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Zusammenfassung

Im Rahmen dieser Arbeit wurden katalytisch aktive Zinkkomplexe auf der Basis neutraler N-
donor funktionalisierter Liganden synthetisiert und auf ihre Verwendung in der Massepoly-
merisation von Lactid untersucht.

Die meisten der bisher eingefiihrten Single-Site-Metallkatalysatoren fiir die Ring6ffnungspoly-
merisation zyklischer Ester werden von anionischen Ligandensystemen stabilisiert, die neben
der hohen katalytischen Aktivitdt auch eine hohe Sensibilitit bedingen. Um anwendungsori-
entierte Katalysatorsysteme zu entwickeln, die eine hohe Aktivitit aufweisen und gleichzeitig
sehr robust sind, werden in dieser Arbeit neutrale Liganden verwendet. Als Ligandensysteme
dienen hierbei Bisguanidine, Guanidin-Amin-Hybride, Imidazolin basierte Guanidine sowie
aliphatische, aromatische und zyklische Amine. Fiir eine systematische Untersuchung eignen
sich besonders die modular aufgebauten Guanidin- und Guanidin-Amin-Hybridliganden. Thr
flexibles Syntheseprotokoll gestattet die Variation einzelner Funktionalititen und damit die
Untersuchung ihres Einflusses auf die Komplexeigenschaften.

Durch die Umsetzung der Liganden mit verschiedenen Zinkverbindungen wurde eine Biblio-
thek aus Zinkkomplexen aufgebaut, deren Vielfalt (67 Komplexe aus 29 verschiedenen Lig-
anden und 9 unterschiedlichen Zinksalzen) die systematische Bewertung der katalytischen
Eigenschaften der einzelnen Komplexe sowie die Ermittlung entscheidender Einflussgrofien
ermoglicht. Ausgehend von diesen Untersuchungen konnte gezeigt werden, dass sich alle
verwendeten Ligandenklassen fiir die Synthese von aktiven Initiatorsystemen eignen. Der
Einfluss der anionischen Komponente des Zinksalzes auf die molekulare Struktur und das
Polymerisationsverhalten der Komplexe wurde ermittelt und fiir die Gruppe der Guanidin-
Pyridin-Hybrid-Zinkkomplexe eine Struktur-Wirkungsbeziehung aufgestellt.

Die vielversprechendsten Katalysatorkomplexe sind Zinktriflatkomplexe mit Guanidin-Pyridin-
Hybridliganden. Sie vereinen exzellente katalytische Aktivitit mit hoher Robustheit gegeniiber
Luft, Feuchtigkeit sowie kleinen Monomerverunreinigungen und thermischer Belastbarkeit.
Experimentelle und theoretische Studien zu ihrem Polymerisationsmechanismus erlaubten die
Postulierung eines Koordinations-Insertions-Mechanismus, bei dem ein koordinierter Guani-
dinligand als Nukleophil agiert und die Ring6ffnung unterstiitzt. Dies ermdglicht die Herstel-
lung von Polylactiden mit hohen Molmassen ohne die Verwendung von Kokatalysatoren unter
industriell attraktiven Bedingungen.

Die in dieser Arbeit beschriebene Erschlieffung von drei neutralen Ligandenklassen fiir die
Herstelllung von Single-Site-Metallkatalysatoren fiir die Ringéffnungspolymerisation zyklis-
cher Ester soll die Entwicklung von verbesserten Initiatoren erméglichen und zu einem tief-
eren Verstindnis des metallkatalysierten Polymerisationsprozesses beitragen.






Abstract

In this thesis catalytic active zinc complexes stabilised by neutral N-donor functionalised lig-
ands were synthesised and investigated towards their application in the solvent-free polymeri-
sation of lactide.

Most of the introduced single-site metal catalysts for the ring-opening polymerisation of cyclic
esters contain anionic ligand systems. They provide high catalytic activity but also cause the
high sensitivity of these catalysts. To develop application oriented catalyst systems combining
high activity with high robustness, neutral ligand systems are used in this approach. They cover
bisguanidines, guanidine-amine-hybrids, imidazoline based guanidines as well as aliphatic,
aromatic and cyclic amines. For a systematic investigation, the modular assembled guanidine
and guanidine-amine hybrid ligands are well suited. Their flexible synthesis protocol allows
the easy variation of the individual moieties and thus permits the elucidation of influencing
variables of the complex properties.

By reacting the ligands with various zinc components, a library of zinc complexes was gener-
ated. Its variety (67 complexes prepared of 29 varying ligands and 9 different zinc salts) allows
the systematic evaluation of the catalytic properties of its single components as well as the elu-
cidation of crucial influencing parameters. Based on this analysis it could be demonstrated that
all utilised ligand classes are suitable for the synthesis of active initiator systems. The impact of
the anionic component of the zinc salt on the molecular structure and on the polymerisation
behaviour of the corresponding zinc complexes was determined and in the case of guanidine-
pyridine hybrid ligands a structure-reactivity relationship was developed.

The most auspicious initiators were guanidine-pyridine zinc triflate complexes which combine
excellent catalytic activity with high robustness towards air, moisture and small impurities in
the monomer as well as thermal stability. They do not need co-catalysts like alkoxides or al-
cohols to give PLAs with high molecular masses under industrially attractive conditions via a
coordination-insertion mechanism.

The herein described introduction of three neutral ligand classes into the field of single-site
metal catalyst systems for the ring-opening polymerisation shall enable the development of
improved initiators and contribute to a deeper understanding of the metal catalysed polymeri-
sation process.
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1 Introduction

1.1 Bioplastics

Polymers are ubiquitous in modern society; they can be easily produced, processed and han-
dled and therefore provide a wide variety of applications. Conventional plastics like polyethy-
lene (PE), polypropylene (PP), polyvinylchloride (PVC), polystyrene (PS), and poly(ethylene
terephthalate) (PET) possess excellent properties such as lightness, durability, non-degradabi-
lity and non-corrosivity to acids and alkalis. However, the high durability of these synthetic
polymers has caused a crisis in solid waste management. This, together with the dwindling
fossil resources, the increasing oil prices and the growing environmental awareness lead to
modern approaches towards green and sustainable chemistry which focus on the substitution
of petrochemical-based plastics with biorenewable and biodegradable materials.-¢]

The term bioplastics (also called organic plastics, biobased plastic materials or artificial bio-
polymers!#!) has up to now no consistent definition. In general it includes polymers which are
derived from renewable biomass sources and/or are biodegradable plastic materials.>>7) It is
important that bioplastics are not to be mistaken with biopolymers which are under the terms
of IUPAC defined as macromolecules (including proteins, nucleic acids and polysaccharides)
formed by living organisms.[>#!

The class of bioplastics includes primarily four polymer types: polysaccharides, polyesters,
polyurethanes and polyamides (for an overview see Table 1.1).[°) Beside their advantageous
properties which are characteristic for plastics, bioplastics derived from annually renewable
biomass sources provide a new source of income for the agricultural sector, as well as a higher

Table 1.1: Overview of currently most important groups and types of bioplastics

Type of polymer  Bioplastics (group)

Polysaccharides  Starch and cellulose polymers

Polyesters Poly(lactic acid) (PLA), Polyglycolide (PGA), Poly-¢-caprolactone (PCL),
Polytrimethyleneterephthalate (PTT), Polybutyleneterephthalate (PBT),
Polybutylene succinate (PBS), Polyhydroxyalkanoates (PHAs)

Polyurethanes Polyurethanes (PURs)

Polyamides Nylon




1 Introduction

independence of fossil resources like crude oil or gas and therefore fulfill the principles of sus-
tainable chemistry. In addition, the biodegradability of plastic materials does not only help
to solve the problems of solid waste management but also allows for contributions to envi-
ronmental protection and new application fields, especially for packaging and for single-use
disposal products.?

Biodegradation in general means according to a def-

inition by IUPAC, the breakdown of a substance ‘

to its constituents, catalysed by enzymes or whole

microorganisms.[® This process is highly influenced
not only by the primary chemical structure of these
materials but also by their solid-state morphology
and ordering phenomenons such as crystallinity and
orientation.?! To proof the biodegradability of certain
polymer products the European Union established in
2000 the European norms EN 13432 / EN 14995, which
regulate standard test methods for the investigation of degradability under laboratory and real-

Figure 1.1: DIN CERTO logo!!

life conditions as well as the quality and ecotoxicity of the obtained compost. Products that pass
the test are labeled with the logo for the certification of biodegradability of plastics (Fig. 1.1).-11]
According to investigations by the nova-institute,['?l Europe is the most important market for
bioplastics and their consumption ranges around 60,000 to 70,000 tons resulting in a market
share of under 1 % in 2007. However, the growth rates are double-digit and the capacity of
production of 265,000 tons does not cope with the demand. In the future, improvement of
production techniques and material characteristics will allow for the economic production in
industrial scale and therefore will lead to a massive reduction in price. Thus, it is assumed that
the potential of bioplastic material is by far neither assessed nor utilised.

1.2 Polylactide

Polylactide or poly(lactic acid) (PLA) is an aliphatic polyester which can be produced by poly-
merisation of either lactic acid or lactide (IUPAC name: 3,6-dimethyl-1,4-dioxane-2,5-dione),
the cyclic diester of lactic acid. PLAs have proven to be the most attractive and useful class of
biodegradable polyesters among the numerous polyesters studied to date.['3]

Based on the 12 principles of green chemistry introduced by P. T. Anastas and J. C. Warner14-1¢]
PLA can be described as sustainable polymer in context of green chemistry. It can be made
from inexpensive annually renewable resources and after its lifetime it can be recycled or it
degrades through hydrolysis of the ester linkages by microorganisms and enzymes or simple
acidic or alkaline catalysis into non-toxic, harmless natural products. Thus PLA is alow-impact
greenhouse gas polymer because the CO, generated during the biodegradation is balanced by
an equal amount taken from the atmosphere during the growth of plant feedstock.[®! The life
cycle of PLA is depicted in Figure 1.2.

10



1.2 Polylactide
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Figure 1.2: Life cycle of lactide polymers

Since lactic acid itself occurs in the metabolism of living organisms, PLA possesses a good
biocompatibility which qualifies this polymer for pharmaceutical and medical applications (see
below). Consequently, it is approved by the U.S. Food and Drug Administration (FDA) for
biomedical applications. By using environmentally desirable solvent free reaction conditions
the waste disposal of the production process can be further improved. Thus, the change of PLA
from a specialty material to a large-volume commodity plastic is required in reference to green
chemistry.317-231 Today PLA is produced by more than ten chemical companies worldwide
(e.g. marked under the trade names Natureworks™, Lacea”™ and Ingeo™) and has already
left the niche of exotic polymers.[®13!

Polylactide provides many advantageous properties such as biocompatibility, biodegradability
both in vivo and in the environment, bacteriostatic and antifungal characteristics, high trans-
parency, grease and oil resistance, high odour and flavour barrier, weather stability, dead-fold
property, elastic recovery and good resilience and thermal bonding capabilities. PLA also ben-
efits from its excellent mechanical properties like its thermoplastic processability which allows
for the easily conversion into films, fibers, spun bond and melt blown products on existing pro-
cessing equipment. Due to these favourable intrinsic properties PLA provides a versatile range
of possible applications reaching from specialised medical and pharmaceutical products (drug
delivery systems, sutures, surgical implants, devices for bone surgery like bone plates, screws,
pins, etc.) to widespread use as coatings, fibers, films and packages including agricultural and
civil engineering materials (mulch films, plant pots, root covers, fishing lines, string), geotex-
tiles (sand bags, erosion protection, drainage), clothing and furnishings (casual wear, towels,
mats), nonwovens as personal hygiene products (wipes, diapers, pad liners), packaging ma-
terials (wrapping, containers, coated paper, bags) and industrial uses (filters, drainage bags,
tapes, ropes, carpets).[?l

The physical properties, hydrolysis and biodegradation behavior of PLA can be controlled not
only by altering the averaged molecular weight and its distribution; in order to meet also the
requirements of specific applications it is even possible to modify the properties of PLA by
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Figure 1.3: Stereoisomers of lactic acid and lactide

tailoring the macromolecular architecture and microstructure. As the monomers lactic acid
and lactide themselves exist in different enantiomeric forms (Fig 1.3), the control of monomer
stereochemistry by the enantiomer ratio in the feed and the stereoselection during the poly-
mer chain growth provides a versatile family of homopolymers with particular different mi-
crostructures which have significant impact on the physical and mechanical properties of PLA.
When pure p- or L-lactide is polymerised, optically pure poly(p-lactide) ({RRRR},) and
poly(r-lactide) ({SSSS},)) are obtained as isotactic polymers, respectively. The polymerisation
of meso-lactide leads to the formation of syndiotactic PLA ({RSRS},,). Poly(p,L-lactide) can
be an atactic polymer with a random stereo sequence or a heterotactic enriched polymer con-
taining the alternating units of - and L-lactide ({RRSS},,). Successive copolymerisation of p-
and r-lactide generates stereoblock polymers.[>2#24 For an overview of PLA microstructures
see Fig. 1.4.

Optical pure isotactic PLA is a semi-cystalline, hard and rather brittle material and has an
equilibrium crystalline melting point of 207°C, but due to impurities, slight racemisation and
crystal defects the typical melting point ranges from 170 to 180°C.I3192%] A higher melting stere-
ocomplex of a 1:1 mixture of L-PLA and p-PLA is also known (mp 230°C).?>2¢] However, syn-
diotactic, heterotactic and atactic PLA are amorphous, transparent polymers with a softening
point observed around 60°C.I3?7] The amorphous polymer is soluble in most common organic
solvents such as ketones, tetrahydofurane, benzene, acetonitrile, dioxane and chlorinated sol-
vents whereas the crystalline material is only soluble in chlorinated solvents or benzene at
elevated temperatures. !

The further change of macromolecular architecture can be achieved by ring-opening polymeri-
sation in the presence of multifunctional alcohols (e.g. pentaerythritol, sorbitol) or dendric
macromolecules generating star-shaped and dendrimeric polymers, respectively.lll Copoly-
merisation and blending are also proven tools for the modification of polymer properties. PLA
with tailor-made properties is obtained by blending with other bio-based polymers like starch
or polyhydroxyalkanoates or by copolymerisation of lactide with similar cyclic monomers like
e-caprolactone and glycolide to mention just a few.[®1¢]

12



1.2 Polylactide

9) (R) - 5
- ]/ o é
O

meso-Lactide syndiotactic PLA

O

W\
o)a,a‘
B S o
O

J%‘/o
W

O
L-Lactide isotactic L-PLA
O
)K( H 0 H o
[0) : H
(R) - O O(R
R 0 oY YJ\O ®
(0] (0] n
O
D-Lactide isotactic D-PLA
— peprplohy
heterotactic PLA (ROP with stereocontrol)
(0] (0]
O)H o O) e o
e + (R) le) o
JQ)H/O )Q(o = ogﬁ( o
W
(0] (@]
(6] O n
D,L-Lactide atactic PLA (ROP without stereocontrol)

- S)UJKS)O
(0]

stereoblock PLA

Figure 1.4: Microstructures of polylactide

13



1 Introduction

Biomass

\ Glucose
(6]
0o OH
OH ~————_ HO )
HO direct
irec
0] m 0]

| d \il
o polycondensation

High molecular weight PLA
Lactic acid

Condensation
-H,O

o

fo) ]
0 o OH
0] OH - - 1o o
HO (e} —— 0. —_—
Depolymerisation Ring-opening o 5
o o polymerisation n
n o

High molecular weight PLA
Prepolymer (M, ca. 5000 g/mol)

Figure 1.5: Schematic polymerisation routes to PLA

1.2.1 Production of PLA

PLA is available via two polymerisation routes: (1) by direct polycondensation of lactic acid or
(2) by ring-opening polymerisation of lactide (see Fig. 1.5). Both processes start with lactic acid
which can be obtained by fermentation of carbohydrates from agricultural renewable resources
such as corn, sugar beets, agricultural by-products or even agricultural waste.[>23) Due to the
fact that if about 5 % of the worldwide annual plastic production were to be replaced by PLA
only 0.7 % of the major plant resources for saccharides are needed. Therefore the current
feedstock supply is more than adequate to meet foreseeable demand and not to compete against
food application.?!

Direct polycondensation of lactic acid

The direct polycondensation of lactic acid is the oldest technique to obtain PLA and was in-
troduced by Carrothers and coworkers already in 1932.1281 The polymerisation proceeds by
the successive reaction of polymer endgroups which results in the gradual growth of polymer
chains. To obtain high-molecular weight polymers a high degree of conversion is necessary,
and the main increase in molecular weight appears in the later process stages. But step-growth
reactions like this are characterised by being equilibrium reactions and therefore the conden-
sation product water has to be removed efficiently. This requires high vacuum, agitation and
the percolation of inert gas.[21317]

These drawbacks of the direct polycondensation process prevented the efficient production
of high-molecular weight polymers for a long period till Mitsui chemicals succeeded in the
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establishment of an azeotropic distillation process. A high-boiling solvent (e.g. diphenyl ether,
bp 259°C) is used to drive the removal of water in the direct esterification process to obtain
high-molecular weight PLA.[?]

Ring-opening polymerisation of lactide

High-molecular weight PLA can be directly synthesised by ring-opening polymerisation of
lactide. Only low concentration of initiator and relatively low reaction temperatures (< 130°C,
in solution) are needed to obtain full conversion of the monomer. By altering the monomer to
initiator ratio, the molecular weight of the polymers can be adjusted. In addition, the setting
of reaction conditions (e.g. the choice of initiator) allows for a good control of polymerisa-
tion and therefore provides tailoring of the properties related to the microstructure and the
molecular architecture of the polymer and makes the ROP a precise tool for the production of
well-defined polyesters.[b21317]

Cargill Dow LLC, a 50:50 joint venture of Cargill Incorporated and The Dow Chemical Com-
pany, introduced a low-cost continuous process for PLA production on the basis of solvent-
free ring-opening polymerisation starting with lactic acid. In the first step, an aqueous so-
lution of lactic acid is polymerised by continuous condensation to produce low molecular
weight oligomers, also called prepolymers (Fig.1.5). In the presence of a tin catalyst which
enhances the rate and selectivity of intramolecular cyclisation reaction, the prepolymers are
depolymerised to lactide. The melt, containing a mixture of lactide stereoisomers and cyclic
PLA oligomers, is then purified by distillation. Finally the ring-opening polymerisation, ini-
tiated by a tin catalyst, is done in the lactide melt to yield high-molecular weight PLA via a
chain-growth reaction. After finished conversion the remaining monomer is removed under
vacuum and recycled.[>>222]

1.2.2 Mechanisms of the ring-opening polymerisation

Depending of the nature of initiator four types of mechanisms are discussed for the ring-
opening polymerisation of lactide: 1) the anionic polymerisation mechanism, 2) the cationic
polymerisation mechanism, 3) the coordination insertion mechanism and 4) the activated
monomer mechanism.

Cationic polymerisation mechanism

The cationic ROP of lactones occurs in the presence of alkylating agents, acylating agents,
Lewis acids and protic acids. But the only initiators for which the cationic ROP of lactide
was satisfactorily shown are according to Kricheldorf and co-workers triflic acid and methyl
triflate.339-33] The mechanism for methyl triflate is depicted in Figure 1.6.

At the beginning of the reaction, the monomer is activated by the methylation of one carbonyl
oxygen atom generating a dioxocarbenium ion with an electrophilic activated O-CH bond.
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The exact subsequent progress of the reaction is inconsistently depicted in literature. Either
the O-CH bond of the dioxocarbenium ion is cleaved by the nucleophilic attack of a second
lactide molecule resulting in another electrophilic carbenium ion or the O-CH bond is at-
tacked first by the triflate ion resulting in the ring-cleavage of the lactide molecule followed
by the nucleophilic attack of the second lactide. However, in each case the propagation of
chain growth proceeds via the subsequent nucleophilic attack of monomer molecules until a
monofunctional nucleophil (e.g. water) terminates the reaction.

The cationic polymerisation for chiral monomers like lactide is not an attractive approach due
to the high risk of racemisation (each propagation step involves a substitution at the chiral cen-
ter), which also increases with temperature and the slow conversion rate at lower temperatures,
which only yields low to moderate molecular weight polymers.[b1317:19.27.29-33]

Anionic polymerisation mechanism

Suitable initiators for the anionic ring-opening polymerisation of lactide are butyllithium and
alkali metal oxides. The anionic initiation is shown in Fig. 1.6. First, the nucleophilic anion
of the initiator attacks the carbonyl-C atom of the lactide molecule, resulting in the cleavage
of the C-O single bond. The resulting alkoxide species continues to propagate as new anion.
Although, this polymerisation reaction possesses higher conversion rates in comparison to the
cationic ROP, there is still the risk of partial racemisation if the monomer is deprotonated by
the initiator or the active chain end.!"71927.2%]

Coordination insertion mechanism

The ROP of lactide occurs in the presence of metal complexes according to the coordination
insertion mechanism (Fig. 1.7) which could be confirmed both experimentally by end group
analysis and theoretically by density functional theory (DFT) calculations.

In the first step, the lactide is coordinated and thus activated by the Lewis acidic metal center
for the subsequent nucleophilic attack of the metal alkoide group. The breaking of the ester C-
O bond results in the ring cleavage of lactide while a new metal alkoxide species is generated.
This species represents the growing chain, which possesses an ester end group.!17:20:34-3

Activated monomer mechanism

The activated monomer mechanism is assumed for organocatalysts being strong nucleophiles
like N-heterocyclic carbenes (Fig. 1.7) or H-bond donors. This mechanism starts with the
nucleophilic attack of the carbene to the lactone. Hence, a tetrahedral intermediate forms
and the lactide ring is opened subsequently generating the activated monomer in form of the
acylimidazolium alkoxide zwitterion. The latter is protonated by the initiating alcohol or by the
chain-end terminated alcohol of the growing polymer, providing an alkoxide that esterifies the
acylimidazolium to generate the open-chain ester and the carbene. The probability of accepting
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the activated monomer is equal for all chains, therefore all chains would grow at the same rate
resulting in a living polymerisation.[20:240-43]

Side reactions

Controlled polymerisation reactions like the living ROP provide the possibility to predict and
to regulate the physical properties of the obtained polymers. However, the living character of
ROP can be observed only in the rarest cases due to side reactions like hydrolysis and chain
transfer by transesterification (also designated as backbiting reactions). Intermolecular trans-
esterification causes broadening of the molecular weight distribution, whereas intermolecular
transesterification generates cyclic oligomers leading to the decrease of averaged molecular
weight (see Fig. 1.8).120]

1.2.3 Initiator systems for the ROP of lactide

During the past decades, various initiator systems have been investigated for the ROP of lac-
tide. The initiator not only dictates the mechanism and therefore significantly influences the
molecular weight and the molecular weight distribution but also affects the conversion rate and
in some cases controls the stereochemistry of the obtained polymers. General requirements
to initiators are well-behaved reaction control, high activity, fast initiation relative to propa-
gation, minimal side reactions (transesterification), high tolerance towards impurities in the
monomer, easy handling, colourlessness and odourlessness as well as low costs and toxicity.[*4
The ring-opening reagent is often also named as catalyst. In coordination polymerisation re-
actions this is entitled due to the fact that the reaction takes place at the transition metal con-
taining part of the catalyst. But on the other hand, the catalyst is not left unchanged by the
reaction.[*’] In the following both terms will be used equally.

The ability to open the lactone ring and to initiate the lactide polymerisation can be found at
many combinations of Lewis acids and Lewis bases. In several cases co-initiators like alcohols
are utilised to generate the Lewis base in situ. As single-site homogeneous catalysts several
metal complexes with metals of the first to fourth group, some lanthanids, as well as iron, zinc,
aluminium and tin have been investigated and a wide array of ligand frameworks has been
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employed, generating a library of catalysts. The most commonly used anionic ligand classes
include simple alkoxides and carboxylates, f-diiminates, tris(pyrazolyl)borates, phenolates,
guanidates, Schiff bases, bis(phosphinimino)methanides and salen ligands. Neutral ligand sys-
tems are less represented. Up to now, only complexes of N-heterocyclic carbenes (NHCs) were
intensively investigated towards their ability to act as initiators in lactide polymerisation.[46-47]
Growing attention has been attracted by organocatalysts.[?! Table 1.2 gives an overview of the
most important classes of initiator systems and in Figure 1.9 selected initiators are depicted.
Further examples are given in several reviews.[>17:18:20.29:44,46,47]

For industrial production the most widely used initiator is still tin(II) ethylhexanoate (SnOct,,
see Tab. 1.2 No. 1 & 2). It is commercially available, easy to handle, possesses an excel-
lent solubility in the monomer melt and provides PLA with very high molecular weight.!*8]
SnOct, is approved by the FDA but since stannous compounds possess critical toxicity prop-
erties and the fact that the initiator remains in most processes in the polymer questions the
long term large-scale utilisation of this initiators, especially for biomedical and food packag-
ing applications.[17:18.20]

Some of the ligand classes for single-site homogeneous catalysts are able to coordinate various
metals and thus provide a wide range of applications. The latter include pure N-donor ligands,
O-donor enriched ligands as well as a combination of N- and O- or S- and O-donor ligands.
Tridentate N-donor ligands like tris(pyrazolyl)borates are capable of stabilising Mg, Ca, and
Zn complexes that possess good ring-opening properties (No. 7).149-51 A better accessibility
to the Lewis acidic metal centre can be provided by the bidentate N-donors 3-diiminates (No.
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8-12)124521 and guanidinates (No. 13, see also Figure 1.18 c+d)[>3-%] leading to high activity but
at the same time high sensibility towards hydrolysis or decomposition. Complexes stabilised
by B-diiminates have been reported for Mg, 2450561 Ca,[4951] Fe,[57] Zn,[24505256] apnd Sn. 158!
O-donor enriched ligands like trisphenolates (No. 14) or calixarenes (No. 15) are well suited
to build complexes with the highly charged metal ions of the fourth group.>*¢° Many ligand
systems offer a combination of different donor functionalities. Amine-phenolates (No. 16 &
17),16462] imine-phenolates and Schiff base-phenolate systems (No. 18)[%3] possess N- and O-
donors whereas 1,w-dithiaalkanediyl-bridged bisphenolates (No. 19 & 20) feature S- and O-
donors for the coordination of rare earth metals and metals of the third group.[646%]

Beside the catalytic active metal complexes with anionic ligand systems that complete their co-
ordination sphere with further anionic co-ligands like alkoxides, carbanions or amides only a
few examples of active initiator classes stabilised by neutral ligands are known to date. The utili-
sation of zinc complexes with the ligand (S)-N-ethyl-N-phenyl-2-pyrolidinemethanamine was
reported by Jeong et al. They could demonstrate that an in situ generated zinc diethyl species
initiate the ROP of lactide, but unfortunately the active catalyst could not yet be isolated.4¢78]
Preliminary investigations of the reactivity of neutral phosphinimine-containing zinc com-
plexes on a NMR scale show promising results.””) Tolman and co-workers succeeded in the
preparation of highly active but highly sensitive zinc carbene complexes (No. 22).[73 But car-
benes themselves also possess excellent initiator properties for the lactide polymerisation (No.
25).761 In addition to N-heterocyclic carbenes the group of ROP active organocatalysts in-
cludes pyridines (No. 23),[74l phosphines (No. 24),["! guanidines (No. 26, see also Figure 1.18
a),! and H-bonding thiourea (No. 27).77] In the presence of a co-initiating alcohol they show
to some extent remarkable conversion rates as well as a good stereocontrol.

Until now several initiator systems have been reported that feature good stereoselection prop-
erties in the controlled ring-opening polymerisation of lactide in solution at low temperatures.
The stereocontrol of initiators without stereocenters results via a chain-end-control mecha-
nism allowing for the production of heterotactic or isotactic stereoblock polymers from a mix-
ture of D- and L-lactide.l?#%?) By application of complexes containing chiral ligands it is possible
to obtain isotactic stereoblock polylactide through a site-control mechanism."28! The break-
through was achieved when the group around Feijen developed an aluminium-salen-alkoxide
complex (No. 21) that was able to generate isotactic stereoblock PLA with long isotactic se-
quences from a p,L-lactide melt.[?! Very recently, Davidson and co-workers succeeded in syn-
thesising a trisphenolate system (No. 14) based on zirconium that could produce heterotactic
PLA in bulk at 130°C.*! These efforts demonstrate the possibility to develop initiators that
provide a good control of PLAs microstructure even under industrial applicable conditions.
Beside the organic or inorganic initiator systems, it is also possible to obtain PLA by enzy-
matic ring-opening polymerisation. Lipase from pseudomonas cepacia (lipase PC) as well as
protease (proteinase K) were able to yield PLA. Due to the relatively low catalytic activity and
the fact that the reaction took place only at higher temperatures, which are unusual for enzy-
matic reactions, the latter described system has up to now no industrial relevance.->48!
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Table 1.2: Selective summary of initiator systems for the ROP of lactide and their reactivity

No. PLA Initiator Solvents  Temp. Time M/1 (M,)* Reference
(co-catalyst) in °C in g/mol
1 »  Sn(Il)-octoate - 100 45h 22 990,000/  Pennings et al.l®!
2 1 Sn(Il)-octoate - 200 20 min 33 468,000°  Seppili et al.l?”]
(alcohols)
3 L Sn(Il)-butoxide - 120 19h 1818 968,000 Duda et al.!®®!
4 b1 Zn-dilactate - 150 96h 2870  150,000° Schwach et al.[*”)
5 b, Li-t-butoxide THF 20 lh 400 40,000 Kasperczyk!”"!
6 DL Al(O'Pr); - 132 20h 2085 155,000 Jérome et al.”!
Initiators with anionic ligands
7 bpL Ca-trispyrazolylborate THF 25  1min 200 37,800  Chisholm et al.[*%)
8 b Zn-diiminate alkoxides CH,Cl, 20 10min 100 16,000  Chisholm et al.l>®!
THF 50 min 17,400
9 bpL Zn-ethyl-diiminate CH,Cl, 20 20min 200 63,300 Coates et al.[*%]
10 bpL Mg-diiminate CH,Cl, 20 2min 200 29,700  Coates et al.[?*!
(‘PrOH)
11 bpL Fe-diiminate Toluene 25 20min 100 37500 Gibson et al.l”]
12 b,  Sn-diiminat-alkoxide/amide Toluene 60 8h 100 16,000 Gibson et al.[*8!
13 b, Nd-guanidinate Toluene 20 14 h 500 54,200 Trifonov et al.5%!
14 DL  Zr-amine-trisphenolate alkoxide - 130 6min 300 32,300 Davidson et al.l>”!
15 L Ti-calixarene - 130 14h 2050  42,000° Frediani et al.[°"
16 DL Zn-alkoxide-aminophenolate CH,Cl, 25 18min 1500 130,000 Tolman et al.%!
17 1L Zn-alkoxide-aminophenolate CH,Cl, 25 2h 100 15,380  Sobota et al.l®?!
18 L Zn-alkoxide Schiff basephenolate = Toluene 60 45h 150 34,100 Lin et al.l%%]
D,L CH,Cl, 25 24h 50 9,900
19 b1 Y-dithiaalkanediyl-bisphenolate THE 25 6h 3000 226,0009 Okuda etal.*%
20 bp,L  Sc-dithiaalkanediyl-bisphenolate THF 25 5h 300 285000 Okuda etal.(®
21 pL  Al-salen Toluene 70 48h 62 2,400% Feijen et al.l’?!
- 130 48h 200  21,600¢
Initiators with neutral ligands
22 DL Zn-carbenes CH,Cl, 25 16min 200 30,000 Tolman etal.”*
- 140  5min 200 20,000
Organocatalysts
23 b 4-(dimethylamino)pyridine - 135 20min 140 17,280  Hedrick et al.”*!
(PhMeOH)
24 DL phosphines - 135 24h 60 6,768  Hedrick et al.[”!
(PhEtOH)
25 bpL NHCs CH,Cl, 25 1min 100  13,968° Hedrick et al.”®
(1-pyrenebutanol)
26 L  guanidines CH,Cl, 25 1min 100 62,600 Hedrick et al.[*!
(4-pyrenebutanol)
27 L thiourea CH,Cl, 25 24h 20 5200 Hedrick et al.l’”)

(4-pyrene-1-butanol)

“ referred to polystyrene standards, b referred to PMMA standards, ¢ determined by NMR, 4 absolute values, ¢ M,,, / M,
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1.3 Guanidines - flexible donor ligands

Almost all catalytic systems used so far for the ring-opening polymerisation of lactide are sta-
bilised by anionic ligands. To achieve high robustness combined with high catalytic activity,
in this work neutral multidentate chelate ligands with N-donor functions are used. A neutral
ligand class suited for the synthesis of catalytic active complexes are peralkylated guanidines.
They show versatile coordination chemistry and offer advantageous donor properties. Despite
of their neutral character, guanidines possess due to their effective intra-guanidine delocalisa-
tion a high donor strength which is comparable to that of S-diiminates.

1.3.1 Guanidines - Definition and properties

Guanidines are the imido derivates of urea which carry three nitrogen functions - one imine
and two amine units. This special assembly is the origin of the most significant characteristic
of guanidines - their extremely high basicity. Guanidines show one of the strongest Bronsted
basicities under the organic neutral bases which is comparable to the hydroxyl ion (OH~) and
therefore they can be categorised as organic superbases.®!l This unique property originates
from the ability to effectively delocalise a positive charge over the CN; core moiety after pro-
tonation under reversible conditions (Fig. 1.10).18%82) By this intra-guanidine delocalisation,
the resulting compounds possess a considerably enhanced basicity and N-nucleophilicity. The
basicity is important for inducing a high Lewis-acidity on the central atom in the case of com-
plexation.

The basicity of guanidines is influenced by their substituents:[#2-38] Introduction of single alkyl
substituents reduces the basicity due to the annihilation of the equivalence of the resonance
structures of the corresponding guanidine cation, whereas multiple substitution leads to the
compensation or even to the overcompensation of this effect because of the donor properties
of the substituents. The efficiency of delocalisation and therefore the basicity decreases also in
the case of full substitution with sterical demanding alkyl groups, which is caused by twisting
of the planes of the substituents. Fixing of the guanidine moiety in a ring system consequently
increases the basicity. In principle, the implementation of substituents with good donor prop-
erties like acceptor and aryl functions leads to the decrease of the basicity of guanidines.

The possibility to define the N-donor strength of the guanidine by introducing various sub-
stituents provides the advantage of influencing the coordination behavior of these N-donor
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N NG N N N
HaC /t CHL HaC | CHz =—> HiC )\ CHy = H,C CHy<—> HsC )\ CH
3 N Ve 3 3! 3 3’ 3 3 3 3 3
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Figure 1.10: Delocalisation of the positive charge in a guanidinium cation
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ligands in case of complexation and thus also allows controlling the complex properties.
The class of guanidines includes beside the neu-

tral guanidines [(R,N),C=NR], the single neg- N Fas
atively charged guanidinates(-1) [(RN),CNR;]-, o )&J o J\ o
the double negatively charged guanidinates(-2) Y N \g g/
[(RN),C=NR]*" (Fig. 1L11) and the guanidinium FLZ I|R3

cations [(R,N),C=NRH]*. With exception of the (a) (b)

guanidinium cations, which act in the complexes Figure 111: Single (a) and double (b) neg-

known so far only as counter ions,#° the other . 1
atively charged guanidinates

guanidine ligands feature an versatile coordina-

tion chemistry and excellent donor properties giving them the opportunity of stabilising dif-
ferent coordination modes and complexes with metal ions of the whole periodic table of the
elements. >4

1.3.2 Guanidines - Synthesis and modular assembly

The preparation of guanidines can be carried out in various ways. The simplest synthetic
pathway to chelating guanidine systems is the reaction of &,w-dihalide alkanes with guani-
dine derivates. However, this method does not support many different guanidine compounds
and is characterised by long reaction times and the formation of byproducts resulting from side
reactions.">%) The synthesis done by Bredereck et al. describes the formation of pentaalkyl and
aryltetraalkyl guanidines from urea in the presence of phosphorus oxychloride. This method
also suffers from long reaction times of up to eight hours.[8¢87941 An interesting preparation
technique for the synthesis of penta-substituted guanidines, due to the possibility of providing
unsymmetric substituted guanidines, is based on the reaction of isocyanide dichlorides with
secondary amines. (%4

The most promising guanidine synthesis was developed by Kantlehner et al. which allows for
the formal condensation of a substituted urea with a polyamine. The urea is converted into
a strongly electrophilic chloroformamidinium salt which reacts with the amine to pentasub-
stitued guanidines or bisguanidines in good yields and relatively short reaction times.!*>*7! In
the first step, the peralkylated urea is converted with phosphorus oxychloride, thionyl chloride
or phosgene into the corresponding chloroformamidinium chloride (see Fig. 1.12a). In anal-
ogy to the chloromethane-iminium salt intermediates formed in the Vilsmeier reaction®® they
were also referred to as Vilsmeier salts. In the second step, the reaction of the chloroformami-
dinium chloride with the amine under use of an auxiliary base like triethylamine leads first of
all to the formation of the protonated guanidine, the guanidinium chloride. It is subsequently
deprotonated with 50% aqueous potassium hydroxide solution and the free guanidine can be
obtained as oil, crystals or waxy solid. The triethylammonium chloride arising from the aux-
iliary base in the course of the reaction can be deprotonated with stoichiometric amounts of
sodium hydroxide solution (see Fig. 1.12b).
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Figure 1.12: Mechanism of (a) the reaction of peralkylated urea with phosgene and (b) of the
guanidine synthesis under use of an auxiliary base (triethylamine)

The special features of this synthetic method show their considerable advantages in the modu-
lar approach for the synthesis of ligands, developed by Henkel et al.[*>1% Tt allows combining
various guanidine and spacer units in a building block technique and in the recent years a
library of peralkylated bisguanidine ligands could be obtained.

Bisguanidines consist of two guanidine units which are combined via an organic spacer (see
Fig. 1.13a). They can be synthesised under the above described conditions by the reaction of a
bisamine with two equivalents of chloroformamidinium chloride (Fig. 1.14a). To modify the
properties of guanidine-based ligands one guanidine moiety can be substituted by an amine
group. This changes the electronic environment by replacing one "hard" guanidine function by
a "soft" amine donor and simultaneously increases the accessibility to the metal centre in case
of complexation by substituting one bulky guanidine by a non-bulky amine unit. These so-
called guanidine-amine hybrid ligands combine the excellent donor properties of guanidines
with the less steric hindrance of amines (Fig. 1.13b).1%192] In analogy to the bisguanidines,
guanidine-amine hybrid ligands could be obtained analogously by the combination of amine
spacers with equimolar amounts of chloroformamidinium chloride (Fig. 1.14b). The flexible
modular synthesis protocol of both, bisguanidines and guanidine-amine hybrids, permits the
optimal adaption of the ligands to the corresponding applications. In that way, the choice of
the spacer influences the denticity, the bite angle and the coordination geometry, whereas the
utilisation of different functionalities at the guanidine and at the amine unit can control the
o-donor and m-acceptor properties of the coordinating nitrogen atoms. An overview of the
guanidine (G), spacer (Sp) and spacer/amine units is given in Figure 1.15 and 1.16.
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1.3 Guanidines - flexible donor ligands
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Figure 1.13: Modular framework of bisguanidines (a) and guanidine-amine hybrids (b)
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Figure 1.14: Synthesis of (a) a bisguanidine ligand and (b) of a guanidine-amine hybrid ligand
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1 Introduction

1.3.3 Zinc complexes stabilised by guanidine ligands

Due to their excellent donor properties, guanidine ligands are also suitable for the coordination
of zinc and several examples of guanidine zinc complexes have already been reported in the
literature.

Bunge et al.19%1%4] gucceeded in the preparation of the low-coordinate zinc complex [Zn(u-
1,1,3,3-tetraalkylguanidinate)(N(SiMe;),)], (Fig. 1.17 a). In this dimeric complex the zinc atoms
are bridged via two guanidinate ligands. In the complex ((2-guanidinyl)ethyl-cyclen)zinc(II)di-
perchlorate synthesised by Kimura et al.l%! the zinc atom is coordinated by four nitrogen
atoms of the cyclen ring and possesses a fifth coordination by a guanidine function which
is connected to the cyclen ring via an ethylene bridge (Abb. 1.17 b). In the group of Anders!%¢]
chiral zinc guanidine complexes could be obtained by the reaction of N)N”-diisopropyl-(S)-
2-(N,N-dialkylaminomethyl)pyrrolidine-1-carboximid-amide with zinc dichloride (see Fig-
ure 117 ¢). The first bischelate guanidine zinc complexes were prepared by Henkel et al.,
Ishikawa et al. and Himmel et al. While the Henkel group uses mostly bisguanidine ligands
with aliphatic spacers, like 1,3-bis(N,N,N’,N’-tetramethylguanidino)propane (btmgp) which
was first synthesised by Pohl et al.®?! (Fig. 1.17 d[%71), Ishikawall%! and Himmell®!10 pre-
ferred in general the application of bisguanidine ligands with aromatic spacers (for example
see Fig. 117 e[1%)). In the group of Sundermeyer zinc complexes with trisguanidine complexes
were synthesised for the first time. They can either coordinate the zinc atom with only two
guanidine units™ or they enclose the zinc atom by all three guanidine functions forming
a kind of molecular cage!" (for acetonitrile(1,1,1-tris{2-[N?-(1,1,3,3-tetramethylguanidino)]-
ethyl}amine)-zinc(II)diperchlorate see Fig. 1.17 f).

These examples do not only show the diversity of guanidine ligands but also the flexibility of
the zinc cation concerning its coordination geometry and environment.
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Figure 1.17: Selected zinc guanidine compounds
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1.3 Guanidines - flexible donor ligands

1.3.4 Guanidines - in the ROP of lactide

In the recent years, several groups demonstrated that guanidine containing compounds act as
initiators in the ring-opening polymerisation of lactide, whether as organic molecule or salt or
even as metal complex.

Waymouth and co-workers?-#2] investigated the guanidine based organocatalyst 1,5,7-triazabi-
cyclo[4.4.0]dec-5-ene (hppH) (see Fig. 1.18 a), which shows high activity for the controlled
solution-phase ROP of cyclic esters in the inert atmosphere of a glove box. This strong guani-
dine base (pK, = 26.0 in acetonitrile) provides complete conversion of the monomer within
seconds at room temperature for a degree of polymerisation of 100. In the Li™! group two
biogenetic guanidine carboxylates, creatinine acetate and creatinine glycolate, were found to
act as single component initiators (Fig. 1.18 b). With initiator concentrations of 1 mol% and
reaction times of up to 108 h, the bulk polymerisation at 130°C provides PLA in almost quanti-
tative yields with controlled molecular weights and narrow polydispersities. Bunge et al.[104114]
could demonstrate in preliminary results that dimagnesium and dizinc aryloxides with ethox-
ide bridges stabilised by 1,1,3,3-tetramethylguanidine (Fig. 1.18 c), which exist as monomer
in solution, are ROP active in an argon environment. But most investigations were focused
on the application of guanidinate containing complexes. Trifonov et al.’3!5] synthesised bis-
guanidinate alkoxide complexes of lanthanides, whereas Arnold et al."*! used monoguanidi-
nate alkoxide complexes of lanthanum for lactide polymerisation.

However, Coles and co-workers>17:118] succeeded not only in developing mono- and bisguani-
dinate zinc complexes but also synthesised active complexes with hpp
(for [Zn(hpp){N(SiMe;),}], see Fig. 1.18 d). The main disadvantage of guanidinate based cat-
alysts is their high sensitivity that only allows for polymerisations under highly inert reaction
conditions which are not applicable for the lactide polymerisation on industrial scale.
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Figure 1.18: Selected guanidine-based initiators for the ROP of lactide
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2 Objective and outline

2.1 Objective of this work

Conventional plastics possess excellent properties resulting in a wide variety of applications
and since their introduction they revolutionised the quality of human life. Despite the numer-
ous advantages of these materials, there are several drawbacks. Synthetic petrochemical-based
polymers are sourced from non-renewable and dwindling fossil resources and their persistence
that inhibit their degradation in nature leads either to an accumulation in the environment or
to the increase of green house gases in case of combustion.

Modern approaches towards green and sustainable chemistry focus on the substitution of
petrochemical-based plastics with biorenewable and biodegradable materials. One of the most
auspicious candidates is polylactide due to its favourable chemical and physical properties al-
lowing for processing on existing equipment and providing a wide range of application.
Consequently, the development of new single-site metal catalysts for the ring-opening poly-
merisation of lactide has seen tremendous growth over the past decade. However, their high
polymerisation activity is often combined with high sensitivity which hinders industrial appli-
cation. For this purposes, there is an exigent need for active initiators that tolerate air, moisture
and small impurities in the monomer.

In this thesis the development and preparation of new neutral N-donor stabilised zinc com-
plexes that are suitable for the initiation of lactide polymerisation are targeted.

In order to fulfill industrial requirements the development of an initiator system will be intro-
duced that combines high catalytic activity with great robustness concerning the environment
(air, humidity) and impurities in the monomer as well as high thermal stability, low-cost prepa-
ration and non-toxicity. For this reason, several neutral chelate ligand classes are investigated
in this work such as bisguanidines, imidazolin-2-imine based guanidines, guanidine-amine
hybrids, diamines and oxabispidines. Their application shall not only open up a new neutral
ligand class for the synthesis of active single-site metal polymerisation catalysts, but also help
to overcome the drawbacks of highly sensitive initiators.

Regarding the catalyst design, special emphasis is laid on the discovery of parameters influenc-
ing the complex properties (e.g. donor strength, denticity, substituents of the ligand, choice of
zinc components). The elucidation of the reaction mechanism is a further challenge that is fo-
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2 Objective and outline

cused during this work. These findings will allow for the development of a structure-reactivity
relationship leading to tailor-made catalysts with optimised features.

For a systematic investigation of the ligand impact, the modular assembled bisguanidine and
guanidine-amine hybrid ligands are best qualified. Their flexible synthesis protocol permits
the optimal adaption of compounds to the desired applications. Beside the ligand design, the
study of the influence of the anionic component of the zinc salt is another key objective.

A further focus is set on the development of efficient single-site zinc complexes that are able
to polymerise different cyclic ester monomers and hence disclose a broad field of applications.

Therefore, the introduction of a new application-oriented catalyst class into the field of the
ring-opening polymerisation of cyclic esters, including the investigation of the influencing
variables resulting in a structure-reactivity relationship and the elucidation of the polymerisa-
tion mechanism, is the main focus of this thesis.

2.2 Outline of the present work

The chapters of the present work are based on each other, but they can be read independently.
The first chapter gives a thematic introduction including bioplastics, polylactide and guani-
dines to set a fundament for the further discussion.

The key objectives of this work are discussed in the Chapters 3 to 9. Chapter 3 provides an
overview of the ligands utilised to obtain the corresponding zinc complexes and the synthe-
sis of guanidine and guanidine-amine hybrid ligands as well as the concept of ligand design
are presented. The preparation of bisguanidine zinc complexes and their application in lac-
tide polymerisation is described in Chapter 4 whereas Chapter 5 compares the ligand class
of imidazolin-2-imine based guanidines with their imidazolidine based guanidine analogues
concerning the structural and electronic properties and their effects on the polymerisation ac-
tivities of the corresponding zinc complexes. Chapter 6 introduces a library of zinc complexes
stabilised by guanidine-pyridine ligands and presents the systematic screening of its contents
towards the catalytic activity in lactide polymerisation. The identified influencing variables
and a structure-reactivity correlation are discussed. The chapter ends with additional tests of
the most active catalysts in the ROP of different monomers to evaluate their application range.
In Chapter 7 mono- and polydentate guanidine ligands and their impact on the molecular
structure as well as on the catalytic performance of their complexes are investigated. Chapter 8
comprehends studies concerning the ability of neutral aromatic and aliphatic ligands to sta-
bilise zinc complexes that act as initiators in ring-opening polymerisation reactions. Chapter 9
deals with the elucidation of the mechanism of lactide polymerisation mediated by guanidine-
pyridine zinc complexes using experimental and theoretical studies.

A conclusion of the results and achievements of this work together with an outlook presenting
the perspective of further investigations based on this work is given in Chapter 10. Chapter 11
contains the experimental part of this thesis.
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3 Ligand synthesis and design

This chapter gives an overview of all ligands that were synthesised or used to obtain the corre-
sponding zinc complexes during this work. The synthesis of guanidines and guanidine-amine
hybridligands as well as the concept of ligand design are presented.

3.1 Introduction

In coordination chemistry the ligand design is essential for modelling the features of the cor-
responding complexes. This permits the optimal adaption of compounds to the desired ap-
plications. In the case of guanidines this means that the possibility to define their basicity by
introducing various substituents provides the advantage of influencing the coordination be-
havior of these N-donor ligands during complexation and thus allows controlling the complex
properties. In addition, the choice of the spacer influences the denticity, the bite angle and
the coordination geometry, whereas the utilisation of different functionalities at the guanidine
and at the amine unit can control the o-donor and m-acceptor properties of the coordinating
nitrogen atoms. The size of the substituents also affects the accessibility to the complex centre
which can be deciding when complexes are used as catalytic agents.

3.2 Results and discussion

3.2.1 Ligand synthesis

The ligands used within this work are in the majority of cases guanidines, which were pre-
pared by the condensation of chloroformamidinium chlorides with polyamines according to
a method introduced by Kantlehner et al. (see Section 1.3.2). The conversion of bisamines
with two equivalents of chloroformamidinium chlorides leads to the formation of bisguani-
dine ligands, whereas the reaction of compounds bearing a secondary amine and another
donor function with equimolar amounts of a chloroformamidinium chloride gives guanidine
hybrid ligands. In order to synthesise polydentate guanidine ligands, the polyamine has to be
reacted with an amount of a chloroformamidinium chloride that corresponds to the number of
amine functions. The amines ethylenediamine (e), propylenediamine (p), 8-aminoquinoline
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Figure 3.2: Overview of chloroformamidinium chloride precursors

(qu), 2-picolylamine (py), 2-amino-3-picoline (pico), 1-(3-aminopropyl)imidazole (imi), 2-
thiophenmethylamine (thio), 2,6-bis[bis(2-aminoethyl)amino]methylbenzene ((baem),b)
and tris(2-aminoethyl)amine (tren) served as spacer or spacer-amine units. As guanidine pre-
cursors the chloroformamidinium chlorides N,N,N’N’-dimethylethylenechloroformamidinium
chloride (DMEG, V1), N,N,N’N’-tetramethylchloroformamidinium chloride (TMG, V2),
N,N,N’N’-dimethylpropylenechloroformamidinium chloride (DMPG, V3), N,N,N’,N’-tetra-
ethylchloroformamidinium chloride (TEG, V4), N,N,N N -dipiperidylchloroformamidinium
chloride (DPipG, V5), N,N,N’N’-dimorpholinochloroformamidinium chloride (DMorphG,
V6), N,N,N'N’-morpholinodimethylchloroformamidinium chloride(MorphDMG, V7) and
(R,R)-N,N,N’N’-dimethylcyclohexenechloroformamidinium chloride (R,R-DMCHG, V8)
were used. In figure 3.1 and 3.2 the amines and the chloroformamidinium chlorides were sum-
marised, respectively.

The remaining ligands are either commercially available or were provided by other groups in
the context of a collaboration.

3.2.2 Bisguanidine and imidazoline based guanidine ligands

In the last few years, the application of bisguanidine ligands in the group of Prof G. Henkel,
leading to the development of catalytic active copper complexes for oxidation reactions,!°"
encouraged the investigations towards single-site metal catalysts stabilised by neutral bisguani-
dine ligands. In previous work!'!l the bisguanidine ligand N!,N2-bis(1,3-dimethylimidazolidin

2-ylidene)ethane-1,2-diamine (DMEG,e, 1)["°! was used to synthesise zinc complexes and pre-
liminary studies could demonstrate that they possess the potential to initiate the ring-opening
polymerisation of lactide. Thus, the ligand as well as its complexes were resynthesised for fur-
ther studies and the preparation of new complexes. To rate the influence of the guanidine moi-
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Figure 3.3: Schematic formation of MorphDMG,e (4)

ety as well as the spacer unit, the well known bisguanidines 1,2-di[2N-(1,1,3,3-tetramethylgu-
anidino)]ethane (TMG,e, 2)" and 1,3-bis(N,N,N’,N’-tetramethylguanidino)propane (btmgp
or TMG;,p, 3)1°? were prepared to obtain the corresponding zinc complexes.

In order to influence the stereocontrol of initiators in the lactide polymerisation via chain-end-
control, allowing for the production of heterotactic or isotactic stereoblock polymers, the un-
symmetric substituted N,N,N,N’-morpholinodimethylchloroformamidinium chloride (Mor-
phDMG, V7) was synthesised from the corresponding urea and the conversion with ethylene
diamine leads to the formation of the unsymmetric substituted bisguanidine NN”-(ethane-
1,2-diyl)bis(N,N-dimethylmorpholine-4-carboximidamide) (MorphDMG;e, 4, see Fig. 3.3).
The ligand class of imidazoline based guanidines feature very similar properties compared to
imidazolidine based guanidines, but they were regarded to be stronger
donors.?"l To elucidate this effect in context of catalytic activity of the corresponding zinc
initiators for the lactide polymerisation, the 1,2-bis(imidazolin-2-imino)ethane ligand N*,N2-
bis(1,3,4,5-tetramethyl-1H-imidazol-2(3H)-ylidene)ethane-1,2-diamine (8 MeBL, 5), provided
by the group of Prof. M. Tamm from the Technische Universitidt Braunschweig, was used to
stabilise several zinc complexes that were compared to those of the associated DMEG,e com-
plexes.

3.2.3 Guanidine-amine hybrid ligands

Analogously to the bisguanidine ligand DMEG;e the guanidine-amine hybrid ligands N-(1,3-
dimethylimidazolidin-2-yliden)quinolin-8-amine (DMEGqu, 6),1°21l 11,3 3-tetramethyl-2-
(quinolin-8-yl)guanidine (TMGqu, 7),[10+12b122I N-(1,3-dimethylimidazolidin-2-yliden) pyridin-
8-amine (DMEGpy, 14)[10412) and 1,1,3,3-tetramethyl-2-((pyridin-2-yl)methyl)guanidine (TMGpy;,
15)10L2L123] were synthesised during previous studies and some of their zinc complexes showed
the potential to initiate the ROP of lactide.!!! Therefore, the ligands as well as their complexes
were resynthesised for further studies and the preparation of new complexes.

The ligands based on 8-aminoquinoline and 2-picolylamine show good coordination proper-
ties and in many cases relative easily provide single crystals of the corresponding zinc com-
plexes suitable for X-ray diffraction and therefore enable the determination of the solid-state
structure which is essential for the postulation of a structure-reactivity relationship. Thus,
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3 Ligand synthesis and design

these amines were reacted with several chloroforamidinium chlorides to investigate the influ-
ence of the guanidine moiety on the ligand properties. For example, the ligands containing
TEG and DPipG units exhibit a high sterical demand. However, their complexes do not show
favourable crystallisation properties and thus, ligands with DMorphG units were developed.
They possess the same sterical demand as DPipG but due to the morpholine rings they show
much better crystallisation behavior.

The unsymmetric MorphDMG and the chiral (R,R)-DMCHG guanidine moieties were devel-
oped to create ligands that possibly could influence the polymerisation properties of the corre-
sponding zinc initiators during the polymer chain growth resulting in a stereocontrol of the ob-
tained polymer. (R,R)-DMCHG was synthesised by the direct conversion of the enantiomeric
pure bismethylated cyclohexanediamine compound. The reaction with 8-aminoquinoline re-
sulted straightforward in the formation of N-((3aR,7aR)-1,3-dimethyl-1H-benzo[d]imidazol-
2(3H,3aH,4H,5H,6H,7H,7aH)-ylidene)quinolin-8-amine ((R,R)-DMCHGqu, 13, see Fig. 3.4).
In addition, various spacer units are utilised to investigate their influence. Ligands based on 2-
amino-3-picoline possess a very small bite angle whereas ligands containing 1-(3-aminopropyl)-
imidazole and 2-thiophenmethylamine exhibit a different donor functionality beside the guani-
dine N-donor.

Table 3.1 gives an overview of the synthesised guanidine-amine hybrid ligands.

Table 3.1: Overview of guanidine-amine hybrid ligands

Guanidine moieties Amine moieties
qu py pico imi thio
DMEG DMEGqu DMEGpy = DMEGpico DMEGimi DMEGthio
(V1) (6) (14) (21) (23) (25)
™G TMGqu TMGpy TMGpico TMGimi TMGthio
(V2) (7) (15) (22) (24) (26)
DMPG DMPGqu DMPGpy
(V3) (8) (16)
TEG TEGqu TEGpy
(V4) 9) 17)
DPipG DPipGqu DPipGpy
(V5) (10) (18)
DMorphG DMorphGqu DMorphGpy
(Ve6) (1) 19)
MorphDMG MorphDMGqu  MorphDMGpy
(V7) 12) (20)
(R,R)-DMCHG (R,R)-DMCHGqu
(V8) (13)
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Figure 3.4: Schematic formation of (R,R)-DMCHGqu (13)

3.2.4 Polydentate guanidine ligands

In previous investigations it could be demonstrated that polydentate ligands like trispyra-
zolylborates (see section 1.2.3) are well suited to stabilise catalytic active complexes. In this
context, the neutral tetradentate ligands 2,6-bis{[bis(2-aminoethyl)1,3-dimethylimidazolidin-
2-ylidene]methyl}benzol (DMEG,(baem),b, 27) and 2,6-bis{[bis(2-aminoethyl)tetramethyl-
guanidino]methyl}benzol (TMGy(baem),b, 28) were synthesised. However, single crystals
of the corresponding zinc complexes were only available for the zinc chloride complex of
TMGy(baem),b. In this structure the ligand does not coordinate one zinc atom fourfold,
but two zinc atoms in a bidentate manner. Thus, the tridentate ligands 1,1,1-tris{2-[2N-(1,3-
dimethylethylenguanidino)]ethyl}amine (DMEGstren, 29)14) and 1,1,1-tris{2-[N?-(1,1,3,3-tetra-
methylguanidino)]ethyl}amine (TMGstren, 30)M?! first described by Sundermeyer et al., were
prepared. In order to create a tridentate ligand that possesses a very high steric demand, the lig-
and 22,27-(2,272”-nitrilotris(ethane-2,1-diyl))tris(L,1,3,3- tetraethylguanidine) (TEGstren, 31)
was developed.

3.2.5 Amine ligands

In order to elucidate the influence of the guanidine moiety in guanidine-amine hybrid lig-
ands on the catalytic activity of the corresponding zinc complexes, zinc complexes with the
pure amine, 8-aminoquinoline (qu, 32), were prepared. Due to the fact that these complexes
are also active initiators in the ROP of lactide, the interest was directed towards simple bis-
chelating amine ligands like 2,2’-bipyridine (bipy, 33) and 1,10-phenanthroline (phen, 34), as
well as N,N,N’N’-tetramethylethylenediamine (TMEDA, 35) and N,N,N’N’-tetraethylethylen-
ediamine (TEEDA, 36) to find new simple and neutral ligands for the development of ROP ac-
tive single-site metal catalysts. The latter ligands as well as their chiral cyclohexane derivates,
(R,R)-N,N,N’N’-tetramethylcyclohexenediamine ((R,R)-TMCDA, 37) and (R,R)-N,N,N’N’-
tetraethylcyclohexenediamine ((R,R)-TECDA, 38), were provided as corresponding zinc
dichloride and zinc dibromide complexes by the group of Prof. C. Strohmann from the Tech-
nische Universitit Dortmund.

The introduction of chirality centres in the complexes by chiral ligands should allow for the
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Figure 3.5: Overview of amine ligands

possibility to produce polylactide with a certain stereocontrol. However the chiral cyclohexane
ligands could not affect heterotactic enriched PLA, so the chiral tricyclic 9-oxabispidine lig-
and (IR,2S,95)-11-methyl-13-oxa-711-diazatricyclo[7.3.1.0%7 tridecane (9-oxa, 39) synthesised
by the group of Prof. M. Breuning from the Universitit Wiirzburg was also tested. Figure 3.5
gives an overview of the applied amine ligands.

3.3 Conclusion

In this chapter the ligand classes used to stabilise catalytic active zinc(II) complexes for the
ring-opening polymerisation of lactide are introduced. Their variety ranges from bisguani-
dine and imidazolin-2-imine based guanidine ligands over the very versatile guanidine-amine
hybrid ligands to polydentate guanidines and even includes simple and chiral amines. In addi-
tion, the synthesis of guanidines and hybrid-guanidines as well as the concept of ligand design
are presented.
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4 Bisguanidine zinc complexes and their
application in lactide polymerisation

A series of bisguanidine stabilised zinc complexes has been synthesised and investigated to-
wards their activity in the bulk polymerisation of p,L-lactide. It could be demonstrated that
these compounds are able to act as initiators in lactide polymerisation, and polylactides with
molecular weights (M,,) of around 18,000 to 59,000 g/mol were obtained. Variation of the re-
action temperature revealed that the molecular weights decrease with increasing temperature.
Additionally, the correlation of the intrinsic viscosity with the molecular weight demonstrates
that the obtained polymers are linear and structurally homogeneous.

4.1 Introduction

In previous work!!®! the bisguanidine ligand N',N2-bis(1,3-dimethylimidazolidin-2-ylidene)-
ethane-1,2-diamine (DMEGg,e, 1, Fig. 4.1)"° was used to synthesise the zinc complexes
[Zn(DMEG,e)Cl,] (1a), [Zn(DMEG,e)(CH3;COO),] (1b) and [Zn(DMEG;e), ]| [CF3SO3], (Ic).
Preliminary studies could demonstrate that they possess the potential to initiate the ring-
opening polymerisation of lactide. Thus, the ligand as well as its complexes were resynthe-
sised for further studies and the preparation of new complexes. To rate the influence of the
guanidine moiety as well as the spacer unit, the well known bisguanidines 1,2-di[2N-(1,1,3,3-
tetramethylguanidino)]ethane (TMG,e, 2)!"! and 1,3-bis(N,N,N’N’-tetramethylguanidino)-
propane (btmgp or TMG;,p, 3)[°?! (see Fig. 4.1) were prepared to obtain the corresponding zinc
complexes. The complex [Zn(btmgp)Cl,] (3a) was prepared in the group of Prof. G. Henkel

()
[>*/_\4<j % ‘< /Y/“ N\Y\

PN PN

1 2 3

Figure 4.1: Bisguanidine ligands DMEG,e (1), TMG;e (2) and btmgp (3).
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Figure 4.2: Schematic depiction of already reported bisguanidine zinc complexes.

before in context of coordination behaviour studies.['”] A schematic depiction of the already
reported bisguanidine zinc complexes is given in Figure 4.2.

4.2 Results and discussion

4.2.1 Complex synthesis

The ligands 1-3 were prepared according to literature procedures.*>!""! Their reaction with
zinc compounds (ZnCl,, Zn(CH;COO), , Zn(CF;503),, Zn(CsHsCOO),) in a dry aprotic
solvent (THE MeCN) generates the bisguanidine zinc complexes 1a-3b. They could be iso-
lated as colourless crystals in yields of 34-98%. Table 4.1 gives an overview of the synthesised
compounds. The described zinc complexes are stable towards air and moisture. They can be
handled exposed to air without loss of activity. 1a, 1c, 1d and 2a are stable on air for months,
while 1b, 2b, 3a and 3b are hygroscopic but stable on air for hours up to several days.

Table 4.1: Overview of the synthesised zinc complexes stabilised by bisguanidine ligands.

DMEG;e TMG,e btmgp
¢)) (2) (3)
ZnCl, [Zn(DMEG,e)Cl,] [Zn(TMG,e)Cl, ] [Zn(btmgp)Cl,]
(1a) (2a) (3a)
Zn(CH;COO0), [Zn(DMEG,e)(CH;COO0),]  [Zn(TMG,e)(CH3COO),;]  [Zn(btmgp)(CH;COO),]
(1b) (2b) (3b)
ZD(CF3803)2 [ZH(DMEGze)z][CF3SO3]2

(10)
ZH(C6H5COO)2 [ZH(DMEGze)(C6H5COO)2]
(1d)
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Figure 4.3: Crystal structures of [Zn(DMEG,e)(CsHsCOO),] (1d), [Zn(TMG,e)Cl,] (2a),
[Zn(TMG,e)(CH;COO),] (2b) and [Zn(btmgp)(CH;COO),] (3b) as determined
at 120 K.

Molecular structures of the compounds 1d, 2a, 2b and 3b were determined by X-ray crystal-
lography at 120 K (Fig. 4.3). In each complex of the series, except 1c, the zinc atom is fourfold
coordinated generating a distorted tetrahedral coordination environment. Two coordination
sites are occupied in a chelating manner by the N-donor atoms of the bisguanidine forming
a five- or six-membered heterocycle while the remaining coordination sites are occupied by
chloride or acetate or benzoate ions, respectively. In 1c the zinc atom is coordinated by the
N-donor atoms of two DMEG;e molecules forming a coordination geometry that lies between
tetrahedral and square-planar coordination (see Fig. 4.2).

Due to their structural similarity the chloride, acetate and benzoate complexes will be dis-
cussed conjoint in groups. Selected bond lengths and angles of the compounds are summarised
in Table 4.2 and 4.3.
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4 Bisguanidine zinc complexes and their application in lactide polymerisation

Complexes with zinc chloride: The structures of the zinc chlorido complexes 1a, 2a and 3a
are very similar to each other, especially 1a and 2a show only small differences. The two Zn-Cl
distances in 1a (2.260(2) A) and 2a (2.258(1) A) are due to symmetric reasons equal in length
whereas in 3a one distance is slightly longer (2.233(1) vs. 2.306(1) A). 1a and 2a exhibit with
values of 2.038(2) and 2.042(1) A Zn-N bonds of the same length. The corresponding values
of 3a turn out to be smaller (1.997(2), 2.008(2) A), whereas the lengths of the C=N bond of the
guanidine moieties are identical in all three complexes (av. 1.310 A). As mentioned before, the
zinc atom in each complex is coordinated in a tetrahedral manner. However, the bite angles of
86.2(1) (1a), 85.0 (1) (2a) and 97.0(1) (3a) are too small for a ideal-typic tetrahedral geometry,
resulting in a distortion. This distortion is reflected in the angle between the ZnN, and the
ZnCl, plane (la: 74.5, 2a: 70.6, 3a: 89.0°) which is 90° in a tetrahedron. Thus, the flexible
propylene spacer of the btmgp ligand in 3a leads only to a slight distortion compared to those
observed for 1a and 2a.

