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Abstract

This dissertation explored the synthesis of Group 4 and Zn catalysts bearing guanidine—phenolate
or amidine—phenolate ligands and their ability to catalyze chemical transformations. Group 4
diisopropoxide and Zn complexes were evaluated for the homopolymerization of lactide, while

titanium dichloride complexes were assessed for their ability to polymerize ethylene.

Group 4 diisopropoxide catalysts were active towards the ring-opening polymerization (ROP) of
lactide, in the absence of any solvent, at 130°C. All Zr complexes were more active than the
corresponding titanium homologues. The rate constant of the bis(guanidine—phenolate) group 4
systems (1.17—3.21 x 10*s™!) were higher than those displayed with Ti(O'Pr)4 (5.34 x 10 s7!),
and Zr(O'Pr)4-'PrOH (2.79 x 107 s7! ). Polylactic acid produced by guanidine-based catalysts
exhibited similar molecular weights and dispersity (P) values to those of the industrial standard
catalyst Sn(Oct)2, as well as to the precursors Ti(O'Pr)s and Zr(O'Pr)s. The guanidine—phenol ligand
proved to be active for the ROP of lactide with a larger rate constant than the most active Zr-based
catalysts. The bis(guanidine—phenolate) titanium dichloride complexes were successfully
synthesized and evaluated for the homopolymerization of ethylene. The low activity (up to 1.1
kgpe mol 'h™!) of the titanium dichloride complexes was ascribed to the electron-donating ability
of the guanidine fragment and the stereoarrangement imparted by the guanidine—phenolate ligand

about the Ti center.

Zn catalysts bearing guanidine— and amidine—phenolate ligands were synthesized and evaluated
for the ROP of lactide under solvent-free conditions at 130°C. The catalyst with the best
performance was only 3 times slower than the industrial standard Sn(Oct)2 when a 100 to 1
monomer to catalyst ratio was used. Most catalysts displayed heterotactic bias in the polylactic
acid generated with molecular weights up to 4900 Da. Dispersity values (P) ranged from 1.2 to
2.3 and were considered acceptable. Proligands were tested for the ROP of lactide, proving that
their participation in the polymerization process cannot be ruled out. This new class of ligands and

the corresponding complexes offer great potential and have a great deal of room for improvement.



Lay Summary

This project focuses on developing new metal-based chemical compounds (catalysts) that can
create biodegradable polymers, also known as bioplastics, more efficiently. These systems are
based on metals such as titanium, zirconium, and zinc, and they are designed with molecules

attached to them (ligands) that affect their performance.

Polylactic acid was the main polymer studied in this project, as it's considered a biodegradable
polymer and made from renewable resources. The performance of these catalysts in producing
polylactic acid at high temperatures in the absence of solvent was explored, where the zirconium-
based catalysts were better than the titanium systems. Moreover, the zinc-based systems came
close to matching the performance of the industrial-standard catalyst. This work also explored how
titanium-based catalysts could help make other plastics, such as polyethylene, and pointed out

areas where more improvement is needed.

This study shows that these metal-based systems have the potential to make biodegradable
polymers more efficiently, which could benefit industries currently focusing on developing

environmentally friendly materials.



Acknowledgment

First of all, I would like to thank the “Consejo Nacional de Humanidades, Ciencias y Tecnologia”
of Mexico for the scholarship I received while at York University. I am also grateful to my
supervisor, Professor Gino Lavoie, for his guidance, patience, support, and the opportunity to be
part of his research group. I would also like to thank my thesis committee members, Dr. Thomas
Baumgartner and Dr. Arturo Orellana, for their patience and time invested during evaluations of
this project. Special appreciation to Dr. Matthew George and Dr. Parisa Mehrkhodavandi for their
participation in my defense committee. Many thanks to Dr. Howard Hunter for his help, guidance,

and advice with NMR experiments.

I want to express my gratitude to the current and past members of the Lavoie Group, Brandon
Khan, Jesse LeBlanc, Lya Campos Rivera, and Nicolas Miceli. You all supported me
professionally and personally when I needed it, and no words can express how grateful I am to
have met you. To my friends from the Caputo Group, Casey Lenart, Lucas Torres, Taylor Cosby,
Avik Bhattacharjee, Charley Garrard, and Madeleine Agostino, thanks for spending time with me;
seeing you always made me smile. I would also like to thank other friends and colleagues from
York, Andrea Angelucci, Lisa Azzarello, Alessia Colussi, Dylan James, Natalie Khamissi, lan

Frankel, and Mayré Rodriguez, I will miss our little talks.

To my mom, Margarita Romero Avila, your support has been invaluable throughout my years away
from home. Lastly, I thank my beautiful wife, Beatriz Herrera Gutierrez. My life only makes sense
when you are by my side. Thank you for your support and for allowing me to be a father, Victoria,

daddy loves you.



Dedication

Esta tesis estd dedicada a los seres queridos que perdi durante mi estancia en Canada.

A mis abuelos, Margarita Avila Bello y Salvador Romero Vargas, siempre fueron un ejemplo para

mi y quiero creer que de alguna manera me siguen cuidando.

A mi padre, Blas Flores Pérez, tu apoyo siempre fue invaluable y espero que donde quiera que

estes, te sientas orgulloso de mi.



Table of Contents

Y o1 4 - ot APPSR PPOPRUPOPPRTO i
I 1Y VT4 0T -] VTR iii
Yol [0 1TV I=To F=d s 1T o | USRS iv
D TTe [ Tor- o o U PSP v
TabIE OF CONTENTES ..ottt sttt st sttt e b e bt e b e bt e sbeesbeesaeesatesanesanes vi
I ol T U Y USSR viii
LISt OF TabIS ..ttt b ettt et et e b e b e bt e b e s b e sh et sat e sat e sabe e beebeebeebean X
R o] Yol o =T o T OO TSP UOO PPN xi
List Of @DBrEVIATIONS .. .eeiieieie ettt ettt et e e s e e e bt e e s abe e s be e sbeeesabee e Xii
(@ 0T o1 oY g A oY o Yo [ U n oY o SR UUURPRNE 1
1.1 Olefin POIYMEIIZATION .. ..veiiiiieee et e e e e et e e e e bt e e e e eatae e e seateeeeebtaeesensaneaeans 1
0 0 R A 1=Y - LY O - L = o= = | LY 2 SRR 2
1.1.2  Group 4 metallocenes in olefin PolymMerization .........ccccviiiiiei e 3
1.1.3  Group 4 imine—phenolate systems (FI Catalysts).......ccccvviervieeiiiieiie et 4
1.1.4  Mechanism of olefin PolymMErization ........cccueiiiiiiii e e 6

1.2 (o) V] =T n (ol Yol o ) I o 17 PSR 7
1.2.1  PLA: Properties, applications, and synthetic methods. ........cccccoeeciieeeiiiiicii e, 8
1.2.2  Coordination insertion mechanism (CIM) and activated monomer mechanism (AMM) ..... 10
1.2.3  Stereocontrol of lactide (MIicrostructures in PLA) .......ccoocvvveieieiiieiieeeeee e e eevrveeens 12

1.2.4  Group 4 metal complexes containing nitrogen-oxygen bidentate ligands for ROP of lactide

14
1.2.5 Zn metal complexes containing nitrogen-oxygen bidentate ligands for ROP of lactide........ 15
1.3 N-heterocyclic Carbenes and Cyclic (Alkyl)(Amino)Carbenes-based scaffolds.........ccccceeenneenn. 16
1.3.1  N-heterocyclic imine/iminate COMPOUNGS........cceeciiieeiiieiiicceecree et et e 16
1.3.2  Cyclic (Alkyl)(Amino)Carbenes (CAAC) imino ligands (CAAC=NT) c...ueveeiiieeeeciiee e, 17
o o Yo T =Te VYo o <SP UUPPt 20

Chapter 2 Group 4 complexes bearing guanidine—phenolate ligands: synthesis, coordination chemistry,

T aTo I o] AV a e Y=Y a b2 1 o] T (U LTS 22
2.1 INEFOAUCTION 1.ttt e st et s et e s e e sbe e e s me e e smreesaneesneeesaneenns 22
2.2 RESUILS @Nd DISCUSSION .....eiiiiieiitie ettt ettt ettt et e s e st e st e s bt e e saeeesareesabeesneeesareesneenas 22

2.2.1  Synthesis of the NHC Scaffold.........cocciiiiiiiiiiiiee et 22
2.2.2  Synthesis of guanidine—phenol proligands...........ccecuiiieiiiiie e 23

Vi



2.2.3  Synthesis of Group 4 alkoXide COMPIEXES ......coccureeeeiiiiieeeiiee e e e 25

2.2.4  Synthesis of Group 4 dichloride COMPIEXES ....ccceeuviiiiiiee e e e 30
2.2.5  Polymerization STUIES ...cccuuiiiieiiie ettt e e e s e e e e s ab e e e sebaeeeennaees 33
2.3 CONCIUSIONS .ttt st sttt et et e bt e bt e s bt e s bt e s se e sme e s ateenb e et e et e e be e beenneennees 43
24 4T T a1l ) = | Y=Yt u (o o FS USSR 44

Chapter 3 Zinc complexes of guanidine— and amidine—phenolate ligands for the ring-opening

[eXeY AV o g Y= o= YuToY I}l - Yot u o [0S USRS 54
31 INEFOTUCTION ..t ettt e b et e bt b e s b e e s b e saeesaeesanesanesane 54
3.2 RESUILS @N DISCUSSION ....coutieitiitieiientee ettt ettt et e sb e sbe e sbe e sae e st st eae e et eeareeneeane 54

3.2.1  Synthesis of guanidine— and amidine phenol proligands..........ccccceeecieiiicciee e, 54
3.2.2  SYNthesis Of ZN COMPIEXES ... ..eueiiiiiieee et e e e e st e e e e e e e naraee e e e e e esnsnnaees 58
3.2.3  Ring-opening polymerization of rac-lactide .........cceecuieieiiiiiiiciiee e 62
33 (60e] 3Tl [V o T3 PP P PP P USSP 72
34 EXPErimental SECHON .....uiviieee e e e e e e e e e e e e e e nrrreees 73

Chapter 4 Conclusions and fULUIE WOTK........cceii i e e et rr e e e e e e e e eanrraeee s 80
4.1 CONCIUSIONS ...ttt ettt ettt ettt e bt e e st e st e e e be e e smbeesabeeesnseesareesabeeeneeesareenares 80
4.2 FULUIE WOTK 1eeiiitiiie ittt ettt e e sttt e e ettt e e s tte e e s eabte e e sabaeesssteeeeenbeeeeessbaeeesssaeeesnsaneeennsens 81

4.2.1 Further investigation for the group 4 guanidine—phenolate systems........cccccceecveeeiicieeennns 81
4.2.1 Explore cyclic(alkyl)(amino)imine (CAAC) Zn-based catalyst.........ccccecveeeeciieeeeciee e, 82
4.2.2 Depolymerization of polylactic @Cid ........ccccuiiiiiiiii i 83
(0 T o1 a T G Y=Y =T T ol TSR 86
(O T o1 R I o o T=T o o | RSP 95

vii



List of Figures

Figure 1.1 Stereochemical forms of polyolefins a) isotactic, b) syndiotactic, and c) atactic............cceevevvvervveseervennnne. 1
Figure 1.2 Polyethylene production using a Ziegler-type catalyst SYStEM.............cccccuueeeeeeeeciiiieieeeeessiiieeeeeeeesiavenaaaen 3
Figure 1.3 a) Bis(cyclopentadienyl) metal complex b) ansa-metallocene complex.............ccueeeeeeeeeceeeeecieeeecieeeennen. 4
Figure 1.4 Imine—phenolate catalysts (FI catalysts) for Group 4 COMPIEXES............uuweevueeeesieeeeiieeeesieeeeeieeeesivaeesaeean 4
Figure 1.5 Possible isomers (excluding enantiomers) for bis(imine—phenolate) six-coordinate complexes................... 5
Figure 1.6 General mechanism for olefin polymerization, (1) initiation, (2) propagation, and (3) termination............ 7
Figure 1.7 Structure of L-(+) and D-(-) lactic acid, and of poly(lactic aCid).............cceeeeueeeeeeieieecieeeseeeeee e 8
Figure 1.8 PLA synthetic methods. Adapted from IItErAtUIE. 10 .........c.ooeeeeeeeeeeeeeeeeeeeeeeeee et 9
Figure 1.9 LOCHAE SEIEOISOMEIS ..........ceeueeeieesieeee ettt ettt ettt s et ettt et e s st e st e s ae e s ateesateesseenaeeeneeenseenases 10
Figure 1.10 ROP of lactide by the A) coordination insertion and B) activated monomer mechanisms........................ 11
Figure 1.11 Representation of intramolecular (top) and intermolecular (bottom) transesterification........................ 11

Figure 1.12 Expected peak separation in MALDI-TOF
Figure 1.13 Microstructures Of PLA..........cccouveeevveeeeiireaecveaan,

Figure 1.14 imine— (left), amine— (middle), and benzoxazole— (right) phenolate group 4 catalysts. .......................... 15
Figure 1.15 Zinc complexes of 8-diiminate (left), b) diamine—phenolate (middle) and, imine—phenolate ligands
L4 1 RS 16
Figure 1.16 Mesomeric forms of CYCliC QUANIAINES .............cooecueeeeeieeeeeeeeeceeeectee s ee e et e e et eseaeaaesteaeessaaeesanees 16
Figure 1.17 Imidazole-2-iminato titanium complex (left), half-sandwich imidazole-2-iminato titanium complexes
(middle) and c) guanidine-ethenolate (right) group 4 COMPIEXES..........cceceeeeeeiesiesieeieeieetesieeeie ettt eiesaeesieens 17
Figure 1.18 Zinc complexes of imidazoline-2-imine (left), acylated cyclic guanidine (middle), and guanidinate ligands
(FIGIT). oottt e et e et e e ettt e e e e ut et e e eatb e e e ettt e e e e utet e e aatb e e e e et e e atbaaeaabaaeaabaaeatbaaeeaabaaeaatsraeeatreaanan 17
FIGQUIE 1.19 CAAC STTUCTUI ..ottt ettt ettt et et s ettt bttt sttt st ettt b et e s et e eeaenaeaaneaanansasanans 18
Figure 1.20 3P NMR chemical shifts of carbene-phosphinidene QdaUCES. ..............ccceeveeeeveeceeieeeeeeeeeeieeeeeeeeeseenes 18
Figure 1.21 The design strategy of the guanidine— and amidine—phenolate ligands................ccccccevveevvvveeecivveeennnen. 21

Figure 2.1 Mesomeric form (top) and variable-temperature NMR spectra of L2aH (CD,Cl, 300 NMR) (bottom). ...... 25
Figure 2.2 Solid-state structures of Ti(L3a),(O'Pr),, Zr(L3a),(O'Pr);, and Ti(L4a),(O'Pr),. Hydrogen atoms and solvent

have been omitted for clarity. ORTEP drawn at 50% Probability. ..............occeevueemvieeseeeniiieiieesieeeieeseesie et 28
Figure 2.3 Solid-state structure of Ti(L2a),Cl,. Hydrogen atoms have been omitted for clarity. ORTEP drawn at 50%
JoTge] o Lo ] <111 USSR 32

Figure 2.4 Kinetic plots for the polymerization of rac-lactide by Sn(Oct),, Ti(O'Pr)s Ti(L1a)y(O'Pr),, Ti(L1b),(O'Pr),,
Ti(L2a),(O'Pr)s, Ti(L3a)2(OiPr),, and Ti(L4a),(0iPr)z (top) and Sn(Oct);, Zr(O'Pr)sPrOH, Zr(L1a)(O'Pr);, Zr(L1b):(O'Pr),,
Zr(L2a)2(O'Pr);, Zr(L3b)2(O'Pr)z, and Zr(L4B)(O'Pr)2 (DOTEOM). ....oceeeeeeeeeeeeeeeeeeeeeeeeeeeteeetee s etes st eveeetesssaens 35
Figure 2.5 Graph of M, as determined by *H NMR spectroscopy, as a function of conversion. The triangles represent
the M, NMR of PLA generated by Zr(L2a),(O'Pr),. The circles represent the theoretical M, calculated (M, theoretical

= ([Lactide]o/[Zr(L2a)2(O'Pr)2]o)x 144.13 X CONVEISION) ..c.vcuveveeeeeereeereeeeeisreseesseseeesssesssssssessesssssssssessessssesssssssssssssssnes 37
Figure 2.6 Thermostability study of Zr(L2a),(O'Pr), performed in toluene at 120 °C..
[Zr(L2a),(O'Pr),]/[Zr(L2a)(O'Pr);)o vs time (top), In([Zr2aly/[Zr2a]s) vs iMe (BOLEOM)........cveveeereeeeeereeeeerevereereneen. 39
Figure 2.7 MALDI-TOF mass spectra of the polymers obtained using Ti(L2a),(O'Pr); (top), Zr(L2a),(O'Pr), (middle),
QNGO L2AH (DOTEOM).....eeeeeeeeeeeeee ettt et e et e e et e e ettt e e e ettt a e e e ats e e e e asaaeaatssaeeatseseassaaeaatssaeanssasenassaaeesssnaaans 41
Figure 2.8 Activation of lactide by hydrogen bonding mechanism with L2aH................cc.cccouveeeccvveecciieeeeiieeeecieaeennns 42
Figure 2.9 Most stable isomer for the imine-phenolate and guanidine-phenolate systems..............ccccccvuveeecvveennnen. 43

Figure 3.1 Solid-state structures of L5a'H (top, left), L5b'H (top, right), and L6aH (bottom). For clarity, only the NH
(L5a'H and L5b'H) and OH (L6aH) protons, located in the Fourier map, are included. Solvent molecules have been
omitted for clarity. ORTEP drawn at 50% probability. Only one of the independent molecules in the unit cell is drawn
B e Ta =X 1 = TP PPN PPTOPRUPPUPPPPPI 57

viii



Figure 3.2 Solid-state structure of Zn[L2a],. Hydrogen atoms have been omitted for clarity. ORTEP drawn at 50%

Je T ) oo o] /15 USSR 60
Figure 3.3. Solid-state structures of Zn complexes bearing the hydrolyzed ligand L5a’. For clarity, only the NH
protons, located using riding model, are included. ORTEP drawn at 50% probability (left). ChemDraw

representations of Zn complexes bearing the hydrolyzed ligand L5Q" (FIGHL). .........c..cceveeceecueeiesieseesieeieseesieesieenes 61
Figure 3.4 Proposed mechanism for the hydrolysis Of LBOA'H ...........c.coooeeeieeeiieeniieeieeit ettt 62
Figure 3.5 Kinetic plots for the polymerization of rac-lactide by Sn(Oct)2, Zn[Lx], (top) and ZnEt,, Zn[Lx]Et (bottom)

..................................................................................................................................................................................... 63
Figure 3.6 Kinetic plots for the polymerization of rac-lactide by guanidine—phenol proligands (LxH) ........................ 65
Figure 3.7 MALDI-TOF mass spectra of the polymers obtained using Zn[L2a],/BnOH (top) and Zn[L2a], (bottom) ...68
Figure 3.8 Base (B)-catalyzed epimerization. Adapted from the [Iterature. 1% ............oeeeeeeeveveeeeeeeeeeeeeeeeenenes 70
Figure 3.9 A) e-caprolactone and B) polyCOProlaCtoNe...............occuueeeecueeeeeeiie et eeeee e ste e stea e e seaaestesaesraaeesnees 71
Figure 4.1 Proposed ligand modifications in the CAAC moiety for future ligand design: steric effect (pink), addition of
Lo el g1 1o LMol (1 =Tl (o [T =1 ) IR 83



List of Tables

Table 1.1 Effect of R! and R? substituents for FI catalysts in the polymerization of ethylene..............c.ccccccevvvvererevennen. 6
Table 1.2 Effect of tacticity of polylactic acid on its mechanical Properties...............ccceeecvueeeeeveeeecveeeeeieeeeeieeeeeiaennn. 14
Table 2.1 Selected bond distances [A] and angles [°] of Ti(L3a)>(O'Pr),, Zr(L3a):(O'Pr),, and Ti(L4a)(OPr); ............. 27
Table 2.2 Calculated energies (kJ mol™) of the five diastereoisomers for the X-ray characterized bis(alkoxide)
complexes Ti(L3a),(O'Pr),, Zr(L3a),(O'Pr),, and Ti(L4a),(O'Pr),, relative to that of the most stable isomer A.............. 29
Table 2.3 Calculated energies (k) mol™) of isomers B and C for bis(alkoxide) complexes not characterized by X-ray
diffraction, relative t0 thAL Of ISOMEI A ...ttt e e et e e ettt e e ettt e e sttt e e e steaesasseassssseaeasssesenssssaesssseeann 30
Table 2.4 Selected bond distances [A] and angles [7] Of TiL2G)2C15.......oveeeeeeeeeeereeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeveeesseseses 32
Table 2.5 Energies (k) mol) of isomers A and B for bis(guanidine—phenolate) titanium dichloride complexes,
relative t0 tRAL Of ISOMEI C. ..ottt ettt et s e st e eat e et e et e et e s st e sateasaseenaneenaneenns 33
Table 2.6 Solvent-free polymerization Of rAC-IACHIAE. ................ooeceeeeeeeeeeeeeeeeeeee ettt e e e eaea e e staa e e svanaeas 36
Table 2.7 Solvent-free polymerization of rac-lactide in monomer to catalysts ratio 1000:1...............c.cccovuveeevveeennne... 42
Table 3.1 Selected bond distances and angles for ligands of L5'aH, L5'bH, and L6GH ....................ccuveecveeeecivvaannnen. 58
Table 3.2 Selected bond lengths and angles for complex ZN[L2Q]; ..............c..ueeeeueeeecieeeeeieeeeeieeeeceeeeecveeeesieaeesveean 60
Table 3.3 Solvent-free polymerization of rac-lactide by Zn COMPIEXES.............ccccueeeecveeeeeiieeeiieeesciteeeecieeeesieaeesaeean 66
Table 3.4 Solvent-free polymerization Of L-IQCHIAE  .............ccc.eeeeeeeeeeeeeeeeeee et e st e et e st aeestea e s saaaessrseaeeas 70
Table 3.5 Solvent-free polymerization Of €-CAPIOIACLONE. ...........cc.eeeeeeveeeeeeieeeecee e eeeeesee e e cee e e sta e et a e s sseaeesseaeeas 71



List of Schemes

Scheme 1.1 ReactiVity Of CAACMESINTIVIS .....c..ueeeeeeeieeeeeee ettt ettt ettt sate st sate e aut e e st e et e sseesateesneenanees 19
Scheme 2.1 Synthesis of chloro halide salts 1Cl, 2Cl, 3Cl, QN 4C................ccoeeeeeeeeeeeeeeeeeeeeeeeeeee e eeieeeeaeeee e 23
Scheme 2.2 Synthesis of the guanidine—phenol Proligands LXH ..............ccc.ueeeeeueeeecueeeeeieeeeeieeeecceeeeeeeeeesieeeeaaneeaans 24
Scheme 2.3 Synthesis of bis(guanidine—phenolate) group 4 alkoxide compPlexes..............ccceceveeeecieeeesiieeeiiieeeivenann, 26
Scheme 2.4 Synthesis of bis(guanidine—phenolate) group 4 chloride cOmplexes ...............ccccvvueeevieeeesiveeeiiieeeivenann, 31
Scheme 3.1 Synthesis of guanidine— and amidine— phenol ligands. .................cceeeevueeeeciieesiiieeecieeeeceeescieeeaciee e 55
Scheme 3.2 Synthesis of guanidine— and amidine— phenolate Zn COMPIEXES.............ceeeeveeeeeceeeesiireeeiieeesiieaesiiiaenns 59
Scheme 4.1 Synthesis of oxo-bridged dinuclear group 4 COMPIEXES ............uueeecueeeeeciieeeciieesiieeeeceeeecteaesiieeesiaeaeens 81
Scheme 4.2 Synthesis of plausible amidine—phenol ligands to be used for the ROP of cyclic esters...........cccceuu...... 83
Scheme 4.3 Guanidine-based, imino-pyrrol, and imine-phenolate Zn systems used in the depolymerization of PLA
(top) and Zn-mediated degradation of PLA via transesterification with MeOH (adapted from literature)................. 84
Scheme 4.4 Dual-activation mechanism of depolymerization of PLA via methanolysis using a guanidine—phenol

Lol [ e )Y USSP 85

xi



List of abbreviations

Symbols Definitions

ADC Acyclic diamino carbene

AMM Activated Monomer Mechanism

Ar Aryl

BONHMe 2-methylamino-benzoxazole

CAAC Cyclic(alkyl)(amino) carbene

CIM Coordination-Insertion Mechanism

0 Chemical shift

DCM Dichloromethane

DFT Density Functional Theory

DP Degree of Polymerization

Equiv. Equivalent

HMDS Hexamethyldisilazide

iPr Isopropyl

LDA Lithium diisopropylamide

L, Ligands

LDPE Low density polyethylene

MALDI-TOF | Matrix-Assisted Laser
Desorption/lonization-Time of Flight

MeCN Acetonitrile

Mes Mesityl

M, Number-average molecular weight

M., Weight-average molecular weight

NHC N-heterocyclic carbene

NHIs N-heterocyclic imines

NIPOx N-isopropyl oxamate

NMR Nuclear Magnetic Resonance

Oct Octoate

PE Polyethylene

PET Polyethylene Terephthalate

PCL Polycaprolactone

PLA Poly(lactic)acid

PP Polypropylene

ROP Ring-opening polymerization

R Alkyl or aryl fragment

SHARCNET | Shared Hierarchical Academic
Research Computing Network

THF Tetrahydrofuran

‘Bu tert-butyl

VT Variable Temperature

Xii



Chapter 1 Introduction

The catalytic performance of transition metal complexes, such as those based on Ti, Zr, and Zn, in
the production of polymers is critically influenced by the ligand design. Well-designed ligands can
effectively modify the electronic and steric environment around the metal center, thereby
enhancing the polymerization process. In particular, guanidines and amidines are systems where
the donating capability of the N-donor atom can be fine-tuned by modifying the carbene moiety
used as a building block. The utilization of bidentate ligands containing neutral guanidine or

amidine fragments offers excellent opportunities to optimize catalyst performance.

1.1 Olefin polymerization

Polyolefins are polymers that have a huge relevance in the daily life of modern society as they
present chemical stability and versatile properties, allowing their application in medicine,
packaging, automotive parts, rubbers, textiles, and insulators.! These polymeric materials are
produced from alkenes such as ethylene, propylene, and other a-olefins, with polyethylene (PE)
and polypropylene (PP) being the most used polyolefins. Since 1930, when low-density
polyethylene (LDPE) was made through free radical polymerization, several advances have
occurred primarily in metal-mediated olefin polymerization methods. These systems produced
polyethylene with different properties from those obtained through free radical polymerization,
with greater melting point, densities, and crystallinity.> Moreover, these catalysts have shown
stereochemical control with a-olefins, generating either isotactic or syndiotactic polymers (Figure
1.1), imparting different bulk properties without a chemical modification of the structure of the

macromolecule.

Figure 1.1 Stereochemical forms of polyolefins a) isotactic, b) syndiotactic, and c) atactic



1.1.1 Ziegler-Natta catalyst

The history of olefin polymerization began around 1930 in England when LDPE was made by
Imperial Chemical Industries (ICI) through free radical polymerization. This method required
high-pressure (350-3000 atm) and temperature (150-375 °C) conditions to generate polymers with
molecular weights up to 100 kDa. The free radical polymerization method was also applied to
produce copolymers such as poly(ethylene-vinyl acetate) and poly(ethylene-acrylic acid),
materials that found applications in food packaging and sealants.>* Although free radical
polymerization showed the capability of producing LDPE and copolymers, there is poor control
over the molecular weight distributions (P) and homopolymerization of a-olefins is limited.
Moreover, polymers obtained through this method are semi-crystalline, a consequence of
intermolecular and intramolecular chain transfer over the polymer backbone, which has a
detrimental effect on the physical and mechanical properties of the final material.?> Further

development in the olefin polymerization occurred with the utilization of metal-based catalysts.

Karl Ziegler, while working at the Max Planck Institute for Coal Research in Germany, prepared
high-density polyethylene (HDPE) by heterogeneous catalysis using aluminum alkyl compounds
(e.g., AlEt3, AlEt2Cl, and AL2Et3Cl3 and transition metal halides (e.g., TiCls, VCl4, and VOCI; as
catalysts. This was accomplished at atmospheric pressure and with a catalytic amount of the
transition metal halide (Figure 1.2).>® HDPE presented increased tensile strength, stiffness,
chemical resistance, and higher thermal stability compared to LDPE. Following Ziegler’s research,
Giulio Natta, during his stay at the Polytechnic University of Milan (Italy), worked with propylene
and developed highly isotactic polypropylene. These contributions led both scientists to receive
the Nobel Prize in Chemistry in 1963. Although Ziegler-Natta catalysts have been applied mainly
for the production of PE and PP, their use is not limited to polymerizing a-olefins such as but-1-
ene, hex-1-ene, and oct-1-ene and vinyl aromatic compounds, such as styrene.® Ziegler-Natta
catalysts were a breakthrough in the polymer area. However, it presented some drawbacks: the
productivity of the catalysts decreased in the presence of Lewis basic impurities. Additionally, it

was necessary to extract the atactic polymer due to the insufficient stereospecificity of the catalyst.®
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Figure 1.2 Polyethylene production using a Ziegler-type catalyst system

Nowadays, Ziegler-Natta catalysts are expected to have high productivity while offering control
over polymer features such as molecular weight, chemical composition, tacticity, and particle
morphology. Modern versions of these heterogeneous systems comprise four components to
enhance their performance in the polymerization process and obtain the aforementioned
characteristics. Firstly, a support, such as MgCl, is used to increase the availability of active sites
(higher productivity) and allows easier separation (if needed) of the final material from the reaction
medium. Secondly, electron donors, such as esters, ethers, and alkoxysilanes, increase
stereospecificity and control of the molecular weight distribution of the polymer. Thirdly,
aluminum alkyl reagents activate transition metal catalysts such as titanium (TiCls) or vanadium
compounds (VOCI3).> Despite the excellent performance of these systems, there are still
limitations that must be addressed. Particularly, Ziegler-Natta catalysts are ineffective at
copolymerizing olefins with polar monomers as the latter interact with the active site, leading to

deactivation.

1.1.2 Group 4 metallocenes in olefin polymerization

Walter Kaminsky and coworkers discovered that group 4 homogeneous metallocene catalytic
systems were highly active in polymerizing a-olefins larger than propylene in the presence of
methylaluminoxane (MAO). MAO is an ill-defined aluminum alkyl oligomer used as both a co-
catalyst to generate an active species and as an impurity scavenger.” Initial studies were performed
with Cp2Zr(CH3)2. However, due to its poor stability, Cp2ZrClz was found to be a better option as
a catalyst. This Cp2ZrCl2/MAO system produces 40 metric tonnes of PE per gram of catalyst in 1

h (this corresponds to 4 x 10® molc,n, molz: ' h™') at 95 °C and 8 bar of ethylene pressure, up to

two orders of magnitude greater than that of the classic Ziegler-Natta catalysts.” Moreover,

polymers with high molecular weights and narrow molecular distributions were observed.

In contrast to Ziegler-Natta catalysts, Cp2ZrCl2/MAO systems produce atactic polypropylene. The
stereoselectivity polymerization was achieved with bridged metallocenes, also called ansa-

metallocenes (Figure 1.3b). Variations in the ligand allowed the production of syndiotactic and



atactic polypropylene.”” In contrast to Ziegler-Natta systems, these metallocenes effectively
mediate the homopolymerization of cyclic olefins, such as cyclobutene, cyclopentene, and
norbornene. In addition, these catalysts are suitable to produce copolymers of cyclic olefins with

ethylene, resulting in a new class of materials known as Cyclic Olefin Copolymers (COC).’
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Figure 1.3 a) Bis(cyclopentadienyl) metal complex b) ansa-metallocene complex
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1.1.3 Group 4 imine—phenolate systems (Fl catalysts)

In 1998, Fujita and coworkers reported post-metallocene catalysts with salicylaldimine-based
ligands coordinated to group 4 metals (Figure 1.4). These complexes are prepared from readily
available metal precursors, such as MCls, MCl4(THF)2, MO'Prs, and M(NMe2)4. When MCls or
MCIl4(THF)2 are employed, the phenol-imine ligand must be deprotonated prior to complexation
with bases such as KO'Bu, NaH, lithium diisopropylamide (LDA), and sodium
hexamethyldisilazide (NaHMDS). In contrast, the phenol can be employed directly if MO'Pr4 or
M(NMe2)s is the metal source. These bis(imine—phenolate) group 4 complexes display an
octahedral geometry around the metal center, with five possible isomers (Figure 1.5). These
complexes mainly adopt a cis-X framework and cis-N,N-trans-O,0 geometry (Isomer A) in the
solid state, except when bulky R! substituents are present (e.g., tertiary alkyls), which results in a

cis-X and cis-N,N-trans-0,0 (Isomer C) structure.'®
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Figure 1.4 Imine—phenolate catalysts (FI catalysts) for group 4 complexes
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Figure 1.5 Possible isomers (excluding enantiomers) for bis(imine—phenolate) six-coordinate complexes

These imine—phenolate systems, with MAO as a co-catalyst, display higher activities than those
observed with metallocenes. The diversity and tuneability of these catalysts have been well
studied, allowing a deep understanding of the influence of ligand structure on catalytic activity.'°
Fujita demonstrated that increasing the size of the R? substituents produced a marked improvement
in the activity (Figure 1.4). The polymerization activity of titanium complexes increased with
increasing R? substituents (H (0.038 kgpr mmolr ' h™') < Me (0.25 kgpe mmolr ' h™') < 'Bu (3.2 kgpe
mmolr; ' h™"); (Table 1.1), due to bulky groups lowering the energy barrier for olefin insertion and
protecting the phenolic oxygen from side reactions. On the other hand, larger R! substituents (from
H to Me, 'Pr, and ‘Bu) had a negative impact on the activity of these catalysts (Figure 1.4).!° The
decrease in activity was attributed to more steric congestion, hampering the coordination of
ethylene.'! In the context of stereospecificity, these catalysts produced highly syndiotactic polymer
with Ti, and slightly syndiotactic and atactic polypropylene with the larger 4d and 5d metals, Zr
and Hf. However, all showed poor stereoselectivity with higher a-olefins, such as 1-hexene.
Furthermore, while these catalysts can copolymerize ethylene and polar monomers, such as 10-
undecen-1-ol and 5-hexen-1-ol, up to only 3 mol% of the polar monomers were incorporated in

the polymer.'°



Table 1.1 Effect of R? and R? substituents for Fl catalysts in the polymerization of ethylene

Activity (kgeg mmoly " h™')
_ 1
jMCIZ Ti Zr
072

2
RI=R2=H 0.038 0
R'=HR?=Me 0.25 0.40
R'=HR?*="Bu 3.2 540
R'=Me R?>="'Bu 0.30 40
R'=PrR>="Bu 0 58

1.1.4 Mechanism of olefin polymerization

Olefin polymerization involves three steps: (1) initiation, (2) propagation, and (3) termination
(Figure 1.6). The first step is related to the formation of the active species, either by using a
cocatalyst or by the dissociation of a ligand, leaving one vacant coordination site. The second step
involves the coordination of the olefin and migratory insertion of the alkyl, regenerating the vacant
site, and growing the polymer chain by one monomeric unit. This process repeats until the chain

growth terminates either by chain transfer or through p-hydrogen elimination.'?
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Figure 1.6 General mechanism for olefin polymerization, (1) initiation, (2) propagation, and (3) termination

1.2 Poly(lactic acid) (PLA)

Poly(lactic acid) (PLA) is a polyester considered green, nontoxic, and biodegradable, derived from
lactic acid (Figure 1.7). Lactic acid contains a stereogenic center, leading to two possible
stereoisomers, the L and D enantiomers. Typically, lactic acid is obtained by bacterial fermentation
of renewable resources such as corn, sugar, and other feedstocks. The PLA production in the USA
in 2002 was 70,000 metric tons and increased to 150,000 metric tons by 2015. In 2019, PLA
represented approximately 14% of all global bioplastics produced and is expected to keep
growing.!>!* Furthermore, the synthesis of these polymers is expected to reduce the environmental

pollution of petroleum-based plastics.
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Figure 1.7 Structure of L-(+) and D-(-) lactic acid, and of poly(lactic acid)

1.2.1 PLA: Properties, applications, and synthetic methods.

PLA is very attractive in part thanks to its properties such as mechanical strength, biocompatibility,
biodegradability, transparency, and easy processing. All these features have allowed for the
application of PLA in different fields."> The medical industry has implemented PLA in
nanocomposites, which can be used as synthetic bone, drug delivery systems, and medical
implants. More recently, copolymers of PLA and polyglycolic acid (PGA) have emerged in the
area of tissue engineering, with the polymer acting as a cell adhesive and growth carrier.!>! PLA
presents low solubility in water, high molecular weights, and a tensile strength modulus similar to
that of PE and polyethylene terephthalate (PET), making it a great alternative to conventional fossil
fuel-based plastics commonly used for packaging, such as shopping bags, chip bags, yogurt cups,
and fruit or salad containers.!>!” ' PLA can also be found in car interior parts, such as carpets,
mats and trim parts. Using biopolymers-based materials is expected to reduce vehicle weight,
which translates into either a greater fuel efficiency (with a decrease in CO2 emissions) for internal

combustion engine vehicles or a greater range for electric vehicles.

