examples of pincer ligands. 

  

  By virtue of the versatility of donor atoms, pincer ligands are capable of chelating a wide variety 

of metals. A designer’s blueprint is depicted in Figure I-10 The peripheral donors L with their 

substituents Rn can be easily modified to increase/decrease the steric effect on the metal reaction 

center.21,22 Meanwhile, replacing a soft σ-donor atom like phosphorus or sulfur with a hard one 

like nitrogen or oxygen may cause the side arm to become labile.23,24  The size of two chelating 

metallocycles can also be altered. In some cases, the common type 5,5-membered pincer 
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complexes can be forged into 5,6-membered or 6,6-membered pincer25 without breaking their 

meridional coordination, thereby introducing new properties. In addition, ring sizes can be 

intentionally made too big to maintain the planar structure.26  

 The nature of the central donor X is of particular importance in influencing the structure and the 

reactivity of a pincer complex. For example, the PNP amido nitrogen is a weaker σ donor compared 

to the boryl of the PBP ligand, therefore, the position trans to X will experience different trans 

influence, resulting in the different rates of ligand exchange, coordination preference or complex 

geometry.16 

 

 

Figure I-10. Fine-tuning strategy on a pincer ligand. 

 

 

 

 
 

Figure I-11. Variations of the central donor on a diphenyl PXP pincer ligand. 

 

 

 

1.1.4 Non-Innocent Chemical Reactivity of Pincer Ligands 
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  Besides direct influence of electron donating ability toward the metal, pincer ligands can facilitate 

the overall reaction by the indirect ways. Cooperation modes between ligand and metal are 

depicted in Figure I-12.27  In type A, the reactant A–B bond is broken heterolytically while the 

oxidation states of ligand and metal remain unchanged. In most cases, while encountering the 

reactant A–B, the more reactive site, either on the ligand or metal, will coordinate to the reactant 

to polarize it. Then the heterolytic bond activation happens. Notably, the oxidation states of L and 

M do not change after reaction. In type B, the ligand is involved in the oxidation/reduction partially 

or totally instead of only happening on the metal. The last case is the ligand chemical non-

innocence reaction. Examples of this type are often found in proton coupled electron transfer 

(PCET) homolytic bond activation. Upon reacting with A–B, L and M prefers homolytic bond 

activation. One can think that this type is more like oxidation/reduction than 

nucleophilic/electrophilic attack.  

 

 

Figure I-12. Potential bond breaking processes of a cooperative complex. 

 

 

  Those types are just simplified illustrations. In fact, many reactions could proceed by more 

complicated mechanisms. Type A would be discussed in this section and type B in the next. The 

type C reaction is beyond this thesis so not included.28 As shown in Figure I-13, (MePNP)PdOTf 

utilizes the Lewis basic non-bonding orbitals on the nitrogen, with an electron deficient Pd(II) 
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triflate motif, to effect the heterolytic bond breaking of H2.
29 On the other hand, the boryl PBP Ir(I) 

dicarbonyl complex can be protonated by H2O, followed by the capture of hydroxide ion with the 

Lewis acidic boron.30 In addition, the cooperativity could happen with the participation of a remote 

position in the supporting ligand. For instance, Milstein31–35 and our group36 have separately 

published reports on the de-aromatization of lutidine- (15) and benzene-based ligands (17) by 

deprotonating the benzylic CH2 group in the side arm. After de-aromatization, the nucleophilic 

carbon side arm is generated, which can be used as a tool for H2 shuffling or CO2 activation (Figure 

I-14). 

 

 

Figure I-13. Heterolytic bond activation (type A) on (MePNP)Pd and PBPIr complexes.  

 

Figure I-14. Small molecule activation on side arms of lutidine-based PNPIr and benzene-based 

PCPRe complexes. 

 

1.1.5 Non-Innocent Reduction/Oxidation on Pincer Ligands 

  The redox sphere expanded by the ligand can be utilized to avoid unwanted radical pathways in 

catalysis, stabilize the reaction intermediate, or control the physical properties.37 In this section, 
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two types of non-innocent ligands corresponding to electron donor and acceptor will be discussed. 

The first example is the ditolylamido PNP ligand studied by Mindiola.38 The nitrogen lone pair on 

the PNP ligand backbone could act as a redox center, so it is important to know how non-innocent 

could this charge be while it is complexed with metal. (MePNP)NiCl was then prepared and 

oxidized into mono-cationic state with ferrocenium triflate. This aminyl radical complex was 

stable enough to be isolated and studid by single crystal X-ray crystallography, XPS and EPR 

spectroscopy. These experimental data suggested the ligand-based aminyl radical with small 

amount of Ni(III). On the other hand, the computational result also showed SOMO orbital and spin 

density spreading mainly on PNP ligand framework (68%) and partly on nickel center (26%). 

Comparing to the Ni salen complex, the amount of Ni(III) is larger in the PNP complex. The 

significant reactivity with Mn(I) and Re(I) PNP aminyl radical was done by our group together 

with Nocera,39 showing spin density was still mainly localized on the ligand backbone so it 

underwent de-aromatization allylation with allyltributylstannane. 

 

Figure I-15. (MePNP)NiCl oxidation and (MePNP)Mn and Re oxidation radical trapping 

experiment. 

  The second example is the bis(imino)pyridine (PDI) ligand.37,40 The π* orbitals of imino groups 

are capable of accepting two electrons. After the first reduction with Na/Hg amalgam, a chloride 

ion dissociates from the Fe(II) center, forming compound 26. Compound 26 can be reduced again 

using Na/Hg amalgam. The chloride ion dissociates and N2 binds to the iron center. Detailed 
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analysis of the crystal metrical data, Mӧssbauer parameters, and computational studies showed 

that the spin density of unpaired electron of 26 and 27 was mainly located on the ligand backbone 

instead of on the metal center. The oxidation state of iron is mostly Fe(II) intact. Another example 

of a PDI coordinated complex was prepared by Rohde with Ni(II).41 They found that after one-

electron reduction, the ligand-based radical can react with dioxygen, resulting in the C–C bond 

cleavage oxygenation. 

 

Figure I-16. (PDI)FeCl2 sequential reduction and (PDI)NiCl2 reduction activation of dioxygen. 

 

1.2 Introduction of Mixed-valence Compounds. 

1.2.1 Creutz-Taube Complex 

  The study of mixed-valence (MV) compounds can be traced back to early 1960s when penta-

amminediruthenium with a bridging pyrazine, the well-known Creutz-Taube complex was 

prepared (Figure I-17).42 Later Dr. Taube was awarded the Nobel Prize for research on electron 

transfer. The interesting point of this complex is the valence assignment of two Ru oxidation states. 

We know the sum of them are five so one must be Ru (II) and the other must be Ru (III). However, 

one cannot actually differentiate on which side is the Ru center +2 or +3 because it is a totally 

symmetric molecule. So is there a real Ru +2.5 state? In order to answer this ambiguous question, 



 

 

13 

 

 

a new concept had to be introduced.43,44 That is, if the compound is mixed-valence, it is capable 

of hybridizing two degenerate states into a pair of localized-delocalized states, just as the inner 

electron transfer described in Marcus theory. In consequence, the orbitals of two Ru (III) with its 

bridge will merge into a new delocalized state for this incoming electron. One could say, it looks 

like two Ru +2.5 states, but more accurately, it should be one, called the Ru(II)/Ru(III) mixed-

valence state. 

 

Figure I-17. The Creutz-Taube complex. 

 

1.2.2 Robin-Day Classification 

  The mixed-valence compounds can be subdivided into three categories according to Robin and 

Day classification.44,45 Class I describes the trapped valence on one side. That is, no bridge exists 

for the valence transferring from A to A’. In this case, A and A’ will form two distinct states that 

they do not communicate to each other. It is also called the charge isolated state. Class II 

compounds are intermediate. The charge is moderately delocalized between redox centers. It is 

also known as the localized state. In class II, one can imagine two distinct state are partially 

hybridized, making their energy lower and share the character of each. Here the electron coupling 

energy is defined with Marcus-Hush theory46 as HAB which means the energy gained by orbital 

mixing for delocalization. This system exhibits an intervalence transition (IV-CT) shown as the 

red arrow. The existence of this transition, usually found in the near infrared (NIR) region, means 

the energy is required for interconverting the two distinct oxidation states. The HAB can be 

calculated through mathematical operation on the IV-CT energy. For MV compounds belong to 
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class III, a totally delocalized state is postulated that is merged from the original two oxidation 

states. In this situation, the distinct states cannot be assigned anymore, and the transition 

represented by the red arrow becomes the charge resonance band from the total delocalized to 

localized orbital. In a more precise analysis, the transition from class II to III is not a discrete step. 

In fact, many cases can be assigned to be borderline between class II and III. One can notice, in 

class III compound, the two original separated ground states of A and A’ merge into one 

delocalized state. The graph in Figure I-18 implies a less diffuse ground state. In some cases, 

especially organic MV compounds, the ground state composed by A and A’ could be not very 

orientated. Taking tetraphenylphenylenediamine radical as an example, peripheral π orbitals on 

arenes along the travel way of the radical cation would introduce many vibration modes, leading 

to a unusual spectral feature.47 Overall, one must be very careful in assigning the Robin-Day class 

if a new system is going to be introduced. 

 
 

Figure I-18. Potential energy surface of Robin and Day classification. 

 

1.2.3 Physical Methods for Mixed-Valence Investigation 

  Electron delocalization will affect many physical properties of a molecule. For example, for 

Robin-Day class III MV compounds, owing to that totally delocalized orbital, molecular structure 

determined by X-ray crystallography analysis a be close to symmetrical.48,49 However, due to solid 
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state packing, while the molecules are close to each other, the distortion may happen in order to 

account for the interactions in the lattice. Although the symmetry could be instructive for 

determining class III compounds, the difference between class II and class I compounds could be 

minor. Besides the solid-state structural analysis, EPR spectroscopy could also be enlightening. 

MV compounds contain an unpaired electron that could be characterized by its coupling with the 

spins of the nuclei. This information could qualitatively characterize Class I-III MV compounds, 

but for the compounds at the borderline of II-III, due to the fast rate of electron transport, the 

relaxation of spin cannot really catch up the real situation of orbitals. That is, even if the EPR 

signal of a MV compound is found to reflect coupling to every surrounding nucleus, the real charge 

distribution could still be localized.  

 

Figure I-19. A mixed-valence carbene crystal structure and its EPR spectrum published by the 

Bertrand group.49  Counter anion [SbF6]
- is omitted for clarity. Dipp = 2,6-Diisopropylphenyl. 

Reprinted with permission from the ref. 49. 

 

Electrochemical analysis with cyclic voltammetry could be a way to estimate the degree of 

electronic coupling. Taking diferrocene compounds50 (Figure I-20) as examples, there are two 

potential oxidation events for Fe(II) to Fe(III).51 While scanning these neutral compounds on CV, 
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it is possible to observe only one wave or two waves with a separation ∆E. Given that each wave 

on CV is corresponding to generation of the diferrocenyl cationic species, those phenomena can 

be explained: only one wave observed means the monocation and dication are generated at the 

same potential and the observation of two waves means they are generated at different potentials. 

The ∆E between the first and the second waves are the indication of monocation stability 

comparing to the sum of neutral and dicationic forms. One factor that can affect the monocation 

stability is the mixed-valence delocalization state. As was discussed above, the more delocalized 

MV state will provide more stability by lowering the energy level of the monocationic species. 

Therefore, it will result in a larger ∆E separating the redox events. Notably, even though it is a 

good guideline for MV classification, more precise analysis should take into consideration that the 

intrinsic energy difference between monocation and dication will also contribute to ∆E, not only 

the energy contributed from electron coupling.  

  

Figure I-20. Diferrocene MV compounds and their CV data published by Cowan.51 
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  The IR and Raman spectra arise from the absorptions that correspond to the bond stretching and 

bending modes.47,52 A symmetrical vibration is the necessary feature for a total charge delocalized, 

Robin-Day class III compound. However, it is also important to be awared that the time scale of 

vibration is slower than the electron transition. With that, class II features can be determined by 

asymmetrical vibrational bands but class III compounds will need additional supporting evidence. 

Theoretical calculation using density functional theory (DFT) to simulate unpaired electron is 

more mature today. With the proper basis set, the degree of electron delocalization could be finely 

described and visualized by isosurface plots.53,54 Time-dependent density functional theory (TD-

DFT) became a common tool for predicting electronic transitions.55 This calculation mode could 

help correlated the essential absorption peaks to the frontier molecular orbitals. Usually, the 

calculation method works well enough for simple organic compounds. To organometallic 

complexes, the proper method is sometimes hard to find.   

  The IVCT band is the most determinative feature of a MV compound. This transition 

corresponding to the valence interconversion usually appears in the near-infrared (NIR) region. 

For Robin-Day class I molecules, since the charge is isolated, the IVCT band would be absent. 

The MV compounds between class II and class III will have different band parameters that one 

can utilize to calculate the Hush electron coupling energy V, which is the quantitative indication 

about how high is the barrier to move the valence. Typical class III compounds will have V at 

around 3000-4000 cm-1. The higher V, the greater separation between the localized and delocalized 

states, meaning the higher stabilization contributed by the delocalization. Although the IVCT band 

analysis is a very reliable method, some difficulties still exist. For example, there could be multiple 

absorptions in the same region where the IVCT band should appear. Determining the correct band 

is sometimes problematic. This challenge often happens while analyzing metal complexes because 
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their d orbitals provide extra pathways. Another potential difficulty is the identification of Robin-

Day III MV compounds. The IVCT band itself cannot provide the direct information of orbital 

mixing. Instead, it can only tell us the electron coupling energy by assuming their class at first. By 

comparing this information to the analogs, we can then decide whether the previous assignment is 

reasonable. As a result, if a new type MV compound is introduced and it is at the borderline of II-

III, IVCT spectral analysis alone cannot certainly determine whether it is class III or not. The 

overall features of experimental evidences above should be consistent to give the accurate answer. 

 

1.3 Introduction of Coplanarized Compounds 

1.3.1 Synthesis of Fully Conjugated “Ladder” Polymers 

  Conjugated polymers which have fully fused aromatic backbones are considered as the one 

dimensional micro graphene.56–58 The development of this area has drawn much attention57,59–61 in 

recent years because the molecules or polymers with ladder structure show unique optical, physical 

and chemical properties comparing to their unlocked relatives. An early method for synthesizing 

ladder polymers was demonstrated by Swager.62 This reaction was simply based on the 

electrophilic substitution on backbone phenyl group. Surprisingly, it was very successful and could 

convert this polymer (Mn = 45000 ~ 50000 g/mol) to its ladder form in nearly quantitative yields. 

  A similar approach using electrophilic cyclization was done by Fang.63 With this method, the 

quinacridone functional group can be readily introduced in the ladder in contrast to all-carbon 

polymer. Notably, inter-molecular hydrogen bonds as well as the π-π stacking makes this polymer 

highly insoluble. The characterization has to be done via replacing N–H by tert-butyl carbamate 

(Boc) groups. In recent development, the method for building up ladder molecule is not restricted 
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to covalent bond only. Non-covalent interactions such as hydrogen bonding, Lewis acid-base 

adduct formation, and metal coordination could be utilized to construct a ladder type compound. 

 

Figure I-21. Coplanarization of phenyl-based polymer 

 

Figure I-22. Coplanarization of quinacridone-fluorene polymer 

 

1.3.2 Effects Derived from Intramolecular Coplanar Locking 

  The manufacture of semiconductor band gap is essential for approaching desired physical 

properties. Factors that affect the energy of band gap (Eg) are summarized into the formula below. 

Eδr is the bond-length alteration. The difference between single bonds and double bonds in the π-

conjugated system. Eθ is the contribution by interannular rotation. Eres is the aromatic resonance 

energy. There could be two competition way on it. One is the confined localized ring current, and 

another is resonance traveling throughout the backbone. Esub is derived from the substituents. 

Finally, Eint represents the interaction between chains such as π-π or dipole-dipole interaction.  
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𝐸𝑔  = 𝐸𝛿𝑟 + 𝐸𝜃 + 𝐸𝑟𝑒𝑠 + 𝐸𝑠𝑢𝑏 + 𝐸𝑖𝑛𝑡 

 

Figure I-23. Factors of controlling the bandgap. 

  After summarizing the major physical factors that influence Eg, It becomes clear that how 

coplanarization will affect the band gap. First, the Eδr and Eθ would be minimized. The bond-length 

alteration between bonds would be reduced because of the enhanced double bond character on 

intra-arene single bonds. The conformation locked by the ladder structure leads the torsional angle 

close to 0º. Eres and Eint will benefit the compression of the band gap, as well. One of the drawbacks 

of increasing Eint is that the solubility could decline drastically due to the enhanced π-π interaction. 

Besides the strong connection on band gap, the fully fused π-conjugation also would lead to the 

bathochromic shift of optical absorption, amplified thermal excitation, higher charge carrier 

mobility as well as the carrier stability. 

 

1.4 Conjugated metallapolymer: Idea, Preparation, and Their Applications  

1.4.1 Conducting Metallapolymer 

  π-Conjugated conducting metallapolymers are a subgroup of conjugated polymers and 

metallapolymers. In the area of simple organic conjugated polymers, the polymer is tuned by 

organic functional groups, heteroatoms such as N, O, S, etc. and the structural design in order to 
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achieve the desired optoelectronic properties. On the other hand, the idea behind metallapolymers 

is to try to anchor the desired property of metal complexes on the polymer carriage.  Taking 

advantage of macro-physical properties of the polymer, some challenges of using small molecules 

can be overcome. For example, a dendrimeric macromolecule was synthesized by Astruc64 to adapt 

the copper catalyst. This design forced the reactive site into a “nano-reactor”, making the click 

reaction water-friendly and the catalyst recyclable. The design of conducting metallapolymer was 

targeting at the interaction between metal and electric current on the polymer backone. In 2017, 

Nann et al. reported the Pt(II)-containing polythiophene,65 in which the Pt(II) metals were chelated 

by side-arm terpyridine ligands. This metallapolymer allows the catalytic oxygen reduction and 

hydrogen evolution reaction that driven by electricity. The loading amount of Pt(II) on polymer is 

far less than that used in conventional platinum catalyst system. Althuogh the idea is intriguing, 

there are still few applicable conducting metallapolymers, since the metal, polymer backbone, and 

the coordination sphere will have to cooperate to establish the desired properties. Regardless of 

difficulties, the possibility in this area is appealing as a playground for chemists. 

 

Figure I-24. The bulk platinum and Pt metallapolymer coated electrode for oxygen reduction 

reaction. Reproduced with permission from ref. 65. 
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1.4.2 Wolf Classification of Conducting Metallapolymer 

  Generally, conducting metallapolymers can be categorized into three classes. The classification 

is aimed to clarify the carrier transportation among the polymer. The metal nodes on type I 

metallapolymer are mainly on the side arms with non-conjugated or conjugated linkers. Since the 

chelated metals and the polymer backbone are quite remote, the polymerization reaction mostly 

can be well-manfactured. The Wolf type II metallapolymer contains the chelated metals on the 

adjacent side ligands as a part of polymer backbone. Under this structure, the metal redox or 

chemical events would strongly couple with the electronic properties on the main strand. It is worth 

noting that the metal node here would also have great impact on the polymer aggregation structure 

if multiple coordination sites are open or free for ligand exchange. 

  Type III metallapolymers have the metal nodes directly embedded in the main chain. The 

electronic environment of metal, such as oxidation states and binding ligands, will strongly 

influence the electric current flowing through the backbone. Meanwhile, the coordination sphere 

will have to be robust otherwise ligand dissociation could lead to depolyemrization. To date, the 

class II and III metallapolymer mostly include metallocenes, porphyrin complexes, or platinum-

polyynes as the building blocks 

 

Figure I-25. Different Wolf types of conducting metallapolymers. 
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1.4.3 The Logic of Designing and Potential Application of PNP Metallapolymer 

  The key for successful application of a metallapolymer relies heavily on the function of the 

incorporated metal complex. For a complex molecule like porphyrin, the only extension possible 

is via its organic backbone. Therefore, it is easy to modify the functional groups to adapt it into 

Wolf type I and type III metallapolymers, and the choice of metal could be pre- or post-

polymerization due to its saturated coordination sphere. Although there could be some obvious 

synthetic advantages on polymerizing specific metal complexes into metallapolymer like 

porphyrins or salen complexes. One needs to think in depth what benefit this metal complex gains 

being a metallapolymer instead of just small molecule, or what knowledge could we learn from 

preparing this into metallapolymer. Take a representative complex, ferrocene, as an example.66 It 

is known that Fe(II)/Fe(III) redox couple can be interconverted by external applied voltage. With 

the different oxidation state of Fe, the electric current will face different resistances, causing a 

resistance memory effect. That is, if we give an impulse signal to oxidize Fe(II) to Fe(III), or vice 

versa, this metallapolymer will remember that pulse by showing different current densities.  
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Figure I-26. Ferrocene-containing metallapolymer as a memory device. 

 

 

 Our PNP group 10 metal complexes share the redox stability with the ferrocene/ferrocenium 

couple and in addition, more delocalized orbitals on ligand backbone. We hypothesize that if those 

complexes are put into a conjugated metallapolymer, the charge doping density would be 

controllable with two separated stages. Also, if we could prepare the Wolf type II metallapolymers 

of PNP complexes, using the pre-functional groups as Y in Figure, they could be utilized as an 

optical or chemical sensor with X as a chromophore or reaction center, respectively. All in all, the 

thesis aims to find out ways to polymerize PNP group 10 metal complexes, and focus on evaluating 

the physical properties. 

 

 

Figure I-27. Sequential oxidation of designed PNP group 10 (M =Ni, Pd, Pt) metallapolymer. 
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Figure I-28. Wolf type II metallapolymer rational design for PNP complexes. 
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CHAPTER II 

 Redox Communication Between Two Diarylamido/Bis(Phosphine) (PNP)M Moieties Bridged 

By Ynediyl Linkers (M = Ni, Pd, Pt)* 

2.1 Introduction 

  The study of mixed-valence (MV) compounds is of continued interest because of its relevance to 

the broader questions pertaining to the study of electron transfer67,68 in biology69 and material 

science.70  MV compounds also attract interest from a more fundamental point of view because of 

the exciting challenges in properly characterizing and understanding the nature of the MV, as well 

as because of the synthetic interest in designing new types of MV systems. The history of the MV 

compounds can be traced to the 1969 work by Creutz and Taube and their diruthenium complex 

A (Figure II-1).42  Bis(ferrocene) systems have also been broadly studied.50 Although this origin 

is tied to inorganic MV states, purely organic MV compounds have received a lot of attention, as 

well.  A pivotal study was carried out by Lambert et al. in 1999 on a series of organic MV 

compounds of type B (Figure II-1), where the two triarylamine redox sites were connected by a 

variety of conjugating organic linkers.71 MV compounds can be categorized according to the 

Robin-Day classification, depending on the degree of delocalization between the two redox sites.44 

For class I, the interaction between redox centers is small and so they behave mostly as separate 

sites; in class III, redox sites are strongly coupled to the extent that the delocalization can be 

considered complete. Class II systems exhibit intermediate properties, characterized by significant, 

but incomplete delocalization.  The degree of delocalization can be assessed by the separation of 

*Reproduced in part from “Redox Communication between Two Diarylamido/Bis(Phosphine) (PNP)M Moieties 

Bridged by Ynediyl Linkers (M = Ni, Pd, Pt)” by Yu, C.-H.; Yang, X.; Ji, X.; Wang, C.-H.; Lai, Q.; Bhuvanesh, 

N.; Ozerov, O. V. Inorg. Chem. 2020, 59, 10153-10162. DOI: 10.1021/acs.inorgchem.0c01281. Copyright [2020] 

by The American Chemical Society. 
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redox potential in a cyclic voltammogram (CV),72 or by analyzing intervalence charge transfer 

(IV-CT) bands based on Marcus-Hush theory.46  The redox potential separation is a seemingly 

very convenient and frequently used measure; however, its use alone is fraught with potential for 

misinterpretation, as was elegantly delineated by Winter in a 2014 review.72 

 

Figure II-1. Examples of MV compound: Creutz-Taube complex (A), Bis-triphenylamines (B), 

Half-sandwiched metal alkynediyl complexes (C), Bis-triphenylamine with the platinum 

containing bridge (D), metal-radical resonance complexes (E, F). 

 

  Within transition metal-containing MV systems, a few different types can be identified.  The 

Creutz-Taube compound A represents a situation where the redox sites are metal-based and are 

connected by an organic linker. Ynediyl linkers, such as in C by Gladysz et al.,73,74 are a common 

synthetic refrain. Attached directly to the redox-active metal centers, they are able to provide 

effective conjugation maintaining approximate linearity.75 Compound D by Marder et al.76 
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represents a design where the two remote organic redox sites are connected via a transition metal-

anchored linker.  Systems such as E77,78 and F are examples of a situation where the transition 

metal is intimately connected to two ligand-based redox sites, and although the metal is not 

necessarily redox active itself, it defines the spatial and electronic communication.  The redox 

communication of the F design has been studied by Yamauchi et al.,14 as well as Shimazaki et al.79 

and Thomas et al.80  It was determined that the delocalization in the monooxidized species 

decreased in the order Pt > Ni > Pd among group 10 metals, with the Pt and Ni complexes falling 

into the Robin-Day class III.  Structures of type F have also been incorporated into conjugated 

conducting polymers.81-83  The interest in MV compounds, and in metal-stabilized radicals in 

general is often rooted in the studies of conducting polymeric materials84-86 and relevance to 

enzyme reactivity.87,88 

  Our group has been interested in the complexes of the diarylamido/bis(phosphine) PNP ligands 

for a considerable period of time.89–92  Our work and that of others showed that (PNP)M complexes 

can be reversibly oxidized, with the oxidation taking place primarily on the diarylamido ligand 

framework.38,39,93  This has been especially thoroughly studied for the square-planar group 10 

metal systems.21,38  Other diarylamido-based pincer ligands have also been studied and found to 

be redox-active;94–98 Gardinier’s compounds of the type E are an example of that.77,78  The 

oxidation of diarylamido ligands can be related to other metal-bound aminyl radicals.12,99  We 

became interested in investigating the properties of group 10 bimetallic complexes in which the 

two (MePNP)M sites are connected by ynediyl linkers (Figure II-1).  We reasoned that such a design 

is an amalgam of the types of systems exemplified by compounds A-F in that the two intimately 

metal-bound redox sites are connected by an organic and potentially conjugating linker, but where 
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the metal centers themselves are not expected to undergo oxidation.  Here we report a 

comprehensive study of the electronic communication in these systems. 

 

2.2 Results and Discussion 

2.2.1 Synthesis of Bridged Bimetallic PNP Pincer Complexes.  

  In order to prepare µ-ethynediyl bimetallic complexes, we first synthesized and isolated 

(MePNP)MCCH in good yields (46-48) from the reactions of (MePNP)MCl (43-45) with slight 

excess of LiCCH (Scheme II-1).  (MePNP)MCCH was then reacted with one equivalent of LDA 

in THF at room temperature.  Although we assume deprotonation of the ethynyl C−H, we have 

not attempted to establish the composition of the resultant mixture.  After 5 to 10 min, this reaction 

mixture was combined directly with (MePNP)MCl to yield homobimetallic C2-bridged-

(MePNP)MCCM(PNPMe) products 49-51. Good isolated yields were obtained after 

recrystallization. This approach also lent itself well to the preparation of the hetero-bimetallic 

analogs (MePNP)MCCM’(PNPMe) 52-54 by changing the reacting partner to (MePNP)M’Cl.  

Notably, although the polyynediyl-bridged heterobimetallic complexes (M−(CC)n−M’) are 

many,100 the  examples with only σ-C2-bridges are relatively rare.101 To construct the C4 butadiyne-

diyl bridge, we employed slightly different strategies. For Ni and Pd, reaction of two equiv. of 

(MePNP)MOAc with bis(trimethylsilyl)butadiene in the presence of NaOBut conveniently 

furnished the homobimetallic C4-bridged complexes 57 and 58.  For Pt, we first prepared 

compound 60 from a 1:1:1 reaction of (MePNP)PtOTf (59) with bis(trimethylsilyl)butadiene and 

NaOBut, and then desilylated it to yield 61.  Treatment of 61 first with LDA and then with 

(MePNP)PtCl led to the successful formation and isolation of the bimetallic complex 62. The 

longest bridge in this series, in compound 64, was accessed via the reaction of two equiv. of 
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(MePNP)NiOTf with 1,4-diethynylbenzene in the presence of Et3N. This synthesis was based on 

the previously reported reactivity of (MePNP)PdOTf toward terminal alkynes.29 (MePNP)NiOTf 

appears to react similarly here, allowing the isolation of 64 in an excellent yield.  

 

Scheme II-1. Synthesis of PNP group 10 ynediyl bridging complexes. 

2.2.2 NMR and IR/Raman Spectroscopy.  
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  The 1H, 13C, and 31P NMR spectra of the (MePNP)MCCH complexes 46-48 are consistent with 

C2v symmetry in solution. The diagnostic terminal ethynyl hydrogens present at around 2.6-2.7 

ppm. The 13C NMR chemical shifts of the α-ethynyl carbons are metal-dependent, covering the 

range of ca. 100-112 ppm, whereas the β-ethynyl carbons resonate in the 78-89 ppm range.  For 

the all the bimetallic complexes (49-51, 52-54, 57, 58, 62, 64), the local symmetry in each mono-

pincer unit is also C2v by NMR spectroscopy.  For the homobimetallic complexes, this translates 

into the overall D2d molecular symmetry on the NMR timescale.  

  The ethynediyl carbons resonate in the 100-120 ppm range in the 13C NMR spectrum of 49-51, 

with a clear difference of about 10 ppm between the metals in the Ni-Pd-Pt series.  In the 

heterobimetallic complexes 52-54, the two (MePNP)MC “halves” show 13C NMR chemical shifts 

for the α-carbons that are reasonably similar to the same “half” in a homobimetallic analog.  The 

corresponding 31P NMR chemical shifts also correlate well, as do the JP-Pt values.  The 

corresponding data for the homobimetallic complexes with the longer bridges (57, 58, 62, 64) 

correlate more closely with those for the ethynyl complexes 46-48.  

 

Table II-1. Selected NMR Data for (MePNP)MCCM’(PNPMe) (δ, ppm). 

 

  The CC triple bond stretching frequencies of those complexes were identified in the solid-state 

FT-IR and Raman spectra (see Section 2.4.4).  For 46-48, the stretching frequencies of the CC 

Complex 31P NMR (C6D6) 
13C NMR (C6D6) 

MCCM’ 

13C NMR  

(C6D6) MCCM’ 

49 37.52 120.3  

50 45.22 110.2  

51 42.60 (2710 Hz)a 101.6  

52 37.54, 44.82 125.5 105.1 

53 37.83, 40.68 (2713 Hz)a 117.9 101.4 

54 41.89 (2705 Hz),a 46.89 107.5 102.5 
a JP-Pt coupling constant 
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triple bond and the terminal C-H increased slightly in Ni < Pd ~ Pt order. Compared to 1-hexyne, 

a significant decrease in the CC stretching frequency can be noted, suggesting a decrease in the 

CC bond order. Raman spectra of 49-51 also support the same trend. Notably, CC triple bond 

stretching observed in between PNP metal were considerably lower compared to 

bis(trimethylsilyl)acetylene (2108 cm-1)102 and bis(diphenylphosphino)acetylene (2097 cm-1).103 

Table II-2. CC and CH stretching frequencies by FT-IR and Raman. 

