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l. Poly(lactide): A Biodegradable Polymer

1.1. General Introduction

1.1.1. Biodegradable Polymers

Society’s dependance on petrochemical resourcasciwllenging problem. These resources
will be consumed some day. By virtue of growing legacal consciousness in chemical
industry and academical research, replacing petragtally based materials by products

based on natural resources is a path to overcasidependance.

Today, chemical industry strongly relies on peteruital resources. In 2008 more than 280
Mt of polymers were produced worldwidequt only neglicibly small 360 000 tons (0.1%)
came from natural resourceéccording to present forecasts, annual growthsrafe37% are
expected, reaching a production capacity of 3.450kMbiorenewable polymers in 2020.
Overall, 90% of petrochemically derived polymersoquced today can potentially be
replaced One of the most prominent representatives of theedegradable polymers is

polylactide, also referred to as poly lactic(agi@lA).

The physical and chemical properties render PLAtinactive alternative to petrochemically
derived polymers like polyethylene (PE), polypramg (PP) or polystyrene (PS). Presently,
PLA is already used in biomedical implants; for mypde as sutures; as packaging material,

films or fibres*®

1.1.2. From Corn to Polylactide (PLA)

Reports dating from the sixteenth century alreadgcdbe polycondensation of lactic acid,
resulting in a solid materidlHowever, PLA was not recognized specifically u@rothers

et al. first mentioned Ring-Opening Polymerization (R@P)actide to PLA in 1932 .Nearly

40 years passed until in the 1970s the advantagkpassible applications for biodegradable
polymers were recognized. Industrial productiorPbfA started in the early 90s. Since that
day, produced amounts grew every yedioday, more than 150 000 t PLA are produced
annually in the USA, Europe and Japan by compasues as Natureworks LLC, which
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specialized in the production of PLA. The physicilemical and processing characteristics of
PLA have been reported in a number of reviews shgwioneering efforts that have been

made over the last decadds?*

ROP
/ Initiator (MOR)
-H,0
lactide
OH Polycondensation
OH RO 0’)

lactic acid
/Hydrolysis

CO, + HyO
~_

Fermentation

Scheme 1.1Lifecycle of PLA

The lifecycle of PLA (Scheme 1.1.) starts from aliarcorn or sugar feedstocks which are
processed into glucose. By fermentation using biactd the genus lactobacillus, lactic acid
is produced? Lactic acid can directly be polycondensed into Pliterms of control over
selectivity, molecular weight, molecular weighttdizution (PDI) or melting point; lactic acid
Is reacted by condensation into its cyclic diesaetide (LA), that is polymerized by ring-
opening polymerization (ROP) using an organometalirganic or enzymatic initiator.
Decomposition of PLA into Coand HO closes the lifecycle of PLA.

1.1.3. Ring-Opening Polymerization (ROP) of Lacti¢d Monomers

The nature of the initiator used for the ROP otitleec monomers determines the occuring

30-33yjia coordination-insertion mechanism

mechanism. ROP can proceed catiGhic,anionic:
or via activated monomer mechanism. The coordinatisertion mechanism (Scheme 1.2.

A) is well understood and supported by detailed expmtal and theoretical studi&s?*
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Scheme 1.2Mechanisms of the ROP of lactid®. coordination-insertion mechanisi, activated

monomer mechanism.

Commonly, organometallic initiators bearing Lewdelic metal centers are used. The metal
is ligated by one or more mono- or multidentatarigs, determining electronical and sterical
properties of the initiator. Amide, alkoxide or gligroups may be used as initiating groups.
Lactide coordinates with one carbonyl oxygen toltbwis acidic metal center, followed by

nucleophilic attack of the initiator group at tharlwonyl carbon. The lactide ring undergoes
acyl-bond cleavage to create a new alkoxide speo@sled to the metal center that
subsequently attacks another lactide monomer asckeaphile. Termination by hydrolysis

yields hydroxy end capped polymers.

The activated monomer mechanism (SchemeRB).®ccurs, when organocatalysts or cationic
initiators are use®*? The nucleophilic initiator activates lactide bycieophilic attack.
Addition of a protic substrate, f.e. an alcoholitiates polymerization by generating a ring-
opened adduct which consists of@nhain bearing an ester from the initiating alcodwadl an

w-chain that is end capped with a secondary alcohol.
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Theoretical calculations have identified loss ofgristrain as driving force of the ROP. The
standard enthalpy of the polymerization is -23 ldlimand the standard entropy of
polymerization is -0.04 kJ.Kmol™ for the formation of PLA?

Transesterification is the main side reaction durthe ROP? leading to scrambling in
molecular weights. As a consequence, PDI valuesease” This can occur intra- or
intermolecularly. In case of intramolecular trartegBcation, two neighboring polymer
chains exchange their polymer ends forming sholgnper chains and macrocyclic species.
(Scheme 1.3.A) In intermolecular transesterifiaatichain redistribution takes plag&cheme
1.3.B)®

0
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IL,.MI\OJS;\O ILn I‘O/LWO\H-LOR

(& ) k O
O +

HO I RO O,I nl

-

(0]
intramolecular intermolecular
o O O
[L,M] OR [LM]< OR 0 0
© © o S0 oMy 0 OR
0O 0] O 0
n

Scheme 1.3. Alntramolecular an®: intermolecular transesterification

|.2. Stereocontrolled ROP of Lactide

1.2.1. Structure of Lactide Monomers and Poly(lattde)

Physical and mechanical properties of a polymeiatenal strongly depend on its molecular
weight, PDI and stereochemistry. Lactide posses$s®es stereocenters resulting in three

isomersD-, L- andDL-lactide fneselactide) (Scheme 1.4.).
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Y
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Scheme 1.4Lactide isomers

The isomers are commercially available in pure f@and as racemate, referred toras-
lactide. Due to these stereocenters, stereocaedr®OP of lactide monomers can result in a

variety of PLA microstructures (Scheme 1.5.).
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Scheme 1.5PLA microstructures resulting from stereocontrolROP ofA: rac-lactide andB: mese

lactide.

ROP of enantiopure- andL-lactide gives isotactic PLA featuring all stereatszs along the

polymer chain having the same configurati@RRRRFor SSSS§SROP ofrac-lactide can
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result in isotactic diblock or multiblock PLA. Hettactic PLA evolves from alternating
insertion ofD- andL- configured monomers out o&c-lactide; the stereocenters along the
polymer chain doubly alternate (e. §SRRSSRRESIROP of meselactide can potentially
result in formation of heterotactic or syndiotaddtA. The stereocenters alternate along the
polymer chain (e.gSRSRSRSRERtactic PLA is formed if no stereocontrol occu&de
reactions like transesterification, chain termioati or insertion errors influence the

microstructure.

Polymer tacticity is identified by homonuclear deptedH NMR and®*C NMR analysis of
tetrad sequencé8’*’ In absence of side reactions like epimerizatiortransesterification,
ROP of lactide monomers results in well-definedslde tetrad sequences. The chemical

shifts of these tetrad sequences are shown in Schein

(a) (b) (©) . (d)
v
. RAYARARY
AYAY 555
iis/
isi Sii Sis

i
isi
SIS Sl . | | | I | iss | isi ssi él""

5.25 5.20 5.15 69.2 69.0 5.25 5.20 5.15 69.2 69.0

Scheme 1.6Chemical shifts (in ppm) for diagnostic tetrad wempes. (ajH{*H} NMR spectrum of
poly(rac-lactide); (b)**C{*H} NMR spectrum of poly(ac-lactide); (c)*H{*H} NMR spectrum of
poly(meselactide); (d)**C{*H} NMR spectrum of polyfeselactide).

The degree of stereoregularity is quantified aabdity of racemic or mesoenrichments
along the polymer chain. The probability of formiaghewracemicdiad is referred to aB;
and the probability of forming a newesodiad is refered to a®,. These values are
calculated from homonuclear decoupfét{*H} NMR spectra of PLA"****°A completely
atactic polymer featureB, = P, = 0.50. For ROP ofac-lactide,P; = 1.0 P, = 0) describes
perfectly heterotactic PLA ané, = 1.0 @, = 0) describes isotactic PLA. For ROPmése
lactide, P, = 1.0 P, = 0) describes perfectly syndiotactic PLA whig, = 1.0 ¢, = 0)
describes heterotactic PLA. Analdg),is used to describe isotacticity of PLA aAgdescribes

syndiotacticity.
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Tacticity of the polymer affects its meltingi) and glass transition temperaturé)(
Heterotactic PLA melts aI,, = 130 °C, isotactic PLA showk, = 180 °C. Annealing of an
equimolar mixture of isotactic polylactide) and polyg-lactide) results in stereocomplex
PLA (Neo-PLA) withTy, =~ 230 °C (Scheme 1.744>° Syndiotactic PLA is reported to melt at
Tm =153 °C'**

- N
0
/@\S(O\n/s\oﬁ:
O
O +
RO
ooy dor
= 0
AN

Isotactic Chains of PLA
T max. 180 °C

~ Stereocomplex PLA
T :230°C

Scheme 1.7Formation of stereocomplex PLA

[.2.2. Metal-Based Initiators for the ROP of Lactde Monomers

Since the work of Kleine in 1959 who studied thepgaration of PLA using metal-based
initiators>* organometallic compounds have been investigateth wegard to their
applicability as initiators for the ROP of lactidenomers.

In industry, tin(ll) bis(ethylhexanoate) Sn(Qcig the most widely established precatalyst for
the production of PLA. Protic reagents or impustsich as alcohols, amines or lactic acid

act as co-initiators (Scheme 1.&7J*

0] O ROH O
_Sn_ Sn___R
O (¢} 0 (0]
Sn(Oct),

Scheme 1.8Structure of Sn(Octland its reaction with alcohols.

Mechanistic and kinetic aspects on the ROP indiaby Sn(Octj have been studied

|38 |55

intensively by Penczekt al™ and Kowalskiet al”> Application of Sn(ll) initiators stays

controversial because of their toxicity. Other rhettkoxides such as [Al(®r)]?""2" or
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alkoxide clusters like [¥(u-O)(OPr)3'® and [Fe(u-O)(OEtys*"* were found to efficiently
initiate ROP of lactides. The polymerization issle®ntrolled due to more than one alkoxide
groups that can potentially attack lactide. Thisults in relatively broadv,/M, values.
Consequently, well-defined single site initiatdnatt efficiently control molecular weight, its
distribution and stereoselectivity have experiergéegmendous development.

Today, numerous homogeneous catalysts have beerteépo polymerize lactide monomers.

They are highlighted in several comprehensive wesfe’°*82%21Complexes based on

alkaline earth metals magnesitfi? 831381%gr calcium?©:6167:69.72.77.798484n gcandiuni’ 2

yttrium9,20,87,89—91,93—105,107—120and the |anthanidég',87'89'96_97'103'106_110'116_117'121_16771 group 4

metals (tltan iu n%O'SG'112'119'128_153'155_15%ircon | urﬁ36,131—133,135—143,147,153,155—16and hafniu rhSl_

133,139,141-142,155,156,159-161,163; '650n iron,20,32,166-171 nicke

61,65,69,72-83,119,121,138,154,174-217

|,172 ?.72-173

> or ZinéO-12,20,36,56-

coppe
as well as in group 13 metals (aluminéfi’**
37’48’104'114'154‘183’188’203’206’211’218'2@%1IIiun'|270'271 and indiurﬁ72'28(§ initiate ROP Of Iactide
monomers.

Generally, these complexes consist of a Lewis egitetal center M, ancillary ligands, and
an initiating group R to form complexes of the tyfle,)MR]. As initiating groups alkyls,
amides, and halides are used.

[.2.3. Isoselective ROP ofac-Lactide

Sincerac-lactide is more easily accessible thmaselactide, many efforts have been made to
polymerize rac-lactide selectively:**** Complexes of magnesiuth, yttrium % the
lanthanideg?* zinc>"*% aluminunf!®247243.25526%nq galliuni”® show isoselective ROP of
rac-lactide. Most outstanding results were achieved$igg aluminum based complexes with
Salan or Salen-type ligands. Effects of variatiomghe ligand backbone or the phenolate
moiety were discussed by Gib$dtand Dove:*

In 1996, Spassket al. first reported formation of highly isotactic andystalline polyfac-
lactide) by ROP ofac-lactide using enantiopure Rf-SalBinap}AI(OR) (, Scheme 1.95°%®

At conversions less than 50%, predominantly mohactide) is formed whileL-lactide
remained in solution. This results from differenlymerization rates with a rate constant for
D-lactide 19 times higher than far-lactide. A melting temperaturé,, = 187 °C was

determined for the isolated polymer.
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R = Me, O'Pr
I

Scheme 1.9{(R)-SalBinap}AI(OR) () by Spassky, 19982

In 2002, Feijenet al. reported that enantiopurBRconfigured aluminum isopropoxide
complexll with the Jacobsen ligand (Scheme 1.10) showe&fanence of 20:1 for ROP of
D-lactide ending up wittPy, = 0.93 at 85% conversiéi® However, only a small initial

monomer/initiator ratio of 62 was used in this teat

o’ ‘ 0 ‘Bu
’PrO

‘Bu

1

Scheme 1.10Al-Salen complexl by Feijen, 2002°°

Highly isotacic stereoblock PLA witR,, = 0.98 andl,, = 207 °C was prepared by Nomwata
al. in 2007 using achiral aluminum-Salen compléix with a rigid backbone and large
Si(CHg){C(CHz3)3}-groups in ortho and para position of the phenolate moiety (Scheme
1.11)%4

Proceeding via chain-end mechanism, chirality & polymer probably induces the chiral
geometry of the flexible ligand, amplifying the ieféncy of stereodifferentiation aflactide
andDp-lactide. Up to now, this is the highest isotaciereoblock PLA reported for ROP of

rac-lactide by an achiral catalyst/initiator system.

10
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11

Scheme 1.11Al-Salen complex!l by Nomura, 20074

Very recently, Linet al. prepared bulky substituted Aluminum Salen commeké that
produce isotactic PLA frommac-lactide within 12 h at 70 °C in toluene solutig®&cheme
1.12.) The polymers showed melting pointdgf= 203 °C and 205 °€"?

~

—N. N=
AL

Ph o’ o Ph
0
PH Ph
N

v

Scheme 1.12Al-Salen complexe®/ by Lin, 2012**°

[.2.4. Heteroselective ROP ofac-lactide

Different from ROP ofac-lactide to isotactic polyac-lactide) with selectivities oP, > 0.90
using aluminum Salen complexes, heterotactic patylactide) is accessible with a greater
variety of metals and ligands. Complexes of calgitirmagnesiumi; %> scandiunt®®°

141-142 '57,58-60,65,190,215 aluminun,?6,234

yttrium 2#9719210% samariunt?®  zirconium? zinc and

indium?’* have been studied intensely.

Coateset al. prepared dimeric zinc alkoxide complexes [(BDI)ZR(}, supported by #-
diiminate ligand ¥, Scheme 1.13.) that polymerizeakc-lactide to highly heterotactic PLA
(P = 0.94) with 97% conversion in 2 h at 0 °C . Aaletd study on the polymerization

11
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kinetics and the effect of the substituents on/ftBiminate ligand on the catalytic activity

were reported’

Scheme 1.13/(BDI)ZnO'Pr], complexV by Coates, 2007.

Remarkably high heteroselectivity in the ROPrac-lactide was found for zirconium and
hafnium amine tris(phenolate) alkoxides reportedDayvidsonet al. in 2008 ¥I, Scheme
1.14.)**! Performing ROP in toluene at 25 °C yields PLAshv#t = 0.98 (M = Zr) andP, =
0.97 (M = Hf). Polymerization is controlled duettee high steric bulk of the tris(phenolate)
chelating system with one alkoxide group attachedthte metal center. Notably, high

heteroselectivity remains if the polymerizatiopéformed solvent-free at 130 €.

Bu

Scheme 1.14Tris(phenolate) alkoxide complex¥$ by Davidsoret al, 2008

In 2004 Carpentieet al. first introduced highly heteroselective ROPra€-lactide initiated

by a group 3 metal comple¥i , Scheme 1.15%. By further introducing sterically large
cumyl groups instead dBu groups on the phenolate moiety it was possibléntrease

heteroselectivity fronP, = 0.80 up td®; = 0.90 ¥IIl , Scheme 1.153°

12
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Me Me
‘Bu X o] ‘Bu Cumyl X0 Cumyl
0\?\[/},0 o\'-Y’,J,o
m{i\ THF™'\
'‘Bu N Bu  Cumyl N Cumyl
VIl VI

X= N(SiMe-_)H)z

Scheme 1.15Yttrium complexes by Carpentier in 200¢¢Il|()97 and 2006 VI ).110

1,w-dithiaalkanediyl-bridged bis(phenolate) complegésare earth metals scandium, yttrium
and lutetium by Okudat al. rapidly polymerizeac-lactide to narrowly distributed PLA with
heterotacticities o, > 0.92 (X, Scheme 1.16%% Heteroselectivity was reported to depend

strongly on the bulk of thertho-substituent R of the phenolate moiety and the size of the

; O
\r\|/[
s |

0

ligand backbone.

2

S

7N

1
s
~

1

R
N(SIHM63)2
DR

R

R;
M=Sc, Y, Lu

R; R;=H, ‘Bu, Me, Cumyl

IX

Scheme 1.16Rare earth metal bis(phenolate) compldXedy Okudaet |88

Highest heteroselectivity in ROP ohc-lactide was achieved by lanthanide mono(alkyl)
complexes supported by ONNO-tetradentate diamigantis reported by Cuét al® (X,
Scheme 1.17.). Polymers with heterotacticitiesaipt= 0.99 have been isolated, featuring

high molecular weights and narrdw,/M, values.
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Si R
i I_R ¢
Bu z ;1\ Bu
0-_:I\-0
Lng,
%\ECHZ)
Bu N Bu
X

Scheme 1.17Lanthanide complexes by Cuiet al®

Trispyrazolyl-hydroborate complexes of non-toxikadine earth metal calcium reported by

Chisholmet al. produced heterotactic potpc-lactides) (Scheme 1.18,(= 0.90)%°

27

Scheme 1.18Calcium tris(pyrazolyl)-hydroborate compl&xby Chisholmet al%°

1.2.5. Syndioselective ROP ahesclLactide

Compared to the slow process of finding catalystsstereocontrolled ROP ohc-lactide,
pioneering results on stereocontrolled ROPnekelactide were already published in the late

90s.

In 1999, Coates used enantiopure-¢onfigured aluminum SALEN compldxintroduced by
Spasskyet al. in 1996 (Scheme 1.10) and achieved a syndiotacidiPs = 0.96 being the
highest syndiotacticity ever report&d. Analysis of crystalline polymer by DSC found a
melting point ofT,, = 152 °C, following annealing at 95 °C for 1 h. ROf meselactide with

analogous racemic catalyst afforded atactic PLA.

Since great efforts have been made, finding exadlygsicatalysts to polymerizeneselactide
with even higher syndioselectivities, initiatorsakaline earth metdi§ rare earth metdi¥’,

group 4 metald>**’ zinc?®’ aluminunt**#"%" or indiunf’® have been discovered for

14
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syndioselective ROP agheselactide. However, syndiotacticities of PLAs do moatceedPs =
0.96.

1.3. Outline

Objective of this thesis is investigation of steraatrolled ROP of lactide monomers.
Preliminary studies have already foundw-ithiaalkanediyl bridged bis(phenolate)
complexes of rare earth elements and group 13 snétdbminum, indium) as suitable
initiators for stereocontrolled ROP of lactide moress.

Chapter Il describes syntheses and characterization of neemia and achiral &-
dithiaalkanediyl bridged OSSO-type bis(phenols). n€amuently, syntheses and
characterization of new bis(phenolate) complexescahdium and yttrium will be presented
and discussed i@hapter 11l . Chapter IV deals with studies on activity and stereoseldstivi
of these complexes in ROP raic- andmesalactide. A detailed microstructure analysis of the

polymers is additionally given.

In Chapter V ROP ofrac- and meselactide initiated by indium (bis)phenolate compmex
including detailed kinetic studies is presentedthie concludingChapter VI, a new phenol-
type proligand containing a macrocycle will be introddc&he syntheses of neutral and
cationic alkaline earth metal complexes and thppliaation in ROP of lactide monomers

will be discussed.
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Il. OSSO-Type Bis(phenols): A Class of Proligands

for Complexes in the Post-Metallocene Age

1.1. Introduction

1.1.1. Tetradentate Bis(phenols)

The design of ligands for chiral nonmetallocene plexes is challengingOver the last two
decades, post-metallocene transition metal complskewed astounding potential in activity

and selectivity in catalysfs>

Bis(phenolate) based ligands have been used astefhébr a plethora of different metals. The
general structure of bis(phenols) is drawn in Sah@n. Two 2,4-disubstituted phenols are
connected by a bridge. This bridge can compriserbatoms with donor qualities (Do).
Substituents inortho-position (R,Rs) define the steric bulk around the metal centers,
controlling the selectivity of the catalyzed reaati Substituents iparajosition (R,Rs) have

an electronic effect on the ligand.

Bridge:
- electronic and steric properties
- offering flexibility or rigiditiy

Hydroxy-/ Di-anionic aryloxy groups
- anchoring to the metal center

OH  — OH i fiuence on the activi  omole
R (Do) (Do) R3
Nature of R{,R5,R3,R,:
- electron donating or withdrawing groups
R, Ry - sterical shielding of the metal center

Scheme 2.1General structure of a bis(phenol).

Complexes of tetradentat€, symmetric bis(phenolate) ligands of the ONNO-typghw
nitrogen donors are well known for their catalypimpertiesComplexes of Salan ligands
consisting of a diamine bis(phenolate) structurehé@ne 2.2.A)°, Salen ligands with a
diimine bis(phenolate) backbone (Scheme B)Y.and Salalefigands with a mixed amine-

imine donating system (Scheme Z.§ are known to polymerize-olefins and lactides.

26



Chapter Il - OSSO-Type Bis(phenols): A class ofiBamds for Complexes in the Post-
Metallocene Age

OH OH OH OH OH OH
N N
RI\@/\ /_\\. /\Q/Rq R\@F A@/Rg R|\©/ \@/Rx
Rg R4 Rg R4 R3 R4
A B C
Scheme 2.ZBalan- A), Salen- B) and Salalen-type]) proligands.

Compared to the hard-donor nitrogen in ONNO-tygmnds, sulfur is relatively soft. The
weaker interaction of sulfur with a hard early s#@ion metal cation offers increased activity
in catalysis’™**

11.1.2. Syntheses of OSSO-Type Bis(phenols)

Bis(phenolate) ligands are classified concerningirtithelation ring sizeé.Okuda firstly
reported preparation of 5-5-5 chelating bis(phenbld.* - H,L® by a three step reaction in
2003 (Scheme 2.34*°

Bis(phenol) R; R, Ref
/T1C14 __Zn/HCl 1
H,L H H
/ /
EtOH/Toluene EtOH/Toluene H,L2 H Me

1

1
H,L3 Me Me 1
H,L* Pr ‘Bu 1
H,L5 ‘Bu Me 1

OH 1. NaOH OH OH H,L® ‘Bu Bu 15

| R R
R Hz. B N ' HaL’ Bu  OMe 1
L2 H,L®8 CMePh  Me 1
MeOH
R, R,

9
R, -2 NaBr H,L CMePh CMePh 1

Scheme 2.3Syntheses of 5-5-5 chelating OSSO-type bis(pheibls}- H,L °.

Following a procedure by Pastor and Denffeseaction of 2,4-disubstituted phenols with
S,Cl, in presence of TiGlgives analytically pure disulfides that are readlasing a mixture
of Zn/HCI forming 3,5-disubstituted 2-hydroxybeneémols. Nucleophilic substitution at
1,2-dibromoethane leads to 1,4-dithiabutanedijdohOSSO-type bis(phenols).
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Preparation ofrans-1,2-dithiocyclohexanediyl-bridged bis(phenolsp@ssible by reaction of

3,5-disubstituted 2-hydroxybenzenethiols with chelwene oxide followed by subsequent
chlorination with thionyl chloride. In the third aetion step, the chlorinated intermediate is
treated with a second equivalent of 3,5-disubstttl?-hydroxybenzenethiol in presence of a

base, forming exlusivelyrans-configured racemic proligands (Scheme 2.4.).

OH OH
R, H O: NaOH R OH SOCl, Cl
' 0
S o CS
Rz RZ,

Bis(phenol) R; R, Ref

H,L 0 '‘Bu Me 1

Z:; H,L 1 ‘Bu 'Bu 1

12
NaOH. HoL .H Me 17

MeOH H,oL 13 Pr Pr 17

Scheme 2.4Syntheses of 5-5-5-chelating OSSO-type bis(phemnatsh,L °-rac-H,L *>.'®

CMe,Ph
PhMe,C OH
OH
. S,Cl cyclohexene
PhMe,C 2-2 PhMe,C CMe,Ph
TlCl_; BF; - OE{:}_
2
toluene CH3;NO,, CH,Cl,
CMe,Ph CMe,Ph CMe,Ph
PhMe,C OH
1 2
CMe>Ph
H2L|4

Scheme 2.5Synthesis of 0SSO-type racemic bis(phengl) 'H'

The synthesis of bulky 2,4-dicumyl substituteshs-1,2-dithiocyclohexanediyl-bridged 5-5-5
chelating bis(phenol) #.** using a simple two step method was reported byeDayal.
Reaction of 2,4-di(2-phenylpropan-2-yl)pherblwith SCI, in presence of TiGlformed
disulfide 2, that was further treated with cyclohexene ands;-BEbL to give racemic
bis(phenol) HL* after recrystallization from a mixture of acetoifét and acetone (Scheme
2.5)8
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By treatment of lithiated racemic bis(phenol)lLi* with (1S)-camphorsulfonyl chloride,
diastereomers are formed. After separation by patipe HPLC and subsequent cleavage of
camphorsulfonate residues from the diastereomeesit®pure (+)$69-H.L* and (-)-RR)-
H.L * are isolated?

Ry

R, OH '
OH Bis(phenol) R; R, Ref

R, H : H,L1® '‘Bu Me 1
NaOH 16 \ )
2 B "Br H,L Bu Bu 15
MeOH H,L Y7 ‘Bu OMe 1
R, -2 NaBr

R

Scheme 2.6Syntheses of 5-6-5 chelating OSSO-type bis(phembls)>-H,L*".

Preparation of 5-6-5 chelating OSSO-type bis(pr®nwehs reported by Okudd al. using a
similar method as used for the synthesis of 5-fi&ating bis(phenols). 1,3-Dibromopropane
reacts with 3,5-disubstituted 2-hydroxybenzenethiml presence of NaOH to form 1,5-
dithiapentanediyl-linked bis(4,6-disubstituted)(ptsenols) (Scheme 2.6-§°

R

OH Bis(phenol) R, R» Ref

R H 18 t
I NaOH H,L Bu Me 20
2 5 HL®™  CMePh CMePh 19
Br Br MeOH H,L 2 Ada Me 21

R, -2 NaBr

RZQOH

R
Scheme 2.7Syntheses of 5-7-5 chelating OSSO-type bis(phekbls)®-H,L %°.
Reaction of 3,5-disubstituted 2-hydroxybenzeneshiaith 1,2-bis(dibromomethyl)benzene in

presence of NaOH afforded bis(phenols). H-H,L *° (Scheme 2.7.) that build 5-7-5 chelates
around coordinated metal centét$?
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Next to achiral 5-7-5 chelating OSSO-type bis(ph&nagacemic 5-7-5 chelating proligand
H,L?* was prepared by reaction of 4-methyietbutyl thiophenol with trans1,2-
bis(hydroxymethyl)cyclohexane in presence 8€K; (Scheme 2.83?

'Bu
Me—Q(’)H
OH ;
Bu H | O/\OTS K,CO; d
? 0TS acetonitrile .

Me \

Me OH

'Bu

HZLZI

Scheme 2.8Synthesis of racemic 5-7-5 chelating OSSO-typephisiol)H,L %%

OH

. OH OH
B
u Br . NEL 'Bu P ‘Bu
A 2 + H N
‘Bu ‘Bu ‘Bu
3 H2L22
1 OH OH Q OH
Bu Br Q H NEts Bu 'Bu
B: 2 + - - .
H
‘Bu ‘Bu Bu
3 H,L2

Scheme 2.9Syntheses of 6-5-6 chelating OSSO-type bis(phémalf* and HL*%2%**

OSSO-type bis(phenols) leading to 6-5-6-chelatayarraround metal cations have been
reported by Kolet al. and Ishiiet al. These ligands are sulfur analogues to Salen Igand
(Scheme 2.2.) and were prepared by reacting 2-(@moethyl)-4,6-ditert-butylphenol3 with
either ethanedithiol in presence of NEb yield bis(phenol) kL% (Scheme 2.9A) or with
trans-cyclooctane-1,2-diyl in presence of NEo give racemic bis(phenol),H?® (Scheme
20 B).23'24

30



Chapter Il - OSSO-Type Bis(phenols): A class ofiBamds for Complexes in the Post-
Metallocene Age

11.2. Results and Discussion

The first part of this chapter describes the pragpamn of 5-4-5 and 5-5-5 chelating
bis(phenols) of the OSSO-type. Next to well knotent-butyl and cumyl functionalized
bis(phenols), the first bis(phenols) with a 1-métkiglohexyl group inortho-position of the
phenolate moiety are reported. Furthermore, syathe$ 2,4-disubstituted phenols that can
potentially be used as starting materials for titeesis of new bis(phenols) will be discussed

11.2.1. Syntheses of New 5-4-5 Chelating OSSO-TygBes(phenols)

For metal cations with small atomic radii, ligandgh a short backbone promise to form
stable organometallic complexes. 5-4-5 chelatingsOSype bis(phenol) #?* with tert-
butyl groups inortho and para positions was prepared by adapting the typicakdiure
procedure for syntheses of 5-5-5 chelating OSS@-byp(phenols):*®

OH OH
Bu ‘Bu H
2(,17 / T](.l4 ZH/H(_ | s
2
EtOH/Tolucne EtOH/Tolucnc
Bu Bu
4 5 6

1. NaOH Bu 'Bu
2. CH,Br,
MeOH
-2 NaBr ‘Bu
H,L2

Scheme 2.10Synthesis of bis(phenol),H**.

Increasing the steric demand of OSSO-type bis(dbem® accomplished by starting from
disulfide 2. Reduction of disulfid® using Zn/HCI in adaption of a literature procedgexe
analytically pure 2-mercapto-4,6-bis(2-phenylprogayl)phenol 7.*° However, the standard
protocol for the synthesis of OSSO-type bis(phendlswith NaOH and CkBr, as
methylene precursor did not result in formation tbé desired product. Although the

precipitate formed during the reaction was ideatifias NaBf® *H NMR spectroscopic
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analyses did not show characteristic signals fer 18-dithiapropanediyl-bridgé. Instead,
use of NaOMe as a base in an ethanol/methanol reind refluxing for 16 h successfully

yielded bis(phenol) kL% (Scheme 2.11.).

CMe,Ph
PhMe,C OH
OH OH OH | NaOM
PhMe,C -3 CMe,Ph PhMe,C - rauie
Zn/HCI 2. CH-Br, ¢
B —_—
EtOH/Toluene MeOH
b v -2 NaBr
CMe;Ph CMe,Ph CMe,Ph PhMe,C OH
2 7
CMEzPh
HzLZS
Scheme 2.11Synthesis of bis(phenol),H?.
C(CHa),Ph
OH OH
PhMe,C N~ CMe,Ph
CMCzph CMCzph
PhH
PhCH SCH,S
| J M
—T-:rdgu_‘—l_—'l—— L5 | 'T' .-——Fr‘
2898588 8 2 g
THNO T NN MY [ (] —

7.5 7.0 6.5 6.0 5.5 50

45
f1 (ppm)

Figure 2.1."H NMR spectrum of bL?°in CDC} at 25 °C.

The 'H NMR spectrum of KL% (Figure 2.1.) shows the methyl groups of the cumyl
substituents as two doublets at 1.65 and 1.70 ppraignal at 3.72 appm arises for the

methylene protons. The OH groups are identifiedwas singlets at 6.15 ppm. All aromatic
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protons can be found in the expected region betwekhand 7.32 ppm. Elemental analysis is

consistent with theoretical values.

To explore the steric effects of differemttho-substituents on activity and selectivity in the
ROP of lactide, th@rtho-substituent was varied. 4-Methyl-2-(1-methylcychoyligphenol 8
was prepared following a literature procedure toe synthesis of 4-methyl-2-adamantyl-
phenof® starting fromp-cresol and 1-methylcyclohexanol under acidic ctods to give8 as

a dark solid. Usin@g as starting material for the preparation of newdbenols) affords

proligands with a 1-methylcyclohexyl grouportho and a methyl group ipara position.

Reaction o8 with S,Cl, catalyzed by TiGlyielded disulfided. Treatment oB with Zn/ HCI
gave 2-mercapto-4-methyl-6-(1-methylcyclohexyl)pbledO. Finally, reaction of 10 with
CH.Br, in presence of NaOMe successfully formeelLfi in an isolated yield of 57%
(Scheme 2.12)).

OH

OH HO OH Me OH OH
© . 6 H,S04 2Cly / TiCly
DCM EtOH/Toluene
Me -H0 Me Me Me
8 9
OH OH OH
Zn/HCl H NaOMe ~
EtOH/Toluene CH»Br;
Me -NaBr Me Me
10 H,L26

Scheme 2.12Synthesis of bis(phenol),H?.

NMR spectroscopic measurements and elemental @saljevified formation of bL?°. The
methylene protons form a broad signal at 3.90 pphe 1-methylcyclohexyl group gives
several broad and overlapping signals between amtll2.15 ppm for the protons on the
cyclohexyl ring and one sharp singulet at 1.30th& methyl group. Signals for the RHE
protons (2.25 ppm), the OH-groups (6.76 ppm) aedatiomatic protons (7.09 and 7.12 ppm)

are found in expexted regions.
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11.2.2. Syntheses of New 5-5-5 Chelating OSSO-TygBes(phenols)

Following the literature route for the synthesisse-5 chelating OSSO-type bis(phendtd),
reaction of10 with 1,2-dibromoethane in presence of NaOH affdrbés(phenol) H.?" in
15% yield (Scheme 2.13.).

Me e Me

10 H,LY

Scheme 2.13Synthesis of bis(phenol),H?".

The'H NMR spectrum of b2 looks similar tathat measured for #12°. A different chemical
shift appears for the resonance of the 1,4-dithaiediyl-bridge (2.77 ppm). In this region,
the resonances of the bridge commonly appear as,forand HL? (2.80 ppm), HL3 (2.79
ppm): orH,L8 (2.78 ppm)*> Additionally, elemental analysis of,H*® (C: 71.43, H: 8.84) is
consistent with theoretical values (C: 71.85, 328.

As introduced by Doyet al, synthesis of racemic 5-5-5-chelating OSSO-ty=phienol)
H,L* is accomplished by treating disulfi@with cyclohexene in presence of BOEb.'®
Replacing cyclohexene with cyclopentene or cycleoetallows extension of the series of
chiral racemic bis(phenols) by,H® and HL*?(Scheme 2.14.).

cyclopentene or

OH OH OH OH
PhMe,C — CMe,Ph  cyclooctene  ppne,C CMe,Ph
BF; ' OFt,
CH;NO, CH,Cl,
n

CMe,Ph CMe;Ph CMe,Ph CMe,Ph
2 H,L¥ ;n=1
HyL? ;n=3

Scheme 2.14Syntheses of bis(phenols)lH® andH,L %°.

The*H NMR spectrum of KL.?° is depicted in Figure 2.2. As a result of the hemfentical

structure of HL2°, H,L?® andH,L* theNMR-spectra of the bis(phenols) look quite similar.
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The resonances for the cycloalkyl backbone areddgtween 1.08 and 1.74 ppm as several
broad signals, indicating flexibility of the backim The ®1e,Ph protons form three signals
at 1.73, 1.83 and 1.84 ppm representing 12 and Drotons for HL?°. Similar patterns are
observed for bL2%. The S(®),S protons form one signal at 2.90 ppm folL& and 2.79

ppm for KL ?%. The aromatic protons appear at their expectenhicia shifts.

OH OH
C(CH,),Ph
PhMe,C S : CMe,Ph
PhH ) }
CMe;Ph CMe,Ph
I sai i
‘ ! w | [ ) W Cy'H
| | o
' LV Y L AWER | Ve, A
A el M el b —— bl bl b b b b e et
[ e R B L B e e NOSO—'ODOD
it B < SO oe o9
O T T ol Ce ol T o e o I o
7.6 T3 7.0 6.7 3.2 29 1.9 16 1.3 1.0
f1 (ppm)

Figure 2.2."H NMR spectrum of kL *®in C¢Dg at 25 °C.

Similar to bis(phenols) #.** H,L?* H.L?* and H,L?® elemental analyses for.k*® and

H,L? are in good agreement with theoretical values.

11.2.3. Syntheses of 2,4-Disubstituted Phenols &arting Materials for
New Bis(phenols).

The syntheses of bulky cumyl containing bis(phenmguire use of commercially available
phenoll, bearing cumyl groups iartho and para position. 4-methyl-2-(2-phenylpropan-2-
yhphenol11 was targeted as a possible starting moleculentisynthesis of bis(phenols) by
reaction ofp-cresol anda-methylstyrene catalyzed ky-toluenesulfonic acid monohydrate
(Scheme 2.153’ 11 only bears large cumyl groups ortho position and was isolated as a
colorless viscous oil in 49% yield.
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OH
0=$=0

OH © OH O
_ 5
Me Me

11

Scheme 2.15Synthesis of 4-methyl-2-(2-phenylpropan-2-yl)phehbl

Following the literature protocol for preparatioh @SSO-type bis(phenols), reaction 1t
with S;,Cl;, catalyzed by TiGlformed disulfidel2 (Scheme 2.16.).

OH OH OH

CMCZPh PhMew_,C - CMCQP]‘[
2 »Cl, / TiCly
EtOH/Toluene

Me Me Me
11 12

Scheme 2.16Synthesis of disulfidé2.

Formation of12 was confirmed byH NMR spectroscopic analysis of the crude product.
However, recrystallization df2 did not yield a clean product. Next to disulfitiz phenolll
was still present and signals of several other emtiled aromatic products were observed.
Selective distillation ofL1 from the mixture lead to partial decompositionl@due to harsh
distillation conditions’ Extended reaction times and variation of the sulvesed for
crystallization (acetonitrile to acetonepentane, diethylether, toluene and several migture

of these solvents) did also not give analyticallygd 2.

Reduction of crudel2 with Zn/HCI in an ethanol/methanol mixture gave theude
thiophenol, but purification by crystallization waet possible because of multiple impurities

that could not be separated by crystallizationxtragtion.

To explore the possibility of introducing aromagioups inortho-position of the phenol, 5-
methyl-(1,1’-biphenyl)-2-0l16 was targeted. These class of substituted pherftds the
chance to synthesize bis(phenols) with rigid areengiioups. Synthesis df6 is possible by
using a multi step reaction including Suzuki conglas essential step (Scheme 2.17.)
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Cl~
OH ™
Br Br
Br; Na
DCM DCM
o -HBr Me -NaCl Me
13 14
B(OH),
OH
Na2C03
Pd(PPhs), H, PA/C O
DCM EtAc, EtOH,
-NaBr AcOH
Me
15 16

Scheme 2.17Synthesiof 16 via benzyl protection of the phenol.

p-Cresol was treated with bromine to give 2-brommethylphenol13® Protection of the
hydroxy group with benzylchloride in presence afisan formed 1-(benzyloxy)-2-bromo-4-
methylbenzenel4?® Suzuki coupling with phenylboronic acid catalyzby [Pd(PPb)]

followed by deprotection with Hover Pd/C and purification via column chromatogmap

gavel6in an overall yield of 1394

For preparation of bis(phenols) of the OSSO-typerektively large amount of 2,4-
disubstituted phenol is needed to generate comelipg disulfides. Through this reaction and
the following reduction with Zn/HCI, up to 75% dfe deployed starting compound is 15st.
Consequently, a large amountld is needed to isolate a useful amount of the cpomding

thiophenol. The scale of the coupling reaction frbhto 15is a limiting step.

