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ABSTRACT 

This thesis details work performed on the use of secondary coordination sphere effects 

to impact olefin polymerization activity and tacticity control and the coordination 

chemistry of Y, Fe, and Cu. Chapter One provides a general introduction and summary 

of each chapter. Chapter Two describes work in collaboration with KFUPM on nuclearity 

effects in Zr bisamine bisphenolate complexes. Chapter Three describes the coordination 

chemistry of arene-appended Y di(pyridyl) pyrrolide complexes and the olefin 

polymerization activity of tris(dimethylamido) Ti, Zr, and Hf di(pyridyl) pyrrolide 

complexes. Appendix A describes the effects of bulky trialkylsilyl, triphenylsilyl, and 

diphenyl(alkyl)silyl substituents on the tacticity control of monozirconium amine 

bis(phenolate) complexes in 1-hexene polymerization. Appendix B describes the synthesis 

and structures of miscellaneous dizirconium amine bis(phenolate) complexes which could 

not be isolated in sufficient purity for olefin polymerization tests. Appendix C describes 

the synthesis, electrochemistry, and reduction of mesityl-substituted di(pyridyl) NHC 

supported Fe complexes. Appendix D describes the preparation, solid-state structures, 

and electrochemistry of di(pyridyl) pyrrolide and di(pyridyl) NHC Cu(I) and Cu(II) 

complexes displaying π-π interactions in the solid state. Appendix E describes work 

towards the synthesis of di(pyridyl) guanidinate proligands and metal complexes 

supported by di(pyridyl) urea, monopyridyl and di(pyridyl) N-heterocyclic olefin and N-

heterocyclic vinylidene ligands for use in Lewis acid assisted olefin polymerization. 

Appendix F includes relevant spectra. 
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GENERAL INTRODUCTION 
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This text describes work on the development of new ligand systems for allosteric control 

in olefin polymerization, substrate activation, and coordination chemistry. Ligands 

featuring sites for coordination of multiple metal centers, π-π interactions, and Lewis acid 

interactions were specifically targeted. The synthesis of these proligands, their 

corresponding transition metal complexes, and the chemistry of such complexes in 

ethylene and α-olefin polymerization, activation of substrates featuring extended π -

systems, and in coordination chemistry and photochemical studies will be described 

herein. 

      Dizirconium amine(bisphenolate) supported by a rigid ter(aryl) framework were 

initially described by a previous Agapie group graduate student, Dr. Madalyn Radlauer. 

While she was able to demonstrate that greatly increased tacticity control in 1-hexene 

polymerization could be achieved using catalysts with small, electron-withdrawing 

substituents, catalysts bearing large substituents or different central aryl substituents were 

not explored in this initial work. Amine bis(phenolate) supported mono- and dizirconium 

complexes featuring meta-terphenyl backbones and ortho triethylsilyl, tri(iso-propyl)silyl, 

triphenylsilyl, diphenyl-tert-butylsilyl, and diphenyl(methyl)silyl substituents with both 

tetramethylphenyl and 9,10-anthracenyldiyl linkers were prepared (Chapter 2 and 

Appendices A and B). Monozirconium complexes bearing these substituents were 

prepared and it was found that activation of the precatalyst bearing an ortho-triphenylsilyl 

substituent lead to poly-1-hexene with 53 % mmmm, while the catalysts generated from 

precatalysts bearing diphenyl(tert-butyl)silyl and diphenyl(methyl)silyl substituents 

produced poly-1-hexene with only 21 % and 15 % mmmm (Appendix A). 

Tetramethylphenyl-linked dizirconium complexes bearing these and other trialkyl(silyl) 

substituent and 9,10-anthracenyldiyl-linked dizirconium complexes bearing halogen and 
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alkyl substituents were prepared; however, the C2 and CS metalation isomers could not be 

separated. 

Single isomers of tri(iso-propyl)silyl substituted dizirconium complexes linked by 

the tetramethylphenyl and 9,10-anthracenyldiyl groups could be isolated (Chapter 2). 

These were tested for 1-hexene homopolymerization under stoichiometric and 

superstoichiometric conditions and were found to produce poly-1-hexene with enhanced 

tacticity control and activity over their related monozirconium controls. In conjunction 

with the group of Dr. M. Naseem Akhtar at King Fahd University of Petroleum and 

Minerals in Dhahran, Saudi Arabia, such complexes were also tested for their propylene 

and ethylene homopolymerization activity and their behavior in ethylene-α-olefin 

copolymerization. With the C2 symmetric dizirconium catalysts tested for 

copolymerization it was found that enchainment of the α-olefin comonomer was more 

efficient for propylene and 1-hexene as compared with monozirconium catalysts, while 

enchainment of 1-tetradecene was more efficient for the monozirconium catalysts as 

compared with the corresponding dizirconium catalysts.  

To explore the role of π-π interactions on early metal activation of substrates 

bearing extended π systems, a series of Al, Y, Ti, Zr, and Hf complexes supported by 

anthracenyl- and mesityl-substituted di(pyridyl) pyrrolide (DPP) complexes were prepared 

and structurally-characterized. (Chapter 3). Yttrium bis(tetramethyldisilylazide) 

complexes bearing both mesityl and 9-anthracenyl substituents were prepared and the 

latter structurally-characterized. Treatment of the mesityl-substituted complex with either 

AlMe3 or AlEt3 lead to DPP transmetalation from Y to Al based on both NMR and X-

ray crystallographic characterization of the products of those reactions. Protonolysis of a 

more soluble version of the 9-anthracenyl-substituted DPP proligand bearing 10-tri(iso-

propyl)silylethynyl groups allowed access to a bis(neosilyl) Y complex, reaction of which 
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with ethynyltrimethylsilyl and indole allowed access to the corresponding bis(acetylide) 

and bis(indolide) complexes. X-ray crystallographic characterization of the latter complex 

shows distances consistent with π-π interactions between the DPP anthracenyl 

substituents and the indolide ligands, indicating that this ligand scaffold and strategy can 

be used for π-π interaction-directed substrate activation. With the Y complexes, however, 

relatively facile intermolecular ligand activation limits their ut ility and substrate scope. 

A series of group IV tris(dimethylamido) complexes supported by these DPP 

ligands bearing aromatic substituents were also prepared and tested for ethylene 

polymerization activity (Chapter 3). While Dr. Gyeongshin Choi, a previous postdoc in 

the Agapie group, had demonstrated that ZrCl3 complexes of the DPP ligand could be 

prepared and structurally-characterized, the insolubility of such complexes lead to poor 

synthetic reproducibility. As a result the more soluble tris(dimethylamido) complexes 

were prepared. X-ray crystallographic characterization of one of the Ti complexes 

indicated that binding of only one pyridine arm in the solid-state, while X-ray 

characterization of a water decomposition product of one of the Zr complexes 

demonstrated binding of both pyridine arms. Given the equivalent aromatic, pyridine, 

and dimethylamido resonances observed in the NMR spectra of all tris(dimethylamido) 

complexes, this indicates that exchange of the pyridine donors of the DPP ligands is fast 

on the NMR time scale. Upon activation with 200 equiv. AlMe 3 and 3 equiv. 

[CPh3][B(C6F5)4] the Zr complexes showed moderate activity and produced low molecular 

weight products with broad molecular weight distributions, while the Ti complexes 

produced polyethylene with higher activity and higher molecular weights, also with very 

broad molecular weight distributions. 

Elaborating on these studies of mono(DPP) early metal complexes and previous 

work by Dr. Gyeongshin Choi on the preparation of bis(DPP) Fe(II) and Cu(II) 
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complexes, Fe(II) and Cu(I) complexes supported by mesityl-substituted di(pyridyl) NHC 

ligands and Cu(I) complexes supported by the mesityl-substituted DPP ligand were 

prepared to probe the effects of π-π interactions on their coordination chemistry and 

photochemistry (Appendices C and D). The homoligated Fe(II) complexes of mesityl-

substituted di(pyridyl)imidazole (DPI) and di(pyridyl)imidazoline (DPC) ligands were 

prepared and characterized in the solid state by X-ray diffraction. While the solid state 

structure of the bis(DPC) Fe(II) complex featured a six-coordinate Fe center with 

coordination to all three donors of each ligand, the solid state structure of the bis(DPI) 

Fe(II) complex featured a four-coordinate Fe center with dissociation of one pyridine 

arm from each ligand. Reduction of the bis-DPC Fe(II) complex by two equivalents of 

Cp*2Co in acetonitrile resulted in formation of a neutral four-coordinate complex which 

was characterized both by X-ray diffraction studies.  

Bis(DPI) and bis(DPP) mono- and dicopper(I) and copper(II) complexes were 

also prepared and structurally characterized in addition to related heteroligated 

phenanthroline-DPP Cu(I) (Appendix D). Four-coordinate Cu(I) centers were observed 

in all structurally-characterized Cu(I) complexes with dissocation of two pyridine arms in 

the monocopper complexes and coordination of two pyridine arms to an additional Cu(I) 

center in the dicopper complexes. Reversible one-electron oxidations were observed for 

all Cu(I) complexes by cyclic voltammetry. Furthermore, upon oxidation of the 

heteroligated phenanthroline-DPP complex, however, binding of both pyridine arms was 

observed by X-ray crystallography. Preliminary work on the study of their photochemistry 

has been performed by another Agapie group graduate student Ryan Ribson and Gray 

group postdoc Brian Sanders, however, these studies are ongoing. Distances consistent 

with π-π interactions were observed between at least two of the mesityl -substituents and 

the backbone of the other DPI or DPC ligands in all of the Cu and Fe complexes, 



 

 

6 

suggesting that formation of such interactions may not be sufficiently-stabilizing to 

influence the number of donors to which the metal center is coordinated, their formation 

can influence the metal geometry. 

In conjunction with these studies of DPC and DPI ligands, a series of di(pyridyl) 

urea, guanidine, and N-heterocyclic olefin ligands were targeted to support potential 

heterobimetallic polymerization catalysts with μ2-O, N, and C moieties between the active 

catalysts and pendant Lewis acids. While di(pyridyl) ureas could be generated and work 

by SURF student Diane Rafizadeh demonstrated demonstrated that they could support 

dizinc(II) complexes with a μ2-O motif, their conversion into the corresponding 

di(pyridyl) guanidines was not achieved. Similarly, while oxidation of the DPI ligand with 

hexachloroethane allowed access to the corresponding 2-chloroimidazolium, conversion 

to the corresponding guanidine was not observed in preliminary studies. Di(pyridyl) N-

heterocyclic olefins could be accessed by condensation of the N,N’-substituted 

ethylenediamine and deprotonation of the resulting 2-methylimidazolinium; however, 

promising metalation results were only observed using Pd(OAc)2 and purification of the 

resulting complex could not be achieved. 
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CHAPTER 2 
 

OLEFIN POLYMERIZATION BY DINUCLEAR ZIRCONIUM CATALYSTS BASED ON RIGID 

TERARYL FRAMEWORKS: EFFECTS ON TACTICITY AND COPOLYMERIZATION BEHAVIOR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Adapted with permission from Organometallics, 2017, 36, 1915. 

Copyright 2017 American Chemical Society. 

 



8 
 

ABSTRACT   

Toward gaining insight into the behavior of bimetallic catalysts for olefin polymerization, 

a series of structurally related binuclear zirconium catalysts with bisamine bisphenolate 

and pyridine bisphenolate ligands connected by rigid teraryl units were synthesized. 

Anthracene-9,10-diyl and 2,3,5,6-tetramethylbenzene-1,4-diyl were employed as linkers. 

Bulky SiiPr3 substituents were used in the position ortho to the phenolate oxygen. Pseudo-

Cs and C2 symmetric isomers are observed for the binuclear complexes of bisamine 

bisphenolate ligands. In general, binuclear catalysts show higher isotacticity compared to 

the monozirconium analogues, with some differences between isomers. Amine 

bisphenolate-supported dizirconium complexes were found to be moderately active (up 

to 1.5 kg mmolZr
–1 h–1) for the polymerization of 1-hexene to isotactically enriched poly-

1-hexene (up to 45% mmmm) in the presence of stoichiometric trityl or anilinium borate 

activators. Moderate activity was observed for the production of isotactically enriched 

polypropylene (up to 2.8 kg mmolZr
–1 h–1 and up to 25.4% mmmm). The previously 

proposed model for tacticity control based on distal steric effects from the second metal 

site is consistent with the observed behavior. Bisamine bisphenolate supported complexes 

are active for the production of polyethylene in the presence of MAO with activities in 

the range of 1.1–1.6 kg mmolZr
–1 h–1 and copolymerize ethylene with α-olefins. The size 

of the olefin affects the level of incorporation differently between monometallic and 

bimetallic catalysts for the bisamine bisphenolate system. The ratio of the incorporation 

levels with dinuclear vs mononuclear catalysts decreases with increasing comonomer size. 

This effect is attributed to steric pressure provided by the distal metal center on the larger 

olefin in dinuclear catalysts. 
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INTRODUCTION  

Dinuclear early and late transition metal catalysts have been studied for improved performance 

in polyolefin synthesis.1  Enhanced activity, incorporation of  α-olefins, tolerance to functional 

groups, and tacticity control are among the benefits demonstrated for dinuclear catalysts 

compared to related mononuclear catalysts. Enhanced activity and 1-hexene incorporation 

were reported for dizirconium catalysts supported by dimethylsilyl-linked cyclopentadienyl-

amide ligands linked via an alkane-diyl chain (2.A, Figure 2.1).2 Increased 1-hexene 

incorporation was reported with dizirconium complexes supported by fused phenoxy-imine 

ligands (2.B).3 Pyridine-amide dihafnium complexes with naphthalene-based linkers show 

enhanced activity for polymerization of  ethylene with 1-octene, higher molecular weights, and 

increased incorporation of  the comonomer (2.C).4 Enhanced α-olefin incorporation by 

double-decker type dinickel phenoxy-imine catalysts (2.D)5 and enhanced activity for 1-hexene 

polymerization with enhanced chain straightening by related double-decker α-diimine 

dipalladium catalysts have been reported (2.E).6 We have reported enhanced incorporation of  

unprotected amino olefins and enhanced amine tolerance with dinickel phenoxy-imine 

catalysts linked via para- and meta-terphenyl moieties (2.F).7   

Multinuclear catalysts have also been explored for tacticity control, in particular with 

early metals, though to a much lesser extent than mononuclear systems.8,9 Dizirconium bis-

propagators supported by amidinate ligands (2.G) exhibit similar stereoselectivity in the 

presence of  ZnEt2 as in its absence in contrast with monometallic catalysts which typically 

exhibit lower selectivity in the presence of  the chain transfer reagent.10 Dinuclear titanocene 

complexes (2.H) show enhanced syndiotacticity in styrene polymerization relative to the 

corresponding monotitanium catalysts.11 
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Figure 2.1. Selected example of  previously-reported dinuclear polymerization catalysts. 

 

Dr. Madalyn Radlauer in the Agapie Group previously reported that bimetallic 

zirconium amine bisphenolate complexes supported by a rigid para-terphenyl linker 

polymerize propylene and 1-hexene with enhanced activity and tacticity control.12 Dinuclear 

2.I has activities of  up to 103 kg mmolZr
-1 h-1 in 1-hexene polymerization and produce poly-1-

hexene with >75% mmmm. The greater activities and isoselectivities of  these complexes is 

attributed to both the ligand environment around each isolated metal center and to the 

interactions of  the growing polymer chain with the sterics of  the distal metal center. For 

comparison, the original CS symmetric bisamine bisphenolate system reported by Kol and 

coworkers has activities of  up to 102 kg mmolZr
-1 h-1 and produces atactic poly-1-hexene.13 
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Related C2 symmetric catalysts produce >95% isotactic poly-1-hexene, but with significantly 

lower activity, though C1 symmetric versions show enhanced activity with lower isoselectivity.14  

The previous report demonstrated that dizirconium bisamine bisphenolate complexes with 

bulkier t-butyl substituents were less active and produced poly-1-hexene and polypropylene 

with lower tacticity control compared to complexes with smaller chloride substituents. A 

combination of  steric effects, including the distal pressure of  the second metal and the 

difference in size between the small chloride substituent and the large aryl substituent that also 

serves as linker was proposed to account for the observed changes in activity and tacticity 

between mono- and dinuclear catalysts. Variations in the electronic properties of  the 

substituents likely contribute to differences in behavior among the various monometallic or 

bimetallic catalysts. As options to replace the chloride substituent with a smaller one are very 

limited, the opposite strategy of  significantly increasing the steric bulk is appealing. To gain 

further insight into structure-function correlations of  these dinuclear catalysts, determining 

the effect of  the type of  linker employed is desirable. Herein we report the synthesis and 

characterization of  the dizirconium bisamine bisphenolate and (Figure 2.2), and their ethylene, 

propylene, 1-hexene, and 1-tetradecene homo- and copolymerization behavior. 

Figure 2.2. Compounds prepared and evaluated in this study. 
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RESULTS   

Dinuclear amine bisphenolate complexes based on a para-terphenyl framework were 

synthesized analogously to the previously reported catalysts12 (Scheme 2.1). Double Negishi 

coupling of  2-bromo-4-tert-butylanisole with 1,4-dibromo-2,3,5,6-tetramethylbenzene or 9,10-

dibromoanthracene affords the corresponding terphenyl compounds 2.2 and 2.2anth with 

tetramethylphenyl and anthracenyl linkers. Upon removal of  protecting groups with boron 

tribromide, the syn and anti atropisomers of  the resulting phenols (2.3 and 2.3anth) were 

separated by column chromatography. The syn atropisomers were further treated with 

paraformaldehyde and gaseous hydrogen bromide to afford ligand precursors 2.4 and 2.4anth. 

Ligand precursor 2.7 was synthesized starting with the silylation of  2,6-dibromo-4-tert-

butyphenol (Scheme 2.2). Subsequent retro-Brook rearrangement and quench with DMF 

affords tri-iso-propyl substituted salicylaldehyde 2.6. Reductive amination of  this species with 

N,N-dimethylethylenediamine affords 2.7. Reaction of  2.4 and 2.4anth with 2.7 in the 

presence of  NEtiPr2 produces the desired proligands H4
SiiPr3-NMe2 (2.8) and anthH4

SiiPr3-

NMe2 (2.8anth) which were purified by column chromatography and isolated in moderate 

yields (~57%).  
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Scheme 2.1.  Preparation of proligands and dinuclear complexes 2.10, 2.11, and 2.12. 

 

Scheme 2.2. Synthesis of phenol ligand precursors featuring ortho-SiiPr3 substituents. 

 

Dizirconium complexes supported by these new binucleating ligands were prepared 

by protonolysis of  the phenolic proligands with two equivalents of  tetrabenzylzirconium, 

resulting in a mixture of  CS and C2 symmetric metalation isomers. Metalation of  2.8 affords 

that mixture in a roughly one to one ratio. Solubility differences between the two isomers 
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allowed isolation of  the CS complex (in  up to 95% purity) and the C2 complex (analytically 

pure) following recrystallization, each in roughly 25% overall yield. The structure of  C2-

Zr2
SiiPr3-NMe2 (2.11) was confirmed by single crystal X-ray diffraction (XRD) analysis (Figure 

3).  The two Zr centers adopt similar geometries to those seen in previously-reported mono- 

and bimetallic complexes with bisamine bisphenolate ligands. The distance between the two 

metal centers is 7.74 Å, longer by more than 0.1 Å than in the solid state structure of  Zr2
Cl4-

NMe2 (7.62 Å) which has the longest distance between the two metal centers of  the 

previously-reported dinuclear complexes linked by terphenyl frameworks. The slightly longer 

distance between the metal centers may be due to the bulky substituents applying steric 

pressure on the benzyl ligands. Metalation of  2.9 afforded the C2 symmetric complex in 85% 

purity based on 1H NMR analysis of  the crude reaction mixture. Low temperature metalation 

improved this to 95%. Recrystallization of  this mixture affords analytically pure C2 isomer. 

The identity of  the isolated complex, 2.12, was confirmed by XRD (Figure 3). The two Zr 

centers again adopt similar coordination environments to those in previously-reported Zr 

complexes of  bisamine bisphenolate ligands. The overall geometry of  the dinuclear species is 

similar to that of  2.11 complex. The Zr-Zr distance (7.604 Å) is shorter by more than 0.1 Å 

compared to the tetramethylphenyl-linked complex. The slightly shorter metal-metal distance 

may be a consequence of  the anthracene linker being flatter than tetramethylbenzene, and 

alleviating some steric constraints in the cavity between the two metal centers.  The proligand 

H4
SiiPr3-NEt2 was also prepared; a similar ratio of  Cs and C2 metalation isomer was obtained 

in comparison with 2.11. 
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Figure 2.3. Solid-state structure of 2.11. Ellipsoids are drawn at the 50 % probability level and 

hydrogen atoms are omitted for clarity. 
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Figure 2.4. Solid-state structure of 2.12. Ellipsoids are drawn at the 50 % probability 

level and hydrogen atoms are omitted for clarity.  
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Monozirconium amine bis(phenolate) complexes bearing the tri(iso-propyl)silyl 

substituent were also prepared as a comparison to the dizirconium catalyst (Scheme 2.3). The 

mononucleating proligands were prepared analogously to the dinucleating proligands and the 

monometallic complexes 2.20, 2.21, and 2.22 were synthesized by protonolysis of  the 

corresponding proligand with 1 equiv. ZrBn4. The structure of  2.20 was also confirmed by 

XRD (Figure 2.5).  

 

Scheme 2.3. Synthesis of monozirconium bisamine bisphenolate complexes featuring 

ortho-SiiPr3 substituents. 
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Figure 2.5. Solid-state structure of 2.20. Ellipsoids are drawn at the 50 % probability 

level and hydrogen atoms are omitted for clarity.  



19 
 

1-Hexene and Propylene Homopolymerization. The precatalyst performance in 1-

hexene polymerization was tested under three sets of conditions: upon activation with 

stoichiometric amounts of [CPh3][B(C6F5)4] or [HNMe2Ph][B(C6F5)4], and with excess 

MAO. The bimetallic bisamine bisphenolate complexes show moderate activity and 

produce isotactically enriched poly-1-hexene in the presence of stoichiometric 

[CPh3][B(C6F5)4] and [HNMe2Ph][B(C6F5)4] activators. 2.11 and 2.12 generate poly-1-

hexene with ca. 30% mmmm content with activities in the range of 0.77 – 1.5 kg mmolZr
-1 

h-1 (Table 2.1, entries 7-8 and 13-14). In the presence of MAO as a cocatalyst the activity 

of both 2.10 and 2.11 is improved, but the tacticity control is lowered to only 15% mmmm 

(Table 2.1, entry 9). 2.10 has improved tacticity control, producing poly-1-hexene with 

45% mmmm content in the presence of [CPh3][B(C6F5)4] and [HNMe2Ph][B(C6F5)4] (Table 

2.1, entries 4-6). In contrast, 2.11 has overall lower isotacticity (34% mmmm) for 1-hexene 

homopolymerization in the presence of the borate counteranion as compared to the Cs 

isomer, though with improved activity (Table 2.1, entries 4-6 vs. 7-9). All dinuclear 

catalysts show a slight improvement in activity in the presence of [HNMe2Ph][B(C6F5)4] 

compared to [CPh3][B(C6F5)4]. Monometallic 2.20 shows lower activities and similar 

tacticities to the dinuclear catalysts, except in the presence of the MAO cocatalyst where 

the monometallic catalyst shows higher tacticity control. Comparing 2.21 and 2.12 for 1-

hexene polymerization, the dinuclear precatalyst shows significantly greater tacticity 

control (between 28 and 42% mmmm vs. between 3 and 5% mmmm for 2.21). 2.12 has 

similar activity and isotacticity compared to 2.11 in the presence of the stoichiometric 

activators.  

In collaboration with the group of  Prof. M. Naseem Akhtar at King Fahd University 

of  Petroleum and minerals, the activity of  both mono- and dinuclear complexes were tested 
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for propylene polymerization in the presence of  superstoichiometric MAO. 2.10, 2.11, and 

2.12 show moderate activity (1.9 – 2.8 kg mmolZr
-1 h-1) for propylene polymerization at 60 oC 

in toluene in the presence of  excess MAO at 5 bar propylene pressure (Table 2.1, entries 17, 

18, and 20). These catalysts produce low tacticity polypropylene. 2.10 shows slightly lower 

tacticity control with 18.8% mmmm as compared to 25.4% and 23.8% for 2.11 and 2.12 (Table 

1, entries 17, 18, and 20).  Both 2.20 and 2.21 have lower activity (0.55 and 0.96 kg mmolZr
-1 h-

1 respectively) than the dinuclear catalysts and show lower tacticity control (ca. 14% mmmm) 

(Table 2.1, entries 16 and 19).    
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Table 2.1. 1-Hexene and Propylene Homopolymerizationsa 

Entry Catalyst Monomer Activator Yieldb Activityc % 

mmmmd 

1 2.20 1-Hexene [CPh3][B(C6F5)4] 0.076 0.11 34 

2 2.20 1-Hexene  [HNMe2Ph][B(C6F5)4] 0.046 0.069 37 

3 2.20 1-Hexene  MAO 0.116 0.17 40 

4 2.10 1-Hexene  [CPh3][B(C6F5)4] 0.067 0.10 45 

5 2.10 1-Hexene  [HNMe2Ph][B(C6F5)4] 0.238 0.36 45 

6 2.10 1-Hexene  MAO 0.613 0.92 10 

7 2.11 1-Hexene  [CPh3][B(C6F5)4] 0.513 0.77 34 

8 2.11 1-Hexene  [HNMe2Ph][B(C6F5)4] 0.596 0.89 34 

9 2.11 1-Hexene  MAO 0.676 1.0 15 

10 2.21 1-Hexene  [CPh3][B(C6F5)4] 0.036 0.054 5 

11 2.21 1-Hexene  [HNMe2Ph][B(C6F5)4] 0.046 0.069 3 

12 2.21 1-Hexene  MAO 0.204 0.31 4 

13 2.12 1-Hexene  [CPh3][B(C6F5)4] 0.870 1.3 28 

14 2.12 1-Hexene  [HNMe2Ph][B(C6F5)4] 0.980 1.5 33 

15 2.12 1-Hexene  MAO 0.860 1.3 42 

16 2.20 Propylene MAO 5.5 0.55 14 



22 
 

17 2.10 Propylene MAO 19 1.9 19 

18 2.11 Propylene MAO 22 2.2 25 

19 2.21 Propylene MAO 9.6 0.96 15 

20 2.12 Propylene MAO 28 2.8 24 

a1-Hexene polymerizations were run with 4.0 μmol Zr, 1 equiv. [B(C6F5)4] activator or 250 

equiv. dried MAO, and 5000 equiv. (2.5 mL) 1-hexene in 2.5 mL PhCl for 10 min and propylene 

polymerizations were run with 10 μmol Zr, 1000 equiv. (2.5 mL) MAO and 5 bar propylene in 

85 mL toluene for 60 min in a 250 mL reactor; bYield in g; cActivity in kg mmolZr
-1 h-1 dFrom 

integration of  the 13C{1H} NMR spectra. 

 

 The ethylene homopolymerization of all complexes was investigated in the 

presence of excess MAO by the group of Dr. M. Naseem Akhtar (Table 2.3). Initial 

optimization with monometallic 2.22 indicated that addition of AlMe3 resulted in loss of 

activity in ethylene-propylene copolymerization. Improved yield was obtained at 60 oC in 

the presence of MAO alone (Table 2.2). 2.20 and 2.21 both have slightly improved 

activities (1.6 and 1.5 kg mmolZr
-1 h-1 respectively) (Table 2.3, entries 1 and 4) though not 

very different from 2.10, 2.11, and 2.12 (1.1 – 1.4 kg mmolZr
-1 h-1) (Table 2.3, entries 2, 3, 

and 5). Under these conditions, though, high PDIs (between 15 and 47, with multimodal 

distributions in some instances) were observed for all catalysts; the MN values were higher 

for the bimetallic catalysts (between 17.2 kDa and 26.7 kDa) as compared with the 

monometallic catalysts (between 4.7 kDa and 8.6 kDa). The high TM values support the 

formation of linear polymers under these conditions with all catalysts.22  
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 Ethylene-propylene copolymerization behavior was tested by the group of Dr. M. 

Naseem Akhtar at KFUPM in the presence of excess MAO under 5 bar total pressure 

with a 1:3 C2:C3 flow ratio (Table 2.3). Initial optimization with 2.22 indicated that under 

these conditions propylene was incorporated well with relatively high overall activity 

(Table 2.2). 2.10, 2.11, and 2.12 more effectively incorporate propylene than the 

corresponding monometallic complexes under these conditions. While 2.20 incorporates 

only 25% propylene, 2.10 and 2.11 incorporate 52% and 40% respectively and show 

slightly enhanced activity (2.1 and 2.0 kg mmolZr
-1 h-1 respectively vs. 1.5 kg mmolzr

-1
 h

-1 

for 2.20) (Table 2.3, entries 10-12). Similarly, 2.21 incorporates 36% propylene while 2.12 

incorporates 49% propylene (Table 2.3, entries 13-14). Both anthracene-substituted 

complexes show enhanced activity and propylene incorporation compared with the 

phenyl-substituted complexes (36% C3 for 2.21 vs. 25% C3 for 2.20 (Table 2.3, entry 13 

vs. entry 10) and 49% C3 for 2.12 vs. 40% C3 for 2.11 (Table 2.3, entry 14 vs. entry 12)). 

In the presence of propylene, lower PDI values were observed for these bisamine 

bisphenolate complexes (between 4.6 and 6.7) compared with ethylene 

homopolymerization; the MN values were higher for the bimetallic catalysts (between 10.6 

and 12.2 kDa for the bimetallics and between 3.6 and 7.8 kDa for the monometallics), 

though the effect is less dramatic than in the ethylene homopolymerizations. 
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Table 2.2. Ethylene-propylene copolymerization by 2.22.a 

 C2:C3 Temp 

(oC) 

Coactivator Time 

(min) 

Yield 

(g) 

Activity  

(kg mmolZr
-1 h-1) 

% Ib 

1 50:50 30 AlMe3 60 3 0.3 32 

2 50:50 30 None 60 8 0.8 34 

3 50:50 60 None 60 16 1.6 22 

4 50:50 80 None 60 14 1.4 43 

5 25:75 30 None 38 5 0.8 46 

6 25:75 60 None 60 11 1.1 45 

7 25:75 80 None 60 13 1.3 35 

aPolymerizations were run with 10 μmol Zr in 60 mL toluene in the presence of 1000 

equiv. (2.5 mL) MAO and 5 bar total pressure; bPercentage incorporation of propylene 

from 13C{1H} NMR integration 
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Table 2.3. Ethylene Homopolymerizations and Ethylene-Propylene Copolymerizationsa 

 Catalyst % C2 

Feed 

% C3 

Feed 

Yield 

(g) 

Activity (kg 

mmolZr
-1 h-1) 

MN 

(kDa) 

PDIb TM 

(oC) 

% Ic 

(C3) 

1 2.20 100 0 16 1.6 4.7 47 133 -- 

2 2.10 100 0 11 1.1 17 23 134 -- 

3 2.11 100 0 14 1.4 27 29 133 -- 

4 2.21 100 0 15 1.5 8.6 15 132 -- 

5 2.12 100 0 14 1.4 21 32 134 -- 

10 2.20 25 75 15 1.5 3.6 6.0 76 25 

11 2.10 25 75 21 2.1 12 6.6 108 52 

12 2.11 25 75 20 2.0 11 6.7 111 40 

13 2.21 25 75 24 2.4 7.8 4.6 --e 36 

14 2.12 25 75 24 2.4 12 6.3 110 49 

aPolymerizations were run with 10 μmol Zr in 85 mL toluene in the presence of  1000 equiv. 

(2.5 mL) MAO and 5 bar ethylene at 60 oC; bPDI determined from GPC measurements, where 

PDI is defined as Mw/Mn; 
cCalculated from DSC measurements; dPercentage incorporation of  

propylene from 13C{1H} NMR integration; eNot measured. 
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 Ethylene-1-hexene copolymerization was investigated by Dr. M. Naseem Akhtar at 

KFUPM in the presence of  excess MAO, 3 bar ethylene, and 1.6 x 104 equiv. of  1-hexene 

(Table 2.4). The monometallic catalysts 2.20 and 2.21 both incorporate 1-hexene well (19% 

and 28% respectively) with similar activity as in the presence of  the propylene comonomer 

(Table 2.4, entries 1 and 4). While the C2 2.11 and 2.12 show modest increases (to 22% and 

30%, Table 2.4, entries 3 and 5) in comonomer incorporation relative to the monometallic 

analogs, 2.10 incorporates less of  this comonomer than either the C2 dizirconium complexes 

or the monozirconium complexes (12% 1-hexene incorporation, Table 2.4, entry 2). PDI 

values for these catalysts are large under these conditions, with the Mn values for the polymers 

obtained from the bimetallic catalysts generally higher compared with the Mn values from the 

monometallic catalysts.  

 To evaluate the effect of  comonomer size on incorporation level between mono- and 

dinuclear catalysts, ethylene-1-tetradecene copolymerizations were also performed by the 

group of  Dr. M. Naseem Akhtar at KFUPM using the bisamine bisphenolate catalysts in the 

presence of  MAO, 3 bar ethylene, and 7900 equiv. of  1-tetradecene. 2.20 has lower activity 

under these conditions than in the presence of  propylene or 1-hexene comonomers, and 

incorporates 1-tetradecene at 7% level (Table 2.4, entry 10). Both 2.10 and 2.11 have similar 

activities under these conditions, though the incorporation of  the comonomer is lower with 

the dinuclear catalysts than with the mononuclear catalysts (ca. 6% for 2.10 and ca. 3% for 

2.11). Similarly, 2.12 incorporates around 7% of  1-tetradecene (Table 2.4, entries 11-12), while 

2.21 incorporates more (9%, Table 2.4, entry 13). Again, higher MN values are obtained with 

the bimetallic catalysts as compared to the monometallic, though the PDI values remain fairly 

high for all catalysts under these conditions.  
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Table 2.4. 1-Hexene and 1-Tetradecene Copolymerizationsa 

 Catalyst Comonomer Yield 

(g) 

Activity (kg 

mmolZr
-1 h-1) 

MN 

(kDa) 

PDIb TM 

(oC) 

% Ic 

1 2.20 1-Hexene 15 1.5 2.2 3.6 104 19 

2 2.10 1-Hexene 19 1.9 5.9 3.7 99 12 

3 2.11 1-Hexene 20 2.0 8.8 12 105 22 

4 2.21 1-Hexene 24 2.4 7.1 3.4 -- 28 

5 2.12 1-Hexene 19 1.9 11 8.8 104 30 

10 2.20 1-Tetradecene 9.7 0.97 17 8.8 61 7 

11 2.10 1-Tetradecene 20 2.0 41   6 

12 2.11 1-Tetradecene 20 2.0 39 26 104 3 

13 2.21 1-Tetradecene 25 2.5 12 2.7 110 10 

14 2.12 1-Tetradecene 23 2.3 22 6.6 105 7 

aPolymerizations were run with 10 μmol Zr in 65 mL toluene in the presence of  1000 equiv. 

(2.5 mL) MAO and 3 bar ethylene and 20 mL (1.6 x 104 equiv.) 1-hexene or 20 mL (7900 

equiv.) 1-tetradecene at 60 oC; bYield in g; cActivity reported in kg mmolZr
-1 h-1; dMN and PDI 

determined from GPC measurements, where MN is reported in kDa and PDI is defined as 

MW/MN; eReported in 0C, from DSC measurements; f% incorporation of  the comonomer 

determined from 13C{1H} NMR integration. 
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DISCUSSION  

Generally, the mononuclear catalysts show significantly lower activity and tacticity control 

compared to the dinuclear analogs. These differences may be explained in terms of  the distal 

steric effect of  the second metal, limiting anion association and degrees of  freedom for olefin 

insertion12. The observed differences between 2.10 and 2.11 suggests that the particular 

coordination environment of  the distal metal center affects reactivity, despite being remote. 

The shape of  the cavity between the two metal centers has consequences on both tacticity and 

activity. 

In comparison with the previously-reported complexes bearing ortho-

pentamethylphenyl substituents, 2.20 shows a decrease in activity relative to Zr1
ArCl2-NMe2 (1.5 

– 1.9 kg mmolZr
-1 h-1) with fairly similar tacticity control in 1-hexene polymerization (24 -25% 

mmmm for Zr1
ArCl2-OMe and 31 – 32% mmmm for Zr1

ArCl2-NMe2, Figure 4).12 2.21 shows 

significantly lower tacticity control as compared to these catalysts. For propylene 

polymerization upon activation with MAO, however, 2.20 and 2.21 show similar tacticity 

control, both lower than Zr1
ArCl2-NMe2. The tBu-substituted catalysts generally show very low 

tacticity control. The lower activity of  the new catalysts is consistent with the previous 

observation of  higher 1-hexene polymerization activities from complexes bearing ligands with 

electron-withdrawing substituents.12,21 The lack of  significant improvements in tacticity control 

for 2.20 and 2.21 could result from one or several features of  the previously-proposed 

mechanism, including site epimerization and selectivity of  monomer insertion based on steric 

control of  polymer orientation by the bulk of  the aryl substituent. With the more bulky SiiPr3
 

substituents, the difference between the two phenolates is less pronounced, potentially leading 

to less control of  polymer chain orientation. The more spherical tBu substituent does not 
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provide efficient tacticity control likely because it is less expansive compared to the 

pentamethylphenyl and anthracenyl substituents. 

In comparison with the previously-reported bimetallic catalysts supported by amine 

bisphenolate ligands bearing the bulky ortho-tert-butyl substituent (Zr2
tBu2-OMe), the new C2 

symmetric complexes have similar activities for 1-hexene polymerization (~ 1 kg mmolZr
-1 h-1) 

but produce significantly more isotactic poly-1-hexene in the presence of  the stoichiometric 

activators  (19% mmmm for Zr2
tBu2-OMe , Figure 2.6).  2.12 shows similar tacticity control (28 

% mmmm) to the previously-reported CS and C2 Zr2
Me4-OMe and to C2 Zr2

Br4-NMe2 (28 – 30% 

mmmm). 2.10 and 2.11 produce similarly isotactically-enriched polymer (34 and 45 % mmmm) 

to that seen for the more sterically-open Zr2
Cl4-NMe2, Zr2

Cl4-OMe, and Zr2
Br4-OMe catalysts at 

room temperature (35 to 50 % mmmm), albeit with lower activity. Both 2.12 and 2.11 have 

similar activity for propylene homopolymerization as C2 Zr2
tBu2-OMe, (ca. 2 kg mmolZr

-1 h-1) 

but with improved tacticity control (24 – 25% mmmm vs. 6 – 8% mmmm). The new complexes 

with SiiPr3 substituents show similar tacticity control in propylene polymerization as Zr2
Br4-

OMe, Zr2
Br4-NMe2, and Zr2

Me4-OMe. Importantly, an extensive set of  dinuclear catalysts were 

compared to mononuclear versions, and in all cases, the dinuclear catalysts show improvement 

in tacticity control (Figure 2.6). This suggests that the steric pressure provided by the 

coordination environment of  the second metal restricts the orientation of  the polymeryl chain 

and incoming olefin better that possible in analogous mononuclear systems. Overall, within 

the series of  dinuclear catalysts, increasing steric bulk ortho to the phenolate oxygen away 

from the linker does not benefit control of  tacticity. The smallest substituent, chloride, displays 

the highest degree of  tacticity control. This behavior is consistent with the highest mmmm 

content resulting from maximizing the difference in steric profile relative to the linker, with 

the smaller chloride substituents ortho to the phenolate oxygen having the largest impact. The 
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much larger silyl substituents likely make the two phenolate sides more similar and less 

discriminating with respect to interaction with the polymeryl chain and the incoming 

monomer and, therefore, decrease tacticity control.  

 

Figure 2.6. (Next page) Comparison of  tacticity control by dinuclear catalysts with 

substituents ortho to phenoxide oxygens shown in blue and pendant donors, L, in green and 

by monometallic catalysts with either ortho-aryl substituents (Ar = C6Me5 or 9-

methylanthracenyl) or ortho-tert-butyl substituents. 1-hexene polymerizations were run with 

[CPh3][B(C6F5)4] and propylene polymerizations were run with excess MAO as activators. 

Legend at bottom provides graphical representations of  catalysts and abbreviations under 

each class of  compounds. 
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Both 2.12 and 2.21 incorporate more of  all of  the α-olefin comonomers than the 

corresponding 2.11 and 2.20 suggesting that the anthracene substituents are not as sterically 

bulky to the zirconium centers compared to methylated aryl substituents. Comparison of  

comonomer incorporation levels with C2 dinuclear vs. mononuclear catalysts reveals a 

systematic trend. The dizirconium catalysts incorporate 1.4-2.1 times the small propylene 

comonomer compared to the mononuclear versions, but incorporate the larger 1-hexene 

comonomer similarly. With 1-tetradecene, however, both the dinuclear C2 catalysts incorporate 

less of  the comonomer than the corresponding monozirconium catalysts (Figure 2.7). 2.10 

does not show a similar behavior.  Overall, the C2 dinuclear catalysts relative to the 

mononuclear analogs show a decrease in comonomer incorporation with increasing size of  

the olefin (Figure 2.7). This is consistent with the distal steric bulk of  the second metal 

disfavoring larger comonomer incorporation. This trend is inconsistent with the α-olefin 

having an agostic interaction with the second metal center as previously proposed for dinuclear 

catalysts 2.A (Figure 2.1).2 The longer chain olefins are expected to be able to better 

accommodate such distal agostic interactions and incorporate in higher levels with dinuclear 

compared to mononuclear catalysts, which is not observed. The proposed steric effect is 

further supported by the difference in the magnitude of  the effects between anthracene and 

tetramethylbenzene linkers. Plotting the ratio of  α-olefin incorporation with dinuclear vs 

mononuclear analogs, the tetramethylbenzene linker shows a more pronounced effect with the 

increasing size of  the olefin, which correlates with a higher steric pressure on the incoming 

olefin from the methyl-substituted linker compared to flatter anthracene (Figure 2.7). 
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Figure 2.7. Plot of  the ratio of  comonomer incorporation by the bimetallic catalyst to 

monometallic catalyst according to the length of  the comonomer. 
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CONCLUSIONS  

 Mono- and dinuclear Zr benzyl complexes supported by pyridine bisphenolate 

and bisamine bisphenolate ligands featuring bulky SiR3 (R = iPr, Ph) substituents were 

prepared and studied for olefin polymerization catalysis. With these compounds, an 

extensive series of dinuclear olefin polymerization catalysts and their mononuclear 

analogs is available for structure function studies. Generally, the dinuclear systems show 

better control of tacticity, although only modest levels of isotacticity were achieved. The 

distal steric effect caused by the second metal is proposed to lead to improved tacticity 

control for dinuclear complexes. Of the ligands studied, the largest steric difference 

between the substituents on the two phenolate ligands bound to the same metal correlates 

with best tacticity control. This results from a small rather than very large substituent on 

the phenoxide that is not connected to the linker. Ethylene-α-olefin copolymerization 

studies revealed that the longer-chain olefins are incorporated at lower levels by dinuclear 

compared to mononuclear catalysts relative to shorter-chain olefins. This effect is also 

consistent with steric effects caused by the second metal, and not with a distal agostic 

interaction. Overall, the reported studies provide fundamental insight into the advantages 

of dinuclear vs mononuclear catalysts for olefin polymerization, in particular related to 

control of tacticity and comonomer incorporation. 
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EXPERIMENTAL SECTION  

General Notes. All air- and water-sensitive compounds were manipulated under N2 or Ar 

using standard Schlenk or glovebox techniques. Solvents for air- and moisture-sensitive 

reactions were dried by the method of Grubbs. Chlorobenzene and 1-hexene for 

polymerization with stoichiometric activators were refluxed over CaH 2 for greater than 

72 h, vacuum transferred, and run over activated alumina plugs prior to use. 