Table 4.2: Selected bond lengths [A] and angles [°] of 1a,!9!l 2a and 3a.[107]

la 2a 3a
Zn-N 2.038(2) 2.042(1) 1.997(2),2.008(2)
Zn-Cl 2.260(1) 2.258(1) 2.233(1), 2.306(1)
Cgua-Ngua 1.309(3) 1.309(2) 1.307(3),1.316(3)
Cgua-N 1.381(3), 1.365(2), 1.354(3),1.363(3),
1.354(3) 1.366(2) 1.356(3), 1.356(3)
N-Zn-N 86.2(1) 85.0(1) 97.0(1)
2(ZnCl,, ZnN,) 74.5 70.6 89.0

Complexes including zinc acetate and zinc benzoate: The complexes 1b, 2b, 3b and 1d are
also very similar. This is for example reflected in the Zn-O and C,,,-N,,, distances. Their
values are each equal, both in the complexes themselves and within the complex group (Zn-
O: av. 1.967, Cyya-Ngyq: av. 1.308 A). The distances between the zinc atom and the N-donor
atoms differ slightly and increase from 3b (av. 1.999 A) over 1b (av. 2.025 A) and 1d (2.055(2)
A) to 2b (av. 2.068 A). The bite angles of the coordinated bisguanidines strongly depend on
their spacer unit. In complexes with the ethylene bridged ligands the bite angle is substantially
smaller (1b: 86.2(1), 2b: 84.4(1), 1d: 85.7(1)°) than in the complex with the propylene bridge
(3b: 100.2(1)°). This effect is also reflected in the angle between the ZnN, and the ZnO, plane.
The corresponding value of 3b is with 86.3° higher than those for 1b (76.3°) and 2b (80.4°). But
the highest value is observed for 1d (88.1°) due to the coordination of the sterical demanding
benzoate ligands.

40



4.2 Results and discussion

Table 4.3: Selected bond lengths [A] and angles [°] of 1b,1°U 2b, 3b and 1d.

1b 2b 3b 1d
Zn-N 2.011(2), 2.038(2)  2.051(2), 2.085(2) 1.998(2),2.000(2) 2.055(2)
Zn-0 1.969(2),1.956(2)  1.971(2),1.975(2) 1.967(2),1.968(2) 1.961(2)
Caua-Ngua 1.308(2), 1.305(2)  1.301(2), 1.312(2)  1.307(3),1.307(3)  1.316(3)
Cyua-N 1.367(3), 1.371(3), 1367(2), 1.381(2), 1.353(4),1.368(3), 1.370(3),
1.364(3), 1.368(3)  1.364(3), 1.369(2)  1.360(3), 1.365(3)  1.364(3)
N-Zn-N 86.2(1) 84.4(1) 100.2(1) 85.7(1)
2 (Zn0,, ZnN,) 76.3 80.4 86.3 88.1

4.2.2 Polymerisation activity

In preliminary studies 1a, 1b and 1c could demonstrate that they possess the potential to initi-
ate the ring-opening polymerisation of lactide. Thus, these complexes were extensively inves-
tigated towards their polymerisation properties. For this purpose, D,L-lactide and the initiator
(I/M ratio 1:500 or 1:1000) were heated to 135°C, 150°C and 165°C. After a reaction time of 24
or 48 h, the polymer melt was dissolved in dichloromethane, and then the polylactide was pre-
cipitated in cold ethanol, isolated and dried in vacuum at 50°C. In order to specify the catalytic
activity of the complexes, the polymer yield was determined and the molecular weights as well
as the polydispersity of the obtained PLA were measured by gel permeation chromatography
(see Table 4.4). The tacticity was analysed by homonuclear decoupled 'H NMR spectroscopy.
In general, the monomer conversion as well as the weight averaged molar mass values (M,,) of
the corresponding polymer are higher for 1a than for 1b and 1c. At the standard temperature for
lactide polymerisations, which is 150 °C,[1%] 1c shows the best results for M,, (32,000-38,000
g/mol) and the highest yields. The acetate complex 1b exhibits a weaker performance. This
indicates an effect of the anionic component of the zinc salt on the catalytic activity of the cor-
responding zinc complex. Interestingly, an increase in reaction time from 24 to 48 h results in a
decrease of conversion and molecular weight. Similar observations were reported by Chisholm
et al.?6l and Schwach et al.,['””] who considered side reactions like the interchain or intrachain
transesterification as well as the chain-transfer reaction to be responsible for this effect. In this
context, it is expected that a decrease of reaction temperature would lead to minor side reac-
tion effects.[26127] The experimental results (see Figure 4.4) support this hypothesis. At 135 °C,
1a and 1b provide considerably larger polymers than at higher temperatures, with M,, values
up to 59,000 g/mol. Thus, the values of molecular weights achieved by the present procedure
decreased with increasing temperature. Only in the case of Ic this temperature effect is not
pronounced, because a maximum for the degree of polymerisation is reached at 150 °C.

In order to study the structural characteristics of the synthesised polymers, the intrinsic vis-
cosities were correlated with the molecular weight M of the polymers. As outlined in Figure
4.5, all polymer samples exhibited an unique trend. For polymers large enough, this correlation
is described by the Mark-Houwink equation:[?®! [y] = K - M*.
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Table 4.4: Polymerisation of p,L-lactide by 1la-3b

Initiator Temp. Time* M/I Yield M,, PD? P,
[°C] [h] [%]  [g/mol]
None 165 24 - 0 - -
[Zn(DMEG,e)Cl, ] la 135 24 500 82 59,000 1.7
[Zn(DMEG;e)Cl, ] la 150 24 500 79 38,000 1.7 0.50
[Zn(DMEG,e)Cl, ] la 150 24 1000 70 33,000 1.6
[Zn(DMEG;e)Cl, ] la 150 48 500 67 33,000 1.6
[Zn(DMEG;e)Cl, ] la 165 24 500 61 34,000 1.6
[Zn(DMEG,e)(CH;COO),] 1b 135 24 500 63 35,000 1.6
[Zn(DMEG,e)(CH;COO),] 1b 150 24 500 69 24,000 1.6 0.50
[Zn(DMEG,e)(CH;COO),] 1b 150 24 1000 86 28,000 1.8
[Zn(DMEG,e)(CH;COO),] 1b 150 48 500 66 18,000 1.6
[Zn(DMEG,e)(CH;COO),] 1b 165 24 500 46 22,000 1.5
[Zn(DMEG;e),][CF3;S0s3], 1c 135 24 500 82 37,000 1.7
[Zn(DMEG;e),]|[CF;S0s3], Ic 150 24 500 83 38,000 1.6 0.50
[Zn(DMEG,e),][CF;S0s], Ic 150 24 1000 93 34,000 1.9
[Zn(DMEG,e),][CF;S0s], Ic 150 48 500 83 32,000 17
[Zn(DMEG,;e),][CF;S0s], Ic 165 24 500 51 23,000 1.6
[Zn(DMEG,e)(CsH;COO),] 1d 150 24 500 80 27,000 17 0.50
[Zn(TMG,e)Cl;] 2a 150 24 500 87 45,000 19 0.53
[Zn(TMG,e)Cl;] 2a 150 48 500 92 39,000 1.8
[Zn(TMG,e)(CH3;COO0);,] 2b 150 24 500 87 24,000 1.9 0.49
[Zn(TMG,e)(CH3;COO0);,] 2b 150 48 500 81 22,000 1.7
[Zn(btmgp)Cl, ] 3a 150 24 500 71 26,000 17 n.d
[Zn(btmgp)CL, ] 3a 150 48 500 64 26,000 1.6
[Zn(btmgp)(CH;COO0),] 3b 150 24 500 46 20,000 1.6 nd.
[Zn(btmgp)(CH;COO0),] 3b 150 48 500 47 18,000 1.5

@ Reaction times were not necessarily optimised; b PD = M,,/M,, where M,, is the number-average molar mass;

¢ From analysis of the 'H homonuclear decoupled NMR spectrum using the equation P, = 2 [sis].
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Figure 4.4: Dependence of weight-averaged molar mass (M,,) and yield vs. reaction tempera-
ture for the three initiator systems la-1c.

The linear behaviour and unique trend of all examined polymers indicates that the obtained
PLA samples are structurally homogeneous and linear. Hence, the structure of the polymers
reported herein is independent of the initiator used and the averaged values for the Mark-
Houwink constants at 35 °C in THF were calculated to be a = 0.59 and K = 0.068. Further
values for different temperatures and solvents were reported by Rafler et al.'?”! and Schindler
and Harper.[3%]

The bisguanidine zinc complexes 1d-3b were also screened regarding their activity in the
solvent-free polymerisation of lactide. In contrast to 1a-1c, they were only tested at the standard
conditions (M/I = 500, T = 150°C, see Table 4.4).

It could be proven that all tested bisguanidine zinc complexes possess catalytic activity in the
ROP of lactide. The activity of 1d is higher than those of the corresponding zinc acetate com-
plex 1b. The obtained yield lies in the same range of those of 1c, but the M,, values are smaller.
The complexes stabilised by TMG,e, 2a and 2b, show by trend a slightly better performance
than their DMEG,e stabilised analogues. In contrast, the btmgp analogues provide PLA in
lower yields and with lower M,, values than the complexes with ethylene bridged ligands. This
may be also due to the fact that the latter complexes are slightly hygroscopic and therefore not
as stable as the other complexes.

The P, values of 0.49 or 0.53 imply that in general the complex structure of the investigated
zinc guanidine compounds shows no ability to affect the tacticity of the formed polymer.
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Figure 4.5: Mark-Houwink plot of PLA obtained by 1a-1c. The calculated mean value for « is
0.59 and for K is 0.068 at 35 °C in THEF.

4.3 Conclusion

This chapter deals with the synthesis and complete characterisation of aliphatic bisguanidine-
stabilised zinc complexes that were proven to be active initiators in the ring-opening poly-
merisation of D,L-lactide. PLAs with molecular masses (M,,) of around 18,000-59,000 g/mol
could be obtained. In complexes with the same bisguanidine ligand the activity of the initia-
tor depends on the anionic component of the zinc salt. Complexes with zinc triflate and zinc
dichloride seem to be the most auspicious candidates for application in the ROP of lactide. The
catalytic activity of complexes including the same anionic component of the zinc salt increases
from btmgp via DMEG,e to TMGgae.

By changing the reaction temperature it could be shown that lower temperatures allow side re-
actions to be avoided during the polymerisation and thus give higher molecular masses. More-
over, the Mark-Houwink correlation demonstrates that the obtained polymers are linear and
homogeneous. Compared to other systems, the guanidine zinc complexes possess an advan-
tageous combination of properties: they are nontoxic, comparably stable and give PLAs with
good M,, values at industrial conditions. This makes the guanidine zinc systems a promising
class of catalysts for the ring-opening polymerisation of p,L-lactide.
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5 New insights into the lactide
polymerisation with neutral N-donor
stabilised zinc complexes: Comparison of
imidazoline vs. imidazolidine based
guanidine complexes

Two imidazoline based guanidine zinc complexes [Zn(8MeBL)Cl,] (5a) and
[Zn(8MeBL)(OAc),] (5b) were synthesised, completely characterised and investigated for their
activity in the solvent-free ring-opening polymerisation of p,L-lactide. It could be shown that
these compounds are able to act as efficient initiators in the lactide polymerisation, and poly-
lactides with molecular weights (M,,) of around 23,000-55,000 g/mol could be obtained. 5a
and 5b exhibit an advantageous combination of robustness towards humidity and high ac-
tivity in the polymer melt. A comparative DFT study on 5a and 5b and their imidazolidine
counterparts revealed that the two complex series possess a strikingly similar electronic struc-
ture. Although the imidazoline containing ligand is more basic, its zinc complexes have only
a slightly higher positive charge on the zinc atom in comparison to the corresponding imida-
zolidine based guanidine complexes. Accordingly, their activity in the initiation of the ring-
opening polymerisation is increased which is directly related to the Lewis acidity of the zinc
atom. These findings provide more insight into the mechanism of the lactide polymerisation
with neutral N-donor stabilised zinc complexes.

5.1 Introduction

Targeting a controlled activity of robust initiators in the ROP of D,L-lactide, the research was
extended towards further neutral guanidine-type ligand classes like the imidazoline based
guanidines.!®-13 Bisguanidine ligands, in general, attain their unique properties from their
ability to delocalise a positive charge over the guanidine moiety (see Fig. 5.1a). The enhanced
basicity and nucleophilicity of their compounds is caused by this delocalisation. In bisguani-
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Figure 5.1: (a) The imidazolidine based bisguanidine ligand DMEG,e (1)!" and (b) the imi-
dazoline based bisguanidine ligand 8MeBL (5)!32] and their resonance structures.

dines which contain unsaturated substituents, e.g. the imidazoline based guanidines, the elec-
tron density can be effectively delocalised in the imidazole rings inducing a strong polarisation
of the exocyclic C=N bond (Fig. 5.1b).!3# Thus, this ligand family is typically regarded to be a
stronger donor compared to guanidines containing saturated substituents.12°]

The basicity is important for inducing a high Lewis acidity on the zinc atom. For the lac-
tide ROP with zinc guanidine systems, the correlation was found that complexes with greater
positive charge on the zinc atom exhibit a greater catalytic activity (see Section 6.1). Further-
more, the ligand class of imidazoline based guanidines has shown to be able to coordinate a
great variety of metals in several coordination modes.!3-133135-137] For a direct comparison of
their zinc chemistry and the polymerisation activity of the corresponding zinc complexes, the
two bischelating ligands DMEG,e (1)!") and 8MeBL (5)113?! were chosen for the comparative
studies because of their structural similarity (Fig. 5.1). This similarity allows the electronic
attributes that promote lactide polymerisation by neutral N-donor stabilised zinc complexes
to be elucidated. The 1,2-bis(imidazolin-2-imino)ethane ligand N!,N2-bis(1,3,4,5-tetramethyl-
1H-imidazol-2(3H)-ylidene)ethane-1,2-diamine (8MeBL, 5) was provided by the group of Prof.
M. Tamm from the Technische Universitdt Braunschweig.

Herein, the synthesis and characterisation of the first zinc imidazoline bisguanidine complexes
is presented. An extensive DFT based comparative discussion concentrates on their structural
and electronic similarities and differences to their imidazolidine counterparts. The imidazoline
based bisguanidine zinc complexes proved to be active initiators in p,L-lactide bulk polymeri-
sation, and polylactides with molecular weights (M,,) up to 55,000 g/mol and polydispersities
(M,,/M,,) around 2 could be obtained.
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Figure 5.2: Synthesis of zinc complexes 5a and 5b stabilised by the imidazolin-2-imine based
guanidine ligand.

5.2 Results and discussion

5.2.1 Complex syntheses

The imidazoline bisguanidine ligand 8MeBL (5) was synthesised by the reaction of the imidazolin-
2-iminesl?!  ImineM¢ with 1,2-ethyleneditosylate and subsequent deprotonation
with KO*Bu in high yields.!3?! The reaction of 5 with the zinc salts ZnCl, and Zn(CH;COO),
in a dry, aprotic solvent (MeCN, THF) resulted straightforwardly in the formation of the cor-
responding zinc complexes [Zn(8MeBL)CL,] (5a) and [Zn(8MeBL)(OAc),] (5b) (Fig. 5.2).
They could both be isolated as colourless crystals in good yields of 92 %. Single crystals of the
complexes were obtained by cooling the saturated solution slowly to room temperature. The
isolated crystalline solids are stable towards moisture and air. They can be handled and stored
in air for several days, whereas the corresponding imidazoline type guanidines and zinc salts
are sensitive towards hydrolysis or rather hygroscopic.

The molecular structures of the compounds 5a and 5b (Fig. 5.3 and 5.4) were determined
by X-ray crystallography. In these complexes, the zinc atom is fourfold coordinated by the
two N-donor atoms of the imidazoline ligand and two chlorine ions or two acetate ions, re-
spectively. In order to compare the structural properties of the zinc complexes stabilised by
imidazoline based guanidine ligands, these complexes are discussed together with their im-
idazolidine counterparts [Zn(DMEG,e)Cl,] (1a) and [Zn(DMEG,e)(OAc),] (1b) which are
already described in Chapter 4.

5.2.2 Comparative discussion of the molecular structures in the crystal

The crystal structures of all four zinc complexes are very similar. Selected bond lengths and
angles of the compounds are collected in Table 5.1. In all the complexes the zinc atom is four-
fold coordinated, whereby two coordination sites are occupied in a chelating manner by the
N-donor atoms of the guanidine ligands to form a five-membered heterocycle. The distances
between the zinc atom and the N-donor atoms do not differ very much. Their values are rang-
ing from 2.005(1) to 2.038(2) A. In 1a the Zn-Cl distances are equal in length (2.260(1) A) due to
symmetry. In 5a one Zn-Cl bond is longer than the other. The longer bond measures 2.277(1)
A and the shorter 2.241(1) A and thus their averaged value fits very well with the Zn-Cl dis-
tance of la. In the diacetato complexes the distances of the Zn atom and the coordinated O
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Figure 5.4: Crystal structure of [Zn(8MeBL)(OAc),] (5b) as determined at 120 K.

atom are equal within the limits of significance (av. 1.961 A). The different electronic character
of the imidazoline and the imidazolidine based guanidine ligands is reflected in the Cy,,4-Ny,q
distances. In 5a and 5b, the positive charge is delocalised in the N,C;-heterocycle leading to
longer Cy,,4-Ng,, bonds (av. 1.320 A) whereas in the imidazolidine bisguanidine zinc com-
plexes 1a and 1b the positive charge is delocalised over the guanidine CN; backbone resulting
in slightly shorter Cg,,-Ng,, distances (av. 1.307 A). This different delocalisation behaviour is
also observed by regarding the angles between the Cg,,N; and the N,;,,C; planes. Whereas
those values of 5a and 5b are with av. 5.6 and 6.3° quite small indicating the planarity of the
N, C;-heterocycle caused by the high delocalisation of the positive charge, the values of 1a and
1b are with av. 15.5 and 14.9° significantly higher. This shows the stronger deviation of the
heterocycle atoms from the ring plane and therefore the tendency of imidazolidine guanidine
systems not to delocalise the positive charge over the heterocycle but over the guanidine moi-

ety.
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In all four complexes, the coordination geometry of the zinc atom is dictated by the bite angles
of the chelating ligands which possess an averaged value of 85.9° and therefore differ consider-
ably from the angle expected for an ideal-typic tetrahedron (109.47°). This leads to a distorted
tetrahedral coordination geometry which is also reflected in the angle between the ZnX, (X
= Cl, OAc) and the ZnN, planes. In ideal-typic tetrahedral coordination geometry it is 90°,
but in the complexes 5a and 5b described here these angles are with 82.1(1) (5a) and 84.9(1)°
(5b) slightly smaller. However, in the imidazolidine guanidine zinc complexes 1a and 1b these
angles are with 74.5(1) and 76.6(1)° even smaller than in the imidazoline complexes.

Table 5.1: Selected bond lengths (A) and bond angles (°) of 5a, 5b and their imidazolidine
counterparts la and 1b.

5a la 5b 1b
Zn-N 2.019(1), 2.038(2) 2.005(1), 2.011(2),
2.032(1) 2.006(1) 2.038(2)
Zn-X (X = CI-, OAc™) 2.241(1), 2.260(1) 1.955(1), 1.956(2),
2.277(1) 1.965(1)  1.969(2)
Caua-Ngug 1.321(2), 1.309(3) 1.323(2), 1.308(2),
1.318(2) 1.318(2)  1.305(2)
Cyua-Nring 1.367(2), 1.381(3), 1.362(2), 1.367(3),
1.362(2), 1.354(3) 1.364(2), 1.371(3),
1.373(2), 1.360(2), 1.364(3),
1.366(2) 1.367(2)  1.368(3)
N-Zn-N 85.4(1) 86.2(1)  85.9(1) 86.2(1)
2 (ZnX,, ZnN,) 82.1(1) 74.5(1) 84.9(1) 76.3(1)
2(CguaNs3, ZnNy) 56.4(1)  22.4(1)  877(1)  39.8(1)
26.5(1) 24.8(1)  28.1(1)
2 (CimineN3, NyigCs) (av) 5.6 155 6.3 14.9

5.2.3 DFT calculations

The structural trends described above are discussed under consideration of gas phase DFT
calculations. The electronic structures of the zinc complexes 5a, 5b and their imidazolidine
counterparts la and 1b have been examined using the B3LYP hybrid DFT functional(!38-140]
or the M05-2X functional™! in combination with the 6-31g(d) basis set, implemented by the
Gaussian 03 suite of programs.!*2) Geometry optimisations were performed using the coordi-
nates from X-ray data as starting points. The results of the optimisations are presented in Table
5.2and 5.3.

For both functionals, the computed complex structures are in good agreement with their solid
state structures. By trend, the Zn-N distances are predicted 0.01 to 0.03 A too long. This ten-
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5 Comparison of imidazoline vs. imidazolidine based guanidine complexes

Table 5.2: Summary of key geometric parameters of the calculated structures of 5a and la
(bond lengths in A and angles in °).

5a la

B3LYP/6-31g(d) MO05-2X /6-31g(d) B3LYP/6-31g(d) MO05-2X/6-31g(d)
Zn-Cl 2.302; 2.259 2.252;2.285 2.322;2.354 2.270
Zn-Ngy, 2.041 2.033; 2.038 2.029; 2.031 2.045
Cgua-Ngua 1.322;1.317 1.311; 1.318 1.308; 1.306 1.301
Cgua-Nring 1.376;1.384 1.371; 1.366 1.384;1.364 1.359

1.369; 1.371 1.359 1.389; 1.365 1.376
N-Zn-N 84.7 84.2 84.6 83.5
0O-Zn-0O 117.6 118.7 119.3 120.0
2(Zn0,, ZnN,) 79.3 76.7 74.0 69.3
2(CgquaN3, ZnNy) 68.0; 30.4 64.3; 33.9 52.2;34.6 49.9; 49.9
2(CguaN3, NpjygCsz) 6.0 6.0 14.0 15.7

Table 5.3: Summary of key geometric parameters of the calculated structures of 5b and 1b
(bond lengths in A and angles in °).

5b 1b

B3LYP/6-31g(d) M05-2X /6-31g(d) B3LYP/6-31g(d) MO05-2X /6-31g(d)
Zn-0O 1.947 1.955 1.939 1.941
Zn-Ngyq 2.025 2.027 2.046 2.036
Cgua-Ngua 1315 1.309 1.302 1.297
Caua-Nying 1372 1.365 1.384 1.367

1.377 1.369 1.388 1.383
N-Zn-N 85.8 85.3 86.5 85.4
0-Zn-O 78.9 100.9 76.8 99.3
2(Zn03, ZnN,) 78.8 62.7 81.0 69.1
2(CguaN3, ZnN,) 5195521 49.4;49.4 37.2; 372 36.0;36.1
2(CguaN3, NyingCs) 6.2 5.0 15.0 12.6

dency has been observed quite frequently for such systems.!431441 The Zn-Cl distances are bet-
ter described by the M05-2X functional in comparison to the solid-state structure. The Zn-O
distances in 5b and 1b are predicted too short by both functionals. Remarkably, the B3LYP
functional describes the C=N bonds of all four complexes more accurately than the M05-2X
functional. For B3LYP, the deviation from the solid-state data averages to 0.003 A whereas for
M05-2X the corresponding values deviate about 0.008 A.

The tetrahedral coordination environments and the guanidine ligand bite angles in 5a, 5b, 1a
and 1b are correctly described by both functionals. It has to be noted that the B3LYP functional
describes the angles between the ZnN, and the ZnX, planes slightly better for the four com-
plexes than the M05-2X functional compared to those found in the solid state. The coordina-
tion of the acetate ions in the complexes 5b and 1b is in good agreement as well. The calculated
values for the twist of the NC; unit against the ZnX, plane gives an ambiguous picture: for 5a,
both functionals describe the difference between the "sides" of the complex qualitatively cor-
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5.2 Results and discussion

Table 5.4: Mulliken and NBO charges in electron units (charge of electron is equal to -1) of 5a
and 1la (basis set: 6-31g(d)).

5a la
Mulliken NBO Mulliken NBO
B3LYP MO05-2X B3LYP MO05-2X B3LYP MO05-2X B3LYP MO05-2X
/n +0.677 +0.638  +1.529 +1.019  +0.669 +0.609 +1.526 +1.014
Cl -0.556 -0.543 -0.815 -0.664 -0.545 -0.535 -0.807 -0.657
-0.540 -0.535 -0.823 -0.649 -0.545 -0.535 -0.810 -0.657
Nyywo -0.698  -0.710  -0.838  -0.810 -0.670 -0.688 -0.800 -0.763
-0.688 -0.713 -0.851 -0.791 -0.664 -0.688 -0.809 -0.763
Cgua +0.801 +0.832 +0.656 +0.692 +0.820 +0.817 +0.697 +0.724
+0.818 +0.814 +0.657 +0.690 +0.822 +0.817 +0.693 +0.724
N -0.526 -0.554 -0.387 -0.397 -0.477 -0.491 -0.492 -0.499
-0.508 -0.576  -0.424 -0.420 -0.455 -0.491 -0.450 -0.466
-0.538 -0.551 -0.415 -0.399 -0.481 -0.516 -0.488 -0.499
-0.514 -0.564 -0.388 -0.430 -0.455 -0.516 -0.449  -0.466

Table 5.5: Mulliken and NBO charges in electron units (charge of electron is equal to -1) of 5b
and 1b (basis set: 6-31g(d)).

5b 1b
Mulliken NBO Mulliken NBO
B3LYP MO05-2X B3LYP MO05-2X B3LYP MO05-2X B3LYP MO05-2X
7/n +0.854 +0.859  +1.627 +1.288  +0.816 +0.838 +1.631 +1.289
Cl -0.610 -0.627 -0.890 -0.853 -0.616 -0.630 -0.908 -0.860
-0.610 -0.627 -0.890 -0.853 -0.616 -0.630 -0.908 -0.860
Ng,m -0.699 -0.702 -0.845 -0.805 -0.671 -0.689 -0.787 -0.762
-0.700  -0.702  -0.845 -0.805 -0.671 -0.689 -0.787  -0.762
Cgua +0.791 +0.797 +0.666 +0.683 +0.828 +0.832 +0.692 +0.719
+0.791 +0.797 +0.666 +0.683 +0.828 +0.832 +0.692 +0.719
N -0.528 -0.574 -0.398 -0.425 -0.485 -0.497 -0.461 -0.494
-0.509 -0.574 -0.419 -0.403 -0.454 -0.497 -0.479 -0.473
-0.528  -0.543  -0.398 -0.425 -0.485 -0.521 -0.461 -0.494
-0.509 -0.543 -0.419 -0.403 -0.454 -0.521 -0.479 -0.473
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5 Comparison of imidazoline vs. imidazolidine based guanidine complexes

rect, in contrast to la, where the twist is predicted considerably too high (22° in solid-state, 34
and 52° for B3LYP, 50° for M05-2X). For 5b and 1b, the twist is described reasonably. It might
be that this twist is also influenced by packing forces in the crystal. Notably, the accordance
between theory and experiment for the angles between the C,,,,N; and the N,;,,Cs planes in
the four complexes is very good for both functionals.

For a more detailed analysis of the electronic structure the Mulliken charges and the NBO
charges have been determined. The Mulliken charge of each atom was calculated by a Mulliken
population analysis. The NBO charges of each atom was calculated by a natural bond orbital
analysis.4>146] The resulting charges are summarised in Table 5.4 and 5.5. These charges do not
represent absolute charges but the trends among the complexes give an impression of electronic
effects. The advantage of NBO charges over Mulliken charges lies in their greater independence
of the basis sets.[4]

In comparison of the imidazoline guanidine stabilised complexes 5a and 5b with the imidazo-
lidine guanidine complexes 1a and 1b, the charges of the guanidine N atom of the imidazolines
are predicted to be in average 0.025 (Mulliken charge) or 0.045 (NBO charge) more nega-
tive. Concomitantly, the positive charge on the zinc atom is slightly increased (~ 0.01 Mulliken
charge, less than 0.01 NBO charge). In addition, the positive charge on the guanidine C atoms
is slightly higher in the imidazoline guanidine systems. This effect is due to a better delocal-
isation of the positive charge within imidazole ring systems. Interestingly, the differences be-
tween the Mulliken charge distribution in tetramethylguanidine and dimethylethyleneguani-
dine groups are more pronounced than the differences between imidazolines and imidazoli-
dine based guanidines discussed herein (see Section 6.1). In summary, the imidazoline guani-
dine complexes should show an slightly enhanced Lewis acidity of the zinc atoms compared to
their imidazolidine counterparts and therefore act as good initiators for the lactide polymeri-
sation.

5.2.4 Polymerisation activity

As reported in Chapter 4, guanidine zinc complexes possess catalytic activity in the ring-
opening polymerisation of D,L-lactide and offer the advantage of acceptable or even high sta-
bility towards air and moisture. It is observed that in most cases active catalysts feature high
Mulliken charges at the N-donor atoms which lead to an improved Lewis acidity of the zinc
atom (see section 6.1). The zinc complexes stabilised by imidazoline based guanidine ligands
are expected to be more active catalysts in comparison to the corresponding zinc bisguani-
dine complexes containing imidazolidine moieties due to the higher basicity of the imidazo-
lines. Following DFT analysis, in these ligands the positive charge is strongly delocalised in
the imidazoline rings and thus the zinc centre in these complexes should exhibit a stronger
Lewis acidity leading to good catalytic properties. Therefore, the imidazoline based guani-
dine zinc complexes were investigated concerning their activity in the bulk polymerisation of
Dp,L-lactide.
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5.2 Results and discussion

For the polymerisation procedure the monomer p,L-lactide and the initiator (I/M ratio 1:500)
were heated at 150°C. It has to be noted that the monomer was used as purchased without
further purification. After the reaction time of 24 h or 48 h, the melt was dissolved in dichloro-
methane, and then the PLA was precipitated in cold ethanol, isolated and dried under vacuum
at 50°C. In order to rate the catalytic activity of the complexes, the polymer yield was defined
and the molecular weights as well as the polydispersity of the obtained PLA were determined by
gel permeation chromatography (see Table 5.6). The tacticity and the probability of heterotactic
enchainment (P,) were analysed by homonuclear decoupled '"H NMR spectroscopy.?*!

The complexes 5a and 5b were found to initiate the ring-opening polymerisation of p,L-lactide
and show in general similar results to the corresponding imidazolidine bisguanidine zinc com-
plexes 1a and 1b. In the case of 5a and 5b, the yields are slightly higher than for 1a and 1b. The
dichloro complex 5a affords higher molecular weights than its counterpart 1a, and they both
generate higher M,, values than the diacetato complexes, whose values are in the same range.
Whereas the extension of reaction time from 24 to 48 h leads in the case of 5a to a slight
increase of molecular weight, in polymerisations initiated with 5b, 1a and 1b a decrease of
molecular weight can be observed which may be caused by side reactions such as interchain or
intrachain transesterification resulting in a chain-transfer reaction.!?*?”] The P, values of 0.50
or 0.53 imply that the complex structure shows no ability to affect the tacticity of the formed
polymer.

The catalytic study supports the findings of the DFT calculations: the imidazoline based guani-
dines feature a slightly higher positive charge at the zinc atom and more negative charges at the
guanidine N atoms, such that a slightly higher catalytic activity had to be expected. A continu-
ation of this thought implies that systems with exceedingly high Lewis acidity on the zinc atom

Table 5.6: Polymerisation of D,L-lactide in the presence of the imidazoline zinc complexes 5a
and 5b, as well as the imidazolidine zinc complexes 1a and 1b.

Initiator Time? Yield M,, PD? P,
[h] [%]  [g/mol]
Zn(8MeBL)CL] 5 24 8 5,000 20 053
Zn(8MeBL)CL,] 5a 48 89 55000 19
Zn(DMEG,e)Cl,] la 24 79 38000 17  0.50
Zn(DMEG,e)Cl, ] la 48 67 33,000 1.6

Zn(8MeBL)(CH;CO0),] 5b 24 88 24,000 2.0 0.50
Zn(8MeBL)(CH;COO),] 5b 48 85 23,000 21
Zn(DMEG,e)(CH;COO),] 1b 24 69 24,000 16  0.50
Zn(DMEG,e)(CH;CO0),] 1b 48 66 18,000 L6

Reaction conditions: catalyst (0.2 mol%), 150 °C; * reaction times were not necessarily optimised; ¥ PD = M,,/M,,

— e —

where M, is the number-average molar mass; ¢ from analysis of the ' H homonuclear decoupled NMR spectrum

using the equation P,2 =2 [sis].[24]
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5 Comparison of imidazoline vs. imidazolidine based guanidine complexes

and great basicity on the N-donor function are excellent initiators for the ROP of lactide. All
these findings are in good accordance with the coordination-insertion mechanism proposed
for the lactide polymerisation with transition metal alkoxide complexes.[>20:2>4447.148] Tpy this
mechanism, the pre-coordination of the substrate lactide to the metal centre is crucial for the
subsequent ring-opening step. The co-ligands which are usually alkoxides act then as nucle-
ophiles and open the lactide ring.[>20254447] It has to be remarked that the complexes 5a, 5b, 1a
and 1b initiate the ROP of lactide without any addition of alkoxide or other co-catalysts. It is
proposed that the highly nucleophilic guanidine N-donor systems act as ring-opening agents.

5.3 Conclusion

In this chapter the synthesis and complete characterisation of the first examples of imidazoline
based guanidine zinc complexes is reported. The structural and theoretical analysis revealed
that the dichloro and diacetato complexes of the ligand 8MeBL are very similar to those of the
corresponding imidazolidine based guanidine DMEG,e. DFT calculations with B3LYP and
MO05-2X functionals in combination with the 6-31g(d) basis set were in good agreement with
the solid-state structures. A charge distribution analysis using Mulliken and NBO charges ex-
hibited that the complexes containing the imidazoline moieties possess more negative charge
on the guanidine N atoms and slightly more positive charge on the zinc atom than their imi-
dazolidine counterparts. Notably, 5a and 5b were active in the solvent-free polymerisation of
lactide. The resulting poly-D,L-lactide could be obtained with yields of app. 85 % and molecu-
lar weights (M,,) of up to 55,000 g mol~! with a polydispersity of 2. This is consistent with the
slightly higher activity of 5a and 5b in the ROP of lactide compared to the activity of 1a and 1b.
Hence, the strategy of using neutral, strongly nucleophilic ligand systems for the stabilisation
of catalytically active and environmentally benign zinc complexes has again been positively
evaluated.

In summary, these findings lead to two mechanistic evidences: (a) enhanced Lewis acidity of
the zinc centre directly correlates with the enhanced polymerisation activity and (b) by using
exclusively neutral N-donor ligands for the stabilisation of the catalysts, it is proven that anionic
(co-)ligands are not necessary prerequisites for the nucleophilic lactide-opening step.
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6 Systematic screening of a library of zinc
complexes stabilised by
guanidine-pyridine ligands

In order to develop highly active initiators for the ring-opening polymerisation of lactide, a
library of zinc complexes stabilised by guanidine-pyridine ligands was provided by combining
various zinc compounds with different ligands. The obtained complexes were screened towards
their catalytic activity to identify influencing variables and to build up a structure-reactivity
correlation which is indispensable for the rating of catalytic potential of new complexes and
for the creation of improved catalysts.

By variation of the anionic component of the zinc salts, its impact on the molecular struc-
ture as well as on the catalytic properties of the corresponding complexes was investigated.
Furthermore, new guanidine-pyridine ligands were developed by combining various chloro-
formamidinium chlorides with 8-aminoquinoline and 2-picolylamine in order to analyse the
influence of the guanidine unit in the ligand stabilising the initiator complexes on their ability
to promote the polymerisation of lactide.

Finally, the most auspicious candidates were also tested in the ring-opening polymerisation of
different monomers to allow the evaluation of their application range.

6.1 Air-stable and highly active zinc complexes stabilised by
DMEGqu, TMGqu, DMEGpy and TMGpy

The synthesis of the zinc complexes stabilised by guanidine-pyridine hybrid ligands
[Zn(DMEGqu),(CF;805)][CF;S0;5]  (6c),  [Zn(TMGqu),(CF3805)][CF;S05]  (7¢),
[Zn(TMGpy)Cl,] (15a) and [Zn(TMGpy)(CH3COO),] (15b) is reported. These zinc com-
plexes were completely characterised and together with the complexes developed before,
[Zn(DMEGqu)Cl,]  (6a), [Zn(TMGqu)CL]  (7a), [Zn(DMEGpy)CL]  (14a),
[Zn(DMEGqu)(CH;COO0),] (6b), [Zn(TMGqu)(CH;COO0), ] (7b) and
[Zn(DMEGpy)(CH;COO),] (14b), screened towards their activity in the ring-opening poly-
merisation of D,L-lactide. They proved to be active initiators in lactide bulk polymerisation,
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Figure 6.1: Guanidine-pyridine hybrid ligands.[10-12!

and polylactides with molecular weights (M,,) up to 176,000 g/mol could be obtained. They
combine high activity with robustness towards moisture and air.

The influence of reaction temperature and of the anionic component of the zinc salt on the ac-
tivity of the catalyst, as well as the occurrence of undesired side reactions, was investigated. By
correlating these findings with the structural study on the zinc complexes a structure-reactivity
relationship for the zinc catalysts could be deduced. This study was accompanied by DFT cal-
culations. The bis-chelate triflate complexes 6c and 7¢, supported by quinoline-guanidine lig-
ands 6 and 7, exhibit by far the highest reactivity. Systematic comparison of these complexes
with their mono-chelate counterparts and their bisguanidine analogues allows the attributes
that promote polymerisation by neutral guanidine ligand systems to be elucidated: accessibility
to the zinc centre and Lewis acidity.

6.1.1 Introduction

As reported in Chapter 4, zinc guanidine complexes combine great potential as active cata-
lysts in the ROP of p,L-lactide with acceptable stability. To improve the activity of guanidine-
based zinc complexes the ligand system was modified by substituting one guanidine moiety
by an amine group. This changes the electronic environment by replacing one "hard" guani-
dine function by a "soft" pyridine donor and simultaneously increases accessibility to the zinc
centre by substituting one bulky guanidine by a non-bulky pyridine unit. These guanidine-
amine hybrid ligands combine the excellent donor properties of guanidines with additional
coordination space for pre-coordination of substrates, and their modular synthesis protocol,
which combines different spacer and guanidine groups, permits flexible ligand design (see
Chapter 3). The use of quinolyl and pyridyl units leads to the guanidine-pyridine hybrid
ligands N-(1,3-dimethylimidazolidin-2-yliden)quinolin-8-amine (DMEGqu, 6), 1,1,3,3-tetra-
methyl-2-(quinolin-8-yl)guanidine (TMGqu, 7), N-(1,3-dimethylimidazolidin-2-yliden)pyri-
din-8-amine (DMEGpy, 14) and 11,3,3-tetramethyl-2-[(pyridin-2-yl)methyl]guanidine
(TMGpy, 15), which were synthesised during previous studies and are depicted in Fig. 6.1.001121]
These ligands were used to obtain the zinc complexes [Zn(DMEGqu)CL] (6a),
[Zn(TMGqu)Cl,] (7a), [Zn(DMEGpy)CL] (14a), [Zn(DMEGqu)(CH;COO),] (6b),
[Zn(TMGqu)(CH;COO),] (7b) and [Zn(DMEGpy)(CH;COO),] (14b) (see Fig. 6.2). In pre-
liminary studies, some of them showed the potential to initiate the ROP of lactide.'!
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6.1 Zinc complexes stabilised by DMEGqu, TMGqu, DMEGpy and TMGpy

R Y
SN / SN/ SN /
6a: X = Cl 7a: X =Cl 14a: X =Cl
6b: X = OAc 7b: X = OAc 14b: X = OAc

Figure 6.2: Schematic depiction of already reported guanidine-pyridine hybrid zinc com-
plexes.

Hence, new zinc complexes stabilised by these ligands were prepared and characterised and
the whole series of zinc complexes was screened for their catalytic activities in the polymeri-
sation of lactide. The study extensively correlates experimental results with DFT calculations
to evaluate the reactivity. Furthermore, it is shown that the classical conflict between stability
and activity can be compensated by an integrated approach.

6.1.2 Results and discussion

Synthesis of the zinc complexes

The guanidine-pyridine hybrid ligands DMEGqu, TMGqu, DMEGpy and TMGpy were syn-
thesised by condensation of N,N,N’N’-tetramethylchloroformamidinium chloride (TMG, 7)
and N,N’-dimethylethylenechloroformamidinium chloride (DMEG, 6) with 8-aminoquino-
line and 2-picolylamine in high yields of up to 98%.10412!l Their reaction with zinc salts (ZnCl,,
Zn(CH;COO),, Zn(CF;50s3),) in a dry, aprotic solvent (MeCN, THF) resulted in straightfor-
ward formation of the zinc complexes 6a-15b (see Table 6.1). They could be isolated as colour-
less (14a, 15a, 14b, 15b) or yellow crystals (6a, 7a, 6b, 7b, 6¢ and 7¢) in yields of 64-99%. Single
crystals of the complexes were obtained either by cooling a saturated solution slowly to room

Table 6.1: Overview of the synthesised zinc complexes of guanidine-pyridine hybrid ligands.

Zl’lClz ZH(CH3COO)2 Zn(CF3SO3)2
DMEGqu [Zn(DMEGqu)Cl,] [Zn(DMEGqu)(CH;COO),] [Zn(DMEGqu),(CH3SO3)][CH3SO3]
(6) (6a)” (6b)* (6¢c)
TMGqu [Zn(TMGqu)Cl,] [Zn(TMGqu)(CH;COO),] [Zn(TMGqu),(CH3S03)][CH3SOs3]
(7) (7a)" (7b)* (7¢)
DMEGpy [Zn(DMEGpy)Cl,]  [Zn(DMEGpy)(CH3COO),] b
(14) (14a)° (14b)“*
TMGpy  [Zn(TMGpy)Cl,]  [Zn(TMGpy)(CH3COO),] b
(15) (15a) (15b)

@ These complexes have been reported before; ') ¥ these complexes could not be structurally characterised.
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Figure 6.3: Schematic depiction of the general complex synthesis.

temperature or by slow diffusion of diethyl ether into the solution. The resulting crystals pro-
vide high stability towards moisture and air. They can be handled and stored in air without
loss of activity, whereas the corresponding guanidine-pyridine hybrid ligands and zinc salts
are sensitive towards hydrolysis or rather hygroscopic.

The crystal structures of [Zn(DMEGqu),(CF;S03)][CF;SO;] (6¢), [Zn(TMGqu),(CF;SO3)]-
[CFE;SO;] (7¢), [Zn(TMGpy)Cl,] (15a) and [Zn(TMGpy)(CH;COO),] (15b) (Figures 6.4-6.6)
were determined by X-ray crystallography and compared to those of the known complexes.
In the complexes with zinc chloride and zinc acetate, the zinc atom is fourfold coordinated by
the two N-donor atoms of the guanidine-pyridine hybrid ligands and two chlorine ions or two
acetate ions, respectively. However, in the complexes with zinc triflate, the zinc atom is fourfold
coordinated by two chelate ligands (Figure 6.3). The above-described zinc complexes formed
independently of the molar ratio of the starting materials. Due to their structural similarity,
the complexes containing zinc chloride, zinc acetate and zinc triflate will be discussed conjoint
in groups.

Complexes with zinc chloride: The structures of the zinc chloride complexes
[Zn(DMEGqu)CL,] (6a), [Zn (TMGqu)Cl,] (7a), [Zn(DMEGpy)Cl,] (14a) and
[Zn(TMGpy)Cl,] (15a) are very similar to each other. Selected bond lengths and angles of
the compounds are collected in Table 6.2. In all complexes each zinc atom is fourfold coor-
dinated, whereby two coordination sites are occupied in a chelating manner by the N-donor
atoms of the guanidine-pyridine hybrid ligands to form a five-membered heterocycle. The
two Zn-Cl bonds in 14a are equal in length (av. 2.240 A), but in 15a, 6a and 7a one bond is
longer than the other. In these complexes the longer Zn-Cl bond measures 2.236 A (av.) and
the shorter one 2.215 A (av.). The distances between the zinc atom and the N-donor atoms
of the guanidine-pyridine hybrid ligands differ due to the different coordination properties of
the N-donor atoms. In 14a, 6a and 7a the corresponding lengths are equal with an amount of

58



6.1 Zinc complexes stabilised by DMEGqu, TMGqu, DMEGpy and TMGpy

Figure 6.4: Crystal structure of [Zn(TMGpy)Cl,] (15a) and [Zn(TMGpy)(CH;COO),] (15b)
as determined at 153 and 120 K.

2.045 A (av.) for Zn-N,, and 2.036 A (av.) for Zn-Ng,,, but in 15a the Zn-N,,, bond is 0.02 A
(2.065(2) A) longer and the Zn-N,,, bond 0.03 A (2.009(2) A) shorter than the average values
of the other complexes. The Cy,,,-Ng,, double bonds range in length from 1.317(1) to 1.335(2)
A and show the tendency of being slightly shorter for pyridine ligands. Remarkably, in all four
complexes the ligands have the same bite angle of 82.8° (av.), which differs considerably from
the tetrahedral angle (109.47°). This leads to a distorted tetrahedral coordination geometry
of the zinc atom. This is also reflected in the angle between the ZnCl, and ZnN, planes. In
ideal tetrahedral coordination geometry it is 90°, but in the present complexes these angles are
83.4(1) (14a), 85.1(1) (15a), 84.4(1) (6a) and 79.3(1)° (7a).

To evaluate the influence of the guanidine-pyridine hybrid ligands on the structure, com-
plexes 6a-15a were compared with the already reported bipyridine compounds [Zn(bipy)Cl, ]
(33a)04 and [Zn(phen)Cl,] (34a)>% as well as the bisguanidine complex [Zn(DMEG,e)Cl,]
(1a).1%1 The Zn-Cl bonds in the bipyridine complexes are of different length, just as in 6a, 7a
and 15a. The longer ones ([Zn(bipy)Cl,]: 2.210(1) A, [Zn(phen)Cl,]: 2.207(3) A) conform to
the shorter bond of 15a, 6a and 7a, whereas the other ones are 0.017 A shorter [Zn(bipy)Cl,]:
2.198(1) A, [Zn(phen)Cl,]: 2.198(3) A]. The Zn-Clbonds in the bisguanidine complex are equal,
and with values of 2.260(1) A they are longer than those in all the other complexes. The Zn-
N,,, distances of [Zn(DMEG,e)Cl,] (2.038(2) A) correspond to those in 14a, 6a and 7a, and
the Zn-N,, bond lengths in [Zn(bipy)Cl,] (2.064(2), 2.053(2) A) and [Zn(phen)Cl,] (2.072(7)
and 2.050(7) A) to those of 7a-14a. The bite angles of the bipyridine ligands are slightly smaller
([Zn(bipy)Cl,]: 80.3(1)°, [Zn(phen)Cl,]: 80.4(3)°), and the bite angle of the guanidine ligand
([Zn(DMEG,e)Cl,]: 86.2(1)° is slightly widened. The Cg,,-Ng,, bond length of the bisguani-
dine complex 0f 1.309(3) A is smaller than the average length of the corresponding bond in the
complexes 6a-15a.
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Table 6.2: Selected bond lengths (A) and bond angles (°) of 6a, 7a, 14a and 15a.

6a 7a 14a 15a
Zn-N,, 2.045(1) 2.044(1) 2.047(1) 2.065(2)
Zn-Ng,, 2.039(1) 2.034(1) 2.036(1) 2.009(2)
Zn-Cl 2212(1)  2217(1)  2.237(1)  2.215(1)

2.234(1) 2.238(1) 2.243(1)  2.235(1)
Caua-Nguq 1.327(2) 1.335(2) 1317(2) 1.317(3)
Ceua-N 1.355(2) 1.347(2) 1375(2) 1.356(3)

1352(2) 1357(2) 1.362(2) 1.360(3)
N-Zn-N 82.6(1) 823(1) 83.7(1)  82.6(1)
2(ZnCl,, ZnN,) 84.4(1)  79.3(1)  83.4(1)  85.1(1)
2(CyguaNs, ZnN,) 53.4(1) 55.9(1) 18.9(1)  48.6(1)
2(CyuaN3, NG;) (av.) 12.6 29.5 9.8 33.7
Structural parameter p  0.98 0.99 0.96 0.97

Complexes with zinc acetate: The crystal structures of [Zn(DMEGqu)(CH;COO),] (6b),
[Zn(TMGqu)(CH;COO),] (7b), [Zn(DMEGpy)(CH;COO0),] (14b) and
[Zn(TMGpy)(CH3COO),] (15b) were obtained by reaction of zinc acetate with 6, 7, 14 and
15. Table 6.3 lists selected bond lengths and angles. Crystals of 14b contain two crystallo-
graphically independent molecules per asymmetric unit with the same molecular composi-
tion but different structural properties, denoted by 14b-1 and 14b-2. In 14b-2 a twisting in
the guanidine moiety can be observed that may be the reason for the different bond lengths
and angles compared to 14b-1. However, the packaging effects leading to the differentiation of
these structures are surprisingly strong.

The zinc atoms of all complexes are fourfold coordinated by the N-donor atoms of the guani-
dine-pyridine hybrid ligands and by the oxygen atoms of two acetate ions. The coordination
geometry of the zinc atom can be best described as a distorted tetrahedron. The bite angles of
the coordinated ligands, which range from 80.9 to 83.6°, are notably smaller than the tetrahe-
dral angle. The distorted geometry is also reflected in the angle between the ZnO, and ZnN,
planes, which exhibit on average a deviation of 11° from the ideal tetrahedral arrangement. In
14b-1 and 7b the two Zn-O bond lengths are equal (av. 1.949 and 1.955 A), whereas the other
complexes contain one shorter (14b-2: 1.952(1); 15b: (1.934(2); 6b: 1.950(1) A) and one longer
bond (14b-2: 2.005(1); 15b: 1.978(2); 6b: 2.021(1) A). The Zn-N bonds show no apparent influ-
ence of the kind of N-donor, as was found for the chlorido complexes. In 14b-1 the two bond
lengths are equal (av. 2.037 A). In the complexes with a DMEG guanidine unit the Zn-Ng,,
bond is longer than the Zn-N,, bond, whereas in those with a TMG guanidine unit the Zn-
N,uq bond is shorter than the Zn-N,, bond. The C,,,,=N,,, double bond lengths range from
1.310(2) to 1.344(2) A. By trend the Cg,,=Nyg,, bonds in the quinoline ligands are apparently
0.02 A longer than those in the pyridine ligands.

60



6.1 Zinc complexes stabilised by DMEGqu, TMGqu, DMEGpy and TMGpy

Table 6.3: Selected bond lengths (A) and bond angles (°) of 6b, 7b, 14b-1, 14b-2 and 15b.

6b 7b 14b-1 14b-2 15b
Zn-N,, 2.048(1) 2.080(1) 2.036(2) 2.058(2) 2.062(2)
Zn-Ng,q 2.106(1) 2.054(1) 2.038(2) 2.075(2) 2.044(2)
Zn-O 1.950(1) 1.951(1) 1.946(1) 1.952(1) 1.934(2)
2.021(1) 1.958(1) 1.952(1) 2.005(1) 1.978(2)
Ceua-Ngua 1.336(2) 1.344(2) 1.313(2) 1.310(2) 1.321(4)
Coua-N 1.336(2) 1.343(2) 1.367(2) 1.375(2) 1.365(4)
1.364(2) 1.348(2) 1.348(2) 1.368(2) 1.358(4)
N-Zn-N 80.9(1)  8L3(1) 83.6(1) 81L8(1)  82.7(1)
2(Zn0,, ZnN,) 78.4(1)  85.8(1) 76.3(1)  731(1)  82.8(1)
2(CguaN3, ZnN,) 48.1(1)  55.4(1) 14.3(1)  41.0(1)  43.0(1)
2(CguaN3, NG3) (av.) 11.3 271 9.4 15.5 33.3
Structural parameter p 0.99 1.00 0.97 0.96 0.97

The acetato complexes stabilised by guanidine-pyridine hybrid ligands can be compared with
the already reported bipyridine complex [Zn,(1,1,2,2-tetrakis(2-pyridyl)-ethane)(OAc),]"!
and the bisguanidine complex [Zn(DMEG,e)(OAc),] (1b)I° to quantify the influence of the
guanidine-pyridine hybrid ligands on the structure of the complex. The Zn-O distances of
the pyridyl complex (1.946(2), 1.974(2) A) and the bisguanidine complex (1.969(2), 1.956(2) A)
lie in the same range as those in 6b-15b. One Zn-N,, bond of the pyridyl complex (2.119(2)
A) is slightly longer than the average bond length of the zinc acetato complexes stabilised by
guanidine-pyridine hybrid ligands, whereas the other (2.094(2) A) lies in the same range. One
of the Zn-Ny,, bonds in the bisguanidine complex (2.011(2) A)is slightly shorter than the av-
erage in 6b-15b, whereas the other (2.038(2) A) fits well to the average. The Cy,,-Ng,,, bonds
do not differ much (1.308(2), 1.305(2) A). All tetrahedrally coordinated zinc complexes with
guanidine-pyridine hybrid ligands show twisting of the guanidine plane (CN3) with respect to
the coordination plane (N-Zn-N) to avoid steric interactions. The angles between the ZnN,
and ZnO, planes increase with increasing sterical demand of the guanidine-pyridine hybrid
ligand in the order DMEGpy— TMGpy— DMEGqu—> TMGqu. Complex 14b-2 also fits
the trend, although it differs by about 27° from 14b-1.

Complexes with zinc triflate: The structures of zinc triflate complexes
[Zn(DMEGQqu),(CF;S0;)][CF;S0;] (6¢) and [Zn(TMGqu),(CF;S03)][CF;S05] (7¢) exhibit
a different coordination of the zinc atom compared to the complexes of zinc chloride and
zinc acetate (Figures 6.5 and 6.6, Table 6.4). Each Zn atom is sixfold coordinated, whereby
four coordination sites are occupied in a bis-chelating manner by the N-donor atoms of two
guanidine-pyridine hybrid ligands. The remaining coordination sites are occupied by two oxy-
gen atoms of one triflate anion, while the other triflate anion is far away from the complex
centre and acts as counterion. The asymmetric unit contains A and A isomers of the complex
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cation of 7¢; thus, in the following only one structure is discussed.

The distances between the zinc atom and the pyridine donor atom are identical in each complex
cation (6¢: av. 2.090; 7c: av. 2.062 A) and significantly longer than the corresponding Zn-N,,
bond lengths (6¢c: av. 2.042; 7c: av. 2.021 A). The Cgua=Ngy, bonds are also identical and
exhibit an average value of 1.346 A. The distances between the zinc and oxygen atoms in 7c
(2.684(3) and 2.698(3) A) are very long but smaller than the sum of the van der Waals radii
of 2.79 A. The cationic complex unit of 6¢ exhibits one short (2.452(7) A) and one long Zn-
O bond (2.700(7) A). These long bonds indicate weak coordination, which is a prerequisite
for coordination of a lactide molecule. The coordination geometry of the zinc centre can be
best described as a distorted trigonal bipyramid in which the apical positions are occupied by
the pyridine nitrogen atoms of the ligands. The equatorial sites are occupied by the guanidine
nitrogen donors and the oxygen atoms of the triflate anion, which act as one equatorial donor.
The metal atom lies in the trigonal plane in both complexes. The fact that the N atoms of
the two aromatic systems reside in the apical positions is in accordance with the properties of
the two types of N atoms. Guanidine ligands have stronger donating properties than pyridine
ligands, and this leads to a decrease in the Zn-Nj,, bond length (bond to an equatorial side).
The distortion of the coordination geometry is reflected in the angle between two axial sites:
In trigonal-bipyramidal coordination the angle is 180°, but it is diminished to 172.0(1)° in 6¢
and to 161.1(1)° in 7c. The angle between the two nitrogen atoms in equatorial position (6c:
122.3(1)°, 7c: 128.0(1)°) is near to the undistorted angle (120°). However, the angle between
an equatorial and an axial site differs from the ideal value (90°) because of the fixed value
for the bite angle (av. 81.5°) and leads to another slight distortion. This distortion minimises
the interactions between the sterically demanding guanidine residues and the aromatic parts.

Table 6.4: Selected bond lengths (A) and bond angles (°) of 6¢ and 7c.

6¢ 7¢

Zn-N,, 2.089(3), 2.091(3)  2.052(3), 2.071(3)
Zn-Ngy, 2.035(3),2.049(3)  2.031(3), 2.011(3)
Zn-O 2.452(7),2.700(7) 2.684(3), 2.698(3)
Coua-Ngua 1.345(5),1.340(5)  1.357(5), 1.342(5)
Coua~N 1.344(5),1.337(5), 1.329(5), 1.352(5),

1.340(5), 1.343(5)  1.344(5), 1.338(5)
N-Zn-N 81.4(1), 80.5 (1) 82.1(1), 81.9(1)
N,,-Zn-N,, 172.0(1) 161.3(1)
Ngua-Zn-Ng,q 122.3(1) 128.0(1)
2(ZnN,, ZnN,) 60.6(1) 58.9(1)
2(CguaN3, ZnNy) 55.0(2), 59.4(1) 56.0(1), 52.9(2)
2(CguaN3, NC3) (av.) 9.0 28.0
Structural parameter p 1.00 1.01
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The structural motif of a trigonal bipyramid was already described for a cobalt complex of the
ligand DMEGqu (6).12!

A further effect is torsion of the ZnN, jiganq and ZnN, jjga,a plane by 60.6(1)° in 6¢ and 58.9(1)°
in 7c with respect to each other. The angles between the C,,,,N3 and ZnN; planes in 6¢ (55.0(2)
and 59.4(1)°) are similar to those in 7¢ (56.0(1) and 52.9(2)°), because in both complexes the
metal centre is comparably crowded and the steric interactions should be reduced.

Figure 6.5: Molecular ~ structure of [Zn(DMEGqu),(CF;SO;)]* in  crystals  of
[Zn(DMEGqu),(CF;S03)][CF;S05] (6¢) as determined at 120 K.

Figure 6.6: Molecular ~ structure  of  [Zn(TMGqu),(CF;S05)]* in  crystals  of
[Zn(TMGQqu),(CF;S03)][CF;S03] (7¢) as determined at 120 K.
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Figure 6.7: Calculation of the structural parameter p.

Structural influence of the guanidine unit: In all reported zinc complexes with guanidine-
pyridine hybrid ligands twisting within the guanidine moiety can be observed which is charac-
teristic for peralkylated guanidine units.!?52 This twisting is a result of the interplay between
the electronic effect of the intra-guanidine conjugation (driving towards planarity) and the
evasion of the alkyl substituents. The average angle between the C,,,,N3 and NC; plane is 30.3°
for TMG and 11.3° for DMEG. Twisting within TMG is more distinct because of the free ro-
tation of the methyl groups connected to the amine function, whereas in DMEG twisting is
hindered by the rigid ethylene bridge between the amine groups of the guanidine moiety. De-
localisation of the positive charge within the guanidine unit and the resultant levelling of the
C-N bond lengths can be expressed by the structural parameter p (see Fig. 6.7).1001531541 A p
value of 1 means complete delocalisation of the positive charge and total bond levelling. The
p values of the chlorido complexes increase from 14a (0.96), 15a (0.97), 6a (0.98) to 7a (0.99).
The general trend that delocalisation in complexes with quinoline ligands is higher than in
those with pyridine ligands is also found for the acetato complexes. The p values for the cor-
responding pyridine complexes are 0.96 (14b-2) and 0.97 (14b-1, 15b), whereas those of the
quinoline complexes of 0.99 (6b) and 1.00 (7b) are considerably higher. Besides this trend in
the structural parameter p, the C=N bonds in quinoline containing complexes are about 0.02
A longer than those in the pyridine containing complexes. The bis-chelate complexes 6¢ and
7c¢ show complete delocalisation of the positive charge in the guanidine unit. Altogether these
complexes show a high degree of delocalisation.

A correlation between the twisting of the guanidine unit with respect to the chelate plane and
the levelling of the C-N bonds was found. Interestingly, the only exception is 14b-2. The more
the guanidine unit twists out of the chelate plane to minimise the disadvantageous interaction
with sterically demanding groups, the higher the p value and the greater the delocalisation and
bond levelling. A possible explanation is that the guanidine unit leaves the conjugation of the
aromatic system (quinoline or pyridine) by twisting and acts as isolated donor.

Ligand effect: Structural discussion of 6 and its zinc complexes: Due to the possibility to
prepare single crystals of the pure ligand DMEGqu (6) suitable for X-ray diffraction, the molec-
ular structure (Fig. 6.8) could be determined. The comparison of key geometric parameters of
the free ligand with those of the complexes thereof (6a, 6b and 6c) allows for the examination
of the influence of 6 during complexation. The key geometric parameters are summarised in
Table 6.5.
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Figure 6.8: Molecular structure of DMEGqu (6) as determined at 120 K.

It is intriguing to what extent the C-N bonds in the guanidine residue change during com-
plexation. In the free ligand the distance between C,,, and Ny, is shorter than the other C-N
bonds in the guanidine unit and therefore it is regarded as double bond whereas the others
are single bonds. When the ligand coordinates the metal atom the positive charge of the Lewis
acid zinc(II) is partially transferred to the Lewis base guanidine where it is delocalised over the
three nitrogen atoms. This can be observed in all three complexes as convergence of the C-N
distances due to the elongation of the C,,,-N,,, bond and the shortening of the Cg,,-N bonds.
This distance levelling is also an indicator for the delocalisation of the positive charge within
the guanidine function and can be rated by p. Complexation leads to a significant increase of
p and adopts with p =1 (which denotes complete delocalisation) the highest value for the zinc
triflate containing complex 6¢.

A twisting within the guanidine moiety can be observed which is characteristic for peralky-
lated guanidine units. This twisting is a result of the interplay between the electronic effect of
the intra-guanidine conjugation (driving towards planarity) and the evasion of the alkyl sub-
stituents. In the ligand as well as in all three complexes the angle between the C,,,,N3 and NCs
plane adopts values which lie in the typical range of DMEG units and are smaller the closer
the p value is to one.

DFT calculations

The structural trends described above were investigated by gas-phase DFT calculations. The
electronic structures of zinc complexes 6a-7c and 14a-15b were examined by using B3LYP den-
sity functional theory and the 6-31G(d) and 6-31G+(d) basis sets, implemented in the Gaussian
03 suite of programs.l“?l Geometry optimisations were performed by using the coordinates
from X-ray data as starting point in case of 6a-7c and 14a-15b. The results of the optimisa-
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Table 6.5: Summary of key geometric parameters from the structures of 6 and the complexes
thereof (bond lengths in A and angles in °).

6 6a 6b 6¢

CouaNgua 1.283(3) 1.327(2) 1.336(2) 1.345(5),1.340(5)
Coua-N 1.384(2) 1.355(2) 1.336(2) 1.344(5),1.337(5)

1.378(3) 1.352(2) 1.364(2) 1.340(5),1.343(5)
Car-Ngua 1.394(2) 1.402(2) 1.398(2) 1.405(5),1.414(5)
< (CguaN3> NguaCarZ) 652(1)
Z (CguaN3, ZnN,) 53.4(1) 48.1(1) 55.0(2), 59.4(1)
Z (CgWN3, NGC;3) (av.) 12.3 12.6 11.3 9.0
Structural parameter p 0.93 0.98 0.99 1.00

tions are presented in Tables A.1-A.6 (see Appendix).

For the 6-31G(d) basis set, the computed structures of the complexes are in good agreement
with their solid-state structures, whereas the 6-31G+(d) basis set generally yields too long bond
lengths. The soft donating character of pyridine and guanidine units is significantly overesti-
mated by this diffuse basis set, as has been observed in several cases.'**! For most complexes,
the predicted Zn-N distances are about 0.03 A too long, which is a known tendency for such
systems.[43144] Hence, ligands 6, 7, 14, 15 and the model ligand HGqu were examined with
B3LYP density functional theory and only the 6-31G(d) basis set (Table A.6 in the Appendix
and Figure 6.9). The tetrahedral coordination environments in 6a-7b and 14a-15b are cor-
rectly described by both basis sets. Special emphasis is placed on the angles between the ZnN,
and the ZnX, planes, which are in good accordance with those found in the solid state. The
coordination of the acetate ions in the complexes 6b-15b is in good agreement as well. Inter-
estingly, for the acetato complexes, contacts of the benzyl or quinoline spacer hydrogen atoms
to the acetate oxygen atoms are found, which were confirmed by DPFGSE-NOE NMR mea-
surements in solution. For acetato complex 14b, two conformers were found in the solid state.
Their differences in Zn-N,, and Zn-N,,, bond lengths are reflected qualitatively in the DFT
calculations, too. Their calculated energy difference of 1.4 kcalmol ™! explains their coexistence
in the single crystal.

The bis-chelate complexes 6¢ and 7c¢ are correctly described as well: the trigonal-bipyramidal
coordination is well reflected in the N, ,-Zn-N,, angles (169.5 for 6c and 167.8° for 7c) which
describe the apical sites. Moreover, the #? binding mode of the triflate anion and the Zn-O
bond lengths are in good agreement with the X-ray structures. In comparison with the solid-
state structures, the calculated C=N guanidine "double-bond" lengths are extremely close to the
X-ray data. Especially the differences between the four coordinating ligands are well reflected:
for TMGqu and DMEGqu complexes this bond is generally about 1.335 A long, whereas for
TMGpy and DMEGpy complexes it is shortened to about 1.317 A. Concomitantly, the tendency
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Figure 6.9: Comparison of the calculated structure of TMGqu (7, 1) with the model ligand
HGqu (r) [RB3LYP(6-31G(d))].

for the structural parameter p is correctly predicted: the quinoline-containing systems exhibit
a slightly higher p (0.98-0.99) than the pyridine systems (0.94-0.96), which is in good accor-
dance with the solid-state structures. Moreover, particularly the fact that the guanidine units
twist with respect to the chelate plane in dependence on the ligand in complexes 6a-15b could
be reproduced by DFT calculations. The following trend could be deduced: quinoline systems
exhibit a contact between the guanidine substituents and the ortho position. To avoid steric
hindrance, the whole guanidine unit twists by 45° with respect to the chelate plane. Simultane-
ously, the levelling within the guanidine unit increases up to p =1because the guanidine moiety
leaves conjugation with the aromatic system. In the pyridine systems, the spacer is more flexi-
ble and allows other ways of avoiding steric hindrance between guanidine substituents and the
rest of the ligand molecule, which results in a smaller twist angle accompanied by a smaller p
value. As the same trend was found experimentally, it cannot be related to packing effects but
to intrinsic forces within the complexes.

