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Abstract 

 Materials derived from biomass feedstocks are considered sustainable substitutes for 

some of the petrochemically-derived products used in commercially relevant polymers. 

One option for synthesizing polymers from these feedstocks involves the ring-opening 

polymerization (ROP) of cyclic esters, ultimately yielding degradable, aliphatic polyesters. 

While it is generally accepted that these polymerizations follow a coordination-insertion 

mechanism, by which the monomer first binds to a Lewis acid before being ring-opened 

via nucleophilic attack, a deeper and more fundamental mechanistic understanding of these 

reactions is still needed for improved catalyst design. In this work, ROP reactions are 

performed via a variety of Zn and Al-based catalysts with modular ligand frameworks, 

allowing for mechanistic investigation as a function of catalyst structure. In combination 

with theoretical calculations, results from these experimental works yield a better 

understanding of how these catalysts operate, allowing for rational catalyst design for the 

future.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 iv 

Table of Contents 
List of Tables ................................................................................................................... vii 
List of Figures ................................................................................................................. viii 
List of Schemes ............................................................................................................. xviii 
List of Equations ............................................................................................................ xix 
List of Abbreviations .......................................................................................................xx 
Chapter 1. Ring-Opening Polymerization of Cyclic Esters to Form Sustainable 
Polymers: Understanding Mechanism as a Function of Catalyst Structure ................1 
     1.1 The Importance of Sustainable Plastics ....................................................................2 
     1.2 Metal-Alkoxide Catalyzed Ring-Opening Polymerization of Cyclic Esters ............5 
          1.2.1 rac-Lactide Polymerization and Polylactide Microstructure ...........................5 
          1.2.2 Coordination-Insertion Mechanism ..................................................................9 
          1.2.3 Catalyst Development .....................................................................................11 
               1.2.3.1 Targeted Ligand Variations of Al-Alkoxide Catalysts ............................11 
               1.2.3.2 Zinc-Alkoxide Ring-Opening Polymerization Catalysts .........................20 
     1.3 Overview and Brief Description of Chapters ..........................................................21 
Chapter 2. Mechanism of the Polymerization of rac-Lactide by Fast Zinc-Alkoxide 
Catalysts ............................................................................................................................25 
     2.1 Overview .................................................................................................................26 
     2.2 Introduction .............................................................................................................27 
     2.3 Results and Discussion ...........................................................................................29 
          2.3.1 Synthesis and Characterization of Complexes ................................................29 
          2.3.2 Polymerization Kinetics: Monitoring via 1H NMR Spectroscopy ...................31 
          2.3.3 Polymerization Kinetics: Monitoring via React-IR Spectroscopy ..................35 
          2.3.4 Polymer Characterization ...............................................................................38 
          2.3.5 Density Functional Theory Calculations ........................................................39 
     2.4 Concluding Remarks ...............................................................................................44 
     2.5 Experimental ...........................................................................................................45 
          2.5.1 General Considerations ..................................................................................45 
          2.5.2 Synthetic Procedures ......................................................................................46 
          2.5.3 Diffusion Ordered Spectroscopy (DOSY) .......................................................60 
          2.5.4 General Procedure for 1H NMR Kinetic Studies ............................................60 
          2.5.5 General Procedure for Exchange Experiments ..............................................60 
          2.5.6 React-IR Kinetic Studies .................................................................................61 
          2.5.7 Tacticity Measurements ..................................................................................64 
          2.5.8 Calculation Details .........................................................................................65 
     2.6 Acknowledgements .................................................................................................66 
Chapter 3. Computational Prediction and Experimental Verification of  
ε-Caprolactone Ring-Opening Polymerization Activity by an Aluminum Complex of 
an Indolide/Schiff-Base Ligand ......................................................................................67 
     3.1 Overview .................................................................................................................68 
     3.2 Introduction .............................................................................................................69 
     3.3 Results and Discussion  ..........................................................................................73 
          3.3.1 Density Functional Theory Calculations ........................................................73 
          3.3.2 Experimental Work .........................................................................................77 
               3.3.2.1 Synthesis and Characterization of Complex ...........................................77 
               3.3.2.2 Kinetics of ε-Caprolactone Polymerization ............................................79 
     3.4 Concluding Remarks ...............................................................................................82 



 v 

     3.5 Experimental ...........................................................................................................83 
          3.5.1 Calculation Details .........................................................................................83 
          3.5.2 Synthetic Materials, Methods and General Considerations ...........................84 
          3.5.3 Synthetic Procedures ......................................................................................84 
          3.5.4 Kinetic Measurements and Analysis ...............................................................90 
          3.5.5 Binding Studies with ɣ-Butyrolactone ............................................................91 
     3.6 Acknowledgements .................................................................................................91 
Chapter 4. Mechanism of Initiation Stereocontrol in Polymerization of rac-Lactide 
by Aluminum Complexes Supported by Indolide-Imine Ligands ...............................92 
     4.1 Overview .................................................................................................................93 
     4.2 Introduction .............................................................................................................94 
     4.3 Results and Discussion ...........................................................................................97 
          4.3.1 Synthesis and Characterization of Complexes ................................................97 
          4.3.2 Polymerization Behavior ..............................................................................100 
          4.3.3 Experimental Insights into Stereocontrol in Initiation .................................102  
          4.3.4 Theory Calculations ......................................................................................117  
     4.4 Concluding Remarks .............................................................................................121 
     4.5 Experimental .........................................................................................................122 
          4.5.1 General Considerations ................................................................................122 
          4.5.2 Synthetic Procedures ....................................................................................123  
          4.5.3 Polymerization Experiments and Analysis ....................................................124  
          4.5.4 Rac- and L-Lactide Kinetic Comparisons .....................................................125 
          4.5.5 Stoichiometric Experiments ..........................................................................125 
               4.5.5.1 Stoichiometric Crystallization Conditions ............................................128 
          4.5.6 Variable Temperature 1H NMR Spectroscopy Experiments .........................129 
          4.5.7 Tacticity Measurements ................................................................................132 
          4.5.8 Differential Scanning Calorimetry Measurements .......................................133  
          4.5.9 NOESY/EXSY NMR Spectroscopy Experiments ...........................................134 
          4.5.10 Calculation Details .....................................................................................139 
     4.6 Acknowledgements ...............................................................................................140  
Chapter 5. Investigation and Comparison of rac-Lactide Polymerization Initiation by 
Fluxional and Non-fluxional Aluminum Catalysts .....................................................141 
     5.1 Overview ...............................................................................................................142 
     5.2 Introduction ...........................................................................................................143 
     5.3 Results and Discussion .........................................................................................144 
          5.3.1 Synthesis and Characterization of Complexes ..............................................144  
               5.3.1.1 Synthesis ................................................................................................144 
               5.3.1.2 Variable Temperature 1H NMR Spectroscopy Experiments .................146  
          5.3.2 Polymerization Behavior ..............................................................................147 
          5.3.3 Stoichiometric Experiments with rac-Lactide ...............................................148 
               5.3.3.1 L7CyAlOBn Stoichiometric Experiments ...............................................148 
               5.3.3.2 L7EdAlOBn Stoichiometric Experiments ...............................................151 
          5.3.4 Exchange Experiments with L7CyAlOBn .......................................................155  
     5.4 Concluding Remarks .............................................................................................157 
     5.5 Experimental .........................................................................................................158 
          5.5.1 General Considerations ................................................................................158 
          5.5.2 Synthetic Procedures ....................................................................................159  
          5.5.3 Polymerization Experiments and Analysis ....................................................170  



 vi 

          5.5.4 Stoichiometric Experiments ..........................................................................171  
          5.5.5 NOESY/EXSY NMR Spectroscopy Experiments ...........................................174  
          5.5.6 Tacticity and Differential Scanning Calorimetry Measurements .................175  
     5.6 Acknowledgements ...............................................................................................176  
Chapter 6. Synthesis and Characterization of Unexplored Ring-Opening 
Polymerization Catalysts: Various Metal Ions and Ligand Structures ....................177 
     6.1 Overview and Introduction ...................................................................................178 
     6.2 Exploration of Indolide-Type Frameworks ..........................................................179 
          6.2.1 Added Steric Bulk ..........................................................................................179 
               6.2.1.1 Synthesis and Characterization ............................................................180 
          6.2.2 Increased Flexibility in the Ligand Backbone ..............................................181 
               6.2.2.1 Synthesis and Characterization of Complexes ......................................181 
               6.2.2.1 Polymerization Behavior ......................................................................183 
          6.2.3 Balancing Flexibility and Proximity of Ligand Donor Atoms ......................184 
               6.2.3.1 Synthesis and Characterization ............................................................184 
     6.3 Pursuit of an Indolide-Zn Complex ......................................................................185 
          6.3.1 Synthesis and Characterization of Complex .................................................185 
     6.4 Exploration of (salen)Ti-alkoxide Complexes ......................................................186 
          6.4.1 Synthesis and Characterization of Complexes ..............................................186 
     6.5 Concluding Remarks .............................................................................................187 
     6.6 Experimental .........................................................................................................187 
          6.6.1 Synthetic Materials, Methods and General Considerations .........................187 
          6.6.2 Synthetic Procedures ....................................................................................188 
          6.6.3 Polymerization Experiments and Analysis ....................................................200 
               6.6.3.1 Lactide Polymerizations ........................................................................200 
               6.6.3.2 ε-Caprolactone Polymerizations ...........................................................200 
     6.7 Acknowledgements ...............................................................................................201 
Bibliography ...................................................................................................................202 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 vii 

List of Tables 
 
Chapter 1 
 
Table 1.1. Examples of polymer Tm as a function of tacticity and crystallinity, where PLA 
is synthesized from rac-LA, and PLLA from L-LA. ..............................................................8 
 
 
Chapter 2 
 
Table 2.1. Rate constants and PLA characterization data .................................................37 
 
Table 2.2. DFT predicted reaction barriers and Zn charges in TS4-5. .............................42 
 
Table 2.3. Selected bond lengths (Å) and bond length variations in calculated transition 
state structure for nucleophilic attack on CL or R,R-LA by coordinated alkoxide as a 
function of para substitution of the phenolate group(s). ....................................................44 
 
Table 2.4. Comparison of observed rate constants at 298 K in CH2Cl2 for normalized, 
calibrated, and Olis Globalworks spectral analysis. .........................................................64 
 
 
Chapter 3 
 
Table 3.1. Computed geometry indices (τ5), activation free energies (kcal/mol), FDEs 
(kcal/mol), and key bond lengths (Å) for N4-donor systems. .............................................76 
 
 
Chapter 4 
 
Table 4.1. Data for polymerizations of rac-LA by the indicated complexes. ...................102 
 
Table 4.2. Activation parameters for the fluxional interconversion between enantiomers, 
determined from Eyring plot analysis. Associated errors are estimated from WinDNMR fits
..........................................................................................................................................132 
 
 
Chapter 5 
 
Table 5.1. rac-LA polymerization data by L7AlOBn, L7CyAlOBn and L7EdAlOBn ........148 
 

Chapter 6 
 
Table 6.1. Data for polymerizations of rac-LA by the indicated complexes ...................183 

 
 
 



 viii 

List of Figures 
 

Chapter 1  
 
Figure 1.1. Depiction of closed-loop recycling ...................................................................3 
 
Figure 1.2. Generic polymerization schemes of LA (top) and CL (bottom) via catalysis, 
where n = number of repeat units, or degree of polymerization .........................................5 
 
Figure 1.3. Representations of both CEM and ESC mechanisms using PP as a model 
polymer, where M is the metal center, Ln is the ligand framework, P is the polymer chain, 
m = meso relationship and r = racemic relationship ..........................................................6 
 
Figure 1.4. Examples of polymer microstructure via atactic, heterotactic and isotactic 
polymerization of rac-LA .....................................................................................................7 
 
Figure 1.5. Coordination-insertion mechanism of a generic lactone, where Ln = ligand, M 
= metal center, and OR = alkoxide moiety ........................................................................10 
 
Figure 1.6. Ligand variations as performed by Spassky and Gibson. Spassky's achiral 
catalyst and chiral variant (left) and library of ligand backbones generated by Gibson 
(right) .................................................................................................................................12 
 
Figure 1.7. Nomura's library of (salen)AlOR catalysts, varied in terms of steric 
encumberment ....................................................................................................................13 
 
Figure 1.8. ROP mechanism depicted by different kinetic parameters via a generic cyclic 
ester, where Ln = ligand, M = metal center, and OR = alkoxide moiety ..........................15 
 
Figure 1.9. Catalysts 1.1 and 1.2, where R1 = either NO2, Br or OMe ............................16 
 
Figure 1.10. (Top left) Eyring analysis of 1.1 (squares, dashed lines) and 1.2 (circles, solid 
lines) for R1 = OMe (black), Br (blue), and NO2 (red). (Top right) van't Hoff analysis of 
1.2 variants for R1 = OMe (black), Br (blue), and NO2 (red). (Bottom) comparison of ROP 
rates produced by 1.1 and 1.2, where variants of catalyst 1.1 are denoted as 1-R1 and 1.2 
as 2-R1 ................................................................................................................................17 
 
Figure 1.11. Catalysts 1.3 and 1.4 ....................................................................................19 
 
Figure 1.12. Lin's multinuclear Zn complexes, featuring a variety of substituents ..........20 
 
Figure 1.13. Tolman's and Hillmyer's Zn-alkyl complex and subsequent dimer species (left) 
and Kol's modified Zn complex (right) ..............................................................................21 
 
Figure 1.14. Example of general salen-type catalyst with ligand variability indicated ...22 
 
 
 



 ix 

Chapter 2 
 
Figure 2.1. Zn complexes used for the polymerization of LA ............................................28 
 
Figure 2.2. Synthesis of proligands and complexes, and a representation of the X-ray 
crystal structure of 2 (X = Br), showing all nonhydrogen atoms as 50% thermal ellipsoids. 
Selected distances (Å) and angles (deg): Zn1-O1, 2.0473(11); Zn1-N1, 2.1407(14); Zn1-
N2, 2.4348(14); Zn1-N3, 2.1999(15); Zn1-C1, 2.0059(17); C1-Zn1-O1, 114.67(6); C1-
Zn1-N1, 113.30(7); C1-Zn1-N2, 104.29(6); C1-Zn1-N3, 116.42(7); O1-Zn1-N1, 87.43(5); 
N1-Zn1-N2, 73.24(5); N2-Zn1-N3, 76.93(5); N3-Zn1-O1, 88.89(5); O1-Zn1-N2, 
140.84(5); N1-Zn1-N3, 126.62(5) ......................................................................................31 
 
Figure 2.3. Concentration vs. time plot for polymerization of rac-LA (300 equiv., 1 M) by 
2.2 (X = NO2, 1 equiv., 3.33 mM) and BnOH (1 equiv., 3.33 mM) as monitored by 1H NMR 
spectroscopy. Data collection was started soon after addition of BnOH ..........................32 
 
Figure 2.4. (Top) assigned spectrum of 2.2 (X = NO2) (see Figure 2.14, section 2.5.2 for 
comparison). (Bottom) 1H NMR of in situ generated 2.2’ (X = NO2) after 24 h of mixing 
with ~1 equiv. BnOH. Addition of the OBn substituent to the Zn complex causes resolution 
of two diastereomers as seen in splitting of the N-CH3 and backbone CH2 protons .........33 
 
Figure 2.5. Plot of ln(I/I0) vs. g2d2G2[D-(d/3)]x10-10 (where I = intensity, g = gyromagnetic 
ratio for a proton, d = diffusion gradient length, G = gradient field strength, and D = 
diffusion delay) for 2.2 (X = NO2) (left) and 2.2’ (X = NO2) (right) .................................34 
 
Figure 2.6. (Left) rac-LA and PLA concentration calibration curves for React-IR 1900 cm–

1 to 900 cm–1 integrated area. Non-zero intercepts are an artifact of instrument noise. 
(Right) overlay of spectra of pure LA (0.53 M) and PLA (1 M) ........................................35 
 
Figure 2.7. (Left) stacked IR spectra at 30 s intervals for polymerization of rac-LA (black) 
to PLA (red) to > 95% conversion using 2.2’ (X = NO2; intermediate spectra in gray). 
(Right) illustrative plot of experimental data (circles) and corresponding COPASI fit (red 
line) for the ROP of rac-LA by 2.2’ (X = NO2). See Figures 2.19–2.20 for data plots by 
other LXZnOBn catalysts ....................................................................................................36 
 
Figure 2.8. Hammett plots of log(kp) vs. σpara for 2.2’ (X = NO2, Br, tBu, OMe; black data 
and linear fit, R = 0.825), with data and fits reported previously for ROP of CL by AlOR 
catalysts supported by salen ligands with a 3-carbon backbone (red, R = 0.995) or a 2-
carbon backbone (blue; R = 0.999) at 298 K. The slopes of the lines corresponding to the 
Hammett ρ values are shown .............................................................................................38 
 
Figure 2.9. M06-2X//M06-L reaction coordinate standard-state free energies for LA 
opening (kcal/mol) relative to separated species with line drawings of relevant stationary 
points. Results for pathways involving both S,S- (green dotted line) and R,R-LA (black solid 
line) are shown with adoption of a particular configuration at Zn in the pre-catalyst 
differentiating these two paths ...........................................................................................41 
 



 x 

Figure 2.10. Optimized transition state structure geometries, with selected atoms 
identified. (a) previously reported transition state structure for nucleophilic attack on CL 
by coordinated alkoxide for (salen)Al catalyst analogous to the Zn catalysts reported here, 
(b) transition state structure for nucleophilic attack on R,R-LA with (salan)Zn catalyst 
(TS2-3), and (c) ring-opening transition state structure for the tetrahedral intermediate in 
the R,R-LA/(salan)Zn system (TS4-5). Select geometric details are recorded in Table 2.3 
............................................................................................................................................43 
 
 
Figure 2.11. 1H (top) and 13C (bottom) NMR spectra of 3a ........................................52–53 
 
Figure 2.12. 1H NMR spectrum of 4a. Impurities are denoted by red asterisks (purification 
was not required before subsequent synthetic step) ...........................................................53  
 
Figure 2.13. 1H (top) and 13C (bottom) NMR spectra of 5a ..............................................54 
 
Figure 2.14. 1H (top) and 13C (bottom) NMR spectra of 2.2 (X = NO2) ...........................55 
 
Figure 2.15. 1H (top) and 13C (bottom) NMR spectra of 5b ..............................................56 
 
Figure 2.16. 1H (top) and 13C (bottom) NMR spectra of 2.2 (X = Br) ..............................57 
 
Figure 2.17. 1H (top) and 13C (bottom) NMR spectra of 5c ..............................................58 
 
Figure 2.18. 1H (top) and 13C (bottom) NMR spectra of 2.2 (X = OMe) ..........................59 
 
Figure 2.19. Normalized concentration versus time data and COPASI fits for (A) 2.2’ (X 
= NO2), (B) 2.2’ (X = Br), (C) 2.2’ (X = tBu), and (D) 2.2’ (X = OMe) ...........................62 
 
Figure 2.20. Calibrated concentration versus time data and COPASI fits for (A) 2.2’ (X = 
NO2), (B) 2.2’ (X = Br), (C) 2.2’ (X = tBu), and (D) 2.2’ (X = OMe) ..............................63 
 
Figure 2.21. Kinetic traces from Olis Globalworks for (A) 2.2’ (X = NO2), (B) 2.2’ (X = 
Br), (C) 2.2’ (X = tBu), and (D) 2.2’ (X = OMe) ..............................................................64 
 
Figure 2.22. Example of the methine region of a homonuclear-decoupled 1H NMR 
spectrum of PLA polymerized by 2.2’ used for tacticity measurements. Shown here is the 
spectrum’s normal appearance (left), and the same spectrum, but deconvoluted in 
MestReNova for measurement simplicity (right). ..............................................................65 
 
 
Chapter 3 
 
Figure 3.1. Detailed coordination-insertion mechanism for ROP ....................................70 
 
Figure 3.2. TMTAA complex, notably sluggish for CL polymerization (crystal structure of 
complex revealed τ5 = 0.02, geometry highly sp) ...............................................................71 
 



 xi 

Figure 3.3. Cartoon depicting the relationship between ground state geometry and general 
TS1 geometry (TSG) via activation free energy .................................................................72 
 
Figure 3.4. (A) Parent salen catalyst and modifications with additional alkyl tethers. (B) 
Pyridine-based systems as a sidearm modification to salen. (C) Pyrrole/indole-based 
{N,N,N,N}-complexes .........................................................................................................74 
 
Figure 3.5. Optimized structures for 3.1 and 3.9 and their corresponding RDS transition 
state structures for CL polymerization ..............................................................................76 
 
Figure 3.6. Synthesis of ligand precursor (L7H2) and complexes 3.13 and 3.14, with a 
representation of the X-ray crystal structure of 3.14 shown as 50% thermal ellipsoids 
(nonhydrogen atoms only). Selected distances (Å) and angles (deg): Al-N1, 1.9388(19); 
Al-N2, 2.0117(19); Al-N3, 2.074(2); Al-N4, 1.905(2); Al-O1, 1.7484(19); N1-Al-N2, 
90.13(9); N1-Al-N3, 173.78(5); N1-Al-N4, 95.63(8); N2-Al-O1, 121.78(8); N2-Al-N4, 
114.95(7) ............................................................................................................................78 
 
Figure 3.7. Plots of [CL] decay and [PCL] growth over time where final [PCL] reaches 
1.88 M. Both first-order (left) and saturation (right) kinetic fits to the data are shown. 
Weighted error between COPASI fits (blue = PCL growth, red = CL decay) and the data 
(circles) is shown in grey ...................................................................................................80 
 
Figure 3.8. Plots of [CL] decay and [PCL] growth over time where final [PCL] reaches 
2.05 M. Both first-order (left) and saturation (right) kinetic fits to the data are shown. 
Weighted error between COPASI fits (blue = PCL growth, red = CL decay) and the data 
(circles) is shown in grey ...................................................................................................80 
 
Figure 3.9. Aromatic region overlay of the BL binding studies with 3.14. Negligible shift 
in the catalyst peaks as a function of higher [BL] indicates that binding of BL to 3.14 is 
minimal ..............................................................................................................................81 
 
Figure 3.10. First-order decay plot of [CL], where black circles = [CL] data and red line 
= linear trendline ...............................................................................................................81 
 
Figure 3.11. 1H (top) and 13C (bottom) NMR spectra for L7H2 ........................................87 
 
Figure 3.12. 1H (top) and 13C (bottom) NMR spectra for 3.13 .........................................88 
 
Figure 3.13. 1H (top) and 13C (bottom) NMR spectra for 3.14 .........................................89 
 
 
Chapter 4 

Figure 4.1. Complexes used as ROP catalysts (Λ isomer shown) .....................................95 
 
Figure 4.2. Enantiomers of complexes L7AlOR and L2AlOR (R = Bn), with labeling of 
chirality indicated ..............................................................................................................98 
 



 xii 

Figure 4.3. Selected VT NMR (1H) data for L7AlOBn with proposed assignments. The 
bottom spectra were collected after returning to room temperature to show reversibility. 
Full spectra are shown in Figure 4.19, section 4.5.6 ........................................................99 
 
Figure 4.4. Calculated structures for the fluxional process that interconverts ∆ and Λ 
enantiomers of L7AlOBn, depicting the lowest energy structure for the ∆ enantiomer, the 
next highest energy (+2.3 kcal/mol) structure for the chair conformation of the 
metallacycle, and the “symmetric” transition state structure .........................................100 
 
Figure 4.5. 1H NMR spectrum of 1:1 rac-LA:L7AlOBn .................................................103 
 
Figure 4.6. Selected portion of the 1H NMR spectra of the products of the reactions of (top) 
rac-LA, (middle) L(S,S)-LA, or (bottom) D(R,R)-LA with L7AlOBn, with the indicated 
assignments ......................................................................................................................104 
 
Figure 4.7. Representation of the X-ray crystal structure of the ring-opened product, 
L7Al(oLAOBn), resulting from the reaction of L7AlOBn with 1 equiv. rac-LA. Only a single 
enantiomer is shown (∆-L(S,S); the other Λ-D(R,R) enantiomer is also present in the unit 
cell), with all atoms presented as 50% ellipsoids and hydrogen atoms omitted for clarity. 
Selected bond distances (Å) and angles (deg): Al1-O1, 1.807(3); Al1-N1, 1.9475(18); Al1-
N2, 2.0647(16); Al1-N3, 2.0779(18); Al1-N4, 1.9344(17); N3-Al-N1, 171.24(7); N3-Al1-
O1, 90.80(8); N3-Al1-O2, 89.33(13); N3-Al1-N2, 82.69(6); N3-Al1-N4, 89.49(7); N2-Al1-
N4, 103.71(7); O2-Al1-O1, 79.47(11); N2-Al1-O2, 81.07(9); N4-Al1-O1, 95.56(9); N4-
Al1-O2, 174.88(12); N1-Al1-N4, 94.99(7); N1-Al1-N2, 88.93(7); N1-Al1-O2, 86.84(14); 
N1-Al1-O1, 96.24(9) ........................................................................................................107 
 
Figure 4.8. Illustration of possible interconversions of stereoisomers L7Al(oLAOBn). The 
red arrows indicate processes involving intermolecular exchange of LA enantiomers, blue 
arrows correspond to racemization at Al (e.g., via carbonyl de-coordination, 
isomerization, and re-coordination), and black arrows correspond to both ...................109 
 
Figure 4.9. NOESY/EXSY NMR spectrum of the product of reaction of rac-LA with 
L7AlOBn (i.e., L7Al(oLAOBn)) (top) and corresponding equilibrium scheme hypothesized 
to explain the results (bottom). Both diastereomeric (purple) and enantiomeric exchange 
(green) are observed. While we assign the major isomer in the spectrum as ∆-L(S,S) (and 
consequently, its enantiomer as Λ-D(R,R)) due to the results of X-ray crystallography, we 
note the possibility that these assignments may be reversed if the minor isomer is that which 
was identified by crystallography ............................................................................110–111 
 
Figure 4.10. NOESY/EXSY spectrum of mixture of equimolar amounts of L7Al(oLAOBn) 
and L2Al(oLAOBn) (top) and equilibrium scheme hypothesized to rationalize the results 
(bottom). Exchange of alkoxide ligands between Al centers is denoted in black, 
diastereomeric exchanges are denoted in purple and pink, and backbone enantiomer 
exchanges are denoted in green and orange. The exchange between minor isomers of both 
the 1:1 rac-LA:L7AlOBn and 1:1 rac-LA:L2AlOBn is shown in grey, but is not observed 
in the NOESY/EXSY spectrum (postulated to be due to peak overlap) ....................113–114 
 



 xiii 

Figure 4.11. NOESY/EXSY NMR spectrum of the product of reaction of meso-LA with 
L7AlOBn (top), and corresponding equilibrium scheme hypothesized to explain the results 
(bottom). Both diastereomeric (purple) and enantiomeric exchange (green) are observed. 
While we arbitrarily assigned the major isomer in the spectrum as ∆-(S,R) (and 
consequently, its enantiomer as Λ-(R,S)) due to lack of X-ray crystallographic data, we 
note the likelihood of these assignments being reversed .........................................116–117 
 
Figure 4.12. Illustration of the calculated initiation pathway for a selected catalyst (∆-
L7AlOMe), substrate (D(R,R)-LA), and approach trajectory. H atoms are not shown for 
clarity. Key: pink = Al, red = O, blue = N, gray = C ...................................................... 118 
 
Figure 4.13. Starting structures along the eight alternative pathways for initiation of 
D(R,R)- and L(S,S)-LA for ∆-L7AlOMe. The cis and trans descriptors indicate the positions 
of the imine groups of the complex with respect to the LA, specifically, in the trans pathway, 
the LA C=O is trans to one imine group while in the cis pathway it is cis to both imine 
groups ............................................................................................................................... 119 
 
Figure 4.14. Kinetic comparison of L-LA and rac-LA polymerizations by L7AlOBn over 4 
h. Polymerization conditions: toluene, 70 °C, [L-LA]0 = [rac-LA]0 = 0.1 M; [LA]0 : [cat]0 
= 100 ................................................................................................................................125 
 
Figure 4.15. Overlay of 1H NMR spectra of the products of the reactions of L7AlOBn with 
1 equiv. rac-, D-, and L-LA ..............................................................................................126 
 
Figure 4.16. 1H NMR spectrum of 1:1 rac-LA:NAlOBn .................................................127 
 
Figure 4.17. Overlay of 1H NMR spectra of the products of the reactions of NAlOBn with 
1 equiv. rac-, D-, and L-LA ..............................................................................................127 
 
Figure 4.18. 1H NMR spectrum of 1:1 meso-LA:L7AlOBn .............................................128 
 
Figure 4.19. VT 1H NMR overlay of L7AlOBn. The fluxionality of the complex is inhibited 
at lower temperatures, as indicated by the individual peaks (first appearing at ~199 K)
..........................................................................................................................................130 
 
Figure 4.20. VT 1H NMR overlay of 1:1 rac-LA:L7AlOBn ............................................130 
 
Figure 4.21. Overlay of raw 1H NMR data from VT studies with L7AlOBn and 
corresponding WinDNMR fits. The featured peak is the imine proton resonance of the 
complex (~8.6 ppm, see Figure 4.19). Rate constants for each temperature measured for 
Eyring analysis are shown. Analyses for L2AlOBn and NAlOBn were done analogously, 
using the imine proton resonance of their respective complexes, as well .......................131 
 
Figure 4.22. Eyring plots for fluxionality studies of L7AlOBn, L2AlOBn and NAlOBn with 
respective linear fits of R2 = 0.94, 0.90, and 0.97. Rate constants were determined by 
WinDNMR analysis of VT 1H NMR spectra ....................................................................132 
 



 xiv 

Figure 4.23. Example raw data (methine region, L7AlOBn, 35 °C, CD2Cl2) from the 
homonuclear decoupled 1H NMR spectra of PLA (left) and its deconvoluted form (right) 
with Pm = 0.80 ..................................................................................................................133 
 
Figure 4.24. (Top left) DSC thermogram of L2AlOBn + rac-LA, 150 °C, 25 min. No feature 
corresponding with Tm was observed. (Top right) DSC thermogram of L7AlOBn + rac-LA, 
THF-d8, 55 °C, 4 d (Tm = 155 °C), and (bottom) DSC thermogram of NAlOBn + rac-LA, 
130 °C, 30 min (Tm = 187 °C) .........................................................................................134 
 
Figure 4.25. COSY spectrum of L7Al(oLAOBn). The circled resonances show correlation 
between the alkoxide ligand methines of both the lesser and more populated isomers (b and 
a, respectively) and their corresponding doublets (methyl substituents of the LA units, d 
and c, respectively) ..........................................................................................................135 
 
Figure 4.26. NOESY/EXSY spectrum of the product of reaction of L-LA with L7AlOBn 
(top) and the equilibrium scheme proposed to rationalize the results (bottom). The peaks 
of interest for diastereomeric exchange are circled in purple. Only NOESY peaks (red) are 
observed between backbone protons (labeled as d) ........................................................136 
 
Figure 4.27. Overlay of 1H NMR spectra for the products of reactions with rac-LA with 
L7AlOBn (top) and L2AlOBn (middle), and a mixture of the two (bottom) ....................137 
 
Figure 4.28. Overlay of 1H NMR spectra for the products of reactions with rac-LA with 
L7AlOBn (top) and NAlOBn (middle), and a mixture of the two (bottom) ......................137 
 
Figure 4.29. NOESY/EXSY spectrum of mixture of equimolar amounts of L7Al(oLAOBn) 
and NAl(oLAOBn) (top), and equilibrium scheme hypothesized to rationalize the results 
(bottom) ............................................................................................................................138 
 
 
Chapter 5 
 
Figure 5.1. Targeted complexes L7CyAlOBn (left) and L7EdAlOBn (right) ....................144 
 
Figure 5.2. Synthesis of L7CyAlOBn and L7EdAlOBn and representation of the X-ray 
crystal structure of L7EdAlOBn. All atoms are presented as 50% ellipsoids and hydrogen 
atoms are omitted for clarity. Selected bond distances (Å) and angles (deg): Al-N1, 
2.0422(11); Al-N2, 2.0035(11); Al-N3, 1.9242(11); Al-N4, 1.9076(11); Al-O1, 1.7492(9); 
N1-Al-N2, 79.33(4); N1-Al-N3, 169.72(5); N1-Al-N4, 87.76(4); N1-Al-O1, 85.96(4); N2-
Al-O1, 116.63(4); N3-Al-O1, 100.69(4); N4-Al-O1, 117.43(4); N2-Al-N3, 90.64(4); N2-
Al-N4, 123.04(5); N3-Al-N4, 95.96(5) .............................................................................146 
 
Figure 5.3. Overlaid VT NMR spectra of L7EdAlOBn. Black circles indicate the start of 
peak coalescence ..............................................................................................................147 
 
 
 



 xv 

Figure 5.4. Portions of 1H NMR spectra for stoichiometric studies of L7CyAlOBn and LA 
(left). Overlaid 1H NMR spectra of 1:1 rac-LA:L7CyAlOBn after indicated amounts of time 
(right). In both figures, red = unreacted L7CyAlOBn catalyst, blue = L7CyAl(oL-LAOBn) 
and green = L7CyAl(oD-LAOBn) ......................................................................................150 
 
Figure 5.5. Kinetic plots of 1:1 L-LA:L7CyAlOBn (left) and 1:1 D-LA:L7CyAlOBn (right), 
where ring-opened species growth is indicated in black and monomer decay is shown in 
red ....................................................................................................................................151 
 
Figure 5.6. Selected portions of the 1H NMR spectra of the products of the reactions of 
(top) rac-LA, (middle) L-LA, or (bottom) D-LA with L7EdAlOBn, with the indicated 
assignments shown in blue and green. The spectra shown were observed 10 min after the 
stoichiometric reaction was begun ..................................................................................152 
 
Figure 5.7. Overlay of a portion of the 1H NMR spectra of the products of the reactions of 
L7EdAlOBn with 1 equiv. rac-LA (purchased and recrystallized), and 1 equiv. rac-LA 
(50:50 mixture of D- and L-LA, both purchased and recrystallized separately) .............155 
 
Figure 5.8. NOESY/EXSY NMR spectrum of the product of reaction of rac-LA with 
L7CyAlOBn (i.e., L7CyAl(oLAOBn)) and corresponding structures of products within the 
analyzed sample. Exchange correlations between backbone resonances are indicated in 
green, while exchanges between major methine resonances and unidentified minor 
products are shown in black, pink, purple and orange; each color represents a unique type 
of exchange ......................................................................................................................157 
 
Figure 5.9. 1H (top) and 13C (bottom) NMR spectra of L7CyH2 .......................................164 
 
Figure 5.10. 1H (top) and 13C (bottom) NMR spectra of L7CyAlEt .................................165 
 
Figure 5.11. 1H (top) and 13C (bottom) NMR spectra of L7CyAlOBn .............................166 
 
Figure 5.12. 1H (top) and 13C (bottom) NMR spectra of L7EdH2 ....................................167 
 
Figure 5.13. 1H (top) and 13C (bottom) NMR spectra of L7EdAlEt .................................168 
 
Figure 5.14. 1H (top) and 13C (bottom) NMR spectra of L7EdAlOBn .............................169 
 
Figure 5.15. VT 1H NMR overlay of L7EdAlOBn. The fluxionality of the complex is 
inhibited at lower temperatures, as indicated by the wide broadening of peaks (first 
appearing at ~185 K) .......................................................................................................170 
 
Figure 5.16. Overlay of 1H NMR spectra of the products of the reaction of L7CyAlOBn with 
1 equiv. rac-LA after specified amounts of time ..............................................................172 
 
Figure 5.17. Overlay of 1H NMR spectra of the products of the reactions of L7EdAlOBn 
with 1 equiv. rac-, L-, and D-LA (after 3 h) .....................................................................172 
 



 xvi 

Figure 5.18. Overlay of 1H NMR spectra of the products of the reactions of L7EdAlOBn 
with 1 equiv. rac-LA (purchased and recrystallized), and 1 equiv. rac-LA (50:50 mixture 
of D- and L-LA, both purchased and recrystallized separately) .....................................173 
 
Figure 5.19. VT 1H NMR overlay of 1:1 rac-LA:L7EdAlOBn .........................................173 
 
Figure 5.20. Overlay of 1H NMR spectra of the products of reactions of L7CyAlOBn with 
rac-LA (top) and D-LA (bottom) and corresponding assignments (right) ......................174 
 
Figure 5.21. Example raw data (methine region, L7CyAlOBn, 55 oC, THF-d8) from the 
homonuclear decoupled 1H NMR spectra of PLA (left) and its deconvoluted form (top right) 
with Pm = 0.82 ..................................................................................................................175 
 
Figure 5.22. (Left) DSC thermogram of L7CyAlOBn + rac-LA, THF-d8, 55 °C, 6 d (Tm = 
158 °C). (Right) DSC thermogram of L7EdAlOBn + rac-LA, THF-d8, 55 °C, 4 d (Tm = 158 
°C) ....................................................................................................................................176 
 
 
Chapter 6 
 
Figure 6.1. Various ligand frameworks featuring the parent L7H2 ligand (top), added steric 
encumberment (L7MeH2, bottom left) and extended backbone linkers (L7C4H2 and L7C5H2, 
bottom middle and bottom right, respectively) ................................................................179 
 
Figure 6.2. Synthesis of L7MeH2, and subsequent synthetic attempts to prepare L7Me 

complexes .........................................................................................................................181 
 
Figure 6.3. Generic scheme of synthesis and subsequent metalation reactions of L7C4H2 
via various Al sources ......................................................................................................183 
 
Figure 6.4. Synthesis of L7C5H2 .......................................................................................184 