There are three main methods to produce PLA: direct condensation polymerization, azeotropic
condensation polymerization, and ring-opening polymerization of lactide (ROP). These methods

are illustrated in Figure 1.8.
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Figure 1.8 PLA synthetic methods. Adapted from literature.'®

Two types of polycondensation of lactic acid can be used to produce PLA: direct condensation and
azeotropic condensation. The former is the cheapest method to produce PLA. Low molecular
weight polymers (< 5000 Da) are normally obtained. High molecular weight PLA can, however,
be produced at a temperature range of 180-200 °C, under vacuum (5 mm Hg), with long reaction
times, and using coupling agents. In contrast, azeotropic condensation relies on the removal of the
water produced by azeotropic distillation to generate high molecular weight polymers. This,
however, requires the use of solvents such as toluene, xylene, and diphenyl ether, making the

process costly.!>16

The most common process to produce PLA is, however, by ring-opening polymerization (ROP) of
lactide, the cyclic dimer of lactic acid. Due to its two stereogenic centers, three stereoisomers are
generated: D-, L-, and meso-lactide (Figure 1.9). ROP allows the production of high molecular
weight PLA at short reaction times and under relatively mild conditions (130 °C—180 °C). This
method commonly uses metal-based catalysts with tin(II) octoate (Sn(Oct)2) being the preferred
one for the industry. Other initiators, such as aluminum isopropoxide (Al(O'Pr)3) and zinc lactate
(Zn(C3Hs0s3)2), are used when polymers are produced for biomedical applications, as tin
compounds (especially organotin) present stricter restrictions.!>!%!” Given the important role of

metal-based initiators, several studies of the polymerization mechanism have been conducted.



Nowadays, the most accepted mechanisms for the ROP of lactide using metal-based initiators are

the coordination insertion mechanism (CIM) and the activated monomer mechanism (AMM).
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Figure 1.9 Lactide stereoisomers

1.2.2 Coordination insertion mechanism (CIM) and activated monomer
mechanism (AMM)

Generally, metal-alkoxide and amide catalysts operate through CIM. While metal—alkyl or halide
species can also be used, they necessitate the addition of a proper co-catalyst or react with polar
impurities in the monomer, such as water, alcohols, and lactic acid, to initiate the ROP. Kricheldorf
and Dubois performed initial mechanistic studies using Al(O'Pr)3 in the 1980s, where the isopropyl
ester was observed as a chain end by 'H spectroscopy.?®?! More recently, theoretical and
experimental studies have been performed, allowing a better understanding of the overall process.
2223 ROP initiates with the coordination of the monomer to the metal center, followed by the
addition of the nucleophilic ligand on the activated carbonyl, causing the ring-opening of the
monomer and extending the alkoxide propagating chain by one lactide monomer unit or by two
lactic acid building blocks (Figure 1.10, A). Metal-based catalysts can also operate through AMM,
where the cyclic ester is activated once coordinated to the metal center, and the ring opening occurs
by the nucleophilic addition of an external nucleophile, such as alcohols. The new terminal alcohol
formed after the ring opening of lactide can now act as the nucleophile, allowing polymer growth

by one lactide monomer unit (Figure 1.10, B).242°
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For both mechanisms, the control over the molecular weight of the polymer is affected by side

reactions, such as chain transfer and/or transesterification. The latter can be subdivided into two

types: intramolecular and intermolecular transesterification. Intramolecular transesterification,

also known as backbiting, produces macrocycles (Figure 1.11, top). Typically, these

cyclic

polyesters present low-molecular weight (< 2000 Da) unless ring-expansion techniques were

used.?’?? In contrast, in intermolecular transesterification, the alkoxide group of a polymer chain

forms a new ester bond by cleaving the ester bond of another polymer chain (Figure 1.11, bottom).

Figure 1.11 Representation of intramolecular (top) and intermolecular (bottom) transesterification

11



Both types of transesterification broaden the molecular weight distribution.?3° It should be
considered that transesterification processes are affected by temperature, reaction time, metal
center, and type of monomer.>!3? The presence of transesterification during the polymerization is
easily identified by mass spectrometry measurements of the polymer, such as Matrix-Assisted
Laser Desorption/lonization-Time of Flight mass spectrometry (MALDI-TOF), where an m/z

value of 72 amu between peaks is observed (Figure 1.12).>

Absence of transesterificartion

O O (0] (0] o , (0]
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144 amu 144 amu 72 amu 72amu 72 amu 72 amu

Peak separation Peak separation

Figure 1.12 Expected peak separation in MALDI-TOF

1.2.3 Stereocontrol of lactide (microstructures in PLA)

As a consequence of the stereogenic centers in either lactic acid or lactide, the PLA main chain has
different microstructures, such as isotactic, syndiotactic, atactic, heterotactic, and stereo-block
(Figure 1.13). The tacticity impacts both the mechanical and physical properties of the polymer,
including its biological degradation. As an example, isotactic PLA from L-lactide, also called
poly(L-lactide) (PLLA), presents a melting point temperature (Tm) of 170-180 °C and a glass
transition temperature (Tg) of 50-65 °C. In contrast, the Tm and Tg values for syndiotactic PLA are
102-154°C and 33-39°C, respectively.'>****Heterotactic PLA presents a Tm of 120°C and a T of
38-46°C. The stereoblock PLA, which is a polymer composed of distinct blocks of PLLA and
PDLA organized within a single chain, presents enhanced thermal properties (Tm = 220-240 °C
and Tg= 65-72 °C) compared to those for pure PLLA and PDLA.

12
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Figure 1.13 Microstructures of PLA

These microstructures can be obtained depending on the monomer used. In the absence of
epimerization, pure L-lactide and D-lactide will lead to isotactic-PLLA and isotactic PDLA,
respectively. rac-Lactide (50:50 mix of D- and L- lactide) gives either atactic, stereoblock or
syndiotactic PLA. In the case of meso-lactide, heterotactic and syndiotactic microstructures are

possible.*

The degree of stereoregularity is commonly reported as the probability of forming
racemic/syndiotactic (Pr) or meso/isotactic (Pm = 1 — Pr) diad. Atactic polymer is described by P:
=0.5. If rac-lactide is the monomer, Pr= 1 indicates the formation of a heterotactic polymer, while
a Prvalue of 0 indicates an isotactic PLA, or more accurately, a stereoblock PLLA-PDLA polymer.
In the case of meso-lactide, Pr= 1 (Pm = 0) and Pm = 1 (Pr = 0) represent syndiotactic and
heterotactic, respectively. To determine the P: value, a proton-proton homonuclear decoupling
nuclear magnetic resonance (NMR) experiment is employed, with irradiation of the CHj3
resonance. This leads to the observation of tetrads that are unique for each microstructure. The Pr
value is obtained using the equation below, wherein /1 and /> are the relative integrations between

8 5.25-5.20 ppm (in CDCI3) and & 5.20-5.13 ppm (in CDCl3), respectively.’’

P _ 21,
T L+

As previously mentioned, tacticity influences the mechanical properties (e.g., tensile strength,
stiffness, and elongation at break) of PLA. By measuring the P: value, the aforementioned

mechanical properties can be predicted.*® This is illustrated in Table 1.2.
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Table 1.2 Effect of tacticity of polylactic acid on its mechanical properties

Tacticity Tensile Young Elongation P: values expected
strength Modulus/Stiffness at break (monomer used)
(MPa) (GPa) (%)

Isotactic 60-70 3.5-4.0 2-5 P: = 0 (rac-lactide)
Syndiotactic 50-60 3.0-3.5 5-10 Pr =1 (meso-lactide)
Heterotactic 55-65 3.2-3.8 6—-12 Pr =1 (rac-lactide)

P: = 0 (meso-lactide)

Atactic 30-50 2.0-2.5 10-20 P:=0.5

1.2.4 Group 4 metal complexes containing nitrogen-oxygen bidentate ligands for
ROP of lactide

Over the past decade, the development of Ti(IV), Zr(IV), and Hf(IV) complexes capable of
polymerizing lactide via ROP has generated great attention. Different group 4 metal alkoxy
complexes supported by [N,O] phenolate ligands such as amine—phenolate, imine—phenolate, and
benzoxazole—phenolate (Figure 1.14) have proven to be active for high molecular weight PLA

generation.*’

Group 4 imine—phenolate metal alkoxide complexes were reported by Davidson. The Zr catalysts
polymerize rac-lactide either in solution (toluene, 80 °C) or in the melt (130 °C) in the absence of
any solvent, producing moderately-heterotactic PLA. In contrast, the titanium analogues were only
active in the melt and produced atactic polymer.*’ Other group 4 imine—phenolate systems, tested
by Chakraborty, included a second imino group not coordinated to the metal center. These catalysts
produce PLA faster and present better control in the tacticity than the systems developed by
Davidson. Additionally, Ti complexes were more active than Zr catalysts, a result that contrasts
with most of the group 4 catalysts.*!*> The ROP of rac-lactide with group 4 complexes of amine—
phenolate ligands proved to be successful in the melt at 130°C. Moreover, both Zr and Hf
complexes produced polymers with an isotactic bias, contrary to the Ti initiator which only yielded
atactic polymers.*>* Group 4 catalysts bearing benzoxazole—phenolate ligands polymerize rac-
lactide under solventless conditions with the Zr and Hf complexes showing better activity than Ti

complexes and producing isotactic PLA.*4°
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Figure 1.14 imine— (left), amine— (middle), and benzoxazole— (right) phenolate group 4 catalysts.

1.2.5 Zn metal complexes containing nitrogen-oxygen bidentate ligands for ROP
of lactide

Zinc catalysts have generated much interest due to their non-toxic properties, low-cost production,
and good activities in lactide polymerization. Some of the most attractive ligands are those
incorporating a nitrogen donor atom, such as f-diiminate, amine—phenolate, and imine—phenolate

type ligands (Figure 1.15).

A zinc alkoxide catalyst bearing a B-diiminate ligand (Figure 1.15), reported by Coates, is active for
the polymerization of rac-lactide, yielding heterotactic PLA. The catalyst produces polymers with
a molecular weight of 38,000 Da and a narrow molecular weight distribution (P = 1.1) within 6—
30 min at room temperature in CH2Cl2 (97% conversion).*® Shortly thereafter, Tolman reported a
zinc catalyst of a tridentate diamino-phenolate ligand (Figure 1.15) with similarly high activities
under similar conditions. The polymerization yielded atactic PLA with a molecular weight of
130,000 Da and a narrow molecular weight distribution.’” More recently, Herres-Pawlis reported
a zinc catalyst bearing an imine-phenolate ligand (Figure 1.15) that produces PLA from L-lactide
under industrial conditions commonly used for Sn(Oct)2 (150 °C, solvent-free), demonstrating the
applicability of these ligands to metals other than those from group 4. The catalyst showed a 54%
conversion after 1 h with a 1000:1 monomer to initiator ratio, yielding polymers with a molecular
weight of 64,000 Da with low dispersity.*® Another L2Zn-type zinc initiators supported by an
imine—phenolate ligand (Figure 1.15) also have good activities for the ROP of lactide, generating

PLA with a molecular weight of 27,000 Da with a heterotactic bias at room temperature.*’
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Figure 1.15 Zinc complexes of B-diiminate (left), b) diamine—phenolate (middle) and, imine—phenolate ligands (right).

1.3 N-heterocyclic Carbenes and Cyclic (Alkyl)(Amino)Carbenes-based
scaffolds.

1.3.1 N-heterocyclic imine/iminate compounds

N-heterocyclic imines (NHIs) and the corresponding iminates are a category of guanidines and
guanidinates that can be obtained through N-heterocyclic carbenes (NHCs).>® Two mesomeric
forms of NHIs (Figure 1.16) show the donating character of these guanidines. The electron-donating
capacity of the exocyclic nitrogen can easily be modulated by the substituents R!, R%, and R? or

the modification of the NHC structure itself.>!

R1 1
i 2 !
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Figure 1.16 Mesomeric forms of cyclic guanidines

These cyclic guanidines have been used as ligands with early and late transition metals, generating
several compounds that have been applied in homogeneous catalysis. One of the first examples
based on an imidazoline-2-iminato scaffold was Ti(IV) complexes synthesized by Tamm. The
catalyst TiLCl3 and its analogous CpTiLCl> (Figure 1.17) showed moderate activities in the
polymerization of ethylene even at low ratios of the aluminoxane co-catalyst. The Lavoie group
has previously reported the reactivity of group 4 complexes bearing a ligand that combines a
neutral guanidine fragment and an enolate (Figure 1.17). This first-generation Ti(IV) complex

proved to be active in polymerizing ethylene.>
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Figure 1.17 Imidazole-2-iminato titanium complex (left), half-sandwich imidazole-2-iminato titanium complexes (middle) and c)
guanidine-ethenolate (right) group 4 complexes.

Zinc complexes bearing these guanidines have also been synthesized and tested towards the ROP
of lactide. Herres-Pawlis has incorporated neutral ligands to Zn-based catalysts (Figure 1.18) that
display good activities for the ROP of unpurified rac-lactide at 150 °C under solvent-free
conditions, yielding atactic PLA with molecular weights of 69,000 Da.>* More recently, the Lavoie
group prepared a series of zinc complexes of neutral bidentate ligands with an acylated cyclic
guanidine donor (Figure 1.18). These catalysts were tested for the ROP of rac-lactide at 135 °C in
the absence of solvent, resulting in polymers with a slight heterotactic bias.>* A monoanionic
system containing a guanidine moiety was also developed by Pellechia (Figure 1.18). These
guanidinate Zn(II) complexes proved to be effective for the ROP of L-lactide under mild and
industrial conditions (>130°C), showing activities comparable to the Sn(Oct)z industrial standard.

Studies with rac-lactide were however, not reported.>
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Figure 1.18 Zinc complexes of imidazoline-2-imine (left), acylated cyclic guanidine (middle), and guanidinate ligands (right).

1.3.2 Cyclic (Alkyl)(Amino)Carbenes (CAAC) imino ligands (CAAC=N")

Cyclic(Alkyl)(Amino) carbenes (CAAC) are another class of cyclic carbenes that are more o-
donating and more m-accepting than NHCs (Figure 1.19). Moreover, the quaternary carbon adjacent
to the carbenoid carbon offers different steric effects than other carbene systems, such as NHCs

and acyclic diamino carbenes (ADCs). 3® The features of CAACs have been explored with a Ti(II)
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complex containing a carbene ligand, in which the titanium center shows n-bonding with the
carbenoid carbon, further demonstrating the m-accepting properties of the CAAC systems.’” The
coordination chemistry of CAACs has also been studied for other transition metals, including

vanadium,*® group 6,%°, ruthenium,® rhodium,®! group 10,°*% and gold.**

Steric effect

Figure 1.19 CAAC structure

The m-accepting property of the CAACs and NHCs can be estimated through the 3'P NMR
chemical shift of the phenylphosphinidene-carbene adducts (Figure 1.20). These adducts have two
resonance structures: A, in which there is full n-back-donation generating a P=C bond and
presenting a downfield *'P NMR chemical shift, and B, in which the lone pair (with no n-back-

donation) remains on the phosphorus atom, with an upfield *'P NMR chemical shift.
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Figure 1.20 3P NMR chemical shifts of carbene-phosphinidene adducts.
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Recently, Braunschweig reported the synthesis of a CAAC imino ligand by reacting 1-(2,6-
diisopropylphenyl)-3,3,5,5-tetramethylpyrrolidin-2-ylidene (CAACM®) with trimethylsilyl azide
(TMSN3) to give the CAACM*=NSi(CH3)2 (Scheme 1.1). These new cyclic (alkyl)(amino)imines
(CAALIs) are cyclic amidines that are expected to be a stronger o-donor than NHIs, conversely less
n-donating. Due to the similarities between CAAIls and NHIs systems, Braunschweig tested the
coordination of CAACM®=NSi(CH3)2 with titanium (IV) precursors, such as TiCls and CpTiCls
(Scheme 1.1). While the authors mentioned that these new titanium complexes are expected to be
used in olefin polymerization, no results have been reported thus far.® Additionally, Density
Functional Theory (DFT) calculations on diboranes of the anionic ligand proved that CAAIs are

indeed stronger o-donors but less n-donating than unsaturated NHIs.®’
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Scheme 1.1 Reactivity of CAACMe=NTMS
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Proposed work

In 2013, the Lavoie group reported a first generation of monoanionic imidazol-2-imine—ethenolate
ligands and their corresponding group 4 complexes.’? Following that, several metal complexes
containing guanidine ligands, mainly with non-cyclic and imidazolidine-2-imine
guanidides,*>>>%70 have emerged as catalysts for olefin and lactide polymerizations. The
guanidine—phenolate ligands developed by Eisen are of particular interest as they resemble the
imine—phenolate ligands used in group 4 and Zn metal complexes involved in the aforementioned

catalytic transformations.5®

This project aims to expand the scope of the guanidine and amidine systems by developing a series
of catalysts based on group 4 (Ti, Zr; Chapter 2) and 12 (Zn; Chapter 3) metals stabilized by
monoanionic bidentate ligands that incorporate a neutral guanidine or amidine donor and an
anionic phenolate donor (Figure 1.21). The tuneability of the neutral guanidine/amidine donor and
its impact on the catalytic activity will be investigated by modifying the building block of the
NHC/CAAC itself to different fragments, such as diacyl and amidines. These NHC/CAAC
scaffolds were selected to cover a broad range of electronics, as observed in Figure 1.20. A 'Bu
substituent ortho to the phenolic oxygen will also be introduced to explore the influence of the
added steric bulk on the catalyst performance. Similarly, the donating ability of the anionic oxygen
will be modified by adding a -NOz or -OMe in the para position to the phenoxide group. DFT
calculations are performed to get a better insight into the structure of these new series of catalysts
and to investigate how it influences their catalytic performance. Group 4 bis(isopropoxide) and
zinc complexes are studied as catalysts for the ROP of lactide, while titanium dichloride

compounds are assessed for their ability to polymerize ethylene.
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Chapter 2 Group 4 complexes bearing guanidine—
phenolate ligands: synthesis, coordination chemistry,
and polymerization studies

2.1 Introduction

Modern society relies on fossil-fuel-based polymers designed as single-use materials, which
generate environmental concerns. Biodegradable polymers such as polylactic acid are an attractive
alternative to replace these fossil-fuel-based polymers. Over the past decade, the development of
group 4 complexes capable of polymerizing lactide via ring-opening polymerization (ROP) has
generated great attention as it avoids the use of tin octanoate. However, the challenge remains to
develop initiators capable of polymerizing lactide under industrial conditions (neat, above 130°C).
This chapter describes the synthesis and characterization of titanium and zirconium
bis(isopropoxide) and dichloride complexes containing bidentate guanidine-based ligands. The
variation of the guanidine moiety with imidazole-, imidazolidine-, and tetrahydropyrimidine-based
backbones offers the opportunity to have a better understanding of the steric and electronic effects

and study the catalytic performance in the polymerization of both lactide and ethylene.

2.2 Results and Discussion

2.2.1 Synthesis of the NHC scaffold

In order to prepare the guanidine—phenol systems, it is necessary to synthesize the NHC scaffold.
The synthesis of the chloro iodide salt 1Cl was accomplished by reacting 2-chloro-1-
methylimidazole with CHsl in dichloromethane (DCM) (Scheme 2.1, a), whereas 2Cl synthesis
was explored by reacting 1,3-diisopropylimidazol-2-ylidene with hexachloroethane (Scheme 2.1,
b). The protons of 1Cl and 2Cl resonated more downfield with respect to the starting material,
consistent with the addition of the chloride electron-withdrawing group and the redistribution of
the electronic density. The chemical shifts of the azole backbone protons (6 = 7.97 (1Cl) and o =
8.38 (2Cl)) have a similar value to the analogous compound 1,3-bis(2,6-diisopropylphenyl)-2-

chloroimidazolium chloride (5 = 8.40).5
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Following literature procedures 3Cl, and 4Cl can be prepared by the reaction of 1,3-dimethyl-2-
imidazolidinone and 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone, respectively, with
oxalyl chloride (Scheme 2.1, c).
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<i }; (COdb Y—ci n=14cl

toluene 24h NP

Scheme 2.1 Synthesis of chloro halide salts 1Cl, 2Cl, 3Cl, and 4Cl

2.2.2 Synthesis of guanidine—phenol proligands

The phenol-guanidinium hydrochloride salts were prepared by reacting the chloro halide salt (1-
4Cl) with 2-aminophenol or the corresponding tfert-butyl derivative in the presence of
triethylamine. The phenol-guanidine LxH is obtained by deprotonation of the guanidinium salt
LxH-HCI with KOH (Scheme 2.2). NMR spectra of both the phenol and the hydrochloride salts
showed magnetically-equivalent aliphatic substituents, consistent with free rotation about the
C=Nexo due to electron delocalization from the Nendo lone pairs. This differs from what is observed
in our related systems with diacylated imidazolidine-based ligands, wherein the acyl groups
withdraw m-electron density, resulting in greater double bond character and restricted rotation of

the C=Nexo double bond.>*

23



N® N® N® N®
[ S—cl [ S—cl [ S—cl <: Y—ci
| © N P N P N P
'Pr
1cl 2l 3cl 4Cl
N NG
CHg|
a) [\>—C| 2 . > 1€
N DCM, 16h ~N" ©
\ \
JPr /i(PBr
N C,Cl N
I T - e
N ’ N P
'Pr 'Pr

/ /
—N cocl —N® n =0 3Cl
0) <i =0 _ (09%he Y—ci n=14cl
N toluene, 24 h \—N P
\ \C

Scheme 2.2 Synthesis of the guanidine—phenol proligands LxH

Variable-temperature (VT) '"H NMR spectroscopy experiments were performed for ligand L2H in
CD2Clz from —90 °C to 25 °C, to determine the Gibbs free energy of activation (AG*) for the
rotational barrier about this bond. The experiment focused on the changes observed for the CH3
isopropyl groups signals (1-1.5 ppm). Based on these NMR data, free rotation about the C—
Nexocyclic bond exists at room temperature and at temperatures as low as —55 °C. The experiment
showed coalescence of the two CH3 resonances from the isopropyl group (Figure 2.1) at —65 °C.
The energy barrier for this rotation was calculated to be 43 kJ mol™' (10 kcal mol ™), using equation
1 (5v = 36 Hz obtained from the NMR spectrum recorded at —90 °C, Tc = 208.15 K). Similar AG*
values have been reported by Kessler for related cyclic guanidines.”! This is consistent with the
higher donating properties of systems that contain an unsaturated imidazole backbone versus their
saturated analogues,’” with a low AG* implying higher single bond character and electron-donating
properties. Compound L2aH can thus be represented more accurately by the resonance structure

shown in Figure 2.1.

AG* = RT, [22.96 +1In (%)] 1)
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T, = coaslescence temperature (K)
6v = differrence in frequency between the maximum peak separation in the low

— temperature limit (Hz)
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Figure 2.1 Mesomeric form (top) and variable-temperature NMR spectra of L2aH (CD,Cl, 300 NMR) (bottom).

2.2.3 Synthesis of Group 4 alkoxide complexes

Group 4 bis(isopropoxide) complexes M(Lx)2(O'Pr): were prepared in excellent yields (>85%) at
60 °C by the addition of 2 equivalents of the guanidine-phenol LxH to Ti(O'Pr)s+ or
Zr(O'Pr)4-'PrOH (Scheme 2.3). The 'H NMR spectra of all complexes are consistent with the
structure proposed and show only one set of resonances, consistent with the generation of one
single isomer. Most titanium complexes showed broad resonances for the aliphatic protons, due to

a sterically crowded coordination sphere.
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Scheme 2.3 Synthesis of bis(guanidine—phenolate) group 4 alkoxide complexes
X-ray quality crystals of Ti(L3a)2(O'Pr)2, Zr(L3a)2(O'Pr)2, and Ti(L4a)2(O'Pr). were grown, and
the solid-state molecular structures were determined (Figure 2.2). All complexes are six-coordinate
with the isopropoxide groups in a cis arrangement. Selected bond distances and angles are given
in Table 2.1. The guanidine—phenolate binds to the metal in a bidentate fashion to give the cis-N,N-
trans-0,0 diastereomer with average bite angles of 74.96° and 75.48° for Ti(L3a)2(O'Pr). and
Ti(L4a)2(O'Pr)2, respectively. As expected, a smaller bite angle of 71.79° was observed in the
corresponding zirconium complex Zr(L3a)2(O'Pr)2. The O1-M-02 bond angles deviates from
linearity, at 158.35(6)°, 158.03(15)° and 151.00(10)° for Ti(L3a)2(O'Pr)2, Ti(L4a)2(O'Pr)2, and
Zr(L3a)2(O'Pr)2, respectively. The M—O'Pr bond lengths range from 1.809(3) to 1.971(3) A,
consistent with analogous group 4 complexes of imine—phenolate ligands with the same stereo-

arrangement.”?

The charge delocalization within the guanidine fragment can be expressed by the
structural parameter p and is defined as p = 2a/(b + ¢) where a and (b, c¢) are the C=Nexo and the
two C—Nendo bond distances, respectively.’* The p values of 0.97-0.99 indicate extended electron

delocalization within the guanidine moiety.
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Table 2.1 Selected bond distances [A] and angles [°] of Ti(L3a),(O'Pr),, Zr(L3a),(O'Pr),, and Ti(L4a),(O'Pr),

M(Lx)2(O'Pr)2
Ti(L3a)2(O'Pr)2 Zr(L3a)2(O'Pr)2 | Ti(L4a)2(O'Pr)2
Bond distances (A)
M-0O1 1.9182(12) 2.061(3) 1.939(3)
M-02 1.9245(14) 2.061(3) 1.937(3)
M-03 1.8103(14) 1.944(3) 1.809(3)
M-04 1.8466(13) 1.971(3) 1.850(3)
M-N1 2.3724(14) 2.386(3) 2.281(4)
M-N4 2.2738(14) 2.456(3) 2.275(4)
CI-N1 1.323(2) 1.328(4) 1.343(6)
CI-N2 1.368(2) 1.342(5) 1.354(6)
C1-N3 1.350(2) 1.362(5) 1.348(6)
C12-N4 1.322(2) 1.329(5) 1.335(6)
CI12-N5 1.374(2) 1.348(6) 1.350(6)
C12-N6 1.339(3) 1.365(6) 1.350(6)
Bond angles (°)
01-M-02 158.35(6) 151.00(10) 158.03(15)
03-M-04 98.28(6) 96.69(12) 96.19(15)
N1-M-N4 84.91(5) 85.29(10) 86.81(14)
N1-M-0O1 74.68(5) 72.08(10) 75.94(14)
N4-M-02 75.24(6) 71.49(11) 75.02(14)
p° 0.97 0.98 0.99
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Averaged value of both guanidine fragments and calculated as reported in the literature.’
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Figure 2.2 Solid-state structures of Ti(L3a),(O'Pr),, Zr(L3a),(O'Pr),, and Ti(L4a),(O'Pr),. Hydrogen atoms and solvent have been
omitted for clarity. ORTEP drawn at 50% probability.

Analogous to the group 4 bis(imine—phenolate) complexes, five isomers (Figure 1.5) are possible
for the guanidine—phenolate system. Computational studies were performed using B3LYP-
D3(BJ)/def2-SVP for geometry optimization and B3LYP-D3(BJ)/def2-TZVPP for single-point
energy calculations for all possible isomers of Ti(L3a)(O'Pr);, Zr(L3a)2(O'Pr)., and

Ti(L4a)2(O'Pr)2. DFT calculations align with the observed solid-state structures, with isomer A
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predicted to be the most stable isomer by 1-28 kJ mol ™' compared to the cis isopropoxide isomers

B and C, and by 35-70 kJ mol ™! for the trans isopropoxide isomers D and E (Table 2.2).

Table 2.2 Calculated energies (k) mol™) of the five diastereoisomers for the X-ray characterized bis(alkoxide) complexes
Ti(L3a)2(O'Pr),, Zr(L3a)2(O'Pr),, and Ti(L4a),(O'Pr),, relative to that of the most stable isomer A.

cis-(O'Pr)2 trans-(O'Pr)2
Complex Isomer B Isomer C Isomer D Isomer E
(cis-N,N- (trans-N,N- (cis-N,N- (trans-N,N-
cis-0,0) cis-0,0) cis-0,0) trans-0,0)
Ti(L3a)>(O'Pr), 5 15 46 50
Zr(L3a)y(O'Pr), 1 15 44 35
Ti(L4a)>(O'Pr), 28 70 62
(0] N X
x,, ppo X X, X X, |\|/|‘ ( > ( >
(g o/(g\N o~ | N/ \o N/ \o
L '
B C D E
Most stable isomer

Due to the large unfavorable energies associated with the trans isopropoxide isomers D and E,
subsequent DFT calculations on complexes not characterized by X-ray diffraction were
exclusively conducted on diastereomers A—C (Table 2.3). The calculations indicate that isomer A
is the most stable isomer. Isomer C for complexes Ti(L1a)2(O'Pr): and Zr(L1a)2(OPr): is less
stable than isomer A by 45 and 28 kJ mol™!, respectively. The substitution of methyl groups on the
endocyclic nitrogen in M(L1a)2(O'Pr): with a larger isopropyl substituent in M(L2a)2(O'Pr)2
displayed an energy difference between the most stable isomer (isomer A) and C of 1 (Ti) and 17
kJ mol™! (Zr). This indicates that isomer C is stabilized when there is greater steric demand, an
effect more evident for Ti due to its smaller size. Conversely, Isomer B is destabilized for Zr, with
a larger energy difference for Zr(L.2a)2(O'Pr): than Zr(L1a)2(O'Pr)2 (41 kJ mol™! vs 36 kJ mol™!)
relative to isomer A, whereas isomers B of Ti(L1a)2(O'Pr)2 and Ti(L2a)2(O'Pr)2 have a similar
energy difference with respect to isomer A. In most instances, isomer B is the least stable
diastereomer with notable exceptions for complexes Ti(L1a)2(O'Pr)2, Ti(L3a)2(O'Pr)2, and
Zr(L3a)2(O'Pr)2 which are 10-14 kJ mol™! more stable than isomer C. The stabilization of isomer
B might be attributed to the less sterically hindered guanidine moiety; isomer B is rarely observed
in solution and in the solid state for the related imine—phenolate system, and the reasons for its

stabilization are unclear.'%”?
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Table 2.3 Calculated energies (k) mol™) of isomers B and C for bis(alkoxide) complexes not characterized by X-ray diffraction,
relative to that of isomer A

Complex Isomer B Isomer C
(cis-N,N-cis-O, O) (trans-N,N-cis-0,0)

Ti(L1a)2(O'Pr)2 35 45
Ti(L1b)2(O'Pr)2 43 39
Ti(L2a)2(O'Pr)2 34 1

Ti(L3a)2(O'Pr)2 5 15
Ti(L4a)2(O'Pr)2 28 27
Zr(L1a)2(O'Pr)2 36 28
Zr(L1b)2(O'Pr)2 38 25
Zr(L2a)2(O'Pr)2 41 17
Zr(L3a)2(O'Pr)2 1 15
Zr(L4a)2(O'Pr)2 33 25

2.2.4 Synthesis of Group 4 dichloride complexes

The titanium dichloride complexes Ti(L1a)2Clz, Ti(L1b)2Clz, and Ti(L2a)2Cl2 were prepared by
reacting 2 equivalents of the guanidinium chloride salt LxH-HCI with Ti(O'Pr)s in excellent yields
(>90%) (Scheme 2.4). '"H NMR spectra of these complexes exhibit a single set of resonances for
both coordinated ligands, indicating the presence of only one isomer. Furthermore, the spectra
reveal magnetically-inequivalent protons for the alkyl substituents on the endocyclic nitrogen
atoms. This is associated to a restricted rotation in the molecule about the C—Nexo bond, generating
different magnetic environments, once the ligand is attached to the metal center. The synthesis of
these dichloride complexes was also achieved through the reaction of either the corresponding
bis(isopropoxide) complexes (vide supra) with TMSCI or TiCla(THF )2 with the sodium guanidine—
phenolate salt (Scheme 2.4), producing products that are indistinguishable spectroscopically. This

shows that the formation of the predominant isomer is independent of the preparation method.
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Scheme 2.4 Synthesis of bis(guanidine—phenolate) group 4 chloride complexes

A single crystal of Ti(L2a)Cla was analyzed by X-ray diffraction analysis. The solid-state
structure exhibits a distorted octahedral geometry, with a trans-N,N-cis-O,0 (isomer C) ligand
arrangement (Figure 2.3, Table 2.4). This observation contrasts with the cis-N,N-trans-O,0 ligand
arrangement (isomer A) observed for the isopropoxide complexes Ti(L3a)2(O'Pr),
Ti(L4a)2(O'Pr)2, and Zr(L3a)2(O'Pr): (Figure 2.2) and normally observed for related bis(imine—
phenolate) titanium dichloride complexes. In the latter case, the trans-N,N-cis-O,0 arrangement
was limited to ligands with sterically demanding substituents on the nitrogen.!®”> The guanidine—
phenolate binds to Ti with an averaged bite angle of 76.94(6)°. The N1-M—N4 bond angle deviates
from linearity, at 167.97(6)°. The Ti—Cl average bond length of 2.3833(6) A is similar to analogous
group 4 complexes of imine—phenolate ligands with the same stereo-arrangement.”® A structural

parameter (p) value of 1.0 indicates extensive electron delocalization over the guanidine moiety.
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Figure 2.3 Solid-state structure of Ti(L2a),Cl,. Hydrogen atoms have been omitted for clarity. ORTEP drawn at 50% probability.

Table 2.4 Selected bond distances [A] and angles [°] of Ti(L2a),Cl,

Selected bond lengths (A)
Ti—Cl1 2.3783(6) Ti—CI2 2.3883(6)
Ti-O1 1.9098(14) Ti—O02 1.9277(14)
Ti—N1 2.0664(15) Ti—N4 2.0666(14)
CI-N1 1.372(2) Cl6-N4 1.369(2)
CI-N2 1.342(2) CI16-N5 1.343(2)
CI-N3 1.345(2) C16-N6 1.345(2)
Selected bond angles (°)
NI-M-Cl1 104.59(5) NI1-M-0O1 77.43(6)
N1-M-N4 167.97(6) N5-M-02 76.45(6)
Cl1-M—CI12 87.84(2) 01-M-02 94.38(6)
p? 1.00

Calculated as reported in the literature and averaged for both guanidine fragments.’

Interestingly, our earlier DFT calculations (vide supra) on the isopropoxide complexes predicted
this arrangement (isomer C) to be the second most stable isomer. However, calculations on isomers
A, B and C of the dichloride complexes Ti(L1a).Clz, Ti(L1b)2Cl2, and Ti(L2a)>Cl2 showed that
isomer C is indeed predicted to be the most stable by 1-55 kJ mol™! (Table 2.5), in agreement with
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the solid-state structure and further illustrating the important effect that sterics plays on dictating

the preferred arrangement of the guanidine—phenolate (and imine—phenolate) ligands.