IR CC (cm-1) CH (cm-1) Raman CC (cm-1) 

46 1957 3258 49 1926 

47 1969 3281 50 1987 

48 1972 3285 51 1994 

1-hexyne 2120 3311 C2H2
104 1974 

 

2.2.3 Solid-State Characterization 

  Single crystals of 50 and 51 were obtained by slowly diffusing hexane into the toluene solutions, 

while 49 was crystallized under CH2Cl2 layered with pentane. Oxidation of 49-51 with ca. 0.9 

equiv. of ferrocenium carborane [Fc]CH12B11 was individually carried out in CH2Cl2 and X-ray 

quality crystals of the corresponding monocations [49-51]CH12B11 were obtained by layering 

pentane or isooctane over the CH2Cl2 solution and cooling to -35 °C.  We did not attempt isolation 

of [49-51]CH12B11 on a preparative scale. 
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Figure II-2. Solid-state structure of 49.  Truncated view down the N-Ni-CC-Ni-N axis shown on 

the right.  Displacement ellipsoids are shown at the 50% probability level and all solvent and 

hydrogen atoms have been removed for clarity. 

 

  Selected crystal structural data are summarized in Table II-3.  The isomorphous structures of 50 

and 51 contained two independent molecules in the asymmetric unit with insignificant differences 

in bond distances and angles. The N–M and M–C bond distances in nickel complex 49 (Figure II-

2) are about 0.1 Å shorter than those in 50 and 51 due to the smaller size of Ni(II). The N–M 

distances in 49 and 50 are slightly longer than the N–M distances in the previously reported 

structures of (MePNP)MCl (M = Ni, Pd) complexes,89 likely owing to the stronger trans-influence 

of –CC– group.  The C(1)–C(2) triple bond distances in 49, 50, 51 are similar to each other and to 

that in free acetylene (1.20 Å).105 The dihedral angles P(1)–M(1)–M(2)–P(3) can be taken as a 

proxy for the angle between the two (MePNP)M planes and it varies from 60º to 90º among 49-51 

and [49-51]CH12B11.  The M(1)–C(1)–C(2)–M(2) angles in these structures are close to 180º, 

except for [50]CH12B11 where it deviates from linearity by 7º.  The structures of 49 (Figure 2) and 

of [49]CH12B11 (Figure 3) are shown as examples. The N–M and M–C bond distances appear to 
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decrease slightly upon oxidation of 49-51 to the corresponding [49-51]CH12B11, whereas the C-C 

(triple bond) distances do not seem to change much.  However, it is difficult to analyze these small 

differences from the X-ray data because the uncertainties in the values are not insignificant.  

Because of this, it is also difficult to analyze whether the monocations are truly dissymmetric.  In 

addition, the structures of [49-51]CH12B11 contain one anion which may influence the apparent 

dissymmetry.  In the structure of [49]CH12B11, however, the anion is disordered over an element 

of symmetry, resulting in a monocation with two halves equivalent by crystallographic symmetry.  

However, it is possible to say that those changes cumulatively result in a decrease of the N…N 

distance by about 0.1 Å.  It seems more appropriate to evaluate the individual bond distance 

differences using the calculated structures (vide infra). The solid-state structure of 58 was also 

determined for comparison (Figure 4). In contrast to 49-51, the two P/N/P/Pd planes in 58 are 

approximately parallel with each other. The C(1)…C(4)  distance in the C4 bridge measured 

3.8154(3).  Gladysz’s group in 2008 prepared a closely related (C6F5)(R3P)2PtC4Pt(PR3)2)(C6F5)  

in which the analogous C…C distance was determined to be 3.859(7).106 
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Table II-3. Selected bond distances (Å), and dihedral angles (º) derived from the XRD structural determinations (top row for each 

metric) and DFT calculations (bottom row), as well as crystal data for 49-51 and [49-51]CH12B11. 

 49 50 51 [49]CH12B11 [50]CH12B11 [51]CH12B11 

N(1)–M(1) 1.926(4) 2.075(4); 

2.062(4) 

2.068(6); 

2.076(6) 

1.872(2) 2.060(5) 2.028(6) 

 1.944 2.102 2.122 1.914 2.083 2.097 

N(2)–M(2) 1.929(3) 2.067(4); 

2.061(4) 

2.079(6); 

2.085(6) 

1.916(2) 2.029(5) 2.073(7) 

 1.948 2.099 2.122 1.928 2.088 2.103 

M(1)–C(1) 1.850(5) 1.984(5); 

1.965(5) 

1.975(8); 

1.972(8) 

1.838(3) 1.975(6) 1.941(9) 

 1.849 1.982 1.985 1.835 1.965 1.967 

M(2)–C(2) 1.864(5) 1.979(5); 

1.965(6) 

1.987(8); 

1.972(7) 

1.848(3) 1.959(7) 1.941(8) 

 1.848 1.982 1.985 1.833 1.964 1.967 

C(1)–C(2) 1.220(6) 1.208(7); 

1.233(7) 

1.209(11); 

1.214(11) 

1.237(4) 1.207(9) 1.237(11) 

 1.246 1.241 1.240 1.249 1.242 1.247 

P(1)–M(1)–

M(2)–P(3) 

60.817(6) 98.291(4); 

95.818(4) 

89.336(5); 

84.408(4) 

89.141(4) 107.123(3) 91.415(4) 

N(1), N(2) 

distance 

8.7887(7) 9.3108(3); 

9.2843(3) 

9.3138(4); 

9.3167(4) 

8.7072(7) 9.2003(5) 9.2162(6) 

 8.835 9.402 9.454 8.759 9.343 9.375 

Crystal system, 

space group 

Monoclinic, 

C12/c1 

Triclinic, 

𝑃1̅ 

Triclinic, 

𝑃1̅ 

Monoclinic, 

C12/c1 

Monoclinic, 

P121/c1 

Monoclinic, 

C12/c1 
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Figure II-3. Solid-state structure of [49]CH12B11.  Truncated view down the N-Ni-CC-Ni-N axis 

shown on the right. Displacement ellipsoids are shown at the 50% probability level and all solvent 

and hydrogen atoms have been removed for clarity. 

 

Figure II-4. Solid-state structure of 58.  Truncated view down the N-Pd-CC-Pd-N axis shown on 

the right. Displacement ellipsoids are shown at the 50% probability level and all solvent and 

hydrogen atoms have been removed for clarity. 
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2.2.4 Theoretical Calculation 

  DFT calculations were carried out using Gaussian 09 at the M06/def2-SVP level for describing 

the molecular orbital diagrams of 49-51 and [49-51]+ (see Section 2.4.3 for the details and 

references).  XRD-determined molecular structures of 49-51 molecules were imported as starting 

geometries for optimization. The DFT-optimized geometries (Table II-3) for 49-51 and their 

oxidized form [49-51]+ (without an anion) reproduce the general features and the metrics from the 

corresponding X-ray diffraction structures quite well.  The neutral bimetallic complexes 49-51 

were calculated to be essentially symmetric, but for [49-51]+, an asymmetry can be noted.  

However, this asymmetry is very modest.  For example the two M-N distances are different by 

0.005-0.014 Å in the three cations, while the two M-C distances within each cation hardly diverge 

at all (≤0.002 Å).  Both the M-N distances and the M-C distances are shorter in the cations than in 

the neutral compounds (by 0.015-0.030 Å and by 0.015-0.018 Å, respectively).  Curiously, the 

calculations reproduced the deviation from linearity in the N-M-C-C-M-N linkage in [50]+. 

  Examination of the calculated HOMO for the neutral molecules and the SOMO for the cations in 

Figure II-5 evinces contributions from both (MePNP)M fragments and from the π-bonding orbitals 

of the C≡C bond.  The nature of the HOMO can be viewed as an anti-bonding interaction between 

a combination of the delocalized lone pairs on N and the π-bonding electrons of the C≡C bond 

on the one hand, and the filled dπ orbitals at the d8 metal center on the other.  The removal of an 

electron from the HOMO is thus consistent with the modest shortening of the M-N and the M-C 

bonds.  The HOMOs, LUMOs of 49, 50 and 51, and the depictions SOMO orbitals as well as the 

spin density maps for the corresponding oxidized cations [49]+,  [50]+,  [51]+  can be found in the 

Figure II-19. 
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Table 4 shows the calculated percentages of spin density assignable to the atoms in the NMCCMN 

sequence in [49-51]+.  The differences among M = Ni/Pd/Pt are modest, but a few numbers deserve 

attention.  Of the three cations, [50]+ has the lowest total percentage of spin density in the 

NMCCMN unit (ca. 55%) vs. ca. 62-63% for Ni and Pt.  Moreover, [50]+ has the highest 

percentage on the N atoms.  Arguably, this presages the greater degree of communication between 

the two halves in [49]+ and [51]+ gleaned from the electrochemistry experiments (vide infra).  The 

percentage of spin density on the –C≡C– unit is greatest for [51]+, which can be rationalized by 

the more effective orbital overlap with the 5d orbitals of Pt. 

 

 

 

Figure II-5. The frontier molecular orbitals of 49, as well as SOMO and the spin density map of 

[49]+ calculated by DFT at the M06/def2-SVP level of theory (isovalue = 0.004). 
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Table II-4. Selected spin density (%) of atoms in [49-51]+. 

Complex N1 M1 C1 C2 M2 N2 

[49]+ 18.6 10.1 4.8 3.2 7.4 18.6 

[50]+ 21.5 3.5 3.6 3.2 2.4 20.3 

[51]+ 18.6 6.3 8.3 7.3 4.7 16.7 

 

2.2.5 Electron Paramagnetic Resonance Spectroscopy (EPR) 

  EPR spectra of [49-51]+ were collected on samples produced by in situ one-electron oxidation of 

49-51 using ferrocenium carborane in CH2Cl2. The observed order of giso values was [51]+ > [49]+ 

> [50]+. The broadness caused by long-range delocalization of radical obviates the detection of 

the hyperfine splitting features in all of the solution spectra. On the other hand, in the solid-state, 

g factors depend on the orientation in the magnetic field. An axial spectrum with a larger g1 and a 

smaller g2 values were found in the EPR spectrum of solid [49]+. In Mindiola’s EPR study of solid 

[43][OTf],38 a rhombic signal was found with an large anisotropy in the g values (g1 = 2.040(4), 

g2 = 2.016(4), g3 = 2.005(4)),31 interpreted as originating from a non-negligible contribution of 

Ni(III) in a low-symmetry environment.  In the case of [49]+, the higher D2d symmetry  likely 

results in the merging of two of the three g values in the mononuclear [43][OTf] into one in [49]+.  
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Figure II-6. The X-band EPR spectra were recorded at 292 K of [49]CH12B11 solid and [49-

51]CH12B11 solution in CH2Cl2 (20 mM) and with a microwave frequency of 9.38 GHz, 

microwave power 0.6 mW, and modulation width 1G. The spectrum was collected over multiple 

runs. The asterisk labeled the instrumental noise that decreased the intensity while collecting runs. 

 

 

 

 

2.2.6 Electrochemical Studies 
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  Cyclic voltammograms were collected in order to understand the degree of electronic 

communication. First, 46-48 were investigated with 0.1 M nBu4NBArF
4 as the supporting 

electrolyte in CH2Cl2. Quasi-reversible waves were observed, centered at -0.1 to -0.2 V versus the 

ferrocenium/ferrocene external standard. Compared to the previously reported values for 

(MePNP)MCl,21 46-48 were slightly easier to oxidize, presumably owing to the more electron-

releasing properties of –CCH vs. –Cl.  Next, the bimetallic complexes 49-51 were investigated in 

the same manner. Two quasireversible oxidation waves were observed; they all occurred at more 

negative potentials than the corresponding oxidations for 46-48.  The CV data for 49-51 were also 

collected using nBu4NBArF
4 as the supporting electrolyte (Figure II-7, Table II-5). The separation 

between the two waves ∆E can be converted to the comproportionation equilibrium constant Kc 

according to formula I.72,107,108 Greater separation of the redox waves, and thus greater Kc values, 

indicative of greater apparent electronic communication between the two sites and greater 

electronic delocalization in the radical.  The CV of 64 yielded only a single quasireversible wave 

at a potential similar to that of 46.  This evidences the lack of communication between the redox 

sites in 64.  The C4-bridged bimetallics (57, 58, 62) gave rise to more closely spaced waves 

compared to the C2-bridged bimetallics (49-51 and 52-54). A greater degree of communication in 

the C2-bridged compounds compared to the C4-bridged compounds should be expected.  Within 

the homobimetallic C2-bridged complexes, the order of Kc values is 51 ≈ 49 > 50.  Within the 

homobimetallic C4-bridged analogs, it is 62 > 57 > 58.  In both cases, the dipalladium complex 

displayed weakest communication.  Based on the Kc values alone, 49 and 51 can be assigned at 

the borderline of Robin-Day Class II-III, whereas 50 and 57, 58, 62 fall more squarely into Class 

II. For the heterobimetallic compounds 52-54, Kc should not be calculated directly from the ΔE 

values because of the intrinsic dissymmetry.  Presumably the first oxidation in 52 and 53 is based 
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to a greater degree on the Ni half because of the easier oxidation of (MePNP)MX for M = Ni vs. Pd 

or Pt.  Considering the 0.10 V difference between the E1/2 values for 46 vs. 47 ≈ 51, one could 

expect a 0.10 V difference in the ΔE values for 52 and 53 vs 54, which happens to be exactly the 

case.  The ΔE value for 54 of 0.20 V is also approximately the average of the ΔE values for 50 

(Pd/Pd) and 51 (Pt/Pt). 

𝐾𝑐 = 𝑒
−𝑛𝐹∆𝐸

𝑅𝑇                             (I) 

 

Figure II-7. Cyclic voltammograms (left) and differential pulse voltammograms (right) of ca. 1 x 

10-3 M PNPMC2MPNP 49-51 with ferrocene as the internal standard. (nBu4NBArF
4 0.1 M in 

CH2Cl2, with a Ag/AgNO3 reference electrode, at a scan rate of 100 mV s−1, vs Fc+/Fc). The 

asterisks label the internal ferrocene standard.  
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Figure II-8. Cyclic voltammograms (left) and differential pulse voltammograms (right) of ca. 1 x 

10-3 M PNPMC4MPNP 57, 58, 62. (nBu4NBArF
4 0.1 M in CH2Cl2, with a Ag/AgNO3 reference 

electrode, at a scan rate of 100 mV s−1, vs. Fc+/Fc). 

 

Table II-5. Summary of oxidation potential*.  

Compound 𝑬𝟏/𝟐
𝟏

 (V) 𝑬𝟏/𝟐
𝟐

  (V) ∆𝑬 (V) 𝑲𝒄 

49 -0.53  -0.27 0.26 2.5 × 104 

50 -0.40 -0.25 0.15 3.4 × 102 

51 -0.50 -0.24 0.26 2.5 × 104 

52 -0.53 -0.19 0.34  

53 -0.57 -0.23 0.34  

54 -0.47 -0.23 0.24  

57 -0.25 -0.10 0.15 3.4 × 102 

58 -0.14 -0.04 0.10 4.9 × 101 

62 -0.17 0.00 0.17 7.5 × 102 

* The 𝐸1/2
1

 (V) of 46-48 and 64 was found -0.21, -0.09, -0.07, and -0.15 V respectively. 

 

2.2.7 UV-vis-NIR Spectroscopy 

  The UV-vis-NIR spectra of 46-48 and the oxidized [46-48]+ recorded in CH2Cl2 solution are 

shown in Figure II-9. The spectra of neutral 46-48 shares the similar absorption feature with a 

shoulder at 400-500 nm. Upon one electron oxidation, [46-48]+ exhibit an intense metal-to-ligand 

charge transfer (MLCT) band at 600-700 nm in general. The additional near-infrared band found 
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in [46]+ is at 870 nm.  Similar bands were previously reported in [43]+, as well as an mono-oxidized 

divinylamido-centered Ni(II) pincer complex.27,38 Taking into account the interpretations from the 

literature, this is presumably a combination of MLCT and LLCT transition owing to the closer d-

π energy match of Ni(II) with the oxidized ligand backbone.14,27,109–112 Absorption spectra of 49-

51, [49-51]+, and [49-51]2+ were collected in a similar manner (Figure II-10).  Neutral 49-51 

exhibited multiple strong absorptions ranging at around 300 nm for typical π-conjugated 

arylamines, and the shoulder or minor band at 400-500 nm likely contains the HOMO-LUMO 

transition.  In [49-51]+, two additional bands appeared along with the decline of bands at around 

300 nm. The longer wavelength band with λmax at around 1200-1600 nm is proposed to be the IV-

CT transition, while the shorter wavelength band at λmax of 500-600 nm could correspond to 

MLCT,  which was observed in [46-48]+ as well.38 [49]+ and [51]+ gave rise to IV-CT transitions 

of similar λmax, whereas it was observed at a shorter wavelength for Pd [50]+. Removal of the 

second electron and formation of [49-51]2+ resulted in the increase of MLCT band absorbance and 

the disappearance of IV-CT band. Additionally, another long-wavelength band with λmax at around 

1000-1200 nm appeared. We propose it may be attributed to the same type of π-π* transition as 

found in [43-45]+ and [46-48]+ but at a longer wavelength because of the increased effective 

nuclear charge of the ligand atoms in the dication.38  

  In order to gain additional insight into the nature of the transitions in [49]0/+, TD-DFT calculations 

were carried out (see Figure II-20). The computed absorption patterns for [49] and [49]+ match the 

experimental spectra reasonably well, although the computed NIR band is red-shifted by about 

200 nm to 1749 nm.  Analysis of the orbitals involved supports the notion of an LLCT type IV-

CT transition. On the other hand, the computed transition at 704 nm is consistent with a mostly 

localized MLCT. In order to quantify the degree of delocalization in [49-51]+, Marcus-Hush 
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analysis (formula II) was applied for a Robin-Day class II MV compound. The shapes of IV-CT 

bands were close to Gaussian which indicated a double adiabatic stage transition that depicted the 

same situation in theory.113 

 

𝑉 =
0.0206

𝑟
√𝜐̃𝑚𝑎𝑥𝜐̃1/2𝜀                    (II)            

  

 Hush electronic coupling integral V is the energy barrier between two adiabatic stages which 

indicate the degree of electron delocalization.45 It is determined by the wavenumber at maximum 

absorption of IVCT (𝜐̃𝑚𝑎𝑥), band half-width (𝜐̃1/2), extinction coefficient ε, and effective transition 

distance r. The effective transition distance r mostly has to be estimated.  We performed two 

calculations, one with the M(1)-M(2) distance, the other with the N(1)-N(2) distance from the X-

ray structures of [49-51]+ in crystal structures are picked for comparison (Table II-6).  The 

calculated V values from both r distances suggest the electron communication decreases in the 

order Pt > Ni > Pd within the range of a few hundred cm-1. However, the V values based on the 

M(1)-M(2) distance are too large compared to a typical Robin-Day class II compound. On the 

other hand, using the N(1)-N(2) distance leads to the more reasonable V values at around 800-1100 

cm-1.  Using the N-N distance also appears appropriate, given that the DFT calculations identified 

the nitrogens as the atoms with the most spin density in the monocations.  Figure II-9 also provides 

a relevant illustration.  Compound [67]+ is related to [65]+ via “replacement” of the para-phenylene 

connector in 65 with a Pt center.71,76 Likewise, [66]+ and [51]+ can also be viewed as related by a 

“replacement” of two para-phenylene linkers in 66 with two Pt centers in 51.  The V values indicate 

that Pt is a comparable but slightly less effective connector than para-phenylene in both cases. V 
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values of [49-51]+ confirm the assumption that 50 matches the Robin-Day class II, whereas 49 and 

51 are at the borderline of Robin-Day classes II and III.  In order to ensure they do not approach 

the complete delocalization of class III, further verifications were conducted using the 

solvatochromic effect and IR spectroscopy of [49]+ and [51]+ (Figure II-22).  The change in solvent 

polarity is expected to cause a considerable shift of IVCT band in Robin-Day class II MV 

compounds in contrast to class III.45 We observed the ∆𝒗̃(CH2Cl2/acetonitrile) order [50]+ > [51]+ 

≈ [49]+ in agreement with 50 as closest to class II.  However, the magnitude of ca. 300-900 cm-1 

is not aligned with class II compound [66]+ (2170 cm-1)114 as well as the other simple organic 

analog,47,71 so this determination is not definitive. The stretching band of the C≡C bond was 

present in the IR spectra of both [49]CH12B11 and [51]CH12B11 with little broadening, which 

suggested that the positive charge was not completely delocalized.  

 

 

Figure II-9. UV-vis-NIR spectra of ca. 1 × 10-4 M 46-48 and [46-48]CH12B11. [46-48]CH12B11 

were obtained by in situ oxidation using 1.2 eq [Fc]CH12B11
 as the oxidant in CH2Cl2 solution. 
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Figure II-10. UV-vis-NIR spectra of ca. 6 × 10-5 M 49-51, [49-51] CH12B11
 and [49-

51][CH12B11]2. [49-51]CH12B11 and [49-51][CH12B11]2 were obtained by in situ oxidation using 

[Fc]CH12B11
 as the oxidant [Ox] in CH2Cl2 solution. 

 

 

 

 

 

Table II-6. Summary of parameters in NIR band analysis. 
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Complex 𝝊̃𝒎𝒂𝒙       

[cm-1] 

𝝊̃𝟏/𝟐  

[cm-1] 

ε             

[M-1cm-1] 

r       

[Å] 

V          

[cm-1] 

[49]+ 6494 2055 11551 8.707a 

(4.921)b 

930 

(1640) 

[50]+ 7937 3146 5207 9.201a 

(5.129)b 

810 

(1450) 

[51]+ 7037 1982 17640 9.216a 

(5.117)b 

1110 

(2000) 
a Distance from N(1) to N(2). 
b Distance from M(1) to M(2). 

 

 

Figure II-11. Comparison of V values of compounds in literature. 

 

2.3 Conclusion 

  In summary, a detailed investigation of a series of bimetallic (MePNP)M complexes was carried 

out.  The redox sites in these group 10 metal complexes are largely based on the PNP ligands, in 

concert with the previous reports on the oxidation of PNP complexes.  Alkynediyl linkers bound 

to the transition metals were used to connect the redox sites.  It was found that communication 

between the two sites was marginal for a –C≡C-C≡C- linker, and non-existent for the longer linker.  
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The shortest -C≡C- linkers allowed for stronger communication, which was weakest for Pd, and 

more pronounced for Ni and Pt.  Electrochemical analysis of the redox peak separation gave similar 

results for Ni and Pt, but the analysis of the IV-CT band in the NIR spectrum suggested a higher 

degree of delocalization for Pt.  In the analysis of the electronic coupling in the Ni/Pd/Pt series of 

complexes of the type F (Figure 1), Shimazaki et al. concluded that the order of Pd < Ni < Pt 

reflected the order of the energies of the corresponding filled dπ orbital at the metal and how well 

it can overlap with the ligand orbital.18 We interpret the situation in the Ni/Pd/Pt compounds 

presented in this work similarly.  Pt provides the best opportunity for electronic communication 

via stronger orbital interactions, while Pd is least effective.  In addition, we propose that the 

communication in the bis(nickel) compounds benefits from the closer physical proximity of the 

two redox sites owing to the shorter Ni-C and Ni-N bonds.   

 

2.4 Experimental section 

2.4.1 General Considerations 

  Unless specified otherwise, all manipulations were performed under an Ar atmosphere using 

standard Schlenk line or glovebox techniques. Toluene, diethyl ether, pentane, and isooctane were 

dried and deoxygenated (by purging) using a solvent purification system (Innovative Technology 

Pure Solv MD-5 Solvent Purification System) and stored over molecular sieves in an Ar-filled 

glove box. C6D6 was dried over NaK/Ph2CO/18-crown-6, distilled or vacuum transferred and 

stored over molecular sieves in an Ar-filled glovebox. CH2Cl2, CDCl3, and CD2Cl2 were dried 

over CaH2, distilled or vacuum transferred and stored over molecular sieves in an Ar-filled glove 

box. (MePNP)MCl (as 43-45, M = Ni, Pd, Pt), (MePNP)NiOAc (55) and (MePNP)PdOAc (56) 

(MePNP)NiOTf (63) were prepared via literature procedures89,90,115 as well as tetra(n-
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butyl)ammonium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate116 [nBu4N][BArF
4]. All other 

chemicals were used as received from commercial vendors. 

  

2.4.2 Physical Methods 

  NMR spectra were recorded on a Varian Inova 300, Mercury 300 (1H NMR, 299.952 MHz; 13C 

NMR, 75.421 MHz; 31P NMR, 121.422 MHz), Bruker 400 (1H NMR, 399.535 MHz; 11C NMR, 

100.582 MHz; 31P NMR, 161.734 MHz) and Varian Inova 500 (1H NMR, 499.703 MHz; 13C 

NMR, 125.697 MHz; 31P NMR, 202.265 MHz) spectrometer. Chemical shifts are reported in δ 

(ppm). For 1H and 13C NMR spectra, the residual solvent peak was used as an internal reference 

(1H NMR: δ 7.16 for C6D6, 7.24 for CDCl3; 
13C NMR: δ 128.06 for C6D6, 77.16 for CDCl3). 

31P 

NMR spectra were referenced externally with 85% phosphoric acid at δ 0. Infrared spectra were 

collected on an Agilent CARY FT-IR spectrometer. Raman spectra were obtained from a Horiba 

Jobin-Yvon LabRam HR spectrometer with a 633 nm laser (300 gr/mm). Data were collected 

between 100 and 3000 cm-1. Measured power at the sampling level was controlled at about 0.6 

mW. Acquisition time was 15 seconds, optical filter density was D 1, and confocal pinhole was 

200 μm. UV-vis-NIR spectra were collected on a Hitachi U-4100 UV-vis-NIR spectrophotometer. 

Electron paramagnetic resonance spectra were recorded in a continuous wave X-band EleXsys 

EPR spectrometer at 288 K. Electrochemical studies were carried out using a CH Instruments 

Model 700 D Series. Electrochemical Analyzer and Workstation in conjunction with a three 

electrode cell. The working electrode was a CHI 104 glassy carbon disk with a 3.0 mm diameter 

and the auxiliary electrode was composed of platinum wire. The third electrode, the reference 

electrode, was a Ag/AgNO3 electrode. This was prepared as a bulk solution composed of 0.01 M 

AgNO3 and 0.1 M nBu4NPF6 in dichloromethane. This was separated from solution by a fine 
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porosity frit. CVs and DPVs were conducted in dichloromethane with 0.1 supporting electrolyte 

mentioned in footnotes and were reported with a scan rate of 100 mV/s. The concentration of the 

analyte solutions were approximately 1.00 × 10-3 M. CVs were referenced to Fe(η5-Cp)2/ Fe(η5-

Cp)+ redox couple. Elemental analyses were performed by CALI Labs, Inc. (Highland Park, NJ).  

 

2.4.3 Computational Details 

  DFT calculations were carried out using Gaussian 09,117 Revision D.01. X-ray crystal structures 

of 49, 50, and 51 were imported as starting geometries for optimization. Previous studies indicate 

that the M06 functional is well-performing on closely related complexes.118–120 Hence, the M06121 

functional was chosen for all the calculations, in combination with the def2-SVP122 basis set for 

all the atoms and the corresponding pseudopotentials for the Pd and Pt atoms. The integration grid 

was set to be ultrafine. Based on the optimized structures of 49 and [49]+, transition energies were 

calculated by Time-Dependent DFT (TD-DFT) at the level of M06/def2-SVP with CH2Cl2 PCM 

solvation. 

 

2.4.4 Synthesis and Characterization Details 

  (MePNP)Ni(CCH) (46). (MePNP)NiCl (43) (100 mg, 191 μmol) was dissolved in THF solution 

(5.0 mL) and lithium acetylide, ethylene diamine complex (LiCCH · NH2CH2CH2NH2) (53 mg, 

573 μmol) was added to it under room temperature. The solution color changed immediately from 

green to red. After stirring 1 hour, the volatiles were removed under vacuum, and the residue was 

extracted with toluene and filtered through a plug of silica gel. The filtrate was collected and the 

volatiles were removed under vacuum, yielding red solid (86 mg, 88%). ATR-IR: νC≡C 1958 cm-1, 
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νC-H 3258 cm-1. 1H NMR (500 MHz, C6D6): δ 7.69 (dvt, J2, H-P = 2 Hz, JH-H = 10 Hz, 2H, Ar-H), 

6.97 (s, 2H, Ar-H), 6.82 (dd, J2, H-H = 2 Hz, JH-H = 10 Hz, 2H, Ar-H), 2.74 (t, JH-P = 5 Hz, 1H, CC-

H), 2.40 (m, 4H, CHMe2), 2.17 (s, 3H, CH3), 1.51 (dvt, 12H, CHMe2), 1.21 (dvt, 12H, CHMe2). 

31P {1H} NMR (202 MHz, C6D6): δ 44.05. 13C{1H} NMR (125 MHz, C6D6): δ 162.2 (vt, JC-P = 14 

Hz, Ar-C), 132.5 (s, Ar-C), 132.2 (s, Ar-C), 124.7 (vt, JC-P = 4 Hz, Ar-C), 121.0 (vt, JC-P = 16 Hz, 

Ar-C), 115.7 (vt, JC-P = 5 Hz, Ar-C), 111.6 (s, NiCCH), 89.31 (t, JC-P = 43 Hz, NiCCH), 24.63 (vt, 

JC-P = 13 Hz, CHMe2), 20.53 (s, Ar-CH3), 18.88 (s, CHMe2), 18.07 (s, CHMe2). Elem. Anal. Calcd. 

for C28H41NP2Ni: C, 65.65; H, 8.07; N, 2.73. Found: C, 65.66; H, 8.26; N, 2.88. 