[CPh3][B(C6F5)4] and [HNMe2Ph][B(C6F5)4] were purchased from Strem and used without 

further purification. 1-bromo-2,3,4,5,6-pentamethylbenzene,23 9-bromo,10-

methylanthracene,24 2-Bromo-4-tert-butyl-1-(methoxymethoxy)benzene (2.9),7a 2.16tBu,25 

2,6-dibromo-4-tert-butylphenol,26 and compounds 2.4 and 2.1012 were prepared according 

to literature procedure. Ethylene (99.999%) and propylene (99.999%) were passed 

through purification columns containing molecular sieves and oxygen scavenger. 

Toluene, 1-hexene, and 1-tetradecene for polymerizations were purchased from Sigma 

Aldrich and dried over 4 Å MS prior to use. MAO (30 wt.% in toluene) was purchased 

from Chemtura. Deuterated solvents were purchased from Cambridge Isotopes Lab, Inc.; 

CDCl3 and 1,1,2,2-tetrachloroethane-d2 were used without further purification; C6D6 was 

distilled from purple Na/benzophenone ketyl and filtered over activated alumina prior to 

use. 1H and 13C spectra were recorded on Varian Mercury 300, Varian INOVA-300, 400, 

or 500 spectrometers or Bruker Cryoprobe 400. 1H and 13C chemical shifts are reported 

relative to residual solvent resonances. Elemental analysis was performed on a Perkin-

Elmer 2400 CHNS/O Analyser and samples were taken from representative batches 

prepared in an N2-filled glovebox. 

 Synthesis of tetrabenzylzirconium. In the glovebox, a round bottom was 

charged with a stirbar, 60 mL Et2O, and benzylmagnesium chloride (126 mL, 1.9 M in 
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Et2O, 126 mmol, 4.2 equiv.) and frozen in the cold well. ZrCl 4 (7.043 g, 30.22 mmol, 1 

equiv.) was added to the top of the thawing solution in 3 portions. The resulting 

suspension yellow suspension was stirred 1 h, warming, then capped with a septum and 

stored at -35 oC without stirring. After 8 h, volatiles were removed and the residue was 

extracted with toluene and filtered over Celite. Concentration of the filtrate resulted in 

the formation of microcrystalline orange solids which were suspended in Et2O, collected 

by filtration, and dried under vacuum to afford the desired product (8.89 g, 19.5 mmol, 

65 %). 

Synthesis of compounds 2.5 and 2.6 was performed according to the literature.27  

 Synthesis of compound 2.7. To a solution of 6 (4.530 g, 13.54 mmol, 1 equiv.) 

in methanol (54 mL) N,N-dimethylethylenediamine (1.8 mL, 16.5 mmol, 1.2 equiv.) was 

added and the reaction heated to 70 oC for 12 h. Volatiles were removed and the residue 

was taken up in methanol (54 mL) and NaBH4 (2.2043 g, 58.27 mmol, 4.3 equiv.) was 

added in several portions, then the reaction stirred 4 h. The resulting colorless solution 

was concentrated and HCl (2N) added to quench. 1 M NaOH was added in small portions 

to bring to pH~7 and the white suspension was extracted thrice with DCM. Combined 

organics were washed with water, dried with MgSO4, filtered, and evaporated to afford 

the product as a purple oil which was used without further purification (4.600 g, 11.31 

mmol, 84 %).1H NMR (500 MHz, CDCl3) δ 7.31 (d, J = 2.5 Hz, 1H), 6.97 (d, J = 2.5 Hz, 

1H), 3.96 (s, 2H), 2.73 (m, 2H), 2.48 (m, 2H),  2.27 (s, 6H), 1.50 (m, 3H), 1.28 (s, 9H), 

1.09 (d, J = 7.63 Hz, 18H). Note: 1H NMR resonances corresponding to the N-H and O-

H are not observed, likely due to exchange with trace water. 13C NMR (126 MHz, CDCl3) 

δ 161.13 (Ar), 140.11 (Ar), 133.12 (Ar), 126.29 (Ar), 120.56 (Ar), 120.48 (Ar), 58.20 

(ArCH2), 45.41 (CH2), 45.31 (CH2), 33.90 (C(CH3)3), 31.66 (C(CH3)3), 19.01 
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(Si(CH(CH3)2)3), 11.83 (Si(CH(CH3)3). HRMS (FAB+) calcd for C24H47N2OSi (M+H)+: 

407.3458. Found: 407.3476.Preparation of 2.8. To a solution of 2.4 (613.4 mg, 1.508 

mmol, 2.5 mmol) and NEtiPr2 (0.21 mL, 1.506 mmol, 2.5 equiv.) in THF (15 mL) at 0 oC, 

2.7 (375.8 mmol, 0.6096 mmol, 1 equiv.) in THF (21 mL) was added over the course of 

several minutes. The reaction was stirred 3 h, warming, then volatiles were removed under 

reduced pressure. The residue was dissolved in DCM and washed with K2CO3 (2x), water, 

and brine. The combined organics were dried with MgSO4, filtered, and evaporated. 

Purification by column chromatography (3:2 EtOAC:Hexanes(v/v), RF ~0.2) and 

lyophilization from benzene afforded H4
SiiPr3-NMe2 as a white solid (434.8 mg, 56.2%). 

1H NMR (400 MHz, CDCl3) δ 9.53 (br s, 4H, OH), 7.34 (d, J=2.9 Hz, 2H, Ar-H), 7.15 

(d, J=2.2 Hz, 2H, Ar-H), 7.08 (d, J=2.2 Hz, 2H, Ar-H), 7.05 (d, J=2.4 Hz, 2H, Ar-H), 

3.78 (s, 4H, ArCH2), 3.74 (s, 4H, ArCH2), 2.66 (m, 4H, CH2), 2.57 (m, 4H, CH2), 2.24 (s, 

12H, ArCH3), 2.00 (s, 12H, N(CH3)2), 1.50 (m, 6H, SiCH(CH3)2), 1.32 (s, 18H, C(CH3)3), 

1.31 (s, 18H, C(CH3)3), 1.07 (d, J= 7.5 Hz, 36H, SiCH(CH3)2). 
13C NMR (101 MHz, 

CDCl3) δ 160.47 (Ar), 151.31 (Ar), 141.62 (Ar), 140.25 (Ar), 137.48 (Ar), 133.73 (Ar), 

133.06 (Ar), 129.40 (Ar), 128.16 (Ar), 127.63 (Ar), 126.48 (Ar), 121.90 (Ar), 120.63 (Ar), 

120.41 (Ar), 58.16 (CH2), 56.95 (CH2), 55.57 (CH2), 49.81 (CH2), 45.32 (N(CH3)2), 34.24 

(ArC(CH3)3), 34.08 (ArC(CH3)3), 31.88 (ArC(CH3)3), 19.27 (SiCH(CH3)2), 17.99(ArCH3), 

11.94 (SiCH(CH3)2). HRMS (FAB+) calcd for C80H131O4N4Si2 (M+H)+: 1267.971. Found: 

1267.970. 

Preparation of Zr2
SiiPr3-NMe2 (CS and C2 symmetric). Proligand 2.8 (201.4 mg, 

0.1588 mmol, 1 equiv.) in toluene (2.5 mL) was added to a stirred solution of ZrBn4 (144.7 

mg, 0.3175 mmol, 2 equiv.) in toluene (3 mL) and the reaction stirred in the dark at room 

temperature for 3 h. Volatiles were removed in vacuo and the crude material fractionated 
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between pentane, diethyl ether, and benzene. The ether fraction afforded primarily the CS 

symmetric isomer (2.10) with circa 12% of the C2 symmetric isomer (80.0 mg, 0.0442 mmol, 

28 %). The benzene fraction afforded primarily the C2 symmetric isomer (2.11), which was 

cleanly isolated following recrystallization from toluene/pentane (81.8 mg, 0.0452 mmol, 

28%). X-Ray quality crystals of the C2 isomer were grown by vapor diffusion of pentane into 

toluene at -35 oC. 2.10: 1H NMR (400 MHz, C6D6) δ 7.73 (d, J=2.6 Hz, 2H, Ar-H) , 7.45 (d, 

J=2.6 Hz, 2H Ar-H), 7.27 (m, 4H, Ar-H), 7.17 (d, J=2.5 Hz, 2H, Ar-H), 7.12 (d, J=2.2 Hz, 

2H, Ar-H), 7.03 (m, 4H, Ar-H),  6.93 (m, 4H, Ar-H), 6.81 (t, J=7.4 Hz, 2H, Ar-H), 6.69 (t, 

J=7.4 Hz, 2H, Ar-H), 3.90 (d, J=13.4 Hz, 2H, CH2), 3.74 (d, J=13.4 Hz, 2H, CH2), 2.93 (s, 

6H, ArCH3), 2.75 (d, J=13.4 Hz, 2H, ArCH2), 2.65 (d, J=13.4 Hz, 2H, ArCH2), 2.56 (s, 6H, 

ArCH3), 2.40 (m, 4H), 2.29 (m, 4H), 2.07- 1.99 (m, 6H), 1.78 (m, 4H), 1.54-1.34 (m, 84H), 0.99 

(br m, 2H). 13C NMR (101 MHz, CDCl3) δ 165.43 (Ar), 157.36 (Ar), 152.14 (Ar), 146.00 (Ar), 

141.56 (Ar), 140.42 (Ar), 140.18 (Ar), 135.38 (Ar), 134.67 (Ar), 132.06 (Ar), 131.06 (Ar), 130.76 

(Ar), 129.11 (Ar), 129.04 (Ar), 126.38 (Ar), 126.06 (Ar), 125.57 (Ar), 125.14 (Ar), 122.24 (Ar), 

121.69 (Ar), 119.88 (Ar), 70.82 (CH2), 65.10 (CH2), 64.83 (CH2), 64.05 (CH2), 60.39 (CH2), 

51.50 (CH2), 34.28 (C(CH3)3), 34.16 (C(CH3)3), 31.90 (C(CH3)3), 20.30, 19.99, 19.89, 19.83, 

19.39, 13.15 (SiCH(CH3)2). Anal. Calcd C108H154N4O4Si2Zr2: C, 71.63; H, 8.57, N, 3.09. Found: 

C, 71.65; H, 8.81; N, 3.41. 2.11: 1H NMR (500 MHz, CD2Cl2) δ 7.42 (d, J=2.2 Hz, 2H, Ar-H), 

7.18 (d, J=2.3 Hz, 2H, Ar-H), 7.08 (m,  4H, Ar-H), 7.02 (m, 6H, Ar-H), 6.99 (d, J=2.2 Hz, 2H, 

Ar-H), 6.83-6.77 (m, 6H, Ar-H), 6.63 (m, 6H, Ar-H), 3.62 (d, J=13.5 Hz, 2H, CH2), 3.42 (d, 

J=13.5 Hz, 2H, CH2), 2.85 (d, J=13.9 Hz, 2H, CH2), 2.77 (d, J=13.7 Hz, 2H, CH2), 2.66 (br 

m, 2H, CH2), 2.58 (s, 6H, ArCH3), 2.30 (br s, 2H, CH2) 2.25 (s, 6H, ArCH3), 2.04-1.99 (m, 4H, 

CH2), 1.89-1.84 (m, 6H), 1.78 (br m, 2H), 1.52 (m, 8H), 1.41 (m, 4H, CH2), 1.35 (m, 24H), 

1.27 (m, 42H), 1.16 (d, J=7.5 Hz, 18H). 13C NMR (101 MHz, C6D6) δ 165.46 (Ar), 157.04 (Ar), 
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152.93 (Ar), 144.27 (Ar), 141.30 (Ar), 140.60 (Ar), 139.50 (Ar), 135.33 (Ar), 134.84 (Ar), 132.23 

(Ar), 131.40 (Ar), 130.15 (Ar), 129.46 (Ar), 129.33 (Ar), 126.15 (Ar), 125.79 (Ar), 125.70 (Ar), 

124.75 (Ar), 122.71 (Ar), 121.58 (Ar), 119.86 (Ar), 67.61 (CH2), 64.79 (CH2), 64.07 (CH2), 63.87 

(CH2), 60.00 (CH2), 51.37 (CH2), 34.32 (C(CH3)3), 34.16 (C(CH3)3), 31.93 (C(CH3)3), 31.88 

(C(CH3)3), 22.75, 21.45, 20.33, 20.24, 19.83, 19.54, 14.31, 13.11 (SiCH(CH3)2). Anal. Calcd 

C108H154N4O4Si2Zr2: C, 71.63; H, 8.57, N, 3.09. Found: C, 72.01; H, 8.74; N, 3.12. 

Preparation of 2.17. To a solution of 2.16 (1.21 g, 2.965 mmol, 1.25 equiv.) and 

NEtiPr2 (0.52 mL, 3.0 mmol, 1.25 equiv.) in THF (45 mL), 2.7 (0.927 g, 2.38 mmol, 1 equiv.) 

in THF (50 mL) was added over the course of several minutes. The reaction was stirred 3 h, 

warming, then volatiles were removed under reduced pressure. The residue was dissolved in 

DCM and washed with K2CO3 (2x), water, and brine, then dried with MgSO4, filtered and 

evaporated. Purification by column chromatography (5:1 EtOAc:Hexanes (v/v)) and 

lyophilization from benzene afforded the proligand as a white solid (1.1 g, 1.5 mmol, 65%).  

1H NMR (400 MHz, CDCl3) δ 9.08 (bs, 2H, OH), 7.31 (d, J=2.4 Hz, 1H, Ar-H), 7.08 (d, J=2.5 

Hz, 1H, Ar-H), 7.03 (d, J=2.4 Hz, 1H, Ar-H), 6.94 (d, J=2.5 Hz, 1H, Ar-H), 3.74 (s, 2H, CH2), 

3.69 (s, 2H, CH2), 2.62 (m, 2H, CH2), 2.53 (m, 2H, CH2), 2.32 (s, 3H, ArCH3), 2.28 (s, 6H, 

ArCH3), 2.20 (s, 6H, ArCH3), 1.97 (s, 6H, N(CH3)2), 1.48 (sept, J=7.59 Hz, 3H, CH(CH3)2), 

1.30 (s, 9H, C(CH3)3), 1.28 (s, 9H, C(CH3)3), 1.05 (d, J=7.5 Hz, 18H, CH(CH3)2). 
13C NMR 

(101 MHz, CDCl3) δ 160.27 (Ar), 151.71 (Ar), 141.40 (Ar), 140.32 (Ar), 136.72 (Ar), 133.88 

(Ar), 133.82 (Ar), 132.84 (Ar), 132.16 (Ar), 129.81 (Ar), 127.73 (Ar), 126.34 (Ar), 121.65 (Ar), 

120.69 (Ar), 120.29 (Ar), 58.16 (CH2), 56.95 (CH2), 55.99 (CH2), 49.66 (CH2), 45.36 (N(CH3)2), 

34.16 (C(CH3)3), 34.07 (C(CH3)3), 31.86 (C(CH3)3), 19.27 (SiCH(CH3)2), 18.27 (ArCH3), 17.13 

(ArCH3), 16.85 (ArCH3), 11.96 (SiCH(CH3)2). HRMS (FAB+) calcd for C46H75N2O2Si 

(M+H)+: 715.5598. Found: 715.5579. 
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Preparation of 2.20. Proligand 2.17 (137 mg, 0.191 mmol, 1.0 equiv.) in toluene (3 

mL) was added to a stirring solution of ZrBn4 (87.3 mg, 0.192 mmol, 1.0 equiv.) in toluene (2 

mL). The reaction was stirred 3 h, in the dark, then volatiles removed in vacuo to afford a yellow 

solid. This was washed with 6 mL each of pentane and diethyl ether to afford the desired 

product (145 mg, 0.147 mmol, 76.7%). X-ray quality crystals were grown by slow evaporation 

of benzene at room temperature. 1H NMR (500 MHz, C6D6) δ 7.72 (s, 1H, Ar-H), 7.31 (s, 1H, 

Ar-H), 7.24 (t, J=7.2 Hz, 2H, Ar-H), 7.07 (d, J=6.6 Hz, 2H, Ar-H), 7.01-6.6.95 (m, 5H, Ar-

H), 6.85 (t, J=7.2 Hz, 2H, Ar-H), 6.64 (t, J=7.2 Hz, 1H, Ar-H), 3.82 (d, J=13.5 Hz, 1H, CH2), 

3.59 (d, J=13.5 Hz, 1H, CH2), 2.66 (d, J=13.5 Hz, 1H, CH2), 2.62 (s, 3H, ArCH3), 2.61 (d, 1H, 

CH2), 2.45 (s, 3H, ArCH3), 2.43 (d, 1H, CH2), 2.39 (d, J=10.1 Hz, 1H, CH2), 2.30 (s, 6H, 

ArCH3), 2.26 (d, J=9.8 Hz, 1H, CH2), 2.19 (d, J=9.8 Hz, 1H, CH2), 2.14-2.07 (m, 7H), 1.90 (br 

m, 1H), 1.51-1.41 (m, 16H), 1.36-1.33 (m, 27H), 1.25 (br m, 1H). 13C NMR (126 MHz, C6D6) 

δ 165.19 (Ar), 156.80 (Ar), 151.20 (Ar), 145.79 (Ar), 141.54 (Ar), 140.75 (Ar), 137.11 (Ar), 

135.45 (Ar), 133.96 (Ar), 133.73 (Ar), 132.85 (Ar), 132.34 (Ar), 130.79 (Ar), 130.67 (Ar), 129.02 

(Ar), 128.76 (Ar), 127.30 (Ar), 127.10 (Ar), 126.91 (Ar), 126.60 (Ar), 125.47 (Ar), 125.35 (Ar), 

124.78 (Ar), 122.36 (Ar), 122.00 (Ar), 120.18 (Ar), 67.38 (CH2), 66.03 (CH2), 64.98 (CH2), 64.43 

(CH2), 60.08 (CH2), 51.30 (CH2), 47.14 (CH2), 34.24 (C(CH3)3), 34.19 (C(CH3)3), 31.88 

(C(CH3)3), 20.33, 19.84, 19.40, 17.40, 16.98, 13.22 (SiCH(CH3)2). Anal. Calcd C60H86N2O2SiZr: 

C, 73.04; H, 8.79; N, 2.84. Found: C, 73.22; H, 8.96; N, 3.14. 

Synthesis of compound 2.2anth. The teraryl compounds was synthesized via a 

Negishi coupling using the same general procedure as for the synthesis of 2.2, vide supra. In the 

glove box, 2-bromo-4-tert-butylanisole (2.1) (19.72 g, 81.10 mmol, 1 equiv.) and 220 mL of 

THF were combined in a Schlenk tube and frozen in the cold well. tBuLi (100 mL, 170 mmol, 

1.7 M in pentane, 2.1 equiv.) was added to the top of the frozen solution and the resulting 
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solution allowed to stir, warming, for 1 h. ZnCl2 (7.76 g, 56.9 mmol, 0.7 equiv.) was added in 

several portions to the solution with an additional 80 mL THF and the reaction stirred 1 h. 

9,10-dibromoanthracene (12.402 g, 36.91 mmol, 0.45 equiv.), Pd(PPh3)4 (0.9412 g, 0.8145 

mmol, 0.01 equiv.), and 80 mL THF were added at room temperature. The Schlenk tube was 

sealed, brought out of the glovebox and heated to 70 oC for 7 days. The vessel was cooled to 

room temperature and quenched by addition of water. The resulting chunky suspension was 

filtered over silica with excess dichloromethane and volatiles removed under reduced pressure. 

The residue was taken up in fresh dichloromethane and washed with water and brine, dried 

with MgSO4, filtered, and evaporated to give a yellow solid. Precipitation from methanol 

afforded the desired product as a mixture of syn and anti atropisomers (10.89 g, 21.66 mmol, 

59 %). 1H NMR (300 MHz, CDCl3) δ 7.66 (m, 4H, anth-H), 7.54 (dd, J=8.4, 2.5 Hz, 2H Ar-

H), 7.39 (d, J=2.5 Hz, 2H, Ar-H), 7.31 (m, 4H, anth-H), 7.09 (d, J=8.7 Hz, 2H Ar-H), 3.64-

3.49 (6H, OCH3), 1.35-1.34 (18H, C(CH3)3). HRMS (FAB+) calcd for C36H38O2: 502.2872. 

Found: 502.2889. 

Synthesis of compound 2.3anth. An oven-dried 1 L Schlenk was assembled hot 

under flowing nitrogen and evacuated until cool to the touch. 2.2anth (3.606 g, 7.17 mmol, 1 

equiv.) was added under positive N2 flow and 180 mL dry DCM by cannula addition. The 

yellow solution was cooled to 0 oC with an ice-water bath and boron tribromide (3.5 mL, 36.3 

mmol, 5 equiv.) added by syringe over the course of several minutes. The resulting brown 

solution was stirred, warming, for 21 h then quenched by slow addition of water with rapid 

stirring. Organics were washed with water (2x) and brine, then dried with MgSO4, filtered, and 

evaporated. The crude mixture of atropisomers was purified by column chromatography in 5 

hexanes: 1 EtOAc : 1/2 DCM (v/v/v) to afford the anti atropisomer (RF ~ 0.5) further purified 
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by precipitation from methanol (0.758 g, 1.59 mmol, 22 %) and syn atropisomer (RF ~ 0.15, 

1.25 g, 2.64 mmol, 37 %).  HRMS (FAB+) calcd for C34H34O2: 474.2559. Found: 474.2544. 

Anti Atropisomer: 1H NMR (400 MHz, CDCl3) δ 7.80-7.77 (m, 4H, anthH), 7.54-7.52 (dd, J = 

2.1 Hz, J = 8.8 Hz, 2H, ArH), 7.46-7.44 (m, 4 H, anthH), 7.35 (d, J = 2.1 Hz, 2H, ArH), 7.13 

(d, J =  8.5 Hz, 2H, ArH), 4.48 (s, 2H, OH), 1.38 (s, 9H, C(CH3)3). 
13C NMR (101 MHz, 

CDCl3) δ 151.59, 143.77, 132.20, 130.96, 129.19, 126.92, 126.82, 126.45, 123.47, 34.47 

(C(CH3)3), 31.81 (C(CH3)3). 

Syn Atropisomer: 1H NMR (500 MHz, CDCl3) δ 7.81-7.79 (m, 4H, anthH), 7.55-7.53 (dd, J = 

2.4 Hz, J = 8.6 Hz, 4H, ArH), 7.48-7.46 (m, 4H, anthH), 7.33 (d, J = 2.4 Hz, 2H, ArH), 7.15 

(d, J = 8.6 Hz, 2H, ArH), 4.55 (s, 2H, OH), 1.38 (s, 9H, C(CH3)3). 
13C NMR (126 MHz, CDCl3) 

δ 151.44, 143.65, 132.26, 130.79, 129.22, 126.78, 126.69, 126.30, 123.35, 115.24, 34.32 

(C(CH3)3), 31.65 (C(CH3)3).  

Synthesis of compound 2.4anth. A Schlenk flask was charged with a stirbar, 2.3anth 

(3.734 g, 7.867 mmol, 1 equiv.), paraformaldehyde (0.994 g, 33.1 mmol, 4.2 equiv.), 24 mL 

glacial acetic acid, and 12 mL benzene. Anhydrous HBr (g) was bubbled through the resulting 

suspension, with rapid stirring, for 15 min. (Note: excess HBr (g) was bubbled through water 

and 1 M NaOH to neutralize.) The resulting brown solution was stirred 4 h, then diluted with 

hexanes and dichloromethane (ca. 2:1 v/v) and washed with water (2x) and brine, dried with 

MgSO4, filtered, and evaporated. Precipitation from hexanes afforded the desired product as 

an emerald green solid (3.38 g,  5.11 mmol, 65 %). 1H NMR (400 MHz, CDCl3) δ 7.76-7.73 

(m, 4 H, anthH), 7.56 (d, 2 H, ArH), 7.48-7.46 (m, 4 H, anthH), 7.30 (d, 2 H, ArH), 4.85 (bs, 

2 H, OH), 4.74 (s, 4 H, CH2Br), 1.36 (s, 18 H, C(CH3)3). 
13C{1H} NMR (101 MHz, CDCl3) δ 

149.79, 143.74, 131.76, 130.75, 130.08, 128.03, 126.61, 126.53, 124.11, 123.96, 34.35, 31.55, 

29.87. HRMS (FAB+) calcd for C36H36Br2O2: 660.1062. Found: 660.1069. 
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Preparation of 2.9. To a solution of 2.7 (1.539 g, 3.785 mmol, 2.5 equiv.), NEtiPr2 

(0.658 mL, 3.78 mmol, 2.5 equiv.) in THF (75 mL) at 0 oC, 2.4anth (1.008 g, 1.523 mmol, 1 

equiv.) in THF (40 mL) was added over the course of several minutes. The resulting red 

solution was stirred 3 h, warming, then volatiles were removed under reduced pressure. The 

residue was dissolved in DCM and washed with K2CO3 (2x), water, and brine, dried with 

MgSO4, filtered, and evaporated. Purification by column chromatography (3:2:1 

EtOAc:Hexanes:Benzene (v/v/v)) afforded the desired proligand as a tan solid (1.16 g, 0.886 

mmol, 58%). 1H NMR (400 MHz, CDCl3) δ 9.73 (br s, 4H, OH), 7.71-7.69 (m, 4H, anth-H), 

7.36 (d, J=2.8 Hz, 2H, Ar-H), 7.35 (d, J=2.8 Hz, 2H, Ar-H), 7.32-7.30 (m, 4H, anth-H), 7.26 

(d, J=2.3 Hz, 2H, Ar-H), 7.08 (d, J=2.8 Hz, 2H, Ar-H), 3.89 (s, 4H, Ar-CH2), 3.83 (s, 4H, Ar-

CH2), 2.74 (m, 4H, CH2), 2.59 (m, 4H, CH2), 2.13 (s, 12H, N(CH3)2), 1.42 (m, 6H, 

SiCH(CH3)2), 1.35 (s, 18H, C(CH3)3), 1.33 (s, 18H, C(CH3)3, 1.00 (d, J=7.5 Hz, 36 H, 

SiCH(CH3)2).
13C NMR (101 MHz, CDCl3) δ 160.51 (Ar), 152.66 (Ar), 141.79 (Ar), 140.25 (Ar), 

134.17 (Ar), 133.87 (Ar), 130.61 (Ar), 129.80 (Ar), 127.85 (Ar), 127.32 (Ar), 127.27 (Ar), 125.82 

(Ar), 124.96 (Ar), 122.41 (Ar), 121.03 (Ar), 120.31 (Ar), 57.72 (CH2), 56.82 (CH2), 55.47 (CH2), 

49.60 (CH2), 45.27 (N(CH3)2), 34.34 (C(CH3)3), 34.09 (C(CH3)3), 31.89 (C(CH3)3), 19.16 

(SiCH(CH3)2), 11.90 (SiCH(CH3)2). HRMS (FAB+) calcd for C84H127N4O4Si2: 1311.94. Found: 

1311.9396.  

Preparation of 2.12. A 20 mL scintillation vial was charged in the dark with a stirbar, 

ZrBn4 (113 mg, 0.248 mmol, 2 equiv.), and 3 mL toluene, and the solution was frozen in the 

glovebox cold well. A separate vial was charged with anthH4
SiiPr3-NMe2 (163 mg, 0.124 mmol, 

1 equiv.) dissolved in toluene (4 mL) and the solution frozen in the cold well. The thawing 

proligand solution was added to the top of the thawing ZrBn4 solution and the stirred, in the 

dark, warming, for 3 h. Volatiles were removed and the resulting yellow solid recrystallized by 
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pentane/benzene layering at room temperature to give the C2 symmetric complex as a yellow, 

crystalline solid (116 mg, 0.0626 mmol, 51%). X-ray quality crystals were grown by 

toluene/hexanes layering at -35 oC. 1H NMR (400 MHz, C6D6) δ 8.84 (d, J=8.5 Hz, 2H, 

anthH), 8.12 (d, J=9.1 Hz, 2H, anthH), 7.70-7.63 (m, 4H, Ar-H), 7.59 (t, J=7.1 Hz, 2 H, Ar-

H) 7.41 (t, J=7.1 Hz, 2H, Ar-H), 7.25 (d, J=2.3 Hz, 2H, Ar-H), 7.12 (d, J=2.3 Hz, 2H, Ar-H), 

6.99 (m, 10H), 6.83 (br m, 4H), 6.70 (m, 4H), 6.43 (br m, 2H), 4.07 (d, J=13.6 Hz, 2H, CH2), 

3.75 (d, J=12.4 Hz, 2H, CH2), 2.75 (d, J=12.4 Hz, 2H, CH2), 2.70 (d, J=13.2 Hz, 2H, CH2), 

2.39 (br m, 2H), 2.04-1.91 (m, 10H), 1.80 (br m, 2H), 1.67 (d, J=10.2 Hz, 4H, CH2), 1.60 (br 

m, 2H) 1.46 (d, J=7.52 Hz, 18H), 1.36 (s, 18H), 1.31 (m, 42H) 1.19 (br s, 6H), 1.08 (br m, 2H). 

13C{1H} NMR (101 MHz, C6D6) δ 165.50 (Ar), 157.91 (Ar), 153.07 (Ar), 143.63 (Ar), 141.53 

(Ar), 140.60 (Ar), 136.22 (Ar), 135.40 (Ar), 133.09 (Ar), 131.69 (Ar), 131.12 (Ar), 130.29 (Ar), 

129.88 (Ar), 129.34 (Ar), 128.60 (Ar), 127.23 (Ar), 126.67 (Ar), 126.33 (Ar), 126.25 (Ar), 125.71 

(Ar), 125.58 (Ar), 124.71 (Ar), 122.41 (Ar), 121.59 (Ar), 119.85 (Ar), 68.12 (CH2), 64.86 (CH2), 

63.92 (CH2), 63.73 (CH2), 60.15 (CH2), 51.37, 34.36 (C(CH3)3), 34.19 (C(CH3)3), 31.90 

(C(CH3)3), 31.83, 22.75, 20.25, 19.76, 14.31, 13.02. Anal. Calcd C112H150N4O4Si2Zr2: C, 72.52; 

H, 8.15; N, 3.02. Found: C, 72.18; H, 8.35; N, 3.05. 

Synthesis of compound 2.14anth. In the glove box, 2.13 (4.592 g, 16.81 mmol, 1 

equiv.) and 30 mL THF were combined in a Schlenk tube and frozen in the cold well. tBuLi 

(21.0 mL, 35.7 mmol, 1.7 M in pentane, 2.1 equiv.) was added to the top of the frozen solution 

and the resulting solution allowed to stir, warming, for 30 min. ZnCl2 (1.708 g, 12.53 mmol, 

0.7 equiv.) was added in several portions to the solution with an additional 20 mL THF and 

the reaction stirred 1 h. 9-bromo-10-methylanthracene (3.671 g, 13.54 mmol, 0.8 equiv.), 

Pd(PPh3)4 (0.251 g, 0.217 mmol, 0.01 equiv.), and 20 mL THF were added at room 

temperature. The Schlenk tube was sealed, brought out of the glovebox and heated to 70 oC 



45 
 

for 36 h. The reaction was cooled to room temperature and quenched by addition of water. 

The resulting chunky suspension was filtered over silica with excess dichloromethane and 

volatiles removed under reduced pressure. The residue was taken up in fresh dichloromethane 

and washed with water and brine, dried with MgSO4, filtered, and evaporated to give a yellow 

solid. Precipitation from methanol afforded the desired product as a yellow solid in ca. 85 % 

NMR purity (3.38 g, 8.78 mmol, 65 %). 1H NMR (300 MHz, CDCl3) δ 8.35 (d, J=8.7 Hz, 2H, 

anthH), 7.66 (d, J=8.6 Hz, 2H, anthH), 7.52-7.48 (m, 3H, ArH), 7.37-7.28 (m, 6H, ArH), 4.87 

(s, 2H, OCH2OCH3), 3.18 (s, 3H, anthCH3), 3.03 (s, 3H, OCH2OCH3), 1.33 (s, C(CH3)3). 
13C 

NMR (101 MHz, CDCl3) δ 153.22, 144.74, 132.98, 130.29, 130.15, 129.82, 128.16, 127.71, 

125.73, 124.94, 124.73, 124.65, 114.61, 94.22, 55.76, 34.31, 31.58. HRMS (FAB+) calcd for 

C27H29O2 (M+H)+: 385.2168. Found: 385.2155. 

Synthesis of compound 2.15anth. A round bottom was charged with a stirbar, 

2.14anth (2.97 g, 7.72 mmol, 1 equiv.), 62 mL MeOH, and concentrated HCl (10 mL, 14 

equiv.) and heated to 65 oC for 8 h. The resulting suspension was concentrated then taken up 

in DCM and washed with water (2x) and brine, dried with MgSO4, filtered, and evaporated. 

Purification by column chromatography in 10 % benzene in hexanes afforded the desired 

product as an off-white solid (1.43 g, 4.21 mmol, 55 %).  

Synthesis of compound 2.16anth. A Schlenk flask was charged with a stirbar, 

2.15anth (1.78 g, 5.23 mmol, 1 equiv.), paraformaldehyde (0.20 g, 6.5 mmol, 1.25 equiv.), 24 

mL glacial acetic acid, and 12 mL benzene. Anhydrous HBr (g) was bubbled through the 

resulting suspension, with rapid stirring, for 15 min. (Note: excess HBr (g) was bubbled 

through water and 1 M NaOH to neutralize.) The resulting brown solution was stirred 4 h, 

then diluted with hexanes and dichloromethane and washed with water (2x) and brine, dried 

with MgSO4, filtered, and evaporated to afford the crude product as an emerald green solid 
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(2.15 g, 4.96 mmol, 95 %) which was used for subsequent reactions without further 

purification.  

Preparation of 2.18. To a solution of 2.16anth (2.384 g, 5.861 mmol, 1.25 equiv.) and 

NEtiPr2 (1.02 mL, 5.86 mmol, 1.25 equiv.) in THF (150 mL) at 0 oC, 2.7 (2.035 g, 4.695 mmol, 

1 equiv.) in THF (100 mL) was added over the course of several minutes. The resulting red 

solution was stirred 3 h, warming, then volatiles were removed under reduced pressure. The 

residue was taken up in DCM and washed with K2CO3 (2x), water, and brine, then dried with 

MgSO4, filtered, and evaporated. Purification by column chromatography (3:1 

EtOAc:Hexanes (v/v)) and lyophilization from benzene afforded the desired proligand as a 

tan solid (1.233 g, 1.624 mmol, 35%). 1H NMR (500 MHz, CDCl3) δ 9.81 (br s, 2H, OH), 8.36 

(d, J=8.7 Hz, 2H, anth-H), 7.66 (d, J=8.7 Hz, 2H, anth-H), 7.50 (dd, 2H, anth-H), 7.31 (m, 

4H, anth-H and Ar-H), 7.20 (d, J=2.4 Hz, 1H, Ar-H), 7.06 (d, J=2.5 Hz, 1H, Ar-H), 3.84 (s, 

2H, ArCH2), 3.76 (s, 2H, ArCH2), 3.19 (s, 3H, anthCH3), 2.70 (m, 2H, CH2), 2.55 (m, 2H, 

CH2), 2.07 (s, 6H, N(CH3)2), 1.37 (m, 3H, SiCH(CH3)2), 1.33 (s, 9H, C(CH3)3), 1.31 (s, 9H, 

C(CH3)3), 0.93 (d, 18H, J=7.5 Hz, SiCH(CH3)2). 
13C NMR (126 MHz, CDCl3) δ 160.29 (Ar), 

153.04 (Ar), 141.54 (Ar), 140.20 (Ar), 134.00 (Ar), 133.37 (Ar), 130.49 (Ar), 130.09 (Ar), 129.84 

(Ar), 129.76 (Ar), 128.54 (Ar), 128.13 (Ar), 128.03 (Ar), 126.99 (Ar), 126.01 (Ar), 124.96 (Ar), 

124.77 (Ar), 124.57 (Ar), 122.22 (Ar), 121.31 (Ar), 120.19 (Ar), 57.28 (CH2), 56.74 (CH2), 56.26 

(CH2), 49.44 (CH2), 45.16 (N(CH3)2), 34.28 (C(CH3)3), 34.06 (C(CH3)3), 31.89 (C(CH3)3), 19.09 

(SiCH(CH3)2), 14.41 (anthCH3), 11.85 (SiCH(CH3)2). HRMS (FAB+) calcd for C50H71SiN2O2 

(M+H)+: 759.5285. Found: 759.5264. 

Preparation of 2.21. Proligand 2.18 (200.0 mg, 0.2634 mmol, 1 equiv.) in 4 mL toluene 

was added to the top of a stirred solution of ZrBn4 (119.9 mg, 0.2631 mmol, 1 equiv.) in 3 mL 

toluene and stirred 3 h, dark. Volatiles were removed in vacuo and the resulting yellow solid 
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washed with pentane and ether to afford the desired complex (140 mg, 0.136 mmol, 52%). 1H 

NMR (500 MHz, C6D6) δ 8.44 (d, J=9.1 Hz, 1H, anth-H), 8.41 (d, J=9.1 Hz, 1H, anth-H), 

8.33 (d, J=9.1 Hz, 1H, anth-H), 8.00 (d, J=9.0 Hz, 1H, anth-H), 7.69 (d, J=2.4 Hz, 1H, Ar-H), 

7.57 (d, J=2.2 Hz, 1H, Ar-H), 7.51 (m, 2H, anth-H), 7.38 (m, 1H, anth-H), 7.22 (m, 2H, Ar-

H), 7.12 (d, J=2.2 Hz, 1H, Ar-H), 6.97-6.93 (m, 4H, Ar-H), 6.89-6.83 (m, 3H, Ar-H), 6.70 (m, 

1H, anth-H), 6.13 (d, J=6.9 Hz, 2H, Ar-H), 4.01 (d, J=13.3 Hz, 1H, CH2), 3.46 (d, J=13.3 Hz, 

1H, CH2), 2.99 (s, 3H, anthCH3), 2.70 (2d, J=13.3 Hz, 2H, CH2), 2.30 (br m, 1H, CH2), 2.11 

(d, J=10.2 Hz, 1H, CH2), 2.00-1.89 (m, 5H), 1.53 (m, 1H, CH2), 1.49 (d, J=9.3 Hz, 1H, CH2), 

1.46 (d, J=9.3 Hz, 1H, CH2), 1.41-1.36 (m, 18 H), 1.32-1.26 (m, 25H). 13C NMR (126 MHz, 

C6D6) δ 165.30 (Ar), 157.86 (Ar), 151.74 (Ar), 143.57 (Ar), 141.82 (Ar), 140.66 (Ar), 135.41 

(Ar), 134.20 (Ar), 131.49 (Ar), 131.41 (Ar), 130.95 (Ar), 130.75 (Ar), 130.58 (Ar), 129.01 (Ar), 

126.96 (Ar), 126.77 (Ar), 126.50 (Ar), 126.21 (Ar), 125.98 (Ar), 125.91 (Ar), 125.79 (Ar), 125.37 

(Ar), 124.77 (Ar), 124.68 (Ar), 124.08 (Ar), 122.64 (Ar), 121.86 (Ar), 120.00 (Ar), 66.14 (CH2), 

65.07 (CH2), 64.61 (CH2), 64.19 (CH2), 60.09 (CH2), 51.64, 47.47, 34.33, 34.18, 31.86, 20.19, 

19.70, 14.31, 13.06. Anal. Calcd C64H82N2O2SiZr: C, 74.58; H, 8.02; N, 2.72. Found: C, 74.25; 

H, 8.17; N, 2.64. 

 Synthesis of 2.19. To a solution of 2.7 (1.173 g, 2.844 mmol, 1 equiv.) and NEt iPr2 

(0.51 mL, 2.9 mmol, 1.25 equiv.) in THF (86 mL) at 0 oC, 2.16tBu (0.577 g, 1.93 mmol, 1 

equiv.) in THF (38 mL) was added in 2 mL portions. The reaction was stirred, warming 

over 3 h then volatiles removed under reduced pressure. The residue was taken up in 

DCM and washed with K2CO3 (2x) and brine. The combined organics were dried with 

MgSO4, filtered, and evaporated to afford the crude product which was further purified 

by column chromatography in 10:1 Hexanes:EtOAc (v/v) (1.021 g, 1.633 mmol, 85%). 

1H NMR (500 MHz, CDCl3) δ 10.36 (br s, 1H, OH), 9.43 (br s, 1H OH), 7.38 (d, 1H, 
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ArH), 7.21 (d, 1H, ArH), 7.06 (d, 1H, ArH), 6.90 (d, 1H, ArH), 3.73 (s, 2H, ArCH2), 3.57 

(s, 2H, ArCH2), 2.60 (br m, 4H, CH2), 2.32 (s, 6H, N(CH3)2), 1.53 (sep, 3H, CH(CH3)2), 

1.37 (s, 9H, C(CH3)3), 1.32 (s, 9H, C(CH3)3), 1.30 (s, 9H, C(CH3)3), 1.15 (d, 18H, 

CH(CH3)2). 
13C NMR (126 MHz, CDCl3) δ 160.29, 153.32, 140.50, 139.85, 135.83, 134.29, 

128.61, 124.45, 123.26, 121.68, 121.38, 120.14, 58.09, 56.14, 56.06, 49.23, 44.93, 35.00, 

34.25, 33.97, 31.85, 30.49, 29.61, 19.27, 11.96. HRMS (FAB+) calcd for C 39H69O2N2Si 

(M+H)+: 625.5128. Found: 625.5107. 