The DFT analysis of the ligands and a model ligand without substituents (HGqu) shows that
the focus on the steric interactions is only one aspect of this twisting effect (Figure 6.9). Even
without substituents, twisting of up to 50° occurs. The aromatic influence is crucial for the
guanidine system: the analysis of the Mulliken charges of the ligands (Table 6.9) reveals that
the guanidine Nj,,;,, atom is significantly more negatively charged in quinoline ligands and
complexes than in pyridine ones. Furthermore, the guanidine double bonds in the quinoline
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ligands are calculated to have an average length of 1.287 A (pyridine-guanidine ligands: 1.283
A), which is longer than the values for reported aliphatic guanidines (1.277 A)1%! but in the
range of aromatic guanidines (1.282 A).[56 In aromatic guanidines, rotation around the C=N
bonds is facilitated by the interaction with the aromatic system, which is manifested in coales-
cence behaviour for the corresponding guanidine substituents.®® Thus, it is understandable
that the C=N bonds are longer and the C-N bonds shorter than in the pyridine systems where
the guanidine moiety is bound to the benzyl group and not directly to the aromatic ring. Hence,
in the quinoline systems the p value must be higher than in the pyridine systems for electronic
reasons.

For a more detailed analysis of the electronic structure, the Mulliken charges were determined
for the ligands and their complexes (Tables 6.6-6.9). These do not represent absolute charges
but the trends among the complexes give an impression of electronic effects. A pronounced
effect is the difference between the DMEG and TMG groups. As the geometry optimisations
predict, the intra-guanidine twist is significantly smaller in the DMEG groups (12°) because of
the ethylene backbone, which geometrically restricts intra-guanidine torsion. In all analysed
complexes, the imine N atom in DMEG groups is around 0.05 more negatively charged than
that in TMG groups. At the same time, the corresponding amine N atoms in the DMEG-
containing systems are slightly more negatively charged, and the central guanidine C atoms are
considerably more positively charged than those in the TMG-containing systems. This result is
in good accordance with the theoretical calculations on TMG- and DMEG-containing ligands
performed by Tamm et al.[120]

An important result of this analysis is the remarkable positive charge on the zinc atom in the
bis-chelate complexes of 1.004 (6¢) and 0.994 (7¢) in comparison to around 0.68 for the chlo-
rido complexes and about 0.87 for the acetato complexes. This finding documents the higher
Lewis acidity of the zinc atom in 6¢ and 7c compared to 6a-15b.

Table 6.6: Mulliken charges in electron units (charge of electron is equal to -1) of 6a, 7a, 6b
and 7b (RB3LYP/6-31G(d)).

6a 7a 6b 7b
/n +0.692 +0.697 +0.881 +0.886
N, -0.644 -0.641 -0.657 -0.650
Ngua -0.781 -0.745 -0.788 -0.755
Cgua +0.806 +0.684 +0.812 +0.706
Noamine -0.451 -0.403 -0.434 -0.411

-0.458 -0.409 -0.454 -0.392
X=Cl, OAc -0.502 -0.501 -0.610 -0.606
-0.536 -0.530 -0.602 -0.606
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Table 6.7: Mulliken charges in electron units (charge of electron is equal to -1) of 6¢ and 7¢
(RB3LYP/6-31G(d)).

6¢ 7¢
+1.004 +0.994

-0.638, -0.641 -0.655, -0.619

-0.811, -0.792 -0.736, -0.771

+0.800, +0.757 +0.648, +0.645
amine -0.447,-0.448, -0.399, -0.399,

-0.443,-0.448  -0.395,-0.392

-0.617, -0.621 -0.601, -0.668

Table 6.8: Mulliken charges in electron units (charge of electron is equal to -1) of 14a, 15a, 14b
and 15b (RB3LYP/6-31G(d)).

14a 14b-1  14b-2 15a 15b

Zn +0.682 +0.860 +0.872 +0.667 +0.862
N, -0.571  -0.579 -0.598 -0.566 -0.580
Nua -0.675 -0.659 -0.673 -0.622 -0.615
Ceua +0.823 +0.796 +0.811 +0.696 +0.680
Namine -0.458  -0.449 -0.449 -0.404 -0.422

-0.475 -0.469 -0.478 -0.423 -0.405
X=Cl, OAc -0.516 -0.600 -0.608 -0.494 -0.618
-0.518 -0.618 -0.612 -0.530 -0.597

Table 6.9: Mulliken charges of ligands 6, 7, 14 and 15 (RB3LYP/6-31G(d)).

6 7 14 15

N,, 0501 -0.490 -0.473 -0.460
Ngwa  -0598 -0.525 -0.544 -0.469
Coua  +0.756 +0.613 +0.722 +0.606
Numine -0.455 -0.419 -0.478 -0.417

0461 -0.421 -0.454 -0.424

69



6 Systematic screening of a library of guanidine-pyridine zinc complexes

NMR spectroscopy

Since twisting of the guanidine plane relative to the coordination plane in the solid-state and in
the gas-phase DFT calculations was observed, the configuration in solution was investigated.
Temperature-dependent 'H NMR spectra of complexes 6a-7¢ and the free ligands 6 and 7
were measured to determine whether it is possible to stop rotation of the C=N bond. In the
case of a frozen rotation, DPFGSE-NOE NMR spectra should determine whether there is a
NOE contact between the hydrogen atom of the quinoline carbon atom in ortho position to the
guanidine moiety and a hydrogen atom of the methyl groups of the guanidine unit. However,
even at -90°C the rotation of the C=N bond is still present, so no preferred configuration is
ascertainable.

Polymerisation activity

The above described series of zinc complexes stabilised by guanidine-pyridine hybrid ligands
was investigated towards their activity in bulk polymerisation of p,L-lactide. The ligand de-
sign strategy focuses on two points. First, improving accessibility to the zinc centre for the
pre-coordination of substrates requires the substitution of one bulky guanidine by a non-bulky
pyridine unit. Second, the electronic environment is modified by replacing one "hard" guani-
dine N-donor group by the "soft" N donor of the pyridine unit.

For the polymerisation procedure, the monomer p,L-lactide and the zinc initiator (I/M ratio
1:500 or 1:1000) were heated at 130 or 150°C. After a reaction time of 24 h or 48 h, the melt
was dissolved in dichloromethane, and then the PLA was precipitated in cold ethanol, isolated
and dried under vacuum at 50°C. To rate the catalytic activity of the complexes, the polymer
yield was determined, and the molecular weights and polydispersity of the obtained PLA were
investigated by gel permeation chromatography (see Table 6.10). As reference experiments,
the polymerisation activity of zinc salts, the pure ligands and tin octoate were tested (see Table
6.11).

The polymerisation activities of zinc complexes with guanidine-pyridine hybrid ligands de-
pend on the nature of the anionic component of the zinc salt in the complex and on whether
the coordinated ligand contains a pyridine or a quinoline unit.

The zinc chloride complexes 6a and 7a, both containing a quinoline unit, show no ability to
catalyse the polymerisation of D,L-lactide, but the corresponding complexes 14a and 15a, both
exhibiting a pyridine unit, demonstrate good or very good polymerisation properties. In the
case of the acetate-containing complexes 6b-15b it is also detected that complexes containing
a pyridine unit in the coordinated ligand are more active than the corresponding complexes
based on quinoline ligands. Though the catalytic properties of the complexes with a coordi-
nated pyridine ligand that additionally contain chlorido ligands are more favourable than those
that contain acetate instead of chloride. In the case of complexes with a coordinated quinoline
ligand it is the other way round. However, the most auspicious candidates for highly active
catalysts in the ROP of D,L-lactide are triflate-containing complexes 6¢ and 7c. They combine
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Table 6.10: Polymerisation of p,L-lactide initiated by guanidine-pyridine zinc complexes.

Initiator Temp. Time* Yield M, PD?  Pre
[°C] [h] [%]  [g/mol]

6a 130 24 0 - - -
6a 150 24 0 - - -
6a 150 48 0 - - -
7a 130 24 0 - - -
7a 150 24 0 - - -
7a 150 48 0 - - -
14a 130 24 55 67,000 2.0

14a 150 24 74 44,000 2.2 0.57
14a 150 48 88 46,000 21

15a 130 24 73 94,000 2.2

15a 150 24 83 54,000 2.1 0.56
15a* 150 24 67 62,000 2.3

15a 150 48 91 48,000 2.2

6b 130 24 7 14,000 2.7

6b 150 24 36 12,000 2.4 0.49
6b 150 48 58 17,000 2.0

7b 130 24 0 - -

7b 150 24 2 12,000 2.0

7b 150 48 41 19,000 21 0.50
14b 130 24 58 22,000 2.5

14b 150 24 76 21,000 2.4 0.51
14b 150 48 73 19,000 2.5

15b 130 24 78 27,000 2.1

15b 150 24 73 13,000 2.0 0.50
15b 150 48 63 11,000 2.3

6¢ 130 24 67 176,000 2.0

6¢ 150 24 92 162,000 2.1 0.56
6c* 150 24 80 154,000 2.3

6¢ 150 48 93 157,000 2.0

7¢ 130 24 95 106,000 1.9

7¢ 150 24 93 155,000 2.2 0.58
7¢c* 150 24 94 153,000 2.3

7¢ 150 48 93 102,000 21

Reaction conditions: Catalyst (0.2 mol%, *0.1 mol%); ¢ reaction times were not
necessarily optimised; b PD = M,,/M,, where M,, is the number-average molar
mass; ¢ from analysis of the ' H homonuclear decoupled NMR spectrum using

the equation P,2 = 2 [sis].[24]

71
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almost quantitative yields with high molecular weights up to 176,000 g/mol. Their outstanding
catalytic activities result presumably from their structural properties (accessibility to the zinc
centre) and enhanced Lewis acidity. Seemingly, the weak coordination of the triflate anion
favours attachment of lactide and therefore accelerates the reaction.

Regarding the M,, values of the obtained polymers it is remarkable that the experimental val-
ues (M, .x,.) differ significantly from the theoretical values (M, ieor.). In the case of 14b and
15b, the M,, .., values are with e.g. 21,000 g/mol smaller than the corresponding theoretical
value with 55,000 g/mol. These findings indicate that in the polymerisation reactions mediated
by 14b and 15b side reactions occur which terminate the chain growth but release the catalyst
still active. In contrast, the polymers obtained by 6c and 7c possess M,, ., values that are
significantly higher than the M, i, values (e.g. M, cxp. = 162,000 ; My, t1cor. = 66,000 g/mol).
A possible explanation is that the initiation rate of the polymerisation is slower than the prop-
agation rate so that only a fraction of the used complexes starts growing chains and actually
initiate the ROP.

The comparison of the guanidine-pyridine zinc system with the bisguanidine zinc system to
evaluate the strategy of substitution of one guanidine by a pyridine unit reveals at first sight no
obvious trend. The zinc bisguanidine complexes [Zn(DMEG,e)CL] (la),
[Zn(DMEG,e)(CH;COO0),] (1b) and [Zn(DMEG,e), ][CF;S0;], (1c) exhibit higher polymeri-
sation activities than 6a, 6b, 7a, 7b, 14b and 15b, but 14a and 15a show higher and 6c and 7¢
much higher activities. To classify the polymerisation activity of the guanidine-pyridine zinc
system, the standard catalyst for industrial PLA production, tin octoate, was examined under
the same reaction conditions. The tin compound leads to almost quantitative yields but the
molecular weights of the obtained polymers (47,000-80,000 g/mol, see Table 6.11) are lower
than those for 15a and significantly smaller than those for 6¢c and 7c.

In addition, not only the structure of the used catalyst is important for the polymerisation
process but also the reaction conditions are relevant. In most cases the lower temperature
of 130°C leads to higher molecular masses but slightly lower yields. Increasing the reaction
time from 24 to 48 h often does not improve the conversion, nor does it increase the molecular
weight of the obtained polymers. On the contrary, a decrease in yield and molecular weight can
be observed in several cases. This effect was already reported for polymerisation experiments
conducted with bisguanidine complexes (Chapter 4), which may be caused by side reactions
such as interchain or intrachain transesterification resulting in a chain-transfer reaction.126:127)
To exclude the possibility that the complexes decompose in the polymer melt and the sin-
gle components are the real initiators in the ring-opening polymerisation of lactide, the cat-
alytic properties of the guanidine-pyridine hybrid ligands 6, 7, 14 and 15 and zinc salts ZnCl,,
Zn(CH;COO), and Zn(CF;S0;), were tested (Table 6.11). The catalytic activities of the gu-
anidine-pyridine hybrid ligands are markedly lower than those of the examined complexes. In
a different context, guanidines have already been reported as effective organocatalysts for the
ring-opening polymerisation of cyclic esters.!*-#?] Ligand 14 is almost inactive and 6, 7 and 15
reach an average yield of only 35% with molecular weights of 9,000 g/mol at 150°C and 48 h
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polymerisation time; under the other conditions they show no polymerisation activity at all.

Table 6.11: Polymerisation of D,L-lactide initiated by 6, 7, 14, 15, ZnCl,, Zn(CH;COO),,
7Zn(CF3S03), and SnOct,.

Initiator Temp. Time Yield M, pPD*
[°C]  [h]  [%] [g/mol]

6 130 24 0 - -
6 150 24 0 - -
6 150 48 47 9,000 1.9
7 130 24 0 - -
7 150 24 0 - -
7 150 48 32 9,000 2.4
14 130 24 0 - -
14 150 24 0 - -
14 150 48 <1 - -
15 130 24 0 - -
15 150 24 0 - -
15 150 48 26 9,000 2.0
ZnCl, 130 24 0 - -
ZnCl, 150 24 42 34,000 2.4
ZnCl, 150 48 85 45,000 2.4
Zn(CH;COO), 130 24 42 134,000 2.1
Zn(CH;COO), 150 24 69 130,000 2.1
Zn(CH;COO), 150 48 84 117,000 2.2

Zn(CF;S03), 130 24 0 - -
Zn(CF;503), 150 24 0 - -
Zn(CF;S0;), 150 48 0 - -

SnOct, 130 24 100 80,000 1.9
SnOct, 150 24 98 47,000 1.9
SnOct, 150 48 93 37,000 2.0

Reaction conditions: Catalyst (0.2 mol%); * PD = M,,/M,, where M, is the number-average molar mass.

It is noteworthy that zinc chloride is inactive at 130°C but at 150°C gives results that are compa-
rable to or worse than those of 14a. Complex 15a always shows better polymerisation activity
than zinc chloride. On the other hand, the catalytic performance of zinc acetate is higher
than those of all examined complexes containing zinc acetate. Interestingly, zinc triflate shows
no catalytic activity at all in the ROP of lactide although the most active zinc complexes of
guanidine-pyridine hybrid ligands contain this zinc salt. Nevertheless, all results show no in-
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Figure 6.10: Mark-Houwink plot of selected PLAs obtained by ROP with zinc based catalysts
(black lines) and stannous octoate (red line). The calculated mean values of « and
Kin THF at 35°C are 0.59 and 0.067, respectively.

dication that the complexes decompose in the polymer melt and that the single components
may be the true initiators in the ring-opening polymerisation of lactide.

The structural characteristics of the synthesised polymers were studied by correlating their
intrinsic viscosities with the molecular weight M. For polymers large enough, this correlation
is described by the Mark-Houwink equation:[?®! [] = K - M*.

Figure 6.10 shows Mark-Houwink plots of selected PLAs obtained by ROP with 6b, 6¢, 7b,
7¢, 14a-15b, ZnCl,, Zn(CH;COO),, Sn(Oct), and bisguanidine complexes 1a, 1b and 1c. All
plots show linear behaviour and the identical trends for all examined polymers indicate that
the obtained PLA samples are structurally homogeneous and linear. Hence, the structure of
the examined polymer is independent of the used initiator. The averaged values for the Mark-
Houwink constants of the obtained polymers at 35°C in THF were calculated to & = 0.59 and
K = 0.067. These values agree with those described in Chapter 4 for PLAs obtained with bis-
guanidine zinc complexes. Comparable values for different temperatures and solvents have
already been reported.1%129130]

Especially complexes 6¢ and 7c are highly active polymerisation catalysts applicable in the
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current industrial practice. They tolerate air, moisture and impurities in lactide and are soluble
in organic solvents and molten lactide. The obtained polymers have high molecular masses and
a relatively narrow molecular weight distribution. Intriguingly, the ROP of lactide is catalysed
without the presence of a co-initiator such as alcohols.>*”} Furthermore, no alkoxide groups
are required to attack the carbonyl group of lactide. The enhanced Lewis acidity of the zinc
atoms is presumably the more important factor for the coordination and activation of lactide.

6.1.3 Conclusion

The synthesis and complete characterisation of zinc complexes stabilised by guanidine-pyridine
hybrid ligands was reported. They proved to be active initiators in the ring-opening polymeri-
sation of D,L-lactide with only few exceptions. Polylactides with molecular weights (M,,) up
to 176,000 g/mol and in almost quantitative yields could be obtained. These values represent
a significant augmentation over bisguanidine zinc complexes and corroborate the strategy of
building up N-donor ligands with different donor strengths and substituents with varied steri-
cal demand. In complexes with the same guanidine ligand the activity of the initiator depends
on the anionic component of the zinc salt.

Zinc triflate complexes turned out to be excellent catalysts for ROP of lactide. A possible ex-
planation is that flexible coordination of one triflate anion to the zinc centre facilitates pre-
coordination of the lactide molecule, while the higher positive charge at the zinc centre in
comparison to the tetrahedral complexes offers higher Lewis acidity for activation of lactide.
The reported class of zinc complexes offers a number of advantages: straightforward catalyst
synthesis, easy and robust handling, high polymer yields and homogeneous polymers with
high molecular mass.

Moreover, the Mark-Houwink correlation demonstrates that the polymers obtained with the
guanidine zinc complexes and the industrial standard SnOct, are linear and structurally indis-
tinguishable.

6.2 Tracking the structure-reactivity relationship of zinc
guanidine-quinoline hybrid complexes initiating lactide
polymerisation

Three zinc guanidine-pyridine hybrid complexes [Zn(TMGqu),(CH;S03)][CH;S05] (7e),

[Zn(DMEGqu)(CH3S0O3),] (6e-1) and [Zn(DMEGqu),(CH3SO3)][CH3SO3] (6e-2) were syn-

thesised, completely characterised and investigated on their activity in the solvent-free ring-

opening polymerisation of D,L-lactide. It was proven that the bis-chelate trigonal-bipyramidally

coordinated compounds 7e and 6e-2 are able to act as initiators in lactide polymerisation. The
tetrahedral complex 6e-1 does not initiate lactide polymerisation. In an integrated approach
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Figure 6.11: [Zn(TMun)z(CF3SO3)] [CF3SO3] (7C) and [Zn(DMEun)z(CF_v,SO?,)] [CF3SO3]
(6¢€).

of structural studies and DFT calculations, the active complexes 7e and 6e-2 were analysed to-
wards their structural and electronical prerequisites in comparison to their more active triflate
analogues 7c and 6c. The influence of coordination strength of the anionic component on the
charge distribution within the complex and on the substrate accessibility to the zinc centre is
highlighted as crucial factor for the polymerisation initiation. As result, it is shown that the
mesylate complexes 7e and 6e-2 have less positive charge on the zinc atom and the mesylate
is stronger bound than the corresponding triflate in the triflate complexes 7c and 6c. Conse-
quently, the reactivity of the complexes is directly correlated to the coordinational behaviour
of the anionic component.

6.2.1 Introduction

Zinc guanidine-pyridine hybrid complexes were found to be excellent and environmentally
benign initiators in the solvent-free ROP of D,L-lactide. The most auspicious candidates were
the bis-chelate complexes [Zn(TMGqu),(OTf)][OTf] (7¢c) and [Zn(DMEGqu),(OTf)][OTf]
(6¢) (see Fig. 6.11 and Section 6.1).

Their outstanding catalytic activity compared to those of other guanidine-pyridine hybrid zinc
complexes results from their structural properties and enhanced Lewis acidity. Seemingly, the
weak coordination of the triflate anion allows a good accessibility to the zinc centre which
favours coordination of lactide and therefore accelerates the reaction. In addition, it was found
that complexes with greater positive charge on the zinc atom exhibit a greater catalytic activity.
To elucidate the structural and electronical influences on the structure-reactivity relationship
of zinc guanidine-pyridine complexes in the polymerisation of b,L-lactide three different com-
plexes with the slightly stronger coordinating anion mesylate were synthesised. They were in-
vestigated concerning the structural and electronical influence of the anionic component on
the polymerisation activity.
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Figure 6.12: Complex synthesis of 7e, 6e-1 and 6e-2 in dependence of molar ratio.

6.2.2 Results
Synthesis of the zinc complexes

The reaction of TMGqu and DMEGqu with zinc mesylate (molar ratio ligand to zinc salt 1.1 :
1) in a dry, aprotic solvent (MeCN, THF) resulted in straightforward formation of zinc com-
plexes [Zn(TMGqu),(CH3SO3)][CH3SO5] (7e) and [Zn(DMEGqu)(CH;3S0s3),] (6e-1). Com-
plex

[Zn(DMEGqu),(CH;3S0;)][CH3S0;] (6e-2) can be obtained if an excess of DMEGqu (mo-
lar ratio ligand to zinc salt 2.5 : 1) is used (see Fig. 6.12). They could be isolated as yellow
crystals in yields of 96-99%. Single crystals of the complexes were obtained either by cooling
a saturated solution slowly to room temperature or by slow diffusion of diethyl ether into the
solution. The resulting crystals have high stability towards moisture and air.

Structure of the zinc complexes

The crystal structures of 7e, 6e-1 and 6e-2 (Figures 6.13-6.15) were determined by X-ray crys-
tallography. In the complexes 7e and 6e-2 the zinc atom is fourfold coordinated by the nitrogen
atoms of two chelate ligands and possesses an additional contact to one oxygen atom of one
mesylate ion, while the other mesylate ion is far away from the complex centre and acts as
counterion. Contrastingly, in complex 6e-1 the zinc atom is twofold coordinated by the two
N-donor atoms of the DMEGqu ligand and the remaining coordination sites are occupied by
two oxygen atoms of two mesylate ions (Fig. 6.14). Selected bond lengths and angles of the
compounds are collected in Table 6.12.

In the bis-chelate complexes 7e and 6e-2 the coordination geometry of the zinc centre can be
best described as trigonal-bipyramidal. The axial positions are occupied by the pyridine ni-
trogen atoms and in the equatorial plane the guanidine nitrogen atoms as well as one oxygen
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Figure 6.13: Molecular ~ structure of [Zn(TMGqu),(CH;SO5)]* in  crystals  of
[Zn(TMGqu),(CH3S05)][CH3SOs5] (7e) as determined at 120 K (depicted
in two different orientations).

Figure 6.14: Crystal structure of [Zn(DMEGqu)(CH;S053),] (6e-1) as determined at 120 K.
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Figure 6.15: Molecular ~ structure of [Zn(DMEGqu),(CH;SO;)]* in  crystals of
[Zn(DMEGqu),(CH;3S0;)][CH3S0;] (6e-2) as determined at 120 K (depicted in
two different orientations).

atom of the mesylate ion are located around the zinc atom. The angle between the guanidine
nitrogen atoms and the zinc atom is with 121.5° (av.) in accordance with the value expected
for an ideal-typic trigonal-bipyramid which is 120°. The bite angles of the chelate ligands with
an averaged value of 80.1° (90°) and the angle between the pyridine nitrogen atoms and the
zinc centre with 171.3° (av.) (180°) are each to small and therefore leading to a distortion of
the structure. In complex 6e-1 the coordination geometry of the zinc centre is dictated by the
bite angles of the chelate ligand which possesses a value of 83.6° and therefore differs consid-
erably from the angle expected for an ideal-typic tetrahedron (109.47°). This leads to distorted
tetrahedral coordination geometry.

The distances between the zinc atom and the pyridine donor atom are in the same range in
each complex (7e: av 2.096; 6e-1: 2.031; 6e-2: av 2.088 A) and significantly longer than the
corresponding Zn-N,,, bond lengths (7e: av 2.061; 6e-1: 2.017; 6e-2: av 2.063 A). It is no-
ticeable that the Zn-N bonds in the tetrahedral complex 6e-1 are in general shorter than the
corresponding bonds in the bipyramidal complexes due to the smaller coordination number.
This effect is also reflected in the distances between the zinc atom and the oxygen atom(s). In
6e-1it is significantly shorter (av. 1.947 A) than in the complexes 7e and 6e-2 (7e: 2.103; 6e-2:
2.072 A).

The distances between the nitrogen and the carbon atoms of the guanidine function are in all
three complexes very alike and lie in the range of 1.330 to 1.354 A which is indicative for good
delocalisation in this moiety.
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The angle between the C,,,N; and the NC; plane shows the characteristic twisting within the
guanidine moiety which can be found for all peralkylated guanidine units.>? This twisting is a
result of the interplay between the electronic effect of the intraguanidine conjugation (driving
towards planarity) and the evasion of the alkyl substituents. The angles average a higher value
for TMGqu (29.6°) than in DMEGqu (11.8 and 9.6°) because twisting within TMG is more
distinct due to the free rotation of the methyl groups connected to the amine function, whereas
in DMEG twisting is hindered by the rigid ethylene bridge between the amine groups of the
guanidine moiety.

Table 6.12: Selected bond lengths (A) and bond angles (°) of 7e, 6e-1and 6e-2.

7e 6e-1 6e-2

Zn-Ng,, 2.043(1), 2.079(1) 2.017(1) 2.053(3), 2.072(3)
Zn-N,, 2.088(1), 2.103(1) 2.031(1) 2.087(3), 2.089(3)
7Zn-0O 2.103(1) 1.937(1), 1.956(1) 2.072(3)
CouaNgua 1.354(2), 1.342(2) 1.337(2) 1.341(5), 1.330(5)
Caua-Namine 1.344(2), 1.346(2), 1.354(2),1.343(2) 1.327(5), 1.335(5),

1.348(2), 1.350(2) 1.352(5), 1.338(5)
Ngua-Zn-Ng,q 121.1(1) - 121.8(1)
Ngua-Zn-Ny, (bite) 80.8(1), 79.2(1) 83.6(1) 80.9(1), 79.3(1)
Np,-Zn-Ny, 170.7(1) - 171.8(1)
Z (CgWN3, NGC;3) (av.) 29.6 11.8 9.6

DFT calculations

The structural trends described above are discussed under consideration of gas phase DFT
calculations. The electronic structures of the zinc complexes 7e, 6e-1 and 6e-2 have been ex-
amined using the B3LYP hybrid DFT functional®-140 in combination with the 6-31g(d) basis
set, implemented by the Gaussian 03 suite of programs.[#?l Geometry optimisations were per-
formed using the coordinates from X-ray data as starting points. The results of the optimisa-
tions are presented in Table 6.13.

The computed complex structures are in good agreement with their solid state structures. By
trend, the Zn-N distances are predicted 0.01 to 0.05 A too long. This tendency has been ob-
served quite frequently for such systems (see section 6.1).143144 In contrast, the Zn-O distances
in 7e and 6e-2 are predicted around 0.5 A too short, thus over-estimating the donor strength
of the mesylate. For this reason, the donor strength of the N donor might be under-estimated.
The trigonal-bipyramidal coordination in 7e and 6e-2 is correctly described with regard to the
critical angles like the bite angles and the N,,-Zn-N,,, and N, ,-Zn-N,, angles.

Complex 6e-1 seems to represent a more complicated case: the Zn-N distances are predicted
clearly too long whereas one of the Zn-O distances is predicted slightly too short. Concomi-
tantly, the coordination of the mesylate anions is not correctly described: in the solid-state,
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Table 6.13: Summary of key geometric parameters of the calculated structures of 7e, 6e-1 and
6e-2 (RB3LYP/6-31G(d), bond lengths in A and angles in °).

7e 6e-1 6e-2
Zn- Ngyq 2.140, 2.077 2111 2.136, 2.089
Zn-N,, 2127, 2.147 2.057 2.120, 2.142
Zn-0O 2.054 1.929, 2.029
2.056, 2.271

Coua-Ngua 1.344,1.345 1.329 1.338, 1.338
Cgua-Namine 1.367,1.356  1.375,1.348 1.359,1.351

1.363, 1.356 1.353,1.365
Ngua-Zn-Ng,q 116.8 - 116.4
Nguq-Zn-N,, (bite) 78.4,79.7 80.5 78.4,79.6
N;,-Zn-N,, 165.9 - 169.7
z (CgWN3, NGC3) 30.9 11.5 8.7

Table 6.14: Mulliken charges in electron units (charge of electron is equal to -1) of 7e, 6e-1and
6e-2 (RB3LYP/ 6-31g(d)).

7e 6e-1 6e-2

Zn +0.968 +0.899 +0.974
Ngua -0.741, -0.756 -0.788 -0.791, -0.798
N,, -0.633, -0.607 -0.663 -0.619, -0.636
O -0.686 -0.678, -0.698 -0.682
Caua +0.668, +0.653 0.792 +0.773, +0.773
Numine -0.399,-0.394, -0.435,-0.457 -0.445, -0.444

-0.394, -0.407 -0.448, -0.440

both anions acta monodentate ligands with short Zn-O bonds (1.937(1) and 1.956(1) A) whereas
the DFT predicts one monodentate mesylate donor and the other mesylate as bidentate donor.
In fact, the donor strength of the mesylate is stronger in reality.

For a more detailed analysis of the electronic structure the Mulliken charges have been deter-
mined. The resulting charges are summarised in Table 6.14. These charges do not represent
absolute charges but the trends among the complexes give an impression of electronic effects.
The comparison between the bis-chelate complex cations 7e and 6e-2 and the tetrahedral com-
plex 6e-1 reveals that the zinc atom is significantly more positively charged in the bis-chelates.
This effect goes along with the great positive charge found for the bis-chelate triflate systems
7c¢ and 6¢ (Section 6.1). The guanidine N atoms are more negatively charged in the DMEG-
containing ligands in 6e-1 and 6e-2 which is in accordance with the results for similar TMG
and DMEG complexes. The greater negative charge on the guanidine N atoms in 6e-1 and 6e-2
is consequentially accompanied by greater positive charges on the guanidine C atoms in 6e-1
and 6e-2.
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Polymerisation activity

The guanidine-pyridine zinc complexes 7e, 6e-1 and 6e-2 were investigated towards their ac-
tivity in the bulk polymerisation of b,L-lactide according to the standard procedure (0.2 mol%
catalyst, 150°C). In order to rate the catalytic activity of the complexes, the polymer yield was
defined and the molecular weights as well as the polydispersity of the obtained PLA were de-
termined by gel permeation chromatography (see Table 6.15). In contrast to earlier studies,
the reaction time was extended because after 24 h the yield was too small to give reasonable
results.

It was found that the complexes 7e and 6e-2 initiate the ring-opening polymerisation of D,L-
lactide and provide very similar results whereas the tetrahedral complex 6e-1 shows even after
48 h no polymerisation activity. However, the comparison of the results of the bis-chelate
mesylate complexes to those of the corresponding triflate complexes demonstrates clearly that
the polymerisation activity decreases dramatically if the complexes contain the mesylate anion
instead of the triflate ion. Application of 7c and 6¢ leads in half reaction time to polymers with
a three times higher yield and more than five times higher molecular weights. The smaller PD
values in the case of 7e and 6e-2 may be due to the smaller yield.

Table 6.15: Polymerisation of D,L-lactide in the presence of the guanidine zinc complexes 7e,
6e-1 and 6e-2, as well with 7c and 6c.

Initiator Time Yield M,, PD#
h] (%] [g/mol]

[Zn(DMEGqu)(CH3S03),] (6e-1) 48 0 - -
[Zn(DMEGqu),(CH;SO;)][CH3SO;]  (6e-2) 48 29 28,000 1.5
[
[

Zn(TMGqu),(CF;S0;)][CF;S05] (7¢) 24 93 155000 2.2
Zn(DMEGqu),(CF;803)][CF;S0;]  (6¢) 24 92 162,000 2.1

Reaction conditions: Catalyst (0.2 mol%), 150 °C.

“PD = M,,/M,, where M,, is the number-average molar mass.

6.2.3 Discussion

The investigations reveal a high dependence of the polymerisation activity of the zinc com-
plexes on their structural and electronical properties. The comparison of the mesylate com-
plexes 7e and 6e-2 to their more active triflate analogues (Section 6.1) 7¢ and 6c¢ allows to
elucidate the influence of coordination strength of the anionic component on the charge dis-
tribution within the complex and on the substrate accessibility to the zinc centre as crucial
factors for the polymerisation initiation. An overview of the compared complex features is
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given in Table 6.16. For reasons of clarity, only the features of the DMEGqu containing com-
plexes 6e-1, 6e-2 and 6¢ are listed. The bis-chelate complexes 7e and 6e-2 are structurally and
electronically very similar to each other and consequently show almost the same polymerisa-
tion activity, indicating that the properties of the guanidine function have the same effect in
this case.

Table 6.16: Correlation of structural and electronical properties of 6e-1, 6e-2 and 6¢ with their

ROP activity.

Complex  Bond length  Mulliken Charge ROP activity
Zn-0O Zn** av.Ng,, Yield M,,

6e-1 1.937,1.956 A +0.899 -0.788 0 -

6e-2 2.072A +0.974 -0.795 29% 28,000 g/mol

6¢ 2.700,2.452 A +1.004 -0.837  92% 162,000 g/mol

The tetrahedral zinc mesylate complex 6e-1 was found to be inactive under the given con-
ditions. It is remarkable that the initiator activity increases from 6e-1 over 6e-2 to 6c with
increasing Zn-O distance and decreasing bond strength. This effect reinforces our hypothesis
that the anion acts as placeholder for the monomer. Hence, the weak coordination of the tri-
flate anion allows a good accessibility to the zinc centre which favours coordination of lactide
and therefore accelerates the reaction. The slightly stronger donating property of the mesylate
anion prevents fast coordination of the lactide.

In addition, the electronic properties of the complexes influence their activity as well. The
positive charge at the zinc atom increases in the same direction as the polymerisation activity:
from 6e-1 over 6e-2 to 6¢. So it was demonstrated that a great positive charge at the zinc atom
promotes the ability to initiate the lactide polymerisation. In addition, it is proposed that the
highly nucleophilic guanidine donor system acts as ring-opening agent. With regard to these
influences, it is obvious that the polymerisation presented here proceeds without the presence
of alkoxides or alcohols which are traditionally necessary.[>13.20.25:44,47,148,157]

In summary, in the case of guanidine-pyridine hybrid zinc complexes an auspicious initiator
for the polymerisation of lactide should be a bis-chelate complex with additional very long or
weak Zn-O bonds which possesses a high positive charge at the zinc atom.

6.2.4 Conclusion

The synthesis and complete characterisation of three zinc guanidine-pyridine hybrid com-
plexes [Zn(TMGqu),(CH;S0;)][CH3S0;] (7e), [Zn(DMEGqu)(CH3S80;),] (6e-1) and
[Zn(DMEGqu),(CH3S0O;)][CH3SO;] (6e-2) were reported. They were investigated towards
their activity in the solvent-free ring-opening polymerisation of p,L-lactide and it was proven
that the bis-chelate trigonal-bipyramidally coordinated compounds 7e and 6e-2 are able to act
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as initiators for lactide polymerisation. Polylactides with molecular weights (M,,) of around
28,000 g/mol could be obtained with relatively narrow polydispersities. The tetrahedral com-
plex 6e-1 does not initiate lactide polymerisation under the given conditions.

In an integrated approach of structural studies and DFT calculations, the activity of the com-
plexes 7e and 6e-2 was correlated with their structural and electronical prerequisites in com-
parison to their more active triflate analogues 7c and 6¢. The investigations reveal that the
coordination strength of the anionic component has a significant impact on two issues of the
polymerisation initiation: the charge distribution within the complex (especially the positive
charge on the zinc atom) influences the attraction towards the substrate lactide and the acces-
sibility to the zinc centre regulates the substrate coordination. DFT analysis shows that the
mesylate complexes 7e and 6e-2 exhibit less positive charge on the zinc atom and the mesylate
is stronger bound than the corresponding triflate in the triflate complexes 7¢ and 6c. Conse-
quently, the reactivity of the complexes is directly correlated to the coordinational behaviour
of the anionic component.

6.3 Zinc complexes with guanidine-pyridine hybrid ligands:
Anion effect and catalytic activity

The guanidine-pyridine ligands DMEGqu (6), TMGqu (7) and DMEGpy (14) were reacted
with zinc benzoate, zinc acetyl acetonate, zinc bromide, zinc tetrafluoroborate and zinc b,L-
lactate in order to obtain the corresponding complexes. The anion effect on the molecular
structure and the catalytic activity of these complexes were investigated.

6.3.1 Introduction

In the last two sections it could be demonstrated that the anionic component of the zinc com-
plexes, developed to initiate the ROP of lactide, strongly influences not only the molecular
structure of the corresponding complex but also has a high impact on its catalytic proper-
ties. For further investigations of this anion effect the guanidine-pyridine ligands DMEGqu
(6), TMGqu (7) and DMEGpy (14) were reacted with different zinc compounds to obtain the
according complexes. Zinc benzoate (Zn(CsHsCOO),, Zn(OBz),) and zinc acetylacetonate
(Zn(CsH;0,),, Zn(acac),) were chosen because they possess good coordination properties
and provide in case of coordination Zn-O bonds which may support the insertion of lactide
molecules. Zinc bromide (ZnBr,) was used to investigate the influence of the halide in com-
parison to zinc dichloride complexes. Due to the fact that the quite weak or non-coordinating
anion triflate provides highly active zinc complexes, zinc tetrafluoroborate (Zn(BF,),) was ap-
plied as well because of its weak coordination properties. In addition the preparation of com-
plexes containing zinc lactate (Zn(C;HsO3),, Zn(Lac),) was aspired. DFT calculations in the
context of mechanistic studies (see Chapter 9) revealed that in guanidine-pyridine systems the
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ring-opening of the first lactide molecule is the most energy-intensive step and therefore de-
fines the reaction rate. This step may be avoided if a lactate moiety is already coordinated to
the zinc atom.

6.3.2 Results and discussion
Synthesis of the zinc complexes

The preparation of zinc complexes stabilised by guanidine-pyridine hybrid ligands was con-
ducted by simple stirring of the educts in a dry, aprotic solvent (MeCN, THF). An overview
of the obtained compounds in given in Table 6.17. They could be isolated as yellow (6d, 7d,
6f, 7f, 6g and 6h) or colourless crystals (14d) in yields of 86-99%. Single crystals of the com-
plexes were obtained either by cooling a saturated solution slowly to room temperature or by
slow diffusion of diethyl ether into the solution. The resulting crystals provide high stability
towards moisture and air.

Table 6.17: Overview of prepared zinc complexes.

DMEGqu TMGqu DMEGpy
(6) (7) (14)
Zn(OBz), [Zn,(DMEGqu)(OBz),4] [Zn(TMGqu)(OBz);]  [Zn(DMEGpy)(OBz),]
(6d) (7d) (144d)
ZnBr, [Zn(DMEGqu)Br;] [Zn(TMGqu)Br;]
(6f) (71)
Zn(acac), [Zn(DMEGqu)(acac), ]
(6g)
Zn(BFy), [Zn(DMEGqu),(BF,)][BF,]
(6h)

Zn(p,L-Lac), [Zn(DMEGqu)(p,L-Lac)]
(61)

Structure of the zinc complexes

The lactate containing complex [Zn(DMEGqu)(p,L-C3Hs03),)] (6i) was only available as crys-
tal powder, but its composition could be identified by means of NMR, IR and MS measure-

ments as well as elemental analysis (see Fig.  6.16).  The crystal structures of
[Zn,(DMEGqu)(CsHsCOO)4] (6d), [Zn(TMGqu)(CsHsCOO), ] (7d),
[Zn(DMEGpy)(CsH5COO),] (14d), [Zn(DMEGqu)Br,] (6f),

[Zn(TMGqu)Br,] (7f), [Zn(DMEGqu)(CsH;0,),] (6g) and [Zn(DMEGqu),(BF,)][BF,] (6h)
were determined by X-ray crystallography (see Fig. 6.17-6.19).

Complexes with zinc benzoate and zinc acetylacetonate: The complexes prepared of zinc
benzoate 6d, 7d and 14d include the same anionic component. However, their molecular struc-
tures are quite different from each other (see Fig. 6.17).
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Figure 6.17: Crystal structures of [Zn,(DMEGqu)(CsH5;COO)4] (6d),
[Zn(TMGqu)(CsHsCOO),] (7d), [Zn(DMEGpy)(CsHsCOO),] (14d) and
[Zn(DMEGqu)(CsH-0,),] (6g) as determined at 120 K.
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Complex 6d possesses a dinuclear structure where one zinc atom is coordinated in a trigonal
bipyramidal manner by the two N-donors of the guanidine ligand and three oxygen atoms of
three benzoate ligands that act as #*-bridge between the two zinc atoms. The Zn-Ny,, bond is
with 2.154(3) A longer than the Zn-N,, bond which possesses a length of 2.055(3) A. This dif-
ference in bond lengths is reflected in the coordination geometry where the N, atom occupy
the axial position and the N, atom one of the equatorial positions in the trigonal bipyramid.
The second zinc atom exhibits a tetrahedral coordination geometry in which three coordina-
tion sites are occupied by the oxygen atoms of the #2-bridging benzoates and the remaining
coordination site is occupied by an oxygen atom of a mono-coordinating benzoate ligand. The
Zn-O bond lengths depend on their coordination mode. The Zn-O length of the oxygen atoms
in the equatorial positions of the trigonal bipyramid are with 2.002(2) and 2.009(2) A shorter
than the corresponding value of the oxygen atom in the axial position which is 2.082(2) A.
The Zn-O bonds of the ZnO, tetrahedron are with an average value of 1.970 A almost equal in
length.

Complexes 7d and 14d possess a mononuclear structure with a distorted tetrahedral coordina-
tion environment at the zinc atom. The latter is coordinated in a chelating manner by the two
N-donor atoms of the guanidine ligands. In each complex the Zn-N,, distances possess with
2.077(2) (7d) and 2.058(2) A (14d) higher values than the Zn-Ng,, distances (7d: 2.056(2);
14d: 2.026(2) A). The remaining coordination sites are taken by the oxygen atoms of benzoate
ligands. Though, in 14d both benzoates act as mono-coordinating ligand, in 7d one of them
coordinates the zinc atom with both oxygen atoms acting as one donor. The Zn-O bond length
of the bi-coordinating benzoate ligand exhibit with 2.096(2) and 2.248(2) A higher values com-
pared to those of the mono-coordinating benzoate ligands which increase from 1.945(1) over
1.961(1) in 14d to 1.973(1) A in 7d.

Complex 6g which is prepared of zinc acetylacetonate exhibits a distorted octahedral coordi-
nation geometry at the zinc atom. The latter is coordinated by the N-donor atoms of ligand 6
(Zn-N,: 2.116(2); Zn-Ng,.: 2.249(2) A) and four O-donor atoms of two acetylacetonate lig-

Table 6.18: Selected bond lengths (A) and bond angles (°) of 6d, 7d, 14d and 6g.

6d 7d 14d 6g

Zn-N,, 2.055(3) 2.077(2) 2.058(2) 2.116(2)
Zn-Nguq 2.154(3) 2.056(2) 2.026(2) 2.249(2)
Zn-0 2.002(2), 2.009(2), 1.973(1), 1.945(1), 2.042(2), 2.085(2),

2.082(2),1.953(2),  2.096(2), 2.248(2) 1.961(1) 2.092(2), 2.094(2)

1.969(2), 1.971(2),

1.987(2)

CguaNgua 1.334(4) 1.342(2) 1.318(2) 1.319(3)
Cgua-N 1.355(4), 1.354(4) 1.350(2), 1.342(2)  1.344(2),1.376(2)  1.344(3), 1.369(3)
Neua-Zn-Ngmine (bite) 79.2(1) 80.7(1) 82.8(1) 75.8(1)
£ (ZDOZ, ZI‘lNz) - - 80.8 -
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Figure 6.18: Crystal structures of [Zn(DMEGqu)Br,] (6f, 1) and [Zn(TMGqu)Br,] (7f, r) as
determined at 120 K.

ands (Zn-0: 2.042(2)-2.094 A). The Zn bond lengths (Zn-O, Zn-N) in the octahedron are due
to its geometry longer than those in the tetrahedral complexes and the bite angle of the ligand
is smaller (6d: 79.1(1); 7d: 80.7(1); 14d: 82.8(1); 6g: 75.8(1)°).

The C-N bonds in the guanidine moiety are in 6d and 7d within the precision of measurements
equal in length (6d: av. 1.348; 7d: 1.345 A), whereas in 14d and 6g all three C-N bond lengths
show different values. The Cg,,,-Ny,, bond possesses with 1.318(2) (14d) and 1.319(3) A (6g) in
each complex the smallest C-N values. The C,,,-N bonds are with 1.344(2) and 1.376(2) A for
14d and 1.344(3) and 1.369(3) A for 6g significantly longer. Selected bond lengths and angles of
the zinc complexes including anionic components with O-donors are collected in Table 6.18.
Complexes with zinc bromide: Complexes 6f and 7f are very similar to their chlorido ana-
logues 6a and 7a. Their zinc atom is coordinated in a tetrahedral manner by two N atoms of
guanidine-pyridine hybrid ligands and two bromide atoms (Fig. 6.18). The coordination of
the different halides Br and Cl shows no significant influence of the crystal structures of the
corresponding complexes (see Tab. 6.19). The Zn-N bonds of all four complexes are within

Table 6.19: Selected bond lengths (A) and bond angles (°) of 6f, 7f, 6a and 7a.

6f 7f 6a 7a
Zn—pr 2.048(2) 2.042(2) 2.045(1) 2.044(1)
Zn-N,, 2.038(2) 2.028(2) 2.039(1) 2.034(1)
Zn-Br (Zn-Cl) 2.352(1), 2.349(1), 2.212(1), 2.217(1),
2.374(1)  2.375(1)  2.234(1)  2.238(1)
Coua-Ngua 1.343(3) 1.340(2) 1.327(2) 1.335(2)
Cgua—N 1.349(3), 1.343(2), 1.355(2), 1.347(2),

1.336(3) 1.354(2) 1.352(2) 1.357(2)
Ngua-Zn-Ngpine (bite) — 82.1(1)  82.5(1)  82.6(1)  82.3(1)
< (ZnBr(Cl),, ZnN,) 83.1 80.7 84.4(1)  79.3(1)
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Figure 6.19: Crystal structure of [Zn(DMEGqu),(BF4)]* in crystals of
[Zn(DMEGqu),(BF,)][BF,] (6h) as determined at 120 K.

the precision of measurements each equal in length (Zn-Ny,,: av. 2.035; Zn-N,,: av. 2.045 A).
Only the Zn-Br bonds are in average 0.138 A longer than the Zn-CI bonds due to the bigger
bromide atoms.

Complex with zinc tetrafluoroborate: In complex 6h the zinc atom is fourfold coordinated by
the nitrogen atoms of two chelate ligands and possesses an additional contact to one fluorine
atom of one tetrafluoroborate ion, while the other tetrafluoroborate ion is far away from the
complex centre and acts as counterion (Fig. 6.19). This structure motif can also be found in the
zinc triflate and zinc mesylate complexes 6c and 6e-2 described above. Selected bond lengths
and angles of the complexes 6h, 6¢ and 6e-2 are collected in Table 6.20.

The coordination geometry of the zinc atom can also be described as trigonal-bipyramidal. The
axial positions are occupied by the pyridine nitrogen atoms (Zn-N,,: av. 2.032 A) and in the
equatorial plane the guanidine nitrogen atoms (Zn-Ng,,: av. 2.021 A) as well as the fluorine
atom of one tetrafluoroborate ion are located around the zinc atom. The angle between the
guanidine nitrogen atoms and the zinc atom is with 112.7(1)° smaller than the value expected for
an ideal-typic trigonal-bipyramid (120°). The bite angles of the chelate ligands with an averaged
value of 82.8° (90°) and the angle between the pyridine nitrogen atoms and the zinc centre with
156.6(2)° (180°) are each to small and therefore leading to a distortion of the structure. The C-N
bonds of the guanidine moieties are with an averaged value of 1.341 A within the precision of
measurements equal in length indicating a good delocalisation of electron density.

The Zn-F distance is of high interest concerning the catalytic activity of complex 6h due to
the fact that the long or weak Zn-O bond in 6c and 6e-2 were considered responsible for their
catalytic properties. With a value of 2.435(3) A the Zn-F bond lies between those of the cor-
responding Zn-O bond in 6c (av. 2.576 A) and 6e-2 (2.072(3) A). Thus, the ability of 6h to
initiate the ROP of lactide should lie between those of 6c¢ and 6e-2.
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Table 6.20: Selected bond lengths (A) and bond angles (°) of 6h, 6¢ and 6e-2.

6h 6¢ 6e-2
Zn-N,, 2.031(4), 2.032(4)  2.089(3), 2.091(3)  2.053(3), 2.072(3)
Zn—NgW 2.038(4), 2.004(4) 2.035(3),2.049(3) 2.087(3),2.089(3)
Zn-F (Zn-0) 2.435(3) 2.452(7), 2.700(7) 2.072(3)
Coua-Nygua 1.334(5), 1.349(5)  1.345(5), 1.340(5)  1.341(5), 1.330(5)
Coua-Namine 1.335(6), 1.353(5),  1.344(5), 1.337(5), 1.327(5), 1.335(5),

1.330(6), 1.346(6)  1.340(5), 1.343(5)  1.352(5), 1.338(5)
Ngua-Zn-Nypin, (bite)  83.5(2),82.0(2)  81.4(1),80.5(1)  80.9(1), 79.3(1)
2 (ZnN,, ZnN,) 59.7 60.6(1) 60.3

Polymerisation activity

To investigate the anion effect on the catalytic activity of the complexes, 6d, 7d, 14d, 6f, 7f,
6g and 6h were tested as initiators in the solvent-free polymerisation of p,L-lactide according
to the standard procedure (0.2 mol% catalyst, 150°C). The polymer yield was defined and the
molecular weights as well as the polydispersity of the obtained PLA were determined by gel
permeation chromatography (see Table 6.21).

The dinuclear complex 6d shows good catalytic performance with yields up to 89 % and molec-
ular weights that conform to the theoretical values (e.g. M, .x, = 63,000 g/mol; My, teor. =
61,000 g/mol). In comparison to 6d, the mononuclear complex 7d possesses less activity. Only
after 48 h it provides PLA in low yields. On the contrary, 14d that is also a mononuclear com-
plex produces polymers in respectable yields but with slightly lower molecular weights. Due
to the fact that pure zinc acetate also exhibits the ability to initiate the lactide polymerisation,
the pure zinc benzoate was tested as well. It could be demonstrated that zinc benzoate itself
possesses catalytic activity comparable to those of 14d but lower than those of 6d.

The structural similarity of the zinc bromide complexes 6f and 7f with their zinc chloride
analogues 6a and 7a is also reflected in their catalytic performance. 6f and 7f show as well as
6a and 7a even after 48 h no ability to initiate the ROP of lactide.

Complex 6g, including zinc acetylacetonate, exhibits a behaviour similar to that of 14d. PLAs
were obtained in good yields but with comparably low molecular weights (e.g. M, ., = 20,000
g/mol; My, teor. = 51,000 g/mol). This effect may be a hint for chain termination reactions.
The catalytic activity of 6h can be compared to those of 6d but the M,, values are significantly
higher. These results fit very well with the prediction. Due to the value of the zinc distance to
the weak coordinating ligand, the activity of 6h was predicted slightly lower than those of 6c¢.
These findings support the hypothesis that in bis-chelate complexes the coordination strength
of the anionic component has a significant impact on the polymerisation initiation.

The attempt to improve the catalytic properties of guanidine-pyridine based zinc complexes
by introducing lactate ligands to the coordination sphere, did not provide the desired results.
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Table 6.21: Polymerisation of p,L-lactide in the presence of 6d, 7d,14d, 6f, 7f, 6g, 6h and zinc
benzoate

Initiator Time® Yield M,, PD?  Pre
[h] [%]  [g/mol]

[Zn,(DMEGqu)(CsH5COO)4] 6d 24 85 63,000 1.8 0.52
[Zn,(DMEGqu)(CsH5COO),4] 6d 48 89 60,000 1.8
[Zn(TMGqu)(C¢H;COO),] 7d 24 0 -
[Zn(TMGqu)(CsHsCOO),] 7d 48 16 23,000 16
[Zn(DMEGpy)(CsHsCOO),]  14d 24 74 28,000 18 0.50
[Zn(DMEGpy)(CsHsCOO), ] 14d 48 81 25,000 2.0

Zn(C¢H5;COO0), 24 77 123,000 1.8
Zn(CeH;CO0), 48 86 107000 1.9
[Zn(DMEGqu)Br,] 6f 24 0 - - -
[Zn(DMEGqu )Br,] 6f 48 0 - - -
[Zn(TMGqu)Br;,] 7f 24 0 - - -
[Zn(TMGQqu)Br,] 7f 48 0 - - -
[Zn(DMEGqu)(CsH;0,),] 6g 24 71 20,000 2.0 0.50
[Zn(DMEGqu)(CsH,0,),] 6g 48 80 22,000 19
[Zn(DMEGqu),(BF,)][BF,] 6h 24 84 119,000 19 0.51
[Zn(DMEGqu),(BF,)][BF,] 6h 48 87 100,000 1.8

[Zn(DMEun)(D,L-C3H503)2)] 6i 24 0 - - -
[Zn(DMEGqu)(p,L-C3Hs03),)]  6i 48 29 11,000 L5

Reaction conditions: Catalyst (0.2 mol%), 150 °C; ¢ reaction times were not necessarily optimised; b PD = M,,/M,,

where M, is the number-average molar mass; ¢ From analysis of the 'H homonuclear decoupled NMR spectrum

using the equation P,2 =2 [sis].[24

Complex 6i shows a weak performance as initiator in the ROP of lactide. However, these find-
ings mean not obligatory that 6i possesses less catalytic potential. During the polymerisation
tests the melt colour turned from light yellow to deep brown, indicating that the complex was
decomposed. This thermal instability is also reflected in the low melting point (60°C).

In summary, it was demonstrated that the kind of anionic component used to prepare the
initiator influences its molecular structure as well as its thermal stability and hence has high
impact on the catalytic activity.
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6.3.3 Conclusion

In this section guanidine-pyridine zinc complexes were prepared including various zinc salts
in order to elucidate the anion effect which was observed during previous studies (see section
6.1 and 6.2). In the case of guanidine-quinoline ligands, complexes with weak coordinating
anions like triflate and tetrafuoroborate possess high potential as active initiators in the lactide
polymerisation whereas halide complexes show no catalytic activity. The use of lactate ligands
to overcome the energy barrier of the first ring-opening step was limited due to the low thermal
stability of the corresponding complex. In general, it could be demonstrated that the choice of
anionic component, used to prepare the initiator, defines the molecular structure, the charge
distribution and the thermal stability of the complex and therefore its properties. Thus, the
anion effect plays an important role in context of catalyst design.

6.4 Zinc complexes with guanidine-pyridine hybrid ligands:
Guanidine effect and catalytic activity

Two series of new guanidine-pyridine ligands were developed by combining various chloro-
formamidinium chlorides with 8-aminoquinoline and 2-picolylamine. The latter as well as the
pure 8-aminoquinoline were reacted with zinc chloride, zinc acetate and zinc triflate to prepare
the corresponding complexes which were tested as initiators in the solvent-free ring-opening
polymerisation of p,L-lactide. The guanidine effect on the catalytic activity of the obtained
zinc complexes was investigated.

6.4.1 Introduction

During the previous sections it could be demonstrated that the catalytic properties of initiators
belonging to the class of guanidine-pyridine zinc complexes strongly depend on the anionic
component of the zinc salt as well as on the kind of pyridine unit in the ligand stabilising the
complexes. In this section the impact of the guanidine unit in the ligand stabilising the initiator
complexes on their ability to promote the polymerisation of lactide is investigated.

The modular synthesis protocol of guanidine-pyridine hybrid ligands allows for the easy vari-
ation of pyridine-spacer and guanidine units (see Section 1.3.2) and thus permits the optimal
adaption of the ligands to the corresponding applications. In order to investigate the influ-
ence of the guanidine unit in guanidine-pyridine hybrid ligands on the catalytic activity of
the corresponding zinc complexes, two series of new guanidine-pyridine ligands were devel-
oped by combining various chloroformamidinium chlorides with 8-aminoquinoline and 2-
picolylamine. These two spacer-pyridine units were chosen due to the fact that ligands based
on 8-aminoquinoline and 2-picolylamine show good coordination properties and in many
cases relative easily provide single crystals of the corresponding zinc complexes suitable for X-
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N N— N
DMPGqu (8) / TEGqu (9) DPipGqu (10)
DMPGpy (16) TEGpy (17) DPipGpy (18)

N /N— /N
DMorphGqu (11) > MorphDMGqu (12) (R,R)-DMCHGqu (13)
DMorphGpy (19) g MorphDMGpy (20)

Figure 6.20: Overview of synthesised guanidine-pyridine hybrid ligands.

ray diffraction and therefore enable the determination of the solid-state structure. In addition,
zinc complexes with the pure amine, 8-aminoquinoline (qu, 32), were prepared to generate
complex analogues without guanidine moiety.

6.4.2 Results and discussion
Synthesis of guanidine-pyridine hybrid ligands and their zinc complexes

The guanidine-pyridine hybrid ligands DMPGqu (8), TEGqu (9), DPipGqu (10), DMorphGqu
(11), MorphDMGqu (12) and (R,R)-DMCHGqu (13) were synthesised by condensation of chlo-
roformamidinium chlorides V3-V8 with 8-aminoquinoline in high yields of up to 98%. Anal-
ogously DMPGpy (16), TEGpy (17), DPipGpy (18), DMorphGpy (19) and MorphDMGpy (20)
were prepared by reacting V3-V7 with 2-picolylamine (see Chapter 3). Figure 6.20 gives an
overview of the synthesised guanidine-pyridine hybrid ligands.

The guanidine moieties were chosen due to their different properties. DMPG is very simi-
lar to DMEG but possesses a six-membered ring instead of five-membered ring. The guani-
dine substituents in TEG are compared to those in TMG about one CH, unit elongated. This
makes TEG a guanidine unit with flexible hydrocarbon arms resulting in a high steric demand.
DPipG and DMorphG exhibit due to their piperidine and morpholine rings, respectively, also a
high steric demand. The unsymmetric MorphDMG and the chiral (R,R)-DMCHG guanidine
moieties were developed to create ligands that possibly could influence the polymerisation
properties of the corresponding zinc initiators during the polymer chain growth resulting in a
stereocontrol of the obtained polymer.

In order to obtain the corresponding zinc complexes, the ligands 8-13, 16-20 and 32 were
reacted with zinc chloride, zinc acetate and zinc triflate in a dry, aprotic solvent (MeCN, THEF).
Single crystals of the complexes were obtained either by cooling a saturated solution slowly to
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6 Systematic screening of a library of guanidine-pyridine zinc complexes

Table 6.22: Overview of prepared zinc complexes.

ZnCl, Zn(0OAc), Zn(OTf),
DMPGqu [Zn(DMPGqu)Cl,] [Zn(DMPGqu)(OAc), ] -4
(8) (8a) (8b)
TEGqu [Zn(TEGqu)Cly] -4 -4
) (9a)
DPipGqu -4 [Zn(DPipGqu)(OAc);] -4
(10) (10b)
DMorphGqu [Zn(DMorphGqu)Cl;] [Zn(DMorphGqu)(OAc),] [Zn(DMorphGqu),][OTf],
(11) (11a) (11b) (11¢c)
MorphDMGqu [Zn(MorphDMGqu)Cl,]  [Zn(MorphDMGqu)(OAc);] -4
(12) (12a) (12b)
(R,R)-DMCHGqu -4 -4 -4
(13)
qu [Zn(qu)Cl,] - [Zn(qu),(OTI), ]
(32) (32a) (32¢)
DMPGpy a a a
(16)
TEGpy [Zn(TEGpy)Cl;] -4 -4
(17) (17a)
DPipGpy -4 -4 -4
(18)
DMorphGpy [Zn(DMorphGpy)Cl;] [Zn(DMorphGpy)(OAc), ] -4
(19) (19a) (19b)
MorphDMGpy [Zn(MorphDMGpy)Cl,] -4 -4
(20) (20a)

@ These complexes have not been isolated and characterised until now.

room temperature or by slow diftusion of diethyl ether into the solution. The resulting crystals
provide, as typical for guanidine-pyridine zinc complexes, high stability towards moisture and
air. Table 6.22 gives an overview of the complexes that could be isolated and characterised.

In general it was found that the quinoline ligands possess better crystallisation properties than
pyridine ligands and those with flexible bulky residues like TEG and DPipG show poor pack-
ing abilities. Interestingly, DMorphG ligands which include also steric demanding residues
exhibit much better crystallisation behavior. Unfortunately, the complexes containing zinc tri-
flate, which were predicted to have good catalytic potential, are very difficult to isolate as pure
products. In addition, the reaction of 8 with zinc acetate in the presence of chloride ions re-
sulted in the formation of the mixed-coordination complex [Zn(DMPGqu)(CI)(OAc)] (8a/b,
Fig. 6.24).

Structure of the zinc complexes

The complexes [Zn(MorphDMGqu)Cl,] (12a) and [Zn(qu)Cl,] (32a) were only available as
crystal powder, but their composition could be identified by means of NMR, IR and MS mea-
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6.4 Zinc complexes with guanidine-pyridine hybrid ligands: Guanidine effect and catalytic activity

Figure 6.21: Schematic structures of [Zn(MorphDMGqu)Cl,] (12a,1) and [Zn(qu)ClL,] (32a, r).

surements as well as elemental analysis (see Fig. 6.21). The solid-state structures of the remain-
ing complexes (Figures 6.22-6.26) were determined by X-ray crystallography. In the complexes
with zinc chloride and zinc acetate, the zinc atom is fourfold coordinated by the two N-donor
atoms of the guanidine-pyridine hybrid ligands and two chlorine ions or two acetate ions, re-
spectively. In the complexes with zinc triflate, the zinc atom is fourfold coordinated by two
chelate ligands.

Due to their structural similarity the complexes containing zinc chloride, zinc acetate and zinc
triflate will be discussed conjoint in groups.

Complexes with zinc chloride: In the chlorido complexes 8a, 9a, 11a, 17a, 19a and 20a the zinc
atom exhibit a distorted tetrahedral coordination geometry (see Fig. 6.22 and 6.23). The Zn-N
bond lengths in each complex, except 11a, differ due to the different coordination properties of
the N-donor atoms. In 8a, 9a, and 20a the Zn-N,,, bonds are only 0.02, 0.03 and 0.02 A longer
than the Zn-N,, bonds, whereas in 17a and 19a the bond lengths differ with difference values
of 0.07 A considerably from each other. The Zn-Cl bonds are also not equal in length (av. 2.212
and 2.243 A). The distortion of the coordination environment is mainly generated by the bite
angles of the guandine ligands. Their values ranging from 81.6(1) to 83.4(1)° are each smaller
than the tetrahedral angle. The degree of distortion reflected by the angle between the ZnN,

Table 6.23: Selected bond lengths (A) and bond angles (°) of 8a, 9a, 11a, 17a, 19a and 20a.

8a 9a 11a 17a 19a 20a
Zn-N,, 2.042(2) 2.055(1) 2.053(2) 2.077(2) 2.072(3) 2.045(8)
Zn-Ng,q 2.027(2) 2.029(1) 2.047(2) 2.005(2) 2.005(3) 2.022(9)
Zn-Cl 2.224(1), 2.208(1), 2.210(1), 2.204(1), 2.207(1), 2.220(3),
2.253(1) 2.234(1) 2.246(1) 2.245(7) 2.239(1) 2.242(3)
Coua-Ngua 1.356(2) 1.356(2) 1.332(3) 1.316(3) 1.319(4) 1.324(12)
Ceua-N 1.338(2), 1.348(2), 1.357(3), 1.353(3), 1.372(4), 1.362(13),
1.341(2) 1349(2) 1.346(3) 1.367(3) 1348(4) 1.362(13)
N-Zn-N 83.4(1) 81.8(1) 81.6(1) 82.0(1) 83.0(1) 82.2(4)
2(ZnCl,, ZnN,) 87.3 87.5 85.0 83.9 89.8 82.1
Structural parameter p 1.01 1.01 0.99 0.97 0.97 0.97
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Figure 6.22: Crystal structures of [Zn(DMPGqu)CL] (8a), [Zn(TEGqu)Cl,] (9a) and
[Zn(DMorphGqu)Cl,] (11a) as determined at 120 K.
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Figure 6.23: Crystal structures of [Zn(TEGpy)Cl,] (17a), [Zn(DMorphGpy)Cl,] (19a) and
[Zn(MorphDMGpy)CL,] (20a) as determined at 120 K.

and the ZnCl, planes varies between the complexes (8a: 87.3, 9a: 87.5, 11a: 85.0, 17a: 83.9, 19a:
89.8, 20a: 82.1°) and is less distinct in 19a. Regarding the guanidine moiety of the complexes,
it is noticeable that in 8a and 9a the Cg,,-N,,, bond is slightly longer than the C,,,-N bonds
whereas in the remaining complexes the reverse case can be observed. Selected bond lengths
and angles are collected in Table 6.23.

Complexes with zinc acetate: The crystal structures of 8b, 10b, 11b, 12b and 19b are depicted
in Figure 6.24 and 6.25 and Table 6.24 lists selected bond lengths and angles.