 

(MePNP)Pd(CCH) (47).  (MePNP)PdCl (44) (100 mg, 175 μmol) was dissolved in THF solution 

(5.0 mL) and lithium acetylide, ethylene diamine complex (LiCCH · NH2CH2CH2NH2) (48 mg, 

526 μmol) was added to it. The solution color changed immediately from purple to yellow. After 

stirring 1 hour, the volatiles were removed under vacuum, and the residue was extracted with 

toluene and filtered through a plug of silica gel. The filtrate was collected and the volatiles were 

removed under vacuum, yielding yellow solid (84 mg, 82%). ATR-IR: νC≡C 1969 cm-1, νC-H 3281 

cm-1. 1H NMR (500 MHz, C6D6): δ 7.78 (d, JH-H = 10 Hz, 2H, Ar-H), 6.88 (s, 2H, Ar-H), 6.84 (d, 

JH-H = 5 Hz, 2H, Ar-H), 2.66 (s, 1H, CC-H), 2.33 (m, 4H, CHMe2), 2.16 (s, 3H, CH3), 1.46 (dvt, 

12H, CHMe2), 1.11 (dvt, 12H, CHMe2). 
31P {1H} NMR (202 MHz, C6D6): δ 50.25. 13C{1H} NMR 

(125 MHz, C6D6): δ 161.9 (vt, JC-P = 11 Hz, Ar-C), 133.0 (s, Ar-C), 132.6 (s, Ar-C), 124.9 (t, JC-P 

= 4 Hz, Ar-C), 120.3 (vt, JC-P = 18 Hz, Ar-C), 115.9 (vt, JC-P = 5 Hz, Ar-C), 101.6 (t, JC-P = 4 Hz, 

PdCCH), 88.72 (t, JC-P = 16 Hz, PdCCH), 25.18 (vt, JC-P = 13 Hz, CHMe2), 20.48 (s, Ar-CH3), 

19.03 (vt, JC-P = 3 Hz, CHMe2), 18.19 (s, CHMe2). Elem. Anal. Calcd. for C28H41NP2Pd: C, 60.05; 

H, 7.38; N, 2.50. Found: C, 59.72; H, 7.23; N, 2.39. 
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  (MePNP)Pt(CCH) (48). (MePNP)PtCl (45) (100 mg, 152 μmol) was dissolved in THF solution 

(5.0 mL) and lithium acetylide, ethylene diamine complex (LiCCH · NH2CH2CH2NH2) (42 mg, 

455 μmol) was added to it. The solution color changed immediately from orange to yellow. After 

stirring 5 minutes, the volatiles were removed under vacuum, and the residue was extracted with 

toluene and filtered through a plug of silica gel. The filtrate was collected and the volatiles were 

removed under vacuum, yielding yellow solid (63 mg, 64%). ATR-IR: νC≡C 1972 cm-1, νC-H 3285 

cm-1. 1H NMR (500 MHz, C6D6): δ 7.83 (d, JH-H = 10 Hz, 2H, Ar-H), 6.90 (s, 2H, Ar-H), 6.83 (d, 

JH-H = 10 Hz, 2H, Ar-H), 2.76 (t, JH-P = 2 Hz, 1H, CC-H), 2.50 (m, 4H, CHMe2), 2.17 (s, 3H, CH3), 

1.45 (dvt, 12H, CHMe2), 1.11 (dvt, 12H, CHMe2). 
31P {1H} NMR (202 MHz, C6D6): δ 44.56 (s, 

JP-Pt = 2586 Hz). 13C{1H} NMR (125 MHz, C6D6): δ 162.7 (vt, JC-P = 8 Hz, Ar-C), 133.1 (s, Ar-

C), 132.6 (s, Ar-C), 125.5 (vt, JC-P = 4 Hz, Ar-C), 120.4 (vt, JC-P = 23 Hz, Ar-C), 116.1 (vt, JC-P = 

5 Hz, Ar-C), 99.9 (dt, JC-P = 3 Hz, JC-Pt = 350 Hz, PtCCH), 78.24 (t, JC-P = 13 Hz, PtCCH), 25.75 

(vt, JC-P = 15 Hz, CHMe2), 20.41 (s, Ar-CH3), 18.75 (s, CHMe2), 18.16 (s, CHMe2). Elem. Anal. 

Calcd. for C28H41NP2Pt: C, 51.85; H, 6.37; N, 2.16. Found: C, 51.55; H, 6.07; N, 2.10. 

 

  (MePNP)Ni(CC)Ni(PNPMe) (49). (MePNP)Ni(CCH) (46) (100 mg, 195 μmol) was dissolved in 

THF solution (5.0 mL) and fresh prepared lithium diisopropylamide (31 mg, 293 μmol) was added 

to it. After stirring 1 minutes, (MePNP)NiCl (43) (102 mg, 195 μmol) was added and immediately 

its green color diminished into red solution. Further after stirring for 30 minutes, the volatiles were 

removed under vacuum and the product was extracted with toluene and filtered through a plug of 

silica gel. The filtrate was collected and the volatiles were removed under vacuum, yielding orange 

solid (123 mg, 63%). The crystal can be obtained by CH2Cl2 solution layered with ethanol (1/1) in 
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a -35 ºC freezer over a week. Raman:  νC≡C 1926, 1936 cm-1. 1H NMR (500 MHz, C6D6):  δ 7.68 

(d, JH-H = 5 Hz, 4H, Ar-H), 6.99 (s, 4H, Ar-H), 6.81 (d, JH-H = 5 Hz, 4H, Ar-H), 2.50 (m, 8H, 

CHMe2), 2.20 (s, 12H, CH3), 1.71 (dvt, 24H, CHMe2), 1.30 (dvt, 24H, CHMe2). 
31P {1H} NMR 

(202 MHz, C6D6): δ 37.52. 13C{1H} NMR (125 MHz, CD2Cl2): δ 161.6 (vt, JC-P = 13 Hz, Ar-C), 

132.4 (s, Ar-C), 131.6 (s, Ar-C), 124.1 (s, Ar-C), 121.8 (vt, JC-P = 16 Hz, Ar-C), 119.9 (t, JC-P = 

44 Hz, Ni-CC-Ni), 114.9 (s, Ar-C), 24.23 (vt, JC-P = 13 Hz, CHMe2), 20.40 (s, Ar-CH3), 19.36 (s, 

CHMe2), 17.84 (s, CHMe2). Elem. Anal. Calcd. for C54H80N2P4Ni2: C, 64.95; H, 8.08; N, 2.81. 

Found: C, 64.86; H, 8.02; N, 2.56. 

 

  (MePNP)Pd(CC)Pd(PNPMe) (50). (MePNP)Pd(CCH) (47) (100 mg, 179 μmol) was dissolved in 

THF solution (5.0 mL) and fresh prepared lithium diisopropylamide (28 mg, 269 μmol) was added 

to it. After stirring 1 minutes, (MePNP)PdCl (44) (102 mg, 179 μmol) was added and immediately 

its light green color diminished into red solution. Further after stirring for 30 minutes, the volatiles 

were removed under vacuum and the product was extracted with toluene and filtered through a 

plug of silica gel. The filtrate was collected and the volatiles were removed under vacuum, yielding 

orange solid (150 mg, 70%). The crystal can be obtained by toluene solution layered with pentane 

(1/3) in a -35 °C freezer over a week. Raman:  νC≡C 1987 cm-1. 1H NMR (500 MHz, C6D6):  δ 7.86 

(d, JH-H = 10 Hz, 4H, Ar-H), 6.99 (s, 4H, Ar-H), 6.87 (d, JH-H = 10 Hz, 4H, Ar-H), 2.48 (m, 8H, 

CHMe2), 2.21 (s, 12H, CH3), 1.62 (dvt, 24H, CHMe2), 1.24 (dvt, 24H, CHMe2). 
31P {1H} NMR 

(202 MHz, C6D6): δ 45.22. 13C{1H} NMR (125 MHz, CD2Cl2): δ 162.0 (vt, JC-P = 10 Hz, Ar-C), 

133.1 (s, Ar-C), 132.4 (s, Ar-C), 124.2 (vt, JC-P = 4 Hz, Ar-C), 121.0 (vt, JC-P = 18 Hz, Ar-C), 

115.8 (vt, JC-P = 6 Hz, Ar-C), 110.2 (tt, JC-P1 = 16 Hz, JC-P2 = 4 Hz, Pd-CC-Pd), 25.09 (vt, JC-P = 
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13 Hz, CHMe2), 20.58 (s, Ar-CH3), 19.37 (vt, JC-P = 3 Hz, CHMe2), 18.24 (s, CHMe2). Elem. Anal. 

Calcd. for C54H80N2P4Pd2: C, 59.29; H, 7.37; N, 2.56. Found: C, 59.27; H, 7.14; N, 2.51. 

 

  (MePNP)Pt(CC)Pt(PNPMe) (51). (MePNP)Pt(CCH) (48) (100 mg, 154 μmol) was dissolved in 

THF solution (5.0 mL) and fresh prepared lithium diisopropylamide (16.5 mg, 154 μmol) was 

added to it. After stirring 1 minute, (MePNP)PtCl (45) (102 mg, 154 μmol) was added. Further 

after heating to 50 ºC for 1 hour, the volatiles were removed under vacuum and the product was 

extracted with toluene and filtered through a plug of silica gel. The filtrate was collected and the 

volatiles were removed under vacuum, yielding yellow solid (112 mg, 57%). The crystal can be 

obtained by toluene solution layered with pentane (1/3) in a -35 ºC freezer over a week. Raman:  

νC≡C 1994 cm-1. 1H NMR (500 MHz, C6D6):  δ 7.91 (d, JH-H = 10 Hz, 4H, Ar-H), 7.01 (s, 4H, Ar-

H), 6.86 (d, JH-H = 10 Hz, 4H, Ar-H), 2.65 (m, 8H, CHMe2), 2.23 (s, 12H, CH3), 1.62 (dvt, 24H, 

CHMe2), 1.25 (dvt, 24H, CHMe2). 
31P {1H} NMR (202 MHz, C6D6): δ 42.60 (s, JP-Pt = 2710 Hz). 

13C{1H} NMR (125 MHz, C6D6): δ 162.8 (vt, JC-P = 10 Hz, Ar-C), 133.3 (s, Ar-C), 132.3 (s, Ar-

C), 124.7 (vt, JC-P = 4 Hz, Ar-C), 121.0 (vt, JC-P = 21 Hz, Ar-C), 116.1 (vt, JC-P = 5 Hz, Ar-C), 

101.6 (t, JC-P = 13 Hz, Pt-CC-Pt), 25.68 (vt, JC-P = 16 Hz, CHMe2), 20.53 (s, Ar-CH3), 19.02 (s, 

CHMe2), 18.21 (s, CHMe2). Elem. Anal. Calcd for C54H80N2P4Pt2: C, 51.02; H, 6.34; N, 2.20 

Found: C, 50.97; H, 6.39; N, 2.05. 

 

  (MePNP)Ni(CC)Pd(PNPMe) (52). 46 (100 mg, 195 μmol) was dissolved in THF solution (5.0 

mL) and fresh prepared lithium diisopropylamide (20.9 mg, 195 μmol) was added to it. After 

stirring 1 minute, 44 (111 mg, 195 μmol) was added. Further after stirring for 30 minutes, the 

volatiles were removed under vacuum and the product was extracted with toluene and filtered 
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through a plug of silica gel. The filtrate was collected and the volatiles were removed under 

vacuum, yielding orange-red solid. The product was recrystallized with 

acetonitrile/dichloromethane, yielding orange-red crystal (120 mg, 59%). 1H NMR (400 MHz, 

C6D6): δ 7.81 (d, JH-H = 8 Hz, 2H, Ar-H), 7.74 (d, JH-H = 8 Hz, 2H, Ar-H), 7.03 (s, 2H, Ar-H), 6.96 

(s, 2H, Ar-H),  6.85-6.83 (m, 4H, Ar-H), 2.53 (m, 4H, CHMe2), 2.45 (m, 4H, CHMe2), 2.22 (s, 

6H, CH3), 2.20 (s, 6H, CH3), 1.71 (dvt, 12H, CHMe2), 1.60 (dvt, 12H, CHMe2), 1.33 (dvt, 12H, 

CHMe2), 1.21 (dvt, 12H, CHMe2). 
31P {1H} NMR (202 MHz, C6D6): δ 44.82 (s, 1P), 37.54 (s, 1P). 

13C{1H} NMR (101 MHz, C6D6): δ 162.3 (vt, JC-P = 13 Hz, Ar-C), 161.9 (vt, JC-P = 10 Hz, Ar-C), 

133.1 (s, Ar-C), 132.5 (s, Ar-C), 132.2 (two s, Ar-C), 125.5 (t, JC-P = 16 Hz, Ni-CC-Pd), 124.2 (vt, 

JC-P = 4 Hz, Ar-C), 124.0 (vt, JC-P = 3 Hz, Ar-C), 121.8 (vt, JC-P = 16 Hz, Ar-C), 120.5 (vt, JC-P = 

17 Hz, Ar-C), 115.8 (vt, JC-P = 6 Hz, Ar-C), 115.6 (vt, JC-P = 5 Hz, Ar-C), 105.1 (t, JC-P = 42 Hz, 

Ni-CC-Pd), 24.86 (vt, JC-P = 12 Hz, CHMe2), 24.39 (vt, JC-P = 12 Hz, CHMe2), 20.63 (s, Ar-CH3), 

20.57 (s, Ar-CH3), 19.36 (s, CHMe2), 19.35 (s, CHMe2), 17.98 (s, CHMe2), 17.94 (s, CHMe2). 

Elem. Anal. Calcd for C54H80N2P4NiPd: C, 61.99; H, 7.71; N, 2.68 Found: C, 61.88; H, 7.88; N, 

2.49. 

 

  (MePNP)Ni(CC)Pt(PNPMe) (53). 48 (100 mg, 154 μmol) was dissolved in THF solution (5.0 mL) 

and fresh prepared lithium diisopropylamide (16.5 mg, 154 μmol) was added to it. After stirring 1 

minute, 43 (80.5 mg, 154 μmol) was added. Further after heating to 50 ºC for 1 hour, the volatiles 

were removed under vacuum and the product was extracted with toluene and filtered through a 

plug of silica gel. The filtrate was collected and the volatiles were removed under vacuum, yielding 

orange solid. The product was recrystallized with acetonitrile/dichloromethane, yielding orange 

crystal (100 mg, 57%). 1H NMR (400 MHz, C6D6): δ 7.86 (d, JH-H = 8 Hz, 2H, Ar-H), 7.75 (d, JH-
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H = 8 Hz, 2H, Ar-H), 7.04 (s, 2H, Ar-H), 6.98 (s, 2H, Ar-H),  6.84 (d, JH-H = 8 Hz, 4H, Ar-H), 2.62 

(m, 4H, CHMe2), 2.53 (m, 4H, CHMe2), 2.22 (s, 12H, CH3), 1.73 (dvt, 12H, CHMe2), 1.59 (dvt, 

12H, CHMe2), 1.34 (dvt, 12H, CHMe2), 1.21 (dvt, 12H, CHMe2). 
31P {1H} NMR (202 MHz, 

C6D6): δ 40.68 (s, JP-Pt = 2713 Hz, 1P), 37.83 (s, 1P). 13C{1H} NMR (101 MHz, C6D6): δ 162.8 

(vt, JC-P = 10 Hz, Ar-C), 162.3 (vt, JC-P = 13 Hz, Ar-C), 133.1 (s, Ar-C), 132.4 (s, Ar-C), 132.2 (s, 

Ar-C), 128.6 (s, Ar-C), 124.8 (vt, JC-P = 4 Hz, Ar-C), 124.0 (vt, JC-P = 3 Hz, Ar-C), 121.9 (vt, JC-P 

= 15 Hz, Ar-C), 120.6 (vt, JC-P = 23 Hz, Ar-C), 117.9 (s, Ni-CC-Pt), 116.1 (m, Ar-C), 115.5 (m, 

Ar-C), 25.50 (vt, JC-P = 15 Hz, CHMe2), 24.41 (vt, JC-P = 12 Hz, CHMe2), 20.63 (s, Ar-CH3), 20.49 

(s, Ar-CH3), 19.29 (s, CHMe2), 19.06 (s, CHMe2), 17.97 (s, CHMe2), 17.92 (s, CHMe2). Elem. 

Anal. Calcd for C54H80N2P4NiPt: C, 57.15; H, 7.11; N, 2.47 Found: C, 56.64; H, 7.04; N, 2.39.  

 

  (MePNP)Pt(CC)Pd(PNPMe) (54). 48 (100 mg, 154 μmol) was dissolved in THF solution (5.0 

mL) and fresh prepared lithium diisopropylamide (16.5 mg, 154 μmol) was added to it. After 

stirring 1 minute, 44 (88.0 mg, 154 μmol) was added. Further after heating to 50 ºC for 1 hour, the 

volatiles were removed under vacuum and the product was extracted with toluene and filtered 

through a plug of silica gel. The filtrate was collected and the volatiles were removed under 

vacuum, yielding yellow solid. The product was recrystallized with acetonitrile/dichloromethane, 

yielding yellow crystal (150 mg, 82%). 1H NMR (400 MHz, C6D6): δ 7.91 (d, JH-H = 8 Hz, 2H, 

Ar-H), 7.87 (d, JH-H = 8 Hz, 2H, Ar-H), 7.01-7.00 (m, 4H, Ar-H), 6.88-6.86 (m, 4H, Ar-H), 2.65 

(m, 4H, CHMe2), 2.49 (m, 4H, CHMe2), 2.22 (two s, 12H, CH3), 1.62 (m, 24H, CHMe2), 1.25 (m, 

24H, CHMe2).
 31P{1H} NMR (202 MHz, C6D6): δ 46.89 (s, 1P), 41.89 (s, JP-Pt = 2705 Hz, 1P). 

13C{1H} NMR (101 MHz, C6D6): δ 162.5 (vt, JC-P = 10 Hz, Ar-C), 161.6 (vt, JC-P = 10 Hz, Ar-C), 

132.9 (s, Ar-C), 132.8 (s, Ar-C), 132.1 (s, Ar-C), 132.0 (s, Ar-C), 124.4 (vt, JC-P = 3 Hz, Ar-C), 
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123.8 (vt, JC-P = 3 Hz, Ar-C), 120.7 (vt, JC-P = 23 Hz, Ar-C), 120.6 (vt, JC-P = 17 Hz, Ar-C), 107.5 

(m, Pd-CC-Pt), 102.5 (m, Pd-CC-Pt), 25.32 (vt, JC-P = 16 Hz, CHMe2), 24.71 (vt, JC-P = 16 Hz, 

CHMe2), 20.20 (s, Ar-CH3), 20.13 (s, Ar-CH3), 18.94 (m, CHMe2), 18.69 (m, CHMe2), 17.86 (s, 

CHMe2), 17.82 (s, CHMe2). Elem. Anal. Calcd for C54H80N2P4PdPt: C, 54.84; H, 6.82; N, 2.37 

Found: C, 54.52; H, 6.68; N, 2.33. 

 

  (MePNP)Ni(CCCC)Ni(PNPMe) (57). 55 (300 mg, 549 μmol), bis(trimethylsilyl)butadiyne (53.4 

mg, 275 μmol), sodium tert-butoxide (67 mg, 686 μmol),  were mixed in tert-butanol/THF solution 

(1:1, 5.0 mL) After heating to 70 ºC overnight, the solution color changed from red to orange red. 

The volatiles were removed under vacuum, and the residue was extracted with toluene and filtered 

through a plug of silica gel with CH2Cl2. The filtrate was collected and the volatiles were removed 

under vacuum, yielding red solid. Recrystallization in CH2Cl2 solution layered with ethanol (1/1) 

in a -35 ºC freezer overnight yielded red crystals (150 mg, 53%). 1H NMR (500 MHz, C6D6): δ 

7.69 (d, JH-H = 10 Hz, 1H, Ar-H), 6.98 (s, 4H, Ar-H), 6.82 (d, JH-H = 10 Hz, 4H, Ar-H), 2.38 (m, 

8H, CHMe2), 2.18 (s, 12H, CH3), 1.54 (dvt, 24H, CHMe2), 1.23 (dvt, 24H, CHMe2). 
31P{1H} NMR 

(202 MHz, C6D6): δ 44.10. 13C{1H} NMR (125 MHz, CD2Cl2): δ 161.6 (s, Ar-C), 132.4 (s, Ar-C), 

132.0 (s, Ar-C), 124.9 (s, Ar-C), 121.1 (s, Ar-C), 115.0 (s, Ar-C), 113.5 (s, Ni-CCCC-Ni), 78.3 (s, 

Ni-CCCC-Ni), 24.63 (s, CHMe2), 20.36 (s, Ar-CH3), 18.71 (s, CHMe2), 18.05 (s, CHMe2). 

C56H80N2Ni2P4: C, 65.78; H, 7.89; N, 2.74. Found: C, 65.55; H, 7.78; N, 2.69. 

 

  (MePNP)Pd(CCCC)Pd(PNPMe) (58). 56 (260 mg, 438 μmol), bis(trimethylsilyl)butadiyne (42.5 

mg, 219 μmol), sodium tert-butoxide (53 mg, 548 μmol),  were mixed in tert-butanol/THF solution 

(1:1, 5.0 mL) After heating to 70 ºC overnight, the solution color changed from red to yellow. The 
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volatiles were removed under vacuum, and the residue was extracted with toluene and filtered 

through a plug of silica gel with CH2Cl2. The filtrate was collected and the volatiles were removed 

under vacuum, yielding yellow solid. Recrystallization in CH2Cl2 solution layered with ethanol 

(1/1) in a -35 ºC freezer overnight yielded yellow crystals (150 mg, 61%). 1H NMR (500 MHz, 

C6D6): δ 7.41 (s, 4H, Ar-H), 6.92 (s, 4H, Ar-H), 6.87 (d, JH-H = 10 Hz, 4H, Ar-H), 2.52 (m, 8H, 

CHMe2), 2.20 (s, 12H, CH3), 1.40 (dvt, 24H, CHMe2), 1.18 (dvt, 24H, CHMe2). 
31P{1H} NMR 

(202 MHz, C6D6): δ 50.28. 13C{1H} NMR (125 MHz, CD2Cl2): δ 161.3 (s, Ar-C), 133.2 (s, Ar-C), 

132.2 (s, Ar-C), 125.1 (s, Ar-C), 120.2 (s, Ar-C), 115.3 (s, Ar-C), 103.0 (s, Pd-CCCC-Pd), 78.8 

(m, Pd-CCCC-Pd), 25.13 (m, CHMe2), 20.31 (s, Ar-CH3), 18.81 (s, CHMe2), 18.19 (s, CHMe2). 

Elem. Anal. Calcd for C56H80N2Pd2P4: C, 60.16; H, 7.21; N, 2.51 Found: C, 59.80; H, 7.37; N, 

2.46. 

 

  (MePNP)PtOTf (59). 45 (300 mg, 455 mmol), lithium aluminum hydride (27 mg, 683 mmol) 

were mixed in ether (10 mL). The solution color steadily changed from yellow to brownish yellow. 

After 1 hour, the volatiles were removed under vacuum, and the corresponding product 

(MePNP)PtH was extracted with toluene and filtered through a plug of silica gel. The filtrate was 

collected and the volatiles were removed under vacuum, yielding light yellow solid (260 mg, 92%). 

(MePNP)PtH can be used directly without further purification.  (MePNP)PtH (260 mg, 416 μmol) 

and MeOTf (68 mg, 416 μmol) were mixed in toluene solution (5 mL). After heating to 50 ºC for 

1 hour under argon atmosphere, the volatiles were removed under vacuum, and the product 59 was 

extracted with toluene and filtered through celite. Further purification was conducted by 

recrystallization with diethyl ether layered pentane, yielding orange solid (280 mg, 87 %). 

Synthesis procedure was modified from the previous publication.115 
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  (MePNP)PtCCCCTMS (60). 59 (260 mg, 337 μmol) and bis(trimethylsilyl)butadiyne (72 mg, 

371 μmol) were mixed in THF solution (5.0 mL) and sodium tert-butoxide (39 mg, 404 μmol) was 

added to the solution.  The color changed immediately from orange to yellow. After stirring 5 

minutes, the volatiles were removed under vacuum, and the residue was extracted with toluene 

and filtered through celite. The filtrate was collected and the volatiles were removed under 

vacuum, yielding yellow solid. The product can be further purified by recrystallization with 

pentane in a -35 ºC freezer overnight, yielding yellow crystals (220 mg, 88%).  1H NMR (500 

MHz, C6D6): δ 7.77 (d, JH-H = 5 Hz, 2H, Ar-H), 6.83 (s, 2H, Ar-H), 6.80 (d, JH-H = 5 Hz, 2H, Ar-

H), 2.34 (m, 4H, CHMe2), 2.13 (s, 6H, CH3), 1.32 (dvt, 12H, CHMe2), 0.99 (dvt, 12H, CHMe2), 

0.22 (s, 9H, SiMe3). 
31P{1H} NMR (202 MHz, C6D6): δ 47.08 (s, JP-Pt = 2526 Hz). 13C{1H} NMR 

(125 MHz, C6D6): δ 162.6 (vt, JC-P = 10 Hz, Ar-C), 133.1 (s, Ar-C), 132.7 (s, Ar-C), 125.9 (vt, JC-

P = 4 Hz, Ar-C), 119.9 (vt, JC-P = 23 Hz, Ar-C), 116.2 (vt, JC-P = 5 Hz, Ar-C), 98.02 (s, Pt-CCCC-

TMS), 94.76 (s, Pt-CCCC-TMS), 83.79 (t, JC-P = 13 Hz, Pt-CCCC-TMS), 77.09 (s, Pt-CCCC-

TMS), 25.70 (vt, JC-P = 16 Hz CHMe2), 20.33 (s, Ar-CH3), 18.67 (s, CHMe2), 18.02 (s, CHMe2), 

0.63 (s, SiMe3). 

 

  (MePNP)PtCCCCH (61). 60 (220 mg, 295 μmol) was dissolved in methanol/THF solution (1:1, 

5.0 mL) and tetra-n-butylammonium fluoride (TBAF) solution (1.0 M, 0.6 ml) was added to it. 

After heating to 50 ºC for 3 hours, the volatiles were removed under vacuum, and the residue was 

extracted with toluene and filtered through a plug of silica gel. The filtrate was collected and the 

volatiles were removed under vacuum. Further added small amount of pentane to help 

solidification, yielding yellow solid (180 mg, 91%). 1H NMR (500 MHz, C6D6): δ 7.75 (d, JH-H = 
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5 Hz, 2H, Ar-H), 6.83 (s, 2H, Ar-H), 6.79 (d, JH-H = 10 Hz, 2H, Ar-H), 2.34 (m, 4H, CHMe2), 2.13 

(s, 6H, CH3), 1.79 (s, 1H, Pt-CCCC-H), 1.34 (dvt, 12H, CHMe2), 1.00 (dvt, 12H, CHMe2). 
31P{1H} 

NMR (121 MHz, C6D6): δ 45.15 (s, JP-Pt = 2534 Hz). 13C{1H} NMR (125 MHz, C6D6): δ 162.6 

(vt, JC-P = 10 Hz, Ar-C), 133.1 (d, JC-Pt = 5 Hz, Ar-C), 132.7 (s, Ar-C), 125.9 (vt, JC-P = 4 Hz, Ar-

C), 119.9 (t, JC-P = 23 Hz, Ar-C), 116.14 (m, Ar-C), 96.70 (t, JC-P = 3 Hz, Pt-CCCC-H), 80.40 (t, 

JC-P = 13 Hz, Pt-CCCC-H), 73.53 (m, Pt-CCCC-H), 61.28 (d, JC-Pt = 11 Hz, Ar-C, Pt-CCCC-H), 

25.70 (m, CHMe2), 20.35 (dvt, Ar-CH3), 18.61 (dvt, CHMe2), 18.00 (dvt, CHMe2).  

 

  (MePNP)Pt(CCCC)Pt(PNPMe) (62). 61 (130 mg, 194 μmol) was dissolved in THF solution (5.0 

mL) and fresh prepared lithium diisopropylamide (21 mg, 200 μmol) was added to it. After stirring 

1 minutes, 45 (128 mg, 194 μmol) was added to the solution and heating to 70 ºC overnight, the 

volatiles were removed under vacuum and the product was extracted with toluene and filtered 

through a plug of silica gel with CH2Cl2. The filtrate was collected and the volatiles were removed 

under vacuum, yielding yellow solid. Further purification by recrystallization with CH2Cl2 layered 

with pentane yielded yellow crystalline powders (210 mg, 84%). 1H NMR (500 MHz, CD2Cl2): δ 

7.49 (d, JH-H = 10 Hz, 4H, Ar-H), 6.95 (s, 4H, Ar-H), 6.89 (d, JH-H = 10 Hz, 4H, Ar-H), 2.68 (m, 

8H, CHMe2), 2.23 (s, 12H, CH3), 1.39 (dvt, 12H, CHMe2), 1.18 (dvt, 12H, CHMe2). 
31P{1H} NMR 

(202 MHz, C6D6): δ 46.49 (s, JP-Pt = 2594 Hz). 13C{1H} NMR (125 MHz, CD2Cl2): δ 162.2 (vt, 

JC-P = 10 Hz, Ar-C), 133.4 (s, Ar-C), 132.2 (s, Ar-C), 125.7 (vt, JC-P = 4 Hz, Ar-C), 120.3 (vt, JC-P 

= 23 Hz, Ar-C), 115.6 (vt, JC-P = 5 Hz, Ar-C), 102.2 (s, Pt-CCCC-Pt), 70.07 (s, Pt-CCCC-Pt), 

25.70 (vt, JC-P = 16 Hz,, CHMe2), 20.28 (s, Ar-CH3), 18.51 (s, CHMe2), 18.16 (s, CHMe2). Elem. 

Anal. Calcd for C56H80N2Pt2P4: C, 51.93; H, 6.23; N, 2.16. Found: C, 51.61; H, 5.97; N, 2.08. 
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  (MePNP)Ni(CCPhCC)Ni(PNPMe) (64). 63 (120 mg, 188 μmol) was dissolved in THF solution 

(5.0 mL) and 1,4-diethynylbenzene (11.4 mg, 90 μmol), triethylamine (20 mg, 200 μmol) were 

added to it subsequently. The solution color changed from blue to red. After stirring 5 minutes, the 

volatiles were removed under vacuum, and the residue was extracted with toluene and filtered 

through a plug of silica gel. The filtrate was collected and the volatiles were removed under 

vacuum, yielding red solid. The product can be further purified by recrystallization with 

ethanol/dichloromethane in a -35 ºC freezer overnight, yielding red crystals (75 mg, 76%). 1H 

NMR (400 MHz, CD2Cl2): δ 7.36 (d, JH-H = 8 Hz, 4H, Ar-H), 7.00 (s, 4H, Ar-H), 6.86 (d, JH-H = 

8 Hz, 4H, Ar-H), 2.54 (m, 8H, CHMe2), 2.21 (s, 12H, CH3), 1.46 (dvt, 24H, CHMe2), 1.29 (dvt, 

24H, CHMe2). 
31P{1H} NMR (202 MHz, CD2Cl2): δ 45.55. 13C{1H} NMR (101 MHz, CD2Cl2): δ 

161.7 (vt, JC-P = 10 Hz, Ar-C), 132.5 (s, Ar-C), 132.2 (s, Ar-C), 130.2 (s, Ar-C), 125.6 (s, Ar-C), 

125.6 (s, Ar-C), 125.0 (s, Ar-C), 121.0 (vt, JC-P = 17 Hz, Ar-C), 115.2 (s, Ni-CCPhCC-Ni), 97.62 

(t, JC-P = 43 Hz, Ni-CCPhCC-Ni). 24.75 (vt, JC-P = 13 Hz, CHMe2), 20.38 (s, Ar-CH3), 18.78 (s, 

CHMe2), 18.17 (s, CHMe2). Elem. Anal. Calcd for C62H84N2P4Ni2: C, 67.78; H, 7.71; N, 2.55.  