To avoid deprotectionia hydrogenation, THP-protected pherddlwas synthesized frorh3
and 3,4-dihydro-B-pyran catalyzed by PPTS. Suzuki coupling with pfi@oronic acid
formed phenolL8 that was directly deprotected by heating in a orextof MeOH and HGq)
to give16in an overall yield of 18% (Scheme 2.1¥)).
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B(OH),

OH 0 @ ) O OH O
Br Br N32C03
i PPTS Pd(PPh,), O HCI/MeOH O
DME

Me Me Me Me
13 17 18 16

Scheme 2.18Synthesiof 16via THP protected intermediald.

Higher activity than [Pd(PRJy] in coupling reaction catalysis show Pd-NHC based
complexes. In this thesis, (1,3-bis{2,6-diisoprggenyl}imidazolidene)(3-
chloropyridyl)palladium(ll)dichloride (Pd-PEPBSIScheme 2.19.) was used as catalyst for
coupling of13and17with phenylboronic acid.

i-Pr/=—\ i-Pr
S
i-PrTi-Pl‘
Cl-Pd-Cl
N

=

Cl

N

Scheme 2.19Pd-PEPPSI

While coupling with [Pd(PP§] was performed over several days, coupling mediate 5
mol % Pd-PEPPSI gave high conversions within leas 6 h. Unfortunately, after 2.5 h the
reaction mixture turns slowly dark-brown indicatidgcomposition of the declaredly highly
moisture and air sensitive Pd-cataf§/sHowever, isolated yields df5 and18 were strongly

dependent on the reaction scale. With increasinguamof starting material, yield dropped
from 50% to 25%.
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11.3. Summary

A series of new 5-4-5 (#%*, H,L?® and HL %) and 5-5-5 (HL?’, H,L?® and HL?®) chelating
OSSO-type bis(phenols) were prepared by adaptamgatd literature procedures,lH® and
H,L?" are the first bis(phenols) bearing a 1-methyldyeloyl group in thertho position. All
bis(phenols) are air and moisture stable powdeas were isolated in moderate to good
yields. 4-Methyl-2-(2-phenylpropan-2-yl)phenoll) and 5-methyl-(1,1’-biphenyl)-2-q|16)
were synthesized and tested as starting compouadsthe synthesis of OSSO-type
bis(phenols)11 reacted with &I, and TiC}k to give disulfidel2 that could not be isolated
analytically purel6 was prepared by Suzuki-coupling using differentcBohplexes and can
be used as precursor for the synthesis of newhes(gs) of the OSSO-type.

11.4. Experimental Section
6,6'-Disulfanediylbis(2,4-bis(2-phenylpropan-2-yl)jmenol) (2)

OH OH

PhMe,C S-S CMe,Ph )

CygHs50025,

723.04
CMCQPh CMCZP}]

Disulfide 2 was prepared adapting a literature procedure for thethggis of 2,2'-
dithiobis(4,6-ditert-butylphenol) 5).*° 82.62 g ofl (250 mmol, 1 equiv.) were dissolved in
180 mL of toluene. After addition of 0.3 mL Ti@he solution was cooled to 0 °C0 mL of
S,Cl, were introduced and the solution was stirred & @or 3 h and for additional 3 d at 25
°C. The solution was washed two times with 200 nfLaol9% HCI solution, saturated
aqueous N#O; solution (3 x 150 mL) and 40 (3 x 100 mL). After removal of toluene
under vacuum and recrystallization of the orangeltes in 1 L acetonitrile2 was isolated in
a yield of 57% as an orange powder (51.5 g, 71 harttd NMR (CDCh, 25 °C, 400 MHz),
8 (ppm): 1.57 (s, 12 H, C(ds),Ph), 1.63 (s, 12 H, C(€s),Ph), 5.91 (br, 2 H, Phi), 7.07-
7.29 (m, 24 H, PH), *C{*H} NMR (CDCkL, 25°C, 100.1 MHz),5 (ppm): 29.5
(C(CHg3)2Ph), 31.0 (CCH3),Ph), 42.6 C(CHs),Ph), 42.8 C(CHs),Ph), 120.6 (PIE2), 125.7
(PhC), 125.8 (Phe3), 126.8 (Ph-6), 128.2 (Phe), 129.4 (PhE), 131.0 (Ph-6), 135.5 (Ph-
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C), 142.3 (Ph-@), 150.0 (Phc), 152.7 (Ph€l). Elemental analysis calculated for
CusH5002S; (723.04 g/mol) (%): C 79.73, H 6.97; found: C 79.H 6.85.

6,6'-Disulfanediylbis(2,4-di-tert-butylphenol)* (5)
OH OH

! _ {
Bu S-S Bu 5
CagHpp 0,5,
474.76

‘Bu Bu

Disulfide 5 was prepared following a literature procedure startirgn 206.33 g o4 (1.0
mol) in a yield of 43% (109.7 g, 0.216 mdif NMR (CDCk, 25 °C, 400 MHz)$ (ppm):
1.22 (s, 18 H, C(B3)3), 1.38 (s, 18 H, C(B3)s), 6.58 (br, 2 H, Ph8), 7.17 (d,"Jun = 2.5
Hz, 2 H, PhH5), 7.34 (d;J44 = 2.5 Hz, 2 H, PI43).

2,4-Di-tert-butyl-6-mercaptophenof® (6)

OH

‘Bu SH
6
C14H208
238.39

Bu

6 wasprepared following a literature procedure starfimgn 109.5 g o6 (216.4 mmol) in a
yield of 58% (128.0 mmol, 45.9 g4 NMR (CDCls, 25 °C, 400 MHz)$ (ppm): 1.33 (s, 9
H, C(CHs3)s), 1.45 (s, 9 H, C(B3)3), 2.87 (t, 1 H,*Juy = 1.1 Hz, PhH), 6.68 (br, 1 H,
PhCH), 7.35 (dd, 1 H*Juy = 2.5 Hz, PhH5), 7.43 (dd, 1 H*Juy = 2.5 Hz, PHH3), *C{*H}
NMR (CDCL, 25 °C, 100.1 MHz) (ppm): 29.7 (OCHa)3), 31.6 (CCHa)a), 34.4 C(CHa)a),
35.4 (C(CHa),), 110.9 (Phe-SH), 125.5 (PHe3), 130.8 (PhE5), 135.6 (PHE6), 142.5 (Ph-
C3), 153.2 (PHE1).
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1,3-Dithiapropanediyl-2,2"-bis(4,6-ditert-butylphenol)*? (H,L 2%

OH OH
! 1
Bu S\/S Bu H3L24
C29Hy40,8,
488.79
‘Bu Bu

10.0 g of6 (41.9 mmol, 2 equiv.), 1.68 g of NaOH (41.9 mnlequiv.) and 1.47 mL of
CH.Br; (3.65 g, 21.0 mmol) were refluxed in methanol 4oh. Water (200 mL) was added
and the mixture was extracted three times with mQOof EtO. The organic phase was
separated, dried over anhydrous MgSfiltered and evaporated to give a colorless pawde
Recrystallization froorm-pentane afforded colorless crystals ol B in 90% vyield (9.20 g,
18.8 mmol)."H NMR (CDCl, 25 °C, 400 MHz)5 (ppm): 1.33 (s, 18 H, C(dy)s), 1.42 (s,
18 H, C(H3)3), 3.93 (s, 2 H, SB,S), 6.79 (s, 2 H, Ph4), 7.38 (d,"Jy = 3.8 Hz, 2 H, Ph-
H3), 7.42 (d,"Jun = 3.8 Hz, 2 H, PHH5); “°C{*H} NMR (CDCk, 25 °C, 100.1 MHz)p
(ppm): 29.5 P-C(CH3)3), 31.5 0-C(CH3)3), 34.3 0-C(CHs)3), 35.3 (-C(CHs)s), 44.5
(SCH,S), 117.8 (PH&2), 126.6 (Phe3), 130.3 (Phe5), 135.7 (Ph=4), 142.4 (PHe6), 153.0
(Ph-C1).

2-Mercapto-4,6-bis(2-phenylpropan-2-yl)phendf (7)

OH
PhMe,C SH

Ca4H608
362,53
CMe,Ph

7 wasprepared adapting a literature procedure. 50 2 (6P mmol) was solved in a mixture
of 150 mL EtOH and 150 mL toluene. Over a period5ofl, 150 mL of aqueous 30%
hydrochloric acid and 25 g zinc metal powder werteoduced stepwise. After filtration, the
organic phase was separated and th®-phase was extracted two times with 100 mL
toluene. The collected organic phase was dried d&80,, filtered and reduced under
vacuumto give a pale yellow oil. After recrystallizatidrom 500 mL of a 1:1 mixture of
acetone and acetonitrile, white crystals7ofvere formed in a yield of 43% (21.3 g, 58.65
mmol).'H NMR (CDCls;, 25 °C, 400 MHz)$ (ppm): 1.61 (s, 6 H, C(€s),Ph), 1.70 (s, 6 H,
C(CHas),Ph), 3.07 (s, 1 H, P8, 6.56 (s, 1 H, PhB), 7.14 (br, 1 H, Pi3), 7.36 (br, 1 H,
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PhH). ®C{*H} NMR (CDCk, 25°C, 100.1 MHz),5 (ppm): 29.4 (OCHs),Ph), 30.9
(C(CHs)2Ph), 42.3 C(CHs)2Ph), 42.6 C(CHs)2), 125.2 (PhE2), 125.7 (Phe3), 125.8 (Ph-
C4), 126.2 (Cum-C2), 126.7 (Cu@¥), 128.0 (Phc5), 129.8 (PhE6), 149.9 (Cuncl),
151.0 (Ph€l). Elemental analysis calculated for €H»c0S (362.53 g/mol) (%): C 79.51, H
7.23; Found: C 80.39, H 7.23.

1,3-Dithiapropanediyl-2,2"-bis(4,6-di{2-phenylpropan-2-yl}phenol) H,L

OH OH
PhMe,C S S CMe,Ph H,L%

Ca9H520,8,
737,07

CMe,Ph CMe,Ph
To a solution of 36.00 g af (99 mmol, 2 equiv.) in 200 mL of MeOH and 100 miLE@OH,
5.35 g of NaOMe (99 mmol, 2 equiv.) was added aefiuxed until all NaOMe was
dissolved. The mixture was cooled to 25 °C and &2lof CH,Br, (46 mmol, 1 equiv.) were
added dropwise. The mixture was refluxed for 16t the solvents were evaporated under
vacuum. Water (200 mL) was added and the mixture exdracted three times with 100 mL
Et,O. The organic phase was separated, dried ovedamig MgSQ, filtered and evaporated
to give a colorless foam. Recrystallization framentane afforded colorless crystals of B

in 15% vield (5.35 g, 7.26 mmol)H NMR (CDClk, 25 °C, 400 MHz)p (ppm): 1.65 (s, 12
H, C(CH3).Ph), 1.70 (s, 12 H, C(ds).Ph), 3.72 (s, 2 H, S&4,S), 6.15 (s, 2 H, Ph@), 7.14-
7.18 (m, 4 H, PH), 7.22-7.25 (m, 4 H, PRY, 7.26-7.27 (m, 2 H, PhRB, 7.28-7.29 (m, 6 H,
PhH), 7.30 (m, 2 H, Pi), 7.32 (m, 2 H, PiH). **C{*H} NMR (CDCl;, 25 °C, 100.1 MHz),

d (ppm): 29.5 p-C(CH3),Ph), 31.1 ¢-C(CH3),Ph), 42.5 (8H,S), 42.6 ¢-C(CHs),Ph), 42.7
(p-C(CHg)2Ph), 118.3 (PIE2), 125.6 (Phe3), 125.7 (Phe), 126.8 (PHE), 128.1 (Phe),
128.2 (PhE), 132.0 (Phe), 135.1 (PHE), 142.2 (Phe), 150.2 (Phe), 150.6 (PHE), 152.9
(Ph-C). Elemental analysis calculated for gsHs20.S, (737.07 g/mol) (%): C 79.85, H 7.11,
found: C 80.46, H 7.19.
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4-Methyl-2-(1-methylcyclohexyl)phenol (8)

OH

8
Ci4H20
204,31

A solution of 6 mL 20% aqueous, 50, in 45 mL of DCM has been added over 20 minutes
into a mixture of 11.4 @-Cresol (108.7 mmol, 1 equiv.) and 12.4 g of 1-ngleyclohexanol
(108.7 mmol, 1.03 equiv.) in 45 mL DCM at 0 °C. Tiiphasic mixture was stirred for 16 h.
After addition of 120 mL HO, the mixture was neutralized slowly to pH = 9duding 2 M
aqueous NaOH solution. The mixture was extractedethimes with 100 mL DCM. The
collected organic phase was washed with brineddner NaSQ,, filtered and concentrated.
After additing 100 mL of MeOH, the mixture was heghto reflux. After cooling to 25 °C and
filtration, the mother liquor was concentrated teega dark oil that solidified over night to
give 8 in a vyield of 61% as a black solid. (13.1 g, 64.maf). *H NMR (CDCl, 25 °C, 400
MHz), & (ppm): 1.33 (s, 3 H, CyBl), 1.50-1.56 (m, 6 H, C#), 1.66-1.75 (m, 2 H, Ci#),
2.07-2.16 (m, 2 H, C¥), 2.29 (s, 3 H, Ph-g3), 4.61 (s, 1 H, Ph-B), 6.56 (d, 1 H,
33un = 8.0 Hz, PHH6), 6.87 (dd, 1 H*Juy = 2.1 Hz,*Juy = 8.0 Hz, PHH5), 7.09 (d,*Jun =
2.1 Hz, PhH3). *C{*H} NMR (CDCk, 25 °C, 100.1 MHz)3 (ppm): 21.0 (PBHs), 22.9
(CHs), 23.0 (Cy€), 25.8 (Cy€), 26.8 (Cy€), 37.1 (Cy€), 37.8 (Cy€), 38.0 (Cy€), 116.9
(PhC6), 127.1 (Ph=5), 128.9 (Phe4), 129.6 (Phe3), 135.3 (Ph=2), 152.2 (PHZ1).
Elemental analysis calculated for &H»,O (204.31 g/mol) (%): C 82.30, H 9.87; found: C
81.64; H 10.26.

6,6'-Disulfanediylbis(4-methyl-2-{1-methylcyclohexj}phenol) (9)

OH OH
S-S 9
Ca3H330,S;
470,23

To a stirred solution of 16.5 g 8f(80.8 mmol, 2 equiv.) and 0.1 mL of Tig0.8 mmol, 2.0
mol %) in 60 mL toluene, 3.22 mL o%GCl, (40.4 mmol, 1 equiv.) were added dropwise at 5
°C. The reaction mixture was stirred for five dags25 °C and extracted sequentially with
hydrochloric acid (2 x 100 mlg = 19%), 200 mL of saturated aqueous®{a; solutionand
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200 mL water. The organic layer was dried over dntyys MgSQ and concentrated under
vacuum. The residue was recrystallized from a méxtf 200 mL acetonitrile and 200 mL
acetone to givéd as an orange powder in a yield of 71% (13.5 g7 28mol). '*H NMR
(CDCls, 25 °C, 400 MHz)p (ppm):1.32 (s, 3 H, Cy-83), 1.35 (s, 3 H, Cy-83), 1.40-1.55
(br, 8 H, CyH), 1.55-1.65 (br, 6 H, C#), 1.65-1.80 (br. 6 H, Ci#), 2.08-2.18 (br, 2 H,
Cy-H), 2.19 (s, 6 H, PhB3), 6.59 (s, 2 H, PhB), 7.01 (d, 2 H!Jyy = 2.0 Hz, PHH5), 7.17
(d, 2 H,%Juy = 2.0 Hz, PHH3). *C{*H} NMR (CDCl;, 25 °C, 100.1 MHz)$ (ppm): 20.7
(Cy-C), 22.9 (CyC), 26.7 (Cy€), 31.0 (C¥Hs), 36.8 (Cy€), 38.6 (CyC), 38.7 (CyC),
120.3 (Ph€2), 120.9 (Phe2’), 129.4 (Phe3), 129.5 (Ph=3’), 132.6 (Phe4), 132.9
(Ph-C4"), 133.8 (Phe5), 133.9 (Phe5’), 135.7 (PhE6), 136.2 (Phe6’), 153.4 (PhEl),
153.7 (Phel).

2-Mercapto-4-methyl-6-(1-methylcyclohexyl)pheno(10)

OH
SH 10

C14H3908
236,37

13.5 g 0f9 (28.7 mmol, 1 equiv.) were dissolved in a mixtofel50 mL of EtOH and 150
mL of toluene. Over a period of seven days, 100ahB0% aqueous hydrochloric acid and
15 g zinc metal powder were added stepwise. Aifiteation, the organic phase was separated
and the HO-phase was extracted two times with 100 mL tolu&he collected organic phase
was dried over N&O,, filtered and reduced under vacutmgive10 as a pale yellow oil in a
yield of 45% (6.2 g, 26.1 mmollH NMR (CDCk, 25 °C, 400 MHz)$ (ppm):1.34 (s, 3 H,
Cy-CHs), 1.45-1.55 (m, 4 H, Ci#), 1.55-1.63 (m, 2 H, CW), 1.67-1.75 (m, 2 H, CH#),
2.12-2.20 (m, 2 H, CW), 2.28 (s, 3 H, Phi3), 2.84 (s, 1 H, B), 6.66 (s, 1H, ®), 7.11 (br,

1 H, PhH5), 7.22 (br, 1 H, Ph-3}°*C{*H} NMR (CDCl, 25 °C, 100.1 MHz) (ppm): 20.8
(PhTHs), 23.0 (Cy€), 25.4 (Cy-Cs3), 26.8 (Cy€), 36.8 (Cy€), 38.4 (CyC), 111.5 (Phe2),
125.4 (Phe4), 128.4 (Phe3), 130.5 (PHE5), 134.0 (PHS6), 153.3 (PHE1).
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1,3-Dithiapropanediyl-2,2 -bis(4-methyl-6-{1-methytyclohexyl}phenol) (H,L %°)

OH OH
5._S H, L
CagHy058,
484,76

To a solution of 2.50 g 010 (12.2 mmol, 2 equiv.) in 25 mL MeOH, 0.66 g of Nd®
(12.2 mmol, 2 equiv.) were added and the mixtugdgkto reflux until all NaOMe dissolved.
After cooling to 0 °C, 0.43 mL of CiBr, (6.1 mmol, 1 equiv.) were added slowly with a
syringe and the mixture refluxed for 1 h. After w@ral of the solvent under vacuum, 100 mL
of water were added to dissolve NaBr. After additad 100 mL of E£O, the organic phase
was separated, the aqueous phase extracted twibe5@imL of EtO and the combined
organic phases dried over #$2,. The crude product was recrystallized frompentane to
give L% in a yield of 38% (1.13 g, 2.33 mmol) as a yellpawder.'H NMR (CDCl,

25 °C, 400 MHz)5 (ppm):1.30 (s, 6 H, Cy8l), 1.41-1.45 (m, 6 H, C#), 1.46-1.50 (m, 8
H, CyH), 1.54-1.56 (m, 4 H, C##), 1.66-1.71 (m, 4 H, Ci#), 2.08-2.15 (m, 4 H, CH),
2.25 (s, 6 H, PhB3), 2.26 (m, 2 H, Ph-C¥), 3.90 (s, 2 H, SB,), 6.76 (s, 2 H, @), 7.09 (d,

2 H, “Jqn = 2.2 Hz, PHH5), 7.12 (d, 2 H%Juy = 2.2 Hz, PHH3). *C{*H} NMR (CDCl,

25 °C,100.1 MHz)$ (ppm): 20.8 (PHEH3), 22.9 (Cy€H3), 25.4 (Cy€), 26.8 (Cy€), 36.8
(Cy-C), 38.5 (Cy€), 45.0 (XH,), 118.5 (Phe2), 129.1 (Phe3), 131.4 (Phz4), 133.4 (Ph-
C5), 135.6 (Ph=6), 153.4 (Ph21). Elemental analysis calculated for gH400.S; (484,76
g/mol) (%): C: 71.85, H: 8.32; found: C: 71.43,8184.

1,4-Dithiabutanediyl-2,2"-bis(4-methyl-6-{1-methylgclohexyl}phenol) (HL ")

OH OH .
S S H,L
AN
C}UH-’IZOZSZ
498,78

To a solution of 5.0 g af0(21.2 mmol, 2 equiv.) in 50 mL of MeOH, 0.85 g cA@H (21,2
mmol, 2 equiv.) were added and the mixture waseduetd reflux until all NaOH dissolved.
After cooling to 0 °C, 0.92 mL of 1,2-dibromoetha(i.6 mmol, 1 equiv.) were added

slowly with a syringe and the mixture was refluedl h. After removal of the solvent under
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vacuum, 100 mL of water were added to dissolve NABer addition of 200 mL of EO the
organic phase was separated, the aqueous phaaetedttwice with 100 mL od gD and the
combined organic phases dried ovepBla,. After filtration and removal of the solvent under
vacuum, the crude product was recrystallized frepentane to give 0.81 g (1.63 mmol,
15%) of HL?’ as a brownish powdeiH NMR (CDCl, 25 °C, 400 MHz)§ (ppm): 1.31 (s, 6
H, Cy-CHs), 1.42-1.49 (m, 8 H, Ci#), 1.54-1.60 (m, 4 H, C##), 1.66-1.74 (m, 4 H, CH#),
2.08-2.16 (m, 4 H, C¥), 2.24 (s, 6 H, Phis), 2.77 (s, 4 H, SB,), 7.08 (s, 2 H, @), 7.10
(br, 2 H, PhH5), 7.12 (br, 2 H, Pi3). **C{*H} NMR (CDClk, 25 °C, 100 MHz)5 (ppm):
20.9 (PICH3), 22.9 (Cy€), 25.4 (Cy€), 26.8 (Cy€), 36.3 (£H,), 36.8 (Cy€), 38.5
(CyCCHg), 118.2 (Phc2), 129.0 (Phe3), 131.0 (Phz4), 133.6 (PHE5), 135.4 (PH=6),
153.6 (Ph€l). Elemental analysis calculated for ggH420,S, (498.8 g/mol) (%): C 72.24, H
8.49; Found: C 72.25, H 8.76.

rac-(2,34rans-Propanediyl-1,4-dithiabutanediyl)-2,2"-bis(4,6-di2-phenylpropan-2-
yl}phenol) (H.L*)

OH OH

PhMﬁzc S S CMCQPh H7L28
CMe,Ph CMe,Ph 791,16

1.24 mL of cyclopentene (14 mmol, 1 equiv.) andbn2L of a solution of BE OEt were
added to a solution of 10.0 g ot@3, (14 mmol, 1 equiv.) in a mixture of 8 mL of
nitromethane and 8 mL of GBI, at-10 °C. The resulting mixture was stirred at —10f6C3

h and at 25 °C for additional 72 h. The resultingtare was washed with aqueous NaHCO
solution, the organic layer was dried over MgSfiitered and concentrated under vacuum.
Crystallization from a mixture of acetonitrile:aoee (4:1, 200 mL) gave pureltf® in 74%
yield (8.24 g, 10.4 mmolfH NMR (CDCl, 25 °C, 400 MHz)$ (ppm): 1.34 (m, 2 H, CH),
1.44 (m, 2 H, CyH), 1.65 (s, 6 H, C(83),Ph), 1.66 (s, 6 H, C(@s).Ph), 1.70 (s, 12 H,
C(CH3),Ph), 1.76 (m, 2 H, C¥), 2.79 (br, 2 H, S8), 6.64 (s, 2 H, PhB) 7.11-7.16 (m, 4
H, PhH), 7.16-7.18 (m, 4 H, PR, 7.19 (d, 2 H3Jyy = 2.2 Hz, PHH), 7.20-7.25 (m, 6 H,
PhH), 7.26 (m, 4 H, Ptd), 7.26-7.30 (m, 4 H, PhY, 7.35 (d, 2 H3Ju = 2.2 Hz, PhH).
3c{’H} NMR (CDCl, 25 °C, 100.1 MHz)$ (ppm): 24.9 (CyE), 25.8 (Cy€), 26.2 (CyC),
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27.5 (CyL), 29.6 (C(CHs).Ph), 29.7 (CCHs).Ph), 30.2 (Cye), 31.1 (Cy€), 42.8
(C(CHg),Ph), 42.9 C(CH3).Ph), 54.9 (§H,), 119.1 (Phc2), 125.6 (PHe), 126.0 (Phe),
126.2 (Ph€), 127.0 (Phc), 128.0 (Phe), 128.3 (Phe3), 128.9 (Phz4), 133.7 (PhE5),
135.4 (PhE), 142.0 (PhC), 150.8 (PhE), 151.1 (Phe), 154.1 (Phcl). Elemental analysis
calculated for GsHs50,S, (791.67 g/mol) (%): C 80.46, H 7.39; found C 80.827.22.

rac-(2,3trans-Hexanediyl-1,4-dithiabutanediyl)-2,2"-bis(4,6-di{2phenylpropan-2-
yl}phenol) (H.L%?)

OH OH
PhMCzC S S CMC}Ph HZLZ')
Cs6Hpa 0,5
CMe,Ph CMe,Ph 833.24

7.40 mL of cyclooctene (56 mmol, 2 equiv.) and @5 of a solution of B OEt were
added to a solution of 20.0 g 06(3, (28 mmol, 1 equiv.) in a mixture of 15 mL of
nitromethane and 15 mL of DCM at —10 °C. The résglmixture was stirred at —10 °C for
3 h and at 25 °C for additional 72 h. The mixturaswwashed with saturated aqueous
NaHCGQ; solution. The organic layer was dried over MgSfitered and concentrated under
vacuum. Crystallization from a mixture of acetaitetacetone (4:1, 200 mL) gave pure
bis(phenol) HL?® in 15% yield (3.6 g, 4.3 mmol}H NMR (C¢Ds, 25 °C, 400 MHz)3
(ppm): 1.09 (M, 2 H, CW), 1.20 (m, 2 H, CyH), 1.29 (m, 2 H, CyH), 1.43 (m, 2 H, CyH),
1.55 (m, 2 H, CyH), 1.73 (s, 12 H, C(Bs),Ph), 1.83 (s, 6 H, C(ds),Ph), 1.84 (s, 6 H,
C(CHs),Ph), 2.90 (br, 2 H, S8), 7.10 (s, 2 H, Pi), 7.13-7.19 (m, 2 H, PH), 7.22-7.26
(m, 2 H, PhH), 7.28 (d, 2 H Jun = 2.8 Hz, PHH2), 7.34 (d, 2 H Jun = 2.8 Hz, PHH5),
7.35-7.41 (m, 6 H, PR, 7.49 (d, 2 H 3y = 2.8 Hz, PhH), 7.60 (d, 2 H3Jy = 2.3 Hz, Ph-
H). *C{*H} NMR (C¢Ds, 25 °C, 100.1 MHz)5 (ppm): 25.8 (C\E), 26.2 (Cy€), 29.6
(C(CH3)2Ph), 29.7 (CCH3).Ph), 30.2 (Cye), 31.1 (Cy€), 42.8 (C(CHg).Ph), 42.9
(C(CHg3)2Ph), 54.8 (EH,), 119.1 (Phe), 125.6 (PhE), 126.0 (Phe), 126.2 (Phe), 127.0
(Ph-C), 128.0 (PhE), 128.3 (PHE), 128.9 (PhE), 133.7 (PhS), 135.4 (PhES), 142.0 (PHE),
150.8 (Ph€), 151.1 (Phe), 154.1 (Ph€). Elemental analysis calculated for €HgsO.S;
(832.25 g/mol) (%): C 80.72, H 7.74; found: C 79.687.71.
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4-Methyl-2-(2-phenylpropan-2-yl)phenof’ (11)

e
11
O Ci6H 150
226,31

11was prepared adapting a literature procedure. g éfp-cresol (0.44 mol, 1.1 equiv.) were
stirred in a 250 mL three-neck-flask at 50 °C. 0g7éf p-toluenesulfonic acid monohydrate
(0.04 mol, 0.004 equiv.) were added slowly whileristy. After adding 52.0 mL of-
methylstyene (0.4 mol, 1 equiv.) the mixture wased at 50 °C for 1.5 h. The solution was
poured onto ice, extracted with 400 mL of diethylez and the organic phase was dried over
MgSQy. Ether was removed at 45 °C and the crude oilgyebwas distilled to give 47.8 g
(211 mmol, 49%) ofl1 as a colorless oitH NMR (CDCl, 25 °C, 400 MHz)§ (ppm): 1.59
(s, 6 H, C(®3),Ph), 2.27 (s, 3 H, Ph#d3), 6.56 (d,*Ju = 8.0 Hz, 1 H, PH46), 6.90 (dd,
33un = 8.0 Hz,*Juy = 1.6 Hz, 1 H, PH5), 7.15, (m, 1 H, Ph), 7.19 (d,*Jun = 1.6 Hz, 1 H,
PhH3), 7.25 (d3J = 2.9 Hz, 2 H, Pid), 7.27 (m, 2 H, Pid). *C{*H} NMR (CDCl, 25 °C,
100.1 MHz),8 (ppm): 20.9 (PBH3), 29.5 (CCH3).Ph, 41.6 C(CHs),Ph), 117.6 (PIE5),
126.0 (Ph-@), 128.2 (Phc), 128.5 (Phe5), 129.2 (Phe), 135.0 (Phe2), 138.8 (Ph-@),
148.5 (Ph€), 151.6 (Phcl). Elemental analysis calculated for @GHis0 (226.31 g/mol)
(%): C 84.91, H 8.02; Found: C 86.48, H 7.68.

2-Bromo-4-methylphenof® (13)

OH

Br 13

C-H;BrO
187,03
13 was prepared following a literature procedure. Aison of bromine (40 g, 251 mmol, 1
equiv.) in 100 mL of ChHCl, was added dropwise to a stirred solutiop@iesol (27.2 g, 251
mmol, 1 equiv.) in 500 mL C¥Cl, at 0 °C. Dry argon was bubbled through the reactio
mixture to remove HBr. Once the addition was cortepléhe ice bath was removed and the
solution stirred for 2 hours. After quenching wBA0 mL HO, the organic layer was dried
with MgSQ, and filtered. The solvent was removed by rotargpevator and the product was
purified by vacuum distillation to give a colorlesd in 46% yield (21.8 g, 117 mmol).
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'H NMR (CDCE, 25 °C, 400 MHz)p (ppm): 2.27 (s, 3 H, PH&&), 5.44 (s, 1 H, @), 6.92
(d, 1 H,3J4 = 8.4 Hz, PHH6), 7.02 (dd, 1 H3Juy = 8.4 Hz,*Juy = 2.0 Hz, PhH5), 7.29 (m,
1 H, PhH6). *C{*H} NMR (CDCk, 25 °C, 100 MHz)5 (ppm): 20.3 (P8H3), 110.0 (Ph-
C2), 115.9 (PHE6), 129.9 (PHE5), 131.6 (Phe4), 132.2 (PHE3), 150.1 (PHEL).

1-(Benzyloxy)-2-bromo-4-methylbenzerfé (14)

O
Br 14

C|4H13BFO
277,16

14 was prepared following a standard procedure fotegtion of phenols. 2.46 g of Na (107
mmol, 1 equiv.) were dissolved in 125 mL of dry ELQA solution of 20 g ofL.3 (12.9 mL,
107 mmol, 1 equiv.) in 30 mL of dry EtOH was addedl the solution refluxed for 14 h.
EtOH was removed by destillation and 40 mL of anemys 5% NaOH solution was added.
After threefold extraction with 100 mL 3, the organic phases were dried over MgSO
After evaporation of EO, a yellow oil was obtained that was further digsd in 150 mL of
EtOH and stored in a fridge. After 3 d white crystavere obtained. These crystals were
filtered and dried under vacuum to give 16.96 g rf&hol, 57%) of analytically purg4. *H
NMR (CDCl, 25 °C, 400 MHz)p (ppm): 2.30 (s, 3 H, PhB3), 5.14 (s, 2 H, PhO&,Ph),
6.85 (d, 1 H3Jun = 8.3 Hz, PhH6), 7.04 (dd, 1 H3Juy = 8.3 Hz,*Jun = 2.1 Hz , PHH5),
7.29-7.38 (m, 1 H, PH3), 7.38-7.46 (m, 3 H, PH), 7.51 (m, 2 H, Pi). *C{*H} NMR
(CDCls, 25 °C, 100 MHz)$ (ppm): 20.3 (PBH3), 71.1 (Ph@H,Ph), 112.4 (PIE), 114.1
(PhC), 127.1 (Phe), 128.0 (PhE), 128.6 (Phe3), 129.0 (Ph=4), 132.0 (PH:), 133.9 (Ph-
C5), 136.9 (Ph=6), 153.0 (Ph=1). Elemental analysis calculated for &H13BrO (277.16
g/mol) (%): C 60.67, H 4.73; Found: C 60.62, H 4,70

2-(benzyloxy)-5-methylbiphenyf® (15)

O
15
c CooH, 50
274,36
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15 was prepared following a literature proceduid.3 g of 14 (41 mmol, 1 equiv.),
phenylboronic acid (5.0 g, 41 mmol, 1 equiv.), 30 af a 2 M solution of NgCOs in water
and 250 mL of dimethoxyethane were added into &bD three neck round bottom flask at
25 °C. The solution was degassed with two freezegpthaw cycles and the system was
placed under argon. [Pd(P$4 (2.3 g, 2 mmol) was added to the solution. Thetreaavas
heated to 90 °C, stirred and refluxed for 72 hoilitse reaction was quenched with ethyl
acetate (100 mL) and extracted three times wi® Hnd brine. The organic layer was dried
over MgSQ, filtered and the solvent removed under vacuum. @alehromatography using
a 10:1 mixture oh-hexane and ethyl acetate yieldeslas a colorless oil in 65% vyield (7.3 g,
26.6 mmol).*H NMR (CDCl, 25 °C, 400 MHz)$ (ppm):2.35 (s, 3 H, PhB3), 5.05 (s, 2 H,
PhO,Ph), 6.94 (d, 1 HJuy = 8.3 Hz, PHH6), 7.09 (dd, 1 H3Juy = 8.3 Hz,*Jun = 2.3 Hz,
PhH5), 7.19 (d, 1 H*J4y = 2.3 Hz, PHH3), 7.30-7.38 (m, 5 H, PH), 7.41 (m, 2 H, Plt),
7.59 (dt, 2 H, PHH). **C{*H} NMR (CDCl, 25 °C, 100 MHz)$ (ppm): 20.7 (P8Hs3), 70.9
(PhGCH,Ph), 113.9 (PI€), 126,9 (Phe3), 127.0 (PHe), 127.7 (Phe2), 128.0 (Phe), 128.5
(Ph-C5), 129.0 (PHe), 129.8 (Phe), 130.8 (Phe), 131.4 (Phe), 131.8 (Phe4), 137.6 (Ph-
C6), 138.8 (PIe), 153.7 (Phcl).

5-Methyl-(1,1’-biphenyl)-2-ol (16)

OH O
16
Cy3H 20
184,23

Method A% 2.34 g (8.5 mmol) 015, 1g Pd/C (10%), acetic acid (10 drops), ethyl @eet15
mL) and ethanol (15 mL) were added to a stainlé=sl seactor equipped with a stirbar. The
flask was pressured with 6 bag tdj), heated to 70 °C and stirred for 5 d. The nixtwas
cooled to 25 °C and filtered through celite; tHedte was driedn vacuoand recrystallized
from n-pentane to yield colorless crystals in a yield@6% (1.20 g, 6.5 mmol).

Method B% An oven dried, Schlenk-adapted tube was chargdu 30 g ofl7 (14.4 mmol,
1 equiv.) and [Pd(PRJ] (0.83 g, 0.72 mmol) in anhydrous DME (15 mL) unde. The

solution was degassed and transferred into a flaskaining a degassed solution of
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phenylboronic acid (2.11 g, 17.3 mmol) and 2.0 Memus NaCOs; (14.4 mL, 28.8 mmol) in
DME (15 mL). Under an active Ar purge, the solutiwas heated to reflux and stirred under
Ar for 16 h. After cooling, 30 mL of ethyl acetateere added and the solution was dried over
NaSQ,. After filtration and removal of the solvent undexcuum, a dark and highly viscous
residue was obtained. HCI (0.3 mL) in 2 mL of a fnikture of methanol/ethyl acetate were
added and the solution stirred at 40 °C for 4 ho@fger cooling, the solvent was removed
under vacuum and the crude product was purifiedldsh chromatography (hexanes/ethyl
acetate 20:1) to yield a colorless oil that soledifupon drying under vacuum in a yield of
38% (1.0 g, 5.43 mmolfH NMR (CDCl, 25 °C, 400 MHz)$ (ppm):2.34 (s, 3 H, PhBy),
4.91 (br.,1 H, ®), 6.90 (d, 1 H3Juy = 8.7 Hz, PHH6), 7.08 (d, 2 H3Juy = 5.8 Hz, PHH5),
7.41 (m, 1 H, PHH3), 7.48 (s, 2 H, PH), 7.49 (d, 2 H Juy = 2.7 Hz).“°C{*H} NMR
(CDCls, 25 °C, 100 MHz)$ (ppm):20.6 (PICH3), 115.8 (Phe6), 127.2 (PH=3), 128.0 (Ph-
C), 129.2 (Phe), 129.3 (Phc5), 129.6 (Phe), 130.0 (Phc4), 130.1 (PHe), 130.8 (Phe),
137.5 (Phe2), 150.3 (Ph=1). Elemental analysis calculated for &H;,0 (277.16 g/mol)
(%): C 84.75, H 6.57; Found: C 84.48, H 6.59.

Reaction of 14 and 17 with phenylboronic acid catgkzed by Pd-PEPPSI

Coupling reactions were performed in the same hay tdescribed above for the coupling
reactions with [Pd(PRJy]. Starting with 300 mg o014, 90% yield of15 were isolated. These
yields dropped to 50% starting with 1.0 g ™M and to 25% with 2.0 g of the starting

compound. Reactions performed withiachieved similar yields.

Pyridinium 4-methylbenzenesulfonaté® (PPTS)

O\\ O
S‘b ASait PPTS
[ CpH;3NOsS
= 251,30
PPTS was prepared following a literature procedypeloluenesulfonic acid monohydrate

(11.51g, 66 mmol) was added to pyridine (100 mL) at 25 °C. Afs&rring for 3 h, excess

pyridine was removed under vacuum on a water katiparoximately 60C to afford 14.5 g
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(58 mmol, 88%) ofPPTS as a colorless powder that was further dried unvdenum.'H
NMR (CDCk, 25 °C, 400 MHz)$ (ppm):2.33 (s, 3 H, PhBj3), 7.15 (m, 2 H, PHd), 7.79
(m, 2 H, PhH), 7.93 (m, 2 H, PW), 8.40 (tt, 1 H3Juy = 7.8 Hz,*Jun = 1.6 Hz, PyH), 8.95-
9.03 (M, 2 H, PyH).