Table 2.5 Energies (k] mol2) of isomers A and B for bis(guanidine—phenolate) titanium dichloride complexes, relative to that of
isomer C.

Complex Isomer A Isomer B
(cis-N,N-trans-0,0) (cis-N,N-cis-0,0)
Ti(L1a):Cl2 1 36
Ti(L1b)2Cl2 6 21
Ti(L2a)2Clz 18 55
(0] N N
X,, | WX X, | WX X,, | WX
/,M‘\ /,M\\ '.M‘\
N/(B\N O/CB\N O/ | \O
)/ )/ N_J
A B C
Most stable isomer

2.2.5 Polymerization studies

2.2.5.1 ROP of lactide with group 4 initiators
All complexes were investigated for their activity in the ROP of rac-lactide. Polymerization

experiments were carried out without any solvent at 130 °C with a stoichiometric ratio of lactide
to catalyst of 100:1, utilizing non-purified monomer. All group 4 bis(isopropoxide) complexes
fully convert lactide to PLA within 6 h. The polymerization rate constants were obtained by
monitoring the consumption of the monomer over time using 'H NMR spectroscopy and calculated
from the slope of the plot In([lactide]o/[lactide]t) vs time. On average, zirconium complexes exhibit
an activity that is 28% greater than that of the corresponding titanium homologs, displaying kapp
values of 1.17-1.82 x 10*s! and 1.39-3.21 x 10*s! (with an estimated error of 5% obtained by
calculating the standard error on the slope and intercept from the regression line) for Ti and Zr
complexes, respectively (Figure 2.4). This aligns with results in other group 4 catalytic systems,
and it is ascribed to a more favorable coordination of the monomer to the larger Zr metal, and to a
more nucleophilic alkoxide ligand.*® The rate constants of the group 4 catalysts are favorable when

compared to those determined with Ti(O'Pr)4 (5.34 x 1057 ) and Zr(O'Pr)s-'PrOH (2.79 x 107
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s1). However, the activities are approximately an order of magnitude lower than that observed for
Sn(Oct)z (1.24 x 1072 s7!). The activity of titanium catalysts adheres to the following order
Ti(L1b)2(O™Pr)2 > Ti(L2a)2(O'Pr)2 > Ti(L3a)2(O'Pr)2 > Ti(L1a)(O'Pr)2 = Ti(L4a)(O'Pr)y,
whereas for zirconium complexes follow Zr(L1b)2(O'Pr)2 = Zr(L2a)2(O'Pr)2 > Zr(L1a)2(O'Pr); =
Zr(L3a)2(O'Pr)2 > Zr(L4a)(O'Pr)2. For both series, complexes containing L1b and L2a
polymerized lactide faster; this might be associated with the ‘Bu and 'Pr facilitating the migratory
insertion of the alkoxide, relieving the steric congestion in the coordination sphere. An experiment
with purified lactide was conducted with the most active catalyst Zr(L2a)2(O'Pr)2 under the same
conditions, leading to a 20% increase in rate (entry 8 vs 9). This suggests the poisoning of the

catalysts by impurities present in the unpurified lactide, such as lactic acid and water.
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Figure 2.4 Kinetic plots for the polymerization of rac-lactide by Sn(Oct),, Ti(O'Pr), Ti(L1a)2(O'Pr),, Ti(L1b),(O'Pr),, Ti(L2a)(O'Pr),,
Ti(L3a),(0iPr);, and Ti(L4a)2(0iPr), (top) and Sn(Oct),, Zr(O'Pr)sPrOH, Zr(L1a)(O'Pr),, Zr(L1lb)y(O'Pr),, Zr(L2a)y(O'Pr),,
Zr(L3b),(O'Pr),, and Zr(L4b),(O'Pr), (bottom).

The number-average molecular weight (Mn) of the polymers from the bis(guanidine—phenolate)
group 4 complexes was determined by 'H NMR end-group analysis and gel permeation
chromatography (GPC) with values of 700—1800 Da and 1400-2700 Da, respectively. The weight-
average molecular weight (Mw) was determined by diffusion-ordered spectroscopy (DOSY) and
GPC with values of 1500-3000 Da, and 1600-4000 Da, respectively (Table 2.6).”"”® The values
obtained are similar to those observed in the experiments with Ti(O'Pr)s, Zr(O'Pr)4-'PrOH, and
Sn(Oct)2 with Mn ranging from 700—2000 (NMR) and 700—3300 (GPC) and Mw from 1500—
3300 (DOSY) and 900—4700 (GPC). Interestingly, the results indicated that the choice of metal,
whether Ti or Zr, did not have a significant impact on the polymers produced. The bis(guanidine—
phenolate) complexes of L3a (entries 4 and 11, Table 2.6) gave the polymers with the lowest
molecular weights. Variation of the size in the endocyclic nitrogen from methyl to isopropyl results
in an increase in polymer molecular weight for titanium (entry 1 vs 3, Table 2.6). This change leads
to the opposite effect with zirconium (entries 6 and 8, Table 2.6). A similar trend is observed when

the tert-butyl group was installed ortho to the phenolic oxygen with titanium generating polymers
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with larger molecular weights (entry 1 vs 2, Table 2.6) and a decrease with zirconium (entry 6 vs 7,

Table 2.6).

Table 2.6 Solvent-free polymerization of rac-lactide

entry® Catalyst kapp M€ | My¢ | D' | Mu? | Mw? | B2| P;
(10*s™? | (Da) | (Da) (Da) (Da)
I | TiL1a)(OPra | 122 | 700 | 1600 | 2.3 | 1400 | 1900 | 1.4 | 0.63
2 | TLIbR(OPr: | 1.82 | 1400 | 2400 | 1.7 | 2700 | 4000 | 1.5 | 0.62
3 | Ti(L2a(0Pr: | 156 | 1400 | 1900 | 1.4 | 2200 | 2900 | 1.3 | 0.56
4 | TiL3a)(OPra | 144 | 700 | 1500 | 2.1 | 1300 | 1600 | 1.2 | 0.62
5 Ti(L4a)2(O'Pr)2 1.17 1000 | 1900 | 1.9 | 1600 | 2100 | 1.3 | 0.56
6 Zr(L1a)2(O'Pr)2 1.75 1800 | 3000 | 1.6 | 2700 | 3500 | 1.3 | 0.56
7 Zr(L1b)2(O'Pr)2 2.24 1100 | 2100 | 1.9 | 1700 | 2400 | 1.4 | 0.58
8 | Zr(L2a(OPra | 211 | 1200 | 1900 | 1.6 | 1600 | 2100 | 1.3 | 0.58
9 | Zn(L2a)(OPry | 2.54 | 1100 | 2400 | 2.2 | 1700 | 2300 | 1.4 | 0.58
10 Zr(L2a)2(O'Pr)’ 3.21 1200 | 1900 | 1.6 | 1500 | 2100 | 1.4 | 0.58
11 Zr(L3a)2(O™Pr)2 1.63 900 | 1700 | 1.8 | 1500 | 1900 | 1.3 | 0.62
12 | Zr(L4a)(OPr) | 139 | 1500 | 2600 | 1.7 | 2300 | 2900 | 1.3 | 0.58
13 L2al/ 2.45 1400 | 3000 | 2.1 | 1700 | 2500 | 1.5 | 0.48
14 Sn(Oct)2 12.4 2200 | 3300 | 1.5 | 3300 | 4700 | 1.4 | 0.50
15 Ti(O'Pr)4 0.53 700 | 1500 [ 2.1 | 700 | 900 | 1.3 | 0.50
16 Zr(O'Pr)s-'PrOH 0.28 700 | 1600 | 2.1 | 1000 | 1200 | 1.2 | 0.50

“All polymerization were carried out at 130 °C with a lactide-to-catalyst stoichiometric ratio of 100:1, with an M calculated value
of 14,413 Da, assuming a living polymerization. ’Kinetics were carried out at 130 °C with lactide/catalyst stoichiometric ratio of
100:1. “Determined by '"H NMR end-group analysis assuming -O'Pr as chain-end. “Determined by GPC in THF. ¢ Determined by
DOSY NMR in C¢De.”/D = My posy + Ma NMR. $D = My + Mp as determined by GPC. ’rac-Lactide recrystallized from toluene was

employed. 2-propanol was employed as co-initiator 1:2 Cat:'PrOH. /Lactide/catalyst stoichiometric ratio of 50:1 with an My

calculated value of 7,206 Da, assuming a living polymerization.

PLA molecular weights were approximately 70% lower than anticipated based on the initial
monomer-to-catalyst ratio, under the assumption of living polymerization where chain-transfer or
termination reactions are absent and polymer chains grow continuously.”’ Molecular weights

measured by '"H NMR spectroscopy slowly increase with conversion and deviate from the

36



theoretical molecular weight, as shown in Figure 2.5, which is an indication of significant chain
transfer and/or transesterification. Additionally, the use of purified lactide did not show an
improvement in the molecular weight (entry 8 vs 9, Table 2.6), suggesting that transesterification
depends on the Lewis acidity of the metal center and/or the high temperature used. Although the
group 4 systems did not polymerize lactide in a living fashion, the dispersity values (D) are

considered satisfactory, ranging from 1.1 to 2.3.
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Figure 2.5 Graph of M,, as determined by 'H NMR spectroscopy, as a function of conversion. The triangles represent the M, NMR
of PLA generated by Zr(L2a),(O'Pr),. The circles represent the theoretical M, calculated (M, theoretical =
([Lactide]o/[Zr(L2a)2(O'Pr),]o)x 144.13 x conversion)

The analysis of the 'H and '*C NMR spectra for all the synthesized polymers reveals the
incorporation of an isopropyl group as a chain end, consistent with the polymerization proceeding
via CIM and normally observed when group 4 alkoxides are employed.**%° The possibility of the
competing AMM cannot be dismissed based on the lower-than-anticipated relative ratio of
isopropyl to hydroxyl end groups observed. This finding is further corroborated by the enhanced
rate when two equivalents of isopropanol are used (entry 10, Table 2.6), which also increased the
ratio of isopropyl to hydroxyl end groups. This result implies that nucleophilic impurities present

in the monomer may also act as external initiators for the ROP of lactide.
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The tacticity of the polymers was determined by homonuclear-decoupled 'H{'H} NMR
spectroscopy, and all isolated polymers showed a heterotactic bias (Pr = 0.56-0.62).3!82 The related
imine—phenolate and benzoxazole—phenolate systems generated polymers with similar heterotactic

biases. Notably, the influence of the ligand structure appeared to be negligible.****

The unexpectedly marginal impact of both metal and ligand structures on the catalysts'
performance raised concern for the potential of the ligand itself acting as a catalyst after
dissociation from the metal at elevated temperatures. Polymerization experiments were thus
performed with guanidine—phenol ligand L.2aH of the most active group 4 catalyst (entry 13, Table
2.6), rate constants 1.6 and 1.2 times higher than the corresponding metal complexes
Ti(L2a)2(O'Pr)2 and Zr(L2a)2(O'Pr)2, respectively, with comparable polymer molecular weights.
However, L2aH does not impart any tacticity bias (Pr = 0.48). This observation supports the
potential ligand dissociation, with free guanidine acting as a catalyst for the ROP of lactide, which

has been reported for guanidines and cyclic esters.

Thermostability studies were performed on complex Zr(L2a)2(O'Pr): to gain insight into the
decomposition of the complex under the polymerization conditions used. A solution of the complex
in toluene-d® with mesitylene as an internal standard was heated to 120 °C and monitored by 'H
NMR spectroscopy over 10 h. Complex Zr(L2a)2(O'Pr)2 did not present significant decomposition
over the first 3 h, ascribed to the activation barrier of decomposition, which usually involves
molecular rearrangement and bond breaking, then Zr(L2a)2(O'Pr)2 decomposed following first-
order decay with a k value of —5.38 x 10* s! an estimated half-life of 13 h (Figure 2.6). This
provides evidence that ligands likely dissociate under reaction conditions and could thus

participate in the ROP of lactide.
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Figure 2.6 Thermostability study of Zr(L2a),(O'Pr), performed in toluene at 120 °C.. [Zr(L2a),(O'Pr),]/[Zr(L2a),(O'Pr),]o vs time

MALDI-TOF mass spectrometry analysis was performed for the PLA generated by
Ti(L2a)2(O'Pr)2, Zr(L2a)2(O'Pr)2, and L2aH (Figure 2.7). The mass spectrum of all polymers
showed a peak separation of m/z =72, evidence of transesterification, consistent with the observed
low molecular weights. Additionally, the spectra of polymers generated by Ti(L2a)2(O'Pr); and
Zr(L2a)2(O'Pr): indicate the presence of both isopropyl and hydroxyl end-capped polymer chains,
with no evidence of cyclic oligomers. The major signals in all spectra are the carboxylic acid and

carboxylate end-capped polymers clustered with a sodium ion. Isopropyl end-capped polymer
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chain fragments are not predominant, either due to hydrolysis of the polymer chains and/or water
acting as an external nucleophile in the initiation step. Their presence suggests that these group 4
alkoxide complexes polymerize lactide via CIM, which is consistent with the NMR spectra
obtained (vide supra). The mass spectrum analysis of PLA produced by L2H does not demonstrate
the incorporation of the ligand into the polymer chain, and only hydroxyl end-capped polymer
chains are present. This finding suggests that monomer activation occurs via hydrogen-bonding

mechanism (Figure 2.8), as observed for a metal-free guanidine-based catalyst.®
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Figure 2.8 Activation of lactide by hydrogen bonding mechanism with L2aH

Lactide polymerizations were also performed with Ti(L2a)2(O'Pr)2, Zr(L2a)2(O'Pr)2, and L2aH at
an increased lactide to catalysts ratio of 1000:1 at 130 °C (Table 2.7). These conditions are closer
to the industrial process and allow a better comparison versus the industrial standard Sn(Oct).. All
catalysts displayed a decrease in the rate constant by approximately one order of magnitude with
respect to experiments in Table 2.6, as expected for the 10-fold increase in the lactide to catalysts
ratio. Group 4 alkoxide complexes produced low-molecular-weight polymers, considering the
lactide-to-catalyst ratio used, which might be associated with the increase of polar impurities due
to the increase in the lactide-to-catalyst ratio, enhancing the susceptibility of the catalysts to

poisoning and decomposition due to the temperature used, as previously showed in Figure 2.6.

Table 2.7 Solvent-free polymerization of rac-lactide in monomer to catalysts ratio 1000:1

entry” Catalyst Kapp M.’ M,/ br
(107°s™) (Da) (Da)

1 Ti(L2a)2(O'Pr), 1.42 2600 3600 1.4

2 Zr(L2a)y(O'Pr), 2.03 2100 2900 1.4

3 L2aH* 0.92 2800 3900 1.4

4 Sn(Oct), 34.6 12000 21000 1.8

3All polymerizations were carried out at 130 °C to full conversion and a lactide-to-catalyst stoichiometric ratio of 1000:1, with Mn
calculated values of 144,130 Da. "Determined by GPC in THF “D = My + My YLactide:catalyst stoichiometric ratio of 500:1, with
Mn calculated values of 72,065 Da.

2.2.5.2 Ethylene polymerization

Group 4 dichloride complexes Ti(L1a)2Clz, Ti(L1b)2Clz, and Ti(L.2a)2Cl> were evaluated for the
polymerization of ethylene at room temperature with n-octyl-modified methylaluminoxane
(MMAO-12) as cocatalysts. Catalysts Ti(L1a)Cl> and Ti(L2a):Cl> displayed comparable
activities 1.1 and 0.8 kgpe molri' h™! (over 1-3 h), respectively. Those productivities are two
orders of magnitude lower than the benchmark catalysts Cp2TiCl2 (over 3 min). The addition of a

‘Bu group ortho position to the phenolic oxygen in Ti(L1b)2Cl2 did not have an impact on the
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activity, and only traces of polymer were observed. This is in stark contrast with the 85-fold
increase in activity reported for the FI catalyst (imine—phenolate)!'’. Fujita has indicated that the
arrangement of the 'Bu groups positioned above and below the reaction site (CI-M-Cl),
specifically in the cis-N,N-trans-O,0 configuration (Isomer A, Figure 2.9), reduces the energy
barrier for the olefin insertion and minimizes potential side reactions. The arrangement predicted
by DFT for complex Ti(L1b)2Cl: is trans-N,N-cis-O,0 (Isomer C, Figure 2.9), placing the '‘Bu at
the back of the reaction site. Group 4 imine—phenolate systems that presented this arrangement
showed poor activity.'®’® The poor activity observed in the bis(guanidine—phenolate) titanium
catalysts might be ascribed to the presence of an undesirable diastereomer along with a less

electrophilic metal center due to the strong electron-donating guanidine fragment.
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Figure 2.9 Most stable isomer for the imine-phenolate and guanidine-phenolate systems

2.3 Conclusions

The bis(guanidine-phenolate) group 4 alkoxide complexes were evaluated for their efficacy in the
ring-opening polymerization of rac-lactide under solvent-free conditions. The resultant polylactic
acid (PLA) displayed molecular weights and dispersity values that are comparable to those
achieved using the industry-standard Sn(Oct)2 under identical experimental conditions. Notably,
the guanidine-phenol proligands appear to significantly influence the polymerization rate,
exhibiting performance similar to that of the corresponding metal complexes. Furthermore, PLA
synthesized from these bis(alkoxide) complexes showed heterotactic bias in comparison to the
proligand and other catalysts utilized in control experiments. The related dichloride titanium
complexes exhibited limited activity in the polymerization of ethylene, even when employing the
bulky tert-butyl phenolate derivative. The versatility of these guanidine—phenolate ligands, along
with the potential for further tailoring of their electronic and steric properties, presents valuable
opportunities to enhance the experimental framework and explore their application in additional

catalytic transformations.
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2.4 Experimental section

General considerations

All manipulations and materials were performed under a dry argon atmosphere, using Schlenk
techniques or in a nitrogen-filled MBraun glovebox. Ti(O'Pr)4, Zr(O'Pr)s-'PrOH, TiCls(THF).,
SnOct2, NaHMDS, and TMSCI were purchased from Sigma-Aldrich and used without further
purification. Lactide was purchased from Thermo Fisher Scientific and used as received unless
otherwise stated; if needed, the monomer was purified by one recrystallization from toluene. 2-
Amino-4,6-di-tert-butylphenol,** 2-chloro-1-methylimidazole,® 3Cl, 4CL% and L3aH®" were
synthesized according to literature procedure. Deuterated solvents CsDs and CDCls were
purchased from Sigma-Aldrich. CéDs and CDCIl3 were dried over sodium and benzophenone, and
over CaHa, respectively. Both were degassed by freeze-pump-thaw cycles, vacuum transferred to
dry ampules, and stored over molecular sieves prior to use. NMR spectra were recorded on a
Bruker 400 MHz or Bruker UltraShield 300 MHz NMR spectrometer at room temperature. 'H
NMR chemical shifts are reported in ppm versus residual protons in deuterated solvents as follows:
8 7.27 CDCls and § 7.16 CsDe. *C{'H} NMR chemical shifts are reported in ppm versus residual
13C in the solvent: § 77.16 CDCls and § 128.06 CsDe.

X-ray Crystallography

Diffraction data for ligands and complexes were collected on a Bruker APEX-II CCD
diffractometer with a Mo Ko (A = 0.71073 A) radiation source. Crystals were selected under
paratone oil and mounted under a stream of N2 and kept at 173K during data collection. Structures
were solved in Olex2% using direct methods and refined with SHELXL?® refinement package

using least-squares minimization.
Gel Permeation Chromatography

Number-average molecular weight (Mn), weight-average molecular weight (Mw) and dispersity
(B; Mw/Mn) of samples were determined by gel permeation chromatography (GPC) using two
PLgel miniMIX-B columns (4.6 mm x 250 mm) and two PLgel miniMIX-C columns (4.6 mm x
250 mm) from Agilent on elution with tetrahydrofuran (0.4 mL/min) at room temperature,
equipped with an Agilent multi-detector suite composed of an Agilent G7801A refractive index

detector, an Agilent G7803A dual-angle light scattering detector and an Agilent G7802A
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viscometer. Columns were calibrated using seven polystyrene standards with a conventional
approach (Mp =482,000, 125,900, 66,600, 27,060, 9,310, 5,610, and 1,180 Da. Data were analyzed
using the Agilent GPC software version A.02.01 software (Santa Clara, CA 95051, United States).

MALDI-TOF Mass spectrometry

MALDI-TOF data were obtained at the Advanced Instrumentation for Molecular Structure (AIMS)
laboratory of the University of Toronto on a Bruker AutoFlex Speed MALDI-TOF mass
spectrometer, with ionization using a 355 nm 3rd harmonic Nd YAG laser. The variable repetition

was set to 2 kHz with a pulse energy > 100 pJ. Samples were prepared in a dithranol THF matrix.
Computational details

The calculations were performed with the computational package Gaussian 09 on Shared

Hierarchical Academic Research Computing Network (SHARCNET; www.sharcnet.ca) and made

possible by Compute Canada (www.computecanada.ca). SHARCNET is a consortium of 19
colleges, universities and research institutes operating a network of high-performance computer
clusters across Ontario. All geometry optimizations were performed using the B3LYP functional
with the Def2SVP basis set,”® and Grimme's empirical dispersion correction term with Becke—
Johnson damping, D3(BJ), was applied.”! Single-point energy calculations were performed on the

structures optimized with the B3LYP-D3 (BJ)/Def2-TZVPP level of theory.
Synthesis of compound 1Cl

A Schlenk flask was charged with 2-chloro-1-methylimidazole (912 mg, 7.82 mmol, 1.0 equiv.)
followed by the addition of 20 mL of DCM. CH3I (750 mL,11.4 mmol, 1.5 equiv.) was added
dropwise. The reaction mixture was stirred for 16 h at room temperature. Volatiles were removed
in vacuo and the solids were washed with diethyl ether (2 x 10 mL). Volatiles were removed to
give a tan solid (1.81 g, 7.02 mmol, 88%). "H NMR (400 MHz, CDCl3): § 7.97 (s, 2H, N(CH)2N),
4.03 (s, 6H, N-CH3). *C NMR (100 MHz, D20): & 132.6 (s, C—Cl), 123.3 (s, N(CH)2N), 35.6 (s,
N-CH3). Anal. Calcd for CsHsCIIN2 (%): C, 23.23; H, 3.12; N, 10.84. Found (%): C, 23.45; H,
2.96; N, 10.54.

Synthesis of compound 2Cl
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A round bottom flask was charged with 1,3-diisopropylimidazolium bromide (1.02 g, 4.37 mmol,
1 equiv.) followed by the addition of sodium fert-butoxide (0.049 g, 0.437 mmol, 0.1 equiv.) and
sodium hydride (0.115 g, 4.80 mmol, 1.1 equiv.). Then, 15 mL of THF was added, and the solution
stirred for 16 hours. The carbene 1,3-diisopropylimidazol-2-ylidene was extracted in THF.
Subsequently, the THF solution was filtrated through Celite and slowly added to a solution
containing C2Cle (1.13 g, 4.80 mmol, 1.1 equiv.) in THF at —40 °C. The reaction mixture was left
to reach room temperature and stirred for 24 hours. The resulting solids were filtered and washed
with THF (4 x 5 mL) and dried under vacuum to yield a tan solid (819 mg, 3.67mmol, 84%). 'H
NMR (400 MHz, CDCI): 6 8.38 (s, 2H, N(CH)2N), 4.80 (sept, J = 6.7 Hz, 2H, CHMez), 1.64 (d,
J=6.7 Hz, 12H, CHMe>)."*C (100 MHz, CDCl3): & 127.7 (s, C-Cl), 122.0 (s, N(CH)2N), 53.5 (s,
CHMe»), 22.3 (s, CHMe»). Anal. Calcd for CoHi16Cl2N2 (%): C, 48.44; H, 7.23; N, 12.55. Found
(%): C, 48.12; H,7.11; N, 12.66.

Synthesis of ligands

L1aH. A Schlenk flask was charged with 2-aminophenol (218 mg, 1.99 mmol, 1.0 equiv.) and
triethylamine (0.50 mL, 4.10 mmol, 2.0 equiv.) with 20 mL of acetonitrile (MeCN). In a separate
vial, compound 1Cl (516 mg, 1.99 mmol, 1.0 equiv.) was dissolved in 10 mL of MeCN. The
solution of 1 was added and the mixture stirred under reflux for 3 h. Thereafter KOH (226 mg,
4.10 mmol, 2.1 equiv.) in 3 mL of H2O was then added and stirred for 15 min. Volatiles were
removed under vacuum. The ligand was extracted with toluene (6 x 5 mL). The combined organic
layers were dried over Na2SO4. Removal of the volatiles in vacuo gave a dark yellow solid (305
mg, 1.50 mmol, 75%). '"H NMR (300 MHz, CDCls): § 6.87—6.85 (m, 1H, Ar- CH), 6.63 —6.61 (m,
1H, Ar-CH), 6.26 (s, 2H, N(CH)2N), 3.19 (s, 6H, NCH3).">*C{'H} NMR (75 MHz, CDCl3) § 149.4
(s, C=N), 149.1 (s, C-OH), 137.6 (s, C-N), 119.3 (s, CH-Ar), 119.1 (s, CH-Ar), 118.2 (s, CH-Ar),
114.6 (s, N(CH)2N), 112.4 (s, CH-Ar), 33.9 (s, NCH3). Anal. Calcd for C11H13N30 (%): C, 65.01;
H, 6.45; N, 20.68. Found (%): C, 65.21; H, 6.06; N, 20.92.

L1aH-HCI. A round-bottom flask was charged with L1aH (150 mg, 0.738 mmol, 1 equiv.) and 10
mL of THF, followed by the addition of a solution of HCI in dioxane (0.25 mL, 1.00 mmol, 1.4
equiv.). The mixture was stirred for 30 min, thereafter, the volatiles were removed under vacuum.
The tan solid was washed with diethyl ether, and dried under reduced pressure (172 mg, 0.721
mmol, 97%). 'H NMR (300 MHz, D20): § 6.90—6.87 (m, 1H, Ar- CH), 6.76—6.70 (m, 1H, Ar-CH),
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6.16 (s, 2H, N(CH)2N), 3.35 (s, 6H, NCH3). Anal. Calcd for C11H14CIN30 (%): C, 55.12; H, 5.89;
N, 17.53. Found (%): C, 55.48; H, 5.74; N, 17.30

L1bH. This compound was prepared by the same method as LL1aH with 2-amino- 4,6-di-tert-
butylphenol to give a green solid (205.5 mg, 0.553 mmol, 70%). '"H NMR (300 MHz, CDCl3): &
6.74 (d, J=3.0 Hz,1H, CH-Ar), 6.59 (d, /= 3.0 Hz,1H, CH-Ar), 6.22 (s, 2H, N(CH)2N), 3.18 (s,
6H, NCH3), 1.43 (s, 9H, C(CH3)3), 1.28 (s, 9H, C(CH3)3). *C{'H} NMR (75MHz, CDCI3) § (s,
C=N), 145.6 (s, C-OH), 139.7 (s, C-N), 136.6 (s, C-'Bu), 132.4 (s, C-'Bu), 114.3 (s, CH-Ar), 114.0
(s, N(CH)2N), 113.8 (s, CH-Ar), 34.7 (s, C-(Me)s, 34.3 (s, NCH3), 33.9 (s, C-(Me)3, 31.9 (s, C-
(Me)s), 29.8 (s, C-(Me)3). Anal. Calcd for Ci9H290N30 (%): C, 72.34; H, 9.27; N, 13.32. Found (%):
C, 72.73; H,9.15; N, 12.99.

L1bH-HCI. This compound was prepared by the same method as L1aH-HCl, to give a tan solid
(150 mg, 0.369 mmol, 97%). '"H NMR (300 MHz, CDCl3): § 10.67 (s, 1H, NH) 7.15 (s, 1H, CH-
Ar), 6.80 (s, 2H, N(CH)2N), 6.58 (s,1H, CH-Ar) 3.51 (s, 6H, NCH3), 1.41 (s, 9H, C(CHs)3), 1.24
(s, 9H, C(CH3)3). BC{'H} NMR (75 MHz, CDCl3) & 147.4 (s, C=N), 143.9 (s, C-OH), 142.4 (s,
C-N), 140.0 (s, C-'Bu), 125.9 (s, C-'Bu), 121.7 (s, CH-Ar), 118.5 (s, N(CH)2N), 117.9 (s, CH-Ar),
35.5 (s, NCH3), 34.3 (s, C-(Me)3), 31.6 (s, C-(Me)3), 29.8 (s, C-(Me)3). Anal. Calcd for
Ci9H30CIN3O (%): C, 64.85; H, 8.59; N, 11.94. Found (%): C, 64.70; H, 8.28; N, 11.75.

L2aH-HCI. A Schleck flask was charged with 2-aminophenol (300 mg, 1.99 mmol, 1.0 equiv.) and
triethylamine (0.50 mL, 4.10 mmol, 2.0 equiv.) in 20 mL of MeCN. In a separated vial, compound
2Cl1 (516 mg, 1.99 mmol, 1.0 equiv.) was dissolved in 10 mL of MeCN. The solution of 2Cl was
added and the mixture stirred under reflux for 6 h. Thereafter KOH (122 mg, 2.2 mmol, 1.1 equiv.)
in 3 mL of H2O was added and the solution stirred for 30 min. Volatiles were removed under
vacuum. The product was extracted with THF (3 x 5 mL), then solvent was removed under vacuum
to give a white solid (493,1.67 mmol, 84%). 'H NMR (300 MHz, CDCl3): § 7.16-7.13 (m, 1H,
Ar-CH), 7.03 (s, 2H, N(CH)2N), 6.98-6.96 (m, 1H, Ar-CH), 6.77-6.72 (m, 1H, Ar-CH), 6.48—6.46
(m, 1H, Ar-CH), 4.71 (sept,J= 6.7 Hz, 2H, CH-Me2), 1.40 (d, J= 6.7 Hz, 12H, CH-Me»).'3C {'H}
NMR (75 MHz, CDCl3) 8 149.0 (s, CH-Ar), 141.2 (s, C=N), 128.6 (s, C-OH), 125.4 (s, CH-Ar),
120.4 (s, CH-Ar), 119.9 (s, CH-Ar), 118.7 (s, C-N), 114.8 (s, N(CH)2N), 50.1 (s, CH-'Pr), 22.5 (s,
CH-Mez). Anal. Calcd for CisH22CIN3O (%): C, 60.91; H, 7.50; N, 14.21. Found (%): C, 61.29;
H, 7.22, N, 14.13.
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L2aH. A round-bottom flask was charged with L2aH-HCl (200 mg, 0.68 mmol, 1.0 equiv.) and
10 mL of MeCN, followed by the addition of KOH (40 mg, 0.70 mmol, 1.05 equiv.). The mixture
was stirred for 30 min. Volatiles were removed under vacuum. The product was extracted with
DCM (5 mL x 3) Solvent was removed under reduced pressure to yield a brown solid (150 mg,
0.57 mmol, 85%) 'H NMR (300 MHz, CDCI3): § 6.86 (m, 1H, Ar-CH), 6.67-6.59 (m, 3H, Ar-
CH), 6.45 (s, 2H, N(CH)2N), 4.44 (sept, J = 6.7 Hz, 2H, CH-Me2), 1.23 (d, J = 6.7 Hz, 12H, CH-
Mex13C{1H} NMR (75.46 MHz, CDCl3) 6 149.0 (s, C=N), 147.9 (s, C-OH), 138.8 (s, C-N), 119.4
(s, CH-Ar), 118.3 (s, CH-Ar), 116.0 (s, CH-Ar), 112.3 (s, CH-Ar), 110.0 (s, N(CH)2N), 46.3 (s,
CH-Pr)., 22.0 (s, CH3-'Pr). Anal. Calcd for C1sH21N3O (%): C, 69.47; H, 8.16; N, 16.20. Found
(%) C, 69.35; H, 8.10; N, 16.55.

L4aH-HCI. This compound was prepared by the same method as L.2aH-HCI, to give a white solid
(150 mg, 0.369 mmol, 97%). 'H NMR (300 MHz, CDCI3): § 9.86 (s, 1H, NH), 9.33 (s, 1H, OH),
7.23-7.21 (m,1H, CH-Ar) 6.99-6.97 (s, 1H, CH-Ar) 6.74-6.72 (s, 1H, CH-Ar), 3.30 (t, J = 6.0
Hz, 4H, NCH2), 2.91 (s, 6H, NCH3), 2.03 (q, J = 6.0 Hz, 4H, CH2).3C{'H} NMR (75 MHz,
CDCI3) 6 155.6 (s, C=N), 150.5 (s, C-OH), 126.9 (s, CH-Ar), 126.1 (s, C-N), 123.9 (s, CH-Ar),
120.4 (s, CH-Ar), 119.0 (s, CH-Ar) 48.6 (s, N-CH3), 40.5 (N-CH2), 22.4 (CH2CH2CHz2). Anal.
Calcd for Ci12Hi1sCIN3O (%): C, 56.36; H, 7.09; N, 16.43. Found (%) C, 56.61; H, 7.22; N, 16.58

L4aH This compound was prepared by the same method as L2aH. 'H NMR (400 MHz, CsDs): &
7.50 (s, 1H, OH), 7.28-7.27 (m,1H, CH-Ar) 6.99-6.97 (s, 3H, CH-Ar) 6.74-6.72 (s, 1H, CH-Ar),
2.44 (s, 6H, NCH3), 2.41 (t,J = 6.0 Hz, 4H, NCH>), 1.07 (q, J = 6.0 Hz, 4H, CH2). 3C{'H} NMR
(100 MHz, CDCl3) & 155.7 (s, C=N), 150.5 (s, C-OH), 138.6 (s, C-N) 120.2 (s, CH-Ar), 119.4 (s,
CH-Ar), 118.7 (s, CH-Ar), 113.1 (s, CH-Ar) 48.3 (s, N-CH3), 39.0 (N-CHz2), 22.1 (CH2CH2CH2)
Anal. Calcd for C12H17N30 (%): C, 65.73; H, 7.81; N, 19.16. Found (%) C, 65.48; H, 7.63; N,
18.95.

Synthesis of complexes

Ti(L1a)2(O'Pr)2 A solution of L1aH (105 mg, 0.517 mmol, 2.0 equiv.) in 5 mL of DCM was added
to a solution of Ti(O'Pr)4 (73.8 mg, 0.261 mmol, 1.0 equiv.) in 5 mL of DCM. The reaction mixture
was placed under reflux for 5 h. Thereafter, the solvent was removed under reduced pressure. The
solid formed was washed with pentane to yield a yellow solid (125.9 mg, 0.220 mmol, 85 %). 'H
NMR (400 MHz, C¢Ds): 6 6.79—6.76 (m, 1H, Ar-CH), 6.63—6.61 (m, 2H, Ar-CH), 6.03—6.00 (m,
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1H, Ar-CH), 5.49 (s, 2H, N(CH)2N), 5.28 (sept, J = 6.0 Hz, 1H, OCHMe), 3.03 (s, 6H, NCH3),
1.37 (d, J = 6.0 Hz, 6H, OCHMe>). *C{'H} NMR (100 MHz, C¢Ds) & 160.7 (s, C=N), 153.2 (s,
C-OH), 145.2 (s, C-N), 119.0 (s, CH-Ar), 116.7 (s, CH-Ar), 115.5 (s, N(CH)2N), 113.9 (s, CH-Ar),
112.9 (s, CH-Ar), 75.6 (s, OCHMes), 34.3 (s, NCH3), 26.5 (s, OCH-Me3) 6 Anal. Calcd for
C2sH3sN6O4Ti (%): C, 58.95; H, 6.71; N, 14.73. Found (%) C, 59.30; H, 6.27; N, 15.22.