Found: C, 67.33; H, 7.60; N, 2.40.  

 

  Ferrocenium 1-carbadodecaborate (FcCH12B11).  A Schlenk flask was charged with 

Cs[CH12B11] (0.26 g, 1.0 mmol), ferrocene (0.18 g, 1.0 mmol), PhI(OAc)2 (0.16 mg, 0.50 mmol), 

and acetonitrile (10 mL). Me3SiCl (126 μL, 1.0 mmol) was then added to the orange solution 

resulting in a color change to royal blue. The solution was stirred for 30 min and then the volatiles 

were removed extensively under vacuum. The resulting blue powder was dissolved in acetonitrile 

and filtered through a pad of Celite. The solution was then layered with benzene/heptane (1/1) and 
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slow diffusion at room temperature resulted in a paramagnetic blue block crystal (0.20 g, 0.61 

mmol, 61%). Elem. Anal. Calcd. for FeC11H22B11: C 40.15; H 6.74; found: C 39.87; H 6.37. 

 

  [49-51]CH12B11 crystals. Complex 49-51 (10 mg) was dissolved in CH2Cl2 (or THF) and mixed 

with approximately 0.9 equivalent of ferrocenium carba-closo-dodecaborate in a glass vial. The 

solution color changed immediately. The reaction mixture was layered by isooctane (or pentane) 

and put into a -35 ºC freezer overnight, yielding the black color crystal. The crystal was then 

subjected to X-ray crystallography. 

 

2.4.5 X-ray Structural Determination Details 

X-Ray data collection, solution, and refinement for (49). (CCDC number: 1915573) 

  A Leica MZ 75 microscope was used to identify a suitable red plate with very well defined faces 

with dimensions (max, intermediate, and min) 0.457 x 0.428 x 0.035 mm3 from a representative 

sample of crystals of the same habit. The crystal mounted on a nylon loop was then placed in a 

cold nitrogen stream (Oxford) maintained at 110 K. A BRUKER APEX 2 Duo X-ray (three-circle) 

diffractometer was employed for crystal screening, unit cell determination, and data collection. 

The X-ray radiation employed was generated from a Mo sealed X-ray tube (K = 0.71073Å with 

a potential of 40 kV and a current of 40 mA). All diffractometer manipulations, including data 

collection, integration and scaling were carried out using the Bruker APEXII software.123 An 

absorption correction was applied using SADABS.124 Systematic reflection conditions and 

statistical tests of the data suggested the space group C2/c. A solution was obtained readily (Z=4; 

Z'=0.5) using XT/XS in APEX2.123,125 Hydrogen atoms were placed in idealized positions and 

were set riding on the respective parent atoms. 2 molecules of DCM were found solvated per 
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molecule of Ni2 complex. Final Formula: C54H80N2Ni2P4·2(CH2Cl2). All non-hydrogen atoms 

were refined with anisotropic thermal parameters. Q-peaks close to DCM suggested disorder, and 

was modeled between two positions with an occupancy ratio of 0.93:0.07. Absence of additional 

symmetry and voids were confirmed using PLATON (ADDSYM). The structure was refined 

(weighted least squares refinement on F2) to convergence.125,126 ORTEP-3 and POV-Ray were 

employed for the final data presentation and structure plots.127,128 

 

X-Ray data collection, solution, and refinement for (50). (CCDC number: 1915574) 

  A Leica MZ 75 microscope was used to identify a suitable green block with very well defined 

faces with dimensions (max, intermediate, and min) 0.258 x 0.239 x 0.162 mm3 from a 

representative sample of crystals of the same habit. The crystal mounted on a nylon loop was then 

placed in a cold nitrogen stream (Oxford) maintained at 110 K. A BRUKER Quest X-ray (fixed-

Chi geometry) diffractometer was employed for crystal screening, unit cell determination, and data 

collection. The X-ray radiation employed was generated from a Mo-Iμs X-ray tube (K = 

0.71073Å). All diffractometer manipulations, including data collection, integration and scaling 

were carried out using the Bruker APEXII software.122 An absorption correction was applied using 

SADABS.123 Systematic reflection conditions and statistical tests of the data suggested the space 

group P21/c. A solution was obtained readily using XT/XS in APEX3.122,124 Half a molecule of 

hexane is found solvated per molecule of Pd-complex. Final Formula: C54H80N2P4Pd2·0.5(C6H14). 

Hydrogen atoms were placed in idealized positions and were set riding on the respective parent 

atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters. Q-peaks near 

C25, C27, C45B, C47B indicated possible disorder which were modeled between two positions 

each with an occupancy ratio of 0.86:0.14. Appropriate restraints and / or constraints were used to 
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keep the bond distances, angles, and thermal ellipsoids meaningful. Absence of additional 

symmetry and voids were confirmed using PLATON (ADDSYM). The structure was refined 

(weighted least squares refinement on F2) to convergence.124,125 ORTEP-3 and POV-Ray were 

employed for the final data presentation and structure plots.126,127 

 

X-Ray data collection, solution, and refinement for (51). (CCDC number: 1915575) 

  A Leica MZ 75 microscope was used to identify a suitable yellow block with very well defined 

faces with dimensions (max, intermediate, and min) 0.183 x 0.134 x 0.084 mm3 from a 

representative sample of crystals of the same habit. The crystal mounted on a nylon loop was then 

placed in a cold nitrogen stream (Oxford) maintained at 110 K. A BRUKER Quest X-ray (fixed-

Chi geometry) diffractometer was employed for crystal screening, unit cell determination, and data 

collection. The X-ray radiation employed was generated from a Mo-Iμs X-ray tube (K = 

0.71073Å). All diffractometer manipulations, including data collection, integration and scaling 

were carried out using the Bruker APEXII software.122 An absorption correction was applied using 

SADABS.123 Systematic reflection conditions and statistical tests of the data suggested the space 

group P-1. A solution was obtained readily (Z=4; Z'=2) using XT/XS in APEX3.122,124 A molecule 

of pentane was found solvated. Hydrogen atoms were placed in idealized positions and were set 

riding on the respective parent atoms. All non-hydrogen atoms were refined with anisotropic 

thermal parameters. Some of the carbon atoms showed unusual thermal ellipsoids. Appropriate 

restraints were added to keep them meaningful. Absence of additional symmetry and voids were 

confirmed using PLATON (ADDSYM). The structure was refined (weighted least squares 

refinement on F2) to convergence.124,125 ORTEP-3 and POV-Ray were employed for the final data 

presentation and structure plots.126,127 
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X-Ray data collection, solution, and refinement for (58). (CCDC number: 1915568) 

  A Leica MZ 75 microscope was used to identify a suitable yellow block with very well defined 

faces with dimensions (max, intermediate, and min) 0.219 x 0.082 x 0.076 mm3 from a 

representative sample of crystals of the same habit. The crystal mounted on a nylon loop was then 

placed in a cold nitrogen stream (Oxford) maintained at 110 K. A BRUKER Quest X-ray (fixed-

Chi geometry) diffractometer with a PHOTON II detector was employed for crystal screening, 

unit cell determination, and data collection. The X-ray radiation employed was generated from a 

Mo-Iμs X-ray tube (K = 0.71073Å). All diffractometer manipulations, including data collection, 

integration and scaling were carried out using the Bruker APEXII software.122 An absorption 

correction was applied using SADABS.123 Systematic reflection conditions and statistical tests of 

the data suggested the space group P-1. A solution was obtained readily (Z=1; Z'=0.5) using 

XT/XS in APEX3.122,124 Hydrogen atoms were placed in idealized positions and were set riding 

on the respective parent atoms. All non-hydrogen atoms were refined with anisotropic thermal 

parameters. Absence of additional symmetry and voids were confirmed using PLATON 

(ADDSYM). The structure was refined (weighted least squares refinement on F2) to 

convergence.124,125 ORTEP-3 and POV-Ray were employed for the final data presentation and 

structure plots.126,127 

 

 

X-Ray data collection, solution, and refinement for [49] CH12B11. (CCDC number: 1915572) 

  A Leica MZ 75 microscope was used to identify a suitable brown block with very well defined 

faces with dimensions (max, intermediate, and min) 0.261 x 0.084 x 0.073 mm3 from a 
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representative sample of crystals of the same habit. The crystal mounted on a nylon loop was then 

placed in a cold nitrogen stream (Oxford) maintained at 110 K. A BRUKER Quest X-ray (fixed-

Chi geometry) diffractometer with a PHOTON II detector was employed for crystal screening, 

unit cell determination, and data collection. The X-ray radiation employed was generated from a 

Mo-Iμs X-ray tube (K = 0.71073Å). All diffractometer manipulations, including data collection, 

integration and scaling were carried out using the Bruker APEXII software.122 An absorption 

correction was applied using SADABS.123 Systematic reflection conditions and statistical tests of 

the data suggested the space group C2/c. A solution was obtained readily using XT/XS in 

APEX3.122,124 Several solvent molecules were found which were significantly disordered. 

Hydrogen atoms were placed in idealized positions and were set riding on the respective parent 

atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters. For the final 

least squares refinement, the solvent molecules were MASKed using OLEX2. Absence of 

additional symmetry was confirmed using PLATON (ADDSYM). The structure was refined 

(weighted least squares refinement on F2) to convergence.124,125 ORTEP-3 and POV-Ray were 

employed for the final data presentation and structure plots.126,127 

 

X-Ray data collection, solution, and refinement for [50] CH12B11. (CCDC number: 1984910) 

  A Leica MZ 75 microscope was used to identify a suitable black plate with very well defined 

faces with dimensions (max, intermediate, and min) 0.438 x 0.263 x 0.094 mm3 from a 

representative sample of crystals of the same habit. The crystal mounted on a nylon loop was then 

placed in a cold nitrogen stream (Oxford) maintained at 110 K. A BRUKER Quest X-ray (fixed-

Chi geometry) diffractometer with a PHOTON II detector was employed for crystal screening, 

unit cell determination, and data collection. The X-ray radiation employed was generated from a 
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Mo-Iμs X-ray tube (K = 0.71073Å). All diffractometer manipulations, including data collection, 

integration and scaling were carried out using the Bruker APEXII software.122 An absorption 

correction was applied using SADABS.123 Systematic reflection conditions and statistical tests of 

the data suggested the space group C2/c. A solution was obtained readily using XT/XS in 

APEX3.122,124 Several solvent molecules were found which were significantly disordered. 

Hydrogen atoms were placed in idealized positions and were set riding on the respective parent 

atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters. For the final 

least squares refinement, the solvent molecules were MASKed using OLEX2. Absence of 

additional symmetry was confirmed using PLATON (ADDSYM). The structure was refined 

(weighted least squares refinement on F2) to convergence.124,125 ORTEP-3 and POV-Ray were 

employed for the final data presentation and structure plots.126,127 

 

X-Ray data collection, solution, and refinement for [51] CH12B11. (CCDC number: 1984911) 

  A Leica MZ 75 microscope was used to identify a suitable brown plate with very well defined 

faces with dimensions (max, intermediate, and min) 0.238 x 0.182 x 0.01 mm3 from a 

representative sample of crystals of the same habit. The crystal mounted on a nylon loop was then 

placed in a cold nitrogen stream (Oxford) maintained at 110 K. A BRUKER Quest X-ray (fixed-

Chi geometry) diffractometer with a PHOTON II detector was employed for crystal screening, 

unit cell determination, and data collection. The X-ray radiation employed was generated from a 

Mo-Iμs X-ray tube (K = 0.71073Å). All diffractometer manipulations, including data collection, 

integration and scaling were carried out using the Bruker APEXII software.122 An absorption 

correction was applied using SADABS.123 Systematic reflection conditions and statistical tests of 

the data suggested the space group C2/c. A solution was obtained readily using XT/XS in 
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APEX3.122,124 Several solvent molecules were found which were significantly disordered. 

Hydrogen atoms were placed in idealized positions and were set riding on the respective parent 

atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters. For the final 

least squares refinement, the solvent molecules were MASKed using OLEX2. Absence of 

additional symmetry was confirmed using PLATON (ADDSYM). The structure was refined 

(weighted least squares refinement on F2) to convergence.124,125 ORTEP-3 and POV-Ray were 

employed for the final data presentation and structure plots.126,127 

 

2.4.6 Electrochemical Analysis. 
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Figure II-12. Cyclic voltammogram (CV) of complexes 46-48 in CH2Cl2 with 0.1 M 
nBu4NBArF

4 as the supporting electrolyte. 

 

 

Table II-7. Electrochemical data of complexes 46-48. 

 

vs Fc/Fc+ 𝑬1/2 (V) 

46 -0.21 

47 -0.09 

48 -0.07 
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Figure II-13. Cyclic voltammogram of complexes 52-54 in CH2Cl2 with 0.1 M nBu4NBArF
4 as 

the supporting electrolyte. 

 

 

Table II-8. Electrochemical data of complexes 52-54. 

 

vs Fc/Fc+ 𝑬𝟏/𝟐
𝟏

 (V) 𝑬𝟏/𝟐
𝟐

  (V) ∆𝑬 (V) 

52 -0.53 -0.19 0.34 

53 -0.57 -0.23 0.34 

54 -0.47 -0.23 0.24 
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Figure II-14. Cyclic voltammogram of 64 in CH2Cl2 with 0.1 M nBu4NBArF
4 as the supporting 

electrolyte. 

 

Table II-9. Electrochemical data of 64. 

 

vs Fc/Fc+ 𝑬1/2 (V) 

64 -0.15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.7 UV-vis-NIR Spectrum 
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Figure II-15. UV-vis-NIR spectrum of ca. 1 x 10-4 M 46-48 (up) and [46-48]+ (down) in CH2Cl2 

solution at room temperature. [46]+ were prepared by adding 1.2 eq [Fc]CH12B11 as the oxidant 

into 46-48. 

 

Table II-10. Selected absorption wavelengths of [46-48]+. 

 
Complex λ (nm) 

[46]+ 595, 870 

[47]+ 674 

[48]+ 645 
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Figure II-16. UV-vis-NIR spectrum of 49 titrated by [Fc]CH12B11 as the oxidant [Ox]. Plot of 

absorbance vs. concentration of [49] CH12B11. According to Lambert-Beer law: λmax: 567 nm; ε = 

5464 cm-1M-1; λmax: 1540 nm; ε = 11551 cm-1M-1. 
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Figure II-17. UV-vis-NIR spectrum of 50 titrated by [Fc]CH12B11 as the oxidant [Ox]. Plot of 

absorbance vs. concentration of [50] CH12B11. According to Lambert-Beer law: λmax : 665 nm; ε 

= 14572 cm-1M-1; : λmax : 1260 nm; ε = 5207 cm-1M-1. 
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Figure II-18. UV-vis-NIR spectrum of 51 titrated by [Fc]CH12B11 as the oxidant [Ox]. Plot of 

absorbance vs. concentration of [51] CH12B11. According to Lambert-Beer law: λmax : 555 nm; ε 

= 4686 cm-1M-1; λmax : 640 nm; ε = 3904 cm-1M-1; λmax : 1421 nm; ε = 17640 cm-1M-1.
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2.4.6 Theoretical Calculation.  

 HOMO LUMO  SOMO Spin density 

49 [49]+ 
 

  

 

 

 
50 [50]+ 

 

  

 

 
 

51 [51]+ 

 

  

 

  

Figure II-19. Calculated HOMOs and LUMOs of complexes 49-51; SOMOs and spin density plots of [49-51]+. 
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Figure II-20. An overlay of experimental spectra of 49 and [49]+ and TD-DFT calculated oscillator strengths in CH2Cl2.
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Figure II-21. MO diagrams of selected TD-DFT calculated transitions. 
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2.4.7 Solvent-Dependent NIR Absorption. 

 

Figure II-22. NIR region spectra of [49-51]CH12B11 in dichloromethane (DCM) and acetonitrile (ACN) solution. Crude [49-

51]CH12B11 were prepared by oxidizing complexes 49-51 with 0.9 equivalent of [Fc]CH12B11 in DCM. The ACN solutions were 

prepared by removing the volatiles in [49-51]CH12B11 DCM solution and re-dissolving with ACN. 

 

Table I-11. Spectral data of [49-51]+. 
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2.4.8 IR Spectrum of Monocationic [49] and [51]. 

 

 
Figure II-23. ATR-IR spectrum (solid) of crude [49]CH12B11. 
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Figure II-24. ATR-IR spectrum (solid) of crude [51]CH12B11. 
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CHAPTER III 

Palladium Bis(pincer) Complexes with Controlled Rigidity and Inter-Metal Distance* 

3.1 Introduction 

  Arylamine derivatives are one of the most widely used structural components in the designs of 

organic functional materials for applications, such as electrochromic devices,129,130 solar 

cells,131,132 and light-emitting diodes.133,134 Due to their electron-rich nature, arylamine derivatives 

can be readily oxidized into radical cations, whose persistence is dependent on the chemical 

environment and essential for the performance of organic electronic devices.135,136 The electronic 

structures and properties of organic aminyl radical cations can be modulated by coordination with 

transition metals.12 The inductive effect of the transition metal as a substituent, the geometric 

consequences of the incorporation of the organic fragment into the coordination sphere of the 

metal, and the π-interactions between the p-orbital on the nitrogen atom and a dπ orbital of the 

metal center may all play a role.  As a result, incorporating transition metals drastically changes 

the optical and electronic properties of such an organic radical.  Transition metal-decorated 

analogues serve as promising unconventional building blocks in the development of organic 

electronic materials because they may allow a range of properties not attainable with organic 

molecules alone.81,82,137–139  In addition, amido donors have in particular attracted attention as 

redox-non-innocent auxiliaries in the design of oxidizable pincer (tridentate, meridional) 

ligands.21,38,39,97,98,140–142 Redox-active ligands in transition metal complexes have typically been 

studied in the context of supplementing the reactivity of the metal center in catalysis and in novel  

*Reproduced in part from “Palladium Bis-Pincer Complexes with Controlled Rigidity and 

Inter-Metal Distance” submitted to Chemical Science. Synthesis of compound 72, theoretical 

calculations, and the spectroelectrochemical experiment was done by Dr. Congzhi Zhu, Dr. 

Wei Hu and Xiaozhou Ji in Dr. Lei Fang’s group and the EPR computational simulation was 

done by Dr. Haomiao Xie. 
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chemical transformations.143–146 In a broader sense, we were interested in using coordination 

chemistry as a lynchpin to bring about new structures possessing extended conjugation in ligands, 

exotic redox activities, and synthetic potential for further connectivity.147–149 

 

Figure III-1.  Top: selected examples of diarylamido-centered pincer complexes, whose reversible 

redox properties have been studied previously.  Bottom: recent examples of Janus pincers in the 

literature. 

 

  Complexes of diarylamido-centered pincer ligands with two neutral side donors are a particularly 

well-behaved set of examples of ligand-based of redox-activity (Figure III-1, top).21,38,39,94,97,98 A 

broad synthetic variation of possible donor sets is possible, while maintaining reversibility of the 

oxidation and the apparent stability of the corresponding radical cation. The optical properties of 

these pincers in the complexes of group 10 metals (Ni, Pd, Pt) are strongly dependent on the 

identity of the transition metal, while the redox properties are affected by a change in the metal to 

only a modest degree because the oxidation primarily takes place at the ligand, with minimal 

electronic involvement of the metal.21,38,97,98  
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  With this background in mind, we became interested in exploring molecules that combine 

multiple diarylamido-centered pincer-complex sites and in the electronic coupling possible 

between these different redox moieties.  A few years ago, we explored bimetallic bis-(PNN)M 

complexes in which the two pincer cores were connected by a non-conjugating linker to a side arm 

donor.92 More recently, we reported on the electronic communication in the bimetallic complexes 

where two (MePNP)M cores are connected by ynediyl linkers, i.e., via metal-ligand bonds.150 In 

this work, we set out to explore bimetallic complexes where the two redox sites are connected via 

organic ligand-to-ligand linkers that modulate the degree of separation between the redox sites.  

We targeted the four systems depicted in Figure III-2.  In this report, we present their syntheses 

and characterization of the degree of electronic coupling.  Complexes 69 and 70 represent two 

(MePNP)M cores connected via the para-positions of the individual PNP ligands, either by an 

oxygen atom (69) or by a direct aryl-aryl bond (70).  Complex 71 brings the two core PNP units 

even closer by means of them sharing one of the aromatic rings.  Complex 72 is related to 71 in 

that the two pincer cores share a central ring substituted by two para-nitrogens, but 72 is based on 

an indolo[3,2-b]carbazole, a high-performance p-type organic semiconducting molecule.151  

Consequently, 72 possesses a rigid and planar ligand, with a more extended conjugation in the 

backbone.  We utilized thiazole side donors in 72 instead of phosphines for reasons of synthetic 

feasibility and also to create a less electron-rich system vs PNP.  This results in two (NNN)M cores 

which can be related to the mononuclear complex 65. 
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Figure III-2.  Bis(pincer) complexes synthesized and studied in this work. 

 

  Complexes 69-72 are examples of the so-called Janus pincer systems, with two pincer cores on 

either end of the molecule “facing” in opposite directions.  Janus pincer complexes have been 

studied previously, but the majority of reported systems are based on aryl-centered pincers152–156 

that are not intrinsically redox-active in a well-behaved, reversible fashion.  The most recent 

example is the work by the Guan group on the Ni complexes of a Janus bis-POCOP ligand (67, 

Figure III-2, bottom).157 Gardinier et al. studied a Re complex of Janus bis-NNN pincer (68, Figure 

III-2) that was built by connecting diarylamido cores similarly to 70, although the fused analogues 

to 71 and 72 were not explored.158 The bis-rhenium complex could be reversibly oxidized.  

However, the NNN ligand in Gardinier’s compound adopted facial geometry about Re, thus not 

acting structurally as a pincer and disrupting potential conjugation with the lone pair at N, 
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especially in contrast to a system such as 72.  Thus, while Gardinier’s pioneering example was 

instructive, we were motivated to explore complexes with enhanced planarity and chose a square-

planar Pd center with a low-spin d8 configuration.  The use of a divalent metal with monoanionic 

pincer cores additionally offers an “extra” Pd-Cl coordination site.  Although it was not attempted 

in this work, the Pd-Cl moiety offers potential for facile further functionalization, something that 

is not easily possible with a Re(CO)3 terminus.   

 

3.2 Results and discussion 

3.2.1 Preparation of Bis(pincer) Pd Complexes 

  The syntheses of the bis-PNP pincer ligands and their Pd complexes were carried out as depicted 

in Scheme 1 and followed the general protocols we have previously established for the synthesis 

of mono-nuclear PNP ligands.21,159,160 First, Buchwald-Hartwig coupling161–163 was utilized to 

couple dibromoarenes 73-75 with two equiv. of tert-butylaniline to give the bis(diarylamines) 76-

78 in good yields.  Bromination of 76-78 with N-bromosuccinimide (NBS) in CH2Cl2 proceeded 

selectively to give good yields of the desired quadruply ortho-brominated compounds 79-81 under 

mild conditions.  Except for the more electron-rich central benzene in 78, each aromatic unit was 

brominated only once under these conditions.  N-methylation of 79-81 was accomplished through 

deprotonation with NaH followed by treatment with methyl iodide, affording 82-84 in nearly 

quantitative yields.  
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Scheme III-1. Synthesis of compound 60-71. 
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  Lithiation of 82-84 with nBuLi in diethyl ether followed by the addition of 

chlorodiisopropylphosphine led to the synthesis of 85-87. Recrystallization from CH2Cl2/MeCN 

at -35 ºC afforded 69-71 in good isolated yields.  We elected to pursue the syntheses of the N-

methylated proto-pincers such as 85-87 as opposed to using 79-81 directly in the lithiation step for 

two reasons.  Firstly, past work showed that the lithiation and the following phosphination of the 

mononuclear N-methylated brominated diarylamines proceeded cleanly and in many cases close 

to quantitatively, whereas the analogous lithiation/phosphination of the N-H versions typically did 

not.21,159,160 The high selectivity towards the production of 85-87 was especially important because 

of the presence of the two pincer sites and because of the high lipohilicity and solubility of the 

products in organic solvents rendering any potential separation a challenge.   Secondly, it was 

expected that the cleavage of methyl groups would proceed cleanly with Pd(II) reagents, as 

observed for the mononuclear PNP ligands with –PiPr2 groups.21,159 Indeed, this expectation was 

justified and thermolysis of 85-87 with (COD)PdCl2 afforded isolated yields of the desired bis-Pd 

complexes 69-71 of around 70% after workup. 

  The ligands 85-87 and the dipalladium complexes 69-71 each possess two inequivalent phosphine 

sites, which can be thought of as the “outer” and the “inner” phosphines.  This was reflected in the 

31P NMR spectra of these compounds, which displayed pairs of closely spaced, but inequivalent 

31P resonances in the ranges of chemical shifts that were similar to the known mono-PNP 

analogues.  The coupling between the two 31P sites was 10 Hz in 85-87, but significantly increased 

to above 410 Hz in 69-71. Large 2JP-P values are typical for two trans-disposed phosphines in a 

late transition metal coordination sphere.  (Table III-1).   
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Table III-1. Selected 31P NMR data for 69-71, 85-87 in C6D6. 

 Ligand 

(δ ppm) 

JP-P  

(Hz) 

 Complex 

(δ ppm) 

JP-P 

(Hz) 

85 -5.70, -5.90 10 69 49.45, 47.45 418 

86 -5.74, -6.02 10 70 48.86, 48.83 N/A 

87 -4.34, -6.54 10 71 49.49, 44.66 414 

 

 

Scheme III-2. Synthesis of compound 72. 
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  Complex 72 was synthesized through a logically similar sequence (Scheme III-2).  The 

indolo[3,2-b]carbazole precursor 88 with tert-butyl groups was prepared according to a reported 

procedure.147 Bromination of 88 with NBS proceeded selectively for all the positions ortho to the 

amine moieties, resulting in 89 in an excellent yield.  N-methylation of 89 progressed smoothly to 

give 90.  Stille coupling164,165 with the thiazole unit 91 proceeded well at 130 °C, and gave 92 in a 

high yield.  Triisopropylsilyl (TIPS) groups were pre-installed on 91 to endow the rigid and 

framework of 72 with high solubility. Gratifyingly, thermolysis of 91 with (COD)PdCl2 did result 

in effective  cleavage of the methyl groups,94 and installation of two Pd(II) centers into the pincer 

clefts.  The bimetallic complex 72 was air-stable under ambient conditions, and was purified by 

normal-phase silica gel chromatography. 

 

3.2.2 Electrochemical Analysis 

  Cyclic voltammetry (CV) studies of complexes 69-72 were performed in CH2Cl2.  The resulting 

CV plots are shown in Figure III-3 and the corresponding electrochemical parameters are 

summarized in Table III-2.  All of the complexes 69-72 showed two quasi-reversible oxidation 

waves.  The oxidation of complexes 69-71 can be compared with the oxidation of the analogous 

mononuclear (MePNP)PdCl complex 44, which gives rise to a single quasi-reversible wave at -0.08 

V vs the Fc/Fc+ couple.  As can be seen from Table III-2, the increasing proximity of the two redox 

sites in the 69-71 series leads to the ever more negative potential for the first oxidation and the 

greater potential difference (ΔE) between the first and the second oxidation potential.  This is 

especially pronounced for compound 71, which possesses a central p-diaminobenzene unit.  

Compound 72 is more difficult to oxidize relative to 69-71, because of the presence of the electron-

deficient (relative to phosphines) thiazole units and because a carbazole framework is generally 
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harder to oxidize than a diarylamido framework.  Compound 72 can be compared with the 

(NNN)PdCl complex 65, with its E1/2 value of 0.69 V.94 As was the case for 69-71 vs 44, the first 

oxidation in 72 is considerably easier than in 65.  

1.0 0.5 0.0 -0.5 -1.0

  

 

Potential (V)

 69

 70

 71

 72

10 µA

 

Figure III-3.  Cyclic voltammograms of complexes 69-72 (ca. 0.001 M in CH2Cl2) with nBu4NPF6 

electrolyte (0.1 M), scan rate 100 mV/s, potentials referenced to Fc+/Fc at 0 V. 

 

Table III-2 Summary of oxidation potentials. 

 𝑬𝟏/𝟐
𝟏

 (V) 𝑬𝟏/𝟐
𝟐

  (V) ∆𝑬 (V) 𝑲𝒄 

69 -0.12 0.05 0.17 7.5 x 102 

70 -0.22 0.08 0.30 1.2 x 105 

71 -0.49 0.21 0.70 6.8 x 1011 

72 0.17 0.67 0.50 2.8 x 108 
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  The ΔE values can be related to the comproportionation constant Kc.
72,107,108  These values are 

consistent with compounds 70, 71 and 72 belonging to the Robin-Day class III,44,45 whereas the 

value for compound 69 falls into the range for class II.  Considerable caution must be exercised 

when evaluating electronic communication based only on the ΔE values, as was amply discussed 

by Winter.72 The smaller ΔE value for 72 compared against 71 was surprising at first.166  One might 

have expected 72 to display a greater stabilization effect toward 72+ because 72 contains a π-

system that is more coplanar and extended.  However, it is possible that the more extended 

conjugation in 72 results in significant electron delocalization over the organic conjugated ligand, 

whereas in 71, the redox events are more “concentrated” in the central p-diaminobenzene unit.  

This view is supported by the results of the DFT calculations (vide infra). 

 

3.2.3 Solid-State Structural Characterization 

  Single-crystal diffraction was used to establish solid-state structures of compounds 69 and 71, as 

well the oxidized derivatives [70][CB11H12]2, [71]CB11H12, and [71][SbCl6]2.  Single crystals 

were obtained from solutions of 70 or 71 treated with an appropriate oxidant ([Cp2Fe]CB11H12 or 

[(p-BrC6H4)3N]SbCl6), although the oxidized complexes were not isolated on the preparative scale.  

The structures of 69 and 71 (Figure III-4) confirmed the presence of two square-planar 

(MePNP)PdCl moieties in these molecules.  The metrics associated with the coordination 

environment of Pd in 69 and 71 closely mimicked those in the previously reported mononuclear 

(MePNP)PdCl structure 44.89  Interestingly, the overall shape of the bis(pincer) unit was very 

similar in the structure of 71 and in its oxidized derivatives [71]CB11H12 and [71][SbCl6]2 (see 

Figures  and ).  The geometric differences among these structures lie mainly in the changes in the 

bond distances associated with the central p-diaminobenzene unit (Table III-3).  The XRD data do 
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not permit a finer analysis of the changes upon one-electron vs two-electron oxidation because of 

the relatively high esd values resulting from the solution of the structure of [71]CB11H11.  