The zinc atom of each complex is coordinated by the N-donor atoms of the guanidine-pyridine
hybrid ligand and by the oxygen atoms of two acetate ions. The coordination mode of the
oxygen atoms varies between the different complexes. In 8b both oxygen atoms of both acetate
ions act as donors and coordinate to the zinc atom. In the other complexes one oxygen donor of
each acetate ion clearly coordinates the metal. The other one exhibits indeed a higher distance
to the zinc atom than the latter, but it is orientated in direction to the zinc so that a contact
can be assumed. It is observed that the shorter one Zn-O bond is, the longer is the other one,
whereas the approaching of the Zn-O bond lengths indicates the participation of both acetate
O-donors in the coordination. However, the coordination geometry of the zinc centre can
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Figure 6.24: Crystal structures of [Zn(DMPGqu)(Cl)(OAc)] (8a/b), [Zn(DMPGqu)(OAc),]
(8b) and [Zn(DPipGqu)(OAc),] (10b) as determined at 120 K.
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Figure 6.25: Crystal

Table 6.24: Selected bond lengths (A) and bond angles (°) of 8b, 10b, 11b, 12b and 19b.

8b 10b 11b 12b 19b
Zn-N,, 2.091(2) 2.097(2) 2.073(3) 2.090(4) 2.100(2)
Zn-Ng,q 2.061(2) 2.040(2) 2.059(3) 2.030(3) 2.063(2)
Zn-O 2.097(2), 2.121(2), 1.953(2), 1.998(3), 1.950(3), 2.015(1),
2.226(2),2.355(2) 1.975(2) 2.003(3) 1.989(3) 2.063(2)
CuaNgua 1.351(2) 1.345(2) 1.347(4) 1.356(5) 1.315(2)
Ceua-N 1.341(3), 1.342(2), 1.344(4), 1.332(6), 1.374(2),
1.338(2) 1.357(2) 1365(4) 1.343(6) 1.358(3)
N-Zn-N 80.6(1) 80.5(1) 81.4(1) 81.1(2) 80.5(1)
2(Zn0,, ZnN,) - 89.3 75.5 85.0 774
Structural parameter p 1.01 1.00 0.99 1.01 0.96
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Figure 6.26: Molecular  structures  of  [Zn(DMorphGqu),]** in  crystals  of
[Zn(DMorphGqu),][CF;S05], (11c, 1) and [Zn(qu),(CF;S03),] (32¢, r) as
determined at 120 K.

be best described as a distorted tetrahedron, where the acetate ions act, independent of their
coordination mode, as one donor.

The bite angles of the coordinated ligands, ranging from 80.5 to 81.4°, are notably smaller than
the tetrahedral angle and account for the distortion of the structure. The trend that the Zn-
N,, distances are longer than the corresponding Zn-Ny,, bond length can also be found in the
group of acetate containing zinc complexes. The C-N bonds in the guanidine function lie in
general in the same range demonstrating a good delocalisation in this moiety. Just in 19b the
Cgua-Nyguq bond is clearly shorter than the C,,,,-N bonds.

Complexes with zinc triflate: The complexes containing zinc triflate show due to the differ-
ent steric demand of their ligands different molecular structures (see Fig. 6.26 and Tab. 6.25).
In 32¢ the zinc atom is coordinated in a chelating manner by the N-donor atoms of two 8-
aminoquinoline ligands forming a square-planar coordination environment. In addition, one
oxygen atom of the triflate ions coordinates the zinc atom from each site of the plane gener-
ating a stretched octahedron. The bulky DMorphG residues in 11c would not allow for such
coordination. Here the zinc atom is also coordinated in a chelating manner by the N-donor
atoms of two ligand molecules. But both triflate ions are far away from the reaction centre
and act only as counterion which is an important difference to the structure motifs of 6¢ and
7c. The coordination geometry of the zinc ion is highly distorted and lies between tetrahe-
dral and square-planar coordination to minimise the interactions of the sterically demanding
guanidine residues. This is also reflected in the angle between the ZnN, planes (62.9°), which
is between the tetrahedral (90°) and the square-planar coordination (0°). A similar structure
motif was also found for the bisguanidine complex 1c (see Chapter 4).
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Table 6.25: Selected bond lengths (A) and bond angles (°) of 11c and 32c.

11c 32¢

Zn-N,, 2.010(3), 2.027(3)  2.080(2), 2.080(2)
Zn-Ng,q | Zn-Nymine 1.982(3), 2.000(3)  2.109(2), 2.109(2)
Zn-O 2.291(2), 2.291(2)
Coua-Ngua 1.346(5), 1.347(4)
Ceua-N 1.349(5), 1.357(4),

1.351(4), 1.349(4)
N-Zn-N 84.4(1), 83.4(1) 81.6(1), 81.6(1)
2(ZnN,, ZnN,) 62.9 0.0
Structural parameter p 0.99,1.00

Polymerisation activity

To investigate the guanidine effect on the catalytic activity of the complexes, they were tested
as initiators in the solvent-free polymerisation of D,L-lactide according to the standard pro-
cedure (0.2 mol% catalyst, 150°C). The polymer yield was defined and the molecular weights
as well as the polydispersity of the obtained PLA were determined by gel permeation chro-
matography (see Table 6.26). The tacticity was analysed by homonuclear decoupled 'H NMR
spectroscopy.?*!

Regarding the polymerisation results, it is obvious that under the given conditions there seems
to be no clear trend concerning the guanidine impact on the catalytic activity. Zinc chloride
complexes with ligands based on quinoline show no, or in the case of 9a only weak catalytic
performance. Those with ligands based on pyridine, show good activity independent of the
kind of guanidine moiety. And remarkably, the zinc dichlorido complex 32a also possess the
ability to initiate the lactide polymerisation effectively, even if it does not contain a guanidine
function. The investigation of the acetate containing complexes shows similar results. Their
activity among each other is very alike and seems not to depend on the guanidine unit in the
ligand.

In the case of 19b PLAs in good yields were obtained that possess significantly lower molecular
weights than they should have according to the theory (e.g. My, cxp. = 33,000 g/mol; M, speor.
= 53,000 g/mol). This effect was also observed for 14b and 15b (see Section 6.1). The triflate
complex 32c shows also good catalytic activity and the achieved yields are even higher than
those of 32a but the molecular weights are comparably low. 1lc altogether provides a good
performance including high yields with molecular weights that are only slightly higher than
the theoretical values (e.g. My, ¢xp. = 79,000 g/mol; M, teor. = 64,000 g/mol).

By comparing the performance of the complexes 8a and 8b with those of 8a/b the anion effect
can be demonstrated again. The catalytic activity of the mixed complex lies in between those
of the alike coordinated compounds.

99



6 Systematic screening of a library of guanidine-pyridine zinc complexes

Table 6.26: Polymerisation of D,L-lactide initiated by guanidine-pyridine zinc complexes.

Zn(DMorphGqu)(CH;COOQ),] 11b 24 10 16,000 1.5
Zn(DMorphGqu)(CH;CO0),]  1Ib 48 51 24,000 17 0.49
Zn(MorphDMGqu)(CH;COO),] 12b 24 4 16,000 1.7
Zn(MorphDMGqu)(CH;COO),] 12b 48 29 22,000 17 0.49
Zn(DMorphGpy)(CH;COO),] 19b 24 74 33,000 1.8 0.49
Zn(DMorphGpy)(CH;COO),] 19b 48 81 30,000 1.8

Initiator Time? Yield M, PD?  Pre
] (%] [g/mol]

[Zn(DMPGqu)Cl,] 8a 48 0 - - -
[Zn(TEGqu)Cl,] 9a 24 0 - - -
[Zn(TEGqu)Cl,] 9a 48 17 31,000 2.0 055
[Zn(DMorphGqu)Cl,] 11a 48 0 - - -
[Zn(MorphDMGqu)Cl, ] 12a 48 0 - - -
[Zn(TEGpy)Cl, ] 17a 24 77 64,000 21 054
[Zn(TEGpy)Cl,] 17a 48 87 64,000 1.9
[Zn(DMorphGpy)Cl, ] 19a 24 51 48,000 16 0.57
[Zn(DMorphGpy)Cl,] 19a 48 78 60,000 1.8
[Zn(MorphDMGpy)Cl,] 200 24 72 55000 18 056
[Zn(MorphDMGpy)Cl, ] 20a 48 80 53,000 1.8
[Zn(qu)CL] 32a 24 71 70,000 18 0.54
[Zn(qu)Cl,] 32a 48 83 79,000 1.9
[Zn(DMPGqu)(CH;COO)Cl] 8a/b 24 18 14,000 1.7
[Zn(DMPGqu)(CH;COO),] 8b 24 36 25000 17
[Zn(DMPGqu)(CH;COO),] 8b 48 60 33,000 1.8

[

[

[

[

[

[

[Zn(qu),»(CF;503),] 32c 24 85 45000 17 0.50
[Zn(qu),(CF;5803),] 32c 48 86 49,000 1.8
[Zn(DMorphGqu),][CF;80;], 1ic 24 89 79,000 19 0.57
[Zn(DMorphGqu),][CF;S0s], llc 48 92 64,000 1.9

Reaction conditions: Catalyst (0.2 mol%), 150 °C; ¢ reaction times were not necessarily optimised; b pD = M,,/M,,
where M,, is the number-average molar mass; ¢ From analysis of the ' H homonuclear decoupled NMR spectrum

using the equation P, = 2 [sis];[24]
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A possible impact of the complexes on the tacticity and thus on the microstructure of the ob-
tained PLA was investigated by determination of the probability of heterotactic enchainment
rated by the P, values. The polymers produced by 9a, 17a, 32a, 11b, 12b, 19b and 32c show
no ability to control the tacticity. In the case of 19a, 20a and 11c with P, values of 0.56-0.57
a slight heterotactic bias was observed. This effect also depends on the anionic compound in
the zinc complexes, due to the fact that the lowest P, values (0.49) are provided by the acetato
complexes whereas the corresponding chlorido and triflato complexes possess higher values.
Regarding the chlorido complexes, it seems that the guanidine moiety possesses a certain im-
pact on the heterotactic enchainment. However, due to the very low overall effect the impact
of the guanidine moiety cannot be clarified.

6.4.3 Conclusion

To elucidate the influence of the guanidine unit in guanidine-pyridine hybrid ligands on the
catalytic activity of the corresponding zinc complexes, two series of new guanidine-pyridine
ligands were developed by combining various chloroformamidinium chlorides with 8-amino-
quinoline and 2-picolylamine. The latter as well as the pure 8-aminoquinoline were reacted
with zinc chloride, zinc acetate and zinc triflate to obtain the corresponding complexes which
were tested as initiators in the solvent-free ring-opening polymerisation of b,L-lactide. Under
the given conditions no clear trend concerning the guanidine impact on the catalytic activity
could be observed. The impact of the guanidine moiety on the grade of heterotactic enchain-
ment cannot be clarified due to the very low overall effect.

In addition, the complexes stabilised by the pure amine, 32a and 32a, were proven to be active
initiators in the lactide polymerisation, although they do not possess a guanidine function.

6.5 Ring-opening polymerisation of cyclic esters: Evaluating
the application range of guanidine-pyridine zinc
complexes

In order to evaluate the application range of guanidine-pyridine zinc complexes, their most
auspicious candidates, the bis-chelate complexes 6¢ and 7c, were investigated towards their
ability to act as initiators in the ring-opening polymerisation of various cyclic esters.

6.5.1 Introduction

The physical properties, hydrolysis and biodegradation behavior of polylactide can be con-
trolled not only by altering the averaged molecular weight and its distribution, to meet also
the requirements of specific applications it is even possible to modify the properties of PLA by
tailoring of macromolecular architecture and microstructure (see Section 1.2).
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Figure 6.27: Monomers and repeating units of polylactide-copolymers.!>8]

Lactide itself exists in different enantiomeric forms whose homopolymers possess different
properties compared to those of their copolymers. Optical pure isotactic b- or L-PLA is a semi-
crystalline, hard and rather brittle material with typical melting points 0of 170 to 180°C, whereas
D,L-PLA is an amorphous, transparent polymer with a softening point observed around
60°C.13192527) Thus, PLA with tailor-made properties is obtained either by copolymerisation
of different enantiomeric forms of lactide or by copolymerisation of lactide with similar cyclic
monomers like e-caprolactone and glycolide.l®1] The chemical structure of cyclic monomers
and the resulting PLA-copolymers are presented in Figure 6.27. For an overview of PLA mi-
crostructures see Figure 1.4 in Chapter 1.

Initiators suited for the preparation of polylactide-copolymers also have to be active initiators
in the homopolymerisations of the corresponding monomers. In order to investigate the qual-
ification for copolymerisation applications and to evaluate the application range of guanidine-
pyridine zinc complexes, their most auspicious candidates, the bis-chelate complexes 6c and
7¢, were investigated towards their ability to act as initiators in the ring-opening polymerisa-
tion of D-lactide, L-lactide, glycolide and e-caprolactone.

6.5.2 Results and discussion

The complexes 6¢ and 7c¢ were tested for their ability to initiate the ring-opening polymerisa-
tion of pure D- and L-lactide according to the standard procedure for p,L-lactide. In order to
rate the catalytic activity of the complexes, the polymer yield was defined and the molecular
weights as well as the polydispersity of the PLA were determined by gel permeation chromatog-
raphy (see Table 6.27). The microstructure of the obtained PLA samples was investigated by
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Figure 6.28: Detail of homonuclear decoupled 'H NMR spectra for poly(r-lactide) (a) and for
atactic poly(p,L-lactide) with P, = 0.56 (b).

homonuclear decoupled 'H NMR spectroscopy. 241>l

6¢c and 7c both proved to be highly active initiators for lactide polymerisation, independent of
the used monomer. They provide p- and L-PLA in almost quantitative yields and with molec-
ular weights up to 137,000 g/mol. In the homonuclear decoupled 'H NMR of the obtained
polymer samples just one sharp peak can be observed (e.g. Fig. 6.28a) indicating that the in-
vestigated polymers possess an isotactic microstructure. For comparison Figure 6.28 depicts
details of homonuclear decoupled 'H NMR spectra for isotactic poly(r-lactide) and for the
atactic poly(p,L-lactide).

At high temperatures undesired racemisation of the pure stereoisomer is reported for anionic
and cationic polymerisation mechanisms. This racemisation leads to an atactic polymer. In the
case of the coordination insertion mechanism racemisation does not occur.'>#! Since only
isotactic polymers were observed, no racemisation took place in either cases reported here.
This observation is consistent with the assumption of a coordination-insertion mechanism
active for the guanidine/zinc systems (see Chapter 9).

For glycolide polymerisation tests the monomer (used without further purification) and the
initiator (I/M ratio 1:500) were heated for 45 min at 150°C. It could be observed that in the
solvent-free polymerisation of glycolide with 6¢ and 7c the viscosity of the polymer melt in-
creases very fast so that several minutes after the melting the melt became solid. Therefore
the polymerisation procedures were stopped after 45 min. Then, the melt was dissolved in
hexafluoroisopropanol, and the polyglycolide (PGA) was precipitated in cold ethanol, isolated
and dried under vacuum at 50°C. The yield was determined. Due to the fact that pure PGA is
only soluble (although not very good) in hexafluoroisopropanol, NMR measurements or gel
permeation chromatography were not applicable. Even though the bulk polymerisation seems
not to be suited for the production of polyglycolide, it could be demonstrated that 6¢ and 7¢
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Table 6.27: Ring-opening polymerisation of cyclic esters initiated by 6c and 7c.

Monomer Initiator Time®*  Yield M,, PD?
[h] [%]  [g/mol]

L-Lactide [Zn(DMEGQqu),(CF3S03)][CF3SO5]  6¢ 24 92 103,000 1.5
[Zn(TMGqu),(CF3S03)][CF3S05]  7¢ 24 99 92,000 22

D-Lactide [Zn(DMEGQqu),(CF3S03)][CF3SO5]  6¢ 24 96 137,000 1.9

Glycolide [Zn(DMEGQqu),(CF3S03)][CF3SO5] 6¢  0.75 28 - -
[Zn(TMun)z(CF3803)] [CF3SO3] 7¢ 0.75 60 - -

e-Caprolactone  [Zn(DMEGqu),(CF5S03)][CF3S03]  6c¢ 24 19% 19,000°¢ 1.2
[Zn(DMEGqu),(CF5S803)][CF5S03] 6¢c 48 350 29,000 1.4
[Zn(TMGqu),(CF3S03)][CF5S05] 7c¢ 24 69° 38,000°¢ 1.6
[Zn(TMGqu),(CF3S03)][CF3S05]  7¢ 48 89°  44,000° 1.6

Reaction conditions: Catalyst (0.2 mol%), 150 °C;  reaction times were not necessarily optimised; b conversion determined by NMR;

¢ referred to polystyrene standards; 4 PD = M,,/M,, where M,, is the number-average molar mass.

are also able to polymerise glycolide. By trend, the catalytic activity of 7c is here higher than
that of 6c.

The polymerisation procedure for the preparation of polycaprolactone (PCL) is in general con-
sistent with the standard procedure for p,L-lactide. But due to the fact that PCL is obtained as
fine precipitate which can be isolated only by centrifugation, the conversion of the monomer
was determined by NMR measurements of dried samples from the dichloromethane solution.
Gel permeation chromatography provided the molecular weights as well as the polydispersity
referred to polystyrene standards (Table 6.27).

The complexes 6¢ and 7¢ both initiate the ROP of e-caprolactone but in the case of 7¢ consid-
erably higher yields and PCLs with higher molecular weights could be obtained.

6.5.3 Conclusion

It could be demonstrated that the guanidine-pyridine zinc complexes 6¢ and 7¢ are also well
suited for the general application in the polymerisation of cyclic esters and therefore possess
also high potential for the copolymerisation of lactide.

The monomers D- and L-lactide were converted into the polymers in almost quantitative yields
and with molecular weights up to 137,000 g/mol. The PLAs obtained were isotactic in each case.
A racemisation could not be observed and thus the hypothesis of a coordination insertion
mechanism is supported (see Chapter 9). The polymerisation of glycolide and e-caprolactone
indicate that 7c provides even better catalytic performance than 6c. These findings were in
accordance with the kinetic studies described in Chapter 9.
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6.6 Conclusion

6.6 Conclusion

A library of zinc complexes stabilised by guanidine-pyridine ligands was developed and the
complexes were screened towards their activity in the solvent-free ring-opening polymerisa-
tion of D,L-lactide. They proved to be active initiators with only few exceptions. Polylactides
with molecular weights (M,,) up to 176,000 g/mol and in almost quantitative yields could be
obtained. These results represent a significant augmentation over bisguanidine zinc complexes
and corroborate the strategy of building up N-donor ligands with different donor strengths and
substituents with varied sterical demand.

In complexes with the same N-donor ligand, the anionic component of the zinc salt has a sig-
nificant impact on the activity of the corresponding initiator. It defines the molecular structure,
the charge distribution and the thermal stability of the complex and therefore its properties.
The charge distribution within the complex (especially the positive charge on the zinc atom)
influences the attraction towards the substrate lactide and the accessibility to the zinc centre
regulates the substrate coordination. Consequently, the reactivity of the complexes is directly
correlated to the coordination behaviour of the anionic component and the anion effect plays
an important role in context of catalyst design. A clear trend concerning the guanidine impact
on the catalytic activity could not be observed under the given conditions. Similarly, the in-
fluence of the guanidine moiety on the grade of heterotactic enchainment cannot be clarified
due to the very low overall effect.

Guanidine-pyridine zinc complexes including zinc triflate were proven to be excellent catalysts
in ROP oflactide. The flexible coordination of one triflate anion to the zinc centre is considered
responsible for their outstanding activity. It facilitates pre-coordination of the lactide molecule,
while the higher positive charge at the zinc centre in comparison to the tetrahedral complexes
offers higher Lewis acidity for activation of lactide. This argument was supported by studies
on the corresponding complexes with zinc mesylate. In addition, it was demonstrated that
the triflate complexes are also well suited for the general application in the polymerisation of
cyclic esters like D-lactide, L-lactide, glycolide and e-caprolactone and therefore possess also
high potential for the copolymerisation of lactide.

In summary, zinc complexes of guanidine-pyridine hybrid ligands exhibit an advantageous
combination of properties: they are non-toxic, can be stored in air without loss of activity
and they do not need co-catalysts like alkoxides to give PLAs with high M,, values under in-
dustrially attractive conditions. This bundle of properties makes the guanidine/zinc systems
an excellent and application-oriented class of catalysts for the ring-opening polymerisation of
lactide.
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7 Zinc complexes with mono- and
polydentate behaving guanidine ligands
and their application in lactide
polymerisation

Mono- and polydentate behaving guanidine ligands and their corresponding zinc complexes
were prepared and investigated towards the influence of these special ligand classes on the
molecular structures of the complexes as well as their performance in the ring-opening poly-
merisation of lactide.

7.1 Zinc complexes with monodentate behaving
guanidine-pyridine hybrid ligands and their application
in lactide polymerisation

The influence of different spacer units on the molecular structures and the properties of the
corresponding complexes is investigated using the example of the guanidine-pyridine ligands
DMEGpico (21) and TMGpico (22). They, as well as their complexes [Zn(DMEGpico),Cl, ]
(21a), [Zn(TMGpico),Cl,] (22a) and [(TMGpico),Zn;(CH;COO)¢] (22b) were synthesised
and characterised. 21a and 22a were proven to be active initiators in the ROP of lactide. How-
ever, the comparison of their catalytic activity with that of complexes including similar ligands
with longer spacer units did not show a dependence between spacer unit or molecular struc-
ture and the polymerisation behaviour for this class of compounds.

7.1.1 Introduction

In order to investigate the influence of different spacer units on the molecular structures and
the properties of the corresponding complexes, the ligands N-(1,3-dimethylimidazolidin-2-
ylidene)-3-methylpyridin-2-amine (DMEGpico, 21) and 1,1,3,3-tetramethyl-2-(3-methylpyri-
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TS
DO I

DMEGpico (21) TMGpico (22)

Figure 7.1: Schematic structure of DMEGpico (21) and of TMGpico (22a).

din-2-yl)guanidine (TMGpico, 22) as well as their chlorido and acetato complexes were syn-
thesised and completely characterised. The amine 2-amino-3-picoline which possesses only
one C building block between the N-donor functions was chosen as spacer-amine compo-
nent due to its high structural similarity to 2-picolylamine (py) which offers a C, spacer and
was used to prepare the ligands DMEGpy (14) and TMGpy (15). The obtained chlorido com-
plexes were tested for their ability to act as initiators in the ROP of lactide and their activity is
compared to those of the chlorido complexes stabilised by the similar ligands, DMEGpy and
TMGpy, which possess longer spacer units.

7.1.2 Results and Discussion
Ligand and complex syntheses

The syntheses of the guanidine-pyridine hybrid ligands DMEGpico (21) and TMGpico (22)
were carried out by the condensation of 2-amino-3-picoline with the chloroformamidinium
chlorides DMEG (V1) and TMG (V2), respectively. Figure 7.1 depicts the schematic structure
of 21 and 22. Their reaction with equimolar amounts of zinc salts (ZnCl,, Zn(CH;COO),) ina
dry, aprotic solvent (MeCN, THF) resulted in straightforward formation of the zinc complexes
[Zn(DMEGpico),Cl,] (21a), [Zn(TMGpico),Cl,] (22a) and [(TMGpico),Zn;(CH;COO)¢]
(22b) in yields of 67-98%. Colourless single crystals of the complexes were obtained by slow
diffusion of diethyl ether in a saturated solution.

The molecular structures of 21a, 22a and 22b were determined by X-ray crystallography (Fig.
7.2 and 7.3). The molecular structures of 22a exhibit two molecules per asymmetric unit. Due
to their high similarity in the following only one structure is discussed as 22a.

In all three complexes, the ligands 21 and 22 which both possess guanidine as well as pyridine
N-donor atoms, coordinate the zinc atom only by the pyridine donor and thus act as mon-
odentate ligands. The Ny, is with an average value of 2.854 A too far away from the zinc
centre to support interaction. This coordination behaviour is affected by the close distance of
the N-donor atoms generating a very small bite.

In the chlorido complexes [Zn(DMEGpico),Cl,] (21a) and [Zn(TMGpico),Cl,] (22a) the zinc
center is twofold coordinated by two N, atoms of two guanidine-pyridine ligands and the
remaining coordination sites are occupied by two chlorido ions resulting in a distorted tetra-
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71 Zinc complexes with monodentate behaving guanidine-pyridine hybrid ligands

Table 7.1: Selected bond lengths (A) and bond angles (°) of 21a and 22a.

2la 22a

Zn-N,, 2.039(3), 2.055(3) 2.036(2), 2.049(2)
Zn-Cl 2.285(1),2.286(1)  2.277(1), 2.278(1)
Coua-Ngua 1.294(4),1.292(5)  1.301(2), 1.299(2)
Coua-N 1.376(5), 1.375(5), 1.363(2), 1.370(2),

1.374(5), 1.369(5)  1.362(2), 1.381(2)
N-Zn-N 112.9(1) 115.3(1)
Cl-Zn-Cl 108.4(1) 107.5(2)
2(ZnCl,, ZnN,) 82.4 83.2
Structural parameter p 0.94, 0.94 0.95, 0.95

Table 7.2: Selected bond lengths (A) and bond angles (°) of 22b.

22b
Zn-N,, 2.016(3)
Zn-O 1.962(2), 1.983(2), 1.989(2),
2.062(2), 2.082(3), 2.126(2)
Coua-Ngua 1.307(5)
Coua-N 1.350(5), 1.365(5)
0-Zn-0 104.2(1), 105.5(1), 102.5(1),

180.0, 87.8(1), 92.2(1),

180.0, 91.1(1), 89.0(1),

88.2(1), 91.8(1), 180.0
Structural parameter p 0.96

hedral coordination (Fig. 7.2 and Tab. 71). The Zn-N,, bond lengths of the two coordinated lig-
ands differ slightly from each other (21a: 2.039(3), 2.055(3); 22a: 2.036(2), 2.049(2) A) whereas
the Zn-Cl bonds are equal in length (21a: 2.285(1), 2.286(1); 22a: 2.277(1), 2.278(1) A). In the
guanidine moiety of DMEGpico and TMGpico the Cgys-Ny,, bond is with a difference of av.
0.08 (22a) or av. 0.07 A (22a) significantly shorter than the Cg,,-N bonds compared to similar
complexes like [Zn(DMEGpy)Cl,] (14a) and [Zn(TMGpico)Cl,] (15a) in which the ligands co-
ordinate the zinc atom also by the guanidine donor atom. In the latter case, the charge transfer
generated by the coordination leads to the delocalisation of electron density over the guanidine
function and to the levelling of bond length.

The same effect was also observed for the guanidine moieties in the zinc acetato complex
[Zn;(TMGpico),(CH;COO)s] (22b, Fig. 7.3). This complex possesses a trinuclear solid-state
structure in which two Zn atoms are each coordinated by the pyridine N-donor atom of ligand
22 and three oxygen atoms of three acetato bridging ligands resulting in a distorted tetrahedral
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7 Zinc complexes with mono- and polydentate guanidine ligands

Figure 7.2: Crystal structure of [Zn(DMEGpico),Cl,] (21a,1) and of [Zn(TMGpico),Cl,] (22a,
r) as determined at 120 K.
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Figure 7.3: Molecular structure of [Zn;(TMGpico),(CH;COO)¢] (22b) as determined at 120 K.
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71 Zinc complexes with monodentate behaving guanidine-pyridine hybrid ligands

coordination environment. Each of the bridging ligands connects each Zn atom with a third
Zn atom located between them. Consequently, the latter shows an octahedral coordination
environment where each corner is occupied by an acetato oxygen atom. Interestingly, in each
case two acetato ligands bridge the Zn atoms via two oxygen functions but the third acetato
ligand connects the metal atoms via only one oxygen atom of the acetate group. This struc-
ture motif is very similar to that found for [Zn;(bipy),(CH;COO)s] (33b, see Section 8.1). The
values for the Zn-O bonds in 22b depend on the coordination mode of the acetato ligands.
The Zn-O bonds at the terminal zinc atoms are in average with 1.978 A generally shorter than
those belonging to the ZnOs4 octahedron (av. 2.090 A). Selected bond lengths and angles are
summarised in Table 7.2.

Polymerisation activity

Based on mechanistic studies on the ring-opening polymerisation of lactide mediated by gu-
anidine-pyridine zinc complexes (Chapter 9) it is proposed that the guanidine function of the
coordinated ligand plays a key role during the first ring-opening step. Possibly the uncoordi-
nated guanidine functions close to the reaction centre in 21a and 22a support the polymerisa-
tion reaction and enhance the catalytic activity. Therefore, the chlorido complexes 21a and 22a
were tested for their ability to initiate the ring-opening polymerisation of p,L-lactide accord-
ing to the standard procedure (0.2 mol% catalyst, 150°C). In order to rate the catalytic activity
of the complexes, the polymer yield, the molecular weights as well as the polydispersity of the
PLA were determined (see Table 7.3). The tacticity was analysed by homonuclear decoupled
'H NMR spectroscopy.?*!

2la and 22a show independent of the coordinated ligand almost the same catalytic activity.
Only the width of the molecular weight distribution is for 21a slightly higher. Their yields
are quite high, but the experimental observed M,, values are smaller than the calculated ones
(e.g. My,exp. = 37,0005 My, sheor. = 57,000 g/mol). Compared to the chlorido complexes con-
taining the ligands DMEGpy and TMGpy, which possess a spacer one CH, unit longer than in

Table 7.3: Polymerisation of D,L-lactide initiated by 21a and 22a.

Initiator Time* Yield M, PD? Pr¢
(h] [%]  [g/mol]

[Zn(DMEGpico),Cl,] 21a 24 79 37000 1.9
[Zn(DMEGpico),Cl,] 2la 48 84 34,000 19
[
[

Zn(TMGpico),Cl,]  22a 24 78 36,000 L7 0.52
Zn(TMGpico),Cl,]  22a 48 82 35000 L7

Reaction conditions: Catalyst (0.2 mol%), 150 °C;  reaction times were not necessarily optimised; bpp = M, /M,

where M, is the number-average molar mass; ¢ From analysis of the ' H homonuclear decoupled NMR spectrum

using the equation P, =2 [sis];124]
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7 Zinc complexes with mono- and polydentate guanidine ligands

DMEGpico and TMGpico, their catalytic performance lies in the same range. Just complex 15a
shows higher activity. Hence, it could not be demonstrated that the uncoordinated guanidine
function near the reaction centre supports the polymerisation reaction.

7.1.3 Conclusion

The guanidine-pyridine ligands DMEGpico (21) and TMGpico (22) as well as their chlorido
and acetato complexes [Zn(DMEGpico),Cl,] (21a), [Zn(TMGpico),Cl,] (22a) and
[Zn;(TMGpico),(CH;COO)s] (22b) were synthesised and characterised. Due to their short
spacer unit, 21 and 22 act as monodentate ligands by coordinating the zinc atoms via the pyri-
dine N-donor atom. The chlorido complexes were proven to be active initiators in the ROP of
lactide. An impact of the ligand spacer on the complex properties concerning the initiation
of lactide polymerization as well as an increase in catalytic activity due to the uncoordinated
guanidine function next to the reaction centre could not be observed in the case of 21 and 22.

7.2 Zinc complexes with polydentate tris- and tetraguanidine
ligands and their application in lactide polymerisation

Due to the fact that polydentate ligands were proven to be well suited ligand classes to stabilise
catalytic active complexes, DMEGy(baem),b (27), TMGy(baem),b (28) and TEGs;tren (31)
were  synthesised. The chlorido complexes including polydentate ligands
[(TMGy4(beam),b)(ZnCl,),] (28a), [Zn(DMEG;tren)Cl][Cl] (29a) and [Zn(TMGs;tren)Cl][CI]
(30a) were prepared and tested for their ability to polymerise lactide.

7.2.1 Introduction

Polydentate ligands like trispyrazolylborates (see Section 1.2.3) are well suited to stabilise cat-
alytic active complexes. In this context, the novel neutral tetradentate guanidine ligands 2,6-
bis{[bis(2-aminoethyl)1,3-dimethylimidazolidin-2-ylidene]methyl}benzol (DMEG,(baem),b,
27) and 2,6-bis{[bis(2-aminoethyl)tetramethyl-guanidino]methyl}benzol (TMGy4(baem),b, 28)
as well as the tridentate ligands 1,1,1-tris{2-[2N-(1,3-dimethylethylenguanidino)]ethyl}amine
(DMEGstren,  29)0241 and  1,1,1-tris{2-[N?-(1,1,3,3-tetramethylguanidino)]ethyl}amine
(TMGstren, 30),12] first described by Sundermeyer et al., were synthesised. In order to cre-
ate a tridentate ligand that possesses a very high steric demand, the ligand 2272”-(2,272”-
nitrilotris(ethane-2,1-diyl))tris(1,1,3,3-tetraethylguanidine) (TEGs;tren, 31) was developed.
Their reaction with zinc chloride gave the corresponding zinc complexes which were inves-
tigated towards their catalytic activity in the ROP of lactide.
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Figure 7.4: Schematic structure of polydentate guanidine ligands.

7.2.2 Results and Discussion
Ligand and complex syntheses

The tetradentate ligands DMEG,(baem),b (27) and TMG,(baem),b (28) were prepared by
the reaction of four equivalents of chloroformamidinium chloride with the tetramine 2,6-
bis{[bis(2-aminoethyl)amino]methyl}benzene. The latter is accessible in a three step synthesis
starting with the protection of the amine functions of 1,5-diamino-3-azapentane as phthalim-
ids according to Miranda et al.1?) In the next step two equivalents of the 1,5-phthalimido-3-
azapentane were added to 2,6-bis(bromo-methyl)benzene to give the protected tetramine 2,6-
bis{[bis(2-phthalimidoethyl)amino] methyl}benzene.l'®!l The removal of the protecting groups
occurs by simple acidic cleavage'®! and 2,6-bis{[bis(2-aminoethyl)amino]methyl}benzene was
obtained in almost quantitative yields.

The tridentate ligands DMEGstren (29) and TMGstren (30) were prepared according to lit-
erature procedures described by Sundermeyer et al.'>124] To achieve a tridentate ligand with
high steric demand, tris(2-aminoethyl)amine was reacted with three equivalents of the chlo-
roformamidinium chloride TEG (V4) to give TEGstren (31). A schematic depiction of the
polydentate ligands 27-31 is given in Figure 7.4.

The complexes [(TMG,(beam),b)(ZnCl,),] (28a), [Zn(DMEGs;tren)CI][Cl] (29a) and
[Zn(TMGs;tren)Cl][Cl] (30a) were obtained as colourless crystal solids in yields of 36-77 % by
stirring of the polydentate ligands with ZnCl, in dry THE. Single crystals of 28a and 29a were
prepared by slow diffusion of ethyl ether in an acetonitrile solution of the complexes and their
solid-state structures were determined by X-ray crystallography (Fig. 7.5 and 7.6). The crystal
structures of 28a exhibit two molecules per asymmetric unit. Due to their high similarity, in
the following only one structure is discussed as 28a. The crystals of 30a were strongly disor-
dered and not suited for X-ray measurements. But the reaction of 30 with ZnCl, in the pres-
ence of triflate ions resulted in the formation of single crystals of [Zn(TMG;tren)Cl][CF;SOs]
which possess the same structure motif as 30a and are discussed in the following as 30a* (see
Fig. 7.6).
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7 Zinc complexes with mono- and polydentate guanidine ligands

Figure 7.6: Molecular structure of [Zn(DMEGstren)CI]*

[Zn(DMEG;tren)Cl][Cl]  (29a) and [Zn(TMGstren)Cl]*  in  crystals of

[Zn(TMGs;tren)Cl][CF;SO;] (30a*) as determined at 120 K. Hydrogen atoms
were obmitted due to reasons of clearity.

in  crystals  of
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The polydentate ligand TMGy4(beam),b in 28a does not coordinate one zinc atom fourfold,
but two zinc atoms in a bidentate manner. The remaining coordination sites are occupied in
each case by two chlorine atoms resulting in a distorted tetrahedral coordination geometry.
The Zn-N,, distances are in each tetrahedron within the precision of measurements equal in
length (av. 2.024 A), whereas each tetrahedron exhibit one shorter (av. 2.302 A) and one longer
(av. 2.350 A) Zn-Cl bond. Regarding the C-N bond lengths in the guanidine moiety, there is
no clear trend observed within the precision of measurements.

The complexes 29a and 30a* exhibit a trigonal-bipyramidal coordination geometry. The equa-
torial plane is defined by the N-donor atoms of the guanidine moieties (Zn-Ny,,: av. 2.078
(29a); av. 2.086 A (30a*)), whereas the axial positions are taken by the amine nitrogen atom
(Zn-N: 2.339(2) (29a); 2.336(3) A (30a*)) and the chlorido ligand (Zn-ClL: 2.332(2) (29a);
2.356(1) A (30a*)), respectively. The second chlorine atom or the triflate ion is far away from
the metal centre and acts as counter ion. Hence, the zinc atom is located in a molecular pocket
formed by the N-donor ligands. This structure motif was e.g. also observed for the complexes
[Mn(TMGgs;tren)Cl][Cl] and [Zn(TMGstren)(CF;SO3) [ [CF3S05] prepared by Sundermeyer et
al.[12162] The Cg,0-Ny,,, bonds are in each guanidine moiety with av. 1.311 (29a) and av. 1.313 A
(30a*) equal in length and significantly shorter than the C,,,-N bonds (29a: av. 1.364; 30a*:
av. 1.364 A). The kind of guanidine moiety shows no impact on the structure properties of the
obtained complexes.

Selected bond lengths and angles of 28a, 29a and 30a* are summarised in Table 7.4.

Table 7.4: Selected bond lengths (A) and bond angles (°) of 28a, 29a and 30a*.

28a 29a 30a*
Zn-Ng,, 2.001(10), 2.041(11), 2.074(2), 2.076(2), 2.075(3), 2.085(3),
2.012(10), 2.043(10) 2.084(2) 2.098(3)
Zn-N 2.339(2) 2.336(3)
Zn-Cl 2.301(3), 2.333(4), 2.332(1) 2.356(1)
2.302(4), 2.366(4)
Coua-Ngua 1.332(15), 1.314(15),  1.307(2), 1.312(2),  1.310(4), 1.316(4),
1.310(17), 1.273(16) 1.313(2) 1.314(4)
Cgua-N 1.365(16), 1.305(16), 1.373(2),1.350(2), 1.349(4), 1.372(4),

1.342(15), 1.353(15),  1.365(2),1.380(2), 1.367(4),1.360(4),
1.322(17), 1.385(17),  1.341(2),1.376(2)  1.362(4), 1.372(4)
1.402(15), 1.356(15)

N-Zn-N 117.7(4), 118.1(4)
Cl-Zn-Cl 104.1(1), 101.5(1)
2(ZnCl,, ZnN,) 82.3, 83.1
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Polymerisation activity

The chlorido complexes 28a, 29a and 30a were tested for their ability to initiate the ring-
opening polymerisation of D,L-lactide according to the standard procedure (0.2 mol% catalyst
calculated relative to the zinc centres, 150°C). In order to rate the catalytic activity of the com-
plexes, the polymer yield, the molecular weights as well as the polydispersity of the PLA were
determined (see Table 7.5). The tacticity was analysed by homonuclear decoupled 'H NMR
spectroscopy.?

One idea concerning the preparation of zinc complexes stabilised by polydentate guanidine
ligands was that the arms coordinating the zinc atom may release the metal atom easily when
a substrate molecule approaches and that the guanidine function of the free arm supports the
polymerisation reaction and enhance the catalytic activity (cf. Chapter 9). It is also supposable
that the structure motif of a molecular pocket may influence the polymerisation behaviour.
In contrast to these suggestions, the complexes 29a and 30a show neither an enhanced poly-
merisation activity compared to other zinc guanidine systems nor can an impact on the mi-
crostructure be observed. Independent of the different ligands coordinated, they provide the
same catalytic performance. PLAs were produced in respectable yields of around 70 % but the
obtained chain length is smaller than it is in theory (e.g. My, cxp. = 22,000; My, seor. = 50,000
g/mol). The chlorido complex 28a including tetrahedral coordinated zinc centres exhibits with
yields of around 84 % higher polymerisation activity than 29a and 30a. However, the M,, val-
ues of the produced polymer are also smaller than the theoretical values. This observation
indicates the occurrence of side reaction leading to chain transfer or truncation. The poly-
merisation activity of 29a and 30a may be affected by the high steric hindrance of the guani-
dine units that hinder the accessibility to the zinc centre and therefore the coordination and
activation of lactide molecules. An impact on the stereo preference during the polymerisation
due to this high steric demand could not be observed for 29a and 30a (P, = 0.53; 0.52).

Table 7.5: Polymerisation of D,L-lactide initiated by 28a, 29a and 30a.

Initiator Time? Yield M,, PD?  Pr¢
(h] [%]  [g/mol]

[(TMG,(beam),b)(ZnClL,),] 28a 24 81 36000 19 0.54
[(TMG,(beam),b)(ZnCl,),] 28a 48 86 33,000 19
[Zn(DMEGstren)Cl][Cl] 292 24 72 21,000 18  0.53
[

[

[

Zn(DMEG;tren)Cl][Cl] 29a 48 70 22,000 1.8
Zn(TMGstren)Cl][Cl] 30a 24 71 22,000 19 052
Zn(TMGstren)Cl][CI] 30a 48 69 21,000 1.8

Reaction conditions: Catalyst (0.2 mol%), 150 °C; ¢ reaction times were not necessarily optimised; b pD = M,,/M,,

where M,, is the number-average molar mass; ¢ From analysis of the ' H homonuclear decoupled NMR spectrum

using the equation P, = 2 [sis];[?#!
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7.3 Conclusion

7.2.3 Conclusion

In this section the synthesis of the polydentate ligands DMEG,(baem),b (27), TMGy4(baem),b
(28) and TEGstren (31) is reported. The zinc complexes stabilised by 28, DMEGstren (29) and
TMGgstren (30) were prepared and tested for their catalytic activity in the ring-opening poly-
merisation of p,L-lactide. They were all proven to be active initiators in lactide polymerisation
but influences characteristic for polydentate initiator systems like enhanced polymerisation
activity or impact on the PLA microstructure could not be observed.

7.3 Conclusion

In summary, the monodentate acting guanidine-pyridine ligands DMEGpico (21) and TMG-
pico (22) as well as the polydentate guanidine ligands DMEGy(baem),b (27), TMG4(baem),b
(28) and TEGs;tren (31) were synthesised and completely characterised. The zinc complexes
[Zn(DMEGpico),Cl,] (21a), [Zn(TMGpico),Cl,] (22a), [(TMGpico),Zn;(CH;COO)¢] (22b),
[(TMGy4(beam),b)(ZnCl,),] (28a), [Zn(DMEG;tren)Cl] [Cl] (29a) and [Zn(TMGs;tren)Cl][CI]
(30a) were obtained as colourless crystals and the chlorido complexes were tested towards their
ability to initiate the ring-opening polymerisation of p,L-lactide. They all were proven to be
active initiators although a characteristic polymerisation behaviour compared to other zinc
guanidine systems could not be observed. Hence, the different ligands classes have crucial im-
pact on the molecular structure of the corresponding complexes but this ligand effect has not
the desired influence on the lactide polymerisation activity.
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8 Zinc complexes stabilised by neutral
aromatic and aliphatic amine ligands and
their application in the ring-opening
polymerisation of lactide

Encouraged by the unexpected catalytic activity of zinc complexes stabilised by the amine 8-
aminoquinoline, neutral aliphatic and aromatic diamines as well as oxabispidines were inves-
tigated towards their ability to stabilise zinc complexes that act as active initiators in lactide
polymerisation. Further focus was laid on the question whether the stereogenic information
in the complexes including the chiral ligands 37, 38 and 39 is able to control the tacticity and
thus the microstructure of the resultant PLA.

8.1 New challenge for classics: Neutral zinc complexes
stabilised by 2,2’-bipyridine and 1,10-phenanthroline and
their application in the ROP of lactide

The zinc acetato and triflato complexes of 2,2’-bipyridine and 1,10-phenanthroline were pre-
pared and completely characterised. The whole series (including the already described dichlo-
rido complexes and the ligands themselves) were screened for their catalytic activity in the
solvent free ring-opening polymerisation of p,L-lactide. The acetato and triflato complexes
were found to be active initiators and polylactides could be obtained in almost quantitative
yields or with high molecular weights, up to 145,000 g/mol.

8.1.1 Introduction

To find new neutral ligands for the development of ROP active single-site metal catalysts inter-
ests were focused on 2,2’-bipyridine (bipy, 33) and 1,10-phenanthroline (phen, 34), some of the
most widely used bidentate ligands in coordination chemistry (Fig. 8.1). They are commercially
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8 Zinc complexes stabilised by neutral aromatic and aliphatic amine ligands

Figure 8.1: Bidentate ligands 2,2’-bipyridine (bipy, 33, 1) and 1,10-phenanthroline (phen, 34, r)

—N\ N=—
\Zn/
oM \CI

Figure 8.2: Schematic depiction of [Zn(bipy)Cl,] (33a) and [Zn(phen)Cl,] (34a)!14%150]

available, easy to handle and due to their favourable donor properties they are able to stabilise
complexes with a wide range of transition metals. To date several zinc complexes containing
33 and 34 were synthesised,!'3-17% but none has been tested for their ability to initiate the ring-
opening polymerisation of cyclic lactones. Herein the synthesis and characterisation of four
novel zinc actetate and triflate complexes stabilised by 2,2’-bipyridine and 1,10-phenanthroline
are reported. They together with already described chloride complexes (Fig. 8.2)!14%150] and
the ligands themselves were screened for their catalytic activity in the solvent-free ROP of b,L-
lactide.

8.1.2 Results and Discussion
Complex syntheses

The zinc complexes 33al*"! and 34al'>") were prepared according to literature procedures.
[Zn;(bipy),(CH3;COO)¢] (33b), [Zn,(phen),(CH3;COO0),] (34b), [Zn(bipy),(CF3S03),] (33¢c)
and [Zn(phen),(CF;S0;),] (34c) were obtained as colourless crystal solids in 88-98% yield by
simple stirring of 33 and 34 with Zn(OAc), and Zn(OTf), in a dry aprotic solvent (THE/MeCN)
(see Fig. 8.3). Single crystals were prepared either by cooling a saturated solution slowly to
room temperature or by slow diffusion of diethyl ether into the solution. The molecular struc-
tures of 33b-34c (Fig. 8.4-8.6) were determined by X-ray crystallography. The crystals ob-
tained show a high stability towards moisture and air. They can be handled and stored in air,
whereas the corresponding zinc salts are sensitive towards hydrolysis and are rather hygro-
scopic.

The chlorido complexes 33a and 34a exhibit simple tetrahedral coordination geometry, where
the zinc atom is fourfold coordinated by the two N-donor atoms of the chelating ligand and
two chlorides, respectively (Fig. 8.2). The acetato complexes 33b and 34b possess an oligonu-
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8.1 Neutral zinc complexes stabilised by 2,2’-bipyridine and 1,10-phenanthroline

Zncl [Zn(bipy)Cl;] 3 ZnCl [Zn(phen)Cl] 3a

_ ZNn(CH4CO0), _ Zn(CH4COO),
bipy 33 [Znz(bipy)2(CH3COO)¢]  33b phen 34 [Zny(phen),(CH3CO0),]  34b
L Z0(CFsS0%)2 o [zn(bipy)y(CFsSO9)s]  33¢ L Zn(CFsS03)2 o [zn(phen)y(CFsSOx)s]  34c

Figure 8.3: Schematic synthesis of 33a-34c

clear structure. In 33b, two Zn atoms are surrounded by the N-donor atoms of 33 and three
oxygen atoms of three acetato bridging ligands connecting each Zn atom with a third Zn atom
located between them. Consequently, the latter shows an octahedral coordination environ-
ment whereat each corner is occupied by an acetato oxygen atom. Interestingly, in each case
two acetato ligands bridge the Zn atoms via two oxygen functions but the third acetato ligand
connects the metal atoms via only one oxygen atom of the acetate group. This structure motif
is very similar to that found for [Zn;(TMGpico),(CH;COO)e] (22b, see Section 7.1). 34b is
a binuclear species that is also bridged by acetato ligands. Each Zn atom is coordinated by
the N-donors of 34 in a chelating manner, and two oxygen atoms of two acetato ligands con-
necting them both and generating an eight-membered heterocycle. To complete the trigonal
bipyramidal coordination sphere of each metal atom the fifth coordination site is occupied by
a non-bridging acetato ligand. The zinc triflato complexes 33¢ and 34c are mononuclear and
exhibit an analogous structure motif. Each zinc atom is surrounded by the four N-donor atoms
of two chelate ligands and two oxygen atoms of two triflato ligands generating an octahedral
coordination environment.

Due to the rigid structure of 33 and 34, the bite angles of the described complexes difter slightly,
ranging from 75.8(1) to 79.3(1)° but showing slightly higher values for the triflato complexes.
Regarding the Zn-N bond length, it is notable that in all complexes, except 33b, one of the
bonds is with a difference of 0.010 (33c), 0.024 (34c) and 0.104 A (34b) longer than the other.
Their absolute values range from 2.102(1) to 2.210(2) A. The values for the Zn-O bonds in 33b

Table 8.1: Selected bond lengths [A] and angles [°] of 33b, 34b, 33c, and 34c.

1b 2b 1c 2¢

Zn-N 2.143 (2), 2.148(2) 2.104(2), 2.208(2), 2.102(1), 2.102(1),
2.104(2), 2.210(2) 2.112(1) 2.126(1)

Zn-O 2.018(2), 2.019(2), 1.992(1), 1.981(2), 2.004(2), 2.096(2), 2.191(1)  2.189(1)

2.071(2), 2.102(1), 2.161(1) 1.984(2), 2.003(2), 2.078(2)
N-Zn-N 75.8(1) 76.7(1) 781(1)  79.3(1)
77.0(1)
0-Zn-O 98.0(1), 98.0(1), 99.3(1) 117.3(1), 95.9(1), 100.2(1), 83.3(1) 83.6(1)
180.0, 93.0(1), 87.0(1), 116.4(1), 97.7(1), 96.3(1),

90.1(1), 89.9(1), 87.9(1),
92.1(1), 180.0, 180.0
2(ZnN3, ZnN,) 82.0(1)  85.0(1)
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8 Zinc complexes stabilised by neutral aromatic and aliphatic amine ligands

Figure 8.6: Crystal structure of [Zn(bipy),(CF;SO;),] (33c) and of [Zn(phen),(CF;SO;),]
(34c¢) as determined at 120 K.
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8.1 Neutral zinc complexes stabilised by 2,2’-bipyridine and 1,10-phenanthroline

and 34b depend on the coordination mode of the acetato ligands. In 33b the Zn-O bonds
between the bridging acetato ligands and the zinc atoms that are also coordinated by the pyri-
dine ligands are in average with 2.010 A generally shorter than those belonging to the ZnOg
octahedron (av. 2.111 A). In 34b the non-bridging acetato ligand possesses the shortest Zn-O
value with av. 1.983 A. The value for the bridging ligand, whose oxygen atom is occupying the
equatorial coordination site of the trigonal bipyramid, is with av. 2.004 A longer than the latter
Zn-0 bond length, but not as long as the Zn-O bond belonging to the oxygen atom occupy-
ing the axial coordination site of the trigonal bipyramid (av. 2.087 A). Due to their similar
structure, the Zn-O bond lengths of 33¢ (2.191(1) A) and 34c (2.189(1) A) possess equal values.
Selected bond lengths and angles are summarised in Table 8.1.

Polymerisation activity

The complexes 33a to 33c and 34a to 34c, as well as the ligands 33 and 34 were tested for their
ability to initiate the ring-opening polymerisation of b,L-lactide according to the standard
procedure (0.2 mol% catalyst, 150°C). In order to rate the catalytic activity of the complexes,
the polymer yield was determined and the molecular weights as well as the polydispersity of
the PLA were determined by gel permeation chromatography (see Table 8.2). The tacticity was
analysed by homonuclear decoupled 'H NMR spectroscopy.?*

Table 8.2: Polymerisation of D,L-lactide in the presence of bipy, phen and their corresponding
zinc complexes.

Initiator Time* Yield M,  PD?’ P¢
[h] [%] [g/mol]

bipy 33 48 0 ] ] ]

[Zn(bipy)Cl] 332 48 0 - - -

[Zn;(bipy),(CH;COO)s] 33b 24 95 80,000 18  0.50
[Zn;(bipy),(CH;COO)s] 33b 48 93 68,000 17 -
[Zn(bipy),(CF;S0;),] 33¢c 24 12 75000 16 -
[Zn(bipy),(CF3S053),] 33¢c 48 57 145000 19  0.59
phen 34 48 0 - - -
[Zn(phen)Cl,] 34a 48 0 - - -
[Zn,(phen),(CH;COO),] 34b 24 94 56,000 17  0.50
[Zn,(phen),(CH;CO0O),] 34b 48 89 45000 19 -
[Zn(phen),(CF;S0;),] 34c¢ 24 0 - - -
[Zn(phen),(CF;S0;),] 34c 48 21 87000 2.0 0.6l

Reaction conditions: Catalyst (0.2 mol%), 150°C; @ reaction times were not necessarily optimised; * PD = M,,/M,,
where M, is the number-average molar mass; ¢ from analysis of the ' H homonuclear decoupled NMR spectrum

using the equation P,? = 2 [sis].[4]
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8 Zinc complexes stabilised by neutral aromatic and aliphatic amine ligands

The pure ligands as well as the chloride complexes show even after 48 h no catalytic activity
whereas the zinc acetato and zinc triflato complexes possess the ability to produce PLA. Due
to the fact that the acetate containing complexes provide polymers with significantly higher
molecular weights and higher yields as their triflate containing analogues, it is obvious that
the catalytic activity strongly depends on the character of the anionic component of the zinc
complex. This strong dependence is also reported in previous studies by using zinc guanidine-
pyridine complexes (Section 6). In addition, the complexes stabilised by 33 exhibit a higher
activity than those stabilised with 34. The extension of reaction time from 24 to 48 h leads in
the case of 33c and 34c to an increase of yield and molecular weight, whereas in polymerisa-
tions initiated with 33b and 34b a decrease of molecular weight can be observed which may
be caused by side reactions such as interchain or intrachain transesterification resulting in
a chain-transfer reaction.?¢?7] It is also remarkable that the molecular weights of the poly-
mers obtained by utilising 33¢ and 34c¢ were significantly high in relation to the obtained yield.
These PLA samples also show with P, values of 0.59 and 0.61 a slight heterotactic enchainment
whereas the values of samples obtained by using 33b and 34b (0.50) imply that the complex
structure shows no ability to affect the tacticity of the formed polymer.

8.1.3 Conclusion

In this chapter the synthesis and complete characterisation of four novel zinc complexes sta-
bilised by the neutral bisdentate ligands, 2,2’-bipyridine and 1,10-phenanthroline are reported,
that were proven to be active initiators in the solvent-free ring-opening polymerisation of ,L-
lactide. They provide PLAs in almost quantitative yields or with high molecular weights up
to 145,000 g/mol. This combined with commercial availability, high robustness resulting in an
easy handling and their favourable donor properties clearly demonstrate the high potential of
this neutral ligand class for the development of excellent and application-oriented single-site
metal catalysts for the ROP of lactide.
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8.2 Simple diamine zinc complexes as efficient catalysts in the lactide polymerisation

8.2 Simple diamine zinc complexes as efficient catalysts in the
lactide polymerisation

Zinc(II) halide complexes stabilised by simple diamine ligands are investigated towards their
application as initiators in the lactide polymerisation. They offer high stability and facile syn-
thesis, but also good efficiency.

8.2.1 Introduction

Encouraged by the successful development of catalytic active zinc complexes stabilised by the
aromatic bisamine ligands 2,2’-bipyridine and 1,10-phenanthroline (Chapter 8.1), the focus is
expanded to simple aliphatic diamine ligands.

The facile chelating and commercially available nitrogen ligand, N,N,N’;N’-tetramethylethyl-
enediamine (TMEDA, 35) is applied in many fields of coordination chemistry!76-180 and its
ethyl-substituted analogue N,N,N’;N’-tetraethylethylenediamine (TEEDA, 36) has already
been reported to accelerate anionic ethylene polymerisation.!®:182] These ligands, as well as
their chiral cyclohexane derivatives N,N,N’N’-tetramethylcyclohexanediamine ((R,R)-TMCDA,
37) and N,N,N’N’-tetraethylcyclohexanediamine ((R,R)-TECDA, 38) (Figure 8.7) were inves-
tigated towards their ability to stabilise zinc halide complexes suitable as initiators for the
solvent-free ROP of lactide.[18:182]

R,N NR, RN NR,

R =Me: TMEDA (35) R = Me: (R,R)-TMCDA (37)
R=Et : TEEDA (36) R =Et : (R,R)-TECDA (38)

Figure 8.7: Simple diamine and chiral diaminocyclohexane ligands

8.2.2 Results and discussion

The zinc halide complexes were synthesised by the reaction of amine and an equivalent amount
of zinc(II) bromide/chloride in the group of Prof. C. Strohmann from the Technische Uni-
versitait Dortmund and were provided in the context of a collaboration. Compound 35f has
already been reported before.[83]

The zinc bromide complexes 35f-38f as well as the zinc chloride complexes 37a and 38a are
highly air stable and non-sensitive towards humidity and can be stored without any precautions
for months. In all structures the zinc atom exhibits a distorted tetrahedral coordination sphere.
Figure 8.8 schematically displays the prepared diamine complexes.
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8 Zinc complexes stabilised by neutral aromatic and aliphatic amine ligands
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R = Me: [Zn(TMEDA)Br,] (35f) R = Me, X = CI: [Zn((R,R)-TMCDA)CI,] (37a)
R = Et : [Zn(TEEDA)Br,] (36f) R = Me, X = Br: [Zn((R,R)-TMCDA)Br,] (37f)
R =Et , X = Cl: [Zn((R,R)-TECDA)CI,] (38a)
R = Et , X = Br: [Zn((R,R)-TECDA)Br,] (38f)

Figure 8.8: Schematic depiction of the zinc(II) bromide and chloride complexes 35f-38f.

The crystalline compounds were investigated towards their activity to initiate the ring-opening
polymerisation of D,L-lactide according to the standard procedure (0.2 mol% catalyst, 150°C).
In order to rate the catalytic activity of the complexes, the polymer yield was defined and the
molecular weights as well as the polydispersity (PD) of the obtained PLA were determined by
gel permeation chromatography (see Table 8.3). The tacticity of selected polymer samples was
analysed by homonuclear decoupled 'H NMR spectroscopy.?*l A reaction time of 48 h was
chosen for 35f, 36f, 37f and 37a because after 24 h the yield was too small to give reasonable
results.

The simple TMEDA complex 35f does not show any activity, even after a reaction time of 48
h. However, the complexes 36f - 38f initiate the ring-opening polymerisation of D,L-lactide

Table 8.3: Polymerisation of D,L-lactide initiated by 35f-38f, as well as 37a and 38a.

Initiator Time* Yield M, PD? P,c
(h] [%]  [g/mol]
[Zn(TMEDA)Br; ] 35f 24 0 - - -
48 0 - - -
[Zn(TEEDA)BTI,] 36f 48 56 58,000 1.9 n.d.

[Zn((RR)-TMCDA)Br,] 37f 48 20 25000 15 n.d.
[Zn((RR)-TECDA)Br,] 38f 24 92 133,000 1.9 0.55
48 91 113,000 19 n.d.
[Zn((RR)-TMCDA)Cl,] 37a 48 27 38,000 L6 0.57
[Zn((RR)-TECDA)CL,] 38a 24 89 99,000 2.1 n.d.
48 93 84,000 1.9 n.d.

Reaction conditions: Catalyst (0.2 mol%), 150 °C; * reaction times were not necessarily optimised; b pD = M,,/M,,
where M, is the number-average molar mass; ¢ From analysis of the 'H homonuclear decoupled NMR spectrum

using the equation P,2 = 2 [sis].[2]
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8.3 Lactide Polymerisation with 9-oxabispidine zinc complexes

whereas the halogen influence is small. The most successful candidates for highly active cata-
lysts in the ROP of lactide are the TECDA-containing complexes 38a and 38f. They combine
almost quantitative yields with high molecular weights up to 133,000 g/mol, which lie in the
range suitable for industrial applications (lower limit 40,000 g/mol).!34 The polydispersities
of 1.5 to 2.1 show that during the reaction transesterifications take place resulting in chain-
transfer reactions.?127] The P, values of the complexes containing a chiral ligand show with
0.57 (37a) or 0.55 (38f) only a slight heterotactic bias and imply that the complex structures
provide under the given conditions no or only a very slight ability to affect the tacticity of the
formed polymer. The observed efficiency of some of the simple diamine complexes is surpris-
ing but the increased activity from TMEDA (35) to TECDA (38) via TMCDA (37) and TEEDA
(36) may be due to several effects and has to be elucidated in further studies.

8.2.3 Conclusion

A series of highly stable diamine zinc complexes was screened towards its application as cata-
lysts in the lactide polymerisation. Especially the TECDA complexes 38f and 38a showed an
unexpected activity with high yields and molecular weights. The presented catalysts convince
by the combination of efficiency and stability which often are in conflict with each other.

8.3 Lactide Polymerisation with 9-oxabispidine zinc
complexes

The zinc dichlorido and zinc diacetato complexes of the chiral tricyclic 9-oxabispidine
(IR,2S,9S)-11-methyl-13-oxa-711-diazatricyclo[7.3.1.0%7 ]tridecane (9-oxa, 39) were prepared
and characterised by X-ray crystallography. The latter complex was found to catalyse the
solvent-free polymerisation of D,L-lactide to give atactic polylactide.

8.3.1 Introduction

In the ongoing search for new zinc complexes with neutral N-donor ligands as initiators for the
solvent-free ROP of lactide the attention was drawn to chiral tertiary amines since their stere-
ochemical information might influence the tacticity of the PLA and, thus, the physical and

NMe NMe
5 steps
\ \
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o

 — e 0o
N

NBoc 35 %

Figure 8.9: The tricyclic 9-oxabispidine (9-oxa, 39) and the imide precursor.!s")
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Figure 8.10: Formation of the chiral zinc complexes 39a and 39b from 39.

mechanical properties. Furthermore, by using a neutral diamine an enhanced stability of the
resulting catalyst complex is targeted. As the chiral diamine the newly developed tricyclic 9-
oxabispidine (1R,2S,9S)-11-methyl-13-oxa-7,11-diazatricyclo[7.3.1.0%7]tridecane (9-oxa, 39)
(Fig. 8.9) is chosen, which is for example accessible in a few steps from the imide precursor
(IR,5S)-tert-butyl 7-methyl-2-0x0-9-0xa-3,7-diazabicyclo[3.3.1]nonane-3-carboxylate.185-188]
This ligand was supplied by Breuning and co-workers within the scope of a collaboration. The
high potential of 9-oxa in asymmetric synthesis was recently shown in the Pd!!-catalysed ki-
netic resolution of secondary alcohols giving selectivity factors of up to 19.08% In this chapter,
the synthesis and characterisation of the first zinc complexes of 9-oxa, their activity in the ROP
of p,L-lactide and their impact on the tacticity of the obtained polymers are reported.

8.3.2 Results and discussion
Complex syntheses

The chiral zinc complexes 39a and 39b were obtained as colourless crystals in 80-83% yield by
simple stirring of 9-oxa with ZnCl, and Zn(OAc), in dry THF (Fig. 8.10). The obtained com-
plexes are stable towards moisture and air for several days. Single crystals were prepared either
by cooling a saturated solution slowly to room temperature or by slow diffusion of pentane
into the solution. The molecular structures of 39a and 39b, determined by X-ray crystallog-
raphy, are shown in Figure 8.11. In both complexes, the zinc atom is fourfold coordinated in a
slightly distorted tetrahedral manner by the N-donor atoms of the oxabispidine 9-oxa and the
two chloride or acetate ions, respectively. The bite angles of 89° in 39a and of 88° in 39b are
slightly too small for an ideal-typic tetrahedral geometry. These resulting distortions are also
reflected in the angle between the ZnCl, and the ZnN, plane in 39a (81°) and the ZnO, and
the ZnN, plane in 39b (78°), which would be 90° in a tetrahedron.
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Figure 8.11: Molecular structures of [Zn(9-oxa)Cl,] (39a,1) and [Zn(9-oxa)(OAc),] (39b, r) as
determined at 120 K. Selected bond lengths (A) and angles (°): 39a: Zn(1)-N(1)
2.077(2), Zn(1)-N(2) 2.070(2), Zn(1)-CI(1) 2.208(1), Zn(1)-CI(2) 2.223(1), N(1)-
Zn(1)-N(2) 88.89(7), Cl(1)-Zn(1)-N(2) 117.57(2); 39b: Zn(1)-N(1) 2.121(3), Zn(1)-
N(2) 2.073(3), Zn(1)-O(11) 1.933(2), Zn(1)-O(21) 2.014(2), N(1)-Zn(1)-N(2) 88.3(1),
O(11)-Zn(1)-O(21) 106.6(1).

Polymerisation activity

The activity of the complexes 39a and 39b was studied on the bulk polymerisation of D,L-
lactide (Table 8.4). The reactions were carried out with 0.2 mol-% of 39a or 39b at 150 °C
according to the standard procedure. The molecular weight and polydispersity of PLA were
determined by gel permeation chromatography, the tacticity and the probability of heterotactic
enchainment (P,) was analysed by homonuclear decoupled 'H NMR spectroscopy.?*

As also found before for zinc guanidine complexes (see Chapter 6), the activity of 39a and 39b
strongly depended on the anionic component of the zinc salt. While the dichlorido complex
39a did not initiate the polymerisation of lactide, polylactides with weight-average molecular

Table 8.4: Polymerisation of lactide in the presence of the 9-oxa zinc complexes 39a and 39b.

Initiator Yield M,, PD“ p,b
%) [g/mol]
[Zn(9-0xa)Cl, ] 39a 0 - - -

[Zn(9-oxa)(OAc),] 39b 29 21,000 193  0.50

Reaction conditions: Catalyst (0.2 mol%), 150 °C, 48 h; ¢ PD = M,,/M,, where M,, is

the number-average molar mass; ® From analysis of the 'H homonuclear decoupled NMR

spectrum using the equation P,? = 2 [sis].[24]
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8 Zinc complexes stabilised by neutral aromatic and aliphatic amine ligands

weights of up to 21,000 g/mol were obtained with the corresponding diacetato complex 39b.
Thus, the latter catalyst required no common co-catalysts (alcohols or anionic compounds like
alkoxides) in order to initiate the ring-opening polymerisation under industrially applicable
conditions. The P, value of 0.50 implies that the stereogenic information in 39b is not able to
control the tacticity of the resultant PLA.