Ti(L1b)2(O'Pr)2 A solution of L1bH (150 mg, 0.475 mmol, 2.0 equiv.) in 5 mL of toluene was
added to a solution of Ti(O'Pr)4 (67.4 mg, 0.237 mmol, 1.0 equiv.) in 5 mL of toluene. The reaction
mixture was placed under reflux for 5 h. Thereafter, the solvent was removed under reduced
pressure. The solid formed was washed with pentane to yield a yellow solid (161 mg, 0.171 mmol,
86 %)."H NMR (400 MHz, CsD¢): 6 7.04 (d, J=4.0 Hz , 1H, Ar-CH), 5.97 (d, J= 4.0 Hz, 1H, Ar-
CH), 5.66-5.60 (s, 2H, N(CH)2N), 5.46 (br, 1H, CHMe>), 3.21 (s, 3H, NCH3), 3.00 (s, 3H, NCH3)
1.67 (s, 9H, C(CH3)3), 1.39 (s, 9H, C(CH3)3), 1.30 (d, J = 8.0 Hz, 6H, OCHMe>). '*C {'H} NMR
(100 MHz, CsDs) 6 157.2 (s, C=N), 153.8 (s, C-OH), 145.4 (s, C-N), 137.5 (s, C- C(CH3)3), 133.4
(s, C- C(CH3)3), 116.2 (s, N(CH)2N), 113.0 (s, CH-Ar), 108.0 (s, CH-Ar), .6 (s, OCHMes), 35.3
(s, NCH3), 34.3 (s, C(CH3)3), 32.4 (s, C(CH3)3), 30.2 (s, C(CH3)3), 28.1 (s, OCH-Me3). Anal.
Calcd for C44H70N6O4Ti (%): C, 66.48; H, 8.88; N, 10.57. Found (%) C, 66.61; H, 9.13; N, 10.85.

Ti(L2a)2(O'Pr)2 This compound was prepared by the same method as Ti(L1b)2(O'Pr)2 using L2aH
to yield a yellow solid (133 mg, 0.19 mmol, 89%) ."H NMR (300 MHz, CsDs) & 7.00-6.96 (m,1H,
Ar-CH), 6.82-6.79 (m, 1H, Ar-CH), 6.68-6.63 (m, 1H, Ar-CH), 6.07 (s, 1H, N(CHCH)N), 5.85—
5.82 (m, 1H, Ar-CH) 5.25 (br, 2H, CH-Me»), 4.97 (sept, 1H, J = 6.0 Hz, OCH-Me2) 1.27 (d, J =
6.0 Hz, 6H, CH-Me>), 1.09 (br, J = 6.0 Hz, 6H, OCH-Me>), 0.95 (d, J = 6.0 Hz, 6H, CH-Me:>).
BC{'H} NMR (76 MHz, CsD¢) & 158.7 (s, C=N), 150.5 (s, C-O), 145.0 (s, C-N), 117.3 (s, CH-
Ar) 112.9 (s, CH-Ar), 110.9 (s, CH-Ar), 110.3 (s, N(CH)2N) 108.5 (s, CH-Ar), 71.4 (s, OCH-Me»),
45.9 (s, CH-Me>), 25.0 (s, OCH-Mez), 20.7 (s, CH-Me>), 20.6 (s, CH3- Me2). Anal. Calcd for
C36Hs54N6O4Ti (%): C, 63.33; H, 7.97; N, 12.31. Found (%) C, 63.56; H, 7.66; N, 12.60.

Ti(L3a)2(O'Pr)2This compound was prepared by the same method as Ti(L1b)2(O'Pr): using L3aH
to yield a yellow solid (142 mg, 0.25 mmol, 95%) '"H NMR (400 MHz, C¢Ds) 6.86—6.80 (m, 1H,
Ar-CH), 6.57-6.54 (m, 1H, Ar-CH), 6.86-6.80 (m, 1H, Ar-CH), 5.32 (sept, 1H, J= 6.0 Hz, OCH-
Mez), 2.65 (s, 6H, N-CH3), 2.54 (s, 4H, N-CH2) 1.43 (d, J = 6.0 Hz, 6H, CH-Me>). '*C {'H} NMR
(100 MHz, CsDs) 6 162.1 (s, C=N), 161.3 (s, C-0O), 145.2 (s, C-N), 119.7 (s, CH-Ar) 116.9 (s, CH-
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Ar), 116.0 (s, CH-Ar), 113.6 (s, CH-Ar), 76.3 (s, OCH-Me2), 48.4 (s, NCH3), 40.4 (s, N-CH2) 26.6
(s, OCH-Me2) 22.3 (s, CHz). Anal. Calcd for C2sHasN6O4Ti (%): C, 58.53; H, 7.37; N, 14.63. Found
(%) C, 58.92; H, 7.23; N, 14.46.

Ti(L4a)2(O'Pr)2 This compound was prepared by the same method as Ti(L1b)2(O'Pr)2 using L4aH
to yield a yellow solid (176 mg, 0.30 mmol, 88%). '"H NMR (400 MHz, CsDs) & 6.90-6.82 (m,
1H, Ar-CH), 6.80-6.72 (m, 2H, Ar-CH), 6.33-6.31 (m, 1H, Ar-CH), 5.37 (sept, 1H, J = 6.0 Hz,
OCH-Me), 2.86 (s, 6H, N-CH3), 2.59-2.52 (m, 2H, N-CH2), 2.45-2.34 (m, 2H, N-CH2), 1.48 (d,
J = 6.0 Hz, 6H, CH-Me:), 0.99-0.95 (m, 2H, CH2). 3C{'H} (100 MHz, C¢Ds) & 162.1 (s, C=N),
161.3 (s, C-0O), 145.2 (s, C-N), 119.7 (s, CH-Ar) 116.9 (s, CH-Ar), 116.0 (s, CH-Ar), 113.6 (s, CH-
Ar), 76.3 (s, OCH-Me2), 48.4 (s, NCH3), 40.4 (s, N-CHz2) 26.6 (s, OCH-Me»), 22.3 (s, CH2) Anal.
Calcd for C30H46N6O4Ti (%): C, 59.80; H, 7.69; N, 13.95. Found (%) C, 60.11; H, 7.44; N, 14.19.

Zr(L1a)2(O'Pr)2 This compound was prepared by the same method as Ti(L1a)2(O'Pr): using
Zr(O'Pr)s-'PrOH and L1aH to yield a green solid (144 mg, 0.24 mmol, 96%). '"H NMR (400 MHz,
CeDs): 6 6.80—6.77 (m, 1H, Ar-CH), 6.72—6.70 (m, 1H, Ar-CH), 6.60-6.56 (m, 1H, Ar-CH), 5.98—
5.96 (m, 1H, Ar-CH), 5.51 (s, 2H, N(CH)2N), 4.62 (sept, J = 8.0 Hz, 1H, OCHMe2), 2.99 (s, 6H,
NCH3), 1.37 (d, J = 8.0 Hz, 6H, OCHMe>). 3C{'H} NMR (100 MHz, C¢Ds) & 159.6 (s, C=N),
153.14.88 (s, CH-Ar) 116.2 (s, CH-Ar), 115.6 (s, CH-Ar), 115.1 (s, N(CH)2N) 114.2 (s, CH-Ar),
70.3 (s, OCH-Me»), 34.1 (s, NCH3), 27.0 (s, OCH-Me»). Anal. Calcd for C2sH3sN6O4Zr (%): C,
54.78; H, 6.24; N, 13.69. Found (%) C, 55.14; H, 6.40; N, 13.92.

Zr(L1b)2(O'Pr), This compound was prepared by the same method as Ti(L1b)2(O'Pr): using
Zr(O'Pr)4-'PrOH and L1bH to yield a yellow solid (165 mg, 0.197 mmol, 92%). 'H NMR (400
MHz, CeDe): 8 7.04 (d, J = 4.0 Hz , 1H, Ar-CH), 5.97 (d, J = 4.0 Hz, 1H, Ar-CH), 5.58 (s, 2H,
N(CH)N), 4.68 (sept, J = 8.0 Hz 1H, CHMe2), 3.06 (s, 6H, NCH3), 1.70 (s, 9H, C(CHz)s), 1.41
(d, J= 8.0 Hz, 6H, OCHMe2), 1.37 (s, 9H, C(CH3)3). *C{'H} NMR (100 MHz, CsDe) 5 156.0 (s,
C=N), 153.8 (s, C-OH), 145.0 (s, C-N), 136.8 (s, C- C(CHs)3), 133.4 (s, C- C(CHs)s), 116.0 (s,
N(CH)N), 113.0 (s, CH-Ar), 108.0 (s, CH-Ar), 69.6 (s, OCHMes), 35.3 (s, NCHs), 34.3 (s,
C(CHa)s), 32.4 (s, C(CHz)s), 30.2 (s, C(CH3)s), 28.1 (s, OCH-Mes). Anal. Caled for CasHroN6O4Zr
(%): C, 63.04; H, 8.42; N, 10.03. Found (%) C, 63.22; H, 8.13; N, 9.88.

Zr(L2a)2(O'Pr)2 This compound was prepared by the same method as Ti2a using Zr(O'Pr)s- PrOH
and L2aH to yield a green solid (178 mg, 0.25, 89%). 'H NMR (300 MHz, CsD¢) & 7.00-6.96
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(m,1H, Ar-CH), 6.82-6.79 (m, 1H, Ar-CH), 6.68-6.63 (m, 1H, Ar-CH), 6.07 (s, |H, N(CHCH)N),
5.85-5.82 (m, 1H, Ar-CH) 5.25 (b, 2H, CH-Me>), 4.97 (sept, 1H, J= 6.0 Hz, OCH-Me2) 1.27 (d,
J= 6.0 Hz, 6H, CH-Me>), 1.09 (br, J = 6.0 Hz, 6H, OCH-Me), 0.95 (d, J = 6.0 Hz, 6H, CH-Me>).
3C{H} NMR (76 MHz, CsDs) § 159.8 (s, C=N), 152.2 (s, C-0), 146.7 (s, C-N), 119.3 (s, CH-
A1) 115.1 (s, CH-Ar), 114.7 (s, CH-AT), 112.2 (s, N(CH)2N) 111.3 (s, CH-Ar), 69.3 (s, OCH-Me2),
47.9 (s, CH-Me>), 27.9 (s, OCH-Me2), 23.0 (s, CH-Me>), 22.3 (s, CHs-'Pr) Anal. Caled for
Ca6HsaN6O4Zr (%): C, 59.55; H, 7.50; N, 11.57. Found (%) C, 59.26; H, 7.45; N, 11.88

Zr(L3a)2(O'Pr)2 This compound was prepared by the same method as Ti2a using Zr(O'Pr)s- PrOH
and L3aH to yield a green solid (140 mg, 0.23 mmol, 93%). 'H NMR (400 MHz, CsDs) & 6.83—
6.80 (m, 1H, Ar-CH), 6.70-6.67 (m, 1H, Ar-CH), 6.54-6.51 (m, 1H, Ar-CH), 4.68 (sept, 1H, J =
8.0 Hz, OCH-Me»), 2.62 (s, 6H, N-CH3), 2.49 (s, 4H, N-CH2) 1.46 (d, J = 8.0 Hz, 6H, CH-Me:>).
BC{'H} NMR (100 MHz, CsDs¢) & 165.9 (s, C=N), 160.2 (s, C-O), 142.7 (s, C-N), 121.3 (s, CH-
Ar) 118.4 (s, CH-Ar), 116.3 (s, CH-Ar), 115.8 (s, CH-Ar), 71.0 (s, OCH-Me2), 47.8 (s, NCH3),
35.6 (s, N-CH2) 27.7 (s, OCH-Mez). Anal. Calcd for C2sH42N6OaZr (%): C, 54.43; H, 6.85; N,
13.60. Found (%) C,54.78; H, 6.95; N, 13.76.

Zr(L4a)2(O'Pr)2 This compound was prepared by the same method as Ti(L2a)2(O'Pr): using
Zr(O'Pr)s-'PrOH and L4aH to yield a green solid (173 mg 0.28 mmol , 93%) 'H NMR (400 MHz,
CeDe) & 6.90-6.88 (m, 1H, Ar-CH), 6.73-6.70 (m, 1H, Ar-CH), 6.30-6.28 (m, 1H, Ar-CH), 4.72
(sept, 1H, J = 8.0 Hz, OCH-Me2), 2.83 (s, 6H, N-CHs), 2.62-2.54 (m, 2H, N-CHz), 2.42-2.35 (m,
OH, N-CHa), 1.51 (d, J = 8.0 Hz, 6H, CH-Me>), 1.13-1.07 (m, 1H, CHa), 1.03-0.98 (m, 1H, CHy).
BCOHY (100 MHz, CsDs) 8 162.5 (s, C=N), 160.1 (s, C-O), 144.1 (s, C-N), 120.2 (s, CH-Ar)
116.3 (s, CH-Ar), 116.2 (s, CH-Ar), 115.8 (s, CH-Ar), 70.6 (s, OCH-Me2), 48.3 (s, NCHj), 40.1
(s, N-CH2) 27.9 (s, OCH-Me2), 22.2 (s, CHz). Anal. Calcd for C30H46N6OaZr (%): C, 55.78; H,
7.18; N, 13.01. Found (%) EA C, 55.55; H, 7.03; N, 12.76.

Ti(L1a)2Cl2 A solution of L1aH-HCI (150 mg, 0.62 mmol, 2.0 equiv.) in 5 mL of DCM was added
to a solution of Ti(O'Pr)s (88.8 mg, 0.31 mmol, 1.0 equiv.) in 5 mL of DCM. After 6 h the solvent
was removed under reduced pressure. The solid was washed with pentane, solvent was removed
under vacuum to yield a red solid (154 mg, 0.29 mmol, 95%). '"H NMR (400 MHz, CDCI3): § 6.89
(s, 2H, N(CH)2N), 6.69-6.65 (m, 1H, Ar-CH), 6.58-6.55 (m, 1H, Ar- CH), 6.45—6.44 (m, 1H, Ar-
CH), 5.69-5.67 (m, 1H, Ar-CH), 3.88 (s, 3H, NCH3), 3.72 (s, 3H, NCH3). “C{'H} NMR (100
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MHz, CDCI3) 8 157.5 (s, C=N), 152.7 (s, C-OH), 144.4 (s, C-N), 120.3 (s, CH-Ar), 120.0(s, CH-
Ar), 118.1 (s, N(CH)2N), 112.0 (s, CH-Ar), 109.2 (s, CH-Ar), 34.9 (s, NCH3), 34.7 (s, NCH3).
Anal. Calcd for C22H24C12N6O2Ti (%): C, 50.50; H, 4.62; N, 16.06. Found (%) C, 50.95; H, 5.01;
N, 15.63.

Ti(L1b)2Cl2 This compound was prepared by the same method as Ti(L1a)2Cl2 using L1bH-HCI
to yield a red solid (92.2 mg, 0.12 mmol, 92%). 'H NMR (300 MHz, CsDs) § 6.90 (d, J= 3.0 Hz
1H, N(CHCH)N), 6.87 (d, J= 3.0 Hz 1H, N(CHCH)N) 6.70 (d, J = 3.0 Hz,1H, CH-Ar), 5.47 (d,
J=3.0 Hz,1H, CH-Ar), 3.80 (s, 1H, NCH3), 3.75 3.80 (s, 1H, NCH3), 1.36 (s, 9, C(CH3)3), 1.20
(s,9, C(CHs)). *C{'H} (76 MHz, CDCl3) § 153.9 (s, C=N), 153.4 (s, C-OH), 145.1 (s, C-N), 141.9
(s, CH-Ar), 131.6 (s, CH-Ar), 117.9 (s, N(CH)2N), 117.6 (s, N(CH)2N), 114.0 (s, CH-Ar), 104.9
(s, CH-Ar), 35.1 (s, NCH3), 34.7 (s, NCH3), 34.6 (s, C(CHs3)3), 34.3 (s, C(CH3)3), 32.0 (s, C(CH3)3),
30.0 (s, C(CHs3)3). Anal. Calcd for C3sHs6Cla2N6O2Ti (%): C, 61.05; H, 7.55; N, 11.24. Found (%)
C, 61.33; H, 7.40; N, 11.49.

Ti(L2a)2Cl2 This compound was prepared by the same method as Ti(L.1a)2Cl2 using L2aH-HCI
to yield a red solid (92.4 mg, 0.107 mmol, 90%)."H NMR (400 MHz, CDCl3): § 7.00 (s, 2H,
N(CH)2N), 6.65-6.61 (m, 1H, CH-Ar), 6.53—6.49 (m, 1H, CH-Ar), 6.41-6.39 (m, 1H, CH-Ar),
5.63-5.61 (m, 1H, CH-Ar), 5.32 (sept, J = 6.0 Hz, 1H, CH-Me>), 4.96 (sept, J = 6.0 Hz, 1H, CH-
Me2),1.63 (d, J = 6.0 Hz, 3H, CH-Me2), 1.51 (d, J = 6.0 Hz, 1H, CH-Me>), 1.36 (d, J = 6.0 Hz,
1H, CH-Me»), 1.31 (d, J = 6.0 Hz, 1H, CH-Me2). *C{'H} (100 MHz, CDCl3) § 157.8 (s, C=N),
150.2 (s, C-OH), 146.0 (s, C-N), 119.9 (s, CH-Ar), 119.6 (s, CH-Ar), 114.1 (s, N(CH)2N), 114.0
(s, N(CH)2N), 111.7 (s, CH-Ar), 109.0 (s, CH-Ar), 49.0 (s, CH-Me2), 48.7 (s, CH-Mez), 24.2 (s,
CH-Mez), 23.3 (s, CH-Me2), 23.2 (s, CH-Me»), 23.2 (s, CH-Mez), 22.2 (s, CH-Me2). Anal. Calcd
for C30H40CI2N6O2Ti (%): C, 56.70; H, 6.35; N, 13.23. Found (%) C, 56.85; H, 6.62; N, 13.44.

General Procedure for the Polymerization of rac-lactide

Unless otherwise specified, all polymerizations (group 4 guanidine—phenolate catalysts, group 4
precursors, free-ligand, and Sn(Oct)2) were performed using rac-lactide (99%). In a typical
experiment, a flask was charged with 60 umol of catalyst and 6.0 mmol of rac-lactide under inert
conditions. The mixture was submerged in an oil bath at 130 °C and stirred until full conversion

was achieved (as confirmed by 'H NMR). The polymerization was cooled down to room
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temperature and terminated by the addition of 10 mL of wet CHCIs. Volatiles were removed under
vacuum at 50 °C for several hours. The remaining material was analyzed without further
purification. Kinetic studies of solvent-free polymerization were performed under the same
conditions with a [Monomer]:[Cat] ratio of 100:1. Aliquots were removed from the reaction
mixture at different times to monitor the monomer conversion by 'H NMR spectroscopy.
Molecular weight averages were determined by GPC, and by end-chain analysis (Mn) and by
diffusion ordered "H NMR spectroscopy (DOSY; My).

General Procedure for the Polymerization of ethylene

All polymerization experiments were performed under 1 atm of ethylene and at 25 °C in a 100-
mL Schlenk flask charged with a stir bar. A Schlenk flask was charged with 40 mL of toluene and
degassed by two freeze-pump-thaw cycles. The solution was saturated with ethylene for 10 min
under vigorous stirring, then treated with 4 mL (220 equiv.) of methylaluminoxane solution 7 wt%
in toluene (MMAO-12). The solution was left stirring for another 15 min, at which point the
polymerization was initiated by the addition of a 2 mL solution of the precatalyst (40 mmol) in
DCM to the flask. The reaction was quenched by the addition of 10 mL of a 1:1 solution of MeOH
and concentrated HCI. The polymer was collected by filtration, washed with water and MeOH,

and dried for several hours at 60 °C under vacuum.
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Chapter 3 Zinc complexes of guanidine— and
amidine—phenolate ligands for the ring-opening
polymerization of lactide

3.1 Introduction
As outlined in Chapter 2, metal-based catalysts bearing guanidines have emerged as excellent
candidates in the polymerization of cyclic esters. This includes the nontoxic and biocompatible

metal Zn. Numerous zinc complexes have incorporated nitrogen-donor ligands, including f-

46,92 48,49,93-97 47,98,99 100,101

diiminate, imine—phenolate, amine—phenolate, and amidine—phenolate
systems, which exhibited good catalytic activity in the ROP of cyclic esters. Nevertheless, the
effectiveness of these initiators in producing PLA under industrial conditions, characterized by

high temperatures while utilizing non-purified monomer, remains limited.

This chapter describes the synthesis and characterization of Zn complexes bearing the guanidine
scaffold, which exhibited the best performance in the group 4 bis(alkoxide) catalysts. The steric
effect and electronics in the phenolic oxygen were also studied by using different aminophenol
building blocks. Finally, two additional N-donor fragments were investigated: an acylated
guanidine and an unexplored CAAC-based amidine. These experiments allow a better
understanding of the criteria to enhance the performance of Zn-based catalysts for the ROP of

lactide or other cyclic esters.

3.2 Results and Discussion

3.2.1 Synthesis of guanidine— and amidine phenol proligands

Guanidine— and amidine— phenols (LxH) were synthesized through the reaction of xCIl with an
aminophenol as illustrated in Scheme 3.1. The 'H NMR spectra of L2[a—d]H exhibited
magnetically-equivalent isopropyl substituents. This result suggests significant single bond
character for the formal C=Nexo double bond, which can be ascribed to m-electron delocalization
over the guanidine functional group. In contrast, the "H NMR spectrum of the reaction product of
2-aminophenol with the diacylated SCI salt presented inequivalent isopropyl groups, indicating
greater C=Nexo double bond character due to electron-withdrawing acyl groups.>* Interestingly, the

'H-13C HMBC spectrum of this product indicates that both the phenolic and the isopropyl methine
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protons correlate to one quaternary carbon, suggesting the formation of the spiro compound
L5a'H. The addition of a bulky group, ortho to the phenol, to increase the steric repulsion and
mitigate the cyclization was explored with LSbH. Unfortunately, the addition of a bulky group did
not have an impact on preventing the cyclization, and a similar behavior to L5a'H was observed.
This was corroborated by the solid-state structure obtained for L5a'H (vide infra). The 'H NMR
spectrum of the amidine—phenol ligand Lé6aH supports the proposed structure, showing two
different sets of isopropyl groups. This was attributed to the restricted rotation about the N-2,6-
diisopropylphenyl (N—Dipp) bond, which is caused by the adjacent methyl groups.

R
R N
' H.N  OH
N? 2 R Et’f‘ < >N OH
E o R R’
R Cl 2
R R2
xCl Lx(a-d)H
NEt,
R /iPr /iPr Dipp
N N Oy N N
(0 = [y L)
i 1 \ v, O '
o I i R Pr Pr
INXO:ﬁ:L X= 2 5 6
o” N N R2
Pl aR'=R2=H
bR'=R2=1Bu
L5(a-b)'H
(a-b) cR"=HR?=NO,
dR'"=HR2=MeO

Scheme 3.1 Synthesis of guanidine— and amidine— phenol ligands.

Suitable crystals for X-ray diffraction analysis were obtained from L5a'H, LSb'H, and L6aH by
slow evaporation of solutions in THF for the acylated guanidine compounds and hexane for the
amidine—phenol ligand (Table 3.1). The solid-state structure confirmed the formation of the spiro
compounds LS5a'H and LS5b'H, facilitated by the increased electrophilicity of the guanidine
functional group (Figure 3.1), which aligns with the previously discussed NMR spectra. The N2—
C1 and N3—C1 bonds in L5a'H and L5b'H are longer (~1.449(5) and ~1.454 (3) A, respectively)
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than that of the N1-C1 bond (1.428(5) A and 1422(3)). This indicates significant delocalization of
electron density towards the acyl groups. Additionally, the shorter N2—C2 and N3—C3 bond lengths
compared to nonacylated derivatives (~1.345(5) vs (~1.390(5) A) and longer C2-02 and C3-03
bond lengths (~1.225(5) A) than N-acyl amides (~1.218(1) A) supports this observation.'”? The
bond lengths O1-C1 in L5a'H and L5b'H are statistically equivalent, indicating that the ‘Bu group

does not have an impact on weakening the aforementioned bond.

The N1-C1 formal double bond in LéaH (1.287(2) A) is shorter than both the N2—C1 bond
(1.362(2) A) and the corresponding N=C double bond observed in guanidines bearing alkyl groups
on the endocyclic nitrogen, indicative of less m-electron delocalization in the amidine and a
lower partial negative charge on its exocyclic nitrogen.>® The N2—C1 (1.362(2) A) formal single
bond in L6aH is expectedly slightly longer than the N2-C2 (1.341(5) A) and N3-C3 (1.349(5) A)
bonds in L5a'H and N2—-C2 (1.334(4) A) and N3-C3 (1.350(4) A in L5b'H, due to electron
delocalization towards the acyl group. N1A and H1 distance of 2.290 A in L6aH indicates a strong
intramolecular H-bond. The planes formed by the phenol and Dipp rings are approximately
orthogonal (82.05° and 85.45°, respectively) to the amidine functional group, similar to that

reported in other non-cyclic amidine—phenol ligands.!'%%-!°!
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Figure 3.1 Solid-state structures of L5a’H (top, left), L5b’H (top, right), and LéaH (bottom). For clarity, only the NH (L5a’H and
L5b’H) and OH (L6aH) protons, located in the Fourier map, are included. Solvent molecules have been omitted for clarity. ORTEP
drawn at 50% probability. Only one of the independent molecules in the unit cell is drawn for L5a’H
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Table 3.1 Selected bond distances and angles for ligands of L5’aH, L5’bH, and L6aH

L5'aH? L5'bH? L6aH
Bond lengths (A)
NI1-C1 1.428(5) 1.422(3) NI1-C1 1.287(2)
N2-Cl1 1.453(5) 1.456(3) N2-Cl1 1.362(2)
N3-C1 1.444(5) 1.453(3)
N2-C2 1.341(5) 1.334(4)
N3-C3 1.349(5) 1.350(4)
02-C2 1.226(5) 1.210(4)
03-C3 1.223(5) 1.221(4)
01-C1 1.435(4) 1.439(3)
Bond angles (°)
NI1-C1-N2 114.7(3) 114.0(2) NI1-C1-N2 120.3(2)
NI-C1-N3 115.1(3) 114.8(2) N1-C1-C4 131.2(2)
N2-C1-N3 103.2(3) 103.0(3) N2-C1-C4 108.6(1)
O1-C1-N3 110.0(3) 110.9(2)
O1-C1-N2 109.3(3) 109.6(2)
O1-C1-N1 104.6(3) 104.6(2)

?Averaged bond lengths and angles of independent molecules in the unit cell.

3.2.2 Synthesis of Zn complexes

Zn[L2a-d]. complexes were synthesized in excellent yields (>88%) through the addition of two
equivalents of LxH to ZnEt.. Complex Zn[L5a]> was prepared by reacting the potassium salt of
the spiro compound L5a'H with ZnClz at 66 °C in THF (Scheme 3.2). Coordination of two ligands
to the metal results in restricted rotation about the formal C=Nexo double bond, leading to
inequivalent resonances in the '"H NMR spectra for the isopropyl groups in L2a and L5a. The
preparation and isolation of the amidine—phenolate Zn[L6a]2 complex was not possible. However,
the heteroleptic Zn[L6a]Et was successfully prepared in good yield by reacting one equivalent of
L6aH with ZnEt,. The related Zn[L2a]Et and Zn[L2b]Et were similarly prepared. All three ethyl

complexes displayed broad resonances in the 'H NMR spectra, which is likely attributable to a
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dynamic equilibrium between monomeric and dimeric structures, as reported in other alkyl zinc

complexes.'®

R 7
N

R-ELN-R
=N OH ZnEt,  Re N
G\W ” ZnEt
R2 . . X
R /'Pr /'Pr Dipp
! o ,
N N N N
O = 1 I
E N o N.i
0.5 ZnEt, R '

x=2 5 6

N aR'=R?=H

bR'"=RZ=1'By

~E__N-
R R .
0 0.5 ZnCl, JPr cR'=HR?=NO,
N tBuOK Os N O dR'=HR?=MeO
Zn X
N N
o~ N
ipf
Zn(Lx(a-d)), L5a'H

Scheme 3.2 Synthesis of guanidine— and amidine— phenolate Zn complexes

The structure of Zn[L2a]2 was determined by single-crystal X-ray diffraction analysis (Figure 3.2
and Table 3.2). The guanidine—phenolate ligands chelate to the metal with an average bite angle of
85.70° and a 14 value of 0.78, indicating a distorted tetrahedral geometry.!®* Notably, the Zn—-N
and Zn—O bond lengths are comparable, despite nitrogen being formally neutral and oxygen
negatively charged, evidence of the excellent o-donating properties of the guanidine fragment.
Similar Zn—N bond lengths are reported in Zn complexes with a neutral bidentate guanidine
donor.>*1% Furthermore, a structural parameter (p) value of 0.98 indicates extensive electron
delocalization over the guanidine moiety. This is further reflected by an angle of 60.0° between
the best planes formed by the imidazole and phenol rings, a result facilitated by the significant

single bond character of the C=Nexo bond.
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Figure 3.2 Solid-state structure of Zn[L2a],. Hydrogen atoms have been omitted for clarity. ORTEP drawn at 50% probability.

Table 3.2 Selected bond lengths and angles for complex Zn[L2a],

Selected bond lengths (A)
Znl1-N1 2.002(11) Zn1-N4 1.949(11)
Znl1-01 1.938(10) Zn1-02 1.943(10)
N1-C1 1.336(17) N4-Cl16 1.337(17)
N2-Cl1 1.360(18) N5-C16 1.359(17)
N3-C1 1.394(18) N6-Cl16 1.358(17)
Selected bond angles (°)
N1-Zn-Ol1 85.73(4) N4-Zn-02 85.67(4)
N1-Zn-02 125.59(5) N4-Zn-O1 124.19(5)
01-Zn-02 117.40(5) N1-Zn-N4 122.82(5)
N1-Zn-Ol1 85.73(4) N4-Zn-02 85.67(4)

A solution in THF of an attempted synthesis of Zn[LSa]> gave crystals suitable for X-ray analysis.
The structures obtained were inconsistent with the expected product (Figure 3.3). Subsequent
analysis of the "TH NMR spectrum showed two species containing an isopropyl fragment, consistent
with the structures observed in the solid state (Figure S71). This showed evidence of the acylated
moiety being susceptible to hydrolysis, leading to an N-isopropyl oxamate (NIPOx) and 2-
methylamino-benzoxazole (BONHMe) species (Figure 3.4).
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Figure 3.3. Solid-state structures of Zn complexes bearing the hydrolyzed ligand L5a’. For clarity, only the NH protons, located
using riding model, are included. ORTEP drawn at 50% probability (left). ChemDraw representations of Zn complexes bearing the
hydrolyzed ligand L5a’ (right).
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Figure 3.4 Proposed mechanism for the hydrolysis of L5a’H

3.2.3 Ring-opening polymerization of rac-lactide

All zinc complexes were evaluated for their ability to polymerize rac-lactide under solvent-free
conditions at 130 °C using a monomer-to-catalyst stoichiometric ratio of 100:1 with or without
benzyl alcohol (BnOH) as co-initiator. The rate constants (kapp) for the Zn catalysts were measured
by monitoring the monomer consumption over time by 'H NMR spectroscopy and ranged from
0.71-4.37 x 10~* s~! (Figure 3.5), with Zn[L2a]2 being the most active and approximately a third as
active as Sn(Oct)2 (12.4-15.1 x 10~*s™"). The addition of BnOH to Zn[L2a]2did not have an impact
on the activity of the catalyst. The zero-order dependence on the co-initiator suggests coordination
of the monomer to the metal center as the rate-determining step and no influence of the dormant

alcohol in the propagation step.
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Figure 3.5 Kinetic plots for the polymerization of rac-lactide by Sn(Oct)2, Zn[Lx], (top) and ZnEt,, Zn[Lx]Et (bottom)

The activity of Zn[L2b]2, containing a bulkier fert-butyl group, is comparable to that of the parent
complex Zn[L2a]>. Surprisingly, installing either an electron-withdrawing nitro group or an

electron-donating methoxy group on the phenoxide ring, as in L2¢H and L2dH, respectively,
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results in a significant reduction in the polymerization activity, with an approximately 75%
decrease in polymerization activity relative to that observed with Zn[L2a]>. The zinc complex of
the diacylated guanidine ligand (Zn[L2]2) showed the lowest activity among all catalysts tested.
This outcome highlights the significance of tuning the electronics of the ligand through a
thoughtful modular design. While an electron-poor ligand has the potential to enhance the Lewis
acidity of the metal and thus increase its activity, it might also increase the catalyst’s vulnerability
to poisoning by polar impurities and possibly even dissociation of the ligand itself. Conversely, an
electron-rich ligand might help mitigate the risk of poisoning and ligand dissociation, albeit at the

expense of less effective monomer activation.

The heteroleptic Zn[L6a]Et complex catalyzed the ring-opening polymerization of lactide in the
presence of benzyl alcohol at a rate constant of 4.08 x 10 s™!, which is twice as fast as the one
displayed for the complex Zn[L2a]Et (2.01 x 10*s™!). Similarly to the homoleptic complexes, the
tert-butyl derivative Zn[L2b]Et showed a comparable activity to that observed in Zn[L2a]Et. An
experiment in the absence of benzyl alcohol was performed with Zn[L2a]Et, where an induction
period of about 1 h was observed, followed by a polymerization rate constant of (1.85 x 107*s7),
indicative of benzyl alcohol having a beneficial impact in the initiation step. The homoleptic
complexes Zn[L2a]> and Zn[L2b]: demonstrated an activity that is double that of the
corresponding ethyl complexes. Consequently, Zn[Lé6a]: could in theory be the most active
catalyst, with an estimated rate of 8 x 107* s7!, if successfully prepared and isolated. This offers

future opportunities to enhance the performance of these zinc catalysts.

The observed 50% decrease in activity of Zn[L2a]Et compared to Zn[L2a]: is possibly due to the
disproportionation of in situ generated Zn[L2a]OBn into 0.5 equivalent Zn[L2a]. (and 0.5
equivalent Zn(OBn)2). This behavior has also been reported in analogous zinc complexes of imine—
phenolate ligands*’ and guanidine—ethenolate ligands.'% The disproportionation was confirmed by
the addition of one equivalent of benzyl alcohol to Zn[L2a]Et and the immediate quantitative
formation of a product that is spectroscopically identical to Zn[L2a]2 and Zn(OBn)2. Furthermore,
disproportionation was also observed with the ters-butyl substituted Zn[L2b]Et analogue. To
assess the role of Zn(OBn): in catalytic activity, a polymerization was conducted with ZnEt> and

two equivalents of benzyl alcohol (to generate Zn(OBn)2 in situ). This experiment displayed a rate
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constant of 1.41 x 10* s7!, suggesting its possible participation as an active species in

polymerizations with Zn[Lx]Et, and BnOH as co-initiator.

The performance of the guanidine— and amidine—phenols (LxH) themselves as catalysts for the
ROP of rac-lactide was also investigated. The monomer-to-catalyst ratio was chosen to allow for
a direct comparison to the homoleptic zinc complexes, assuming complete dissociation of the
ligands in Zn[Lx]2 and Zn[Lx]Et complexes under reaction conditions. Thus, a lactide-to-LxH
ratio of 50:1 was used for L2aH, L2bH, L2¢H, L2dH and L2aH, and 100:1 for L6aH. Proligands
L2aH, L2bH, and L2aH catalyzed the reaction with rate constants approximately half that those
observed for their corresponding homoleptic complexes (Figure 3.6), suggesting that dissociation
of the ligand in the homoleptic zinc complex occurs. Nevertheless, the ligands themselves could

still catalyze the polymerization of lactide, possibly via a hydrogen bonding mechanism.
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Figure 3.6 Kinetic plots for the polymerization of rac-lactide by guanidine—phenol proligands (LxH)

The activity of L2cH itself is 1.9 times faster than that observed with the corresponding zinc
complex, further supporting that the strong electron-withdrawing nitro group enhances the
poisoning of the metal center by polar impurities, lowering the activity. Although the electron-

donating methoxy group in L2d should mitigate dissociation from the metal, the activity of L2dH
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in fact showcased a 1.7-fold increase in activity compared to the corresponding bischelate zinc
complex. The lower activity observed with the complex must then be associated with either a
slower coordination of the monomer and/or poorer activation due to a less electrophilic Zn center.
Interestingly, the cyclic (alkyl)(amino)imine-based system again stands out, with L6aH being now
3 times slower than Zn[L6a]Et. This further demonstrates the uniqueness of these CAAI-based
complexes, with a more tightly bound amidine—phenolate ligand and yet a more activating zinc
center. Regardless, data from the experiments clearly further demonstrate that these proligands do

have the ability to polymerize lactide under reaction conditions.