3-(2-bromo-4-methylphenoxy)tetrahydro-2H-pyrart® (17)

(0]
by
Br 17
Ci2H;sBrO;
271,15

An oven-dried, Schlenk tube was charged with 1612ah13 (134 mmol, 1 equiv.), 3,4-
dihydro-H-pyran (16.5 mL, 180 mmol, 1.34 equiv.), PPTS .43.4 mmol, 10 mol%) and
DCM (170 mL) under Ar. The reaction was stirred ronvght at 25 °C. Brine (120 mL) was
added and the organic phase was separated, dresdN®/SQ,, filtered and the solvent
removed under vacuum to yiek¥ as a colorless oil in 89% yield (32,2 g, 119 mmtH)
NMR (CDCk, 25 °C, 400 MHz)p (ppm): 1.14-1.23 (m, 1 H, ArOTHm™), 1.28-1.43 (m, 2
H, ArOTHPH), 1.48-1.58 (m, 1 H, ArOTHP), 1.73-1.82 (m, 1 H, ArOTHPH, 1.91 (s, 3
H, Ar-CHgs), 1.95-2,08 (m, 1 H, ArOTHP), 3.31-3,38 (m, 1 H, ArOTHP), 3.74-3,83 (m,
1 H, ArOTHPH), 5.27 (t, 1 H3Juy = 2.5 Hz, ArO®), 6.77 (dd, 1 H3Juy = 8.5 Hz,*Jyn =
1.5 Hz, ArH5), 7.06 (d, 1 H3Juy = 8.5 Hz, ArH6), 7.27 (d, 1 H!Jyy = 1.5 Hz, ArH3).
3c{’H} NMR (CDC, 25 °C, 100 MHz) (ppm): 18.6 (ArOTHFE), 20.1 (AICH3), 25.5
(ArOTHP-C), 30.5 (ArTHPC), 61.4 (ArOTHPE), 96.9 (ArCCH), 113.28 (ArC2), 116.9
(Ar-C6), 129.9 (Arch), 132.5 (Ar€4), 134.0 (Ar€3), 152.0 (ArCl). Elemental analysis
calculated for GH1sBrO, (271.15 g/mol) (%): C 53.15, H 5.58; Found: C %114 5.75.
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Chapter Il — Rare Earth Metal Silylamide Complexegth an [OSSO]-Type
Bis(phenolate) Ligand

1. Rare Earth Metal Silylamide Complexes with an
OSSO-Type Bis(phenolate) Ligand

1.1. Introduction

Inspired by the syntheses of OSSO-type bis(phemotmplexes of group 4 metals Zr, Ti
and Hf by Okudeet al. in 2002} bis(phenolate) complexes of rare earth metal sfkyl
allyls ® —hydrided*’and —silylamide'? have been prepared. Rare earth metal bis(pheholate
complexes are highly air and moisture sensitive hade to be handled under careful

exclusion of oxygen and moisture.

Rare earth metal bis(phenolate) alkyl complexegyieally prepared by treatment of metal
tris(alkyl) precursors with one equivalent of anSustype bis(phenol) (Scheme 3.1.). Almost
exclusively tris(trimethylsilyl) metal precursorgeaused. Formation of readily volatile

tetramethylsilane is the driving force of thesectems. NMR-spectroscopic analyses as well
as X-ray diffraction studies confirmed monomeriaustures of these complexes in solution

and in the solid state with octahedral or distomethhedral coordination around the metal

centers™®
R, R,
R
R, OH
(‘) (THF)
1-3
Ln(CH,SiMes)s(THF), + < _ ( \Ln‘/
- SiMey d ‘

O SiMe,

Ln=Sc, Y, Ho, Lu R OH R

|

Scheme 3.1Syntheses of rare earth metal alkyl complexes stgghdy an OSSO-type ligand.

Dimeric hydride complexes [HO(u-H)THF], and [LW °(u-H)THF], were synthesized by
treatment of [H&>(CH,SiMe;)THF1;] and [LuL>(CH,SiMe;)THF..;] with phenylsilane,
(Scheme 3.2.). These hydride species react witidipyrolefins, CQ, phenylacetylene or

benzophenone via insertion into the Ln-H bd#d.
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u
"Bu

‘B
‘Bu
O THF jg
AN \/(THF)” PhSiH; \ | o
\_- \ |

- PhSl(CHzS]MB3)H2

E iO SiMe;
I3
Bu Ln=Ho, Lu

Me ‘Bu

THF 0

Me

Scheme 3.2Formation of dimeric holmium and lutetium bis(pbkaie) hydride complexes.

Rare earth metal bis(phenolate) allyl complexepaspared by propene elimination reactions
at tris(allyl) metal precursors after addition a$(phenols) (Scheme 3.3.). These complexes

show remarkable activity in hydrosilylation of dtef®

[

!
Bu OH Ln=Y, La, Ce, Nd, Pr, Sm;n=1-2 Bu

‘Bu 'Bu
, Q 'Bu
Bu OH
N |/(THF)1|
( +  [Ln(77’-C3Hs)3(THF),]

t
Bu Bu

Scheme 3.3Preparation of rare earth metal bis(phenolatg) eimplexes.

Silylamide complexes [Un*{N(SiMe,H),}(THF)] are synthesized by amine elimination
reaction from rare earth metal tris(silylamide) quiessors [Ln{N(SiMeH),} 3(THF),] (Ln =
Sc,x=1;Ln =Y, Lu, La, Sm, x = 2) by one equerd of bis(phenol) under slightly varying
conditions”** Table 3.1. gives an overview about reported raaghemetal silylamide

bis(phenolate) compounds.

Silylamide complexes of Sc, Y and Lu bearing a B-Bhelating OSSO-type ligand are
prepared by amine elimination reaction at rareheauetal tris(silylamide) precursors with one

equivalent of 5-5-5 chelating bis(phenol) in toleagmpentane or benzene (Scheme 3.4.).
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Table 3.1.Rareearth metal bis(phenolate) silylamidenaplexes

Chelate Bridge Metal R R, Complex Ref.
5-5-5 G (CHy),  Sc '‘Bu Me [SL{N(SiMe,H) H(THF)]  9-11
Y ‘Bu Me [YL3N(SiMe,H) }(THF)]  9-11
Lu ‘Bu Me [LUL*N(SiMe,H),}(THF)]  9-11
Sc ‘Bu '‘Bu [Sd_®{N(SiMe,H),}(THF)] 9
Lu ‘Bu ‘Bu [LUL %N (SiMe,H),}(THF)] 9

Sc  CMePh CMePh [ScLYN(SiMe,H),}(THF)] 10-11
Y CMePh CMePh [YLYN(SiMeH)NTHF)] 11

b Sc  'Bu Me  [Sd YN(SiMe,H),}(THF)] 10-11
Y '‘Bu Me [YLY{N(SiMe,H),}(THF)] 11
Lu '‘Bu Me  [LuL'{N(SiMeH)}(THF)] 11
5-6-5 G (CHy);  Sc ‘Bu Me  [SE™{N(SiMe,H),}(THF)] 9-11
Lu ‘Bu Me  [LuL*3{N(SiMe,H)}(THF)] 9
Y ‘Bu ‘Bu [YL*¥{N(SiMe,H),}(THF)] 9,11,13
Lu '‘Bu Bu  [LUL™®{N(SiMe,H).}(THF)] 9
5-7-5 G —‘;}_\{}— Sc '‘Bu Me  [SL'¥N(SiMe,H),}(THF)] 10-11
= Y '‘Bu Me [YL¥{N(SiMe,H),}(THF)] 11
Lu ‘Bu Me  [LuL'¥{N(SiMe,H)}(THF)] 11
Y CMePh CMePh [YL™{N(SiMe,H)}(THF)] 11
Sc ada Me  [Sc®YN(SiMe,H),}(THF)] 10-11
—, ( Sc '‘Bu Me  [SLZ{N(SiMe,H).}(THF)] 10-11
s Y '‘Bu Me [YLZY{N(SiMe,H),}(THF)] 11
R, R, R,
o [ScL¥{N(SiMe,H),}(THF)] R, ='Bu, R, = Me
[Ln{N(SiMe,H),}3(THF),] | THF [YL?{N(SiMe;H),}(THF)] R, ='Bu, R, = Me
( T [ Zul [LuL3{N(SiMe;H),}(THF)] R, ='Bu, R, = Me
i Vet | N(SiHMe,); [ScL{N(SiMe,H),}(THF)] R;=R,='Bu
R of Ln=Seix=1; [LuL*{N(SiMe,H),}(THF)] R;=R>='Bu
? Ln=Y,Lu;x=2 [ScL®{N(SiMe,H),}(THF)] R, =R, =CMe,Ph
R, R3 R, [YL?IN(SiMe,H), (THF)] R, =R, =CMe,Ph

H,L%: R, ='Bu,R,=Me
H,L%: R,=R,='Bu
H,L?: R;=R,=CMe,Ph

Scheme 3.4Syntheses of rarearth netal silylamide complexes ligated by &% chelating OSSO-
type bis(phenolate) ligands.
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All complexes show fluxional behavior in solutid@ommonly, the THF dissociation on the
NMR time scale is fast and leads to pseudo-fiverdioated metal centers with either a
trigonal bipyramidal C, or square pyramidalCssymmetry. In lutetium complexes
[LUL’(N(SiMe,H),}THF)] and [LuL®N(SiMe,H)-}(THF)], THF dissociation seems to
occur easier than in analogous Sc- or Y-compléxes.

In terms of fluxionality, yttrium complexes [Y{N(SiMe,H)-}(THF)] and
[Y L¥N(SiMe,H),}(THF)] are more fluxional in solution than theicandium analogues as
indicated by broadening 0H NMR resonances for the protons of the ethyleidgerand of

theortho-groups™**

After the reaction of Sc{N(SiHM#:} s{LiN(SiHMe,),(THF)}] and HL>, three different
products,  [SEXN(SiMe-H) X THF)],  [ScLN(SiMe,H)J][Li(THF)] and lithiated
bis(phenol) LiL°> were developed (Scheme 3%.).

Me Bu THF .

Li
\ .
[Sc{N(SiMe,H),} 3 {LiN(SiMe;H),}(THF)] IBuT N(SiHMe,)
o ,@0 | _«N(SiHMe;)
* THF Me ,Srcx.,

. |~ 0 _
OH OH [ ::gc\ + L By Ll
fBl]@ " \©/’Bu (|) N(SiHMey),
Me
Me Me Me "Bu

H,L? [ScLS{N(SiMe,H),} (THF)] [ScL¥{N(SiMe,H),} |[Li(THF)]
Scheme 3.5Reaction of [Sc{N(SiMgH),} s{LiN(SiMe ,H),(THF)}] with H,L>.

Reaction of racemic 5-5-5 chelating OSSO-type himfpl) HL° with silylamide
precursors affords corresponding silylamide bisuoitete) complexes (Scheme 3.6.).
[ScL*%N(SiMe;H)}(THF)] shows rigidC; symmetry while [X.*%N(SiMe;H),}(THF)] and
[LuL *%N(SiMe,H),}(THF)] possesses higher symmetry in solutiorC, ( (trigonal

bipyramidal) andCs symmetry (square pyramidaffj**
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Me "Bu

OH OH ﬁo
‘B ‘B THF
’ " LaINGIMeHR)(THE] L3 e
7 S NGsiEMey)
2
Ln=Sc;x=1 l O 72

Me Me Ln=Y,Lu;x=2
HoL!Y Me ‘Bu
Ln=Sc, Y, Lu
Scheme 3.6.Syntheses of Sc-, Y- and Lu-silylamide complexethva racemic 5-5-5 chelating
OSSO-type ligand.

Rare earth metal silylamide complexes bearing a-5-efelating OSSO-type ligand (Scheme
3.7.) shows fluxional behavior in solution, due ttee flexible backbone and commonly
reversible THF dissociation on NMR time sc&While Sd *(N(SiMe,H),}(THF)] adopts a
distorted octahedral geometry with the silylamideug ligateccisto THF andiransto one of
the sulfur donors of the bis(phenolate) ligdndthe yttrium center in
[Y L*®{N(SiMe,H),}(THF)] adopts a distorted trigonal prismatic gedrge The two oxygen

donors of the bis(phenolate) ligand argcoordinated.

R,
RZ R]
R, OH
. 0
é [LniN(SiMeH)s §5(THF )] - | ~THE [ScL'8{N(SiMe,H),}(THF)] R, ='Bu, Ry = Me
Ln 16 . _t _
e - [LuL'®{N(SiMe,H)}(THF)] R; ='Bu, R; = Me
Ln=Sc;x=1 | N(SiHMe)), L, o
0 [YL!7IN(SiMe,H),}(THF)] R; =R, ="'Bu

Ln=Y,Lu;x=2
[LuL'7{N(SiMe,H),}(THF)] R;=R,="Bu
R, OH
R

2 R,
Ry
Ln=Sc, Y, Lu

H.L' R, ='Bu, R, =Me
H,L'" R,=R,='Bu

Scheme 3.7Syntheses of rare earth metal silylamide complex#s a 5-6-5 chelating OSSO-type
ligand.

Sc-, Y- and Lu-silylamide complexes bearing 5-7-+elating OSSO-type ligands are
accessible by amine elimination reaction at silytEmprecursors in toluene @rhexane
(Scheme 3.8.).
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OH RZ R|

Lo {N(SiMeyH),} (THF) 0 THE [ScL'8{N(SiMe,H),}(THF)] R, ='Bu, R, =Me
[Ln{N(SiMe;H),}o(THF)] x P [YL'{N(SiMe,H),} (THF)]  R; =‘Bu, R = Me
[LuL'8{N(SiMe,H),}(THF)] R, ='Bu, R, =Me

g
Ln=Seix = 1 | SNGsiMey), [0 NG ,
Ln=Y,Lu;x=2 O [ScL""{N(SiMe,H), }(THF)] R;=Ada, R, ='Bu
[LuL?*{N(SiMe,H),}(THF)] R, =Ada, R, ='Bu
R, OH

RS R,

D0,

Ln=Sc, Y, Lu
H,L'¥® R, ='Bu, R, =Me

H,L2 R, =Ada, R, =Me

Scheme 3.8 Reaction of rare earth metal silylamide precursmeith 5-7-5 chelating OSSO-type
bis(phenols) KL and HL%.

X-ray diffraction analysis of [¥'¥N(SiMe;H),}(THF)] confirmed that both enantiomers
have a distorted octahedr@l-symmetric structure with the silylamide group teghcis to
THF andtrans to one of the sulfur atoms with slightly decreasedjles, due to the larger
metal radius®** The Sc-complexes showed eith@s or C<-symmetry, similar to already
reported findings:****

Reaction of [Sc{N(SiHMg),}s(THF)] with 5-7-5 chelating bis(phenols).H? and HL*
afforded two THF-free Sc-complexes [SEN(SiMe,H),}] and [St*%N(SiMe,H),}]. They
were isolated after prolonged drying of the THFtearing compound®™**

Reaction of [Sm{N(SiHMg,}s(THF),] with H.L'® afforded the expected product
[SML*N(SiHMe,),}(THF)]. Similar reaction of [La{N(SiHMe).}3(THF),] afforded
crystals of dinuclea€;-symmetric [La(L *)s]. NMR spectroscopic data and X-ray diffraction
analysis showed a complex consisting of a catifrsigment[LaL'®* as well as an anionic
fragmentLa(L®),]".** No THF or silylamide group is attached to the rhe¢mter™

Treatment of [LaL'®s with [La{N(SiMe,H);}sTHF,] in C¢Ds led to monomeric
[LaL *¥{N(SiMe,H)-}JTHF], but presence of HN(SiHM in the NMR spectra indicated
significant decompositioft-

Syntheses of [SEHN(SiMe,H)-}(THF)] and [YL?{N(SiMe,H),}THF] bearing a racemic
5—-7-5 chelating OSSO-type ligand were accomplighetteating [M{N(SiMeH),} 3(THF)]

with one equivalent of b.*! in n-pentane (Scheme 3.99.
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Bis(phenolate) Ligand
‘Bu
MCQ OH MGH’BU

[Ln{N(SiMe,H),}3(THF)y]
& ot

Ln=Sc;x=1 N(SlHMez)v
Ln=Y;x=2

OH
Me Bu

<
o
w

u

[ScL2'{N(SiMe,H),}(THF)] R;='Bu, R, =Me

HaL21 21 t
< [YL“ {N(SiMe,H),}(THF)] R;='Bu, R,=Me

Scheme 3.9Syntheses dBScL ?{N(SiMe,H),}THF] and [YL?{N(SiMe,H),} THF].

The silylamide group in these complexes can e&slyemoved by A-diketonato or alkoxy

group indicating the applicability of these compm@s»as initiators for ROP of lactidé

11.2. Results and Discussion

The bis(phenols) reported in chapter Il are treated rare earth metal silylamide precursors
to give monomeric complexes [LI{N(SiMezH)}(THF)]. The monomeric structure of these
complexes is shown by NMR spectroscopic analyssnental analysis and X-ray diffraction

analysis.

11.2.1. Syntheses of Rare Earth Metal Silylamide Recursors

Following literature procedures, H{N(SiMid),} was lithiated with n-BuLi to give
Li{N(SiMe ;H),} (18) in nearly quantitative yield. Subsequent reactiéri® with ScCk or
YCl; in THF results in formation of [Sc{N(SiM#&),}s(THF)] (19 or
[Y{N(SiMe ;H)2} 5(THF)] (20) in yields close to literature data (Scheme 3.10§%
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ﬂ-[Sc{N(SiMcZH)Z}g(THF)] 19

-3 LiCl
THF
Li{N(SiMe,H),}
18 YCl
3w [Y{N(SiMeyH),}5(THF),] 20
-3 LiCl
THF

Scheme 3.10Syntheses dSc{N(SiMe,H),} 3(THF)] (19) and [Y{N(SiMeH),}(THF) ] (20).

11.2.2. Syntheses of Rare Earth Metal Bis(phenol®) Silylamide

Complexes

.2.2.1 Syntheses of Rare Earth Metal SilylamideComplexes Bearing a 5-4-5
Chelating OSSO-Type Bis(phenolate) Ligand.

Following the well established amine eliminatiorttpeay’****19 and 20 were treated with
bis(phenols) KL2?*?® resulting in formation of bis(phenolate) silylammidcomplexes
[ScL**2qN(SiMezH)-}(THF)] and [YL***{N(SiMeH)}(THF)] (Scheme 3.11.).

R, Ry Ry
R, OH
0
¢ LnNGMeHy)(THE] ¢ \Ll - THF
n
-2 HN(SiMe,H), el [ \N(SiHMez)z
<:§ 0
Ln=Sc;x=1;
R, OH Ln=Y;x=2 @
Rl R: Rl

[ScL**{N(SiMe,H);}(THF)] R;=R,='Bu
[YL*{N(SiMe;H),}(THF)] R;=R,="'Bu
[ScL2¥{N(SiMe,H),}(THF)] R;=R;=CMe,Ph
[YL*{N(SiMe,H),(THF)] R, =R;=CMe,Ph
[ScL2${N(SiMe,H),}(THF)] R, = 1-Methylcyclohexyl R, = Me
[YL2${N(SiMe,H),}(THF)] R, = 1-Methylcyclohexyl R> = Me

H,L*: R, =R,='Bu
H,L*: R, =R,=CMe,Ph
H,L2: R, = 1-Methylcyclohexyl, R, = Me

Scheme 3.11Syntheses of Sc- and Y-bis(phenolate) silylamideplexes bearing 5-4-5 chelating
OSSO-type ligands.
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All complexes were isolated as oxygen and moisgessitive, light yellow or colorless
powders in moderate yields (IST{N(SiMe,H)}(THF)] 42%; [YL*{N(SiMe,H):}(THF)]
54%; [S¢t.Z{N(SiMeH)HTHF)] 63%; [YLZ{N(SiMesH)}(THF)] 57%;
[ScL2N(SiMeH)HTHF)] 57%; [YLZ{N(SiMe,H)-JTHF] 62%). NMR spectroscopic and
elemental analyses of most of the complexes shosvsiglamide group, one OSSO-type
bis(phenolate) ligand and one THF molecule attacbdtie metal center. Due to incomplete

combustion, elemental analysis of some complexestdefrom their theoretical values.

Figure 3.1. shows thtH NMR spectrum of [Y.?4N(SiMe,H).}(THF)] in C¢Dg at 25 °C to

illustrate the characteristic signals for these plaxes.

Bu_ . 'Bu ortho'Bu | para'Bu
Q/? THF
.-
< DY
/|\N(SiHMcJ)1
F (8]
'Bu '‘Bu
PhH3 PhH5 a-THF SMH,S ATHF
Si-H |
li |.| A A I\ '| ! II'“ | .
: / . - e D —
- 2 Zg g ek %
(] (] i i IN : : i : .?- i'\ll : i ‘ i v—'l : i i -—I' Q‘I : i i | : i :—'
7.7 73 55 5.1 38 1.9 15 11 0.7
f1 (ppm)

Figure 3.1."H NMR spectrum of[Y L*{N(SiMe,H),}(THF)] in C¢Dsat 25 °C.

For the silylamide group a doublet at 0.38 ppm esents the methyl groups coupling with
the SH-proton giving a septet at 5.18 ppm. Broad sigratlsl.20 and 3.81 show the
coordination of one THF molecule to yttrium. TiBai groups inortho andpara-position of
the phenolate moieties give two signals at 1.29 &i@® ppm. The signal for the &S
protons appears at a chemical shift of 3.80 ppiernify marginally from the corresponding
signals of proligand H.2* (3.93 ppm). Another typical signal for OSSO-typs(jphenolate)
complexes arises at around 160 ppm in fié{*H} NMR spectrum representing thipso
carbon of the phenolate moietfe¥. For [YL?4N(SiMe,H),}(THF)] this resonance arises at
165.6 ppm. For bL?*theipsocarbon signal arises at 153.0 ppm.USEN(SiMe,H),} THF]

shows similar signals. Resulting from the rigid getry around the scandium center in
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[ScL?{N(SiMe,H)}(THF)], SCH.,S protons are diastereotopic as indicated by twaadr
signals at 3.50 and 3.64 ppm. Two broad resonanaes 1.0-1.5 ppm and
3.0-4.1 ppm show a THF attached to the metal cefiitee broad signals indicate expected
reversible THF dissociation on the NMR time sc#leseptet at 5.1 ppm is assigned to the
SiHMe; protons and a doublet at ca. 0.5 ppm is assign&Me,H of the amide ligand. The
coupling constantlsi; = 170-180 Hz indicates a wegkSi-H interaction with the metdf:*
The **c{*H} NMR spectrum shows the resonance of ipso carbon at 151.8 ppm. While
[Y L?{N(SiMe,H)-}(THF)] displays basically the same sets of signaissimilar chemical
shifts as [SE?{N(SiMe,H),}(THF)], signals are broader due to lower rigidigs a
consequence of the larger ionic radius of Y. THisewvation is typical for the comparison of

Sc and Y-complex and estimates the Sc complexies toore selective in the ROP of lactide.

For [Sd?{N(SiMe,H);}(THF)] and [YL®N(SiMe,H)-}(THF)], signals for the 1-
methylcyclohexyl groups between 1.00 and 2.10 ppm relatively broad, indicating
fluxionality of the 1-methylcyclohexyl groups at 26. The short 1,3-dithiaalkanediyl bridge
effects a close vicinity of the 1-methylcyclohexytoups where both groups avoid close
contact in solutio.All other signals of [Lh?*{N(SiMeH)-}(THF)] (Ln = Sc, Y) are similar
to the signals for [Lh?*?IN(SiMe,H)}(THF)].

1.2.2.2. Syntheses of Rare Earth Metal Silylamié Complexes Bearing a 5-5-5
Chelating OSSO-Type Bis(phenolate) ligand.

Amine elimination reaction fron19 and 20 with 5-5-5 chelating bis(phenol).H*" gave
bis(phenolate) silylamide complexes [SEN(SiMe,H) }(THF)] and
[Y L?{N(SiMe,H)-}(THF)] (Scheme 3.12.).

[ScL?{N(SiMe,H)HTHF)] and [YL?{N(SiMe,H),}(THF)] were characterized by NMR
spectroscopy. Th&H NMR spectrum of [Y.2{N(SiMe,H),}(THF)] (Figure 3.2.) shows the
aromatic protons as two doublets and thélPirotons as a septet. Two broad signals arise for
one THF molecule attached to the metal center. mikthyl groups irpara position at the
phenolate moiety form one sharp signal at 2.18 pygnie the 1-methylcyclohexyl groups
form broad signals for theH; protons between 1.88-1.97, 1.70-1.74 and 1.53-4p88. At
1.69 ppm, a signal for the Cidz protons arises and a doublet at 0.43 ppm repiesbat
N(SiMe;H), groups.
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( [Ln {N(SiMe;H)y} 3(THF),] -

m

-2 HN(SiMe,H),

(SIHME'))'!
Ln=Sc¢;x=1;
Ln=Y:;x=2

H2LZ7

Scheme 3.12Syntheses of [3¢7{N(SiMe,H),}(THF)] and [YL*{N(SiMe,H),}(THF)].
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Figure 3.2."H NMR spectrum offY L*’{N(SiMe;H),}(THF)] in C¢Dsat 25 °C.

The *H NMR spectrum of [Sc*{N(SiMe,H),}(THF)] deviates from the spectrum of
[Y L?{N(SiMe,H)-}(THF)]. The signals of the aromatic protons spiito 4 signals due t€;
symmetry of the complex. The signal for the protams: position at the attached THF
molecule is splitted. Splitting of the signal f@¢THF protons was observed previously for
[ScL(N(SiMe,H)HTHF)]®, [Sd.%N(SiMe,H)}THF)]° and [St *{N(SiMe,H)}(THF)]. 1°

[ScL **2823N(SiMe,H)}(THF)] and [YL**282IN(SiMe,H),}(THF)] were also synthesized
by amine elimination. One equivalent of proligahtis **?®**was added slowly to a solution

of 190or 20in benzene and reacted at 70 °C for 24 h. Afterkvuqr, colorless solids were
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obtained in good yields ([B¢HN(SiMesH)HTHF)] 90%:; [Sd.?{N(SiMe,H).}(THF)]
67%:; [YL{N(SiMe,H)-}(THF)] 54%; [YLZN(SiMesH)}(THF)] 61%;
[ScL?N(SiMeH)HTHF)] 71% and [YL?N(SiMe,H).}(THF)] 65%) (Scheme 3.13.).
NMR spectra of all six complexes look similar. Aiese complexes bear two large cumyl
groups on the phenolate moiety. The phenolate meietare bridged by 1,2-
dithiocycloalkanediyl bridges with varying ring ez The'H NMR spectrum shows the $C
protons of the bridges as multiplet signals fron6022.70 ppm. The amide group of
[LnL?%N(SiMe,H),}(THF)] exhibits septet resonances at 5.10-5.20 pantd a doublet
around 0.30-0.50 ppm for the NB&,H-groups. For [Lh?(N(SiMe,H)-}(THF)] broad
multiplets indicate increased fluxionality withihe backbone. Aromatic protons Pi3-und
PhH5 are observed as two doublets around 7.5-7.7 ppme.**C{*H} NMR spectra of
[LnL **282%N(SiMe,H).}(THF)] show resonances for theC8 carbon atoms at 50.0 ppm for
[LnLZ%N(SiMe,H)}(THF)]; at 52.5 ppm for [Li*4N(SiMe,H):}(THF)] and at 55.0 ppm
for [LnL*{N(SiMe,H):}(THF)]. An increasing ring size effects a minimialcrease in the

chemical shift. Thépso-carbon signals appear around 165-168 ppm.

(CMe,Ph
PhMe,C
PhMe,C OH CMe,Ph
. 0 - R
@( [Ln{N(SiMesH), ! 3(THF),] ~ ] /N(SIMCZHL
Ln
\
n Ln=Sc¢;x=1; n /(l) (@]
Ln=Y;x=2
PhMe,C OH CMe,Ph
CMe,Ph PhMe;C
HoL28  n=1
H,L™:n=2
Hngg cn=3

Scheme 3.13Syntheses of [3¢****{N(SiMe,H),}(THF)] and [YL'*?*?{N(SiMe,H)}(THF)].

Single crystals of [Y*{N(SiMe,H),}(THF)] suitable for X-ray diffraction analysis wer
obtained by cooling a saturateepentane solution. The molecular structure is dedidn
Figure 3.3. (Table Al, Appendix).
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Figure 3.3. Molecular s$ructure of [Y L*{N(SiMe,H),}(THF)]. Hydrogen atomsare omitted for
clarity. Selected boncehgths (A) anangles (°): Y-O1 2.147(2), ©2 2.147(2), -03 2.317(2), Y-
S1 2.9641(8) YS2 2.8502(8), -N1 2.242(3); O1-Y-O2 143.64(8), S1-Y-321.30(3), N1-Y-S1
173.74(7), N1-YO3 103.16(9), C-Y-S2 153.58(6) and S1-Y-N1 173.74(7).
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Figure 3.4.VT-NMR spectra of [Sc*{N(SiMe,H),}(THF)].
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The yttrium center in [¥.*{N(SiMe,H),}(THF)] is six-coordinate with a distorted octahe
geometry, bonded to the tetradentate bis(phendigte)d, thesilylamide group and orTHF
ligand. This is a typical structure motif for raearth metal silylamide bis(phenola
complexes:

Both enantiomers of th€;-symmetric molecule are found in the centrosymmatrigstal.

The two oxygen donors of the bis(phenolate) liganel arraged trans to each other. The
average YO(phenolate) bond lengths (2.147 A in [YL{N(SiMe,H).}(THF)]) are within

the range of YO bond lengths ifliterature (2.104-2.177 AY™*° The Y-N bond length of
2.242(3) A is close to valudsund foryttrium amide precursors (2.229¢2)276(4) A)*®
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Figure 3.5VT-NMR spectra of [Y.*{N(SiMe,H),}(THF)].

Variable temperatureNMR spectroscor?®?® of  [Sd'{N(SiMe,H)-}(THF)]  and
[Y L*{N(SiMe,H)-}(THF)] shows both complexes to beukional in solution despi the
stabilising influence ofarge ortho-substituents (Figures 3.4. and 3%.Reversible THF-
dissociation is suggested ¢wigin this fluxiondity. Dissociationof THF leads tca pseudo-
five coordinated geometry with either trigonal bigyidal C, or square pyramidaCs

symmetry’ The signals of both complexbecome sharper at highemperature showing
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fast exchange of the protons. At a coalescenceamhpeT. = 303 K the signals coalesce
with a corresponding rate constant lafs = 140 & for [Sd.*4{N(SiMe,H),}(THF)]. For

[Y L™{N(SiMe,H)-}(THF)], T.= 203 andkygs = 132 § were determined, indicating the Y-
complex being more fluxional in solution than thec®mplex. This derives the Sc-complex
being more selective in catalytic applications thha corresponding Y-complex. At low
temperature, the proton exchange slows down whachbe seen from the signals of e
protons of THF splitting into two multiplets of egjuntensity.

Similar fluxional behavior can be inferred for thther complexes presented in this chapter.

Treatment of19 with enantipure (+)§9-H.L'* and (-)-RR)-H.L'* afforded enantiopure
(S9)-[ScL *{N(SiMe,H),}THF] and RR)-[ScL*{N(SiMe,H),} THF] (Scheme 3.14.).

CMe,Ph
PhMe,C OH
PhMe,C CMe,Ph
PhMCZC'@()H
CMe,Ph S' N(SiMe;H)
2 ) o,
(+)-(S,5)-H,L." O
CMe-,Ph PhMeaC CMe, Ph
PhMe,C OH

(H)-(AS.5)-[ScL{N(SiMe,H),} THF]
[Sc {N(SiMe;H), ) 5(THF)] ——— <~

19 PhMcZCQM{ PhMeZC\QCMC -Ph

CMe,Ph
(-)-(R,R)-H, L™ N(SIMEaH)a
PhMe,C /@c "Me,Ph

(-)-(A,R,R)-[ScL'*{N(SiMe,H),} THF].

Scheme 3.14. Syntheses of (+)AS9-[ScL*{N(SiMe,H).}(THF)] and ()-(A,RR)-
[ScL*{N(SiMe,H) }(THF)].

11.3. Summary

Reaction of 5-4-5 chelating OSSO-type bis(phendid)L?*, H.L* and HL?®) and
5-5-5 chelating OSSO-type bis(phenols),l(tf, (+)-(S9)-H.L™, (-)-(RR)-H.L*, H.LZ,

H,L?® and HL?%) with Sc- and Y-silylamide precursof® and 20 led to new monomeric
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bis(phenolate) silylamide complexes [LHN(SiMezH)}(THF)] with Ln = Sc, Y. The
complexes are air and moisture sensitive powder$ waere characterized by NMR
spectroscopy, elemental analysis and X-ray difioactof [YL{N(SiMe,H).}(THF)].

Variable temperature NMR measurements of [tiN(SiMe,H),}(THF)] were performed to

proof fluxional behaviour in solution.

111.4. Experimental Section

Li{N(SiMe ,H)}*°**(18)

4
SiH 18
Li—N C4H4LiNSI,
SiH 139,27
7N\

18.5 mL of a 2.5 M solution af-BuLi in n-hexane was added slowly to a solution of 8.2 mL
H{N(SiMezH),} (46.3 mmol, 1 equiv.) in 20 min-hexane at 0 °C. After stirring for 3 h at
ambient temperature the solvent was removed ural@rum leaving a colorless powder that
was further dried under vacuum for several hol8swvas isolated as a colorless powder in a
yield of 96% (6.2 g, 44.5 mmollH NMR (CgDs, 25 °C, 400 MHz)$ (ppm): 0.22 (d, 12 H,
33un = 3.0 Hz, SMe,H), 4.63 (m, 2 H, SiMgH). *C{*H} NMR (C¢Ds, 25 °C, 100.1 MHz)$
(ppm): 4.20(SiMezH).

[SC{N(SiMezH) 2} 5(THF)] ™ (19)

!
SH 19
/N SC‘_OQ Cl()HSDSCN_}SIIGO
s 514.06

2.09 g of 18 (15.2 mmol, 2.8 equiv.) were added slowly to apsasion of 2.0 g
[ScCk(THF)3] (5.4 mmol, 1 equiv.) in 50 min-hexane. After stirring for 18 h at ambient
temperature, the reaction mixture was filtered gredwhite residue washed with 10 mLref

hexane. The phases were combined and the prodgstaldized in the fridge for 3 days at
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-30 °C to givel9in a yield of 35% (1.38 g, 2.31 mmotH NMR (CgDs, 25 °C, 400 MHz)$
(ppm): 0.38 (d, 36 H3Juy = 3.1 Hz, SiG3), 1.30 (M, 12 HB-THF), 4.0 (m, 12 Hg-THF),
5.09 (m, 6 H, Si). *C{*H} NMR (CgDs, 25 °C, 100.1 MHz)$ (ppm): 3.0 (STHa), 25.1 f5-
THF), 72.7 ¢-THF).

[Y{N(SiMe 2H)2}s(THF) ;] ** (20)

_S{H 20
N—Y o@ C5Hss YN38i0,
/ 630.11

2
\

To a solution of 6.30 g (43.5 mmol, 2.8 equiv.)1&in 30 mL THF, 3.00 g (15.3 mmol,
1 equiv.) YC} were added. The reaction mixture was stirred foh At 25 °C. After removing
the solvent under vacuurtie precipitate was dissolved in 10 mdhexane and recrystallized
at —30 °C. The colorless crystals were dried undeuum to give analytically pur20 in a
yield of 55% (5.30 g, 8.45 moljH NMR (C¢Ds, 25 °C, 400 MHz)$ (ppm): 0.37 (d, 36 H,
33un = 3.1 Hz, Si®l3), 1.36 (m, 8 Hp-THF), 3.86 (s, 8 H3-THF), 4.99 (sept, 6 HJn = 3.0
Hz, SH). *C{*H} NMR (CsDe, 25 °C, 100.1 MHz)p (ppm): 3.4 (STHs), 25.4 (-THF),
70.9 @-THF).

[SCL*4N(SiMe,H) 2} (THF)]

.y

\ | / [SeL2#{N(SiMe,H),(THF)]
/’ | \ C37H64NO3SZSCSiZ

? Q 736.14

'Bu

N(SiMe,H)»

0.20 g 0f19 (0.4 mmol, 1 equiv.) and 0.19 g obltf* (0.4 mmol, 1 equiv.) were dissolved in
2.5 mL of benzene and the solution was stirred2#bh at 70 °C. After removing the solvent

under vacuum, the colorless solid was recrystallizRom n-pentane at -30 °C.
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[ScL?YN(SiMe,H),}(THF)] was isolated as a colorless powder in 42%ldy (0.12 g,
0.16 mmol)."H NMR (CgDs, 25 °C, 400 MHz)p (ppm): 0.49 ppm (d®Jun = 3.1 Hz, 12 H,
Si(CHs)2), 1.24 (m, 4 HB-THF), 1.37 (s, 18 H, C(83)3), 1.83 (s, 18 H, C(B3)3), 3.71 (s, 2
H, SCH,S), 4.10 (s, 4 Hg-THF), 5.40 (septuy = 3.1 Hz, 2 H, Si), 7.51 (d,*Jun = 2.6 Hz,
2 H, PhH3), 7.71 (d,J41 = 2.6 Hz, 2 H, PHH5). **C{*H} NMR (CgD¢, 25 °C, 100.1 MHz),
8 (ppm): 3.3 (SiCHs),), 24.9 (-THF), 30.0 (4-CCH3)3), 31.7 (6-CCHa)s), 34.2 C(CHa)a),

35.4 (C(CHa)3), 50.8 (£H,S), 71.9 ¢-THF), 123.8 (Phc2), 127.0 (PHE5), 129.0 (PHE3),

137.4 (Phe€4), 139.2 (Phe6), 157.9 (Phz1l). Elemental analysis calculated for
CarHsaNO5S,ScSh (736.2 g/mol) (%): C 60.37, H 8.76, N 1.90; Fouml57.13, H 8.39, N
1.78.

[YL 24N(SiMe,H)}THF)]

‘Bu
‘Bu

‘C’\fl)/r\](smczm2 [YL2*{N(SiMe,H),(THF)]
%

I C37Hg4NO3S,YSiH
S o O 780.10

o

Byl

0.20 g 0f20 (0.4 mmol, 1 equiv.) and 0.20 g oflf* (0.4 mmol, 1 equiv.) were dissolved in
2.5 mL of benzene and the solution was stirred2fbh at 70 °C. After removing the solvent
under vacuum, the colorless precipitate was reaitiggd from n-pentane at —-30 °C.
[Y L?4N(SiMe,H),}(THF)] was isolated as a colorless powder in 54% yield§@, 0.22
mmol). *H NMR (CgDs, 25 °C, 400 MHz)$ (ppm): 0.38 (d3Jun = 3.0 Hz, 12 H, Si(83)),
1.20 (m, 4 HB-THF), 1.29 (s, 18 H, C(8s)3), 1.75 (s, 18 H, C(B3)3), 3.81 (s, 2 H, SA,S),
3.86 (s, 4 Hp-THF), 5.18 (septidun = 3.5 Hz, 2 H, S), 7.39 (d,"Jun = 2.7 Hz, 2 H, Ph-
H3), 7.61 (d*Jun = 2.7 Hz, 2H, PHH5). **C{*H} NMR (CsD¢, 25 °C, 100.1 MHz)5 (ppm):
1.4 (SiCHs)y), 24.1 3-THF), 30.0 (4-CCHs)3), 31.9 (6-CCHs)3), 34.2 (4€(CHjs)3), 36.0 (6-
C(CHg)s), 49.7 (X£H,S), 69.9 ¢-THF), 123.2 (Phe2), 127.2 (PHE5), 129.8 (Phe3), 138.1
(Ph-C4), 138.7 (Ph=6), 165.6 (PH=1). Elemental analysis calculated for gHgsNO3S,Y Sz
(780.1 g/mol) (%): C 56.97, H 8.27, N 1.80; Fou@d55.54, H 8.19, N 1.22.
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[SCL®{N(SiMe,H) }(THF)]

PhMCzC
CMeZPh
0 Me-
S\.Sl‘/N(S'T‘/le*H)2 [ScL2{N(SiMe,H),(THF)]
q/’ |L\ C57H72NO3SESCSi2
S O CO 984.44
CMe,Ph
PhMe,C

A solution of 0.10 g of kKL.?° (0.14 mmol, 1 equiv.) in 1 mL of benzene was adsledly to

a solution of 0.07 g 019 (0.14 mmol, 1 equiv.) in 1 mL of benzene at 25 Y@e resulting
orange solution was stirred at 70 °C for 24 h. Remhof the solvent under vacuum afforded
a colorless powder that was dissolved in 2 mib-pentane, filtered and stored at —30 °C for
two weeks. After crystallization, [8¢N(SiMe,H)-}(THF)] was isolated in 64% vyield
(0.085 g, 0.09 mmol)*H NMR (CgDg, 25 °C, 400 MHz)p (ppm): 0.34(d, 3Jun = 3.0 Hz, 6
H, Si(CHs),), 0.39 (d,*Juy = 3.0 Hz, 6 H, Si(Els),), 0.91 (br, 4 HB-THF), 1.4-2.1 (br, 24 H,
C(CH3)2Ph), 2.94 (br, 4 He-THF), 3.50 (br, 1H, SB,S), 3.67 (br, 1H, SB,S), 5.11 (sept,
3341 = 3.0 Hz, 2 H, S#), 6.93 (m, 2 H, Pld), 7.00-7.13 (m, 6 H, PR, 7.15 (s, 2 H, P),
7.16-7.21 (m, 4 H, PR, 7.29 (d3Jun = 7.7 Hz, 4 H, PHH), 7.32 (d, 34 = 2.6 Hz, 2 H, Ph-
H3), 7.46 (br, 2 H, Ph5). *C{*H} NMR (CsDs, 25 °C, 100.1 MHz),5 (ppm): 3.0
(Si(CHa3)2), 3.7 (SiCHs3)2), 25.0 p-THF), 31.2 (CCH3).Ph), 31.5 (CCHs).Ph), 42.7
(C(CHg)y), 43.3 C(CH3)2), 52.4 (X£H,S), 71.2 ¢-THF), 125.7 (Ph=2), 125.9 (PheE5), 127.1
(PhC), 127.9 (Phc), 128.2 (Phe3), 128.4 (Phe), 130.2 (PhE), 131.0 (Phc4), 138.8 (Ph-
C6), 151.8 (Ph=1). Elemental analysis calculated for gH7oNO3S,ScSp (984.44 g/mol)
(%): C 69.54, H 7.37, N 1.42; Found: C 66.22, H)7]4 1.65.