Nonetheless, oxidation clearly leads to the adoption of a more quinoidal structure with substantial 

C-C bond length alternation within the central ring and the shortening of the N-C bond to the 

central ring.  In contrast, the aromaticity of the outer rings, the Pd-P and the Pd-N bond lengths 

are not significantly affected.  On the other hand, the C-N distance to the outer ring elongates upon 

oxidation.  These metric data support the notion of the dominance of the conjugation with the inner 

ring upon oxidation of 71, illustrated in Figure III-5 with the dominant quinoidal resonance 

structure for the doubly oxidized form of 71.   

 

 

Figure III-4.  ORTEP drawings depicting the structure of 71.  Displacement ellipsoids are shown 

at the 50% probability level and hydrogen atoms have been removed for clarity. 
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Figure III-5.  Dominant resonance forms upon oxidation of 70 and 71.   

 

Figure III-6.  ORTEP drawings depicting the structure of [70][CB11H12]2.  Displacement 

ellipsoids are shown at the 50% probability level and all hydrogen atoms have been removed for 

clarity.  
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  Similar arguments can be applied to the structure of [70][CB11H12]2 (Figure III-6).  The most 

striking features of the structure are the coplanarity of the two central aromatic rings and the 

distinct bond length alternation within the doubly oxidized central diaminobiphenyl unit.  Figure 

III-5 depicts the dominant quinoidal resonance structure for the 702+ dication that dictates the 

coplanarity of the central rings. 

 

Table III-3 Selected bond distances (Å) in 71, [71]CB11H12, [71][SbCl6]2 and [70][CB11H12] (see 

Figure III-7 for the numbering). 

 

 71 [71+] [71++] [70++]a 

Pd−N 2.0187(15) 2.024(9) 2.015(2) 2.027(5) 

N−Ca 1.403(2) 1.350(17) 1.341(3) 1.339(7) 

N−Co 1.383(2) 1.445(14) 1.419(3) 1.424(8) 

Ca−Cb 1.403(3) 1.434(16) 1.441(4) 1.420(10) 

Cb−Cc 1.397(3) 1.352(16) 1.360(4) 1.348(9) 

Cc-Cd    1.44(1) 

Cd-Cd’    1.430(9) 

 

3.2.4 EPR Studies 

  Samples for the collection of EPR spectra (Figure III-8) were prepared via addition of 0.9 equiv 

of [(p-BrC6H4)3N]SbCl6 to the CH2Cl2 solutions of the neutral compounds 69-72, thus generating 

the monooxidized derivatives in situ.  The recorded g values are close to the value for the free 

electron (g = 2.00232), consistent with the primarily ligand-based nature of the unpaired electron.  

Meanwhile, the g value decreasing (and approaches the free electron value) in the order 69 > 70 ≈ 

71 > 72 was observed. 
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Figure III-7.   X-band EPR spectra (in black) of monocations [69-72] (ca. 0.01 M in CH2Cl2) 

generated in situ by treating complexes 69-72 with 0.9 equiv. of [(p-BrC6H4)3N][SbCl6]. 

Instrumental parameters: T = 292 K; Freq = 9.38 GHz; Power = 0.6 mW, modulation 1 G. 

Simulations are shown in red (EasySpin). 
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Table III-4 Summary of simulated coupling constants (a) and line width (lw) (in G).  

 aN
a a(P,H)

b  a(P,H)
b a(P,H)

b a(P,H)
b aH

c aH
c 

43+  9.7 7.6 7.6 5.0 5.0 3.3 3.3 

69+ 18.4 15.4 13.4 13.2 12.6   

70+ 18.6d 14.0 13.0 12.0 12.0   

71+ 14.5d 4.4 4.2 4.2 3.9   

72+ 27.8d     20.4d 20.2d 

a Coupling constant  to a I = 1 14N nucleus.  b Coupling constant to an I = ½ nucleus (either 31P or 
1H ortho to  Namido).  

c Coupling constant to an I = ½ nucleus assumed to be 1H meta to Namido. 
d Coupling to two nuclei. 

 

  EPR spectra were simulated using EasySpin167 as the red dashed lines in Figure III-8, and the 

simulated coupling parameters are summarized in Table III-4.  For complex 69+, the best fit 

involved coupling to one I = 1 nuclei (14N), and as well as coupling to two kinds of I = ½ nuclei 

(1H or 31P, four each).  Similarly to the 2008 study of the mononuclear analogue 43+, we interpret 

these coupling constants as arising from coupling to 31P or ortho-1H (attached to C2 and C8 in 

Figure III-7). For complex 70+ and 71+, the best fit required considering two I = 1 nuclei (14N) 

with additional coupling to another set of four I = ½ nuclei. The resolution of the spectra does not 

permit further effective modeling to analyze hyperfine coupling in 70+ and 71+. The difference 

between 𝑎N and the other coupling constants is largest in 71+. It could be the result of greater 

localization of the unpaired electron on the nitrogen sites. 

  Lastly, the spectrum of 72+ was fitted by considering coupling to two N nuclei and two pairs of 

H nuclei meta- to the nitrogens. Notably, the coupling constants observed in complex 72 are larger 

than in 69-71.  It could be a consequence of a structure that is more rigid, with enforced coplanarity 
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and enhanced π-orbital overlap, leading to the more effective delocalization of the unpaired 

electron. 

 

3.2.5 Theoretical Studies  

  DFT calculations (Gaussian 09 at the M06/ LANL2DZp level)168,169 were used to optimize the 

geometries of the neutral and monocationic complexes 69-72 to analyze their electronic structure.  

For the study of 72, the –SiiPr3 substituents on the thiazole rings were replaced with -SiMe3, and 

the tert-butyl groups on the indolocarbazole were replaced with methyl groups for simplicity.  The 

calculated geometries were generally in agreement with the results of the XRD structural 

determinations (vide supra).  Figure III-9 illustrates the comparison between the frontier orbitals 

in 71 and 72 and their mono-oxidized derivatives. As expected, the HOMOs of both molecules 

and the corresponding SOMOs for the monocations are primarily ligand-based, with marginal 

contribution from a dπ orbital at Pd.  This is consistent with the past investigations of the 

mononuclear diarylamido-based pincer complexes.21,38,170 In both 71 and 72, the HOMO and 

SOMO is most prominent in the central diaminobenzene ring.  However, in the case 72, there 

appears to be a greater degree of delocalization across the broader ligand π-system.  The greater 

delocalization in 72 dovetails the observation of lesser ΔE values (vs 71) in the electrochemical 

studies and possibly also the higher coupling constants observed in the EPR spectrum of 72+ (vide 

supra).  On the other hand, the LUMOs in compounds 71 and 72 were calculated to be of a different 

nature.  In 71 (as well as 69 and 70), the LUMO can be thought of as the antibonding orbital 

corresponding to the σ-bonding in the plane of the Pd coordination sphere with the central 

contribution from the dz2 orbital of Pd.170 However, in 72, the LUMO corresponds to a π* orbital 

of the organic ligand system.  This is likely owing to the conjugation with the electron-deficient 
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thiazole, leading to the lower orbital energies of the π-system.  Only the central pair of the thiazole 

rings contributes to the LUMO. 

 

Figure III-8.   Depictions of the calculated LUMO, HOMO and SOMO for 71/71+ (left) and 

72/72+ (right) (isovalue = 0.02).  The silyl groups on the outer thiazole rings of 72/72+ have been 

removed from the graphic for clarity. 
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3.2.6 UV-vis-NIR Spectroscopic Analysis 

  The UV-vis-NIR spectra of complexes 69-72 and of their mono-oxidized derivatives 69+-72+ 

were collected in CH2Cl2 (Figure III-10).  In the spectra of the neutral compounds 69-71, the 

feature at ca. 500 nm appears at a wavelength similar to that observed in 44.  This is in concert 

with the similar colors of the compounds:  like 44, compounds 69 and 70 are red, while compound 

71 is purple.  On the other hand, compound 72 is green and consequently shows a maximum at a 

higher wavelength.  These observations are consistent with the different nature of the LUMO for 

72 vs 69-71, as revealed by the DFT studies.  The HOMO-LUMO transition in 69-71 can be 

viewed as LMCT, while in 72 it is a π-π* transition for the ligand system, corresponding to lower 

energy.  Notably the metal-free ligands 85-87 are colorless and 92 is yellow.  The apparent red 

shift of absorptions upon the introduction of the Pd center is related to a few factors.  Pd is less 

electronegative than CH3 and may be a modest π-donor towards the nitrogen which serves to raise 

the overall energy of the HOMO.  For 69-71, the introduction of the Pd center introduces a new, 

lower-energy, metal-based LUMO.  In 72 the lowering of the LUMO energy is likely owing to the 

enforcement of the approximate coplanarity and thus improved conjugation of the electron-

deficient thiazole units with the indolo[3,2-b]carbazole backbone. 

The spectra of 69+-72+ were recorded in order to provide insight in to the nature of the electronic 

coupling in the monocations. According to Hush theory,45,46 a NIR-range intervalence charge-

transfer (IVCT) absorption is expected for the sufficiently delocalized mixed-valence state.  

Complex 69+ showed no strong absorption in the NIR region, suggesting that the unpaired electron 

is largely localized in one of the pincer units and placing 69+ into the Robin-Day class I. 44,45 

Complex 70+ had multiple intensive but broad peaks in NIR region. In the purely organic analogue 

9371 and the rhenium complex 68 (Figure III-11), which have been assigned as class III mixed-
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valence compounds, the Hush electron coupling integral V = νmax/2 are 3180 and 3715 cm-1, 

respectively. In our case, V of complex 70+ is 2924 cm-1. Aside from the smaller V, 70 can be 

tentatively assigned as class III due to its electronic similarity and high Kc. Complex 71 and 72 are 

easier to assign since their V are 4799 and 3519 cm-1, values that are squarely in the range of class 

III.  Notably, the trend 71 > 72 > 70 > 69 suggested by the NIR absorption spectroscopy is 

consistent with the Kc measurement in electrochemistry. 

    Addition of the second equivalent of the oxidant [(p-BrC6H4)3N]SbCl6 permitted in-situ 

observation of 1++, 2++, and 3++.  The major absorption feature of 1++ was similar to 1+, as should 

be expected if its charges are largely isolated. On the other hand, the intense absorptions in the 

NIR region of 2+ and 3+ disappeared and no new NIR features such as in C+ and the dications of 

ethynyl-bridged PNP dimers were evident.38,149  The domination quinoidal structures of 2++ and 

3++ (Figure III-5) results in an electronic environment of ligand π* orbitals that is quite different 

from a radical species such as C+. On the other hand, the MLCT bands at around 600-700 nm 

increased in intensity upon second oxidation.  

  Treatment of 4 with [(p-BrC6H4)3N]SbCl6 did not lead to the clean formation of 4++, consistent 

with the high 2nd oxidation potential determined for 4 in CV studies.  Therefore, complex 4 was 

further studied using spectroelectrochemical measurements (Figure III-16).  A series of optical 

spectra was collected after subjecting a solution of 4 containing nBu4NPF6 as the electrolyte to 

different constant voltages for 5 min.  This experiment allowed the observation of the spectrum of 

4+ (matching that obtained by chemical oxidation, Figure III-8), and at higher potential, the 

spectrum of 4++.  The observed series of spectra displayed multiple isosbestic points, indicating 

quantitative oxidation processes and thus high stability of the oxidized cations. 
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Figure III-9.   UV-vis-NIR spectra of compounds 69-72 and their mono-oxidized derivatives 69+-

72+.  The monocations were produced in situ via addition of 1 equiv. of oxidant ([Ox] = [p-

(BrC6H4)3N]SbCl6) to solutions of 69-71 in CH2Cl2. The asterisk labeled the overlapping at 732 

nm of 70+ and [p-(BrC6H4)3N]SbCl6. 
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Figure III-10.  Hush coupling constants comparison. 

 

3.3 Conclusions 

  In summary, we described how novel, highly conjugated and delocalized systems with two 

reversible redox events can be obtained from the linkage or fusion of two pincer complexes into a 

single molecule.  Analysis of the bis-palladium complexes by X-ray diffraction, cyclic 

voltammetry, UV-vis-NIR and EPR spectroscopies, as well as DFT calculations suggests that in 
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two or possibly three of the four systems, the mono-oxidized radical cation can be viewed as a 

highly delocalized mixed-valence state.   The square-planar, divalent Pd center imposes a more 

rigid geometry on the organic ligand that leads to at least partial coplanarization of the aromatic 

rings of the extended system.  The presence of the metal center is important in stabilizing the 

mono- and bis-oxidized forms of the molecule, even though the participation of metal d-orbitals 

in electronic delocalization is modest.   

  The greatest degree of electronic coupling was observed in the two fused bis(pincer) complexes 

built around a central p-diaminobenzene or an indolo[3,2-b]carbazole framework.  The latter in 

particular contains an extended, flat and highly conjugated π-system that can be thought of as a 

fragment of a ladder metallapolymer.  The bis(pincer) complexes studied in this work are potential 

building blocks for more complex conjugated molecules and potentially polymers. These 

complexes possess two Pd-Cl functionalities that should allow for straightforward synthetic 

modification in further studies. 

 

3.4 Experimental details  

3.4.1 General Considerations  

  Glovebox or standard Schlenk line operations were performed under argon or dinitrogen.  

Toluene, diethyl ether, pentane, tetrahydrofuran (THF) and isooctane were dried and deoxygenated 

(by purging) using a solvent purification system (Innovative Technology Pure Solv MD-5 Solvent 

Purification System) and stored over molecular sieves in an Ar-filled glovebox. For the synthesis 

of complex 72, diethyl ether was dried over Na/K, and distilled under nitrogen before usage. THF 

was dried over Na, and distilled under nitrogen before usage. C6D6 was dried over NaK/Ph2CO/18-

crown-6, distilled or vacuum transferred and stored over molecular sieves in an Ar-filled glovebox. 
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CH2Cl2, CDCl3, and CD2Cl2 were dried over CaH2, distilled or vacuum transferred and stored over 

molecular sieves in an Ar-filled glovebox. 2,8-di-tert-butyl-5,11-dihydroindolo[3,2-b]carbazole 

(88) and 2-bromo-5-(triisopropylsilyl)thiazole (93) were synthesized according to a modified 

procedure from the literature.1,2  Ferrocenium carba-closo-dodecaborate [Fc][CH12B11] was 

synthesized by the procedure from the literature.3 All other chemicals were used as received from 

commercial vendors.  

 

3.4.2 Physical Methods  

  NMR spectra were recorded on a Varian Inova 300, Mercury 300 (1H NMR, 299.952 MHz; 13C 

NMR, 75.421 MHz; 31P NMR, 121.422 MHz), Bruker 400 (1H NMR, 399.535 MHz; 13C NMR, 

100.582 MHz; 31P NMR, 161.734 MHz) and Varian Inova 500 (1H NMR, 499.703 MHz; 13C 

NMR, 125.697 MHz; 31P NMR, 202.265 MHz) spectrometer. Chemical shifts are reported in δ 

(ppm). For 1H and 13C NMR spectra, the residual solvent peak was used as an internal reference 

(1H NMR: δ 7.16 for C6D6, 7.26 for CDCl3; 
13C NMR: δ 128.06 for C6D6, 77.23 for CDCl3). 

31P 

NMR spectra were referenced externally with 85% phosphoric acid at δ 0. UV-vis-NIR spectra 

were collected on a Hitachi U-4100 UV-vis-NIR spectrophotometer. Electron paramagnetic 

resonance spectra were recorded in a continuous wave X-band EleXsys EPR spectrometer at 288 

K. Electrochemical studies were carried out using a CH Instruments Model 700 D Series 

Electrochemical Analyzer and Workstation in conjunction with a three electrode cell. The working 

electrode was a CHI 104 glassy carbon disk with a 3.0 mm diameter and the auxiliary electrode 

was composed of platinum wire. The third electrode, the reference electrode, was an Ag/AgNO3 

electrode. This was prepared as a bulk solution composed of 0.01 M AgNO3 and 0.1 M nBu4NPF6 

in dichloromethane. This was separated from solution by a fine porosity frit. CVs were conducted 
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in dichloromethane with 0.1 M nBu4NPF6 as the general supporting electrolyte if not specifically 

mentioned and were reported with a scan rate of 100 mV/s. The concentration of the analyte 

solutions were approximately 1.00 × 10-3 M. CVs were referenced to Fe(η5-Cp)2/ Fe(η5-Cp)+ redox 

couple. ACPI-MS and ESI-MS data were performed by Texas A&M University Chemistry Mass 

Spectrometry Laboratory. Preparative GPC was performed in chloroform solution at room 

temperature, using a JAI recycling preparative HPLC (LC-92XXII NEXT SERIES) through a 

JAIGEL-2H-40 column. Column chromatography was carried out using Biotage® IsoleraTM 

Prime instrument with various size of SiO2 Biotage ZIP® cartridge. Elemental analyses were 

performed by CALI Labs, Inc. (Highland Park, NJ). 

 

3.4.3 Synthesis and Characterization 

  4,4'-oxybis(N-(4-(tert-butyl)phenyl)aniline) (76). 4,4'-Dibromodiphenyl ether (73, 5.0 g, 15.2 

mmol) and tert-butylaniline (6.8 g, 45.7 mmol) were mixed with 300 mL of toluene in a 1 L flask. 

In another vial, Pd2(dba)3 (70 mg, 0.076 mmol) and 1,1'-bis(diphenylphosphino)ferrocene (DPPF, 

126 mg, 0.228 mmol) were pre-mixed with 20 mL toluene. Then the yellow suspension solution 

was combined to the flask. Sodium tert-pentoxide (5.0 g, 45.6 mmol) was added into the flask and 

the solution immediately turned red. The reaction mixture was heated to reflux for two days. After 

completion, the solution was directly poured into a separation funnel and extracted with water, 

diluted HCl(aq), and NaHCO3(aq). The organic layer was collected and dried with Na2SO4(s). The 

solution was then filtered through a plug of silica gel. The filtrate was pumped down under 

vacuum, re-dissolved in CH2Cl2, layered with ethanol and put into a -35 ⁰C freezer for one day. 

The supernatant was decanted and the solid was dried under vacuum to yield light yellow powder 

(6.0 g, 85%). 1H NMR (400 MHz, C6D6): δ 7.21 (d, JH-H = 8 Hz, 2H, Ar-H), 6.98 (d, JH-H = 8 Hz, 
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2H, Ar-H), 6.86 (d, JH-H = 8 Hz, 2H, Ar-H), 6.82 (d, JH-H = 8 Hz, 2H, Ar-H), 4.98 (s, 1H, N-H), 

1.27 (s, 9H, CMe3).
13C{1H} NMR (101 MHz, C6D6): δ. 152.6 (s, Ar-C), 143.4 (s, Ar-C), 141.9 (s, 

Ar-C), 139.4 (s, Ar-C), 126.4 (s, Ar-C), 120.0 (s, Ar-C), 119.9 (s, Ar-C), 117.6 (s, Ar-C), 34.2 (s, 

CMe3), 31.7 (s, CMe3). ESI-MS: m/z [M+H]+ Calcd. For C32H36N2O: 464.2900; Found: 465.2894. 

 

  4,4'-oxybis(2-bromo-N-(2-bromo-4-(tert-butyl)phenyl)aniline) (79). 76 (1.0 g, 2.15 mmol) 

was dissolved in 100 mL of dried, degassed CH2Cl2 under argon atmosphere. N-bromosuccinimide 

(NBS, 1.53 g, 8.61 mmol) was added in 4 portions during 4 h.  Three hours after the addition of 

the final portion, the volatiles were removed under vacuum. The residue was then re-dissolved in 

1:1 hexanes/toluene and carefully passed through a plug of silica gel collecting only the light-

colored portion. The volatiles were removed from the filtrate under vacuum, the residue was re-

dissolved in CH2Cl2, layered with ethanol and put into a -35 ⁰C freezer for one day. The supernatant 

was decanted and the solid was dried under vacuum to yield light-yellow powder (1.0 g, 60%). 1H 

NMR (400 MHz, C6D6): δ 7.63 (d, JH-H = 4 Hz, 1H, Ar-H), 7.28 (d, JH-H = 4 Hz, 1H, Ar-H), 7.00-

6.92 (m, 3H, Ar-H), 6.67 (dd, JH-H = 8 Hz, 4 Hz, 1H, Ar-H), 6.37 (s, 1H, N-H), 1.12 (s, 9H, 

CMe3).
13C{1H} NMR (101 MHz, C6D6): δ. 152.3 (s, Ar-C), 146.0 (s, Ar-C), 138.5 (s, Ar-C), 136.9 

(s, Ar-C), 130.4 (s, Ar-C), 125.54 (s, Ar-C), 123.7 (s, Ar-C), 120.0 (s, Ar-C), 118.9 (s, Ar-C), 

117.9 (s, Ar-C), 115.6 (s, Ar-C), 114.5 (s, Ar-C), 34.2 (s, CMe3), 31.3 (s, CMe3). ESI-MS: m/z 

[M+H]+ Calcd. For C32H32Br4N2O: 780.9280; Found: 780.9275. 

 

  4,4'-oxybis(2-bromo-N-(2-bromo-4-(tert-butyl)phenyl)-N-methylaniline) (82). 79 (1.0 g, 1.28 

mmol) was dissolved in 50 mL of dried, degassed DMF under argon atmosphere. NaH (94 mg, 

3.84 mmol) was added slowly. After 10 min, methyl iodide (MeI, 545 mg, 3.84 mmol) was added 
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and the solution was stirred overnight. After completion, the solution was poured into a separation 

funnel and extracted with water and NaCl(aq). The organic layer was collected and dried with 

Na2SO4(s). The solution was then filtered through a plug of silica gel and the volatiles were removed 

from the filtrate under vacuum to yield a white powder (1.0 g, 97%).  1H NMR (400 MHz, C6D6): 

δ 7.70 (d, JH-H = 4 Hz, 1H, Ar-H), 7.36 (d, JH-H = 4 Hz, 1H, Ar-H), 7.08 (dd, JH-H = 8 Hz, 4 Hz, 1H, 

Ar-H), 6.77 (d, JH-H = 8 Hz, 1H, Ar-H), 6.67 (dd, JH-H = 8 Hz, 4 Hz, 1H, Ar-H), 6.61 (d, JH-H = 8 

Hz, 1H, Ar-H), 2.93 (s, 3H, N-Me), 1.11 (s, 9H, CMe3).
13C{1H} NMR (101 MHz, C6D6): δ. 153.8 

(s, Ar-C), 148.0 (s, Ar-C), 146.5 (s, Ar-C), 145.3 (s, Ar-C), 131.8 (s, Ar-C), 125.3 (s, Ar-C), 125.3 

(s, Ar-C), 124.9 (s, Ar-C), 123.2 (s, Ar-C), 122.0 (s, Ar-C), 120.3 (s, Ar-C), 118.5 (s, Ar-C), 41.5 

(s, N-Me), 34.2 (s, CMe3), 31.3 (s, CMe3). ESI-MS: m/z [M+H]+ Calcd. For C34H36Br4N2O: 

808.9593; Found: 808.9586. 

 

  tBuPNPOPNP (85). In a glovebox, 82 (1.0 g, 1.04 mmol) was dissolved in 50 mL of dried, 

degassed ether in a Schlenk flask and cooled to -35 oC. nBuLi (1.83 mL, 4.58 mmol) was added 

slowly by syringe. After 2 h, iPr2PCl (700 mg , 4.58 mmol) was added and the solution was stirred 

overnight. After completion, the volatiles was removed under vacuum and the residue was re-

dissolved in pentane. The solution was filtered through a plug of silica gel and the volatiles were 

removed from the filtrate under vacuum to leave behind a colorless oil. The oil was re-dissolved 

in CH2Cl2, layered with acetonitrile and put into a -35 ⁰C freezer for one day. The supernatant was 

decanted and the solid was dried under vacuum to yield white powder (630 mg, 63%).  1H NMR 

(400 MHz, C6D6): δ 7.55 (s, 1H, Ar-H), 7.32 (s, 1H, Ar-H), 7.14 (s, 1H, Ar-H), 6.89 (m, 3H, Ar-

H), 3.47 (s, 3H, N-Me), 2.13 (m, 2H, CHMe2), 1.95 (s, 3H, CHMe2),1.28 (s, 9H, CMe3), 1.21 (dd, 

6H, CHMe2), 1.13 (dd, 6H, CHMe2) 1.01 (m, 12H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): δ -
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5.70 (d, JP-P = 10 Hz, 1P, Ar-P(iPr2)), -5.90 (d, JP-P = 10 Hz, 1P, Ar-P(iPr2)).
13C{1H} NMR (101 

MHz, C6D6): δ. 158.0 (d, JC-P = 10 Hz, Ar-C), 156.3 (d, JC-P = 10 Hz, Ar-C), 145.1 (s, Ar-C), 135.3 

(s, Ar-C), 132.9 (d, JC-P = 4 Hz, Ar-C), 132.2 (d, JC-P = 23 Hz, Ar-C), 132.0 (d, JC-P = 23 Hz, Ar-

C), 131.4 (d, JC-P = 4 Hz, Ar-C), 126.5 (s, Ar-C), 124.2 (d, JC-P = 24 Hz, Ar-C), 46.4 (t, JC-P = 10 

Hz, N-Me), 34.4 (s, CMe3), 31.6 (s, CMe3), 25.0 (d, JC-P = 10 Hz, CHMe2), 24.8 (d, JC-P = 10 Hz, 

CHMe2), 21.2 (dd, JC-P = 14 Hz, 3 Hz, CHMe2), 20.9 (dd, JC-P = 14 Hz, 3 Hz, CHMe2), 20.4 (dd, 

JC-P = 7 Hz, 1 Hz, CHMe2), 20.2 (dd, JC-P = 7 Hz, 1 Hz, CHMe2). ESI-MS: m/z [M+H]+ Calcd. For 

C58H92N2OP4: 957.6233; Found: 957.6217. 

 

   tBu(PNPOPNP)PdCl (69).   In a glovebox, 85 (200 mg, 209 μmol) was dissolved in 10 mL of 

dried, degassed toluene in a screw cap culture tube. Pd(COD)Cl2 (119 mg, 417 μmol) was added 

and the tube was brought outside the glovebox. After heating at 100 oC for 3 h, the tube was taken 

in the glovebox. Volatiles were then removed under vacuum and the residue was re-dissolved in 

ether. The solution was filtered through a plug of silica gel and the volatiles were removed from 

the filtrate under vacuum to give a red powder. The powder can be further purified by re-dissolving 

in CH2Cl2, layering with acetonitrile and placing into a -35 ⁰C freezer for one day. The supernatant 

was decanted and the solid was dried under vacuum to yield a red powder (253 mg, 72%). 1H 

NMR (400 MHz, C6D6): δ 7.66 (m, 2H, Ar-H), 7.13 (s, 1H, Ar-H), 7.04 (d, 1H, JH-H = 8 Hz, Ar-

H), 6.91 (m, 2H, Ar-H), 2.37 (m, 2H, CHMe2), 2.21 (m, 2H, CHMe2), 1.42 (m, 12H, CHMe2),1.25 

(s, 9H, CMe3), 1.13 (m, 12H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): δ 49.45 (d, JP-P = 418 Hz, 

1P, Ar-P(iPr2)), 47.50 (d, JP-P = 418 Hz, 1P, Ar-P(iPr2)).
13C{1H} NMR (101 MHz, C6D6): δ 162.0 

(dd, JC-P = 5 Hz, 17 Hz, Ar-C), 160.2 (dd, JC-P = 5 Hz, 17 Hz, Ar-C), 149.1 (dd, JC-P = 6 Hz, 2 Hz, 

Ar-C), 139.7 (d, JC-P = 5 Hz, Ar-C), 129.1 (d, JC-P = 6 Hz, Ar-C), 122.1 (d, JC-P = 5 Hz, Ar-C), 
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120.8 (dd, JC-P = 10 Hz, 5 Hz, Ar-C), 119.2 (dd, JC-P = 10 Hz, 5 Hz, Ar-C), 116.9 (d, JC-P = 13 Hz, 

Ar-C), 115.7 (d, JC-P = 10 Hz, Ar-C), 33.9 (s, CMe3), 31.6 (s, CMe3), 25.1 (dd, JC-P = 4 Hz, 8Hz, 

CHMe2), 18.7 (dd, JC-P = 4 Hz, 8Hz, CHMe2), 18.0 (s, CHMe2). Elem. Anal. Calcd for 

C56H86Cl2N2OP4Pd2: C, 55.54; H, 7.16; N, 2.31. Found: C, 55.48; H, 7.15; N, 2.18. 

 

  N4,N4'-bis(4-(tert-butyl)phenyl)-[1,1'-biphenyl]-4,4'-diamine (77). 4,4'-Dibromobiphenyl (74, 

5.0 g, 16.0 mmol) and tert-butylaniline (7.2 g, 48.0 mmol) were dissolved in 300 mL of toluene in 

a 1 L flask. In another vial, Pd(OAc)2 (35.9 mg, 0.16 mmol) and DPPF (133 mg, 0.24 mmol) were 

pre-mixed with 20 mL toluene. The resultant yellow suspension was added to the flask. Sodium 

tert-pentoxide (5.3 g, 48.0 mmol) was then added into the flask and the contents immediately 

turned red. The reaction mixture was heated to reflux for two days. After completion, the solution 

was poured into a separation funnel and extracted with water, diluted HCl(aq), and NaHCO3(aq). The 

organic layer was collected and dried with Na2SO4(s). The solution was then filtered through a plug 

of silica gel.  The volatiles were removed from the filtrate under vacuum; the residue was re-

dissolvedin CH2Cl2, layered with ethanol and put into a -35 ⁰C freezer for one day. The supernatant 

was decanted and the solid was dried under vacuum to yield grey powder (4.9 g, 68%). 1H NMR 

(400 MHz, C6D6): δ 7.48 (d, JH-H = 8 Hz, 2H, Ar-H), 7.24 (d, JH-H = 8 Hz, 2H, Ar-H), 6.96 (d, JH-

H = 8 Hz, 4H, Ar-H), 5.09 (s, 1H, N-H), 1.28 (s, 9H, CMe3).
13C{1H} NMR (101 MHz, C6D6): δ. 

144.0 (s, Ar-C), 143.0 (s, Ar-C), 141.0 (s, Ar-C), 133.8 (s, Ar-C), 127.7 (s, Ar-C), 126.4 (s, Ar-C), 

118.7 (s, Ar-C), 118.0 (s, Ar-C), 34.2 (s, CMe3), 31.7 (s, CMe3). ESI-MS: m/z [M+H]+ Calcd. For 

C32H36N2: 449.2951; Found: 449.2942. 
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  3,3'-dibromo-N4,N4'-bis(2-bromo-4-(tert-butyl)phenyl)-[1,1'-biphenyl]-4,4'-diamine (80). 77 

(1.0 g, 2.22 mmol) was dissolved in 100 mL of dried, degassed CH2Cl2 under argon atmosphere. 