The number-average (Mn) and weight-average molecular weight (Mw) of the polymers generated
by the zinc complexes and the phenols LxH, in the absence of BnOH, were measured by NMR
spectroscopy (600—2200 Da and 12004300 Da, respectively) and gel permeation chromatography
(400-3300 Da and 700-4900 Da, respectively).””””® These molecular weights are comparable to
those obtained using Sn(Oct)2 and lower than predicted based on the 100:1 monomer-to-initiator
ratio, indicating chain transfer and/or transesterification and further supported by dispersity values

(P) ranging from 1.2 to 2.3 (Table 3.3).

Table 3.3 Solvent-free polymerization of rac-lactide by Zn complexes

Entry® Catalyst [LA]:[Cat]:[BnOH] | Kkapp” (10457 My¢ My | b M My | be P:
(Da) | (Da) (Da) | (Da)
1 Zn[L2a]2 100:1:0 4.26 2200 3200 1.5 1800 2500 1.4 0.58
2 Zn[L2a]2 100:1:1 4.37 1600 2800 1.7 1400 2100 1.5 | 0.58
3 Zn[L2a]Et 100:1:1 2.01 2100 3100 1.5 1700 2600 1.6 | 0.55
4 Zn[L2a]Et 100:1:0 1.85 1700 2800 1.6 | 2000 3000 1.5 | 0.54
5 Zn[L2b]2 100:1:0 4.01 2000 4300 2.2 3200 4900 1.5 0.54
6 Zn[L2b]Et 100:1:1 2.24 1700 2700 1.5 1100 1600 1.4 | 0.54
7 Zn[L2c]2 100:1:0 1.11 600 1200 | 2.1 400 700 1.8 | 0.47
8 Zn[L2d]2 100:1:0 1.41 1600 2000 1.2 | 3000 3800 1.3 0.52
9 Zn[L5a]> 100:1:0 0.71 1100 2500 | 2.3 800 1200 1.5 | 0.54
10 Zn[L6a]Et 100:1:1 4.08 2200 3800 1.7 2700 3700 1.4 0.62
11 L2aH" 50:1:0 2.45 1400 3000 | 2.1 1700 2500 1.5 | 048
12 L2bH 50:1:0 2.26 1100 1800 1.6 1700 2000 1.2 | 0.50
13 L2cH 50:1:0 2.11 1300 1600 1.2 1900 2700 1.4 | 0.50
14 L2dH 50:1:0 2.41 900 1600 1.8 1100 1600 1.4 0.51
15 L5a'H 50:1:0 0.30 1200 2000 1.6 1300 1900 1.5 | 0.50
16 Le6aH 100:1:0 1.22 800 1000 1.2 1000 1300 1.3 0.49
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17 ZnEt 200:1:2 1.41 800 1000 | 1.2 | 1200 1500 | 1.3 | 0.56
18 Sn(Oct)2 100:1:1 15.1 2200 | 4300 | 1.8 | 2100 3100 | 1.5 | 0.68
19 Sn(Oct),” 100:1:0 12.4 2200 3300 | 1.5 | 3300 | 4700 | 1.4 | 0.68

“ All polymerizations were carried out at 130 °C, with M, calculated values of 28,826, 14,413, and 7206 Da for [LA]:[Cat]
of 200:1, 100:1, and 50:1, respectively, assuming a living polymerization. ® Determined from the slope of the plots of In
([LA]o/[LA]; vs. time, with an average standard error of 5%. ¢ Determined by '"H NMR end-group analysis with -OH
as chain-end. ¢ Determined by DOSY NMR in C¢Ds. ¢ D = My posy +~ My nur. / Determined by GPC in THF. ¢ D = M,,
+ M, as determined by GPC. " From chapter 2.

Addition of BnOH to the reaction mixture, expectedly, further decreased the molecular weight of
the polymer, with incorporation of BnO as a chain end, supported by both "H NMR spectroscopy
and MALDI-TOF mass spectrometry. The latter also showed hydroxyl end-capped polymers,
suggesting reaction of water with the ester group in the lactide monomer (as initiator) or in the
polymer itself (as chain-transfer agent). This also suggests that the Zn[Lx]> catalysts operate
through an activated monomer mechanism, as reported for another homoleptic Zn-based catalyst.
Interestingly, peaks associated with Zn[Lx]> complexed cyclic polymers were observed, indicating
the presence of back-biting reactions. The data did not provide evidence of incorporation of the

guanidine—phenolate ligand in the polymer, which rules out its role as initiator (Figure 3.7).
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Figure 3.7 MALDI-TOF mass spectra of the polymers obtained using Zn[L2a],/BnOH (top) and Zn[L2a], (bottom)

Polymerization with zinc complex Zn[L2b]2 of the fert-butyl substituted ligand gave polymers
with larger weight-average molecular weights (entry 5, Table 3.3). Conversely, a decrease in the
molecular weights was observed when an electron-withdrawing nitro group was present (entry 7,
Table 3.3). A similar effect was observed in PLA obtained from the zinc complex Zn[L2a]2 of the
diacylated ligand (entry 9, Table 3.3), with molecular weights lower than those generated by
Zn[L2a]> (entry 1, Table 3.3). Again, the amidine L6a-based ethyl zinc complex stood out (entry
9, Table 3.3), producing PLA with larger molecular weights than the guanidine—phenolate L2a-
based analog (entry 3, Table 3.3). The phenol with the least donating capability (L2cH, entry 13,
Table 3.3) generated larger polymers than its corresponding Zn[Lx]2 complex. In contrast, L2dH
(entry 14, Table 3.3) with a more nucleophilic oxygen and L.6éaH (entry 16, Table 3.3) with a stronger
N-donor both gave polymers with lower molecular weights than their corresponding bischelate

zinc complex.

The tacticity of polymers was determined by homonuclear-decoupled '"H NMR spectroscopy. PLA
from all Zn catalysts showed a slight heterotactic bias with Pr values from 0.52 to 0.62, with the
exception of Zn[L2c¢]2 (Pr = 0.47). In contrast, all proligands gave mainly atactic PLA (Pr = 0.48—
0.51). The poor tacticity control of the Zn-based catalysts might be further evidence of the ligands

themselves catalyzing the polymerization. The presumably lower binding constant for the electron-
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poor L2c¢ and thus its more favorable dissociation might explain the poorer stereoselectivity

observed with Zn[L2c¢]2.

The most active catalyst Zn[L2a], was further explored at a higher lactide:catalyst ratio of 1000:1
and a higher temperature (150 °C), using both purified and non-purified L-lactide. The purity of
the monomer had no effect on the activity of the catalyst. In contrast, Sn(Oct)2 is much more
sensitive to the purity of the monomer, with an approximately two-fold enhancement in activity
observed with purified lactide. The kapp values for Zn[L2a]> and Sn(Oct): decreased by
approximately five- and two-fold, respectively, relative to those obtained at 130 °C with a lactide-
to-catalyst ratio of 100:1. The rate decrease for Sn(Oct)2 is consistent with the change in lactide-
to-catalyst ratio, assuming no temperature effect. In contrast, Zn[L2a]> showed a lower kapp than

expected, possibly due to enhanced ligand dissociation at the higher temperature.

The kapp values (entries 1 and 2, Table 3.4) of Zn[L2a]> are five times lower than those reported
by Herres-Pawlis for the related Zn Schiff base complexes under those experimental conditions.
The increased monomer-to-catalyst ratio had no marked effect on the molecular weight of the
polymers obtained from Zn[L2a]>. This is in contrast with the polymers obtained with Sn(Oct)z,
which showed a large increase in molecular weights, consistent with the 10-fold increase in
monomer-to-catalyst ratio. The low molecular weight polymers obtained from Zn[L2a]2 support
enhanced ligand dissociation at these elevated temperatures, resulting in the deactivation of the
catalyst and promoting chain scission, as observed in a common cyclic guanidine, although
incorporation of the guanidine was not observed in the polymer chain, probably due to a fast
hydrolysis after quench.'%” Interestingly, the Pr of the PLA generated by Zn[L2a]: displayed an
averaged value of 0.37. Since Prrefers to the probability of forming a racemic diad, in the absence
of D-Lactide the resultant polymer is expected to be purely isotactic (PLLA and Pr = 0). This result
proves that epimerization was occurring and associated with free ligand performing a base-

catalyzed epimerization as previously reported in the literature (Figure 3.8).
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Table 3.4 Solvent-free polymerization of L-lactide®

Entry | Catalyst | kapp’ (104s7) M, My be | M,/(Da) | M,/ (Da) b= P,
(Da) (Da)
1 Zn[L2a], 0.88 2000 2800 1.4 2300 3600 1.6 0.38
2 Zn[L2a]y" 0.84 2200 2900 1.3 3800 5500 1.4 0.36
3 Sn(Oct), 5.72 3800 8700 2.3 25,000 55,000 2.2 0
4 Sn(Oct),” 9.88 3900 13000 33 36,000 79,000 2.2 0

¢ All polymerizations were carried out at 150 °C and a lactide-to-catalyst ratio of 1000:1 using unpurified L-lactide
unless otherwise specified, with Mn calculated values of 144,130 Da, assuming a living polymerization.” An average standard
error of 5% was calculated for the rate constants. ¢ Determined by 'H NMR end-group analysis with —OH as chain-
end. ¢ Determined by DOSY NMR in C¢Ds. ¢ B = My, posy + My numr. / Determined by GPC in CHCL. ¢ D = My, + M,

as determined by GPC. " L-lactide recrystallized from toluene was employed
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Figure 3.8 Base (B)-catalyzed epimerization. Adapted from the literature.'%”

Polycaprolactone (PCL) (Figure 3.9) is another biodegradable polymer of interest due to its
mechanical properties and capability to form homogeneous blends with other polymers such as
polycarbonates, nitrocellulose, and poly(vinyl chloride). The physical properties of PCL are
dependent on the molecular weight of the polymer, with applications in drug delivery systems,
medical devices, and microelectronics.!”® Similarly to PLA production, the most often used
catalyst for the ROP of e-caprolactone is Sn(Oct)2 presenting the same drawbacks as PLA,

catalyzing transesterification at high temperatures and thus decreasing in molecular weight.
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Figure 3.9 A) e-caprolactone and B) polycaprolactone

Homopolymerization of e-caprolactone was achieved with catalyst Zn[L2a]>, albeit with a rate
constant 60 times lower than the industrial standard Sn(Oct)2 (Table 3.5). Additionally, the apparent
rate constant, kapp, €xhibited a value 33 times lower than that for the ring-opening polymerization
of PLA for Zn[L2a]> and 1.5 times lower for Sn(Oct)2 . The differences in the activity between
monomers can be related to the lactide having two carbonyls capable of coordinating to the metal
center. In addition to this, the ROP of caprolactone leads to the formation of a primary alkoxide
that is expected to have a stronger interaction with the metal center than the more sterically
hindered secondary alkoxide generated by the ROP of lactide, thus leading to a slower propagation
rate. The molecular weights determined by end-group analysis and DOSY NMR also showed
larger polymer chains for the industrial standard Sn(Oct). However, the molecular weights
obtained were lower than the theoretical 11,414 Da, likely due to transesterification. Moreover, the
number-average degree of polymerization (DP) for PCL (DP = 31 for Zn[L2a]>, and 56 for
Sn(Oct)2) was greater than that observed for PLA (DP = 15 for both Zn[L2a]2, and Sn(Oct)2). This
can be attributed to a higher quantity of ester groups in the PLA chain compared to the PCL,
making the former more susceptible to transesterification reactions. However, the purity of the
monomer might also play an important role; a purer caprolactone than rac-lactide might lead to

less transesterification.

Table 3.5 Solvent-free polymerization of e-caprolactone

Entry* | Catalyst | kapp” (10#s7) M,° My? be
(Da) (Da)

1 Zn[L2a], 0.13 3500 3900 1.1

2 Sn(Oct), 8.12 6400 9200 1.4

“All polymerizations were carried out at 130 °C and a e-caprolactone-to-catalyst ratio of 100:1 using unpurified a e-
caprolactone, with My calculated values of 11,414 Da assuming a living polymerization. *An average standard error of 5%
was calculated for the rate constants. ¢ Determined by 'H NMR end-group analysis with —OH as chain-end. ¢

Determined by DOSY NMR in C¢Dg. ¢ B = My posy ~ Mn NMR
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3.3 Conclusions

The guanidine— and amidine—phenolate Zn complexes are active for the ROP of rac-lactide under
solventless conditions and produced polymers with molecular weights comparable to the industrial
standard Sn(Oct)2 under most conditions studied, but underperformed under more demanding
conditions (150 °C and 1000:1 lactide-to-catalyst ratio). Homoleptic complexes Zn[Lx]> were
approximately twice as active as the corresponding heteroleptic complexes Zn[Lx]Et, shown to
undergo disproportionation to form 0.5 equivalent of Zn[Lx]2and 0.5 equivalent of Zn(OBn).. The
electronic nature of the ligand has a profound effect on the activity of the catalyst, with electron-
rich systems poorly activating the monomer and electron-poor ones leading to both ligand
dissociation and possibly enhanced poisoning of the more electrophilic metal. The guanidine— and
amidine— phenols (LxH) themselves proved to be effective catalysts, demonstrating that
dissociated proligands cannot be ruled out as active species under the studied reaction conditions,
especially for the guanidine—phenolate system. Interestingly, the amidine—phenolate-based system
(L6a) stands out amongst the other systems for both the activity of the catalyst and the molecular
weight of the polymer and is thus being further studied. Polymers generated from Zn complexes
showed a heterotactic bias except for Zn[L2c]2, which gave atactic PLA, consistent with
dissociation of the ligand from the metal under reaction conditions; all LxH gave atactic PLA. This
new class of ligands and the corresponding Zn complexes are much less sensitive to impurities
found in the monomer feed than Sn(Oct)2 and thus offer great potential, with future work aimed at

further exploiting amidine—phenolates as spectator ligands for the ROP of lactide.
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3.4 Experimental section

General considerations

All manipulations and materials were performed under a dry argon atmosphere, using Schlenk
techniques or in a nitrogen-filled MBraun glovebox. Rac-lactide was purchased from Thermo
Fisher Scientific and used without further purification. L-lactide and e-caprolactone were
purchased from Sigma Aldrich and used as received unless otherwise stated; if needed, L-lactide
and rac-lactide were purified by one recrystallization from toluene. NMR spectra were recorded
on a Bruker 400 MHz or Bruker UltraShield 300 MHz NMR spectrometer at room temperature.
'H NMR chemical shifts are reported in ppm versus residual protons in deuterated solvents as
follows: § 7.27 CDCl3, § 7.16 CsDe, and § 3.31 MeOD. *C {!H} NMR chemical shifts are reported
in ppm versus residual '*C in the solvent: § 77.16 CDCls, § 128.06 CsDs, and § 49.0 MeOD.

X-ray Crystallography

Diffraction data for ligands and complexes were collected on a Bruker APEX-II CCD
diffractometer with a Mo Ko (A1 = 0.71073 A) radiation source. Crystals were selected under
paratone oil and mounted under a stream of N2 and kept at 173K during data collection. Structures
were solved in Olex2% using direct methods and refined with SHELXL?® refinement package

using least-squares minimization.
Gel Permeation Chromatography

Number-average molecular weight (Mn), weight-average molecular weight (Mw) and dispersity
(P; Mw/Mn) of samples were determined by gel permeation chromatography (GPC) using two
PLgel miniMIX-B columns (4.6 mm x 250 mm) and two PLgel miniMIX-C columns (4.6 mm x
250 mm) from Agilent on elution with tetrahydrofuran (0.4 mL/min) at room temperature,
equipped with an Agilent multi-detector suite composed of an Agilent G7801A refractive index
detector, an Agilent G7803A dual-angle light scattering detector and an Agilent G7802A
viscometer. Columns were calibrated using seven polystyrene standards with a conventional
approach (Mp = 482,000, 125,900, 66,600, 27,060, 9,310, 5,610, and 1,180 Da). Data were
analyzed using the Agilent GPC software version A.02.01 software (Santa Clara, CA 95051,
United States).
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MALDI-TOF Mass spectrometry

MALDI-TOF data were obtained at the AIMS laboratory of University of Toronto on a Bruker
AutoFlex Speed MALDI-TOF instrument. The laser used for ionization was a 355 nm 3rd
harmonic Nd YAG laser. The variable repetition was set to 2 kHz, the pulse energy > 100 pJ.

Samples were prepared in a dithranol THF matrix.

General procedure for the synthesis L2bH, L2cH and L2dH. A Schlenk flask was charged with
the proper 2-aminophenol derivative (approximately 1.08 mmol, 1.0 equiv.) and triethylamine (2.0
equiv.) with 10 mL of DCM. A solution of compound 2Cl (1.0 equiv.) in 10 mL of DCM was
added, and the mixture was stirred for 16 h at room temperature (with the exception of L2bH,
where MeCN was used, and the mixture was stirred under reflux for 3 days). The solvent was
removed under vacuum, and 5 mL of EtOH was added, followed by the addition of KO'Bu (2.0
equiv.) in 10 mL of EtOH. The mixture was stirred at room temperature for 1 h. Thereafter,
volatiles were removed in vacuo, and the product was extracted with DCM (3 % 10 mL). The
combined fractions were dried in vacuo. L2bH, 208 mg, 0.56 mmol, 77%. '"H NMR (400 MHz,
CDClz): 6 6.72 (d, J = 4.0 Hz, 1H, CH-Ar), 6.64 (d, J = 4.0 Hz, 1H, CH-Ar), 6.41 (d, 2H,
N(CH)2N), 4.47 (sept, J = 8.0 Hz, 2H, CHMe») 1.44 (s, 9H, C(Me)3), 1.27 (s, 9H, C(Me)3), 1.22
(d, J = 8.0 Hz, 12H, CHMe>). 3C{'H} NMR (100 MHz, CDCI3) § 146.9 (s, C=N), 145.3 (s, C-
OH), 139.9 (s, C-N), 136.8 (s, C-'Bu), 132.7 (s, C-'Bu), 113.7 (s, CH-Ar), 112.1 (s, CH-Ar), 109.7
(s, N(CH)2N), 45.9 (s, CHMe»), 34.8 (s, C-(Me)3), 34.5 (s, C-(Me)3), 32.0 (s, C-(Me)3), 29.8 (s, C-
(Me)3) 21.9 (s, CHMe>). Anal. Calcd for C23H37N30 (%): C, 74.35; H, 10.04; N, 11.31. Found (%):
C, 74.12; H, 9.88; N, 11.60.

L2cH, 276 mg, 0.91 mmol, 81%. 'H NMR (400 MHz, CD30D): é 7.79 (dd, J = 8.0, 4.0 Hz, 1H,
CH-Ar), 7.40 (d, J=4.0 Hz, 1H, CH-Ar), 7.39 (s, 2H, N(CH)2N), 6.42 (d, J= 8.0 Hz, 1H, CH-Ar)
4.51 (sept, J = 8.0 Hz, 2H, CHMe>) 1.40 (d, J = 8.0 Hz, 12H, CHMe>). *C{'H} NMR (100 MHz,
CDCl) 6 171.2 (s, C-NO2), 143.0 (s, C=N), 134.8 (s, C-OH), 133.3 (s, C-N), 124.0 (s, CH-Ar),
118.3 (s, CH-Ar), 115.9 (s, N(CH)2N), 113.2 (s, CH-Ar), 50.3 (s, CHMez), 22.3 (s, CHMe:). Anal.
Calcd for C1sH20N402 (%): C, 59.20; H, 6.62; N, 18.41. Found (%): C, 58.92; H, 6.57; N, 18.20.

L2dH, 151 mg, 0.522 mmol, 83%. 'H NMR (400 MHz, CDCl3): § 7.77 (d, J = 8.0 Hz, 1H, CH-
Ar), 6.49 (s, 2H, N(CH)2N), 6.23-6.18 (m, 3H, CH-Ar), 4.48 (sept, J = 8.0 Hz, 2H, CHMe>) 3.70
(s, 3H, OCH3), 1.26 (d, J = 8.0 Hz, 12H, CHMe>). *C{'H} NMR (100 MHz, CDCl3) & 153.3 (s,
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C-OCH3) 147.8 (s, C=N), 143.4 (s, C-OH), 139.2 (s, C-N), 111.7 (s, CH-Ar), 110.2 (s, N(CH):N),
102.9 (s, CH-Ar), 102.1 (s, CH-Ar), 55.9 (s, C-OMe) 46.4 (s, CHMe2), 21.9 (s, CHMe>). Anal.
Caled for C15H20N402 (%): C, 59.20; H, 6.62; N, 18.41. Found (%): C, 58.92; H, 6.57; N, 18.20.

L5a'H. A 20-mL vial was charged with 2-aminophenol (132 mg, 1.21 mmol, 1.0 equiv.) and
triethylamine (0.50 mL, 3.6 mmol, 3.0 equiv.) in 5 mL of THF. A solution of 2Cl (310 mg, 1.22
mmol, 1.0 equiv.) in 10 mL of THF was added, and the mixture was stirred for 16 h at room
temperature. The THF soluble fraction was filtered, and the solvent was removed under reduced
pressure. Solids were washed with pentane and dried under vacuum to yield a pale-yellow solid
(242 mg, 0.82 mmol, 66%). '"H NMR (400 MHz, CDCls): § 6.90-6.95 (m, 2H, CH-Ar), 6.85-6.81
(m, 2H, CH-Ar) 4.98 (s, 1H, NH), 3.59 (sept, J = 8.0 Hz, 2H, CHMe») 1.43 (d, J = 8.0 Hz, 12H,
CHMe»). 1.41 (d, J = 8.0 Hz, 12H, CHMe>). *C{'H} NMR (100 MHz, CDCl3) & 156.8 (s, C=0),
146.6 (s, C-0), 134.6 (s, C-N), 122.5 (s, C-Ar), 119.2 (s, C-Ar), 113.2 (s, CH-Ar), 108.2 (s, CH-
Ar), 108.2 (s, N-C-N), 45.6 (s, CHMe2), 20.1 (s, CHMe2). Anal. Calcd for CisH19N303 (%): C,
62.27; H, 6.62; N, 14.52. Found (%): C, 62.21; H, 6.77; N, 14.77.

L6aH. A 20-mL vial was charged with 2-aminophenol (81.6 mg, 0.748 mmol, 1.0 equiv.) and
triethylamine (0.30 mL, 2.1 mmol, 2.8 equiv.) in 5 mL of DCM. A solution of 3CI (263 mg, 0.738
mmol, 1 equiv.) in 10 mL of DCM was added and the mixture was stirred for 16 h at room
temperature. The solvent was removed under vacuum and the product extracted with diethyl ether.
Volatiles were removed under reduced pressure and solids washed with cold hexane and dried to
yield an orange solid (260 mg, 0.66 mmol, 88%). '"H NMR (400 MHz, CDCl3): § 7.34-7.30 (m,1H,
Ar-CH), 7.24-7.22 (m, 2H, Ar-CH), 6.82-6.78 (m, 2H, Ar-CH), 6.70-6.69 (m, 2H, Ar-CH), 3.16
(sept, J= 7.0 Hz, 2H, CHMe>), 2.09 (s, 2H, CH2), 1.35 (d, J = 7.0 Hz, 6H, CHMe>), 1.32 (s, 6H,
CH3), 1.27 (d, J = 7.0 Hz, 6H, CHMe»), 1.26 (s, 6H, CH3). 3C{'H} NMR (100 MHz, CDCls) §
169.3 (s, C=N), 148.6 (s, C-'Pr), 148.1 (s, C-N-Dipp), 137.4 (s, C-OH), 132.2 (s, C-N), 128.4 (s,
CH-Dipp) 124.2 (s, CH-Dipp), 122.5 (s, CH-Ar), 122.4 (s, CH-Ar), 119.3 (s, CH-Ar), 113.5 (s,
CH-Ar), 62.0 (s, C-(Me)2), 54.9 (s, C-(Me)z2), 43.0 (s, CH2), 29.6 (s, CH(Me)2), 29.2 (s, C-(Me)>2),
29.0 (s, C-(Me)2), 26.8 (s, CH(Me)2), 23.3 (s, CH(Me)2). Anal. Calcd for C26H36N20 (%): C, 79.55;
H, 9.24; N, 7.14. Found (%): C, 79.29; H, 8.89; N, 7.01.

General procedure for the synthesis of Zn[L2a]Et, Zn[L2b]Et and Zn|[L6a]Et. A solution of
LxH (approximately 0.49 mmol) 1.0 equiv.) in DCM (10 mL) was added to a solution of ZnEt2
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(1.0 M in n-hexane, 1.0 equiv.) in DCM (5 mL). The mixture was stirred for 6 h at room
temperature. Thereafter, the solvent was removed under reduced pressure. The solid was washed
with pentane to yield a tan solid. Zn[L2a]Et. 335 mg, 0.957 mmol, 82%. '"H NMR (400 MHz,
CDCl) 6 6.78-6.69 (br,1H, Ar-CH), 6.72 (s, IH, N(CH)2N) 6.60-6.54 (br, 1H, Ar-CH), 6.46-6.40
(m, 1H, Ar-CH), 6.32—6.27 (m, 1H, Ar-CH) 4.67—4.56 (br, 2H, CH-Me2), 1.33—-1.32 (br, 6H, CH-
Me>), 1.25 (d, J= 8.0 Hz, 6H, CH-Me:), 0.95-0.86 (br, 3H, CH2Me), 0.0 ——0.15 (br, 2H, CH2Me).
BC{™H} NMR (100 MHz, CDCI3) § 156.8 (s, C=N), 150.3 (s, C-O), 118.9 (s, CH-Ar), 117.4 (s,
C-N), 117.4 (s, CH-Ar), 115.6 (s, CH-Ar), 112.9 (s, CH-Ar), 111.8 (s, N(CH)2N), 47.4 (s, CHMez)
22.7 (s, CHMez), 22.1 (s, CHMe2), 13.1 (s, CH2CH3), 1.9 (CH2CH3). Anal. Calcd for C17H25N30Zn
(%): C, 57.88; H, 7.14; N, 11.91. Found (%): C, 58.10; H, 7.34; N, 12.16.

Zn[L2b]Et. 157 mg, 0.337 mmol, 79%. 'H NMR (400 MHz, CDCls): § 6.72 (d, J = 4.0 Hz, 1H,
CH-Ar), 6.64 (d, J = 4.0 Hz, 1H, CH-Ar), 6.41 (s, 2H, N(CH)2N), 4.47 (sept, J = 8.0 Hz, 2H,
CHMe») 1.44 (s, 9H, C(Me)3), 1.27 (s, 9H, C(Me)3), 1.22 (d, J = 8.0 Hz, 12H, CHMe»). 3C{'H}
NMR (100 MHz, CDCIl3) & 150.4 (s, C=N), 149.9 (s, C-OH), 142.1 (s, C-N), 139.2 (s, C-'Bu),
136.7 (s, C-'Bu), 115.6 (s, CH-Ar), 112.9 (s, N(CH)2N), 109.3 (s, CH-Ar), 48.6 (s, CHMe»), 48.2
(s, CHMe»), 35.4 (s, C-(Me)3), 34.3 (s, C-(Me)3), 31.9 (s, C-(Me)3), 31.4 (s, C-(Me)3), 21.0 (s,
CHMez), 21.9 (s, CHMez), 20.9 (CH2Me) .Anal. Calcd for C2sH41N30Zn (%): C, 64.57; H, 8.89;
N, 9.04. Found (%): C, 64.84; H, 9.10; N, 9.31.

Zn[L6a]Et. (86 mg, 0.17 mmol, 85%) 'H NMR (400 MHz, CDCl3): § 7.45-7.43 (br,1H, Ar-CH),
7.36-7.34 (br, 2H, Ar-CH), 6.93-6.91 (br, 2H, Ar-CH), 6.74 (br, 1H, Ar-CH), 6.37 (br, 1H, Ar-CH)
3.05 (br, 2H, CHMez), 2.19 (s, 2H, CH2), 1.49 (s, 6H, CH3) 1.33-1.30 (br,18H, CHMe>, CHs).
BC{'H} NMR (100 MHz, CDCI3) § 169.3 (s, C=N), 148.1 (s, C-Pr), 135.0 (s, C-N-Dipp), 130.8
(s, C-OH), 129.2 (s, C-N), 128.4 (s, CH-Dipp) 127.0 (s, CH-Dipp), 126.7 (s, CH-Ar), 122.5 (s,
CH-Ar), 117.0 (s, CH-Ar), 111.9 (s, CH-Ar), 65.2 (s, C-(Me)2), 56.9 (s, C-(Me)2), 44.2 (s, CH),
30.7 (s, CH(Me)2), 29.2 (s, C-(Me)2), 28.7 (s, C-(Me)2), 26.9 (s, CH(Me)2), 24.2 (s, CH(Me)2),
11.8 (Zn-CH2CH3s), —1.6 (Zn-CH2CH3). Anal. Calcd for C2sH40N20Zn C, 69.20; H, 8.30; N, 5.76.
Found (%): C, 69.47; H, 8.07; N, 6.02.

General procedure for the synthesis of Zn(L2[a—d]);. ZnEt> (1.0 M in n-hexane, 1.0 equiv.) was
added to a solution of L2[a—d]H (approximately 0.58 mmol), 2.0 equiv.) in DCM (x mL). The

reaction mixture was stirred for 6 h at room temperature. The solvent was decanted, and the solids
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formed were washed with pentane. The product was dried under reduced pressure to yield a solid.
Zn[L2al>. 253 mg, 0.436 mmol, 87%. 'H NMR (400 MHz, CD30D) & 7.12 (s, 2H, N(CH)2N),
6.69 (dd, J = 8.0, 2.0 Hz, 1H, CH-Ar) 6.56 (td, J = 8.0, 2.0 Hz, 1H, CH-Ar) 6.35 (td, /= 8.0, 2.0
Hz, 1H, CH-Ar) 6.29 (dd, J = 8.0, 2.0 Hz, 1H, CH-Ar) 4.58 (sept, J = 8.0, 7.0 Hz, 2H, CH-Me»)
1.33 (d, J = 7.0 Hz, 6H, CH-Me>) 0.97 (d, J = 7.0 Hz, 6H, CH-Mez). 3C{'H} NMR (100 MHz,
CD30D) 6 157.6 (s, C=N), 150.0 (s, C-0), 140.7 (s, C-N), 121.0 (s, CH-Ar), 116.3 (s, CH-Ar),
115.9 (s, CH-Ar), 114.3 (s, N(CH)2N) 113.6 (s, CH-Ar) 23.0 (s, CHMe2), 21.8 (s, CHMez2). Anal.
Calcd for C30H40N6O2Zn (%): C, 61.90; H, 6.93; N, 14.44. Found (%): C, 62.15; H, 7.11; N, 14.18.
Zn[L2b]2.177 mg, 0.219 mmol, 88%. 'H NMR (400 MHz, CDCl3) § 6.76 (s, 1H, CH-Ar), 6.60 (s,
2H, N(CH)2N), 6.33 (s, 1H, CH-Ar), 4.87 (br, 2H, CHMe»), 1.46 (s, 9H, C(Me)3), 1.30 (d, /= 6.0
Hz, 6H, CHMe»), 1.24 (s, 9H, C(Me)3), 0.91 (d, J = 6.0 Hz, 12H, CHMe>). 3C{'H} NMR (100
MHz, CDCIs) 8 155.1 (s, C=N), 149.3 (s, C-OH), 137.1 (s, C-N), 133.5 (s, C-'Bu), 131.6 (s, C-
‘Bu), 113.6 (s, CH-Ar), 110.5 (s, N(CH)2N), 107.1 (s, CH-Ar) 46.2 (s, CHMe2), 34.4 (s, C-(Me)3),
33.2 (s, C-(Me)3), 32.0 (s, C-(Me)3), 21.8 (s, C-(Me)3) 21.3 (s, CHMe2). Anal. Calcd for
Ca6H72N6O2Zn (%): C, 68.51; H, 9.00; N, 10.42. Found (%): 68.44; H, 8.79; N, 10.17.
Zn[L2c]2. 167 mg, 0.248 mmol, 95%. 'H NMR (400 MHz, CD30D) § 7.61 (dd, J = 9.0, 3.0 Hz,
1H, CH-Ar),7.38 (s, 2H, N(CH)2N), 6.81 (d, /= 3.0 Hz, 1H, CH-Ar) 6.41 (d, /J=9.0 Hz, 1H, CH-
Ar), 4.42 (sept, J = 7.0 Hz, 2H, CH-Me2) 1.34 (d, J = 7.0 Hz, 6H, CH-Me») 1.27 (d, J = 7.0 Hz,
6H, CH-Me>). 3C{'H} NMR (100 MHz, CD30D) & 168.0 (s, C-NO2), 133.6 (s, C=N), 132.0 (s,
C-OH), 122.6 (s, C-N), 116.9 (s, N(CH)2N), 114.4 (s, CH-Ar), 114.4 (s, CH-Ar), 111.9 (s, CH-Ar),
20.9 (s, CHMe:). Anal. Calcd for C30H3sNsO2Zn (%): C, 53.62; H, 5.70; N, 16.67. Found (%): C,
53.90;H, 5.55; N, 16.38.

Zn[L2d]2. 166 mg, 0.258 mmol, 92%. 'H NMR (400 MHz, CDCl3) § 7.34 (d, J= 3.0 Hz, 1H, CH-
Ar), 6.87 (d, J = 3.0 Hz, 1H, N(CHCH)N), 6.80 (d, J = 3.0 Hz, 1H, N(CHCH)N), 6.01 (dd, J =
9.0, 3.0 Hz, 1H, CH-Ar), 5.29 (d, J = 3.0 Hz, 1H, CH-Ar), 4.95 (sept, J = 8.0 Hz, 1H, CHMe>),
4.05 (sept, J = 8.0 Hz, 1H, CHMe>), 3.58 (s, 3H, OCH3), 1.49 (d, /= 7.0 Hz, 3H, CH-Me»), 1.30
(d,J=7.0 Hz, 3H, CH-Me2), 1.19 (d, /= 7.0 Hz, 3H, CH-Me>), 0.86 (d, J= 7.0 Hz, 3H, CH-Me>).
BC{™H} NMR (100 MHz, CDCl3) § 154.0 (s, C-OCH3) 149.5 (s, C=N), 148.7 (s, C-O), 139.7 (s,
C-N), 114.3 (s, CH-Ar), 111.9 (s, N(CH)2N), 103.6 (s, CH-Ar), 101.7 (s, CH-Ar), 56.3 (s, C-OMe)
47.7 (s, CHMe»), 22.4 (s, CHMe>), 22.1 (s, CHMe:). Anal. Calcd for C32H44N6O2Zn (%): C, 59.86;
H, 6.91; N, 13.09. Found (%): C, 59.59; H, 7.15; N, 12.84.
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Zn[L5a];. A solution of L5a’H (136 mg, 0.470 mmol, 2.0 equiv.) in 15 mL of THF was added to
a Schlenk flask containing a solution of ZnClz (32.4 mg, 0.240 mmol, 1.0 equiv.) and KO'Bu (54.2
mg, 0.483 mg, 2.0 equiv.) in THF. The mixture was left stirring under reflux; after 24 h, volatiles
were removed under reduced pressure. The product was dissolved in MeCN and filtered; thereafter,
the solvent was removed under vacuum to yield a white solid (120 mg, 0.186 mmol, 77%). 'H
NMR (400 MHz, CD30D): 8 7.36 (d, /= 8.0 Hz, 1H, CH-Ar), 7.30 (d, /= 8.0 Hz, 1H, CH-Ar),
7.15 (t, J=8.0 Hz , 1H, CH-Ar), 7.04 (t, J = 8.0 Hz , 1H, CH-Ar), 4.00 (sept, J = 6.0 Hz, 2H,
CHMe>) 1.32 (d, J= 6.0 Hz, 12H, CHMe>). 1.21 (d,J= 6.0 Hz, 12H, CHMe>). *C {'H} NMR (100
MHz, CDCI3) Anal. Calcd for C30H36N6OsZn (%): C, 56.12; H, 5.65; N, 13.09. Found (%): C,
56.37; H, 5.80; N, 13.25

General procedure for the polymerization of rac-lactide.