[YL 2(N(SiMe2H) }THF)]

PhMCzC
CMCzPh
0 .
S\ | /N(SlMeZH)z IYLZS{N(SiMezH)Z(THF)]
<S/T\ Cs57H72NO3S,YSi,
0 (O 1028.39
CMe,Ph
PhMe,C
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A solution of 0.10 g of bL?° (0.14 mmol, 1 equiv.) in 1 mL of benzene was adsledly to

a solution of 0.09 g 020 (0.14 mmol, 1 equiv.) in 1 mL of benzene at 25 T@e orange
solution was stirred at 70 °C for 24 h. The solveas removed under vacuum to afford a
colorless powder that was dissolved in 2 mlngfentane, filtered and stored at -30 °C for 2
weeks. After crystallization, [IY?*(N(SiMe,H)-}(THF)] was isolated as a colorless powder in
57% vyield (0.08 g, 0.08 mmolfH NMR (CgDs, 25 °C, 400 MHz)5 (ppm): 0.36 (br, 6 H,
SiCHg3), 0.39 (br, 6 H, Si€l3), 1.07 (br, 4 HB-THF), 1.64 (s, 12 H, C(83).Ph), 1.80 (s, 12
H, C(CH3).Ph), 3.14 (br, 4 Hg-THF), 3.64 (s, 2 H, SB,S), 4.98 (m, 2 H, $1), 6.87 (m, 6

H, PhH), 7.07 (m, 6 H, PHd), 7.18 (m, 4 H, Pid), 7.31 (m, 8 H, PiH), 7.35 (d,*Jun = 2.6
Hz, 2 H, PhH3), 7.50 (d,*Juy = 2.6 Hz, 2 H, PH5). *C{*H} NMR (CsDs, 25 °C, 100.1
MHz), & (ppm): 3.2 (SiCH3)2), 3.7 (SiCHs3),), 25.2 -THF), 30.2 (CCHs).Ph), 31.3
(C(CHg3)2Ph), 42.7 C(CHs),Ph), 43.2 C(CHg),), 51.7 (££H,S), 70.1 ¢-THF), 121.1 (Ph=2),
124.8 (PhS), 125.9 (PhE), 126.6 (PhE), 127.1 (PhE5), 127.9 (PHE), 128.4 (PhE), 129.8
(Ph-C), 131.5 (Phe3), 137.3 (Ph=4), 138.1 (PH:6), 151.5 (PHE), 152.1 (PhE), 165.1 (Ph-
C1). Elemental analysis calculated for gH72NO3S,YSi, (1028.39 g/mol) (%): C 66.57, H
7.06, N 1.36; Found: C 65.93, H 6.77, N 1.34.

[SCL®{N(SiMe;H) 2} (THF)]

Me
S O N(SiMe,H),
< \S‘C/ [ScL*${N(SiMe,H),}(THF)]
S/ | \0 C37HggNO385ScSis
Y Q 732.13
Me¢

A solution of 0.10 g of b.2® (0.21 mmol, 1 equiv.) in 1 mL benzene was addedlylto a
solution of 0.11 g ofL9 (0.39 mmol) in 3 mL of benzene. The yellow solatiwas stirred at
80 °C for 5 d. The solvent was removed under vactwirgive a yellow powder that was
dissolved in 3 mL ofn-pentane, filtered and stored at —30 °C for 3 dteAfdrying,
[ScL*{N(SiMe,H),}(THF)] was isolated as a yellow powder in a 57% vyield r(&f)
0.12 mmol).'H NMR (CgDs, 25 °C, 400 MHz)p (ppm): 0.39 ppm (d®Jun = 3.0 Hz, 12 H,
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Si(CHs),), 1.23-1.31 (br, 4 HB-THF), 1.43-1.71 (br, 16 H, cyclohexil), 1.50 (s, 6 H,
cyclohexyl-CHs), 2.16 (s, 3 H, Ph-g3), 2.30-2.53 (br, 4 H, cyclohexy), 3.90-4.14 (br, 4
H, a-THF), 3.94 (br, 2 H, SBy), 5.10 (sept>Jun = 3.0 Hz, 2 H, Sil), 6.90-7.06 (br, 2 H, Ph-
H3), 7.20-7.30 (s, 2 H, PH5). *C{*H} NMR (CgDs, 25 °C, 100.1 MHz)p (ppm): 3.02

(Si(CH3)2), 20.8 (PheHs), 23.5 (cyclohexyk), 25.2 3-THF), 27.4 (cyclohexylEHs3), 37.4

(SCHy), 38.9 (cyclohexykc), 51.5 (cyclohexylE(CHg)), 72.1 ¢-THF), 125.8 (Phe3), 127.4

(Ph-C4), 128.6 (PHE5), 132.1 (PHE2), 132.6 (PHE6), 164.4 (PHE1).

[YL 2®{N(SiMe,H)}(THF)]

< \\\,/ [YL2{N(SiMe,H),}(THF)]
I C37Hs0NO3S, Y Siz

5 0 (D 776.08

A solution of 0.10 g of KL.2° (0.21 mmol, 1 equiv.) in benzene (1 mL) was sloadiled to a
solution of 0.13 g 020 (0.39 mmol, 1 equiv.) in 3 mbf benzene. The yellow solution was
stirred at 80 °C for 5 d. The solvent was removedeu vaccunto give a yellow powder that
was dissolved in 3 mL ofi-pentane, filtered and stored at —30 °C for 3 dieAfrying,
[Y L?®{N(SiMe,H)-}(THF)] was isolated as a yellow powder in a yield of 628 g, 0.13
mmol). *H NMR (CgDg, 25 °C, 400 MHz)$ (ppm): 0.39 (d3Jun = 3.0 Hz, 12 H, Si(El),),
1.28 (br, 4 H,4-THF), 1.43-1.60 (br, 16 H, cyclohexif}, 1.68 (s, 6H, cyclohexylids),
1.90-2.10 (br, 4 H, cyclohexyh, 2.17 (s, 6 H, Ph483), 3.77 (s, 2 H, SB,), 3.83 (br, 4 H,
a-THF), 4.97 (sept3duy = 3.0 Hz, 2 H, Sil), 7.04 (d,"Jun = 2.4 Hz, 2 H, PH3), 7.26 (d,
“Jun = 2.4 Hz, 2 H, PH5). 1*C{’H} NMR (Cg¢Ds, 25 °C, 100.1 MHz)3 (ppm): 3.20
(Si(CH3)2), 20.8 (PheHs), 23.5 (cyclohexyk), 25.3 -THF), 27.4 (cyclohexylcHs), 37.2
(SCH), 39.0 (cyclohexyk), 51.7 (cyclohexyle(CHs)), 71.1 @-THF), 125.0 (Phe3), 127.9
(Ph-C4), 128.2 (Ph=5), 132.1 (Ph=2), 133.1 (PHE6), 165.8 (PhE1).
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[ScL?{N(SiMe,H) }(THF)]

Me
S O N(SiMe,H),

( \S\C/ [ScL2{N(SiMe,H),}(THF)]
S/‘\O CagHgaNO3S8,Sc8iy
0 Q 746.16

Me

A solution of 0.19 g of kL2’ (0.38 mmol, 1 equiv.) in benzene (1 mL) was adsled/ly to a
solution of 0.10 g o9 (0.39 mmol, 1 equiv.) im-pentane (4 mL). The yellow solution was
stirred at 25 °C for 48 h. The solvent was remoneder vacuum to give a yellow powder
that was dissolved in 3 mh-pentane filtered and stored at —30 °C for 3 d.eAflrying,
[ScL?{N(SiMe,H),}(THF)] was isolated as a yellow powder in a yield of 72%9(mg, 0.28
mmol).*H NMR (CgDg, 25 °C, 400 MHz)$ (ppm): 0.39 (d3Jun = 3.1 Hz, 6 H, Si€l3), 0.46
(d, 3Jun = 3.1 Hz, 6 H, Si(Els),), 1.23 (br, 4 HpS-THF), 1.48-1.63 (br, 10 H, cyclohexiA),
1.65 (s, 3 H, cyclohexyl-83), 1.67-1.73 (br, 6 H, cyclohexyh, 1.77 (s, 3 H, cyclohexyl-
CHj3), 1.93-2.08 (br, 4 H, cyclohexyh, 2.16 (s, 3 H, Ph-83), 2.17 (s, 3 H, Ph-g3), 2.35-
2.50 (br, 4 H, SE), 3.93-4.04 (m, 2 Hg-THF), 4.10-4.20 (br, 2 Hz-THF), 5.24 (sept, 1 H,
33un = 3.1 Hz, SH), 6.88 (s, 1 H, Pi3), 7.04 (s, 1 H, PH3"), 7.22 (s, 1 H, Pd5), 7.24 (s,
1H, PhH5"). BC{*H} NMR (CgDs, 25 °C, 100.1 MHz)$ (ppm): 3.6 (STH3), 3.8 (SCH3),
20.9 (Ph€H3), 23.6 (Cy€), 25.2 (-THF), 26.5 (cyclohexylEH3), 27.5 (cyclohexyk), 37.0
(cyclohexylC), 37.3 (££Hy), 37.5 (cyclohexyk), 37.8 (cyclohexyk), 38.8 (cyclohexyk),
39.0 (cyclohexyle(CHg)), 72.3 ¢-THF), 118.6 (Phc3), 119.2 (Phe3’), 125.4 (PhE4),
126.2 (Phe4’), 131.5 (Phe5), 131.6 (PHE5’), 131.8 (Phe2), 132.0 (Ph=2"), 136.3 (Ph-
C6), 137.3 (Ph=6’), 166.8 (Ph€l), 167.3 (Phel’). Elemental analysis calculated for
CsgHe2NO3S,ScSp (746.16 g/mol) (%): C 61.17, H 8.38, N 1.88; Fou@d56.02, H 7.53, N
1.19.
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[YL 2"{N(SiMe,H),}(THF)]

Me

S O _N(SiMe;H),  [YLY{N(SiMe,H),}(THF)]

~.) .
Y. C35HgNO3S,YSis
C /|\ 380162 3

70 OQ 782.11

Me

A solution of 0.16 g of K" (0.16 g, 0.32 mmol) in 1 mL af-pentane was slowly added to a
solution of 0.20 g 020 (0.32 mmol, 1 equiv.) in 4 mbf n-pentane. The yellow solution was
stirred at 25 °C for 48 h. The solvent was remonueder vacuum to give a yellow powder
that was dissolved in 3 mL @fpentane, filtered and stored at —30 °C for 3 deAdrying,
[Y L?{N(SiMe,H)-}(THF)] was isolated as a yellow powder in a yielfi76% (0.19 g, 0.24
mmol). *H NMR (CgDg, 25 °C, 400 MHz)$ (ppm): 0.43 (d3Jun = 3.0 Hz, 12 H, Si(El3),),
1.22 (br, 4 HpA-THF), 1.53-1.68 (br, 12 H, cyclohexii), 1.69 (s, 6 H, cyclohexyldds),
1.70-1.74 (br, 4 H, cyclohexyh, 1.88-1.97 (br, 4 H, cyclohexyh, 2.18 (s, 6 H, Ph-&3),
2.47-2.56 (br, 4 H, S&), 3.85 (br, 4 HA-THF), 5.18 (m, 2 H, $i), 6.98 (d,*Ju= 2.2 Hz, 2
H, PhH5), 7.23 (d Jun = 2.2 Hz, 2 H, PH5). °C{*H} NMR (CsDs, 25 °C, 100.1 MHz)$
(ppm): 3.7 (SiCHs3)2), 20.9 (-THF), 23.6 (cyclohexylcHs3), 25.1 (cyclohexyle), 26.2
(cyclohexylC(CHzg)), 27.5 (cyclohexyk), 37.0 (cyclohexykE), 39.0 (cyclohexyE), 71.0
(e-THF), 118.8 (Ph=3), 125.3 (Phz4), 131.5 (PHE5), 132.2 (Ph=2), 137.3 (Phe4), 167.3
(Ph-C1).

[ScL*{N(SiMe,H) 2} (THF)]

PhMCzC
CMEzph
0 .
S\ |/N(SIM62H)2 [SLM{N(SiMe,H),}(THF)]
[ i /'SIC\ CaHgoNO1S,ScSis
S0 D 1052,56
CMe,Ph

PhMe,C
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0.31 g of HL* (0.39 mmol) were slowly added to a solution oft0gRof 19 (0.39 mmol, 1
equiv.) in 5 mL of benzene at 25 °C. The orangetsm was stirred at 70 °C for 5 d. The
solvent was removed under vacuum to give a whitedeo that was dissolved in 5 mL of
pentane, filtered and stored at —30 °C for 3 deAfrystallization and drying under vacuum,
[ScL{N(SiMe,H),}(THF)] was isolated as a colorless powder in 74Bldy(0.31 g, 0.29
mmol).*H NMR (CgDg, 25 °C, 400 MHz)$ (ppm):0.33 (d, 6 H3Juy = 3.4 Hz, Si®i3), 0.34
(d, 6 H,Jun = 3.4 Hz, Si®s), 0.60 (M, 1 H, CyH), 0.77 (m, 1 H, CyH), 1.02 (m, 4 Hp-
THF), 1.27 (m, 2 H, CW), 1.36 (m, 2 H, CyH), 1.58 (s, 3 H, C(85),Ph), 1.61 (s, 3 H,
C(CH3).Ph), 1.64 (s, 3 H, C(4d3).Ph), 1.65 (s, 3 H, C(ds).Ph), 1.67 (s, 3 H, C(@s).Ph),
1.74 (m, 2 H, CyH), 1.83 (s, 3 H, C(85),Ph), 2.04 (s, 3 H, C(ds)-Ph), 2.14 (s, 3 H,
C(CH3),Ph), 2.23 (m, 1 H, S), 2.41 (m, 1 H, SA), 3.10 (M, 4 Hp-THF), 5.13 (sept, 2 H,
33un = 3.4 Hz, SH), 6.99 (d, 2 H3Jyy = 6.8 Hz, PHH), 7.03 (d, 2 H3Jyy = 6.8 Hz, PHH),
7.09 (d, 2 H3Jun = 9.2 Hz, PHH), 7.14 (d, 4 H3Jun = 6.6 Hz, PHH), 7.18 (m, 4 H, PHA),
7.25 (m, 6 H, PHH), 7.47 (d, 2 H3Juy = 9.2 Hz), 7.62 (m, 2 H, PH). *C{*H} NMR (CgDs,
25 °C, 100.1 MHz)$ (ppm): 3.8 (SiCH3)), 24.9 B-THF), 25.8 (Cy€), 26.2 (CyC), 27.5
(C(CHg)2Ph), 28.2 (CCH3).Ph), 30.8 (CCHs).Ph), 30.9 (CCH3).Ph), 31.2 (CCHs).Ph),
31.5 (CCHz3).Ph), 33.3 (Cye), 33.5 (CCH3).Ph), 33.9 (CCH3),Ph), 34.4 (Cy), 42.5
(C(CHg)2Ph), 42.6 C(CHs).Ph), 42.9 C(CHs).Ph), 43.1 C(CH3),Ph), 51.2 C(CHs),Ph),
53.7 (H), 71.3 (-THF), 115.8 (PH=2), 116.2 (PHE2'), 125.0 (PhE), 125.6 (PhE), 125.7
(Ph-C), 126.1 (Phe), 127.01 (PtE), 127.06 (PHE), 127.09 (PHE), 123.9 (PHE), 128.2 (Ph-
C), 134.38 (Phe3), 134.41 (PHE3"), 135.7 (Phe4), 136.9 (PH=4Y), 137.1 (Phe6), 137.3
(PhC6’), 151.8 (PhE), 152.1 (Phc), 152.3 (PhC), 166.4 (Phcl), 166.9 (PH=1).
Elemental analysis calculated for gHgogNO3S,ScSp (1052,56 g/mol): C 70.75, H 7.66, N
1.33; Found: C 69.85, H 7.62, N 1.05.

(+)-(A,S-[SAL{N(SiMe,H)JTHF] and  (-)-(A,RR)-[ScL*{N(SiMe,H),}THF]  were
prepared in a similar manner starting fra@and (+)-3,S9-H.L** or (-)-(A,RR)-H.L* in
comparable yields showing identical NMR resonances.
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[YL *{N(SiMe,H),}(THF)]

PhMC)_C

CMEzph
S O N(SiMe,H),
\4{/ [YL™{N(SiMe,H),}(THF)]
s/ : ™. CeaHyggNO3S,YSis

(Q 1096.42

CMe,Ph
PhMe,C

0.26 g of KL (0.32 mmol, 1 equiv.) were slowly added to a sotubf 0.20 g 0f20 (0.32
mmol, 1 equiv.) in 10 mL of benzene at 25 °C. Thenge solution was stirred at 70 °C for 1
d. The solvent was removed under vacuargive a white powder that was dissolved in 5 mL
n-pentane, filtered and stored at —30 °C for 3 d dgwe colorless crystals of
[Y L*{N(SiMe,H)-}(THF)] in a vield of 56% (196 mg, 0.178 mmotH NMR (C¢Ds, 25 °C,
400 MHz),5 (ppm):0.36 (d, 12 H3Juy = 3.0 Hz, Si®l3), 0.69 (br, 2 H, CyH), 1.05 (m, 4 H,
B-THF), 1.43 (br, 2 H, C\H), 1.62 (s, 6 H, C(83).Ph), 1.67 (s, 6 H, C(ds).Ph), 1.70 (br, 2
H, CyH), 1.81 (br, 2 H, Cy-H), 1.84 (s, 6 H, 4fg),Ph), 1.91 (s, 6 H, C(d3).Ph), 2.39 (br,

2 H, SGH), 3.06 (M, 4 Hp-THF), 4.99 (sept, 2 HJuy = 3.0 Hz, SH), 6.97 (tr., 2 H3Jyy =
7.2 Hz, PhH), 7.05 (m 2 H3J4y = 6.8 Hz, PHH), 7.13 (m, 6 H, PiH), 7.17 (m, 4 H, Pi),
7.28 (m, 4 H, PH), 7.37 (d, 2 H3Jyn = 7.2 Hz), 7.62(br., 2 H, PH). *C{*H} NMR (C¢Ds,

25 °C, 100.1 MHz)p (ppm): 3.7 (SiCHs)), 3.8 (SiCH3)), 25.0 p-THF), 26.0 (Cy€), 30.9
(C(CHs):Ph), 31.2 (OCHa3),Ph), 31.5 (OCHs3),Ph), 33.9 (OCHs)-Ph), 34.1 (CyC), 34.4
(C(CHg)2Ph), 42.5 C(CHs),Ph), 42.6 C(CHs),Ph), 43.1 C(CHs)-Ph), 52.5 (§H), 70.3 ¢-
THF), 115.8 (PhE2), 124.8 (PHE), 125.6 (PhE), 126.5 (PhE), 127.1 (PhE), 128.2 (PHe),
134.9 (Phe3), 136.6 (Ph3’), 136.9 (Phe4), 137.1 (PH=6), 152.0 (PhE), 152.3 (Phe),
166.8 (Ph€l), 166.9 (Ph=1’). Elemental analysis calculated for @HgoNO3S,YSi,
(1096.42 g/moal) (%): C 67.91, H 7.35, N 1.28; Fou@db7.05, H 7.44, N 1.16.
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[ScL?®{N(SiMe,H) }(THF)]

PhM(,‘)(,

Q«CMezph

N(SiMe;H),
M T ‘ [ScL28{N(SiMe,H),}(THF)]
7 \ Ce1H7gNO3S;8cSiy
1038,53
@cmqph

PhMe,C

A solution of 0.15 g kL% (0.19 mmol, 1 equiv.) in 1 mL of benzene was aditegwise to a
solution of 0.10 g ofl9 (0.10 g, 0.19 mmol, 1 equiv.) in 1 mL of benzene2a °C. The
orange solution was stirred at 70 °C for 24 h. Sbhkent was removed under vacuum to
afford an orange oil which was dissolved in 3 mLaaf-pentane/THF mixture, filtered and
stored at —30 °C for 3 d. After crystallization c[S*N(SiMe,H)-}(THF)] was isolated as a
colorless powder in 67% yield (0.13 g, 0.13 mmd&. NMR (CgDs, 25 °C, 400 MHz)3
(ppm): 0.42 ppm (I = 3.1 Hz, 6 H, Si€ls), 0.45 (d3Jun = 3.1 Hz, 6 H, Si€l3), 1.11 (m,
4 H, o-THF), 1.47 (br, 2 H, CH), 1.59 (m, 2 H, C\H), 1.70 (s, 6 H, C(83),Ph), 1.73 (s, 6
H, C(CHs3),Ph), 1.77 (m, 2 H, C¥#), 1.96 (s, 6 H, C(853),Ph), 2.10 (s, 3 H, C(d3).Ph),
2.19 (s, 3 H C(Bl3),Ph), 2.69 (m, 2 H, S6), 3.25 (m, 4 Hp-THF), 5.18 (m, 2 H, $1), 7.11
(m, 4 H, PhH), 7.22 (m, 6 H, Pid), 7.31 (br, 10 H, Pi), 7.55 (d,*Juy = 7.5 Hz, 2 H, Ph-
H3), 7.68 (d.*Jun = 5.4 Hz, 2 H, PH5). *C{*H} NMR (C¢Ds, 25 °C, 100.1 MHz)5 (ppm):
3.7 (SiCHs3)2), 22.0 (Cy€), 24.3 -THF), 27.0 (CCH3),Ph), 28.2 (OCH3),Ph), 28.8 (Cyc),
29.2 (Cy<€), 30.3 (CCHs),Ph), 30.4 (CCHs).Ph), 30.7 (OCH3),Ph), 33.1 (Cy), 41.9
(C(CHg),Ph), 42.4 C(CHs),Ph), 42.6 C(CHs).Ph), 43.2 C(CHs).Ph), 50.4 (&€H), 53.0
(SCH), 70.8 ¢-THF), 115.7 (Ph22), 124.4 (Phe), 124.5 (PhE), 125.1 (Phe), 125.2 (Ph-
C), 125.6 (Phe), 126.3 (Phe), 126.4 (Phe), 127.3 (PhE), 128.0 (Phe3), 128.2 (PHE3)),
133.1 (Phe4), 133.3 (PH=4), 135.2 (PhE), 137.0 (Phe6), 137.3 (PHE6’), 151.0 (PhE),
151.1 (PHE), 151.3 (Phe), 151.5 (Phe), 165.9 (Phcl), 166.5 (Phzl’). Elemental
analysis calculated for gH7gNO3S,ScSp (1038.53 g/mol) (%): C 70.55, H 7.48, N 1.36;
Found: C 68.90, H 7.49, N 0.98.

82



Chapter Il — Rare Earth Metal Silylamide Complexegth an [OSSO]-Type
Bis(phenolate) Ligand

[YL 2%{N(SiMe,H) .} THF)]

PhMCzC

CMe,Ph
S O N(SiMe,H),
\‘I‘,/ [YL2{N(SiMe,H),}(THF)]
S/}\ C(,[ngNO;SZsCSiQ
0

OQ 1082.48

CMe,Ph
PhMe,C

A solution of 0.12 g of k.22 (0.16 mmol, 1 equiv.) in 1 mL benzene was addegwlise to a
solution of 0.10 g o0 (0.16 mmol) in 1 mL of benzene at 25 °C. The oeasglution was
stirred at 70 °C for 24 h. The solvent was remouader vacuum to afford an orange oll
which was dissolved in 3 mL of ampentane/THF mixture, filtered and stored at —3GGC3
d. [YL?®{N(SiMe,H)-}(THF)] was isolated as a colorless powder in 61#dy(0.13 g, 0.12
mmol).'H NMR (C¢Ds, 25 °C, 400 MHz)$ (ppm): 0.33 ppm (FJun = 3.0 Hz, 6 H, SiEls),
0.36 (d,*Jyn = 3.0 Hz, 6 H, SiEl3), 1.29 (m, 4 HB-THF), 1.60 (s, 6 H, C(83),Ph), 1.61 (br,
2 H, CyH), 1.63 (s, 6 H, C(H3),Ph), 1.66 (m, 4 H, C¥4), 1.78 (s, 6 H, C(85)-Ph), 1.92 (s,
6 H, C(H3),Ph), 2.62 (m, 2 H, SE), 3.40 (M, 4 Hp-THF), 4.97 (septJan = 3.0 Hz, 2 H,
SiH), 7.04 (m, 4 H, Ptd), 7.13 (m, 6 H, Pid), 7.17 (d,*J4n = 5.2 Hz, 2 H, PH), 7.21 (d,
*Jun = 2.5 Hz, 2 H, PH), 7.25 (dtJqn = 3.1 Hz,*3uy = 1.8 Hz, 2 H, PH), 7.34 (d,3Juy =
7.2 Hz, 4 H, PH3), 7.59 (d3Jun = 2.5 Hz, 2 H, PHH5). *C{*H} NMR (C¢Ds, 25 °C, 100.1
MHZz), 8 (ppm): 3.8 ppm (%iH3), 3.9 (SCH3), 23.2 (Cy€), 25.6 B-THF), 28.4 (CCH3).Ph),
31.0 (Cy€), 31.1 (CCHs),Ph), 31.2 (Cyc), 42.6 C(CHs),Ph), 43.1 C(CH3),Ph), 51.9
(SCH), 68.8 (-THF), 116.4 (Phc2), 124.9 (PKE), 125.8 (PHE), 126.4 (Phe), 127.1 (Ph-
C), 127.9 (Phe3), 128.2 (PHE3'), 128.4 (Phe4), 134.2 (PHE), 137.2 (Phe6), 137.3 (Ph-
C6’), 167.1 (Phel). Elemental analysis calculated for g;H7sNOsS,YSi, (1082.48 g/mol)
(%):C 67.68, H 7.26, N 1.29; Found: C 67.08, H 6N4.10.
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[ScLZ{N(SiMe,H)}(THF)]

P]’!MCzC
CMszh
S O N(SiMe,H),
\S\C/ [ScL2{N(SiMe,H),}(THF))|
S/’ I \o CeyHggNO3S,ScSi,
0 Q 1080.61
CMCzph
PhMe-C

A solution of 0.16 g of kL2 (0.19 mmol, 1 equiv.) in 1 mL of benzene was addiepwise

to a solution of 0.10 @9 (0.19 mmol, 1 equiv) in 1 mL benzene at 25 °C. dtange solution
was stirred at 70 °C for 24 h. The solvent was nsgdaunder vacuum to afford an orange oil
which was dissolved in 3 mL ofrapentane/THF mixture, filtered and stored at —3GGIC3

d. After crystallization, [Sc?(N(SiMe,H).}(THF)] was isolated as an orange powder in 71%
yield (0.15 g, 0.14 mmolfH NMR (CgDs, 25 °C, 400 MHz)§ (ppm): 0.33 ppm (br, 12 H,
Si(CHs),), 1.01 (m, 4 HB-THF), 1.36 (br, 4 H, C\H), 1.59 (br, 6 H, C(E3),Ph), 1.63 (s, 6
H, C(CHs),Ph), 1.67 (s, 6 H, C(@s).Ph), 1.72 (br, 3 H, C(8s).Ph), 1.82 (br, 3H,
C(CH3)2Ph), 2.03-2.09 (br, 6 H, Ck, 2.21 (s, 1 H, CW), 2.36 (s, 1 H, C\H), 2.73 (s, 1 H,
SCH), 2.83 (s, 1 H, SB), 3.10 (m, 4 Hp-THF), 5.10 (br, 2 H, $i), 6.90-7.10 (br, 6 H, Ph-
H), 7.13 (br, 2 H, Pid), 7.18 (br, 6 H, Pid), 7.28 (m, 8 H, PHd), 7.44 (br, 2 H, Pid3),
7.60 (br, 2H, PHH5). *C{*H} NMR (CgDs, 25 °C, 100.1 MHz)$ (ppm): 3.9 (SiCH3),), 25.0
(6-THF), 25.7 (Cy€), 26.1 (Cy€), 26.9 (Cy€), 27.2 (CyC), 27.4 (CyC), 27.7 (CyC),
28.5 (Cy€), 31.1 (CCH3),Ph), 31.3 (CCH3),Ph), 34.1 (CCH3).Ph), 34.3 (OCH3).Ph), 34.5
(C(CHg),Ph), 35.3 C(CHs).Ph), 42.6 C(CHs).Ph), 43.2 C(CHs).Ph), 53.9 (&€H), 56.3
(SCH), 71.4 ¢-THF), 116.3 (PHE2), 117.2 (PHE2'), 125.0 (PhE), 125.8 (PhE), 126.1 (Ph-
C), 126.8 (Phc), 127.1 (PhC), 127.9 (Phe), 128.8 (Phe), 132.6 (Phe3), 133.3 (Ph3),
135.9 (Phe4), 137.1 (PH26), 137.3 (PhE6’), 137.3 (Phe4’), 151.9 (PhE), 166.5 (Phel),
167.4 (Ph€l’). Elemental analysis calculated for gHgsNO3S,;ScSp (1080.61 g/mol) (%):

C 71.13,H 7.84, N 1.30; Found: C 69.35, H 7.91,.AlL.
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[YL 2%N(SiMe,H)}(THF)]

PhMEQC
CMEzph

S ] NEIMeH): |y 2N (siMe,H),}(TH)]
Y CesHggNO3S,YSis
S/Ol\

(O 1124.56

CMe,Ph
PhMe,C

A solution 0.27 g of bL2° (0.32 mmol, 1 equiv.) in 1 mL of benzene was aditegwise to a
solution of 0.20 g o9 (0.32 mmol, 1 equiv.) in 1 mL of benzene at 25 T8e solution was
stirred for 3 d at 25 °C. The solvent was removeden vacuum to afford an orange powder
that was dissolved in 5 mhb-pentane/THF, filtered and stored at —30 °C for .5Aéter
crystallization, [YL*}N(SiMe,H),}(THF)] was isolated as an orange powder in 75%dyie
(0.27 g, 0.24)*H NMR (CsDs, 25 °C, 400 MHz)8 (ppm): 0.33 (d2Juy = 3.0 Hz, 6 H,
SiCH3), 0.35 (d,2J4n = 3.0 Hz, 6 H, Si€l3), 0.99 (br, 6 H, CyH), 1.20 (br, 4 HA-THF), 1.42
(br, 4 H, CyH), 1.67 (s, 6 H, C(83),Ph), 1.68 (s, 6 H, C(ds).Ph), 1.75 (br, 2 H,
Cy-H), 1.82 (br, 6 H, C(63).,Ph), 2.66 (s, 2 H, S4), 3.26 (m, 4 Hp-THF), 5.00 (br, 2 H,
SiH), 6.95 (t,3un = 7.3 Hz, 2 H, PHH), 7.06 (m, 4 H, Pi), 7.11 (br, 4 H, Pid), 7.19 (m,
4H, PhH), 7.28 (br, 2H, PH3), 7.32 (m, 6 H, Pl4), 7.57 (d,*Jun = 2.5 Hz, 2 H, PH5).
¥3C{H} NMR (CgDs, 25 °C, 100.1 MHz)3 (ppm): 3.7 (SiCHs),), 25.3 B-THF), 25.9
(Cy-C), 27.5 (Cy€), 30.1 (Cy€), 30.6 (Cy€), 31.2 (CCH3).Ph), 31.3 C(CHs),Ph), 42.6
(C(CHg),Ph), 43.2 C(CH3),Ph), 58.8 (§€H), 69.6 ¢-THF), 124.9 (Ph=2), 125.3 (Phe),
126.6 (Phe), 127.2 (PhC), 127.9 (Phe), 128.2 (Phc5), 132.8 (PhE3), 136.8 (PH=4),
136.9 (Phe6), 151.8 (PHES), 165.0 (Phcl). Elemental analysis calculated for
Ce4HsaNO3S,Y S, (1124.56 g/mol) (%): C 68.35, H 7.53, N 1.25; Fdu@ 68.34, H 7.43, N
0.99.
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V. Rare Earth Metal Silylamide Initiators with an
OSSO-Type Bis(phenolate) Ligand for the

Stereoselective  Polymerization of Lactide

Monomers
IV.1. Introduction
IV.1.1. Rare Earth Metal Initiators for the ROP of Lactide Monomers

Inspired by results about the ROP of lactide mongnaehieved by aluminum initiators,
complexes of trivalent rare earth metal cationsewsemsidered as possible initiators for ROP

of lactide monomerk?

Feijen et al. reported, that yttrium alkoxide clusters(¥-O)(OPr)s showed remarkable
activity in ROP ofL-lactide. A non-linear relationship between progegarate and initial
initiator concentration indicated aggregation obgagating polymer chains in solutidn.
Typical for initiators with a cluster structure, ntml over molecular weight and
polydispersity is not effective because of morentbae potential initiating group. Over the
years, numerous studies about structurally charaeteinitiators based on rare earth metal
cations have been carried 4. In addition to excellent activities, many complsxshowed
good stereoselectivities and produced narrowlyridisied PLAs with high molecular

weights.

Prominent rare earth metal complexes used for tetézrctive ROP of lactide monomers are

amine bis(phenolate) complexes by Carpemtiel. (Scheme 4.1VIl andVill ).2*°

Me MC
‘Bu X O ‘Bu Cumyl X 0 Cumyl
o\‘Y’,J,O o\‘-.Y’,J,o
THF '\ THF"\
'Bu N ‘Bu  Cumyl N Cumyl
VII VIII
X = N(SiMe,H),

Scheme 4.1Yttrium complexes by Carpentievi( , VI ).8'15

89



Stereocontrolled Ring-Opening Polymerization oftide Monomers by Lewis-Acidic
Metal Complexes

These initiators polymerizedac-lactide to heterotactic polsgc-lactide) withP, up to 0.90.
Stereoselectivity can be improved by subtle modifan of the ligand framework and by
changing the donor group on the pendant ameselLactide was polymerized to
syndiotactically enriched polg{eselactide) within 0.5 h at 20 °&* Theoretical calculations
corroborate that effect as a rare example of eleatrcontributions to the stereoselective ROP
of a cyclic estef!

Highly heteroselective ROP ahc-lactide was also observed for lanthanide mono(alky
complexes supported by ONNO-type tetradentate dianfigands reported by Cuit al’
(Scheme 4.2.X). Polymers with a heterotacticity up # = 0.99 have been isolated.
retained its structure in solution upon monomerdmation and subsequent insertion. €i
al. report that the sterical environment at the pragiag sites favors the coordination of a
monomer of opposite configuration to decrease tieegy of the transition state.

Si ﬁ
‘Bu [ }V’R ‘Bu
o\~
\.L"(\CHOa)
THF A,
Bu N 'Bu
X

Scheme 4.2Lanthanide initiator¥ by Cuiet al’

Yttrium silylamide complexes ligated by bis(phospbjdiamido ancillary ligands (Scheme
4.3.,X1) were reported to initiate the ROPrat-LA with high rates (Williamst al, 2011)?3

Heterotactic PLAs were forme@(= 0.85).
Mo
><N>Y‘,—N(SiHMf:2)2
]
N, //O\(O
A
XI

Scheme 4.3Yttrium bis(diphosphinic)amido silylamide initiatd#l by Williamset al?®
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High polymerization rates have also been reportedently by Williamset al. for
phosphasalen  yttrium  complexes (Scheme  4.4XIl). With an initial
monomer:initiator:alcohol ratio of 1000:1:1, 80%nwgersion was achieved within just one

minute giving narrowly distributed, highly heterctia poly(rac-lactides§’

Ph,P=N_  N=PPh,
Y.
1N\
'Bu o | o Bu
0O'Bu
‘Bu ‘Bu

X1I

Scheme 4.4Yttrium phosphasalen complex by Williamsal®’

Isoselective ROP ofac-LA was reported by Arnoldet al’® Applying Cs-symmetric
lanthanide tris(alkoxide) complexes (Scheme 4X8l,) at -5 °C led to narrowly distributed
poly(rac-lactides) withP; = 0.83. Retention of stereochemical control isegieven for high
monomer conversions. High molecular weights dematestthat there is no neccessity for
using a single-site initiator with only one monotia initiating group attached to the metal

center to achieve excellent control over the ROP.