Figure 6.5. Synthesis of L7Zn and proposed L7ZnOBn species .....................................186 

Figure 6.6. Synthesis of electronically varied (salen)Ti complexes, where R = NO2 and 

OMe ..................................................................................................................................187 

Figure 6.7. 1H NMR spectrum of L7MeH2 ........................................................................194 

Figure 6.8. 1H (top) and 13C (bottom) NMR spectra of L7C4H2 ......................................195 

Figure 6.9. 1H NMR spectrum of L7C4(AlEt2)2 ................................................................196 

Figure 6.10. 1H (top) and 13C (bottom) NMR spectra of L7C4(AlEtOEt)2 ...............196–197 

Figure 6.11. 1H NMR spectrum of L7C4(Al(OiPr)2)2 .......................................................197 



 xvii 

Figure 6.12. 1H NMR spectrum of L7C5H2 ......................................................................198 

Figure 6.13. 1H NMR spectrum of L7Zn .........................................................................198 

Figure 6.14. 1H NMR spectrum of (salen)LNO2Ti ............................................................199 

Figure 6.15. 1H NMR spectrum of (salen)LOMeTi ...........................................................199 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xviii 

List of Schemes 
 
Chapter 2 
 
Scheme 2.1. Synthesis of precursors, 2.2 complexes and 2.2' catalysts ............................46 
 
 
Chapter 4 
 
Scheme 4.1. Possible products L7Al(oLAOBn) resulting from the reaction of the 
interconverting stereoisomers L7AlOBn (in box) with L(S,S)- and D(R,R)-LA, labeled 
according to the configuration at Al (∆ vs. Λ) and LA (D(R,R) vs. L(S,S)). The isomers 
labeled “X-ray” are the ones identified by X-ray crystallography .................................106 
 
Scheme 4.2. Possible products resulting from the reaction of the interconverting 
stereoisomers L7AlOBn (in box) with meso-LA, labeled according to the configuration at 
Al (∆ vs. Λ) and LA ((R) vs. (S)) ....................................................................................... 115 
 
 
Chapter 5 
 
Scheme 5.1. Possible L7EdAl(oLAOBn) products, (2 sets of enantiomers, 2 sets of 
diastereomers) resulting from the reaction of the interconverting enantiomers of 
L7EdAlOBn with 1 equiv. of either L- or D-LA ................................................................153 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xix 

List of Equations 
 

Chapter 1 
 
Equation 1.1 .........................................................................................................................8 
Equation 1.2 .........................................................................................................................8 
Equation 1.3 .......................................................................................................................15 
Equation 1.4 .......................................................................................................................15 
Equation 1.5 .......................................................................................................................15 
 
 
Chapter 2 
 
Equation 2.1 .......................................................................................................................34 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xx 

List of Abbreviations  
(in alphabetical order) 

 
[X]0    initial concentration of X 
°/deg    degree(s) 
°C    degrees Celsius   
13C NMR    carbon nuclear magnetic resonance 
1H NMR   proton nuclear magnetic resonance 
Å    angstrom  
a.u.    arbitrary unit 
Ad    adamantyl 
Al    aluminum  
Al(Et)3    triethylaluminum 
Al(OiPr)3   aluminum isopropoxide  
AlOR    aluminum-alkoxide  
app    apparent  
Ar    aryl 
atm    atmosphere 
BDI    β-diketiminato 
BL    ɣ-butyrolactone 
Bn    benzyl 
BnOH    benzyl alcohol 
Br    bromo  
bs    broad singlet 
CaH2    calcium hydride 
cat    catalyst 
CD2Cl2   deuterated dichloromethane 
CDCl3    deuterated chloroform  
CEM    chain-end control  
CH2Cl2   dichloromethane 
CHCl3    chloroform  
Cl    chloro  
CL    ε-Caprolactone 
CO2    carbon dioxide 
conv.    conversion 
COSY    correlated spectroscopy  
Cu    copper 
Cy    cyclohexyl (diamine)  
d    day(s) 
D    diffusion constant 
d    doublet 
Đ    polymer dispersity  
ddd    doublet of doublet of doublets 
DFT    density functional theory 
DMSO-d6   deuterated dimethyl sulfoxide  
DOSY    diffusion ordered spectroscopy  
DSC    differential scanning calorimetry  
dt    doublet of triplets 



 xxi 

E    electronic energy  
Ed    ethylene (diamine) 
EDG    electron-donating substituent/group 
Eq.    equation 
equiv.    equivalent(s) 
ESC    enantiomorphic site control 
Et    ethyl  
Et2AlOEt   diethylaluminum ethoxide  
EtOAc    ethyl acetate 
EtOH    ethanol 
EWG    electron-withdrawing substituent/group 
EXSY     exchange spectroscopy 
FDE    framework distortion energy 
G    best-estimate free energy 
G    gradient field strength 
g    gram 
ɣ    gyromagnetic ratio for a proton 
h    hour 
H2O    water 
HR-ESI-MS   high resolution electrospray ionization mass spectrometry 
HSQC    heteronuclear single quantum coherence spectroscopy 
Hz    hertz 
I    intensity 
INT    intermediate  
iPr    isopropyl  
IR    infrared  
J    coupling constant  
K    Kelvin 
k2    insertion rate constant  
kB    Boltzmann constant  
kcal    kilocalorie(s) 
kDa    kilodalton 
Keq    equilibrium constant 
KM    saturation substrate binding constant  
kobs    pseudo-first order rate constant 
kp    propagation rate constant 
LA    lactide  
Ln    ligand 
m    meso relationship 
M    metal ion/molarity, moles/liter 
m    multiplet 
m/z    mass to charge ratio 
Me    methyl 
MeOH    methanol 
mg    milligram 
MHz    megahertz  
min    minute 
mL    milliliter 



 xxii 

mM    millimolar 
mmol    millimole 
Mn    number average molecular weight  
Mo    molybdenum  
mol    mole 
Mw    weight average molecular weight  
n    number of repeat units in polymer chain 
N(Me)2   dimethylamino  
N2    dinitrogen  
Na2SO4   sodium sulfate  
NaBH(OAc)3   sodium triacetoxyborohydride  
NaBH4    sodium borohydride  
NEt3    triethylamine 
NMR     nuclear magnetic resonance 
NO2    nitro 
NOESY   nuclear Overhauser effect spectroscopy  
Ƞ    viscosity 
OBn    benzyloxy/benzyloxide 
OiPr    isopropoxy/isopropoxide  
OMe    methoxy/methoxide  
OR    alkoxide moiety 
p    percent monomer conversion  
P    polymer chain 
PBr3    phosphorus tribromide  
PCL    poly(ε-caprolactone) 
PE    poly(ethylene) 
PET    poly(ethylene terephthalate)  
Ph    phenyl  
Ph3Si-    triphenylsilyl  
PLA    poly(lactic acid) or poly(lactide) 
PLLA    poly(L-lactide) 
Pm    percent meso character in polymer chain 
PP    poly(propylene) 
ppm    parts per million 
Pr     percent racemic character in polymer chain  
PS    poly(styrene) 
PU    poly(urethane) 
PVC    poly(vinyl chloride) 
Py    pyridyl  
q    quartet 
r    racemic relationship  
r1    metal-OR bond distance in the catalyst 
r2    metal-carbonyl bond distance 
RDS    rate-determining step 
rH    hydrodynamic radii 
ROP    ring-opening polymerization 
s    second(s)/singlet 
SCRF    self-consistent reaction field 



 xxiii 

SEC    size exclusion chromatography 
Sn    tin 
Sn(Oct)2   tin(II) 2-ethylhexanoate 
sp    square pyramidal geometry 
t    time/triplet 
T/Temp.   temperature  
tbp    trigonal bypyramidal geometry  
TBS    tert-butyldimethylsilyl 
tBu    tert-butyl  
tBuPh2Si   tert-butyldiphenylsilyl 
td     triplet of doublets 
Tg    glass transition temperature  
THF    tetrahydrofuran  
THF-d8   deuterated tetrahydrofuran  
Ti    titanium  
TiOR    titanium-alkoxide 
Tm    polymer melting temperature 
TMS    trimethylsilyl 
TMTAA   dibenzotetramethyltetraazaannulene 
tol-d8    deuterated toluene  
TS    transition state 
TSG    transition state geometry  
Vmax    reaction rate upon reaching saturation 
VT    variable temperature 
X    generic substituent  
Xn (where X = P, Q, R) linking tether differing in length 
Zn    zinc 
ZnEt2    diethyl zinc 
ZnOR    zinc-alkoxide 
δ    chemical shift/diffusion gradient length 
Δ    delta/diffusion delay   
ΔG‡    activation free energy 
ΔG°    standard-state free energy 
ΔH‡    enthalpy of activation 
ΔS‡    entropy of activation  
ΔΔG‡    difference in activation free energy  
Λ    lambda  
µL    microliter  
µmol    micromole 
π    pi 
ρ    sensitivity constant, slope of line in Hammett plot  
σpara    Hammett para parameter  
𝜏    tau, universal geometric index  

 



 1 

1. Ring-Opening Polymerization of Cyclic Esters to Form Sustainable 
Polymers: Understanding Mechanism as a Function of Catalyst Structure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 2 

1.1 The Importance of Sustainable Plastics 

"The Earth is a fine place worth fighting for..."  

 – Ernest Hemingway, For Whom the Bell Tolls, 1940 

"It is the worst of times, but it is the best of times because we still have a chance." 

 – Sylvia Earle, Twitter, 2019 

 Undoubtedly, the famous American author and decorated marine biologist who spoke 

these words in vastly different times meant to convey different things. Yet, their sentiment 

is the same: our planet deserves a fighting chance. Today, one of our Earthly battles 

revolves around a dependence on single-use plastics and the inevitable pollution that 

follows their use. This environmental fight is made difficult by the fact that plastic is 

everywhere. Our heavy and prolonged use of these products is evident by the sheer amounts 

of plastics observed in our water systems, soil, and organisms1 all across the globe.2 And 

while efforts to eliminate pollution and expand recycling capacity are feasible ideas to 

combat this problem, our dependence on these products means that annual plastic 

production will only rise with time, as will its eventual environmental discard.3   

 Steady increase in plastic production would not be such an issue if our current global 

plastic flow was cyclic. Yet, today, we observe a largely linear plastic flow - meaning that 

the vast majority of post-consumer plastics are not recycled. In 2016, global plastic 

packaging production reached 78 million tons, with 40% of that going to landfill, 32% 

leaking into the environment and only 14% being collected and subsequently incinerated 

for energy recovery. Of that 78 million tons, a mere 14% was collected for recycling, only 

2% of that belonging to a closed-loop recycling regime.4 Even predictive models that 

anticipate higher levels of incineration and recycling in years to come forecast that by 2050, 

there will be 26 billion tons of plastic waste in the world, almost half of which will be 
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thrown into either landfills or the environment.3 If true, this model indicates that in 30 

years, the mass of plastics and fish in the ocean will be nearly equal.4 

 Moving toward a cyclic plastic flow (i.e., closed-loop recycling) through the use of 

compostable polymers is thus an important goal.5 Closed-loop recycling embodies the idea 

that polymeric materials made from renewable resources can be used, collected, 

composted, and returned to basic building blocks (CO2 and H2O, the feedstocks for 

biomass), which in turn can be used to generate more renewable resources (Figure 1.1). 

From production to end-of-life, these materials remain in a continuous loop, inhibiting 

deleterious environmental impacts. Any nonrenewable resources used to make plastic 

products would be a break in the circle, as would the incorporation of plastics that cannot 

be composted into feedstocks for eventual plant growth. 

 

Figure 1.1. Depiction of closed-loop recycling. Adapted from reference 6. 
 

 Most industrial plastics are petroleum-derived and are challenging to degrade, making 

them inadequate materials for closed-loop recycling. In fact, synthetic polymers including 

poly(ethylene) (PE), poly(propylene) (PP), poly(vinyl chloride) (PVC), poly(ethylene 
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terephthalate) (PET), poly(styrene) (PS), and poly(urethane) (PU), which make up over 

90% of all plastics ever made,3 are non-degradable (even by abiotic degradation), and their 

lifetime in landfills can be indefinite.7 

  A major goal is thus to generate new and useful materials derived from renewable 

resources.8–10 Linear, aliphatic polymers made from the ring-opening polymerization 

(ROP) of cyclic esters from biomass are examples of such sustainable materials. The most 

prominent compostable polymer on the market, poly(lactide) (PLA),1 is synthesized 

through ROP from lactide (LA), a monomer derived from lactic acid, a widely occurring 

carboxylic acid in nature.11 However, to polymerize materials such as PLA with robust 

properties, a high level of understanding for the ring-opening mechanism by which it is 

polymerized is required.  

 This thesis will examine such ROP reactions through fundamental investigation of 

detailed mechanisms and how those mechanisms are influenced by catalyst structure. Both 

LA and ε-caprolactone (CL, a monomer that is not made from biomass directly, but has 

been demonstrated to be bio-derived12–14) are used as featured monomers in these studies 

(Figure 1.2), due to their relevance within the field as model substrates for the generation 

of biodegradable polyesters. From this work, information regarding rational catalyst design 

for the future of sustainable polymerizations is gained.  
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Figure 1.2. Generic polymerization schemes of LA (top) and CL (bottom) via catalysis, 
where n = number of repeat units, or degree of polymerization.  
 
1.2 Metal-Alkoxide Catalyzed Ring-Opening Polymerization of Cyclic Esters  

 ROP of cyclic esters can be performed by several methods including anionic15,16 and 

cationic polymerization,17,18 and by using organocatalysts paired with various nucleophilic 

initiators.19,20 This thesis however, will focus on ROP catalyzed by single-site metal-

alkoxide initiators. These discrete catalysts offer high levels of polymerization 

control12,21,22 (i.e., less evidence of transesterification within the polymer), and, in some 

cases, conveniently measurable polymerization rates, making them ideal candidates for 

mechanistic study. An aspect of particular mechanistic importance, especially for the 

polymerization of LA, involves understanding the basis for observed control of polymer 

microstructure, such as polymer tacticity (stereocontrol).  

 1.2.1 rac-Lactide Polymerization and Polylactide Microstructure  

 PLA is the most prominent biodegradable polymer in the world today.1 On the industrial 

scale, it is produced on the order of ~200,000 tons per year,23 while trajectories indicate 

this number to increase as demand for bio-based polymers grows. While broadly used in 

food packaging applications and cutlery, PLA's inherent brittleness makes it a difficult 

material to use in a variety of applications, especially those that require temperatures 
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exceeding its glass transition temperature (Tg, temperature at which the polymer chains are 

mobilized, which for PLA is 55 °C).24 Much work has been done to try and improve the 

overall mechanical properties of PLA, either by copolymerizations or polymer blending 

with more elastic/rubbery polymers with lower Tgs,25–27 or through attempts at altering 

PLA's microstructure, which dictates its overall mechanical properties.28 

 A key aspect of PLA microstructure is its tacticity, the stereochemical relationship 

between consecutive stereocenters in the molecule. Two proximal stereocenters bearing 

the same stereochemistry share a meso relationship, while those with opposite 

stereochemistry are racemic. Polymer tacticity is controlled by the manner in which a 

monomer inserts itself onto the catalyst center. This process may be classified in two ways: 

either enantiomorphic site control (ESC), whereby the physical structure and environment 

of the metal complex dictates which way the monomer binds and inserts,29 or chain-end 

control (CEM), where subsequent monomer insertion is dictated by the stereochemistry of 

the previously inserted monomer.29 Due to the difference in propagation between these two 

stereochemical mechanisms, if an "error" occurs via ESM, it can be "fixed" by subsequent 

monomer insertions. If an "error" occurs via CEM however, it is propagated throughout 

the polymer chain until the next "error" occurs29 (Figure 1.3).  

 

Figure 1.3. Representations of both CEM and ESC mechanisms using PP as a model 
polymer, where M is the metal center, Ln is the ligand framework, P is the polymer chain, 
m = meso relationship and r = racemic relationship.  
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 PLA polymerized from a racemate (rac-LA, a 50:50 mixture of its individual 

enantiomers, L-LA and D-LA) can be observed to have any one of three variants of 

polymer tacticity: isotacticity, heterotacticity, and atacticity. Isotactic polymers are those 

that contain mainly meso relationships between monomer units, while heterotactic 

polymers are those that contain mainly racemic relationships. Atactic PLA is a product of 

random stereochemical relationships throughout the polymer chain (Figure 1.4).  

 

Figure 1.4. Examples of polymer microstructure via atactic, heterotactic and isotactic 
polymerization of rac-LA.  
 
 Heterotactic PLA is typically amorphous,30 whereas isotactic PLA has attractive 

physical characteristics such as high crystallinity and high polymer melting temperatures, 

Tms, as a result (see Table 1.1 for examples of Tm as a function of PLA tacticity31–34). PLA 

polymerized from single enantiomers of LA (such as PLLA, polymerized from L-LA) is 

isotactic by nature. Yet stereocontrol in the polymerization of rac-LA is highly coveted, 

because isotactic polymer chains of both D- and L-LA bear stereochemical appendages 

(methyl groups) that can co-crystallize together, driving up the Tm of the polymer as a result 

of stereocomplexation.  
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Table 1.1. Examples of polymer Tm as a function of tacticity and crystallinity, where PLA 
is synthesized from rac-LA, and PLLA from L-LA. 
 

Polymer Degree of Crystallinity Tm (°C)a 

atactic PLA amorphous –b 

heterotactic PLA semi-crystalline to amorphous –c 

isotactic PLA crystalline 175d 

isotactic (stereocomplexed) PLA highly crystalline 209e 
aValues obtained from differential scanning calorimetry (DSC). bReference 31. cReference 32. dReference 
33. eReference 34.  
 
 The level of polymer tacticity within a polymer chain may be measured by homonuclear 

decoupled NMR spectroscopy, whereby the individual tetrads (four consecutive 

stereocenters within the polymer chain) of the polymer are analyzed by integration to 

determine their relative concentrations. Each tetrad is denoted by the stereochemical 

relationship between monomer units (m = meso and r = racemic character). In the case of 

PLA, there are five potential tetrads (rmr, rmm, mmr, mmm, and mrm). The relative 

concentrations of these tetrads lead to calculations of isotacticity or heterotacticity, by way 

of Eqs. 1.1 and 1.2 (assuming CEM mechanism).35 The terms Pm and Pr denote polymer 

tacticity, indicating the measurement of percent meso or racemic character within the 

polymer, respectively; a Pm = 1.00 signifies perfect isotacticity, where only meso 

enchainment is observed, while the opposite is true for a Pr = 1.00. For atactic PLA, the 

probability of having either racemic or meso enchainment is equal, so Pm = Pr = 0.5.36 

𝑃# 	= 	&2	x	[𝑟𝑚𝑟]                                              Eq. 1.1 

     1	 −	𝑃# 	= 	𝑃/                                                 Eq. 1.2 

 Depending on the mechanism by which tacticity is implemented in the polymer (ESM 

or CEM), different statistical models are used, inevitably leading to variations in Eq. 1.1. 

While several examples in the literature that observe polymerization stereocontrol claim 
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control through only one mechanism,37–39 it is possible that a polymer's tacticity is a result 

of both CEM and ESC. As others have noted,40–42 it can be difficult to determine whether 

one or both mechanisms are responsible for polymerization stereoselectivity. Typically, 

the determination of the relative ratios of the tetrad species serves as the manner for 

determining whether ESC or CEM is at play in the polymerization. Thus, a ratio of 

[mmr]:[mrm]:[rmr]:[rmm] = 1:2:1:1 indicates ESC, whereas a ratio of 1:1:0:1 is consistent 

with CEM.43 However, sometimes these specific tetrad ratios do not match well with what 

is predicted for either the ESC or CEM mechanism.44 For simplification, tacticity 

measurements within this thesis are based on calculations via the CEM mechanism, due to 

similarities between the systems presented herein and other catalytic systems that claim 

CEM control.34 It is noted, however, that ESC is a likely contributor to the tacticity values 

presented.  

 While isotactic/stereocomplexed PLA is a key target, relatively few catalysts control 

polymer stereocontrol well enough to lead to stereocomplexed PLA, and even fewer do so 

under more industrially relevant conditions (sans solvent, in the bulk, at high temperatures). 

Catalysts that exert stereocontrol typically bear chiral ligands,43,45,46 although there are few 

reports of achiral, yet fluxional catalysts that are able to achieve high levels of isotactic 

stereocontrol, as well.34,47 Design of effective ROP catalysts that exhibit such stereocontrol 

hinges on a detailed understanding of the chemical reaction mechanism. 

 1.2.2 Coordination-Insertion Mechanism  

 ROP of cyclic esters via metal-alkoxide catalysts is largely understood to follow a 

coordination-insertion mechanism (Figure 1.5). While a recognized paradigm, this 

mechanism is not fully understood with molecular level detail. According to this 

mechanism, the monomer's carbonyl moiety reversibly binds to the Lewis acidic metal 



 10 

center, ultimately activating the carbonyl for attack by a nucleophilic substituent (an 

alkoxide moiety, -OR, in the context of this work). The resulting four-membered 

tetrahedral intermediate then undergoes ring-opening to generate a new alkoxide 

nucleophile, belonging to that of the last inserted monomer. Repeating the process 

(propagation) yields the final polymer.  

 

Figure 1.5. Coordination-insertion mechanism of a generic lactone, where Ln = ligand, M 
= metal center, and OR = alkoxide moiety.  
 
 In the absence of polymerization terminators, ROP is a living polymerization, in which 

the molecular weight of the polymer grows linearly with time. Polymerization termination 

is invoked by either quenching with protic solvent, which releases the polymer chain from 

the metal. In the case of air-sensitive catalysts, quenching can be achieved with air.  

 The coordination-insertion model is a simplified representation of the process of 

monomer enchainment which does not elucidate key details involving the separate reaction 

steps (i.e., monomer binding and nucleophilic insertion). Elucidating these constituent 

steps and better understanding how catalyst structure affects them is a goal that will allow 

for improved ROP catalyst design. 
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 1.2.3 Catalyst Development 

 Many types of metal-based catalysts have been studied for ROP capability (largely 

Sn,48–50 while other Lewis acids such as Al,34,45,51,52 Zn,30,53,54 Ti,55,56 and various 

lanthanides57,58 have also been thoroughly studied). Studies of ligand variation have led to 

increased understanding of how catalyst structure affects polymer microstructure and 

overall polymerization capability. Interested readers are pointed to these reviews for a more 

encompassing interpretation of these works.59–64 

 Among the various catalysts thoroughly explored, ones with Al and Zn metal ions have 

particular advantages that make them amenable for study. As such, we have chosen to focus 

on studying ligand structural effects on ROP by selected Al- and Zn-alkoxide complexes 

in an effort to probe the ROP mechanism, ultimately uncovering mechanistic questions that 

still remain. These rationales are described in more detail in the following sections.  

  1.2.3.1  Targeted Ligand Variations of Al-Alkoxide Catalysts 

 Aluminum-alkoxide (AlOR) catalysts have been well-studied in terms of ligand 

variation and corresponding ROP efficacy. Spassky and coworkers were among those who 

set the precedent for polymerization study as a function of Al catalyst structure.45,65 In 

1996, they developed an achiral Al catalyst (Figure 1.6) bearing a salen-type ligand and an 

alkoxide initiator (denoted as (salen)AlOR) for the polymerization of rac-LA. While it 

showed a slight preference for isotactic PLA (Pm not calculated, but Tm = 141 °C), another 

complex, bearing a chiral backbone, (Figure 1.6), exhibited much higher levels of 

selectivity (Tm = 187 °C). Their work raised the question of how structural changes in 

complexes could lead to different polymerization capabilities and diverse polymer 

microstructures and served as a basis for similar studies. 
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Figure 1.6. Ligand variations as performed by Spassky and Gibson. Spassky's achiral 
catalyst and chiral variant (left) and library of ligand backbones generated by Gibson 
(right). 
 
 In 2006, Gibson and colleagues compared the polymerization capability of a series of 

(salen)AlOR complexes that differed with respect to ligand backbone and electronics of 

the supporting ligand (Figure 1.6).51 Kinetic experiments indicated that complexes with 

more electron-withdrawing substituents (EWGs) on the phenolate ring and longer, more 

flexible backbones led to faster polymerization rates. Two hypotheses were invoked to 

explain these observations: 1) EWGs on the phenolate rings of the ligand framework 

enhance metal electrophilicity, thereby strengthening the binding between it and the 

carbonyl of the monomer and 2) increased flexibility of the catalyst led to facilitation of 

favorable interactions during the rate-determining step (RDS) of the polymerization. PLA 

microstructure as a function of these ligand variations was noted (Pm values shifted 

between those of atactic and isotactic nature, 0.50–0.88), but no significant trend was 

observed and rationales for the stereocontrol were not offered.  
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 In separate work, Nomura et. al. examined the effects of varying the steric bulk in the  

ortho position on ROP rates and stereocontrol (Figure 1.7).34 While very large substituents 

(R1 = Ph3Si, tBuPh2Si) inhibited polymerization (likely due to the inability for the 

monomer to bind to the metal center effectively), a general trend of increased steric bulk 

leading to greater polymerization stereoselectivity (maximum stereocontrol: R1 = TBS, Pm 

= 0.98) was observed. Yet, relatively sluggish polymerization rates (p = 96 after 14 h, in 

toluene at 70 °C) were observed for the catalysts with the highest selectivity.  

 

Figure 1.7. Nomura's library of (salen)AlOR catalysts, varied in terms of steric 
encumberment. 
 
 Impressively, polymerizations using the complex with R1 = TBS produced Tm values of 

209 °C, a clear indication of chain stereocomplexation. This Tm is among the highest 

reported for PLA synthesized via metal-catalyzed ROP. Probing the reason behind the 

stereoselectivity observed, the authors noted that the crystal structure of the catalyst lacked 

symmetry, despite its NMR characterization data suggesting otherwise. From subsequent, 

in-depth 1H NMR studies, Nomura et. al. concluded that the catalyst was fluxional, and 

hypothesized that this fluxional nature, along with the level of steric encumberment in the 

ortho position of the ligand, were significant contributors to the high stereoselectivity 

observed. While postulated in this work, we further explore these hypotheses through the 

study of related catalysts, the results of which are described in detail in Chapter 4.  
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 While these studies examining ROP capabilities as a function of ligand structural 

alterations are helpful in identifying general ROP trends and have contributed to the 

evolution of polymerization catalysis in general, intrinsic mechanistic nuances were not 

studied in-depth. Moreover, kinetic analyses were accomplished using generic rate 

constants (kobs), which are helpful for examining relative rates, but are less useful when 

trying to study the constituent steps of monomer binding and insertion. These drawbacks 

were addressed in studies of CL polymerization by Al complexes using a methodology 

exploiting saturation kinetics. While briefly described in the following sections, this 

approach is also applied in Chapter 3. 

 In contrast to typical kinetic approaches that yield a simplified pseudo-first order rate 

constant kobs (a product of the propagation rate constant, kp, and [cat]), these CL ROP 

reactions were studied under saturation conditions, ultimately allowing kobs to be separated 

into its more elementary and descriptive kinetic parameters of binding (Keq) and insertion 

(k2) (distinguished from kobs in Figure 1.8). By studying polymerizations at [monomer]0 > 

2.0 M, saturation behavior is achieved, and the Michaelis-Menten rate equation (Eq. 1.4) 

can be used in substitution for the more typical first-order rate equation (Eq. 1.3).  

Modification of the Michaelis-Menten equation, allows substitution for the parameters of 

Vmax and KM (reaction rate upon reaching saturation and saturation substrate binding 

constant, respectively), and subsequently, the propagation rate constant can be broken 

down into individual reaction steps (Eq. 1.5).  
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Figure 1.8. ROP mechanism depicted by different kinetic parameters via a generic cyclic 
ester, where Ln = ligand, M = metal center, and OR = alkoxide moiety. 
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                                Eq. 1.5  

 Such saturation behavior is confirmed via excellent fits to the Michaelis-Menten kinetic 

expression (and poor fits to those of first- and second-order kinetic expressions). Using 

COPASI software,66 fits to Michaelis-Menten kinetics allow for the extrapolation of the 

specific rate constants Keq and k2, ultimately allowing for the study of these kinetic 

parameters as a function of catalyst structure.  

 Using this approach, (salen)AlOR catalysts, bearing either a 2 or 3-carbon backbone 

(named 1.1 and 1.2, respectively, Figure 1.9) with substituents varied in electron 

withdrawing or donating capabilities at the para position of the phenolate rings (R1 = NO2, 

Br, or OMe, Figure 1.9), were synthesized and used for the polymerization of CL.67,68 
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 Kinetic analyses of 1.1 and 1.2 resulted in several major realizations. Both extended 

backbone linker length and the presence of  EWGs (NO2 > Br > OMe) resulted in increased 

ROP rates, and k2 was the kinetic parameter which most contributed to polymerization 

rate.67,68 The latter conclusion was drawn on the basis of analysis of Eyring (Figure 1.10, 

top left) and van't Hoff (Figure 1.10, top right) plots that indicated unlike k2, Keq is relatively 

unaffected by variation of electronic substituents or backbone linker lengths. Thus, it was 

concluded that ROP rate depends more on the alkoxide nucleophilic attack to the substrate 

and relative to monomer binding.  

 

Figure 1.9. Catalysts 1.1 and 1.2, where R1 = either NO2, Br or OMe.  

 Ligand variations had a significant effect on k2, such that the fastest catalyst studied 

within the context of this work (1.2, R1 = NO2) yielded polymerization rates over three 

orders of magnitude faster than the slowest catalyst studied (1.1 R1 = OMe, see Figure 1.10, 

bottom). To better understand why extension of backbone linker length and inclusion of 

EWGs increased rate of polymerization so considerably, the structures of the catalysts and 

the molecular mechanism were evaluated using synergistic experiment and theory.  
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Figure 1.10. (Top left) Eyring analysis of 1.1 (squares, dashed lines) and 1.2 (circles, solid 
lines) for R1 = OMe (black), Br (blue), and NO2 (red). (Top right) van't Hoff analysis of 
1.2 variants for R1 = OMe (black), Br (blue), and NO2 (red). (Bottom) comparison of ROP 
rates produced by 1.1 and 1.2, where variants of catalyst 1.1 are denoted as 1-R1 and 1.2 
as 2-R1. Top images reproduced with permission from reference 68, 
https://pubs.acs.org/doi/abs/10.1021/acscatal.5b02607, further permissions related to the 
material should be directed to the American Chemical Society. 
 
 Density functional theory (DFT) calculations showed that EWGs attached to the salen 

ligand strengthened the bond between the alkoxide moiety and carbonyl of the monomer 

in the transition state, resulting in quicker nucleophilic attack, and overall faster 

polymerization rates. The calculations also revealed that the transition state geometries 

(TSGs) for the various complexes were quite similar, suggesting that the differences in rate 

should be attributed to differences in the energy of the ground state structures. X-ray 
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diffraction studies of 1.1 and 1.2 revealed significant differences quantified by the 

parameter and universal geometric index 𝜏5, where a value of 1 is representative of a 

perfectly trigonal bypyramidal geometry (tbp), while a value of 0 is representative of a 

perfectly square pyramidal geometry (sp).69 Complexes 1.1 and 1.2 bore 𝜏5 values of 0.52, 

and 0.84, respectively, indicative of a more tbp structure for the faster catalyst, 1.2. This 

finding is consistent with previous reports that corroborate that tbp geometries enhance 

ROP rates compared to their sp counterparts.51 

 In a further analysis, the energies required for 1.1 and 1.2 to adopt their respective TSGs 

(denoted as "framework distortion energy", FDE, a contributor to the overall activation 

energy, ΔG‡) were estimated. The value calculated for 1.1 (calculated ΔG‡(TSG) = 14.1 

kcal/mol) was larger than that for complex 1.2 (calculated ΔG‡(TSG) = 10.3 kcal/mol), 

corroborating their differences in ROP rates. Correlations between rate and FDE 

requirements of other published catalytic systems used for ROP of lactones were 

observed,51 setting the stage for the use of this method for predicting new catalysts.  

 Having examined both the electronics and flexibility of the backbone of the parent 

(salen)AlOR ligand and its effect on the polymerization of CL, the question of how the 

steric crowding of the ligand framework would affect the rate of polymerization was raised. 

This question was addressed by replacing the ortho-tBu substituent on the parent ligand 

with a more sterically encumbered adamantyl (Ad) group.70 Each catalyst studied within 

the context of this work bore a Br substituent in the para position, in order to ignore the 

effects of electronics on the ligand and focus entirely on the variable of significance.  

 As with complexes 1.1 and 1.2, the catalysts bearing Ad substituents (1.3 and 1.4, Figure 

1.11) showed saturation behavior, allowing for determination of Keq and k2. Similar to 

previous systems, Keq values remained relatively invariant for both 1.3 and 1.4, while k2 
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values changed significantly, signifying that ROP rate differences arose from the 

differences in rates of nucleophilic insertion onto the monomer, rather than the 

thermodynamics of monomer binding.  

 A key finding was that the CL ROP rates by 1.3 and 1.4 were faster than the less 

sterically hindered congeners. Computations indicated that these rate differences could be 

linked to the twisted resting state geometries of the catalysts due to the larger steric profile 

of their ortho substituents (𝜏5 = 0.63 for 1.3 and 0.81 for 1.4). As a result, these complexes 

had lower FDE values (10.0 and 11.0 kcal/mol, for 1.3 and 1.4, respectively) compared to 

that of 1.1 and 1.2 (15.5 and 12.4 kcal/mol, respectively). The largest rate difference 

observed between the four catalysts was between that of 1.1 and 1.4 (over five orders of 

magnitude difference in ROP rate when R1 = Br) indicating that both increased flexibility 

in the backbone and increased steric encumberment in the ortho position of the framework 

have a positive effect on ROP rate, albeit for different reasons; a longer carbon backbone 

(increased complex flexibility) enables conformational change more easily, while Ad 

substituents prime the complexes' geometry to be closer to that of the TSG, minimizing 

FDE requirements.70 

 

Figure 1.11. Catalysts 1.3 and 1.4. 
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  1.2.3.2  Zinc-Alkoxide Ring-Opening Polymerization Catalysts 

 Zinc-alkoxide (ZnOR) catalysts with variable supporting ligands have also been 

thoroughly studied for their ROP capabilities. For example, Lin et. al. studied salan-like 

dimeric Zn complexes with tridentate ligand frameworks with differing sterics and 

electronics (Figure 1.12, left) to better understand the effects of these ligand structural 

variations on ROP rate.71 Kinetic analyses of L-LA polymerization indicated that larger 

substituents on the backbone (R1 = Ph), along with the presence of electron-donating 

groups (EDGs) on the ligand framework led to faster rates. Both observations were 

postulated to derive from stabilization of the intermediate produced upon ring-opening.71  

 In addition, Lin and colleagues explored di- and trimeric Zn catalysts featuring β-

diketiminato (BDI) ligands (Figure 1.12, right).72 Again, EDGs were found to enhance the 

polymerization rate. This result was rationalized by postulating decreasing electrophilicity 

at the Zn center, which resulted in a weaker bond between the Zn atom and the alkoxide 

initiator, leading to greater nucleophilicity and faster polymerization rates. 

 

Figure 1.12. Lin's multinuclear Zn complexes, featuring a variety of substituents.  
 

 In separate work, Tolman and Hillmyer studied a Zn catalyst supported by a tridentate 

ligand. This catalyst was found to polymerize 650 equiv. of rac-LA in under 5 min (Figure 
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uniformity of polymer chain length = 1.42).54 The resulting polymers were atactic, and the 

tendency for the complex to dimerize when introduced to exogenous alcohol (Figure 1.13, 

left), complicated mechanistic studies. Subsequently, Kol and coworkers modified the 

ligand by attaching a pyridyl substituent which prevented dimerization of the complex 

(Figure 1.13, right). This catalyst, while more sluggish (300 equiv., p > 95% in 15 min), 

allowed for the synthesis of moderately isotactic PLA (Pm = 0.70) with narrower polymer 

dispersities (Đ = 1.10).30 In order to understand the different behaviors of these catalysts, 

mechanistic studies were needed, in particular to evaluate how electronic variability of the 

salan-like ligand affected both the tacticity of the resulting polymer and the ROP rates. Our 

studies of these issues are described in Chapter 2. 

 

Figure 1.13. Tolman's and Hillmyer's Zn-alkyl complex and subsequent dimer species 
(left) and Kol's modified Zn complex (right). 
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with high efficacy for ROP? How does catalyst fluxionality play a role in polymerization 

stereoselectivity? Can we better understand the ROP mechanism through stoichiometric 

studies of the postulated elementary reaction steps, such as initiation? Is the synthesis of 

monomeric catalysts bearing very flexible backbones (i.e. > 3 carbons) possible? If so, how 

does this increase in flexibility affect ROP capability?  

 We aimed to address these and related questions through modulation of catalytic 

complexes encompassing a number of variables, including, but not limited to 

length/flexibility of the backbone linker chain, change in the electronics of the ligand 

substituents and modulation of steric bulk (illustrated with regard to a salen-type ligand in 

Figure 1.14).  

 

Figure 1.14. Example of general salen-type catalyst with ligand variability indicated.  
 

 The following chapters describe how catalyst modulation and its effect on ROP were 

evaluated. Chapter 2 examines asymmetric Zn catalysts analogous to those previously 

published by Tolman, Hillmyer and Kol.30,54 In-depth characterization of these complexes 

revealed an induction period due to slow formation of the active catalyst. Full formation of 

the alkoxide species allowed for significantly improved polymerization rates. In addition, 
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electronic effects for the salan-like ligands were found to minimally influence ROP rate, 

in contrast to similar Al counterparts. Theoretical studies helped elucidate the reasons 

behind these observations.  