Unless otherwise specified, all polymerizations were performed using rac-lactide (99%). In a
typical experiment, a flask was charged with 50 umol of catalyst and 5.0 mmol of rac-lactide under
inert conditions. The mixture was submerged in an oil bath at 130 °C and stirred. Aliquots were
sampled using a syringe of the crude material at different times to monitor the monomer conversion
by '"H NMR spectroscopy (CDCls). Polymerization was left to reach full conversion within the
appropriate time.. The polymerization was cooled down to room temperature and terminated by
the addition of 10 mL of wet CHCIs. Volatiles were removed under vacuum at 50 °C for several
hours. The remaining material was analyzed without further purification. Aliquots were removed
from the reaction mixture at different times to monitor the monomer conversion by 'H NMR
spectroscopy. Molecular weight averages were determined by GPC, by end-chain analysis (Mn),

and by diffusion ordered 'H NMR spectroscopy (DOSY; My).
General procedure for the polymerization of L-lactide.

Unless otherwise specified, all polymerizations were performed using L-lactide (98%). In a typical
experiment, a flask was charged with 14 umol of catalyst and 14 mmol of L-lactide under inert
conditions. The mixture was submerged in an oil bath at 150 °C and stirred. Aliquots were sampled
using a syringe of the crude material at different times to monitor the monomer conversion by 'H
NMR spectroscopy (CDCIl3). Polymerization was left to reach full conversion within the
appropriate time. The polymerization was cooled down to room temperature and terminated by the

addition of 20 mL of wet CHCIs. Volatiles were removed under vacuum at 50 °C for several hours.
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The remaining material was analyzed without further purification. Aliquots were removed from
the reaction mixture at different times to monitor the monomer conversion by 'H NMR
spectroscopy. Molecular weight averages were determined by GPC, by end-chain analysis (Mn),
and by diffusion ordered 'H NMR spectroscopy (DOSY; Mw).

General procedure for the polymerization of e-caprolactone

All polymerizations were performed using e-caprolactone (97%). In a typical experiment, in a
glovebox, a flask was charged with 50 pmol of catalyst and 5.0 mmol of e-caprolactone. The
mixture was submerged in an oil bath at 130 °C and stirred. Aliquots were sampled using a syringe
of the crude material at different times to monitor the monomer conversion by 'H NMR
spectroscopy (CDCI3). Polymerization was left to reach full conversion within the appropriate
time. The polymerization was cooled down to room temperature and terminated by the addition of
10 mL of wet CHCIs. Volatiles were removed under vacuum at 50°C for several hours. The

polymer was analyzed without further purification.
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Chapter 4 Conclusions and future work

4.1 Conclusions

This work focused on the application of guanidine- and amidine-based ligands to develop robust
catalysts capable of mediating catalytic processes, including the polymerization of ethylene and
cyclic esters. As detailed in chapters 2 and 3, the guanidine and amidine scaffolds offer valuable
opportunities to modify and tune the electronics and steric properties of the ligands. This led to the
synthesis of a first generation of group 4 and Zn catalysts, which demonstrate potential for further

improvement.

Chapter 2 presented the synthesis of Ti(IV) and Zr(IV) complexes containing a guanidine—
phenolate ligand. The spatial arrangement of these complexes was examined by X-ray when
possible and DFT. The study demonstrated that bis(alkoxide) metal complexes with a cis-N,N-
trans-0,0 ligand arrangement to be the most stable arrangement, whereas bis(guanidine—

phenolate) titanium dichloride complexes favored the trans-N,N-cis-O,0 disposition.

The catalytic activity of the bis(alkoxide) complexes for the ring-opening polymerization of lactide
under solvent-free conditions was investigated. The zirconium complexes performed better than
the titanium analogs. In addition, the Zr complex of L2a, based on the imidazole backbone and
isopropyl substituent on the endocyclic nitrogen, presented the fastest rate of polymerization
among all experimental catalysts. The small differences between the activities led us to investigate
the probable dissociation of the ligand and its participation in the polymerization process.
Interestingly, the free guanidine—phenol polymerized lactide faster than its corresponding metal
complexes. The ability of the bis(guanidine—phenolate) titanium dichloride complexes to
polymerize ethylene was also explored. Unfortunately, the catalytic activities of these complexes

were significantly lower than those observed for benchmark experiments with Cp2MClo.

Insights gained from Chapter 2 allowed us to focus on ligands containing the guanidine fragment
x = 2 for their coordination to Zn and subsequent application for the ROP of cyclic esters. In
addition to this, the steric and electronic effects of the phenolic oxygen were explored, and two
other neutral fragments were investigated, leading to acylated guanidine and cyclic amidine
ligands. All Zn complexes were active for the ROP polymerization of lactide under solvent-free

conditions. The homoleptic Zn complex with the guanidine—phenolate ligand L2a performed
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better among all catalysts. The addition of a bulky group in the phenolate fragment in L2b gave
larger molecular weight polymers with no significant impact on the rate of polymerization,
whereas the modification of the electronics of the phenolic oxygen (as in the methoxy and nitro-
derivatives L2¢ and L2d, respectively) had a negative impact on the performance of the catalysts.
The amidine—phenolate system (L6a) stood out as the best initiator, among the heteroleptic
Zn[Lx]Et catalysts, with a performance comparable to the best homoleptic complex. As in chapter
2, polymerization studies demonstrated that the free ligands could also polymerize lactide, giving
comparable results to those obtained with the corresponding Zn complexes, proving that

participation of the free ligand in the latter cannot be ruled out.

4.2 Future work

4.2.1 Further investigation for the group 4 guanidine—phenolate systems

As highlighted in chapters 2 and 3, the most common impurities in non-purified lactide are water
and lactic acid. Group 4 bis(alkoxide) complexes have been treated with water to form oxo-bridged
dinuclear or multinuclear metal complexes.***1% Moreover, these types of complexes have
proved to be active for the ROP of lactide, a dinuclear Zr benzoxazole—phenolate-based system
presented high activity and generated isotactic-biased PLA.* Therefore, the synthesis of the oxo-
bridged Ti and Zr complexes bearing guanidine—phenolate ligands can be accomplished by the
controlled hydrolysis of the group 4 bis(isopropoxide) complexes presented in chapter 2 (Scheme
4.1). The performance of producing PLA using oxo-bridged complexes can be tested under the
same conditions as their bis(isopropoxide) precursors (T > 130 °C, solventless), allowing for a
better understanding of the possible participation and reactivity of other species that can be formed

due to impurities present in the monomer feed.

N ﬂ O O ! e

el 'PrO
> \>w

Scheme 4.1 Synthesis of oxo-bridged dinuclear group 4 complexes

The impurities present in lactide can also promote the dissociation of the ligand. This might
generate a metal species that can act as an activating agent of the carbonyl group in the lactide,

making it more susceptible to nucleophiles, such as the free guanidine—phenol ligand. Further
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experiments can explore the reactivity of the free ligand in the presence of a group 4 metal
precursor with low activity towards the polymerization of lactide, such as TiCla.!'® The results of
this experiment will give a better insight into whether the Pr > 0.5 observed in the PLA produced
for the group 4 guanidine—phenolate catalyst was due to the catalyst itself or a combination of a

metal species present with the free ligand performing the polymerization.

4.2.1 Explore cyclic(alkyl)(amino)imine (CAAC) Zn-based catalyst

As part of Chapter 3, a cyclic(alkyl)(amino)imine (CAAC) moiety and the corresponding Zn-based
catalyst, which stood out among all the initiators, were studied. The activity of these species could
be further explored by modifying the steric of the quaternary carbon of the former carbenoid
carbon (Figure 4.1). Steric effects proved to have an important role in the control of the
stereochemistry of a polymer, influencing how the monomer incorporates into the growing
polymer chain. Modifications in the CAAC fragment are not limited to the steric effects;
incorporation of stereogenic centers in the ligand framework has also proven to have an effect on
the tacticity of the polymer. Future work might also include the addition of stereogenic centers
(Figure 4.1), as these modifications remain unexplored in the context of ROP of cyclic esters. The
synthesis of these novel CAAC-based systems can be approached as shown in Scheme 4.2, where
the selected CAAC precursors have been reported and isolated.'!'"!!® The corresponding zinc
complexes can be easily obtained by the protonolysis of ZnEt> to obtain either the ZnEtL or ZnL..
These catalysts can be examined for the ROP of lactide under industrial relevant conditions (T >
130 °C and solventless) to fill the gap in the reactivity of Zn-based systems containing a cyclic

amidine fragment.
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Figure 4.1 Proposed ligand modifications in the CAAC moiety for future ligand design: steric effect (pink), addition of a chiral
center (green)
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Scheme 4.2 Synthesis of plausible amidine—phenol ligands to be used for the ROP of cyclic esters

4.2.2 Depolymerization of polylactic acid

Nowadays, zinc complexes are still being explored for the ROP of cyclic esters. However, they
have also proven to be effective in catalyzing the depolymerization of PLA and PET by
alcoholysis. In this context, polyesters have great potential in a circular economy framework due
to their biodegradability and recycling capacity. However, recycling methods that incorporate the

principles of Green Chemistry are still being developed. In the literature, N-donor ligands,
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including guanidines, have been developed for this purpose (Scheme 4.3).!'4116 This opens a new

field where complexes containing guanidines and amidines scaffolds can be tested for their ability

to catalyze alcoholysis of polyesters.
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Scheme 4.3 Guanidine-based, imino-pyrrol, and imine-phenolate Zn systems used in the depolymerization of PLA (top) and Zn-
mediated degradation of PLA via transesterification with MeOH (adapted from literature)

Chapters 2 and 3 demonstrated that proligand could not be ruled out as an initiator of ring-opening
polymerization of lactide. However, the use of organocatalysts is not limited to the polymerization
of lactide, triazabicyclodecene (TBD), a guanidine-based organocatalyst, has been used in the
catalytic depolymerization of PLA using a wide variety of primary alcohols.!!” More recently,
Enthaler’s group investigated the depolymerization of PLA using 4-dimethylaminopyridine
(DMAP) in the presence of MeOH, additionally PLA commodities were effectively converted to
methyl lactate.!'® This offers an opportunity to examine the ability of guanidine—phenol systems
for the depolymerization of PLA in the presence of methanol, guanidine—phenol can be suitable to

catalyze the aforementioned process via a dual-activation mechanism as proposed for TBD.!"”
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Scheme 4.4 Dual-activation mechanism of depolymerization of PLA via methanolysis using a guanidine—phenol catalyst.
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Figure A12. “C NMR spectrum of L1bH-HCI (100 MHz, CDCl;)
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Figure A14. “C{'H} NMR spectrum of L2aH-HCI (75 MHz, CDCl;)
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Figure A22 >C{'H} NMR spectrum of L2dH (100 MHz, CDCl;)

110



/ 2]
N H ClI
;
{ )=N® OH
N
\
o o M A OGO G0 DA — O o0 Ol s
[ee] NN NN [Re L e )] cococ oo
5o N A R SR GRSV T TR v MmN NN NN
| TSR == NS N

100 95 980 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
Ll LLk gE [
Figure A23. '"H NMR spectrum of L4aH-HCI (400 MHz, CDCls)
oo oo Oy = O
L T o wn <+
w O W MmO oy
o [V IS B e Bl w0 @ o
— o = =+ fa)
|| N |
T T T T T T T T T T T T T T T T 1
170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 ppm

Figure A24. “C{'H} NMR spectrum of L4aH-HCI (100 MHz, CDCl5)
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Figure A26. “C{'H} NMR spectrum of L4aH (100 MHz, C¢Ds)
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Figure A28 >C{'H} NMR spectrum of L5a’H (100 MHz, CDCl;)
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Figure A58 >C{'H} NMR spectrum of Zn[L2a], (100 MHz, CD;0D)
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Figure A64 >C{'H} NMR spectrum of Zn[L2b]Et (100 MHz, CDCl;)
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Figure A69 'H NMR spectrum of. Zn[L5a], (400 MHz, CD;0D)
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Figure A70 °C{'H} NMR spectrum of Zn[L5a], (100 MHz, CD;0D)
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Figure A74."H NMR spectrum of the polymer produced with Zr(L2a)(O'Pr), (400 MHz, CDCl;)
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Figure A75.Homonuclear-decoupled '"H NMR spectrum of the polymer produced with Zr(L2a),(O'Pr),
(400 MHz, CDCl3)
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Figure A78. GPC chromatogram plot of the polymer obtained using complex Ti(L1b)>(O'Pr), (Chapter 2,
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Figure A79. GPC chromatogram plot of the polymer obtained using complex Zr(L1a)2(O'Pr), (Chapter 2,

Table 7, entry 6)
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Figure A80. GPC chromatogram plot of the polymer obtained using complex Zr(L1b)»(O'Pr), (Chapter 2,
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Figure A81. GPC chromatogram plot of the polymer obtained using complex Ti(L2a)2(O'Pr), (Chapter 2,

Table 7, entry 3)
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Figure A82. GPC chromatogram plot of the polymer obtained using complex Zr(L.2a)2(O'Pr), (Chapter 2,
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Figure A84. GPC chromatogram plot of the polymer obtained using complex Zr(L2a)>(O'Pr), (Chapter 2,
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Figure A85. GPC chromatogram plot of the polymer obtained using complex Ti(L3a)2(O'Pr), (Chapter 2,
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Figure A86. GPC chromatogram plot of the polymer obtained using complex Zr(L3a)>(O'Pr), (Chapter 2,
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Figure A87. GPC chromatogram plot of the polymer obtained using complex Ti(L4a),(O'Pr), (Chapter 2,
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Figure A88. GPC chromatogram plot of the polymer obtained using complex Zr(L4a),(O'Pr), (Chapter 2,
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Figure A89. GPC chromatogram plot of the polymer obtained using complex L2aH (Chapter 2, Table 7,
entry 13)
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Figure A95 GPC chromatogram plot of a polymer sample, herein obtained using complex Zn[L2a]Et

with BnOH (Chapter 3, Table 11, entry 3)
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Figure A100 GPC chromatogram plot of a polymer sample, herein obtained using complex Zn[L2d]>

(Chapter 3, Table 11, entry 8)

-82
-83
-84
-85
-B6
-87
-88
-89
-90
-91
-82
-83
-94
-85
-96
-97
-88
-99
=100
=101
-102
-103

RI (mV)

20 22 24

Run Length: 60.02 mins

26

28

30 32
Time (minutes)

34

38

40

le5

lex

le2

lal

lel

(low/B) smw Bo

Detector
LS 90°
— L5 15®

v — RI

— VS DP
— VS 1IP
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Table A1 Crystal data for LSa’'H

Empirical formula CisH19N303
Formula weight 289.33
Temperature/K 174.00

Crystal system Orthorhombic

Space group P2,2,2,

a/A 15.8843(7)

b/A 16.4411(7)

c/A 17.7686(8)

a/° 90

pB/° 90

v/° 90

Volume/A® 4640.4(4)

V4 12

Pealcg/cm’ 1.242

w/mm’! 0.088

F(000) 1848.0

Crystal size/mm’® 0.2x0.2x0.1
Radiation MoKa (A =0.71073)
20 range for data collection/°4.238 to 55.064
Index ranges -20<h<20,-21<k<21,-23<1<23
Reflections collected 61644

Independent reflections 10673 [Rint = 0.0687, Ryigma = 0.0484]
Data/restraints/parameters ~ 10673/0/589
Goodness-of-fit on F? 1.083

Final R indexes [[>=26 (I)] R =10.0494, wR,=0.1154
Final R indexes [all data] Ri=0.1103, wR, =0.1535
Largest diff. peak/hole / ¢ A~ 0.22/-0.23
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Table A2 Bond lengths (A) for L5a’H

O1A-Cl1A
O1A-C11A
02A-C2A
03A-C3A
NI1A-CIA
N1A-C10A
N2A-C1A
N2A-C2A
N2A-C4A
N3A-CI1A
N3A-C3A
N3A-C7A
C2A-C3A
C4A-C5A
C4A-C6A
C7A-C8A
C7A-COA
CI10A-C11A
C10A-C15A
Cl11A-C12A
C12A-C13A
C13A-Cl14A
C14A-C15A
O1B-C1B
O1B-CI11B
02B-C2B

O3B-C3B

1.436(4)
1.396(5)
1.230(5)
1.227(5)
1.420(5)
1.390(5)
1.452(5)
1.342(5)
1.481(5)
1.448(5)
1.350(5)
1.465(5)
1.508(6)
1.506(6)
1.514(6)
1.519(7)
1.499(7)
1.378(6)
1.368(6)
1.368(6)
1.385(7)
1.378(8)
1.406(7)
1.436(4)
1.387(5)
1.223(5)

1.221(5)

C2B-C3B
C4B-C5B
C4B-C6B
C7B-C8B
C7B-C9B
C10B-C11B
C10B—C15B
C11B-CI12B
C12B-C13B
C13B-C14B
C14B-C15B
O1C-CI1C
01C-Cl11C
02C-C2C
03C-C3C
N1C-C1C
NIC-C10C
N2C-C1C
N2C-C2C
N2C-C4C
N3C-CI1C
N3C-C3C
N3C-C7C
C2C-C3C
C4C-C5C
C4C-Co6C

C7C-C8C

1.519(6)
1.507(7)
1.518(6)
1.504(7)
1.489(7)
1.375(6)
1.375(6)
1.369(5)
1.398(7)
1.365(7)
1.396(7)
1.435(5)
1.386(5)
1.227(5)
1.220(5)
1.425(5)
1.401(5)
1.454(6)
1.337(5)
1.478(6)
1.444(5)
1.345(5)
1.478(5)
1.516(6)
1.527(8)
1.519(7)

1.499(6)
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N1B-CIB
N1B-C10B
N2B-CIB
N2B-C2B
N2B-C4B
N3B-C1B
N3B-C3B

N3B-C7B

1.439(5)
1.399(5)
1.453(5)
1.343(5)
1.469(5)
1.440(5)
1.351(5)

1.481(5)

C7C-C9C
Cl10C-C11C
C10C-C15C
Cl1C-Cl12C
C12C-C13C
C13CC14C

C14C-C15C

1.512(7)
1.377(6)
1.382(6)
1.369(6)
1.393(8)
1.367(8)

1.419(7)
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Table A3 Bond Angles (°) of LSa'H

Cl1A OIA ClA 107.9(3) 03B C3B C2B 123.8(4)
C10A N1A CIA 110.6(3) N3B C3B C2B 106.2(3)
CIA N2A C4A 121.2(3) N2B C4B C5B 110.4(4)
C2A N2A ClA 111.6(3) N2B C4B C6B 111.1(3)
C2A N2A C4A 125.9(3) C5B C4B C6B 113.1(4)
ClIA N3A C7A 120.1(3) N3B C7B C8B 110.9(4)
C3A N3A CIA 112.1(3) N3B C7B C9B 111.6(4)
C3A N3A C7A 127.8(3) C9B C7B C8B 115.1(5)
OlA ClA N2A 109.4(3) C11BCI10B NIB 106.8(3)
Ol1A CIA N3A 110.3(3) CI5BC10B N1B 132.3(4)
NIA CIA OlA 104.5(3) CISBCIOBCI1B 120.9(4)
NIA CIA N2A 114.2(3) CI10BC11B O1B 110.6(3)
NIA CIA N3A 115.5(3) CI2BC11B OIB 126.0(4)
N3A CIA N2A 103.1(3) C12BC11BC10B 123.4(4)
02A C2A N2A 128.4(4) C11BCI12BC13B 116.0(4)
02A C2A C3A 124.6(3) C14BC13BCI12B 120.8(4)
N2A C2A C3A 107.0(3) CI3BCI14BC15B 122.7(4)
03A C3A N3A 129.3(4) C10BC15BC14B 116.2(4)
03A C3A C2A 124.8(4) Cl1C 01C CIC 107.9(3)
N3A C3A C2A 105.9(3) C10C NIC CIC 109.1(4)
N2A C4A C5A 110.4(3) C1C N2C C4C 121.5(3)
N2A C4A C6A 110.4(3) C2C N2C CIC 111.93)
C5A C4A C6A 112.5(4) C2C N2C C4C 126.6(4)
N3A C7A C8A 110.4(4) ClC N3C C7C 121.4(3)
N3A C7A C9A 111.3(4) C3C N3C CIC 112.3(3)
C9A C7A C8A 112.5(4) C3C N3C C7C 126.1(3)
Cl11AC10A NIA 106.8(3) 01C CIC N2C 109.4(3)

158



CI5ACIOA NIA
CI5ACI0OACITA
CI0ACI1A O1A
CI12ACI11A O1A
CI12ACI11ACI0A
Cl1ACI12AC13A
CI14ACI3ACI2A
CI13ACI4ACI5A
CI0ACISACI14A
Cl11B OIB CI1B
C10B N1B C1B
CI1B N2B C4B
C2B N2B C1B
C2B N2B C4B
CIB N3B C7B

C3B N3B CIB

C3B
O1B
O1B
O1B
N1B
N1B
N3B
02B
02B
N2B

O3B

N3B
C1B
C1B
CIB
C1B
CIB
C1B
C2B
C2B
C2B

C3B

C7B
N1B
N2B
N3B
N2B
N3B
N2B
N2B
C3B
C3B

N3B

132.4(4)
120.7(4)
110.03)
126.8(4)
123.2(4)
116.6(5)
121.2(4)
121.3(4)
117.0(5)
107.8(3)
109.3(3)
121.13)
112.2(3)
126.6(3)
119.8(3)
112.2(3)
128.1(4)
104.2(3)
109.1(3)
109.9(3)
115.2(3)
115.03)
103.3(3)
128.6(4)
125.3(4)
106.1(3)

130.0(4)

01C
NI1C
NIC
NI1C
N3C
02C
02C
N2C
03C
03C
N3C
N2C
N2C
Cc6C
N3C

N3C

C1C
C1C
C1C
C1C
C1C
c2C
c2C
c2C
C3C
C3C
C3C
c4C
C4C
C4C
CciC

ciC

N3C
o1C
N2C
N3C
N2C
N2C
C3C
C3C
N3C
c2C
c2C
Cs5C
c6C
Cs5C
C8C

CoC

C8C C7C C9C
CI1CC10C N1C
ClICC10CC15C
CI15CCl10C N1C
Cl10CCl11C O1C
Cl12CClIC O1C
Cl12CCl11CC10C
ClICC12CC13C
Cl14CC13CC12C
CI13CC14CC15C

C10CC15CC14C
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109.7(3)
105.1(3)
114.6(3)
114.9(4)
103.1(3)
128.8(4)
124.5(4)
106.7(3)
128.7(4)
125.4(4)
105.9(3)
109.9(4)
110.1(4)
113.0(5)
111.3(4)
110.3(4)
111.6(5)
107.4(4)
120.6(4)
132.0(5)
110.0(3)
125.7(4)
124.3(4)
115.8(5)
121.0(5)
122.8(5)

115.5(5)



Table A4 Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters
(A2x103) for L5a’H. Ueq is defined as 1/3 of the trace of the orthogonalized U1J tensor.

Atomx y z U(eq)

O1A 6790.9(16) 401.6(17) 6626.8(15) 48.4(7)
02A 5892.5(19) 2159.9(17) 4887.7(16) 51.9(7)
03A 6296(2) 623.8(19) 4162.5(15) 55.6(8)
NIA 5396(2) 163(2) 6524.7(19) 52.0(9)
N2A 5986.4(19) 1371.3(19) 5965.0(17) 40.0(7)
N3A 6263(2) 161(2) 5401.4(18) 44.4(8)
CIA 6086(2) 512(3) 6132(2) 42.6(9)
C2A 6004(2) 1513(2) 5221(2) 41.3(9)
C3A 6207(2) 716(3) 4843(2) 44.3(9)
C4A 5717(3) 1956(3) 6552(2) 47.9(10)
C5A 4823(3) 2222(3) 6416(3) 63.9(13)
C6A 6323(3) 2665(3) 6591(3) 63.0(12)
CTA 6467(3) -705(3) 5336(2) 51.9(10)
C8A 7365(3) -814(3) 5060(3) 72.6(15)
C9A 5840(4) -1141(3) 4853(3) 76.0(15)
C10A 5640(3) -80(2) 7241(2) 42.1(9)
C11A 6494(3) 53(2) 7292(2) 43.3(9)
C12A6957(3) -131(3) 7919(3) 59.0(12)
C13A6519(4) -451(3) 8525(3) 68.4(14)
C14A 5663(4) -578(3) 8490(3) 67.4(14)
C15A5202(3) -398(3) 7835(2) 55.9(11)
OIB 5453.8(17) 3212.6(16) 2491.0(14) 43.1(6)
02B 6798(2) 4284(2) 4417.0(17) 59.1(8)
03B 4994(2) 4403(2) 4660.8(17) 61.2(8)
NIB 5545(2) 2127(2) 3275.2(19) 42.6(8)
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Atomx

N2B
N3B
C1B
C2B
C3B
C4B
CSB
C6B
C7B
C8B

C9B

6375.4(19)
4967(2)
5584(2)
6266(3)
5322(3)
7182(2)
7655(3)
7692(3)
4065(3)
3638(3)

3644(4)

C10B 5563(2)

C11B 5489(2)

C12B 5460(3)

C13B 5516(3)

C14B 5599(3)

C15B 5626(3)

o1C
02C
03C
NIC
N2C
N3C
CIC
C2C

C3C

7740.0(18)
8656.7(19)
9195.3(18)
6710(2)
7722(2)
8166(2)
7562(2)
8350(3)

8640(3)

y

3349.0(19)
3403(2)
3002(2)
3891(2)
3940(3)
3078(3)
2566(4)
3794(3)
3197(3)
3770(4)
3108(4)
1836(2)
2502(2)
2449(3)
1666(3)
1004(3)
1064(3)
6620.3(17)
5625(2)
4566.4(19)
5708(2)
6078(2)
5279(2)
5908(3)
5623(3)

5077(3)

4
3521.0(17)
3730.6(18)
3267(2)
4078(2)
4210(2)
3204(2)
3767(4)
2915(3)
3647(3)
3108(4)
4391(3)
2536(2)
2072(2)
1303(2)
1001(3)
1459(3)
2242(3)
5606.5(16)
3471.9(16)
4699.0(17)
5338(2)
4378.0(19)
5341.3(18)
5168(2)
4106(2)

4743(2)
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U(eq)
39.3(7)
43.5(8)
36.8(8)
42.409)
45.1(10)
47.1(10)
77.6(17)
56.0(11)
55.0(11)
79.3(17)
77.8(16)
40.0(9)
39.3(8)
52.2(11)
63.8(13)
63.8(13)
51.9(10)
49.9(7)
59.1(8)
57.2(8)
54.3(9)
48.0(9)
44.2(8)
46.2(10)
49.0(10)

45.1(9)



Atomx

C4C

C5C

C6C

CciC

C8C

CcoC

7240(3)
7828(4)
6765(4)
8197(3)
9027(3)

8005(5)

C10C 6362(3)

C11C 6997(3)

C12C 6899(4)

C13C 6090(4)

C14C 5448(4)

C15C 5557(3)

y
6704(3)
7387(4)
6317(4)
4893(3)
5041(3)
3995(3)
6324(3)
6868(3)
7548(3)
7685(3)
7156(3)

6449(3)

4

3965(3)
3714(4)
3315(3)
6092(2)
6469(3)
6031(4)
5785(2)
5946(2)
6381(2)
6656(3)
6503(3)

6056(3)
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U(eq)

64.1(13)
85.9(18)
87.4(19)
51.2(10)
66.2(13)
96(2)

47.4(10)
47.8(10)
58.0(12)
74.6(16)
71.6(16)

60.2(12)



Table AS Anisotropic Displacement Parameters (A2x103) for L5a’H. The Anisotropic displacement
factor exponent takes the form: -2n2[h2a*2U11+2hka*b*U12+...].

Atom Uy Un Uss Uz Usis Un
OlA 41.4(14) 60.8(18) 43.0(15) 13.7(13) -8.3(12) -3.9(13)
02A 69.5(19) 45.2(16) 40.9(16) 12.6(13) 4.8(14) 6.9(14)
03A 71.1(19) 59.2(18) 36.5(16) 1.4(14) 2.8(14) 12.0(16)
NIA 46.6(19) 70(2) 39.5(19) 15.7(18) -5.7(15) -14.5(17)
N2A 44.1(18) 42.3(18) 33.6(17) 6.5(14) 1.3(14) -0.7(14)
N3A 56(2) 40.9(18) 36.8(18) 6.3(15) -2.3(15) 1.1(15)
CIA 39(2) 51(2) 37(2) 10.7(18) -2.9(16) -7.1(17)
C2A 43(2) 47(2) 34(2) 4.3(18) 2.7(16) 0.5(17)
C3A 47(2) 49(2) 37(2) 6.1(19) 1.1(17) 1.8(19)
C4A 52(2) 53(2) 39(2) -1.1(19) 0.7(18) 4(2)
C5A 47(2) 81(3) 64(3) -11(3) 2(2) 8(2)
C6A 56(3) 62(3) 71(3) -14(3) -9(2) -12)
CTA 64(3) 44(2) 48(2) 4(2) -5(2) 4(2)
C8A 71(3) 60(3) 87(4) 8(3) 9(3) 13(3)
C9A 88(4) 48(3) 92(4) -103) 21(3) 4(3)
C10A 59(2) 34.6(19) 33(2) 3.8(16) 0.2(17) -3.8(19)
C11A57(2) 40(2) 33(2) 4.0(17) -5.0(17) -1.7(19)
C12A73(3) 57(3) 47(3) 7(2) -16(2) -12)
C13A109(5) 59(3) 37(2) 14(2) -15(3) 33)
C14A 114(4) 51(3) 37(2) 10(2) 7(3) -6(3)
C15A78(3) 44(2) 45(2) 2(2) 8(2) -5(2)
OIB 52.9(15) 44.8(15) 31.5(14) 1.8(11) -5.4(11) 2.5(13)
02B 64.6(19) 62.8(19) 49.8(17) -16.5(16) -9.1(15) -7.4(16)
03B 76(2) 59.9(19) 47.3(17) -8.6(16) 8.0(16) 15.2(17)
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Atom Uy

N1B

N2B

N3B

CI1B

C2B

C3B

C4B

CSB

C6B

C7B

C8B

C9B

49.1(19)
38.0(16)
37.3(17)
37.5(19)
51(2)
56(2)
41(2)
46(3)
55(3)
43(2)
46(3)

67(3)

C10B 38.4(19)

C11B 38.1(19)

CI12B 57(3)

C13B 74(3)

C14B 68(3)

CI5B51(2)

o1C

02C

03C

NI1C

N2C

N3C

C1C

53.8(16)
58.4(17)
53.0(17)
40.1(18)
46.1(19)
44.1(18)

44(2)

Un
40.1(18)
43.1(17)
53(2)
44(2)
41(2)
43(2)
52(2)
77(4)
61(3)
62(3)
95(4)
98(4)
45(2)
44(2)
65(3)
76(3)
64(3)
45(2)
48.3(16)
73(2)
59.4(18)
63(2)
60(2)
47.3(19)

50(2)

Uss
38.5(18)
36.8(17)
40.4(18)
28.9(18)
35(2)
36(2)
49(2)
110(5)
51(3)
59(3)
97(4)
68(3)
36(2)
36(2)
34(2)
41(2)
60(3)
59(3)
47.4(17)
45.4(17)
59.4(19)
60(2)
38.2(19)
41.2(18)

45(2)
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Uz
1.5(15)
-7.6(14)
-1.5(16)
-1.1(16)
-4.3(17)
-1.1(18)
-1(2)
30(3)
2(2)
2(2)
17(3)
-8(3)
-4.3(17)
-8.4(17)
0(2)
21(2)
-25(3)
-5(2)
-16.2(13)
-4.1(16)
-4.4(15)
-23(2)
-7.0(16)
-4.4(15)

-14.9(19)

Uss
-3.2(15)
-2.0(13)
1.2(14)
-2.2(15)
-8.9(18)
-0.4(18)
3.7(18)
10(3)
8(2)
2(2)
-103)
19(3)
-0.9(16)
-1.3(16)
-5.0(18)
-7(2)
2(2)
3(2)
2.0(13)
8.8(15)
6.0(14)
3.8(16)
1.2(15)
2.7(15)

1.6(18)

Un
-0.1(15)
0.8(14)
2.6(15)
0.7(16)
1.9(18)
9.2(19)
-1.3(19)
13(3)
-3(2)
-1(2)
3(3)
-20(3)
-3.3(18)
-1.0(17)
-2(2)
0(3)
-3(2)
-1(2)
1.5(13)
9.9(16)
13.7(15)
3.6(18)
10.2(17)
2.3(15)

2.2(18)



Atom Uy

C2C

C3C

C4C

C5C

Cc6C

CiC

C8C

coC

44(2)
42(2)
66(3)
114(5)
80(4)
56(2)
69(3)

147(6)

C10C 52(2)

C11C 66(3)

C12C 93(4)

C13C 120(5)

C14C 85(4)

C15C 59(3)

Un
58(3)
44(2)
76(3)
68(4)
119(5)
57(3)
76(3)
67(4)
54(2)
45(2)
40(2)
49(3)
74(3)

74(3)

Us

45(2)
49(2)
50(3)
75(4)
64(3)
41(2)
54(3)
73(4)
35(2)
33(2)
41(2)
55(3)
56(3)

47(3)
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Uss
-8(2)
-9.6(19)
-8(2)
7(3)
-10(3)
-12)
2(3)
15(3)
3.5(18)
2.4(18)
1.2(19)
9(2)
19(3)

13(2)

Uss
1.7(18)
4.1(18)
0(2)
4(3)
-24(3)
0.5(19)
-10(2)
-27(4)
6.2(18)
5.4(19)
7(2)
32(3)
32(3)

11(2)

Un
2(2)
0.1(19)
26(3)
18(3)
27(4)
-4(2)
-13(3)
-50(4)
18(2)
11(2)
15(2)
24(3)
40(3)

18(2)



Table A6 Hydrogen Atom Coordinates (Ax104) and Isotropic Displacement Parameters (A2x103)
for L5a’'H

Atom x ¥y z U(eq)
HI1A 4884.52 109.13 6340.21 62
H4A 5734.73 1668.26 7047.7 57
H5AA4792.22 2527.56 5943.02 96
H5AB 4636.56 2569.8 6831.99 96
HS5AC 4457.54 1743.07 6384.33 96
H6AA 6897.61 2460.16 6656.58 94
H6AB 6174.17 3014.06 7017.47 94
H6AC 6289.17 2979.51 6123.28 94
H7A 6432.78 -945.5 5852.29 62
H8AA 7405.97 -634.26 4535.99 109
H8AB 7522.04 -1389.59 5094.52 109
H8AC 7746.55 -489.68 5372.99 109
HO9AA5275.47 -1076.95 5067.25 114
H9AB 5983.5 -1720.6 4830.87 114
H9AC 5850.66 -912.02 4343.73 114
HI12A 7547.49 -43.16 7938.54 71
HI13A 6815.26 -585.95 8972.61 82
H14A 5377.9 -791.25 8916.75 81
HI15A 4612.59 -493.41 7806.68 67
HIB  5800(30) 1820(30) 3680(30) 63(14)
H4B 7052.42 2722.49 2762.58 57
H5BA 7824.55 2906.08 4194.47 116
H5BB 8156.01 2334.77 3528.19 116
H5BC 7290.04 212591 3945.98 116
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Atom x
H6BA 7342.2
H6BB 8184.43
H6BC 7877.26
H7B 4045.61
H8BA 3612.88
H8BB 3065.17
H8BC 3956.75
H9BA 3950.47
H9BB 3063.46
HI9BC 3639.65
H12B 5405.61
HI13B 5495.47
H14B 5641.03
HI15B 5684.53
HIC 6410(40)
H4C 6817.04
H5CA 8126.28
H5CB 7497.89
H5CC 8237.04
H6CA 7166.24
H6CB 6446.8
H6CC 6376.23
H7C 7748.66
H8CA 9476.14