 Synthesis of 2.22. A 20 mL scintillation vial was charged with a stirbar, zirconium 

tetrabenzyl (62.0 mg, 0.136 mmol, 1.0 equiv.), and toluene (1.5 mL). The proligand 2.19 

(84.7 mg, 0.136 mmol, 1.0 equiv.) in toluene (2) was added over several minutes then the 

reaction stirred for 3 hours in the dark. Volatiles were removed en vacuo and the residue 

fractionated between pentane (6 mL) and ether (6 mL). The desired complex was isolated 

in as a bright yellow solid from the ether fraction (68.8 mg, 0.0767 mmol, 56 %). 1H NMR 

(500 MHz, C6D6) δ 7.76 (d, 1H, ArH), 7.67 (d, 2H, ArH), 7.61 (d, 1H, ArH), 7.39 (t, 2H, 

ArH), 7.09 (d, 1H, ArH), 7.03 (t, 1H, ArH), 6.98 (d, 2H, ArH), 6.91 (d, 1H, ArH), 6.74 (t, 

2H, ArH), 6.56 (t, 1H, ArH), 3.83 (d, 1H, ArCH2), 3.04 (d, 1H, ArCH2), 2.84 (d, 1H, 

ArCH2), 2.78 (d, 1H, ArCH2), 2.60 (d, 1H, ArCH2), 2.58 – 2.51 (m, 2H, ArCH2), 2.47 (d, 

1H, ArCH2), 2.19 (sep, 3H, CH(CH3)3), 1.83 (s, 9H), 1.54 (m, 13H), 1.47 (s, 4H), 1.42 – 

1.34 (m, 29H). 13C{1H} NMR (126 MHz, C6D6) δ 164.71, 157.51, 148.85, 147.33, 140.93, 

140.57, 136.21, 134.99, 126.87, 125.44, 124.49, 124.36, 124.28, 121.92, 121.76, 120.05, 

68.83, 66.25, 64.92, 64.35, 59.72, 50.67, 36.54, 35.34, 34.03, 33.81, 31.52, 30.46, 19.95, 

19.43, 12.92. Anal. Calcd C53H80N2O2SiZr: C, 71.00; H, 8.99; N, 3.12. Found: C, 70.92; 

H, 9.18; N, 3.20. 
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General procedure for 1-hexene polymerization. In the glovebox, a Schlenk tube 

was charged with a stirbar, 1-hexene (2.5 mL, 20.0 mmol, 5000 equiv.), 1.5 mL PhCl, and Zr 

catalyst (4.0 μmol, 1 equiv.) in 0.5 mL PhCl. [CPh3][B(C6F5)4] (3.7 mg, 4.0 μmol) in 0.5 mL 

PhCl was added and the reaction stirred 10 min then quenched by addition of 0.5 mL MeOH 

in 5 mL hexanes. In the case of dried MAO and the anilinium activator, a Schlenk tube was 

charged with a stirbar, 1-hexene (2.5 mL, 20.0 mmol, 5000 equiv.), 2.0 mL PhCl, and dried 

MAO (58.0 mg, 1.00 mmol, 250 equiv.) or [HNMe2Ph][B(C6F5)] (3.2 mg, 4.0 µmol), then the 

Zr catalyst (4.0 µmol, 1 equiv.) in 0.5 PhCl was added and the reaction stirred 10 min. before 

quench by addition of 0.5 mL MeOH in 5 mL hexanes. (Note: MAO was purchased from 

Albemarle and volatiles were removed first at room temperature and then under high vacuum 

at 110 oC for 12 h.) Volatiles were removed under reduced pressure and the resulting highly 

viscous oil was dried in a vacuum oven at 150 oC for 10 h. 13C{1H} NMR were a acquired in 

CDCl3 on a 500 MHz instrument and samples were prepared using ca. 50 mg of isolated 

polymer. Integration of the C3 signal was used to determine the % mmmm where the region of 

δ 35.1 – 34.58 was assigned to the mmmm pentad and the region of δ 34.58 – 33.1 was assigned 

to the remaining pentads17. 

General procedure for ethylene and propylene homo- and copolymerizations. 

Ethylene and propylene homopolymerizations were carried out in a 250 mL Büchi glass 

autoclave using an Imtech (Netherlands) laboratory-scale reactor system. The reactor was 

heated to 120 oC and was purged several times with Ar to remove air and moisture. It was 

then cooled to 60 oC under Ar and charged with 85 mL toluene, 2.5 mL (10.0 mmol, 1000 

equiv.) MAO and 0.01 mmol Zr catalyst in 2 mL toluene.  The reactor was pressurized to 5 

bar with ethylene or propylene and maintained at that pressure for 1 h. For ethylene-propylene 

copolymerizations the pressure was maintained at 5 bar using an ethylene-propylene feed with 
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a ratio of 2:3 flow ratio. Gas consumption was measured by a mass flow controller (Brooks 

Instrument). After 1 h the reactor was degassed and quenched by addition of 30 mL 5% 

HCl/MeOH. The polymer was isolated by filtration, washed with fresh methanol and dried 

under high vacuum. 

General procedure for the copolymerization of ethylene with 1-hexene and 1-

tetradecene. The polymerizations were carried out in a 250 mL Büchi glass autoclave using 

an Imtech (Netherlands) laboratory-scale reactor system. The reactor was prepared in the same 

manner as for homopolymerizations, however, it was charged with 65 mL toluene, 20 mL 

comonomer, 2.5 mL MAO (10.0 mmol, 1000 equiv.), and 0.01 mmol Zr catalyst in 2 mL 

toluene and run at 3 bar ethylene pressure. 

GPC Analysis. Gel permeation chromatographic analyses of ethylene and propylene 

homo- and copolymers were performed at 160 oC using a PL-GPC 220 (Agilent Technologies) 

equipped with two PLgel Olexis 300 x 7.5 mm columns. BHT (0.0125 wt%) was added to 

1,2,4-trichlorobenzene to prevent polymer sample degradation. A sample solution of 5 mg/1.5 

mL (w/v) was prepared at 140 oC in the prepared solvent and 100 μL was injected into the 

GPC columns. Chromatogram data was analyzed using the Cirrus software, which was 

calibrated using polystyrene standards. The polystyrene-based calibration curve was converted 

into the universal one using the Mark-Houwink constants of polystyrene (K = 0.000121 dL/g 

and α = 0.707) and polyethylene (K = 0.000406 dL/g and α = 0.725)17. 

Differential Scanning Calorimetry Analysis. Differential scanning calorimetric 

(DSC) analysis was performed using a DSC Q2000 (TA Instruments). The temperature and 

heat flow of the apparatus were calibrated with an indium standard. Polymer samples were 

first equilibrated at 25 oC, followed by heating from 25 oC to 200 oC at a rate of 10 oC/min 

under N2 flow (5 mL/min). This temperature was maintained for 5 min then samples were 
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cooled to 25 oC at a rate of 10 oC/min. This temperature was maintained for 5 min and then 

samples were reheated to 200 oC at a rate of 10 oC/min. The melting temperature (Tm) was 

determined from the second heating scan. The percent crystallinity was calculated from ΔHf
 

(J/g)/ΔHstd (J/g), where ΔHstd is the heat of fusion for a perfectly crystalline polyethylene; this 

equals to 290.0 J/g18. 

Polymer NMR Characterization. NMR spectra of ethylene-α-olefin copolymers 

and propylene homopolymers were acquired in C2D2Cl4 on a Varian Inova 500 at 130 oC 

following a 10 min temperature equilibration period. 13C NMR spectra were integrated 

and the percent incorporation calculated based on literature assignments.19,20 

Crystal Refinement Details. Crystals were mounted on a glass fiber or MiTeGen 

loop using Paratone oil, then placed on the diffractometer under a nit rogen stream. 

Diffractometer manipulations, including data collection, integration, and scaling were 

performed using the Bruker APEXII software.28 Absorption corrections were applied 

using SADABS or TWINABS (2.12).29 Space groups were determined on the basis of 

systematic absences and intensity statistics and the structures were solved in the Olex 2 

software interface30 by intrinsic phasing using XT (incorporated into SHELXTL) 31 and 

refined by full-matrix least squares on F2 . All non-hydrogen atoms were refined using 

anisotropic displacement parameters. Hydrogen atoms were placed in the idealized 

positions and refined using a riding model. Graphical representation of structures with 

50% probability thermal ellipsoids were generated using Diamond 3 visualiza tion 

software.32 2.20 had disorder associated with one tert-butyl group and the ethylene 

diamine group and both sets of disorder were both modeled in two parts. 2.11 was treated 

as a racemic twin and electron density corresponding to co-crystallized solvent was 

observed in the lattice. As these could not be satisfactorily modeled, the SQUEEZE 
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protocol contained with the program PLATON33 was used to generate a bulk solvent 

correction to the observed intensities. Both tert-butyl groups, the ethylene dimethylamine 

group, and one benzyl group were modeled in two parts and restraints were used to bring 

the displacement parameters of these groups to acceptable sizes. 2.12 was integrated as a 

50-50 twin and the co-crystallized toluene molecules were modeled in two parts and 

constrained to bring the displacement parameters to acceptable sizes. The disordered 

benzyl group was modeled in two parts and restraints were used to bring displacement 

parameters to acceptable sizes. 
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Table 2.5. Crystal and refinement data for 2.11, 2.12, and 2.20 

 2.20 2.11 2.12 

CCDC Number 1529995 1529994 1529996 

Empirical formula C69H95N2O2SiZr C108H154N4O4Si2Zr2 C126H166N4O4Si2Zr2 

Formula weight 1103.77 1810.96 2039.26 

T (K) 100.01 99.98 100 

a, Å 9.0866(14) 15.1120(6) 15.3649(10) 

b, Å 11.0615(17) 22.3907(10) 18.5121(12 

c, Å 32.200(5) 34.1289(16) 22.6331(15) 

α, o 86.076(3) 90 75.488(4) 

β, o 89.449(4) 90 73.031(4) 

γ, o 77.974(3) 90 73.114(4) 

Volume, Å3 3158.0(8) 11548.1(9) 5794.4(7) 

Z 2 4 2 

Crystal system triclinic orthorhombic triclinic 

Space group P-1 I222 P-1 

dcalc, g/cm3 1.161 1.042  1.160 

θ range, o 3.774 to 73.662 2.360 to 79.497 2.85 to 50.802 

µ, mm-1 0.237 2.018 0.252 

Abs. Correction Semi-empirical Semi-empirical Semi-empirical 

GOF 1.042 1.053 1.033 

R1,
 a wR2 

b [I>2 

(I)] 

0.0446, 0.1021 0.0455, 0.1055  0.0470, 0.0992 

Radiation Type Mo Kα Cu Kα Mo Kα 

a R1 = ∑||Fo| - |Fc||/∑|Fo|. b wR2 = [∑[w(Fo
 2 -Fc

 2 ) 2 ]/∑[w(Fo
 2 ) 2 ] 1/2 . 
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CHAPTER 3 
 

EARLY METAL DI(PYRIDYL) PYRROLIDE COMPLEXES WITH SECOND COORDINATION 

SPHERE ARENE-PI INTERACTIONS: SUBSTRATE BINDING AND ETHYLENE 

POLYMERIZATION 
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ABSTRACT   

Early metal complexes supported by hemilabile, monoanionic di(pyridyl)pyrrolide ligands 

substituted with mesityl and anthracenyl groups were synthesized in order to probe the 

use of π-π interactions as a means of allosteric control in coordination chemistry, 

substrate activation, and olefin polymerization. Yttrium alkyl, indolide, and amide 

complexes were prepared and structurally characterized; close contacts between the 

anthracenyl substituents and Y-bound ligands are observed in the solid state. Titanium, 

zirconium, and hafnium tris(dimethylamido) complexes were synthesized and their 

ethylene polymerization activity tested. In the solid state structure of one of the Ti 

tris(dimethylamido) complexes, coordination of Ti to only one of the pyridine donors is 

observed. 
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INTRODUCTION  

The use of secondary coordination sphere interactions in transition metal ancillary ligand 

design has recently emerged as a powerful strategy to modulate the behavior of the 

resulting complexes and catalysts.1 Incorporation of hydrogen bond donor groups has 

been reported to support metal oxo and hydroxo (3.A),1a, 1b, 2 nitrite activation,3 CO2 

reduction,4 and other reactivity.5 Ligands appended with Lewis acidic moieties have also 

been reported to promote hydrazine bonding at Fe,6 reductive CO coupling (3.B),7 

selective alkyne hydrogenation,8 and other small molecule activation.9 Lewis base 

incorporation into the secondary-coordination sphere of Fe complexes for N2 reduction,10 

Ni catalysts for proton reduction (3.C),11 and Co water oxidation catalysts12 has reported 

to change catalyst selectivity activity. Finally, use of the combination of pendant Lewis 

acids and Lewis bases has been reported as a strategy for stabilization of hydrazine 

binding at V (3.D).13 

 

Figure 3.1. Examples of ligands incorporating secondary coordination sphere effects . 

 

 One type of potential interaction which has been under-explored in the literature 

is the use of π-π interactions through incorporation of pendant π systems into the ancillary 

ligands.14 Terpyridine (terpy) ligands are an example of a ligand framework in which 

incorporation of such motifs can lead to π-π interactions with additional ligands (Figure 

3.2). Lehn and coworkers have demonstrated that incorporation of pyrene groups into 
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the terpy ligand results in formation, upon metal binding, of heteroligated Zn complex 

3.E which displays average distances of 3.50 Å between the pyrene units and the other 

terpy ligand15 and homoligated Cu complex 3.F displaying average distances of 3.50 Å 

between the pyrene units and the plane of the terpy backbone. 16 Chan and coworkers 

have also demonstrated that incorporation of both 2,6-dimethoxyphenyl, 3.G, and 

anthracenyl, 3.H, groups on to the terpy backbone can be used to selectively prepare the 

heteroligated complexes as a consequence of the favorable electronics of π -stacking in 

these cases.17 Despite these and other18 examples of arene-appended terpy ligands 

displaying favorable π-π interactions in the solid state, monoligated complexes, in the 

absence of additional ligands bearing extended π-systems, do not display parallel aryl 

substituents in the solid state19 as a consequence of the central six-membered pyridine 

donor. 

Figure 3.2. Examples of terpyridine-supported complexes displaying π-π interactions in 

the solid state 

 

 The use of di(pyridyl) ligands bearing a central five-membered substituent was 

hypothesized to enhance the ability of flanking aryl substituents to interact with incoming 

substrates in directed X-H bond activation and olefin polymerization (Figure 3.3). The 

di(pyridyl) pyrrolide (DPP) backbone, in particular, was thought to be suitable for 
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supported early transition metal complexes as a consequence of its monoanionic charge. 

Furthermore, Zr complexes of the related bis(imino) pyrrolide ligand have been 

previously shown to be competent for ethylene polymerization.20 Unsubstituted (dpp) 

ligands have received attention in the literature as ligands for Ag,21 Cu,21-22, Fe,23 Co,24 

Ru,25 and Pd;25a, 26 however, only those bearing phenyl and 2-thienyl substituents, 3.I 

(Figure 3.3)27 have been reported where the DPP substituents could interact with the π-

systems of incoming substrates. Such interactions are not observed between the phenyl 

and 2-thienyl substituents and the in the solid-state structures of 3.I. 

 Herein we report a series of Al, Y, Ti, Zr, and Hf complexes supported by arene-

appended di(pyridyl)pyrrolide ligands which display C-H-π, Cl-π, and π-π interactions in 

the solid state. Furthermore, the reactivity of the Ti, Zr, and Hf complexes in ethylene 

polymerization upon activation with AlMe3 and [CPh3][B(C6F5)4]  is reported. 

 

Figure 3.3. Di(pyridyl)pyrrolide ligands bearing flanking aryl groups for  π-π interaction 

with substrates 
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RESULTS AND DISCUSSION   

Aryl-substituted dipyridyl pyrrole proligands were synthesized in three steps from 2,6 -

dibromopyridine as shown in Scheme 3.1. Initial lithiation of 2,6-dibromopyridine (3.1) 

followed by quench with N,N,N’,N’-tetramethylsuccinamide (3.2) affords the diketone 

3.3, which can be cyclized in the presence of aqueous ammonia to afford the dipyridyl 

pyrrole backbone, (DPPBr)H (3.4).28 The 10-tri(iso-propyl)silylethynyl-substituted 9-

bromoanthracene (3.8) was prepared by the Corey-Fuchs reaction of 9-bromo,10-

anthracenecarboxaldehyde as previously reported by Argouarch and coworkers  (Scheme 

3.2).29 Lithiation of 3.8, quench with trimethylborate, and acidic workup affords the 

boronic acid which was converted to methyl ester 3.9 upon purification by column 

chromatography. 2-mesitylboronic acid and 9-anthracenylboronic acid were synthesized 

according to the literature.30 Suzuki coupling of 3.4 with the corresponding boronic acid 

or boronic ester affords the aryl-substituted proligands 3.10, 3.11, and 3.12 which were 

isolated in good yields following purification by column chromatography and/or 

precipitation. The syntheses of 3.11 and 3.12 were initially developed by Dr. Gyeongshin 

Choi, however, further optimization was performed to allow them to be isolated in higher 

yields and purity. 
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Scheme 3.1. Preparation of aryl-substituted di(pyridyl) pyrrole proligands through Suzuki 

coupling of the corresponding aryl boronic acid or ester with the previously -reported 

(DPPBr2)H.28 

 

Scheme 3.2. Preparation of tri-iso-propylsilylethynyl substituted anthracene boronic ester 

from the corresponding aryl bromide, prepared according to the synthesis of Argouarch 

and coworkers.29 

 



64 
 

 Yttrium bis(tetramethyldisilylazide) complexes were prepared by reaction of the 

protonated pyrrole proligands with Y(N(SiMe2H)2)3(THF) in C6H6 at elevated 

temperatures (Scheme 3.3). In situ monitoring of these reactions indicated interaction of 

the proligands with the Y precursor upon mixing at room temperature; however, release 

of HN(SiMe2H)2 was not observed except upon heating. The NMR spectra of 3.13 and 

3.14 both feature a single set of pyridine DPP and N(SiMe2H)2 resonances, consistent 

with fast exchange of the SiMe2H groups. Such exchange could occur through direct 

rotation about the Y-N(SiMe2H)2 bond or upon dissociation of a pyridine donor. In 

comparison with 3.13, 3.14 features an upfield-shifted Si-H resonance by 3.7 ppm and an 

upfield-shifted Si-CH3 resonance by 0.48 ppm, consistent with increased shielding by the 

more extended π-system of the anthracenyl substituent.31 X-Ray quality crystals of 3.14 

were obtained by slow cooling of a saturated benzene solution (Figure 3.4). Crystals with 

two unit cells were observed from the same crystallization, however, initial solutions 

indicated formation of similar trigonal bipyramidal C2V complexes (τ5 = 0.01 to 0.05).32 

Two molecules of 3.14 are observed in the asymmetric unit of the higher-quality structure; 

in both Y is located near equidistant to the pyridine donors, with Y-N(Py) distances in 

the range of 2.643(4) to 2.706(3) Å and Y-N(pyrrole) distances in the range of 2.245(3) 

to 2.266(3) Å. Angles of 33.4 and 31.4 o are observed between the anthracenyl groups; 

such distortion is likely a consequence of the size of the tetramethyldisilylazide groups.  
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Scheme 3.3. Preparation of bis(tetramethyldisilylazide)yttrium complexes supported by 

the dipyridylpyrrolide ligand and subsequent DPP transmetallation upon treatment with 

AlR3. 
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Figure 3.4. Solid-state structure of 3.14. Hydrogen atoms and solvent of crystallization 

are omitted for clarity. The major populations of the disordered tetramethyldisilylazide 

groups are shown for clarity. 
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 While treatment of 3.13 with PhSiH3 did not result in any reaction by NMR, 

treatment with AlMe3 or AlEt3 lead to formation of a new metal-alkyl containing species. 

The product of the reaction of 3.13 with AlEt3 was identified as the four-coordinate 

diethylaluminum complex 3.16 (τ4 = 0.88; Figure 3.5)33 by X-ray crystallography and 

independent synthesis. A distance of 2.8848(18) Å from Al(1) to N(3) of the free pyridine 

is observed, which is within the sum of van der Waals radii (3.91 Å).34  Comparison of 

the 1H NMR spectra of the products 4 with AlMe3 and AlEt3 with the products of the 

reactions of 2 with AlMe3 and AlEt3 indicate formation of the same species in both 

reactions (Figures F3.13 and F3.14). Such ancillary ligand transmetalation from Y to Al 

has been observed in a number of other systems including in iminopyrrolide complexes. 35 
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Figure 3.5. Solid-state structure of 3.16. Hydrogen atoms are omitted for clarity. 
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 Reaction of 3.12 with Y(CH2SiMe3)3(THF)2 in thawing hexanes over 40 minutes 

affords a red-brown species with NMR features consistent with C2V Y(CH2SiMe3)2(THF) 

complex 3.18. An upfield-shifted doublet is observed in the 1H NMR at -2.33 ppm (2JYH 

= 2.4 Hz) which is assigned to the four methylene protons of the CH2SiMe3 groups; the 

CH2SiMe3 resonance is observed at 29.41 ppm (1JYC = 31.0 Hz) in the 13C NMR. The 

bound THF has 1H resonances between 1.35 and 1.16 ppm and broad 13C resonances at 

71.19 and 24.50 ppm. X-ray quality crystals were grown by slow evaporation of a pentane 

solution of the complex at -35 oC (Figure 3.6). The DPP ligand binds meridonally with a 

short Y-N(pyrrolide) distance of 2.2585(22) Å and two long Y-N(pyr) distances of 

2.5914(24) and 2.5626(22) Å.  The two CH2SiMe3 groups are located trans to one another 

and the coordination sphere is filled with a THF bound between the two anthracenyl 

substituents. Distances of 3.64 and 3.46 Å are observed between the oxygen of the bound 

THF and the planes of the two anthracenyl substituents, consistent with C-H-π 

interactions between the THF and the ligand substituents.  
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Scheme 3.4. Synthesis and reactivity of (dialkyl)yttrium complex 3.18. 
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Figure 3.6. Solid-state structure of 3.18. Hydrogen atoms are omitted for clarity. 
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 Reaction of 3.18 with a variety of aromatic substrates including phenanthrene, 

2,3,4,5,6-pentafluorophenyltoluene, and 1-methylnaphthalene was attempted; however, 

the same mixture of Y-containing products was observed from each of these reactions 

due to facile fast ligand activation. While heating 3.18 to 70oC for 72 h in non-

coordinating solvents results in loss of all Y(CH2SiMe3) resonances and release of two 

equivalents of SiMe4, over shorter periods of time a species is formed with concomitant 

release of THF and one equivalent of SiMe4 (Figure F3.21). This initially formed species 

features a set of two doublets of doublets centered at -2.07 and -2.53 ppm (1JHH = 11.6 

Hz, 2JYH = 3.3 Hz) corresponding to a species bearing a single CH2SiMe3 group with loss 

of symmetry between the two pyridine donors. While structural characterization of this 

complex could not be obtained, CD3OD quench of this species lead to incorporation of 

deuterium into one of the anthracenyl ligand substituents (3.12-D, Scheme 3, Figure 

F3.22), indicating cyclometallation at one of these positions leads to formation of this 

initial decomposition product. No decomposition of 3.18 was observed upon heating in 

either THF or CD3CN; no reaction was observed between this initial decomposition 

product and ethynyltrimethylsilane. 

 Reaction of 3.18 with two equivalents of trimethylsilylacetylene at room 

temperature in C6D6 affords a new CS symmetric compound with 1H NMR features 

consistent with a mono-acetylide (3.19). In the presence of excess trimethylsilylacetylene 

no further conversion is observed at room temperature, however, upon heating to 55 oC 

for 1.25 h a new C2V symmetric species is generated with NMR features consistent with 

3.20, which could be isolated in 79 % yield on a 30 mg scale. In comparison with the 

starting material, 3.20 features an upfield-shifted pyrrole resonance at 6.96 ppm in the 1H 

NMR and broad resonances at 1.48 and 1.00 ppm corresponding to the bound THF 
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group. The trimethylsilyl resonance of the bound acetylide is shifted to 0.04 ppm from 

0.11 ppm in the free alkyne, while the 13C resonances of the C≡C-SiMe3 unit are observed 

as doublets at 171.37 ppm (1JYC = 48.83 Hz) and 108.38 ppm (2JYC = 8.42 Hz). Alkyne 

oligomerization was attempted using this complex in the presence of 

[HNMe2Ph][B(C6F5)4], however, no activity was observed.  

 Directed C-H activation of substrates such as anisole and pyridine derivatives by 

3.18 was targeted, however, reactivity based on 1H NMR monitoring was sluggish and 

multiple products typically observed. One insight into decomposition products of 

initially-observed species was obtained from X-Ray diffraction of a product of the 

reaction with 2,6-lutidine (3.21, Figure 3.7). While 3.21 was not characterized except by 

X-ray crystallography, attack of the 2,6-lutidine at the 9-position of one of the anthracenyl 

substituents is observed in its solid-state structure, with coordination of the 

functionalized anthracenyl moiety to Y. Based on electron counting the complex is 

assigned as a η3-2,6-lutidine allyl complex with a delocalized anionic charge in the bound 

anthracene substituent. It is unclear exactly how this complex is formed, whether through 

formation of an initial bis(2,6-lutidine) complex or through some other intermediate, 

though the crude 1H NMR of this and related reactions would suggest formation of the 

former. 

  



74 
 

 

Figure 3.7. Preliminary solid-state structure of 3.21. Hydrogen atoms and the tri(iso-

propyl)ethynyl substituents are omitted for clarity. 
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 3.18 reacts with two equivalents of indole to release THF and two equivalents of 

SiMe4 and afford the bis(indolide) complex 3.22, which was confirmed by X-ray 

crystallography (Figure 3.8). The NMR features of this complex are broadened in 

comparison with 3.18 and 3.20. This broadness could be a consequence of the interaction 

of the indolide substrates with the extended π systems of the anthracenyl substituents. In 

the solid state this distorted square pyramidal complex (τ5 = 0.07) displays distances 

between 3.3 and 3.4 Å between the indolide ligands and the plane of the anthracenyl 

substituents, consistent with π-π interaction. The six-membered rings of the indolide 

ligands are positioned away from the Y center and towards the anthracenyl substituents, 

suggesting that formation of the π-π interactions is favored in comparison with formation 

of less sterically-congested complexes. Solid-state characterization of a water 

decomposition product of 3.22 was also obtained, though not otherwise characterized 

(3.23, Figure 3.9). Two Y centers with μ2-hydroxide are observed in this structure; as in 

the structure of 3.22, distances consistent with π-π interactions are observed between the 

nitrogens of the bound indolide groups and the planes of the anthracenyl substituents 

(3.45 to 3.68 Å). 
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Figure 3.8. Preliminary solid-state structure of 3.22. Hydrogen atoms are omitted for 

clarity. 
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Figure 3.9. Solid-state structure of the water decomposition product of 3.22, 3.23. 

Hydrogen atoms are omitted for clarity. 

 

 While protonolysis of Zr tetrabenzyl and tetra(neosilyl) precursors was attempted, 

these reactions did not proceed readily nor cleanly, so other complexes were targeted. Dr. 

Gyeongshin Choi found that reaction of the DPP proligands with ZrCl4 upon in situ ligand 

deprotonation with KHMDS afforded complexes with exceedingly low solubility, leading 

to poor reproducility of the syntheses. Dr. Choi was able to grow crystals suitable for X-

Ray diffraction of the six-coordinate complex zirconium trichloride complex 3.24 (Figure 

3.10) from this route. This complex features two long Zr-Py distances of 2.3921(13) and 

2.3684(13) Å with a relatively short Zr-pyrrolide distance of 2.1478(10) Å. The three Cl 
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ligands are located at similar distances from Zr(1), in the range of 2.4006(6) to 2.4273(6) 

Å. The chloride ligand trans to the pyrrolide donor is located between the two anthracenyl 

ligand substituents with distances of 3.19 and 3.23 Å between the chloride and the planes 

of the anthracene groups. These distances are within the sum of the van der Waals radii 

(3.4 Å) and are consistent with halogen-π interactions.36 Work on the development of a 

reliable syntheses of Zr and Ti trichloride complexes supported by the DPP ligands are 

ongoing. 

 

Figure 3.10. Solid-state structure of 3.24. Hydrogen atoms are omitted for clarity. 

 

 Due to the low solubility of this and other targeted chloride complexes , more 

soluble complexes was targeted. Reaction of M(NMe2)4 (M = Ti, Zr, Hf) precursors with 

the pyrrole proligands in toluene at room temperature affords the corresponding 

tris(dimethylamido) complexes in good yields (Scheme 3.5). While reactions between 

(DPPmes)H (3.10) and Zr(NMe2)4 or Hf(NMe2)4 proceed upon mixing, reaction of this 
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proligand with Ti(NMe2)4 initially affords, by NMR, a species with inequivalent pyridine 

and mesityl resonances that converts over two days at room temperature, with loss of 

HNMe2, to a species with a single set of pyridine and mesityl resonances. Reactions with 

(DPPanth)H (3.11) were all performed over at least two days due to the low solubility of 

the proligand in compatible solvents. All tris(dimethylamido) complexes, as isolated, 

feature a single dimethylamido resonance with equivalent pyridines and equivalent 

aromatic ligand substituents by 1H and 13C NMR, consistent with fast exchange between 

free and bound pyridine groups on the NMR time scale at room temperature. Upfield-

shifted NMe2 resonances are also observed for the complexes bearing anthracene 

substituents as compared with complexes bearing mesityl substituents (ΔδNMe(Ti) = 0.38; 

ΔδNMe(Zr) = 0.48; ΔδNMe(Hf) = 0.47) consistent with increased shielding by the more 

extended anthracenyl π system (vide infra). 

 

Scheme 3.5. Synthesis of tris(dimethylamido) Ti, Zr, and Hf complexes 

 

 Crystals suitable for X-Ray diffraction could only be grown for 3.25 (Figure 3.11). 

This crystallizes with two molecules in the asymmetric unit; however, both feature five-

coordinate Ti centers with distorted trigonal bipyramidal geometry. Consistent with other 

structures, both Ti centers are located closer to the pyrrolide N as compared with the 

pyridine N (2.1070(10) and 2.1054(11) Å vs. 2.3658(11) and 2.3792(11) Å). While the 

nitrogens of equatorial dimethylamido donors are located 1.8864(11) to 1.9143(12) Å 
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from Ti, the axial dimethylamido donors, located trans to the bound pyridine arms, show 

slight lengthening of the Ti-N bond to 1.9358(11) and 1.9327(11) Å. The dissociated 

pyridine arm is rotated away from the Ti center with a Ti-N distances of 5.0 to 5.1 Å and 

an angle of 28o between the plane of the unbound pyridine and the bound pyrrolide and 

pyridine. The Ti centers are both located out of the plane of the bound pyrrolide and 

pyridine donors by 0.87 Å. A similar metal geometry was observed by X-ray 

crystallography by Bochmann and coworkers in their related Zr tris(dimethylamido) 

complex supported by the bis(imino) pyrrolide ligand.20 

 

Figure 3.11. Solid-state structure of 3.25. Hydrogen atoms are omitted for clarity. One 

of two molecules in the asymmetric unit is shown for clarity.  
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 Coordination of Zr to all three donors of the DPP ligand is observed in the X-ray 

crystal structure of 3.31 (Figure 3.12). This complex was formed in the presence of 

adventitious water during attempted crystallization of 3.27 and not otherwise 

characterized. The trigonal prismatic Zr centers lie near equidistant to the two pyridine 

donors (2.594(4) and 2.771(3) Å) with a shorter Zr-N(2) pyrrolide distance of 2.186(4) Å. 

The dimethylamido ligand is located trans to the pyrrolide with distances of 3.60 and 3.54 

Å between N(4) and the planes of the mesityl substituents. As in the solid-state structure 

of 3.25, Zr sits out of the plane of the DPP backbone, albeit by 1.3 Å.  
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Figure 3.12. Solid-state structure of 3.31. Hydrogen atoms and solvent of crystallization 

omitted for clarity.  

 

 Based on the crystallographically-characterized complexes supported by the aryl-

substituted DPP ligands, coordination of small and/or flat ligands to metal centers 

supported by these ancillary ligands leads to the formation of interactions with the DPP 

mesityl and anthracenyl substituents. Distances in the range of 3.3 to 3.6 Å are observed 

between ligands and the aryl substituents, within the sum of the van der Waals radii. As 

demonstrated in the solid-state structure of 3.14, coordination of the larger 

tetramethyldisilylazide ligands leads to significant distortion of the anthracenyl 

substituents away from coplanarity. As a consequence of the large bite angle of the DPP 

ligand ready ligand activation can occur in the case of Y and, with the Ti, Zr, and Hf 

tris(dimethylamido) complexes, exchange of free and bound pyridine arms is rapid at 

room temperature, though coordination to only two donors is favored in the solid state 
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structure of 3.25. This may indicate that the use of these arene-substituted DPP ligands 

with larger metals could lead to compounds more competent for intermolecular substrate 

activation by disfavoring pyridine dissociation. From the structure of 3.22, interaction of 

substrates bearing extended aromatic substituents with the flanking anthracene 

substituents is favored, however, competition with formation of lower coordinate number 

species and facile ligand activation limits applicability in the current series of complexes.  

 The tris(dimethylamido) complexes 3.25, 3.26, 3.27, 3.28, and 3.29 were evaluated 

for their activity in the homopolymerization and in the copolymerization of ethylene and 

1-hexene. In initial small-scale reactions with 3.27, no activity was observed in toluene 

using MMAO-12 as an activator and cocatalyst (Table 3.1, Entry 1); however, some 

activity upon switching the solvent to chlorobenzene (100 g mmolM
-1 h-1, Table 3.1, Entry 

2). The best activity from 3.27 was obtained in chlorobenzene, using a mixture of AlMe3 

and [CPh3][B(C6F5)4] as an activator and cocatalyst (740 g mmolM
-1 h-1, Table 3.1, Entry 

3). To eliminate the possibility of mass transfer limitations upon the activity of 3.27 using 

AlMe3/[CPh3][B(C6F5)4], catalysis was also run for 10 min; under those conditions similar 

activity was observed (460 g mmolM
-1 h-1, Table 3.1, Entry 4). 

 The activity of the other complexes was tested using the optimal conditions 

determined for 3.27, in chlorobenzene with AlMe3 and [CPh3][B(C6F5)4] activators. No 

differences were observed between the mesityl- and anthracenyl-substituted complexes; 

however, the activity did vary depending on the nature of the metal. The highest activities 

were observed for the Ti complexes 3.25 and 3.26 (up to 3600 g mmolM
-1 h-1, Table 3.1, 

Entries 9-12), with an order of magnitude drop in activity for the Zr complexes 3.27 and 

3.28 and no observed activity from Hf complex 3.29. Through the assistance of the group 

of Dr. M. Naseem Akhtar at King Fahd University of Petroleum and Minerals, GPC 
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analysis was performed which showed very broad, multimodal molecular weight 

distributions, with higher overall Mw values from 3.25 and 3.26. As loss of stirring was 

observed over the course of 1 min using either 3.25 or 3.26, ethylene polymerization trials 

were also performed at one tenth the original concentration, using 0.4 μmol precatalyst 

(Table 3.1, Entries 10 and 12). Similar activities were observed under these conditions 

(3000 g mmolM
-1 h-1); however, the resulting polymers displayed larger MW values by GPC 

(917 vs. 271 kDa for 3.25 and 1069 vs. 286 kDa for 3.26). 
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Table 3.1. Ethylene polymerization by (DPPAr)M(NMe2)3 precatalystsa 

 M Ar Activator 

Time Yield Activity TM MW
b 

PDI
b 

(min) (g) 
(g mmol-1 

h-1) 
(°C) (kDa) 

1 Zr Mes MMAO-12 30 0.06 30 n.d. n.d.c n.d. 

2 Zr Mes MMAO-12 30 0.2 100 n.d. 185 155 

3 Zr Mes 
AlMe3/ 

[CPh3][B(C6F5)4] 
30 1.47 740 124.2 94 126 

4 Zr Mes 
AlMe3/ 

[CPh3][B(C6F5)4] 
10 0.31 460 124.7 141 188 

6 Zr Anth 
AlMe3/ 

[CPh3][B(C6F5)4] 
10 0.08 120 125.6 81 93 

7 Zr Anth 
AlMe3/ 

[CPh3][B(C6F5)4] 
30 0.72 360 n.d. 110 145 

8 Hf Mes 
AlMe3/ 

[CPh3][B(C6F5)4] 
30 0.006 0 n.d. n.d. n.d. 

9 Ti Mes 
AlMe3/ 

[CPh3][B(C6F5)4] 
1 0.24 3600 n.d. 271 121 

10 Ti Mes 
AlMe3/ 

[CPh3][B(C6F5)4] 
8 0.17 3000 134.8 917 143 

11 Ti Anth 
AlMe3/ 

[CPh3][B(C6F5)4] 
1 0.22 3400 134.1 286 130 

12 Ti Anth 
AlMe3/ 

[CPh3][B(C6F5)4] 
10 0.12 3000 133.5 1069 91 

a Polymerization conditions: 4.0 μmol precatalyst in 10 mL total reaction volume in the 

presence of either 1000 equiv. MMAO-12 (7 wt% in PhMe) or 200 equiv. AlMe3 and 3 
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equiv. [CPh3][B(C6F5)4] at 30 oC and 100 PSI of ethylene. bMeasured by GPC. cn.d. = Not 

determined. 

 

 Very broad, multimodal molecular weight distributions were observed by GPC for 

complexes 3.25, 3.26, 3.27, and 3.28 using either MMAO-12 or AlMe3/[CPh3][B(C6F5)4]. 

NMR analysis of the ethylene homopolymers from 3.27 and 3.28 showed no evidence of 

branching, though methyl-terminated chains could be clearly observed. Resonances 

corresponding to terminal olefins were observed by 1H NMR, consistent with some chain 

termination by β-hydride elimination. Integration of the olefinic and methyl signals shows 

a relative ratio of 1:9.40 indicating that the majority of polymer chains are methyl 

terminated at both ends. This suggests that chain transfer to Al may be the dominant 

mode of chain termination, potentially leading to the observed broadened molecular 

weight distributions.37,38 

 Another possible explanation for the broadened molecular weight distributions is 

the formation of a variety of species competent for ethylene oligomerization and 

polymerization under catalysis conditions (Scheme 3.6). Six potential active species can 

be proposed based on the DPP binding mode, degree of metal alkylation, and aluminum 

coordination of potential free pyridine arms (3.32, 3.33, and 3.34). Furthermore, 

migration of the titanium or zirconium centers from pyrrolide N-coordination to the 

pyrrolide π-system, as has been observed in other early metal pyrrolide systems,39 could 

provide access to additional species (3.35 and 3.36). 
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Scheme 3.6. Potential products of activation of (DPPAr)M(NMe2)3 precatalysts. 

  

Ethylene-1-hexene copolymerizations were also run using complexes 3.25, 3.26, 

3.27, and 3.28 in the presence of AlMe3/[CPh3][B(C6F5)4] and 1000 equiv. of the α-olefin 

comonomer (Table 3.2). Activities were similar to those observed in ethylene 

homopolymerization, with Ti complexes 3.25 and 3.26 exhibiting higher activities in 

comparison to Zr complexes 3.27 and 3.28. Broad molecular weight distributions, 

resembling those observed in ethylene homopolymerization trials, were observed from all 

catalysts. Butyl branches were observed by 13C NMR and the TM values were observed to 

drop by DSC in the materials resulting from ethylene-1-hexene copolymerization, 

consistent with comonomer incorporation.40 1-hexene incorporation was greater for the 

Ti precatalysts based on integraton of the 13C spectra and the larger drops in TM values. 
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Table 3.2. Ethylene-1-hexene copolymerization trials by (DPPAr)M(NMe2)3 precatalystsa 

 M Ar 

Time  Yield Activity  TM
b MW

c  

PDIc % Id 

(min) (g) (g mmolM
-1 h-1) (°C) (kDa) 

1 Zr Mes 10 0.45 680 122.4 84 107 
1.32 

2 Zr Anth 30 0.30 150 125.7 221 207 
0.95 

3 Ti Mes 1 0.39 5900 121.3 197 73 
2.20 

4 Ti Anth 2 0.30 2300 121.4 530 204 
1.62 

aPolymerization conditions: 4.0 μmol precatalyst, 100 PSI ethylene, 10 mL PhCl with 200 

equiv. AlMe3, 3 equiv. [CPh3][B(C6F5)4], 1000 equiv. 1-hexene. bMeasured by DSC. 

cMeasured by GPC. dDetermined by integration of the 13C NMR spectra. 

 

 The behaviors of 3.25, 3.27, and 3.28 were also evaluated by Dr. M. Naseem 

Akhtar and coworkers at larger scales, elevated temperatures (60 and 80 oC), 5 bar ethylene 

pressure, and using MAO as a cocatalyst. Lower activities were observed under these 

conditions, which could result from the lower solubility of ethylene under these 

conditions. Ethylene polymerization from 3.25 and MAO was also run in the presence of 

BHT (0.5 equiv. relative to MAO) as a free AlMe3 scavenger (Table 3.3, Entry 3).41 In 

comparison with ethylene polymerization using 16 under otherwise identical conditions 

(Table 3.3, Entry 2), a substantially higher molecular weight and lower PDI is observed 

(MW of 1000 kDa and PDI of 4.3 vs. MW of 155 and PDI of 15). These results are 
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consistent with the proposal that chain transfer to aluminum is the dominant mode of 

chain termination. 

 

Table 3.3. Large-scale ethylene and ethylene-1-hexene copolymerizations by 3.25a 

 Additive 

Temp Yield Activity TM MW 

PDI 
(°C) (g) (g mmolM

-1 h-1) (°C) (kDa) 

1 -- 60 2.1 210 137.6 317 31 

2 -- 80 4.9 490 134.3 155 15 

3 BHT 80 1.1 110 135.8 1000 4.3 

4 1-hexene 60 3.5 350 119.0 156 14 

5 1-hexene 80 4.4 440 118.5 79 11 

aPolymerization conditions: 10 μmol precatalyst in 100 mL PhMe in the presence of 1000 

equiv. MAO, 0 or 20 mL 1-hexene, and 0 or 500 equiv. BHT at 60 or 80 oC and 5 bar 

ethylene pressure over 60 min. 

 

 Based on the trials performed with (DPPAr)M(NMe2)3 precatalysts in the presence 

of AlR3/[CPh3][B(C6F5)4], minimal changes in polymerization behavior are observed as a 

consequence of the aryl substituent, however, substantial differences in activity are 

observed depending on the metal. The lack of effect from the aryl substituents could 

indicate that interaction between the 1-hexene and ethylene monomers and the mesityl 

and anthracenyl substituents does not substantially alter catalyst behavior; alternatively, 

this could indicate that these groups are not positioned so as to interact with the incoming 

monomers in the active catalyst(s). The differences in activity between the Ti, Zr, and Hf 

complexes could be indicative that different species are formed upon activation of these 
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complexes; with the smaller Ti it may be that a more active species that produces higher 

molecular weight products, whereas with the larger metals, formation of less active 

species is favored. 
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CONCLUSIONS  

In conclusion, a series of early metal alkyl, amide, indolide, and acetylide complexes 

supported by mesityl- and anthracenyl-substituted di(pyridyl)pyrrolide ligands were 

synthesized and the effects of the extended π-substituents on their NMR and structural 

features examined. As a consequence of the anthracenyl substituents, significantly upfield 

shifted NMR resonances are observed for the amide resonances on Y, Ti, Zr, and Hf 

complexes. The anthracenyl substituents are observed to have close contacts with 

indolide, THF, chloride, and tetramethyldisilylazide substituents and long metal-pyridine 

distances where coordination of both pyridine donors is favored. In the structurally -

characterized tris(dimethylamido)titanium complex, however, dissociation of one 

pyridine is observed in the solid state to accommodate a closer metal-pyridine distance. 

The ethylene polymerization behavior of the tris(dimethylamido) group IV complexes 

was tested and Ti and Zr complexes were found to be competent for ethylene 

polymerization when activated with AlMe3 and [CPh3][B(C6F5)4], though the resulting 

polymers displayed very broad molecular weight distributions, which is proposed to result 

from both from chain transfer to Al and the formation of multiple species under these 

activation conditions.  
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EXPERIMENTAL SECTION  

General Comments 

All air- and water-sensitive compounds were manipulated under N2 using standard Schlenk or 

glovebox techniques. Solvents for air- and moisture-sensitive reactions were dried by the 

method of  Grubbs.42 2,6-lutidine, quinoline, trimethylsilylacetylene, allylbenzene, 

chlorobenzene, and 1-hexene were stirred over CaH2 for upwards of  72 h, vacuum transferred 

or distilled, and run over activated alumina plugs prior to use. Indole was sublimed under 

vacuum prior to use. 3.4,28 2-mesitylboronic acid,30a 9-anthracenylboronic acid,30b 3.8,29  

Zr(NMe2)4,43 Hf(NMe2)4,44 Y(CHsSiMe3)3(THF)2,45 and Y(N(SiMe2H)2)3(THF)2
46 were 

prepared according to literature procedures. [CPh3][B(C6F5)4] was purchased from Strem and 

used without further purification. AlMe3 was purchased from Sigma Aldrich and used without 

further purification. Deuterated solvents were purchased from Cambridge Isotopes Lab, Inc.; 

CDCl3 was used without further purification; C6D6 was distilled from purple 

Na/benzophenone ketyl and stored over 4 Å molecular sieves prior to use. 1H and 13C spectra 

were recorded on Varian INOVA-400, Bruker Cryoprobe 400, and Bruker 400 spectrometers. 