'Bu

t O
2BuP\\O, “\\O;PIBUZ

Y.
o/ é\o

' H
Bu o ’
/4 Bu
P Bﬂz
XIII

Scheme 4.5Yttrium tris(alkoxide) complexIil by Arnoldet al®

Scandium amide complexes containing cyclen-der[MdNN]-type proligands MgrACD
(XIV) and MTACD (XV) ligand recently reported by Okudd al. polymerizedmese
lactide with full conversion at 25 °C in less th@® h resulting in syndiotactic polpese
lactides) Ps = 0.73). (Scheme 4.6%.
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Me
Me\,/’,li_/.\\ Me\i/,N_:\\
! N—Me LN N—Me
L \ g \ £
N 77N N(SiHMe,), N”’ “N(SiHMe,),
l%/iez “SiMe,H N—SiMe,
HMe,Si
XIV XV

Scheme 4.6Scandium amide complexes supported by tetradeMiaBACD (XIV ) and MgTACD-
ligand (XV).*

IV.1.2. Rare Earth Metal Initiators with an OSSO-Type Bis(phenolate)
Ligand in the ROP of Lactide Monomers

IvV.1.2.1. ROP ofL-lactide

Rare earth metal bis(phenolate) silylamide compdkal *{N(SiMe,H),}(THF)] collated in
Table 4.1. have already been studied in the RQP @frac-lactide by Okudat al3*°

Some reported results on the ROP Lefactide are collated in Table 4.2-lactide is
polymerized in a controlled fashion to highly istdta PLAs with high molecular weights and
relatively broad PDIs. With a given ligand, lutetiuinitiators [LU*{N(SiMezH)}(THF)]
were reported to show slightly higher activity thanyttrium initiators
[YL*{N(SiMe,H),}(THF)]. Lu and Y complexes are much more activarthscandium
initiators [S¢.*{N(SiMe,H),}(THF)] due to the larger coordination sphere ambihe metal
center’? The complexes show higher activity when ROP isgpered in THF than in CyCl,

or toluene; exemplarily demonstrated forl[¥N(SiMe,H),}(THF)] by entries 4a-c in Table
4.2 (THF, 0.17 h, > 99% conversion; &b, 1 h, 67% conversion; toluene, 1 h, 76%
conversiony®*

Coordinated THF increases the nucleophilicity oé tactive end group, enhancing the
polymerization raté'**In addition, excess THF accelerates reversiblsodiation of the six-
coordinated complex, giving a pseudo five coordidatomplex in solution. This alleviates
monomer coordination to the metal center. Detailedetic studies demonstrate the
polymerization to occur first order in monomer cenitation as well as in initiator

concentration when the monomer conversion stays'i&udies on the mechanism confirm
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the silylamide group as initiating group. The biepolate)ligand is not involved in th
polymerization asno resonances of ligand fragments couldobserve in the 'H NMR
spectrum of the polymers.ofmation of purely isotactic polL-Lactide)also shows that no
epimerization of -lactide takes plac

With a given metal, complexes bearing , bridged ligandare more active thi analogous
complexes bearing a;®@ridged liganc

Table 4.1.Rare earth metailglamide initiators bearing 5-5-5, 5-6-5 and’-55- chelating OSSO-
type ligands®*°

Chelate  Bridge Metal R R» [LnL{N(SiMe,H),} THF] Ref.
5-5-5 G (CH,), Sc '‘Bu Me Ln=Sc, x = 38-40
Y '‘Bu Me Ln=Y,x=5 38-40
Lu '‘Bu Me Lhn=Lu,x=¢ 38-40
Sc '‘Bu '‘Bu Ln=Sc, x = 38
Lu '‘Bu '‘Bu Ln=Lu, x=¢€ 38
Sc CMePh CMePh Ln=Sc,x=" 39-40
Y CMe,Ph CMe,Ph Ln=Y,x=¢ 40
b Sc '‘Bu Me Ln=Sc,x=1 39-40
Y '‘Bu Me Ln=Y,x=10 40
Lu '‘Bu Me Ln = Lu, x = 1( 40
5-6-5 G (CHy)3 Sc '‘Bu Me Ln=Sc,x=1 38-40
Lu '‘Bu Me Ln=Lu, x = 1f 38
Y '‘Bu '‘Bu Ln=Y, x = 1¢ 38-40
B Lu ‘Bu ‘Bu Ln = Lu, X = 1¢ 38
5-7-5 G Ra’ sc 'Bu Me Ln=Sc,x=1 39-40
Y '‘Bu Me Ln=Y,x = 1¢ 40
Lu '‘Bu Me Ln = Lu, x = 1¢ 40
Y CMe,Ph CMe,Ph Ln=Y, x = 1¢ 40
-~ Sc Ada Me Lh=Sc,x=2 39-40
) Sc ‘Bu Me Ln=Sc, x =2 39-40
Y '‘Bu Me Ln=Y, x=21 40

ROP of L-lactide initiated byin situ generated rare earth metal alkoxide bis(phenc
systems were compared to the results achieved [[YL>N(SiMesH)}(THF)],
[Y L™®{N(SiMe,H)-}(THF)] and [LuL*®¥N(SiMe,H),}(THF)].** Addition of isopropanc
results information of dimeric specieROP ofL-Lactide with anisopropancinitiator ratio of
2:1ran faster than polymerizatic where a 1:1 ratio was used. Thlkoxide generatein situ
initiated living ROP ofL-lactide to afford linear PLAs with isopropoxide egicbups.ROP is
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first-order in monomer and initiator concentratidDver the entire conversion range, no
aggregation or deactivation of the active site whserved. Thus, the initiating group has a

strong influence on the polymerization processgadrticular during initiatiorf®*

Table 4.2. ROP of L-lactide initiated by rare earth metal bis(pherglasilylamide complexes
[LnLX{N(SiMe,H),}(THF)]. a38-40

Entry Initiator [Ln] o/ t (h) Conv. Mgg-mol) My(g-mol) M,/
[LA] o (%)° (x107%)° (x107%)° My’
1 Lh=Sc,x=5 300 4 66 2.85 2.95 1.37
2 Ln=Sc, X =6 300 20 98 4.23 5.40 1.20
3 Ln=Sc, x = 15 300 24 42 1.82 2.79 1.41
4a Ln=Y,x=5 300 0.17 99 4.28 4.99 1.17
4K 300 1 67 2.90 4.08 1.97
ad 300 1 76 3.29 3.87 1.49
5 Ln=Y,x=9 300 0.15 94 4.06 11.9 1.58
6 Lh=Y, x =10 300 0.17 80 3.46 8.97 1.74
7 Lh=Y, x=16 300 24 97 4.19 4.20 1.15
8 Lh=Y, x=18 300 2 93 4.02 6.29 1.31
9 Lh=Y, x=19 300 25 66 2.85 5.67 1.19
10 Ln=Y,x=21 300 2 80 3.46 5.77 1.28
11 Lhn=Lu,x=5 300 0.1 97 4.19 5.76 1.17
12 Lh=Lu, x=6 300 0.5 93 4.02 2.38 1.24
13 Ln=Lu, x =10 300 0.1 63 2.72 18.6 1.43
14 Ln=Lu,x=15 300 47 49 2.10 2.42 1.31
15 Ln=Lu,x=16 300 48 60 2.59 3.41 1.18
16 Ln=Lu,x=18 300 2 81 3.50 9.04 1.43

qLn] = 2.9 mmol-L*, THF (1 mL), 25 °C;’determined by integration ratio of the methine pnst of the
monomer and polymer in tHéi NMR spectrum®M. = ([MJ/[Ln]) x 144.13x conv.%;" determined by GPC:
[Ln] = 2.9 mmol- %, CH,Cl, (1 mL);"[Ln] = 2.9 mmol- %, toluene (1 mL), T = 60 °C.

IvV.1.2.2. ROP ofrac-Lactide

Table 4.3. collates published results on the RORaofLA initiated by rare earth metal

bis(phenolate) silylamide complex&s'®

Not surprisingly, activity showed trends, similarthe ROP of -lactide®*° High monomer
conversion was observed within 1 h. Even with ahitnonomer:initiator ratio higher than
300, high conversions were reached within a fewrsidwy using Y- or Lu-initiatord®*°
Generally, initiators with a 1,4-dithiabutanediytidye were more active than identically

substituted complexes with other bridges. This migsult from a blocked coordination
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sphere around the metal centers given by compléresing bis(phenolate) ligands with
larger bridges. PDIs of the polymers are relativedyrow, not exceeding values of 2.0. This
indicates the complexes acting as single-siteaitits. Broadening of the PDI was observed

by increasing the initial monomer:initiator ratio.

Table 4.3. ROP of rac-lactide initiated by rare earth metal bis(pher®)lasilylamide initiators
[LnLX{N(SiMe,H)}(THF)]. 2394

Entry Initiator [Lnld  t(h) Conv.(%)® Mdg-mol)  Myg-mol) M,/ pe
[LA] o (x107%)° (x107%° M,
1 n=Sc.x=5 300 9 82 3.55 178 189 078
2 Ln=Sc,x=9 300 8 85 3.68 25.9 1.66 0.80
3 Ln=Sc,x=10 300 9 79 3.42 23.8 1.88 0.82
4 Ln=Sc,x=15 300 8 81 3.50 12.6 1.85 0.95
5 Ln=Sc,x=18 300 8 84 3.63 9.30 1.84 0.93
6 Ln=Sc, x =20 300 5 75 3.25 28.5 1.60 0.94
7 Ln=Sc,x=21 300 21 89 3.85 14.3 1.88 0.94
8 Ln=Y,x=5 300 1 94 4.06 5.41 1.66 0.67
9 Ln=Y,x=9 300 0.15 95 4.11 8.78 1.62 0.71
10 Ln=Y,x=10 300 0.17 90 3.89 6.40 1.60 0.71
11 Ln=Y,x=16 300 2 a0 3.89 6.08 1.52 0.82
12 Lhn=Y,x=18 300 0.5 85 3.68 8.74 1.32 0.89
13 Ln=Y,x=19 300 0.75 89 3.85 5.29 1.74 0.88
14 Lhn=Y,x=21 300 0.5 81 3.50 7.88 1.57 0.90
15 Ln=Lu,x=5 300 0.2 92 3.98 15.6 1.89 0.64
16 Ln=Lu,x=10 300 0.5 91 3.93 12.0 1.81 0.68
17 Ln=Lu, x=18 300 2 94 4.06 6.59 1.90 0.83

2Ln]o = 2.9 mmol- L, THF (1 mL), rt;° monomer conversion determined By NMR spectroscopy’ M. =
([LAJ/[LN] x conv.% x 144.13);" determined by GPC® probability of forming a new-dyad determined by
homonuclear decouplé#i NMR spectroscopy.

Isolated polyfac-lactides) showed heterotacticity due to a dynamimomer recognitiof” *°
Treatment of [Sc?{N(SiMe,H)-}(THF)] with (R)-tert-butyl lactate resulted in a dimeric
lactate compleX® Because of the structural relationship betweRntdrt-butyl lactate and
lactide, a similar transition state occurs duringnemer coordination. The configuration of
the lactate and resulting steric repulsion indugesonformation of the bis(phenolate)
ligand3° Polymerization ofac-lactide initiated by this dimeric lactate compfexmes highly

heterotactic poly@c-lactides).

As a result of high heteroselectivity given by #ljiriapentanediyl bridged complexes
[ScL®{N(SiMezH)HTHF)], [LuL™{N(SiMeH)}THF)], [Y L™{N(SiMe,H).}(THF)] and
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[LuL *%N(SiMe,H),}(THF)], dynamic monomer-recognition takes placewhich incoming
lactide monomers induce eitherconfiguration p-lactide) or4-configuration (-lactide) of
the resulting intermediate. Steric repulsion prefene enantiomer coordinates to the metal
center. After ring-opening of the coordinated moeomepulsion of the-methyl groups and

theortho-substituents induce change of conformaffon.

Use of THF has a significant impact in preparatidrheterotactic polymersGenerally,
[ScLX{N(SiMe,H),}(THF)] showes higher heteroselectivity, due to 8realler metal center
and larger steric hindrance around the metal cemdeghest P, values were found for
poly(rac-lactides) formed by [Sc™{N(SiMeH)}THF)] (P, = 0.95, entry 4),
[ScLN(SiMeH)HTHF)] (P, = 0.93, entry 5), [Sc?YN(SiMe,H)-}(THF)] (P; = 0.94,
entry 6), [St?Y{N(SiMe,H)-}(THF)] (P; = 0.94, entry 7), and [Y*{N(SiMe,H)(THF)] (P;
= 0.90, entry 14a). Modification of the bis(phene)digand influenced the stereoselectivity.
Greatest effects were achieved by extending thedgeri from G to G
([Y LYN(SiMe,H)-}(THF)], P, = 0.67, entry 8a; [¥Y*{N(SiMe,H),}(THF)], P; = 0.90, entry
14a).

IV.2. Results and Discussion

This chapter describes ROP o&c- and meselactide initiated by rare earth metal
bis(phenolate) silylamide complexes introduced ima@er 1l as well as application of
already reported bis(phenolate) initiatorsnieselactide polymerization. Based on the results
presented in the first part of this chapter, theosd part concentrates on the analysis of the
microstructure of produced PLAs to identify thegami of stereoerrors along the polymer

chain.
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IV.2.1. Rare Earth Metal Bis(phenolate) Silylamide Complexes as
Initiators for the ROP of Lactide Monomers.

IvV.2.1.1. ROP ofrac-Lactide

Rare earth metal bis(phenolate) silylamide initigtf.nL*{N(SiMe,H)>(THF)] (Ln = Sc,Y
and x = 14, 24-29) were tested in the ROIPacflactide (Scheme 4.7., Table 4.4)
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Scheme 4.7ROP ofrac-lactide and resulting microstructures of pohytlactides).

Most of the polymerizations in THF proceeded faghwigh monomer conversions in less
than 3 h. Scandium initiators [SEN(SiMe,H)-}(THF)] (x = 24-26) with a rigid 5-4-5
chelate array, polymerizedac-lactide with low conversions between 21 and 35%ngi
atactic polyfac-lactides) (entries 1-3). This indicates, that ghty rigid system lowers the
polymerization rate. The coordination sphere arotinedmetal center is blocked. In addition,
bis(dimethylsilylamide) groups that are less nuphlelic than alkoxides, lead to slower
initiation of the ROP. With [Y*{N(SiMe,H),}(THF)] (x = 24-26),conversions of 81%, 93%
and 97% were achieved, giving slightly heterotacéinriched poly@c-lactides). In
accordance with reported results, yttrium initiatowere more active than scandium

initiators*® However, [YL?{N(SiMe,H).}(THF)] with a 5-5-5 chelate array was less active
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than [St?{N(SiMe,H);}(THF)]. This might result from the fluxionality ofthe 1-
methylcyclohexyl groups.

Table 4.4. ROP ofrac-lactide initiated by rare earth metal bis(pherglagilylamide complexes
[LNL{N(SiMe,H),}(THF)]. ?

Entry Initiator [Lnld  Conv.(%)® Mdg-mol’)  My(g-mol?) My/ P,
[LA] o (x107%) (x107%)° M,
1 Ln=Sc,x=24 100 26 0.38 0.6 1.89 0.49
2 Ln=Sc,x=25 100 35 0.50 1.20 1.19 0.50
3 Ln=Sc,x=26 100 21 0.30 2.20 1.24 0.50
4 Ln=Sc,x=27 100 94 1.35 2.38 1.61 0.71
5 Ln=Sc,x=28 100 80 1.15 2.40 1.11 0.85
6 Lhn=Sc,x=14 100 98 1.41 1.13 1.09 0.74
7 Ln=Sc,x=29 100 86 1.24 1.83 1.65 0.64
8 Ln=Y,x=24 100 81 1.17 0.83 1.05 0.59
9 Ln=Y,x=25 100 93 1.34 1.83 1.65 0.61
10 Ln=Y,x=26 100 97 1.40 2.00 1.45 0.57
11 Ln=Y,x=27 100 98 1.41 1.22 1.66 0.54
12 Ln=Y,x=28 100 55 0.79 1.25 1.10 0.68
13 Ln=Y,x=14 100 98 1.44 2.08 1.15 0.68
14 Ln=Y,x=29 100 98 1.41 1.70 1.42 0.63

apolymerization conditions: [LA][Init] o = 100, 3 h, THF, 1 mL, 25 °Gconversion of monomer (([LA-
[LA] )/[LA] o); ¢ measured by GPC, calibrated with PS standards i determined by homonuclear
decoupledH NMR, P, is the probability to obtaiisi or sistetrad?

In contrast to published results, yttrium initigdiYL*{N(SiMe,H)-}(THF)] (x = 24-26)
based on 5-4-5 chelating ligands showed higherrdtaigticity than scandium initiators
[SCLX{N(SiMe,H)}(THF)] (x = 24-26). This is a rare example for eaearth metal
bis(phenolate) complexes, where the yttrium imstias both more active and selective than

homologous scandium initiators in lactide polymatiian.

When [LALY{N(SiMe;H)}(THF)] (Ln = Sc,Y; x = 14, 28-29) based on racentie5-5
chelating OSSO-type ligands but differing in thecloplkane ring size are compared,
heterotacticity decreased with increase in ring g the scandium initiatord?( = 0.74,
[ScL*{N(SiMezH)}(THF)]; Pr = 0.85, [St?®N(SiMezH)-}(THF)] (Figure 4.1),P; = 0.61,
[ScLZN(SiMe,H)}THF)]). More rigid 1,2-cycloalkanediyl backbonekd to higher
heterotacticity. Previous results show an increasee of theorthosubstituent on the
aromatic rings resulting in a higher heterotagticit the poly¢ac-lactides)*
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Figure 4.1. 'H{H} NMR spectrum of poly(ac-lactide) synthesized using
[ScL?®N(SiMe,H),}(THF)] (Table 4.3., Entry 5).

When [LrL?{N(SiMe;H)-}(THF)] (Ln = Sc,Y) with a 1-methylcyclohexyl groum the
orthojosition of the 5-5-5 chelating ligand were useetelotacticity of the polymers was
lower (® = 071 for [St?{N(SiMe,H).}(THF)] vs. P, = 0.54 for
[Y L?{N(SiMe,H)-}(THF)]) than observed for initiators witlBu groups irortho-position @
=0.78 for Sc and®; = 0.68 for Y)*° A similar trend was also observed for heterotiytiof
the polymers generated by [LA{N(SiMe,H),}(THF)] (entries 1 and 8) and
[LNL%%N(SiMe,H),}(THF)] with a 5-4-5 chelate array (entries 3 and).1 Initiators
[LNL%%N(SiMe,H),HTHF)] and [LnL?%{N(SiMe,H),}(THF)] were not as active and
selective than initiators bearing a cumyl groupnfgl = 2-phenyl-2-propyl) inortho-
position®® This is in accordance with published results. Targe cumyl groups irrtho-
position block the coordination sphere, controllitige coordination of lactide more
efficiently. In addition, electron-withdrawing pregies of cumyl groups increase the lewis-

acidity of the metal center. This leads to an iaseein activity’>*°

IvV.2.1.2. ROP ofmesaolactide

The mechanism of the ROP ofeselactide suggested by Coates and Ovitt is basethen
control at one chiral site of the monomer. An atidr that polymerizesac-lactide to give
highly heterotactic PLA should also polymerimeselactide syndioselectively, providing the
initiator’'s dynamic properties. This means, thaé af the two diastereotopic sitesnmese
lactide is favored to undergo acyl-bond cleavdd@.Heteroselective rare earth metal
bis(phenolate) silylamide initiators [LA{N(SiMe,H),(THF)] with Ln = Sc,Y and x = 14, 24-

29 were tested in the ROP okselactide (Scheme 4.8., Table 4.5.)
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Scheme 4.8ROP ofmeselactide and resulting microstructures of pahgselactides).

Table 4.5. ROP of mesalactide initiated by rare earth metal bis(pher@latilylamide complexes
[LNL{N(SiMe,H),}(THF)]. ?

Entry Initiator [Lnld  Conv.(%)® Mdg-mol’)  My(g-mol?) M/ P
[LA] o (x10°% (x107%)° M,°
1 Ln=Sc,x=24 100 96 1.38 2.95 1.23 0.66
2 Ln=Sc,x=25 100 76 1.09 2.10 1.94 0.87
3 Ln=Sc,x=26 100 82 1.18 3.38 1.80 0.84
4 Ln=Sc,x=27 100 95 1.37 2.32 2.18 0.89
5 Ln=Sc,x=28 100 93 1.34 4.33 2.19 0.91
6 Ln=Sc,x=14 100 > 99 1.41 3.23 1.80 0.92
7 Ln=Sc,x=29 100 > 99 1.44 3.83 1.67 0.87
8 Ln=Y,x=24 100 > 99 1.44 1.93 1.88 0.82
9 Ln=Y,x=25 100 > 99 1.44 1.43 1.99 0.83
10 Ln=Y,x=26 100 > 99 1.44 1.23 1.19 0.74
11 Ln=Y,x=27 100 > 99 1.44 0.01 14.7 0.70
12 Ln=Y,x=28 100 26 0.37 1.83 1.52 0.80
13 Ln=Y,x=14 100 79 1.14 0.48 1.94 0.71
14 Ln=Y,x=29 100 > 99 1.44 0.01 7,51 0.76

2 Polymerization conditions: [LAJ[Init]o = 100, 0.5 h, toluene, 1 mL, 25 °€conversion of monomer

((ILA] o - [LA]) /[LA]o); © measured by GPC with PS standards in PHfdetermined by homonuclear
decoupledH NMR, Psis the probability of forming a nesidyad?**

In contrast to ROP ofac-lactide, 1,3-dithiapropanediyl-bridged bis(phem®jacomplexes

[ScL2*?YN(SiMe,H)-}(THF)] polymerizemeselactide efficiently, reaching high conversions

within 0.5 h.meseLactide is polymerized faster because of its highmey strain®

ROP of meselactide using initiators [Sc*?*?IN(SiMe,H)-}(THF))] afforded highly

syndiotactic with Ps= 0.92 as

PLA P.>0.84)

[ScL{N(SiMe,H),.}(THF)] (Figure 4.2.).
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Figure 4.2. 'H{'H} NMR spectrum of polyheselactide) synthesized using
[ScL™{N(SiMe,H),}(THF)] (Table 4.4., Entry 6).

Syndiotacticity of polyfneselactides) decreased with an increase of the mathlis, as all
yttrium initiators led to lower syndiotacticity (@ < Ps < 0.83). However
[ScL?YN(SiMe,H),}(THF)], based on a rigid 5-4-5 OSSO-type ligantpwed a relatively
low syndioselectivity s = 0.66), even lower than [Y*4{N(SiMe;H)-}(THF)] (Ps = 0.82).

Polymerization results using [Y4{N(SiMe,H)-}(THF)] with variation of the initial

monomer:initiator ratio are collated in Table 4.6.

Table 4.6.ROP ofmesalactide initiated by [Y.*{N(SiMe,H)}(THF)].?

Entry [Ln]d  Conv.(%)® Mc(g-mol")  M,(g-mol?) M/ pJ

[LAT o (<107 (x10°)° My?
1 100 > 99 1.44 1.95 1.88  0.82
2 200 > 99 2.88 2.45 1.98  0.90
3 300 > 99 4.32 4.48 145  0.84

apolymerization conditions: 3 h, THF, 1 mL, 25 ®@onversion of monomer (([LA-
[LA] ) /[LA] o); © measured by GPQ, calibrated with PS standards in THF corrected
with Mark-Houwink parameter€,® determined by homonuclear decouptetdNMR, P

is the probability of a newdyad*

An increase from 1:100 to 1:300 results in incnegsmolecular weights My exp =
19500 - 44800 g/mol) at 25 °C and high syndiot#gticalues Ps > 0.82). Carpentieet al
reported similar syndiotacticity values using atriyin alkoxy-amino bis(phenolate) amide
complex®

Initiators [S¢.2*(N(SiMe,H).}(THF)] bearing cumyl groups, give polyeselactides) of
higher syndiotacticityRs = 0.87) compared to polymers obtained with theespondingBu
substituted initiator®s = 0.66). Syndiotacticity of polyieselactides) increases with size of

theortho groups.
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For [Sd'*?®2§N(SiMe,H).}(THF)] based on chiral 5-5-5 OSSO-type ligands hwit
different cycloalkane ring sizes, high conversionl &igh syndiotactic preferencBs(> 0.87)

is observed.

In contrast to ROP ofac-lactide initiated by 1-methylcyclohexyl substitdténitiators
([LnL%N(SiMe,H)}(THF)] and [LnL?{N(SiMe,H)-}(THF)] (Ln = Sc, Y), stereocontrol in
meselactide polymerization is comparable to resultsBu substituted initiators’

Based on a 5-4-5-chelate, syndiotacticitiesPof= 0.66 [St.*{N(SiMe,H),}(THF)] and
0.82 [YL*{N(SiMe;H),}(THF)] were obtained for 'Bu substituted initiators while
[ScL2®{N(SiMe,H)}THF)] and [YL?{N(SiMe,H),}(THF)] gave tacticity values oPs =
0.84 [St?*N(SiMe,H).}(THF)] and Ps = 0.74 [YL?{N(SiMe,H)}(THF)]. My/M, values
arehigh for all polyfesolactides). Only [SE?4{N(SiMe,H).}(THF)] (Mw/M, = 1.23) and
[Y L?N(SiMe,H)-}(THF)] (Mw/M, = 1.19) based on a rigid 5-4-5 chelate gave narrowly
distributed polymers.

Interestingly, Coates and Ovitt reported that racerfAl(SalBinap)(OR)] formed
heterotactic PLAs fronmesolactide?* When enantiopureS(S)-[ScL *{N(SiMe,H)}(THF)]
and RR)-[ScL*{N(SiMe,H)-}(THF)] were explored for ROP afeselactide, syndiotactic
PLA (Ps = 0.93) is formed, demonstrating that use of @opaote rare earth metal
bis(phenolate) initiators has no specific effecstareoselectivity. (Table 4.7.).

Table 4.7.ROP ofmeselactide initiated by enantiopure and racemic[8fN(SiMe,H),}(THF)]. @

Entry Catalyst [Lnld  Conv.(%)® Mdg-mol’)  My(g-mol?) M./ P
[LA] o (x10°%) (x107%)° M,°
1 SS 100 98 1.42 2.05 2.09 0.93
2 RR 100 > 99 1.44 5.70 2.34 0.93
3 rac 100 > 99 1.44 7.40 2.20 0.92

apolymerization conditions: [LAJ[Init] o = 100, 0.5 h, toluene, 1 mL, 25 *@onversion of monomer (([LA}
[LA] ) /[LA]o); ¢ measured by GPC with PS standards in PH¥tdetermined by homonuclear decoupfét

NMR, Psis the probability of forming a newtetrad™*

In 1999 Coates and Ovitt reported that enantiogatéSalBinap)(OR)] convertednese
lactide into crystalline syndiotactic poly(lactidejth T, = 150 °C, while the homologous

yttrium complex was not activ.
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In addition to studies on initiators prepared insthhesis, scandium bis(phenolate)
silylamide initiators that have already been ingeded earlier concerning their
heteroselectivity irrac-lactide polymerization were explored in ROP méselactide. The

data are collated in Table 4.8.

Table 4.8. ROP of mesolactide initiated by scandium bis(phenolate) silyide initiators
[SCL{N(SiMe,H),JTHF]. 2

Entry Catalyst [Lnlo  Conv.(%)® Mcg-mol’)  My(g-mor?) M/ P
[LA] o (x107%) (x107%)° M,
1 Xx=5 100 > 99 1.44 1.25 1.29 0.88
2 XxX=9 100 88 1.29 4.00 1.85 0.93
3 x=10 100 > 99 1.44 1.60 1.71 0.89
4 x=15 100 95 1.37 1.33 2.15 0.90
5 x=18 100 93 1.34 1.90 1.80 0.89

2 Polymerization conditions: 0.5 h, THF, 1 mL, 25 %Gonversion of monomer (([LA]— [LA],) /[LA]o); ©
measured by GPQ\, calibrated with PS standards in THF correctedofeihg Mark-Houwink parameters;
determined by homonuclear decouptedNMR, Ps is the probability of forming a nesdyad™

ROP is rapid and controlled. Polydispersity val(Mg/M,) of the polymers vary from 1.3-2.1
demonstrating again the influence of different eisl and differendrtho-groups.

[ScL*¥{N(SiMe,H),}(THF)] has previously been reported to be actimeheteroselective
ROP ofrac-lactide @; = 0.93)*° Additional experiments with an initial monomertiator
ratio of 52 : 1 attained full conversion within 80n in GDg with M, = 6500 g/molM,/Mp, =
1.22 andPs = 0.91. An increase in initial initiator/monometio from 1 : 50 to 1 : 200 gave
polymers with increased molecular weights betwedén5d0 g/mol and 34 750 and
polydispersities betwedd,,/M,= 1.68 - 2.04.

Under similar conditions, 1,3-dithiapropanediyldued complex
[ScL*{N(SiMe,H),}(THF)] also showed syndioselectivity?{ = 0.90, Table 4.8., entry 4).
This finding is in agreement with previously remattresults on ROP afc-lactide @, =
0.95)* Fast conversion and highest syndiotacticity werechieved by
[ScL{N(SiMezH)2}(THF)] (Ps = 0.93) (Table 4.8.).

ROP of mesolactide using [SE*N(SiMe;H);}(THF)] in THF gave polymers with

molecular weights higher than calculated, as oppdseROP in toluene. Syndiotacticity
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values remains at the same lev) £ 0.86). These findings indicate the Lewis basbltak
the coordination site (Figure 4.3.)
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Figure 4.3.Polymerization omesalactide with variation of initial monomer/initiatoatio [LA]¢/[In]o
using [S¢. "*{N(SiMe;H)}(THF)].

Table 4.9.ROP ofmeselactide initiated by [Sc'¥N(SiMe,H)}(THF)].

Entry T/ [Lnld  Time/ Conv.(%)® Mdg-mol’)  My(g-mol?) M/ pd

°C)  [LAlo  (min) (x107) (x107)° Mn°
1 60 200 10.2 56 1.44 1.50 1.63  0.86
2 100 200 7.2 54 1.29 1.40 280 085
3 130 200 7.2 88 1.44 4.55 1.59  0.83

aMelt polymerization® conversion of monomer (([LA]- [LA],) /[LA] o); measured by GP®/, calibrated with
PS standards in THF corrected following Mark-Houkjzarameters® determined by homonuclear decoupled
'H NMR, Psis the probability of forming a nesdyad*

ROP ofmeselactide in melt using [Sc*¥{N(SiMe,H),}(THF)] (1 : 200) was rapid (50%
monomer conversion <10 min) and controlled (see€rdl®.). Tacticity Ps > 0.83) was as
high as that observed in solution.

The somewhat broader polydispersities of PLAs olethiwith the rare earth metal initiators

were ascribed to chain transfer reaction due to thgh activity.
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IV.2.2. Analysis of the Microstructure of PLA

The results presented in the previous chapter dstrade that OSSO-type bis(phenolate)
complexes of scandium silylamides initiate syndiesteve ROP ofmeselactide givingPs
values around 0.92. As described in Chapter |,gemeral mechanisms for stereocontrol over

polymerization are known.

If chain-end control (CEC) occurs, the last monomserted at the polymer chain determines
the stereochemistry of insertion of the next monoMéhen catalytic-site control (CSC) takes
place, the initiator ring-opens the monomer prefeady at one of the two enantiotopic sites.
CSC was reported by Coatetsal. to be the origin of selectivity when ROP is penfied with
[Al(SalBinap)(OR)] as initiator (Scheme 4%8)*

A
RO . 9 0
oyt e forbodd
Oy ka>>kp H

B or
kg >> ky syndiotactic poly(meso-lactide)

meso-lactide

Scheme 4.8StereoselectivROPof meselactide by catalytic-site control.

Mechanisms of stereocontrol can be studied bysstzl analysis of stereoerrors. (Figure
4.4.) If no misinsertion occurs (Figure 449, lactide is either opened at the &R or the B-
site SR. The stereocenters along the polymer chain folgixictly the orderRSRSRSr
SRSRSRNd no other tetrad than sss tetrads are obserWwdR.

If chain-end control occurs (Figure 4.B), insertion starts at one enantiotopic site, for
example A, forming a syndiotactic stereoblock. ieanisinsertion takes place, the incoming
monomer is opened at the B si&R. ThisSRconfigured unit determines opening of the next

monomer correctly following CEC mechanism at thsit® (SR starting the next syndiotactic
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stereoblock. Next to sss tetrads representing etenctic stereoblocks, one ssi tetrad, one sis
tetrad and one iss tetrad is observed if18é'"H} NMR spectrum of the polymer.

A: Insertion sequences for production of syndiotaptily(meselactide):

RSRSRSRSRSRSRSRSRSRS \R)Ok
SSSSSSSSSSSSSSSSSSS  onlysss tetrads OT;
B: Insertion sequence for one misinsertion occuiinGEC Mechanism: o) §

RSRSRSRSBESRSRSRSR
SSSSSSSSSISSSSSSSSS ssi, sis and iss tetrad show one misinsertion

C: Insertion sequence for one misinsertion occumn@SC Mechanism:

RSRSRSRSBERRSRSRS

SSSSSSSSSISISSSSSSS ssi, 2x sis, isi and iss tetrad show onemagsition

Figure 4.4. Insertion sequences for ROP pfeselactide giving A: Syndiotactic PLA without
misinsertion;B: One misinsertion occuring in CEC mechani€nOne misinsertion occuring in CSC

mechanism.

Figure 4.4.C shows tetrads that are observed with one stergoglvng the polymer chain
with catalytic-site control. After several correttsertions, for example at site A, one
monomer is inserted at the “wrong” B site. As catalytic-control prefers one site, the next
monomer is opened again at the A skit€)(which is the preferred site of the catalytic spgcie
but inverted in comparison to the last monomer.tNexhe sss tetrad, one ssi tetrad, one isi,

one iss and two sis tetrads can be found resuitimg one misinsertion.

At selectivities aroundPs = 0.90 double stereoerrors or even more misims&tcannot be

excluded.

Focussing on the results with rare earth metal pbefolate) silylamide systems,
[ScL*¥{N(SiMe,H),}(THF)] showed highest syndioselectivity in ROP roeselactide Ps =
0.93) (Figure 4.5.).
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Figure 4.5.*H{*H} NMR spectrum (left) and®*C{*H} NMR (right) of poly(meselactide) produced by
[ScL¥{N(SiMe,H).}(THF)].

Existence of the isi tetrad in tH&C{*H} NMR spectrum of polyfeselactide) (Figure 4.5.,
right) shows that CSC-mechanism dominates in RORexelactide. ROP runs in a similar
way as with initiator systems reported by Coatehéne 4.9.544°
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Scheme 4.9Proposed mechanism for ROPnodéselactide

The tetrad integrals in th€C{*H} NMR spectra lead to a tetrad ratio iss:ssssésés of
2:22:1:2:2. Neglecting the integral of the sssatdtmearly the same ratio of the other four

tetrad integrals can be found for all pohdselactides) produced by rare earth metal
bis(phenolate) silylamide initiators.

As already shown in Figure 4.4., one misinsertiorthe ROP ofmeselactide following a
CSC-mechanism gives the following ratio of tetradg:iss, 1 x isi, 1 X ssi, 2 X Sis.
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Comparing theory with experimental results leaves tetrads, 1 x iss and 1 x ssi tetrad that
do not result from a misinsertion of one monomes. Meselactide is formed as a side
product in preparation of-lactide, commercially availableneselactide always contains
small amountsL-lactide. Hence, purification ofmeselactide used for polymerization
experiments is mandatory. Typically, purificationf oneselactide includes repeated
recrystallization from isopropanol or toluene amtblgnation. Identification oRR and SS
lactide next taneselactide is possible bH NMR spectroscopy. In Figure 4.6. thé NMR
spectrum of an equimolar mixture wiese andL-lactide is presented. It can clearly be seen
that signals arising for the methine protons of ik@mmers overlap with each other while
resonances for the GHyroups are separated. If only a small amount-laictide soilsmese

lactide, it should also be possible to identify thastereomers next to each other.
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Figure 4.6.Part of the'H NMR spectrum of a 1:1 mixture of andmeselactide in CDC} at 25 °C.

After purification of meselactide by recrystallization and sublimation, ndactide can be
found in the!H NMR spectrum (Figure 4.7.) and after GC/MS anialyBhis shows, that there
is no detectable amount pflactide inmeselactide. Because the silylamide group and THF
attached to the metal centers are basic, it wasstigated whether these initiators can induce
epimerization of lactide as a side reaction of R@P. Problematically for this analysis, the
initiators were demonstrated to be highly activetie’H NMR spectra of quenched reaction
mixtures, even after only a few minutes no sigdisac-lactide could be found in the region
of unconverted monomer. To slow down the polyméiomarate, ROP ofmeselactide
initiated by [St **{N(SiMe.H),}(THF)] was performed at -70 °C, at -18°C and at@ At
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T < -18 °C neither polymerization nor epimerizatioccurred. In experiments performed at
0 °C, after 8 h very low conversion of 20% was fduNMR spectroscopic studies and GPC
analysis showed the formation of atactic polymeith vow molecular weights. No signals of

rac-lactide could be identified indicating no veriflaepimerization.
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505 500 170 165 160 055
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Figure 4.7."H NMR spectrum of purifietheselactide measured in CDCat 25 °C.

Finally, 18 and H{N(SiMeH),} were stirred with 100 equiv. agheselactide in 2 mL toluene
and the reaction progress was monitoredHhyNMR. 18 polymerizedmeselactide to atactic
polymer with low molecular weights while in the cdan mixture of H{N(SiMeH),} and
mesaelactide, small signals of the methyl-groupsraé-lactide could be found next to signals
for meselactide after 108 h in toluene. No significantyrokrization took place (Figure 4.8).
This demonstrates that the basic silylamide grotipclaed to the metal centers should
possibly be able to epimeringeselactide intorac-lactide.

o mes¢ |B
B

O
O
B A | |
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Figure 4.8.Part of theH NMR spectrum after reaction of H{N(SiMH#),} with meselactide for 108
hin CDC} at 25 °C.
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Figure 4.9. shows the structures of and meselactide in the solid state. Theoretical
calculations have identifietheselactide having the higher ring strain resultingain easier
cleavage of the acyl borfd.Recently, Bérneet al. reported about epimerization ofese
lactide in presence of organic ba8e®BU, DABCO or imidazole induce epimerization of
meseolactide even at 25 °C resulting in an equimolaxtorie of all three isomef¥. This
process occurs without significant polymerizatidime authors exclude the possibility, that
depolymerization of polyGeselactides) takes place. As driving force, formatiohmore
stableL- andD-lactide monomers were observed. This should inciple also be possible for

the basic silylamide group.

Figure 4.9.Solid state structures of (left) andmeselactide (right).

From the data collected in the presented studyplgegerization of PLA and subsequent
formation of L- or D-lactide cannot be excluded. Inversion of the stegaters along the
polymer chain can be excluded as ROP experimemsing for more than 24 h gave the

same results than experiments stopped earlier.

If D- or L-lactide formed by epimerization inserts into tledymer chain, the stereocenters can
follow for example the ordeRSRSRRRSR8 SRSRSSSR$& that case, sii or iis tetrads
occur. Scheme 1.6. (a)-(d) demonstrates, that ithend sii tetrad signals overlap with
diagnostic tetrad signals from pahyéselactide) influencing the integral area minimally,

although only a statistical insertionofor D-lactide is likely to occur.

Consequently, [Sc*N(SiMe,H),}(THF)], 100 equiv. of meselactide and 1 equivrac-
lactide were stirred in THF for 1 h using the standpolymerization procedure. The resulting
crude polymer was analyzed by NMR spectroscopysignals ofrac-lactide were found in
the'H NMR. Probably, it was also incorporated into flidymer chain. The resulting spectra

showed diagnostic resonances of poly(meso-lactidi@gnostic resonances of insertionLef
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or D-lactide (sii or iis tetrads) were not identifiethis demonstrates that, although insertion
of L- or D-lactide might be a possible process to producesterors along the polymer chain,

it can not be identified in detail by the analytioegethods used here.

Additionally, the effect of THF during the ROP wiawestigated in more detail. Selectivity
decreased dramatically if the reaction was perfdrorgy in THF solutiorf’ Not surprisingly,
when ROP ofneselactide was initiated by [$¢%N(SiMe,H)-}(THF)] in a mixture of 0.95
mL toluene and 0.05 mL THF (425 equiv.), syndiosegy decreases frorRs = 0.90 (Table
4.6., entry 4) tdPs = 0.75. Focussing on tH&C{*H} NMR spectrum of the polymer, one can

see the ratio of tetrad integrals changing comptrele ratio shown in Figure 4.10.

—

69.4 693 692 691 690 689

Figure 4.10. °C{'H} NMR of poly(meselactide) produced by [$¢¥N(SiMe,H)}(THF)] in a
mixture of 0.95 mL toluene and 0.05 mL THF.

Neglecting the sss tetrad, a ratio of iss:isi:ssioé 1:1:1:2 was found. This tetrad ratio fits
with the theoretical ratio of misinsertion if CSCGamanism takes place (Figure 4.4.). Based
on the results of this analysis and on studies tverast year§™*! it is obvious, that THF
accelerates the reaction. Fast exchange of THHtsesu formation of a pseudo five-
coordinated intermediate leaving a larger coordbmasphere for lactide to coordinate to the
metal center. Addition of THF results in a losssefectivity as the coordination and insertion
is performed much faster and therefore less cdattolin addition, epimerization does
possibly not occur as much as in toluene op@IH The integral ratio of the tetrads from the

poly(meselactides) fits perfectly with the theory of a nmisertion in CSC.

This might result from the effect of THF on thensdion state of the initiation process. Polar
solvents are known to increase the rate  &actions. Heterolytic bond-dissociation takes

place when the silylamide group attacks on theidactmonomer, followed by acyl bond-
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cleavage. The transition state is polar. As a aqunsece, the polar solvation increases the
reaction rate by stabilizing the transition st&®esulting from the increased reaction rate in

THF, epimerization is decelerated.