 Chapter 3 delves further into the FDE predictive model by way of a synergistic approach 

between experimental and theoretical work. In this chapter, studies of a new, indolide-

based Al catalyst (designed via the FDE model, in silico) are described. The validity of the 

FDE model was probed by comparisons of experimental and theoretical results.  

 Chapter 4 examines the same Al catalyst as was introduced in Chapter 3, but here for 

the polymerization of rac-LA. Characterization of the catalyst revealed fluxional behavior. 

Polymerization stereoselectivity as a function of fluxionality was explored, and 

stoichiometric reactions led to the isolation of polymerization initiation products. A 

combination of X-ray crystallography and NMR spectroscopy revealed a high level of 

enantioselective polymerization initiation. This work inspired the study of two, new 

catalysts bearing similar indolide-type frameworks, differing in their backbone structure. 

Chapter 5 studies these catalysts in-depth, with the aim of better understanding how 

fluxionality (or lack thereof) affects rac-LA polymerization and PLA microstructure. 

Careful initiation studies akin to what was presented in Chapter 4 are also discussed.  

 Finally, Chapter 6 examines a multitude of catalysts with various metal ions and ligand 

structures, with an emphasis on new complexes that bear extremely flexible ligand 

backbones. While fully characterized, these complexes were not studied in detail in terms 

of ROP, the reasons for which are discussed.  

 Taken together, the work described in this thesis has provided new insights into 

molecular mechanism of ROP by Al- and ZnOR catalysts. Better understanding of ligand 
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structural effects on ROP rates and stereochemistry was obtained, and this knowledge 

provides the basis for future catalyst design efforts.  
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2. Mechanism of the Polymerization of rac-Lactide by Fast Zinc-Alkoxide 
Catalysts 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Reproduced in part with permission from: 

Stasiw, D. E.†; Luke, A. M.†; Rosen, T.; League, A.; Neisen, B. D.; Cramer, C. J.; Kol, M.; 

Tolman, W. B. Inorg. Chem., 2017, 56 (22), 14366–14372. †Authors contributed equally. 

Copyright 2017 American Chemical Society.  
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2.1 Overview 

 In this work, ROP of rac-LA using (salan)LXZn catalysts with variable para substituents 

X on the bound phenolate donor (X = NO2, Br, tBu, OMe), was evaluated and comparisons 

to aforementioned (salen)AlOR systems67,68 were drawn. Detailed kinetic experiments and 

DFT were employed, with the aim of determining how electronic modulation of the ligand 

framework influences polymerization rate, selectivity, and control for fast Zn catalysts. 

After finding that LXZnEt pre-catalysts required 24 h of reaction with BnOH to convert to 

active complexes for ROP initiation, the subsequently formed species (LXZnOBn) proved 

to be active and fairly selective, polymerizing up to 300 equiv. of rac-LA in 6–10 min 

while yielding isotactic PLA (Pm = 0.72–0.78) with narrow polydispersities (Đ = 1.06–

1.17). In contrast to previous work with Al catalysts for which electronic effects of ligand 

substituents were significant (Hammett ρ = +1.2–1.4),67 the LXZn systems exhibited a 

much smaller effect (ρ = +0.3). Density functional calculations revealed details of the 

initiation and propagation steps, enabling insights into the isotacticity and the insensitivity 

of the rate on the identity of X.  
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2.2 Introduction  

 As stated previously in Chapter 1, new catalytic synthetic methods are needed for the 

development and broader implementation of sustainable polymers that are both derived 

from renewable feedstocks and readily degraded after use.7,73 Understanding the 

mechanisms by which existing catalysts operate is a key prerequisite for addressing this 

goal. As a privileged class of bioderived monomers, cyclic esters undergo ROP to yield 

useful sustainable materials, with catalysis by metal-alkoxide complexes serving as a 

pervasive route.62,74–77 There is wide agreement that these systems follow a coordination-

insertion mechanism involving initial binding of the monomer to the catalyst followed by 

nucleophilic attack and ring-opening by an alkoxide ligand. However, purposeful catalyst 

design is hindered by a general lack of knowledge of many details of the process, including 

the nature of the coordination and insertion steps and the fundamental reasons for changes 

in rates and selectivity observed upon varying the supporting ligand and/or metal ion. 

 Significant insights into these issues have been obtained from kinetic studies of ROP of 

LA or CL by AlOR complexes.51,67,68,78–84 Such catalysts exhibit high molecular weight 

control and modest rates that are convenient for monitoring by NMR spectroscopy, and 

typically feature easily synthesized supporting Schiff-base ligands that are readily 

structurally modified so that steric, overall geometric, and electronic influences may be 

evaluated.63,85 Notably, previous studies of AlOR systems revealed significant rate changes 

upon variation of the electron withdrawing/donating power of substituents on otherwise 

identical supporting ligands. For example, EWGs in (salen)AlOR catalysts enhanced the 

rate of ROP of CL (for the insertion rate constant k, Hammett ρ ~ +1.3, ΔΔG‡ = 1.6–2.6 

kcal/mol between systems with NO2 and OMe substituents). Analysis by DFT pointed to 

changes in the bonding in the insertion transition state as being responsible for the rate 
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differences (greater electron withdrawal shortens the Al-O(carbonyl) and C(carbonyl)-

O(alkoxide) interactions). On the other hand, there are reports of other AlOR catalysts that 

exhibit the reverse trend, where ROP is inhibited by EWGs and enhanced by EDGs.83,84 

 While these and other results from studies of well-controlled but relatively slow AlOR 

catalysts (k ~ 10–2 s–1) provide useful insights, it is unclear whether they are transferable to 

catalysts that perform ROP at much faster rates (i.e. Zn-based catalysts).86–88 A notable 

example of the latter is complex 2.1 (Figure 2.1), which was found to polymerize up to 500 

equiv. of rac-LA in under 5 min at room temperature (kp = 2.2 M–1s–1).54 This system 

produced atactic PLA with moderate polydispersities (Đ = 1.3–1.4). Unfortunately, its 

dimeric nature rendered detailed mechanistic analysis challenging compared to that of 

single-site metal alkoxide catalysts. Recently, a modified version of the ligand in 2.1 

(incorporating a pyridyl group to help prevent dimerization) was found to yield an 

exclusively monomeric (salan)LXZnEt species (2.2, Figure 2.1, X = tBu). This complex is 

a fast, controlled, and selective pre-catalyst for the polymerization of rac-LA (300 equiv.) 

using BnOH as initiator, reaching > 95% conversion in ~30 min at ambient temperature 

with moderate isotacticity (Pm = 0.7–0.8).30 

 

Figure 2.1. Zn complexes used for the polymerization of LA. 
 
 Intrigued by these results, we sought to investigate the effects of varying the electron 

donating propensities of substituents X (2.2, Figure 2.1) on the ROP kinetics and 
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stereocontrol. We report the synthesis and characterization of new variants with X = NO2, 

Br, and OMe, and a full experimental kinetic analysis of ROP of rac-LA by all four 

derivatives. Key findings include discoveries that pre-conditioning of the complexes with 

BnOH results in very high ROP rates (significantly faster than what is observed via Zn-

alkyl species and exogenous BnOH in the polymerization system), that all catalysts yield 

PLA with similar isotacticity, and that the polymerization rates are relatively insensitive to 

the nature of substituent X, in contrast to what was observed with AlOR catalysts. The 

bases for these results was evaluated through analysis of the reaction pathway by DFT 

calculations, which provided insights into the high isotacticity of the system and a 

rationalization for the lack of significant rate changes upon varying X. 

2.3 Results and Discussion 

 2.3.1 Synthesis and Characterization of Complexes 

 Using the same method reported previously for the synthesis of the proligand and 

complex 2.2 (X = tBu),30 the respective proligands and complexes 2.2 (X = NO2, Br) were 

prepared by coupling the appropriate bromomethylphenol with the pyridyl-amine fragment 

followed by treatment with ZnEt2. A different route was used to produce the proligand with 

X = OMe, involving reductive amination of the indicated aldehyde (Figure 2.2, see Scheme 

2.1, section 2.5.2 for additional detail). Each ligand was fully characterized by 1H, 13C, 

COSY, and HSQC NMR spectroscopy, as well as high resolution electrospray ionization 

mass spectrometry (HR-ESI-MS; details provided in section 2.5.2). The 1H NMR spectra 

of the proligands resulted in unique resonances for each proton (attributing to the 

asymmetry of the molecules), and in the case of X = Br, a broad O-H peak was observed 

(~3.3 ppm, Figure 2.15, section 2.5.2), but the same resonance was buried in the baseline 

for X = NO2, tBu, and OMe. The subsequent complexes (2.2) were obtained as crystalline 
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solids in good yields (85–93%), and were characterized by 1H, 13C, COSY and HSQC NMR 

spectroscopy, CHN analysis, HR-ESI-MS, and, for 2.2 (X = Br), X-ray crystallography. 

The 1H NMR spectra of complexes 2.2 featured significantly shielded ethyl peaks 

(resonances ranging from –0.5–1 ppm) and for the case of X = Br, a notable disappearance 

of the O-H resonance, indicating full metalation had occurred. Similar to other reported 

structures with analogous ligands,30 2.2 X = Br was mononuclear with a distorted sp 

geometry characterized by τ5 = 0.24. Albeit, both the Zn-O1 and Z-NX bond distances for 

2.2 are notably longer than that of similar bonds in other mononuclear, tetradentate Zn 

complexes (bond lengths ranging between 1.93–1.97 Å for Zn-O and 2.01–2.11 for Zn-N 

for selected examples).89–91 
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Figure 2.2. Synthesis of proligands and complexes, and a representation of the X-ray 
crystal structure of 2 (X = Br), showing all nonhydrogen atoms as 50% thermal ellipsoids. 
Selected distances (Å) and angles (deg): Zn1-O1, 2.0473(11); Zn1-N1, 2.1407(14); Zn1-
N2, 2.4348(14); Zn1-N3, 2.1999(15); Zn1-C1, 2.0059(17); C1-Zn1-O1, 114.67(6); C1-
Zn1-N1, 113.30(7); C1-Zn1-N2, 104.29(6); C1-Zn1-N3, 116.42(7); O1-Zn1-N1, 87.43(5); 
N1-Zn1-N2, 73.24(5); N2-Zn1-N3, 76.93(5); N3-Zn1-O1, 88.89(5); O1-Zn1-N2, 
140.84(5); N1-Zn1-N3, 126.62(5). 
 
 2.3.2 Polymerization Kinetics: Monitoring via 1H NMR Spectroscopy 
 
 Polymerization of rac-LA was initially monitored by 1H NMR spectroscopy with fixed 

concentrations of rac-LA (0.9 M < [rac-LA]0 < 1.2 M), pre-catalyst 2.2 (3 mM < [2]0 < 4 

mM), and BnOH (3 mM < [BnOH]0 < 4 mM) in CD2Cl2, using 1,4-

bis(trimethylsilyl)benzene (8.33 mM) as an internal standard (conditions matched what had 

been previously studied with the original LtBuZnEt + BnOH system). In the experiments, 

BnOH was added last, at which point data collection was initiated. Upon inspection of the 

1H NMR spectroscopy data for the polymerization of rac-LA by 2.2 (X = NO2), evidence 

of an induction period near the beginning of the polymerization array was observed (Figure 
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2.3; note the overall sigmoidal form of the curves). Based on the general 

reactivity/oxophilicity of Zn-alkyl species,92,93 we assumed that once the exogenous 

alcohol was introduced to the system, rapid exchange between the ethyl substituent and 

BnOH would occur to yield a ZnOR complex, LXZnOBn, (2.2’) which then initiated ROP. 

To explain the apparent induction period observed under the aforementioned reaction 

conditions, however, we hypothesized that the conversion of 2.2 to 2.2’ was slow, and that 

the overall polymerization rate observed under these conditions (> 95% conversion in 2.5 

h) was in fact slower than if formation of 2.2’ was instantaneous.  

 

Figure 2.3. Concentration vs. time plot for polymerization of rac-LA (300 equiv., 1 M) by 
2.2 (X = NO2, 1 equiv., 3.33 mM) and BnOH (1 equiv., 3.33 mM) as monitored by 1H 
NMR spectroscopy. Data collection was started soon after addition of BnOH. 
 
 To test the above hypothesis and determine the mixing time required for full formation 

of 2.2’, exchange experiments were performed, in which a solution of 2.2 (X = NO2, 3.33 

mM) in CD2Cl2 was added to an NMR tube with an equimolar amount of BnOH and the 

decay of the ethyl peaks associated with 2.2 (X = NO2) was monitored. Total disappearance 

of the peaks (labeled O and N, Figure 2.4) from the NMR spectrum of the LXZnEt + BnOH 
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mixture signifying complete conversion to the LXZnOBn complex occurred only after 24 

h. 

 

Figure 2.4. (Top) assigned spectrum of 2.2 (X = NO2) (see Figure 2.14, section 2.5.2 for 
comparison). (Bottom) 1H NMR of in situ generated 2.2’ (X = NO2) after 24 h of mixing 
with ~1 equiv. BnOH. Addition of the OBn substituent to the Zn complex causes resolution 
of two diastereomers as seen in splitting of the N-CH3 and backbone CH2 protons. 
 
 Although the slow reaction of 2.2 with the BnOH was initially unexpected, there is 

literature precedent for slow Zn-alkyl and alcohol exchanges.94 While NMR data support 

the formulation of 2.2’, efforts to isolate the complexes were not successful. Nonetheless, 

we confirmed that the active species were likely mononuclear in solution by using diffusion 

ordered spectroscopy (DOSY) on 2.2' (X = NO2). From these experiments, hydrodynamic 

radii rH for 2.2 and 2.2’ were found to be 6.22 Å and 6.98 Å, respectively, via the Stokes-

Einstein equation (Eq. 2.1, where kB = Boltzmann's constant, T = temperature, Ƞ = viscosity 

and D is the diffusion constant), which measures the diffusion of particles through a 

liquid.95 See Figure 2.5 and section 2.5.3 for additional detail. 
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𝑟Z =
L[\
]^_`

                                     Eq. 2.1 

 

Figure 2.5. Plot of ln(I/I0) vs. g2d2G2[D–(d/3)]x10–10 (where I = intensity,  g = 
gyromagnetic ratio for a proton, d = diffusion gradient length, G = gradient field strength, 
and D = diffusion delay) for 2.2 (X = NO2) (left) and 2.2’ (X = NO2) (right).  
 
 With the knowledge that conversion from the LXZnEt species to a LXZnOBn complex 

was slow, we ‘pre-conditioned’ the catalysts by first stirring 2.2 with BnOH for 24 h to 

fully convert them to 2.2’ before adding rac-LA. Subsequent ROP was then monitored via 

1H NMR spectroscopy using the same fixed conditions as previously described. 

Significantly faster polymerizations were observed; complexes 2.2’ (X = NO2 or Br) 

reached > 95% monomer conversion in just under 400 s (~6 min), with the same conversion 

reached with 2.2’ (X = tBu or OMe) in ~8 and ~10 min, respectively. These enhanced rates 

support the hypothesis that slow conversion from 2.2 to 2.2’ underlies the induction period 

and that full conversion to the active LXZnOBn catalyst is necessary for rapid ROP. 

However, due to the timescale for the reactions, these new polymerization rates rendered 

monitoring of the polymerizations by traditional 1H NMR spectroscopy methods 

challenging, so we turned to an alternative methodology. 

 



 35 

2.3.3 Polymerization Kinetics: Monitoring via React-IR Spectroscopy 

 In view of the fast conversions observed for the ROP reactions performed by first 

allowing 2.2 to react 24 h with BnOH, we used in situ IR monitoring by React-IR to obtain 

accurate kinetic data. Kinetic measurements of ROP of LA using Sn(Oct)2 were previously 

measured with React-IR using single wavelength analysis.96–98 Preliminary experiments 

using this method yielded variable and inconsistent results depending on the IR peak 

selected. This problem was avoided by using spectral deconvolution and global fitting in 

the 1900 cm–1 to 900 cm–1 region of the spectra to obtain relative amounts of rac-LA and 

PLA per spectrum collected. Known issues with non-linear absorption response vs. analyte 

concentration96,99 were addressed by use of calibration curves for both rac-LA and PLA 

(~50 kDa average Mw), which established correlation of integrated area under the 1900 cm–

1 to 900 cm–1 region of interest to known concentrations (Figure 2.6).  

 

Figure 2.6. (Left) rac-LA and PLA concentration calibration curves for React-IR 1900 
cm–1 to 900 cm–1 integrated area. Non-zero intercepts are an artifact of instrument noise. 
(Right) overlay of spectra of pure LA (0.53 M) and PLA (1 M). 
 
 Polymerizations of rac-LA to PLA were performed in triplicate and monitored by React-

IR at fixed concentrations of rac-LA (0.5 M < [rac-LA]0 < 1.5 M) and 2.2’ (1 mM < [2.2’]0 

< 4 mM). The series of spectra (illustrative data shown in Figure 2.7, left) were separated 
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into two components, rac-LA and PLA, through spectral deconvolution analysis.100 

Relative concentrations of rac-LA and PLA vs. time as well as absolute concentration 

(using the calibration curves) vs. time data were fit with COPASI software.66 Excellent 

agreement with a first-order fit by all 2.2’ species showed that the polymerizations follow 

a pseudo-first order rate expression: rate law = kobs[rac-LA] where kobs = kp[2.2’] (see 

section 2.5.6, Figures 2.19–2.20 for more detail, illustrative data shown in Figure 2.7, 

right). The spectral data were also fit to a pseudo-first order rate law by Olis GlobalWorks 

spectral fitting software.101 Comparison of the three fitting methods revealed results in 

close agreement (within 20%; Table 2.4, section 2.5.6); we arbitrarily chose to provide 

those obtained by COPASI fitting to calibrated data in Table 2.1. 

 

Figure 2.7. (Left) stacked IR spectra at 30 s intervals for polymerization of rac-LA (black) 
to PLA (red) to > 95% conversion using 2.2’ (X = NO2; intermediate spectra in gray). 
(Right) illustrative plot of experimental data (circles) and corresponding COPASI fit (red 
line) for the ROP of rac-LA by 2.2’ (X = NO2). See Figures 2.19–2.20 for data plots by 
other LXZnOBn catalysts. 
 
 Comparison of the kobs values as a function of para substituent (Table 2.1) reveals a 

negligible trend, as illustrated by only ~2–fold difference in rate constants. Also, a small ρ 

value of +0.3 is seen in a Hammett plot of the log(kp) values (black line, Figure 2.8). This 

finding differs significantly from that seen for ROP of CL by (salen)AlOR catalysts (red 

PLA
LA
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and blue lines), which exhibited ρ = +1.2 or +1.5, respectively (where kp refers to the 

catalytic rate constant k2 in the Michaelis-Menten expression, applicable for these catalysts 

because they exhibit saturation kinetics). In addition, the polymerization rates for the Al 

catalysts (also at 293K) varied by approximately an order of magnitude (NO2 > Br > 

OMe).67 In section 2.3.5, we turn to DFT calculations in order to better understand why a 

significantly less pronounced trend in rate as a function of phenolate substituent was 

observed for the Zn catalysts as compared to the previously studied (salen)AlOR systems. 

Table 2.1. Rate constants and PLA characterization data. 
 

Complex kobs (s–1)a Mn (kDa)b,c Pmd Đc 

2.2’ (X = NO2) 0.014(1) 53.8 0.72 1.17 

2.2’ (X = Br) 0.010(1) 61.4 0.76 1.15 

2.2’ (X = tBu) 0.0102(8) 35.5 0.78 1.15 

2.2’ (X = OMe) 0.006(1) 39.2 0.75 1.06 
aConditions: [LA]0 = 1 M: [2.2’]0 = 3.33 mM (300:1) in CH2Cl2 at 25 °C. bTheoretical Mw = 43.3 kDa. 
cValues were determined by SEC using light scattering detection with THF eluent. dDetermined by 
homonuclear decoupled 1H NMR spectroscopy. 
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Figure 2.8. Hammett plots of log(kp) vs. σpara for 2.2’ (X = NO2, Br, tBu, OMe; black data 
and linear fit, R = 0.825), with data and fits reported previously for ROP of CL by AlOR 
catalysts supported by salen ligands with a 3-carbon backbone (red, R = 0.995) or a 2-
carbon backbone (blue; R = 0.999) at 298 K. The slopes of the lines corresponding to the 
Hammett ρ values are shown. 
 
 2.3.4 Polymer Characterization 

 Kinetic experiments were exposed to air to quench the polymerization reaction within 

~30 min of completion and PLA was precipitated by addition to cold MeOH, collected, 

and dried via Schlenk line for ~48 h. Size exclusion chromatography (SEC) using a 

dynamic light scattering detector was used to determine Mw and Đ of the resulting polymers 

(Table 2.1). Even at the rapid polymerization rates observed by 2.2’, polymerization 

control is maintained, indicated by narrow polydispersities (Đ = 1.06–1.17). A sample of 

dry PLA from each kinetic experiment was dissolved in CDCl3 and used to determine Pm 

via homonuclear-decoupled 1H NMR spectroscopy. Using the methine region of the 

subsequent NMR spectrum, the different tetrad concentrations were integrated so that the 

meso and racemic character of the polymer could be determined (Figure 2.22, section 

2.5.7).35,102–104 An isotactic preference for PLA by all catalysts studied was observed, with 

Pm values reaching as high as 0.78 (Table 2.1).  

ρ = +1.5

ρ = +1.2

ρ = +0.3
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 2.3.5 Density Functional Theory Calculations (performed by Aaron B.   

   League, Mukunda Mandal and Christopher J. Cramer).  

 Quantum chemical modeling, which has previously offered important insights into the 

metal-catalyzed ROP of LA in other systems,105–111 was undertaken to 1) offer insight into 

the observed isotacticity in the polymer product, and 2) rationalize the insensitivity of the 

reaction rate to para substitution of the phenoxide moiety in the catalyst. This section 

briefly describes some of the theoretical modeling involved in this project, while more 

details are available in published work.44 

 A detailed survey of stereodistinct isomers for relevant insertion and ring-opening 

transition state structures in the parent system was done using the M06 family of density 

functionals (see section 2.5.8 for additional detail), and the reaction coordinate (Figure 2.9) 

was found to have the lowest barriers for the initiation step of the proposed polymerization 

mechanism. The ring opening transition state (TS4-5) was predicted to be rate limiting for 

both enantiomers of rac-LA, with the S,S enantiomer having a significantly higher barrier 

than the R,R enantiomer (16.1 vs. 14.0 kcal/mol, respectively) for the catalyst configuration 

used. While it is noted that the flexibility of the growing polymer chain, together with the 

structural similarity of OiPr to the portion of the growing polymer chain coordinated to the 

metal, suggests that similar differential energetics may be expected for subsequent 

propagation steps, it is also recognized that some degree of chain-end control of polymer 

stereochemistry likely occurs and is not addressed by our calculations. The observed ratio 

of tetrad peaks in the homonuclear decoupled 1H NMR spectrum of the PLA product 

reported herein and that which was previously reported30 do not match either predicted 

ratio, (1:2:1:1 for ESC vs. 1:1:0:1 for CEM).43 Critically, the rmr peak was of significant 

intensity, indicative of the importance of site control in the polymerization mechanism. 
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While calculations here only delve into the basis for this path, it is recognized that a 

complete analysis would have to take into account chain-end effects by replacing the 

isopropoxide with a more accurate model of the growing polymer chain. Such extensive 

calculations were beyond the scope of this work, which is more focused on the influence 

of the substituents on ROP rate. 

 Working under the assumption that site control is important, it is hypothesized that the 

difference in activation free energies between the two LA enantiomers is one key 

determinant of the isotacticity observed in the polymer (noting that changing the 

configuration at Zn requires a quite high-energy dissociation/re-coordination of the 

growing polymer chain from the metal center). The origin of the 2.1 kcal/mol energy 

difference is associated with the boat-like geometry of the 6-membered LA ring in this 

ring-opening transition state structure. The boat is preferred because it permits both methyl 

groups of the LA to be pseudo-equatorial while their corresponding geminal hydrogen 

atoms are pseudo-axial (the planarity of the ester linkages that comprise the other 4 atoms 

of the ring also contribute to stabilizing the boat ring form in this transition state structure). 

For the specific LXZn catalyst configuration chosen, the alternative boats have differing 

steric interactions. For the S,S case, a methyl group of the LA ring is close to and clashes 

with the tBu group of the aryloxy ring and the alkylamino portion of the ligand linker, 

whereas these interactions are lessened considerably for the R,R isomer. Moreover, the 

methyl group from the alkylamino portion of the ligand linker points directly towards the 

unperturbed ester linkage of the LA ring for the S,S-case, whereas these interactions are 

absent in the R,R variant. It is hypothesized that these differences in steric interactions 

and/or unfavorable changes in electronic interactions associated with geometry relaxation 
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to ameliorate the steric clash underlie the transition state energies and are at least partially 

responsible for the observed isotacticity in the polymerization. 

 

Figure 2.9.  M06-2X//M06-L reaction coordinate standard-state free energies for LA 
opening (kcal/mol) relative to separated species with line drawings of relevant stationary 
points, where TS indicates a certain transition state. Results for pathways involving both 
S,S- (green dotted line) and R,R-LA (black solid line) are shown with adoption of a 
particular configuration at Zn in the pre-catalyst differentiating these two paths. 
 
 To assess substitution effects, all of the stationary points in Figure 2.9 were substituted 

at the para position. Relative energetics for TS4-5, along with CM5 charges on the Zn 

atom, are shown in Table 2.2 for all of the reaction coordinates (taking the specific 

configuration at Zn that favors R,R reactivity). Slightly lower reaction barriers were 

predicted for EWGs than for H or EDGs, in good agreement with experimental 

observations, but the overall sensitivity to para substitution was predicted to be slight. 

Consistent with this observation is the very small variation in Zn CM5 charges that is 

predicted over the range of substituents. Thus, from para–N(Me)2 to para–NO2, there is 

an increase in the Zn charge of only 0.008 a.u., i.e., its Lewis acidity is modulated very 

little by para substitution of the phenol. It is not entirely trivial, of course, to explain why 
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something does not happen, but we speculate that the extensive nitrogen functionality about 

Zn buffers the phenol para substitution effect so that its influence is more limited than it 

might otherwise be expected to be. 

Table 2.2. DFT predicted reaction barriers and Zn charges in TS4-5. 
 

 R,R-LA S,S-LA 

Substituent ΔG‡rxn (kcal/mol)a QZn, CM5 ΔG‡rxn (kcal/mol) a QZn, CM5 

–NO2 13.3 0.733 15.4 0.722 

–Br 12.9 0.728 16.9 0.718 

–H 14.0 0.729 16.1 0.717 

–t-Bu 14.0 0.727 16.9 0.716 

–OMe 14.0 0.726 16.9 0.715 

–N(Me)2 14.6 0.725 17.0 0.714 
aComputed as GTS4-5 – G4 using M06-2X//M06-L free energies. 

 
 Additional insights into the basis for the ligand substitution effects may be attained by 

comparing the transition state structures calculated here to those previously reported for 

the (salen)Al system with the 2-carbon backbone (Figure 2.10).67 As illustrated for selected 

bond distances (Table 2.3) the largest change in transition state structure bond lengths for 

the (salen)Al system is found for the O2-C1 bond, which is the bond that forms in this 

mechanistic insertion step (0.057 Å; O2 is the alkoxide oxygen nucleophilically attacking 

the carbonyl carbon of CL, C1). Given such a large change in the position of the transition 

state, it is not particularly surprising that a significant variation in ΔG‡ is also observed for 

polymerization in this system (Figure 2.8, blue), presumably reflecting the influence of the 

varying basicity of the phenolates in the ligand (of which there are two). By contrast, for 

the LXZn system, there is quite little variation in the lengths of the key bonds being made 

or broken as a function of para substitution in the single phenol ring in these catalysts 

(0.009 Å for O2-C1 in the insertion step, TS2-3, Table 2.3). The variation is similarly small 
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for O5-C1 in the ring-opening step (0.013 Å, TS4-5). Interestingly, in both transition state 

structures, there are significant variations in heteroatom-Zn bond distances associated with 

para substitution of the LX phenolate, but these do not seem to significantly influence the 

reacting partners (consistent with the observed lack of much charge variation at the Zn 

center described above). We postulate that these findings derive from the fact that 1) there 

is only a single phenol in the LXZn system compared to the two in the (salen)Al system 

and/or 2) the Zn–O bonds are intrinsically about 0.2 Å longer than analogous Al–O bonds, 

thereby making Zn less sensitive to substitution effects than Al simply from the r–1 

dependence of purely electrostatic effects. 

 

Figure 2.10. Optimized transition state structure geometries, with selected atoms 
identified. (a) previously reported transition state structure for nucleophilic attack on CL 
by coordinated alkoxide for (salen)Al catalyst analogous to the Zn catalysts reported here, 
(b)transition state structure for nucleophilic attack on R,R-LA with (salan)Zn catalyst (TS2-
3), and (c) ring-opening transition state structure for the tetrahedral intermediate in the R,R-
LA/(salan)Zn system (TS4-5). Select geometric details are recorded in Table 2.3. 
 
 
 
 

Al O2

O1
C1

Zn
O2

O1 C1

Zn

O1 C1

O5

(a)

(b) (c)



 44 

Table 2.3. Selected bond lengths (Å) and bond length variations in calculated transition 
state structure for nucleophilic attack on CL or R,R-LA by coordinated alkoxide as a 
function of para substitution of the phenolate group(s).a 

 
Bond NO2 Br H OMe Range 

(salen)Al 

Al-O1 1.893 1.912 1.927 1.929 0.036 

Al-O2 1.900 1.900 1.905 1.904 0.005 

O1-C1 1.302 1.295 1.289 1.291 0.013 

O2-C1 1.744 1.769 1.801 1.784 0.057 

LXZn 

Zn-O1 2.245 2.283 2.291 2.285 0.046 

Zn-O2 2.061 2.067 2.065 2.076 0.015 

O1-C1 1.255 1.253 1.252 1.252 0.003 

O2-C1 1.874 1.870 1.876 1.879 0.009 
aBond labels refer to structures in Figure 2.10 (a) and 2.10 (b), respectively. Data for Al bonds from reference 
68.  
 
2.4 Concluding Remarks 

 In this collaborative work, we prepared and characterized a series of complexes 2.2 akin 

to previously reported efficient ROP catalysts,30 but here featuring para substituents with 

variable electronic influences. We found that pre-conditioning the LXZnEt complexes with 

BnOH yielded putative alkoxide species (2.2’) that gave fast and reproducible rates of ROP 

of rac-LA (p > 95% in 6–10 min, depending on the catalyst used). Analysis of kinetic data 

acquired using in situ React-IR revealed a pseudo-first order rate expression, while analysis 

of NMR data indicated formation of polymer enriched in isotactic sequences. In contrast 

to previous work on Al systems which showed that variation of the electronic influences 

of para phenolate substituents has a significant effect on ROP rate,67,68 the effects were 

found to be significantly attenuated for the Zn catalysts studied herein. DFT calculations 

shed important light on the reasons for the moderate isotacticity and the lack of sensitivity 
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of the ROP rate on the nature of para substituents X. Key findings were 1) the ring-opening 

TS, TS4-5, is rate-determining, and its energy is significantly different for opening the R,R- 

and S,S-isomers of LA as a result of multiple steric interactions, thus helping to explain the 

observed isotacticity of the product polymer, and 2) the attenuated effect of para 

substituent variation is reproduced, and attributed to lesser charge variation at Zn and small 

differences in key interatomic distances in the transition state structures relative to those 

seen for Al systems.  

2.5 Experimental 

 2.5.1 General Considerations 

 All air- and water-sensitive reactions were performed under inert atmosphere using 

standard Schlenk techniques. All chemicals were purchased from Sigma-Aldrich and used 

as received unless otherwise noted. Tetrahydrofuran (THF), diethyl ether, and toluene were 

each freeze-pump-thawed, dried over sodium metal and benzophenone, and vacuum 

distilled onto 3 Å activated molecular sieves where they were stored prior to use. 

Dichloromethane (CH2Cl2) was dried with an alumina column followed by calcium hydride 

(CaH2) and vacuum distilled onto 3 Å activated molecular sieves where it was stored prior 

to use. Pentane was dried with an alumina column and stored over 3 Å activated molecular 

sieves prior to use. Deuterated solvents were purchased from Cambridge Isotope 

Laboratories, Inc., dried over CaH2 and vacuum distilled onto activated 3 Å molecular 

sieves where they were stored prior to use. rac-LA was purchased from Sigma-Aldrich and 

sublimed three times prior to use. NMR spectra were obtained on either a Bruker Avance 

AV-500, a Bruker Avance HD-500, or a Bruker Avance AX-400 spectrometer. NMR 

chemical shifts (δ) are reported as parts per million (ppm) and coupling constants (J) in 

Hertz (Hz). 1H NMR spectra are referenced to the residual solvent peak at δ = 7.26 for 
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CDCl3, δ = 5.32 for CD2Cl2, or d = 2.50 for DMSO-d6. 13C NMR spectra are referenced to 

the residual solvent peak at δ = 77.23 for CDCl3 or d = 39.52 for DMSO-d6. Molecular 

weights (Mn and Mw) and polydispersity (Đ) of the PLA samples were determined in THF 

at 25 °C with a flow rate of 1 mL/min on an Agilent 1260 Infinity HPLC with Waters 

Styragel (HR6, HR4, and HR1) columns connected to a Wyatt DAWN Heleos II light 

scattering detector and a Wyatt OPTILAB T-rEX refractive index detector. X-ray 

diffraction measurements were collected with Cu Kα radiation and a Bruker D8 Photon II 

CPAD diffractometer using normal parabolic mirrors as monochromators. Elemental 

analysis was performed by Roberson Microlit Laboratories. 4-bromo-2-(bromomethyl)-6-

(tert-butyl)phenol (4b),112 3-(tert-butyl)-2-hydroxy-5-nitrobenzaldehyde,113 3-(tert-butyl)-

2-hydroxy-5-methoxybenzaldehyde,114 and N1,N2-dimethyl-N1-(pyridin-2-

ylmethyl)ethane-1,2-diamine30 were synthesized according to published procedures. 

 2.5.2 Synthetic Procedures 

Scheme 2.1. Synthesis of precursors, 2.2 complexes and 2.2' catalysts. 
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 Synthesis of 2-(tert-butyl)-6-(hydroxymethyl)-4-nitrophenol (3a). A 100 mL round 

bottom flask was charged with 590 mg (2.64 mmol) 3-(tert-butyl)-2-hydroxy-5-

nitrobenzaldehyde, dissolved in 50 mL MeOH, and chilled to 0 °C. With vigorous stirring, 

353 mg (9.33 mmol) NaBH4 dissolved in 10 mL MeOH was added slowly, then warmed 

to room temperature and stirred for 24 h. The solvent was removed under reduced pressure 

to yield a yellow, oily residue, to which ~5 mL H2O and ~2 mL glacial acetic acid was 

added. The product was extracted with CH2Cl2 (3 x 50 mL), dried over Na2SO4, and the 

solvent removed under reduced pressure to yield 501 mg (84%) crude 3a, which was used 

without further purification to synthesize 4a. 1H NMR (400 MHz, CDCl3, d): 8.17 (d, J = 

2.8 Hz, 1H, Ar-H), 7.84 (d, J = 2.8 Hz, 1H, Ar-H), 4.98 (s, 2H, Ar-CH2-OH), 2.11 (s, 9H, 

Ar-tBu). 13C NMR (125 MHz, CDCl3, d): 161.92, 140.21 138.72, 124.36, 123.36, 121.78, 

65.24, 35.30, 29.31. HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd. for C11H15NO4Na, 

248.0899; found, 248.0890. 

 Synthesis of 2-(bromomethyl)-6-(tert-butyl)-4-nitrophenol (4a). A 100 mL round 

bottom flask was charged with 500 mg (2.22 mmol) 3a, which was dissolved in 15 mL 

CHCl3, chilled to 0 °C, and placed under N2. Using an N2 purged syringe, 0.3 mL (2.22 

mmol) PBr3 was added dropwise with stirring. The reaction was allowed to warm to room 

temperature and stirred for 18 h followed by addition of ~ 10 mL cold H2O with vigorous 

stirring. The product was extracted with CHCl3 (3 x 25 mL), dried over Na2SO4, and the 

solvent removed under reduced pressure to yield 481 mg (75%) crude 4a. 1H NMR 

spectroscopy indicated the compound was present, but with unknown impurities. The crude 

material was used in the next synthetic step without further purification. 1H NMR (500 

MHz, CDCl3, d): 8.23 (d, J = 2.7 Hz, 1H, Ar-H), 8.08 (d, J = 2.7 Hz, 1H, Ar-H), 4.56 (s, 

2H, Ar-CH2-Br), 1.46 (s, 1H, Ar-tBu).  
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 Synthesis of 2-(tert-butyl)-6-((methyl(2-(methyl(pyridin-2-

ylmethyl)amino)ethyl)amino)methyl)-4-nitrophenol (5a). A 100 mL round bottom flask 

was charged with 484 mg (1.67 mmol) 4a, which was dissolved in 25 mL THF. To this 

stirring mixture, 301 mg (1.67 mmol) N1,N2-dimethyl-N1-(pyridin-2-ylmethyl)ethane-1,2-

diamine dissolved in 5 mL THF and 0.9 mL NEt3 was added dropwise. The reaction was 

stirred for 2 h then filtered through Celite and the solvent removed under reduced pressure 

to yield a dark yellow oil. The crude product was re-dissolved in CH2Cl2, passed through 

a 0.5” neutral alumina plug and finally purified by flash chromatography (5% MeOH in 

CH2Cl2) to yield 348 mg (54%) pure 5b as a yellow oil. 1H NMR (500 MHz, CDCl3, d): 

8.53 (d, J = 5.5 Hz, 1H, Py-H), 8.13 (s, 1H, Ar-H), 7.80 (s, 1H, Ar-H), 7.63 (t, J = 7.6 Hz, 

1H, Py-H), 7.56 (d, J = 7.6 Hz, 1H, Py-H), 7.17 (t, J = 5.5 Hz, 1H, Py-H), 3.76 (s, 2H, Py-

CH2-N), 3.73 (s, 2H, Ar-CH2-N), 2.70 (s, 4H, N-CH2-CH2-N), 2.28 (s, 6H, N-CH3 x2), 

1.43 (s, 9H, Ar-tBu). 13C NMR (125 MHz, CDCl3, �): 164.03, 148.99, 139.14, 137.51, 

136.55, 123.32, 122.78, 122.58, 121.93, 64.20, 60.66, 54.31, 53.89, 42.25, 41.24, 35.02, 

29.07. HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C21H31N4O3, 387.2396; found, 

387.2423. 