1H and 13C chemical shifts are reported relative to residual solvent resonances. Elemental 

analysis was performed on a Perkin-Elmer 2400 CHNS/O Analyzer and samples were taken 

from representative batches prepared in an N2-filled glovebox, unless otherwise noted. 

Preparation of 3.9. A Schlenk flask was charged with 3.8 (4.6167 g, 10.55 mmol) 

and THF (400 mL) and cooled to -78 oC with a dry-ice/acetone bath. nBuLi (4.2 mL, 10.5 

mmol) was added over the course of several minutes then B(OMe)3 (3.5 mL, 31.4 mmol) 

was added in one portion after 1 h. The reaction was allowed to come to room 

temperature over 8 h then quenched by addition of 2 N HCl. Volatiles were removed 

under reduced pressure and the residue taken up in DCM and washed with water (2x) and 
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brine, dried with MgSO4, filtered, and evaporated. Purification by column 

chromatography with an initial eluent of 10 % EtOAC in Hexanes allowed separation of 

the major impurities and the desired material was eluted with 10 % MeOH in DCM to 

afford a mixture of the dimethyl borate, methyl borate, and boronic acid which was used 

for the next Suzuki coupling without further purification (3.273 g, 77 %). 1H NMR (400 

MHz, CDCl3) δ 8.66 (m, 2H, anth), 7.86 (m, 2H, anth), 7.60-7.50 (m, 4H, anth), 3.61 (s, 

6H, B(OCH3)2), 1.27 (m, 21H, Si iPr3). ). 
13C NMR (101 MHz, CDCl3) δ 134.16, 133.01, 

132.46, 128.65, 127.63, 126.65, 126.14, 118.64, 103.53 (-C≡C-), 103.42 (-C≡C-), 52.96 

(B(OCH3)2), 19.05 (Si(CH(CH3)2)3), 11.66 (Si(CH(CH3)2)3). HRMS (FAB+) for 

C27H35O2BSi: 430.2499. Found: 430.2501. 

Preparation of 3.10. A Schlenk tube was charged with 3.4 (0.9217 g, 2.432 mmol), 

2-mesitylboronic acid (1.0188 g, 6.212 mmol), K2CO3 (2.2078 g, 15.975 mmol), toluene 

(24 mL), ethanol (6 mL), and water (6 mL) and then degassed by three freeze-pump thaw 

cycles at -78 oC. The flask was backfilled with N2 then Pd(PPh3)4 (0.147 g, 0.127 mmol) 

was added against strong N2 counterflow and the flask heated to 70 oC overnight. 

Aqueous and organic layers were separated and the aqueous layer extracted twice with 

DCM. The combined organic layers were washed with water and brine then dried with 

MgSO4, filtered, and evaporated. Column chromatography in 10:1 hexanes:EtOAc(v/v) 

afforded the desired compound as a pale yellow (0.7873 g, 1.720 mmol, 71 % yield). 1H 

NMR (400 MHz, CDCl3, 25 ºC) δ 10.43 (s, 1H, NH), 7.69 (t, J = 7.7 Hz, 2H, Py), 7.55 

(dd, J = 8.0, 1.1 Hz, 2H, Py), 6.99 – 6.95 (m, 10H, mes and Py), 6.86 (d, J = 2.6 Hz, 2H, 

pyrr), 2.36 (s, 6H, mesCH3), 2.07 (s, 12H, mesCH3).  
13C NMR (101 MHz, CDCl3, 25 ºC) 

δ 159.5 (py), 150.1 (pyrr), 138.3 (mes), 137.5 (mes), 136.5 (Py), 136.1 (mes), 133.7 (Py),  
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128.3 (mes), 121.8 (Py), 116.4 (Py), 109.2 (pyrr), 21.3 (mesCH3), 20.39 (mesCH3). HRMS 

(FAB+) for C32H32N3 (M+H): 458.2596. Found: 458.2609. 

Preparation of 3.11. A Schlenk tube was charged with 3.4 (1.034 g, 2.729 mmol), 9-

anthracenylboronic acid (1.514 g, 6.820 mmol), K2CO3 (2.620 g, 18.95 mmol), toluene (54 

mL), ethanol (14 mL), and water (14 mL) then degassed by three freeze-pump-thaw cycles at 

-78 oC. The flask was backfilled with N2 then Pd(PPh3)4 (0.335 g, 0.290 mmol) was added 

against strong N2 counterflow. The flask was sealed and heated to 70 oC for 15 h. Upon cooling 

to room temperature, the reaction was filtered and a yellow solid collected. This was 

subsequently washed with methanol then dried under vacuum to afford the desired compound 

(1.530 g, 2.667 mmol, 98 % yield). 1H NMR (400 MHz, DMSO-d6, 25 ºC) δ 11.02 (s, 1H, NH), 

8.65 (s, 2H, CH of anthracene), 8.11 (d, J = 8.4 Hz, 4H), 8.04 (dd, J = 8.1, 1.2 Hz, 2H, CH of 

py), 7.99 (t, J = 7.7 Hz, 2H, CH of py), 7.57–7.53 (m, 4H, CH of anthracene), 7.47 (ddd, J = 

8.2, 6.6, 1.2 Hz, 4H, CH of anthracene), 7.36 (ddd, J = 8.8, 6.5, 1.3 Hz, 4H, CH of anthracene), 

7.31 (dd, J = 7.2, 1.1 Hz, 2H, CH of py), 6.99 (d, J = 2.3 Hz, 2H, CH of pyrrole).  13C NMR 

(101 MHz, DMSO-d6, 25 ºC) δ 157.0, 150.5, 137.8 (CH of py), 135.5, 135.4, 135.0, 134.1, 

133.5, 131.3, 129.8, 129.7, 129.0 (anth), 128.8, 127.6 (anth), 127.23, 126.5 (anth), 126.1 (anth), 

125.8 (anth), 124.5 (Py), 118.1 (Py), 111.2 (pyrr). HRMS (FAB+) for C42H28N3: 574.2283. 

Found: 574.2279. 

Preparation of 3.12. A Schlenk tube was charged with 3.4 (0.5170 g, 1.364 mmol, 

1 equiv.), K2CO3 (1.1641 g, 8.422 mmol, 6.2 equiv.), 3.9 (1.377 g, 3.42 mmol 2.5 equiv.), 

toluene (35 mL, 10 mL/mmol), ethanol (8 mL, 2.5 mL/mmol), and water (8 mL, 2.5 

mL/mmol). This was degassed by three freeze-pump-thaw cycles then Pd(PPh3)4 (0.203 

g, 0.176 mmol, 0.129 equiv.) was added against strong N2 counterflow. The flask was 

sealed, heated to 70 oC for 9 h, then cooled to room temperature and diluted with DCM 
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and water. The organic phase was separated and washed with water and brine then dried 

with MgSO4, filtered and volatiles removed under reduced pressure. The crude reaction 

was dry-loaded with SiO2 and purified by column chromatography in 10 % benzene, 20 

% DCM in hexanes to afford the desired product as a bright yellow solid (1.1 g, 1.2 mmol, 

88 % yield). 1H NMR (500 MHz, CDCl3) δ 10.24 (s, 1H, NH), 8.6 (d, J = 8.8 Hz, 4H), 

7.79 (t, J = 7.9 Hz, 2H), 7.71 (d, J = 7.9 Hz, 2H), 7.53 (d, J = 8.7 Hz, 4H), 7.46 (t, J = 7.5 

Hz, 4H), 7.24 (t, J = 7.4 Hz, 4H), 7.13 (d, J = 7.1 Hz, 2H), 6.95 (d, J = 1.9 Hz, 2H, pyrr), 

1.34-1.25 (m, 42H, SiiPr3). 
13C NMR (CDCl3, 101 MHz) δ 157.51 (Py), 150.41 (Py), 136.57 

(Py), 133.68 (pyrr), 132.66 (anth), 129.59 (anth), 127.04 (anth), 126.86 (anth), 126.41 

(anth), 125.86 (anth), 124.10 (Py), 118.58 (anth), 117.42 (Py), 109.89 (pyrr),  108.59 (anth), 

103.60 (-C=C-), 103.18 (-C=C-), 19.05 (SiCH(CH3)2), 11.65 (SiCH(CH3)2). HRMS 

(FAB+) for C64H66N3Si2 (M+H)-H2: 932.4795. Found: 932.4796. 

Preparation of 3.13. A Schlenk tube was charged in the glovebox with 

Y(N(SiMe2H)2)3(THF)2 (0.2902 g, 0.4605 mmol), 3.10 (0.2105 g, 0.4599 mmol, 1 equiv.) 

and benzene (9 mL) then sealed and heated to 75 oC for 5 days. Volatiles were removed 

under reduced pressure then the resulting solids triturated with hexanes and solids 

collected by filtration to afford the desired compound as a bright yellow solid (0.1483 g, 

0.1830 mmol, 40 % yield). 1H NMR (C6D6, 400 MHz): 7.27 (dd, J = 1.2, 8.1 Hz, 2H, Py), 

6.98 (t, J = 7.8 Hz, 2H, Py), 6.90 (s, 2H, pyrr), 6.86 (s, 4H, mes), 6.29 (dd, J= 1.2, 7.5 Hz, 

Py), 4.34 (sept, J = 2.9 Hz, 4H, SiH(CH3)2), 2.21 (s, 12H, mesCH3), 2.16 (s, 6H, mesCH3), 

0.11 (d, J = 3.0 Hz, 24H, SiH(CH3)2). 
13C NMR (C6D6, 101 MHz) δ 161.69 (Py), 157.12 

(Py), 141.73 (pyrr), 138.58 (Py), 138.11 (mes), 137.40 (mes), 136.37 (mes), 129.65 (mes), 

122.39 (Py), 118.07 (Py), 112.16 (pyrr), 22.20 (mesCH3), 21.15 (mesCH3), 3.78 

(SiH(CH3)2). Satisfactory analysis could not be obtained for this complex.  



96 
 

Preparation of 3.14. A J-Young tube was charged in the glovebox with 

Y(N(SiMe2H)2)3(THF)2 (16.8 mg, 0.0267 mmol), 3.11 (14.8 mg, 0.0258 mmol) and C6D6 

(0.5 mL) then sealed and heated to 75 oC for 5 days. Volatiles were removed in vacuo. 

Recrystallization from benzene-pentane at room temperature afforded the desired 

compound as a yellow-orange solid (12.3 mg, 0.0133 mmol, 52 % yield). Note that this 

compound was isolated with a small amount (ca. 12 % by 1H NMR integration) of another 

N(SiHMe2)2 containing-species from which it could not be separated. X-Ray quality 

crystals were grown by slow cooling of the crude reaction mixture in a J-Young tube. 1H 

NMR (C6D6, 400 MHz) δ 8.15 (s, 2H, anth), 7.78-7.73 (m, 8H, anth), 7.44 (dd, J= 8.1, 1.2 

Hz, 2H, Py), 7.22-7.13 (m, 12H, anth), 7.08 (s, 2H, pyrr), 6.95 (dd, J = 8.1, 7.6 Hz, 2H, 

Py), 6.25 (dd, J= 7.4, 1.2 Hz, 2H), 3.73.74 (sept, J = 2.7 Hz, 4H, N(SiH(CH3)2)2), -0.48 (d, 

J= 2.9 Hz, 24 H, N(SiH(CH3)2)2). 
13C NMR (C6D6, 101 MHz) δ 160.03 (Py), 157.13 (Py), 

141.89 (pyrr), 138.29 (Py), 134.47 (anth), 132.14 (anth), 131.66 (anth), 129.12 (anth), 

129.04 (anth), 127.55 (anth), 126.68 (anth), 125.61 (anth), 125.13 (Py), 118.82 (Py), 112.63 

(pyrr), 2.92 (SiH(CH3)2). Satisfactory analysis could not be obtained for this complex. 

Preparation of 3.16. Method A: A J-Young tube was charged with 3.10 (19.2 mg, 

0.0420 mmol) and AlEt3 (5.8 µmol, 0.0423 mmol) in C6D6 (0.5 mL), then sealed and 

inverted. Gas evolution was observed upon mixing and yellow crystals were observed 

upon standing (quantitative yield by NMR). Method B: AlEt3 (67 µL, 0.49 mmol) was added 

to a thawing solution of 3.13 (39.7 mg, 0.0490 mmol) in PhMe (2 mL) and stirred 30 min, 

warming. Volatiles were removed under reduced pressure and the resulting yellow oil 

triturated with pentane and filtered over Celite. Extraction of the remaining yellow solids 

with benzene afforded the desired complex as a yellow solid (22.2 mg, 0.0410 mmol, 84 

%). X-ray quality crystals were grown by vapor diffusion of pentane into a toluene 
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solution of the complex in toluene at -35 oC. Elemental analysis was performed on 

material prepared by method A. 1H NMR (C6D6, 400 MHz) δ 7.19 (dd, J = 8.0, 1.1 Hz, 

2H, Py), 7.05 – 6.98 (m, 4H, Py and pyrr), 6.70 (s, 4H, mes), 6.41 (dd, J = 7.4, 1.1 Hz, 2H, 

Py), 2.07 (s, 12H, mesCH3), 1.94 (s, 6H, mesCH3), 0.79 (t, J = 8.1 Hz, 6H, AlCH2CH3), 

0.00 (q, J = 8.1 Hz, 4H, AlCH2CH3). 
13C NMR (C6D6, 101 MHz) δ 159.89 (Py), 153.22 

(Py), 139.73 (pyrr), 138.18 (Py), 138.05 (mes), 136.64 (mes), 136.23 (mes), 128.44 (mes), 

121.42 (Py), 116.49 (Py), 111.81 (pyrr), 21.06 (mesCH3), 20.53 (mesCH3), 9.55 

(AlCH2CH3), -0.64 (AlCH2CH3). Anal calcd. for C36H40N3Al: C, 79.82; H, 7.44; N, 7.76. 

Found: C, 79.98; H, 7.51; N, 7.81. 

Preparation of 3.18. A vial was charged with Y(CH2SiMe3)3(THF)2 (83.2 mg, 

0.168 mmol, 1.2 equiv.), a stirbar and 2 mL hexanes and frozen in the glovebox cold well. 

A separate vial was charged with 3.12 (132.0 mg, 0.1413 mmol, 1 equiv.) and 3 mL hexanes 

and frozen then the thawing solution of 3.12 was added thawing to the top of the stirred 

Y solution. This was stirred 40 min, warming then filtered over Celite and volatiles 

removed to afford the product as a red-brown microcrystalline solid (170.6 mg, 0.1345 

mmol, 95 % yield). X-Ray quality crystals were grown by slow evaporation of pentane 

solution of the compound into toluene at -35 oC. 1H NMR (C6D6, 400 MHz) δ 8.67 (d, J 

= 8.5 Hz, 4H, anth), 7.79 (d, J = 8.6 Hz, 4H, anth), 7.49 (dd, J = 8.2, 1.1 Hz, 2H, Py), 

7.24 – 7.17 (m, 6H), 7.15 – 7.07 (m, 6H), 6.35 (dd, J = 7.3, 1.1 Hz, 2H, Py), 1.43 – 1.20 

(m, 53H, THF, SiiPr3), 0.02 (s, 18H), -2.31 (d, 2JYH = 2.1 Hz, 4H, CH2SiMe3).
 13C NMR 

(C6D6, 101 MHz) δ 157.87 (Py), 156.52 (Py), 141.25 (pyrr), 138.69, 134.21 (Py), 132.85 

(anth), 130.18 (anth), 128.86, 126.81, 125.94 (anth), 122.16 (Py), 119.35, 118.86 (Py), 

112.20 (pyrr), 104.14 (-C≡C-), 103.74 (-C≡C-), 71.19 (THF), 29.41 (d, 1JYC = 31.0 Hz, 
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CH2SiMe3), 24.50 (THF), 19.15 (SiCH(CH3)2), 11.83 (SiCH(CH3)2), 4.32 (SiCH3). 

Satisfactory analysis could not be obtained for this complex. 

Preparation of 3.20. A Schlenk tube was charged with a stirbar, 3.18 (34.5 mg, 

0.0272 mmol), trimethylsilylacetylene (25 µL, 0.180 mmol), and benzene (4 mL) in the 

glovebox. This was sealed, brought out of the glovebox, and heated to 55 oC for 75 min 

then cooled to room temperature and brought back into the glovebox where volatiles 

were removed in vacuo. The crude reaction mixture was fractionated over Celite between 

pentane and benzene and removal of volatiles from the benzene fraction afforded the 

product as an orange solid (27.2 mg, 0.0211 mmol, 79 %). 1H NMR (C6D6, 400 MHz) δ 

8.76 (m, 4H, anth), 8.01 (m, 4H, anth), 7.40 (m, 4H, anth), 7.28 (m, 4H, anth), 7.19 (dd, J 

= 0.95, 8.13 Hz, 2H, Py), 6.96 (s, 2H, pyrr), 6.91 (dd, J = 7.48, 0.69 Hz, 2H, Py), 6.25 (dd, 

J = 0.98, 7.34 Hz, 2H, Py), 1.48 (br m, 4H, THF), 1.30 (m, 42H, Si iPr3), 1.00 (br m, 4H, 

THF), 0.04 (s, 18H, SiMe3). 
13C NMR (C6D6, 101 MHz) δ 171.37 (d, JYC = 48.83 Hz, Y-

C≡CSiMe3), 157.02 (Py), 156.42 (Py), 140.91 (pyrr), 138.42 (Py), 133.94 (anth), 132.84 

(anth), 130.37 (anth), 129.28 (anth), 127.66 (anth), 127.55 (anth), 125.90 (anth), 122.50 

(Py), 119.49 (anth), 118.53 (Py), 111.84 (pyrr), 108.28 (d, JYC = 8.42 Hz, Y-C≡C-SiMe3), 

104.02 (-C≡C-SiiPr3), 103.98 (-C≡C-SiiPr3), 72.17 (THF), 24.54 (THF), 19.13 

(Si(CH(CH3)2)3), 11.84 (Si(CH(CH3)2)3), 1.69 (SiMe3). Satisfactory analysis could not be 

obtained for this complex. 

Preparation of 3.22. A solution of indole (15.9 mg, 0.136 mmol) in toluene (2 

mL) was added dropwise, thawing, to a thawing solution of 3.18 (86.4 mg, 0.0681 mmol) 

in toluene (2 mL). The solution was stirred 35 min, warming, then volatiles were removed 

under reduced pressure. The resulting orange solids were washed with pentane and ether, 

then extracted with benzene to afford the desired complex as a yellow-orange solid (50.8 
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mg, 0.0405 mmol, 59 %). X-ray quality crystals were grown by slow evaporation of a 

pentane solution of the complex into toluene at -35 oC. 1H NMR (C6D6, 400 MHz) δ 8.47 

(br m, 4H, anth), 7.43 (d, J = 6.5 Hz, 2H, Ind), 7.12 (dd, J = 8.1, 0.8 Hz, 2H, Py), 7.07 (s, 

2H, pyrr), 7.05 (t, J = 7.4 Hz, 2H, Ind), 6.89 – 6.76 (m, 8H, anth, Py, Ind), 6.46 (m, 4H, 

anth), 6.33 – 6.22 (m, 4H, anth), 5.98 (dd, J = 7.4, 1.0 Hz, 2H, Py), 5.81 (br s, 2H, Ind), 

5.13 (br s, 2H, Ind), 1.43 (m, 42 H). 13C NMR (C6D6, 101 MHz) δ 158.62 (Py), 156.23 

(Py), 143.01, 141.61 (pyrr), 139.94 (Py), 132.19, 130.80, 129.71, 129.33, 126.34, 126.08, 

123.76, 123.37, 120.53, 119.74, 119.48, 118.09, 117.86, 112.58 (pyrr), 104.66 (-C≡C-), 

103.63 (-C≡C-), 102.38, 19.29 (SiCH(CH3)2), 12.03 (SiCH(CH3)2). Anal calcd. for 

C80H78N5Si2Y: C, 76.59; H, 6.27; N, 5.58. Found: C, 76.12; H, 6.39; N, 5.79.  

Preparation of 3.24. Ti(NMe2)4 (0.03 mL, 0.13 mmol) was added at once to a 

solution of 3.10 (57.7 mg, 0.126 mmol) in 3 mL toluene and stirred for 2.5 days. Volatiles 

were removed and the resulting red-orange solids washed with pentane then extracted 

with benzene to afford the product as a red-orange powder (70.0 mg, 0.110 mmol, 87 % 

yield).  Crystals suitable for X-ray diffraction were grown by vapor diffusion of pentane 

into a toluene solution of the compound. 1H NMR (C6D6, 400 MHz) δ 7.33 (dd, 2H), 7.24 

(s, pyrr-H, 2H), 7.13 (apparent t, 2H), 6.82 (s, mes-H, 4H), 6.52 (dd, Py-H, 2H), 2.77 (s, 

N(CH3)2, 18H), 2.16 (s, mes-CH3, 6H), 2.01 (s, mes-CH3, 12 H). 13C NMR (C6D6, 101 

MHz) δ 159.34 (Py), 155.72 (Py), 144.43 (Pyrr), 138.48 (mes), 136.54 (mes), 136.27 (Py), 

135.78 (mes), 128.21 (mes), 120.54 (Py), 117.48 (Py), 113.39 (Pyrr), 45.19 (N(CH3)2), 20.75 

(mes-CH3), 20.18 (mes-CH3). Anal calcd. for C38H48N6Ti: C, 71.68; H, 7.60; N, 13.20. 

Found: C, 71.4; H, 7.50; N, 13.04. 

Preparation of 3.25. Ti(NMe2)4 (0.13 mL, 0.55 mmol) was added at once to a 

suspension of 3.11 (325.8 mg, 0.568 mmol) in 6 mL toluene and stirred for 2 days. 
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Volatiles were removed and the resulting orange solids triturated with pentane then 

collected by filtration and washed with fresh pentane to afford the product as an orange 

powder (381.2 mg, 0.506 mmol, 92 % yield).  1H NMR (C6D6, 400 MHz) δ 8.18 (s, 2H, 

anth), 7.82-7.79 (m, 8H, anth), 7.42 (dd, J = 8.1, 1.0 Hz, 2H, Py), 7.26 (s, 2H, pyrr), 7.24-

7.20 (m, 4H, anth), 7.15-7.10 (m, 6H, anth, Py), 6.71 (dd, J = 7., 1.0 Hz, Py), 2.39 (s, 18H, 

N(CH3)2). 
13C NMR (C6D6, 101 MHz) δ 157.67 (Py), 156.41 (Py), 145.06 (pyrr), 136.54 

(anth), 136.50 (Py), 131.91 (anth), 130.60 (anth), 128.52 (anth), 127.47 (anth), 125.52 

(anth), 125.34 (anth), 123.04 (Py), 118.62 (Py), 116.40 (anth), 114.27 (pyrr), 45.16 

(N(CH3)2). Satisfactory analysis could not be obtained for this complex.  

Preparation of 3.26. A solution of 3.10 (63.2 mg, 0.138 mmol) in 3 mL toluene 

was added at once to a solution of Zr(NMe2)4 (40.2 mL, 0.150 mmol) in 2 mL toluene 

and stirred for 30 min. Volatiles were removed and the resulting yellow solids triturated 

with pentane then collected on a frit and washed with fresh pentane to afford the product 

as an yellow powder (85.0 mg, 0.125 mmol, 91 % yield).  1H NMR (C6D6, 400 MHz) δ 

7.33 (d, J = 7.9 Hz, 2H, Py), 7.19 (s, 2H, pyrr), 7.14 (dd, J = 7.6 Hz, 2H, Py), 6.81 (s, 4H, 

mes), 6.55 (dd, J = 7.4 Hz, 2H, Py), 2.60 (s, 18H, N(CH3)2), 2.14 (s, 18H, mesCH3). 
13C 

(C6D6, 101 MHz) δ 159.59 (Py), 155.47 (Py), 143.95 (pyrr), 138.02 (mes), 137.17 (mes), 

137.03 (Py), 136.41 (mes), 128.70 (mes), 121.08 (Py), 117.56 (Py), 114.44 (pyrr), 41.96 

(N(CH3)2), 21.11 (mesCH3), 20.58 (mesCH3). Anal calcd. for C38H48N6Zr: C, 67.11; H, 

7.11; N, 12.36. Found: C, 66.73; H, 6.93; N, 12.07. 

Preparation of 3.27. A suspension of 3.11 (320.5 mg, 0.559 mmol) in 5 mL 

toluene was added at once to a solution of Zr(NMe2)4 (150.5 mg, 0.5626 mmol, 1 equiv.) 

in 2 mL toluene and stirred for 2 days. Volatiles were removed and the resulting yellow 

solids triturated with pentane, collected by filtration, and washed with fresh pentane to 
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afford the product as a yellow powder (398.10 mg, 0.500 mmol, 89 % yield).  1H NMR 

(C6D6, 400 MHz) δ 8.14 (s, 2H, anth), 7.85 (m, 4H, anth), 7.77 (m, 4H, anth), 7.44 (dd, 

2H, Py), 7.23 (s, 2H, pyrr), 7.22-7.14 , 7.10, 6.75 (dd, Py), 2.12 (s, 18H, N(CH3)2). 
13C 

NMR (C6D6, 101 MHz) δ 157.65 (Py), 155.87 (Py), 144.08 (pyrr), 137.02 (Py), 135.59 

(anth), 131.85 (anth), 130.69 (anth), 128.53 (anth), 127.93 (anth), 127.24 (anth), 125.65 

(anth), 125.28 (anth), 123.21 (Py), 118.28 (Py), 114.88 (pyrr), 41.51 (N(CH3)2). Satisfactory 

analysis could not be obtained for this complex. 

Preparation of 3.28. A solution of 3.10 (52.1, 0.114 mmol) in 1.5 mL toluene was 

added at once to a solution of Hf(NMe2)4 (45.2 mg, 0.127 mmol) in 2 mL toluene and 

stirred for 30 min. Volatiles were removed and the resulting yellow solids washed with 

pentane then extracted with benzene to afford the product as a yellow powder (80.5 mg, 

0.105 mmol, 92 % yield).  1H NMR (C6D6, 400 MHz) δ 7.32 (d, J = 8.0 Hz, 2H, Py), 7.16 

(s, 2H, pyrr), 7.13 (apparent t, J = 7.94 Hz, 2H, Py), 6.82 (S, 4H, mes), 6.56 (d, J = 7.4 

Hz, 2H, Py), 2.63 (s, 18H, NMe2), 2.15 (s, 18H, mesCH3). 
13C (C6D6, 101 MHz) δ 159.82 

(Py), 155.21 (Py), 144.27 (pyrr), 137.98 (mes), 137.19 (mes), 137.13 (Py), 136.38 (mes), 

128.73 (mes), 128.59 (mes), 121.39 (Py), 117.62 (Py), 114.86 (pyrr), 41.62 (NCH3), 21.11 

(mesCH3), 20.58 (mesCH3). Anal calcd. for C38H48N6Hf: C, 59.48; H, 6.31; N, 10.95. 

Found: C, 59.93; H, 6.30; N, 10.47. 

Preparation of 3.29. A solution of 3.11 (48.1 mg, 0.0838 mmol) in 2 mL toluene 

was added at once to a solution of Hf(NMe2)4 (34.0 mg, 0.0959 mmol) in 1.5 mL toluene 

and stirred for 2 days. Volatiles were removed and the resulting yellow solids washed with 

pentane then extracted with benzene to afford the product as a yellow powder (61.1 mg, 

0.0692 mmol, 83 % yield).  1H NMR (C6D6, 400 MHz) δ 8.15 (s, 2H, anth), 7.85 (m, 4H, 

anth), 7.78 (m, 4H, anth), 7.42 (d, J = 7.9 Hz, 2H, Py), 7.22-7.18 (m, 6H, anth and pyrr), 
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7.18-7.06 (m, 6H, anth, Py), 6.75 (d, J = 7.2 Hz, 2H, Py), 2.16 (s, 18H, N(CH3)2). 
13C NMR 

(C6D6, 101 MHz) δ 157.85 (Py), 155.60 (Py), 144.47 (pyrr), 137.11 (Py), 135.54 (anth), 

131.86 (anth), 130.69 (anth), 128.46 (anth), 127.98 (anth), 127.21 (anth), 125.66 (anth), 

125.28 (anth), 123.50 (Py), 118.34 (Py), 115.32 (pyrr), 41.18 (N(CH3)2). Satisfactory 

analysis could not be obtained for this complex. 

 

General Polymerization Procedure. 

In the glovebox a Fisher-Porter bottle was charged with PhCl (7 mL), 1-hexene (0 or 0.50 

mL, 0 or 4.0 mmol, 0 or 1000 equiv.) AlMe3 (0.08 mL, 0.8 mmol, 200 equiv.), and 

[CPh3][B(C6F5)4] (2 mL of a 33.3 mg in 6 mL PhCl stock solution, 3 equiv.) and sealed. A 

syringe was charged with the desired precatalyst (0.004 mmol in 1 mL PhCl, 1 equiv.) and 

sealed. Both were brought out of the glovebox and the Fisher-Porter charged with 40 PSI 

ethylene, the precatalyst solution injected, and the pressure rapidly increased to 100 PSI. 

After the desired reaction time, ethylene flow was stopped, pressure vented, and the 

reaction quenched by slow addition of a 10 % HCl in MeOH solution (v/v). Solids were 

triturated in at least 50 mL of 10% HCl in MeOH for several hours then collected by 

filtration, washed with additional fresh 10% HCl in MeOH, and dried under vacuum.  

 

GPC Analysis. 

Gel permeation chromatographic (GPC) analysis of polymers was at 160 oC PL-GPC 220 

(Agilent Technologies) equipped with two PLgel Olexis 300 x 7.5 mm columns. BHT 

(0.0125 wt%) was added to 1,2,4-trichlorobenzene to prevent polymer sample 

degredation. Sample solutions of 2.5-3.0 mg/1.5 mL were prepared at 140 oC and 100 μL 

were injected into the GPC. Data was analyzed using the Cirrus software package and the 
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GPC was calibrated using polystyrene standards. The polystyrene calibration curve was 

converted into the universal using the Mark-Houwink constants of polystyrene (Κ = 

0.000406 dL/g and α = 0.725).47 GPC analysis of polymers was performed by the group 

of Dr. M. Naseem Akhtar at King Fahd University of Petroleum. 

 

DSC Analysis. 

Differential scanning calorimetric (DSC) analysis was performed using a DSC Q2000 (TA 

Instruments). The temperature and heat flow of the instrument were calibrated with an 

indium standard. Polymer samples were first equilibrated at 25 oC, followed by heating to 

200 oC at a rate of 10 oC/min under N2 flow (50 mL/min). The temperature was 

maintained at 200 oC for 5 min, then the samples were cooled to 25 oC at a rate of 10 

oC/min. The temperature was maintained at 25 oC for 5 min then samples were reheated 

to 200 oC at a rate of 100 oC/min. The melting temperature (TM) for each sample was 

determined from the second heating scan. The percent crystallinity was calculated from 

ΔHf(J/g)/ΔH(J/g), where ΔHstd is the heat of fusion for a perfectly crystalline 

polyethylene (290.0 J/g).48 DSC analysis of polymers was performed by the group of Dr. 

M. Naseem Akhtar at King Fahd University of Petroleum 
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Complete Polymerization Tables 

Table 3.4. Complete small-scale ethylene polymerization results. 

 M Ar Time Yield  Activity  MW
a PDIb TM

c χC
d 

min g g mmolm
-1 h-1 kDa oC % 

1e Zr Mes 30 0.06 -- n.d.f n.d.   

2g Zr Mes 30 0.20 100 185 155   

3 Zr Mes 30 1.47 740 94 126 124.2 65.3 

4 Zr Mes 10 0.49 730 93 130   

5 Zr Mes 10 0.31 460 65 87 124.7 71.1 

6 Zr Mes 10 0.31 460 141 188   

7 Zr Anth 10 0.08 120 81 93 126.4 72.5 

8 Zr Anth 30 0.72 360 110 145 125.6 74.5 

9 Zr Anth 30 0.82 410 191 260   

10 Hf Mes 30 0.006 -- n.d. n.d.   

11h Ti Mes 3.5 0.33 1400 355 143   

12 Ti Mes 1 0.23 3400 293 130   

13 Ti Mes 1 0.24 3600 271 141 134.5 75.4 

14i Ti Mes 8 0.17 3000 917 143 134.8 58.1 

15 Ti Anth 1 0.23 3400 255 112 135.6 72.7 

16 Ti Anth 1 0.22 3400 286 130 134.1 68.8 

17i Ti Anth 10 0.12 3000 1069 91 133.5 56.3 

Conditions: 100 PSI, 10 mL PhCl, 200 equiv. AlMe3, 3 equiv. [CPh3][B(C6F5)4].  
aFrom 

GPC analysis; bFrom GPC analysis where PDI = MW/MN; cMelting temperature 

determined by DSC; dPercent crystallinity determined by DSC; e1000 equiv. of MMAO 

and PhMe was used in place of the AlMe3/[CPh3][B(C6F5)4] activator mixture and PhCl; 

fNot determined; g1000 equiv. of MMAO was used in place of the AlMe3/[CPh3][B(C6F5)4] 

activator mixture; hStirring lost over the course of the reaction due to high viscosity; i0.4 

μmol precatalyst loading. 
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Table 3.5. Complete ethylene-1-hexene copolymerization results. 

 M Ar Time Yield Activity  MW
a PDIb % Ic TM

d χC
e 

min g g mmolM
-1 h-1 kDa oC % 

1 Zr Mes 10 0.75 1100 2.5 4.1 n.d. 119.9 50.09 

2 Zr Mes 10 0.45 680 84.1 107.0 1.3 122.4 61.18 

3 Zr Anth 10 0.14 200 63.0 74.0 1.0 123.3 58.58 

4 Zr Anth 30 0.30 150 221 207.1 n.d. 125.7 64.1 

5 Zr Anth 30 1.18 590 117 149.9 n.d. 122.6 52.88 

6 Ti Mes 1 0.33 5000 272 136.8 n.d. 120.0 31.55 

7 Ti Mes 1 0.39 5900 197 73.4 2.2 121.3 32.73 

8 Ti Anth 2 0.30 2300 530 204.2 n.d. 121.4 33.82 

9 Ti Anth 1 0.27 4000 323 109.5 1.6 120.3 32.66 

Conditions: 100 PSI, 10 mL PhCl, 200 equiv. AlMe3, 3 equiv. [CPh3][B(C6F5)4], 1000 

equiv. 1-hexene.  aFrom GPC analysis; bFrom GPC analysis where PDI = MW/MN; 

cInsertion mol% as determined by integration of the 13C NMR; dMelting temperature 

determined by DSC; ePercent crystallinity determined by DSC. 
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Crystallographic Information 

Refinement Details: Crystals were mounted on a glass fiber or MiTeGen loop using 

Paratone oil, then placed on the diffractometer under a nitrogen stream. Diffractometer 

manipulations, including data collection, integration, and scaling were performed using 

the Bruker APEXII software8. Absorption corrections were applied using SADABS or 

TWINABS.38 Space groups were determined on the basis of systematic absences and 

intensity statistics and the structures were solved in the Olex 2 software interface 39 by 

intrinsic phasing using XT (incorporated into SHELXTL) 40 and refined by full-matrix 

least squares on F2. All non-hydrogen atoms were refined using anisotropic displacement 

parameters, except as noted. Hydrogen atoms were placed in the idealized positions and 

refined using a riding model. Graphical representation of structures with 50% probability 

thermal ellipsoids were generated using Diamond 3 visualization software. 41 As the quality 

of the data sets collected for 3.14, 3.19, 3.20, and 3.30 were poor and/or twinned, only 

isotropic refinement was performed. Disordered solvents of crystallization were observed 

in the difference maps of 3.18 and 3.23; these were removed using the solvent mask tool 

in Olex 249 as they could not be satisfactorily modeled. 
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Table 3.6. Crystal and refinement data for 3.14 and 3.16 

 3.14, cell 1 3.14, cell 2 3.16 

CCDC Number 1901334  1901318 

Empirical formula C53H57N5Si4Y C56H61N5Si4Y C36H40AlN3 

Formula weight 965.30 1005.38 541.69 

T (K) 100 100 100 

a, Å 12.8334(15) 12.6269(15) 10.0846(7) 

b, Å 18.935(2) 13.2018(15) 10.7246(7) 

c, Å 21.972(2) 16.826(2) 14.7495(11) 

α, o 66.153(4) 70.060(4) 88.535(3) 

β, o 86.673(4) 83034(4) 85.525(3) 

γ, o 89.451(4) 76.338(4) 72.732(3) 

Volume, Å3 4874.6(10) 2559.51 1518.66(19) 

Z 4 2 2 

Crystal system Triclinic Triclinic Triclinic 

Space group P -1 P1 P -1 

θ range, o 2.347 to 25.702 2.573 to 29.513 2.419 to 27.463 

µ, mm-1 1.336 1.27 0.096 

Abs. Correction Multi-scan Multi-scan Multi-scan 

GOF 1.124 1.161 1.046 

R1,
 a wR2 

b [I>2 (I)] 0.0497, 0.1431 0.2324, 0.5416 0.0622, 0.1750 

Radiation Type Mo Κα Mo Κα Mo Κα 

a R1 = ∑||Fo| - |Fc||/∑|Fo|. b wR2 = [∑[w(Fo
 2 -Fc

 2 ) 2 ]/∑[w(Fo
 2 ) 2 ] 1/2 . 
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Table 3.7. Crystal and refinement data for 3.18, 3.19, and 3.20 

 3.18 3.22 3.23 

CCDC Number 1900723 1900722  

Empirical formula C76H96N3OSi4Y C80H78N5Si2Y C144H147N8O2Si4Y2 

Formula weight 1268.83 1254.57 2311.89 

T (K) 100 100 100 

a, Å 11.597(5) 12.1287(7) 12.8103(7) 

b, Å 16.582(7) 22.4625(13) 18.0605(9) 

c, Å 21.396(5) 24.6736(14) 28.0359(12) 

α, o 96.041(6) 90 90.114(3) 

β, o 104.761(6) 90.137(3) 97.937(2) 

γ, o 94.927(7) 90 99.127(3) 

Volume, Å3 3929(3) 6722.1(7) 6341.0(5) 

Z 2 4 2 

Crystal system Triclinic Monoclinic Triclinic 

Space group P -1 P 21/n P -1 

dcalc, g/cm3 1.072 1.240 1.211 

θ range, o 2.297 to 27.387 3.936 to 79.873 3.982 to 51.487 

µ, mm-1 0.845 1.925 2.003 

Abs. Correction Multi-scan Multi-scan Multi-scan 

GOF 1.042 1.023 3.051 

R1,
 a wR2 

b [I>2 (I)] 0.0532, 0.1554 0.0421, 0.1080 0.1443, 0.3878 

Radiation Type Mo Κα Cu Κα Cu Κα 

a R1 = ∑||Fo| - |Fc||/∑|Fo|. b wR2 = [∑[w(Fo
 2 -Fc

 2 ) 2 ]/∑[w(Fo
 2 ) 2 ] 1/2 .  
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Table 3.8. Crystal and refinement data for 3.23, 3.24, and 3.30 

 3.24 3.25 3.31 

CCDC Number 1900724 1900725  

Empirical formula C42H26Cl3N3Zr C38H48N6Ti C92H96N8O2Zr2 

Formula weight 770.23 636.72 1528.21 

T (K) 100 293 100 

a, Å 13.1280(6) 13.9896(10) 12.3976(17) 

b, Å 20.0709(9) 14.8633(11) 13.131(2) 

c, Å 16.0162(7) 17.6638(12) 14.230(2) 

α, o 90 73.735(3) 74.605(4) 

β, o 110.871(2) 87.623(3) 83.230(5) 

γ, o 90 88.398(3) 62.106(4) 

Volume, Å3 3943.22 3522.3(4) 1973.9(5) 

Z 4 4 1 

Crystal system Monoclinic Triclinic Triclinic 

Space group P 21/c P -1 P -1 

dcalc, g/cm3 1.297 1.201 1.286 

θ range, o 2.439 to 27.4795 2.403 to 27.487 2.155 to 27.022 

µ, mm-1 0.513 2.310 0.318 

Abs. Correction Multi-scan Multi-scan Multi-scan 

GOF 1.040 1.049 0.755 

R1,
 a wR2 

b [I>2 (I)] 0.0247, 0.0686 0.0336, 0.0901 0.0464, 0.0784 

Radiation Type Mo Κα Mo Κα Mo Κα 

a R1 = ∑||Fo| - |Fc||/∑|Fo|. b wR2 = [∑[w(Fo
 2 -Fc

 2 ) 2 ]/∑[w(Fo
 2 ) 2 ] 1/2 . 
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ABSTRACT   

Towards gaining insight into tacticity control in C1 symmetric monozirconium amine 

bis(phenolate) Kol type-catalysts, a series of catalysts bearing bulky ortho triarylsilyl and 

trialkylsilyl substituents were prepared and tested in 1-hexene homopolymerization. While 

catalysts bearing tri(iso-propyl)silyl substituents did not exhibit any tacticity control, the 

catalyst bearing a triphenylsilyl substituent produced poly-1-hexene with 53 % mmmm and 

moderate activity of 0.557 g mmolZr
-1 h-1. Replacement of the triphenylsilyl substituent 

with diphenyl(tert-butyl)silyl or diphenyl(methyl)silyl resulted in significant loss of tacticity 

control to 21 and 15 % mmmm, respectively, albeit with improved activities of 1.03 and 

2.58 kg mmolZr
-1 h-1. These results suggest that the use of bulky substituents extending 

away from the catalyst center could aid in tacticity control. Future directions for 

improvement of tacticity control by this class of C1 symmetric Zr amine(bisphenolate) 

catalyst could include use of tris(2,6-dimethylphenyl)silyl substituents, exploration of the 

role of the other ortho substituent, and changing catalyst electronics through modification 

of the para substituents.  
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INTRODUCTION  

Isotactic polypropylene is an important plastic produced on billion tons annual scale 

through a mixture of heterogeneous and homogeneous catalysis.1 While metallocene 

catalysts have dominated the field of prochiral α-olefin polymerization, the use of non-

metallocene catalysts for prochiral α-olefin polymerization has emerged as a 

complementary approach towards the synthesis of isotactic polypropylene.2 

 One class of ligands for α-olefin polymerization that has received some attention 

are the Kol-type amine bis(phenolate) ligands shown in Figure A.1. CS symmetric catalyst 

A.1 is highly active for 1-hexene polymerization (15.5 kg mmolZr
-1 h-1), though producing 

only atactic polymer.3-5 Activity is nearly lost upon removal of one donor (A.2, 0.023 kg 

mmolZr
-1 h-1). In contrast, while C2 symmetric catalyst A.3 produces highly isotactic poly-

1-hexene (>95 %), it exhibits low activity (0.018 kg mmolZr
-1 h-1).6-7 The related C1 

symmetric catalyst A.4 shows the best of both worlds compared with catalysts A.1, A.2, 

and A.3, producing moderately (54 %) isotactic poly-1-hexene with moderate (1.3 kg 

mmolZr
-1 h-1) activity.8 

 

Figure A.1. Kol-type amine bis(phenolate) Zr catalysts for 1-hexene polymerization 
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In conjunction with our studies on dizirconium amine bis(phenolate) catalysts bearing 

bulky trialkylsilyl substituents, a series of C1 symmetric monozirconium catalysts were 

also prepared. While single isomers of the dizirconium catalysts could not be isolated, the 

corresponding monozirconium catalysts could be isolated and these catalysts were tested 

for 1-hexene and ethylene homopolymerization.  
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RESULTS   

The silyl-substituted amine bisphenolate catalysts were synthesized analogously to 

reported C1 symmetric catalysts. Starting from 2,6-dibromo-4-tert-butylphenol (A.5), 

reaction with the desired chlorosilane affords the corresponding silyl-aryl ether (A.6-A.9). 

