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catalysts. With this in mind, we attribute the remarkable contrast in polymerization behavior 

to a novel catalyst geometry switch that occurs when the redox state of the catalyst is changed 

in the presence of lactide monomer. Lastly, we observe that if this catalyst is oxidized and 

then rereduced in the presence of monomer, only the electron-rich catalyst is able to activate 

the polymerization of L-lactide. The ability to toggle the catalyst reactivity provides and 

optional “on-off-on” switch in reactivity, which gives control of the polymerization. These 

fundamental discoveries pertaining to the environment of the redox switch and the location 

of the redox-active moiety in the catalyst itself offer valuable insight for this area of 

polymerization catalysis. 

 

6.2 Future Work 

Moving forward with the redox switchable catalysis project, the first focus will be to 

examine other tetradentate [ONNO]-type catalysts that contain a redox-active moiety, 

namely ferrocene. This project will be an extension of Chapter 5; however, the focus will be 

shifted to understand how the number of redox moieties present within the ligand scaffold 

and the identity of the other functionalities that are not redox active effect the polymerization 

behavior. In order to achieve this goal, a systematic study of ONNO catalysts where the 

nitrogens within the ligand scaffold are either: (1) diimines, (2) diamines or (3) a 

combination of an imine and an amine. These ligands will be synthesized, metallated with a 

group 4 species, and observed for the polymerization of L-lactide. In addition, some of these 

ligands will contain either one ferrocenyl unit or two, which will determine if the amount of 

redox active moieties provide an advantage. The redox innocent functionalities, namely the 

imine or amine connections will provide insight to how these ligands should be designed in 

an effort to achieve the optimal properties to being able to selectively switch polymerizations 

on and off and also provide monomer control in situ. Therefore the ligand library shown in 

Figure 6.1 will be synthesized and studied to better understand which aspects of ONNO 

redox catalysts can be tailored to obtain specific PLA materials. 

As preliminary work, ligand 9 was synthesized in two steps and metallated with 

titanium(IV) isopropoxide to afford catalyst 14 in high yields (Scheme 6.1). Preliminary L-

lactide polymerizations were performed in C6D6 at 90 °C and monitored via variable 

temperature 1H NMR to determine if a difference in polymerization behavior was seen  
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Figure 6.2 Plot of percent conversion of L-lactide versus time with 14red (red circles) and 

14ox (blue squares). 14 was oxidized with AcFcBArF. 

 

Figure 6.3 Cyclic voltammogram of catalyst 14 (0.01 mmol) recorded at a scan rate of 100 

mV/s in dichloromethane (5 mL), (nBu)4NPF6 (0.20 M), (E1/2 = 0.047 and 0.317 V) versus 

Fc/Fc+. 
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Additionally, ligand 11 was synthesized from commercially available starting 

materials in six steps. Ethynyl ferrocene (13) was chosen as the redox active functionality 

and was synthesized from acetyl ferrocene. lithium diisopropylamide (LDA) and diethyl 

chlorophosphate in THF (Scheme 6.2).72 Ethynyl ferrocene underwent a Sonogashira 

coupling with 3-tert-butyl-5-iodo-2-hydroxybenzaldehyde (14) to produce 3-tert-butyl-5-

ethynylferrocene-2-hydroxybenzaldehyde (15).72 To produce the diimine 16, an imine 

condensation with ethylene diamine and 15 was performed.72 Subsequent reduction of 16 

with lithium aluminum hydride (LAH) to afford the diamine 17, which was reacted with 

methyl chloroformate to produce the dicarbamate 18. Diamine ligand 11 was completed after 

reduction of 18 with LAH. 

 

 

 

Scheme 6.2 Synthesis of tetradentate [ONNO] ligand 11, which contains two ferrocenyl 

substituents at the outer extremity of the ligand scaffold. 



80 

 

6.3 Experimental 

6.3.1 General Materials and Methods 

All experiments were performed under a dry nitrogen atmosphere using standard 

Schlenk techniques or MBraun inert-gas glove box. Solvents were purified using a two-

column solid-state purification system and transferred to the glove box without exposure to 

air. NMR solvents were purchased from Cambridge Isotope Laboratories, dried over 

activated molecular sieves, and degassed prior to use. 1H and 13C NMR spectra were recorded 

on a Varian 300 or Bruker 400 MHz spectrometer. Chemical shifts are reported with respect 

to solvent residual peaks, 7.16 ppm (C6D6). L-lactide was purchased from Fisher Scientific and 

recrystallized twice in toluene prior to use. AcFcBArF was synthesized following previously 

reported procedures. All other chemicals were purchased and used as received. Cyclic 

voltammetry measurements were performed on a CH Instruments potentiostat using 0.01 

mmol of compound 14 in 5 ml DCM solution (0.002 M) with supporting electrolyte 0.2 M 

(nBu)4NPF6, using Ag/AgCl as the reference electrode, a gold working electrode, and a 

tungsten counter electrode at a scan rate of 100 mV•s-1. All potentials are given with respect 

to the ferrocene-ferrocenium redox couple. 