H8CB 9016.18

y
4123.18

3593.26
4127.58
2648.03
4314.65
3576.87
3791.14
2709.01
2921.32
3633.61
2917.29
1593.3
480.3
598.98
5280(30)
6941.23
7605.38
7821.07
7173.84
6059.09
6735.65
5905.05
5148.18
4782.22

4810.43

Z
2578.07
2640.24
3341.2
3405.49
3330.96
3006.28
2636.67
4695.84
4316.59
4650.49
993.57
471.22
1235.34
2554.94
5080(30)
4318.48
4152.96
3477.85
3351.75
2970.06
3045.18
3510.52
6409.69
6176.36

6977.25
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U(eq)
84
84
84
66
119
119
119
117
117
117
63
77
77
62
85(17)
77
129
129
129
131
131
131
61
99

99



Atom x

H8CC 9131.65

HO9CA 7439.86

HO9CB 8029.7

HO9CC 8419.9

H12C 7353.62

H13C 5982.55

H14C 4905.91

HI15C 5107.7

y
5627.78

3921.32

3746.78

3735.26

7905.21

8152.58

7267.29

6085.33

4

6499.18

5819.51

6531.6

5701.31

6488.52

6955.27

6704.56

5950.6
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U(eq)
99
144
144
144
70

90

86

72



Table A7 Crystal data for LSb'H

Empirical formula C23H35N303
Formula weight 401.54
Temperature/K 175.00

Crystal system Orthorhombic
Space group Pbca

a/A 10.3388(5)

b/A 18.8797(10)
c/A 29.1252(15)
a/° 90

pB/° 90

v/° 90

Volume/A® 5685.0(5)

V4 8

Pealcg/cm’ 0.938

w/mm’! 0.062

F(000) 1744.0

Crystal size/mm’® 0.3 x0.15x0.1
Radiation MoKa (A =0.71073)
20 range for data collection/°4.314 to 55.744
Index ranges -11<h<12,-23<k<23,-36<1<36
Reflections collected 66131

Independent reflections 5793 [Rint = 0.0485, Rgigma = 0.0242]
Data/restraints/parameters ~ 5793/3/303

Goodness-of-fit on F? 1.145

Final R indexes [[>=2c (I)] R;=10.0682, wR, =0.2392

Final R indexes [all data] R: =0.0806, wR, =0.2501

Largest diff. peak/hole / e A= 0.37/-0.38
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Table A8 Bond lengths (A) for L5b'H

01-C2
02-C3
03-C1
03-C11
N1-Cl
N1-C10
N2-Cl1
N2-C2
N2-C4
N3-Cl1
N3-C3
N3-C7
C2-C3
C4-C5
C4-Co6
C7-C8

C7-C9

1.220(3)
1.210(4)
1.439(3)
1.398(3)
1.422(3)
1.391(3)
1.456(3)
1.334(4)
1.471(4)
1.453(3)
1.350(3)
1.476(3)
1.534(4)
1.521(5)
1.516(4)
1.506(5)

1.518(4)

C10-C11
C10-C15
Cl11-C12
C12-C13
C12-C16
C13-C14
C14-C15
C14-C20
Cl16-C17
Cl16—C18
C16-C19
C20-C21
C20-C22
C20-C23
C20-C21A
C20-C22A

C20-C23A

1.385(3)
1.385(4)
1.376(3)
1.409(4)
1.542(3)
1.399(4)
1.400(4)
1.538(4)
1.535(4)
1.526(4)
1.528(4)
1.580(6)
1.505(6)
1.466(7)
1.585(9)
1.604(9)

1.432(9)
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Table A9 Bond angles (°) for LSb'H
Cl1 03 C1

CI0O N1 C1

Cl
C2
C2
Cl1
C3
C3
03
03
N1
N1
N1
N3
01
01
N2
02
02
N3
N2
N2
Cé6
N3
N3

C8

N2
N2
N2
N3
N3
N3
Cl
Cl
Cl
Cl
Cl
Cl
C2
C2
C2
C3
C3
C3
C4
C4
C4
C7
C7

C7

C4
Cl
C4
C7
Cl
C7
N2
N3
03
N2
N3
N2
N2
C3
C3
N3
C2
C2
Cs
c6
Cs
C8
C9

C9

CI1C10 N1

108.13(18)
110.1(2)
120.8(2)
112.5(2)
126.7(2)
121.3(2)
112.4(2)
126.3(2)
109.6(2)
110.9(2)

104.57(19)
114.0(2)
114.8(2)
103.0(2)
129.1(3)
124.5(3)
106.5(2)
129.0(3)
125.4(3)
105.6(2)
110.7(3)
110.9(3)
112.4(3)
110.6(2)
110.9(2)
113.03)

107.3(2)

C10
Cl12
C12
Cl1
Cl11
C13
C14
C13
C13
C15
C10
C17
C18
CI18
C18
C19
CI19
Cl4
Cl4
Cl4
C22
C22
C23
C23

C23

Cl1

Cl11

Cl11

C12

C12

C12

C13

Cl4

Cl4

Cl4

CI15

Cl16

Cl6

Clé6

Cl6

Clé6

Cl6

C20

03

O3

C10

C13

Cl6

Cl6

C12

C15

C20

C20

Cl4

C12

Ci12

C17

C19

Cl12

C17

C21

C20C21A

C20C22A

C20

C20

C20

C20

C20

Cl4

C21

Cl4

C21

C22

C21AC20C22A

C23AC20 Cl14
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109.3(2)
127.42)
123.3(2)
114.5(2)
122.5(2)
123.0(2)
123.9(2)
119.0(2)
121.02)
120.0(2)
117.8(2)
108.6(2)
111.9(2)
108.5(2)
109.2(3)
109.4(2)
109.2(3)
106.8(3)
112.6(4)
108.0(4)
113.4(3)
105.9(4)
109.7(3)
111.1(5)
109.8(5)
99.2(6)

113.9(5)



CI15C10 N1 131.2(2) C23AC20C21A 113.9(8)

CI15C10C11 121.5(2) C23AC20C22A 107.9(8)
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Table A10 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic Displacement Parameters
(A?x10°) for L5b'H. U, is defined as 1/3 of the trace of the orthogonalized Uy tensor.

y

Atomx

O1 8875(2)
02 8692(2)
O3 6243.1(16)
NI 4905(2)
N2  7038(2)
N3  6877(2)
Cl 6234(2)
C2  8035(3)
C3  7946(3)
C4  6732(3)
C5 7781(4)
C6  6496(4)
C7 6385(3)
C8  7290(4)
C9 6l117(3)
C10 4139(2)
Cl1 4961(2)
C12 4530(2)
C13 3175(2)
Cl14 2315(2)
C15 2809(2)
Cl6 5461(3)
C17 6299(3)
C18 4734(3)

7794.3(13)
6551.3(15)
6228.3(9)

6838.2(12)
7299.2(12)
6338.6(12)
6679.2(13)
7341.7(16)
6692.4(17)
7793.2(15)
7775.7(18)
8533.6(18)
5670.1(15)
5066.9(19)
5750.3(19)
6435.9(13)
6081.3(13)
5659.0(13)
5590.0(15)
5921.4(15)
6362.9(14)
5283.8(15)
5846.3(19)

4868(2)

Z
4636.2(8)
5232.3(8)
4006.9(6)
4478.3(8)
4321.0(8)
4789.8(7)
4405.2(8)
4610.6(10)
4925.4(10)
3945.7(11)
3579.5(12)
4129.0(16)
4986.3(10)
4879.1(12)
5496.0(11)
4185.0(8)
3888.0(8)
3534.8(8)
3509.3(9)
3811.5(9)
4155.4(9)
3200.1(9)
2963.0(11)

2832.1(12)

173

U(eq)
50.2(6)
55.5(6)
26.5(4)
31.4(5)
31.4(5)
30.9(5)
27.0(5)
35.8(6)
36.7(6)
40.0(7)
50.4(8)
62.2(11)
35.7(6)
56.6(9)
46.1(8)
25.8(5)
23.7(5)
25.6(5)
30.7(6)
30.3(6)
29.5(6)
31.3(6)
46.5(8)

53.9(9)



Atomx

C19 6334(4)
C20 848(3)
C21 403(5)
C22 83(5)
C23 574(6)
C21A486(8)
C22A390(8)

C23A106(9)

y
4779(2)
5797.7(17)
6125(5)
6178(4)
5036(3)
5225(7)
5379(6)

6436(5)

4
3468.5(12)
3774.6(10)
3301(2)
4138(2)
3794(4)
3398(4)
4225(3)

3744(7)
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U(eq)
53.59)
39.2(7)
68(2)
56(2)
71(3)
65(3)
64(3)

88(5)



Table A11 Anisotropic Displacement Parameters (A%x10%) for .L5b’H The Anisotropic displacement
factor exponent takes the form: -2n*[h*a*?U;;+2hka*b*U +...].

Atom Uyy

O1 46.9(13)
02 41.2(13)
03  21.0(8)
N1 24.3(11)
N2 30.5(12)
N3 29.9(12)
Cl 25.6(12)
C2  30.8(14)
C3  30.3(14)
C4  41.3(16)
C5 66(2)
Co6 65(2)
C7 39.7(15)
C8 78(3)
C9 51.9(19)
C10 25.3(12)
Cl1 19.3(11)
Cl12 25.4(12)
C13 26.6(13)
Cl4 21.4(12)
C15 22.2(12)
Cl6 29.7(13)
C17 46.1(18)
C18 44.9(18)

Un
58.3(14)
85.0(18)
31.9(9)
35.5(12)
30.7(12)
35.8(12)
28.9(12)
44.5(16)
49.9(17)
29.5(14)
41.6(17)
34.2(17)
35.3(14)
42.3(18)
53.0(18)
26.6(12)
28.2(12)
30.2(12)
39.6(15)
39.6(14)
36.8(14)
37.5(14)
55.7(19)

73(2)

Uss
45.4(12)
40.4(12)
26.6(9)
34.5(11)
32.9(12)
27.2(11)
26.5(12)
32.0(14)
30.0(13)
49.1(17)
44.0(17)
87(3)
32.1(14)
50(2)
33.3(15)
25.3(12)
23.4(11)
21.2(11)
25.9(12)
30.0(13)
29.5(13)
26.7(12)
37.7(16)

44.2(18)
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Uz
-10.8(10)
4.0(12)
-7.0(7)
-15.0(10)
-4.0(9)
-1.3(9)
-6.6(10)
-10.3(12)
-5.8(12)
4.2(12)
5.1(14)
1.8(18)
2.1(11)
3.0(15)
6.5(14)
-0.7(9)
1.7(9)
0.2(9)
-2.3(11)
2.5(11)
-1.9(11)
-7.7(11)
-7.6(14)

-30.1(17)

Uss
-1.1(10)
-14.1(10)
1.3(6)
2.6(9)
-0.1(9)
-0.4(9)
1.2(9)
2.4(11)
-1.1(11)
-2.5(13)
8.2(16)
28(2)
3.0(11)
17.7(18)
9.1(13)
1.7(9)
1.0(9)
0.5(9)
-2.5(10)
0.3(10)
3.1(9)
3.5(10)
16.0(13)

7.1(14)

Uz
-28.5(11)
-13.4(12)
-2.4(7)
0.0(9)
-9.1(9)
-6.7(9)
-4.2(10)
-12.7(12)
-7.4(12)
-3.2(12)
-3.4(16)
4.4(16)
-8.3(12)
6.8(17)
-1.5(15)
-0.9(10)
-1.1(9)
-2.4(10)
-3.9(11)
-1.3(10)
3.0(10)
1.5(11)
-5.7(15)

-7.2(16)



Atom Uy
C19 61(2)
C20 23.0(13)
C21 21(2)
Cc22 21(2)
C23 28(3)
C21A32(4)
C22A34(4)

C23A32(5)

Uz

58(2)

55.5(18)

140(7)
97(5)
53(4)
106(9)
95(8)

55(6)

Uss

42.3(18)

39.2(15)

43(3)
51(3)
133(9)
58(6)
63(6)

178(18)
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Uss
-5.9(15)
-3.9(13)
8(4)
-12(4)
0(4)
-21(6)
14(5)

7(3)

Uss
4.7(15)
-2.6(11)
-9(2)
4(2)
2(4)
-5(4)
0(4)

-6(7)

Uz
27.1(17)
-2.3(12)
5(3)
-3(3)
-12(3)
-26(5)
-26(5)

7(4)



Table A11 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A?x10?) for
L5b’'H

Atom x y z U(eq)
H1l 4611.18 7146.1 4679.6 38
H4 5910.74 7627.96 3799.64 48
H5A 8589.17 7961.89 3707.39 76
H5B 7515.1 8067.46 3317.69 76
H5C 7914.42 7286.48 3477.48 76
H6A 5841.22 8515.42 4372 93
H6B 6190.67 8839.13 3879.56 93
Ho6C 7303.86 8724.91 4254.1 93
H7 5541.37 5564.49 4832.77 43
H8A 7375.18 5017.62 4545 .48 85
H8B 6941.83 4627 5008.22 85
H8C 8140.03 5163.57 5013.72 85
HO9A 6933.87 5823.06 5660 69
H9B 5694.42 5320.93 5611.12 69
H9C 5549.33 6158.86 5546.09 69
H13 2824.43 5301.34 3272.82 37
H15 2250.38 6604.46 4361.67 35
H17A5740.99 6186.69 2804.18 70
H17B 6872.19 5616.62 2740.04 70
H17C 6820.48 6094.63 3193.43 70
H18A 4197.46 4504.99 2978.4 81
H18B 5356.65 4641.61 2625.2 81
H18C4182.35 5191.76 2656.38 81
H19A 6851.42 5049.5 3689.29 80
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Atom x

HI19B 6910.07

H19C 5800.42

H21A-510.43

H21B 927.29

H21C514.77

H22A220.74

H22B 367.13

H22C -838.99

H23A-363.75

H23B 935.51

H23C966.78

H21D-449.4

H21E 940.83

H21F 742.76

H22D491.1

H22E 918.8

H22F -520.88

H23D 368.04

H23E 257.11

H23F -814.99

y
4530.73

4433.27

6012.61

5926.12

6640.67

6689.91

6020.65

6072.24

4960.85

4837.66

4801.4

5141.72

4781.35

5398.42

5684.15

4951.92

5243.56

6702.16

6725.3

6318.15

3

3255.25

3633.09

3248.17

3052.45

3309.21

4109.33

4442.5

4099.74

3789.1

4076.89

3528.04

3402.52

3464.16

3094.07

4494.56

4263.11

4192.4

3470.72

4018.57

3722.9
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U(eq)
80
80
102
102
102
85
85
85
107
107
107
98
98
98
96
96
96
132
132

132



Table A12 Crystal data for L6aH

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group
a/lA

b/A

c/A

o/°

pre

y/°
Volume/A®
V4

Pealcg/ cm’
w/mm’!
F(000)

Crystal size/mm’®

Radiation

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]

Ca6H3sN2O

392.57

173.00

Triclinic

P-1

7.5708(3)

10.0292(4)

15.7497(6)

79.355(2)

82.900(2)

82.858(2)

1159.94(8)

2

1.124

0.068

428.0

0.25 x0.25 x0.25

MoKo: (. = 0.71073)
5.296 to 56.564
-10<h<10,-13<k<13,-20<1<20
42507

5744 [Rin = 0.0531, Rigma = 0.0330]
5744/0/301

1.105

R;=0.0672, wR, =0.1337
R;=0.0921, wR, =0.1490

Largest diff. peak/hole / e A 0.40/-0.27
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Table A13 Bond lengths (A) for L6aH

01-C22

N1-C1

N1-C21

N2-C1

N2-C2

N2-C9

C1-C4

C2-C5

C2-C6

C2-C3A

C2-C3

C4-C3A

C4-C7A

C4-C8A

C4-C3

C4-C7

C4-C8

C9-C10

1.362(2)
1.287(2)
1.414(2)
1.362(2)
1.498(2)
1.439(2)
1.538(2)
1.523(3)
1.517(3)
1.603(13)
1.552(3)
1.549(15)
1.436(16)
1.614(15)
1.548(3)
1.551(4)
1.518(4)

1.406(2)

Co9-Cl14
C10-C11
C10-C15
Cl11-C12
C12-C13
C13-C14
Cl14-C18
C15-C16
C15-C17
C18-C19
C18-C20
C21-C22
C21-C26
C22-C23
C23-C24
C24-C25

C25-C26

1.407(2)
1.398(2)
1.518(3)
1.382(3)
1.380(3)
1.395(2)
1.521(3)
1.534(3)
1.534(3)
1.537(3)
1.533(3)
1.397(2)
1.392(3)
1.387(3)
1.382(3)
1.375(3)

1.387(3)
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Table A14 Bond angles (°) for L6aH

Cl N1C21
Cl N2 C2
Cl N2 C9
C9 N2 C2
N1 C1 N2
N1 C1 C4
N2 C1 C4
N2 C2 C5
N2 C2 C6
N2 C2C3A
N2 C2 C3
C5 C2C3A
C5 C2 C3
C6 C2 Cs
C6 C2C3A
C6 C2 C3
Cl C4C3A
Cl C4C8A
Cl C4 C3
Cl C4 C7
C3AC4CRA
C7AC4 C1
C7AC4 C3A
C7AC4CRA
C3 C4 C7
C8 C4 C1

C8 C4 C3

123.35(15)
115.04(14)
122.14(14)
122.51(14)
120.25(15)
131.16(16)
108.56(14)
112.15(16)
111.90(17)
100.2(5)
100.39(15)
134.6(7)
107.8(2)
107.30(18)
87.8(7)
117.2(2)
103.3(4)
115.7(5)
102.31(15)
111.9(2)
106.3(8)
107.5(6)
115.5(9)
108.8(9)
109.5(2)
110.5(2)

112.3(2)

Cl10 C9 Cl14
Cl4 C9 N2
C9 C10C15
CI11 C10 C9
CI1 C10C15
C12 C11 C10
Cl3C12C11
Cl12C13 Ci14
C9 Cl14 C18
C13C14 C9
C13C14 C18
CI10C15C16
C10C15 C17
Cl16 C15 C17
C14 C18 C19
Cl14 C18 C20
C20C18 C19
C22 C21 N1
C26 C21 N1
C26 C21 C22
Ol C22C21
01 C22C23
C23C22C21
C24 C23 C22
C25C24 C23
C24 C25 C26

C25 C26 C21
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120.96(15)
119.81(15)
122.49(16)
118.28(16)
119.07(16)
121.12(17)
119.91(17)
121.26(17)
123.04(16)
118.26(16)
118.55(16)
110.37(16)
113.34(17)
109.23(17)
112.78(17)
109.94(16)
109.99(18)
118.50(16)
123.18(16)
117.78(16)
120.19(16)
118.64(17)
121.17(18)
119.76(19)
119.96(19)
120.3(2)

121.0(2)



C8 C4 C7 110.2(2) C4 C3A C2 104.2(8)

C10 C9 N2 119.23(15) C4 C3 C2 106.74(19)
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Table A15 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic Displacement Parameters
(A?x10°) for L6aH. U is defined as 1/3 of the trace of the orthogonalized Uy tensor.

Atomx y z U(eq)
ol 7522) 6561.9(15) 3156.4(9) 41.7(4)
NI 2634.7(19) 4552.1(14) 2323.2(10) 23.2(3)
N2 4942.9(19) 3040.8(14) 2851.3(10) 22.9(3)
Cl  4308(2) 4286.4(17) 2430.2(11) 20.93)
C2 6906(2) 2870(2) 2948.3(14) 31.9(4)
C4  5868(2) 5177.1(19) 2178.7(13) 29.6(4)
C5  7296(3) 2291(3) 3878.5(16) 47.3(6)
C6  7942(3) 1919(3) 2372.8(17) 50.8(6)
Co  38452) 1931.3(16) 3102.0(11) 20.3(3)
C10 3030(2) 1666.5(17) 3959.6(11) 22.403)
Cll 20752) 526.1(19) 4206.3(12) 27.0(4)
C12 1924(2) -319.7(19) 3624.6(13) 30.4(4)
CI3 2659(2) -10.6(18) 2774.1(13) 28.4(4)
Cl4 3607(2) 1124.7(17) 2490.9(11) 23.1(4)
CI5 30353) 2625(2) 4601.0(12) 29.8(4)
Cl6 119703) 3446(2) 4713.6(14) 38.0(5)
C17 3550(3) 1892(3) 5494.0(14) 47.4(6)
CI8 4218(3) 1490(2) 1527.5(12) 30.6(4)
C19 5366(4) 306(3) 1164.2(15) 50.1(6)
C20 2591(3) 1957(2) 1015.6(14) 41.4(5)
C21 1907(2) 5778.2(17) 1831.5(11) 23.1(4)
€22 896(2) 6749.6(18) 2272.5(12) 25.6(4)
C23 2903) 7922.0(19) 1826.2(14) 33.6(4)
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Atomx

C24 135(3)
C25 1081(3)
C26 1946(3)
C3A 7545(17)
C7A 5680(20)

C8A 6010(20)

C3  7308(4)
C7  5362(5)
C8  6484(5)

y
8128(2)
7166(2)
5993(2)
4121(14)
6125(19)
6020(20)
4383(3)
6617(4)

5290(5)

4
929.7(15)
484.7(14)
931.0(13)
2234(13)
2773(14)
1199(10)
2751(3)
2419(4)

1216(2)
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U(eq)
41.0(5)
43.2(5)
34.9(4)
44(4)
45(4)
46(4)
33.9(8)
48.3(10)

45.7(9)



Table A16 Anisotropic Displacement Parameters (A?x10°) for L6aH . The Anisotropic displacement
factor exponent takes the form: -2n*[h*a*?U;;+2hka*b*U +...].

Atom Uy, U Uss Uz Usis Un
Ol  53.8(10) 36.0(8) 33.5(8) -8.7(6) -3.5(7) 6.1(7)
N1 22.0(7) 18.8(7) 27.3(8) -1.4(6) -2.3(6) -0.9(6)
N2 15.8(7) 19.5(7) 32.1(8) 0.4(6) -3.5(6) -2.8(5)
Cl  21.8(8) 18.6(8) 21.7(8) -2.7(6) 0.5(6) -3.8(6)
C2  16.0(8) 30.4(10) 47.1(12) 2.5(8) -5.1(8) -5.2(7)
C4  23.009) 23.1(9) 40.3(11) 2.6(8) -0.6(8) -8.0(7)
C5  25.7(10) 63.1(16) 54.3(14) -8.8(12) -18.3(10) 2.8(10)
C6  23.4(10) 69.6(17) 56.3(15) -14.6(13) -1.3(10) 10.4(10)
9 15.3(7) 17.1(8) 26.4(9) 0.4(6) -2.7(6) 0.2(6)
C10 16.7(8) 23.2(8) 25.9(9) -1.6(7) -4.6(6) 1.6(6)
Cl1 20.2(8) 29.0(9) 27.8(9) 3.7(7) -0.6(7) -1.5(7)
Cl12 26.2(9) 20.3(8) 42.4(11) 2.9(8) -3.4(8) -6.3(7)
C13 28.2(9) 21.4(9) 37.0(10) -7.3(7) -6.1(8) -2.7(7)
Cl4 20.3(8) 21.1(8) 26.9(9) -3.3(7) -3.6(7) 1.6(6)
C15 27.3(9) 34.0(10) 28.3(9) -7.8(8) -3.8(7) 0.8(8)
Cl6 37.4(11) 38.7(11) 35.8(11) -10.6(9) -1.5(9) 8.8(9)
C17 52.5(14) 58.4(15) 32.6(11) -12.9(10) -15.7(10) 8.1(11)
C18 35.1(10) 30.5(10) 25.9(9) -5.7(7) -0.5(8) -4.0(8)
C19 59.3(15) 51.5(14) 37.5(12) -17.3(11) 5.3(11) 7.1(12)
C20 48.7(13) 44.1(12) 31.5(11) -0.6(9) -12.4(9) -6.1(10)
C21 20.4(8) 19.5(8) 28.6(9) 0.0(7) -3.9(7) -3.6(6)
C22 23.4(9) 22.0(8) 31.5(9) -3.4(7) -3.3(7) -4.3(7)
C23 25.5(9) 21.7(9) 52.6(13) -4.4(8) -4.9(9) -0.6(7)
C24 34.5(11) 30.3(10) 52.5(13) 11.6(9) -13.3(10) -1.19)
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Atom Uy

C25

C26

C3A

C7A

C8A

C3

C7

C8

45.3(13)
37.8(11)
34(6)
32(8)
44(9)
23.2(12)
38.7(18)

34.7(17)

Un
47.9(13)
34.9(11)
47(7)
30(9)
43(9)
32.6(14)
22.1(18)

50(2)

Uss
30.8(11)
29.3(10)
52(10)
80(13)
47(8)
46(2)
87(3)

41.2(17)
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Uss
7.8(9)
-0.8(8)
1(7)
-25(8)
4(7)
0.3(12)
-7.6(17)

15.0(17)

Uss
-8.9(9)
-3.5(8)
-1(6)
8(8)
13(6)
-7.1(12)
-12.7(18)

8.2(12)

Un
0.1(10)
-0.4(9)
-23(5)
-17(7)
-20(7)
-9.0(10)
-11.0(14)

-8.4(16)



Tables A17 Hydrogen Atom Coordinates (Ax10*) and Isotropic Displacement Parameters (A?x10°) for
Lé6aH

Atom x ¥y z U(eq)
HI 1282.35 5799.59 3349.02 63
H5A 6752.69 2932.51 4260.45 71
H5B 8592.79 2152.25 3907.04 71
H5C 6792.26 1417.49 4066.36 71
H6A 7524.35 1011.39 2540.92 76
H6B 9220.33 1855.5 2440.74 76
H6C 7749.04 2276.52 1765.2 76
H11 1520.09 329.38 4783.77 32
H12 1315.71 -1112.91 3809.77 36
H13 2516.89 -581.68 2373.88 34
H15 3932.87 3283.72 4355.23 36
H16A 823.48 3861.25 4141.53 57
H16B 1273.29 4162.94 5050.06 57
H16C 319.87 2836.87 5021.13 57
H17A 2622.3 1308.54 5774.5 71
H17B 3660.48 2567.96 5855.81 71
H17C 4695.66 1330.09 5422.12 71
H18 4960.45 2270.56 1446.6 37
HI19A 4619.74 -424.49 1162.32 75
H19B 6337.95 -44.56 1528.98 75
H19C 5872.97 632.58 569.63 75
H20A 1855.47 1200.94 1075.45 62
H20B 2997.71 2245.71 401.03 62
H20C 1880.93 2724.01 1243.14 62
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Atom x

H23 -635.52

H24  -445.54

H25 1142.66

H26 2574.98

H3AA8550.73

H3AB 7926.57

H7AA4565.88

H7AB 6697.4

H7AC 5656.06

H8AA 5805.44

H8AB 7196.95

H8AC 5096.04

H3A 7248.68

H3B 8518.51

H7A 4526.61

H7B 6444.47

H7C 4794.93

H8A 6676.13

H8B 7605.96

H8C 5567.5

y
8580.76

8934.66

7304.56

5326.1

4504.95

3829.72

6725.05

6673.62

5622.01

5425.68

6332.29

6806.86

4748.3

4463.58

7146.78

7082.68

6532.75

4378.13

5716.08

5850.5

4

2135.47

621.23

-131.04

617.35

2417.49

1666.08

2704.74

2650.91

3369.91

797.19

1045.57

1158.2

3297.22

2439.13

2023.93

2366.49

3017.58

1059.65

1086.43

880.41
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U(eq)
40
49
52
42
53
53
68
68
68
69
69
69
41
41
72
72
72
69
69

69



Table A18. Crystal data for Ti(L.3a)»(OiPr),

Empirical formula
Formula weight
Temperature/ K
Crystal system
Space group

a/A

b/A

c/A

o/°

pre

v/°

Volume/A3

Z

pcalcg/cm3
wmm-1

F(000)

Crystal size/mm3
Radiation

20 range for data
collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[>=2c

(@]

Final R indexes [all data]
Largest diff. peak/hole /

CCDC

CagHuaN6O4Ti
574.57

173.0
monoclinic
P21/n
23.2014(7)
10.7004(3)
24.3975(7)

90

95.7949(12)

90

6026.1(3)

8

1.267

0.326

2448.0

0.1 x0.1x0.1
MoKa (A =0.71073)
5.076 to 60.066

29<h<32,-15<k<15,-34<1<34
157194

17589 [Rin = 0.0771, Ryjgma = 0.0307]
17589/0/779

1.131

R1=0.0532, wR2 = 0.1254

R1=10.0643, wR2 =0.1316

e A-30.43/-0.60
2345355
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Table A19. Crystal data for Zr(L3a)>(O'Pr),

Empirical formula CosH4NeO4Zr
Formula weight 617.89
Temperature/K 173.00

Crystal system monoclinic
Space group P2i/n

a/A 9.6548(4)

b/A 15.7838(6)

c/A 19.7193(7)

a/° 90

pB/° 90.246(2)

v/° 90

Volume/A® 3005.0(2)

V4 4

Pealcg/cm’ 1.366

w/mm’! 0.408

F(000) 1296.0

Crystal size/mm’® 0.4 x0.4x0.1
Radiation MoKa (A =0.71073)
20 range for data collection/°4.218 to 55.134
Index ranges -12<h<12,-20<k<20,-25<1<25
Reflections collected 94441

Independent reflections 6938 [Rint = 0.1255, Rigma = 0.0549]
Data/restraints/parameters ~ 6938/0/371

Goodness-of-fit on F? 1.049

Final R indexes [[>=26 (I)] R;=10.0579, wR, =0.0989

Final R indexes [all data] Ri=0.0975, wR,=0.1138

Largest diff. peak/hole / e A= 1.10/-0.79

CCDC 2345357
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Table A20. Crystal data for Ti(L4a)>(O'Pr),

Empirical formula C30H46N6O4T1
Formula weight 602.63
Temperature/K 173.00

Crystal system orthorhombic
Space group Pca2,

a/A 14.5172(8)

b/A 11.5840(6)

c/A 19.1268(10)
a/° 90

pB/° 90

v/° 90

Volume/A® 3216.5(3)

V4 4

Pealcg/cm’ 1.244

w/mm’! 0.309

F(000) 1288.0

Crystal size/mm’® 0.2x0.2x0.1
Radiation MoKa (A =0.71073)
20 range for data collection/°4.498 to 55.106
Index ranges -18<h<18,-14<k<15,-24<1<24
Reflections collected 39189

Independent reflections 7358 [Rint = 0.0835, Rigma = 0.0610]
Data/restraints/parameters ~ 7358/1/378

Goodness-of-fit on F? 1.053

Final R indexes [I>=26 (I)] R;=0.0481, wR,=0.1066

Final R indexes [all data] Ri1=0.0924, wR, =0.1296

Largest diff. peak/hole / e A~ 0.44/-0.35

CCDC 2345356
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Table A21. Crystal data for Ti(L4a),Cl,

Empirical formula C37H43C1LN6O, Ti
Formula weight 727.61
Temperature/K 173.00

Crystal system monoclinic

Space group P2i/n

a/A 10.6343(7)

b/A 30.9675(18)

c/A 12.5823(8)

a/° 90

pB/° 110.817(2)

v/° 90

Volume/A® 3873.1(4)

V4 4

Pealeg/cm’ 1.248

w/mm’! 0.398

F(000) 1536.0

Crystal size/mm’® 0.1 x 0.025 x 0.025
Radiation MoKa (A =0.71073)
20 range for data collection/°4.304 to 61.016
Index ranges -15<h<15,-44<k<44,-17<1<17
Reflections collected 150839

Independent reflections 11792 [Rint = 0.0482, Rigma = 0.0239]
Data/restraints/parameters ~ 11792/6/507
Goodness-of-fit on F? 1.191

Final R indexes [I>=2c (I)] R;=0.0600, wR, =0.1306
Final R indexes [all data] R:=0.0700, wR, =0.1352
Largest diff. peak/hole / ¢ A~ 0.52/-0.53

CCDC 2345354
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Table A22 Crystal data for Zn[L2a],

Empirical formula C30H40N6O2Zn
Formula weight 582.05
Temperature/K 173.00

Crystal system monoclinic
Space group P2i/n

a/A 10.8813(5)
b/A 17.2053(8)

c/A 16.7369(8)

a/° 90

pB/° 106.077

v/° 90

Volume/A® 3010.9(2)

V4 4

Pealcg/cm’ 1.284

w/mm’! 0.852

F(000) 1232.0

Crystal size/mm’® 0.1 x0.1x0.1
Radiation MoKa (A =0.71073)
20 range for data collection/°4.558 to 61.118
Index ranges -15<h<15,-24<k<24,-23<1<23
Reflections collected 163292

Independent reflections 9224 [Rine = 0.0662, Rgigma = 0.0268]
Data/restraints/parameters ~ 9224/0/360

Goodness-of-fit on F? 1.017

Final R indexes [I>=25 (I)] R;=0.0333, wR, =0.0745

Final R indexes [all data] R; =0.0500, wR, =0.0815

Largest diff. peak/hole / e A= 0.36/-0.37
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Table A23 Bond lengths (A) for Zn[L2a],

Znl-01  1.9377(10) C2-C3  1.338(2)
Znl02 1.9493(10) C4-C5  1.52002)
Znl-N1  2.0017(11) C4-C6  1.518(2)
Znl-N4  1.9837(11) C7-C8  1.520(2)
01-C11  1.3280(17) C7-C9  1.521(2)
02-C26  1.3369(16) Cl10-C11  1.4256(19)
N1-Cl1 1.3360(17) Cl10-C15  1.3897(19)
NI-C10  1.4158(17) CI11-C12  1.3986(19)
N2-C1 1.3600(18) Cl12-C13  1.387(2)
N2-C2  1.3935(18) CI3-Cl14  1.379(3)
N2-C4  1.4729(18) Cl14-C15  1.398(2)
N3-C1 1.3609(18) C17-C18  1.338(2)
N3-C3 1.3911(19) C19-C20  1.519(2)
N3-C7  1.4812(19) C19-C21  1.523(2)
N4-C16  1.3367(17) C22-C23  1.522(2)
N4-C25  1.4105(17) C22-C24  1.512(2)
N5-C16  1.3589(18) C25-C26  1.4237(18)
N5-C17  1.3965(19) C25-C30  1.3911(19)
N5-C19 147502 C26-C27  1.394(2)
N6-C16  1.3582(18) C27-C28  1.392(2)
N6-CI8  1.3926(18) C28-C29  1.382(2)
N6-C22  1.4723(19) C29-C30  1.388(2
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Table A24 Bond Angles (°) for Zn[L2a],

01
01
Ol
02
02
N4
Cl11
C26
Cl1
Cl
C10
Cl
Cl
C2
Cl
Cl1
C3
Cl6
Cl6
C25
Clé6
Cl6
C17
Clé6
Cl6
CI18
N1
N1
N2
C3
C2
N2
N2

Znl
Znl
Znl
Znl
Znl
Znl
Ol

02
N1

N1

N1

N2
N2
N2
N3
N3
N3
N4
N4
N4
N5
N5
N5
N6
N6
N6
Cl

Cl

Cl

C2
C3

C4
C4

02
N1
N4
N1
N4
N1
Znl
Znl
Znl
C10
Znl
C2
C4
C4
C3
C7
C7
Znl
C25
Znl
Cl17
C19
CI19
Cl18
C22
C22
N2
N3
N3
N2
N3
C5
Co6

117.40(5)
85.73(4)
124.19(5)
125.59(5)
85.67(4)
122.82(5)
110.53(8)
109.81(8)
129.69(9)
121.87(11)
108.43(8)
108.86(12)
125.35(12)
125.59(12)
109.27(12)
124.83(12)
124.06(13)
127.70(10)
123.08(12)
108.59(8)
108.82(13)
125.72(12)
123.74(12)
109.23(13)
124.92(12)
125.07(13)
123.85(12)
129.49(13)
106.60(12)
107.88(13)
107.37(13)
110.26(12)
110.19(13)
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N3

N3

C8

N1

C15
C15
Ol

01

Cl12
C13
Cl4
C13
C10
N4

N4

N6

C18
C17
N5

N5
C20
N6

N6
C24
N4
C30
C30
02

02
C27
C28
C29
C28

C7

C7

Cc7
C10
C10
C10
Cl11
Cl1
Cl1
Cl12
C13
Cl4
C15
Clé6
Clé6
Clé6
C17
C18
C19
C19
C19
C22
C22
C22
C25
C25
C25
C26
C26
C26
C27
C28
C29

C8

C9

Cc9
Cl11
N1
Cl11
C10
C12
C10
Cl11
Cl12
CI15
Cl4
N5

N6

NS5

N5

N6
C20
C21
C21
C23
C24
C23
C26
N4
C26
C25
C27
C25
C26
C27
C30

110.59(13)
109.21(14)
112.44(15)
114.35(12)
125.65(13)
119.67(13)
120.13(12)
121.77(13)
118.04(13)
121.46(15)
120.27(14)
119.73(15)
120.82(15)
129.90(13)
123.21(13)
106.75(12)
107.75(13)
107.44(14)
109.40(14)
110.72(13)
111.72(15)
108.99(13)
110.95(14)
113.23(15)
114.81(11)
125.35(12)
119.53(13)
119.37(12)
122.23(13)
118.37(12)
121.11(14)
120.24(14)
119.76(13)



Table A25 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic Displacement Parameters
(A?x10°) for Zn[L2a],. Ue, is defined as 1/3 of the trace of the orthogonalized Uy; tensor.