 Synthesis of 2.2 (X = NO2). A 50 mL Schlenk flask was charged with 292 mg (0.75 

mmol) 5a, pump/purged with N2 three times, and dissolved in 5 mL dry toluene. Using an 

N2 purged syringe, 0.75 mL ZnEt2 (1 M in hexanes) was added dropwise then allowed to 

stir at room temperature for 2 h. The solvent was removed under reduced pressure and the 

flask transferred to a nitrogen glovebox. The residual solids were dissolved in minimal 

toluene, transferred to a 20 mL vial, layered with diethyl ether, and cooled to –20 °C for 48 

h. The resulting yellow precipitate was collected on a medium frit and dried under vacuum 

to yield 309 mg (85%) pure 2 (X = NO2). 1H NMR (500 MHz, CDCl3, d): 8.88 (1 H, s, Py-
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H), 8.12 (s, 1H, Ar-H), 7.86 (s, 1H, Ar-H), 7.82 (t, J = 7.2 Hz, 1H, Py-H), 7.42 (t, J = 7.2 

Hz, 1H, Py-H), 7.30 (d, J = 7.3 Hz, 1H, Py-H), 4.23 (d, J = 14.4 Hz, 1H, Py-CH2-N), 4.09 

(d, J = 10.2 Hz, 1H, Ar-CH2-N), 3.71 (d, J = 14.4 Hz, 1H, Py-CH2-N), 3.12 (m, 2H, N-

CH2-CH2-N), 2.90 (d, J = 10.2 Hz, 1H, Ar-CH2-N), 2.82 (m, 2H, N-CH2-CH2-N), 2.36 (s, 

3H, N-CH3), 2.24 (s, 3H, N-CH3), 1.39 (s, 9H, Ar-tBu), 1.01 (t, J = 10.4 Hz, 3H, Zn-CH2-

CH3), -0.13 (q, J = 10.4 Hz, 2H, Zn-CH2-CH3). 13C NMR (125 MHz, CDCl3, d): 176.24, 

149.72, 149.63, 139.19, 138.61, 133.14, 126.50, 124.14, 123.84, 123.01, 117.47, 62.60, 

60.83, 55.92, 54.71, 44.06, 43.94, 35.15, 29.32, 13.70, –2.30. HRMS (ESI/Q-TOF) m/z: 

[M-Et]+ Calcd. for C21H29N4O3Zn, 449.1531; found, 449.1540. Anal. Calcd for 

C23H34N4O3Zn: C, 57.56; H, 7.14; N, 11.67. Found: C, 57.32; H, 7.29; N, 11.29. 

 Synthesis of 4-bromo-2-(tert-butyl)-6-((methyl(2-(methyl(pyridin-2-

ylmethyl)amino)ethyl)amino)methyl)phenol (5b). A 100 mL round bottom flask was 

charged with 400 mg (1.24 mmol) 4b and dissolved in 20 mL THF. To this stirring mixture, 

224 mg (1.24 mmol) N1,N2-dimethyl-N1-(pyridin-2-ylmethyl)ethane-1,2-diamine 

dissolved in 5 mL THF and 0.8 mL NEt3 was added dropwise. The reaction was stirred for 

2 h then filtered through Celite and the solvent removed under reduced pressure to yield a 

yellow oil. The crude product was re-dissolved in CH2Cl2, passed through a 0.5” neutral 

alumina plug and finally purified by flash chromatography (75% EtOAc, 25% Hexanes, 

neutral alumina) to yield 226 mg (43%) pure 5b as a pale yellow oil. 1H NMR (500 MHz, 

DMSO-d6, d): 8.45 (d, J = 5.5 Hz, 1H, Py-H), 7.68 (t, J = 7.6 Hz, 1H, Py-H), 7.56 (d, J = 

7.6 Hz, 1H, Py-H), 7.24 (t, J = 5.5 Hz, 1H, Py-H), 7.14 (s, 1H, Ar-H), 7.07 (s, 1H, Ar-H), 

3.69 (s, 2H, Py-CH2-N), 3.63 (s, 2H, Ar-CH2-N), 3.34 (bs, 1H, Ar-OH), 2.59 (m, 4H, N-

CH2-CH2-N), 2.18 (s, 3H, N-CH3), 2.15 (s, 3H, N-CH3), 1.33 (s, 9H, Ar-tBu). 13C NMR 

(125 MHz, DMSO-d6, d): 159.61, 156.54, 149.04, 138.51, 136.71, 129.35, 128.24, 125.40, 
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123.13, 122.53, 109.74, 64.08, 60.08, 42.26, 42.09, 34.95, 29.46. HRMS (ESI/Q-TOF) 

m/z: [M+H]+ Calcd. for C21H31BrN3O, 420.1651; found, 420.1675. 

 Synthesis of 2.2 (X = Br). Inside a nitrogen filled glovebox, a sample of 214 mg (0.51 

mmol) 5b was added to a 20 mL vial and dissolved in 3 mL dry toluene. Using a syringe, 

0.52 mL ZnEt2 (1 M in hexanes) was added dropwise with stirring. The reaction was capped 

with a plastic screw cap, stirred for 2 h at room temperature, and the solvent was removed 

under reduced pressure to yield 243 mg (93%) 2 (X = Br). X-ray quality crystals were 

collected from the recrystallization of 2 (X = Br) in toluene layered with pentane at –40 

°C. 1H NMR (500 MHz, CDCl3, d): 8.81 (d, J = 4.3 Hz, 1H, Py-H), 7.75 (t, J = 7.7 Hz, 1H, 

Py-H), 7.35 (m, 2H, Py-H), 7.19 (d, J = 2.0 Hz, 1H, Ar-H), 6.91 (d, J = 2.0 Hz, 1H, Ar-H), 

4.33 (d, J = 10.0 Hz, 1H, Py-CH2-N), 4.21 (bs, 1H, N-CH2-CH2-N), 3.65 (d, J = 10.0 Hz, 

1H, Py-CH2-N), 3.24 (bs, 1H, Ar-CH2-N), 2.73 (m, 3H, N-CH2-CH2-N, N-CH2-CH2-N,), 

2.62 (bs, 1H, Ar-CH2-N), 2.30 (s, 3H, N-CH3), 2.23 (s, 3H, N-CH3), 1.39 (s, 9H, Ar-tBu), 

0.96 (t, J = 7.3 Hz, 3H, Zn-CH2-CH3), -0.20 (m, 2H, Zn-CH2-CH3). 13C NMR (125 MHz, 

CDCl3, d): 149.39, 141.24, 137.80, 136.74, 135.39, 130.97, 130.75, 129.15, 123.27. 

122.91, 103.23, 63.18, 59.90, 55.22, 55.15, 44.09, 43.28, 35.13, 29.37, 13.60, –2.55. 

HRMS (ESI/Q-TOF) m/z: [M-Et]+ Calcd. for C21H29BrN3OZn, 482.0785; found, 482.0794. 

Anal. Calcd for C23H34BrN3OZn: C, 53.76; H, 6.67; N, 8.18. Found C, 53.71; H, 6.60; N, 

7.95.   

 Synthesis of 2-(tert-butyl)-4-methoxy-6-((methyl(2-(methyl(pyridin-2-

ylmethyl)amino)ethyl)amino)methyl)phenol (5c). A 250 mL round bottom flask was 

charged with 1.00 g (4.80 mmol) of 3-(tert-butyl)-2-hydroxy-5-methoxybenzaldehyde 

dissolved in 20 mL CH2Cl2. To this, 861 mg (4.80 mmol) N1,N2-dimethyl-N1-(pyridin-2-

ylmethyl)ethane-1,2-diamine dissolved in 40 mL CH2Cl2 was added. After stirring for 2 
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hours, the reaction mixture was brought to 0 °C and 1.32 g (6.24 mmol) sodium 

triacetoxyborohydride was added. The reaction was stirred for 4 h and then quenched with 

NaHCO3. The product was extracted with CH2Cl2 (3 x 50 mL) and the solvent was removed 

under reduced pressure to yield a dark brown oil. The crude product was re-dissolved in 

CH2Cl2, passed through a 0.5” neutral alumina plug and finally purified by flash 

chromatography (gradient, 100% CH2Cl2 to 10% EtOAc in CH2Cl2, SiO2) to yield 748 mg 

(42%) pure 5c.  1H NMR (500 MHz, CDCl3 d): 8.59 (ddd, J = 4.9, 1.8, 0.8 Hz, 1H, Py-H), 

7.73 (td, J = 7.8, 1.6 Hz, 1H, Py-H), 7.38 (dt, J = 7.8, 0.8 Hz, 1H, Py-H), 7.33 (ddd, J = 

7.8, 4.9, 1.3 Hz, 1H, Py-H), 6.80 (d, J = 3.0 Hz, 1H, Ar-H), 6.42 (d, J = 3.0 Hz, 1H, Ar-H), 

4.13 (d, J = 13.5 Hz, 1H, Py-CH2-N), 4.05 (d, J = 13.5 Hz, 1H, Py-CH2-N), 3.75 (s, 3H, 

OCH3), 3.74 (app s, 1H, Ar-CH2- N), 3.70 (d, J = 13.5 Hz, 1H, Ar-CH2-N), 3.06 (m, 4H, 

N-CH2-CH2-N), 2.65 (s, 3H, N-CH3), 2.37 (s, 3H, N-CH3), 1.35 (s, 9H, Ar-tBu). 13C NMR 

(125 MHz, CDCl3, d): 151.98, 150.87, 150.36, 149.95, 138.04, 137.03, 127.17, 124.21, 

122.03, 113.16, 111.26, 64.61, 62.39, 57.38, 55.80, 50.19, 48.81, 42.12, 34.92, 29.49. 

HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C22H34N3O2, 372.2651; found, 372.2659.  

 Synthesis of 2.2 (X = OMe). Inside a nitrogen filled glovebox, a sample of 104 mg 

(0.279 mmol) 5b was added to a 20 mL vial and dissolved in 3 mL dry toluene. Using a 

syringe, 0.56 mL ZnEt2 (1 M in hexanes) was added dropwise with stirring. The reaction 

was capped with a plastic screw cap, stirred for 2 h at room temperature, and the solvent 

was removed under reduced pressure to yield 120 mg (93%) 2 (X = OMe) which was 

recrystallized from toluene layered with pentane at –40 °C. 1H NMR (500 MHz, CD2Cl2, 

d): 8.75 (d, J = 3.7 Hz, 1H, Py-H), 7.77 (t, J = 6.7 Hz, 1H, Py-H), 7.40 (bs, 1H, Py-H), 7.34 

(t, J = 4.0 Hz, 1H, Py-H), 6.74 (d, J = 2.0 Hz, 1H, Ar-H), 6.43 (d, J = 2.0 Hz, 1H, Ar-H), 

4.34 (bs, 1H, Ar-CH2-N), 4.21 (bs, 1H, Py-CH2-N), 3.69 (s, 3H, OCH3), 3.35 (bs, 1H, N-
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CH2-CH2-N), 2.86 (bs, 1H, N-CH2-CH2-N), 2.70 (app bs, 3H, Ar-CH2-N, Py-CH2-N, N-

CH2-CH2-N), 2.56 (bs, 1H, N-CH2-CH2-N), 2.27 (s, 3H, N-CH3), 2.24 (s, 3H, N-CH3), 1.37 

(s, 9H, Ar-tBu), 0.97 (t, J = 7.2 Hz, 3H, Zn-CH2-CH3), -0.22 (m, 2H, Zn-CH2-CH3). 13C 

NMR (125 MHz, CD2Cl2, d): 161.83, 155.43, 149.71, 147.69, 139.56, 138.10, 124.89, 

123.66, 123.50, 113.94, 113.94, 64.14, 60.42, 56.47, 56.01, 55.57, 44.63, 43.23, 35.50, 

29.83, 14.05, –2.15. HRMS (ESI/Q-TOF) m/z: [M-Et]+ Calcd. for C22H32N3O2Zn, 

434.1786; found, 434.1809. Anal. Calcd for C24H37N3O2Zn: C, 62.00; H, 8.02; N, 9.04. 

Found: C, 60.16; H, 7.66; N, 8.77. Two separate attempts for elemental analysis resulted 

in percentage matches for hydrogen and nitrogen atoms, but both attempts yielded slightly 

lower percentages for carbon atoms than calculated. This is likely due to incomplete 

combustion during the experiment, as the high purity of the complex was confirmed via 1H 

NMR spectroscopy and HRMS.  
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Figure 2.11. 1H (top) and 13C (bottom) NMR spectra of 3a. 

 
 

Figure 2.12. 1H NMR spectrum of 4a. Impurities are denoted by red asterisks (purification 
was not required before subsequent synthetic step).  
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Figure 2.13. 1H (top) and 13C (bottom) NMR spectra of 5a. 
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Figure 2.14. 1H (top) and 13C (bottom) NMR spectra of 2.2 (X = NO2). 
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Figure 2.15. 1H (top) and 13C (bottom) NMR spectra of 5b. 
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Figure 2.16. 1H (top) and 13C (bottom) NMR spectra of 2.2 (X = Br). 
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Figure 2.17. 1H (top) and 13C (bottom) NMR spectra of 5c. 
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Figure 2.18. 1H (top) and 13C (bottom) NMR spectra of 2.2 (X = OMe). 
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 2.5.3 Diffusion Ordered Spectroscopy (DOSY)  

 DOSY experiments were performed on a Bruker Avance AV-500 in CDCl3 containing 

TMS as an internal standard and a linear power ramp from 2% to 95% attenuation in 16 

steps. The averaged slopes of the ln(I/I0) vs. g2d2G2[D–(d/3)]x10–10 (m2 s) plots determine 

diffusion coefficients for 2.2 (X = NO2) and 2.2’ (X = NO2). Diffusion constants were then 

converted to hydrodynamic radii (6.22 Å for 2.2 and 6.98 Å for 2.2’) via the Stokes-

Einstein equation (Eq. 2.1). 

 2.5.4 General Procedure for 1H NMR Kinetic Studies 

  A sample of 100 µL of 0.02 M LXZnEt complex, 10 µL of 0.5 M internal standard (bis-

para-trimethylsilylbenzene), and 480 µL of 1.25 M rac-LA (100 equiv.) in dry CD2Cl2 was 

added to an NMR tube inside a nitrogen-filled glove box and capped with a rubber septum. 

Then 10 µL of a 0.20 M BnOH solution (1 equiv.) in CD2Cl2 was taken up into an air-tight 

syringe and the end pressed into a rubber septum to maintain N2 atmosphere. An initial 

NMR of the LXZnEt complex and rac-LA was taken as a baseline for following the 

polymerization. The sample was removed from the spectrometer, the solution of BnOH 

was injected into the tube from the air-tight syringe, the tube was shaken to mix the 

components, and finally returned to the spectrometer to monitor the polymerization. The 

polymerization rate was evaluated by comparing the integration of the methine peaks of 

the monomer and the formed polymer to the residual signal of the internal standard in the 

1H NMR spectra. 

 2.5.5 General Procedure for Exchange Experiments 

 A sample of 500 µL of 0.02 M LXZnEt complex and 50 µL of 0.20 M BnOH solution 

(1 equiv.) in dry CD2Cl2 were added to a 4 mL vial inside of a nitrogen-filled glovebox and 

stirred for 24 h. Aliquots of the stirring reaction were taken at various time points and were 
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subjected for 1H NMR analysis to monitor the exchange of the BnOH and Et substituent 

on the Zn center. Complete disappearance of the ethyl peaks on the 1H NMR spectrum 

indicated full exchange had occurred. 

 2.5.6 React-IR Kinetic Studies  

 All solutions were prepared in freshly dried CH2Cl2 and all experiments were performed 

in triplicate. Each experiment has a target final concentration of 3.33 mM catalyst and 1 M 

rac-LA (1:300). A stock solution of 66.6 mM catalyst was prepared 24 h in advance by 

stirring 667 µL 0.099 mM LXZnEt and 333 µL 0.20 M BnOH. Next, 300 μL CH2Cl2 was 

added to a 20 mL vial and used to record a new solvent spectrum for each experiment. 

Then 1600 µL 1.25 M rac-LA in CH2Cl2 was added and the instrument set to start recording 

a 16 scan spectrum from 2300 cm–1 to 650 cm–1 every 10 s. Using a gas tight syringe, 100 

µL 66.6 mM (salan)LXZnOBn was added to the reaction vial and the time of addition 

recorded as t = 0. ConcIRT analysis, a global fitting program native to the iC IR instrument 

software, was performed on each data set from 1900 cm–1 to 900 cm–1 to determine relative 

concentration of rac-LA and PLA.103 Analysis using ConcIRT was validated using the 

standalone Olis GlobalWorks program.104 

 Normalized concentration versus time plots (Figure 2.19) assume [PLA] = 1 M at the 

end of the experiment and the data is normalized accordingly. Converting the same data to 

a calibrated concentration using the calibration curve yields a similar concentration versus 

time plots (Figure 2.20). Both plots were fit to a pseudo-first order rate expression with the 

COPASI global fitting software.67 The rate constants determined for the normalized, 

calibrated, and Olis Globalworks kinetic fits are summarized in Table 2.4. 
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Figure 2.19. Normalized concentration versus time data and COPASI fits for (A) 2.2’ (X 
= NO2), (B) 2.2’ (X = Br), (C) 2.2’ (X = tBu), and (D) 2.2’ (X = OMe). 
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Figure 2.20. Calibrated concentration versus time data and COPASI fits for (A) 2.2’ (X = 
NO2), (B) 2.2’ (X = Br), (C) 2.2’ (X = tBu), and (D) 2.2’ (X = OMe). 
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Figure 2.21. Kinetic traces from Olis Globalworks for (A) 2.2’ (X = NO2), (B) 2.2’ (X = 
Br), (C) 2.2’ (X = tBu), and (D) 2.2’ (X = OMe). 
 
Table 2.4. Comparison of observed rate constants at 298 K in CH2Cl2 for normalized, 
calibrated, and Olis Globalworks spectral analysis. 
 

Complex kobs normalized (s–1) kobs calibrated (s–1) kobs Olis (s–1) 

2.2’ (X = NO2) 0.011(2) 0.014(1) 0.0096(3) 

2.2’ (X = Br) 0.009(2) 0.010(1) 0.0083(9) 

2.2’ (X = tBu) 0.0074(4) 0.0102(8) 0.0063(1) 

2.2’ (X = OMe) 0.004(1) 0.006(1) 0.0048(2) 
 
 2.5.7 Tacticity Measurements 

 Tacticity of each polymer was measured by dissolving dried polymer in CDCl3 and 

submitting the sample for homonuclear decoupled 1H NMR. Using the methine region of 



 65 

the spectrum (5.15–5.25 ppm), the different tetrad concentrations were integrated and 

Bernoullian statistics (assuming CEM mechanism) were applied to determine the amount 

of racemic and meso character in the polymer.35 For more accurate integration 

measurements, deconvolution of the spectra was achieved using MestReNova software.115 

 

Figure 2.22. Example of the methine region of a homonuclear-decoupled 1H NMR 
spectrum of PLA polymerized by 2.2’ used for tacticity measurements. Shown here is the 
spectrum’s normal appearance (left), and the same spectrum, but deconvoluted in 
MestReNova for measurement simplicity (right). 
 
 2.5.8 Calculation Details (executed by Aaron B. League, Mukunda Mandal and  

   Christopher J. Cramer)  

 Structures were optimized at the M06-L level of theory116,117 in the Gaussian09 software 

package,118 using the 6-31+G(d,p) basis set for organic atom types,119–121 and the SDD basis 

set and pseudopotentials for Zn and Br atoms.122 Frequency calculations were performed 

at the same level of theory to compute relevant partition functions for the prediction of 

thermochemical quantities. While computationally more efficient local functionals are well 

known to predict molecular geometries with a high degree of accuracy, to address their 

tendency to underestimate barrier heights in main-group chemical systems, single-point 

calculations were then done using the M06-2X functional123 with the 6-311+G(d,p) basis 

set for organic atom types and the SDD basis sets and pseudopotentials for Zn and Br 



 66 

atoms. From these data, best-estimate free energies G were computed as G = EM06-2X + 

(GM06-L – EM06-L) where E is the electronic energy. 

All calculations were performed including the effects of SMD124 continuum CH2Cl2 

solvent, and all calculations employed a density fitting basis set automatically generated 

by Gaussian to speed evaluation of Coulomb integrals. CM5125 charges were calculated 

from the final M06-2X densities. A free-energy adjustment of 1.89 kcal/mol was added to 

all species to account for a change from 1 atm to 1 M concentration. 

An initial M06-L survey of possible transition state structures along a plausible 

coordination-insertion mechanistic pathway (analogous to the coordination-insertion 

mechanism proposed for (salen)Al67) was conducted using glycolide in place of LA as 

substrate, and OMe in place of OiPr or phenoxide as an initiator. By eliminating the 

stereochemistry present in LA compared to glycolide, the number of structures required 

for a detailed survey was reduced twofold. 
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3. Computational Prediction and Experimental Verification of ε-Caprolactone 
Ring-Opening Polymerization Activity by an Aluminum Complex of an 

Indolide/Schiff-Base Ligand 
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3.1 Overview 

 Previous work involving collaboration between theory and experiment regarding ROP 

rates and modulations to Al catalyst structure led to insights into ligand structural effects 

on polymerization rates.67,68,70 Through the detailed study of ligand modifications 

including extension of ligand backbone (2-carbon vs. 3-carbon backbone) and the 

introduction of sterically encumbering ortho substituents (i.e. Ad groups), and their 

respective structural effects on ROP rate, it was postulated that the closer a structure's 

resting state geometry was to that of the TSG (required for ring-opening to occur), the 

faster the overall polymerization rate.68,70 In an extension of this earlier work, 

computational screening of a series of Al complexes for their activity in the ROP of CL 

was performed. Results from this predictive screen led to consideration of a new Al 

complex with a bis-indolide Schiff-base ligand as an efficient catalyst for CL 

polymerization. This prediction was tested and verified experimentally through the 

synthesis and characterization of the complex and evaluation of its ROP reactivity. Results, 

gained from detailed kinetic study of CL polymerization, showed that theory and 

experiment matched well (within 1 kcal/mol), verifying the overall validity of said 

theoretical prediction.  
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3.2 Introduction 

 Over the past decade, experiment and theory combined have made significant progress 

with respect to elucidating the details of ROP mechanisms by metal-alkoxide 

complexes.67,68,70,105,111,126,127 The coordination-insertion pathway (Figure 1.5, section 

1.2.2, more detailed mechanism shown in Figure 3.1) is usually invoked as a preferred 

propagation route that proceeds through four elementary steps: 1) coordination of monomer 

to the penta-coordinated metal-alkoxide catalyst, 2) insertion of the alkoxide into the 

activated monomer ester via transition state 1 (TS1), which is typically the RDS, 3) 

rearrangement of the tetrahedral orthoester intermediate with respect to which oxygen 

atoms interact most closely with the metal center, and, finally, 4) ring-opening ester bond 

cleavage (via transition state 2, TS2) to generate the polymer chain alkoxide terminus 

elongated by one unit. The same mechanism is also active for initiation, with energetic 

details differing somewhat depending on how closely the pre-catalyst –OR group 

resembles the alkoxide terminus of the growing polymer (from the standpoint of assessing 

structure-activity relationships, modeling initiation can be more efficient as it avoids the 

complexities associated with long, flexible growing polymer chains). 
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Figure 3.1. Detailed coordination-insertion mechanism for ROP. 
 
 Among the plethora of complexes that have been studied for purposes of ROP,61,128–131 

(salen)Al complexes are especially popular because of their high Lewis acidity, low 

toxicity, and high tunability, allowing systematic exploration of steric/electronic factors on 

ROP rates, molecular weight control, and selectivities.132,133 Ligand structure and 

coordination environment have been identified as two crucial factors that determine the 

reactivity of a given ROP catalyst. For example, an 11-fold rate increase during rac-LA 

polymerization was observed using a longer backbone tether for an (salen)Al catalyst, and 

this finding was expanded upon in later work with CL.51,68 Conversely, increased rigidity 

in the catalyst backbone—engineered using aryl-fused tethers rather than alkyl tethers—

have resulted in decreased rates of LA polymerization.81 In other related work, an Al 

complex of dibenzotetramethyltetraazaannulene (TMTAA, complex shown in Figure 3.2) 

was found to be an especially sluggish catalyst for CL polymerization. This result was 

attributed to the high rigidity of the TMTAA ligand that made it energetically costly to 
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reach the pivotal octahedral TSG associated with the RDS.134 Given the significant 

influence that the ligand framework can have on polymerization rate, the development of 

efficient computational approaches to screen alternative ligands for activity was targeted 

to speed experimental testing through the prioritization of synthetic targets. 

 

Figure 3.2. TMTAA complex, notably sluggish for CL polymerization (crystal structure of 
complex revealed τ5 = 0.02, geometry highly sp).134 
 
 The FDE hypothesis68,70,135 can be a useful tool for such screenings. The FDE descriptor 

rationalizes structure-activity variations for series of catalysts where the geometries of the 

transition state structures of that of the RDS are all similar, at least with respect to 

coordination about the active site. For example, the geometries of the RDS transition states 

structures for polymerization of CL by a series of eight Al catalysts, differing only in the 

imine tether, were reported to have similar structures, with bond lengths and bond angles 

about the central Al-atom having deviations from their means of only ~0.01 Å and 3°, 

respectively.68 In such instances, the energy required to distort the framework of the pre-

catalyst so as to adopt the ‘optimal’ TSG (defined as the FDE) correlates closely with the 

overall ΔG‡ of the reaction (cartoon depiction in Figure 3.3). The FDE can be computed 

by taking the difference in the electronic energies of two frozen ligand frameworks: one 

derived by the removal of the alkoxy group of the optimized “resting” pre-catalyst and the 

other by removing both the alkoxy and CL from the optimized transition state. Still more 

rapid screenings may in principle be accomplished by computing the energy for the latter 

structures by first imposing a frozen set of geometric parameters about the metal center for 

N

N N

N
Al OEt
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all putative transition state structures and then simply relaxing the remaining geometric 

degrees of freedom, thereby obviating the need for specific transition state structure 

optimizations, although the utility of this simplified approach will perforce degrade as 

explored ligand sets increase in diversity. 

 

Figure 3.3. Cartoon depicting the relationship between ground state geometry and general 
TS1 geometry (TSG) via activation free energy. Image reproduced with permission from 
reference 68, https://pubs.acs.org/doi/abs/10.1021/acscatal.5b02607, further permissions 
related to the material should be directed to the American Chemical Society.  
 
 In this work, the systematic investigation of catalysts screened using the theoretical FDE 

model led to the identification of a catalyst to test experimentally. This catalyst was 

synthesized, characterized, and its catalytic activity for CL polymerization was evaluated. 

High ROP activity was observed, providing key confirmation of the validity of the FDE 

approach for predicting catalytic activity by AlOR catalysts.  
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3.3 Results and Discussion 

 3.3.1 Density Functional Theory Calculations (performed by Mukunda   

   Mandal, Büşra Dereli, and Christopher J. Cramer) 

 This section briefly describes the theoretical modeling involved in this project, with 

more details available in published work.136 The ROP of CL is notably rapid for complex 

3.1 (Figure 3.4, A) relative to other Al catalysts.70 The mechanistic details associated with 

catalysis by 3.1 have been explored via DFT, with ΔG‡(TS1) and FDE computed to be 7.8 

and 12.7 kcal/mol, respectively70 (note, the original calculations report 10.3 and 12.4 

kcal/mol respectively, but this is attributed to the following three factors: 1) CH2Cl2 

solvation effects instead of those from toluene, 2) inclusion of Grimme's D3-dispersion 

correction term, and 3) a more favorable orientation of the CL fragment in TS1 identified 

here). With respect to in silico screening of alternative catalysts, we sought to identify 

ligands predicted to lead to still lower values of ΔG‡(TS1) and/or FDE than those computed 

for 3.1, ultimately resulting in faster catalysis. 

 First design efforts focused on modification of the parent system 3.1 through the 

introduction of additional tethers, of varying length, bridging other atoms of the salen 

moiety (identified as Pn, Qn and Rn in Figure 3.4, A, where "n" refers to the number of 

methylene units in the tether). The goal was to constrain the pre-catalyst to a geometry 

more closely resembling the corresponding TS1 structure, thereby reducing FDE. 

However, extensive surveys of frameworks 3.2–3.4 for varying values of "n" failed to 

identify any with FDE or ΔG‡(TS1) values less than those for 3.1.  
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Figure 3.4. (A) Parent salen catalyst and modifications with additional alkyl tethers. (B) 
Pyridine-based systems as a sidearm modification to salen. (C) Pyrrole/indole-based 
{N,N,N,N}-complexes. 
 
 As favorable constraints on the pre-catalyst geometries were not achieved with 

additional tethers, incorporation of the imine functionality of the salen ligand into pyridine 

moieties (3.5 and 3.6, Figure 3.4, B) was explored. In this instance, the goal was to tune 

both the steric and electronic aspects of the catalyst, with the hypothesis being that the 

pyridine units would modulate the Lewis acidity of the metal center through their π-donor 
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character while simultaneously reducing steric demand associated with the overall tether. 

Interestingly, both 3.5 and 3.6 are predicted to be potentially active for CL 

homopolymerization with ΔG‡(TS1) ~6.5 kcal/mol and FDE ~10.5 kcal/mol, values indeed 

below those computed for 3.1. However, it was concluded that the ligands themselves and 

their assembly about the catalytic center were likely to pose significant synthetic 

challenges, and on that basis, it was decided instead to explore further modifications in the 

ligand framework, and in particular to evaluate the replacement of O atom donors with N 

atom alternatives (3.7–3.12, Figure 3.4, C). Complex 3.7 with its bis(pyrrolide) Schiff-base 

ligand was reported previously.109,137,138 In contrast to the half-salen systems previously 

reported,139 where a five-membered-ring chelate of the ligand at Al leads to faster catalysis 

during CL polymerization than a six-membered one, 3.8 was predicted to be significantly 

faster than 3.7 for the same reaction (Table 3.1). The larger ligand arm of 3.8 permits it to 

adopt the octahedral geometry of the RDS TS1 more readily, as reflected by its FDE of 8.5 

kcal/mol compared to that of 12.2 kcal/mol for 3.7. 

 Changing the pyrrolide functionality to indolide (3.9), para-bromoindolide (3.10), 

benzimidazolide (3.11), and benzotriazolide (3.12) was also explored. Table 3.1 further 

compares key energetic and structural parameters for catalysts 3.1 and 3.7–3.12. The 

∆G‡(TS1) values for 3.8–3.12 are all low, implying rapid ROP rates, and a comparison of 

structures and energetics for 3.1 vs. 3.9 (Figure 3.5) suggests the ligand system of the latter 

to have significant potential. In addition, when the indolide ligands in 3.9 are modified to 

make them less electron donating, either by introducing bromo-substituents (3.10) or by 

introducing additional N-atoms in the five-membered ring (3.11 and 3.12), the catalyst is 

predicted to be more Lewis acidic, as judged by a shortening of both r1, the metal-OR bond 

distance in the catalyst, and r2, the metal–carbonyl bond distance in TS1, and there are 
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corresponding improvements in predicted catalytic activity as judged by decreasing values 

of ΔG‡(TS1). Interestingly, there is considerably less variation in the predicted FDE, which 

is consistent with the relatively limited variation in τ5 predicted for the pre-catalyst 

structures. Put differently, with τ5 values already so close to 1.0, additional acceleration 

must be achieved by tuning of the overall electronic structure toward enhanced Lewis 

acidity. 

Table 3.1. Computed geometry indices (τ5), activation free energies (kcal/mol), FDEs, 
(kcal/mol), and key bond lengths (Å) for N4-donor systems.a 

 
Catalyst τ5 ∆G‡ (TS1) FDE r1 (Al-OMe) r2 (Al-O=C) 

3.1 0.71 7.8 12.7 1.765 1.926 

3.7 0.42 10.6 12.2 1.756 1.908 

3.8 0.75 5.5 8.5 1.762 1.912 

3.9 0.80 7.6 11.6 1.772 1.937 

3.10 0.79 6.8 11.1 1.771 1.929 

3.11 0.80 6.2 11.9 1.764 1.917 

3.12 0.84 4.7 12.6 1.755 1.908 
aCalculations performed at the SMD(CH2Cl2)/M06-2X-D3/6-311+G(d,p)//M06-L/6-31+G(d,p) level of 
theory. 
 

 

Figure 3.5. Optimized structures for 3.1 and 3.9 and their corresponding RDS transition 
state structures for CL polymerization. 
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 3.3.2  Experimental Work  

  3.3.2.1  Synthesis and Characterization of Complex 

 Given the computational prediction of good activity for 3.9 coupled with its perceived 

synthetic accessibility, the synthesis of its benzyloxy analog, 3.14 (Figure 3.6), was 

targeted. Condensation of 7-indolecarboxaldehyde and 2,2-dimethylpropane-1,3-diamine 

gave the new ligand precursor, L7H2, in high purity and good yield (81%). Characterization 

by NMR spectroscopy (Figure 3.11, section 3.5.3), HR-ESI-MS, and CHN analysis 

confirmed its formulation. Notably, the 1H NMR spectrum revealed a shift of aromatic 

peaks from the carboxaldehyde and the disappearance of both the CHO and NH2 proton 

resonances from the starting materials concomitant with the appearance of a singlet imine 

peak at ~8.5 ppm. Metalation with excess diethylaluminum ethoxide (Et2AlOEt) at 70 °C 

for 4 d yielded 3.13, which was isolated as a yellow precipitate in modest yield (23%; a 1H 

NMR spectrum of the supernatant contained a complex mixture of peaks). The complex 

was identified by CHN analysis and NMR spectroscopy, with clearly shifted resonances 

for the ligand hydrogen atoms relative to L7H2 and replacement of the N-H signals with 

shielded peaks for an Et ligand being key indicators for the indicated structural formulation 

(Figure 3.12, section 3.5.3). Subsequent treatment of a solution of 3.13 in CH2Cl2 with 

BnOH (1 equiv.) gave complex 3.14 as a pale-yellow solid (73%). This complex was 

characterized by NMR spectroscopy (Figure 3.12, section 3.5.3; the disappearance of the 

aforementioned ethyl ligand peaks and the appearance of a new, methylene OBn peak at ~ 

4.0 ppm were indicative of its formation), CHN analysis, and X-ray crystallography (Figure 

3.6).  

 The X-ray structure of 3.14 revealed a mononuclear, 5-coordinate complex with a 

distorted tbp geometry (t5 = 0.87). The overall geometry is similar to that calculated for 
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methoxy analogue 3.9 (t5 value of 0.80). The indolate-Al distances observed (Al-N1 and 

Al-N4 in Figure 3.6) fall well within the range of other indolide-metal bond distances in 

the literature (ranging from 1.88–2.20 Å).140–144 In adopting the tbp structure shown, the 

chelating ligand in 3.14 is highly twisted, resulting in unique environments for each 

indolide ring. If this structure were present in solution, the NMR spectrum would be 

expected to exhibit distinct resonances for each indolide ring and the diastereotopic 

backbone hydrogen atoms. However, the 1H and 13C NMR spectra (Figure 3.12, section 

3.5.3) show only one set of sharp indolide peaks. These findings were inconsistent with a 

rigid structure in solution akin to that seen in the solid state, and suggested an averaged 

structure, perhaps due to fluxionality, that would have implications for stereoselective ROP 

reactions (further investigated and discussed in detail in Chapter 4).  

 

Figure 3.6. Synthesis of ligand precursor (L7H2) and complexes 3.13 and 3.14, with a 
representation of the X-ray crystal structure of 3.14 shown as 50% thermal ellipsoids 
(nonhydrogen atoms only). Selected distances (Å) and angles (deg): Al-N1, 1.9388(19); 
Al-N2, 2.0117(19); Al-N3, 2.074(2); Al-N4, 1.905(2); Al-O1, 1.7484(19); N1-Al-N2, 
90.13(9); N1-Al-N3, 173.78(5); N1-Al-N4, 95.63(8); N2-Al-O1, 121.78(8); N2-Al-N4, 
114.95(7). 
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  3.3.2.2  Kinetics of ε-Caprolactone Polymerization  

 The kinetics for the polymerization of CL were measured by mixing 3.14, internal 

standard (bis-para-trimethylsilylbenzene) and monomer (targeting concentrations of 0.007 

M, 0.004 M and 2.0 M, respectively, in CD2Cl2) and monitoring the loss of monomer and 

gain in polymer via 1H NMR spectroscopy at 300 K. Quadruplicate data were collected 

and integration of peaks through use of MestReNova software yielded concentrations of 

reactant and product. The resulting concentration vs. time data were fit to first-order and 

saturation (Michaelis-Menten) kinetics equations (Eqs. 1.3 and 1.4, section 1.2.3.1) using 

COPASI, a global kinetics fitting software package.66 

 The relative merits of both first-order and saturation kinetic fits at slightly varying final 

concentrations of polymer were unclear (Figures 3.7–3.8). Visually, both fits seemed 

appropriate for these polymerizations, but KM and Vmax values determined from COPASI 

saturation kinetics fits were wildly inconsistent until higher [CL] were reached (> 1.95 M). 