 

6.3.2 NMR Scale Polymerization Procedure 

In a glove box, L-lactide (0.7 mmol or 0.35 mmol), 14 (0.007 mmol), and C6D6 (0.7 mL) 

were added to a J. Young NMR tube equipped with a Teflon valve. As needed, AcFcBArF (0.007 

mmol) were added to the J. Young tube containing the monomer and complex 14. The sealed 

tube was removed from the glove box, and the polymerization was monitored by 1H NMR 

spectroscopy for up to 24 hours by placing in a preheated Bruker Avance 400 MHz NMR at 

90 °C. The command “multizg” was used to collect data every 10 or 30 minutes. The data was 

processed with XWinNMR3.6. Conversion of L-lactide was monitored by comparing the 

methine peak of the monomer to the methine peak of the polymer. 

 

6.3.3 Synthesis of 2-(bromomethyl)-4,6-di-tert-butylphenol 

2,4-di-tert-butyl phenol (5 g, 1 equiv), and paraformaldehyde (1.11 equiv), and acetic 

acid are added with Schlenk flask and stirred at room temperature for 2 h. Hydrobromic acid 
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(3.02 equiv, 33 wt% solution) was added dropwise via syringe, and the solution was stirred 

for 30 min. The solvent was removed under vacuum, and the oil was stored at -30 °C for 

approximately 3 h until orange crystals formed. The solid was filtered and washed with 

diethyl ether. The solid was dried under vacuum (6.09 g, 84% yield). Characterization 

matched previous report.100 

 

6.3.4 Synthesis of monoferrocenyl salalen (9) 

15 (2.0 mg, 1 equiv) was added to a Schlenk flask. THF (10 mL) was added to Schenk 

flask via cannula. Triethylamine (0.45 mL) was added via syringe to solution. The mixture 

was stirred for 12 h at room temperature. A solution of 2-(bromomethyl)-4,6-di-tert-

butylphenol (1 equiv) in THF (10 mL) was added to the mixture via cannula. The solution was 

stirred for an additional 3 h. The mixture was filtered, and the solvent was removed under 

vacuum. The solid was washed with hot ethanol to give a light orange powder (2.7 g, 79% 

yield). 1H NMR (500 MHz, 25 °C, C6D6), δ, ppm: 1.32 (s, 9H, C(CH3)3), 1.54 (s, 9H, C(CH3)3), 1.69 

(s, 9H, C(CH3)3), 1.81 (s, 3H, NCH3), 2.17 (t, 2H, CH2NCH2), 2.99 (t, 2H, C=N(CH2)), 3.29 (s, 2H, 

NCH2Ar), 3.98 (t, 2H, CpH), 4.16 (s, 5H,  CpH), 4.57 (t, 2H, CpH), 6.90 (d, 1H, ArH), 7.31 (d, 1H, 

ArH), 7.50 (d, 1H, ArH), 7.61 (s, 1H, ArH), 7.79 (d, 1H, HC=N), 10.81 (s, 1H, OH). 

 

6.3.4 Synthesis of monoferrocenyl (salalen)Ti(OiPr)2 (14) 

9 (500 mg, 1 equiv) was added to a Schlenk flask. Toluene was added to the flask via 

cannula. Titanium tetraisopropoxide (23 mL, 1 equiv) was added dropwise via syringe to the 

solution and was then stirred at room temperature for 2 h. The solution was cooled to -20 °C 

and filtered. The solvent was removed under vaccum to give the solid orange product (0.62 

g, 92% yield). 1H NMR (500 MHz, 25 °C, C6D6), δ, ppm: 1.01 (d, 3H, CH(CH3)2), 1.04 (d, 3H, 

CH(CH3)2), 1.31(d, 3H, CH(CH3)2), 1.41 (s, 9H, C(CH3)3), 1.42 (s, 9H, C(CH3)3), 1.49 (d, 3H, 

CH(CH3)2), 1.67 (s, 9H, C(CH3)3), 2.30 (t, 2H, CH2NCH2), 2.66 (s, 3H, NCH3),  3.96 (t, 2H, CpH), 

4.12 (s, 5H,  CpH), 4.39 (t, 2H, C=N(CH2)), 4.41 (m, 1H, CH(CH3)2), 4.42 (s, 2H, NCH2Ar), 4.54 

(t, 2H, CpH), 5.31 (m, 1H, CH(CH3)2), 6.95 (s. 1H, ArH), 7.13 (s, 1H, ArH), 7.26 (s, 1H, ArH), 7.47 

(s, 1H, ArH),  7.89 (s, 1H, HC=N). 13C NMR (500 MHz, 25 °C, C6D6), δ, ppm: 1.44, 26.41, 26.50, 

26.77, 29.90, 30.15, 32.23, 34.37, 35.27, 35.50, 55.08, 69.03, 70.29, 71.66 75.27, 77.50, 86.72, 