NBS (1.59 g, 8.92 mmol) was added in 4 portions during 4 h. Three hours after the final portion 

was added, the volatiles were removed under vacuum. The residue was then re-dissolved in 1:1 

hexanes/toluene and carefully passed through a plug of silica gel while collecting only the light-

colored portion. The volatiles were removed from the filtrate under vacuum; the residue was re-

dissolved in CH2Cl2, layered with ethanol and put into a -35 ⁰C freezer for one day. The supernatant 

was decanted and the solid was dried under vacuum to yield light-yellow powder (1.1 g, 66%). 1H 

NMR (400 MHz, C6D6): δ 7.65 (d, JH-H = 4 Hz, 1H, Ar-H), 7.64 (d, JH-H = 4 Hz, 1H, Ar-H), 7.14-

6.99 (m, 4H, Ar-H), 6.64 (s, 1H, N-H), 1.12 (s, 9H, CMe3).
13C{1H} NMR (101 MHz, C6D6): δ. 

146.9 (s, Ar-C), 140.0 (s, Ar-C), 137.7 (s, Ar-C), 133.8 (s, Ar-C), 131.3 (s, Ar-C), 130.5 (s, Ar-C), 

126.5 (s, Ar-C), 125.5 (s, Ar-C), 119.5 (s, Ar-C), 117.4 (s, Ar-C), 115.7 (s, Ar-C), 114.3 (s, Ar-C), 

34.3 (s, CMe3), 31.3 (s, CMe3). ESI-MS: m/z [M+H]+ Calcd. For C32H32Br4N2: 764.9331; Found: 

764.5726. 

 

  3,3'-dibromo-N4,N4'-bis(2-bromo-4-(tert-butyl)phenyl)-N4,N4'-dimethyl-[1,1'-biphenyl]-

4,4'-diamine (83). 80 (1.0 g, 1.31 mmol) was dissolved in 50 mL of dried, degassed DMF under 

argon atmosphere. NaH (94 mg, 3.92 mmol) was added slowly. After 10 min, MeI (557 mg , 3.92 

mmol) was added.  The  resultant solution was stirred overnight, then poured into a separation 

funnel and extracted with water and NaCl(aq). The organic layer was collected and dried with 

Na2SO4(s). The solution was then filtered through a plug of silica gel and the volatiles were removed 

from the filtrate under vacuum to yield a white powder (1.0 g, 96%).  1H NMR (400 MHz, C6D6): 

δ 7.75 (d, JH-H = 4 Hz, 2H, Ar-H), 7.08 (d, JH-H = 8 Hz, 2H, Ar-H), 6.79 (d, JH-H = 8 Hz, 2H, Ar-
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H), 6.77 (d, JH-H = 8 Hz, 2H, Ar-H), 3.00 (s, 3H, N-Me), 1.12 (s, 9H, CMe3).
13C{1H} NMR (101 

MHz, C6D6): δ. 148.6 (s, Ar-C), 148.4 (s, Ar-C), 146.5 (s, Ar-C), 136.0 (s, Ar-C), 132.9 (s, Ar-C), 

131.7 (s, Ar-C), 126.5 (s, Ar-C), 125.5 (s, Ar-C), 124.2 (s, Ar-C), 124.1 (s, Ar-C), 121.1 (s, Ar-C), 

120.9 (s, Ar-C), 41.4 (s, N-Me), 34.3 (s, CMe3), 31.2 (s, CMe3). ESI-MS: m/z [M+H]+ Calcd. For 

C32H32Br4N2: 808.9593; Found: 808.9579. 

 

 tBuPNPBPNP (86). In a glovebox, 83 (1.0 g, 1.26 mmol) was dissolved in 50 mL of dried, degassed 

ether in a Schlenk flask and cooled to -35oC. nBuLi (2.22 mL, 5.54 mmol) was added slowly by 

syringe. After 2 h, iPr2PCl (845 mg, 5.54 mmol) was added and the solution was stirred overnight. 

Subsequently, the volatiles were removed under vacuum and the residue was re-dissolved in 

pentane. The solution was filtered through a plug of silica gel and the volatiles were removed from 

the filtrate under vacuumto result in a colorless oil. The oil was re-dissolved in CH2Cl2, layered 

with acetonitrile and put into a -35 ⁰C freezer for one day. The supernatant was decanted and the 

solid was dried under vacuum to yield a white powder (1.0 g, 84%). 1H NMR (400 MHz, C6D6): 

δ 7.91 (s, 1H, Ar-H), 7.60 (s, 1H, Ar-H), 7.47  (dd, JH-H = 8 Hz, 4 Hz, 1H, Ar-H), 7.14 (d, JH-H = 4 

Hz, 1H, Ar-H), 7.00 (dd, JH-H = 8 Hz, 4 Hz, 1H, Ar-H), 6.95 (dd, JH-H = 8 Hz, 4 Hz, 1H, Ar-H), 

3.56 (s, 3H, N-Me), 2.18 (m, 4H, CHMe2), 1.30 (s, 9H, CMe3), 1.23 (dd, 12H, CHMe2), 1.06 (dd, 

12H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): δ -5.74 (d, JP-P = 10 Hz, 1P, Ar-P(iPr2)), -6.02 (d, 

JP-P = 10 Hz, 1P, Ar-P(iPr2)).
13C{1H} NMR (101 MHz, C6D6): δ 157.96 (d, JC-P = 10 Hz, Ar-C), 

156.28 (d, JC-P = 10 Hz, Ar-C), 145.14 (s, Ar-C), 135.34 (s, Ar-C), 132.85 (d, JC-P = 4 Hz, Ar-C), 

132.24 (d, JC-P = 23 Hz, Ar-C), 132.00 (d, JC-P = 23 Hz, Ar-C), 131.41 (d, JC-P = 4 Hz, Ar-C), 

126.46 (s, Ar-C), 124.22 (d, JC-P = 24 Hz, Ar-C), 46.21 (t, JC-P = 10 Hz, N-Me), 34.46 (s, CMe3), 

31.61 (s, CMe3), 24.91 (d, JC-P = 20 Hz, CHMe2), 24.71(d, JC-P = 20 Hz, CHMe2), 21.12 (dd, JC-P 
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= 6 Hz, 2 Hz, CHMe2), 20.98 (dd, JC-P = 6 Hz, 2 Hz, CHMe2), 20.34 (s, CHMe2), 20.17(s, CHMe2). 

ESI-MS: m/z [M+H]+ Calcd. For C58H92N2P4O: 957.6233; Found: 957.6212. 

 

  tBuPNPBPNPPdCl (70). In a glovebox, 86 (200 mg, 212 μmol) was dissolved in 10 mL of dried, 

degassed toluene in a screw cap culture tube. Pd(COD)Cl2 (121 mg, 425 μmol) was added to the 

solution and the tube was brought outside the glovebox. After heating at 100 oC for 3 h, the tube 

was taken in the glovebox. Volatiles were then removed under vacuum and the residue was re-

dissolved in ether. The solution was filtered through a plug of silica gel and the volatiles were 

removed from the filtrate under vacuum to give a red powder. The powder was further purified by 

re-dissolving it in THF, layering with pentane and placing in a -35 ⁰C freezer for one day. The 

supernatant was decanted and the solid was dried under vacuum to yield red powder (180 mg, 

71%). 1H NMR (400 MHz, C6D6): δ 7.88 (d, JH-H = 8 Hz, 1H, Ar-H), 7.81 (d, JH-H = 8 Hz, 1H, Ar-

H), 7.43 (s, 1H, Ar-H), 7.37 (d, JH-H = 8 Hz, 1H, Ar-H), 7.16 (s, 1H, Ar-H), 7.10 (d, JH-H = 8 Hz, 

1H, Ar-H), 2.41 (m, 4H, CHMe2), 1.45 (dd, JH-P = 20 Hz, JH-H = 8 Hz, 12H, CHMe2), 1.26 (s, 9H, 

CMe3), 1.19 (m, 12H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): δ 48.86 (s, 1P, Ar-P(iPr2)), 48.83 

(s, 1P, Ar-P(iPr2)).
 13C{1H} NMR (101 MHz, C6D6): δ 162.9 (dd, JC-P = 12 Hz, 9 Hz, Ar-C), 161.7 

(dd, JC-P = 12 Hz, 9 Hz, Ar-C), 140.3 (s, Ar-C), 130.4 (s, Ar-C), 130.2 (t, JC-P = 3 Hz, Ar-C), 129.8 

(s, Ar-C), 129.2 (s, Ar-C), 129.0 (s, Ar-C), 128.6 (s, Ar-C), 120.6 (dd, JC-P = 20 Hz, 14 Hz, Ar-C), 

119.7 (dd, JC-P = 20 Hz, 15 Hz, Ar-C), 116.8 (dd, JC-P = 7 Hz, 6 Hz, Ar-C), 116.5 (dd, JC-P = 7 Hz, 

6 Hz, Ar-C), 34.0 (s, CMe3), 31.6 (s, CMe3), 25.1 (m, CHMe2), 18.7 (s, CHMe2), 18.0 (s, CHMe2). 

Elem. Anal. Calcd. for C56H86Cl2N2P4Pd2: C, 56.29; H, 7.25; N, 2.34. Found: C, 56.56; H, 7.26; 

N, 2.29. 
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  N1,N4-bis(4-(tert-butyl)phenyl)benzene-1,4-diamine (78). 1,4-Dibromobenzene (75, 5.0 g, 

21.2 mmol) and tert-butylaniline (9.5 g, 63.6 mmol) were dissolved in 300 mL of toluene in a 1 L 

flask. In another vial, Pd(OAc)2 (49.4 mg, 0.22 mmol) and DPPF (183 mg, 0.33 mmol) were pre-

mixed with 20 mL toluene. The resultant yellow suspension was added to the flask, followed by 

sodium tert-pentoxide (7.0 g, 63.6 mmol).  The reaction mixture immediately turned red; it was 

then heated at reflux for two days. Subsequently, the solution was poured into a separation funnel 

and extracted with water, diluted HCl(aq), and NaHCO3(aq). The organic layer was collected and 

dried with Na2SO4(s). The solution was then filtered through a plug of silica gel. The volatiles were 

removed from the filtrate under vacuum, the residue was re-dissolved in CH2Cl2, layered with 

ethanol and placed into a -35 ⁰C freezer for one day. The supernatant was decanted and the solid 

was dried under vacuum to yield a light-red powder (6.7 g, 85%). 1H NMR (400 MHz, C6D6): δ 

7.21 (d, JH-H = 8 Hz, 2H, Ar-H), 6.98 (d, JH-H = 8 Hz, 2H, Ar-H), 6.86 (d, JH-H = 8 Hz, 2H, Ar-H), 

6.82 (d, JH-H = 8 Hz, 2H, Ar-H), 4.98 (s, 1H, N-H), 1.27 (s, 9H, CMe3).
13C{1H} NMR (101 MHz, 

C6D6): δ. 142.9 (s, Ar-C), 142.5 (s, Ar-C), 138.0 (s, Ar-C), 126.4 (s, Ar-C), 120.6 (s, Ar-C), 117.1 

(s, Ar-C), 34.2 (s, CMe3), 31.7 (s, CMe3). ESI-MS: m/z [M+H]+ Calcd. For C26H32N2: 372.2560; 

Found: 372.2554. 

 

  2,5-dibromo-N1,N4-bis(2-bromo-4-(tert-butyl)phenyl)benzene-1,4-diamine (81). 78 (1.0 g, 

2.68 mmol) was dissolved in 100 mL of dried, degassed CH2Cl2 under argon atmosphere. NBS 

(1.91 g, 10.74 mmol) was added in 4 portions during 4 h. Three hours after the addition of the final 

portion, the volatiles were removed under vacuum. The residue was then re-dissolved in 1:1 

hexanes/toluene and carefully passed through a plug of silica gel while collecting only the light-

colored portion. The volatiles were removed from the filtrate under vacuum, the residue was re-
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dissolved in CH2Cl2, layered with ethanol and placed into a -35 ⁰C freezer for one day. The 

supernatant was decanted and the solid was dried under vacuum to yield a light-red powder (1.0 

g, 54%). 1H NMR (400 MHz, C6D6): δ 7.62 (d, JH-H = 4 Hz, 1H, Ar-H), 7.37 (s, 1H, Ar-H), 6.93-

6.85 (m, 2H, Ar-H), 6.29 (s, 1H, N-H), 1.09 (s, 9H, CMe3).
13C{1H} NMR (101 MHz, C6D6): δ. 

146.1 (s, Ar-C), 138.2 (s, Ar-C), 135.9 (s, Ar-C), 130.4 (s, Ar-C), 125.7 (s, Ar-C), 123.4 (s, Ar-C), 

117.6 (s, Ar-C), 114.9 (s, Ar-C), 114.2 (s, Ar-C), 34.2 (s, CMe3), 31.3 (s, CMe3). ESI-MS: m/z 

[M+H]+ Calcd. For C26H28Br4N2: 687.8940; Found: 687.8919. 

 

 

  2,5-dibromo-N1,N4-bis(2-bromo-4-(tert-butyl)phenyl)-N1,N4-dimethylbenzene-1,4-diamine 

(84). 81 (1.0 g, 1.45 mmol) was dissolved in 50 mL of dried, degassed DMF under argon 

atmosphere. NaH (105 mg , 4.36 mmol) was added slowly. After 10 minutes, MeI (620 mg , 4.36 

mmol) was added and the solution was stirred overnight, then poured into a separation funnel, and 

extracted with water and NaCl(aq). The organic layer was collected and dried with Na2SO4(s). The 

solution was then filtered through a plug of silica gel and the volatiles were removed from the 

filtrate under vacuum to yield a white powder (1.0 g, 97%).  1H NMR (400 MHz, C6D6): δ 7.68 

(d, JH-H = 4 Hz, 1H, Ar-H), 7.30 (s, 1H, Ar-H), 7.02 (dd, JH-H = 8 Hz, 4 Hz, 2H, Ar-H), 6.71 (d, JH-

H = 8 Hz, 1H, Ar-H), 2.85 (s, 3H, N-Me) 1.07 (s, 9H, CMe3).
13C{1H} NMR (101 MHz, C6D6): δ. 

148.6 (s, Ar-C), 146.2 (s, Ar-C), 145.6 (s, Ar-C), 131.7 (s, Ar-C), 129.0 (s, Ar-C), 125.6 (s, Ar-C), 

124.1 (s, Ar-C), 120.9 (s, Ar-C), 119.6 (s, Ar-C), 41.4 (s, N-Me), 34.2 (s, CMe3), 31.2 (s, CMe3). 

ESI-MS: m/z [M+H]+ Calcd. For C28H32Br4N2: 715.9523; Found: 715.9230. 
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  tBuPNPPNP (87). In a glovebox, 84 (1.0 g, 1.40 mmol) was dissolved in 50 mL of dried, degassed 

ether in a Schlenk flask and cooled to -35 oC. nBuLi (2.46 mL , 6.16 mmol) was added slowly by 

syringe. After 2 h, iPr2PCl (940 mg, 6.16 mmol) was added and the solution was stirred overnight. 

Subsequently, the volatiles were removed under vacuum and the residue was re-dissolved in 

pentane. The resultant solution was filtered through a plug of silica gel and the volatiles were 

removed from the filtrate under vacuum to produce a colorless oil. The oil was re-dissolved in 

CH2Cl2, layered with acetonitrile and placed into a -35 ⁰C freezer for one day. The supernatant was 

decanted and the solid was dried under vacuum to yield a light-brown powder (800 mg, 66%). 1H 

NMR (400 MHz, C6D6): δ 7.57 (s, 1H, Ar-H), 7.27 (s, 1H, Ar-H), 7.19 (d, JH-H = 8 Hz, 1H, Ar-H), 

7.02 (dd, JH-H = 8 Hz, 4Hz, 1H, Ar-H), 3.59 (s, 3H, N-Me), 2.25 (m, 2H, CHMe2), 2.00 (m, 2H, 

CHMe2), 1.30 (s, 9H, CMe3), 1.59 (m, 6H, CHMe2), 1.13 (m, 12H, CHMe2), 1.01 (dd, JH-H = 12 

Hz, 8 Hz, 6H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): δ -4.34 (d, JP-P = 10 Hz, 1P, Ar-P(iPr2)), 

-6.54 (d, JP-P = 10 Hz, 1P, Ar-P(iPr2)).
 13C{1H} NMR (101 MHz, C6D6): δ 156.6 (d, JC-P = 5 Hz 

Ar-C), 153.3 (d, JC-P = 5 Hz Ar-C), 144.7 (s, Ar-C), 134.5 (d, JC-P = 13 Hz, Ar-C), 131.3 (s, Ar-C), 

131.0 (s, Ar-C), 129.9 (s, Ar-C), 126.1 (s, Ar-C), 124.1 (m, Ar-C), 46.5 (m, N-Me), 34.4 (s, CMe3), 

31.6 (s, CMe3), 24.8 (d, JC-P = 17 Hz, CHMe2), 21.0 (d, JC-P = 13 Hz, CHMe2), 20.4 (d, JC-P = 18 

Hz, CHMe2), 20.2 (d, JC-P = 18 Hz, CHMe2). ESI-MS: m/z [M+H]+ Calcd. For C52H88N2P4: 

865.5971; Found: 865.5953. 

 

  tBu(PNPPNP)PdCl (71). In a glovebox, 87 (200 mg, 231 μmol) was dissolved in 10 mL of dried, 

degassed toluene in a screw cap culture tube followed by the addition of Pd(COD)Cl2 (132 mg, 

462 μmol).  The tube was taken out of the glovebox and was heated at 100 oC for 3 h. After heating, 

the tube was taken in the glovebox. The volatiles were then removed under vacuum and the residue 
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was re-dissolved in THF. The resultant solution was filtered through a plug of silica gel and the 

volatiles were removed from the filtrate under vacuum to give a purple powder. The powder was 

further purified by re-dissolving in THF, layering with pentane and placing into a -35 ⁰C freezer 

for one day. The supernatant was decanted and the solid was dried under vacuum to yield a purple 

powder (212 mg, 82%).  1H NMR (400 MHz, C6D6): δ 7.74 (dd, JH-H = 8 Hz, 4 Hz, 1H, Ar-H), 

7.57 (dd, JH-H = 8 Hz, 4 Hz, 1H, Ar-H), 7.21 (d, JH-H = 12 Hz, 1H, Ar-H), 2.45 (m, 2H, CHMe2), 

2.13 (m, 2H, CHMe2), 1.49 (dd, JH-H = 16 Hz, 8 Hz, 6H, CHMe2), 1.41 (dd, JH-H = 16 Hz, 8 Hz, 

6H, CHMe2), 1.25 (s, 9H, CMe3), 1.20 (dd, JH-H = 16 Hz, 8 Hz, 6H, CHMe2), 1.11 (dd, JH-H = 16 

Hz, 8 Hz, 6H, CHMe2).
31P{1H} NMR (202 MHz, C6D6): δ 49.49 (d, JP-P = 10 Hz, 1P, Ar-P(iPr2)), 

44.66 (d, JP-P = 10 Hz, 1P, Ar-P(iPr2)).
 13C{1H} NMR (126 MHz, THF with trace amount of C6D6): 

δ 161.4 (d, JC-P = 21 Hz, Ar-C), 155.2 (dd, JC-P = 6 Hz, 21 Hz, Ar-C), 138.2 (d, JC-P = 5 Hz, Ar-C), 

129.0 (s, Ar-C), 128.1 (s, Ar-C), 122.5 (d, JC-P = 37 Hz, Ar-C), 118.4 (d, JC-P = 15 Hz, Ar-C), 117.1 

(d, JC-P = 37 Hz, Ar-C), 114.5 (d, JC-P = 13 Hz, Ar-C), 33.4 (s, CMe3), 30.9 (s, CMe3), 17.9 (d, JC-

P = 5 Hz, CHMe2), 17.8 (d, JC-P = 5 Hz, CHMe2), 17.3 (d, JC-P = 3 Hz, CHMe2), 17.2 (d, JC-P = 3 

Hz, CHMe2). Elemental Analysis: C, 53.68; H, 7.39; N, 2.50. Found: C, 53.44; H, 7.51; N, 2.56. 

 

  2-bromo-5-(triisopropylsilyl)thiazole (93).171 To a solution of iPrMgCl•LiCl (12.0 mL, 15.6 

mmol, 1.3 M in THF), anhydrous 2,2,6,6-tetramethylpiperidine (TMPH, 16.0 mmol, 2.26 g) was 

added dropwise at room temperature. The resulting mixture was stirred for 2 d to give a 

TMPMgCl•LiCl THF solution, which is directly used for the following synthesis. A solution of 2-

bromothiazole (10.0 mmol, 1.64 g) in anhydrous THF (20 mL) was stirred at −78 °C. The freshly 

prepared TMPMgCl•LiCl solution was added dropwise over 15 min. The resulting mixture was 

stirred at −78 °C for 2 h, and triisopropylsilylchloride was added in one portion. The mixture was 
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slowly warmed up to room temperature and stirred overnight. The reaction mixture was extracted 

with CH2Cl2. The organic solution was washed with water extensively, and dried over MgSO4. 

The crude product was purified by column chromatography (SiO2, hexane/CH2Cl2 = 2/1), to give 

93 as pale yellow oil (1.73 g, 54%). 1H NMR (500 MHz, CDCl3): δ 7.63 (s, 1H, Ar-H), 1.30 (sept, 

JH-H = 7.5 Hz, 3H, CHMe2), 1.09 (d, JH-H = 7.5 Hz, 18H, CHMe2). 
13C{1H} NMR (101 MHz, 

CDCl3): δ 150.1 (s, Ar-C), 140.6 (s, Ar-C), 132.9 (s, Ar-C), 18.6 (m, CHMe2), 11.8 (m, CHMe2). 

APCI-MS: m/z [M+H]+ Calcd. for C12H23BrNSSi: 320.0498; Found: 320.0489. 

 

 

  2-(tributylstannyl)-5-(triisopropylsilyl)thiazole (91). To a solution of 93 (1.19 mmol, 380 mg) 

in anhydrous Et2O (3 mL) at −78 °C, nBuLi (1.0 mL, 1.6 M in hexane) was added dropwise. After 

the addition of nBuLi, anhydrous THF (0.3 mL) was added. The resulting mixture was stirred at 

−78 °C for 1 h, before nBu3SnCl (1.6 mmol, 520 mg) was added in one portion. The mixture was 

slowly warmed up to room temperature and stirred overnight. The reaction mixture was extracted 

with CH2Cl2. The organic solution was washed with water extensively, and dried over MgSO4. 

The crude product was purified by GPC, to give 91 as brown oil (500 mg, 79%). 1H NMR (500 

MHz, CDCl3): δ 8.22 (s, 1H, Ar-H), 1.60 (m, 6H), 1.36~1.31 (m, 9H), 1.22 (m, 6H), 1.09 (d, JH-H 

= 7.5 Hz, 18H, CHMe2), 0.88 (t, JH-H = 7.5 Hz, 9H, SnnBu3). 
13C{1H} NMR (101 MHz, CDCl3): δ 

178.4 (s, Ar-C), 152.4 (s, Ar-C), 128.6 (s, Ar-C), 29.1, 27.4, 18.7, 13.8, 12.2, 11.4. APCI-MS: m/z 

[M+H]+ Calcd. for C24H50NSSiSn: 532.2450; Found: 532.2434. 

 

  4,6,10,12-tetrabromo-2,8-di-tert-butyl-5,11-dihydroindolo[3,2-b]carbazole (89). 2,8-di-tert-

butyl-5,11-dihydroindolo[3,2-b]carbazole (88, 1.0 mmol, 369 mg) was dissolved in anhydrous 
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THF (20 mL) at 0 °C. A solution of NBS (6.0 mmol, 1.07 g) in anhydrous THF (15 mL) was 

added. The resulting mixture was warmed up to room temperature and stirred overnight. After 

removal of volatiles under reduced pressure, the crude product was washed with methanol, to give 

89 (568 mg, 83%) as a grey solid. 1H NMR (500 MHz, CDCl3): δ 8.74 (d, JH-H = 1.5 Hz, 2H, Ar-

H), 8.27 (s, 2H, N-H), 7.73 (d, JH-H = 1.5 Hz, 2H, Ar-H), 1.48 (s, 18H, CMe3). 
13C{1H} NMR (100 

MHz, CDCl3): δ 144.7 (s, Ar-C), 137.3 (s, Ar-C), 134.9 (s, Ar-C), 127.6 (s, Ar-C), 124.4 (s, Ar-

C), 122.0 (s, Ar-C), 118.3 (s, Ar-C), 35.2 (s, CMe3), 32.1 (s, CMe3). APCI-MS: m/z [M+H]+ Calcd. 

for C26H25Br4N2: 684.8707; Found: 684.8701. 

 

  90. 89 (1.10 g, 1.61 mmol) was dissolved in a mixed solvent of DMF (100 mL) and THF (20 mL) 

at room temperature. NaH (116 mg) was added in one portion. The mixture was stirred at room 

temperature for 30 min before MeI (680 mg, 4.79 mmol) was added. After the addition of MeI, a 

yellow precipitate was formed, and the suspension was stirred overnight. The suspension was 

filtered, and the resulting yellow solids were washed extensively with water and acetone, to give 

90 (1.10 g, 96%). 1H NMR (500 MHz, CDCl3): δ 9.01 (d, JH-H = 1.5 Hz, 2H, Ar-H), 7.75 (d, JH-H 

= 1.5 Hz, 2H, Ar-H), 4.30 (s, 6H, N-Me), 1.45 (s, 18H, CMe3). 
13C{1H} NMR (125 MHz, CDCl3): 

δ 145.0 (s, Ar-C), 142.4 (s, Ar-C), 141.1 (s, Ar-C), 130.4 (s, Ar-C), 127.4 (s, Ar-C), 125.0 (s, Ar-

C), 119.2 (s, Ar-C), 104.6 (s, Ar-C), 98.8 (s, Ar-C), 39.1 (s, N-Me), 35.0 (s, CMe3), 32.0 (s, CMe3). 

APCI-MS: m/z [M+H]+ Calcd. For C28H29Br4N2: 712.9021; Found: 712.9002. 

 

 92. A thick-wall reaction vessel filled with 90 (99.7 mg, 0.14 mmol) and 91 (509.2 mg, 0.96 

mmol) was taken into an N2-filled glovebox, where Pd(PPh3)4 (40.4 mg, 0.035 mmol), CuI (6.7 

mg, 0.035 mmol) and toluene (4 mL) were added. The reaction vessel was sealed and taken out of 
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the glovebox. The reaction mixture was stirred at 140 °C for 3 d. After cooling to room 

temperature, volatiles were removed under reduced pressure. The mixture was further extracted 

with CH2Cl2. The organic solution was washed with water extensively, and dried over MgSO4. 

The crude product was purified by column chromatography (SiO2, hexane/ethyl acetate = 19/1 ~ 

7/3), to give 92 as yellow solids (148 mg, 78%). 1H NMR (500 MHz, CDCl3): δ 8.26 (s, 2H, Ar-

H), 7.91 (s, 2H, Ar-H), 7.53 (d, JH-H = 1.5 Hz, 2H, Ar-H), 7.05 (d, JH-H = 1.5 Hz, 2H, Ar-H), 2.94 

(s, 6H, N-Me), 1.45 (sept, 6H, CHMe2), 1.36 (sept, 6H, CHMe2), 1.24 (s, 18H, CMe3), 1.18 (d, JH-

H = 7.5 Hz, 36H, CHMe2), 1.12 (d, JH-H = 7.5 Hz, 36H, CHMe2). 
13C{1H} NMR (125 MHz, CDCl3): 

δ 171.5 (s, Ar-C), 169.4 (s, Ar-C), 150.4 (s, Ar-C), 150.0 (s, Ar-C), 141.6 (s, Ar-C), 140.6 (s, Ar-

C), 137.9 (s, Ar-C), 131.0 (s, Ar-C), 128.5 (s, Ar-C), 127.2 (s, Ar-C), 124.3 (s, Ar-C), 123.3 (s, 

Ar-C), 120.5 (s, Ar-C), 117.2 (s, Ar-C), 111.8 (s, Ar-C), 36.3 (s, N-Me), 34.6, 32.0, 18.8 (two s), 

12.0. APCI-MS: m/z [M+H]+ Calcd. for C76H117N6S4Si4: 1354.7300; Found: 1354.7334. 

 

  72. 92 (13.5 mg, 0.01 mmol) was mixed with Pd(COD)Cl2 (6.3 mg, 0.022 mmol) in anhydrous 

toluene (1.0 mL). The mixture was stirred at 120 °C for two days. After cooling to room 

temperature, the volatiles were removed under reduced pressure. The residue was extracted with 

CH2Cl2. The organic solution was washed with water extensively, and dried over MgSO4. The 

crude product was purified by column chromatography (SiO2, hexane/ CH2Cl2 = 9/1 ~ 8/2), to give 

72 as green solids (13.2 mg, 82%). 1H NMR (500 MHz, CDCl3): δ 9.33 (s, 2H, Ar-H), 9.14 (d, JH-

H = 1.5 Hz, 2H, Ar-H), 9.11 (s, 2H, Ar-H), 8.08 (d, JH-H = 1.5 Hz, 2H, Ar-H), 1.48 (s, 18H, CMe3), 

1.44 (m, 6H, CHMe2), 1.37 (m, 6H, CHMe2), 1.20 (d, JH-H = 7.5 Hz, 36H, CHMe2), 1.14 (d, JH-H 

= 7.5 Hz, 36H, CHMe2).
 13C{1H} NMR (125 MHz, CDCl3): δ 168.7 (s, Ar-C), 164.0 (s, Ar-C), 

153.2 (s, Ar-C), 152.8 (s, Ar-C), 140.4 (s, Ar-C), 138.4 (s, Ar-C), 137.2 (s, Ar-C), 124.4 (s, Ar-C), 
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124.2 (s, Ar-C), 124.1 (s, Ar-C), 123.7 (s, Ar-C), 122.5 (s, Ar-C), 121.4 (s, Ar-C), 114.5 (s, Ar-C), 

112.5 (s, Ar-C), 35.0, 32.3, 18.7, 18.7, 11.9. Elemental Analysis: C, 55.27; H, 6.90; N, 5.23. Found: 

C, 54.79; H, 6.79; 5.07.  

 

  [70][CH12B11]2 crystal. In a glovebox, 70 (10 mg, 8 μmol) was dissolved in CH2Cl2 and mixed 

with approximately 1 equiv. of ferrocenium carba-closo-dodecaborate (2.6 mg, 8 μmol) in a glass 

vial. The solution color changed from red to black immediately. The reaction mixture was layered 

with isooctane and placed into a -35 ºC freezer overnight, yielding black crystals. A suitable crystal 

was selected and subjected to an X-ray diffraction study. 

  [71][CH12B11
-] crystal. In a glovebox, 71 (10 mg, 9 μmol) was dissolved in CH2Cl2 and mixed 

with approximately 0.9 equiv. of ferrocenium carba-closo-dodecaborate (2.6 mg, 8 μmol) in a glass 

vial. The solution color changed from purple to black immediately. The reaction mixture was 

layered with isooctane and placed into a -35 ºC freezer overnight, yielding black crystals. A 

suitable crystal was selected and subjected to an X-ray diffraction study. 