8.3.3 Conclusion

The novel zinc complexes 39a and 39b which possess the 9-oxabispidine 9-oxa (39) as a chiral
ligand were synthesised und structurally characterised. Compound 39b promotes the ROP of
D,L-lactide without co-catalysts like alkoxides but the stereogenic information in 39b is not
able to control the tacticity of the resultant PLA.

8.4 Conclusion

In this chapter the synthesis of catalytic active zinc complexes based on rather simple aliphatic
and aromatic diamines as well as oxabispidines is reported. Hence, it was proven that these
ligand classes are also suited to provide initiators for the ROP of lactide. They combine the
advantageous properties of a simple assembly, low cost production and high activity. However,
the stereogenic information in complexes with the chiral ligands 37, 38 and 39 is not able to
control the tacticity of the resultant PLA under the chosen conditions. It seems that the impact
on the polymer microstructure is even higher for steric demanding ligands.
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9 Elucidation of the mechanism of lactide
polymerisation mediated by
guanidine-pyridine zinc complexes

The experimental and theoretical studies on the mechanism of lactide polymerisation with the
guanidine-pyridine zinc complexes [Zn(DMEGqu),(CF;S0;)][CF;SO5;] (6¢) and
[Zn(TMGqu),(CF;S03)][CF;S03] (7¢) reveal that the polymerisation proceeds via a coordination-
insertion mechanism. The guanidine functions of the coordinated ligand support the first ring-
opening step and thus allow the ROP without additional co-catalysts like alcohols or alkoxides.

9.1 Introduction

The elucidation of the mechanism of lactide polymerisation in the presence of single-site metal
catalysts allows for a deeper understanding of the reaction parameters and therefore supports
the development of new initiators with optimised features.

Since the guanidine-pyridine zinc complexes 6c and 7¢ are the most auspicious candidates as
initiators for lactide polymerisation, their polymerisation reactions as well as their obtained
polymers were investigated to collect information in regard to their mechanism. With these
findings a mechanism is proposed and evaluated by DFT calculations.

9.2 Results and discussion

9.2.1 Experimental Studies
Kinetic studies on the bulk polymerisation

In order to determine the kinetics of the solvent free ring-opening polymerisation of lactide
mediated by 6¢ and 7c, homogenised samples of a mixture of p,L-lactide and the initiator
(0.02mol%) were heated at 150°C. After the respective reaction time, the polymer melt was
dissolved in dichloromethane. From this solution samples were taken, dried in vacuo and
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Figure 9.1: Reaction monitoring by 'H NMR measurements in the case of 6c.

used for the determination of conversion by NMR spectroscopy and of the molecular weights
as well as their distribution by GPC. Figure 9.1 depicts the reaction monitoring by 'H NMR
measurements.

The kinetic studies (Fig. 9.2) demonstrate that the reaction mediated by 6c proceeds up to
80% conversion within the first 8 h, but complete conversion is only obtained after 24 h. The
reaction mediated by 7c is significantly faster with 95% conversion achieved within the first 4
h. These findings clearly demonstrate that 7c provides a higher catalytic activity in the ROP
of lactide than 6c and support those indications found for the polymerisation of glycolide and
e-caprolactone (see Section 6.5).

Logarithmic plotting of the kinetic data (Fig. 9.3) revealed that the reaction proceeds in a
controlled manner.!3%1%) The linear dependence of In(B) with conversion C and time ¢ that
shows the polymerisation obeys first-order kinetics is given by

1
InB= ln(1 C) = k,[I]ot.

The linearity of the plots indicates that there is no termination reaction or that the number
of growing chains is constant throughout polymerisation.*®! With regard to polydispersities
around 2, transesterification reactions seem to occur in the course of the reaction which broad-
ens the distribution after the first polymerisation steps. Nevertheless, theses reactions can be
regarded as living polymerisations according to a definition given by Penczek et al.:'¥*) “Living
polymerization takes place when a given set of macromolecules, born at initiation, retain their
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activity at least to the complete monomer conversion for the reason that irreversible deactiva-
tion (termination) and irreversible transfer (so called degenerative) are absent. Polymerization
of cyclic esters is very often called living. This is justified whenever deactivation and transfer

are reversible”

Ring-opening reactions mediated by 6c and 7c¢ are performed in a controlled manner without
the presence of alkoxides or alcohols. Thus, the highly basic guanidine function is proposed to
take the role as nucleophilic reagent and to open the lactide molecule during a coordination-

insertion mechanism.
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Figure 9.4: UV/Vis absorption of PLA samples obtained with 6c¢ (black line), 7¢ (red line) and
SnOct, (green line).

UV/Vis absorption studies of the polylactide

An intriguing feature of the obtained polylactide samples is their slightly yellowish colour.
They show absorption features in the UV range which are not present in samples produced
using SnOct, (Figure 9.4).

The guanidine ligands themselves have intense absorptions at 347 (8800 Lmol~'cm™!) and 371
(1320 Lmol~'cm™') nm for DMEGqu and TMGqu, respectively.?!! This 7z-7* transition of the
aromatic quinoline system can be found in the polymer samples as well. In samples poly-
merised with 6c, the absorption of DMEGqu appears at 377 nm, whereas the absorption of
TMGqu in samples polymerised with 7c¢ appears at 368 nm. Remarkably, the distinct inten-
sity difference of the two ligands shows up in the UV absorption spectra of the corresponding
polymer samples as well.

This effect is a hint that the guanidine ligand of the initiating complex (or a derivate of it)
remains in the polymer, possibly attached to the polymer chain ends.

EDX measurements

The results of the UV/Vis measurements led to the conclusion that parts of the complexes
remain in the polymer samples. By means of energy dispersive X-ray spectroscopy, it can be
traced if zinc from residual zinc or zinc complexes remains in the polymer. Measurements
at an acceleration voltage of 15 keV on 2 mm thick polymer samples gave within the limit of
detection (10'° atoms in 1000 ym?) no zinc signal.
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9.2 Results and discussion

Hence, it is assumed that only the guanidine ligands remain in the polymer and the zinc is
washed out during the work-up process.

Fluorescence studies of the polylactide

Guided by the UV absorption of the PLA samples, fluorescence measurements of the guanidine
ligands and the PLA samples were performed (Figure 9.5). With the same trend as found for
the UV absorption, the fluorescence signals of the ligands show up at 500 (DMEGqu) and 510
nm (TMGqu). Notably, the DMEGqu ligand has the double fluorescence intensity compared
to TMGqu. This intensity difference can be retrieved in the fluorescence of the solid-state
emission spectra of the PLA samples as well: the samples produced by using DMEGqu complex
(PLA-6c) emit with double intensity compared to the TMGqu samples (PLA-7c). The emission
wavelength is slightly blue-shifted to 491 (DMEGqu) and 486 nm (TMGqu).

Due to the PLA production process, the ligand might be precipitated accidentally with the PLA.
In order to clarify this question, a PLA sample was worked up in several cycles of dissolution
in dichloromethane and precipitation in ethanol. After each step the polymer was dried and
samples for the fluorescence measurements were taken. Figure 9.7 depicts the course of the
integral fluorescence intensities for this series of samples. Within the limit of accuracy, the
fluorescence remains maintained over six cycles. A small amount of ligand seems to be washed
out, but 80 % of the original intensity remains even after six cycles. This can be regarded as a
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Figure 9.5: Fluorescence of the guanidine ligands (in MeCN, ¢ = 107> mol/L) and the corre-
sponding PLA samples (0.095 ym) (black line: 6; red line: 7; blue line: PLA-6c;
green line: PLA-7c).
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Figure 9.6: Schematic depiction of the fluorophore density of polymer samples in dependence
of chain length.

proof that the guanidine ligand is chemically bound to the polymer and after polymerisation
remains as end group.

As an additional experiment to support the "end group” hypothesis the fluorescence intensity
of samples with different molecular weight was investigated. If the fluorescent part remains at
the chain end, longer chains show less fluorescence intensity per mass unit compared to those
with shorter chains (Fig. 9.6).

Figure 9.8 illustrates the measured dependence of the fluorescence intensity on the chain length:
the polymer sample with the chain length of 260,000 g/mol shows the smallest normalised in-
tensity whereas the polymer sample with a chain length of 36,000 g/mol shows the highest
fluorescence intensity. The sample with app. six times longer chains has an integral intensity
which is six times smaller. This inverse relation shows again that the ligands act as end groups.

Racemisation behaviour

In Section 6.5, it was demonstrated that the polymerisation of pure D- and L-lactide mediated
by 6¢ and 7c at 150°C provides the formation of isotactic PLA. Undesired racemisation leading
to atactic polymers as it is reported for anionic and cationic polymerisation reactions!#" was
not observed. The lack of racemisation at higher temperatures supports the proceeding via a
coordination-insertion mechanism.
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Figure 9.8: Fluorescence spectra for the PLA-6¢ samples with M,, of 260,000 (black line) and
36,000 g/mol (red line).
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9 Mechanism of lactide polymerisation mediated by guanidine-pyridine zinc complexes

Discussion

The experimental studies revealed several points indicating that for the guanidine-pyridine
zinc systems a special variant of the coordination-insertion mechanism is active:

o The progress of the polymerisation conversion obeys first-order kinetics.

« UV spectra of the polymers trace an intense absorption originating from residual guani-
dine ligand.

« EDX spectroscopy shows that no zinc remains in the polymer within the limit of detec-
tion.

o The polymer samples show intense fluorescence and the fluorescence spectra of sam-
ples of different catalysts reflect the absorption and emission intensity difference of the
guanidine ligands very well.

o Further fluorescence experiments demonstrate that the guanidine ligand cannot be washed
out during the work-up of the polymer samples and that the fluorescence intensity is re-
ciprocally related to the chain length.

o Furthermore, no racemisation occurs during the polymerisation of pure p- and L-lactide
which is a hint that the reaction does not exhibit an anionic or cationic mechanism but
proceeds via a coordination-insertion mechanism.

9.2.2 Theoretical studies
Proposed mechanism

Guided by the idea that the basic guanidine is able to open the lactide ring nucleophilically, the
following mechanistic model was developed according to the general coordination-insertions
mechanism (Figure 9.9). In the first step, the lactide replaces the triflate ion and coordinates
via one of the carbonyl oxygen atoms (O¢asbonyt) to the zinc centre (M1) resulting in transition
state M2 TS. The guanidine N atom (Ng,,) transfers electron density to the carbonyl C atom
(Ccarbonyr) on the reverse side of the lactide molecule leading to the formation of a bond (nu-
cleophilic attack). Simultaneously, the Ccarpony1-O atkoxide bond in the lactide molecule breaks.
By reorientation of the opened lactide molecule, the currently formed alcoholate anion is able
to coordinate to the zinc centre (M3). During further reorganisation steps, the N-donor atoms
of the ligand are released from the zinc atom and remain at the end of the new-built chain
(M4).

The chain propagation proceeds by the coordination of a further lactide molecule to the zinc
centre of this new species. In contrast to the first ring-opening step, the next lactide molecule is
opened by the coordinated alcoholate anion of the growing chain. Instead of a Ccarpony1-Neua
bond a Ccarponyi-Oatkoxide bond is tied.
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Figure 9.9: Proposed DFT based mechanism for the ROP of lactide.
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9 Mechanism of lactide polymerisation mediated by guanidine-pyridine zinc complexes

Figure 9.10: Vibration of the calculated transition state M2 TS with negative frequency.

Mechanistic calculations

As demonstrated in previous studies (Chapter 6), gas phase DFT calculations using the B3LYP
density functional theory and the 6-31G(d) basis sets are able to describe guandine zinc com-
plexes reasonably. For computational work on the ring-opening polymerisation,!°V this com-
bination of functional and basis set was chosen as well.l¥73819219] The starting point of the
mechanistic calculations (M1) was obtained by substitution of a triflate ion in complex 7c by a
lactide molecule (built up in GaussView).

On the basis of Synchronous Transit-Guided Quasi-Newton (STQN) calculations!™#”! the tran-
sition state was searched. Finally, the state M2 TS was found which possesses only one negative
frequency which is characteristic for a transition state. This vibration at -61.2 cm™! is a stretch-
ing vibration between the Ccgspony1 and N, atoms whereby the Ccarponyi-Oarkoxide distance is
simultaneously changed (Figure 9.10). During this vibration a rehybridisation of the Ccasbonyi
atoms from sp? to sp> can be observed.

In order to study the crucial transition state M2 TS, the dependence of the Ccurpony1-Ngua
distance on the length of the adjacent Ccarponyi-Oaikoxide lactide bond is investigated by DFT
calculations (Figure 9.11 and 9.12). In a grid search, the distance between Ccarponyr and Ngyq
is reduced stepwise and the structure of the transition state is optimised for each case. This
analysis showed that the Ccarpony1-Oaikoxide bond length increases to the same extent at which
the Ccarponyr and the Ng,,, atoms approach each other. Hence, the nucleophilic ring-opening is

Table 9.1: Atom distances (in A) of the calculated transition state M2 TS in comparison.

Zn'OCarb. CCarb.'NGua CCarb.'OAlkoxide CCarb.'OCurb.

given educt structure 2.16 1.70 1.46 1.24
given product structure 2.09 1.43 1.55 1.27
after lactide insertion (M4) - 1.43 - 1.21
free lactide - - 1.34 1.20
calculated transition state (M2 TS) 2.11 1.71 1.51 1.24
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Figure 9.11: Variation of the Ccurpony1-Ngua-bond length.

a result of the Ccarponyi-Ngua bond formation. Furthermore, it can be observed that the Ny,
atom of the lactide bonding ligand withdraws from the zinc centre the shorter the Ccarponyi-
Nguq distance becomes.

In Table 9.1 geometric key parameters of the given and calculated geometries are summarised
in comparison to the parameters of the free lactide molecule and the end state M4 of the first
insertion step. The Ccarponyi-Nguq distance is with 1.71 A significantly longer than in a covalent
bond (1.43 A after lactide insertion) and the Ccarbonyi-Oaikoxide distance in the lactide molecule
is with 1.51 A considerably longer than in the free lactide (1.34 Al94]) which is due to the fact
that this bond is currently broken. In M2 TS the guanidine group of the lactide binding ligand
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Figure 9.12: Ccarponyi-O alkoxide-distances upon variation of the Ccarponyi-Nguq-distance.
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Figure 9.13: Mesomeric forms of the transition state M2 TS.

coordinates no longer the zinc atom (Zn-Ng,,: 3.82 A). In the transition state, the Ccarbonyl-
Ocarbonyi-distance is longer than in the free lactide or in the end state M4. This is a hint that
in the transition state a partial single bond is formed between these two atoms which is in
accordance with the rehybridisation of the Ccuypony atom (Figure 9.13).

In summary, the first ring-opening step mediated by guanidine-pyridine zinc systems can be
theoretically described by the energy profile depicted in Figure 9.14. The energy level increases
after lactide coordination due to the approaching of Ccarpony and Ng,, resulting in the tran-
sition state M2 TS on the highest energy level. After ring-opening, the energy decreases by
coordination and reorientation of the opened lactide chain to the energy level of the final state.
The first insertion step is overall endothermic (AH = +13.8 kcal/mol).

The energy level of the transitions state M2 TS with a value of AE(M2 TS) = 86.5 kcal/mol
seems to be comparatively high for an actual proceeding reaction - even at 150°C.

This result is in accordance with experimental findings concerning the molecular weight of
the obtained polymers (Section 6.1). It was found that the experimental M,, values for PLA-
6c and PLA-7c¢ are significantly higher than the theoretical values. This provides the thesis
that the initiation rate is slower than the propagation rate so that only a fraction of the used
complexes actually initiate the ROP.

With regard to literature values, it has to be taken into account that the DFT calculations were
performed in the gas phase. Ling et al.l?) report a value of 30 kcal/mol for their ring-opening
transition state and they mention a high dependence of this value for the present state of sol-
vation (+/- 10 kcal/mol between gas phase, THE, other solvents). As charged species play an
important role in the reaction, the solvation of these species can facilitate such a reaction and
hence lower the activation energy barrier.

At this point in time, this value has to be treated carefully until calculations in an appropriate
solvent have been done.

Preliminary calculations of the insertion of the second lactide show that the second insertion
proceeds exothermic. This is also supported by the mechanism proposed by Rzepa et al.l¥’]
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Figure 9.14: Energy profile of the first lactide insertion step with 7c: a) Lactide and complex 7¢
reside at a long distance (Ocarbonyi-Zn = 6.3 A); b) Lactide coordinates to the zinc
centre (M1); ¢) Ccarbony atom approaches to the Ng,, atom under weakening of
the Ccarbonyi-Oaikoxide bond.; d) Transition state (M2 TS); €) O xoxide atom binds
to the zinc centre (M3); f) Unfolding of the opened lactide chain; g) Final state
after the first insertion step (M4).
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9 Mechanism of lactide polymerisation mediated by guanidine-pyridine zinc complexes

9.3 Conclusion

Experimental and theoretical studies were done to gain inside into the mechanism of lactide
polymerisation mediated by  the guanidine-pyridine zinc complexes
[Zn(DMEGqu),(CF;S03)][CF;S0s] (6¢) and [Zn(TMGqu),(CF;S0;)][CF3S03] (7¢). Kinetic
studies demonstrated that the reaction obeys first order kinetics and proceeds in a controlled
manner with living character. After EDX investigation proved that the polymer samples do
not contain zinc, the UV/Vis and fluorescence measurements indicated that the ligand binds
to the polymer and remains as chain end. This together with the absence of racemisation re-
actions during the polymerisation of pure b- and L-lactide leads to the assumption that the
polymerisation proceeds via a coordination-insertion mechanism. The guanidine functions of
the coordinated ligand act as nucleophile and support the ring-opening. Hence, they allow the
ROP without additional co-catalysts like alcohols or alkoxides. The proposed mechanism was
supported by DFT studies. The crucial transition state M2 TS was found on the basis of Syn-
chronous Transit-Guided Quasi-Newton calculations and analysed. An energy profile of the
first lactide insertion step was provided which demonstrated that this step is with AH = +13.8
kcal/mol overall endothermic. But preliminary calculations of the insertion of the second lac-
tide showed that the second insertion proceeds exothermic. These findings are in accordance
with previous calculations of Rzepa et al. and the experimental findings.
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10 Conclusion and perspective

The main focus of this thesis is the introduction of a new application-oriented catalyst class
into the field of the ring-opening polymerisation of cyclic esters. The discovery of influencing
variables resulting in a structure-reactivity relationship and the elucidation of the polymerisa-
tion mechanism represent the key challenges.

To create zinc complexes providing high robustness combined with high catalytic activity, in
this work neutral multidentate chelate ligands with N-donor functions are used.

Aliphatic bisguanidine-stabilised zinc complexes were proven to be active initiators in the ring-
opening polymerisation of p,L-lactide. PLAs with molecular masses (M,,) of around 18,000-
59,000 g/mol could be obtained. In complexes with the same ligand the activity of the initiator
depends on the anionic component of the zinc salt. Complexes with zinc triflate and zinc
dichloride seem to be the most auspicious candidates for application in the ROP of lactide. The
catalytic activity of complexes including the same anionic component of the zinc salt increases
from btmgp via DMEG,e to TMGge.

By changing the reaction temperature it was shown that lower temperatures allow side reac-
tions to be avoided. Moreover, the Mark-Houwink correlation demonstrates that the obtained
polymers are linear and homogeneous.

The first examples of imidazoline based guanidine zinc complexes 5a and 5b were synthesised,
completely characterised and investigated for their activity in the solvent-free ROP of lactide.
It was shown that these compounds are able to act as efficient initiators. A comparative DFT
study on 5a and 5b and their guanidine counterparts la and 1b revealed that the two complex
series possess a strikingly similar electronic structure. Although the imidazoline based guani-
dine is more basic, its zinc complexes have only a slightly higher positive charge on the zinc
atom in comparison to the corresponding imidazolidine complexes. Accordingly, their activ-
ity in the initiation of the ring-opening polymerisation is increased which is directly related
to the Lewis acidity of the zinc atom. Hence, the strategy of using neutral, strongly nucle-
ophilic ligand systems for the stabilisation of catalytically active and environmentally benign
zinc complexes has been positively evaluated.

These findings lead to two mechanistic evidences: (a) enhanced Lewis acidity of the zinc centre
directly correlates with the enhanced polymerisation activity and (b) by using exclusively neu-
tral N-donor ligands for the stabilisation of the catalysts, it is proven that anionic (co-)ligands
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Figure 10.1: Schematic summary of the synthesised guanidine ligands.
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are not necessary prerequisites for the nucleophilic lactide-opening step.

A library of zinc complexes stabilised by guanidine-pyridine ligands was developed and the
complexes were screened towards their activity. They proved to be active initiators in the poly-
merisation of lactide with only few exceptions. Polylactides with molecular weights (M,,) up
to 176,000 g/mol and in almost quantitative yields could be obtained. These results represent
a significant augmentation over bisguanidine zinc complexes and corroborate the strategy of
building up N-donor ligands with different donor strengths and substituents with varied ster-
ical demand.

In complexes with the same ligand, the anionic component of the zinc salt has a significant im-
pact on the activity of the corresponding initiator. It defines the molecular structure, the charge
distribution and the thermal stability of the complex and therefore its properties. The charge
distribution within the complex (especially the positive charge on the zinc atom) influences
the attraction towards the substrate lactide and the accessibility to the zinc centre regulates the
substrate coordination. Consequently, the reactivity of the complexes is directly correlated to
the coordination behaviour of the anionic component and the anion effect plays an important
role in context of catalyst design. A clear trend concerning the guanidine impact on the cat-
alytic activity could not be observed under the given conditions. Similarly, the influence of the
guanidine moiety on the grade of heterotactic enchainment cannot be clarified due to the very
low overall effect.

Guanidine-pyridine zinc complexes including zinc triflate were proven to be excellent catalysts
in ROP oflactide. The flexible coordination of one triflate anion to the zinc centre is considered
responsible for their outstanding activity. It facilitates pre-coordination of the lactide molecule,
while the higher positive charge at the zinc centre in comparison to the tetrahedral complexes
offers higher Lewis acidity for the activation of lactide. This argument was supported by studies
on the corresponding complexes with zinc mesylate.

In addition, it was demonstrated that the triflate complexes are also suited for the general
application in the polymerisation of cyclic esters like p-lactide, L-lactide, glycolide and e-
caprolactone and therefore possess also high potential for the copolymerisation of lactide.
Rather simple aliphatic and aromatic diamines as well as oxabispidines were also found to pro-
vide catalytic active zinc complexes. Hence, this ligand class was proven to be well suited to
develop initiators for the ROP of lactide. They combine the advantageous properties of a sim-
ple assembly, low cost production and high activity. However, the stereogenic information in
complexes with the chiral ligands 37, 38 and 39 is not able to control the tacticity of the resul-
tant PLA under the chosen conditions. It seems that the impact on the polymer microstructure
is higher for steric demanding ligands.

Experimental and theoretical studies were performed to gain inside into the mechanism of
lactide polymerisation mediated by the guanidine-pyridine zinc triflate complexes 6¢ and 7c.
Kinetic studies demonstrated that the reaction obeys first order kinetics and proceeds in a con-
trolled manner with living character. EDX, UV/Vis and fluorescence measurements indicated
that the ligand or a part of it binds to the polymer and remains as chain end. This together with
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the absence of racemisation reactions during the polymerisation of pure p- and L-lactide leads
to the assumption that the polymerisation proceeds via a coordination-insertion mechanism.
The guanidine functions of the coordinated ligand act as nucleophile and support the ring-
opening. Hence, they allow the ROP without additional co-catalysts like alcohols or alkoxides.
The proposed mechanism was supported by DFT studies. The crucial transition state M2 TS
was found and analysed and an energy profile of the first lactide insertion step was provided
which demonstrated that this step is overall endothermic. Preliminary calculations of the in-
sertion of the second lactide showed that the second insertion proceeds exothermic.

In summary, a library of zinc complexes stabilised by neutral N-donor ligands was generated
consisting of 67 complexes prepared of 29 varying ligands and 9 different zinc salts. 49 zinc
complexes (Fig. 10.2) and 21 ligands (Fig. 10.1) were prepared and completely characterised for
the first time. This complex variety enables the systematic screening of each complex for its
catalytic activity in the solvent-free ring-opening polymerisation of lactide.

It was proven that the neutral ligand classes including bisguanidines, guanidine-amine hybrids,
imidazolin-2-imines and simple amines are qualified to stabilise highly active zinc complexes.
The most auspicious initiators were guanidine-pyridine zinc triflate complexes which combine
excellent catalytic activity with high robustness towards air, moisture and small impurities in
the monomer as well as thermal stability. They do not need co-catalysts like alkoxides or alco-
hols to give via a coordination-insertion mechanism PLAs with high molecular masses under
industrially attractive conditions. They are also able to polymerise glycolide and e-caprolactone
and thus provide a wide range of application.

A perspective of further investigations is the large-scale application of guanidine-pyridine
based zinc catalysts to prove their industrial qualification and the broadening of their applica-
tion range. Therefore, the screening of the library of zinc complexes towards their catalytic ac-
tivity in the ring-opening polymerisation of further monomers like 1,5-dioxepan-2-one, propy-
lene oxide, -butyrolactone and substituted lactides (e.g. hexylglycolide) or in related polymer
reactions like the copolymerisation of carbon dioxide and expoxides to obtain polycarbonates
is of great importance. Since guanidine-pyridine zinc complexes were proven to initiate the
polymerisation of lactide as well as glycolide and e-caprolactone the copolymerisation of these
cyclic esters can be topic of onward studies. A further challenge of great interest is the develop-
ment of highly stereoselective catalysts for the ring-opening polymerisation of p,L-lactide as
well as the preparation of initiator systems based on guanidine-pyridine ligands and different
metals like magnesium or aluminum.

Thus, the introduction of three neutral ligand classes into the field of single site metal catalysts

for the polymerisation of cyclic esters, that provide active but stable initiators, opens up a new
promising area of research.
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11 Experimental section

11.1 Material and methods

11.1.1 General remarks

All manipulations were performed under pure dinitrogen (99.996%) or argon (99.996%) dried
with P4Oj granulate using Schlenk techniques or a glovebox. Solvents were dried and purified
according to literature procedures!®®! and also kept under inert gas. Unless otherwise noted,
chemicals were purchased at common trade companies and used as purchased. Yields of the
synthesised products are given from the pure isolated products. In most instances the reaction
conditions as well as the yields were not optimised.

11.1.2 Physical measurements
NMR spectroscopy

The NMR spectra were recorded with the spectrometer Bruker Avance 500. The NMR sig-
nals were calibrated to the residual signals of the deuterated solvents (55 (CDCl;) = 7.26 ppm,
0y(CD;CN) =1.94 ppm, 65((CD;3),SO) = 2.50 ppm). The allocation of signals of 'H- and *C-
NMR spectra were supported by H,H COSY, DEPT135 and HMQC experiments. The results
are implemented in the corresponding data. The chemical drift is given in ppm oriented to the
0-scale. Spin-spin coupling constants ("]) are given in hertz (Hz), where n is the bond number
between the coupling cores. The multiplicities and signal forms are described with the follow-
ing abbreviations s = singlet, d = doublet, t = triplet, q = quartet, dd = double doublet, m =
multiplet, br = broad signal. The DPFGSE-NOE spectra(!! were recorded with a mixing time
of 0.5 s and Gaussian-shaped pulses for selective excitation. The temperature ranged from 0 to
-90 °C. Samples for homonuclear decoupling were prepared by dissolving 10 mg of the poly-
mer in 1 ml of CDCIl; and the samples were left for 2 hours to ensure full dissolution.[>*! The
'H homonuclear decoupled spectra were recorded on a Bruker Avance 400 MHz spectrom-
eter and referenced to residual solvent peaks. The parameter P, (probability of heterotactic
enchainment) was determined via analysis of the respective integrals of the tetrads, using P,?
= 2 [sis]. For the NMR analysis of the respective integrals of the tetrads [sis], see the work of
Coates et al.[24]
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IR spectroscopy

The infrared spectra were recorded with the FT-IR spectrometer Nicolet P510.

Mass spectroscpy

The EI mass spectra were recorded at a Finnigan MAT 95 mass spectrometer with 70 eV and
200°C source temperature; the CI mass spectra were recorded at Finnigan MAT 8200 spec-
trometer with isobutane as reaction gas and 100°C source temperature.

Elemental analyses

The elemental analyses were performed with a Perkin-Elmer analysator type 2400 as well as
with an elementar vario MICRO cube. Microanalyses of fluorine containing compounds were
performed at the Mikroanalytisches Labor, Ilse Beetz, Kronach, Germany or at the Technische
Universitat Dortmund with the device CHNS-932 from Leco Instruments.

Fluorescence measurements

a) Fluorescence measurements of the ligands were performed on a Hitachi F-2000 (with pres-
can for the best response). b) The fluorescence measurements of the polymer samples were
performed on the following fluorescence setup: the fluorescence light was dispersed with a
Horiba Jobin Yvon spectrometer with 140 mm focal length and detected with a standard CCD
detector array. Optical excitation of the polymer samples was done by a semiconductor laser
source (405 nm wavelength) with a power density of 70 kW/cm? and a spot size of 3 ym di-
ameter. The excitation and detection paths were aligned in confocal geometry. The polymer
samples were melted at 150°C and prepared between two microscope glass plates with polymer
layer thicknesses between 50 and 160 ym. For reference, the integral fluorescence intensity was
calibrated as a function of the polymer thickness. For the calibration of the fluorescence mea-
surements, two series of polymer samples with 6¢ and 7¢ were produced. These samples were
applied between glass plates and polymer thicknesses between 40 and 160 ym were achieved
by different pressure on the polymer layers between the glass plates. The thickness of the sam-
ples was controlled by a film thickness monitor. The dependence between integral fluorescence
intensity and layer thickness was measured for both series and found to be linear. Further mea-
surements with samples of different thickness were then normalised by the calibration graphs.

EDX measurements

The energy dispersive X-ray spectroscopy measurements were accomplished on a standard
RonTec EDX system in a JEOL JSM-6060 scanning electron microscope. The acceleration
voltage was 15 kV.
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UV/Vis spectroscopy

The UV/Vis spectra were recorded with a Perkin-Elmer Lambda 45 spectrometer.

Crystal structure analyses

Crystal data for the crystal structures are presented the separate crystallographic appendix.
Data were collected on a Bruker-AXS SMART! APEX CCD with MoKa radiation
(A = 0.71073 A) and a graphite monochromator. Data reduction and absorption correction
were performed with SAINT and SADABS.!®7] The structures were solved by direct and con-
ventional Fourier methods, and all non-hydrogen atoms refined anisotropically by full-matrix
least-squares techniques based on F? (SHELXTLUI®7!). Hydrogen atoms were derived from dif-
ference Fourier maps and placed at idealised positions, riding on their parent C atoms, with
isotropic displacement parameters U, (H) =1.2U,,(C) and 1.5U 4 (C,se1ny1). All methyl groups
were allowed to rotate but not to tip. The molecular structures of 7c, 22a and 28a exhibit
two independent molecules per asymmetric unit each. The crystal structure of 22a and 28a
contain highly disordered solvent molecules in the asymmetric unit whose atom positions
could not be refined properly. However, treatment of data with the SQUEEZE facility of the
PLATONWS9] program resulted in the smooth refinement of the ordered part of the struc-
ture. CCDC-numbers are available for all published structures (see the appropriate tables in
the appendix). They contain the supplementary crystallographic data which can be obtained
free of charge from The Cambridge Crystallographic Data Centre via www.ccdc. cam.ac.uk/
data_request/cif.

Gel permeation chromatography

To obtain Mark-Houwink constants of the PLA samples prepared by ROP with SnOct, and
the zinc complexes of guanidine-pyridine hybrid ligands, GPC measurements were performed
on a Waters GPC 2000 instrument equipped with a precolumn (10 mm) and a combination of
three PSS SDV columns (10, 10, 10> A). The detection system included an integrated refractive
index (RI) detector and an integrated viscosity detector H502B (Viscotek). All measurements
were performed at 35 °C with THF as eluent. The flow rate was 1 mLmin~!. Sample concen-
trations were 2-3 gL.-!. Molecular weight analysis was based on a universal calibration, carried
out with polystyrene standards (Polymer Standard Service) in THF at 35 °C. Use of the univer-
sal calibration gave absolute values for the molecular weight, which are discussed as weight-
average molar mass values M,, and as the polydispersity index (PD = M,,/M,, where M,, is the
number-average molar mass) which describes the width of the molecular weight distribution.
The data are summarised in Table A.7 (see Appendix). The whole series of polymers was inves-
tigated with a different GPC setup: A combination of PSS SDV columns with porosities of 10°
and 10° A was used together with a HPLC pump (L6200, Merck Hitachi) and a refractive index
detector (Smartline RI Detector 2300, Knauer). THF was used as mobile phase at a flow rate
of ] mLmin~!. The instrument was calibrated with standard polystyrene samples, for which
the following Mark-Houwink constants could be taken from literature (Kpg = 0.011 mLg™!,
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aps = 0.725).1200 Hence, the obtained values for the molecular weight and molecular weight
distribution are polystyrene-analogous. To obtain absolute values for PLA amples, Kp;4 =
0.053 mLg™!, ap 4 = 0.610 were chosen from Table A.7 (see Appendix) as representative Mark-
Houwink constants for PLA. Combination of these two sets of data enables equalisation['%! of
the hydrodynamically effective volumes of PS and PLA, V), ps and V}, p 4, at any elution volume
according to the equation:

Vh,PS = KPSM(X(PS)M = KpsM‘x(PS)+1 = Vh,PLA = KPLAM(X(PLA)+1

The molecular weight and molecular weight distribution of b-PLA and L-PLA samples were
determined by a GPC setup using chloroform as mobile phase at a flow rate of 1 mLmin~.
A combination of PSS SDV columns with porosities of 106, 105 and 10> A was used together
with a HPLC pump (880-PU, Jasco) and a refractive index detector (RI Detector 2410, Waters).
The instrument was calibrated with standard poly(methyl methacrylate) samples and universal
calibration was applied by the application of Mark-Houwink constants taken from literature
(Kparara = 0.005 mLg™!, apprara = 0.800; Kppa = 0.022 mLg™!, apr 4 = 0.810).[184:200]

11.1.3 Computational details

Density functional theory (DFT) calculations were performed with the program suite Gaussian
03.042] The geometries of the complexes and ligands were optimised by using the B3LY P{138-140]
hybrid DFT functional and the 6-31g(d) and 6-31g+(d) basis sets implemented in Gaussian
on all atoms. In special cases (marked in the corresponding chapters), other functionals or
basis sets were used. Tight conversion criteria were applied. The starting geometries of com-
plexes were generated from their crystal structures, whereas the starting geometries of ligands
were derived from their optimised complexes. Frequency calculations confirmed the station-
ary points to be minima. Electronic energies for gas-phase optimised structures were com-
puted by using the BLYP functional and a 6-311g(d) basis set on the Zn, O and N atoms and a
6-31g(d) basis set on the remaining atoms. The Mulliken charge of each atom was calculated
by a Mulliken population analysis.

11.2 Synthesis of educt compounds

11.2.1 Preparation of zinc compounds
Dehydratation of zinc diacetate

The dehydration of zinc diacetate was done on the basis of the ortho ester method described
by van Leeuwen and Groeneveld?* for Co(II) and Ni(IT) compounds. In a Schlenk flask zinc
diacetate dihydrate (7.00 g, 32 mmol) and triethyl orthoformate (1,1,1-triethoxy methane, 18.90
g, 22 ml, 128 mmol) were suspended in 20 ml of dry acetonitrile. The reaction mixture was
heated to 60°C for 2 hours, while stirring. After the reaction time, the solvent and the volatile
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contents were evaporated under vacuum to give a white solid which was dried in vacuo at 60°C
while stirring. Zn(CH;COO), (M = 183.51 g/mol); Yield: 5.52 g = 30.1 mmol = 94%.

Preparation of zinc dimesylate

The preparation of zinc dimesylate was carried out according to a procedure described by Wang
et. al.[?2) Methanesulfonic acid (5.77 g, 3.9 ml, 60 mmol) was added dropwise to a suspension
of zinc oxide (2.60 g, 32 mmol) in 20 ml of bidistilled water with stirring (exothermic reac-
tion). The reaction mixture was heated to 100-120°C for 6 hours. The white suspension was
gravitation filtered and the filtration residue was extensively washed with water. The resulting
clear solution was concentrated to give a colourless solid which was washed with diethyl ether
and dried at 150°C until no water could be determined by elemental analysis. Pestilation of the
zinc compound could accelerate the drying process. Zn(CH;S0O;), (M = 241.89 g/mol); Yield:
6.05 g = 25.0 mmol = 83%.

Preparation of zinc p,L-dilactate

The preparation of zinc p,L-dilactate was carried out according to a procedure described by
Vert et. al.[®) p,L-Lactic acid (5.46 g, 4.5 ml, 60 mmol) was added dropwise to a suspension of
zinc powder (2.00 g, 31 mmol) in 20 ml of dry acetonitrile with stirring. The reaction mixture
was heated to reflux for 72 hours. In the course of time the formation of a white precipitate
can be observed. The suspension of remaining zinc powder and zinc lactate was isolated by
filtration. To separate the zinc lactate the filtration residue was treated with hot water and
the resulting clear solution was concentrated to give a colourless solid which was washed with
acetone and dried in vacuo at 50°C. Zn(C;H505), (M = 243.53 g/mol); Yield: 4.53 g = 18.6
mmol = 62%.

11.2.2 Synthesis of amines
Synthesis of 2,6-bis{[bis(2-aminoethyl)amino]methyl}benzene

The synthesis of 2,6-bis{[bis(2-aminoethyl)amino]methyl}benzene starts with the protection
of the amine functions of 1,5-diamino-3-azapentane as phthalimids according to Miranda et
al.l°%l In the next step two equivalents of the 1,5-phthalimido-3-azapentane were added to 2,6-
bis(bromo-methyl)-benzene to give the protected tetrakisamine 2,6-bis{[bis(2-phthalimido-
ethyl)amino]methyl}benzene.['!) The removal of the protecting groups occur by simple aces-
cent cleavagel'®l and 2,6-bis[bis(2-aminoethyl)amino] methylbenzene was obtained in almost
quantitative yields.

Synthesis of (R,R)-N,N’-dimethyl-1,2-cyclohexanediamine

The methylated bisamine can be synthesised from enatiomeric pure R,R-diaminocyclohexane
which was separated with the aid of L-tartaric acid. The methylation followed a modified pro-
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cedure by Seebach,?3] whereat the diaminocyclohexane was converted with ethyl formate to

N,N’-(1,2-phenylene)diformamide. Lithium aluminum hydride was used as reducing agent to
provide (R,R)-N,N’-dimethyl-1,2-cyclohexanediamine.

11.2.3 Synthesis of Vilsmeier salts

Caution! Phosgene is a severe toxic agent that can cause pulmonary embolism and in the case of
heavy exposition may be lethal. Use only in a well-ventilated fume hood.

The chloroformamidinium chlorides N,N,N N’-dimethylethylenechloroformamidinium chlo-
ride (DMEG, V1), N,N,NN’-tetramethylchloroformamidinium chloride (TMG, V2),
N,N,N’N’-dimethylpropylenechloroformamidinium chloride (DMPG, V3), N,N,N’N’-tetra-
ethylchloroformamidinium chloride (TEG, V4), N,N,N,N’-dipiperidylchloroformamidinium
chloride (DPipG, V5) and N,N,N,N’-dimorpholinochloroformamidinium chloride (DMor-
phG, V6) were prepared according to literature procedures.!*>100

Cl

cl® ci® c1® cl®
cl ¢ &
\N)\N/ \N N/ \N N/ /\N N/\

U L

SACISA®

N,N,N’N’-morpholinodimethylchloroformamidinium chloride (MorphDMG, V7)

cl® C;H14N,OCL,(M = 213.12 g/mol): In 400 ml of acetonitrile, dimethyl car-
4 bamoyl chloride (300 mmol, 32.26 g) was combined with morpholine (300
)@\ mmol, 26.14 g) in the presence of triethylamine (300 mmol, 30.36 g). The
™~
N

N/\ reaction started immediately and was highly exothermic. The precipita-

K/O tion of triethylamin hydrochloride was enormous and yielded a vicous

yellow slurry. Under vigorous stirring, the reaction mixture was cooled

in an ice bath. Then, phosgene (300 mmol) was condensed into this reaction mixture. After

addition of phosgene, the mixture was heated for 48 h to 40°C. The product mixture contain-

ing the desired chloroformamidinium chloride and triethylamin hydrochloride could not be
worked up due to the high sensitivity.
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(R,R)-N,N,N’N’-dimethylcyclohexenechloroformamidinium chloride ((R,R)-DMCHG,
V8)

) CoH;sN,CL(M = 223.16 g/mol): The Vilsmeier salt (R,R)-N,N,N’N’-
: dimethylcyclohexenechloroformamidinium chloride was directly obtained
by the conversion of the methylated bisamine (R,R)-N,N’-dimethyl-1,2-
cyclohexanediamine with 2 equivalents of phosgene. In 100 ml of toluene,
N,N’-dimethylcyclohexanediamine (64 mmol, 9.1 g) was combined with
triethylamine (130 mmol, 13.2 g). Under vigorous stirring, the reaction
mixture was cooled in an ice bath. Then, phosgene (130 mmol) was con-
densed into this reaction mixture. After addition of phosgene, the mixture
was heated for 48 h to 40°C. The product mixture containing the desired
chloroformamidinium chloride and triethylamin hydrochloride could not be worked up due
to the high sensitivity.

11.3 Synthesis of product compounds

11.3.1 Synthesis of guanidine ligands

The guanidine ligands N?!,N2-bis(1,3-dimethylimidazolidin-2-ylidene)ethane-1,2-diamine
(DMEGg,e, 1)1 1,2-di[2N-(1,1,3,3-tetramethylguanidino) Jethane (TMG;e, 2),[1!
1,3-bis(N,N,N’N’-tetramethylguanidino)propanane (btmgp, 3),°”) N-(1,3-dimethylimida-
zolidin-2-yliden)quinolin-8-amine (DMEGqu, 6),01°012 1,1,3,3-tetramethyl-2-(quinolin-8-yl)-
guanidine (TMGqu, 7),19:121122] N-(1,3-dimethylimidazolidin-2-yliden)pyridin-8-amine
(DMEGpy, 14),110112111 1 3 3-tetramethyl-2-((pyridin-2-yl)methyl)guanidine (TMGpy, 15),10b12123]
1,1,1-tris{2-[2N-(1,3-dimethylethylenguanidino)]ethyl}amine (DMEG;tren, 29)24 and
1,1,1-tris{2-[N2-(1,1,3,3-tetramethylguanidino)]ethyl}amine (TMGstren, 30)1? were prepared
according to literature procedures.

General synthesis of guanidine ligands with chloroformamidinium chlorides V1-V5

A solution of the chloroformamidinium chloride (for guanidine-amine hybrid: 30 mmol, for
bisguanidine: 60 mmol, for trisguanidine: 90 mmol, for tetrakisguanidine: 120 mmol) in dry
MeCN was added dropwise under vigorous stirring to an ice-cooled solution of an amine (30
mmol) and triethylamine (equimolar to the amount of chloroformamidinium chloride) in dry
MeCN. After 3 - 8h at reflux, an aqueous solution of NaOH (equimolar to the amount of chlo-
roformamidinium chloride) was added. The solvent and NEt; were then evaporated under
vacuum. In order to deprotonate the guanidine hydrochloride, 50 wt.% KOH (aq., 15 mL) was
added and the free base was extracted into the MeCN phase (3 x 30 mL). The organic phase
was dried with Na,SO, and after filtration, the solvent was evaporated under reduced pressure.
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General synthesis of guanidine ligands with chloroformamidinium chlorides V6-V7

The reaction mixture containing the chloroformamidinium chloride (for guanidine-amine hy-
brid: 30 mmol, for bisguanidine: 60 mmol, for trisguanidine: 90 mmol, for tetrakisguanidine:
120 mmol) in dry MeCN was added dropwise under vigorous stirring to an ice-cooled solution
of an amine (30 mmol) and triethylamine (equimolar to the amount of chloroformamidinium
chloride) in dry MeCN. After 3 - 8h at reflux, an aqueous solution of NaOH (3 molar to the
amount of chloroformamidinium chloride) was added. The solvent and NEt; were then evap-
orated under vacuum. In order to deprotonate the guanidine hydrochloride, 50 wt.% KOH
(aqg., 25 mL) was added and the free base was extracted into the MeCN phase (3 x 30 mL). The
organic phase was dried with Na,SO, and after filtration, the solvent was evaporated under
reduced pressure.

N’N”-(ethane-1,2-diyl)bis(N,N-dimethylmorpholine-4-carboximidamide)
(MorphDMGg,e, 4):
0 CisH3,NgO, (M = 340.47 g/mol): Colourless solid,
‘> Yield: 3.57 g =10.5 mmol = 35 %, m.p. 130°C. 'H-NMR
i " a \N_ (500 MHz, CDCls, 25 °C): 8 [ppm] = 2.66 (s, 2H, ¢),
>:N/ \N:Q ¢ 2.67 (s, 2H, ), 2.78 (s, 6H, ¢”), 2.79 (s, 2H, ), 3.00 (m,
N

5H, d), 3.16 (m, 3H, &), 3.28 (s, 2H, a), 3.32 (s, 2H, a),
N 3.65 (m, 4H, e), 3.70 (m, 4H, ¢). 3C-NMR (125 MHz,
( ' CDCl, 25 °C): § [ppm] = 39.1 (CH3, ¢), 39.7 (CH3, ©),

o 48.2 (CH,, d), 52.4 (CH,, a), 67.1 (CH,, e), 159.5 (C, b).
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IR (KBr, v[cm™!]): 2976 s (v(C—Haliph_)), 2968 s (V(C—Haliph_)), 2956 s (V(C-Hul,-ph,)), 2900 s
(V(C'Haliph.))a 2866 s (v(C—Huliph.)), 2848 s (v(C—HaliPh_)), 2831 s, 2796 m, 2708 m, 2683 m,
1631 vs (v(C=N)), 1560 m, 1545 m, 1535 m, 1527 m, 1508 m, 1489 m, 1460 s, 1448 s, 1439 s, 1412
m, 1373 s, 1363 s, 1358 s, 1331 m, 1300 m, 1290 m, 1263 s, 1242 m, 1211 m, 1201 m, 1190 m, 1173 m,
1115 vs, 1092 s, 1068 m ,1036 m, 1022 w, 985 m, 922 m, 895 s, 841 m, 746 w, 725 w, 669 m, 640 vw,
557 w. EI-MS (m/z, (%)): 340 (12) [M*], 254 (14) [C;,H,4N50"],183 (25) [CoHsN5;O* -H], 170
(85) [CgH sN3O*], 127 (33) [CsHgN;O* +H], 120 (33), 119 (71), 91 (17), 85 (100) [C4HsNO* -
H]J, 71 (11) [CsHgN,* +H]. MS high resolution (molecular isotope distribution) main isotope
calculated: 340.25832; found: 340.25849.

N-(1,3-dimethyltetrahydropyrimidin-2(1H)-ylidene)quinolin-8-amine (DMPGqu, 8):

CisHsN, (M =254.33 g/mol): Light yellow solid; Yield: 6.71
g = 26.4 mmol = 88 %. 'H-NMR (500 MHz, CDCl;, 25 °C):
& [ppm] = 2.17 (q, 2H, m, *J = 6.2 Hz), 2.95 (s, 6H, k), 3.33 (t,
4H, 1, 3] = 6.2 Hz), 745 (dd, 1H, b, 3] = 8.3 Hz, 3] = 4.1 Hz),
745 (dd, 1H, f, 3] = 8.2 Hz, 3] = 7.4 Hz), 7.51 (dd, 1H, g, 3 =
8.2Hz, 4] =1.4 Hz), 7.85 (dd, 1H, e,3] = 74 Hz, *] = 1.4 Hz ),
8.11 (dd, 1H, ¢, 3] = 8.3 Hz, 4] = 1.7 Hz ), 8.66 (dd, 1H, a, 3] =
4.1Hz,*] = 1.7 Hz). BC-NMR (125 MHz, CDCl;, 25 °C): § [ppm] = 22.3 (CH,, m), 40.3 (CH3,
k), 48.3 (CH,, 1), 121.6 (CH, b+e), 123.6 (CH, g), 127.5 (CH, f), 128.7 (C, d), 136.5 (CH, c), 136.8
(C, i), 140.9 (C, h), 149.0 (CH, a), 1570 (C, j). IR (KBr, #[cm~']): 3178 m (v(C-Harom.))> 3039
m (v(C-Harom.))> 2999 m (v(C-Harom.))> 2987 m (v(C-Haiipn.)), 2972 m (v(C-Haiipn.)), 2954 m
(v(C-Haiipn.))> 2926 m (v(C-Haripr.)), 2898 m (v(C-Hajipn.)), 2870 m (v(C-Hyipn.)), 2818 (v(C-
Haiipn.))s 2777 m (v(C-Hgjipn.)), 2657 s, 1620 vs (v(C=N)), 1608 vs (v(C=N)), 1597 s, 1560 vs
(v(C=N)), 1504 vs, 1470 m, 1460 m, 1443 m 1410 s, 1385 s, 1365 m, 1311 s, 1279 m, 1232 m, 1209
m, 1186 m, 1132 w, 1120 w, 1105 m, 1097 m, 1088 m, 1018 m, 989 w, 945 vw, 912 vw, 881 vw, 872
vw, 829 m, 812 w, 791 s, 764 m, 733 m, 667 w, 640 m, 613 m, 590 vw, 567 w, 527 vw. EI-MS
(m/z, (%)): 254 (64) [M*], 225 (13), 183 (20), 167 (46), 155 (29) [C1oHeN,* +H], 149 (100), 144
(38) [CoHgN,* +2H], 129 (27) [CoHgN* +H], 120 (27), 91 (51), 83 (27), 71 (55), 69 (45), 57 (78).

1,1,3,3-tetraethyl-2-(quinolin-8-yl)guanidine (TEGqu, 9):

CisHysNy (M = 298.43 g/mol): Green oil ; Yield: 8.86 g =
29.7 mmol = 99 %. 'H-NMR (500 MHz, CDCl;, 25 °C):
[ppm] = 1.05 (t, 12H, 1, 3] = 71 Hz), 3.12 (q, 8H, k, 3] = 71
Hz), 6.93 (m, 1H, g), 7.28 (m, 2H, b+e), 736 (dd, 1H, f, 3] =
7.8 Hz, 3] = 77 Hz), 8.04 (dd, 1H, ¢, 3] = 8.3 Hz, 4] = 1.7 Hz
), 8.83 (dd, 1H, a, *] = 4.1 Hz, 4] = 1.7 Hz). 3C-NMR (125
MHz, CDCl;, 25 °C): § [ppm] = 13.1 (CH3, 1), 42.3 (CH,, k),
118.7 (CH, g), 120.6 (CH, b+e), 1271 (CH, f),129.5 (C, d), 135.8
(CH, ¢), 142.9 (C, ), 1475 (C, h), 148.4 (CH, a), 160.3 (C, j). IR
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(film between NaCl plates, ¥[cm™!]): 3043 vw (v(C-Hgrom.))> 3022 vw (v(C-Hgrom.)), 2968 m
(v(C-Haiipn.))> 2931 m (v(C-Hysipn.))> 2870 m (v(C-Hayipn.)), 1676 w, 1641 m, 1589 m (v(C=N)),
1579 m (v(C=N)), 1556 s, 1493 m, 1481 m, 1460 m, 1417 m, 1377 m, 1358 m, 1304 m, 1267 m, 1207
m, 1136 m, 1061 m, 1041 s. EI-MS (m/z, (%)): 298 (16) [M*], 226 (10) [M* - N(CH,CHj3),], 198
(13), 172 (56) [M* - NCoHj +2H], 156 (24) [M* - N,CoHy], 144 (44) [N,CoHy* +2H], 117 (13),
100 (74), 72 (100) [N(CH,CHs3),*], 59 (49), 44 (52).

N-(dipiperidin-1-ylmethylene)quinolin-8-amine (DPipGqu, 10):

e ¢ CyHsNy (M = 322.45 g/mol): Viscous yellow oil; Yield: 7.06
g =21.9 mmol = 73 %. 'H-NMR (500 MHz, CDCl;, 25 °C): §
[ppm] =1.54 (m, 12H, 1 + m), 3.16 (t, 8H, k, *J = 5.7 Hz,*] = 4.5

()
N Hz), 6.84 (m, 1H, g), 7.27 (m, 2H, b+e), 7.36 (t, 1H, f, ] = 7.7 Hz,
j :
N
)
| m

N N 3] =78 Hz), 8.04 (dd, 1H, ¢, 3] = 8.2 Hz, ] = 1.7 Hz ), 8.84 (dd,

1H, a,3] = 4.1 Hz, %] =1.7 Hz). 3C-NMR (125 MHz, CDCl;, 25

°C): § [ppm] = 25.8 (CH,, m +1), 47.9 (CH,, k), 119.3 (CH, g),

120.6 (CH, b+e), 1270 (CH, f), 129.4 (C, d), 135.8 (CH, ¢), 143.0

(C,1),1474 (C, h), 148.7 (CH, a), 161.3 (C, j). IR (film between
NaCl plates, ¥[cm™]): 3053 vw (V(C-Hgrom.))s 2987 w (V(C-Hayipn.))> 2931 vs (v(C-Hapipn.)),
2850 m (v(C-Haipn.)), 1724 m (v(C=N)), 1643 s (v(C=N)), 1589 s, 1556 vs, 1493 m, 1450 s, 1417
s, 1371 m, 1334 m, 1308 w, 1249 vs, 1215 m, 1178 m, 1157 m, 1132 m, 1097 m, 1070 m, 1055 m, 1028 s,
1014 s. EI-MS (m/z, (%)): 322 (6) [M*], 239 (4) [M* - CsH,oN +H], 196 (68) [N=C(CsH,(N),*
+2H], 186 (26), 168 (16), 151 (32), 139 (25), 121 (15), 112 (59) [C(N)(N(CH3),),* +2H], 85 (43)
[CsHoN* +H], 84 (100) [CsH,oN*], 69 (64).

N-(dimorpholinomethylene)quinolin-8-amine (DMorphGqu, 11):
CisH»N,O, (M = 326.40 g/mol): Light yellow solid; Yield:

O 744 g=22.8 mmol = 76 %, MP = 152°C. '"H-NMR (500 MHz,
g < ) CDCls, 25 °C): 8 [ppm] = 3.16 (t, 8H, k, 3] = 4.3 Hz), 3.56 (t,
N

_ 8H,1,%] = 4.3 Hz), 6.97 (dd, 1H, g, ] = 74 Hz, *] = 1.3 Hz), 731
N N‘_<
a J

(dd, 1H, b, 3] = 8.2 Hz, 3] = 4.1 Hz), 734 (dd, 1H, e, 3] = 8.1 Hz,

Y 11 =13 Hz), 739 (dd, 1H, f, 3] = 8.1 Hz, 3] = 7.4 Hz), 8.07 (dd,

; Q 1H, ¢, 3 = 8.2 Hz, ] = 1.7 Hz ), 8.84 (dd, 1H, a, 3] = 4.1 Hz, 1] =

1.7 Hz). ®*C-NMR (125 MHz, CDCls, 25 °C): § [ppm] = 48.6

" °  (CH,,K),66.7 (CH,,1), 119.6 (CH, g),120.0 (CH, e), 120.9 (CH,

b), 127.0 (CH, f), 129.4 (C, d), 136.1 (CH, c), 142.5 (C, i), 149.0 (CH, a), 149.9 (C, h), 159.4 (C, j).
IR (KBr, v[cm™1]): 3047 w (v(C-Hgyom.)), 2960 m (v(C-Haiipn.))s 2922 m (v(C-Hajipn.)), 2897
m (V(C-Hasipn.)), 2850 m (v(C-Hayipn.)), 2841 m (v(C-Hayipn.))> 2675 W (v(C-Hayipn.)), 1591 s
(v(C=N)), 1572 s (v(C=N)), 1549 vs (v(C=N)), 1493 s, 1473 m, 1458 m, 1437 m, 1417 m, 1387 m,
1362 m, 1340 m, 1302 m, 1281 m, 1263 s, 1236 m, 1207 m, 1173 m, 1113 vs, 1070 m, 1057 m, 1032 m,
982 m, 931 m, 899 m, 877 m, 835 m, 827 m, 804 m, 760 m, 735 w, 677 m, 660 w, 646 w, 613 w,
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598 w, 569 w, 555 vw, 527 w. EI-MS (m/z, (%)): 326 (100) [M*], 241 (46) [C,,H4N5O0* +H], 240
(52) [C14H14N;0%], 213 (28), 183 (17) [CoHsN,0,* -H], 182 (12), 169 (29) [CoHsN,O* +H],
156 (84), 155 (63), 129 (29) [CoHgN* +H], 128 (26) [CoHgN"], 112 (17), 86 (8) [C4HgNO*]. MS
high resolution (molecular isotope distribution) main isotope calculated: 326.17401; found:
326.17413.

N,N-dimethyl-N’-(quinolin-8-yl)morpholine-4-carboximidamide (MorphDMGqu, 12):

Ci6H20N4O (M =284.36 g/mol): Amber coloured oil; Yield:
6.48 g =22.8 mmol = 76 %. 'H-NMR (500 MHz, CDCl;, 25
°C): 6 [ppm] =2.77 (s, 6H, k), 3.05 (t, 4H, 1, °] = 4.5 Hz), 3.53
(t, 4H, m, *] = 4.5 Hz), 6.93 (d, 1H, g, *] = 7.2 Hz), 7.29 (m,
2H, be), 737 (dd, 1H, £, 3] = 7.9 Hz, 3] = 75 Hz), 8.04 (dd,
1H, ¢,3] =8.2Hz, 4] =17Hz), 8.82 (dd, 1H, a, 3] = 4.1 Hz,%]
= 1.7 Hz). *C-NMR (125 MHz, CDCl, 25 °C): § [ppm] =
39.6 (CHs;, k), 48.6 (CH,, 1), 66.7 (CH,, m), 119.6 (CH, g+e), 120.8 (CH, b), 1271 (CH, f), 129.4
(C, d), 136.0 (CH, c), 142.7 (C, i), 148.8 (CH, a), 149.3 (C, h), 160.4 (C, j). IR (film between
NaCl plates, #[cm™']): 3043 m (v(C-Hgrom.))> 3022 m (v(C-Hgrom.))> 2956 m (v(C-Hapipn.)),
2918 s (v(C-Hasipn.))> 2893 s (v(C-Haiipn.)), 2852 s (v(C-Hasipn.))s 2800 m (v(C-Hajipn.)), 2679
w (V(C-Hgiipn.)), 1648 vs (v(C=N)), 1593 vs (v(C=N)), 1556 vs (v(C=N)), 1493 vs, 1458 vs, 1441
vs, 1389 vs, 1362 vs, 1338 s, 1306 m, 1263 s, 1215 s, 1201 s, 1182 s, 1165 m, 1140 m, 1115 vs, 1097
s, 1065 vs, 1018 5. EI-MS (m/z, (%)): 284 (3) [M*], 154 (15) [C1oHN,*], 144 (79) [CoHN,*
+2H, C,H,N,O* +2H], 127 (31) [CoHN* -H], 117 (22), 115 (11), 101 (15) [C,H;N*], 86 (15)
[C,HgNO*], 72 (100) [C4HgO™*], 70 (16). MS high resolution (molecular isotope distribu-
tion) main isotope calculated: 284.16358; found: 284.16354.

N-((3aR,7aR)-1,3-dimethyl-1H-benzo[d]imidazol-2(3H,3aH,4H,5H,6 H,7H,7aH)-
ylidene)quinolin-8-amine ((R,R)-DMCHGqu,
13):

CisHNy (M = 294.40 g/mol) Amber coloured oil;
Yield: 8.13 g = 27.6 mmol = 92 %. 'H-NMR (500 MHz,
CDCl;, 25 °C): § [ppm] = 1.28-1.39 (m, 4H, m+n), 1.86
(m, 2H, ), 2.00 (m, 2H, m), 2.55 (m, 2H, 1), 2.69 (s, 6H,
k), 7.45 (m, 2H, b+e), 7.56 (dd, 1H, f, 3] = 8.1 Hz, 3] = 7.8
Hz), 8.16 (dd, 1H, ¢, 3] = 8.2 Hz, 4] = 1.7 Hz ), 8.69 (dd,
1H, g, *] = 78 Hz, ] = 1.2 Hz), 8.82 (dd, 1H, a, 3] = 4.2
Hz, 4] = 1.7 Hz). BC-NMR (125 MHz, CDCl,, 25 °C): §
[ppm] = 24.3 (CH,, n), 28.2 (CH,, m), 29.6 (CH, k), 63.9 (CH, 1), 115.1 (CH, g), 120.1 (CH,
e), 121.5 (CH, b), 127.6 (CH, f), 129.4 (C, d), 136.4 (CH, ¢), 143.4 (C, i), 147.8 (CH, a), 152.0 (C,
h), 164.8 (C, j). IR (film between NaCl plates, #[cm™]): 3045 m (V(C-Hgyom.)), 2937 s (v(C-
Haiipn))» 2864 m (v(C-Hapiph.))s 2715 W (v(C-Hgiipn ), 1705 s (v(C=N)), 1597 m, 1562 m, 1525
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S, 1487 s, 1462 s, 1433 s, 1412 m, 1373 s, 1321 s, 1290 m, 1257 s, 1227 m, 1205 m, 1188 s, 1132 m,
1072 s, 1051 s, 1022 s. EI-MS (m/z, (%)): 294 (26) [M*], 293 (13), 210 (18), 171 (24), 169 (41),
168 (98), 167 (100) [CoH 4N+ +H], 144 (93) [CoHeN,* +2H], 139(23), 126 (82), 125 (98), 117
(60), 113 (34), 112 (59) [C,H,;N* +H], 110 (47) [CsHgN;*], 100 (27), 90 (15), 89 (18), 83 (19), 82
(23) [CsHio7], 81 (23), 79 (25), 72 (27), 70 (15), 68 (37), 56 (24) [C4Hg*]. MS high resolution
(molecular isotope distribution) main isotope calculated: 294.18457; found: 294.18470.

N-(1,3-dimethyltetrahydropyrimidin-2(1H)-ylidene)-1-(pyridin-2-yl)methanamine
(DMPGpy, 16):

c d h C2H 3Ny (M = 218.30 g/mol): Yellow oil; Yield: 6.22 g =28.5

i </j\>e_f\ \N - mmol = 95 %. 'H-NMR (500 MHz, CDCls, 25 °C): 8 [ppm]

 =1.94(m, 2H,j),3.02 (s, 6H, h), 3.17 (m, 4H, i), 4.59 (s, 2H, 1),

a N N:g< }’ 710 (m, 1H, b), 7.66 (m, 2H, c + d), 8.46 (m, 1H, a). 3C-NMR

N (125 MHz, CDCl;, 25 °C): § [ppm] = 21.2 (CH,, j), 39.6 (CH3,

/ h), 48.5 (CH,, i), 52.4 (CH,, f), 121.6 (CH, b), 121.7 (CH, d),

136.7 (CH, ¢), 148.6 (CH, a), 158.4 (C, e), 161.2 (C, g). IR (film between NaCl plates, ¥[cm~!]):

3055 W (V(C-Harom.))s 3003 W (V(C-Harom.))» 2941 m (v(C-Hayipn.))» 2873 m (v(C-Hogiipn ), 1612

vs (v(C=N)), 1585 vs (v(C=N)), 1531 w, 1500 m, 1471 m, 1435 m, 1421 m, 1398 m, 1363 m, 1346

m, 1321 m, 1304 m, 1273 m, 1230 m, 1163 m, 1111 m, 1045 s, 1016 vs. EI-MS (m/z, (%)): 218 (82)

[M*], 140 (46) [M* - NCsH,], 128 (100) [N;CsH,*™ +2H], 127 (38) [N3C¢H;,* +H], 126 (68)

[N;CeH 5t ], 113 (27) [N,CeH o +H], 112 (26) [N,CoHyp*], 111 (32) [N,CsH o -H], 108 (19)

[M* - N,CsH,, +2H], 107 (14) [M* - N,CH,, +H], 99 (24), 93 (26) [NC¢H¢* +H], 92 (23)

[NCsHq*], 85 (20), 84 (22), 80 (23), 79 (24), 70 (46), 69 (27), 65 (14), 58 (20), 57 (26), 55 (18),
44 (51), 43 (40), 42 (59).

1,1,3,3-tetraethyl-2-(pyridin-2-ylmethyl)guanidine (TEGpy, 17):
CisHy Ny (M = 262.40 g/mol): Light yellow oil; Yield: 716 g

c_d < =273 mmol = 91 %. 'H-NMR (500 MHz, CDCl,, 25 °C): §
b</j\>e_f\ N_/ [ppm] = 1.04 (m, 5H, i), 1.09 (m, 7H, 1"), 3.14 (m, 3H, h), 3.27
. N:< (m, 5H, i), 4.52 (s, 2H, f), 7.08 (m, 1H, b), 7.65 (m, 2H, c + d),

a 9 8.47 (m, 1H, a). 3C-NMR (125 MHz, CDCls, 25 °C): § [ppm]
N_\ — 13.0 (CH,, 1), 13.6 (CHs, i), 42.3 (CH,, k), 42.9 (CH,, h),

“< 54.7 (CH,, f), 121.2 (CH, b), 121.5 (CH, d), 136.4 (CH, c), 148.5

i (CH, a), 160.0 (C, e), 162.0 (C, g). IR (KBr, #[cm™!]): 3060

vw (V(C-Harom.))> 2968 m (v(C-Haiipn.)) 2929 m (v(C-Haiipn.))> 2870 m (v(C-Hgipn.)), 1608 s
(v(C=N)), 1587 vs (v(C=N)), 1471 m, 1435 m, 1408 m, 1375 m, 1358 m, 1338 m, 1302 m, 1263 s,
1221 m, 1205 m, 1134 m, 1070 m, 1045 m, 1036 m, 1009 m, 993 m, 939 w, 889 vw, 858 vw, 823 w,
756 m, 712 w, 669 vw, 631 w, 611 w, 584 w, 550 vw, 519 vw. EI-MS (m/z, (%)): 262 (59) [M™*],
233 (6) [M* - CH,CH5], 191 (23) [M* - N(CH,CHj3), +H], 190 (82) [M* - N(CH,CHs),], 162
(12) [M* - N(CH,CHj3), - CH,CH; +H], 161 (12) [M* - N(CH,CHj3), - CH,CH5], 160 (17) [M*
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11.3 Synthesis of product compounds

- N(CH2CH3)2 - CH2CH3 -H], 120 (8) [M+ -2 N(CH2CH3)2 +2H], 93 (100) [C6H6N+ +H], 92
(90) [CeHeN"], 72 (23) [N(CH,CH3),*], 65 (20).