IV.3. Summary

In summary,rac- and meselactide can be efficiently polymerized by trivalenare earth
metal initiators bearing tetradentate 5-5-5, 5-@&5-7-5 chelating OSSO-type bis(phenolate)
ligands to give heterotactic poigg-lactides) P, = 0.68-0.85) or highly syndiotactic
poly(meselactides) Ps = 0.88-0.93). Selectivity depends on the length thie
1,w-dithiaalkanediyl bridge and on tlwtho-substituents on the phenolate moiety. Refering
to the site control mechanism at a chiral sterériggand sphere, highly heteroselective
initiators for ROP of rac-lactide generally appear to polymerizeneselactide

syndiospecifically.

Analysis of the microstructure of polyeselactides) shows, that the silylamide group
attached to the metal centers possibly induce epat®n of meselactide intob- andL-

lactide. These two monomers can insert into they(pwselactide) chains statistically
resulting in observed stereoerrors and hindering phoduction of syndiotactically pure

poly(meselactides).

Furthermore, THF influences the reaction as it @eases the reaction rate and probably

diminishing the epimerization.

V.4, Experimental Section

General procedure for the ROP of lactide monomers0.5 mL of a 2.9 mmol/L stock
solution of the initiator in 0.5 mL toluene or THi#as added to a solution of the desired
amount ofmese or rac-lactide (see Tables) which was dissolved in 0.5 ohltoluene or
THF. After specified time intervals, each vial wtaken out of the glove box and the reaction
was quenched with moisthexane. The polymer was filtered off, washed wiigthyl ether,
and dried under vacuuntH, H{*H} and *C{*H} NMR spectroscopic analysis of the
polymers were performed in CDCit 25 °C.
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Reaction of 18 andmesolactide: 5 mg (0.036 mmol, 1 equiv) di8 were dissolved in 5 mL
toluene and 100 equiv. ofieselactide were added. After specified time intery@$ mL of
the solution were removed with a syringe and daeder vacuum. The residue was dissolved

in 0.6 mL of CDC} and analyzed by NMR spectroscopic analysis.

Reaction of H{N(SiMe&H),} and mesolactide: 0.34 mL H{N(SiMeH),} (0.036 mmol, 1
equiv) of 18 were dissolved in 5 mL toluene and 100 equivnetaelactide have been added.
After specified time intervals, 0.5 mL of the sadut were removed with a syringe and dried
under vacuum. The residue was dissolved in 0.6 fi@OCl; and analyzed by NMR.

Polymerization of mesolactide by [ScL **{N(SiMe,H),}(THF)] in a mixture of toluene
and THF: 0.5 mL of a 2.9 mmol/L stock solution of the dgsh was added to a solution of
the desired amount ofieselactide dissolved in 0.45 mL toluene and 0.05 nHFT After 0.5

h the polymerization mixture was quenched with drab moist hexanes and was added
slowly to cooled and quickly stirred-hexane. The polymer was filtered over a funnel,
washed with diethyl ether, and dried under vacudhh. H{*H} and “*C{*H} NMR

spectroscopic analysis of the polymers were perdrm CDC} at 25 °C.
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V. Ring-Opening  Polymerization of Lactide
Monomers Initiated by Indium Bis(phenolate)
Complexes

V.1 Introduction

As aluminum initiators are prominent for their dgti@ activity and selectivity towards the
ROP of lactide monomers, complexes of indium wése axplored in ROP of cyclic esters.
Huang et al. reported series of poly(pyrrolyl) teg indium complexesXVl, Figure 5.1.);
the first molecular indium initiators for ROP of ayclic ester §-caprolactonej. In 2008
Merkhodavandiet al. introduced dinuclear indium complex [{(NNO)InG({u-OEt)(u-Cl)]
(XVIl, Figure 5.1.) as the first indium initiator for R®f lactide. Slightly isotactic enriched
poly(rac-lactides) (P= 0.53-0.62) with narrow molecular weight distfiloms (M,/M, = 1.20)
were formed within 0.5 h at 25 °C in GEl,.2
Tolman et al. studied kinetics and coordination-insertion mectranof the stereoselective
ROP ofrac-lactide initiated by catalysts generatiedsitu from InCk, NEt; and BnOH’
Highly heterotactic (P= 0.97) polymers with narrow PDIs (1.12) were produced even with
800 equivalents of lactide at 25 °C in one day.
The first bis(phenolate) indium complex that polymned lactide was reported by Wang and
Sunet al (XVIIl , Figure 5.1.). Dinuclear }D,-type water-bridged indium complex showed
tolerance against alcohols, moisture and air. Ndyralistributed and slightly heterotactic
enriched polyac-lactides) were formed (& 0.69, PDk 1.31)?
Arnold et al. reported, that chiral dialkoxy complex In(O,&X)(XIX, Figure 5.1.) produced
atactic or slightly isotactic enriched paig¢-lactides) at 25 °C in THF or CBlI, starting
with high initial monomer/initiator ratios.
Sulfonamide, phenolate and directing ligand-fredium initiators by Mountforcet al. (XX,
XXI and XXII , Figure 5.1.) polymerizedac-lactide in toluene solution or in melt to give
heterotactic or atactic pohgc-lactides)®
Recently, Carpentieet al. reported that indium complexes with Salen-likeoflnated
dialkoxy-diimino ligands polymerizedac-lactide to give slightly heterotactic biased PLAs
with relatively broad molecular weight distribute(XI , Scheme 5.1..

117



Stereocontrolled Ring-Opening Polymerization oftide Monomers by Lewis-Acidic

Metal Complexes

"Bu

X = Me, Cl, 2*NC4H3CH2NMCZ

XVI
|
z’B@n_——i:;aug
'Bu Bu

X= N(SiMez)g OC(,H:;,BUQ‘
k'"2-OCH('Bu)CH,P(0)'Bu,

XIX

="

{ >
—N N=

s
In

SN

FsC | “o—&cF,
FyC R CF;

XXIII

\/ \N/ Q
Cl
L\ / Ckl/ .
7] I“{G A
o\
0 K 0
'Bu ‘Bu ‘Bu
XVII
Ts SiMe; Ts, SiMe;
N — N/, Me
In—N In—O
N/
Ts ' Ts< l
1\L/N LN
XX XXI

XVl

Scheme 5.1Indium initiators for ROP of lactide monomers.

Because bis(phenolate) complexes of trivalent metbwed high activity and selectivity in
the ROP of lactide monomers, Okudt al. studied ROP of -lactide initiated by indium
bis(phenolate) isopropoxide complexed [i(O'Pr)] and [In.°(O'Pr)] (Scheme 5.3.

The polymerization occured in a controlled fashigiming narrowly distributed polyf

lactides) M/M,, = 1.03-1.18). As the polymerization appeared stotvan with structurally

related rare-earth metal bis(phenolate) initiat@rsjetailed analysis of the polymerization

kinetics is possible.
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Scheme 5.2Bis(phenolate) isopropoxide complexes of indiwmROP of lactide monomers.

V.2. Results And Discussion

Continuing from reported results on the ROP Lefactide initiated by [Ih(O'Pr)] and
[InL°(O'Pr)], ROP ofrac- andmeselactide initiated by these two complexes is disedshere
along with a kinetic study on the activation partane for ROP ofmese as well asrac-
lactide. Additionally, synthesis and applicationaiew chiral bis(phenolate) isopropoxide

indium complex in ROP of lactide monomers is introed.

V.2.1. Syntheses of Indium Bis(phenolate) Isopropale complexes

Indium bis(phenolate) isopropoxide complexesLf®©'Pr)] and [IL°(O'Pr)] have been
synthesized according to alcohol elimination praced starting from indium isopropoxide
Ins(Us-O)(Hs-O'Pru(t-O'Pru(O'Pr)s (“In(O'Pr)”, 21)° and one equivalent of the appropriate
bis(phenol}

The new racemic indium bis(phenolate) isopropoxddenplex [IiL*4(O'Pr)] was prepared
adapting the literature procedure for the synthegignL ®(O'Pr)] and [In°(O'Pr)]2 Alcohol
elimination at21 by stoichiometric amounts of bis(phenohLH" in toluene at 70 °@fforded
[InL*O'Pr)] in 57% vield (Scheme 5.3.).

Spectroscopic data and elemental analysis show lbia@henolate) ligand and one
isopropoxide group attached to the metal centee *Fh NMR spectrum of [Ib'%(O'Pr)]
shown in Figure 5.1 displays the B@rotons as a broad signal between 1.75 and 1.80 pp
The QMVePh singlets arise between 1.26 and 1.65 ppm aslesngndicating an

unsymmetrical structure of the complex. The isopxigle group displays one septet at 3.43
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ppm and one doublet of doublets at 0.84 ppm, a@isrom the methyl groups of the
isopropoxide. Resonances of the carbon atoms atis#emical shifts, similar to already
reported bis(phenolate) complexes [EEN(SiMe,H) }(THF)] and
[Y L¥{N(SiMe,H)-}(THF)].®

C M37Ph
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PhMe,C CMe,Ph
- ; e}
In(O'Pr); > \
\ In—0O {
el
S0
cM szh PhMEgC
H,LM [InL"(OPr)]

Scheme 5.3Synthesis of indium bis(phenolate) isopropoxidmptexes [It. *4(O'Pr)].
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Figure 5.1."H NMR spectrum of [Ib *(O'Pr)] in THF-dsat 25 °C.
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V.2.2. [INL%(O'Pr)] as Initiator for the ROP of Lactide Monomers.

The structure of [In®O'Pr)] in the solid state and in solution has alrebdgn studied and
discussed.[INL8(O'Pr)] has a dimeric structure consisting of threantiomers with either a
(44), (44) or a (4) configuration giving two signals for the bridgingppropoxide groups
and both an ABCD A4) and an AA'BB’ a {4, 44) spin pattern for the 34 protons
(Scheme 5.45.

‘Bu 'Bu ‘Bu ‘Bu ‘Bu ‘Bu ‘Bu ’Bu ‘Bu
Me Me
B ETDS! i )@
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/In\ /—'h -~ ’_7 \

1
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Scheme 5.4lsomers ofInL8(Q'Pr)].

)

\/

j\o
i—

To gain insight into the initiation step on theiind centers in [Ih8(O'Pr)], one equivalent of
mesolactide was mixed with [In®O'Pr)] in THF-ds and the conversion was monitored'bly
NMR spectroscopy until nearly full conversion ottide was reached. In théd NMR
spectrum, a new signal arose for the methine profotihe isopropoxide end group on the
ring-opened monomer at around 5 pfith Corresponding signals for neighboring methyl
groups were identified in the expected region ef'th NMR spectrum. The spectrum did not
longer show characteristic signals for [f@O'Pr)], neither the signals of the two bridging
isopropoxide groups nor the signals for the AA'Bigttern of the ethylene bridge protons
(Figure 5.2.). In the region of the AA'BB’ spin sgs of dimeric [I.%(O'Pr)], only one
signal for the SE protons in the'H COSY NMR spectrum was identified. Additionally,
overlapping septets at 5.0 ppm arose that werdifidenby 'H COSY NMR to consist of one
signal for the isopropoxide group (Figure 5.3.) &nel resonance of the ring-opened lactide
monomer. Coordination of lactide to the metal cenpmssibly breaks the dimeric structure,
forming monomeric intermediates that seem to beemsgmmetric than the dimer because of
the absence of an ABCD spin system. The monomet&zmediate is suggested to be the
active single-site initiator for ROP ofc- andmeselactide. In contrast, dinuclear complexes

reported by Mehrkhodavanet al.do not dissociate during polymerization.
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Figure 5.2.'"H COSY NMR spectrumafter reaction of [Ih®(O'Pr)] with oneequivalent ofmese
lactidein THF-dg at 25 °Cshowingcoupling between the $E protons and thebsence of the ABCD

spin system.
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Figure 5.3.'H COSY NMR gectrun after full conversion of [In®O'Pr)] with oneequivalent of
meselactide displaying theessonance of thmethine proton of thesopropoxide and thfirst fragment

of the polymer chain and theiogpling with themethyl groups.
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V.2.3. ROP ofrac-Lactide

Indium bis(phenolate) isopropoxide complexed f©'Pr)], [InL°(O'Pr)] and [Ii.*%O'Pr)]
efficiently initiated ROP ofac-lactide in THF and CkCl,. The polymerization results are

summarized in Table 5.1.

Table 5.1.ROP ofrac-lactide initiated by [Ib.5(O'Pr)], [InL°(O'Pr)] and [In.*(O'Pr)] 2

Intiator ~ Entry (LNl solvent Ma@mol" M,/  p¢ p,d

[LAl o (x10%> M0’
[InL®OPr)]] I 25 CHClI, 0.40 1.08 0.39 -
2" 50 CHCl, 0.77 1.04 0.48 -

39 100 CHCl, 133 103 051 -
4" 150 CHCl, 175 1.03 050 -
5 250 CHCl, 265 102 050 -

6° 25 THF 0.40 1.02 - 043
7' 50 THF 069 1.24 - 0.37
89 100 THF 1.10 1.14 - 041
9" 150 THF 142 1.8 - 050
10' 250 THF 1.76  1.22 - 0.46

[InL°O'Pr)]  11° 50  CHCl, 0.96 1.28 042 -
12" 100 CHCl, 1.69 1.27 044 -
13 200 CHCl, 246 129 041 -
14" 300 CHCI, 588 120 042 -
15 500 CHCl, 868 125 044 -

16° 50 THF 0.67 151 - 029
17' 100 THF 210 1.36 - 0.29
18 200 THF 1.29 157 - 027
19" 300 THF 1.29 1.86 - 032
20' 500 THF 1.27 2.34 - 034
[InL*OPr)] 21 100 THF 217  1.06 - 077
22 100 THF 225 113 - 072

2T = 25 °C, [LA}p=0.30 M, conversion: > 95%"From GPC analyses; corrected using Mark Houwink
parameter 0.58 ¢ P, is the probability of forming isotactic tetradsetérmined by homonuclear decoupled
H NMR; “P, is the probability of forming heterotactic tetradstermined by homonuclear decoupledNMR;

¢ V(Solvent) =0.5 mL, [Ln}, = 6.06 10°M; " V(Solvent) = 1 mL, [Lnd = 3.03 10° M; ¢V(Solvent) = 2.0 mL,
[Ln]o = 1.50° 10° M; " V(Solvent) = 3.0 mL, [Lnj= 1.01°10°M; ' V(Solvent) = 5.0 mL, [Ln] = 6.06' 10* M.

All polymerization experiments were performed u@atimonomer conversion ef 95% was
reached. Polyc-lactides) generated by [Il3(O'Pr)], [InL%(O'Pr)] and [Ii.*%(O'Pr)] showed
high molecular weights. The PDI values depend nafiynon the solvent used for
polymerization. While polymerization in GBI, resulted in narrowly distributed polymers
not exceedindviy/M,, = 1.08 for [IL8(O'Pr)], Mw/M, = 1.20 for [IrL°%(O'Pr)] andM./M,, =
1.13 for [INL*(O'Pr)]; in THF PDI values increased slightly (IF(O'Pr)]: Mu/M, > 1.24,

123



Stereocontrolled Ring-Opening Polymerization oftide Monomers by Lewis-Acidic
Metal Complexes

[INL°(O'Pr)]: My/M, > 1.36). At higher initial monomer/initiator rati@, broader molecular
weight distribution of the polymers was found; pbls resulting from backbiting- or
transesterification reactions.

This trend was not observed for polymerization€h,Cl,. [InL(O'Pr)] bearing less bulky
'Bu groups inortho-position showed a better control ovdt/M,. In CHCl, Mu/M,
decreased with increasing initial monomer/initiatatio (Figure 5.4.). In contrad¥},,/M, of
the polymers generated in THF increased with irgngainitial monomer/initiator ratio
(Figures 5.5. and 5.6.). Control ovik,/M, of poly(rac-lactides) is similar to the control
achieved by recently reported bis(phenolate) comple 2{N(SiMe,H).}(THF)] (Mw/My =
1.05)

Figures 5.4. - 5.6. demonstrate linear dependehdé,&rom initial monomer/initiator ratio
for ROP of rac-lactide in CHCl, and THF initiated by [Ib®O'Pr)] and [IrL°(O'Pr)]
indicating a controlled polymerization. InterestingM, of poly(rac-lactides) produced by
[INL°(O'Pr)] in THF shows a non-linear relation when plotted against fhitial
monomer/initiator ratio (Figure 5.7.), soon reachia plateau. This might result from a
relatively fast polymerization ofic-lactide initiated by [Ih °*(O'Pr)]in THF.

Selectivity is also dependent on the solvent usedpblymerization. In CBECl,, complexes
[INL8(O'Pr)] and [IL°(O'Pr)] formed atactic polyéc-lactides) with slight preference for
isotactic sequences (IL3(O'Pr)]: P = 0.51, [IL%O'Pr)]: P = 0.44) with [IL%O'Pr)]
showing slightly higher selectivity.

ROP in THF initiated by [In®(O'Pr)] led to heterotactically enriched paty-lactides) P, =
0.50) and only slightly heterotactically enrichemlygrac-lactides) formed by [In°(O'Pr)] (P,

= 0.44).The role of THF in the preparation of heterotaptity(rac-lactides) when complexes
of trivalent metals are used as initiators has lekstussed in chapter V.

Arnold’s indium amide complexes also generated @madantly atactic polyac-lactides)
with a slight preference for isotactic tetrads iH,Cl,.°

In THF, chiral complex [Ib'%O'Pr)] created polyéc-lactides) with preference for
heterotactic sequences, (B 0.77). This demonstrates the effect of a chaatl rigid

bis(phenolate) backbone in indium complexes.

124



Chapter V — Ring@pening Polymerization of Lactide Monomers Initcatey Indium

3,0 - - 1,90

- 1,80

=25 170

£ 2,0 - 1,60
> | - 1,50s
515 - 140>
: =

1,0 - - 1,30

s . - 1,20

0.5 110

0,0 ad B BN N 1,00

0 100 200 300

[rac-LA] (/[In] 4

Figure 5.4. Dependence o, (¢ ) andM,/M,
(m) on initial monomerfiitiator ratio [rac-
LA]/[In]o for ROP of rac-lactide in CHkCl,
using [IL8(O'Pr)] as initiator.

- 1,90
- 1,80
- 1,70
- 1,60 _
S 1503
- 1,40 2
- 1,30
- 1,20
- 1,10
: . 1,00
0 200 400 600

[rac-LA] ¢/[In] o

M, ['10* g/mol]

Figure 5.6. Dependence o, ¢y, (¢) andM,
/M, (m) on initial monomerfiitiator ratio [rac-
LA]/[In]o for ROP ofrac-lactide in CH,Cl,
using [IL%(O'Pr)] as initiator.

Bis(phenolate) Complex

2,0 -
- 1,80

S 1,5 -
E - 1,60
(@)] 1 0 c
q- -
i - 1,405
— - s
— 0,5 - [ ] L
< - [ ] 1,20

0,0 . : 1,00

0 100 200 300

[rac-LA] ¢/[In] o

Figure 5.5.Dependencef M, (¢ ) andM,, /M,
(m) on initial monomerinitiator ratio [rac-
LA] /[In]ofor ROP ofrac-lactide in THF using
[INLS(O'Pr)] as initiator.

1,40 - - 2,60
= 120, & * ¢ 240
o
g 1,00 - - 2,20
o - 2,00
E 0,80 - (] 180 s
= L 2 oY >
— 0,60 -
=4 . . B 1,60 E
= 0,40 - - - 1,40
0,20 A - 1,20
0,00 T T 1,00
0 200 400 600

[rac-LA] /[In] o

Figure 5.7. Dependenc of Myex (¢) and
M./M, (m) on initial monomerinitiator ratio
[rac-LA] o/[IN], for ROP ofrac-lactide in THF
using [IL°(O'Pr)]as hitiator,

[InL*4O'Pr)] showed higheheterselectivity thanscandium and yttrium analogues repol
in chapter IV to create polgc-lactide) withP, = 0.74 [S¢. *{N(SiMe,H),}(THF)] and P; =
0.68 [YL{N(SiMe,H)-}(THF)]. [INL%O'Pr)] and [Ii.%(O'Pr)] wereless active and selecti
than rare earth metal bis(phenolate) complexes,gr@erally create heterotactic enric or

highly heterotactic polyac-lactides)reachingP; > 0.82 for an 1,2lithiapropanediyl bridge

rare earth metal bis(phenolate) complexes. Moud's ligand{free Indium initiators wer

found to be more active and more selective thanumdbis(phenolate) isopropoxi
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precursorS, while Carpentiers fluorinated dialkoxy-diimino 8albased indium complexes
were less active and only slightly more selectlwmt[lri_G(OiPr)] and [In_Q(OiPr)] but less
selective [Il.**(O'Pr)] resulting in a P= 0.627 Tolmans system containing IRCBnOH and
NEt; is the most selective indium system creating logetic polytac-lactide) @; = 0.97)3
Kinetic studies were carried out at 298.15, 303.333.15 and 313.15 K for complexes
[INLS(O'Pr)] and [Ir.%(O'Pr)] with an initial monomerfinitiator concentratiof [LA]o/[In]o =
100 and [LA} = 0.8 M using CBCl, as solvent. Monomer conversion was monitoredHby

NMR analyses.

Time/conversion plots for ROP oéc-lactide initiated by [Ih°(O'Pr)] and [IL%(O'Pr)] are
shown in Figures 5.8. - 5.9.
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Figure 5.8.Time/conversion plots for ROP ddc-lactide initiated by [Ih °(O'Pr)].
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Figure 5.9.Time/conversion plots for ROP ddc-lactide initiated by [Ih °(O'Pr)].
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Propagation rate constamssfor ROP ofrac-lactide collated in table 5.2 were determined by
plots of —In([LA]o/[LA] ; against the reaction time, representatively dreswnrROP ofrac-LA
initiated by [IrL%O'Pr)] at 25 °C (Figure 5.10.).
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Figure 5.10.In[rac-LA]/time plot for ROP ofmeselactide initiated by [Ib%O'Pr)] at 25 °C.

ROP of lactide monomers initated by[f{O'Pr)] and [IL°(O'Pr)] presumably proceeds via
first order kinetic according to

—d[LAJ/dt = Kap{LA] Equation 1

until full conversion is reached. Highest polymatian rate constant forac-lactide was
observed for [Ih°(OQ'Pr)] at 313.15 K withp, = 5.62°10°s™. The rate constant at 313.15 K
for [InL%(O'Pr)] was found to be as high as forl[i(O'Pr)] (kapp= 5.33 10°s™). Similarity
of the rate constants foac-LA polymerization was also apparent at 298.15 IKL(F(O'Pr)]:
Kapp = 1.14" 10° s%; [INLYQO'PN)]: kapp = 1.22° 10° s*). However, such similarity was not
given at 303.5 and 308.15 K (Table 5.2.).

These values are considerably lower than the ramstants reported for recently reported
heteroscorpionate alkylmagnesium complexes (361907 s%).*2 Higher polymerization rate
constants were also found for Tolmans catalytidesgscontaining InGl| BnOH and NEt
(Kapp= 2.7 10" s* at 25 °C)?
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Table 5.2.Rate constantsk{,,) for ROP of rac-lactide initiated by 3(O'Pr)] and [I%(O'Pr)].

Entry TIK] Kapp [ellsi] for Kapp [gllsi] for
[InL>(O'Pr)] [InL*(O'Pr)]
1 298.15 1.1410° 1.22°10°
2 303.15 1.4410° 2.52°10°
3 308.15 2.6810° 3.76 10°
4 313.15 5.3310° 5.62 10°

The collected data showed first order dependencenibial initiator concentration. Rate
constants for ROP afac-lactide were similar to the rate constants remgbfte ROP ofL-
lactide initiated by [Ih°(O'Pr)] and [IrL%(O'Pr)] 2*°

Cumyl substituted initiator [Ing(OiPr)] polymerized lactide monomers faster thart-butyl
substituted initiator [Ih®O'Pr)]. This trend was reported for bis(phenolate)nptexes of

aluminunt® and of group 3 metafs'®

V.2.4. ROP ofmescLactide
Indium bis(phenolate) isopropoxide complexed f©'Pr)], [InL°(O'Pr)] and [Ii.*%(O'Pr)]
efficiently initiated ROP omeselactide in toluene. The data are compiled in T&h&

All polymerization experiments were performed uatinonomer conversion af95% was
reached. In all cases, patyéselactides)were narrowly distributed with moderate molecular
weights. My/M, does not exceed a value of 1.16 for I(fi(O'Pr)]) suggesting a highly
controlled polymerizationM,,/M, decreased with lower catalyst concentrations (€go.11.
and 5.12.).

Again, tert-butyl substituted complex [IrP(O'Pr)] showed a minimally better control over
M./M,, which are lower for polyGeselactide) than for poly@c-lactides) formed by
[INL8(O'Pr)], [INLY(O'Pr)] and [IrL*(O'Pr)]. For [IL8O'Pr)] a linear dependence M, on
the initial monomer/initator ratio is apparent. &ilM, of poly(ac-lactides) formed by
[INL°O'Pr)] in THF, M, of poly(meselactides) increased with higher initial
monomer/initiator ratios reaching a plateau, intingaslower chain propagation. This results
from hindered monomer coordination resulting framaehment of long polymer chains at the

metal centers.
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Table 5.3.ROP ofmesalactide initiated by [Ih ®(Q'Pr)], [InL°(Q'Pr)] and [Ir_**(Q'Pr)] in toluené

Initiator Entry [Lnld  Mn@-mol) My, / Ps
[LA],  (x107)" M,
[InL°O'Pr]] 1°¢ 25 0.34 1.11 0.82
2°¢ 50 0.62 1.07 0.82
3f 100 1.11 1.04 0.87
49 150 1.44 1.03 0.88
5" 250 1.89 1.03 0.85
6' 500 3.07 1.02 0.89
[InL°OPr)]  7¢ 50 1.37 1.16 0.84
8¢ 100 1.80 1.08 0.85
9of 200 2.32 1.07 0.90
109 300 2.50 1.06 0.93
11" 500 2.62 1.04 0.93
[InL*O'Pr)] 12" 100 1.14 1.07 0.88
13¢ 100 1.86 1.08 0.89

2T =25 °C, [LA} = 0.30 M, conversion: > 95%From GPC analyses; corrected using
Mark Houwink parameter 0.58¢ P is the probability of forming syndiotactic tetrads
determined by homonuclear decoupledH NMR; ¢  V(toluene) = 0.5 mL,
[Ln]o = 6.06" 10°M; ©V(Solvent) = 1 mL, [Ln}=3.03 10°M; "V(Solvent) = 2.0 mL,
[Ln]o=1.50 - 10°M; ¢ V(Solvent)=3.0 mL, [Lnj=1.0110°M;
V(Solvent) = 5.0 mL, [Lnj = 6.06' 10* M. conversion 55%.
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Figure 5.11. Dependence oM, e, (¢) and Figure 5.12. Dependence oM. (¢) and
M,/M, (m) on initial monomer/initiator ratio M,/M; (m) on initial monomer/initiator ratio
[rac-LA] o/[In]o for ROP of meselactide in [rac-LA]o/[In]o for ROP of meselactide in
toluene using [Ih8(O'Pr)]as initiator. toluene using [Ih°(O'Pr)] as initiator.

The produced polygesalactides) were highly syndiotactic. IIf(O'Pr)] with bulky cumyl
substitutents Bs = 0.93) showed a slightly higher syndioselectivityn [I_%(O'Pr)] (Ps =
0.89) and [IL*(O'Pr)] (Ps = 0.89). [IL8O'Pr)] and [IL%O'Pr)] showed the trend to

polymerize meselactide slightly more syndioselective at higheitiah monomer/initiator

ratios. Similar results were achieved by Tolman hrsdgroup for heterotactic PLA® (=
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0.97) with zwitterionic initiator [{InCi(deapH)(HO)},].> Rare earth metal bis(phenolate)
silylamide complexes generated pohgselactides) of comparably high syndiotacticity but
with broader polydispersiti€s:> Bis(phenolate) alkoxide complexes of titanium and
zirconium generated poly(eselactides) with slightly smaller syndiotacticity é@rhigher
polydispersities’*®

Narrow M,/M, values indicate absence of backbiting reactiortginc termination or
transesterification.

Time/conversion plots for ROP aheselactide in toluenads at specified temperatures
initiated by complexes [In®(O'Pr)] and [Ir.%(O'Pr)] are shown in Figures 5.13. - 5.14.

Rate constantk,,s for ROP ofrac- andmeselactide collated in Table 5.4. were determined
by plots of —In([LAp/[LA]: against the reaction time, representatively drd@mROP of
mes6LA initiated by [InL®O'Pr)] at 40 °C (Figure 5.15.).
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Figure 5.13.Time/conversion plots for ROP ofeselactide initiated by [Ih °(O'Pr)].

100 -
20 - é ﬁ:
AL g

6l f

A

R
*

Ay

*#15°C 30°C ASIC HADPC

20

conv ersion [%q
oy
=

1

0 200 400 600 200
t [min]

Figure 5.14.Time/conversion plots for ROP ofeselactide initiated by [Ih °(O'Pr)].

130



Chapter V — Ring-Opening Polymerization of LactMenomers Initiated by Indium
Bis(phenolate) Complexes

|:| -
0,5 -
- -l
T s _\;r= -4, 41E-04x - 1, 09E+00
2 R2= 1,00E+00
Eas4 e
A 5 e,
35 - o 7 UPUNGPRIIRII L IRR N VR
-4 T T T T |
0 10000 20000 30000 40000 50000
i [s]

Figure 5.15.In[meseLA]/time plot for ROP ofmeselactide initiated by [Ih®(Q'Pr)] at 40 °C.

Table 5.4.Rate constantk{,) for ROP ofmeselactide initiated by [IR5(O'Pr)] and [IL°(O'Pr)].

Entry T Kapp [61/si] for Kapp [91/si] for
[InL>(O'Pr)] [InL*(O'P1)]

1 298.15 1.2110" 1.26°10*

2 303.15 1.9310" 3.60 10"

3 308.15 4.3210* 5.22° 10"

4 313.15 4.4110* 7.68 10"

Because polymerization afieselactide occurred generally very fast, only thetfuata points
measured were used for the regression fit as gdetions only occur slightly at this early
reaction times.

Highest rate constants for ROPméselactide was found for [Ib®(O'Pr)] at 313.15 K (7.68
10% s%. Under identical conditions, complex [NO'Pr)] was slower (4.41 10*
s). Differenting from ROP ofac-lactide, similar rate constankgy, for [INL®O'Pr)] and
[InL°(O'Pr)] were only found at 298.15 K (LR(O'Pr)]: 1.21° 10% [InL°(O'Pr)]: 1.26' 10%.
Compared to related bis(phenolate) complexesaniitim ([TL*%(Q'Pr),], kapp= 1.36 10°s*

in toluene at 100 °@Yor zirconium ([Zt.*®(O'Bu),], 1.49 - 10* s' in toluene at 100 °CY,
indium complexes polymerizadeselactide faster with better stereocontrol.

131



Stereocontrolled Ring-Opening Polymerization oftide Monomers by Lewis-Acidic
Metal Complexes

V.2.5. Determination of the Activation Parameterdor the ROP of rac-
and meseLactide Initiated by [InL °(O'Pr)] and [InL °(O'Pr)]

Comparison of the Eyring plots for ROPraf-, mese andL-lactide initiated by [l ®(O'Pr)],
and [IrL%(O'Pr)] (Figures 5.16. and 5.17.) shows polymerizatiomeselactide proceeding
faster than ofac-lactide. This might be due to higher ring-straimeeselactide compared to
that of b and L-lactide resulting in easier acyl-bond cleavageirdurthe ring-opening’
Again, this behavior agrees with observations miaderelated bis(phenolate) initiators of
trivalent metals.

Activation parameters were obtained from resulttyging plots where the regression follows

Equation 22
INn—=-—-—+In—+— Equation 2

As expected, rate constantgdncrease at elevated temperatures. Activationnperers were
determined from the Eyring plots (Figures 5.16. &ril’.) and are given for 25 °C in Table
5.5.

i \
170
180 r

3,2E-0%3,2E-0% 3E-033,3E-033 4E-073 4E-03
LT [/E]

Figure 5.16.Dependence of IR{,) on 1/T (Eyring Plot) for ROP ofic- (w), mese (+ ) andL-lactide
(A)%*Binitiated by [IL%(O'Pr)].
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3,18F03 3,23E-03 3,28E-03 3,33E-03 3,38E-03
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Figure 5.17.Dependence of IR{,) on 1/T (Eyring Plot) for ROP ofic- (w), mese (+ ) andL-lactide
()% initiated by [IL%(O'Pr)].

Table 5.5. Activation parameters for ROP afac-, mese and L-lactide initiated by indium
bis(phenolate) isopropoxide complexed [i(O'Pr)] and [In_(O'Pr)].

N AH? AS AG*
Initiator Monomer
[kJ/mol] [J/(K - mol)] [kJ/mol]

1 meseLA 70.4(2) -83.6(3) 95.4(0)
rac-LA 62.6(0) -130.1(0) 101.4(0)
L-LA 64.9(3) -121.6(2) 101.1(9)

2 meseLA 57.2(0) -122.2(0) 93.6(4)
rac-LA 52.1(9) -162.7(3) 100.7(0)

L-LA 56.8(4) -140.8(0) 98.8(9)

The AS* values indicate an ordered transition state iadles. Data for ROP ofeselactide
indicate that less activation energy is needednitiation of ROP ofmeselactide compared
to ROP ofL- andrac-lactide. Fulfilling the expectations, activatioarpmeters for ROP af
andrac-lactide are nearly the same.

V.2.6. Mechanism of the ROP

In agreement with the generally accepted mechafisnROP of cyclic esters initiated by
metal alkoxide®, the mechanism of the ROP of lactide monomersateid by indium

bis(phenolate) isopropoxide compounds is suggestedin as shown in Scheme 5.5. The
lactide monomer coordinates to the Lewis acidicaineg¢nter with the carbonyl oxygen (1).
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This is followed by a nucleophilic attack of thepsopoxide on the carbonyl carbon, resulting
in insertion of the monomer into the metal isoprade bond (2). Ring-opening of the
monomer takes place by acyl-bond cleavage (3) aath@ropagation proceeds by repeated
insertion of lactide monomers (4). Finally, polymation is terminated by water, forming an

OH-end group on the polymer chain.

o)

o | ' S

/o 0 m 0 (0
(S\“']“inr +\HLO “) < / \ \%(%)_\\(L‘j/g)
TSl

O

O 3)

(5) \ . PrO o] S
PLA \ / 4) r OJJ\!/ \[n/
™~

O } S

n+ ] J

Scheme 5.5Proposed mechanism for ROP of lactide monometmted by indium bis(phenolate)
isopropoxide complexes If(O'Pr)] and [Ir_°(O'Pr)].

V.3. Summary.

Stereoselective ROP odic- andmesaelactide initiated by indium bis(phenolate) isopogjue
complexes [Ih®O'Pr)], [INL%(O'Pr)] and [IL**O'Pr)] was studiedAll three complexes
initiated the ROP of lactide monomers with a coeation insertion mechanism. Dimeric
complex [IL8(O'Pr)] splits into two mononuclear units as a resfillactide coordination to
the metal center. All complexes polymerizeeselactide faster thanrac-lactide. For
[InLS(O'Pr)] and[InL °(O'Pr)] polymerization activity for ROP afac- andL-lactide is nearly
the same.

Complex [InL**O'Pr)] produced highly syndiotactic polyeselactides) and heterotactic
poly(rac-lactides). [In.8(O'Pr)] and [In.®(O'Pr)] produced syndiotactic polpeselactides),
while rac-lactide is polymerized to give pohgc-lactides) either isotactically or
heterotactically enriched polymers depending orstiteent.
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V.4 Experimental Section

In5(Hs-O)(Hs-O'Pr) 4(H2-O'Pr) 4(O'Pr)s, “In(O 'Pr)s” 22 (21) 1358.223 g/mol

1.0 g of Na (43.5 mmol, 3 equiv.) were reacted imiature of 25 mL toluene and 35 mL
isopropanol at 80 °C. A suspension of 3.2 g of iN@R.7 mmol, 1 equiv.) in a mixture of
25 mL toluene and 25 mL isopropanol was added glowhe solution was stirred at 80 °C
for 3 h, centrifugated and filtered. After evaparatof the solvent and recrystallization from
n-pentane?1 was isolated as a colorless powder in 80% vyield§2, 2.0 mmol)'H NMR
(THF-dg, 25 °C, 400 MHz)$ (ppm): 1.23 (d, 9 H3Juy = 5.9 Hz, OCH(El3),), 1.51 (d, 9 H,
33un = 5.9 Hz, OCH(®13),), 4.43 (septidun = 5.9 Hz, O®I(CHs),). *C{*H} NMR (THF-ds,

25 °C, 100.1 MHz)6 (ppm): 27.8 (OCHCH3),), 29.2 (OCHCHz3),), 69.4 (CGCH(CHs),).
Elemental analysis calculated for gaHo1lns014 (1358,22 g/mol): C 34.49, H 6.75; Found: C
30.45, H 7.07.

[InL 5(O'Pr)]®

Bu Bu Bu 'Bu
BN T

[S\ n/ \InZ//Sj C[l:lLﬁ(?i}g)]S
7081141020654
s// o7 \\s 1409,55
(0]

o
Bu Bu 'Bu ‘B

A solution of 279 m@21 (0.21 mmol, 1 equiv.) in 3 mL toluene was addeodpdrise to a

u

suspension of bis(phenol,E° (517 mg, 1.03 mmol, 5 equiv.) in 15 mL of toluerie#8 °C

and the reaction mixture was stirred for 1.5 h @t°6. After removal of the volatiles the
yellow residue was dissolved in-pentane and dried under reduced pressure to give
[INLS(O'Pr)] as a colorless powder in a yield of 77% (532 39 mmol)*H NMR (THF-

ds, 25 °C, 400 MHz)§ (ppm): 1.07 (d3Jun = 6.1 Hz, 6 H, CH(El3)2), 1.19 (s, 6 H, C(B3)3),

1.22 (s, 6 H, C(Bl3)3), 1.24 (s, 6 H, C(83)3), 1.25 (s, 6 H, C(83)3), 1.26 (s, 6 H, C(83)3),

1.39 (d,3J4n = 6.0 Hz, 6 HIn-OCHCH3), 2.13 (d,2Jqn = 11.4 Hz, 2 H, SH.), 2.21 (d,2Jun
=11.1 Hz, 2 H, S8,), 2.95 (d,%J4n = 11.4 Hz, 2 H, SH,), 3.11 (d,?Jun = 11 Hz, 2 H,
SCH,), 4.59 (sept®Jyn = 6.1 Hz, 1 H, In-OEl), 4.77 (sept3Juy = 6.5 Hz, 1 H, In-OE)),
7.05-7.11 (m, 2 H, A#-5), 7.23 (d,*Juy 2.6 Hz, 2 H, PH-5'), 7.36 (d,*Juy = 2.7 Hz, 4 H,
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PHH-3). °C{*H} NMR (THF-dgs, 25 °C, 100.1 MHz)8 (ppm): 28.0 (CHCHs),), 28.3
(CH(CHs)2), 28.9 (C(CH3)3), 29.9 (CCHgs)s), 30.6 (C(CHs)3), 30.8 (CCH3)3), 32.1
(C(CHg)3), 32.3 C(CHg)s), 34.9 (X£Hy), 34,9 (£Hy), 36.3 (£Hy), 36.7 (¥£H,), 68.5
(OCH), 68.8 (CCH), 127.6 (Phc3), 127.8 (Ph=3Y), 128.2 (Pheh), 128.3 (PHE5Y), 128.7
(PhC2), 129.1 (Phz2Y), 138.3 (Phe4), 139.0 (Ph=4Y), 139.6 (Phe6), 140.3 (Phe6Y),
162.9 (Ph€l), 163.2 (Ph1Y). Elemental analysis calculated for sH102dn206S, (1351.19
g/mol): C 58.74, H 7.62; Found: C 58.69, H 7.76.