 

  [71][SbCl6]2 crystal. In a glovebox, 71 (10 mg, 9 μmol) was dissolved in CH2Cl2 and mixed with 

approximately 2.2 equiv. of tris(4-bromophenyl)aminium hexachloroantimonate, [(p-

BrC6H4)3N]SbCl6 (16 mg, 18 μmol), in a glass vial. The solution color changed from purple to 

deep blue immediately. The reaction mixture was layered with isooctane and placed into a -35 ºC 

freezer overnight, yielding blue crystals. A suitable crystal was selected and subjected to an X-ray 

diffraction study. 
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3.4.4 X-Ray Structural Determination Details 

X-Ray data collection, solution, and refinement for (69). (CCDC number: 2003991) 

  A Leica MZ 75 microscope was used to identify a suitable red block with very well defined faces 

with dimensions (max, intermediate, and min) 0.182 x 0.153 x 0.124 mm3 from a representative 

sample of crystals of the same habit. The crystal mounted on a nylon loop was then placed in a 

cold nitrogen stream (Oxford) maintained at 110 K. A BRUKER APEX 2 Duo X-ray (three-circle) 

diffractometer was employed for crystal screening, unit cell determination, and data collection. 

The X-ray radiation employed was generated from a Mo sealed X-ray tube (K = 0.71073Å with 

a potential of 40 kV and a current of 40 mA). All diffractometer manipulations, including data 

collection, integration and scaling were carried out using the Bruker APEX3 software.122 An 

absorption correction was applied using SADABS.123 Systematic reflection conditions and 

statistical tests of the data suggested the space group P21/c. A solution was obtained readily using 

XT/XS in APEX3.122,124 Hydrogen atoms were placed in idealized positions and were set riding 

on the respective parent atoms. All non-hydrogen atoms were refined with anisotropic thermal 

parameters. Absence of additional symmetry and voids were confirmed using PLATON 

(ADDSYM). The structure was refined (weighted least squares refinement on F2) to 

convergence.124,125 ORTEP-3 and POV-Ray were employed for the final data presentation and 

structure plots.126,127 

 

X-Ray data collection, solution, and refinement for [70][CH12B11]2. (CCDC number: 

2003992) 

  A Leica MZ 75 microscope was used to identify a suitable brown plate with very well defined 

faces with dimensions (max, intermediate, and min) 0.132 x 0.052 x 0.013 mm3 from a 
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representative sample of crystals of the same habit. The crystal mounted on a nylon loop was then 

placed in a cold nitrogen stream (Oxford) maintained at 140 K. A BRUKER Venture X-ray (kappa 

geometry) diffractometer was employed for crystal screening, unit cell determination, and data 

collection. The X-ray radiation employed was generated from a Cu-Iμs X-ray tube (K = 1.5418Å 

with a potential of 50 kV and a current of 1.0mA). All diffractometer manipulations, including 

data collection, integration and scaling were carried out using the Bruker APEX3 software.122 An 

absorption correction was applied using SADABS.123 Systematic reflection conditions and 

statistical tests of the data suggested the space group P-1. A solution was obtained readily (Z=1; 

Z'=0.5) using XT/XS in APEX3.122,124 Hydrogen atoms were placed in idealized positions and 

were set riding on the respective parent atoms. All non-hydrogen atoms were refined with 

anisotropic thermal parameters. The structure showed presence of partially occupied and/or 

disordered solvent molecules; both dichloromethane and pentane. Our efforts to model the solvents 

resulted in high reliability factors. For the final refinement cycles, these solvent molecules were 

MASKed using OLEX2.125 Absence of additional symmetry or void were confirmed using 

PLATON (ADDSYM). The structure was refined (weighted least squares refinement on F2) to 

convergence.124,125 ORTEP-3 and POV-Ray were employed for the final data presentation and 

structure plots.126,127 

 

X-Ray data collection, solution, and refinement for (71). (CCDC number: 1915569) 

  A Leica MZ 75 microscope was used to identify a suitable dark brown block with very well 

defined faces with dimensions (max, intermediate, and min) 0.182 x 0.042 x 0.027 mm3 from a 

representative sample of crystals of the same habit. The crystal mounted on a nylon loop was then 

placed in a cold nitrogen stream (Oxford) maintained at 110 K. A BRUKER Venture X-ray (kappa 
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geometry) diffractometer was employed for crystal screening, unit cell determination, and data 

collection. The X-ray radiation employed was generated from a Cu-Iμs X-ray tube (K = 1.5418Å 

with a potential of 50 kV and a current of 1.0mA). All diffractometer manipulations, including 

data collection, integration and scaling were carried out using the Bruker APEX3 software.122 An 

absorption correction was applied using SADABS.123 Systematic reflection conditions and 

statistical tests of the data suggested the space group P-1. A solution was obtained readily using 

XT/XS in APEX3.122,124 Hydrogen atoms were placed in idealized positions and were set riding 

on the respective parent atoms. All non-hydrogen atoms were refined with anisotropic thermal 

parameters. PLATON suggests presence of voids (~47 Å3), however with no electron density. 

Additionally, no residual electron density were found corresponding at the voids. Absence of 

additional symmetry was confirmed using PLATON (ADDSYM). The structure was refined 

(weighted least squares refinement on F2) to convergence.124,125 ORTEP-3 and POV-Ray were 

employed for the final data presentation and structure plots.126,127 

 

X-Ray data collection, solution, and refinement for [71][CH12B11]. (CCDC number: 1915570) 

  A Leica MZ 75 microscope was used to identify a suitable black block with very well defined 

faces with dimensions (max, intermediate, and min) 0.402 x 0.385 x 0.376 mm3 from a 

representative sample of crystals of the same habit. The crystal mounted on a nylon loop was then 

placed in a cold nitrogen stream (Oxford) maintained at 110 K. A BRUKER APEX 2 Duo X-ray 

(three-circle) diffractometer was employed for crystal screening, unit cell determination, and data 

collection. The X-ray radiation employed was generated from a Mo sealed X-ray tube (K = 

0.71073Å with a potential of 40 kV and a current of 40 mA). All diffractometer manipulations, 

including data collection, integration and scaling were carried out using the Bruker APEX3 
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software.122 An absorption correction was applied using SADABS.123 Systematic reflection 

conditions and statistical tests of the data suggested the space group C2/c. A solution was obtained 

readily (Z=4; Z'=0.5) using XT/XS in APEX3.4,6 Hydrogen atoms were placed in idealized 

positions and were set riding on the respective parent atoms. The C1a atom of the carborane could 

not be located due to the symmetry. Initially all the carborane atoms were assigned boron. C1a 

was assigned based on the thermal ellipsoid and was set as disorder. Hydrogen atoms could not be 

located on the carborane from the residual electron density map, and were placed only to satisfy 

geometry. All non-hydrogen atoms were refined with anisotropic thermal parameters. Solvent 

molecules (dichloromethane) which were partially occupied and disordered, could not be modeled 

and were MASKed using OLEX2.125 Absence of additional symmetry were confirmed using 

PLATON (ADDSYM). The structure was refined (weighted least squares refinement on F2) to 

convergence.124,125 ORTEP-3 and POV-Ray were employed for the final data presentation and 

structure plots.126,127 

 

X-Ray data collection, solution, and refinement for [71][SbCl6]2. (CCDC number: 1915571) 

  A Leica MZ 75 microscope was used to identify a suitable brown needle with very well defined 

faces with dimensions (max, intermediate, and min) 0.192 x 0.042 x 0.027 mm3 from a 

representative sample of crystals of the same habit. The crystal mounted on a nylon loop was then 

placed in a cold nitrogen stream (Oxford) maintained at 110 K. A BRUKER Quest X-ray (fixed-

Chi geometry) diffractometer with a PHOTON II detector was employed for crystal screening, 

unit cell determination, and data collection. The X-ray radiation employed was generated from a 

Mo-Iμs X-ray tube (K = 0.71073Å). All diffractometer manipulations, including data collection, 

integration and scaling were carried out using the Bruker APEX3 software.122 An absorption 
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correction was applied using SADABS.123 Systematic reflection conditions and statistical tests of 

the data suggested the space group P21/n. A solution was obtained readily (Z=2; Z'=0.5) using 

XT/XS in APEX3.122,124 A molecule of dichloromethane was found solvated. Hydrogen atoms 

were placed in idealized positions and were set riding on the respective parent atoms. All non-

hydrogen atoms were refined with anisotropic thermal parameters. Elongated ellipsoids on atoms 

C25, C20-C22, and the solvent Cl1s, Cl2s, C3s suggested disorder which were successfully 

modeled between two positions each with an occupancy ratio of 0.64:0.36. Appropriate restraints 

and constraints were applied to keep the bond distances, angles, and thermal ellipsoids meaningful. 

Final formula: C50H82Cl2N2P4Pd2·2(CH2Cl2)·2(SbCl6). Absence of additional symmetry and voids 

were confirmed using PLATON (ADDSYM). The structure was refined (weighted least squares 

refinement on F2) to convergence.124,125 ORTEP-3 and POV-Ray were employed for the final data 

presentation and structure plots.126,127 

3.4.5 ORTEP Graphs 

 

Figure III-11. ORTEP of complex 69. The ellipsoids are set at the 50% probability level, and 

hydrogen atoms are omitted for clarity. 
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Figure III-12. ORTEP of complex [71]CH12B11. The ellipsoids are set at the 50% probability 

level, and hydrogen atoms are omitted for clarity. 

 

 
Figure III-13. ORTEP of [3][SbCl6]2 unit cell. The ellipsoids are set at the 50% probability 

level. The diisopropryl groups on phosphine, tert-butyl groups, solvents and hydrogen atoms are 

omitted for clarity. 
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3.4.6 UV-vis-NIR Spectrum 
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Figure III-14. UV-vis-NIR spectrum of approx. 1 x 10-4 M 44 in CH2Cl2, where the 44+ was in 

situ generated by addition of 1.2 eq of [Fc]CH12B11 as the oxidant.  

 

 

500 1000 1500 2000

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

max = 1042 nm 

A
b

s
o

rb
a

n
c
e

Wavelength (nm)

 71

 + 0.2 eq [Ox]

 + 0.4 eq [Ox]

 + 0.6 eq [Ox]

 + 0.8 eq [Ox]

 + 1.0 eq [Ox]

 + 1.2 eq [Ox]

*

 

 

 
 

Figure III-15. UV-vis-NIR spectrum of approx. 1 x 10-4 M complex 71 in CH2Cl2, where the [71] 

CH12B11 was in situ generated by stepwise addition of 1.2 eq of [Fc]CH12B11 as the oxidant [Ox].    
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3.4.7 Spectroelectrochemical Analysis of Complex 4 

  Spectroelectrochemical measurements were conducted with a Shimadzu UV3600 UV−vis-NIR 

spectrophotometer and a 273A potentiostat (Princeton Applied Research). The measurement was 

carried out in a honeycomb spectroelectrochemical cell (Pine Research Instrumentation, Inc.) 

composed of a quartz UV-vis cell (path length = 1.7 mm), a gold electrode chip and a mini 

Ag/AgCl reference electrode. Before taking a scan of an absorption spectrum, the potential was 

held at a constant voltage for 300 seconds.  The range of potentials vs the Ag/AgCl reference 

electrode applied in these spectroelectrochemical experiments is consistent with the redox 

potentials vs Fc/Fc+ determined in cyclic voltammetry experiments. 

 

Figure III-16. UV-vis-NIR absorption changes of the solution of 4 in CH2Cl2 (7.6 × 10-4 M), with 

0.10 M nBu4NPF6 as the electrolyte, upon stepwise applications of potentials on the working 

electrode (Step height: 0.05 V, vs Ag/AgCl) from +0.60 V to +0.85 V (top), +1.05 V to +1.30 V 

(bottom).  
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3.4.8 Theoratical Calculations 

  DFT calculations were carried out using Gaussian 09.10 Geometry optimizations were performed 

with the M0611 functional with the LANL2DZp12 basis set for all atoms. To simplify the 

computations, –Si(iPr)3 groups were replaced by –Si(CH3)3 groups and the tBu groups were 

replaced by methyl groups. 

 

 
 

Figure III-17. HOMO (upper) and LUMO (lower) for complex 69 (isovalue = 0.02). 
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Figure III-18. One of the two degenerate HOMOs (upper) and one of the two degenerate 

LUMOs (lower) for complex 70 (isovalue = 0.02). 

 

 

 



 

 

132 

 

 

CHAPTER IV 

Approaches to Group 10 Metallapolymers Derived from Bis(pincer) Complexes 

4.1 Introduction 

  Design of novel conducting metallapolymers is an intriguing field for chemists. This platform, 

built up by three major components: metal, ligand, and π-conjugated polymer backbone, enables 

amalgamation of multiple functional moieties.139,172–174 Desired properties arising from the metal 

and π-conjugated backbone can also be approached synergistically. That is, one could take 

advantage of the properties from the complex and polymer independently, or craft a new function 

through their cooperation.173,175 The many possibilities allow numerous applications such as light-

harvesting,75,176 luminescent,177–180 chemical sensing,181,182 memory storage,66,183,184 and solar 

cell.185 Metallapolymers containing a transition metal in the main chain should be highly signal-

responsive. Perturbation of the electronic nature of the metal centers such as changing the 

oxidation state or additional ligand binding will strongly influence the conductive current. For 

example, in Figure IV-1, a cobalt (II) chelated salen metallapolymer was situated in between two 

electrodes. After exposure to nitric oxide, Co(II) was steadily converted to Co(III) thereby 

interrupting the conducting current and resulting in an increased resistance. 

    Although the idea is fascinating, applicable conjugated metallapolymers of this type are rare 

due to the challenges in polymerization methodology. Constructing polymer via metal-ligand 

coordination is not as common as via organic covalent bond since the bond could be labile or the 

metal center can undergo an undesired side reaction such as oxidative addition or reductive 

elimination. Multi-dentate ligands such as porphyrins,186 salens,81,181,187 or terpyridines,65,188,189 are 

good candidates to address the bond lability problem. However, this will often cause low solubility 
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due to the large peripheral π-arenes. Overall, it is essential to augment the toolbox by developing 

more available metal complexes as the polymer precursors. 

 

Figure IV-1. A cobalt-containing metallapolymer for sensing nitric oxide. Reproduced with 

permission from ref. 181. 

 

  Pincer ligands are tridentate and prefer to coordinate metals in the meridional fashion.15,16,160 The 

planar structure and multi denticity are both promising features for metallapolymer preparation.15–

17 In addition, the diarylamido PNP pincer ligand160 our group has been interested in has a metal-

stabilized ligand-based redox center. The organic analogue of this type are arylamines, which have 

been widely used as a charge carrier in p-type semiconducting material.27,38,94,190 In addition, it is 

also important to develop methods for establishing strong covalent σ-bonds with π-conjugation, 

such as the metal-alkynyl bond,73,74,84,150 between pincer complexes and bridging ligands. If only 

weak coordination interaction for self-assembly is given, it could cause a structural instability 

during the charge accumulation or dissociation at high temperature. Recently, we reported on 

connecting two (MePNP) complexes with ynediyl bridges, which are proper units for π-conjugation 

extension.150 Another piece of work was the synthesis of bis(pincer) PNP complexes (69-72 in 
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Section 3.2.1). It had two potential functional sites for building up the ynediyl bridges. We 

anticipated that with the combination of these two methods, a novel type of redox-active PNP 

metallapolymer could be achieved. In this work, we would like to demonstrate the preliminary 

results stemming from this approach. Additionally, a notation of bis(pincer) ligands is introduced 

for convenience. The ligand backbone of compound 85 is called PNPOPNP; 86 is called 

PNPbPNP; 87 is called PNPpPNP; 92 is called NNNpNNN. 

 

4.2 Results and Discussion 

4.2.1 Synthesis of Bis(pincer) Polymerization Precursors 

  The synthesis of bis(pincer) complexes as the precursors of polymerization was accomplished as 

shown in Scheme IV-1, IV-2 and IV-3. First, the oxygen-bridged bis(pincer) ligand PNPOPNP 

(85) reported in the previous chapter was utilized to install group 10 metals by N–Methyl cleavage 

metalation. NiCl2, Pd(COD)Cl2, and Pt(COD)Cl2, were then used as metal sources to obtain 

compounds 93, 69, and 94 by thermolysis in toluene solution. The crude products after workup 

can be recrystallized from MeOH/CH2Cl2 as we discovered in the synthesis of compound 69. The 

yields of Ni (93) and Pt (94) bis(pincer) complexes were 71% and 83%, respectively. The Pd 

complexes with different backbones, PNPOPNP (69) and PNPbPNP (70) were selected to undergo 

ethynylation in order to build up M–C≡C–M in the desired polymers. Reactions of 67 and 70 with 

slight excess of LiCCH resulted in the formation of ethynyl complexes 95 and 96. The purification 

method was the same as that reported150 for monomeric (MePNP)MCCH pincer complexes.  
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Scheme IV-1. Synthesis of 93, 69 and 94. 

 

Scheme IV-2. Synthesis of 95. 

 

 

Scheme IV-3. Synthesis of 96. 
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4.2.2 Synthesis of Tetrametallic Pincer Complexes 

  The tetrametallic complexes were prepared to better understand charge transport in M–C≡C–M 

metallapolymers. Two bis(pincer) cores, PNPOPNPPd and PNPbPNPPd were selected. First, two 

equivalents of (MePNP)PdCCH (47) was deprotonated by LDA. After 5 to 10 min, the solution was 

combined with 69 or 70 and was heated to 50º C for 3 hours to yield tetrametallic pincer complexes 

97 and 98, respectively. In addition, one interesting observation was that while conducting the 

reactions for 15 hours under room temperature instead of heating, the reaction with compound 47 

and 69 can still result in an apparently complete conversion to 97 but the reaction with 47 and 70 

does not fully give compound 98 (Figure IV-10) and the rest of 47 was observed.  

 

Scheme IV-4. Synthesis of tetrametallic pincer complex 97. 

 

Scheme IV-5. Synthesis of of tetrametallic pincer complex 98. 
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4.2.3 Polymerization of PNPOPNP(MCl)2 with 1,4-Diethynylbenzene 

  In order to test if a metallapolymer can be made by reacting bis(pincer) complexes with dialkynes 

and LDA, 1,4-diethynylbenzene was selected as a model of dialkynes. A J. Young was loaded with 

LDA, 1,4-diethynylbenzene and the PNPOPNP(MCl)2 complex (69, 93, or 94), followed by the 

addition of THF . The resulting concentration was 0.05 M in THF. After 15 hours under room 

temperature, 31P NMR spectra were recorded. The 31P NMR signals of the Ni (99) polymer product 

were observed at 46.0 and 45.6 ppm and the 31P NMR signals of the Pd (100) polymer were 

observed at 51.2 and 50.9 ppm (Figure IV-11). Together with the absence of 31P chemical shifts 

of the starting materials, we assumed those reaction were completed. On the other hand, no obvious 

31P NMR signals were detected from the THF solution of Pt bis(pincer) reaction mixtures. The 

crude products were diluted by 5 mL THF and analyzed by gel permeation chromatography (GPC) 

(Table IV-1). The repeating unit n for the Ni (99) and Pd (100) polymers reached 8, whereas with 

Pt (101) it was only 4. It was observed that the Pt (101) reaction mixture formed large amounts of 

yellow precipitate after few minutes, whereas the Ni (99) and Pd (100) did not form observable 

precipitates in solution. Although LiCl as the byproduct can potentially preticipate out, the amount 

of it should be too small to be observed in those highly colored solutions. The observation of a 

significant amounf of precipitate implies that the solubility of Pt (101) was significantly lower than 

Ni (99), and Pd (100). Other polymerization reactions were conducted by changing the reaction 

temperature to 70 ºC. The results showed the repeating unit of Pd (100) polymer increased by 2 

but those of Ni (99) and Pt (101) did not significantly increase. 
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Scheme IV-6. Polymerization of PNPOPNP(MCl)2 with 1,4-diethynylbenzene. 

 

Table IV-1. GPC results for polymer 99-101. 

Complex Reaction Temp. Mn Mw n Đ 

Ni (99) 25 ºC 10103 11894 8.63 1.177 

Ni (99) 70 ºC 3213 3289 2.74 1.024 

Pd (100) 25 ºC 10436 14503 8.24 1.390 

Pd (100) 70 ºC 12891 13739 10.2 1.069 

Pt (101) 25 ºC 6030 6935 4.18 1.15 

Pt (101) 70 ºC 6727 7302 4.66 1.086 

 

4.2.4 Preparation of μ-Ethynediyl-Bridged Bis(pincer) Pd Metallapolymers. 

  The preparation of μ-ethynediyl-bridged bis(pincer) Pd metallapolymers was conducted imilarly 

to the method described in Section 4.2.3. First, for polymer 102, a J. Young was loaded with LDA, 

PNPOPNP(PdCCH)2 (95) and PNPOPNP(PdCl)2 (69). THF solvent was added last, resulting in a 
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0.05 M solution. This method was also used to prepare polymer 103 (96+69) and 104 (96+70), as 

shown in Scheme IV-6. After heating the mixture at 70 ºC for 15 h, 31P NMR spectra were recored. 

Polymer 102, which contained only PNPOPNP units, gave rise to two 31P NMR signals at 46.6 

and 46.0 ppm (Figure IV-12). Polymer 104 containing only PNPbPNP units also displayed just 

two 31P NMR resonancesat 46.7 and 46.5 ppm.For the polymer 103 containing two different units, 

PNPOPNP and PNPbPNP, two 31P peaks were found at 46.5 and 46.0 ppm with the integral ratio 

close to 3 : 1. It could be due to the accidental overlap of 31P peaks. The 31P NMR signals of the 

starting materials were not observed in those reaction mixtures. The solutions containing the 

reaction mixtures were then filtered through a plug of celite and the filtrate were analyzed by GPC. 

The results (Table IV-2) showed that polymer 104 had the highest Mn. The repeating unit n was 

determined to be around 8-9. The polymer 103 had thesecond highest Mn and the Mn of polymer 

102 was the lowest. Another set of experiments for synthesizing polymer 102 and 104 was 

conducted with the concentration of 95 and 69 increased to 0.1 M. These reactions resulted in Mn 

values for 102 and 104 that were higher than those prepared from 0.05 M of 95 and 69. 
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Scheme IV-7. Polymerization of μ-ethynediyl-bridged bis(pincer) complexes 102-104. 
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Table IV-2. GPC results of 102-104 polymers. 

Polymer  Conc. Mn Mw n Đ 

95 + 69 (102) 0.05 M 7344 8174 6.30 1.107 

96 + 69 (103) 0.05 M 8987 11075 7.77 1.235 

96 + 70 (104) 0.05 M 9989 11334 8.69 1.120 

95 + 69 (102) 0.1 M 18908 25343 16.2 1.340 

96 + 70 (104) 0.1 M 12974 16488 11.3 1.302 

 

 

4.2.5 Electrochemical Studies 

  Cyclic votammograms of tetrametallic complexes 97 and 98, as well as the metallapolymers 102 

and 104 were collected (Figures IV-2 and Table IV-3) with 0.1 M nBu4NPF6 as the supporting 

electrolyte in CH2Cl2. In complex 97, multiple quasi-reversible waves were observed.   

Differential pulse voltammogram (DPV) was conducted to confirm the current intensities (Figure 

IV-4). Four peaks at 1:1:1:1 ratio were found. The first and second oxidation potentials were close 

to μ-ethynediyl-bridged (MePNP)PdC≡CPd(PNPMe) (50). We proposed a pathway in Scheme IV-

7 based on these results. The first oxidation event happens on the (MePNP)Pd wings and the second 

happens on the other side of PNPOPNP central core. The oxidation potentials of these two should 

be intrinsically close and we found the difference, 0.04 V to be quite small. The third and fourth 

oxidation events could happen on the central PNPOPNP backbone first, then on the (MePNP)Pd 

wings or the other way around. The available information was not sufficient to distinguish these 

two possibilities. Polymer 102, which is mostly composed of the –Pd(PNPOPNP)PdC≡C– 
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repeating unit, should have oxidation potentials close to the first and the last of 97. Indeed, that 

was what we observed for polymer 102 (-0.34 and -0.06 V, respectively). 
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Figure IV-2. Cyclic voltammograms of ca. 1 x 10-3 M 69, 97 and 102 (nBu4NPF6 0.1 M in 

CH2Cl2, 100 mV s−1, vs Fc+/Fc). 

 

Table IV-3. Summary of oxidation potential in Figure IV-2. 

Compound 𝑬𝟏/𝟐
𝟏

 (V) 𝑬𝟏/𝟐
𝟐

  (V) 𝑬𝟏/𝟐
𝟑

  (V) 𝑬𝟏/𝟐
𝟒

  (V) ∆𝑬 (V) 

69 0.00 0.17 - - 0.17 

97 -0.33 -0.27 -0.18 -0.05 0.04, 0.09, 0.13 

102 -0.34 -0.06 - - 0.28 

50* -0.40 -0.25   0.15 

*with nBu4NBArF
4 as the supporting electrolyte. 
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Scheme IV-8. Proposed oxidation pathway of compound 97. 

 

 

  Cyclic votammogram of 98 showed three oxidation events: -0.40, -0.17, 0.00 V. In this case, the 

separation of first and second events was higher than that of 97 and the current of second peak was 

significantly higher than the other two. The DPV result also confirmed that the ratio of current 

intensities was close to 1:2:1. Based on this observation, we proposed in compound 98, the first 

oxidation happened not on the (MePNP)Pd wings but on the central PNPbPNP backbone (Scheme 

IV-8). It is also supported by the fact that the first oxidation potential of 70 (-0.13 V) is lower than 

69 (0.00 V). The strong redox coupling of the central bis-amido diphenyl moiety would create a 

totally delocalized MV state that leaded the two (MePNP)Pd outside wings electronically 

equivalent. Thus the next two electrons are removed from the outside wings at the same potential, 
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while the last oxidation then happens on the central backbone. The oxidation potentials of polymer 

104, observed at -0.50 and -0.12 V, were comparable to compound 98. Notably, the peak 

separation of 102 and 104 were close to the “addition” from each separated units. For example, 

∆𝑬 of 104 is 0.38 V and the sum of ∆𝑬 of compound 70 and 50 is 0.45 V.  
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Figure IV-3. Cyclic voltammograms of ca. 1 x 10-3 M 70, 98, and 104 (nBu4NPF6 0.1 M in 

CH2Cl2, 100 mV s−1, vs Fc+/Fc). 

 

 

Table IV-4. Summary of oxidation potential in Figure IV-3. 

Compound 𝑬𝟏/𝟐
𝟏

 (V) 𝑬𝟏/𝟐
𝟐

  (V) 𝑬𝟏/𝟐
𝟑

  (V) ∆𝑬 (V) 

70 -0.13 0.21 - 0.34 

98 -0.40 -0.17 0.00 0.23, 0.17 

104 -0.50 -0.12 - 0.38 

50* -0.40 -0.25  0.15 

*with nBu4NBArF
4 as the supporting electrolyte. 
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Scheme IV-9. Proposed oxidation pathway of compound 98. 
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Figure IV-4. Differential pulse voltammograms of ca. 1 x 10-3 M 97 and 98 (nBu4NPF6 0.1 M in 

CH2Cl2, 100 mV s−1, vs Fc+/Fc). 
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4.2.6 UV-vis-NIR Spectroscopy 

  The UV-vis-NIR spectra of complexes 97 and 98 and of their mono-oxidized derivatives 97+-98+ 

were collected in CH2Cl2 solution (Figure IV-5 and Figure IV-6).  The spectrum of neutral 97 did 

contain intensive characteristic features similar to 69. After one electron oxidation, two bands at 

670 and 1190 nm appeared. The absorption at 670 nm is proposed to be MLCT band27,38,150 and 

the band at 1190 nm is proposed to be the IVCT of outside PNPPdCCPdPNP moieties.150 Notably, 

the IVCT band of 97 is blue-shifted about 100 nm comparing to 1290 nm of compound 50 and the 

band shape deviates from Gaussian, indicating different electronic environment and asymmetrical 

nature. On the other hand, the spectrum of neutral 98 was partially oxidized by CH2Cl2 solvent or 

small amount of air. That is generally easy to happen given its high oxidation potential. After 

removal of one electron, the spectrum of 98+ was similar to mono-cationic PNPbPNP(PdCl)2 (70+) 

and the IVCT of outside PNPPdCCPdPNP moieties at around 1200 nm did not show up. This 

result implied the charge was mainly located at the more delocalized state on the central backbone, 

supporting what we proposed in Scheme IV-8. 

300 600 900 1200 1500 1800

0

2

4

6

8

10

12

 

 


1

0
3
M

-1
c
m

-1
)

Wavelength (nm)

 97

 97
+

670 nm

1190 nm

 

Figure IV-5. UV-vis-NIR spectrum of ca. 2 x 10-5 M complex 97 in CH2Cl2, where the [97] 

CH12B11 was in situ generated by addition of [Fc]CH12B11 as the oxidant [Ox].    
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Figure IV-6. UV-vis-NIR spectrum of ca. 2 x 10-5 M complex 98 in CH2Cl2, where the [98] 

CH12B11 was in situ generated by addition of [Fc]CH12B11 as the oxidant [Ox].    

 

  The UV-vis-NIR spectroscopy experiments of polymer 102-104 were also conducted, shown in 

Figure IV-7. The overall absorption features of them are close to the tetrametallic pincer analogues 

97 and 98. The polymer 103 showed an intensive peak at around 300 nm, which presented in 

polymer 102 but not 104. This feature could be the contribution from PNPOPNP backbone. The 

polymers could be steadily oxidized by adding one equivalent [Fc]CH12B11. The spectra of these 

cationic species were collected (Figure IV-8). Similarly, we observed the increase of MLCT at 688 

nm and charge resonance band at 1710 nm for polymer 103 and 104 containing the biphenyl 

backbone. The MLCT absorptivity of polymers were found to be higher than those of 69 and 70 

and tetrametallic complexes 97 and 98. Adding another equivalent [Fc]CH12B11 in those solutions 

resulted in further oxidation (Figure IV-9). Polymers 103 and 104 would be expected to have the 

quinoidal close-shell structure (Figure III-5). Therefore, the charge resonance bands of them at 

1710 nm were decreased, accompanied by the rise of MLCT band as we found in compound 70++. 

On the other hand, the broad peak in 102 at around 939 nm could be the π-π* transition of radical 

cationic complex that was observed in 50++ at around 950 nm. 
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Figure IV-7. UV-vis-NIR spectrum of ca. 2 x 10-5 M polymers 102-104 in CH2Cl2.  
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Figure IV-8. UV-vis-NIR spectrum of ca. 2 x 10-5 M polymer [102-104]CH12B11, which were in 

situ generated by addition of [Fc]CH12B11 as the oxidant [Ox].    
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Figure IV-9. UV-vis-NIR spectrum of ca. 2 x 10-5 M polymer [102-104][CH12B11]2, which were 

in situ generated by addition of [Fc][CH12B11]2 as the oxidant [Ox].    