Atomx y z U(eq)
Znl 3315.7(2) 2169.9(2) 6744.8(2) 18.13(5)
O1 1682.5(9) 1712.3(6) 6730.2(7) 25.0(2)
02  4052.5(10) 1887.1(6) 5847.8(6) 23.9(2)
N1  2495.5(11) 3189.7(6) 6859.4(7) 19.6(2)
N2 3778.2(11) 4209.5(7) 6562.2(8) 22.3(2)
N3 2955.0(12) 4428.3(7) 7590.3(8) 23.8(2)
N4 4977.9(11) 1838.9(7) 7503.1(7) 20.7(2)
N5  6588.2(12) 2379.6(7) 8692.0(7) 23.8(2)
N6 4821.3(12) 1925.7(7) 8885.2(7) 24.5(2)
Cl 3013.4(12) 3898.2(8) 6998.5(8) 19.5(3)
C2  4209.7(14) 4933.5(9) 6898.0(10) 28.1(3)
C3  3695.9(15) 5071.2(9) 7524.1(10) 28.7(3)
C4  4018.9(14) 3866.5(9) 5813.3(9) 24.3(3)
C5  3442.4(18) 4374.2(11) 5059.5(11) 38.3(4)
C6  5439.3(16) 3720.9(12) 5956.3(12) 40.9(4)
C7 2477.3(16) 4265.1(9) 8320.4(9) 29.3(3)
C8 1663(2) 4935.6(11) 8476.0(12) 44.4(5)
C9  3606(2) 4093.7(13) 9069.4(12) 48.7(5)
C10 1180.4(12) 3059.3(8) 6772.9(8) 19.2(2)
C11 809.9(13) 2262.1(8) 6687.0(8) 21.3(3)
Cl12 -491.8(14) 2086.8(10) 6519.8(10) 29.4(3)
C13 -1404.1(15) 2666.7(11) 6435.7(11) 34.8(4)
Cl14 -1040.8(15) 3436.7(11) 6520.1(11) 33.4(4)
Cl5 252.4(14) 3632.3(9) 6685.8(9) 26.0(3)
Cl6 5465.8(13) 2024.7(8) 8304.1(8) 20.8(3)
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Atomx

C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29

C30

6621.7(16)
5540.1(16)
7473.0(15)
7354(2)

8840.2(16)
3660.3(14)
3996.7(19)
2597.9(18)
5688.4(12)
5135.5(13)
5729.4(15)
6826.0(15)
7350.7(14)

6777.7(13)

y

2515.6(9)
2234.1(9)
2744.9(9)
3623.2(10)
2475.1(12)
1450.5(9)
717.0(11)
1916.5(12)
1458.5(8)
1488.6(8)
1078.7(9)
640.8(9)
607.6(9)

1011.2(8)

3
9520.4(9)
9639.3(9)
8276.6(10)
8311.3(13)
8669.3(12)
8772.2(9)
9295.7(12)
8962.7(13)
7030.9(8)
6154.6(8)
5646.3(10)
5983.5(11)
6835.2(10)

7354.8(9)
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U(eq)

29.7(3)
30.6(3)
26.9(3)
44.2(4)
39.2(4)
26.7(3)
41.4(4)
44.3(4)
18.9(2)
19.7(3)
27.6(3)
30.93)
28.8(3)

24.3(3)



Table A26. Anisotropic Displacement Parameters (A%x10°%) for Zn[L2a],. The Anisotropic displacement

factor exponent takes the form: -2n*[h*a*?U;;+2hka*b*U +...].

Atom U11

Znl 17.43(7)

ol 223(5)
02  24.8(5)
N1 17.4(5)
N2 21.4(5)
N3 27.8(6)
N4 19.3(5)
N5 24.7(6)
N6 26.8(6)
Cl  17.9(6)
C2  25.5(7)
C3  30.5(8)
C4  24.8(7)
C5  46.0(10)
C6 28.0(8)
C7  41.009)
8 62.1(12)
C9  59.7(13)
C10 16.9(6)
Cl1 20.4(6)
Cl2 23.1(7)
C13 18.6(7)
Cl4 21.2(7)
C15 24.3(7)
Cl6 21.9(6)

Uz
17.85(8)
18.8(5)
28.9(5)
17.0(5)
19.1(5)
19.2(5)
24.2(6)
23.8(6)
28.7(6)
18.0(6)
20.5(7)
19.8(7)
23.5(7)
39.2(9)
51.4(11)
25.7(7)
36.9(9)
52.4(12)
24.3(6)
24.9(7)
35.0(8)
51.6(10)
43.9(9)
27.9(7)

18.9(6)

Uss
17.66(8)
32.2(6)
16.9(5)
25.4(6)
26.4(6)
24.2(6)
15.8(5)
18.6(6)
15.3(5)
21.8(6)
36.0(8)
31.8(8)
27.1(7)
30.5(8)
46.7(10)
23.2(7)
42.4(10)
29.1(9)
17.2(6)
18.5(6)
30.2(8)
35.5(9)
36.6(9)
26.8(7)

18.3(6)
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Uss
0.16(6)
3.5(4)
2.1(4)
-1.3(4)
-1.2(5)
-2.6(5)
-2.2(4)
-1.0(4)
-1.6(5)
0.3(5)
-1.7(6)
-4.3(6)
-0.2(5)
4.0(7)
2.3(8)
-1.3(6)
-0.9(8)
3.5(8)
2.5(5)
4.7(5)
3.8(6)
4.5(7)
4.9(7)
3.0(6)

0.6(5)

Uss
2.45(5)
47(4)
3.7(4)
7.3(4)
6.7(5)
6.7(5)
0.0(4)
-0.8(5)
1.6(5)
4.2(5)
4.8(6)
1.9(6)
11.4(6)
12.2(7)
15.8(8)
12.0(6)
28.2(9)
4.2(9)
5.8(5)
5.3(5)
7.8(6)
9.5(6)
10.6(6)
9.0(6)

0.2(5)

Uz
2.55(6)
-1.7(4)
10.0(4)
0.8(4)
-2.4(4)
1.8(5)
2.9(4)
-3.0(5)
-3.5(5)
2.8(5)
-5.3(6)
-2.0(6)
-0.2(5)
8.7(8)
7.0(8)
6.1(6)
16.2(9)
11.6(10)
1.4(5)
-2.1(5)
-6.9(6)
-2.3(7)
9.8(7)
6.0(6)

1.0(5)



Atom Uy

C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29

C30

33.8(8)
37.1(8)
26.7(7)
56.3(12)
26.1(8)
28.0(7)
45.8(10)
33.6(9)
18.3(6)
19.7(6)
30.5(7)
30.3(8)
20.4(7)

19.7(6)

Un
30.2(8)
34.5(8)
25.2(7)
25.9(8)
46.0(10)
30.0(7)
33.4(9)
46.4(10)
16.4(6)
18.3(6)
29.7(7)
27.2(7)
21.5(7)

21.4(6)

Uss
18.3(7)
15.9(6)
25.9(7)
51.0(11)
40.9(10)
20.8(7)
39.7(10)
54.1(12)
20.3(6)
20.4(6)
24.0(7)
38.9(9)
42.3(9)

27.3(7)
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Uss
-2.3(6)
-2.7(6)
0.2(6)
1.3(8)
1.4(8)
2.6(6)
9.4(7)
-2.6(9)
-0.7(5)
1.8(5)
-0.4(6)
-3.3(6)
-0.2(6)

-0.2(5)

Uss
-3.9(6)
0.2(6)
2.5(6)
16.0(9)
1.8(7)
4.4(6)
3.1(8)
14.2(8)
2.8(5)
4.3(5)
9.8(6)
15.8(7)
5.0(6)

-1.2(5)

Un
-2.9(6)
-1.6(7)
-5.0(6)
-5.6(8)
-4.8(7)
-3.7(6)
-6.6(8)
1.2(8)
-0.6(5)
1.9(5)
5.4(6)
6.5(6)
5.0(5)

1.4(5)



Table A27 Hydrogen Atom Coordinates (Ax10*) and Isotropic Displacement Parameters (A%x10%) for
Zn[L2a];

Atom x Y z U(eq)
H2 4769.28 5269.67 6715 34
H3  3815.19 55244 7861.09 34
H4 3575.84 3351.7 5715.18 29
HS5A 3625.64 4146.23 4568.27 57
H5B 3815.13 4896.02 5155.7 57
H5C 2514.7 4407.62 4968.59 57
H6A 5586.28 3484.5 5457.98 61
H6B 5746.2 3369.18 6430.29 61
H6C 5902.51 4215.02 6072.85 61
H7 1927.46 3790.15 8197.32 35
H8A 2198.06 5399.63 8632.97 67
H8B 1289.73 4797.39 8926.59 67
H8C 977.46 5041.91 7968.69 67
HO9A 4134.7 3684.2 8926.9 73
H9B 3290.52 3920.65 9534.55 73
HO9C 4119.22 4565.67 9229.22 73
H12 -756.94 1558.75 6462.71 35
H13 -2282.98 2532.74 6319.42 42
H14 -1666.86 3832.86 6465.76 40
H15 499.95 4163.49 6739.58 31
H17 7292.56 2763.75 9926.63 36
H18 5305.37 2242.86 10145.26 37
H19 7217.34 2581.91 7679.79 32
H20A 7885.01 3865.64 7993.7 66
H20B 7641.22 3796.6 8891.1 66
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Atom x

H20C 6459.03
H21A8891.62
H21B 9093.98
H21C 9414.79
H22 3367.31
H23A3259.58
H23B 4222.14
H23C 4724.89
H24A2402.39
H24B 2869.47
H24C 1833.09
H27 5379.61
H28 7215.21
H29 8100.72

H30 7134.84

Y

3774.09

1910.86

2608.25

2732.65

1290.39

365.17

854.87

458.62

2368.91

2091.7

1591

1098.52

363.84

309.61

981.47

3
8071.38
8605.44
9261.81
8393.43
8175.04
9166.36
9886.7
9171.18
8593.36
9542.27
8875.94
5059.88
5627.02
7064.17

7940.09
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U(eq)
66
59
59
59
32
62
62
62
66
66
66
33
37
35

29



Table A28 Crystal data for Zn(BONHMe),(NIPOx), and Zn(BONMe),Cl,»

Empirical formula Cs0He4CloN19O10Zn2
Formula weight 1166.75
Temperature/K 173.00

Crystal system monoclinic

Space group P2i/c

a/A 18.2107(8)

b/A 21.2283(8)

c/A 17.3620(7)

a/° 90

pB/° 118.086(2)

v/° 90

Volume/A® 5921.5(4)

V4 4

Pealcg/cm’ 1.309

w/mm’! 0.960

F(000) 2432.0

Crystal size/mm’® 0.25 x 0.25 x0.15
Radiation MoKa (A =0.71073)
20 range for data collection/°4.6 to 53.36

Index ranges -22<h<22,-26<k<26,-21<1<21
Reflections collected 86241

Independent reflections 12301 [Rint = 0.1018, Ryigma = 0.0653]
Data/restraints/parameters  12301/0/360
Goodness-of-fit on F? 1.011

Final R indexes [[>=26 (I)] R =10.0624, wR, =0.1563
Final R indexes [all data] Ri=0.1128, wR, = 0.1861
Largest diff. peak/hole / ¢ A~ 0.72/-0.94

202



Table A29 Bond lengths of Zn(BONHMe),(NIPOx), and Zn(BONMe),Cl,

Znl1-Cl1 2.275(2)
Znl-CI2 2.217(2)
Znl-N1 2.033(4)
Zn1-N3 2.027(4)
01-C1 1.363(5)
01-C3  1.383(6)
02-C11 1.369(6)
02-C13 1.396(5)
NI1-C1 1.314(6)
N1-C2  1.398(6)
N2-C1  1.315(6)
N2-C8  1.476(6)
N3-C11 1.315(6)
N3-C12 1.403(6)
N4-C11 1.319(6)
N4-C18 1.473(7)
C2-C3  1.387(7)
C2-C7 1.368(7)
C3-C4  1.381(7)
C4-C5  1.376(8)
C5-C6  1.390(9)
C6-C7 1.386(8)
C8-C9 1.502(8)
C8-C10 1.525(8)
C12-C131.381(6)

C12-C171.372(7)

04-C23 1.382(5)
05-C41 1.244(5)
06-C42 1.262(5)
07-C42 1.229(5)
08-C46 1.238(4)
09-C47 1.261(5)
010-C471.218(5)
N5-C31 1.310(5)
N5-C32 1.421(5)
N6-C31 1.323(6)
N6-C38 1.458(6)
N7-C21 1.319(5)
N7-C22 1.408(5)
N8-C21 1.323(5)
N8-C28 1.471(6)
N9-C41 1.317(5)
N9-C43 1.461(5)
N10-C461.319(5)
N10-C48 1.469(5)
C22-C23 1.374(6)
C22-C27 1.388(6)
C23-C24 1.380(6)
C24-C25 1.382(7)
C25-C26 1.386(8)
C26-C27 1.396(7)

C28-C29 1.505(8)

203



C13-C141.368(7)
C14-C151.392(7)
C15-C161.379(8)
C16-C171.394(8)
C18-C191.469(9)
C18-C201.512(9)
Zn2-05 2.228(3)
Zn2-06 2.063(3)
Zn2-08 2.161(3)
Zn2-09 2.076(3)
Zn2-N5 2.084(3)
Zn2-N7 2.147(3)
03-C31 1.366(5)
03-C33 1.396(5)

04-C21 1.363(5)

C28-C30 1.534(7)
C32-C33 1.366(6)
C32-C37 1.370(6)
C33-C34 1.377(6)
C34-C35 1.375(7)
C35-C36 1.375(8)
C36-C37 1.395(6)
C38-C39 1.494(8)
C38-C40 1.455(9)
C41-C42 1.539(5)
C43-C44 1.503(8)
C43-C45 1.477(8)
C46-C47 1.547(6)
C48-C49 1.487(8)

C48-C50 1.477(7)
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CI2 Zn1 Cl1

N1 Znl CI1

N1 Znl CI2

N3 Znl CI1

N3 Znl CI2

N3 Znl NI

Cl O1 C3

Cl1 02 C13

C1 NI Znl

Cl N1 C2

C2 NI Znl

Cl N2 C8

C11 N3 Znl

CI11 N3 C12

C12 N3 Znl

CIl1 N4 C18

N1 C1 Ol

N1 C1 N2

N2 C1 Ol

C3 C2 NI

C7 C2 NI

C7 C2 C3

01 C3 C2

C4 C3 O1

C4 C3 C2

121.63(10)
107.17(12)
105.31(12)
105.28(13)
110.72(14)
105.70(16)
104.0(3)
104.0(4)
128.4(3)
105.1(4)
125.8(3)
124.0(4)
129.2(4)
104.5(4)
125.7(3)
125.2(5)
114.7(4)
128.1(4)
117.2(4)
107.8(4)
131.9(5)
120.2(5)
108.5(4)
127.8(5)

123.7(5)

C41 05 Zn2

C42 06 Zn2

C46 O8 Zn2

C47 O9 Zn2

C31 NS Zn2

C31 N5 C32

C32 N5 Zn2

C31 N6 C38

C21 N7 Zn2

C21 N7 C22

C22 N7 Zn2

C21 N8 C28

C41 N9 C43

C46N10C48

N7 C21 O4

N7 C21 N8

N8 C21 O4

C23C22 N7

C23C22C27

C27C22 N7

C22C23 04

C22C23C24

C24C23 O4

C23C24C25

C24 C25C26

205

109.8(2)
117.8(2)
111.3(2)
117.4(3)
128.8(3)
104.4(3)
126.8(3)
125.2(4)
129.0(3)
104.1(3)
126.9(3)
124.3(4)
124.2(3)
123.3(3)
114.8(4)
128.6(4)
116.6(4)
108.5(4)
120.0(4)
131.6(4)
108.6(4)
124.5(4)
126.9(4)
115.4(5)

121.5(5)



C5 C4 C3

C4 C5 C6

C7 Co6 C5

C2 C7 Cé6

N2 C8 C9

N2 C8 C10

C9 C8 CI10

N3 C11 O2

N3 C11 N4

N4 C11 02

CI13C12 N3

C17C12 N3

Cl17C12C13

C12C13 O2

C14C13 02

Cl14C13C12

C13C14Cl15

Cl16C15Cl14

C15C16C17

C12C17Cl16

N4 C18C20

C19C18 N4

C19C18C20

06 Zn2 O5

06 Zn2 08

06 Zn2 O9

115.2(5)
122.2(5)
121.3(6)
117.4(5)
110.2(4)
107.2(5)
111.7(5)
114.8(4)
127.9(5)
117.4(5)
108.8(4)
131.8(5)
119.4(5)
107.8(4)
127.2(5)
125.1(5)
114.9(5)
121.6(5)
121.8(5)
117.4(5)
108.0(6)
110.4(5)
111.8(7)

77.42(10)

88.87(10)

163.06(10)

C25C26 C27

C22 C27C26

N8 C28C29

N8 C28 C30

C29 C28 C30

N5 C31 O3

N5 C31 N6

N6 C31 O3

C33C32 N5

C33C32C37

C37C32 N5

C32C33 O3

C32C33C34

C34C33 O3

C35C34C33

C34 C35C36

C35C36 C37

C32C37C36

N6 C38C39

C40C38 N6

C40C38C39

05 C41 N9

05 C41C42

N9 C41C42

06 C42C41

07 C42 06
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122.1(5)
116.5(5)
110.0(5)
108.1(4)
113.1(5)
114.9(4)
128.4(4)
116.7(4)
108.2(4)
120.1(4)
131.7(4)
108.6(4)
124.3(5)
127.0(4)
115.0(5)
122.3(5)
121.1(5)
117.1(5)
108.4(5)
110.7(5)
112.4(6)
124.7(4)
119.7(3)
115.6(3)
114.4(3)

126.6(4)



06 Zn2 N5

06 Zn2 N7

08 Zn2 05

09 Zn2 O5

09 Zn2 08

09 Zn2 N5

09 Zn2 N7

NS5 Zn2 OS5

NS5 Zn2 O8

N5 Zn2 N7

N7 Zn2 OS5

N7 Zn2 O8

C31 03 C33

C21 04 C23

98.48(12)
90.81(11)
81.17(11)
90.10(11)
77.80(10)
93.52(12)
100.30(12)
93.00(12)
169.45(12)
93.92(13)
167.11(11)
93.53(12)
103.8(3)

104.1(3)

07 C42C41

N9 C43 C44

N9 C43 C45

C45C43C44

08 C46N10

08 C46 C47

N10 C46 C47

09 C47C46

010C47 09

010C47 C46

N10C48 C49

N10C48 C50

C50C48 C49
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119.0(4)
109.5(4)
109.7(4)
110.8(5)
124.4(4)
119.9(3)
115.7(3)
113.13)
127.1(4)
119.8(4)
109.1(4)
110.2(4)

112.2(5)



Table A30 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic Displacement Parameters
(A?x10°) for Zn(BONHMe)>(NIPOx), and Zn(BONMe),Cl, U, is defined as 1/3 of the trace of the
orthogonalized Uy tensor.

Atomx y 4 U(eq)

Znl 3704.3(5) 1847.6(3) 5448.8(4) 70.2(2)
Cll  4610.1(18) 1106.6(9) 5455.2(13) 126.7(9)
C2 2363.3(14) 1637.6(11) 4945.8(12) 123.3(9)
0Ol 339502 3241.9(14) 3582(2) 51.1(8)
02 5164(2) 2469.6(15) 8049(2) 53.3(8)
N1 3743(2) 2582.2(17) 4718(2) 47.8(9)
N2 2357(2) 2635.1(19) 3582(3) 54.3(10)
N3 4212(3) 2172.7(19) 6692(3) 57.3(10)
N4 5558(3) 1721(2) 7362(3) 71.7(13)
Cl  3148(3) 2795(2) 3975(3) 45.6(10)
2 4460(3) 2902.9(19) 4838(3) 47.1(11)
3 4239(3) 3306(2) 4134(3) 51.1(11)
C4  4791(4) 3709(2) 4047(4) 65.3(15)
C5  5596(4) 3682(3) 4711(5) 73.6(17)
C6  5834(4) 3278(3) 5418(5) 74.7(17)
C7  52653) 2881(2) 5490(4) 62.0(13)
c8  1716(3) 2951(3) 2795(3) 64.1(14)
9 1493(4) 3576(3) 3035(5) 90(2)

C10 966(4) 2511(3) 2389(4) 81.4(18)
Cl11 4973(3) 2101(2) 7332(3) 55.0(12)
C12 3844(3) 2609(2) 7012(3) 49.4(11)
C13 4425(3) 2791(2) 7841(3) 48.4(11)
Cl4 4284(3) 3211(2) 8355(3) 58.7(13)
C15 3482(4) 3458(3) 7982(4) 66.7(15)
Cl6 2882(3) 3279(3) 7161(4) 67.0(15)
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Atomx

Cl17
C18
C19
C20
Zn2
03
04
05
06
o7
08
09
010
N5
N6
N7
N8
N9
N10
C21
C22
C23
C24
C25
C26

C27

3052(3)
6415(4)
6958(5)
6707(6)
1509.3(3)
-364.3(19)
3751(2)
632.4(17)
1970.2(17)
1750(2)
2145.4(17)
1017.6(18)
997(2)
711(2)
-282(3)
2543(2)
3419(2)
565(2)
2075(2)
3209(3)
2646(3)
3385(3)
3693(4)
3194(4)
2436(4)

2141(3)

y

2850(3)
1687(3)
2121(4)
1012(4)
6113.7(2)
4688.3(14)
4967.8(13)
6836.5(13)
6281.7(12)
6809.3(15)
6949.8(12)
6232.0(12)
6876.9(15)
5371.5(15)
5411.1(19)
5507.2(15)
5629.0(17)
7510.6(17)
7663.6(15)
5388.4(18)
5126.9(18)
4805.7(19)
4394(2)
4304(2)
4609(2)

5030(2)

4

6658(3)
8084(4)
7926(5)
8161(7)
2729.8(3)
1570(2)
3987.6(19)
1841.0(18)
1867.7(18)
670(2)
3440.3(18)
3583.2(18)
4580(2)
2068(2)
2586(3)
3494(2)
2831(2)
796(2)
4371(2)
3403(3)
4202(3)
4499(3)
5196(3)
5588(3)
5291(4)

4591(3)

209

U(eq)
60.1(13)
76.1(17)
120(3)
148(4)
36.82(15)
52.4(8)
48.5(8)
40.5(7)
38.2(6)
54.0(8)
38.6(6)
41.4(7)
63.0(10)
42.8(8)
59.5(11)
39.7(8)
48.9(9)
44.109)
42.6(8)
41.6(10)
44.1(10)
49.5(11)
58.7(13)
71.8(16)
68.2(15)

55.6(12)



Atomx

C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
C41
C42
C43
C44
C45
C46
C47
C48
C49

C50

4114(3)
3806(4)
4522(4)
38(3)
785(3)
129(3)
3(3)
600(4)
1269(4)
1376(3)
-1031(3)
-971(5)
-1772(4)
878(2)
1595(3)
-71(3)
~779(4)
297(4)
1867(2)
1234(3)
2626(3)
2140(4)

3348(4)

y
5400(2)

4916(4)
5970(3)
5187.5(19)
4947.5(19)
4539(2)
4057(2)
4004(2)
4406(2)
4891(2)
5174(2)
5316(3)
5445(3)
7024.8(18)
6679.6(19)
7930(2)
7984(3)
8555(4)
7129.9(18)
6716.5(19)
8133.4(19)
8715(3)

8257(3)

4
2699(4)
1981(5)
2512(4)
2098(3)
1476(3)
1177(3)
597(3)
329(4)
616(4)
1202(3)
2592(4)
3463(5)
1877(6)
1323(3)
1268(3)
795(3)
-117(5)
1133(6)
3931(3)
4060(3)
4287(3)
3886(6)

5148(4)
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U(eq)
59.5(13)
100(2)
80.8(19)
46.2(11)
45.0(10)
48.7(11)
62.8(14)
66.8(15)
65.9(14)
54.7(12)
64.0(15)
104(3)
108(3)
36.6(9)
38.6(9)
51.2(12)
93(2)
125(3)
35.8(9)
39.59)
46.2(11)
119(3)

86.0(19)



Table A31 Anisotropic Displacement Parameters (A*x10%) for Zn(BONHMe),(NIPOx), and
Zn(BONMe),Cl,. The Anisotropic displacement factor exponent takes the form: -
2m°[h%a*?U 1 +2hka*b*Up+...].

Atom Uy U Uss Uz Uss Un
Znl 103.1(5) 49.2(4) 56.7(4) 4.4(3) 36.4(4) -14.5(3)
Cll 231(3) 69.1(11) 89.6(12) 16.6(9) 83.6(15) 47.4(14)
CL2  132.5(16) 146.9(18) 77.6(11) 9.0(11) 38.8(11) -87.4(14)
Ol 66(2) 37.8(17) 65(2) 9.0(14) 43.4(18) 6.6(14)
02 59(2) 51.6(19) 52.3(19) 4.2(15) 28.6(16) 4.5(16)
N1 54(2) 40(2) 53(2) 1.1(17) 29(2) 3.4(17)
N2 55(2) 50(2) 64(3) 4.8(19) 34(2) 1.4(19)
N3 70(3) 48(2) 58(2) 7.9(19) 33(2) 2(2)
N4 81(3) 61(3) 75(3) 0(2) 38(3) 14(2)
Cl  56(3) 36(2) 55(3) 0(2) 35(2) -12)
C2  56(3) 29(2) 63(3) -6(2) 33(2) 1.7(19)
C3  58(3) 34(2) 74(3) -8(2) 41(3) 0(2)
C4  83(4) 30(2) 112(5) -4(3) 70(4) 1(2)
C5  68(4) 40(3) 128(5) -25(3) 59(4) -12(3)
C6  55(3) 56(3) 108(5) -29(3) 34(3) 0(3)
C7  593) 45(3) 80(4) -9(3) 32(3) 2(2)
8 60(3) 74(4) 56(3) 4(3) 25(3) 8(3)
9 81(4) 64(4) 106(5) 7(4) 29(4) 20(3)
C10 68(4) 103(5) 69(4) -20(3) 29(3) -7(3)
Cll 66(3) 48(3) 57(3) 9(2) 33(3) 3(2)
C12 54(3) 47(3) 51(3) 13(2) 27(2) -5(2)
C13 50(3) 47(3) 57(3) 12(2) 33(2) -12)
Cl4 63(3) 61(3) 63(3) 2(3) 39(3) -5(3)
C15 76(4) 65(3) 83(4) 12(3) 57(3) 9(3)
C16 59(3) 73(4) 78(4) 23(3) 39(3) 7(3)
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Atom Uy

Cl17
C18
C19
C20
Zn2
03
04
05
06
o7
08
09
010
N5
N6
N7
N8
N9
N10
C21
C22
C23
C24
C25
C26

C27

62(3)
77(4)
94(5)
142(8)
54.0(3)
58.7(19)
70(2)
50.4(17)
53.2(17)
68(2)
49.2(17)
56.3(18)
88(2)
58(2)
70(3)
57(2)
63(2)
51(2)
59(2)
56(3)
72(3)
78(3)
90(4)
129(5)
120(5)

83(4)

Un
63(3)
75(4)
132(7)
99(7)
23.7(2)
37.6(17)
33.1(16)
35.9(15)
27.8(14)
55(2)
30.3(14)
29.6(15)
55(2)
28.7(18)
50(2)
24.3(16)
38(2)
44(2)
33.2(18)
26(2)
23(2)
28(2)
36(2)
39(3)
42(3)

36(2)

Uss
60(3)
78(4)
125(7)
176(9)
47.7(3)
67(2)
54.6(18)
48.1(16)
47.9(16)
60.2(19)
49.0(16)
52.7(17)
82(2)
54(2)
81(3)
50(2)
64(2)
51(2)
50(2)
49(2)
49(2)
56(3)
60(3)
64(3)
73(3)

63(3)

Uss
12(3)
11(3)
1(6)
39(6)
-0.9(2)
-15.5(15)
12.7(13)
3.9(13)
8.9(12)
23.1(16)
-3.8(12)
-7.8(13)
-31.8(18)
-8.6(15)
-30(2)
3.7(14)
17.4(17)
17.8(17)
-8.8(16)
4.1(18)
2.4(17)
4.0(19)
13(2)
20(2)
11(3)

502)
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Uss
33(3)
38(3)
44(5)
52(7)
36.3(2)
34.7(17)
39.4(17)
33.8(15)
35.5(14)
47.7(18)
33.8(14)
37.6(15)
70(2)
36.7(19)
54(2)
34.9(18)
44(2)
36.1(18)
37.4(19)
30(2)
38(2)
43(3)
44(3)
60(4)
71(4)

53(3)

Un
-4(3)
23(3)
-24(5)
54(6)
0.1(2)
-6.7(14)
15.5(14)
3.6(13)
8.9(12)
20.4(16)
-0.5(12)
-6.5(12)
-29.2(18)
-1.1(16)
-22(2)
2.2(15)
15.2(17)
16.3(17)
-8.3(16)
5.0(18)
-12)
9(2)
16(2)
17(3)
2(3)

2(2)



Atom Uy

C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
C41
C42
C43
C44
C45
C46
C47
C48
C49

C50

60(3)
105(5)
69(4)
56(3)
61(3)
59(3)
68(3)
83(4)
87(4)
68(3)
65(3)
147(6)
83(5)
41(2)
47(2)
57(3)
67(4)
83(5)
44(2)
51(2)
67(3)
84(5)

62(4)

Un
60(3)
104(5)
86(4)
30(2)
28(2)
34(2)
42(3)
48(3)
50(3)
39(3)
49(3)
83(5)
77(5)
34(2)
33(2)
47(3)
86(5)
102(6)
30(2)
32(2)
33(2)
71(4)

100(5)

Uss
76(3)
116(6)
107(5)
56(3)
50(3)
56(3)
70(3)
74(4)
78(4)
70(3)
102(4)
145(6)
162(7)
41(2)
46(2)
63(3)
115(5)
175(8)
39(2)
47(2)
54(3)
171(8)

90(4)
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Uss
23(3)
-25(4)
45(4)
-8.5(19)
-4.5(18)
-6(2)
-23(2)
-26(3)
-15(3)
-13(2)
-23(3)
-39(4)
-13(5)
-0.2(17)
-1.3(18)
18(2)
-6(4)
-75(6)
3.8(17)
-1.5(18)
-9.6(19)
61(5)

94

Uss
46(3)
72(5)
58(4)
30(2)
29(2)
30(2)
26(3)
41(3)
53(3)
43(3)
58(3)
121(6)
56(5)
25(2)
31(2)
40(3)
33(4)
48(5)
24(2)
32(2)
42(2)
35(5)

31(3)

Un
20(2)
21(4)
23(3)
-2.9(19)
5.4(19)
3(2)
-2(2)
2(3)
8(3)
-12)
-14(3)
-42(4)
6(4)
1.8(17)
0.9(18)
20(2)
33(3)
12(4)
2.7(17)
-1.7(18)
-15(2)
-6(4)

-25(3)



Table A32 Hydrogen Atom Coordinates (Ax104) and Isotropic Displacement Parameters (A2x103) for
Zn(BONHMe),(NIPOx), and Zn(BONMe),Cl,

Atom x y b4 U(eq)
H2 2201.06 2320.11 3800.64 65
H4  5426.08 1466.72 6915.31 86
H4A 4625.51 3984.73 3562.06 78
HS5 6002.8 3949.1 4685.34 88
H6A 6398.39 3273.1 5860.98 90
H7  5428.15 2603.94 5972.9 74
H8A 1935.82 3019.45 2371.51 77
H9A 1293.13 3512.11 3463.25 135
H9B 1055.58 3776.08 2511.01 135
H9C 1986.59 3847.66 3286.54 135
H10A 1130.83 2112.6 2229.4 122
H10B 524.11 2708.13 1864.96 122
H10C 762.14 2430.19 2810.51 122
H14 4700.83 3324.54 8923.07 70
H15 3343.85 3757.33 8300.38 80
H16 2339.08 3452.7 6932.5 80
H17 2636.79 2728.23 6093.39 72
H18 6413.15 1810.73 8638.33 91
H19A 7002 1982.33 7410.4 180
H19B 7512.36 2123.95 8434.82 180
H19C 6722.11 2546.58 7825.88 180
H20A 6316.05 735.18 8238.6 222
H20B 7260.92 971.54 8665.03 222
H20C 6732.15 891.98 7628.85 222
H6 -22.33 5728.21 2935.41 71
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Atom x

H8  3124.07
H9 751.49
H10 1874.05
H24 4213.73
H25 3373.29
H26 2107.18
H27 1622.29
H28 4533.36
H29A3531.77
H29B 4277.38
H29C 3408
H30A4113.21
H30B 4992.01
H30C 4722.87
H34 -462.31
H35 548.98
H36 1666.46
H37 1837.01
H38 -1051.27
H39A -458.79
H39B -1452.76
H39C-961.51
H40A -1790.28
H40B -2268.62
H40C -1758.03

H43 -284.52

y

5946.89
7587.25
7742.23
4187.23
4025.31
4530.17
5239.85
5196.04
4572.3

4747.75
5112.36
6183.72
5828.93
6263.32
3781.75
3678.36
4353.16
5170.01
4706.82
5131.13
5136.03
5773.11
5898.27
5243.25
5375.88

7749.3

2
2508.88
420.35
4733.31
5393.82
6071.66
5572.62
4391.75
3251.69
2124.81
1920.69
1430.86
1982.41
2427.79
3005.87
396.56
-68.88
411.32
1402.18
2514.8
3923.88
3492.69
3545.04
1974.29
1848.82
1326.31

1182.84

215

U(eq)
59
53
51
70
86
82
67
71
150
150
150
121
121
121
75
80
79
66
77
156
156
156
162
162
162

61



Atom x y z U(eq)

H44A-1191.77 8282.65 -122.25 140
H44B -1039.13 7570.23 -313.14 140
H44C-567.53 8134.13 -508.96 140
H45A 694.92 8520.86 1755.73 188
H45B -145.04 8851.92 1055.27 188
H45C 584.87 8707.06 814.02 188
H48 2833.55 7960.41 3890.22 55

H49A 1943.86 8896.52 427541 178
H49B 1660.68 8610.12 3324.21 178
H49C 2494.24 9020.08 3793.93 178
HS50A 3739.48 8536.35 5075.96 129
H50B 3625.49 7858.03 5407.78 129
H50C 3158.36 8457.5 5531.39 129
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