At these concentrations, saturation behavior was observed (Figure 3.8), and Keq values 

determined from these fits were quite small (especially when compared to our previously 

studied Al systems).67,68,70 This finding was attributed to an extremely weak binding 

phenomenon of the monomer to the catalyst before the ring-opening event occurs.  
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Figure 3.7. Plots of [CL] decay and [PCL] growth over time where final [PCL] reaches 
1.88 M. Both first-order (left) and saturation (right) kinetic fits to the data are shown. 
Weighted error between COPASI fits (blue = PCL growth, red = CL decay) and the data 
(circles) is shown in grey.  

 

Figure 3.8. Plots of [CL] decay and [PCL] growth over time where final [PCL] reaches 
2.05 M. Both first-order (left) and saturation (right) kinetic fits to the data are shown. 
Weighted error between COPASI fits (blue = PCL growth, red = CL decay) and the data 
(circles) is shown in grey. 
 
 This reasoning correlates well with an independent test of the importance of monomer 

coordination (implicit in the saturation fits). In this test, we examined 1H NMR spectra of 

solutions of 3.14 in the presence of variable concentrations (0.005–1.5 M) of γ-

butyrolactone (BL, not easily ring-opened due to lack of ring strain).145 Only slight changes 

in the chemical shifts of the peaks associated with 3.14 were observed (Figure 3.9), and 

these were consistent with the solvent polarity changes due to the added BL, i.e., no 

evidence for binding of BL to the complex was observed. It was thus concluded that if CL 

binding occurs, it must be quite weak, and that the simpler pseudo first-order fits of the 
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kinetic data were preferable for obtaining useful rate constants. A representative plot 

indicating first-order monomer decay behavior is shown in Figure 3.10.  

 

Figure 3.9. Aromatic region overlay of the BL binding studies with 3.14. Negligible shift 
in the catalyst peaks as a function of higher [BL] indicates that binding of BL to 3.14 is 
minimal. 
 

 

Figure 3.10. First-order decay plot of [CL], where black circles = [CL] data and red line = 
linear trendline.  
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 The first-order fits yielded an average first-order rate constant (kobs) of 4.1 x 10–4 s–1. 

While theoretical computation would suggest that 3.14 (by analogy to 3.9) should be about 

as reactive as 3.1 for ROP of CL, experimentally we observed it to be 5.5-fold slower (times 

to reach 95% conversion were 20 min for 3.1 and 110 min for 3.14, under equivalent 

conditions of [CL]0 = 2 M, [cat]0 = 7 mM, 300K). Such a discrepancy—roughly 1 kcal/mol 

at 298 K—is, however, well within the error one might expect for a DFT-based model, and 

suggests that FDE can indeed be a practical descriptor for estimating the ROP activity of 

hypothetical future catalysts, at least with respect to prioritizing (i) more complete 

computational characterization of reaction paths (e.g., 3.12, where a relatively low FDE is 

associated with a ΔG‡(TS1) value that is 3.1 kcal/mol lower than that for 3.1) and (ii) 

promising targets for synthetic realization. 

3.4 Concluding Remarks 

 In summary, new Al-based ROP catalysts in silico by means of DFT calculations were 

explored. While additional tethers on the salen moiety in the form of Pn, Qn and Rn series 

of catalysts did not prove useful in lowering either the calculated FDE, or the ΔG‡ of the 

RDS TS1, ligand sidearm modification with pyridine donors showed promise by 

modulating both the overall steric and electronic features of the catalyst. An alternative 

modification, involving the replacement of all O atom donors with N- counterparts, 

provided a new class of ROP pre-catalysts having highly distorted tbp geometries—a 

feature that generally promotes ROP catalysis. We tested this idea experimentally by 

synthesizing and characterizing complex 3.14 and examining its CL ROP rate. It 

polymerized CL rapidly, consistent with theoretical predictions. In line with prior CL-ROP 

studies,34,51,67 theory suggests that electron withdrawing groups on the five-membered ring 

of the supporting ligand of 3.9 might lead to even faster catalysts in the form of 3.10–3.12. 
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This work shows that using the FDE model to screen hypothetical catalysts prior to 

subsequent more complete computational evaluation—and ultimate experimental 

realization—continues to hold promise for future catalyst design in suitably related 

systems.  

3.5 Experimental 

 3.5.1 Calculation Details (executed by Mukunda Mandal, Büşra Dereli, and  

   Christopher J. Cramer) 

 All calculations are performed at the DFT level as implemented in the Gaussian 09 

electronic structure program suite.118 Geometry optimizations are carried out at the M06-

L123 level of theory using the double zeta 6-31+G(d,p)119 basis set for all atoms, except for 

bromo-substituted structures where the SDD146 pseudopotential and its associated basis set 

has been used. Coulomb integrals are evaluated using an automatically generated density 

fitting basis set to speed up the relevant calculations. The grid used for numerical 

integration in DFT was set to “ultrafine”. The natures of all stationary points are verified 

by calculation of quasi-harmonic vibrational frequencies. All vibrational frequencies below 

50 cm–1 are replaced with values of 50 cm–1. Zero-point vibrational energies and thermal 

contributions to electronic energy are determined from the computed partition functions at 

298.15 K. For better estimate to Gibbs free energies, single point electronic energies are 

computed using the M06-2X123 functional with the 6-311+G(d,p)119 basis set at the M06-

L optimized geometries and the resulting electronic energies are summed with thermal free 

energy contributions computed at the M06-L/6-31+G(d,p) level. For complex 1 and 

{N,N,N,N}-complexes, Grimme’s D3 dispersion correction term147 has been used for 

electronic energy calculation at the M06-2X-D3/6-311+G(d,p) level. All reported 

structures are optimized using the self-consistent reaction field (SCRF) approach with 
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SMD148 continuum solvation model with the solvent parameters for toluene or CH2Cl2 

depending on the reaction (ε(toluene) = 2.374, and ε(CH2Cl2)=8.93), unless otherwise 

stated. Additional information regarding the theoretical details can be found in published 

work.136 

3.5.2 Synthetic Materials, Methods, and General Considerations  

 All reactions containing either air- and/or water-sensitive compounds were performed 

within the inert atmosphere of a nitrogen-filled glovebox or using Schlenk line techniques. 

All reagents were purchased from commercial sources and were used as received, unless 

otherwise noted. CL was purified by drying over CaH2 and subsequent vacuum distillation. 

All protonated solvents were degassed and a passed through a solvent purification system 

(Glass Contour, Laguna, CA) prior to use. Deuterated solvents were dried over CaH2, 

degassed through freeze-pump-thaw techniques, and distilled before storing them under 

N2. Nuclear magnetic resonance (NMR) spectroscopies were performed with a Bruker 

Avance III (500 MHz) spectrometer equipped with a BBFO SmartProbe. Chemical shifts 

for 1H and 13C NMR spectra were references to residual protium in the deuterated solvent 

(for 1H NMR) and the deuterated solvent itself (for 13C NMR). Elemental analyses were 

performed by Robertson Microlit Laboratories in Ledgewood, NJ.  

 3.5.3 Synthetic Procedures 

 Synthesis of L7H2. To an oven-dried round bottom flask equipped with a reflux 

condenser, 7-indolecarboxaldehyde (2.0 g, 13.78 mmol) was added and dissolved in 

absolute EtOH (0.63 M) while stirring. To this mixture, 2,2-dimethylpropane-1,3-diamine 

(0.5 equiv.) was added drop-wise before heating to reflux for 3 d. After the reaction was 

complete, the reaction mixture was pipetted into a new round bottom flask and was cooled 

to room temperature before being placed in a –30° C freezer overnight. The resulting pale 
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orange solid was isolated through vacuum filtration and dried via Schlenk line for 6–8 h. 

1H NMR analysis indicated this material was extremely pure and required no further 

purification before subsequent synthetic steps. Yield: 1.98 g, 81%. 1H NMR (500 MHz, 

CD2Cl2) d 10.75 (s, 2H, NH), 8.53 (s, 2H, CH=N), 7.77 (d, J = 7.63 Hz, 2H, ArH), 7.34 

(d, J = 7.63 Hz, 2H, ArH), 7.31 (m, 2H, HNCH=CH), 7.19 (t, J = 7.63 Hz, 2H, ArH), 6.60 

(m, 2H, HNCH=CH), 3.69 (s, 4H, NCH2C(CH3)2CH2N), 1.19 (s, 6H, 

NCH2C(CH3)2CH2N); 13C NMR (125 MHz, CD2Cl2) d 163.39, 134.63, 128.87, 125.75, 

125.61, 123.88, 120.08, 119.72, 102.62, 71.59, 37.20, 25.15. HRMS (ESI/Q-TOF) m/z: 

[M+H]+ Calcd. for C23H24N4, 357.2074; found, 357.2083. Anal. Calcd for C23H24N4: C, 

77.50; H, 6.79; N, 15.72. Found: C, 77.46; H, 6.79; N, 15.70. 

 Synthesis of 3.13. To an oven-dried screw cap bomb flask equipped with a stir bar, 

ligand (0.37 g, 1.04 mmol) and Et2AlOEt (excess) were dissolved in toluene while in a 

nitrogen-filled glovebox. The sealed flask was pumped out of the box, heated to 70° C and 

stirred for 4 d. After cooling to room temperature, the bomb flask was pumped back into 

the glovebox. The resulting solids were collected via vacuum filtration and were washed 

with pentane. The product was then recrystallized from toluene layered with pentane in a 

–40° C freezer overnight. The purified product was isolated as a bright yellow solid and 

was stored under N2 until subsequent use. Yield: 0.10 g, 23%. 1H NMR (500 MHz, CD2Cl2) 

d 8.47 (s, 2H, CH=N), 7.89 (d, J = 7.75 Hz, 2H, ArH), 7.35 (d, J = 7.75 Hz, 2H, ArH), 

7.28 (d, J = 2.58 Hz, 2H, NCH=CH), 7.12 (t, J = 7.75 Hz, 2H, ArH), 6.61 (d, J = 2.58 Hz, 

2H, NCH=CH), 3.68 (d, J = 12.29 Hz, 2H, NCH2C(CH3)2CH2N), 3.52 (d, J = 12.29 Hz, 

2H, NCH2C(CH3)2CH2N), 1.23 (s, 3H, NCH2C(CH3)2CH2N), 1.04 (s, 3H, 

NCH2C(CH3)2CH2N), 0.50 (t, J = 7.94 Hz, 3H, CH2CH3), –0.18 (q, J = 7.94 Hz, 2H, 

CH2CH3); 13C NMR (125 MHz, CD2Cl2) d 169.72, 142.58, 138.62, 132.47, 127.69, 126.79, 
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118.13, 116.77, 103.37, 68.91, 36.72, 25.24, 25.12, 10.71. Despite using a broad sweep 

width (up to –200 ppm) and using variable temperature (VT) NMR techniques, no signal 

for the methylene of the ethyl substituent bound to the Al center could be identified. Anal. 

Calcd for C25H27AlN4: C, 73.15; H, 6.63; N, 13.65. Found: C, 74.16; H, 6.27; N, 13.80.  

 Synthesis of 3.14. To an oven-dried vial equipped with a small stir bar, 1 (0.037 g, 0.09 

mmol) was added and dissolved in a minimal amount of CH2Cl2. Using a 1 M stock 

solution in CH2Cl2, a stoichiometric amount of BnOH was added to the vial. The reaction 

was stirred overnight, and the solvent was removed in vacuo, yielding a light-yellow solid. 

The solid was stirred in pentane before being isolated through vacuum filtration. 

Purification was completed by recrystallizing the material in toluene layered with pentane 

in a –40° C freezer overnight. The material was subsequently stored under N2. Yield: 0.02 

g, 73%. 1H NMR (500 MHz, CD2Cl2) d 8.51 (s, 2H, CH=N), 7.95 (d, J = 7.68 Hz, 2H, 

ArH), 7.44 (d, J = 7.68 Hz, 2H, ArH), 7.38 (d, J = 2.69 Hz, 2H, NCH=CH), 7.17 (t, J = 

7.68 Hz, 2H, ArH), 7.02 (m, 3H, OCH2ArH), 6.79 (app. bs, 2H, OCH2ArH), 6.67 (d, J = 

2.69 Hz, 2H, NCH=CH), 4.01 (app. bs, 2H, OCH2Ar), 3.77 (d, J = 11.28 Hz, 2H, 

NCH2C(CH3)2CH2N), 3.50 (d, J = 11.28 Hz, 2H, NCH2C(CH3)2CH2N), 1.05 (s, 3H, 

NCH2C(CH3)2CH2N), 1.02 (s, 3H, NCH2C(CH3)2CH2N); 13C NMR (125 MHz, CD2Cl2) d 

170.02, 142.43, 138.72, 132.42, 128.20, 127.97, 127.20, 127.05, 126.31, 118.39, 116.29, 

103.82, 68.85, 65.78, 36.30, 25.69, 24.96. Anal. Calcd for C30H29AlN4O: C, 73.75; H, 5.98; 

N, 11.47. Found: C, 70.25; H, 5.97; N, 11.35.  
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Figure 3.11. 1H (top) and 13C (bottom) NMR spectra for L7H2. 
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Figure 3.12. 1H (top) and 13C (bottom) NMR spectra for 3.13. 
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Figure 3.13. 1H (top) and 13C (bottom) NMR spectra for 3.14. 
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3.5.4 Kinetic Measurements and Analysis  

Polymerization kinetics were performed by adding 450 µL of a stock solution of catalyst 

in CD2Cl2 (9.7 mM) and 5 µL of a stock solution of internal standard (bis-para-

trimethylsilylbenzene) in CD2Cl2 (0.5 M) to a new NMR tube inside a nitrogen-filled 

glovebox. The NMR tube was capped with a rubber septum and wrapped with electrical 

tape to maintain an N2 environment inside. A gas-tight syringe charged with 170 µL of a 

stock solution of CL in CD2Cl2 (7.35 M) was also capped with a septum to prevent air 

contamination. The target concentrations for the polymerization reaction were 0.007 M 

catalyst, 0.004 M internal standard and 2.0 M CL. Both the NMR tube and the syringe were 

pumped outside of the box and brought to the NMR spectrometer (500 MHz Bruker 

Avance III). Once at the instrument, monomer was injected into the NMR tube, the tube 

was shaken vigorously and was immediately injected into the spectrometer (probe 

temperature = 25 ºC). The time between monomer injection and spectral array was 

measured in seconds and the spectral array was started as soon as the NMR tube had 

reached good shims. An array of spectra was taken every 48 s (four scans) with a relaxation 

delay of 10 s, gain of 10, and acquisition time of 2 s. Auto-shim was used to ensure proper 

shimming through the entirety of the reaction. The reaction was monitored until there was 

complete disappearance of monomer peaks on the spectrum. The polymerization reaction 

was done in quadruplicate and the obtained NMR data was analyzed through MestReNova 

software by integration. The integrated peak and concentration of the internal standard 

allowed for concentrations of all species to be calculated as a function of time.  Then, the 

reaction time was calculated in seconds by using the known time duration of each spectrum 

and the amount of time between injecting the NMR tube into the spectrometer and 

beginning the 1H NMR spectrum acquisition. The concentration vs. time data was entered 
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into COPASI software and was fit to a first-order equation, Eq. 1.3, section 1.2.3.1, to 

obtain a kobs value for each polymerization. The reaction rates were then plotted as a 

function of [CL]. 

3.5.5 Binding Studies with ɣ-butyrolactone 

The binding studies between 3.14 and BL were completed as follows. In a glovebox, 

0.005 M catalyst and a set concentration of BL (ranging from 0 M to 1.5 M) were added to 

eight new NMR tubes. The tubes were shaken, capped, and taped with electrical tape before 

being pumped out of the box and being brought down to the NMR instrument. Each tube 

was analyzed via 1H NMR spectroscopy and the resulting spectra were compared (Fig. 

3.7). Lack of significant shift of the catalyst peaks with varying concentration of BL 

indicated that the monomer was not binding to the catalyst, and no Keq could be calculated.  
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4. Mechanism of Initiation Stereocontrol in Polymerization of rac-Lactide by 
Aluminum Complexes Supported by Indolide-Imine Ligands 
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4.1 Overview 

 In this work, the solid state and fluxional behaviors in solution of two indolide/Al 

complexes (namely, L2AlOBn and L7AlOBn) supported by an analog of salen 

incorporating indolide arms connected via their 2- and 7-positions were defined by 

experiment and theory. The complexes catalyze the stereoselective conversion of rac-LA 

to isotactically enriched PLA. A key aspect of the stereocontrol was examined through 

study of polymerization initiation via NMR spectroscopy, X-ray crystallography of the 1:1 

catalyst:monomer ring-opened products, and theory. The results include the first 

unambiguous structural definition of stereocontrol in ring-opening of LA by a metal-

alkoxide complex and the finding that definition of the stereochemistry of initiation by the 

studied system is governed thermodynamically rather than kinetically.  
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4.2 Introduction  

 An important goal of contemporary research is to develop catalysts capable of 

polymerizing bio-derived monomers with high selectivity, good molecular weight control, 

fast and/or convenient rates, and sufficient robustness to operate under potentially useful 

and/or industrially relevant conditions.7,21,22,149 The stereoselective ROP of rac-LA to yield 

PLA has been particularly well-studied131 because of the utility of PLA in a wide range of 

applications, and because of the importance PLA tacticity plays in determining its material 

properties.150,151 As stated, among the breadth of catalysts examined for this purpose, 

(salen)AlOR complexes (Figure 4.1) have garnered considerable attention due to their high 

molecular weight control, rates convenient for NMR spectroscopic monitoring, and ease 

of synthesis of ligand derivatives, with several having engendered high stereoselectivity in 

polymerizations of rac-LA.34,37,154–159 

 While previous work involving such catalysts has provided considerable insight, 

detailed molecular-level mechanistic understanding is limited, and further work is needed 

to address such issues as the impact of supporting ligand structural features on 

polymerization behavior, the specific molecular basis for observed stereocontrol using both 

chiral and achiral supporting ligands, and the precise structures of key intermediates. Such 

understanding is of potential utility for future catalyst design. 
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Figure 4.1. Complexes used as ROP catalysts. X-ray crystal structure reported in reference 
167 (Λ isomer shown).  
 
 Recently, predictions by theory of cyclic ester polymerization efficiency for a series of 

Al catalysts, including the complex L7AlOBn (formerly named 3.14, Chapter 3) supported 

by a novel analog of salen incorporating indolide arms connected at their 7-position (Figure 

4.1) was reported136 (see Chapter 3 for details). Subsequent synthesis of L7AlOBn and 

studies of the kinetics of ROP of CL by the complex confirmed the prediction, validating 

the theoretical approach towards catalyst design. In that work, the X-ray crystal structure 

of the complex revealed a chiral structure with the ligand twisted such that the indolide 

rings are inequivalent. NMR spectroscopy showed the rings to be equivalent, however, 

suggesting operation of a fluxional process in solution. In view of these structural attributes 

and analogies to efficacious (salen)AlOR systems (for example, (salen)NAlOR, with Y = 
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CH2CMe2CH2, R1 = H, R2 = TBS),34 we hypothesized that L7AlOBn might exert 

stereocontrol in ROP of rac-LA. 

 Herein, the evaluation of the fluxionality of L7AlOBn in solution by variable 

temperature (VT) NMR spectroscopy, theory, and studies of the ROP of rac-LA by the 

complex is described. Also, its structural features and reactivity to an analogous complex 

L2AlOBn in which the indolide rings are connected at the 2- rather than the 7-position to 

yield 5- instead of 6-membered chelate rings (Figure 4.1) are compared.137 Most of the 

work involving L2AlOBn was completed by collaborator Appie Peterson, and while some 

of the key results learned from studying this complex are described herein, a more wholistic 

look into the catalyst, its characterization and its ability to polymerize rac-LA are included 

in published work.47 

 It is important to note that as this work was being completed, the synthesis and use of 

L2AlOiPr in stereoselective polymerizations of LA, as well as the identification of a ring-

opened LA complex, were reported, but the rationale for selectivity in ROP was not 

studied.160 In this work however, through synergistic theoretical and experimental 

approaches, the effects of the supporting ligand differences on the ROP behavior of 

L2AlOBn and L7AlOBn were evaluated, with a specific emphasis on understanding the 

basis of the observed stereocontrol in the first ring-opening step (initiation) of rac-LA. 

Among our findings are precise structural determinations by X-ray crystallography of the 

initial products of ring-opening of rac-LA by metal-alkoxide complexes, revealing the 

stereochemistry of initiation. In addition, said initiation was evaluated by both two-

dimensional NMR spectroscopy and theory, leading to new insights into the basis for 

stereoselectivity and a key finding of thermodynamic rather than kinetic governance of 

stereocontrol. These studies, placed in perspective through comparisons to (salen)AlOR 
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systems and, more broadly, to many other catalysts,34,43,45,51,80,153–161 provide deep 

mechanistic understanding of ROP reactions of importance for sustainable polymer 

synthesis. 

4.3 Results and Discussion 

 4.3.1 Synthesis and Characterization of Complexes 

 The complex L7AlOBn was prepared as described previously136 and the synthesis of 

L2AlOBn was performed similarly (additional details provided in published work).47 Both 

L2AlOBn and L7AlOBn were characterized by CHN analysis and NMR spectroscopy, as 

well as X-ray crystallography (details of L7AlOBn synthesis and characterization are 

included in Chapter 3). The structure of L2AlOBn features distorted tbp geometry, with a 

𝜏5 value of 0.62 (theory: 0.68) similar to that reported for L2AlOiPr (0.65).160 By 

comparison, the values for L7AlOBn and NAlOBn34 are 0.87 and 0.83, respectively, 

indicating geometries closer to ideal tbp for these complexes. Each of the complexes 

crystallizes as a mixture of enantiomers; for the complexes of (L2)2- and (L7)2-, the ligand 

in each stereoisomer is twisted so that the indolide rings are inequivalent, with the 

enantiomers differentiated by the indolide ring orientation (labeled as ∆ or Λ as indicated 

in Figure 4.2).  
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Figure 4.2. Enantiomers of complexes L7AlOR and L2AlOR (R = Bn), with labeling of 
chirality indicated.   
 
 The inequivalence of the indolide rings in the X-ray structures of L2AlOBn and 

L7AlOBn is not reflected in their 1H NMR spectra at 300 K, as only one set of peaks for 

the indolide and imine hydrogen atoms is observed (example L7AlOBn, Figure 4.3). This 

observation suggests a fluxional process that interconverts the indolide ring environments 

and is sufficiently rapid on the NMR time scale to result in averaging of the associated 

peaks. This hypothesis was confirmed through VT NMR experiments for both complexes 

(that of L7AlOBn featured in Figure 4.3, entire spectrum in Figure 4.19, section 4.5.6). 

Illustrative peaks for the hydrogen atoms on the imine and the 6-position of the indolide 

rings for L7 and 7-position for L2 undergo reversible decoalescence to yield a peak pattern 

indicative of inequivalent indolide rings upon lowering the temperature. Spectral fitting 

and Eyring analyses (Figures 4.21–4.22 and Table 4.2, section 4.5.6) yielded ΔG‡298K = 

10.2 kcal/mol and 10.7 kcal/mol for the processes for L7AlOBn and L2AlOBn, 

respectively. As similar fluxionality had been proposed for (salen)AlOR complexes34 

(Figure 4.1); NAlOBn was prepared according to the literature procedure34 and through VT 

NMR studies determined ΔG‡298K, which was similar (9.0 kcal/mol). 
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Figure 4.3. Selected VT NMR (1H) data for L7AlOBn with proposed assignments. The 
bottom spectra were collected after returning to room temperature to show reversibility. 
Full spectra are shown in Figure 4.19, section 4.5.6. 
 
 Hypothesizing that the fluxionality observed in solution was derived from 

interconversion of the ∆ and Λ enantiomers of the complexes (Figure 4.2), DFT 

calculations to interrogate the process were performed. After a thorough conformational 

search to find all the low-lying conformers of L2AlOBn and L7AlOBn, the barrier for 

chirality inversion for the complexes was then found through optimizing the transition state 

structures. The barriers found for the complexes were similar (L7AlOBn = 9.9 kcal/mol; 

L2AlOBn = 11.6 kcal/mol) and agreed closely with those found experimentally (10.2 and 

10.7 kcal/mol, respectively). For L7AlOBn, the lowest energy conformer has a twist-boat-

like conformation in the six-membered metallacycle formed by the Al atom and the ligand 

backbone, whereas in the transition state, the metallacycle has a more symmetric chair-like 

conformation. As a result, the fluxional process happens in two steps, involving 

conformational change of the metallacycle followed by movement of the rings into the 
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more symmetric transition state (Figure 4.4). For L2AlOBn, the metallacycle is already in 

a chair-like conformation, so the chirality flipping happens in one step. Finally, we note 

parenthetically that the catalyst fluxionality for these systems resembles that proposed for 

Ti complexes that catalyze syndiospecific propene polymerization.162,163 

 

Figure 4.4. Calculated structures for the fluxional process that interconverts ∆ and Λ 
enantiomers of L7AlOBn, depicting the lowest energy structure for the ∆ enantiomer, the 
next highest energy (+2.3 kcal/mol) structure for the chair conformation of the 
metallacycle, and the “symmetric” transition state structure.  
 
 4.3.2 Polymerization Behavior 

 The catalytic polymerization of rac-LA by L7AlOBn and L2AlOBn under a variety of 

conditions, ranging from 35 °C in CD2Cl2 (300:1 monomer:catalyst ratio, except in the 

case of toluene) to neat reactions in the melt (135–180 °C) was examined. As indicated in 

Table 4.1, the reactions proceeded at rates that depended on the conditions used to yield 

PLA characterized by low Đ values (measured by SEC using light scattering detection) and 

Pm values (measured via analysis of homonuclear decoupled 1H NMR data, example in 

Figure 4.23, section 4.5.7). These latter values varied from 0.53 (low isotacticity, entries 9 

and 14) to 0.80 (high isotacticity, entries 1 and 2), depending on the supporting ligand and 

the conditions. DSC data revealed Tm features in only three cases (entries 1–3, Table 4.1, 

example plots shown in Figure 4.24, section 4.5.8), indicating attainment of isotactic 

segment lengths sufficient for crystallization only in these instances. Previously reported 

twist-boat
minimum energy chair transition state
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data for NAlOBn34 are shown for comparison (entries 15, 17, 19, Table 4.1), along with 

data for the same complex that we prepared and tested independently (entries 16, 18, 20, 

Table 4.1) that are in good agreement. In general, the level of stereocontrol exhibited by 

NAlOBn was higher than for L7AlOBn and L2AlOBn. The stereoselectivity exhibited by 

the complex of (L7)2- is slightly higher than that supported by (L2)2-, which exhibits faster 

rates than the former. As such, for both complexes, comparison of the polymerization 

kinetics of L-LA vs. rac-LA showed a higher rate for the single enantiomer (see Figure 

4.14, section 4.5.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 102 

Table 4.1. Data for polymerizations of rac-LA by the indicated complexes. 
 

Entry a Temp. (°C) LA:cat Time Conv.b Mn 
(kDa)c Đ c Pmd Tm 

(°C)e 

L7 1 35 (CD2Cl2) 300 14 d 99% 85 1.06 0.80 163 

L7 2 55 (THF-d8) 300 4 d 99% 36 1.03 0.80 155 

L7 3 70 (tol-d8) 100 3 d 98% 24 1.20 0.74 150 

L7 4 135 300 30 min 96% 40 1.11 0.64 f 

L7 5 150 300 25 min 78% 85 1.22 0.63 f 

L7 6 165 300 20 min 91% 29 1.16 0.66 f 

L7 7 180 300 15 min 93% 54 1.44 0.68 f 

L2 8 35 (CD2Cl2) 300 6 d 95% 35 1.08 0.67 f 

L2 9 55 (THF-d8) 300 2 d 99% 42 1.17 0.53 f 

L2 10 70 (tol-d8) 100 3 d 98% 24 1.31 0.67 f 

L2 11 135 300 30 min 93% 34 1.74 0.58 f 

L2 12 150 300 25 min 94% 60 1.85 0.62 f 

L2 13 165 300 20 min 79% 115 1.31 0.55 f 

L2 14 180 300 15 min 99% 64 1.23 0.53 f 
N 15g 70 (tol-d8) 100 14 h 96% 22h 1.07h 0.98 209 
N 16    96% 25h 1.07h 0.92 207 

N 17g 130 300 30 min 73% 44h 1.08h 0.92 189 
N 18    79% 53 1.15 0.89 187 

N 19g 180 300 20 min 91% 60h 1.13h 0.84 176 
N 20    90% 59 1.34 0.85 179 

aL7 = L7AlOBn, L2 = L2AlOBn, N = NAlOBn. bDetermined by 1H NMR spectroscopy. cExcept as noted, 
these values were determined by SEC using light scattering detection with THF eluent. Theoretical values 
are 44 kDa for 300 equiv. of LA and 15 kDa for 100 equiv. LA. dDetermined by homonuclear decoupled 1H 
NMR spectroscopy. eDetermined by DSC. fNo feature corresponding to a Tm value was observed. gPreviously 
reported values (reference 34) with values we independently determined below in italics. hValues determined 
by SEC using a refractive index detector and polystyrene standards with CHCl3 eluent. 
 
 4.3.3 Experimental Insights into Stereocontrol in Initiation 

 In order to begin to understand the basis for stereocontrol for LA polymerization by 

L7AlOBn, stoichiometric reactions of rac-, L(S,S)-, and D(R,R)-LA with the complexes, 
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as well as with NAlOBn for comparison were examined. In the experiments, a solution of 

LA (1 equiv.) in CD2Cl2 or CDCl3 was added to a solution of the complex in the same 

solvent (6.5 mM) at room temperature and a 1H NMR spectrum was immediately 

measured. The spectra showed complete consumption of starting materials and the 

appearance of predominantly one species with new peaks that we assign to the single ring-

opened product L7Al(oLAOBn) (where oLAOBn refers to the ring-opened LA terminated 

by -OBn; Figure 4.5) or NAl(oLAOBn) (Figure 4.16, section 4.5.5), as reported 

previously.34 Importantly, the spectra for the products of the reactions with rac-, L(S,S)-, 

and D(R,R)-LA are nearly identical (Figures 4.6 and 4.17, section 4.5.5).  

 

Figure 4.5. 1H NMR spectrum of 1:1 rac-LA:L7AlOBn. 
 

 The peak patterns are consistent with selective formation of either a 1:1 mixture of two 

symmetric complexes (i.e., indolide or phenolate rings are equivalent for each, which 

would only be possible if peaks due to diastereomeric species were averaged as a result of 

fluxionality) or a single asymmetric complex (with inequivalent rings). Thus, for example, 



 104 

the spectra of L7Al(oLAOBn) exhibit two peaks (8.37 and 8.45 ppm) integrating equally 

for the imine protons.  

 

Figure 4.6. Selected portion of the 1H NMR spectra of the products of the reactions of (top) 
rac-LA, (middle) L(S,S)-LA, or (bottom) D(R,R)-LA with L7AlOBn, with the indicated 
assignments.  
 
 To interpret the results from NMR spectroscopy, we present all the possible structures 

for the products of ring-opening of D(R,R)- and L(S,S)-LA by the two interconverting 

stereoisomers of L7AlOBn in Scheme 4.1. Thus, each stereoisomer ∆- or Λ-L7AlOBn can 

react with either L(S,S)-LA or D(R,R)-LA. The result is four possible stereoisomers, 

classified as two diastereomeric pairs of enantiomers: ∆-L(S,S)/Λ-D(R,R) and ∆-D(R,R)/Λ-

L(S,S). These are drawn with the opened LA chain binding in bidentate fashion via alkoxide 

and carbonyl O atoms, which is what was observed via X-ray crystallography (via infra). 

Each pair of enantiomers (i.e., each diastereomeric set) would be expected to give rise to a 

spectrum featuring inequivalent indolide rings and one set of peaks associated with the 
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opened LA chain. The observed spectrum for the reaction with rac-LA (e.g., the pairs of 

peaks of equal intensity shown in Figure 4.6) is consistent with highly stereoselective 

formation of one of the diastereomeric sets (i.e., one pair of enantiomers). The observation 

of the same spectrum in reactions of pure L(S,S)- or D(R,R)-LA is explained by selective 

formation of one diastereomer (i.e., for the reaction with L(S,S)-LA, either ∆-L(S,S) or Λ-

L(S,S)). The NMR data are not sufficient to distinguish which set of enantiomers (for the 

reaction with rac-LA) or which particular diastereomer (for the reactions with pure L(S,S)- 

or D(R,R)-LA) is formed. The alternative explanation that the peaks observed are due to a 

rapidly interconverting mixture of both diastereomers would predict line broadening or 

decoalescence of these peaks upon lowering the temperature, but this was not observed (to 

–185 K, Figure 4.20, section 4.5.6).  While the imine peaks in the spectrum were not 

perturbed upon lowering the temperature, significant changes in the peaks arising from the 

ring-opened LA chain were observed. This is speculated to be due to changes in chain 

conformations, but we do not offer further unambiguous insights, in part due to the 

complexity of the chain structures. It is also noted that the alternative explanation for the 

two imine peaks (averaging of peaks due to both diastereomers being present) is 

inconsistent with the EXSY data that is discussed later in this section. Finally, we note that 

similar considerations apply to the NAl system. 
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Scheme 4.1. Possible products L7Al(oLAOBn) resulting from the reaction of the 
interconverting stereoisomers L7AlOBn (in box) with L(S,S)- and D(R,R)-LA, labeled 
according to the configuration at Al (∆ vs. Λ) and LA (D(R,R) vs. L(S,S)). The isomers 
labeled “X-ray” are the ones identified by X-ray crystallography. 
 

 

 By layering pentane on CD2Cl2 solutions of the product L7Al(oLAOBn) (formed upon 

stoichiometric reaction of L7AlOBn with rac-LA) and storing at –30 °C, crystals suitable 

for X-ray diffraction were obtained (Figure 4.7, the crystal structure of L2Al(oLAOBn) is 

featured in published work).168 In both cases, the ring-opened products crystallized as a 

pair of enantiomers comprising a single diastereomer, consistent with our interpretation of 

the 1H NMR spectra of the product solutions. These enantiomers were identified as the 

complexes labeled ∆-L(S,S) and Λ-D(R,R) in Scheme 4.1, with only the former enantiomer 

for each case shown in Figure 4.7. In the structure, the Al-O1 (alkoxide) distance (1.807(3) 

Å) is shorter than all other metal-ligand bonds (range 2.094(7)-1.932(3) Å). The Al 

geometries are octahedral, with the ring-opened LA bound in bidentate fashion featuring 

Al-O2 distances of 2.094(7) Å and 2.1784(17) Å, respectively. This X-ray structure, along 
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with that of L2Al(oLAOBn),47 represents a rare example of a high-quality structural 

determination for ring-opened LA bound to a metal complex.164,165 Such species had been 

previously identified by spectroscopy80,157,161,166 and modeled in structures of methyl 

lactate complexes (one collected from a stoichiometric reaction with NAlOBn and methyl 

(S) lactate, yielding a similar hexacoordinate complex with Al-O (carbonyl) and Al-O 

(alkoxide) bond distances of 2.165 and 1.840 Å, respectively,34 and the other being that of 

a (BDI)Zn complex, synthesized via rac-methyl lactate, featuring slightly longer bond 

distances with Zn-O (carbonyl) and Zn-O (alkoxide) of 2.189 and 1.879 Å, respectively.35  

 

Figure 4.7. Representation of the X-ray crystal structure of the ring-opened product, 
L7Al(oLAOBn), resulting from the reaction of L7AlOBn with 1 equiv. rac-LA. Only a 
single enantiomer is shown (∆-L(S,S); the other Λ-D(R,R) enantiomer is also present in the 
unit cell), with all atoms presented as 50% ellipsoids and hydrogen atoms omitted for 
clarity. Selected bond distances (Å) and angles (deg): Al1-O1, 1.807(3); Al1-N1, 
1.9475(18); Al1-N2, 2.0647(16); Al1-N3, 2.0779(18); Al1-N4, 1.9344(17); N3-Al-N1, 
171.24(7); N3-Al1-O1, 90.80(8); N3-Al1-O2, 89.33(13); N3-Al1-N2, 82.69(6); N3-Al1-
N4, 89.49(7); N2-Al1-N4, 103.71(7); O2-Al1-O1, 79.47(11); N2-Al1-O2, 81.07(9); N4-
Al1-O1, 95.56(9); N4-Al1-O2, 174.88(12); N1-Al1-N4, 94.99(7); N1-Al1-N2, 88.93(7); 
N1-Al1-O2, 86.84(14); N1-Al1-O1, 96.24(9).  
 