[InL %(O'Pr)]®

PhMe,C
CMegPh
S 0 9 yi
~. | [InL"(O'Pr)]
" ]Ff0w< Cs3Hs9In03S;,
ST 0 923.00
CMegPh
PhMe,C

A solution of 300 m@1(0.22 mmol, 1 equiv.) in 3 mL of toluene was addedpwise to a
suspension of proligand,H® (711 mg, 1.03 mmol, 5 equiv.) in 15 mL of toluene Z8 °C
and the reaction mixture was stirred for 2.5 h @t°6. After removal of the volatiles, the
yellow residue was dissolved in-pentane and dried under reduced pressure to give
[INL°(O'Pr)] as a colorless powder in a vyield of 77% (532 mg§9@nmol)."H NMR (CDs,
25 °C, 400 MHz)$ (ppm): 1.02 (dJun = 5.9 Hz, 3 H, OCH(Bl3),), 1.16 (d 23y = 5.9 Hz, 3
H, OCH(CHs),), 1.49 (s, 6 H, Ph6-C(Gt), 1.58 (d,*Jun = 2.1 Hz, 12 H, Ph4-C(8s)3), 1.75
(s, 6 H, Ph6-C(613)s), 1.78 (d,%Jun = 11.1 Hz, 2 H SB,), 2.23 (d,2Jun = 11.2 Hz, 2 H,
SCHy), 3.55 (sept3Juy = 5.7 Hz, 1 H, OEI(CHs),), 6.95 - 7.14 (m, 11 H, PH), 7.21 - 7.39
(m, 13 H, PhH). **c{*H} NMR (CgDs, 25 °C, 100.1 MHz)$ (ppm): 28.1 (OCH3)-Ph), 29.3
(OCH(CH3)2), 31.5 (CCH(CHa),), 33.5 (CCH3).Ph), 36.2 (OCH3).Ph), 43.2 (GCH3).Ph),
43.8 (CH,), 125.4 (Phe2), 126.0 (PHe), 126.2 (Phe), 126.7 (Phe), 127.6 (Phe), 128.2
(PhC), 128.5 (Phe5), 129.0 (Phe), 129.6 (Phe), 130.2 (Phe), 131.1 (Phe), 137.0 (Ph-
C5'), 137.3 (Phc3), 138.1 (Ph=4), 139.7 (Phe6), 152.3 (PHe), 152.5 (Phe), 162.7
(Ph-C1). Elemental analysis calculated for gHs9lnO3S, (922.00 g/mol): C 68.97, H 6.44;
Found: C 68.24, H 6.33.
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[InL *(O'Pr)]

PhMe,C

O
e T
el Cs7HgsInO;3S,

S 0 977.07

PhMe,C

To a solution of 140 m@1 (0.10 mmol, 1 equiv.) in 5 mL of toluene a solutioh415 mg
H,L** (0.52 mmol, 5 equiv.) in 3 mL toluene was addempdise and the solution stirred for
6 h at 70 °C. After removal of the solvent undecwan at 50 °C and recrystallization from a
saturatedh-pentane/THF mixture, [ln“(OiPr)] was isolated as light yellow crystals in algyie
of 57% (289 mg, 0.30 mmoljH NMR (THF-dg, 25 °C, 400 MHz)p (ppm): 0.84 (dd>Juy
= 6.0 Hz, 6 H, OCH(Bl3),), 1.21 (s, 2 H, CH), 1.26 (s, 3 H, C(H3),), 1.30 (s, 2 H, CH),
1.31 (s, 3 H, C(B3),Ph), 1.47 (br, 2 H, CyH), 1.52 (s, 3 H, C(83),Ph), 1.62 (s, 3 H,
C(CH3)2Ph), 1.63 (s, 3 H, C(d3).Ph), 1.64 (s, 3 H, C(d3).Ph), 1.65 (s, 3 H, C(d3).Ph),
1.68 (br, 2 H, CyH), 1.75 - 1.90 (s, 2 H, $4), 3.43 (sept’Juy = 6.0 Hz, 1 H, OEI(CHs),),
6.57 (d,3Jun = 7.3 Hz, 1 H, CMgPhH), 6.87 (d,"Jun = 2.5 Hz, 1 H, CMgPhH), 6.97 (m, 1
H, CMePhH), 6.98 (s, 1 H, CM#hH), 7.01 (d,"Jy = 2.1 Hz, 1 H, PiH5Y), 7.01 - 7.03
(m, 1 H, CMePhH), 7.04 (d,*Jus =2.2 Hz, 1 H, PHH3), 7.06 (d,*Juy =2.5Hz, 1 H,
PhHS5), 7.09 (m, 1 H, CM&hH), 7.10-7.12 (br, 2 H, CM@hH), 7.13 (s, 1 H, CM£hH),
7.17 (d,*34n = 2.1 Hz, 1 H, CMgPhH), 7.21 (t,"Jun = 3.4 Hz, 2 H, CMgPhH), 7.23 (m, 2
H, CMePhH), 7.25 (m, 2 H, CMghH), 7.27 (t,"Juu = 1.8 Hz, 1 H, CMgPhH), 7.31 (d,
“Jun = 2.6 Hz, 1 H, CMgPhH), 7.38 (d,*Jun = 2.4 Hz, 1 H, CMgPhH). *C{*H} NMR
(THF-dg, 25 °C, 100.1 MHz)$ (ppm): 25.8 (Cy€), 26.0 (Cy€), 26.9 (OCHCHs),), 27.0
(Cy-C), 28.1 (CCH(CHg)y), 29.3 (Cy€), 30.8 (C(CHs).Ph), 31.2 (CCH3).Ph), 31.5
(C(CH3)2Ph), 32.0 (CCHa).Ph), 33.1 (CCHa3).Ph), 33.3 (CCH3).Ph), 33.3 (CCH3)2Ph),
33.9 (CCH3).Ph), 43.1 C(CH3).Ph), 43.3 C(CHg).Ph), 43.4 C(CH3).Ph), 43.8
(C(CHs),Ph), 51.6 (8H), 51.9 (£H), 68.1 (CCH), 125.5 (CMePh-C), 125.6 (CMePh<C),
126.2 (CMePh<C), 126.2 (CMePhC), 126.8 (CMegPhC), 127.7 (Phe3'),127.8 (PhE3),
128.1 (CMegPh<C), 128.4 (CMegPhC), 128.7 (Phe5), 128.7 (PH=5'), 130.0 (CMegPh-C),
133.8 (Phe6), 133.9 (Ph=6'), 135.6 (Phe2), 135.9 (Phz2'), 138.2 (Phe4), 139.7 (Ph-
C4'), 152.8 (CMePh-C), 152.8 (CMePh<C), 153.7 (CMePh-C), 162.6 (Phc1), 163.0 (Ph-
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C1'). Elemental analysis calculated for €Hs9InOsS, (977.07 g/mol): C 70.07, H 6.71,
Found: C 69.12, H 6.53.

General Procedures for Kinetic Measurementsin a typical experiment, 0.3 mL of a
410* M (calculated per metal center) initiator stockusion in the specified solvent was
injected into a screw cap J. Young Teflon valved Ribe in a glove box. After addition of
0.3 mL of a 0.08 M stock solution of the lactidemomer, the NMR tube was placed in the
pretempered NMR-spectrometer. After specified timeervals '"H NMR spectrum were
recorded. After 16 h, the samples were quencheld mibist n-hexane and filtered. After
drying under vacuum the polymers were analyzed DCIlg by NMR measurements. GPC

analyses were performed in THF.

Typical Polymerization Procedures.In the glove box, initiator stock solution in the
specified solvent was injected individually intseries of 6 mL vials loaded with a solution
of rac- or meselactide in the specified solvents. After specifiede intervals, each vial was
taken out of the glove box and the reaction quethatieh moistn-hexane. The polymer was
filtered over a funnel, washed with diethyl ethemd dried under vacuurtt-, *H-{*H}- and
3c{*H} NMR spectroscopic analysis of the polymers wpesformed in CDG at 25 °C.
GPC analytics were performed in THF.

Kinetic studies were carried out at 298.15, 303.3@8.15 and 313.15 K for complexes
[INLS(O'Pr)] and [IL°(O'Pr)] with an initial monomerinitiator concentrari of [LA]o/[IN] o =
100 and [LAp = 0.8 M.
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VI. Discrete Neutral and Cationic Alkali and
Alkaline Earth Metal Complexes — Syntheses,

Characterization and ROP of Lactide Monomers

VI.1. Introduction

Application of alkaline earth metal complexes itatgsis gathered increased attention during
the last years as they are non-toxic, readily abél and inexpensive. Although catalytic
applications of alkaline earth metal complexesratatively rare compared to complexes of
ruthenium, rhodium or nickélthey are already applied in hydroaminatfquglymerization of

olefins? alkyne couplind, hydrogenatior,pyridine activatioh and ROP of cyclic estefg™

Selective ROP ofrac-lactide by Trispirazolyl-hydroborate complexes cdicium were
reported by Chisholmet al. rac-Lactide is polymerized rapidly to give heterotaddLAs ¢,
=0.90) (Scheme 6.1

N
H-B{N
N

Z

:;Ca*0(2,6-'P1‘2C6H3)

-7 Z

b,

NS

,,,,,

Scheme 6.1Calcium tris(pyrazolyl)-hydroborate initiatdt by Chisholmet al*°

Okudaet al. reported alkaline earth metal complexes of thdetyderived (NNNN)-type
macrocycle 1,4,7-Trimethyl-1,4,7,10-tetraazacycttettane (MgTACD)H (22), that

polymerized meselactide to give syndiotactically enriched pahgselactides) (Scheme
6.2.). Magnesium and calcium complex€XlV and XXV are fast initiators reaching full

conversion with an initial monomer/initiator ratsd 100 in less than 0.5 h.
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Me
N
<0
Me” ~M* " "Me
]lI(SiMe3)2
M = Mg (XXIV), Ca (XXV)

Scheme 6.2Alkaline earth metal complex@&XIV andXXV bearing one M@ACD-ligand?’

Recently, alkaline earth metal complexes of a tipotyether have been prepared and used in
ROP of lactide monomers (Scheme 6XXVI ).*! Syndioselective ROP ofieselactide Ps =
0.73) and formation of atactic poigg-lactides) was observed for this class of complexes

R
/—/\

Oy /OMC

ag z M
O(v_\:OMc
\

M = Mg, Ca, Sr

R = N(SiMes)s, CH>SiMej;, n°-C3H;

XXVI

Scheme 6.3Alkaline earth metal complexé6XVI bearing a chiral polyethéf:*

Befor recent reports by Carpentietr al, no family of discrete well-defined alkaline earth
metal cations supported by alkoxide ligands waswkyg>! although in 2001 Itoh and
Kitagawa published structures of cations of Mg, @ad Sr stabilized by (aza-crown-ether)-
aryloxide ligands and external Lewis ba$e€arpentieret al. studied these complexes in the
ROP of lactide finding narrowly distributed moleaulweights not exceeding,/M, = 1.42
(Scheme 6.4.). Additionally, a variety of differentacrocycle containing phenoxy-type
proligands was used. The structure of alkalineheiaxtal complexes of these ligand types is
strongly dependant on the cationic radius. While $mall Md¢* cations, monomeric

complexes were formed, dimeric structures weretitied for complexes of Ca.'*
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0 0 _0 0 /J 0
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[M{N(SiMe3); |(THF)4]

M =Zn, Mg, X
Ca,Sr,Ba x=

Scheme 6.4Cationic alkaline earth metal complexes bearingieatpolyether reported by Carpentier

et al 14,31

As early as 1997, Wieghardit al. described azacycloalkane containing phenoxy-type
proligands using a simple halide elimination reattstarting from 2-(bromomethyl)-4,6-di-

tert-butylphenol and 1,3,5-triazacyclononane as welll @sDimethyl-1,3,5-triazacyclonone

(Scheme 6.5%°
OH OH OH
Bu N/_\N ‘Bu By NmN/
T S
R O r ‘Bu |
Bu

R
R = OMe, ‘Bu

Scheme 6.5Macrocycle containing phenolate ligands by Wieghe\'r(iil."'2
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VI.2. Results and Discussion

This chapter deals with the syntheses of neutrdlcationic alkaline earth metal complexes.
A new (aza-crown-ether)-phenoxide proligand and titgnsformation into a cationic
intermediate is presented. Subsequent treatmerit wlitali and alkaline earth metal
precursors gives neutral and cationic complexegliégtion of these complexes in ROP of

lactide monomers will be studied.

VI.2.1. Syntheses of Neutral and Cationic (Aza-Cron-Ether)-Phenoxide

Proligands.

Okuda et al. recently published an efficient synthesis of amaan-ether proligand
(MesTACD)H 22 in good yields. Reaction of cyclen with three egients chloral hydrate
gave 1,4,7-triformylcycleff® Reduction with BH- THF** and subsequent treatment with HCI
afforded22in 71% yield (Scheme 6.6%.

OH

O
3 Cl )L
r HO cl /N /TH 1. BHy THF LN S
[NH Hl\j Cl [NH l\.j 2 HCI [NH N]
—_— —rerereeeee
NH HN N N N N
\ / H\“ \ / \FO PR /N
O H
(Me;TACD)H
cyclen 1.4,7-triformylcyclen 22
Scheme 6.6Synthesis of (METACD)H 22.%°
/TN s
[NH N]
- - - N N
OH OH OH PN OH
t i t t —\
Bu Paraformaldehyde Bu OH PBr; Bu Br KOH Bu N N/
LiOH(H,0) E j
N N
'‘Bu ‘Bu Bu Bu 7
4 23 24 25H

Scheme 6.7Synthesis 0R5H.
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To synthesize the new proligand, the literaturecedore reported for Itohs proligaritd

{(1,4,7,10-tetraoxa-13-azacyclopentadecan-13-ylhylg#,6-di-tert-butylphenof® was

adapted4 was treated withLiOH(H,O) andparaformaldehyde to giv2,4-ditert-butyl-6-

(hydroxymethyl)phendl (23) in a yield of 58%. In the second step, succesaildition of

PBr; to a solution o23in CHCl afforderd 2-(bromomethyl)-4,6-dert-butylphenol(24) in a

yield of 89%*’ Finally, 24 and22 were reacted in presence of KOH to give new pemiade
proligand 2,4-ditert-butyl-6-((4,7,10-trimethyl-1,4,7,10-tetraazacychoeécan-1-
yl)methyl)phenol 25H in a yield of 32% (Scheme 6.7.) as a slightly yellorystalline

compound that is easily soluble in toluene, pentdimtF, chloroform, DCM, diethylether,
benzene, ethanol and methanol.

NMR as well as the elemental analysis are congistéh the structure consisting of one
macrocycle attached to the disubstituted phenol.

OH
Bu SN s -C(CHa)s
N N
[ ] NCH;
N N

Bu /N~ pha,

\ NCH,

|
| | M'L ‘
gu_'_.uﬂ‘.;_) N _,JIM‘\*\_.\J{ HL_JM_— _

PhH3 PHA5 ||l| q |
‘ f\'\ /"“l'm f

| i }\/ W ‘IJ \ I‘l

all_fg [ _) L N k/\_._/'

T L = —— 5

=
=
ki

2.01-]
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Figure 6.1."H NMR spectrum o25H in CDCl at 25 °C.

In the®H NMR spectrum o25H shown in Figure 6.1., two signals at 2.12 and P28 arise
for the N(H3; groups at the M@ACD fragment, while the NB,CH,N moieties form three
broad signals between 2.42-2.53, 2.55-2.62 anddeset\v2.63-2.70 ppm. The PHEprotons
are identified as a signal at 3.60 ppm while'Biegroups give two singulets at 1.27 and 1.42
ppm. Aromatic protons PH5 and Ph-3 arise as two doublet signals at 6.82 and 7.18 ppm
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Treatment of 25H with Brgnsted acids [H(OEt,),][B{3,5-C¢HsClo}s *® and
[H(OEt.),] [3,5-B(CsH3(CF3)2}a] *® selectively protonates the proligand resulting in
formation of P5H,] [B{3,5-CsHsCl2}4] and R5H,]*[3,5-B(CsH3(CFa3)2}4]” (Scheme VI1.6.8.).

OH
SN s ‘Bu O
NoONS [HOER),]'[AT @AN‘H Ny o
() (" Jw®
N N N N

Bu 7 ~— ‘Bu 7/ ~—~ ™

25H [25H, AT

Cl Cl F53C CF3
Cl [ j Cl F1C CF;
= Oy OFC
Cl /@ Cl  FC
Cl Cl

F;C™SCF,

[3,5-B(CgH3Cla}4]-  [3,5-B(CgH3(CF3)a}4]-

Scheme 6.8Syntheses of25H;] '[B{3,5-CsH3Cl2}4]  and R5H,][3,5-B(CsH3(CF3)2}4] .

Successful transformation was confirmed by NMR spscopy as well as by elemental
analysis. Figure 6.2. shows thé NMR spectrum of25H,][B{3,5-CsH3Cl}4]"

OH Q NCH,
Bu /
-C(CH
‘@? ) Q Q e
R, \
| NCH, ‘ } |
PhH3 [l PHHS PhQH, J\/M i
]

5 _,_/‘lqud_JJ . j \\ L_JL _/ ,__ P _ﬁ.,_JJUI k o
s et — T i
= =0 [ = = 8 8 2 =
= FES i 5 =S G 5 =

v T T T T T T T T T T T T T T T T T T T T T
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Figure 6.2."H NMR spectrum of25H,]*[B{3,5-C¢HsCl,}4]” in CD.Cl, at 25 °C.
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For [25H,]", two signals at 1.28 and 1.40 ppm represent'Boegroups while the NB;
groups form two singulets at 2.21 and 2.56. ForTAED-ring, two broad signals between
2.57-2.68 and 2.69-2.83 arise. The methylene psotoonnecting the phenol with the
heterocycle in25H,]" give a singulet at 3.68 ppm, while resonanceshiferaromatic protons
arise at 6.92 and 7.26 ppm. Two multiplet signals7®2 and between 7.04-7.09 ppm
represent the aromatic protons [&{3,5-CsH3sCl2}4]. Obviously, '"H NMR spectrum of
[25H,]7[3,5-B(CsH3(CF3)2}4]” looks quite similar. Clearly, the resonances & #romatic
protons arise at different chemical shifts of 7&&81 7.74 ppm as broad signals due to

neighboured C{groups effecting a downfield shift of the resoresc

VI1.2.3. Syntheses of Neutral and Cationic Alkali ad Alkaline Earth
Metal Complexes Bearing an (Aza-Crown-Ether)-Phenaite

Ligand.

25H was lithiated by treating a cooled solutior28H in n-pentane with one equivalent 1of
BuLi. Within a few seconds, after addition mBuLi a white precipitate is formed that was
identified asLi25 by NMR-spectroscopic methods and elemental arglgsinthesis okK25
was accomplished by reaction28H and K{N(SiMe&s)} in n-pentane (Scheme 6.9.).

n-BuLi
OH n-pentane, -78 °C
Bu /TN s Li25

N N ,
[ j Bu
Me

Bu 7/ D /wa

25H K {N(SiMe3),} /
n-pcntanc

Scheme 6.9Syntheses dfi25 andK25.
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The metal centers are coordinated by the phenoygex and four amide donors of the
MesTACD fragment. ThéH NMR spectrum ot.i25 shown in Figure 6.3. shows splitting of
the NCH; signal into several signals between 2.10 and 2@0. prhis signal split is typical
for successful complexation of a metal with azWCD ligand showing a rigid geometry.
Similar signals have recently been reported foredion [Lio(MesTACD),]*° or rare earth

metal allyl complexes bearing a MCD ligand

NCH, I -C(CHa)s
o L4 /J' k\ NCH,
I s sy A T NCH,4
#t;wU\/%WU \ o | - w_,\J'\J‘Jva(,\ NCH,
5 = T i &
2 : T 22 3 ‘ Ln”“ﬂ}
T T T T ‘Me
2.55 245 2.35 225 2.15 ‘, O “/\,{,;e
fl(ppm) Bu |
PhH3 | PhH5  PhcH, NCHZ || | Fows | || |
Y. YA I
| | f |
1 1 N ~y il il
= 2 = & & Seaa 5 = 5
TI.O 6‘.8 I 6:6 | 314 | 32 I 2‘.6 I 2.4 | 2I.2 I 2‘.0 | 1.8 I 116 I 114 | ]I.2
1’ (ppm)

Figure 6.3.'H NMR spectrum ot.i25 in CD.CI, at 25 °C.

The'Bu groups form two signals at 1.14 and 1.33 pprientiio signals at 1.88 and 2.28 ppm
represent the NIz protons. The Phig, methylene protons arise as a broad resonanc@at 3.
ppm. Compared to the signal of the Ph(orotons inH25, the signal is shifted foli25,
resulting from metalation. For PI8 and PH5 two doublets at 6.65 and 6.91 ppm were
identified. Similar to bis(phenolate) complexes #ignal of the phenolatpso carbon in the
13c{*H} NMR spectrum ofLi25 at 167.2 ppm (signal of tipsocarbon in25H: 155.0 ppm)

Is another characteristic. F&?25, similar signals than that fdri25 arise. It is worth to
mention, that signals foK25 are typically broader than fdri25 due to the larger metal

center giving a less rigid compound.

Similar to preparation dk25, amine elimination reaction at alkaline earth rhsiiglamide
precursors [Ca{N(SiMg,}(THF),] as well as [Mg{N(SiMg),},] by proligand25H led to
formation of alkaline earth metal silylamide cony@s of the typdM25{N(SiMe3),}] (M =
Ca, Mg, Scheme 6.10.).
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NMR spectrum and elemental analysis are consistgghtthe structure ofQa25{N(SiMe;),}]
and[Mg25{N(SiMes),}] consisting of one ligan@5 and one silylamide group attached to the
six-coordinated metal center. Compared to the speof K25 and Li25, spectra of
[Ca25{N(SiMe;),}] and[Mg25{N(SiMes).}] differed onlyslightly. Figure 6.4. shows thl
NMR spectrum of Ca25{N(SiMe3),}].

M
(Me;Si);N |

NN/
[Ca {N(SiMes)y}o(THF),] ¢ /“\Me

n-pentane
‘Bu N [Ca25{N(SiMes),}|
'Bu

(Me3Si),N v
Bu 7/ o/ N \ /N’w

[MgiN(SiMe3)y 5] VAN

n-pentanc 0 N/\/\}{/Ie

25H

IMg25{N(SiMes),}]
‘Bu

Scheme 6.10. Syntheses of alkaline earth metal complexe€a2b{N(SiMe&;),}]] and
[Mg25{N(SiMey)}].

X Me
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""Me - i
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Figure 6.4."H NMR spectrum of Ca25{N(SiMe;).}] in CsDs at 25 °C
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One broad resonance represents the silylamide gro0@5 ppm. Th&u-groups form two
signals at 1.26 and 1.41 ppm while at 2.24 and P8 resonances for the Ng groups
arise. Three resonances between 2.65 and 3.10 pprasent the ethylene units of the
heterocycle while the methylene protons of the pahdrm form a relatively sharp signal at
3.64 ppm. Two doublet signals at 6.87 and 7.23 @pise for the aromatic protons of the
phenoxy group. In th€C{*H} NMR spectrum, the signal for tipso carbon at 164.8 ppm is
characteristic for successful metalation. The NMpecsra of Mg25{N(SiMes),}] look

comparable.

In order to generate cationic fragments of the {j$f25]* (M = Ca, Mg), alkaline earth metal
precursors [Ca{N(SiMg2}(THF),] and [Mg{N(SiMe3),}.] were treated with proligand
[25H,]"[B{3,5-C¢HsCl}4] to give [Ca25]'[B{3,5-C¢HsClo}s] and [Mg25]"[B{3,5-
CeH3Clo}s] (Scheme 6.11.).

[A]I":" T\J/le
™
a
/ \:::N ~N Me
[Ca{N(SiMe3),}(THF),] ¢ NV"\/
Ay 3242 2l 3y Me
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‘B ® 2251 TA T Cl Cl
! 7 |Ca2STTIAl cl © Cl

[N‘H 1\] N p— RN O

N N Al Cl @ Cl
Bu 7 vt ™ [A] @ ’)‘ Cl Cl

. Mg {N(SiMej),} ~N..,
|25H2|+|A| [Mg{N(SiMe3),},] R / % N Me [3,5-B(CeH:Clo 4]
t Q Nf)\/ B
n-pentane ~
P ‘Bu Me
[Mg25] A

"Bu

Scheme 6.11Syntheses of cationic alkaline earth metal congd¢&a25]'[B{3,5-CsH3sCl,}4]” and
[Mg25][B{3,5-CsHsClo}d] .

Both compounds were analyzed by NMR spectroscoplyedemental analysis. Figure VI.5.
shows théH NMR spectrum ofMg25][B{3,5-C¢HsCl-}4]". The signals of ligand5 and of
the borate anion appear at nearly the same chestiiftd for Mg25]'[B{3,5-C¢HsClJ}4] as
for 25 in the spectrum of complexMg25{N(SiMes),}] or for the borate in proligand
[25H,]"[B{3,5-CcH3Cl2}4]", respectively. Again, a slight difference is olser for the
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resonances of the ethylene bridges in the hetel®dgc the calcium and the magnesium
complex.

While the protons for the magnesium complexes fbroad signals with clearly identifiable
sharp signals indicating multiple coupling betwetre protons, in the spectrum of
[Ca25] [B{3,5-C¢H3Cl2}4]" the resonances for the ethylene units of the heyele are very

broad indicating fluxional behaviour of the ligamd solution. The ligand can effectively

shield the small magnesium center giving a rigidrgetry while larger calcium gives a
flexible geometry of the complex.
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Figure 6.5."H NMR spectrum ofY1g25]* [B{3,5-C¢HsCl,}4] in CD,Cl, at 25 °C.

Single crystals of Mg25]'[B{3,5-C¢H3Cl2}4]” suitable for x-ray diffraction analysis were
grown from a cooled and saturated solution of tbenmlex in a 1:1 mixture of THF,
n-pentane and a few drops of 1,2-dichlorobenzenbléTAl, Appendix). Figure 6.6. shows
the solid state structure dfip25]". The magnesium center ik§25]" is five-coordinated by
the phenoxy group and by the MACD cycle. The nitrogen atoms of the heterocycid the
magnesium center forms a pyramidal substructuredasated by narrow angles of the amine
donors and the magnesium center N1-Mg-N2 81.21(INJ*Mg-N3 81.79(17)°, N3-Mg-N4
81.51(16)° and N1-Mg-N4 81.68(16)°. The bond lesgthetween magnesium and the
nitrogen donors vary between 2.14 A and 2.21 AcWilis in the typical range of structurally
related complexes introduced by Carpengeral. (2.109(2) -2.222(2) A}* Compared to
recently reported magnesium complex [Mg@WiaCD)(N(SiMes),)],** the bond lengths are
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also relatively similar. The bond length between Mgnd the amide In
[Mg(MesTACD)(N(SiMes)2)] (Mg-N1 1.9828(15) A) is shorter than the Mg-amikengths
present in [Mg25]" while the bonds from Mg to the amine nitrogens &Y and 2.32 A. The
bond length between Mg and the phenoxy oxygeiMig25]" (Mg-O 1.880(4) A) is shorter
than the bond length between Mg and the silylangideip in [Mg(MgTACD)(N(SiMe3),)]
(Mg-N 2.0462(14) A) and very close to the Mg-O boindCarpentiers mixed phenoxy-
macrocycle complex (Mg-O 1.900(2) A).

Figure 6.6. Molecular structure ofNg25]*. Hydrogen atoms are omitted for clarity. Seledbedd
lengths (A) and angles (°): Mg-O1 1.880(4), Mg-N14D(6), Mg-N2 2.207(4), Mg-N3 2.181(5), Mg-
N4 2.203(4); N1-Mg-N2 81.21(17), N2-Mg-N3 81.79(17N3-Mg-N4 81.51(16), N1-Mg-N4
81.68(16), N1-Mg-O1 97.85(16), N1-Mg-N2 78.40(62-Ng-N3 78.56(5), N3-Mg-N4 80.38(5), N1-
Mg-N4 77.42(6), N1-Mg-N5 131.51(6).
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VI.2.2. ROP of Lactide Monomers

The new alkali and alkaline earth metal complexgsoduced have been used in ROP of

lactide monomers. The results are collated in Téble

Table 6.1ROP of lactide monomers initiated by alkali ankhiihe earth metal initiatofs

Entry Catalyst LA t (h) c(:(;)r)“é (- nM1;r1) (- mgrl) '\'\::é P* P&
(x107)°  (x107)°
1 Li25 rac 16 98 1.42 0.05 12.1 - -
2 meso 2 96 1.38 0.66 4.45 - 072
3 K25 rac 16 94 1.35 0.06 17.8 - -
4 meso 2 > 99 1.44 0.99 4.50 - 0.74
5 [Ca25{N(SiMe;),}] rac 3 98 1.42 0.29 4.81 - -
6 meso 0.5 >99 1.44 0.10 4.72 - 0.70
7 [Mg25{N(SiMes),}] rac 3 50 0.72 1.44 1.17 0.54 -
8 meso 0.5 >99 1.44 0.52 3.10 - 077
o [Ca25T Al rac 24 50 0.77 0.25 1.16 - -
10' meso 24 86 1.24 012 162 - -
11 [Mg25]'[A] rac 24 12 0.27 0.16 1.06 - -
12 meso 24 76 1.10 0.27. 1.26 - 0.68

2[In]o = 2.9 mmol- %, [LA]o/[In]o = 100, THF (3 mL) for ROP afc-lactide, Toluene (3 mL for ROP afese
lactide), 25 °C; [A] = [B{3,5-CcHsCl} 4" ° monomer conversion determined 1y NMR spectroscopy™M, =
(ILAJ/[LN] x conv.% x 144.13)* determined by GPC and corrected using Mark-HouwpialametersP, is the
probability of forming a new-dyad,Psis theprobability of forming a neve-dyad; determined by homonuclear
decoupled™H NMR spectroscopy! reaction were performed in a mixture of 2.5 mLuesie and 0.5 mL
isopropanol.

Resulting from the larger cation radid&€25 polymerizes lactide monomers only minimally
faster tharLi25. Conversions of more than 94% were achieved foP R@ac-lactide within
16 h while only 2 h are needed to convert more @@¥ of the initialmesemonomer. In
ROP experiments afac-lactide stopped after 2 hours, the formed preaipigave no useful
data in NMR analytics and GPC. Atactic pold-lactides) and syndiotactically enriched
poly(meselactides) were produced (Entries 1-# € 0.72 withLi25 and Ps = 0.74 with
K25). M, of the polymers are low and the molecular weigstridbution is broad (PDI > 4.50,

entry 4) indicating only little control.

Not surprisingly, the trend that the initiationgatepends on the size of the metal cation was
also observed for alkaline earth metal complepd85{N(SiMes),;}] and M25]"[B{3,5-
CeH3Cl2o}s (M = Ca, Mg). Ea25]'[B{3,5-CsH3Cl,}4]” polymerized lactide monomers faster

than analogousMg25]'[B{3,5-C¢H3Cl2}4]. meseLactide was polymerized faster theac-
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lactide by both type of complexes resulting in gllig syndiotactic polyfeselactides) not
exceeding a value &% = 0.77. Cationic intermediat@¥25] " and isopropanas co-activator
polymerize lactide monomers more controlled thdylasnide initiators[M25{N(SiMe3)2}]
(M = Mg,Ca), as shown by narrow PDI values fd25]." While [M25{N(SiMes),}] is
supposed to polymerize via a coordination-insertnachanism,[M25]" is supposed to
polymerize lactide monomers following the catiopathway.

However, molecular weights measured were low irttfigaa relatively unefficient catalysis.
Compared to results for similar complexes repoltgedarpentier, the complexes introduced
in this thesis are less efficient. Two effects sderbe the reason for this. Firstly, the size of
the macrocycle: As the macrocycle is relatively knthe metal centers are not effectively
coordinated, leaving a large coordination sphere ifcoming monomers, which costs

selectivity.

Secondly the type of the donor atoms seem to hdamga effect. While in this thesis, amine
donors of the TACD-ring coordinate to the metal tegnether donors are present in the
complexes reported by Carpentedral, as the metal-donor interaction is different. Ressa
Carpentiers studies only focus p#iactide polymerization, one can not directly comgpthe
results with each other but aac-lactide contains 50%-lactide a comparison might be

valid.**

VI.3. Summary

In this chapter, the new proligartd25 consisting of one phenoxy unit and a JWRCD
heterocycle connected with each other by a meteyleker was introduced. Protonation of
this proligand by a Brgnsted acid into a cationioligand was demonstrated as well as
complexation of Li, K*, C&" and Md* by treatment of the proligand with precursorsha t
forementioned metal cations. Characterization byRN§fpectroscopy, elemental analysis and
by X-ray diffraction analysis ofIg25]'[B{3,5-C¢H3Cl,}4]” prove the proligand to coordinate
to the metal centers by the phenoxy oxygen anébilreamine donors.

The complexes were tested in the ROP of lactide aomams. Alkaline metal complexes
showed no useful performance in the ROP experimehile the cationic intermediates of the
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alkaline earth metal catiorf{d125]" with M = Ca and Mg generate narrowly distributed

polymers. However, no stereoselectivity in the RO&ven by these type of complexes.

Vi.4. Experimental Section

1,4,7-trimethyl-1,4,7,10-tetraazacyclododecane sMED)H (22)*

/
NH N 22
j Ci1HagNy
N N 214,35
7\ /N

To a stirred solution of 6.00 g Cyclen (34.8 mniokquiv.) in 40 mL of EtOH, a solution of
17.65 g chloralhydrate (106.7 mmol, 3.07 equiv.XhmL of EtOH was added by dropping
funnel over a period of 1.5 h at 25 °C. The resgltolution was stirred at 60 °C for 16 h.
After evaporation of the solvent, the resulting ocldss oil was purified by flash
chromatography using a mixture of DCM/MeOH/NH, (25%) 9:1:0.1 to give 1,4-7-

Triformylcyclen as a colorless oil in a yield of%06.12 g, 24.3 mmol).

To a stirred solution of 6.12 g 1,4,7-Triformylcgalin 30 mL of dry THF, 145 mL of a 1M
solution of BH: THF were added and the mixture refluxed for 1@&fter addition of 3 mL
MeOH, the solvents were evaporated under vacuura.r&sulting colorless precipitate was
suspended in a mixture of 50 mL EtOH and 5 mL céx&O, and heated to reflux for 2 h.
After cooling to 25 °C, 150 mL of an 0.1 mol/L NaGidlution was added and the mixture
was extracted three times with DCM. After removthg solvent under vacuum at 30 °C the
resulting light red oil was purified by distillanounder vacuum at 60 °C to give2] as a
colorless oil in a yield of 74% (3.836 g, 17.9 mndH NMR (CDCl, 25 °C, 400 MHz)p
(ppm): 2.14 (s, 3 H, NB3), 2.16 (s, 6 H, NE3), 2.27 (m, 8 H, NEl,), 2.30 — 2.37 (m, 4 H,
NCH,), 2.48 — 2.57 (m, 4 H, N&). **C{*H} NMR (CDCl, 25 °C, 100.1 MHz)$ (ppm):
43.5 (NCH3), 44.5 (NCH3), 45.6 (NCHp), 53.5 (NCHy), 55.0 (NCHp), 55.1 (NCH3).
Elemental analysis calculated for GH2sN4 (214.35 g/mol) (%): C 61.64, H 12.23, N 26.14;
Found: C 61.16, H 12.56, N 25.97.
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2 4-ditert-butyl-6-(hydroxymethyl)phendf (23)

OH

Bu
OH 23
C15H20;
236,35

"Bu

To a stirred solution of 30 ¢ (0.145 mol, 1 equiv.) in 40 mL of MeOH a suspensaj
paraformaldehyde (4.5 g, 0.15 mol) and LiOK® (0.5 g, 0.012 mol) in 40 mL of MeOH
was added dropwise. After refluxing the solution I@ h, the solvent was removed by rotary
evaporation. The orange-brown viscous residue wssolded in 60 mLn-hexane. After
filtration and storage of the solution at 0 °C 1@ h a colorless precipitate 28 in a yield of
58% was formed (20.2 g, 85 mmaif NMR (CDCh, 25 °C, 400 MHz)$ (ppm): 1.30 (s, 9
H, C(CHa)3), 1.44 (s, 9 H, C(83)s), 2.10 (tr, 1 H> Iy = 5.9 Hz, CHOH), 4.85 (d, 2 HJuy

= 5.9 Hz, G1,0H), 6.91 (d, 1 H#Jyy = 2.4 Hz, PhH6) 7.30 (d, 1 H Jhu = 2.4 Hz, PhH4),
7.55 (s, 1 H, Ph-B). *C{*H} NMR (CDCk, 25 °C, 100.1 MHz)$ (ppm): 29.8 (OCHa)s),
31.8 (CCH3)3), 34.4 (C(CHs3)3), 35.1 C(CHs)3), 66.0 (PICH,0H), 122.8 (PH=5), 124.1 (Ph-
C3), 124.2 (Ph=6), 136.7 (Phe2), 141.8 (Ph=4), 153.2 (Ph=1). Elemental analysis
calculated for @H240,(236.35 g/mol) (%): C 76.23, H 10.24; Found: C 4518 10.24.

2-(bromomethyl)-4,6-dtert-butylphenot’ (24)

OH
B
! Br 24
C]5H23BI‘O
299,25
"Bu

To a stirred solution of 17.528 (74 mmol, 1 equiv.) in 60 mL of CHg la solution of PBy
(8.1 g, 2.8 mL, 30 mmol, 0.4 equiv.) in 40 mL CH@Ilas added dropwise. After stirring the
solution for 1 h at 25 °C, 100 mL water were addHde organic phase was washed three
times with water and dried over Mga( he solvent was removed by rotary evaporatior Th
resulting orange viscous oil was further dried ungecuum to give 19.8 g &4 (66 mmol,
89%).'H NMR (CDCl, 25 °C, 400 MHz)5 (ppm): 1.30 (s, 9 H, C(€5)3), 1.44 (s, 9 H,
C(CHa3)3), 4.59 (s, 2 H, PhB,Br), 7.11 (d, 1 H* 4 = 2.5 Hz, PHH3), 7.34 (d, 1 H*Juu =

156



Chapter VI — Discrete Neutral and Cationic Alkaliearth Metal Complexes —
Synthesis, Characterization and ROP of Lactide Mugrs

2.5 Hz, PhH5). **c{*H} NMR (CDCk, 25 °C, 100.1 MHz)$ (ppm): 30.0 (OCHs)3), 31.7
(C(CHa)3), 32.8 (PICH,Br), 34.5 C(CHs)s), 35.1 C(CHs)s), 123.4 (PhE3), 124.9 (PHE5),
125.8 (Ph€2), 137.3 (PHE6), 143.1 (PHE5), 151.8 (PHE1).