Formation of the corresponding salicylaldehydes was accomplished through retro-Brook 

reagent of these species via reaction with four equivalents of tert-butyllithium and 

subsequent quench with DMF to give A.10-A.13. Reductive amination of A.10-A.13 with 

either N,N-dimethylethylenediamine or 2-methoxyethylamine afforded 2o amines A.14-

A.18 and subsequent reaction with benzyl bromide A.19 in the presence of Hünig’s base 

affords the desired proligands A.20-A.24 following isolation by column chromatography. 

Metalation can be accomplished via protonolysis with 1 equivalent of ZrBn 4 in toluene 

and the desired precatalysts A.25-A.29 isolated in moderate to good yields. 
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Scheme A.1. Synthesis of silyl-substituted amine bis(phenolate) proligands and their 

corresponding Zr benzyl complexes. 

 

 This series of precatalysts was tested for 1-hexene polymerization activity in the 

presence of [CPh3][B(C6F5)4] as an activator. The two catalysts bearing the tri(iso-

propyl)silyl substituents (A.25 and A.26) show similar tacticity control (8-9 % mmmm) as 

compared with the literature CS symmetric tert-butyl substituted catalysts, however, their 

activity is much lower (0.225 kg mmolZr
-1 h-1 for A.25 and 0.654 kg mmolZr

-1 h-1 for A.26). 

The catalyst A.27 bearing the triphenylsilyl substituent, however, shows substantially 

higher tacticity control, producing poly-1-hexene with 53 % mmmm, albeit with only 

moderate activity (0.557 kg mmolZr
-1 h-1).  

 To probe the causes of this increased tacticity control in 1-hxene polymerization 

the catalysts A.28 and A.29. Replacement of one of the phenyl rings with the smaller 
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methyl substituent results in a substantial increase in catalytic activity to 2.58 kg mmolZr
-

1 h-1, however, the tacticity control substantially decreases and the resulting polymer is 

only 15 % mmmm. Replacement of one of the phenyl with the bulkier tert-butyl substituent 

results in a moderate increase in activity (1.03 kg mmolZr
-1 h-1), however, the polymer 

shows only 21 % mmmm, similar to that observed with A.28.  

 

Table A.1. 1-hexene polymerization by monozirconium amine bis(phenolate) complexes a 

Entry Catalyst Yieldb Activityc % mmmmd 

1 A.1 1.69 2.54 5 

2 A.25 0.150 0.225 8 

3 A.26 0.436 0.654 9 

4 A.27 0.371 0.557 53 

5 A.28 1.72 2.58 15 

6 A.29 0.686 1.03 21 

aPolymerizations were run with 4.0 μmol precatalyst, 1.0 equiv. [CPh3][B(C6F5)4], and 1000 

equiv. 1-hexene in 2.5 mL PhCl at room temperature over 10 min; bYield of polymer in 

grams; cActivity defined as kg of polymer per mmol of Zr per hour; dDetermined by 

integration of the methylene signal in the 13C NMR spectrum. 

 

 

 Catalysts A.26, A.28, and A.29 were also tested for ethylene polymerization 

activity in the presence of 250 equiv. of dried MAO as an activator and scavenger. All 
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catalysts tested under these conditions show similar activities to each other and in 

comparison with the literature A.1 catalyst (1.99 to 2.70 kg mmolZr
-1 h-1), indicating that 

these bulky substituents have little to no effect when polymerizing the smaller ethylene 

monomer.  

 

Table A.2. Ethylene polymerization by monozirconium amine bis(phenolate) complexes a 

Entry Complex Yieldb Activityc 

1 A.1 2.25 2.70 

2 A.26 2.02 2.42 

3 A.28 1.66 1.99 

4 A.29 1.83 2.20 

aPolymerizations were run with 4.0 μmol precatalyst and 250 equiv. dried MAO in 2.5 mL 

PhMe at 25 oC, 100 PSI ethylene over 10 min;  bYield of polymer in grams; cActivity 

defined as kg of polymer per mmol Zr per hour. 
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DISCUSSION  

While tacticity and activity effects in propylene polymerization by these catalysts could 

be of some interest, given that catalysts demonstrating higher tacticity control in poly -1-

hexene polymerization could show similar effects with the more industrially -relevant 

propylene monomer, such as experiments were also not performed. Insight into the 

mechanism of tacticity control in this system could also be obtained from analysis of the 

stereoerrors errors by 13C NMR.  

 A number of approaches to further develop this class of amine bis(phenolate) Zr 

catalysts and improve their tacticity control and activities. The differences in tacticity 

control between the catalyst bearing the triphenylsilyl substituent and those bearing 

diphenyl(alkyl)silyl substituents suggests that improved tacticity control could be achieved 

through increasing the size of the aryl substituents at silicon. Improved catalyst activity 

could likely be achieved through incorporation of electron-withdrawing substituents at 

the para positions at the two phenoxide donors, as has been previously-observed with the 

dizirconium amine(bisphenolate) catalysts.9 It is also possible that through reducing the 

size of the ortho substituent at the other phenoxide donor, improved tacticity control could 

be observed. 
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CONCLUSIONS  

In conclusion, a series of C1-symmetric amine bis(phenolate) Zr bis(benzyl) complexes 

bearing bulky tri(iso-propyl)silyl, triphenylsilyl, diphenyl(methyl)silyl, and diphenyl(tert-

butyl)silyl substituents were synthesized and tested for 1-hexene and ethylene 

polymerization. While no substituent effects were observed in ethylene polymerization, 

the poly-1-hexene produced by the triphenylsilyl-substituted complex was 53 % mmmm. 

Both diphenyl(tert-butyl)silyl- and diphenyl(methyl)silyl-substituted complexes showed 

substantially less tacticity control, indicating that further improvements to this system 

could likely be derived from further increasing the size of the aryl substituents at silicon. 
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EXPERIMENTAL SECTION  

General Notes. All air- and water-sensitive compounds were manipulated under N2 or Ar 

using standard Schlenk or glovebox techniques. Solvents for air- and moisture-sensitive 

reactions were dried by the method of Grubbs.10 Chlorobenzene and 1-hexene for 

polymerization with stoichiometric activators were refluxed over CaH 2 for greater than 

72 h, vacuum transferred, and run over activated alumina plugs prior to use. 

[CPh3][B(C6F5)4] was purchased from Strem and used without further purification. 2,6-

dibromo-4-tert-butylphenol (A.5) and A.19 were prepared according to literature 

procedures. Deuterated solvents were purchased from Cambridge Isotopes Lab, Inc.; 

CDCl3 and 1,1,2,2-tetrachloroethane-d2 were used without further purification; C6D6 was 

distilled from purple Na/benzophenone ketyl and filtered over activated alumina prior to 

use. 1H and 13C spectra were recorded on Varian Mercury 300, Varian INOVA-300, 400, 

or 500 spectrometers or Bruker Cryoprobe 400. 1H and 13C chemical shifts are reported 

relative to residual solvent resonances. 

 

General synthesis of (2,6-dibromo-4-tertbutylphenoxy)silanes. An oven-dried 

Schlenk tube was charged with 2,6-dibromo-4-tertbutylphenol (1 equiv.), imidazole (4 

equiv.), DCM (1 mL/mmol, 2a) or THF (1-2 mL/mmol, 2b-d), and chlorosilane (1.5 

equiv.), sealed and heated to reflux for 16  h. Volatiles were removed under reduced 

pressure and the residue taken up in DCM and washed with water (2x), 0.2 N HCl , and 

brine. The organics were dried with MgSO4, filtered, and volatiles removed under vacuum.  

 (2,6-dibromo-4-tert-butylphenoxy)triisopropylsilane, A.6. A.6 was isolated in quantitative 

yield as a white solid without further purification. Spectra matched those previously 

reported11. 
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(2,6-dibromo-4-tertbutylphenoxy)triphenylsilane, A.7. A.7 was isolated in 78.3 % yield as a 

white solid following recrystallization from benzene/ethanol (1:3 v/v) at -35 oC. 1H NMR (300 

MHz, CDCl3) δ 7.73 (m, 6H), 7.43 (t, 3H), 7.39 – 7.31 (m, 8H), 1.22 (s, 9H). HRMS (FAB+) 

Calcd. for C28H26SiOBr2: 566.0099. Found: 566.0115. 

 (2,6-dibromo-4-tertbutylphenoxy)diphenylmethylsilane, A.8. A.8 was isolated in 26 % 

yield as a clear, viscous oil following column chromatography (4 % benzene in hexane, Rf 

= 0.3). A.8 could not be completely separated from tetraphenyldimethyldisiloxane (ca. 40 

% by 1H integration) under those conditions but was moved forward without further 

purification.  

(2,6-dibromo-4-tertbutylphenoxy)diphenyltertbutylsilane, A.9. A.9 was isolated in 65.6 % yield 

as a white solid following column chromatography (hexane, Rf = 0.4). 1H NMR (300 MHz, 

CDCl3) δ 7.77 (m, 4H), 7.46 – 7.31 (m, 8H), 7.27 (m, 3H), 1.24 (s, 9H), 1.14 (s, 9H). HRMS 

(FAB+) calcd. for C26H29SiOBr2: 545.0334. Found: 545.0354. 

 

General synthesis of 2-hydroxybenzaldehydes.  An oven-dried Schlenk flask was 

charged with 2 (1 equiv.), Et2O (2 mL/mmol, A.10) or THF (2 mL/mmol, A.11, A.12, 

A.13), and cooled to -78 oC. tBuLi (1.7 M in pentanes, 4.5 equiv.) was added dropwise 

over the course of several minutes. The reaction was stirred at -78 oC for 30 minutes then 

allowed to warm to room temperature over 60 minutes and stirred for an additional 30 

minutes. Upon cooling the reaction to -78 oC, DMF (6 equiv.) was added at once and the 

reaction allowed to come to room temperature. NH4Cl (aq.) was added after 1h to quench 

and the reaction transferred to a separatory funnel with Et2O. The aqueous fraction was 

removed and organics washed with water (2x), 0.2 N HCl, and brine. Combined organics 
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were dried with MgSO4, filtered, and volatiles removed en vacuo to give the crude product 

which was further purified by column chromatography. 

 2-hydroxy,3-triisopropylsilyl,5-tertbutylbenzaldehyde, A.10. A.10 was isolated in 81 % 

yield (30.6 mmol scale) following purification by column chromatography (20 % benzene 

in hexanes). Spectra matched those previously reported11. 

2-hydroxy,3-triphenylsilyl,5-tertbutylbenzaldehyde, A.11. A.11 was isolated in 79 % yield (15 

mmol scale) following purification by column chromatography (40 % benzene in hexanes, Rf 

= 0.2). 1H NMR (300 MHz, CDCl3) δ 11.28 (s, 1H), 9.92 (s, 1H), 7.66 – 7.61 (m, 6H), 7.60 (d, 

J = 2.6 Hz, 1H), 7.54 (d, J = 2.6 Hz, 1H), 7.47 – 7.35 (m, 10H), 1.18 (s, 9H). HRMS (FAB+) 

calcd. for C29H29O2Si: 437.1937. Found: 437.1937. 

2-hydroxy,3-diphenylmethylsilyl,5-tertbutylbenzaldehyde, A.12. A.12 was isolated in 39.8 % 

yield following purification by column chromatography (30 % benzene in hexanes, Rf = 0.5). 

1H NMR (500 MHz, CDCl3) δ 11.19 (s, 1H), 9.89 (s, 1H), 7.56 – 7.53 (m, 5H), 7.47 (d, 1H), 

7.41 (m, 2H), 7.39 (m, 2H), 7.37 (m, 3H), 7.36 (m, 1H), 1.21 (s, 9H), 0.93 (s, 3H). 13C NMR 

(126 MHz, CDCl3) δ 197.05, 164.65, 142.95, 142.27, 135.93, 135.27, 131.98, 129.53, 128.47, 

127.93, 124.37, 119.27, 34.20, 31.29, -3.27. HRMS (FAB+) calcd. for C24H26O2Si: 374.1702. 

Found: 374.1709. 

2-hydroxy,3-diphenyltertbutylsilyl,5-tertbutylbenzaldehyde, A.13. A.13 was isolated in 82.7 % 

yield following purification by column chromatography (30 % benzene in hexanes, Rf = 0.4). 

1H NMR (500 MHz, CDCl3) δ 11.48 (s, 1H), 9.93 (s, 1H), 7.59 (m, 4H), 7.56 (dd, 1H), 7.47 

(dd, 1H), 7.43 (m, 2H), 7.39 – 7.35 (m, 4H), 1.25 (s, 9H), 1.17 (s, 9H). 13C NMR (126 MHz, 

CDCl3) δ 197.15, 164.56, 145.10, 142.13, 136.33, 135.07, 131.91, 129.28, 128.47, 127.74, 

123.67, 119.22, 34.17, 31.20, 29.69, 18.68. HRMS (FAB+) calcd. for C27H33O2Si: 417.2250. 

Found: 417.2260. 
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Preparation of compounds A.14-A.18. To solution of A.10-A.13 (1 equiv.) in methanol 

(4 mL/mmol) 2-methoxyethylamine or N,N-dimethylethylenediamine (1.1 equiv.) was 

added and the reaction heated to 65 oC for 8 to 13 h. Complete consumption of the 

aldehyde starting material was confirmed by 1H NMR, then volatiles removed en vacuo. 

The residue was taken up in methanol (4 mL/mmol)12 and NaBH4 (4 equiv.) was added 

in several portions, then the reaction stirred 4 h. The resulting colourless solution was 

concentrated and HCl (2N) added to quench. 1 M NaOH was added in small portions to 

bring to pH~7 then the reaction was transferred to a separatory funnel and extracted 

twice with DCM. Combined organics were washed with water then dried with MgSO 4, 

filtered, and evaporated. All compounds were used without further purification.  

A.14. 1H NMR (500 MHz, CDCl3) δ 7.31 (d, 1H, ArH), 6.97 (d, 1H, ArH), 3.96 (s, 2H, 

ArCH2), 3.51 (t, 2H, CH2CH2), 3.36 (s, 3H, OCH3), 2.80 (t, 2H, CH2CH2), 1.51 (sep, 3H, 

CH(CH3)2), 1.29 (s, 9H, C(CH3)3), 1.10 (d, 18H, CH(CH3)2). 
13C NMR (126 MHz, CDCl3) δ 

161.27, 140.28, 133.29, 126.42, 120.64, 120.61, 58.99, 53.11, 47.83, 34.03, 31.79, 19.13, 11.95. 

A.15. 1H NMR (300 MHz, Chloroform-d) δ 7.30 (d, 1H, ArH), 6.97 (d, 1H, ArH), 3.95 

(s, 2H, ArCH2), 2.70 (t, 2H, CH2CH2), 2.43 (t, 2H, CH2CH2), 2.23 (s, 6H, N(CH3)2), 1.50 (sep, 

3H, CH(CH3)2), 1.27 (s, 9H, C(CH3)3), 1.09 (d, 21H, CH(CH3)2). 

A.16 was isolated in 90.8 % yield as a pale yellow solid. 1H NMR (300 MHz, CDCl3) δ 

7.65 (m, 6H, ArH), 7.44 – 7.32 (m, 10H, ArH), 7.09 (d, 2H, ArH), 4.03 (s, 2H, ArCH2), 3.46 

(t, 2H, CH2CH2), 3.33 (s, 3H, OCH3), 2.80 (t, 2H, CH2CH2), 1.13 (s, 9H, C(CH3)3). 

A.17 was isolated in 97.7% yield. 1H NMR (500 MHz, CDCl3) δ 7.52 – 7.48 (m, 4H, 

ArH), 7.29 (m, 6H, ArH), 6.99 (s, 2H, ArH), 3.41 (t, 2H, CH2CH2), 3.28 (s, 3H, OCH3), 2.75 

(t, 2H, CH2CH2), 1.10 (s, 9H, C(CH3)3), 0.84 (s, 3H, SiCH3). 
13C NMR (126 MHz, CDCl3) δ 
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161.42, 140.95, 137.48, 135.36, 133.43, 129.02, 127.66, 121.17, 120.86, 58.97, 52.94, 48.05, 

34.07, 31.64, -2.84. HRMS (FAB+) calcd. for C27H36O2SiN: 434.2515. Found: 434.2536. 

A.18 was isolated in 91.4 % yield as a yellow viscous oil. 1H NMR (500 MHz, CDCl3) 

δ 7.61-7.59 (m, 4H, ArH), 7.40 – 7.31 (m, 6H, ArH), 7.08 (d, 1H, ArH), 7.05 (d, 1H, ArH), 

4.02 (s, 2H, ArCH2), 3.49 (t, 2H, CH2CH2), 3.35 (s, 3H, OCH3), 2.82 (t, 2H, CH2CH2), 1.22 (s, 

9H, C(CH3)3), 1.13 (s, 9H, C(CH3)3). 
13C NMR (126 MHz, CDCl3) δ 161.02, 140.68, 136.46, 

136.41, 135.38, 128.78, 127.44, 120.64, 120.45, 71.06, 58.98, 52.93, 47.83, 34.04, 31.60, 29.84, 

18.67. HRMS (FAB+) calcd. for C30H42NSiO2: 476.2985. Found: 476.2977. 

 

General preparation of compounds A.20-A.24. To a solution of A.19 (1.25 equiv.) and 

NEtiPr2 (1.25 equiv.) in THF (30 mL/mmol) at 0 oC, A.14-A.18 (1 equiv.) in THF (20 

mL/mmol) was added in 2 mL portions. The reaction was stirred, warming over 3 h then 

volatiles removed under reduced pressure. The residue was taken up in DCM and washed 

with K2CO3 (2x) and brine. The combined organics were dried with MgSO 4, filtered, and 

evaporated to afford the crude product which was further purified by column 

chromatography (details below). All ligands were dried extensively under vacuum then 

lyophilized from dry benzene prior to metalation. 

Proligand A.20. Purification by column chromatography in 10:1 Hexanes:EtOAc (v/v). 

1H NMR (500 MHz, Chloroform-d) δ 7.37 (d, 1H, ArH), 7.23 (d, 1H, ArH), 7.05 (d, 1H, ArH), 

6.91 (d, 1H, ArH), 3.80 (s, 2H, ArCH2), 3.74 (s, 2H, ArCH2), 3.56 (m, 2H, CH2CH2), 3.47 (s, 

3H, OCH3), 2.76 (m, 2H, CH2CH2), 1.53 (sep, 3H, CH(CH3)2), 1.41 (s, 9H, C(CH3)3), 1.30 (s, 

18H, C(CH3)3), 1.13 (d, 18H, CH(CH3)2). 
13C NMR (126 MHz, cdcl3) δ 159.37, 153.24, 140.82, 

140.74, 136.07, 134.16, 128.50, 124.68, 123.47, 121.63, 121.11, 120.41, 71.72, 58.98, 58.36, 
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51.57, 35.07, 34.03, 31.84, 30.49, 29.67, 19.20, 11.91. HRMS (FAB+) calcd for C38H66O3NSi: 

612.4812. Found: 612.4819.  

 Proligand A.21. Purification by column chromatography in 10:1 Hexanes:EtOAc 

(v/v). 1H NMR (500 MHz, Chloroform-d) δ 7.38 (d, 1H, ArH), 7.21 (d, 1H, ArH), 7.06 

(d, 1H, ArH), 6.90 (d, 1H, ArH), 3.73 (s, 2H, ArCH2), 3.57 (s, 2H, ArCH2), 2.60 (s, 4H, 

CH2), 2.32 (s, 6H, N(CH3)2), 1.53 (sep, 3H, CH(CH3)2), 1.37 (s, 9H, C(CH3)3), 1.32 (s, 9H, 

C(CH3)3), 1.30 (s, 9H, C(CH3)3), 1.15 (d, 18H, CH(CH3)2). 
13C NMR (126 MHz, 

Chloroform-d) δ 160.29, 153.32, 140.50, 139.85, 135.83, 134.29, 128.61, 124.45, 123.26, 

121.68, 121.38, 120.14, 58.09, 56.14, 56.06, 49.23, 44.93, 35.00, 34.25, 33.97, 31.85, 30.49, 

29.61, 19.27, 11.96. HRMS (FAB+) calcd for C39H69O2N2Si: 625.5128. Found: 625.5107. 

Proligand A.22. Purification by column chromatography in 15:1 Hexanes:EtOAc (v/v). 

1H NMR (300 MHz, Benzene-d6) δ 8.91 (s, 2H, OH), 7.91 (m, 6H, ArH), 7.58 (d, J = 2.4 Hz, 

1H, ArH), 7.52 (d, 1H, ArH), 7.31 – 7.20 (m, 9H, ArH), 6.97 (d, 1H, ArH), 3.63 (s, 2H, ArCH2), 

3.57 (s, 2H, ArCH2), 2.90 (t, 2H, CH2CH2), 2.74 (s, 3H, OCH3), 2.34 (t, 2H, CH2CH2), 1.65 (s, 

9H, C(CH3)3), 1.36 (s, 9H, C(CH3)3), 1.20 (s, 9H, C(CH3)3). HRMS (FAB+) calcd. for 

C47H60O3SiN: 714.4342. Found: 714.4358. 

Proligand A.23. Purification by column chromatography in 15:1 Hexanes:EtOAc (v/v). 

1H NMR (500 MHz, Benzene-d6) δ 8.80 (s, 2H, OH), 7.79 – 7.74 (m, 4H, ArH), 7.51 (d, 1H, 

ArH), 7.48 (d, 1H, ArH), 7.23 (m, 6H, ArH), 6.95 (d, 1H, ArH), 3.57 (s, 2H, ArCH2), 3.52 (s, 

2H, ArCH2), 2.91 (t, 2H, CH2CH2), 2.83 (s, 3H, OCH3), 2.31 (t, 2H, CH2CH2), 1.67 (s, 9H, 

C(CH3)3), 1.35 (s, 9H, C(CH3)3), 1.22 (s, 9H, C(CH3)3), 1.11 (s, 3H, SiCH3). 

Proligand A.24. Isolated in 80.7 % yield as a white solid following purification by 

column chromatography in 15:1 Hexanes:EtOAc (v/v). 1H NMR (300 MHz, Chloroform-d) 

δ 8.57 (s, 2H, OH), 7.61 (m, 4H, ArH), 7.36 (m, 6H, ArH), 7.21 (d, 1H, ArH), 7.12 (d, 1H, 
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ArH), 7.08 (d, 1H, ArH), 6.89 (d, 1H, ArH), 3.80 (s, 2H, ArCH2), 3.75 (s, 2H, ArCH2), 3.51 (t, 

2H, CH2CH2), 3.31 (s, 3H, OCH3), 2.74 (t, 2H, CH2CH2), 1.39 (s, 9H, C(CH3)3), 1.28 (s, 9H, 

C(CH3)3), 1.21 (s, 9H, C(CH3)3), 1.11 (s, 9H, C(CH3)3). HRMS (FAB+) calcd. for C45H64SiO3N: 

694.4656. Found: 694.4678. 

 

General synthesis of mononuclear Zr complexes.  

A 20 mL scintillation vial was charged with a stirbar, zirconium tetrabenzyl (1.0 equiv.), 

and toluene (10 mL/mmol). The proligand (1.0 equiv.) in toluene (15 mL/mmol) was 

added over several minutes then the reaction stirred for 3 hours in the dark. Volatiles 

were removed en vacuo and the residue fractionated between pentane (6 mL), ether (6 mL), 

and benzene.  

 Precatalyst A.25. Isolated in 63.5 % yield as a bright yellow solid from the ether 

fraction. 1H NMR (500 MHz, Benzene-d6) δ 7.77 (d, 1H, ArH), 7.70 (d, 2H, ArH), 7.61 

(d, 1H, ArH), 7.39 (t, 2H, ArH), 7.06 (d, 1H, ArH), 7.03 (t, 1H, ArH), 6.95 (d, 2H, ArH), 

6.89 (d, 1H, ArH), 6.75 (t, 2H, ArH), 6.58 (t, 1H, ArH), 3.67 (d, 1H, ArCH2), 3.33 (d, 1H, 

ArCH2), 2.80 (d, 1H, ArCH2), 2.72 (dd, 2H, ArCH2), 2.61 (d, 1H, ArCH2), 2.57 (d, 1H, 

ArCH2), 2.53 (s, 3H, OCH3), 2.50 (d, 1H, ArCH2), 2.25 (m, 1H), 2.18 (sep, 3 H, 

CH(CH3)2), 1.92 (m, 1H), 1.84 (m, 10H), 1.53 (d, 9H), 1.40 (m, 18H), 1.36 (s, 9H).  

Precatalyst A.25. Isolated in 52.9 % yield as a bright yellow solid from the ether fraction. 

1H NMR (500 MHz, Benzene-d6) δ 7.76 (d, 1H, ArH), 7.67 (d, 2H, ArH), 7.61 (d, 1H, ArH), 

7.39 (t, 2H, ArH), 7.09 (d, 1H, ArH), 7.03 (t, 1H, ArH), 6.98 (d, 2H, ArH), 6.91 (d, 1H, ArH), 

6.74 (t, 2H, ArH), 6.56 (t, 1H, ArH), 3.83 (d, 1H, ArCH2), 3.04 (d, 1H, ArCH2), 2.84 (d, 1H, 

ArCH2), 2.78 (d, 1H, ArCH2), 2.60 (d, 1H, ArCH2), 2.58 – 2.51 (m, 2H, ArCH2), 2.47 (d, 1H, 

ArCH2), 2.19 (sep, 3H, CH(CH3)3), 1.83 (s, 9H), 1.54 (m, 13H), 1.47 (s, 4H), 1.42 – 1.34 (m, 
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29H). 13C NMR (126 MHz, Benzene-d6) δ 164.71, 157.51, 148.85, 147.33, 140.93, 140.57, 

136.21, 134.99, 126.87, 125.44, 124.49, 124.36, 124.28, 121.92, 121.76, 120.05, 68.83, 66.25, 

64.92, 64.35, 59.72, 50.67, 36.54, 35.34, 34.03, 33.81, 31.52, 30.46, 19.95, 19.43, 12.92. 

Precatalyst A.25. Isolated in 63.5 % yield as a yellow solid from the benzene fraction. 

1H NMR (500 MHz, Benzene-d6) δ 8.03 (m, 7H), 7.60 (d, 1H, ArH), 7.57 (s, 1H, ArH), 7.25 

(m, 11H, ArH), 6.99 (m, 6H, ArH), 6.95 – 6.90 (m, 4H, ArH), 6.85 (t, 2H, ArH), 6.64 (t, 1H, 

ArH), 4.00 (d, 1H, ArCH2), 3.41 (d, 1H, ArCH2), 2.75 (d, 1H, ArCH2), 2.60 (d, 1H, ArCH2), 

2.42 (d, 1H, ArCH2), 2.34 (dd, 2H, ArCH2), 2.30 (s, 3H, OCH3), 2.16 (m, 2H, ArCH2), 1.93 

(m, 1H, ArCH2), 1.82 (d, 1H, ArCH2), 1.77 (s, 9H), 1.59 (d, 1H, ArCH2), 1.35 (s, 9H), 1.24 (s, 

9H). 

Precatalyst A.25. Isolated in 48.6 % yield as a yellow solid from the benzene fraction. 

1H NMR (500 MHz, Benzene-d6) δ 7.84 (m, 4H, ArH), 7.57 (dd, 2H, ArH), 7.33 – 7.22 (m, 

9H, ArH), 7.19 (m, 2H, ArH), 7.00 (t, 1H, ArH), 6.95 – 6.90 (m, 3H, ArH), 6.83 (t, 2H, ArH), 

6.63 (t, 1H, ArH), 3.73 (d, 1H, ArCH2), 3.47 (d, 1H, ArCH2), 2.66 (d, 1H, ArCH2), 2.60 (d, 

1H, ArCH2), 2.42 (dd, 2H, ArCH2), 2.37 (s, 3H, OCH3), 2.31 (d, 2H, ArCH2), 2.22 (m, 1H), 

2.17 (d, 1H, ArCH2), 2.03 (m, 1H), 1.86 (m, 1H), 1.78 (s, 9H, C(CH3)3), 1.38 (s, 3H, SiCH3), 

1.35 (s, 9H, C(CH3)3), 1.26 (s, 9H, C(CH3)3). 
13C NMR (126 MHz, Benzene-d6) δ 165.53, 

158.67, 150.11, 145.14, 141.63, 141.43, 138.02, 137.89, 136.92, 136.74, 136.66, 136.41, 129.94, 

129.62, 129.34, 125.68, 125.20, 124.96, 124.89, 124.35, 123.18, 122.73, 120.97, 73.48, 67.43, 

67.08, 65.00, 64.70, 61.70, 51.53, 35.87, 34.75, 34.58, 32.33, 30.64, -1.77, -1.87. 

Precatalyst A.25. Isolated in 75.1 % yield as a yellow solid from the benzene fraction. 

1H NMR (500 MHz, Benzene-d6) δ 8.34 (d, 1H, ArH), 8.18 (d, 2H, ArH), 7.95 (d, 2H, ArH), 

7.52 (s, 1H, ArH), 7.39 (t, 2H, ArH), 7.29 (t, 1H, ArH), 7.24 (s, 1H, ArH), 7.12 (m, 5H, ArH), 

6.97 (s, 1H, ArH), 6.94 (d, 2H, ArH), 6.88 (d, 1H, ArH), 6.84 (d, 4H, ArH), 6.64 (m, 1H, ArH), 
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3.79 (d, 1H, ArCH2), 3.26 (d, 1H, ArCH2), 2.68 (d, 1H, ArCH2), 2.57 (d, 1H, ArCH2), 2.38 (m, 

1H), 2.28 (s, 3H, OCH3), 2.21 (m, 1H), 2.15 (d, 1H, ArCH2), 2.03 (m, 1H), 1.96 (d, 1H, ArCH2), 

1.93 (m, 1H), 1.86 (d, 1H, ArCH2), 1.68 (d, 1H, ArCH2), 1.62 (s, 9H), 1.44 (s, 9H), 1.40 (s, 9H), 

1.33 (s, 9H). 13C NMR (126 MHz, Benzene-d6) δ 165.75, 158.58, 150.29, 145.51, 141.21, 137.39, 

137.00, 136.96, 136.78, 136.55, 135.61, 129.36, 129.01, 127.52, 125.55, 122.63, 121.09, 120.76, 

73.31, 69.24, 67.27, 64.94, 61.92, 51.60, 35.74, 34.78, 32.32, 30.56, 29.11, 19.48. 

 

General Considerations for Polymerizations. Toluene was vacuum transferred from a purple 

sodium benzophenone pot onto titanocene and then freshly vacuum transferred from this 

second pot prior to use. Chlorobenzene was heated over calcium hydride under N 2 for at 

least 72 h, vacuum transferred, and filtered over activated, solvent-free alumina prior to 

use. 1-Hexene was refluxed over calcium hydride for at least 24 h, vacuum transferred, 

and filtered over activated, solvent-free alumina prior to use. All solvents were stored in 

Kontes valved Schlenk flasks in a N2 atmosphere glovebox following purification. 

 

General Procedure for 1-Hexene Polymerization.  

A Schlenk tube was charged with 1-hexene (2.5 mL, 20.00 mmol), chlorobenzene (1.5 

mL) and the Zr precatalyst (4.0 µmol, 1 equiv.) in 0.5 mL chlorobenzene. The activator, 

[CPh3][B(C6F5)4] (4.0 µmol, 1 equiv.), in 0.5 mL chlorobenzene was added and a timer 

immediately started. After 10 minutes 0.5 mL MeOH and 5 mL hexanes were added and 

the reaction rapidly stirred. This solution was filtered over Celite  and volatiles removed. 

Polymers were dried under vacuum at elevated temperatures (> 100  oC) for extended 

periods of time (> 10 h) prior to characterization. 1H and 13C NMR spectra were acquired 
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in CDCl3 on a 500 MHz spectrometer and % mmmm was calculated based on literature 

assignment.13 
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ABSTRACT   

Binucleating amine bis(phenolate) proligands supported by central 9,10-anthracenyldiyl 

and meta-terphenyl linkers were prepared to test the tacticity control of their 

corresponding dizirconium complexes in 1-hexene polymerization. While separate CS and 

C2 isomers could be isolated for a select few (Chapter 2), separation of the metalation 

isomers was not achieved for the rest. Solid-state structures were obtained for a number 

of these metal complexes, this appendix describes the synthesis of these binuclea ting 

proligands and their corresponding zirconium complexes.  
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INTRODUCTION  

In conjunction with the studies on the tri(iso-propyl)silyl-substituted dizirconium amine 

bis(phenolate) catalysts presented in Chapter 2, a wide range of other binucleating 

proligands based on 9,10-anthracenyldiyl and meta-terphenyl linkers were synthesized. 

Previous work had demonstrated effects of both linkers (Chapter 2) and phenolate 

substituents1 on the tacticity control of the dizirconium complexes in a limited number 

of cases; expansion of the series would help to better elucidate the relationships between 

precatalyst structure, tacticity control, and catalyst activity  and allow access to 

industrially-relevant catalysts in the dizirconium amine bis(phenolate) system.  

 To that end, catalysts were targeted featuring central arene motifs other than those 

previously-prepared by Dr. Madalyn Radlauer but bearing small and electron-withdrawing 

substituents. While metalation isomers could not be separated in the vast majority of cases 

or could not be reliably separated, crystals suitable for X-ray diffraction could be grown 

of the dizirconium complexes in a limited number of cases. Those structures and the 

synthesis of their corresponding proligands is presented herein.  
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RESULTS   

All binucleating proligands based on the central 9,10-anthracenyldiyl linker were prepared 

according to the methods described in Chapter 2 of this thesis. Reactions of these 

proligands with two equivalents of tetrabenzylzirconium afforded a mixture of CS and C2 

isomers, as previously-observed with other binucleating amine bis(phenolate) proligands. 

Crystals suitable for X-ray diffraction could be grown of the C2 symmetric isomer of 

anthZr2
Me4-OMe (B.6, Figure 2.6), though this complex could not be reliably separated 

from the corresponding Cs isomer by crystallization or fractionation, this structure could 

not be fully isotropically modeled, and the complex was not otherwise characterized 

except in mixtures by 1H NMR. In the solid state structure of this complex a distance of 

7.66 Å is observed between the two Zr centers, which is longer by 0.3 Å in comparison 

with the CS previously-reported tetramethylphenyl-linked complex.  
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Scheme B.1. Preparation of the mixture of CS and C2 isomers of 9,10-anthracenyldiyl 

linked dizirconium complexes. 
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Figure B.1. Solid-state structure of B.6. Hydrogen atoms are omitted for clarity and only 

the better-quality of the two molecules in the asymmetric unit is shown for clarity.  
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 Crystals suitable for X-ray diffraction of the Zr benzyl complexes could not be 

obtained for any of the other ligands described above; however, crystals of a water 

decomposition product (B.7) of the reaction of B.4 with two equivalents of ZrBn4 were 

obtained (Scheme B.2). This complex was generated upon reaction with adventitious 

water in the glovebox and not otherwise characterized. Bridging oxides and hydrogens 

are observed between all Zr centers and, in contrast with other structurally -characterized 

dizirconium amine bis(phenolate) complexes, coordination to the central tertiary amine 

is not observed for all Zr centers. 

 

Scheme B.2. Synthesis of water decomposition product B.7-H2O. 
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Figure B.2. Solid-state structure of B.7-H2O. Hydrogen atoms are omitted for clarity. 

The ligands are omitted from the bottom structure for clarity. 
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 Meta-terphnyl linked proligands and their corresponding dizirconium complexes 

were targeted, though an alternative strategy was taken for their synthesis (Scheme B.3) 

due to complications when an analogous route to the para-teraryl proligands was taken. 

Two-step reductive amination of B.8 with either 2-methoxyethylamine or N,N-

dimethylethylenediamine leads to formation of secondary amines B.9 and B.10 

respectively. Reaction of these species with B.11 affords proligands mH4
Cl4-OMe (B.12) 

and mH4
Cl4-NMe2 (B.13). Treatment of these proligands with two equivalents of 

zirconium tetrabenzyl affords a mixture of three metalation isomers: one C1 symmetric 

isomer and two CS symmetric isomers.  
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Scheme B.3. Synthesis of meta-terphenyl-supported dizirconium complexes and their 

corresponding proligands.  

 

 The symmetry of the metalation isomers could be established using 1H NMR 

spectroscopy. Para-terphenyl-derived bimetallic zirconium complexes display two 

characteristic doublets downfield of 3 ppm (top spectrum, Figure B.3); with the C1 

symmetric isomer, the number of signals in this region is expected to increase to four as 

the two Zr centers are no longer symmetry related. The two CS symmetric isomers should 

each give rise to a set of two doublets in this region as the two Zr centers in each isomer 
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are still related by symmetry. While all of these species are observed in the crude reaction 

mixtures from B.14 and B.15, the isomers of B.15 could be separated and species with 

1H NMR features consistent with C1 and CS symmetry isolated in moderate purity. The 

CS isomers could likely be distinguished based on comparison of their NOESY spectra; 

such experiments were not performed. 

Figure B.3. 1H NMR spectra of (top to bottom) a C2 symmetric para-terphenyl supported 

dizirconium complex, the C1 isomer of B.15, and a CS isomer of B.15. 

 

 One of the CS symmetric complexes of B.15 (spectrum 3, Figure B.3) was 

crystallographically characterized (Figure B.4). While the quality of the crystal was only 

sufficient to determine connectivity, this confirms the identity of the Zr complex as the 

CS symmetric isomer with two NMe2 moieties positioned towards one another. The Zr-

Zr distance in this complex is 8.03 Å, elongated from 7.62 Å in the parent Zr2
Cl4-NMe2 

complex.7a In comparison with the other structurally-characterized CS symmetric 

bimetallic complex, Zr2
Me4-OMe, the distance between the two L groups is greatly shorted 

from an O-O distance of 7.65 Ǻ in the para-terphenyl complex to an N-N distance of 

5.81 Ǻ in the meta-terphenyl complex. Isolation of individual metalation isomers of B.14 

was not successful; furthermore, methods for clean isolation of single metalation isomers 
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of B.15 could not be developed. Examination of the activity and stereoselectivity of these 

systems, through 1-hexene and propylene polymerization experiments, could provide 

insight into mechanisms of tacticity control in dizirconium catalysts.  

 

 

Figure B.4. Solid-state structure of one of the CS isomers of B.15. The disordered 

pentane of crystallization and hydrogen atoms are omitted for clarity.  
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DISCUSSION  

This work on the expansion of the series of dizirconium amine bis(phenolate) precatalysts 

to these their activity and tacticity control in prochiral α-olefin polymerization 

demonstrates one of the fundamental challenges with this ligand framework: that 

metalation isomers are generated and must be separated. The example of anthZr 2
SiiPr3-

NMe2 demonstrates that, in at least that case, a majority of a single isomer can be 

generated directly from reaction with ZrBn4. It is likely possible that a more expansive 

search of the chemical space using this ligand system could allow access to a more broad 

series of dizirconium precatalysts. Given the time invested in the studies presented in this 

thesis (Chapter 2, Appendices A and B) and the relatively few number of dizirconium 

complexes for which single isomers could be isolated, such a search was not undertaken. 

It is worth noting, however, that the ligand H4
SiiPr3-NEt2 was prepared to test whether 

increasing the size could improve the relative ratios of CS and C2 isomers and no changes 

were observed in the crude reaction mixtures in comparison with H 4
SiiPr3-NMe2. 
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CONCLUSIONS  

In conclusion, a series of binucleating amine bis(phenolate) ligands based on central 9,10-

anthracenyldiyl and meta terphenyl teraryl linkages and their corresponding dizirconium 

complexes were prepared. Crystals suitable for X-ray diffraction were obtained for a select 

few compounds and those structures were described in addition to a structure of a water 

decomposition product obtained on one of these ligands.
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EXPERIMENTAL SECTION  

General Notes. All air- and water-sensitive compounds were manipulated under N2 or Ar 

using standard Schlenk or glovebox techniques. Solvents for air- and moisture-sensitive 

reactions were dried by the method of Grubbs.10 Chlorobenzene and 1-hexene for 

polymerization with stoichiometric activators were refluxed over CaH 2 for greater than 

72 h, vacuum transferred, and run over activated alumina plugs prior to use. B.1 and 

ZrBn4 were prepared as described in Chapter 2 of this thesis. B.2,1 B.3,1 B.8,2 and B.113  

were prepared as previously described in the literature. Deuterated solvents were 

purchased from Cambridge Isotopes Lab, Inc.; CDCl3 and 1,1,2,2-tetrachloroethane-d2 

were used without further purification; C6D6 was distilled from purple Na/benzophenone 

ketyl and filtered over activated alumina prior to use. 1H and 13C spectra were recorded 

on Varian Mercury 300 or Varian INOVA-400 spectrometers. 1H and 13C chemical shifts 

are reported relative to residual solvent resonances. 

 Preparation of B.4, B.7, and B.7-H2O. A solution of B.1 (161.6 mg, 0.245 

mmol) in THF (9 mL) was added to a stirred solution of B.2 (165 mg, 0.627 mmol) and 

NEtiPr2 (0.11 mL, 0.63 mmol) in THF (15 mL) at 0 oC. The reaction was stirred, warming, 

for 6 h, then an additional portion of B.2 (48.8 mg, 0.185 mmol) and NEt iPr2 (0.1 mL, 

0.6 mmol) were added and the reaction stirred until complete consumption of B.1 was 

observed. Volatiles were removed under reduced pressure and the crude reaction mixture 

taken up in DCM and washed with K2CO3, water, and brine. Purification by column 

chromatography afforded B.4, which was dried under vacuum and lyophilized from 

benzene prior to metalation. A solution of B.4 (52.7 mg, 0.0514 mmol) in toluene (2 mL) 

was added to a solution of ZrBn4 (46.2 mg, 0.101 mmol) in toluene (1 mL) and stirred 3 

h, dark. Volatiles were removed and the crude reaction mixture extracted with pentane, 
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ether, and benzene. X-ray quality crystals of B.7-H2O were grown upon standing of the 

pentane solution at room temperature. 1H NMR (B.4, C6D6, 500 MHz) δ 10.08 (s, 4H, 

OH), 8.19 – 8.12 (m, 4H, anth), 7.39 (m, 4H, anth), 7.34 (d, J = 2.5 Hz, 2H, Ar), 7.29 (d, 

J = 2.5 Hz, 2H, Ar), 7.18 (d, J = 2.5 Hz, 2H, Ar), 6.72 (d, J = 2.5 Hz, 2H, Ar), 3.34 (s, 

4H, ArCH2), 3.21 (s, 4H, ArCH2), 2.03 (t, J = 5.9 Hz, 4H, CH2), 1.78 (t, J = 5.9 Hz, 4H, 

CH2), 1.52 (s, 12H, NCH3), 1.35 (s, 18H, tBu). 