 

 

4.3 Conclusion 

  In summary, we demonstrated the step-growth polymerization reaction for preparing novel group 

10 metallapolymers based on two bis(pincer) ligand backbones, bis-amidodiphenyl ether, 

PNPOPNP, and bis-amidobiphenyl, PNPbPNP. For polymerization of PNPOPNP(MCl)2 (M = Ni, 

Pd, Pt) with 1,4-diethynylbenzene, the [Ni] and [Pd] polymers reached 8 repeating units. For the 

PNPOPNP backbone metallapolymer (–Pd(PNPOPNP)PdC ≡ C–)n, the repeating unit was 

determined to be ca. 16. On the other hand, for the metallapolymer (–Pd(PNPbPNP)PdC≡C–)n, 

the repeating unit was 11.  

  The tetrametallic pincer complexes based on the PNPOPNP or PNPbPNP central backbone were 

synthesized with (MePNP)PdC≡C– as side wings. With four possible oxidation sites, the multiple 

peaks observed on CV and DPV illustrated the order of oxidation events happened on PNP. The 

PNPOPNP backbone tetrametallic complex has the outside-center-outside-center order and the 

PNPbPNP backbone tetrametallic complex has the center-outside-center order. This proposed 
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pathway is relating to the extent of delocalization on central backbone and also supported by 

spectroscopical evidences. 

 

4.4 Experimental Details 

4.4.1 General Considerations 

  Unless specified otherwise, all manipulations were performed under an Ar atmosphere using 

standard Schlenk line or glovebox techniques. Toluene, diethyl ether, pentane, and isooctane were 

dried and deoxygenated (by purging) using a solvent purification system (Innovative Technology 

Pure Solv MD-5 Solvent Purification System) and stored over molecular sieves in an Ar-filled 

glove box. C6D6 was dried over NaK/Ph2CO/18-crown-6, distilled or vacuum transferred and 

stored over molecular sieves in an Ar-filled glovebox. CH2Cl2, CDCl3, and CD2Cl2 were dried 

over CaH2, distilled or vacuum transferred and stored over molecular sieves in an Ar-filled glove 

box. 85, 86, 69, 70 were prepared via literature procedures. All other chemicals were used as 

received from commercial vendors.  

 

4.4.2 Physical Methods 

  NMR spectra were recorded on a Varian Inova 300, Mercury 300 (1H NMR, 299.952 MHz; 13C 

NMR, 75.421 MHz; 31P NMR, 121.422 MHz), Bruker 400 (1H NMR, 399.535 MHz; 11C NMR, 

100.582 MHz; 31P NMR, 161.734 MHz) and Varian Inova 500 (1H NMR, 499.703 MHz; 13C 

NMR, 125.697 MHz; 31P NMR, 202.265 MHz) spectrometer. Chemical shifts are reported in δ 

(ppm). For 1H and 13C NMR spectra, the residual solvent peak was used as an internal reference 

(1H NMR: δ 7.16 for C6D6, 7.24 for CDCl3; 
13C NMR: δ 128.06 for C6D6, 77.16 for CDCl3). 

31P 

NMR spectra were referenced externally with 85% phosphoric acid at δ 0. Infrared spectra were 
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collected on an Agilent CARY FT-IR spectrometer. UV-Vis-NIR spectra were collected on a 

Hitachi U-4100 UV-Vis-NIR spectrophotometer. Electrochemical studies were carried out using 

a CH Instruments Model 700 D Series. Electrochemical Analyzer and Workstation in conjunction 

with a three electrode cell. The working electrode was a CHI 104 glassy carbon disk with a 3.0 

mm diameter and the auxiliary electrode was composed of platinum wire. The third electrode, the 

reference electrode, was a Ag/AgNO3 electrode. This was prepared as a bulk solution composed 

of 0.01 M AgNO3 and 0.1 M nBu4NPF6 in dichloromethane. This was separated from solution by 

a fine porosity frit. CVs and DPVs were conducted in dichloromethane with 0.1 supporting 

electrolyte mentioned in footnotes and were reported with a scan rate of 100 mV/s. The 

concentration of the analyte solutions were approximately 1.00 × 10-3 M. CVs were referenced to 

Fe(η5-Cp)2/ Fe(η5-Cp)+ redox couple. Elemental analyses were performed by CALI Labs, Inc. 

(Highland Park, NJ). Size exclusion chromatography (SEC) was performed on a TOSOH EcoSEC 

(HLC-8320GPC) chromatography at 40 ºC with THF as the eluent. The molecular weights were 

calculated using a calibration curve based on polystyrene standards. The SEC columns were 

TSKgel SuperHM-M and TSKgel SuperH-RC.   

 

4.4.3 Synthesis and Characterization Details 

Synthesis of 93 

  In a glovebox, 85 (500 mg, 0.522 mmol) was dissolved in 20 mL of dried, degassed toluene in a 

screw cap culture tube. Anhydrous NiCl2 (151 mg, 1.150 mmol) was added to the solution and the 

tube was brought outside the glovebox. After heating at 100 oC for 3 h, the tube was taken in the 

glovebox. Volatiles were then removed under vacuum and the residue was re-dissolved in ether. 

The solution was filtered through a plug of silica gel and the volatiles were removed from the 
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filtrate under vacuum to give a green powder. The powder was further purified by re-dissolving it 

in CH2Cl2, layering with MeOH and placing in a -35 ⁰C freezer for one day. The supernatant was 

decanted and the solid was dried under vacuum to yield green powder (410 mg, 71%). 1H NMR 

(500 MHz, C6D6): δ 7.49 (m, 2H, Ar-H), 7.22 (m, 1H, Ar-H), 6.99 (s, 2H, Ar-H), 6.85 (m, 1H, Ar-

H), 2.31 (m, 2H, CHMe2), 2.16 (m, 2H, CHMe2), 1.51 (m, 12H, CHMe2), 1.25 (s, 9H, CMe3), 1.33 

-1.18 (m, 12H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): δ 34.67 (d, JP-P = 313 Hz, 1P, Ar-

P(iPr2)), 34.23 (d, JP-P = 313 Hz, 1P, Ar-P(iPr2)). 
13C{1H} NMR (126 MHz, C6D6): δ 162.1 (dd, JC-

P = 7 Hz, 19 Hz, Ar-C), 160.1 (dd, JC-P = 7 Hz, 19 Hz, Ar-C), 148.7 (d, JC-P = 6 Hz, Ar-C), 139.1 

(d, JC-P = 5 Hz, Ar-C), 128.8 (s, Ar-C), 122.0 (s, Ar-C), 121.8 (dd, JC-P = 31 Hz, 6 Hz, Ar-C), 120.1 

(dd, JC-P = 31 Hz, 6 Hz, Ar-C), 117.2 (d, JC-P = 10 Hz, Ar-C), 116.0 (d, JC-P = 10 Hz, Ar-C), 33.9 

(s, CMe3), 31.7 (s, CMe3), 24.1 (dt, JC-P = 6 Hz, 18 Hz, CHMe2), 18.6 (dd, JC-P = 3 Hz, 11 Hz, 

CHMe2), 17.8 (d, J = 5.2 Hz, CHMe2). 

 

Synthesis of 94 

  In a glovebox, 85 (500 mg, 0.522 mmol) was dissolved in 20 mL of dried, degassed toluene in a 

screw cap culture tube. Pt(COD)Cl2 (437 mg, 1.150 mmol) was added to the solution and the tube 

was brought outside the glovebox. After heating at 100 oC for 3 h, the tube was taken in the 

glovebox. Volatiles were then removed under vacuum and the residue was re-dissolved in ether. 

The solution was filtered through a plug of silica gel and the volatiles were removed from the 

filtrate under vacuum to give a yellow powder. (600 mg, 83%). 1H NMR (500 MHz, C6D6): δ 7.75 

(dd, JH-H = 3 Hz, 9 Hz, 1H, Ar-H), 7.71 (dd, JH-H = 3 Hz, 9 Hz, 1H, Ar-H), 7.19 (dt, JH-H = 2 Hz, 

6 Hz, 1H, Ar-H), 7.02 (dd, JH-H = 2 Hz, 9 Hz, 1H, Ar-H), 6.98 (dt, JH-H = 3 Hz, 6 Hz, 1H, Ar-H), 

6.89 (dd, JH-H = 3 Hz, 9 Hz, 1H, Ar-H), 2.59 (m, 2H, CHMe2), 2.43 (m, 2H, CHMe2), 1.41 (ddt, J 
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= 7 Hz, 12 Hz, 17 Hz, 12H, CHMe2), 1.26 (s, 9H, CMe3), 1.16 (ddd, J = 5 Hz, 7 Hz, 11 Hz, 6H, 

CHMe2), 1.09 (ddd, J = 5 Hz, 7 Hz, 11 Hz, 6H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): δ 42.44 

(d, JP-P = 384 Hz, JP-Pt = 1315 Hz, 1P, Ar-P(iPr2)), 40.76 (d, JP-P = 384 Hz, JP-Pt = 1315 Hz, 1P, Ar-

P(iPr2)). 

 

Synthesis of 95 

  69 (100 mg, 83 μmol) was dissolved in THF solution (3 mL) and lithium acetylide, ethylene 

diamine complex (LiCCH · NH2CH2CH2NH2) (19 mg, 206 μmol) was added to it under room 

temperature. The solution color changed immediately from red to yellow. After stirring for 1 hour, 

the volatiles were removed under vacuum, and the residue was extracted with toluene and filtered 

through a plug of silica gel. The filtrate was collected and the volatiles were removed under 

vacuum, yielding a yellow solid (64 mg, 65%). 1H NMR (500 MHz, C6D6): δ 7.76 (dd, JH-H = 4 

Hz, 9 Hz, 1H, Ar-H), 7.72 (dd, JH-H = 4 Hz, 9 Hz, 1H, Ar-H), 7.17 (s, 1H, Ar-H), 7.08 (d, JH-H = 9 

Hz, 1H, Ar-H), 7.00-6.93 (s, 2H, Ar-H), 2.63 (s, 1H, CC-H), 2.41 (m, 2H, CHMe2), 2.23 (m, 2H, 

CHMe2), 1.42 (m, 12H, CHMe2), 1.27 (s, 9H, CMe3), 1.14 (m, 6H, CHMe2), 1.08 (m, 6H, CHMe2). 

31P{1H} NMR (202 MHz, C6D6): δ 49.8 (d, JP-P = 378 Hz, 1P, Ar-P(iPr2)), 51.0 (d, JP-P = 378 Hz, 

1P, Ar-P(iPr2)). 
13C{1H} NMR (126 MHz, C6D6): δ 161.6 (dd, JC-P = 5 Hz, 16 Hz, Ar-C), 159.8 

(dd, JC-P = 5 Hz, 16 Hz, Ar-C), 148.8 (d, JC-P = 6 Hz, Ar-C), 138.6 (d, JC-P = 5 Hz, Ar-C), 129.3 (s, 

Ar-C), 129.0 (s, Ar-C), 122.5 (s, Ar-C), 122.0 (s, Ar-C), 121.5 (dd, JC-P = 7 Hz, 28 Hz, Ar-C), 

119.9 (dd, JC-P = 7 Hz, 29 Hz, Ar-C), 116.3 (d, JC-P = 12 Hz, Ar-C), 115.1 (d, JC-P = 10 Hz, Ar-C), 

101.59 (s, PdCCH), 88.32 (t, JC-P = 16 Hz, PdCCH), 33.9 (s, CMe3), 31.7 (s, CMe3), 25.3 (dd, JC-

P = 7 Hz, 18 Hz, CHMe2), 19.1 (d, JC-P = 12 Hz, CHMe2), 18.2 (d, J = 7 Hz, CHMe2). 
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Synthesis of 95 

  70 (100 mg, 84 μmol) was dissolved in THF solution (3 mL) and lithium acetylide, ethylene 

diamine complex (LiCCH ·  NH2CH2CH2NH2) (19 mg, 210 μmol) was added to it at room 

temperature. The solution color changed immediately from red to yellow and the tube was brought 

outside the glovebox. After heating at 50 ºC for 3 hours, the tube was taken in the box and the 

volatiles were removed under vacuum, and the residue was extracted with THF and filtered 

through a plug of silica gel. The filtrate was collected and the volatiles were removed under 

vacuum, yielding a yellow solid (65 mg, 66%). 1H NMR (500 MHz, C6D6): δ 7.98 (dt, JH-H = 2 

Hz, 9 Hz, 1H, Ar-H), 7.91 (dd, JH-H = 2 Hz, 9 Hz, 1H, Ar-H), 7.49 (m, 1H, Ar-H), 7.46 (dd, JH-H 

= 2 Hz, 9 Hz, 1H, Ar-H), 7.22 (m, 1H, Ar-H), 7.14 (m, 1H, Ar-H), 2.68 (s, 1H, CC-H), 2.45 (m, 

4H, CHMe2), 1.50-1.44 (m, 12H, CHMe2), 1.29 (s, 9H, CMe3), 1.17 (ddd, JH-H = 7 Hz, 13 Hz, 16 

Hz, 12H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): δ 46.7 (s, 1P, Ar-P(iPr2)), 46.5 (s, 1P, Ar-

P(iPr2)). 

 

Synthesis of 97 

  In a glovebox, 47 (46 mg, 84 μmol) was dissolved in THF solution (2.0 mL) in a culture tube and 

fresh prepared lithium diisopropylamide (11 mg, 100 μmol) was added to it. After stirring for 1 

minute, 69 (50 mg, 42 μmol) was added. Further after stirring overnight, the volatiles were 

removed under vacuum and the product was extracted with THF and filtered through a plug of 

silica gel. The filtrate was collected and the volatiles were removed under vacuum. The powder 

was further purified by re-dissolving it in CH2Cl2, layering with MeOH and placing in a -35 ⁰C 

freezer for one day. The supernatant was decanted and the solid was dried under vacuum to yield 

a yellow solid (51 mg, 54 %). 1H NMR (500 MHz, C6D6): δ 7.88-7.83 (m, 6H, Ar-H), 7.81 (dd, 



 

 

155 

 

 

JH-H = 4 Hz, 9 Hz, 2H, Ar-H), 7.26 (dt, JH-H = 2 Hz, 7 Hz, 2H, Ar-H), 7.11 (dd, JH-H = 2 Hz, 9 Hz, 

4H, Ar-H), 7.01 (dd, JH-H = 3 Hz, 9 Hz, 2H, Ar-H), 6.98 (m, 4H, Ar-H),  6.87 (d, JH-H = 7 Hz, 4H, 

Ar-H), 2.61-2.52 (m, 4H, CHMe2), 2.52-2.43 (m, 8H, CHMe2), 2.43-2.36 (m, 4H, CHMe2), 2.21 

(s, 12H, Ar-Me), 1.66-1.55 (m, 48H, CHMe2), 1.32 (s, 18H, CMe3), 1.30-1.19 (m, 48H, CHMe2). 

31P{1H} NMR (202 MHz, C6D6): δ 46.3 (s, 2P, Ar-P(iPr2)), 46.0 (s, 4P, Ar-P(iPr2)). 

 

Synthesis of 98 

  In a grove box, 47 (47 mg, 84 μmol) was dissolved in THF solution (2.0 mL) in a culture tube 

and fresh prepared lithium diisopropylamide (11 mg, 100 μmol) was added to it. After stirring 1 

minutes, 70 (50 mg, 42 μmol) was added and the tube was brought outside the glovebox. After 

heating at 50 oC for 3 hours, the tube was taken into the glovebox. The volatiles were removed 

under vacuum and the product was extracted with THF and filtered through a plug of silica gel. 

The filtrate was collected and the volatiles were removed under vacuum. The powder was further 

purified by re-dissolving it in CH2Cl2, layering with MeOH and placing in a -35 ⁰C freezer for one 

day. The supernatant was decanted and the solid was dried under vacuum to yield an orange solid 

(50 mg, 53 %). 1H NMR (500 MHz, C6D6)*: δ 8.05 (dt, JH-H = 2 Hz, 9 Hz, 2H, Ar-H), 7.97 (dt, JH-

H = 2 Hz, 9 Hz, 2H, Ar-H), 7.86 (d, JH-H = 9 Hz, 4H, Ar-H), 7.61 (m, 2H, Ar-H), 7.53 (dd, JH-H = 

2 Hz, 9 Hz, 2H, Ar-H), 7.30 (m, 2H, Ar-H), 6.99 (m, 4H, Ar-H), 6.87 (d, JH-H = 9 Hz, 4H, Ar-H), 

2.60 (m, 8H, CHMe2), 2.48 (m, 8H, CHMe2), 2.21 (s, 12H, Ar-Me), 1.63 (m, 48H, CHMe2), 1.34 

(s, 18H, CMe3), 1.37-1.19 (m, 48H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): δ 46.4 (s, Ar-

P(iPr2)), 46.0 (s, Ar-P(iPr2)). 

*Two Ar-H might overlap with C6D6 at 7.16 ppm. 
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4.4.4 Observation of Incomplete Reaction of 98 

 

Figure IV-10. In situ 31P{1H} NMR in THF solution of the reaction mixtures for compound 98 

synthesis under room temperature after 18 hours. 

4.4.5 Polymerization Details 

Synthesis of polymer 99-101 

  In a glovebox, 1,4-diethynylbenzene (1.3 mg, 10 μmol), freshly prepared lithium 

diisopropylamide (3 mg, 29 μmol) and PNPOPNPMCl (69, 93 and 94, 29 μmol respectively) 

were added into a J-Young tube and THF was syringed into the tube. The J. Young tube was 

brought outside the box and was heated to 70 oC overnight. After that, the solution was diluted 

with THF and the Mn was measured by GPC. Before further CV and UV measurement, the volatiles 

(MePNP)PdCCH 47 
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were removed under vacuum and the crude products were washed with methanol and pentane. The 

residues were then dried under vacuum again. 

       

Figure IV-11. In situ 31P{1H} NMR in THF solution of the reaction mixtures for polymer 99 

(room temperature, left) and 100 (70oC, right) synthesis after 18 hours. 

 

Synthesis of polymer 102-104 

  In a glovebox, bis(pincer) [Pd]CCH (95 and 96) (10 μmol), freshly prepared lithium 

diisopropylamide (3 mg, 29 μmol) and bis(pincer) [Pd]Cl (69 and 70) (10 μmol) were added into 

a J. Young tube and 100 μL (0.1 M) or 200 μL (0.05 M) THF added to the tube by means of a 

syringe. The J. Young tube was brought outside the box and was heated to 70 oC overnight. After 

that, the solution was diluted with THF and the Mn was measured by GPC. Before further CV and 

UV measurement, the volatiles were removed under vacuum and the crude product was washed 

with methanol and pentane. The residue was then dried under vacuum again. The yields of 

polymers 102, 103 and 104 were 60%, 39%, 70%, respectively. 
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Figure IV-12. In situ 31P{1H} NMR in THF solution of the reaction mixtures for polymer 102, 

103 and 104 (from left to right) synthesis under 70 oC after 18 hours. 

 

 

Figure IV-13. A J.-Young tube that being used to set up the polymerization reaction. 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

  The method of bridging two diarylamido/bis(phosphine) (MePNP)M (M = Ni, Pd, Pt) moieties by 

ynediyl linkers has been demonstrated. The linkers that were utilized, from short to long, were the 

μ-ethynediyl, μ-butadiynediyl, and μ-diethynylbenzenediyl. Redox communication behavior of 

the μ-ethynediyl-bridged compounds were studied by X-ray crystallography, EPR, CV, DFT 

calculation and UV-vis-NIR spectroscopy. Single crystals of the neutral form 

(MePNP)MCCM(MePNP) and the one-electron oxidized, radical cationic form were obtained and 

structural characterization via X-ray diffraction crystallography was conducted. The N–M and M–

C bond lengths along the N-M-C≡C-M-N axis were decreased upon oxidation with the overall 

asymmetrical structures. The dissymmetry cannot be guaranteed to be the result only from the 

localized charge since the uncertainities in the metric data and the distortion from crystal packing 

could be responsible. The potentials measured by CV showed significant separation between the 

first and second oxidation events due to the redox coupling. The order of ΔE in 

(MePNP)MCCM(MePNP) was found to be M = Pt ≈ Ni > Pd. Further analysis was carried out by 

examining the IV-CT band of radical cationic species appearing in NIR region and established the 

order of Hush coupling integral V as Pt > Ni > Pd, which is in agreement with the analysis in 

(salen)M (M = Ni, Pd, Pt) complexes by Shimazaki et al. The Hush coupling energies V were 

calculated. The Pd complex (50) was classified as Robin-Day class II and the Ni (49) and Pt (51) 

were at the borderline of II-III. The significance of this work is discovering the methodology of 

bridging two (MePNP)M (M = Ni, Pd, Pt) moieties as well as extending the original redox coupling 

studies from the divalent monoatomic group 10 metal to the M–C≡C–M linkage. 
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  Bis(pincer) diarylamido/bis(phosphine) (PNP) and carbarzolidyl/bis(imido) (NNN) palladium  

complexes with the conjugated connection on the ligand backbone were successfully synthesized. 

The ligand connections between the nitrogens for bis(pincer) PNP were the diphenylether 

(PNPOPNP), biphenyl (PNPbPNP), and phenylene (PNPpPNP) linkage. On the other hand, the 

NNN bis(pincer) backbone was based on indolo[3,2-b]carbazole (NNNpNNN). The metal 

chelation was believed to enhance the stability of bis(pincer) oxidized species. As the result, we 

successfully isolated the dicationic PNPbPNP(PdCl)2 and monocationic as well as dicationic 

PNPpPNP(PdCl)2 single crystals. In addition, the first and second oxidation peaks of those 

complexes on CV all showed quasireversible. The order of collected ΔE was PNPpPNP(PdCl)2 > 

NNNpNNN(PdCl)2 > PNPbPNP(PdCl)2 > PNPOPNP(PdCl)2, implying the stability gain of their 

monocationic form. Except [PNPOPNP(PdCl)2]
+, which had no absorption in the NIR region, the 

other three, [PNPpPNP(PdCl)2]
+, [NNNpNNN(PdCl)2]

+ and [PNPbPNP(PdCl)2]
+ exhibited 

intense bands at 1024, 1421, and 1710 nm, respectively. According to the interpretation of similar 

optical features in related cases in the literature, these compounds were tentatively assigned to 

Robin-Day class III, meaning that the charge was totally delocalized. 

  The polymerization of bis(pincer) palladium complexes was conducted using, –C≡C–, as the 

connecting linker. The preliminary results showed the PNPOPNPPd was the most promising 

polymerization candidate, which the average molecular weight Mn can reach 18900, which 

corresponded to 16 repeating units. The PNPbPNPPd polymer was also promising. Its Mn was 

determined to be ca. 13000, corresponding to 11 repeat units. The tetrametallic palladium pincer 

complexes with PNPOPNP and PNPbPNP were synthesized as a model fragment of the 

metallapolymers to understand their electronic properties. Step-wise oxidation events were 
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observed in CV and DPV and analyzed for the likely order of oxidation events in the tetrametallic 

models and the polymers. 
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APPENDIX A 

SYNTHESIS OF DIPHENYL AND PHENYLTOLYLAMIDO PNP PLATINUM(II) PINCER 

COMPLEXES AND OBSERVATION OF OXIDATIVE COUPLING 

 

Scheme A-1. Synthesis of phenyltolyl PNPPtCl complex A06. 

 

  A02. In a glovebox, A01 (1.5 g, 3.46 mmol) was dissolved in 50 mL of dried, degassed ether in 

a Schlenk flask and cooled to -35 ºC. nBuLi (2.77 mL, 6.9 mmol) was added slowly by a syringe. 

After 3 hours, iPr2PCl (1.06 g, 6.9 mmol) was added and the solution was stirred overnight. After 

completion, the volatiles was removed under vacuum and the residue was re-dissolved in pentane. 

The solution was filtered through a plug of silica gel and the volatiles were removed from the 

filtrate under vacuum to leave behind a colorless oil. The oil was re-dissolved in CH2Cl2, layered 

with acetonitrile and put into a -35 ⁰C freezer for one day. The supernatant was decanted and the 

solid was dried under vacuum to yield white powder (1.21 g, 69%). 1H NMR (500 MHz, C6D6): δ 

7.65 (s, 1H, Ar-H), 7.24 (s, 1H, Ar-H), 7.19 (dd, JH-H = 2 Hz, 9 Hz, 1H, Ar-H), 6.92 (d, JH-H = 9 

Hz, 1H, Ar-H), 6.80 (dd, JH-H = 4 Hz, 8 Hz, 1H, Ar-H), 6.58 (dd, JH-H = 4 Hz, 9 Hz, 1H, Ar-H), 

3.40 (s, 3H, N-Me), 2.16 (s, 3H, Ar-Me), 2.06-1.96 (m, 2H, CHMe2), 1.94-1.84 (m, 2H, CHMe2), 

1.15 (dd, J = 7 Hz, 13 Hz, 6H, CHMe2), 1.09 (dd, J = 7 Hz, 13 Hz, 6H, CHMe2), 0.94 (dd, J = 7 
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Hz, 13 Hz, 12H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): δ -4.50 (d, JP-P = 9 Hz, 1P, Ar-P(iPr2)), 

-7.12 (d, JP-P = 9 Hz, 1P, Ar-P(iPr2)). 

 

  A03. In a glovebox, A02 (1.0 g, 1.97 mmol) was dissolved in 50 mL of dried, degassed ether in 

a Schlenk flask and cooled to -35 ºC. nBuLi (0.88 mL, 2.20 mmol) was added slowly by a syringe. 

After 3 hours, H2O (50 μL, 2.78 mmol) was added and the solution was stirred overnight. After 

completion, the volatiles was removed under vacuum and the residue was re-dissolved in pentane. 

The solution was filtered through a plug of silica gel and the volatiles were removed from the 

filtrate under vacuum to leave behind a pale oil. (with solvents, 880 mg, ~99%). 1H NMR (500 

MHz, C6D6): δ 7.36 (d, JH-H = 9 Hz, 1H, Ar-H), 7.26 (s, 1H, Ar-H), 7.06 (t, JH-H = 8 Hz, 1H, Ar-

H), 6.97-6.82 (m, 4H, Ar-H), 3.48 (s, 3H, N-Me), 2.17 (s, 3H, Ar-Me), 2.06 (m, 4H, CHMe2), 1.18 

(m, 12H, CHMe2), 0.98 (m, 12H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): δ -6.10 (d, JP-P = 10 

Hz, 1P, Ar-P(iPr2)), -7.14 (d, JP-P = 10 Hz, 1P, Ar-P(iPr2)). 

 

  A04. In a glovebox, A03 (200 mg, 0.466 mmol) was dissolved in 20 mL of dried, degassed 

toluene in a screw cap culture tube. Pt(COD)Cl2 (187 mg, 0.500 mmol) was added to the solution 

and the tube was brought outside the glovebox. After heating at 110 oC for 12 h, the tube was taken 

in the glovebox. Volatiles were then removed under vacuum and the residue was re-dissolved in 

ether. The solution was filtered through a plug of silica gel and the volatiles were removed from 

the filtrate under vacuum to give a yellow powder. (250 mg, 82%). 1H NMR (500 MHz, C6D6): δ 

7.79 (d, JH-H = 8 Hz, 1H, Ar-H), 7.74 (d, JH-H = 8 Hz, 1H, Ar-H), 7.01-6.86 (m, 3H, Ar-H), 6.73 

(d, JH-H = 8 Hz, 1H, Ar-H), 6.47 (t, JH-H = 7 Hz, 1H, Ar-H), 2.50 (m, 4H, CHMe2), 2.13 (s, 3H, Ar-
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Me), 1.49-1.35 (m, 12H, CHMe2), 1.18-1.02 (m, 12H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): 

δ 41.7 (s, JP-Pt = 1331 Hz, 1P, Ar-P(iPr2)), 41.5 (s, JP-Pt = 1331 Hz, 1P, Ar-P(iPr2)). 

 

 

Scheme A-2. Synthesis of diphenyl PNPPtCl complex A05. 

  A06. In a glovebox, A05 (200 mg, 0.451 mmol) was dissolved in 20 mL of dried, degassed 

toluene in a screw cap culture tube. Pt(COD)Cl2 (187 mg, 0.500 mmol) was added to the solution 

and the tube was brought outside the glovebox. After heating at 110 oC for 12 h, the tube was taken 

in the glovebox. Volatiles were then removed under vacuum and the residue was re-dissolved in 

ether. The solution was filtered through a plug of silica gel and the volatiles were removed from 

the filtrate under vacuum to give a yellow powder. (145 mg, 51%). 1H NMR (500 MHz, C6D6): δ 

7.78 (d, JH-H = 9 Hz, 2H, Ar-H), 6.96 (dt, JH-H = 4 Hz, 7 Hz, 2H, Ar-H), 6.90 (t, JH-H = 8 Hz, 2H, 

Ar-H), 6.48 (d, JH-H = 7 Hz, 2H, Ar-H), 2.49 (m, 4H, CHMe2), 1.40 (q, JH-H = 8 Hz, 12H, CHMe2), 

1.08 (q, JH-H = 7 Hz, 12H, CHMe2). 
31P{1H} NMR (202 MHz, C6D6): δ 41.6 (s, JP-Pt = 1325 Hz, 

1P, Ar-P(iPr2)). 

 

  Oxidative coupling experiment.  

  In a glovebox, A05 or A06 (0.158 mmol) was dissolved in 20 mL of dried, degassed THF in a 

screw cap culture tube. The oxidant (FeCl3, AgOTf, or magic blue, 0.634 mmol) and NaOtBu 

(0.317 mmol) were added to the solution and the tube was brought outside the glovebox. After 
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heating at 70 oC overnight, the tube was taken in the glovebox. The solution was filtered through 

a plug of celite and cobaltocene (0.317 mmol) was added to it. After 5 minutes, the solution was 

filtered through a plug of silica gel and the volatiles were removed from the filtrate. The NMR 

spectrum of the crude mixture was then collected. 

 

Treatment of A04 with FeCl3. 

 

Figure A-1. Reaction of A04 with FeCl3 for 3 hours at room temperature. A04 was labeled with 

red and the product was labeled with blue. 
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Figure A-2. Reaction of A04 with FeCl3 for 18 hours at 70 ºC. A04 was labeled with red and the 

product was labeled with blue. 

 

Treatment of A04 with magic blue. 

 
Figure A-3. Reaction of A04 with FeCl3 for 18 hours at 70 ºC. A04 was labeled with red and the 

product was labeled with blue. 
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Treatment of A06 with AgOTf. 

 

Figure A-4. Reaction of A06 with AgOTf for 18 hours at 70 ºC. The product was labeled with 

blue. 

 

 
Figure A-5. MALDI-MS of the product from Figure A-4. 
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Figrue A-6. Multiple scanning cyclic voltammograms of complexes A06 (ca. 0.001 M in 

CH2Cl2) with nBu4NPF6 electrolyte (0.1 M), scan rate 100 mV/s, potentials referenced to Fc+/Fc 

at 0 V. 
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