25H

'Bu SN S
N N 25H
[ j CaeHagN4O
N N\ 432,69

To a stirred solution of 3.0 82 (14.0 mmol, 1 equiv.) in 40 mL of dry toluene, 1.g6f
KOH (10 mmol, 2.1 equiv.) were added. After stigifor 16 h, a solution a24 (4.2 g, 14.0
mmol) in 20 mL of toluene was added dropwise. Aftefluxing the solution for 6 h the
solution was cooled to 25 °C, filtered and the sntvremoved by rotary evaporation. A
yellow brown viscious oil was obtained that wassdlged in a mixture of acetone and
acetonitrile to give light yellow crystals of thegired proligan@5H in a yield of 32% (1.9 g,
4.46 mmol).*H NMR (CDCl, 25 °C, 400 MHz)p (ppm): 1.27 (s, 9 H, C(€5)3), 1.42 (s, 9
H, C(CH3)3), 2.12 (s, 6 H, NBj3), 2.28 (s, 3 H, NE3), 2.42 — 2.53 (br, 4 H, Nd}), 2.55 —
2.62 (br. 8 H, NEly), 2.63 — 2.70 (br., 4 H, N) 3.60(s, 2 H, PhEl,), 6.82 (d, 1 H Jun =
2.4 Hz, PhH5), 7.18 (d, 1 H*Juy = 2.4 Hz, PhH3). °C{*H} NMR (CDC, 25 °C, 100.1
MHz), & (ppm): 29.8 (COCHs)s), 31.9 (CCHa)3), 34.2 C(CHy)s), 35.1 C(CHs)3), 43.3
(NCH3s), 45.0 (NCH3), 51.7 (NCHy), 55.6 (NCHy), 55.7 (NCH>), 55.8 (NCHy), 59.5 (PICH,),
122.7 (PhE6), 122.8 (PhE3), 124.0 (Phe5), 135.8 (PhE2), 140.0 (Phe4), 154.5 (PHE1).
'H NMR (C¢Ds, 25 °C, 400 MHz)5 (ppm): 1.39 (s, 9 H, C(ds)s, 1.73 (s, 9 H, C(B3)s,
2.02 (s, 6 H, NEi3), 2.15 (s, 3 H, NBj3), 2.31 (br, 4 H, NEl,), 2.41 (s, 8 H, NE,), 2.43 -
2.60 (br., 4 H, NEl,) 3.42(s, 2 H, PhEl,), 6.99 (d, 1 H/Jyy = 2.4 Hz, Ph-3), 7.18 (d, 1 H,
*Jun = 2.4 Hz, PhH5), 10.80 (s, 1 H, Phd). *C{*H} NMR (CsD¢, 25 °C, 100.1 MHz)$
(ppm): 30.2 (CCH3)3), 32.1 (CCH3)3), 34.3 C(CHa)s), 35.5 C(CHg)3), 43.3 (NCH3), 44.7
(NCHs), 52.1 (NCH,), 55.8 (NCH,), 56.4 (NCH,), 56.6 (NCH>), 59.6 (PIEH,), 122.8 (Ph-
C6), 123.8 (PhE3), 124.2 (PHE5), 136.2 (PHE2), 140.1 (PHe4), 155.3 (PHE1). *H NMR
(CD.Cly, 25 °C, 400 MH2z)$ (ppm): 1.27 (s, 9 H, C(ds)s), 1.40 (s, 9 H, C(H3)3), 2.09 (s, 6
H, NCH3), 2.25 (s, 3 H, NEl3), 2.42 — 2.49 (br, 4 H, Ny), 2.50 — 2.65 (br, 12 H, Nd3),
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3.60(s, 2 H, Ph@®l,), 6.84 (d, 1 H*Juy = 2.4 Hz, PHH3), 7.16 (d, 1 H*Jun = 2.4 Hz, PHH5).

13C{*H} NMR (CD.Cl,, 25 °C, 100.1 MHz)$ (ppm): 30.0 (OCHs)s), 32.0 (CCHs)s), 34.5
(C(CHa)3), 35.3 [C(CHs)s], 42.6 (NCHs), 43.6 (NCH3), 44.9 (NCHs), 52.2 (NCHy), 55.9
(NCHy), 56.2 (NCH>), 56.3 (NCH,), 59.8 (PIEHy), 123.0 (Phe6), 123.6 (PHe3), 124.5 (Ph-
C5), 136.0 (PH=2), 140.5 (PH=4), 155.0 (PHE1). *H NMR (THF-dg, 25 °C, 400 MHz)5

(ppm): 1.26 (s, 9 H, C(\E3)3), 1.40 (s, 9 H, C(H3)3), 2.05 (s, 6 H, NE3), 2.21 (s, 3 H,
NCHs), 2.36 — 2.45 (br, 4 H, N@y), 2.55 — 2.63 (br, 12 H, Ndy), 3.60(s, 2 H, PhEl,), 6.84
(d, 1 H,*Jun = 2.5 Hz, PhH3), 7.15 (d, 1 H*Jun = 2.4 Hz, PhH5). BC{*H} NMR (THF-ds,

25°C, 100.1 MHz),5 (ppm): 30.1 (OCHs)s), 32.3 (CCHs)s), 34.8 C(CHs)s), 35.8
(C(CHa)3), 43.6 (NCH3), 45.1 (NCH3), 52.8 (NCH.), 57.2 (NCHy), 57.4 (NCH.), 58.6
(NCHy), 60.0 (PITH,), 123.1 (Phc6), 124.5 (Phe3), 124.8 (PHE5), 136.4 (PHE2), 140.4
(Ph-C4), 156.7 (Ph=1). Elemental analysis calculated for gsH4sON,4(432.69 g/mol) (%): C
72.17, H 11.18, N 12.95; Found: C 71.64, H 11.132\7.

[25H,]"[B{3,5-CeH3Cl2}a]

O c1©a
'Bu D a cl
N. N =
\E;A[ H j DBQ [25H,]*[B{3,5-CH3Cla |
N NC /@\ CsoHg BCIgN4O

1028.48

To a stirred solution of 0.300 g 86H (0.69 mmol, 1 equiv.) in 10 mL of dry 8, a solution
of 0.516 g [H(OE),]'[B{3,5-CsH3Cl2}4]” (0.69 mmol, 1 equiv.) in 10 mL of dry 2 was
added at 25 °C. A colorless precipitate was formétin a few seconds. The solution was
filtrated and the collected colorless powder drigiber vacuum to givg25H,]*[B{3,5-
CeH3Cl2}s] in a vield of 68% (0.47 mmol, 0.49 gH NMR (CD,Cl,, 25 °C, 400 MHz)
(ppm): 1.28 (s, 9 H, C(83)3), 1.40 (s, 9 H, C(B3)3), 2.21 (s, 6 H, NB3), 2.56 (s, 3 H,
NCHs), 2.57 — 2.68 (br, 12 H, N), 2.69 — 2.83 (br, 4 H, N), 3.68 (br, 2 H, PhB,),
6.92 (d, 1 H Jyy = 2.4 Hz, PhH3), 7.02 (m, 4 H, BPI(para), 7.04 — 7.09 (m, 8 H, BPh-
H(ortho)), 7.26 (d, 1 H'Juw = 2.4 Hz, PhH5). *C{*H} NMR (THF-dg, 25 °C, 100.1 MHz)$
(ppm): 30.1 (CCH3)3), 31.0 (CCHa)s), 34.6 C(CHs)s), 35.4 C(CHs)s), 42.8 (NCH3), 43.7
(NCH3), 50.6 (NCH,), 50.7 (NCH,), 50.8 (NCH,), 50.9 (NCHy), 54.9 (PhEi,), 121.7 (Ph-
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CB6), 123.7 (PHE5), 124.6 (PHE3), 125.3 (PhE2), 131.3 (BPHE2), 133.4/133.5/133.6 (BPh-
CCl), 136.2 (Phc2), 142.4 (Phz4), 153.7 (Phel), 163,5/165.0/165.5/166.0 (BRI, Jgc=
49.5 Hz).Elemental analysis calculated for ggHg:BClsN4O (1028.48 g/mol) (%): C 58.39,
H 5.98, N 5.45; Found: C 58.59, H 5.88, N 5.37.

[25H,]"[B{3,5-CsH3(CF3)2}a]

o~ ©
wSH()lBF24N4O
s \ / \ *C

‘Bu 1296.90

To a stirred solution of 0.214 g 86H (0.49 mmol, 1 equiv.) in 10 mL dry £ was added a
solution of 0.500 g [H(OR),][B{3,5-CsH3(CFs)2} 4] (0.49 mmol, 1 equiv.) in 10 mL dry
Et,O at 25 °C. A colorless precipitate was formedradtéew seconds. After stirring for 2 h,
the solution was filtrated and the solvent evaatdd give[25H,] [B{3,5-CsH3(CF2)2}4] in

a yield of 68% (0.47 mmol, 0.417 gH NMR (CD,Cl,, 25 °C, 400 MHz)$ (ppm): 1.28 (s,
9 H, C(MH3)3), 1.41 (s, 9 H, C(B3)3), 2.29 (s, 6 H, NE3), 2.64 (s, 3 H, N83), 2.65 — 2.83
(br, 12 H, NGHy), 2.83 — 2.95 (br, 4 H, Ndy), 3.73 (br, 2 H, PhB,), 6.93 (d, 1 HJuy =
2.4 Hz, PhH3), 7.29 (d, 1 H*Juy = 2.4 Hz, PHH5), 7.58 (br, 4 H, BPIH(para)), 7.74 (m, 4
H, BPhH(ortho)). **C{*H} NMR (CD.Cl,, 25 °C, 100.1 MHz)5 (ppm): 30.0 (OCHs)s),
30.3 (CCHs)3), 34.7 C(CH3)3), 35.4 C(CHs)s), 43.0 (NCH3), 44.0 (NCH3), 50.8 (NCH)),
53.6 (NCH.), 53.9 (NCHy), 54.2 (NCHy), 54.5 (PhEl,), 118.1 (dtJcr = 3.7 Hz, BPh-C4),
121.1 (Phee), 123.8 (PHE5), 124.7 (PHE3), 125.3 (PHE2), 126.6 (BPHE2), 129.5 (q9Jcr

= 274.1 Hz), 135.4 (BPK2), 136.3 (PH=2), 142.7 (PhE4), 153.9 (PHE1), 162.3 (g Jsc=
49.7 Hz, BPhC1).
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Li25

, 0 N/L\é[ Li2s
Bu € CyHyLIN,O
438,62

To a stirred solution of 0.1 26H (0.23 mmol, 1 equiv.) in 5 mL dny-pentane, 0.09 mL of a
2.5 M solutionn-BuLi were added at -78 °C. A colorless precipitates formed within a few
seconds. After stirring for 2 h at -78 °C, the sioln was allowed to warm up slowly. After
evaporation of the solvent, the powder was dissbiael mL THF. After addition of 2 drops
of n-pentane and storage of the solution for 5 d at’€30colorless microcrystals @i25 in a
yield of 87% (86 mg, 0.20 mmol) were obtainéd. NMR (CD.Cl,, 25 °C, 400 MHz)3
(ppm): 1.14 (s, 9 H, C(83)3), 1.33 (s, 9 H, C(B3)3), 1.88 (s, 6 H, NEI3), 2.12 — 2.19 (br, 2
H, NCHy), 2.22 — 2.26 (br, 2 H, N&), 2.28 (s, 3 H, NBj3), 2.30 — 2.34 (br, 4 H, N&),
2.36 — 2.49 (br, 6 H, Ng,), 2.52 — 2.58 (br, 2 H, N,), 3.25(s, 2 H, PhEl,), 6.64 (d, 1 H,
*Jun = 2.4 Hz, PHH5), 6.90 (d, 1 H*Jun = 2.4 Hz, PhH3). *C{*H} NMR (CD,Cl,, 25 °C,
100.1 MHz),8 (ppm): 30.1 (CCH3)3), 32.4 (CCH3)3), 35.7 C(CH3)3), 43.2 (NCH3), 44.1
(NCHs3), 50.8 (NCH,), 54.5 (NCH,), 54.7 (NCH.), 57.7 (NCH.), 59.9 (PICH,), 122.8 (Ph-
C6), 126.9 (Phe3), 129.2 (PHE5), 134.9 (PHE2), 140.8 (PHe4), 167.2 (PHE1). *H NMR
(CDCls, 25 °C, 400 MHz)$ (ppm): 1.27 (s, 9 H, C(@s)3), 1.42 (s, 9 H, C(B3)3), 2.12 (s, 6
H, NCH3), 2.28 (s, 3 H, NB3), 2.42 — 2.53 (br, 4 H, N&3), 2.55 — 2.62 (br, 8 H, N&),
2.63 — 2.70 (br, 4 H, N&,) 3.60(s, 2 H, Ph@®l,), 6.82 (d, 1 H!Juy = 2.4 Hz, PhH5), 7.18
(d, 1 H,%4n = 2.4 Hz, PHH3). **C{*H} NMR (CDCl, 25 °C, 100.1 MHz)$ (ppm): 29.8
(C(CHg3)3), 31.9 (CCH3)3), 34.2 C(CHs)3), 35.1 C(CHa)3), 43.3 (NCH3), 45.0 (NCH3), 51.7
(NCHy), 55.6 (NCHy), 55.7 (NCH,), 55.8 (NCHy), 59.5 (PICH,), 122.7 (Phe6), 122.8 (Ph-
C3), 124.0 (PHe5), 135.8 (PH=2), 140.0 (PHE4), 154.5 (PHE1). *H NMR (CgDs, 25 °C,
400 MHz),8 (ppm): 1.39 (s, 9 H, C(d3)3), 1.73 (s, 9 H, C(83)3), 2.02 (s, 6 H, NE3), 2.15
(s, 3 H, NG13), 2.31 (br, 4 H, NEl,), 2.41 (s, 8 H, N8&,), 2.43 — 2.60 (br, 4 H, Ny) 3.42
(s, 2 H, Ph@ly), 6.99 (d, 1 H 4y = 2.4 Hz, PHH3), 7.18 (d, 1 H}Juy = 2.4 Hz, PhH5).
10.80 (s, 1 H, PhB). *C{*H} NMR (CsDs, 25 °C, 100.1 MHz)$ (ppm): 30.2 (OCHs)s),
32.1 (CCH3)3), 34.3 C(CHzg)3), 35.5 C(CHzg)s), 43.3 (NCH3), 44.7 (NCH3), 52.1 (NCH,),
55.8 (NCH,), 56.4 (NCH,), 56.6 (NCH,), 59.6 (PICH,), 122.8 (Phe6), 123.8 (PhE3), 124.2
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(PhC5), 136.2 (Ph=2), 140.1 (Phz4), 155.3 (Ph=1). Elemental analysis calculated for
Co6H47LION,4 (438.62 g/mol) (%): C 71.20, H 10.80, N 12.77; Fdu@ 69.42, H 10.78, N
12.08.

K25

To a stirred solution of 0.1432pH (0.33 mmol, 1 equiv.) in 5 mL of dmy-pentane, 0.066 g
of K{N(SiMe3),} were added at 25 °C. A colorless precipitate i@sned within a few
seconds. After stirring for 16 h at, the solutiomsnfiltrated and the collected colorless
powder dried under vacuum to give 141 mgKab (0.30 mmol, 89%). Colorless crystals
were obtained from a saturated THF/n-pentane méxawer one week'H NMR (CgDs,
25 °C, 400 MHz)p (ppm): 1.35 (s, 3 H, NB3), 1.40 (br, 2 H, NEl,), 1.56 (s, 9 H, C(83)3,
1.65 (br, 6 H, NEl3), 1.83 (s, 9 H, C(H3)3 1.85 — 2.0 (br, 6 H, NB,), 2.0 — 2.21 (br, 8 H,
NCH,), 2.40- 2.62(br, 2 H, Ph®l,), 7.20 (d, 1 H*Jun = 2.4 Hz, PhH5), 7.56 (d, 1 H*Jyu =
2.4 Hz, PhH3). BC{*H} NMR (CgDs, 25 °C, 100.1 MHz)p (ppm): 31.1 (OCHs)3), 32.8
(C(CHg3)3), 34.0 C(CHg)3), 35.8 C(CH3)3), 44.0 (NCH3), 41.1 (NCH3), 41.3 (NCH3), 53.7
(NCHy), 53.8 (NCH), 53.9 (NCH,), 54.0 (NCHy), 59.8 (PICH,), 123.2 (Phe6), 127.6 (Ph-
C3), 128.0 (PhE5), 128.2 (Ph=2), 135.6 (Ph=4), 168.4 (Ph=1). Elemental analysis
calculated for gsH47KON,4 (470.78 g/mol) (%): C 66.33, H 10.06, N 11.90; Fdu@ 65.63,
H 10.64, N 10.18.
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[Ca25{N(SiMes).}]
Me
(Megsi)vN /]fij-—- w
Ca*‘::\
. N Nege
d VN .
! Me [Ca25{N(SiMe3),}]
- C3oHgsCaNsOSi;

632,14

Bu

To a stirred suspension of 0.200 g of [Ca{N(SiMx(THF),] (0.40 mmol, 1 equiv.) in 5 mL
dry n-pentane, a solution of 0.1712%H (0.40 mmol, 1 equiv.) in 5 mL drg-pentane was
added at 25 °C. A colorless precipitate was formedin a few seconds. After stirring for 16
h at, the solution was filtrated and the colleatetbrless powder dried under vacuum to give
181 mg of[Ca25{N(SiMes);}] (0.29 mmol, 72%)H NMR (Cg¢Ds, 25 °C, 400 MHz)3
(ppm): 0.35 (s, 18 H, Sids), 1.22 — 1.38 (br, 4 H, Niy), 1.44 (s, 9 H, C(83)3), 1.55 - 1.65
(br, 4 H, NGH,), 1.64 — 1.82 (br, 4 H, N), 1.83 (s, 9 H, C(83)3), 1.85 (br, 2 H, NE&,),
1.87 — 1.91 (br, 2 H, N&,), 1.92 (s, 3 H, NEj3), 2.08 (s, 6 H, NE3), 2.18- 2.40(br, 2 H,
PhCH,), 6.98 (d, 1 HJuy = 2.4 Hz, PhH5), 7.55 (d, 1 H*Ju = 2.4 Hz, PHH3). **C{*H}
NMR (CsDs, 25 °C, 100.1 MHz)$ (ppm): 7.6 (SCH3), 31.0 (CCH3)3), 32.6 (CCH3)3), 34.2
(C(CHg)3), 36.0 C(CHg)s), 47.7 (NCH3), 51.7 (NCH3), 41.3 (NCH3), 51.7 (NCHy), 53.0
(NCH,), 54.7 (NCH,), 55.6 (NCH>), 64.6 (PICH,), 122.3 (Phc6), 124.1 (PH=3), 125.4 (Ph-
C5), 131.8 (Ph22), 136.8 (Phz4), 164.8 (Ph1). Elemental analysis calculated for
Cs2HgsCaNsOSk (632.14 g/mol) (%): C 60.80, H 10.36, N 11.08; Fau@ 56.45, H 9.61, N
8.87.

[Mg25{N(SiMes),}]
(Me3Si),N._ j

M .
12N, ‘Me ME25(N(SiMe;)}]
N/\/ Ca2HgsMgNsOSiy

‘Bu / 616,37

‘Bu

To a stirred suspension of 0.160 g of [Mg{N(S#y} (0.46 mmol, 1 equiv.) in 5 mL drg-
pentane, a solution of 0.20@§H (0.46 mmol, 1 equiv.) in 5 mL dny-pentane was added at
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25 °C. A colorless precipitate was formed withife& seconds. After stirring for 2 h at, the
solution was filtrated and the collected colorlgsswder dried under vacuum to give
[Mg25{N(SiMe3),}] in a yield of 69% (0.32 mmol, 0.196 gH NMR (CD,Cl,, 25 °C, 400
MHz), § (ppm): 0.05 (s, 18 H, Sidy), 1.26 (s, 9 H, C(83)3), 1.42 (s, 9 H, C(H3)s), 2.23 (s,

6 H, NCH3), 2.62 (s, 3 H, NB83), 2.67 — 2.77 (br, 6 H, Ndy), 2.85 — 2.99 (br, 8 H, N{),
3.00 — 3.07 (br, 2 H, N&,), 3.64 (br, 2 H, PhB,), 6.87 (d, 1 H 4y = 2.6 Hz, PhH5), 7.23
(d, 1 H,*Jn = 2.4 Hz, PhH3). *C{*H} NMR (CD.Cl,, 25 °C, 100.1 MHz)$ (ppm): 6.7
(SiCH3), 29.9 (CCHa)s), 32.1 (CCHa)3), 34.3 C(CHa)s), 35.8 C(CHa)s), 43.8 (NCHa), 44.1
(NCH3), 50.0 (NCHy), 53.6 (NCH,), 54.3 (NCHy), 57.7 (NCH,), 121.4 (Phe6), 125.3 (Ph-
C3), 127.1 (PhE5), 136.9 (Phe2), 138.2 (Ph=4), 163.4 (Ph=1). Elemental analysis
calculated for GHgsMgNsOSh (616.37 g/mol) (%): C 62.36, H 10.63, N 11.36; Fdu
59.87, H 11.07, N 10.26.

[C825]+[B{3 , 5-C6H 3C| 2}4] )

C5UH5QBC'¢1C18N407
1066,54

2
/La*'-‘xjw
N /\/ Mea .
'Bu D Q [Ca25]*[B{3,5-CqH;Cly ),

To a stirred solution of 100 ni@a(N(SiMez)2(THF) 2] (0.2 mmol, 1 equiv.) in 10 mL ED, a
solution of 204 md25H,]"[B{3,5-CsH3Cl2}4]” in 10 mL E$O was added. The mixture was
stirred for 3 h at 25 °C. After removal of the smiv under vacuum, the resulting white
powder was recrystallized from GEl, to afford 204 mg (0.19 mmol, 95%) of the desired
product.'H NMR (CD,Cl,, 25 °C, 400 MHz)$ (ppm): 1.25 (s, 9 H, C(ds)3), 1.38 (s, 9 H,
C(CHa)3), 2.04 (m, 4 HB-THF), 2.28 (s, 6 H, NH3), 2.36 (s, 3 H, N83), 2.37 — 2.49 (br, 4
H, NCHy), 2.51 — 2.79 (br, 12 H, N&), 3.50 — 3.80 (br, 2 H, Pi), 4.03 (m, 4 Ho-
THF), 6.86 (d, 1 H 4y = 2.5 Hz, PhH3), 7.01 (tr, 4 H, BPt(para)), 7.04 (m, 8 H, BPh-
H(ortho)), 7.19 (d, 1 H'Juyw = 2.4 Hz, PhH5). *C{*H} NMR (CD.Cl,, 25 °C, 100.1 MHz)$
(ppm): 24.7 g-THF), 28.7 (CCHs)), 28.8 (CCHa)), 28.9 (CCHs)), 30.6 (CCHs)), 30.8
(C(CHa)), 32.9(CCH3)), 34.2 C(CHa)), 43.4 (NCH3), 44.0 (NCH3), 48.9 (NCH)), 49.1

163



Stereocontrolled Ring-Opening Polymerization oftide Monomers by Lewis-Acidic
Metal Complexes

(NCH,), 49.3 (NCHy), 49.4 (NCHy), 64.9 (PhEl,), 68.3 ¢-THF), 121.1 (Phe6), 122.3
(BPh-C(meta)), 123.5 (PG5), 125.9 (Phe3), 132.1/132.2/132.2/132.3 (BRIECI), 132.4
(Ph-C2), 134.7 (PH=4), 163,2/163.7/164.2/164.6 (BR3L, Jsc= 49.4 Hz), 163.7 (PKR1).
Elemental analysis calculated for ggHsoBCaCkN4O (1066.54 g/mol) (%): C 56.96, H 5.93,
N 4.92; Found: C 54.57, H 5.58, N 4.73.

[Mg25]"[B{3,5-CeH3Cl2}4]

h{le
® __NZ
- 1 1
/ngm:::N "R“M ’ C
e
o N‘\/\/\/ Cl - Cl .
‘Bu Me B":* [Mg25]"[B{3,5-CsH3Clp}41
CsoHs9BMgCIgN4O
cl /@\ Cl 1050,77
Bu Cl Cl

To a stirred solution of 67 mMg(N(SiMes),] (0.2 mmol, 1 equiv.) in 10 mL ED, a
solution of 200 mgZ5H,]"[B{3,5-C¢H3Cl2}4] (0.2 mmol, 1 equiv.) in 10 mL D and 5 mL
THF was added. The mixture was stirred for 3 hoatir 25 °C. After removal of the solvent
under vacuum, the resulting colorless powder wasystallized from CHCI, to afford 166
mg (0.158 mmol, 79%) of the desired proddetNMR (CD.Cl,, 25 °C, 400 MHz)$ (ppm):
1.26 (s, 9 H, C(B3)3), 1.40 (s, 9 H, C(83)3), 1.82 (m, 4 HB-THF), 2.16 (s, 6 H, N83),
2.57 (s, 3 H, NEB3), 2.58 — 2.74 (br, 14 H, N}), 2.82 — 2.89 (br, 2 H, N&), 3.61 (s, 2 H,
PhCH,), 3.69 (s, 4 Ha-THF), 6.87 (d, 1 H!Juu = 2.7 Hz, PhH3), 7.00 — 7.02 (ir, 4 H, BPh-
H(para)), 7.03 — 7.06 (m, 8 H, BR{ortho)), 7.23 (d, 1 HJuy = 2.7 Hz, PhH5). *C{*H}
NMR (CD.Cly, 25 °C, 100.1 MHz)$ (ppm): 26.2 §-THF), 29.9 (CCHs3)), 35.8 (CCHs3)),
43.3 C(CHa)), 43.8 C(CHj3)), 49.4 (NCH3), 53.7 (NCH3), 53.9 (NCH>), 57.3 (NCH,), 64.6
(PhH,), 68.3 ¢-THF), 121.2 (Ph=2), 123.7 (BPh-C(meta)), 125.5 (RI%), 127.3 (PH=3),
133.4/133.5/134.6/133.7 (BREEI), 133.7 (BPh-C(ortho)), 137.3 (RPB), 138.4 (PH=4),
164.5/165.0/165.5/166.0 (BR®E, Jsc= 49.5 Hz), 166.0 (PIFl). Elemental analysis
calculated for GHseBMgClIgN,O (1122.87 g/mol) (%):C 57.15, H 5.66, N 5.33; Foufd:
57.05, H5.91, N 4.95.
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Typical polymerization procedure. In the glove box, stock solution of the initiatorthe
specified solvent was injected individually to aiee of 6 mL vials loaded with a solution of
rac- or meselactide in the specified solvents. After specifigtie intervals, each vial was
taken out of the glove box and the solution quedakigh moistn-hexane. After filtration and
drying under vacuum, the polymers were analyze€RCl; by NMR measurements. GPC
analyses were performed in THF.

Polymerization procedure in presence of isopropanolTo a solution of the lactide
monomer in the specified solvent and one equivadémsopropanol, initiator stock solution
was injected. After specified time intervals, eacl was taken out of the glove box and the
solution was quenched with moisthexane. After filtration and drying under vacuuttme
polymers were analyzed in CDy NMR measurements. GPC analyses were performed i
THF.
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Summary

The main objective of the present work is the itigasion of the ring-opening
polymerization (ROP) of lactide monomers initiated complexes based on lewis acidic
metal centers.

In Chapter IlI, synthesis of new OSSO-type bis(phenols) H(x = 24-27) from salt
metathesis reactions of 2,4-disubstituted phendls dibromoalkanes are described (Scheme
S1.). The first two bis(phenols) of the OSSO-typaring a 1-methylcyclohexyl group are
presented. BL* (x = 28,29) are generated by reaction of disulfidecursors with
cycloalkenes, catalyzed by BPEL. These proligands expand the number of chiral OSSO
type proligands. The compounds are fully charaoterby NMR and elemental analysis.

OH 1. Base OH OH
R, H 2. Br(CHy),Br R, M R,
n
2 MeOH
-2 NaBr
2 R, Ry
R; R,='Bu Base=NaOMe n=1 H,L*
R, R, =Cumyl Base = NaOH n=1 H,L*
R, = 1-Methylcyclohexyl, R, = Me Base = NaOH n=1 H,L26
Ry, = I-Methylcyclohexyl, R, = Me Base = NaOH n=2 H,LY
OH OH
PhMC')(_ C MLZP PhMCgC CMCQPh
BF@*OEt«
CH3NO, CH,Cl,
n
(ML';P]] (MC"Ph CMCzph CMCzPh
HL®:n=1
H,L¥ ;n=3

Scheme S1Preparation of OSSO-Type Bis(phenaols).

Chapter 1ll describes the preparation of scandium and yttrillghamide bis(phenolate)
complexes by reaction of tetradentate bis(phenel)*Has well as bis(phenols) drawn in
Scheme S1 with one equivalent of scandium or yttrailylamide complexes. The complexes
[LNLX{N(SiMezH)2JTHF] (Ln = Sc,Y; x = 14, 24-29) are isolated adartess or light yellow
powders that are highly sensitive towards air amistare. NMR-spectroscopic analysis and
elemental analysis of the complexes as well as yXddfraction analysis of complex
[Y L*{N(SiMe,H),}THF] proof the prepared compounds to appear momiamia solution
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and in the solid state whe the metal centers adoix-coordinated geometry. One
bis(phenolate) ligand, one silylamide group and &R molecule coordinate to the metal

center. (Scheme S2.)

| \

R OH g
R, R

2 Rl

N(SlHMCQ)g

( [Ln{N(SiHMe,),} s(THF),] (\ THE

Scheme S2Preparation of rare earth metal silylamide bis(juieie) complexes.

In Chapter IV the application of these complexes in the ring-apgipolymerization (ROP)
of rac- andmeselactide to biodegradable poly(lactide) (PLA) isdissed (Scheme S3.).

(0] - (0]
A D-lactide > heterotactic /gj\?ro : JKR/OT(L
570 : R O’y
x \(@A 20 8

0
o R; R
0% g 1
\%_ro a (_SS_RR')H
0 THF
Ve
L-lactide _/ ( ,L”\
N(SiHMCg)Q
O R3 R,
Oqjﬁ/ .
\\‘,“\H_‘/O syndiotactic K
0 (-SR-SR-)

meso-lactide

Scheme S3Preparation of heterotactic palg€-lactides) and syndiotactic poipeselactides) by

ROP ofrac- andmesdactide initiated by rare earth metal bis(pherglatlylamide complexes.

The complexes are very active and selective ioitgafor the ROP of lactideac-Lactide is
polymerized heteroselectively whilaneselactide is polymerized syndioselectively.
Complexes that polymerizeac-lactide highly heteroselective do also show thghbést

syndioselectivity. Analyses of the microstructufepoly(meselactides) shows the rare earth
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metal bis(phenolate) silylamide complexes to pdg®pimerizemeselactide intorac-lactide
which results in enchainments ohc-monomers into the polg{eselactide) chains,
potentially preventing the formation of PLA withrgliotacticity values exceedirigy = 0.92.
Nevertheless, rare earth metal bis(phenolate) @wolgde complexes showed fast consumption

of lactide monomers

Chapter V describes the application of indium bis(phenolas®propoxide complexes
[INLSO'Pr)], [INL°(O'Pr)] and [IL**O'Pr)] in the ROP ofac- and meselactide (Scheme
S4). ROP ofac-lactide forms atactic PLA while meso-lactide idypoerized predominantly
syndioselectively. Mechanistic studies demonstratecoordination-insertion mechanism
occuring. Determination of the activation parametsd the ROP proof the ROP ac- and
I-lactide being less favored than the ROnefkelactide.

D-la

0
:

o]

atactic o h
> {JJ\[/OWH\ o )H/OT% of
. 0 0 "

[0 <
e i
O
0 | )
[-lactide _/ (,I‘n*O'Pr
O
0 RS
0%{
*_0O syndiotactic K
o (-SR-SR-)
meso-lactide

Scheme S4ROP of lactide monomers initiated by indium bisgpblate) isopropoxide complexes.

Chapter VI describes the reactions of alkali metal- and ailkakarth metal precursors with
neutral and cationic heterocycle-containing phdrasled proligands (Scheme S5). Proligand
25H is prepared by halide elimination reaction of s”i&CD (22) and 2,4-disubstituted-
bromomethylphenol. Treatment with silylamides otgssium, calcium and magnesium as
well asn-BuLi gives the corresponding metal complexes. i®atment oR5H with Brgnsted

acids the proligand is transformed ifi2&H,] "[A] .
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/ a) n-BuLi
b) [K {N(SiMe;}]
H(OEtz)v] [AT ¢) [Ca{N(SiMes)>}»(THF),]
‘Bu 7 \—/ \ d) [Mg{N(SiMe3)»}»]
. 25H Me
A1° {N(SiMe3)s )« |
OH [ ] 1 3)25 \ /N"‘ x
! ® MS—_
Bu \].VmN/ / . N \N"‘Mc
"H ] €) [CaiN(SiMe3 ), }2(THF),] o N V\/
) [Mg{N(SiMe3)r}5] ‘Bu Me
r /N N .
Bu (Al A)M=Li,x=0
. b)M=K,x=0
[25H,]7[A] ﬂ N j\ Bu ¢)M=Ca,x=1
Cl Cl "Me dyM=Mg,x=1
cl Cl N\/ /
=) B Me
[A]- = B 4
Cl Cl
Cl Cl [M25]*[A]
t =
[3,5-B(CoH3CL )] Bu  M=MgCa
0 O
. )5( 5 Jﬁ
){H,o Qﬁo
o) 0}
. D-lactide  L-lactide
Poly(rac-lactide) )

meso-lactide

Poly(meso-lactide)

Scheme S5Syntheses of neutral and cationic alkali and atieakkarth metal complexes bearing a

phenolate type proligand containing a macrocycld #meir application in the ROP of lactide

monomers.

Further treatment d25H,][A]” with calcium and magnesium silylamide precursdfsrds

the formation of cationic complexes. The complexiesapplied in the ROP odic- andmese

lactide and produce predominatly atactic polylaegid
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Index of Compounds

1 2,4-di(2-phenylpropan-2-yl)phenol 1,60

2 6,6'-disulfanediylbis(2,4-bis{2-phenylpropan-2-yt}enol), GsHsc0.S;
3 2-(bromomethyl)-4,6-dtert-butylphenol, GsH,3Bro

4 2,4-ditert-butyl)phenol, GsH»,0OH

5 6,6'-disulfanediylbis(2,4-di-tert-butylphenol)4E14,0,S;

6 2,4-ditert-butyl-6-mercaptophenol, :¢H»,0S

7 2-mercapto-4,6-bis(2-phenylpropan-2-yl)phenaglHz¢OS

8 4-methyl-2-(1-methylcyclohexyl)phenol 1 &£1,00

9 6,6'-disulfanediylbis(4-methyl-2-{1-methylcyclohdjyhenol), GgH350,S,
10 2-mercapto-4-methyl-6-(1-methylcyclohexyl)phenol #,0S
11 4-methyl-2-(2-phenylpropan-2-yl)phenol; ¢81s0

12 6,6'-disulfanediylbis(4-methyl-2-{2-phenylpropanyBphenol),
13 2-bromo-4-methylphenol, {£1,BrO

14 1-(benzyloxy)-2-bromo-4-methylbenzer@&,H,3BrO

15 2-(benzyloxy)-5-methylbiphenyl, gH1s0

16 5-methyl-(1,1-biphenyl)-2-qIC13H1,0

17 3-(2-bromo-4-methylphenoxy)tetrahydro-2H-pyranzH;sBrO;
18 [LI{N(SiMe 2H).}]

19 [Sc{N(SiMezH),} sTHF]

20 [Y{N(SiMe ;H),} sTHF;]

21 “IN(O'Pr)”, Ins(s-O)(uz-O'Prla(uiz-O'Pri(O'Prs,

22 1,4,7-trimethyl-1,4,7,10-tetraazacyclododecane, ;M D)H
23 2,4-ditert-butyl-6-(hydroxymethyl)phenol, H240-

24 2-(bromomethyl)-4,6-dtert-butylphenol, GsH»sBrOH

25H 2,4-ditert-butyl-6-((4,7,10-trimethyl-1,4,7,10-tetraazacyabol@can-1-yl)methyl)

phenol

172



Appendix

Appendix

All operations unless otherwise noted were perfarmeder an inert atmosphere of argon by

using standard schlenk-line or glovebox techniques.

Solvents and ReagentsToluene,n-pentane, ChCl,, THF and diethyl ether were purified
usingMB SPS-800Benzene, MeOH, EtOH and isopropanol were distillader argon from
sodium/benzophenone ketyl prior to use. Deuteratddents excepting CICl, and CDC{
were distilled under argon from sodium/benzophenatgl prior to use. CECI, and CDC}
were distilled under argon from CaHWlesclLactide (Uhde Inventa-Fisher) amdc-lactide
were recrystallized from isopropanol and toluene 80 °C, washed with diethyl ether, dried
under vacuum and sublimed twice. All other chensieaére commercially available and used

after appropriate purification.

NMR. NMR spectrum were recorded onBauker Avance Il 400 MHspectrometer'H,
400.1 MHz,“C-{*H}, 100.6 MHz) or on &/arian Mercury 200 MHat ambient temperature
unless otherwise stated. Chemical shifts'féran **C-{*H} NMR spectrum were referenced

internally using the residuel solvent resonancesraported relative to tetramethylsilane.

Metal Titration. General method for metal titration: 10-30 mg oé& tbompound were
dissolved in 1-2 mL of THF and hydrolized by slodddion of a few drops of distilled water.
After addition of 1-2 mL aqueous ammonia soluti@b%) the total volume was increased to
20-30 mL by addition of distilled water. An indicattablet was dissolved and titrated with a

0.01 m solution of EDTA disodium salt until thertsition point was observed.

X-Ray diffraction analysis. Crystallographic data were collected by the grotirof. Ulli
Englert at the institute of inorganic chemistryRWTH Aachen University on Bruker AXS
diffractometer equipped with dncoatecmicrosource and an APEX area detector using Mo-
Ka radiation (graphite monochromatar= 0.71073 A) usingy-scans. The SMART program
package was used for data collection and unitdtrmination; processing of the raw frame
data was performed using SAINT and SADABS; absorpttorrection was applied with
Mulabs as implemented in the program PLATON. Stireg were solved by direct methods
and refined against’Rusing all reflections with SHELXL-97 software asfilemented in the

program system WinGX. All crystal structures weztrred by Dr. Thomas P. Spaniol.
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GPC. Molecular weightand polydispersitgeterminations were performed in THF at 25 °C at
a flow rate of 1 mL mift utilizing anAgilent 110 Seriegquipped with a G1310A isocratic
pump, anAgilent 1100 Serieeefractive index detector and-800 mm, 8 300 mm, 8 50
mm PSS SDV linear M columns. Calibration standradse commercially available narrowly
distributed linear polystyrene samples that covieroamd range of molar masses &M, < 2

« 1¢° g/mol).

GC/MS. GC/MS analysis was performed oshimadzu GCMS — QP 2010 plus

DSC.DSC measurements were performed ddetzsch 204 Phoenix
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Table Al. Crystallographic Data for [Y**{N(SiMe,H),}(THF)] and [M25]".

Compound

[YL™{N(SiMe,H) }(THF)]

[Mg25] "[B{3,5-CsHCl2}s]"

Empirical Formula
Formula weight [g - md]
Crystal size [mnj

Crystal color and habit
Crystal system
Space group
a[A]
b [A]
c[A]
a[’]
B
v [°]
V [A%
z
Deac[g - cm’]
T[K]
#(Mo Ky) [mm]
F(000)
0 range [°]
hkl indices
Reflections collected

Independent reflections

Data / restraints / parameters

Ry, WR, (I > 26(1))
R, WR, (all data)
Goodness-of-fit orfr>

Largest diff. in peak and hole [e’]A

Co2HsdNO3S,Y Siz
1096.42
0.40 x 0.15 x 0.05
Colorless block
Monoclinic
P 2:/n
14.9108(11)
20.1511(16)
20.9690(16)
90°
98.940(2)°
90°
6224.0(8)
2
1.209
100(2)
1.086
2412
1.71-26.44
-18 18, -25 25, -26 26
73781
12766 [R(int) = 0.1163]
12766 /0 /688
0.0521, 0.0977
0.0981, 0.1125
1.005
0.578, -0.300

CseHe3BClgF-MgN,O
1164.82
0.12 x 0.06 x 0.03
Colorleseile
Triclinic
P-1
11.612(4)
16.237(5)
16.460(6)
102.856(9)
106.909(9)
94.452(9)
2814.5(16)
2
1.374
100(2)
0.461
1212
1.32 - 26.47
-14 14, -20-20, 20
33103
AL BR(int) = 0.1439]
1187 667
0.0753, 0.1430
0.1535
0.995
0.653, -0.393
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