 Preparation of B.5. A solution of B.1 (1.1604 g, 1.757 mmol) in THF (40 mL) 

was added portionwise to a solution of B.3 (0.981 mmol, 4.69 mmol) and NEt iPr2 (0.77 

mmol, 4.4 mmol) in THF (100 mL) at 0 oC. The resulting solution was stirred, warming, 

for 3 h, then volatiles were removed under reduced pressure. The crude reaction mixture 

was taken up in DCM and washed with K2CO3, water, and brine, dried with MgSO4, 

filtered, and evaporated. Purification by column chromatography afforded the desired 

compound as a white solid (1.286 g, 1.402 mmol, 80 % yield). 1H NMR (CDCl3, 300 MHz) 

δ 7.73 (m, 4H, anth), 7.49 – 7.30 (m, 6H, anth, Ar), 7.24 (d, J = 1.8 Hz, 2H, Ar), 6.87 (s, 

2H, Ar), 6.74 (s, 2H, Ar), 3.95 (s, 4H, ArCH2), 3.88 (s, 4H, ArCH2), 3.61 (t, J = 5.3 Hz, 

4H, CH2), 3.31 (s, 6H, OCH3), 2.84 (t, J = 5.5 Hz, 4H, ArCH2), 2.22 (s, 6H, ArCH3), 2.19 

(s, 6H, ArCH3), 1.32 (s, 18H, tBu). 

 Preparation of B.6. A solution of B.5 (214.5 mg, 0.2339 mmol) in toluene (7 mL) 

was added to a solution of ZrBn4 (212.7 mg, 0.4667 mmol) in toluene (4 mL) and stirred 

2 h, dark. Volatiles were removed under reduced pressure, then resulting yellow solids 

washed with ether and extracted with benzene. X-ray quality crystals were grown from 

benzene/hexanes diffusion at room temperature.  

 Preparation of B.9. 2-methoxyethylamine (0.10 mL, 1.2 mmol) and B.8 (237.2 

mg, 0.4976 mmol) were combined in methanol (4 mL) and heated to 60 oC overnight. 
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Volatiles were removed under reduced pressure and the residue taken up in fresh 

methanol (4 mL). NaBH4 (180.5 mg, 4.771 mmol) was added at once and the resulting 

solution stirred 8 h at room temperature. Volatiles were removed, the residue suspended 

in 2 M HCl, then the pH brought to 7-8 by addition of 1 M NaOH. The suspension was 

extracted thrice with DCM and the organics dried with MgSO4, filtered, and evaporated 

to afford the desired compound (273 mg, 0.462 mmol, 93 %). 1H NMR (CDCl3, 500 MHz) 

δ 7.10 (s, 1H, central Ar), 7.07 (d, J = 2.4 Hz, 2H, Ar), 6.99 (d, J = 2.4 Hz, 2H, Ar), 4.08 

(d, J = 13.6 Hz, 2H, ArCH2), 3.99 (d, J = 13.7 Hz, 2H, ArCH2), 3.51 (t, J = 5.0 Hz, 4H, 

CH2), 3.36 (s, 6H, OCH3), 2.83 (t, J = 5.0 Hz, 4H, CH2), 2.08 (s, 6H, ArCH3), 1.82 (s, 3H, 

ArCH3), 1.30 (s, 18H, tBu). 13C NMR (126 MHz, CDCl3) δ 152.57, 141.44, 136.24, 136.03, 

135.71, 128.58, 128.18, 127.34, 123.96, 121.71, 71.22, 58.94, 52.88, 48.09, 34.17 (tBu), 

31.78 (tBu), 20.79 (ArCH3), 18.35 (ArCH3). 

 Preparation of B.10. Using the method described for the preparation of B.9, 

B.10 (243.8 mg, 0.5115 mmol) and N,N-dimethylethylenediamine (0.12 mL, 1.1 mmol) 

were combined and then NaBH4 (157.9 mg, 4.174 mmol) added to afford the desired 

product (309 mg, 0.501 mmol, 98 %). 1H NMR (500 MHz, CDCl3) δ 7.09 (s, 1H, central 

Ar), 7.05 (d, J = 2.4 Hz, 2H, Ar), 6.99 (d, J = 2.3 Hz, 2H, Ar), 4.08 (d, J = 13.6 Hz, 2H, 

ArCH2), 3.98 (d, J = 13.6 Hz, 2H, ArCH2), 2.72 (t, J = 6.0 Hz, 4H, CH2), 2.43 (t, J = 5.9 

Hz, 4H, CH2), 2.21 (s, 12H, N(CH3)2), 2.07 (s, 6H, ArCH3), 1.80 (s, 3H, ArCH3), 1.29 (s, 

18H, tBu). 13C NMR (126 MHz, CDCl3) δ 152.61, 141.37, 136.27, 136.07, 135.75, 128.57, 

128.13, 127.27, 123.94, 121.85, 58.30 (CH2), 52.96 (ArCH2), 45.96 (CH2), 45.55 (N(CH3)2), 

34.16 (tBu), 31.79 (tBu), 20.78 (ArCH3), 18.34 (ArCH3). 

 Preparation of B.12. A solution of B.11 (317.4 mg, 1.240 mmol) in THF (15 mL) 

was added to a solution of B.10 (298.8 mg, 0.4738 mmol) and NEt iPr2 (0.17 mL, 1.2 
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mmol) in THF (28 mL) at 0 oC and stirred 3h, warming. Volatiles were removed under 

reduced pressure and the resulting solids taken up in DCM and hexanes, washed with 

brine and K2CO3, dried with MgSO4, filtered, and evaporated. Purification by column 

chromatography (10 % MeOH in DCM) afforded the desired compound (94.7 mg, 0.0979 

mmol, 21 %). 1H NMR (300 MHz, CDCl3) δ 7.24 (d, J = 2.5 Hz, 2H, Ar), 7.10 (s, 1H, 

central Ar), 7.02 (s, 4H, Ar), 6.95 (d, J = 2.5 Hz, 2H, Ar), 3.70 (s, 4H, ArCH2), 3.66 (s, 

4H, ArCH2), 2.66 (t, J = 5.7 Hz, 4H, CH2), 2.56 (t, J = 5.3 Hz, 4H, CH2), 2.22 (s, 12H, 

N(CH3)2), 2.02 (s, 6H, ArCH3), 1.66 (s, 3H, ArCH3), 1.26 (s, 18H, tBu). 

 Preparation of B.14. A solution of B.12 (51.2 mg, 0.0529 mmol) in toluene (1.5 

mL) was added to a solution of ZrBn4 (48.3 mg, 0.106 mmol) and stirred 3 h, dark. 

Volatiles were removed under reduced pressure and the crude reaction mixture 

fractionated between hexanes, ether, and benzene. X-ray quality crystals of one of the Cs 

isomers were obtained by diffusion of pentane into a toluene solution of the benzene 

fraction at -35 oC. 

Crystallographic Information. Crystals were mounted on a glass fiber or 

MiTeGen loop using Paratone oil, then placed on the diffractometer under a nitrogen 

stream. Diffractometer manipulations, including data collection, integration, and scaling 

were performed using the Bruker APEXII software.4 Absorption corrections were applied 

using SADABS or TWINABS.5 Space groups were determined on the basis of systematic 

absences and intensity statistics and the structures were solved in the Olex 2 software 

interface6 by intrinsic phasing using XT (incorporated into SHELXTL) 7 and refined by 

full-matrix least squares on F2. Hydrogen atoms were placed in the idealized positions 

and refined using a riding model. Graphical representation of structures were generated 

using Diamond 3 visualization software.8 Due to partial data collections and poor-quality 
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crystals, only isotropic refinements were performed for all structures.  A second molecule 

of the dizirconium complex is believed to be located in the asymmetric unit of C.8; 

however, due to significant disorder, this could not be satisfactorily modeled.  
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Table B.1. Crystal and refinement data for B.6, B.7, and B.14 

 B.6 B.7 B.14 

CCDC Number    

Empirical formula c C116H130Cl8N8O16Zr4 C81H92Cl4N4O4Zr2 

Formula weight c 2540.75 1509.83 

T (K) 100 100 100 

a, Å 16.5204(9) 13.6427(13) 24.302(7) 

b, Å 21.4923(12) 16.440(3) 25.361(9) 

c, Å 29.3423(19) 17.997(2) 15.150(6) 

α, o 90 64.978(5) 90 

β, o 100.434(4) 87.227(6) 90 

γ, o 90 72.335(6) 90 

Volume, Å3 10246.0(10) 3470.1(8) 9337(5) 

Z 4 1 4 

Crystal system Monoclinic Triclinic Orthorhombic 

Space group P 21 P -1 Pnma 

dcalc, g/cm3 
c 1.216 1.074 

θ range, o 2.563 to 70.184 2.279 to 33.083 2.262 to 28.700 

µ, mm-1 0.99 0.501 0.38 

Abs. Correction Multi-scan None None 

GOF 2.121 1.083 1.022 

R1,
 a wR2 

b [I>2 

(I)] 

0.2734, 0.6228 0.0715, 0.1744 0.1504, 0.4054 

Radiation Type Cu Κα Mo Κα Mo Κα 

a R1 = ∑||Fo| - |Fc||/∑|Fo|. b wR2 = [∑[w(Fo
 2 -Fc

 2 ) 2 ]/∑[w(Fo
 2 ) 2 ] 1/2 . cElectron 

density peaks consistent with another molecule, likely a second molecule of the dizirconium 
complex, were observed but could not be fully modeled 
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ABSTRACT   

A series of mono- and bisligated Fe complexes supported by mesityl and 9-anthracenyl-

substituted di(pyridyl) pyrrolide and di(pyridyl) N-heterocyclic carbene (NHC) ligands 

were synthesized and structurally-characterized. In the solid state the bisligated complexes 

display π-π interactions between the mesityl and anthracenyl substituents and the 

backbone of the other ligand with long Fe-Py and short Fe-pyrrolide and Fe-NHC 

distances. The bisligated complexes were investigated electrochemically; stoichiometric 

reduction of one of the di(pyridyl) NHC complexes with Cp2Co or Cp*2Co was found to 

lead to formation of a neutral complex with dissociation of two pyridine arms. Preliminary 

Mössbauer studies were performed on both oxidized and reduced complexes, however, 

the oxidation states of the compounds could not be assigned from these studies as 

multiple species were observed. 
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INTRODUCTION  

Linear iron complexes supported by two strong trans ligands have received attention in 

the literature as single-molecule magnets and for their small molecule reactivity.1 The 

magnetism of Fe(II) and Fe(I) complexes supported by amide (C.A),2 alkyl (C.B),2d, 3 

anilide (C.C),2c and phenolate (C.D)2c ligands have all been investigated and 

computational studies of their properties have indicated contributions to the overall Fe 

electronic structure from the symmetry of the supporting ligands, favoring those with 

local pseudo C2v and C3v symmetry.4 

 

Figure C.1. Examples of two-coordinate Fe complexes. 

 

 Initial work by Dr. Gyeongshin Choi demonstrated that the homoligated DPP 

Fe(II) complexes could be prepared by salt metathesis of the lithium salts of the  mesityl- 

and anthracenyl-substituted DPP proligands with FeCl2 in THF at room temperature 

(Scheme C.1). The resulting red complexes were crystallographically characterized  and 

exhibit long Fe-N(Py) distances of 2.46 and 2.47 Å with shorter Fe-N(pyrrolide) distances 

of 1.94 and 1.95 Å for complexes C.E and C.F respectively. Distances of 3.30 to 3.41 Å 

are observed between the planes of the mesityl substituents of C.E and the centroids of 

the pyrrolide donor on the other ligands. Distances of 3.34 to 3.43 Å are observed 

between the centroid of the pyrrolide donors and the plane of the anthracene substituents 

in C.F. N(pyrr)-Fe-N(pyrr’) angles of 180 o are observed for both complexes.  
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Scheme C.1. Preparation of homoligated Fe(II) di(pyridyl) pyrrolide complexes as 

developed by Dr. Gyeongshin Choi.  
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Figure C.2. Solid state structures of C.E (top) and C.F (bottom). Hydrogen atoms are 

omitted for clarity. Images generated by Jessica Sampson. 

 

 It was hypothesized that these ligands and the related di(pyridyl) NHC ligands 

could support homoligated Fe complexes which could act as single molecule magnets . In 

such complexes, if pseudo-two-coordinate structures are generated, the long, weak Fe-

N(Py) interactions could help to prevent Fe coordination to additional donors, prevent 

distortion away from linearity, and improve the overall stability of organometallic single -

molecule magnets towards water and oxygen. Furthermore, by substituting the pyridine 

donors with mesityl or 9-anthracenyl substituents, π-π interactions between these 

substituents and the backbone of the other ligand could help to stabilize the reduced 

complexes. 

Herein is described work on the synthesis of mono- and bisligated di(pyridyl) 

NHC Fe complexes, their electrochemistry, and the preparation of a reduced bisligated 
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di(pyridyl) NHC Fe complex which shows dissociation of two pyridine arms in the solid 

state. 
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RESULTS   

Dipyridyl imidazolium proligands were prepared according to the method reported by 

Kühn and coworkers (Scheme C.2).5 Neat reaction of substituted 2-bromo-6-

mesitylpyridine C.1 with excess imidazole in the presence of K2CO3 at elevated 

temperature results in formation of the corresponding N-substituted imidazole C.2. 

Subsequent reaction with a second equivalent of the substituted pyridine affords the 

imidazolium proligand, C.3, which was isolated as the tetrafluoroborate salt (DPI)HBF4 

by anion exchange with aqueous 2M NaBF4. Synthesis of C.3 directly from C.1 without 

isolation of C.2 was not pursued due to poor conversion of C.1 in initial tests. 

 

Scheme C.2. Synthesis of di(pyridyl) NHC proligand C.3. 

 

 The imidazolinium-derived ligand (DPC)HBF4 (C.6) was prepared as shown in 

Scheme C.3. Pd-catalyzed Buchwald-Hartwig coupling of either 2-chloro-6-

mesitylpyridine (C.4) with ethylenediamine to afford the N,N’-diamine substituted 

product C.5 in 34 % yield from the 2-chloro pyridine (lower yields were obtained from 

2-bromo-6-mesitylpyridine). Efforts to identify the causes of the low yield of this reaction 

or to find better Pd-catalyzed conditions were unsuccessful. Use of 2-amino-6-mesityl 

pyridine (C.7) as the ligand precursor was also investigated, however, this was found not 

to react with 1,2-dibromoethane and reaction with oxalyl chloride only afforded the 



164 
 

corresponding amide in low yields, so this route was not pursued. Cyclization of C.5 with 

triethylorthoformate in the presence of stoichiometric NH 4BF4 affords the imidazoline 

salt (DPC)HBF4, C.6, following precipitation with dry ether.  

 

 

Scheme C.3. Routes pursued for the synthesis of (DPC)HBF4 (C.6). 

 

 Monoligated FeCl2 complexes of the DPI and DPC ligands could be generated by 

reaction of the HBF4 salts with 1:1 mixtures of FeCl2 and NaHMDS (Scheme C.4), per 

previous reports by Byers and coworkers on the synthesis of bis(imino)carbene-ligated 

Fe complexes.6 Paramagnetically-shifted 1H NMR features are observed for both 

complexes and crystals suitable for X-Ray diffraction were grown from benzene and 

feature pseudo-tetrahedral four-coordinate Fe centers coordinated in an κ2 fashion to the 

NHC and one pyridine arm (Figures C.3 and C.4). Similar Fe-Cl bond lengths, in the 
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range of 2.24 to 2.26 Å, are observed in both structures, with Fe-C(1) and Fe-N(1) 

distances of 2.1188(16) and 2.1261(13) Å for 4.7 and 2.1024(23) and 2.1502(17) Å for 4.6. 

The other ligand pyridine arms are rotated away from the Fe center leading to long Fe-

N(4) distances of 5.066 and 5.096 Å for 4.7 and 4.6 respectively. The complexes were 

tested as precatalysts for ethylene polymerization in the presence of MMAO, however, 

no activity was observed. 

Scheme C.4. Synthesis of mono-ligated Fe(II) dichloride complexes C.8 and C.9. 

 

Figure C.3. Solid-state structure of C.8. Hydrogen atoms are omitted for clarity. 
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Figure C.4. Solid-state structure of C.9. Hydrogen atoms are omitted for clarity. 

 

 Homo-ligated dipyridyl imidazoline and imidazolide Fe complexes were initially 

synthesized by reaction of two equivalents of the HBF4 salts of the proligands with one 

equivalent of Fe(N(SiMe3)2)2 in THF at room temperature (Scheme C.5). Filtration of the 

crude reaction mixture and extraction of the resulting yellow-brown solids with 

acetonitrile afforded the crude compounds which could be further purified by 

recrystallization from acetonitrile-ether, though unreacted proligand could not be 

removed by this protocol due to similar solubility. Furthermore, decomposition of C.10 

to the corresponding proligand C.3 was observed under crystallization conditions. 
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Scheme C.5. Synthesis of homoligated DPC and DPI Fe complexes from the 

corresponding protonated proligands. 

 

 As a result of the similar solubility of C.3 and C.10, decomposition of C.10 under 

crystallization conditions, and the typically low conversion of C.3 to C.10 when reactions 

were run in THF, other routes to C.10 were explored (Scheme C.6). Use of CD3CN as 

the reaction solvent results in formation of the desired compound, however, unreacted 

C.3 is observed even after 17h at room temperature, likely due to background reactivity 

of the Fe(HMDS)2 with acetonitrile. Performing the reaction in a 1:1 mixture of 

acetonitrile and THF with a slight subcess of proligand, however, allowed for complete 

proligand consumption, though decomposition to the proligand C.3 is still observed upon 

crystallization. In contrast, reaction of two equivalents of C.3 with two equivalents of 

NaHMDS in THF followed by addition of this mixture to a suspension of FeCl 2 results 

in formation of a THF-soluble species with sharp, paramagnetically-shifted 1H NMR 

inconsistent with formation of the desired homoligated complex but consistent with 

formation of C.8. Reaction of an in situ generated Ag(I) complex with FeCl2 resulted in a 
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crude reaction mixture that contained only trace paramagnetically-shifted peaks with 

resonances more consistent with formation of C.8.  

 

Scheme C.6. Other routes explored for the synthesis of C.10. 

 

 Crystals suitable for X-Ray diffraction were grown of C.10 and C.11 via slow vapor 

diffusion of ether into acetonitrile (Figures 4.5 and 4.6). In the solid state C.11 features a 

six-coordinate Fe center coordinated to all donors of the two tridentate ligands. Short Fe-

C distances of 1.8466(1) and 1.8432(1) Å are observed with a C(1A)-Fe-C(1B) angle of 

178 o. Shorter Fe-N(Py) distances of 2.21 to 2.24 Å are observed in comparison with the 

corresponding DPP-ligated complex. Distances in the range of 3.4 to 3.5 Å are observed 

between the centroids of the mesityl substituents and the plane of the other ligand, within 

the sum of the van der Waals radii.7 In contrast with C.11, a distorted trigonal pyramidal 

four-coordinate Fe center is observed in the X-ray structure of C.10 with a calculated τ4 

value of 0.83 with coordination to both NHC donors, one pyridine donor of each ligand, 

a long Fe-N interaction with a pyridine donor of one ligand, and rotation of the final 

pyridine arm away from Fe. Fe-C distances of 2.0041(1) and 2.0422(1) Å are observed 

with Fe-N distances of 2.1456(2) and 2.1277(1) Å to the bound donors. Distances of 3.40 

and 3.47 Å are observed between the mesityl substituents and the plane of the other 

ligand.  
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Figure C.5. Solid-state structure of C.10. Hydrogen atoms, BF4 counteranions, and 

solvents of crystallization are omitted for clarity.  
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Figure C.6. Solid-state structure of C.11. Hydrogen atoms, BF4 counteranions, and 

solvents of crystallization are omitted for clarity.  
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 Cyclic voltammetry studies of C.10 and C.11 in acetonitrile were performed in 

order to assess its available reduced states (Figures C.7 and C.8). C.11 shows a quasi-

reversible oxidation with an E1/2 of 1.3 V vs. Fc/Fc+, one irreversible reduction at -1 V, 

and an additional reduction event at -1.5 V. C.10 shows a reversible oxidation with an 

E1/2 of -1.19 V and a reversible reduction with an E1/2 of -2.48 V. An additional 

irreversible reduction is observed with a maximum current at -1.86 V, scanning 

oxidatively. Following this reduction, additional events are observed near -0.5 V. 

 

 

Figure C.7. CV of C.11 in acetonitrile. Conditions: 0.2 mM substrate, 0.1 M TBAPF 6, 

100 mV/s. 
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Figure C.8. CV of C.10 in acetonitrile. Conditions: 0.2 mM substrate, 0.1 M TBAPF6, 

100 mV/s. 

  

 Stoichiometric reduction studies were performed to access the first reduced 

species from C.11. By 1H NMR, treatment of C.11 with one equivalent of Cp*2Co results 

in partial conversion to a new species with a larger number of paramagnetically -shifted 

1H NMR resonances. Full conversion is observed upon treatment with two equivalents 

of the reductant, which was identified crystallographically as the neutral complex C.12 

(Scheme C.7 and Figure 4.6). While the structure is of somewhat low quality, C.12 features 

a four-coordinate trigonal pyramidal Fe center with a τ4 value of 0.82. Fe(1) is coordinated 

to two carbene donors with an C(1A)-Fe(1)-C(1B) angle of 153o and two pyridine donors 

with an N(1A)-Fe(1)-N(1B) angle of 114o. Both free pyridine groups are rotated away 

from the Fe center and no close Fe-N contacts are observed, unlike in the solid-state 
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structure of C.10. Some elongation of the C-C bonds in the pyridine donors is observed, 

suggesting that this reduction occurs, at least in part, on the ligand. Distances of 3.39 and 

3.49 Å are observed between the centroids of the mesityl substituents and the plane of 

the other ligand backbone. Initial Mössbauer studies were performed on both C.11 and 

C.12 with help from Chris Reed and Matt Chalkley, however, multiple signals were 

observed for both compounds as prepared. For C.11 a crystalline sample was re-dissolved 

and volatiles removed prior to spectrum acquisition, so isomerization between the 

crystallographically-characterized 6-coordinate species and a 5- or 4-coordinate species in 

solution is a possible explanation for the multiple signals. For C.12 it was hypothesized 

that sample oxidation occurred during preparation. 

 

Scheme C.7. Stoichiometric reduction of C.11 in CD3CN 

 

Figure C.9. Reduction of C.11 with (top to bottom) 0 equiv. Cp*2Co, 1 equiv. Cp*2Co, 

and 2 equiv. Cp*2Co. 
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Figure C.10. Solid-state structure of C.12. Hydrogen atoms are omitted for clarity. 
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DISCUSSION  

Based on the structurally-characterized DPI and DPC Fe complexes, binding of both 

pyridine donors and formation of multiple sets of π-π interactions is not favored over 

closer interaction of the Fe centers with a single pyridine donor. This effect is observed 

in the X-ray crystal structures of C.6, C.7, C.8, and C.10. In contrast, when binding of 

both pyridine arms is favored, as in the structure of C.9, shorter Fe-N(Py) distances are 

observed in comparison with the corresponding DPP-ligated complex. Whether these 

shorter distances are a consequence of increased flexibility in the DPC ligand compared 

with the DPP ligand or some other phenomenon is unclear at this point.  Given that such 

close Fe-N(Py) distances are observed crystallographically, in addition to ligand 

hemilability upon minor ligand modification, this does not seem to be a promising 

platform to pursue for preparation of Fe single molecule magnets. The hemilability of the 

ligand, however, could be an advantage in the development of the chemistry of 

monoligated DPI and DPC complexes.  
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CONCLUSIONS  

In conclusion, a series of di(pyridyl) NHC (DPI and DPC) supported Fe complexes were 

synthesized and structurally-characterized. Hemilability of the DPI and DPC ligands are 

observed in the solid-state structures of the complexes, with either κ2 or κ3 coordination 

modes observed depending on the other Fe ligands, whether the NHC backbone is 

saturated or unsaturated, and the overall complex charge. In the homoligated complexes, 

distances consistent with π-π interactions are observed between the mesityl substituents 

and the backbone of the other DPI or DPC ligand. The formation of such interactions, 

however, does not lead to binding of all ligand donors.
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EXPERIMENTAL SECTION  

General Comments. All air- and water-sensitive compounds were manipulated under N2 

using standard Schlenk or glovebox techniques. Solvents for air- and moisture-sensitive 

reactions were dried by the method of Grubbs8. 2,4,6-trimethylphenylboronic acid9 was 

prepared according to literature reports. Dipyridyl pyrrole proligands were prepared as 

described in Chapter 3 of this thesis. Deuterated solvents were purchased from 

Cambridge Isotopes Lab, Inc.; CDCl3 was used without further purification; C6D6 was 

distilled from purple Na/benzophenone ketyl and stored over 4 Å molecular sieves; 

CD3CN was distilled from CaH2. 
1H and 13C spectra were recorded on Varian Mercury 

300, Varian INOVA-300, 400, or 500 spectrometers or Bruker Cryoprobe 400. 1H and 

13C chemical shifts are reported relative to residual solvent resonances. Elemental analysis 

was performed on a Perkin-Elmer 2400 CHNS/O Analyser and samples were taken from 

representative batches prepared in an N2-filled glovebox, unless otherwise noted. 

Preparation of C.E. A solution of LiHMDS (16.3 mg, 0.0974 mmol) in THF (2 

mL) was added to a solution of DPPmesH (54.7 mg, 0.120 mmol) and stirred 15 min at 

room temperature. The resulting bright yellow solution was transferred to the top of a 

suspension of FeCl2 (7.6 mg, 0.060 mmol) in THF (2 mL) and stirred overnight. Volatiles 

were removed under reduced pressure. The desired compound was isolated by extraction 

of the crude reaction mixture with hexanes (48.1 mg, 0.0496 mmol, 83 %). Anal calcd. 

for C64H60FeN6: C, 79.32; H, 6.24; N, 8.67. Found: C, 79.81; H, 6.23; N, 8.59. 

Preparation of C.1. A Schlenk tube was charged with 2,6-dibromopyridine 

(22.2686 g, 94.004 mmol), 2-mesitylboronic acid (10.1720 g, 62.021 mmol), K2CO3 

(26.6162 g, 192.592 mmol), toluene (620 mL), ethanol (155 mL), and water (155 mL). The 

flask was degassed by three freeze-pump-thaw cycles at -78 oC, then Pd(PPh3)4 (1.4245 g, 
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1.2327 mmol) was added against N2 counterflow. The flask was heated to 70 oC for 9 h 

under N2. Upon cooling to room temperature the crude reaction mixture was diluted with 

DCM and water and separated; the combined organics layers were washed with water and 

brine, dried with MgSO4, filtered, and evaporated. Purification by column 

chromatography (5 % EtOAc in hexanes) afforded the desired product as a colorless, 

viscous oil (14.716 g, 53.284 mmol, 86 %). Spectral features were consistent with those 

previously reported.10 

Preparation of C.2. A Schlenk tube was charged with K2CO3 (2.135 g, 15.45 

mmol, 2.1 equiv.), imidazole (1.6739 g, 24.59 mmol, 3.3 equiv.), and C.1 (2.073 g, 7.507 

mmol, 1 equiv.) in DCM. Volatiles were removed and the resulting mixture dried for 

several hours under vacuum. The flask was backfilled with N 2 and then the flask was 

vigorously stirred and heated to 180 oC through use of a heating mantel and Lab Armor 

beads. The flask was then cooled to room temperature and the reaction suspended in 

DCM. This suspension was washed with water and brine, dried with MgSO4, filtered, and 

evaporated. Purification by column chromatography (5:1 EtOAc:Hexanes (v/v)) afforded 

the desired compound as a white solid (1.358 g, 5.157 mmol, 69 % yield). 1H NMR 

(CDCl3, 400 MHz) δ 8.42 (s, 1H, Imid), 7.89 (dd, J = 7.9, 0.4 Hz, 1H, Py), 7.69 (s, 1H), 

7.33 (dd, J = 8.1, 0.6 Hz, 1H, Py), 7.19 (s, 1H, Imid), 7.17 (dd, J = 7.6, 0.7 Hz, 1H, Py), 

6.97 (s, 2H, Mes), 2.35 (s, 3H, mesCH3), 2.08 (s, 6H, mesCH3). 
13C NMR (CDCl3, 101 

MHz) δ 159.95 (Py), 148.95 (Py), 139.29 (Py), 138.24 (mes), 136.84 (mes), 135.90 (mes), 

135.20 (Imid), 130.53 (Imid), 128.71 (mes), 123.36 (Py), 116.43 (Imid), 110.14 (Py), 21.32 

(mes), 20.46 (mes). HRMS (FAB+) calcd. for C17H18N3 (M+H+) 264.1501. Found: 

264.1505. 
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Synthesis of C.3. A Schlenk tube was charged with a solution of 2-mesityl-6-

bromopyridine (2.040 g, 7.387 mmol) and C.2 (1.358 g, 5.157 mmol) in DCM. Volatiles 

were removed and the resulting mixture dried under high vacuum for several hours. The 

flask was refilled with N2 and then stirred and heated to 190 oC for 12 h through use of a 

heating mantel and Lab Armor beads. Upon cooling to room temperature the brown 

solids were taken up in DCM, washed twice with 2 M NaBF4, dried with MgSO4, filtered 

and evaporated. The resulting solids with triturated with Et2O then collected by filtration, 

washed with fresh Et2O, and dried under vacuum at 100 oC overnight to afford the desired 

compound as a light brown solid (2.346 g, 4.293 mmol, 83 % yield). 1H NMR (400 MHz, 

CDCl3) δ 10.46 (t, J = 1.6 Hz, 1H, imid), 8.49 (d, J = 1.6 Hz, 2H, imid), 8.27 (dd, J = 8.2, 

0.6 Hz, 2H, Py), 8.19 (dd, J = 8.4, 7.5 Hz, 2H, Py), 7.45 (dd, J = 7.5, 0.6 Hz, 2H, Py), 6.98 

(s, 4H, mes), 2.35 (s, 6H, mesCH3), 2.04 (s, 12H, mesCH3). 
13C NMR (101 MHz, CDCl3) 

δ 160.42 (Py), 145.61 (Py), 141.43 (Py), 138.78 (mes), 135.78 (mes), 135.75 (mes), 131.16 

(NCN), 128.72 (mes), 127.19 (Py), 120.31 (Imid), 112.70 (Py), 21.25 (mesCH3), 20.39 

(mesCH3). HRMS (FAB+) calcd for C31H31N4: 459.2549. Found: 459.2557. 

Preparation of C.4. A Schlenk tube was charged with 2,6-dichloropyridine 

(15.357 g, 103.8 mmol), 2-mesitylboronic acid (11.3597 g, 69.262 mmol), K2CO3 (28.731 

g, 207.89 mmol), toluene (660 mL), ethanol (170 mL), and water (170 mL) then degassed 

by three freeze-pump-thaw cycles. Pd(PPh3)4 (2.4976 g, 2.1614 mmol) was added against 

N2 flow then the flask sealed and heated to 70 oC for 16 h. Upon cooling to room 

temperature the crude reaction was diluted with DCM and water, separated, and the 

organic layer washed with water and brine, dried with MgSO4, filtered and evaporated. 

Column chromatography (5 % EtOAc in Hexanes) afforded the desired compound as a 

colorless oil (13.137 g, 82 %). Note: 2-chloro-6-mesitylpyridine was isolated with 7 % 2,6-
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dimesitylpyridine and 20 % 2,6-dichloropyridine and used as-is. 1H NMR (CDCl3, 300 

MHz) δ 7.71 (t, J = 7.7 Hz, 1H, Py), 7.29 (dd, J = 8.0, 0.8 Hz, 1H, Py), 7.15 (dd, J = 7.5, 

0.8 Hz, 1H, Py), 6.91 (s, 2H, mes), 2.31 (s, 3H, mesCH3), 2.03 (s, 6H, mesCH3). 

Preparation of C.5. In the glovebox a Schlenk tube was charged with Pd(dba)2 

(0.2106 g, 0.3663 mmol), rac-BINAP (0.393 g, 0.631 mmol), and NaO tBu (2.1049 g, 21.903 

mmol) then sealed. On the Schlenk line C.4 (4.2553 g, 18.364 mmol), ethylenediamine 

(0.53 mL, 7.9 mmol), and toluene (80 mL) were added by syringe. The flask was sealed 

and heated to 80 oC for 16 h. Upon cooling to room temperature the crude reaction 

mixture was filtered through Celite with DCM then volatiles were removed from the 

filtrate under reduced pressure. Purification by column chromatography afforded the 

desired product as a pale yellow solid (1.20 g, 2.66 mmol, 34 %). 1H NMR (CDCl3, 500 

MHz) δ 7.36 (t, J = 7.8 Hz, 2H, Py), 6.91 (s, 4H, mes), 6.47 (d, J = 7.2 Hz, 2H, Py), 6.30 

(d, J = 8.3 Hz, 2H, Py), 5.09 (s, 2H, NH), 3.50 (d, J = 4.8 Hz, 4H, CH2), 2.32 (s, 6H, 

mesCH3), 2.08 (s, 12H, mesCH3). 
13C NMR (CDCl3, 500 MHz) δ 158.68, 158.23, 138.50, 

137.59, 137.03, 135.83, 128.27, 113.75, 104.91, 42.35 (CH2), 21.22 (mesCH3), 20.30 

(mesCH3). HRMS (FAB+) calcd for C30H35N4: 451.2962. Found: 451.2851. 

Preparation of C.6. An oven-dried Schlenk tube was charged with C.5 (0.514 g, 

1.14 mmol) and NH4BF4 (0.126 g, 1.20 mmol), then sealed with a septum and triethyl 

orthoformate (1.9 mL, 11 mmol) and toluene (1.4 mL) added by syringe. The flask was 

heated to 70 oC under N2 for 9 h, then cooled to room temperature, diluted with additional 

toluene (6 mL) and heated to 100 oC for an additional 9 h. Upon cooling to room 

temperature dry ether (30 mL) was added by syringe, then solids collected by filtration, 

washed with hexanes, and dried under vacuum to afford the desired compound as a tan 

solid (0.567 g, 1.02 mmol, 93%). 1H NMR (CD3CN, 400 MHz) δ 9.77 (s, 1H), 8.05 (dd, J 
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= 8.2, 7.7 Hz, 2H), 7.32 (ddd, J = 7.6, 4.8, 0.6 Hz, 5H), 6.97 – 6.94 (m, 4H), 4.64 (s, 4H), 

1.97 (s, 12H). 13C NMR (CD3CN, 101 MHz) δ 160.56 (Py), 151.89 (NCN), 148.47 (Py), 

141.13 (Py), 139.18 (mes), 137.35 (mes), 136.50 (mes), 129.20 (mes), 125.24 (Py), 110.88 

(Py), 48.72 (CH2), 21.13 (mesCH3), 20.23 (mesCH3). HRMS (FAB+) calcd for C31H33N4: 

461.2705. Found: 461.2708. 

Preparation of C.7. A Schlenk tube was charged with 2-bromo-6-amino pyridine 

(0.6894 g, 3.985 mmol), 2-mesitylboronic acid (0.6424 g, 3.917 mmol), Na2CO3 (0.8332 

g, 7.861 mmol), PhMe (19 mL), methanol (2 mL), and water (4.7 mL), then degassed by 

three freeze-pump-thaw cycles. Pd(PPh3)4 (0.2429 g, 0.210 mmol) was added against N2 

counterflow, then the flask was sealed and heated to 105 oC overnight. Upon cooling to 

room temperature the crude reaction mixture was diluted with DCM and water, then the 

organic layer was separated, washed with water and brine, dried with MgSO4, filtered, and 

evaporated. Volatiles were removed under reduced pressure; the desired product was 

isolated as a white crystalline solid column chromatography in 30 % ethyl acetate in 

hexanes (0.459 g, 2.16 mmol, 55 %). 1H NMR (CDCl3, 500 MHz) δ 7.49 (dd, J = 8.1, 7.4 

Hz, 1H, Py), 6.90 (s, 2H, mes), 6.57 (dd, J = 7.3, 0.7 Hz, 1H, Py), 6.45 (dd, J = 8.2, 0.7 

Hz, 1H, Py), 4.47 (s, 2H, NH2), 2.30 (s, 3H, mesCH3), 2.07 (s, 6H, mesCH3). 
13C NMR 

(CDCl3, 126 MHz) δ 158.52 (Py), 158.26 (Py), 138.12, 137.94, 137.24, 135.70, 128.32, 

114.89 (Py), 106.40 (Py), 21.21 (mesCH3), 20.18 (mesCH3). HRMS (FAB+) calcd. For 

C14H17N2: 213.1392. Found: 213.1386. 

Preparation of C.8. A solution of NaHMDS (27.0 mg, 0.147 mmol) in THF (1 

mL) was added to a suspension of C.3 (73.2 mg, 0.134 mmol) and stirred 10 min. The 

resulting dark solution was transferred to the top of a suspension of FeCl 2 (18.1 mg, 0.143 

mmol) in THF (1 mL) and stirred 10 h. Volatiles were removed under reduced pressure, 
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then the solids washed with hexanes and ether and extracted with benzene and THF to 

afford the desired complex as a yellow solid (73.8 mg, 0.126 mmol, 94 %). X-ray quality 

crystals were grown from benzene. 1H NMR (CD3CN, 400 MHz) δ 38.92 (s), 29.16 (s), 

5.16 (s), 2.63 (s), -6.82 (s), -11.43 (s). 

Preparation of C.9. A thawing solution of NaHMDS (33.8 mg, 0.184 mmol) in 

THF (3 mL) was added to the top of FeCl2 (25.2 mg, 0.199 mmol) and stirred 20 min, 

warming. A thawing suspension of C.6 (80.2 mg, 0.146 mmol) was added to the top and 

the resulting suspension stirred 9 h, warming. Volatiles were removed under reduced 

pressure and the resulting yellow solids were washed with hexanes and ether then 

extracted with benzene to afford the desired compound as a yellow solid (52.8 mg, 0.0899 

mmol, 62 % yield). X-ray quality crystals were grown by vapor diffusion of pentane into 

a toluene solution of the compound at -35 oC. 1H NMR (400 MHz, C6D6) δ 32.21 (br s), 

12.03 (s), 5.24 (s), 2.18 (s), -5.06 (br s).  

Preparation of C.10. In the glovebox a solution of Fe(HMDS) (42.6 mg, 0.113 

mmol) in THF (2 mL) was added to a stirred solution of C.3 (120.1 mg, 0.2198 mmol) in 

acetonitrile (2 mL). The dark brown solution was stirred 15 h at room temperature, then 

volatiles were removed. The resulting brown-tan solids were triturated and evaporated 

with THF, then washed extensively with fresh THF. Extraction with acetonitrile afforded 

the desired complex as a brown-tan solid (116.5 mg, 0.1029 mmol, 94 % yield). X-ray 

quality crystals were grown by vapor transfer of ether into an acetonitrile solution of the 

complex. 1H NMR (400 MHz, CD3CN) δ 54.82 (br s), 47.14 (br s), 34.55 (br s), 4.00 (s), 

2.43 (s), 1.69 (s). 19F NMR (376 MHz, CD3CN) δ -150.18. 

Preparation of C.11. In the glovebox a solution of Fe(HMDS)2 (76.3 mg, 0.2026 

mmol) in THF (3 mL) was added to a suspension of C.6 (216.3 mg, 0.3944 mmol) in THF 



183 
 

(4 mL) and stirred overnight at room temperature. Volatiles were removed under reduced 

pressure. The resulting solids washed with THF and then extracted with acetonitrile to 

afford the desired complex as a tan solid (143.2 mg, 0.1244 mmol, 61 %).  X-ray quality 

crystals were grown by vapor diffusion of ether into an acetonitrile solution of the 

complex at -35 oC. 1H NMR (300 MHz, CD3CN) δ 28.84 (s), 19.32 (br s), 7.70 (s), 7.39 

(s), 6.99 (s), 6.53 (s), 5.47 (br s), 4.91 (s), 4.13 (s), 3.52 (s), 3.33 (s), 2.33 (s), -1.37 (s), -

31.87 (br s). 19F NMR (282 MHz, CD3CN) δ -145.62.  

Preparation of C.12. A J-Young tube was charged with C.11 (19.5 mg, 0.0169 

mmol), Cp*2Co (11.2 mg, 0.0340 mmol), and CD3CN (0.5 mL), then sealed and inverted. 

Upon confirmation of complete consumption of the starting Fe complex by 1H NMR, 

the tube was returned to the glovebox, the dark solution transferred to a vial, and volatiles 

removed. The solids were extracted with hexanes to afford the desired complex as a black 

solid (12.6 mg, 0.0129 mmol, 76 %). X-ray quality crystals were grown by slow 

evaporation of a saturated pentane solution of the complex into toluene at -35 oC. 1H 

NMR (400 MHz, CD3CN) δ 62.10 (s), 46.62 (s), 45.06 (s), 43.99 (s), 35.54 (s), 26.91 (s), 

18.34 (s), 7.70 (s), 6.93 (s), 6.46 (s), 3.32 (s), 2.32 (s), -3.99 (s), -9.07 (s), -26.85 (s), -43.18 

(s), -58.18 (s), -67.92 (s). 

Electrochemical Measurements. CVs were recorded with a Pine Instrument 

Company AFCBPI biopotentiostat with the AfterMath software package. Measurements 

were performed in a three component cell, consisting of a glassy carbon working electrode 

(ø = 3.0 mm), a Pt wire counterelectrode, and a Ag wire reference electrode in dry solvent 

in an N2 filled glovebox. The ferrocene/ferrocenium couple was used as an internal 

reference. 
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Crystallographic Information. Crystals were mounted on a glass fiber or 

MiTeGen loop using Paratone oil, then placed on the diffractometer under a nitrogen 

stream. Diffractometer manipulations, including data collection, integration, and scaling 

were performed using the Bruker APEXII software.11 Absorption corrections were 

applied using SADABS or TWINABS.12 Space groups were determined on the basis of 

systematic absences and intensity statistics and the structures were solved in the Olex 2 

software interface13 by intrinsic phasing using XT (incorporated into SHELXTL) 14 and 

refined by full-matrix least squares on F2. Hydrogen atoms were placed in the idealized 

positions and refined using a riding model. Graphical representation of structures with 

50% probability thermal ellipsoids were generated using Diamond 3 visualization 

software.15 Non-hydrogen atoms were refined using anisotropic displacement parameters.  