N-(dipiperidin-1-ylmethylene)-1-(pyridin-2-yl)methanamine (DPipGpy, 18):

Ci7H6N, (M =286.42 g/mol): Amber coloured oil; Yield: 7.22

c d g = 25.2 mmol = 84 %. 'H-NMR (500 MHz, CDCl;, 25 °C):

) / \e 1 Y 8 [ppm] = 1.56 (s, 12H, i+j), 3.14 (t, 8H, h, 3] = 51 Hz, 3] =
4.2 Hz), 4.55 (s, 2H, f), 7.07 (m, 1H, b), 7.62 (m, 2H, c+d), 8.46

N:g,< (m, 1H, a). *C-NMR (125 MHz, CDCl;, 25 °C): 8§ [ppm] =
N 25.8 (CH,, i +j), 47.9 (CH,, h), 54.6 (CH,, f), 121.1 (CH, b),

h{ ) 121.4 (CH, d), 136.4 (CH, ¢), 148.5 (CH, a), 161.2 (C, e), 162.8
(C, g). IR (film between NaCl plates, 7[cm™~!]): 3055 w (v(C-

Harom.))s 2976 m (V(C’Haliph,))’ 2931 vs (V(C'Haliph.))) 2850 m
(V(C—Hul,-ph.)), 1643 s (v(C=N)), 1614 s (v(C=N)), 1587 s (v(C=N)), 1517 m, 1469 m, 1450 m, 1435
m, 1415 s, 1369 m, 1347 m, 1286 m, 1248 vs, 1213 m, 1157 m, 1132 s. EI-MS (m/z, (%)): 286 (84)
[M*], 203 (63) [M* - NCsH,, +H], 202 (80) [M* - NCsHj,], 196 (74) [NC(NCsH,,),* +2H],

120 (31) [M+ - 2 NCsH,o +2H], 112 (41), 93 (100) [(NCsH,)CH,* +H], 92 (61) [(NCsH,)CH,*],
85 (20) [NCsH,o* +H], 84 (100) [NCsH,0*], 69 (18).

N-(dimorpholinomethylene)-1-(pyridin-2-yl)methanamine (DMorphGpy; 19):

° CisH»,N,O, (M =290.36 g/mol): Amber coloured oil; Yield:

c  d 6.48 g = 22.3 mmol = 74 %. 'H-NMR (500 MHz, CDCl;, 25

@e—f\ Q °C): 8 [ppm] = 3.16 (t, 4H, h, 3] = 4.7 Hz), 3.20 (t, 4H, h, 3] =

b N 4.7 Hz), 3.70 (m, 8H, i), 4.58 (s, 2H, f), 709 (m, 1H, b), 7.56

SN N:g< (m, 1H, d), 7.64 (m, 1H, ¢), 8.48 (m, 1H, a). 3C-NMR (125

N MHz, CDCls, 25 °C): § [ppm] = 48.3 (CH,, h), 48.4 (CH,, ),

) Q 54.9 (CH,, f), 66.8 (CH,, i), 671 (CH,, 1), 121.2 (CH, d), 1213

g (CH, b), 136.5 (CH, c), 148.7 (CH, a), 157.2 (C, e), 158.7 (C, g).

! IR (film between NaCl plates, #[cm™!]): 3059 w (v(C-Hg,0mm.))s

2962 s (v(C-Haiipn.))» 2912 m (v(C-Hgipn.)), 2891 m (v(C-Hayipn.))> 2850 s (v(C-Haiipn.)), 2754

w (V(C-Hujipn.))s 2681 w (v(C-Hayipn.)), 1620 s (v(C=N)), 1589 s (v(C=N)), 1570 m, 1539 m,

1452 s, 1435 s, 1419 s, 1402 s, 1362 s, 1342 m, 1300 m, 1263 s, 1232 s, 1176 m, 1149 m, 1115 s,

1068 s, 1047 s, 1030 s, 995 s. EI-MS (m/z, (%)): 290 (7) [M*], 204 (10) [C;;H;4N3;O0*], 170 (17)

[CoH,6N,O" +2H], 169 (66) [CoH,cN,O+ +H], 143 (25), 114 (100), 93 (24) [CsHN* +H], 92

(24) [CsHgN™*1, 86 (54) [CsH;NO*], 70 (97) [C4HgN*], 57 (14), 56 (23). MS high resolution
(molecular isotope distribution) main isotope calculated: 290.1741; found: 290.17408.
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N,N-dimethyl-N’-(pyridin-2-ylmethyl)morpholine-4-carboximidamide (MorphDMGpy,
20):

o) C13HoN,O (M =248.33 g/mol): Yellow oil; Yield: 5.81g=23.4

c__d Qj mmol =78 %. 'H-NMR (500 MHz, CDCl;, 25 °C): § [ppm]

A @e_f\ _/ =272(s, 3H, h), 2.74 (s, 3H, I), 3.04 (t, 2H, i, 3] = 4.7 Hz),

— N:< ' 3.09 (t, 2H, 1, 3] = 4.7 Hz), 3.61 (t, 4H, j, 3] = 4.7 Hz), 4.45 (s,

a g - 1H, f), 4.49 (s, 1H, ), 6.99 (m, 1H, b), 7.51 (m, 1H, d), 7.55 (m,

1H, ¢), 8.39 (m, 1H, a). B C-NMR (125 MHz, CDCl;, 25 °C): §

[ppm] = 38.3 (CHj;, h), 39.7 (CHj;, i), 47.2 (CH,, i), 48.2 (CH,, '), 55.1 (CH,, f), 55.2 (CH,,

£), 66.9 (CH,, j), 121.1 (CH, b), 121.1 (CH, d), 136.4 (CH, c), 148.5 (CH, a), 160.2 (C, e), 163.1

(C, g). IR (film between NaCl plates, ¥[cm™']): 3060 w (v(C-Hgsom.))> 2960 m (v(C-Hasipn.))s

2893 m (V(C-Haipn.))» 2852 m (V(C-Hapiph.)), 1620 s (v(C=N)), 1589 s, 1570 m, 1537 m, 1495 m,

1471 m, 1454 m, 1437 m, 1421 m, 1387 m, 1363 m, 1344 m, 1298 m, 1265 m, 1246 m, 1211 m, 1201

m, 1180 m, 1144 m, 1115 s, 1082 m, 1067 m, 1047 m. EI-MS (m/z, (%)): 248 (26) [M*], 162 (15)

[CoH,N;5*], 127 (31), 101 (14), 93 (50) [CsHN* +H], 92 (58) [CsHN*], 86 (17) [C,HgNO*], 72

(100) [C4HO*], 70 (16), 65 (29). MS high resolution (molecular isotope distribution) main
isotope calculated: 248.16369; found: 284.16373.

N-(1,3-dimethylimidazolidin-2-ylidene)-3-methylpyridin-2-amine (DMEGpico, 21):

c a Ci1H 6Ny (M = 204.27 g/mol): Dark red solid; Yield: 3.86 g = 18.9
d" X0 mmol = 63 %. 'H-NMR (500 MHz, CDCl;, 25 °C): § [ppm] = 2.18
| (s, 3H, a), 2.65 (s, 6H, h), 3.35 (s, 4H, i), 6.62 (m, 1H, d), 729 (m,

N TN /n 1H,¢),8.09 (m, 1H, e). *C-NMR (125 MHz, CDCl;, 25 °C): § [ppm]
N
i

wg/ = 18.5 (CH;, a), 34.6 (CHs, h), 48.3 (CH,, i), 115.3 (CH, d), 125.2
N\) (G, b), 1371 (CH, c), 145.5 (CH, e), 156.8 (C, f), 160.9 (C, g). IR
~ (KBr, v[cm™1]): 3059 vw (V(C-H_rom.))> 3032 vw (v(C-Hrom ), 2993
w (V(C-Haiipn.))s 2972 w (v(C-Haipn.))> 2927 w (v(C-Haipr.)), 2873 w (v(C-Hasipn.)), 1620 s
(v(C=N)), 1577 vs (v(C=N)), 1508 m, 1489 m, 1462 m, 1437 s, 1394 m, 1375 m, 1290 m, 1269 w,
1241 m, 1201 w, 1103 w, 1080 w, 1036 m, 974 m, 928 vw, 891 vw, 798 w, 787 w, 766 m, 735 w, 690
w, 654 w, 602 vw, 565 w, 534 vw. EI-MS (m/z, (%)): 204 (34) [M*], 189 (100) [M* - CH,], 119
(8) [M* - (CH;),NCH,CH,N(CH;), +H], 114 (10) [M* - C4HgN +2H], 108 (94), 106 (22), 92
(13) [CcHgNT], 81 (14), 80 (43), 65 (9), 42 (8).

1,1,3,3-tetramethyl-2-(3-methylpyridin-2-yl)guanidine (TMGpico, 22):

. C\b a Ci1H 3Ny (M =206.29 g/mol): Orange coloured oil; Yield: 4.64 g =
| 22.5 mmol =75 %. 'H-NMR (500 MHz, CDCl;, 25 °C): § [ppm] =
E:f[ / 2.16 (s, 3H, a), 2.71 (s, 12H, h), 6.62 (m, 1H, d), 730 (m, 1H, ), 8.07
"\__n  (m1H.e). "C-NMR (125 MHz, CDCl;, 25°C): § [ppm] =18.5 (CH,,
YN
/N\h

e

a), 39.5 (CHs, h), 115.2 (CH, d), 124.4 (C, b), 137.4 (CH, ¢), 145.9 (CH,
e), 161.6 (C, ), 162.7 (C, g). IR (film between NaCl plates, ¥[cm~!]):
3059 vw (V(C'Harom.))) 3001w (V(C'Harom.))a 2931 m (V(C'Haliph.))a
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2885 m (v(C-Haipn.))> 2812 vw (v(C-Hayipn.))> 2792 vw (v(C-Hgjipn.)), 1601 m (v(C=N)), 1564
vs (v(C=N)), 1512 m, 1460 m, 1441 m, 1417 s, 1381 s, 1286 w, 1269 w, 1227 m, 1178 m, 1146 m,
1105 m, 1059 m, 1022 s. EI-MS (m/z, (%)): 206 (66) [M*], 191 (92) [M* - CHs], 162 (69) [M*
- N(CHj,),], 148 (62), 119 (100) [M* - 2 N(CH;), +H], 107 (16), 93 (17) [CcH N* +H], 92 (85)
[CeHgN™], 85 (12), 65 (34), 44 (16) [N(CHj3),*], 42 (22).

N-(1,3-dimethylimidazolidin-2-ylidene)-3-(1H-imidazol-1-yl) propan-1-amine
(DMEGimi, 23):

e C11H19N5 (M = 221.30 g/mol) Yellow Oﬂ; Yield: 6.31 g = 28.5
dmf mmol = 95 %. 'H-NMR (500 MHz, CDCls, 25 °C): 6 [ppm] =
/h 1.93 (g, 2H, e, ] = 6.7 Hz, *] = 6.1 Hz), 2.75 (m, 6H, h), 3.13 (s,

R N 4H, i), 3.31 (t, 2H, f, 3] = 6.1 Hz), 4.09 (t, 2H, d, 3] = 6.7 Hz), 6.89
(J \g\>i (d, 1H, ¢, 3] = 1.0 Hz), 701 (d, 1H, b, 3] = 1.0 Hz), 742 (s, 1H, a).
N N 13C-NMR (125 MHz, CDCl;, 25 °C): § [ppm] = 31.5 (CH3, h), 34.1
(CH,, e), 43.5 (CH,, f), 44.5 (CH,, d), 49.9 (CH,, i), 119.0 (CH,
c), 129.1 (CH, b), 1374 (CH, a), 1576 (C, g). IR (film between NaCl plates, ¥[cm~']): 3103 w
(v(C-Harom.))> 2933 m (v(C-Haripn.))> 2839 m (v(C-Hayipn.)), 1658 vs (v(C=N)), 1506 m, 1483
m, 1446 m, 1414 m, 1383 m, 1279 m, 1265 m, 1228 m, 1200 m, 1109 m, 1076 m. EI-MS (m/z,
(%)): 221(20) [M*],153 (20) [M* - C3H3N, -H], 140 (75) [M* - CH;NCH,CH,NCH; +H], 127
(52) [M* - CsH,oN, +2H], 126 (100) [M* - CsH,oN, +H], 124 (28) [M* - C5H,,N, -H], 98 (30)
[CsH,oN,* +2H], 82 (16) [CH;NCH,CH,NCH;*], 69 (22) [CsH;N,* +2H], 56 (33), 42 (31).

2-(3-(1H-imidazol-1-yl) propyl)-1,1,3,3-tetramethylguanidine (TMGimi, 24):

e C;1H,; N5 (M = 223.32 g/mol): Yellow oil; Yield: 6.30 g = 28.2
dmf h mmol = 94 %. 'H-NMR (500 MHz, CDCl;, 25 °C): § [ppm] =
2.01 (m, 2H, e), 2.71 (s, 6H, h), 2.73 (s, 1H, k"), 2.74 (s, 5H, h”),

N IS NG 306 (8 2H, f 3] = 6.3 Hz), 4.06 (4, 2H, d, % = 6.8 Hz), 6.86 (s,
(J wg/ 1H, ¢), 7.02 (s, 1H, b), 7.38 (s, 1H, a). >*C-NMR (125 MHz, CDCl;,
Ny N 25°C): § [ppm] = 32.8 (CHa, e), 39.3 (CHj3, h+h’), 39.6 (CH3, h),
44.6 (CH,, d), 44.8 (CH,, f), 118.9 (CH, ¢), 129.3 (CH, b), 1372
(CH, a), 161.0 (C, g). IR (film between NaCl plates, v[cm™!]): 3105 w (V(C-Hgrom.)), 2995
w (V(C-Harom.))> 2931 m (v(C-Haipn.)), 2875 m (v(C-Hasipn.)), 2804 w (v(C-Hasipn.)), 1612 vs
(v(C=N)), 1504 m, 1452 m, 1404 w, 1371 s, 1315 w, 1281 w, 1230 m, 1136 m, 1109 m. EI-MS
(m/z, (%)): 223 (6) [M*], 179 (14) [M* - N(CHj;),], 142 (20) [CH,CH,N=C(N(CH3),),*], 116
(83) [N=C(N(CHj3),),* +2H], 114 (30) [N=C(N(CHj3),),*], 109 (34) [M* - N=C(N(CHs),)>],
85 (30) [C(NCH3)N(CHj3),*], 72 (100) [N=CN(CH;3),* +2H], 71 (67) [N=CN(CH;),* +H], 57
(18) [CN(CH3),* +H], 44 (78) [N(CH3),*].
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N-(1,3-dimethylimidazolidin-2-ylidene)-1-(thiophen-2-yl)methanamine (DMEGthio,
25):

[ g C10H15N3S (M =209.50 g/mol) Yellow Oﬂ, Yield: 5.59 g= 26.7
b \ \ d e \ mmol = 89 %. 'H-NMR (500 MHz, CDCls, 25 °C): § [ppm] =

f Nj h 2.84 (s, 6H, g), 3.16 (s, 6H, h), 4.80 (s, 2H, e), 6.88 (m, 1H, ¢),
N_<

a s 6.92 (m, 1H, b), 711 (m, 1H, a). 3C-NMR (125 MHz, CDCl;,
N 25°C): § [ppm] = 36.2 (CHj3, g), 46.7 (CHa, e), 49.4 (CH,, h),
/ 121.6 (CH, c), 123.0 (CH, a), 126.4 (CH, b), 149.4 (C, d), 158.0

(C, f). IR (film between NaCl plates, ¥[cm™']): 3099 w (V(C-Hgom.)), 3064 w (v(C-Hgyrom.)),
3041 w (v(C-Hgrom.))> 2935 m (v(C-Hapipn.)), 2846 m (v(C-Haiipn.)), 1655 s (v(C=N)), 1647 s
(v(C=N)), 1560 w, 1535 w, 1483 m, 1439 m, 1414 m, 1387 m, 1321 m, 1281 s, 1267 s, 1230 m, 1200
m, 1167 m, 1140 m, 1119 m, 1066 s, 1018 s. EI-MS (m/z, (%)): 210 (34) [M*: Co!*CH;5N3S], 209
(100) [M*: C;oH;5N5S], 208 (92), 176 (18), 126 (36) [CsH;,N5*], 125 (81), 124 (22) [CcHsNS*
+H], 113 (28), 112 (46) [CsHoN3*], 98 (69) [CsH (N, *], 97 (92) [CsH5S*], 70 (72), 69 (26), 57
(22) [C3H,N*], 56 (34), 55 (34).

1,1,3,3-tetramethyl-2-(thiophen-2-ylmethyl)guanidine (TMGthio, 26):
CioH7N3S (M = 211.52 g/mol): Yellow oil; Yield: 6.03 g =28.5

N g

b@d_e\ \N_ mmol = 95 %. 'H-NMR (500 MHz, CDCls, 25 °C): 8 [ppm] =
L Y :f< 2.73 (s, 6H, g), 2.76 (s, 6H, &), 4.53 (s, 2H, e), 6.86 (m, 1H, c),
6.91 (m, 1H, b), 710 (m, 1H, a). *C-NMR (125 MHz, CDCl;,
/N— 25°C): & [ppm] = 38.9 (CH3, g), 39.6 (CH3, 8), 48.7 (CH,, e),
121.6 (CH, c), 122.9 (CH, a), 126.4 (CH, b), 149.2 (C, d), 161.0
(C,f). IR (KBr, #[cm™]): 3064 vw (v(C-Hgrom.))» 2997 vw (v(C-Haripn.))> 2918 W (v(C-Hariph.)),
2871w (v(C-Haiipn.)), 2841 w (v(C-Hayipn.)), 2806 w (v(C-Hajipn.)), 1614 vs (v((v(C=N)), 1498
m, 1452 m, 1437 m, 1404 m, 1369 s, 1308 m, 1236 m, 1134 s, 1109 w, 1063 m, 1039 w, 1003 m, 968
m, 912 m, 897 vw, 852 m, 897 vw, 852 m, 816 w, 766 w, 692 s, 615 vw, 598 vw, 561 w. EI-MS (m/z,
(%)): 211 (84) [M*],196 (31) [M* - CH3],167 (72) [M* - N(CHs),],166 (91) [M* - N(CH3), -H],
151 (83) [M* - N(CH3), - CH; -H], 124 (62) [M* - 2 N(CHj3), +H], 100 (55) [C(N(CH3),),*],
99 (54), 98 (74), 97 (100) [CsHsS* +2H], 85 (80) [C,H;S* +2H, C(NCH;)N(CHj;),*], 71 (81)

[N=CN(CHj;),* +H], 53 (59), 44 (65) [N(CH3),*].
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2,6-bis[bis(2-Aminoethyl)1,3-dimethylimidazolidin-2-ylidene] methylbenzol
(DMEG,(baem);b, 27):

a CssHoN 4 (M = 692.99 g/mol): Yel-
" low oil; Yield: 18.92 g = 27.3 mmol =
¢ 91 %. 'H-NMR (500 MHz, CDCl,,

25 °C): 6 [ppm] = 2.72 (m, 24+8H,

) ( i+f), 3.11 (m, 16H, j), 3.49 (m, 8H, g),

“\( J 3.70 (m, 4H, ¢), 720 (m, 4H, a+b+d).

EY BC-NMR (125 MHz, CDCl;, 25 °C):

\ >\ 0 [ppm] = 39.9 (CHs, i), 49.4 (CH,,
k/ j), 46.4 (CH,, g), 58.1 (CH,, f), 60.1
(CH,, e), 127.0 (CH, b), 128.1 (CH, a),
129.2 (CH, d), 140.5 (C, c), 157.4 (C, h). IR (film between NaCl plates, ¥[cm™]): 3352 m (v(C-
Harom.))s 3294 m (v(C-Hgrom.)), 2933 s (v(C-H aliph.)), 2835 s (v(C-Hipn.)), 1662 vs (v(C=N)),
1483 m, 1441 m, 1414 m, 1383 m, 1265 s, 1198 m, 1138 m, 1120 m, 1066 m, 1018 s. EI-MS (m/z,
(%)): 693 (9) [M*], 596 (24) [M* - CsH,oN, +H], 566 (38) [M* - CsH,N5* -HJ, 500 (22) ,
483 (55) [M* - CsH,oN, - CsHyoN3], 471 (70) , 470 (91) [M* - 2 CsH,oN; +H], 466 (26), 456
(20), 453 (16), 440 (10) [M* - 2 C¢H,N3* -H], 427 (29), 397 (9), 387 (13), 374 (79), 360 (10),
357 (27), 331 (12), 301 (22), 286 (6), 272 (12), 198 (8), 182 (6), 169 (25), 167 (10), 149 (88), 127 (51)
[CeH,, N3+ +H], 126 (100) [CeH ,N5*], 114 (17) [CsH,oN3* +2H], 105 (18), 98 (10) [CsH, 0N, *],
70 (10) [CH,CH,NCH,CH,"], 56 (30).

2,6-bis[bis(2-Aminoethyl)tetramethyl-guanidino]methylbenzol (TMG,(baem),b, 28):
a C36H72N14 (M = 701,06 g/mol) Or-

b ange coloured oil; Yield: 18.30 g =26.1

< mmol = 87 %. 'H-NMR (500 MHz,

d CDCl;, 25 °C): § [ppm] = 2.62 (m,

f ﬂ 48+8H, i+f), 3.17 (m, 8H, g), 3.57 (s,

4H, e), 711 (m, 4H, a+b+d). 3 C-NMR

/N N\ (125 MHz, CDCl;, 25 °C): § [ppm]

N >7 4 = 38.5 (CHs, i), 38.9 (CHj, 1), 39.2

Vam (CHs, 1), 39.6 (CHs, i), 479 (CH,,

g), 573 (CH,, f), 59.8 (CH,, e), 127.0

(CH, b), 128.1 (CH, a), 129.1 (CH, d), 140.3 (C, ¢), 160.3 (C, h). IR (KBr, #[cm~']): 2997 m

(v(C-Harom.))> 2929 m (v(C-Hyjipp.)), 2891 m (v(C-Hyipr.)), 2841 m (v(C-Hapipn.)), 2802 m

(V(C—Haliph.)), 1616 vs (v(C=N)), 1496 m, 1452 m, 1404 m, 1369 m, 1313 w, 1236 w, 1132 m, 1063

W, 993 w, 912 w, 796 vw, 746 w, 704 w, 669 vw, 592 w. EI-MS (m/z, (%)): 702 (21) [M*], 701 (52)

[M*],586 (9) [M* - HN(C(N(CH3),),)], 573 (70) [M* - CH,N(C(N(CH3),),)], 572 (100) [M* -

CH;N(C(N(CHjs),),)], 558 (16), 470 (19), 457 (49), 432 (15), 401 (15) [M* - 3 C(N(CHs),)], 274

(16),142 (77),128 (54) [CH,N(C(N(CHj3),),)*1, 85 (96), 77 (23) [CcH5*], 58 (30) [C(N(CHj3),*
+2H].
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232327-(2,232”-nitrilotris(ethane-2,1-diyl))tris(1,1,3,3-tetraethylguanidine) (TEG;tren,
31):

C33:H7,Nyg (M =609.00 g/mol): Yellow oil; Yield:

\ K 11.69 g = 19.2 mmol = 64 %. 'H-NMR (500 MHz,

~_N N CDCls, 25 °C): 8 [ppm] = 1.00 (6, t, 36H, e, 3] =

| 71 Hz), 2.72 (m, 6H, a), 3.02 (6, q, 12H, d, 3] = 71

Hz), 3.10 (6, q, 12H, d; *J = 71 Hz), 3.25 (m, 6H,

I a | | b). *C-NMR (125 MHz, CDCl;, 25 °C): & [ppm]

N Y ™7 2130 (CHy, €), 13.8 (CHs, ), 416 (CH,, &), 42.6

\ (CH,, d), 48.6 (CH,, b), 58.2 (CH,, a), 158.4 (C,

H ‘/ W c). IR (film between NaCl plates, ¥[cm™!]): 2966

A s (V(C-Haripn.))> 2929 m (v(C-Haiipn.)), 2868 m

\r (V(C-Hariph), 1612 vs (v(C=N)), 1460 m, 1402 m,

N 1375 m, 1358 m, 1338 m, 1302 m, 1261 s, 1219 m,

r W 1205 m, 1130 m, 1068 s. EI-MS (m/z, (%)): 610 (4)

[M+], 438 (10) [M* - CoH,oN; - H], 424 (97) [M*

- C1oHy,Nj - HJ, 266 (97), 253 (10), 240 (13), 198 (48) [C1H,4N3*], 184 (72) [CioH,o N5 ], 168

(33), 156 (29) [CoH,oN,*], 154 (11), 127 (24), 113 (100), 100 (13) [N(CH,CH,)s* +2H], 99 (13)
[N(CH,CH,);* +H], 86 (22), 72 (18) [C,H(N*], 57 (11).

11.3.2 Synthesis of zinc(II) complexes

The zinc (IT) complexes [Zn(DMEG,e)Cl,] (1a),19:204 [Zn(DMEG,e)(CH3;COO),] (1b),[101:204]
[Zn(DMEG,e),][CF3S05]; (1¢),10:204] [Zn(btmgp)Cl,] (2a),0%7) [Zn(DMEGqu)Cl,] (6a),!10:205]
[Zn(DMEGqu)(CH;COO0),] (6b),10:205) [Zn(TMGqu)Cl,] (7a),110:2%%] [Zn(TMGqu)(CH;COO0), ]
(7b),[100205] [Zn(DMEGpy) Cl,] (14a),[10:2%] [Zn(DMEGpy)(CH;COO), ] (14b),19:205] [Zn(bipy)Cl, ]
(33a)* and [Zn(phen)Cl,] (34a)>% were prepared according to literature procedures.

General synthesis of zinc complexes with guanidine ligands:

A solution of the ligand (1.1 mmol) in dry MeCN or THF was added to a suspension of the
zinc compound (1 mmol, 0.5 mmol or less, depending on the molar ratio given in the com-
plex) in a dry aprotic solvent (MeCN, THF) with stirring. The resulting reaction mixture was
stirred for 20 min or longer. In the case of a clear solution, single crystals could be obtained by
diffusion of diethyl ether, diisopropyl ether or pentane. When the complex precipitated, the
reaction mixture was slowly heated under reflux to give a clear solution. Single crystals could
be obtained by slowly cooling to room temperature.
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[Zn(DMEGze) (C6H5 COO)z] (ld):

/ \c CysH34NgO4Zn (M = 559.98 g/mol): Colourless crys-
N /_< N g Eals; Yield: 0.190 g = 0.34 mmol = 34 %; m.p. 138°C.
[ _ Y :b< j H-NMR (500 MHz, CD;CN, 25 °C): 8 [ppm] = 2.96 (s,
N 12H, ¢), 3.24 (s, 8H, d), 3.57 (s, 4H, a), 740 (m, 4H, h),
"\ zn N 746 (m, 2H, i), 8.00 (m, 4H, g). ®C-NMR (125 MHz,
CD;CN, 25 °C): § [ppm] = 35.5 (CH3, ¢), 49.4 (CH,,
d), 49.7 (CH,, a), 127.7 (CH, h), 129.3 (CH, g), 130.2
(CH, i), 137.2 (C, 1), 164.3 (C, b), 170.8 (C, e). IR (KBr,
v[ecm™]): 3076 w (V(C-Hgrom.))> 3058 W (V(C-Hyrorm.))s
3032 W (W(C-Hgyom.))> 2937 m (v(C-Hypipn.)), 2866 m
(v(C-Haipn.)), 1631 vs (v(C=N)), 1585 s (v(C=N)), 1506
m, 1489 m, 1448 m, 1423 m, 1402 m, 1354 vs, 1292 m, 1236 m, 1173 w, 1130 w, 1093 w, 1066 w,
1053 w, 1024 w, 982 vw, 943 vw, 918 m, 864 vw, 837 w, 793 vw, 766 w, 733 m, 725 m, 696 vw,
679 m, 650 vw, 606 w, 571 vw. EI-MS (m/z, (%)): 437 (68) [M* - C,Hs0,], 351 (8), 315 (12)
[M* - 2 C,H;0, -HJ, 298 (6), 251 (18) [M* - Zn(C,Hs0,) -HJ, 140 (19) [C,H,4N5*], 139 (26)
[C,H,, N3+ -H]J, 127 (70) [CsH N5+ +H], 126 (100) [CeH,,N;*], 124 (26), 122 (30) [C,H50,*
+H], 105 (46), 98 (13) [C5H (N, "], 77 (27), 70 (14) [CCH,CH,N* +2H], 69 (14) [CCH,CH,N*
+H], 56 (45) [NCH,CH,N*]. CHN analysis: calculated: C 55.72, H 6.07, N 15.00; found: C
55.08, H 5.92, N 14.92.

[Zn(TMG,e)Cl,] (2a):

C,H,8N¢CL,Zn (M = 392.70 g/mol): Colourless crystals;
/ c\ Yield: 0.380 g = 0.97 mmol = 97 %; m.p. 284°C. 'H-NMR
—N /—i N— (500 MHz, CDCl;, 25° C) & [ppm] = 2.82 (s, 12H, c), 2.94
>:N N:b< (s, 12H, <), 3.22 (s, 4H, a). *C-NMR (125 MHz, CDCl,,
. \Zn/ . 25°C) & [ppm] = 39.8 (CH,, ¢), 39.9 (CH;, ©), 49.8 (CH,
\ CI\\\\\( N / a), 165.0 (C, b). IR (KBr, ¥[cm™']): 3005 w (v(C-Hgsipn.)),
2981w (v(C-Haripn.)), 2947 m (v(C-Hasipn.))> 2900 m (v(C-
Haiipn.))s 2852 m (v(C-Hasipn.)), 2823 W (v(C-Haiipn.)), 2804 w (v(C-Hyjipn.)),1568 vs (v(C=N)),
1525 s (v(C-H)), 1477 m, 1463 m, 1442 m, 1427 m, 1392 s (v(C-H)), 1344 m, 1327 m, 1242 m, 1211
w, 1157 m, 1122 m, 1082 m, 1068 m, 1045 m, 1018 m, 964 vw, 916 w, 895 m, 806 w, 779 w, 768 m,
737 w, 594 w, 579 vw, 552 vw. EI-MS (m/z, (%)): 392 (6) [M*], 357 (9) [M* -35Cl], 355 (19) [M*
37C1], 243 (66), 165 (26), 142 (24), 128 (100) [CH,N=CN,(CH;),* -2H], 85 (92) [CN5(CH;),"
+H]. CHN analysis: calculated: C 36.67, H 7.13, N 21.39; found: C 36.63, H 717, N 21.36.

Cl
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[Zn(TMG,e)(CH;COO),] (2b):

c\ Ci6H34NO4Zn (M = 439.87 g/mol): Colourless crystals;

— Yield: 0.230 g = 0.52 mmol = 52 %; m.p. 139°C. 'H-NMR

>7 (500 MHz, CD5CN, 25° C) 8 [ppm] = 1.76 (s, 6H, €), 2.84 (s,

24H, ¢), 3.22 (s, 4H, a). 3*C-NMR (125 MHz, CD;CN, 25°

C) § [ppm] = 22.8 (CHs, e), 38.2 (CHj3, ¢), 38.7 (CH3, ©),

49.9 (CH,, a), 164.6 (C, b), 175.3 (C, d). IR (KBr, 7[cm™!]):

% >: 3001 m (v(C-Haripn.))» 2954 m (v(C-Hayipn.)), 2816 w (v(C-

Haiipn.)), 1628 vs (v(C=N)), 1581 vs, 1518 m, 1475 m, 1460 m,

1431 s, 1408 vs, 1338 m, 1317 m, 1254 w, 1236 m, 1226 m, 1169 m, 1120 vw, 1107 vw, 1068 w, 1045

m, 1011 m, 957 vw, 922 w, 906 m, 895 w, 881 vw, 864 vw, 768 m, 717 m, 669 m, 648 m, 617 m, 521

w. EI-MS (m/z, (%)): 379 (41) [M* - CH;COO], 319 (8) [M* - 2 CH;COO0], 266 (12), 264 (22),

142 (16) [C;H6N37], 128 (65) [CsH14N37], 85 (100) [CN3(CH3),* +H], 84 (14) [CN3(CH3),*],
71 (15). CHN analysis: calculated: C 43.65, H 7.73, N 19.10; found: C 42.96, H 7.51, N 18.99.

[Zn(btmgp)(CH;COO),] (3b):

Ci7;H36Nc04Zn (M = 453.89 g/mol): Colourless crystals;

m . Yield: 0.580 g = 0.89 mmol = 89 %. 'H-NMR (500 MHz,

‘ | CD;CN, 25 °C): § [ppm] = 1.78 (s, 6H, f), 1.94 (m, 2H, a),

NN~ \ / \r 2.79 (s, 12H, d), 2.81 (s, 12H, d), 3.38 (t, 4H, b, 3] = 5.2

N Hz). *C-NMR (125 MHz, CD5CN, 25 °C): § [ppm] = 23.3

AN QN (CHa, ), 31.9 (CH,, a), 38.3 (CHs, d), 39.0 (CHa, &), 50.9

OJ\ }ZO (CH,, b),165.7 (C, ¢), 174.9 (C, e). IR (KBr, ¥[cm™!]): 2364

f w (V(C Haleh.))’ 2345w (V(C Halzph,))’ 1620 vs (V(C—N)),

1585 vs (v(C=N)), 1508 w, 1473 m, 1458 m, 1431 m, 1404 s, 1340 w, 1238 vw, 1213 vw, 1173 vw, 1151

vw, 1117 vw, 1068 vw, 1016 vw, 899 vw, 852 vw, 669 w, 650 w, 619 vw. MI-MS (m/z, (%)):

393 (11) [M* -CH3COO], 270 (44) [M* -Zn(CH3;COO),], 226 (14) [M* -Zn(CH;COO), -

N(CH3),], 156 (35) [CH,CH,CH,N=C(N(CH3),),)*], 142 (44) [CH,CH,N=C(N(CH3),)2)*],

139 (32) [M* -Zn(CH3;COO), - 3 N(CHj3), +H], 111 (46), 100 (20) [C(N(CHj3),),)*], 85 (51)

[C(N(CH3),),)*" -CHs], 71 (44). CHN analysis: calculated: C 44.94, H 7.93, N 18.51; found: C
42.45, H 8.31, N 17.97.

[Zn(8MeBL)Cl,;] (5a):

CisHsCLLNgZn (M = 440.74 g/mol): Colourless
crystals; Yield: 0.405 g = 0.92 mmol = 92 %; m.p.

261°C. 'TH-NMR (500 MHz, CD;CN, 25 °C): §

>; 4< [ppm] = 2.03 (s, 12H, e), 3.45 (s, 12H, ¢), 3.62 (s,
4H, a). BC-NMR (125 MHz, CD;CN, 25 °C): ¢

\\‘ [ppm] = 8.0 (CHj, e), 31.0 (CHj, ¢), 50.7 (CH,,

a), 153.3 (C, d), 155.1 (C, b). IR (KBr, #[cm™]):
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2981 w (v(C-Haiipn.))> 2937 m (v(C-Hayipr.))> 2916 m (v(C-Hyyipn.)), 2848 m (v(C-Hayipn.)),
1577 vs (v(C=N)), 1477 m, 1444 m, 1425 m, 1402 m, 1363 m, 1350 m, 1333 m, 1261 w,
1213 w, 1124 m, 1084 w, 1028 w, 987 vw, 949 w, 883 w, 846 vw, 822 vw, 717 w, 690 w,
669 w, 611 w, 602 w, 563 w. EI-MS (m/z, (%)): 442 (11) [M*: C,sHas**CLLN*Zn], 440
(17) [M*: Cy6Hps3ClL N5 Zn, CysHas?5CI¥7 CING®Zn], 438 (14) [M*: CysH,5* CI¥ CIN(Zn,
Ci6H53" Cl,Ng%4Zn, CisHg3°CLNg%8Zn], 407 (11) [M* -Cl], 405 (19) [M* -Cl], 403 (17) [M*
-Cl], 303 (17) [CicHsNg* -H], 165 (11) [CoHcN3+ -H], 153 (69) [CgH 14N+ +H], 152 (100)
[CsH14N;*], 124 (27) [C;H 2N, *], 56 (24) [NCH,CH,N*]. CHN analysis: calculated: C 43.56,
H 6.35, N 19.06; found: C 43.58, H 6.37, N 18.92.

[Zn(8MeBL)(CH;COO),] (5b):
CyH34NO,Zn (M = 487.91 g/mol): Colourless

crystals; Yield: 0.449 g = 0.92 mmol = 92 %; m.p

162°C. '"H-NMR (500 MHz, CD;CN, 25 °C): ¢

>‘ 4< [ppm] =1.73 (s, 6H, g), 2.01 (s, 12H, ), 3.36 (s, 12H,

¢), 3.59 (s, 4H, a). BC-NMR (125 MHz, CD;CN,

25°C): § [ppm] = 8.0 (CHj;, ), 22.8 (CH3, g), 30.1

¢\/ )Z (CHs, ¢), 50.9 (CH,, a), 153.7 (C, d), 175.4 (C, b),

199.9 (C, f). IR (KBr, [cm~!]): 3138 m, 3053 m,

2999 m, 2978 m, 2949 m, 1599 vs (v(C=N)), 1581 vs (v(C=N)), 1491 m, 1444 m, 1446 m, 1421

m, 1404 m, 1267 m, 1246 m, 1223 w, 1128 w, 1113 w, 1072 m, 1020 w, 991 w, 955 vw, 918 w, 897

w, 847 w, 766 m, 735 m, 725 m, 706 m, 648 m, 619 m, 596 m, 561 m. EI-MS (m/z, (%)): 486

(2) [M*], 425 (45) [M* - CH;COO -2H], 266 (17), 198 (7) [CsHsNg*], 184 (7) [C;HsNg*],

165 (8) [CoH, 6N+ -HJ, 153 (10) [CsH,4 N5+ +H], 152 (100) [CeH N3], 124 (6) [C,H,N,*], 113

(15) [C¢H3N,*]. CHN analysis: calculated: C 49.19, H 6.97, N 17.22; found: C 48.63, H 7.03, N
16.94.

[Zn(DMEun)z (CF3SO3)] [CF3 803] (6C):

C30H;3,NgO¢F4S,Zn (M = 845.48 g/mol): Yellow
crystals; Yield: 0.310 g = 0.37 mmol = 73 %; m.p.
234°C. TH-NMR (500 MHz, CD;CN, 25 °C): §
[ppm] = 2.56 (s, 12H, k), 3.48 (s, 4H, 1), 3.72 (s,
4H,71),716 (dd, 2H, g, *] = 7.7 Hz, 4] = 1.1 Hz), 7.60
(dd, 2H, e, 3] = 8.2 Hz, 4] = 1.1 Hz), 768 (dd, 2H, f,
3] = 8.2 Hz, 3] = 7.7 Hz), 7.85 (dd, 2H, b, *] = 8.3 Hz,

/ \ 31 = 4.7 Hz), 8.69 (dd, 2H, ¢, 3] = 8.3 Hz, 4] = 1.5
N \//S r Hz),8.78(dd,2H, a, 3] = 4.7 Hz, 4] = 1.5 Hz). 3C-
, N & ™ NMR (125 MHz, CD5CN, 25 °C): & [ppm] = 33.9
\ F F  (CHy k), 475 (CH,, 1), 116.2 (CH, g), 118.2 (CH,

Y e),122.2 (C, m), 122.4 (CH, b), 128.9 (CH, f), 129.7

(C, d),137.7 (C, 1), 141.0 (CH, ¢), 142.1 (C, h), 148.1
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(CH, a),164.4 (C, j). IR (KBr, [cm™]): 3057 vw (v(C-Hgarom.)), 2960 vw (v(C-Hasipn.)), 2935
vw (V(C-Hayipn.)), 2889 w (v(C-Hajipn.)), 1597 m (v(C=N)), 1558 s (v(C=N)), 1504 m, 1468 m,
1419 m, 1396 m, 1327 m, 1302 m, 1267 vs, 1232 m, 1225 m, 1174 m, 1155 m, 1103 w, 1032 s, 1024
S, 976 w, 912 vw, 827 m, 806 w, 789 m, 771 w, 756 w, 692 w, 636 m, 582 w, 573 w, 536 vw, 517
w. EI-MS (m/z, (%)): 693 (1) [M* - CF5S0s], 602 (6), 453 (27) [M* -CF3SO5 -C14H 6N, ], 240
(100) [C14H16N4*], 183 (20) [C14H N4 -CH3;NCH,CH,], 169 (18), 155 (63) [C;oH¢N,+ +H],
142 (19) [C14Hi6Ny* -CsH N, ], 129 (33) [CoHgN,* +H], 98 (75) [CsHoN,*]. CHN analysis:
calculated: C 42.58, H 3.78, N 13.25; found: C 42.66, H 3.89, N 13.17.

[Zn(DMEun) (!J-C6H5COO)3)ZH(C6H5 COO)] (6d):

CyH36N,O5Zn, (M = 855.54 g/mol): Yel-
low crystals; Yield: 0.740 g = 0.86 mmol
= 86 %; m.p. 183°C. 'H-NMR (500 MHz,
CD;CN, 25 °C): & [ppm] = 2.86 (s, 6H, k),
3.30 (s, 2H, 1), 3.67 (s, 2H, I’), 7.04 (d, 1H,
g, ] =77 Hz), 740 (t, 8H, p, *] = 7.6 Hz),
746 (d, 1H, e, 3] = 8.1 Hz), 752 (t, 4H, q, ?J
= 7.6 Hz), 758 (dd, 1H, £, 3] = 8.1 Hz, 3] = 77
Hz), 772 (dd, 1H, b, 3] = 8.2 Hz, 3] = 4.0 Hz),
8.02 (d, 8H, o, 3] = 7.6 Hz), 8.53 (d, 1H, ¢, 3]
= 8.2 Hz), 9.18 (d, 1H, a, 3] = 4.0 Hz). 13C-
NMR (125 MHz, CD;CN, 25 °C): § [ppm] =
34.1 (CHs, k), 47.8 (CH,, 1), 115.8 (CH, g),
1173 (CH, e), 122.3 (CH, b), 128.1 (CH, p)
128.5 (CH, 1),129.6 (C,d),129.8 (CH, 0) 131.7
(CH, ), 133.9 (C, n), 138.2 (C, i), 139.9 (CH, c), 143.8 (C, h), 148.2 (CH, a), 165.2 (C, j), 173.1 (C,
n). IR (KBr, [cm™']): 3087 vw (v(C-H_,91m.))> 3066 W (v(C-H_,0mm.))> 3026 vw (v(C-Hrom ))s
2929 W (W(C-Hagiph.)) 2891 W (V(C-Hoiipn ), 1630 vs (v(C=N)), 1573 s (v(C=N)), 1504 m, 1481
m, 1466 m, 1448 m, 1410 vs, 1369 s, 1325 m, 1302 m, 1288 w, 1238 w, 1238 w, 1207 vw, 1171 w,
1157 vw, 1136 vw, 1105 w, 1068 w, 1045 vw, 1026 m, 978 vw, 937 vw, 912 vw, 850 w, 829 w, 814
w, 783 w, 754 vw, 717 s, 688 m, 677 w, 640 vw, 580 vw, 534 vw. EI-MS (m/z, (%)): 425 (5)
[C,yH,iN,O,Zn*], 240 (100) [C1sH6N,*], 183 (17) [CraH eNy* -C5H,N], 169 (13), 155 (45)
[C14H,eN,* -CH;NCH,CH,NCH; +H], 142 (15) [CoHgN,*], 129 (23) [CoH N* +H], 105 (10),
98 (61) [CsH1oN,*], 77 (10). CHN analysis: calculated: C 58.91, H 4.21, N 6.55; found: C 58.45,
H 4.16, N 6.65.
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[Zn(DMEGqu)(CH;S05),] (6e-1):

Ci6H2nN4O6S,Zn (M = 496.70 g/mol): Yellow crystals;
Yield: 0.496 g = 0.99 mmol = 99 %; m.p. 185°C. 'H-
NMR (500 MHz, CD;CN, 25 °C): § [ppm] = 2.76 (s, 6H,
k), 2.88 (s, 6H, m), 3.75 (m, 4H, 1), 714 (d, 1H, g, ] = 7.6
Hz), 752 (d, 1H, e, *] = 8.1 Hz), 761 (dd, 1H, f, 3] = 8.1
Hz,3] =76 Hz), 7.78 (dd, 1H, b, *] = 8.3 Hz, 3] = 4.7 Hz),
8.59 (dd, 1H, ¢, 3] = 8.3 Hz, 4] = 1.3 Hz ), 9.00 (dd, 1H, a,
3] = 4.7 Hz, *] = 1.3 Hz). 3C-NMR (125 MHz, CD;CN,
25 °C): & [ppm] = 34.4 (CHs, m), 38.7 (CHs, k), 48.1
(CH,, 1),116.7 (CH, g), 118.2 (CH, €), 122.4 (CH, b), 128.6
(CH, f), 129.4 (C, d), 137.9 (C, i), 140.9 (CH, ¢), 142.2 (C,
h), 148.9 (CH, a), 164.5 (C, j). IR (KBr, ¥[cm™!]): 3016
vw (V(C-Harom.))s 2933 vw (v(C-Haiipn.))> 2889 vw (v(C-Hajipn.)), 1595 m (v(C=N)), 1560 m
(v(C=N)), 1502 m, 1468 m, 1417 m, 1392 m, 1327 m, 1298 w, 1273 w, 1240 m, 1207 s, 1194 vs, 1157
m, 1103 w, 1059 m, 1026 m, 978 vw, 912 vw, 827 w, 806 w, 785 m, 773 m, 696 vw, 669 vw, 638 w, 611
vw, 582 w, 563 m, 536 m, 526 m. EI-MS (m/z, (%)): 494 (2) [M*], 399 (8) [M* -CH;S0;], 241
(27), 240 (100) [M* -Zn(CH3S03),], 239 (70), 183 (11) [C;;HoN;5*], 155 (27) [C;oH¢N,+ +H],
142 (10) [CoHgN,*], 129 (14) [CoHgN* +H], 98 (42) [CsHoN,*]. CHN analysis: calculated: C
38.67, H 4.43, N 11.27; found: C 38.84, H 4.56, N 11.33.

[Zn(DMEun)z (CH3 SO3)] [CH3SO3] (66-2):

e f C30H38N80682ZH (M = 73737 g/mol) Yellow

©CH3S05  crystals; Yield: 0.361 g = 0.49 mmol = 98 %; m.p.

g \ 268°C. '"H-NMR (500 MHz, CD;CN, 25 °C): §

b Y [ppm] = 2.32 (s, 6H, m), 2.47 (b, 12H, k), 3.56

‘ (b, 8H, 1), 700 (dd, 2H, g, *] = 76 Hz, *] = 1.0
/ Hz), 749 (dd, 2H, e, 3] = 8.2 Hz, 4] = 1.0 Hz),

/ a
N D o 7.60 (dd, 2H, f, 3] = 8.2 Hz, 3] = 7.6 Hz), 7.82 (dd,
)% e / \ \\ / " 2H, b, 3] = 8.3 Hz, 3] = 4.6 Hz), 8.60 (dd, 2H, c,
N s 4 *J=83Hz,*J=15Hz),8.89 (dd, 2H, a,%] = 4.6
| \N§ O// m Hz, 4] = 1.5 Hz). 3C-NMR (125 MHz, CD;CN,
\ 4 B 25°C): 8 [ppm] = 38.9 (CH3, m), 473 (CH,, 1),
yZ 114.8 (CH, g), 117.0 (CH, ), 122.0 (CH, b), 128.7

(CH, 1), 129.6 (C, d), 137.8 (C, i), 139.9 (CH, ¢),
143.2 (C, h), 147.7 (CH, a), 165.1 (C, j). IR (KBr,
v[em™1]): 3109 w (W(C-Hgrom.)), 3070 w (v(C-Hgyrom.)), 3045 w (v(C-Hgpom.)), 3008 w (v(C-
Harom))> 2997 W (V(C-Hagiph.))s 2962 W (v(C-Hapipn.))s 2927 W (v(C-Hayip.))s 2877 w (v(C-
Hoiipn))» 1558 s ((C=N)), 1502 s, 1483 m, 1468 s, 1423 m, 1392 5, 1327 m, 1300 m, 1248 s, 1207
s, 1196 s, 1161 s, 1107 m, 1059 w, 1039 s, 1026 m, 974 w, 910 vw, 829 m, 806 w, 793 m, 773 m ,762
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m, 748 m, 694 w, 662 vw, 640 w, 609 vw, 582 w, 550 m, 536 w, 521 m. EI-MS (m/z, (%)): 448
(13) [M*-2 CH;3S0; -C5H;yN, +2H], 422 (12), 240 (10) [M* -Zn(CH;S05),], 204 (15), 189 (44)
[Ci1H3N3™ +2H], 174 (13), 146 (98), 145 (59), 131 (42), 123 (100) [CcH;;N5* -H], 119 (45), 117
(62) [CeHN* +H], 115 (31), 105 (18) [C,H,N* +3H], 103 (22) [C,H,N* +H], 91 (35) [CsH,N*
+2H],77 (23) [CsH;3N*], 57 (16) [C;H,;N*]. CHN analysis: calculated: C 48.82, H 5.15, N 15.19;
found: C 48.87, H 5.08, N 15.16.

[Zn(DMEGQqu)Br,] (6f):

Ci1sH¢N4ZnBr, (M = 465.51 g/mol): Yellow crystals;
Yield: 0.430 g = 0.92 mmol = 92 %; m.p. 262°C. 'H-NMR
(500 MHz, CD;CN, 25 °C): 8 [ppm] = 2.91 (s, 6H, k), 3.75
(m, 4H, 1), 717 (d, 1H, g, *] = 7.7 Hz), 753 (d, 1H, e, 3] = 8.1
Hz), 7.63 (dd, 1H, f, 3] = 8.1 Hz, 3] = 7.7 Hz), 7.76 (dd, 1H,
b, 3] = 8.3 Hz, 3] = 4.5 Hz), 8.57 (d, 1H, ¢, *] = 8.3 Hz), 8.81
(dd, 1H, a, 3] = 4.5 Hz, 4 = 1.0 Hz). 3C-NMR (125 MHz,
CD;CN, 25°C): § [ppm] = 35.1 (CH3, k), 48.2 (CH,, 1), 117.8
(CH, g), 118.5 (CH, e), 122.6 (CH, b), 128.7 (CH, ), 129.6 (C,
d), 138.2 (C, i), 140.4 (CH, c), 142.8 (C, h), 1477 (CH, a), 164.8 (C, j). IR (KBr, #[cm~']): 3037
m (V(C-Harom.)) 2943 m (v(C-Hayipn.)) 2922 m (v(C-Hasipn.)), 2879 m (v(C-Haiipn.)), 2794 m
(V(C—Haliph.)), 1593 m (v(C=N)), 1552 s (v(C=N)), 1500 s, 1470 s, 1410 m, 1392 s, 1325 m, 1294 m,
1244 m, 1201 m, 1167 m, 1138 m, 1103 m, 1078 m, 1045 w, 1026 m, 978 m, 943 w, 912 w, 897 vw, 856
w, 827 m, 816 m, 808 m, 779 m, 766 m, 696 m, 665 w, 636 m, 611 w, 579 m, 534 w. EI-MS (m/z,
(%)): 466 (1) [M*: C14H(N,7°Br8!Br%Zn, C,,H(N,7°Br,%Zn, C;,H,cN,3 Br,%*Zn], 464 (1)
[M*: Cp.H,¢N,79Br8! Bré*Zn, C,,H,(N,7Br,%7Zn], 387 (12) [M* -Br], 385 (21) [M* -Br], 383
(13) [M* -Br], 241 (22) [M* - ZnBr, +H], 240 (100) [M™* - ZnBr,], 239 (38) [M* -ZnBr, -H], 193
(4),183 (6) [M* -C3H,N -ZnBr,], 169 (5) [C1oHsN5+ +H], 155 (18) [M* -CH,;NCH,CH,NCH,
-ZnBr, +H], 142 (7) [CoHgN,*], 129 (9) [CoHgN* +H], 98 (24) [CsH (N, *]. CHN analysis:
calculated: C 36.10, H 3.44, N 12.03; found: C 36.00, H 3.44, N 12.05.
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[Zn(DMEGqu)(C,H;0,))] (6g):

C,4H50N,O4Zn (M = 503.91 g/mol): Yellow crystals; Yield:
0.500 g = 0.99 mmol = 99 %; m.p. 199°C. 'H-NMR (500
MHz, CD;CN, 25 °C): § [ppm] = 1.76 (s, 12H, m), 2.82 (s,
6H, k), 3.47 (s, 2H, 1), 3.65 (s, 2H, ), 5.18 (s, 2H, 0), 6.86
(dd, 1H, g, 3] = 78 Hz, *] = 1.0 Hz), 7.25 (dd, 1H, e, 3] = 7.8
Hz, 4] = 1.0 Hz), 745 (t, 1H, f, 3] = 7.8 Hz, 3] = 7.8 Hz), 7.54
(dd, 1H, b, 3] = 8.3 Hz, 3] = 3.9 Hz), 8.31 (dd, 1H, ¢, 3] = 8.3
Hz, 4] =1.4 Hz ), 8.57 (dd, 1H, a, 3] = 3.9 Hz, 4] = 1.4 Hz).
BC-NMR (125 MHz, CD;CN, 25 °C): § [ppm] = 27.4 (CH3,
m), 34.4 (CHs, k), 48.0 (CH,, 1), 97.3 (CH, 0), 115.0 (CH, g),
115.3 (CH, e), 121.5 (CH, b), 128.0 (CH, f), 129.7 (C, d), 137.9
(CH, ¢), 138.3 (C, i), 145.3 (C, h), 146.4 (CH, a), 164.6 (C, j), 189.8 (C, n). IR (KBr, ¥[cm™!]):
3060 w (V(C-Harom.)), 2981w (v(C-Haiipn.)), 2918 m (v(C-Hasipn.)), 2873 m (v(C-Hayipn.)), 2798
W (V(C-Hagiipn)), 1618 vs (v(C=N)), 1603 vs (v(C=N)), 1562 vs (v(C=N)), 1510 vs, 1473 vs, 1415
vs, 1404 s, 1358 m, 1321 m, 1298 m, 1286 m, 1250 m, 1238 m, 1190 m, 1142 w, 1103 w, 1084 w, 1045
w, 1030 m, 1011 m, 976 w, 953 vw, 916 m, 827 m, 812 m, 800 w, 783 w, 750 m, 694 w, 661 w, 652
w, 638 w, 607 vw, 580 w, 546 m. CI-MS (m/z, (%)): 483 (16), 481 (43), 403 (11) [M* - CsH,0,],
298 (17), 273 (16), 270 (15), 242 (23) [M* - Zn(CsH,0,), +2H], 241 (100) [M* -Zn(CsH,0,),
+H], 240 (34) [M* -Zn(CsH,0,),], 201 (11), 157 (8), 101 (58) [CsH,0,* +2H], 57 (94). CHN
analysis: calculated: C 5715, H 5.95, N 11.13; found: C 56.69, H 5.70, N 11.03.

[Zn(DMEGqu),(BF,)][BF4] (6h):

Cy;sH32NgFgB,Zn (M = 719.63 g/mol): Yellow
crystals; Yield: 0.345 g = 0.48 mmol = 96 %; m.p.
278°C. 'H-NMR (500 MHz, CD;CN, 25 °C): ¢
[ppm] = 2.63 (s, 12H, k), 3.55 (s, 4H, 1), 3.72 (s,
4H,T),719 (dd, 2H, g, 3] = 77 Hz, *] = 1.1 Hz), 7.63
(dd, 2H, e, 3] = 8.2 Hz, *] = 1.1 Hz), 7.71 (dd, 2H, f,
3]=8.2Hz,3] =77 Hz),7.85(dd, 2H, b, 3] = 8.4 Hz,
3] = 4.7 Hz), 8.72 (dd, 2H, ¢, *] = 8.4 Hz, 4] = 1.5
Hz), 8.78 (dd, 2H, a, 3] = 4.7 Hz, 4] = 1.5 Hz). *C-

| = /B< NMR (125 MHz, CD;CN, 25 °C): 8 [ppm] = 34.1
\ £ F (CH3, k), 47.6 (CH,, 1), 116.7 (CH, g), 118.6 (CH, ¢),
Y 122.6 (CH, b), 128.9 (CH, f), 129.7 (C, d), 137.8 (C,

i), 141.2 (C, h), 141.8 (CH, ¢), 148.2 (CH, a), 164.3
(G, j). IR (KBr, ¥[cm™!]): 3066 W (V(C-Harom.))> 3043 w (v(C-Herom.)), 2931 W (v(C-Hagipn.)),
2895 w (V(C-Haripn.))> 1567 m (v(C=N)), 1560 vs (v(C=N)), 1500 s, 1485 m, 1467 s, 1419 m, 1394
S, 1325 m, 1300 m, 1242 m, 1211 w, 1171 w,1105 s, 1084 s,1065 s, 1038 s, 976 m, 910 vw, 833 m, 806
w, 791 m, 771 m, 762 w, 696 w, 669 vw, 640 w, 584 w, 534 w, 520 w. EI-MS (m/z, (%)): 460 (13)
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[M* -2 BF, -C,H,(N, +2H], 240 (100) [C,H,cN,*], 239 (83), 210 (14), 183 (16) [C;; HoN;*],
178 (15), 169 (14) [C,oH¢N3* +H], 165 (22), 155 (48) [C;oHsN,* +H], 142 (16) [CoHgN,*], 129
(26) [CoHgN* +H], 98 (56) [CsH;oN,*]. CHN analysis: calculated: C 46.69, H 4.45, N 15.56;
found: C 46.4,H 4.5, N 15.2.

[Zn(DMEun) (D,L-C3H5 03)2)] (6i):

Cy0H6N,OsZn (M =483.84 g/mol): Yellow solid; Yield:
0.460 g = 0.95 mmol = 95 %; m.p. 60°C with decompo-
sition. TH-NMR (500 MHz, CD;CN, 25 °C): § [ppm] =
1.23 (d, 6H, m, 3] = 6.8 Hz), 2.09-2.94 (br, 6H, k), 3.50-
3.81 (br, 4H, 1), 3.95 (q, 2H, n, 3] = 6.8 Hz), 4.23-5.71 (br,
2H, 0), 701 (d, 1H, g, *] = 75 Hz), 743 (d, 1H, e, 3] = 75
Hz), 755 (t, 1H, f, 3] = 75 Hz), 7.69 (s, 1H, b), 8.49 (s,

S 1H, ¢), 8.81 (m, 1H, a). 3C-NMR (125 MHz, CD;CN, 25
O%/ Q °C): § [ppm] = 20.6 (CH3, m), 34.0 (CH3, k), 47.8 (CH,,
poom 1), 673 (CH, n), 1172 (CH, g), 1173 (CH, e), 122.1 (CH,

o) b), 128.4 (CH, f), 129.5 (C, d), 138.3 (C, 1), 139.6 (CH, ),

144.2 (C, h), 148.3 (CH, a), 165.1 (C, j), 180.2 (C, p). IR

(KBr, #lem~1]): 2970 m (v(C-Hoipn.))> 2929 m (v(C-Hgyipn))s 2887 m (v(C-Hgiipn ), 1653 m,

1595 s (v(C=N)), 1560 vs (v(C=N)), 1502 s, 1483 m, 1466 s, 1416 m, 1392 s, 1325 m, 1298 m, 1238

m, 1209 w, 1171w, 1119 m, 1103 m, 1026 m, 976 w, 926 vw, 910 vw, 856 w, 833 m, 804 w, 789 m, 770

m, 690 m, 667 w, 661 w, 642 m, 606 w, 582 m, 532 w. EI-MS (m/z, (%)): 482 (1) [M*], 471 (2),

440 (3), 254 (15), 240 (100) [C1,H,¢N,* ], 239 (48), 183 (13) [C1oHeN,+ +H], 170 (14) [C1oHN3*

+2H], 155 (27) [C1oHgN,* +H], 142 (11) [CoHN,*], 129 (18) [CoHgN* +H], 120 (40), 119 (79),

98 (37) [CsHoN,*], 91 (18) [CsH3N* +2H], 85 (23) [C4H 0N, * -H], 77 (12) [CsH3N*], 57 (12).
CHN analysis: calculated: C 49.60, H 5.37, N 11.57; found: C 50.06, H 6.01, N 12.24.

[Zn(TMun)2 (CF3 803)] [CF3 SO3] (7C):

C30H36NgO6FsS,Zn (M = 849.52 g/mol): Yellow
crystals; Yield: 0.421 g = 0.49 mmol = 99 %; m.p.
225°C. 'H-NMR (500 MHz, CD;CN, 25 °C): 8
[ppm] = 2.47 (s, 12H, k), 2.76 (s, 6H, K), 3.07 (s,
6H, k), 7.02 (dd, 2H, g, ] = 7.5 Hz, *] = 1.3 Hz),
771 (dd, 2H, e, 3] = 8.2 Hz, 4] = 1.3 Hz), 775 (dd,
2H, £, 3] = 8.2 Hz, *] = 75 Hz), 7.87 (dd, 2H, b, 3] =
8.4 Hz,3] =4.7Hz),8.72 (dd, 2H, ¢, 3] = 8.4 Hz, 4]
=15Hz), 8.75 (dd, 2H, a, *)] =4.7 Hz, *] = 1.5 Hz).
13C-NMR (125 MHz, CD;CN, 25 °C): & [ppm] =
39.3 (CHs, k), 39.7 (CH3, k), 40.8 CH3, k), 116.8
(CH, g), 119.6 (CH, e), 122.2 (C, 1), 122.7 (CH, b),
129.2 (CH, f), 129.6 (C, d), 1378 (C, i), 140.9 (CH,
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c), 142.3 (C, h), 148.7 (CH, a), 165.3 (C, j). IR (KBr, ¥[cm™!]): 3086 w (v(C-Hsom.)), 3057
w (V(C-Hgrom.))> 3012 W (V(C-Harom.))s 2941 m (v(C-Hyjipn.)), 2875 m (v(C-Hapipn.)), 2808 w
(W(C-Haiipn)), 1574 s (v(C=N)), 1523 vs (v(C=N)), 1502 s, 1468 s, 1425 s, 1406 s, 1387 s, 1333 s,
1275 vs, 1261 vs, 1161 s, 1103 m, 1061 m, 1030 vs, 920 w, 901 w, 839 m, 806 m, 793 m, 760 m, 702
m, 638 s, 573 m, 542 m, 517 m. EI-MS (m/z, (%)): 847 (1) [M*], 697 (1) [M* -CF;S0;], 604
(8), 455 (34) [M* -CF53S0; -C4H5N4], 329 (2), 325 (6), 266 (3), 242 (100) [M* -Zn(CF5S03),],
198 (70) [M* -Zn(CF5;S03), -N(CHj3),], 184 (19), 171 (48), 155 (53), 142 (11) [M* -Zn(CF5S03),
-C(N(CH3),),], 128 (14) [M* -Zn(CF3S03), -C(N)(N(CH3),),], 100 (43) [C(N(CH3),),*], 42
(9). CHN analysis: calculated: C 42.38, H 4.24, N 13.18; found: C 42.41, H 4.54, N 13.14.