 Re-dissolution of the crystals used for the X-ray structure determinations yielded 1H 

NMR spectra identical to those obtained for the initial product solutions. These results are 
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consistent with the NMR spectral features arising from the ∆-L(S,S) and Λ-D(R,R) 

enantiomers (the single diastereomer) observed by X-ray crystallography. Nonetheless, it 

is also possible that the diastereomer observed by NMR spectroscopy participates in an 

equilibrium with a small (essentially unobservable) amount of the other diastereomer (vide 

infra), and that this minor diastereomer preferentially crystallizes (and reverts to the major 

diastereomer upon redissolution). While we view this alternative possibility as unlikely 

(preferential crystallization of an equilibrating minor diastereomer for both (L2)2- and (L7)2- 

systems), it cannot be ruled out by the available experimental data.  The above 

considerations raise the question: Is the initiation reaction selectivity based on kinetic or 

thermodynamic control? That is, does the initiation stereoselectivity result from differences 

in the barriers for ring-opening (as postulated previously on the basis of theory for other 

catalysts)167 or from differences in the stabilities of the products that are rapidly 

equilibrating? Such equilibration might involve rapid intermolecular exchange of alkoxide 

ligands (e.g., between ∆-L(S,S) and ∆-D(R,R) isomers), de-coordination of the carbonyl 

group and racemization at Al as observed for the fluxionality of LAlOBn (e.g., between ∆-

L(S,S) and Λ-L(S,S) isomers), or both (Figure 4.8). 
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Figure 4.8. Illustration of possible interconversions of stereoisomers L7Al(oLAOBn). The 
red arrows indicate processes involving intermolecular exchange of LA enantiomers, blue 
arrows correspond to racemization at Al (e.g., via carbonyl de-coordination, isomerization, 
and re-coordination), and black arrows correspond to both. 
 
 To test for these possibilities, we performed a set of experiments using NMR Exchange 

Spectroscopy (EXSY).168 The experiments involved acquisition of data on solutions of (a) 

L7Al(oLAOBn) prepared from reactions of the respective benzyloxide complexes with rac-

LA, (b) L7Al(oLAOBn) prepared from reaction of L7AlOBn with L(S,S)-LA, (c) a 1:1 

mixture of L7Al(oLAOBn) and L2Al(oLAOBn) prepared by mixing solutions resulting 

from reaction of the respective benzyloxide complexes with  rac-LA, and (d) a 1:1 mixture 

of L7Al(oLAOBn) and NAlOBn prepared by mixing solutions resulting from reaction of 

the respective benzyloxide complexes with  rac-LA. The detailed methods and 

interpretations of all studies are described in section 4.5.9, yet key results are shared herein. 

 From (a), we interpreted the observed EXSY peaks (blue off-diagonal peaks, whereas 

red = NOESY signals) to indicate exchange between the major diastereomer 

L7Al(oLAOBn) with a minor one. Thus, the methine proton resonances corresponding to 

that of the alkoxide ligand in the major diastereomer (a) exchange with those attributed to 
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the minor one (b) (relationships designated by purple circles in the spectrum and purple 

arrows in the scheme, Figure 4.9). Similarly, the methylene proton resonances of the benzyl 

group were observed to exchange (c and e), serving as clear evidence of exchange between 

the ring-opened alkoxide chains. To confirm the assignment of b as that of a methine 

resonance from an alkoxide ligand in the minor diastereomer, a COSY NMR experiment 

was run on the same sample, and correlation between b and a small doublet in the alkyl 

region (characterized to be a LA methyl resonance on the same ligand) was observed 

(Figure 4.25, section 4.5.9). 

 Figure 4.9 also shows exchange between the backbone protons of the major complex (d, 

green circles in the spectrum and green arrows in the scheme). This exchange was 

hypothesized to be a result of the backbone protons changing position due to 

interconversion of enantiomers, which could occur by alkoxide exchange, racemization at 

Al, or both.  
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Figure 4.9. NOESY/EXSY NMR spectrum of the product of reaction of rac-LA with 
L7AlOBn (i.e., L7Al(oLAOBn)) (top) and corresponding equilibrium scheme 
hypothesized to explain the results (bottom). Both diastereomeric (purple) and 
enantiomeric exchange (green) are observed. While we assign the major isomer in the 
spectrum as ∆-L(S,S) (and consequently, its enantiomer as Λ-D(R,R)) due to the results of 
X-ray crystallography, we note the possibility that these assignments may be reversed if 
the minor isomer is that which was identified by crystallography.  
 
 By integration, the ratio (Keq) of the equilibrating major:minor isomers for 

L7Al(oLAOBn) is ~9:1, corresponding to ∆G°298 = −1.3 kcal/mol. Using EXSYcalc,169 rate 

constants of 4.1 s–1 and 0.44 s–1 were obtained, which correspond to Keq ~ 9, in good 

agreement with the integration ratio. Similar results for L2Al(oLAOBn), (Keq by integration 

~9.5, Keq via EXSYcalc ~8.8) were observed.47 

 To test the assignment of the exchange peaks in Figure 4.9 for protons d, NOESY/EXSY 

NMR data were collected for the product of reaction of L-LA with L7AlOBn (experiment 

b). Results from (b) indicated the same alkoxide peaks for exchange between diastereomers 

as observed in the data for the product of reaction of rac-LA (purple circles in the spectrum 
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and purple arrows in the scheme, Figure 4.26, section 4.5.9), consistent with racemization 

at Al. However, no peaks were observed for exchange between the backbone protons. 

These data are consistent with the hypothesis that such exchange peaks in Figure 4.9 derive 

from exchange between enantiomers, which are not present in the experiment with L-LA. 

We recognize that diastereotopic backbone peaks are not observed for the minor isomer in 

Figures 4.9 or 4.26 (section 4.5.9), which is hypothesized to be due to overlapping chemical 

shifts, such that any exchange peaks between the major and minor isomers backbone 

signals lie in the diagonal of the spectra. 

 To test for intermolecular exchange of alkoxide ligands between two different Al 

centers, two “crossover” NOESY/EXSY experiments were performed. In one, (c), 

equimolar amounts of the products of reaction of rac-LA with L7AlOBn and with 

L2AlOBn (i.e., L7Al(oLAOBn) + L2Al(oLAOBn) were mixed (see the 1H NMR data in 

Figure 4.27, section 4.5.9) and NOESY/EXSY data collected (Figure 4.10). Importantly, 

exchange between the two complexes was observed (black circles and arrows), confirming 

intermolecular alkoxide exchange. In addition, exchange was observed for the alkoxide 

peaks for both L7Al(oLAOBn) and its minor isomer, and L2Al(oLAOBn) and its minor 

isomer (denoted by purple and pink relationships, respectively). Enantiomer exchange of 

backbone peaks was observed for both L7Al(oLAOBn) (green circles and arrows) and 

L2Al(oLAOBn) (orange circles and arrows), as well. Taken together, the data are consistent 

with intermolecular alkoxide exchange and racemization at Al. 

 In a second “crossover” experiment, (d), L7(oLAOBn) and NAl(oLAOBn) were mixed; 

1H NMR data are shown in Figure 4.28, section 4.5.9 and NOESY/EXSY data are shown 

in Figure 4.29. The latter showed exchange between both the major and minor isomers of 

L7(oLAOBn) and NAl(oLAOBn) (teal and black circles and arrows, respectively), 
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consistent with intermolecular alkoxide exchange. Exchange between the major and minor 

isomers of L7(oLAOBn) is also apparent (purple circles and arrows).   
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Figure 4.10. NOESY/EXSY spectrum of mixture of equimolar amounts of L7Al(oLAOBn) 
and L2Al(oLAOBn) (top) and equilibrium scheme hypothesized to rationalize the results 
(bottom). Exchange of alkoxide ligands between Al centers is denoted in black, 
diastereomeric exchanges are denoted in purple and pink, and backbone enantiomer 
exchanges are denoted in green and orange. The exchange between minor isomers of both 
the 1:1 rac-LA:L7AlOBn and 1:1 rac-LA:L2AlOBn is shown in grey, but is not observed 
in the NOESY/EXSY spectrum (postulated to be due to peak overlap). 
 
 Taken together, the EXSY data are consistent with rapid equilibria in solution between 

all species (illustrated in Figure 4.8 for the case of L7Al(oLAOBn)), favoring one 

diastereoisomeric pair (Keq = 9), via all possible pathways (intermolecular alkoxide 

exchange and racemization at Al). Importantly, the data support thermodynamic control of 

stereoselectivity in the initiation, such that the product ratio is controlled by the relative 

stability of the products that rapidly equilibrate. 

 Similar stoichiometric experiments between of L7AlOBn and meso-LA were performed, 

to see if the same initiation selectivity was observed with a molecule with differing 

stereochemistry (i.e., one (R) and one (S) stereocenter). As with 1 equiv. of rac-LA, the 

reaction of L7AlOBn and 1 equiv. of meso-LA could lead to four different species, (two 

sets of diastereomeric enantiomers, see Scheme 4.2).  
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Scheme 4.2. Possible products resulting from the reaction of the interconverting 
stereoisomers L7AlOBn (in box) with meso-LA, labeled according to the configuration at 
Al (∆ vs. Λ) and LA ((R) vs. (S)).  
 

 

 As such, 1H NMR data from the 1:1 reaction between L7AlOBn and meso-LA led to a 

similar NMR spectrum compared to that of the analogous 1:1 reaction completed with rac-

LA (i.e., a doubling of peaks of equal intensity, indicating asymmetric enantiomers were 

present, with no significant indication of diastereomeric peaks, Figure 4.18, section 4.5.5). 

Even more, similarly to the EXSY NMR experiments with L7(oLAOBn) synthesized by 

1:1 reactions with rac-LA, EXSY experiments with meso-LA showed exchange peaks 

between a small diastereomeric species and that of the larger enantiomeric species (Figure 

4.11). Exchange between backbone protons (denoted by green circles and arrows in 

spectrum and scheme, respectively) was also observed and is assumed to be a result of 

interconversion of enantiomers, akin to what was observed with L7(oLAOBn) via rac-LA.  
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Figure 4.11. NOESY/EXSY NMR spectrum of the product of reaction of meso-LA with 
L7AlOBn (top), and corresponding equilibrium scheme hypothesized to explain the results 
(bottom). Both diastereomeric (purple) and enantiomeric exchange (green) are observed. 
While we arbitrarily assigned the major isomer in the spectrum as ∆-(S,R) (and 
consequently, its enantiomer as Λ-(R,S)) due to lack of X-ray crystallographic data, we 
note the likelihood of these assignments being reversed.  
 
 Therefore, results from these stoichiometric experiments indicate that the L7AlOBn 

maintains a high level of initiation selectivity when reacted with meso-LA, indicating that 

only one stereocenter of a LA molecule helps determine initial selectivity. Yet, as with rac-

LA, the alkoxide ligands of such reactions are labile. It should be noted that analogous 

results were observed for that of NAlOBn and meso-LA, too.  

 4.3.4 Theory Calculations (performed by Sina Chiniforoush, Mukunda Mandal  

   and Christopher J. Cramer)  

 This section focuses on the critical theoretical conclusions from this work, while more 

detail is available in the published manuscript and supporting files.47 To better understand 

factors contributing to stereocontrol in the initiation process that we were able to 

characterize experimentally, the free energy profiles for the initiation steps associated with 

both L2AlOR and L7AlOR were computationally determined for both L(S,S)- and D(R,R)-

LA (see section 4.5.10 for details). Both L7AlOMe and L7AlOBn were examined in order 

to assess the significance of variation of the alkoxide. Since the results were similar, only 

the methoxy initiator was considered for all other catalysts in order to reduce computational 

cost. 

 For initiation, three structural descriptors define all possible pathways. These are (i) the 

LA coordination mode, (ii) the chirality of the LA monomer, and (iii) the prochirality of 

the LA carbonyl group subject to nucleophilic attack. The calculated pathway for all 

systems is illustrated for one particular catalyst enantiomer (∆-L2AlOMe), one substrate 

enantiomer (D(R,R)-LA), and one particular approach trajectory (prochirality; see below) 
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in Figure 4.12. The process involves LA binding and attack of the alkoxy group at the LA 

carbonyl via TS1 to yield intermediate 1 (INT1). After rearrangement to INT2 (which 

involves shifting which ether oxygen of the tetrahedral intermediate is bound to the metal), 

ring-opening via TS2 yields the product comprising one incorporated LA unit. While we 

find no minima where LA coordinates to aluminum prior to nucleophilic attack — instead, 

only van der Waals complexes with long Al–O distances exist on the potential energy 

surface — coordination is present in TS1 structures for nucleophilic attack, and there are 

two possibilities for the relative position of the LA monomer: trans either to the N atom of 

an indole or to the N atom of a backbone imine (each alternative then dictates the position 

of the alkoxy group). The LA itself may be D(R,R) or L(S,S), and finally the re or si 

prochirality of the face of the LA carbonyl group exposed to the alkoxy ligand sets the 

rotational degree of freedom for the monomer. Given these differentiating structural 

factors, there are eight pathways that must be considered in order to comprehensively 

assess all possible initiation paths for a given catalyst enantiomer (Figure 4.13). 

 

Figure 4.12. Illustration of the calculated initiation pathway for a selected catalyst (∆-
L7AlOMe), substrate (D(R,R)-LA), and approach trajectory. H atoms are not shown for 
clarity. Key: pink = Al, red = O, blue = N, gray = C. 
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Figure 4.13. Starting structures along the eight alternative pathways for initiation of 
D(R,R)- and L(S,S)-LA for ∆-L7AlOMe. The cis and trans descriptors indicate the positions 
of the imine groups of the complex with respect to the LA, specifically, in the trans 
pathway, the LA C=O is trans to one imine group while in the cis pathway it is cis to both 
imine groups. 
 
 The results of energetic calculations for all reaction pathways involving ∆-L7AlOMe, -

L7AlOBn, -L2AlOMe, and NAlOMe are included in published work.47 Comparing the 

results from these calculations, it is apparent that for both methoxy and benzyloxy as an 

initiator, reaction of the ∆ isomer of the complexes with D(R,R)-LA is calculated to be 

kinetically favored for all complexes. There are differences in whether the cis-re or trans-

re pathways are preferred, depending on the nature of the ligands. Importantly, these 

findings for the kinetic preferences are in disagreement with the stereochemistry observed 

in the X-ray crystal structures of L2Al(oLAOBn) and L7Al(oLAOBn) (the latter featured 

in Figure 4.7). In contrast, the ∆-L(S,S) isomer observed by X-ray crystallography is 
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calculated to be thermodynamically more favorable for both L7AlOMe and, to a lesser 

extent, L2AlOMe. While the computed energy differences are small, suggesting that 

product mixtures might be expected under thermodynamic conditions, the agreement with 

the ∆G°298 = −1.3 kcal/mol for the postulated equilibria between the diastereomers 

determined from integration of NMR spectra is reasonable considering the inherent 

accuracy of the calculations (ca. ±1 kcal/mol). Thus, the computations corroborate the 

conclusions drawn experimentally, that the stereoselectivity observed is determined by the 

relative thermodynamic stability of the products, and that the preferred stereoisomer is that 

which was characterized structurally by X-ray crystallography. Again, however, because 

the calculated energy differences between the products are small, we cannot 

unambiguously rule out the possibility that the minor isomer is the one that crystallizes. 

 Putting these findings in context, previous DFT investigations of the origins of 

stereoselectivity in LA polymerizations by metal-alkoxide catalysts have focused on 

differences in kinetic barriers for ring-opening of LA stereoisomers.44,105,167,170,171 Both 

kinetic and thermodynamic preferences were identified by theory for the addition of a 

second monomer to the initially formed ring-opened species in syndiotactic polymerization 

of rac-β-butyrolactone by yttrium catalysts supported by salan-type ligands.172 Small 

energetic differences arising from subtle secondary interactions (typically with the growing 

chain end in propagation steps) were identified in the previous DFT studies.173 While 

general rules for predicting stereoselectivity are lacking, the finding herein that 

thermodynamic control of stereoselectivity in ROP initiation suggests that similar ideas 

should be considered in evaluating stereocontrol in propagation reactions. 
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4.4 Concluding Remarks 

 We have synthesized and characterized the solution and solid-state structures of the 

complexes L2AlOBn and L7AlOBn, including the delineation of the nature of the 

fluxional process that interconverts the enantiomeric forms of the complexes through VT 

NMR spectroscopy and computations. The complexes polymerize rac-LA 

stereoselectively. As a first step towards developing a molecular-level understanding of the 

mechanistic basis for the observed stereoselectivity, we studied the initiation reaction. 

Treatment of the complexes with 1 equiv. of rac-LA yielded the ring-opened products 

L2Al(oLAOBn) and L7Al(oLAOBn) and on the basis of NMR spectroscopy, the major 

product for each reaction was identified as a single diastereomer (pair of enantiomers). 

Crystals isolated from the product solutions were characterized by X-ray diffraction, 

revealing unambiguously for the first time the detailed molecular structure and 

stereochemistry of a product of initiation of cyclic ester polymerization by a metal-alkoxide 

complex. Studies of the product solutions by EXSY showed that the products exist as 

stereoisomers that rapidly interconvert via both intermolecular alkoxide exchange and 

racemization at the Al center. Examination of the initiation reactions by theory delineated 

the mechanistic details, in particular the reaction energetics as a function of 

stereochemistry. We conclude, with appropriate caveats because of the small energetic 

differences found by theory, that the stereoselectivity observed in the initiation reaction is 

likely not the result of kinetic preferences (which predict preferential formation of the 

stereoisomer not observed by X-ray crystallography). Instead, thermodynamic control of 

selectivity is supported by the experimental NMR data indicative of equilibration of 

diastereomers in solution and by the prediction by theory that the stereoisomer observed 
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by X-ray crystallography is the most stable (keeping in mind the possibility, albeit in our 

view unlikely, that the crystals isolated could be the minor isomer). 

 In addition to providing specific information on particular systems, the mechanistic 

results reported herein significantly augment our general understanding of stereocontrol of 

ROP initiation by metal-alkoxide complexes and suggest the importance of thermodynamic 

control in determining the favored product stereoisomer. We speculate that similar 

considerations apply to understanding subsequent monomer enchainment, the 

stereochemistry of which may similarly rely on product stability rather than kinetic barriers 

typically emphasized in theoretical studies. 

4.5 Experimental 

 4.5.1 General Considerations  

 All reactions containing either air- and/or water-sensitive compounds were performed 

within the inert atmosphere of a nitrogen-filled glovebox or using Schlenk line techniques. 

All reagents were purchased from commercial sources and were used as received, unless 

otherwise noted. rac-LA was purified by recrystallization (3x) from toluene and 

subsequent vacuum drying. All protonated solvents were degassed and passed through a 

solvent purification system (Glass Contour, Laguna, CA) prior to use. Deuterated solvents 

were dried over CaH2, degassed through freeze-pump-thaw techniques, and distilled before 

being stored under N2. Nuclear magnetic resonance (NMR) spectroscopy experiments were 

performed with a Bruker Avance III (500 MHz) spectrometer equipped with a BBFO 

SmartProbe, Varian Unity Inova (500 MHz), or Varian Unity Plus 300 MHz equipped with 

an AutoSW PFG 4NUC/30-122 MHz temperature probe. Chemical shifts for 1H and 13C 

NMR spectra were referenced to residual protium in the deuterated solvent (for 1H NMR) 

and the deuterated solvent itself (for 13C NMR). NOESY/EXSY NMR experiments were 



 123 

accomplished with a mixing time of 0.8 s. Molecular weights (Mn and Mw) and 

polydispersities (Đ) of the PLA samples were determined in THF at 25 °C with a flow rate 

of 1 mL/min. on an Agilent 1260 Infinity HPLC with Waters Styragel (HR6, HR4, and 

HR1) columns connected to a Wyatt DAWN Heleos II light scattering detector and a Wyatt 

OPTILAB T-rEX refractive index detector. Molecular weight (Mn and Mw) and 

polydispersity (Đ) of the PLA sample for entry 16 in Table 4.1 (section 4.3.2) was 

determined using an Agilent 1100 series SEC with an HP1047A refractive index detector 

using a CHCl3 mobile phase at 35 °C through 3 Varian PLgel Mixed C Columns with a 

flow rate of 1 mL/min.  DSC experiments were conducted via a TA Instruments Discovery 

DSC, using samples hermetically sealed in aluminum pans, at a heating rate of 10 °C/min. 

Reported Tm values are from the second heating ramp. Elemental analyses were performed 

by Robertson Microlit Laboratories in Ledgewood, NJ and Galbraith Laboratories Inc. in 

Knoxville, TN. X-ray diffraction measurements were collected with Mo Kα source and 

with either a Bruker D8 VENTURE diffractometer equipped with a Photon II CPAD using 

normal parabolic mirrors as monochromators, a Bruker D8 VENTURE diffractometer 

equipped with a Photon III CMOS using normal parabolic mirrors as monochromators, or 

a Bruker X8 diffractometer equipped with a Kappa Apex II CCD using a graphite 

monochromator. Structure solutions were performed with SHELXT174 or SHELXS175 

using OLEX2176 or ShelXle177 as graphical interfaces. The structures were refined against 

F2 on all data by full matrix least squares with SHELXL.175 

 4.5.2 Synthetic Procedures 

 Synthesis of L7AlOBn. This complex was synthesized as previously described.136 

 Synthesis of NAlOBn. This complex was synthesized as previously described.34,178 
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 4.5.3 Polymerization Experiments and Analysis 

 Polymerizations were performed in deuterated solvents (CD2Cl2, THF-d8, and tol-d8) at 

various temperatures (35, 55, and 70 °C, respectively). Example polymerization procedures 

were completed as follows. Stock solutions of catalyst (1 mL, 9.7 mM) and rac-LA (1 mL, 

1.5 M for CD2Cl2 and THF-d8, 0.1 M for tol-d8) were prepared. A J-Young NMR tube was 

sequentially charged with catalyst stock solution (240 µL, 2.3 µmol for CD2Cl2 and THF-

d8; 72 µL, 0.70 µmol for tol-d8, 1 equiv.), monomer stock solution (460 µL, 0.70 mmol for 

CD2Cl2 and THF-d8, 300 equiv.; 630 µL, 70 µmol for tol-d8, 100 equiv.), for a final 

concentrations of 3.3 mM catalyst and 1.0 M monomer (CD2Cl2 and THF-d8) or 0.001 M 

catalyst and 0.1 M monomer (tol-d8). Once the polymerizations reached >95% conversion 

(CD2Cl2 and THF-d8), they were quenched via air exposure. An aliquot of the 

polymerization was removed and subjected to 1H NMR analysis in order to determine the 

monomer conversion. The rest of the reaction mixture was precipitated into cold MeOH 

and the resulting PLA was dried under vacuum for ~12 h. The polymerizations in toluene-

d8 stalled at 80% and 88% (for L7AlOBn and L2AlOBn, respectively), and were therefore 

quenched before >95% conversion, but otherwise worked up identically to the 

polymerizations in CD2Cl2 and THF-d8. 

 Melt polymerization studies were performed by weighing out catalyst (0.0059 g, 0.012 

mmol, 1 equiv.) into an oven-dried screw-cap bomb flask charged with a stir bar and 

monomer (0.52 g, 3.6 mmol, 300 equiv.) in a nitrogen-filled glovebox. The bomb flask was 

capped, removed from the glovebox, and then heated and stirred at the desired temperature 

for a given amount of time. The polymerizations were quenched by opening up the flask 

to air. An aliquot from the reaction mixture was immediately taken in order to determine 

monomer conversion (1H NMR spectroscopy). The rest of the reaction mixture was then 
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dissolved in CH2Cl2 before being poured into cold MeOH to precipitate the polymer. After 

decanting off the remaining MeOH, the resulting polymer was washed with MeOH (3 x 10 

mL) and dried under vacuum for ~12 h.  

 All polymer samples were dried by vacuum oven for an additional 12 h before analysis 

by 1H{13C} spectroscopies (Pm), SEC analysis (Mn, Đ) and DSC analysis (Tm).  

 4.5.4 Rac- and L-Lactide Kinetic Comparisons 

 A kinetic comparison of the polymerization of both rac- and L-LA by L7AlOBn was 

performed. As expected for polymerizations of rac-LA that proceed with isotactic 

selectivity, in the cases with both catalysts, the homopolymerization of L-LA was faster 

than that of rac-LA. 

 

Figure 4.14. Kinetic comparison of L-LA and rac-LA polymerizations by L7AlOBn over 
4 h. Polymerization conditions: toluene, 70 °C, [L-LA]0 = [rac-LA]0 = 0.1 M; [LA]0 : [cat]0 
= 100.  
 
 4.5.5 Stoichiometric Experiments 

 For NMR experiments, reactions of rac-, L-, and D-LA with complexes (1:1) were 

performed by making a 0.0065 M stock solution (1 mL) of catalyst in CDCl3 and a 0.078 

M stock solution (500 µL) of the designated LA monomer in CDCl3. In a glovebox, 600 

µL (3.9 µmol) of catalyst stock solution and 50 µL (3.9 µmol) of monomer stock solution 
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(along with 50 µL pure CDCl3) were added to a J-young NMR tube, targeting a final 

concentration of 0.0055 M for both catalyst and monomer and a final NMR volume of 700 

µL. The J-young tube was then removed from the glovebox, shaken, and immediately 

analyzed by NMR spectroscopy.  

 

Figure 4.15. Overlay of 1H NMR spectra of the products of the reactions of L7AlOBn with 
1 equiv. rac-, D-, and L-LA. 
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Figure 4.16. 1H NMR spectrum of 1:1 rac-LA:NAlOBn. 
 

 

Figure 4.17. Overlay of 1H NMR spectra of the products of the reactions of NAlOBn with 
1 equiv. rac-, D-, and L-LA. 
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Figure 4.18. 1H NMR spectrum of 1:1 meso-LA:L7AlOBn. 
 

 4.5.5.1  Stoichiometric Crystallization Conditions  

 In a nitrogen filled glovebox, 500 µL of a solution of catalyst (0.020 M, 10 µmol) in 

CD2Cl2 was combined with a solution of rac-LA (0.15 M, 67 µL, 10 µmol) in CD2Cl2 in a 

J-Young NMR tube. The NMR tube was pumped out of the glovebox, shaken, and 

immediately analyzed by NMR spectroscopy. Afterward, the tube was brought back into 

the glovebox and the solution transferred to a 4 mL scintillation vial which was 

subsequently layered with pentane and stored at –30 °C. The solution yielded pale yellow 

crystals suitable for diffraction after 3 d. The 1:1 structures were found to crystallize in the 

centrosymmetric space group P-1, indicating that the crystals are racemates of both 

enantiomers. 
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 4.5.6 Variable Temperature 1H NMR Spectroscopy Experiments 

 VT 1H NMR studies on L7AlOBn its corresponding 1:1 ring-opened units of rac-LA, 

were performed in CD2Cl2, in the range of 180–300 K with temperatures determined by 

using a MeOH temperature calibrant. Figure 4.16 reveal that at lower temperatures, the 

fluxionality of the complex is slowed so that distinguishable proton resonances are 

observed. Using dynamic NMR interpretation (fitting model), the rate constant for 

fluxionality at each temperature close to the coalescence temperature was determined using 

WinDNMR179 (Fig. 4.18) and the subsequent Eyring plots (Fig. 4.19) yielded activation 

parameters (for all complexes studied). Figure 4.17 examine the variable temperature 

profile of 1 equiv. of complex (L7AlOBn) and a single ring-opened unit of rac-LA. Lack 

of broadening of peaks corresponding to the complexes’ proton resonances indicates that 

once ring-opened, the complexes are no longer fluxional, and any peak broadening of 

monomer peaks is a result of monomer fluxionality.  
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Figure 4.19. VT 1H NMR overlay of L7AlOBn. The fluxionality of the complex is 
inhibited at lower temperatures, as indicated by the individual peaks (first appearing at 
~199 K). 
 

 

Figure 4.20. VT 1H NMR overlay of 1:1 rac-LA:L7AlOBn. 
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Figure 4.21. Overlay of raw 1H NMR data from VT studies with L7AlOBn and 
corresponding WinDNMR fits. The featured peak is the imine proton resonance of the 
complex (~8.6 ppm, see Figure 4.19). Rate constants for each temperature measured for 
Eyring analysis are shown. Analyses for L2AlOBn and NAlOBn were done analogously, 
using the imine proton resonance of their respective complexes, as well.  
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Figure 4.22. Eyring plots for fluxionality studies of L7AlOBn, L2AlOBn and NAlOBn 
with respective linear fits of R2 = 0.94, 0.90, and 0.97. Rate constants were determined by 
WinDNMR analysis of VT 1H NMR spectra.  
 
Table 4.2. Activation parameters for the fluxional interconversion between enantiomers, 
determined from Eyring plot analysis. Associated errors are estimated from WinDNMR 
fits.  
 

Complex ΔG‡ (kcal/mol) ΔH‡ (kcal/mol) ΔS‡ (cal/K∙mol) 

L7AlOBn 10.2(3) 7.7(2) –8.5(2) 

L2AlOBn 10.7(7) 6.8(3) –13.2(5) 
NAlOBn 9.0(6) 8.8(3) –0.54(10) 

 
4.5.7 Tacticity Measurements 

 Tacticity of each polymer was measured by dissolving dried polymer in CDCl3 and 

submitting the sample for homonuclear decoupled 1H NMR. Using the methine region of 

the spectrum (5.15–5.25 ppm), the different tetrad concentrations were integrated and 

Bernoullian statistics (assuming CEM, based on values obtained from DSC measurements, 

Table 4.1, section 4.3.2) were applied to determine the amount of racemic and meso 

character in the polymer.35 For more accurate integration measurements, deconvolution of 
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the spectra was achieved using MestReNova software.115 An example of such analysis is 

depicted in Figure 4.23.  

 

Figure 4.23. Example raw data (methine region, L7AlOBn, 35 °C, CD2Cl2) from the 
homonuclear decoupled 1H NMR spectra of PLA (left) and its deconvoluted form (right) 
with Pm = 0.80. 
 
 4.5.8 Differential Scanning Calorimetry Measurements  

A few example DSC thermograms from various polymerizations with a heating ramp of 

10 °C/min are shown. Corresponding Tm values were determined from the second heating 

ramp. Samples were annealed overnight at 120 °C before DSC measurements were taken.  
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Figure 4.24. (Top left) DSC thermogram of L2AlOBn + rac-LA, 150 °C, 25 min. No 
feature corresponding with Tm was observed. (Top right) DSC thermogram of L7AlOBn + 
rac-LA, THF-d8, 55 °C, 4 d (Tm = 155 °C), and (bottom) DSC thermogram of NAlOBn + 
rac-LA, 130 °C, 30 min (Tm = 187 °C). 
 
 4.5.9 NOESY/EXSY NMR Spectroscopy Experiments  

 NOESY/EXSY NMR experiments were conducted by first synthesizing and isolating 

the respective 1:1 LA:AlOBn complexes (either L7AlOBn, L2AlOBn or NAlOBn, labeled 

with LA), then making 0.005 M stock solutions of the complexes in CD2Cl2 (1500 µL). 

After checking them individually for purity, 350 µL of each complex being examined (or 

700 µL in the case of only examining 1:1 rac-LA:L7AlOBn, 1:1 L-LA:L7AlOBn, and 1:1 

rac-LA:L2AlOBn) were added to a J-Young NMR tube (total volume = 700 µL) and 

immediately analyzed via 1H, COSY, and NOESY/EXSY NMR (mixing time = 0.8 s). 

EXSYcalc169 were performed in order to obtain a rate constant for ligand exchange in the 



 135 

cases of 1:1 rac-LA:L7AlOBn and 1:1 rac-LA:L2AlOBn. To do this, two NOESY/EXSY 

experiments were run on each sample, one with a mixing time of 0.8 s and the other with 

the lowest limit, 0.0025 s, as a reference.  

  Analysis of the data shown in Figure 4.8 using EXSYcalc led to the finding that the 

forward rate constant of equilibrium, k1, for going to the major isomer was 4.1 s–1 and the 

reverse, k–1, = 0.44 s–1 (favoring the major isomer by ~90%). Integration of the 1H NMR 

spectrum revealed a similar ratio of isomers (~90% major, ~10% minor). Similar 

NOESY/EXSY data were acquired for the product of reaction of rac-LA with L2AlOBn 

was obtained (data not shown), and EXSYcalc revealed the forward rate constant of 

equilibrium, k1, for going to the major isomer to be 2.2 s–1 and the reverse, k–1, to be 0.25 

s–1 (favoring the major isomer by ~90%). Integration of the 1H NMR spectrum revealed a 

similar ratio of isomers (~95% major, ~5% minor). 

 

Figure 4.25. COSY spectrum of L7Al(oLAOBn). The circled resonances show correlation 
between the alkoxide ligand methines of both the lesser and more populated isomers (b 
and a, respectively) and their corresponding doublets (methyl substituents of the LA units, 
d and c, respectively).   
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Figure 4.26. NOESY/EXSY spectrum of the product of reaction of L-LA with L7AlOBn 
(top) and the equilibrium scheme proposed to rationalize the results (bottom). The peaks 
of interest for diastereomeric exchange are circled in purple. Only NOESY peaks (red) are 
observed between backbone protons (labeled as d).  
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Figure 4.27. Overlay of 1H NMR spectra for the products of reactions with rac-LA with 
L7AlOBn (top) and L2AlOBn (middle), and a mixture of the two (bottom).  
 

 

Figure 4.28. Overlay of 1H NMR spectra for the products of reactions with rac-LA with 
L7AlOBn (top) and NAlOBn (middle), and a mixture of the two (bottom).  
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Figure 4.29. NOESY/EXSY spectrum of mixture of equimolar amounts of L7Al(oLAOBn) 
and NAl(oLAOBn) (top), and equilibrium scheme hypothesized to rationalize the results 
(bottom).  
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 4.5.10 Calculation Details (executed by Sina Chiniforoush, Mukunda   

   Mandal and Christopher J. Cramer) 

 Monte Carlo searches for low-energy conformations of the benzyloxy-substituted pre-

catalysts themselves (and the ring-opened methoxy products) were undertaken using the 

OPLS3 force field.180 All identified minima were then re-optimized at the BP86181 DFT 

level using the 6-31G(d)119 basis set, and then again at the M06-L116 DFT level using the 

6-31+G(d,p)119 basis set and the SMD implicit solvation model124 (with methyl butanoate 

chosen as solvent to simulate a LA melt). Harmonic vibrational frequencies were computed 

at this level to verify the nature of all stationary points, and for use in molecular vibrational 

partition functions using the quasi-harmonic-oscillator approximation182 (where all 

frequencies below 50 cm–1 are replaced by values of 50 cm–1). Finally, single point DFT 

calculations at the SMD/M06-2X123/6-311+G(d,p) level of theory were carried out for all 

optimized structures to obtain improved electronic energies to which thermal contributions 

to free energy were added from the M06-L/6-31+G(d,p) step. For stationary points along 

the initiation process, the steric crowding implicit in the octahedral coordination about Al, 

and the choice of a single catalyst enantiomorph, eliminated the need for a Monte Carlo 

search, and relevant geometries were identified manually and computed at the same 

composite SMD/M06-2X/6-311+G(d,p)//M06-L/6-31+G(d,p) level already described 

above. The energetic results were also verified using other DFT methods. All DFT 

calculations were performed with the Gaussian 16183 suite of electronic structure programs. 

Other details regarding the computational details of this project can be found in published 

work.47 
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5. Investigation and Comparison of rac-Lactide Polymerization Initiation by 
Fluxional and Non-fluxional Aluminum Catalysts 
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5.1 Overview 

 A fluxional indolide Al complex (L7EdAlOBn, featuring a 2-carbon backbone) and a 

non-fluxional, enantiopure, indolide Al complex (L7CyAlOBn, bearing an (R,R) cyclohexyl 

backbone) were compared with respect to enantioselective rac-LA initiation and 

subsequent polymerization. While both catalysts exhibited similar reactivity in initiation 

studies (an equilibrium between unreacted and ring-opened monomer was reached in both 

cases), only L7EdAlOBn demonstrated high levels of stereoselective initiation. Despite 

structural differences, both catalysts exhibited similar rac-LA polymerization activity, 

yielding well-controlled polymers (Đ ~ 1.2 under melt conditions) with moderate 

isotacticities (Pm values reaching 0.80 and 0.82 for L7EdAlOBn and L7CyAlOBn, 

respectively).  
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5.2 Introduction 

 As noted in Chapters 3 and 4, salen-type ligands with various metal ions have been long 

used to study ROP, mostly due to their relatively easy syntheses and high tunability.63,85 

These features have made investigation of structural parameters of the catalyst as a function 

of the polymerization behavior relatively straightforward. Much work has focused on 

(salen)Al catalysts due to their moderate ROP activity, allowing for facile kinetic 

studies.67,68,70 Nevertheless, advances in stereoselective and robust polymerization of 

racemic monomers (such as rac-LA) via these types of catalysts are still highly coveted, as 

relatively few literature examples have shown high levels of stereoselectivity for 

polymerizations performed at low temperatures in various solvents74,157,184–188 or under 

industrially relevant bulk conditions ( > 130 °C).34,47,52,156 We aim to develop such catalysts 

while also studying the mechanism by which they operate, so that the fundamental aspects 

of these polymerizations can be understood in order to provide insight for rational catalyst 

design. 