Disordered solvents of crystallization in C.12 could not be satisfactorily modeled and 

were removed using the solvent mask implementation in Olex 2.   
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Table C.1.  Crystal and refinement data for complexes C.8, C.9, and C.10 

 C.8  C.9 C.10 

CCDC Number    

Empirical formula C31H32Cl2FeN4 C31H30Cl2FeN4 C62H60B2N8F8Fe 

Formula weight 587.37 585.35 1187.70 

T (K) 100 100 100 

a, Å 8.1523(3) 8.0795(7) 11.5136(11) 

b, Å 14.2525(5) 14.3422(6) 15.0306(14) 

c, Å 49.2956(17) 49.031(3) 17.1792(17) 

α, deg 90 90 93.072(4) 

β, deg 90 90 90.582(4) 

γ, deg 90 90 98.729(4) 

Volume, Å3 5727.7(4) 5681.7(6) 2933.8(5) 

Z 8 8 2 

Crystal system Orthorhombic Orthorhombic Triclinic 

Space group Pbca Pbca P-1 

θ range, deg 2.477 to 27.490 3.604 to 78.853 2.373 to 27.488 

µ, mm-1 0.740 6.192 0.332 

Abs. Correction Multi-scan Multi-scan Multi-scan 

GOF 1.114 1.125 1.042 

R1
 ,a wR2

 b  0.0317, 0.0739 0.0404, 0.0920 0.0317, 0.0934 

Radiation Type Mo Κα Cu Κα  Mo Κα 

a R1 = ∑||Fo| - |Fc||/∑|Fo|.  b wR2 = [∑[w(Fo
2-Fc

2)2]/∑[w(Fo
2)2]1/2. 
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Table C.2.  Crystal and refinement data for complexes C.11 and C.12. 

 C.11  C.12  

CCDC Number    

Empirical formula C67H71.5B2F8FeN10.5 C62H64FeN8  

Formula weight 1150.68 977.06  

T (K) 100 100  

a, Å 13.6681(8) 39.358(4)  

b, Å 21.9036(15) 15.4018(18)  

c, Å 20.6471(15) 21.678(2)  

α, deg 90 90  

β, deg 94.058(2) 107.184(7)  

γ, deg 90 90  

Volume, Å3 6165.8(7) 12554(2)  

Z 4 8  

Crystal system Monoclinic Monoclinic  

Space group P 21/n C 2/c  

θ range, deg 2.385 to 27.482 2.354 to 78.923  

µ, mm-1 0.320 2.230  

Abs. Correction Multi-scan Multi-scan  

GOF 1.002 1.065  

R1
 ,a wR2

 b  0.0486, 0.1409 0.1243, 0.3316  

Radiation Type Mo Κα Cu Κα  

a R1 = ∑||Fo| - |Fc||/∑|Fo|.  b wR2 = [∑[w(Fo
2-Fc

2)2]/∑[w(Fo
2)2]1/2. 
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ABSTRACT   

A series of homo- and heteroleptic di(pyridyl) pyrrolide (DPP) and di(pyridyl) NHC (DPI) 

Cu complexes were prepared, structurally characterized, and the electrochemical behavior 

studied. While a bis(DPP) Cu(I) could not be isolated, the corresponding Cu(II) complex 

and a bis(DPP) dicopper(I) complex were prepared by salt metathesis and structurally 

characterized. Reaction of the in situ generated Na salt of the DPP proligand with 

(phenanthroline)CuCl resulted in formation of the corresponding heteroligated complex, 

which was characterized in solution by NMR and in the solid state by X-ray 

crystallography. A bis(DPI) Cu(I) complex and a bis(DPI) dicopper(I) complex were 

prepared by reaction of the proligand with Cu(I) precursors in the presence of NaHMDS 

and structurally characterized. Four coordinate Cu(I) centers were observed for all 

complexes and, in the case of the monocopper(I) complexes, rotation of at least one of 

the free pyridine arms away from the Cu center is observed. The electrochemical behavior 

of all complexes was studied by cyclic voltammetry; furthermore, stoichiometric oxidation 

studies were performed with the heteroligated DPP-phenanthroline complex. Binding of 

both pyridine arms upon one electron oxidation is observed by X-ray crystallography; 

both six-coordinate, acetonitrile-bound and five-coordinate, solvent free species were 

observed.  
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INTRODUCTION  

Emissive Cu(I) complexes have received significant attention in the literature as lower-

cost alternatives to Ir and Ru photosensitizers for solar energy conversion. 1 A variety of 

ligand scaffolds have been reported to supported emissive Cu(I) complexes with relatively 

long lifetimes including phosphines,2 carbenes,3 phenanthroline,4 and heteroleptic 

phosphine-phenanthroline complexes.5 

Ligands bearing bulky groups have been demonstrated by Schmittel and 

coworkers to allow selective access to heteroleptic Cu(I) phenanthroline complexes using 

the so-called HETPHEN approach.6 Bulky aromatic groups, such as mesityl and 

anthracenyl moieties, are typically favored and the resulting heteroleptic complexes show 

intramolecular π-π interactions between the aromatic groups and the other 

phenanthroline ligand in the solid state.4j, 7 Gordon and coworkers have the reported a 

series homoleptic and heteroleptic Cu(I) complexes supported by mesityl -substituted 

bipyridine ligands (D.A) that display π-π interactions in the solid state,7b however, due to 

the bidentate nature of the bipyridine ligand, one mesityl substituent is pulled out of 

interaction with the other ligand. The lifetimes of these complexes are short (τ < 5 ns), 

which is attributed the flexibility of the bipyridine-based ligand. Odobel and coworkers 

have reported a series complexes including D.B (Figure D.1) which display π-π 

interactions between one of the mesityl substituents and the other phenanthroline -

derived ligand in the solid state.7a These complexes have longer lifetimes in comparison 

with D.A, with τ values of up to 50 ns for D.B.  Mulfort and coworkers have reported 

complexes D.C and D.D, which have τ values of 74 and 68 ns, respectively, for their 

long-lived excited states.7e, 7g The use of heteroleptic Cu(I) complexes employing the 
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HETPHEN approach in dye-sensitized solar cells has been reported by Odobel and 

coworkers (D.E, Figure D.1).7c, 7h 

 

Figure D.1. Examples of heteroleptic Cu(I) phenanthroline complexes exhibiting 

intramolecular π-π interactions in the solid state. 

 

Based on previous work on the use of the hemilabile, mesityl-substituted 

di(pyridyl) pyrrolide (DPP) and di(pyridyl) NHC (DPI) ligands, i t was hypothesized that 

Cu(I) complexes bearing these ligands could potentially show long excited state lifetimes 

through stabilizing π-π interactions. Such interactions could disfavor Cu planarization, a 

process which is proposed to lead to short excited state lifetimes in Cu(I) 

bis(phenanthroline).4a, 4b If Cu(I) prefers to bind to the DPI or DPP ligands in a bidentate 

fashion, as has been previously observed in the [(DPI)2Fe][BF4]2 (Appendix C) complex, 

then binding of the free pyridine arm(s) upon formation of the excited state could also 

potentially prolong the lifetime of the excited state. 

A handful of DPP and DPI Cu(I) complexes have been reported in the literature 

(Figure D.2). The electrochemical synthesis of DPI-supported tricopper complex D.F 
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has been reported by Chen and coworkers,8 while their use in monoarylation of anilines 

has been reported by Scholz and coworkers.9 Cu(II) complexes supported by di(pyridyl) 

pyrrolide ligands have been reported for self-assembly on gold surfaces,10 magnetism,11 

and DNA cleavage.12 The structures and syntheses of a number of halide- and phosphine-

bound Cu(I) di(pyridyl) pyrrolide complexes have also been reported (Figure D.2). Yi and 

coworkers have reported heterobimetallic complex D.G, halide-bridged dicopper 

complex D.H, and heteroleptic phosphine-di(pyridyl) pyrrolide complex D.I.13 Based on 

comparison of the UV-Vis spectra of these complexes with their corresponding 

proligands bands near 400 nm to the MLCT features for complexes D.H and D.I. 

 

Figure D.2. Examples of DPP and DPI Cu(I) complexes. 
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RESULTS   

The mesityl-substituted di(pyridyl) pyrrolide (DPP) was prepared by Suzuki coupling of 

2-mesityl boronic acid with the dibromide-substituted di(pyridyl) pyrrole backbone, as 

described in Chapter 3. Di(pyridyl) NHC (DPI) proligands bearing unsaturated backbones 

were prepared from 2-mesityl-6-bromopyridine using the method of Kühn and 

coworkers,14 as described in Appendix C. 

 DPP-ligated Cu(I) and Cu(II) complexes were prepared by salt metathesis of the 

corresponding in situ-generated Li and Na salts (Scheme D.1). Reaction of the Li salt of 

D.1 with CuCl2 was found by Dr. Gyeongshin Choi to lead to formation of a species with 

broadened, paramagnetically-shifted NMR resonances, which was crystallographically 

characterized as the six-coordinate Cu(II) complex D.2. Reaction of two equivalents of 

the Na salt of D.1 with two equivalents of [Cu(MeCN)4][BF4] resulted in formation of a 

red species with broadened 1H NMR resonances and three broadened mesityl methyl 

peaks. This was crystallographically characterized as the dicopper(I) species D.3. The 

heteroligated complex D.4 could be prepared by reaction of the Na salt of D.1 with one 

equivalent of (phenanthroline)CuCl (D.5) in THF at room temperature. This brown 

complex features sharp NMR features with one set of pyridine and mesityl resonances, 

consistent with fast exchange between bound and free DPP pyridine groups.  While D.3 

and D.4 have similar absorption features in their UV-Vis spectra, D.4 has an additional 

feature with a λmax of 534 nm (Figure D.3). It is worth noting that the lithium, sodium, 

and potassium salts of D.1 have similar UV-Vis features (Figure FD.33). 
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Scheme D.1. Preparation of DPP-ligated Cu(I) and Cu(II) complexes. Ar = mesityl. 
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Figure D.3. UV-Vis spectra of D.3 (red) and D.4 (purple). Conditions: 25 µM in complex 

in THF. 

 

 Complexes D.2, D.3, and D.4 were crystallographically characterized (Figures D.4 

through D.7); all display close contacts between the mesityl substituents and the 

backbones of the other ligand, consistent with intramolecular π-π interactions. In the 

solid-state D.2 features a six-coordinate Cu(1) center (Figure D.4) with Cu(1)-N(Py) 

distances of 2.40 – 2.43 Å and Cu(1)-N(pyrrolide) distances of 1.83 – 1.85 Å. Distances 

of 3.40 Å are observed between the centroids of the pyrrolide donors and the planes of 

the mesityl substituents. In the solid state D.3 features two different Cu centers (Figure 

D.5): Cu(1) is coordinated to both pyrrolide donors and two pyridine donors with a 

distorted trigonal pyramidal geometry (τ4 = 0.63); Cu(2) adopts a distorted linear geometry 

with a N(12)-Cu(2)-N(9) angle of 162o. The Cu(1)-Cu(2) distances are 2.51 and 2.55 Å in 

the two molecules in the asymmetric unit. Cu(1)-N(pyrrolide) distances of 1.95 to 1.96 Å 
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are observed with an average Cu(1)-N(Py) distance of 2.21 Å. The average Cu(2)-N(Py) 

distance is 1.95 Å. The two different coordination environments in D.3 is in contrast with 

the equivalent coordination environments observed in the structure of the lithium salt of 

D.1 (Figure D.6). Dimerization of the salt is observed in the solid state with a µ2-

N(pyrrolide) motif between the two Li centers. Ryan Ribson has demonstrated that the 

lithium salt of the pentacene-substituted DPP also associates in solution. Such helical 

structures have been observed in bis(terpy) dicopper complexes,15 and in bis(DPP) Cu(II) 

complexes.11 Complex D.4 features a four-coordinate distorted trigonal pyramidal four-

coordinate Cu(1) center (τ4 = 0.81) bound to the pyrrolide donor and one pyridine of the 

DPP ligand and both nitrogen donors of the phenanthroline ligand (Figure D.7). Similar 

bond distances between 1.98 and 2.08 Å are observed between Cu(1) and all bound 

nitrogen atoms. The free pyridine donor is rotated away from the metal center and a 

distance of 2.6 Å is calculated between Cu(1) and the hydrogen atom bound to the 

proximal pyridine group, consistent with an anagostic interaction.16 A distance of 3.4 Å 

is calculated between the centroid of the mesityl substituent of the bound pyridine and 

the plane of the phenanthroline ligand, within the sum of the van der Waals radii  (3.54 

Å) and consistent with intramolecular π-π interactions. 17 17 17 
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Figure D.4. Solid-state structure of D.2. Hydrogen atoms and solvents of crystallization 

are omitted for clarity. 
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Figure D.5. Solid-state structure of D.3. Hydrogen atoms are omitted for clarity; one of 

two molecules in the asymmetric unit is shown for clarity. 
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Figure D.6. Solid-state structure of D.1-Li. Hydrogen atoms are omitted for clarity. 
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Figure D.7. Solid-state structure of D.4. Hydrogen atoms and solvent of crystallization 

are omitted for clarity. 
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 An analogous series of complexes bearing the DPI ligand were also prepared 

(Scheme D.2), though the DPI-ligated analogue of D.4 could not be isolated as a result 

of ligand scrambling. Reaction of D.6 with one equivalent of NaHMDS in thawing THF, 

followed by addition to a thawing suspension of half an equivalent of CuI in THF results 

in formation of the bis-ligated Cu(I) complex D.7. Due to the cosolubility of NaI and the 

desired complex, this has only been isolated with a mixture of BF 4
- and I- counteranions 

or, using [Cu(MeCN)4][OTf], with a mixture of BF4
- and OTf- counteranions. Reaction of 

D.6 with NaHMDS and [Cu(MeCN)4][BF4] or CuCl in thawing THF led to formation of 

half an equivalent of the orange-red dicopper(I) complex D.8. Due to the similar 

solubilities of D.8 and NaBF4 in THF and acetonitrile, this complex could only be isolated 

free of salt impurities through use of CuCl. The heteroleptic complex D.9 was targeted 

both by reaction of D.8 with two equivalents of phenanthroline and by reaction of D.5 

with D.6 in the presence of NaOtBu or NaHMDS; however, crystals of 

bis(phenanthroline) Cu(I) were isolated from both routes. An additional species was also 

isolated when D.5 was used as the Cu precursor; based on the significant THF solubility 

and asymmetric NMR features of this species, it was identified as chloride-bound complex 

D.10. Reaction of this complex with excess NaBF4 led to broadening of the 1H NMR 

features, though a species with the expected NMR features for D.9 was not generated; 

reaction with one equivalent of AgBF4 lead to formation of a mixture of species with 

paramagnetically broadened NMR features. The formation of the bis(phenanthroline) and 

D.10 under these conditions is likely a consequence of the high ligand lability in Cu(I) 

complexes;18 the isolation of D.4 may be feasible, in part, as a consequence of its increased 

solubility in non-polar solvents. 
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Scheme D.2. Preparation of DPI-ligated Cu(I) complexes. 

 

 Complexes D.7 and D.8 were characterized in the solid state by X-ray diffraction 

(Figures D.8 through D.10) and feature similar coordination geometries to those observed 

in the analogous DPP-ligated complexes. A four-coordinate see-saw metal center is 

observed for D.7 (τ4 = 0.75), where Cu(1) is bound to both NHC donors and a single 

pyridine donor from each ligand. A long contact is observed between Cu(1) and N(4B) 

with rotation of the other free pyridine away from the metal center. Distances of 

1.9223(15) and 1.9050(15) Å are observed between Cu and C(1A) and C(1B) of bound 

NHC donors, with distances of 2.1768(13) and 2.2493(13) Å between Cu and N(1A) and 

N(1B) of the bound pyridine arms. A long Cu(1)-N(4B) distance of 3.342 Å is observed 

between Cu and the proximal pyridine, which is within the sum of the van der Waals radii 

(4.04 Å). 17a 17a19 In the solid-state complex D.8 features a four-coordinate see-saw Cu(1) 

center (τ4 = 0.55) and one two-coordinate distorted linear Cu(2) center. A Cu(1)-Cu(2) 
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distance of 2.4885(4) Å is observed. Cu(1) is bound to two NHC donors and two pyridine 

donors with Cu(1)-C(1A) and Cu(1)-C(1B) distances of 1.9298(16) and 1.9311(16) Å and 

Cu(1)-N(1A) and Cu(1)-N(1B) distances of 2.1369(13) and 2.1375(13) Å respectively. 

Cu(2)-N(4A) and Cu(2)-N(4B) distances of 1.9328(13) and 1.9348(14) Å and a N(4A)-

Cu(2)-N(4B) angle of 158.07(6)o. Distances of 3.5 Å between one of the mesityl 

substituents of each ligand and the backbone of the other ligand are observed, consistent 

with intramolecular π-π interactions. 
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Figure D.8. Solid-state structure of D.7 with iodide counteranion. Hydrogen atoms, 

solvent of crystallization, and iodide counteranion are omitted for clarity.  
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Figure D.9. Preliminary solid-state structure of D.7 with triflate counteranion. Hydrogen 

atoms and disordered solvent of crystallization are omitted for clarity.  
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Figure D.10. Solid-state structure of D.8. Hydrogen atoms are omitted for clarity. 
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 Cyclic voltammetry studies were on the Cu(I) complexes (Figures D.11 to D.14) 

in THF (DPP-ligated) or acetonitrile (DPI-ligated). D.3 shows a reversible oxidation at  

-0.44 V and two additional features at 0.68 and 0.92 V vs. Fc/Fc+. Complex D.4 features 

a reversible reduction at -2.43 V and a reversible oxidation at -0.64 V vs. Fc/Fc+ with 

additional irreversible features at potentials more positive of 0 V. In the initial 

measurements, as D.7 contained an equivalent of iodide, the I_/I2 couple was also 

observed, however, an additional apparently reversible feature was also observed at +0.21 

V vs. Fc/Fc+ which is assigned to the one electron oxidation couple for this complex. As 

this peak could not be isolated, due to its proximity to the iodide couple, measurement 

of the Cu(I)/Cu(II) couple in D.7 in the absence of NaI must be performed. Complex 

D.8 shows three electrochemical events: a reversible oxidation at +0.23 V, a quasi -

reversible oxidation at +0.81 V, and an irreversible reduction centered at -0.58 V.  

 

Figure D.11. CV of D.3 in THF. 0.1 M TBAPF6, 0.2 mM substrate, GC working 

electrode, Pt counter-electrode, referenced internally to Fc/Fc+. 
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Figure D.12. Partial CV of D.4 in THF. Conditions: 0.1 M TBAPF6, 0.2 mM substrate, 

100 mV/s, internal reference to Fc/Fc+. 

 

Figure D.13. CV of D.7 with NaI in CH3CN. Conditions: 0.1 M TBAPF6, 0.2 mM 

substrate, 100 mV/s, internal reference to Fc/Fc+. 
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Figure D.14. CV of D.8 in CH3CN. Conditions: 0.1 M TBAPF6, 0.2 mM substrate, 100 

mV/s, internal reference to Fc/Fc+. 

 

 One potential role for the hemilabile pyridine donors in the monocopper complex 

would be to bind upon metal oxidation, preventing metal planarization by formation of 

higher-coordinate species. While the solid-state structure of D.2 would provide evidence 

that this could occur, as solid-state characterization of the corresponding Cu(I) was not 

obtained, the hypothesis was more directly tested through oxidation of D.4. Treatment 

of D.4 in THF with one equivalent of AgBF4 resulted in color change from dark brown 

to green upon addition with extensive formation of dark precipitate. Extraction of the 

crude reaction mixture with acetonitrile afforded a green microcrystalline solid with 

paramagnetically-shifted and broadened NMR features. A mixture of green and bronze 

crystals were obtained from DCM/pentane solvent diffusion crystallization, 

corresponding to the acetonitrile-bound oxidized complex D.11(MeCN) (Figure D.15), 
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the acetonitrile-bound oxidized complex (D.11(MeCN) co-crystallized with the oxidized 

D.3 (Figure D.16), and the solvent-free complex D.11 (Figure D.17). Cu is bound to both 

pyridine arms in all structures of D.11. In the co-crystallized structure (Figure D.16) two 

BF4 counteranions are observed; while AgBF4 could further oxidize D.4 under the 

reaction conditions, this is assumed to be the oxidized form of D.3 (D.3+) based on the 

oxidation potential of that complex observed by CV. Furthermore, a better fit for the 

crystallographic data was obtained by modeling the two-coordinate metal center as 

disordered between Cu (65 %) and Ag (35 %). D.3 was not observed in NMRs of the 

isolated D.4, however, it is unclear whether this was generated by ligand scrambling or 

present in the crude at such a concentration to not be observed by NMR. 

 

Scheme D.3. Oxidation of D.4 with AgBF4 in THF. 
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Figure D.15. Solid-state structure of the acetonitrile-bound D.11(MeCN). Hydrogen 

atoms are omitted for clarity. 
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Figure D.16. Solid-state structure of the co-crystallized acetonitrile-bound D.11(MeCN) 

with the one-electron oxidized D.3+. Hydrogen atoms and solvent of crystallization are 

omitted for clarity. 
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Figure D.17. Solid-state structure of D.11. Hydrogen atoms and solvent of crystallization 

are omitted for clarity. 
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 Six-coordinate, distorted octahedral Cu centers are observed in both acetonitrile-

bound structures of D.11(MeCN) while a distorted square pyramidal Cu center is 

observed in the solvent-free structure of D.11. In the acetonitrile-bound complex 

D.11(MeCN) long Cu(1)-N(Py) contacts are observed with an average distance of 3.53 

Å. Cu(1)-N(2) distances of 1.81 and 1.95 Å are observed with an average distance of 3.44 

Å between the centroids of the mesityl substituents and the plane of the phenanthroline 

ligand. In the solvent-free structure of D.11 Cu-N(Py) distances of 2.4576(12) and 

2.1936(11) Å are observed with a Cu-N(2) distance of 1.8554(12) Å. Contacts of 3.34 and 

3.28 Å are observed between the mesityl groups and the plane of the phenanthroline 

ligand. The Cu adopts a distorted square pyramidal geometry with a τ 5 value of 0.21. 

 Work on measuring the emission lifetimes of these complexes is ongoing in 

collaboration with Ryan Ribson and Dr. Brian Sanders.  
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DISCUSSION  

Based on the solid-state characterization of this series of Cu(I) and Cu(II) complexes, 

simultaneous binding of all four pyridine donors of both the DPP and DPI ligands to a 

single reduced Cu center is not favored in the solid-state. The structure of these 

complexes in solution was not established. It is possible that there is either rapid exchange 

between free and bound pyridine donors on the NMR time scale or that higher coordinate 

number structures are adopted in solution. Either possibility would lead to sharp, 

symmetric NMR features and could facilitate the reversible electrochemical one-electron 

oxidations observed by CV through either facile binding of the additional pyridine donors 

or precoordination of all pyridine donors. 

 While distorted tetrahedral geometries in the reduced Cu complexes could likely 

be accommodated by the DPP and DPI ligands, see-saw and distorted trigonal pyramidal 

geometries are observed in their solid-state structures. Such geometries position the 

carbon atoms of the mesityl substituents parallel to and within the van der Waals radii of 

the backbone of the other ligand, consistent with π-π interactions between these groups. 

Such interactions likely stabilize the observed geometries and could help to facilitate  facile 

exchange between the pyridine groups or to potentially enforce higher-coordinate 

geometries in solution. Measurement of the rate of exchange between free and bound 

pyridine arms using variable temperature NMR could be used to distinguish between such 

potential solution-state structures; however, due to the overlap of the aromatic 1H NMR 

resonances of D.4 with d8-PhMe and reactivity with CD2Cl2, such an experiment was not 

performed. Use of quantitative NOESY experiments could potentially be used to 

establish the average distance in solution between the mesityl groups and the DPP and 

DPI backbones.  
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 From the cyclic voltammetry studies, all complexes show a reversible one-electron 

wave which likely corresponds to a Cu(I)/Cu(II) couple. Both D.7 and D.8 have similar 

one-electron oxidation potentials, which could indicate that the oxidation occurs on the 

four-coordinate Cu center. From the preliminary structure of D.11 co-crystallized with 

oxidized D.3, minimal structural distortion is observed in the oxidized dicopper species, 

indicating the same may be true upon oxidation of D.8. In the case of the dicopper 

complexes, the oxidation could be born across the two copper centers leading to a mixed 

valent complex. Such behavior has been previously observed in the case of bis(amido) 

phosphine dicopper complexes reported by Peters and coworkers.2b, 2c, 20 It is worth noting 

that it is possible that the structures of D.3 and D.8 observed by X-ray crystallography 

may not be maintained in solution and, in particular, may not be maintained in the 

presence of coordinating solvents.  

There are a number of avenues that could be explored to potentially modify the 

emission lifetimes of DPI and DPP ligated complexes through modification of the 

electronics of the flanking aryl substituents. Preparation of DPP and DPI ligands bearing 

electron-withdrawing substituents (i.e. fluorinated arenes) or more extended aromatic 

substituents (i.e. anthracene, pentacene, or pyrene derivatives) which would form π 

donor-acceptor interactions with the other Cu ligand could prevent rotation of the free 

pyridine arms away from the Cu center. This could allow for faster rates of exchange 

between free and bound pyridine donors, potentially allowing for increased stabilization 

of the excited state. Use of di(pyridyl) NHC donors based upon central 6-membered rings, 

similar to those previously reported by Roesler and coworkers, 21 could potentially have a 

similar effect. Ligand modifications could also be leveraged for tuning of the first 

oxidation potential; Brooker and Colbran and coworkers have recently reported that the 
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CoIII/II couple in bis(DPP) complex can be tuned through pyrrolide substitution with 

electron-donating and electron-withdrawing substituents.22 
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CONCLUSIONS  

In conclusion, a series of Cu complexes supported by mesityl-substituted di(pyridyl) 

pyrrolide (DPP) and di(pyridyl) NHC (DPI)  ligands were prepared, structurally-

characterized, and their electrochemistry examined. Both monocopper and dicopper 

complexes can be supported by the DPP and DPI ligands; additionally heteroleptic DPP-

phenanthroline Cu(I) and Cu(II) complexes were prepared. Distances consistent with π -

π interactions are observed between the mesityl substituents and the other Cu ligands. 

Four coordinate Cu(I) centers are observed in the solid state, while solution 

characterization by NMR suggests rapid exchange between free and bound pyridine 

groups on the NMR time scale. Reversible, one-electron oxidations are observed for the 

complexes by cyclic voltammetry. X-ray crystallographic characterization of the oxidized 

heteroleptic DPP-phenanthroline Cu(II) complex shows binding of both pyridine donors. 
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EXPERIMENTAL SECTION  

General Comments. All air- and water-sensitive compounds were manipulated under N2 

using standard Schlenk or glovebox techniques. Solvents for air- and moisture-sensitive 

reactions were dried by the method of Grubbs23. D.1 was prepared as described in 

Chapter 3 of this thesis. D.6 was prepared as described in Appendix C of this thesis. 

[Cu(MeCN)4][BF4] was purchased from Sigma Aldrich and used as received. All other Cu 

salts were purchased from Strem and used as received. Deuterated solvents were 

purchased from Cambridge Isotopes Lab, Inc.; CDCl3 was used without further 

purification; C6D6 was distilled from purple Na/benzophenone ketyl and stored over 4 Å 

molecular sieves; CD3CN was distilled from CaH2. 
1H and 13C spectra were recorded on 

Varian Mercury 300, Varian INOVA-300, 400, or 500 spectrometers or Bruker Cryoprobe 

400. 1H and 13C chemical shifts are reported relative to residual solvent resonances. 

Elemental analysis was performed on a Perkin-Elmer 2400 CHNS/O Analyser and 

samples were taken from representative batches prepared in an N2-filled glovebox, unless 

otherwise noted. UV-Vis spectra were acquired on a Varian Cary Bio 50 

spectrophotometer in Teflon-pin sealed cuvettes. 

 Preparation of D.2. LiHMDS (55.6 mg, 0.332 mmol) in THF (2 mL) was added 

to a stirred solution of D.1 (148.5 mg, 0.325 mmol) in THF (1 mL) and stirred at room 

temperature for 10 min. This was transferred to the top of a suspension of CuCl 2 (22.0 

mg, 0.164 mmol) in THF (2 mL) and stirred at room temperature for 20 h. Volatiles were 

removed under reduced pressure and the resulting yellow-green solids washed with 

benzene, then extracted with DCM to afford the desired complex as a yellow-green solid. 

X-ray quality crystals were grown by diffusion of pentane into a DCM solution of the 

complex in DCM. 1H NMR (CD2Cl2, 400 MHz) δ 28.09, 16.78, 11.89, 10.25, 9.41, 6.98, 
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6.02, 2.31, 1.50, 1.20. Anal calcd. For C64H60CuN6: C, 78.70; H, 6.19; N, 8.60. Found: C, 

75.73; H, 6.09; N, 8.28. 

 Preparation of D.3. A solution of NaHMDS (32.2 mg, 0.176 mmol) in THF (2 

mL) was added to a solution of D.1 (73.2 mg, 0.160 mmol) in THF (1 mL) and stirred 15 

min at room temperature. The resulting yellow solution was then transferred to the top 

of a [Cu(MeCN)4][BF4] (54.1 mg, 0.172 mmol) suspension in THF (2 mL) and stirred 15 

h at room temperature. Volatiles were removed under reduced pressure and the resulting 

orange-red solids washed extensively with hexanes. Extract with benzene afforded the 

desired complex as an orange-red solid (75.6 mg, 91 %). X-ray quality crystals were grown 

by evaporation of a pentane solution of the complex into toluene at room temperature. 

1H NMR (C6D6, 400 MHz) δ 7.25 (dd, J = 8.1, 1.1 Hz, 2H, Py), 7.02 (dd, J = 8.1, 7.4 Hz, 

2H, Py), 6.82 (s, 2H, pyrr), 6.60 (br s, 2H, mes), 6.58 (br s, 2H, mes), 6.37 (dd, J = 7.3, 

1.1 Hz, 2H, Py), 2.17 (s, 6H, mesCH3), 1.72 (br s, 6H, mesCH3), 1.64 (br s, 6H, mesCH3). 

13C NMR (C6D6, 101 MHz) δ 158.34 (Py), 156.72 (Py), 141.70 (pyrr), 137.42, 136.80, 

136.69, 135.75, 133.94, 128.59, 119.39 (Py), 118.65 (Py), 111.66 (pyrr), 21.35 (mesCH3), 

20.78 (mesCH3), 20.43 (mesCH3). 

Preparation of D.4. NaHMDS (20.8 mg, 0.113 mmol) in 2 mL THF was added 

to a stirred solution of D.1 (49.5 mg, 0.108 mmol) in 1 mL and the resulting bright yellow 

solution stirred 15 min at room temperature. This solution was then transferred to the 

top of a rapidly stirred suspension of D.5 (31.2 mg, 0.112 mmol) in 1 mL THF. The 

resulting red-brown suspension was stirred 13 h at room temperature then filtered, 

concentrated to 4 mL, layered with pentane, and allowed to sit at room temperature. The 

crystallization was filtered after 3 days, the solids washed with fresh pentane, and dried 

under vacuum to afford the desired compound as a dark brown, crystalline solid (71.8 
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mg, 95 %). X-ray quality crystals were grown by vapor diffusion of pentane into a benzene 

solution of the complex at room temperature. 1H NMR (C6D6, 400 MHz) δ 8.20 (dd, J = 

4.7, 1.5 Hz, 2H, phen), 7.89 (dd, J = 8.1, 0.8 Hz, 2H, Py), 7.72 (s, 2H, pyrr), 7.36 (dd, J = 

8.0, 1.5 Hz, 2H, phen), 7.05 (dd, J = 8.1, 7.4 Hz, 4H, phen, Py), 6.71 (dd, J = 8.0, 4.7 Hz, 

2H, phen), 6.36 (dd, J = 7.3, 1.0 Hz, 2H, Py), 5.81 (s, 4H, mes), 1.73 (s, 6H, mesCH3), 

1.65 (s, 6H, mesCH3). 
13C NMR (C6D6, 101 MHz) δ 157.41 (Py), 156.84 (Py), 147.33 

(phen), 143.58, 141.85, 139.01, 135.35 (Py), 134.64, 134.46, 132.80 (phen), 128.22, 126.54 

(mes), 125.33 (phen), 123.86 (phen), 117.43 (Py), 115.60 (Py), 111.59 (pyrr), 20.72 

(mesCH3), 19.84 (mesCH3). Anal calcd. For C44H38CuN5+C6H6: C, 77.14; H, 5.70; N, 9.00. 

Found: C, 76.93; H, 5.55; N, 8.92. 

Preparation of D.7/NaI. NaHMDS (37.5 mg, 0.204 mmol) in THF (2 mL) was 

added, thawing to a suspension of D.6 (109.0 mg, 0.1995 mmol) in THF (4 mL) and 

allowed to stir, warming for 30 min. This brown solution was then refrozen and added, 

thawing to a suspension of CuI (19.2 mg, 0.101 mmol). The resulting suspension was 

allowed to stir, warming for 10 h then volatiles were removed under reduced pressure. 

The resulting brown-orange solids were washed with benzene and THF and the desired 

compound obtained as an orange solid via extraction with acetonitrile (90 mg, 0.0739 

mmol, 73 %). X-ray quality crystals were grown by vapor diffusion of ether into an 

acetonitrile solution of the complex at room temperature.  1H NMR (CD3CN, 400 MHz) 

δ 8.20 (dd, J = 8.4, 0.7 Hz, 2H, Py), 7.93 – 7.80 (m, 4H, Py, imid), 7.18 (dd, J = 7.5, 0.7 

Hz, 2H, Py), 6.68 (s, 4H, mes), 2.24 (s, 6H, mesCH3), 1.71 (s, 12H, mesCH3). 
13C NMR 

(CD3CN, 101 MHz) δ 183.96 (NCN), 159.45 (Py), 151.56 (Py), 140.77, 138.86, 136.96, 

136.27, 128.96, 124.99, 118.91, 112.42, 21.25 (mesCH3), 20.50 (mesCH3). 
19F NMR (376 

MHz, CD3CN) δ -152.42, -152.48. 
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Preparation of D.8. A thawing solution of NaHMDS (46.8 mg, 0.255 mmol) in 

THF (2 mL) was added to the top of a suspension of D.6 (132.2 mg, 0.242 mmol) in THF 

(1 mL) and stirred 15 minutes, warming. The resulting brown solution was re-frozen and 

then added to the top of a thawing suspension of CuCl (29.0 mg, 0.293) in THF (2 mL) 

and stirred, warming for 24 h. The crude reaction was filtered over Celite, and then the 

resulting dark red solids extracted with acetonitrile to afford the desired complex as an 

orange-red microcrystalline solid (120.0 mg, 0.0985 mmol, 82 %). X-ray quality crystals 

were grown by vapor diffusion of ether into a solution of the complex with NaBF4 at 

room temperature; data was collected for the orange crystals.  1H NMR (CD3CN, 400 

MHz) δ 8.20 (d, J = 8.2 Hz, 2H), 7.92 – 7.82 (m, 4H), 7.18 (d, J = 7.5 Hz, 2H), 6.68 (s, 

4H), 2.24 (s, 6H), 1.71 (s, 12H). 13C NMR (CD3CN, 101 MHz) δ 183.95, 159.45, 151.56, 

140.78, 138.87, 136.96, 136.28, 128.97, 124.99, 118.91, 112.42, 21.24, 20.50. 19F NMR 

(376 MHz, CD3CN) δ -152.19, -152.25.  

Preparation of D.11. A solution of AgBF4 (8.8 mg, 0.045 mmol) in THF (1.5 mL) 

was added to the top of a solution of D.4 (31.2 mg, 0.0445 mmol) in THF (1.5 mL) and 

stirred 1 h at room temperature. Volatiles were removed under reduced pressure and the 

resulting dark green solids extracted with acetonitrile to afford the acetonitrile adduct as 

a green solid (31.5 mg, 0.038 mmol, 85 % yield for the acetonitrile adduct). X-ray quality 

crystals of a mixture of the acetonitrile-bound and free complexes were grown by 

diffusion of pentane into a DCM solution of the complex at room temperature. 1H NMR 

(CD3CN, 400 MHz) δ 21.16 (br s), 9.36 (br s), 7.64 (br s), 7.18 (br s), 4.48 (s), -1.33 (br 

s), -1.86, -2.40. 19F NMR (CD3CN, 376 MHz) δ -156.21, -156.26, -156.29. Anal calcd. for 

C46H41BCuF4N6: C, 66.71; H, 4.99; N, 10.15. Found: C, 67.13; H, 5.02; N, 9.93.  
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Electrochemical Measurements. CVs were recorded with a Pine Instrument 

Company AFCBPI biopotentiostat with the AfterMath software package. Measurements 

were performed in a three component cell, consisting of a glassy carbon working electrode 

(ø = 3.0 mm), a Pt wire counterelectrode, and a Ag wire reference electrode in dry solvent 

in an N2 filled glovebox. The ferrocene/ferrocenium couple was used as an internal 

reference. 

Crystallographic Information. Crystals were mounted on a glass fiber or 

MiTeGen loop using Paratone oil, then placed on the diffractometer under a nitrogen 

stream. Diffractometer manipulations, including data collection, integration, and scaling 

were performed using the Bruker APEXII software.24 Absorption corrections were 

applied using SADABS or TWINABS.25 Space groups were determined on the basis of 

systematic absences and intensity statistics and the structures were solved in the Olex 2 

software interface26 by intrinsic phasing using XT (incorporated into SHELXTL)27 and 

refined by full-matrix least squares on F2. Hydrogen atoms were placed in the idealized 

positions and refined using a riding model. Graphical representation of structures with 

50% probability thermal ellipsoids were generated using Diamond 3 visualization 

software.28 All non-hydrogen atoms were refined using anisotropic displacement 

parameters, except for D.7/OTf and D.11(MeCN). 
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Table D.1.  Crystal and refinement data for complexes D.2, D.3, and D.4 (iodide) 

 D.2C  D.3 D.4 

CCDC Number    

Empirical formula C66H64Cl4CuN6 C64H60Cu2N6 C50H44CuN5 

Formula weight 1146.58 1040.28 778.45 

T (K) 100 100 100 

a, Å 22.3246(10) 14.4717(12) 20.1297(13) 

b, Å 22.3246(10) 18.4346(15) 9.5465(6) 

c, Å 11.3688(6) 21.0410(15) 21.8580(18) 

α, deg 90 93.930(2) 90 

β, deg 90 94.239(3) 108.332(3) 

γ, deg 90 112.165(3) 90 

Volume, Å3 5666.1(5) 5156.0(7) 3987.2(5) 

Z 4 4 4 

Crystal system Tetragonal Triclinic Monoclinic 

Space group P-4 P -1 P 21/n 

θ range, deg 2.208, 34.227 2.271 to 32.347 2.388 to 27.492 

µ, mm-1 0.622 0.873 0.590 

Abs. Correction Multi-scan Multi-scan Multi-scan 

GOF 1.055 1.025 1.109 

R1
 ,a wR2

 b [I>2  0.0557, 0.1446 0.0502, 0.1323 0.0306, 0.0948 

Radiation Type Mo Κα Cu Κα Mo Κα 

a R1 = ∑||Fo| - |Fc||/∑|Fo|.  b wR2 = [∑[w(Fo
2-Fc

2)2]/∑[w(Fo
2)2]1/2. cCrystals originally 

grown by Dr. Gyeongshin Choi and diffracted with assistance from Larry Henling  and 

Dr. Mike Takase; data reprocessed and refined by Jessica Sampson.  
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Table 4.2.  Crystal and refinement data for complexes D.7/I, D.7/OTf, and D.8 

 D.7/I  D.7/OTf-c D.8 

CCDC Number    

Empirical formula C64H63CuN4I C67H68CuF3N8O4S C62H60B2Cu2F8N8 

Formula weight 1148.67 6018.1(6) 1217.90 

T (K) 100 100 100 

a, Å 12.3051(7) 18.5178(2) 13.1899(7) 

b, Å 17.7048(6) 25.2008(16) 23.3154(12) 

c, Å 25.7363(10) 12.9079(7) 19.3361(10) 

α, deg 90 90 90 

β, deg 96.265(3) 92.468(2) 108.1410(10) 

γ, deg 90 90 90 

Volume, Å3 5573.4(4) 6018.06 5650.8(5) 

Z 4 4 4 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P 21/c CC P 21/c 

θ range, deg 2.302 to 27.509 2.963 to 47.661 3.064 to 79.716 

µ, mm-1 0.995 1.369 1.558 

Abs. Correction Multi-scan Multi-scan Multi-scan 

GOF 1.085 1.607 1.055 

R1
 ,a wR2

 b  0.0339, 0.0639 0.0987, 0.2970 0.0413, 0.1156 

Radiation Type Mo Κα Cu Κα Cu Κα 

a R1 = ∑||Fo| - |Fc||/∑|Fo|.  b wR2 = [∑[w(Fo
2-Fc

2)2]/∑[w(Fo
2)2]1/2. cOnly ID collected. 
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Table 4.3.  Crystal and refinement data for complexes D.11(MeCN), 

D.11(MeCN)/D3+, and D.11 

 D.11(MECN) C  D.11(MeCN)/D3+D D.11 

CCDC Number    

Empirical formula C46H41BCuF4N6 

C112H105Ag0.26B2 

Cl4Cu2.78F8N12 C45H40BCl2CuF4N5 

Formula weight 828.21 2140.62 872.07 

T (K) 100 100 100 

a, Å 11.248(7) 15.9408(9) 35.0392(12) 

b, Å 16.241(10) 18.2424(11) 11.6512(4) 

c, Å 21.908(12) 19.8899(15) 23.6670(7) 

α, deg 90 104.342(3) 90 

β, deg 90 108.277(3) 126.0060(10) 

γ, deg 90 103.918(3) 90 

Volume, Å3 4002(4) 4992.5(6) 7816.1(5) 

Z 4 2 8 

Crystal system Orthorhombic Triclinic Monoclinic 

Space group P 21 21 21 P -1 C2/c 

θ range, deg 2.390 to 18.527 2.181 to 27.479 3.116 to 79.087 

µ, mm-1 0.606 0.806 2.551 

Abs. Correction Multi-scan Multi-scan Multi-scan 

GOF 1.166 1.019 1.077 

R1
 ,a wR2

 b 

 0.1460, 0.3426 0.0405, 0.1026 0.0354, 0.0981 

Radiation Type Mo Κα Mo Κα Cu Κα 

a R1 = ∑||Fo| - |Fc||/∑|Fo|.  b wR2 = [∑[w(Fo
2-Fc

2)2]/∑[w(Fo
2)2]1/2. COnly ID collected 

due to rapid solvent loss under diffraction conditions. DCo-crystallized with the oxidized 

D.3. 
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APPENDIX E 
 

SYNTHESIS AND ATTEMPTED METALATIONS OF µ2-NNX (X = N, C) LIGANDS TO 

SUPPORT POTENTIAL HETEROBIMETALLIC OLEFIN POLYMERIZATION CATALYSTS 
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ABSTRACT   

Di(pyridyl) guanidine and di(pyridyl) N-heterocyclic olefin (NHO) ligands were targeted 

to support potential heterobimetallic Zr, Ni, and Pd catalysts with pendant Lewis acids 

bridged by μ2-N and –C groups. While several routes were used to target the di(pyridyl) 

guanidine proligand, this could not be prepared under those conditions. Di(pyridyl) NHO 

and mono(pyridyl) NHO proligands could be prepared from the corresponding 

ethylenediamines by reaction with triethyl orthoacetate and subsequent deprotonation of 

the resulting 2-methylimidazolines with strong bases. Treatment of these proligands with 

metal alkyl precursors showed no conversion to the desired metal-N-heterocyclic vinylene 

complexes. Reaction with Pd(OAc)2 seemed to indicate formation of such a species by 

1H NMR, though attempts to carry this forward were unsuccessful.  
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INTRODUCTION  

 The development of transition metal catalysts for the copolymerization of 

ethylene and α-olefins containing polar functional groups to linear, polar-functionalized 

polyethylene with high catalyst activity and good control over polymer molecular weight 

distributions and comonomer incorporation remains a great challenge in homogeneous 

catalysis.1 In spite of the improve printability, adhesion, durability, and rheological 

properties of such polymers, catalyst inhibition and poisoning by polar comonomers 

means only a few classes of catalysts are competent for this transformation, typically 

based on Ni or Pd. 