[Zn(TMGqu)(CsH5;COO0),] (7d):

CysH 3N, O,Zn (M = 549.94 g/mol): Yellow crys-
tals; Yield: 0.540 g = 0.99 mmol = 98 %; m.p.
180°C. '"H-NMR (500 MHz, CDCl;, 25 °C): 6
[ppm] = 2.92 (s, 6H, k), 2.99 (s, 6H, K), 6.74 (dd,
1H, g, 3] =77 Hz, %] =11 Hz), 731 (m, 4H, o), 7.39
(m, 2+1H, p+e), 748 (dd, 1H, f, *] = 77 Hz, ] =
79 Hz), 759 (dd, 1H, b, 3] = 8.4 Hz, 3] = 4.6 Hz),
8.11 (m, 4H, n), 8.29 (dd, 1H, ¢, 3] = 8.4 Hz, 4] =
1.6 Hz ), 9.26 (dd, 1H, a, 3] = 4.6 Hz, ] = 1.6 Hz).
BC-NMR (125 MHz, CDCl;, 25 °C): § [ppm] =
39.7 (CHs, k), 40.1 (CH3, K), 116.0 (CH, g), 118.9
(CH, e), 122.4 (CH, b), 1275 (CH, o), 128.0 (CH,
£),129.4 (C, d),130.2 (CH, n), 130.7 (CH, p), 134.6
(CH, m), 138.9 (CH, ¢), 139.2 (C, i), 144.1 (C, h), 149.2 (CH, a), 165.7 (C, j), 174.3 (C, m). IR
(KBr, #[cm™]): 3062 W (V(C-Hgrom.))> 3016 W (v(C-Hgrom.))> 2943 m (v(C-Hasipn.)), 2897 W
(V(C-Haiipn)), 2868 W (V(C-Haripn ) 2798 W, 1614 m, 1566 s, 1525 s, 1500 m, 1466 m, 1446 m,
1408 s, 1388 s, 1377 s, 1336 m, 1275 w, 1238 w, 1163 m, 1138 w, 1103 w, 1066 m, 1043 w, 1020 m,
982 vw, 926 w, 903 vw, 854 w, 843 w, 833 m, 818 m, 808 w, 787 m, 754 w, 721 s, 685 m, 656 w,
634w, 584 w, 540 w. EI-MS (m/z, (%)): 427 (6) [M* -C,;H;0,], 242 (100) [M* -Zn(C,H50,),],
198 (79) [M* -Zn(C,Hs0,), -N(CHs,),], 184 (36), 183 (18), 182 (20), 171 (39), 157 (34), 155 (85),
143 (18) [M* -Zn(C;H50,), -C(N(CH3),), +H], 142 (17) [M* -Zn(C;H50,), -C(N(CH3),)],
129 (28) [M* -Zn(C,H;50,), -N=C(N(CH3),), +H], 100 (33) [C(N(CH3),),*], 77 (10). CHN
analysis: calculated: C 61.10, H 5.09, N 10.18; found: C 60.60, H 4.97, N 10.13.
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[Zn(TMqul)2 (CH3 803)] [CH3 803] (73)'

C30H,uNgO6S,Zn (M = 741.41 g/mol):  Yellow
crystals; Yield: 0.360 g = 0.48 mmol = 96 %; m.p.
264°C. 'H-NMR (500 MHz, CD;CN, 25 °C): §
[ppm] = 2.32 (s, 6H, 1), 2.37 (m, 12H, k), 2.79 (s,
6H, k), 3.03 (s, 6H, k), 6.85 (dd, 2H, g, 3] = 76
Hz, 4] = 1.2 Hz), 7.61 (dd, 2H, e, ] = 8.2 Hz, 4] =
1.2 Hz), 768 (dd, 2H, £, 3] = 8.2 Hz, 3] = 7.6 Hz),
7.82 (dd, 2H, b, 3] = 8.4 Hz, 3] = 4.6 Hz), 8.62 (dd,
2H, ¢, 3] =8.4 Hz, ] =1.6 Hz ), 8.92 (dd, 2H, a, ] =
4.6 Hz,*J =1.6 Hz). 3C-NMR (125 MHz, CD;CN,
\ 25°C): 8 [ppm] = 38.9 (CHa, k+1), 39.4 (CH, K),

/ 41.0 (CHs;, k”), 115.7 (CH, g), 118.6 (CH, e), 122.3
(CH, b), 129.0 (CH, f), 129.5 (C, d), 1379 (C, i),
139.9 (CH, ¢), 143.6 (C, h), 148.5 (CH, a), 165.9 (C, j). IR (KBr, #[cm™1]): 3103 w (v(C-H,rom.)),
3037 W (V(C-Harom.))> 3001 W (V(C-Harom.))> 2929 W (V(C-Hoipn ), 2877 W (v(C-Hapiph.))» 2806
W (W(C-Haiipn ), 1576 m (v(C=N)), 1525 s (v(C=N)), 1502 m, 1468 s, 1421 m, 1400 s, 1388 m,
1379 m, 1331 m, 1277 w, 1248 m, 1205 s, 1194 vs, 1165 m, 1159 s, 1103 m, 1059 w, 1038 m, 1032
m, 962 vw, 924 vw, 903 vw, 881 vw, 849 m, 833 m, 823 w, 806 m, 796 w, 783 w, 775 w, 764 m,
750 m, 702 w, 669 vw, 652 vw, 633 w, 586 w, 550 m, 538 m, 526 m. EI-MS (m/z, (%)): 643
(4) [M* -CH3S03], 242 (100) [M* -Zn(CH3S03),], 199 (18) [M* -Zn(CH3SO3), - N(CHj3),
+H], 198 (74) [M* -Zn(CH3S0O3), -N(CH3),], 184 (74) [M* -Zn(CH3S0O3), -N(CH3), -CH;
+H], 183 (18) [M* -Zn(CH,;S03), -N(CH,), -CH,], 182 (17) [M* -Zn(CH;S0;), -N(CH;),
-CH; -H], 171 (44), 157 (35) [C;oHgN,* +H], 156 (25) [CioHgN,*], 155 (69), 143 (17) [M* -
Zn(CH3S03), -C(N(CHj3),), +H], 142 (18) [M* -Zn(CH3S03), -C(N(CHjs),),»], 129 (24) [M*
-Zn(CH3S03), -C(N)(N(CH3),), +H], 128 (13) [M* -Zn(CH;3S03), -C(N)(N(CH3),)], 100
(36) [C(N(CH3),),*]. CHN analysis: calculated: C 48.56, H 5.66, N 15.11; found: C 48.60, H
5.76, N 15.14.

[Zn(TMGqu)Br;] (7f):

C14H sN4ZnBr, (M = 46752 g/mol): Yellow crystals; Yield:
0.440 g = 0.94 mmol = 94 %; m.p. >300°C. I'H-NMR (500
MHz, DMSO-dg, 25 °C): § [ppm] = 2.76 (s, 6H, k), 3.02 (s,
6H, k), 6.99 (dd, 1H, g, *] = 7.3 Hz, *] = 1.2 Hz), 7.65 (m, 2H,
e+f), 7.84 (dd, 1H, b, 3] = 8.3 Hz, 3] = 4.6 Hz), 8.71 (dd, 1H, c,
3]=83Hz 4 =13Hz),8.86(dd,1H, a,3] =4.6 Hz, 4] = 1.3
Hz). 3C-NMR (125 MHz, DMSO-dg, 25 °C): § [ppm] = 40.4
(CHs, k), 118.0 (CH, g), 119.8 (CH, e), 123.3 (CH, b), 129.4
(CH, ), 129.4 (C, d), 138.3 (C, i), 140.9 (CH, c), 143.3 (C, h), 148.9 (CH, a), 165.3 (C, j). IR (KBr,
v[em™1]): 3107 w (W(C-Hrom ), 3080 w (v(C-Hyrom.)), 3060 w (v(C-Hyo1.)), 3039 m (v(C-
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Harom.))a 3014 w (V(C'Harom.))a 2949 m (V(C'Haliph.))> 2933 m (V(C’Haliph.))) 2893 m (V(C'
Haiipn.))s 2868 m (v(C-Hgjipn.)), 2798 w, 1562 s (v(C=N)), 1525 s (v(C=N)), 1500 s (v(C=N)),
1466 s, 1433 m,1417 s, 1402 m, 1334 m, 1387 s, 1377 m, 1336 m, 1315 m, 1273 w, 1236 m, 1209 w,
1163 m, 1140 m, 1103 m, 1065 m, 1018 m, 982 vw, 964 vw, 947 vw, 956 w, 903 vw, 893 vw, 876 vw,
833 m, 816 m, 806 m, 785 m, 756 m, 702 m, 656 w, 631 w, 582 w, 542 w, 528 vw. EI-MS (m/z,
(%)): 468 (2) [M*: C;4HgN,7°Bré!Bré°Zn, C4,H,sN,7°Br,%Zn, C;,HsN,4 Br,%Zn], 466 (2)
[M*: C;4H sN47°Br8!Br®4Zn, C,4H3N,7°Br,%°Zn], 391 (12) [M* -Br], 389 (28) [M* -Br], 387
(46) [M* -Br], 385 (30) [M* -Br], 243 (23) [M* -ZnBr, +H], 242 (100) [M* -ZnBr,], 198 (48)
[M* -N(CH,), -ZnBr,], 184 (12) [C;,HoN3* +H], 182 (12) [C,, HoN;* -H], 171 (35), 157 (21), 155
(43) [C1oHeN,* +H], 143 (10) [CoHN,* +H], 142 (12) [CoHN,*], 129 (12) [CoH N* +H], 100
(36) [C(N(CH3),),*]. CHN analysis: calculated: C 35.93, H 3.85, N 11.98; found: C 35.98, H
3.82, N 12.02.

[Zn(DMPGqu)Cl,] (8a):

C;5H 3sN4ZnCl, (M =390.99 g/mol): Green-yellow crys-
tals; Yield: 0.368 g = 0.94 mmol = 94 %; m.p. 248°C with
decomposition. 'H-NMR (500 MHz, CD;CN, 25 °C): §
[ppm] = 2.13 (m, 2H, m), 3.02 (s, 6H, k), 3.48 (m, 4H, 1),
6.92 (dd, 1H, g, °] = 7.7 Hz, *] = 0.8 Hz), 7.39 (dd, 1H, e,
3] = 8.2 Hz, 4] = 0.8 Hz), 7.55 (dd, 1H, f, 3] = 8.2 Hz, 3] =
7.7 Hz), 771 (dd, 1H, b, 3] = 8.4 Hz, 3] = 4.6 Hz ), 8.52 (dd,
1H, ¢, 3] = 8.4 Hz, 4] = 1.5 Hz ), 8.72 (dd, 1H, a, 3] = 4.6
Hz, *] = 1.5 Hz). *C-NMR (125 MHz, CD5CN, 25 °C): 8 [ppm] = 21.6 (CH,, m), 39.6 (CH;, k),
48.6 (CH,, 1), 114.2 (CH, g), 116.5 (CH, e), 122.4 (CH, b), 129.1 (CH, f), 129.8 (C, d), 137.9 (C, i),
140.0 (CH, c), 144.4 (C, h), 147.2 (CH, a), 161.1 (C, j). IR (KBr, #[cm™]): 3217 m (v(C-Hgsom.)),
3176 m (v(C-Hgrom.)), 3111 m (v(C-Harom.))> 2943 m (v(C-Hasipn.)), 2868 m (v(C-Hgjipn.)), 1572
s (v(C=N)), 1524 s (v(C=N)), 1502 s (v(C=N)), 1466 s, 1458 s, 1417 s, 1387 s, 1323 s, 1286 m,
1259 m, 1234 m, 1213 m, 1190 m, 1173 m, 1144 w, 1124 w, 1117 m, 1105 m, 1090 m, 1076 m, 1057
m, 1039 m, 1030 m, 987 w, 947 w, 914 vw, 899 w, 879 vw, 831 m, 820 m, 806 m, 787 m, 766 m,
756 m, 743 m, 721 w, 698 w, 669 vw, 627 w, 582 m, 544 vw, 527 vw, 509 vw. EI-MS (m/z,
(%)): 392 (0.4) [M*: C;5H,sN58Zn*Cl,, CysH sN,4Zn¥Cly, CsH,sN,56Zn¥CICl], 390
(0.6) [M*: C;5HgN,%Zn3>Cl,, C;5H sN,%4Zn3>CI¥’Cl], 388 (0.5) [M*: C;sH3N4%Zn3>Cl,],
357 (3) [M* -Cl: C,sH,sN,%Zn%Cl, C,sH,gN,6Zn% Cl], 355 (4) [M* -Cl: CysH,sN,%Zn3Cl,
C15HsN,#4Zn¥Cl], 353 (5) [M* -Cl: CusH,sN,#ZnCl], 326 (10), 254 (68) [C1sH 5N, *], 253
(15), 155 (10), 145 (77), 144 (100) [CoHeN,* +2H], 143 (59) [CoHgN,* +H], 118 (30), 117 (99), 116
(72), 90 (74), 89 (76), 72 (40), 63 (37), 59 (36). CHN analysis: calculated: C 46.04, H 4.60, N
14.32; found: C 45.87, H 4.28, N 14.07.
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[Zn(DMPGqu)(CH;COO)CI] (8a/b):

CisHgsNy (M = 414.23 g/mol): Yellow crystals; Yield:
0.350 g = 0.84 mmol = 84 %; m.p. 222°C. 'H-NMR (500
MHz, CD;CN, 25 °C): § [ppm] = 1.88 (s, 3H, 0), 2.12 (m,
2H, m), 2.99 (s, 6H, k), 3.47 (m, 4H, 1), 6.88 (d, 1H, g, *] =
79 Hz), 735 (d, 1H, e, 3] = 79 Hz), 752 (dd, 1H, f, 3] = 79
Hz, 3] =79 Hz), 7.68 (dd, 1H, b, 3] = 8.3 Hz, 3] = 3.9 Hz),
8.48 (dd, 1H, ¢,3] =8.3Hz,*J=1.0 Hz ), 8.82 (d, 1H, a, 3]
=3.9 Hz). 3C-NMR (125 MHz, CD;CN, 25 °C): § [ppm]
=21.3 (CH3, 0), 21.35 (CH,, m), 39.2 (CH;, k), 48.5 (CH,,
1), 115.9 (CH, g), 1173 (CH, ), 122.3 (CH, b), 128.9 (CH,
f), 129.7 (C, d), 137.9 (C, 1), 139.6 (CH, ¢), 144.8 (C, h), 147.4 (CH, a), 161.4 (C, i), 178.4 (C, n).
IR (KBr, ¥[cm™]): 3059 w (V(C-Harom.))> 2979 w (v(C-Hasipn.))> 2933 m (v(C-Hayipn.)), 2864
m (v(C-Hajipn.)), 1577 vs (v(C=N)), 1522 s (v(C=N)), 1502 vs, 1466 s, 1444 m, 1414 s, 1402 vs,
1394 vs, 1336 m, 1321 m, 1292 m, 1257 w, 1238 m, 1215 w, 1192 w, 1173 w, 1105 m, 1057 m, 1038
w, 1028 w, 1009 w, 949 w, 931 w, 924 w, 899 vw, 872 vw, 835 m, 819 m, 808 m, 791 m, 750 m,
681 m, 648 w, 617 w, 582 w, 548 w, 511 w. EI-MS (m/z, (%)): 414 (2) [M*], 412 (3) [M*], 381
(35), 379 (56) [M* - CI*°], 377 (79) [M* - CI*"], 357 (57), 355 (76) [M* -CH3COOQ], 353 (79)
[M+ -CH3;COO], 282 (10), 255 (88), 254 (100) [M* -Zn(CH;COO)Cl], 253 (99), 239 (10) [M*
-Zn(CH;COO)CI -CHs], 225 (80) [M* -Zn(CH3;COO)CI - 2 CH; +H], 211 (14) [C3H;3N3*],
196 (19) [C1,H oN3*], 184 (71), 183 (88) [Cy HoN5*], 182 (55), 170 (33), 169 (60) [C,oHgN5*
+H], 157 (82), 155 (89) [C,oH¢N,* +H], 143 (68) [CoHgN,* +H], 142 (59) [CoHgN,*], 129 (83)
[CoHgN* +H], 128 (48) [CoHgN™*], 116 (30), 112 (92) [CsH 12N, "], 101 (18), 99 (16), 98 (17), 70
(29). CHN analysis: calculated: C 49.25, H 5.07, N 13.52; found: C 49.49, H 5.10, N 13.57.

[Zn(DMPGqu)(CH;COO),] (8b):

C1oH,4N,04Zn (M = 437.81 g/mol): Yellow crystals;
Yield: 0.420 g = 0.96 mmol = 96 %; m.p. 188°C. 'H-NMR
(500 MHz, CD;CN, 25 °C): § [ppm] =1.86 (s, 6H, 0), 2.11
(m, 2H, m), 2.95 (s, 6H, k), 3.45 (m, 4H, 1), 6.83 (dd, 1H,
g,%] =77 Hz, 4] = 0.9 Hz), 730 (dd, 1H, e, ] = 8.2 Hz, 4]
= 0.9 Hz), 749 (dd, 1H, f, 3] = 8.2 Hz, 3] = 7.7 Hz), 7.65
(dd, 1H, b, 3] = 8.3 Hz, 3] = 4.6 Hz ), 8.44 (dd, 1H, ¢, 3]
=83 Hz 4] =16 Hz), 892 (dd, 1H, a, 3] = 4.6 Hz, ¢] =
1.6 Hz). *C-NMR (125 MHz, CD;CN, 25 °C): § [ppm] =
21.4 (CH,, m), 21.5 (CH3, 0), 38.7 (CH3, k), 48.4 (CH,, 1),
112.9 (CH, g), 115.4 (CH, e), 122.0 (CH, b), 128.7 (CH, f), 129.6 (C, d), 138.0 (C, i), 139.3 (CH, ¢),
145.1 (C, h), 147.9 (CH, a), 161.4 (C, j), 1779 (C, n). IR (KBr, #[cm']): 3066 W (v(C-Hayom.))»
3043 w (V(C’Harom.))> 2985 m (V(C'Haliph.))> 2926 m (V(C'Haliph.))’ 2870 m (V(C'Haliph.))a
2804 w (V(C—Hal,-ph.)), 1578 vs (v(C=N)), 1523 s, 1500 vs , 1468 s, 1450 s, 1414 s, 1390 vs, 1381
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vs, 1333 s, 1290 m, 1259 m, 1242 m, 1233 m, 1211 m, 1190 m, 1178 m, 1136 w, 1105 m, 1078 w,
1055 m, 1036 m, 1024 m, 1012 m, 947 w, 930 w, 879 vw, 835 m, 824 m, 806 m, 785 m, 767 w,
741 w, 681 m, 675 m, 648 w, 621 m, 584 m, 544 w, 507 w. EI-MS (m/z, (%)): 381 (20) [M*
- CH;COO: C;7H;,;N,0,4%Zn], 379 (31) [M* - CH3;COO: Cy;H,;N,04%0Zn], 377 (58) [M* -
CH;COO: C;7H,;N,0,4%4Zn], 326 (11), 285 (21), 255 (73), 254 (100) [C;5H1sN4*], 253 (96), 225
(56), 196 (15), 183 (74), 169 (33), 157 (64), 155 (82) [C,oH¢N,+ +H], 143 (38) [CoHgN,* +H], 142
(30) [CoHgN,*], 129 (62) [CoHgN™ +H], 112 (80), 70 (15). CHN analysis: calculated: C 52.08,
H 5.48, N 12.79; found: C 51.39, H 5.51, N 12.62.

[Zn(TEGqu)Cl,] (9a):

CisHysN,CLZn (M = 434.74 g/mol): Yellow crystals;
Yield: 0.420 g = 0.97 mmol = 97 %; m.p. 237°C. 'H-NMR
(500 MHz, CDCl;, 25 °C): § [ppm] = 1.12 (m, 6H, 1), 1.35
(m, 6H, I), 3.18 (m, 3H, k), 3.39 (m, 5H, k), 706 (d, 1H,
g, °] = 79 Hz), 743 (d, 1H, e, 3] = 79 Hz), 7.52 (dd, 1H,
f, 3] =79 Hz, 3] = 79 Hz), 762 (dd, 1H, b, 3] = 8.3 Hz, 4]
= 4.6 Hz), 8.36 (dd, 1H, ¢, 3] = 8.3 Hz, 4] = 1.3 Hz ), 8.85
(dd, 1H, a, 3] = 4.6 Hz, 4] = 1.3 Hz). 3C-NMR (125 MHz,
CDCls, 25 °C): & [ppm] = 12.3 (CH;, I'), 13.4 (CHs, 1), 43.1
(CH,, k), 44.7 (CH,, k), 116.5 (CH, g), 119.5 (CH, ), 122.4
(CH, b), 128.4 (CH, f), 129.5 (C, d), 139.1 (C, i), 139.6 (CH, c), 143.8 (C, h), 148.2 (CH, a),
165.3 (C, j). IR (KBr, #[cm™]): 3205 w (v(C-Hgyom.)), 3120 W (V(C-Harom.))> 3076 w (v(C-
Harom.))s 3045 w (V(C'Harom.))’ 2976 m (V(C'Haliph.))s 2937 m (V(C'Haliph.))> 2891 m (V(C'
Haiipn.))s 2873 m (v(C-Haipn.)), 2004 vw, 1973 vw, 1938 vw, 1579 m (v(C=N)), 1529 s (v(C=N)),
1489 vs (6(C-H)), 1464 s (6(C-H)), 1439 vs (6(C-H)), 1375 m, 1348 s, 1336 m, 1294 m, 1240
w, 1232 w, 1203 m, 1147 m, 1111 m, 1090 m, 1078 m, 1066 m, 1055 m, 1036 m, 1005 w, 976 w,
941 vw, 904 vw, 887 vw, 860 vw, 835 m, 804 w, 791 m, 768 m, 733 m, 692 m, 648 w, 631
w, 588 w, 548 w, 530 w, 507 vw. EI-MS (m/z, (%)): 438 (2) [M*: C;3sH,sN,%Zn*CI¥(l],
437 (1) [M*: Cp,3CHyeN,BZn3Cly, C,,3CH,N,6Zn35CICl, CsHaeN,& Zn3CI7Cl],
436 (4) [M*: CigHysN,8Zn*Cl,, Ci;gHysN,%4Zn%"Cl,, C;sHysN,°Zn3>CI7Cl], 435 (2)
[M*: Cy,3CHy6N,5Zn35CI7Cl, Cyy3CHyeN,%Zn3Cly], 434 (5) [M*: Cy5HyoN,5Zn3Cl,,
Ci1gHN,#4Zn3>CI¥Cl], 433 (1) [M*: C17,3CHN4%4Zn3>Cl, ], 432 (4) [M*: C13H,6N4%Zn*Cl,],
399 (70) [M* -35Cl], 397 (93) [M* -¥Cl], 299 (88) [M* -ZnCl, +H], 298 (92) [M* -ZnCL],
227 (89) [M* -ZnCl, -N(CH,CH;), +H], 226 (85) [M* -ZnCl, -N(CH,CH,),], 198 (92),
182 (77), 170 (100) [N=C(N(CH,CH3),)*], 156 (96) [C(N(CH,CH3),)*], 142 (56) [M* -
ZnCl, -C(N(CH,CHs),)], 129 (36) [M* -ZnCl, -N=C(N(CH,CH3),) +H], 116 (26), 72 (24)
[N(CH,CHj;),*]. CHN analysis: calculated: C 49.68, H 5.98, N 12.88; found: C 49.57, H 6.04,
N 12.89.
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[Zn(DPipGqu)(CH;COO),] (10b):

C,4H3,N,0,4Zn (M =505.93 g/mol): Yellow crystals; Yield:
0.240 g = 0.47 mmol = 47 %; m.p.262°C. 'H-NMR (500
MHz, CD;CN, 70 °C): § [ppm] =1.66 (m, 12H, | + m), 1.87
(s, 6H, 0), 3.29 (m, 8H, k), 6.89 (d, 1H, g, 3] = 8.1 Hz), 7.68
(d,1H, e, 3] = 8.1 Hz), 7.36 (t, 1H, f, 3] = 8.1 Hz, 3] = 8.1 Hz),
7.68 (dd, 1H, b, 3] = 8.3 Hz, %] = 4.6 Hz ), 8.49 (dd, 1H, ¢, 3]
=83Hz 4 =14Hz),895(dd, 1H, a, ] = 4.6 Hz, *] = 1.6
Hz). *C-NMR (125 MHz, CD;CN, 70 °C): § [ppm] = 21.4
(CHs,, 0), 24.0 (CH,, m), 24.8 (CH,, 1), 49.0 (CH,, k), 1171
(CH, g), 118.8 (CH, e), 122.2 (CH, b), 128.4 (CH, f), 129.2
(C, d), 138.7 (C, i), 139.4 (CH, c), 144.3 (C, h), 148.6 (CH,
a), 165.3 (G, j), 177.9 (C, n). IR (KBr, 7[cm™!]): 3060 vw (v(C-Hgrom.))> 3010 w (v(C-Hrom.)),
2943 m (V(C-Haipn.)), 2933 m (v(C-Haiipn.)), 2858 m (v(C-Hyjipn.)), 1616 s (v(C=N)), 1593 s
(v(C=N)), 1537 s, 1500 vs, 1485 s, 1466 s, 1448 s, 1388 s, 1375 s, 1325 s, 1279 m, 1252 m, 1223 w,
1192 w;, 1161 w, 1134 m, 1109 w, 1082 w, 1061 m, 1028 m, 1016 m, 982 w, 957 vw, 914 w, 881 vw,
852 m, 823 m, 810 w, 798 w, 785 m, 750 m, 737 vw, 694 m, 675 m, 654 vw, 633 w, 617 w, 590
vw, 582w, 534 w, 525 vw. EI-MS (m/z, (%)): 504 (3) [M*], 445 (53) [M* -CH;COO], 322 (100)
[M* -Zn(CH;COO),], 239 (36) [M* -Zn(CH;COO), -CsH (N +H], 211 (16), 156 (40) [M*
- Zn(CH;COO0), -2 CsH;oN +2H], 128 (10) [CoHgN,*], 84 (11) [CsH;(N*]. CHN analysis:
calculated: C 56.92, H 6.32, N 11.07; found: C 54.00, H 5.62, N 10.97.

[Zn(DMorphGqu)Cl,] (11a):
CisH»N40,ZnCl, (M = 462.70 g/mol): Yellow crystals;

O
Yield: 0.444 g =0.96 mmol = 96 %; m.p. >300°C. 'TH-NMR
9 > (500 MHz, DMSO-dg, 25 °C): § [ppm] = 3.40 (m, 4H, k),

3.60 (m, 4H, k), 3.79 (m, 8, 1), 717 (t, 1H, g, 3] = 4.3 Hz),

ol

\:N N:< 772 (m, 2H, e+f), 785 (dd, 1H, b, 3] = 8.3 Hz, 3] = 4.5 Hz),
a \Zn/ ] 8.74 (dd, 1H, ¢, *] = 8.3 Hz), 8.90 (d, 1H, a, 3] = 4.5 Hz). 13C-
o Vg N‘> NMR (125 MHz, DMSO-ds, 25 °C): 8 [ppm] = 48.5 (CH,,
k<; k), 50.2 (CH,, k), 65.6 (CH,, 1),119.3 (CH, g),120.9 (CH, e),

0 123.5 (CH, b), 129.2 (CH, f), 129.4 (C, d), 138.6 (C, i), 141.0

(CH, ¢), 143.0 (C, h), 149.3 (CH, a), 164.2 (C, j). IR (KBr,
v[em™1]): 3099 m (v(C-Hg01m.)), 3074 m (v(C-Hgrom.)), 3049 m (v(C-H,om.)), 3024 m (v(C-
Harom.))s 2991 m (V(C’Haliph.))> 2968 m (V(C’Haliph.))a 2943 m (V(C'Haliph.))a 2908 m (V(C'
Haiipn.))s 2852 m (v(C-Hajipn.)), 2767 w, 2713 w, 2692 w, 1957 w, 1583 m, 1533 vs (v(C=N)), 1495
vs (v(C=N)), 1471 vs, 1443 vs, 1431 vs, 1396 s,1375 5,1363 5, 1336 vs, 1304 m, 1275 s,1254 5, 1221 m,
1186 m, 1159 w, 1140 vw, 1113 vs, 1076 m, 1066 m, 1049 w, 1034 s, 991 s, 935 w, 912 w, 883 m, 843 m

,827 m, 806 m, 783 s, 760 m, 743 m, 687 m, 661 w, 638 m, 631 w, 613 m ,584 m, 552 w, 538 m. EI-
MS (m/z, (%)): 425 (5) [M* -Cl], 357 (9) [M* -Cl -C,HgNO], 326 (100) [M* -ZnCl,], 242 (32),
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11.3 Synthesis of product compounds

241 (41) [C1,H,N;0* +H], 240 (47) [C1H N304, 213 (24), 198 (17) [CoH,6N;0,+], 183 (18)
[CoHsN,O,* -H], 169 (29) [CoHcsN,O" +H], 156 (88) [CoHgN,* +2H], 155 (74) [C1oHgN,*
+H], 144 (38) [CoHgN,* +2H], 129 (38) [CoHgN* +H], 128 (46) [CoHN*], 119 (18), 115 (16), 85
(41), 71 (21) [C4HgN* +H], 69 (21). CHN analysis: calculated: C 46.68, H 4.75, N 12.10; found:
C 46.66, H 4.65, N 12.08.

[Zn(DMorphGqu)(CH;COOQ),] (11b):

C,H N, O6Zn (M =509.87 g/mol): Yellow crystals; Yield:
0.500 g = 0.98 mmol = 98 %; m.p. 220°C. 'H-NMR (500
MHz, CD;CN, 25 °C): § [ppm] = 1.87 (s, 6H, n), 3.61 (bs,
8H, k), 3.82 (bs, 8H, 1), 6.99 (dd, 1H, g, 3] = 75 Hz, 4] = 1.0
Hz), 759 (dd, 1H, e, 3] = 8.2 Hz, 4] = 1.0 Hz), 7.65 (dd, 1H, f,
3] = 8.2 Hz, 3] = 75 Hz), 771 (dd, 1H, b, 3] = 8.3 Hz, *] = 4.6
Hz), 8.53 (dd, 1H, ¢, *] = 8.3 Hz, %] = 1.6 Hz), 8.93 (dd, 1H,
a, 3] = 4.6 Hz, %] = 1.6 Hz). *C-NMR (125 MHz, CD;CN,
25°C): 8 [ppm] = 21.3 (CH;, n), 48.4 (CH,, k), 65.5 (CH.,,
1), 1177 (CH, g), 119.7 (CH, e), 122.4 (CH, b), 128.4 (CH, f),
129.2 (C, d), 138.7 (G, 1), 139.6 (CH, c), 143.6 (C, h), 148.8
(CH, a), 164.8 (C, j), 178.1 (C, m). IR (KBr, ¥[cm™!]): 3062 w (v(C-Hgrom.))> 2962 m (v(C-
Harom.))) 2908 m (V(C’Haliph.))> 2883w (V(C’Haliph,))) 2848 m (V(C'Huliph.))a 1616 s (V(CZN)),
1589 s (v(C=N)), 1543 s(v(C=N)), 1493 vs (v(C=N)), 1462 s, 1444 s, 1433 s, 1396 s, 1375 s, 1360
m, 1333 s, 1308 m ,1298 m 1286 m 1257 m, 1271 m, 1216 w, 1184 w, 1157 w, 1136 w, 1113 s, 1086
m, 1068 m, 1036 m, 1022 m, 989 m, 930 m, 908 w, 887 m, 854 w, 843 m, 835 m, 810 m, 795 m,
756 m 741 w, 675 m, 656 w, 638 m, 631 w, 611 m, 586 w, 552 w, 536 m. EI-MS (m/z, (%)): 511
(8) [MT*], 357 (63), 326 (30) [M* -Zn(CH3COO),], 298 (19), 226 (15) [C{4H4N3™ +2H], 198
(22) [CoH,6N30,], 183 (21) [CoH 1N, 0,* -H], 156 (50) [C1oHgN,* +2H], 155 (24) [C1oHeN,*
+H], 120 (17), 119 (100), 105 (12), 91 (18), 77 (10) [CsH;N*]. CHN analysis: calculated: C 51.78,
H 5.49, N 10.98; found: C 51.83, H 5.27, N 11.01.
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11 Experimental section

[Zn(DMorphGqu),][CF;S05]2 *H,0 (11¢):

CisHuNgO o FeS,Zn*H,0 (M = 1035.95
g/mol): Light yellow crystals; Yield: 0.240
g = 0.24 mmol = 47 %; m.p. 262°C with de-
composition. 'H-NMR (500 MHz, CD;CN,
25 °C): 6 [ppm] = 2.64-3.76 (m, 16H, k),
3.53-3.94 (m, 16H, 1), 731 (dd, 2H, g, *] = 5.5
Hz, 4] = 3.3 Hz), 7.86 (m, 4H, e+f), 7.99 (dd,
2H,b,3] = 8.3 Hz, 3] = 4.8 Hz), 8.82 (m, 4H,
a+c). BC-NMR (125 MHz, CD;CN, 25 °C):
8 [ppm] = 49.1 (CH,, k), 51.2 (CH,, k), 64.9
(CH,, 1), 65.2 (CH,, I), 65.6 (CH,, 1”), 119.3
< 29cr,;s0, (CH, g), 121.4 (CH, e), 122.2 (C, m), 123.5
m (CH, b),129.4 (CH, 1), 129.7 (C, d), 138.0 (C,
), 141.6 (C, h), 141.9 (CH, c), 149.3 (CH, a),
164.5 (C, j). IR (KBr, 7[cm™!]): 3111 w (v(C-Hgrom.))> 3074 w (v(C-Hgrom.)), 3053 w (v(C-
Harom.))s 3014 w (V(C'Harom.))a 2966 m (V(C’Haliph.))a 2910 m (V(C'Haliph.))> 2862 m (V(C'
Haiipn.))s 2771 vw (v(C-Hgjipn.)), 1635 w, 1595 m, 1583 m, 1533 vs (v(C=N)), 1502 vs (v(C=N)),
1469 s, 1444 vs, 1389 s, 1356 s, 1333 vs, 1286 vs, 1271 vs, 1252 vs, 1223 s, 1163 s, 1151 s, 1117 vs, 1084
m, 1068 s, 1030 vs, 989 s, 928 w, 908 w, 883 m, 852 m, 839 m, 829 m, 810 m, 787 m, 756 m, 741
W, 692 m, 638 vs, 623 m, 609 m,582 m, 573 m, 552 m, 538 m, 517 m. EI-MS (m/z, (%)): 357 (6)
[M**], 326 (9) [C1sH;,N4O,7], 279 (13), 240 (7) [C14H14N3O7], 210 (7) [C1oHsN3O,*], 183
(30) [CoH4N,O,* -H], 170 (81), 167 (33) [CoHcN3+ +H], 149 (41), 144 (82) [CoHgN,* +2H],
142 (43) [CoHgN,*], 129 (29) [CoHN* +H], 120 (100), 117 (39), 115 (44), 111 (25) [CsHgN;+
+H], 105 (46), 97 (35), 91 (40), 85 (47), 83 (35), 77 (31) [CsH5N*], 73 (49), 71 (58), 69 (52), 58
(78). CHN analysis: calculated: C 44.02, H 4.44, N 10.81; found: C 43.6, H 4.6, N 10.7.

[Zn(MorphDMGqu)Cl,] (12a):

CisH0N4OZnCl, (M = 420.67 g/mol): Yellow crystals;
Yield: 0.280 g = 0.67 mmol = 67 %; m.p. 279°C. 'H-NMR
(500 MHz, CD;5CN, 25 °C): § [ppm] = 2.65 (s, 3H, k), 3.07
(s,3H,K), 3.53 (m, 4H, 1), 3.74 (m, 4H, m), 7.07 (dd, 1H, g,
3] = 7.4 Hz, %] = 1.3 Hz), 7.64 (dd, 1H, e, 3] = 8.2 Hz, 4] = 1.3
Hz), 7.68 (dd, 1H, f, 3] = 7.4 Hz, 3] = 8.2 Hz), 7.76 (dd, 1H, b,
3] =8.4Hz,*] =4.6 Hz), 8.59 (dd, 1H, ¢, 3] = 8.4 Hz,*] = 1.5
Hz ), 8.83 (dd, 1H, a, *] = 4.6 Hz, *] = 1.75 Hz). 3 C-NMR
(125 MHz, CD5CN, 25 °C): 8 [ppm] = 39.4 (CH;, k), 40.7 (CHs, k'), 48.8 (CH,, 1), 66.5 (CH,,
m), 118.4 (CH, g), 120.2 (CH, ), 122.7 (CH, b), 128.9 (CH, f), 129.5 (C, d), 138.8 (C, i), 140.3
(CH, ¢), 143.0 (C, h), 148.3 (CH, a), 164.9 (C, j). IR (KBr, #[cm~']): 3051 m (v(C-Hyyop.)), 3010
m (V(C'Harom.))s 2991 m (V(C’Haliph.))) 2970 m (V(C’Haliph.)): 2907 m (V(C’Haliph.))a 2850 m
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11.3 Synthesis of product compounds

(v(C-Haiipn.)), 1583 m (v(C=N)), 1560 s (v(C=N)), 1510 s (v(C=N)), 1493 vs (v(C=N)), 1468 s,
1450 m, 1433 m, 1427 m, 1411 s, 1389 s, 1381 s, 1329 s, 1282 m, 1263 m, 1240 m, 1228 m, 1196 m,
1169 m, 1149 w;, 1113 s, 1065 m, 1016 m, 1003 m, 993 w, 918 w, 895 m, 843 m, 829 m, 818 m, 806 m,
783 m, 758 m, 748 m, 696 m, 658 w, 636 m, 619 w, 582 m, 561 w, 540 m. EI-MS (m/z, (%)): 422
(1) [M*: C14H,oN,0%Zn*Cl,, C;4H,oN,0%Zn3 Cl,, C;cH,,N,0%Zn*CI3’Cl], 420 (1.4) [M*:
Ci16H20N,0%Zn33Cl,, CsH0N,O%*Zn3>CI¥Cl], 418 (1.2) [M*: C,4H,oN,0%Zn*Cl,], 387 (11)
[M* -Cl: C;4H,0N,0%Zn*Cl, C;4H,N,0%Zn* Cl], 385 (18) [M* -Cl: C;4H,)N40%Zn3>Cl,
CicHyoN,O0%Zn%¥Cl], 383 (21) [M* -Cl: C;¢HyN,0%Zn*Cl], 285 (64), 284 (100)
[Ci16H20N,OF], 240 (29) [C;4H4N;O*], 213 (32) [C,H12N,OF +H], 199 (64), 198 (72)
[Ci,H3N;07], 186 (22), 184 (56), 183 (21) [Ci;HoN3*], 182 (24) [CioHgN,4"], 171 (20), 169
(22) [CsH14N;O* +H], 157 (24), 156 (71) [C;H14N;O*], 155 (79), 143 (26), 142 (24) [CoHgN,*,
C;H14N,0%],129 (36), 128 (27) [CoHgN*], 116 (11), 101 (10) [C;H;N*], 70 (12). CHN analysis:
calculated: C 45.64, H 4.75, N 13.31; found: C 45.35, H 4.68, N 13.28.

[Zn(MorphDMGqu)(CH;COO),] (12b):

Cy0HsN,O5Zn (M = 467.84 g/mol): Yellow crystals; Yield:
0.350 g = 0.75 mmol = 75 %; m.p. 181°C. 'H-NMR (500
MHz, CD;CN, 25 °C): § [ppm] =1.86 (s, 6H, 0), 2.74 (s, 3H,
k), 3.07 (s, 3H, k), 3.32 (m, 4H, 1), 3.72 (m, 4H, m), 6.93 (d,
1H, g, *] = 7.6 Hz), 7.55 (dd, 1H, e, °] = 8.1 Hz, 4] = 0.8 Hz),
7.62 (dd, 1H, f, 3] = 7.6 Hz, ?] = 8.1 Hz), 770 (dd, 1H, b, 3]
= 8.3 Hz, *J = 4.6 Hz), 8.50 (dd, 1H, ¢, *] = 8.3 Hz, 4] = 1.5
Hz ), 8.94 (dd, 1H, a, 3] = 4.6 Hz, 4] = 1.75 Hz). 3*C-NMR
(125 MHz, CD;CN, 25 °C): 8 [ppm] = 21.3 (CH, 0), 39.0
(CHj3, k), 40.9 (CH3, k), 48.9 (CH,, 1), 65.7 (CH,, m), 117.1
(CH, g), 119.1 (CH, e), 122.3 (CH, b), 128.5 (CH, f), 129.2 (C, d), 138.7 (C, i), 139.5 (CH, c), 143.8
(C, h), 148.7 (CH, a), 165.2 (C, j), 178.1 (C, n). IR (KBr, #[cm™"]): 3059 m (v(C-Harom.))> 2970
m (V(C-Hasipn.)), 2945 m (v(C-Hasipn.)), 2927 m (v(C-Haripr.))> 2899 m (v(C-Hayipn.)), 2856 m
(v(C-Haiipn.)), 1618 m (v(C=N)), 1578 s (v(C=N)), 1560 s (v(C=N)), 1498 vs (v(C=N)), 1466 s,
1404 s, 1389 s, 1330 s, 1265 m, 1240 m, 1227 m, 1213 w, 1169 w, 1138 vw, 1113 m, 1080 w, 1063 m,
1036 vw, 1018 w, 1001 m, 931 vw, 914 vw, 893 vw, 854 w, 831 m, 816 w, 806 w, 789 m ,760 m, 677
m, 654 w, 636 w, 619 m, 586 w, 559 vw, 538 w. EI-MS (m/z, (%)): 466 (2) [M*], 407 (25) [M*
_CH,COOQ], 389 (16), 285 (45), 284 (98) [C16H,0N,O*], 240 (53), 213 (51) [C1,H N, O +H],
199 (83),198 (92) [C,H12N;0%], 184 (93), 183 (35) [C1;HoN3"], 182 (34) [CioHgN4 "], 171 (34),
169 (41), 157 (49), 156 (96) [C,;H4N5;O*], 155 (100), 143 (49), 142 (37) [C;H4N,OF, CoHgN,*],
129 (73), 128 (48) [CoHgN™], 101 (18) [C;H;3N*], 70 (25). CHN analysis: calculated: C 51.30, H
5.56, N 11.97; found: C 50.97, H 5.45, N 11.91.
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11 Experimental section

[Zn(DMEGpy)(CsH5;COO),] (14d):
CysHysN,O4Zn (M = 511.89 g/mol): Colourless crystals;

C d h
/ \ e \ Yield: 0.456 g = 0.89 mmol = 89 %; m.p. 131°C. 'H-NMR
b N—_. (500 MHz, CDCls, 25 °C): 8 [ppm] = 3.08 (s, 6H, h), 3.39
a_N\ /N:g< j (s, 4H, i), 4.91 (s, 2H, f), 7.31 (m, 1H, d), 7.32 (m, 4H, m),

.Zn 7.37 (m, 1H, b), 7.39 (m, 2H, n), 7.81 (m, 1H, c¢), 8.12 (m, 4H,
o RN / 1), 9.04 (m, 1H, a). 3C-NMR (125 MHz, CDCl,, 25 °C): &
[ppm] = 36.6 (CHj, h), 49.7 (CH,, i), 51.7 (CH,, f), 121.7
(CH, d), 123.4 (CH, b), 127.5 (CH, m), 130.1 (CH, 1), 130.5

/ (CH, n), 135.4 (C, k), 139.2 (CH, ¢), 148.9 (CH, a), 157.9 (C,
| e), 164.9 (C, g), 173.4 (C, j). IR (KBr, #[cm™]): 3062 m
\ (V(C'Harom.))) 3053 m (V(C'Harom.))> 3022w (V(C’Harom.))s

2954 m (v(C-Hgiipn))> 2893 m (v(C-Haipn ), 1624 vs, 1614
vs, 1597 vs (v(C=N)), 1572 vs, 1508 m, 1489 m, 1444 m, 1421
m, 1406 m, 1375 vs, 1361 vs, 1300 m, 1286 m, 1234 m,1221 w, 1196 w, 1169 m, 1134 w, 1066 m, 1053
m, 1026 m, 970 w, 941 vw, 931 vw, 901 vw, 841 m, 818 w, 791 m, 769 m, 715 s, 687 m, 650 m, 627 w,
582 m, 565 w. CI-MS (m/z, (%)): 513 (2) [M*], 409 (14), 318 (6), 262 (3), 247 (4), 206 (29) [M*
-Zn(C4HsCOO), +2H], 205 (100) [M* -Zn(CcH;COO), +H], 204 (8) [M* -Zn(CsHsCOO),],
124 (9), 114 (19) [N;CsH 0" +2H], 57 (41) [CH;NCH,CH,*]. CHN analysis: calculated: C
58.61, H 5.08, N 10.94; found: C 58.16, H 4.97, N 10.85.

[Zn(TMGpy)Cl,] (15a):
C;1H;sN4ZnCl, (M = 342.60 g/mol): Colourless crystals;

C d
/ \e \ Yield: 0.220 g = 0.64 mmol = 64 %; m.p. 190°C. 'H-NMR
b N (500 MHz, CD;CN, 25 °C): 8 [ppm] = 2.77 (s, 6H, h), 2.98
SN /N:g< (s, 6H, i), 4.59 (s, 2H, f), 754 (m, 2H, b+d), 8.03 (m, 1H,
N

. —  ¢), 8.50 (m, 1H, a). BC-NMR (125 MHz, CD;CN, 25 °C): ¢

o ¥ ./ [ppm] = 39.1 (CHs, h), 5.8 (CH,, ), 122.8 (CH, d), 123.9 (CH,

b), 140.1 (CH, ¢), 1470 (CH, a), 158.6 (C, e), 166.1 (C, g). IR

(KBr, ¥[cm™]): 3302 vw (V(C-Hgrom.))s 3122 vw (v(C-Harom.))> 2993 vw (v(C-Hasipn.)), 2945
W (V(C-Haiipn.))> 2891 w (v(C-Haripn.)), 2844 vw (V(C-Haiipn.))> 2796 vw (v(C-Hasipn.)), 1608
m (v(C=N)), 1574 s (v(C=N)), 1558 vs (v(C=N)), 1537 s (v(C=N)), 1483 m, 1473 m, 1441 m,
1425 m, 1410 m, 1396 m, 1356 m, 1286 m, 1238 m, 1221 w, 1163 m, 1140 m, 1105 w, 1078 w, 1063
w, 1053 w, 1026 m, 978 vw, 906 m, 839 w, 773 m, 760 m, 715 w, 650 w, 623 w, 594 w, 553
vw. EI-MS (m/z, (%)): 342 (4) [M*], 307 (2) [M* -3>Cl], 305 (4) [M* -3’Cl], 249 (73), 224
(80), 206 (35) [M* -ZnCl,], 162 (23) [M* -ZnCl, -N(CHj3),], 147 (15) [M* -ZnCl, -N(CHj3), -
CHs,], 126 (73) [CH,NC(N(CH;),),* -2H], 121 (36), 119 (100) [M* -ZnCl, -2 N(CH;), +H], 108
(95) [M* -ZnCl, -C(N(CHs),), +2H], 107 (89) [M* -ZnCl, -C(N(CHs),), +H], 92 (53) [M*
-ZnCl, -NC(N(CHj3),),], 87 (51), 85 (39) [CH,NC(N(CHs),)* +H], 80 (96) [CsNH,* +2H], 79
(90) [C;NH,* +H], 71 (38) [NCN(CH3),* +H], 58 (78) [C(N(CH3),)* +2H], 52 (71), 44 (26)
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[N(CHj3),*]. CHN analysis: calculated: C 38.53, H 5.25, N 16.35; found: C 38.77, H 5.20, N

15.90.

[Zn(TMGpy)(CH;COO),] (15b):
CisHyyN,O,Zn (M = 389.77 g/mol): Colourless crystals;
Yield: 0.300 g = 0.76 mmol = 76 %; m.p. 160°C. 'H-NMR
(500 MHz, CDCl;, 25 °C): § [ppm] = 1.99 (s, 6H, j), 2.79 (s,
6H, h), 2.94 (s, 6H, ), 4.56 (s, 2H, f), 729 (m, 1H, d), 7.34 (t,
1H, b, 3] =5.6 Hz, 3] = 6.3 Hz), 779 (t, 1H, ¢, *] = 70 Hz, ’] =

o\“\ 75 Hz), 8.78 (m, 1H, a). 3C-NMR (125 MHz, CDCls, 25 °C): 8
[ppm] = 22.7 (CHs, j), 39.3 (CH;, I), 39.8 (CHs, h), 52.5 (CH,,
f), 122.6 (CH, d), 123.2 (CH, b), 138.9 (CH, ¢), 148.6 (CH, a),

158.1 (C, €), 165.8 (C, g), 178.9 (C, i). IR (KBr, #[cm~']): 3068
w (v(C—Hmm,)), 3024 w (v(C-Hgrom.))> 2995 W (v(C-Hayipn.)), 2941 w (v(C-Hayipn.)), 2902 w
(V(C'Haliph.))a 2893 w (V(C'Haliph.))> 2862w (V(C'Haliph.))) 2833 w (V(C_Haliph.))) 1618 S, 1608
s, 1593 m, 1574 s, 1560 vs (v(C=N)), 1541 m, 1489 m, 1473 m, 1441 m, 1427 m, 1396 s, 1354 m,
1327 m, 1296 m, 1254 w, 1236 w, 1165 w, 1147 w, 1109 vw, 1078 w, 1057 w, 1026 w, 987 vw, 918
vw, 908 w, 833 vw, 779 w, 769 vw, 742 vw, 717 vw, 675 m, 650 w, 617 w, 594 w. EI-MS (m/z,
(%)): 388 (36) [M*], 329 (9) [M* -CH3COO], 206 (81) [M* -Zn(CH3COO),], 162 (88) [M*
-Zn(CH;COO), -N(CHs;),], 147 (69) [M* -Zn(CH3;COO), -N(CH3s), -CHj;], 93 (90) [M* -
Zn(CH;COO), -NC(N(CHs),), +H], 92 (100) [M* -Zn(CH3COO), -NC(N(CHj3),),], 85 (86)
[CH,NC(N(CH3),)* +2H], 65 (77). CHN analysis: calculated: C 46.18, H 6.16, N 14.37; found:
C 46.23, H 6.25, N 14.30.

[Zn(TEGpy)Cl,] (17a):
CisHyN4CLZn (M = 398.70 g/mol): Colourless crystals;
d < Yield: 0.370 g = 0.93 mmol = 93 %; m.p. 148°C. 'H-NMR
b//—§e_f\ /(500 MHz, CD;CN, 25 °C): & [ppm] = L11 (q, 6H, i, ] =
\ 71 Hz), 118 (q, 6H, i, 3] = 71 Hz), 3.11 (q, 4H, h, 3] = 71
4< Hz), 3.45 (q, 4H, K, 3] = 71 Hz), 4.57 (s, 2H, f), 754 (dd,

< ‘\ 1H, b, 3] = 5.4 Hz, 3] = 7.2 Hz), 758 (d, 1H, d, 3] = 79 Hz),

a \/

8.03 (m, 1H, ¢), 8.51 (d, 1H, a, 3] = 5.4 Hz). 3C-NMR (125
MHz, CD;CN, 25 °C): § [ppm] = 12.5 (CHj, 1), 12.7 (CH3;,
i), 42.9 (CH,, i), 43.1 (CH,, h), 52.4 (CH,, f), 122.9 (CH,
d), 124.0 (CH, b), 140.1 (CH, ¢), 146.8 (CH, a), 158.4 (C, e), 165.4 (C, g). IR (KBr, ¥[cm™!]):
3086 w (V(C'Hmom.))) 3061w (V(C'Hmom.))) 2970's (V(C’Haliph.))a 2933 m (V(C’Haliph.))) 2872
m (v(C-Hayipn.))> 2827 w (v(C-Hgjipn.)), 1608 s (v(C=N)), 1574 s (v(C=N)), 1541 vs (v(C=N)),
1498 s, 1477 s, 1456 s, 1439 s, 1425 s, 1383 m, 1369 m, 1336 m, 1348 m, 1282 s, 1240 m, 1203 m,
1149 m, 1107 m, 1080 m, 1073 m, 1057 m, 1038 m, 1024 m, 1005 m, 976 w, 957 w, 947 w, 937
w, 899 vw, 866 w, 831 vw, 791 m, 775 s, 754 m, 741 w, 717 m, 650 m, 625 w, 594 w, 563 vw.
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EI-MS (m/z, (%)): 365 (16) [M* -Cl: C;5H,sN,%8Zn*Cl, C;5H,xN4%°Zn3 Cl], 363 (29) [M*
-Cl: Ci5H6N,0Zn3>Cl, C5H,xN4*Zn*’Cl], 361 (30) [M* -Cl: C;5HsN,*Zn3>Cl], 262 (82)
[Ci5HN4 1,233 (13) [C13H, N4, 191(65),190 (91) [C;1H16N3*], 189 (25),162 (27) [CoH 1, N3 *
+H], 161 (34) [CoH,,N5*], 160 (44), 132 (13), 120 (21) [C,HgN,* +2H], 113 (11), 94 (20), 93 (100)
[CsHeN* +H], 92 (93) [CsHgN™*], 72 (45) [C4HoN*], 65 (51), 56 (12). CHN analysis: calcu-
lated: C 45.15, H 6.52, N 14.05; found: C 45.25, H 6.46, N 14.05.

[Zn(DMorphGpy)Cl,] (19a):
Ci5H,,N,0,ZnCl, (M = 426.67 g/mol): Colourless crystals;

o)

c_d ( Yield: 0.226 g = 0.53 mmol = 53 %; m.p. 264°C with decom-
) //—§Lf\ Y position. 'H-NMR (500 MHz, CD;CN, 25 °C): § [ppm] =
L 3.17 (t, 4H, h, 3] = 4.7 Hz), 3.50 (t, 4H, K, ] = 4.7 Hz), 3.71 (t,
a_N\ /N% 4H,1,3] = 4.7 Hz), 3.77 (t, 4H, i, 3] = 4.7 Hz), 4.67 (s, 2H, f),
\\\.Z”\ N 7.57 (m, 2H, b+d), 8.05 (m, 1H, ¢), 8.52 (d, 1H, a, 3] = 5.1 Hz).
ot Yo 4> 13C-NMR (125 MHz, CD;CN, 25 °C): & [ppm] = 48.6 (CH,
<';O h), 52.3 (CH,, f), 65.9 (CH,, i), 66.1 (CH,, ), 122.8 (CH, d),
' 124.2 (CH, b), 140.4 (CH, c), 147.0 (CH, a), 158.0 (C, e), 164.9
(C, g). IR (KBr, #[cm™']): 3115 w (v(C-Haripn.))> 3089 w (v(C-Hasipn.))> 3062 W (v(C-Haripn.)),
3030 m (v(C-Haiipn.))> 2970 m (v(C-Hasipn.)), 2924 m (v(C-Hasipn.)), 2904 m (v(C-Hapipn.))s
2856 m (v(C-Hgjipp.)), 1612 m, 1576 s, 1549 vs (v(C=N)), 1506 s (v(C=N)), 1441 s, 1385 m, 1350
m, 1298 m, 1269 s, 1250 s, 1228 m, 1219 m, 1198 m, 1186 w, 1159 m, 1107 s, 1068 m, 1051 m, 1026
m, 1001 m, 986 w, 968 w, 930 w, 883 s, 845 m, 766 m, 758 m, 731 w, 708 w, 669 vw, 650 w, 642
m, 598 m, 563 m, 538 w. EI-MS (m/z, (%)): 380 (15) [M* -C,H,0], 349 (6) [M* -C,H,O -Cl],
326 (10), 248 (65) [C3H,sN,O* +2H], 240 (15), 204 (17) [C;H,4 N3], 183 (14) [CoH N, O,
-H], 162 (28), 120 (37), 119 (77), 108 (91), 107 (58) [CsH¢N,* +H], 93 (59), 92 (66) [CsHgNT],
91 (56), 86 (27) [C,HgNO*], 85 (27), 80 (100), 79 (75) [CsH,N* +H], 72 (69), 71 (58). CHN

analysis: calculated: C 42.19, H 5.16, N 13.12; found: C 42.16, H 5.10, N 13.19.

[Zn(DMorphGpy)(CH;COO),] (19b):
o CioHy;sN,O¢Zn (M = 473.84 g/mol): Colourless crystals;
c d ( Yield: 0.402 g = 0.85 mmol = 85 %; m.p. 192°C. 'H-NMR
/o \e 1 (500 MHz, CD;CN, 25 °C): § [ppm] = 1.86 (s, 6H, k), 3.20
(t,4H, h, 3] = 4.7 Hz), 3.40 (t, 4H, h, 3] = 4.7 Hz), 3.71 (dd,
a_N\ /N:g< 8H, i, 3] = 4.7 Hz), 4.64 (s, 2H, f), 747 (t, 1H, b, 3] = 6.4
0—2r__ N Hz), 750 (d, 1H, d, 3] = 79 Hz), 7.97 (m, 1H, ¢), 8.69 (d,
) \ﬁ) h@ 1H, a, 3] = 5.0 Hz). 3C-NMR (125 MHz, CD;CN, 25 °C):
‘ 8 [ppm] = 21.7 (CH3, k), 48.5 (CH,, h), 52.2 (CH,, f), 66.1
i (CH,, 1), 122.3 (CH, d), 123.3 (CH, b), 139.7 (CH, ¢), 148.0

(CH, a), 158.4 (C, €), 164.9 (C, g), 1775 (C, j). IR (KBr,
v[em™1]): 3111 m (v(C-Hypom.)), 3076 m (v(C-Hgrom.))> 3053 m (v(C-Hgom.)), 3034 m (v(C-
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11.3 Synthesis of product compounds

Harom.))a 3003 m (V(C’Hamm.))> 2972 m (V(C'Haliph,))’ 2902 m (V(C’Haliph.))) 2864 m (V(C'
Haiipn.))s 2771w (v(C-Hajipn.)), 2744 W (v(C-Hapipn.)), 2686 w (v(C-Hajipn.)), 1606 s (v(C=N)),
1591 vs (v(C=N)), 1543 vs (v(C=N)), 1491 s, 1460 s, 1446 s, 1437 s, 1428 s, 1411 s, 1394 s, 1356 m,
1340 m, 1292 m, 1265 m, 1261 s, 1242 s, 1228 m, 1215 m, 1207 m, 1159 m, 1109 vs, 1072 m, 1063
m, 1049 m, 1032 m, 1022 m, 999 m, 978 w, 962 w, 930 m, 878 s, 852 w, 841 m, 829 w, 775 m,
762 m, 748 m, 731 w, 714 w, 677 m, 638 m, 623 m, 604 m, 559 m. EI-MS (m/z, (%)): 472 (6)
[M*],290(66) [M* - Zn(CH;COO),], 257 (12), 256 (13), 245 (49), 205 (22) [C;;H4N;O* +H],
204 (77) [Cy HN;0], 127 (14), 117 (10), 93 (100) [CoHN* +H], 92 (96) [CcHN*], 86 (16)
[C,HgNO*], 78 (11) [CsH4N*], 65 (36), 56 (14). CHN analysis: calculated: C 48.12, H 591, N
11.82; found: C 48.04, H 5.77, N 11.79.

[Zn(MorphDMGpy)Cl,] (20a):

o C13H0N,OZnCl, (M =384.63 g/mol): Colourless crystals;
c d Qj Yield: 0.212 g = 0.55 mmol = 55 %; m.p. 218°C. 'H-NMR
b</j\>e_f\ N (500 MHz, CD;CN, 25 °C): é [ppm] = 2.80 (s, 4H, h), 3.02
i (s, 2H, k), 3.14 (t, 2H, i, 3] = 4.6 Hz), 3.45 (t, 2H, 1, 3] = 4.6
a /N:g< Hz), 3.71 (t, 2H, j, 3] = 4.6 Hz), 3.77 (t, 2H, j, 3] = 4.6 Hz),
A N—h  4.61(s,1H, ), 4.66 (s, 1H, f), 7.56 (m, 2H, b+d), 8.04 (t, 1H,
o Y/ ¢, 3] = 76 Hz), 8.53 (d, 1H, a, 3] = 4.7 Hz). ’C-NMR (125
MHz, CD;CN, 25 °C): § [ppm] = 39.4 (CHs, h), 48.3 (CH,,
i), 52.0 (CH,, f), 66.1 (CH,, j), 122.8 (CH, b), 124.0 (CH, d), 140.3 (CH, c), 147.0 (CH, a), 158.3
(C, e),166.1 (C, g). IR (KBr, v[cm™]): 3095 vw (v(C-Hgrom.))> 3059 vw (v(C-Hyrom.)), 2979 w
(v(C-Haiipn.))s 2954 m (v(C-Hujipn.))s 2893 m (v(C-Haiipn.)), 2862 m (v(C-Hasipn.)), 2796 vw
(v(C-Haiipn.)), 1610 s (v(C=N)), 1587 vs (v(C=N)), 1566 s (v(C=N)), 1516 vs, 1471 m, 1448 m,
1410 s, 1375 w, 1358 m, 1340 m, 1302 w, 1286 m ,1271 m, 1252 m, 1228 m, 1209 m, 1151 w, 1113
s, 1097 m, 1068 m, 1051 w, 1036 w, 1026 m, 1014 w, 978 vw, 930 vw, 891 m, 843 w, 775 m, 762
w, 743 vw, 721 w, 658 w, 646 m, 621 W, 565 W, 542 vw. EI-MS (m/z, (%)): 382 (42) [M*], 370
(17), 352 (12), 326 (11), 279 (16), 248 (21) [M* -ZnCl,], 167 (31), 162 (17) [CoH,N5*], 149 (100)
[CeHoN5* +2H], 127 (10) [C,H,4N,* +H], 113 (12), 93 (49) [CsHN* +H], 92 (50) [CsHgN*], 85
(19), 71 (23) [C4HgN* +H, CsH¢N,* +H], 70 (14) [C,HgN™*, C3HgN,*], 69 (15), 64 (13), 57 (52)
[CsHgN* +H], 55 (18). CHN analysis: calculated: C 40.56, H 5.20, N 14.56; found: C 40.63, H
5.10, N 14.51.
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[(DMEGpico),ZnCl,] (21a):

c a C,H;3,NgZnCl, (M = 544.86 g/mol): Colourless

/N/\\ d” XD crystals; Yield: 0.264 g = 0.49 mmol = 97 %; m.p.
N | 206°C. 'H-NMR (500 MHz, CD;CN, 25 °C): 8

Y TN /h - [ppm] = 2.02 (s, 6H, a), 2.41 (s, 12H, h), 3.20 (s,

N / \vg/N 8H, 1), 730 (dd, 2H, d, 3] = 5.7 Hz, 3] = 72 Hz), 7.83
Nty N\)i (d 2H, ¢, %] = 72 Hz,), 8.4 (m, 2H, ¢). PC-NMR

\ él a - (125 MHz, CD;CN, 25 °C): § [ppm] =16.8 (CHs3,

a), 33.2 (CHs, h), 47.7 (CH,, i), 115.5 (CH, d), 126.2

(C, b), 139.7 (CH, ¢), 144.4 (CH, e), 154.5 (C, f),
160.9 (C, g). IR (KBr, #[cm™!]): 3070 w (v(C-Hgs0m.))> 3053 w (v(C-Hgrom.)), 2939 m (v(C-
Hatipn.))> 2860 m (v(C-Hayipn.)), 1651 vs (v(C=N)), 1599 s (v(C=N)), 1562 s (v(C=N)), 1506 s,
1471s,1446 s,1433 5,1404 s, 1381 m, 1333 m, 1284 s,1240 m, 1188 m, 1122 m, 1080 m, 1034 s, 995 m,
970 m, 899 w, 849 vw, 810 w, 787 m, 715 m, 708 m, 698 m, 654 w, 607 w, 592 vw, 532 vw. EI-MS
(m/z, (%)): 307 (3) [C;1H1,N4ZnCl*], 305 (4) [C,;H;4N4ZnCl*], 303 (5) [C;1HcN4ZnCl*],
204 (92) [Cy HeN4*], 189 (100) [Cy H 6N, * -CHs], 148 (9), 119 (10) [C,HgN,* +H], 98 (15)
[CsHoN,*], 92 (19) [CcHgN*], 65 (10). CI-MS (m/z, (%)): 511 (0.1) [M* -Cl], 509 (0.4) [M*
-Cl], 507 (0.2) [M* -Cl], 410 (2), 409 (6) [M* -Cl -CsH;(N,], 307 (0.5) [C;;H{cN4ZnCl*],
305 (1) [C;1H16N4ZnCl*], 303 (0.8) [Cy;H sN4ZnClI*], 205 (100) [C;H¢N4© +H], 204 (39)
[C11Hi6N4*], 57 (100). CHN analysis: calculated: C 48.45, H 5.87, N 20.56; found: C 48.83, H
5.99, N 20.50.

[(TMGpico),ZnCl,] (22a):

c a C,H36NgZnCl, (M = 548.89 g/mol): Colourless

’\/‘ / d~ XD crystals; Yield: 0.270 g = 0.49 mmol = 98 %; m.p.

~ NG | 232°C. "H-NMR (500 MHz, CD;CN, 25 °C): §

| N | [ppm] =224 (s, 6H, a), 2.99 (s, 24H, h), 730 (m,

N / N\,—N_  2H,d), 783 (m, 2H, c), 8.45 (m, 2H, e). *C-NMR

(125 MHz, CD5CN, 25 °C): § [ppm] = 16.3 (CH3,

: /N\h a), 39.8 (CHs, h), 121.3 (CH, d), 126.0 (C, b), 141.9

\ “ (CH, ), 146.2 (CH, e), 159.0 (C, f), 166.2 (C, g).

IR (KBr, #[cm]): 3199 m (v(C-H,,o,, ), 3161 m

(v(C-Hgrom.))> 3124 m (v(C-Hgyom.)), 3101 m (v(C-Hpom.))> 3057 m (v(C-Hy,om.)), 3022 m (v(C-

Harom.))s 2974 m (v(C-Haiipn.)), 2947 m (v(C-Haiipn.))> 2914 m (v(C-Hayipr.)), 2806 m, 1633 vs

(v(C=N)), 1603 s (v(C=N)), 1585 m (v(C=N)), 1562 vs (v(C=N)), 1508 w, 1458 s, 1442 s, 1419 m,

1410s,1396 s, 1311 m, 1284 m, 1267 w, 1228 m, 1190 m, 1169 m, 1151 m, 1122 m, 1068 m, 1039 m, 1001

m, 926 m, 879 m, 810 m, 789 m, 733 m, 700 m, 687 m, 650 m, 592 w, 552 w. EI-MS (m/z, (%)):

305 (21) [ZnCI¥C, H,gN,*], 303 (30) [ZnCI3C, H gN,*], 206 (93) [CyH,sN,*], 191 (100)

[C1H,sN,* -CH;], 190 (26), 162 (84) [CyH sNy* -N(CHs), ], 148 (41), 119 (89) [Cy H sN,* -

2N(CHs;), +H], 107 (14), 92 (17) [C¢HeN*], 65 (32). CHN analysis: calculated: C 48.10, H 6.56,
N 20.40; found: C 48.05, H 6.54, N 20.21.
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[(TMGpico)ZZn3(CH3COO)6] (22'))!
C34H54N32n3012 (M =963.01 g/mol)
)\ )\ / Colourless crystals; Yield: 0.968 g =
/N >* 1.01 mmol = 67 %; m.p. 88°C. 'H-

NMR (500 MHz, CD;CN, 25 °C): &

/O\Zn/O\Zn

NN oo Voo N\ o [ppm] = 1.96 (s, 18H, j), 2.08 (s, 6H,
N49< Y Y | a),2.79 (s, 24H, h), 6.91 (dd, 2H, d, > =
/ N— i X 7.4 HZ,3I=5.1 Hz),7.60 (dd, 2H, C,3]=
/ 74 Hz,*] = 0.9 Hz), 8.07 (dd, 2H, e, %]

= 5.1 Hz, 4 = 0.9 Hz). 3C-NMR (125
MHz, CD;CN, 25 °C): § [ppm] =16.6 (CHs, a), 22.1 (CH3, j), 39.0 (CHs, h), 116.9 (CH, d), 124.4
(C, b), 140.4 (CH, c), 144.26 (CH, ¢), 159.4 (C, f), 168.3 (C, g), 179.2 (C, i). IR (KBr, #[cm™1]):
3005 m (v(C-Harom.))> 2931 m (v(C-Hayiph.))> 2802 w (v(C-Hyjipn.)), 1589 vs (v(C=N)), 1552 s,
1427 5,1390 s, 1335 m, 1273 vw, 1234 w, 1221 w, 1186 w, 1153 w, 1065 vw, 1029 m, 995 vw, 926 vw,
887 vw, 798 w, 741 vw, 673 m, 617 w, 561 vw, 538 vw. EI-MS (m/z, (%)): 206 (56) [C;;H,sN,*],
191 (97) [C;;HsN,* -CHs], 162 (65) [Cy H sN,* -N(CH,),], 148 (51), 119 (100) [C,H; N, *
-2 N(CHs;), +H], 107 (16), 93 (17) [CsHgN* +H], 92 (82) [CsHgN*], 65 (31). CHN analysis:
calculated: C 42.37, H 5.61, N 11.63; found: C 42.04, H 5.47, N 11.52.