 Previous work involving the study of stereoselective polymerization initiation of rac-

LA by a fluxional Al catalyst47 (L7AlOBn, detailed work included in Chapter 4) is an 

example of such efforts. The interconverting complex rapidly fluctuated between its delta 

and lambda enantiomers, yet each form was selective toward only one enantiomer of rac-

LA in initiation, as shown through NMR spectroscopy and X-ray crystallography. The 

initiation selectivity exhibited by L7AlOBn was high (upwards of 90% by NMR 

spectroscopy). In terms of polymerization stereoselectivity, PLA isotacticity measurements 

reached Pm = 0.80 at 35 °C in solution, but were lower upon heating in bulk conditions (Pm 

= 0.64 and 0.68 at 135 and 180 °C, respectively).47 
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 On the basis of this work, we hypothesized that a non-fluxional, enantiopure Al indolide-

type catalyst may exhibit even better polymerization selectivity with rac-LA than 

L7AlOBn. We proposed that synthesizing a single enantiomer of an analog catalyst 

(L7CyAlOBn, Figure 5.1), where the backbone was rigidly held in its enantiopure (R,R) 

form, may preferentially ring-open a single enantiomer over the other, ultimately providing 

polymer samples with high Tm values as a result of stereocomplexing.189,190 

 We also targeted L7EdAlOBn (Figure 5.1). This catalyst differs from L7AlOBn in that 

it bears a shorter, 2-carbon backbone and lacks a gem-dimethyl substituent in the backbone, 

but would represent a potentially flexible, achiral variant of the rigid complex L7CyAlOBn. 

Thus, we sought to see if 1) its fluxional nature impacted stereoselective polymerization 

initiation, and/or 2) its shorter, less flexible backbone relative to that in L7AlOBn would 

lead to changes in overall polymerization rate.  

 

Figure 5.1. Targeted complexes L7CyAlOBn (left) and L7EdAlOBn (right). 
 

5.3 Results and Discussion 

 5.3.1 Synthesis and Characterization of Complexes 

  5.3.1.1  Synthesis 

 The synthesis of both L7CyAlOBn and L7EdAlOBn were achieved in an analogous 

fashion to that of L7AlOBn47 (Figure 5.2). Condensation of 7-indolecarboxaldehyde and 

the corresponding diamine (trans-1,2-cyclohexanediamine in the case of L7Cy, and ethylene 

diamine in the case of L7Ed) yielded ligands, L7CyH2 (1.02 g, 80%) and L7EdH2 (0.438 g, 
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41%) in high purity, with no purification steps required. Next, metalation with 

diethylaluminium ethoxide in toluene (or a 5:1 mixture of toluene:THF for L7CyH2, for 

solubility reasons) led to precipitation of the pure corresponding alkyl complexes, 

L7CyAlEt (0.036 g, 50%) and L7EdAlEt (0.097 g, 44%). 1H NMR spectroscopy of L7CyAlEt 

revealed a full set of resonances consistent with a non-fluxional complex in a geometry 

that renders each indolide inequivalent (Figure 5.10, section 5.5.2). Complex L7EdAlEt 

however, showed a single set of resonances in its 1H NMR spectrum at room temperature 

indicative of either a perfectly symmetric complex or a highly fluxional one. Further details 

of the NMR analysis are provided in section 5.5.2.  

 Stoichiometric exchange with 1 equiv. of BnOH led to the desired alkoxide complexes, 

L7CyAlOBn (0.058 g, 72%) and L7EdAlOBn, (0.028 g, 52%). Most notably, the highly 

shielded Et peaks of the starting AlEt complexes disappeared from the 1H NMR spectra 

and new peaks for the OBn methylenes appeared at 4.55 (CD2Cl2) and 4.49 (CDCl3) ppm 

for L7CyAlOBn and L7EdAlOBn, respectively (Figures 5.11 and 5.14). Similar to what was 

observed for the Al-alkyl precursors, 1H and 13C NMR spectroscopy revealed a full set of 

resonances indicative of inequivalent indolide rings for L7CyAlOBn, and a single set of 

peaks for L7EdAlOBn. The complexes were also characterized by elemental analysis and 

X-ray crystallography in the case of L7EdAlOBn.  

 The crystal structure of L7EdAlOBn revealed a mononuclear pentacoordinate species 

(Figure 5.2), with a 𝜏5 value of 0.78, indicating a distorted tbp geometry. The Al-OBn bond 

(1.75 Å) is quite comparable to that of analogous AlOR species studied within the context 

of this work,47,67,68,70,136 and the indolate-Al bond distances (ranging from 1.91–2.04 Å) fall 

well within the normal range of similar complexes in literature.140–144,160 Unsurprisingly, 

the structure bears strong similarities to bond distances in L7AlOBn's structure (indolate-
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Al bond distances ranging from 1.91–2.07 Å,136 see additional detail in Chapter 3, section 

3.3.2.1). 

 Moreover, the crystal structure of L7EdAlOBn revealed a lack of symmetry within the 

complex; this result comprised with its room temperature NMR spectra (which bore a 

single set of peaks) led us to the hypothesis that the complex was fluxional in nature. This 

idea was further explored via VT NMR spectroscopy (section 5.3.1.2).  

 

Figure 5.2. Synthesis of L7CyAlOBn and L7EdAlOBn and representation of the X-ray 
crystal structure of L7EdAlOBn. All atoms are presented as 50% ellipsoids and hydrogen 
atoms are omitted for clarity. Selected bond distances (Å) and angles (deg): Al-N1, 
2.0422(11); Al-N2, 2.0035(11); Al-N3, 1.9242(11); Al-N4, 1.9076(11); Al-O1, 1.7492(9); 
N1-Al-N2, 79.33(4); N1-Al-N3, 169.72(5); N1-Al-N4, 87.76(4); N1-Al-O1, 85.96(4); N2-
Al-O1, 116.63(4); N3-Al-O1, 100.69(4); N4-Al-O1, 117.43(4); N2-Al-N3, 90.64(4); N2-
Al-N4, 123.04(5); N3-Al-N4, 95.96(5).  
 
  5.3.1.2  Variable Temperature 1H NMR Spectroscopy Studies 

 The single set of equivalent resonances in the NMR data of L7EdAlOBn contrasted with 

its X-ray crystal structure, which revealed the indolide moieties to be inequivalent. Rapid 

fluxionality of the complex, in which the structure interconverts between its delta and 

lambda enantiomers would account for this discrepancy. To evaluate this hypothesis, VT 
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NMR spectroscopy was employed using experiments analogous to those performed with 

L7AlOBn and NAlOBn, which revealed had discrepancies between NMR and X-ray data 

(Chapter 4, section 4.3.1).  

 Results from these VT NMR experiments showed a general broadening of peaks upon 

reaching low temperatures (Figure 5.3, full spectrum in Figure 5.15, section 5.5.2). Due to 

solvent freezing point restrictions and NMR probe temperature limits, temperatures below 

185 K were not achieved. While the findings are consistent with fluxionality being slowed 

upon cooling, neither coalescence (peak broadening to the point of flattening), nor 

complete peak distinction was observed so the activation energy of fluxionality could not 

be calculated for L7EdAlOBn. 

 

Figure 5.3. Overlaid VT NMR spectra of L7EdAlOBn. Black circles indicate the start of 
peak coalescence.  
 
 5.3.2 Polymerization Behavior 

 To better understand how L7CyAlOBn and L7EdAlOBn behaved as catalysts, 

polymerization experiments with rac-LA were performed (Table 5.1). While overall 

polymerization rates were relatively slow in solution (p > 95% after several days), excellent 
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polymerization control was exhibited by both catalysts (even in the melt, entries 5–6 and 

8–9, Table 5.1) Both L7CyAlOBn and L7EdAlOBn exhibited similar stereoselectivities (Pms 

= 0.82 and 0.80 at 55 °C, for L7CyAlOBn and L7EdAlOBn, respectively). These moderate 

isotacticities led to polymer Tm values of 158 °C (entries 4 and 7, Table 5.1), which we 

attribute to crystallinity within the polymer chains. Overall, these results match well with 

those obtained with structural analog L7AlOBn47 (entries 1–3, Table 5.1), showing that the 

structural differences among the catalysts had minimal effect on overall polymerization 

capability.  

Table 5.1. rac-LA polymerization data by L7AlOBn, L7CyAlOBn and L7EdAlOBn. 
 

Entry a Temp. (°C) LA:cat Time Conv.b Mn (kDa)c Đ c Pmd Tm (°C)e 

L7 1 55 (THF-d8) 300 4 d 99% 36 1.03 0.80 155 

L7 2 135 300 30 min 96% 40 1.11 0.64 f 

L7 3 180 300 15 min 93% 54 1.44 0.68 f 

L7Cy 4 55 (THF-d8) 300 6 d 99% 36 1.03 0.82 158 

L7Cy 5 135 300 30 min 96% 53 1.23 0.73 f 

L7Cy 6 180 300 15 min 94% 69 1.22 0.65 f 

L7Ed 7 55 (THF-d8) 300 4 d 99% 49 1.06 0.80 158 

L7Ed 8 135 300 30 min 85% 74 1.20 0.70 f 

L7Ed 9 180 300 15 min 94% 77 1.24 0.69 f 
aL7 = L7AlOBn, L7Cy = L7CyAlOBn, L7Ed = L7EdAlOBn. bDetermined by 1H NMR spectroscopy. cValues 
were determined by SEC using light scattering detection with THF eluent. Theoretical values are 44 kDa for 
300 equiv. of LA. dDetermined by homonuclear decoupled 1H NMR spectroscopy. eDetermined by DSC. fNo 
feature corresponding to a Tm value was observed. 
 
 5.3.3 Stoichiometric Experiments with rac-Lactide 

  5.3.3.1  L7CyAlOBn Stoichiometric Experiments 

 The relatively high levels of stereoselectivity exhibited by both L7CyAlOBn and 

L7EdAlOBn in polymerizations of rac-LA raised the question of whether these catalysts 

would exhibit high enantioselectivity in initiation as well. To address this question, 
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stoichiometric (1:1) experiments between catalyst and monomer were performed and 

monitored via NMR spectroscopy. When subjected to 1 equiv. of rac-LA, L7CyAlOBn 

ring-opened both enantiomers of the monomer (see Figure 5.4, full spectrum in Figure 

5.16), but in contrast to analogous stoichiometric experiments with L7AlOBn, not all 

catalyst was consumed immediately. To see how long it would take before all the catalyst 

was consumed and the fully ring-opened products were formed (denoted as L7CyAl(oL-

LAOBn) and L7CyAl(oD-LAOBn) depending on the enantiomer of rac-LA), a long kinetic 

study was implemented, in which 1:1 L7CyAlOBn:rac-LA was monitored for several days. 

Even after 6 days, unreacted catalyst was still present. In fact, minimal change was 

observed after 70 min, and integration values indicate that a maximum of ring-opening was 

reached after 4 hours (only 15% of unreacted catalyst remained). These results suggest that 

the system had reached an equilibrium after ~70 min.  
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Figure 5.4. Portions of 1H NMR spectra for stoichiometric studies of L7CyAlOBn and LA 
(left). Overlaid 1H NMR spectra of 1:1 rac-LA:L7CyAlOBn after indicated amounts of time 
(right). In both figures, red = unreacted L7CyAlOBn catalyst, blue = L7CyAl(oL-LAOBn) 
and green = L7CyAl(oD-LAOBn).  
 
 To gain further insight into these results, and to see whether or not a kinetic preference 

was observed when only one enantiomer of monomer was subjected to catalyst, kinetics of 

single enantiomer ring-opening by L7CyAlOBn were performed. In these studies, 

stoichiometric amounts of catalyst and a single enantiomer of LA were added to a J-young 

NMR tube and respective concentrations of both unreacted monomer and 

L7CyAl(oLAOBn) complex were monitored via 1H NMR kinetic array over several hours. 

Data from these parallel experiments indicated that L7CyAlOBn exhibits a significant 

preference toward D-LA (ring-opened approximately 2.5 x faster than L-LA). Even more, 

the equilibrium between unreacted monomer and respective L7CyAl(oLAOBn) complexes 

was reached after 90 and 225 min, for D- and L-LA, respectively, suggesting that for both 

enantiomers, the overall equilibrium monomer concentration is low.  
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Figure 5.5. Kinetic plots of 1:1 L-LA:L7CyAlOBn (left) and 1:1 D-LA:L7CyAlOBn (right), 
where ring-opened species growth is indicated in black and monomer decay is shown in 
red.  
 
  5.3.3.2  L7EdAlOBn Stoichiometric Experiments 
 
 Analogous stoichiometric reactions between monomer and L7EdAlOBn were also 

performed. Reaction with 1 equiv. of rac-LA resulted in a 1H NMR spectrum that no longer 

exhibited a single set of peaks; rather, a spectrum consistent with that of a non-fluxional 

molecule with inequivalent indolide rings was observed (Figures 5.6 and 5.17). This 

change was indicative of either the formation of indistinguishable, enantiomeric, non-

fluxional complexes with unique resonances for each proton, or the formation of fluxional, 

diastereomeric complexes distinguishable by NMR. The same type of spectral change was 

observed with stoichiometric monomer and catalyst reactions of L7AlOBn (see Chapter 4 

for additional detail). In that case, VT NMR was instrumental in deciphering between the 

two aforementioned possibilities postulated from the observed spectral change. As such, 

VT NMR was used on the L7EdAl(oLAOBn) complex. The resulting VT NMR spectra of 

the 1:1 L7EdAlOBn:rac-LA reaction mixture revealed a general broadening of alkoxide 

moiety peaks, but relatively minimal change for the ligand resonances was observed 

(Figure 5.19, section 5.5.4). A lack of coalescence for ligand resonances solidified the 
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notion that the L7EdAl(oLAOBn) complex did not exhibit the same fluxionality observed 

for its precursor, L7EdAlOBn, but was "locked" into position instead.  

 

Figure 5.6. Selected portions of the 1H NMR spectra of the products of the reactions of 
(top) rac-LA, (middle) L-LA, or (bottom) D-LA with L7EdAlOBn, with the indicated 
assignments shown in blue and green. The spectra shown were observed 10 min after the 
stoichiometric reaction was begun.  
 
 Overlaid 1H NMR spectra of the product mixture formed upon reaction of L7EdAlOBn 

and 1 equiv. of either L-LA, D-LA or rac-LA are identical (Figure 5.6). The same spectra 

would be expected for indistinguishable enantiomeric species, thus serving as additional 

proof that enantiomers are formed upon ring-opening. Thus, like L7AlOBn, L7EdAlOBn 

shows a high level of enantioselectivity in initiation. Further confirmation of this 

conclusion and identification of possible equilibria will require NOESY/EXSY NMR 

spectroscopy studies. Also, without an X-ray crystallographic structure of the product 

complex, we cannot determine which enantiomer of rac-LA is selectively opened by which 

enantiomer of catalyst (possibilities outlined in Scheme 5.1).  
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Scheme 5.1. Possible L7EdAl(oLAOBn) products, (2 sets of enantiomers, 2 sets of 
diastereomers) resulting from the reaction of the interconverting enantiomers of 
L7EdAlOBn with 1 equiv. of either L- or D-LA. 
 

 

 Importantly, 1H NMR studies of these stoichiometric reactions indicate that L7EdAlOBn 

has different ring-opening rates with each form of LA; the spectra in Figure 5.6 were all 

observed 10 minutes after the stoichiometric reaction was begun, and catalyst consumption 

is varied among all three reactions. While ring-opening rate was not measured, (largely due 

to the short timeframe in between reaction start and NMR analysis), it is noted that opposite 

to L7CyAlOBn, L7EdAlOBn shows a preference for ring-opening L-LA over D-LA when 

subjected to both enantiomers. Stoichiometric reaction with rac-LA yielded the fastest 

ring-opening rate overall (nearly all catalyst is consumed upon immediate introduction to 

the monomer, despite all reactions having the same concentration). However, just as with 

L7CyAlOBn, an equilibrium between ring-opened monomer and unreacted monomer was 

reached in minutes in the case of all forms of LA. Despite experiments in which additional 

equivalents of monomer was subjected to catalyst, or the reactions are heated to 50 °C for 
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extended periods of time (3 d), L7EdAlOBn is not fully consumed, indicating its low 

equilibrium monomer concentration.  

 Due to the fluxionality of L7EdAlOBn, and under the assumption that a fluxional 

complex would react similarly to enantiomers, the discrepancy between rate in ring-

opening each form of LA was unexpected. We postulated that residual monomer impurity 

could be a cause for different L7EdAlOBn reactivities, as even trace amounts of monomer 

impurity could affect the integrity of the catalyst. To further explore this idea, equimolar 

amounts of purchased (and subsequently recrystallized) rac-LA and a "homemade" rac-

LA (taken from mixing stoichiometric amounts of L-LA and D-LA, both of which were 

purchased and recrystallized separately) were subjected to L7EdAlOBn. However, both 1H 

NMR spectra of these reactions were identical (Figure 5.7, full spectrum in Figure 5.18, 

section 5.5.4), proving that monomer impurity was not a valid reason for the different 

reactivities observed. Rather the catalyst, despite its fluxionality, exhibits different ring-

opening rates based on the type of monomer subjected to it.  
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Figure 5.7. Overlay of a portion of the 1H NMR spectra of the products of the reactions of 
L7EdAlOBn with 1 equiv. rac-LA (purchased and recrystallized), and 1 equiv. rac-LA 
(50:50 mixture of D- and L-LA, both purchased and recrystallized separately). 
 
 5.3.4 Exchange Experiments with L7CyAlOBn  

 To better understand the ring-opening equilibrium observed via L7CyAlOBn, and to help 

determine whether initiation was under thermodynamic or kinetic control, NOESY/EXSY 

NMR spectroscopy was employed.47,169 Any exchange observed between peaks of each 

respective diastereomer (L7CyAl(oL-LAOBn) or L7CyAl(oD-LAOBn)) would indicate 

equilibration, signifying thermodynamic control. However, EXSY experimentation 

revealed that there was no exchange between alkoxide oLAOBn methine groups of the 

diastereomers (Figure 5.8). Lack of exchange signals argues against a rapid equilibration 

of alkoxide ligands of the respective diastereomers and is inconsistent with thermodynamic 

control. This result is in stark contrast to that of L7AlOBn, whose enantiomeric and 

diastereomeric species were observed to rapidly equilibrate via EXSY NMR.  

 However, in a puzzling finding, the backbone protons of L7CyAlOBn showed strong 

exchange correlation, which is improbable due to their locked position in this rigid 
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(nonfluxional) complex. We speculate that these exchange peaks could be a result of a 

second insertion product (i.e., L7CyAl(oLA-LAOBn), an outcome from adding extra 

monomer to the reaction in order to push the equilibrium toward consumed catalyst. We 

postulate that this second insertion product contains resonances hidden underneath those 

of the backbone protons and is participating in some sort of rapid ligand exchange. This 

reasoning is speculative, however, as the identity of most of the smaller peaks in the 

spectrum that exhibit strong exchange correlations are not well-characterized; additional 

characterization studies of these minor species are ongoing so that they can better 

identified. As well, it is recognized that any ligand exchanges associated with the complex 

may be occurring at different rates, and the standard EXSY mixing time of 0.8 s may not 

be sufficient to capture each level of ligand exchange.  
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Figure 5.8. NOESY/EXSY NMR spectrum of the product of reaction of rac-LA with 
L7CyAlOBn (i.e., L7CyAl(oLAOBn)) and corresponding structures of products within the 
analyzed sample. Exchange correlations between backbone resonances are indicated in 
green, while exchanges between major methine resonances and unidentified minor 
products are shown in black, pink, purple and orange; each color represents a unique type 
of exchange.   
 
 Therefore, while the results from these EXSY experiments involving L7CyAl(oLAOBn) 

are inconclusive, we plan on continuing studies that are 1) more exact in stoichiometry (to 

try and rid the spectra of any second insertion peaks), and 2) variant in mixing time, so that 

different exchange processes may be better identified. As well, EXSY experiments with 

L7EdAl(oLAOBn) will also be performed, primarily to identify whether or not 

thermodynamic control leads to an equilibration of the main enantiomeric products and 

any lesser diastereomeric species.  

5.4 Concluding Remarks  

 Comparison and analysis of two new, indolide-type Al catalysts, varying only in their 

backbone structure, was made with regard to stereoselective rac-LA initiation and 

polymerization. The first, L7EdAlOBn, a fluxional catalyst bearing an ethylene diamine 
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backbone, showed excellent enantioselectivity via 1H NMR spectroscopy studies of rac-

LA initiation, yet showed different reactivity toward each enantiomer in terms of ring-

opening rate. On the contrary, an asymmetric and enantiopure catalyst, L7CyAlOBn, 

bearing an (R,R) cyclohexyl backbone, did not exhibit stereoselectivity in stoichiometric 

rac-LA initiation, but single-enantiomer kinetic studies indicated its slight preference for 

D-LA. NOESY/EXSY NMR studies to prove thermodynamic control in this case were 

inconclusive and work to further elucidate the results are ongoing.  

 Both catalysts exhibited moderate stereoselectivity in polymerization of rac-LA 

(achieving Pms of 0.82 and 0.80 for L7CyAlOBn and L7EdAlOBn, respectively), similar to 

that of what was achieved by L7AlOBn.47 While these structural variations in the indolide-

frameworks produced interesting results with regard to polymerization initiation, neither 

modification had a significant effect on overall rac-LA polymerization compared to that of 

what had been studied previously.47 

5.5 Experimental 

 5.5.1 General Considerations  

 All reactions containing either air- and/or water-sensitive compounds were performed 

within the inert atmosphere of a nitrogen-filled glovebox or using Schlenk line techniques. 

All reagents were purchased from commercial sources and were used as received, unless 

otherwise noted. rac-, D- and L-LA was purified by recrystallization (3x) from toluene and 

subsequent vacuum drying. All solvents were dried over CaH2 or sodium benzophenone, 

degassed through freeze-pump-thaw techniques, and distilled before being stored under N2. 

Nuclear magnetic resonance (NMR) spectroscopy experiments were performed with a 

Bruker Avance III (500 MHz) spectrometer equipped with a BBFO SmartProbe. Chemical 

shifts for 1H and 13C NMR spectra were referenced to residual protium in the deuterated 
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solvent (for 1H NMR) and the deuterated solvent itself (for 13C NMR). NOESY/EXSY 

NMR experiments were accomplished with a mixing time of 0.8 s. Molecular weights (Mn 

and Mw) and dispersities (Mw/Mn) of the PLA samples were determined in THF at 25 °C 

with a flow rate of 1 mL per min on an Agilent 1260 Infinity HPLC with Waters Styragel 

(HR6, HR4, and HR1) columns connected to a Wyatt DAWN Heleos II light scattering 

detector and a Wyatt OPTILAB T-rEX refractive index detector. Differential scanning 

calorimetry experiments were conducted via a TA Instruments Discovery DSC, using 

samples hermetically sealed in aluminum pans, at a heating rate of 10 °C/min. Reported 

Tm values are from the second heating ramp. Elemental analyses were performed by 

Robertson Microlit Laboratories in Ledgewood, NJ. X-ray diffraction measurements were 

collected with Mo Kα source and with either a Bruker D8 VENTURE diffractometer 

equipped with a Photon II CPAD using normal parabolic mirrors as monochromators, a 

Bruker D8 VENTURE diffractometer equipped with a Photon III CMOS using normal 

parabolic mirrors as monochromators. 

 5.5.2 Synthetic Procedures   

 Synthesis of L7CyH2. Synthesis and characterization of this molecule has been 

previously reported.191 However, a slightly different synthetic approach that what has been 

reported was taken while synthesizing L7CyH2. To an oven-dried round bottom flask 

equipped with a reflux condenser and charged with a stir bar, 7-indolecarboxaldehyde (1.00 

g, 6.89 mmol) was added and dissolved in absolute ethanol (0.63 M) while stirring. To this 

mixture, trans-1,2-cyclohexanediamine (0.393 g, 0.5 equiv.) was added before heating to 

reflux (80 °C) for 3 d. After 3 d, the reaction mixture and its precipitate were filtered via 

vacuum filtration and the solid was washed with cold ethanol (3 x 10 mL). The resulting 

off-white solid was dried via Schlenk line for 6–8 h before being pumped into an N2 
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glovebox. 1H NMR analysis indicated this material was pure and required no further 

purification before subsequent synthetic steps. Yield: 1.02 g, 80%. Characterization 

matches what has been recently published for this ligand.191 

 Synthesis of L7CyAlEt. To an oven-dried screw cap bomb flask equipped with a stir bar, 

ligand (0.064 g, 0.175 mmol) and Et2AlOEt (excess) were dissolved in a 50:50 mixture of 

toluene and THF (2 mL, each) while in an N2 glovebox. The sealed flask was pumped out 

of the box, heated to 75° C and stirred for 3 d. After cooling to room temperature, the bomb 

flask was pumped back into the glovebox and the solvent removed in vacuo. The resulting 

oil was triturated with pentane to yield a bright yellow solid. The solid was then collected 

via vacuum filtration and washed with pentane (3 x 5 mL) to reveal pure product. The 

product was isolated as a bright-yellow solid and was stored under N2 until subsequent use. 

Yield: 0.036 g, 50%. 1H NMR (500 MHz, CD2Cl2) d 8.76 (s, 1H, CH=N), 8.43 (s, 1H, 

CH=N), 8.01 (d, J = 7.75 Hz, 1H, ArH), 7.78 (d, J = 7.75 Hz, 1H, ArH), 7.67 (d, J = 2.71 

Hz, 1H, NCH=CH), 7.38 (m, 2H, ArH), 7.11 (m, 2H, ArH), 6.77 (d, J = 2.71 Hz, 1H, 

NCH=CH), 6.36 (d, J = 2.93 Hz, 1H, NCH=CH), 6.26 (d, J = 2.93 Hz, 1H, NCH=CH), 

4.08 (m, 1H, NCHCH2), 3.23 (m, 1H, NCHCH2), 2.50 (m, 2H, NCH2CH2CH2CH2N), 2.15 

(m, 1H, NCH2CH2CH2CH2N), 2.05 (m, 1H, NCH2CH2CH2CH2N), 1.72–1.56 (m, 4H, 

NCH2CH2CH2CH2N), 0.77 (t,  J = 8.07 Hz, 3H, AlCH2CH3), 0.16–0.06 (m, 2H, 

AlCH2CH3); 13C NMR (125 MHz, CD2Cl2) d 171.44, 159.42, 142.12, 138.60, 138.18, 

133.15, 132.14, 128.66, 127.79, 126.58, 126.08, 118.35, 118.24, 117.96, 116.06, 103.29, 

103.29, 103.06, 68.09, 63.18, 33.36, 27.78, 25.29, 24.73, 10.89. Despite using a broad 

sweep width (up to –200 ppm) and using VT NMR techniques, no signal for the methylene 

of the ethyl substituent bound to the Al center could be identified. Anal. Calcd for 

C26H27AlN4: C, 73.91; H, 6.44; N, 13.26. Found: C, 72.99; H, 6.34; N, 12.70.  
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 Synthesis of L7CyAlOBn. To an oven-dried vial equipped with a small stir bar, 

L7CyAlEt (0.068 g, 0.160 mmol) was added and dissolved in a minimal amount of CHCl3. 

Using a 1 M stock solution in CHCl3, a stoichiometric amount of BnOH was added to the 

vial. The reaction was stirred overnight, and the solvent was then removed in vacuo, 

yielding a bright-yellow solid. The solid was stirred in pentane before being isolated 

through vacuum filtration. Purification was completed by recrystallizing the material in 

toluene layered with pentane in a –40° C freezer overnight. The material was subsequently 

stored under N2. Yield: 0.058 g, 72%. 1H NMR (500 MHz, CD2Cl2) d 8.74 (s, 1H, CH=N), 

8.48 (s, 1H, CH=N), 8.06 (d, J = 7.67 Hz, 1H, ArH), 7.84 (d, J = 7.81 Hz, 1H, ArH), 7.72 

(d, J = 2.49 Hz, 1H, NCH=CH), 7.43 (app t, J = 7.70 Hz, 2H, ArH), 7.17 (m, 5H, ArH), 

7.03 (m, 2H, ArH), 6.81 (d, J = 2.49 Hz, 1H, NCH=CH), 6.43 (app s, 2H, NCH=CH, 

NCH=CH), 4.55 (app s, 2H, OCH2Ph), 4.11 (m, 1H, NCHCH2), 3.17 (m, 1H, NCHCH2),  

2.46 (m, 1H, NCH2CH2CH2CH2N), 2.38 (m, 1H, NCH2CH2CH2CH2N), 2.05 (m, 1H, 

NCH2CH2CH2CH2N), 1.97 (m, 1H, NCH2CH2CH2CH2N), 1.58 (m, 1H, 

NCH2CH2CH2CH2N), 1.44 (m, 3H, NCH2CH2CH2CH2N); 13C NMR (125 MHz, CD2Cl2) 

d 170.92, 160.46, 146.11, 142.31, 142.00, 138.66, 138.57, 133.08, 132.09, 128.88, 128.37, 

128.03, 127.17, 126.79, 126.56, 126.45, 118.65, 118.65, 118.14, 118.14, 117.59, 115.81, 

103.81, 103.57, 67.73, 65.92, 63.31, 23.40, 27.82, 25.08, 24.41. Despite multiple attempts 

to collect CHN elemental analysis for this complex, results consistently yielded slightly 

lower percentages for carbon and nitrogen atoms than what was calculated. This is likely 

due to incomplete combustion during the experiment, as the high purity of the complex 

was confirmed via NMR spectroscopy. 

 Synthesis of LEdH2. To an oven-dried round bottom flask equipped with a reflux 

condenser and charged with a stir bar, 7-indolecarboxaldehyde (1.00 g, 6.89 mmol) was 
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added and dissolved in absolute ethanol (0.63 M) while stirring. To this mixture, 

ethylenediamine (0.207 g, 0.5 equiv.) was added before heating to reflux (80 °C) for 3 d. 

After 3 d, the reaction mixture was transferred to a new round bottom flask before being 

placed in a –20 °C freezer overnight. The resulting precipitate were filtered via vacuum 

filtration and the solid was washed with cold ethanol (3 x 10 mL) before being isolated. 

The resulting taupe solid was dried via Schlenk line for 6–8 h before being pumped into 

an N2 glovebox. 1H NMR analysis indicated this material was pure and required no further 

purification before subsequent synthetic steps. Yield: 0.438 g, 41%. 1H NMR (500 MHz, 

CDCl3) d 10.73 (s, 2H, NH) 8.57 (s, 2H, CH=N), 7.77 (d, J = 7.69 Hz, 2H, ArH), 7.30 (d, 

J = 7.69 Hz, 2H, ArH), 7.17 (m, 4H, NCH=CH, ArH), 6.58 (app s, 2H, NCH=CH), 4.08 

(app s, 4H, NCH2CH2N); 13C NMR (125 MHz, CDCl3) d 163.43, 134.16, 128.45, 125.39, 

125.09, 123.78, 119.41, 119.28, 102.28, 62.38. CHN elemental analysis was not attempted 

for this molecule.  

 Synthesis of L7EdAlEt. To an oven-dried screw cap bomb flask equipped with a stir 

bar, ligand (0.189 g, 0.600 mmol) and Et2AlOEt ethoxide (excess) were dissolved in 

toluene (~2 mL) while in an N2 glovebox. The sealed flask was pumped out of the box, 

heated to 70 °C and stirred for 3 d. After cooling to room temperature, the bomb flask was 

pumped back into the glovebox and put in the glovebox freezer overnight. The resulting 

solid was collected via vacuum filtration as a light yellow solid and was stored under N2 

until subsequent use. Yield: 0.097 g, 44%. 1H NMR (500 MHz, CDCl3) d 8.55 (s, 2H, 

CH=N), 7.93 (d, J = 7.70 Hz, 2H, ArH), 7.31 (d, J = 7.70 Hz, 2H, ArH), 7.24 (d, J = 2.97 

Hz, 2H, NCH=CH), 7.10 (t, J = 7.70 Hz, 2H, ArH), 6.64 (d, J = 2.97 Hz, 2H, NCH=CH), 

4.30 (m, 2H, NCH2CH2N), 3.78 (m, 2H, NCH2CH2N), 0.72 (t, J = 8.07 Hz, 3H, 

AlCH2CH3), 0.02 (q, J = 8.07 Hz, 2H, AlCH2CH3); 13C NMR (125 MHz, CDCl3) d 168.18, 
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142.12, 138.53, 132.26, 127.75, 126.47, 117.81, 116.48, 103.06, 54.60, 10.50. Despite 

using a broad sweep width (up to –200 ppm) and using variable temperature NMR 

techniques, no signal for the methylene of the ethyl substituent bound to the Al center 

could be identified. Anal. Calcd for C22H21AlN4: C, 71.72; H, 5.75; N, 15.21. Found: C, 

71.62; H, 5.67; N, 14.74.  

 Synthesis of L7EdAlOBn. To an oven-dried vial equipped with a small stir bar, 

L7EdAlEt (0.046 g, 0.124 mmol) was added and dissolved in a minimal amount of CHCl3. 

Using a 1 M stock solution in CHCl3, a stoichiometric amount of BnOH was added to the 

vial. The reaction was stirred overnight and the solvent was then removed in vacuo, 

yielding a muted yellow solid. The solid was stirred in pentane before being isolated 

through vacuum filtration. Purification was completed by recrystallizing the material in 

toluene layered with pentane in a –40° C freezer overnight. The material was subsequently 

stored under N2. Yield: 0.028 g, 52%. 1H NMR (500 MHz, CDCl3) d 8.49 (s, 2H, CH=N), 

7.97 (d, J = 6.63 Hz, 2H, ArH), 7.34 (d, J = 2.99 Hz, 2H, NCH=CH), 7.31 (d, J = 7.63 Hz, 

2H, ArH), 7.13 (t, J = 7.63 Hz, 2H, ArH), 7.04 (app s, 3H, ArH), 6.92 (app s, 2H, ArH), 

6.69 (d, J = 2.99 Hz, 2H, NCH=CH), 4.49 (app s, 2H, OCH2Ph) 4.19 (m, 2H, NCH2CH2N), 

3.65 (m, 2H, NCH2CH2N); 13C NMR (125 MHz, CDCl3) d 168.48, 142.15, 138.61, 132.27, 

127.90, 127.80, 126.85, 126.72, 125.98, 118.05, 116.02, 103.74, 65.54, 54.88. Anal. Calcd 

for C27H23AlN4O: C, 72.63; H, 5.19; N, 12.55. Found: C, 71.44; H, 4.98; N, 12.05.  
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Figure 5.9. 1H (top) and 13C (bottom) NMR spectra of L7CyH2. 
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Figure 5.10. 1H (top) and 13C (bottom) NMR spectra of L7CyAlEt. 
 
 



 166 

 

 
 

Figure 5.11. 1H (top) and 13C (bottom) NMR spectra of L7CyAlOBn. 



 167 

 

Figure 5.12. 1H (top) and 13C (bottom) NMR spectra of L7EdH2. 
 

 



 168 

 

 

Figure 5.13. 1H (top) and 13C (bottom) NMR spectra of L7EdAlEt. 
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Figure 5.14. 1H (top) and 13C (bottom) NMR spectra of L7EdAlOBn. 
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Figure 5.15. VT 1H NMR overlay of L7EdAlOBn. The fluxionality of the complex is 
inhibited at lower temperatures, as indicated by the wide broadening of peaks (first 
appearing at ~185 K). 
 
5.5.3 Polymerization Experiments and Analysis 

 Polymerizations in solution were performed in deuterated solvent (THF-d8) at 55 °C. 

Polymerization procedures (solution) were completed by first making stock solutions of 

catalyst (1 mL, 9.7 mM, THF-d8) and rac-LA (1 mL, 1.5 M, THF-d8,), then sequentially 

adding them to a J-Young NMR tube (240 µL catalyst stock, 465 µL monomer stock) for 

final concentrations of 3.3 mM catalyst and 1.0 M monomer in a total volume of 705 µL. 

Once the polymerizations reached >95% conversion, they were quenched via air exposure. 

An aliquot of the polymerization was removed and subjected to 1H NMR analysis in order 

to determine the monomer conversion. The remainder of the reaction mixture was 

dissolved in CH2Cl2 before being precipitated into cold MeOH. The resulting PLA was 

then dried under vacuum for ~12 h before being submitted for additional analysis.  
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 Melt polymerization studies were performed by weighing out catalyst (0.003 g, 0.006 

mmol, 1 equiv.) into an oven-dried screw-cap bomb flask charged with a stir bar and 

monomer (0.260 g, 1.80 mmol, 300 equiv.) in a nitrogen filled glovebox. The bomb flask 

was capped, removed from the glovebox, and then heated and stirred at the desired 

temperature for a given amount of time. The polymerizations were quenched and worked 

up in the same manner as the polymerizations performed in solution.  

 5.5.4 Stoichiometric Experiments 

 Stoichiometric monomer:catalyst NMR experiments were performed by first making a 

0.0065 M stock solution (1 mL) of catalyst in CDCl3 and a 0.078 M stock solution (500 

µL) of the designated LA monomer in CDCl3 while in a nitrogen-filled glovebox. Then, 

600 µL (3.9 µmol) of catalyst stock solution and 50 µL (3.9 µmol) of monomer stock 

solution (along with 50 µL pure CDCl3) were added to a J-young NMR tube, targeting a 

final concentration of 0.0055 M for both catalyst and monomer and a final NMR volume 

of 700 µL. The J-young tube was then removed from the glovebox, shaken, and 

immediately analyzed by NMR spectroscopy.  
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Figure 5.16. Overlay of 1H NMR spectra of the products of the reaction of L7CyAlOBn 
with 1 equiv. rac-LA after specified amounts of time. 
 

 

Figure 5.17. Overlay of 1H NMR spectra of the products of the reactions of L7EdAlOBn 
with 1 equiv. rac-, L-, and D-LA (after 3 h).  
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Figure 5.18. Overlay of 1H NMR spectra of the products of the reactions of L7EdAlOBn 
with 1 equiv. rac-LA (purchased and recrystallized), and 1 equiv. rac-LA (50:50 mixture 
of D- and L-LA, both purchased and recrystallized separately). 
 