 Incorporation of Lewis acid binding sites into the ligands of polymerization 

catalysts has recently emerged as a strategy to modulate their activities and to potentially 

attenuate the Lewis basicity of the polar comonomers. Tonks and coworkers have 

reported complexes which can bind alkali metals (E.A, Figure E.1) and Zn2+ (E.B and 

E.C).2  In the case of E.A alkali metal binding results in ligand tautomerization; however 

rotation of the alkali metal center away from Ni leads to similar polymerization behavior 

as in the absence of the alkali metals.2b Binding of Zn2+ to E.B promotes formation of 

higher molecular weight products as a result of axial steric pressure, while binding of Zn 2+ 

to E.C promotes β-H elimination.2a, 2c Do and coworkers have reported the use of 

poly(ethylene) glycol-appended Ni phenoxy-imine catalysts (E.D) where catalyst activity 

and polymer molecular weight and branch density can be controlled through application 

of use of alkali metal cation additives.3 Do and coworkers have also more recently 

reported systems E.E and E.F where binding of Zn2+ (E.E) leads to enhanced catalyst 

lifetime and binding of alkali metals to E.F. leads to enhanced catalyst lifetimes at 

elevated temperatures.4 
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Figure E.1. Examples of polymerization catalysts incorporating Lewis Acid binding sites.  

 

 As early metal catalysts incorporating Lewis acid binding sites into the ancillary 

ligand have been comparatively underdeveloped, we proposed the use of di(pyridyl) 

guanidinate (E.G), mono(pyridyl) guanidinate (E.H), di(pyridyl) N-heterocyclic vinylene 

(E.I), and mono(pyridyl) N-heterocyclic vinylene (E.J) ligands to support either 

monometallic catalysts or bimetallic catalysts with µ2-N or µ2-C moieties. N-heterocyclic 

olefins and their deprotonated form, N-heterocyclic vinylenes,  have been used as ligands 

for main group and transition metal chemistry as a result of their strong σ- and π-donating 

ability, allowing for isolation main group compounds in reduced oxidation states. 5 We 

hypothesized that these ligands might support late transition metal catalysts for olefin 

polymerization in conjunction with supporting weak donors such as pyridines or 

phosphine oxides. Guanidinate groups have found success in the literature as 

monodentate ligands to support highly active group IV polymerization catalysts ;6 

however, their use in polydentate ligand scaffolds is relatively underexplored.6b, 7 While 

guanidinates typically serve as linear µ1 groups, the presence of the chelating pyridine 

groups might allow the guanidinate to bridge to a second metal center.  These 
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electronically-asymmetric ligand sets might engender similar properties on the resulting 

catalyst as observed with phosphine-sulfonate,8 bisphosphine monoxide,9 phosphine 

phosphonate,10 and N-heterocyclic carbene phenoxide11 and phosphine oxide catalysts.12 

Those systems feature asymmetric ligand sets leading to improved activity in polar α-

olefin copolymerization with the resulting polymers featuring reasonable comonomer 

incorporation throughout the polymer backbone and highly linear structures. Through 

use of the strongly-donating N-heterocyclic vinylene moiety with an additional weak 

donor, this desirable α-olefin incorporation reactivity might be achieved. 

 

Figure E.2. Targeted di(pyridyl) guanidine and di(pyridyl) NHV catalysts for ethylene-

polar-α-olefin copolymerization. 

 

 Herein is described work towards the synthesis of the di(pyridyl) guanidinate 

proligands, work by Diane Rafizadeh on the synthesis of di(pyridyl) urea ligated Zn 2+ 

complexes, and work on the synthesis and attempted metalations of the di(pyridyl) and 

mono(pyridyl) N-heterocyclic vinylene proligands.  
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RESULTS   

The synthesis of di(pyridyl)guanidine proligands was initially approached based on the 

strategy of deoxynation of the corresponding substituted di(pyridyl)urea E.1 (Scheme 

E.1). Cu-catalyzed Ullman coupling of 2-imidazolidinone with halopyridines, such as 2-

bromo-6-mesitylpyridine, resulted in formation of the desired di(pyridyl)ureas, however, 

the coupling proceeded more cleanly using Pd. In particular, the use of 

Pd2dba3●CHCl3/xantphos with Cs2CO3 in DMF could be used to generate E.1 in high 

yields and good purity. The direct deoxygenation of E.1 with oxalyl chloride or under 

Villsmeier-Haack conditions to E.3 was attempted, however, no reaction was observed. 

Similarly, reaction of E.1 with Lawesson’s reagent at elevated temperatures over extended 

periods of time did not result in transformation to the corresponding thiourea E.2 by 1H 

NMR or IR spectroscopy.  

 

Scheme E.1. Attempted preparation of proligand E.4 from di(pyridyl) urea E.1. 

 

Crystals of the product of the reaction of E.1 with Lawesson’s reagent, oxalyl 

chloride, and NH3 were grown by slow evaporated of a methanol solution. A preliminary 

structure of the compound was obtained by X-Ray diffraction (Figure B.4), which 

confirms the overall skeleton; however the identification of X1 as oxygen is suggested by 
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the electron density and by the lack of observed hydrogen bonding interactions with the 

adjacent pyridine groups, as would likely be observed in the case of an NH substituent. 

 

Figure E.3. Solid-state structure of E.1. Hydrogen atoms are omitted for clarity. 

 

 Using the di(pyridyl) urea framework, Diane Rafizadeh, a SURF student from 

Yale, prepared proligand E.6 to support bimetallic complexes for π-π interaction directed 

oxidation chemistry. E.6 was prepared by condensation of 2,6-dichloroaniline with the 

previously-reported E.5 at elevated temperatures in the presence of 4 Å molecular sieves. 

Subsequent reaction with two equivalents of ZnCl2 a mixture of two complexes: the 

mono(zinc) complex E.7 and the tri(zinc) complex E.8, both of which could be 

crystallographically-characterized (Figures E.5 and E.6). 
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Scheme E.2. Preparation of Zn2+ chloride complexes supported by the di(pyridyl) urea 

proligand E.6 as developed by Diane Rafizadeh. 

 

Figure E.4. Solid-state structure of mono(zinc) complex E.7. Hydrogen atoms are 

omitted for clarity. 
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Figure E.5. Solid-state structure of tri(zinc) complex E.8. Hydrogen atoms are omitted 

for clarity. 

 

Given the lack of success in this first approach, alternative strategies were sought. 

While ring closing of E.9 with cyanogen bromide was attempted (Scheme E.3), a wide 

variety of products were observed from this reaction, likely due to competing reaction of 

BrCN at pyridine (E.10).13 While use of E.11 could potentially result in formation of E.4,14 

this reaction has not yet been attempted. 
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Scheme E.3. Potential routes to proligand E.4 through ring closing of diamine E.9. 

 

 As guanidines have been generated in the literature via oxidation of the 

corresponding N-heterocyclic carbenes,15 this strategy was then taken towards 

preparation of the desired proligands (Scheme E.4). Reaction of E.12 or E.13 with 

NaOtBu over several hours followed by low temperature addition of 1 equiv. of dried 

bromine resulted in formation of new species E.14 and E.15 with multiple sets of pyridine 

and mesityl resonances, likely due to oxidation of one of either the pyridine or mesityl  

groups. Use of the milder oxidant hexachloroethane with E.13 under similar conditions, 

however, resulted in formation of a new species, E.16 with similar NMR features to E.13 

albeit with loss of the imidazolium 1H NMR resonance. Reaction of E.12 under identical 

reaction conditions produced an inseparable mixture of species. An initial attempt at 

conversion of E.16 to the desired proligand E.17 using 3 M NH3 in methanol was 

unsuccessful, as NMR and IR features of the product obtained from that reaction were  

identical to the product of E.16 with water. Efforts are ongoing to find conditions suitable 

for conversion of E.16 to E.17. 
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Scheme E.4. Routes to proligand E.17 from the corresponding NHC precursor. 

 

 In addition to guanidine-based proligands, the related di(pyridyl) N-heterocyclic 

olefins (NHOs) and their corresponding Ni and Pd complexes were targeted. As 

alkylation of E.12 and E.13 with MeI or MeOTf following deprotonation resulted in a 

complex mixture of products, cyclization of E.9 with triethyl orthoacetate in the presence 

of NH4BF4 was used to generate the NHO precursor E.18 (Scheme E.5). E.18 could be 

isolated in high yields and good purity following precipitation with anhydrous ether. 

Deprotonation of E.18 with KH in THF allowed isolation of NHO E.19 as a reddish 

solid following extraction of the crude reaction mixture with non-polar solvents. 

 

Scheme E.5. Preparation of di(pyridyl) N-heterocyclic olefin E.19 

 



241 
 

 As initial attempts to metalate E.19 with various Ni and Pd precursors were not 

promising, the mono-pyridine substituted NHO B.15 was targeted (Scheme E.6). Pd-

catalyzed cross-coupling of N-phenylethylenediamine with 2-bromo-6-mesitylpyridine, 

E.20, afforded E.21 in good yields and subsequent cyclization with triethylorthoacetate 

and NH4BF4 gave E.22. Deprotonation of E.22 with NaH in THF allowed isolation of 

NHO E.23 following extraction of the crude reaction mixture with non-polar solvents. 

In comparison with the other previously-reported NHO bearing a saturated backbone 

and N-aryl substituents,16 E.19 features downfield-shifted olefin resonances at 5.12 ppm, 

consistent with increased shielding by the hydrogen bonding interactions with the 

pendant pyridine groups. Analogously, and consistent with slow olefin isomerization on 

the NMR time scale, E.23 features two olefin resonances in the 1H NMR as doublets (J 

= 2.5 Hz) at 4.65 and 4.24 ppm consistent with hydrogen bonding of one of the alkenyl 

protons to the proximal pyridine. 

 

Scheme E.6. Preparation of monopyridyl NHO E.23. 

 

 A number of approaches were taken towards the synthesis of metal complexes 

bearing the E.23 proligand, though no products of metalation of E.23 with Ti, Zr, Hf, 
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Ni, or Pd precursors could be cleanly isolated nor crystallographically characterized. No 

reaction was observed between E.23 and Ni(COD)2, ZrBn4, M(NMe2)4 (M = Ti, Zr, Hf), 

AlMe3 or PdMe2(tmeda) and the reaction of E.23 with PdMeCl(COD) and PdCl2(COD) 

lead to insoluble products (Scheme E.7). The most promising result was obtained using 

Pd(OAc)2, where the proposed product of this reaction is complex E.24. While multiple 

species were observed from these reactions, a major species with a singlet at 6.17 ppm 

was observed by 1H NMR (Figure E.6), potentially consistent with a Pd-bound N-

heterocyclic vinylene. Attempts to carry this forward to a Pd-alkyl containing species by 

alkylation with AlMe3 were unsuccessful and lead to Pd0 formation. Similarly, addition of 

pyridine to the crude reaction mixture, which could serve as an additional ligand at Pd to 

break up potential acetate-bridged aggregates, did not result in significant improvement 

of the crude reaction mixtures. 

 

Scheme E.7. Attempted routes towards the preparation of E.23-bound metal complexes 
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Figure E.6. 1H NMR of the product of E.23 with Pd(OAc)2 in C6D6.  
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DISCUSSION  

Despite the unexpected difficulty in access di(pyridyl)guanidine proligands, this remains 

a promising avenue for further investigation. Condensation of E.16 with NH3 in the 

presence of added tertiary amines or the use of reagents such as NaNH 2 could allow 

access to E.17. Additionally the use of silazanes could allow installation of the desired 

NH or NSiR3 group with concurrent loss of ClSiR3. From E.17 metalation with one or 

two equivalents of MBn4 (M = Ti, Zr, Hf) is expected to afford the desired LMBn3 and 

L2MBn2 precatalysts, respectively, which could be subsequently tested for olefin 

polymerization in the presence of absence of a variety of Lewis acids including ZnMe 2 

and AlMe3. 

 While accessing metal-bound N-heterocyclic vinylene species may still be possible, 

in particular using more Lewis acidic metals such as Zr or Ti, Ni and Pd alkyl complexes 

may not be accessible using the current ligand platform. Such groups may not be 

competent for supporting late transition metal complexes more generally, particularly 

given more recent reports on NHO to aNHC isomerization on Pd. 17 
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CONCLUSIONS  

 In conclusion, a series of di(pyridyl) urea, di(pyridyl) guanidine, di(pyridyl) N-

heterocyclic olefin, and mono(pyridyl) N-heterocyclic olefin molecules were targeted as 

potential ligands for heterobimetallic complexes and olefin polymerization catalysts with 

μ2-O, μ2-N and μ2-C moieties. While the di(pyridyl) guanidine proligand was targeted 

through a number of routes, its synthesis has not yet been achieved. The NHO-derived 

proligands could be synthesized from the corresponding N,N’-ethylenediamines in good 

overall yields; however, only promising reactivity with Pd(OAc)2 was observed and 

attempts to carry forward this complex were unsuccessful.  
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EXPERIMENTAL  SECTION 

General Comments 

All air- and water-sensitive compounds were manipulated under N2 using standard Schlenk or 

glovebox techniques. Solvents for air- and moisture-sensitive reactions were dried by the 

method of  Grubbs.18 2-bromo-6-mesityl pyridine was prepared as described in Chapter 3. E.9, 

E.12, and E.13 were prepared as described in Appendix C. 2-imidazolidinone, 

hexachloroethane, and NH4BF4 were purchased from Sigma Aldrich and used without further 

purification. Triethylorthoacetate was purchased from Sigma Aldrich and distilled from K2CO3 

prior to use. Pd2(dba)3●CHCl3, rac-BINAP, Pd(dba)2, and xantphos were purchased from 

Strem and used without further purification. Deuterated solvents were purchased from 

Cambridge Isotopes Lab, Inc.; CDCl3 was used without further purification; C6D6 was distilled 

from purple Na/benzophenone ketyl and stored over 4 Å molecular sieves prior to use; 

CD3CN was distilled from CaH2 and stored over 4 Å molecular sieves prior to use. 1H and 13C 

spectra were recorded on Varian INOVA-400, Bruker Cryoprobe 400 spectrometers. 1H and 

13C chemical shifts are reported relative to residual solvent resonances. 

 Preparation of E.1. An oven-dried Schlenk tube was charged under flowing N2 with 

2-bromo-6-mesitylpyridine (1.3398 g, 4.851 mmol), 2-imidazolidinone (0.2581 g, 2.998 mmol), 

and Cs2CO3 (2.258 g, 6.930 mmol). The flask was then sealed, evacuated for several minutes, 

then refilled with N2 and Pd2(dba)●CHCl3 (0.0278 g, 0.0269 mmol) and xanthphos (0.0374 g, 

0.0646 mmol) added against flowing N2. DMF (26 mL) was added by cannula, and the flask 

sealed and heated to 100 oC for 4 h. The resulting crude reaction mixture was diluted with 

DCM and water, separated, and the resulting aqueous layer extracted thrice with DCM. The 

combined organics were washed with water and brine, dried with MgSO4, filtered, evaporated, 

and dried under vacuum overnight. Purification by column chromatography (2 Hex : 1 EtOAc 
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(v/v)) afforded the desired compound as a white solid (0.847 g, 73 %). 1H NMR (400 MHz, 

CDCl3) δ 8.29 (d, J = 8.47 Hz, 2H, Py), 7.74 (t, J = 8.1 Hz, 2H, Py), 6.94 (s, 4H, mes), 6.91 (d, 

J = 7.4 Hz, 2H, Py), 4.11 (s, 4H, CH2), 2.33 (s, 6H, mesCH3), 2.07 (s, 12H, mesCH3). 
13C NMR 

(101 MHz, CDCl3) δ 157.82 (Py), 154.87 (NCN), 151.97 (Py), 137.92, 137.65, 137.53, 135.95, 

128.47, 119.33, 111.16, 41.08 (CH2), 21.24 (mesCH3), 20.38 (mesCH3). 

 Preparation of E.16. In the glovebox a Schlenk flask was charged with E.13 

(0.1846 g, 0.3378 mmol) in THF (7 mL) then NaO tBu (0.0376 g, 0.391 mmol) was added. 

The resulting brown solution was stirred at room temperature for 3 h then brought on to 

the Schlenk line and cooled to -78 oC. 1 mL of a solution of hexachloroethane (0.241 g, 

1.02 mmol) in 3 mL THF was added by syringe and the resulting solution stirred for 7 h, 

warming to room temperature. Volatiles were removed under reduced pressure and the 

resulting solids extracted with DCM and evaporated to afford the desired compound as 

a brown solid (0.1685 g, 0.290 mmol, 86 %). 1H NMR (CD3CN, 400 MHz) δ 8.09 – 8.02 

(m, 2H), 7.71 (s, 2H), 7.39 (dd, J = 7.7, 0.5 Hz, 2H), 7.08 – 7.03 (m, 2H), 6.94 (s, 4H), 

2.41 (s, 6H), 1.32 (s, 12H). 13C NMR (CD3CN, 400 MHz) δ 160.57, 146.23, 143.05, 141.74, 

139.87, 136.53, 135.50, 129.13, 127.83, 121.76, 113.71, 21.35, 19.79. 19F NMR (CD3CN, 

376 MHz) δ -151.84, -151.89. 

 Preparation of E.18. An oven-dried Schlenk tube was charged under flowing N2 

with E.9 (1.8066 g, 4.009 mmol) and NH4BF4 (0.430 g, 4.101 mmol), then sealed and 

triethylorthoacetate (7.3 mL, 40 mmol) and anhydrous toluene (4.8 mL) were added by 

syringe. The flask was sealed and heated to 100 oC overnight. Upon cooling to room 

temperature the desired product was triturated by addition of anhydrous ether, collected 

by filtration, and dried under vacuum at 100 oC (1.77 g). 1H NMR (CD3CN, 400 MHz) δ 

8.06 (dd, J = 8.1, 7.9 Hz, 2H Py), 7.41 (dd, J = 8.1, 0.7 Hz, 2H, Py), 7.37 (dd, J = 7.7, 0.7 
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Hz, 2H, Py), 6.98 (s, 4H, mes), 4.54 (s, 4H, CH2), 2.67 (s, 3H, CH3), 2.31 (s, 6H, mesCH3), 

2.01 (s, 12H, mesCH3). 
13C NMR (CD3CN, 400 MHz) δ 167.14, 160.64, 149.94, 140.81, 

139.11, 137.40, 136.54, 129.23, 125.98, 116.86, 50.05, 21.13, 20.28, 16.78. 

 Preparation of E.19. In the glovebox a round bottom was charged with E.18 (0.3284 

g, 0.5839 mmol) in THF (30 mL). KH (0.1947 g, 4.854 mmol) was added in one portion and 

the resulting suspension allowed to stir open until bubbling ceased. The flask was then sealed 

and stirred at room temperature for 16 h. Volatiles were removed under reduced pressure and 

the resulting solids extracted with hexanes, filtered over Celite, and volatiles removed from 

the filtrate to afford the desired compound as a red solid (0.2456 g, 89 %). 1H NMR (C6D6, 

400 MHz) δ 7.19 (dd, J = 8.4, 7.3 Hz, 2H, Py), 7.01 (dd, J = 8.4, 0.7 Hz, 2H, Py), 6.88 (s, 4H, 

mes), 6.56 (dd, J = 7.3, 0.7 Hz, 2H, Py), 5.12 (s, 2H, C=CH2), 3.44 (s, 4H, CH2), 2.21 (s, 18H, 

mesCH3). 
13C NMR (C6D6, 101 MHz) δ 158.99 (Py), 154.80 (Py), 143.80 (NCN), 138.99, 

137.07, 137.00, 135.86, 128.71, 116.49, 109.52, 70.18 (C=CH2), 44.70 (CH2), 21.18 (mesCH3), 

20.56 (mesCH3). 

 Preparation of E.21. In the glovebox a Schlenk tube was charged with Pd(dba)2 (0.125 

g, 0.217 mmol), NaOtBu (1.3437 g, 13.982 mmol), and rac-BINAP (0.250 g, 0.401 mmol) and 

toluene (30 mL) then brought out of the glovebox. On the Schlenk line 2-bromo-6-

mesitylpyridine (2.9964 g, 10.853 mmol), N-phenylethylenediamine (1.41 mL, 10.8 mmol), and 

toluene (60 mL) were added by syringe then the flask was sealed and heated to 100 oC for 7 h. 

The crude reaction was filtered through Celite with DCM then volatiles were removed under 

reduced pressure. Purification by column chromatography (3 Hex : 1 EtOAc (v/v)) afforded 

the desired compound (2.925 g, 81 %). 1H NMR (CDCl3, 300 MHz) 7.48 (dd, J = 8.3, 7.3 Hz, 

1H, Py), 7.18 – 7.06 (m, 2H, Py), 6.92 (s, 2H, mes), 6.67 (tt, J = 7.4, 1.0 Hz, 1H, Ph), 6.60 – 
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6.48 (m, 3H, Ph), 6.36 (dd, J = 8.3, 0.6 Hz, 1H, Py), 4.80 (br s, 1H, NH), 4.30 (br s, 1H, NH), 

3.57 (q, J = 5.8 Hz, 2H, CH2), 3.36 (m, 2H, CH2), 2.32 (s, 3H, mesCH3), 2.09 (s, 6H, mesCH3). 

 Preparation of E.22. An oven-dried Schlenk tube was charged under flowing N2 

with B.13 (1.08 g, 3.26 mmol) and NH4BF4 (0.348 g, 3.32 mmol) then triethyl orthoacetate 

(6.0 mL, 33 mmol) and toluene (4.0 mL) added by syringe. The flask was sealed and heated 

to 95 oC for 14 h. Upon cooling to room temperature anhydrous ether was added by 

cannula to precipitate the desired product, which was subsequently collected by filtration 

and dried under vacuum at 100 oC for 16 h (1.25 g, 86 %). 1H NMR (CD3CN, 400 MHz) 

δ 8.05 (dd, J = 8.1, 7.7 Hz, 1H), 7.63 – 7.52 (m, 3H), 7.50 – 7.44 (m, 2H), 7.35 (dd, J = 

8.2, 0.7 Hz, 1H), 7.32 (dd, J = 7.6, 0.7 Hz, 1H), 4.57 – 4.49 (m, 2H), 4.43 – 4.34 (m, 2H), 

2.39 (s, 3H), 2.31 (s, 3H), 2.01 (s, 6H). 13C NMR (CD3CN, 101 MHz) δ 167.09, 160.28, 

150.46, 140.76, 139.05, 137.55, 136.73, 136.52, 131.25, 131.11, 129.23, 127.00, 125.14, 

115.30, 52.82, 49.68, 21.12, 20.27, 15.73. 

 Preparation of E.23. In the glovebox a round-bottom was charged with B.14 

(0.7709 g, 1.739 mmol) in THF (40 mL). NaH (0.330 g, 13.8 mmol) was added in several 

portions, the flask allowed to stir uncapped for 20 min, then sealed and stirred for 13 h 

at room temperature. Volatiles were removed under reduced pressure and the resulting 

brown solids extracted with hexanes and filtered over Celite to afford the desired 

compound as a pale brown solid (0.5101 g, 82 %). 1H NMR (400 MHz, C6D6) δ 7.23 – 

7.17 (m, 3H), 7.14 – 7.08 (m, 3H), 6.91 – 6.81 (m, 3H), 6.55 (dd, J = 7.2, 0.8 Hz, 1H), 

4.65 (d, J = 2.5 Hz, 1H), 4.24 (d, J = 2.5 Hz, 1H), 3.55 (t, J = 7.1 Hz, 2H), 2.97 (t, J = 7.1 

Hz, 2H), 2.19 (s, 6H), 2.17 (s, 3H). 13C NMR (400 MHz, C6D6) δ 158.02 (Py), 154.00 (Py), 

145.95 (NCN), 143.04, 138.01 (mes), 136.18, 136.00, 134.86, 128.23, 127.71, 121.87, 
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121.09, 115.53, 108.35 (Py), 63.10 (C=CH2), 45.65 (CH2), 44.52 (CH2), 20.18 (mesCH3), 

19.56 (mesCH3). 

Crystallographic Information. Crystals were mounted on a glass fiber or 

MiTeGen loop using Paratone oil, then placed on the diffractometer under a nitrogen 

stream. Diffractometer manipulations, including data collection, integration, and scaling 

were performed using the Bruker APEXII software.19 Absorption corrections were 

applied using SADABS or TWINABS.20 Space groups were determined on the basis of 

systematic absences and intensity statistics and the structures were solved in the Olex 2 

software interface21 by intrinsic phasing using XT (incorporated into SHELXTL) 22 and 

refined by full-matrix least squares on F2. Hydrogen atoms were placed in the idealized 

positions and refined using a riding model. Graphical representation of structures with 

50% probability thermal ellipsoids were generated using Diamond 3 visualization 

software.23 Non-hydrogen atoms were refined using anisotropic displacement parameters 

for E.1; due to the incomplete data sets collected for E.7 and E.8, structures were only 

refined isotropically. 
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Table E.1.  Crystal and refinement data for complexes E.1, E.7, and E.8 

 E.1 E.7c E.8c 

Empirical formula C31.62H32N4.04O C29H21Cl6N7OZn C27H18Cl10N6OZn3 

Formula weight 484.62 761.62 993.14 

T (K) 100 100 100 

a, Å 12.0779(11) 12.7560(12) 13.482(3) 

b, Å 34.739(3) 15.6335(14) 9.5478(15) 

c, Å 12.6792(12) 31.019(3) 28.747(4) 

α, deg 90 90 90 

β, deg 91.228(4) 90 98.856(3) 

γ, deg 90 90 90 

Volume, Å3 5318.6(8) 6185.8(10) 3656.3(11) 

Z 8 8 4 

Crystal system Monoclinic Orthorhombic Monoclinic 

Space group P 21/c Pbca P 21/c 

θ range, deg 2.377 to 35.075 3.072 to 23.581 3.114 to 52.060 

µ, mm-1 0.074 1.351 9.305 

Abs. Correction Multi-scan None None 

GOF 1.059 1.126 1.085 

R1
 ,a wR2

 b  0.0666, 0.1611 0.0608, 0.1859 0.1112, 0.2652 

Radiation Type Mo Κα Mo Κα Cu Κα 

a R1 = ∑||Fo| - |Fc||/∑|Fo|.  b wR2 = [∑[w(Fo
2-Fc

2)2]/∑[w(Fo
2)2]1/2. cCrystals grown by 

Diane Rafizadeh. 
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CHAPTER 2 

 
Figure F2.1. 1H NMR spectrum of 2.8 in CDCl3. 
 

 
Figure F2.2. 13C NMR spectrum of 2.8 in CDCl3. 
 

 
Figure F2.3. 1H NMR spectrum of 2.10 in C6D6. 
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Figure F2.4. 13C NMR spectrum of 2.10 in C6D6. 
 

 
Figure F2.5. 1H NMR spectrum of 2.10 in CD2Cl2. 
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Figure F2.6. gCOSY spectrum of 2.10 in CD2Cl2. 
 

 
Figure F2.7. 1H NMR spectrum of 2.11 in C6D6. 
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Figure F2.8. 13C NMR spectrum of 2.11 in C6D6. 
 

 
Figure F2.9. 1H NMR of 2.11 in CD2Cl2. 
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Figure F2.10. gCOSY of 2.11 in CD2Cl2. 
 

 
Figure F2.11. 1H NMR spectrum of 2.17 in CDCl3. 
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Figure F2.12. 13C NMR spectrum of 2.17 in CDCl3. 
 

 
Figure F2.13. 1H NMR spectrum of 2.20 in C6D6. 
 

 
Figure F2.14. 13C NMR spectrum of 2.20 in C6D6. 
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Figure F2.15. 1H NMR spectrum of anthH4

SiiPr3-NMe2 in CDCl3. 
 

 
Figure F2.16. 13C NMR spectrum of 2.9 in CDCl3. 
 

 
Figure F2.17. 1H NMR spectrum of 2.12 in C6D6. 
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Figure F2.18. 13C NMR spectrum of 2.12 in C6D6. 
 

 
Figure F2.19. 1H NMR spectrum of 2.18 in CDCl3. 
 

 
Figure F2.20. 13C NMR spectrum of 2.18 in CDCl3. 
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Figure F2.21. 1H NMR spectrum of 2.21 in C6D6. 
 

 
Figure F2.22. 13C NMR spectrum of 2.21 in C6D6. 
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Figure F2.23. 13C NMR spectra in CDCl3 at 25oC of 1-hexene homopolymers from (top 

to bottom) 2.20 with [CPh3][B(C6F5)4], [HNMe2Ph][B(C6F5)4], dried MAO; 2.10 with 

[CPh3][B(C6F5)4], [HNMe2Ph][B(C6F5)4], dried MAO; and 2.11 with [CPh3][B(C6F5)4], 

[HNMe2Ph][B(C6F5)4], dried MAO. 
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Figure F2.24. 13C NMR spectra in CDCl3 at 25oC of 1-hexene homopolymers from (top 

to bottom) 2.21 [CPh3][B(C6F5)4] (a), [HNMe2Ph][B(C6F5)4] (b), dried MAO (c) and 2.12 

[CPh3][B(C6F5)4] (d), [HNMe2Ph][B(C6F5)4] (e), dried MAO (f).  
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Figure F2.25. 13C NMR spectra in C2D2Cl4 at 130oC of high temperature propylene 

homopolymers from: (top to bottom) 2.20, 2.10¸2.11, 2.21, and 2.12. 
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Figure F2.26. 13C NMR spectra in C2D2Cl4 at 130oC of ethylene-propylene copolymers 

from: (top to bottom) 2.20, 2.10¸2.11, 2.21, and 2.12. 
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Figure F2.27. 13C NMR spectra in C2D2Cl4 at 130oC of ethylene-hexene copolymers from: 

(top to bottom) 2.20, 2.10¸2.11, 2.21, and 2.12. 
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Figure F2.28. 13C NMR spectra in C2D2Cl4 at 130oC of ethylene-tetradecene copolymers 

from: (top to bottom) 2.20, 2.10¸2.11, 2.21, and 2.12. 
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CHAPTER 3 

Figure F3.1. 1H NMR spectrum of 3.10 in CDCl3. Acquired by Dr. Gyeongshin Choi. 
 

Figure F3.2. 13C{1H} NMR spectrum of 3.10 in CDCl3. Acquired by Dr. Gyeongshin 
Choi. 
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Figure F3.3. 1H NMR spectrum of 3.11 in (CD3)2SO. Acquired by Dr. Gyeongshin Choi. 
 

Figure F3.4. 13C NMR spectrum of 3.11 in (CD3)2SO.  Acquired by Dr. Gyeongshin Choi. 
 
 

Figure F3.5. 1H NMR spectrum of 3.9 in CDCl3. 
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Figure F3.6. 13C NMR spectrum of 3.9 in CDCl3. 

 

Figure F3.7. 1H NMR spectrum of 3.12 in CDCl3. 

 

Figure F3.8. 13C NMR spectrum of 3.12 in CDCl3. 
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Figure F3.9. 1H NMR of 3.13 in C6D6. 

 

Figure F3.10. 13C NMR of 3.13 in C6D6. 

 

Figure F3.11. 1H NMR of 3.14 in C6D6. 
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Figure F3.12. 13C NMR of 3.14 in C6D6. 

Figure F3.13. Comparison of the product of the reaction of 3.13 with AlMe3 (top, green) 
and the product of the reaction of (DPPmes)H with AlMe3 (3.15, bottom, blue), C6D6. 
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Figure F3.14. Comparison of the product of the reaction of 3.13 with AlEt3 and the 
product of the reaction of (DPPmes)H with AlEt3 (3.16), C6D6. 

Figure F3.15. 1H NMR of 11 in C6D6. The resonance at 0.80 ppm is assigned to residual 
ethane. 
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Figure F3.16. 13C NMR of 11 in C6D6. The resonance at 6.98 ppm assigned to residual 
ethane. 

 

Figure F3.17. 1H NMR of 3.18 in C6D6. 

 

Figure F3.18. 13C NMR of 3.18 in C6D6. 
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Figure F3.19. 1H NMR of the first decomposition product of 3.18 in C6D6. 

 

Figure F3.20. 1H NMR of the aromatic region of the CD3OD-quenched first 
decomposition product of 3.18 in CDCl3/CD3OD. 

 

Figure F3.21. 1H NMR of 3.20 in C6D6. 
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Figure F3.22. 13C NMR of 3.20 in C6D6. 

Figure F3.23. 1H NMR of 3.22 in C6D6. 

 

 

Figure F3.24. 13C NMR of 3.22 in C6D6. 
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Figure F3.25. 1H NMR spectrum of 3.25 in C6D6. 

 

Figure F3.26. 13 NMR spectrum of 3.25 in C6D6. 

 

Figure F3.27. 1H NMR spectrum of 3.26 in C6D6. 
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Figure F3.28. 13C NMR spectrum of 3.26 in C6D6. 

 

Figure F3.29. 1H NMR spectrum of 3.27 in C6D6. 

 

Figure F3.30. 13C NMR spectrum of 3.27 in C6D6.  
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Figure F3.31. 1H NMR spectrum of 3.28 in C6D6. 

 

Figure F3.32. 13C NMR spectrum of 3.28 in C6D6.  

 

Figure F3.33. 1H NMR spectrum of 3.29 in C6D6. 
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Figure F3.34. 13C NMR spectrum of 3.29 in C6D6. 

 

Figure F3.35. 1H NMR spectrum of 3.30 in C6D6. 

 

Figure F3.36. 13C NMR spectrum of 3.30 in C6D6. 
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Figure S37. 13C NMR spectra of ethylene-1-hexene copolymers from 3.25, 3.26, 3.27, 
and 3.28 in C2D2Cl4 at 130 oC. 
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APPENDIX A 

 
Figure FA.1. 1H NMR in CDCl3 of A.7. 

 
Figure FA.2. 1H NMR in CDCl3 of A.9.  

 
Figure FA.3. 1H NMR of A.11 in CDCl3. 
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Figure FA.4. 1H NMR of A.12 in CDCl3. 

 

Figure FA.5. 13C NMR of A.12 in CDCl3. 

 

Figure FA.6. 1H NMR of A.13 in CDCl3. 
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Figure FA.7. 13C NMR of A.13 in CDCl3. 

 

Figure FA.8. 1H NMR of A.14 in CDCl3 

 

Figure FA.9. 13C NMR of A.14 in CDCl3. 
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Figure FA.10. 1H NMR of A.15 in CDCl3 

 

Figure FA.11. 1H NMR of A.16 in CDCl3 

 
Figure FA.12. 1H NMR in CDCl3 of A.17 
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Figure FA.13. 13C NMR in CDCl3 of A.17 

 
Figure FA.14. 1H NMR of A.18 in CDCl3 

 
Figure FA.15. 13C NMR of A.18 in CDCl3 
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Figure FA.16. 1H NMR of A.21 in CDCl3. 

 
Figure FA.17. 13C NMR of A.21 in CDCl3. 

 
Figure FA.18. 1H NMR of A.20 in CDCl3. 
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Figure FA.19. 13C{1H} NMR of A.20 in CDCl3. 

 
Figure FA.20. 1H NMR of A.22 in C6D6 

 
Figure FA.21. 1H NMR of A.23 in C6D6. 
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Figure FA.22. 1H NMR of A.24 in CDCl3. 

 
Figure FA.23. 1H NMR spectrum of A.26 in C6D6. 

 
Figure FA.24. 13C spectrum of A.26 in C6D6.  
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Figure FA.25. 1H NMR of A.25 in C6D6. 

 
Figure FA.26. 1H NMR of A.27 in C6D6. 

 
Figure FA.27. 1H NMR of A.28 in C6D6. 
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Figure FA.28. 13C NMR of A.28 in C6D6.  

 
Figure FA.29. 1H NMR of A.29 in C6D6. 

 
Figure FA.30. 13C NMR of A.29 in C6D6.  



294 
 

 
Figure FA.31. 13C NMR spectra of poly-1-hexene in CDCl3 from (top to bottom) A/26, 
A.25, A.27, A.28, and A.29 upon activation with [CPh3][B(C6F5)4].  
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APPENDIX B 

 

Figure FB.1. 1H NMR of B.4 in C6D6. 

 

Figure FB.2. 1H NMR of B.5 in CDCl3. 

 

Figure FB.3. 1H NMR of B.9 in CDCl3. 
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Figure FB.4. 13C NMR of B.9 in CDCl3. 

 

Figure FB.5. 1H NMR of B.10 in CDCl3. 

 

Figure FB.6. 13C NMR of B.10 in CDCl3. 
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Figure FB.7. 1H NMR of B.12 in CDCl3. 
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APPENDIX C 

 
Figure FC.1. 1H NMR of C.2 in CDCl3. 

 
Figure FC.2. 13C NMR of C.2 in CDCl3. 

 
Figure FC.3. 1H NMR of C.3 in CDCl3. 
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Figure FC.4. 13C NMR of C.3 in CDCl3. 
 

 
Figure FC.5. 1H NMR of C.4 in CDCl3. 
 

 
Figure FC.6. 1H NMR of C.5 in CDCl3. 
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Figure FC.7. 13C NMR of C.5 in CDCl3. 

 
Figure FC.8. 1H NMR of C.6 in CD3CN. 

 
Figure FC.9. 13C NMR of C.6 in CD3CN. 
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Figure FC.10. 1H NMR of C.7 in CDCl3. 

 
Figure FC.11. 13C NMR of C.7 in CDCl3. 

 
Figure FC.12. 1H NMR of C.8 in CD3CN. 
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Figure FC.13. 1H NMR of C.9 in C6D6. 

 
Figure FC.14. 1H NMR of C.10 in CD3CN. The sharp resonances between 5 and 11 ppm 
corresponding to residual C.3. 

 
Figure FC.15. 19F NMR of C.10 in CD3CN. 



303 
 

 
Figure FC.16. 1H NMR of C.11 in CD3CN. 

 
Figure FC.17. 19F NMR of C.11 in CD3CN. 

 

Figure FC.18. 1H NMR of C.12 in CD3CN.  
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APPENDIX D 

 

Figure FD.1. 1H NMR of D.2 in CD2Cl2. 

 

Figure FD.2. UV-Vis spectra of D.2 in THF at 100 µM (red), 50 µM (purple), and 25 

µM concentrations. 
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Figure FD.3. 1H NMR of D.3 in C6D6. 

 

Figure FD.4. 13C NMR of D.3 in C6D6. 
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Figure FD.5. UV-Vis spectra of D.3 in THF at 25 µM (red), 10 µM (purple), and 5 µM 

(blue) concentrations. 

 

Figure FD.6. 1H NMR spectrum of D.4 in C6D6. 
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Figure FD.7. 13C NMR spectrum of D.4 in C6D6. 

 

Figure FD.8. Partial 1H-1H NOESY of D.4 in C6D6. 
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Figure FD.9. UV-Vis spectra of D.4 in THF at 100 µM (red), 50 µM (purple), and 25 

µM (blue) concentrations. 

 

Figure FD.10. 1H NMR of D.7/NaI in CD3CN. 
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Figure FD.11. 13C NMR of D.7/NaI in CD3CN. 

 

Figure FD.12. 19F NMR of D.7/NaI in CD3CN. 
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Figure FD.13. 1H-13C HMBC of D.7/NaI in CD3CN. 

 

Figure FD.14. UV-Vis spectra of D.7/NaI in acetonitrile at 500 µM (red), 250 µM 

(purple), and 125 µM (blue) concentrations. 

0

0.5

1

1.5

2

2.5

3

275 375 475 575 675 775

A
b

s
o

rp
ti

o
n

Wavelength (nm)



311 
 

 

Figure FD.15. 1H NMR of D.8 in CD3CN. 

 

Figure FD.16. 13C NMR of D.8 in CD3CN. 

 

Figure FD.17. 19F NMR of D.8 in CD3CN. 



312 
 

 

Figure FD.18. UV-Vis spectra of D.8 in acetonitrile at 500 μM (red), 250 μM (purple), 

and 125 μM (blue) concentrations. 

 

Figure FD.19. 1H NMR of D.11 in CD3CN. 

 

Figure FD.20. 19F NMR of D.11 in CD3CN. 
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Figure FD.21. UV-Vis spectra of D.11 in acetonitrile at 100 μM (blue), 50 μM (orange), 

and 25 μM (grey). 

 

Figure FD.22. CV of D.2. Complex originally prepared by Dr. Gyeongshin Choi. 

Conditions: 0.1 M TBAPF6, 0.2 mM substrate in THF. 
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Figure FD.23. CV of D.3. Conditions: 0.1 M TBAPF6, 0.2 mM substrate in THF, 100 

mV/s. 

 

Figure FD.24. Isolated CV of the peak at -0.44 V from complex D.3 with scan rates of 

100 mV/s (red), 200 mV/s (orange), 400 mV/s (yellow), and 600 mV/s (green).  
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Figure FD.25. Current vs. scan rate plot for the feature at -0.44 V for complex D.3. 

 

Figure FD.26. Full CV of D.4. Conditions: 0.1 M TBAPF6, 0.2 mM substrate in THF, 

100 mV/s. 
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Figure FD.27. Isolated CV of the peak at -0.64 V from complex D.4 at 100 mV/s (red), 

200 mV/s (orange), 400 mV/s (yellow), and 600 mV/s (green). 

 

Figure FD.28. Current vs. scan rate plot for the feature at -0.64 V for complex D.4. 
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Figure FD.29. CV of D.7/NaI. Conditions: 0.1 M TBAPF6, 0.2 mM substrate in 

acetonitrile, 100 mV/s, internal reference to Fc/Fc+. 

 

Figure FD.30. CV of D.8. Conditions: 0.1 M TBAPF6, 0.2 mM substrate in acetonitrile, 

100 mV/s, internal reference to Fc/Fc+. 



318 
 

 

Figure FD.31. Isolated CV of the peak at +0.23 V from D.8 at 100 mV/s (red), 200 

mV/s (orange), 400 mV/s (yellow), and 600 mV/s (green).  

 

Figure FD.32. Current vs. scan rate plot for the feature at +0.23 V for complex D.8. 
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Figure FD.33. UV-Vis spectra of D.1 (blue), the lithium salt of D.1 (purple), the sodium 

salt of D.1 (red), and the potassium salt of D.1 (orange). 
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APPENDIX E 

 
Figure FE.1. 1H NMR spectrum of E.1 in CDCl3. 

 

Figure FE.2. 13C NMR spectrum of E.1 in CDCl3. 

 

Figure FE.3. 1H NMR spectrum of E.16 in CD3CN. 
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Figure FE.4. 13C NMR spectrum of E.16 in CD3CN. 

 

Figure FE.5. 19F NMR spectrum of E.16 in CD3CN. 

 

Figure FE.6. 1H NMR spectrum of E.18 in CD3CN. 
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Figure FE.7. 13C NMR spectrum of E.18 in CD3CN. 

 

Figure FE.9. 1H NMR spectrum of E.19 in C6D6. 

 

Figure FE.10. 13C NMR spectrum of E.19 in C6D6. 
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Figure FE.11. 1H NMR spectrum of E.21 in CDCl3. 

 

Figure FE.12. 1H NMR spectrum of E.22 in CD3CN. 

 

Figure FE.13. 13C NMR spectrum of E.22 in CD3CN. 
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Figure FE.14. 19F NMR spectrum of E.22 in CD3CN. 

 

Figure FE.15. 1H NMR spectrum of E.23 in C6D6. 

 

Figure FE.16. 13C NMR spectrum of E.23 in C6D6. 
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