[TMG,(beam),b(ZnCl,),] (28a):
a C36H72N14ZII2C14 (M =973.67 g/mol)

b Colourless crystals; Yield: 1.499 g =

¢ 1.54 mmol = 77 %; m.p. 158°C. 'H-

d NMR (500 MHz, CD5CN, 25 °C): &

/ j ( 4\ [ppm] = 2.61 (m, 8H, f), 2.81 (m, 24H,

i), 2.87 (m, 24H, 1), 3.18 (m, 8H, g),

/N e N/ N\ /N—Z“ o, N\ 4.03 (s, 4H, e), 7.35 (m, 3H, a+b),

% % ci 759 (s, 1H, d). *C-NMR (125 MHz,

CD;CN, 25°C): § [ppm] = 38.9 (CH;,

i), 39.2 (CH;, '), 46.5 (CH,, g), 53.8

(CH,, f), 59.2 (CH,, e), 127.9 (CH, b), 130.2 (CH, a), 133.9 (CH, d), 135.6 (C, ¢), 166.6 (C, h).

IR (KBr, ¥[cm™!]): 3003 w (V(C-Hgrom.))> 2931 m (v(C-Heipn.)), 2898 m (v(C-Hgipn.)), 2854

m (W(C-Hyipn)), 1618 s (v(C=N)), 1577 vs (v(C=N)), 1533 m, 1458 m, 1425 m, 1400 m, 1394 m,

1361 w, 1346 w, 1261 vw, 1238 w, 1159 m, 1147 m, 115 vw, 1066 w, 1049 w, 1022 vw, 987 vw, 893 w,

808 vw, 768 w, 742 vw, 719 w, 669 w, 617 w, 586 w. EI-MS (m/z, (%)): 701 (44) [M* - 2 ZnCl,],

586 (8) [M* -HN(C(N(CH3),),) -2 ZnCl,], 572 (100) [M* -CH3N(C(N(CHj3),),) -2 ZnCl,],

558 (13), 470 (17), 457 (42), 432 (9), 401 (14) [M* -3 C(N(CHa),) -2 ZnCl,], 274 (15), 180 (26),

142 (73), 128 (36) [CH,N(C(N(CHs),),)*], 85 (89), 72 (22), 58 (25) [C(N(CH;),* + 2H]. CHN
analysis: calculated: C 44.37, H 7.39, N 20.13; found: C 44.18, H 7.47, N 18.35.
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[Zn(DMEG;tren)Cl][Cl] (29a):

—| cl CyHgN1ZnCl, (M = 570.94 g/mol): Colourless crystals;

a /\ \N Yield: 0.347 g = 0.61 mmol = 61 % ; m.p. 230°C. 'H-NMR

. b(\ N‘N> = j (500 MHz, CD5CN, 25 °C): & [ppm] = 2.61 (s, 6H, a), 2.82
\ N—Zn" N (s, 18H, d), 3.32 (br, 6H, b), 3.43 (s, 12H, e). 3C-NMR
N\C( RO f (125 MHz, CD:CN, 25 °C): & [ppm] = 35.8 (CHa, d), 46.3
e{/N\ cl >\ (CH,, b), 48.8 (CH,, €), 56.0 (CH,, a), 166.8 (C, ). IR (KBr,
—N\) Flem1]): 2945 s (V(C-Haiph ))» 2858 s (v(C-Hgiipn)), 1653

vs (v(C=N)), 1645 vs (v(C=N)), 1635 vs (v(C=N)), 1616 vs

(v(C=N)), 1597 vs (v(C=N)), 1560 s, 1543 m, 1508 s, 1491 s, 1458 s, 1421 s, 1406 s, 1383 m,
1342 m, 1298 s, 1271 s, 1232 m, 1167 m, 1138 m, 1124 m, 1078 m, 1053 m, 1020 m, 976 m, 939
w, 910 m, 895 w, 851 vw, 770 m, 725 m, 702 m, 648 m, 604 m, 554 m, 525 m. EI-MS (m/z,
(%)): 537 (1) [M*: C,;H4uN0%°Zn%"Cl, Cy1HyaN10%8Zn3°Cl], 535 (2) [M*: Cy1HyuN,(%°Zn*Cl,
C, 1 HipN %4 Zn%Cl], 533 (2) [M*: Cy;HyN1*4Zn3>Cl], 435 (2) [M* -ZnCl], 308 (41) [M* -
ZnCl - N3CgH,o* -HJ, 208 (19), 195 (38) [N,CyoHao* -H], 169 (14) [N,CeH o+ +H], 140 (34)
[N3C;H47], 126 (100) [N3CsHio*], 98 (11) [N,CsH;o"]. CHN analysis: calculated: C 44.14, H
7.36, N 24.52; found: C 43.38, H 7.34, N 24.02.

[Zn(TMGstren)Cl][Cl] (30a):

—I cl CyHyN1ZnCl, (M = 576.98 g/mol): Colourless crystals;

Yield: 0.207 g = 0.36 mmol = 36 %; m.p. 180°C. 'H-NMR
N= (500 MHz, CD5CN, 25 °C): § [ppm] = 2.63 (m, 6H, a), 2.67
N (s, 8H, d), 2.75 (s, 9H, &), 2.82 (s, 10H, d”), 2.85 (m, 3H,
b), 2.92 (s, 9H, d”), 3.40 (m, 3H, b). >*C-NMR (125 MHz,
CD;CN, 25 °C): § [ppm] = 37.9 (CHj;, d), 38.6 (CH3, d),
39.2 (CHj;, d), 39.4 (CHs, d), 46.2 (CH,, b), 54.2 (CH,,
a), 166.0 (C, ¢). IR (KBr, v[cm™]): 2991 m (v(C-Hasipn.)),
2945 s (v(C-Haiipn.)), 2887 s (v(C-Haiipn.)), 2854 m (v(C-Hgjipn.)), 1556 vs (v(C=N)), 1468 s,
1444 m, 1425 s, 1394 vs, 1344 s, 1282 m, 1257 m, 1248 m, 1232 m, 1165 s, 1149 s, 1119 w, 1080
m, 1066 m, 1051 m, 1026 w, 1011 m, 985 m, 908 m, 893 m, 766 m, 743 w, 721 w, 590 w, 559 w,
532 w. EI-MS (m/z, (%)): 543 (1) [M*: C;;HugN0%°Zn3 Cl, Cy; HygN(%8Zn3>Cl], 541 (1) [M*:
C,1HysN0%Zn3>Cl, Cy; HygN %4 Zn%"Cl], 539 (2) [M*: Cy; HysNo%*Zn3>Cl], 439 (1) [M* -ZnCl
“H], 396 (2) [NoCyoH,*], 313 (31), 312 (95) [N,C,sHs,* ], 255 (20), 222 (15), 210 (93), 197 (20),
171 (20), 142 (83) [N5C,H,¢*], 128 (91) [N5CgH,4*], 126 (45), 111 (21), 100 (20) [N,CsH,,*], 97
(22), 85 (100). CHN analysis: calculated: C 43.68, H 8.32, N 24.26; found: C 43.46, H 8.08, N
23.67.
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[Zn(qu)CL] (32a):

CoHsN,ZnCl, (M = 280.48 g/mol): Colourless crystals; Yield: 0.275 g
=0.98 mmol = 98 %; m.p. 280°C with decomposition. 'H-NMR (500
MHz, DMSO-ds, 25 °C): § [ppm] = 5.89 (s, 2H, j), 6.88 (dd, 1H, g, *]

b : = 7.8 Hz, ¥J = 1.2 Hz), 707 (dd, 1H, e, 3] = 78 Hz, 4] = 1.2 Hz), 730 (t,
N\ ., 1H£3] =78 Hz), 746 (dd, 1H, b, 3] = 8.3 Hz, °] = 4.1 Hz), 8.18 (dd,

a N\ 7 j° 1H,¢3=83Hz* =17Hz),873(dd, 1H, a,3] = 4.1 Hz, 4] = 1.7 Hz).
Cl\\\«Z”\O 13C-NMR (125 MHz, DMSO-ds, 25 °C): 8 [ppm] =109.3 (CH, g), 114.3

(CH, e), 121.9 (CH, b), 128.0 (CH, f), 129.0 (C, d), 136.3 (CH, ¢), 137.9
(C, 1), 145.6 (C, h), 147.4 (CH, a). IR (KBr, v[cm™']): 3205 vs (v(N-H)), 3120 s (v(C-Hzrom.))>
3072 m (v(C-H,,op)), 1628 m, 1593 m, 1572 s, 1527 w, 1504 vs, 1471 m, 1425 w, 1389 m, 1375 m,
1321 m, 1259 w, 1217 m, 1201 w, 1171 w, 1134 w, 1120 m, 1078 s, 1059 m, 1032 m, 991 vw, 960 vw,
901 m, 829 s, 808 vw, 783 m, 771 m, 721 m, 627 m, 590 m, 532 w, 511 m. EI-MS (m/z, (%)): 279
(17) [M*], 175 (14), 173 (21), 167 (33), 149 (100), 144 (83) [M* - ZnCl,], 127 (17), 117 (34), 106
(16), 97 (12), 83 (17), 71 (26), 69 (18), 57 (39), 55 (25). CHN analysis: calculated: C 38.51, H
2.85, N 9.98; found: C 38.61, H 3.01, N 9.94.

[Zn(qu)z(CF3803)2] (320):

Cy0H 6N,OsF4S,Zn (M = 652.93 g/mol): Colour-
less crystals; Yield: 0.274 g = 0.42 mmol = 84 %;
m.p. 299°C with decomposition. 'H-NMR (500
MHz, DMSO-dg, 25 °C): § [ppm] = 5.88 (s, 4H,
k), 6.90 (dd, 2H, g, 3] = 78 Hz, 4] = 1.2 Hz), 7.08

NANYON S S oM, e 3 =78 Hz, 4 =12 Hz), 731 (4, 2H, )
F%S—O'““ """ Z”‘O—S\\‘éF 3] = 7.8 Hz, 3] = 78 Hz), 746 (dd, 2H, b, 3] = 8.3
F O HZN/ \N_ o F Hz, 3] = 4.1 Hz), 8.19 (dd, 2H, ¢, 3] = 8.3 Hz, *] =
1.7 Hz), 8.73 (dd, 2H, a, 3] = 4.1 Hz, %] = 1.7 Hz).

\ / BC-NMR (125 MHz, DMSO-ds, 25 °C): § [ppm]

=109.6 (CH, g), 114.5 (CH, e), 121.9 (CH, b), 122.5

(G, k), 128.0 (CH, f), 129.0 (C, d), 136.4 (CH, c),

138.0 (G, i), 145.4 (C, h), 1475 (CH, a). IR (KBr,
v[em™1]): 3275 m (V(C-Hgrom.)), 3234 m (v(C-Hgyom.)), 3147 m (v(C-Hyyom.)), 1632 W, 1593 w,
1585 w, 1506 m, 1475 w, 1427 vw, 1408 w, 1381 w, 1323 m, 1302 s, 1236 vs, 1226 s, 1207 m,1176 m,
1161 s, 1136 m, 1117 m, 1078 m, 1065 m, 1034 vs, 980 vw, 912 vw, 901 w, 829 m, 812 vw, 791 m,
773 m, 761w, 719 w, 644 s, 636 s, 590 w, 577 m, 519 m. CI-MS (m/z, (%)): 651 (1) [M* +H], 289
(24), 201 (17), 187 (19), 183 (12), 145 (100) [M* -Zn(CF3SO3), +H], 144 (78) [M* -Zn(CF;S03),
+H], 57 (96). CHN analysis: calculated: C 36.8, H 2.5, N 8.6; found: C 36.8, H 2.6, N 8.7.
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[Zn;3(bipy),(CH3COO)s] (33b):

C3,H34N,01,Zn; (M =862.80 g/mol):
Colourless crystals; Yield: 1.255 g =
1.46 mmol = 97 %; m.p. 168°C. 'H-
NMR (500 MHz, CD;CN, 25 °C): §
[ppm] =1.95 (s, 18H, g), 7.75 (m, 4H,
b), 8.24 (m, 4H, ¢), 8.43 (m, 4H, d),
8.85 (m, 4H, a). 3C-NMR (125 MHz,
CD;CN, 25 °C): § [ppm] = 21.6 (CH3,
g), 122.0 (CH, d), 126.9 (CH, b), 141.3
(CH, ¢), 148.9 (C, ¢), 149.2 (CH, a), 179.4 (C, f). IR (KBr, ¥[cm™']): 3103 m (v(C-H;0m.)), 3089
m (V(C’Harom.))s 3066 m (V(C’Harom.))> 3033 m (V(C’Harom.))s 3008 m (V(C'Harom.))s 2927 w
(v(C-Haiipn.))> 2852 w (v(C-Haiipn.)), 1599 vs (v(C-0)), 1577 s (v(C-0)), 1493 m, 1473 m, 1446
S, 1425 m, 1338 m, 1313 m, 1286 w, 1254 w, 1223 vw, 1161 w, 1109 w, 1061 m, 1028 m, 1018 m, 972
vw, 941 w, 904 vw, 773 m, 735 m, 692 m, 677 m, 658 m, 634 m, 649 m. EI-MS (m/z, (%)): 571
(70), 469 (4), 389 (18), 256 (6), 156 (100) [C,oHsN,*], 128 (18), 78 (14), 51 (12). CHN analysis:
calculated: C 44.51, H 3.94, N 6.49; found: C 44.53, H 4.00, N 6.50.

[Zn(blpy)2 (CF3 803)2] (33C):

o

c CH cF¢N4O6S,Zn (M = 676.99 g/mol): Colourless
crystals; Yield: 0.300 g = 0.44 mmol = 88 %; m.p. 291°C.
'H-NMR (500 MHz, CD;CN, 25 °C): § [ppm] =7.74 (m,
4H, b), 8.32 (m, 4H, ¢), 8.46 (m, 4H, a), 8.57 (m, 4H, d).
13C-NMR (125 MHz, CD;CN, 25 °C): 8 [ppm] = 122.1
(C, f), 122.9 (CH, d), 1273 (CH, b), 141.8 (CH, c), 148.1
(CH, a), 148.9 (C, e). IR (KBr, v[cm™!]): 3114 w (v(C-
Harom.))> 3097 w (V(C'Harom.))> 3086 w (V(C'Harom.)))
3074 w (V(C-Hyro ), 1610 m, 1601 m, 1579 m, 1568 w,
1493 m, 1477 m, 1446 m, 1306 vs, 1246 s, 1234 vs, 1219 s,
1176 m, 1161 s, 1120 w, 1107 w, 1063 w, 1026 vs, 980 vw, 904
vw, 895 vw, 818 vw, 771 s, 739 m, 654 m, 636 s, 580 w, 573 w, 517 m. EI-MS (m/z, (%)): 376 (2)
[M* -2 CF3S0s], 373 (29), 371 (44), 369 (69), 348 (14), 346 (13), 243 (19), 241 (30), 239 (53), 157
(15), 156 (100) [C1oHsN,*], 155 (66), 130 (12), 129 (29), 128 (37), 78 (36) [CsH,N*], 52 (15), 51
(31), 50 (15). CHN analysis: calculated: C 39.0, H 2.4, N 8.3; found: C 39.0, H 2.6, N 8.2.
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11.3 Synthesis of product compounds

[Zn(phen)(CH;COO)(u-CH;COO),Zn(phen)(CH;COO)] (34b):

C3HysN,OgZn, (M = 727.37 g/mol):
Colourless crystals; Yield: 0.713 g = 0.98
mmol = 98 %; m.p. 248°C. 'H-NMR
(500 MHz, CDCl;, 25°C): § [ppm] = 2.05
(s, 12H, h), 790 (dd, 4H, b, 3] = 4.7 Hz, 3]
= 8.2 Hz), 797 (s, 4H, f), 8.52 (dd, 4H,
¢, 3] = 8.2 Hz, ] = 1.5 Hz), 9.31 (dd, 4H,
a, °] = 4.7 Hz, ] = 1.5 Hz). 3C-NMR
(125 MHz, CDCls, 25 °C): § [ppm] = 21.7
(CH,, h), 125.4 (CH, b), 126.8 (CH, f),
128.7 (C, d), 139.0 (CH, c), 1411 (C, €), 150.4 (CH, a), 181.3 (C, g). IR (KBr, #[cm™']): 3064
w (V(C-Hgrom.))> 3014 W (v(C-Harom.))» 2927 w (v(C-Haipn.)), 1599 s (v(C-0)), 1585 s (v(C-0)),
1516 m, 1495 w, 1425 m, 1387 m, 1333 m, 1257 vw, 1217 vw, 1140 m, 1101 w, 1049 vw, 1016 w, 937
vw, 924 vw, 868 w, 854 m, 783 vw, 729 m, 679 w, 667 w, 640 w, 623 vw. EI-MS (m/z, (%)): 577
(37), 575 (70), 573 (84), 571 (88), 569 (54), 393 (27), 391 (52), 389 (72), 387 (62), 385 (33), 197
(16), 194 (71), 183 (39), 180 (100) [C1,HgN,*], 179 (51), 154 (27). CHN analysis: calculated: C
52.79, H 3.85, N 7.70; found: C 52.62, H 3.83, N 7.72.

[Zn(phen),(CF;S03),] (34¢):

CysH 16FsN4O6S,Zn (M = 725.11 g/mol): Colourless
crystals; Yield: 0.355 g = 0.49 mmol = 98 %; m.p.
>300°C. 'H-NMR (500 MHz, CD;CN, 25 °C): § [ppm]
=8.01(dd, 4H, b, 3] = 4.7 Hz, *] = 8.2 Hz), 8.27 (s, 4H, f),
8.79 (dd, 4H, a, 3] = 4.7 Hz,*] = 1.3 Hz), 8.85 (dd, 4H, c,
3] = 8.3 Hz, %] = 1.3 Hz). 3C-NMR (125 MHz, CD;CN,
25°C): § [ppm] =122.1(C, g), 125.8 (CH, b), 127.5 (CH,
£), 129.7 (C, d), 140.4 (C, e), 140.5 (CH, c), 148.8 (CH,
a). IR (KBr, v[cm™]): 3084 w (v(C-Hgrom.))> 3068 w
(V(C-Hyyom)), 1628 W, 1608 w, 1585 w, 1522 m, 1496 w,
1431 m, 1346 w, 1300 s, 1284 m, 1259 m, 1246 m, 1343 m,
1221 m, 1213 m, 1178 m, 1165 m, 1107 w, 1024 m, 999 w,
968 vw, 870 w, 850 m, 787 w, 758 vw, 729 m, 636 m, 580 w, 573 w, 516 m. EI-MS (m/z, (%)):
577 (6) [M* -CF5SOs], 496 (6), 467 (10), 439 (19), 410 (12), 386 (16), 368 (10), 344 (22), 331 (26),
312 (16), 293 (26), 264 (13), 257 (17), 248 (18), 239 (21), 215 (25), 183 (33) [N,C,Hs* +2H], 125
(22), 111 (36), 107 (36), 97 (57), 96 (43), 85 (42), 83 (58), 81 (44), 71 (59), 69 (68), 57 (100), 55
(77). CHN analysis: calculated: C 43.0, H 2.2, N 7.7; found: C 42.6, H 2.3, N 7.7
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[(9-0xa)ZnCl,] (39a):

a C;1HxN,OZnCl, (M = 332.60 g/mol): Colourless crystals; Yield:
0.276 g = 0.83 mmol = 83 %, MP 260°C. 'H-NMR (500 MHz, CD;CN,
25°C): § [ppm] = 1.54 (m, 1+1H, j+h), 1.73 (m, 1H, i), 1.92 (m, 1H, h),
2.21 (m, 1+1H, i+k), 2.33 (m, 1H, j), 2.45 (s, 3H, a), 2.69 (m, 1H, f), 2.77
(m, 1+1H, e+b), 2.92 (m, 1H, ¢), 3.17 (m, 1H, k), 3.37 (m, 1H, f), 3.42
i (m, 1H, e), 3.59 (m, 1H, b), 3.79 (m, 1H, d), 4.08 (m, 1H, g). *C-NMR
(125 MHz, CD;CN, 25°C): § [ppm] = 23.2 (CH,, h), 23.4 (CH,, i), 24.9
(CHa, j), 46.5 (CHj, a), 54.1 (CH,, f), 57.6 (CH,, k), 58.0 (CH,, e), 58.7 (CH,, b), 66.8 (CH,
g), 67.5 (CH, ¢), 70.1 (CH, d). IR (KBr, #[cm™]): 2993 m (V(C-Haiipn.)), 2947 s (v(C-Hapipn.)),
2937 m (V(C-Hasipn.)), 2861 m (v(C-Hasipn.))s 2793 m (v(C-Hgjipn.)), 1635 vw, 1466 s, 1458 m,
1402 w;, 1387 w, 1369 m, 1361 m, 1334 w, 1300 m, 1284 m, 1277 m, 1250 m, 1228 m, 1219 w, 1203
w, 1188 vw, 1159 w;, 1128 m, 1113 m, 1095 vs, 1061 m, 1051 s, 1034 s, 1018 m, 989 m, 980 m, 941 w,
928 w, 916 m, 885 m, 862 w, 850 m, 822 m, 812 m, 787 m, 758 m, 723 m, 607 m, 548 w, 526 w.
EI-MS (m/z, (%)): 332 (8) [M*], 279 (25), 245 (27), 196 (27) [M* -ZnCl,], 167 (43), 149 (100),
124 (19), 122 (34), 119 (29), 113 (14), 105 (37), 84 (25), 77 (22), 71 (19), 57 (26). CHN analysis:
calculated: C 39.69, H 6.01, N 8.42; found: C 39.68, H 6.13, N 8.56.

[(9-0xa)Zn(CH;COO0),] (39b):

CisHysN,OsZn (M = 379.77 g/mol): Colourless crystals;
Yield: 0.304 g = 0.80 mmol = 80 %; m.p. 176°C. 'H-NMR
(500 MHz, CD;CN, 25 °C): § [ppm] = 1.46 (m, 1H, i), 1.52 (m,
1H, j), 1.62 (m, 1H, h), 1.82 (m, 1H, i), 1.92 (m, 6+1H, 1+j), 2.06
(m, 1+1H, k+h), 2.49 (s, 3H, a), 2.58 (m, 1H, f), 2.64 (m, 1H, b),
2.70 (m, 1H, e), 2.76 (m, 1H, ¢), 3.29 (m, 1+1H, k+b), 3.36 (m,
1H, e), 3.68 (m, 1H, f), 3.72 (m, 1H, d), 4.01 (m, 1H, g). *C-
NMR (125 MHz, CD;CN, 25 °C): § [ppm] = 21.5 (CHj3, 1), 23.1
(CH,, h), 23.3 (CH,, i), 25.3 (CH,, j), 471 (CHs, a), 54.5 (CH,, f), 58.0 (CH,, k), 58.6 (CH,, €),
58.7 (CH,, b), 671 (CH, g), 67.5 (CH, ¢), 70.3 (CH, d), 178.6 (C, m). IR (KBr, ¥[cm~!]): 2949 m
(v(C-Haiipn.)), 2866 m (v(C-Hgjipn.)), 1624 vs (v(C-0)), 1589 vs (v(C-0)), 1406 s, 1421 s, 1385
vs, 1329 s, 1302 m, 1286 m, 1277 m, 1252 w, 1232 w, 1219 w, 1205 vw, 1192 w, 1163 w, 1147 w, 1130
m, 117 m, 1095 s, 1063 m, 1051 m, 1034 m, 1020 m, 993 w, 982 m, 958 vw, 941 w, 918 m, 887 m,
864 w, 850 m, 823 w, 812 m, 789 m, 758 m, 725 m, 677 m, 619 m, 611 m, 548 w, 530 w. EI-MS
(m/z, (%)): 323 (30) [M* -CH;COO], 321 (45) [M* -CH;COO], 319 (74) [M* -CH3COO], 196
(100) [M* -Zn(CH5COO),], 195 (43) [M* -Zn(CH;COO), -H], 153 (16), 124 (81), 122 (28), 98
(68), 97 (35), 96 (30), 84 (87), 82 (32), 70 (13), 58 (19), 55 (14). CHN analysis: calculated: C
47.40, H 6.85, N 7.37; found: C 4712, H 6.80, N 7.37.
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11.4 Ring-opening polymerisation of lactide initiated by zinc(II) complexes

11.4 Ring-opening polymerisation of lactide initiated by
zinc(II) complexes

11.4.1 General procedure for the melt polymerisation of D,L-lactide

p,L-Lactide (3,6-dimethyl-1,4-dioxane-2,5-dione, 3.603 g, 25 mmol, used as purchased) and
the initiator (I/M ratio 1/500, calculated relative to the zinc centres) were weighed into a 50
mL flask, which was flushed with argon and closed with a glass stopper. The reaction vessel
was then heated at 150 °C. After the reaction time the polymer melt was allowed to cool to room
temperature and then was dissolved in 25 mL of dichloromethane. The PLA was precipitated
in 350 mL of ice-cooled ethanol and dried in vacuo at 50 °C.

11.4.2 Procedure for kinetic measurements of the melt polymerisation of
D,L-lactide

p,L-Lactide (3,6-dimethyl-1,4-dioxane-2,5-dione, 3.603 g, 25 mmol, for each time-entry) and
the initiator (I/M ratio 1/500, calculated relative to the zinc centres) were weighed into a glass
beaker, mixed and homogenised by means of mortar. Then for each entry the appropriate
amount of the reaction mixture was weighed into a 50 mL flask, which was flushed with argon
and closed with a glass stopper. The reaction vessels were then heated at 150 °C. The reaction
time starts at the moment the lactide was molten. After their respective reaction times the
polymer melts were cooled in an ice-water bath to room temperature and then were dissolved
in 25 mL of dichloromethane. From this solution samples 1 ml was taken, dried in vacuo and
used for the determination of conversion via NMR spectroscopy and of the molecular weight
distribution by GPC. The PLA of the residual solution was precipitated in 350 mL of ice-cooled
ethanol and dried in vacuo at 50 °C.

11.5 Ring-opening polymerisation of glycolide initiated by
zinc(II) complexes

Glycolide (1,4-dioxane-2,5-dione, 1.0000 g, 8.6 mmol) and the initiator (I/M ratio 1/500, cal-
culated relative to the zinc centres) were weighed into a 50 mL flask, which was flushed with
argon and closed with a glass stopper. The reaction vessel was then heated at 150 °C. After the
reaction time the polymer was allowed to cool to room temperature and then was dissolved
in 8 mL of hexafluoroisopropanol. The polyglycolide was precipitated in 200 mL of ice-cooled
ethanol and dried in vacuo at 50 °C.
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11.6 Ring-opening polymerisation of e-caprolactone initiated
by zinc(II) complexes

The initiator (I/M ratio 1/500, calculated relative to the zinc centres) was weighed into a 50
mL flask, which was flushed with argon and closed with a glass stopper after the injection of
e-caprolactone (6-hexanolactone, 2.8525 g, 2.77 ml, 25 mmol). The reaction vessel was then
heated at 150 °C. After the reaction time the polymer melt was allowed to cool to room tem-
perature and then was dissolved in 25 mL of dichloromethane. From this solution a sample
of 0.5 ml was taken, dried in vacuo and used for the determination of conversion via NMR
spectroscopy. The polycaprolactone of the residual solution was precipitated in 350 mL of ice-
cooled ethanol, isolated by centrifugation and dried in vacuo.
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Table A.1: Summary of key geometric parameters from the calculated structures of 6a and 7a
(bond lengths in A and angles in °).

[Zn(DMEGqu)CL, ] [Zn(TMGqu)Cl, ]

6a 7a
6-31G(d) 6-31+G(d) 6-31G(d) 6-31+G(d)

Zn-N,, 2.067 2.116 2.07 2123
Zn-Ng,, 2.078 2.147 2.071 2.131
Zn-Cl 2.223 2.25 2.257 2.223

2.257 2.221 2.224 2.251
CouaNgua 1.326 1.329 1.333 1.334
Coua-N 1.365 1.363 1.367 1.359

1.354 1.357 1.359 1.369
N-Zn-N 81.06 79.01 81.09 79.10
2(ZnCl,, ZnN,) 77.06 80.18 79.28 81.51
2(CguaN3s, ZnN,) 55.56 59.68 54.51 54.80
2 (CguaN3, NC3) (av.) 10.61 9.48 32.31 31.97
Structural parameter p 0.98 0.98 0.98 0.98
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Table A.2: Summary of key geometric parameters from the calculated structures of 14a and
15a (bond lengths in A and angles in °).

[Zn(DMEGpy)Cl, ] [Zn(TMGpy)Cl,]
14a 15a
6-31G(d) 6-31+G(d) 6-31G(d) 6-31+G(d)

Zn-N,, 2.078 2.137 2.102 2.159
Zn-Ngy, 2.065 2.129 2.04 2.097
Zn-Cl 2.224 2.253 2.246 2.225

2.258 2.223 2.227 2.244
CouaNgua 1.312 1.312 1.315 1.315
Coua-N 1.361 1.364 1.384 1.385

1.381 1.381 1.365 1.366
N-Zn-N 80.8 78.76 80.89 79.16
2(ZnCl,, ZnN,) 7790 80.21 85.19 85.68
2(CguaN3s, ZnNy) 58.68 60.33 38.94 41.08
2(CguaN3, NC3) (av.) 14.09 13.67 36.01 35.77
Structural parameter p 0.96 0.96 0.96 0.96

Table A.3: Summary of key geometric parameters from the calculated structures of 6b and 7b
(bond lengths in A and angles in °).

[Zn(DMEGqu)(CH;COO0),] [Zn(TMGqu)(CH;COO),]

6b 7b
6-31G(d) 6-31G(d) 6-31+G(d)  6-31+G(d)

Zn-N,, 2.079 2.085 2.098 2.094
Zn-Ng,, 2.141 2.128 2.131 2.145
Zn-O 2.001 1.939 1.958 1.949

1.931 1.992 1.965 1.978
Coua-Ngua 1.334 1.339 1.341 1.335
Coua-N 1.371 1.366 1.355 1.345

1.343 1.354 1.366 1.369
N-Zn-N 78.79 78.92 79.24 79.01
2(Zn0,, ZnN,) 82.45 79.57 83.11 85.41
2(CquaN3, ZnNy) 61.36 60.84 58.12 59.42
2(CguaN3, NC3) (av.) 11.25 31.04 30.42 10.86
Structural parameter p 0.98 0.99 0.99 0.98
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Table A.4: Summary of key geometric parameters from the calculated structures of 14b and

15b (bond lengths in A and angles in ©)

[Zn(DMEGpy)(OAc):]  [Zn(DMEGpy)(OAc)]  [Zn(TMGpy)(OAc),]
14b-1 14b-2 15b

6-31G(d)  6-31+G(d) 6-31G(d) 6-31+G(d) 6-31G(d) 6-31+G(d)
Zn-N,, 2.097 2.108 2.071 2.092 2.088 2.100
Zn-Ng,q 2.107 2.116 2.136 2.138 2.107 2.116
Zn-O 1.931 2.004 1.922 1.941 2.025 1.993
2.057, 2.264 1.943 1.988 1.963 1.950 1.953
Cgua-Ngua 1.303 1.306 1.307 1.309 1.313 1.316
Cgua-N 1.364 1.365 1.382 1.383 1.383 1.369
1.391 1.39 1.386 1.386 1.371 1.383
N-Zn-N 79.46 79.80 80.22 80.16 80.11 80.41
2(Zn0,, ZnN,) 85.80 85.16 86.19 88.51 83.21 85.90
2(CquaN3, ZnN3) 37.01 39.38 49.18 47.61 4543 42.42
2(CguaN3, NC3) (av.) 13.54 13.43 14.63 14.58 36.63 35.74
Structural parameter p 0.95 0.95 0.94 0.95 0.95 0.96
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Table A.5: Summary of key geometric parameters from the calculated structures of 6c and 7¢
(bond lengths in A and angles in °).

[Zn(DMEun)z (CF3 SO3)] [CF3SO3] [Zn(TMun)z(CF3 SO3)] [CF3 803]

6¢ 7c
6-31g(d) 6-31g+(d) 6-31g(d) 6-31g+(d)
Zn-N,, 2.104 2.110 2.083 2.076
2.114 2.131 2.129 2.110
Zn-Ng,q 2.077 2.071 211 2.123
2.101 2132 2.067 2.143
Zn-O 2.423 2.316 2.150 2.514
2.652 2.690 3.054 2.489
Cgua-Ngua 1.348 1.346 1.333 1.335
1.340 1.333 1.355 1.347
Ceua-N 1.349, 1.355 1.348,1.354 1.369, 1.365 1.369, 1.370
1.358, 1.353 1.361, 1.354 1.369,1.343 1.358, 1.367
N-Zn-N 81.03 80.83 80.27 81.22
79.97 78.82 80.65 79.39
Npy-Zn-N,, 169.52 169.11 167.82 169.61
Ngua-Zn-Ngyq 121.62 115.77 119.35 117.33
2(ZnN,, ZnN;) 62.32 68.61 65.05 66.74
2 (CguaN3, ZnNy) 55.55 54.29 49.29 53.78
61.99 63.33 60.2 60.2
2 (CguaN3, NC3) (av.) 9.17 8.27 30.37 30.44
Structural parameter p 0.99 0.99 0.99 0.98

Table A.6: Summary of key geometric parameters from the calculated structures of 6, 7, 14, 15
and the model ligand HGqu (bond lengths in A and angles in °).

DMEGqu TMGqu DMEGpy TMGpy HGqu

6 7 14 15
6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d)

Ceua-Ngua 1.285 1.29 1.279 1.287 1.292
Coua-N 1.392 1.395 1.412 1.403 1.375

1.392 1.394 1.401 1.404 1.395
2(CguaN3, MN,) 66.24 80.31 18.58 58.87(P) 50.34
2 (CguaN3, NCs) (av.) 12.58 33.55 16.41 38.36 n.def.
Structural parameter p 0.92 0.93 0.91 0.92 0.91
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Table A.7: Mark-Houwink constants of selected complexes at 35°C in THE.

Complex MH-« MH-K
14a 0.5710  0.0892
0.5850 0.0747
15a 0.6172  0.0572
0.6211  0.0559
14b 0.5929 0.0670
0.5828 0.0687
15b 0.5961 0.0671
0.5836 0.0738
6b 0.5567 0.0903
0.5671 0.0743
6¢ 0.6001 0.0691
0.6172  0.0487
0.6229 0.0503
0.6138  0.0555
7c 0.6540 0.0387
0.6097 0.0525
geometrical average 0.5881 0.0674
SnOct, 0.6385 0.0441
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Table A.8: Crystal data and structure refinement for 6

6
Identification code b1848
Empirical formula Ci4H Ny
Formula weight / g mol ™ 240.31
Temperature / K 120(2)
Wavelength / A 0.71073
Crystal system Orthorhombic
Space group Pna2,
Unit cell dimensions:
alA 24.018(4)
b/A 7.7930(12)
clA 6.7135(10)
Volume / A3 1256.6(3)
V4 4
D.gic / Mgcm™ 1.270
p/ mm™! 0.079
F(000) 512
Crystal size / mm 0.46 x 0.35x 0.31
Omax 1 ° 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(I)]

wR2 (all data)

Largest diff. peak, hole / e A~
Absolute structure parameter

-31<h<3l, -10<k<9, -8<1<8
10617

1630 [R(int) = 0.0336]
Semi-empirical from
equivalents

0.9758 and 0.9644
Full-matrix least-squares on F>
1630 /1/165

1.020

0.0378

0.1017

0.267, -0.183

-1(3)
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Table A.9: Crystal data and structure refinement for 1d and 2a

1d 2a
Identification code b1729 b1585
Empirical formula C26H34N604ZH C12 H28 ClzNﬁZIl
Formula weight / g mol ™ 559.96 392.67
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c
Unit cell dimensions:
alA 20.651(2) 18.081(4)
b/A 8.5320(10) 7.3230(18)
clA 14.6112(16) 13.989(3)
B/ 100.197(3) 102.114(4)
Volume / A3 2533.7(5) 1811.0(8)
Z 4 4
D.gjc / Mg cm™ 1.468 1.440
p/ mm™! 1.015 1.654
F(000) 1176 824
Crystal size / mm 0.28x0.25x0.17 0.42x0.37x0.28
Opax 1° 2788 27.87

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-27<h<27, -11<k<10, -15<1<19
10820

3021 [R(int) = 0.0497]
Semi-empirical from
equivalents

0.8464 and 0.7643
Full-matrix least-squares on F?
3021/0/170

1.035

0.0392

0.0908

0.499, -0.256

-23<h<22, -9<k<9, -17<I<18
7579

2159 [R(int) = 0.0222]
Semi-empirical from
equivalents

0.6545 and 0.5434
Full-matrix least-squares on F?
2159/0/96

1.147

0.0252

0.0778

0.424, -0.373
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Table A.10: Crystal data and structure refinement for 2b and 3b

2b 3b
Identification code b1880 b1584
Empirical formula Ci16H34NgO4Zn C17H36NgO4Zn
Formula weight / g mol ™ 439.86 453.89
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/n P2,/c
Unit cell dimensions:
alA 10.651(6) 8.0972(12)
b/A 16.051(9) 11.2207(16)
c/A 12.795(8) 25.177(4)
B/ 98.567(11) 92.455(4)
Volume / A3 2163(2) 2285.4(6)
Z 4 4
D.gjc / Mg cm™ 1.351 1.319
p/ mm™! 1167 1107
F(000) 936 968
Crystal size / mm 0.48x0.47x0.38 0.38x0.22x 0.16
Opax 1° 2787 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-14<h<14, -21<k<20, -16<1<16
18089

5144 [R(int) = 0.0308]
Semi-empirical from
equivalents

0.6653 and 0.6042
Full-matrix least-squares on F?
5144 /0 /254

1.071

0.0366

0.1117

0.785, -0.311

-10<h<09, -13<k<14, -32<1<33
18867

5458 [R(int) = 0.0706]
Semi-empirical from
equivalents

0.8428 and 0.6784
Full-matrix least-squares on F?
5458/ 0/ 261

0.985

0.0463

0.1040

0.696, -0.423
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Table A.11: Crystal data and structure refinement for 5a and 5b

5a 5b
Identification code b1766 (CCDC-739147) b1835 (CCDC-739148)
Empirical formula C16H28C12N6Zl’1 C20H34N604ZH
Formula weight / g mol ™ 440.71 487.90
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/c P2,/c
Unit cell dimensions:
alA 8.0823(11) 9.3327(17)
b/A 8.4648(12) 14.683(3)
c/A 29.116(4) 16.554(3)
B 92.187(3) 92.010(4)
Volume / A3 1990.5(5) 2267.0(7)
Z 4 4
D.gjc / Mg cm™ 1.471 1.429
p/mm! 1.514 1.122
F(000) 920 1032
Crystal size / mm 0.43x0.36 x 0.31 0.48 x 0.45x 0.39
Opax 1° 27.88 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-10<h<10, -11<k<10, -33<1<38
16787

4747 [R(int) = 0.0215]
Semi-empirical from
equivalents

0.6511 and 0.5621
Full-matrix least-squares on F?
474710/ 234

1.047

0.0252

0.0635

0.381, -0.215

-11<h<12, -19<k<19, -21<1<21
19542

5409 [R(int) = 0.0198]
Semi-empirical from
equivalents

0.6687 and 0.6150
Full-matrix least-squares on F?
5409/0/290

1.031

0.0242

0.0706

0.318, -0.308
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Table A.12: Crystal data and structure refinement for 6c and 6d

6¢ 6d
Identification code b1694 (CCDC-699078) b1653
Empirical formula C3QH32F6N8 O6SZZII C42 H36N4OSZIl2
Formula weight / g mol ™ 844.13 855.49
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/n P2;/n
Unit cell dimensions:
alA 15.4611(19) 14.943(2)
b/A 13.7377(17) 10.2334(16)
c/A 16.910(2) 25.194(4)
B° 98.624(3) 105.166(4)
Volume / A3 3551.1(8) 3718.6(10)
Z 4 4
D.gjc / Mg cm™ 1.579 1.528
p/ mm™! 0.895 1.351
F(000) 1728 1760
Crystal size / mm 0.42x 0.41x0.09 0.46x0.19x0.10
Opmax | ° 2788 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-18<h<20, -17<k<18, -22<1<22
30999

8471 [R(int) = 0.0836]
Semi-empirical from
equivalents

0.9237 and 0.7048
Full-matrix least-squares on F?
8471/ 0/ 482

0.939

0.0622

0.1712

1.197, -1.079

-16<h<19, -13<k<13, -33<1<33
30317

8862 [R(int) = 0.1144]
Semi-empirical from
equivalents

0.8767 and 0.5753
Full-matrix least-squares on F?
8862 /0 /507

0.803

0.0501

0.0936

0.597, -0.751
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Table A.13: Crystal data and structure refinement for 6e-1 and 6e-2

6e-1 6e-2
Identification code b1854 b1914
Empirical formula C16H22N406SZZH C30H38N80682 Zn
Formula weight / g mol ™ 495.87 736.17
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/c P2,/c
Unit cell dimensions:
alA 14.6607(18) 16.599(4)
b/A 15.4456(18) 9.020(3)
c/A 8.7244(10) 22.821(6)
B° 93.843(2) 106.919(6)
Volume / A3 1971.1(4) 3268.9(16)
Z 4 4
D.gjc / Mg cm™ 1671 1.496
g/ mm™! 1.501 0.935
F(000) 1024 1536
Crystal size / mm 0.48x0.20x0.13 0.23x0.21x0.20
Opax 1° 27.88 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-19<h<19, -18<k<20, -11<I<11
17140

4684 [R(int) = 0.0279]
Semi-empirical from
equivalents

0.8288 and 0.5328
Full-matrix least-squares on F?
4684 /0 /266

1.044

0.0275

0.0726

0.465, -0.292

-21<h<21, -11<k<11, -26<1<30
27345

7786 [R(int) = 0.1071]
Semi-empirical from
equivalents

0.8350 and 0.8136
Full-matrix least-squares on F?
7786 /0 /423

0.945

0.0620

0.1690

0.915, -0.765
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Table A.14: Crystal data and structure refinement for 6f and 6g

6f 6g
Identification code b1896 b1730
Empirical formula Ci14H ¢BrpN4Zn Cy4H30N4O4Zn
Formula weight / g mol ™ 465.50 503.89
Temperature / K 120(2) 293(2)
Wavelength / A 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space group P1 P2y/n
Unit cell dimensions:
alA 7.6210(9) 8.626(2)
b/A 8.1377(10) 14.134(4)
clA 13.2064(15) 19.255(5)
all 92.007(2)
B/ 90.954(2) 99.593(5)
yI° 100.949(2)
Volume / A? 803.40(16) 2314.8(10)
Z 2 4
D.gjc / Mg cm™ 1.924 1.446
p/ mm™! 6.500 1.100
F(000) 456 1056
Crystal size / mm 0.34x0.29x0.25 0.36 x0.33x0.25
Opmax | ° 27.88 2788

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-10<h<9, -10<k<10, -17<1<16
6983

3778 [R(int) = 0.0201]
Semi-empirical from
equivalents

0.2934 and 0.2160
Full-matrix least-squares on F?
3778 /0/192

1.025

0.0240

0.0620

0.769, -0.358

-11<h<«11, -18<k<16, -25<1<25
20287

5524 [R(int) = 0.1149]
Semi-empirical from
equivalents

0.7706 and 0.6930
Full-matrix least-squares on F?
5524 /0/304

0.817

0.0455

0.0700

0.373, -0.554
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Table A.15: Crystal data and structure refinement for 6h-H,O and 7¢

6hH20 7¢
Identification code b1762 b1712 (CCDC-699079)
Empirical formula C28H34B2 F8N8 OZn C34H44F6N8 O7SZZn
Formula weight / g mol ™ 737.62 920.26
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Orthorhombic
Space group P2,/c Pca2;
Unit cell dimensions:
alA 16.727(2) 18.2063(17)
b/A 8.4544(14) 14.7468(13)
c/A 23.208(3) 29.956(3)
B e 108.709(3)
Volume / A3 3108.6(8) 8042.7(13)
Z 4 8
D.gjc / Mg cm™ 1.576 1.520
p/ mm™! 0.877 0.799
F(000) 1512 3808
Crystal size / mm 0.28x0.21x0.18 0.40x0.33x0.32
Opax 1° 2788 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(D)]

wR2 (all data)

Largest diff. peak, hole / e A~
Absolute structure parameter

-20<h<22, -10<k<11, -30<1<30
26573

7405 [R(int) = 0.1465]
Semi-empirical from
equivalents

0.8581 and 0.7913

Full-matrix least-squares on F?
7405/ 0/ 437

0.872

0.0664

0.1521

0.921, -0.752

-23<h<23, -19<k<19, -34<1<39
69596

18098 [R(int) = 0.0654]
Semi-empirical from
equivalents

0.7840 and 0.7404
Full-matrix least-squares on F?
18098 / 27 / 1062

1.017

0.0471

0.1126

0.535, -0.390

0.488(9)
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Table A.16: Crystal data and structure refinement for 7d and 7e

7d 7e
Identification code b1663 b1834
Empirical formula C28H28N404Z1’1 C30H42N8068221’1
Formula weight / g mol ™ 549.91 740.21
Temperature / K 153(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space group P1 P2y/c
Unit cell dimensions:
alA 9.3799(12) 16.961(2)
b/A 11.9853(17) 9.1946(12)
c/A 13.4526(18) 22.674(3)
al° 65.079(3)
B/ 85.137(3) 107.600(3)
yI° 71.324(3)
Volume / A? 12971(3) 3370.4(8)
Z 2 4
D.gjc / Mg cm™ 1.408 1.459
p/ mm™! 0.988 0.908
F(000) 572 1552
Crystal size / mm 0.47x0.38x 0.10 0.47 x 0.41x 0.11
Opmax | ° 2710 2787

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-12<h<11, -15<k<15, -17<1<17
10722

5666 [R(int) = 0.0221]
Semi-empirical from
equivalents

0.9077 and 0.6538
Full-matrix least-squares on F?
5666 /0 /338

1.047

0.0342

0.0842

0.445, -0.270

-22<h<22, -12<k<12, -28<1<29
28944

8024 [R(int) = 0.0342]
Semi-empirical from
equivalents

0.9068 and 0.6750
Full-matrix least-squares on F?
8024 /0/434

1.023

0.0323

0.0851

0.502, -0.270
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Table A.17: Crystal data and structure refinement for 7f and 8a

7f 8a
Identification code b1895 b1944
Empirical formula C14H18BI'2N4ZI1 C15H18C12N4ZII
Formula weight / g mol ™ 467.51 390.60
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/c P2,/n
Unit cell dimensions:
alA 8.1385(10) 11.0454(15)
b/A 14.7701(18) 9.9117(13)
c/A 14.2071(17) 14.8241(19)
B 101.057(2) 94.355(3)
Volume / A3 1676.1(4) 1618.2(4)
Z 4 4
D.gjc / Mg cm™ 1.853 1.603
p/ mm™! 6.231 1.848
F(000) 920 800
Crystal size / mm 0.43x0.40x0.33 0.47x0.40x0.19
Opmax 1 ° 27.88 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-10<h<10, -18<k<19, -18<1<18
14483

4001 [R(int) = 0.0266]
Semi-empirical from
equivalents

0.2329 and 0.1747
Full-matrix least-squares on F?
4001/0/194

1.049

0.0219

0.0558

0.453, -0.437

-14<h<14, -12<k<13, -14<I<19
12827

3862 [R(int) = 0.0252]
Semi-empirical from
equivalents

0.7202 and 0.4770
Full-matrix least-squares on F?
3862 /0/201

1.058

0.0291

0.0760

0.724, -0.233
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Table A.18: Crystal data and structure refinement for 8a/b and 8b-0.13 H,O

8a/b 8b-0.13 H,O
Identification code b1783 b1919
Empirical formula C17H21 C1N402Z1’1 C19H24.26N404‘ 13Zl’1
Formula weight / g mol ™ 414.20 440.13
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/n P2;/n
Unit cell dimensions:
alA 7.5495(14) 7.9880(8)
b/A 29.000(5) 17.4877(18)
clA 8.0159(14) 14.1965(15)
B/ 91.131(4) 100.523(2)
Volume / A3 1754.6(5) 1949.8(3)
Z 4 4
D.gjc / Mg cm™ 1.568 1.499
u/mm! 1.571 1.294
F(000) 856 917
Crystal size / mm 0.32x0.21x0.18 0.44x0.26x0.20
Opmax | ° 27.88. 2787,

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-9<h<9, -38<k<38, -10<1<9
15193

4189 [R(int) = 0.0459]
Semi-empirical from
equivalents

0.7652 and 0.6334
Full-matrix least-squares on F?
4189/0/ 229

1.081

0.0419

0.1059

0.993, -0.504

-9<h<10, -23<k<23, -18<I<17
16925

4650 [R(int) = 0.0271]
Semi-empirical from
equivalents

0.7819 and 0.5999
Full-matrix least-squares on F?
4650/ 0/ 267

1.069

0.0354

0.1001

0.851, -0.303
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Table A.19: Crystal data and structure refinement for 9a and 10b

9a 10b
Identification code b1631 b1629
Empirical formula C18H26C12N4Zl’1 C24H32N404ZII
Formula weight / g mol ™ 434.70 505.91
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Orthorhombic Monoclinic
Space group P2,212, C2/c
Unit cell dimensions:
alA 9.9775(12) 31.868(5)
b/A 11.8290(15) 9.2468(14)
c/A 17.077(2) 15.887(3)
B 92.956(3)
Volume / A3 2015.5(4) 4675.4(12)
Z 4 8
D.gjc / Mg cm™ 1.433 1.437
p/ mm™! 1.492 1.089
F(000) 904 2128
Crystal size / mm 0.49x0.41x0.39 0.37x0.30x0.24
Opax 1° 27.88 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(D)]

wR2 (all data)

Largest diff. peak, hole / e A~
Absolute structure parameter

-12<h<13, -15<k<15, -22<1<22
16540

4799 [R(int) = 0.0224]
Semi-empirical from
equivalents

0.5938 and 0.5285
Full-matrix least-squares on F?
4799/0/230

1.035

0.0205

0.0540

0.372,-0.229

0.014(7)

-41<h<4], -12<k<11, -20<1<20
20016

5568 [R(int) = 0.0365]
Semi-empirical from
equivalents

0.7801 and 0.6887
Full-matrix least-squares on F?
5568 /0 /300

1.055

0.0362

0.0940

0.541, -0.256
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Table A.20: Crystal data and structure refinement for 11a and 11b

11a 11b
Identification code b1897 b1917
Empirical formula C18H22C12N402Z1’1 C22 H28N406ZII
Formula weight / g mol ™ 462.67 509.85
Temperature / K 120(2) 293(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/c P2;/n
Unit cell dimensions:
alA 8.822(3) 12.196(11)
b/A 14.920(5) 15.530(15)
c/A 14.810(5) 12.341(11)
B/ 99.911(7) 97.78(2)
Volume / A? 1920.3(11) 2316(4)
Z 4 4
D.gjc / Mg cm™ 1.600 1.462
p/ mm™! 1.579 1106
F(000) 952 1064
Crystal size / mm 0.30x0.25x0.21 0.42x0.39x0.32
Opmax | ° 2787 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-11<h<11, -16<k<19, -19<1<19
15528

4540 [R(int) = 0.0408]
Semi-empirical from
equivalents

0.7327 and 0.6488
Full-matrix least-squares on F?
4540/0/ 244

1.057

0.0345

0.1070

0.529, -0.426

-16<h<15, -20<k<20, -14<I<16
20219

5509 [R(int) = 0.1390]
Semi-empirical from
equivalents

0.7185 and 0.6537
Full-matrix least-squares on F?
5509 /0 /300

0.911

0.0672

0.1678

0.923,-0.925
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Table A.21: Crystal data and structure refinement for 11c-0.44 H,O and 12b-0.27 H,O

11¢-0.44 H,0O 12b-0.27 H,O
Identification code b1921 b1923
Empirical formula C38H44.88 F6N8010.44SZZI1 C20H26.54N4O5.27ZI1
Formula weight / g mol ™ 1024.23 472.68
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/c P2,/n
Unit cell dimensions:
alA 13.313(5) 11.8067(18)
b/A 21.016(8) 15.002(2)
c/A 15.591(6) 12.2981(18)
B 101.160(9) 97157(4)
Volume / A3 4279(3) 2161.3(6)
Z 4 4
D.gjc / Mg cm™ 1.590 1.493
p/ mm™! 0.766 1176
F(000) 2114 987
Crystal size / mm 0.42x0.29x0.22 0.39x0.32x0.20
Opax 1° 2788 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-17<h<17, -25<k<27, -19<1<20
38067

10228 [R(int) = 0.1159]
Semi-empirical from
equivalents

0.8496 and 0.7392
Full-matrix least-squares on F?
10228 /0 /596

0.899

0.0597

0.1421

0.867, -0.433

-15<h<13, -19<k<19, -16<1<16
17477

5156 [R(int) = 0.0745]
Semi-empirical from
equivalents

0.7988 and 0.6569
Full-matrix least-squares on F?
5156 /0 /280

0.935

0.0657

0.1953

0.951, -0.574
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Table A.22: Crystal data and structure refinement for 14d and 17a

14d 17a
Identification code bl664 b1942
Empirical formula C25H26N404Z1’1 C15H26C12N4ZII
Formula weight / g mol ™ 511.87 398.67
Temperature / K 153(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Orthorhombic
Space group C2/c P2,2:24
Unit cell dimensions:
alA 13.2490(19) 9.4282(14)
b/A 20.075(3) 13.349(2)
c/A 17.875(3) 15.240(2)
B° 91.508(3)
Volume / A3 4752.6(12) 1918.2(5)
Z 8 4
D.gjc / Mg cm™ 1.431 1.380
p/ mm™! 1.073 1.560
F(000) 2128 832
Crystal size / mm 0.47 x 0.28 x 0.20 0.49x0.12x 0.11
Opmax 1 ° 27.87 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F>
R1[I>20(D)]

wR2 (all data)

Largest diff. peak, hole / e A~
Absolute structure parameter

-15<h<17, -26<k<26, -23<1<23
20493

5669 [R(int) = 0.0348]
Semi-empirical from
equivalents

0.8141 and 0.6326

Full-matrix least-squares on F?
5669 /0 /309

1.040

0.0361

0.0921

0.477,-0.248

-12<h<12, -17<k<17, -17<1<19
15746

4558 [R(int) = 0.0360]
Semi-empirical from
equivalents

0.8471 and 0.5152
Full-matrix least-squares on F?
4558 /0/199

1.045

0.0320

0.0702

0.547, -0.264

-0.018(10)
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Table A.23: Crystal data and structure refinement for 19a and 19b

19a 19b
Identification code b1943 b1922
Empirical formula C15H22C12N402Z1’1 C19H28N406ZII
Formula weight / g mol ™ 426.64 473.82
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Orthorhombic
Space group Cc P2,2:2;
Unit cell dimensions:
alA 12.9551(19) 9.8816(14)
b/A 11.8601(17) 14.027(2)
c/A 12.7535(19) 14.950(2)
B/ 105.318(3)
Volume / A3 1889.9(5) 2072.3(5)
Z 4 4
D.gjc / Mg cm™ 1.499 1.519
g/ mm™! 1.597 1.229
F(000) 880 992
Crystal size / mm 0.38x0.37x0.29 0.35x0.25x0.20
Opmax | ° 26.37 27.87

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(D)]

wR2 (all data)

Largest diff. peak, hole / e A~
Absolute structure parameter

-15<h<16, -14<k<14, -15<I<15
6837

3431 [R(int) = 0.0285]
Semi-empirical from
equivalents

0.6545 and 0.5821
Full-matrix least-squares on F?
3431/2/217

1.031

0.0324

0.0758

0.749, -0.224

0.015(12)

-13<h<12, -18<k<18, -19<1<18
17215

4941 [R(int) = 0.0273]
Semi-empirical from
equivalents

0.7911 and 0.6729
Full-matrix least-squares on F?
4941/0/ 273

1.050

0.0276

0.0672

0.489, -0.280

-0.016(7)
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Table A.24: Crystal data and structure refinement for 20a and 21a

20a 2la
Identification code b1949 b1916
Empirical formula C13H20C12N4OZ1’1 C22 H32 ClzNgZIl
Formula weight / g mol ™ 384.60 544.83
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/c P2,/n
Unit cell dimensions:
alA 13.189(3) 9.924(2)
b/A 7.904(2) 20.210(5)
clA 16.369(4) 13.221(3)
B/ 101.360(7) 101.611(6)
Volume / A3 1672.9(7) 2597.4(11)
Z 4 4
D.gjc / Mg cm™ 1.527 1.393
p/ mm! 1.791 1177
F(000) 792 1136
Crystal size / mm 0.19x0.05x0.02 0.31x0.26 x 0.23
Opax 1° 2788 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-17<h<16, -10<k<9, -21<1<21
13397

3990 [R(int) = 0.3676]
Semi-empirical from
equivalents

0.9651 and 0.7272
Full-matrix least-squares on F?
3990/0/192

0.924

0.1075

0.2270

0.749, -0.681

-11<h<13, -26<k<26, -17<1<17
22905

6194 [R(int) = 0.1621]
Semi-empirical from
equivalents

0.7734 and 0.7116
Full-matrix least-squares on F?
6194/ 0/ 304

0.849

0.0567

0.1297

0.862, -0.697
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Table A.25: Crystal data and structure refinement for 22a and 22b-THF

22a 22b-THF
Identification code b1749 b1883
Empirical formula C22H36C12N82n C38 H62N8013ZH3
Formula weight / g mol ™ 548.86 1035.07
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/c C2/c
Unit cell dimensions:
alA 17.266(2) 12.020(3)
b/A 20.032(3) 14.228(3)
c/A 17113(2) 27.944(7)
B/ 114.990(2) 96.850(5)
Volume / A3 5364.9(12) 4744.7(19)
Z 8 4
D.gjc / Mg cm™ 1.359 1.449
¢/ mm! 1.140 1.571
F(000) 2304 2160
Crystal size / mm 0.42x 0.40x 0.07 0.37x0.35x0.26
Opax 1° 2788 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(I)]

wR2 (all data)

Largest diff. peak, hole / e A~

-22<h<22, -26<k<24, -22<1<22
46972

12788 [R(int) = 0.0366]
Semi-empirical from
equivalents

0.9244 and 0.6459

Full-matrix least-squares on F?
12788/ 0/ 615

1.021

0.0347

0.0861

0.427,-0.273

-15<h<15, -18<k<18, -36<1<36
20336

5666 [R(int) = 0.0679]
Semi-empirical from
equivalents

0.6855 and 0.5941
Full-matrix least-squares on F?
5666 /0 /267

0.986

0.0519

0.1307

0.906, -0.433
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Table A.26: Crystal data and structure refinement for 28a-Me;CN-2.5 Et,O and 29a

28a-Me;CN-2.5 Et,O 29a
Identification code bl1726 b1959
Empirical formula C47H98_50C14N14.5002‘5()ZH2 C21 H42 Clle()ZIl
Formula weight / g mol ™ 1179.44 570.92
Temperature / K 293(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space group P1 P2;/n
Unit cell dimensions:
alA 14.634(5) 12.7319(5)
b/A 19.394(6) 12.2079(5)
c/A 19.710(6) 21.2143(7)
al° 85.469(7)
B/ 88.673(6) 126.773(2)
y/° 71.414(6)
Volume / A? 5286(3) 2641.21(17)
Z 4 4
D.gjc / Mg cm™ 1.482 1.436
p/ mm™! 1165 1.163
F(000) 2520 1208
Crystal size / mm 0.42x0.41x0.10 0.35x0.29x 0.19
Opmax | ° 27.88 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-19<h<19, -25<k<25, -25<1<25
46209

25018 [R(int) = 0.1927]
Semi-empirical from
equivalents

0.8924 and 0.6403
Full-matrix least-squares on F?
25018 / 0 /1069

0.764

0.0883

0.2658

1.087, -0.695

-16<h<16, -16<k<16, -27<1<27
24158

6295 [R(int) = 0.0334]
Semi-empirical from
equivalents

0.8093 and 0.6863
Full-matrix least-squares on F?
6295/0/ 313

1.029

0.0311

0.0792

0.537,-0.271
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Table A.27: Crystal data and structure refinement for 30a* and 32¢

30a* 32c
Identification code b1842 b1565
Empirical formula C22H48CIF3N1003 SZn C24H22 F6N6 0652ZH
Formula weight / g mol ™ 690.58 733.97
Temperature / K 120(2) 293(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Triclinic
Space group P2;/n P1
Unit cell dimensions:
alA 8.8569(10) 7.9796(11)
b/A 16.9582(19) 8.4929(11)
c/A 21.296(2) 11.4112(15)
all 101.670(3)
B/° 98.555(3) 105.193(3)
y/° 100.996(3)
Volume / A3 3163.1(6) 706.15(16)
Z 4 1
D.gjc / Mg cm™ 1.450 1.726
p/ mm™! 0.987 1.110
F(000) 1456 372
Crystal size / mm 0.47x0.09x0.08 0.41x0.37 x0.22
Opax 1° 27.88 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-11<h<11, -20<k<22, -28<1<28
27710

7533 [R(int) = 0.1098]
Semi-empirical from
equivalents

0.9252 and 0.6542
Full-matrix least-squares on F>
7533/0/383

0.967

0.0582

0.1184

0.870, -0.396

-10<h<10, -11<k<11, -15<1<14
6206

3330 [R(int) = 0.0185]
Semi-empirical from
equivalents

0.7924 and 0.6590
Full-matrix least-squares on F?
3330/0/206

1.051

0.0363

0.0972

0.524, -0.315
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Table A.28: Crystal data and structure refinement for 33b and 33¢c

33b 33c
Identification code b1867 (CCDC-752689) b1861 (CCDC-752691)
Empirical formula C32H34N4012Z1’13 C22H16F6N40652ZI1
Formula weight / g mol ™ 862.74 675.88
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space group P1 C2/c
Unit cell dimensions:
alA 8.0702(19) 9.9580(14)
b/A 9.651(2) 14.126(2)
clA 12.668(3) 18.672(3)
al° 105.050(4)
B/ 98.355(4) 101.468(3)
y/° 108.854(4)
Volume / A? 872.9(3) 2574.1(6)
Z 1 4
D.gjc / Mg cm™ 1.641 1.744
u/ mm™! 2112 1.207
F(000) 440 1360
Crystal size / mm 0.43x0.42x0.20 0.50x0.47x0.21
Opax 1° 27.87 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~
Extinction coeflicient

-9<h<10, -12<k<12, -16<1<15
7570

4113 [R(int) = 0.0208]
Semi-empirical from
equivalents

0.6774 and 0.4636
Full-matrix least-squares on F?
4113/ 0/ 236

1.108

0.0276

0.0834

0.433, -0.464

0.0039(10)

-13<h<10, -18<k<18, -24<1<24
11017

3076 [R(int) = 0.0184]
Semi-empirical from
equivalents

0.7856 and 0.5835
Full-matrix least-squares on F?
3076 /0/186

1.067

0.0260

0.0714

0.455, -0.257

236



Appendix

Table A.29: Crystal data and structure refinement for 34b and 34c

34b 34c
Identification code b1696 (CCDC-752690) b1725 (CCDC-752692)
Empirical formula C32H28N408ZI12 C26H16F6N406522n
Formula weight / g mol ™ 72732 723.92
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/n C2/c
Unit cell dimensions:
alA 11.296(5) 9.7694(14)
b/A 19.857(8) 14.309(2)
clA 13.535(6) 19.609(3)
B 106.945(8) 95.235(3)
Volume / A3 2904(2) 2729.7(7)
Z 4 4
D.gjc / Mg cm™ 1.663 1.762
p/mm! 1.714 1.145
F(000) 1488 1456
Crystal size / mm 0.42x0.40 x 0.37 0.48x0.39x0.36
Opax 1° 2788 27.87

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
R1[I>20(1)]

wR2 (all data)

Largest diff. peak, hole / e A~

-13<h<14, -25<k<26, -17<1<17
25283

6913 [R(int) = 0.0944]
Semi-empirical from
equivalents

0.5696 and 0.5330
Full-matrix least-squares on F?
6913 /0 /419

0.957

0.0420

0.1033

0.901, -0.951

-12<h<12, -18<k<I8, -25<1<23
11816

3265 [R(int) = 0.0204]
Semi-empirical from
equivalents

0.6833 and 0.6094
Full-matrix least-squares on F?
3265/0/204

1.062

0.0260

0.0723

0.436, -0.332
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Table A.30: Crystal data and structure refinement for 39a and 39b

39a 39b
Identification code b1794 (CCDC-729874) b1827 (CCDC-729875)
Empirical formula C11H20C12N20Z1’1 C15H26N205ZH
Formula weight / g mol ™ 332.56 379.75
Temperature / K 120(2) 120(2)
Wavelength / A 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic
Space group P2:2:2; P2,2:24
Unit cell dimensions:
alA 7.2823(12) 7.9937(18)
b/A 12.842(2) 12.400(3)
c/A 14.557(2) 19.064(4)
Volume / A? 1361.3(4) 1889.7(7)
Z 4 4
D.gic / Mgcm™ 1.623 1.335
p/ mm! 2.182 1.323
F(000) 688 800
Crystal size / mm 0.48 x 0.16 x 0.15 0.50 x 0.20 x 0.14
Opmax 1 ° 27.85 27.88

Index ranges
Reflections collected
Independent reflections
Absorption correction

Transmission (max. and min.)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F>
R1[I>20(I)]

wR2 (all data)

Largest diff. peak, hole / e A~
Absolute structure parameter

-9<h<09, -15<k<16, -19<1<19
11964

3247 [R(int) = 0.0285]
Semi-empirical from
equivalents

0.7355 and 0.4206
Full-matrix least-squares on F>
3247/0/155

1.020

0.0212

0.0481

0.307, -0.228

0.018(9)

-10<h<10, -15<k<16, -25<1<25
16697

4515 [R(int) = 0.0761]
Semi-empirical from
equivalents

0.8364 and 0.5575
Full-matrix least-squares on F2
4515/0/211

1.021

0.0510

0.0955

0.562, -0.336

0.019(17)

238
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