 

Figure 5.19. VT 1H NMR overlay of 1:1 rac-LA:L7EdAlOBn. 
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 5.5.5 NOESY/EXSY NMR Spectroscopy Experiments 

 NOESY/EXSY NMR spectroscopy experiments were conducted by first adding 0.003 

g (0.006 mmol) L7CyAlOBn catalyst and 0.002 g (0.014 mmol) respective LA monomer to 

a scintillation vial (excess monomer was used in order to push the equilibrium toward ring-

opened LA). Shortly thereafter, 700 µL of CD2Cl2 was added to the vial, and the mixture 

was allowed to sit for 10 min. The solution was then pipetted into a J-Young NMR tube 

before being analyzed it via 1H, COSY, and NOESY/EXSY NMR spectroscopy (mixing 

time = 0.8 s). 

 To better identify the diastereomers of L7CyAl(orac-LAOBn) in EXSY experiments, 1H 

NMR spectra of L7CyAl(orac-LAOBn) and L7CyAl(oD-LAOBn) were overlaid (Figure 

5.20) and corresponding peak assignments were made.  

 

 

Figure 5.20. Overlay of 1H NMR spectra of the products of reactions of L7CyAlOBn with 
rac-LA (top) and D-LA (bottom) and corresponding assignments (right).  
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 5.5.6 Tacticity and Differential Scanning Calorimetry Measurements 

 Tacticity of each polymer was measured by dissolving dried polymer in CDCl3 and 

submitting the sample for homonuclear decoupled 1H NMR. Using the methine region of 

the spectrum (5.15–5.25 ppm), the various tetrad concentrations were integrated and 

Bernoullian statistics (assuming CEM, largely based on values obtained from DSC 

measurements, Table 5.1, section 5.3.4) were applied to determine the amount of racemic 

and meso character in the polymer.35 For more accurate integration measurements, 

deconvolution of the spectra was achieved using MestReNova software.115 An example of 

such analysis is depicted in Figure 5.21.  

 

Figure 5.21. Example raw data (methine region, L7CyAlOBn, 55 °C, THF-d8) from the 
homonuclear decoupled 1H NMR spectra of PLA (left) and its deconvoluted form (top 
right) with Pm = 0.82. 
 
 Example DSC thermograms with a heating ramp of 10 °C/min are shown (Figure 5.22). 

Corresponding Tm values were determined from the second heating ramp. Samples were 

annealed overnight at 120 °C before DSC measurements were taken.  
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Figure 5.22. (Left) DSC thermogram of L7CyAlOBn + rac-LA, THF-d8, 55 °C, 6 d (Tm = 
158 °C). (Right) DSC thermogram of L7EdAlOBn + rac-LA, THF-d8, 55 °C, 4 d (Tm = 158 
°C). 
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6. Synthesis and Characterization of Unexplored Ring-Opening Polymerization 
Catalysts: Various Metal Ions and Ligand Structures 
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6.1 Overview and Introduction 

  In addition to work focused on a more complete understanding of ROP through the use 

of various catalysts (described in Chapters 2–5), several other ROP complexes were 

studied. The results of these works are comparatively incomplete, but worthy of 

presentation because of lessons learned from their study, along with their potential for 

further research. This chapter will examine the synthesis and preliminary characterization 

of various metal complexes featuring a variety of metal ions (Al, Zn, Ti) and ligand 

structures (salen-type, indolide-type, and those featuring highly flexible backbones). 

Synthetic challenges, preliminary polymerization results, and potential future directions 

for the use of these catalysts are included.  
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6.2 Exploration of Indolide-Type Frameworks 

 As alluded to in Chapters 3 and 4, the indolide-type framework remains relatively 

unexplored in terms of ROP catalysis.47,160 Just as had been done with aforementioned 

salen-type frameworks, we aimed to answer the question of how altering the ligand 

framework of these complexes would affect the ROP mechanism. These alterations 

primarily focused on the addition of steric bulk to the 2-position of the indolide ring 

(L7MeH2, Figure 6.1) as well as increasing the flexibility of these complexes by introducing 

additional carbons to the backbone (i.e., 4- and 5-member carbon backbones, L7C4H2 and 

L7C5H2, Figure 6.1). This section will explore such modular changes in synthetic detail and 

will describe challenges faced in efforts to isolate and use the subsequent Al complexes for 

ROP.  

 

Figure 6.1. Various ligand frameworks featuring the parent L7H2 ligand (top), added steric 
encumberment (L7MeH2, bottom left) and extended backbone linkers (L7C4H2 and L7C5H2, 
bottom middle and bottom right, respectively).  
 
 6.2.1 Added Steric Bulk  

 We hypothesized that the introduction of a substituent at the 2-position would force the 

indole rings of the ligand framework to splay from each other, causing a change in the 

overall geometry of the molecule compared to that of the parent complex, L7AlOBn (see 
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Chapters 3 and 4 and ligand L7H2 in Figure 6.1, for reference). We sought to explore this 

potential geometrical change in relation to ROP efficacy. 

  6.2.1.1  Synthesis and Characterization 

  The synthesis of L7MeH2 was accomplished through a condensation reaction between 

2-methylindole-7-carboxaldehyde and a half equiv. of 2,2-dimethylpropane-1,3-diamine, 

via a procedure analogous to one used for ligands synthesized previously (Figure 6.2).47,136 

The resulting precipitate, a waxy solid (54%), required no further purification before being 

used for subsequent steps. Characterization by NMR spectroscopy revealed that the 

aldehyde resonance from the starting material had disappeared, and one belonging to an 

imine resonance took its place, indicative of ligand formation (Figure 6.7, section 6.6.2). 

Metalation with Et2AlOEt at elevated temperatures for several days led to the formation of 

a complex (Figure 6.2). Coordination was postulated based on the change in reaction color 

over time (from colorless to bright yellow after 3 d), but NMR spectroscopy revealed that 

the donor amine protons on the ligand were still present, suggesting that while likely 

coordinated, complete Al metalation had not occurred. Metalation with excess Al(Et)3 

under similar conditions however, led to the disappearance of the amine protons and 

significant shifts in the framework peaks, suggesting complete metalation (Figure 6.2).  

 Nonetheless, the resulting product could not be isolated due to its high solubility in 

nonpolar solvents. Despite attempts at recrystallization and trituration via nonpolar 

solvents such as pentane, hexanes, and hexamethyldisiloxane (HMDSO), we were unable 

to isolate the complex as a pure compound. We also attempted a one-pot reaction starting 

with metalation of L7MeH2 with 1 equiv. of Al(Et)3, followed by stoichiometric addition of 

BnOH (Figure 6.2). However, no product was successfully isolated from this approach. 
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Our interests thus turned away from this approach to understanding ligand backbone 

alterations and their relation to ROP capability. 

 

Figure 6.2. Synthesis of L7MeH2, and subsequent synthetic attempts to prepare L7Me 

complexes.  
 
 6.2.2 Increased Flexibility in the Ligand Backbone (in collaboration with  

   CSP REU student Morgan Young, computational studies    

   performed by Mukunda Mandal and Christopher J. Cramer) 

 Previous collaboration with the Cramer group led to a predictive model (see details in 

Chapters 1 and 3) which used DFT calculations to estimate catalyst activation barriers for 

ROP based on catalyst geometry and ability to conform to the TSG. While designing 

potential catalysts in silico, our computational collaborators suggested an indolide-type 

ligand bearing a 4-carbon backbone linker (L7C4H2, Figure 6.3), the Al complex of which 

was calculated to have a ΔG‡TSG of 6.2 kcal/mol (1.4 kcal/mol less than L7AlOBn, a fast 

ROP catalyst predicted by the same FDE model and experimentally tested in Chapter 3). 

To this end, we sought to synthesize L7C4H2 and subsequently metalate it to generate new 

AlOR species and test their efficacies for ROP.  

  6.2.2.1  Synthesis and Characterization of Complexes 

 The synthesis of L7C4H2 was completed through a simple condensation reaction between 

7-indolecarboxaldehyde and putrescine. The product precipitated from the reaction mixture 
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after hours of stirring at reflux as a bright yellow solid (88%). The ligand was characterized 

using NMR spectroscopy and the disappearance and appearance of the aldehyde and imine 

resonances, respectively, indicated ligand formation (Figure 6.8, section 6.6.2).  

 We aimed to synthesize a mononuclear catalyst with this ligand, as dinuclear species 

with multiple initiators can complicate mechanistic studies.44,54 Despite increased 

flexibility in the ligand, we believed the synthesis of mononuclear complexes possible, 

largely due to a previous report of mononuclear (salen)AlOR complex featuring a 4-carbon 

backbone.192 Metalations of L7C4H2 with Al(Et)3, Et2AlOEt, and Al(OiPr)3 under various 

conditions (including slow addition of metal species and low reaction temperatures) were 

attempted. Preliminary characterization via NMR spectroscopy suggested that each 

synthetic approach resulted in dinuclear complexes (Figure 6.3). NMR spectroscopy data 

of L7C4(AlEt2)2 showed a single set of proton resonances (Figure 6.9, section 6.6.2), 

indicating either symmetry throughout the molecule, or highly fluxional behavior (neither 

was confirmed). Complexes L7C4(AlEtOEt)2 and L7C4(Al(OiPr)2)2 however, revealed 

unique proton resonances for each proton on the molecule (Figures 6.10 and 6.11, section 

6.6.2). With the former, it was hypothesized that the synthesis of the species led to the 

formation of a 50:50 mixture of distinguishable diastereomers (each proton resonance 

belonged to that of a single diastereomer). Unique proton resonances for the latter however, 

is hypothesized to be a result of the complex lacking symmetry, thus resulting in a doubling 

of proton resonances in the NMR spectrum compared to that of a symmetric molecule. 

While these spectral assignments are corroborated with NMR data, it is noted that full 

characterization of the complexes via methods including elemental analysis and HR-ESI-

MS is still required.  
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Figure 6.3. Generic scheme of synthesis and subsequent metalation reactions of L7C4H2 
via various Al sources. 
 
  6.2.2.2  Polymerization Behavior 

 Despite dinuclearity, preliminary ROP studies between L7C4(AlEtOEt)2 and 

L7C4(Al(OiPr)2)2 and rac-LA were explored. As indicated in Table 6.1, a few conditions 

were attempted. Reactions with both catalysts were sluggish at slightly elevated 

temperatures (60 °C, in CDCl3), taking days to reach high conversions, but 

L7C4(AlEtOEt)2 yielded high conversions in the melt after 30 min, while providing a high 

molecular weight polymer with good control (Đ = 1.24). Even so, the complex showed no 

preference for stereoselectivity within the polymerization, as atactic polymer was 

produced.  

Table 6.1. Data for polymerizations of rac-LA by the indicated complexes. 
 

Catalysta Temp. 
(°C) LA:cat Time Conv.b Mn 

(kDa)c Đ c Pmd Tm 
(°C) 

AlEtOEt 60 (CDCl3) 300 5 d 81% Xe Xe Xe Xe 

AlEtOEt 135  300 30 min 61% 54 1.24 0.53 Xe 

Al(OiPr)2 60 (CDCl3) 300 4 d 96% Xe Xe Xe Xe 
aAlEtOEt = L7C4(AlEtOEt)2 and Al(OiPr)2 = L7C4(Al(OiPr)2)2. bDetermined by 1H NMR spectroscopy. 
cDetermined by SEC using light scattering detection with THF eluent. Theoretical values are 44 kDa for 300 
equiv. of LA. dDetermined by homonuclear decoupled 1H NMR spectroscopy. eParameter not measured. 
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 6.2.3 Balancing Flexibility and Proximity of Ligand Donor Atoms (in   

   collaboration with CSP REU student Morgan Young) 

 Because L7C4H2 metalations only resulted in dinuclear species, we sought a new ligand 

design, one with increased flexibility in the backbone compared to that of the parent L7H2, 

but one that forced the imine N atoms closer to each other, hopefully resulting in a 

mononuclear complex. As such, the synthesis of L7C5H2, bearing a 5-carbon backbone as 

part of a more rigid cyclohexyl ring was attempted (Figure 6.4).  

  6.2.3.1  Synthesis and Characterization  

 L7C5H2 was synthesized via a condensation reaction between 7-indolecarboxaldehyde 

and cis-1,3-bis(aminomethyl)cyclohexane (Figure 6.4) via bomb flask (due to moisture 

sensitivity of the diamine). An off-white precipitate was observed after heating for 3 d and 

was collected via vacuum filtration (23%). 1H NMR analysis indicated its full formation 

through disappearance of the starting material's aldehyde resonance and formation of the 

imine resonance, along with significant shifts in the backbone resonances (Figure 6.12, 

section 6.6.2). While NMR data suggests the successful synthesis of L7C5H2, we note that 

additional and more wholistic characterization data is needed to confirm this notion.  

 

Figure 6.4. Synthesis of L7C5H2.  
 

 Metalation with L7C5H2 proved to be difficult, as multiple attempts with various Al 

sources (specifically Al(Et)3, Et2AlOEt, and Al(OiPr)3) and reaction conditions led to 

incomplete metalation (evidence of NH peaks still present, despite adding excess metal, 
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even at elevated temperatures for extended periods of time). Therefore, no discrete 

complex synthesized with this ligand was isolated.  

6.3 Pursuit of an Indolide-Zn Complex 

 Along with ligand variations of L7H2, we began to explore complexes of different metal 

ions and focused first on the Zn complex L7Zn (Figure 6.5). We hypothesized that the 

addition of 1 equiv. of alcohol to this could complex could result in a ZnOR species (Figure 

6.5), that might be highly active.  

 6.3.1 Synthesis and Characterization of Complex 

 Synthesis of L7Zn was accomplished via metalation with L7H2 and excess ZnEt2 (Figure 

6.5). Immediately upon metal addition, a yellow precipitate formed (79%). NMR 

spectroscopy revealed full metalation (denoted by the disappearance of NH peaks, see 

Figure 6.13, section 6.6.2). The complex is quite stable, as indicated by no change in its 

properties after days in air, or the addition of substoichiometric amounts of H2O or a 

stoichiometric amount of BnOH, even after an extended period of time (3 d). Even at higher 

temperatures in a higher-boiling solvent (130 °C, toluene), no reaction with the alcohol 

was observed (Figure 6.5).  

 Nonetheless, a preliminary polymerization experiment was performed, with the 

assumption that the L7Zn molecule could serve as a Lewis acid in an activated monomer 

mechanism, by which the carbonyl of the monomer coordinates to the Zn center before 

being nucleophilically attacked by the exogenous alcohol (in this case, 1 equiv. BnOH). 

Reaction with 300 equiv. of rac-LA at 135 °C for 4 h led to 24% conversion to PLA, a 

sluggish level of reactivity.  
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Figure 6.5. Synthesis of L7Zn and proposed L7ZnOBn species.   
 

6.4 Exploration of (salen)Ti-alkoxide Complexes 

 Among Al and Zn catalysts, titanium-alkoxide (TiOR) complexes have also been 

studied in terms of ROP capability.56,193–195 However, understanding of catalyst structural 

effects on ROP reactivity for such systems is rudimentary.195 Additionally, inconsistent 

trends in comparisons of Ti and Al catalysts as a function of electronics and ROP rate193 

inspired the idea of studying electronic effect as a function of metal ion alone (i.e., keeping 

consistent ligand frameworks). Thus, we decided to implement electronic changes to Ti 

complexes using the electronically varied salen ligands previously described in Chapter 1 

(used for Al complex synthesis and subsequent CL polymerization). Once synthesized, we 

aimed to compare Ti and Al-based ROP of CL via the same ligand frameworks.  

 6.4.1 Synthesis and Characterization of Complexes 

 The synthesis of the proligands was achieved as described previously.67,68 Metalation 

with Ti(OiPr)4 resulted in complexes (salen)LNO2Ti and (salen)LOMeTi in 26% and 43% 

yields, respectively (Figure 6.6). Characterized by 1H NMR spectroscopy, the complexes 

were revealed to be mononuclear, and full metalation was denoted by the complete 

disappearance of the phenolic OH peaks, as well as significant shifts in the ligand 

framework proton resonances (Figures 6.14–6.15). Again, while the NMR spectroscopy 

data substantiates the spectral assignments made, additional characterization of these 

complexes is still needed.   
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 Unfortunately, the complexes were extremely sluggish catalysts for CL polymerization. 

For example, (salen)LNO2Ti, at room temperature, showed no monomer conversion after 3 

d. Upon heating to 100 °C, the catalyst started to decompose (observed via NMR 

spectroscopy), proving its inability to be useful as a melt catalyst for monomers with 

elevated melting points. 

 

Figure 6.6. Synthesis of electronically varied (salen)Ti complexes, where R = NO2 and 
OMe.  
 
6.5 Concluding Remarks  

 Several potential ROP catalysts bearing structurally varied ligand frameworks and metal 

ions were explored in this work. Isolation of several proposed complexes proved difficult, 

while complexes bearing extremely flexible backbones formed undesired dinuclear 

complexes upon metalation. While examples of (indolide)Zn and (salen)Ti(OR)2 catalysts 

were also explored as potential ROP catalysts, their sluggish reactivities rendered them 

unsuitable for future study.  

6.6 Experimental 

 6.6.1 Synthetic Materials, Methods and General Considerations 

 All reactions containing either air- and/or water-sensitive compounds were performed 

within the inert atmosphere of a nitrogen-filled glovebox or using Schlenk line techniques. 

All reagents were purchased from commercial sources and were used as received, unless 

otherwise noted. CL was purified by drying over CaH2 and subsequent vacuum distillation. 

LA was purified by recrystallization (3x) from toluene and subsequent vacuum drying. All 
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protonated solvents were degassed and a passed through a solvent purification system 

(Glass Contour, Laguna, CA) prior to use. Deuterated solvents were dried over CaH2, 

degassed through freeze-pump-thaw techniques, and distilled before storing them under 

N2. Nuclear magnetic resonance (NMR) spectroscopies were performed with a Bruker 

Avance III (500 MHz) spectrometer equipped with a BBFO SmartProbe. Chemical shifts 

for 1H and 13C NMR spectra were references to residual protium in the deuterated solvent 

(for 1H NMR) and the deuterated solvent itself (for 13C NMR).  

 6.6.2 Synthetic Procedures 

 The following complexes were characterized through NMR spectroscopy, but due to the 

relatively unexplored nature of these complexes, most were not characterized beyond that. 

At the very least, detailed 1H NMR information for each molecule is included (while all 

designations were corroborated with COSY NMR spectroscopy).  

 Synthesis of L7MeH2. To an oven-dried round bottom flask equipped with a reflux 

condenser and charged with a stir bar, 2-methylindole-7-carboxaldehyde (0.100 g, 0.628 

mmol) was added and dissolved in absolute ethanol (0.63 M) while stirring. To this 

mixture, 2,2-dimethylpropane-1,3-diamine (0.032 g, 0.5 equiv.) was added before heating 

to reflux (80 °C) for 3 d. After 3 d, the reaction mixture was transferred to a new round 

bottom flask before being placed in a –20 °C freezer overnight. The resulting precipitate, 

a waxy solid, was filtered via vacuum filtration and the solid was washed with cold ethanol 

(3 x 10 mL). The remaining solid was dried via Schlenk line for 6-8 h before being pumped 

into an N2 glovebox. 1H NMR analysis indicated this material was pure and required no 

further purification before subsequent synthetic steps. Yield: 0.065 g, 54%. 1H NMR (500 

MHz, CDCl3): d 10.51 (s, 2H, NH), 8.48 (s, 2H, CH=N), 7.62 (d, J = 7.81 Hz, 2H, ArH), 

7.20 (d, J = 7.81 Hz, 2H, ArH), 7.12 (t, J = 7.81 Hz, 2H, ArH), 6.26 (app s, 2H, CH3C=CH), 
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3.64 (s, 4H, NCH2,C(CH3)2CH2N), 2.45 (s, 6H, CH3C=CH), 1.16 (s, 6H, 

NCH2,C(CH3)2CH2N).  

 Synthesis of L7C4H2. To an oven-dried round bottom flask equipped with a reflux 

condenser and charged with a stir bar, 7-indolecarboxaldehyde (1.00 g, 6.28 mmol) was 

added and dissolved in absolute ethanol (0.63 M) while stirring. To this mixture, putrescine 

(0.364 g, 0.5 equiv.) was added before heating to reflux (80 °C) for 4 d. After 4 d, a yellow 

precipitate formed, was collected via vacuum filtration and washed with cold EtOH (3 x 

10 mL). The yellow solid was dried via Schlenk line for 6–8 h before being pumped into 

an N2 glovebox. 1H NMR analysis indicated this material was pure and required no further 

purification before subsequent synthetic steps. Yield: 1.04 g, 88%. 1H NMR (500 MHz, 

CDCl3): d 10.78 (s, 2H, NH), 8.53 (s, 2H, CH=N), 7.77 (d, J = 8.33 Hz, 2H, ArH), 7.31 

(m, 4H, ArH, NCH=CH), 7.20 (t, J = 8.33 Hz, 2H, ArH), 6.62 (app t, J = 2.49 Hz, 2H, 

NCH=CH), 3.78 (m, 4H, NCH2CH2CH2CH2N), 1.93 (m, 4H, NCH2CH2CH2CH2N); 13C 

NMR (125 MHz, CDCl3) d 162.34, 134.17, 128.40, 125.21, 124.55, 123.54, 119.50, 

119.27, 102.26, 61.68, 29.34.  

 Synthesis of L7C4(AlEt2)2. To an oven-dried scintillation vial equipped with a stir bar, 

LC4H2 (0.050 g, 0.146 mmol) was added in an N2 glovebox. A minimal amount of toluene 

(~0.5 mL) was added and stirred until the ligand had dissolved. Drop-wise, excess Al(Et)3 

(~0.4 mL, 1 M in hexanes) was added to the stirring mixture and stirred at room 

temperature for 3 d. After 3 d, the mixture was put in a –40 °C freezer overnight and a 

yellow precipitate formed.  The excess solvent was decanted and the remaining yellow 

solid was triturated with excess pentane to form a yellow powder. The powder was isolated 

via vacuum filtration and washed with pentane (3 x 5 mL), without need for further 

purification afterward. The solid was stored under N2 until subsequent use. Yield: 0.075 g, 
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57%. 1H NMR (500 MHz, CDCl3): d 8.42 (s, 2H, CH=N), 7.95 (d, J = 7.07 Hz, 2H, ArH), 

7.45 (d, J = 2.22 Hz, 2H, NCH=CH), 7.30 (d, J = 7.07 Hz, 2H, ArH), 7.09 (t, J = 7.07 Hz, 

2H, ArH), 6.70 (d, J = 2.22 Hz, 2H, NCH=CH), 3.77 (m, 4H, NCH2CH2CH2CH2N), 1.95 

(m, 4H, NCH2CH2CH2CH2N), 0.95 (t, J = 8.12 Hz, 12H, AlCH2CH3), 0.01 (m, 8H, 

AlCH2CH3).  

 Synthesis of L7C4Al(Et2OEt)2. To an oven-dried tubular bomb flask equipped with a 

stir bar, LC4H2 (0.098 g, 0.292 mmol) was added in an N2 glovebox. A minimal amount of 

toluene (~2 mL) was added and stirred until the ligand had dissolved. Drop-wise, excess 

Et2AlOEt (~0.3 mL, 25 wt % in toluene) was added to the stirring mixture. The flask was 

capped and pumped out of the glovebox and stirred at 110 °C for 3 d. After 3 d, the bomb 

flask was pumped back into the box and the solvent was removed in vacuo. The remaining 

oil was triturated with pentane (10 mL) and a yellow powder formed. The powder was 

isolated via vacuum filtration. The solid was stored under N2 until subsequent use. Yield: 

0.034 g, 21%. 1H NMR (500 MHz, CDCl3): d 8.67 (s, 2H, CH=N), 8.34 (s, 2H, CH=N), 

7.94 (d, J = 7.57 Hz, 2H, ArH), 7.79 (d, J = 7.57 Hz, 2H, ArH), 7.53 (d, J = 2.37 Hz, 2H, 

NCH=CH), 7.29 (d, J = 7.51 Hz, 2H, ArH), 7.18 (d, J = 7.51 Hz, 2H, ArH), 7.07 (2t, J = 

7.57, 7.51 Hz, 4H, ArH), 6.68 (d, J = 2.72 Hz, 2H, NCH=CH), 6.28 (d, J = 2.72 Hz, 2H, 

NCH=CH), 6.07 (d, J = 2.37 Hz, 2H, NCH=CH), 4.89 (m, 2H, NCH2CH2CH2CH2N), 3.68 

(m, 4H, NCH2CH2CH2CH2N), 3.38 (m, 4H, NCH2CH2CH2CH2N, OCH2CH3), 2.78 (m, 

6H, OCH2CH3), 2.19 (m, 4H, NCH2CH2CH2CH2N), 1.74 (m, 4H, NCH2CH2CH2CH2N), 

1.05 (m, 12H, OCH2CH3, AlCH2CH3), 0.95 (t, J = 8.12 Hz, AlCH2CH3), 0.84 (t, J = 7.20 

Hz, OCH2CH3), –0.13– –0.26 (m, 8H, AlCH2CH3); 13C NMR (125 MHz, CDCl3) d 170.46, 

170.37, 141.37, 141.36, 138.58, 137.97, 131.79, 131.76, 127.18, 127.11, 126.38, 125.88, 

117.27, 117.13, 116.92, 116.09, 101.84, 101.45, 62.19, 62.11, 58.25, 57.95, 31.66, 29.32, 
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18.16, 18.09, 9.54, 9.39. Despite using a broad sweep width (up to –200 ppm), no signal 

for the methylene of the ethyl substituent bound to the Al center could be identified. 

 Synthesis of L7C4(Al(OiPr)2)2. To an oven-dried tubular bomb flask equipped with a 

stir bar, LC4H2 (0.175 g, 0.511 mmol) was added in an N2 glovebox. A minimal amount of 

toluene (~3 mL) was added and stirred until the ligand had dissolved. Then, slowly, 

Al(OiPr)3 was added (excess, 0.261 g) and the mixture was stirred. The flask was capped 

and pumped out of the glovebox and stirred at 110 °C for 3 d. After 3 d, the bomb flask 

was pumped back into the box and the solvent was removed in vacuo. The remaining oil 

was triturated with pentane (10 mL) and a yellow powder formed. The powder was isolated 

via vacuum filtration and was stored under N2 until subsequent use. Yield: 0.037 g, 11%.  

1H NMR (500 MHz, CDCl3): d 8.66 (s, 2H, CH=N), 8.25 (s, 2H, CH=N), 7.96 (d, J = 2.71 

Hz, 2H, NCH=CH), 7.92 (d, J = 7.61 Hz, 2H, ArH), 7.74 (d, J = 7.61 Hz, 2H, ArH), 7.18 

(m, 2H, ArH), 7.13 (m, 2H, ArH), 7.02 (2t, J = 7.61, 7.42 Hz, 4H, ArH), 6.66 (d, J = 2.13 

Hz, 2H, NCH=CH), 6.19 (d, J = 2.71 Hz, 2H, NCH=CH), 5.85 (d, J = 2.13 Hz, 2H, 

NCH=CH), 5.30 (m, 2H, NCH2CH2CH2CH2N), 4.19 (2sep, J = 6.02, 5.80 Hz, 4H, 

OCH(CH3)2), 3.88 (sep, J = 6.00 Hz, 2H, OCH(CH3)2), 3.68 (m, 4H, NCH2CH2CH2CH2N), 

3.38 (m, 2H, NCH2CH2CH2CH2N), 3.08 (sep, J = 6.29 Hz, 2H, OCH(CH3)2), 2.17 (m, 4H, 

NCH2CH2CH2CH2N), 1.79 (m, 4H, NCH2CH2CH2CH2N), 1.27 (d, J = 6.02 Hz, 6H, 

OCH(CH3)2), 1.13 (m, 9H, OCH(CH3)2), 1.11 (d, J = 5.80 Hz, 6H, OCH(CH3)2), 1.04 (d, 

J = 6.00 Hz, 6H, OCH(CH3)2), 0.81 (d, J = 6.29 Hz, 6H, OCH(CH3)2), 0.10 (d, J = 6.20 

Hz, 6H, OCH(CH3)2). 

 Synthesis of L7C5H2. To an oven-dried tubular bomb flask charged with a stir bar, 7-

indolecarboxaldehyde (0.425 g, 2.93 mmol) was added and dissolved in EtOH (0.63 M) 

while stirring in an N2 glovebox. To this mixture, cis-1,3-bis(aminomethyl)cyclohexane 
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(1.76 g, 0.5 equiv.) was added before the flask was pumped out of the box and heated at 

80 °C for 3 d. After 3 d, the flask was pumped back into the glovebox and was placed in a 

–40 °C freezer overnight to induce precipitation. An off-white precipitate was collected via 

vacuum filtration and was washed with pentane (3 x 10 mL). 1H NMR analysis indicated 

this material was pure and required no further purification before subsequent synthetic 

steps. Yield: 0.267 g, 23%. 1H NMR (500 MHz, CDCl3): d 10.69 (s, 2H, NH), 8.45 (s, 2H, 

CH=N), 7.72 (d, J = 8.40 Hz, 2H, ArH), 7.28 (d, J = 8.40 Hz, 2H, ArH), 7.16 (m, 4H, ArH, 

NCH=CH), 6.56 (m, 2H, NCH=CH), 3.57 (m, 4H, NCH2CH), 2.00 (m, 1H, CyH), 1.87 (m, 

5H, CyH), 1.35 (m, 1H, CyH), 1.03 (m, 2H, CyH), 0.89 (m, 1H, CyH). 

 Synthesis of L7Zn. To an oven-dried scintillation vial equipped with a stir bar, L7H2 

(referenced in Chapters 3 and 4,  0.100 g, 0.281 mmol) was added in an N2 glovebox. A 

minimal amount of toluene (~1 mL) was added and stirred until the ligand had dissolved. 

Drop-wise, excess ZnEt2 (~0.2 mL, 1 M in hexanes) was added to the stirring mixture and 

stirred at room temperature. A yellow precipitate immediately formed, and the excess 

solvent was decanted. The bright yellow powder was collected via vacuum filtration and 

washed with pentane (3x 5 mL), without need for further purification. The solid was stored 

under N2 until subsequent use. Yield: 0.221 g, 79%. 1H NMR (500 MHz, CD2Cl2) d 8.61 

(s, 2H, CH=N), 7.92 (d, J = 7.62 Hz, 2H, ArH), 7.39 (d, J = 7.62 Hz, 2H, ArH), 7.30 (d, J 

= 2.63 Hz, 2H, NCH=CH), 7.12 (t, J = 7.62 Hz, 2H, ArH), 6.63 (d, J = 2.63 Hz, 2H, 

NCH=CH), 3.93 (d, J = 11.68 Hz, 2H, NCH2,C(CH3)2), 3.28 (d, J = 11.68 Hz, 2H, 

NCH2,C(CH3)2), 1.10 (s, 6H, NCH2,C(CH3)2). 

 Synthesis of (salen)LNO2Ti. To an oven-dried screw cap bomb flask equipped with a 

stir bar, (salen)LNO2H2 (referenced in Chapter 1, 0.100 g, 0.195 mmol) and titanium 

isopropoxide (excess) were dissolved in toluene (~1 mL) while in an N2 glovebox. The 
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sealed flask was stirred at room temperature for 24 h and the solvent was then removed in 

vacuo. The resulting solid was a fine, yellow powder and was collected via vacuum 

filtration via pentane wash (3 x 5 mL) with no need for further purification. The solid was 

stored under N2 until subsequent use. Yield: 0.033 g, 26%. 1H NMR (500 MHz, CDCl3) d 

8.31 (d, J = 2.94 Hz, 1H, ArH), 8.21 (d, J = 2.83 Hz, 1H, ArH), 8.19 (d, J = 2.83 Hz, 1H, 

ArH), 8.12 (d, J = 2.94 Hz, 1H, ArH), 8.07 (s, 1H, CH=N), 8.03 (s, 1H, CH=N), 4.97 (sep, 

J = 6.32 Hz, 1H, (CH3)2CHO), 4.73 (d, J = 10.22 Hz, 1H, NCH2,C(CH3)2), 4.43 (sep, J = 

6.09 Hz, 1H, (CH3)2CHO), 4.02 (d, J = 11.99 Hz, 1H, NCH2,C(CH3)2), 3.26 (2d, J = 10.22, 

11.99 Hz, 2H, CH2,C(CH3)2), 1.45 (s, 9H, (CH3)3C), 1.26 (d, J = 6.32 Hz, 1H, 

(CH3)2CHO), 1.20 (d, J = 6.32 Hz, 3H, (CH3)2CHO), 1.14 (s, 3H, NCH2,C(CH3)2), 0.98 

(s, 9H, (CH3)3C), 0.85 (2d, J = 6.09, 6.09 Hz, 6H, (CH3)2CHO), 0.69 (s, 3H, 

NCH2,C(CH3)2).  

 Synthesis of (salen)LOMeTi. To an oven-dried screw cap bomb flask equipped with a 

stir bar, (salen)LOMeH2 (referenced in Chapter 1, 0.100 g, 0.207 mmol) and titanium 

isopropoxide (excess) were dissolved in toluene (~2 mL) while in an N2 glovebox. The 

sealed flask was stirred at room temperature for 24 h and the solvent was then removed in 

vacuo. The resulting solid was a fine, yellow powder and was collected via vacuum 

filtration via pentane wash (3 x 5 mL) with no need for further purification. The solid was 

stored under N2 until subsequent use. Yield: 0.055 g, 43%. 1H NMR (500 MHz, CD2Cl2) d 

7.98 (s, 1H, CH=N), 7.92 (s, 1H, CH=N), 7.03 (d, J = 2.41 Hz, 1H, ArH), 6.90 (d, J = 2.41 

Hz, 1H, ArH), 6.66 (d, J = 1.83 Hz, 1H, ArH), 6.59 (d, J = 1.83 Hz, 1H, ArH), 4.87 (sep, 

J = 5.92 Hz, 1H, (CH3)2CHO), 4.77 (d, J = 10.02 Hz, 1H, NCH2,C(CH3)2), 4.39 (sep, J = 

5.92 Hz, 1H, (CH3)2CHO), 3.90 (d, J = 12.00 Hz, 1H, NCH2,C(CH3)2), 3.75 (s, 3H, OCH3), 

3.71 (s, 3H, OCH3), 3.19–3.11 (m, 2H, NCH2,C(CH3)2), 1.42 (bs, 9H, (CH3)3C), 1.19 (d, 
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J = 5.92 Hz, 3H, (CH3)2CHO), 1.14 (d, J = 6.32 Hz, 3H, (CH3)2CHO), 1.08 (bs, 3H, 

NCH2,C(CH3)2), 1.01 (bs, 9H, (CH3)3C), 0.85 (d, J = 5.92 Hz, 3H, (CH3)2CHO), 0.78 (d, 

J = 5.92 Hz, 3H, (CH3)2CHO), 0.66 (bs, 3H, NCH2,C(CH3)2).  

 

Figure 6.7. 1H NMR spectrum of L7MeH2. 
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Figure 6.8. 1H (top) and 13C (bottom) NMR spectra of L7C4H2. 
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Figure 6.9. 1H NMR spectrum of L7C4(AlEt2)2. 
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Figure 6.10. 1H (top) and 13C (bottom) NMR spectra of L7C4(AlEtOEt)2. 
 

 

Figure 6.11. 1H NMR spectrum of L7C4(Al(OiPr)2)2. 
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Figure 6.12. 1H NMR spectrum of L7C5H2. 

 

Figure 6.13. 1H NMR spectrum of L7Zn. 
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Figure 6.14. 1H NMR spectrum of (salen)LNO2Ti. 

 

Figure 6.15. 1H NMR spectrum of (salen)LOMeTi. 
 
 
 



 200 

 6.6.3 Polymerization Experiments and Analysis 

  6.6.3.1  Lactide Polymerizations 

 Polymerizations that were performed in a deuterated solvent (CDCl3 at 60 °C) were 

completed as follows. Stock solutions of catalyst (1 mL, 9.7 mM) and rac-LA (1 mL, 1.5 

M) were prepared. A J-Young NMR tube was sequentially charged with catalyst stock 

solution (240 µL, 2.3 µmol), and monomer stock solution (460 µL, 0.70 mmol), for final 

concentrations of 3.3 mM catalyst and 1.0 M monomer. Monomer conversion was 

monitored via 1H NMR analysis. Polymerizations were quenched by opening them up to 

air, then dissolving the reaction mixture in CH2Cl2 before being precipitated into cold 

MeOH. The resulting PLA was dried under vacuum for ~12 h before being submitted for 

analysis.  

 Melt polymerization studies were performed by weighing out catalyst (1 equiv.) into an 

oven-dried screw-cap bomb flask charged with a stir bar and monomer (300 equiv.) in a 

nitrogen filled glovebox. The bomb flask was capped, removed from the glovebox, and 

then heated and stirred at the desired temperature for a given amount of time. The 

polymerizations were quenched by opening up the flask to air. An aliquot from the reaction 

mixture was immediately taken in order to determine monomer conversion (via 1H NMR 

spectroscopy). The rest of the reaction mixture was then dissolved in CH2Cl2 before being 

poured into cold MeOH to precipitate the polymer. After decanting off the remaining 

MeOH, the resulting polymer was washed with cold MeOH (3 x 10 mL) and dried under 

vacuum for ~12 h before being submitted for analysis.  

  6.6.3.2  ε-Caprolactone Polymerizations 

 Polymerizations were performed by adding 450 µL of a stock solution of catalyst in 

CD2Cl2 (9.7 mM) and 170 µL of a stock solution of CL in CD2Cl2 (7.35 M) to a J-young 
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NMR tube inside a nitrogen-filled glovebox (target concentrations were 0.007 M catalyst 

and 2.0 M CL). The NMR tube was pumped out of the box, and monomer conversion over 

time was monitored via 1H NMR spectroscopy.  
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